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ABSTRACT. In real life problems, square roots are used in finance (rates
of return over 2 years), normal distributions (probability density functions),
lengths and distances (Pythagorean Theorem), quadratic formula (height
of falling objects), radius of circles, simple harmonic motion (pendulums
and springs), and standard deviation. There are many reasons from which
we inspire to explore further algebraic structure in a fuzzy setting. The
following are the key reasons from which we have motivated: It is seen that
the use of fuzzy sets is more convenient in real life problem than ordinary
sets, and so it is important in the case of algebraic structures. As a result,
an effort has been made to further examine square root structure in a fuzzy
situation. In this paper,we consider the square root fuzzy sub-implicative
(sub-commutative) ideals in KU-algebras, and investigate some related
properties. We give conditions for a square root fuzzy of ideal to be a
square root fuzzy sub-implicative(sub-commutative) ideal. We show that
any square root fuzzy sub-implicative (sub-commutative) ideal is a square
root fuzzy ideal, but the converse is not true. Using a level set of a fuzzy
set in a KU-algebra, we give a characterization of a square root fuzzy sub-
implicative (sub-commutative) ideal.
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1. INTRODUCTION

BC K-algebras form an important class of logical algebras introduced by Iséki
[1, 2, 3] and was extensively investigated by several researchers. It is an important
way to research the algebras by its ideals. The notions of ideals in BC K-algebras
and positive implicative ideals in BC' K-algebras (i.e., Iséki’s implicative ideals) were
introduced by Iséki [1, 2, 3]. The notions of commutative (sub-commutative) ideals
in BC K-algebras, positive implicative and implicative (sub-implmicative) ideals in
BC K-algebras were introduced by [4, 5, 6, 7, 8, 9, 10, 11]. Zadeh [12]introduced the
notion of fuzzy sets. At present, this concept has been applied to many mathematical
branches, such as group, functional analysis, probability theory, topology, and so
on. In 1991, Xi [13] applied this concept to BC K-algebras, and he introduced the
notion of fuzzy sub-algebras (ideals) of BCK-algebras with respect to minimum,
and since then Jun et al. [14, 15] studied fuzzy ideals. Prabpayak and Leerawat
[16, 17] introduced a new algebraic structure which is called KU-algebra. They
gave the concept of homomorphisms of KU-algebras and investigated some related
properties. Mostafa et al. [18] introduced the notion of fuzzy KU-ideals of KU-
algebras and then they investigated several basic properties which are related to
fuzzy KU-ideals. The idea of sub implicative ideal was introduced by Liu and Meng
[6] and they established the concepts of sub implicative ideals and sub commutative
ideals in BCT-algebras and investigated some of their properties. Jun [19] considered
the fuzzification of sub-implicative ideals in BC'I-algebras and investigated some
related properties. Mostafa et al. [20] introduced the notion of sub implicative(sub-
commutative) ideals of KU-algebras and investigated of their properties.

In this paper, the notion of square root fuzzy sub-implicative (sub-commutative)
ideals of KU-algebras are introduced and then the several basic properties are in-
vestigated.

2. PRELIMINARIES

We will recall some known concepts related to KU-algebras and fuzzy sets in a
nonempty set X from the literature which will be helpful in further study of this
article.

Definition 2.1 ([16, 17]). An algebra (X, x,0) of type (2,0) is called a KU -algebra,
if it satisfies the following axioms: for any z, y, z € X,

(KUL) (0 %) «[(y+2) * (2 +2)] =0,

(KUQ) Tzx0= 0,

(KUs) 0 %2 = x,

(KUy) z*y=0and y*x =0 imply z = y,

(KUs) zxx =0.

On a KU-algebra (X, *,0), we can define a binary relation < on X as follows: for
any x, y € X,
r<y&syxxe =0.
Then we can easily see that a KU-algebra (X, *,0) satisfies the following conditions:
for any z, y, z € X,
(1) (y*2)x(x*2) <zx*y,
104
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(2)0 <z,
(3) x <y and y <z imply = =y,
4) z < x.

For any elements z and y of a KU-algebra X and each n € N, y % 2™ define by
yxa” = (- ((yxx)*x)*---)*xx (n times).
It is clear that y * 23 = y * x for any z, y € X.

Result 2.2 (See Lemmas 2.5, 2.6 and 2.7, [18]). In a KU-algebra X, the following
conditions are satisfied: for any x, y, z € X,

(1) x <y implies yx z < x * z,

(2) zx (yx2) = yx (2 *2),

(3) (yxx)xx <y.

Proposition 2.3. In a KU-algebra X, the followings hold: for any x, y, z € X,
(1) (zxy) * (zxx) <y=xuz,

(wxy) * (yxa?) <z xy?,
) [z % ((zxy) * (y x 2?)] + [(z xy) * (y + 2%)] < 2.

Proof. (1) Let z, y, z € X. Then by Result 2.2 (2), (KU;) and (KUs), we have

(yra)*[(z5y) % (v a)] = (5 y) * (g a) # (2 ¢ 0)] < (2% y) * (2 y) = 0.

