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CHAPTER 1

Introduction

A fuzzy set in a nonempty set X is an arbitrary function from the set X
into [0, 1] where [0, 1] is the unit segment of the real line. The concept of a fuzzy set
in a nonempty set was first considered by Zadeh [14] in 1965. The fuzzy set theories
developed by Zadeh and others have found many applications in the domain of
mathematics and elsewhere. There are several kinds of fuzzy set extensions in the
fuzzy set theory, for example, intuitionistic fuzzy sets, interval-valued fuzzy sets,
vague sets, bipolar-valued fuzzy sets etc.

After the introduction of the notion of fuzzy sets by Zadeh [14], several
researches were conducted on the generalizations of the notion of fuzzy sets and
application to many logical algebras such as: In 2005, Jun [4] introduced the notion
of (o, §)-fuzzy subalgebras of BCK/BCl-algebras. In 2007, Jun [5] introduced the
notion of fuzzy subalgebras with thresholds of BCK/BCl-algebras. In 2009, Saeid
[11] introduced the notion of new fuzzy subalgebras with thresholds of BCK/BCI-
algebras. Zhan et al. [15] introduced the notions of (€,€ Vg)-fuzzy p-ideals,
(€, € Vq)-fuzzy ¢-ideals and (€, € Vq)-fuzzy a-ideals in BCI-algebras. In 2013, Li
and Sun [7] introduced the notion of intuitionistic fuzzy implicative ideals with
thresholds (A, u) of BCl-algebras. Zulfiqar [16] introduced the notion of fuzzy
fantastic ideals in BCH-algebras. In 2014, Sun and Li [13] introduced the notion
of intuitionistic fuzzy subalgebras with thresholds (A, x) and intuitionistic fuzzy
ideals with thresholds (A, ) of BCl-algebras. Zulfiqar [17] introduced the notion
of (@, B)-fuzzy fantastic ideals in BCH-algebras.

In this paper, we introduce the notion of fuzzy UP-subalgebras (resp.,
fuzzy UP-filters, fuzzy UP-ideals, fuzzy strongly UP-ideals) with thresholds of
UP-algebras, investigate their properties, and generalize the notions. Also, the
characterizations of fuzzy UP-subalgebras (resp., fuzzy UP-filters, fuzzy UP-ideals,
fuzzy strongly UP-ideals) with thresholds are obtained. Further, we discuss the
relations between fuzzy UP-subalgebras (resp., fuzzy UP-filters, fuzzy UP-ideals,
fuzzy strongly UP-ideals) with thresholds and its level subsets.



CHAPTER 2
Basic Results on UP-Algebras

2.1 Basic Results on UP-Algebras

Before we begin our study, we will introduce the definition of a UP-algebra.
An algebra A = (A,-,0) of type (2,0) is called a UP-algebra [2] where A
is a nonempty set, - is a binary operation on A, and 0 is a fixed element of A (i.e.,

a nullary operation) if it satisfies the following axioms: for any z,y,z € A,
(UP-1) (y-2)-((z-y)-(z-2)) =0,

(UP-2) 0 -z ==,

(UP-3) z-0=0, and

(UP-4) z-y=0and y-z =0 imply = = y.

From [2], we know that the notion of UP-algebras is a generalization of

KU-algebras.

Example 2.1.1. [2] Let X be a universal set. Define two binary operations - and
* on the power set of X by putting A-B = BNA and A« B = BU A’ for
all A,B € P(X). Then (P(X),-,0) and (P(X),*,X) are UP-algebras and we
shall call it the power UP-algebra of type 1 and the power UP-algebra of type 2,

respectively.

In what follows, let A be a UP-algebra unless otherwise specified. The

following proposition is very important for the study of UP-algebras.

Proposition 2.1.2. [2] In a UP-algebra A, the following properties hold: for any

x,y,z € A,
(1) z-xz =0,

(2) x-y=0andy-z=0 imply x-z=0,



(8) x-y =0 implies (z-x) - (2-y) =0,

(4) ©-y =0 implies (y - z) - (x-z) =0,

(5) x-(y-z) =0,

(6) (y-z)-=0if and only if t =y - =, and

(7) x-(y-y)=0.

Definition 2.1.3. [2] A subset S of A is called a UP-subalgebra of A if the constant
0 of Aisin S, and (S, -,0) itself forms a UP-algebra.

lampan [2] proved the useful criteria that a nonempty subset S of a UP-
algebra A = (A, -,0) is a UP-subalgebra of A if and only if S is closed under the -

multiplication on A.
Definition 2.1.4. [2, [12] A subset S of A is called a
(1) UP-ideal of A if it satisfies the following properties:
(1) the constant 0 of A is in S, and
(2) for any z,y,z € A,z-(y-2) € Sandy € Simply z -z € S.
(2) UP-filter of A if it satisfies the following properties:
(1) the constant 0 of A is in S, and
(2) for any z,y € A,x-y € S and x € S imply y € S.
(3) strongly UP-ideal of A if it satisfies the following properties:
(1) the constant 0 of A is in S, and
(2) for any z,y,z € A, (z-y)-(2-2) € Sand y € S imply = € S.

Guntasow et al. [I] proved the generalization that the notion of UP-
subalgebras is a generalization of UP-filters, the notion of UP-filters is a gener-
alization of UP-ideals, and the notion of UP-ideals is a generalization of strongly
UP-ideals. Moreover, they also proved that a UP-algebra A is the only one strongly
UP-ideal of itself.



Definition 2.1.5. [14] A fuzzy set in a nonempty set X (or a fuzzy subset of X) is
an arbitrary function from the set X into [0, 1] where [0,1] is the unit segment of

the real line.

Somjanta et al. [12] introduced the notion of fuzzy UP-subalgebras (resp.,
fuzzy UP-filters, fuzzy UP-ideals, fuzzy strongly UP-ideals) of UP-algebras as fol-

lows:
Definition 2.1.6. A fuzzy set f in A is called a
(1) fuzzy UP-subalgebra of A if for any z,y € A, f(x -y) > min{ f(x), f(y)}.

(2) fuzzy UP-filter of A if for any x,y € A,

(1) f(0) > f(z), and
(2) f(y) > min{f(z-y), f(2)}.

(3) fuzzy UP-ideal of A if for any x,y,z € A,

(1) f(0) > f(x), and
(2) flz-z) Zzmin{f(z-(y-2)), f(y)}.

(4) fuzzy strongly UP-ideal of A if for any x,y, z € A,

(1) f(0) > f(x), and
(2) f(x) >min{f((z-y)-(z-2)), f(y)}.

They also proved that the notion of fuzzy UP-subalgebras is a generaliza-
tion of fuzzy UP-filters, the notion of fuzzy UP-filters is a generalization of fuzzy
UP-ideals, and the notion of fuzzy UP-ideals is a generalization of fuzzy strongly

UP-ideals.

Definition 2.1.7. [8] Let X and Y be any two nonempty sets and let f: X — Y
be any function. A fuzzy set p in X is called f-invariant if f(z) = f(y) implies
pu(x) = pu(y) for all x,y € X.



Definition 2.1.8. [2] Let (A,-,04) and (B,*,05) be UP-algebras.

from A to B is called a UP-homomorphism if

fx-y) = f(z)* f(y) for all z,y € A.
A UP-homomorphism f: A — B is called a
(1) UP-endomorphism of Aif B = A,
(2) UP-epimorphism if it is surjective,
(3) UP-monomorphism if it is injective, and
(4) UP-isomorphism if it is bijective.

lampan [2] proved that f(04) = 0p.

A mapping f



CHAPTER 3
Main Results

3.1 Fuzzy UP-Subalgebras (resp., Fuzzy UP-Filters,
Fuzzy UP-Ideals, Fuzzy Strongly UP-Ideals) with
Thresholds

In this section, we introduce the notion of fuzzy UP-subalgebras (resp.,
fuzzy UP-filters, fuzzy UP-ideals, fuzzy strongly UP-ideals) with thresholds of

UP-algebras, investigate their properties, and generalize the notions.

Definition 3.1.1. A fuzzy set f in A is called a fuzzy UP-subalgebra with thresholds
e and § of A where €, € [0, 1] with £ < ¢ if for any x,y € A,

max{f(x ’ y),g} > min{f(:z:), f(y)> 5}

Example 3.1.2. Let A = {0,1,2,3} be a set with a binary operation - defined by

the following Cayley table:

0123
0/]0 1 2 3
110 0 3 0
2/0 100
3101 3 0

Then (A4,-,0) is a UP-algebra. We defined a fuzzy set f: A — [0, 1] as follows:
f(0)=0.6, f(1) =0.7, f(2) = 0.3, and f(3) = 0.2.
Then f is a fuzzy UP-subalgebra with thresholds ¢ = 0.8 and § = 0.9 of A.

Lemma 3.1.3. If f is a fuzzy UP-subalgebra with thresholds € and § of A, then
max{f(0),e} > min{f(z),d} for all x € A. In particular, if there exists y € A
such that f(y) > 6, then f(0) > €.



Proof. For all x € A,

max{f(0),e} = max{f(z-z),e} (Proposition
> min{ f(z), f(x),0}
= min{ f(z), d}.

If there exists y € A such that f(y) > J, then
max{f(0),e} > min{f(y),0} = > .
Thus f(0) = max{f(0),e} > e. O

Definition 3.1.4. A fuzzy set f in A is called a fuzzy UP-filter with thresholds e
and § of A where ¢,0 € [0,1] with € < § if it satisfies the following properties: for
any x,y € A,

(1) max{f(0),e} > min{f(x),d}, and

(2) max{f(y),e} > min{f(z-y), f(x),d}.

Example 3.1.5. Let A = {0, 1,2,3,4} be a set with a binary operation - defined by

the following Cayley table:

0123 4
0/j0 1 2 3 4
110 0 2 0 O
2/0 1.0 00
3101 2 0 4
410 1 2 3 0

Then (A4,-,0) is a UP-algebra. We defined a fuzzy set f: A — [0, 1] as follows:
£(0) = 0.9, f(1) = 0.1, £(2) = 0.5, f(3) = 0.4, and f(4) = 0.4.
Then f is a fuzzy UP-filter with thresholds ¢ = 0.8 and § = 0.9 of A.

Definition 3.1.6. A fuzzy set f in A is called a fuzzy UP-ideal with thresholds e
and § of A where ¢, € [0,1] with ¢ < 4, if it satisfies the following properties: for

any x’ y7Z e A7



(1) max{f(0),e} > min{f(x),d}, and
(2) max{f(z-2),e} > min{f(z-(y-2)), f(y),0}.

Example 3.1.7. Let A = {0, 1,2,3} be a set with a binary operation - defined by
the following Cayley table:

0123
0(0 1 2 3
110 0 3 3
2/01 00
3/01 30

Then (A, -,0) is a UP-algebra. We defined a fuzzy set f: A — [0, 1] as follows:
F(0) =0, f(1) = 0.2, f(2) = 0.1, and f(3) = 0.3.
Then f is a fuzzy UP-ideal with thresholds € = 0.4 and § = 0.9 of A.

Definition 3.1.8. A fuzzy set f in A is called a fuzzy strongly UP-ideal with thresh-
olds ¢ and § of A where ¢, € [0, 1] with e < § if it satisfies the following properties:

for any x,y,z € A,
(1) max{f(0),e} > min{f(x),d}, and

(2) max{f(z),e} = min{f((z-y)- (z- 1)), f(y),d}.

Example 3.1.9. Let A = {0, 1,2, 3,4} be a set with a binary operation - defined by
the following Cayley table:

101 2 3 4
0/j0 1 2 3 4
110 0 2 0 4
2/0 1.0 00
3101 2 0 4
410 1 2 3 0

Then (A,-,0) is a UP-algebra. We defined a fuzzy set f: A — [0, 1] as follow:

F(0) = 0.3, f(1) = 0.4, f(2) = 0, £(3) = 0.1, and f(4) = 0.



Then f is a fuzzy strongly UP-ideal with thresholds e = 0.5 and § = 0.8 of A.

Theorem 3.1.10. Fvery fuzzy strongly UP-ideal with thresholds € and 6 of A is a
fuzzy UP-ideal with thresholds € and 9.

Proof. Assume that f is a fuzzy strongly UP-ideal with thresholds ¢ and § of A.
Then max{f(0),e} > min{f(x),d} for all x € A. Let z,y,z € A.
Case 1: f(0) <e. Then f(z) < e for all z € A. Thus
max{f(z-z2),e} =¢
> f(y)
Case 2: f(0) > e. Then

max{f(z-z),e} = min{f((z-y)- (- (- 2))), f(y),}
= min{f((z-y) - 0), f(y),d} (Proposition
= min{f(0), f(y),d}. ((UP-3))
If min{f(0), f(y),8} = f(y) or 8, we obtain immediately that max{f(z - z),e} >
min{ f(z - (y - 2)), f(y),6}. Assume that min{f(0), f(y),0} = f(0). Then
min{ f(0), f(y),0} = f(0)
= max{f(0),e}
> min{f(y), 0}
> min{f(z- (y-2)), f(y),d}.
Hence, f is a fuzzy UP-ideal with thresholds  and § of A. 0

Example 3.1.11. Let A = {0,1,2,3,4} be a set with a binary operation - defined

by the following Cayley table:

—_

—_ .
@] ] o o ] ]

0 W N

_ = = O =
NN O N NN
w O O O W |w
S = O B~ s
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Then (A4,-,0) is a UP-algebra. We defined a fuzzy set f: A — [0, 1] as follow:
F0) =1, f(1) = 0.2, £(2) = 0.1, f(3) = 0.2, and f(4) = 0.9.

