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Abstract. Based on generalized quasi-coincident with relation, new types of fuzzy
bi-ideals of an ordered semigroup S are introduced. Level subset and characteristic
functions are used to linked ordinary bi-ideals and (€, € V(k, gx))-fuzzy bi-ideals of an
ordered semigroup S. Further, upper/lower parts of (€, € V(k, gx))-fuzzy bi-ideals of S
are determined. Finally, some well-known classes of ordered semigroups like regular,
left (resp. right) regular and completely regular ordered semigroups are characterized
by the properties of (€, € V(k, qx))-fuzzy bi-ideals..
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1. Introduction

Over the last few decades, the use of fuzzy set theory [29] has been accomplish-
ing landmark achievements in contemporary mathematics. Several mathematical
problems involving uncertainties in various fields like decision making, automata
theory, coding theory, computer sciences, control engineering and economics cannot
be dealt with through classical set theory (ordinary mathematical tools) due to crisp
in nature. Crisp means dichotomous i.e., yes or no type rather than more or less
type. In set theory, an element can either belong or not belong to a set. Zadeh’s pa-
per [29] on fuzzy sets has opened a new direction for researchers to tackle problems
of uncertainties with a more appropriated mathematical tool. Presently, around
the globe, the latest research and new investigations of fuzzy set theory is much
productive due to the diverse applications in the aforementioned fields.

In algebraic framework, Rosenfeld [25] was the first to apply Zadeh’s idea of
fuzzy sets and introduce fuzzy subgroups. The inception of fuzzy subgroups pro-
vides a platform for other researchers to use this pioneering idea in other algebraic
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structures along with several diverse applications. Among other algebraic struc-
tures, semigroups (especially ordered semigroups) are having a lot of applications
in error correcting codes, control engineering, performance of super computer and
information sciences. Mordeson et al. idea in [23] gave birth to an up to date
account of fuzzy subsemigroups and fuzzy ideals of semigroups while Kehayopulu
and Tsingelis [10-12] used fuzzy sets in ordered semigroups to develop a fuzzy ideal
theory. Shabir and Khan [28] gave a characterization of ordered semigroups by the
properties of fuzzy ideals and fuzzy generalized bi-ideals.

In 1996, the idea of a quasi-coincidence of a fuzzy point with a fuzzy set [1,
2] was presente. It played a vital role in generating different types of fuzzy sub-
groups. Bhakat and Das [1] gave the concept of (o, 3)-fuzzy subgroups and in-
troduced (€, € Vq)-fuzzy subgroups by using the "belongs to” relation (€) and
” quasi-coincident with” relation (g) between a fuzzy point and a fuzzy subgroup.
In fact, this is an important and useful generalization of the Rosenfeld’s idea of
fuzzy subgroup [25]. Since then a verity of research has been carried out using this
icebreaking idea. More precisely, («, 8)-fuzzy concept was used by Ma et al. [21, 22]
in Rp-algebras, Davvaz and Mozafar [3] in Lie algebra, Davvaz and coauthors used
the idea of generalized fuzzy sets in rings [4-6], Jun et al. [7], Khan and Shabir [13]
and Khan et al. [14] in ordered semigroups, Shabir et al. [26, 27] in semigroups. In
2009, Jun et al. [8] initiated a more general form of quasi-coincident with relation
(¢) and provide (gi) where k € [0,1). The notion has been further strengthened
by applying it at various algebraic structures [15-18]. Recently, Jun et al. [9] have
presented another comprehensive generalization of fuzzy subgroups in light of gen-
eralized quasi-coincident with relation. Further, Khan et al. [19] elaborated ordered
semigroups in terms of fuzzy generalized bi-ideals using this idea [9]. Also, Khan et
al. [20] determined fuzzy filters of ordered semigroups for the said notion.

In this paper, we apply Jun’s idea [9] in ordered semigroups to build a new
sort of fuzzy bi-ideals and fuzzy left (resp. right) ideals i.e., (€, € V (k, gx))-fuzzy
bi-ideals and (€, € V (k, gx))-fuzzy left (resp. right) ideals. Further, bridging be-
tween ordinary bi-ideals and (€, € V (k, gr))-fuzzy bi-ideals through level subsets
and characteristic functions is a key milestone of the present paper. Moreover, the
lower /upper parts of (€, € V (k, gi))-fuzzy bi-ideals are determined. Finally, several
classes of ordered semigroups like regular, left and right regular, and completely reg-
ular ordered semigroups are characterized by the properties of (€, € V (k, gx))-fuzzy
bi-ideals.

2. Mathematical Formulas

Due to the overarching role of algebraic structures like ordered semigroups in
advanced fields such as computer sciences, error correcting codes, automata theory,
robotics, control engineering and formal languages, the researchers often develop
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new structures to tackle the complicated problems faced in the aforementioned
fields. The research at hand is a part of new contributions.

In this section, we present some fundamental definitions and results which will
be used later on.

A structure (S, -, <) is called an ordered semigroup if it satisfies the following
conditions:

- —> (S, +) is a semigroup,
- —> (5,<) is a poset,
-—a<b—ar<brand a<b— xza<zxbforallabzxels.

For subsets A, B of an ordered semigroup S, we denote by AB = {ab € S|a €
Abe B}. If AC S we denote (A] = {t € S|t < h for some h € A}. If A = {a},
then we write (a] instead of ({a}]. If A, B C S, then A C (A], (A](B] C (AB], and
((A]] = (4].

Let (S,-,<) be an ordered semigroup. A non-empty subset A of S is called a
subsemigroup of S if A2 C A. A non-empty subset A of S is called left (resp.
right) ideal of S if

(i) Mae S)(Vbe A) (a<b—ac A,
(ii) SA C A (resp. AS C A).
A non-empty subset A of S is called an ideal if it is both left and right ideal of

A non-empty subset A of an ordered semigroup S is called a bi-ideal of S if

(i) Vae S)(vbe A) (a<b— a€ A,

(i) A2 C A,

(iii) ASA C A.

An ordered semigroup S is regular if for every a € S there exists, x € S such
that a < axa, or equivalently, we have (i) a € (aSa] Va € S and (ii) A C (ASA4]
VA C S. An ordered semigroup S is called left (resp. right) regular if for every
a € S there exists z € S, such that a < za®(resp. a < a?z), or equivalently, (i)
a € (Sa?](resp. a € (a®S]) Va € S and (ii) A C (SA?](resp. A C (A%S]) VA C S.
An ordered semigroup S is called left (resp. right) simple if for every left (resp.
right) ideal A of S we have A = S and S is called simple if it is both left and right
simple. An ordered semigroup S is called completely regular, if it is left regular,
right regular and regular.