Thus by (KUs) and (KUy), (z*xy) * (z*xz) < yxx.
(2) Let x, y € X. Then by (1), (zxy) * (z %) < y*x = 0. Thus by (KU3) and
(KUy), (zxy)*(zxx)=0.S0 zxx < z*y.
(3) The proof follows from Result 2.2 (2), (KUs) and (KUs).
(4) Suppose z < y. Then we get
rxy? = (vxy)*
(z*y) * (0 +y) By (KUs)]
0z By (KU;))
x. [By (KUs)]
(5) Let «, y € X. Then we have
(@ xy)* (y*2°) = (v xy) * [(y * ) * 2]
= (y*x) * [(x * y) * 2] [By Result 2.2 (2)]
< (@ xy)xy [By (K1)
(6) Let z, y, z € X. The; we Ze;c
2% (zy) % (y 5 22)] *
() * (2 (g 22))] 5 [
[2% (y* 2?)]  (y + 2%) [By (2)
[z (y # 2?)] = [0+ (y + 2%)] By (KUs)]
0 % z [By Result 2.2 (2)]

IA

)
jg) ( * 2%)] [By Result 2.2 (2)]

1IN IA
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Definition 2.4 ([16, 17]). Let I be a nonempty subset of a KU-algebra X. Then
I is called an ideal of X, if it satisfies the following axioms: for any x, y € X,
(L) 0el,

(L)ifzxyelandz e, theny el

Definition 2.5 ([18]). Let I be a nonempty subset of a KU-algebra X. Then I is
called a KU-ideal of X, if it satisfies the following axioms: for any z, y, z € X,

(L) 0€el,

(Ip)ife*(yxz)elTandyel, thene*zel.
Definition 2.6 ([21]). A KU-algebra X is said to be implicative, if for any z, y € X,

wxy® = (zxy)* (y*a?).
Definition 2.7 ([21]). A KU-algebra X is said to be positive implicative, if for any
z, Yy, 2 € X,
(zxx)* (zxy) = 2% (z*xy).

Definition 2.8 ([21]). A KU-algebra X is said to be commutative, if for any z, y €
X

)

z <y implies = * y? = .

Result 2.9 (See Theorem 2.16, [22]). Let X be a KU-algebra. Then X is implicative
if and only if it is positive implicative and commutative.

Definition 2.10 ([20]). Let I be a nonempty subset of a KU-algebra X. Then
I is called a sub-implicative ideal of X, if it satisfies the following axioms: for any
x, Yy, z€ X,

(i)0el,

(i) 2 [(z*y) * (y*2?)] € [ and z € [ imply z xy? € I.

Definition 2.11 ([20]). Let I be a nonempty subset of a KU-algebra X. Then I is
called a KU-positive implicative ideal of X, if it satisfies the following axioms: for
any x, y, 2 € X,

(i)0el,

(i) 2% (x*xy) € [ and zxz € [ imply z*y? € I.

Definition 2.12 ([20]). Let I be a nonempty subset of a KU-algebra X. Then I
is called a sub-commutative ideal of X, if it satisfies the following axioms: for any
z, y, z€ X,

(i)0el,

(i) 2 [(y x2?) xy?) € I and 2z € I imply y x 22 € I.
Definition 2.13 ([18]). Let I be a nonempty subset of a KU-algebra X. Then I is
called a kp-ideal of X, if it satisfies the following axioms: for any z, y, z € X,

ioel,

(ii) (z*xy)* (z*x) € I and y € I imply z € I.

For a nonempty set X, a mapping A : X — [0,1] is called a fuzzy set in X (See
[12]). For any =, y € [0,1], z Ay and z V y are defined respectively as follows:

z Ay =min{z,y} and z Vy = max{z,y}.
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Definition 2.14 ([18]). Let A be a fuzzy set in a KU-algebra X. Then A is called
a fuzzy sub-algebra of X, if for any z, y € X,

Az *y) = A(z) A A(y).
Definition 2.15 ([18]). Let A be a fuzzy set in a KU-algebra X. Then A is called
a fuzzy ideal of X, if it satisfies the following axioms: for any x, y € X,
(F1) A(0) = A(z),
(F2) Aly) > A(z *y) A A(z).

3. SQUARE ROOT FUZZY SUB-IMPLICATIVE IDEALS

Definition 3.1. Let X be a nonempty set. Then a mapping VA = (\/Z(H, \/Z(i)) :
X —[0,1] x [-1,0] is called a square root fuzzy set (briefly, SRFS) in X, where A is
a fuzzy set in X. In fact, for each z € X,
(+) (-)
=(WAx) VAR )= (VA[R), —VA(x)).
The whole square root fuzzy set and the empty square root fuzzy set in X, denoted
by V1 and v/0, defined by for each z € X,

Vi(z) = (1,-1), VO(z) = (0,0).
We will denote the set of all square root fuzzy set in X as SRF(X).
Example 3. 2 Let X = {0,a,b,c} be a set and consider the mapping VA =
(\/>(+) \/> ) X — [0,1] x [-1,0] defined as follows:
A(0) = 0.06, A(a) = 0.05, A(b) = 0.04, A(c) = 0.03.

Then we have

VA(0) = (1/A(0), —/A(0)) = (0.245, —0.245),
VA(a) = (VA(a), —/A(a)) = (0.224, —0.224),

VA(b) :( A(b), —/A(b)) = (0.2,-0.2),
VA(e) = (VA(c), —/A(c)) = (0.173,-0.173).
Thus VA € SRF(X).

Now, we list some concepts related to square root fuzzy set (for examples, the
inclusion between two square root fuzzy sets ,the complement of a square root fuzzy
set, the intersection of square root fuzzy set and the union of a square root fuzzy
set.

Definition 3.3. Let X be nonempty set and VA, VB e SRF(X).
(i) We say that /A is a subset of /B, denoted by vA C v/B, if for each z € X,

VAW < VB@'" V@ = VB@' .

(ii) The complement of v/A, denoted by VA = (\/Z(H ,\/Z(_) ), is a SRFS in
X defined as follows: for each x € X,

\/7(-&-) _1_\/7(-&-) \/7( )€ 1_\/7(

107



Hur et al./Ann. Fuzzy Math. Inform. 26 (2023), No. 2, 103-124

(iii) The intersection of VA and vB, denoted by VAN /B, is a SRFS in X,
defined as follows: for each z € X,

(+) () ) -)
(VANVB)(x) = (VA@) " AVB(z) ", VA@) " V/Blx) ).

(iv) The union of v/A and v B, denoted by vAU+/B, is a SRFS in X, defined
as follows: for each x € X,

WVAUVB)(@) = (VA@ v VB@' VAR AvBE ).
It is obvious that \/Zcc = VA.

