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Abstract

In this paper we define the reticulation of a residuated lattice, prove
that it has “good properties®, present two constructions for it, prove its
uniqueness up to an isomorphism, define the reticulation functor and give
several examples of finite residuated lattices and their reticulations.
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1 Introduction

The reticulation of an algebra A is, basicly, a pair (L(A),A) consisting of
a bounded distributive lattice L(A) and a surjection A : A — L(A) so that the
function given by the inverse image of A induces (by restriction) a homeomorphism
of topological spaces between the prime spectrum of L(A) and that of A. This
construction allows many properties to be transferred between L(A) and A.

The reticulation was first defined for commutative rings by Simmons ([14]) and
it was extended by Belluce to non-commutative rings ([3]). As for the algebras
of fuzzy logics, Belluce also constructed the reticulation of an MV-algebra ([2]),
G. Georgescu defined the reticulation of a quantale ([6]) and L. Leugtean made
this construction for BL-algebras ([11], [12]).

In the following we will define the reticulation of a residuated lattice, prove
several properties of it and conclude by giving examples of reticulations of resid-
uated lattices.

The present paper contains the following original results: an axiomatic purely
algebraic definition of the reticulation (given by conditions 1)-5) of Section 3),
in contrast with previous work, in which the reticulation was defined by its con-
struction; the proof of the existence of the reticulation, accomplished through two
constructions of the reticulation: one based on a certain congruence relation and
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one involving principal filters; the uniqueness of the reticulation, which is implied
by its axiomatic definition; several examples of construction of the reticulation of
a residuated lattice.

The main results of this paper are: Theorem 3.1 (which proves that the ax-
iomatic algebraic definition of the reticulation that we give is in accordance with
the general notion of reticulation), Theorem 4.1 (the first construction of the
reticulation), Theorem 4.2 (the second construction of the reticulation), Theo-
rem 4.3 (uniqueness of the reticulation) and Proposition 4.5 (which proves that
the definition of the reticulation functor is correct).

2 Preliminaries

In this section we recall several basic notions from the theory of lattices and
residuated lattices: filters, morphisms, the Stone topology (see also [7], [15], [13]).
We are following the terminology of [15].

Definition 2.1. A (commutative) residuated lattice is an algebraic structure
(A, V,A,®,—,0,1), with the first 4 operations binary and the last two constants,
so that (A,V,A,0,1) is a bounded lattice, (A,®,1) is a commutative monoid
and the following property, called residuation, is satisfied: for all a,b,c € A,
a<b—ceadb<c where < is the partial order of the lattice (A,V,A,0,1)
(for each z,y € A, z <y iffe =z ANy iffy=zVy)

The proof of the following remark can be found in [10], [7], [13], [15].

Remark 2.1. Let A be a residuated lattice and a,b,c,d € A. Then:
(i) ifa<b, thena®c<bOc;

(i) if a < b and c < d, then a © ¢ < b® d;

(iii) a ®b < a Ab;

(iv) a® (bVe)=(a®b)V(a®c).

Notation 2.1. Let A be a residuated lattice and a € A. We shall denote by a™
the following element of A: a ® ... ® a.
————

n of a

Definition 2.2. Let A be a residuated lattice. A nonempty subset F' of A is
called a filter of A iff it satisfies the following conditions:
(i) Vz,y € Flz ©y € F;
(ii) (Vx € F)(Vy€ A) ifx <y theny € F.
The set of all filters of A is denoted F(A).
A filter F' of A is said to be proper iff ' £ A.

Definition 2.3. Let A be a residuated lattice. A filter P of A is called a prime
filter iff P # A and, for all x,y € A, if xVy € P, thenx € P ory € P. The
set of all prime filters of A is called the (prime) spectrum of A and is denoted
Spec(A).
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Notation 2.2. Let A be a residuated lattice. For any X C A, we shall denote
D(X) = {P € Spec(A)|X ZP}. For any a € A, D({a}) will be denoted D(a).

Definition 2.4. For any residuated lattice A, the family {D(X)|X C A} is a
topology on Spec(A), called the Stone topology.

Proposition 2.1. Let A be a residuated lattice. Then the family {D(a)|la € A}
is a basis for the Stone topology.

The proof of the previous proposition can be found in [11], [12], where it is
proven for BL-algebras; the proof is valid also for residuated lattices.

Definition 2.5. Let A be a residuated lattice. A filter M of A is called a maximal
filter iff it is a maximal element of the set of all proper filters of A. The set of all
mazimal filters of A is called the maximal spectrum of A and is denoted Max(A).

Notation 2.3. Let A be a residuated lattice. For any X C A, we shall denote
Dyax(X) = {P € Max(A)|X {P}. For any a € A, Dyvax({a}) will be denoted
DMax(a)'

It is a known fact that any maximal filter of a residuated lattice is a prime
filter. Therefore, if A is a residuated lattice, then the following family of filters
is a topology on Max(A): {Dmax(X)|X C A}; this is the topology induced on
Max(A) by the Stone topology. The proposition below follows.

