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Abstract

In this paper, by using the notion of fuzzy points and equality algebras, the
notions of fuzzy point equality algebra, equality-subalgebra, and ideal were es-
tablished. Some characterizations of fuzzy subalgebras were provided by using
such concepts. We defined the concepts of (€, €) and (€, € V ¢)-fuzzy ideals of
equality algebras, discussed some properties, and found some equivalent defini-
tions of them. In addition, we investigated the relation between different kinds
of (a, B)-fuzzy subalgebras and (a, 8)-fuzzy ideals on equality algebras. Also, by
using the notion of (€, €)-fuzzy ideal, we defined two equivalence relations on
equality algebras and we introduced an order on classes of X, and we proved
that the set of all classes of X by these order is a poset.

Keywords: equality algebra, fuzzy set, fuzzy point, fuzzy ideal, sub-equality al-
gebras, (€, €)-fuzzy sub-equality algebras, (€, €V q)-fuzzy sub-equality algebras,
(g, €V q)-fuzzy sub-equality algebras.

2020 Mathematical Subject Classification: 03G25, 06A12, 06B99, 06D72.
1. Introduction

EQ-algebras were introduced by Novak et al [15]. Equality algebras were
introduced by Jenei [12] by removing the multiplication operation and as
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an extension of EQ-algebras. In [9, 13] the authors investigated the re-
lation between equality algebra and BCK-meet-semilattice. Dvurecenskij
et al. in [10] defined pseudo-equality algebra as an extention of equality
algebra and study some properties of it. Borzooei et al. [7] introduced
some types of filters of equality algebras and studied the relation between
them and moreover, they considered relations among equality algebras and
some of the other logical algebras such as residuated lattice, MTL-algebra,
BL-algebra, MV-algebra, and etc., in [19]. Since ideal theory is an im-
portant notion in logical algebras, Paad [16] introduced the notion of the
ideal in bounded equality algebras and showed that there is a reciprocal
correspondence between ideals and congruence relation.

Fuzzy sets were first introduced by Zadeh [18] and then studied by
many mathematicians. Some mathematicians tried to overcome its short-
comings by presenting various extensions of fuzzy sets, and some other
mathematicians studied fuzzy sets on various algebraic structures such as
logical algebraic structures, groups, and rings. In [8] the notion of fuzzy
ideal in bounded equality algebras is defined, and several properties are
studied. Fuzzy ideal generated by a fuzzy set is established, and a fuzzy
ideal is made by using the collection of ideals. Characterizations of fuzzy
ideal were discussed. Conditions for a fuzzy ideal to attained its infimum
on all ideals are provided. Homomorphic image and preimage of fuzzy
ideal were considered. Quotient structures of equality algebra induced by
(fuzzy) ideal were studied. The idea of the quasi-coincidence of a fuzzy
point with a fuzzy set has played a very important role in generating
fuzzy subalgebras of BCK/BCl-algebras, called (o, 8)-fuzzy subalgebras
of BCK/BCl-algebras, introduced by Jun [14]. Moreover, (€, € V q)-fuzzy
subalgebra is a useful generalization of a fuzzy subalgebra in BCK/BCI-
algebras. Many researchers applied the fuzzy structures on logical algebras
[2,1,3,4,5,6,11, 17]. Then studied point fuzzy on various algebraic struc-
tures, such as hoop, BCK/BClI-algebra, different kinds of hyperstructures,
and so on.

In this paper, by using the notion of fuzzy points and equality algebras,
the notions of fuzzy point equality algebra, equality-subalgebra, and ideal
are established. Some characterizations of fuzzy subalgebras are provided
by using such concepts. We define the concepts of (€,€) and (€, €V q)-
fuzzy ideals of equality algebras, discuss some properties, and find some
equivalent definitions of them. In addition, we investigate the relation
between different kinds of («, §)-fuzzy subalgebras and («, 8)-fuzzy ideals
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on equality algebras. Also, by using the notion of (€, €)-fuzzy ideal we
define two equivalence relations on equality algebras and we introduce an
order on classes of X, and we prove that the set of all classes of X by these
order is a poset.

2. Preliminaries

This section lists the known default contents that will be used later.

DEFINITION 2.1 ([12]). By an equality algebra, we mean an algebraic struc-
ture (X, A, ~, 1) satisfying the following conditions.

(E1) (X,A,1) is a commutative idempotent integral monoid,
(E2) The operation “~” is commutative,

(E3) Vae X)(a~a=1),

(E4) (Va € X)(a~1=ua),

(E5) (Va,byce X)(a<b<ec = a~c<b~c¢ a~c<an~b),
(E6) (Va,b,ce X)(a~b<(aAc)~(bAc)),

(E7) (Va,b,ce X)(a~b<(a~c)~(b~c)),
where a < b if and only if a Ab = a.

In an equality algebra (X, A, ~, 1), we define two operations “—” and
“” on X as follows:

a—=b:=an~ (aNb), (2.1)
a<b:=(a—=bAb—a). (2.2)

PRrOPOSITION 2.2 ([12]). Let (X, A, ~, 1) be an equality algebra. Then
for all a,b,c € X, the following assertions are valid:
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a—b=1 < a<,
a—=(b—c)=b— (a—c),
l—sa=a,a—1=1 a—a=1,
a<b—c & b<a—ec
a<b—a,

a<(a—b)—b,
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An equality algebra (X, A, ~, 1) is said to be bounded if there exists an
element 0 € X such that 0 < a for all ¢ € X. In a bounded equality algebra
(X, A, ~, 1), we define the negation “=” on X by —a =a — 0=a ~ 0 for
all a € X.

DEFINITION 2.3 ([16]). Let X be a bounded equality algebra. A subset A
of X is called an ideal of X if it satisfies:

Ve,ye X)(ze<y,ye A = z € A), (2.13)
—x—y €A, forall z,y € A. (2.14)

LEMMA 2.4 ([16]). Let X be a bounded equality algebra. A subset A of X
is an ideal of X if and only if it satisfies in the following conditions:

0€ A, (2.15)
Ve,ye X)(-(-y— ) €A ye A = z€A). (2.16)

DEFINITION 2.5 ([16]). Let X be a bounded equality algebra and P be
an ideal of X. Then P is called a prime ideal of X if it satisfies for any
z,y€ X, ~(x »>y)€Por—(y—zx)€P.

