@ axioms

Article

A Class of BCI-Algebra and Quasi-Hyper BCI-Algebra

Xiaohong Zhang * and Yudan Du

check for
updates

Citation: Zhang, X.; Du, Y. A Class of
BCI-Algebra and Quasi-Hyper
BCI-Algebra. Axioms 2022,11,72.
https://doi.org/10.3390/
axioms11020072

Academic Editor: Sergey V.
Ludkovsky

Received: 23 December 2021
Accepted: 1 February 2022
Published: 10 February 2022

Publisher’s Note: MDPI stays neutral
with regard to jurisdictional claims in
published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

School of Mathematics & Data Science, Shaanxi University of Science & Technology, Xi’an 710021, China;
1909010@sust.edu.cn
* Correspondence: zhangxiaohong@sust.edu.cn

Abstract: In this paper, we study the connection between generalized quasi-left alter BCI-algebra and
commutative Clifford semigroup by introducing the concept of an adjoint semigroup. We introduce
QM-BCI algebra, in which every element is a quasi-minimal element, and prove that each QM-BCI
algebra is equivalent to generalized quasi-left alter BCI-algebra. Then, we introduce the notion of
generalized quasi-left alter-hyper BCI-algebra and prove that every generalized quasi-left alter-hyper
BCl-algebra is a generalized quasi-left alter BCI-algebra. Next, we propose a new notion of quasi-
hyper BCI algebra and discuss the relationship among them. Moreover, we study the subalgebras
of quasi-hyper BCI algebra and the relationships between H,-group and quasi-hyper BCI-algebra,
hypergroup and quasi-hyper BCI-algebra. Finally, we propose the concept of a generalized quasi-
left alter quasi-hyper BCI algebra and QM-quasi hyper BCI-algebra and discuss the relationships
between them and related BCI-algebra.
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1. Introduction

In 1966, Japanese mathematicians Imai and Iséki proposed the concepts of BCK/BCI-
algebra based on logical algebra and the algebraic expression of combinators in combina-
torial logic, which are the two kinds of algebraic structures closest to combinatorial logic,
fuzzy logic, etc.) [1-5]. From the development of BCI-algebras, we know that BCI-algebras
can be studied from several aspects:

(1) Find some special classes of BCI-algebra, such as associative BCI-algebra in-
troduced by Qingping Hu and K. Iséki in 1980 [6]; generalized associative BCI-algebra
proposed by Tiande Lei in 1985 [7]; generalized quasi-left alter BCI-algebra by X.H. Zhang
in 1992 [8]; the mixed structure of BCI-algebra and semigroup [9].

(2) Starting from the operation of logical algebra, another new operation was derived,
which is suitable for associative law. For example, the semigroup structure induced by
a BClI-algebra [10]. W.P. Huang studied the adjoint semigroup of generalized associative
BCl-algebra and proved that the adjoint semigroup of generalized associative BCI-algebra
is an Abelian group [11]. In 1995, Zhang and Ye first revealed the internal relationship
between BZ-algebras and general groups, which can be non-commutative [12].

F. Marty introduced the notion of hyperstructure (also called multialgebra) in 1934 [13],
which was widely used in applied sciences (see [14-17]). Naturally, the idea of a hyper-
structure is also applied to the study of non-classical logic algebras. Jun et al. introduced
hyper BCK-algebra in 2000, and investigated hyper BCK-ideals and some related hyper
algebras, such as hyper K-algebra and hyper MV-algebra (see [18-23]). In 2006, Jun and
Borzooei et al. independently proposed the new concept of hyper BCC-algebra; Xin also
introduced the definition of hyper BCl-algebra in 2006 and, since then, many research
papers on hyper logical algebras have emerged (see [24-31]). In 2021, Y.D. Du and X.H.
Zhang introduced the definition of hyper BZ-algebra and discuss the relationships between
it and semihypergroups by an adjoint semigroup ([32]).

Axioms 2022, 11, 72. https:/ /doi.org/10.3390/axioms11020072

https:/ /www.mdpi.com/journal/axioms


https://doi.org/10.3390/axioms11020072
https://doi.org/10.3390/axioms11020072
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/axioms
https://www.mdpi.com
https://doi.org/10.3390/axioms11020072
https://www.mdpi.com/journal/axioms
https://www.mdpi.com/article/10.3390/axioms11020072?type=check_update&version=3

Axioms 2022, 11,72

2 of 20

In sum, the study of both logical algebra and hyper logic algebra should start from
their relationship with classical abstract algebra. Therefore, for this paper, we paid attention
to the connection between quasi-hyper BCI-algebra and a semihypergroup.

The arrangement of the whole paper is as below. Firstly, we show a number of
definitions, properties, and theorems in non-classical logic algebras and related hyper
algebraic structures in Section 2. In Section 3, we study the adjoint semigroup of generalized
quasi-left alter (hyper) BCI-algebra and QM-(hyper) BCI algebra. We obtained some results.
In Section 4, we propose a definition of quasi-hyper BCI algebra, discuss some properties,
investigate the relationship between quasi-hyper BCI-algebra and hyper BCI-algebra,
weak hyper BCI-algebra. Moreover, we study relationships between quasi-hyper BCI-
algebra, hypergroup and the Hy-group. Finally, we introduce the concepts of generalized
quasi-left alter quasi-hyper BCI-algebra and QM-quasi-hyper BCI-algebra and discuss the
relationships between them and the related BCI-algebra.

2. Preliminaries

Definition 1 ([33]). Assume that S is a semigroup, a € S. If 3x € Ss.t. axa = a, then a is called
regular. S is regular, if each element of S is regular.

1

Definition 2 ([33]). Assume that S be a semigroup. If Va € S, there is a operation a — a~> on S,

and it satisfies

1 1 -1

(@Y '=aaa'a=a,a0""' =ata

Then, it is a completely regular semigroup.

Definition 3 ([33]). Assume that (S,u,~ ") be a completely regular semigroup. Vx,y in S

() y) = () ().
This is a Clifford semigroup.

Definition 4 ([1,2]). Let < X;*,0 > be a type (2,0) algebraic structure, if it satisfies:Vx,y,z € X,
(BCIT) ((x*z)* (y*z))* (x*xy) =0;
(BCI2) (xx (x*y))*xy =0;
(BCI3) x x0 = x;
(BCH4) xxy=0andyxx=0=x=y.
It is a BCI-algebra.
In BClI-algebra < X;*,0 >, if it satisfies:

(BK)Oxx =0, forall x € X;
This is a BCK-algebra.

In BCK/BCl-algebra, define <: x < yiff x xy = 0.

Theorem 1 ([1]). A type (2,0) algebraic structure < X;,0 > is a BCl-algebra iff Vx,y,z € X,
it satisfies:

(BIT) ((xxz)* (y*z)) * (x*xy) =0;

(BI2) (z#x)*y = (z*xy) *x;

(BI3) x xx = 0;

Bld) xxy=0andy*xx=0=>x=y;

(BI5) (0% (0% x)) *x = 0.

Definition 5 ([6]). BCI-algebra < X;*,0 > is generalized associative, if 0 (0% x) = x, Vx € X.

Theorem 2 ([34]). In any BCl-algebra < X;*,0 >, the below conditions are equivalent:if
Vx,y,z € X,
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(1) X is generalized associative;

2) xx(0xy)=yx(0xx);
(3) Ox*(x*xy)=y=xx;

(4 xx(yxz)=zx*(y*x);
(5) xx(xxy)=1y;

(6) (xxy)x(xxz)=z%y,
(7) (xxz)*(y*z) =xx%y

Proposition 1 ([7]). In BCI-algebra< X;,0 >, the below equations hold:

(1) 0x(0%(0*xx))=0xx,Vx € X;
(2) O0x(x*xy)=(0xx)*(0xy), Vx,y € X.

