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1. Introduction

Let (3, <) be a poset. A (binary) operation o is called residuated if there exist
(binary) operations > and < on 3 such that

Ve,yeP)roy<z<=y<z>z<=ar<zdy.

In this case, the operation pair (>>, <1) is called a pair of residuals of the operation
o. It is well known that an operation o on the poset (3, <) is residuated if and
only if o is order preserving in each argument and such that, for all a,b € 33, both
{peP|aop <b}and {g € P |qgoa < b} contain a greatest element(denote
by a > b and b < a, respectively). A residuated lattice is defined as an algebra
(£,A,V,0,>>, <, e) satisfying the following conditions:

(RL1) (£,A,V) is a lattice;
(RL2) (£,0) is a monoid with identity e; and
(RL3) the operation pair (>>, <) is a pair of residuals of the operation o.

In this case, we call the lattice (£,A,V) and the semigroup (£,0) the lattice
reduct and the semigroup reduct of the residuated lattice (£, A,V,0,>, <, e),
respectively. Sometime, residuated lattices are also called residuated lattice-
ordered monoids. A residuated lattice (£, A, V,0,>, <, e) is called idempotent if
the semigroup reduct of £ is an idempotent semigroup. Moreover, an idempo-
tent residuated lattice (£, A, V,0,>, <, e) is called commutative if the semigroup
reduct of £ is commutative and £ is called a commutative idempotent residuated
chain if its lattice reduct is a chain (see [18] and [19]). As in [1] and [8], a resi-
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duated lattice (£,A,V,0,>,<,e) is said to be conical, if for each a € £, a < e
or a > e, where < is the order on the lattice reduct of (£,A,V,0,>, <, e).

Idempotent residuated lattices play a crucial role in residuated lattice the-
ory. On the one hand they include several important algebraic counterparts
of substructural logics, e.g., Brouwerian algebras, i.e. algebras of the positive
intuitionistic logic, Heyting algebras, i.e. algebras of the propositional intuition-
istic logic and positive Sugihara monoids (see [16]) and on the other hand, the
knowledge of idempotent residuated lattices can increase our comprehension of
residuated lattices (see [11, 13, 14]). Different kinds of idempotent residuated
lattices have been introduced and studied in the literature, first to handle idem-
potent residuated chains, and then for conical idempotent residuated lattices
and for finite idempotent residuated lattices (see[1-6,8-10,12,15-19]). In an ear-
lier paper [1] and [3], we investigated conical idempotent residuated lattices from
semigroup perspectives. We established a structure theorem and decomposition
theorem for conical idempotent residuated lattices. Recently, Gil-Férez, Jipsen
and Metcalfe in [12] have used semigroup reducts to give a complete structural
description of finite description of finite idempotent residuated chains. More re-
cently, Fussner and Galatos in [6] have shown that non-isomorphic idempotent
residuated chains may have the same semigroup reduct. This paper is a contin-
uation of [1] and [3]. Conical idempotent residuated lattices can be considered
as a class of lattice-ordered idempotent monoids. The following question natu-
rally arises : How can we characterize the class of monoids that are semigroup
reducts of conical idempotent residuated lattices? The purpose of this paper is
to solve this question.

We proceed as follows: In Section 2, we recall some definitions and basic facts
needed in later proofs. In Section 3, we provide the necessary and sufficient con-
ditions for an idempotent semigroup with an identity to be the semigroup reduct
of some conical idempotent residuated lattice which generalize [2, Theorem 5.2].

2. Preliminaries

In this section, we shall first recall some basic definitions and facts on semi-
groups. For further information on semigroups, we refer to any standard text
book, for example, the book by Howie [7]. After this, we recall the concepts of
residuated lattices.

Let & be a semigroup and &' the semigroup obtained from & by adding an
identity if & has no identity, otherwise we put &' = &. In the theory of semi-
groups, the Green’s relations £, R, J,H and D are of fundamental importance.
They are defined in the following way:

L =1{(a,b) € & x &|6'a = &b},
R ={(a,b) € & x &|aG' =b&'},
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J ={(a,b) € 6 x 6|6'a&' = 6"&'},
H=LNR,
D=LVR.

Evidently, £ is a right congruence while R is a left congruence. Moreover,
we have

Lemma 2.1 ([7]). The relations L and R commute and D = LoR =R o L.

If IC is one of Green’s relations, we shall denote by K, the K-class of & containing
a€ 6.

An element z of & is called an idempotent if 22 = x. & is called a idempotent
semigroup if every element of & is an idempotent. idempotent semigroups are
also called bands. Moreover, an idempotent semigroup ‘B is called a semilattice
if it is commutative; B is called a rectangular band if 25 satisfies the identity:
abc =~ ac.

Now let B be an idempotent semigroup. By [7, Proposition 2.1.4 and The-
orem 4.1.3], on B, D = J and is a congruence such that B/D is a semilat-
tice, which is usually called the structure semilattice of 6. Denote the semi-
lattice B/D by Y. Consider the natural homomorphism D% : B — Y in-
duced by D. For a € Y, we use D, to stand for oD Obviously, each
D, is a D—class of B and further a rectangular band. It is easy to see that
DoDg :={ab| a € Dy,b € Dg} C D,p. Thus, we have

Lemma 2.2 ([7]). Every idempotent semigroup is a semilattice of rectangular
bands.

Let (£,0) be an idempotent semigroup with an identity. By the arguments
before Lemma 2.2, D is a semilattice congruence on £. In other words, the
quotient semigroup (£/D,-), for short, £/D, is a semilattice. For simplicity, we
also write the element aD of the semigroup £/D as D, for a € £. On £/D,
define: for a,b € £,

D, <* Dy if and only if D, - Dy = D,.

By [7, Proposition 1.3.2, p. 14], <* is an order on the semilattice £/D.

Now, we shall list some basic concepts of residuated lattices used in the
sequel. For further information on residuated lattices, we refer to [1] and [10].

Let (£,A,V,0,1>, <, e) be a residuated lattice and assume the lattice reduct
of £ is the lattice (£, <). For convenience, we simply write aob as ab for a,b € £.
It’s well-known that the sets {c € £ | ac < b} and {c € £ | ca < b} have both a
greatest element, in notation, a > b and b < a, respectively.

In a residuated lattice term, we assume that multiplication has priority over
the division operations, which, in turn, have priority over the lattice operations.
So, for example, we write x < yz A u > v for [z < (yz)] A (u > v).
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Now, let (3, <) be a poset and assume z,y € P with y < z. We say =
covers y, in notation, y < z, if for any z € B, y < z < z implies either z = 2
ory = z. We define [z,y] = {u € P |z < u <y} for z,y € P with z < y.
For a,b € P, a || b means that a and b are not comparable under <. Write
P ={zxeP|x| a}. biscalled a lower square point of a if b < a and for any
d € B with b < d < a, there exists d’ € P such that d || d’. Similarly, we can
define upper square points. We denote by Pé the set of lower square points of a
and by P¥ the set of upper square points of a. Put P, = P* U P! U P* U {a}.
In what follows, we denote by P, the least upper bound of P, and by P
the greatest lower bound of P, if they exist. (P,) is obtained by adjoining P,
and/or P;-, whenever they exist, to P,. We call the above (P,) the square point
set of P.

Definition 2.1 ([1)). Let {£",£7,{e}} be a family of pairwise disjoint subsets
of £ such that £ = £+ UL~ U{e}. A partition {£, | a € D} on £ is called a
conical semilattice partition on £ provided

(1) (V,<*) is a semilattice with greatest element 1; and

(2) The partition satisfies the following conditions:

(CSP1) £, = {e}, where we let e = ay = b;.
(CSP2) For each o € P\ {1}, |[LaNLT| <1 and |£,NL™| < 1. We shall
denote the element in £,NLT and £,NL™ by an and b, respectively.
(CSP3) For every a, f € Y with o ||* 5, we have |£4] = |£5] = |Lang| =
1 and
LoNET£0 e LsnNLt £0 & LonpN Lt £0.

