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Duality for normal lattice expansions
and sorted residuated frames with relations

Chrysafis Hartonas

Abstract. We revisit the problem of Stone duality for lattices with qua-
sioperators, presenting a fresh duality result. The new result is an im-
provement over that of our previous work in two important respects.
First, the axiomatization of frames is now simplified, partly by incorpo-
rating Gehrke’s proposal of section stability for relations. Second, mor-
phisms are redefined so as to preserve Galois stable (and co-stable) sets
and we rely for this, partly again, on Goldblatt’s recently proposed def-
inition of bounded morphisms for polarities. In studying the dual alge-
braic structures associated to polarities with relations we demonstrate
that stable/co-stable set operators result as the Galois closure of the re-
striction of classical (though sorted) image operators generated by the
frame relations to Galois stable/co-stable sets. This provides a proof, at
the representation level, that non-distributive logics can be regarded as
fragments of sorted residuated (poly)modal logics, a research direction
recently initiated by this author.
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1. Introduction

In this article we address and resolve the problem of Stone duality for the cat-
egory of lattices with quasioperators. The work presented here is a significant
improvement over our own [21] (with Dunn) and [15]. The axiomatization of
frames and frame relations in [15] was rather cumbersome and it is now sim-
plified, partly by incorporating Gehrke’s proposal [9] of section stability for
relations. Morphisms in the category of frames (polarities with relations) dual
to lattices with quasioperators are defined so that not only clopens in the
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dual complex algebra of the frame be preserved (as in [21,15]) but so that the
inverses of frame morphisms are morphisms of the complete lattices of sta-
ble sets dual to frames (their full complex algebras), preserving arbitrary joins
and meets. Polarity morphisms, as we define them, are the same as Goldblatt’s
bounded morphisms for polarities [11], but we diverge from [11] in the exten-
sion to morphisms for polarities with relations. We also diverge from [9,11] in
the definition of canonical relations and in the way operators are defined from
frame relations. We do this with the express objective of demonstrating that
quasioperators in the complex algebra of stable sets of a frame can be obtained
as the Galois closure of the restriction to Galois sets of the classical though
sorted image operators generated from the relations, in the Jénsson—Tarski
style [24]. The logical significance of this is that it demonstrates at the repre-
sentation level that non-distributive logics are fragments of sorted residuated
polymodal logics (their modal companions).

The structure of this article is as follows. Section 2 is an introductory
section, defining the category NLE, of normal lattice expansions of some sim-
ilarity type 7 (a sequence of distribution types of lattice operators).

In Section 3 we present basic definitions and results for polarities (equiv-
alently, sorted residuated frames). In Remark 3.2 we carefully list all our no-
tational conventions, to ensure the reader has an effortless and seamless un-
derstanding of our notation.

With Section 3.1 we address the first issue of significance for our purposes,
which is to define operators from relations, properly axiomatized, so as to
ensure complete distribution properties of the defined operators. In the same
section we list the first four axioms for the objects of the category SRF., of
sorted residuated frames (polarities) with relations.

Section 3.2 turns to studying morphisms, first for frames in the absence
of additional relations (Section 3.2.1) and then for frames with additional
relations of sort types in some similarity type 7 (Section 3.2.2). Further axioms
for frame morphisms are stated and the category SRF, defined (Definition
3.26).

Section 4 defines a contravariant functor from the category NLE, to
the category SRF,. For the lattice representation, we rely on [21] and for
the representation of normal lattice operators we draw on [14] and [15] and
we review the canonical frame construction in Section 4.1. Sections 4.2 and
4.3 are devoted to proving that the frame axioms hold for the dual frame
of a normal lattice expansion and for the duals of normal lattice expansion
homomorphisms.

Stone duality is addressed in Section 5. To ensure a Stone duality theorem
can be proven we extend the axiomatization for frames (defining a smaller
category SRF and topologizing the frames), drawing on [21,15], we verify
that all additional axioms hold for the canonical frame construction and we
conclude with a Stone duality theorem (Theorem 5.8).

In the Conclusions in Section 6 we summarize the results obtained and
sketch a potential area for further research.
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2. Normal Lattice Expansions (NLEs)

Let {1,0} be a 2-element set, £' = £ and £% = L°? (the opposite lattice).
Extending established terminology [24], a function f: Ly x -+ x L, — Ly 41
will be called additive and normal, or a normal operator, if it distributes over
finite joins of the lattice £;, for each i = 1,...n, delivering a join in £,,,1.

Definition 2.1. An n-ary operation f on a bounded lattice L is a normal lattice
operator of distribution type 5(f) = (i1,...,in;ins1) € {1,0}™ 1 if it is a normal
additive function f: L% x---x L —s L1 (distributing over finite joins in
each argument place), where each i;, for j = 1,...,n+ 1, is in the set {1,0},
hence £% is either £, or £2.

If 7 is a tuple (sequence) of distribution types, a normal lattice expansion
of (similarity) type T is a lattice with a normal lattice operator of distribution
type d for each § in 7.

Normal lattice operators in the above sense are sometimes referred to in
the literature as quasioperators, see for example Moshier and Jipsen [27,28].
Remarks 4.2 and 4.8 provide some clarifications on the connections between
[27,28] and related work by this author [14,21,15], including the present article.

Definition 2.2. The category NLE., for a fixed similarity type 7, has normal
lattice expansions of type 7 as objects. Its morphisms are the usual algebraic
homomorphisms.

Example 2.3. A modal normal diamond operator < is a normal lattice opera-
tor of distribution type 6(<) = (1;1), i.e., & : L — L, distributing over finite
joins of £. A normal box operator O is also a normal lattice operator in the
sense of Definition 2.1, of distribution type 6(0) = (9;9), ie., o: L7 — £2
distributes over finite joins of £2, which are then just meets of L.

An FL.-algebra (also referred to as a full BCK-algebra, or a commu-
tative integral residuated lattice) A = (L,A,Vv,0,1,0,—) is a normal lattice
expansion, where 0(o) = (1,1;1), 6(=) = (1,0;9), i.e., o : Lx L — L and
—: L x L9 — £9 are both normal lattice operators with the familiar distri-
bution properties.

The Grishin operators [13] —, x, —, satisfying the familiar co-residuation
conditions a > ¢ — b iff axb > ciff b > @ — ¢ have the respective distribution
properties, which are exactly captured by assigning to them the distribution
types d(*) = (9,0;90) (> behaves like a binary box operator), 6(~) = (1,9;1)
and 6(—) = (0,1;1).

Distributive normal lattice expansions are the special case where the un-
derlying lattice is distributive. BAOs (Boolean algebras with operators) [24, 25]
are the special case where the underlying lattice is a Boolean algebra and all
normal operators distribute over finite joins of the Boolean algebra, i.e., they
are all of distribution types of the form (1,...,1;1). For BAOs, operators of
other distribution types can be obtained by composition of operators with
Boolean complementation. For example, in studying residuated Boolean alge-
bras [26], Jénsson and Tsinakis make use of a notion of conjugate operators,
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introduced in [24,25], and they show that intensional implications (division
operations) \,/ (the residuals of the product operator o) are interdefinable
with the conjugates (at each argument place) <,> of o, i.e., a\b= (a>b")~ and
a>b=(a\b")" (and similarly for / and <, see [26] for details). Note that \,/
are not operators, whereas <,> are.

The relational representation of BAOs in [24], extending Stone’s repre-
sentation [35] of Boolean algebras using the space of ultrafilters of the algebra,
forms the technical basis of the subsequently introduced by Kripke possible
worlds semantics, which has had a well-known impact on the development
of normal modal logics. This has been extended to the case of the logics of
distributive lattices with various quasioperators, see [7] and [32,33], for exam-
ple, now based on the Priestley representation [31] of distributive lattices in
ordered Stone spaces (simplifying Stone’s original representation [34] of dis-
tributive lattices), using the space of prime filters.

For non-distributive lattices, a number of different representation results
have been published [37,23,1,21,14,30]. Following the definition of canoni-
cal extensions for general lattices [10], interest in the subject was renewed
[3,4,6,5], see also [12,27,28]. A brief review of the area was given in [16],
slightly expanded in [22], to which we refer the reader for more details. As
noted in [22], there appear to be two settings in which both a canonical ex-
tension construction and a full categorical duality can be carried through for
bounded lattices. The first is obtained by combining as in [4,6, 3] results from
Urquhart’s representation [37] and its variants [30] (Plos¢ica) and [1] (Allwein
and Hartonas). The second is based on the Hartonas and Dunn representa-
tion and duality [21], or on the Moshier and Jipsen [27] simplification of the
representation and duality of [14], combining with the proofs in [10,27] that
[21,27] deliver a canonical lattice extension. In [5], Craig and Haviar have in
fact established a connection between the first and the second approach.

A Stone type duality for normal lattice expansions however has only first
been presented in [15], extending [21]. Part of the difficulty was in defining
an appropriate notion of morphism and Goldblatt [11, page 1021] reviews
the related attempts to this issue. In [15] this problem was somewhat side-
stepped, by restricting the definition of frame morphisms to such that their
inverses are homomorphisms of the sublattices of clopen elements of the full
complex algebras of the frames, as in the lattice duality of [21]. Another source
of difficulty has been to define operators from suitably axiomatized relations
on frames, so that the framework can serve the semantics of logics without
distribution as Jénsson and Tarski’s BAOs [24] have served the semantics of
modal logics. In [15] we proposed an axiomatization of frames and relations,
though the axiomatization appears to be somewhat forced and we provide a
significant improvement in the present article.

3. Sorted Residuated Frames (SRFs)

Regard {1,0} as a set of sorts and let Z = (Z1,Zy) be a sorted set. Sorted
residuated frames § = (71,1, Zy) are triples consisting of nonempty sets Z; =
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X,Z5 =Y and a binary relation I ¢ X xY". The relation I generates residuated
operators > R(X) s RP(Y) M (U BV iff U cV), defined by

OU={yeY|Fz e X (zlyrzcU)}BV ={zec X|VyeY (zly —yeV)}

The dual sorted residuated modal algebra of the (sorted residuated) frame
(X,1,Y) is the algebra & £(X) s £(Y) : B By residuation, the composi-
tions <> and [ ¢ are closure operators on £(X) and £(Y"), respectively.

