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1 Introduction

Kripke semantics plays a fundamental role for modal logics where it often provides modular
semantics allowing a clear treatment of various logics related by the addition of axioms or
connectives. Kripke semantics is also the “natural semantics” for classical modal logic in
the sense that it is given by the representation theory for modal algebras. The algebraic
structure corresponding to a traditional Kripke model is based on the powerset of a set of
worlds. Powerset algebras are very special Boolean algebras, but they are general enough
that every Boolean algebra can be embedded in one.

Kripke semantics have also been applied for other logics, including intuitionistic and sub-
structural logics. However, Heyting algebras that can be embedded in powerset Boolean
algebras are already themselves Boolean algebras and thus the model class must be broad-
ened. This is done for intuitionistic logic by considering sets of worlds enriched with an order.
The corresponding algebraic structures are up-set lattices, which form a rich enough class
of Heyting algebras to allow the embedding of arbitrary Heyting algebras. In the setting of
substructural logics, there may be no lattice operations or very weak ones that are not neces-
sarily distributive. Based on the representation theory of such posets and lattices, the papers
[DGPOF, IGeh0f] suggest a natural generalisation of Kripke semantics to an analogous kind of
semantics (generalised Kripke semantics) for a broader setting including that of substructural
logics. This generalisation allows us to build models on a more general algebraic structure,
viz. on a kind of lattice generalising powersets and up-set lattices.

The generalised Kripke semantics of [Geh06] provides the possibility of a modular treatment of
various substructural logics obtained by axiomatic extension or enrichment of the connective
type. This treatment is based on canonicity and correspondence as in the classical modal
logic setting. A modular treatment for the basic hierarchy of substructural logics based just
on the implication-fusion fragment was given in the paper [DGP0F] where the generalised
Kripke semantics was first introduced. This semantics and the issuing method of canonicity
and correspondence has also been applied to analyse negations in the substructural setting
in the paper |[Alm09]. The preprint [CGvR11] considers generalised Kripke semantics for
full linear logic and derives in an algorithmic and modular fashion complete semantics based



on a class of models generalising but closely related to the phase space models of Girard
[Gir97]. Since generalised Kripke semantics are the ones corresponding to the topological
representation theory for lattices, they are closely related to the semantics in the book by
J. Michael Dunn and Gary Hardegree [DHO1]. However, the approach we take is a closer
parallel to the classical canonicity and correspondence treatment as in [BARV02].

In this paper we will consider a kind of substructural logic (the so-called Lambek-Grishin
calculus) that was first mentioned in [Gri83] and discussed in more detail in [Moo09]. This
calculus extends the basic implication-fusion fragment (the non-associative Lambek calculus)
in the following way: together with the fusion residuated family of connectives, there is a
second residuated family. In addition to this, some interaction axioms between these two
families of connectives are introduced, which are identified as pertinent to linguistic phenom-
ena in [Moo09]. Traditional Kripke semantics for the Lambek-Grishin calculus was discussed
in [Che07] and [KM10]. However, as soon as additional axioms or additional connectives are
present, one must start over to obtain semantics for such richer logics. For example, in order
to obtain semantics for the Lambek-Grishin calculus with interaction axioms in the presence
of lattice operations, semantics based on phase spaces are announced in [Basl(]. This is hard
to compare to the semantics given in [KM10)].

Here, we consider semantics based on the generalised Kripke frames naturally associated
with the algebraic semantics of the logics in question via their representation theory. The
two residuated families of the Lambek-Grishin calculus have order dual properties, so the
symmetric set-up required by the general lattice setting lends itself particularly well to this. In
addition, the interaction axioms provide an interesting case study for exploring the expressive
power of these semantics compared to the traditional ones.

The main advantage of this approach is that each axiom and each connective modularly slots
in as an additional first order property or additional relational component. This allows a clear
comparison of various logics and a fully modular family of completeness results. Accordingly,
in addition to the basic Lambek-Grishin operations and axioms, we consider all four families
of interaction axioms as well as associativity, commutativity, weakening and contraction, and
additional connectives such as lattice operations and linear logic-type negation. The presence
of a linear logic-type negation tying together the two families of operations in the Lambek-
Grishin calculus yields that all the possible interaction axioms are equivalent. In particular,
the interaction axioms considered in [Moo(9] are in this setting equivalent to associativity of
both the product and the plus connective. A quick overview of our results may be found in
Section 6.

Our approach to completeness for these various logics is parallel to the approach taken in
[DGPO0S]. Thus, we prove canonicity and Sahlqvist-style correspondence, thereby providing
complete relational semantics. Several of the equivalent versions of the interaction axioms
in each group may be seen to be Sahlqvist in an appropriate generalised sense, and thus
our derivations produce first-order conditions on the corresponding frames. Remarkably,
each such frame condition turns out to be equivalent to a version of the initial axiom itself
that is restricted to just the completely join resp. meet irreducible elements of the complex
algebra.

The paper is structured as follows: in Section 2 we briefly repeat the theory of generalised
Kripke models. In Section 3 we apply this to capture the basis of the Lambek-Grishin calcu-



lus. In Section 4 we define canonical extensions of Lambek-Grishin algebras and sketch the
approach to completeness results via these canonical extensions. This is applied in Section 5,
where we explore the influence of interaction axioms and give our canonicity and correspon-
dence results for the extended Lambek-Grishin calculus. Finally, in Section 6 we give our
results on complete relational semantics for the Lambek-Grishin calculus extended with dif-
ferent additional axioms that can be handled in a modular way, and we consider the influence
of enriching the connective type with a linear logic-type negation.

2 Complete semantics for some substructural logics

2.1 Generalising the set of worlds

In traditional Kripke semantics, a frame is built on a non-empty set of worlds W which
does not, generally speaking, have any particular structure. That is, an interpretant of a
logical formula in a frame may be any subset of the set of worlds. However, in Kripke-style
semantics for intuitionistic logic, frames are equipped with an order and interpretants must
be hereditary sets. The idea of the generalised Kripke frames is similar, but is tailored to
the substructural setting. What we need in this setting is that an interpretant is not only
described by the worlds at which it holds, but also by the ‘information quanta’ contained in it
(so-called co-worlds), moreover, either of these completely determine the interpretant.