(CSP4) oV exists and Lovp = LavpN L™ for every o, B € Y such that
al* B and L, N L™ #0.

Definition 2.2 ([1]). Let {£, | @ € Y} be a conical semilattice partition. A
subset X of Q) is called a band subset of the partition {£, | o € D} if |La] =2
for every a € X.

Definition 2.3 ([1]). Let £ be a nonempty set. The conical semilattice partition
m={Ly | @ €Y} on £ with band subset X is called a CLOB-system provided
the mapping

D€ Y (a,8) - Do),

where € = {(a,8) € Y xY | a || B,L. N LT # 0}, satisfies the following
conditions:
(B1) If (o, B) € Dom®, then a <* ®(av, B), f <* ®(a, B) and &b(a,g)m(ﬁu

{e}) £0.
(B2) If (a, ) € Dom® and v € 9 such that o, <* v <* ®(, ), then
£, =£,Nng".



THE RESIDUATED LATTICE-ORDERABILITY OF IDEMPOTENT MONOIDS 219

In what follows, we denote this system in Definition 2.3 by (£;7,9); X, ®).

Lemma 2.3 ([1]). Let (£;7,9; X, ®) be a CLOB-system. Define an order < on
£ as follows: for a € £,,b € £,

a<b ifand only if either condition (O1): o <* B and a = b, or
condition (02): B <* a and b = ag.
Define a multiplication o on £ in the following ways: for as,ba,ag,bg € £,

Qo © AB = AaNB;
b © b,B = ba/\ﬁ§

b o, Hfa<*Bora=peX,
aq 0 bg =
8 bg, iff<*aora=p¢Xx;

ao, ifa<*Bora=p¢Xx,
bﬁoaa: .
bg, fB<*aora=pcX

Then, (£,0,<) is an ordered idempotent semigroup (see [1]).

Definition 2.4 ([1]). A CLOB-system (£;7,9;X,®) is called « CRLOB-
system provided the mappings

Yv:{aeP\{1}: LaNLT £0} = 92; a— (),
p:faeP\{1}:LaNL #0} = Y; am e(a)

and
U:R— 2), (047/3) = ql(a7/3)7

where R = {(a,8) € P xY | a||* 5,LaNL #0D or B < a,LsNL” #
0 and o € Pg}, satisfy the following conditions:

(C1) If a € Domy), then (a) <* o and Ly N L™ # 0.
(C2) If o € Domg, then oo <* () and L,y N (LT U {e}) # 0.
(C3) If « € Domy and 8 € Y such that (o) <* B <* a, then £53 = £5NLT.
(C4) If o € Domy and § € Q such that o <* B <* p(a), then £3 = £3NL".
(C5) If (o, B) € DomV¥, then a A V(a, 5) <* 5.
(C6) If (o, B) € DomV¥ and vy € Y such that £,NL™ # 0 and a Ny <* a B,
then v <* U(a, ).

We shall denote this system by (£;m,2); X, ®;1, ¢, V) and the related ordered
idempotent semigroup (£,0,<) by CRLOB(L;m,2;X, ®;1¢, ¢, V).

Theorem 2.1 ([1]). Let (£;m,92;%X,®;¢,0,¥) be a CRLOB-system. Then
CRLOB(L;7,9);X,P;v,p,V) is a conical idempotent residuated lattice. Con-
versely, any such residuated lattice can be constructed in this manner.
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3. Residuated lattice-orderability of an idempotent semigroup with
an identity

In this section we shall give necessary and sufficient conditions for an idempotent
semigroup with an identity to be the semigroup reduct of some conical residuated
lattice, which generalize [2, Theorem 5.2].

Let (), <*) be a semilttice. The subset U of ) is called an R-sublattice of
9) if U is a sublattice of Q) and satisfies the condition (RS): If o, 8 € U, o £* 3,
then there exists ¢ in 4 such that « Ad = a A 8 and for all 6’ € U such that
Y Na<*anpB,§ <*4. The condition (RS) indeed is to ensure that the set
{ce | anc<*b} has a greatest element, for all a,b € 4L

Let (P,) be the square point set of ). Let (Py)T = {8 € (P,) | (37,7 €
(P,))y Vv does not exists and 8 <* v} and let (Pn)™ = (Py) \ (Pa)™. (Pa) is
called a pre-sublattice of Q) if (P,) satisfies the following conditions:

(P1) (P,) is not a sublattice of ) and ((P,)T U{B}, <*) is a lattice for some
Bed;

(P2)If B € (P,)" and v € (P,)™, then 8 <* ~;

(P3) If (P,)~ # 0, then (P,)~ is an R-sublattice of ).

Lemma 3.1. Let (), <*) be a semilattice.

(1) If o, B,y € Y such that 5,y € (Pn), then BAvy € (Py) and SV v € (Py)
whenever BV 7y exists.

(2) If o, ¢/, y €Y such that o ||* o and v € P,, then P, = P,.

(3) If a, B,&/, B € Y such that o || &/, B || B’ and P,NPg # 0, then P, = P
and (P,) = (Pg).

(4) If a, B,v € Q) such that (P,) is a pre-sublattice of Q) and B,y € (Pa)™",
then BN~y € (P,)" and BV v € (P,)T whenever BV v exists.

(5) If a, B,y € Y such that (P,) is a pre-sublattice of Y and B,y € (Py)~,
then BA~, BV vy € (Py)~.

Proof. (1) Let o, 8,7 € 9 such that 3,y € (P,). We consider the following
cases:

o B<*yory<*B. Then, BAYy € {B,7} C (Pu)

e B|* 7. Then, BA~y <*B. If BAY || a, then BA~v € (P,). If a <* B A7,
then a <* B A~y <* 5. Since f € (P,), A7y € (Py). If B A~y <* a, then
we can claim that 5 Ay € (P,). Otherwise if 3 A~y ¢ (P,), then for all
£ (Py), BNy <* €& If Pl exists, then B Ay <* P, Since Pt <* 3,7,
Pt <* BA#. It’s a contradiction. If P;- doesn’t exist, then there exists
d € 9 such that Ay <* 0 <* @ and § <* 7, for all n € (P,). Since
B,y € (Pa), 6 <* B,v. It follows that § <* 8 A, which contrary to
BNy <*0. Thus, SNy € (Py).

Similarly, if 8V v exists, then Ay € (Py).
(2) Let a, &,y € Y such that « |* o and vy € P,. To prove that P, = P,,
we consider the following cases:
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e v |* a. Firstly, we will prove that P, C P,. Let § € P, such that ¢ ||* ~.
If § ||* @, then 6 € P,. If § <* o, then since v ||* «, for any ¢ € ) such
that § <* ( <* «, ¢ || 7. It follows that § € P,. Similarly, if a <* ¢,
then 6 € P,. Let 6 € P, such that 6 <* 7. Then, since v ||* «, either
S |IF o, or 6 <* a. If 0 ||* «, then § € P,. If 6 <* «, then for any ( € 9
such that 6 <* { <* a, either ¢ ||* v or ( <* . If ¢ <* 7, then since
d <* ¢ and § € P,, there exists ¢’ € 9 such that ¢ ||* ¢’. It follows that
§ € P,. Similarly, if § € P, such that v <* §, then § € P,. It follows that
P, C P,. Similarly, P, C P,. Consequently, P, = P,.

e v <* . Firstly, we will prove that P, C P,. Let 6 € P, such that § ||* ~.
Then, either 0 [|* e or § <* a. If 0 ||* «, then 6 € P,. If 6 <* «, then
for any ¢ € 9 such that § <* { <* q, either { ||* v or v <* (. If v <* (,
then v <* ( <* a. Since v € P,, there exists ¢/ € 9 such that ¢ ||* ¢’. Tt
follows that 6 € P,. Let 6 € P, such that 6 <* 7. Then, 6 <* v <* a.
Suppose that ¢ € 2 such that 6 <* { <* a. Then, either ¢ ||* v or ¢ }f* v.
If ( <* v, then since § € P,, there exists (' € ) such that ¢ ||* ¢'. If
v <* (, then since v € P,, there exists ¢’ € Q) such that ¢ ||* {’. Tt follows
that § € P,. Let 6 € P, such that v <* 6. If 0 || & or 6 = v, then § € F,.
If 6 <* a, then for any ¢ € 2) such that 6 <* ( <* a, v <* ( <* a. Since
v € P,, there exists ¢’ € 2 such that ¢ ||* {’. Tt follows that 6 € P,. If
a <* §, then for any ¢ € Q) such that @ <* { <* §, v <* { <* 4. Since
d € P,, there exists (' € Q) such that ¢ ||* ¢/, which implies that § € P,.
It follows that P, C P,. Similarly, P, C P,. Consequently, P, = P,.

e o <* 7. By similar arguments as in the prior case, we have P, = P,.

