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Characterizations of semihoops based on derivations

WANG Meil? ZHANG Xiao-hong?>*

Abstract. In this paper, we discuss the related properties of some particular derivations in
semihoops and give some characterizations of them. Then, we prove that every Heyting algebra
is isomorphic to the algebra of all multiplicative derivations and show that every Boolean algebra
is isomorphic to the algebra of all implicative derivations. Finally, we show that the sets of
multiplicative and implicative derivations on bounded regular idempotent semihoops are in one-

to-one correspondence.

81 Introduction

BL-algebras were defined by Héjek as the equivalent algebraic semantics of Basic Logic in
1996 [13]. Although these algebras were introduced in the late 1990s, it was proved in [12] that
their {0}-free subreducts determine a class of algebraic structures that were already introduced
by Biichi and Owens during the 1970s in the unpublished manuscript [5]. These structures were
called hoops and BL-algebras turned out to be equivalent to bounded basic hoops [12]. Indeed,
every hoop is a meet-semilattice ordered residuated integral divisible and commutative monoid
[2]. A semihoop is a hoop without the divisibility equation, and this algebraic structure covers
all the mathematical structures that appear in a fuzzy logic framework. Therefore, semihoops
play an important role in studying fuzzy logic and the related algebraic structures.

The notion of derivations, introduced from the analytic theory, is helpful for studying alge-
braic structures and properties in algebraic systems. In 1957, Posner [1] introduced the notion
of derivations in a prime ring (R, +, ), which is a map d : R — R satisfying the two conditions:

(i) d(o +0) = d(0) + d(6), (ii) d(c - 8) = d(0) - 6 + & - d(6)

for all 0,6 € R. Inspired by derivations on rings, Y B Jun, et al. [16,22] applied the notion
of derivations to BCI-algebras and gave some characterizations of p-semisimple BClI-algebras.
In 2008, Xin [20,21] introduced the concept of derivations in a lattice (£, A, V), which is a map
d : L — L satisfies the following condition:

d(o A 8) = (d(a) AS)V (o A d(6))
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for all 0,0 € L. They also characterized modular lattices and distributive lattices by isotone
derivations. Subsequently, Alshehri et al. [11,18] applied the notions of derivations to an
MV-algebra (£, ®,*,0, 1), which is a map d : £ — L satisfying the following condition:

d(oc ©®9) = (d(o) ©®6) & (o ®d(9))

for any 0,8 € L. Recently, Wang et al. [6,8] further explored derivations of MV-algebras
and obtained some interesting and meaningful results. In particular, they proved in [6] that
the fixed point set of Boolean additive derivations and that of their adjoint derivations are
isomorphic, and showed that every MV-algebra is isomorphic to the direct product of the fixed
point set of Boolean additive derivations and that of their adjoint derivations, which provide
a new representation of MV-algebras based on these derivations. In 2016, He [15] investigated
the notion of multiplicative derivation is a map d : £ — L satisfying the following condition:

d(oc ®0) = (d(o) ®0) V (o ®d(d))
and implicative derivation is a map g : £ — L satisfying the following condition:
g9(o = 6) = (g9(0) = 6) vV (0 = g(9))

in residuated lattices, and characterized Heyting algebras in terms of the above derivations.

The paper is motivated by the following considerations:

(1) As we have mentioned in the above paragraph, derivations have been studied on MV-
algebras, BL-algebras and residuated lattices, etc, we have observed that although they are
essentially different logical algebras, they are all particular types of bounded semihoops. Then
it is meaningful to establish the derivation theory of semihoops for studying the common prop-
erties of derivations in the above-mentioned logical algebras.

(2) The previous research about derivations on logical algebras mainly involves its basic
algebraic properties, without using it to characterize the algebraic structures. Then, it is
interesting to characterize the algebraic structure of logical algebras by kinds of derivations.

(3) Tt has always been known that Galois connections play a central role in studying logical
algebras, and so the relation between derivations and Galois connections is an important re-
search topic to study. However, there are few researches about the relation between derivations
and Galois connections on logical algebras so far. Then, it is necessary for us to study the
relation between derivations and Galois connections on logical algebras.

Over these considerations, we introduce and study the derivations of semihoops. Indeed, we
will obtain the following main results:

(1) We introduce the concept of derivations on semihoops, and show that is the natural
generalization of derivations on residuated lattices (See Definitions 3.1 and 4.1, Remarks 3.10
and 4.).

(2) Every Heyting algebra is isomorphic to the algebra of all multiplicative derivations on
Heyting algebras (See Theorem 3.17).

(3) Every Boolean algebra is isomorphic to the algebra of all implicative derivations on
Boolean algebras (See Theorem 4.16).

(4) The sets of multiplicative and implicative derivations on bounded regular idempotent
semihoops are in one-to-one correspondence (See Theorem 4.18).

The paper is organized as follows: In Section 2, we review some basic definitions and
results about semihoops. In Section 3, we introduce the notion of multiplicative derivations on
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semihoops and give a representation of Heyting algebras by them. In Section 4, we introduce the
concept of implicative derivations on semihoops and discuss the relation between multiplicative
and implicative derivations.

