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FIBRED ALGEBRAIC SEMANTICS FOR A VARIETY OF
NON-CLASSICAL FIRST-ORDER LOGICS AND
TOPOLOGICAL LOGICAL TRANSLATION

YOSHIHIRO MARUYAMA

Abstract. Lawvere hyperdoctrines give categorical algebraic semantics for intuitionistic predicate logic.
Here we extend the hyperdoctrinal semantics to a broad variety of substructural predicate logics over the
Typed Full Lambek Calculus, verifying their completeness with respect to the extended hyperdoctrinal
semantics. This yields uniform hyperdoctrinal completeness results for numerous logics such as different
types of relevant predicate logics and beyond. which are new results on their own; i.e.. we give uniform
categorical semantics for a broad variety of non-classical predicate logics. And we introduce an analogue
of Lawvere-Tierney topology and cotopology in the hyperdoctrinal setting, which gives a unifying
perspective on different logical translations. in particular allowing for a uniform treatment of Girard’s
exponential translation between linear and intuitionistic logics and of Kolmogorov’s double negation
translation between intuitionistic and classical logics. In the hyerdoctrinal conception. type theories are
categories. logics over type theories are functors, and logical translations between them, then, are natural
transformations, in particular Lawvere-Tierney topologies and cotopologies on hyperdoctrines. The view of
logical translations as hyperdoctrinal Lawvere-Tierney topologies and cotopologies has not been elucidated
before, and may be seen as a novel contribution of the present work. From a broader perspective, this
work may be regarded as taking first steps towards interplay between algebraic and categorical logics;
it is, technically, a combination of substructural (or Lambekian) algebraic logic and hyperdoctrinal (or
Lawverian) categorical logic, as the hyperdoctrinal completeness theorem is shown via the integration of
the Lindenbaum-Tarski algebra construction with the syntactic category construction. As such this work
lays a foundation for further interactions between algebraic and categorical logics.

§1. Introduction. The present paper aims to connect algebraic substructural
logic with categorical predicate logic via Lawvere hyperdoctrines; in particular
we combine the algebraic approach to substructural logics as in Galatos—Jipsen—
Kowalski-Ono [10] with the categorical approach to (typed) predicate logic as in
Pitts [35], which originates in Lawvere [23]. While the correspondence between
propositional logics and their algebras is transparent and almost obvious in many
cases, there is no widely agreed conception of the correspondence between predicate
logics and their algebras; given a predicate logic, there is no broadly applicable,
automatic method to define its algebras.

We consider Lawvere hyperdoctrines to be a suitable framework to do this; given
a predicate logic, the corresponding hyperdoctrines can be defined in a canonical
manner, serving as the fibred algebras of it, as we shall explain below. Although
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Henkin—Monk-Tarski [12] give the classic concept of cylindric algebras as the
algebras of predicate logic, there is, in general, no canonical way to define cylindric
algebras for a given predicate logic, and cylindric algebras can actually be subsumed
under the framework of hyperdoctrines (see Jacobs [16]; note that fibrations and
hyperdoctrines are linked with each other via the Grothendieck construction).

The general framework of substructural logics over the Full Lambek calculus (FL
for short) encompasses a wide variety of logical systems (classical, intuitionistic,
linear, fuzzy, relevant, etc.), allowing for a uniform treatment of different non-
classical logics as well as classical logics. Logics over FL have been studied extensively
in the past few decades, especially by algebraic logicians interested in residuated
lattices, a monoidal extension of Heyting algebras (see, e.g.. Galatos—Jipsen—
Kowalski-Ono [10] and Galatos—Ono [11]). Among other things, Ciabattoni—
Galatos—Terui [4, 5] have successfully applied the methods of algebraic logic and
universal algebra to the proof theory of logics over FL, proving that a propositional
logic admits cut elimination if and only if the variety of its algebras is closed
under algebraic completion (for more detailed, precise formulations, see Ciabattoni—
Galatos-Terui [4, 5]); this has led to developments of algebraic proof theory.

Yet there is no algebraic proof theory systematically developed for predicate
logics because there are no adequate algebraic models of them in the first place.
Although some efforts have been made towards the algebraic treatment of logics
over quantified FL (see, e.g., Ono [33, 34] and references therein), however, it seems
that there has been no adequate concept of algebraic models of them so far. Note that
complete residuated lattices can only give complete semantics for those classes of
substructural predicate logics for which completions (such as Dedekind—MacNeille
or Crawley) of Lindenbaum-Tarski algebras work in an adequate manner (see Ono
[33, 34]): for this reason, complete residuated lattices (or quantales) cannot serve
the purpose.

In the context as clarified above, we propose to employ Lawvere hyperdoctrines
and their extensions as fibred algebraic models of predicate logic, especially
substructural logics over quantified FL. Hyperdoctrines may be seen as fibred
algebras indexed by categories, which are supposed to represent type theories (or
sort structures). According to Pitts’ formulation [35] (see also [2. 3, 28, 29, 31, 32,
37]). a hyperdoctrine is a functor (or algebra-valued presheaf)

P: C°®° — HA,

where HA is the category of Heyting algebras and their homomorphisms; there
are additional conditions on P (and C) to express quantifiers and other logical
structures, which shall be clarified below. The intuitive meaning of the base category
C is the category of types (aka. sorts) or domains of discourse, and then P(C) is
the algebra of predicates on a type C. We can regard a hyperdoctrine as a fibred
Heyting algebra

(P(C))cec.

a bunch of Heyting algebras indexed by a category C. Note that toposes amount
to higher-order hyperdoctrines; they are interlaced by two functors, one taking
subobject hyperdoctrines and the other given by the tripos-to-topos construction
(see, e.g., Frey [9]. Hyland-Johnstone-Pitts [14], and Pitts [36]).

https://doi.org/10.1017/js1.2021.41 Published online by Cambridge University Press


https://doi.org/10.1017/jsl.2021.41

FIBRED ALGEBRAIC SEMANTICS 1191

In general, a fibred algebra is a universal algebra indexed by a category; fibred
universal algebra studies a functor of form

P: C® — Alg

apart from logical conditions to express quantifiers and others, where Alg is
an algebraic category (for basic concepts in category theory, see, e.g., Adamek—
Herrlich-Strecker [1]; but we do not use category theory in any heavy way, in order
to make the paper accessible to the algebraic logician as well as the categorical
logician). There is a general principle of completeness lifting: if a propositional
logic L is sound and complete with respect to a variety (or algebras of a monad,
which is a possibly infinitary variety) Alg, then the corresponding fibred algebras or
hyperdoctrines

P: C® — Alg

give sound and complete semantics for the predicate logic that extends L with
quantifiers; that is to say, the soundness and completeness of propositional logic
with respect to algebras in Alg lifts to the soundness and completeness of predicate
logic with respect to fibred algebras P : CP — Alg.