A polarity is a triple F' = (X,Y, <), where X and Y are non-empty sets and < C X x Y
is a binary relation from X to Y. Here X is a set of worlds, Y a set of co-worlds, and

a co-world, or information quantum, y € Y is a part of the world x € X provided z < y
holds.

Such a polarity yields a Galois connection:

PY)

O = PX) —
A — {yeY|VzeX (zred=z<y)}

7 PY) — PX)
B — {zeX|VWeY (yeB=y>uzx)}
Interpretants in generalised Kripke semantics are Galois-stable subsets of X:
GF)={ACX|A= (A%}

Define fe={yeY |z <y}and | y={xr € X |z <y}. A polarity F is called an S-frame
(a separating frame) provided that

Vo, z0 € X <Tw1 =z = x1 = w2> and  Vy,y2 €Y (ly1 =ly2 = y1= yz)-
Informally, these conditions mean that T z (| y, respectively) completely describes the world z

(the co-world y, resp.). More formally, it means that the mappings X — G(F') defined as
i+ (1 2)? and Y — G(F) defined as y | y are injectiveﬂ Accordingly, we will often write

! As a consequence, X and Y may be understood as subsets of G(F).



x instead of (T )Z, and we will use < instead of C for the order in G(F). Thus for A € G(F),
r € X,and y €Y we write z < A instead of (T 2)® C A, and A < y instead of A C| y. Note
that for z € X and y € Y we have z < y, where < is the relation in the frame F', if and only
if (1 £)? C| v, so this causes no confusion.

An S-frame F' is called reduced (or an RS-frame) if the following two properties hold:
Vo Jy (a: LyAvVr (' <z =1 gy)) and Vy Iz (a:;{y/\Vy’ (y<y =ux g;/)).

These two conditions basically say that all worlds are completely join-irreducible (i.e., it is not
possible that x = \/{z' |T  C1 2’}) and all co-worlds are completely meet-irreducible. This
notion of an RS-frame gives a generalisation of the usual notions of Kripke structure where
an unstructured set of worlds W corresponds to the RS-frame (W, W, #) and an intuitionistic
Kripke frame (W, <) corresponds to the RS-frame (W, W, ).

Finally, continuing a generalisation of a Kripke structure, let us introduce the notion of a
valuation function. Given an RS-frame F' and a set of variables Var, a valuation is a
mapping V: Var — G(F).

2.2 Models for substructural logics

The paper [Geh0f] provides complete semantics for the implication-fusion fragment of vari-
ous substructural logics. The basic logic under consideration is the non-associative Lambek
calculus. Thus, the set of formulae F is built from the set of variables Var with a product
connective (which will be denoted as ® here) and its two residuals denoted as / and \. The
rules of the system are as follows (A, B,C € F):

e an axiom scheme: AF A
e a transitivity rule: if A- B and B+ C then A C
e residuation rules: AFC/B & A®BFC < BFA\C

In order to capture this logic, we need to add a ternary relation Rg C X X X X Y to model
the behaviour of the connectives. Since interpretants are Galois-stable sets, the following
compatibility conditions on Rg are imposed:

Ve, x0 € X (Rglz1, 2, ]7)S = Rglr1,x2, ]
V1 € X,y €Y (Rglz1, ,y]S)® = Rglzi, ] (1)
v:172 S X7y ey (R®[_7 $27y]<)> = R@[_v 5172,2/]

Here the R[] notation denotes a relational image. For example,

Rglz1,22, | ={y € Y | Rg(z1,72,¥)}.

We call (F,Rg) a Lambek frame, provided F = (X,Y,<) is an RS-frame and Rg is a
compatible relation. A model is a triple M = (F, Rg, V) where (F, Rg) is a Lambek frame
and V: Var — G(F) is a valuation of variables. Given such a model, relations I C X x F
and = CY x F are defined inductively:

e forpeVar:zlkp & z<V(p)andy =p < y = V(p)



eifxlFA xlF B,y > A, y = B are defined for all x € X and y € Y, the relations for
complex formulae are defined as follows:
y=-ARB < Vo€ X ((a:l FA A 29 IF B) = R®(a:1,a;2,y))
zlFA®B & VyeY (y=A®@B=xz<y)

zlFA\B & Vi'eX VyeY ((:17’ IFA A y>-B):>R®(:E’,:E,y))

2
y=A\B & VreX (zlFA\B=2z<y) @

cFB/A & VieX, VyeV ((g;'wA A y>B):>R®(a:,a;’,y))
y>=B/A & VreX (xlFB/A=z<y)

Given formulae A, we define the interpretation of A in a model M = (F, Rg, V') to be
Al ={ze X |zlF A}.

It is not difficult to check that [A]r always is a Galois closed set of X. Now a sequent A - B is
said to hold in M provided [A]p < [B]am and A F B is said to be valid over a class of Lambek
frames if and only if it holds in every model based on a frame from the class. The following
theorem (proven in [Geh0fl]) states soundness and completeness of the non-associative Lambek
calculus with respect to the class of models based on Lambek frames:

Theorem: For all formulae A and B the sequent A - B is derivable in the non-associative
Lambek calculus if and only if it is valid over the class of all Lambek frames.

Or, equivalently, the non-associative Lambek calculus is complete with respect to the class of
Lambek frames.