Definition 3.4. Let X be a KU-algebra and let v/0 # VA e SRF(X). Then VA
is called a square root fuzzy ideal (briefly, SRFI) of X, if it satisfies the following
axioms: for any x, y € X,

(SRFL) A0) "~ > A ", VA0 < AR,
(SRFL) /A" > Ay A VA,
(SRFIL) AR < Ay v A@) .

Definition 3.5. Let X be a KU-algebra and let v/0 # VA e SRF(X). Then VA
is called a square root fuzzy sub-implicative ideal (briefly, SRFSII) of X if it satisfies
the following axioms: for any z, y, z € X,

(SRFL) vA0) " > A@™", A0 < A,

(SRFSIIy) /A(z * y2)(+) > Az *[(z*y) * (y mz)])\+) A \/A(z)(ﬂ,

(SRFSILy) /A(x * y2)(7) < VA [(z*y) « (y* xQ)])\i) Y \/A(z)(i).

It is obvious that v/0 and v/1 are SRFIs and SRFSIIs of X respectively.

Example 3.6. Let X be the set with the operation * given by the table:

W N = O %
wWw N = OO

O O N
O O O OoOlWw

2
Table

2
2
2
0
1
3.1
Then clearly, (X, *,0) is a KU-algebra. Define the SRFS v/A in X as follows:
A(0) =0.7, A(1) =0.05, A(2) =0.04, A(3) =0.03.
Then we have
VA(0) = (0.837,—0.837), VA(1) = (0.707, —0.707),
VA(2) = (0.632, -0.632), VA(3) = (0.548, —9.548).
Thus by the routine calculation, we can check that v/A is an SRFSII of X.

Proposition 3.7. Fvery SRFSII of a KU-algebra X is order reversing
108



Hur et al./Ann. Fuzzy Math. Inform. 26 (2023), No. 2, 103-124

Proof. Let v/A be an SRFSII of X and let z, y, z € X. Suppose < z. Then

clearly, z*x = 0. By (SRFI,), \/A(O)(H > \/A(ac)+ and \/A(O)(_) < A(z) . By

(SRFSII), we get

VA = VAG A @rn) s e AVAR)

Let y = z. Then /A(z * x2)(+) > Az * [(z+x) * (z % :cQ)])k A \/A(z)(+). Thus
by the axioms (K Us) and (K Us), we have

VA@ " > VaAG0) D A vae = VAo avae™ = vae™.

On the other hand, by (SRFSII,), we have

(

VA < VAGH[wry) s e a?)) VAR
Let y = 2. Then /A(z * zQ)(_) < VA *[(z*3) * (7 * x2)})(_) Y \/A(z)(_). Thus

we get
(=) (=) (=) (=) (=) (=)
VA) T <VA(zxzx) T VVA(Z) T =+1A0) TVVA(Z) T =VA(2)
This completes the proof. O

Lemma 3.8. Let VA be an SRFSII of a KU-algebra X and let x, y, z € X. If
zxx <yoryxzc <z, then

VAR " > A Y avam”, vam' T < VAW A VAR)

Proof. Suppose z x x < y Then by Proposition 3.7, we have

(3.1) VA(z *x) >\/A \/A (zxx) <\/A )

Let y = . Then by (SRFSII;), we get

\/A(x*xz)H) > VA(z * [(z * x) * (z * 22)]) /\\/A \+).
Thus by (3.1), we have
() (+) (+) (+) ()
VA@) > VAzxz)  AVA(R) T = VA@)  AVA>R) .
Similarly, by (SRFSII,) and (3.1), we get

V@ < VAG) T vVAR T = VAR T v VAR

If y x z < z, then by the similar arguments, we obtain the same consequences.
This completes the proof. O

Lemma 3.9. Let X be a implicative KU -algebra. Then every SRFI of X is an
SRFSII of X.

Proof. Let v/A be an SRFI of X and let 2, y € X. Then by Definition 3.4, we have:
for any z, y € X,

(SRFI,) ,/ (”2\/ ,/ 0 < VA
(SRFI;) /A 2 Az * y AV A (+),

109



Hur et al./Ann. Fuzzy Math. Inform. 26 (2023), No. 2, 103-124

(SRFL) VA < VA@+y) v VA@) .

By substituting x * y? for y in (SRFSII;) and (SRFSIL,), we get

( (
Az * y?) (+)>\/A [(z * (z * y?) \+)/\\/Az\+)

/

A(x*y <\/A[z (z *y?) )\/\/A ).
Since X is implicative, x*y = (z*y) * (y * 2?). So we have
VA(z * y?) o >\/A (z* [(z*xy) * (y xx2)]) /\\/A \H

( /
VA(x *y2) )<\/Az* [(z*y) * (y *x 2?)]) \/\/A ).
Hence v/A is an SRFSII of X. This completes the proof. U

Proposition 3.10. Let X be a KU-algebra and let VA € SRF(X). If /A satisfies
the conditions (SRFSIIy) and (SRFSIL,), then the following inequalities hold: for
any x, y € X,
(SRFSII;) /A(x * yz)(+) > VA((z*y) * (y xQ))\—H,
(SRFSILy) /A(z * y2)(7) < VA((z*y) * (y xz))\i).

Proof. Suppose /A satisfies the conditions (SRFSII; ) and (SRFSIL,) and let z, y, z €
X. Then we have
(+)

Az * y?) (+)>\/Az* x*y*(y*gﬂ)])(ﬂ/\\/A(z) ,

Az * y?) ( <\/Az* [(z*y* (y x 22)]) \/\/A
Let z = 0. Then by (F}) and (KUs), we get

A ) > VA [ y) (g aD)])  AVAQD ‘“—m (ry)* wrad) ",

A=) < VAO* (e x =) VAR = VA{wy) = (rea?)
This completes the proof. O

Proposition 3.11. Every SRFSII of a KU-algebra X is an SRFI of X but the
converse s not true.

