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Abstract. In this paper we study some special residuated lattices, namely, idempotent
residuated chains. After giving some properties of Green’s relation D on the monoid reduct
of an idempotent residuated chain, we establish a structure theorem for idempotent residu-
ated chains. As an application, we give necessary and sufficient conditions for a band with
an identity to be the monoid reduct of some idempotent residuated chain. Finally, based on
the structure theorem for idempotent residuated chains, we obtain some characterizations
of subdirectly irreducible, simple and strictly simple idempotent residuated chains.
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1. INTRODUCTION

A residuated lattice, or a residuated lattice-ordered monoid, is an algebra L =
(L,A,V, -\, /,e) such that (L, A, V) is a lattice, (L, -, e) is a monoid and multiplica-
tion is residuated with respect to the order by the division operations \, /; i.e., for
all a,b,c € L,

a-b<cea<c/bsb<a\e

The last condition is equivalent to the fact that (L,A,V,- e) is a lattice-ordered
monoid and for all a,b € L, the sets {c € L: ac < b} and {c¢ € L: ca < b} both
contain largest elements.

In the late 1930’s, M. Ward and R. F. Dilworth introduced the concept of residuated
lattices in a more restrictive form which is a natural generalization of the notion of
the ideal lattices of rings with identity. Since that time, there has been substantial
research regarding some specific classes of residuated structures (see [1]-[5]).

This work is supported by a grant of NSF, China # 10471112 and a grant of Shaanxi
Provincial Natural Science Foundation # 2005A15.
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It is easy to see that the class of all residuated lattices denoted by RL, is a vari-
ety. By an idempotent residuated lattice we mean a residuated lattice satisfying the
additional identity 22 ~ x. Idempotent residuated lattices are regarded as a com-
mon generalization of Brouwerian algebras and generalized Boolean algebras. The
class of all idempotent residuated lattices, denoted by ZdRL, is a subvariety of the
variety of all residuated lattices. N. Galatos studied minimal subvarieties of ZdRL
in [2]. He constructed uncountably many atoms in the subvariety lattice of ZdRL
by making use of a class of strictly simple idempotent residuated chains. By an
idempotent residuated chain we mean an idempotent residuated lattice for which its
lattice reduct is a chain. D. Stanovsky in [1] studied commutative idempotent resid-
uated chains, that is, idempotent residuated chains satisfying the additional identity
xy ~ yx. He gave some characterizations of commutative idempotent residuated
chains.

In the present paper we will investigate idempotent residuated chains. In order to
obtain a structure theorem for idempotent residuated chains, we recall some prop-
erties of Green’s relations on a band and the decomposition theorem for a band in
Section 2. Also, some concepts and known results in the theory of residuated lattices
are recalled. In Section 3, we give some basic properties of Green’s relation D on
the monoid reducts of an idempotent residuated chain. By making use of the above
results, we describe a structure theorem for idempotent residuated chains in terms
of a chain and a family of sets which satisfy some simple compatibility conditions in
Section 4. As an application, we give necessary and sufficient conditions for a band
with an identity to be the monoid reduct of some idempotent residuated chain in
Section 5. Finally, based on the structure theorem for idempotent residuated chains,
we obtain some characterizations of subdirectly irreducible, simple and strictly sim-
ple idempotent residuated chains in Section 6. In particular, we prove that there are
precisely six distinct classes of strictly simple idempotent residuated chains.

2. PRELIMINARIES

In what follows, we shall use the notion and notation from [3], [7]. Other undefined
terms can be found in [2], [6]. We first recall some of the basic facts concerning
Green’s relations on the semigroup S. We refer to S! as the monoid obtained from S
by adjoining an identity if necessary. Green’s relations are the equivalence relations
defined by

L=1{(a,b)eSx8: S'a= 5"}, R={(ab)eSxS: aS"' =bS'},
J ={(a,b) € Sx S: StaS' =SS}, H=LNR,D=(LUR),
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where the final expression denotes the equivalence relation generated by £ and R.
Evidently, £ is a right congruence while R is a left congruence. Another property of
Green’s relations is as follows:

Lemma 2.1 [7]. The relations £ and R commute and D = LoR =TRo L.

A band is a semigroup in which each element is an idempotent; a semilattice is a
commutative band. A rectangular band is a band S in which xyz = zz for all x,y, z €
S. The following results are well known and can be proved by Proposition 2.1.4 and
Theorem 4.1.3 of [7]. On any band S, Green’s relations D and J coincide and
constitute a congruence such that S/D is a semilattice. Let D%: S — S/D be the
natural homomorphism. We denote the semilattice S/D by Y, and for each « in
Y we denote a(D?)~! by D,. Each D, is both a D-class of S and a rectangular
band. Hence S is the disjoint union of the rectangular bands D, (« € Y), and the
congruence property of D gives that Do,Dg = {ab: a € D,,b € Dg} C Dyp. We say
that S is a semilattice of rectangular bands. Thus we have

Theorem 2.2 [7]. Every band is a semilattice of rectangular bands.

We recall some of the basic facts about RL. Note that in a residuated lattice, the
division operations are determined by multiplication and the order; in particular,
a\b=max{c € L: ac < b} and b/a = max{c € L: ca < b}.

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).

Lemma 2.3 [5]. Residuated lattices satisty the following identities:
1
2

(1) z(yVz)=zyVezand (yV2)r~yxV 2z,

(2) 2\(y A z) = (2\y) A (2\2) and (y A z)/z = (y/x) A (2/2),

(3) z/(yVz) = (x/y) A (x/Z) and (y vV z)\z ~ (y\z) A (2\z),

(4) (z/y)y < x and y(y\z) <

(5) z(y/z) < xy/z and (Z\y)w < z\yz,

(6) (z/y)/z~ x/zy and 2\(y\z) ~ y2\z,

(7) 2\(y/z) = (z\y)/=,

(8) z/e = x = e\x,

(9) e
Moreover, if a residuated lattice has a least element |, then it has a greatest

element T as well, and T = 1/1 = 1\ L.

< z/x and e < z\z.

For each element a in a residuated lattice L we define two unary polynomials
0a(z) = ax/a A e and A\,(z) = a\za A e, the right and left conjugate of = by a. A
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subset S of a residuated lattice L is called normal if g, (x), Ay (x) € S for all u € L
and all z € S. The closed interval {v € L: x < u < y} is denoted by [z,y]. As for
posets, we call S convez if [x,y] C S for all z,y € S. We define k., (z,y) = (uAz)Vy.
Note that for a sublattice S the property of being convex is equivalent to k,(x,y) € S
forallu € L and z,y € S. Thus a convex normal subalgebra is precisely a subalgebra
of L that is closed under A, o and k.

Theorem 2.4 [3], [5]. The convex normal subalgebras of a residuated lattice L
form a lattice, CN(L), which is isomorphic to the congruence lattice, CON(L), of
L via S — 0s = {(a,b) € L?|(a/bAe)(b/aNe) € S} and 0 +— [e]y, the O-class of e.

For a subset S of a residuated lattice L let ¢n(S) denote the intersection of all
convex normal subalgebras containing S. When S = {s}, we write cn(s) rather than
en({s}). Let

A(S)={sNe/sNhe: s S},
F(S):{/\m O Ousy O/\U3 O"'Ongn(S)l n e w,u; EL,SES}
II(S) ={s1-s2- - Sn: nEwW,s; € S}U{e}.

Theorem 2.5 [3], [5]. The convex normal subalgebra generated by a subset S in
a residuated lattice L is
en(S)={ae L: x <a<z\e for some z € IITA(S)}.