Proposition 2.2. Let A be a residuated lattice. Then the family {Dyiax(a)]
a € A} is a basis for the topology induced on Max(A) by the Stone topology.

The following theorem is well-known (its proof can be found, for example, in
[13]).

Theorem 2.1 (the prime filter theorem). Let A be a residuated lattice, F be a
filter of A and a € A\ F. Then there exists a prime filter of A that includes F
and does not contain a.

An easy to prove corollary of the prime filter theorem (Theorem 2.1) is the
following.

Corollary 2.1. Any filter of a residuated lattice is equal to the intersection of
the prime filters that include it.

It is obvious by the definition of a filter that the intersection of an arbitrary
family of filters of a residuated lattice is a filter. This ensures us of the correctness
of the following definition.

Definition 2.6. Let A be a residuated lattice, X C A and a € A. The least filter
of A that includes X (that is: the intersection of all filters of A that include X )
is called the filter of A generated by X and is denoted by < X >. The filter of
A generated by {a} is denoted by < a > and is called the principal filter of A
generated by a.



50 Claudia Muresan

Lemma 2.1. Let A be a residuated lattice and a € A. Then < a >= {b €
A|(3n € IN")a™ < b}.

Proof: Let F'={b € A|(In € IN*)a" < b}. From Definition 2.6, we deduce that
< a >C F. Therefore it is sufficient to prove that F' is a filter. Let b,c € F.
So (In,m € IN*)a™ < b and a™ < c¢. By Remark 2.1, (ii), this implies that
a"tm <b®ec. Sob®ce F. Let be F (so (In € IN*)a" < b) and ¢ € A so that
b <ec. Then a™ < ¢, so c € F. Hence F is a filter of A. O

Definition 2.7. Let A and B be two residuated lattices. A function h: A — B
is called a morphism of residuated lattices iff it is a morphism of bounded lattices
and a morphism of monoids and it satisfies: (Va,b € A)h(a — b) = h(a) — h(b).

Definition 2.8. Let L be a lattice. A nonempty subset F' of L is called a (lattice)
filter of L iff it satisfies the following conditions:
(i) Vx,y € F)x Ay € F;
(ii) Yz € F)(Vye€ L) ifc <y theny € F.
The set of all filters of L is denoted F(L).
A lattice filter F' of L is said to be proper iff F # L.

Definition 2.9. Let L be a lattice. A lattice filter P of L is called a prime lattice
filter iff P # L and, for allx,y € L, ifxVy € P, then x € P ory € P. The set
of all prime lattice filters of L is called the (prime) spectrum of L and is denoted

Spec(L).
Notation 2.4. Let L be a lattice. For any X C L, we shall denote D(X) =
{P € Spec(L)|X € P}. For any a € L, D({a}) will be denoted D(a).

Definition 2.10. For any lattice L, the family {D(X)|X C L} is a topology on
Spec(L), called the Stone topology.

Proposition 2.3. Let L be a lattice. Then the family {D(1)|l € L} is a basis for
the Stone topology.

Proof: Analogous to the corresponding proof for residuated lattices. 0

Definition 2.11. Let L be a lattice. A lattice filter M of L is called a maximal
lattice filter iff it is a mazxzimal element of the set of all proper lattice filters of
L. The set of all mazimal lattice filters of L is called the maximal spectrum of
L and is denoted Max(L).

Notation 2.5. Let L be a lattice. For any X C L, we shall denote Dyrax(X) =
{P € Max(L)|X € P}. For anyl € L, Dyax({l}) will be denoted Dypax(1).
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It is a known fact from lattice theory that any maximal (lattice) filter of a
distributive lattice is prime. Therefore, if L is a distributive lattice, then the
following family of lattice filters is a topology on Max(L): {Dnax(X)|X C L};
this is the topology induced on Max(L) by the Stone topology. The proposition
below follows.

Proposition 2.4. Let L be a distributive lattice. Then the family {Dyrax(1)]
1 € L} is a basis for the topology induced on Max(L) by the Stone topology.

3 An axiomatic algebraic definition of the reticulation

In this section we give a definition of the reticulation of a residuated lattice
and we prove that any object that satisfies this definition has “good properties“ of
similarity between its structure and that of the residuated lattice it is associated
with.

Notation 3.1. For any function f : X — Y, we shall denote by f*: P(Y) —
P(X) the function given by its inverse image: (VM € P(Y))f*(M) = f~1(M).

The proof of the following remark is easy to obtain.
Remark 3.1. For any function f: X — Y, f is surjective iff f* is injective.

Until specified otherwise, A will be a residuated lattice, L a bounded distribu-
tive lattice and A : A — L a function with the following properties:
1) (Va,b € A)A(a @ b) = A(a) A A(b);
2) (Va,b € A)X(a V b) = A(a) V A\(b);
3) M0) =0; AM(1) =1.