Proof. Let v/A be an SRFSII of X and let , y, 2 € X. Let # = y. Then by
(SRFSII;) and (SRFSII,), we have

VA(z x 22) <+)>\/A(z*[(33*x) * (z % 22)]) / /\\/A \H

VA(x * 22) )<\/Az* [(z ) * (z * 22)]) “ /\\/A
Thus by (KUs) and (KUy), we get
VA®@) (+)>\/Az*x A AR

A(x <\/AZ*J) )\/\/A
So v/A is an SRFI of X. 0

The following Example shows that the converse of Theorem 3.11 may not be true.
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Example 3.12. Let X = {0,1,2,3,4} be the set with the operation * given by the
table:

*10 1 2 3 4
0/0 1 2 3 4
110 0 1 3 4
2/0 0 0 3 4
3/0 0 0 0 4
410 0 0 0 O
Table 3.2

Then clearly, X is a KU-algebra. Consider the fuzzy set A in X defined as follows:
A(0) =0.7, A(1) = A(2) = A(3) = A(4) =0.2.
Then we have
VA(0) = (0.837,—0.837), VA(1) = VA2) = VA(3) = VA(4) = (0.447, —0.447).

Thus we can easily check that v/A is an SRFI of X.
On the other hand, let us take z =0, x =1 and y = 2. Then we have

LS of (SRFSIT,) = VA1 #22) " = A1) " = 0.447,

R.H.S of (SRFSIT,) = /A0 % [(1=2)2+ 12)]) " A A" = A0 = 0.837.

Thus /A(1 % 22) ) Z? VA« [(1%2)(212)] \+ AA (H. So VA is not an

SRFSII of X .
Now we give a condition for an SRFI to be an SRFSII-ideal.

Proposition 3.13. Let X be a KU-algebra and let /A be an SRFI of X. If VA
satisfies the conditions (SRFSIT3) and (SRFSIL,), then /A is an SRFSII of X.

Proof. Suppose /A satisfies the conditions (SRFSII3) and (SRFSII, , and let z, y, 2 €
X. Then we have

VA A > VA y) y*x2))+)[ y (SRFSII)

]
2 VAG ) VA By (L)

Az * y?) < VA((x xy) y*xQ))\ [ (SRFSH4)]
<Az [(zxy) * (y x 22) ) )\/\/A By (SRFT3)].
Thus VA satisfies the conditions (SRFSII,) and (SRFSILy). So VA is an SRFSII of
X. O

Theorem 3.14. Let \/A be an SRFI of a KU-algebra X. Then the followings are
equivalent:

(1) VA is an SRFSII of X,
2) VA ) 2 /Ay )
Awy?) <A@y =g+ w2>>“)

3) VA y?) = (VAG*[wry) * wra?)) " JAG* [[@ry) = (g x2?)])
for any x, y, z € X.

v

fm"anyx y, z€ X,

(—))

111



Hur et al./Ann. Fuzzy Math. Inform. 26 (2023), No. 2, 103-124

Proof. (1)=(2): Suppose VA is an SRFSIT of X and let x, y € X. Then we have

VA ) > VA @)+ D) A VA,

VA ) < VA @ ry) D) v VAD)

Thus by (KUs) and (SRFI,), we get
A+ D) " > Az y) * (g 29)

VA ) < VA@ry) *ra) .

(2)=(3): Suppose (2) holds and let z, y € X. Then Proposition 2.3 (5),

(+)

(@xy)«(yxa?) < (zxy)xy=axy”
Thus by Proposition 3.7,

VA a2 > VA

VA g« (gea®) | < VAry?) -

So (3) holds.
(3)=(1): Suppose (3) holds and let z, y, z € X. Then it is obvious that the
following inequalities:

VA ) = @) > VAr ) r @egd)  AVAR T,
VA )+ @r®) | < VA )+ @r ) VAR
Thus by the condition (3), we have
VA2 > Ay @) A VAR,
VA ) < VA @ @) VVAR) .
So VA is an SRFSII of X. 0

Definition 3.15. Let v/A be an SRFS in a set X and let t € [0, 1]. Then the t-level
set of v/A, denoted by /Ay, is a subset of X defined as follows:

VA ={zeX:VAD " >t, VA > -t}
It is obvious that /A, # @ for each 1/ A(0) # v A; € SRF(X) and each t € (0, 1].

Theorem 3.16. Let /A be an SRFS in a KU-algebra X. Then /A is an SRFSII
of X if and only if \/ Az is a sub-implicative ideal of X for each t € (0,1].

Proof. Suppose v/A is an SRFSII of X and let ¢t € (0,1]. Then clearly, /A; # @.
Thus there is € X such that \/A(m)(Jr) >t, \/A(x)(i) > —t. By (SRFI;), we have

VA = va@ " =1, VA0 = VA = -t
So 0 € v A;. Hence v/ A; satisfies the condition (i) of Definition 2.9.
Now suppose 2 * [(z*y) * (y *2%)] € /A; and z € /A for any z, y, 2 € X. Then
we have

\/A(z * [(z*y) * (y* m21)1)2(+) > t, \/A(z)(H >t,
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VAG [y x| <—t, VAR =

Thus by (SRFSII;) and (SRFSII,), we get

VA2 2 VAGH wrg) x yra?))) AVAG) D ztat=t,

VA=) < VAG ey ead]) VAR < (=) (=) = —t.
So x x y? € \/A;. Hence \/A; satisfies the condition (ii) of Definition 2.9. Therefore
VA is a sub-implicative ideal of X.

