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Abstract: A complex fuzzy set is a vigorous framework to characterize novel machine learning
algorithms. This set is more suitable and flexible compared to fuzzy sets, intuitionistic fuzzy sets,
and bipolar fuzzy sets. On the aspects of complex fuzzy sets, we initiate the abstraction of («, f)-
complex fuzzy sets and then define (&, §)-complex fuzzy subgroups. Furthermore, we prove that
every complex fuzzy subgroup is an (&, f)-complex fuzzy subgroup and define (&, )-complex fuzzy
normal subgroups of given group. We extend this ideology to define (a, )-complex fuzzy cosets
and analyze some of their algebraic characteristics. Furthermore, we prove that (a, )-complex
fuzzy normal subgroup is constant in the conjugate classes of group. We present an alternative
conceptualization of («, f)-complex fuzzy normal subgroup in the sense of the commutator of
groups. We establish the (a, f)-complex fuzzy subgroup of the classical quotient group and show
that the set of all (a, 8)-complex fuzzy cosets of this specific complex fuzzy normal subgroup form
a group. Additionally, we expound the index of («, )-complex fuzzy subgroups and investigate
the (&, B)-complex fuzzification of Lagrange’s theorem analog to Lagrange’ theorem of classical
group theory.

Keywords: complex fuzzy set; («, )-complex fuzzy set; («, )-complex fuzzy subgroup; («, B)-
complex fuzzy normal subgroup

1. Introduction

In 1965, Zadeh [1] presented the theory of fuzzy sets and discussed their initiatory
results. The action of fuzzy set theory is a decisive structure to deal vagueness and un-
certainty in real life problems. Thus, crisp sets commonly do not have suitable response
and feedback for actual worldly conditions of happening issues. In addition, this par-
ticular set plays a remarkable role in various scientific fields with wide applications in
topological spaces, medical diagnosis determination, coding theory, computer sciences,
and module theory.

The idea of fuzzy subgroups was introduced by Rosenfeld [2] in 1971. The abstraction
of fuzzy subrings was proposed by Liu [3]. Later, these notions were discussed in [4-6].
Atanassov [7] initiated the theory of intuitionistic fuzzy sets and established the basic
algebraic properties of intuitionistic fuzzy sets. The complex numbers with fuzzy sets were
combined by Buckley [8]. Kim [9] presented the idea of the fuzzy order of elements of a
group. Ajmal [10] established the fuzzy homomorphism theorems of fuzzy subgroups. He
also discussed the fuzzy quotient group and correspondence theorem.

Ray [11] initiated the notion of Cartesian product of fuzzy subgroup. Moreover, the
volume and intricacy which exist in the collected information of our daily life are devel-
oping rapidly with the phase shift of data. Then, there is regularly existing various sorts

Entropy 2021, 23, 992. https:/ /doi.org/10.3390/e23080992 https://www.mdpi.com/journal/entropy


https://www.mdpi.com/journal/entropy
https://www.mdpi.com
https://orcid.org/0000-0002-7845-7751
https://orcid.org/0000-0003-2371-4287
https://orcid.org/0000-0001-5097-8099
https://orcid.org/0000-0001-8522-1942
https://orcid.org/0000-0001-6794-7942
https://doi.org/10.3390/e23080992
https://doi.org/10.3390/e23080992
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3390/e23080992
https://www.mdpi.com/journal/entropy
https://www.mdpi.com/article/10.3390/e23080992?type=check_update&version=2

Entropy 2021, 23, 992

20f16

of uncertainty in that information is represented with complicated problems in different
disciplines, such as biology, economics, social science, computer science, mathematics,
and environmental science. With the development of science and technology, the decision
making problems are becoming increasingly difficult.

To overcome this drawback, Ramot et al. [12,13] presented the generalized form of
fuzzy set by combining a phase term, called a complex fuzzy set. The efficiency of complex
fuzzy logic in the respect of membership has a powerful role to deal with concrete problems.
It is highly valuable for calculating unevenness, and also it is very useful way to address
ambiguous ideas. Despite its efficacy, we have serious problems about physical features on
complex membership related function.

Thus, it is highly essential to formulate extra theories of complicated fuzzy set re-
lating intricate set members. This reasoning is a direct version of traditional fuzzy logic,
which results in problem related fuzzy reasoning. Thus, it is not favorable for superficial
membership function. This set has a very specific role in wide variety of applications in
modern commanding systems especially those that forecast periodic events in which a
number of variables are interconnected in complex ways and fuzzy operations cannot run
it effectively.

The fundamental set theoretic operations of complex fuzzy sets were presented by
Zhang et al. [14]. Recently, the possible applications, which explain the novel ideas,
including complex fuzzy sets in forecasting issues, solar activity, and time series were
investigated by Thirunavukarasu et al. [15]. The complex fuzzy sets have wide applications
in decision making, image restoration, and reasoning schemes. Ameri et al. [16] invented
the of Engel fuzzy subgroups in 2015. The notion of complex vague soft sets were defined by
Selvachandran [17]. Al-Husban and Salleh [18] developed a connection between complex
fuzzy sets and group theory in 2016.