In the present paper we demonstrate this in the fairly general context of arbitrary
logics over the base system FL; this constitutes the first result of the paper.
The second result of the paper is concerned with Lawvere-Tierney topologies
and cotopologies on hyperdoctrines regarded as logical translations. In topos
theory, the double negation topology has been applied broadly for different
purposes. The generalised notion of Lawvere-Tierney topologies and cotopologies
on hyperdoctrines allows for a unified treatment of different logical translations,
in particular Girard’s exponential translation in linear logic and Kolmogorov’s
double negation translation in intuitionistic logic, as we shall see below (we call
the latter the Kolmogorov translation for historical reasons; see Ferreira—Oliva [8]).
The former allows us to embed intuitionistic logic into linear logic via the exponential
operator !; the latter allows us to embed classical logic into intuitionistic logic via
the double negation operator ——. Since logics (or theories) are dual to algebraic
semantics (or models)., we construct intuitionistic (resp. classical) hyperdoctrines
from linear (resp. intuitionistic) hyperdoctrines on the basis of suitable Lawvere—
Tierney (co)topologies on them. Lawvere-Tierney topologies on toposes work for
higher-order logic; Lawvere-Tierney topologies on hyperdoctrines, by contrast,
work for first-order logic as well as higher-order logic. In this sense, the latter is more
general than the former, making the notion of topology available in a more general
setting. And Lawvere-Tierney topologies and cotopologies on hyperdoctrines allow
us to obtain hyperdoctrinal analogues of logical translation theorems in a uniform
and modular manner. This constitutes the second result of the paper.

From a broader perspective, the hope of the present paper is to bridge between
algebraic logic, in which substructural logics over FL have been studied, and
categorical logic, in which Lawvere hyperdoctrines have been pursued. The two
disciplines are currently separated to some extent, but were tightly intertwined
with each other in their early days. For example, Lawvere’s original ideas on
categorical logic were seemingly of algebraic nature; in particular, Lawvere’s
functorial semantics [22] was directly concerned with universal algebra. Note also
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that Lambek’s categorical duality theory [20]. too, was based on certain ideas of
algebraic logic and universal algebra, such as primal (or functionally complete)
algebras and their induced Stone dualities, combining them with categorical
methods to give what is called the general Stone—Gelfand duality. It would be fruitful
to restore vital interactions between the two fields yet again (note that interactions
between categorical and traditional universal algebras have been revitalised since
Hyland-Power [15]). This paper aims at taking modest first steps towards them.

A final remark before proceeding to the following sections is that we do not aim
at giving so-called semantics of proofs; we give semantics of provability just as the
topos semantics does, a principal reason for which is as follows. Not all logics over
FL have well-behaved proof theories, and yet we would like to develop a uniform
general theory for them. A well-known (notorious) case of this is classical logic,
which basically makes the identity of proofs trivialise as the Joyal Lemma shows
(i.e., Cartesian closed categories with dualising objects, the existence of which means
the validity of the double negation elimination, trivialise; see, e.g., Lambek—Scott
[21]): some fuzzy logics suffer from similar collapsing phenomena. And there is no
general method to remedy them (remedies for them are highly dependent upon the
nature of each logic; or there may be no such remedies). For this reason we do not
aim at semantics of proofs; rather we develop uniform semantics of provability for all
logics over the base system FL. And by doing so, we get special benefits: i.e., we can
relate and analyse different sorts of categorical logics in a single setting; the uniform
framework for various logics allows us to compare different categorical logics on
the one setting. The results about Lawvere-Tierney topologies and cotopologies
indeed embody such a comparison in terms of translations between different types
of hyperdoctrines.

The rest of the paper is organised as follows. In the following, we first give an
introduction to typed FL (Section 2). We then define FL hyperdoctrines, and prove
the soundness and completeness of the hyperdoctrinal semantics for logics over typed
FL (Section 3). And we introduce Lawvere-Tierney topologies and cotopologies
on hyperdoctrines, and give hyperdoctrinal translation theorems based on them
(Section 4); this may be regarded as the most original part of the present work.
We finally conclude by illustrating several directions of further research (Section
5). Prior knowledge of category theory is not much required. and we keep the
formulation as simple as possible while explaining the categorical details that the
purely algebraic logician may not be familiar with.

§2. Typed Full Lambek calculus. In this section we introduce the Typed Full
Lambek calculus with quantifiers, denoted TFL, which is basically a typed or many-
sorted version of the first-order Full Lambek calculus FL as in Ono [34]; we follow
the typing style of Pitts [35], and so this is basically the combination of Pitts [35]
and Ono [34].

Standard categorical logic discusses a typed version of intuitionistic (or coherent
or regular) logic, as seen, for example, in Pitts [35], Lambek—Scott [21], Jacobs
[16], and Johnstone [18]. Typed logic is more natural than single-sorted one from a
categorical point of view, and is more expressive in general, since it can be equipped
with various type constructors, which make the logic more powerful (if they do not
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make it inconsistent). If one prefers single-sorted logic to typed logic, the latter can
be reduced to the former by allowing for one type (or sort) only.

To put it differently, typed logic is the combination of logic and type theory, and
has not only a logic structure but also a type structure, and the latter itself has a rich
structure as well as the former. For this reason, syntactic hyperdoctrines constructed
from typed systems of logic (which are discussed in relation to completeness in
the next section) are amalgamations of syntactic categories obtained from their
type theories on the one hand, and Lindenbaum-Tarski algebras obtained from
their logic parts on the other; in a nutshell, syntactic hyperdoctrines are type-fibred
Lindenbaum-Tarski algebras.

Another merit of typed logic is that the problem of empty domains is resolved
because it allows us to have explicit control on type contexts. This was discovered
by Joyal, according to Marquis and Reyes [24], and shall be touched upon later in
more detail.

TFL has the following logical connectives:

@. AV \./.1,0, T, L.V.3.

Note that there are two kinds of implication connectives \ and /, owing to the
non-commutative nature of TFL.
In TFL, every variable x comes with its type ¢. That is, TFL has basic types,
which are denoted by letters like o, 7, and
xX:o
is a formal expression meaning that a variable x is of type . Then, a (type) context
is a finite list of type declarations on variables:

X1 101, Xy © Op.

A context is often denoted I'.
Accordingly, TFL has typed predicate symbols (aka. predicates in context) and
typed function symbols (aka. function symbols in context):

R(xp,....xy) [X1 : 0. oo s X0 2 5]

is a formal expression meaning that R is a predicate with n variables xi, ..., x, of
types o1, ... , g, respectively; likewise,

frtx1:00. .., X, 0 0p]
is a formal expression meaning that f is a function symbol with # variables x, ..., x,
of types ay,...,g, and with its values in 7. Then, formulae-in-context ¢ [['] and

terms-in-context ¢ : 7 [I'] are defined in the usual, inductive way.

In the present paper, we do not consider any specific type constructor, but even if
type constructors such as products, sums, and function spaces are added. they
just make the syntactic category construction below more complex (since they
do not affect the propositional structure), and all proofs below can be directly
adapted to such cases in a modular manner. Note that if type constructors affect
the propositional structure, then proofs get essentially more difficult; this is the
case in higher-order logic with the proposition type Prop (aka. truth value type Q).
which interlace the term structure with the propositional structure. Although we
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focus upon plainly typed predicate logic with no complicated type structure, still,
products (not as types but as categorical structures) shall be used in categorical
semantics in the next section, to the end of interpreting predicate and function
symbols (of arity greater than one).