For a sorted frame (X,I,Y), the complement of the frame relation I will
be consistently designated by L and referred to as the Galois relation of the
frame. Tt generates a Galois connection ( )*:£(X) s R(Y)?:£() (V cU* iff
UctV)

Ut={yeYVoeUxz Ly} {yeY|U Ly}
V={zeX|VyeVaolyl={zeXzLV}

Triples (X, R,Y),R< X xY | where R is treated as the Galois relation of
the frame, are variously referred to in the literature as polarities, after Birkhoff
[2], as formal contexts, in the Formal Concept Analysis (FCA) tradition [8],
or as object-attribute (categorization, classification, or information) systems
[29,38], or as generalized Kripke frames [9], or as polarity frames in the bi-
approximation semantics of [36].

Note that the residuated and Galois connected operators generate the
same closure operators, on £(X), BOU = *(U*) and on P(Y), D@V =
(*V)*. This follows from the fact that <V =B(-V') and U* = [J(-U).

Proposition 3.1. The discrete categories of polarities and sorted residuated
frames are equivalent. ]

The equivalence allows us to move in our arguments and definitions back-
and-forth between sorted residuated frames and polarities. Indeed, for our
purposes, both the residuated pairs ll,<> and [J, ¢, as well as the Galois
connection will be involved in definitions and arguments and we do not dif-
ferentiate between polarities (X, L,Y") and their associated sorted residuated
frames (X,1,Y’), with I being the complement of L.

A subset A ¢ X will be called stable if A =B<>A =*(A*). Similarly, a
subset B ¢ Y will be called co-stable if B = (] B = (*B)=*. Stable and co-
stable sets will be referred to as Galois sets, disambiguating to Galois stable
or Glalois co-stable when needed and as appropriate.

By G(X),G(Y) we designate the complete lattices of stable and co-stable
sets, respectively. Note that the Galois connection restricts to a dual isomor-
phism () : G(X) = G(V)? : ().

Preorder relations are induced on each of the sorts, by setting for x,z € X,
x < ziff {x}* ¢ {z}* and, similarly, for y,v e Y,y <viff ={y} € *{v}. A (sorted)
frame is called separated if the preorders < (on X and on Y') are in fact partial
orders <.

Remark 3.2 (Notational conventions). For a sorted relation R c ng“ Zi;,
where i; € {1,0} for each j (and thus Z;, = X if i; = 1 and Z;, = Y when

i; = 0), we make the convention to regard it as a relation R ¢ Z; | x Hi:? Zi,
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we agree to write its sort type as o(R) = (ip+1;%1...4,) and for a tuple of
points of suitable sort we write uRu; ...u, for (u,uy,...,u,) € R. We often
display the sort type as a superscript, as in R?. Thus, for example, R?'?
is a subset of Y x (X x Y). In writing then yR?'92v it is understood that
reX =27 and y,v €Y = Zy. The sort superscript is understood as part of the
name designation of the relation, so that, for example, R''", R??! name two
different relations.

We use T' to designate upper closure I'U = {z € X|3z ¢ U z < z}, for
U c X, and similarly for U € Y. The set U is increasing (an upset) iff U =T'U.
For a singleton set {x} € X we write I'z, rather than I'({z}) and similarly for
{ybcY.

We typically use the standard FCA [8] priming notation for each of the
two Galois maps *( ),( )*. This allows for stating and proving results for
each of G(X),G(Y) without either repeating definitions and proofs, or making
constant appeals to duality. Thus for a Galois set G,G’ = G, if G € G(X)
(G is a Galois stable set), and otherwise G’ = *G, if G € G(Y) (G is a Galois
co-stable set).

For an element wu in either X or Y and a subset W, respectively of Y or
X, we write u|W, under a well-sorting assumption, to stand for either v L W
(which stands for v L w, for all w e W), or W L u (which stands for w L u, for
all w e W), where well-sorting means that either ue X, W cY, or W ¢ X and
u € Y, respectively. Similarly for the notation u|v, where u,v are elements of
different sort.

We designate n-tuples (of sets, or elements) using a vectorial notation,
setting (G1,...,G,) =G ¢ H;jg(ZijL Ue H?Z? #(Z;,), e H;j Z;, (where
i;j € {1,0}). Most of the time we are interested in some particular argument
place 1 < k < n and we write G[F]; for the tuple G where G, = F' (or Gy, is
replaced by F). Similarly @[a]r 18 (U1, ...y Uk—1, T, Ugs1y-- - Up).

For brevity, we write @ < ¢ for the pointwise ordering statements u; <
V1., Uy < Uy We also let @ € W stand for the conjunction of componentwise
membership u; € Wj, forall j=1,...,n.

To simplify notation, we write 't for the n-tuple (Tuy,...,Tu,). For a
unary map f and a tuple 4 we write f[d] for the tuple (f(u1),-..,f(un)).
Note that the same notation is used for the image f[S]={f(x)|r € S} of a set
under a function f, but context will make it clear what the intended meaning
is. The convention can be nested, so that if S is a set (or sequence) of tuples
i;, then f[.S] is the set (or sequence) consisting of the elements f[u;].

To refer to sections of relations (the sets obtained by leaving one argument
place unfilled) we make use of the notation 4[_]; which stands for the (n—1)-
tuple (w1, ..., up-1,[-], Uks1,- -, Uy ) and similarly for tuples of sets, extending
the membership convention for tuples to cases such as i[_]; € F[_] and simi-
larly for ordering relations 4[_]x < 9[_]x. We also quantify over tuples (with, or
without a hole in them), instead of resorting to an iterated quantification over
the elements of the tuple, as for example in 3i[_];, € F[_]z3v,w € G wRii[v]g.
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We extend the vectorial notation to distribution types, summarily writing
0 = (4j;ins1) for (i1,...,%n;0n41). Then, for example, i;[0]; is the tuple with
i = 0. Furthermore, we let E =0,ifi;=1and E =1, when ¢; = 0.

Lemma 3.3. Let §=(X,L1,Y) be a polarity and ue Z=X Y.

(1) L is increasing in each argument place (and thereby its complement I is
decreasing in each argument place).

(2) (Tw)' =A{u} and Tu={u}" is a Galois set.

(3) Galois sets are increasing, i.e., u€ G implies Tu ¢ G.

(4) For a Galois set G, G = Uyeq Tu.

(5) For a Galois set G, G =V e Tu = Ny iv}.

(6) For a Galois set G and any set W, W" c G iff W ¢ G.

Proof. By simple calculation. Proof details are included in [15, Lemma 2.2].
For claim 4, Uyeq Tu € G by claim 3 (Galois sets are upsets). In claim 5, given
our notational conventions, the claim is that if G € G(X), then G = Ny, *{y}
and if G € G(Y), then G = N, .c{z}*. m

Definition 3.4 (Closed and open elements). The principal upper sets of the
form Tz, with 2 € X, will be called closed, or filter elements of G(X), while
sets of the form *{y}, with y € Y, will be referred to as open, or ideal elements
of G(X). Similarly for G(Y'). A closed element T'u is clopen iff there exists an
element v, with ulv, such that T'u = {v}'.

By Lemma 3.3, the closed elements of G(X) join-generate G(X), while
the open elements meet-generate G(X) (similarly for G(Y)).

Definition 3.5 (Galois dual relation). For a relation R, of sort type o, its Galois
dual relation R’ is the relation defined by «R'¥ iff Vw (wR0 — wu). In other
words, R0 = (Rv)'.

For example, given a relation R its Galois dual is the relation RO
where for any z,z € X, ROMzz = {y e Y|Vu ¢ X (uR'"Maz — u L 3)} =
(R"Mz2)* and, similarly, for a relation S99 its Galois dual is the relation
S where for any z € X,v € Y we have S11%20 = £(891920), ie., 251920
holds iff for all y € Y, if yS919z0, then x L y.

Definition 3.6 (Sections of relations). For an (n + 1)-ary relation R and an
n-tuple 4, R%% = {wlwR%1%} is the section of R? determined by . To designate
a section of the relation at the k-th argument place we let 4[_]x be the tuple
with a hole at the k-th argument place. Then wR74[-]) = {v|lwR4[v],} € Z;,
is the k-th section of R7.

We defer the definition of the category SRF, of sorted residuated frames
of type 7 for later (see Definition 3.26), after establishing the necessary facts.

3.1. Frame relations and operators

If R is a relation on a sorted residuated frame § = (X,1,Y), of some sort
type o = (in+1;%1 .- .49n), then as in the unsorted case, R’ (but we shall drop
the displayed sort type when clear from context) generates a (sorted) image
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operator ag, defined by (3.1), of sort o(ar) = (i1,...,9n;ins1), defined by the
obvious generalization of the Jénsson—Tarski image operators [24],

ar(W) = {w €Z;, |30 (wRw /\J/\ (wj € WJ))} = |J Ruw, (3.1)
J=1 weW
where for each j, W; ¢ Zi, (and recall that Zi; =X when i; =1and Z;, =Y,
if i; = 9).
Thus ag : H;jf ®(Zi,) — $#(Zi,.,) is a sorted normal and completely
additive function in each argument place, therefore it is residuated, i.e., for
each k there is a set-operator 3% satisfying the condition

ar(W[VIe) U iff Ve pE(W[UTL). (3:2)

Hence S5 (W[U]}) is the largest set V s.t. ag(W[V])) € U and it is thereby
definable by

BrWUL) = U{VIer(W([V]) U} (3.3)

Definition 3.7. @y is the closure of the restriction of agr to Galois sets F,

wjeF; "
aR<F>:<aR<F>>"=( U Rw) =V (R, (3.4)

J=1,..., weF
where Fj € G(Z;,), for each j e {1,...,n}.

In Theorem 3.12 we establish conditions under which the sorted operation
apr on Galois sets is completely distributive, in each argument place.

The operator apg is sorted and its sorting is inherited from the sort type
of R. For example, if o(R) = (8;11), ag : £(X) x P(X) — P(Y), hence
ar:G(X)xG(X)— G(Y). Single-sorted operations

A G(X) xG(X) —G(X) and ax:G(Y)xG(Y)—G(Y)
can be then extracted by composing appropriately with the Galois connec-
tion: @k(A,C) = (@r(A,C)) (where A,C € G(X)) and, similarly, @%(B, D)
= ar(B’',D") (where B,D € G(Y)). Similarly for the n-ary case and for an
arbitrary distribution type.

