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Abstract. This paper aims to propose a complete relational semantics for the so-called
logic of bounded lattices, and prove a completeness theorem with regard to a class of two-
sorted frames that is dually equivalent (categorically) to the variety of bounded lattices.

Keywords: logic of bounded lattice; polarity; two-sorted frame; relational semantics

MSC 2010: 03G10, 03G27, 06B15

1. INTRODUCTION

By the general theory of abstract algebraic logic (see [6], [7], [5]), a unique class
of algebras Alg(S) is canonically associated with each sentential logic S.

In Rebagliato and Verdua [21] a Gentzen system G is associated with the vari-
ety L of lattices, and then Font and Jansana in [6] showed that the class of algebras
Alg(Sg, ) of the sentential logic Sg, defined by the Gentzen system G (see Defini-
tion 2.3) coincides with L. For this reason, in [6] the logic Sg, was called the logic
of lattices. In this paper, we are interested in the logic of bounded lattices, which is
defined by a Gentzen system Gp; that have the same rules as G; and two rules more
for the True and False connectives.

The purpose of the present paper is to prove a completeness theorem for the logic
of bounded lattices using a particular class of two-sorted frames (frames with worlds
and co-worlds).
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Relational semantics (possible world semantics or Kripke semantics) is an essential
and powerful tool to study and understand intuitionistic and modal logics. Moreover,
relational semantics play a fundamental role in making these logics useful. For these
reasons, the theory of relational semantics was extended and generalized to several
non-classical logics. Recently, for example, a relational semantics was developed for
some fragments of several substructural logics (see [4], [8]). Moreover, there is a wide
range of papers containing complete relational semantics for non-classical logics, for
instance [15], [16], [1], [2], [18], [17], [10], [11], [12].

The frames considered in [8] to get a complete relational semantics for some frag-
ments of substructural logics are formed by a set of “worlds”, by a set of “co-worlds”
(or “information quanta”) and by a binary relation between the worlds and co-worlds.
That is, the frames considered in [8] are structures (X,Y, R), where X and Y are
nonempty sets and R is a binary relation from X to Y. These structures are known
in the literature as polarities (see [8], [9]) or contexts (see [3], Chapters 3 and 7). This
consideration of two-sorted frames allows the treatment of problems created by the
lack of distributivity of the lattice operations. As it was mentioned in [8], page 253,
these two-sorted frames already encode, using an adequate definition of interpreta-
tion, a notion of conjunction and disjunction. Thus, we will use this concept of how
the lattice connectives are interpreted in two-sorted frames to present a complete
relational semantics for the logic of bounded lattices concerning a particular special
class of polarities, which are categorically related to the bounded lattices.

There are several papers developing categorical dualities for the variety of
(bounded) lattices, see [23], [13], [19], [20]. In [19] a topological duality was es-
tablished for the variety of bounded lattices. The dual spaces of bounded lattices
were called BL-spaces. Then in [20], relational structures, categorically equivalent
to BL-spaces, were introduced to study quasioperators on bounded lattices. These
relational structures, called mirrored BL-spaces, are polarities (X, Y, R) such that X
is the dual BL-space of a bounded lattice L and Y is the dual BL-space of the
opposite lattice LY of L.

The main result of this article is to present a complete relational semantics for
the logic of bounded lattices [21], [6] through the relational structures (mirrored
BL-spaces) introduced in [19], [20] and by using the definition of interpretation of
the lattice connectives presented in [8]. Moreover, it is worth noting that to attain
this, we build up the canonical frame taking the dual mirrored BL-space of the
corresponding Lindenbaum algebra.

This paper is organized as follows. In Section 2 we consider some basic concepts
of Gentzen systems, and we present the Gentzen system Gg associated with the
variety BL of bounded lattices. Then we move to consider some basic facts about
the theory of polarities. Section 3 introduces the definition of interpretation on
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polarities and the satisfaction and “part of” relations. Next, we prove soundness for
the sentential logic Sg; defined by the Gentzen system Gg,. The aim of Section 4 is
to prove a completeness theorem for the logic of bounded lattices Spp with respect to
a particular kind of polarities. These particular polarities will be called BL-frames
and are defined in [20] (and called mirrored BL-spaces) using a topological duality
for bounded lattices developed by Moshier and Jipsen (see [19]). Thus, in the first
part of Section 4 we shall consider a sketch of the topological duality for bounded
lattices given in [19] and we introduce the definition of BL-frame. In the second part
of the section, we provide the construction of the canonical BL-frame, and we prove
two completeness theorems for the logic Sgy .

2. PRELIMINARIES

2.1. The logic of bounded lattices. The main references for the following
general concepts are [6], [7], [5].

Let £ be an algebraic language (or set of connectives) and Var a countable set
of propositional variables. Let us denote by Fm(L) the absolutely free algebra of
type L generated by Var. The algebra Fm(L) is called the algebra of formulas of
type £ and its elements are called formulas.