§2 Preliminaries

In this section, we recall some fundamental definitions and notations which are necessary
for the reader to follow the paper.

Definition 2.1. ([3])An algebra (A, A) is called a A-semilattice if it satisfies the following
conditions: for any 0,4,y € A,

(1) o Ao =0,

(2)oNd=0dAN0,

B) (cAHAy=aA(N7).

Given a A-semilattice A, we can define a binary relation < on A by
c<dif cNd=0.
Then < is a partial order relation on A.

Definition 2.2. ([7,6,17])An algebra (£,®,—, A, 1) of type (2,2,2,0) is called a semihoop if
it satisfies the following conditions:

(1) (£,A,1) is a A-semilattice with upper bound 1,

(2) (£,,1) is a commutative monoid,

(3) (c®d) >v=0— (6 > ), for any 0,0,7 € L.

In what follows, by £ we denote the universe of a semihoop (£,®,—,A,1). A semihoop £
is a bounded semihoop if there exists an element 0 € £ such that 0 < ¢ for all ¢ € £. In a
bounded semihoop, we define the negation —: =0 = ¢ — 0 for all ¢ € L. If =——0 = o, that
is, =(—0) = o for any o € £, then the bounded semihoop is said to have a double negation
property (DNP, for short). If 0 ® 0 = o for any o € L, then the semihoop £ is said to be
idempotent. We denote the set of all idempotent element of £ by I(L).

Definition 2.3. ([2])Let £ be a semihoop. Then

(1) £ is said to be regular if it satisfies the double negation property: ——o = o for any
o€clL.

(2) L is said to be a hoop if it satisfies the divisibility equation: c Ad = o ® (6 — ¢) for any
0,0 € L.

(3) L is said to be a Brouwerian semilattice if it satisfies the equation: ¢ ©® ¢ = o for any
ocL.

It must be pointed out here that not all semihoops (hoops, Brouwerian semilattices) have a
lattice reduct, the ones that do are exactly the join free reducts of residuated lattice (R¢-monoid,
Heyting algebra). Moreover, in any regular bounded semihoop, we define further operation in
the following manner:
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and check that
c®d=—(-0P0),c—>0=-0®dJ.

Proposition 2.4. ([6,12,14,17])Let L be a semihoop. Then the following properties hold: for
all 0,0,v € L,
N o<diff o =»d=1,

c<d—o,

(15) if c € I(L) and 6 € L, then
(i))c©d=0ANd=00(c =),
(it) o = (0 =)= (0 —=9) = (60 = 7).

Definition 2.5. ([10])A residuated lattice is a algebraic structure (£, A,V,®,—,0,1) of type
(2,2,2,2,0,0) satisfying the following conditions:
(1) (L,A,V,0,1) is a bounded lattice,
(2) (£,0,1) is a commutative semigroup (with the unit element 1),
B)oed<~yiff c <d— 1, for any 0,d,7 € L.

Proposition 2.6. ([10])Let L be a residuated lattice. Then the following properties hold: for
all 0,0,v € L,

1)o—=0<(ocVy)— (6Vry),

(2)c—=d=(cV) =34,

B) oo (BVY)=(c@ V(o).

Definition 2.7. ([19])A bounded commutative R¢-monoid is a algebraic structure (£, A, V, ®, —
,0,1) of type (2,2,2,2,0,0) satisfying the following conditions:

(1) (£,A,V,0,1) is a bounded lattice,

(2) (£,0,1) is a commutative monoid,

B)ood<~yiff 0 <6 — 1, for any 0,d,v € L,

(4) cNd=0© (0 — ), for any 0,0 € L.

~_— O — ~—

Definition 2.8. ([3])A Heyting algebra is an algebra (£, A,V,—,0,1) such that (£,A,V,0,1)
is a bounded distributive lattice that satisfies the condition:

oNd<~viff o <6 — 7,
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for any o,6,v € L.

Definition 2.9. A semihoop L is said to be prelinear if for any o, € £, 1 is the unique upper
bound in £ of the set

{(c = 6),(6 = 0)}.

Example 2.10. Let £ = {0, «, 3,7,0, 1}, where 0 < o, 8,7v,6 < 1. Defining operations ® and
— as follows:

©l0 o p v 6 1 =10 a B v 6 1
0{0 0 0 0 0 O 0|1 1 1 1 1 1
al0 a 8 0 0 « a0 1 B v v 1
Blo g p 0 0 B Bly a 1 v v 1
y10 6 0 6 0 ~ Yy a B 1 a 1
10 6 0 6 0 0 0|8 a B a 1 1
110 a B ~ 6 1 110 o B v 6 1

Then (£, A, ®,—,0,1) is a semihoop. However, it is not a prelinear semihoop since 1 is not the
unique upper bound of the set

{(y = 0),(0 =)}

Example 2.11. Let £ ={0,a,(,6,1}, where 0 < a < 3,0 < 1. Defining operations ® and —
as follows:

|10 a g 6 1 =10 a B 6 1
0j0 O O O O o1 1 1 1 1
all a a a « a |0 1 1 1 1
810 a B o B 10 6 1 06 1
010 a a 6 0 0|10 B g 1 1
110 a g 6 1 110 a p 6 1

Then (£, A, ®,—,0,1) is a prelinear semihoop.