Then f is a fuzzy UP-ideal with thresholds ¢ = 0.5 and 6 = 0.9 of A. Since

max{f(2),e} = max{0.1,0.5} = 0.5 % 0.9 = min{1,1,0.9} = min{f((2-0) - (2-

2)), £(0),0}, we have f is not a fuzzy strongly UP-ideal with thresholds ¢ = 0.5

and 6 = 0.9 of A.

Theorem 3.1.12. Every fuzzy UP-ideal with thresholds € and 6 of A is a fuzzy
UP-filter with thresholds € and 9.

Proof. Assume that f is a fuzzy UP-ideal with thresholds ¢ and § of A. Then
max{ f(0),e} > min{f(x),0} for all x € A. Let z,y € A. Then

max{f(y),e} = max{f(0-y),e} ((UP-2))
> min{f(0- (z-y)), f(x),d}
= min{f(z - y), f(x),d}. ((UP-2))
Hence, f is a fuzzy UP-filter with thresholds e and § of A. O

Example 3.1.13. Let A = {0,1,2,3,4} be a set with a binary operation - defined

by the following Cayley table:

AW N~ O
o o o o | o
==
NN O N NN
o W W W | w
O W W |

0 0

Then (A,-,0) is a UP-algebra. We defined a fuzzy set f: A — [0, 1] as follow:
£(0) = 0.9, f(1) = 0.8, £(2) = 0.7, f(3) = 0.5, and f(4) = 0.5.

Then f is a fuzzy UP-filter with thresholds ¢ = 0.2 and § = 0.9 of A. Since

max{f(3 - 4),¢} = max{0.5,0.2} = 0.5 # 0.7 = min{0.9,0.7,0.9} = min{f(3 - (2 -

4)), f(2),0}, we have f is not a fuzzy UP-ideal with thresholds e = 0.2 and 6 = 0.9

of A.
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Theorem 3.1.14. Every fuzzy UP-filter with thresholds € and § of A is a fuzzy
UP-subalgebra with thresholds € and J.

Proof. Assume that f is a fuzzy UP-filter with thresholds ¢ and § of A. Then
max{ f(0),e} > min{f(z),0} for all z € A. Let x,y € A. Then
Case 1: f(0) <e. Then f(z) < e for all z € A. Thus

max{f(z-y), e} =¢
> f(x)
> min{ f(x), f(y),0}.

Case 2: f(0) > . Then

max{f(z-y),e} > min{f(y - (z-y)), f(y), 0}
= min{f(0), f(y),d}. (Proposition

If min{f(0), f(y),0} = f(y) or 0, we obtain immediately that max{f(z-y),e} >
min{ f(x), f(y),0}. Assume that min{f(0), f(y),d} = f(0). Then

min{f(0), f(y),d} = f(0)
= max{f(0),e}
> min{f(y), 0}
> min{ f(z), f(y),0}.

Hence, f is a fuzzy UP-subalgebra with thresholds € and ¢§ of A. m

Example 3.1.15. Let A = {0,1,2,3,4} be a set with a binary operation - defined

by the following Cayley table:

H .
o o o o oo

_ O O = |-
NN O N NN
o O W W w | w
O W W |

2
3
4

Then (A4,-,0) is a UP-algebra. We defined a fuzzy set f: A — [0, 1] as follow:
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£(0) = 0.8, (1) = 0.7, f(2) = 0.4, £(3) = 0.3, and f(4) = 0.2.

Then f is a fuzzy UP-subalgebra with thresholds ¢ = 0.2 and § = 0.9 of A.
Since max{f(4),e} = max{0.2,0.2} = 0.2 # 0.3 = min{0.3,0.3,0.9} = min{f(3 -
4), f(3),0}, we have f is not a fuzzy UP-filter with thresholds ¢ = 0.2 and 6 = 0.9
of A.

By Theorem [3.1.10] [3.1.12 and [3.1.14] and Example |3.1.11} |3.1.13, and
3.1.15, we have that the notion of fuzzy UP-subalgebras with thresholds ¢ and

0 is a generalization of fuzzy UP-filters with thresholds € and 9, the notion of
fuzzy UP-filters with thresholds € and 9§ is a generalization of fuzzy UP-ideals with
thresholds € and ¢, and the notion of fuzzy UP-ideals with thresholds € and ¢ is a

generalization of fuzzy strongly UP-ideals with thresholds € and 9.

Theorem 3.1.16. Let ,0 € [0, 1] with e < 0. If a fuzzy set f in A is constant, then
it is a fuzzy strongly UP-ideal with thresholds € and § of A.

Proof. Assume that f is a constant fuzzy set in A and let €, € [0,1] with e < .
Then f(z) = f(0) for all x € A. Let z € A.

max{f(0),e} = f(0) = f(x) = min{f(x), 0}.

Let x,y,z € A. Then

max{ f(z),e} > f(z)
=min{f((z-y) - (z-2)), f(y)}
> min{f((z-y) - (2 z)), f(y).0}.

Hence, f is a fuzzy strongly UP-ideal with thresholds € and § of A. O]

Theorem 3.1.17. Let £,0 € [0,1] with ¢ < §. If a fuzzy set f in A is such that
f(x) <e forall x € A, then it is a fuzzy strongly UP-ideal (resp. fuzzy UP-ideal,
fuzzy UP-filter and fuzzy UP-subalgebra) with thresholds € and § of A.

Proof. (1) Let z € A. Then

max{ f(0),¢} = ¢ > f(z) = min{f (), 6},
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Let z,y,z € A. Then

max{f(z),c} =¢
>min{f((z-y)-(z-2)), fy)}
=min{f((z-y) - (z-)), f(y),0}.

Hence, f is a fuzzy strongly UP-ideal with thresholds ¢ and ¢ of A.
(2) Let z,y,z € A. Then

max{f(z-z2),e} =¢
>min{f(x-(y-2)), f(y)}
=min{f(z- (y-2)), f(y),d}.

Hence, f is a fuzzy UP-ideal with thresholds € and ¢ of A.
(3) Let z,y € A. Then

max{f(y),e} =¢
> min{ f(z-y), f(x)}
= min{f(z - y), f(2),6}.

Hence, f is a fuzzy UP-filter with thresholds € and ¢ of A.
(4) Let z,y € A. Then

max{f(z-y),e} =¢
> min{f(z), f(y)}
= min{f(x)> f(y)v (5}

Hence, f is a fuzzy UP-subalgebra with thresholds € and ¢ of A. m

Theorem 3.1.18. Lete,d € [0, 1] withe < §. If a fuzzy set f in A withe < f(x) <6
s a fuzzy strongly UP-ideal with thresholds € and § of A, then it is constant.

Proof. For all x € A,

f(0) = max{f(0),e} = min{f(x), 0} = f(z)
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and
f(x) = max{f(z), e}
> min{ f((z - 0) - (z - x)), f(0),}
= min{f((z-0)-0), f(0),d} (Proposition
= min{f(0), f(0),} ((UP-3))
= min{f(0), 5}
= f(0).
Hence, f(z) = f(0) for all z € A, so f is constant. O

Theorem 3.1.19. Let ,0 € [0,1] with € < 6. If a fuzzy set f in A is such that
f(x) > 6 for all x € A, then it is a fuzzy strongly UP-ideal (resp. fuzzy UP-ideal,
fuzzy UP-filter and fuzzy UP-subalgebra) with thresholds € and § of A.

Proof. (1) Let z € A. Then
max{f(0),e} = f(0) = § = min{f(x), }.
Let z,y,2z € A. Then

max{f(z),e} = f(x)

>0
=min{f((z-y) - (z-2)), f(y),0}.

Hence, f is a fuzzy strongly UP-ideal with thresholds € and § of A.
(2) Let z,y,z € A. Then

max{f(z-z2),e} = f(x - 2)

>
= min{f(z - (y - 2)), f(y),d}.

Hence, f is a fuzzy UP-ideal with thresholds € and § of A.
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(3) Let z,y € A. Then

max{ f(y), e} = f(y)

>0
= min{f(z - y), f(x),0}.

Hence, f is a fuzzy UP-filter with thresholds € and ¢ of A.
(4) Let z,y € A. Then

max{f(z-y),e} = f(z-y)

>0

— min{f(x), f(y),o}.
Hence, f is a fuzzy UP-subalgebra with thresholds € and ¢§ of A. m

Corollary 3.1.20. Let ,0 € [0,1] with ¢ < 6. Then a fuzzy set f in A with
e < f(z) <9 is a fuzzy strongly UP-ideal with thresholds € and 6 of A if and only

if it is constant.

Proof. 1t is straightforward by Theorem [3.1.16| and [3.1.18] O

3.2 Upper t-Level Subsets of a Fuzzy Set

In this section, we discuss the relations between fuzzy UP-subalgebras
(resp., fuzzy UP-filters, fuzzy UP-ideals, fuzzy strongly UP-ideals) with thresholds
and its level subsets.

Let f be a fuzzy set in A. For any t € [0, 1], the set

U(fit) ={z e Al f(z) = t}
is called an upper t-level subset [12] of f.

Theorem 3.2.1. Let f be a fuzzy set in A and €,§ € [0,1] with ¢ < 6. Then
f is a fuzzy UP-subalgebra with thresholds € and 0 of A if and only if for all
€ (,6],U(f;t) is a UP-subalgebra of A if U(f;t) is nonempty.
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Proof. Assume that f is a fuzzy UP-subalgebra with thresholds € and ¢ of A. Let
t € (¢,0] be such that U(f;t) # () and let x,y € U(f;t). Then f(x) >t, f(y) >,
and 6 > t. Thus ¢ is a lower bound of {f(z), f(y),d}. Since f is a fuzzy UP-
subalgebra with thresholds € and § of A, we have

max{f(z -y),e} = min{f(z), f(y), 0}
> ¢
> €.
Thus max{f(z-y),e} = f(x-y). Since max{f(x -y),e} > t, we get f(zx-y) > t.
Thus z -y € U(f;t). Hence, U(f;t) is a UP-subalgebra of A.
Conversely, assume that for all ¢t € (g,0], U(f;t) is a UP-subalgebra of
A if U(f;t) is nonempty. Let z,y € A. Then f(z), f(y) € [0,1]. Choose t =

min{f(z), f(y)}. Then f(z) > ¢ and f(y) > t. Thus z,y € U(f;t) # 0. By
assumption, we have U(f;t) is a UP-subalgebra of A. So x -y € U(f;t), that is,

f(z-y) =t =min{f(z), f(y)}. Thus
max{f(z-y),e} = f(z-y)
> min{ f(z), f(y)}
= min{f(x), f(y),d}-
Hence, f is a UP-subalgebra with thresholds € and ¢ of A. n
Theorem 3.2.2. Let f be a fuzzy set in A and e,0 € [0,1] with e <. Then f is a

fuzzy UP-filter with thresholds € and § of A if and only if for allt € (¢,6],U(f;1)
is a UP-filter of A if U(f;t) is nonempty.

Proof. Assume that f is a fuzzy UP-filter with thresholds ¢ and § of A. Let
t € (g,9] be such that U(f;t) # 0 and let a € U(f;t). Then f(a) >t and § > t.
Thus ¢ is a lower bound of {f(a),d}. Since f is a fuzzy UP-filter with thresholds

¢ and 0 of A, we have
max{f(0),} > min{f(a), 5}
>t

> €.
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Thus max{f(0),e} = f(0). Since max{f(0),e} > ¢, we get f(0) > ¢. Thus
0 € U(f;t). Next, let z,y € A be such that -y € U(f;t) and = € U(f;t). Then
flx-y) >t f(x) > t, and § > t. Thus t is a lower bound of {f(z - y), f(x),d}.
Since f is a fuzzy UP-filter with thresholds € and § of A, we have

max{f(y),e} > min{f(z -y), f(z), 0}

>t

> €.

Thus max{f(y),e} = f(y). Since max{f(y),e} > t, we get f(y) > t. Thus
y € U(f;t). Hence, U(f;t) is a UP-filter of A.

Conversely, assume that for all ¢ € (e,d], U(f;t) is a UP-filter of A if
U(f;t) is nonempty. Let x € A. Then f(z) € [0,1]. Choose t = f(z). Then
f(z) > t. Thus x € U(f;t) # (. By assumption, we have U(f;t) is a UP-filter of
A. So 0 € U(f;t), that is, f(0) >t = f(x), so

max{f(0),e} > f(0)
> f(x)
> min{ f(x),d}.
Next, let z,y € A. Then f(z -y), f(z) € [0,1]. Choose t = min{f(z -y), f(x)}.
Then f(z-y) > tand f(x) >t. Thusz-y,z € U(f;t) # (). By assumption, we have

U(f;t) is a UP-filter of A. So y € U(f;t), that is, f(y) >t = min{f(z - y), f(z)}.
Thus

max{ f(y),e} > f(y)
> min{ f(z-y), f(z)}
> min{ f(x - y), f(x),d}.

f is a fuzzy UP-filter with thresholds € and § of A. O

Theorem 3.2.3. Let f be a fuzzy set in A and ,0 € [0,1] withe <. Then f is a
fuzzy UP-ideal with thresholds € and § of A if and only if for all t € (,6],U(f;1)
is a UP-ideal of A if U(f;t) is nonempty.
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Proof. Assume that f is a fuzzy UP-ideal with thresholds ¢ and § of A. Let
t € (g,9] be such that U(f;t) # 0 and let a € U(f;t). Then f(a) >t and § > t.
Thus ¢ is a lower bound of {f(a),d}. Since f is a fuzzy UP-ideal with thresholds

¢ and 0 of A, we have

max{f(0),e} = min{f(a), 0}

>1

> €.