Let X be a non-empty set. The function A : X — [0,1] is called a
fuzzy set.

Let X and Y be sets and f : X — Y be a function. If u is a fuzzy set
in X, then the image of p under f is denoted by f(u) and is defined as
follows:
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sup  p(z) if fN(y) # 0,
f(p): Y = [0,1], y — < zef-iy)
0 otherwise.

If v is a fuzzy set in f(X), then the preimage of v under f is denoted by
f~1(v) and is defined by

) : X = 1[0,1], = v(f(z)).

DEFINITION 2.6. A fuzzy set A in X is said to be a fuzzy ideal of X if for
any z,y € X:

A0) > A(z), and A(z) > min{\(—~(-y = —z)), A\(y)}.
A fuzzy set X in a set X of the form

[ te(0,1] if y=ux,
AW) '_{ 0 if y+# x,

is said to be a fuzzy point with support x and value t and is denoted by x;.

For a fuzzy point x; and a fuzzy set A in a set X, we have the symbol
xra\, where o € {€,q,€V q,€Ag}.

To say that z; € A (resp. x¢¢\) means that A(z) > ¢ (resp. A\(x)+t > 1),
and in this case, x; is said to belong to (resp. be quasi-coincident with) a
fuzzy set A.

To say that z; € Vg (resp. xy € Ag\) means that z; € A or xig\
(resp. z; € A and x4q\).

If x:a) is not established for a € {€, ¢}, it is written by x;aA.

3. (g, €)-fuzzy sub-equality algebras

In this section, we define a sub-equality of an equality algebra X and in-
vestigate that intersection and union of family of sub-equality algebra of
X is a sub-equality algebra. Then, we investigate the properties of the
(€, €)-fuzzy sub-equality algebras.

Note. In what follows, let (X, A,~,1) or X denote as an equality algebra
unless otherwise specified.

DEFINITION 3.1. A sub-equality algebra of an equality algebra X is a non-
empty subset S of X, closed under the operations of X and equipped with
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the restriction to S at these operations. It means that a subset S of X
is called a sub-equality algebra of X if x ~y € S and z Ay € S, for all
x,y €5.

Note. Note that every non-empty sub-equality algebra contains the ele-
ment 1.

Ezample 3.2. Let X = {0,a,b,¢,d,1} be a set with the following Hasse
diagram.

Then (X, A, 1) is a meet semilattice with top element 1. Define an operation
~ on X by Table 1.

Table 1. Cayley table for the binary operation “~”

— Q. 0 o O
o o0 Qro
QO e e
ST O, Q2 O
0O O oo
QU Q QO |8
— Q0 QR Ol

Then £ = (X,A,~,1) is a bounded equality algebra, and the implication
“—” is given by Table 2. Let S; = {1,b},52 = {1,¢}, S3 = {1,a,b} and
Sy = {1,a,c}. Clearly, S1,S2 and S5 are sub-equality algebras of X, but
Sy isn’t, since a ~c=d ¢ Sy.

PROPOSITION 3.3. Let {X; | ¢ € I'} be a family of sub-equality algebras of
X. Then (., X; is a sub-equality algebras of X.

In the following example, we show that the union of a family of sub-
equality algebras may not be a sub-equality algebra, in general.
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Table 2. Cayley table for the implication “—”

—~a o o o
O 0 QO
Q )R Q = = =2
SN o Qo
O R, OO RO
QR Q0 0 e,
== = = R

Ezample 3.4. Let X be the equality algebra as in Example 3.2. We show
that, S; and Sy are two sub-equality algebras of X, but § = S; U Sy =
{b,¢,1} is not a sub-equality algebra of X, because b~c=0¢ S.

In the following proposition we investigate that under which condition,
the union of a family of sub-equality algebras is a sub-equality algebra.

PROPOSITION 3.5. Let {X; | ¢ € I} be a family of sub-equality algebra of
X. If for any 4,5 € I, X; € X or X; C Xy, then (J,o; X; is a sub-equality
algebra of X.

ProprosSITION 3.6. Let S be a sub-equality algebra of X. Then for any
z,ye S, x—yes.

In the following example, we show that the reverse of the above propo-
sition may not be true, in general.

Ezxample 3.7. Let X be an equality algebra as in Example 3.2. Obviously,
S ={1,a,c} is closed under the operation —. But S is not a sub-equality
algebra of X, because aANc=d¢ Sanda~c=d ¢ S.

In the following proposition, we investigate that under which condition,
close under the operation — is equal with property of sub-equality algebra.

PropPOSITION 3.8. Let X be bounded. If S is an ideal of X which is closed
under —, then S is a sub-equality algebra of X.

PROOF: Suppose z,y € S. Since x Ay <z, S is an ideal of X and x € S,
we have x Ay € S. Also, by (2.11) x ~ y < z — y. Since by assumption, S
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isan ideal of X and x — y € S, we get ¢ ~ y € S. Thus, S is a sub-equality
algebra of X. O

In the following example, we show that the ideal of equality algebra is
not close under the operation —.

Ezample 3.9. Let X = {0, a, b, 1} be a set with the following Hasse diagram.
1

We define a binary operation ~ and — on X by Tables 3 and 4, respectively.
Then X is an equality algebra. Clearly, S = {0, a} is an ideal of &, but it

Table 3. Cayley table for the binary operation “~”

— o O
o9 oo
22~ e
SN = oS
—_ e Ol

Table 4. Cayley table for the binary operation “—”

— oo ol
S Q o O
22 =l
S = O =S
—_ = e

isn’t close under the operation —, because a - 0=1>b¢ S.
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DEFINITION 3.10. A fuzzy set A in X is called an (€, €)-fuzzy sub-equality
algebra of X if the following assertion is valid.

($Ny)min{t k} €A >
Vz,y € X)(Vt,k € [0,1 trEN Y EX = ’ )
(Ve.y € X)(vt k€ | 1)( 2 EN Y { (o Bmniey € )

(3.1)

Ezample 3.11. Let X be the equality algebra as in Example 3.9. Define a
fuzzy set A in X as follows:

0.5 if =0,
04 if z=a,
A: X = [0,1], z— 04 if b,
0.8 if x=1

Then A is an (€, €)-fuzzy sub-equality algebra of X.
We consider characterizations of an (€, €)-fuzzy sub-equality algebra.

