On graph-theoretic fibring of logics

A. Sernadas’ C. Sernadas! J. Rasga! M. Coniglio?
! Dep. Mathematics, Instituto Superior Técnico, TU Lisbon
SQIG, Instituto de Telecomunicagoes, Portugal
2 Dep. of Philosophy and CLE
State University of Campinas, Brazil

{acs,css,jfr }@math.ist.utl.pt, coniglio@cle.unicamp.br

March 13, 2009

Abstract

A graph-theoretic account of fibring of logics is developed, capitalizing
on the interleaving characteristics of fibring at the linguistic, semantic and
proof levels. Fibring of two signatures is seen as an m-graph where the
nodes and the m-edges include the sorts and the constructors of the signa-
tures at hand. Fibring of two models is an m-graph where the nodes and
the m-edges are the values and the operations in the models, respectively.
Fibring of two deductive systems is an m-graph whose nodes are language
expressions and the m-edges represent the inference rules of the two origi-
nal systems. The sobriety of the approach is confirmed by proving that all
the fibring notions are universal constructions. This graph-theoretic view
is general enough to accommodate very different fibrings of propositional
based logics encompassing logics with non-deterministic semantics, logics
with an algebraic semantics, logics with partial semantics, and substruc-
tural logics, among others. Soundness and weak completeness are proved
to be preserved under very general conditions. Strong completeness is also
shown to be preserved under tighter conditions. In this setting, the col-
lapsing problem appearing in several combinations of logic systems can be
avoided.

1 Introduction

The activity of combining logics offers an important mechanism for modularity,
which is an essential ingredient in many applications where logic plays a role.
The significance of the combination can be accessed by the preservation of
properties that the original logics may have. For instance, it is important to
know whether the logic resulting from the combination of complete logics is still
complete. Proving preservation results constitute a theoretical challenge and,
in many cases, they are obtained only by imposing conditions on the original
logics. It is interesting to observe that combination mechanisms start to play an
essential role in contemporary applications, like argumentation theory, spatial
and temporal reasoning and information security [14, 6, 15]. In some of these
topics, the logical context has to be set-up appropriately. It is also worthwhile to



refer that several combination mechanisms have been developed in the context
of modal logic. Examples are fusion [9] and product [11, 12]. Interestingly, even
in the specific case of fusion, preservation results are not so easy to prove as
can be seen in [9].

Fibring is a very general mechanism for combining logics that was proposed
in [8]. At the language level fibring is an interleaving in the sense that the
constructors of the two logics can be interleaved in the language expressions.
The same applies to deduction. In a fibring deduction, we can interleave the
application of inference rules of the original logics [19, 4]. When developing
techniques for fibring one of the main objectives is not imposing too much
requirements on the logics being considered. For instance, it would be very
interesting to be able to fiber modal logic with a paraconsistent logic getting a
new logic suitable for paraconsistent modal reasoning.

A starting point for defining fibring is to set-up the notion of logic sys-
tem [1]. That is, it has to be specified, in a general way, what is a signature, an
interpretation structure and a deductive system, so that a large class of logics
can be expressed in this context. Herein, we follow [20], where signatures, inter-
pretation structures and deductive systems are defined based on the concept of
multi-graph (m-graph). This graph-theoretic approach goes very well with the
interleaving aspects of fibring and offers a very general, intuitive and uniform
way of looking into fibring of logic systems and its components.

An interesting aspect of graph-theoretic fibring is that, semantically, it is
explicitly defined for each pair of interpretation structures. That is, each in-
terpretation structure in the fibring results from a clear and understandable
construction applied to an interpretation structure of each component. This
counts as a positive aspect per se, but also since it makes possible to have in
the fibring a representative of all the models of the original logics (this feature
was not present for instance in [23]). It is also worthwhile to mention that
fibring is seen as the same universal construction at all levels: at the signa-
ture level, at the interpretation structure level and at the deduction level. This
means that the logic system resulting from fibring is somehow minimal among
the universe of logic systems considered.

Preservation of soundness and weak completeness are proved herein under
very general conditions, in contrast with strong completeness that is shown to
be preserved but under tighter conditions. These preservation results allow us to
conclude that the graph-theoretic semantics we propose for fibring goes hand
in hand with the usual fibred deduction. It is worthwhile to mention that,
to our knowledge, other approaches to fibring were not successful in proving
preservation of weak completeness.

The collapsing problem appearing in several combinations of logic systems
can be avoided in this graph-theoretic approach to fibring. Namely, the well
known collapse when combining classical propositional logic with intuitionistic
propositional logics does not appear [7, 21, 3]. This happens since in our setting
the fibred semantics is in a sense an exhaustive interleaving of the semantics of
the components, and so the characteristics of the semantics of the components
are present in the fibring.

The structure of the paper is as follows. In Section 2, the graph-theoretic



fibring of signatures is defined. Section 3 is dedicated to fibring of interpretation
structures, and Section 4 concentrates on fibring of deductive systems. These
sections start with a motivating example illustrating the main notions to be
introduced in the section. Fibring is then defined and illustrated. Afterwards
a universal perspective of fibring is given, showing that the constructions are
minimal. Finally, the motivating example is revisited on the light of the notions
introduced. In Section 5, fibring of logic systems is defined by putting together
signatures, interpretation systems and deductive systems. In Section 6, we dis-
cuss preservation of soundness. Finally, in Section 7, we investigate preservation
of both weak and strong completeness. Throughout the paper we use the fib-
ring of classical and intuitionist logics as the running example. We assume a
very moderate knowledge of category theory (the interested reader can consult

[16]).

2 Fibring signatures

The motivation is that a formula over the signature resulting from the fibring
of two signatures is in some sense a path resulting from the interleaving of
the constructors in both signatures. For instance, the path —; D.{(g;, q.) in
Figure 1 corresponds to the formula —;(¢; D. ¢.) over the signature resulting
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Figure 1: Formula —;(¢; D¢ ¢.) as a path.

from the fibring of the signature for classical propositional logic including the
binary constructor D, and the propositional symbol ¢., with the signature for
intuitionistic propositional logic including the unary constructor —; and the
propositional symbol g;.

Putting signatures together

By a multi-graph (in short a m-graph) we mean a tuple
G = (V, E,src, trg)

where V' is a set (of vertexes or nodes), E is a set (of m-edges), andsrc: E — V'
and trg : £ — V are maps. A language signature or, simply, a signature is a
tuple

¥ =(G,7,0)



where GG is a m-graph, and 7 and ¢ are in V. Nodes in a signature play the
role of language sorts. Node 7 is the propositions sort (the sort of schema for-
mulas), and node ¢ is the concrete sort, used as the source sort of propositional
symbols. The m-edges play the role of constructors for building expressions of
the available sorts.

Example 2.1 Let II be a set of propositional symbols. The classical propo-
sitional signature X is a m-graph G with sorts 7 and ¢ and the following
m-edges:

e g:o — m for each ¢ in II;
e I — T
& DO TT — T.

The m-edges — and D represent the connectives negation and implication, re-
spectively. The m-edge ¢ represents a propositional symbol gq. \Y

We now describe the signature used for intuitionistic propositional logic.

Example 2.2 Let Il be a set of propositional symbols. The intuitionistic
propositional signature with conjunction and disjunction Eﬁ’v is a m-graph ob-
tained from X1 by adding the m-edges

o \,V . :TTm —> T

for representing conjunction A and disjunction V. \Y

The signature resulting from the fibring of two signatures can now be de-
fined. We start by assuming that both m-graphs underlying each signature have
the same nodes. That is, they share the same sorts. The fibring of signatures
Y1 and Yo with the same set V' of nodes is the triple

YWy = ((VYv E7 Src, trg)7 T, 0)
where

e [ is the disjoint union of E; and Ey with injections if : £y — E and
i5 : By — E, respectively;

e srcoif = srcy and src o i§ = srcg, and similarly for trg.

Example 2.3 The fibring
I TP YA

of the signature Y17, described in Example 2.1, with the signature Eﬁ’v, de-
scribed in Example 2.2, is the signature ((V, E, src, trg), 7, o) defined as follows

o V={mok
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Figure 2: Fibring of the signatures described in Examples 2.1 and 2.2.

o E(o,m) =11, UIl; where I, and II; are disjoint copies of II;

(7T7 7T) = {_'07 _'1}7

(rm,m) = {De¢y Diy Niy Vi 15

° °
& o

e FE(s,v) =0 otherwise;

i8(7) = 7, i8(D) = D¢, and i&(q) = ¢, for each ¢ € II;
i$(7) = 7, i5(A) = Ay, 1§(V) = V4, i$(D) = D, and i$(q) = g;, for each
q € 11,

including the classical and the intuitionistic constructors. So, it is possible to
consider in its context more expressible formulas than over each component
signature. For a diagrammatic description of this example see Figure 2 (where,
for the sake of simplicity, only negation connectives as well as one propositional
symbol for each component are considered). \Y

As Figure 2 clearly hints, it is possible to relate the signatures X and Zl/-\l’v
with the signature ¥ W ZIAT’V resulting from their fibring. This relationship is
established mainly at the level of the m-graphs of the signatures by m-graph
morphisms.

An m-graph morphism h : G — G» is a pair of maps

hY: Vi — Vy
h®: E1 — Ey

such that srcyg o h® = hY osrc and trg, o h® = hY o trg;. A signature morphism
is an m-graph morphism respecting the pointed sorts.
That is, a signature morphism from signature 31 to signature o both with
the same set V of sorts,
h:Y1 — X9

is a m-graph morphism h : G; — G such that h(m;) = w2 and h(o1) = o2.



Example 2.4 The signature morphisms for the Example 2.3,
ic:EHHEH&JZ/ﬁV and i :Zﬁvaznwzﬁv
are defined as follows:
e i. is such that i is defined in Example 2.3 and i}, is the identity on V;

e i; is such that if is defined in Example 2.3 and i} is the identity on V. V

It remains to discuss the case of fibring of signatures where the set of sorts
is not the same. The solution in this case is to enrich both signatures with the
appropriate sorts so that after the enrichment they are equal. For instance, as-
sume that 1 and X4 are signature with the sets of sorts V7 and Vs, respectively.
Then we consider enriched signatures ¥ and ¥ such that V;™ = VU (V2 \ V1),
Ef = F1, V;" =VaU (V1 \ Vo) and EJ = E5. The fibring of 3; and X5 is then
defined as Ef W Z;.

Universal construction

The fibring of signatures is a minimal construction in the sense that it contains
nothing but information on the components. This fact can be stated by proving
a universal property. We denote by Sig the category of signatures and their
morphisms, and by Sigy;, the subcategory of Sig whose objects are signatures
with sort set V' and whose morphisms h are such that AY = idy. In Figure 3, we

21 _ _ Yo
PRRCERI
h1 = L = ho
\
b))

Figure 3: Coproduct of ¥; and Y.

describe the main ingredients for showing that the fibring is a coproduct: (1) ex-
istence of morphisms i; and is; (2) universal property: given any morphisms
hi: X1 — X and hy : ¥o — X, there is a unique morphism A : ¥ W 39 — X
such that hoi; = hy and hoig = hg.