Definition 3.8 (Full complex algebra). Let § = (X, L1,Y, R) be a polarity with a
relation R of some sort o(R) = (in41;%1 - - - in ). The full complez algebra of § is
the structure §* = (G(X),ak) and its dual full complex algebra is the structure
32 = (G(Y),a%). Subalgebras of full complex algebras will be referred to as
complex algebras of a frame.

Most of the time we work with the dual sorted algebra of Galois sets

j=n

() :6(X)=6(V)?:*(), ar: [19(Z;)) — G(Zi,..)),

j=1
(Z1=X, Zp=Y)

as it allows for considering sorted operations that distribute over joins in each
argument place (which are either joins of G(X), or of G(Y"), depending on the
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sort type of the operation). Single-sorted normal operators are then extracted
in the complex algebra by composition with the Galois maps, as indicated
above.

Definition 3.9 (Conjugates). Let o be an image operator (generated by some
relation R) of sort type o(a) = (¢;;4,+1) and @ the closure of its restriction to
Galois sets in each argument place, as defined above. A function ~* on Galois
sets, of sort type o(7°) = (i;[ine1 ki ih) = (its- s ik1yinetsihats s ins k)
(where i; = 0 if i; = 1 and ¢; = 1 when ¢; = 0) is a conjugate of @ at the k-th
argument place (or a k-conjugate) iff the following condition

a(F)cq it ¥*(F[G']x) c F} (3.5)
holds for all Galois sets Fj € G(Z;;) and G € G(Z;,,, ).

It follows from the definition of a conjugate function that 7 is a k-
conjugate of « iff @ is one of 7 and we thus call @, k-conjugates. Note that
the priming notation for both maps of the duality ( )*: G(X) 2 G(Y)?: £()
packs together, in one form, four distinct (due to sorting) cases of conjugacy.

Example 3.10. In the case of a ternary relation R''! of the indicated sort type,
an image operator ag = @ : £(X) x#(X) — £(X) is generated. Designate the
closure of its restriction to Galois stable sets by O : G(X) x G(X) — G(X).
Then @ = Q is of sort type o(D) = (1,1;1). If 7% = >: G(X)xG(Y) — G(Y),
with o(>) = (1,0;0), then O, > are conjugates iff for any Galois stable sets
A,F,C eG(X) it holds that AQFcCiff A>C'cF'.

Note that, given an operator >: G(X)xG(Y) — G(Y), if we now define
=:G(X)xG(X) —G(X)by A= C=(A>C") =+(A>C*), it is immediate
that @, > are conjugates iff (D, = are residuated. In other words

AQFcC iff AbC'cF' iff FcA=C.

Lemma 3.11. The following are equivalent.
(1) @gr distributes over any joins of Galois sets at the k-th argument place
(2) @r has a k-conjugate ﬁ]f% defined on Galois sets by

Tr(EF) = {Glar(FIG'T) € Fi)
(3) @r has a k-residual B; defined on Galois sets by
Br(FIGL) = (TR(FIG'0) = VG r(PIC']1) € Fi).

Proof. Existence of a k-residual is equivalent to distribution over arbitrary
joins and the residual is defined by

—k .
ﬂR(' o By, H Fryq, .. ) = \/{G‘OZR( e By, G Fryq, .. ) c H}
We show that the distributivity assumption 1) implies that 2) and 3) are
equivalent, i.e., that

Tr(F[G)y) € H iff To(F[H') € G iff G € Br(FH])-

We illustrate the proof for the unary case only, as the other parameters
remain idle in the argument.
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Assume ar(G) € H and let y5(H') = N{EJar(E") ¢ H}, a Galois set by
definition, given that G, H, E are assumed to be Galois sets. Then G’ is in the
set whose intersection is taken. Hence 75 (H') ¢ G’ follows from the definition
of ¥ . It also follows by definition that G' ¢ Bx(H) = (Fr(H"))'.

Assuming G ¢ Bz (H) we obtain by definition that G ¢ (Yz(H'))’, hence
G ¢ V{E'[ar(E") ¢ H}, using the definition of 75 and duality. Hence by
the distributivity assumption @r(G) ¢ V{ar(E')|[ar(E’) ¢ H} ¢ H. This
establishes that ar(G) ¢ H iff 75(H') c G' iff G < Br(H). O

Theorem 3.12. Let § = (X, L,Y,R) be a frame with an (n+ 1)-ary sorted re-
lation, of some sort o(R) = (z‘ml;i}) and assume that for any w € Z7— and
any (n - 1)-tuple p[_]x with p; € Z;,, for each j € {1,...,n} ~ {k}, the sec-
tions wR'p[_|x of the Galois dual relation R' of R are Galois sets. Then ag
distributes at the k-th argument place over arbitrary joins in G(Z;,).

Proof. Define the relation T from R by setting,
vTplw]s iff we (vR'B[]x),

then use equation (3.6) below, to define a relation S

Vo e Z—Vp[ ] € Zi, [ JeVw € Zi- (vTplw]k < wSpv]k) . (3.6)

Note that the sort type of S, as defined, is o(S) = (ir; 4, [in+1 k) - Let 7g be the
closure of the restriction of the image operator ng to Galois sets, according to
the sort type of S. We show that ar and 74 are k-conjugates. To establish the
conjugacy condition @gr(F) ¢ G iff ig(F[G']) € F}, it suffices by Lemma 3.3
to verify that ar(F) € G iff ng(F[G']x) € F}.. We have

ar(F)cG iff UspRpcG iff Vp(peF — (RpcG))
iff vp(p €F— (G' ¢ R'p))
iff Vp(pe F — Yve Zi—(Glv — vR'p))
if VPV € Z—(p[-Jx € F[ e A pr € Fix A Glo — vR'plpr]r)
iff VYo € Z—(p[ ]k € F[ ]k A Glo — (pi € Fr — vR'B[pi]r))
iff Vp[ ]k Vv € Zr— (B[ Ik € F[ ]k A Glo — (Fx SvR'B[]x))
(using the hypothesis that the k-th sections of R’ are Galois sets)
iff Vp[JxVv e Ze— ([ Jx € F[ ]k A Glo — ((vR'B[ k)’ € F))
(using the definition of T")
iff V[ ]k Vo € Zr— (B[ Ik € F[ Ik A Glv — Yw € Zi—(vTplw]i — Fi|w))
iff Vp[_]kVo € Zr—Vw e Z— (vTp[w]i A P[]k € F[ ]k A Glv — Filw)
(using the definition of S)
iff VB[ ]k Vo € Z—Vw € Ze— (wSp[v] A B[k € F[Jx A Glo — Fylw)
iff Uppogerron, SPLVIk € F,
iff ns(F[G']x) € Fy.
Hence ap and 7jg are k-conjugates. Consequently, by Lemma 3.11, apr
distributes at the k-th argument place over arbitrary joins in G(Z;, ). O

+1
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Definition 3.13. We let ﬁg/ be the restriction of ﬁlka of equation (3.3) to Galois
sets, according to its sort type, explicitly defined by (3.7)

By (EIG]) = U(F € G(Z, )lar(E[Fi) € G}. 3.7)

Theorem 3.14. If ar is residuated in the k-th argument place, then ﬁf{/ 18 its
residual and Bz/(E[G]k) is a Galois set, i.e., the union in equation (3.7) is
actually a join in G(Z;,).

Proof. We illustrate the proof for the unary case only, since the other pa-
rameters that may exist remain idle in the argument. In the unary case,
Br)(G) = U{Flar(F) c G}, for Galois sets F,G.

Note first that a@r(F) ¢ G iff F' ¢ Bg/(G). Left-to-right is obvious by
definition and by the fact that for a Galois set G and any set U, U” ¢ G iff
UcG. If FcBr/(G)cBr(G), then by residuation ar(F) € G. Given that G
is a Galois set, it follows agr(F') ¢ G.

If indeed @p is residuated on Galois sets with a map BR, then the resid-
ual is defined by Br(G) = V{F|ar(F) ¢ G} = V{F|ar(F) ¢ G} and this is
precisely the closure of 8z/(G) = U{F|ar(F) € G}. But in that case we obtain
FcBr(G)iffar(F) c Giff ag(F) c Giff F ¢ fr/(G) and setting F = B (G)

it follows that 8(G) € Br/(G) € Br(G). O
Lemma 3.15. (3}, is equivalently defined by (3.8) and by (3.9)
B/ (E[GIx) = U{Tu e G(Z;, )lar(E[Tulk) € G}, (3.8)
B/ (E[GIx) = {u € Zi, |ar(E[Tuly) € G} (3.9)

Proof. ﬂf%/ is defined by equation (3.7), so if u € ﬁﬁ/(E[G]k), let F eG(Z;,) be
such that u € F and ag(E[F]i) € G. Then T'w € F and by monotonicity of ag
we have ar(E[Tu]) € ar(E[F]x) € G and this establishes the left-to-right
inclusion for the first identity of the lemma. The converse inclusion is obvious
since 'u is a Galois set.

For the second identity, the inclusion right-to-left is obvious. Now if u is
such that ap(E[T'u]y) € G and u < w, then T'w € T'w and then by monotonicity
of ap it follows that ar(E[Tw]) € ag(E[Tulx) € G.

This shows that U{T'u € G(Z;,)|ar(E[Tu]r) € G} is contained in the set
{u € Z;, |ar(E[Tu])) € G}, and given the first part of the lemma, the second
identity holds as well. O

We summarize our results obtained thus far with the following observa-
tions.

