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Abstract

When combining logics while imposing the sharing of connectives, the
result is frequently inconsistent. In fact, in fibring, fusion and other forms
of combination reported in the literature, each shared connective inherits
the logical properties of each of its components. A new form of combining
logics (meet-combination) is proposed where such a connective inherits
only the common logical properties of its components. The conservative
nature of the proposed combination is shown to hold without provisos.
Preservation of soundness and completeness is also proved. Illustrations
are provided involving classical, intuitionistic and modal logics.

Keywords: combined logics, combined connectives.

1 Introduction

When combining logics one frequently wants to impose some interaction be-
tween connectives'. For instance, in the logic £ resulting from the fibring [5]
of any two given logics £1 and Lo (where one finds all the inference rules from
those two logics), if one wants the sharing of two constructors ¢; and ¢y with
the same arity, the shared constructor (cica) in L enjoys the logical properties
inherited from c; together with those inherited from co. More concretely, if one
shares a classical negation —; and an intuitionistic negation —9, the resulting
shared negation (—; —9) is classical. As expected, such a sharing may easily lead
to inconsistency. For example, if one shares conjunction Ay and disjunction Vs,
since the resulting shared connective (A;Vs) inherits the logical properties of
conjunction and those of disjunction, we can infer ¢ from ¢ for any formulas
w, Y in L:

1 Hypothesis;

2 ¢ (A1Va) ¢ Disjunction introduction;

3 ¢ Conjunction elimination.

One may wonder if it would not be better instead to endow the combined
constructor only with the common logical properties of the component con-
structors. For instance, since both conjunction and disjunction are associative

'In a general sense, including, besides the propositional connectives, also modal operators
and other language constructors.



their combination should also be associative. On the other hand, since strong
elimination holds for conjunction but not for disjunction, it should not hold for
their combination.

As we conjectured in [7], we expect in this way to be led to a different
way of combining logics, at least with respect to the behavior of the combined
constructors, hopefully avoiding inconsistency in more situations.

Following this idea, we explain herein how to meet-combine logics and es-
tablish key transference results (preservation of completeness and soundness).
We also show that, as envisaged, meet-combination is always a conservative
extension of the combined logics and, so, that it preserves consistency. The
proposed construction is illustrated with the combination of classical logic and
intuitionistic logic, and with the combination of two modal logics.

For the sake of simplicity, we assume that the logics to be combined have
a propositional nature?, are endowed with a Hilbert calculus and matrix se-
mantics, and contain verum and falsum. Such suitable logics are described in
Section 2.

The means for meet-combining (language, calculus and semantics) any two
given suitable logics are presented in Section 3. Every constructor of the result-
ing language is a pair of constructors of the same arity, one from each of the two
original logics being combined. Moreover, each constructor of each original logic
is embedded in the resulting signature by pairing (meet-combining) it with the
verum from the other original logic. In the resulting calculus one finds the rules
ported from the two given logics (via the embeddings mentioned above), rules
imposing that the meet-combined constructors inherit the common properties
of their components and only those common properties, and rules imposing the
propagation of falsum. Every matrix of the resulting logic is just the product
of a matrix from one of the original logics with a matrix of the other. In this
way, the resulting logic is an enrichment of each of the original logics (via the
relevant embedding).

In Section 4 we show the preservation of soundness and completeness, as well
as the conservative nature of the enrichments and, as an immediate corollary,
the preservation of consistency.

Examples of meet-combination are presented, analyzed and compared with
fibring in Section 5. Finally, in Section 6 we assess what was achieved and
speculate on future work.

2 Suitable logics

For the purposes of this paper, by a logic we mean a triple £ = (X, A, M)
where:

e The signature ¥ is a family {3, },en with each X, being a finite set
of n-ary language constructors. Formulas are built as usual with these
constructors and the schema variables in & = {{;, | ¥ € N}. We use L
and L(Z) for denoting the set of concrete formulas® and the set of all

2That is, with no binding operators.
3Formulas without schema variables.



formulas, respectively. If a formula contains schema variables we may
emphasize the fact by saying that it is a schema formula.

e The Hilbert calculus A is a set of finitary rules of the form
a1 ...

g

where formulas «q,...,a, are said to be the premises of the rule and
formula § is said to be its conclusion. A rule without premises is said to
be axiomatic and its conclusion is said to be an aziom. Derivations are
defined as usual for Hilbert calculi. We write

| R )

for stating that there is a derivation of formula ¢ from set I" of hypotheses.
When 0 = ¢ we say that ¢ is a theorem and write simply F .

