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ABSTRACT. In this paper, the concept of (€, € V gi)-fuzzy quasi-ideals
of an ordered semigroup S is introduced by the ordered fuzzy points of
S, which is a generalization of fuzzy quasi-ideal of S, and related prop-
erties are investigated. Furthermore, we introduce the concepts of prime
and completely semiprime (€, € V g)-fuzzy quasi-ideals of ordered semi-
groups, and characterize bi-regular ordered semigroups in terms of com-
pletely semiprime (€, € V gg)-fuzzy quasi-ideals. Moreover, characteriza-
tions of regular ordered semigroups and intra-regular ordered semigroups
by the properties of (€, € V gi)-fuzzy ideals, (€, € V gx)-fuzzy bi-ideals and
(€, €V qk)-fuzzy quasi-ideals are given. Finally, we investigate the charac-
terizations and decompositions of left and right simple ordered semigroups
by means of (€, € V @x)-fuzzy quasi-ideals.
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1. INTRODUCTION

The theory of fuzzy sets, proposed by Zadeh in 1965, has provided a useful math-
ematical tool for describing the behavior of systems that are too complex to admit
precise mathematical analysis by classical methods and tools. Extensive applications
of fuzzy set theory have been found in various fields such as artificial intelligence,
computer science, control engineering, expert systems, management science, opera-
tions research, pattern recognition, robotics, and others. It soon invoked a natural
question concerning a possible connection between fuzzy sets and algebraic systems.
In [27] Rosenfeld inspired the fuzzification of algebraic structures and introduced
the notion of fuzzy subgroups. Kuroki initiated the theory of fuzzy semigroups in
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his papers [22]. A systematic exposition of fuzzy semigroups by Mordeson et al.
appeared in [20], where one can find theoretical results on fuzzy semigroups and
their use in fuzzy coding, fuzzy languages and fuzzy finite state machines. Since
then, a new type of fuzzy subgroup, i.e., the («a, 3)-fuzzy subgroup, was introduced
in an earlier paper of Bhakat and Das ([1], [2]) by using the combined notions of
“belongs to” relation (€) and “quasi-coincident with” relation (¢) between a fuzzy
point and a fuzzy subgroup. In particular, the concept of an (€, € Vq)-fuzzy sub-
group is an important and useful generalization of Rosenfeld’s fuzzy subgroup [27].
In [4] Davvaz defined (€, € Vq)-fuzzy subnearring and ideals of a nearring. In [7]
Jun and Song initiated the study of («, 3)-fuzzy interior ideals of a semigroup. Ma
and Zhan [21] studied (€, € Vq)-fuzzy h-bi-ideals and h-quasi-ideals of a hemiring.
Generalizing the concept of the quasi-coincident of a fuzzy point with a fuzzy subset

Jun ([6], [7]) defined (€, € Vqy)-fuzzy subgroups and (€, € Vg )-fuzzy subalgebras
in BCK/BCl-algebras, respectively. In [29] (€, € Vqi)-fuzzy ideals of semigroups
are defined and investigated. In [12], Kehayopulu and Tsingelis applied the con-

cept of fuzzy sets to the theory of ordered semigroups. Then they defined “fuzzy”
analogous of several notations, which appeared to be useful in the theory of ordered
semigroups. The theory of fuzzy sets on ordered semigroups has been recently de-
veloped. For more details, the reader is referred to ([8], [13], [14], [L5], [L6], [L7],
[19], [20], [21], [25], [30], [31], [32], [33]). Especially, Xie and Tang [32] introduced
the concept of ordered fuzzy points of an ordered semigroup, and studied prime
fuzzy ideals of ordered semigroups. In [30] Tang and Xie introduced the concepts
of (€, € Vgi)-fuzzy ideals and (€, € Vg )-fuzzy (generalized) bi-ideals of an ordered
semigroup, and gave some characterizations of regular ordered semigroups by the
properties of (€, € Vgi)-fuzzy ideals and (€, € Vg )-fuzzy (generalized) bi-ideals.
As we know, quasi-ideals play an important role in the study of ring, semigroup
and ordered semigroup structures. The concept of a quasi-ideal in rings and semi-
groups was studied by Stienfeld in [28]. Furthermore, Kehayopulu and Tsingelis
extended the concept of quasi-ideals in ordered semigroups as a non-empty subset
Q of an ordered semigroup S such that: (1) (QS]N(SQ] C Q and (2) If a € Q and
S 3b<a,then beQ (see [15]). The fuzzy quasi-ideals in ordered semigroups were
studied in [15] and [30], where the basic properties of ordered semigroups in terms of
fuzzy quasi-ideals are given. As a continuation of these papers, we define and study
a new sort of fuzzy quasi-ideals in ordered semigroups called (€, € V g )-fuzzy quasi-
ideals in the present paper. The rest of this paper is organized as follows. In Section
2, we recall some basic definitions and results of ordered semigroups which will be
used throughout this paper. In Section 3, we introduce the concept of (€,€ V gx)-
fuzzy quasi-ideals of an ordered semigroup S by the ordered fuzzy points of .S, and
investigate some related properties. In Section 4, we introduce the concept of prime
(€, €V gr)-fuzzy quasi-ideals of ordered semigroups, and give some characterizations
of them. Some characterizations of regular ordered semigroups and intra-regular
ordered semigroups in terms of (€,€ V g;)-fuzzy ideals, (€, € V gi)-fuzzy bi-ideals
and (€, € V @)-fuzzy quasi-ideals are given in Section 5. In Section 6, we intro-
duce the notion of completely semiprime (€, € V @f)-fuzzy quasi-ideals of ordered
semigroups and characterize bi-regular ordered semigroups in terms of completely
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semiprime (€, € V g )-fuzzy quasi-ideals. In Section 7, we investigate the character-
izations and decompositions of left and right simple ordered semigroups by means
of (€, €V gx)-fuzzy quasi-ideals. In particular, we prove that an ordered semigroup
S is left and right simple if and only if every (€, € V gi)-fuzzy quasi-ideal of S is a
constant function. Some conclusions are given in the last Section.

2. PRELIMINARIES AND SOME NOTATIONS

Throughout this paper, unless stated otherwise .S stands for an ordered semigroup,
i.e., a semigroup S with an order relation “ < ” such that a < b implies za < xb
and az < bx for any z € S. We denote by ZT the set of all positive integers. A
function f from S to the real closed interval [0,1] is a fuzzy subset of S. The ordered
semigroup S itself is a fuzzy subset of S such that S(z) =1 for all z € S (the fuzzy
subset S is also denoted by 1 in [16]). Let f and g be two fuzzy subsets of S. Then
the inclusion relation f C g is defined by f(x) < g(z) for all x € S, and fNg, fUg
are defined by

(fNg)(x) =min{f(z),g(x)} = f(z) A g(x),
(fUg)(x) = max{f(x),g(z)} = f(z) V g(x)
for all z € S, respectively. The set of all fuzzy subsets of S is denoted by F(S).
One can easily show that (F'(S), C,N,U) forms a complete lattice with the maximum
element S and the minimum element 0, which is a mapping from S into [0, 1] defined
by
0: S—10,1], z— 0(z) :=0, Vx € S.

Let (S,-, <) be an ordered semigroup. For z € S, we define 4, = {(y,2) €

S x S| x <yz}. The product fog of f and g is defined by

FW)Ag(2)], itA, £,
(fog)(z) = (y,z\)/EAx[ W) ng(2)], i
0’ lf Ar - @7

[3ebl

for all z € S. Tt is well known (see Theorem of [13]) that this operation “o” is
associative and (F(S), 0, C) forms an ordered semigroup.

Let S be an ordered semigroup. For H C S, we define

(H]:={te S|t <h forsome h e H}.