Let C, be the class of sorted residuated frames (equivalently, polarities)
with relations R, of sort type o, for each o = (ins1;;) € {1,0}™*! in the
similarity type 7. Assume the stability axiom below (F4 in Table 1) for C,.

e For each relation R of type o = (in+1;i}) and each w € Z;— and al-]x
with u; € Z;,; for each j € {1,...,n} ~ {k}, the k-th section wR'u[_]; of
the Galois dual relation R’ of R is a Galois set, for each k=1,...,n.
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TABLE 1. Axioms for Sorted Residuated Frames of similarity

type T
(F1) The frame is separated
(F2) For each o = (ij;ins1) in the similarity type 7, each 4 €
;:’f Zi;; Ryt is a closed element of G(Zi,.,)
(F3) For each 0 = (4;ip+1) in the similarity type 7, each w e Z;, .,
the n-ary relation wR, is decreasing in every argument place
(F4) All sections of the Galois dual relations R, of R,, for each o

in 7, are Galois sets

Let ar be the classical sorted image operator generated by R, as in equation
(3.1), and 6;3 its k-residual for any k£ =1,...,n, defined as usual by equation
(3.3). Then
(1) the closure @r (Definition 3.7) of the restriction of ag to Galois sets is
residuated at the k-th argument place with the restriction ﬁzk-% / (Definition
3.13) of B% to Galois sets (Lemma 3.11, Theorem 3.12, Theorem 3.14)
(2) a completely normal operator ag : G(X)™ — G(X) of distribution type
6= (z;, in+1) is obtained by composition with the Galois connection

_ , e
ap|...,A;,..., AL, ... if i1 =1
— —
—1 i5=1 ip=0
aR(A17...7An): 4
arl..., A4, AL, ... if 4,01 =0
— —
i;=1 =0

(3) similarly for its dual operator @% : G(Y)" — G(Y).
We list in Table 1 the frame axioms we shall assume in the sequel, for a
sorted residuated frame with relations § = (X,1,Y, (Ry)oer)-
Note that axioms F1 and F2 imply that there is a (sorted) function fR
on the points of the frame such that fR(ﬁ) = w iff Ri = I'w. The following
immediate observation will be useful in the sequel.

Lemma 3.16. Let § be a frame of similarity type T and assume that axioms
F1-F3 in Table 1 hold. Then for a frame relation R of type o in 7, ar(T'd) =
Rii = an(T) = T(Fr(@)).
Proof. By definition (3.1), ag(T't) = Ug<y Rw. By axiom F3, Uy<y RW = R,
which is a closed element by axiom F2, generated by a unique point w = fr(1),
by axiom F1, so that ar(T'i) = Ri = Tw = (ar(T'4))” = ar(Ti), where
Tw =T (fr(1)). O
The axiomatization will be strengthened in Section 5, imposing among

others a topology on each of X and Y, in order to be able to carry out a Stone
duality proof.
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3.2. Weak bounded morphisms

Recall that a bounded morphism p : (W1, Ry) — (Ws, Rs), for classical Kripke
frames, is defined as a map that preserves the frame relation, i.e., uRjv
implies that p(u)Rap(v) and so that its inverse p~' is a homomorphism of
the dual modal algebras p~' : (P(W2), O2) — (P(W1),<>1), ie., such that
p (V) =Or1(pt V). This can be re-written as the familiar first-order con-
dition typically used to define bounded morphisms.

For sorted frames, when their dual sorted residuated modal algebras are
of interest, morphisms of sorted frames can be taken to be the natural gen-
eralization of bounded morphisms to the sorted case, to wit a pair of maps
(p,q) : (X3,15,Yy) — (X1,11,Y71), such that their inverses commute with
the residuated set-operators <,y and »,lk (equivalently, with the Galois
connections). One direction of the required inclusions is ensured by requiring
preservation of the frame relation, as in the unsorted case. Since inverse maps
preserve unions and every set can be written as the union of the singletons
of its elements, the reverse inclusion op™'(U) 2 ¢7'(<1U) will hold iff it
holds for singletons op~!({z}) 2 ¢~ (1{z}). Rephrasing and expressing it
as a first-order condition we obtain condition (3.10). Similarly for the other
reverse inclusion, after replacing boxes with diamonds, working with co-atoms
—{x} and contraposing a number of times we obtain the equivalent first-order
condition (3.11).

Vo e X Vy e Yo(aliq(y') — 32" € Xo(x = p(a’) A2’ Iry")) (3.10)
Va' e XoVy e Yi(p(a )y — ' e Yo(y = q(y') A2’ Lry")). (3.11)
We then arrive at the natural generalization and a sorted bounded morphism

(p,q) : (Xo,12,Ys) — (X1, 11,Y1) is defined as a pair of maps p: Xo — X7,
q: Yo — Y7 such that the relation preservation condition (3.12) below,

Va' e XoVy' €Ys (2’ Ly’ — p(2') 1g(y')), (3.12)

as well as conditions (3.10) and (3.11) hold. Note that sorted bounded mor-
phisms preserve the closure operators

P (W O1U) =WOop H(U) and ¢ H(h @, V) = Ca@yg '(V),

therefore they preserve arbitrary joins, since these are closures of unions and
as inverse maps preserve both unions and intersections, sorted bounded mor-
phisms are homomorphisms of the complete lattices of Galois stable and co-
stable sets.

3.2.1. Morphisms for sorted residuated frames. Singletons are atoms of the
powerset Boolean algebras, they join-generate any subset, i.e., U = Uyerr{u},
and this was used in computing the first-order conditions (3.10), (3.11) for
sorted bounded morphisms. For stable and co-stable sets, join generators are
the closed elements 'z (z € X) and I'y (y € Y') so that we have, respectively,
A=Vaeal'r =Ugea 'z, using Lemma 3.3. We have, for any = € X,

¢ (OnTx) € Oop™'(Tr)
iff Vy' € Ya(y' e ' (Onlz) = ¢ € Oop™ ' (T'2))
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iff Vo' € Ya(q(y') e Oile = o' € Oop H(T'2))

iff Vo' € Yo(3z € Xq(2Liq(y) nw<z) = 3y e Oop t(T2))

iff Vy' e Ya(aliq(y') = y' € Oop™' (T'2))

iff Vy' e Yo(xl1g(y') = 2’ € Xo(x < p(a’) Aa'Izy'"))
and this is the weakened version of (3.10) we shall need. We point out that the
proof used the fact that the frame relation I is decreasing in both argument
places (Lemma 3.3), hence 3z € X1 (zl1q(y') Az < 2) iff xl1q(y").

Definition 3.17. If (p,q) : (X3,15,Y5) - (X1,11,Y1), with p : Xo > X3 and
q:Ys —» Y1, then we let 7 = (p,q) and we define 77! by setting

_ W) eR(Xy) if WeX,
i 1(W):{21(W)EP(Y2) i Yy

Similarly, we let

_ p(w)EXl ifw€X2
7T(w)_{q(w)eYl if w e Y.

Lemma 3.18. If m = (p,q) : (Xo,15,Y2) — (X3,11,Y1) is a pair of maps
p: Xy — X1, q: Yo — Yy, then the following are equivalent:
(1) for any increasing subset A c X1, 71 (<{>1A) € OanH(A)

(2) for any x € X1, 71 (Oilz) € Oor ! (Tx)
(3) Yo e XqVy' e Yo(zl1m(y') — F2’ € Xo(z < m(2') A2’ 2y"))).

Proof. (1)=(2) Immediate, since Tz = {z € Xj|z < 2} ¢ X; is increasing.
(2)<=(3) This was shown above. (3)=(1) Let 3’ € ¢ ({1 A), e, q(y') e O1A4
and let then z € X; be such that xI;¢(y’) and = € A. From zI1q(y’) and
condition (3) we obtain that there exists 2’ € X5 such that 2'Ioy" and « < p(z').
Given the assumption that A is an increasing subset and since z € A it follows
that p(z') € A, as well. This shows that y" € Oop(A).

Therefore, (1)<(2)<(3). o

Similarly, we obtain the following lemma.

Lemma 3.19. If 7 = (p,q) : (Xo,13,Y2) — (X1,11,Y1) is a pair of maps
p:Xo — X1, q: Yo — Y7, then the following are equivalent:

(1) for any decreasing subset BCYy, lkrn *(B) c v ' (M B)

(2) for anyyeY:, Mor ' (-T'y) = ' (M (-Ty))

(3) Vo' € XoVy e Yi(n(z') [y — Fy' € Ya(y < w(y') A2’ ry")).

Note that case (3) of Lemma 3.19 is a weakened analogue of (3.11).

Definition 3.20. If 7 = (p,q) : (X2,15,Y2) — (X1,11,Y1) is a pair of maps
p:Xo — X1, q: Yy — Yy, then 7 will be called a (sorted) weak bounded
morphism iff

(1) Va' e XoVy' € Ya (' Ly’ — w(a") 17 (y"))

(2) Vo e XqVy' e Yo(aim(y') — F2’ € Xo(z <m(a’) A’ Lay"))

(3) Vo' € XoVy e Yi(n(2') 1y — Y e Ya(y < (') A2’ Iy')).
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Corollary 3.21. The inverse 71 = (p,q)™' of a weak bounded morphism is a
complete lattice homomorphism of the lattices of Galois stable sets of sorted
residuated frames.

Proof. The proof is an immediate consequence of Lemmas 3.18 and 3.19. 0O

Summarizing, we have shown that all squares in the diagrams in the
middle and right below commute

O
(X1, L1, Y1) PT(Xl) P (Y1) P (X1) <T P (v1)
,,T Tq ipl lql J{pl iql
()*2
(X2, L0,Y2) PT(X2)4>5"”(Y2) W(X2)<WE P1(Y2)

where P!, P denote, respectively, the set of increasing and decreasing subsets.

Remark 3.22. Goldblatt [11] was first to propose bounded morphisms for po-
larities and our definition is equivalent to his. For morphisms of frames with
relations (restricted in [11] to relations of sort type that generate either join-
preserving or meet-preserving operators only) we will diverge from his defini-
tion, as the relations Goldblatt considers on frames, expanding on Gehrke’s
[9], do not coincide with ours and they can be in fact construed as the Galois
duals of the frame relations we consider. In [19] we discussed the connections
between our approach and Gehrke’s generalized Kripke frames approach.

For later use, we make an observation in the next lemma.

Lemma 3.23. If 7! preserves closed elements, then it preserves clopen ele-
ments, as well.

Proof. Letting 7 '(T'u) = Tw, and 7 }(I'v) = T'w,, we have (7 *(T'w))’ =
(Twy)" = {w,} and Tw, = 71 (Tw) = 771 ({v}) = 71 ((ITv)") = (7 1(Tw)) =
{w,}', assuming T'u = {v}’ is clopen, using Lemma 3.3 and using also the fact
that weak bounded morphisms commute with the Galois connection (by the
results of Section 3.2.1, specifically, Corollary 3.21). O
3.2.2. Morphisms for frames with relations. Let m be a weak bounded mor-
phisma ™= (p7 Q) : (X27 I2; Y27 (SO')O'ET) - (Xla Ila Yl; (RU)UET)a and let RU; SO’
be corresponding relations in the two frames, of the same sort type. For sim-
plicity, we omit the subscript ¢ in the sequel.