3 Generalised Kripke semantics for LG

In this section we illustrate the theory described above on another kind of substructural
logic, viz., the Lambek-Grishin calculus. We start with its minimal version LGy, in which no
interaction axioms are added. The formulae of LGy are built from variables taken from the
set Var with six connectives: product ® and its upper residuals / and \, and plus @ and its
lower residuals © and @. The rules are as follows:

e an axiom scheme: AF A

e a transitivity rule: if A- B and B+ C then A C

e residuation rules for the product family: A+ C/B < A BFC < BFA\C
e residuation rules for the plus family: BOCHA & CFB®A & CoAFB

In order to model the behaviour of the plus family of connectives, we add to the frames for
the Lambek calculus another ternary relation Ry C X X Y X Y satisfying the appropriate
compatibility conditions:

\v/ylva ey (REB [_7 y17y2]<)> — REB [_7 y17y2]
Vyl S Yax S X (R®[x7yl7_]>)< - R@[xﬂyh_] (3)
Vya e Y,z € X (Rolr,,4]”)S = Ralr, y]
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Let us call (F, Rg, Re) a Lambek-Grishin frame, provided (F, Rg) is a Lambek frame and
Rg is compatible in the sense given above. The truth conditions for the new connectives are
defined as follows:

zlFA®B Yy, y2 €Y ((yl =A Ny >B):‘R@(x,y1,yz))
y>-A®B & VeeX (zlFA@B=x<y)

¢

y=AQOB & WY eV, VeeX ((y/>A A a:lkB):>R@(:c,y’,y)>

4
rlFAOB & WYyeY (y-AoB=z<y) W

y~BoA & WeY,VeeX <(y’>A A :EII—B):>R@(x,y,y’)>
xlFBoA & VYyeY (y-BoA=z<y)

Again, [A]p is defined accordingly and a sequent A F B holds in a Lambek-Grishin frame
provided it holds in all models based on that frame. We have the following soundness and
completeness theorem for the basic Lambek-Grishin calculus LG with respect to the class of
frames described above:

Theorem: For all formulae A and B of the Lambek-Grishin calculus, the sequent A - B
is derivable in LGy if and only if it is valid over the class of all Lambek-Grishin frames
(X,Y,<, Rg, Rg).

This theorem is a direct consequence of the completeness theorem for the non-associative
Lambek calculus given in the previous section, since each of the residuated families sepa-
rately gives rise to an isomorphic or an order dual non-associative Lambek system, and no
interaction between the two is stipulated. While this basic completeness theorem for LG
is a direct consequence of the work in [Geh(6], it requires some work to develop the mod-
ular correspondence theory for the interaction axioms. As in Kripke semantics for modal
logics, two components are needed: canonicity and correspondence. Our results for both
of these components are described in Section Bl after the necessary preliminaries have been
introduced.

4 Introduction to canonical extensions

In this section we will first sketch the approach to completeness results via canonical extensions
that is behind the results given above, and which will be applied to the Lambek-Grishin
calculus with interaction axioms in Section Bl Next, we will give some preliminaries needed
on canonical extensions of posets and of additional operations on posets in order, finally, to
define canonical extensions of what we will call Lambek-Grishin algebras.

4.1 Completeness via canonicity

Our proof method is different from the one most frequently used in logic. Typically, given a
propositional logic L, a so-called canonical frame model is constructed using some notion of
maximal consistent theories or related notions. This is also possible for the notion of frame



used here and this approach to the completeness of the Lambek calculus is given in section
4 of [Geh0f]. By contrast, the completeness of the Lambek calculus and of several of its
extensions is proved in the paper [DGP05] using a combination of algebraic canonicity results
and correspondence results. We will use this latter approach here as it is particularly well-
suited for dealing with additional laws such as the interaction axioms. For those familiar with
standard canonicity and correspondence proofs in modal logic, the most important divergence
from the standard procedure is that our correspondence results are just for frames and their
complex algebras, and we do not use correspondence results when proving canonicity: we treat
correspondence and canonicity separately. For canonicity, our proof method takes advantage
of developments within the algebraic theory of canonical extensions of posets expanded with
further operations and is a direct generalisation of the papers [DGP0S] and |[GNVO03].

Starting from the Lindenbaum algebra of the logic, the algebraic theory provides a certain
completion, called the canonical extension, which is unique with respect to a few simple
abstract properties. It turns out that this extension is precisely the algebra of Galois closed
sets of the canonical frame as defined in section 2 of |Geh0f]. Thus we get a simple abstract
manner of working with the canonical frame. This makes it easy to treat additional operations
and their interaction axioms. In particular, from A = (A4,®,/,\,®,9,0) we get A° =
(A%, @7, /" \™,®&",07,@7) and A? is the algebra of Galois closed sets for some frame which
we denote by (X,Y, <, Rgo, Rer) =: F(A).

The central role of the canonical extension in the process of finding relational semantics is
illustrated by the following diagramme.

Lambek-Grishin logic

LG-algebras
A=(4,8,/,\,0,0,0)

Canonical extensions Lambek-Grishin frames
A6 = (g(X7 K g)v ®07 / ﬂv \ ﬂv @ﬂv O 07 @ J) F(A) = (X7 K g) R@"v R@”)

3

Relational semantics

This process works for the Lindenbaum algebra A of the LGy-logic in the sense that the canon-
ical frame F(A) with the interpretation given by the embedding map is a model of precisely
those sequents that are deducible in LGy, as the following equivalences demonstrate.
Oly.e  Op E Y holds in LGy
= PM1R...Q ¢, <Y holds in A
[P1]46 @7 ... @ [pnlas < [¥]ps  holds in A°
F(A) - ¢1,... 00 9,

where the subscript A% means that the formula is interpreted in A%, and @7 is the extended

*

~
~



version of ®, as is described below.

We call A = (A4,®,/,\,®,0,2) an LG-algebra provided A is a poset, and the operations
of A satisfy the rules of LGy, i.e. / and \ are upper residuals of ®, while © and @ are lower
residuals of &.

The process of getting a canonical extension and from a canonical extension a Lambek-Grishin
frame works for any LG-algebra. When dealing with a class of algebras that satisfy additional
interaction axioms (e.g. one of Grishin’s groups, see next section), our aim is to find out which
first-order condition is imposed by these axioms on the class of Lambek-Grishin frames.