Singh et al. [19] discussed the link between complex fuzzy set and metric spaces.
In 2016, Thirunavukarasu et al. [20] depicted the abstraction of complex fuzzy graph
and find energy of this newly defined graph. In 2017, Alsarahead and Ahmed [21-23]
presented a new abstraction of complex fuzzy subgroup. They also introduced novel
conception complex fuzzy subring and complex fuzzy soft subgroups. These abstractions
are completely different from Rosenfeld fuzzy subgroups [2] and Liu fuzzy subring [3]. The
parabolic fuzzy subgroups were introduced by Makamba and Murali [24]. Then, certain
algebraic properties of Engel fuzzy subgroups were discussed in [25].

Moreover, the Mohamadzahed et al. [26] established the novel concept of nilpotent
fuzzy subgroup. The fuzzy homomorphism structures on fuzzy subgroups was discussed
by Addis [27]. The algebraic structure between fuzzy sets and normed rings were proposed
in [28]. Gulistan et al. [29] presented the notion of (&, f)-complex fuzzy hyper-ideal and
investigated many algebraic properties of this phenomena. Liu and Shi [30] presented
a novel framework to fuzzification of lattice, which is known as an M-hazy lattice. The
complex fuzzy sub-algebra commenced in [31].

Currently, the novel environment of complex fuzzy set in decision making problems
has been used frequently [32-38], owing to the existence of complex fuzzy information
in several practical situations. Gulzar et al. [39] published a inventive theory of complex
fuzzy subfields. The new development about Q-complex fuzzy subring was introduced
in [40]. For other useful results of fuzzy subgroups not mentioned in the article, readers
are referred to [41-47].

The motivation of the proposed concept is explained as follows: (1) To present a more
generalized concept, i.e., («, B)-complex fuzzy sets. (2) Note that for « = 1 and g = 27, our
proposed definition can be converted into a classical complex fuzzy set. The purpose of
this paper is to present the study of («, f)-complex fuzzy sets and («, §)-complex fuzzy
subgroups as a powerful extension of complex fuzzy sets and complex fuzzy subgroups.

We organized this article as follows: Section 2 contains the basic notions of complex
fuzzy sets (CFSs), complex fuzzy subgroups (CFSGs), and associated results, which are
important for our paper. In Section 3, we expound the abstraction of («, f)-complex fuzzy
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set (CFS) and («, B)-complex fuzzy subgroup ((«, B)-CFSG). We prove that every complex
fuzzy subgroup (CFSG) is also an («, p)-complex fuzzy subgroup ((«, 8)-CFSG) and discuss
fundamental properties of this newly defined CFSG. In Section 4, we explicate the («, B)-
complex fuzzy cosets and («, B)-complex fuzzy normal subgroups ((«, B)-CFNSGs) and
investigate many algebraic characteristics of these specific groups. Moreover, we find the
quotient group with respect to (a, f)-complex fuzzy cosets and prove the («, 8)-complex
fuzzy quotient group. We initiate the definition of the index of («, 8)-CFSG and develop
the (a, B)-complex fuzzification of Lagrange’s Theorem.

2. Preliminaries

In this section, we describe the CFSs and CFSGs, and then we discuss the basic
operations of complex fuzzy sets.

Definition 1 ([1]). A fuzzy subset is mapping from universe of discourse to [0,1] .

Definition 2 ([12]). A CFS A of nonempty set Z is function from nonempty set to unit disk and
is derived as 04 : Z — {z € C: |z| < 1}. The 04(p) = ua(p)e'®2P) is membership function
of CFS A, where i = \/—1 both u(p) and ¢ 4(p) are real valued such that u,(p) € [0,1] and
oa(p) € 10,27, forallp € Z.

Definition 3 ([21]). Let A = {(p, A(p)) : p € G} be a fuzzy subset. Then, the set

Ar={(p, Ax(p)) : Ax(p) = 2A(p),p € G}

is called a rt-fuzzy subset.

Definition 4 ([21]). A rt-fuzzy set A of group G is called a mt-fuzzy subgroup of G if

1. Ax(pq) > min{Ax(p), An(q)}, forallp,q € G,
2. ATC(P_l) > An(P),fOl’ allp € G.

Definition 5 ([21]). Let A = {(p, ua(p)e2(P)) : p € G} and B = {(p, up(p)e'?s)) : p €
G} be two CFSs of G. Then,

1. A CFS A is homogeneous CFS if ¥ p,q € G, we have pa(p) < ua(q) if and only if

¢a(p) < 9a(q)-
2. ACFS Ais homogeneous CFS with B if V p,q € G, we have ua(p) < ug(p) if and only if

¢a(p) < ¢p(p)-

Definition 6 ([14]). Let A = {(p, ua(p)eaP)) : p € G} and B = {(p, up(p)e'?s")) : p €
G} be a CFSs of set P. Then, the operation of intersection and union is defined as:

(ANB)(p) = parn(p)e?2 ") = min{ pa(p)ea®), g (p)ei )}, v p € G.
(AUB)(p) = paup(p)é4n ) = max{pua(p)e®s®), ug(p)e'®®) |, ¥ p € G.

Definition 7 ([21]). Let A = {(p, pa(p)e?2(P)) : p € G} be a homogeneous CFS of group G.
Then, A is called CFSG of group G if the following conditions hold.

2. pa (P_l)ei%(pA) > 1a(p)e'®aP), forall p,q € G.
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Definition 8 ([21]). A homogeneous CFS A = {(p, ptA(p)ei‘/’A(F’)) :p € G} of group G is said
to be CENSG of group G if: pa(pq)ea(PD) = 4 (qp)e’®2P), for all p,q € G.