Lemma 3.1. A function A that verifies conditions 1)-3) also satisfies:
a) X\ is order-preserving;

b) (Va,b € A)X(a Ab) = A(a) A X(D);

¢) (Va € A)(Vn € N*)A(a™) = A(a).

Proof: a) Let a,b € Asothat a <b. < b=aVb= Ab) = A\ aVb), so, applying
condition 2), A(b) = A(a) V A(b) & A(a) < A(b).

b) Let a,b € A. From Remark 2.1, (iii), we have a © b < a A'b. Using a)
we get AMa ®b) < Aa AD), and using 1) we get A(a) A A(D) < A(a Ab). But
aAb < aand a Ab < b, so, by a), A(a Ab) < Ala) and A(a A b) < A(D),
therefore A(a A b) < A(a) A A(b). This and the converse inequality above give
Aa A b) = A(a) A (D).

c)Foralla€ Aand n € N*, A(a") =AMa®...0a) = Aa) A...AXa) = A a).
We applied condition 1). 0

Let us add the following condition on A:
4) M\ is surjective.
This condition implies that A* is injective, as shown by Remark 3.1.
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Remark 3.2. Condition 4) is independent of conditions 1)-3).

Proof. Let A =1{0,a,b,c,1} be the residuated lattice given by:

1
c
a b

0
— 10 a b ¢ 1
01 1 1 1 1
al|lb 1 b 1 1
bla a 1 1 1
c |0 a b 1 1
110 a b ¢ 1

and @ = A (see [8]).

Let L = {0,,y,1} be the linearly ordered bounded distributive lattice given
by: 0 <z <y<land A: A— L, defined by: A(0) = A(a) =0, A(b) = A\(c¢) = =,
A1) =1.

A simple verification shows that A satisfies conditions 1) and 2) and one can
see it also satisfies condition 3), but it does not satisfy condition 4). O

Proposition 3.1. For each F € F(L), we have \*(F) € F(A).

Proof: Let FF € F(L). Then F is nonempty, so, by condition 4), A*(F) is
nonempty. Let a,b € \*(F) = A™1(F). & X(a),\(b) € F. Since F is a lattice
filter of L, we get A(a) AA(D) € F,s0, by 1), M(a®b) € F < a®be N (F). Let
a € XN(F) (& Ma) € F) and b € A so that a < b. a) gives A(a) < A(b). But
Ma) € F and F is a filter of L, so A(b) € F < b € A*(F). So \*(F) is a filter of
A. 0

Proposition 3.2. For each P € Spec(L), we have \*(P) € Spec(A).

Proof: By Proposition 3.1, \*(P) is a filter of A. The injectivity of A* and
the fact that P # L imply \*(P) # A, because, if \*(P) = A then, since
A*(L) = A, we have P = L, which is a contradiction. Let a,b € A so that
aVbeN(P). & AMaVb) € P. By 2) we get A(a) V A(b) € P, so, since P is a
prime lattice filter of L, we have: A(a) € P or A(b) € P, which is equivalent to
a € \*(P) or b € \*(P). Hence A*(P) is a prime filter of A. O
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According to the previous proposition, we may consider the following restric-
tion of A*: A\* : Spec(L) — Spec(A4).

Let us add the following condition on A:
5) for all a,b € A, A(a) < A(b) iff (In € IN")a™ < b.

Remark 3.3. Condition 5) is independent of conditions 1)-4).

Proof: Let A be the residuated lattice from the proof of Remark 3.2.

Let L = {0,z,1} be the linearly ordered bounded distributive lattice given
by: 0 <z < 1land A: A — L, defined by: A(0) = A(a) =0, A(b) = A(¢) =
A(l) =1.

A simple verification shows that A satisfies conditions 1) and 2) and one can
see it also satisfies conditions 3) and 4).

Let us notice that, since ® = A, for any n € IN*, a™ = a. We have: \(a) =
0 <= A(b), but a £ b. So A does not satisfy condition 5). O

Lemma 3.2. Let F € F(A) and a,b € A so that A(a) = A\(b). Then: a € F &
beF.

Proof: Assume a € F. )\( ) = A(b) = Aa) < A(D) & (F)n € N )a™ < b. We
used 5). But a € F = a™ € F, s0o b € F. Using A(b) < A(a), one gets the proof
of the converse implication. D

We could have proven Lemma 3.2 by using the following lemma.

Lemma 3.3. For all a,b € A, Ma) = A(b) iff <a>=<b>.

Proof: Let a,b € A. A(a) = A(b) iff A(a) < A(b) and A(b) < A(a) iff (by condition
5)) (In € IN")a™ < b and (In € IN*)b" < q iff (by Lemma 2.1) b €< a > and
a €< b > iff (by Definition 2.6) < b >C<a>and < a >C<b>iff < a >=<b>.
U

Lemma 3.4. For any filter F' of A and any a € A, we have: X a) € MNF) iff
acF.

Proof: Let a € A so that A(a) € A(F). Then there exists b € F' so that A(a) =
A(b). This, by Lemma 3.2, implies that a € F. The converse implication is
obvious. 0

Lemma 3.5. For any F € F(A), \*(A(F)) =F.