(3) Let a, 5,0/, 8 € 9 such that « || /,8 || ' and P, N Pg # (. Let
v € P, N Pg. Then, by (2), P, = Py = Pg and so (P,) = (Pg).

(4) Let o, 3,7 € 9 such that (P,) is a pre-sublattice of ) and 8,y € (P,)™.
Since S Ay <* B, BA7y € (Py)" by (1) and (P2). If BV ~v exists, then
by (1), BV v € (P,). Since 8 € (P,)T, there exist 6,8 € (P,)" such that
d Vv &' doesn’t exist and 8 <* §. Suppose that SV v € (P,)”. Then, by (P2),
5,8 <* BV~ and so there exists ¢ € (P,) such that 6,0’ <* { <* Bv~. If
¢ € (Py)~, then by (P2), 8,7 <* ¢, and so Vv <* (, which contrary to
¢ <*BVA. If ¢ € (Py)", then there exist w,w’ € (P,)" such that wVw’ doesn’t
exist and ¢ <* w. Since § V ¢’ doesn’t exist, there exists £ € (P,) such that
§,0' <* £ <* (. Hence, by (P2), £ € (Py)t. Because ((P,)" U{n},<*) is a
lattice for some 7 € 9, § V((p,y+ufy)) O = W V() +ugny) @ = 1, which implies
that n <* £ <* ¢ <* w <* . It’s a contradiction. Thus, BV v € (P,)*.

(5) Let o, 8,7 € P such that (F,) is a pre-sublattice of @ and 5,7 € (Po)~.
Then, by (1), BAY,BV Yy € (Py). Since 8 <* BV, BV~y € (Py)~ by (P2).
Assume that 3 A~ € (P,)". Then, there exist 6,8 € (P,)" such that 6 vV ¢’
doesn’t exist and S Ay <* 4. Hence, by (P2), §,0" <* 8,v. Thus, 4,6 <* S A~.
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It follows that 6’ <* A~ = §. Thus, § V' = §, which contrary to d V4§’ doesn’t
exist. Consequently, 8 A~y € (P,)~. O

Lemma 3.2. Let £ = CRLOB(L;7mp,Q; X, ®;1,p, V) be a conical idempotent
residuated lattice.

(1) If o € Domy, then for each f €9, Y(a) <* B or  <* ¢(a). Moreover,
in this case, ¥(a) <* p(P(a)).

(2) If « € Domep, then for each B €9, p(a) <* B or f <* p(a). Moreover,
if p(a) # 1, then Y(p(a)) <" ¢(a).

(3) If (o, B) € Dom® and oV 3 doesn't exist, then for each vy € ), ®(a, 5) <*
7 ory <* (o, ).

(4) If a,n,¢ € Y such that ¢ € (Py)t,n € (Pa)~, then ( <* n and D, =
{ac}

(5) If a, B,7 € Y such that B,y € (P,)", then BA~y € (Py)t and BV~ €
(P,)" whenever BV v ezists.

(6) If a, B,y €D such that (P,)* # 0 and 8,y € (P,)~, then BAvy,BV~y €
(Py)~. Moreover, if f # 1, then Dg = {bg}.

Proof. (1) Suppose that there exists 8 € 9 such that ¢)(a) [|* 8. Since Dy )
contains by, ) and by (C'SP3) of Definition 2.1, Dg = {bg}, which, together with
aq € Dy by noting that o € Dom, derives a }f* 5. By (C1) of Definition 2.4,
Y(a) <* «a, so B <* «, hence by (CSP4) of Definition 2.1, ¥(«) V ( exists
and Dyayvg = {bypa)vp}. Thus ¥(a) <* ¥(a) Vv 8 <* a. Therefore, by (C3)
of Definition 2.4, Dyayvg = {ay@)vs}s contrary to Dyyvs = {byp)vs)- We
conclude that for each 5 € ), p(a) <* g or B <* p(a). Suppose that there
exists 8 € 2 such that ¢¥(a) <* f <* ¢(¢(«)). Then, by (C4) of Definition
2.4, Dg = {bg}. Since a € Dom), an € D, and by (CSP3) of Definition 2.1,
a ff* f. Assume o <* 5. Then ¢(a) <" a <*  <* p(¢(a)) and so by (C4)
of Definition 2.4, D, = {by}, contrary to « € Dom. This implies 8 <* «
and so by (C3) of Definition 2.4, Dg = {ag}, contrary to Dg = {bg}. Thus,
B(a) <* 9(1(a)).

(2) It is similar to (1).

(3) Suppose that (a, 8) € Dom® and « V 8 doesn’t exist. Then, by (B1) of
Definition 2.3, a, 8 <* ®(a, 8) and Dg(q,g) contains ag(qa,5). Since aV 3 doesn’t
exist, there exists v € 9 such that o, 8 <* v <* ®(«, 5). Hence, by (B2) of
Definition 2.3, D, = {by}, so by (2), for each ¢ € ), either ¢(y) <* 6 or § <*
©(7), thereby p(y) <* @(a, 8) or ®(a, ) <* (7). If p(7) <* (e, B), then
a, B <"y <" p(y) <* ®(a, B) and so by (B2) of Definition 2.3, Do,y = {by(1)}
contrary to Dy, contains a,(,). If ®(a,3) <* ¢(7), then v <* @(a, ) <*
¢(v) and so by (C4) of Definition 2.4, Dg(q ) = {ba(a,3)}> contrary to Dg(q, g)
contains ag(q,3)- Hence, ®(a, 3) = ¢(7) and so by (2), for each § € 9, either
O(a, B) <*§or § <* (e, B).

(4) Suppose to the contrary that n <* ( or ¢ ||* . If n <* ¢, then since ¢ €
(P,)T, there exist ¢’, 8" € (P,) such that ¢’ vV ¢’ doesn’t exist and ¢ <* ¢/, hence
n <* ¢’, which implies that n € (P,)", contrary to n € (P,)” = (Pa) \ (Pa)™. If
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C ||* m, then since ¢ € (P,)*, there exist ¢/, 8’ € (P,) such that ¢’V doesn’t exist
and ¢ <* . If p <* ¢/, thenn € (P,)", contrary ton € (P)™ = (Pa)\(Ps)". If
n |I* ¢/, then since ¢’ V¢ doesn’t exist, ¢’ |* ¢, hence by (CPS3) and (C'SP4) of
Definition 2.1, Dy = {ay } and D¢ = {a¢}, which imply that D, = {a,}. Since
¢’ v o' doesn’t exist, there exists § € ) such that (', § <* § <* ®({’,¢’), hence
by (B2) of Definition 2.3, Ds = {bs}. By (C'SP3) of Definition 2.1, n }f* ¢. Since
n ||* ¢ and ¢’ <* 0, n <* 4. Note that n € (P,)~, nV ¢ and (nV ')V exist,
hence we have (', 8 <* (nV ')V <*§ <* ®(¢’,0"). Since ¢’V ¢’ doesn’t exist,
there exists £ € 9) such that ',¢' <* £ <* (nVv ) Vv <* (', ¢). By (B2) of
Definition 2.3, D¢ = {b¢}. By (CSP3), £ <* nor n <* £ Assume that £ <* 7.
Then, ¢/,0' <* § <*np<* 6 <* (', 0'). By (B2), D, = {b,}, which contrary to
D, = {ay}. Thus, n <* £ It follows that n Vv (', <* £ <* (nVv ')V, contrary
to (nV ') v <* & Thus, n <* ¢ and ¢ ||* n are both impossible. Consequently,
¢ <*n. Since D = {agr}, by (1,2), $(¢') <* p($(¢") < ¢ <* ¢’ and so by
(C3) of Definition 2.4, D¢ = {a¢}.