Definition 2.1. A sentential logic (also called deductive system) of type L is a
pair § = (Fm(L),Fs), where £ is an algebraic language and FsC P(Fm(L)) x Fm(L)
is a relation satisfying the following properties for all ' U A U {¢} C Fm(L):

(1) if p €T, then T kg ¢;

(2) f TFspand I' C A, then A Fg ¢

(3) if T'Fs ¢ and A Fg ¢ for every 1) € T, then A ks ¢;

(4) if T ks ¢, then h[I'] Fs h(y) for every substitution h € Hom(Fm(L), Fm(L)).

A sentential logic S is said to be finitary if for all T' U {¢} C Fm, I" ks ¢ implies
that there exists a finite A C I" such that A g .

A sequent of formulas is a formal expression of the form I' > ¢, where T is a finite
(possible empty) set of formulas and ¢ is a formula. The set of all sequents of
formulas over the language £ is denoted by Seq(L). Let o C P(Seq(L)) x Seq(L)
be a binary relation. As usual, the derivation of the sequent I' > ¢ from a finite set
of sequents {T'y >1,..., T >y}, that is {T1> 1, ..., Tn>en} T, is expressed
more graphically by

Tivpn,.... L >w,
I'>e

(2.1)
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and this expression is called a Gentzen-style rule. The relation |~ is said to be
substitution-invariant if for all ¥ U {T'> ¢} C Seq(L),

LT implies h[X] | h[T]>h(p)

for all substitutions » € Hom(Fm, Fm), where h[X] = {Rh[A]>h(¢)): A>p € X}

Definition 2.2 ([6]). A Gentzen system is a pair G = (Fm(L), pvg), where g
is a finitary closure operator on the set Seq(L£) that is substitution-invariant and has

the following structural rules: for every formulas ¢ and 1 and every finite subset
I' C Fm(L),

>
I

We say that a sequent I' > ¢ is derivable in (or is a derivable sequent of) G if
g

Definition 2.3 ([6]). Let G be a Gentzen system. The sentential logic defined
by G is the sentential logic (Fm(L),Fg), where the consequence relation F¢ is defined
as follows: for all I' C Fm(L), ¢ € Fm(L),

U (Cut) o T,ppy

(Axiom) P oo

(Weakening)

I' kg ¢ < there is a finite A C T such that 0 vy A .

A Gentzen calculus is a set of Gentzen-style rules. Every Gentzen calculus G
containing the structural rules defines in a standard way a Gentzen system Gg =
(Fm, f~g), see for instance [22], [21].

It should be noticed that the previous concepts are given in their finite versions,
for example, finite Gentzen-style rules, finitary Gentzen systems, finitary sentential
logics. Now we introduce the Gentzen system that will define the sentential logic
that concerns us.

Definition 2.4. Let £y, = {A,V, L, T} be an algebraic language, where {A, V}
are binary connectives and {1, T} are constants. Let Ggi = (Fm(Ly), g, ) be the
Gentzen system defined by the Gentzen calculus that contains the structural rules
and the following rules:

(A): PYPX ) PEX VPX gy 0

)

"T,poAYDB X oV Y>Y 0T’
Top Ty - I'vp  TI'py 0
CN: T oae o OV oveTeove B oo

The logic of bounded lattices is the sentential logic Spp = (Fm(Ly),Fpr) defined
by the Gentzen system G .
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2.2. Polarities. Definitions and properties about polarities can be found, for
instance, in [3], Chapters 3 and 7 and in [8], [9].

Definition 2.5. A polarity is a triple P = (X,Y, R), where X and Y are non-
empty sets and R C X x Y is a binary relation from X to Y.

For every polarity P = (X, Y, R), the Galois connection (®g, V) is defined as:

Bp: P(X) = P(Y)

A= Op(A)={yeY: VeeX: € A=z Ry},
Ur: P(Y) = P(X)

B~ Ug(B)={reX:VyeY: ye B=z Ry}

So, we have the lattice of Galois closed subsets of X

C(P) = {A € P(X): (Wgodr)(A) = A}
and the lattice of dual Galois closed subsets of Y

CU(P) = {B € P(Y): (&5 0Wp)(B) = B}.

It is well known that C(P) and C4(P) are complete lattices, see for instance [3].
For instance, in C(P) the meet is the set-theoretic intersection and the join of a
family A C C(P) is VA = (Vg o ®p)(JA). The following properties are known
and easy to check.

Proposition 2.6. Let P = (X,Y, R) be a polarity. For every A € P(X) and
B e P(Y) we have:
) ®r(A) = () Rlz] and Yr(B)= (| R'[y];

( TEA yeB

(2) y € Pr(A) & AC R '[y];

(3) x € ¥r(B) & B C Rz];

(4) C(P)={¥Rr(B): BCY};

(5) CU(P) = {®r(A): AC X};

(6) ®r: C(P) — C4(P) is a dual order-isomorphism whose inverse is the map
Ugr: CY(P) — C(P). Thus, we will identify the opposite lattice of C(P) with
cd(p).

The two-sorted frames will be the base for the complete relational semantics for the
logic of bounded lattices Spy, and polarities will be underlying two-sorted structures
of this semantics. Thus, since the polarities attempt to be a generalization of the
classical frames, we want that the sets of worlds and co-worlds of polarity P =
(X,Y,R) are represented in the potential interpretants C(P). Hence, we restrict
ourselves to the following polarities.
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Definition 2.7. A polarity P = (X,Y, R) is said to be a separating frame (S-
frame for short) when the following two conditions hold:

> Va1, ze € X: 11 # 22 = R[z1] # R[zo),
> VyLy2 €Yy #y2 = Ryl # R yal.