3. Algebraic Properties of («, B)-Complex Fuzzy Subgroups

In this section, we define the hybrid models of («, 8)-CFSs and (a, B)-CFSGs. We
prove that every CFSG is also («, 8)-CFSG but the converse may not be true generally, and
we discuss some basic characterization of this phenomenon.

Definition 9. Let A = {(p, ua(p)e'?4()) : p € G} be CFS of group G, for any « € [0,1] and
B € [0,27], such that pa(p) < aand s(p) < Bor (ua(p) > aand @a(p) > B). Then, the
set Ay, p) is called an (a, B)-CFS and is defined as:

ia(p)e®5 P = minfp (p)e 48, ae®} = min{ua(p), ayemniea®) £},

where pa, (p) = min{pua(p), a} and ¢4,(p) = min{pa(p), B} -

In this paper, we shall use jia, (p)e'*? ¥) and y Ba (p)e'?26P)  as a membership function of
(a, B)-CFSs Ay gy and By, g), respectively.

Definition 10. Let A(, g) and By, g) be a two («, B)-CFSs of G. Then,

1. A (a,B)-CFS Ay, p) is homogeneous (w, B)-CFS if, for all p,q € G, we have pa,(p) <

pa,(q) if and only if @ a,(p) < @a,(q)-
2. A (a,B)-CFS Ay, p) is homogeneous (a, B)-CFS with B, g) if, for all p,q € G, we have
pa,(p) < ps,(p) ifand only if 94, (p) < @B, (p)-

In this article, we take («, §)-CFS as homogeneous («, §)-CFS.

Remark 1. It is an interesting that we obtain classical CFS A by taking the value of « = 1 and
B = 27t in the above definition.

Remark 2. Let M, g) and Ny, g) be two («, B)-CFSs of group G. Then, (MNN) , g = M4, 5) N
Nwp)-

Definition 11. Let A, g) be an (a, B)-CFS of group G for a € [0,1] and B € [0,27t]. Then,
A(qp) is called (a, B)-complex fuzzy subgroupoid of group G if it satisfies the following axiom:

)ei¢Aﬁ(P‘7) > min{ VAa(p)equAﬁ(p) ) iprﬂ(q)}‘

1a,(pq , Ha,(q)e

Definition 12. Let A, g) be an (a, B)-CFS of group G for a € [0,1] and B € [0,27t|. Then,
A(yp) s called (a, B)-CFSG of group G if it satisfies the following axioms:

) i9ag(pa) ) ipag(p)

Lo pa(pg)e™ 77 = min{ g, (p AN
2w (p e ) > (e forall pg € G.

) iq’Aﬁ (Q)} ,

Remark 3. If A, g) is (, B)-CFSG of group G for a € [0,1]. Then,

; -1
1
19)e Pag (P 0)

pa,(pq > min{ yAk(p)elq’Aﬁ(p) ) i9ag (‘7)} '

, tHa,(q)e
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Theorem 1. If A, gy is an (a, B)-CFSG of group G, for all p,q € G. Then,

Lo @)™ < pa ()",

i -1 i e
2 adpg e = (e,
which implies that yAa(p)ei(PAﬂ(p) = ‘uAa(q)ei(PAﬁ(q).

Proof. Obviously. [

Theorem 2. Let A, g) be an (a, B)-complex fuzzy subgroupoid of a finite group, and then A, g
is («, B)-CFSG of finite group.

Proof. Assume that p € G. Given that G is a finite group; therefore, p has finite order n.
p" = e, where ¢ is the natural element of group G. Then, we have p~! = p"~1. Now, we
apply the Definition 11 repeatedly. Then, we obtain

Ha (p PP = (pr e

Ha (p" 2p)e P

> Ha, (p)eifPAﬁ(P)_

~2p)

Hence, we proved the claim. [

Theorem 3. If A, is an (a,B)-CFSG of a group G, let p € G and ‘uAu(p)ei‘PAﬁ(p) =
a, ()€ 948), and then py, (pq)e 4¢P = py (g)e 940", forall g € G.

Proof. Given that ji 4, ( p)eiwﬁ(p) =a, (e)ei‘“ﬁ(e). Then, from Theorem 2, we have

Ha ()€ D < g (p)e?2P) v g € G.

Consider
pa (p)e? P > min{pa, (p)e P48, g, (g)e' 467}
yA“(pq)ei(P"‘ﬁ(pq) > yAu(q)eiq’Aﬁ(q). From Theorem 2. (1)
Now, assume that
A @) 08 0 = g (p pg)ePas? D
> min{pa, (p)e' 5", g, (pg)e 10},
Again, from Theorem 2, we have
min{jia, (p)e 187, uy, (pq)e 6PV} = pua (pg)e e,
Therefore, we obtain
Ha @)e? D >y (pg)e P forallq € G, @
From Equations (1) and (2), we have
Ha (@)e?8 D =y (pg)e 4 forall g € G.

This establishes the proof. [
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Theorem 4. Every CFSG of group G is also («, B)-CFSG of G.