TFL thus has both a type structure and a logic structure, dealing with sequents-
in-contexts:

Ol

where I' is a type context, and @ is a finite list of formulae: ¢, ..., ¢,. Although it
is common to write ' | @ - ¢ rather than @ + ¢ [['], we employ the latter notation
in this paper, following Pitts [35]. since TFL is an adaptation of Pitts’ typed system
for intuitionistic logic to the system of the Full Lambek calculus.

The syntax of type contexts I' in TFL is the same as that of typed intuitionistic
logic in Pitts [35]. Note that it is allowed to add a fresh x : ¢ to a context I": e.g.,

Ol x:0a]

whenever @ - ¢ [[']. On the other hand, it is not permitted to delete redundant
variables; the reason becomes clear in latter discussion on empty domains. It is
allowed to change the order of contexts (e.g., [[,T'] into [I,T]). Now, in the
following, we explain logical rules of inference.

TFL has no structural rule other than the following cut rule:

O Fp[IT Do D3k yw [l
D), O, D3 =y [T7]

(cut),

where ¥ may be empty; this is allowed in the following L (left) rules as well. As
usual, we have the rule of identity

ooy 4)

In the following, we list the rules of inference for the logical connectives of TFL.
The following formulation is intuitionistic in the sense that only one formula is
allowed to appear on the right-hand side of sequents; nevertheless, we can treat
classical logic as an axiomatic extension of TFL, by adding to TFL exchange,
weakening, contraction, and the excluded middle (note that structural rules can be
expressed as axioms). There are two kinds of conjunction in TFL: multiplicative or
monoidal ® and additive or Cartesian A:

Q.09 ¥y I[T] (®L) Pre[l] YFy(l]
Doy ¥k g [I] Q.Y ooyl

(®R)

@, 0.V y[I]
D0 Ap. VI 1[T]

O, 0. ¥+ y[I]
D.yAp.PFy[I]

(ALy)

(ALy)

D[] @F Il
D oAyl

(AR).
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There is only one disjunction in TFL, which is additive, since TFL is intuitionistic
in the aforementioned sense.

O,V [ Oy Y+ x[T]

.oV Pr 0] (VL)
Dk [l Q[T
o vy VR Gy v VR

Due to non-commutativity, there are two kinds of implication in TFL, \ and /,
which are a right adjoint of ¢ ® (-) and a right adjoint of (-) ® w respectively.

O[] Wiy Vol x[I] . @+ wIT]
L — (\R
V1. ®.o\y. Vo x [T] (\L) O p\y [I] (\R)
O[] Yy Vol y[I] Q.o Fyll]
L ——F— = (/R).
Yyl @ ¥, F ([T] VL aF y/e I VR)
There are two kinds of truth and falsity constants, monoidal and Cartesian ones.
Y, Vot [I]
Y, LY, F e[ (1L) F 1[I (1R)
O F [
0F [I] OL) 5 ] (0R)
——— (TR) (LL).
O+ T[] Oy, L0y [T

Finally, we have the following rules for quantifiers V and 3, in which type contexts
explicitly change: notice that type contexts do not change in the rest of the rules
presented above.

Q. O Fy[x:a0T] OFp[x:0lT]

O, Vxp, O -y [x:0. 1] (VL) O Vxp [T (VR)
Do Oy [x:0T] OFp[x:0lT] IR
O, Ixp, Oy - w [T (3L) OFdxp[x:0T] (3R).

As usual, there are eigenvariable conditions on the rules above: x does not appear
as a free variable in the bottom sequent of Rule VR; likewise, x does not appear as
a free variable in the bottom sequent of Rule L. The other two rules do not have
eigenvariable conditions, and this is why contexts do not change in them.

The deducibility of sequents-in-context in TFL is defined in the usual way. In this
paper, we denote by FL the propositional (and hence no contextual) part of TFL.
Note that what is called FL in the literature often lacks L and T.

As is well known, the following propositional (resp. predicate) logics can
be represented as axiomatic (to be precise, axiom-schematic) extensions of FL
(resp. TFL): classical logic, intuitionistic logic, linear logic (without exponentials),
relevance logics, and fuzzy logics such as Godel-Dummett logic (see, e.g., Galatos—
Jipsen-Kowalski-Ono [10]). Given a set of axioms (to be precise, axiom schemata),
say X, we denote by FLy (resp. TFLy) the corresponding extension of FL (resp.
TFL) via X.
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LemMA 1. The following sequents-in-context are deducible in TFL :

* 0@ xy) FIx(p@y) [Tand3Ix(p @ y) - ¢ @ (3xy) [T].
o (Ivy) @t Ix(y @) [Tand3Ix(y @ ) - (Bxy) @ ¢ [T].

where it is supposed that ¢ does not contain x as a free variable, and I" contains type
declarations on those free variables that appear in @ and Ixy.

A striking feature of typed predicate logic is that domains of discourse in semantics
can be empty; they are assumed to be non-empty in the usual Tarski semantics of
predicate logic. We therefore need no ad hoc condition on domains of discourse if we
work with typed predicate logic. This resolution of the problem of empty domains
is due to Joyal as noted in Marquis and Reyes [24].

A proof-theoretic manifestation of this feature is that the following sequent-in-
context is not necessarily deducible in TFL:

Vxe = 3xp [].
where the context is empty. Nonetheless, the following is deducible in TFL:
Vxp Fdxp [x :0,T],

where I is an appropriate context including type declarations on free variables in (.
This means that we can prove the sequent above when a type o is inhabited. Here,
it is crucial that it is not allowed to delete redundant free variables (e.g., [x : 0. T]
cannot be reduced into [I'] even if x does not appear as a free variable in formulae
involved); however, it is allowed to add fresh free variables to a context.

§3. Full Lambek hyperdoctrine. It is well known that FL algebras (defined below)
provide sound and complete semantics for propositional logic FL (see, e.g.. Galatos—
Jipsen-Kowalski-Ono [10]). In this section we show that fibred FL algebras, or FL
hyperdoctrines (defined below), yield sound and complete semantics for typed (or
many-sorted) predicate logic TFL.

We emphasise the simple, algebro-logical idea that single algebras (symbolically,
A with no indexing) correspond to propositional logic, and fibred algebras
(symbolically, (A¢)cec indexed by a category C) correspond to predicate logic.
As universal algebra gives foundations for algebraic propositional logic, so fibred
universal algebra lays a foundation for algebraic predicate logic.

DEerFINITION 2 [10].
(4,@,A.V,\./.1,0, T, 1)

is called an FL algebra iff

e (4.®,1)is amonoid ;0 is a (distinguished) element of A;

e (4.A,V, T, L) is a bounded lattice, which induces a partial order < on A:

e foranya € A,a\(-) : A — Aisarightadjointofa ® (-) : 4 — A :ie,a®@b <
ciff b <a\cforanya,b,c € A4;

o foranyb € A, (-)/b : A — Aisarightadjointof (-) ®b: 4 — 4 :ie.,a®@b <
ciffa <c/bforanya,b,c € A.
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A homomorphism of FL algebras is defined as a map preserving all the
operations (®, A, V, \./,1,0, T, 1). FL denotes the category of FL algebras and
their homomorphisms.