Proof: Let a € A. By Lemma 3.4, a € F iff A(a) € A(F) iff a € A™H(A(F)) iff
a € X*(\(F)). Hence F = \*(A(F)). O
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Lemma 3.6. For any filter F' of A, \(F) is a lattice filter of L.

Proof: For all a,b € F,a®be F,s0 AMa®b) = Xa) AADb) € AM(F). Let a € F
and [ € L so that A(a) < I; A is surjective (condition 4)), so there exists b € A
so that A(b) = I; hence A(a) < A(b); then, by condition 5), there exists n € IN*
so that ™ < b. But a™ € F, so b € F, so A(b) € A(F). Therefore A\(F) € F(L).
O

Lemma 3.7. For any Q € Spec(A), A\(Q) € Spec(L).

Proof: Let Q € Spec(A). Lemma 3.6 shows that A(Q) is a lattice filter of L.
But Q is a prime filter of A, so it is a proper filter of A, hence there exists a € A
so that a ¢ @. By Lemma 3.4, this implies that A(a) ¢ A(Q), so A(Q) is a
proper lattice filter of L. Let {,m € L so that [V m € A(Q). A is surjective,
so (Ja,b € A)A(a) = I, A(b) = m. Therefore A(a) V A(b) € MQ). & Aa V) €
MQ) < (Fc € Q)A(aV b) = A(c), which is equivalent to a Vb € Q, as Lemma 3.2
shows. But @ is a prime filter of A, therefore a € Q or b € Q, so A(a) € Q or
Ab) €Q,i. e. 1€ QormeQ. So AN(Q) € Spec(L). 0

Proposition 3.3. \*: Spec(L) — Spec(A) is surjective.

Proof: Let Q € Spec(A). According to Lemma 3.7, we have A\(Q) € Spec(L),
and, according to Lemma 3.5, A*(A(Q)) = @. This proves that \* : Spec(L) —
Spec(A) is surjective. 0

Proposition 3.4. \* : Spec(L) — Spec(A) is continuous and open.
Proof: Let a € A.
(A)"H(D(a)) = {P € Spec(L)|\*(P) € D(a)} =
= {P € Spec(L)|\"H(P) € D(a)} =
={P ¢ Spec(L)ja ¢ \"H(P)} =
={P € Spec(L)|A(a) ¢ P} = D(A(a)).

Therefore A* is continuous.
Let | € L. Since X is surjective, there exists a € A so that A(a) = .

A(D(1) = A"(D(A(a)) = {A(P)|P € D(Ma))} =
={X(P)|P € Spec(L), A(a) ¢ P} =
= {\(P)|P € Spec(L),a ¢ A1 (P)} =
= {N(P)|P € Spec(L),a ¢ A" (P)} =
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={Q € A" (Spec(L))[a ¢ Q}.

But A* : Spec(L) — Spec(A) is surjective, so this last set is equal to:

{Q € Spec(A)la ¢ Q} = D(a).

Hence \* is open. 0

Summing all of the above, we obtain the following theorem.

Theorem 3.1. For any function X\ satisfying conditions 1)-5), the function \* :
Spec(L) — Spec(A) is a homeomorphism of topological spaces.

The previous results suggest the following definition of the reticulation of a
residuated lattice.

Definition 3.1. Let A be a residuated lattice. A reticulation of A is a pair (L, \),
where L is a bounded distributive lattice and A : A — L is a function that satisfies
conditions 1)-5).

For the rest of this section, let A be a residuated lattice and (L,)\) be a
reticulation of A.

For any filter F' of A, let us denote L(F) = {A(a)la € F} = AF). By
Lemma 3.6, we have defined a function L : F(A) — F(L). We consider that
there is no confusion between the function L and the lattice L.

By Proposition 3.1, we have a mapping A* from F(L) to F(A).
Lemma 3.8. (i) For any F € F(A), \X*(L(F)) = F.
(ii) For any H € F(L), L(\*(H)) = H.

Proof: (i) This is exactly Lemma 3.5.

(ii) Let I € L. Then, by condition 4), there exists a € A so that | = A(a). We
have: | € H iff AN(a) € H iff a € A™1(H) iff a € \*(H) iff \M(a) € L(A\*(H)) (by
Lemma 3.4) iff I € L(A\*(H)). Therefore H = L(A\*(H)). O

Notation 3.2. For all filters F', G of A, we denote < FUG > by F'VG.
Notation 3.3. For all lattice filters F', G of L, we denote < FUG > by F'VG.
The following proposition is well-known and easy to prove.

Proposition 3.5. (F(A4),Vv,N, {1}, A) and (F(L),Vv,N,{1}, L) are bounded dis-
tributive lattices, whose order relation is C.