Proposition 2.5 Category Sigy has binary coproducts (and so all non-empty
finite coproducts).

Proof: Let 31 and Yo be signatures with sort set V. Their coproduct is the
triple
(El W 227 i17 |2>



where ¥1 W3, is the fibring of signatures 31 and 33 and i; = (idy, %) for j = 1,2.
(1) It is straightforward to check that i; are ig are signature morphisms; (2)
Assume that hy : X1 — X and ho : Y9 — X are signature morphisms. Define
h = (idy, h®) as follows: h®(if(e1)) = hi(e1) and h(i§(e2)) = hS(e2). It is
easy to see that h is a signature morphism, and moreover, that it is the unique
morphism that makes the diagrams to commute, QED

Finally, we present fibring as an operator on Sig. Let ¥; and X5 be sig-
natures in Sig not necessarily with the same set of sorts. The first step when
defining fibring is to enrich the given signatures so that they have the same set
of sorts. To this end, we introduce a Set®-indexed map -(V1:7:01) on signatures,
such that

Zévl’m’oﬂ = ((V, Eq, src, trg), m, o)

where
o ((V,m,0),i1,i2) is the coproduct in Set® of (Vi,m1,01) and (Va, 2, 02);
e src = ig o srcy and trg = ig o trgy;

then, the fibring Fibgig of signatures is defined as a map from [Sig|? to |Sig|
such that
FibSig(Zl, o) = EgV2,71’27<>2) W EgV1,7r1,<>1).

Interleaving of expressions

It is more convenient to work with formulas as morphisms, instead of as paths,
in order to capitalize on the additional structure of categories. The formula
depicted in Figure 1 as a path, can be seen as the morphism —; o D, o{g;, q.)
presented in Figure 4. In that diagram, 77 is a sequence of sorts that corre-

= 0 D¢ 0(¢4, ge)

(i, qe) De -
O T

s s

Figure 4: Formula —;(¢; D¢ g.) as a morphism.

sponds to the object of the product of m by w. That is, the product of = by
is the triple
X = (7mm,pl",p5")

where pJ™ : mm — m and p3”" : mm — 7 are projections. The underlying cat-
egory, GT, (for more details see [20]), has as objects sequences of sorts in G
and as morphisms, besides the ones related to products, tuples and projections,
the m-edges and compositions. In this category, for instance, the implication
D¢ is a morphism from the object w7 (of the product of 7 and 7) to the ob-
ject m. Working in the scope of a category is also very important namely for
schema formulas, which are at the heart of the fibring. For instance, the formula



—;(€ D¢ qc) containing the schema variable £ (which can be instantiated by any
other formula) corresponds to the morphism —; 0 D, o(p]°, g, 0 p3°) depicted in
Figure 5.

;0 D¢ o<p71r<>,qc o P§O>

(PT¢, gc o p5°) e -

o s ™ s

Figure 5: The schema formula —;(£ D, ¢.) as a morphism.

Observe that the schema variable corresponds to the projection p7®. The
formula —;(¢; D¢ gc) can be seen as an instantiation of formula —;(€ D¢ ¢.) by
(i, !d<>> as can be seen in Figure 6. Observe t.hat (750 De o(pT?,qc 0 pg<>>) o
(giido) = =30 Dc o(p7® 0 (gi, ido ). ge 0 P3° © (gi, ido)) = 70 D¢ 0(gi, ge 0 idy) =
;0 D¢ 0(qi,qc). Instantiation corresponds to composition in this categorial

o o

¢<CIiaid<>> '

o o
;0 D¢ O<Qia QC>

REERCTES |

i T

Figure 6: Formula —;(¢; D¢ ¢.) as an instantiation.

setting.

3 Fibring interpretation structures

Consider the formula in Figure 1. Intuitively speaking, a denotation for that for-
mula is based on a denotation path as the one in Figure 7. The nodes should be
truth-values and the edges are operations in some interpretation structure, say
I, for the signature resulting from the fibring of the signature of propositional
logic and the signature of intuitionistic logic. It is clear that the operations de-
noting g. and to D, should be operations that evaluate the constructors ¢, D of
the propositional signature in some interpretation structure, say I.. Moreover,
the operations corresponding to ¢; and —; should be operations that evaluate
the constructors ¢ and D of the intuitionistic signature in some interpretation
structure, say I;. Thus, operations from I. and I; should be interleaved in order
to get the denotation of a formula over the signature resulting from the fibring
of the signatures for classical and intuitionistic logic. The only question is re-
lated to the nodes of I. Precisely because of the interleaving of operations the
nodes should contain information about truth values from both I. and I;.
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Figure 7: Denotation of —;(¢; D¢ q.) as a path.

Thus, in a nutshell and omitting the details, an interpretation structure I for
the fibring of signatures »; and Y5 can be obtained from interpretation struc-
tures I; for X1 and I3 for Yo in the following way. A truth value in [ is a pair
(v}, vh) where v is a truth value in I; and v} is a truth value in I3 either both
designated or both non-designated. An operation o' : (viy,v5) ... (V},,,v5,) —
(v}, v}) should be in I providing that a corresponding operation o : v, ... v}, —
v} is in I, and similarly for operations in Is.

Putting interpretation structures together

As motivated above, an interpretation structure is an m-graph where the nodes
correspond to truth values and m-edges to operations on values. Another key
ingredient is that each value should be assigned to a sort and each operation to
a constructor in the signature. That is, interpretation structures and signatures
should be related by morphisms.

So, an interpretation structure I over a signature (G, m, ) is a triple

(G,v «, D7 ‘)

where G’ is an m-graph, a : G’ — G is an m-graph morphism, D C (av)_l(w)
is a non-empty set and » € (@) (o).

Observe that V' is partitioned by a: we denote by V! the domain (a¥)~!(v)
of values for each v in V. The elements of V, are the truth values and the
elements of V] are the concrete values. We assume that there is at least a
concrete value.

An interpretation structure is a pair

(%, 1)

where ¥ is a signature and [ is an interpretation structure over X.
We now present interpretation structures for classical propositional logic
and intuitionistic propositional logic.

Example 3.1 Let v : {q1,¢2,93} — {0,1} be a classical valuation such that
v(q1) = 1 and v(g2) = v(g3) = 0. The interpretation structure I. = (G',a, D, o)
over signature Xy introduced in Example 2.1, where II = {q1,¢2,q3s}, corre-
sponding to v, is defined as follows:

o G/ = (V' E' src trg) is such that!:

1Using module 2 arithmetical operations within V.



={0,13 U{e};
E' = {d}, 5, 45, 70, 71, D00, Do1, D10, D11};
src’ and trg’ are such that:
q1 ¢ — 1
qp. - ¢ — 0 for k= 2,3;
-y 10— (1 =) for each v in {0,1};
Doygay, 1 V1 V5 — (1 —v}) + v) for each v{ and vj in {0,1}.

e a: G — @G is such that:

|
3 3

VO)
Vl)
‘)
qjc)—qkfork’—123

=) = — for each v’ in V/;

\"

«
«
«
«
at
«

(
(
(
“(
(
¢(Dyyuy) = D for each v| and v in V.

e D={1}. \Y

Example 3.2 Let (W, R,v) be the intuitionistic Kripke structure where W =
{ur,ua}, R = {(u1,u1), (u1,u2), (ug,u2)}, v(q1) = {uz}, v(g2) = {u1,ua},
and v(g3) = 0, for II = {q1,¢2,q3}. By simplicity we will denote by us and
ujug the sets {us} and {wj,us} respectively. The interpretation structure

= (G',a, D,s) over the signature Eﬁ’v introduced in Example 2.2, corre-
sponding to the Kripke structure is defined as follows:

o G' = (V' E src/,trg’) is such that:

= {0, u2,urua} U {e};
"= {d1, % B 70 Tuns Tuwue b U {Dv’lvé t vy € ViR U {Av’lvé

vy € Vit U{Vyy s 01,05 € Viks
src’ and trg’ are such that:

qpc e — ug;

@ e — uru;

g e — 0

=90 0 — urug;

Tug - U2 — Q);

Tuqug - UIU2 — (b;

Dofay, 1 V] Uy — urug whenever vj C vy for each v{ and vy in V7
Dutay ¢ V] Uy — vy whenever v} € vy for each v} and vj in V7
Avtap, 2 07 V5 — V) N0y for each v] and vy in Vi

\Vaw,

iy U1 vy — vy Uy for each vy and vh in V.

e a: G — @ is such that:

10



o D= {U1UQ}. V

The fibring of interpretation structures (31, 11) and (39, I3), with the same
set V of sorts, denoted by
(X1, 1) & (32, I2)

is the interpretation structure (X, ) where

e X is the object of the coproduct in Sigy, of ¥; and X2 with injections iy
and ig;

o I =((V' E src trg'), o, D,s) is defined as follows:

— V' is such that:

# Vi= (D1 x D2) U((V{;\ D1) x (V5. \ D2));
« Vo =V/ xVy foreachveV\{r};

— E'(s',t) is, for each s’ and ¢’ in V'*, the object of the coproduct in
Set of E{((s')1,(t')1) and E5((s")2, (t')2) with injections (71)¢,, and
(12)%4, respectively;

— src!((75)%(e))) = 8" and trg'((75)%,(€])) =t for j = 1,2;

« is such that
* a'((vg,v3)) = oy (v1);

* af((m))5(€))) = i5(as(e])) for j =1,2;
~ D =D, x Dy

— o= (#1,42);

Observe that the truth values in the fibring are either pairs of distinguished
elements or pairs of non distinguished elements.

For the sake of illustration we now describe the interpretation structure
resulting from the fibring of the interpretation structure for classical logic, in-
troduced in Example 3.1, with the interpretation structure for intuitionistic
logic, introduced in Example 3.2.

Example 3.3 The fibring of the interpretation structures for classical logic,
(21, I.), introduced in Example 3.1, and for intuitionistic logic, (E/ﬁ’v,fi), in-
troduced in Example 3.2, denoted by

(27 Ic+i)

is as follows:

11
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Figure 8: Fibring of interpretation structures for classical and intuitionistic

logics (partial representation).

.2:

o [y =

((V, E, src, trg), m, ) where:

V=A{m o}

E(r,m) = {7¢, 7}

E(nm,m) = {D¢, Diy Niy Vi};
E(o,m) = {4c, @2¢> @3c> @i 4215 33 };

all the other components are empty;

((V’,E',src',trg’),a,D, (o, ¢)) where:

= {(0,0), (0, u2), (1, uruz)};
E'((0,uz), (1,u1uz)) = {—o,, };
E'((0 UQ) ( > )) = {_|“2i};

El
El

L urug), (0,u2)) = {1, J;
) (1,U1U2)) = {_‘@w_'OCQ};

((
((
((
((0,

12



— Dis {(1,uiu9)}.
— similarly for the implications, disjunction, conjunction and the re-
maining propositional symbols;

A graphical description of part of the interpretation structure (X, I.y;) (with-
out the implications, disjunction, conjunction and with only a classical and a
intuitionistic propositional symbol) can be seen in Figure 8. \Y

By looking into Figure 8, we get the impression that there is a relationship
between the interpretation structure in (X, I.)W (2", I;) to the interpretation
structures in both (3, I.) and (Zﬁ’v, I;). That is, a contravariant relationship
between the interpretation structures besides the covariant relationship between
signatures. In order to define such a contravariant relationship we introduce
the notion of m-graph transformation.