In order to prove the completeness of an axiomatic extension of LGy, two components are
needed:

1. We have to show that if we start with A, the Lindenbaum algebra for some extension
of LGy, then for each additional axiom, the equivalence indicated by * still works. This
equivalence is called the canonicity of the additional axiom. This canonicity implies
completeness with respect to the class of frames satisfying the axioms. However this
algebraic part of the work does not necessarily give us a good (preferably first-order)
class of frames with respect to which the logic is complete.

2. The second part of our work then, typically referred to as correspondence, consists
in showing that the axioms holding in a frame are equivalent to appropriate first-order
properties of the frames.

4.2 LG-algebras and their canonical extensions

In defining the canonical extension of an LG-algebra A, we will start with abtractly defining
the canonical extension of a poset and we will apply this construction to the poset reduct P of
A. This poset extension can then be expanded by an additional operation for each additional
operation of the original A, in such a way that A% will be an LG-algebra.

In order to be able to give the abstract definition of the canonical extension of a poset, we
first make the following definitions:
Definition 4.1. Let P be a poset.
1. A filter of P is a non-empty subset I’ of P satisfying:
(a) F' is an up-set, that is, if x € F', y € P, and = < y, then y € F}

(b) F is down-directed, that is, if x,y € F, then there exists z € F' with z < = and
z < y.

An ideal of P is defined dually. That is, I is an ideal of P provided I is a non-empty
up-directed down-set of P.

2. An extension of P is an order embedding e : P — @, i.e., for every x,y € P, x < y if
and only if e(x) < e(y). For ease of notation we will suppress e and call @) an extension
of P and assume that P is a subposet of Q.



3. Given an extension ) of P, an element of @ is called a filter element provided it is the
infimum in @ of some filter F' of P. We denote the set of all filter elements of @ by F(Q).
Dually, an element of @) is called an ideal element provided it is the supremum in
of some ideal I of P. We denote the set of all ideal elements of ) by I(Q). Note that
filter, respectively ideal, elements are also known under the names closed, respectively
open, elements.

4. An extension ) of P is said to be dense provided each element of () is both the
supremum of all the filter elements below it and the infimum of all the ideal elements
above it.

5. An extension @ of P is said to be compact provided A F < \/ I in @ implies FNT # ()
for I a filter of P and I an ideal of P.

6. A completion of a poset P is an extension @) of P which also happens to be a complete
lattice.

We are now ready to give the abstract definition of the canonical extension of a poset.

Definition 4.2. Let P be a poset. A canonical extension of P is a dense and compact
completion of P.

In [DGPOF], it is shown that every poset P has a canonical extension that is unique up to an
isomorphism fixing P. We will denote this extension by P?. In earlier papers P’ was used
instead of P?, but we will use the new notation as introduced in [GPOS].

Using the axiom of choice one can prove that the canonical extension P? of an arbitrary poset
P is a perfect lattice, that is, it is a complete lattice such that for all z € P?:

x:\/{j e J®(P°):j <z} andx:/\{m e M>®(P°): z <m},

where J(P?), respectively M (P?%), denotes the set of completely join, respectively meet,
irreducible elements of P°. This enables us to identify each canonical extension with a frame:
because P° is a perfect lattice, it can be shown that P° 2 G(J*°(P?), M>=(P?%),<) and that
the frame (J°°(P%), M>(P?),<) is an RS-frame.

In order to extend an LG-algebra A, we still need to extend our residuated families to A°.
First, we look at posets that come with an additional order-preserving unary map f. There
are two different ways of extending f to the canonical extension, namely:

Definition 4.3. Let P and @ be posets, and f : P — @ an order preserving map. Define
maps f7, ™ : P® — Q% by setting:

rrw = V{AUS® e<peP}iuzoeF(P)},
@ = AV :y=pePtiu<yenrh}



It is clear that for u € P°, x € F(P?), and y € I(P?), this gives

) = V{f @ uzze PP},
fox) = AN{fp):x<pe P},
ffw) = N{Fff@W):u<yel(P)},
M) = \{fp):y=pe P}

Furthermore, it can be shown that f and f™ are order-preserving extensions of f, that send
filter elements to filter elements and ideal elements to ideal elements.

Canonical extension commutes with taking the order dual version of a poset and with taking
a finite product of posets, that is (P@l)% = (Po)dual apnd (P™)% = (P%)™. This enables us to
use the previous definition to find the o- and w-extension of more complicated maps. If f is
order-reversing, it can be seen as an order-preserving map from the order dual version of its
domain to its codomain, to which the definition can be applied. Similarly, in order to deal
with operations of arity greater than 1, that are in each coordinate either order-preserving or
order-reversing, we regard these as maps of which the domain is a finite product of P’s and
order dual versions of P.

When extending a particular operation, one has to choose between the o- and the m-extension,
depending on the properties (eg. join-preserving, meet-preserving) of the particular opera-
tion.

In the paper [DGPO0F] it is shown in general how to extend residuated maps. Applying this
to our operations ®, /,\,®, O, gives that if we extend an LG-algebra (4,®,/,\,®,9,0)
as (A%, @7, /™ \™,®™,07,@°), then the basic Lambek-Grishin rules will hold again on this
canonical extension. That is the canonicity result for LGy.

5 Completeness for the interaction axioms

In this section we extend LGy with one of the families of interderivable interaction axioms. We
show that these axioms are canonical, and we show how the axioms give rise to corresponding
first-order conditions that tell us how to adapt the class of Kripke frames.

5.1 Interaction axioms extending LG

Interactions involving only connectives from one family are well-known from the Lambek
calculus. For example, adding to the non-associative Lambek calculus an axiom A®(B®C') -+
(A ® B) ® C yields the associative Lambek calculus.