e The matrix semantics M is a non-empty class of matrices over 3. Recall
that a matrix over ¥ is a pair M = (2(, D) where

Q[:(A,{Q:An—)A|CGZn}nEN)

is an algebra over ¥ and D C A. The elements of A are known as truth
values and those of D are the distinguished or designated ones. Denotation,
satisfaction and entailment are as expected for matrix semantics. We
write

[«] Ap

for the denotation of formula ¢ by algebra 2 for assignment p : & — A.
Furthermore, when ¢ is concrete we may write [¢]y for [¢]y, since the
denotation is independent of the assignment. Matrix M and assignment
p satisfy formula o, written

M, plk e,
if [ly , € D. Set I' of formulas entails formula ¢, written
I'E o,

if M, p - ¢ whenever M, p |- T'. When () E ¢ we say that ¢ is valid and
write simply F .

The following result which relates satisfaction with substitution is needed
in order to establish that entailment is closed for substitution.

Proposition 2.1 Let ¢ € L(E), 0 : £ — L(E) be a substitution, M € M and
p an assignment over M. Then
[]ap, = lo ()]s,

and
M, ps I ¢ if and only if M, pIF o(yp),

where po(§) = [0(§)]y, for each § € E.



We omit the proof since the first statement follows straightforwardly by induc-
tion and the latter is a direct consequence of the former.

Proposition 2.2 (Closure for substitution)
Let 'U{¢} C L(E) and 0 : = — L(Z). Then

o(T') E o(p) whenever T' F ¢.

Proof: Assume that I' £ ¢ and M,p Ik o(y) for each v € T' where M €
M and p is an assignment over M. Then M, p, IF v for each v € T' by
Proposition 2.1. Hence, by the hypothesis, M, p, IF ¢ and, so, M,p IF o(p)
by the same proposition. QED

We need to work with logics fulfilling some additional assumptions. By a
suttable logic we mean a logic such that:

(i) there is a concrete formula which is both a theorem and valid.

(ii) there is a concrete formula which is unsatisfiable (that is, no matrix
satisfies it) and from which every formula is derivable.

Assumption (i) is fulfilled by every sound logic with at least an axiom. Assump-
tion (ii) is a bit more restrictive. For instance, leaves out positive implicational
logic. From now on, in each suitable logic, we assume chosen once and for all a
formula fulfilling (i) that we call verum and denote by t. Furthermore, we also
assume chosen once and for all a formula fulfilling (ii) that we call falsum and
denote by ff.

In the context of a suitable logic, for each n > 1, we introduce by abbrevi-
ation the n-ary connective t(™) as follows:

tt(n)(goh .. 7(1071) = it

Moreover, we may write t(©) for t.

Given a suitable logic £ = (2, A, M), we assume without loss of generality
that X contains the constructors tt, ff and #(™ for each n € N, as introduced
above.

3 Meet combination of suitable logics

Given two suitable logics £1 = (X1, A1, M) and Lo = (X2, Ag, My), the ob-
jective now is to define a logic

[L1L2] = (X197, Api2)s Mpi2))

where one can also reason with and about the constructors inherited from £
and Lo as well as their combinations.



Language

The signature Y57 is composed of all possible pairs of constructors in 3; and
>9. More concretely,

Y21 = X120 tnen
with
Snon = {leiez] [ a1 € Xin, c2 € Yo}

For any constructors ¢; € ¥; and co € Xy of the same arity, [cicg] is said
to be their meet-combination. Moreover, ¢; and co are said to be the first
component and the second component of [¢jca], respectively. Since this paper
addresses only such meet-combined constructors, from now on we may refer to
them simply as combined constructors. As expected, we use Lf2) and Lpi91(Z)
for denoting the set of concrete formulas and the set of all formulas over X9y,
respectively.
We look at signature Y57 as an enrichment of 31 via the embedding

(”)'|

m e (et for each ¢1 € ¥1p.

Similarly, for >2 we use the embedding

N2 i Cy > [tgn)cﬂ for each ¢y € Yo,.