Before 1965, the researchers were using traditional mathematical tools for
modeling. Traditional tools are often dichotomous in nature. Dichotomous means
yes 71”7 or no 707, therefore it could not handle problems involving uncertainties.
In 1965, Zadeh was the first to introduce fuzzy sets (a new mathematical approach
for dealing such problems of uncertainties). A function £ : S — [0, 1] is called a
fuzzy subset of S. Since in classical set, the range of the function is {0, 1} while
in Zadeh’s fuzzy set the range is [0, 1], therefore, fuzzy sets are the generalizations
of ordinary sets. The study of fuzzification of algebraic structures started in the
pioneering paper of Rosenfeld [25] in 1971.



1160 F. M. Khan N. Yufeng M. Khan and W. Zhang

If & and & are fuzzy subsets of S, then & =< & means & (z) < & (z) for all
x € S and the symbols A and V will mean the following fuzzy subsets:

G AL S — [0 1]fz— (A &) () = & (2) A (2)
GVE& S — [0 1]lzr— (V&) () =& (2) VE(2),

for all x € S. A fuzzy subset £ of S is called a fuzzy subsemigroup if £ (zy) >
E(x) NE(y) for all z,y € S. A fuzzy subset £ of S is called a fuzzy left (resp.

right)-ideal of S if (i) # <y — () =2 {(y), (i) {(zy) = {(y) (vesp. & (ay) =
&(x)) for all z,y € S. A fuzzy subset € of S is called a fuzzy ideal if it is both a
fuzzy left and a fuzzy right ideal of S. A fuzzy subsemigroup ¢ is called a fuzzy
bi-ideal of S if (i) x <y — &(z) > £(y), (i) &(xyz) > &£(z) A E(z) for all
x,y,2z € S. Let S be an ordered semigroup and ¢ is a fuzzy subset of S. Then, for
all t € (0,1], the set U(&;t) = {z € S| (x) >t} is called a level set of &.

Theorem 2.1. [7] A fuzzy subset & of an ordered semigroup S is a fuzzy bi-ideal
of S if and only if U(&;t) (£ O) where t € (0,1] is a bi-ideal of S.

Proof. If S is an ordered semigroup and A be any subset of .S, then the characteristic
function C4 of A is a function i.e., C4 : S — [0,1] and defined as

{1 ifzeA

0 otherwise}

O

Theorem 2.2. [7] A non-empty subset A of an ordered semigroup S is a bi-ideal
of S if and only if the characteristic function C4 of A is a fuzzy bi-ideal of S.

Proof. if a € S and A is a non empty subset of S. then,
Ao ={(y,2) €S x S|la < yz}

if & and & are two fuzzy subset of S, then the product &£ o & of & and & is a
function i.e, & 0 &2 : S+ [0,1] and defined as

Go&)a) = \/ (G)Né&(2) ifd.#0
(y,2)€Aa
0 otherwise

Let & be a fuzzy subset of S, then the set of the form

£(y) =a€(0,1] ify=x
0 ify#x

is called a fuzzy point [24] with support  and value a and is denoted by z,. A
fuzzy point z, is said to belong to (resp. quasi-coincident with) a fuzzy set ¢,
written as x, € £ (resp. z,¢€) if £(z) > a (resp. &(z) +a > 1). If x4 € € or 244E,
then we write x, € Vg€. The symbol € Vg means € Vg does not hold. O
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3. Fuzzy bi-ideals based on (k, g;)-quasi-coincident with relation

Aiming to describe the fuzzy ideals of an ordered semigroups in a more realistic
way, the idea of quasi-coincident with relation [1, 2] has been proposed. The said
notion played a vital role in generating several type of fuzzy subsystems which have
already been used in a variety of productive research [3, 5-9, 13-21, 26, 27]. Jun
et al. [9] further generalized his idea [8] and initiated an essential generalization of
(€, € Vq)-fuzzy subgroups. Keeping in view Jun’s idea [9], we have introduced a
new generalization of quasi-coincident with relation called (k, gx)-quasi-coincident
with relation. In this section, new classification of an ordered semigorup S based
on (€, € V(k, gx))-fuzzy bi-ideals where k, k € [0,1] such that 0 < k < k < 1 is
determined. A fuzzy point z, is said to belong to (resp. (k,¢)-quasi-coincident
with) a fuzzy set &, written as z, € & (resp. zq(k,q)€) if £ (x) > a (vesp. £ (z)+a >
k). If z, € € or z4(k,q)§, then we write x, € V(k,¢)§. The symbol € V(k,q)
means € V(k,q) does not hold. In ordered semigroups, generalizing the concept
of x4(k,q)¢, we define x,(k,qr)¢, as € (z) + a + k > k, where k,k € [0,1) and
0 <k <k < 1. Note that 2,qx¢ implies z, (K, gi )£, but the converse of the statement
is not always true. Particularly, if k = 1, then every (k, ¢x)-quasi-coincident with
relation will lead to quasi-coincident with relation, symbolically z,(1, gx )¢ = T4 qr€.
Also, z, € V(k, g )& (resp. x4 € Ak, qx)€) means that z, € & or z4(k, gi)&) (resp.
Zq € € and z,4(k, gx)€). In what follows, let S denote an ordered semigroup unless
otherwise stated.

Definition 3.1. A fuzzy subset € of S is called an (€, € V(K, qi))-fuzzy bi-ideal
of S if it satisfies the conditions: (1) (Va,y € S)(Va € (0,1])(x < y,yq, € —> x4 €
\/(Kv Qk)f),

(2) (Va,y € S)(Va,b € (0,1])(za € & ya € & — (2Y)opy € VI, a1)E),

(3) (Va,y,z € S)(Va,b € (0,1])(za € &, 25 € & — (2Y2) 0 € VI, qi)E)-

Theorem 3.1. Let A be a bi-ideal of S and £ a fuzzy subset in S defined by:

k—k
(@)= =2—— ifr € A,
0 otherwise

Then (1) & is a ((k,q), € V(k, qx))-fuzzy bi-ideal of S.
(2) € is an (€, € V(k, qi))-fuzzy bi-ideal of S.