(5) Let a, 8,y € Y such that 8, € (Py)". Then, there exist ¢, {’, 4,8 € (Py)
such that 8 <* ¢, v <*§, (V' and ¢ V &' don’t exist. Hence, 8 A~y < ¢ which
implies that 3 Ay € (P,)" by noting that 3 A v € (P,) by Lemma 3.1(1).
Suppose that 5V 7 exists. Then, by Lemma 3.1(1), SV vy € (P,). If g }f* ~,
then 3V vy € {B8,7} C (P,)". If B ||* ~, then by Lemma 3.1(1), BV v € (Py).
If BV~ <* ¢, thenﬁ\/v € (Py)T. It BV ||* ¢, then by (4), BV vy € (Pa)™.
If ¢ <* BV, then § <* ( <* BV . Assume that SV vy ¢ (P,)". Then,
BV~y € (Py)~ by Lemma 3.1(1). Since (, ¢’ € (P,) and ¢V ¢’ doesn’t exist, ¢ || ¢’
and so ¢, ¢’ € (P,)". Hence, by (4), ¢,{’ <* 8V~ and by (CSP3) and (CSP4)
of Definition 2.1, D¢ = {a¢}, D¢ = {a¢}. If v <* ¢/, then for all n € 9 such
that ¢, (' <*n, 8,7 <*n. Hence, 3V~ <* nand so (V{ = SV~, which contrary
to ¢ V ¢’ doesn’t exist. If v ||* ¢/, then by (CSP2), D, = {a,} and Dg = {as}.
By (B1) of Definition 2.3, ¢, <* ®({,¢’). We claim that o <* ®(¢, '), for all
o € (Py). If ®(¢,¢") =1, then o/ <* ®(¢, ('), for all o/ € (P,). If ®(¢, () #1,
then ®((, ') <* 1. Suppose that there exists 7/ € (P,) such that ®(¢, (') <*+/
Then, by (B1) of Definition 2.3, ¢,{" <* ®((,¢’), hence there exists £ € Q)
such that ¢, ¢’ <* € <* ®(¢, (') by noting that ¢ vV ¢’ doesn’t exist. By (B2) of
Definition 2.3, D¢ = {b¢}. It follows from the proof of (3) that ®({, (") = ¢(§).
By (2), b(o()) <* B(,&) = 9(6). By (13), a <* $(p(&)) < B((, ) or
w(go({)) <* D¢, ) < a I a <FYP(p(€)) <* (¢, ('), then by the definition

of (Pa) and (1-3), 8 <* $(p(&)) <* D(C,¢"), for all ' € (Pa), which implies
that v ¢ (P,) by noting that ®({,¢") <* 4/, a contradiction. If (p(&)) <*

(C ¢") <* a, then B, ¢ ( a), a contradiction. Thus, o/ <* ®((, ('), for all

P,). Consequently, o <* ®((, ), for all & € (P,). Tt follows that

/3 \/ v <* ®(¢, (). Since ¢ V ¢’ doesn’t exist,there exists w € ) such that

G, <*w<FBVy < (). By (B2) of Definition 2.3, D, = {b,}. Since

D, = {ay} and v ||* ¢/, v <* w by (CSP3) of Definition 2.1. It follows that
BV y <*w. It’s a contradiction. Consequently, 3V v € (P,)™.
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(6) Let a, 8,y € 2 such that (P,)" # 0 and 3,7 € (P,)~. Then, there
exist ¢,(" € (Py)" such that ¢ V ¢’ doesn’t exist and S A~,8Vy € (P,) by
Lemma 3.1(1). Since f € (P,)” and f <* SV, BV v € (Py)” by (4). If
B Y ~, then B A~ € {8,7} C (Py)~. Suppose that § ||* 7. Then, by the
proof of (5), (,¢' <* BAy <* B,y <* ®((, ('), and so by (B2) of Definition 2.3,
Dg = {bg},Dy = {by} and Dgry = {bgay}. Thus, by (4), BAvy € (Pa)”.
If B # 1, then by the proof of (5), (,{’ <* 8 <* ®((, ('), and so by (B2) of
Definition 2.3, Dg = {bg}. O

Theorem 3.1. Let £ be an idempotent semigroup with identity e and ) be the
structure semilattice with greatest element 1 of £. Then, £ is the semigroup
reduct of some conical idempotent residuated lattice if and only if £ satisfies the
following conditions:

(SR1) For each o € 9, either (P,) is a sublattice of Y or (Pn) a pre-
sublattice of P and |Dy| = 1.

(SR2) Each D—class of £ contains at most two elements.

(SR3) If a € Dy and b € Dg such that a <* 3, then ab = ba = a.
(SR4) If o, B €Y such that o ||* B, then |Dy| = |Dg| = [Dang| = 1.
(SR5) If (P.) is a pre-sublattice of ), then « satisfies the following condi-
tions:

(D1) There exists ot € Q) satisfying

(a) For each B €9), either a™ <* 8 or 8 <* a™;

(b) If a # 1, then a <* aF;

(c) If a™ # 1, then there exists v € ) such that v <* a™ and for each
B €9, either v <* B or B <*~;

(d) If B € such that, for all &/ € (Py), o/ <* B <* a, then |Dg| =1 and
(Pg) is a R-sublattice;

(D2) There ezists o € Q) satisfying

(a) For each p € 9), either o <* B or f <* o

(b) o <* a;

(¢) There ezists v € ) such that a* <* v and for each B € ), either v <* [
or <"~y

(d) Ifﬂ €9 such that, for all o/ € (Py), o <*  <*, then |Dg| =1 and
(Pg) is a sublattice.

(SR6) If a € Q) such that |Dy| = 2, then |Dpr| = 1 whenever P exists and
Pl # a, |Dpr| =1 whenever P exists and Pi- # o, (Py) = {8 € (Pa)|a <* B}
is @ R-sublattice of 9 and « satisfies (D1) and (D2).

(SR7) If « € Y\ {1} such that |Dy| =1 and (P,) is a R-sublattice of ),
then « satisfies (D1) or (D2).

(SR8) If a € Y\ {1} such that |Dy| =1 and (P,) isn’t a R-sublattice of ),
then « satisfies (D2).

Proof. Let £ be a conical idempotent residuated lattice. By Theorem 2.1,
£=CRLOB(&;7,9;X,®;1,p, V). By Lemma 4.7 of [1], 1 = {£, | a € Y} =
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™ = {Do | @ € Y}. By (CSP1) and (CSP2) of Definition 2.1, £ satisfies
(SR2). By Lemma 2.3 and Theorem 2.1, condition (SR3) holds. By (CSP3) of
Definition 2.1, £ satisfies (SR4).