Lemma 2.6 [1]. Let L be a lattice-ordered idempotent monoid and a,b € L.
Then the following statements are true:
1) anb<ab<aVb;
ifa,b > e, then ab=aV b;
if a,b < e, then ab = a N\ b;
if a < e < ab, then ab = b;
if ab < e < a, then ab = b.

3. GREEN’S RELATION D ON THE MONOID REDUCT OF
AN IDEMPOTENT RESIDUATED CHAIN

It is well-known that Green’s relations play a crucial role in the study of any
semigroups. It is natural to find the important properties of Green’s relation D
on the monoid reduct of an idempotent residuated chain. This is the main aim
of this section. For brevity, throughout this section we always assume that L =
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(L,A,V, -\, /,e) is an idempotent residuated chain. We denote the D-class contain-
ing the element a by D,. To begin with, we verify the following fact which is the
crucial observation enabling the study to get under way.

Proposition 3.1.
(1) Foralla € L, D, contains at most two elements. Moreover, if b € D, and b # a,
then either a > e, b<eora<e,b>e.

(2) For alla € L, (D,,-) is either a left zero semigroup or a right zero semigroup.

Proof. (1) Let a,b € L and a D b. Since (L, ) is a semilattice of rectangular
bands, by Theorem 2.2, (D,, -) is a rectangular band. If a,b < e, then by Lemma 2.6
(3), a = aba = min{a,b} = bab = b. Similarly, if a,b > e, then a = b. Hence for
a # b, either a >e,b<eora<e, b>e. Thus, for any a € L, D, contains at most
two elements.

(2) Let @ € L and b € D,. Then by Lemma 2.1 there exists ¢ € L such that
a L cRaandsocée D, By(l),|D, < 2, it follows that either ¢ = a or ¢ = b
and so b L a or b R a. Thus (D,,-) is either a left zero semigroup or a right zero
semigroup. O

On any band S the natural ordering <,, is given by for all a,b € S, a <, b if and
only if ab = ba = a. By Theorem 2.2 (L,-) is a semilattice of rectangular bands.
Hence (L/D,-) is a semilattice. So we have the natural ordering on (L/D,-) by
defining for all a,b € L, D, <* Dy if and only if D, - Dy = D,.

In the following we write x < y(x <* y) for the fact that z is covered by y; i.e.,
x < y(z <*y) and for every z, if £ < z < y(z <* 2 <* y), then z =z or z = y. We
now describe the relationship between the imposed ordering <, the natural ordering
<, on L and the natural ordering <* on L/D.

Proposition 3.2.

(1) (L/D,<*) is a chain with the greatest element D..

(2) If a,b € L such that a < e and b < e, then a < b if and only if a <, b if and
only if D, <* Dy.

(3) If a,b € L such that a > e and b > e, then a < b if and only if b <,, a if and
only if Dy <* D,.

(4) If a,b € L such that a < > e, then a <, b if and only if D, <* Dy,

(5) Ifa,b € L such that a < e and b > e, then b <, a if and only if D, <* D,.

(6) If a,b € L such that a < e and b > e, then a and b are non-comparable for <,
if and only if D, = Dy,.

e and b
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Proof. (1) It is easy to see that D, is the greatest element in (L/D,<*). By
Lemma 2.6, for all a,b € L we have ab = a or ab = b. This implies that D, - D, = D,
or D, - Dy, = Dy. Hence D, <* Dj or Dy, <* D,. This proves (1).

(2) Let a,b € L be such that a < eand b < e. If a < b, then a = ab = ba = aAbby
Lemma 2.6(3), and so a <,, b. If a <;, b, then a = ab = ba and so D, = Dy = Dy~ Dp.
Hence D, <* Dy. If D, <* Dy, then D, = Dy, = D, - Dy, and so ab € D,. By
Lemma 2.6(3) ab = a A b < e, and so by Proposition 3.1(1) we have ab = a. Hence
a <b.

(3) is established similarly.

(4) Let a,b € L be such that a < e and b > e. If a <,, b, then a = ab = ba and
so D, = Dy, = D, - Dy. Hence D, <* D;. Suppose that D, = D,. Then a and b
are non-comparable for <,. It is a contradiction. Thus D, <* D,. Conversely, if
D, <* Dy, then D, = Dy, = D, - Dy, and so ab € D,. Suppose that ab > e. Then by
Lemma 2.6(4), ab = b. It is a contradiction. Hence ab < e and so by Lemma 2.6(5),
ab = a. Similarly, ba = a. Thus a <, b.

(5): is similar to (4).

(6) Let a,b € L be such that a < e and b > e. Suppose that a and b are non-
comparable for <,,. If D, # Dy, then (1) implies D, <* Dy or Dy, <* D,. So by (4)
and (5) we have a <, b or b <,, a. It is a contradiction. Hence D, = Dy,. Conversely,
let D, = Dy. Then either a = ab,b = ba or a = ba,b = ab. Hence a and b are
non-comparable for <,, . O

Example 3.3. Let L = {by1, b2, b5} U{as, as,as}U{e}. We define an order relation
on L by by < by <bs <e<as<ay < as; see Figure 1(1). Obviously, this is a total
order on L. We also define a multiplication by

@i © @ = Aminfi,j}> bio bj = bmin{i,j}v
a; ifi<jori=j=5,
a; © bj =
b, if j <1,

and

{ai if i < 4,

bjoa; = e

b ifj<iori=j=05.

Finally, we define two division operations on L, by z/y = max{z|zy < z} and
y\z = max{z|yz < x}; note that maximum elements exist. Hence L is an idempotent
residuated chain. Let Dy = {b1}, Dy = {b2}, D3 = {as}, D4y = {as}, D5 = {bs, a5},
D, = {e}. Then L/D = {D;, Dy, D3, Dy, D5, D.} and the natural ordering <* on
L/D is as follows: Dy <* Dy <* D3 <* Dy <* D5 <* D,; see Figure 1(2). The
natural ordering <,, on L is as follows: by <, b <, a3 <, a4 <, bs,a5 <, e; see
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Figure 1(3). By Proposition 3.2, we can obtain the imposed ordering < on L from

the natural ordering <,, on L; see Figure 1(4).

» a3 — a3
» A4 — a4y
» A5 — a5
- € e
p b5 Ds b as bs—

D4 aq

D3 as
p Do Do b bo—
» by D, b b

WL, <) (L/D,<7) B)(L; <n) (4)(L; <)
Figure 1

The next proposition describes some properties of the set of equivalence classes of

D on L which play a crucial role in this paper.

Proposition 3.4.

(1)

Ifa € L and a > e, then there exists a unique element b < e in L with D, <* D,
satisfying the following condition:

(RC) if D € (L/D,<*) such that D, <* D <* D, and ¢ € D, then ¢ > e.

(2)

Ifb € L and b < e, then there exists a unique element a > e in L with D, <* D,
satisfying the following condition:

(RC") if D € (L/D,<*) such that Dy <* D <* D, and ¢ € D, then ¢ < e.

Proof. (1)Leta€ L and a > e.

Suppose that (D,,-) is a left zero semigroup. Let b = a\e. Then by
Lemma 2.3(4), ab < e. By Lemma 2.6, ab = b < e. Hence D, <* D,.
Since a # b and (D,,) is a left zero semigroup, we have D, <* D,. If
Dy <* D,, then b satisfies condition (RC). Assume that D is not covered
by D,. Suppose that there exists D € (L/D,<*) with D, <* D <* D, and
¢ € D such that ¢ < e. By Lemma 2.6, b = bc < c. But ac =c<e. Itisa
contradiction. Hence b satisfies condition (RC).