In the setting of LGy it is most interesting to consider mixed axioms, i.e. those involving
connectives from both residuated families. In [Gri83] Grishin studied and classified all of these.
In particular, he showed that because of the rules of the basic calculus LGy, the additional
axioms come in groups of six that are mutually interderivable on the basis of LGy. The
paper [Moo09] identified the axioms in Grishin’s fourth group as most relevant for linguistic
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applications. However, from the logical perspective, Grishin’s first group of axioms seems
equally interesting. In Section Bl we give our results for all of these four groups. In this
section we will consider Grishin’s fourth group in detail:

(a) (B\C)oAEF B\(C2A) (d) (A\C)oBFCS(A® B)
(b) B\(C® A)F(B\C)® A (e) (A®B)/C-A/(C2B) (5)
(¢) A (CoBFA®C)OB (f) Ao(BoC)-(C/A)\B

5.2 Canonicity of the interaction axioms

Our first step in proving the completeness is showing that if an interaction axiom holds in
an LG-algebra, then it will hold in its canonical extension. In order to do this, the operations
®,/,\ and ®,0,® are extended to the canonical extension, as explained in Section @l This
will give again an LG-algebra. To prove canonicity of the interaction axioms in (), it suffices
to prove that one of them lifts to the canonical extension. The validity of one axiom together
with the interderivability of the axioms will yield canonicity of the other ones.

We will now prove the canonicity of the interaction axiom (b) given in (H). This means that
we will show that for an LG-algebra A in which for all a,b,c € A it holds that

b\(c®a) < (b\c)®a,

this axiom will also hold for the extended operations in the canonical extension A%. First,
we show that the axiom holds on certain combinations of filter and ideal elements of A%, and
we will use this to show that it holds on all elements of A%. Thus, we want to show that for
x1 € F(A%) and v, y3 € I(A%) it holds that

I\" (12 @ y3) < (21 \ " y2) B" ys.

For yz, y3 € I(A°)
yi:yzéBwy?,:\/{azéBag:aigyi,aieA}. (6)

Note that y € I(A%). Therefore, for z; € F(A?) we have:
xl\”y:\/{al\a:alQxl,aéy,al,aeA}. (7)
Combining (@) and () gives

21\ (y2 ®" y3) :\/{al\a:al >x1,a < \/{ag@agzai < yi,a; € A},al,aeA}. (8)

We show that the set S := {as ® a3 : a; < y;,a; € A} is a directed set in A%, For as &
as, abh @ as € S, we have that (ag V a)) & (ag V aj) € S, and since @ is order preserving in
both coordinates,

(ag Vdh) ® (a3 Vay) > as®as and (ag Vah) @ (ag V ay) = ay @ df,

thus S is directed.
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We now look at the condition for the a’s in @): a < \/ S. Since a € A, it is a filter element.
Using the compactness of the canonical extension, a < \/ S implies that there is as ® az € S
such that a < ao ® a3z. This means that there are ao,a3 € A with as < 9, a3 < y3 and
a < ax P as.

The map \ is the upper residual of ® and thus it is order preserving in its second coordinate. So
for all a satisfying the condition in (§]) there exists as @ a3 € S such that a1 \ a < a1 \ (a2 P as),
implying

\/{a1\a:a1 2 x1,a < \/S,a1,a€A} < \/{a1\(a2®a3):a1 > x1,a2 < Y2,03 < Y3, 04 GA}-

(9)
thus, from @) and (@):

z1\" (y2 @7 y3) < \/ {a1 \(a2 ® a3) 1 a1 > x1,a2 < y2,a3 < Y3, 0; € A}-
Now we can use the assumption on the elements of A, which yields

2i\" (2 ©" y3) < \/ {(al \az) ®az:ar > 1,02 < Y2,a3 < Y3,0; € A}-
Note that @ is order preserving in its first coordinate and that

i \"y2=\/ {al \ag a1 2 x1,a2 < y2,a1,02 € A}7

so a1 \ az < o1 \" yo for all aj,ay in this join. Therefore

1\ (Y2 " y3) < \/{(al\az) ©ag:ar = x1,a2 < Y2,a3 < Y3, 0 € A}

< \/{(1131\” Y2) " az a3 < Y3, a3 € A}-

And similarly,
z1\" (Y2 ®"y3) < (21\7 y2) B ys.

Thus, we have proved that axiom (b) from (H) holds for all combinations of an 2; € F(A?) in
the first spot and yo, y3 € I(A°) in the second and third spot. Using this result for filter and
ideal elements, we will prove that the inequality on the elements of A implies the inequality
for all elements of the canonical extension A%. Let uy,ug, uz € A%:

ur \™ (ug @ uz) = ug \ " (/\{yz D"y uz < Yo, u3 < Y3, Yi € I(Aé)}>

Since \ ™ is meet preserving in the second coordinate, and by definition of \ ™ , since yo®™y3 €
I(A?), we obtain:

ur\™ (ug & ug) = /\ {Ul\ﬂ (y2 ©" y3) tu2 <y2,u3 < Y3, € [(Aé)}

= A\ {1131\7T (y2 ®" y3) : uy = w1, 71 € F(A°), up < yo,us < y3, 4i € I(Aé)}-
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Using the inequality for filter and ideal elements, the definition of ®™, and then the fact that
it is meet preserving in its first coordinate, we get:

ur\™ (ug ®" uz) < /\ {(961 \™ o) @ yz:ug = w1, w1 € F(A®),up < yo,u3 < y3,Y; € [(A5)}
= /\ {(l‘l \W y2) e U3 UL = T1,T] € F(Aé),UQ < Y2,Y2 € I(Aé)}

= (/\ {Jfl\ﬂ Yot uy > a1,71 € F(A%),up <o, y2 € I(Aé)}> ©" ug
= (u1 \ " u2) ®" us,
where the last step is obtained by definition of \ ™. Thus we have proved that for all uy, us, us €

A% holds that
ur \™ (ug ®" ug) < (up \™ uz) A" us.