For H = {a}, we write (a] instead of ({a}]. For two subsets A, B of S, we have:
(1) A C (A); (2) If A € B, then (A] C (B];(3) (A](B] € (ABJ;(4) ((A]] =
() ((AB] = (4515 © (AN (3] = (AN (B () (4] (8] = (AU
see .

By a subsemigroup of S, we mean a nonempty subset A of S such that 42 C A.
A nonempty subset A of an ordered semigroup S is called a left (resp. right) ideal
of Sif (1) SAC A (resp. ASC A)and (2) Ifac Aand S50 <a,thenbec A. If A
is both a left and a right ideal of S, then it is called an (two-sided) ideal of S (see
[11]). Clearly, every left (right) ideal of S is a quasi-ideal of S. A subsemigroup B
of an ordered semigroup S is called a bi-ideal of S if (1) BSB C B and (2) If a € B
and S 5 b < a, then b € B (see [17]). An quasi-ideal @ of S is called prime if for
any two elements z,y of S such that zy € @, then x € Q or y € Q. We denote by
Q(a) the quasi-ideal of S generated by a (a € S). Then Q(a) = (a U Sa] N (a U al]

(see [3]).
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Let A be a nonempty subset of S. We denote by f4 the characteristic function of
A, that is the mapping of S into [0, 1] defined by

1, ifxeA,
”“V‘{m ifod A

Then f4 is a fuzzy subset of S.

Let S be an ordered semigroup. A fuzzy subset f of S is called a fuzzy left (resp.
right) ideal of S if

(1)@ <y= f(x) > f(y), and

(2) f(zy) = f(y) (vesp. f(zy) = f(z)) Yz, y € S. Equivalently, So f C f (resp. fo

SCf).

A fuzzy subset f of S is called a fuzzy ideal of S if it is both a fuzzy left and a fuzzy
right ideal of S (see [12], [11]). A fuzzy subset f of S is called a fuzzy quasi-ideal of
S if

(1) z <y = f(z) > f(y), and
(2) (feS)N(So f) < [ (see [19]).

We denote by ay an ordered fuzzy point of an ordered semigroup S, where

A iz e (a],
“@){m it e ¢ (a,

for any x € S. It is easy to see that an ordered fuzzy point of an ordered semigroup
S is a fuzzy subset of S. For any fuzzy subset f of S, we also denote ay C f by
ay € f in the sequel (see [32]).

Definition 2.1 ([32]). Let f be a fuzzy subset of S, we define (f] by the rule that
(f1(z) =V f(y)

y2>x
for all x € S. A fuzzy subset of S is called strongly convex if f = (f].

By Definition 2.1, for an ordered fuzzy point ay and a strongly convex fuzzy
subset f of S, we have ay € f if and only if f(a) > A.

Lemma 2.2 ([31]). Let f be a fuzzy subset of an ordered semigroup S. Then f is a
strongly convex fuzzy subset of S if and only if x <y = f(x) > f(y), for allz,y € S.

Definition 2.3. An ordered fuzzy point ay of an ordered semigroup S is said to be
not belong to (resp. not k-quasi-coincident with) a fuzzy subset f of S, written as
axef (resp. axgrf) if f(a) < A (resp. f(a) + A+ k < 1), where k € [0,1). If ayEf
or axqgrf, then we write ay€ V g5 f.

Lemma 2.4 ([32]). Let ax,b, (XA # 0, # 0) be ordered fuzzy points of S, and f,g
fuzzy subsets of S. Then the following statements are true:

(1) ax o by = (ab)any for all ordered fuzzy points ay and b, of S. In particular,
ayoay = (a?)y.

(2) If f,g are fuzzy ideals of S, then fog, fUg are fuzzy ideals of S.

(3) If fC g, and h € F(S), then fohCgoh, hof Chog.

The reader is referred to [32], [34] and [35] for notation and terminology not
defined in this paper.
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3. (€,€V qr)-FUZZY QUASI-IDEALS OF ORDERED SEMIGROUPS

In what follows, let k denote an arbitrary element of [0, 1) unless otherwise spec-
ified. In this section, we define a generalization form of (€, € V g)-fuzzy quasi-ideals
of an ordered semigroup S given in [19] and introduce (€, € V g )-fuzzy quasi-ideals
of S by the ordered fuzzy points of S.

Definition 3.1. A fuzzy subset f of an ordered semigroup S is called an (€,€ V
Tr)-fuzzy quasi-ideal of S, if for all t,r € (0,1] and z,y, z,u,v € S, the following
conditions hold:

(W) z<y=f(z)=f(y)

(2) ¢ < yu,x < vz and zip€f = WEV G f or 2. €V i f.

Theorem 3.2. Let S be an ordered semigroup and f a fuzzy subset of S. Then f is
an (€, €V Qx)-fuzzy quasi-ideal of S if and only if [ satisfies that
(Dz<y=f(z)=f(y)
(2) f(z) Vv % > (foS)(x)N(So f)(x) forallz € S.

Proof. Let f be an (€, €Vgy)-fuzzy quasi-ideal of S and z,y € S. Then, by Definition
3.1, the condition (1) holds. Furthermore, f(z)V 5% > (f o S)(z) A (S o f)(z) for
all z € S. Indeed, if f(z) vV 155 < (f o S)(z) A (S o f)(z) for some z € S, then
there exists t € (1%, 1] such that f(z) v 5% <t < (f o S)(z) A (So f)(z). Since
(foS)(x) >t >0,(So f)(x) >t >0, there exist y, z,u,v € S such that z < yu
and x <wz,and t < f(y) AS(u) = f(y),t < S(W)A f(2) = f(2). Then y; € f,z: € f
and x;€f. Thus, by Definition 3.1, we have ;g f or 2z;qxf. Then (f(y) > ¢ and
fy)+t+k<1)or (f(z) >tand f(z) +t+k <1). It follows that ¢ < 5%, which
is a contradiction with ¢ € (15%,1]. Therefore, f(z) V 5% > (f 0 S)(z) A (S o f)(x)
for all x € S.

Conversely, assume that the conditions (1) and (2) hold. Let z,y, z,u,v € S and
t,r € (0,1] be such that < yu,z < vz and z4sr-€f. Then f(z) <t Ar, and

1-k

f(iU)V? > (foS)(x)A(Sof)(x)
= (\/ U©OASeNAC ) Sk A @)
(s;t)€A, (p,9) €A
> (fy) AS) A(S() A f(2) = fly) A f(2).

We consider the following two cases:

Case 1. If f(z) > f(y) A f(2), then f(y) A f(z) <tAr,and f(y) <tor f(z) <.
It thus follows that y,€f or z,.€f, which implies that y,€ V @i f or 2,.€ V qr f.

Case 2. If f(z) < f(y) A f(2), then, by hypothesis, we have f(y) A f(2) < 355, If
yt€f or z. €f, then y, EVgr f or 2, €EVqrf. Now let y; € fand 2z, € f. Thent < f(y) <
% orr < f(z) < % It implies that y;qr f or 2,.Gx f, and so Yy, EV G f or 2, EV G f.

Thus, in both cases, we have y, €V gy f or z,.€ Vg f. Therefore, f is an (€,€Vgg)-
fuzzy quasi-ideal of S. O

Remark 3.3. If we take k = 0 in Theorem 3.2, then we have the characterization of

(€, € V g)-fuzzy quasi-ideals of S. Thus the concept of (€, € V gi)-fuzzy quasi-ideals

of an ordered semigroup S is a generalization of (€, € V q)-fuzzy quasi-ideals of S.
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From Theorem 3.2, we can observe that the (€, € V g )-fuzzy quasi-ideal is char-
acterized in term of the multiplications f o S and S o f. A natural question is if an
(€,€ V @g)-fuzzy quasi-ideal f can be defined using only the fuzzy subset f itself.
The theorems below give the answer.