Suitability assumption (i) is needed in order to ensure that these embeddings
are logically faithful, as we shall prove in due course (at the end of Section 4).
For the sake of lightness of notation, in the context of i), from now on, we
write

¢y for [cltgn)] when ¢ € X1,
and

co for [ttgn)cﬂ when cp € Yogy,.

We refer to these constructors as the inherited constructors and refer to the
other constructors in Y1197 as the proper combined constructors.

In this vein, for k = 1,2, we look at Ly, as a subset of L9 and at Li(Z) as
a subset of Lp12)(Z).

Given a formula ¢ over Y57 and k € {1, 2}, we denote by

ek

the formula obtained from ¢ by replacing every occurrence of each combined
constructor (proper and inherited) by its k-th component.

Calculus

The calculus Apjgy should be composed of the rules inherited from A, (via
the implicit embedding 7;) and the rules inherited from Ay (via the implicit
embedding 72), plus the rules imposing that each combined connective enjoys
the common properties of its components and the rules for propagating falsum.



At first sight one might be tempted to include in A9 every rule in A; UA,.
For instance, if modus ponens (MP) is a rule in A; one would expect to find in
Aryg7 the rule

G (G21&)

&2 '
However, as we shall see in Section 5, this rule would not be sound for the
semantics of meet-combination that we have in mind. Instead, we tag such

a liberal rule (with a schema variable as conclusion), including in Apjgy the
following rule (MP,)

§1 <€1 o1 C(§37"‘7§2+n))
C(ég, o 7€2+n)

Accordingly, A1) contains the following rules:

for each n € N and ¢ € Xq,,.

e for k = 1,2, the inherited rules from Ay:

— every non-liberal rule in Ay;

— every tagging of every liberal rule r of the form

o1 ... O
3
in Ag, that is, the rule r. of the form
041|gc am’%C for each n € N and ¢ € ¥,
Be
where 8. = ¢(&11,...,&j+n) With j being the maximum of the in-

dexes of the schema variables occurring in 7;

e the lifting rule (in short LFT)

90’1 ‘P‘z
(p b

for each formula ¢ € Lp121(E);
e the co-lifting rule (in short cLFT)

R
90’1@,

for each formula ¢ € L;21(E) and k = 1,2;
e the falsum propagation rules (in short FX) of the form

ff1
ffa

ffa

and ﬁ—l



The lifting rule is motivated by the idea that [cjcy]| inherits the common
properties of ¢; and co. For instance,

(61 A1 &2) =1 (&2 A1 &) (§1 Va2 &2) =2 (§2 V2 1)
(61 [A1Va] &) [=1=2](&2 [A1V2] &1)

lifts commutativity of conjunction and disjunction to their combination.

The co-lifting rule is motivated by the idea that [cjce| should enjoy only
the common properties of ¢; and cs. In fact, this rule guarantees more. It
guarantees that [cice| enjoys only the common original properties of ¢; and
c2 because, in due course, we show that Ly9) is a conservative extension of £y
and L.

Observe that although we may write, for example, D1 for [Dlttg)], the lift-
ing and co-lifting rules also apply to such inherited constructors. For example,
we do have in the calculus of the meet-combination

a8 e
&1 01 &

as an instance of LFT, as well as

&1 016 &1 016
6218 gilPe

as instances of cLFT. Clearly, in these examples the application of LF'T and
cLFT to inherited formulas adds nothing to the calculus. However, in general, in
a formula also with proper combined constructors, these rules produce effects
and, so, when applying LFT and cLFT, the inherited constructors must be
treated as combined constructors. For instance,

—1(61 01 &) Dao(61t)e)
[—102](§1 D1 &2)

is a non-vacuous instance of LFT.

Semantics

The semantics M9) is the class of matrices over ¥y
{Ml x Moy ’ M, € Ml and My € MQ}
such that each
M1 X M2 = (Qll X QLQ,Dl X Dg)
where
9[1 X 2[2 = (Al X AQ, {[01021 : (A1 X Ag)n — A1 X AQ ‘ [clcﬂ € 2(12}n}n€N)
with
[cica]((a1,b1), ..., (an,bn)) = (ci(@1, ..., an),ca(bi, ..., by)).