Proposition 2.8 ([8]). Let P = (X,Y,R) be an S-frame. Then the maps O:
X = C(P)and Y: Y — C(P) defined by: ©(x) = (Vgo®g)({z}) and Y (y) = R~ '[y]
for every x € X and y € Y, are injective.

Thus, by the previous proposition, we can see that for every S-frame P =
(X,Y, R), the sets X and Y are represented in the lattice C(P). Moreover, since we
will deal with bounded lattices, we need to restrict ourselves to a particular class of
S-frames, namely to bounded S-frames. The following definition will be clear when
we consider the particular type of S-frames, called BL-frames (see Remark 4.9),
used to obtain the completeness theorem for the logic Spy .

Definition 2.9. A polarity P = (X,Y, R) is said to be bounded if there exists
x € X such that R[z] =Y and there exists y € Y such that R~1[y] = X.

From Definitions 2.7 and 2.9, it should be noted that for every bounded S-frame
P = (X,Y, R) there exists a unique z € X such that R[z] = Y and there exists a
unique y € Y such that R™1[y] = X. Thus, we denote these elements by 1x and 1y,
respectively. It should be kept in mind that 1x € A for all A € C(P) and 1y € B
for all B € C4(P).

3. GENERALIZED RELATIONAL SEMANTICS

We consider the algebraic language L, = {A,V, L, T} of type (2,2,0,0). Given
a set of propositional variables Var, we recall that Fm(L},) denotes the algebra of
formulas of type L}, generated by Var. Now we consider the notion of interpretation
and the satisfaction relation introduced by Gehrke in [8].

Definition 3.1. Let P = (X,Y,R) be a bounded S-frame. An interpretation
(or waluation) of Var in P is a map v: Var — C(P). We say that the pair (P, v) is
a model. For every model M = (P,v) we define the following relations: for p € Var
and for x € X and y € Y,
> M,z l-p<eze€vp),
> M,y = pev(p) SRyl
When M, x I p holds, we say that p holds at x in M and when M,y > p holds, we
say that y is part of p in M.
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Now we extend the relations I+ and > to Fm(Ly). Let M = (P,v) be a model,
ie. P=(X,Y,R) is a bounded S-frame and v: Var — C(P) is an interpretantion.
Let ¢,v € Fm(Ly,) be such that M,z I+ ¢; M,z |- ; M,y > ¢ and M,y > 1) have
or have not already been determined for each x € X and y € Y. Then we define for
rzeXandyeY:

> M,xlFpANp<e M,zlk@and M,z -,
My=oApeVa' € X: M,z' |- o A implies 2’ Ry,
M,y>=pVips My eand M,y > 1,
M,zl-oViyp<Vy eY: M,y = oV implies x R y/'.
M,z Lifx#1x,

M,y 1,

M,x - T,

M,y # Tify# 1y.

Definitions of I and > for the logical constants T and L considered here, instead

v VvV VvV vV vV VvV V

of the standard ones (see [8], page 253), are in correspondence with the definition
of boundedness of S-frames. So they are also influenced by the class of two-sorted
frames (BL-frames) considered in Section 4. It should also be noted that M, 1x IF ¢
for every ¢ € Fm(Ly).

Given a polarity P = (X,Y, R), recall that C(P) is a bounded (complete) lattice.

Definition 3.2. Let M = (P,v) be a model. We denote by v, the unique
extension of v such that vl is a homomorphism from Fm(Ly,) to C(P).

The following proposition can be proved inductively using definitions of the rela-
tions IF and .

Proposition 3.3. Let M = (P,v) be a model. Then for every formula o, vli,(p) =
{reX: Mzl ¢}

Moreover, in a similar way to Proposition 3.3, it can be proved that the map
vy : Fm — CY(P) defined by vy, (¢) := {y € Y: M,y > ¢} is a dual homomorphism,
that is, v, (pAY) = v, () Vo (¥) and vy, (pVY) = vy, (@)Nwy, (¥). For every model
M = (P,v) it should be noted that v, (T) = X € C(P) and v}j,(1) = {1x} € C(P),
and v7,(L) =Y € C4(P) and v},(T) = {1y} € C4(P). As usual, when there is no
danger of confusion, we omit the subscript M from v}, and vy,

Let M = (P, v) be a model and let T" be a finite set of formulas and ¢ be a formula.
By M,z I T we mean M, x IF v for all ¢ € I'. We say that the sequent I'> ¢ is true
in or holds in the model M if the condition

M,z lFT = M,z
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holds for all z € X. A sequent I' > ¢ is said to be valid in a bounded S-frame P if
for each valuation v: Var — C(P), the sequent is true in the model M = (P,v) and
we denote this by P F I'> . We also say that a Gentzen-style rule (2.1) is valid in
a bounded S-frame P when PET; > p; for alli=1,...,n implies PF I'> .

Proposition 3.4 (Soundness w.r.t bounded S-frames). Let I' C Fm(Ly,) be a
finite subset and ¢ € Fm(Ly). If the sequent I' > ¢ is derivable in the Gentzen
system Gp , then it is valid over the class of all bounded S-frames.