Definition 6 ([7]). The necessary and sufficient condition for a type (2,0) algebraic structure
< X;*,0 > to be a quasi-alter BCK-algebra is that it meets: Vx,y € X, ifx =y, xxy = 0,
otherwise, x ¥y = X.

Definition 7 ([7]). In a BCI-algebra < X;*,0 >, if Vx,y € X, and x # y,
xx(xxy) =0%(0xy).
Then, it is said to be a generalized quasi-left alter BCI-algebra.

Theorem 3 ([7]). Assume that < X;*,0 > be a generalized quasi-left alter BCI-algebra. Vx € X,
either 0x x = 0,0r 0% (0% x) = x.

Definition 8. Assume that < X;,0 > is a BCI-algebra. Then,
BCK(X) :={m € X|0*xm =0}
is a BCK-part of X.
Definition 9. Assume that < X;*,0 > is a BCI-algebra. Then,
AG(X) :={m e X|0x (0xm) =0}
is a generalized associative part of X.

Proposition 2 ([7]). The BCK-part B(X) of the generalized quasi-left alter BCI-algebra X is quasi-
alter BCK-subalgebra. Let G(X) = X — B(X) be the BCK-remainder of generalized quasi-left alter
BCI-algebra X. We can see that G(X) U {0} is generalized associative subalgebra.

Theorem 4 ([7]). Assume that < X;*,0 > is a generalized quasi-left alter BCI-algebra, B(X),
G(X) are BCK-part and BCK-remainder of X, respectively. Then:

(1) x € B(X),y e G(X)U{0}imply xxy =0xy;
(2) x€ G(X)U{0},y € B(X) imply x xy = x.

Definition 10 ([14]). A hypergroupoid (H, o) is a semihypergroup, if ¥x,y,z € H, we have
(xoy)oz=xo0(yoz). Thatis,

U woz= (J xou0.

uexoy veyoz

In semihypergroup (H,o), for all A,B,C € P*(H), (AoB)oC = Ao (BoC), where
P*(H) represents the non-empty subset of H.

Definition 11 ([14]). A semihypergroup (H, o) is a hypergroup if Va € H,aoH = Hoa = H.



Axioms 2022, 11,72

4 0f 20

In a study of hyperstructure, 2 < b represents 0 € aob. ForeachS,B C H,S < B
represents that, for all s € S, thereis b € B, such thats < b.

Definition 12 ([18]). Assume that (H,o) is a hyper groupoid containing 0. If it meets these
axioms: ¥x,y,z € H,

(HBK1) (xoz)o(yoz) < xoy;

(HBK2) (xoy)oz = (xo0z)oy

(HBK3) xo H < x

(HBK4) x < yandy < x = x = y.

We call this a hyper BCK-algebra.

Definition 13 ([26]). Assume that (H,o) is a hyper groupoid containing 0. If it meets these
axioms: Vx,y,z € H,
(HBK1) (xoz)o(yoz) < xoy;
HBK2) (xoy)oz = (xoz)oy;
HBI3) x < x;
HBK4)x < yandy < x = x =y;
HBI5) 00 (00 x) < x. Then, it is a hyper BCI-algebra.

o~~~ ~

Definition 14 ([24]). Assume that (H, o) is a hyper groupoid containing 0. If it meets these axioms:

(HBK1) (xoz)o(yoz) < xoy,Vx,y,z € H;
HBK2) (xoy)oz = (xoz)oy,Vx,y,z € H;

HBI3) x < x,Vx € H;

HBK4)x < yandy < x = x =y,Vx,y € H;
HBI5)00(0ox) < x,x #0,Vx € H.

Then, it is a weak hyper BCI-algebra.

(
(
(
(

3. Generalized Quasi-Left Alter BCI-Algebra

Firstly, we introduce the adjoint semigroup of BCI-algebra and provide some examples
about the adjoint semigroup of BCI-algebra. Then, we discuss the relationship between the
adjoint semigroup of a generalized quasi-left alter BCI-algebra and commutative Clifford
semigroup.

Assume that < X, *,0 > is a BCI-algebra. Va, x € X, denote a map p;:

Pa: X = X:x= x*a.
Va,b € X, denote p;, ® pp: X — X as follows: Vx € X,
X (0 ® pp)(x) = (x%b) xa.
where ® represents the composition operation of mappings.

Theorem 5. Assume that < X,*,0 > is a BCI-algebra. Denote M(X) as a set of finite products
Pa; ® ... ® g, (a1, ...,as € X), where ® represents the composition operation of mappings. Then,
(M(X), ®) is a monoid and it is commutative.

Proof. Va,b,c € X, and Vx € X, we have
(P2 ® pp) ® pc(x) = pa ® pp(xxc) = ((x*c) xb) *a,

Pa® (0 ® pc) () = pa ® (0p ® pc(x)) = pa((x % ¢) ¥b) = ((xxc) % D) x4,

Obviously, (0a ® pp) ® pc(x) = pa ® (op ® pc)(x). So (M(X),®) satisfies associa-
tive law.
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Vx € X, pa € M(X),
00 ® pa(x) = po(x*a) = (x*xa)*0=x%xa=p,(x),

0a ® pa(x) = pa(x%0) = (x*x0) xa = x*a = py(x).

Then, py is the identity element in M(X). Therefore, (M(X), ®) is monoid.
Vm,n € X,and Vx € X,

Pm @ pu(x) = (xxn)sxm= (x*m)*xn=p,® pm(x).
Therefore, (M(X), ®) is commutative. [
Example 1. Assume that X = {0,1,2,3,4,5}. This operation on X is shown in Table 1.

Table 1. BCI-algebra.

G W= O %
G k= W= oo
Qi WO OO | M
G s WO R OoON
B 01O W WWw|w
W O = U1 U1 Q1| W
O WOl == u

Clearly, < X,*,0 > is a BCI-algebra .

That is, pg : X — X : x — x%0. S0 pg = {0,1,2,3,4,5};

p1: X — X:x—xx1.Sp; ={0,0,0,3,4,5};

p2: X = X:x—x%x2.5p,=1{0,1,0,3,4,5};

p3: X — X:x—xx3.5p3 ={3,33,0,5,4};

ps: X — X:x— xx4.50py ={5,55,4,0,3};

ps5: X — X:x— x%5.50p5 = {4,4,4,5,3,0}.

We could confirm the following:

00 ® Po = Po, L0 ® P1 = 1,00 ® P2 = P2, 00 ® P3 = P3,00 ® P4 = P4, 00 ® 5 = P5;
P1® P = 01,01 ® P1 = 01,01 ® P2 = p1,01 ® P3 = P3,01 ® P4 = P4,01 ® P5 = P5;
P2 ® P = P2,02® P1 = 1,02 ® P2 = P2,02 ® P3 = P3,02 ® P4 = P4,02 ® P5 = P5;
P3 ® pg = p3,03 ®P1 = P3,03 ® P2 = P3,03 B P3 = P1,03 ® P4 = P5,03 ® P5 = P4,
P4 ® 00 = 04,04 ® P1 = 04,04 ® P2 = 04,04 ® 03 = 05,04 ® P4 = 03,04 ® P5 = 01,
05 ® P = P5,05 ® P1 = P5,05 ® P2 = 5,05 ® P03 = P4,05 ® P4 = P1,05 ® P5 = P3.

Then M(X) = {po, p1, P2, 03, P4, 05}, and (M(X), ®) is a monoid, and the operation & on

it is shown in Table 2. Thus (M(X), ®) is commutative monoid.

Table 2. The adjoint semigroup of BCI-algebra.

® Po P1 P2 P3 P4 Ps5
o Po P1 02 03 P4 P5
P1 P1 P1 P1 03 P4 (%
02 02 01 P2 03 04 05
03 P3 03 03 £1 05 P4
P4 P4 P4 P4 %3} 03 P1
P5 (%3 P5 05 04 01 03

Theorem 6. Assume that < X,*,0 > is a generalized quasi-left alter BCI-algebra. Hence, M(X)

is a commutative Clifford semigroup.
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Proof. Step 1:
Let B(X) be a BCK-part of X and L(X) = X — B(X) be BCK-remainder of X. Vx € X,

00 ® po(x) = (x%0) x0 = x 0 = x = po(x).

