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1. Introduction

As Logic algebras, BCI-algebras, and BCK-algebras, which were first introduced by Y. Imai and
K. Iséki [13] and by K. Iséki [14], respectively, in 1966, have formed an important research area
in universal algebra. As is well known, these notions have two different origins, one of which is
based on set theory and the other of which is based on propositional calculus. Imai and/or Iséki
introduced those notions as a generalization of the concept of set-theoretic difference and of the concept
of propositional implication for classical and non-classical logics [16, 18]. The logics BCK and BCI
were first introduced by Lambek. The names of BCK and BCI originate from the combination of B,
C, K, and I corresponding to the following implication formulas:

(B) (x = ¢) = (¥ = x) = (¥ — ¢)) (prefixing),
(C) (x = (¢ = ¥) = (¢ = (x = ¥)) (exchange, e),
(K) x = (¢ = x) (weakening, w),

(1) x — x (identity).
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The first three together with modus ponens form BCK as the implicational fragment of the
Lambek calculus with (C) and (K), and the first two and fourth together with modus ponens form
BCI as the implicational fragment of the Lambek calculus with (C) [8, 19]. Note that implicational
logics weaker than BCK and BCI have been introduced, see e.g., [2,9]. Weakly implicative logics
introduced by Cintula [1, 4], implicational logics by Cintula and Noguera [3-5], tonoid and partial
gaggle logics by Dunn [6, 7], and implicational tonoid logics by Yang and Dunn [20, 21] are such
logics with implications weaker than BCI. Algebraic structures for these logics can be defined by
inequations but not by equations, and so those logics form order algebraizable logics (but do not form
algebraizable logics). This indicates that such logics are based on partially ordered algebras, meaning
they can be characterized by structures with operations and partial-order relations, though not by
strictly defined algebras [8, 19]. Let * and — be binary operations used as groupoid and implication in
residuated lattice-ordered unital groupoids, or more generally, residuated partially ordered unital
groupoids. We note also that structures for substructural logics with groupoids and implications,
where the implications are weaker than BCK and BCI, require the following property:

x *y < zif and only if (iff) y < x — z (residuation).

The starting point of this work is that BCK-algebras are implicational subreducts of FL,,-algebras
[8, 11, 12, 19] characterizing BCK, whereas BClI-algebras are not implicational subreducts of FL,-
algebras characterizing BCI. Notice that, while BCK is algebraizable, BCI is order algebraizable but
not algebraizable [8, 19]. This means that the implicational subreducts of FL.-algebras characterizing
BCI can be defined as ordered algebras by inequations or equations with an underlying partial order.
In other words, BCI requires general structures more than BCI-algebras. Note that BCI-algebras are
equationally definable structures.

This series of facts gives rise to a consideration of OBCl-algebras as a generalization of BCI-
algebras and as algebraic structures with implications on ordered sets for BCI. Therefore, we introduce
the concept of OBCl-algebra, give examples to explain it, and investigate several related properties. We
explore their various properties by introducing the concepts of OBCI-subalgebras and (closed) OBCI-
filters. We consider the direct product OBCl-algebra and then deal with the OBClI-filter associated
with it.

2. OBClI-algebras

For the development of the theory of OBClI-algebra, we will first begin by reviewing the definition
of BClI-algebra which is well-known.

Definition 2.1 ( [10, 15]). Let K be an abstract algebra of type (2,0) with a binary operation “+” and a
constant “0”. Then K is a BCI-algebra if it satisfies:

(1) ((xxy)*(x*2)) *(z*y) =0,

(L) (x*(x*y)*y=0,

() x*x=0,

(Iy)) x*y=0andy*x=0imply x =y

for all x,y,z € K.
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We consider a binary relation “<,” on a BCI-algebra K as follows:
<o:={(x,y) e KXK|0=x=y} (2.1

If (x,y) € <o, we will write it as x <y y, and so x <oy © x *y = 0. It is well known that (K, <y) is a
partially ordered set.

Let (K, <,) be a set with a binary relation <., and — and e are a binary operation and a constant on
K, respectively. We say that <, is related to e (and —), if x <, y, iff e <, x — y, for any x,y € K.

Based on this background, we introduce the notion of OBCI-algebra.