Proposition 3.24. If for any i it holds that 7~ 'ag(T'i) = ag(n [Td]), then
for any tuple F of Galois sets of the required sort n'ar(F) =ag(r [F]).
Proof. We have

' ag(F) = 7V, p ar(Td) By Lemma 3.3 and Theorem 3.12
=Vaep T aR(Fu) By Corollary 3.21
=Vep @s(r7H[T4d]) By hypothesis

= Ve Vaer1ra) @s(I'w) By Lemma 3.3 and Theorem 3.12
= Vina) @s(T0)
=Ven-11p) @s(F) =ag(r ! [F]).
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For the last line, note that if i e F and i < 7[w], then 7[w] € F, since Galois
sets are increasing. Hence qu (@) @s(T ) c V 1171 @s (I'w). Conversely, if
w e 7' [F], let @ = 7[w], so that &% € F and @ [117] which shows that the

converse inclusion also holds. O

Lemma 3.25. Assuming the frame axioms of Table 1, the condition in the state-
ment of Proposition 3.24 can be replaced by the requirement in equation (3.14),
which is equivalent to condition (3.13)

7 ragr(Td) = ag(r[T4]), (3.13)
m(v)Ra iff Jw(u < w[w] A vSW). (3.14)

Proof. By Lemma 3.16 for any relation R in the frame it holds that ar(T'd) =
Rii = ar(Ti). It follows that if equation (3.14) holds, then ag(7 '[T'd]) is
a Galois set, hence ag(m [T'i]) = as(7 *[T'i]). Hence the identity in (3.14)
implies the hypothesis in the statement of Proposition 3.24. Since
as(r7'Ta))= U asTw)= |J as(Tw)= U Sw
wen~1[I'] u<r[w] u<n[w
and v e 7 tag(T4) iff 7(v)Ri it follows that the two conditions in (3.14) and
(3.13) are equivalent. O

We conclude with the definition of the category of 7-frames, for a simi-
larity type (sequence of distribution types) 7

Definition 3.26. The objects § = (X, 1,Y, (Ry)ger) of the category SRF ; of 7-
frames are sorted residuated frames (equivalently, polarities) with a relation of
sort type o, for each ¢ in 7, subject to axioms F1-F4 of Table 1. Its morphisms
m=(p,q): (Xa,12,Y2,(Ss)oer) — (X1,11,Y1, (Rs)oer) are the weak bounded
morphisms specified in Definition 3.20 that, in addition, satisfy condition (3.13)
(axiom M4). Table 2 collects together all axioms.

Hereafter, by a weak bounded morphism we shall always mean that con-
dition (3.13) (axiom M4) is also satisfied. Note that axiom M4 assumes proper
sorting of u4,v and w as necessitated by the sorting of the relations. We also
point out that the axiomatization of the category SRF. will be strengthened in
Section 5, including an axiom that both X, Y are carriers of a Stone topology,
for the purpose of deriving a Stone duality result.

4. Dual sorted residuated frames of NLEs

A bounded lattice expansion is a structure £ = (L, <, A,Vv,0,1, Fy, Fy), where
F) consists of normal lattice operators f of distribution type 3(f) = (i;;1)
(i.e., of output type 1), while Fy consists of normal lattice operators h of
distribution type d(h) = (£;;0) (i.e., of output type 9). For representation
purposes, nothing depends on the size of the operator families ; and Fy and
we may as well assume that they contain a single member, say F; = {f} and
Fo = {h}. In addition, nothing depends on the arity of the operators, so we
may assume they are both n-ary.
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TABLE 2. Axioms for the frame Category SRF,

(F1) The frame is separated

(F2) For each o = (i};iml) in the similarity type 7, each u ¢
]'[;j Z;,, Ry is a closed element of G(Z;,,,)

(F3) For each & = (i;;in41) in the similarity type 7, each w e Z;, .,
the n-ary relation wR,, is decreasing in every argument place

(F4) All sections of the Galois dual relations R, of R,, for each o

in 7, are Galois sets
For 7 = (p7Q) : (X23I2>Y27 (50)067’) - (Xlallayl, (RU)UET)

(M1) Va'e XoWy' e Ys (a' Ly’ — p(2') 11g(y'))

(M2) Vo e Xq1Vy € Yo(zliq(y') — 32" € Xo(z < p(a’) A2’ Iy"))

(M3) Va' e XoVy e Yi(p(z') iy — 3y € Ya(y < q(y') Aa'l2y"))

(M4) for all 4 and v, w(v) R, iff there exists w such that @ < 7w[w]
and vS,w

4.1. Canonical lattice frame construction

The canonical frame is constructed as follows, based on [20,21,14,15].

First, the base polarity § = (Filt(£), L,1d1(£)) consists of the sets X =
Filt(L£) of filters and Y = IdI(£) of ideals of the lattice and the relation L ¢
Filt(£) x Idl(L) is defined by = L y iff z ny # @&, while the representation
map (1 sends a lattice element a € L to the set of filters that contain it,
G(a) ={z e Xla €z} = {z € X|zx, € 2} = T'z,. Similarly, a co-represenation
map (p is defined by (s(a) = {y e Y]a ey} = {y e Y|y, €y} = Tyq. It is easily
seen that ((1(a))’ = (s(a) and, similarly, (¢s(a))” = ¢1(a). The images of (1, (s
are precisely the families (sublattices of G(X),G(Y'), respectively) of clopen
elements of G(X),G(Y), since clearly I'r, = *{y,} and Ty, = {z,}*.

Second, for each normal lattice operator a relation is defined, such that
if & = (d1,...,0n;0n+1) is the distribution type of the operator, then o =
(ins1;01---1p) is the sort type of the relation. Without loss of generality,
we have restricted to the families of operators F; = {f} and Fy = {h}, so
that we shall define two corresponding relations R, S of respective sort types
o(R)=(1;41...iy) and o(S) = (0;t1 ...t,), where for each j, i; and t; are in
{1,8}. In other words R ¢ X x zzrf Zi; and S €Y x ;Z’f Zy,. To define the
relations, we use the point operators introduced in [14] (see also [15]). In the
generic case we examine, we need to define two sorted operators

. j=n . Jj=n
I HZij — 7 h: Hth — Zy (recall that 7y = X, Z5=Y).
j=1 j=1

Assuming for the moment that the point operators have been defined, the
canonical relations R, S are defined by

j=n
xRu iff f(a)cx (for zeX and aenZi].),
j=1
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—~ j=n
ySv iff h(v)cy (for yeY and ve ] th). (4.1)
j=1
Returning to the point operators and letting x.,y. be the principal filter and
principal ideal, respectively, generated by a lattice element e, these are uni-
formly defined as follows, for 4 € [T/} Z;; and © € [T}Z} Zy,

fli) = Azl e i} h@) = Vig@laes}.  (4.2)
In other words, f() is the filter generated by the set {f(@)|d € @}. Similarly
h(©) is the ideal generated by the set {h(a)|d € 7}.

Example 4.1. (FL) We consider as an example the case of associative, com-
mutative, integral residuated lattices £ = (L,<,A,v,0,1,0,—), the algebraic
models of FLg, (the associative full Lambek calculus with exchange and weak-
ening), also referred to in the literature as full BCK. By residuation of o, —,
the distribution types of the operators are d(o) = (1,1;1) and §(—) = (1,9;9).
Let (Filt(L£),L,1d1(£)) be the canonical frame of the bounded lattice (L, <,
A, V,0,1). Designate the corresponding canonical point operators by © and ~,
respectively. They are defined by (4.2)

20z =\{Zgoclacx A cez}eFilt(L) (z,z e Filt(L))
z~v=\/{Yasclacx A cev}eldl(L) (z e Filt(L),v e 1d1(L))

where recall that we write x., y. for the principal filter and ideal, respectively,
generated by the lattice element e, so that x © z € Filt(£), while (z ~ v) €
1d1(L).

The relations R, S71? are then defined by

uR™Mazz iff z0zcu YS90 iff (z~v)cy

of sort types o(R) = (1;11) and o(S) = (9;19). The canonical FLe,-frame is
therefore the structure § = (Filt(£), L,1d1(L), R'Y, §919).

Remark 4.2. In [27] a lattice duality is presented, Filt : Lat < BL? : KOF,
where for a given lattice £ we have £ » KOF(Filt(£)) < FSat(Filt(£)) where
the latter is shown in [27] to be a concrete realization of a canonical exten-
sion of L. In their sequel article [28], Moshier and Jipsen extend their work
to lattice expansions (L, ), proving that normal lattice operators j (which
they refer to as quasioperators) are in bijective correspondence with functions
f; on points of the corresponding product of their dual BL-spaces that are
succintly characterized as (1) strongly continuous in the product topology and
(2) preserving finite meets in each argument place. It follows by simple cal-
culation that the definition of the point operators f; given by Moshier and
Jipsen in [28] is a rephrasing of the definition of the point operators intro-
duced in [14] (and thereafter used in [15], as well as in the current article).
Indeed, examining for simplicity only the case of a quasioperator that is ad-
ditive (join-preserving), j : Lq x --- x L,, —> Ly,1, Moshier and Jipsen define
fj:Filt(Lq) x --- x Filt(Ly,) — Filt(Ly41) by setting

fiCun, .. un) = (€ Filt( Ly )ug x - x u, €571 ()} (4.3)
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Designate by x. the principal filter generated by a lattice element e. Letting

~ k=n
j(ul, ey Un) = \/ {zj(a1,~..,an)| /\ (ak € uk)} € Fllt(LTH_l) (44)
k=1

be the point operator introduced in [14, page 420], also used above in equation
(4.2), it is readily seen that

fj(ul, - ,un) = m{l? € Filt(Ln+1)|j(U1, - ,un) Cc JL’} = 3(11,1, - ,un)

i.e., the function f; defined by Moshier and Jipsen in [28] coincides with
the function j of [14], since uy x -+ x u,, € j~1(x) iff /\llji?(ak € up) =
jla,...,an) € x iff V{xj(ahwanﬂ/\ﬁj(ak eug)t € xiff j(ug,...,u,) €2 In
[14, Lemma 6.8] the distribution properties of the point operators were estab-
lished, but no topological characterization as given in [28] was sought for in
[14].