Then, according to Definition 6, Proposition 2 and Theorem 4, Vx,y € X — {0},
Case 1: Vx,y € B(X),Va € X,a # xand a # y. That s,

px ®py(a) = (axy) ¥ x = axx = a = py(a) = px(a).
Px®py(y) = (yxy)xx =0xx=0=py(y).
Px ®py(x) = (xxy)xx = xxx = 0= py(x).

Therefore, Vx,y € B(X) and x # y, there is p, ® p, € M(X).

Then:

(1) (px ® py) ®py(a) = ((axy) xy) xx = (axy)xx = axx = (axy)xx = 0x ® py(a);

(px ®py) ®py(y) = ((y*y) xy) xx = (0 y) xx =0xx = (y*y) *x = px ® oy (y);

(02 ® ) @ py(x) = (x5 ) y) 5% = (x )+ X = X5 x = (x5 ) ¥ = P py ().

Therefore, for any x,y € B(X), there is (ox ® py) ® py = px ® py.

2) (px ® py) ® px(a) = ((axx) xy)xx = (axy) xx =axx = (axy)xx = 0x ® py(a);

(px ® py) ® px(y) = ((y*x) xy) ¥ x = (y+y) *x = 0 x(y x y) x x = 0 ® 0y (y);

(x ®py) ®px(x) = ((xxx)*y)*x = (0xy)xx =0xx =0=x%x = (x*y)*x =
Pz ® py(x).

Therefore, for any x,y € B(X), there is (ox ® py) ® px = px ® py.

©) (ox @ py) ® (px ® py)(a) = (((@xy)xx)xy)xx = ((axx) xy) xx = axx =
(@xy)*xx = px®py(a);

(px ®py) ® (px ® 0y) () = (((y *y) xx) xy) xx = (0% x) % y) xx = 0xx = (y xy) *
X = px ® oy ();

(ox ® py) ® (0x ® py) (x) = (((xxy) xx) xy)xx = ((xxx) xy) xx = 0% x =0 =
Oxy = (x*xx)*xy = (x*xy)*x = py ®py(x).

So, for any x,y € B(X), thereis (px ® py) ® (0x ® py) = px ® py.

(4)Vz € L(X),b € L(X) and b # z, and for any m € B(X), m # x and m # y, there is

(0x ®py) ®pz(m) = (mxz)xy)xx = ((0%z)*xy) xx =0%z=mx*z = p,(m);
(ox ®py) ®pz(y) = ((y#2) xy) xx = ((0%2) xy) xx = 0%z =y *z=p:(y);
(e ® py) @ 2 (x) = (x2) +y) #x = ((02) £y) xx = 052 = v 12 = p.(x);
(ox®@py) ®pz(z) = ((zxz)xy)xx = (0xy)xx =0%x =0 =22z = p,(2);
, (px(@(g))y)@pz(b) = ((bxz)xy)xx = ((bxy)xz)xx = (bxz)xx = (bxx)xz =
xz = pz(b).

That is, for any x,y € B(X), there is (0x ® py) ® p; = 0.
Above all, let |B(X)| = n,a; € B(X) and i € [1,n]. Except for p,;, € M(X), there are
IT po; € M(X). Additionally, fork,I € [1,n], thereis (pg, ® ... ® pg,) ® P, = Pa, ® ... ® pg,,
i€[1,n]
n n
(Pﬂk ® ... ®pﬂ1) ® 0a; = Ogp @ ... ® Og;. Forj e [1,71], ('—I—[lpai) ®Pﬂj = Epﬂi'

i= i=
Case2: Vx € B(X),y € L(X),a € B(X)and a # x,b € L(X) and b # y. Thatis:

px®py(a) = (axy)xx=(0xy)xx =0xy =axy = p,(a).
px @ py(y) = (y+y) *x = 0xx =0 = py(y).
Px ®py(x) = (xxy)xx = (0xy)xx =0xy = xxy = py(x).
px ®py(b) = (bxy) *x =bxy = py(b).

Therefore, px ® py = py.

Case 3: Vx € L(X),y € B(X), Foranya € B(X)anda # y, b € L(X) and b # «x.
That is:
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px®py(a) = (axy)xx =a*xx=0xx=ax*xx = px(a).
Px®py(y) = (ry)xx =0xx =y*x = px(y).
Px ®py(x) = (xxy) xx = xxx = 0= px(x).
ox @ py(b) = (%) xx = bxx = py (b).
Therefore, px ® py = px.
Case4: Vx,y € L(X),Foranya € B(X),b € L(X),b # xand b # y. Letz = y * (0% x).

That is:
(1) z # 0, thatis, y # 0 x x,

po(a) = axz = 0%z =0 (y* (0%x)) = (0%x) 5y = (0xy) x = (axy) + ¥ = pe @y (a).

pz(y) =y*z=(y*0)* (y* (0%x)) = (0xx) %0 = (0%0)xx = (y*y) *x = px ® py(y).
pz(x) = xxz = (0% (0xx))* (yx (0xx)) =0xy = (x*x)xy = (xy)*x=px®py(x).

pz(b) = bxz=(0%(0%b))*(y*(0xx))
= (0% (y*(0%x))) * (0xD)
((0xx)xy)*(0xb)
= ((0xx)*(0xb))*y
(bxx)xy = (bxy)*x = px® py(D).
Therefore, px ® py = Py (0xx)- According to Case 2 and Case 3, px ® py is a completely

regular element.
(2)z =0, thatis,y =0*xxand x =0 y.

px®py(y) = (yxy)xx =0xx =y =y=0=po(y).
Px®py(x) = (xxy)*x=(x*x)xy=0%xy=x=x%0=pg(x).
px ®py(b) = (bxy)xx= (bxy)* (0xy) =b*0=po(b).
However,
px®py(a) = (axy)xx = (0xy)xx =xxx=0# po(a).

Therefore, py * p, € M(X).
(i) Let m € B(X), and m # a, then:
(ox ® py) ® pm(a) = ((axm)xy)xx = (axy)xx = (0xy)xx = (axy)xx =

px ® py(a);
(0x ® py) ® p(m) = ((mxm)xy)xx = (0xy) *x =0, px ®py(m) = (Mxy)*x =
(O*y)*x:O;
(px ® py) ® o (y) = ((y xm) xy) xx = (y*y) * x = px ® py(y);
(0x ® py) ®pm(x) = ((xxm)xy) xx = (xxy) *x = px ® py(x);
(ox ® py) ® p(b) = ((bxm) xy) xx = (b*y) *x = px ® py(b).
Therefore, for x,y € L(X) and y = 0* x, m € B(X), there is (px®py)®pm:px®py.

(i) Let m € L(X), and m # x, m # y; then,

(0x ®py) ®pm(a) = ((axm)*xy)xx = ((0xm)*y)*x = ((0xm)* (0xx))*x =
(xxm)sxx=(xxx)xm=0xm=axm=py(a);

(px ®py) ®pom(y) = (yxm) xy)xx = ((yxy) *+m)*x = (0xm)*x = (0xx)xm =
yrm=pu(y);

(px ® py) ® p(x) = ((x+m) xy)xx = ((xxm)xx)xy = ((xxx)xm)+y = (0=
m)xy = (0xy)xm=x%xm= py(x);

(px ® py) ®pp(m) = ((mxm) xy)xx = (0ky)xx =x%x =0=mx*m = py(m);
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(ox ®py) ® pm(b) = ((bxm)xy)xx = ((bxy)xm)*xx = ((bxy)xx)xm = ((bx
y)*(0xy))xm= (b*x0)xm=">bxm= py(b).