Notice that the prelinearity does not necessitate the presence of a join operator in a semihoop
L. However, in the following, we will show that every prelinear semihoop has a lattice reduct
whereby the join operation is definable in terms of the meet and the implication.

Proposition 2.12. Let L be a prelinear semihoop. Then we have: for any 0,6,y € L,
o= 0Ay)=(c—=8)A(c—7),
(2) L has a lattice reduct whereby oV § = ((60 = 0) = ) A ((§ = o) — o).

Proof. (1) By Proposition 2.4(6),(8) and (12), we have

d— (A7)

(0 —=0) = (= (0AY)

((c=8)N(c—=7) = (0= (AY).

0=

IN A

By similarity, we have

y=d<((c=0)A(c—=7) = (c—= (A7)
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Further by prelinearity, we have

(0 =0)A(0=7) = (0= (0A7) =1,
which implies

(c=)N(c—=7)<o—=(0AY).
The opposite inequality follows from Proposition 2.4(11).
(2) It is well known in [17] that every prelinear residuated A-semilattice is a lattice, whereby

the join operation is given by

oVi=((cd—=08) = 5)N((0—0)—o0).

Notice that every prelinear semihoop is a prelinear residuated A-semilattice. Hence the above
result also holds in semihoops. O

Theorem 2.13. Let L be a semihoop. Then the following statements are equivalent: for any
07 577 6 £7

(1) L is prelinear,

2)c—=(0Vy)=(c =)V (c—7),

B)o—=>v<(c =) V(—=n).
Proof. (1) = (2) By Proposition 2.12(2), we get that every prelinear semihoop has a lattice
structure, then it follows from Proposition 2.6(2), Proposition 2.4(6) and (12), we have
(@GVy) =~
(0= (V)= (0—7)
(c—=(V7y) = (e =) V(c—0)).

0 —

[VARVAN

By similarity, we have
7y=d=(yVd) =0<(c—=>(Vy) = ((c =) V(c—0)).
Hence by prelinearity, we have
(0= (V)= ((e—=7)V(e—=6)=1
that is,
c—=(6Vy)<(c =)V (c—=7).
On the other hand, using Proposition 2.4(6),
c—=30<oc—=(0Vy),c=>v<0c—= (VY.
Thus,
(c=d8)V(i—=7)<o—=(6Vy).
(2) = (3) By Proposition 2.6(1), we have
c—=7<(6Va)=(Vy)=(0Ve) =6V ((0Vo)—=v)<(c—=08V(—n).
(3) = (1) Taking o =~ in (3), we have

l=y—27<(y=0)V(©—=).
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O
Proposition 2.14. FEvery prelinear semihoop is a distributive lattice.
Proof. By Proposition 2.6(2), we have
§=y=(EVy)=>y<(aA (V)= (0 A9).
By similarity, we have
7y=26=(0Vy) =< ((cA(6VY) = (oAD).
Hence by prelinearity, we have
1 = (0=7)V(y—9)
< ((en(@Vvy) = (@ny)V((eA(6VY)) = (0 AD))
= (6A(6V7) = (A V(e A7),
which implies
oA Vy)<(aAI)V(ocA7).
This proves distributivity, since the opposite inequality is always valid. O

Definition 2.15. ([3])Given ordered sets E, F and order-preserving maps f : E — F and
g : F — E, we say that the pair (f,g) establishes a Galois connection between E and F' if
fg>idp and gf <idg.

83 Multiplicative derivations of semihoops

In this section, we introduce some derivations in semihoops and give some characterizations
of them. Then, we show that every Heyting algebra is isomorphic to the algebraic structure
the set of all multiplicative derivations on Heyting algebras.

Definition 3.1. Let £ be a semihoop. A map d : £L — L is called a multiplicative derivation
on L if it satisfies the following condition: for any o, € L,

d(oc ®9) =0 d(0).
We denote by D(L) the set of all multiplicative derivations of L.
Now, we will present some examples for multiplicative derivations on semihoops.

Example 3.2. Let £ be a bounded semihoop. Defining a map dy : £ — £ by do(c) = 0 for
all 0 € L. Then dy is a multiplicative derivation on £, which is called the zero multiplicative
derivation. Moreover, we define a map dy : L — L by di(0) = o for all o € L. Then d; is also
a multiplicative derivation on £, which is called the identity multiplicative derivation.

Example 3.3. Let £ = {0,a,,7,1}, where 0 < a < 8 <« < 1. Defining operations ® and
— as follows:
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|0 a p v 1 =10 a g v 1
0j0 0 0O 0 O 01 1 1 1 1
alld a 0 o « a|pf 1 1 1 1
gl10 0 B B B B la o 1 1 1
Y10 a B v v Y10 o B8 1 1
110 a B ~ 1 110 aa 8 ~v 1

Then (£,A,®,—,0,1) is a bounded semihoop. Now we define d : £ — L as follows:

ﬂ®={a c=0,8

Q, 0 =0q,7, 1
It is verified that d is a multiplicative derivation on L.