Theorem 3.4. Let S be an ordered semigroup. Then a fuzzy subset f of S is an
(€, €V qx)-fuzzy quasi-ideal of S if and only if the following conditions are satisfied:
(D z<y=flz)=f(y)
(2) z <yu and x < vz = f(x)V 1;2’“ > fly) A f(2) for all x,y,z,u,v € S.

Proof. =. Let z,y,z,u,v € S be such that z < yu and = < vz. Since f is an
(€, € V gk )-fuzzy quasi-ideal of S and x € S, by Theorem 3.2 we have
fl@) v I5E > (foS)(x) A (S o f)(x).

Since z < yu, we have (y,u) € A,, then

(foS)(@) = V [fls) ASMHI= fy) AS(u) = f(y).

By # < vz in a similar WS};t)jvizcan get (S o f)(x) > f(z). It thus follows that
F@) v 55 = fy) A f(2)-
<. Let z € S. Then f(z)Vi5E > (foS)(z) A(So f)(z). Indeed, if A, = @, then
(f o S)(x) A(So f)(x) =0, and
(foS)(@) A(Sof)@)=0< fla)V i
Let A, # @. Then
(foS5)(x) = t}éA [f(s) N S()], 3.1
(Sof)x)= "V [Sp)Af(g)]
(P.9) €A

We consider the following two cases:

Case 1. If f(z) V 355 > (f 0 S)(z), then f(z) v 155 > (fo 8)(z) > (f o S)(z) A
(So f)(x).

Case 2. Let f(z)V 15% < (foS)(z). Then, by (3.1), there exists (y,u) € A, such
that f(z) V 355 < f(y) A S(u). Since f(y) A S(u) = f(y), we have

fla) v i5E < f(y). (3.2)
So we can show that f(z) V 155 > S(v) A f(2) for any (v,z) € A,. In fact, since
(y,u) € A, we have y,u € S and = < yu. Since (v, z) € A, we have v,z € S and
x < wz. Since z,y, z,u,v € S such that z < yu and = < vz, by hypothesis, we have
f()V B> fly) A f(2).

If f(y) A f(z) = f(y), then f(x)V > f(y), which is impossible by (3.2). Hence

we have
f(m)\/% > f(z) = S(v) A f(2)
for any (v,z) € A,. Then we have

L%\"

1-k

f@)v——=2 \V [S@) A f(z)] = (Se f)x) > (foS)(x)A(So f)(x),
(v,2)EAL
and the proof is completed by Theorem 3.2. O
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Example 3.5. We consider the ordered semigroup S := {a,b,c,d} defined by the

following multiplication “-” and the order “ < ”:
. ‘ a b ¢ d
a | a a a a
b|la a a a
c a a b a
d|a a b b

<= {(aa Cl), (CL, b)7 (ba b)v (Ca c (dv d)}
Let f be a fuzzy subset of S such that f(a) = 0.6, f(b) = 0.4, f(c) = 0.3, f(d) = 0.3.
Then, by Theorem 3.4, we can easily show that f is an (€, € V gi)-fuzzy quasi-ideal
of S for any k € [0, 1).

~

Theorem 3.6. Let S be an ordered semigroup and f a fuzzy subset of S. Then f
is an (€,€ V @r)-fuzzy quasi-ideal of S if and only if the following conditions are
satisfied:

1)z <y= 1) > fo).

(2) 2 < yu and 2 < vz = f(z) V55 > max{f(y) A f(2), f(v) A f(u)} for all
x,Y, 2, u,v € S.

Proof. Since the proof is straightforward verification by Theorem 3.4, we omit it. O

Definition 3.7. A fuzzy subset f of an ordered semigroup S is called an (€, €V gg)-
fuzzy left (vesp. right) ideal of S, if for all t € (0,1] and z,y € S, the following
conditions hold:

(1) z <y= f(z) > f(y), and

(2) (wy)i€f (resp. (ya)i€f) = WEV @i f-
A fuzzy subset f of an ordered semigroup S is called an (€, € V @x)-fuzzy ideal if it
is both an (€, € V g )-fuzzy left ideal and an (€, € V g )-fuzzy right ideal of S.

Definition 3.8. A fuzzy subset f of an ordered semigroup S is called an (€, €Vgy)-
fuzzy bi-ideal of S, if for all ¢, € (0,1] and x,y,z € S, the following assertions are
satisfied:

(D) z<y= f(z) > fly)
(2) (zy)inr€Ef = v EV LS or Y, EV L[
(3) (xyz)inr€f = €V G f or 2, €V i f.

Similar to Theorem 3.4, we have the following two theorems, the proofs of which
are similar to that of Theorem 3.4.

Theorem 3.9. Let S be an ordered semigroup and f a fuzzy subset of S. Then f is
an (€,€V Qg)-fuzzy left (resp. right) ideal of S if and only if [ satisfies

(1) z<y= f(z) = f(y), and

(2) flay) vV IFE > f(y) (resp. flzy) vV igE > f(x)) for all z,y € S.

Theorem 3.10. Let S be an ordered semigroup and f a fuzzy subset of S. Then f
is an (€, € V Qg )-fuzzy bi-ideal of S if and only if f satisfies that
(Dz<y= fx)=f(y)
(2) flzy) V155 = f(x) A f(y) for allz,y € S.
(3) f(zyz) Vv % > f(x) A f(z) for all x,y,z € S.
947
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Theorem 3.11. Let S be an ordered semigroup. Then every (€, €V qy)-fuzzy quasi-
ideal of S is an (€, €V @Qr)-fuzzy bi-ideal of S.

Proof. Let f be an (€, € V gx)-fuzzy quasi-ideal of S and x,y, z € S. Since zy < xy
and xy < zy, by Theorem 3.4 we have f(zy) V % > f(z) A f(y). Also, since
zyz < z(yz) and zyz < (zy)z, by Theorem 3.4 we have f(zyz)V 155 > f(2) A f(2).
Thus f is an (€, € V @i )-fuzzy bi-ideal of S by Theorem 3.10. O

The converse of Theorem 3.11 is not true in general. We can illustrate it by the
following example:

Example 3.12. We consider the ordered semigroup S := {a, b, ¢, d} defined by the

following multiplication “-” and the order “ < ”:
. ‘ a b c d
a a a a a
b a a a a
c a a a b
d a a b C
SZZ {(aa a)7 (0,, b)? (CL, C)v (0,, d)a (b7 b)a (ba d)7 (Ca C)a (da d)}

Let f be a fuzzy subset of S such that f(a) = 0.8, f(b) = 0.3, f(c) = 0.6, f(d) = 0.2.
Then, by Theorem 3.10, we can easily show that f is an (€, € V gi)-fuzzy bi-ideal
of S for any k € [0,1). But f is not an (€, € V gi)-fuzzy quasi-ideal of S for any
k €]0,1). In fact, since b < b = e¢d and b < b = de, while f(b) V % =0.3V % <
0.5<0.6 = f(c)A f(c). By Theorem 3.4, f is not an (€, €V g)-fuzzy quasi-ideal of
S.

—~

An ordered semigroup (S, -, <) is called regular if, for each element a of S, there
exists an element x in S such that a < axa. Equivalent definition: a € (aSal,Va €

S (see [9]).

Theorem 3.13. Every (€, €V qi)-fuzzy bi-ideal of a regular ordered semigroup S is
an (€,€V Q)-fuzzy quasi-ideal of S.

Proof. Assume that f is an (€, €V g )-fuzzy bi-ideal of a regular ordered semigroup
S. Let x,y, z,u,v € S such that x < yu and = < vz. Then, since S is regular, there
exists 1 € S such that x < xzxyx, and we have
z <zzz < (yu)zy(vz) = y(uziv)z.
Then, by Theorem 3.10, we have
fl@) v AZE > fy(uziv)2) v 152 > fy) A f(2).
Therefore, f is an (€, € V gg)-fuzzy quasi-ideal of S by Theorem 3.4. O

Theorem 3.14. Let S be an ordered semigroup and f a strongly conver fuzzy subset

of S. Then f is an (€, €V Qx)-fuzzy quasi-ideal of S if and only if the level set
Jomfw eS| f@) =1}

is a quasi-ideal of S for allt € (%, 1].