Therefore, for x,y € L(X) and y = 0% x, m € L(X), thereis (px ® py) ® pm = Pp-

(iii) (ox ® py) ® py(a) = ((axy) xy) xx = ((0xy) xy) *x = (x*y) *x = (x*x) xy =
0xy=axy=py(a);

(px®py) ®py(y) = ((y*y) *y) xx = (0xy) xx =x*xx =y *y = py(y);

(px ®py) ®py(x) = ((xxy)*y)xx = ((xxy)xx)xy = ((xxx) xy)xy = (0% y) xy =
Xy = py(x);

(ox @ py) ® py(b) = ((bxy) xy)xx = ((bxy)*xx)*xy = ((bxy) *(0xy)) xy =
(bx0)*xy =Dbx*xy = py(b);

Therefore, for any x,y € L(X) and y = 0  x, there is (px®py)®py = py-

(iv) (px ® py) ®px(a) = ((axx)*xy)xx = (0xx)*xy)*xx = (y*y)*x = 0xx =
a5 x = pala);

(02 ®04) ® px(y) = () ) #x = (y+y) £2) 5 x = (0%%) 5 =y 4. = pu(y);

(0x ©py) ® pa(x) = ((x5x) ) 5 = (04 y) 3 = x5 x = pa(x);

(ox ®py) ®px(b) = ((bxx)xy)xx = ((bxx)*(0xx))xx = (b*0) xx =bxx =
px(b).
Therefore, for any x,y € L(X) and y = 0 * x, there is (ox ® py) ® px = px.

) (s ®y) ® (px ® py) (@) = (a5 y) x2) 5 9) #x = (0% ) * (0 %)) ) 5 x =
(ay) +x = px ® py )

(ox ® py) ® (ox ® py) (y) = ((yxy) *x) xy) xx = ((0xx) xy) *x = (y*y)*x =
ox ® py(y);

(px ® py) ® (px @ py) (x) = (((xxy) xx) xy) xx = (((x*x) xy) xy) xx = ((0*y)
y)xx = (xxy)*x = px ® py(x);

(ox ® py) ® (px ® py)(b) = (((Dxy) *x) xy)xx = ((bxy)*(0xy)*y)*x = ((bx
0)xy)xx = (bxy) xx = py ®py(b).

Therefore, for any x,y € L(X) and y = 0 * x, there is (0 ® py) ® (0x ® py) = px ® py.
At the same time, px ® py, is idempotent.

In sum, all elements of M(X) are aligned.

Step 2:

Case 1: According to Casel in Stepl, let |[B(X)| = n, x,4; € B(X) and i € [1,n],
Va € X. Then, px ® px(a) = (a*x) *x = axx = py, px is idempotent and a completely
regular element. ( [T pg) ®( [T pa;) = T1 pa- Thatis, [] pg, is idempotent and a

ie[1,n] ie(1,n] ie(1,n] ie[1,n]

completely regular element.

Case 2: Vx € B(X),y € L(X), b € L(X) and b # y. That is, there exists z = 0 * y and
y = 0 z. Then,

)

oy ®pz ®py(a) = ((axy)xz)xy = ((0xy) x (0xy)) ¥y =0y =axy = py(a).

0:® 0, ®ps(a) = ((a%2) ky) 2 = ((0%2)  (0+2)) k2 = 052 = a %z = ps (a).

0z ® py(a) = (axy)*z = (axz)xy = py® pz(a).
2

py ®p: ®py(y) = ((y*y)xz)xy = 0x2)xy=yxy=0=yxy = py(y).

Pz ®py ®pz(y) = ((y*z)*y)xz=((y*y)*z)xz= (0% 2) xz =y xz = p:(y).
Pz ®py(y) = (y*y) xz = (yxz) xy = py ® pz(y).
3)

Py ®pz ®py(z) = ((zxy) xz)xy = ((z*xz) xy) xy = (0xy) xy = z*xy = py(2).

Pz ® Py ®pz(2) = ((zx2) xy)xz=(0xy) *z=2z%z = p,(2).
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Pz ®py(z) = (z*y) *z = (z%2) xy = py ® pz(2).
4)
Py ®pz ®py(b) = ((bry)xz) xy = (bxy)x (0xy))xy = (bx0) xy =bxy = py(b).
Pz ®py ®pz(b) = ((b*z)xy)xz=((b*xz)*(0xz))*xz=(b*x0)*xz=>bxz=p,(b).

pz ®py(b) = (bxy)xz = (bxz)*y = py ® pz(b).

Above all, p,, is a completely regular element.

Case 3:

According to Case 4 in Step 1, Vx,y € L(X), and y # 0 X, px ® py = Py.(0sx)-
According to Case 2, px ® py is a completely regular element. Additionally, (0x ® pg«x) ®
(x ® Posx) = Px ® Po+x. At the same time, oy ® po«y is idempotent. Additionally, (o, ®
P0+y) ® (0y ® P0sy) = Py ® Po+y- At the same time, p, ® po,,, is idempotent.

Therefore, M(X) is a completely regular semigroup. In addition, M(X) is a commuta-
tive Clifford semigroup because of commutativity. [

Example 2. Assume that X = {0,1,2,3,4,5}. The operation on X is shown in Table 3.

Table 3. Generalized quasi-left alter BCI-algebra.

Gk W= O %
Gk W= oo
Qi WINOO| M
G WO R OoON
B 01O W W Ww|lw
W O = U101 Q1| W
O WOl == u

Then, < X, *,0 > is a generalized quasi-left alter BCI-algebra and M(X) = {po, 1, 02, 03, P4,

ps, p3}, where p3 = p3 * p3.

We can verify the following:

Lo ® pPo = Po,P0 ® 1 = P1,00 ® P2 = P2,00® P3 = 03,00 ® P4 = P4,00 ® p5 =
05,00 ® 03 = 03;

P1®p) = PL,EI®P1 = PL,E1®P2 = P3,01® 03 = P3,01®Ps = pa,01 D pP5 =
o5, 01 ® p3 = p;

P2®pp = P2,02®P1 = Pélpz ®p2 = P2,02P®P3 = P3,02 P Ps = P4,02 B P5 =
ps, 02 ® 03 = 03/

P3® 0 = 03,03 ® 01 = 03,03® 02 = P3,03® 03 = P3,02® P4 = P5,02 B p5 =
£4,03 ® P% = p3;

PLB® P = P4,04 P P1 = P4,04 P P2 = P4,04 D P3 = P5,04 ® Py = P3,04 ® 5 =
03,04 ® 03 = pu;

05 ®po = 05,05 ® P1 = P5,05 @ P2 = P5,05® 03 = 04,05 ® p4 = P3,05 ® p5 =
03,05 ® 03 = p5;

zpé ®po = P 05®p1 = P3,p3® 02 = 3,05 ®03 = p3,03® ps = Pa,03® 5 =
5,03 ® 03 = 3.

Then M(X) is a completely reqular semigroup, and the operation ® on it is shown in Table 4.



Axioms 2022, 11,72

10 of 20

Table 4. The adjoint semigroup of generalized quasi left alter BCI-algebra.

® Po p1 p2 p3 P4 P5 03
©o Po 01 02 03 P4 05 P%
01 01 01 03 03 04 05 03
02 02 03 02 03 04 05 03
P3 03 P3 P3 P% 05 P4 P3
04 04 04 04 05 03 03 P4
s s s s 04 03 03 s
03 03 03 03 03 04 05 03

In the following, we introduce QM-BCI algebra and discuss the relationship between
QM-BCI algebra and a generalized quasi-left alter BCI-algebra.

Definition 15. Assume that (X, <) is a partial order containing a constant 0, x € X. x is said to
be a quasi-minimal element , if Va € X, a < x implies x = a or a = 0.

Definition 16. A BCI- algebra (X, <,*,0) is called a QM-BCI algebra, if all elements of X are
quasi-minimal elements.

Theorem 7. Assume that (X, <,x,0) is a BCI-algebra. X is a QM-BCI algebra if it meets:
Vx,y € X — {0},

x < yimpliesx =y

Proof. (=) Vx,y € X — {0}, assume that x < y, according to Definition 15, y = x or x = 0.
However, x # 0. So x = y.