4.2. Properties of the canonical frame

We first verify that axioms F1-F3 of Table 2 hold for the canonical sorted
residuated frame (polarity).

Lemma 4.3. The following hold for the canonical frame.
(1) The frame is separated. '
2) For i € [I’2Y Z;. and © € [122) Z;. the sections Rii and St are closed
Jj=1 % j=1 “'t;
elements of G(X) and G(Y'), respectively.
(3) For x € X,y €Y, the n-ary relations xR,yS are decreasing in every
argument place.

Proof. For (1), just note that the ordering < is set-theoretic inclusion (of filters,
and of ideals, respectively), hence separation of the frame is immediate.

For (2), by the definition of the relations, Rii = {x|f(i) ¢ =} = T'(f(@))
is a closed element of G(X) and similarly for S&.

For (3), if w € uy, then {xf(q, . 4. ylar € wA Ajar(aj €uy)} is a subset of
the set {T¢(q,,...a,)| Aj(a; € u;)}, hence taking joins it follows that Fla[w]y) €
f(@). By definition, if zRi holds, then we obtain f(i[w]s) € f(i) € x, hence
xRii[w];, holds as well. Similarly for the relation S. i

Lemma 4.4. In the canonical frame, xR holds iff Va € L™ (d € i —> f(d) € ).
Similarly, ySv holds iff Va e L™ (4 € v — h(a) € y).

Proof. By definition 2R holds iff f(i) ¢ ;, where f(@), by its definition (4.2)
is the filter generated by the elements f(d), for d € i, hence clearly d € 4
implies f(@) € «. Similarly for the relation S. i

Lemma 4.5. Where R', S’ are the Galois dual relations of the canonical rela-
tions R, S, yR'tu holds iff f(@) L y iff 3b(b € i A f(b) € y). Similarly, ©S'v
holds iff x L (%) iff JE(¢ € 0 A h(E) € z).

Proof. The proof is given in [19, Lemma 24|, to which we refer the reader. O

We can now prove that the frame axiom F4 of Table 2 also holds in the
canonical frame.
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Lemma 4.6. In the canonical frame, all sections of the Galois dual relations
R',S" of the canonical relations R, S are Galois sets.

Proof. There are two cases to handle, one for each of the relations R’,S’, with
two subcases for each one, depending on whether iy is 1, or 9. The cases of
the two relations are similar, we have presented the proof for the relation R’
in [19, Lemma 25] and we only detail here the other case.

Case of the relation S’:

The section S"0 = (S0)" is a Galois (stable) set, by its definition. Recall
that the sort type of S is ¢(S) = (0;t1...t,), where t;, € {1,0} for each
1 < k < n, and that S was defined given the lattice normal operator h, of
distribution type 6(h) = (t1,...,t,;0).

Let now z € X and consider any section xS'0[_];. We distinguish the
subcases i = 1, or iy = 0. When 4;, = 0 (same as the output type of h), then
h is monotone at the k-th argument place and it distributes over finite lattice
meets, whereas when i; = 1, then h is antitone at the k-th argument place and
it co-distributes over finite lattice joins, turning them to meets. Furtheremore,
by Lemma 4.5, 25"3 holds iff z L h(g) iff 36(€ € j A h(€) € ).

Subcase i = 0:

Then zS'y[_]x € Y =1dI(£) and note that the output type of h is also
tny1 = 0.

Let W ={be L|3é[_]x € §[-]x h(E[b]x) € x} and w be the filter generated
by W. If v is an ideal such that zS'g[v]; holds, then by Lemma 4.5 = L
h(ij[v]k), equivalently, for some tuple of lattice elements [b], € fi[v]x we have
h(€[b]x) € x. Then be wnw, i.e,, w L v and then w L x5'g[_].

Let now ¢ be an ideal g € (xS"g[_]x)"”. We show that xS5'y[q]x holds.

By the assumption on ¢ and the fact that w L xS5'¢y[_]x we obtain w L g,
i.e., there is some element b € wn q # @. By definition of w, there exist lattice

elements by, ...,bs € W, for some positive integer s, such that by A--- A bg < b.
Since b, € W, for 1 < r < s, there exist tuples of lattice elements & [_] =
(efyee ey Chgsm s Chygs---»Ch), for 1 <7 < s, such that h(¢"[b,]x) € x. Define
1 : _
6j:{cj/\m/\cj if ¢t;=1
1 i L
c;veeveg it by =0.

Considering the monotonicity properties of h, observe that for each 1 <r <'s
we have
tj/=1

h(E[br]k) = h(@ [ ule 17 ™ Tep 1) 2 h(@ [bo]r) € € Filt(L)  (4.5)

and so AIZ h(€[b,]x) € z. In (4.5), ET[br]k[ej]z.j:a[ej/];{'zl designates the result

of replacing ¢ by e; in ¢"[by |k, for every j # k from 1 to n such that t; = 0 in
the distribution type of h, and also replacing c}, by e, for every j' # k from
1 to n such that ¢; = 1.

By the case assumption, h is monotone and it distributes over finite meets
at the k-th argument place, hence we obtain

r=s

h(e[b]e) > h(E[br A+ AbsJk) = A R(E[br]1) € 2.

r=1
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By Lemma 4.5, given €[b] € 9[q]x and h(€[b]x) € x we conclude that 25'5[q]x
holds and this proves that the section x.5’9[_]) is a Galois (co-stable) set.
Subcase i = 1:

Then xS"y[-]x € X = Filt(L).

Let W ={be L|3é[_]x € y[_]x h(€[b]x) € x} and v be the ideal generated
by W. If z is any filter such that z5'g[ 2], then by Lemma 4.5 there is a tuple
of lattice elements €[b] € §[z]x such that h(€[b]x) € z. Thus b e znv and this
shows that xS"g[_]x L v.

We now assume that z € (£S'g[_]x)” and show that xS’y[z]x holds.

By z € (S'y[-]x)" and xS'g[-]r L v it follows that z L v, so for some
lattice element b we have be znv #+ @.

By definition of the ideal v, there exist elements bq,...,bs € W, for some
positive integer s, such that b < by v --- v bs. By definition of W there exist
tuples of lattice elements ¢"[_]i, with 1 < r < s, such that h(¢"[b,];) € = for
each 1 <r <s. Define

1 CRE L=
I ARy if t;=1
€ =1 1
c

G veeveg if ty=0.

Considering the monotonicity properties of h and using the notation intro-
duced in the previous case, observe that, for each 1 <r < s we have
o " t:=0 t.r=1 ﬁ .
R(elb 1) = A& [b:Jules 17T ] ™) 2 W@ b)) € @ € Filt(£)
and so AjZ] h(€[br]x) € x. By the case assumption, h is antitone and it co-
distributes over finite joins at the k-th argument place, turning them to meets,
hence we obtain that

B(E[bLe) > h(E[br v -+ v by]i) = Eh(é[brm €.

By Lemma 4.5, given é[b]y € §[2]x and h(€[b]x) € x, we conclude that x.5"§[z]x
holds and this shows that the section 2:5'g[_]x is a Galois (stable) set. mi

The canonical frame for a lattice expansion £ = (L,<,A,v,0,1, f,h),
where 0(f) = (i1,...,in;1) and 6(h) = (t1,...,t,;0) (i5,t; € {1,0}) is the
structure £, = § = (Filt(£), L,Idl(£L), R, S). By Lemma 4.6, the canonical re-
lations R, S are compatible with the Galois connection generated by L ¢ X xY,
in the sense that all sections of their Galois dual relations are Galois sets. Set
operators ap,ns are defined as in Section 3 and we let apr,7g be the clo-
sures of their restrictions to Galois sets (according to their distribution types).
Note that @z (F) € G(X), while ¢(G) € G(Y), given the output types of f,h
(alternatively, given the sort types of R, S).

It follows from Theorem 3.12 and Lemma 4.6, that the sorted operators
aR,Mg on Galois sets distribute over arbitrary joins of Galois sets (stable or
co-stable, according to the sort types of R,S) in each argument place.

Note that @gr,7¢ are sorted maps, taking their values in G(X) and G(Y),
respectively. We define single-sorted maps on G(X) (analogously for G(Y')) by
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composition with the Galois connection

af(Al,...7An)=aR ...7Aj7...,A;,... (Al,...,Anég(X)), (46)
— —_
ij=1 =0

ﬁh(Blv"'7B7L):ﬁS ...,B.,-,...,B;»,... (B1,...,B,eG(Y)). (4.7)
) i

Given that the Galois connection is a duality of Galois stable and Galois co-
stable sets, it follows that the distribution type of @ is that of f and that oy
distributes, or co-distributes, over arbitrary joins and meets in each argument
place, according to its distribution type, returning joins in G(X). Similarly,
for m,,.

Definition 4.7. The lattice representation maps ¢ : (L, <, A,v,0,1) — G(X)
and (g : (L,<,A,v,0,1) — G(Y) are extended to maps (; : L — G(X) and
Co: L— G(Y) by setting

Cl(f(ala""a’n)) :af(gl(a'l)w"’cl(a’n))

:aR ...,Cl(aj),...,(3(ar),...

ij=1 ir=0
Colf(ar,--.van)) = (@p(Glar), -, Gi(an)) ) (4.8)
CGi(h(ars .- a0)) = (7,(Co(a1), -, Calan)) )’
Ca(h(ala"'aan)) :T]h(ga(al),"'aca(an))' (49)

Remark 4.8. Recall from Remark 4.2 that Moshier and Jipsen [28] show that
normal lattice operators j are in bijective correspondence with meet-preserving
strongly continuous maps j on the dual lattice spaces (BL-spaces, in the ter-
minology of [27,28]) and that these maps, as defined in [28], coincide with the
maps introduced in [14] and subsequently used in [16,15,22,19] and in this ar-
ticle, defined by equation (4.2). Furthermore, given a meet-preserving strongly
continuous n-ary map f on BL-spaces X;, a join-preserving map jy is defined
in [28] on IT, FSat(X;) with values in FSat(X,,) by

Gr(Foy - Foo1) = (G € OF(X,,)|Fo x -+~ x F 1 € fH(G)}

and this provides for a representation of a normal lattice operator as a map
on the canonical extension of the lattice, but the issue is not discussed in any
detail in [28]. There is however a clear similarity with the approach we have
taken, as witnessed by Lemma 3.16 and its preceding remark.