Proof. Let A be CFSG of group G, for any p,q € G. Consider

pa(p)e " = min{jua(pg)e?a?), aef}
> min{min{yA(p)eiqu(p), VA(q)ei(pA(q)} e}
= min{min{ua(p)e’?4), ae} ,min{u4(q)e?2@, acf} }

= min{jua, (p)e """, i, ()"}
Further, we assume that
i (e = ming pa(p oA, aelf )

min{ 4 (p)e'? ), ael }
ipag(p)

v

= Ha,(pe
This establishes the proof. [

Remark 4. If A, 5)-CFSG then it is not necessary A is CFSG.

Example 1. Let G = {er1,s, rs} be the Klein four group. One can see that
A= {<e 015 > <SO363 >,< 1,03e'5 >, < rs, 02’6 >} is not CFSG of
G. Take « = 0.01 and B = 5 then easily we can see that p,(p)e i9a(P) > e, for all
e ipag(p) _ e ipag(pa)

y € G. Then, we obtain y,,(p)e = ae'f, V p € G. Therefore, ya, (pq)e

min{u,, (p)e 9ap p) A, (q)e 9ap q)} forall p,q € G. Moreover, 1—y g1=g, (rs)f1 =
rs.
i -1 i
Thus, pa, (p~')e Paglr) > pa,(pe 9a5(P), Hence, Ay g) is (a, B)-CFSG.

Theorem 5. Let A be a CFES of group G such that y(p “1)eigalr™) = pa(p)e®alP), v peG.
Let we'P < re'” such that « < rand B < w, where re’” = min{ua(p)e “PA(F’) :p € G} and
a,r € [0,1] and B,w € [0,27]. Then, A, gy is an (a, B)-CFSG of G.

Proof. Note that ae’? < re/” implies that min{p(p)e?4(P) : p € G} > ae’, which im-
plies that min{ji4 (p)e'®4 (), ae’f} = we'P, forall p € G, whichimplies that 4 (p)e'**# ) _
we'f.

ipag(pa)

v

i, (pa)e min{pa, (p)e ™", jua, (g)e' "7},
Moreover, ‘uA(pfl)ei(PA(p_l) = ua(p)e®aP) ¥ peG.
71)ei¢Aﬁ(p_1) i9ag(p).

This implies that Ha,(p = pa,(ple

Hence, A, g is (a, )-CFSG of G. [

Theorem 6. If M, 5) and N, g are two (a, B)-CFSGs of G, then M, g) M N, g) is also (a, B)-
CFSG of G.
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Proof. Given that M, 4) and N(, g) are two (a, B)-CFSGs of G, for any p,q € G.

Consider,
“mnwy, (PG ) Mg P MM, (pg)e 7N (P
)ewﬁ(m), N, (pq)elrpwﬁ(pq)}

eifl’Mﬁ (p)/ MM, (L])EigOMﬂ (‘7)} , }

= min{up, (pq
N min{ min{juy, (p
(

j— 3 mln{VMa(p l
= min . .
{ min{VMa (q)el(I’Mﬁ(Q) ( “PN/S(Q)}.

HN, (9)e
iQ’NﬁmMﬁ (P), N M, (q)ei

i(P(MﬁN)ﬁ(P)

= min{ppm,n,(p)e

— min{pew, (p)e @y

s H(MNN), (7)e
Further,

(p—1)e€0(MmN)ﬂ(Pfl) (p_l)eiprﬁmNﬁ(Pfl)

=  HMiNN,
- —1y oMy (P71 —1y iong (P71)
min{pp, (p~)e s uN (P e }

> min{up, (p)e ™7, pun, (p)e )
GD(MmN)ﬂ(P)

H(MNN),

= HKMNN), (p)e
Consequently, M, g) N Ny g) is (¢, B)-CFSG of G. [
Remark 5. The union of two («, B)-CFSGs may not be («, B)-CFSG.

Example 2. Consider a symmetric group Sy of all permutation of four elements. Define two
(a, B)-CFSGs A g6,y and B(g ¢ ) of Sa for the value we'P = 0.6e™ given as:

[ 05e™/2, ifpe< (13) > [ 06e", ifpe< (1324) >
Asm(P) = { 0.4¢™/#, otherwise and B(og,m (p) = { 0.3¢™/3, otherwise

This implies that

0.6e™, if pc < (1324) >
(A(06,) YUBom)(p) =4 052, ifpe<(13)>— < (1324)>
0.4¢/4 otherwise

Take p = (12)(34), 9 = (13) and pq = (12 3 4). Therefore, (A(g6,x) U B(o.6,x))(p) = 0.6¢™.

(A06,7) Y B(0.6,0)) () = 0.5¢™2 and (A (g6, UBosm)(pg) = 0.4™/4.
Clearly, we can see that

(A(O.é,n) U B(046,n)> (pq) 2 min{ (A(O.é,n) U B(0.6,7I)> (), <A(0.6,7I) U B(0.6,7I)> (y)}
Hence, this proves the claim.

4. («, B)-Complex Fuzzification of Lagrange’s Theorem

In this section, we investigate the algebraic attributions of («, f)-CFNSGs. We start the
study of the concept of («, B)-complex fuzzy cosets of («, p)-CFSG and develop a quotient
group induced by this particular CFNSGs. We also establish («, 8)-CFSG of classical
quotient group and prove some important properties of these CFNSGs. Moreover, we
discuss (a, B)-complex fuzzification of Lagrange’s heorem.
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i
Hpa, (x)e "

Definition 13. Let A, g) be an (a, B)-CFSG of group G, where a € [0,1] and B € [0,27]. Then,

the (a, B)-CFS PA(wp y(x) = {(x, ppa, (x)e (P”Aﬁ(x)), x € G} of G is called a (a, B)-complex
fuzzy left coset of G determmed by A(ap) and p and is described as:

(x) ) i, (p'%)

= pia, (p x)e = min{yA(p_lx)ei¢A(p71x), ae'P} forall x,p € G.