A m-graph transformation 7 : Go — G1 is a pair

Vo =W
{{Tset s Gr(TV(s), TV(t)) — Gz(s,t)}&tev;.
So, an interpretation structure morphism between (X1, I1) and (X2, I2), is a pair
(h,7): (31, 11) — (X2, 1)

where h : X1 — X9 is a signature morphism and 7 : G, — G/ is a m-graph
transformation such that:

e hoalot' = ay;
o h(05(¢})) = 05(r%,,, (¢})) for ¢f € BY(r*(sh), (1)) and sh.th € V5!
o (1)71(D1) C Dy;

T ((Va)r \ D2) € (Vi) \ D1)-

As expected the m-graph transformation is contravariant with the signature
morphism. Moreover, the truth value map 7V is contravariant with the sig-
nature morphism. Finally, note that each operation in G} can be mapped to
several operations in GY%, and note that the third condition in the definition of
interpretation structure morphism is equivalent to saying that if vj = 7V(v})
and v] € D; then v € Ds.

We now briefly describe the interpretation structure morphisms (i, 7¢) :
(S, 1) — (B, Ieti) and (i, ) = (S5Y, L) — (2, 1h).

13



Example 3.4 Consider the fibring of interpretation structures in Example 3.3.
The interpretation structure morphisms (ic, 7c) : (X1, 1) — (2, Ieti) and (i, 73) -
(Eﬁ’v,fi) — (X, I;) are such that:

e 7((0,0)) =

o 7/((1,uru2)) =1;
e 7/((0,0)) =

o /(1 uruz) = urus;

[ ] (TC)?O,Q)(L’LHUQ)(ﬂO) e —\002;

where the other cases are omitted since they are defined similarly. \%

Universal construction

The objective now is to prove that the fibring of interpretation structures is
a minimal construction by showing that it satisfies a universal property. We
denote by Int the category of interpretation structures and their morphisms,
and by Inty the subcategory of Int composed by all interpretation structures
with sort set V' and morphisms (h,7) : (31,11) — (32, [2) such that hY = idy.
Moreover, given a sequence s of pairs, we denote by (s); the sequence of all
j-components of the pairs in s, for j =1, 2.

Lemma 3.5 Given interpretation structures (X1, I1) and (X2, I2) with the same
set of sorts, the pair (i, 7;) such that

e i; is the injection from ¥; to the coproduct in Sigy of 31 with X»;
o 7/((v],v3)) = vj;
o (1) = {(7)%y}g peys+ is such that (7;)%, is an injection in Set from

E;(( s");, (t);) to the coproduct of E{((s')1, (¢')1) and E5((s")2, (t')2);

is an interpretation system morphism from (X;,1;) to (X1,11) W (29, I2), for
j=1,2.

Proof: It is straightforward to show that 7, and 75 are m-graph transforma-
tions. Note that iy and iy are signature morphisms by definition. Furthermore,
the tuple (ij, 7;) is an interpretation structure morphism for j = 1,2 since

o i¥(a)(1]((v],13)))) = ij(a¥(v})) = aj(v]) = a¥((v},v5)) by definition of

a” using also the fact that i} is the identity;

o i2(a5(e})) = a®((7))5(€))) for €} € Ei((75)(s"), (15)'(t)) by definition of

o (77)"YD1) C D. Let v/ = (v{,v}) € (77)"1(D1). Then 7y (v’

) =v €Dy
and so, by definition of D, v’ € D. Similarly for (73)~!(Ds) C D
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o Y (V\D)C V{ \Dj. Let (v],v5) € Vi \ D. By definition of D, we know
that v{ ¢ D;. Similarly for 7y(V\ D) C V;_\ Ds.

QED

Proposition 3.6 Category Inty has binary coproducts.

Proof: Let (¥1,1;) and (X2, I2) be interpretation structures with sort set V.
Their coproduct is

(X1, 1) W (B2, I2), (i1, 71), (i2, 72))

where ((X1, 1) W (22, I2) is the fibring of interpretation structures (X1, I1) and
(X2, 13), and (ij, 7;) for j = 1,2 are as in Lemma 3.5.

It is now shown the universal property of the coproduct. Let (33, 13) be a
interpretation structure in Inty and (g1,01) : (31,11) — (23,13) and (g2,02) :
(32,12) — (X3,I3) interpretation structure morphisms. Consider the tuple
(g,0) such that:

e g = (idy, ¢%) where ¢° is the unique morphism in Set such that gf = g®oi§
and g§ = g° o is;
e 0 = (0Y,0°) where 0¥(v§) = (oY (vh), oy(v5)) and

02% ((Tj)zv(sg)av(t/g) (69)) = (O-;)sétg (6’;‘)

for every e € Ej((7;)" (0" (s5)), (75)*(0(t3)))-
1. (g,0) is an interpretation structure morphism from (3, I) to (X3, I3).

(a) (oY (vh),0%(vs)) € V. For instance, assume that a(vs) = m and vj € (V35 \
Dj3). Since o o o} = ¥, then o} (v4) € (V{)r. Moreover, oY (vs) € (V{)z \ D1,
since oy ((V3)r \ D3) € (V{)x \ D1.

(b) /o0’ =0 for 7 = 1,2. Indeed T}/(UV(Ué)) = T}/((U‘{(Ué), oy(vh))) = a}f(vg).

(c) 0° is a family of well defined maps. Let s5,t5 € V4*. Assume that
¢ € E'(0"(s),0"(t5)). Then ¢ = (Tj)frV(sg),UV(tg)(e;‘) for some j = 1,2. We now
show that src;-(e/;-) = a}f(sgl) and trg;(e}) = o¥(t3). Indfeec‘l, src(e’) = /T]‘-’(J"(sg)).
By (b), 7/(c"(s3)) = 07(s}) as we wanted to show. Similarly for trg’.

J
(d) g“ e’ oo = o). Indeed, g"(a"(0"(v3))) = g"(a*((0}(v3),03(v5)))) by
definition of ¢V, which is equal to a¥((oY(vs),0¥(vs))) since ¢¥ = idy. Since

a’((oY(v5),05(v5))) = aj(oy(vg)) for j = 1,2 and aj(0}(v3)) = af(v3) (due to
the fact that o; is a m-graph transformation), the thesis follows.

(6) g5 (@%()) = a§(0%,, (¢) for ¢ € B/(e(s}), " (t4)) for shth € V{*. As
sume that ¢ = (Tj)gv(sg)av(t,g)(e;) with e} € Ei(7)(0V(s5)), 7 (0"(t5))). Then
as(0s, (¢)) = ag((ajf)g;(sg)o;(tg)(69))7 by definition of ¢°, which is equal to
g?(oz;?(e})) since (gj,0;) is a m-graph transformation. On the other hand, by
definition of g, gf(a$(e})) = g°(i$(a5(e}))). Finally, the thesis follows, since
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i5(a5(€)) = a*((13)gu(sp)ov(15) (¢1))-

(f) (6¥)"Y(D) C D3. Let v} € (¢¥)"1(D). Then oV(v}) = (0¥ (v}), 0% (v4)) € D.
Without loss of generality, assume that o} (v;) € D;. Hence v} € (o})~1(D)
and so v € Ds.

(g) o¥(V4, \ D3) C Vi\ D. Let vy € V§_\ Ds. Then oY(v;) € V/_\ D; and
o3(v) € V3, \ Dy and so (0Y(v3), 03(v3)) = 0¥ (v3) € VI \ D.

2. (g,0) 0 (ij, 1) = (gj,05) for j =1,2.

(a) goij = gj. That is, g" oi} = gj and g° oi§ = g§. The first equality follows
directly since all the maps are identities on V. The second equality follows by
the universal property of the coproduct.

(b) oy =7} 0 0". This follows by 1(b) above.

(c) (05)sye, = Jsété o T;V(Sé)av(tg). The thesis follows since E}(0%¥(s3), 07} (t5)) is
E((7;)" (0¥ (s5)), (1;)"(0¥(t5))) by (c) above.

3. Uniqueness of (g,0). Assume that there is a m-graph transformation (g, d)
such that (g,6) o (ij,7;) = (g5,0;) for j =1,2.

(a) g¥ = g¢" since both are the identity on V.

(b) g® = g®. This follows from the universal property.

(c) 6¥ =0". Let v5 € V4 and 6"(v5) = (u}, ub). Then oV (vy) = (oY (v5), oy (v5))
using the definition of ¢¥. So (oY (v4), 0y(v4)) = (177(6Y(v5)), 75 (6V(v5))) by com-
mutativity. By definition of 7}, (7y(6"(v3)), 75(6"(v3))) = (uf,us)

oV (vh) = 6V (v5).

(d) &Sgtg = Uzgtg' Note that ¢¥ = oV. Let ¢ € E'(0¥(s}),0Y(t5)). Then

e = (Tj)gv(sé)gv(té)(eg) with e;- € E;-(T]\-/(O'V(S%)),T]‘-I(O'V(tg))). Then J:’gt’s(e/) =
(05)av(sh)ov 1) (€7) = 05,41 (). QED

In order to be able to define fibring for any pair of interpretation structures,
and not only for structures with the same set of sorts, we define a Set® indexed
map -(V1:71:01) that enriches each interpretation structure with the sorts only in
the other structure, in such a way that satisfaction is maintained:

° (22712)(V1,Tr1,<>1) — (ZéVIaW1101)7I§VI=7"17<>1)) where:

— ((V,m,0),i1,i2) is the coproduct in Set® of (Vy, 71, 01) and (Va, 72, 02);
- IQ(V1,7T1,<>1) = ((V', B}, src,trg’), (a¥, a§), Da, #2) is such that:
« Vi=ViUu{v v € Vi\ Vol
x a¥: V' — V is such that
- ¥ (V) =ig(ay(v”)) for v in V3,
- a¥(v1’) = i1(v1) otherwise;
x src’ 1 By — V'* and trg’ : E), — V' coincide with src, and trg);
Proposition 3.7 The interpretation structure (Xg, I5) and (Xg, I)(V171:01) sat-
isfy the same formulas.
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We omit the proof of the proposition above since it follows straightforwardly.
So, the fibring Fibryt of interpretation structures is defined as a map from
[Int|? to |Int| such that:

Fibins ((S1,11), (32, Ip)) = (£, 1) 27™92) 1 (8, I) V100,

Interleaving of denotations

Consider the interpretation structure (¥, I.4;) in Example 3.3 depicted in Fig-
ure 8 resulting from the fibring of the interpretation structure (Xyy, I..) for clas-
sical logic and of the interpretation structure (Zﬁ’v, I;) for intuitionistic logic.
The denotation

[[ﬂi e <Qi7 QC>]]IC+i

of the path —; D¢ (g, ¢.) corresponding to the formula —;(g; D ¢.) should be
based on the denotation of g. and of ¢; and on the operations assigned to
the connectives —; and D.. In general, for evaluating ew; over I, we start by
evaluating wq and getting a set of values. Then, for each value s’ we pick up
all the m-edges in G’ with source s’ and which are mapped into e. Finally,
the envisaged denotation is obtained by taking the collection of targets of such
edges. In the case at hand, starting by the denotation of ¢,

lee]™ = trg/({al, : (s:9) = (0,u2),q, : (s,9) = (0,0)})
= {(0,u2),(0,0)}.