Proof. (1) Assume that 2,y € S, z < y and a € (0,1] such that y,(k,¢)¢. Then
y € A, &(y) +a >k Since A is a bi-ideal of S and z < y € A, therefore x € A.
Thus &(z) > 5E. If @ < 555, then ¢{(z) > a and so 2, € & If a > 5%, then
E(z)+a+k>5E+EE 4k =k and so z,(k, gx)¢. Therefore, z, € V(k, qi ).
Let z,y € S and a,b € (0,1] be such that z,(k, ¢)¢ and y(k, ¢)§. Then z,y € A,
so {(xz) +a > k and &(y) + b > k. Since A is a bi-ideal of S, hence zy € A.
Thus &(zy) > 555 I anb > 555 then E(ay) +anb+k > 55E + ok 4 | =k

A~ —
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and so (zy), ., (k,qr)€. If a Ab < 555, then &(zy) > a Ab and so (zy),,, € &
It implies that, (zy),., € V(k,qr)§. Let 2,3,z € S and a,b € (0,1] be such that
zq(k,q)¢ and z(k,q)€. Then x,z € A, &(z) +a > k and £(2) + b > k. Since
A is a bi-ideal of S, so zyz € A. Hence {(zyz) > k;k Ifanbd > kT then
E(ryz)+anb+k > EE L EE 4 L =k and so (zyz),,, (k, qr ). If aAb < 55E then
&(xyz) > aAband so (zyz), ., € £ Therefore, (xyz),,, € V(k, gr)§. Implies that ¢is
a ((k,q), € V(k, qr))-fuzzy bi-ideal of S. (2) Let z,y € S, x < y and t € (0, 1] be such
that y, € £&. Then &(y) > a and y € A. Since A is a bi-ideal of S and x <y € A,
we have z € A. Thus ¢(z) > 52 Ifa< 52k then £(z) > a and so z, € & If
a > 5E then £(z) +a+k > 52 + 5E 4k = k and so z4(k, g)¢. Therefore,
xq € V(k,qr)€. Let 2,y € S and a be (O 1] be such that z, € € and y;, € £. Then
x,y € A Since A is a bi-ideal of S, it 1eads to zy € A. Thus {(zy) > % If
aNb> 5k then{(xy)+a/\b+k> By 52k 4k =kand so (zy), ., (k, qr)é. If
anb< k , then &(xy) > a Ab and so (a:y)aAb € & Thus, (2y),., € V(k, qr)§. Let
azy,zeSandabe (0,1] besuchthatxaeéandzbef Thena:zeA Since
A is a bi-ideal of S, we have, xyz € A. Hence £(zyz) > k IfaAnb>EE then
E(zyz)+anb+k > Kk kok k—i—k k and so (zyz), ., (k, qk)f Ifand < k , then
&(xyz) > aNband so (xyz) b € & Hence, (zyz), 5, € V(k, qr)&. Consequently, £ is

an (€, € V(k, gi))-fuzzy bi-ideal of S. O

If we take k = 1 in Theorem (3.1), then we get the following corollary:

Corollary 3.1. Let A be a bi-ideal of S and & a fuzzy subset in S defined by
E(z) > 52 ifv € A&(x) =0 if o ¢ A, then, £ is both (¢, € Vi) and (€,€ Vai)
type of fuzzy bi-ideal of S.

Theorem 3.2. Let & be a fuzzy subset of S. Then the following conditions are
equivalent: (1) ¢ is an (€,€ V(k, qx))-fuzzy bi-ideal of S. (2) (i) (Vx,y €
S)(@ <y — &(z) > E(W)NFE), (ii) (Vx,y € S)(E(zy) = E(2)AE(Y)ATFE),
(iii) (Vz,y,z € S)(E(xyz) = €(x) NE(2) A EGE).

Proof. (1) = (2): Suppose ¢ is an (€,€ V(k,qi))-fuzzy bi-ideal of S. On the
contrary assume that, there exists z,y € S, x < y such that £(z) < &(y) A 55E.

Choose a € (0, 1] such that &(z) <a <y 2’“ Then, y, € &, but £{(z) < a and
&(x)+a+k < M —I— k4 k =k, s0z.€ V(k, q)€, which is a contradiction. Hence,
E(x) > E(y) A for all z,y € S with x < y. If there exists z,y € S such that
E(zy) < &(x )/\5( )AEE. Choose a € (0, 1] such that £(2y) < a < {( )/\5( YA ESE,
Then, z, € &, yq Efbut E(ry) < aand &(zy) +a+k < 55E + 52 4k =k, so
(xy)a(k, qx)€. Thus, (zy)e€ V(k,qr)é, again a contradiction. Therefore, E(xy) >
E(x) NE(Y) A % for all x,y € S. Now if there exists z,y, z € S such that §(xyz) <
&(z) NE(z) AN ESE. Then, for a € (0, 1] such that &(zyz) < a < &(z) A §( ) EE we
have, x, € € and z, € € but {(zyz) < a and &(xyz) +a+ k < k2 + kb Lk =k,
o (zyz), (k,qr)€. Thus,(zyz), € V(k, qx)§. Therefore, {(zyz) > &(z) A §( ) A ESE
for all z,y,z € S.
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(2)= (1) Let y, € £ for some a € (0, 1]. Then, £(y) > a. Now E(x) > E(y) A
Bk >anksk Ifa>—thenf()>k;and§()+a+k> —i—kk—i-k k,
it follows that zq(k,qr)€ If a < 55, then £(z) > a and so z, 6 & Thus, z, €
V(k, qx)€. Let 24 € € and y;, € £ for some a,b € (0, 1], then &(z) > a and £(y) > .
Thus, &(zy) > &(x) AE(y )/\k E>anbAESE TFanb > 55E then ¢(zy) > 55E and
Ery) +anb+k>5EE 4R p—Kk and 50 (xy) np (K, qk)f. If anb < E5E then
&(zy) > aAband hence (xy)aAb € & Thus, (zy),., € V(k, qx )€ Now let z, € £ and
2 €€, then 5( )>aand £(2) > b. Thus, &(zyz) > E(v) AE(2) A ESE > anbASE
Ifanb > 55 then ¢(zyz) > 55E and E(zyz) +anb+k>EE L Bk 4=k and
o (zY2) (k g )€ Ifand < k , then &(zyz) > aNb and hence (xyz) qp € &
Thus7 (xyz) op € VK, qr)€. Consequently, ¢isan (€,€ V(k,qx))- fuzzy bi-ideal of
S. O

taking k = 1, Theorem (3.2) leads to the result in [15].