Definition 2.2. Let (K, <,) be a set with a binary relation and — and e are a binary operation and a
constant on K, respectively, such that <, is related to e (and —). Then K := (K, —, e, <,) is called an
OBCl-algebra if it satisfies the following conditions:

(Vx,y,z€ K)((x = y) <, ((y = 2) = (x = 2))), (2.2)
(Vx,y € K)(x <, ((x = y) = y)), (2.3)
(Vx € K)(x <, x), 2.4)
(Vx,y e K)(x <, 5, y<e x = x=Y), (2.5)
Vx,yeK)e<.x,x<,y = e<.Y). (2.6)

A few special cases are noted such that, in Definition 2.2, if we use

“__

(i) the equality instead of the binary relation “<,” related to the constant “e”,
(i1) the constant “0” instead of the constant “e”,
(iii) the binary operation “+” instead of the binary operation “—” which is given by x * y = y — x for
all x,y € K,

then K is a BCl-algebra. This suggests that OBCI-algebras are a more generalized concept than the
dual version of BCI-algebras.
Now let us look at examples that describe the OBCI-algebra.

Example 2.3. Most natural examples of OBCI-algebras are implicational subreducts of FL.-algebras
characterizing BCI and implicational subreducts of InDFL,.-algebras characterizing R (relevance
logic). On an ordered set (K, <,), the implicational subreduct of an FL,-algebra requires (2.2), (2.3),
and (2.4), and the implicational subreduct of an InDFL,.-algebra further requires the following
substructural condition: for all x,y,z € K,

e, (x = (x =)= x—= ).

Example 2.4. (i) Let K = {1, ¢, 0, 0} be a set. Define a binary operation “ — ” on K by Table 1.

Let <, :={(0,0), (e, e),(0,0), (1,1), (0, 1), (0,e), (0,0), (e, 1), (9, 1)}. It is clear that 1 and O are the
greatest element and the least element of (K, <,), respectively, and it is straightforward to verify that
K := (K, —, e, <,) is an OBClI-algebra.

(ii) Let K = {0,1,3,1, 1} be a set with a binary operation “ — ” given by Table 2 and let <, be a
binary relation on K related to e = 3 givenby 0 <, 3 <, 1 <, 3 <, 1.
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Table 1. Cayley table for the binary operation “—".

- 1 e 0 0
1 1 0 0 0
e 1 e 0 0
0 1 0 e 0
0 1 1 1 1

Table 2. Cayley table for the binary operation “—".

O mlml—kiw —| |
e T e N e e
— BWA WAL O W
—_— AR LNI—= O NI
—_ RN =R = O I~
- o O O OO

It is straightforward to verify that K := (K, —, e, <.), where e = % is an OBCl-algebra.

Example 2.5. Consider a set M := [0, 1], the real unit interval, and let <, be the total order in M where
e= % Define a binary operation “ —  as follows:

oy = max{—x,y} if x <.y,
Y= min{-x, y} otherwise,

for all x,y € M, where -x = 1 — x. It is straightforward to verify that M := (M, —, e, <,) is an
OBCl-algebra.

Note that M := (M, —, e, <,) provides the semantics for the involutive uninorm mingle logic IUML
(see [17]).

Proposition 2.6. Every OBCl-algebra K := (K, —, e, <,) satisfies:

1) (Vx,y,ze€K)(e<. x>y = e<,. (y—> 2 — (x = 2).
(i) (Vx,y,z€eK)(e<,x >y, e,y > 27 = e<, X = 2).

Proof. (1): Let x,y € K be such that e <, x — y. By the combination of (2.2) and (2.6), we have that
e<.(y—2 - (x—-2.

(i1): Assume thate <, x - yande <,y — zforall x,y,z € K. Thene <, (y = z7) = (x = 2) by
(i). Hence e <, x — z by (2.6). |

Corollary 2.7. IfK := (K, —, e, <.) is an OBCl-algebra, then (K, <,) is a partially ordered set.
Proof. 1t is straightforward from (2.4), (2.5), and Proposition 2.6. O

Proposition 2.8. Every OBCl-algebra K := (K, —, e, <,) satisfies:
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1) (Vx,y,z€K)(e<, (z— (= x) = (y— (2= x)).
(i) (Vx,y,z€ K)(z—=> (= x) =y > (2 x).
(iii)) Vx,y,z€K)(e<, 2> (y > x) = e<,y— (2> x)).
@iv) ¥x e K) (e — x = x).

(V) Vx,ye K) (x = y) 2> y) 2 y=x—>Y).
vi) Vxe K)((x = x) = x = x).

Proof. (i) Let x,y,z € K. The condition (2.3) induces z <, (z — x) — x. It follows from (2.3) and
Proposition 2.6(i) that

V2 @20 (@220 >2020<. 20— ).
Since <, is transitive (see Corollary 2.7), we have y — (z = x) <, z = (y — x) and so
e, (22> x) 2@y — ).
(i1) The result (i) is true for all x,y,z € K, and so
e =2 @2 X)) = @=> 0 —x)

forall x,y,z€ K. Thusy = (z = x) =z = (y — x) by (2.5).