Observe that there are two operations, ¢., : « — (0,u2) and ¢, : « — (0,0),
denoting ¢, in the interpretation structure I.i;, that is, operations that are
assigned by a® to g.. So the denotation of g. is the set of truth values cor-
responding to the target of those operations. Similarly for the denotation of

q;-

[l = tg/({d}: (o,0) = (0,u2)})
= {(0,u)}

The denotation of [(gi, g.)]'**" is the concatenation of the denotation of each
formula in the tuple.

g gl = [yl [a)c) "
= {(0,162)}{(0,’&2),(0,@)}
= {(OaUQ)(O’u2)>(07u2)(07®)}

Respecting the structure of the path, the denotation of [ D, (¢, qc>]]lc+i is ob-
tained from the denotation of [[(qz-,qc>]]lc+ * by applying the operations corre-
sponding to Dg:

[Dc (@irae))™ = trg(BS (g, ae)] 7, —))
trg’ (£S5, ((0,u2)(0,uz), —)) U trg'(ES_((0,u2)(0,0), —))
= {(L,uu2)}
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Similarly,
[~ 2 (@i, a0)]" = trg (L ([ De (@i, 4)]"*, —)
= trg'(EL, (1, uruz), —))
= trg' ({-uju, : (1, wiu2) — (0,0)})
= {(0,0)}.

The denotation of a concrete formula corresponding to the concrete path
w:o —tover Gt at I, represented by

[w]

is a concatenation of basic sets contained in V}*, inductively defined on the
complexity of the path w as follows:

o [eo]" is {o};

o [[pfl"'”mwl]]l is (Jw1]"); where vy, ..., v, are in V;
o [(wr,...,wp)wo]" is Jwiwo]’ ... [wnwo]’;

e [ew;]’ is the union of trg/(E.(v/,—)) for each v/ in Jwi]’, when e is in E;

where a subset S of V', is a concatenation of basic sets whenever there exist
S1CVy,...,S, €V, suchthat Sis Si...S,.

Consider now the denotation of a schema formula. In this case the denota-
tion of the schema variables should be given by an assignment, which must be

also a component in the denotation process. More precisely, an assignment

p

for an interpretation structure I over a signature ¥ is a family {ps}.cy+ such
that ps is [[ws]]l for some concrete path wg : ¢ — s.
The denotation of a formula corresponding to the path w : s — t over GT
at I and p, denoted by
Ip
[w]

is inductively defined on the complexity of the path w similarly to the denotation
of a concrete path with the exception that [e,]™” is ps.
A formula ¢ is said to be satisfied by I and p, written as

Iplke

whenever [¢] Tp i non-empty and is contained in D. Moreover, we say I satisfies
(p, written as

Il

whenever I, p IF ¢ for every assignment p over I. Satisfaction is extended to
sets of schema formulas as expected: I,p I-T"if I,p IF ~ for each v € T, and
similarly for sequences of schema formulas: I,p IF @1...¢, if I,p IF ¢; for
1=1,...,n.

18



Example 3.8 Observe that
Tevisplff (mi (7€) Di €

where p is such that py = [g]'** since [ D; (= =i &, ] = {(0,uz)} is not
contained in D. Indeed,

lex] Letip

= pﬂ'
= [l
= trg’({qzl- : (0,9) = (0,u2)})

{(0, ug)}

[l = [pf]r
= [pfea]™”
= (HGW]]ICHp)l
_ [[EW]]L;HP

= {(0,u2)}

[-i&)" " = wg/(EL ([]", -))
= trg/(EL,((0,u2), —))
= trg ({7, : (0,u2) — (0,0)}
= {(0,0)}

[-is €)' = trg!(BL ([~€] "+, —))
= trg/(EL.((0,0),—))
= trg/({y, : (0,0) — (1,uruz)}
= {(L,uruz)}

[(mi = £, 6] P = [y ] P [e] e+
= {(1,uru2) }{(0,u2)}
= {(1,uru2)(0,u2)}

[[ D; <_'i K fa €>]]Ic+ip = trg/(E,Di([K_'i Y 5’ §>ﬂ1c+ip7 _))
= trg/(E5, (1, u1u2)(0, uz), —))
= {(0, u9 }
This example shows that the intuitionistic implication does not collapse into

the classical implication. Therefore, the graph-theoretic fibring of interpretation
structures retains the intuitionistic character of the component. v

Thus, the example above shows that the fibring of classical propositional
logic with intuitionistic propositional logic does not collapse into classical logic,
since otherwise the interpretation structure (X, I.4;) would satisfy ((—;(—; £)) Di
¢) showing that intuitionistic connectives behave like classical connectives.
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4 Fibring deductive systems

Consider again the fibring of classical and intuitionistic logics. In Figure 9
we present what should be a derivation of —; =; g. from {—;(¢; D¢ qc), (—i(qi De
4c)) Diqey Ge De (Mi 7 o) } in the fibring of classical and intuitionistic logic. The
derivation should proceed by applying first MP; (the Modus Ponens rule in
intuitionistic logic) and then MP, (the Modus Ponens rule in classical logic).
From an intuitive point of view a derivation in the deductive system resulting
from the fibring should result from the interleaving of rules and axioms from
both deductive systems.

_'i(Qi Dc QC) (_'z(% D¢ QC)) Diqe dc D¢ (_'z i QC)
idig,
MP; |
y y
dc qc D¢ (_'i 4 QC)
MP,
v

Figure 9: Derivation in the fibring of classical and intuitionistic logics

In order to define derivations we now introduce the notion of deductive
system, again as an m-graph but now with formulas as nodes and inference
rules as m-edges. Axioms are seen as inference rules as we shall see below.

Putting deductive systems together

According to what we said before we start by enriching a signature with symbols
to represent both axioms and inference rules. A meta-signature is a tuple

o= (%, T,R)

where ¥ = (G, 7, 0) is a language signature such that G®* = (V®, E® src?®, trg®)
is a m-graph extending G and

o« V2=V

e E* =FURwhere R={R, :7T... 7% — T}n>0;

and T isaset {T%:s — 7m},cy+. Each R, is a symbol for representing inference
rules with n premises. The edge T? is called s-verum and is important to
represent, in our setting, axioms. An axiom is the target of a unary rule whose
antecedent is a verum schema formula. We denote by Gt the m-graph obtained
by enriching G with the m-edges T°: s — .
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A morphism between meta-signatures h from ®; = (X1, T1,Ry) to o =
(X2, T2,R9) is a m-graph morphism h : G?l — G?}Q such that its restriction hg,
to G is a signature morphism from X to Xg, h&(T%) = T"'() and he((Ry),) =
(R2)yp, for each n > 0. As seen for interpretation structures we assume that, for
fibring, the signatures have the same set V' of sorts. In this case a meta-signature
morphism /A is equivalent to a signature morphism, and in this situation we may
confuse h with hg, and with hg, .

Our objective now is to say what is a deductive system based on a m-graph.
According to the intuition, the nodes are language expressions and there are
two kinds of m-edges to consider. One kind is for inference rules and axioms as
illustrated in Figure 10 and in Figure 11, respectively.

IWIivie Yiwis
| | |
Tl | Tl
P17y 2 P27,
I I I
N A MP N
™ T T

Figure 10: M-edge for Modus Ponens.

As it is well known Modus Ponens (MP) is a binary inference rule. The
intuition for the graph description of MP is based on the fact that MP is
applied to an implication formula and its antecedent (the first argument of
the implication), and allows to conclude the consequent of the implication (its
second argument). Thus, MP is an m-edge whose source is a sequence of two
morphisms, one for the implication and the other for the first projection. The
target of MP is the second projection. In the same vein, an axiom is an m-
edge whose source is an appropriate special morphism T¢ and the target is the
morphism corresponding to the axiom formula. That is, an axiom is seen as
a special case of unary rule (see Figure 11). The second kind of m-edges in a

T T
I I
| |
‘TTK'TI' ‘Al
| = aw. |
axi
\i \i
s s

Figure 11: M-edge for axiom ax;.

deductive system corresponds to the constructors that make formula morphisms
to commute, see Figure 12.

A deductive system over over a meta-signature ® is a pair (G”, 3) where G”
is such that

o V" is the set of all expressions over G (that is, the morphisms of G%);
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_‘COSD

<
N<———w

Figure 12: M-edges for a constructor in the deductive system for the fibring of
classical and intuitionistic logics.

e F'(p1:8 = v1...0n 18— vy, p: 8 —v), for p in G, contains, among
others, the m-edges e : vy ...v, — v of E such that ¢ =eo (p1,...,¢n)
isin GT;

e F'(p1:81 = v1...0n 1 Sy — vy, p: 8 — v) =) whenever ¢ is not in G*
or s # s for some k =1,...,n, or p; is not in G* and n # 1;

and 3 is a signature morphism from G” to G® such that
o B'(p:s—v)=u;

e e (pr:s—vi...pp:8s— vy — (p:s—w) =eifeisin E and
p=eolpr s pn);

e 3%(f") € R otherwise.

The first clause on E” imposes the inclusion of the constructor morphisms
that when composed with the source expression coincides with the target ex-
pression, as exemplified in Figure 12. As stated in the last clause of ¢ all
the other m-edges correspond to inference rules. The m-edges corresponding
to inference rules must have as premises and conclusion, expressions with the
same source, and with target 7. The same source condition is imposed by the
second clause of the definition of E” and is crucial for instantiating a rule in a
derivation.

A deductive system D is a triple

(®,G".5)
such that ® is a meta-signature and (G”, 3) is a deductive system over ®.