Thus max{f(0),e} = f(0). Since max{f(0),e} > ¢, we get f(0) > ¢t. Thus 0 €
U(f;t). Next, let z,y,2z € A be such that z-(y-2) € U(f;t) and y € U(f;t). Then
flz-(y-2)) > t, f(y) > t,and § > t. Thust is alower bound of { f(z-(y-2)), f(y),d}.
Since f is a fuzzy UP-ideal with thresholds € and  of A, we have

max{f(x ) Z)7€} > min{f(x ) (y ) Z))>f(y)7(5}

>1

> €.

Thus max{f(z - 2),e} = f(x - z). Since max{f(z - z),e} > t, we get f(x-z) > t.
Thus z -z € U(f;t). Hence, U(f;t) is a UP-ideal of A.

Conversely, assume that for all ¢ € (e,d], U(f;t) is a UP-ideal of A if
U(f;t) is nonempty. Let x € A. Then f(z) € [0,1]. Choose t = f(z). Then
f(z) > t. Thus z € U(f;t) # 0. By assumption, we have U(f;t) is a UP-ideal of
A. So 0 € U(f;t), that is, f(0) >t = f(x), so

max{f(0),e} > f(0)
> f(=)
> min{ f(x),0}.

Next, let x,y,z € A. Then f(z - (y- 2)), f(y) € [0,1]. Choose t = min{f(x - (y -

), F)}. Then (- (y-2)) > ¢ and () > . Thus - (y- =),y € U(f1) £ 0.
By assumption, we have U(f;t) is a UP-ideal of A. So x -z € U(f;t), that is,
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f(z-z) 2t =min{f(z-(y-2)), f(y)}. Thus

max{f(z-z),e} > f(x - 2)
> min{f(z- (y-2)), f(v)}
>min{f(z - (y-2)), f(y),d}.

Hence, f is a fuzzy UP-ideal with thresholds € and § of A. O

Theorem 3.2.4. Let f be a fuzzy set in A and €,§ € [0,1] with e < 6. Then f
is a fuzzy strongly UP-ideal with thresholds € and 6 of A if and only if for all
€ (g,0,U(f;t) is a strongly UP-ideal of A if U(f;t) is nonempty.

Proof. Assume that f is a fuzzy strongly UP-ideal with thresholds € and ¢ of A.
Let t € (e,d] be such that U(f;t) # 0 and let a € U(f;t). Then f(a) > t and
d > t. Thus t is a lower bound of {f(a),0}. Since f is a fuzzy strongly UP-ideal
with thresholds € and ¢ of A, we have

max{(0),} > min{/(a), 5}

>

> €.

Thus max{f(0),e} = f(0). Since max{f(0),e} > ¢, we get f(0) > ¢. Thus
0 € U(f;t). Next, let x,y,z € A be such that (z-y) - (z-x) € U(f;t) and
y € U(f;t). Then f((z-y)-(z-x)) >t,f(y) >t,and § > t. Thus t is a lower
bound of {f((z-y) - (z-x)), f(y),d}. Since f is a fuzzy strongly UP-ideal with
thresholds ¢ and § of A, we have

max{f(z), e} = min{f((z-y) - (z- 1)), f(y), 0}

> ¢

> €.

Thus max{f(z),e} = f(x). Since max{f(z),e} > t, we get f(z) > t. Thus
x € U(f;t). Hence, U(f;t) is a strongly UP-ideal of A.

Conversely, assume that for all ¢ € (¢,6], U(f;t) is a strongly UP-ideal of
Aif U(f;t) is nonempty. Let x € A. Then f(z) € [0,1]. Choose t = f(x). Then
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f(z) > t. Thus x € U(f;t) # (. By assumption, we have U(f;t) is a strongly
UP-ideal of A. So 0 € U(f;t), that is, f(0) >t = f(z), so

max{f(0),e} > f(0)
> f(z)
> min{f(z),d}.
Next, let z,y, 2 € A. Then f((zy)(zx)),f<y) c [0, 1]. Choose t = mln{f((zy)(z

), f(y)}. Then f((z-y)-(zx)) = tand f(y) = t. Thus (2-y)-(>-2),y € U(f;t) # 0.
By assumption, we have U(f;t) is a strongly UP-ideal of A. So x € U(f;t), that

is, f(x) =t =min{f((z-y) - (z-x)), f(y)} Thus

max{f(z),e} > f(z)
>min{f((z-y)-(z-2)), fy)}
>min{f((z-y)-(z-2)), f(y),0}.

Hence, f is a fuzzy strongly UP-ideal with thresholds ¢ and ¢ of A. O

3.3 Image and Preimage of a Fuzzy Set

Definition 3.3.1. [3] Let f be a function from a nonempty set X to a nonempty
set Y. If v is a fuzzy set in X, then the fuzzy set § in Y defined by

sup{pu(t) hep1¢) if f7H(y) # 0,
Bly) =

0 if otherwise

is said to be the image of o under f. Similarly, if 3 is a fuzzy set in Y, then the
fuzzy set p = fo f in X (i.e., the fuzzy set defined by p(zx) = B(f(x)) for all
x € X) is called the preimage of 5 under f.

Definition 3.3.2. [10] A fuzzy set f in A has sup property if for any nonempty
subset T of A, there exists ty € T such that f(to) = sup{f(¢) her.

Lemma 3.3.3. [9] Let (A,-,04) and (B,*,0g) be UP-algebras and let f: A — B

be a UP-epimorphism. Let p be an f-invariant fuzzy set in A with sup property.
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For any a,b € B, there exist ag € f~*(a) and by € f~1(b) such that B(a) =
u(ao), B(b) = u(bo), and B(a *b) = p(ao - bo).

Theorem 3.3.4. Let (A,-,04) and (B,*,0p) be UP-algebras and let f: A — B be
a UP-epimorphism. Then the following statements hold:

(1) if p is an f-invariant fuzzy UP-subalgebra with thresholds € and § of A with
sup property, then (8 is a fuzzy UP-subalgebra with thresholds € and 6 of B,

(2) if u is an f-invariant fuzzy UP-filter with thresholds € and § of A with sup
property, then (B is a fuzzy UP-filter with thresholds € and § of B,

(8) if p is an f-invariant fuzzy UP-ideal with thresholds € and § of A with sup
property, then 3 is a fuzzy UP-ideal with thresholds € and 6 of B, and

(4) if p is an f-invariant fuzzy strongly UP-ideal with thresholds € and ¢ of A
with sup property, then 3 is a fuzzy strongly UP-ideal with thresholds € and
0 of B.

Proof. (1) Assume that p is an f-invariant fuzzy UP-subalgebra with thresholds
e and 0 of A with sup property. Let a,b € B. By Lemma [3.3.3] there exist
ag € f~'(a) and by € f71(b) such that 3(a) = u(ag), B(b) = u(bo), and B(a x b) =
w(ag - bg). Thus

max{f(a *b),e} = max{u(ag - by),e}
> min{U(GO)a M(bo)a 5}
= min{f(a), 3(b), 6}

Hence, (3 is a fuzzy UP-subalgebra with thresholds € and § of B.

(2) Assume that p is an f-invariant fuzzy UP-filter with thresholds € and
§ of A with sup property. Since f(04) = Op, we have f~*(0g) # (. Then there
exists 7y € f71(0p) such that pu(z;) = B3(0g). Thus f(x1) = 05 = f(04), so
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p(z1) = u(04) because p is f-invariant. Hence, u(04) = 5(0p). Let y € B. Since
f is surjective, we have f~1(y) # (. Then there exists x € f~!(y) such that
p(z) = B(y), so

max{3(0p), e} = max{n(04),}
> min{u(z), 6}
= min{/3(y), 0}.
Next, let a,b € B. By Lemma[3.3.3] there exist ag € f~(a) and by € f~1(b) such
that zu(ag) = B(a), u(be) = B(b), and p(ag - by) = B(a * b). Thus

max{3(b),e} = max{p(bo), e}
> minfy(ao - bo), 1(ao), 0}
= min{f(a * ), 3(a),}.

Hence, 3 is a fuzzy UP-filter with thresholds € and J of B.

(3) Assume that p is an f-invariant fuzzy UP-ideal with thresholds ¢ and
§ of A with sup property. Since f(04) = Op, we have f~'(0g) # 0. Then there
exists #; € f71(0p) such that p(x;) = B(0g). Thus f(x;) = 0 = f(0a), so
p(x1) = pu(04) because p is f-invariant. Hence, pu(04) = 5(0p). Let y € B. Since
f is surjective, we have f~1(y) # (. Then there exists * € f~'(y) such that
u(x) = B(y), so

max{((0p),e} = max{u(04),c}
> minf{u(z), 0}
= min{f(y), 0}.
Next, let a,b,c € B. By Lemma [3.3.3] there exist ag € f~(a),by € f~1(b), and
co € f7Y(c) such that B(b) = u(bo), Bla * ¢) = ulag - ¢o), and Bla * (b * ¢)) =
pi(ag - (by - o). Thus
max{B(a * ¢),e} = max{u(ao - c), €}
> min{y(ao - (bo - o)), p(bo), 6}
= min{f(a * (b= c)), B(b), d}.
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Hence, (3 is a fuzzy UP-ideal with thresholds ¢ and ¢ of B.

(4) Assume that p is an f-invariant fuzzy strongly UP-ideal with thresholds
e and 0 of A with sup property. Since f(04) = Op, we have f~*(0g) # (). Then
there exists z; € f~1(0p) such that u(z;) = B3(05). Thus f(z1) = 05 = f(04),
so u(xy) = u(04) because p is f-invariant. Hence, p(04) = S(0g). Let y € B.
Since f is surjective, we have f~!(y) # (). Then there exists z € f~1(y) such that
p(z) = B(y), so

maX{B(OB)7 5} = maX{Ma)A)? 5}
> min{u(z), 6}
= min{/3(y), 0}.

Next, let a,b,c € B. By Lemma there exist ag € f~!(a),by € f71(b), and
co € f7(c) such that p(ag) = B(a),u(bo) = B(b), and p((co - bo) - (co - ao)) =

B((c-b)-(c-a)). Thus
max{f(a),e} = max{su(ao), e}
= min{y((co - bo) - (co - ao)), p(bo), 0}
= min{B((c-b) - (c- a)), B(b), }.
Hence, 3 is a fuzzy strongly UP-ideal with thresholds ¢ and § of B. n

Theorem 3.3.5. Let (A,-,04) and (B, *,05) be UP-algebras and let f: A — B be
a UP-homomorphism. Then the following statements hold:

(1) if B is a fuzzy UP-subalgebra with thresholds € and 6 of B, then p is a fuzzy
UP-subalgebra with thresholds € and 6 of A,

(2) if B is a fuzzy UP-filter with thresholds € and 0 of B, then p is a fuzzy
UP-filter with thresholds € and 6 of A,

(3) if B is a fuzzy UP-ideal with thresholds € and § of B, then p is a fuzzy
UP-ideal with thresholds € and 6 of A, and

(4) if B is a fuzzy strongly UP-ideal with thresholds € and § of B, then p is a
fuzzy strongly UP-ideal with thresholds € and § of A.
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Proof. (1) Assume that [ is a fuzzy UP-subalgebra with thresholds ¢ and ¢ of B.
Let z,y € A. Then

max{p(z - y),e} = max{(Go f)(z-y) e}
= max{B(f(z - y)),e}
= max{B(f(z) * f(y)), e}
> min{3(f(x)), 8(f(y)), 6}
= min{(8 o f)(z), (B f)(y), 6}
= min{u(x), u(y), 0}.
Hence, y is a fuzzy UP-subalgebra with thresholds e and d of A.

(2) Assume that 3 is a fuzzy UP-filter with thresholds ¢ and § of B. Let
x € A. Then

max{(04), e} = max{(f o f)(04),¢}
= max{3(f(04)), e}
= max{3(05),e} (f(04) =0p)
> min{3(f(z)),d}
= min{(B o f)(z), 0}
= min{u(z), §}.

Let z,y € A. Then

max{(y), e} = max{(Bo f)(y), e}
= max{B(f(y)),e}
> min{3(f(z) * f(y)), B(f(2)),d}
= min{3(f(z - y)), B(f(z)),d}
= min{(8o f)(z-y),(Bo f)(x),d}

= min{u(z - y), (@), 0}.

Hence, i is a fuzzy UP-filter with thresholds € and ¢ of A.
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(3) Assume that [ is a fuzzy UP-ideal with thresholds ¢ and 0 of B. Let
x € A. Then

max{1(04),e} = max{(B o f)(0.),¢}
= max{3(f(04)),¢}
= max{((0p),} (f(04) = 0p)
> min{B(f(x)),}
= min{(f o f)(z),d}
= min{yu(z),d}.

Let z,y,z € A. Then

max{u(z - 2),e} = max{(B o f)(x - 2),¢}
= max{3(f(z - 2)), ¢}
= min{B(f(z) * f(z)), 5}
> min{3(f(z) * (f(y) = f(2))), B(f(y)), 6}
= min{3(f(z) * f(y - 2)), B(f(v)), o}
= min{3(f(z - (y - 2))), B(f(y)), 6}
= min{(Bo f)(z - (y-2)), (B0 f)(y),d}
= min{u(z - (y - 2)), u(y),d}.
Hence, 11 is a fuzzy UP-ideal with thresholds £ and & of A.