THEOREM 3.12. A fuzzy set A in X is an (€, €)-fuzzy sub-equality algebra
of X if and only if the following assertion is valid.

Az ~y) > min{(z), \(y)}
vy d) (Jor ey ) 52

PROOF: Assume that A is an (€, €)-fuzzy sub-equality algebra of X. Note
that xy;) € A and yy) € A for all z,y € X. By (3.1), we have (z ~

Ymin{ra@) A} € A and (T A Y)minfa@)ay)y € A Then Az ~ y) >
min{A(z), \(y)} and A(z Ay) > min{\(z), A(y)} for all z,y € X.

Conversely, suppose A satisfies the condition (3.2). Let z,y € X and
t,k € [0,1] such that ; € A and yx € A. Then A(z) > t and A(y) > k,
which imply from (3.2) that

Az ~y) > min{A(z), A(y)} > min{¢, k}
and
MMz Ay) > min{A(z), A(y)} > min{t, k}.

Hence (2 ~ Y)mingt,ky € A and (£ A Y)minge,ky € A Therefore X is an
(€, €)-fuzzy sub-equality algebra of X. O
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THEOREM 3.13. If a fuzzy set A in X is an (€, €)-fuzzy sub-equality algebra
of X, then

(Va,y € X)(Vt,k € [0,1]) (21 €X, gk €A = (T = Yminfth} € A ) -
(3.3)

PROOF: Assume that A is an (€, €)-fuzzy sub-equality algebra of X. Let
x,y € X and t,k € [0,1] be such that x; € XA and y; € A\. Then A(z) >t
and A(y) > k, which implies from (3.2) that

Mz = y)=Az~(zAy))
> min{A(z), Mz Ay)}
> min{A(z), min{A(z), A\(y)}}
> min{\(z), My)}
> min{¢, k}

Hence, ( = ¥)minft,k} € A =

In the following example, we show that the converse of the above theo-
rem may not be true, in general.

Ezample 3.14. Let X be the equality algebra as in Example 3.9. Define a
fuzzy set A in X as follows:

0.3 if =0,
04 if z=a,
A: X = [0,1], x— 04 if 2 =0,
08 if z=1

Then ) is satisfies in (3.3). But, it isn’t an (€, €)-fuzzy sub-equality algebra
of X, since 0.3 = A(a A b) # min{A(a), \(b)} = 0.4.

THEOREM 3.15. If A is a non-zero (€, €)-fuzzy sub-equality algebra of X,
then the set

Xo:={z e X | Az)#0} (3.4)
is a sub-equality algebra of X.

PROOF: Let z,y € Xo. Then A(z) > 0 and A(y) > 0. Note that z)) € A
and yr) € A If Mz ~ y) = 0 or Mz Ay) = 0, then ANz ~ y) =
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0 < min{A(z),\(y)} or Mz Ay) = 0 < min{A(z),\(y)}, that is, (z ~

Y)min{A(2),A(y)} €A OF (TAY)min{r(z),A(y)} €A, Which is a contradiction. Thus
Mz ~y) # O and A(zAy) # 0. Hence z ~ y € Xg and Ay € Xy. Therefore
Xy is a sub-equality algebra of X. O

DEFINITION 3.16. Let X be bounded. A fuzzy set A in X is called an (€,
€)-fuzzy ideal of X if the following assertions are valid.

(Vz € X)(Vt € [0,1])(z: € X = 0; € N), (3.5)
(Vo,y € X)(Vt,k € [0,1])(zs € A, =(m2 = )k € X = Ymin{t,k} € A)-
(3.6)

Ezxample 3.17. Let X be the equality algebra as in Example 3.9. Define a
fuzzy set A in X by A(0) = 0.8, A(a) = 0.6 and A(b) = A(1) = 0.5. Then A
is an (€, €)-fuzzy sub-equality algebra of X.

THEOREM 3.18. The following are equivalent.
(i) A fuzzy set X is a fuzzy ideal of X.
(ii) A fuzzy set X is an (€, €)-fuzzy ideal of X.
PROOF: (i) = (i1): Let X be a fuzzy ideal of X and z; € X\. Then A(z) > ¢
Since by Definition 2.6 A(0) > A(z), for any = € X, we have A(0) > A(x) 2
>t

and so 0; € A\. Now, suppose z; € X and —(—z — —\y) € A. Then A(z)
and A(—(—x — —y)) > s. Since A is a fuzzy ideal, we get

A(y) = min{A(z), A(=(=2 = —y))} = min{t, s},

Hence Ymingt,syer- Therefore, \ is an (€, €)-fuzzy ideal of X.
(74) = (4): Let A be an (€, €)-fuzzy ideal of X and A\(z) = ¢, for x € X.
Then z; € A. By (3.5), 0, € A and so A(0) > ¢ = A(z). Hence, A(0) > A(z
Let x,y € X such that A(z) = ¢ and A(—(—z — —y)) = s. Then z, €
and =(-z — —y)s € A\. By (3.6), we have ymin(t,s} € A and so, A(y)
min{t, s} = min{A(z), A(=(-z = —y))}.
PROPOSITION 3.19. Let A be an (€, €)-fuzzy ideal of X. Then for all
x,y € X, the following assertions are valid:

(1) vz e X, A1) < A(x)

(2) Yo,y € X, Mz —y) = min{A(z), A(y)}

(3) Vz,y € X, if z <y, then A(z) > A(y)

)

A
2
O
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PROOF: (1), (2) The proof is clear.
(3) Let < y. Then -y < -z, so ~(—y — —z) = =1 = 0. Since A is an (€,
€)-fuzzy ideal of X by Theorem 3.18 , we have

A@) Z min{A(=(=y = —2)), A(y)} = min{A(0), A(y) } = A(y)-

Thus A is order reversing. O

PROPOSITION 3.20. If A is a non-zero (€, €)-fuzzy ideal of X, then X, =
{z € X|\(z) # 0} is an ideal of X.