Example 4.1 The deductive system D. = (®r, G”,3) for classical proposi-
tional logic is as follows:

e Op is the meta-signature (Xy, T, R) where Xy is the propositional signa-
ture (G, 7, o) introduced in Example 2.1;

e (" has, besides the mandatory m-edges for connectives, the following ones
for rules:

— m-edge ax; : T™ — (€D (¢ D&)) where £ is pT™ and ¢ is p5™, see
Figure 11;

— meedge axp : T — (D (£ D£") D((£2¢) D (£2£"))) where &
is pT™™, & is p5™™ and £ is pi™";
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— meedge axs : T™ — (((~€) D (=€) D (¢' 5 €)) where ¢ is p™ and
¢ is pg”;
— m-edge MP : p]™> — p37, see Figure 10;
e 3:G" — G® is such that:

— (%(axg) = Ry for k=1,2,3,;

— [¢(MP) = Rs.
In the sequel, we can denote the target of ax by A. The target of ax; is the
usual axiom of an Hilbert calculus for classical propositional logic but written

with the schema variables &, ¢ and £, so that they can be instantiated with
formulas in the fibred language when applied in a derivation. \Y

Example 4.2 The deductive system D; = (@1, G”, 3) for intuitionistic propo-
sitional logic is as follows:

e ®yp is the meta-signature (Zﬁ’v,T,R) where Zﬁ’v is the intuitionistic
propositional signature (G, 7, o) introduced in Example 2.2;

e G” has, besides the mandatory m-edges for connectives, the following
ones:

— m-edge ax; : 17" — (£ D (& D &)) where £ is pT™ and &' is p5™, see
Figure 11;
— m-edge axg : T™ — (€2 (§'2€")) D (€2 &) D(£2¢"))) where ¢

IS ’F;'rr7r7r’ fl ; A7r7r7r and 6// iS p7r7r7r

— m-edge axs : — (D (& D(ENE)) where 5 is pT™ and ¢ is p37;

— m-edge axy : (ENE)DE) where £ is pT™ and &' is p3™;
— m-edge axs : (ENE)DE) where € is pI™ and &' is p5™;

—(

—(

— m-edge axg : — (€D (VL)) where £ is pT™ and &' is pj™;

— (&' D (EVE)) where € is pI™ and &' is p5™;

— m-edge axg : T™™ — (D&MD (D&MD ((EvE)DE"))) where
g iS /\7r7r7r, §/ iS ’\721'7r7r and &// iS Bgrmr;

— m-edge axg : T™ — (D ¢&) D (6D (=) D (=§))) where & is pT
and &' is p3™;

— m-edge axig : T™" — (£ D ((—€) D ¢')) where £ is p7™ and £’ is p3™;

— m-edge MP : pf"D — p37™, see Figure 10;

— m-edge ax7 : T

e 3:G" — G®1 is such that:

— [%(axx) =Ry for £k =1,...,10;
— B¢(MP) = Rs. \Y
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The fibring of deductive systems Dy = (®1,GY, 1) and Dy = (P2, G5, 32)
with the same set V of sorts, the same T and the same R is the deductive
system

DiwDy = ((3,T,R), G”, B)

such that

e ¥ = (G,m,0¢)is the coproduct X1 W, in Sigy, of X1 and ¥y with injections
i1 and iQ);

o G' = (V" E" src” trg") is such that,
— V" is the class of morphism of GT whose target is in V;

— E" contains:

ke (pr:8s—>v...0n 8 = Uy) — (€0(p1,...,n) 1 § = V)
whenever e : vy ...v, — vg isin F and ¢1,...,¢, are in GT;

* the disjoint union of (3:%)71(R) and (52°)"1(R)
such that src” (r) = (i$)" (src} (1)) and trg” (r) = (i¢) " (trg) (%)),
whenever 7 is the image of 7 € (3:)™1(R) in the disjoint union,
for k=1,2;

o V(p:s—wv) =1

o (e (p1:85—v1...pn:8—vy) — (€0 (p1,...,on): s —v)) =cife
isin F and ¢1,...,¢, are in G*;

e 3°(r) = R, if r is the image of 7 € (8;°)1(R,) in the disjoint union, for
some k =1, 2.

Example 4.3 The deductive system
Dc—l—i

resulting from the fibring of the deductive system D, for classical logic in-
troduced in Example 4.1 and the deductive system D; for intuitionistic logic
introduced in Example 4.2 is the deductive system

D.wD; = (9,G",3)
defined as follows:
e & is the meta-signature (3. W X;, T,R) with injections i, and i;
e G" has

— the mandatory m-edges for constructors, renamed according to the
appropriate signature morphisms i. and i;;

— m-edge axy. corresponding to the axiom axj in D, by appropriately
renaming its source and target according to the signature morphism
ic, for k =1,2,3;
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— m-edge axg; corresponding to the axiom axi in D; by appropriately
renaming its source and target according to the signature morphism
ij, fork=1,...,8;

— m-edge MP, for MP in D., where D is renamed to D¢;

— m-edge MP; for MP in D;, where D is renamed to D;.

e 3:G" — G? is such that:

— [%(axg.) = Ry for k =1,2,3;
— [%(axx;) =Ry for k=1,...,8;
— B¢(MP,) = ¢(MP;) = Ra.

A graphical representation of part of this deductive system can be seen in
Figure 13. \Y%

Dy o N (DowDy) <Dy

qi
o 9@ Ra

S A DR . 5 T, HR,

-R \ aXie | | ax10; | -R
1 T —~ Alc T — AlOz‘ 1
7 T T T
A A
T T T T T T g
| [ I [ :
T T T —_—> T B
D D) :
8 Pry 2 Mp, P2 Py 2§ MP; P2 8
T T T T :
s s S s
(pl—>|_| osou ¢-|4>|—|0<p-
c - c c 7 ) 7 7
" "
T T T T
T T A A T T
I axy | i \ axip |
—|—7r7'|' Al i T’Tl'ﬂ' Al
— . —
T : T Je 1 T T
s ) s 2 T ’ T
IT7T7|’ ﬂ) |A3 3 i \Tﬂ_ﬂ axio IAlo
Y Y \ Y
T T f f f 19 T T
T T T — Top — T0Y W AT T
p7T7T| DI —_— | p7T7T ,%. - ,X. ,%. - 7Vr pﬂ”ﬂ" Dl —_— ‘ pﬂ'ﬂ'
Ly -v MP y"2 - - Ly -y MP "2
T T : : T T

Figure 13: Fibring of deductive systems for classical and intuitionistic logic.

It is clear that the fibring of two deductive systems is related with the
components via a morphim.

25



A deductive system morphism from the deductive system (®1,GY, (1) to
the deductive system (®o, G5, B2) is a pair (h,g) where h is a meta-signature
morphism from ®; to 2 and ¢ is a m-graph morphism from G to G} such
that:

9" (p1) is (h®)T(¢1) for each node ¢y of V{’;
® h¥off =049
® hfoff = 504"

We will prove later on, on Proposition 4.5, that there are deductive system
morphisms (i1, j1) : D1 — D1 W Dy and (ig, j2) : Doy — D1 W Dy relating the
deductive systems to the deductive system resulting from their fibring.

Universal constructions

We denote by MSigy, the category of meta-signatures with the same set V' os
sorts and their morphisms. We now show that meta-signatures with the same
set of sorts can be composed.

Proposition 4.4 Category MSigy, has binary coproducts.

Proof: Let (X1, T1,R1) and (X9, T2, R2) be meta-signatures denoted by ®; and
®5 respectively, with the same set V' of sorts. Their coproduct is the triple

Q) WPy = ((X1 W22, T,R),i1,i2)

where (X1 W Xs,i14,,i2¢,) is a coproduct in Sigy, of X1 and . It is straight-
forward to check that the triple is indeed a coproduct. QED

We say that a formula ¢ of G is in G whenever there is a path over G' such
that the corresponding formula is equal to ¢. We may denote a schema formula
of G# not in G* as a verum schema formula. Given morphisms ¢ : § — s1
and @9 : s1 — s2 of G’# in G, it is straightforward to see that ¢ o (1 is also
in G*. Moreover given the morphism T : s — 7 of G it is straightforward to
see that for any ¢ : s — s1 in G* the morphism T* o ¢ is also not in G*.

Let Ded be the category of deductive systems and their morphisms and
Dedy the full subcategory of Ded composed by all deductive systems with the
same set V' of sorts.

Proposition 4.5 Category Dedy has coproducts.

Proof: The coproduct of deductive systems D; = (®1,GY, (1) and Dy =
(q)g, g,ﬁg) in Dedv is

(Dl W Do, (ilajl)a (i27j2))
where

e Dy WDy is the fibring of Dy and Ds;
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((3, T,R),i1,i2) is a coproduct in MSig;, of ®; and Po;

7Y (@) = (%) (¢) for each ¢ in V/, for k =1, 2;

o ji(e) = ix%(e) if e is in Ey, for k =1,2;

(%) restricted to (3x¢)~'(R) is an injection to the coproduct in Set of
(61%)"1(R) and (52°)"1(R), for k = 1,2.

It is straightforward to show that (i1, j1) and (iz, j2) are deductive system mor-
phisms.

Let D3 be a deductive system in Dedy and (h1,¢91) : D1 — D3 and (he, g2) :
Dy — D3 deductive system morphisms. Consider the pair (h,g) such that:

e h = (idy, h®) is the unique morphism in MSig such that h; = hoi; and
ha = hoig;

e g¥(w) = (h®)"(w) for each vertex w of V";

(@
e ¢°(i1%(e1)) = g1°(e1) and g%(ia%(e2)) = g2°(e2);
e 9°(j1°(f1)) = 91°(/f1) when f1 € (51°)7 1 (Ry);
(j2°(f2)) = g2°(f2) for fa € (B2°)"'(Ra).

e

* g
(1) h is a meta-signature morphism from ® to ®3 by definition.
(2) g is a m-graph morphism from G” to G¥ since:

(a) g¥(w) = (h®)*(w) for each object w of G”.

(b) h¥ o ¥ = Y 0 ¢g¥. The thesis follows since h¥(8Y(w : s — v)) = h¥(v) and
B3(g"(w)) = B5((h)*(w) = (h¥)*(s) — h¥(v)) = h¥(v).

(c) h® o B¢ = (5 0 g®. There are two cases to consider: (i) h®(8%(i1%(e1))) =

i
h&(i1%(e1)) and B5(g%(i1%(e1))) = B5(91%(e1)) = m1®(Bi(e1)) = h1%(e1) and so
the result follows by definition of h. Similarly for es in Fs. (ii) Let r; €
(81°)" (R1n). Then he(3(j1(r1))) = h(Rn) = (Rs)n and B5(g°(j1(r1))) =
35(91%(r1)) = h§(B5(r1)) = hi(Rin) = (R3)n.

(3) (h,g)o(i1,71) = (h1, g1). Commutativity for the first argument holds by def-
inition. On the other hand, ¢"(j1"(w1)) = (R®)*(4Y(@1)) = (R®)*((i§) " (w1)) =
(hS)"(w1) = ¢Y(w1). Moreover, (i) given ey in Eq, ¢%(j5(e1)) = ¢%(if(e1)) =
g5(e1); and (i) given fi € (51%) "(Re), ¢°(j5(f1)) = 91°(f1) by definition.

(4) (h,g) o (i2,j2) = (ha, g2). Similar to case (3).