(4) Assume that (3 is a fuzzy strongly UP-ideal with thresholds € and § of
B. Let € A. Then

max{/(04), e} = max{(8 o f)(04),e}
= max{3(f(04)),¢}
= max{B(0p), e} (f(04) = 0p)
> min{3(f(z)),d}
= min{(6 o f)(z), 0}
= min{p(z), 0}.
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Let z,y,z € A. Then

max{u(z),e} = max{(B o f)(z),e}
= max{B(f(x)), e}
> min{B((f(2) = f(y)) = (f(2) = [(2))), B(f(y)), 6}
= min{3(f(z - y) * f(z - 2)), B(f(y)),d}
= min{3(f((z-y) - (z-2)),8(f(y)), 0}
=min{(Bo f)((z-y) - (z-2)), (B0 [)(y),d}
=min{p((2-y) - (2 x)), u(y), o}

Hence, p is a fuzzy strongly UP-ideal with thresholds € and § of A. O

Definition 3.3.6. Let f be a function from a nonempty set X to a nonempty set

Y. If 4 is a fuzzy set in X, then the fuzzy set 5 in Y defined by

inf{u(t) beesr¢ i f7H(y) # 0,
Bly) =

1 if otherwise

is said to be the image of u under f. Similarly, if 3 is a fuzzy set in Y, then the

fuzzy set u = B o f in X (i.e., the fuzzy set defined by u(z) = G(f(z)) for all
x € X) is called the preimage of 5 under f.

Definition 3.3.7. [10] A fuzzy set f in A has inf property if for any nonempty subset
T of A, there exists tg € T such that f(ty) = inf{ f(¢) }ier.

Lemma 3.3.8. [6/ Let (A,-,04) and (B, *,0g) be UP-algebras and let f: A — B
be a UP-epimorphism. Let ju be an f-invariant fuzzy set in A with inf property.
For any a,b € B, there exist ag € f~'(a) and by € f~1(b) such that B(a) =
p(ao), B(b) = p(bo), and B(a*b) = p(ag - bo).

Theorem 3.3.9. Let (A,-,04) and (B, *,0p) be UP-algebras and let f: A — B be
a UP-epimorphism. Then the following statements hold:

(1) if p is an f-invariant fuzzy UP-subalgebra with thresholds € and § of A with
inf property, then [ is a fuzzy UP-subalgebra with thresholds € and 6 of B,
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(2) if p is an f-invariant fuzzy UP-filter with thresholds € and § of A with inf
property, then (B is a fuzzy UP-filter with thresholds € and § of B,

(8) if p is an f-invariant fuzzy UP-ideal with thresholds € and § of A with inf
property, then (B is a fuzzy UP-ideal with thresholds € and 6 of B, and

(4) if p is an f-invariant fuzzy strongly UP-ideal with thresholds € and 6 of A
with inf property, then (3 is a fuzzy strongly UP-ideal with thresholds € and §
of B.

Proof. (1) Assume that p is an f-invariant fuzzy UP-subalgebra with thresholds e
and 0 of A with inf property. Let a,b € B. By Lemma , there exist ag € f~(a)
and by € f-1(b) such that B(a) = u(ao), B(b) = p(bo), and fa*b) = plao - bo).
Thus

max{f(a *b),e} = max{u(ag - by),e}
> min{p(ao), p(bo), 0}
= min{(a), 3(b), }.

Hence, (3 is a fuzzy UP-subalgebra with thresholds € and § of B.

(2) Assume that p is an f-invariant fuzzy UP-filter with thresholds ¢ and
§ of A with inf property. Since f(04) = Op, we have f~1(0g) # 0. Then there
exist 1 € f1(0p) such that u(z1) = B(0p). Thus f(z1) = 0 = f(04), so
w(xy) = wu(04) because p is f-invariant. Hence, u(04) = ((0p). Let y € B.
Since f is surjective, we have f~!(y) # (). Then there exist z € f~!(y) such that
pu(x) = Bly), so

max{B(0p),e} = max{u(04),¢e}
> min{pu(z),d}
= min{3(y),0}.

Next, let a,b € B. By Lemma [3.3.8), there exist ag € f~'(a) and by € f~(b) such
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that 5(a) = p(ao), B(b) = p(bo), and B(a * b) = p(ag - bo). Thus

max{ﬁ(b), 5} = max{ﬂ(bo)v 5}
> min{u(ag - bo), p1(ao), o}

= min{f(a * b), 3(a), }.

Hence, (3 is a fuzzy UP-filter with thresholds € and ¢ of B.

(3) Assume that p is an f-invariant fuzzy UP-ideal with thresholds e and
§ of A with inf property. Since f(04) = 0p, we have f~1(0g) # 0. Then there
exist 11 € f71(0p) such that u(z;) = B(0g). Thus f(z;) = 05 = f(04), so
pu(z1) = u(04) because p is f-invariant. Hence, ©(04) = B(0p). Let y € B.
Since f is surjective, we have f~!(y) # (). Then there exist z € f~!(y) such that
pu(x) = Bly), so

max{(0p), e} = max{u(04),e}
> min{y(z), 0}
= min{f(y), }.

Next, let a,b,c € B. By Lemma there exist ag € f~*(a),by € f~1(b), and
co € f7Y(c) such that B(b) = u(by),B(a*c) = p(ag - co), and B(a * (b c)) =
,u(ao : (bo . Co)). Thus

max{((a * c),e} = max{u(ap - cp), e}
= min{p(ao - (bo - co)), 4(bo), 0}
=min{f(a * (bx*c)),3(b),d}.

Hence, 3 is a fuzzy UP-ideal with thresholds € and § of B.

(4) Assume that p is an f-invariant fuzzy strongly UP-ideal with thresholds
e and § of A with inf property. Since f(04) = 0p, we have f~'(0g) # 0. Then
there exist #; € f~1(0g) such that u(z1) = B(0g). Thus f(z1) = 0 = f(04),
so u(xy) = u(04) because p is f-invariant. Hence, p(04) = S(0g). Let y € B.
Since f is surjective, we have f~!(y) # 0. Then there exist z € f~'(y) such that
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max{#(0p), e} = max{u(04),}
> min{u(z), 0}

= min{(y), 6}.

Next, let a,b,c € B. By Lemma [3.3.8] there exist ag € f~'(a),by € f~1(b),
and ¢y € f~(c) such that 3(a) = u(ag), 3(b) = u(by), and B((c x b) * (c * a)) =
w((co - bo) - (co - ag)). Thus
max{/j(a),e} = max{pu(ao), e}
> min{y((co - bo) - (co - ao)), u(bo), 5}
= min{S((c*b) x (c*xa)),3(b),d}.

Hence, [ is a fuzzy strongly UP-ideal with thresholds € and § of B. [

Theorem 3.3.10. Let (A;-,04) and (B;*,0g) be UP-algebras and let f: A — B be
a UP-homomorphism. Then the following statements hold:

(1) if B is a fuzzy UP-subalgebra with thresholds € and 6 of B, then p is a fuzzy
UP-subalgebra with thresholds € and 6 of A,

(2) if B is a fuzzy UP-filter with thresholds € and 0 of B, then p is a fuzzy
UP-filter with thresholds € and 6 of A,

(3) if B is a fuzzy UP-ideal with thresholds ¢ and § of B, then p is a fuzzy
UP-ideal with thresholds € and § of A, and

(4) if B is a fuzzy strongly UP-ideal with thresholds € and § of B, then p is a
fuzzy strongly UP-ideal with thresholds € and 0 of A.

Proof. (1) Assume that 3 is a fuzzy UP-subalgebra with thresholds € and ¢ of B.
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Let z,y € A. Then

max{u(z - y), e} = max{(Fo f)(z-y),e}
= max{B(f(z - y)),e}
= max{3(f(z) = f(y)), e}
> min{3(f(z)), B(f(y)), 6}
= min{(B o f)(z), (B f)(y), 6}
= min{u(x), u(y), 0}
Hence, yu is a fuzzy UP-subalgebra with thresholds e and § of A.

(2) Assume that 3 is a fuzzy UP-filer with thresholds € and 6 of B. Let
x € A. Then

max{/(04), e} = max{(Go f)(0a), ¢}
= max{5(f(04)), e}
= max{(0p),e} (f(04) = 0p)
> min{{(f(x)),d}
= min{(f o f)(z),d}
= min{u(z),d}.

Let z,y € A. Then

max{pu(y),e} = max{(5o f)(y),}
= max{B(f(y)),e}
> min{3(f(z) * f(y)), B(f(z)),d}
= min{3(f(z - y)), B(f(z)), s}
= min{(Bo f)(z-y),(Bo f)(x),d}
= min{u(z - y), p(x), 6}

Hence, p is a fuzzy UP-filter with thresholds € and § of A.
(3) Assume that [ is a fuzzy UP-ideal with thresholds ¢ and 6 of B. Let
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z € A. Then

max{/(04), e} = max{(8 o f)(04),e}
= max{3(f(04)),¢}
= max{B(0p),} (f(04) = 0p)
> min{B(f(x)),d}
= min{(6 o f)(z), 0}
}

= min{u(x),o

Let z,y,z € A. Then

max{u(z - z),e} = max{(Bo f)(z - 2),e}
= max{3(f(z - 2)), e}
= max{B(f(z) x f(2)), e}
> min{3(f(z) * (f(y) = f(2))), B(f(y)), 6}
= min{3(f(z) * f(y - 2)), B(f(y)), 6}
= min{3(f(z - (y - 2))), B(f(y)), 6}
= min{(Bo f)(z - (y-2)), (8o f)(y),d}
= min{u(z - (y - 2)), u(y), 0}

Hence, p is a fuzzy UP-ideal with thresholds € and § of A.
(4) Assume that (3 is a fuzzy strongly UP-ideal with thresholds € and § of
B. Let x € A. Then

max{(04), e} = max{(G o f)(04), ¢}
= max{5(f(04)),}
= max{5(0p),e} (f(04) = 05)
> min{f(f(z)),d}
= min{(f o f)(z),0}
}

= min{u(z),d



Let z,y,z € A. Then

max{pu(z), e} = max{(Go f)(x), e}
= max{f(f(z)), e}
= min{5((f(2) * f(y)) * (f(2) * f(2))), B(f(y)), 0}
= min{3(f(z-y) * f(z - 2)), 6(f(y)), 0}
=min{G(f((z-y) - (z-2))), 6(f(y)), 5}
=min{(Go f)((z-y) - (z-2)),(B0 f)y), 0}
= min{u((z-y) - (z-2)), u(y), 0},

Hence, 1 is a fuzzy strongly UP-ideal with thresholds ¢ and § of A.
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CHAPTER 4

Conclusions

From the study, we get the main results as the following:

. Let (A,-,04) and (B, *,05) be UP-algebras and let f: A — B be a UP-

homomorphism. Then the following statements hold:

(1) f(04) =0p, and

(2) for any z,y € A, if z <y, then f(z) < f(y).

. If f is a fuzzy UP-subalgebra with thresholds € and § of A, then max{f(0),e} >
min{f(x),0} for all z € A. In particular, if there exists y € A such that
f(y) > 0, then f(0) > e.

. Every fuzzy strongly UP-ideal with thresholds € and ¢§ of A is a fuzzy UP-ideal
with thresholds € and ¢.

. Every fuzzy UP-ideal with thresholds € and ¢ of A is a fuzzy UP-filter with
thresholds ¢ and 6.

. Every fuzzy UP-filter with thresholds € and 0 of A is a fuzzy UP-subalgebra
with thresholds € and ¢.

. Let £,0 € [0,1] with e < §. If a fuzzy set f in A is constant, then it is a fuzzy
strongly UP-ideal with thresholds € and § of A.

. Let €,6 € [0,1] with e < 0. If a fuzzy set f in A is such that f(z) < e for
all z € A, then it is a fuzzy strongly UP-ideal (resp. fuzzy UP-ideal, fuzzy
UP-filter and fuzzy UP-subalgebra) with thresholds ¢ and § of A.

. Let €,6 € [0,1] with ¢ < 4. If a fuzzy set f in A with e < f(z) < ¢ is a fuzzy
strongly UP-ideal with thresholds € and § of A, then it is constant.

. Let £,0 € [0,1] with € < 6. If a fuzzy set f in A is such that f(z) > § for
all z € A, then it is a fuzzy strongly UP-ideal (resp. fuzzy UP-ideal, fuzzy
UP-filter and fuzzy UP-subalgebra) with thresholds ¢ and § of A.
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Let €, € [0,1] with € < . Then a fuzzy set f in A with ¢ < f(x) < is
a fuzzy strongly UP-ideal with thresholds ¢ and § of A if and only if it is

constant.

Let f be a fuzzy set in A and ¢,6 € [0,1] with € < §. Then f is a fuzzy UP-
subalgebra with thresholds € and ¢ of A if and only if for all ¢t € (g,0],U(f; )
is a UP-subalgebra of A if U(f;t) is nonempty.

Let f be a fuzzy set in A and ¢,6 € [0,1] with ¢ < §. Then f is a fuzzy
UP-filter with thresholds € and § of A if and only if for all t € (&, 5], U(f;1)
is a UP-filter of A if U(f;t) is nonempty.

Let f be a fuzzy set in A and ¢,6 € [0,1] with ¢ < §. Then f is a fuzzy
UP-ideal with thresholds € and ¢ of A if and only if for all ¢t € (¢,d], U(f;1)
is a UP-ideal of A if U(f;t) is nonempty.

Let f be a fuzzy set in A and ¢,6 € [0,1] with ¢ < §. Then f is a fuzzy
strongly UP-ideal with thresholds ¢ and § of A if and only if for all ¢ €
(e,0],U(f;t) is a strongly UP-ideal of A if U(f;t) is nonempty.

Let (A,-,04) and (B,*,0g) be UP-algebras and let f: A — B be a UP-
epimorphism. Let p be an f-invariant fuzzy set in A with sup property. For
any a,b € B, there exist ap € f~'(a) and by € f~!(b) such that 8(a) =
pu(ao), B(b) = p(bo), and B(a +b) = p(ao - bo).