Now, we prove that £ satisfies (SR1). Let a € 9 and suppose that (P,) isn’t
a sublattice of £. Then, there exist 8,7 € (P,) such that 5V v doesn’t exist,
hence (P,)" # 0, so by Lemma 3.2(4,5), for all 8/,4" € (P,)", Dg = {ap},
BNy € (P,)" and BV~ € (P,)" whenever 8V« exists. To show that
(P)TU{®(B,7)},<*) is a lattice, we consider the following cases:

e &(3,v) # 1. By the proof of Lemma 3.2(5), o/ <* ®(8,7), for all
o/ € (P,). Suppose that 5,7 € (P,)" such that 8V« doesn’t exist.
Then, by Lemma 3.2(3), either ®(5',~") <* ®(53,7) or ®(8,v) <* ®(5',7/).
Assume that ®(8',7') <* ®(8,v). Then, ®(8',+") # 1, so by the proof
of Lemma 3.2(5), we have o/ <* ®(f,7/), for all &/ € (P,), hence
B,y <* @(B',7') <* ®(B,7). Thus, by (B2) of Definition 2.3, Dggr ) =
{bao (s 41} contrary to Dggr ) contains ag s ) by (B1) of Definition 2.3.
If ©(3,v) <* ®(8',9'), then 5',7" <* ®(8,7) <* ®(8',7'), hence by (B2)
of Definition 2.3, Dg(g,) = {bq,(gﬂ)}, contrary to Dg(s,) contains agg,)
by (B1) of Definition 2.3, which implies ®(3,~) <* ®(5’,~') is impossible.
Thus, ®(5,v) = ®(8',~'). If there exists § € (P,) such that 3,y <* §, then
B,y <*§ <* ®(B,7), hence by (B2) of Definition 2.3, Ds = {bs}. Thus,
by Lemma 3.1(4), § ¢ (P,)™", which means that ((Py)*t U{®(3,7)}, <*) is
a lattice. This proves that (P1) holds.

e O(3,7) =1. Then, o/ <* ®(f,7), for all & € (P,) and there exists 6 €
such that 8,7 <* 0 <* ®(8,) by noting that 3V~ doesn’t exist. By (B2)
of Definition 2.3, Ds = {bs}. It follows from the proof of Lemma 3.2(3)
that ®(3,7) = ¢(d). Suppose that 5/, € (P,)" and 5’ V4’ doesn’t exist.
Then, ®(8',v") <* ®(8,v) = 1. Assume ®(5',7) <* ®(8,7). Then,
®(B',4") # 1, so by the proof of the prior case, we have o/ <* ®(3',+/),
for all o/ € (P,), hence 3,7 <* ®(f,4") <* ®(8,v). Thus, by (B2)
of Definition 2.3, Dg gy = {bas 4}, contrary to Dg s ) contains
ag (s ) by (B1) of Definition 2.3. We conclude that ®(5',7') = ®(8,7) =
1. Furthermore, by Lemma 3.2(4), we have § ¢ (P,)", which means that
(Py)TU{®(B,7)}, <*) is a lattice. This proves that (P1) holds.

We conclude that (P1) holds. By Lemma 3.2(4), (P,) satisfies (P2). We shall
show that (P,) satisfies (P3). By Lemma 3.2(6), (P,)~ is a sublattice of ).
Let §,6" € (P,)~ be such that 0 ||* ¢’ or &' <* 4. If 6 = 1, then ¢’ <* § =1 and
for all ¢ € (P,)~ such that ( A1 <* 1 A ¢, we have ¢ <* ¢’. If 6 # 1, then by
Lemma 3.2(6), Dy = {bs'} and Ds = {bs}. So, (4,¢") € DomW, hence by (C5)
of Definition 2.4, §AW(§, ") <* §’, which implies that d AW (4, ") <* dAY. Since
ING <* SAY', by (C6) of Definition 2.4, &’ <* W(4,4"), hence dA <* SAW(4, ),
thus 0 A U(6,0") = § Ad'. Let v/ € (P,)~ such that § A+ <* § A . By
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Lemma 3.2(6), D = {by}, hence by (C6) of Definition 2.4, 4" <* ¥(4,4"). We
shall show W(4,0") € (P,). For this, we consider the following cases:

e U(4,8') ||* @. Then ¥(§,4") € (Py).
e U(§,0") <* a. Then § <* ¥(4,d") <* a, and so V(6,0") € (P,).
e a <*U(0,d") and ¥(0,d") = d’. Then, ¥(4,0") € (P,).

o o <* U(4,¢) and ¥(5,0") # ¢'. Then, by (C6) of Definition 2.4, &' <*
W(4,0"). If W(5,0") }f* &, then W(4,8) A& € {¥(4,8),0}, contrary to
U (4,0 YA0 =6 A6 <* ¢, thus ¥ (4, d) ||* 0, which implies that ¥(4,0") € Ps
and 0 € P,. By the similar argument as in the proof of Lemma 3.1(2),
Ps C P, and so ¥(6,0") € P, C (Pa).

We conclude that ¥(d,d") € (P,). Since ¢ <* ¥(4,¢") and ¢’ € (P,)~, by (P2),
U(4,d") € (Py)~, which implies that (P,)~ satisfies (RS). Thus, (P,)~ is a R-
sublattice of ). This proves that (P3) holds. Thereby, (P,) is a pre-sublattice of
). By Lemma 3.2(4,6) and (CSP1) of Definition 2.1, |D,| = 1. Consequently,
£ satisfies (SR1).

Next, we prove that £ satisfies (SR5). Let (P,) be a pre-sublattice of ).
Then, there exist 3,7 € (P,) such that 8 ||* v and SV~ doesn’t exist, hence by
(CSP3) and (CSP4) of Definition 2.1, Dg = {ag}, Dy = {ay}. If a # 1, then
by Lemma 3.2(4,6), Dy = {aa} or Dy = {bs}. Let at = &(8,7). If a # 1,
then by the proof of |D,| = 1 in the case that £ satisfies (SR1), o <* ®(f3,7)
and by Lemma 3.2(3), for each 8’ € 9), either 5/ <* ®(3,~) or ®(8,v) <* f'.
This proves that ®(f3,) satisfies (D1)(a) and (b). Since 8 V v doesn’t exist,
there exists ¢ € 9 such that 8,7 <* § <* ®(3,~) and by (B2) of Definition 2.3,
Ds = {bs}. If ®(5,7) # 1, then by the proof of Lemma 3.2(3), ®(5,7) = ¢(9)
and by Lemma 3.2(2), ¥(®(8,7)) = ¥(¢(d)) <* ¢(d) = ®(5,~) and for each
v €9, either (P(8,7)) <* ' or 7/ <* ¥(P(B,~)). This shows that ®(S5,7)
satisfies (D1)(c). If 5’ € 9 such that, for all o/ € (P,), o/ <* 8/ <* ®(8,7),
then 3’ ¢ (P,). Furthermore, we can claim that there exists ¢’ € 2 such that
a <* ' <* 8" and for each v/ € 9), either &' <* +' or v/ <* §’. Otherwise, for
any &' € 9 such that a <* § <* ', there exists 7/ € 2 such that & ||* +'.
Assume ¢ € 9 such that o/ <* ¢, for all o/ € (P,). If 5 ||* ¢, then 5’ € (P,),
contrary to ' ¢ (P,). If ( <* 3, then there exists v/ € 2 such that ¢ ||* v/,
so 7y <* B, Since a <* B, a ||* 7 or @ <* 4/ <* F, hence v € (P,),
which implies that 4/ <* ¢, contrary to ¢ ||* 7/. Consequently, 3’ <* ¢, which
derives that 3/ = P € (P,), contrary to 3 ¢ (P,). We conclude that there
exists &' € 9 such that o <* § <* / and for each 4" € 9), either &' <* 4/ or
v/ <* §', which implies that o/ <* ¢, for all o/ € (P,), and §' <* &, for all
£ € (Pg). If ®(5,7) # 1, then by the proof of (P1) and Lemma 3.2, 3,y <*
§ <FE<TP(R(B, 7)) <* B(B,7), for all £ € (Pg), so by (B2) of Definition 2.3,
D¢ = {b¢}, for all & € (Pgr). If ®(B8,v) =1, then f,y <* ¢ <* £ <F ®(8,7),
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for all £ € (Pg ), hence by (B2) of Definition 2.3 and (C'SP1) of Definition 2.1,
D¢ = {b¢}, for all £ € (Pgr). We conclude that D¢ = {b¢}, for all £ € (Pgr)\ {1}.
By similar arguments as in the proof of (P3), (Pg ) is a R-sublattice of 2), which
implies that (D1)(d) holds. We have proved « satisfies (D1). Let o* = 9(f).
Then, by Lemma 3.2(1), ¥(3) satisfies (D2)(a) and (8) <* o(¢(8)) <* o/, for
all o/ € (P,), which implies that ¢ (3) satisfies (D2) (b —¢). If v/ € 9 such
that, for all o € (P,), ¥(B) <*+' <* &/, then v/ ¢ (P,) and (B) <* +' <* j,
so by (C3) of Definition 2.4, D, = {a} and |D.,/| = 1 and by Lemma 3.2(1),
P(B) <* p((B)) <* &, for all £ € (Py). By similar arguments as in the proof
of (D1)(d), there exists ¢ € 9 with v/ <* { <* « such that for each ¢’ € 9,
either ¢’ <* ¢ or ¢ <* ¢/, which implies that ¢’ <* o/, for all o € (P,), and
§ <* (¢, for all £ € (Py). Suppose that (P,/) isn’t a sublattice of ). Then,
there exist £, &’ € Py such that £ ||* ¢ and £ V ¢ doesn’t exist. By (CSP3)
and (CSP4) of Definition 2.1, D¢ = {a¢} and D¢ = {ag}. Since 3 ||* v, by
Lemma 3.2(3), either ®(£,&') <* g or g <* ®(,¢). If ©(£,¢) <* B, then
there exists § € Q) such that ¥(8) <* &, & <* § <* ®(£,¢) <* S, hence by
(C3) of Definition 2.4 Ds = {as}, but by (B2) of Definition 2.3, D5 = {bs}, a
contradiction. If 8 <* ®(£, &), then £,& <* f <* ®(&,¢'), hence by (B2) of
Definition 2.3, Dg = {bg}, contrary to Dg = {ag}. Consequently, (Py) is a
sublattice of 9). Thus, « satisfies (D2). This proves that £ satisfies (SR5).