Theorem 3.3. If S is an ordered semigroup and £ is fuzzy subset of S, then the
following conditions are equivalent:

(1) A fuzzy subset & of S is an (€, € V(K, qi))-fuzzy bi-ideal of S.
(2) U (& a) (# 0) is a bi-ideal of S for all a € (0, 552].

Proof. (1) = (2): Suppose that £ is an (€, € V(k, gi))-fu 22y bi-ideal of S and let
z,y,z € S be such that z,z € U(§; a) for some a € (0,%5%]. Then £(z) > a and
&(z) > a and by hypothesis

E(zyz) > &(x) NE(2) A ESE

Za/\a/\ﬂ‘2 = a.

Hence, zyz € U( ;a). Also, by similar way, if z,y € S be such that z,y € U(§;a)
for some a € (0, 5 k1, then xy € U(&;a). Now let ,y € S be such that y € U(&; a)
for some a € (0, 55%]. Then £(y) > a and by hypothesis

E(x) =&y Nt

Hence z € U(&; a).

(2) = (1): Assume that U(&;a)(# ©) is a bi-ideal of S for all a € (0, “5£]. If there
exists x,y,z € S such that {(zyz) < £(z) A E(2) A , then choose a € (0, 55%]
such that (zyz) < a < &(z) A €(2) A 55E. Thus, ,2 6 U({,t) but zyz ¢ U({;a),
a contradiction. Hence, &(zy2) > &(z) A€(2) A 55E for all z,y,2 € Sand 0 < k <
k <1.

Let z,y € S be such that £(z) < &(y) A 55E. Choose r € (0, 5] such that £(z) <
r < &y) A % then &(y) > r implies that y, € & but z,.€£. Now &(z) + r +
k< % + % + k = k, which implies that z,(k,gx)¢, a contradiction. Hence,
£(z) > €(y) A 5k,
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Table 3.1: Hasse diagram for :< {(a1,a2)}

al ag as a4
ap | a1 | ap | ar | ax
a2 | ap | ar | a1 | ax

az | ap | ap | az | ax
Qg | Q1 | G1 | Q2 | A2

By similar way, £(zy) > &(z) A &(y) A % for x,y € S. Therefore, £ is an (€, €
V(k, g ))-fuzzy bi-ideal of S. O

Example 3.1. Consider the ordered semigroup S = {a1,az,as,as} with the following
multiplication and order relation

<i= {(alval) y(a2,a2), (a3, a3), (as,a4), (a17a2)}'

The covering relation <:= {(a1,a2)} is represented by table (3.1)

Then {a1},{a1,a2},{a1,as},{a1,as},{a1,a2,a3},{a1,as,as} and {ai,a2,as,as} are bi-
ideals of S. Define a fuzzy subset £ of S as follows:

S ay a2 as a4
&(x) 0.70 0.20 0.30 0.60
Then
| a€(0,1] | U a) |
0<a<0.20 S
0.20 < a <0.30 {a1,a3,a4}
0.30 < a <0.60 {a1,a4}
060 <a<1 %)

Therefore, using Theorem (3.3), ¢ is an (€, € V(k, qx))-fuzzy bi-ideal of S for a € (0, :5%]

with k = 0.8 and k£ = 0.4.
If S is an ordered semigroup and & is a fuzzy subset of S, then define a set & of S as
follows:

& = {z € S|¢ (z) > 0}.

Proposition 3.1. If £ is a nonzero (€,€ V(k, qx))-fuzzy bi-ideal of S, then the
subset &y of S is a bi-ideal of S.
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Proof. Let € be an (€, € V(k, qx))-fuzzy bi-ideal of S. If z,y € S such that x <y
and y € &, then &(y) > 0. Since £ is an (€, € V(k, gx))-fuzzy bi-ideal of S, therefore
k—k

£(z) > &(y) A — 0,

Thus &(z) > 0 and so = € &. Let x,y € &. Then, {(z) > 0 and £(y) > 0. Now,
£(zy) > E(x) NE(y) A
> 0, (£(x) > 0and(y) > 0).
Thus xy € &. For z, z € £ we have
Elayz) 2 E(x) NEG) A
> 0.

so zyz € &. Consequently & is a bi-ideal of S. O

Lemma 3.1. A non-empty subset A of S is a bi-ideal if and only if the character-
istic function C4 of A is an (€, € V(k, ¢x))-fuzzy bi-ideal of S.

Proof. The proof follows from Theorem (3.3). O

If {&;}ier is an indexed family of fuzzy subsets of an ordered semigroup .S, then the

intersection [ & of &; is defined as
iel

(ﬂ a) (2) = {60 (2) A €a(@) A& (@) A e [ € T} = N\ (6(2))
icl iel
Proposition 3.2. If{&; :i € I} is a family of (€, € V(k, qr))-fuzzy bi-ideals of an

ordered semigroup S. Then () & is an (€, € V(k, qx))-fuzzy bi-ideal of S.
iel

Proof. Let {&;}ier be a family of (€, € V(k, qx))-fuzzy bi-ideals of S. Let z,y,2z € S.
Then,

<ﬂ &) ((zyz) = '/e\l&((xyZ) > N (Gil@) N&il(2) AEFE)

icl iel

_ </\ (&i(@) AEEY A A (Li(2) A @))

i€l el
= (QI@) (z) A (QI&) (2) N ESE

The remaining conditions for (€, € V(k, ¢x))-fuzzy bi-ideal of S can be proved in a
similar way. Thus () &; is an (€, € V(k, gi))-fuzzy bi-ideal of S. O

iel
For k = 1, the Proposition (3.1,3.2), and Lemma (3.1) leads to [Proposition 3.8,
Proposition 3.10, Lemma 3.9, [15]] respectively.
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4. Upper and lower parts of (€, € V(k, ¢x))-fuzzy bi-ideals

In this section, we first define the (k, gx)-upper/lower parts of an (€, € V(k, gx))-
fuzzy bi-ideal of S. Then by using the properties of bi-ideals, we characterize regular
and intra-regular ordered semigroups in terms of (€, € V(k, g ))-fuzzy bi-ideals.