Let (A,-,04) and (B,#,0p5) be UP-algebras and let f: A — B be a UP-

epimorphism. Then the following statements hold:

(1) if p is an f-invariant fuzzy UP-subalgebra with thresholds ¢ and 0 of A
with sup property, then 3 is a fuzzy UP-subalgebra with thresholds ¢
and 0 of B,

(2) if p is an f-invariant fuzzy UP-filter with thresholds € and § of A with

sup property, then 3 is a fuzzy UP-filter with thresholds € and ¢ of B,
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(3) if w is an f-invariant fuzzy UP-ideal with thresholds € and § of A with
sup property, then (3 is a fuzzy UP-ideal with thresholds € and ¢ of B,

and

(4) if p is an f-invariant fuzzy strongly UP-ideal with thresholds ¢ and ¢ of
A with sup property, then [ is a fuzzy strongly UP-ideal with thresholds
¢ and 0 of B.

17. Let (A,-,04) and (B, *,05) be UP-algebras and let f: A — B be a UP-

homomorphism. Then the following statements hold:

(1) if § is a fuzzy UP-subalgebra with thresholds € and § of B, then p is a
fuzzy UP-subalgebra with thresholds € and  of A,

(2) if B is a fuzzy UP-filter with thresholds € and 0 of B, then pu is a fuzzy
UP-filter with thresholds € and ¢ of A,

(3) if B is a fuzzy UP-ideal with thresholds € and 0 of B, then u is a fuzzy
UP-ideal with thresholds € and § of A, and

(4) if B is a fuzzy strongly UP-ideal with thresholds ¢ and § of B, then p is
a fuzzy strongly UP-ideal with thresholds € and ¢ of A.

18. Let (A,-,04) and (B, *,05) be UP-algebras and let f: A — B be a UP-
epimorphism. Let p be an f-invariant fuzzy set in A with inf property. For
any a,b € B, there exist ap € f~'(a) and by € f~1(b) such that B(a) =
f(ao), B(b) = p(bo), and B(a * b) = p(ao - bo).

19. Let (A,-,04) and (B, *,05) be UP-algebras and let f: A — B be a UP-

epimorphism. Then the following statements hold:

(1) if p is an f-invariant fuzzy UP-subalgebra with thresholds ¢ and 0 of
A with inf property, then [ is a fuzzy UP-subalgebra with thresholds
and 0 of B,

(2) if p is an f-invariant fuzzy UP-filter with thresholds ¢ and § of A with
inf property, then 3 is a fuzzy UP-filter with thresholds ¢ and § of B,
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(3) if w is an f-invariant fuzzy UP-ideal with thresholds € and § of A with
inf property, then 3 is a fuzzy UP-ideal with thresholds ¢ and ¢ of B,

and

(4) if p is an f-invariant fuzzy strongly UP-ideal with thresholds ¢ and ¢ of
A with inf property, then (3 is a fuzzy strongly UP-ideal with thresholds
e and ¢§ of B.

20. Let (A;-,04) and (B;*,0p5) be UP-algebras and let f: A — B be a UP-

homomorphism. Then the following statements hold:
(1) if § is a fuzzy UP-subalgebra with thresholds € and § of B, then p is a
fuzzy UP-subalgebra with thresholds € and ¢ of A,

(2) if B is a fuzzy UP-filter with thresholds € and 0 of B, then pu is a fuzzy
UP-filter with thresholds € and ¢ of A,

(3) if B is a fuzzy UP-ideal with thresholds € and 0 of B, then u is a fuzzy
UP-ideal with thresholds € and § of A, and

(4) if B is a fuzzy strongly UP-ideal with thresholds ¢ and § of B, then p is
a fuzzy strongly UP-ideal with thresholds € and ¢ of A.
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Abstract

Based on the theory of fuzzy sets, the notion of fuzzy UP-subalgebras (resp., fuzzy
UP-filters, fuzzy UP-ideals, fuzzy strongly UP-ideals) with thresholds of UP-algebras is
introduced, some properties of them are discussed, and its generalizations are proved.
Further, we discuss the relations between fuzzy UP-subalgebras (resp., fuzzy UP-filters,
fuzzy UP-ideals, fuzzy strongly UP-ideals) with thresholds and its level subsets.

Mathematics Subject Classification: 03G25
Keywords: UP-algebra, fuzzy UP-subalgebra with thresholds, fuzzy UP-filter with
thresholds, fuzzy UP-ideal with thresholds, fuzzy strongly UP-ideal with thresholds

1 Introduction

A fuzzy set in a nonempty set X is an arbitrary function from the set X into [0, 1] where
[0,1] is the unit segment of the real line. The concept of a fuzzy set in a nonempty set
was first considered by Zadeh [14] in 1965. The fuzzy set theories developed by Zadeh and
others have found many applications in the domain of mathematics and elsewhere. There
are several kinds of fuzzy set extensions in the fuzzy set theory, for example, intuitionistic
fuzzy sets, interval-valued fuzzy sets, vague sets, bipolar-valued fuzzy sets etc.

After the introduction of the notion of fuzzy sets by Zadeh [14], several researches were
conducted on the generalizations of the notion of fuzzy sets and application to many log-
ical algebras such as: In 2005, Jun [4] introduced the notion of (o, §)-fuzzy subalgebras
of BCK/BClI-algebras. In 2007, Jun [5] introduced the notion of fuzzy subalgebras with
thresholds of BCK/BClI-algebras. In 2009, Saeid [11] introduced the notion of new fuzzy
subalgebras with thresholds of BCK/BClI-algebras. Zhan et al. [15] introduced the notions
of (€,€ Vq)-fuzzy p-ideals, (€,€ Vq)-fuzzy g¢-ideals and (€, € Vq)-fuzzy a-ideals in BCI-
algebras. In 2013, Li and Sun [7] introduced the notion of intuitionistic fuzzy implicative

*This work was financially supported by the University of Phayao.
fCorresponding author.
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ideals with thresholds (A, ) of BCI-algebras. Zulfiqar [16] introduced the notion of fuzzy
fantastic ideals in BCH-algebras. In 2014, Sun and Li [13] introduced the notion of intuition-
istic fuzzy subalgebras with thresholds (A, 1) and intuitionistic fuzzy ideals with thresholds
(A, i) of BCI-algebras. Zulfiqar [17] introduced the notion of (@, 3)-fuzzy fantastic ideals in
BCH-algebras.

In this paper, we introduce the notion of fuzzy UP-subalgebras (resp., fuzzy UP-filters,
fuzzy UP-ideals, fuzzy strongly UP-ideals) with thresholds of UP-algebras, investigate their
properties, and generalize the notions. Also, the characterizations of fuzzy UP-subalgebras
(resp., fuzzy UP-filters, fuzzy UP-ideals, fuzzy strongly UP-ideals) with thresholds are ob-
tained. Further, we discuss the relations between fuzzy UP-subalgebras (resp., fuzzy UP-
filters, fuzzy UP-ideals, fuzzy strongly UP-ideals) with thresholds and its level subsets.

2 Basic Results on UP-Algebras

Before we begin our study, we will introduce the definition of a UP-algebra.

An algebra A = (A4,-,0) of type (2,0) is called a UP-algebra [2] where A is a nonempty
set, - is a binary operation on A, and 0 is a fixed element of A (i.e., a nullary operation) if
it satisfies the following axioms: for any x,y,z € A,

(UP-1) (y-2)-((-y)- (w-2)) =0,
(UP-2) 0-z =u,
(UP-3) z-0=0, and
(UP-4) z-y=0and y - =0 imply = = y.
From [2], we know that the notion of UP-algebras is a generalization of KU-algebras.

Example 2.1. [2] Let X be a universal set. Define two binary operations - and * on the
power set of X by putting A-B=BNA" and Ax B=BUA’ for all A,B € P(X). Then
(P(X),-,0) and (P(X),*, X) are UP-algebras and we shall call it the power UP-algebra of
type 1 and the power UP-algebra of type 2, respectively.

In what follows, let A be a UP-algebra unless otherwise specified. The following propo-
sition is very important for the study of UP-algebras.

Proposition 2.2. [2] In a UP-algebra A, the following properties hold: for any x,y,z € A,
(1) -z =0,
(2) x-y=0andy-z=0 implyx-z=0,
(8) -y =0 implies (z-z)-(z-y) =0,
(4) @y =0 implies (y-2) - (z-2) =0,
(5) x-(y-z)=0,
(6) (y-x)-2=04f and only if x =y - x, and
(7) x-(y-y) =0.

Definition 2.3. [2] A subset S of A is called a UP-subalgebra of A if the constant 0 of A is
in S, and (5, -, 0) itself forms a UP-algebra.
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Tampan [2] proved the useful criteria that a nonempty subset S of a UP-algebra A =
(4,-,0) is a UP-subalgebra of A if and only if S is closed under the - multiplication on A.

Definition 2.4. [2, 12] A subset S of A is called a
(1) UP-ideal of A if it satisfies the following properties:
(1) the constant 0 of A is in S, and
(2) for any z,y,2 € A,x-(y-2) € Sand y € S imply x -2 € S.
(2) UP-filter of A if it satisfies the following properties:
(1) the constant 0 of A is in S, and
(2) for any z,y € A,z-y € S and z € S imply y € S.
(3) strongly UP-ideal of A if it satisfies the following properties:
(1) the constant 0 of A is in S, and
(2) for any z,y,z € A,(2-y) - (¢2-z) € Sand y € S imply = € S.

Guntasow et al. [1] proved the generalization that the notion of UP-subalgebras is a
generalization of UP-filters, the notion of UP-filters is a generalization of UP-ideals, and the
notion of UP-ideals is a generalization of strongly UP-ideals. Moreover, they also proved
that a UP-algebra A is the only one strongly UP-ideal of itself.

Definition 2.5. [14] A fuzzy set in a nonempty set X (or a fuzzy subset of X) is an arbitrary
function from the set X into [0, 1] where [0,1] is the unit segment of the real line.

Somjanta et al. [12] introduced the notion of fuzzy UP-subalgebras (resp., fuzzy UP-
filters, fuzzy UP-ideals, fuzzy strongly UP-ideals) of UP-algebras as follows:

Definition 2.6. A fuzzy set f in A is called a
(1) fuzzy UP-subalgebra of A if for any z,y € A, f(x-y) > min{f(z), f(v)}.
(2) fuzzy UP-filter of A if for any =,y € A,
(1) £(0) > f(z), and
(2) f(y) = min{f(z-y), f(2)}.
(3) fuzzy UP-ideal of A if for any z,y,z € A,
(1) f(0) > f(z), and
(2) f(z-2) > min{f(z-(y-2)), f(y)}
(4) fuzzy strongly UP-ideal of A if for any z,y,z € A,
(1) f(0) > f(x), and
(2) f(z) Zzmin{f((z-y) - (z-2)), f(y)}.

They also proved that the notion of fuzzy UP-subalgebras is a generalization of fuzzy
UP-filters, the notion of fuzzy UP-filters is a generalization of fuzzy UP-ideals, and the
notion of fuzzy UP-ideals is a generalization of fuzzy strongly UP-ideals.

Definition 2.7. [8] Let X and Y be any two nonempty sets and let f: X — Y be any
function. A fuzzy set p in X is called f-invariant if f(z) = f(y) implies p(x) = p(y) for all
z,y € X.
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Definition 2.8. [2] Let (A,-,04) and (B, *,05) be UP-algebras. A mapping f from A to
B is called a UP-homomorphism if

flz-y) = f(z)* f(y) for all x,y € A.
105 A UP-homomorphism f: A — B is called a
(1) UP-endomorphism of Aif B = A,
(2) UP-epimorphism if it is surjective,
(3) UP-monomorphism if it is injective, and
(4) UP-isomorphism if it is bijective.

110 Tampan [2] proved that f(04) = 0p.

3 Fuzzy UP-Subalgebras (resp., Fuzzy UP-Filters, Fuzzy
UP-Ideals, Fuzzy Strongly UP-Ideals) with Thresh-
olds

In this section, we introduce the notion of fuzzy UP-subalgebras (resp., fuzzy UP-filters,
us  fuzzy UP-ideals, fuzzy strongly UP-ideals) with thresholds of UP-algebras, investigate their
properties, and generalize the notions.

Definition 3.1. A fuzzy set f in A is called a fuzzy UP-subalgebra with thresholds € and §
of A where ¢,6 € [0,1] with e < § if for any z,y € A,

max{f(x : y)v 5} > min{f(x)v f(y)v 6}

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

W N = O
o O OO
= O ==

W O W NN
O O W W

0 1 0
2 Then (4,-,0) is a UP-algebra. We defined a fuzzy set f: A — [0, 1] as follows:
£(0) = 0.6, £(1) = 0.7, £(2) = 0.3, and f(3) = 0.2.
Then f is a fuzzy UP-subalgebra with thresholds e = 0.8 and § = 0.9 of A.

Lemma 3.3. If f is a fuzzy UP-subalgebra with thresholds € and 6 of A, then max{f(0),e} >
min{ f(z),d} for all x € A. In particular, if there exists y € A such that f(y) > 0, then
s f(0) > e.

Proof. For all z € A,
max{f(0),e} = max{f(x - z), ¢} (Proposition 2.2 (1))

> min{f(z), f(z), 5}
= min{f(x),d}.

If there exists y € A such that f(y) > §, then
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max{f(0),e} > min{f(y),d} =9 > €.

Thus f(0) = max{f(0),e} > e. O

Definition 3.4. A fuzzy set f in A is called a fuzzy UP-filter with thresholds € and § of A
where ¢, € [0,1] with ¢ < § if it satisfies the following properties: for any z,y € A,

(1) max{f(0),e} > min{f(x),d}, and

(2) max{f(y),e} > min{f(z-y), f(z),d}.

Example 3.5. Let A = {0,1,2,3,4} be a set with a binary operation - defined by the
following Cayley table:

OO OO oo
— == O
NN O DN NN
W OO O Ww
O OO

=W N = O

Then (A, -,0) is a UP-algebra. We defined a fuzzy set f: A — [0, 1] as follows:
£(0) = 0.9, f(1) = 0.1, £(2) = 0.5, £(3) = 0.4, and f(4) = 0.4.
Then f is a fuzzy UP-filter with thresholds € = 0.8 and § = 0.9 of A.