We shall prove that £ satisfies (SR6). Let a € 2 such that D, con-
tains two elements. Then, by (CSP2) of Definition 2.1, D, = {aq,bs}. By
Lemma 3.2(1,2), for all v € (P,) \ (Pa), ¥(a) <* ¢(¢(a)) <* v <* «, hence by
(C3) of Definition 2.4, D, = {a,}, which implies that [Dp.| = 1 if Py exists
and P+ # a. If p(a) # 1, then by Lemma 3.2(1,2), for all 8 € (P,) \ {a},
a <* B <*P(p(a)) <* p(a), hence by (C4) of Definition 2.4, Dg = {bg}, which
implies that |[Dpr| = 1 whenever P exists and P # a. If ¢(a) = 1, then by
Lemma 3.2(2), for all 8 € (Py) \ {a,1}, a <* § <* ¢(a) = 1, hence by (C4) of
Definition 2.4, Dg = {bg}, which implies that [Dpr| = 1 whenever P exists

and P # a. By similar arguments as in the proof that (P,)~ is a R-sublattice
of 9), (P,) is a R-sublattice of ). Let a™ = ¢(«) and o* = 1)(a). By similar
arguments as in the proof of (SR5), « satisfies (D1) and (D2). This proves that
£ satisfies (SR6). Similarly, £ satisfies (SRT).

Next we shall show that £ satisfies (SR8). Let a € 9 \ {1} be such that
|Do| = 1 and (P,) isn’t a R-sublattice of 9). If (P,) is a pre-sublattice of ),
then by (SRb), « satisfies (D2). Let (P,) be a sublattice of ). If D, = {a.},
then we let a* = 9(«), so by similar arguments to those in the case that (P,)
is a pre-sublattice of ), « satisfies (D2). If D, = {b,}, then we consider the
following cases:

e For all 5 € (P,), Dg = {bs}. Then, by similar arguments to the proof of
(D1)(d) in the case that (P,) is a pre-sublattice of ), (P, ) is a R-sublattice
of 9), contrary to (P,) isn’'t a R-sublattice of ).
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o There exists § € (P,) such that Dg contains ag. Since Dy = {bs}, by
(CSP3) of Definition 2.1, o J* 5. If @ <* 8, then by Lemma 3.2 and
B € (Py), v(B) <* p(¥(B)) <* a <* B, thus by (C3) of Definition 2.4,
D, = {aq}, contrary to D, = {bs}. If  <* «, then we let a* = ¢(5), so
by similar arguments to those in the case that (P,) is a pre-sublattice of
), a satisfies (D2).

We conclude that £ satisfies (SRS).

Conversely, suppose that £ = | J acY D, is an idempotent semigroup with an
identity e and satisfies conditions (SR1-8), where 9) is the structure semilattice
with greatest element 1 of £. By a routine calculation, D; = {e}. We let
e=a =b. Pt 2 ={D, | a € 9}, Y1 = {a € Y| |Dy = 2} and
P ={a €9 | |Ds = 1,(P,) is pre-sublattice of ) and there exists o/ €
9 such that « || o'}. We define a binary relation ~ on P as follows: for «, 8 € P,
a ~ f if and only if P, = P3. By lemma 3.1(2,3), ~ is an equivalence relation
on P. It follows that P, = {f € P | 8 ~ a} for every a € P. Let Yo C P be
such that for every a € P, |YoN P, | = 1. For any « € Y7, we denote one element

of D, by a, and the other element of D, by b,. If 8 € (P,) \ {«, 1}, then we
let Dg = {bg}. If B’ € (P,) \ (Ps), then we let Dg = {ag/}. For any a € Ya, let
Dy = {a,}, for all v € (P,)", and let D = {by/}, for all v/ € (Py)~ \ {1}. Let

a € Y7 UY;. We distinguish two cases.

e For each § € 9 such that o/ <* g for all &/ € (P,), |Dg| =1 and (Pp) is
a R-sublattice of ). By conditions (SR5 — 6), we can choose a* € ) and
1 is interpreted as a™. Hence, we obtain the closed interval H, = [a*,1]
and by (SR5— 6), there exists element 7 in ) such that o* <* ~. For any
B € 9 such that o/ <* § <* 1, for all &’ € (P,), let Dz = {bg}. For any
7' € 9 such that o <* v/ <* o, for all & € (P,), let Dy = {ay}. If
|Do+| = 1, then we define Dy» = {by}.

e There exists § € Q such that o/ <* j, for all &/ € (P,) and |Dg| = 2
or o/ <* j, for all ¢/ € (P,) and (P3) isn’t a R-sublattice of ). By
conditions (SR5 — 6), we can choose o* and o in 9 \ {1}. Hence, we
obtain the closed interval H, = [a*,a'] and by (SR5 — 6), there exist
elements 3,7 in 2) such that 8 <* a™ and o* <* . For any 8’ € 9) such
that o/ <* g’ <* ™, for all o/ € (P,), let Dg = {bg'}. If |Dy+| = 1, then
we define D+ = {ay+}. For any 4" € 9 such that o* <* o/ <* o/, for all
o € (Py), let Dy ={ay}. If |[Dox| = 1, then we define Do+ = {bo+}.

Let a, 8 € Y1UY> be such that o <* 3. If |[H,NHpg| > 2, we choose a™ to be vy

which covers §*. Then, we obtain a family of closed intervals {H, | @ € Y1 UY>2}
such that for o, f € Y1 UYs with o # 3, |[Ho, N Hg| < 2.

We arbitrarily choose a € 9 \ Usey, Ly, Hs such that o # 1. We distinguish
two cases.