5.3 Correspondence for interaction axioms

In the paper [DGP0] completeness theorems for the implication-fusion fragment of vari-
ous substructural logics are proven algebraically. For each axiom that is added to the pure
implication-fusion fragment, a first-order frame condition is derived by Sahlqvist correspon-
dence methods and it is proven that these conditions are canonical (i.e. hold in the canonical
frame for each substructural logic considered). We stress here that this approach is parallel to
the one for modal logics and that this was the first modular approach to these completeness
results.

For example, the frame condition imposed by postulating associativity for the product con-
nective looks as follows [DGPO5]:

Ve, x0, 23 € X Vy €Y
[Va: eX (Ré(l’g,l’g,l’) = R®(x1,x,y)> &S VeeX (Ré(ml,azg,x) = R®(a:,a:3,y))}.

Here Ré@ is a ternary relation in X x X x X which is defined as follows:
(r1,29,2) € Ré S VyeyY <(:171,x2,y) € Rg =z < y)

Informally, Rg(x1,z2,y) reflects the fact that the information y is contained in the ‘fusion of
the worlds’ 1 and xo, whereas Ré (1,22, ) means that the ‘fusion of the worlds’ z; and o

makes x possible. We note that the relation Ré@ is the one more commonly used in Kripke
semantics for substructural logics.

5.3.1 Frame conditions for interaction axioms

Let us illustrate how adding to the basic Lambek-Grishin calculus only one axiom of interac-
tion between the ® and @ families influences the relations Ry and Rg. As an example, we
chose the family of axioms given above in (), and work on the form given as the axiom (b):
B\(C® A)F (B\C)® A. The corresponding frame condition looks as follows:

Vo, o' x0 € X Vy,y €Y
[(var € X [RL(a 2.m1) = Re(a1,y/y)| and B (@,y,22)) = Re(a',a2,9)], (10)
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where Rl® is defined in a similar way as Ré.

In order to be able to give a proof of this correspondence result, we will work in the ‘complex
algebra’ for these non-distributive structures. That is, we work in G(X,Y, <). Now the x’s
are completely join irreducible elements of G(X,Y, <) (atoms in the Boolean setting), the y’s
are completely meet irreducible elements of G(X,Y, <) (co-atoms), and A, B,C are general
elements of G(X,Y, <). Also ®,/,\ and @, ®, @ are operations on G(X,Y, <) specified by (@)
and (@), where A+ B means A < B, z |F A means x < A and y > A means y > A.

The content of the completeness theorem for the basic Lambek-Grishin calculus is, in algebraic
terms, that on G(X,Y, <) the connectives ®, /,\ and @, O, @ satisfy the rules of LGy.

Note that each canonical extension A% of an LG-algebra A is in fact such a structure, since a
canonical extension is a perfect lattice (i.e. a corresponding RS-frame can be found) and the
extended operations coincide.

We will prove that axiom (b) holds in an algebra G(X,Y,<) if and only if the first-order
condition (I) holds for the underlying frame (XY, <).

Take the axiom: VA, B,C <B \(CaA) < (B\CO) EBA). Since the completely join irreducibles,
x € X, join-generate G(X,Y, <), the axiom holds in G(X,Y, <) if and only if

WVA,B,C’(ang\(C@A) = xg(B\C)@A). (11)

By residuation, x < B\(C' @ A) is equivalent to B < (C' @ A) / x, such that () holds if and
only if
Va;VA,B,C<B<(CEBA)/x = xg(B\C)@A). (12)

Instantiating B = (C' @ A) / x, this implies
Vi VA, C <x< <[(C’@A)/m]\0>@A>. (13)

On the other hand, we can get from (3] to () since for every B, we have for every z, A,C
that

B<(Cad)/z = B\C>[CaA)/z\C
= (B\C)@A?([(C@A)/x]\C)@A.

Combining this with (3] yields the desired conclusion in [[Z): z < (B\C) @ A, thus the
axiom is equivalent to ([3)).

By residuation, the following equivalence holds:
z< (€@ a)/a\C) oA & ((Co4)/2\C)or< A
And since the y € Y meet-generate G(X,Y, <), (@) is equivalent to

Va,y VA, C <y2A = y=> ([(C’@A)/m]\C’)@x). (14)
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Instantiating A = y, (@) implies
Va,y VC <y> ([(C@y)/x]\C)@x). (15)

On the other hand, assuming ([[H), we have the following for every A and every x,y,C

y>A = CoA<Cahy
= (CepA/z<(Coy)/x
= [(CoA)/z]\C=[(Cay)/z]\C

= ((cea)/2\C)oz< ((Cay)/a\C) o

Using y > ([(C’ Dy)/ z \C) Oz from ([T, this gives ([4), so that the axiom is equivalent
to (IH).

By residuation, y > ([(C’ ®y)/ ] \C’) Oz is equivalent to z @y < [(C @ y) /x| \ C, which is
equivalent to [(C @ y) /2] ® [t ©y] < C. Thus ([AH) holds if and only if

Vi, y VO ([(C@y)/x] ®[r0y < 0).
Equivalently, since the ¥’ € Y meet generate G(X,Y, <),
Va,y,y VO (C<y = [(Coy)/de oy <y). (16)
Instantiating C' = ¢/, (6] implies
va,yy (10 @) /ale oy <y). (17)
On the other hand, assuming (7)), we have that for all z,y,y’, C:

C<y = Ceoy<yeay
= (Coy)/z<(y oy /=
= [(Coy)/zlozoy <[y @y)/z]e[zoy]

Using [(v @ y) /2] ® [zr@y] < v from (D), this gives ([H), thus the axiom is equivalent to
the first-order condition ([[7), which is by residuation equivalent to

va,yy (W @y) /2 <y /@oy)). (18)

We reformulate this in order to obtain a first-order condition in terms of relations. Condition
(&) holds if and only if

va,a .y (7 <@ ey /a = 2 <y /woy)). (19)
By residuation, the antecedent o’ < (y @ y)/z is equivalent to 2’ ® z < v © y, which is
equivalent to