Definition 3.6. A fuzzy set f in A is called a fuzzy UP-ideal with thresholds € and ¢ of A
where €,0 € [0, 1] with € < ¢, if it satisfies the following properties: for any z,y, z € A,

(1) max{f(0),e} > min{f(x),d}, and
(2) max{f(z-z),e} > min{f(z - (y - 2)), f(y),d}.

Example 3.7. Let A ={0,1,2,3} be a set with a binary operation - defined by the following
Cayley table:

|0 1 2 3
0j0 1 2 3
110 0 3 3
2/0 100
310 1 3 0

Then (4, -,0) is a UP-algebra. We defined a fuzzy set f: A — [0, 1] as follows:
£(0) =0, f(1) = 0.2, £(2) = 0.1, and f(3) = 0.3.
Then f is a fuzzy UP-ideal with thresholds e = 0.4 and § = 0.9 of A.

Definition 3.8. A fuzzy set f in A is called a fuzzy strongly UP-ideal with thresholds € and
0 of A where ¢,0 € [0,1] with € < § if it satisfies the following properties: for any z,y, z € A,

(1) max{f(0),e} > min{f(x),d}, and

(2) max{f(z),e} =2 min{f((z-y) - (z-x)), f(y),0}.
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Example 3.9. Let A = {0,1,2,3,4} be a set with a binary operation - defined by the
following Cayley table:

10 1 2 3 4
00 1 2 3 4
110 0 2 0 4
2/0 1 0 0 O
3101 2 0 4
410 1 2 3 0

Then (A, -,0) is a UP-algebra. We defined a fuzzy set f: A — [0, 1] as follow:
f(0)=0.3,f(1)=04,f(2) =0, f(3) =0.1, and f(4) =0.
Then f is a fuzzy strongly UP-ideal with thresholds ¢ = 0.5 and é = 0.8 of A.

Theorem 3.10. FEvery fuzzy strongly UP-ideal with thresholds € and § of A is a fuzzy
UP-ideal with thresholds € and §.

Proof. Assume that f is a fuzzy strongly UP-ideal with thresholds ¢ and § of A. Then
max{ f(0),e} > min{f(x),0} for all x € A. Let z,y, z € A.
Case 1: f(0) <e. Then f(x) <e for all x € A. Thus
max{f(x-z),e} =«
> f(y)
> min{f(z - (y-2)), f(y),0}.

Case 2: f(0) > e. Then

max{f(z - z),e} > min{f((z-y) - (z- (z-2))), f(y), 5}
=min{f((z-y)-0), f(y),d} (Proposition 2.2 (5))
= min{/f(0), f(y), d}. ((UP-3))

If min{f(0), f(y),0} = f(y) or &, we obtain immediately that max{f(x - z),e} > min{f(x
(y-2)), f(y),0}. Assume that min{f(0), f(y),d} = f(0). Then

min{f(0), f(y), 6} = f(0)
= max{f(0),e}
> min{f(y),d}
> min{f(z- (y-z2)), f(y),d}.
Hence, f is a fuzzy UP-ideal with thresholds € and § of A. H

Example 3.11. Let A = {0,1,2,3,4} be a set with a binary operation - defined by the
following Cayley table:

W N = Oof
o O O oo
—_ == O |
NN O DN NN
WO OO W w
O O

410
Then (A, -,0) is a UP-algebra. We defined a fuzzy set f: A — [0, 1] as follow:

F0)=1,f(1)=0.2,f(2) = 0.1, f(3) = 0.2, and f(4) = 0.9.

46
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Then f is a fuzzy UP-ideal with thresholds € = 0.5 and 6 = 0.9 of A. Since max{f(2),e} =
max{0.1,0.5} = 0.5 # 0.9 = min{1,1,0.9} = min{f((2-0)-(2-2)), f(0),d}, we have f is not
a fuzzy strongly UP-ideal with thresholds e = 0.5 and § = 0.9 of A.

Theorem 3.12. Fvery fuzzy UP-ideal with thresholds € and 6 of A is a fuzzy UP-filter with
thresholds € and §.

Proof. Assume that f is a fuzzy UP-ideal with thresholds £ and § of A. Then max{f(0),e} >
min{ f(x),d} for all x € A. Let z,y € A. Then

max{f(y),e} = max{f(0-y),e} ((UP-2))
> min{f(0- (z-y)), f(x), 6}
= min{f(z - y), f(x),6}. ((UP-2))
Hence, f is a fuzzy UP-filter with thresholds € and § of A. O

Example 3.13. Let A = {0,1,2,3,4} be a set with a binary operation - defined by the
following Cayley table:

10 1 2 3 4
00 1 2 3 4
110 0 2 3 4
2/0 0 0 3 3
3]0 1 2 0 3
410 1 2 0 O

Then (A, -,0) is a UP-algebra. We defined a fuzzy set f: A — [0, 1] as follow:
£(0) = 0.9, £(1) = 0.8, £(2) = 0.7, £(3) = 0.5, and f(4) = 0.5.
Then f is a fuzzy UP-filter with thresholds e = 0.2 and 6 = 0.9 of A. Since max{f(3-4),e} =

max{0.5,0.2} = 0.5 # 0.7 = min{0.9,0.7,0.9} = min{f(3-(2-4)), f(2),d}, we have f is not
a fuzzy UP-ideal with thresholds e = 0.2 and § = 0.9 of A.

Theorem 3.14. Every fuzzy UP-filter with thresholds € and 6 of A is a fuzzy UP-subalgebra
with thresholds € and 6.

Proof. Assume that f is a fuzzy UP-filter with thresholds € and ¢ of A. Then max{f(0),e} >
min{f(z),d} for all x € A. Let 2,y € A. Then
Case 1: f(0) <e. Then f(x) <e for all z € A. Thus
max{f(z-y), e} =¢
> f(z)
> min{f(z), f(y), 0}
Case 2: f(0) > e. Then

max{f(z-y),e} > min{f(y - (z-y)), f(y),0}
= min{f(0), f(y),0}. (Proposition 2.2 (5))

47

If min{f(0), f(y),0} = f(y) or 4, we obtain immediately that max{f(x-y),e} > min{f(z), f(y),d}.

Assume that min{f(0), f(y),d} = f(0). Then

min{ f(0), f(y), 5} = f(0)
=max{f(0),e}
> min{f(y),d}
> min{f(z), f(y),d}.
Hence, f is a fuzzy UP-subalgebra with thresholds € and § of A. O
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Example 3.15. Let A = {0,1,2,3,4} be a set with a binary operation - defined by the
following Cayley table:

B w N = O
o OO o oo
== O O
NN ODN NN
OO W W Www
S W Wk

Then (4, -,0) is a UP-algebra. We defined a fuzzy set f: A — [0, 1] as follow:
£(0) = 0.8, f(1) = 0.7, £(2) = 0.4, £(3) = 0.3, and f(4) = 0.2.

Then f is a fuzzy UP-subalgebra with thresholds ¢ = 0.2 and § = 0.9 of A. Since
max{f(4),e} = max{0.2,0.2} = 0.2 ¥ 0.3 = min{0.3,0.3,0.9} = min{f(3 - 4), f(3),d},
we have f is not a fuzzy UP-filter with thresholds e = 0.2 and § = 0.9 of A.

By Definition 2.6, we see that a fuzzy UP-subalgebra (resp., fuzzy UP-filter, fuzzy UP-
ideal, fuzzy strongly UP-ideal) is a fuzzy UP-subalgebra (resp., fuzzy UP-filter, fuzzy UP-
ideal, fuzzy strongly UP-ideal) with thresholds 0 and 1. By Theorem 3.10, 3.12, and 3.14
and Example 3.11, 3.13, and 3.15, we have that the notion of fuzzy UP-subalgebras with
thresholds € and § is a generalization of fuzzy UP-filters with thresholds € and 4, the notion of
fuzzy UP-filters with thresholds € and § is a generalization of fuzzy UP-ideals with thresholds
e and J, and the notion of fuzzy UP-ideals with thresholds € and § is a generalization of
fuzzy strongly UP-ideals with thresholds € and 4.

Theorem 3.16. Let ,6 € [0,1] with e < §. If a fuzzy set f in A is constant, then it is a
fuzzy strongly UP-ideal with thresholds € and 6 of A.

Proof. Assume that f is a constant fuzzy set in A and let ¢, € [0,1] with € < 4. Then
f(z) = f(0) for all z € A. Let x € A.

max{£(0),e} > f(0) = f(z) > min{f(z), 5}.
Let z,y,z € A. Then

max{f(z),e} > f(z)
=min{f((z-y) - (z-2)), f(y)}

Hence, f is a fuzzy strongly UP-ideal with thresholds € and § of A. O

Theorem 3.17. Let ¢,6 € [0,1] with e < §. If a fuzzy set f in A is such that f(x) < e
for all x € A, then it is a fuzzy strongly UP-ideal (resp. fuzzy UP-ideal, fuzzy UP-filter and
fuzzy UP-subalgebra) with thresholds € and § of A.

Proof. (1) Let z € A. Then
max{f(0),e} = & = f(z) = min{f(z), 6}.
Let z,y,z € A. Then
max{f(z),e} =¢
> min{f((z-y) - (z-2)), f(y)}
z-x)), f(y),d

= min{f((z-y) - (z- 2)), f(y),}.

48
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Hence, f is a fuzzy strongly UP-ideal with thresholds € and ¢ of A.
(2) Let z,y,2z € A. Then

max{f(x-z),e} =¢
> min{f(z-(y-2)),
=min{f(z- (y-2)),

Hence, f is a fuzzy UP-ideal with thresholds € and § of A.
(3) Let z,y € A. Then

max{f(y),e} =&
> min{f(z-y), f(z)}
=min{f(z - y), f(x),0}.

Hence, f is a fuzzy UP-filter with thresholds € and § of A.
(4) Let z,y € A. Then

()}

/
f(y),0}.

z
z

max{f(x-y),e} =¢
> min{f(z), f(y)}
= min{f(z), f(y), 6}

Hence, f is a fuzzy UP-subalgebra with thresholds € and § of A. O

Theorem 3.18. Let ¢, € [0,1] with e < 6. If a fuzzy set f in A withe < f(z) < J is a
fuzzy strongly UP-ideal with thresholds € and § of A, then it is constant.

Proof. For all z € A,
f(0) = max{f(0),e} = min{f(x),6} = f(z)

and
f(z) = max{f(x),e}
= min{f((z - 0) - (z - z)), f(0), 0}
= min{f((z-0)-0), f(0),0} (Proposition 2.2 (1))
= min{f(0), f(0), 6} ((UP-3))
= min{f(0),d}
f(0).
Hence, f(x) = f(0) for all z € A, so f is constant. O

Theorem 3.19. Let ,6 € [0,1] with e < §. If a fuzzy set f in A is such that f(z) > 0
for all x € A, then it is a fuzzy strongly UP-ideal (resp. fuzzy UP-ideal, fuzzy UP-filter and
fuzzy UP-subalgebra) with thresholds € and § of A.

Proof. (1) Let € A. Then
max{f(0),e} = f(0) > 6 = min{f(x),5}.
Let x,y,z € A. Then
max{f(z),e} = f(r)

>4

=min{f((z-y) - (z-2)), f(y), 0}

49
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Hence, f is a fuzzy strongly UP-ideal with thresholds € and ¢ of A.
(2) Let z,y,2z € A. Then

max{f(z-z2),e} = f(z-2)
>0
Hence, f is a fuzzy UP-ideal with thresholds € and § of A.
(3) Let &,y € A. Then
max{f(y), e} = f(y)
>0
Hence, f is a fuzzy UP-filter with thresholds € and § of A.
(4) Let z,y € A. Then
max{f(z-y),e} = f(z-y)
>4
= min{f(z), f(y),d}.
Hence, f is a fuzzy UP-subalgebra with thresholds ¢ and § of A. O

Corollary 3.20. Lete,6 € [0,1] with e < §. Then a fuzzy set f in A with e < f(x) <4 is
a fuzzy strongly UP-ideal with thresholds € and 6 of A if and only if it is constant.

Proof. Tt is straightforward by Theorem 3.16 and 3.18. O

4 Upper t-Level Subsets of a Fuzzy Set

In this section, we discuss the relations between fuzzy UP-subalgebras (resp., fuzzy UP-
filters, fuzzy UP-ideals, fuzzy strongly UP-ideals) with thresholds and its level subsets.
Let f be a fuzzy set in A. For any ¢ € [0, 1], the set

U(fit) ={z € A| f(z) 2t}
is called an upper t-level subset [12] of f.

Theorem 4.1. Let f be a fuzzy set in A and £,0 € [0,1] with e < §. Then f is a fuzzy
UP-subalgebra with thresholds € and 6 of A if and only if for all t € (g,8],U(f;t) is a
UP-subalgebra of A if U(f;t) is nonempty.

Proof. Assume that f is a fuzzy UP-subalgebra with thresholds ¢ and ¢ of A. Let t € (g, ]
be such that U(f;t) # 0 and let z,y € U(f;t). Then f(x) >t, f(y) >t, and 6 > ¢. Thust
is a lower bound of {f(x), f(y),d}. Since f is a fuzzy UP-subalgebra with thresholds e and
6 of A, we have

max{f(z-y),e} > min{f(z), f(y),0}
>t
> €.

Thus max{f(z - y),e} = f(z -y). Since max{f(z - y),e} > ¢, we get f(x-y) > t. Thus
x-y € U(f;t). Hence, U(f;t) is a UP-subalgebra of A.