Assume that (D,,-) is a right zero semigroup. Let b = e/a. Then by
Lemma 2.3(4), ba < e. By Lemma 2.6, ba = b. Hence Dy, <* D,. By a
similar argument to the above, b satisfies condition (RC).

Up to now, we have proved the existence of b. The uniqueness of b is trivial.
(2): is similar to (1). O
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4. CONSTRUCTION

Let (Y,<*) be a chain with greatest element 1 and X be a subset of Y. Let
9 ={Dy: o € Y} be a family of pairwise disjoint sets indexed by Y. Let partial
mappings

P Y =Y, amp(a)

and
6: Y =Y; am )

be given. We call (Y, X; Z; ¢, ¢) an YD-system if the following conditions hold:
(YD1) for each o € Y\ {1}, D, is either the set {aq, by} or one of {ay} and {b,},
where a, # by
(YDY') for 1 € Y, we have D; = {e}, where e = a1 = by;
(YD2) Domyp ={a €Y\ {1}: aq € Do };
(YD2') Dom¢ = {a € Y\ {1}: by € Dy};
(YD3) if o € Dom ¢, then (o) <* @ and Dy, contains by, (q);
(YD3') if @ € Dom ¢, then o <* ¢() and Dy contains ay(q);
(YD4) if 5 € Y such that p(a) <* 8 <* a, then Dg contains exactly ag;
(YD4') if 5 € Y such that o <* § <* ¢(a), then Dg contains exactly bg.

Given an YD-system (Y, X; Z;¢,¢), put L = |J D,. Define a binary relation <
acY
on the set L as follows.

Let a € Do, b€ Dg. a < bin L if one of the following conditions is satisfied:
(Pl)a<*BinY and a = by;
(P2) B<*ainY and b = ag.

Lemma 4.1. (L, <) is a chain.

Proof. We first prove that the binary relation < is a partial order on L.
Obviously, < is reflexive. Let a € Dy, b € Dg be such that a < b and b < a. We
consider four cases:

(D) Ifa<*B,a=0by and 8 <* a, b=bg, then a = and so a = b.

2)Ifa<*B,a=byand a <* f,a=aq,thena=p=1anda=b=e.

B a,b=agand f<Fa,b=bg, thena=F=1anda=b=ce.

It <" o, b=ag and a <* G, a = aq, then a = 3 and so a = b.

Hence < is antisymmetric. Let a € D,, b € Dg and c € D, be such that a < b
and b < ¢. We consider four cases:

() Ifa<*p,a=byand <", b=bg, then o <* v and so a < c.

(2)Ifa<* B, a=by and v <* B, ¢ = ay, then a < ¢, since (Y, <*) is a chain.

B If<  a,b=agand f <* v,b=10bg, thena=F=y=1landsoa=b=c=e.
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IS o, b=apand v <* B, c=a,, then y <" cand soa < c.
We have proved that < is transitive. Therefore < is a partial order on L. It is
clear that (L, <) is a chain. O

We define a multiplication o on the ordered set (L, <) as follows:

Qo © 43 = OGmin{a,B}> bo 0 bg = bmin{a,ﬁ}v
o fa<*fBora=peX,
aqobg =
bg ff<*aora=p¢X,

and
a, fa<*f ora=p0¢X,
bgoa, =

bg B <*aora=pelX.

Lemma 4.2. (L,<,0) is a partially ordered band with an identity e.

Proof. It is easy to see that (L,o) is a band with an identity e. Let a € D,,
be Dg,ce Dyand a<bin L. Supposethat o <* § and a = b,. We need to
consider four cases:

(a) f a <* B <* yor a <* v <* 3, then by the definition of <, a < ¢. By the
definition of multiplication, aoc=coa =a, boc € {b,c} and cob € {b,c}. Hence
aoc<bocandcoa<cobd.

(b) a=~<" 4.

e Ifae X, thenaoc=a="b,, coa=cand cob=c. It follows that aoc < boc

and coa < cob.
e Ifa¢ X,thenaoc=c¢,boc=cand coa=a=0b,. Hence aoc < boc and

coa<cob.

(c)fa=p<*v,thenaoc=a<b=bocand coa=a<b=cob.

(d)Ify<*a<*f,thenaoc=boc=cand coa=cob=c.

Similarly, if 8 <* o and b = ag, then aoc < bocand coa < cob. Thus (L, <,0)
is a partially ordered band with an identity e. (I

We define two division operations \ and / on L as follows: for « € Y\ {1} and
B ey, let
ap(e) fa<*Band a ¢ X,
Qo ifa<*"f, o€ X and D, contains ag,
apa) fa<* B, a€ X and D, does not contain a,
bgs if g <* a,
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bo) ifa <" Band a€ X,

0o \by = be ifa<*f, a¢ X and D, contains b,,
byoa)y ifa<* B, a¢ X and D, does not contain by,
bgs if 8 <* a,
ap(e) ifa<*fBand a ¢ X,
Qo ifa<*fB, ae€e X and D, contains a,,

balap = apa) fa<*fB, a€ X and D, does not contain a,,
ag if 8 <* a,
booy ifa<*Band ac€ X,
ba ifa<* @, a¢ X and D, contains b,,

Ga\dp = byay ifa<* B, a¢ X and D, does not contain b,
ag if 8<* a,
Up(a) fa <" Band a € X,

b b Qo ifa<*@, a¢ X and D, contains a,,
ape) fa<* B, a¢ X and D, does not contain a,,
bs if 8 <* a
bya)y ifa <" fanda¢ X,
ba ifa<*fB, ae X and D, contains b,

ba/aa = bo) ifa<* B, ae X and D, does not contain by,
bgs if 8 <* a,
Apa) if a<*Band a € X,
Qo ifa<*f, a¢ X and D, contains a,,

ap/ba = aga)y ifa<* B, ag¢ X and D, does not contain a,
ag if 8 <* a,
byay if a<* fand a¢ X,
ba ifa<*fB, a€e X and D, contains b,

ap/0a = booy ifa<* B, a€ X and D, does not contain b,
ag if 8 <* a,

for c € L, let

e\c=rc and cle =c.

We denote by IRLC(Y, X; Z; ¢, ¢) the above (L, A,V,0,\,/,€e).
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Theorem 4.3. L =IRLC(Y, X; D; ¢, ¢) is an idempotent residuated chain.

Proof. We need ounly to prove that for all a,b € L, a/b = max{c: cob < a}
and b\a = max{c: boc < a}. Let a = bg € L,b = by € L\ {e}. To show that
b\a = max{c: boc < a}, we need to consider the following cases:

(DI a<*fand a¢ X ora <* f,a € X and D, does not contain a,, then
ba\bg = Gg(a)- Let ¢ € D, be such that b, o c < bg. If ¢ = by, then ¢ = by < ag(a)-
If ¢ = a,, then a <* 7. Hence by (YD4'), (o) <* v and 50 ¢ = ay < Gg(a)-

(2) If o <* B, € X and D, contains a,, then b,\bg = an. Let ¢ € D, be such
that by 0 c < bg. If ¢ = by, then ¢ < aq. If ¢ = a,, then o <* v and so c = ay < aq.