Proof. Assume that f is an (€, €V q;)-fuzzy quasi-ideal of S. Let x € (f:S] N (S f¢]

for t € (15%,1]. Then z € (f.5] and « € (Sf,], and there exist y,z € f; and u,v € S

such that < yu,z < wvz. Then f(y) >t and f(z) > ¢. It follows from Theorem 3.4
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that

@)V sk > fy) A f() 2 tAt =t
Note that t € (%,1]7 and we conclude that f(x) > t, i.e.,, z € f;. Furthermore,
let y € f;,S 2 o < y. Then x € f;. Indeed, since y € fi, f(y) > t, and f is an
(€, € V g )-fuzzy quasi-ideal of S, we have f(z) > f(y) > t, so € f;. Therefore, f;
is a quasi-ideal of S.

Conversely, suppose that f; is a quasi-ideal of S for all ¢ € (%, 1], and let
x,y,z,u,v € S such that x < yu and x < vz. If there exist z,y, z,u,v € S such
that = < yu,z < vz, and f(z) V 355 < f(y) A f(2) = r, then r € (155, 1], f(z) < r
and y, z € f.. Hence z € (f,S] and z € (Sf,], and = € (f.S] N (Sf,]. Since f, is a
quasi-ideal of S for any r € (15%,1], we have z € (f,5] N (Sf,] C f,, and f(z) > r,
which contradicts with f(z) < r. Hence f(z)V 5% > f(y)A f(2). Moreover, if z < y,
then f(x) > f(y). Indeed, since f is a strongly fuzzy subset of S and x < y, we have
f(x) > f(y) by Lemma 2.2. Therefore, f is an (€, € V g )-fuzzy quasi-ideal of S by
Theorem 3.4. g

Theorem 3.15. Let {f; | ¢ € I} be a family of (€, €V Gx)-fuzzy quasi-ideals of an
ordered semigroup S. Then [ := () f; is an (€, €V @r)-fuzzy quasi-ideal of S, where

iel
(N fi)(x) = A (fi(@)-

icl el

Proof. Let z,y, z,u,v € S such that 2 < yu and x < vz. Then, since each f; (i € I)
is an (€, €V gg)-fuzzy quasi-ideal of S, we have

fevisE = (@ v SE = AGE) v 5~
el i€l
= AG@V S5 2 AU A f2)
i€l icl
= (P AN HE = F@) A S,
icl el

Furthermore, if z < y, then f(z) > f(y). Indeed, since each f;(i € I) is an (€, EVq)-
fuzzy quasi-ideal of S, so f;(x) > fi(y) for all ¢ € I. Thus

fl@)= () fi)x) = /\(fi@)) > Nw) = () f)w) = f).

i€l icl el

Therefore, f is an (€, € V G)-fuzzy quasi-ideal of S by Theorem 3.4. O

Suppose {f; | i € I} is a family of (€, € V gg)-fuzzy quasi-ideals of an ordered
€

k
semigroup S. Is it true that |J f; is an (€, € V gi)-fuzzy quasi-ideal of S?7 where
i€l
(U fi)(@) = V (fi(x)). The following example gives a negative answer to the above
i€l iel
question.
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Example 3.16. We consider the ordered semigroup S := {a, b, ¢, d} defined by the

following multiplication “-” and the order “ < ”:
~la b ¢ d
a|a a a a
b|la a d a
c|la a a a
d| a a a a
<:={(a,a), (a,d), (b,), (c, c), (d,d)}.

Let f1 and f5 be two fuzzy subsets of S such that
fl(a) = 0.6, fl(b) = 0.6, fl(C) = O, fl(d) = 0;
f2(a) = 0.6, f2(b) =0, fa(c) =0.6, f2(d) = 0.
Then, by Theorem 3.4, f; and f5 are both (€, € V qx)-fuzzy quasi-ideals of S for any
k €[0,1). But f1 U fy is not an (€, € V g)-fuzzy quasi-ideal of S for any k € [0,1).
In fact, since d < d = bc and d < d = be, while
1-k 1-k 1-k%
(f1U f2)(d) vV - = fi(d) V fa(d) v T 5
< 0.6 A0.6=(f1U f2)(b) A (f1U f2)(c).

By Theorem 3.4, f1U fo is not an (€, €V g )-fuzzy quasi-ideal of S for any k € [0, 1).
The following theorem can be obtained under the assumption of an additional
condition.

Theorem 3.17. Let {f; | i € I} be a family of (€,€ V Gx)-fuzzy quasi-ideals of an

ordered semigroup S such that f; C f; or f; C f; for alli,j € I. Then f:= | fi is
el
an (€, €V qx)-fuzzy quasi-ideal of S, where (U fi)(z) = V (fi(z)).
i€l il

Proof. Let z,y, z,u,v € S such that x < yu and x < vz. Then we have

- —k —k
vt = U@yt = Ve v i
i€l i€l
> VWA L) =\ £ AN ) (%)
iel iel iel
(Since f; is an (€, € V @ )-fuzzy quasi-ideal of S for all ¢ € I)
= f)Af(2)
In the following, we show that Eq. (*) holds. It is obvious that \/ (fi(z) A fi(y)) <

iel
(V £)@)ACV fi)ly). Assume that V (fi(2)Afi(y)) # (V f)(@)A(V fi)(y). Then
i€l i€l i€l i€l i€l
there exists € (0,1) such that \/ (fi(z)A fi(y)) <r < (V fi)(x)A(V fi)(y). Since
iel iel iel
fi € fjor f; C fiforalli,je IG, there exists m € I suci that r < ;m(ac) A fn(y).
On the other hand, f;(z) A fi(y) < r for all ¢ € I, which is a contradiction. Hence

V (i) A L) = (V 1)@ A (V1))
1 Z 1 950
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Furthermore, if < y, then f(z) > f(y). Indeed, since f; is an (€, € V g)-fuzzy
quasi-ideal of S for all i € I, so f;(z) > fi(y) for all ¢ € I. Thus

J@) = (U Ra) = V (i) = V() = (U 1)) = ).

Therefore f is an (€, € V @i )-fuzzy quasi-ideal of S by Theorem 3.4. O

4. PRIME (€,€V j)-FUZZY QUASI-IDEALS OF ORDERED SEMIGROUPS

In this section, we study mainly the prime (€, €V g)-fuzzy quasi-ideals of ordered
semigroups, and investigate their related properties.

Definition 4.1. An (€,€ V gi)-fuzzy quasi-ideal f of an ordered semigroup S is
called prime if for all z,y € S and ¢ € (0, 1],

x€f and y €f = (vy)t€ V qr f.
Example 4.2. Consider the ordered semigroup given in Example 3.5, and define

a fuzzy subset f of S by f(a) = 0.4, f(b) = 0.3, f(c) = 0.2, f(d) = 0.3. By routine
calculations, f is a prime (€, €V g;)-fuzzy quasi-ideal of S for any k € [0,0.2).

Theorem 4.3. Let S be an ordered semigroup and f an (€, €V q;)-fuzzy quasi-ideal
of S. Then f is prime if and only if f satisfies
fla)V fy) v igE > flay)

forall x,y € S.
Proof. Let f be a prime (€,€ V gi)-fuzzy quasi-ideal of S and z,y € S. Then
f@)\VFy)ViSE > f(zy). Indeed, if f(z)V f(y)Vi5E < f(zy) for some z,y € S, then
there exists ¢ € (0,1] such that f(z)V f(y) V5% <t < f(zy). Then z,€f and yEf,
but f(xy) >t and f(zy) +t+k > 1;—’“ + % +k=1,s0 (zy): € f and (zy)iqxf,
which is a contradiction. Hence f(z)V f(y) vV 155 > f(zy) for all 2,y € S.