Definition 4.1. Let & and & be a fuzzy subsets of S. Then the fuzzy subsets

(5_1)]1; L (E (V€)™ (6 (V) &)™, (G (0)f &), (§1+)E27 (&1 (A)g &)T (6 (V) &)t
and (& (O)E; &)Y of S are defined as follows:

@) S DUl — @) () = Gl A,
(N5 &)™+ —[0,1]]z — (&1 (A E2)(2) = (&1 A &) (x) A ESE,
(W& 8= 0 1le— (& (Vi&)E) = (6 V&) @) A 5E,
(&1 (O)ﬂ; &)™ S — [0, 1]z — (& (o)ﬂ; &)(x) = (&1 0 &) (x) A E5E,
and
@5 S0l @ @) = &) v S,
(& (/\)E;i &) S — 0,1z — (& (/\)i &)(x) = (ELA &) () V w,
6 (Ee)T 8 — 0 )le— (@ (E&)) = (@ v &)@) v i,
@ EF&)T 8 — 0,1l 6 O &)@ = (G o &)@) v 5L,
forallz € S.

Lemma 4.1. Let & and & be fuzzy subsets of S. Then the following hold:
i) (6 Wie) =(E)n @)
(i) (51 (V)i 52)7 = ((5_1)112 v (5_2)]1;) ,
(i) (&% &) = (@) &)

Proof. (i) Let x € S and & and & be fuzzy subsets of an ordered semigroup S,
then

(aie) = E@Wie)@ =@ r&)@) A S

= &u(2) A Gol@) A
=& (z) No(a) AN SE AR

= {a@ A5 A {e@) A5
= (@) (@) A (&) (@) = ((€E A (©)F) (@)

The proof of part (ii) and (iii) is similar to the proof of part (i). O
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Lemma 4 2. Let & and {2 be fuzzy subsets of S. Then the following hold:

0 (aWie) = (@ ( )

R +
(i) ( ) ( §1+ ) if Ay = @ and (51( ) §2>
~((@*)yo @2 INK ﬁé@.

Proof. The proof follows from Lemma (4.1). O

Let A be a non-empty subset of .S, then the upper and lower parts of the charac-
teristic function C4 are defined as follows:

_k -
Ta) 5 — [0, 1]lr—> (@A)“;(x)_{ . ik jfpe A

otherwise.

ko N 1 ifre A
((CA )k 8 — [0, ]|z — ((CA )k (z) = { % otherwise.

Lemma 4.3. Let A and B be non-empty subset of S. Then the following hold:
(1) (C4 (N Cp)™ = (CTans)y

(2) (Ca (V)i Cp)™ = (Caus),

(3) (€ () Ca)™ = Ciam)y -

)

Proof. (1) Let z € S, if € AN B, then (@AQB)HZ (z) = 55%. Also, since z € AN B,
implies that € A and « € B. Therefore, C4(x) = 1 and Cg(x) = 1. Hence,
(Ca(N;CB)™ = (Ca(W;Cr) (2) = Cal@) A Cplw) A 555

- k—k _ k—k

Now if z ¢ ANB, then (@Amg)ﬂz (z) = 0. Assume that x §é A, then (C4 (A )k Cp)~ =
(Ca (M)} CB) (2) = Cal@) ACp(w) A E5E =0 A Cp(a) A 5E =0,
Thus (Ca (/\)i Cp)” = (@AQB)EZ . The proof of part (2) follows from part (1).
(3) Assume z € S, if z € (AB], then (@(AB])HZ (z) = 5% and z < yz for some y € A
and z € B. Hence (y, 2) € Az, so

(Ca (o) Cr) (@) = (CaoCp)(a) A 15

- {( V'  (Ca(a)ACp (b))} NS

a,b)EA,
>Ca(y) ACp(2) NG~

_ _ — k
= INIA SR =55 = (Crap), (@).
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conversely, since C4 oCp)(z) < 1 for all z € S. Therefore, (Ca (o)i Cp)(z) =(Cyo

_ _ _ = k = k
CB)(I) N % < 1A ¥ = % = ((C(AB])k (IE) Hence, (CA (O)E; (CB) = ((C(AB])k
hold for © € (AB]. By similar way, the require result also hold for = ¢ (AB].
Consequently, (C4 (o)ﬂ; Cp) = (@(AB])HZ. O

Lemma 4.4. A non-empty subset A of an ordered semigroup S is a bi-ideal of

S if and only if the lower part (@A)k

f of the characteristic function C4 of A is an
(e, e V(k, gr))-fuzzy bi-ideal of S.

Proof. If A is a bi-ideal of S, then by Theorem 2.2 and Lemma (3.1), (@A)HZ is an
(€, € V(Kk, gr))-fuzzy bi-ideal of S.

Conversely, suppose that (@A)ﬂz isan (€, € V(k, qr))-fuzzy bi-ideal of S. Let x,y € S
such that z <y. If y € A, then (@A)EZ (y) = “5E. Since (@A)EZ isan (€,e V(k,qx))-
fuzzy bi-ideal of S, and = < y, we have, (@A)ﬂz (x) > (@A)HZ (y) A % = @. It
follows that (@A)k (z) = 5% and so z € A. Let 2,y € A . Then, (@A)EZ (z) = &~

and (EA)EZ (y) = 5%, Now,

(C)f (e2) 2 (Ta)} () A Ca) () A gt = B

Hence, (@A)HZ (zyz) = 55E and so 2yz € A. Therefore, A is a bi-ideal of S. O

Lemma 4.5. A non-empty subset A of an ordered semigroup S is a left (resp.

right)-ideal of S if and only if the lower part (@A)HZ of the characteristic function
Ca of A is an (€,€ V(k, qr))-fuzzy left (resp. right)-ideal of S.

Proof. The proof follows from Lemma (4.4). O

In the following proposition, we show that if £ is an (€, € V(k, gx))-fuzzy bi-ideal of
S, then (), is a fuzzy bi-ideal of S.