(i11) It 1s straightforward by (ii).

(iv) Using (2.4), we have e <, (e = x) = (e = x) forall x € K,andsoe <, e — ((e = x) = x)
by (iii). It follows that e <, (¢ — x) — x. The combination of (2.4) and (ii) induces ¢ <, ¢ — (x —
x) = x — (e — x) for all x € K. Consequently, e — x = x for all x € K by (2.5).

(v) The combination of (2.3) and Proposition 2.6(i) derives

e, (x>y)>y)—-y—-(K-—oy)
for all x,y € K. On the other hand, since
e, (x> y)—2y)->((x—>y) -y

by (2.4), we have ¢ <, (x — y) = (((x —» y) — y) — y) by (iii). It follows from (2.5) that
(x—>y)—=>y) »>y=x—yforall x,y € K.
(vi) Using (2.4) and (ii), we have

e, (=) =202 ((x=>x)—=2x)=0—=x = ((x = x) = x) =X,

Since e <, x — x by (2.4), it follows from (2.6) that e <, ((x = x) — x) — x. On the other hand,
we have e <, x = ((x — x) — x) by (2.3). Therefore (x — x) — x = x for all x € K by (2.5). O

The combination of (2.2) and Proposition 2.8(iii) induces the following corollary.

Corollary 2.9. Every OBCl-algebra K := (K, —, e, <,) satisfies:
(Vx,y,z€K)e <. (y = 2) = (x = y) = (x = 2). (2.7)
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Proposition 2.10. Every OBCl-algebra K := (K, —, e, <,) satisfies:
Vx,y,zeK)e<, x>y = e<, (2> x) > (2—>Y). (2.8)

Proof. Let x,y,z € K be such that e <, x — y. If we replace x, y, and z with z, x, and y, respectively,
in Corollary 2.9 and use (2.6), then e <, (z = x) — (z = y). O

Let K := (K, —k, ek, <x) and M := (M, —, ey, <)) be OBCl-algebras. Consider a binary

669

operation “ = 7, a constant “e”, and a binary relation *“ <« ” in the Cartesian product K X M defined as
follows:

(x,a) = (y,b) = (x =g y,a =y b),

e = (ex,en),

()C,Cl) < (yab) d XSK)’, a SM b)

for all (x, a), (y,b) € K X M. It is easy to check that KX M := (K X M, =, e, <) is an OBCl-algebra,
and it is called a direct product OBClI-algebra.

Example 2.11. Let K := {ek, 1, x,y} and M = {ey, a, b} be sets with binary operations “ —x ” and
“ — 7 given by Tables 3 and 4, respectively.

Table 3. Cayley table for the binary operation “—g”.

—x ex 1 X y
ex ex 1 X y
1 ex ex X y
X ex 1 ex y
y y y y ek

Table 4. Cayley table for the binary operation “—,,”.

M epm a b
ey ey a b
a b ey a
b a b ey

Let
<k'= {(eKa eK)a (1’ 1)’ (X, X), (y7y)’ (15 eK)7 (-x’ eK)}

and <,;:= {(em,eun),(a,a),(b,b)}. Then K := (K, —g, ex, <x) and M = (M, —, ey, <py) are
OBCl-algebras, and K x M := (K X M, =, e, <) is the direct product OBCl-algebra of K and M in
which

K x M = {(ex, em), (ex, a), (ex, b), (1, en), (1, a), (1, D),
(X, eM)a (X, (1), (X, b)’ (y’ eM)’ (Y, a)a (y’ b)}a

AIMS Mathematics Volume 9, Issue 12, 36336-36350.
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and the operation “ = ” is given by Table 5.

Table 5. Cayley table for the operation “ = .