Although 0 is just a neutral element of 4 with no axiom, the rules for 0 are
automatically valid by the definition of interpretations defined below.

FL is an algebraic category (i.e., a category monadic over Set), or a variety in
terms of universal algebra, since the two adjointness conditions can be rephrased by
equations (see, e.g.. Galatos—Jipsen—Kowalski-Ono [10]). An axiomatic extension
FLy of FL corresponds to an algebraic full subcategory (or sub-variety) of
FL. denoted FLy (algebraicity follows from definability by axioms): this is the
well-known, logic-variety correspondence for logics over FL (see Galatos—Jipsen—
Kowalski-Ono [10]).

DerINITION 3. An FL  (Full Lambek) hyperdoctrine is an FL-valued
presheaf

P: C® - FL

such that C is a category with finite products, and the following conditions on
quantifiers hold:

e For any projectionn : X x ¥ — YinC, P(n) : P(Y) — P(X x Y)hasaright
adjoint, denoted

Ve : P(X x Y) — P(Y).

And the corresponding Beck—Chevalley condition holds, i.e.. the following
diagram commutes for any arrow f :Z — Y in C(n' : X x Z — Z below
denotes a projection):

P(X x ¥) —2+ P(Y)
P(XXf'){ {P(f)
P(X x Z) —— P(2)

o For any projection7: X x ¥ = Y inC, P(n) : P(Y) — P(X x Y) has a left
adjoint, denoted

3 P(X x Y)— P(Y).

The corresponding Beck—Chevalley condition holds:
P(X x ¥) —+ P(Y)

P(XXf)l ll’(.f)

P(X x Z) —— P(2)

71/
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Furthermore, the Frobenius Reciprocity conditions hold: for any projection
n:XxY—=YinC,anya € P(Y).andanybh € P(X x Y),

a® (3b) =3 (P(n)(a) @Db).
(3zb) ® a = 3,(b @ P(n)(a)).

For an axiomatic extension FLy of FL, an FLy hyperdoctrine is defined by
restricting the value category FL into FLy. An FL(resp. FLy) hyperdoctrine is
also called a fibred FL(resp. FLy ) algebra.

The category C of an FL hyperdoctrine P : C°® — FL is called its base category
or type category, and P is also called its predicate functor; intuitively, P(C) is the
algebra of predicates on a type, or domain of discourse, C.

Note that, in the definition above, we need two Frobenius Reciprocity conditions
due to the non-commutativity of FL algebras.

An FL hyperdoctrine may be seen as an indexed category, and thus as a fibration
via the Grothendieck construction. Although we formulate everything in terms of
indexed categories in this paper, we can do the same in terms of fibrations as well
(working with indexed categories would probably be simpler to those who are not
familiar with category theory). From a fibrational point of view, each P(C) is called
a fibre of an FL hyperdoctrine P.

The FL (resp. FLy) hyperdoctrine semantics for TFL (resp. TFLy ) is defined as
follows.

DErFINITION 4. Fix an FL hyperdoctrine P : C°® — FL. An interpretation [[-]] of
TFL in the FL hyperdoctrine P consists of the following:

e assignment of an object
[[o]]

in C to each basic type ¢ in TFL;
e assignment of an arrow

[/ T - loud] x - x {[on]] = [[o]]

in C to each typed function symbol f : t [['] in TFL where I is supposed to
be x| : 61, ..., X, : on(note that [[¢1]] X --- x [[¢,]] makes sense because C has
finite products );

e assignment of an element

(LR [T]]]

in P([[T']]). which is an FL algebra, to each typed predicate symbol R [I]
in TFL; if the context ' is x| : g1, ..., X, : gy, then [[[']] denotes [[o1]] X -+ X

[[on]].
Then, terms are inductively interpreted in the following way:
o [[x:0 [, x: 0 I,]]]is defined as the following projection in C:

7 ([ x (le]] < [[F2]] — [e]]-
o [f(t1.....tn) : T [[]]] is defined as:

(/e (ller o1 [T ... [[2 = o [TTID).
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where it is supposed that f :7 [x]:01,....X, i 0], and ¢; : a1 [T]..... 8, :
an [[]. Note that ([[¢ : a1 [T]]).....[[tn : o [T]]]) above is the product (or
pairing) of arrows in C.

Formulae are then interpreted inductively in the following manner:
o [[R(11.....1,) [T]]] is defined as

Pty or[TIN. .. [l 2 ouTTIN(R [x 2 01 oo 2 aa]lD).

where R is a predicate symbol in context x| : gy, ..., Xy : 0.
o [[¢ ® w [I']]] is defined as

[l [T @ [Iy [TT1]-

The other binary connectives A, V, \, / are interpreted in the same way. [[1 [T']]]
is defined as the monoidal unit of P([[[']]). The other constants 0, T, L are
interpreted in the same way.

o [[Vx¢p [I']]] is defined as

Vz(llp [x : o. TTID).

where 7 : [[¢]] X [[[']] — [[T']] is a projection in C, and ¢ is a formula in context
[x : o, T]. Similarly, [[3x¢ [[']]] is defined as

Fn ([l [x : 0. TTND).

Finally, satisfaction of sequents is defined as follows:

® p,...,py Fw [I'] is satisfied in an interpretation [[-]] in an FL hyperdoctrine
P iff the following holds in P([[T]]) :

(1 [T ® -+ @ [l [T11] < [Ty [T]-
In case the right-hand side of a sequent is empty, 1, ..., @, F [I'] is satisfied in

IRIRUS
[le1 (TN @ - @ [[n [T]]] <0

in P([[T]]). In case the left-hand side of a sequent is empty, - ¢ [I] is satisfied
in [[-]] iff 1 < [[[T])] in P([[T])).
An interpretation of TFLy in an FLy hyperdoctrine is defined by replacing FL and
TFL above with FLy and TFLy respectively.

In the following, we show that the FL (resp. FLy) hyperdoctrine semantics is
sound and complete for TFL (resp. TFLy). Let [[® [[']]] denote

[Lpr [T @ - @ [[n [T]]

when @ is 1, ..., @,.

Intuitively, an arrow f in C is a term, and P(f') is a substitution operation (this
is exactly true in syntactic hyperdoctrines defined later); then, the Beck—Chevalley
conditions and the functoriality of P tell us that substitution commutes with all
the logical operations (namely, both propositional connectives and quantifiers).
From such a logical point of view, the meaning of the Beck—Chevalley conditions
is transparent; they just say that substitution after quantification is the same as
quantification after substitution.
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PROPOSITION 5. If @ & w [I] is deducible in TEL(resp. TFLy), then it is satisfied
in any interpretation in any FL(resp. FLy) hyperdoctrine.

Proor. Fixan FL or FLy hyperdoctrine P and an interpretation [[-]] in P. Initial
sequents in context are satisfied because a < a in any fibre P(C). The cut rule
preserves satisfaction, since tensoring preserves < and < has transitivity. It is easy
to verify that all the rules for the logical connectives preserve satisfaction.