Suppose the necessary condition holds and let \/ =t for each z € X and

each t € (0,1]. Then clearly, = € VA, ie., /A =1, x = —t. Since

0 € VA, we have /A (+)2\/A \+), \/A (- )g\/
Now assume that \/Z does not satisfy the conditions (SRFSHl) and (SRFSIIy).
Then there are a, b, ¢ € X such that

vV A(a * b?) (+)<\/Ac>k [(a#*0b)* (bx*a?)] )+)/\\/A \+)
A(aﬂkb2 >\/Ac* [(a D) x* (b*az) )\/\/A )
Letto—%\/Aa*bQ —i—\/Ac* (axb) = Brad]) " A/A( ) aud et

—ty = 1(\/A a*bQ( + /A(cx [(a xb) * (b*a?)]) \)\/\/Ac ). Then we

Aa+02) " <ty < VAlcx[(axb) s brad)]) /\ VA

Aax12) 7 < —tg < JAlcr [(arb) * b=a2)]) v VA (

Thus ¢ * [(a * b) x (b a?)], ¢ € /A, but a*b* ¢ w/At0~ So w/AtO is not a sub-
implicative ideal of X . This is a contradiction. Hence VA is an SRFSII of X. O

4. SQUARE ROOT FUZZY SUB-COMMUTATIVE IDEALS

Definition 4.1. Let X be a KU-algebra and let v/0 # A € SRF(X). Then VA is
called a square root fuzzy sub-commutative ideal (briefly, SRFSCI) of X, if it satisfies
the following axioms: for any z, y, z € X,

(SRFL) /A0 " > \ﬁ(“ A < \/T(_)

(SRFSCL) /A2 " > VA= [wraD) 52" A ﬁ”’

(SRFSCL) /A 52 < /A = [(y * 22) * 17 )v\/i

It is clear that v/0 and v/1 are SRFSCIs of X respectively.
Proposition 4.2. Fvery SRFSCI of a KU-algebra X is order reversing.

Proof. Let v/A be an SRFSCI of X and let z, y, z € X. Suppose < z. Then
clearly, z * x = 0. Moreover, by (SRFSCI;) and (SRFSCI,), we get

Az * y?) >\/A (z % [(y * 22) * y?] \H/\\/ H

Az x y?) ( <\/AZ>I< (y* x2) % y2]) \/\/

Let y = . Then we have
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VAD' = VA" By (KUs) and (KUs)]
>\/A :z:*:c2 * 2] \+)/\\/ (+)
- \ﬁ( A /A “ By I&Ug,), (KUs) and (KU>)]

Similarly, we have \/A(x)(ﬂ < \/A(x)(i). This completes the proof. O

Lemma 4.3. Let VA be an SRFSCI of a KU-algebra X and let x, y, z € X. If
yxx <zorzxx <y, then

(

VAR " > VA Y avam”, vam' T > VA v VAR)

Proof. Suppose z * x < y Then by Proposition 4.2, we have

(4.1) VAGr) D =AY, VAGo) = VAR .
On the other hand, by (SRFSC ) and (SRFSC,), we get
VA *y?) >\/AZ>|< (y * 22) * y?] \+) ANV A (+)
Az * y?) ( >\/Az>k (y * 22) % y?] \ /\\/

Let x = y. Then we have

\/A(:r)(+) = Az *xQ By (KUs) and (KUs)]
2\/ (z x [(x % 22) x 2?] \+)/\\/ (+)
(+) (+)
=./A ( ) /\\/A
(
=A /\ VA By (4.1)]
VA = A
< VA(z * [(z+ 22) * 22]) )v\/ ()
-V < " )v VA K
If y*x < z, then we obtain the same result by the similar arguments. This
completes the proof. O

Lemma 4.4. Let X be a commutative KU-algebra. Then every SRFI of X is an
SRFSCI of X.

Proof. Let /A be an SRFI of X and let z, y, z € X. Then
+ + +
(SRFL) /Ay " > Ay A VAR,
(SRFL) /Ay < /AGwry) v /AR
By substituting y * 22 for y and z for z in (SRFI;) and (SRFI,), we obtain

(4.2) VA e > A e Y A A,

(4.3) A2 < VA=) v /AR
114



Hur et al./Ann. Fuzzy Math. Inform. 26 (2023), No. 2, 103-124

Since X is commutative, we have
VA xy?2) " =/ A(y x 22) ¢ ) z*(y*xZ))H)/\\/A(z)(H,
\/A(ac*yz) =/A *xQ \/A(z*(y*xz))(_) v \/A(z)(_).
On the other hand, by (K ) and (KUs), we get

(yxa®)sy® =[((yxa)xx)xylxy = [((y*2) x2) xy] * (0xy) < yxa’.

Thus by Proposition 2.3 (3), 2 * [(y * 22) * y?] < 2 * (y x 22). By Proposition 4.2, we
have

\/Az* [(y * y2) * y2]) <\/Az>|< y*xQ))+),
\/A(z*[(y*yz)*y ( )>\/A (z % ( y*x2)) ).
So from (4.2) and (4.3), we obtain

A(x*y >\/AZ>I< [(y * y2) * 32 ( /\\/

A(x*y( < VA [(y*y2) *y?]) \/\/

Hence VA is an SRFSCI of X. O

Proposition 4.5. Let X be a KU-algebra and let /A € SRF(X). If /A satisfies
the conditions (SRFSCI,) and (SRFSCI,), then the following inequalities holds: for

any x, y € X,
VA=) =) ",

(SRFSCI) /Ay =22 " >
(SRFSCL) Ay +22) < VA((y*a2) +2)

Proof. Suppose v/ A satisfies the conditions (SRFSCI;) and (SRFSCI,) and let z, y €
X. Then we have - “ .
Ay=a?) " = VA= [g=a2) =) A/A©0)" By (SRFSCL)]
(+
— VA [ly+a?) 5y [By (SRFL)]
(+)
A((y x2?) xy?) . [[By (KUs)]

Similarly, we obtain +/A(y * xz)(i) < VA((y * z?) * y2)(7). This completes the

proof. O

Proposition 4.6. Every SRFSCI of a KU-algebra X is an SRFI of X but the
converse s not true.