20
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Conversely, assume that for all ¢ € (e,4d], U(f;t) is a UP-subalgebra of A if U(f;t) is
y) ]

nonempty. Let z,y € A. Then f(x) 1]. Choose ¢ = min{f(z), f(y)}. Then
f(x) > t and f(y) > t. Thus =,y € U(f;t) # 0. By assumption, we have U(f;t) is a
UP-subalgebra of A. So xz -y € U(f;t), that is, f(x -y) > ¢ = min{f(x), f(y)}. Thus

max{f(z-y),e} > f(z-y)
> min{ f(z), f(y)}
> min{f(z), f(y),6}.

Hence, f is a UP-subalgebra with thresholds € and § of A. O

Theorem 4.2. Let f be a fuzzy set in A and ¢,6 € [0,1] with e < §. Then f is a fuzzy
UP-filter with thresholds e and 6 of A if and only if for all t € (&,6],U(f;t) is a UP-filter
of A if U(f;t) is nonempty.

Proof. Assume that f is a fuzzy UP-filter with thresholds ¢ and § of A. Let ¢t € (e,4] be
such that U(f;t) # 0 and let a € U(f;t). Then f(a) >t and § > ¢t. Thus t is a lower bound
of {f(a),d}. Since f is a fuzzy UP-filter with thresholds ¢ and ¢ of A, we have

max{f(0),} > min{ f(a), 6}

>t
>e.

Thus max{f(0),e} = f(0). Since max{f(0),e} > t, we get f(0) > ¢t. Thus 0 € U(f;?).
Next, let z,y € A be such that x -y € U(f;t) and x € U(f;t). Then f(z-y) > t, f(x) > t,
and § > ¢. Thus ¢ is a lower bound of {f(x - y), f(x),d}. Since f is a fuzzy UP-filter with
thresholds € and § of A, we have

max{f(y),e} > min{f(x-y), f(z),d}

>t
> .

Thus max{f(y),e} = f(y). Since max{f(y),e} > t, we get f(y) > t. Thus y € U(f;t).
Hence, U(f;t) is a UP-filter of A.

Conversely, assume that for all t € (g, 4], U(f;t) is a UP-filter of A if U(f;t) is nonempty.
Let x € A. Then f(z) € [0,1]. Choose t = f(z). Then f(z) >t. Thus z € U(f;t) # (). By
assumption, we have U(f;t) is a UP-filter of A. So 0 € U(f;t), that is, f(0) >t = f(x), so

max{f(0),e} > f(0)
> f(z)
> min{ f(z),d}.
Next, let x,y € A. Then f(z -y), f(z) € [0,1]. Choose t = min{f(z - y), f(z)}. Then

f(x-y) >tand f(z) >t. Thus z-y,x € U(f;t) # 0. By assumption, we have U(f;t) is a
UP-filter of A. So y € U(f;t), that is, f(y) >t = min{f(x - y), f(z)}. Thus
e}

max{ f(y), fw)
n{f(z-y), f(x)}

f
in{f(z-y), f(x),d}.
f is a fuzzy UP-filter with thresholds ¢ and ¢ of A. O

>
> mi
>m

o1
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Theorem 4.3. Let [ be a fuzzy set in A and €, € [0,1] with e < 6. Then f is a fuzzy
UP-ideal with thresholds € and § of A if and only if for allt € (,0],U(f;t) is a UP-ideal of
AfU(f;t) is nonempty.

Proof. Assume that f is a fuzzy UP-ideal with thresholds € and § of A. Let t € (e, 4] be
such that U(f;t) # 0 and let @ € U(f;t). Then f(a) >t and § > ¢. Thus ¢ is a lower bound
of {f(a),d}. Since f is a fuzzy UP-ideal with thresholds ¢ and ¢ of A, we have

max{ f(0),e} > min{f(a),d}
>t
> €.
Thus max{f(0),e} = f(0). Since max{f(0),e} > ¢, we get f(0) > ¢. Thus 0 € U(f;¢). Next,
let z,y,z € Abesuch that z-(y-2z) € U(f;t) and y € U(f;t). Then f(z-(y-2)) > ¢, f(y) > t,

and § > t. Thus ¢t is a lower bound of {f(z - (y - 2)), f(y),d}. Since f is a fuzzy UP-ideal
with thresholds € and § of A, we have

max{f(z - z),e} = min{f(z - (y - 2)), f(y), 6}
>t
> €.
Thus max{f(z - z),e} = f(z - z). Since max{f(z - z),e} > ¢, we get f(x-z) > t. Thus
x-z €U(f;t). Hence, U(f;t) is a UP-ideal of A.
Conversely, assume that for all ¢ € (g, 5], U(f;t) is a UP-ideal of A if U(f;t) is nonempty.

)
Let x € A. Then f(z) € [0,1]. Choose t = f(z). Then f(z) >t. Thus z € U(f;t) # (. By
assumption, we have U(f;t) is a UP-ideal of A. So 0 € U(f;t), that is, f(0) >t = f(x), so

max{f(0),e} > f(0)
> f()
> min{f(z),d}.
Next, let x,y,z € A. Then f(z - (y- 2)), f(y) € [0,1]. Choose t = min{f(z - (y-2)), f(v)}.
Then f(z-(y-2)) >tand f(y) >t. Thusz-(y-2),y € U(f;t) # 0. By assumption, we have
U(f;t) is a UP-ideal of A. So x -z € U(f;t), that is, f(z-z) >t =min{f(z- (y-2)), f(y)}.
Thus
max{f(x-z),e} > f(x-2)
> min{f(z - (y-2)), f(y)}
> min{f(z - (y-2)), f(y),6}.
Hence, f is a fuzzy UP-ideal with thresholds € and § of A. O
Theorem 4.4. Let f be a fuzzy set in A and £,0 € [0,1] with e < 6. Then f is a fuzzy

strongly UP-ideal with thresholds € and § of A if and only if for all t € (¢,0],U(f;t) is a
strongly UP-ideal of A if U(f;t) is nonempty.

Proof. Assume that f is a fuzzy strongly UP-ideal with thresholds € and § of A. Let ¢ € (g, ]
be such that U(f;t) # 0 and let a € U(f;¢). Then f(a) >t and § > ¢. Thus ¢ is a lower
bound of {f(a),d}. Since f is a fuzzy strongly UP-ideal with thresholds ¢ and 6 of A, we
have

max{f(0),e} > min{f(a), 6}
>t
> €.
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Thus max{f(0),e} = f(0). Since max{f(0),e} > ¢, we get f(0) > ¢. Thus 0 € U(f;¢). Next,
let ,y,z € A be such that (z-y)-(z-z) € U(f;t) and y € U(f;t). Then f((z-y)-(z-z)) >
t,f(y) > t, and § > t. Thus ¢ is a lower bound of {f((z-y) - (z-x)), f(y),d}. Since f is a
fuzzy strongly UP-ideal with thresholds € and § of A, we have

max{f(z),e} = min{f((z-y)- (z-2)), f(y), 0}

>t
> €.

Thus max{f(x),e} = f(z). Since max{f(z),e} > t, we get f(x) > t. Thus z € U(f;t).
Hence, U(f;t) is a strongly UP-ideal of A.

Conversely, assume that for all t € (g,d], U(f;t) is a strongly UP-ideal of A if U(f;t)
is nonempty. Let x € A. Then f(x) € [0,1]. Choose ¢t = f(x). Then f(x) > ¢. Thus
x € U(f;t) # (0. By assumption, we have U(f;t) is a strongly UP-ideal of A. So 0 € U(f; 1),
that is, f(0) >t = f(x), so

max{f(0),e} > f(0)
> f(z)
> min{f(z),d}.

Next, let z,y,2 € A. Then f((z-y) - (z-2)), f(y) € [0,1]. Choose t = min{f((z-y) - (-

), f(y)}. Then f((z-y)- (2-2)) =t and f(y) > t. Thus (z-y)-(2-x),y € U(f;t) # 0.
By assumption, we have U(f;t) is a strongly UP-ideal of A. So z € U(f;t), that is,

f(x) 2t =min{f((z-y) - (z-2)), f(y)}. Thus

max{ f(z),e} > f(x)
>min{f((z-y) - (z-2)), f(v)}
> min{f((z-y) - (z-2)), f(y),d}.

Hence, f is a fuzzy strongly UP-ideal with thresholds ¢ and § of A. O

5 Image and Preimage of a Fuzzy Set

Definition 5.1. [3] Let f be a function from a nonempty set X to a nonempty set Y. If u
is a fuzzy set in X, then the fuzzy set 0 in Y defined by

sup{u(t) hrer-1¢yy if f7H(y) #0,
Bly) =

0 if otherwise

is said to be the image of u under f. Similarly, if § is a fuzzy set in Y, then the fuzzy set
pw=Pofin X (ie., the fuzzy set defined by u(x) = B(f(z)) for all € X) is called the
preimage of B under f.

Definition 5.2. [10] A fuzzy set f in A has sup property if for any nonempty subset T' of
A, there exists tg € T such that f(tg) = sup{f(t)}ter-

Lemma 5.3. [9] Let (A,-,04) and (B,*,0p) be UP-algebras and let f: A — B be a UP-
epimorphism. Let u be an f-invariant fuzzy set in A with sup property. For any a,b € B,
there exist ag € f~'(a) and by € f~1(b) such that B(a) = u(ao), B(b) = u(bo), and B(axb) =
w(ag - by).
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Theorem 5.4. Let (A,-,04) and (B,*,0p) be UP-algebras and let f: A — B be a UP-
epimorphism. Then the following statements hold:

(1) if i is an f-invariant fuzzy UP-subalgebra with thresholds € and § of A with sup prop-
erty, then B is a fuzzy UP-subalgebra with thresholds € and 6 of B,

(2) if w is an f-invariant fuzzy UP-filter with thresholds € and § of A with sup property,
then (B is a fuzzy UP-filter with thresholds € and § of B,

(8) if w is an f-invariant fuzzy UP-ideal with thresholds € and § of A with sup property,
then (B is a fuzzy UP-ideal with thresholds € and 0 of B, and

(4) if p is an f-invariant fuzzy strongly UP-ideal with thresholds € and § of A with sup
property, then B is a fuzzy strongly UP-ideal with thresholds € and § of B.

Proof. (1) Assume that p is an f-invariant fuzzy UP-subalgebra with thresholds e and ¢ of
A with sup property. Let a,b € B. By Lemma 5.3, there exist ag € f~*(a) and by € f~1(b)
such that B(a) = p(ag), B(b) = u(by), and B(a *b) = p(ag - bp). Thus

max{fA(a *b),e} = max{u(ag - by),e}
> min{yu(ao), pu(bo), 0}
= min{(a), 8(b), 6}.
Hence, [ is a fuzzy UP-subalgebra with thresholds € and § of B.

(2) Assume that p is an f-invariant fuzzy UP-filter with thresholds € and § of A with sup
property. Since f(04) = Op, we have f~1(05) # 0. Then there exists x1 € f~1(0p) such
that u(x1) = 8(0g). Thus f(x1) =0 = f(04), so u(x1) = u(04) because p is f-invariant.
Hence, 11(04) = B3(0p). Let y € B. Since f is surjective, we have f~1(y) # 0. Then there
exists € f~1(y) such that u(z) = B(y), so

max{5(0p),e} = max{u(04),e}
> min{y(z), 0}
= min{/3(y), 6}.
Next, let a,b € B. By Lemma 5.3, there exist ag € f~'(a) and by € f~1(b) such that
(ao) = B(a), u(bo) = B(b), and p(ao - bo) = B(a *b). Thus

max{3(b),e} = max{u(bo),e}
2 min{ﬂ(ao . b0)7 M(ao)a 6}
= min{f(a % b), 3(a),d}.
Hence, 8 is a fuzzy UP-filter with thresholds € and ¢§ of B.

(3) Assume that p is an f-invariant fuzzy UP-ideal with thresholds € and § of A with sup
property. Since f(04) = Op, we have f~1(0g) # 0. Then there exists z; € f~1(0p) such
that p(z1) = 8(0p). Thus f(z1) =0 = f(04), so p(z1) = 1(04) because p is f-invariant.
Hence, 1(04) = B(0g). Let y € B. Since f is surjective, we have f~!(y) # (. Then there
exists € f~1(y) such that u(z) = B(y), so

max{3(0g),e} = max{u(04),e}
> min{u(z), 5}
= mln{ﬁ(y)a 5}

o4
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Next, let a,b,c € B. By Lemma 5.3, there exist ag € f~!(a),bg € f~1(b), and co € f~1(c)
such that B(b) = u(bo), B(a*c) = p(ap - co), and B(a * (b)) = u(ag - (bo - ¢o)). Thus

max{f(a * c),e} = max{p(ag - o), e}
= min{u(ao - (bo - co)), 1(bo), I}
— min{f(ax (b)), (), 6.

a5 Hence, 0 is a fuzzy UP-ideal with thresholds ¢ and § of B.

(4) Assume that p is an f-invariant fuzzy strongly UP-ideal with thresholds € and § of A
with sup property. Since f(04) = 0, we have f~1(0g) # (). Then there exists z; € f~1(0p)
such that p(z1) = B(0p). Thus f(z1) = 0 = f(04), so pu(z1) = u(04) because p is f-
invariant. Hence, u(04) = 3(0g). Let y € B. Since f is surjective, we have f~1(y) # 0.
Then there exists z € f~*(y) such that u(z) = B(y), so

max{3(0p),c} = max{u(0a),e}
> min{yu(x),d}
= min{f3(y), d}.