(<) Assume thatx,y € X, x <y. Ify =0,thenx <y =0,wecangetx =y = 0. If
x # 0,y # 0, there is x = y by condition. Therefore, y is a quasi-minimal element of X.
Thus, X is a QM-BCI algebra. O

Theorem 8. Assume that (X, <,x,0) is a BCI-algebra, B(X) is a BCK-part of X, AG(X) is a
generalized associative part of X. Then, the below conditions are equivalent:

(1) Xisa QM-BCI algebra;
(2)  B(X) is quasi-alter BCK-algebra and AG(X) = (X — B(X)) U {0};
(3) X is a generalized quasi-left alter BCI-algebra.

Proof. (1)=(2) Assume that X is a QM-BCI algebra. Then, for any x,y € B(X), if x =y,
x*y = 0. If x # y, it could be divided into the following three cases:

Case 1: x =0,y # 0, x*x(x*xy) = 0x(0xy) = 0%x0 = O, thatis, x < xx*y;
(xxy)*xx=(0%xy)*0=0x0=0, thatis, x xy < x. According to Definition 4, x = x x y.

Case2: x #0,y = 0, xx(x*xy) = xx(xx0) = x*xx = 0, thatis, x < xxy;
(xxy)*xx = (x*%0)*x =x*x =0, thatis, x x y < x. According to Definition 4, x = x * y.

Case 3: x,y # 0, (x*y)*x = (x*xx)*xy = 0xy = 0, thatis, x < x xy. Because
x*xy # 0and x # 0, according to Theorem 7, x x y = x.

According to Definition 6, B(X) is a quasi-alter BCK-algebra. If x € X — B(X), then
Oxx #O0and 0% (0%x) # 0. As (0% (0xx))*x = (0*x)* (0% x) =0, thatis, 0% (0*xx) < x.
According to Theorem 7, 0 % (0 % x) = x. Thus, (X — B(X)) U {0} € AG(X). On the other
hand, AG(X) C (X — B(X)) U {0}; then, AG(X) = (X — B(X)) U {0}.

@=0) Vx,y € X, x £,

Case1: Vx,y € B(X), x* (x*xy) =x%x=0,0%(0%xy) =0%0=0. Then, xx (x*y) =
0% (0%y).

Case 2: Vx,y € AG(X), assume that x < y, thatis, x xy = 0. Then,

O (yxx) = (xxx)*(y*x) <xxy=0.
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Therefore, 0 % (y % x) = 0. Then, y*x =0 (0% (y*x)) =0%0 =0,and yxx = 0.
Thatis, y < x. So x = y. According to Definition 4, we can see that x * (x x y) < y; that s,
x* (x*y) =y. Additionally, 0% (0% y) =y. Sox * (x *y) = 0% (0 * y).

Case 3: Vx € B(X),Vy € AG(X), according to Theorem 4, x * y = 0 x y; then, x * (x *
y) =0x(0xy).

Case 4: Vx € AG(X),Vy € B(X), according to Definition 6, x %y = x; then, x * (x %
y)=x*xx=0,and 0% (0*xy) =0%x0=0.Sox* (x*xy) =0 (0xy).

Above all, X is a generalized quasi-left alter BCI-algebra.

(3)=(1) If X is a generalized quasi-left alter BCI-algebra, assume that x < y and x # y.
Then,

x=xx0=xx(x*xy) =0x%(0xy).

Yy € X,

Case 1: If y € B(X), thenx = 0% (0%y) =0%0=0;

Case 2: If y € AG(X), thenx = 0% (0*xy) = y. As x # y, then x = 0. Thus, for any
y € X, y is a quasi-minimal element of X. [

In the following, we propose the adjoint semigroup of hyper BCI-algebra and replace
the singleton set {x } with x. Additionally, the concepts of generalized quasi-left alter-hyper
BCl-algebra and QM-hyper BCI are shown.

Let (H, o) be a hyper BCI-algebra. Va, x € H, denote a map:

pa:H— P*(H);x — xoa.

where P*(H) represents the non-empty subset of H.
Va,b € H, denote p, ® pp: H — P*(H) as follows: Vx € H,

x=(a®pp)(x) = | 0ay)
Vy€pp(x)

where ® represents the composition operation.

Theorem 9. Assume that (H, o) is a hyper BCI-algebra. Denote M (H) as a set of finite products
Pay ® ... ® g, (ay,...,as € H), where ® represents the composition operation of mappings. Then,
M(H) is a commutative semigroup.

Proof. Vx € H,a,b,c € H, forany s € ((ps ® pp) ® pc)(x), Iy € pe(x) s.t. s € (0a ® pp) (y)-
Then 3u € py(y) st u € py(pc(x)) = pp ® pc(x) and s € pa (). Then's € (00 ® (0p ® pc))(x)
and ((0a ® pp) ® pc) (x) € (0a @ (0p ® pc)) (%)

Forany t € (0, ® (pp ® pc))(x), there exists m € p, ® pc(x) such that t € p,(m). Then
In € pe(x) st. m € py(n) and t € pa(pp(1)) = pa ® pp(1). Then t € ((0a ® pp) ® pc)(x)
and (pq ® (op ® pc)) (x) € ((0a ® 0p) ® pc) (%)

Therefore, (0, ® (0p ® pc))(x) = ((0a ® pp) ® pc)(x). Then, M(H) satisfies the associa-
tive law.

Forany m,n € H,x € H. py ® pn(x) = (xon)om = (xom) on = py ® pm(x). There-
fore, M(H) satisfies the commutative law. Thus, M(H) is a commutative semigroup. U

Example 3. Assume that H = {0,1,2,3,4}. Define the operation on H in Table 5,

Table 5. Hyper BCI-algebra.

o 0 1 2 3 4
0 0 0 0 4 3
1 {1,2} {0,1,2} {0,1,2} 4 3
2 2 {1,2} {0,1,2} 4 3
3 3 3 3 0 4
4 4 4 4 3 0
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Clearly, (H, o) is a hyper BCI-algebra.

That is,

po:H— H:x+— x00.5 pp ={0,{1,2},2,3,4};

p1:H—H:x—x01.Sp; ={0,{0,1,2},{1,2},3,4};

p2:H— H:x x02.50pp = {0,{0,1,2},{0,1,2},3,4};

p3:H— H:x+— x03.5 p3 ={4,4,4,0,3};

ps:H— H:x+— x04.S0p4 ={3,3,3,4,0}.

Denote p3g = p3 ® pg = {0,0,0,3,4}.

We can verify the following:

Lo ® po = Po, L0 ® P1 = P1,00 ® P2 = P2, 00 ® P3 = P3,00 ® P4 = P4, 00 ® P34 = P34/

01 ® P = P1,01 ® P1 = P2,01 ® P2 = 02,01 ® 03 = P3,01 ® P4 = 04,01 ® P34 = 034,

P2 ® o = 02,02 ® P1 = 2,02 ® P2 = 02,02 ® 03 = 03,02 ® P4 = 04,02 ® 034 = P34/

P3 ®pg = P3,03 ®P1 = P3,03 ® P2 = P3,03 ® P3 = P4, 03 ® P4 = P34,03 ® P34 = P3;

P4 ® 00 = 04,04 ® P1 = 04,04 ® 02 = 04,04 ® 03 = 034,04 ® 04 = 03,04 ® P34 = P4,

034 ® P = 034,034 ® P1 = P34,034 ® P2 = P34, 034 ® P3 = 03,034 ® P4 = P4,034 ® P34 =
034

Then M(H) = {po, 01,02, 03, 01,031}, (M(H),®) is a commutative semigroup, and the
operation on it is shown in Table 6.

Table 6. The adjoint semigroup of hyper BCI-algebra.