Conversely, assume that f(m)vf(y)\/% > f(ay) forallz,y € S. Let 2,€f and y, €.
Then f(z) < t, f(y) <tandso f(zy) < f(z)V f(y) Vv 5E <tV 55 We consider
the following two cases:

Case 1. If t > 15 then f(zy) <t, ie., (zy)Ef. Thus (zy),€ V qrf.

Case 2. If t < 155 then f(zy) < 15%. Hence, f(zy)+t+k < 5E+ 54k =1,
ie., (xvy)iqrf. Therefore, (xy):€ V G f. This proves that f is prime. O

Theorem 4.4. Let S be an ordered semigroup and f a strongly convex fuzzy subset
of S. Then f is a prime (€, €V qx)-fuzzy quasi-ideal of S if and only if the level set
fri={z eS| fz) =t}

is a prime quasi-ideal of S for all t € (%, 1].

Proof. Let f be a prime (€, €V gx)-fuzzy quasi-ideal of S and ¢ € (%, 1]. Then, by
Theorem 3.14, f; is a quasi-ideal of S for all t € (%, 1]. Let xy € f;. By Theorem
4.3, we have
F@) Vv fly) v 155 > flay) >t

Note that ¢ € (15%,1]. Then f(z) V f(y) > ¢, and so f(z) > t or f(y) > t. Thus
x € fy or y € f;. This shows that f; is a prime quasi-ideal of S for all ¢t € (%, 1].

Conversely, assume that f; is a prime quasi-ideal of S for all ¢ € (%7 1]. Then,
by Theorem 3.14, f is an (€, € V gg)-fuzzy quasi-ideal of S. Let x;€f and y,€f.
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Then = ¢ f; and y & f;. Since f; is prime, we have zy & f, i.e., (zy)€f. Thus,
(xy)+€ V Qi f. Therefore, f is a prime (€, € V gi)-fuzzy quasi-ideal of S. O

5. CHARACTERIZATIONS OF REGULAR AND INTRA-REGULAR ORDERED
SEMIGROUPS

In this section we first investigate the properties of k-upper parts of (€, € V gx)-
fuzzy quasi-ideals of ordered semigroups. Furthermore, we give some characteriza-
tions of regular and intra-regular ordered semigroups by the properties of (€, €V gg)-
fuzzy ideals, (€, € V G )-fuzzy bi-ideals and (€, € V g )-fuzzy quasi-ideals.

Definition 5.1. Let f be a fuzzy subset of an ordered semigroup S. Then we define
the k-upper part f,j of f as follows:
INGESIONES

for all z € S.

For any f, g € F(S), the fuzzy subsets fN¥ g and foF g of S are defined as follows:

(f Fg)(x) = (fNg)(x) v FE and (f oF g)(x) = (f o g)(z) v 15E
for all z € S.

Lemma 5.2. Let f and g be fuzzy subsets of an ordered semigroup S. Then the
following statements are true:

W) D =F 21

(2) If f Cg, and h € F(S), then fok¥h C goF h, hoF f C hoFg.

(3) frkg=fing’.

(4) fok gD fiiogl, and if Ay # @, then (f o* g)(x) = (f;f 0 gi) ().

(5) fo*SD ijOS,Sokf D SOf,j' and foF SoF f D f,joSof,j‘. Furthermore, if
Ay # @, then (fo*S)(x) = (fif 08)(x), (SoF f)(x) = (Sofy)(z) and (fo* SoF f)(x) =
(fif o So fif)(x).

Proof. The proof is straightforward, we omit it. O

One can easily observe that an (€, € V gi)-fuzzy quasi-ideal of an ordered semi-
group S is not necessarily a fuzzy quasi-ideal of S. In the following proposition, we
show that if f is an (€, € V gg)-fuzzy quasi-ideal of S, then the k-upper part f,j' of
f is a fuzzy quasi-ideal of S.

Proposition 5.3. If f is an (€,€ V Gx)-fuzzy quasi-ideal of an ordered semigroup
S, then the k-upper part f,j of f is a fuzzy quasi-ideal of S.

Proof. Let f be an (€,€ V gp)-fuzzy quasi-ideal of S and « € S. Then, by Theorem
3.2, f(x) Vi5E > (fo S)(x) A (S o f)(x), and we have
f@) = f@vist =@y vt
> (foS)a) A(So )V gt
= (FeS)@V S A(So Ny v )

= (fo"8)(x) A (SO g%(;) > (fil 0 S)(@) A (So fil)(@).
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It implies that (f;" 0 S) N (So f7) C fi. Moreover, if z <y, then f; (z) > f ().
Indeed, since f is an (€, € V @)-fuzzy quasi-ideal of S, we have f(z) > f(y), and so
fif(x) = f(z) v % > fly) Vv % = ff(y). Therefore, f;" is a fuzzy quasi-ideal of
S. O

Theorem 5.4. Let (S,-, <) be an ordered semigroup and @ # Q C S. Then Q is a
quasi-ideal of S if and only if the characteristic function fg of Q is an (€,€V @y)-
fuzzy quasi-ideal of S.

Proof. (=) Let @ be a quasi-ideal of S and z,y, z,u,v € S such that z < yu and
z < vz. Then fg(x)V % > fo(y) A fo(2). Indeed, if y,z € @Q, then, since Q is
a quasi-ideal of S, z € (QS] N (SQ] C Q, and we have fo(z) v 155 = 1v 5k =
1= fow) A folz). Ifx ¢ Qory¢ Q, then fo(y) A fo(2) = 0. Since z € S, we
have fg(z) > 0. Thus fo(z) v 355 = 5% > 0 = fo(y) A fo(2). Furthermore, let
z,y € S,z < y. Then fo(z) > fo(y). In fact, if y € @, then fo(y) = 1. Since
S>>z <yeQ, wehave z € Q, then fo(z) =1. Thus fo(z) > fo(y). f y € Q, then
foly) = 0. Since x € S, we have fg(x) > 0. Thus fg(y) =0 < fg(x). Therefore, fq
is an (€, €V gg)-fuzzy quasi-ideal of S by Theorem 3.4.

(«<=) Assume that fq is an (€, €Vgy)-fuzzy quasi-ideal of S. Let z € (QS]N(SQ)].
Then there exist y,z € @ and u,v € S such that x < yu and x < vz. Thus, by
Theorem 3.4, we have

fQ(x)\/% > fow) A fo(z)=1A1=1>0,
and so fo(z) = 1, ie., z € Q. Therefore, (QS] N (SQ] C Q. Moreover, let y €
Q.S 3z < y. Then z € Q. Indeed, it is enough to prove that fo(x) = 1. Since
y € Q, foly) = 1. Since fqg is an (€, € V gx)-fuzzy quasi-ideal of S and = < y, we
have fo(z) > fo(y) = 1. Since x € S, we have fg(x) < 1. Thus we have shown that
Q@ is a quasi-ideal of S. g

Similarly we can prove the following two lemmas.

Lemma 5.5. Let S be an ordered semigroup and @ # A C S. Then A is a left (right)
ideal of S if and only if the characteristic function fa of A is an (€,€ V Qx)-fuzzy
left (right) ideal of S.

Lemma 5.6. Let S be an ordered semigroup and @ # A C S. Then A is a bi-ideal
of S if and only if the characteristic function fa of A is an (€, €V @x)-fuzzy bi-ideal
of S.

Theorem 5.7. Let (S,-,<) be an ordered semigroup and [ a fuzzy subset of S.
Then f is an (€, €V qi)-fuzzy quasi-ideal of S if and only if f satisfies that

(1) z<y= f(z) > f(y), for allz,y € S.