PROOF: Since A is non-zero, there exists z € X such that A(z) # 0 and
so Xo # 0. Suppose x € Xy. Then A(z) > 0. By Theorem 3.18, A\(0) >
A(z) > 0. Thus, 0 € Xy. Now, consider z,~(-x — —y) € Xo. Then by
Theorem 3.18, we have

Aly) 2 min{A(z), A(=(-z = =)} > 0
Hence A(y) > 0, and so y € A\g. Therefore, X is an ideal of X. O

In the following theorem, we investigate that under which condition,
the converse of Theorem 3.13 is true, in general.

THEOREM 3.21. Let X be bounded and a fuzzy set X in X be an (€, €)-fuzzy
ideal of X . If the following assertion is valid,

(Vz,y € X)(Vt, k € [0,1]) ( T €N Yk €N = (T = Y)minfek) € A ) ,
(3.7)

then, the fuzzy set A in X is an (€, €)-fuzzy sub-equality algebra of X .

PROOF: Let a3 € A and y; € A. Since for any z,y € X, by (2.11) z ~y <
x — yand A in X is an (€, €)-fuzzy ideal, by Proposition 3.19(3), we have

MMz ~y) > Mz — y) > min{\(z), \(y)} > min{¢, k}

Thus (z ~ Y)mingt,ey € A Also, we know that z Ay < x,5. Then
Az),\My) < Az Ay), by Proposition 3.19(3). Hence, min{¢,k} <
min{A(z), A(y)} < Az Ay) and so, ( A Y)min{t,ey € A. Therefore, S
is an (€, €)-fuzzy sub-equality algebra of X O
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Given a fuzzy set A in X, we consider the set
UNt):={z € X | Az) > t}, (3.8)
which is called an €-level set of A (related to t).

THEOREM 3.22. A fuzzy set A in X is an (€, €)-fuzzy sub-equality algebra
of X if and only if the non-empty €-level set U(\;t) of A is a sub-equality
algebra of X for all t € [0,1].

PROOF: Let A be a fuzzy set in X such that U(\;t) is a non-empty sub-
equality algebra of X for all t € [0,1]. Let z,y € X and t,k € [0,1]
be such that z; € X and yx € A. Then A(x) > ¢t and A(y) > k, and so
x,y € U(X\;min{t, k}). By hypothesis, we have x ~ y € U(\; min{¢, k}) and
v Ay € U(Nmin{t, k}). Then (2 ~ y)mingery € A and (T A Y)minge.k} € M
Therefore A is an (€, €)-fuzzy sub-equality algebra of X.

Conversely, assume that A is an (€, €)-fuzzy sub-equality algebra of X.
Let z,y € U(A;t) for all t € [0,1]. Then A(z) > t and A(y) > ¢, that is,
xy € X and y; € X\. By (3.1) we have (z ~ y); € X and (z Ay); € A. Then
x~y€U\t)and x Ay € U(\;t). Therefore U(A;t) of A is a sub-equality
algebra of X for all ¢ € [0,1]. O

COROLLARY 3.23. Consider a fuzzy set A in X is an (€, €)-fuzzy sub-
equality algebra of X. Then A is closed under the operation — if and only
if the non-empty €-level set U(A;t) of A is closed under the operation —.

PROOF: Let a fuzzy set A in X be an (€, €)-fuzzy sub-equality algebra of
X. For any z,y € U(\;t), AMa),A(y) > t and we get A(z — y) = Az ~
(x Ay)) > min{A(z),\(y)} > t. Hence z — y € U(\;t).

Conversely, suppose U(\;t) is closed under the operation —. Let z,y € X
and t,k € [0,1] be such that 2; € X and yx, € A\. Then A(z) > ¢ and
Ay) > k, and so A(z),A(y) > min{t,k}. Thus z,y € U(Nmin{t, k}).
Since U(A;t) is closed under —, we get * — y € U(A\; min{¢, k}). Hence
Az — y) > min{t, k}. O

THEOREM 3.24. Let A be an (€, €)-fuzzy sub-equality algebra of X. Then
the following are equivalent.

(i) A is an (€, €)-fuzzy ideal of X.
(ii) The nonempty set U(A;t) is an ideal of X.
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PROOF: (i) = (4#i): Let A be an (€, €)-fuzzy ideal of X such that z €
U(A;t). Then A(z) > ¢. By (i), since x; € A\, we have 0; € X and so A\(0) > t.
Hence, 0 € U(A;t). Now, suppose x, =(—z — —y) € U(A;t). Then A(z) >t
and A(—(—z — —y)) >t and so z; € A and =(—z — —y); € A\. By (i), we
have y; € A and so A(y) > t. Thus, y € U(X;t). Therefore U(A;t) is an
ideal of X.

(i4) = (4): Let 2 € XA. Then A(z) > t and so « € U(\;t). By (ii), 0 €
U(A;t) and so A\(0) > ¢. Hence 0; € \. Suppose z; € A and =(—z — —y)i €
A. Then z,~(—z — —y) € U(A\;min{¢, k}). By (i), y € U(A;min{t, k}).
Hence Ymin{t,k} € A- Therefore, A is an (€, €)-fuzzy ideal of X. O

THEOREM 3.25. Let S be an ideal of X. For any t € [0, 1], there exists an
(€, €)-fuzzy ideal X of X such that U(\;t) = S.

PRrROOF: Let t € [0,1] and A : X — [0,1] is defined by A(x) = ¢, for any
x € S and A(z) = 0, otherwise. By definition, clearly U(X;t) = S. So it
is enough to prove that A is an (€, €)-fuzzy ideal of X. Let € X. Then
Az) = 0 or A(z) = t. Since S is an ideal of X, we have 0 € S and so
A(0) = t. Hence, A\(0) > A(x), for any z € X.

Now, suppose x; € A and —(—x — —y)r € X\. Then, we have the following
cases:

Case 1: If A(z) = A(=~(—x — —y)) = t. Then z,—(-~z — —y) € S. Since
S is an ideal of X, we have y € S and so A(y) = t. Hence,
A(y) = min{A(z), A(—(-z = —))}-

Case 2: If A(z) =t and A(=(—z — —y)) = 0. Then z € S and —(—z —
—y) ¢ S. Then AMy) = 0 or A(y) = t and in both case \(y) >
min{A(z), A\(=(-z — —w))} = 0.