Proof. As usual, it is enough to show that the rules defining the Gentzen
system Gp; are valid in all bounded S-frames. Let P be a bounded S-frame. It is
straightforward to prove directly that the structural rules are valid in P. Now we
show that the rule (V) is valid in P. So assume that P £ ¢y and P E ¢>x. We have
to prove that P F ¢Vi>x. To this, let v: Var — C(P) be a valuation and M = (P, v).
Let € X and suppose that M,z I ¢ V4. Thus z € v'" (¢ V1)). Since P F ¢ x
and P F ¢ b, it follows that v'" () C o' (x) and v'" (v) € v'"(x). Then we obtain
(VRo®R) (v (¢)Uv' (1)) C v (x). Hence, using that v'" is a homomorphism we have

V(e V) =" () Vo' (¥) = (TR o @r)(v" (9) Uv" (1) C o (x)-

Thus = € v'"(x), i.e. M,z IF x. Then P F ©V1>x and therefore the rule (V) is valid
in P. By definition of I, it is straightforward to show directly that the rules (> A)
and (A>) are valid in P and, since v" is a homomorphism, it follows that the rule
(>V) is valid in P. It is clear that P E @> T and thus the rule (T) is valid in P. To
see that the rule (L) is valid in P, let v: Var — C(P) be a valuation and M = (P, v)
and let € X. Suppose that M,z IF L. So 2 = 1x. Then 1x € v"(y), because

v'"(p) € C(P). Thus M,z I ¢. Hence P F 1 >¢. This completes the proof. O

The next step is to prove the converse of the previous proposition. That is, we
want to prove that if a sequent I" > ¢ is valid in the class of all bounded S-frames,
then the sequent is derivable in Gpp. As usual, we will show that if a sequent I'>
is not derivable in Gg; , then there is a bounded S-frame in which it is not valid.

4. BL-FRAMES AND COMPLETENESS THEOREMS FOR Spi

In this section we consider a smaller class of bounded S-frames to prove the com-
pleteness theorem for the logic Spp. with respect to the relational semantics considered
in Section 3.

To the aim of this section, it will be important to consider the topological dual-
ity for bounded lattices developed by Moshier and Jipsen in [19] and the theory of
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mirrored BL-spaces introduced in [20] will also be fundamental. We sketch the topo-
logical duality between bounded lattices and the corresponding topological spaces,
and then we move to the theory of mirrored BL-spaces. We refer the reader to [19]
and [20] for a more detailed discussion on this subjects.

4.1. BL-spaces and mirrored BL-spaces. Let (X, 7) be a T topological space.
The specialization order of the space X is the binary relation C on X defined as
follows: for every z,y € X,

rCyeVUer: xelU=yel.

Since X is a Ty-space, it follows that C is a partial order. A filter of X is a nonempty
down-directed up-set with respect to C. We denote the collection of all open filters
of X by OF(X). And KOF(X) denotes the collection of all compact open filters of X.
We consider the closure system on X generated by OF(X). We denote this closure
system by FSat(X). Thus, the closure operator associated to FSat(X) is given by
fsat(A) = ({F € OF(X): A C F} for every A C X and hence FSat(X) is a complete
lattice with respect to the set-theoretic inclusion C. The elements of FSat(X) are
called F-saturated.

Let (X, 7) be a topological space. A closed subset A of X is said to be irreducible
if for all closed subsets B and C of X, A C B or A C C whenever A C BUC.
A topological space (X, 7) is called sober if for every irreducible closed subset A
of X there exists a unique element x € X such that A = cl(x) (where cl(z) is
the topological closure of the element ). For more information about sober spaces
see [14].

Definition 4.1 ([19], page 115). A topological space X is called an HMS-space
if the following conditions hold:

(1) X is a sober space,
(2) KOF(X) forms a base for X that is closed under finite intersections.

Proposition 4.2 ([19], Lemma 3.1). If X is an HMS-space, then X is a complete
lattice with respect to the specialization order.

We denote the meet and join of an HMS-space X corresponding to the specializa-
tion order by M and LI, respectively, and we indicate the bottom and top elements
of X by Ox and 1y, respectively.

Let X be an HMS-space. Since KOF(X) is closed under arbitrary finite intersec-
tions, it follows that X € KOF(X). So X is the top element of KOF(X) ordered
by the set-theoretic inclusion. Then (KOF(X),N, X) is a meet-semilattice with top
element X.
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Definition 4.3 ([19], papge 116). A topological space X is said to be a BL-space
if it is an HMS-space and KOF(X) is a sublattice of FSat(X).

Hence, given a BL-space X, we obtain that (KOF(X),N,V, X) is a lattice with
top element X, where V is the join operation corresponding to the lattice FSat(X),
that is, for all A, B € KOF(X) we have AV B = fsat(A U B).

Proposition 4.4 ([19], Theorem 3.2). Let X be an HMS-space. Then X is a
BL-space if and only if fsat(U) is an open subset of X for every open subset U of X .