Example 3.4. Let (G,+,—,A,V) be an arbitrary ¢-group. For an arbitrary element u € G,
u > 0 defined on the set Glu] = [0, u] the following operations:

a0f=(a—u+pB)V0a—= =B —-a+u)Au.

Then (Glu], A\, ®,—,0,u) is a bounded semihoop. Now, we define a map d : G[u] — G[u] as
follows: for all o € [0,u], and 8 € [0, u]

awz{& 7=
BOo, ogF#u

It is easily verified that d is a multiplicative derivation on Glu].

Proposition 3.5. Let L be a semihoop and d be a multiplicative derivation on L. Then we
have: for any 0,6 € L,
(1) if L is bounded, then d(0) =0,
@) dlo) = o0 d(),
(3) d(o) <
(4) d(o )®§—U®d(5),
(5) if o <4, then d(o) < d(9),
(6) d(o) ©d(6) < d(o ©9),
(7) d(o = 6) < d(o) — d(9),
(8) if L is a hoop, then d(c A d) = d(c) Ad(9).

d(0) =d(0®0) =006 d(0) =0.
(2) Taking § = 1 in Definition 3.1, we have
dioc)=d(1o0) =0 ®d(1).

(3) It follows from (2) that d(o) =0 ©d(1) <o
(4) From (2), we have

d0)©d=00d(1)0d=06 (60 d1) =0 d0).
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(5) If o < 6, then it follows from (2) that
(o) = 0 ©d(1) <5 d(1) = d(5).
(6) From (2), we have
(o) ®d(8) =0 ©d(1) ®5®d(1) < (¢ ®8) @ d(l) = d(o ® ).
(7) From Proposition 2.4(9), we have
dlo — 8) = (0 = 8) ®d(1) < (¢ ®d(1)) = (8 @ d(1)) = d(o) — d(9).
(8) If £ is a hoop, then it follows from (2) and Proposition 2.4(14) that
Ao AS) = (0 A6) @d(1) = (0 ®d(1)) A (6 d(1)) = d(o) Ad(6).

The following example shows that the converse of Proposition 3.5(6) and (7) are not trud
in general.

Example 3.6. Let £ be the bounded semihoop in Example 2.10. Now we define d : £L — L as
follows:

0, 0=0,p
d(U) = 07 g = 045779
v, o=1

It is verified that d is a multiplicative derivation on L. Since
d(1) ©d(1) =yoy=02y=d(1) =d10o1),
which shows that the converse of Proposition 3.5(6) does not hold in general.

Example 3.7. Let £ be the bounded semihoop and d be the multiplicative derivation on £ in
Example 3.3. Since

dla—=y)=dl)=a?l=a—a=d(a)—d»),
which shows that the converse of Proposition 3.5(7) does not hold in general.
The following example shows that the condition in Proposition 3.5(8) is necessary.

Example 3.8. Let £ be the bounded semihoop and d be a multiplicative derivation on £ in
Example 3.3. Since

a=d(a)=dlanp)#da)ANd(B)=aAn0=0,
which shows that Proposition 3.5(8) does not hold in semihoops in general.

Proposition 3.9. Let L be a semihoop and d : L — L be a map on L. Then the following
statements are equivalent: for any 0,0 € L,

(1) d is a multiplicative derivation on L,

(2) d(c ©®0) =d(o) @4,

(3) d(o)=d(1)®o0.
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Proof. (1) = (2) By Definition 3.1 and Proposition 3.5(4), we have d(c®d) = c®d(d) = d(c)®0.
(2) = (3) Taking d =0 and 0 =1 in (2).
(3) = (1) From (3), we have

dlc®d)=d(1)® (c®d) =0 (d(1) ®d) = 0o ©d(9).

Remark 3.10. He introduced in [13] that a multiplicative derivation on a residuated lattice &9
amap d: L — L satisfies the following condition:

(DR) d(c ®4d) = (d(c) ®d)V (o ®d(d)).
Proposition 3.9 shows that a map d : £ — £ is a multiplicative derivation if and only if
(DS) d(c©@d)=00d(0) =d(o)®F.

In the case of residuated lattice, the condition (DS) implies the validity of (DR). Hence the
notion of a multiplicative derivation on semihoops essentially generalized that of a multiplicative
derivation on residuated lattices.

The following example shows that the condition (DR) does not imply (DS).

Example 3.11. Let £ = {0, o, 3,1} be a chain and operations ® and — be defined as follows:

©|0 a B 1 -0 o B8 1
0j]0 0 O O o1 1 1 1
a0 0 o « ala 1 1 1
B10 a B B 10 a 1 1
110 a 8 1 110 a [ 1

Then (£, A, V,®,—,0,1) is a residuated lattice, where 0 Ad = min{o,d} and oV = maz{o,d}
for all 0,6 € L. Now, we define a map d : L — L as follows:

ﬂ@z{a o=0,

a, c=a,B,1

One can check that d is a derivation on (£, A, V,®, —,0,1). However, it is not a derivations on
semihoops, since a = d(a) =d(a® ) #a®d(f) =a®a=0.