(3) If B <* a, then by \bg = bg. Let ¢ € D, be such that byoc < bg. If ¢ = a,, then
bo 0 ay = {ba,a,}. But bg < b, and bg < a,. It is a contradiction. Hence ¢ = b,. So
ba 0 by = bany < bg. It follows that a Ay <* 3. Since 8 <* a, v = a Ay <* 3. Thus
Cc = b»y g b[g.

Similarly we can show that for all a,b € L, a/b = max{c: cob < a} and b\a =
max{c: boc < a}. Hence IRLC(Y, X; Z; ¢, ¢) is an idempotent residuated chain.

O

In the remainder of this section, we prove that any idempotent residuated
chain is isomorphic to some TRLC(Y, X; P;¢,®). For convenience, in what fol-
lows, let L = (L,A,V,-,\,/,e) be an idempotent residuated chain. By Propo-
sition 3.2(1), (L/D,<*) is a chain with greatest element D.. Let X = {D, €
L/D: (D,,-) is a left zero semigroup}. Put 9 = {D,: D, € L/D}. By Proposi-
tion 3.4(1)and (2), we can define two partial mappings ¢ and ¢ as follows:

¢: L/D— L/D; Dg+— max{Dy € L/D|b < e and Dy <* Dy}
and
¢: L/D— L/D; Dy min{D, € L/D|a > e and Dy <* D,},

where Dom ¢ = {D, € L/D: a > e} and Dom¢ = {Dy, € L/D: b < e}.

Lemma 4.4. (L/D,X; 2;p,¢) is an YD-system.

Proof. For the sake of simplicity, we identify L/D with Y which contains a
greatest element 1, and denote 2 = {D,: «a € Y}. By Proposition 3.1(1), for each
a €Y\ {1} we have D, = {aq,bo} or one of {ay} and {bs}, where an > €,b, < e.
Let € Dy, then e = exe = x. Hence D; = {e}, where e = a3 = by. This shows
(YD1) and (YDY1).

By the definitions of ¢ and ¢, conditions (YD2-4) and (YD2'—4") hold. O
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Theorem 4.5. L is equal to IRLC(L/D, X; D; ¢, @).

Proof. For convenience, we denote by <; the imposed ordering on TRLC(L/D,
X;9;¢,6). We need only to prove that a-b=aob and <=<; for all a,b € L. Let
a,b € L. We need to consider four cases:

(1) If a < e,b < e, then a-b = a Ab by Lemma 2.6(3). If a < b, then by
Proposition 3.2, D, <* D; and so by the definition of o, a o b = a. Hence a-b =
aob=a.If a > b, then by Proposition 3.2, D, <* D,. and so by the definition of o,

aob=>b. Hencea-b=aob=0b.
(2) If a > e, b > e, then by a similar argument to (1), a-b=aob.
(3)azeandb<e.
e If D, <* Dy or D, = Dy and (D,) is a left zero semigroup, then a o b = a and
by Lemma 2.6, a-b € {a,b}. Hence a-b=a andsoa-b=aob.
e If D, <* D, or D, = Dy and (D,*) is a right zero semigroup, then aob = b and
by Lemma 2.6, a - b € {a,b}. Hence a-b=>band soa-b=aob.

(4) If a < e and b > e, then by a similar argument to (3), aob=a-b.

Let a,b € L be such that a < b; we need to consider three cases:

(1) If a < e,b < e, then by Proposition 3.2(2), D, <* D} and so by the definition
of <1, a<b.

(2) If a > e,b > e, then by Proposition 3.2(3), Dy <* D, and so by the definition
of <1, a<qb.

(3)Ifa<eandb>e, then a <; b.

Let a,b € L be such that a <; b. We need to consider two cases:

(1) D, <* Dy and a < e. If b < e, then by Proposition 3.2(2), a < b. If b > ¢
then a < b.

(2) Dy <* D, and b > e. If a > e, then by Proposition 3.2(3), a < b. If a < e,
then a < b.

Hence the orders < and <; coincide. Thus L is equal to IRLC(L/D, X; Z; ¢, ¢).

O

)

As a conclusion, we have, by Theorems 4.3 and 4.5, the following theorem.
Theorem 4.6. Let (Y, X; P;¢,¢) be an YD-system. Then IRLC(Y, X; Z; ¢, $)

is an idempotent residuated chain. Conversely, any such residuated lattice can be
constructed in this manner.
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5. APPLICATION

In this section we use the above theorem to obtain a structure theorem for commu-
tative idempotent residuated chains and establish necessary and sufficient conditions
for a band with an identity to be the monoid reduct of some idempotent residuated
chain. In addition, we give some characterizations of idempotent residuated chains.

Theorem 5.1. Let (Y, X; Z; ¢, ) be an YD-system. If 9 is a family of pairwise
disjoint singletons, then IRLC(Y, X; D;¢,$) is a commutative idempotent resid-
uated chain. Conversely, any such residuated lattice can be constructed in this
manner.

Proof. We need only to prove that IRLC(Y, X; Z; ¢, ¢) is commutative. Now
let a,b € IRLC(Y,X; Z; ¢, ). Then there exist «, § € Y such that a € Dy, b € Dg.
If « = 3, then because for all « € Y, D, contains exactly one element, it follows that
a = b. Hence ab = ba. If o <* (3, then ab = ba = a. If 8 <* «, then ab = ba = b. We
have proved that IRLC (Y, X; 9; ¢, ¢) is commutative. O

Theorem 5.2. A band L with identity e is the monoid reduct of some idempotent
residuated chain if and only if L satisfies the following conditions:
(TR1) (L/D,<*) is a chain where the partial order <* is the natural ordering on
L/D;
(TR2) each D-class of L contains at most two elements;
(TR3) ab=ba=a for all a,b € L with D, <* Dy;
(TR4) if D € L/D\ {D.} and D contains exactly one element, then D satisfies
one of the following conditions:
(D1) there exists D € L/D satisfying
(i) D <* D*;
(ii) if D' € L/D such that D <* D’ <* DT, then D’ contains exactly one
element;
) if DY # D, then there exists D" € L/D such that D" <* D*;
) there exists D* € L/D satisfying
(i) D* <* D;
) if D" € L/D such that D* <* D' <* D, then D’ contains exactly one
element;
(iii) there exists D" € L/D such that D* <* D”;
(TR5) if D € L/D\{D.} and D contains two elements, then D satisfies conditions
(D1) and (D2).

Proof. In the forward direction this is obvious. Conversely, suppose that
L is a band with an identity e and satisfies conditions (TR1-5). For the sake of
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simplicity, we identify (L/D,<*) with (Y, <*) which has a greatest element 1. Now

let L = |J D, be the semilattice decomposition of L over rectangular bands D, for
acY
a€Y. Put 2={D,: ac€Y}and Vs ={a €Y: D, contains two elements}. Let

Dy = {e}, where e = a; = by. For any «a € Y7, we define D, = {aq,bq}. Let a € V7.
We distinguish two cases.

Case I. For all 8 € Y such that @ <* 8, Dg contains only one element. By
condition (TR5), we can choose a* € Y and 1 is interpreted as a™. Hence we obtain
the closed interval H, = [a*, 1] and there exists an element v in Y such that a* <* ~.
For any 3 € Y such that a <* 8 <* 1, let Dg = {bg}. For any v’ € Y such that
a* <* v <* a,let Dy = {a}. If Dy« contains exactly one element, then we define
Do+ = {ba+}.