Let us consider universal quantifier V. To show the case of Rule VR, assume that

[@[x :0. T < [[¢ [x: 0.
in P([[¢]] x [[T]]). It then follows that
(@ [x:0.T]]] = Pz : [[o]] x [[T]] — (TP [TT1]).

where 7 is a projection in C, and note that ® does not include x among its free
variables by the eigenvariable condition. We thus have

P(n)([[@ [TT]) < [l [x : o. TT]I.
Since V,, : P([[¢]] x [[T]]) — P([[T]]) is a right adjoint of P(x), it follows that
[[® [T < Vz([le [x : 0. T = [[Vxe [IT]]-
We next show the case of VL. Assume that
(@1 [x :o. T @ ([[¢ [x : o TN @ [[®2 [x : 0. T]]] < [[w [x : 0. TT]].
The adjunction condition for universal quantifier gives us
P(n)(:([l¢ [x : o.T1N]) < [l [x : 0. TTII.
where 7 : [[¢]] x [[[']] — [[T']] is a projection. Yet we also have
P(n)(Vx(llp [x : 0. TT)) = P(n)([Vxp [T1]]) = [Vxp [x : 0. T]]].
Since tensoring respects <, these together imply that
(@1 [x :o. T @ [Vxe [x : 0. T @ [[@2 [x 1 0. T]]] < [[w [x : 0. T]]].

It remains to show the case of existential quantifier 3. In order to prove that Rule
3L preserves satisfaction, assume that

[@: [x : 0. TN @ [[¢ [x : 0. TN @ [Pz [x : 0. T]]] < [[w [x : 0. TT]].
This is equivalent to the following:

(@ [x:o. T @[ [x: o T [@[x:a. T < P)([ly [T
where 7 : [[¢]] x [[[']] — [[T']] is a projection. Since

3 2 P([[o]] x [[T]) — P(ITT)

is left adjoint to P(r), it follows that

F([[@1 [x :a. T @ [le [x : 0. T @ [[@2 [x : 0. T1]]) < [[w [T]]]-
This is equivalent to the following:

3o ( P(m) ([P [TTN) @ [l [x = 0. TN @ P()([[P2 [TT11) ) < [Ty [T
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Repeated applications of the two Frobenius Reciprocity conditions give us

(@ [T1N @ 3x([l [x : 0. T @ [[@ [TT]] < [[w [T]].
Then we finally have the following:

[P [T @ [[Fxe [TT]] @ [Pz [I'T]] < [[w [TT]]-
To show the case of 3R, assume that
[ [x:0. T < [le [x: 0. I
The adjunction condition for existential quantifier tells us that

[le [x : 0. T1 < P(n) Gx([le [x : 0. TTN)).
where 7 : [[¢]] x [[[']] — [[T']] is a projection. We thus have the following:

(@ [x: 0. TN < P(n) Gellg [x : 0. 1)) = [[Bxep [x : o, TT]I.
This completes the proof. =

Syntactic hyperdoctrines are then defined as follows towards the goal of proving
completeness. They are the hyperdoctrinal categorificaton of Lindenbaum-Tarski
algebras.

DEerINITION 6. The syntactic hyperdoctrine of TFL is defined as follows ; that of
TFLy is defined by replacing FL and TFL below with FLy and TFLy.

We first define the base category C. An object in C is a context I up to a-
equivalence (i.e., the naming of variables does not matter). An arrow in C from an
object I' to another I" is a list of terms [f;....,#,] (up to equivalence) such that
t1 o1 [T),....t, : 6, [T'] where T is supposed to be x| : 71. ..., X, : G,.

The syntactic hyperdoctrine P : C°? — FL is then defined in the following way.
For an object I" in C, let

Formr = {¢ | ¢ is a formula in context I'}.

Define an equivalence relation ~ on Formr as follows: for ¢, w € Formr, ¢ ~ w iff
both ¢ -y [[Tand w I ¢ [I'] are deducible in TFL. We then define

P(T') = Formp/~

with an FL algebra structure induced by the logical connectives.
The arrow part of P is defined as follows. Let [¢1.....¢,] : ' — I'’ be an arrow in
C where I is x1 : 71, ..., X, : 0,. Then we define P([1;.....t,]) : P(I") — P() by

P([t1.....ta])(@) = @lt1/X1. ... 10 ) Xn).

where it is supposed that ¢; : ) [T'], ... ¢, : g, [[']. and that ¢ is a formula in context
X1 :01,.0.,Xy . Oy

Intuitively, P(I") above is a Lindenbaum-Tarski algebra sliced with respect to
each I'. It is straightforward to verify that the operations of P(I") above are well
defined, and P(T") forms an FL algebra. We still have to check that P defined above
is a hyperdoctrine; this is done in the following lemma.
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LemMA 7. The syntactic hyperdoctrine P : C°® — FL(resp. FLy) is an FL(resp.
FLy) hyperdoctrine. In particular, it has quantifier structures satisfying the Beck—
Chevalley and Frobenius Reciprocity conditions.

PROOF. Since substitution commutes with all the logical connectives,
P([t1,....1,]) defined above is always a homomorphism of FL algebras. Thus,
P is a contravariant functor.

We have to verify that the base category C has finite products, or equivalently,
binary products. For objects I', T in C, we define their product T x I as follows.
Suppose that T is x; : g1.....x, : 6. and T is yy 2 71, ee., Yy : Tip. Then, T x T is
defined as

X1 101, s Xy 000, Y1 2Tl eees Vi - T
An associated projection 7 : I' x I'" — T" is defined as
1o ym] : T x TV = T,

where the context of each y; is taken to be x1 : 01, .... X, 1 Gps V1 - Tl eoes Vi & T
(rather than yq : 71, .... ¥ : T,n). The other projection is defined in a similar way. It
is easily verified that these indeed form a categorical product in C.

In order to show that P has quantifier structures, let 7 : ' x I” — I'" denote the
projection in C defined above, and then consider P(x), which we have to show has
right and left adjoints. The right and left adjoints of P(rn) can be constructed as
follows. Recall Tis x : a1, ..., x, : 6,. Let o € P(I" x T”); here we are identifying ¢
with the equivalence class to which ¢ belongs, since every argument below respects
the equivalence. Then define V, : P(I" x I'') — P(I") by

Va(p) = Vx1..Vx,00.

where the formula on the right-hand side actually denotes the corresponding
equivalence class. Similarly, we define 3, : P(I' x I'") — P(I") by

3. () = Ix1...3x,0.

Let us show that V, is the right adjoint of P(r). We first assume P(7)(y) < ¢ in
P(I' xT') forw € P(I") and ¢ € P(T x I'’). Then it follows from the definition of
P and # that

P(r)(y [I) =y [T.T7].

where we are making explicit the two different contexts of w; the role of P(r) just lies
in changing contexts. Since the < of P(I" x I'”) is induced by its lattice structure, we
have ¢ A y = w. It follows from the definition of P(I" x I'’) that o A w = w [, T]
and w - ¢ Ay [[,T"] are deducible in TFL (resp. TFLy ), whence w - ¢ [[.I"] is
deducible as well. By repeated applications of rule VR, it follows that

w VX1 Vxe [T]

is deducible. This implies that both w F w A Vx(..Vx,@ [["] and w A Vx1..Vx,0
w [[] are deducible, whence y < Vx;...Vx,¢ in P(I").
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We show the converse. Assume that v < Vx;...Vx,p in P(I'""). By arguing as in
the above,

w = Vxi. . Vx, [I']
is deducible. By enriching the context,
v FVx1..Vx,0 [T, T]
is deducible. Since
Vx1..Vx,0 = [[LT7]

is deducible by rule VL, the cut rule tells us that y - ¢ [I",I”] is deducible; note
that the contexts of two sequents-in-context must be the same when applying the
cut rule to them. It finally follows that P(n)(w) < ¢ in P(I" x I'). Thus, ¥, is the
right adjoint of P(r). Similarly, 3, can be shown to be the left adjoint of P ().