(2) (foFS)n(So*f)Cf.

Proof. Tt is obvious by Lemma 5.2 and Theorem 3.2. O

Lemma 5.8. Let S be an ordered semigroup and f a fuzzy subset of S. Then f is
an (€, €V Qr)-fuzzy left (resp. right) ideal of S if and only if [ satisfies that
(1) z<y= f(z) = f(y), for all z,y € S.
(2) SoF fC fil (resp. fok S CfF).
Proof. The proof is straightforward, we omit it. O
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Theorem 5.9. Let S be an ordered semigroup. Then every (€,€ V qx)-fuzzy left
(right) ideal of S is an (€, €V qx)-fuzzy quasi-ideal of S.

Proof. Let f be an (€, € V gi)-fuzzy left ideal of S. Then, by Lemma 5.8, we have
Sok f C fif. It follows that
(folS)N(Sok fyCSok fCfif.
Thus f is an (€, € V gk )-fuzzy quasi-ideal of S by Theorem 5.7.
Similarly, we can show that every (€,€ V g;)-fuzzy right ideal of S is also an
(€, € V qx)-fuzzy quasi-ideal of S. O

An ordered semigroup (.5, -, <) is called intra-regular if, for each element a of S,
there exist x,y € S such that a < za?y. Equivalent definition: a € (Sa%S],Va € S

(see [10]).

Lemma 5.10 ([23]). Let S be an ordered semigroup. Then the following conditions
are equivalent:
1) S is reqular and intra-regular.
BNQ C(BQB] for every bi-ideal B and every quasi-ideal Q of S.
BN L C (BLB] for every bi-ideal B and every left ideal L of S.
BN R C (BRB] for every bi-ideal B and every right ideal R of S.
BN Q C(QBQ)] for every bi-ideal B and every quasi-ideal Q of S.
LNQ C(QLQ) for every left ideal L and every quasi-ideal Q of S.
(

(

(2
(3
(4
(5
(6
(7) RNQ C (QRQ) for every right ideal R and every quasi-ideal Q of S.

~—

Now we shall give some characterizations of an ordered semigroup which is both
regular and intra-regular in terms of (€, € V gy )-fuzzy left ideals, (€,€ V g;)-fuzzy
right ideals, (€,€ V g)-fuzzy bi-ideals and (€, € V gj)-fuzzy quasi-ideals.

Theorem 5.11. Let S be an ordered semigroup. Then the following conditions are

&

&

equivalent:
(1) S is regular and intra-regular.

(2) fnkg C fokgok f for every (€, €V gy)-fuzzy bi-ideal f and every (€, €V qy)-
fuzzy quasi-ideal g of S.

(3) fnkg C fokgok f for every (€,€Vqr)-fuzzy bi-ideal f and every (€,€Vqy)-
fuzzy left ideal g of S.

(4) fnkg C fokgok f for every (€, €V qy)-fuzzy bi-ideal f and every (€, €V qy)-
fuzzy right ideal g of S.

(5) fNkg C gok fo¥ g for every (€, €V qr)-fuzzy bi-ideal f and every (€,€V qy)-
fuzzy quasi-ideal g of S.

(6) fnkg C go¥ fokg for every (€, EVqr)-fuzzy left ideal f and every (€, €V qy)-
fuzzy quasi-ideal g of S.

(7) fnkg C goF fokg for every (€, V @)-fuzzy right ideal f and every
(€,€ V qx)-fuzzy quasi-ideal g of S.

Proof. (1) = (2). Let f and g be an (€, € V g)-fuzzy bi-ideal and an (€, € V Gx)-
fuzzy quasi-ideal of S, respectively. Let a € S. Then, since S is both regular and
intra-regular, there exist z,vy, 2 € S such that a < aza and a < ya®z, and we have
a < (axa)r(ara) < azx(ya®z)x(ya?z)za = (axya)(azzyz)(azza).
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Since f is an (€, € V g )-fuzzy bi-ideal of S, by Theorem 3.10 we have

i (aaya) = flaaya) v 13" = (flazya) v 155 v IDE
> (@) A f@) v 5 = v i =

and
fi(azza) = f(azza)V % = (f(azza) v %) \Y #

(@) A f@)v 15 = pay v 55 = ),

Y

Also, since g is an ( Tk )-fuzzy quasi- 1deal of S, by Theorem 5.7 we have
o S)(azzya) A (S o g; ) (azzya)

Vo was@haCc /(S Aagh@))

(P,9)E€EAazaya (u,v)€Aazaya

€,EV

gi(azaya) > ((go" )N (S o* g))(azaya) = (g o S)N (S0 g;))(azaya)
(g
(

> (gf(a) A S(zzya)) A (S(azxy) A gil(a))
(g (a) A1) A (LA gf () = g (a).
Thus we have
(fFgoh flla) = (fFogiofHa= "\ (K ogh)m) A i)

(m,n)EA,
(fF o g (azya®zxya) A f;F (azwa)

( \/ [fzf (5) A gl (O]) A fif (azza)

(s,t)€A,

Y

v

(f,c (awya) Agyp Fazzya)) A f,j'(azxa)
(fif (@) Agif (@) A £ (a)
(ff Ngi)a) = (f " g)(a),

which implies that f N¥ g C f o g oF f.

Since every (€, €V )-fuzzy left (right) ideal of S is an (€, €V gy )-fuzzy quasi-ideal
of S, and so (2) = (3) and (2) = (4) are clear.

(3) = (1). Let B and L be a bi-ideal and a left ideal of S, respectively. Let
a € BN L. Then, by Lemmas 5.5 and 5.6, fg and f1, are an (€, € V g )-fuzzy bi-ideal
and an (€, € V gi)-fuzzy left ideal of S, respectively. By hypothesis, we have

(fB o fr o fp)(a) > (fs NF fu)(a) = (fe(a) A f(a) VigE = (1AL VigE =1

foralla € BAL, and A, # &. Thus, ((f)F o(f1)f o(/5)})(a) = <fBo'€fLo’“fB)( ) >
1. By Definition 5.1, ((f5){ o (f1)i o (f8);)(a) <1 for all a € S. Thus we have

( \)/EA [((fB)i o (fL)i) W) A (fB)E ()] = ((FB)f o (f)i o (fB){)(a) =1 >0,

Y,2)€Aa
which implies that there exist b, ¢ € S such that a < be, ((f5){ o (fL)f)(b)=1>0
and (fp); (¢c) = 1. Then A, # @, c € B and

955

ARV



Jian Tang et al./Ann. Fuzzy Math. Inform. 8 (2014), No. 6, 941-963

V() ) A () (@] = ((fp)) o (fL)id)(b) =1 >0,

(P,a)EAL

which implies that there exist d,e € S such that b < de, (fg)}(d) = 1 and
(fL);(e) = 1. Thend € B,e € L and a < be < dec € BLB, i.e., a € (BLB],
and so BN L C (BLB]. By Lemma 5.10, S is both regular and intra-regular.

In the same way, we can show that (4) = (1), (6) = (1) and (7) = (1) hold.

(1) = (5). Similar to (1) = (2), we omit it.

By Theorems 3.9 and 3.10 we can easily observe that every (€, € V @)-fuzzy left
(right) ideal of S is an (€, € V g )-fuzzy bi-ideal of S, and so (5) = (6) and (5) = (7)
are clear. This completes the proof. g

6. CHARACTERIZATIONS OF BI-REGULAR ORDERED SEMIGROUPS

An ordered semigroup (S, -, <) is called left (resp. right) regular if for each a € S
there exists € S such that a < za® (resp. a < a?z), ie., a € (Sa?] (resp.,
a € (a®S]) (see [14]). An ordered semigroup (9, -, <) is called bi-regular if it is both
left regular and right regular. Clearly, an ordered semigroup S is bi-regular if and
only if a € (Sa®] N (a%9] for every a € S.