= (ex,en) (ex,a) (ex, D) (1, en) (1,a) (1,b)
(ex»en) (ex,en) (ex,a) (e, b) (1, en) (1,a) (1,b)
(ex,a) (ex,D) (ex,enm) (ex,a) (1,D) (1, enm) (1,a)
(e, b) (ex,a) (e, b) (ex,em) (1,a) (1,0) (1,em)
(1, em) (ex,em) (e, a) (e, b) (ex,em) (em,a) (e, D)
(1,a) (ex,b) (ex,em) (ex,a) (ex,D) (ex.em) (ex,a)
(1,b) (ex,a) (ex,D) (ex.em) (ex,a) (ex,D) (ex,em)
= (x, en) (x,a) (x,b) (v, em) O, a) (. b)
(ex,en) (x, enm) (x,a) (x,b) (v, em) (v, a) (v, b)
(ex,a) (x, D) (x, en) (x,a) >, D) (v, em) O, a)
(ex,D) (x,a) (x,D) (x, enm) (v, a) », D) (v, em)
(1,em) (x, em) (x,a) (x, b) O em) v, a) D)
(1,a) (x, D) (x, en) (x,a) D) (v, em) (v, a)
(1,b) (x,a) (x, D) (x, enm) v, a) >, b) (v, em)
= (ex,en) (ex,a) (ex,D) (1, en) (1,a) (1,b)
(x, en) (ex,em) (ex,a) (ex,D) (1,em) (1,a) (1,b)
(x,a) (e, D) (ex,en) (ex,a) (1,b) (1,en) (1,a)
(x, D) (ex,a) (e, b) (ex,enm) (1,a) (1,D) (1,en)
(v, em) (v, em) O, a) », D) (v, em) (v, a) >, b)
v, a) D) O, em) (v, a) >, b) O, em) (v, a)
(yab) (yaa) (y, b) (y7eM) (y’a) (y’b) (ya eM)
= (x, en) (x,a) (x,D) (v, em) O, a) D)
(x, en) (ex,em) (ex,a) (ex,b) (v, em) (v, a) (v, b)
(x,a) (ex,D) (ex.em) (ex,a) (v, b) (v, em) (y,a)
(x, b) (ex,a) (e, D) (ex,enm) (v, a) D) (v, em)
(v, em) (v, em) (y,a) (y,b) (ex.em) (ex,a) (ex,D)
(v, a) (v, b) (v, em) (v, a) (ex,D) (ex.em) (ex,a)
(v, b) (y,a) (v, b) (v, em) (ex,a) (ex,b) (ex,em)

3. OBCI-subalgebras and OBClI-filters

In what follows, let K := (K, —, e, <.) denote an OBClI-algebra unless otherwise specified.

Definition 3.1. A non-empty subset A of K is called

AIMS Mathematics
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e a subalgebra of K if it satisfies:
VMx,ye K)(x,yeA = x> y€A), 3.1

e an OBClI-subalgebra of K if it satisfies:

Vx,yeK)(x,yeA,e<, x,e<,y = x> yeA). 3.2)
Example 3.2. (i) Consider the OBCl-algebra K in Example 2.4(i). Then the set A := {1,¢,0} is a
subalgebra of K. Consider the OBClI-algebra K in Example 2.4(i1). Then the set B := {1, %, 0}is a

subalgebra of K.

(i1) Consider the OBClI-algebra K in Example 2.4(i). Then the set A := {e, 0} is an OBCI-subalgebra
of K. Consider the OBCI-algebra K in Example 2.4(ii). Then the set B := {%, 0} is an OBClI-subalgebra
of K.

It is clear that every subalgebra is an OBCI-subalgebra. However, its converse does not hold as seen
in the following example.

Example 3.3. Consider the OBCl-algebras and their OBCI-subalgebras in Example 3.2(ii). Each

OBCl-subalgebra is not a subalgebra of the corresponding OBClI-algebra since 0 — ¢ = 1 and 0 —

% = 1, respectively.

Theorem 3.4. Let A be an OBCI-subalgebra of K := (K, —, e, <,) such that e <, x for all x € A. Then
A is a subalgebra of K.

Proof. This is straightforward. O
Definition 3.5. A subset F of K is called
o a filter of K if it satisfies:

e€F, 3.3)
Vx,ye K)(x > yeF,xeF = yeF), 3.4)

e an OBCl-filter of K if it satisfies (3.3) and
Vx,yeK)(xeF,e<,x—>y = yeF). 3.5

It is clear that {¢} and K are OBCI-filters of K.

Example 3.6. Consider the OBClI-algebra K in Example 2.4(i). Then the set F' := {1, e} is a filter and
an OBCl-filter of K.

Example 3.7. Consider the OBClI-algebra K in Example 2.4(ii). Then the set F := {I, %, %} is an
OBClI-filter of K, but it is not a filter of K since % — }‘ = % € F but }L ¢ F. The set G := {1, %} is a
filter and an OBClI-filter of K.

Example 3.8. In Example 2.5, the set F' := [%, 1] is an OBClI-filter of K. But it is not a filter of K since

1 3 _1 3
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In Examples 3.7 and 3.8, we can see that any OBCI-filter may not be a filter. In Example 2.4(1), we
know that F := {e, 0} is a filter of K, but it is not an OBClI-filter of K because ¢ <, ¢ — 1 = 1. Thus,
we observe that a filter and OBClI-filter are mutually independent concepts.

We provide a condition for filters to be OBClI-filters and vice versa.