Case II. There exists § € Y such that o <* 3 and Dg contains two elements.
By condition (TR5), we can choose o* and at in Y. Hence we obtain the closed
interval H, = [a*,a™] and there exist element 3,7 in Y such that 8 <* o™ and
a* <* 4. For any ' € Y such that o <* ' <* a™, let Dy = {bg'}. If Dy+
contains exactly one element, then we define D,+ = {an+}. For any 7' € Y such
that a* <* v <* o, let Dy = {a,/}. If Dy~ contains exactly one element, then we
define Dy« = {by~}.

Let o, 3 € Y7 be such that o <* 8. If |H, N Hg| > 2, then we choose a to be
~ which covers §*. Thus we obtain a family of closed intervals {H,: « € Y7} such
that for a, 8 € Y7 with o # 3, |[Hy N Hpg| < 2.

We arbitrarily choose & € Y\ |J Hjs such that o # 1. We need to consider three

dEYY
cases:

(1) We can choose o in Y\ |J Hjs. So we obtain the set Hy, = {f €Y [a*, (] C
0EY]

Y\ U Hs}. For each 8 € H,, let
dEY]

:{wﬂ if 3 # o,
PT (bs) ifB=ar

(2) We can only choose a® in Y\ |J Hs. So we obtain the set H, = {§ €
dEYL
Y: [B,at] CY\ U Hs}. For each 3 € H,, let
dEY]

{%m if 3 # o,
Dy =
{ag} i p=at.

(3) We cannot choose a™,a* in Y\ |J Hs.
dEY]
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o If there exists v € Y7 such that v <* awand [y,a] N ( J Hs) C H,, then there
0EY]

exists ¢ € H.,, such that ¢ <* v". Hence, when ( is interpreted as a*, we have

the set Hy, = {f€Y: [o*, 03] C(Y\ U Hs)U{a*,v"}}. For each 3 € H,
dEYY
such that v© <* 38, let Dg = {ag}.

o If there does not exist v € Y7 such that v <* e and [y,a]N( |J Hs) € H,, then
dEY]
by (TR4) there exists 8 € Y; such that o <* g and [o, 5] N ( U Hs) C Hg,
0EY]
thereby there exists n € Hg such that * <* n. Hence, when 7 is interpreted

as a, we have the set Hy, = {y€Y: [y,a™| C(Y\ U Hs)U{a™,B*}}. For
SEYL
each v € H, such that v <* §*, let D, = {b,}.

We repeat the above proceeding, replacing |J Hj; by corresponding subsets of Y.
d€Y:
Then we obtain a family of sets {H,: « € Ya} such that for all o, 8 € Y1 UY, with

a# B, |HyNHg| < 2. By Zorn’s Lemma, Y\ {1} C |J H,. Now we define two
acY1UY>
partial mappings ¢ and ¢ from Y to Y. Put Domp = {a € Y\ {1}: a4 € D,} and

Dom¢ ={a €Y \{1}: by € D,}. For any o € Dom ¢ there exists 3 € Y1 UY3 such
that « € Hg and a # 3*. Let

B if o # 57,
#la) = vy (y=*ph) ifa=p*t.

For any a € Dom ¢ there exists 3 € Y; U Y3 such that o € Hg and o # B1. Let

B+ if o # 6%,
pla) = . ey )
v (B* <*v) ifa=pg*.
It is easy to see that ¢ and ¢ are well defined. Let

X ={aecY: (Dg,-) is a left zero semigroup}.

It is easy to see that (Y, X;Z;¢,¢) is an YD-system. By Theorem 4.3, L =
IRLC(Y, X; 2;¢,¢) is an idempotent residuated chain. By condition (TR3) and
the definition of multiplication of IRLC(Y, X; Z; ¢, ¢), (L,-) is the monoid reduct
of IRLO(Y, X; Z; ¢, ). 0

The following result is an immediate consequence of Theorem 5.2.
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Corollary 5.3. A finite band L with an identity e is the monoid reduct of some
idempotent residuated chain if and only if L satisfies conditions (TR1-3) and the
following condition:

(FTR) there exists a € L such that ab=ba = a for allb € L.

Corollary 5.4. A semilattice L with an identity e is the monoid reduct of some
commutative idempotent residuated chain if and only if for all a,b € L, ab = a or
ab="b.

Proof. By Theorem 5.2, in the forward direction this is clear. Conversely, let
L be a semilattice with an identity e. So we have the natural ordering on (L, -) : for
all a,b € L, a < b if and only if a - b= a. For all a,b € L, we have ab = a or ab = b.
This implies that @ < b or b < a. Thus (L, <) is a chain and by Exercise 4.7.18
of [7], (L,<,") is a partially ordered band with an identity e. We define a division

e ifa<b,
a\b=
b if b<a.
It is easy to see that (L, A, V, -\, /, e) is a commutative idempotent residuated chain.
U

operation \ on L as follows:

The remainder of this section is devoted to describing idempotent residuated
chains.

Proposition 5.5. Let L = (L,A,V,-,e) be a structure such that (L,A,V) is a
chain and (L, -, e) is a band with an identity e. Then L is a lattice-ordered monoid
if and only if L satisfies the following conditions:

(LO1) ifa,b > e, then ab=a V b;

(LO2) ifa,b < e, then ab = a A b;

(LO3) ifa < e < b, then (1) either ab = a or ab =1, (2) either ba = a or ba = b.

Proof. By Lemma 2.6, it is easy to see that if L is a lattice-ordered monoid,
then L satisfies (LO1-3).

Conversely, suppose that L satisfies (LO1-3). Let a,b € L and a < b. We need to
prove that ac < bc and ca < ¢b for every ¢ € L. We consider three cases:

() a,b>e Ifc>e, thenac=ca=aVcandbc=cb=>bVe. Sincea <b<bVe
and ¢ < bV e, we have a Ve < bV e This implies ac < be and ca < ¢b. If ¢ < e,
then ac € {a,c} and bc € {b,c}. Hence the only bad situation is ac = a and be = c.
We prove that it is actually impossible. Suppose that ac = a and bc = ¢. Then
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D, <* D. <* Dy and a # b. Since aba = aV b = b, we have D, <* D,. It is a
contradiction. This implies ac < be. Similarly, we can prove that ca < cb.

(2) a,b < e. By a similar argument to (1), ac < bc and ca < cb.

(B3)a<e<b Ifc<e, then ac = ca = a A c and be,cb € {b,c}. Hence ac < be
and ca < ¢b. If ¢ > e, then ac,ca € {a,c} and bc = ¢b = bV c¢. Hence ac < be and
ca < cb. O

Corollary 5.6 [1]. Let L = (L,A,V,-,e) be a structure such that (L,A,V) is a
chain and (L,-,e) is a semilattice with an identity e. Then L is a lattice-ordered
monoid if and only if L satisfies (LO1), (LO2) and (LO3).

By Proposition 3.4 and the proof of Theorem 4.6, the next fact is straightforward:

Proposition 5.7. Let L = (L,A,V,-,e) be a lattice-ordered monoid such
that (L,A,V) is a chain and (L,-,e) is a band with an identity e. Then L =
(L,A,V, -\, /,e) is a residuated lattice for some \ and / if and only if L satisfies the
following conditions:

(1) ifa € L and a > e, then there exists an element b < e in L with D, <* D,
satistying condition (RC);

(2) if b € L and b < e, then there exists an element a > e in L with D, <* D,
satisfying condition (RC').

Corollary 5.8. Let L = (L,A,V,-,e) be a finite lattice-ordered monoid such
that (L,A,V) is a chain and (L,-,e) is a band with an identity e. Then L =
(L,A,V, 4\, /,€e) is a residuated lattice for some \ and / if and only if L satisfies
the following condition:

(FBR) if L is the least element of L, then La=al = 1 for alla € L.