Definition 6.1. Let S be an ordered semigroup and f an (€,€ V g)-fuzzy quasi-
ideal of S. Then f is called completely semiprime if f,j(a) > f,:'(az) for any a € S.

Now we shall give some characterizations of bi-regular ordered semigroups by
(€, € V qx)-fuzzy quasi-ideals.

Theorem 6.2. Let S be an ordered semigroup. Then the following statements are
equivalent:

(1) S is bi-regular.

(2) For each (€,€V Gy)-fuzzy quasi-ideal f of S, fi (a) = fif (a®) for any a € S.

(3) For each (€,€ V @x)-fuzzy quasi-ideal f of S, fi (a™) = fiF (a"*1) for any
acSncZ .

(4) Every (€,€V Q)-fuzzy quasi-ideal f of S is completely semiprime.

Proof. (1) = (2). Let S be a bi-regular ordered semigroup and f an (€, €V gg)-fuzzy
quasi-ideal of S and let a € S. Since S is left and right regular, we have a € (Sa?]
and a € (a%S]. Then there exist z,y € S such that a < ra® and a < a?y. Then
(z,a?),(a?,y) € A,. Since A, # @, by Theorem 5.7 we have

fE@ = ((fo"S)n (8" f))(a) = (fo"S)(a) A (S f)(a)
(fi 2 8)(@) A (So fif)(a)
= (V HoAS@DAC ) [SwAF©)
(p,9)€Aa (u,v)€Aq
> (ff (@) AS(y) A (S(x) A fif (a®))

= (K@) AN AQA [ (@®) = i (a®).
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On the other hand, f; (a?) > £, (a). Indeed, since f is an (€, €Vgy,)-fuzzy quasi-ideal
of S, by Proposition 5.3, f,j is a fuzzy quasi-ideal of .S, and we have

fii@®) > (ff o 9)(@®) A (So fi7)(a?)
= (V WHonrs@aC \ [SwA L)
(p,9)€EA. (u,v)EA,
(fi (@) A S(a)) A (S(a) A fif (a))
= (ff@A)AQAA [ (a) = [ (a).

Therefore, f;"(a) = f;7 (a?) for any a € S.
(2) = (3). Let a € S and n € Z+. Then, by Lemma 5.2(4), we have

(foFS)a™) = (ffes)a™ =\ @) ArSw)
(z,y)EA an
@Y AS@ Y = fif (@) Al = fif (a).
Similarly, it can be shown that (S of f)(a") > f,"(a"*1). Thus, by (2), we have
fila) = fi@®) = £ (@) 2 ((fo" S)n (S o* f))(a"") (By Theorem 5.7)
= (fif " S)(@™) A (S oF f)(a")
> fi (@A ff @) = fif (@,
On the other hand, let a € S. Then we have
(foh8)(@*h) = (fif o S)(a"F)
=V K @Ase)
(z,y) €A n+1
fiH @) A S(a) = £ (a")
for any n € Z*. Similarly, (S o f)(a™*1) > £,/ (a™). Since f is an (€,€ V gi)-fuzzy
quasi-ideal of S, by hypothesis we have

fE@) = ((fo" S)n(SoF f)@™™h) = ((f oF 8)(a" ) A (S o* f))(a™ )

> @) A fE) = fif (™).

(3) = (2) and (2) = (4) are obvious.

(4) = (1). Let a € S. We consider the quasi-ideal Q(a?) of S generated by
a?. By Theorem 5.4, fq(a?) is an (€, € V q)-fuzzy quasi-ideal of S. By hypothesis,
(fa@))i (@) = (fo@n)i(a®) = foe(a) v 5% = 1V 155 = 1. By Definition 5.1,
(fora2))f (@) < 1 for all a € S. Thus (fga2)); (a) = 1, and we have
Q(a?) = (a®* U Sa?] N (a® U a?9)

= ((@]u(Sa®]) N ((@*]U (a*5]) = (a’] U ((Sa’] N (a®S])
= (@} U((Sa?] N (@S] = (a U ((Sa?] 1 (aS))].
Then a < t for some t € a® U ((Sa?] N (a%9]). If t = a?, then a < a® = aa < a%a® =
t

Y

Y

\Y

v

m

a

aaa® < aaa® € a®>Sa® C (Sa?] N (a®S), i.e., a € (Sa®] N (a®S]. If t € (Sa?] N (a%9],
then a € (Sa?] N (a?S]. Therefore, S is bi-regular. O
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7. CHARACTERIZATIONS OF LEFT AND RIGHT SIMPLE ORDERED SEMIGROUPS

An ordered semigroup S is called left (resp. right) simple if for every left (resp.
right) ideal A of S, we have A =S (see [17]).

Lemma 7.1 ([17]). Let S be an ordered semigroup. Then S is left (resp. right)
sitmple if and only if (Sal = S (resp. (aS] = S) for every a € S.

Lemma 7.2. Let S be an ordered semigroup. If S is left and right simple, then S
s regular.

Proof. 1t is obvious by Lemma 7.1. O

Theorem 7.3. Let S be an ordered semigroup. Then S is left and right simple if
and only if every (€,€ V Qr)-fuzzy quasi-ideal of S is a constant function.

Proof. Suppose that S is a left and right simple ordered semigroup. Let f be an
(€, €V gk )-fuzzy quasi-ideal of S and a € S. We consider the set
Es :={ec Sle? > e}.

Then Eg is nonempty. Indeed, by Lemma 7.2, there exists € S such that a < aza.
Then we have (az)? = (axa)r > ax, and so ax € Es.

To prove the main result of this theorem, we first show that the upper part f,j' of
f is a constant function for any k € [0,1). Now we consider the following two steps:

(1) f;F is a constant mapping on Es. Indeed, let t € Eg. Then f,7(e) = £ ()
for every e € Fg. In fact, since S is left and right simple, we have (St] = S and
(tS] = S. Since e € S, we have e € (St] and e € (¢5], so there exist z,y € S such
that e < xt and e < ty. Hence

e? = ee < (wt)(xt) = (ztx)t and €? = ee < (ty)(ty) = t(yty),

and we have (atz,t) € A2 and (¢, yty) € Agz. Since f is an (€, € V @i )-fuzzy quasi-
ideal of S, by Theorem 5.7 we have

fEE) = (FoF8)N (8" f))(e?)
= ((f"9) () A (S ) = ((fif 09)(€*) A (S0 fi7))(e?)

=V Hors@)aC Vo S@A )
(p,q)€A, 2 (u,v)€EA 2
(£ (0 A Syty)) A (S(ata) A FE(2)
(O A A ASED) = 0.
Since e € Eg, it follows that €2 > e and f is an (€, € Vg, )-fuzzy quasi-ideal of S, and
we have f;7(e) = f(e) V 15E > f(e?) v 5% = £ (€?). Thus f;7 (e) > f (t). On the
other hand, since S is left and right simple and e € S, we have (St] = S and (¢S] = S.
Since t € Eg C S, as in the previous case, we also have f;(t) > f;" (t?) > ff (e).