Theorem 3.9. (i) Ifafilter F of K := (K, —, e, <,) satisfies
VMxeK)e<.,x > xeF), 3.6)

then it is an OBCl-filter of K.
(i1) If an OBCl-filter F of K := (K, —, e, <,) satisfies

MVMxeK)xeF = e<, x), 3.7
then it is a filter of K.
Proof. This is straightforward. O
Given a subset F' of K, consider the following assertion:
VMx,ye K)(x > yeF = x<,y). (3.8)

The following example provides an OBClI-filter F’ of K that does not satisfy the condition (3.8).

Example 3.10. Consider the OBClI-algebra K in Example 2.4(ii) and take the OBCI-filter F' := {1, %, %}
of K. We can see that it does not satisfy the condition (3.8) since % - % = % € F but % £. 31.

Theorem 3.11. Let F be an OBCl-filter of K := (K, —, e, <.) satisfying (3.8). Then F is a filter of K.

Proof. Letx,y € Kbesuchthatx — y e Fand x € F. Then x <, y by (3.8), and so e <, x — y. Hence
y € F, and therefore F is a filter of K. O

Proposition 3.12. Every OBCl-filter is an up-set, that is, every OBClI-filter F of K := (K, —, e, <,)
satisfies:

MVMx,ye K)(x<,y, xeF = yeF). 3.9

Proof. Let F be an OBCl-filter of K. Let x,y € K be such that x <, yand x € F. Thene <, x — y,
and so y € F by (3.5). O

Corollary 3.13. Every OBClI-filter F of K := (K, —, e, <,) satisfies (3.6).
Proposition 3.14. Every OBCl-filter F of K := (K, —, e, <.) satisfies:

VxeK)(xeF = (x> e)—>ecF). (3.10)
Proof. Let x € F. Using (2.4) and Proposition (2.8)(ii), we have
e, (x—me)o(x—oe)=x—>((x—>e)—>e).

Hence (x > ¢) > e € F. O

AIMS Mathematics Volume 9, Issue 12, 36336-36350.
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The example below shows that any filter F' of K does not satisfy (3.9) and (3.6).

Example 3.15. Let K be an OBCl-algebra in Example 2.4(i). Then F := {e, 0} is a filter of K that does
not satisfy (3.9) and (3.6).

In the following examples, we know that any OBClI-filter is neither a subalgebra nor an OBCI-
subalgebra.

Example 3.16. Let K = {1, ¢, 9,0} be a set, where 1 and O are the greatest element and the least element
of K, respectively. Define a binary operation “ — ” on K by Table 6.

Table 6. Cayley table for the binary operation “—".

- 1 e 0 0
1 1 0 0 0
e 1 e 0 0
0 1 0 e 0
0 1 1 1 1

Let <, :={(0,0), (e,e), (0,0), (1, 1), (0, 1), (0,e), (0,9), (e, 1), (0, 1)}. Then it is straightforward to
verify that K := (K, —, e, <,) is an OBCl-algebra. The filter F' := {e, 9} in K is not a subalgebra of K
sinced - e=0¢F.

Example 3.17. The OBCl-filter F' := {1, %, %} in Example 3.7 is not an OBClI-subalgebra of K since

e:%Se1ande:%§e%,bUt1_>%:0¢F'

Definition 3.18. An OBClI-filter (resp., filter) F of K := (K, —, e, <,.) is said to be closed if it is an
OBCl-subalgebra (resp., subalgebra) of K.

Example 3.19. Let K = {e,a, b, c,d} be a set with a binary operation “ — ” given by Table 7.

Table 7. Cayley table for the binary operation “—".

— e a b c d
e e a b c d
a e e b c c
b e a e c d
c c d c e a
d c c c e e

Let <.:= {(e, e), (a,a), (D, D), (¢, ¢),(d,d), (a, e), (b, e),(d, c)}. Then K := (K, —, ¢, <) is an OBCI-
algebra, and F := {e, a} and F, := {e, b, ¢} are closed OBClI-filters of K.

Proposition 3.20. Every closed OBCl-filter F of K := (K, —, e, <,) satisfies:

MVMxeK)e<,x > x—>eek). (3.11)

AIMS Mathematics Volume 9, Issue 12, 36336-36350.
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Proof. Using Definition 3.18, we obtain (3.11). |

In Example 3.19, we know that b — ¢ = ¢ € F,. But (b,c) ¢ <., i.e., b <, ¢ does not hold. This
shows that any (closed) filter F of K does not satisfy (3.8). Also, OBClI-filter F of K does not satisfy
(3.8). In fact, the OBCI-filter F := {1, 2, 3} in Example 3.7 does not satisfy (3.8) since 3 - 3 =3 € F
but 2 £, 1.

4 Fe )

We provide conditions for a filter and an OBClI-filter to be closed.