Let X be a BL-space. Since 1x is the top element of X (w.r.t. specialization
order), it follows that 1x € F for all ' € OF(X). Then fsat(0) = ({F: F €
OF(X)} = {1x} and so, by the previous proposition, {1x} is an open subset of X.
Hence, {1x} € KOF(X) and thus is the bottom element of KOF(X). Therefore
(KOF(X),N, Vv, {1x},X) is a bounded lattice.

Now we briefly sketch the corresponding functors between bounded lattices and
BL-spaces. Given a BL-space X, the dual bounded lattice of X is KOF(X). On
the other hand, given a bounded lattice L, let X (L) := (Fi(L), 71) be the BL-space,
where 77, is the topology generated by the base {U,: a € L} with U, := {F €
Fi(L): a € F'}. We summarize this in Figure 1.

Bounded lattices BL-spaces
L — X(L)=(Fi(L),7L)
(KOF(X),n, Vv, {1x},X) <« (X,7)

Figure 1. Dual equivalence between bounded lattices and BL-spaces.

Remark 4.5. Let L be a bounded lattice. Consider its dual BL-space X (L) =
(Fi(L), 7). It can be proved that KOF(X (L)) = {U,: a € L}. Moreover, it should
be noted that for every a,b € L we have U, N U, = Ugpp and U, V Uy = Ugvp
(see [19], Lemma 3.5). Then we obtain KOF(X (L)) = L. Conversely, if X is a
BL-space, then X is homeomorphic to X (KOF(X)) (see [19], Theorem 3.7).

Remark 4.6. It is worth noting that the duality for bounded lattices due to
Moshier and Jipsen (see [19]) is not a generalization of the Stone and Priestley
dualities for Boolean algebras and distributive lattices, respectively. That is, if L is
a Boolean algebra (distributive lattice), then the dual BL-space of L is not necessarily
the dual Stone (Priestley) space of L.

Now we present the definition of polarities that we will use to prove a completeness
theorem for the logic of bounded lattices.
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Definition 4.7 ([20], pages 228). A polarity (X,Y, R) is said to be a mirrored
BL-space if X and Y are HMS-spaces and the following conditions hold:

(1) R is open in the product topologys;

(2) if x Ry and = R ys, then x R (y1 My2);

(3) if z1 Ry and o Ry, then (z1 Mx2) Ry;

(4) for every F' € OF(X) there exists y € Y such that FF = R™1[y];
(5) for every G € OF(Y') there exists z € X such that G = R]z].

In this paper, we will use the terminology of BL-frames instead of mirrored BL-
spaces, given the use that these polarities have for us.

Let X be an HMS-space. For every « € X we define the set ¢, := {F € OF(X):
x € F}. Then we consider the topology on OF(X) generated by the collection
{tz: * € X}. We denote this topological space simply by OF(X). Notice that
Yz NPy = Yy for all z,y € X and ¢, = OF(X). Thus, the collection {¢,: € X}
is closed under finite intersection and hence it is a base for OF(X). Moreover, the
specialization order of the topological space OF(X) is the set-theoretic inclusion.

Proposition 4.8 ([20], Lemma 5.1). Let (X,Y, R) be a BL-frame. Then the map
y — R71[y] from Y onto OF(X) and the map = + R[x] from X to OF(Y) are
homeomorphisms. Moreover, X and Y are BL-spaces.

Remark 4.9. Let P = (X,Y, R) be a BL-frame. By Proposition 4.8 we have
that the maps y — R~ ![y] and # — R[z] are homeomorphisms. Thus, it is clear
that P is an S-frame. Since X and Y are HMS-spaces, we have that they are
complete lattices and thus they have top elements 1x and 1y, respectively. From
conditions (4) and (5) of Definition 4.7, we obtain that 1x € R71[y] forall y € Y
and 1y € R[z] for all z € X. Therefore P is a bounded S-frame.

The following corollary is an immediate consequence of Proposition 3.4.

Corollary 4.10 (Soundness w.r.t. BL-frames). Let I' C Fm(Ly,) be a finite subset
and ¢ € Fm(Ly,). If the sequent I' > ¢ is derivable in the Gentzen system Gp , then
it is valid over the class of all BL-frames.

The idea in [20] of considering BL-frames (mirrored BL-spaces) is that they rep-
resent a bounded lattice L and its opposite L?. In fact, there is a categorical dual
equivalence between bounded lattices and BL-frames. If the BL-frame (X,Y, R) is
the corresponding dual (categorically) to a bounded lattice L, then X is the dual
BL-space of L and Y is the dual BL-space of the opposite lattice L of L.

Let L be a bounded lattice and X = (Fi(L), 71) its dual BL-space. Then the dual
(categorical) BL-frame of L is (X, OF(X), R), where R is defined as follows: for every

235



z € X and every F € OF(X), zRF < = € F. The reader should keep in mind this
construction of a BL-frame from a bounded lattice, since it will play an important
role in constructing the canonical BL-frame in the next section.

4.2. Complete relational semantics for Sp; . Let P = (X,Y, R) be a BL-
frame. By (1) of Proposition 2.6 and by conditions (4) and (5) of Definition 4.7 we
have for every A C X and B C Y, that Pr(A) € FSat(X) and ¥r(B) € FSat(Y).
This implies that C(P) C FSat(X) and C4(P) C FSat(Y). Now we show that the
Galois closed subsets of X and the dual Galois closed subsets of Y are exactly the
F-saturated of X and the F-saturated of Y, respectively.