Then we introduce the notion of idempotent multiplicative derivation in semihoops and give
some characterization of Brouwerian semilattices by them.

Definition 3.12. A multiplicative derivation d on a semihoop is called an idempotent multi-
plicative derivation provided that d(1) € I(L£), that is d(1) ©® d(1) = d(1).

Example 3.13. The multiplicative derivation d in Example 3.3 is idempotent. However, the
multiplicative derivation d in Example 3.4 is not idempotent since d(u) = 8 ¢ I(L).

Proposition 3.14. Let £ be a semihoop and d be an idempotent multiplicative derivation on
L. Then we have: for any o,6 € L,
(1) d(d(0)) = d(o),
d(o AN d) =d(o) Ad(6),
d(oc ®9) =d(o) ®d(d),
4) Fizy(L) = d(L), where Fizg(L) = {o € L|d(c) = o},
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(5) d(£) = L iff d = dy, where d; is the multiplicative derivation in Example 3.2,
(6) d(o) <4 iff d(o) < d(9).

Proof. (1) From Proposition 3.5(2) and d(1) € I(£), we have
d(d(o)) =d(d(1) ©0) =d(1) ©d(1) ©o =d(1) ©® o = d(0).

(2) From Proposition 3.5(2), we have
dlond) = d(1)© (o ND)
= d(1)

= d(o) Nd(9).
(3) From Proposition 3.5(2), we have
dlc®d) = d1)o(c®d)
= d(1)©d(1) e (c ®d)
(d(1)© o) o (d(1) ®9)
= d(o) ®d(9).

(4) Let § € d(L). Then there exists o € £ such that 6 = d(o). Hence by (1), d(d) =
d(d(o)) = d(o) = 0. It follows that § € Fixq(L). Conversely, if § € Fizy(L), we have 6 € d(L).
Therefore, d(L£) = Fixq(L).

(5) (=) Suppose that d(L£) = L, then for any o € L, there exists a 6 € £ such that d(§) = o.
Hence d(o) = d(d(0)) = d(0) = o, that is d(0) = 0. Therefore, d = d;.

(<) Suppose that d = dy, that is for any o € L, d(0) = 0. Hence d(L) = L.

(6) By Proposition 3.9(3) and d be an idempotent multiplicative derivation , we have d(o) <
Jiff d(1) @0 < iff d(1) @ d(1) ® 0o <d(1) @0 iff d(1) ® o < d(1) ® ¢ iff d(o) < d(9). O

Theorem 3.15. Let L be a semihoop and d be a multiplicative derivation on L. Then the
following statements are equivalent:

(1) £ is a Brouwerian semilattice,

(2) every multiplicative derivation d on L satisfies d(o) © d(o) = d(o) for any o € L,

(3) every multiplicative derivation d on L satisfies

d(o Nd) =d(o) ©@d(d) =d(o) ® (d(o) — d(0))
for any 0,6 € L.

Proof. (1) = (2) It is noted that any Brouwerian semilattice is equivalent to the idempotent
semihoop. In this case, by Proposition 3.5(2), we have d(o) @ d(c) = d(1) © o ©d(1l) ®0o =
d(1) ©® o =d(o).

(2) = (3) By Propositions 2.4(15)(i), 3.14(2) and (3), we can get

d(o A 8) = d(o ® 6) = d(o) ® d(8) = d(o) ® (d(o) = d(5)).

(3) = (1) If every multiplicative derivation d on L satisfies d(o A §) = d(o) ® d(d) for
any 0,9 € L, then taking d = d;, we have 0 A § = 0 ® 4 for any o, € L, which implies that £
is a Brouwerian semilattice. O
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In what follows, we focus on algebraic structure of the set of all multiplicative derivations.

Proposition 3.16. Let L be an Rl-monoid. Then (D(L£),M,U,do,d1) is a Heyting algebras,
where

(di1dj) (o) = di(o) Ndj(o),
(d; Udj)(o) = di(o) V d;(a),
(di = dj)(0) = L{d|d; N d < dj} (o),

for any d;,d; € D(L) and o € L.

Proof. For any d;, d; € D(L) and o € L, by Proposition 2.4(14), we have
(dindj)(c®d) = di(oc ®d) Adj(o® )
(0 © di(9)) A (0 © d;(9))
= 00O (di(0) Nd;(9))
= o0o(d;Nd;) (),
and by Proposition 2.6(3), we have
(diudj)(c®0) = di(c®d)Vdi(ocd)
(0 © di(8)) V (0 © d;(9))
= 00O (di(d) Vd;(5))
= o0 (d;Ud;)(9),
which implies d; M d;,d; Ud; € D(L).
Also, for any d; € D(£) and ¢ € £, we have
(d; Ndp) (o)

(d; Udy)(o) =

which implies d; M dy = dy and d; Udy = d;.

Then we will prove that (D(L£),M,U,dp,d;) is a bounded distributive lattice. In particular,
for any d;,d;,d, € D(L) and o € L, by the distributivity of R¢-monoid, we have

(d;i M (d; Udg))(o) = di(o) A(dj(o)V di(o))
(di(o) Ndj(0)) V (di(o) Adi(o))
= ((dind;)u(d; Ndy))(o)

which implies d; M (d; U di) = (d; Md;) U (d; M dg). Similaly, one can prove d; U (d; Mdy) =
(d;ud;)n(d; Udy).