Theorem 3.21. If a filter F of K := (K, —, e, <,) satisfies (3.6) and the following condition:
VMxeK)(xeF = x—>eck), (3.12)

then it is closed.

Proof. Assume that F is a filter of K satisfying (3.6) and (3.12). It suffices to show that F is a
subalgebra of K. Let x,y € F. Then x — e € Fandy — e € F by (3.12). Also, we obtain
e > x=x¢€ Fande — y =y e F by Proposition 2.8(iv). Since

e, (x—>e)>((e—>y) - (x—y)
by (2.2), it follows from (3.6) that (x — ¢) = ((e > y) = (x = y)) € F. Hence x — y € F by (3.4),
and therefore F is a subalgebra of K, and the proof is complete. O
Theorem 3.22. If an OBCl-filter F of K := (K, —, e, <,) satisfies (3.11) and (3.8), then it is closed.

Proof. Let F be an OBCl-filter of K that satisfies (3.11) and (3.8). It is sufficient to show that F' is an
OBClI-subalgebra of K. Let x,y € F be suchthate <, xande <, y. Thenx - e€ Fandy - e € F
by (3.11). Moreover, we obtaine — x = x € Fande — y = y € F by Proposition 2.8(iv). Since
e<, (x> e) > ((e =y — (x—y) by (2.2), we get

(x—=e) <. (e =y) = (x> ).

Since x — e € F, it follows from Proposition 3.12 that (¢ — y) — (x — y) € F. Hence
e »>y<,x— yby(3.8),and so x — y € F by Proposition 3.12. Therefore F is an OBCI-subalgebra
of K, and the proof is complete. O

Proposition 3.23. Every OBClI-filter F of K := (K, —, e, <,) satisfies:

Vx,y,ze K)(x e F,e=x—>(y—>z) = y—oz€eF). (3.13)
e (x=y) ==y
(Vx,y € K) xeF, x> ((x—>y) -yeF . (3.14)
=>x->oy)oyeF

Proof. The result (3.13) is straightforward. Let x,y € K be suchthat x € F, x - (x - y) - y) € F
ande <, (x > y) » (x > y). Thene <, x = ((x = y) — y) by Proposition 2.8(iii). It follows from
(3.5 that(x > y) > yeF. O

Theorem 3.24. The intersection of the OBCl-filters of K := (K, —, e, <.) is an OBClI-filter of K.
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Table 8. Cayley table for the binary operation “—".

- e 1 X y
e e 1 X y
1 1 e y by
X X y e 1
y y X 1 e
Proof. This is straightforward. O

The following example shows that the union of the filters of K may not be a filter of K.

Example 3.25. Let K := {e, 1, x,y} be a set with binary operations “ — ” given by Table 8. Let
<= {(e,e),(1,1),(x,x),(v,y)}). Then K := (K, —, e, <) is an OBClI-algebra. It is straightforward to
verify that F; := {e, 1} and F, := {e, y} are filters of K. But F'; U F, = {e, 1, y} is not a filter of K since
veFiUF,andy > x=1€ F{UF,,butx¢ F, U F,.

It is interesting to note that the union of the OBClI-filters of K forms an OBClI-filter of K as the
following theorem shows.

Theorem 3.26. The union of the OBCl-filters of K := (K, —, e, <,) is an OBCI-filter of K.

Proof. Let Fy and F, be OBClI-filters of K. It is clear that e € F; U F,. Let x,y € K be such that
e<,x—>yandxe€ FiUF,. Thenx € Fyorx e F,.If x € F, theny € F; by (3.5). Similarly if
x € Fp,theny € F, by (3.5). Hence y € F; U F,. Therefore F; U F, is an OBCl-filters of K. O

We then deal with OBClI-filters of direct product OBCI-algebras.

Theorem 3.27. If Fx and F); are OBCl-filters of OBCl-algebras K := (K, —, e, <,) and M := (M, —,
e, <.), respectively, then FgXF ) is an OBClI-filter of the direct product OBCI-algebra KxM := (KXM,
=, e, ).

Proof. This is straightforward. O

Theorem 3.28. Every OBCl-filter F of K XM = (K X M, =, e, <) can be expressed as F C Fx X Fy
for OBCl-filters Fx and Fy; of OBCl-algebras K .= (K, —, e, <,) and M := (M, —, e, <,), respectively.

Proof. This is straightforward. O
The following example illustrates Theorem 3.27.