Case A. (P,) is a R-sublattice. By (SR7), « satisfies (D1) or (D2). We

need to consider two subcases:
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(1) « satisfies (D2).

e Ifthere exists v € Y1UYs such that v <* acand [y, o] (Uscy,uy, Hs) € Ha,
then there exists ¢ € H, such that ¢ <* y7. Hence, when ( is interpreted

as o, we have the set Hy, = {8 € 9 | [o",8] € (D \ Uscv,uy, Hs) U
{a*,~T}}. For each 8 € H, such that v+ <* 3, let Dg = {ag}.

e Ifthere doesn’t exist v € Y1UY3 such that v <* a and [, o] (Usey,uy, Hs)
C H,, then we can claim that a* € 9 \ Uscy, Ly, Hs- Otherwise, if a* €
Usey,uy, Hs, then there exists 7' € Y1UY5 such that o* € H, and v <* a,
hence there exist §,d’,0” € Y7 UY5 such that v/ <* § <* § <* §" <*
a, so a* <* § and § ¢ (P,), which imply that § <* o/, for all &/ €
(P,). By (D2)(d), |Ds| = 1 and (Pj) is a sublattice of 9), contrary to
|Ds| = 2 or |Ds| = 1 and (Pj) is pre-sublattice of 2. Consequently,
@ € Y\ Usey,uy, Hs and so [a*,a] €D\ Usey,uy, Hs- If the set {8’ €
D\ Usev,uy, HslB' satisfies (D2)(a — d) for a} has the least element j,
then by (D2)(c), there exists £ € ) such that 8 <* £ and for each & € 9),
either £ <* ¢ or & <* . Furthermore, we have for any ¢ € Q) such that
¢ <* & and [(,€] €D\ Useyiuy, Hs» (F) is a R-sublattice; whereas, if
(P¢) isn’t a R-sublattice, then by (SRS8), there exists (* € 2 such that
(D2)(a — d), by similar arguments as in case: a* € 9 \ Usey,uy, Hs
¢* € Y\ Useyuy, Hs, which, together with [(,¢] € 9\ Useyyuy, Hss
implies that ¢* € {# € Y\ Usey,uy, HslB' satisfies (D2)(a — d) for o}
and ¢* <* &, contrary to & is the least element of the set {5’ € 2\
Usev,uy, HslB' satisfies (D2)(a — d) for a}. We conclude that for any
¢ € 9 such that ¢ <* £ and [, €] € D\Usey,uy, Hs» (F¢) is a R-sublattice.
Thereby, when ¢ is interpreted as 87, we have the set Hg = {8’ € 9 |
5,871 CD\ U5€Y1UY2 Hs}; when [ is interpreted as o*, we have the set
Hy ={d" €Y |[a*, o] CD\ Usey,uy, Hs}- For each ' € Hg, let

Do — Jbst 1B # BT
"7 Uagy it =pt.

For each o € H,, let

D. = {aa’} if al#a*7
“ / if o/ = a*.
{bar} if o

If the set {8 € Y \ Usey,uy, Hs|8' satisfies (D2)(a — d) for a} hasn’t
the least element, then we choose 3 in the set {8" € D \ Uscy,uy, Hsl8’
satisfies (D2)(a — d) for a}. Hence, when [ is interpreted as o*, we have
the set Hy = {a' € Y | [@*, '] €Y\ Uscy,uy, Hs}- For each o’ € Hy, let

s {aw} if o # a”,
“ {ber} if o/ = a*.
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(2) « doesn’t satisfy (D1). Then, « satisfies (D2). We can claim that
for each 8 € 9 such that [8,a] € D \ Uscy,uy, Hs, (Pg) is a R-sublattice.
Otherwise, if for some 8 € 9 such that [3,a] € Y\ Usey, Ly, Hs, (Pp) isn't a R-
sublattice, then by condition (SR8), there exists 5* € Q) satisfying (D2), which,
together with [3,a] € 9\ Uscy,uy, Hs, implies that we can choose a* in ), a
contradiction. Consequently, for each 8 € 9 such that [8, o] € D\ Uscy,uy, Hs
(Pg) is a R-sublattice. We consider the following cases:

e Ifthere exists 8 € Y1UY3 such that o <* B and [, 8] (Usey,uy, Hs) € Hp.
Hence, there exists n € Hg such that g* <* 7. Thus, when 7 is interpreted
as at, we have the set Hy = {y € 9 | [v,a"] € (D \ Usey,uy, Hs) U
{a, B*}}. For each v € H, such that v <* 8*, let D = {b,}.

e Ifthere doesn’t exist 8 € Y1UY3 such that o <* 8 and [, B8] (Usey,uy, Hs)
C Hg, then by similar arguments as in (1), a* € 9\ Usey, vy, Hs- This
means that there exists v € 9 \ Uscy,uy, Hs satisfying (D1)(a — d).
If v = 1, then when 1 is interpreted as o™, we have the set H, =
{o €9 | [ 1] €D\ Usey,uy, Hs}- For each of € H, such that
o <*1,let Dy = {by}. If v # 1, then by (D1)(c), there exists n € 2,
such that n <* ~ and for each 3 € ), either n <* " or f/ <* n.
Hence, when ~ is interpreted as a™, we have the set H, = {/ € 2 |
(o, 0] €D\ Useyiuy, Hs}; when 7 is interpreted as §*, we have the set

Hg={f'eD|[BF1CD\ U&eYIUYQ Hs}. For each o € Hy, let

{ap} ifa' =at.

For each ' € Hpg, let

D — Jtas} B # 5
" T\ by) i B =B

Case B. (F,) isn’t a R-sublattice. Then, by (SR8), « satisfies (D2). We need
to consider two subcases:

o If there exists v € Y1UY2 such that v <* avand [, o] (Usey, Uy, Hs) € Ha,
then there exists ¢ € H, such that ¢ <* 4. Hence, when ( is interpreted

as o, we have the set Hy, = {8 € 9 | [, 8] € (D \ Usev,uy, Hs) U
{a*,y"}}. For each 8 € H, such that v* <* 3, let Dg = {ag}.

o If there doesn’t exist v € Y1UY3 such that v <* e and [y, o] (Usey, Ly, Hs)
C H,, then we can claim that o € 9 \ Uscy,uy, Hs- Otherwise, if a* €
Usev,uy, Hs, then there exists 7' € Y1UY3 such that o* € H, and v <* a,
hence there exist §,d’,0” € Y1 UY, such that v/ <* § <* 6§ <* ¢ <*
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a, so a* <* § and § ¢ (P,), which imply that § <* o/, for all o/ €
(P,). By (D2)(d), |Ds| = 1 and (Ps) is a sublattice of ), contrary to
|Ds| = 2 or |Ds| = 1 and (Pj) is a pre-sublattice of 2). Consequently,
€ D\ Usey,uy, Hs and so [a*,a] €Y\ Usey,uy, Hs- If the set {5’ €
D\ Usev,uy, HslB' satisfies (D2)(a — d) for a} has the least element j,
then by (D2)(c), there exists £ € 2 such that 8 <* £ and for each & € 9,
either £ <* ¢ or & <* £, Furthermore, we have for any ¢ € Q) such that
¢ <* € and [(,¢] € D\ Usev,uy, Hss (P) is a R-sublattice; whereas, if
(P¢) isn’t a R-sublattice, then by (SRS8), there exists (* € 2 such that
(D2)(a — d), by similar arguments as in case: a* € 9 \ Usey,uy, Hs
¢* € Y\ Useviuy, Hs, which, together with [(,¢] € 9\ Useyiuy, Hss
implies that ¢* € {# € D\ Usey,uy, Hslf' satisfies (D2)(a — d) for o}
and ¢* <* &, contrary to & is the least element of the set {5’ € 2\
Usev,uy, HslB' satisfies (D2)(a — d) for a}. We conclude that for any
¢ € 9 such that ¢ <* € and [, €] € D\Usey,uy, Hs» (F¢) is a R-sublattice.
Thereby, when ¢ is interpreted as 7, we have the set Hg = {' € 9 |
5,871 CD\ Usev,uy, Hs}; when j is interpreted as a*, we have the set
Hy={d" €[] CD\ Usey,uy, Hs}- For each ' € Hg, let

PRIV e
"7 ap}, i 8 = 58"

For each o/ € H,, let

_D , = {aal}? if a, # a*7
“ {bor}, if o/ =a*.

If the set {8 € YD\ Usey,uy, HslB' satisties (D2)(a — d) for a} hasn’t
the least element, then we choose 3 in the set {8" € 9\ Usey,uy, HslB'
satisfies (D2)(a — d) for a}. Hence, when [ is interpreted as o*, we have
the set Hy = {a’ €Y | [a*, '] €D\ Usey,uy, Hs}- For each o/ € H,, let

s {aw}, if o/ #a*,
“ {bor}, ifa =a".