Moreover, by D(L) is closed under M, U, we obtain that d; — d; is well defined. Then we
will show that

diﬂdgdj ifandonlyifdigd»%dj.
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In particular, if d; Md < d;, that is d;(0) A d(0) < d;j(o) for any o € L, which implies that
de{fld;inf <d;}. Sod<U{f|d;Mf <d;}, thatis, d; < d+> d;j. Conversely, if d; < d — d;,
then d;(c) < d— dj(o) for any o € L. So d; <U{f|dM f < d;}, which implies d; Nd < d;.

Thus (D(L£),N,U,+—,do,d1) is a Heyting algebra. O

Theorem 3.17. Let (L, A,V,—,0,1) be a Heyting algebra. Then Heyting algebra (L, A, V,—
,0,1) is isomorphic to (D(L),MN,U,—, do,d1).

Proof. Notice that each Heyting algebra is an idempotent R¢-monoid [4]. Then it follows from
Proposition 3.16 that (D(L£),MN, U, —,dy,dy) is a Heyting algebra.
Let A: £ — D(L) be defined by

Ma)(o) =aAoa,

for a given a € £ and any o € £. Then it follows from Proposition 3.9 (1) < (3) that A is well
defined.

(1) If A(a) = A(D), then A(a)(c) = A(b)(0), and hence a Ao = b Ao for all 0 € L. Now,
if o =a,thena =aAa=aAb, that is, a < b. If 0 = b, then a Ab = b A b = b, and hence
a Ab=b, that is, b < a. So a = b, which shows that A is an injective function.

(2) For any d € D(L), there exists a d(1) € £ such that d = A(d(1)), which implies that A
is a surjective function. Indeed, by Proposition 3.9(3), we have

d(o)=d(1) @ =d(1) Ao = Ad(1))(o)

for any o € L.

(3) For any a,b € L, we have
AMaAb)(o)=(anb)Ao=(aANa)A(bAc)=(Aa)TAb))(o),
AMavd)(o)=(aVb)Ao=(aNa)V (bAc)=(Aa)UADb)) (o),

AMa—=b)(0) =(a = b) Ao =V{\o)| (o) AXo) < Xp(0)} = (Aa = Xp)(0),

which implies that A is a homomorphism.
Therefore (£, A, V,—,0,1) is isomorphic to (D(L),MN,U, >, do,dy). O

84 Implicative derivations of semihoops

In this section, we introduce implicative derivations in semihoops and give some charac-
terizations of them. Then, we show that every Boolean algebra is isomorphic to the algebraic
structure the set of all implicative derivations on Boolean algebra and discuss the relation
between multiplicative and implicative derivations on semihoops.

Definition 4.1. Let £ be a semihoop. A map ¢ : L — L is called an implicative derivation
on L if it satisfies the following condition: for any o,d € L,

glo —6) =0 — g(9).

We will denote G(L£) as the set of all implicative derivations of L.
Now, we present some examples of implicative derivations on semihoops.
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Example 4.2. Let £ be a semihoop. Defining a map 1, : £ — £ by 1,(0) = 1 for all
o € L. Then 1, is an implicative derivation on £, which is called the one implicative derivation.
Moreover, we define a map g1 : L — L by g1(0) = o for all o € L. Then g; is also an implicative
derivation on £, which is called the identity implicative derivation.

Example 4.3. Let £ be the bounded semihoop in Example 3.3. Now, we define g : L — L as
follows:

0, o=0,

a, 0=aq,
g9(o) =

B, o=0p0,

1, o=71

It is verified that g is an implicative derivation on L.

Example 4.4. Let £ be the bounded semihoop in Example 3.4. Now, we define a map g :
G[u] — Glu] as follows: for all o € [0,u], and 8 € [0, u]

u, oc=u
g(o) =
=0, og#u
It is easily verified that g is an implicative derivation on L.

Proposition 4.5. Let L be a bounded semihoop and g be an implicative derivation on L. Then
we have: for any 0,0 € L,
(1) g(1) =1,
(2) 0 < g(0),
(3) if o <4, then o < g(d),
(4) glo) =6 <o —g(é),
(5) if L is a residuated lattice, then g(c — 6) = (g(o) — ) V (o = g(0)).

9(1) = 9(0 = 38) =0—g(6) = 1.
(2) Taking § = o in Definition 4.1, we have
1=9(1)=g(c = 0)=0— g(0),

which implies o < g(0).
(3) If 0 < 4, then

1= g(1) = g(o = 6) = 5 = g(5)

which implies o < g(d).
(4) It follows from (2) and Proposition 2.4(6).
(5) From (4), we have

glo = 6) =0 = g(6) = (9(0) = 0) V (o — g(d)).
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The following example shows that the converse of Proposition 4.5(4) is not true in general.