Corollary 5.9. Let L = (L,A,V,-,e) be a lattice-ordered monoid such that
(L,A,V) is a chain and (L,-,e) is a semilattice with an identity e. Then L =
(L,A,V, -, \,e) Is a residuated lattice for some \ if and only if L satisfies the fol-
lowing conditions:

(1) ifa € L and a > e, then there exists an element b < e in L with D, <* D,
satistfying condition (RC);

(2) if b € L and b < e, then there exists an element a > e in L with D, <* D,
satisfying condition (RC').
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Corollary 5.10 [1]. Let L = (L,A,V,-,e) be a finite lattice-ordered monoid
such that (L,A,V) is a chain and (L, -, e) is a semilattice with an identity e. Then
L=(L,A,V,-\,e) is a residuated lattice for some \ if and only if L satisfies (FBR).

6. SUBDIRECTLY IRREDUCIBLE IDEMPOTENT RESIDUATED CHAINS

The main aim of this section is to characterize subdirectly irreducible, simple and

strictly simple idempotent residuated chains.
We have the following residuated lattice terms: I(z) = z\e,r(z) = e/x. Moreover,

we consider binary relations defined by

By the structure of idempotent residuated chains we have the following crucial

lemma:

Lemma 6.1. Let L = TRLC(Y, X; 2;p,$) be an idempotent residuated chain.
Let v € Y be such that D, contains two elements.
(1) If (Da,-) is a left zero semigroup, then

bo(a) T o = ba = Gg(a)-

(2) If (Dy, -) is a right zero semigroup, then

b<p(a) L QAo = bo( —l> a¢(a).

Proof. This is easy. O
Let Cy be the two-element idempotent residuated chain, Co = {1, T}, T = e.
Let C3 be the three-element idempotent residuated chain, C5 = {L1l,e, T}, L <

e < T. Note that C5 is the only two-element idempotent residuated chain. The next
proposition gives some characterizations of convex normal subalgebras of idempotent

residuated chains.
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Proposition 6.2. Let L = IRLC(Y, X; Z;¢,¢) be an idempotent residuated
chain.
(1) Let € Y\ {1} and a € D,. Then
(i) p(a) <" d(p(a)); B
(i1) if |Dyey| = [Dg(p(ay| = 1, then Aa = {by(a), €, @p(p(a)} = Cs;
(iii) Ao = [by(a), @e(p(a))] is @ convex normal subalgebra of L if and only if
|Dy(ay] = 1.
(2) Let b, € D,. Then
(i) if (@) # 1, then p(¢(a)) <* ¢(a); B
(ii) if ¢(a) # 1 and |D¢(a)| = |D¢(¢(a))| =1, then B, = {b@(¢(a)),e,a¢(a)} =
Cs;
iii) if () =1 and |D,| =1, then]’BZ: ba,e} = Csy;
(iii) ;
(iv) Ba = [ba; g(a)] is a convex normal subalgebra of L if and only if | D, | = 1.

Proof. (1) Suppose that there exists 8 € Y such that p(a) <* § <* ¢(¢(a)).
By (YD4'), Dg contains exactly bz. Since p(a) <* § <* a, Dg contains exactly
ag. It is a contradiction. That is, (i) holds. Let |Dy)| = [Dg(p(a))| = 1. Then
by Lemma 6.1 and (i), bom)\e = €/bp(a) = bp(a)\Up(p(a) = Ao(p(@)/Op(a) =
p(p(a))/ Qo(p(a)) = A(o(a)) \As(p(@) = Dp@)/bo(a) = bo(a)\bo(a) = Go(p(a)) and
g (p(c)) \& = €/ Ap(p(a)) = bi(a)- It is easy to see that by (a)@p(p(a)) = Go(p(a)De(a) =
bya). Hence Ay = {by(a),€ ag(p(a))} = Cs. This proves (ii). Assume that
1D (a)]
[bo(a)s o(p(a))] and v € L, we have {zy,yz,x Ay,x Vy,2\y,y\z,2/y,y/z, 0u(x),
Au(), ku(2,9)} C [by(a), Gp(p(a)]- Hence A, is a convex normal subalgebra of L.

= 1. By the proof of Theorem 4.6 and Lemma 6.1, for all z,y €

Conversely, let A, = [by(a); Gg(p(a))] be a convex normal subalgebra of L. Suppose
that |Dy(q)| = 2. By Lemma 6.1, by(,(a)) € cn(by(a)) € Ay. But by hypothesis,
by(p(a)) & Aa, it’s a contradiction. This shows (iii).

(2) is established similarly. O

We are now ready to give some characterizations of subdirectly irreducible idem-
potent residuated chains.

Theorem 6.3. Let L = IRLC(Y, X; Z; ¢, ¢) be a nontrivial idempotent residu-
ated chain. Then the following statements are equivalent:
(1) L is subdirectly irreducible;
(2) L satisfies one of the following conditions:
(SI1) there exists o € Y such that o <* 1;
(SI2) there exists @ € Y \ {1} such that for all 3 € Y \ {1} with a <* (3, either
Dg ={ag} or Dg = {ag,bg} and {v € [a, B]: |D,| = 2} is a finite set;
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(3) there exists uw € L such that u < e and for all v € L\ {u} with uv = vu = u,
either v > e or v < e,|D,| = 2 and [u,v] is a finite set.

Proof. (1) = (2) Suppose that L is subdirectly irreducible, and L does not
satisfy conditions (SI1) and (SI2). By Theorem 2.4, there exists a convex normal
subalgebra S of L such that S is the minimum convex normal subalgebra in CN (L) —
{e}. We choose b, € S\ {e}. Suppose that there exists § € Y \ {1} with o <*
such that Dg contains exactly bz. By Proposition 6.2(2) and Theorem 2.5, cn(bg) =
Bg = [bg, a4(3)] € S. Since by ¢ [bg,ag3)] and Bg is a convex normal subalgebra
of L, it is a contradiction. Suppose that there exists 8 € Y \ {1} with a <* § such
that |Dg| = 2 and {v € [, f]: |D4| = 2} is infinite set. Then since cn(bg) = S, by
Theorem 2.5 and Lemma 6.1 there is a sequence of transitions

bg=21— 22— ... = 2 = bq,

where the relation — is defined above. Hence |[{y € [, ] |Dy| =2} < n. Itisa
contradiction.

(2) = (1) If L satisfies (SI1), then there exists a € Y such that & <* 1. Let s € D,,.
By Lemma 6.1 and Proposition 6.2 it is easy to see that cn(s) is the minimum convex
normal subalgebra in CN(L) — {e}. Hence L is subdirectly irreducible. Suppose
that L satisfies (SI2). We arbitrarily choose § in Y \ {1} such that o <* 3. If
Dg = {ag, bg}, then since {vy € [a, 5]: |Dy| = 2} is a finite set, Lemma 6.1implies
that for all € [bg,ag] and x # e there is a sequence of transitions

T=21 = 2 — ... — 2z = bg,

where the relation — is defined above. So bg € en(z). Hence cn(bg) is the minimum
convex normal subalgebra in CN(L) — {e}. This implies that L is subdirectly irre-
ducible. If Dg = {ag}, then, by similar arguments to the above b,(3) € cn(z) for all
r € [by(p),ap] and x # e. Since ag € cn(by(g)), we have ag € cn(x). Hence cn(ap)
is the minimum convex normal subalgebra in CN(L) — {e}. This shows that L is
subdirectly irreducible.