Proposition 4.11. Let P = (X,Y, R) be a BL-frame. Then
C(P)=FSat(X) and (Pro®pr)(A)=fsat(4)
for every A C X and
CY(P) =FSat(Y) and (®roUg)(B) = fsat(B)

for every BCY.

Proof. We only prove the first part. The second part of the proposition is
similar to the first one, and thus we leave the details to the reader. Let S € FSat(X).
So S =N{F € OF(X): S C F}. Then, by Propositions 4.8 and 2.6, we have

S = ﬂ{R‘l[y]: ye€Yand S C R 'y]}

= ﬂ{R‘l[y]: y € Pr(S)} = (Vg o Pr)(S).

Hence S € C(P) and therefore C(P) = FSat(X). Now, let A C X. Then, by
Proposition 4.8 again, we have

(Pro®r)(A) =R 'y): vy € Pr(A)} = (J{R'ly): AC R [y}
= [{F € OF(X): AC F} = fsat(A).
0

Now we want to build our canonical BL-frame that we will use to prove a com-
pleteness theorem for the logic of bounded lattices Sg. We need to consider some
notions of abstract algebraic logic (see [6], [7], [5]).
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Let £ be an arbitrary algebraic language and S = (Fm(L),Fs) be a sentential
logic. The binary relation AS on Fm(L) defined by

() EAS & pFstpand ¢ ks @

is called the Frege relation of S. In other words, the Frege relation is just the
interderivability between formulas of Fm(L£). A sentential logic S is said to be
selfextensional if the Frege relation AS is a congruence on the algebra of formulas
Fm(L).

Proposition 4.12 ([6], 5.1.2). The sentential logic Sp. = (Fm(Ly,),bpL) is self-

extensional.

Now, we consider the quotient algebra (Fm(Ly)/ASgmi,A,V,[L1],[T]). From
the rules of Gpy, it is straightforward to show directly that the algebra L :=
(Fm(Lp)/ASp1, A, V, [L],[T]) is a bounded lattice. Notice that the lattice order of L
is given by

[¢] < [¢] © ¢ Fp1L ¥ < the sequent ¢ > 1) is derivable on Gp .

Since L is a bounded lattice, we can consider its dual BL-frame Py = (X,Y, R),
where X = Fi(L), Y = OF(X) and the relation R C X x Y is defined as: 2RF <
x € F. The BL-frame Pp| is called the canonical BL-frame of Sg.. Now we define
the valuation v: Var — KOF(X) as follows:

v(p) = {F € Fi(L): [p] € F}.

Then we consider the canonical BL-model My, := (Pgy,v) for Spy. Recall, by Def-
inition 3.2, that v}, : Fm(Ly) — FSat(X) is the unique extension homomorphism
of v and (by Proposition 3.3) such that

Vi (p) ={z € X: My, z Ik ¢}

for every formula . In fact, since the range of the valuation v is KOF(X) and
KOF(X) is a sublattice of FSat(X), it follows that vy, (¢) € KOF(X) for every
formula ¢ and thus v}, : Fm(L,) — KOF(X).

From now on, we omit the subscript BL on Mp; and the subscript Mp; on U‘J\ZBL,

ie. we write M := My, and v'" := U‘J\ZM.

Proposition 4.13. For every ¢ € Fm(Ly) we have v (p) = {F € Fi(L):
bl € F}.
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Proof. We proceed by induction on the complexity of formulas. For p € Var
it is trivial by definition of v. Now let ¢,1) € Fm(L;,) be such that v'" (¢) = {F €

Fi(L): [¢] € F} and v" (v) = {F € Fi(L): [¢] € F}.

1=

Since v" is a homomorphism and using the inductive hypothesis, we have

(o Aw) = o (p) N () = (F € Fi(L): [¢] € FYN{F € Fi(L): [v] € F}
— {F € Fi(L): [¢].[¢] € F} = {F € Fi(L): [pA¥] € F}.

Next we use again that v'" is a homomorphism and the inductive hypothesis.
Moreover, since X = (Fi(L), ) is the dual BL-space of L = Fm(Ly)/ASg1, we have
by Remark 4.5 that U}y, V U] = Upy,jviye] for all [x1], [x2] € L. Then

V(e V) =0 (p) Vo' (v) ={F €Fi(L): [¢] € F}V{F €Fi(L): [¢] € F}
= Ulp) V Upy) = Upgviy) = Ulpvy) = {F € Fi(L): [p VY] € F}.

Notice that the top element of X = Fi(L) is L, in other words 1x = L. Then
(L) ={1x} ={L}y={F €Fi(L): [L] € F}.

For T we have v (T) = X = Fi(L) = {F € Fi(L): [T] € F}. This completes the
proof. O

Corollary 4.14. Let ¢ € Fm(Ly) and F € X = Fi(L). Then

M,FlFp &g € F.

Theorem 4.15. Let I' C Fm(Ly,) be finite and ¢ € Fm(Ly,). If the sequent I'> ¢
cannot be derived in Gg| , then it is not valid over the canonical BL-model M.