Vxl[xl <rer = xléy'@y].
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By definition, this is
vV, {961 <z'@r = R@(xl,y',y)},

and 71 < 7’ ® x is equivalent to Ré(x/,a;,xl), since for all y such that Rg(2/,z,y), it holds
that 1 < 2’ ® z < y. In total, ([d) is equivalent to

va,o sy y (Vo Ry @ e o) = Relenyy)| = @/ <y /@oy).  (20)
The conclusion 2’ < 3’ /(x @ y) is equivalent to x @y < 2’ \ ¢/, which is
Vo [x2<m®y = azgéx'\y']. (21)

The conclusion of 1), x2 < 2’ \ ¢/, is equivalent to 2’ ® x9 < ¢/, and this can be written as
R® (‘Tla €2, y/)

The antecedent of (EZII) is equivalent to
Yy [w®y Sy1 = 22 < yl],
which we will write as Ré(az, y,x2). Thus, ([ZI]) becomes
Vg {Ré(m,y,xg) = R®(a;’,m2,y/)}.
Inserting this into (Z0), gives the following condition in terms of relations:
Va,a! g,y (Yar Ry (@ 2,21) = Re(ary/.y)| = Vao | Rb(@.y.22) = Ro(@',22.0)]).

which is

V$,$/,$2,y,y, |:<V$1 [R(lg)(ﬂj‘,,lﬂ,l‘l) = R@($17y/7y)] and Rl®($7y7x2)> = R@(ﬂ?l,ﬂfg,y,)]-

5.3.2 Equivalence of restricted interaction axioms

Notice that the first-order condition ([[§) is precisely the shape of the interaction axiom (e)
listed in (). What has happened however is that the second-order variables A, B,C in the
join-preserving coordinates of the operations have been replaced by variables from X, while
the variables in the meet-preserving coordinates have been replaced by variables from Y. It is
interesting that there is some kind of calculus behind this that gives the same replacements in
axioms (b), (c¢) and (d). The resulting restricted axioms are mutually interderivable and are
particularly compact descriptions but are nevertheless clearly first-order on the frames. As
noted below, variants (a) and (f) have ambivalent slots and must be treated differently.

The restricted version of axiom (e) is equivalent to

Va, o'y, y' (rc’ <@ oy /r = a'< y’/(rc®y)),
which is by residuation equivalent to

Ve, yy (v @<y oy = voy<d\y), (22)
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Applying residuation with respect to the different operations gives that ([22)) is equivalent to
the restricted versions of axioms (b), (c) and (d):

Ve, o'y, y (wéx’\(y’@y) = xé(az’\y’)@y),
Vo, 2y, <(<E'®<E)®y<y’ = w'®($®y)<y’),

va,ayy (v (@ on) <y = (@\y)or<y).

As for axioms (a) and (f), the replacement of the second-order variables into variables from X
and Y cannot be done directly, since there are operations in these axioms that have conflicting
demands concerning the join- resp. meet-preservingness for some slots. For axiom (a) we get
the following semi-restricted version directly:

val,y,C (@ \C)oy <a/\(C o).
This is equivalent to
Ve, o'y, C (w <2'\C = z0y< x’\(0®y)),

which is
Va, 2’ y,y,C ((méx'\C and Coy<y) = x@yéx/\y/>.

The conditions in the antecedent are by residuation equivalent to 2’ @ x < C and C <y @y,
thus we have
Vo, 2y, <x’®m <YYoy = 20y < a:’\y/)

as a restricted version of axiom (a).
To find the restricted version of axiom (f), we start with
Ve, B,C (a:@(B@C) < (C/a:)\B).
Since the 2’ € X join-generate G(X,Y, <) and \ is order reversing in its first coordinate, this
l Vm,aj/,B,C’<:E/<C’/:E = $®(B®C)<$/\B>.
Similarly,

vz, o'y, B,C ((ZE/<C/:E and B<y) = x@(B@C’)éf\y),

and
vz, 2 y,y, B,C ((x'SC/x,BSy,B®C<y') = w®y'<x'\y>.

Applying residuation to the conditions in the antecedent yields
vz, 2y, Y (w’ Rr<y dy = vy < w’\y’>,
thus (f) has the same restricted version as (a).

Note that this restricted version of (a) and (f) is exactly ([22)), so that the restricted versions
of all the axioms listed in (B) are equivalent. Since the restricted version of axiom (c) is
equivalent to the frame condition imposed by axiom (b) (and thus by our family of axioms),
this means any restricted axiom can be used to find this frame condition.
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6 Results

In this paper we considered in detail the interaction axioms from Grishin’s fourth group.
By proving the canonicity of these axioms and by providing a first-order correspondent such
that the axioms hold on a canonical extension if and only if the correspondent holds on
the Lambek-Grishin frame associated with that canonical extension, we obtained complete
relational semantics for LGy extended with this group of axioms.

This approach can be used to handle other additional axioms as well, and these results are
summarised in the following theorem. The strength of this approach lies in the fact that
these extensions work in a modular way - one can extend with any combination of additional
axioms that satisfy canonicity, and will find complete relational semantics with respect to the
intersection of the corresponding frame classes.

Theorem: For LGy extended with any subset of the following axioms, we obtain complete
relational semantics with respect to the intersection of the corresponding frame classes.