(5) Uniqueness of (h,g). Let (h/,g’) be a deductive system morphism from
D1 UDs to D3 such that (h', ¢')o(i1,71) = (h1,91) and (B, ¢') o (ia, j2) = (h2,g1).
Then h"Y = idy. Since h'®oi; = h® then h'® = he. Moreover ¢"V(w) = ¢"(w) since
gV (w) = (K¢)"(w) = (h®)*(w) = g"(w) by definition of deductive system mor-
phism. Let e; be in Ej. Then ¢*(j$(e1)) = g§(e1) = g°(i1%(e1)) = g°(j1%(e1))-
Let fi € (5:%)"(R1). Then ¢°(j1°(1)) = 9:°(f1) = 6 (1°(f1). QED
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As we did for signatures and interpretation structures, we only consider the
coproduct of deductive systems over signatures with the same set of sorts. So,
in order to define the unconstrained fibring of deductive systems over signatures
with different sets of sorts, we have to enrich each deductive system with the
sorts of the other system. For that we define a Set® indexed map -(V1:71:01) on
deductive systems as follows:

o (32, To,Ra), GY, Bo)V1m01) = ((5(V1m:01) Ty Ry), G, (B, B5)) with:

S (G
— G" = (V" EY, src” trg”) is such that
* V' is the class of morphisms of G% whose target is in V;
x src’ : B — V" trg” . B — V" coincide with src and trg,
respectively;
x [V : V" — V is such that 8Y(w: s — v) = v.

The fibring Fibpeq of deductive systems is a map from |[Ded|? to |Ded|
such that:
Fibpea(D1, Dy) = Dy (27m2:92) 1y Dy (Vi m01),

Interleaving of derivations

Revisiting the motivating example of this section, assume that we want to show
that —; =; g follows from {—;(qi Dcqe), (7i(qi DeGe) Dide, ge De(7i 7 Ge) } in Dy
This means that we have to provide a derivation whose conclusion is —; —; ¢. and
whose hypotheses are elements of the set {—;(¢; Dc qc), (i(¢ De 4e) Di ey ge De
(mi 75 qc)}. Herein a derivation is described by two sequences separated by a
semi-colon. A sequence of steps where each step corresponds to the application
of either one inference rule or several rules (putted together by the operator ®)
to different formulas, and the sequence of the formulas used but not generated
in the derivation. For instance, the derivation depicted in Figure 9 is described
by:

MP., (MP; ® idiq,.) 5 =i(@ Dec qe)s (7i(@ De qe) Di Ges e De (mimige)s

and consists of two steps, MP. and (MP; ® idi4_), applied to the sequence of
formulas —;(q; De qc), (7i(qi De Ge) Di Ges Ge De (mimige). Observe that when a
formula is not used by an inference rule in a step the idjq, morphism is used
instead.

The formulas used but not generated in a derivation can be either hypotheses
or axioms. For instance,

MP., (idig, ® axic); Gis &% De (¢e De ¢i)

is a derivation in D.,;, depicted in Figure 14, for ¢. D, ¢; from {¢;}. Recall that
axioms are seen as unary inference rules having as source a verum morphism,
that is, a morphism involving the T morphism.

28



g T 0 (gi qe)

ididﬁ %axlc

v v
4 L D¢ (ge De i)

MP.

\
qc Dc Qi

Figure 14: Derivation of ¢. D, ¢; from {g;}.

For more details on the notion of derivation in a graph-theoretic account of
logics the reader can consult [20] (namely for notions like instantiation of rules,
instantiation of derivation steps, derivation as a morphism, and the categorical
context in which derivations are set up).

Given a set I' of formulas and a sequence of formulas @, we say that ¢ is
derived from I' in the deductive system D, written

F'kFp &

whenever there is a derivation Iy, ..., [;; @E of @ such that the formulas in 1/_; that
are not premises of axioms are in I'. For instance, from the examples above we
can conclude that

{_‘i(%' De QC)7 (_‘i(Qi De QC)) DiGeyqe D¢ (ﬂi_‘iQC)} l_DC+¢ i 4qc

and
{4} Foosi 4e De i-

5 Fibring of logic systems

A logic system has three components: the signature, the interpretation system
and the deduction system. All of them are defined in terms of m-graphs. The
language and derivation are described in the induced categories. A logic system
is a triple £ = (X,Z,D) such that Z = (X,7) is an interpretation system and
D = (®,G", B) is a deductive system; where ® is a meta-signature over ¥.. Given
an interpretation system Z = (3,J) and a set I' U {¢} of schema formulas over
3, we say that I' entails ¢ in Z, written as

F':I@a

whenever I I+ I" implies I I+ ¢ for every I in J. Similarly, entailment over
sequences of schema formulas can be defined. The logic system L is said to be
sound if

I' 7 ¢ whenever I Fp ¢
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for a set I' U {¢} of formulas and is said to be strong complete if the converse
holds. The logic system L is said to be weak complete if

7 ¢ whenever Fp .

Observe that a strong complete logic system is also weak complete but not the
other way around in general. Finally, an interpretation structure [ in J is said
to be sound for a rule r in D if

I, p - CONC(r) whenever I, p I proper(ANT(r))

for every assignment p over I, where the map proper(-) when applied to a se-
quence ¢ of schema formulas in G% returns the subsequence of schema formulas
that are in G*. When I is sound for all the rules in D we say that I is sound
for D. These schema formulas are called proper. The logic system L is said to
be sound for a deductive rule r in D, if all its interpretation structures over its
signature are sound for 7.

Example 5.1 The tuple (3, Z., D.) where
e > is the signature for classical logic introduced in Example 2.1;
e J. is the class of all interpretation structures over Xy sound for D;
e D, is the deductive system for classical logic introduced in Example 4.1;

is a logic system, denoted by L., for classical propositional logic. Note that
the interpretation structure I. for classical logic introduced in Example 3.1 is
sound for D, as it is straightforward to show. So I. is in J.. Vv

Example 5.2 The tuple (Z/ﬁ’v,Ii,Di) where
° E/r\[’v is the signature intuitionistic logic introduced in Example 2.2;
e J; is the class of all interpretation structures over Zﬁ’v sound for D;;
e D; is the intuitionistic deductive system for introduced in Example 4.2

is a logic system, denoted by L;, for intuitionistic propositional logic. Note that
the interpretation structure I; for intuitionistic logic introduced in Example 3.2
is sound for D; as it is straightforward to show. So I; is in J;. Vv

We denote by Log the class of all logic systems. The fibring Fib of logic
systems is a map from Log? to Log such that:

Fib(L1,L2) = (3,Z,D)
where
e ) = FibSig<21,ZQ>;

e Jis composed by the interpretation structures I over % such that the pair
(E,I) = Fib]nt((zl,ll), (22,12)) for each I €Jiand Iy € 32;
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o D = Fibpea(D1,D2).

We now explain why there is no collapse, semantically, in the logic system
resulting from the graph-theoretic fibring of the logic systems for classical and
intuitionistic logics presented above.

Example 5.3 The fibring of the logic system L., described in Example 5.1
and the logic system L;, described in Example 5.2, is the logic system L.,; =
(Ec+i,_’z—c+i, Dc+i) where

o Y.i; = Fibsig(Xm, 25 );

e J.y; is composed by the interpretation structures I over X.i; such that
(Zeti, 1) = Fibing (S, It), (B, I2)) for each I1 € 3. and I € Jj;

L Dchi = FibDed(DCaDi);

and so the interpretation structure described in Example 8 resulting from the
fibring of interpretation structures for classical and intuitionistic logic is also in
Jeti- Hence, taking into account Example 3.8, ¥z, ., (—:i(—i ¢i)) Di - v

6 Soundness preservation

We start by investigating a property of the interpretation structure morphism
that is important in the proof of the preservation of soundness. In particular,
the injection morphisms from the components to the fibring enjoy this property.

An interpretation structure morphism (h,7) : (X1, 11) — (X2, [2) is said to
be non-creative whenever for each e; in Ej and €, : s) — t} in Eéh(el) there is
ey in B}, such that 75 " (€]) = €. Moreover, given an interpretation structure
morphism (h,7) : (X1,11) — (39, I3) and an assignment po over I, we denote
by

a7

the assignment over I such that (po(7)),, = TV((P2)hv(s1))-
The next result relates denotations in different interpretation structures
related by a non-creative interpretation structure morphism.

Lemma 6.1 Given a non-creative interpretation structure morphism (h,7) :
(X1,11) — (X2, I2), a morphism w; of G1*, and an assignment pg over Io,

(h)

[l = (I @0)]).

Proof: We show equivalently that [[wl]]llpz(hﬁ) = 7V([hf(w1)]"2"*) by induction
on the complexity of w;:

. I pg (o) T I
- wy is €, Then [wi] "7 = (0275, = 7¥((p2)nv(or)) = T ([env(s1)] ) =
7 ([hT (w1)]272).
- wy s Y wio. Then [un] "7 = [pf w27 = ([uno] " "7); =
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([Pt (w10)]"272)); = (W (w10)]22)) = 7 ([pr ") i (wno)]22) =
7 [RF(py " wio)]27);

- wy is (wi,. .., wip)wip. Then [[wl]]hp2
(h,7 (h,T

(hy) (hr)

= [(wi1, - - ., win)wio] **?

[[wnwm]]hp2 b [[wlnqu]]hp2 ) which, by induction hypothesis, is equal to
([hf (wi1w10)]27) . . . 7Y([hf (wipw10)]2?) equal to the set 7 ([T (w11w1] 272
AT (winwi0)]27?) = 7 ([(RY (w11), - .., BT (w1n) AT (w10)]272) as we wanted to
show;

s ewio So [un]"*" = fewso] " = trg) (B, ([wno] "7, <) =
trgy (B1 (7Y ([hT (w10)]%7%), =) = 7¥(trgh (B, ([hT (w10)] 27, —))) since (h, 7)
is non-creative, which is TV([[hT(ewlg)]]bm). QED

The relationship established for denotations can be extended to satisfaction
in a similar way.

Proposition 6.2 Given a non-creative interpretation structure morphism (h, 7) :
(X1,11) — (X2, I2), a morphism ¢ in G1", and an assignment py over I,

I, po I h* (1) whenever Il,pz(h’T) Ik 1.

Proof: Assume that I, po™™) |- ¢;. Henceforth [[gol]]hpz(hﬂ C D;. Then

1 I1 pa (o) . . . . .
(™) ([e1] ) C Dy since (h, ) is an interpretation structure morphism
and so (7¥)"1(D;) € Dy. So, by Lemma 6.1, (7¥) "' (Y ([ (¢1)]"**?)) € Do.
Hence [h*(¢1)]/272 C Dy and so Io, pa IF h* (). QED

The next result states the converse of the previous proposition under differ-
ent conditions.

Proposition 6.3 Given a interpretation structure morphism (h, 1) : (X1, 11) —
(X9, I3) such that 7V(D2) C Dy, a schema formula ¢; in G;*, and an assignment
p2 over Ia,

(h,T)

Iy, po I 1 whenever Iy, pa IF A" (¢1).

Proof: Assume that Iy, ps - h*(¢1). Henceforth [h*(¢1)]™2” € Dy. Then

([h* (£1)]"2"?) C D, by hypothesis. Hence [gpl]]h”(hﬁ) C Dy by Lemma 6.1,
and so I1, po™™) I 1. QED

Recall from [20] the result stating that: A logic system is sound if it is sound
for its deductive rules.

Theorem 6.4 Soundness is preserved by the fibring of logic systems sound for
its rules.