Proof. Let F := Fip({[¢)]: ¥ € T}) be the filter of the lattice L =
Fm(Ly)/ASpL generated by {[¢)]: ¢ € T'}. From the previous corollary we have
that M, F' I T'. Suppose that M, F' |- ¢. So, by the previous corollary, we obtain
[¢] € F. Then, by definition of the filter F', there are v¢1,...,9, € I' such that
[Wi] Ao A fn] < [@]. Thus [1 A ... Ay, < [¢]. This implies that the sequent
Y1 A. ..\, is derivable in Gy and thus I'> is derivable. This is a contradiction
and hence M, F' ¢ . Therefore I' > ¢ is not valid over the canonical BL-model M.

O
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Now, by Proposition 3.4 and Theorem 4.15, we can enunciate the two completeness
theorems for the logic of bounded lattices Spp with respect to the class of all BL-
frames and the class of all bounded S-frames.

Theorem 4.16 (Completeness w.r.t. the BL-frames). Let I' C Fm(Ly) be finite
and ¢ € Fm(Ly). The sequent I' > ¢ is derivable in Gg if and only if it is valid in
the class of all BL-frames.

Then, as an immediate consequence, we obtain the following result.
Theorem 4.17 (Completeness w.r.t. bounded S-frames). Let I' C Fm(Ly) be

finite and ¢ € Fm(Ly). The sequent I'> ¢ is derivable in G if and only if it is valid
in the class of all bounded S-frames.

References

[1] G. Allwein, J. M. Dunn: Kripke models for linear logic. J. Symb. Log. 58 (1993), 514-545. MR

[2] K.Bimbd, J. M. Dunn: Four-valued logic. Notre Dame J. Formal Logic 42 (2001),

171-192. MR

[3] B. A. Davey, H. A. Priestley: Introduction to Lattices and Order. Cambridge University

Press, New York, 2002. IMR]

[4] J. M. Dunn, M. Gehrke, A. Palmigiano: Canonical extensions and relational complete-

ness of some substructural logics. J. Symb. Log. 70 (2005), 713-740. IMR]

[5] J. M. Font: Abstract Agebraic Logic. An Introductory Textbook. Studies in Logic 60.
Mathematical Logic and Foundations. College Publications, London, 2016. IMR]
[6] J. M. Font, R. Jansana: A General Algebraic Semantics For Sentential Logics. Lecture

Notes in Logic 7. Springer, Berlin, 1996. MR
[7] J. M. Font, R. Jansana, D. Pigozzi: A survey of abstract algebraic logic. Stud. Log. 74
(2003), 13-97. MR
[8] M. Gehrke: Generalized Kripke frames. Stud. Log. 84 (2006), 241-275. IMR]
[9] M. Gehrke, R.Jansana, A.Palmigiano: Ai-completions of a poset. Order 30 (2013),
39-64. MR
[10] M. Gehrke, B.Jonsson: Bounded distributive lattices with operators. Math. Jap. 40
(1994), 207-215. MR
[11] M. Gehrke, B. Jonsson: Monotone bounded distributive lattice expansions. Math. Jap.
52 (2000), 197-213. MR

[12] M. Gehrke, B.Jdnsson: Bounded distributive lattice expansions. Math. Scand. 94

(2004), 13-45. MR

[13] G. Hartung: A topological representation of lattices. Algebra Univers. 29 (1992),

273-299. MR

[14] P.T. Johnstone: Stone Spaces. Cambridge Studies in Advanced Mathematics 3. Cam-
bridge University Press, Cambridge, 1982. IMR]
[15] B. Jonsson, A.Tarski: Boolean algebras with operators I. Am. J. Math. 78 (1951),

891-939. MR

[16] B. Jonsson, A. Tarski: Boolean algebras with operators II. Am. J. Math. 7/ (1952),