In [10], Gehrke and Harding introduced the so-called o and m-extensions
of lattice maps. The reader may recall from [10] that if (c, C') is a canonical ex-
tension of a bounded lattice L, and K, 0 are its sets of closed and open elements,
the o and m-extensions f,, fr : Lo — L, (where, following the notation of
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[10], £, designates the canonical extension of £) of a unary monotone map
f: L — L are defined in [10], taking also into consideration [10, Lemma 4.3],
by setting, for k€K, oe0 and u € C

fo(k) = N\{f(a)lk<aeL} fo(uw) =\/{fo(k)K>k<u} (4.10)
f=(0) =\/{f(a)IL>a<o} fa(u) = N{fr(0)lu<oe0} (4.11)

where in these definitions £ is identified with its isomorphic image in C' and
a € L is then identified with its representation image. This easily extends to
n-ary maps, as detailed in [10,15]. We have explained in [16] and in [19, Section
3.3] that the representation of a normal lattice operator f, as we define it in this
article and in our previous work, for example [16,19,22], is the o-extension of
f,if f is of output type 1 (it returns joins), and it is its m-extension otherwise.

Both in the current article and in recent work by the author, a relational
representation of operators is sought for and this is also the case in the gen-
eralized Kripke frames approach [9]. In [19, Remark 29] we have detailed the
similarities and differences in the approach taken by Gerhke and by this au-
thor. It suffices to point out here that the relations used in the generalized
Kripke frames approach are typically the Galois dual relations of the relations
that we define.

4.3. Duals of lattice expansion homomorphisms

With the next proposition, we verify that the frame axioms M1-M4 also hold
in the canonical frame construction.

Proposition 4.9. Let h : L — L* be a homomorphism of normal lattice ex-
pansions of similarity type T, with corresponding normal operators fq, fr, for
eachocer, and §=(X,I,Y,(Rs)oer), § = (X I*,Y* (S5)oer) their canon-
ical dual frames, as defined in Section 4.1. For z* € X* and y* € Y* define
p(z*) = ha*] = {a e L|h(a) € x*}, q(y*) = b [y*] = {a € L|h(a) e y*}. Then
7=(p,q): (X I*,Y* (So)oer) — (X, .Y, (Ry)per) is a weak bounded mor-
phism of their dual sorted residuated frames.

Proof. For the first condition (relation preservation, axiom M1 of Table 2),
assume ¥ [*y*, ie., 2*ny* =@. If p(z*)nq(y*) + @ and a e A [2* ] nh 71 [y*],
then h(a) € * ny* # @, contradicting the hypothesis.

For the second condition (axiom M2 of Table 2), let z € X,y € Y* be
arbitrary and assume xIq(y*), which means z n h™[y*] = @, i.e., Ya € L(a €
x — h(a) ¢ y*). Let 2* be the filter generated by the set {h(a)|a € z} = h[zx].
Then x ¢ h™'[2*] = p(z*). Suppose now that e € * ny*. Let ay,...,a, € x
such that h(ai) A--- A R(ay) <e. Since h is a lattice homomorphism and x is
a filter, if a = a1 A--- A ay, then a € z and h(a;) A+~ Ah(a,) = h(a) <ee€y”,
but y* is an ideal, hence h(a) € y*, contradiction. Hence it also holds for this
z* that x*I*y*.

The proof of the third condition (axiom M3 of Table 2) is similar, but
we detail it anyway. So let ¥ € X* y € Y, arbitrary, and assume that p(z*)Iy,
i.e., h"'[z*]ny = @. In other words, Ya € L(a € y — h(a) ¢ 2*). Let y* be
the ideal generated by the set h[y] = {h(e)|e € y}. Then y ¢ h™{[y*] = q(y*). If
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eex*ny*, let ay,...,a, €y such that e < h(ay)v---vh(ay) =h(av---vay),
since h is a homomorphism. Put a = a;Vv---va, € y. Then e € x*, a filter, hence
h(a) € x*, while a € y, contradiction. Hence we obtain x*I*y* for the ideal y*
defined above.
Let R,,S, be the canonical relations in the two frames, of the same sort
type o = (iml;i;), corresponding to the normal lattice operators f, and f;.
Let agr,as (we drop the subscript o, for simplicity) be the induced image
operators.
We show that 77! is a homomorphism, i.e., that axiom M4 of Table 2
holds, or, equivalently by Lemma 3.25, that 7~ tar (i) = as(r 1 [Td]).
We calculate that
vE W‘laR(Fﬁ) iff m(v) € ag(T'd)
iff h™'[v] e ag(ld)  definition of 7 (v a filter, or an ideal)
iff h~'[v] e Ri  Lemma 3.16
iff h~'[v] e D(fi)  definition of the canonical relation
iff f <h7'[v]  the order is inclusion
iff fiich™'[v] in the canonical frame
iff Va(ded — f(d)eh'[v]) definition of f
iff Va(aetu — h(f(d)) ev)
iff Va(d e i — f*(h[d]) ev) his a homomorphism.
Note that @ € 7' [I'd] iff @ € 7[w] and since 7~ [T'i] is a Galois set, by Lemma
3.3 we obtain 771 [I'i] = Uacr[w) 0, hence we compute

asﬂ_l[rﬁ]zas U T'w = U agl'w
demw[w] dcm[w]
= U so = U r(fFo)
ucn[w] ucr[w]
= L(f*w)
hlu]cw

We first prove that Up[ajcas F(Fﬂ)) c 7 tag(Td). To clarify notation,
hlu] is the tuple (h[ui],...,h[u,]), where hlu;] = {h(e)|e € u;}. Then by
hla] € w we mean the (conjunction of the) pointwise inclusions h[u;] € w;.

Let then @ be such that h[@] € @ and assume that f*@ € v. To show
that v e 7 ar(I'i) we assume that @ € % and prove that f*(h[d]) € v.

By a € % and hlu] € w we obtain hld] € @ (i.e., h(a;) € w;, for all
j=1,...,n). By definition in the canonical frame Frw is (the filter, or ideal,
depending on the distribution type o) generated by the set {f*(€)|é € w}. By
the hypothesis that f* ¢ v we obtain that {f*(&)|é € w} € v. Since h[d] €
we have in particular that f* (h[ﬁ]) €.

Conversely7 we show that 7 lap(I'i) c Unlicw D(Fw).

Let v € 7 'ar(I'i) which means, by the calculation above, that 7(v)Rii,
equivalently in the canonical frame it means that {f*(h[a])|d € 4} € v. The
claim is that there is a tuple @ = (w1, ..., wy, ), where w; is a filter if ¢; =1 in
the distribution type of f, f* and w; is an ideal when i; = 0, such that h[d] ¢
and Fu? co.
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Define w; = (h[u;]) to be the filter of £* generated by the set h[u;], if
i; = 1 and otherwise let it be the ideal generated by the same set. Thus trivially
h[i] € w holds. By definition of 7%, it suffices to get its set of generators
{f*(€é)|é e w} to be contained in v.

Let € € w so that for 1 <j <n, e; € w;.

If i; = 1, then wj is the filter generated by the set h[u;] (where u; is also
a filter) and there are elements a?, ..., aJ € u; such that h(al)A---Ah(al) <e;.
Since h is a homomorphism and u; is a filter, letting a’ = a{ A nal e we
obtain h(a’) < e;.

If i; = 0, then wy is the ideal generated by the set h[u;] (where u; is also
an ideal) and there are elements aJ, ..., a] € u; such that e; < h(a))v---vh(a]).
Letting @’ be the disjunction a’ = a{ \VEEERY; a{ we similarly obtain e; < h(a?).

If the output type i,+1 = 1, then v is a filter, f, f* are monotone at
the j-th position, whenever i; = 1 and they are antitone at any position i;
with i;; = . Therefore, f*(h(a'),...,h(a™)) < f*(e1,...,e,), which we may
compactly write as f*(h[d]) < f*(€). From the hypothesis on v we have that
f*(h[a]) € v, which is a filter when 4,1 = 1, hence also f*(€) € v.

If the output type i,41 = 9, then v is an ideal, f, f* are monotone at the
Jj-th position, whenever i; = 0 and they are antitone at any position i; with
ij = 1. Thereby, f*(e1,...,en) < f*(h(a'),...,h(a™)), i.e., f*(€) < f*(h[d]) €
v, now an ideal, hence again f*(é) € v. ]

5. Stone duality

The results we have presented can be extended to a Stone duality, by combin-
ing them with our results in [21,15]. The functor F: NLE, — SRF sends a
normal lattice expansion £ in NLE, to its dual frame £, = § in SRF. (detailed
in Section 4.1) and a lattice expansion homomorphism h to a weak bounded
morphism 7 (detailed in Section 4.3). Conversely, we have constructed a func-
tor L : SRFY”’ — NLE,, sending a frame § in SRF, to its full complex algebra
§* (Definition 3.8), which is a complete normal lattice expansion, and a weak
bounded morphism 7 to a complete normal lattice expansion homomorphism
7! (detailed in Section 3.2.2).

For a full Stone duality, a subcategory SRF} will be identified, by strength-
ening the axiomatization of sorted residuated frames with relations, imposing
in particular that the sort sets of a sorted frame are carriers of a Stone topol-
ogy. In addition, we replace axiom F2 with a stronger version, we add axioms
F5-F7 from [21,15] as well as axioms M5, M6. The full axiomatization of the
category SRFY is presented in Table 3. Call a point we X uY clopen if I'u is
clopen, i.e., if there exists a point v of the dual sort such that T'u = {v}’.