Similarly we can define (, B)-complex fuzzy right coset A, g p(x) = {(x, ;tAap(x)eiq)ABp(x) ), }
x € G of of G determined by A, gy and p and is described as:

; -1 , _ .
)elq)“ﬁ(w ) min{ i (xp~1)elPaP Y, weP} forall x, p € G.

Ha = pa, (xp~

i9A
ax)e ﬂp

The following example illustrates the notion of («, B)-complex fuzzy cosets of A, g).

Example 3. Take G = {(1),(24),(13),(12)(34),(13)(24),(14)(23),(1234),(1432)}
a permutation group of order 8. Define («, B)-CFSG of G for the value of x = 0.6 and p = /2
as follows:

0.6e™/2 ifx € {(1),(13)(24)},
Afem2)(X) =4 0574, ifx € {(14)(23),(12)(34)},
0.4¢™/6,  otherwise

From Definition 13, we have ppa . (x)e"P 062 () _ e (p~1x)e 0812 (rtx)
Hence, the (0.6, n/2)-compiéxfuzzy left coset of A(O.élnkzl)(x) in G for p = (24) is as
follows:
0.6e™/2 ifx € {(13),(24)},
PA06r/2)(X) =4 054, ifx € {(1432),(1234)},
0.4¢/6,  otherwise

Similarly, one can find (0.6, 7t/ 2)-complex fuzzy left coset of A6 7/2)(x), for each p € G.

Definition 14. Let A, g) be an (a, B)-CFSG of group G, where & € [0,1] and B € [0,27]. Then,
A(yp) is called a (a, B)-CENSG 1fA (wp)(P7) = A(ap)(qp). Equivalently (a, B)-CFSG A, g) is

(a, B)-CENSG of group G if: A(,8p(q) = pAap)(4), forall p, q € G.
Note that (1,27)-CFNSG is classical CFNSG of G.

Remark 6. Let A, g) bean (a, B)-CENSG of group G. Then, A(lxrﬁ)(q’lpq) = A(wp)(p), forall
p.q € G.

Theorem 7. If A is CENSG of group G, then A, g) is an (a, B)-CFNSG of G.

Proof. Let x, p be any elements of G. Therefore, we have

pa(plx)e@a P =y (xpyeiealr ),
This implies that {4 (p~'x)e?4 " %) aef} = min{py(xp1)e9a0P 1), gelf}
which implies that p,4 (x)elq)”A/S(x) = VAkp(x)elq)Aﬁ”(x).
This implies that pA , 4) (x) = Appgpr).

Consequently, A, g) is (&, f)-CENSG of G. [

The converse of the above result does not hold generally. In the following example,
we explain this fact.
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2

Example 4. Let G = D3 =<r,5: r> =52 = ¢, st = r?s > be the dihedral group.

Let A be a CFS of G and described as:

_ J08e™ ifxe<s >,
0.7¢™/6,  otherwise

, 3
Note that A is not a CENSG of group G. For j(r?(rs))ei9a(? () = 0.8e i@ # 0.7e7/0 =
yA((rs)rz)ei‘PA((’s)rz). Now, we take ae'® = 0.5¢""", and we obtain

tuPAo.s (x)gi‘PpAn/‘)(x) _ min{‘uA(p—lx)eiq,A(p—lx)’ 0.5€in/9} _ 0‘53%
= min{.“A(xp_l)ei(PA(xPil),O.Sei”/9} = VA0,5p(x)ei¢An/9p(X)~

Next, we prove that every («, B)-CFSG of group G will be («, 8)-CENSG of group G, for
some specific values of & and B. In this direction, we prove the following results.

Theorem 8. Let A, g) be (a, B)-CFSG of group G such that we'f < re' such that a < rand
B < w, where re™ = min{puz(x)e4™),V x € G } and a,r € [0,1] and B,w € [0,27]. Then,
A(qp) is a (&, B)-complex fuzzy normal subgroup of group G.

Proof. Given that ae’? < re’ implies that min{j(x)e/?4¥) : forallx € G} > acb,
which implies that 4 (x)e'?4(¥) > ae’f, for all x € G.

Thus, ,upAa(x)ei(P”Aﬁ &) _ min{pa(p~1x)ei®a(P'%) nelb} = aelf, for any x € G.

ei%‘ﬁp(x)

Similarly, p4,,(x) = min{p (xp~ )92 ™), welf) = nelf

This implies that ‘upAa(x)euppAﬁ(x) = VAap(x)el%ﬁ”(x). Hence, we proved the re-
sult. O

Theorem 9. Let A, gy be an (a, )-CFSG of a group G, then A, g is an («, B)-complex fuzzy
normal subgroup if and only if A, g) is constant in the in the conjugacy class of group G.

Proof. Assume that A, g) is an (a, B)-complex fuzzy normal subgroup of group G. Then,
we have

ja (q  pg)e PP =y (pgg e as T,
= pa, (p)e?W), v p,qec.