The Beck—Chevalley condition for V can be verified as follows. Let o € P(I" x I''),
n: T xTIT" =T aprojection in C, and 7’ : ' x I'"” — I'" another projection in C
for objects I', IV, I'” in C. Then, we have

P([t1. ... 1y]) o V() = (Vx1..YX0@)[t1/ V1. oo . 0] Y]

where it is supposed that T'is x1 : g1, ....X, : 04, IV S y1 2710 oo Vi 2 T, and 1 ¢
T [T7]. ...ty T [T]. We also have the following:

vn’ OP([tls--wtn])((P) :Vxl...Vxn(cp[t1/y1,...,tn/ym]).

The Beck—Chevalley condition for V thus follows. The Beck—Chevalley condition
for 3 can be verified in a similar way. The two Frobenius Reciprocity conditions for
3 follow immediately from Lemma 1. -

The syntactic hyperdoctrine is a free or classifying hyperdoctrine; it is the
combination of the classifying category C and the free algebras P(I')’s.

Now, there is the obvious, canonical interpretation of TFL (resp. TFLy) in the
syntactic hyperdoctrine of TFL (resp. TFLy): it is straightforward to see:

LemMA 8. If © &y [I] is satisfied in the canonical interpretation in the syntactic
hyperdoctrine of TEL(resp. TFLy), it is deducible in TFL(resp. TFLy).

The lemmata above give us the completeness result: If @ F  [I'] is satisfied in
any interpretation in any FL (resp. FLy) hyperdoctrine, then it is deducible in TFL
(resp. TFLy). Combining soundness and completeness, we obtain:

THEOREM 9. The following are equivalent:

o O I~ y [I'] is deducible in TFL(resp. TFLy).
o O -y [I'] is satisfied in any interpretation in any FL(resp. FLyx) hyperdoctrine.

Let us finally give set-theoretical examples of hyperdoctrines and remark on
what set-theoretical semantics look like in light of the hyperdoctrinal approach to
semantics.

Any complete FL algebra yields an FL hyperdoctrine as a contravariant Hom
functor into the algebra in the following way:
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ProrosiTION 10. Let Q € FL with Q being complete. Then,
Homge(-, Q) : Set®® — FL(resp. FLy)
is an FL(resp. FLy) hyperdoctrine.

Proofr. Letn: X x Y — Y beaprojectionin Set. We define V,, and 3, as follows:
given v € Hom(X x Y, Q)and y € Y, let

Ve(0)(y) = Afvlx.p) | x € X}
and
32 (v)(y) == \/{v(x.y) | x € X}.

These morphisms give the required quantifier structures satisfying the Beck—
Chevalley and Frobenius Reciprocity properties. 4

If Q is the two element Boolean algebra, the functor above comes down to
the contravariant powerset functor, the hyperdoctrinal interpretation with which
amounts to the standard Tarski semantics of classical logic. So the hyperdoctrinal
semantics may be seen as a vast generalisation of the classic Tarski semantics.

The above hyperdoctrine and corresponding semantics may be regarded as the
Q-valued powerset functor and Q-valued semantics, respectively; this is related to
algebra-valued models of set theory as we shall remark in the concluding section
below. The Q-valued semantics of substructural logic have been developed essentially
in the context of algebraic substructural logic, independently of any categorical
semantics (see, e.g.. Ono [33, 34]); yet the hyperdoctrinal semantics even encompass
those semantics.

The algebraic completeness of algebras Q actually prevents us from proving the
logical completeness of the semantics with respect to those complete algebras. To
be precise, assuming completeness prevents us from obtaining completeness for any
axiomatic extension TFLy of TFL; such incompleteness phenomena have been
observed in various settings (see, €.g., Ono [33]). Yet at the same time, if Q is not
complete, in general, Homg (-, Q) cannot interpret quantifiers; this is because ¥V and
Jin Homge (-, Q) are actually infinitary meets and joins in Q. In algebraic predicate
logic, thus, the notion of safe valuations has been applied in order to address this
issue; yet they require ad hoc constraints to interpret quantifiers in non-complete
algebras (see, e.g.. Ono [34]). If we restrict the hyperdoctrine semantics to the Q-
valued models Homge(-. Q). we can encounter the same problem, and we do need
the same, safe valuation technique to show the completeness theorem with respect
to those models. Yet from a categorical point of view, there is no a priori reason to
stick to set-theoretical models, and in the general hyperdoctrinal setting as above,
completeness comes for free (i.e., without any cost of ad hoc manipulations) via the
syntactic hyperdoctrine construction, just as completeness holds for free in algebraic
propositional logic via the Lindenbaum-Tarski algebra construction. This would
suggest that hyperdoctrines or fibred algebras give the right notion of algebras of
predicate logic that directly extend the salient features of algebraic propositional
logic; there is, to the best of the author’s knowledge, no other such concept of
algebras of predicate logic that works for a broad variety of logical systems in a
uniform and modular manner.
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The above functor is actually part of a dual adjunction: given Q € FL, the
following dual adjunction holds between Set and FL, induced by Q as a dualising
object:

Hom gr,(-, Q)°P 4 Hom gt (-, Q) : Set® — FL.

As this example suggests, hyperdoctrines tend to arise from the predicate functor
parts of dual adjunctions induced by dualising objects. The dual adjunction between
frames and topological spaces (see Johnstone [17]) gives a hyperdoctrine for
geometric predicate logic; likewise, the dual adjunction between convex algebras and
convex spaces as in [25] gives a hyperdoctrine for convex geometric logic. Coalgebraic
dualities as in [19, 26] give hyperdoctrines for modal predicate logics. There could
be a systematic study of these phenomena at the interface of duality theory and
categorical logic. In general, categorical dualities for propositional logics (see. e.g..
[27. 30]) often give hyperdoctrinal models of the predicate logics that extend them
with typed quantifiers (as studied in [29]).

§4. Hyperdoctrinal Lawvere-Tierney topology as Girard and Kolmogorov trans-
lation. In the hyerdoctrinal setting, type theories are categories, logics over them
are functors, and logical translations between them are natural transformations;
we elaborate on this idea in the present section, introducing the generalised notion
of Lawvere-Tierney topologies and cotopologies on hyperdoctrines (rather than
toposes), which allow for a uniform treatment of logical translations, such as the
Kolmogorov’s double negation translation and the Girard’s exponential translation
as we shall see below.