Remark 5.1. Axioms F1 and F5-F7 are an equivalent axiomatization of the L-
frames of [21]. Lattice expansions were studied in [15] and axioms R7-R10 were
postulated in order to derive that the defined operators from relations have the
complete distribution properties corresponding to the distribution type of the
operator represented. We have followed in this article an alternative approach,



5 Page 26 of 32 C. Hartonas Algebra Univers.

TABLE 3. Axioms for the Subcategory SRF of SRF,

(F1)  The frame is separated
(F2) For each o = (i};iml) in the similarity type 7, each u €
gj Zi;, Ryt is a closed element of G(Z;,,, ) and if all points

u; are clopen, then R, is a clopen element of G(Z;,,,,)

(F3)  For each o = (i;i,41) in the similarity type 7, each w € Z; _,,
the n-ary relation wR, is decreasing in every argument place

(F4)  All sections of the Galois dual relations R, of R, for each o
in 7, are Galois sets

(F5)  Clopen sets are closed under finite intersections in each of
G(X),G(Y)

(F6)  The family of closed sets, for each of G(X),G(Y), is the in-
tersection closure of the respective set of clopens

(F7)  Each of X,Y carries a Stone topology generated by the sub-
basis of their respective families of clopen sets and their com-
plements

For a sorted map 7 : (Xs,15,Ys,(S)oer) — (X1,11,Y1,(Rs)oer),

where 7= (p,q), p: Xo — Xy and ¢: Yo — Y}

(M1)  Va'e XoVy' eYs (' Ly’ — (2" )17 (y'))

(M2) VzeX Vy eYo(alim(y') — 32’ € Xo(x <w(2") A2’ Izy'))

(M3) Vo' e XoVyeYi(n(2' )y — Fy eYo(y<m(y') na'Ixy'))

(M4) for all % and v, m(v)R,4 iff there exists w s.t. & < w[w] and
VS, W

(M5)  for all points u, 7~ !(I'u) = I'v, for some (unique, by separa-
tion) v

(M6)  is continuous in the topological sense

presenting a simpler axiomatization of frames, relying only on axiom F4 in
order to obtain proof of the required distribution properties. Though differ-
ences in the presentation exist, the representation of normal lattice operators
is the same in this article and in [15], see in particular [15, Remark 3.2]. Frame
morphisms in this article are the weak bounded morphisms axiomatized by
M1-M6, whereas in [15] a weaker notion of morphism was employed, requiring
essentially only preservation of clopen sets.

For a frame § of SRF}, the following result ensures that its lattice of
clopen elements is an object of NLE, .

Proposition 5.2. Let § = (X,1,Y,(Ry)ser) be a sorted residuated frame in the
category SRFX, with a relation R, of sort o = (ins1;1;) for each o in 7. Then

the clopen elements in G(X) form a lattice and a}% restricts to a mormal
operator of distribution type § = (z;, int1) on the lattice of clopens.
Proof. By the fact that the Galois connection restricts to a duality on clopens,

the clopen elements of G(X') and G(Y) are lattices, given axiom F5. By defini-
tion and axiom F2 (Table 3), @, (F) =V, p(Rot)"” =V, p Rott = Vo p Tw,
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for some w depending on 4 (which is unique, by the separation axiom F1).
In particular, ag,_(Tws,...,Tw,) = Vacg Roti. By axiom F3, if @ < 4, then
R, € Ryw, hence ag, (Twy,...,Tw,) = Ryw, a closed element, by axiom F2.
Again by axiom F2 (Table 3), if all sets 'w; are clopen elements, then also R,w
is a clopen element. Hence ar, restricts to an operator on clopen elements.
By Theorem 3.12, using axiom F4, @g_ (which is a sorted operator, of sort
(i};iml)), distributes over arbitrary joins in each argument place. It follows
that the single-sorted operator a}% obtained by appropriate composition with
the Galois connection is a normal operator of distribution type d = (i;-;iml)
on the lattice of clopen elements in G(X). mi

Propositions 5.2 and the next proposition verify that L* is a well defined
functor, L* : SRF. — NLE,.

Proposition 5.3. Let L* be defined so that for a sorted residuated frame § with
relations in SRF*, L*(F) is the normal lattice expansion of its stable clopen
elements (the clopens of G(X)). If # = (p,q) : T2 — F1 5 a morphism in
SRF?, then L*(7) = 7! is a homomorphism of normal lattice expansions from
clopens in G(X1) to clopens of G(X2).

Proof. Axiom M5 and Lemma 3.23 ensure that L*(7) = 7~! maps clopens to
clopens, hence it restricts to a homomorphism of the normal lattice expansions
of clopens. O

We next verify that the functor F: NLE, — SRF', is in fact a functor
F:NLE, — SRF,.

Proposition 5.4. The canonical frame of a normal lattice expansion is a sorted
residuated frame in the category SRF:.

Proof. Axioms F1-F3 were verified in Lemma 4.3. For the strengthened axiom
F2 (Table 3), the proof follows from the fact, proven in [14, Lemma 6.7], that
the point operators f map principal filters (ideals) to principal filters (ideals).
Lemma 4.6 verified axiom F4. Clopens in the canonical frame are the sets
I'z,, for a principal filter z, (similarly for ideals) and I'z, n Tz = Tzqve,
so axiom F5 holds. By join-density of principal filters (similarly for ideals)
T = Vaes o and then Tz = T'(Vger o) = Naew L Ta, hence axiom F6 is true in
the canonical frame. Clopen sets 'z, are precisely the sets in the image of the
representation map (i (a) = {z € Filt(£)|a € 2} and it is by a standard argument
in Stone duality that the topology generated by the subbasis S = {(1(a)|a €
L} u{-(i(a)|la € L} is compact and totally separated and the compact-open
sets (clopen, since the space is totally separated, hence Hausdorfl) are precisely
the sets (1 (a), for a lattice element a. Proof details can be found in [21, Lemma
2.5], and thereby axiom F7 holds for the canonical frame as well, which is then
an object of the category SRF, as claimed. O

Theorem 5.5. The representation map ¢y (Definition 4.7) is a homomorphism
of normal lattice expansions, indeed an isomorphism of the normal lattice ex-
pansion £ and its second dual (L)T, i.e., the normal lattice expansion of the
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clopen sets of filters. Similarly, Co is a dual isomorphism of L and the normal
lattice expansion of clopen sets of ideals.

Proof. The fact that (; is a lattice isomorphism was shown in [21, Theorem
2.4]. By the axiomatization of the category SRF: and Proposition 5.4, the
operations ag, for a frame relation R, restrict to additive operators on clopen
sets (in G(X), orin G(Y), in accordance to the sort of the relation R), hence the
operators derived by composition with the Galois connection as in Definition
4.7 are normal lattice operators of the same distribution type as that of the
lattice operator they represent. The representation of normal lattice operators
in this article is no different from that of [15] (see, in particular, [15, Remark
3.2]), the difference of approach between this article and [15] having to do only
with the axiomatization of frame relations. Hence we may appeal to the results
of [15], in particular, [15, Theorem 4.5], concluding the proof of the present
theorem. ]

Proposition 5.6. Let h : L — L* be a morphism in the category NLE, and
7= (p,q): LY — L, be the canonical SRF, morphism, p=h™': X* — X
and ¢ = h™':Y* — Y. Then for a filter v e X, n71(Tw) is a closed element
in G(X™). Similarly for ideals.

Proof. Let w, be the filter generated by the set h[u] = {h(a)|a € u}. By calcu-
lating 7~ (T'u), it is easily seen that 7~!(T'u) = T'w,,. Similarly for ideals. O

Proposition 5.7. The canonical map w = (p,q) : LT — L, 1is continuous, in
the topological sense.

Proof. The proof is part of the argument in the proof of [21, Lemma 2.5]. O

By the above arguments, L* and F are contravariant functors on our
categories of interest F: NLE, s (SRF})% : L*.

Theorem 5.8. (Stone duality) For any objects L,§ of the categories NLE. and
SRF}, respectively, L = L*F(L) and § = FL*(F).

Proof. The isomorphism £ = L*F(£) was handled in Theorem 5.5, referring
for proof details to [21, Theorem 2.4], for the lattice isomorphism, and to [15,
Theorem 4.5], for the case of lattice expansions of similarity type 7.

For the second isomorphism, § = FL*(F), we may base the argument
either on [21], or on [16]. In [21], we argued that any sorted frame § (L-frame
n [21]) subject to the axioms F1, F5-F7 is the frame dual to a lattice. More
specifically, if & = (Cy)ser is the family of compact-open subsets of X (S is in
fact a normal lattice expansion of similarity type 7, by the frame axioms and
by Proposition 5.2), indexed in some set L, then L inherits the structure of
the family S. Hence, it is a normal lattice expansion £ of type 7 isomorphic to
S and § is, up to isomorphism, its dual frame. In other words, L*(F) =S = L
and § = F(L). Therefore, we have FL*(§) = FL*F(L) =« F(£) = §. i
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6. Concluding remarks and further research

We revisited in this article the question of Stone duality for lattices with
quasioperators (normal lattice expansions, in our terminology), first addressed
n [15]. We improved on the results of [15] in the following sense.

First, the category of frames is specified with a simpler axiomatization
on relations, to ensure that the induced operators are completely normal lat-
tice operators. Gehrke’s notion of stability of sections [9] was used and, by
introducing a notion of sorted conjugate operators we argued that the induced
sorted operators, for any sort type o = (iml;i}) of the relations, distribute
over arbitrary joins of Galois sets (stable, or co-stable, according to the sort
type of the relation). By composition with the Galois connection, completely
normal single-sorted operators of distribution type d = (z;, ins+1) are obtained.
The section stability requirement implies complete distribution, but as far as
we can see the two are not equivalent.

Second, frame morphisms in [15] were tailored to the need to prove a
Stone duality and were thus keyed only to the requirement that their inverses
preserve clopens. Based on Goldblatt’s recent notion of bounded morphisms
for polarities [11] we defined weak bounded morphisms for polarities (equiv-
alently, sorted residuated frames) and extended to the case of frames with
relations. The extended definition for morphisms is different and simpler than
Goldblatt’s. The extended notion of a frame morphism was shown to satisfy the
requirement that its inverse is a homomorphism of the full complex algebras of
the frames. To ensure that a Stone duality result is provable, we strengthened
the axiomatization of frame relations and morphisms in Section 5.

Third, we expanded on our results in [18] by showing that completely
normal operators on the lattice of stable sets of a frame are obtained by taking
the closure of the restriction of classical sorted image operators to Galois sets.
This provides a proof, at the representation level, that the logics of normal
lattice expansions are fragments of corresponding sorted residuated polymodal
logics (their modal companions).

This latter development opens up some new problems to investigate, given
the results established in this article. Essentially, the research direction opened
is one of reducing problems on non-distributive logics (via translation to their
modal companions) to problems on sorted residuated polymodal logics. We
leave these issues for further research (initiated in [17,18]).
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