We refer to M7;o7 as being the product semantics for the meet-combination
of constructors of [£1Lz2]. In the sequel, we use IF12) and Fi91 for satisfaction
and entailment in [£1Lg]. Furthermore, given M; x My € Mjp9) and an

assignment p : 2 — Ay X As over My X Mo, we denote by p; and ps the unique
assignments over M; and My, respectively, such that p(§) = (p1(£), p2(§))-



Forgetting constructors

In practice, when meet-combining two suitable logics £1 and L4 one may want to
restrict the language of the combination by dropping some constructors. More
concretely, instead of working with the full signature X9, one may want to
work with some 3 < 31157, The restricted language and calculus are obvious.
For semantics take the reduct of each matrix in M.

In the next section, the results are stated and proved for the full meet-
combination. Forgetting some non-inherited constructors does not disturb any
of the results. In Section 5 we return to this issue.

4 Main results

Assuming that we are given two suitable logics £1 = (X1,A1, M) and Lo =
(X2, Ag, Ms) we proceed to investigate which properties of those logics are
transferred to their meet-combination [£1Ls] = (X127, A1, Mpi27)-

Theorem 4.1 (Preservation of suitability)
The logic [£1L2] is suitable.

Proof: Clearly, [tt;tt2] fulfills assumption (i). Moreover, [ff1ff2] fulfills assump-
tion (ii). QED

This trivial result is nonetheless useful since it allows us to iterate the process
of meet-combining logics (required to be suitable). Towards establishing the
preservation of soundness we need several auxiliary results.

Proposition 4.2 Let ¢ € L1(2) U Ly(E), M1 € My, My € Ms and p an
assignment over M; x My. Then

(p1(€) p2(8)) if pis ¢
[eloy scats,p = ([e]a, py o [t2le,) i @isin Li(E)\ E
([t1day,» [l ) i isin Lo(E) \ E.

Proof: For each k = 1,2, the proof is carried out by a straightforward induction
on ¢ € Li(Z). QED

Proposition 4.3 Let ¢ € Lj19)(Z), M1 € My, My € M3 and p an assignment
over My x Ms. Then

[l xatnp = (1911, o )15 ([Pl ety )2 -
Proof: The proof is straightforward by induction on ¢. QED

Proposition 4.4 Let ¢ € L19)(Z), M1 € M1, M2 € M3 and p an assignment
over My x Ms. Then

My x Ma, plipgy @ iff M, p1 b1 ]y and Ma, po I-2 ¢fs.



Proof: Note that My x My, p IFpi97 @ iff H@ﬂmlx%,p in Dy x Dy iff ([[<P|1]]2t1 x%lz,p)l

in Dy, ([[‘p|2]]m1x212,p>2 in Do, by Proposition 4.3, iff [[80|1]]211,p1 in Dy, ”:<)0|2]]Ql2,p2
in Dy, by Proposition 4.2, iff My, p1 IF1 @]y and Ma, p2 IF2 @s. QED

Proposition 4.5 The lifting rule LFT is sound in [£;L2].

Proof: Assume that M; x Ma, p IFr19) |y and that My x Ma, p IFrio) ¢ls.
That is, [l1]y, vy, = [€l2la, wa,,, i D1 X D2. Hence, by Proposition 4.3,
[la, xa1, p i D1 X D2 and so My x Ma, p lpya) . QED

Proposition 4.6 The co-lifting rule cLFT is sound in [£;Ls].

Proof: Assume that My x Ma,p kg . Then [@]y, vq, , in D1 x D2 and
so, by Proposition 4.3, ([l1]y, xa, ,)1 10 D1 and ([[o]lg, xa, p)2 I Da. On the
other hand, by Proposition 4.2, ([¢l]y, xa, ,)2 in D2 and ([¢[o]y, xai, p)1 in D1
Thus, My x Ma, p ||—|'121 ¢|; and that My x M, p ”—[12" ©|g- QED

Proposition 4.7 For each k = 1,2, a sound rule in £y, is also sound in [£1Ls]
provided that its conclusion is not a schema variable.

Proof: Let r = ({a1,...,anm}, B) bearulein £1. Assume that My X Ma, p IFr19]
aj for j=1,...,m. Then [oj]g, X2z, in Dy x Dy for j =1,...,m. Hence, by
Proposition 4. 2 [[aj]] in Dy for j=1,...,mand so, by the soundness of rin
Ly, we conclude that [[Bﬁgl oDy Observe that B is not a schema variable and
so, by the same proposition, [S]y, w2ly,p 1 D1 X Da. Thus My x Ma, p IF19) 5.
The same holds when 7 in L. QED

Proposition 4.8 For each k = 1,2, if r is a sound rule in £; whose conclusion
is a schema variable, then, for each ¢ € ¥, 7. is also sound in [£1L2].