Proposition 4.1. If¢ is an (€, € V(k, qx) )-fuzzy bi-ideal of S, then (Z)ﬂ; s a fuzzy
bi-ideal of S.
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Proof. Let z,y € S, © < y. Since £ is an (€, € V(k, qx))-f 2 b1 ideal of S and
z < y, we have {(z) > £(y) A 55E. Tt follows that 5( ) A EE > ¢(y) A 5E, and
hence (E)EZ (z) > (Z)ﬂz (y). For z,y € S, we have
§(xy) > &(x) NE(Y) A
k—k
flay) A== 2&@) N E(y) A h A%
= (€@ A5FE) A (E) A5,

and so (E)ﬂz (xy) > (E)EZ (w) A (Z)EZ (y)-

Now for z,y, z € S, we have

o) 2E) AR A
fay) AT 2 E@) AE() AR A
= (6) A 55E) A (g2 A 55E),

SO (E)HZ (xyz) > (E)HZ () A (Z)ﬂ; (z). Consequently, (E)HZ is a fuzzy bi-ideal of S. [

Numerous classes of ordered semigroups like regular, left (right) simple, completely
regular and intra-regular ordered semigroups provide in-depth knowledge of semi-
group theory. In the following, we characterize regular, left and right simple and
completely regular ordered semigroups in terms of (€, € V(k, gi))-fuzzy left (resp.
right) and (€, € V(k, gr))-fuzzy bi-ideals.

Lemma 4.6. [12] An ordered semigroup S is completely regular if and only if for
every A C S, A C (A25A?] or for a € S, we have a € (a%Sa?].

Theorem 4.1. If S is an ordered semigroup, then the following conditions are
equivalent:

(1) S is completely regular.

(2) For every (€,€ V(k, qx))-fuzzy bi-ideal € of S, (E)HZ (a) = (E)HZ (a?) for all
a€s.

Proof. (1)== (2): Suppose S is completely regular and a € S, by Lemma (4.6),
a € (a®Sa?]. Then there exists z € S; such that a < a?za®. Since ¢ is an (€, €
V(k, g ))-fuzzy bi-ideal of S, therefore

§(a) > £(a’za®) A E5E
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it follows that (Z)ﬂz (a) = &(a) NESE > (E(a®) N E5E) = (Z)HZ (a?) > &(a) A 2.

— k — k

Hence ({)k (a) = ({)k (a?) for all a € S.
(2)=> (1): Let a € S, consider the bi-ideal B (a?) = (a?Ua*Ua*Sa?] of S generated
by a?, then by Lemma (3.1), Cp(q2) is an (€, € V(k, qi))-fuzzy bi-ideal of S. By (2)
(Thn); (@) = (Cp2); (a?) . Since a? € B (a2), 0 (Tp(az)), (a%) = 55, Thus
(@B(a2))ﬂ2 (a) = 5% Hence a € B (a?) it implies that a < a? ora < a* or a < a’za?
for some z € S. If a < a2, then a < a® = a.a < a%.a® = a.a.a® < a?aa® € a®>Sa? and

€ (a®Sa?]. Similarly, if a < a* or a < a*za® we get a € (r?Ss?] for some r,s € S.
Thus S is completely regular. O

An equivalence relation p on S is called congruence if (z,y) € p implies (xz,yz) €
p and (zz,zy) € p for every z € S. A congruence p on S is called semi lattice
congruence [12] if (z,2?) € p and (zy,yx) € p. An ordered semigroup S is called
a semi lattice of left and right simple semigroups if there exists a semi lattice
congruence p on S such that the p-class (z), of S containing z is a left and right
simple subsemigroup of S for every x € S, or equivalently, there exists a semilattice
Y and a family {S; : i € Y} of left and right simple subsemigroups of S such that

SinNS; =0Qi+#j 8= UieYSi’ SiS; C SiVi,jey.

A subset P of S is called semiprime [7], if for every a € S such that a? € P, we have
a € P, or equivalently, for each subset A of S, such that A? C P, implies that have
ACP.

Let N be the equivalence relation on S which is denoted by

N={(a,b) e SxS|N(z)=N(y)}.

Lemma 4.7. [12] Let S be an ordered semigroup, then the following conditions
are equivalent:

(i) (x)y is a left (resp. right) simple subsemigroup of S, for every x € S.

(ii) Every left (resp. right) ideal of S is a right (resp. left) ideal of S and
semiprime.

Lemma 4.8. [12] An ordered semigroup S is a semilattice of left and right simple
semigroups if and only if for all bi-ideals A and B of S, we have (A?] = A and
(B?% = B.

Theorem 4.2. An ordered semigroup S is a semilattice of left and right simple
semigroups if and only if for every (€,€ V(k, qr))-fuzzy bi-ideal & of S, then for all
a,be s,

. — k k
(1) (é)kk(a) = (&), (%)
(ii) (&), (ab) = (&), (ba).

~
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Proof. If £ is an (€, € V(k, qx))-fuzzy bi-ideal, then by hypothesis, there exists a
semilattice Y and a family {&; : i € Y}of left and right simple subsemigroups of S
such that S;NS; =0, i # 5,8 = J,;cySi, 8iS; C Sy for all i, j € Y. (i): Let a € S,
then there exists Y such that a € S;, as S; is left and right simple, thus (S;a] = S;
and (aS;] = S;. Therefore, S; = (aS;] = (a((S;a]] = (aS;a]. Since a € (aS;a] so
there exists x € S; such that a < axa. Since x € S;, x < aya for some y € S;.
Therefore, a < aza < a(aya)a = a*ya® implies that a € (a?Sa?]. Hence by Lemma

(4.6) and Theorem (4.1), (2), (a) = (€), (a2).
(ii) Now to prove (E)t(ab) = (Z)“; (ba), let a,b € S, then by (i), (Z)“; (ab) =
@) ((ab)2) GH ((ab)4) . Also, by Lemma (4.8),

(ab)’ = (ab)” (ab)” = (ab)(ab)(ab)(ab)
= (aba)(babab) € B(aba)B(babab)
C (B(aba)B(babab)] = (B(babab) B(aba))
= (B(babab) (B(aba))?] = (B(babab) B(aba)B(aba)]
C ((babab)S(aba)(aba)] C (bababSaba).