Conversely, suppose that A, g) is constant in all conjugate classes of group G. Then,

yAa (pq)el(PAﬁ(Pq) = ‘uAa(pqpp—l)eWAﬁ(Pqpp_l).
(pGap)p™)

=, (plgp)p~)e?4s :
Ha, (qp)e®2e ) p,g € G.

Hence, we prove the claim. O

Theorem 10. If A, g) is an («, B)-CFSG of a group G, then A, g) is an (w, B)-complex fuzzy
normal subgroup if and only if pa, ([p, q})eiwﬁ([p’q]) > la, (p)ei‘PAﬁ(p), VpqeG.
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Proof. Suppose that A, g) is an (a, f)-complex fuzzy normal subgroup of group G. Let
x,y € G be element of group. Consider

(' pq)

i . 3 ; . B i .
Han (7 pg)e e > min{pa, (7 pg)e PPy (p P28
= min{ua, (p)e?48”), ja, (p)e'*4)}
VAa([p,q])ei(PAlg([p/q]) 2 yAa(p)ei(pAﬁ(p).

Conversely, suppose that 4, ([p, q))e'?46 "7 > 1, (p)e'#46P) Let p, r € G be an ele-

ment.
Consider yAa(p_lrp)ei(”Aﬁ(Vl’p) = g, (rr—lp—lrp)eiﬁl’Aﬁ(fflP’lrp)
> min{,uAa(r)ei(”Aﬁ(r),yAa([r, p])ei(/’/\ﬁ([r'p])}
= pa (et ©)
Thus, pa, (p rp)e®s® P > (10, v, peG. @
Now, jig, ()67 = g, (pp~lrpp~T)elPasr 1P
> min{jua, (p)e P8V, ua, (p rp)e ), ©)
Now, we expound two possible cases.
Casel
If m.ln{VAa(P)ei(PAﬁ(p),]lAa(Pilrp)Ei(PAﬁ(pilrp)} _ VAa(p>ei(PAﬁ(p)'

Then, we obtain yAa(r)ei‘PAﬁ(r) > yA“(p)eiq]Aﬁ(p), Vr, peG.
This implies that A, ) is a constant mapping and, in this case, the result holds
obviously.

Case 2

P4p(P) U el Pap(plrp).

If min{pu,, (p) ,HAW(P_lrp)ei(PAﬁ yAa(p_lrp)

Then, from Equation (5) we have

Ha (NP0} >, (plrp)e®as ) (6)

In the view of Equations (4) and (6) we have
pa NPty = pua, (plrp)d P

Hence, A, g) is constant.
O

Theorem 11. Let A, g) be (a, B)-CENSG of group G. Then, the set Al g = {xeG:

A(a,ﬁ)(x’l) = Ayp)(e) } is a normal subgroup of group G.

Proof. We know that A?a 8) # ¢ becausee € G. Letx, y € A?{X 8) be any elements.

Consider

ia, ep)e P > min{ua, (07, ua, )e 7Y 3 = min{ua, (e)e' ", ua, (e)e 4y .

This implies that yAa(xy)ei(PAﬁ(xy) > ua (e)ei(PAﬁ(g)_ However, VAa(xy)ei(PAﬁ(xy) <

Ha, (e)ei(PAﬁ @), Therefore, ji 4, (xy)ei%ﬁ‘ () _ Ha, (e)ei%i3 ) This implies that A, g (x7 1) =
ipag(y)
e B

A(q,p) (€), which implies that xy € Af“’ﬁ), Further, ja (y1) > A (y)ei(’mﬁ v _
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Ha, (e)eiwﬁ © However, yAa(x)ei(PAﬁ(x) < ‘uA“(e)eiq’Aﬂ' @, Thus, A(sz 8) is subgroup of

. -1
pand y € G. We have py (y~Lxy)e PAwp) W=y _

e
(a,

group G. Moreover, let x € A

pa,, ﬁ)(x)ei(PAW) = This implies that y~lxy € A?a,ﬁ). Hence, A?a,ﬁ) is a normal sub-
group. [

Theorem 12. Let A(, g) be an (a, B)-CENSG of group G. Then,

e

(a,B)

2. A(oc,ﬁ)P = A(lx,ﬁ) q if and if only pq_l S A(lx,ﬁ)

1. pAgpp =qAwp ifandifonly plge A

Proof. (i) Forany p,q € G, wehave pA, g = qA 4 p)-
Consider,

i -1 . _ .
P‘AN(PAGI)E(PA‘;(IH e min{p(p~1q)e 4P, nelf}
= min{pya (q)eiqo,m(q), we'P}
= pa, ()
= tga ()"0
= min{ua(g'q)e? D), ae'f}
= min{ps(e)e?4), aeP}

Ma, (e)ei‘PAﬁ (e) )

Therefore, p~ g € A%’a 8)"
e

; -1
Conversely, let p~1q € A(“ 5) implies that ,uAa(P_1Q)el(PA'E(p 7 _

Ma, (E)Ei(PAﬁ (5).

Consider, ypA“(a)ei(P”Aﬁ(a) = min{yA(p_la)e"‘i’A(Vl”),aeiﬁ}

7111)

pa, (p~ta)e#alp

. 1y (-1
ia, () (g Ty P

)eiqvAﬁ(P’lq) eirPAﬁ(q’]a)}

%

Hag (g a)
71a)ei‘l’Aﬂ (g7 1a) )

min{ya, (p~'q
)ei¢A/5 (e)

min{]’lAa(e ’:uAa(q
; ~1
_ ptAa(q‘la)e““ﬁ(q a)

= ga(a)e .