Proof. Let /A be an SRFSCI of X and let x, y, z € X such that 2 = y. Then we
get

Az * xQ)(+) > Az * [(z * 332)) * x2]) A \/A(Z)H_) [By (SRFI)]

— VA2 A

By (KUs), (KUs) and (KUs)]

Similarly, we have 1/ A x*xZ( )<\/A z*x( )\/\/ ( ) . Thus \/leanSRFI

of X.

The following Example shows that the converse of Theorem 4.6 may not be true.
115



Hur et al./Ann. Fuzzy Math. Inform. 26 (2023), No. 2, 103-124

Example 4.7. Let X = {0,1,2,3,4} be the KU-algebra given in Example 3.12.
Consider the SRFS v/A in X defined as follows:

A(0) = 0.7, A(1) = A(2) = A(3) = A(4) = 0.2.

Then we can easily see that v/A is an SRFI of X. On the other hand, et z =0, = =
1, y = 3. Then we have

L.H.S of (SRFSCL,) = \/A( 12)(“ VA = 0.447,

R.H.S of (SRFSCIL;) = /A0 % [(3%12) x32)]) " A+/A 0(+ VA( ()20.837.

Thus /AB * 12) " # /A0 # [(3%12) * 32)])‘“ A/A©) ™. So /A is ot an SRF-
SCI of X.

Now, we give a condition for an SRFI to be an SRFSCI.

Proposition 4.8. Let X be a KU-algebra and let \/A be an SRFI of X. If VA
satisfies the conditions (SRFSCI3) and (SRFSCLy), then A is an SRFSCI of X.

Proof. Suppose v/ A satisfies the conditions (SRFSCI3) and (SRFSCI,) and let z, y €
X. Then clearly, we have

\/Ay*mQ > VA((y x x?) * y?) () , VA(y x x? \/A((y*xQ)*y2)(7)

Since v/A is an SRFI of X, by (SRFI;) and (SRFI3), we get : for each z € X,

\/A(y*xQ)(Jr)zx/A((y*mQ)*gﬂ)( > Az * (y * 22) * 12 ( /\\/

(

VAr D) < VAra?) w D) < VAGrrad =) v VAR

Thus VA satisfies the conditions(SRFSCI;) and (SRFSCI,). So v/A is an SRFSCI
of X. 0

Theorem 4.9. Let X be a KU-algebra and let /A be an SRFI of X. Then the
followings are equivalent:

(1) VA is an SRFSCI,

) VA=) " > VA=) x D), A a?) ) < VA r ) x gD

for any x, y € X.

Proof. The proof is similar to Theorem 3.14. O

Theorem 4.10. Let \/A be an SRFS in a KU-algebra X. Then /A is an SRFSCI
of X if and only if \/ Az is a sub-commutative ideal of X for each t € (0,1].

Proof. The proof is similar to Theorem 3.16. d
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5. HOMOMORPHISMS OF KU-ALGEBRAS AND THE PRODUCTS OF SQARE ROOT
FUZZY SETS

In this section, we deal with the image and the pre-image of SRFSs, SRFSIIs
and SRFSCIs under a homomorphism, and the product of SRFSs, SRFSIIs and
SRFSCIs.

Definition 5.1. Let (X, *x,0x) and be (Y, xy,0y) be KU-algebras. Then a map-
ping f : X — Y is called a homomorphism, if f(x xx y) = f(x) *y f(y) for any
x, y € X.

It is clear that f(0x) = Oy.

Definition 5.2. Let X and be Y be nonempty sets, and let v/A € SRF(X), VB €
SRF(Y) and let f: X — Y be a mapping.

(i) The image of VA under f, denoted by f(v/A), is a SRFS in X defined as
follows: for each y € Y,

51 Vil - (Vaes 10 VA@ 7 Auesr) VA@' ) it 171 (0) # 2
Vo otherwise.

(ii) The pre-image of /B under f, denoted by f~(v/B), is a SRFS in X defined
as follows: for each x € X,

(5.2) FWB)) = (\/B<f<x>>”), ¢B(f(x))(_)> .

Proposition 5.3. Let f: (X,%,0) — (Y,%,0) be a homomorphism of KU -algebras
and let VB € SRE(Y). If VB is an SRFI of Y, then f~'(v/B) is an SRFI of X.

Proof. Suppose v/B is an SRFI of Y and let € X. Since f is a homomorphism,
we get

FUVBYH0) = VBF0) =vBO) > VB(@) = (VB D),

FB)D0) = VB(F0) =vB0) <VB(fz) =f(VB) ().
Then f~'(v/B) satisfies the condition (SRFT;).
Now let z, y € X. Then we have
FUWB) D@ = VBI@) |
> VBU@ 1w AvBU@)
= VB(f(zxy) ANVB(f(x))
[Since f is a homomorphism]
= FIVB) () A fH (VB (@),
Similarly, ~1(vB)O(2) < £ {(VB) Oz * ) v £ (VB) (). Thus £~ (V)
satisfies the conditions (SRFI,) and (SRFI3). So f~'(v/B) is an SRFI of X. O

+

Proposition 5.4. Let f: (X,%,0) — (Y,%,0) be a homomorphism of KU -algebras
and let VB € SRF(Y). If VB is an SRFSII of Y, then f~'(v/B) is an SRFSII of
X.
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Proof. From the proof of Proposition 5.3, it is obvious that f~!(v/B) satisfies the
condition (SRFI). Let x, y, 2 € X. Then we get

FTHVB) P @+ y?)

VB

v B(f(z) * f(y)Z)(Jr) [Since f is a homomgrphism] /

() [T@) = F@) « U+ TP A VBIE)
(x> A VBIE)

YD (2 [(xxy)* (y+ 2®)])) A f7HVB) P (2).