Proposition 3.6. The function L : F(A) — F(L) defined above is a bounded
lattice isomorphism, whose inverse is \*.
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Proof. Tt is obvious from the definition of L that it is order-preserving, so it is a
lattice morphism. Condition 3) shows that L({1}) = {1} and condition 4) shows
that L(A) = L. By Lemma 3.8, A* is the inverse of L. It is obvious by the
definition of A\* that it is order-preserving. So L is a lattice isomorphism. 0

Remark 3.4. L is the inverse of the homeomorphism A* : Spec(L) — Spec(A).

Proof: Proposition 3.6 proves that L is the inverse of the homeomorphism A* :
Spec(L) — Spec(A), since, as Lemma 3.7 shows, for any @ € Spec(A4), L(Q) €
Spec(L). O

Proposition 3.7. For each lattice filter M of L, we have: M € Max(L)
iff X*(M) € Max(A).

Proof: Let M be a lattice filter of L. We have the following equivalences: M €
Max(L) iff (by Definition 2.11) M is a proper lattice filter of L and, for any proper
lattice filter F' of L so that M C F, we have M = F iff (by Proposition 3.6) A*(M)
is a proper filter of A and, for any proper lattice filter F' of L so that M C F,
we have M = F. But, according to Proposition 3.6, the proper filters of A are
of the form \*(F'), with F a proper lattice filter of L, and, for any lattice filter
Fof L, M CF & X(M)CXN(F)and M = F < X\*(M) = XA*(F). Combining
this with the above we get the following equivalences: M € Max(L) iff A\*(M) is
a proper filter of A and, for any proper filter G of A so that A*(M) C G, we have
A*(M) = G iff (by Definition 2.5) A\*(M) € Max(A). 0

Hence we also have a function \* : Max(L) — Max(A).

Proposition 3.8. The function A* : Max(L) — Max(A) is a homeomorphism of
topological spaces, whose inverse is L.

Proof: Proposition 3.6 and Proposition 3.7 show that A\* : Max(L) — Max(A) is
a bijection whose inverse is L. It remains to prove that A* : Max(L) — Max(A)
is continuous and open. In the following we shall use the proof of Proposi-
tion 3.4 and the fact that \* : Max(L) — Max(A) is a bijection. Let a € A.
(X) 1 (Daga(@)) = (\*) 1 (D(a)Max(A4)) = (\*) 1 (D(a)) N (A*)~ (Max(A4)) =
D(M(a)) N Max(L) = Dyax(A(a)). Let I € L. Then, by condition 4), there e-
xists @ € A so that A(a) = . A*(Dmax(l)) = M (Dmax(A(a))) = A (D(A(a)) N
Max(L)) = M*(D(A(a))) N A*(Max(L)) = D(a) N Max(A) = Dyax(a). O

We shall use the notations of the conditions 1)-5) and of the properties a)-c)
in the following sections also.
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4 Existence and uniqueness of the reticulation

In this section we present two alternate constructions of the reticulation of a
residuated lattice, we prove the uniqueness of the reticulation up to an isomor-
phism and we define the reticulation functor.

The first construction of the reticulation that we give is analogous to the one
that was made by L. Leustean for BL-algebras. His proofs are also valid for
reticulated lattices and they are the starting point for our proofs, which differ by
the approach; ours is based on the five axioms that define the reticulation.

Let A be a residuated lattice. Let us define the following binary relation on
A: for all a,b € A, a = b iff D(a) = D(b) iff (VP € Spec(A))a ¢ P < b ¢ P iff
(VP € Spec(A))a e P< be P.

Remark 4.1. Let F be a filter of A. Then, for alla,b € A, a®b € F iffanb e F
iff a,b e F.

Proof: Let a,b € A. According to Remark 2.1, (iii), we have a®b < aAb < a,b.
From this we deduce the following implications, which prove our remark: a ®b €
F=aNnbeF=abeF=a0bckF. D

Remark 4.2. Let P be a prime filter of A. Then, for all a,b € A, aV b € P iff
ac€PorbeP.

Proof: Let a,b € A. a,b < aVb,so, since P is prime, we have that aVb € P =
acPorbeP=aVbeP. D

Proposition 4.1. = is a congruence relation on A with respect to ®, A and V.

Proof: It is obvious from the definition of = that it is an equivalence relation on
A.

Let a1,b1,a2,bs € A so that a; = as and by = by. Let P € Spec(A). From
Remark 4.1, we have: a1 ©®b; € P < a1,b1 € P < ag,bs € P < as © by € P.
So, by the definition of the relation =, we have: a1 ® by = as ® bs. Analogously,
a1 A by = as A by. Similarly, but using Remark 4.2 instead of Remark 4.1, we get
al\/blEag\/bg. 0

Remark 4.3. (Va, b€ A)a©b=aAb.