Hence (ab)* < (babab)z(aba) for some z € S. As € is an (€, € V(k, qi ))-fuzzy bi-ideal
of S, hence

£((ab)™h) & ((babab)z(aba)) A 55
f((b )(babza)(ba)) A E5E
> (&((ba) A (ba)) A E55) A “‘T
= &(ba) N 55
£((ab)*) ? > (£(ba) A k) A gk

implies that (&), ((ab)4> > (€), (b)) . Thus

(©); (ab) = (), ((@)*)
= @) ((@)") = @) ((ba))

leads to (Z)ﬂ; (ab) > (E)HZ ((b )) In a similar way (Z)ﬂ; (ba) > (E)HZ ((ab)) can be
shown. Hence (E)EZ (ab) = (5) (ba) .

Conversely, we know that N is a semilattice of left and right simple semigroups,
so by Lemma (4.7), it is enough to prove that every left (resp. right) ideal of S is
an ideal of S. Let L be a left ideal of S and let « € L and t € S. Since L is a
left ideal of S, by Lemma (4.4), (@L)ﬂz is an (€, € V(k, gx))-fuzzy left ideal of S.

Hence (@L)EZ (at) = (@L)t (ta). As ta € SL C L it implies that (@L)EZ (ta) = 2.

So at € L that is LS C L. Thus, L is right ideal. if a® € L, by hypothesis
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(@L)HZ (a?) = @ = (@L)ﬂz (a). Thus a € L, so L is semiprime. Similarly, we can
prove that right ideal R is left ideal of S and semiprime. [

Proposition 4.2. If{&; :i € I} is a family of (€, € V(k, qr) )-fuzzy bi-ideals of an

ordered semigroup S. Then, () (E)HZ is an (€,€ V(k, qx))-fuzzy bi-ideal of S.
icliel

Corollary 4.1. Let S be an ordered semigroup and fi and fo be fuzzy subsets of

S. Then, (f1 (/\)H,i f2) is an (€, € V(k, qx))-fuzzy bi-ideal of S.

Definition 4.2. An (€,€ V(k, qx))-fuzzy bi-ideal & of S is called idempotent if
E(MpE=¢.

Theorem 4.3. If € is an (€, € V(k,qy))-fuzzy bi-ideal of S, then (g (o) g) =<
Qe

Proof. Suppose that ¢ is an (€,€ V(k,qx))-fuzzy bi-ideal of S and a € S. If
Ay = O, then (5(0)“25)7 (@) = (€0&) (a) N gk =0 A5k — 0 < (€); (a). Thus,
(5 (o) g)_ < (€); hold in this case. Now let A, # ), then

(¢@ke) @ = (€0€) (a) N 155
= {Vyea (€W AEEN ] A5
< {vy,zeAs <yz>} A gk
<AV,eeat @} n55E =g () A 5E = (©)) (a).

Hence, (5 (o)f f) = @)HZ 0

Lemma 4.9. Every (€, € V(k, qx) )-fuzzy one-sided ideal of S is an (€,€ V(k, qx))-
fuzzy bi-ideal of S.

Proof. The proof is straightforward. O

If S is an ordered semigroup, then we define the fuzzy subsets ”1” and ”0” as follows:

1 :8—[0,1]]x — 1(x) =

1,
0 :S—10,1]Jx — 0(x) =0,

forallz € S.
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Lemma 4.10. kLEt S be an oﬂ:dered semigroup aﬂ?d f1 and fo bi fuzzy subsets of
S. Then, (fi (o) f2)™ =2 (L(o)y f2)~ (resp. (f1 (o) f2)™ 2 (fi (o) 1)7).

Proof. The proof is straightforward. O

Lemma 4.11. Let S be an ordered semigroup and f an (€,€ V(k, qi))-fuzzy bi-

ideal of S. Then, (f (O)u,i 1 (O)Hli [~ = (T)EZ

Proof. Let a € S. If A, = @, then

(FEELEEN @ = (oo H@r T —on T o< ()} @,

Let A, # O, then

(fo* 10" f)~(a) — (folof)(a) kst
= [ V V (f(y)A(lof)(Z)] AR
(y,2)€Aa(y,2)€EAa

= l V V (f(y)/\{ V V (1(1?)/\f(Q))}>] A Bk
(y,2)€EAa(y,2)EAq (p,9)€EA-(p,q)EA,
=Vyea, V V Vo (fy)ALlp) A f(@) A

(y,2)€Aa(p,q) €A (p,q)EA

=V VvV V. V (fArf@)r5E

(y,2)€Aq(y,2)€EAa(p,q) €A (p,q)EA.

=V VvV VvV V (A5 A (f

(y,2)€Aq(y,2)EAL(P,q)EA-(P,q)EA,

>

I
B
~—
~—

>

Since a < yz < y(pq) = ypq and f is an (€, € V(k, g ))-fuzzy bi-ideal of S, so we
have,

~

fla) > flypg) N5SE > (f(y) A Fla) ANESE) A ESE
= {(F) NSE) A (Flg) A ESE) ) A St
Thus,

VoV VvV (ion 55 a (a5

(y,2)€Aa(y,2)€EAa(p,9)EA: (P,q)EA-

< VoV (o555 A (rwn 3

(y:pq)€Aa(y,pg)€EAa
k—k —
V.V f@nr5 =)@

(y,p9)€EAa(y,pq) EAL

>

IN
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Lemma 4.12. [7] Let S be an ordered semigroup. Then the following are equiv-
alent:

(i) S is regular,

(ii) B = (BSB] for all bi-ideals B of S,

(iii) B(a) = (B(a)SB(a)] for every a € S.

Theorem 4.4. If S is an ordered semigroup and f is a fuzzy subset of S, then the
following conditions are equivalent:
(1) S is regular.

(2) For every (€,€ V(k, qx))-fuzzy bi-ideal f of S, (f (0)]12 1 (0)]12 - (T)EZ

Proof. (1) = (2): Let S is regular and f is an (€, € V(k, gr))-fuzzy bi-ideal of S.
Assume a € S. then, there exists z € S such that a < aza < ax(aza) = a(zaza).
So (a,zaza) € Ay, and A, # @. Thus,

(f ()5 1 ()5 ) (a) =(folof)(a)n%5E

|: \V (f(y)/\(lof)(z))] A%
(¥:2)€Aa(y 2yeA,

> (f(a) A (Lo f)(zaza) A E5E)
- [f(a)/\ vV V {1(19)/\f(Q)}] NS

(P, 9)€EAzaza(P,q)EAvaza

> (fa) AM{1(zazx) A fla)}) A %
= (aM{lAf( )} A EFE

= (f(a) A fla)) A fla) nEgt

B

On the other hand, by Lemma (4.11), we have, (f (o)i 1 (o)i H(a) < (f)k (a).
—\ k

Therefore, (f (o)} 1(0); )~ (a) = (), ()

(2) = (1): Suppose that (f (O)ﬂ,i 1 (O)ﬂ,i i~ = (T)EZ for every (€, € V(k, qx))-fuzzy

bi-ideal f of S. To prove that S is regular, by Lemma (4.12), it is enough to prove

that
A= (ASANbi — ideals Aof S.