Case 3: If A(z) = 0 and A(—~(—x — -y)) = t, then similar to Case2,
A(y) = min{A(z), A(=(-z = =)}

Case 4: If M(x) = A(—(—z — —y)) =0, then z, ~(-z — —y) ¢ S. Clearly,
A(y) = min{A(z), A(=~(=z = —y))} = 0.
Therefore, A is an (€, €)-fuzzy ideal of X. O

DEFINITION 3.26. Let X be bounded. A fuzzy set A in X is called a fuzzy
prime ideal of X if the following assertions are valid.
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(Vz € X)(A(0) > A(x)) (3.9)
A(=(z = y)) = min{A(z), A(y)}
(Vx,y € X){ or (3.10)

A(=(y = 2)) = min{A(y), A(z)}

Ezample 3.27. Let X = {0,a,b,¢,1} be a set with the following Hasse
diagram.

Then (X, A,1) is a commutative idempotent integral monoid. We define
a binary operation ~ on X by Table 5. Then (X, A,~,1) is an equality

Table 5. Cayley table for the implication “~”

— o ooe O
OO OO O
o Q o= Ol
Q0O ROl
=0 2 Ol
— SR o0 Ol

algebra, and the implication “—” is given by Table 6. We define a fuzzy
set A in X as follows:

0.7 if x =0,
0.6 if x =c,
A: X = [0,1], x— 05 if z—a,

0.3 if z € {b,1}.

Then A is a fuzzy prime ideal of X.
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Table 6. Cayley table for the implication “—”

o o8 ol
[N eNeoBel S =
QO o e
SIS e e R
S ES s
e

DEFINITION 3.28. Let X be bounded. A fuzzy set A in X is called an (€,
€)-fuzzy prime ideal of X if the following assertions are valid.

_|(IE - y)min{t,k} €A
(Vo,y e X)(Vt, ke [0,1]) |zt €N, yr €A = or
j(y — x)min{t,k} €A
(3.11)

Example 3.29. Let X be an equality algebra in as Example 3.27. Obviously,
A is an (€, €)-fuzzy prime ideal of X.

THEOREM 3.30. Let X be bounded. Then, X is a fuzzy prime ideal of X if
and only if U(A;t) is a prime ideal of X.

PROOF: Let x € U(A;t). Then A(x) > t. Since A is a fuzzy prime ideal of
X, we have A(0) > A(x) > t. Thus, 0 € U(A;t). Suppose z,y € U(\;t).
Then A(z), A(y) > t. Since A(—(z — y)) > min{A(z), \(y)} > t or A(-(y —
x)) > t, we have ~(x — y) € U(\;t) or =(y — x) € U(A;t). Hence U(\;¢t)
is a prime ideal of X.

Conversely, assume A(xz) = ¢. Then A(z) > ¢ and so x € U(\;t). Since
U(A;t) is a prime ideal of X, 0 € U(A;t). Thus A(0) >t = A(z). Suppose
x; € A and yp € A. Then z,y € U(A\;min{¢,k}). Since U(\; min{¢, k})
is a prime ideal, we have -(z — y) € U(A\;min{¢, k}) or =(y — z) €
U(A;min{t, k}). Hence =(2 = ¥)mingeky € A OF 7(Y = T)minge,k} € A, S0 A
is a fuzzy prime ideal of X. U

THEOREM 3.31. A fuzzy set A in X is an (€, €)-fuzzy prime ideal of X if
and only if X is a fuzzy prime ideal.

PrROOF: The proof is similar to the proof of Theorem 3.18. O
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THEOREM 3.32. Let A in X be an (€, €)-fuzzy ideal on X. Define the
relation

T =)y = (01 = )0 €A and (=Y — 2T)A0) € A,

for any x,y € X. Then =, is an equivalence relation on X

PROOF: Let x,y,2z € X. Clearly, the relation =) is reflexive and symmet-
ric. Suppose x =j y and y =5 z. Then ~(-z — —y)re) € A, ~(-y —
—x)r0) € A, 2(mY = 22)a0) € A and =(=z = —y)a@) € A. Thus by (2.9)
and (2.12) we have

-y =z < (mx— y) = (= 2) < (e = y) = (s = z),

and so,
Since A is an (€, €)-fuzzy ideal of X, by Proposition 3.19(3), we get
A0) = A(=(-y = —2))
< M= = ) = == 5 2)

< \0).

Hence (=(—==(-2z — -y) — —=(=2 — —2)))ro) € A. In addition by
assumption and Theorem 3.18, we have

A (o2 = =2)) 2 min{A (= (~=(m2 = ~y) = =0z = —2))),

A=z — =)}
= min{A(0), A(0)} = A(0)

Hence (-2 — —z)x) € A. By similar way, -(-z — —=x),() € A, and so
=)(0) is transitive. Therefore, =, gy is an equivalence relation on X. O

Note. Denote by [z]x the set {y € X|z =) y} and % the set {[z]|z € X}.

PROPOSITION 3.33. Let A in X be an (€, €)-fuzzy ideal on X. Then [0] =
{z € X|\(z) = A(0)} and [1] = {z € X|\(—z) = A(0)}.
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PROOF: Let X\ be an (€, €)-fuzzy ideal on X. Then [0] = {z € X|z =,(q
0} = {z € X|\(—~(—z — —0)) = A\(0) and A(—(=0 — —z)) = X(0)} = {z €
X|A(=—z) = A(0)}. Since x < ==z and A is an (€, €)-fuzzy ideal of X, by
Proposition 3.19(3), A(0) = A(——x) < A(z) < A(0). Hence, A\(z) = A(0).
So [0] = {z € X|A(——z) = AN0)} = {x € X|\(z) = AN(0)}. The proof of
other case is similar. O

PROPOSITION 3.34. Let A be an (€, €)-fuzzy ideal of X. Define

[z] <[yl <= =(=2 = =Y)r) € A,

X X :
for any [z],[y] € R Then (?(0)7 <) is a poset.