Proof: Let a,b € A. According to Remark 4.1, (VP € Spec(4))a ®b € P &
aNb € P, therefore a ©b=a Ab. 0
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For all a € A, we shall denote by [a] the equivalence class of a ([a] = {b €
Ala = b}) and let A/= be the quotient set of A with respect to the equivalence
relation =. Let A : A — A/= be the canonical surjection: (Va € A)A(a) = [a].
Let us define on the quotient set A/= the following operations: V, A, 0 and 1,
by:

(Va,b € A)[a] V [b] = [a V ]],

(Va,b e A)la] AN[b] = [a ©b] = [a Ab,
0=1[0], 1=11].
Proposition 4.2. The algebra (A/=,V,A,0,1) is a bounded distributive lattice.

Proof: According to Proposition 4.1, the operations V and A on A/= are well-
defined. The fact that (4/=,V,A,0,1) is a bounded lattice can easily be deduced
from the fact that (A, V, A, 0,1) is a bounded lattice. We shall prove, for example,
the associativity of A: for all a,b,c € A, ([a] A[b])Alc] = [aAb]Alc] = [(aAb)Ac] =
[an (A =[a] AbAc]=][a] A([b] Alc]). The distributivity of the lattice A/=
can be deduced in the same manner from Remark 2.1, (iv). O

Theorem 4.1. (A/=,\) is a reticulation of A.

Proof: According to Proposition 4.2, A/= is a bounded distributive lattice. Con-
ditions 1), 2), 3) from the definition of the reticulation are exactly the definitions
of the operations A, V, 0 and 1. Condition 4) is obvious.

We shall now prove condition 5). Let a,b € A. Aa) < A(b) iff [a] < [B] iff
[a] = [a] A [b] iff [a] = [a © D] iff (VP € Spec(A))a € P < a©b e Piff (VP €
Spec(A4))a € P < a,b € P (as Remark 4.1 shows) iff (VP € Spec(4))a € P=1b¢€
P; let us denote this last condition by («). On the other hand, (In € IN*)a™ < b
iff b €< a > (as Lemma 2.1 shows) iff (VF € F(A))a € F = b€ F (as it is easily
seen from Definition 2.6); let us denote this last condition by (3). It is obvious
that (8) implies (o). The converse implication is easily proven using corollary 2.1.
The proof is now complete. D

In the following we shall present an alternate construction of the reticulation,
suggested by Lemma 3.3.

Remark 4.4. <0>= A and < 1>={1}.

Remark 4.5. Let F', G be filters of A. Then FV G = {a € A|(Fb € F)(3c €
G)b©c<a}.

Proof: Let H={a € A|(3b€ F)(3ce G)b©®c<a}. Forallbe F,ce G,a e A
so that b®e¢ < a, we have: bOce FVG,s0a € FVG. So H CFVG. 1€ F and
1€ G, so FUG C H. For proving that FVG C H, it remains to show that H is a
filter. Let ay,as € H. Then there exist by, by € F, ¢1,co € G, so that by ©®cy < ay
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and ba ® co < ag. Then, by Remark 2.1, (ii), b1 ® b ® ¢1 ® 2 < a1 ® ag. But
by @by € Fand ci ®co € G, 80 a1 ®ay € H. Let a € H and b € A so that
a < b. It is obvious by the definition of H that b € H. So H is a filter. Hence
FVG=H. 0

Proof: Obvious, by Lemma 2.1 and the fact that, for all n € IN*, 1™ = 1 and,
by Remark 2.1, (iii), 0" <0 A...AQ =0, so 0" = 0. 0
—

n of 0

Proposition 4.3. For all a,b € A:

(i) a < b implies < b >C< a >;

(i) <a>V<b>=<aAb>=<a®b>;
(i) <a>N<b>=<aVb>.

Proof: (i) Assume a < b. Let ¢ €< b >. Then, by Lemma 2.1, there exists
n € IN* so that b™ < c¢. By Remark 2.1, (ii), a™ < b". So a™ < c¢. So c €< a >.
Hence < b >C< a >.

(ii) Remark 2.1, (iii), shows that a @b < a Ab < a,b. Applying (i), we get: < a >
V < b>C<aNb>C< a®b >. It remains to prove that < a®b >C<a >V < b >.
Let x €< a ®b >. By Lemma 2.1, there exists n € IN* so that a™ © 0" < z.
But a” €< a > and 0" €< b >, so, by Remark 4.5, x €< a >V < b >. So
<a®b>C<a>V<<b>.

(iii) @ €< a > and b €< b >. Since a,b < a Vb, we get a Vb €< a > and
aVbe<h> soaVbe<a >N < b > which is a filter, therefore < a Vv
b >C< a >N < b>. For the converse set inclusion, let ¢ €< a > N < b >.
Applying Lemma 2.1, we get that there exist n,m € IN* so that " < ¢ and
b™ < ¢. So a™ Vb™ < c¢. Applying several times Remark 2.1, (iv), we get:
c>a" V" =(a"Vbh" = ((aVvbh)™)™ = (aVb)". Soce<aVb>. Therefore
<a>N<b>C<aVb>. Hence the desired equality. 0

Notation 4.1. Let us denote by PF(A) the set of principal filters of A.

Until specified otherwise, we shall denote by A : A — PF(A) the function
given by: for all a € A, A(a) =< a >.