Let 2 € A. Since A is a bi-ideal of S, by Lemma (4.4), (@A)EZ is an (€, € V(k, qx))-
fuzzy bi-ideal of S. By hypothesis, (Ca (0)f1(0)fCa)~(z) = (Ta); (x). Since
x € A, we have (@A)EZ (z) = 5%, Thus, (Ca (0)]12 1 (0)]12 Ca)~(z) = 5%, But, by

Lemma (43), we have ((CA (O)ﬂ; 1 (O)ﬂ; (CA)i = (E(ASA])EZ y and (@(ASA])EZ (I) = @,
hence we have, x € (ASA] and so A C (ASA]. On the other hand, since A is
a bi-ideal of S, we have (ASA] C (4] = A. Hence, A = (ASA]. Therefore, S is
regular. O
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Lemma 4.13. Let f1 and fo be (€,€ V(Kk, qi))-fuzzy bi-ideals of S.
Then (f1 (o)ﬂ,i f2)” is an (€,€ V(k, qi) )-fuzzy bi-ideal of S.

Proof. The proof is straightforward. O

Lemma 4.14. Let S be an ordered semigroup. Then the following are equivalent:
(i) S is both regular and intra-regular,

(ii) A = (A?] for every bi-ideals A of S,

(iii) AN B = (AB] N (BA] for all bi-ideals A, B of S.

Theorem 4.5. Let S be an ordered semigroup. Then the following are equivalent:
(i) S is both regular and intra-regular,

(i1) (f (0)]12 )~ = (T)HZ for every (€, € V(k, qi) )-fuzzy bi-ideals f of S,

(iii) (f1 (N f2)™ = (1 @) fo) Ak (o () 1)7)  for all (€€ V(i i) -fuzzy
bi-ideals f1 and fo of S.

Proof. (1)==(ii). Let F be an (€, € V(k, ¢x))-fuzzy bi-ideal of S and a € S. Since S
is regular and intra-regular, there exist x,y, z € S such that a < aza < araxa and
a < ya®z. Then, a < araza < azx(ya®z)za = (azya)(azza) and (azya,azza) € A,.
Thus,

(f @)k H~(a) — (fof)a) Ak
= VN e =
= {(f (JCya)/\f(az:zca))}/\k
2{(() f ) A gk ) (F(a) A fla) A k) A ok
= (f@ns5E) a5t <f<>W> <>“;<>

On the other hand, by Theorem (4.3), (f (0)]1; i (a) < (T)HZ (a).
(if)==(iii). Let f1 and f3 be (€, € V(k, qx))-fuzzy bi-ideals of S. Then, by Corollary
(4.1), (f1 (/\)ﬂ,i f2)~ is an (€, € V(k, qx))-fuzzy bi-ideal of S. By (ii),

(1 ()™ = (W)™ @F (A WEf)7) - = (a (o) )

In a similar way, one can prove that, (f1 (/\)ﬂ,i f2)” =X (f2 (O)ﬂ,i fi)~.
Thus, (fi (g f2)™ = ((f1 (o) f2)~ () (f2 (o) f1)7) ™. Moreover, (f1 (o) f2)~
and (fo (O)E,i f1)~ are (€,€ V(k,qx))-fuzzy bi-ideals of S by Corollary (4.1), and

hence,
(f1 ()% f2)~ (N5 (f2 (0)f f1)~ is an (€, € V(k, gx))-fuzzy bi-ideal of S. Using (ii),
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we have,

(1 (@) f2)7 (Wi (2 (@) 1))
o (CAOAN® )“,i (f2 () £1)7) Ok (A ()5 2)~ (N (2 ) £1)7))

< ((h @) ) f)7) = () (@) f2) () 1)
(

= (f1 (o) f2 ()5 f1)~as(fa (o) f2)™ () y(i)above
< (fL 1) f) = (F)ras(fi (L1 () fi)~ = (F), bytheorem(4.4)

In a similar way, one can prove that, ((fi (O)k f2)~ (/\)ﬂ; (fa (O)k fi)7)” = (fz)ﬂli-
Consequently, ((f1 (o) £2)~ (Wi (f2 ()5 1))~ = (i) A (o) = (fr (W f2) ™

Therefore, we get (f1 (A)g f2)~ = ((f1 ()5 f2)~ (A)i (f2 (o) f1)7)™
(iii)==(i). To prove that S is both regular and intra-regular, by Lemma (4.14),
it is enough to prove that AN B = (AB] N (BA] for all bi-ideals A and B of S.

Let © € AN B. Then, z € A and z € B. By Lemma (4.4), (@A)EZ and (EB)EZ are
(e, e V(k, gr))-fuzzy bi-ideals of S. Using (iii), we have

(Ca () CE)™ (N5 (Cp (0)5Ca)) (x) = (Ca(N);Cp) (z)
- (@A)“‘ () A (Cg), (x).

Since z € A and = € B, we have (C )EZ = EF and (Cs )EZ (x) = k— Thus,
(Ta); (@) A (Cp), (x) = 5k A gk = ik 1 follows that

(€4 ()5 C)™ (W (C () Ca) ) () = 5.
By Lemma (4.3) , we have ((C4 (0)5Cp)~ (A)f (Cp (o) Ca)™)~ = (@AB])“; A

_ k _
(Coa)y, = Clanna) - Thus, (Cianna)y (¢) = S5 and v € (AB] N (BA].
Moreover ifx € (AB]N (BA] then,

k—k% — k
—5 = (CaBin(sa)), (@)

= (Cam)p A Cioa)y) @)
= ((Ca (0)£Cr)™ (M) (Cr (o) Ca)™) ()
= (Ca (A)} Cp) () (by(iii)
— (Tang), (@).

Thus, (@AQB)HZ(ZE) = Ek and # € AN B. Therefore, AN B = (AB] N (BA4],
consequently, S is both regular and intra-regular. [
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