Similarly, f ' (VB) (zxy?) < [THVB) D (zx[(xxy) * (y*2®))V 71 (VB) ) (2).
Thus f~'(v/B) satisfies the conditions (SRFSIIy) and (SRFSII3). So f~'(vB) is
an SRFSII of X. O

—~| —~

Sy
~

—~| —~

—~
I

I AV |

~

<
o~
S

Proposition 5.5. Let f: (X,*,0) = (Y,%,0) be a homomorphism of KU -algebras
and let VB € SRF(Y). If VB is an SRFSCI of Y, then f~'(v/B) is an SRFSCI
of X.

Proof. Tt is clear that f~'(v/B) satisfies the condition (SRFI;). Let z, y, z € X.
Then we have

FUVB) P (@ xy?) = VBF@ )

I AV

o IA

FHVB) ) (2 # [(y  2%) + %))
Thus f~'(v/B) satisfies the conditions (SRFSCI,) and (SRFSCI3). So f~'(v/B) is
an SRFSCI of X. O

Proposition 5.6. Let f : (X,*,0) — (Y,*,0) be an epimorphism of KU -algebras
and let VB € SRF(Y). If f~Y(V/B) is an SRFI of X, then VB is an SRFI of Y.

Proof. Let a € Y. Since f is surjective, there is © € X such that a = f(z). Then we
get

[Since f is a homomorphism]
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— B 0)
< VB (@)
= VB(@)"
_ /B

Thus /B satisfies the condition (SRFT,).
Now let a, b € Y. Then clearly, there are z, y € X such that a = f(z), b= f(y).
Thus we have

VBO'™ = VBGW)
= VB D(y)
> U VB) D (@ y) A FHVE) D ()
— VBUa+) ) A VBF@)
= VBUG) [w) A VBI@)
= V/Ba+b) " AvB@'",
VB®' ™ = VB
— UVB) ()
< VB O @y V VB O (@)

= /Blax b)\i) \Y \/B(a)(i).
So VB satisfies the conditions (SRFI,) and (SRFI3). Hence v/B is an SRFI of
X. O

Proposition 5.7. Let f : (X,%,0) — (Y,*,0) be an epimorphism of KU -algebras
and let VB € SRE(Y). If f~Y(V/B) is an SRFSII of X, then \/B is an SRFSII of
Y.

Proof. Tt is clear that /B satisfies the condition (SRFI,). Let z, y, z € Y. Since f
is surjective, there are a, b, ¢ € X such that a = f(z), b= f(y), ¢ = f(z). Then

VB(a=®)" = B@ )

= VB

— VB D (@)

> FAVB) D (e x [ xy) (2 A S (VB (2)

— VBUGwxy)* =) AVBIE)

— VBUGE) = 7@+ ) + o) + 7 A VBIE)
= V/Blex[axt) xbrad)) " Av/B@ ",

= VBU@ 1)

VB) (@ [(@xy) + (y+a®)]) v FHVB)O(2)

VBUIGH ey = =aO) vV VBIE)
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= VBUE + (76 + T + () ( >>1>“)v B (2))

(

=/Blcx[(axb)*(b*xa?)]) " V./B
Thus v/B satisfies the conditions (SRFSII,) an (SRFSIlg) So \/E is an SRFSII of
Y U

Proposition 5.8. Let f : (X,*,0) — (Y,*,0) be an epimorphism of KU -algebras
and let VB € SRF(Y). If f~*(v/B) is an SRFSCI of X, then v/B is an SRFSCI
of Y.

Proof. Tt is obvious that /B satisfies the condition (SRFI,). Let z, y, z € Y. Then
there are a, b, ¢ € X such that a = f(x), b= f(y), ¢ = f(2). Thus we have

/7*172 ) _ ﬁ( @) = /( ))(+)

(=)

= VB
= [T (VB D (axy?)
> 7 (VB) D= [ly = %) = 7)) A 1<¢E><+><z>
= VB (x[y* ) = 2)” \/
— VBUGE +[(J) « @) * FP)) ‘”A B
= /B(cx*[(b*a?) *az])\+) \/7
B+ = VBU@ * 1)
= VB
= [UVB) O (@ y?)
< FUVB) O [l a) =) VI (VB O(E)
— VBUG+ =)+ ) v \/7 ()
= VBUE [T+ 7@+ W) v VBIE)
=/B(c*[(b*a2)xa?]) ) \/7

So V/B satisfies the conditions (SRFSCI,) and (SRFSCI3). Hence V/B is an SRFSCI
of Y. O

Definition 5.9. Let X be a nonempty set and let A, B € SRF(X). Then the
Cartesian product of VA and /B, denoted by VA x v/B, is an SRFS in X x X
defined as follows: for each (z,y) € X x X,
(+ (+) (=) =)
(VAx VB)(z,y) = (VA AVB(y) " VA@) TVVB(Y) )

For two KU-algebras (X, *,O) and (Y, *,0), we define x on X x Y as follows: for
any (z,y), (u,v) € X x Y,

(@,y) * (u,v) = (zxu,y xv).
Then we can easily see that (X x Y, x,(0,0)) is a KU-algebra.

Proposition 5.10. Let (X, ,0) be a KU-algebra and let /A, VB € SRF(X). If
VA and /B are SRFIs of X, then /A x /B is an SRFI of X x X.

Proof. Let (z,y) € X x X. Then we get

(\/ZX \/* (+ (z,y) \/7("") \/7(4')
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< VA" A ¢B<0>”)
= (VA x VB)™)(0,0),
(VA x VB f?”mﬁ*
" YAy Ve
= (VA xv/B)(=)(0,0).
Thus v/A x /B satisfies the condition (SRFI;).