We repeat the proceeding above, replacing U5€Y1UY2 Hjs by corresponding
subsets of 2). Then, we obtain a family sets {H, | a € Y3} such that, for all
B,y € Y1UYaUYs with 8 # v, |Hg N Hy| < 2. We can claim that 9 \ {1} C
Uaeyiuyauys Ha- Let 2 be a subset of power set &2(2) \ {1}) such that for
A € 5 and B € A, there exists a € Y7 UYs U Y3 such that 8 € H,. Then
(#,Q) is a partial ordered set. Suppose that {A4; | i € I} is a totally ordered
subset of JZ. It’s easy to see |J;c; A; is a upper bound of {A; | i € I} and
Uier Ai € #°. By Zorn’s Lemma, ¢ has a maximal element B. Furthermore,
we have B =92 \ {1}. Otherwise, if B # 2) \ {1}, then there exists 5 € 9 \ {1}
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such that 8 ¢ B, so by the procedure above, there exists @ € Y7 U Ys U Y3
such that g € H,, thus B U {f} € S contrary to B is a maximal element of

. Consequently, 9\ {1} € Uney,uy,uy, Hao Let £F = {aa | @ € P\ {1}}
and £ = {bg | f € P\ {1}}. Since D is a congruence on £, mp = {Dq |
a € 9} is a partition on £. By (SR4) and the proceeding above, mp = {D,, |
a € 9} is a conical semilattice partition on £. Let X = {a € 9 | |Do| =
2 and (D,,-) is a left zero semigroup} be a subset of ). Then, X is a band
subset of {Dy | @ € D}. Let € ={(e, ) € D xY | a ||* B,aa € Dy} We define
a mapping ® from € to Q) by

(o, ) = {a+v B if a \/6. exists,
7" (e € Hy) otherwise.
By the definition of ® and Definition 2.3, 7p = {D,, | @ € 9} is a C LO B—system.
Now we define two mappings ¢ and ¢. Put Domy) = {a € P\{1} | an € Do}
and Domp = {a € Y\ {1} | bo € Do}. For any o € Domy), there exists
B €Y1 UYaUYs such that o € Hg and a # 3*. Let

N ifa 87,
vl = {7 (v =<*BY) ifa=p".

For any a € Domy, there exists 8 € Y1 UY,UY3 such that « € Hg and a # BT.

Let
[ if o # 5,
v Y (B <*7) ifa=B".

It’s easy to see that ¢ and ¢ are well defined. Put R = {(a,5) €Y x D | o |I*
B,ba € Dy or f <* a,a € Pg,bg € Dg}. Now we define a mapping ¥ from R
to Q. If (o, B) € R, then there exists v € Y1 UY, U Y3 such that o, 3 € Hy. We
consider the following cases:

e If v € Y1, then by the definition of R and H,, o, 8 € {{ € Hy|y <* £}
If a, B € (Py),then since by the definition of (P), (Py) is a R-sublattice,
there exists a unique element ¢ in (P,) such that « A d = a A and for
all ¢’ € (Py) such that &' Aa < a A B, § <* 5. We define ¥(o, 5) = 0.
If o, € {{£ € Hyly <* €} \ (Py), then by the definition of H., (P3) is
a R-sublattice, hence there exists a unique element ¢ in (Pg) such that
aANd=aAp and for all ' € (Pg) such that &' Aa < aAB, d <*§. We
define ¥(a, B) = 0.

o If v € Y5, then by the definition of R and H,, o, € (Hy)” = {d €
H,|(38" € (Py)7)p <*d'}. If a, B € (Py)~, then since by the definition
of (Py)~, (Py)~ is a R-sublattice, there exists a unique element § in (Py)~
such that « A0 = a A B and for all ¢’ € (Pg)~ such that &' Aa < aA S,
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6" <* 6. We define ¥(a, 8) = 6. If o, f € (Hy)~ \ (Py) ", then (Pg) is a R-
sublattice by the definition of H,. Hence, there exists a unique element 0
in (Pg) such that aAd = aAf and for all ¢’ € (Pg) such that &' Ao < A B,
§" <* 4. We define ¥(a, B) = 9.

If v € Y3, then by the definition of R and H, (Pg) is a R-sublattice.
Hence. there exists a unique element § in (Pg) such that a Ad = a A and
for all ' € (Pg) such that &' Ao < a A B, § <*§. We define ¥(«, §) = 0.

By Definition 2.4 and a routine computation, we can prove that (£; mp,Q); X, ®;
Y, 0, V) is a CRLOB-system. By Theorem 2.1, £ = CRLOB(L;7p,9); X, ®;
¥, p,¥) is a conical idempotent residuated lattice. Finally, we shall prove
that (£,-) is the semigroup reduct of CRLOB(L;mp,; X, ®;1, ¢, V). Let ¢ €
D,,d € Dg. We consider the following cases:

If o <* 8 and ¢ = an,d = ag, then by the definition of o in Lemma 2.3,
cod=a,a00a8 = aupg = o = cand doc = ag o aq = Aapng = Ao = C. By
(SR3),c-d=d-c=c. Thus,c-d=codandd-c=doc.

If a <* B and ¢ = by,d = bg, then by the definition of o in Lemma 2.3,
cod=byobg =byrg =0by =cand doc=bgoby =byrg = bo =c. By
(SR3),c-d=d-c=c. Thus,c-d=codandd-c=doc.

If o« <* B and ¢ = aq,d = bg, then by the definition of o in Lemma 2.3,
cod =aqa0bg =aq =cand doc =bgoay, = ay = c. By (SR3),
c-d=d-c=c. Thus,c-d=codandd-c=doec.

If o <* B and ¢ = by, d = ag, then by the definition of o in Lemma 2.3,
cod =byoag = by, =cand doc = agoby, = by, = c. By (SR3),
c-d=d-c=c. Thus,c-d=codand d-c=doec.

If  ||* f and ¢ = aq,d = ag, then by the definition of o in Lemma 2.3,
cod=aq0ag = agprg and doc = ag o ay = anpg. Since ¢ = aq,d = ag,
c-d,d-c € Dypg. Since by (SR4), |Dapg| = 1, ¢-d = aqrp and d-¢ = agpg.
Thus, c-d=codand d-c=doc.

If o || B and ¢ = by, d = bg, then by the definition of o in Lemma 2.3,
cod=byobg =byrg and doc = bgob, = bypg. Since ¢ = by, d = bg,
c-d,d-c € Dypg. Since by (SR4), |Dopg| =1, ¢-d = bapp and d- ¢ = bapg.
Thus, c-d=codand d-c=doc.

If a = 6,0 € X and ¢ = aqn,d = b,, then by the definition of o in
Lemma 2.3, cod = a4 0by, = ao, = cand doc = b, 0oa, = b, = d. Since
¢, d € D, by the definition of X, c-d=cand d-c¢=d. Thus,c-d=cod
and d-c=doec.
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e lf a = f,aa ¢ X and ¢ = aq,d = by, then by the definition of o in
Lemma 2.3, cod = a4 0by = by =d and do c = b, 0 a, = a, = c¢. Since
c,d € D,, by the definition of X, c-d=d and d-¢c=c. Thus, c-d=cod
andd-c=doc.

We conclude that (£,-) is the semigroup reduct of CRLOB(L;mp,Q; X, P;
v, 0, ¥). O

The following result is an immediate consequence of Theorem 3.1.

Corollary 3.1. A semilattice ) with greatest element 1 is the semigroup reduct
of some conical commutative idempotent residuated lattice if and only if ) sa-
tisfies conditions (SR1), (SR5) and (SR7 — 8).

4. Conclusions

In this paper, we have studied conical idempotent residuated lattices. Using
square point sets and the structure theorem of conical idempotent residuated
lattices, we have obtained necessary and sufficient conditions for an idempo-
tent semigroup with an identity to be the semigroup reduct of some conical
idempotent residuated lattice, which generalize [2, Theorem 5.2]. Note that
the work presented here heavily relies on the fact that idempotent residuated
lattices are conical. In the future, the structure and decomposition of non-
conical idempotent residuated lattices may be investigated.
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