® Po P1 P2 pP3 Pa P34
0 Po P1 P2 03 P4 034
01 01 02 P2 p3 P4 034
P2 P2 P2 P2 P3 P4 034
% P3 03 03 04 034 P3
P4 P4 P4 P4 034 03 P4
034 034 034 034 £3 P4 034

Definition 17. In hyper BCI-algebra (H, o), if Vx,y € H,and x # y,
xo(xoy) =00 (00y).
Then, it is a generalized quasi-left alter-hyper BCI-algebra.

Theorem 10. Assume that (H, o) is a generalized quasi-left alter-hyper BCI-algebra. Hence,
(H, o) is BCI-algebra.

Proof. Assume that (H, o) is a generalized quasi-left alter-hyper BCI-algebra. Vx € H and
x#0,0=000¢€ (xox)o0 = (xo00)ox. Then, Ip € x00, such that 0 € p o x; that is,
p < x. According to Definition 14, x op C xo (x00) = 00 (000) = 0. That is to say,
x < p. According to Definition 14, x = p. Therefore, x € x 00. Then, xox C xo (x00) =
00(000)=0.

Vx,y € H, assume that [xoy| > 1. Let m,n € xoy and m # n. Then, mon C
(xoy)o(xoy) Kxox=0nomC (xoy)o(xoy) <K xox=0.According to Definition
13,mon =0,nom = 0, thatis, m < n,n < m. Additionally, m = n. Therefore, |[xoy| = 1.

As x € x 00, x = x 00. Additionally, H is BCI-algebra. O

Definition 18. Let (H, <) be a partial order containing 0 in hyper structure. x is said to be a
quasi-minimal element in H. If for any element ain H,a < x = x =aora = 0.

Definition 19. A hyper BCI-algebra (H, <, 0,0) is called a QM-hyper BCI algebra if all elements
of H are quasi-minimal elements.
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Theorem 11. A hyper BCI-algebra (H, <, 0,0) is a QM-hyper BCI algebra if it meets: Vx,y €
H—{0},

x L yimplies x = y.

Proof. (=) Vx,y € H— {0}, assume that x < y, according to Definition 18, y = x or x = 0.
However, x # 0. Therefore, x = y.

(<) Assume that x,y € H, x < y. If y = 0, then x < y = 0, we can obtain x = y = 0.
If x # 0,y # 0, there is x = y by condition. Therefore, y is a quasi-minimal element of H.
Thus, H is a QM-hyper BCI algebra. O

Theorem 12. If (H, o) is a generalized quasi-left alter-hyper BCI-algebra, then it is QM-hyper
BCl-algebra.

Proof. Assume that (H, o) is a generalized quasi-left alter-hyper BCI-algebra. According
to Theorem 10, H is a generalized quasi-left alter BCI-algebra. Let B(H) be BCK-part of H,
and G(H) be BCK-remainder of H. Then, for any x,y € H, assume that x < y and x # y.
That is,

x=x00=xo0(xoy)=00(00y).

(1) Wheny € B(H),x =00(0oy) =000 =0.
(2) Wheny € G(H), x =00 (0oy) = y, but x # y. Therefore, y is a quasi-minimal
element of H. As y is arbitrary, H is QM-hyper BCI algebra. [

However, not every QM-hyper BCI algebra is a generalized quasi-left alter-hyper
BCl-algebra, see Example 4.

Example 4. Let H = {0,1,2,3,4}. The operation o on H is shown in Table 5. Clearly, H is
QM-hyper BCI-algebra.

However, H is not a generalized quasi-left alter-hyper BCI-algebra, since 10 (100) =
{0,1},00(000) =0,1 # 0.

Above all, we prove that generalized quasi-left alter BCI-algebra, QM-BCI algebra and
generaized quasi-left alter hyper BCI-algebra are equivalent to one another. Additionally,
they are QM-hyper BCI-algebra.

4. Quasi-Hyper BCI-Algebra
At the beginning of this part, we introduce the definition of quasi-hyper BCI-algebras.

Definition 20. Let (H, o) be a hyper groupoid containing 0. If it meets the following conditions:
(QHCIT) (xoz)o(yoz) < xoy,Vx,y,z € H;
(QHCI2) (xoy)oz = (xoz)oy,Vx,y,z € H;
(QHCI3) x < x,Vx € H;
(QHCH)x < yandy < x = x=y,Vx,y € H
(QHCI5) x <« x00,Yx € H
(QHCI6) x < 0 = x =0,Vx € H.
At that time, it is a quasi-hyper BCI-algebra.

Remark 1. (1)  Every weak hyper BCI-algebra is a quasi-hyper BCI-algebra;
(2)  Every hyper BCl-algebra is a quasi-hyper BCI-algebra.

In thia sectin, we give some examples of quasi-hyper BCI-algebra, and they show that
not every quasi-hyper BCI-algebra is a (weak) hyper BCI-algebra.

Example 5. (1) Assume that H = {0,1,2,3,4}. The operation on H is defined in Table 7:
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Table 7. Quasi-hyper BCI algebra.

o 0 1 2 3 4
0 {0,1,2,3,4}  {0,1,2,3,4}  {0,1,2,3,4}  {0,1,2,3,4}  {0,1,2,3,4}
1 {1,2,3,4} {0,1,2,3,4}  {0,1,2,3,4}  {0,1,2,3,4}  {0,1,2,3,4}
2 {2,3,4} {1,2,3,4} {0,1,2,3,4}  {0,1,2,3,4}  {0,1,2,3,4}
3 (3,4} {2,3,4} {1,2,3,4} {0,1,2,3,4}  {0,1,2,3,4}
4 4 {3,4} {2,3,4} {1,2,3,4} {0,1,2,3,4}

Clearly, (H, o,0) is a quasi-hyper BCI-algebra. Howeuver, it is not a weak hyper BCI-algebra,
since 00 (001) ={0,1,2,3,4} and 2 < 1 is not true.
(2) Assume that H = {0,1,2,3,4}. The operation on H is defined in Table 8:

Table 8. Quasi-hyper BCI-algebra.

o 0 1 2 3 4
0 {0,1,2,3,4}  {0,1,2,3,4}  {0,1,2,3,4}  {0,1,2,3,4}  {0,1,2,3,4}
1 {1,2,3,4} {0,1,2,3,44  {0,1,2,3,4}  {0,1,2,3,4}  {0,1,2,3,4}
2 {2,3,4} {1,2,3,4} {0,1,2,3,4}  {0,1,2,3,4}  {0,1,2,3,4}
3 (3,4} {1,2,3,4} {1,2,3,4} {0,1,2,3,4}  {0,1,2,3,4}
4 4 {1,2,3,4} {1,2,3,4} {1,2,3,4} {0,1,2,3,4}

Clearly, (H, 0,0) is a quasi-hyper BCI-algebra. Howeuver, it is not a hyper BCI-algebra, since
00(000)={0,1,2,3,4} and 0 ¢ 100.