Next, let a,b,c € B. By Lemma 5.3, there exist ag € f~1(a),byp € f~(b), and co € f~*(c)
such that p(ao) = B(a), u(bo) = B(b), and u((co - bo) - (co - ao)) = B((c - b) - (¢ a)). Thus

max{ﬁ(a), 6} = ma‘X{u’(aO)’ E}
> min{p((co - bo) - (co - o)), p(bo), 6}
= min{B((c-b) - (c-a)),B(b),0}.

Hence, 3 is a fuzzy strongly UP-ideal with thresholds € and ¢ of B. O

Theorem 5.5. Let (A,-,04) and (B,*,05) be UP-algebras and let f: A — B be a UP-
homomorphism. Then the following statements hold:

(1) if B is a fuzzy UP-subalgebra with thresholds € and 6 of B, then u is a fuzzy UP-
280 subalgebra with thresholds € and § of A,

(2) if B is a fuzzy UP-filter with thresholds € and § of B, then p is a fuzzy UP-filter with
thresholds € and 6 of A,

(8) if B is a fuzzy UP-ideal with thresholds € and § of B, then u is a fuzzy UP-ideal with
thresholds € and § of A, and

285 (4) if B is a fuzzy strongly UP-ideal with thresholds € and § of B, then p is a fuzzy strongly
UP-ideal with thresholds € and § of A.

Proof. (1) Assume that § is a fuzzy UP-subalgebra with thresholds ¢ and § of B. Let
xz,y € A. Then

max{u(z - y),e} = max{(Bo f)(z-y),e}
max{G(f(z - y)), e}
max{B(f(x) * f(y)), e}
min{3(f(z)), B(f(y)),d}
min{(8 o f)(z), (B o f)(y),d}
= min{u(z), u(y), 6}

AV 1!
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Hence, p is a fuzzy UP-subalgebra with thresholds € and ¢ of A.
(2) Assume that 3 is a fuzzy UP-filter with thresholds € and § of B. Let 2 € A. Then
max{p(04),e} = max{(5o f)(0a), e}
max{3(f(04)), e}
max{B(05), e} (f(04) =05)
min{j3(f(x)), 5}
min{(f o f)(x), 0}
min{zu(z), 0},

vl

Let z,y € A. Then

max{u(y),e} = max{(Bo f)(y),c}
max{B(f(y)),e}
min{3(f(x) = f(y)), B(f(x)), 0}

>

=min{B(f(z - y)), B(f(z)), 3}
=min{(Bo f)(x-y),(Bo f)(x),d}
= min{u(z - y), p(x), 0}.

Hence, p is a fuzzy UP-filter with thresholds € and § of A.

(3) Assume that 3 is a fuzzy UP-ideal with thresholds € and § of B. Let € A. Then
max{(04), e} = max{(3o f)(04),¢}

max{(3(f(04)), e}

max{(05),e} (£(04) = 0B)

min{J(f(z)),d}

min{(f o f)(x), 0}

min{zu(z), 0},

AV (|

Let z,y,z € A. Then

max{p(e - 2),e} = max{(Bo f)(x - 2),e}

Il
=
Q0
w
—~
=
=
8]
N
S~—

=
m
- =

— min{B((2) * (), 5}

= min{B(f(z) * (f(y) * f(2))), B(f(y)), 0}
=min{B(f(z) * f(y - 2)), B(f(y)),}
=min{B(f(z - (y - 2))), B(f(y)), 6}
=min{(Bo f)(z- (y-2)),(Bo f)(y),d}
=min{u(z - (y- 2)), u(y),d}.

Hence, p is a fuzzy UP-ideal with thresholds € and § of A.
(4) Assume that [ is a fuzzy strongly UP-ideal with thresholds € and § of B. Let z € A.
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Then

max{x(04),e} = max{(Bo f)(0a),c}
= max{B(f(04)), ¢}
= max{f(0p),c} (f(04) =0p)
> min{3(f(z)),d}
=min{(Bo f)(z),d}
= min{u(), 0}.

Let z,y,z € A. Then

max{pu(z),e} = max{(f o f)(x), e}
= max{(f(x)),e}

> min{3((f(2) * f(y)) * (f(2) * f(2))), B(f(y)), 6}

=min{3(f(z-y) * f(z - 2)), B(f

=min{3(f((z-y) - (z-2)), B(f(y

=min{(Fo f)((z-y) - (z-2)), (Bo f)(y), 0}

= min{u((z-y) - (z-2)), u(y), 0}

Hence, p is a fuzzy strongly UP-ideal with thresholds € and § of A. O

V

)

Definition 5.6. Let f be a function from a nonempty set X to a nonempty set Y. If u is
a fuzzy set in X, then the fuzzy set § in Y defined by

inf{p(t)}ees-1¢y) i FTHY) # 0,
By) =

1 if otherwise

is said to be the image of u under f. Similarly, if 8 is a fuzzy set in Y, then the fuzzy set
pw=pFofin X (ie., the fuzzy set defined by u(xz) = B(f(z)) for all x € X) is called the
preimage of B under f.

Definition 5.7. [10] A fuzzy set f in A has inf property if for any nonempty subset T' of
A, there exists to € T such that f(to) = inf{f(¢)}+er.

Lemma 5.8. [6] Let (A,-,04) and (B,*,0p) be UP-algebras and let f: A — B be a UP-
epimorphism. Let u be an f-invariant fuzzy set in A with inf property. For any a,b € B,
there exist ag € f~1(a) and by € f~1(b) such that 3(a) = u(ag), B(b) = u(by), and B(axb) =
1(ao - bo).

Theorem 5.9. Let (A,-,04) and (B,*,0p) be UP-algebras and let f: A — B be a UP-
epimorphism. Then the following statements hold:

(1) if u is an f-invariant fuzzy UP-subalgebra with thresholds € and § of A with inf prop-
erty, then ( is a fuzzy UP-subalgebra with thresholds € and 6 of B,

(2) if u is an f-invariant fuzzy UP-filter with thresholds € and 6 of A with inf property,
then 3 is a fuzzy UP-filter with thresholds € and ¢ of B,

(8) if p is an f-invariant fuzzy UP-ideal with thresholds € and § of A with inf property,
then (B is a fuzzy UP-ideal with thresholds € and 6 of B, and

57
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(4) if p is an f-invariant fuzzy strongly UP-ideal with thresholds € and 6 of A with inf
property, then 3 is a fuzzy strongly UP-ideal with thresholds € and & of B.

Proof. (1) Assume that p is an f-invariant fuzzy UP-subalgebra with thresholds e and ¢ of
A with inf property. Let a,b € B. By Lemma 5.8, there exist ag € f~'(a) and by € f~*(b)
such that B(a) = p(aog), B(b) = u(bo), and B(a *b) = p(ag - bo). Thus

max{B(a xb),e} = max{u(ao - bo),e}
> min{p(ag), pu(bo), 6}
= min{B3(a), 3(b), 5}

Hence, 8 is a fuzzy UP-subalgebra with thresholds € and § of B.

(2) Assume that p is an f-invariant fuzzy UP-filter with thresholds € and ¢ of A with
inf property. Since f(04) = 0p, we have f~1(0g) # 0. Then there exist z; € f~1(0p) such
that p(z1) = 6(0g). Thus f(z1) =0p = f(04), so u(x1) = p(04) because u is f-invariant.
Hence, (04) = B(0g). Let y € B. Since f is surjective, we have f~!(y) # 0. Then there
exist € f~1(y) such that u(x) = B(y), so

max{(3(0p),e} = max{p(04),e}
> min{y(z), 0}
= min{3(y), 6}.

Next, let a,b € B. By Lemma 5.8, there exist ag € f~'(a) and by € f~1(b) such that
B(a) = p(ao), B(b) = p(bo), and B(a *b) = p(ag - bo). Thus

max{/3(b),e} = max{u(bo),e}
> min{u(ao - bo), p(ao),d}
= min{3(a *b), 5(a),d}.

Hence, [ is a fuzzy UP-filter with thresholds € and § of B.

(3) Assume that p is an f-invariant fuzzy UP-ideal with thresholds e and 6 of A with
inf property. Since f(04) = 0p, we have f~1(0g) # 0. Then there exist 21 € f~1(0p) such
that u(xy) = 8(0p). Thus f(x1) =0 = f(04), so u(z1) = pu(04) because p is f-invariant.
Hence, 1(04) = B(0p). Let y € B. Since f is surjective, we have f~1(y) # 0. Then there
exist z € f~1(y) such that p(z) = B(y), so

max{3(0p),e} = max{u(04),e}
> min{p(z),d}

— min{5(y), 3}.

Next, let a,b,c € B. By Lemma 5.8, there exist ag € f~1(a),bg € f~(b), and co € f~*(c)
such that 3(b) = p(bo), B(a*c¢) = p(ag - o), and B(a* (b*c)) = u(ag - (by - ¢p)). Thus

max{f3(a * c),e} = max{p(ag - ¢p), €}
= min{u(ao - (bo - o)), (bo), 6}
= min{f(a * (bx*c)),H(b),d}.
Hence, 8 is a fuzzy UP-ideal with thresholds € and ¢§ of B.

(4) Assume that p is an f-invariant fuzzy strongly UP-ideal with thresholds € and § of A
with inf property. Since f(04) = Op, we have f~1(0p) # (). Then there exist z; € f~1(0p)

o8
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0 = f(04), so pu(x1) = (04) because p is f-
€ B. Since f is surjective, we have f~1(y) # 0.
) = B(y), so

such that p(z1) = B(0g). Thus f(z1) =
invariant. Hence, p(04) = B(0p). Let y
Then there exist z € f~1(y) such that u(z

max{3(0p),c} = max{u(0a),e}
> min{yu(x),d}
= min{f3(y), d}.

Next, let a,b,c € B. By Lemma 5.8, there exist ag € f~1(a),bgp € f~(b), and ¢o € f~*(c)
such that B(a) = u(ag), 8(b) = u(by), and B((c*b) * (¢*xa)) = pu((co - bo) - (co - ag)). Thus

max{f3(a),e} = max{p(ag), e}
> min{u((co - bo) - (co - ao)), (bo), 5}
— min{B((cb) * (¢ * 0)), B(b), 5}.

a5 Hence, 3 is a fuzzy strongly UP-ideal with thresholds ¢ and ¢ of B. O

Theorem 5.10. Let (A;-,04) and (B;*,0p) be UP-algebras and let f: A — B be a UP-
homomorphism. Then the following statements hold:

(1) if B is a fuzzy UP-subalgebra with thresholds € and § of B, then u is a fuzzy UP-
subalgebra with thresholds € and § of A,

320 (2) if B is a fuzzy UP-filter with thresholds € and § of B, then p is a fuzzy UP-filter with
thresholds € and 6 of A,

(8) if B is a fuzzy UP-ideal with thresholds € and § of B, then u is a fuzzy UP-ideal with
thresholds € and 6 of A, and

(4) if B is a fuzzy strongly UP-ideal with thresholds € and § of B, then p is a fuzzy strongly
s UP-ideal with thresholds € and § of A.

Proof. (1) Assume that § is a fuzzy UP-subalgebra with thresholds e and § of B. Let
z,y € A. Then

max{u(z - y),e} = max{(Bo f)(z - y),e}
= max{0(f(z - y)),e}
max{3(f(z) * f(y)),e}
min{B(f(z)), B(f(y)),o
min{ (8 o f)(z), (8
= min{u(z), u(y), o}

Y

}
° f)(y),d}

Hence, p is a fuzzy UP-subalgebra with thresholds € and § of A.
(2) Assume that (3 is a fuzzy UP-filer with thresholds ¢ and § of B. Let € A. Then

max{(5o f)(0a),e}

= max{{(f(04)), ¢}

max{(3(05),e} (£(04) = 0B)
min{J(f(z)), 5}

min{(5 o f)(x), 0}

= min{u(z), 5}.

max{p(04), e}

%
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Let z,y € A. Then

max{x(y),e} = max{(Bo f)(y),e}
= max{5(f(y)), e}
> min{3(f(z) * f(y)), B8(f(x)),d}
=min{B(f(z - y)), B(f(z)),d}
=min{(Bo f)(z-y),(Bo f)(x),d}
= min{u(z - y), p(z), 6}

Hence, p is a fuzzy UP-filter with thresholds € and § of A.
(3) Assume that 3 is a fuzzy UP-ideal with thresholds € and ¢ of B. Let € A. Then

max{p(04),e} = max{(5o f)(04), e}

max{3(f(04)), €}

max{3(0p), e} (f(04) = 0p)

min{f(f(x)), 5}

min{(5 o f)(x), 0}
o}

min{yu(z),

vl

Let xz,y,z € A. Then

max{yu(z - z),e} = max{(8o f)(z - z),e}
=max{8(f(z-2)),e}
= max{B(f(z) * f(2)), e}
> min{B3(f(z) * (f(y) * f(2))), B(f
= min{B(f(z) * f(y - 2)),8(f(y)), 5}
=min{B(f(z - (y-2))),B(f(y)),é
=min{(Bo f)(z - (y-2)),(Bo f)(y), 0}
= min{u(z - (y - 2)), u(y), 0}-

/\/-\

Hence, p is a fuzzy UP-ideal with thresholds € and § of A.

(4) Assume that 3 is a fuzzy strongly UP-ideal with thresholds € and § of B. Let € A.
Then

max{(5o f)(0a),e}

max{5(f(04)), e}

max{(3(05),e} (£(04) = 0B)
min{3(f(x)), 0}

min{(5 o f)(x), 0}

min{p(x),0}.

max{p(04), e}

vl
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Let xz,y,z € A. Then

max{pu(x),e} = max{(f o f)(x), e}
= max{f(f(z)),}

)
=min{B(f((z-y) - (z-2))),
=min{(Bo f)((z-y)- (- 2)
=min{p((z-y) - (z-2)), uly

Hence, p is a fuzzy strongly UP-ideal with thresholds € and § of A. O
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