Theorem 4.2. ((PF(A),N,V,A,{1}),A) is a reticulation of A.

Proof: Remark 4.4, Proposition 4.3 ((ii) and (iii)) and the fact that (F(A), N, V,
A, {1}) is a bounded distributive lattice imply that ((PF(A4),N,V, A, {1}),A) is
a bounded distributive lattice. Conditions 1) and 2) from the definition of the
reticulation are properties (ii) and (iii) from Proposition 4.3. Condition 3) is
Remark 4.4. Condition 4) is obvious. Let us prove now condition 5). First,
let us remark that the partial order of the lattice (PF(A),N,V,A,{1}) is D.
For all a,b € A, we have: < a >D< b > iff b €< a > iff (by Lemma 2.1)
(3n € IN")a™ < b. So condition 5) is also verified. O
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Theorem 4.3. Let A be a residuated lattice and (L1, A1), (La, A2) be two reti-
culations of A. Then there exists an isomorphism of bounded lattices f : Ly — Lo
so that fo Xy = Xa.

Proof: Let f: Ly — Lo, so that (Va € A)f(A1(a)) = A2(a). A is surjective, so
f L1 — Lg is completely defined.

Let us prove that (Va,b € A)A1(a) = A (b) & Aa(a) = Aa(b). Let a,b € A.
The following equivalences hold: Ai(a) = A1(b) & Ai(a) < A1(b) and A\ (b) <
A(a) & (In € N )a™ < band (In € N*)V" < a < Aa(a) < A2(b) and A2 (b) <
A2(a) & Aa(a) = A2(b). The direct implication proves that f is well-defined and
the converse implication proves that f is injective. The surjectivity of Ay implies
that f is surjective.

For proving that f is a bounded lattice isomorphism it remains to show that
f commutes with the bounded lattice operations. Using condition 3) we get:
f(0) = f(A1(0)) = A2(0) = 0 and f(1) = f(M(1)) = A2(1) = 1. Now let
I,m € Ly. Since f is surjective, (Ja,b € A)l = A(a),m = A1(b). Applying b)
we obtain the following equalities: f(I Am) = f(A1(a) AX (b)) = f(A1(aAb)) =
Az2(a A D) = Aa(a) A A2(b) = f(Ai(a)) A fF(A(D)) = f(I) A f(m). The proof of
flvm) = f(1) v f(m) is analogous, except it uses 2) instead of b). O

Remark 4.6. In the absence of condition 5), uniqueness is not satisfied.

Proof: Let A be the residuated lattice from the proof of Remark 3.2 and L and
A be the lattice and respectively the function from the proof of Remark 3.3. Let
us consider another bounded distributive lattice: L; = {0,1}, with 0 < 1, and
another function: Ay : A — Ly, defined by: A1(0) = A1(a) = A1(b) = A1(c) =0
and A;(1) = 1. Obviously, both A and \; satisfy conditions 1)-4), but neither
of them satisfies condition 5) (see the proof of Remark 3.3). Since no bijection
exists between the sets L and L1, it follows that the lattices L and L; are not
isomorphic. 0

Let A, B be two residuated lattices and (L(A),A4), (L(B),Ap) be their
reticulations, defined like in Theorem 4.1. Let h : A — B be a morphism of
residuated lattices. Let us define the following function: L(h) : L(A) — L(B),
(Va € A)L(R)([a]) = [h(a)].

Proposition 4.4. Let Q € Spec(B). Then h=(Q) € Spec(A).

Proof: Let a,b € h™1(Q). < h(a),h(b) € Q = h(a) ® h(b) € Q & h(a®b) €
Q& acbe h(Q) Let a € h1(Q) (& h(a) € Q) and b € A so that
a <b.= h(a) < h(b). Soh(b) € Q.= be h™1(Q). So h~1(Q) is a filter of A. Let
a,b € Asothat avbe h™1(Q). & h(aVvb) € Q & h(a)Vh(b) € Q = h(a) € Q or
h(b) € Q, since Q is a prime filter of B. Equivalently, a € h=1(Q) or b € h~1(Q).
So h=1(Q) is a prime filter of A. 0
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Proposition 4.5. L(h) is well-defined and it is a bounded lattice morphism.

Proof: Let a,b € A so that [a] = [b]. This is equivalent to D(a) = D(b).
Let Q € Spec(B). So, by Proposition 4.4, h~*(Q) € Spec(A4). We have the
following equivalences: @ € D(h(a)) & h(a) ¢ Q < a ¢ h™1(Q) & h~1(Q) €
D(a) & h1Q) € D) & b ¢ h Q) & h(b) ¢ Q & Q € D(h(b)). So
D(h(a)) = D(h(b)), which is equivalent to [h(a)] = [h(b)]. Therefore L(h) is
well-defined.