PRroor: Let [z],[y] € EXO). Obviously, < is reflexive. Suppose [z] < [y]

A
and [y] < [z]. Then =(—=z — —y)x©) € A and ~(=y — —x)r@) € A. Thus
T =y ¥ and so [z] = [y]. Assume that [z] < [y] and [y] < [2] for any
z,y,z € X. Then —(-2z = —y)r0) € A and =(=y — —2)x0) € A. By
similar to the proof of Theorem 3.32, we have

A(~(oy = =2)) < A((=(m = ) = ~(oz = =2))).

From =(=y — =2)x0) € A, we get =(== (=2 — —y) — —=(=2 = —=2))r0) €
A, and so by Theorem 3.18, we have

A((= = 22)) 2 minfA(~(=~(=z — —y) - ~~(~ - =),
A(=(=2 = )}

min{A(0), A(0)}

= A(0).

Hence —(—z — —z)0) € A and so [z] < [z]. Therefore, (%@,g) is a

poset. ]
THEOREM 3.35. Let A\ be an (€, €)-fuzzy ideal of X. Define
T~y = (T = Y)ao) €A and ~(y — T)x0) €A

Then for any x,y € X, ~ is an equivalence relation on X.
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PROOF: Let A be an (€, €)-fuzzy ideal of X. Clearly the relation ~) is a
reflexive and symetric relation on X. Suppose x, ¥y, z € X such that x ~) y
and y ~x z. Then =(z — y)ro) € A\, (¥ = 2)ro) € X,y = 2)a0) €
A and (2 = y)r) € A. Then by (2.11) and (2.9) we have,

roy<(y—z2z)o(x—=2)<-(z—2) = -(y—2).

Thus —~(=(z — 2) - =(y — 2)) < =(z — y). Since A is an (€, €)-
fuzzy ideal of X, by Proposition 3.19(3), we get A(0) = A(=(x — y)) <
A=(=(z = 2) = =(y = 2))) < A0). Hence =(=(x — 2) = —(y —
z))a(0) € A. Since

(=(z=2) = oy = 2) =-((z = 2) = =y = 2))
= —|(—\—\(y — Z) — _\_|("E — Z)),
by Theorem 3.18, we have =(—==(y — z) = ==(z — 2))x) € A and =(y —

2)x0) € A, we get =(z — 2)x0) € A By similar way, =(z = z)x) € A,
and so x ~) z. Therefore ~) is an equivalence relation on X.

Also, similar to Proposition 3.34, we can define an order < on X as
follows:
[z] <[yl &= =(z — Y)arq) € A,

and prove that (£, <) is a poset.

4. (€,€Vq)-fuzzy sub-equality algebra

In this section, we define an (€, € V q)-fuzzy sub-equality of an equality
algebra X and investigate that the properties of the (€, €V q)-fuzzy sub-
equality algebras.

DEFINITION 4.1. A fuzzy set A in X is called an (€, € V q)-fuzzy sub-equality
algebra of X if the following assertion is valid.

(x'\“y)min{t k} EVaA )
Ve,y € X)(Vt, ke [0,1 € A, EXN = ' .
( oY )( [ ]) (It Y { (x/\y)min{t,k} EVCI)\

(4.1)
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Ezample 4.2. Consider the equality algebra (X, ~, A, 1) which is described
in Example 3.9. Define a fuzzy set A\ in X as follows:

0.8 if z=1,
0.3 if z=a,
0.71 if x =0,
0.73 if x =10.

A: X —[0,1], x—

Then A is an (€, €V q)-fuzzy sub-equality algebra of X.

Note. Every (€, €)-fuzzy sub-equality algebra is an (€, € V ¢)-fuzzy sub-
equality algebra.

The converse of Note 4 is not true in general as seen in the following
example.

Ezample 4.3. The (€, € V ¢)-fuzzy sub-equality algebra p in Example 4.2
is not an (€, €)-fuzzy sub-equality algebra of X since

0.3 = MA(a) = A(b~ 0) # min{A(b),A(0)} = 0.7
We consider characterizations of (€, €V ¢)-fuzzy sub-equality algebra.

THEOREM 4.4. A fuzzy set A in X is an (€, €V q)-fuzzy sub-equality algebra
of X if and only if the following assertion is valid.

Az ~ y) > min{A(x), \(y),0.5}
(Vz,y € X) ( oA y) > mina) Ay, 0.5) > : (4.2)

PROOF: Assume A is an (€, € V q)-fuzzy sub-equality algebra of X and
z,y € X. Suppose min{A(z),A(y)} < 0.5. If Mz ~ y) < min{A(z), \(y)},
then Az ~ y) < ¢t < min{A(z),A(y)} for some t € [0,0.5), since t <
min{A(z), A\(y)} < 0.5. It follows that x; € A and y: € A\. By assumption,
(x ~y)eVglandso Az ~y) >tor ANz ~y)+t>1 ANz ~y) >t
then is a contradiction, since A(z ~ y) < t. If A(x ~ y) +¢ > 1, then
Az ~y) > 1—1t> 0.5, is contradiction, since A(x ~ y) < 0.5. Hence,
Mz ~ y) > min{A(z),\(y)}, and so (x ~ y); € Vg\. By the similar
discussion, we get A(z Ay) > min{\(x), A(y)} whenever min{A(z), A\(y)} <
0.5. Assume that min{A(z),A(y)} > 0.5. Then xzo5 € A and yo5 € A
It follows from (4.1) that (z ~ y)os = ( ~ Y)min{0.505 € V¢ and
(® Ay)os = (T A Y)minf0.5,051 € Vg Thus Az ~ y) > 0.5 and A(z A
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y) > 0.5. Consequently, Az ~ y) > min{\(z), A\(y),0.5} and A\(z A y) >
min{A(z), A\(y), 0.5}

Conversely, suppose A satisfies the condition (4.2). Let xz,y € X and
t,k € [0,1] be such that z; € X and y, € A\ Then A(z) > ¢ and
AMy) > k. If Az ~ y) < min{¢, k}, then min{\(x), A(y)} > 0.5 because if
min{A(z), A(y)} < 0.5, then

Az ~y) > min{A(z), A(y),0.5} > min{A(x), A(y)} > min{¢t, k}

which is a contradiction. Hence, A(z ~ y) > 0.5. Similarly, if AM(z Ay) <
min{¢, k}, then min{A\(x), A(y)} > 0.5. It follows that

Mz ~y) +min{t, k} > 2X(z ~ y) > 2min{A(x), A(y),0.5} > 1
and
Az Ay) +min{t, k} > 2X(z Ay) > 2min{\(x), A(y),0.5} = 1.