Interchange the role of p and g, and we obtain 44, (a)ei%’*ﬁ @ >Upa, (a)eiq)” 45 (@), Therefore,

poac (@) 75 = g, (@) 0.
(ii) Similarly one can prove that as part (i). O

Theorem 13. Let A, g) be an (a, B)-CFNSG of group G and p,q,a, and b be any elements in G.
IfpA (o p) = aA(wp) and A, gy = DAy gy, then pgA , gy = abA ).

Proof. Given that pA, 5) = aA(yp) and gA, 5) = bA(, g). This implies that plaqg b €
AE

(@B)"
Consider, (pg) ™" (ab) = q~'(p~"a)b = g~ (p~"a) (g9~ )b = [77(p~'a) (1)) (4~ "b).
As Afa,ﬁ) is normal subgroup of G. Thus, (pq) " (ab) € A?tx,ﬁ)' Consequently, pgA , 5) =

abA(tx,ﬁ)'
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In the following result, we establish (&, )-complex fuzzy quotient group analog to
the classical quotient group. [

Theorem 14. Let G/ A(yp) = {pA(y ) : p € G} be the collection of all (w, B)-complex fuzzy

cosets of (, B)-CENSG A, gy of G. Then, the binary operator x is a well-defined operation of set
G/ A(yp) and is defined as pA , g) * §A(a,p) = PGA(@p) forall p, g € G.

Proof. We have pA, g) = qAup) and aA gy = bA(, p), foranya,b, p, g€ G. Letg € G
be any element, then

19pan,(8)
PAGp) *0A00] (2) = (P21 (8)) = (8 e, ()70

Consider, ppaa, ( g)ei‘f’mﬂﬁ )

= min{ppea(g)e ¥ ), aclf}
— min{pa((pa) g)e () '), eif}

— min{yA(afl(pflg))eiw(a*l(flg))/ we'P
= pen(p )™
= oa (pg)e ™Y

= min{pa(b”"(p~ 8))61‘“ (r79), eif
= min{pa(p~'(gb7")), ac}

= pipa (g e

(gb™h)
= Hqa, (80" De ¢ P58

= min{yA(q ( )) g (gb™h)) Oceiﬁ}
= min{uu (g 'g)b ei?al" o)1 el

= min{ua(bg71(g))elPal 0 1(g)),,xeiﬁ}
= min{pa((gh) ' (g))e!®a((@) ' (8) 4ei6)

= ‘uqua (g)elgoqu/S (g) ‘

Thus, * is well-defined operation on G/ A, g). Note that the set G/ A, g) fulfills the
closure and associative axioms with respect to the well-defined binary operation *. Further,

VAe(pﬁ*ﬂ eq)”ﬁ'_ye (pﬁ*],[ (pﬁ_y epﬁ'_y gO’gﬁ:>],[Ag“PA
is neutral element of G/ Ay p)- Clearly the inverse of every element of G/ A(yp) existif

HpAy Js o 4G/A(a,ﬁ), and then there exists an element, j1,, 14, e s o G/A(yp) such
that ypflpAaew”flt’Aﬁ = uae” . Asaresult, G/ A(ap) is a group. The group G/ A, g) is
called the quotient group of the G by A, g). [

Lemma 1. Let h: G — G/ A, g) be natural homomorphism from group G onto G/ A, gy and
defined by the rule, h(p) = pA(, p) with the kernel h =A{,, g

Proof. Let p, g be any elements of group G, and then

h(pq) = paAip) = Hpgace " = tpae P xpgae P = pA g *qAwp = h(p)*h(q).
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Thus, h is homomorphism. Further, f is as well

Now, Kerh = {p€G:f(p)=eApp}
= {PeG:pAup =cAwp }
= {peGipel € Al 5}
= {peG:pe Ay}
= A
O

In the following result, we establish («, 8)-CFSG of the quotient group induced by the
normal subgroup Af B

Theorem 15. Let A7 g be a normal subgroup of G. If A, p) = {(p, yAu(p)eiq)Aﬁ(p)) €

G} is (w,B)-CFSG, then, the (a,B)-CFS A = {(pAS, 5, Tia, (DAY ) s PAlum)y

(,p)
, - 194, (PAlp))
p € G} of G/ A{,p) is also a (a, B)-CFSG of G/ A 4, where yAa(pA'Ea’ﬁ))e AP ap))

p
p)

max{jia, (pa)e ™" ca e AC )

"
Proof. First, we shall prove that 71, (pA{ )el(PAﬁ(p (wp)

(a,8) is well-defined. Let pAi, 5=

qui,/S then g = pa, for some a € Af 8)"

@,

)eimﬁ(m'ﬁ) max{yAa(qb)ei(PAﬁ(qb) :be Afa,ﬁ)}

cc=abe A‘éa,ﬁ)}

Now, ﬁAa (qua,ﬁ)
— max{jia, (pab)e """

= max{pa, (pe)e ™" e AL, o)
— e 9, (PAl5))
= Tia, (pAfyg)e #7P

)ei%ﬁ (pA?,,‘,/g))

Therefore, i 4 (pA‘E“ f) is well-defined.