Let a,b € A. L(h)([a] A [b]) = L(h)([a A b]) = [h(a AD)] = [h(a)] A [R(b)] =
L(h)([a]) A L(h)([b]). Similarly we get that L(h)([a] V [b]) = L(R)([a]) V L(R)([0])-
L(h)([0]) = [r(0)] = [0]. L(R)([1]) = [A(1)] = [1]. So L(h) is a bounded lattice
morphism. We have used essentially the surjectivity of A 4. 0

Hence we have defined a functor £ from the category of residuated lattices
to the category of bounded distributive lattices. We shall call L the reticulation
functor.

5 Examples

In this section we illustrate the construction of the reticulation of a residua-
ted lattice; we point out a case where the residuated lattice is isomorphic to its
reticulation and then we give several examples of finite residuated lattices and
their reticulations.

In the following remark and examples we shall use the alternate construction
of the reticulation in Section 4. We remind the reader that the partial order
relation of the reticulation is D.

Remark 5.1. If A is a residuated lattice in which ©® = A and (L(A), \) is its
reticulation, then X\ : A — L(A) is a bounded lattice isomorphism.

Proof: Let us remember that L(A) = {< a > |a € A}, A: A — L(A), (Va €
A)A(a) =< a > (see Theorem 4.2) and, for any element a € A, < a >= {b €
Al(3n € WN")a™ < b} (see Lemma 2.1). But, if ® = A, then, for all n € IN*,
a® = a, so < a >= {b € Ala < b}. In this case, for all a,b € A, we have:
< a>O< b>ifbe<a>iff a <b Wealso have: < a >=< b > iff
<a>2<b>and <b>D<a>iffa<band b <aiff a =>. So A is injective,
and, by condition 4), we get that it is bijective. Properties 2), b) and 3) show us
that A is a bounded lattice morphism. Hence the function A from A to L(A) is a
bounded lattice isomorphism. D

The above remark shows us that we only need to consider examples where
® # A, because, if these two operations coincide, then the residuated lattice A
and its reticulation are isomorphic lattices, so basicly the reticulation is A without
the operations ® and —.
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We remark the fact that not all finite residuated lattices are isomorphic to their
reticulation, as shown by two of the examples below, in which no bijection exists
between the two, nor is the condition ® = A necessary for such an isomorphism
to exist, as shown by example 5.2.

Example 5.1. Let A = {0,a,b,c,d,e, f,1} be the residuated lattice with the
partial order relation and operations presented in the Hasse diagram and tables
below respectively.

[ =R~ T e e e e I N E=
QU Q@ H K~
Y Y
el el e e e e e
O OO OO OO OO
TR OO 0O 0 oo
0O OO0 00 oo
QUL OO OO OO O
D AU O O QUIOD
AU RO O QAU U O
S 0 Q0 QR Ol

R0 20 o9 o
— 0 O Q w0 /o
R 0 Q.0 o9 Oo®

IS e e e B
0O Q Q@ R~ Q Q2 0o

[ S I e e i Nl el

Q QLU _ADODOH o 6 O

(See [10].)

We have: < 0 >=< d >=< e >=< f >= A, < a >=< b >=< ¢ >=
{¢,b,a,1}, < 1>={1}, hence L(A) = {< 0 >,< a>,< 1>}, with the following
lattice structure:

This is a linearly ordered lattice, unlike the reticulations in the examples below.

Example 5.2. Let A ={0,a,b,c,d, 1} be the residuated lattice described below.
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1
a
d
b
c
0
— 10 a b ¢ d 1 ®©l0 a b ¢ d 1
0|1 1 1 1 1 1 0|0 O O O O O
a |0 1 b ¢ ¢ 1 al|l0 a b d d a
blc a 1 ¢ ¢ 1 ble b b 0 0 b
c|b a b 1 a 1 c|b d 0 d d c
d|lb a b a 1 1 d|b d 0 d d d
110 a b ¢ d 1 110 a b ¢ d 1
(See [10].)

So we have: <0>= A, <a>={a,1}, <b>={b,a,1}, <c>={c,d,a,1},
<d>={d,a,1}, <1>= {1} and hence the reticulation is isomorphic to A:

<1l>

<a>
<d>

<b>
<c>

<0>

Example 5.3. Let A = {0,a,b,c,d, 1}, with the following residuated lattice struc-
ture:
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- 10 a b ¢ d 1 10 a b ¢ d 1
o/1 1 1 1 1 1 0/]0 0O O O 0 O
al|ld 1 d 1 d 1 a0 a 0 a 0 a
b |c ¢ 1 1 1 1 b0 0 0 O b b
c|b ¢ d 1 d 1 c|0 a 0 a b c
d|la a ¢ ¢ 1 1 d|0 0 b b d d
110 a b ¢ d 1 110 a b ¢ d 1
(see [8]).

The principal filters of this residuated lattice are: < 0 >=< b >= A, <
a >=< ¢ >= {a,¢,1}, < d >= {d, 1}, < 1 >= {1}, so L(4A) =
{<0>,<a><d><1>}, with the following lattice structure:

<1l>
<a> <d>

<0>
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