Hence (2 ~ ¥)min{t,k} g and (£ AY)min{e, k3 g, and 0 (2 ~ Y)min{e,k} €V gA
and (T A Y)minge,k} €V gA. Therefore, A is an (€, € V ¢)-fuzzy sub-equality
algebra of X. O

THEOREM 4.5. If a fuzzy set X in X is an (€, € V q)-fuzzy sub-equality
algebra of X, then the following assertion is valid.

(Va,y € X)(Vt,k € [0,1]) (2t € X, yk €A = (T = Yminftk} EVIA ).
(4.3)

PROOF: Assume A is an (€, € V q)-fuzzy sub-equality algebra of X. Let
x,y € X and t,k € [0,1] be such that z; € A and y; € A\. Then A(z) >t
and A(y) > k, thus by Theorem 3.13, we have (2 — ¥)min{t,k} € A Hence,
(I’ - y)rnin{t,k} €eVyg A. O

In the following example, we show that the converse of the above theo-
rem may not be true, in general.

Ezample 4.6. According to Example 3.14, we have 0.3 = A(aAb) = \(0) %
min{A(a), A\(b)} = 0.4, also A(a Ab) + min{A(a), A(b)} # 1. Hence, X is not
an (€, €V q)-fuzzy sub-equality.
THEOREM 4.7. A fuzzy set X in X is an (€, €V q)-fuzzy sub-equality algebra
of X if and only if the non-empty €-level set U(\;t) of A is a sub-equality
algebra of X for all t € (0,0.5].
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PROOF: Assume that \is an (€, € V q)-fuzzy sub-equality algebra of X. Let
x,y € U(A;t) for t € (0,0.5]. Then A(x) >t and A(y) > ¢. It follows from
Theorem 4.4 that A(x ~ y) > min{\(x), A(y),0.5} > min{¢,0.5} =t and
Az Ay) > min{A(z), A(y),0.5} > min{t,0.5} =¢. Hence z ~y € U(A;t)
and z Ay € U(A;t). Therefore, U(A;t) is a sub-equality algebra of X.
Conversely, suppose the non-empty €-level set U(A;t) of A is a sub-
equality algebra of X for all ¢ € (0,0.5]. If there exists z,y € X such that
Az ~ y) < min{A(z), A\(y),0.5} or A(z Ay) < min{A(z), A\(y),0.5}, then
Mz ~y) <t <min{A(z), A(y),0.5} or A(z Ay) <t < min{\(z), A(y),0.5}
for some t € (0,1]. Hence t < 0.5 and z,y € U(\;t), and by assumption
x~yeU\t)and z Ay € U(At), and so AM(x ~y) >tand A(z Ay) >t
which is a contradiction. Hence, A(z ~ y) > min{A(z), A\(y),0.5} and
Az Ay) > min{\(x), A(y),0.5}. Therefore, by Theorem 4.4, A is an (€, €
V q)-fuzzy sub-equality algebra of X. O

We provide a condition for an (€, € V q)-fuzzy sub-equality algebra to
be an (€, €)-fuzzy sub-equality algebra.
THEOREM 4.8. If an (€, €V q)-fuzzy sub-equality algebra A of X satisfies
the condition

(Vz € X)(A(z) < 0.5), (4.4)

then X is an (€, €)-fuzzy sub-equality algebra of X.

PRrROOF: Let z,y € X and ¢,k € [0,1] be such that z; € X and y; € A
Then A(z) >t and A(y) > k. By assumption, (4.4), and Theorem 4.4, we
have

Az ~ y) > min{\(x), A(y),0.5} = min{A(z), \(y)} > min{¢, k}
and
Az Ay) > min{\(x), A(y),0.5} = min{A(z), \(y)} > min{¢, k}.

Hence (2 ~ Y)mingt.ky € A and ( A Y)minge,ey € A Therefore X is an
(€, €)-fuzzy sub-equality algebra of X. O

PROPOSITION 4.9. If X is a non-zero (€, € V q)-fuzzy sub-equality algebra
of X, then A\(1) > 0.

PROOF: Assume that A(1) = 0. Since A is non-zero, there exists z € X
such that A(z) =t # 0, and so for any ¢t € (0,1], 2 € A\. Then Mz ~ z) =
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A1) =0and Mz ~z)+t = A1)+t =1¢<1, that is, (z ~ z);€X and
(x ~ x):gA. Thus (z ~ ) EVqA, which is a contradiction. Therefore
A1) > 0. 0

COROLLARY 4.10. If X is a non-zero (€, €)-fuzzy sub-equality algebra of
X, then A(1) > 0.

THEOREM 4.11. For any sub-equality algebra S of X and t € [0,0.5), there
exists an (€, €V q)-fuzzy sub-equality algebra A of X such that U(A;t) = S.

PROOF: Let A be a fuzzy set in X defined by

t if x €8S,

0 otherwise, (4.5)

A X —[0,1], x+—>{
where t € [0,0.5). Obviously, U(A;t) = S. Suppose that ANz ~ y) <
min{A(z), A(y),0.5} or Az A y) < min{A(z),A(y),0.5} for some z,y €
X. Since [Im(X\)] = 2, it follows that A(z ~ y) = 0 or Aaz Ay) = 0,
and min{\(z), A(y),0.5} = ¢. Since ¢t < 0.5, we have A(z) =t = A(y)
and so z,y € S. Then z ~ y € S and x Ay € S, which imply that
Mz ~ y) =t and Az Ay) = t, which is a contradiction, and so A\(z ~
y) > min{A(x), A(y),0.5} and A(z A y) > min{A(z), A\(y),0.5}. Hence, by
Theorem 4.4, we know that A is an (€, € V ¢)-fuzzy sub-equality algebra
of X. O

For any fuzzy set A in X and ¢ € [0, 1], we consider the following sets
and we call then g-level set and €V g-level set, respectively.