Consider Had (pAfa’ﬁ) ) (iAimﬁ) )e}e@Aﬁ{(pAf[\,ﬁ))(qA?a’ﬁ))}
o, (p0AG, g ) ")

max{pa, (pqa)e
max{min{s 4, (pb)
min{max {4, (pb) >} :b e Airﬁ,max{ym(qc)e

00, (P 5))
e TP T (9 A, )

iéﬂAﬁ(PW)

ae A‘Etx,ﬁ)}

" paac)e 1y e e ag)
P (qC)}

e T

i b
el(mﬁ(p

\Y

:CEAZ,ﬂ}

e

. = 94, (047, )
= min{zi, (pAf, 4) ey

— e 1
ea,ﬂ)>_1>€Z¢Aﬁ((pA(a’ﬁ)) )

_ 1§, (P AL )
fia, ((PA[ Je BT TR

Ha, (P71A§,5

_ g4, (p1a)
= max{pn, (p7la)e eV iae A )

i‘PAﬁ(Pa)

> max{pa,(pa)e tac Aygl

- e @4, (PAL,p)
= ‘uAa(pA(a”B))e Ap T (@p))

This concludes the proof. [
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Remark 7. If A, g) is an (a, B)-CFSG of a group G, let p € G and ‘uAa(pq)ei(pA,;(pq) =
VAa(P)ei(PAﬁ(p),for all g € G then ]/tAa(p)eiq’Aﬁ(p) = Ya, (e)ei"’Aﬁ(e).

Definition 15. Let A, g be a («, B)-complex fuzzy subgroup of finite group G. Then, the cardi-
nality of the set G/ A, g of all (a, B)-complex fuzzy left cosets of G by Ay, gy is called the index of
(a, B)-complex fuzzy subgroup and is denoted by [G : A, p)]-

Theorem 16. ((«, B)-Complex Fuzzification of Lagrange’s Theorem): Let us assume that there
exists a (a, B)-complex fuzzy subgroup A, gy of finite group G. Then, the index of (a, B)-complex
fuzzy subgroup of G divides the order of G.

Proof. By Lemma 1, we have a natural homomorphism / from G to G/ A, g)-
Define a subgroup H = {x € G : xA(, 5) = eA(y )} By applying the Definition 13
x € Hand g € G, we have XA(y,p)(8) = eA(yp)(g)- This implies that A(a,ﬁ)(x_lg) =

Anp) (¢), by Remark 7, which shows that x € A?a, B’ Therefore, H is contained in A?a, B’
e

Now, we take any element x € A (@) and using the fact Afa 8) is subgroup of G, we have

A p) (x7 1) = A(4p)(€). From Theorem 13, E\e elements x 71, g € A?a,ﬁ), Whiil means that
XA(p) = €A(q,p), Which implies that x € H. Hence, AEX’ 8) is contained in H. From this
e

(wp)’

Now, we define the partition of the group G into the disjoint union of right cosets, and
this is defined as G = m1H

discussion, we can say that H = A

UmpHU -+ - UmiH. (i)

where mH = H. Now, we prove that, to each coset m;H in relation (i), there exists an
(a, B)-complex fuzzy coset m;A 4 g) in G/ Afa By and this corresponding is injective.

3 A€ e
Consider any coset m]A (@)’ Letx e A (wB) then
h(mjx) = mxAqp) = mAGpYAxwp)
= A wp)Awp)
= MiAwp)
Thus, h maps each element of minlx, 8) into the (ociﬁ)—complex fuzzy coset m;A, g)-
Now, we establish a natural correspondence h between the set {m ]-Af“ P 1<j<k}

and the set G/ Afa 8) defined by

The correspondence 4 is injective.
For this, let m; A, gy = m1 A, p), then mflml.A(a,m = eA(yp)- By using (A), we have

ap
from the above discussion that [G : A¢

(wp
divides O(G). O

ml_lml. € H, which means that miA? )= miA?;x 8y and hence  is injective. It is quite clear

)] and [G : A, g)] are equal. Hence, [G : Afa,ﬁ)]

3 2

Example 5. Consider G = {< u,v : u® = v* = e, uv = vu?} as a finite permutation group
of order 6. The («, B)-complex fuzzy subgroup A, gy of G corresponding to the value « = 1 and
B = 2 is defined as

0.9¢%" ifx=e,
Ap)(x) = 0.7¢™, ifx = u,u?,
0.6¢34  otherwise.
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The set of all («, B)-complex fuzzy left cosets of G by Ay g) is given by:

G/ A(wp) = {eAwp) 4Awp) VAwwp) -
This means that |G : A(a,ﬁ)] = Card(G/A(“,ﬁ)) =3.

5. Conclusions

The concept of («, B)-CFSs is a valuable extension of classical CFSs. In this article,
we defined («, B)-CFSGs and proved fundamental algebraic attributions of these newly
defined CFSGs. We presented («, f)-complex fuzzy cosets and used these concepts to
develop the («, 8)-CFNSGs. Moreover, we established an («, §)-complex fuzzy quotient
ring induced by («, B)-CENSG. We derived the (a, §)-complex fuzzification of Lagrange’s
Theorem. In the future, we shall use the concept of the («, f)-complex fuzzy set in algebraic
structures [48,49] and decision-making problems [50]. Moreover, with the help of this
newly defined complex fuzzy set, we shall propose novel (&, §)-complex fuzzy machine
learning algorithms.
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