Proposition 3. In quasi-hyper BCl-algebra (H, o), the following holds:Vx,y,z € H and, for all
non-empty subsets, A and B of H,
(1) Oo(xoy) <yox,
(2) AKA,
(3) ACB=AXKSB,
4) A<0=A=0,
(5) xoy=0= (xoz)o(yoz)=0andxoz <KL yoz,
(6) Aoc0=0=A=0,
(7)) »*<y=0<Kyox,
(8) xox=0=|yoz|=1
9) xol0<{yt=xxy,
(10) y<z=xo0z <K xoy.
Proof. (1) By (QHCI1) and (QHCI3), 0o (xoy) C (yoy)o(xoy) < yox. Thatis,
Oo(xoy) <yox.
(2) By (QHCI3), forany x € A, x < x, thatis 0 € x ox. Then, A < A.
(8) Leta € A. Then, a € B. By (QHCI3), x < xand 0 € x o x. Then, A < B.
(4) Leta € A. Then, a < 0and so a = 0. Then, A = {0}.
(5) By (QHCI1), (xoz) o (yoz) < xoy = {0}. By (4), (xoz) o (yoz) = {0}. Therefore,
xozKLyoz.
(6) Assume that A o0 = 0; then, A < 0. Therefore, A = 0.
(7) Assume that x < y. Then, 0 € xoy,andso0 € 000 C (yoy)o (xoy) < youx.
Hence, 0 < y o x.
(8) Vx € H,let xox = {0}. Assume that [yoz| > 1;let m,n € y oz, and m # n. Then,

monC (yoz)o(yoz) <yoy=0andnomC (yoz)o(yoz) <yoy=0

thus, mon < 0,nom < 0and m < n,n < m. Hence, m = n,and so |y oz| = 1.
(9) According to Definition 20,0 € (x00) oy = (xoy) 00, there exists p € x oy s.t.
0 € po0,thatis, p < 0. By (QHCI6), p =0.S00 € xoyand x < y.
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(10) Asy < z, then (x0z) o0 C (xoz)o(yoz) < xoy. Therefore, xoz < xoy. [

Proposition 4. In any quasi-hyper BCI-algebra (H, o) satisfying 0 0 0 = 0, the following holds:
(1) (0ox)o(0ox)=0,Vx € H;

(2) 0oxisasingleton set, Vx € H;

(3) (0ox)o0=00x Vx € H.

Proof. (1) Vx € H, (0ox)o(0ox) < 000 = 0. According to Proposition 3(4), (0o x) o
(0ox)=0.

(2)Vm,n € 0ox,andm #n.mon C (0ox)o(0ox) =0,nom C (Oox)o(0ox) =0,
by (QHCI4), m < n,n < m, then m = n. Therefore, 0 o x is a singleton set.

(3) By (2), let 0o x = m. By (QHCI5), m < mo0and mom = 0. Assume that
[mo0| > 1,leta,b € mo0. aob C (mo0)o(mo0) < mom =0,boa C (mo0)o
(mo0) < mom =0,s0a < b, b < a. Additionally, 2 = b. Therefore, [mo0| = 1. As
mo0O = (0ox)o0 C (0ox)o(xox) < Oox =m,and |mo0| =1, m = mo0. Thatis,
(Oox)o0=0o0x. O

Proposition 5. In any quasi-hyper BCI-algebra (H, 0,0), if Vx € H(x # 0) satisfying x o0 = x.
At that time, it is a weak hyper BCI-algebra. Vx € H satisfying x o0 = x; then, it is a hyper
BCl-algebra.

Proof. Firstly, forany m € Hand m # 0, mo0Q = m. Then, 0o (0om) C (mom)o (0o
m) < (mo0) = m. Therefore, (H,0,0) is a weak hyper BCI-algebra. For any m € H,
0o (0om) C (mom)o(0om) < (mo0) =x.So (H,o,0) is a hyper BCI-algebra. [

Definition 21. A quasi-hyper BCI-algebra (H, o) is called standard if Vx € H, we have x 00 = x.
Proposition 6. Every standard quasi-hyper BCI-algebra is a hyper BCI-algebra.

Proof. This follows from Proposition 5. [

The concept of Hy-group was introduced by T. Vougiouklis [35]: Let (H,-) be a
hyperstructure. If it satisfies: (i) (x-y)-zNx-(y-z) # @ Vx,y,z€ H,(ii)a-H=H-a=H,
Va € H, then it is a Hy-group.

Firstly, define x - y through x -y = x o (O o y), Vx,y € H in a quasi-hyper BCI-algebra.

Theorem 13. Assume that (H, o) is a quasi-hyper BCI-algebra and meets these conditions:
(1) xemo(mox),Vx,m e H;

(2) x-yNy-x#a,Vx,y € H;

(3) x-(y-z)=y-(x-2),Vx,y,z € H. We find that (H, -) is a H,-group.

Proof. Obviously, (x-y)-z = (x-z)-yforallx,y,z € H. As

(x-y)-z=(x0(00y))o(00z) = (xo(00z))o(0oy) = (x-2)-y.

According to (1), x € mo (mox) Cmo (0o (0o (mox))) =m-00(mox)C m-H.
Hence, H C m-Hand H = a- H. Moreover, x € mo (mox) C (0o (0om))o(mox) =
(0o(mox))o(0om)=(0o(mox))-mC H-m.Thus,x-H=H=H -x.

According to (2), x-zNz-x # &, and thus Ip € x-zNz-x. According to (2),
thereisq € p-yNy-pandthusqg € p-y C (x-z)-y = (x-y)-z. On the other hand,
qey-pSy-(x-z)=x-(y-2)by().50q€ (x-y)-zNx-(y-2).

According to the definition of Hy-group, we can see that (H, -) is a Hy-group. [

Example 6. Assume that H = {0,1,2,3,4} be a quasi-hyper BCI-algebra satisfying those condi-
tions in Theorem 13. Additionally, the operation o on H is shown in Table 9:
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Table 9. Quasi-hyper BCI algebra.

o 0 1 2 3 4
0 {0,1,2,3,4}  {0,1,2,3,4}  {0,1,2,3,4}  {0,1,2,3,4}  {0,1,2,3,4}
1 {1,2,3,4} {0,1,2,3,4}  {0,1,2,3,4}  {0,1,2,3,4}  {0,1,2,3,4}
2 {2,3,4} {1,2,3,4} {0,1,2,3,4}  {0,1,2,3,4}  {0,1,2,3,4}
3 (3,4} {2,3,4} {1,2,3,4} {0,1,2,3,4}  {0,1,2,3,4}
4 4 4 4 4 {0,1,2,3,4}

Then, we obtain a Hy,-group (H, -) and the operation ”-" is shown in Table 10:

Table 10. H,-group.

0 1 2 3 4

{0,1,2,3,4}  {0,1,2,3,4}  {0,1,2,3,4}  {0,1,2,3,4}  {0,1,2,3,4}
{0,1,2,3,4}  {0,1,2,3,4}  {0,1,2,3,4}  {0,1,2,3,4}  {0,1,2,3,4}
{0,1,2,3,4}  {0,1,2,3,4}  {0,1,2,3,4}  {0,1,2,3,4}  {0,1,2,3,4}
{0,1,2,3,4}  {0,1,2,3,4}  {0,1,2,3,4}  {0,1,2,3,4}  {0,1,2,3,4}
{0,1,2,3,4}  {0,1,2,3,4}  {0,1,2,3,4}  {0,1,2,3,4}  {0,1,2,3,4}

W N, O e

Theorem 14. Assume that (H,o) is a quasi-hyper BCI-algebra and meets those conditions:
Vx,a,y € H,

(1) x€ao(aox),
(2) x0(0cy)=yo(0ox).
We can see that (H, -) is a hypergroup.

Proof. According to Theorem 13, x- H = H = H-x. Morever, x-y =y-xand (x-y) -z =
(x-z)-y.Then(x-y)-z=z-(x-y)=z-(y-x) =Wy -x)-z=(y-z)-x=x-(y-z).So

(H,-) is a hypergroup, and is commutative. [

Example 7. Let H = {0,1,2,3,4} be a quasi-hyper BCI-algebra satisfying the conditions in
Theorem 14. The operation o on H is shown in Table 11:

Table 11. Quasi-hyper BCI-algebra.

o 0 1 2 3 4
0 {0,1,2,3,4}  {0,1,2,3,4}  {0,1,2,3,4}  {0,1,2,3,4}  {0,1,2,3,4}
1 {1,2,3,4} {0,1,2,3,4}  {0,1,2,3,4}  {0,1,2,3,4}  {0,1,2,3,4}
2 {2,3,4} {1,3,4} {0,1,2,3,4}  {0,1,2,3,4}  {0,1,2,3,4}
3 (3,4} {2,4} {1,2,4} {0,1,2,3,4}  {0,1,2,3,4}
4 4 {3,4} {2,3,4} {1,2,3,4} {0,1,2,3,4}

Then, we obtain a commutative hypergroup (H, -) and the operation ”-” is shown in Table 12:

Table 12. Hyper group.