)\Z ={z e X |z q\} and )\tevq ={reX |z eVgr}
Clearly, A\, , = AL U XL

THEOREM 4.12. A fuzzy set A in X is an (€, €V q)-fuzzy sub-equality alge-
bra of X if and only if /\te/q is a sub-equality algebra of X for all t € [0, 1].

PROOF: Assume that A is an (€, € V q)-fuzzy sub-equality algebra of X.
Let z,y € AL, for t € [0,1]. Then z; €V g\ and y, €V gA, ie., N(z) >t
or A(z) +¢ > 1, and A(y) >t or A\(y) +¢ > 1. It follows from (4.2) that
Mz ~ y) > min{¢, 0.5} and Az A y) > min{¢,0.5}. In fact, if A(x ~
y) < min{¢,0.5} or A(z A y) < min{¢,0.5}, then 2, €VgA or yy €VaA, a
contradiction. If ¢ < 0.5, then A(x ~ y) > min{¢,0.5} =t and Az Ay) >




M. Aaly Kologani, M. Mohseni Takallo, Y. B. Jun, R. A. Borzooei

min{t,0.5} = t. Hence z ~y € U(X\;t) C AL, , and 2 Ay € U(Ajt) C AL, .
If ¢t > 0.5, then A(z ~ y) > min{¢,0.5} = 0.5 and A(z A y) > min{¢, 0.5} =
0.5. Hence Mz ~y)+t>05+05=1and A(zAy)+t>05+05=1,
that is, (x ~ y); g A and (z Ay); g A It follows that x ~ y € X, C \E,, and
r Ay €N, C Ao, Therefore A, , is a sub-equality algebra of X for all
t € (0,1].

Conversely, let A be a fuzzy set in X and ¢ € [0,1] such that A%, is a
sub-equality algebra of X. Suppose that A(z ~ y) < min{\(x), A(y),0.5}
or Mz Ay) < min{\(x),\(y),0.5} for some z,y € X. Then A(z ~ y) <
kE < min{A(z), A(y),0.5} or A(z Ay) < k < min{A(x), A(y),0.5} for some
k € (0,0.5). Hence z,y € U(\k) C )\k@q, and so z ~ y € )\ke/q and
z ANy e N, . Thus Mz ~ y) > kor Mz ~y)+k>1, and ANz Ay) >
k or Mz Ay)+ k > 1. This is a contradiction, and therefore A(z ~
y) > min{A(z), M(y), 0.5} and A(x Ay) > min{\(z), A(y),0.5} for all z,y €
X. Consequently, X is an (€, € V g)-fuzzy sub-equality algebra of X by
Theorem 4.4. O

THEOREM 4.13. If X is an (€, €V q)-fuzzy sub-equality algebra of X, then
the g-set )\Z is a sub-equality algebra of X for allt € (0.5,1].

PROOF: Let z,y € !, for t € (0.5,1]. Then A(z) +¢ > 1 and A(y) +¢ > 1,
and so A(z) > 1 —t¢, and A(y) > 1 —¢t. By assumption, we have (x ~
Y)1—t €VgA and (z Ay)1— €V gA. Thus, by Theorem 4.4 that

Az ~ y) > min{\(z), A(y),0.5} > min{1 —¢,0.5},
since t € (0.5,1], we have 1 — ¢ € [0,0.5) and so 1 — ¢ < 0.5. Thus,

Az ~ y) > min{l —¢0.5} = 1—1¢t and so A(x ~ y)+t > 1. Hence
x ~y € M. Similarly, we have z Ay € Al O

THEOREM 4.14. Let f : X — Y be a homomorphism of equality algebras. If
X and p are (€,€V q)-fuzzy sub-equality algebras of X and Y, respectively,
then

(1) f~Y(u) is an (€, €V q)-fuzzy sub-equality algebra of X.
(2) If f is onto and X\ satisfies the condition

(T € )0 € T) (Aao) = supA (o)) (46)

then f(\) is an (€, €V q)-fuzzy sub-equality algebra of Y.
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ProoF: (1) Let z,y € X and t,k € [0,1] be such that =, € f~1(u) and

yr € f~H(p). Then (f(z))¢ € p and (f(y))r € pu. Since p is an (€, €V q)-
fuzzy sub-equality algebra of Y, we have

(f(aj ~ y))min{t,k:} = (f(.]?) ~ f(y))min{t,k} eEVap

and
(f(.]? A y))min{t,k} = (f(l‘) A f(y))min{t,k} eVap.

Hence (& ~ Y)uin(ry €Vq f~1(1) and (2 A Y)uingey €V a1 (1), There-
fore, f=1(u) is an (€, €V q)-fuzzy sub-equality algebra of X.

(2) Let a,b € Y and t,k € [0,1] be such that a; € f(\) and by € f(A).
Then (f(A ))( ) > t and ( ( ))(b) > k. Using the condition (4.6), there
exist z € f~1(a) and y € f~1(b) such that

AMz)= sup Az)and A(y) = sup A(w).
zef~1(a) wef=1(b)

Then x; € X and yr € A, which imply that (z ~ Y)min{t,k} €V qA and
( AY)minge,ky €V A, since A is an (€, €V q)-fuzzy sub-equality algebra of
X. Now,z ~y € f~H(a~b)and z Ay € f~1(a Ab), and so (f(A\))(a ~
b) > Mz ~y) and (f(N\))(a Ab) > Az Ay). Hence,

(f(A)(a ~ b) > min{t, k} or (f(A))(a ~b) +min{t, k} > 1
and
(f(\)(aAb) > min{t, k} or (f(A))(a Ab)+ min{t, k} > 1,

that is, (a ~ b)mingeky €V ¢ f(A) and (a A b)minge,ky €V q f(A). Therefore,
f(A) is an (€, €V q)-fuzzy sub-equality algebra of Y. O

5. Conclusion

Our aim was to define the concepts of an (€, €)-fuzzy sub-equality algebra,
an (€, €V q)-fuzzy sub-equality algebra and we discussed some properties
and found some equivalent definitions of them. Then, we discussed charac-
terizations of an (€, €)-fuzzy sub-equality algebra and an (€, € V q)-fuzzy
sub-equality algebra. Also, we found relations between an (€, €)-fuzzy
sub-equality algebra and an (€, € V ¢)-fuzzy sub-equality algebra.
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