‘ Additional axioms ‘ Frame class ‘
Grishin’s first group Vo, 2, x1,y,y KVQEQ [Ré(y,a:’,:ng) = Rg(z2,z,y")] and
Ré(fﬂ’,x,fcl)) = Rea(w,y,y’)]
Grishin’s second group Va1, x9, 23,y (Vw [Ré(wl,wg,w) = Rg(z,x3,9)] =

Vz [Ré(l’g,:l?g,l‘) = R®($1>x>y)])

Grishin’s third group Ve, Y1, Y2, Y3 (Vy [R5 (y,y1,92) = Rol@,y,y3)] =
Yy [RY (Y, y2,y3) = R@(%yhy)])

Grishin’s fourth group Vo, z0,y,y {(le [Ré@(a:’,zn,a) = Rg(r1,y',y)] and
Ré(m,y,xg)) = R®($',w2,y/)}

A, V, 0,1, satisfying the
bounded lattice axioms
distributive lattice operations | (X,Y, <) = (P, P, #) for some poset P

A (B C)4F (A® B)® C | V1,22, 23,Y (Vw [Ré(wl,wg,w) = Rg(z,x3,y)] &
Vo [Ré(:ng,:zg,x) = R®(:E1,a:,y)])

Ao (BoC) - (A B)eC | VYr,y1,y2,93 (Vy [R5 (v, y1,52) = Re(x,y,y3)] &
Yy R (v, y2,y3) = R@(%yhy)])

AR B4 B®A Va1, x9,y [Re(x1,x2,y) & Rg(re,r1,y)]
A®B-A4BpA Va,y1,y2 [Re(z,y1,y2) < Re(x,y2,91)]
AR BF A Vai,xe,y [11 < y = Ry(x1,22,y)]
AFA®B Va,y1,y2 [x < y1 = Rg(z,y1,y2)]
AFA®A Vz,y [Rg(z,z,y) = = < y]

ADAFA Vz,y [Rg(z,y,y) = = < y]
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6.1 Grishin’s interaction axioms in the presence of ( )*

Next to the axiomatic extensions listed in the table, one can also enrich the connective type.

Given a poset (P,F) with two binary operations ® and @, we define a unary operation ( )+
that links the two binary ones, such that the following is satisfied for all A, B,C € P:
A+ B & Bt AL
(A® B)* +- At @ B+,
(A® B)* 4 At @ BL,
AFC® B+ © A®BFC & BFAt@C,
B'®CFA & CFB® A & C® A+ B. (23)

We will use the following abbreviations:
A\C:=At®C, C/B:=Co®B*, BOC:=B+®@C, and COA:=C®A*.

Clearly, (23)) implies that (®, /,\, ®,©, ) satisfies the rules of LGy. The link between ® and
@, through ( )+, influences the behaviour of Grishin’s groups of interaction axioms: whereas
the four groups a priori have no dependencies, we will see that the presence of ( )+ yields all
four groups equivalent.

Since the axioms within each group are interderivable, the equivalence of two groups follows
from sharing one axiom. Note that, in writing the axioms in terms of ®,® and ( )+, we can
simply leave out the operation ( )* on individual elements. We are allowed to do so since an
axiom is a statement about all A, B,C € P, and since there will be no occurrences of both
an element and its dual in the same axiom.

First group < second group
The third axiom of the first group is AQ(B®C) - (A9 B)®C. Thisis At ®(B®C) -
(A+ ® B) ® C. As we may leave out the operation ( )~ on A, this yields the axiom
A® (B®C)F (A® B)® C, which is axiom 3 of the second group.

Fourth group & first group
In a similar way, the second axiom of group 4, A\(B & C) + (A\ B) & C, is equivalent
to A®(B/C)F (A® B)/C, axiom 2 of the first group.

Third group < second group
Axiom 3 of group 3 is (A9 B)oC - AS(B®C), which is (A+ ® B) @ C+ - At ®
(B ® C+). This is equivalent to (A ® BY) @ C - A® (B+ ® C). Using the first and
then the second property of (23)), this yields A+ @ (B ® C+) - (At @ B) @ C*, which
is equivalent to A\(B /C)F (A\ B) /C, the second axiom of group 2.

Thus, in this particular situation, Grishin’s groups of interaction axioms are all equivalent.
Next, we will show that the first group (and thus each group) holds if and only if the connective
® is associative, and similarly if and only if the connective @ is associative.

The first group implies associativity of ®, since the third axiom of this group is

A®(B®C)F (A®B)®C,
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and the reverse inequality is obtained using the fifth, the third and again the fifth axiom:
(A B)@CFHA®(C@B)F(A®C)®BFA® (B O).

On the other hand, if ® is associative, then in particular axiom 3 of the first group holds.
From the rules in (23)), it is clear that ® is associative if and only if & is associative.

The above findings apply to the multiplicative fragment of linear logic: the connectives ®, %
and () satisfy the equations listed in (23), where % plays the role of @. On top of that,
® and % are associative operations, thus the results above show that this fragment of linear
logic is an example of a logic for which all Grishin’s groups of interaction axioms hold.

7 Conclusion

In this paper we presented our work on generalised Kripke semantics for the Lambek-Grishin
calculus. The soundness and completeness theorem for the basic calculus LGy is easily obtain-
able from the analogous result for the non-associative Lambek calculus. A more interesting
piece of work concerns the extensions of LGy with interaction axioms.

Traditional Kripke semantics for these logics have the drawback that, as soon as additional
axioms or additional connectives are present, one may have to start over to obtain semantics
for such richer logics. The advantage of our approach via canonical extensions of LG-algebras
is that each additional axiom that lifts to the canonical extension gives a first-order condition
on the corresponding frame that can be handled in a modular way, whereas additional con-
nectives modularly slot in as additional relational components. We have seen that all groups
of axioms presented by Grishin in [Gri83] satisfy canonicity, and we have obtained Sahlqvist-
style correspondence results for each of these. The modular set-up allows us to augment this
by the correspondence results for associativity, commutativity, weakening and contraction,
given in [DGPO5]. Thus, we have provided complete relational semantics for various possible
extensions of the Lambek-Grishin calculus.

For each of Grishin’s groups of additional axioms, we have found that the first-order frame
condition imposed by such an axiom is in fact equivalent to a version of the initial axiom
itself, in which the second-order variables have been replaced by completely join resp. meet
irreducible elements of the complex algebra. The resulting restricted axioms are particularly
compact descriptions but are nevertheless clearly first-order on the frames.

In future exploration, the approach taken in this paper can be applied to obtain complete
relational semantics for various substructural logics. For example, [CGvR11] considers gen-
eralized Kripke semantics for full linear logic.
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