Now let (x1,22), (y1,y2) € X x X. Then we have
(\/> \/>)(+)(y1 y2)
VA" A Bl
i (xl*yl RERVZIEN ){\(\/ (r2792) ) A/Blaa :
\/ (ml*yl )/\\/Bl‘g*yQ \+) \/Al’l \+)/\\/B \
VA X VB)H) (21 % y1, 20 % y2) A (\/Z x VB) ) (21, 32)

VA X VB) ) (21, 22) * (y1,92)) A (VA X VB) D (21, 22),
VA

\/A(y1

A

A v y0) VBl rya) )V (VA@) Vv /Bl

\C)( )(yl y2)
(
(
(VA X VB) D) (21 % y1, @0 % y2) V (\/ZX VB)) (21, x5)
= (VAXVB) D ((z1,22) * (y1,92)) V (VA X VB) ) (21, 29).
So V/A x /B satisfies the conditions (SRFI;) and (SRFI,). Hence v/A x v/B is an
SRFI of X x X. O

Proposition 5.11. Let (X, *,0) be a KU-algebra and let /A, /B € SRF(X). If
VA and VB are SRFSIIs of X, then VA x /B is an SRFSII of X x X.

Proof. Tt is clear that v/Ax /B satisfies the condition (SRFI;). Let (x1,22), (y1,¥2), (21, 22) €
X x X. Then we get
(\/ZX \F)H)((ﬂfl z2) * (Y1, 92)?)
= \/A (1 % y3) )/\\/B xg*yQ) +)
> \/A (z1 % [(z1 % y1) * (v1 *xl] +) AN/ A (H
ABGa 7 e y) * (2 * 7)) \/
= (VAGL = (@1 #1) * < 1*x1>} A ¢B (22 * <x2 * 1) * (2 % 73))
ANVAG) ™ A VB
= (VA X VB)™) (2 « [(331 * 1/1) * (y1 x 27)]), (22 % [(w2 % y2) * (y2 * 23)])
ANVA X VB)H) (21, 22)
= (VA X VB) ™) (21, 22) * [((w1, 22) * (y1,42)) * ((y1,92) * (21, 22)%)])
/\(\/Z X \/E)(+)(21,22),

(VAx VB)= )((331 ,T2) * (Y1, yz/)))
\/ xl*yl \/\/sz*y2>
\/

(=)
(z1 % [(x1 * Y1) * (yl*x%)])\ V\/A(21)
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)
)

Blz) )

\/(\/B(ZQ* .’L‘Q*yg) (yg*&??)])’
Y \/B (22 % [(z2 * y2) * (y2 * 23)])

= (VA(z = ( 1 Y1) * (yl *l‘%)
V(AR vﬁ
= (VA x VB) ™) (21 % [(a1 * yl) (y1 * 27)]), (22 * [(w2 * y2) * (y2 * 23)])
V(VA x VB)H) (21, 29)
= (VA x VB) ) (21, 22) * [((w1, 22) * (Y1, 92)) * (1, y2) * (21, 22)2)])
\/(\/Z X @)(7)(21,22).

Thus VA x /B satisfies the conditions (SRFSIIy) and (SRFSIL,). So vA x VB is
an SRFSIT of X x X. g

(
\

_))

Proposition 5.12. Let (X, *,0) be a KU-algebra and let /A, VB € SRF(X). If
VA and VB are SRFSCIs of X, then VA x VB is an SRESCI of X x X.

Proof. Tt is obvious that v/Ax /B satisfies the condition (SRFI;). Let (x1,22), (y1,¥2), (21, 22) €
X x X. Then we have

(\/Z X \/>)(+)((331 r2) * (Y1, yz) )

7\/Ax1*y1 /\\/Bac *y2

_\/Azl* [(y1 * 2%) y)) /\\/7(+)
N/BGa 2+ 2]+ @) A/BG) )

= (VAG * (e * ) A /Bl * <y2 ET)
ANYAED A B )

= (VA X VB)®) (21 % [(y1 % 23) % yD)]), (22 * [(y2 * 23) = ¥3)])
ANVA x VB)H) (21, 20)

= (VA X VB) M (21, 22) * [((y1. 92) * (21, 22)*) * (y1,92)*)])
AVA x VB)H) (21, 29),

(VA x \f) ((I1 x2) * (Y1, yg) )

—\/Agcl*yl \/\/Bxg*y2 )
< (VA(z1 * [(y1 * 23) y)]\)\/\/ ()

V(v/Blea * 12 ¥ a3) 7y 3)1; <z2>( >>

= (VA(a » yl*m )1\ ’WB (22 * [(v2 * 73) * 53))
\/(\/ Zl \/ )

= (VAxVB)= )(Zl * [(yl * 951) *yi)]), (22 * [(y2 * 23) * y3)])
V(VA x VB)F) (21, 22)

= (VA X VB) ) (21, 20) % [((y1, y2) * (21, 22)%) * (y1,92)%)])
V(VA x VB)() (21, 2).

Thus VA x VB satisfies the conditions (SRFSCI,) and (SRFSCI,). So VA x VB
is an SRFSCI of X x X.

(+)

)

(—
\

)
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6. CONCLUSIONS

A fuzzy set theory becomes a strong area of making observations in different area’s
like medical science, social sciences, engineering, management sciences, artificial in-
telligence, robotics, computer networks, decision making and so on. We studied
square root fuzzy sub-implicative (sub-commutative) ideals of KU-algebras, the im-
age and the pre-images of the square root fuzzy sub-implicative (sub-commutative)
ideals of KU-algebras under homomorphism were defined and how the image and
the pre-image of the square root fuzzy sub-implicative (sub-commutative) ideals
of KU-algebras become the square root fuzzy sub-implicative (sub-commutative)
ideals studied. Moreover, the product of the square root fuzzy sub-implicative (sub-
commutative) ideals of KU-algebras was established. The main purpose of our future
work is to investigate the crossing square root structure, crossing square root cubic
structure topology and crossing square root cubic structure m-polar of KU-ideal in
KU-algebras. In the future, we will focus on square root fuzzy soft sub-implicative
(sub-commutative) ideals of KU-algebras and it’s applications in artificial intelli-
gence and general systems. this method is very effective for data analysis and one
may apply for medical diagnosis.
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