(2) = (3) Suppose that L satisfies (SI1). Then there exists o € Y such that
o <* 1. Suppose that D, contains b,. Let u = b,. If v € Dg such that u # v and
wv = vu = u, then u <, v. So D, <* D, by Proposition 3.2. Hence a <* 3. Thus
B =1 and v = e. Suppose that Dy = {aa}. Let u = by(,). If v € Dy such that
u # v and wv = vu = u, then u <, v. So by Proposition 3.2, D, <* D,. Hence
p(a) <* 8 < 1. Thus v > e. Assume L satisfies (SI2). Then there exists a« € Y \ {1}
such that for all 8 € Y \ {1} with o <* 3, either Dg = {ag} or Dg = {ag,bg} and
{y € [a,8]: |D,| = 2} is a finite set. Suppose that D, contains b,. Let u = by. If
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v € Dg such that u # v and wv = vu = u, then u <, v. So by Proposition 3.2,
D, <* D, and o <* . Thus either v > e or v < e, |D,| = |Dg/| =2 and [u,v] is a
finite set. Suppose that D, = {aq}. Let u = by(,). If v € Dy such that u # v and
uv = vu = u, then u <, v. So by Proposition 3.2, D,, <* D,, and p(«) <* /. Thus
either v > e or v <e, |Dy| = |Dg/| = 2 and [u,v] is a finite set.

(3) = (2) Suppose that v € L such that v < e and for all v € L\ {u} with
uv = vu = u, either v > e or v < e,|D,| = 2 and [u, v] is a finite set. Assume L does
not satisfy (SI1). Then there exists v € L\{e} such that D, <* D,. Let D, = D,.
Thus for all 8 € Y \ {1} with o <* (3, either Dg = {ag} or Dg = {ag,bg} and
{7 € [a, 8]: |D,| =2} is a finite set. O

As a consequence of Theorem 6.3, we have:

Corollary 6.4. IfL is a finite idempotent residuated chain, then L is subdirectly
irreducible.

By Theorem 6.3 and Corollary 2.3 of [1] we have:

Corollary 6.5. Let L=TRLC(Y, X; Z;¢,®) be a nontrivial commutative idem-
potent residuated chain. Then the following statements are equivalent:
(1) L is subdirectly irreducible;
(2) L satisfies (SI1) or the following condition:
(SIC) there exists o € Y \ {1} such that for all § € Y \ {1} with o <* [,
Dp ={ag};
(3) There exists a € L\ {e} such that for all b € L\ {a} such that ab=a, b > ¢;
(4) e is completely join-irreducible.

By the proof of Theorem 6.3 we can similarly obtain some characterizations of
simple idempotent residuated chain.

Theorem 6.6. Let L = IRLC(Y, X; Z;¢,$) be a nontrivial idempotent residu-
ated chain. Then the following statements are equivalent:

(1) L is simple;

(2) for any a € Y \ {1} such that « is not the least element of Y, either D, = {aq}
or Do = {aa,ba} and for f € Y\ {1} with a <* 3, {y € [0, 0]: |Dy| =2} isa
finite set;

(3) for each u € L such that u is not the least element of L, either u > e or u < e,
|D,| =2 and for v € L with u < v < e, [u,v] is a finite set.

This implies the next fact
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Corollary 6.7. Let L =IRLC(Y, X; Z;¢, ¢) be a nontrivial commutative idem-
potent residuated chain. Then the following statements are equivalent:
(1) L is simple;
(2) Y has a least element 8 and for any o € Y \ {1, 8}, Do = {aa};
(3) there exists a unique element b € L such that b < e.

Example 6.8. Let Y = {0,1,2,3,4, }U{T} where 0 <* 1 <*2 <* 3 <*4 <* T;
see Figure 2(1). Let X = {0,1,3,4} C Y. Let A = {bo,b1,b2,a2,as3,a4,€e}; see
Figure 2(2). We define an order relation on A by as > a3z > aq4 > e > ba > by > bo;
see Figure 2(3). We can define a multiplication operation and two division operations
on A described in Section 4. Then by Theorem 4.3, A is an idempotent residuated
chain and by Theorem 6.3, A is subdirectly irreducible. Note by Theorem 6.6, A is

not simple.

a

® (19 ag

e (3 as

® (g aq

T € . T € e
4 ay 4 — Gy
3 as 3 y— a3

2 b as o by 2 bo—4— a2 bo

1 bt o by 1 br—s— a1 by

0 b e b 0 bo— bo

(1) (2) 3 @ (2) 3)
Figure 2 Figure 3

A nontrivial algebra L is called strictly simple, if it lacks nontrivial proper subalge-
bras and congruences. By Theorem 2.4 the absence of nontrivial proper subalgebras
in a residuated lattice is enough to establish strict simplicity.

Example 6.9. Let Y = {0,1,2,3,4} U {T} where 0 <* 1 <* 2 <* 3 <* 4 <* T;
see Figure 3(1). Let X = {0,1,3,4} C Y. Let B = {bo,b1,a1,b2,a2,as,a4,€};
see Figure 3(2). We define an order relation on B by a1 > a2 > a3 > a4 > e >
by > by > bg; see Figure 3(3). We can define a multiplication operation and two
division operations on B described in Section 4. Then by Theorem 4.3, B is an
idempotent residuated chain and by Theorem 6.6, B is simple. It is easy to see that
C = {bo, b1, a1,bs, as,as, e} is a subalgebra of B. Hence B is not strictly simple.

We now describe some characterizations of strictly simple idempotent residuated

chains.
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Theorem 6.10. Let L = IRLC(Y, X; Z; p, ¢) be a nontrivial idempotent resid-
uated chain. Then the following statements are equivalent:
(1) L is strictly simple;
(2) L satisfies one of the following conditions:

(ST1) if Y has not a least element and Y \ {1} has not a greatest element, then
for all a € Y\ {1}, |Do| =2 and for o/ € Y \ {1} with a <* o/, [a,&/] is a
finite set;

(ST2) if Y has not a least element and Y \ {1} has a greatest element -y, then D,
contains a and for all « € Y \ {1,~}, |[Do| =2 and for o € Y \ {1} with
a <* o, [o,d] is a finite set;

(ST3) if Y has a least element 3 and Y \ {1} has not a greatest element, then for
alla e Y\ {1,8}, |Do| =2 and for o € Y \ {1} with o <* o, [a, '] is a
finite set;

(ST4) if Y has a least element § and Y \ {1} has a greatest element ~, then for
v # B, D, contains ay and for any a € Y \ {1,7,8}, |Da| = 2 and for
o e Y\ {1} with o <* &/, [a, @] is a finite set;

(3) for u,v € L with u < v < e, [u,v] is a finite set and for each a € L such that
a is not the least element of L, either |D,| = 2 or a > e and for all b € L\{e},
ab="ba = 0.

Proof. (1)= (2) Let L be strictly simple. We consider four cases:
(a) Y has not a least element and Y \ {1} has not a greatest element. Suppose
that there exists a € Y \ {1}, |Dqo| = 1.
e If D, contains b, then by Theorem 6.6, L is not simple. It is a contradiction.
e Suppose that D, contains a,. We denote the subalgebra generated by a, by
A. By the proof of Theorem 4.6 and Lemma 6.1, for all z € A, x < by(q) OF
T > a,. It is a contradiction.

Thus L satisfies (ST1).

(b) Y has not a least element and Y\ {1} has a greatest element v. We need to show
that D., contains a,. Suppose that D, contains exactly b,. By Proposition 6.2(2),
],3; = {by,e} = C,. It is a contradiction. Hence L satisfies (ST2).