Proof: Let £; and L5 be logic systems sound for the rules. Note that the
rules of Fibped(D1,D2) are the image by the respective signature morphisms
of the rules in D; and in Ds, respectively. We show that Fib(L, £2) is sound
for its inference rules. Let (X,1) = (ZI,II)(VQ’“Q’”) O (22,12)(‘/1’”1’01) be an
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interpretation structure in the fibring and p an assignment over I. Let r1 be a
rule in D;. Assume that I, p I- i1 (proper(ANT(71))). Then, by Proposition 6.3,
1, (V2m2,02) (171 |- proper(ANT(r1)). Hence, Iy, pt™) I proper(ANT(r1)) by
Proposition 3.7 and so, since £; is sound for its rules, I1, p(it:m) |k CONC(ry).
Again by Proposition 3.7, I; (V2m:02) p(inm) |- CONC(rq). Finally, by Propo-
sition 6.2, I, p - i;7(CONC(r1)) since the morphism from (X, I;)(V272:02) to
(3,1) is non-creative. The proof for a rule in Dy follows a similar reasoning so
we omit it. QED

Basically, Theorem 6.4 says that soundness is in almost all cases preserved by
fibring, since normally a logic system does not contain interpretation structures
that are not sound for its rules. Soundness is useful for establishing the non-
collapse of intuitionistic into classic connectives, deductively, in L.1;. Recall
that in Example 5.3 we already concluded that there is not, semantically, such
a collapse in L.y;.

Example 6.5 The logic system L.;; presented in Example 5.3 resulting from
the fibring of the logic system L, for classical propositional logic and of the logic
system £; for intuitionistic propositional logic is sound. So, t/p,., (—:i(—i @) Di
q; since ¥z, (—i(7iqi)) Di g \4

Taking into account Theorem 6.4, it is straightforward to see that the fibring
of the logic systems composed by the deductive systems described in [20] and
with all the interpretation structures sound for the rules, is sound (the case
of the relevance logic has to be worked further due to the different notion of
derivation). Moreover, it is also straightforward to see that there is also no
collapse of the entailment and of the consequence relations of one system into
another.

7 Completeness preservation

The goal of this section is to investigate preservation of completeness. Preser-
vation of completeness means that the logic system resulting from the fibring
is complete whenever the component logic systems are complete. Usually com-
pleteness is not preserved unless we impose more properties on the components
of the logic systems at hand. That is, in most cases, it is not possible to prove
completeness preservation for all possible complete component logic systems.
We start by defining the canonical interpretation structure induced by a deduc-
tive system.

Canonical structure

Let D7 and D> be deductive systems with the same set of sorts, and I' a set of
formulas in G+ where G is G1 WGo. The canonical structure 511;2 (Dy) generated
by Dy over Dy and T, is such that:

¢ S£2(D1) = (X1, (G, 1, D1, 41)) where
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— G| = (V], E{,src), trg}) is such that
« V{ are the morphisms of G whose target is an element of V;

x B} (W ... W, w) is composed by all the m-edges e in E; such
that W = eo (Wy,...,W,) is in GT;

af(e:s—wv)=wvand af(c) =¢
— D1 = {1/17 € ‘/1/ . T |—D1&ﬂ)2 2/17},
— o7 is the morphism id, in G*.
In the sequel we will write Sp,(D;) for S%Q (Dy), and will assume that G means

the m-graph G W G (the disjoint union of the two m-graphs). We now show
that the Sp,(D;) is sound for the deductive rules in D;.

Lemma 7.1 Given deductive systems D; and Do with the same set of sorts, a
set T' of formulas in G*, a path w : s — t over GT, and an assignment p over

Sb,(Dy), [w]*®:PV* = @ o p,.

Proof: The proof follows by induction on the complexity of w:

D , ~ ~
( I)WZPS:|dsops:€sopszwop8;

: SK

- w is €5. Then Jw] P2

T T T
S wis p?l'wl- Then IITUHSDZ (D1),p _ [[p?lwl]]SDQ (D1),p — ([[U)l]]SDQ (Dl)yﬂ)i —
(W10 ps)i =P;' oW 0 ps=1Wo ps;

T T T

~wis (wi, . .., wy)wo. Hence [w] Pz e [[wlwg]]s%(pl)’p . [[wnwg]]SD2(D1)’p =
(W1 o Wp 0 pg) ... (W, 0Wp 0 ps) = (Wi,...,w,) oWy o ps as we wanted to show;

T T
- w is ew;. Therefore [w] P2PV* = trg (B! ([wy] P PV*, —)) = trg/(E/ (@ o
Ps;—)) = €0 Wi 0ps=Wo ps. QED

The importance of the canonical structure is that in the context of this
structure it is possible to relate satisfaction with derivation.

Lemma 7.2 Given deductive systems D; and Dy with the same set of sorts,
and a set ' U{¢ : s — 7} of schema formulas in G, I Fp,up, ¢ o ps if and
only if 8%2 (D1), p Ik ¢, for every assignment p over SIFD2 (Dy).

Proof: Let p be an assignment over S%Z (D). Then I' Fp ¢ o py if and only if,
SF (Dl)vp 3 SF (D1)7p M F
by Lemma 7.1, I' bp [p] P2 iff [ P2 C D iff S5, (D1),p - . QED

We now state a useful lemma that when the proper premises of a rule are
derivable, then the conclusion of the rule is also derivable. We omit its proof
since it constitutes a particular case of Lemma 6.6 in [20].

Lemma 7.3 For every deductive rule r in Dy, set of formulas I and expression
uin G*, T Fp,up, CONC(r) o u whenever I' Fp,up, proper(ANT (7)) o u.

In the following two propositions we show that Sll;z (Dy) is sound for the
rules in D;.
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Proposition 7.4 For every deductive rule r in Dy, set of formulas I' in G™,
and assignment p over S{)Q (Dy), S{)Q (Dy), pIF CONC(r) whenever S{)Q (Dy),p I
proper(ANT (7).

Proof: Let proper(ANT(7)) be ¢ ... ¢,. Assume 571;2 (D1), p Ik proper(ANT(r)).

Then I' Fp,up, @i o ps, by Lemma 7.2, for i = 1,...,n. As a consequence,
I' Fp,wp, CONC(r) o ps, by Lemma 7.3, and so, SgQ(Dl),p IF CONC(r), b
Lemma 7.2. QED

Weak completeness

We start by investigating preservation of weak completeness (that is, no hy-
potheses are present). With this purpose in mind, we need to better understand
the denotation of a formula in the fibring of two canonical structures.

Lemma 7.5 Given deductive systems D; and Ds sharing the same set of
sorts V, a set T' of formulas in G* and a concrete path w over GT, (@, @) €

[[wﬂ Sb Dl JwSD, (P2) i trgf (w) is an element of V.

Proof: The proof follows by induction on the complexity of w:

- w is €;. The thesis follows since (w,w) is (id,,id,) and [[w]]S7F32 (P)wSp, (D) _
po = {o} = {(o1,02)} = {(idy,ido) };

-wis pflwl. Note that wy is not €., since otherwise s is o, which is not possible
since the source of a projection has length at least 2. Hence, the path w; ends in
a tuple as it is straightforward to see. So, assume that w; is (w11, ..., wip)wo.

Then (w, w) = (p;' oy, p;'owr) = (p;' o(wi1, . .., Win)0Wo, P; 0 (W11, . - -, Win)©
r ql ST

@) = (@1; o Wo, @i o Wp) and [w] P2 P15 (P2) — [ps*w1] °P (Pu)sSp, (P2) _

([[w HS£2(D1)&JS£ (DQ))i _ ([[wllwo]]sg2(D1)&JS£1 ('Dz? - [[wlnwo]] 11;2 'D1)USD1( 2))1 _

(D1)wSE ,(D2)

F
[w1;wo] 5D, and so the thesis follows by induction hypothesis;

- w is ew;. Observe that [w] Sb, (P1S, (P2) _ trgl(Eé([[wl]]SgQ (P15, (Dz), -))-
r ST

The thesis follows since trg’ (E"((@1, @), —)) C trg’(Eé([[wl]]SD2 (P1)wSp, (P2), -))

by induction hypothesis, and (w,w) = (€ o wy,€ o0 wy) € trg' (EL((Wy1,w1),—)).

QED

Recall from [20], the notion of representative which plays an important role
in the proof of completeness for a single logic system. A logic system contains
a representative of the canonical structure over a set I' when it contains an
interpretation structure It such that

e It IF ¢ implies ST(D) IF ¢;
o IpIFT:

for every formula ¢ and set of formulas I in G™.
The next result shows that Sp,(D;) W Sp,(D2) is a representative of the
canonical structure for the fibring of deductive systems Dy and Ds.
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Proposition 7.6 Given deductive systems D; and D, sharing the same set of
sorts and a formula ¢ of formulas in L(X; & X2), then

Sp,(D1) W Sp, (D7) Ik ¢ implies S(Dy W Dy) IF .

Proof: Assume that S5, (D1) & S5 (D) IF . Then [] 22 PV®50,(P2) g 5
set of distinguished truth values in S%Q (D) W Sgl (D3). On the other hand, by

Lemma 7.5, (¢, @) € [[go}]sgh (D@5, (P2) - Therefore ¢ is distinguished in both

SgQ (Dy) and Sgl (D3). Hence, T' Fp,up, ¢ and so ¢ is also distinguished in

SY(D1 W Dy). So ST(D; wDy) IF ¢ since [[@HSF(DWDQ) = {¢} using Lemma 6.4
of [20]. QED

In order to show preservation of weak completeness, we use the following
result proved in Theorem 6.9 of [20]: A logic system is weakly complete if it
contains a representative of the canonical structure over the empty set.

Theorem 7.7 Weak completeness is preserved by fibring of logic systems, each
containing the canonical structure over the other and the empty set.

Proof: Let £; and L2 be such that Sp,(D1) € Z; and Sp,(D2) € Zs. So
Sp,(D1) W Sp, (D) is in Z. Using Proposition 7.6, we can conclude that
Sp,(D1) W Sp, (D2) is a representative of the canonical structure generated by
Dy, WDy and (). So the fibring has a representative of that deductive system
for the empty set. Hence, invoking Theorem 6.9 of [20], we can conclude that
L1 W Loy is weakly complete. QED

We omit the proof of the next result since it follows straightforwardly by
Theorem 7.7 and Proposition 7.4.

Corollary 7.8 Weak completeness is preserved by fibring logic systems con-
taining all the interpretation structures that are sound with respect to the rules.

Corollary 7.8 basically says that in almost all cases the logic system resulting
from the fibring is at least weak complete. Similarly to Theorem 6.4, this hap-
pens since a logic system, normally, does not contain interpretation structures
that are not sound for its rules.

Example 7.9 Weak completeness for the logic system resulting from the fibring
of the logic systems for classical and intuitionistic propositional logics.

The logic system L.y; presented in Example 5.3, resulting from the fibring of
the logic system L. for classical propositional logic and of the logic system L;
for intuitionistic propositional logic, is weak complete. \Y%

Taking into account Corollary 7.8, it is straightforward to see that the fibring
of the logic systems composed by the deductive systems described in [20] and
with all the interpretation structures sound for the rules, is weak complete (the
case of the relevance logic has to be worked further due to the different notion of
derivation). So, for instance, the fibring of the logic systems for paraconsistent
and modal logic T is weak complete as well as the fibring of the logic systems
for paraconsistent and intuitionistic propositional logics, as well as the fibring
of the logic systems for equational and paraconsistent propositional logics.
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Strong completeness

Preservation of strong completeness is a harder task in finding sufficient condi-
tions for the component logics. A key concept is the notion of a truth consistent
interpretation structure.