Example 4.6. Let £ be the bounded semihoop and g be the implication derivation on £ in
Example 4.3. Since

g() my=1loy=vfl=y—>1=v-490),
which shows that the converse of Proposition 4.5(4) does not hold in general.
Remark 4.7. He introduced in [13] that an implicative derivation on a residuated lattice as a
map g : L — L satisfies the Proposition 4.5(5). Proposition 4.5(5) shows that the notion of an

implicative derivation on semihoops essentially generalized that of an implicative derivation on
residuated lattices.

Then we introduce the notion of regular implicative derivation in bounded semihoops and
give some characterization of them.

Definition 4.8. An implicative derivation g on a bounded semihoop is called a regular im-
plicative derivation provided that g(c) = g(——0) for any o € L.

Example 4.9. The implicative derivation g in Example 4.3 is regular.

Example 4.10. Let £ be the bounded semihoop in Example 3.3. Now, we define g : L — L
as follow:

0, o=0

a, o=«
g(o) =

B, o=p,7

1, o=1.

It is verified that g is an implicative derivation on £, but it is not regular, since g(y) = 8 #
1=y —g(0).

Proposition 4.11. Let L be a bounded semihoop and g be a reqular implicative derivation on
L. Then we have: for any 0,6 € L,

(1) g(o) = ~o — g(0),

(2) if 0 <6, then g(o) < g(6).

Proof. (1) For any o € L, we have
9(0) = g(==0) = g(=0 = 0) = =0 — ¢(0).
(2) If 0 <4, by Proposition 2.4(6), then g(c) = ~o — g(0) < =J — g(0) = g(9). O

Theorem 4.12. Let L be a bounded semihoop and g be an implicative derivation on L. Then
the following statements are equivalent:

(1) L is regular,

(2) every implicative derivation is reqular,

(3) g(o) = —o — ¢(0) for any o € L.

Proof. (1) = (2) Clearly. O
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(2) = (3) It follows from Proposition 4.11(1).
(3) = (1) Taking g = ¢1 in (3), we have

oc=gi1(c) =-0 = g1(0) = =0 — 0 = =0,

which implies ¢ = =—¢ for any ¢ € L.

Remark 4.13. Theorem 4.12 shows that every implicative derivation g is completely determined
by the element ¢g(0) on the regular bounded semihoops. However, it does not hold in bounded
semihoops in general, see Example 4.10.

We also focus on algebraic structure of the set of all implicative derivations.

Theorem 4.14. Let £ be a bounded prelinear semihoop. Then (G(L),N,U, g1,14) is a bounded
distributive lattice, where

(9iNgj)o) =g
(9: U gj)(o) = gi(o) V g;(0).
for any gi,g9; € G(L), and 0 € L.

Proof. For any g¢;,g; € G(L£) and o € L, by Propositions 2.12(1) and Theorem 2.13(2), we have
(giNgj)c—=0) = gi(lc—=0)ANgjlc—0)
= (0= 4i(8)) A (o — g;(5))
o — (9i(6) A g;(9))
= 0 —(9:Ng;)(),
and
(9:Ug;)oc —0) = gi(o —3)Vgj(oc—0)
(0 = gi(0)) V(0 — g;(9))
& > (5:(6) V g5(6))
— o (5:Ug)(0),
which implies g; N g;,9; U g; € G(L).
Also, for any ¢g; € G(L£) and o € L, we have

(9: N1g)(0)
(9: U14)(0)

which implies g; N1 = g;,9: U1y = 1.
It is easily verified that (G(£),N,U, g1, 1,) is a bounded distributive lattice by Proposition
2.14. O

5:0) A1,(0) = gu(o) A1 =
gi(o) V1g(o) = gi(o) V1= 14(0)

Theorem 4.15. Let (L,A,©,—,0,1) be a bounded idempotent prelinear semihoop. Then
(G(L£),N,U,=,91,14) is also a bounded idempotent prelinear semihoop, where

(9: N gj)(o) = gi(o) Agjo),
(9: U gj)(o) =gi(o) Vgjlo),
(9: = g5)(0) = gi(o) — g;(0).

for any gi,g; € G(L), and o € L.
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Proof. Theorem 4.14 shows that (G(£),N,U,g1,1,) is a bounded distributive lattice if £ is a
bounded prelinear semihoop. Now, we prove that (G(£),N,U,=,¢1,1,) is a bounded idem-
potent prelinear semihoop if £ is a bounded idempotent prelinear semihoop. Indeed, for any
9i,9; € G(L) and o € L, by Proposition 2.4(15)(ii), we have
(9: = gj)lc = 0) = gilo = 0) = gj(c =)
= (0= 4i(8)) = (o — g;(9))
o = (9i(6) = g;(5))

= o= (9= 9;)(0),

which implies g; = g; € G(£).
Therefore (G(L£),N,U,=, g1, 1) is a bounded idempotent prelinear semihoop. O

Inspired by Theorem 4.15, it is natural to ask that whether there exists a function such
that bounded idempotent prelinear semihoops (£, A,V,—,0,1) and (G(£),N,U,=,g1,1,4) are
isomorphism. For this question, we give the positive answer under certain conditions in Boolean
algebras.