(¢) Y has a least element 3 and Y \ {1} has not a greatest element. By a similar
argument to (a), condition (ST3) holds in L.

(d) Y has a least element § and Y \ {1} has a greatest element v. By a similar
argument to (b), condition (ST4) holds in L.

(2) = (1) It follows from Theorem 6.6 and Lemma 6.1.

(2) & (3) This is clear. O
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Corollary 6.11. If L = IRLC(Y, X; Z; ¢, ¢) is an idempotent residuated chain
and strictly simple, then |L| < w.

Proof. Suppose that L is an idempotent residuated chain and strictly simple.
If Y has not a least element, then by Theorem 6.10 and Proposition 6.2, for each
a € Y\ {1}, there exist §,7 € Y such that § <* a <* v. Hence |Y| < w. Thus
|L| < w. If Y has a least element (3, then by a similar argument to the above, |Y| < w
and so |L| < w. O

As a consequence of Theorem 6.10, we have:

Corollary 6.12. Let L = IRLC(Y, X; Z; ¢, ¢) be a nontrivial commutative idem-
potent residuated chain. Then L is strictly simple if and only if L 2 Cy or L = Cs.

Example 6.13. Let Y = ZU{T} , S C Z. We define an order relation <* on
Y by: for all i,5 € Z, i <* j is the same as on Z for the usual order; for all ¢ € Z,
i <* T; see Figure 4(1). Let Ng = {a;: i € Y\ {T}}U{bi: i € Y\{T}} U{e};
see Figure 4(2). We define an order relation < on Ng by b; < b; < e < ar < a,
for all 4,4, k,l € 7Z such that i <* j and k* > [; see Figure 4(3). We can define a
multiplication operation and two division operations on Ng described in Section 4.
Then by Theorem 4.3, Ng is an idempotent residuated chain. By Theorem 6.10, N g
is strictly simple.

a_1

l . | o

ai a2

o | e e e C o [ L] e C

. 1 bl—:— aq ‘ b1 ‘ 2 b2 ‘ ‘ bg

0 bo—-— ap [ b() [ 1 bl }al [ b1

-1 b,1—<— a_q b,1 0 bo bo

(1) (2) 3 @ (2) (3)
Figure 4 Figure 5

Example 6.14. Let Y = NU{T}, 7' C N. We define an order relation <* on Y by:
foralli,j € N, 7 <* jis the same as on N for the usual order; for all i € N, i <* T; see
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Figure 5(1). Let Np ={a;: i € Y\{T,0}}U{b;: i € Y\{T}}U{e}; see Figure 5(2).
We define an order relation < on N7 by bg < b; < b; < e < ap < a; < aq, for all
i,7,k,1 € N such that 0 <* ¢ <* j and k* > [* > 1; see Figure 5(3). We can define a
multiplication operation and two division operations on Np described in Section 4.
Then by Theorem 4.3, N7 is an idempotent residuated chain. By Theorem 6.10, N
is strictly simple.

Example 6.15. Let Y = Z- U{T}, X CZ ", Nx ={a;: i € Y\ {T}} U {b;:
i € Y\ {T}}U({e}. We define an order relation <* on Y by: for all 4,j € 7,
i <* j is the same as on Z~ for the usual order; for all i € 77, i <* T. We
define an order relation < on Nx by b; < b; < b_1 < e < a_1 < ap < ai, for all
i,7,k,1 € Z~ such that i <* j <* —1 and —1* > k* > [; see Figure 6. We can define
a multiplication operation and two division operations on Nx described in Section
4. Then by Theorem 4.3, N x is an idempotent residuated chain. Let ﬁ; ={a;: i €
Y\{T}HU{bi: i e Y\ {-1,T}}U{e}. We define an order relation < on Nx by
bi <bj <b_og<e<a_1 <ap<ay,forallijk,l € Z suchthat i <*j <* -2
and —1* > k* > [; see Figure 7. We can define a multiplication operation and two
division operations on ﬁ; described in Section 4. Then by Theorem 4.3, N; is an
idempotent residuated chain. By Theorem 6.10, N x and N\;( are strictly simple.

. a1 N ai
. . ¢ a1 . 1
‘ a_o . a_9o Qp, Qp
a_1 a_1 e e
e e by,
b_1 bn—l bn—l
by by . .
. . . b ¢ by
. . I bo I bo
Figure 6 Figure 7 Figure 8 Figure 9

Example 6.16. Let Y = {0,1,...,n} U{T}, M C {0,1,...,n}, npy = {a;:
i € Y\{T,0}}U{bi: i € Y\{T}}U{e}. We define an order relation <* on
Y by: for all i,5 € {0,1,...,n}, ¢ <* j is the same as on N for the usual order;
for all ¢ € {0,1,...,n}, i <* T. We define an order relation < on njs by by <
by < bj <b, <e <ay, < ap < a < ay, forall 4,5,k,1 € {0,1,...,n} such
that 0 <* ¢ <* j < nand n* > k* > [* > 1; see Figure 8. We can define a
multiplication operation and two division operations on n,; described in Section 4.
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Then by Theorem 4.3, n); is an idempotent residuated chain. Let ny = {a;: @ €
YA\{T,0}}u{b;: i e Y\ {T,n}} U{e}. We define an order relation < on nys by
bo < b <bj<by_1 <e=<ay, <ar <a <ay, forall 4,5,k 1 € {0,1,...,n} such
that 0 <* i <* j <" n—1and n* > k* > [* > 1; see Figure 9. We can define a
multiplication operation and two division operations on ny; described in Section 4.
Then by Theorem 4.3, nj; is an idempotent residuated chain. By Theorem 6.10, ny,
and ny; are strictly simple.

Let K = {Ng: S C Z}U{Ny: TCN}U{Nx: X CZ }{Nx: X C Z }U{ny:
neN,MC{0,1,...,n}}U{npy: n e NyM C {0,1,...,n}}. We may prove the
following characterization of strictly simple idempotent residuated chains by using
Theorem 6.10.

Theorem 6.17. Let L = IRLC(Y, X; Z; p, ¢) be a nontrivial idempotent resid-
uated chain. Then L is strictly simple if and only if L € I(K).

Proof. Let L =TRLC(Y,X;2;p,¢) be strictly simple. Then by Theorem 6.10
and Lemma 6.1, for all a,b € L\ {e}, (a,b) is in the transitive closure of the relation
— defined above. Suppose that a € Dy, b € Dg. Then the closed interval [o, 5] of Y
is a finite set. By Theorem 6.10, we need to consider four cases:

(a) If Y has not a least element and Y \ {1} has not a greatest element, then by
the proof of Corollary 6.11,Y = ZU{T}. Hence L € I({Ng: S C Z}).

(b) If Y has not a least element and Y\ {1} has a greatest element, then by the proof
of Corollary 6.11, Y = 7~ U{T}. Hence Le I({Nx: X C7Z }U {N; XC7Z}.

(c¢) If Y has a least element and Y \ {1} has not a greatest element, then by the
proof of Corollary 6.11, Y =N U{T}. Hence L € I({{Ny: T'C N}).

(d) If Y has a least element and Y \ {1} has a greatest element, then by the proof
of Corollary 6.11, Y = {0,1,...,n} U{T} where n € N. Hence L € I({ny: n €
N,M C{0,1,...,n}}U{np: neN,M C{0,1,...,n}}).

Thus L € I(K).

Conversely, it’s easy to see that if L € I(K), then L is strictly simple. O
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