Given an interpretation structure I = (G’,3,+) over a signature 3, a set
S C V! is truth consistent whenever S C D or SN D = (). The interpretation
structure [ is truth consistent if for every e : vy ... v, — 7 in E and S; contained
in Vv’i such that S; is truth consistent when v; is w, for ¢ = 1,...,n, then
trg/(EL(S1 ... Sy, —)) is truth consistent.

Lemma 7.10 Let I be a truth consistent interpretation structure over a sig-

nature ¥, p an assignment over I, w : s — vy ... v, a path in GT with vq,..., v,
in V and [[w]]l’p = S1...8, with S; contained in V{. for i =1,...,n. Then S;
is truth consistent when s; is 7, for all i = 1,...,n.

Proof: The proof follows by induction on the complexity of w:
w is 5. Then [w]’” = p, which satisfies the requirement.

w is pf'wi. Then [w]’” = ([wi]"*); which is truth consistent by induction
hypothesis.

w is (wiy,...,wp)wy and w; : sp — s; for i = 1,...,n and wy : s — s9. Then
[w]™* = [wiwe]™” ... [wpwe]™”. So the result follows straightforwardly by
induction hypothesis.

w is ew;. Then [w]’” is trg/(E.([wi]"*,—)). The result follows immediately,
using the induction hypothesis on [w;]"* since I is truth consistent. QED

The following notion is the deductive counterpart of the truth consistency
presented above. It resembles congruence as was adopted in previous works like
[23]. But is that work the component logic systems had to share implication
which is not the case herein.

A deductive system D is said to be componentwise congruent for I' whenever
T'kp g iff 'Fp 4 for i =1,...,n implies

Lhpc(ory ... on) ff T Ep e(tr, ... 1)

for each m-edge ¢ in X.
The following result relates componentwise congruence with truth consis-
tency over the canonical structures.

Lemma 7.11 Let Dy and Dy be deductive systems. If Dy W Dy is component-
wise congruent then 571;2 (Dy) is truth consistent.

Proof: Assume that D; WD is componentwise congruent. Let e: vy ... v, —» 7
in ¥ and S; contained in Vv’l such that S; is truth consistent when v; is ,
for i = 1,...,n. Let @1,00 € trg/(EL(S1...Sn,—)). Assume that ¢ is a
distinguished value. Let ¢;1,..., @i be such that ¢; = e o (i1 ...pm) for
i = 1,2. Observe that, for each j = 1,...,n, either ¢y}, p2; are distinguished
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values or none is. So either I' Fp,wp, ¢1; and I' Fp,wp, ¢2; or neither holds, for
7 =1,...,n. Using the fact that D; ¥ D, is componentwise congruent, either
I' Fp,wp, ¥1 and I' Fp,up, 2 or neither holds. Hence I' Fp,yp, w2 and so @2
is distinguished as well. QED

The following result establishes the preservation of truth consistency by the
fibring of canonical structures for the component logics.

Lemma 7.12 Let D; and Dy be deductive systems. If S%Z (Dy) and 511;1 (D2)
are truth consistent then so is S}, (D1) ¥ S, (Da).

Proof: Let e : v1...v, — m in F and S; contained in V;}’Z such that S;
is truth consistent when v; is m, for ¢ = 1,...,n. Let (p1,v2), (¥1,12) €
trg/(EL(S1...Sn,—)). Assume that (¢1,¢2) is a distinguished value. Then ¢,
and 9 are distinguished elements in S%Q (D;) and S%;l (D3), respectively. As-
sume, with no loss of generality, that e € Ey. So ¢1 = e o (v11...¢1n) and
Y1 = eo (P11 ...¢01,) where (¢14,092;) € S; for some do; and (1, 602;) € S; for
some dq; and f;, 1 = 1,...,n. Since S; is truth consistent then either (14, d2;)
and (115, 092;) are distinguished values in 511;2 (D)) W 511;1 (D3) or none is. So
either ¢1; and t; are distinguished values in SgQ (Dq) or none is. So either
1 and 1, are distinguished values in SZF)2 (Dy) or none is. Therefore 1 is a
distinguished element in S£2 (Dy) and so (¢1,12) is a distinguished value in
Sp,(D1) W SE (Dy). QED

The next result shows that S£2 (Dy) W S%l (Ds) is a representative of the
canonical structure for the fibring of deductive systems D; and D,, providing
that the fibring of deductive systems is componentwise congruent.

Proposition 7.13 Given deductive systems D; and Ds sharing the same set
of sorts, and a set I' U {¢} of formulas in G*, then

o Sp,(D1) W Sp, (D2) IF ¢ implies ST (D; & Dy) I+ ¢;
o Sp,(D1)wSE (Do) IFT

assuming that D; W Dy is componentwise congruent for I'.

Proof:

(1) SIF)2 (Dy) W 5’71;1 (D3) I ¢ implies S"(Dy W Dy) IF . The proof of this impli-
cation mimics the proof of Proposition 7.6 so we omit it.

(2) Sp,(D1) W SL (Do) IF I'. Let v € T. Then I' Fp,wp, 7. So 7 is a
distinguished truth value in both S}, (D1) and SL (Ds) and so (v,7) is a
distinguished truth value in SgQ (Dy) W 511;1 (Dz). By Lemma 7.5, (v,7) €
[[’y]]s%(pl)wsg’l (P2) and so all the truth values of [[7]]37%2 (PDUSH, (P2) are dis-
tinguished, since ng (D1) & Sgl (Dy) is truth consistent by Lemma 7.12 and
Lemma 7.11. Hence, 5%2 (D1) W ‘5%1 (D2) IF . QED
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We now introduce the well known notion of a maximal set of formulas. A
logic system £ has mazimals if for each consistent set I' of formulas and formula
¢ such that T' I/p ¢, there is a consistent set I extending I' such that T I/p ¢
and T U {4} bp ¢ for every ¢ ¢ T'. We call T a mazimal set for T’ and .

Theorem 7.14 A logic system with maximals containing a representative of
the canonical structure over a maximal set for each set of formulas and formula
is strong complete.

Proof: Let I" be a set of formulas and ¢ a formula. Assume that ' Fp .
Then there is a maximal set I’ for I and ¢. Let Iz € 7 be an interpretation
structure representing S' (D). Then, ST(D) IF T and S' (D) Iff ¢ and so Ir Iff ¢
and Iy I- I'. Therefore, I' 77 ¢ since I+ I ¢ and Iz IFT" and Iy € Z. QED

We are now ready to provide a sufficient condition for the preservation of
strong completeness by fibring.

Theorem 7.15 Strong completeness is preserved by fibring of logic systems
such that:

e the fibring has maximals, for each set of formulas I" and formula, enjoying
componentwise congruence for I';

e each component contains the canonical structure over the other and those
maximal sets.

Proof: Let I be a set of formulas and ¢ a formula. Then there is a maximal set
I' for I and ¢. Moreover, D; WDy is componentwise congruent for I'. Moreover,
by hypothesis, 5%2 (Dy) € 77 and Sgl (D3) € Iy. Using Proposition 7.13, we
can conclude that S}, (D1) W Sp (D2) € T is a representative of the canonical

structure ST(D; & Dy). Finally, by Theorem 7.14, we can conclude that the
fibring is complete. QED

The conditions in Theorem 7.15 are not so general as the ones we obtained
for the preservation of soundness and weak completeness. Therefore, less logic
systems can be fibred with preservation of strong completeness. Nevertheless,
preservation of strong completeness holds, among others, in the fibring of modal
logics at least as stronger as T.

The preservation of soundness and completeness ensures that the graph-
theoretic semantics developed herein is adequate with respect to the envisaged
deductive system. Moreover, it provides a criterion for checking in a semantic
way that other combination approaches are sound and complete with respect to
the widely recognized deductive system for fibring. For instance, the combina-
tion approaches described in [22, 3]. We can further outline this idea. Consider
two logics each one characterized by a class of models M’ and M", respec-
tively. Let (X',Z',D') and (X”,Z”,D") be graph-theoretic logic systems for
the same logics whose graph-theoretic fibring is sound and complete. Assume
that m’ LUm” is the model resulting from combining m’ € M’ and m” € M".
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One can ask whether the combined logic characterized by the class of models
M={m'um” :m" e M m" e M"} is sound and complete with respect to
the deductive system for fibring. The results in this paper help to provide an
answer to this question when the following conditions are satisfied:

e for every m € M there are I’ € 7' and I"” € 7" such that I’ & I” satisfies
the same formulas as m;

e for every I’ € 7' and I"” € Z” there is m € M such that m satisfies the
same formulas as I' & I”.

The first condition guarantees that the combination is sound with respect to
the deductive system for fibring. For instance, assume that Fp ¢. Let m € M
be an arbitrary model. Then, by the first condition, there are I’ € 7’ and
I"” € 7" such that I' & I” satisfies the same formulas as m. By soundness of the
graph-theoretic approach we conclude that I’ & I I- ¢ and so m satisfies ¢ as
desired.

The second condition guarantees that the combination is complete with
respect to the deductive system for fibring. For instance, assume that ¢ is valid
in M. It is enough to show that ¢ is valid in the graph-theoretic semantics
resulting from fibring. Let I’ € 7' and I” € Z”. Then, by the second condition,
there is m € M such that m and I’ & I” satisfies the same formulas. So, I' & I”
satisfies ¢ as wanted.

8 Concluding remarks

In the sequel of [20], we developed a graph-theoretic account of fibring of logic
systems. The approach is general enough to cover fibring of a large class of
logics, encompassing logics with a non-deterministic semantics as well as sub-
structural logics like relevance logic. Preservation of soundness and weak com-
pleteness were proved under very general assumptions. Preservation of strong
completeness by fibring requires a tighter context. To the best of our knowl-
edge, results on weak completeness were not proved before in previous work on
fibring.

It is also worthwhile to point out that the graph-theoretic setting provides
the means to avoid some well known collapses [7] in a very natural way, dif-
ferent from previous works on the topic [21, 3]. For instance, in the case of
the modulated fibring, the collapse was avoided by restricting instantiation in
derivation which is not the case in the graph-theoretic approach.

Several extensions of this work are worthwhile to pursue. The first step is
to analyze preservation results about cut elimination, interpolation, quantifier
elimination and decidability, among others. We hope to capitalize on the results
obtained in [5, 10, 17] for interpolation and general characterizations of logics
with cut elimination [18]. We also believe that the graph-theoretic approach
should be explored in the field of fusion of modal logics, namely to cope with
modal logics endowed with general semantics and having different valuation
sets. We also intend to investigate a graph-theoretic account of combination of
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theories with the aim of obtaining preservation of interpolation and decidability.
Some results on combining theories can be seen in [2, 13].
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