Theorem 4.16. Let (L, A,V,—,0,1) be a Boolean algebra. Then Boolean algebras (L, A, V,
=,0,1) and (G(L),N,U,*,g1,14) are isomorphism, where (g;)*(c) = (9; = g1)(0) for any
gi € G(L) and o € L.

Proof. Notice that each Boolean algebra is a bounded idempotent prelinear semihoop. Then
it follows from Theorem 4.15 that (G(L£),N,U,=,g1,14) is a bounded idempotent prelinear
semihoop, and hence is a bounded distributive lattice. Now, we further prove that is a Boolean

algebra. Indeed, for any g; € G(£), and o € L, we have
(9: N (9:)*)(0) = gi(0) A (g:(0))* = gi(0) A (gi(0) = 91(0)) = gi(0) A ga(0) = g1(0),
)= 1 g
)

(9: U (9:))(0) = gi(o) V (gi(0) = g1(0)) = gi(o) V (g:(0))* V g1(0) =1V g1(0) =1 = 14(0),

*

which implies g; N (g;)* = g1 and g¢; U (g;
Let x : L — G(L) be defined by

=1,

x(a)(c) =aVo,

for a given a € £ and any o € £. Then it follows from Theorem 4.12 (1) < (3) that x is well
defined.

(1) If x(a) = x(b), then x(a)(c) = x(b)(c), and hence a Vo = bV o for all o € L. Now,
if o =a,thena=aVa=aVb, thatis, b <a. If c = b, then a Vb= bV b=>b, and hence
aV b= b, that is, a < b. So a = b, which shows that y is an injective function.

(2) For any g € G(L), there exists a g(0) € L such that g = x(g(0)), which implies that x
is a surjective function. Indeed, by Theorem 4.12(3), we have

9(0) = =0 = g(0) = 0 © g(0) = o V g(0) = x(¢(0)) (o)

for any o € L.
(3) For any a,b € L, we have

x(anb)(oc)=(aAb)Vo=(aVao)A(bVo)=(x(a)Mx
x(aVbd)(o)=(aVb)Vo=(aVao)V(bVo)=(x(a)Ux
x(ma)(c)=—aVo=a—oc=(a—=0o)AN(c—>0)=(aV
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which implies that x is a homomorphism.
Therefore (£, A, V,—,0,1) is isomorphic to (G(L£),N,U,*, g1, 14). O

Then, we discuss the relations between D(L) and G(L).
Let ¢ : D(L£) — G(L) be the map such that

p(d)(0) = =(d(-0))
for any d € D(£) and o € L, and ¢ : G(L) — D(L) be the map such that

¥(9)(0) = ~(g(-0))
for any g € G(£), and o € L.

Theorem 4.17. Let L be a regular bounded semihoop. Then ¢ and v form an isotone Galois
connection between D(L) and G(L). Namely,

d < (g) if and only if g < p(d)
for any d € D(L) and g € G(L).

Proof. (1) It follows from Propositions 3.5(5) and 4.11(2) that ¢ and ) are isotone.

(2) If d < (g), then d() < ¥(9)(0) = ~(9(~0)), and hence g(~) < ~(d()) for any
o € L. So g(o) < =(d(—0)), which implies g(o) < ¢(d)(o) for any o € L. Thus g < ¢(d).
Conversely, if g < ¢(d), then g(o) < ¢(d)(c) = —(d(—0)), and hence d(—c) < —(g(o)), which
implies d(o) < =(g(—0)) = ¥(g)(o) for any o € L. Thus d < ¢(g). O

Theorem 4.18. Let L be a bounded regular idempotent semihoop. Then there exists a one to
one correspondence between G(L) and D(L). Namely,

(1) if d € D(L), then o(d) € G(L),

(2) if g € G(L), then ¢(g) € D(L),

(3) Yo(d) = d and pip(g9) = g

Proof. 1f d is a multiplicative derivation on L, then

p(d)(o —0) —(d=(0 — 9))
—(d(o ® —9))
—(o @ d(—9))
o — ¢(d)(9),

for any 0,0 € L, which implies that ¢(d) is an implicative derivation on L.
Conversely, if g is an implicative derivation on £, then

¥(9)(a ©9) ~(9(=(c ©9)))
= ~(g(o = —d))

)

)

= —(oc— g(=d
= 0O =(g(-d)
= o OY(g)(9),

for any 0,0 € L, which implies that ¢(g) is a multiplicative derivation on L.

)
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Moreover, we have

= d(o)
for any o € L, and so ¢¥(d) = d. Similarly, we also have
ev(g)(0) = g(=(g9(=0)))

for any o € L, and so p(g) = g. O

85 Conclusions

The notion of derivations is helpful for studying structures and properties in algebraic sys-
tems. In this paper, we study some particular derivations on semihoops and give some charac-
terizations of them. We also characterize Heyting algebras and Boolean algebras by derivations
and show that the relations between derivations and Galois connection on semihoops. But there
are still some issues to consider. For example, for any bounded idempotent prelinear semihoop
(L,A,V,—,0,1), whether there exists a function such that bounded idempotent prelinear semi-
hoops (£, A,V,—,0,1) and (G(£),N,U,=, g1, 14) are isomorphism. In our future work, we will
consider these problems.
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