(2) fi is a constant mapping on S. Indeed, let a € S. Then £, (a) = f;F () for
every t € Eg. In fact, since S is left and right simple, by Lemma 7.2, S is regular,
and there exists z € S such that a < axa. Then

(ar)? = (aza)x > ax and (za)? = z(aza) > xa,
which implies that az,za € Es. Then by (1) we have f, (ax) = £, (t) and £, (za) =
fi (). Since (az)(aza) > azxa > a, and (aza)(xra) > axa > a, we have, (az,aza) €
958
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A, and (aza,za) € A,. Since f is an (€, € V gi)-fuzzy quasi-ideal of S, we have

fif@ = ((fo"S)n(So ))()
= ((fo"9)(@) A (So" @) = ((fi 0 S)(a) A(So f))(a)

= (V H@as@)aC \  [Swaff)

(p,9)€A,2 (u,v)€A 2
(f]j(am) A S(aza)) A (S(aza) A f,:r(xa))
= ([FOAD)AQAFE®) = i @)

On the other hand, since S is left and right simple, we have (Sa] = S, (aS] = S.
Since t € S, t € (Sa] and t € (aS]. Then ¢ < ua and ¢t < av for some u,v € S. Then
(u,a) € Ay and (a,v) € A;. Since f is an (€, € V g)-fuzzy quasi-ideal of S, we have

(
@) = (FoF8)N (8" f))(t)
= ((f" ) O A (S N)E) = ((fif 0SB A (S0 i)

CV He)AsEAC o [Sw2)Af ()

(y1,21) €A (y2,22)€A:
(fi (@) AS(0)) A (S(u) A fif (a))
= (FH@A)AQAfE (@) = fil (a).

Hence it is shown, from (1) and (2), that f; is a constant function on S for any
k € ]0,1). Therefore, f is a constant function on S by Definition 5.1.

Conversely, let a € S. Since the set (Sa] is a left ideal of S, and so (Sa] is a
quasi-ideal of S. By Theorem 5.4, the characteristic function f(g, of (Sa] is an
(€, €V @x)-fuzzy quasi-ideal of S. By hypothesis, f(gq) is a constant function, that
is, there exists ¢ € {0,1} such that f(gq(x) = c for every x € S. Let (Sa] C S and
¢ be an element of S such that ¢ ¢ (Sa]. Then f(gq(t) = 0. Also, since a® € (Sa],
J(sa) (a?) = 1, leading to a contradiction to the fact that J(sa) is a constant function
on S. Thus (Sa] = S. Similarly, we can prove that (aS] = S. Therefore, by Lemma
7.1, S is left and right simple. d

Y

v

An equivalence relation p on an ordered semigroup S is called congruenceif (a,b) €
p implies (ac, be) € p and (ca, cb) € p for every ¢ € S. A congruence p on S is called
semilattice congruence on S, if (a,a?) € p and (ab,ba) € p for all a,b € S (see [13]).
An ordered semigroup S is called a semilattice of left and right simple semigroups if
there exists a semilattice congruence p on S such that the p-class (), of S containing
x is a left and right simple subsemigroup of S for every x € S. Equivalently, there
exists a semilattice Y and a family {S,}aey of left and right simple subsemigroups
of S such that:

(1) SaNSpg =@ foreach o, 8 €Y, a # p.

(i1) S = Uney So.

(#93) SaSp C Sap for cach o, B € Y.

Definition 7.4 ([18]). A subsemigroup F of an ordered semigroup S is called a filter
of Sif (1) a,be S,abe F = a€ Fandbe F;(2)a€eF,S>3c>a = c€F.
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We denote by N (a) the filter of S generated by a (a € S), and by “N” the equiv-
alence relation on S defined by aNb if and only if N(a) = N(b). N is a semilattice
congruence on S (see [18]).

A subset T of an ordered semigroup S is called completely semiprime if for every
a € S such that a® € T we have a € T (see [32]).

Lemma 7.5 ([17]). Let S be an ordered semigroup. Then the following statements
are equivalent:

(1) (z)n is a left (resp., right) simple subsemigroup of S, for every x € S.

(2) Every left (resp., right) ideal of S is a right (resp., left) ideal of S and
completely semiprime.

Lemma 7.6 ([17]). An ordered semigroup S is a semilattice of left and right simple
semigroups if and only if (A] = A and (AB] = (BA] for all quasi-ideals A, B of S.

Lemma 7.7 ([15]). An ordered semigroup S is regqular if and only if (RL] = RN L
for every right ideal R and left ideal L of S.

Theorem 7.8. Let S be an ordered semigroup. Then S is a semilattice of left and
right simple semigroups if and only if for every (€,€ V Qr)-fuzzy quasi-ideal f of S,
we have
FiE(@) = £ (@?) and fif (ab) = £ (ba)

for all a,b € S.
Proof. = . By hypothesis, there exists a semilattice Y and a family {S,}acy of
left and right simple subsemigroups of S such that:

(1) SaNSpg =@ foreach a,8 €Y, a # 0.

(i6) S =Uney Se.

(#93) SaSp C Sap for each o, B € Y.

Let f be an (€, € V gx)-fuzzy quasi-ideal of S. Then we have

(1) Let a € S. Then f;" (a) = f; (a?). Indeed, by Theorem 6.2, it suffices to prove

that S is bi-regular. Since a € S = |J S,, there exists @ € Y such that a € S,,.

acY
Since S, is left and right simple, we have S, = (Sya] and S, = (aS,]. Then we
have (aSq] = (a(Sqa]] = (aSyal. Since a € S, we have a € (aSyal, then there exists

x € S4 such that a < aza. Since z € S, = (aS,a], there exists y € S, such that
x < aya. Thus
a < azra < a(aya)a = a’ya® € a®S,a® C a®>Sa? C (Sa?] N (a?9],
which implies that S is bi-regular.
(2) Let a,b € S. Then f; (ab) = f;F(ba). Indeed, by (1), we have f,"(ab) =
fE((ab)?) = £, ((ab)*). Moreover, we have
(ab)* = (aba)(babab) € Q(aba)Q(babab) C (Q(aba)Q(babab)]
(babadb)@Q(aba)] (By Lemma 7.6)
babab U (bababS N Sbabab)](aba U (abaS N Saba)]]|
babab U (bababS N Sbabab))(aba U (abaS N Saba))]

(
(
(babab U bababS)(aba U Saba)]
(
b

NN

baS)(Sba)] = ((baS](Sbal]

aS] N (Sba] (By Lemmas 7.2 and 7.7).
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Then there exist z,y € S such that (ab)* < (ba)z and (ab)* < y(ba), i.e., (ba, ) €
Aapys and (y, ba) € A(gpys. Since f is a fuzzy quasi-ideal of S, we have

FE@b)) = ((fo"S)n(So* f))((ab)h)
((f o S)((ab)*) A (S oF £))((ab)")
= ((fi 0 9)((ab)*) A (S0 £1))((ab)?)
(

V @ as@hAC Vo S@Aafi)
(p,q)EA,2 (u,v)EA, 2
> (fif (ba) A S(2)) A (S(y) A £ (ba))
= (fif @a) A1) A (LA fi (ba)) = f; (ba).
It thus follows that f,f(ab) = f;F ((ab)*) > f;F(ba). In a similar way, we can prove
that f; (ba) > f;F (ab).
<. Since N is a semilattice congruence on S, by Lemma 7.5, it suffices to prove
that every left (resp. right) ideal of S is an ideal of S and completely semiprime.
Let L be a left ideal of S and hence a quasi-ideal of S. By Theorem 5.4, f7 is an
(€,€ V @g)-fuzzy quasi-ideal of S. Let a € L,b E S. Then, by hypothesis, we have
(fr)i(ab) = (fr)f (ba) = fr(ba) v 155 = 1 v 155 = 1, which implies that ab € L.
Thus LS C L and if a € L,S 5 b < a, then b e L. Thus L is a right ideal of S.
Hence L is an ideal of S. Let = € S such that 22 € L. Then = € L. Indeed, since L
is a quasi-ideal of S, by Theorem 5.4, f;, is an (€, € V G )-fuzzy quasi-ideal of S. By
hypothesis, (f2)i (#2) = (f); (z). Since 2 € L, we have (fr); (z?) = 1. Thus we
have (f1); (z) = 1, and = € L. Hence L is completely semiprime. In a similar way
we can prove that every right ideal of S is an ideal and completely semiprime. This
completes the proof. O
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