Example 3.29. Consider the OBCl-algebras K with e = % and M with e = % in Example 2.4(ii) and
Example 2.5, respectively. If we take OBCI-filters Fx := {1,3,1} and Fy, := [1,1] of K and M,
respectively, then

Fx X Fy={(x,y) e KXM|x€Fg,y€ Fyl}
is an OBCI-filter of K x M := (K X M, =, e, <) where e = (3, 1).
Theorem 3.30. Given subsets Fg and F; of OBCI-algebras K := (K, —g, ex, <x) and M := (M, —y,
ey, <um), respectively, we define two sets:
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OF M :={(x,a) e KXM | x€ Fg, @b e Fy)ey <y b —uy a)} and
OF ¢ :={(y,b) e Kx M | (Ax € Fx)(ex <x x =k y), b € Fy}.

If Fx and F\; are OBCl-filters of K and M, respectively, then OF " and OF °* are OBCl-filters of
KxM:=(KxM, =,e, <)

Proof. Let Fg and Fy, be OBCl-filters of K and M, respectively. It is clear that e = (ex, ey) € OF .
Let (x,a), (y,b) € K x M be such that (x,a) € OF “* and e < (x,a) = (y,b). Thene < (x =g y,a >y
b), and so ex <x x — yand ey <) a — b. Since (x,a) € OF ", we know that x € Fx and there
exists ¢ € Fy; such that ey, <)y ¢ =) a. Hence y € Fg by (3.5) and ey, <y (@ =y b) =y (¢ =y D)
by (2.2) and (2.6). Again it follows from ey <), a — b and (2.6) that ey; <)y ¢ — ) b. Therefore
OF M is an OBCI-filter of K X M := (K X M, =, e, <). In a similar way, we can verify that OF ¥ is
an OBClI-filter of K x M. O

4. Conclusions

BCK-algebras were developed by Iséki and S. Tannaka to generalize the set difference in set
theory, and by Y. Imai and Iséki as the algebras of certain propositional calculi. BCI-algebras
introduced by K. Iséki are a generalized version of BCK-algebras. It turns out that Abelian groups are
a special case of BClI-algebras. As a type of algebraic structure, the BCI-algebra has theoretical
significance in areas such as logic, especially in the study of non-classical logics and the algebraic
structures underlying them. They provide a framework for generalizing notions of difference and
implications beyond classical Boolean structures. The generalization of BCK/BCl-algebras has
developed several forms of algebra, for example, d-algebras, BCC-algebras, BCH-algebras,
BH-algebras, BZ-algebras, near-BCK-algebras, pre-BCK-algebras, B-algebras, BE-algebras,
BF-algebras, BG-algebras, Bl-algebras, BM-algebras, BO-algebras, C-algebras, Cl-algebras,
Q-algebras, QS-algebras, etc. This series of generalizations is achieved through processes such as
subtracting too complex things from the axioms/conditions of BCK/BClI-algebras or replacing them
with other axioms.

In this article, we have attempted to generalize BCl-algebras in a different direction from
conventional generalization methods that try to subtract complex conditions or replace them with
other conditions. We have introduced the concept of OBClI-algebras, and investigated several related
properties. We have introduced subalgebras, OBClI-subalgebras, (closed) filters, and (closed)
OBCl-filters as partial structures of OBCI-algebras and explored their relationships further. We have
provided conditions for filters to be OBClI-filters and vice versa. We also have provided conditions for
filters and OBClI-filters to be closed. We have formed the direct product OBCI-algebra and discussed
OBCl-filters on it.

The ideas and results obtained in this paper will contribute to future research on topics such as
various types of OBClI-filters, applications of various types of fuzzy set theory, the study of soft and
rough set theory, derivations, coding theory, and decision-making theory related to OBCI-algebras.

Use of Generative-Al tools declaration
The authors declare they have not used Artificial Intelligence (AI) tools in the creation of this article.

AIMS Mathematics Volume 9, Issue 12, 36336-36350.



36349

Author contributions

Eunsuk Yang: Conceptualization, Funding acquisition, Resources, Validation; Eun Hwan Roh:
Conceptualization, Resources, Validation; Young Bae Jun: Conceptualization, Writing-original draft,
Validation, Writing — review & editing. All authors have read and agreed to the published version of
the manuscript. The three authors contributed equally.

Acknowledgments

This work was supported by the Ministry of Education of the Republic of Korea and the National
Research Foundation of Korea (NRF-2024S1A5A2A01020732).

The authors sincerely appreciate the valuable opinions and constructive feedback from editors and
anonymous reviewers who contributed to the improvement of this paper.

Conflict of interest

All authors declare no conflicts of interest in this paper.