In the following, HA and BA denote the category of Heyting algebras and the
category of Boolean algebras, respectively. IL and CL hyperdoctrines are defined as
FL hyperdoctrines with values in HA and BA, respectively. Note that both IL and
CL hyperdoctrines are FLy hyperdoctrines for suitable sets of axioms X.

Given a Heyting algebra, the fixpoints of double negation, namely those elements
that validate the double negation elimination, form a Boolean algebra; this is an
algebraic version of the Kolmogorov translation between intuitionistic and classical
propositional logics. In the following, we explore how this extends to predicate
logics and hyperdoctrines through the concept of Lawvere-Tierney topologies and
cotopologies, which give a unifying perspective on different logical translations.
In particular, exponential ! is understood as a Lawvere-Tierney cotopology on
substructural hyperdoctrines.

Lawvere-Tierney topologies originally come from topos theory, and they induce
topologies on hyperdoctrines (this is just for motivating the following discussion,
which itself does not require any substantial knowledge of topos theory): given a
topos C with a subobject classifier Q, a Lawvere-Tierney topology on Q corresponds
to a natural transformation on the subobject hyperdoctrine Sub : C — HA

j : Subc(-) — Sub C(')

such that j¢ is a closure operator on Subc(C) for every C € C (see, e.g.. Jacobs
[16]). Having this correspondence in mind, let us define the concept of Lawvere—
Tierney topologies and cotopologies on hyperdoctrines in the following manner,
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which allow us to capture different logical translations uniformly in the general
hyperdoctrinal setting.

DerINITION 11. For an FL hyperdoctrine P : C°® — FL, a Lawvere-Tierney
topology on P is a natural transformation

j:P—P
such that
je:P(C)— P(C)

is a closure operator on P(C) for each C € C. We also call a Lawvere-Tierney
topology a Lawvere-Tierney operator.

Dually, a Lawvere-Tierney cotopology (or co-operator) for P is a natural
transformation

j:P—>P
such that
jc:P(C)— P(C)
is an interior operator on P(C) for each C € C.

Examples we are going to discuss below would clarify what the definition above
means in logical contexts. The above transformation j on the subobject hyperdoctrine
Sub : C — HA of a topos, of course, forms a Lawvere-Tierney topology on Sub.

Let us introduce intuitionistic linear logic with exponential !, which allows us to
have control over structural rules and simulate intuitionistic logic within linear logic.
An exponential ! on an FL algebra A is defined in algebraic terms as follows (see
Coumans-Gehrke-Rooijen [7]):

DEerINITION 12. An exponential ! on an FL algebra A is a unary operation
satisfying the following:

e a < himplies!a <!b;

o!la=la;
olu<a;
o!T=1;

o!a®!b =!(a AD).

We denote by FL!L, (where e means exchange) the category of commutative FL
algebras with exponential ! and maps preserving both exponential ! and FL algebra
operations ; they give the algebraic counterpart of intuitionistic linear logic with !,
which we denote simply by ILL.

ILL hyperdoctrines are defined as FL hyperdoctrines with values in FL'C

Note that the above definition of Lawvere-Tierney topologies and cotopologies
obviously generalises to ILL hyperdoctrines, i.e., just by replacing FL with FL!e in
the above definition.

The exponential operation ! induces a Lawvere-Tierney cotopology on an ILL
hyperdoctrine P : C°? — FL’E: that is, ! can naturally be considered as a natural
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transformation
1:P—>P
such that
Ic(a) =la

forany C € Cand a € P(C). The naturality condition in the definition of Lawvere—
Tierney cotopologies means that the following diagram commutes: given f : C —
D,

'p

P(D) —— P(D)
P(f) P(f)

P(C) —— P(C)
The diagram above indeed commutes because the following hold:
LP(f)(x) = P(f)(1x).
where note that P(f') is a homomorphism. In addition to this,
lc: P(C) — P(C)
is an interior operator on P(C), and thus we have verified the following:

PropoOSITION 13.  The exponential | : P — P forms a Lawvere—Tierney cotopology
on an ILL hyperdoctrine P : C°® — FL}.

Another example of Lawvere-Tierney topology is the double negation topology.
Just in the same way as above, the double negation operation —— in Heyting algebras
yields a Lawvere-Tierney topology —— : P — P on an intuitionistic hyperdoctrine
P :C? — HA.

Given a Lawvere-Tierney (co)topology j on a hyperdoctrine, we can construct
another functor P; in the following manner:

ProprosITION 14. A Lawvere-Tierney (co)topology j on a given FL or FL!e
hyperdoctrine P induces another functor P; such that

PL(C) = Lelx) | x € P(C))
and
Pi(f:C = D)(x)=P(f)x).
which is well defined as a functor. In particular, P(f)(x) is an element of P;(C).

Proor. This follows from the naturality of the Lawvere-Tierney (co)topology j:
there is some y € P(D) such that x = jp(y), and the naturality of transformation
J gives us

P(f)(x)=P(f)p(y)) = jc(P(f)¥)).
and jc(P(f)(»)) is an element of P;(C). .
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Note that P; amounts to taking the fixpoints of j with respect to each C, since j¢
is a closure or interior operator, and therefore idempotent in either case.

By the proposition above, the double negation Lawvere-Tierney topology —— on
an intuitionistic hyperdoctrine P : C°? — HA induces a functor

o C°° 5 BA,

where note that P__(C) forms a Boolean algebra because the elements of
P__(C) are classical propositions, i.e., those elements that validate the double
negation elimination. Likewise, the exponential Lawvere-Tierney cotopology ! on a
substructural hyperdoctrine P : C°P — FL!e induces a functor

Py : C® — HA,

where note that P)(C) forms a Heyting algebra because the elements of P,(C) are
structural propositions, i.e., those admitting the structural rules. Furthermore, in
the following, we show that P__ and P, are actually intuitionistic and classical
hyperdoctrines, respectively.

THEOREM 15. Let P : C® — FL. be an ILL hyperdoctrine. Then. the following
functor induced by the exponential Lawvere—Tierney cotopology ! on P

P, . C® - HA
forms an IL hyperdoctrine: i.e., it has the quantifier structure as required.
ProoOF. Let us fix a projection 7 : C x D — D. We have to prove that
Pi(n): P(D) = P(C x D)

has both right and left adjoints. By the adjoint functor theorem, it suffices to show
that Py(n) preserves limits and colimits, namely infimums and supremums in the
present case. Let us first prove that it preserves infimums. To show this, suppose that

N{xiliel} e P(D).

for x; € P/(D). It then holds that ! x; = x; and ' A{x; | i eI} = A{x; | i €1},
since any element of Py(D) is a fixpoint of the exponential operation !. We then have

/\{x,\lel} /\{x,|l€1})
:P(n)(!/\{xi liel}))

= A\{P(x)(x;)|i €I}
= \{P(x)(x:) |i e I}
= \{P(n)(x:) | i e I}.

The last equality holds because ! A({P,(r)(x;) | i € I}) is actually the infimum of
Py(n)(x;)’sin P,(C x D), which can be verified in the following way. We first have

v/\{P. (xi) | i e I} < P(n)(x;).
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for any i € I, since ! x; = x; and Py(n) preserves !. Suppose that there is some
z € P/(C x D) such that z < Py(n)(x;) forany i € I. Then we have got ! z = z and

z</\{Py (x;)|iel}.

which implies that
z:'z<'/\{Pn (x;) i €l}.