0 1 2 3 4

{0,1,2,3,4}  {0,1,2,3,4}  {0,1,2,3,4}  {0,1,2,3,4}  {0,1,2,3,4}
{0,1,2,3,4}  {0,1,2,3,4}  {0,1,2,3,4}  {0,1,2,3,4}  {0,1,2,3,4}
{0,1,2,3,4}  {0,1,2,3,4}  {0,1,2,3,4}  {0,1,2,3,4}  {0,1,2,3,4}
{0,1,2,3,4}  {0,1,2,3,4}  {0,1,2,3,4}  {0,1,2,3,4}  {0,1,2,3,4}
{0,1,2,3,4}  {0,1,2,3,4}  {0,1,2,3,4}  {0,1,2,3,4}  {0,1,2,3,4}

W NN=ROoO|e

Theorem 15. Assume that (H, o) is a quasi-hyper BCI-algebra. Denote M (H) as a set of finite
products pg, ® ... ® pg, (Vay,...,as € H), where ® represents the composition operation of mappings.
Then, M(H) is a commutative semigroup.
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Proof. According to Theorem 9. [

Example 8. Let H = {0,1,2,3,4}. Define the operation o on H in Table 13,

Table 13.

B W iN~ O o

Quasi-hyper BCI-algebra.
0 1 2 3 4
{0,1,2,3,4} {0,1,2,3,4} {0,1,2,3,4} {0,1,2,3,4} {0,1,2,3,4}
{1,2,3,4} {0,1,2,3,4} {0,1,2,3,4} {0,1,2,3,4} {0,1,2,3,4}
{2,3,4} {2,3,4} {0,1,2,3,4} {0,1,2,3,4} {0,1,2,3,4}
{3,4} {3,4} {3,4} {0,1,2,3,4} {0,1,2,3,4}
4 4 4 {3,4} {0,1,2,3,4}

Clearly, (H, o) is a quasi-hyper BCI-algebra.

That is,

po:H— H:x—x00.S pp ={{0,1,2,3,4},{1,2,3,4},{2,3,4},{3,4},4},
p1:H—H:x—x01.Sp; ={{0,1,2,3,4},{0,1,2,3,4},{2,3,4},{3,4},4};
p2:H—H:x—x02.S p=1{{0,1,2,3,4},{0,1,2,3,4},{0,1,2,3,4},{3,4},4};
p3:H— H:x—x03.5p3; =1{{0,1,2,3,4},{0,1,2,3,4},{0,1,2,3,4},{0,1,2,3,4},4};
s H—H:x— xo04

Therefore, py = {{0,1,2,3,4},{0,1,2,3,4},{0,1,2,3,4},{0,1,2,3,4},{0,1,2,3,4} }.

We can verify the following:

0o ® po = Po, 00 ® P1 = P1,00 ® P2 = P2,00 ® P3 = 03,00 ® P4 = P4/

P1®pPo = P1,01 ®P1 = P1,01 @ P2 = P2,01 ® P3 = 03,01 ® P4 = P4

P2 ®pPo = P2,02 ®P1 = P2,02 @ P2 = P2,02 ® P3 = 03,02 ® P4 = P4/

03 ®Po = 03,03 ®P1 = P3,03 @ P2 = P3,03 ® P3 = 03,03 ® P4 = P4,

04 ® 00 = 04,04 ® 01 = P4,04 D P2 = 04,04 ® 03 = 04,04 ® P4 = 4.

Then, M(H) = {po, p1, 02, 03,04}, and (M(H), ®) is a commutative semigroup. The operation is
shown in Table 14.

Table 14. The adjoint semigroup of quasi-hyper BCI algebra.
® Po 01 P2 03 P4
f0 f0 01 02 03 04
P1 P1 P1 P2 P3 04
02 02 P2 P2 P3 P4
P3 P3 P3 03 P3 04
P4 P4 P4 04 P4 P4

Definition 22. In quasi-hyper BCI-algebra (H, o), if Vx,y € H, and x # y,

xo(xoy)=00(0oy).

Then, this is a generalized quasi-left alter quasi-hyper BCI algebra.

Proposition 7. Assume that (H, o) is a generalized quasi-left alter quasi-hyper BCI algebra
satisfying 0 0 0 = 0. Hence, H is a BCI-algebra.

Proof. According to Theorem 10. [

Example 9. Assume that H = {0,1,2,3,4}. The operation on H is defined in Table 15,
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Table 15. Generalized quasi-left alter quasi-hyper BCI-algebra.

o 0 1 2 3 4
0 {0,1,2,3,4}  {0,1,2,3,4}  {0,1,2,3,4}  {0,1,2,3,4}  {0,1,2,3,4}
1 {1,2,3,4} {0,1,2,3,4}  {0,1,2,3,4}  {0,1,2,3,4}  {0,1,2,3,4}
2 {2,3,4} {1,2,3,4} {0,1,2,3,4}  {0,1,2,3,4}  {0,1,2,3,4}
3 (3,4} {1,2,3,4} {1,2,3,4} {0,1,2,3,4}  {0,1,2,3,4}
4 4 {2,3,4} {1,2,3,4} {1,2,3,4} {0,1,2,3,4}

Then, (H, o) is a generalized quasi-left alter quasi-hyper BCI-algebra.

Definition 23. A quasi-hyper BCI- algebra (H, <, 0,0) is called a QM-quasi hyper BCI-algebra,
if all elements of H are quasi-minimal.

Theorem 16. Assume that (H, <, 0,0) be a quasi-hyper BCI-algebra. This is a QM-quasi hyper
BClI-algebra if Vx,y € H — {0},
LYy =>x=1Y.
Proof. According to Theorem 11. [J
Example 10. Let H = {0,1,2,3,4}. The operation on H is defined in Table 16,

Table 16. Quasi-hyper BCI algebra.

o 0 1 2 3 4
0 0 0 0 4 3
1 1 {0,1} 1 4 3
2 2 2 {0,2} 4 3
3 3 3 3 0 4
4 4 4 4 3 0

Clearly, (H, o) is a QM-quasi hyper BCI-algebra. However, it is not a generalized quasi-left
alter quasi-hyper BCI-algebra, since 10 (100) = {0,1},00(000) =0,1 # 0.

According to Definition, we know that both QM-BCI algebra and QM-hyper BCI-
algebra are QM-quasi hyper BCI-algebra, but not every QM-quasi hyper BCI-algebra is
QM-BCI algebra and QM-hyper BCI-algebra; see Example 11.

Example 11. Let H = {0,1,2}. The operation on H is defined in Table 17,

Table 17. Quasi-hyper BCI algebra.

o 0 1 2
0 {0,1} {0,1} 2
1 1 {0,1} 2
2 2 2 {0,1}

Clearly, (H, o) is a QM-quasi hyper BCI-algebra. However, it is not QM-hyper BCI algebra,
since 00 (000) = {0,1}, 1 < 0 is not true.

5. Discussion

Firstly, we discuss the adjoint semigroup of a generalized quasi-left alter BCI-algebra,
which is a commutative Clifford semigroup. Then, we introduced QM-BCI algebra and
proved that the generalized quasi-left alter BCI-algebra is equivalent to QM-BCI algebra.
Furthermore, we proved that the generalized quasi-left alter-hyper BCI-algebra is a gener-
alized quasi-left alter BCI-algebra. In the last part, we proposed the notion of quasi-hyper
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BCI algebra and discuss its properties. We explored the subalgebras of quasi-hyper BCI
algebra and the relationships between quasi-hyper BCI algebra and the hypergroup, H,-
group. In general, this paper discusses the relationship between (hyper) logical algebra and
classical abstract algebra, and the description of the structure of (hyper) logical algebra is
more clear. As a further research topic, we can consider exploring the internal connections
between (hyper) BCI-algebras, BI-algebras and C A-semihypergroups (see [36-38]).
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