127-162. MR

239


https://zbmath.org/?q=an:0795.03013
http://www.ams.org/mathscinet/search/publdoc.html?contributed_items=show&pg3=MR&r=1&s3=MR1233922
http://dx.doi.org/10.2307/2275217
https://zbmath.org/?q=an:1034.03021
http://www.ams.org/mathscinet/search/publdoc.html?contributed_items=show&pg3=MR&r=1&s3=MR2010180
http://dx.doi.org/10.1305/ndjfl/1063372199
https://zbmath.org/?q=an:1002.06001
http://www.ams.org/mathscinet/search/publdoc.html?contributed_items=show&pg3=MR&r=1&s3=MR1902334
http://dx.doi.org/10.1017/CBO9780511809088
https://zbmath.org/?q=an:1101.03021
http://www.ams.org/mathscinet/search/publdoc.html?contributed_items=show&pg3=MR&r=1&s3=MR2155263
http://dx.doi.org/10.2178/jsl/1122038911
https://zbmath.org/?q=an:1375.03001
http://www.ams.org/mathscinet/search/publdoc.html?contributed_items=show&pg3=MR&r=1&s3=MR3558731
https://zbmath.org/?q=an:0865.03054
http://www.ams.org/mathscinet/search/publdoc.html?contributed_items=show&pg3=MR&r=1&s3=MR1421569
http://dx.doi.org/10.1017/9781316716915
https://zbmath.org/?q=an:1057.03058
http://www.ams.org/mathscinet/search/publdoc.html?contributed_items=show&pg3=MR&r=1&s3=MR1996593
http://dx.doi.org/10.1023/A:1024621922509
https://zbmath.org/?q=an:1115.03013
http://www.ams.org/mathscinet/search/publdoc.html?contributed_items=show&pg3=MR&r=1&s3=MR2284541
http://dx.doi.org/10.1007/s11225-006-9008-7
https://zbmath.org/?q=an:1317.06002
http://www.ams.org/mathscinet/search/publdoc.html?contributed_items=show&pg3=MR&r=1&s3=MR3018209
http://dx.doi.org/10.1007/s11083-011-9226-0
https://zbmath.org/?q=an:0855.06009
http://www.ams.org/mathscinet/search/publdoc.html?contributed_items=show&pg3=MR&r=1&s3=MR1297234
https://zbmath.org/?q=an:0972.06005
http://www.ams.org/mathscinet/search/publdoc.html?contributed_items=show&pg3=MR&r=1&s3=MR1793267
https://zbmath.org/?q=an:1077.06008
http://www.ams.org/mathscinet/search/publdoc.html?contributed_items=show&pg3=MR&r=1&s3=MR2032334
http://dx.doi.org/10.7146/math.scand.a-14428
https://zbmath.org/?q=an:0790.06005
http://www.ams.org/mathscinet/search/publdoc.html?contributed_items=show&pg3=MR&r=1&s3=MR1157437
http://dx.doi.org/10.1007/BF01190610
https://zbmath.org/?q=an:0499.54001
http://www.ams.org/mathscinet/search/publdoc.html?contributed_items=show&pg3=MR&r=1&s3=MR0698074
https://zbmath.org/?q=an:0045.31505
http://www.ams.org/mathscinet/search/publdoc.html?contributed_items=show&pg3=MR&r=1&s3=MR0044502
http://dx.doi.org/10.2307/2372123
https://zbmath.org/?q=an:0045.31601
http://www.ams.org/mathscinet/search/publdoc.html?contributed_items=show&pg3=MR&r=1&s3=MR0045086
http://dx.doi.org/10.2307/2372074

[17] N. Kamide: Kripke semantics for modal substructural logics. J. Logic Lang. Inf. 11

(2002), 453-470. MR

(18] W. MacCaull: Relational semantics and a relational proof system for full Lambek cal-

culus. J. Symb. Log. 63 (1998), 623-637. MR

[19] M. A. Moshier, P.Jipsen: Topological duality and lattice expansions I: A topological

construction of canonical extensions. Algebra Univers. 71 (2014), 109-126. MR

[20] M. A. Moshier, P. Jipsen: Topological duality and lattice expansions II: Lattice expan-

sions with quasioperators. Algebra Univers. 71 (2014), 221-234. MR

[21] J. Rebagliato, V. Verdi: On the algebraization of some Gentzen systems. Ann. Soc. Math.
Pol., Ser. IV, Fundam. Inf. 18 (1993), 319-338. IMR]
[22] J. Rebagliato, V. Verdu: Algebraizable Gentzen systems and the deduction theorem for
Gentzen systems. Mathematics Preprint. Series 175. University of Barcelona, 1995.
[23] A. Urquhart: A topological representation theory for lattices. Algebra Univers. 8 (1978),

45-58. MR doi

Author’s address: Luciano J. Gonzalez, Universidad Nacional de La Pampa, Facultad
de Ciencias Exactas y Naturales, Santa Rosa, Av. Uruguay 151, CP 6300, Argentina, e-mail:
lucianogonzalez@exactas.unlpam.edu.ar.

240


https://zbmath.org/?q=an:1017.03011
http://www.ams.org/mathscinet/search/publdoc.html?contributed_items=show&pg3=MR&r=1&s3=MR1926009
http://dx.doi.org/10.1023/A:1019915908844
https://zbmath.org/?q=an:0926.03024
http://www.ams.org/mathscinet/search/publdoc.html?contributed_items=show&pg3=MR&r=1&s3=MR1625899
http://dx.doi.org/10.2307/2586855
https://zbmath.org/?q=an:1307.06002
http://www.ams.org/mathscinet/search/publdoc.html?contributed_items=show&pg3=MR&r=1&s3=MR3183386
http://dx.doi.org/10.1007/s00012-014-0267-2
https://zbmath.org/?q=an:1307.06003
http://www.ams.org/mathscinet/search/publdoc.html?contributed_items=show&pg3=MR&r=1&s3=MR3192022
http://dx.doi.org/10.1007/s00012-014-0275-2
https://zbmath.org/?q=an:0788.03006
http://www.ams.org/mathscinet/search/publdoc.html?contributed_items=show&pg3=MR&r=1&s3=MR1270344
https://zbmath.org/?q=an:0382.06010
http://www.ams.org/mathscinet/search/publdoc.html?contributed_items=show&pg3=MR&r=1&s3=MR0450150
http://dx.doi.org/10.1007/BF02485369

		webmaster@dml.cz
	2020-07-01T19:56:40+0200
	CZ
	DML-CZ attests to the accuracy and integrity of this document