This means that ! A({Py(n)(x;) | i € I}) is the infimum of Py(r)(x;)’s. We have thus
shown that Pi(x) preserves limits. The case of colimits can be verified in the same
way. B

This is an analogue of the Girard translation formulated in terms of hyper-
doctrines and Lawvere-Tierney (co)topology. The above theorem is more general
than Girard’s translation theorem in the sense that the latter corresponds to
the case of syntactic hyperdoctrines in the former. Although in this paper we
do not explicitly discuss substructural logics enriched with modalities and their
hyperdoctrinal semantics, nevertheless, our methods work for them as well, yielding
the corresponding soundness and completeness results in terms of hyperdoctrines
with values in FL algebras with modalities; Girard’s exponential ! is just a special
case.

Now. the double negation translation version is as follows.

THEOREM 16. Let P : C°® — HA be an IL hyperdoctrine. Then, the following
Sfunctor induced by the double negation Lawvere—Tierney topology —— on P

-:C®" - HA
forms an CL hyperdoctrine: i.e., it has the quantifier structure as required.

Proor. The argument to show this is mostly the same as above. Fix a projection
n:C x D — D.We prove that

P (n):P..(D)— P__(C x D)

has both right and left adjoints. It suffices to show that P__ (r) preserves limits and
colimits. To show that it preserves limits, suppose

N{xiliel} e P (D)

for x; € P_—(D). It then holds that ——x; = x; and ~——~ A{x; |[i € [} = N\{x; | i €
I'}. We then have

YA i € 1)) = P) (o= Nl |1 € 1)
——m/\{P (x;)|iel}
= /\{Pﬁﬁ (x;)|iel}.

The preservation of colimits can be shown in the same way. -

While the double negation topology in topos theory is concerned with (theories
over) higher-order logic, the above translation theorem is for (theories over) first-
order logic in general; there is no similar result known for Heyting categories or
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logoses, the first-order version of toposes. Note that intuitionistic hyperdoctrines
and Heyting categories are linked with each other via the subobject hyperdoctrine
functor and the partial equivalence category functor (which is the first-order version
of the tripos-to-topos construction); the above theorem, thus, can be recast in terms
of Heyting categories, though the hyperdoctrinal formulation appears more natural.
Let us finally remark on the naturality condition of Lawvere-Tierney topology
on hyperdoctrines. From a logical point of view, the naturality condition means
that the operator j commutes with substitution of terms for variables. Let us, for
example, consider the syntactic hyperdoctrine for intuitionistic predicate logic

P: C® — HA.

Recall that an object of C is a collection of typed variables, and an arrow of C is
a term. Then, P maps a collection of variables xi, ..., x,, to the Heyting algebra
of formulas ¢(xi,....x,) with those variables, and P(¢) is the substitution of ¢
for variables concerned. The double negation Lawvere-Tierney topology on the
hyperdoctrine P is indeed a natural transformation because substitution commutes
with double negation:

(—=)[t/x] = ~=(p[t/x]).

Extending Lawvere hyperdoctrines to a substructural setting, thus, we can give a
uniform treatment of different logical translations through the concept of Lawvere—
Tierney topologies and cotopologies on hyperdoctrines.

§5. Concluding remarks. We have developed the hyperdoctrinal or fibred alge-
braic theory of substructural predicate logics, and given a uniform understanding
of logical translation theorems on the basis of Lawvere-Tierney topologies and
cotopologies on them. Let us finally comment upon further directions of research.

5.1. Fibred algebraic completions and cut elimination for substructural predicate
logics. Unlike the case of substructural propositional logics, there has, so far,
been no systematic theory of algebraic cut elimination for substructural predicate
logics, since there has been no adequate concept of algebras of them available
for that purpose. Hyperdoctrines or fibred algebras as we have introduced in
this paper could serve as a framework in which to develop a systematic theory
of algebraic cut elimination. By a systematic theory, we mean, in particular, the
predicate logic counterpart of the propositional result that a logic enjoys the cut
elimination if and only if the corresponding algebras are closed under algebraic
completions (see Ciabattoni—Galatos—Terui [4, 5]). Extending the propositional
correspondence between cut elimination and algebraic completion, we could show
something like this: a predicate logic admits the cut elimination if and only if
the corresponding fibred algebras are closed under fibred algebraic completions.
Completions and canonical extensions of hyperdoctrines for coherent logic have
been studied systematically by Coumans [6]; we could extend the methods so as
to be applicable for substructural logics. It is technically similar to proving the
translation theorems above to prove that hyperdoctrines or fibred algebras are closed
under completions; this could be applied to give algebraic cut elimination proofs for
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substructural predicate logics over FL in a uniform, systematic manner as achieved
in the propositional substructural logic case.

5.2. Algebra-valued models of set theory and consistency problems on substructural
set theory. Another potential application could be found in set theory, just as
intuitionistic hyperdoctrines yield Heyting-valued models of set theory via the
tripos-to-topos construction originally due to Hyland—Johnstone—Pitts [14]. We can
reformulate it in the present context of FL hyperdoctrines. To do this, we work in the
internal logic of FL hyperdoctrines P : C°® — FL: i.e., we have types X and function
symbols f corresponding to objects X and arrows f in C respectively, and also those
predicate symbols R on a type C € C that correspond to elements R € P(C).

We can then define a category T[P] as follows. An object of T[P] is a partial
equivalence relation, i.e., a pair

(X.Ex)

such that X is an object in the base category C, and Ey is an element of P(X x X)
and is symmetric and transitive in the internal logic of P:

Ex(x.y)F Ex(y.x) [x.y: X]
and
Ex(x.y).Ex(y.z)F Ex(x.z) [x.y.z : X].

An arrow from (X, Ex) to (Y, Ey) is then defined as F € P(X x Y) such that (i)
extensionality:

Ex(x1.x2). Ey(y1,32), F(x1. 1) F F(x2.32) [x1, X2 : X, y1, 92 : Y:
(ii) strictness:
F(x,y)FEx(x.x)NEy(y.y) [x: X.y: Y]
(iii) single-valuedness:
F(x,y1), F(x.32) = Ey(y1.92) [x : X p1.y2: Y1
(iv) totality:
Ex(x.,x)F3y F(x,y) [x: X].

Such an F is called a functional relation.
Now, if Q is a locale,

T[Hom see(-. Q)]

is the Higgs topos of Q-valued sets, which is in turn equivalent to the category of
sheaves on Q; it has given a number of applications to consistency and independence
problems in both classical and intuitionistic set theories. For a complete FL algebra
Q. which is a quantale with additional operations, T[Homse(-, Q)] may be seen as
the category of Q-valued sets. Quantale sets in the sense of Hohle-Kubiak [13] can be
regarded as objects in T[Homse (-, Q)]. We could interpret substructural set theories
in the category of Q-valued sets, and thereby might be able to solve consistency
and independence problems in them. Presumably the most challenging problem
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in this context is the consistency of Lukasiewicz predicate logic with the naive
comprehension principle, which White [38] claimed to have proven, yet generally
considered to be an open problem even now.
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