References

1. P. Cintula, Weakly Implicative (Fuzzy) Logics I: Basic properties, Arch. Math. Logic, 45 (2006),
673-704. http://doi.org/10.1007/s00153-006-0011-5

2. P. Cintula, R. Horc¢ik, C. Noguera, Non-associative substructural logics and their semilinear
extensions: Axiomatization and completeness properties, Rev. Symbolic Logic, 6 (2013), 394-423.
http://doi.org/10.1017/S1755020313000099

3. P. Cintula, C. Noguera, Implicational (semilinear) logics I: A new hierarchy, Arch. Math. Logic, 49
(2010), 417-446. http://doi.org/10.1007/s00153-010-0178-7

4. P. Cintula, C. Noguera, A general framework for mathematical fuzzy logic, In: Handbook of
Mathematical Fuzzy Logic, London: College Publications, 2011, 103-207.

5. P. Cintula, C. Noguera, Implicational (semilinear) logics III: Completeness properties, Arch. Math.
Logic, 57 (2018), 391-420. http://doi.org/10.1007/s00153-017-0577-0

6. J. M. Dunn, Partial gaggles applied to logics with restricted structural rules, Substructural Logics,
2 (1993), 63-108.

7. J. M. Dunn, G. Hardegree, Algebraic Methods in Philosophical Logic, Oxford: Oxford Univ Press,
2001.

8. G. Galatos, P. Jipsen, T. Kowalski, H. Ono, Residuated lattices: An algebraic glimpse at
substructural logics, Amsterdam: Elsevier, 2007.

9. G. Galatos, H. Ono, Cut elimination and strong separation for substructural logics, Ann. Pure Appl.
Logic, 161 (2010), 1097-1133. http://doi.org/10.1016/j.apal.2010.01.003

10. Y. S. Huang, BCI-algebra, Beijing: Science Press, 2006.
11. P. M. Idziak, Lattice operations in BCK-algebras, PhD thesis, Jagiellonian University, 1984.

AIMS Mathematics Volume 9, Issue 12, 36336-36350.


http://dx.doi.org/http://doi.org/10.1007/s00153-006-0011-5
http://dx.doi.org/http://doi.org/10.1017/S1755020313000099
http://dx.doi.org/http://doi.org/10.1007/s00153-010-0178-7
http://dx.doi.org/http://doi.org/10.1007/s00153-017-0577-0
http://dx.doi.org/http://doi.org/10.1016/j.apal.2010.01.003

36350

12. P. M. Idziak, Lattice operations in BCK-algebras, Math. Jpn., 29 (1984), 839—846.
13. Y. Imai, K. Iséki, On axiom systems of proposition calculi, Proc. Jpn. Acad., 42 (1966), 19-22.
http://doi.org/10.3792/pja/1195522169
14. K. Iséki, An algebra related with a propositional calculus, Proc. Jpn. Acad., 42 (1966), 26-29.
http://doi.org/10.3792/pja/1195522171
15. K. Iséki, On BClI-algebras, Math. Semin. Notes, 8 (1980), 125-130.
16. K. Iséki, S. Tanaka, An introduction to the theory of BCK-algebras, Math. Jpn., 23 (1978), 1-26.
17. G. Metcalfe, F. Montagna, Substructural Fuzzy Logics, J. Symbolic Logic, 72 (2007), 834-864.
http://doi.org/10.2178/s1/1191333844
18. A. N. Prior, Formal logic, 2 Eds., Oxford: Oxford University Press, 1962.
19.]. G. Raftery, Order algebraizable logics, Ann. Pure Appl. Logic, 164 (2013), 251-283.
http://doi.org/10.1016/j.apal.2012.10.013
20. E. Yang, J. M. Dunn, Implicational tonoid logics: Algebraic and relational semantics, Log.
Universalis, 15 (2021), 435-456. http://doi.org/10.1007/s11787-021-00288-z
21. E. Yang, J. M. Dunn, Implicational Partial Galois Logics: Relational semantics, Log. Universalis,
15 (2021), 457-476 (2021). http://doi.org/10.1007/s11787-021-00290-5
] ©2024 the Author(s), licensee AIMS Press. This
i1s an open access article distributed under the
%ﬁg AIMS Press terms of the Creative Commons Attribution License

(http://creativecommons.org/licenses/by/4.0)

AIMS Mathematics Volume 9, Issue 12, 36336-36350.


http://dx.doi.org/http://doi.org/10.3792/pja/1195522169
http://dx.doi.org/http://doi.org/10.3792/pja/1195522171
http://dx.doi.org/http://doi.org/10.2178/jsl/1191333844
http://dx.doi.org/http://doi.org/10.1016/j.apal.2012.10.013
http://dx.doi.org/http://doi.org/10.1007/s11787-021-00288-z
http://dx.doi.org/http://doi.org/10.1007/s11787-021-00290-5
http://creativecommons.org/licenses/by/4.0

	Introduction
	OBCI-algebras
	OBCI-subalgebras and OBCI-filters
	Conclusions