Proof: Let r = ({au,...,am}, 5) be arule in £1 where [ is a schema variable
and c is a constructor in ;. Assume that My x Ma, p IFp aj\gc for j =

1,...,m. Then [[aj|ge]] is in D1 x Do for j = 1,...,m. Hence, by

A1 x2Az,p

Proposition 4.2, [[aj|g ]]Q[ ) is in D1 for j = 1,...,m. On the other hand,
€ 1,P1

by the soundness of r in £, {a1,...,amn} F1 8. Hence, by Proposition 2.2,

{a1|gc, . ,amlgc} F1 Bc. Therefore, [Bc]y, ,, is in Di1. Observe that . is not

a schema variable and so, by Proposition 4.2, [[60]]911@[27 , i Dy x Dy. Thus
My x Ma, pIFr12) Be. The same holds when 7 in L. QED

Theorem 4.9 (Preservation of soundness)
If £1 and L9 are sound then [£Ls] is sound.

Proof: Assume that £ and L5 are sound. Then, in particular, all the rules in
L1 and in L9 whose conclusion is not a schema variable are sound in [£1L9]
by Proposition 4.7. Furthermore, r. is also sound, by Proposition 4.8, for each
rule r € £ whose conclusion is a schema variable and c¢ is a constructor in .
Moreover, the rules LFT and cLFT are sound thanks to Proposition 4.5 and
Proposition 4.6, respectively. Therefore, [£1L2] is sound taking into account
that Fpio7 is closed for substitution. QED



The task now is to show that if £ and L9 are complete then so is [£1Ls].
However, we are able to establish this result only for concrete formulas (The-
orem 4.15). Thus, it becomes handy to say that a logic is concretely complete
if it is complete with respect to concrete formulas. We start by proving the
relevant lemmas.

Proposition 4.10 Foreach k = 1,2 and T'U{¢} C Ly, if I' by o then I 97 .

Proof: We start by showing that if I' - ¢ then there is a derivation of ¢ from
I" composed by concrete formulas in Li. The proof follows by induction on a
derivation of ¢ from TI'.

(1) ¢ € I'. Straightforward since ¢ is concrete.
(2) ¢ is an instance of an axiom. Straightforward since ¢ is concrete.

(3) ¢ is an instance of ({1, ..., }, ) using substitution o. Then I' 4, o(«;)
forj=1,...,mandsoT Fj 0'(0(c;)), with a derivation with the same number
of steps, where ¢’ is such that ¢/ (&) is a concrete formula for every £. Therefore,
by the induction hypothesis, there is a derivation of ¢’(c(;)) from I' composed
by concrete formulas for j = 1,...,m. Thus, using the same rule, we conclude
that T' b, o(f8) since o/(a(B)) = o(B).

The thesis follows since a derivation composed by concrete formulas in Ly is
also a derivation in [£1Ls2]. QED

Proposition 4.11 If £; and £y are concretely complete then
if T |71|’12‘| (Y2 then T’ #[12" 2
for every ' U {p} C Ly with k =1,2.

Proof: Assume that £ = 1 and that I' /713 ¢. Then, by Proposition 4.10,
I' /1 ¢ and, since L£; is concretely complete then I' ¥ ¢. That is, there is
M; € M; such that M; Ik v for every v € T and M; 1 . Hence, My Ik ]y
for every v € I and M; Iffy ¢|;. Choose My € Ms. Then My IFy 7|, for every
v € I and Ms k2 ¢|,. Hence, by Proposition 4.4, M; x My IFr127 v for every
v €T and My x Mz 127 . Therefore, I' 7197 ¢. QED

Proposition 4.12 For every ¢ € L9, ffx Frio7 ¢

Proof: Indeed, using rule FX, ff; Fjo7 ff2. On the other hand, ff1 o ©ly
and ffa Fr19) @]y Hence, the thesis follows by the lifting rule LFT. QED

Proposition 4.13 Assume that

lf F, |7["12“ QOI then F, '7("12" (,D,

for every I"U{¢'} C Ly, for k = 1,2. Then, for every I' C L1U Lz and ¢ € Ly,

lf r |71|‘12'| (%2 then T '7/"121 .

10



Proof: Let I' =1'y UT's where I'y C L1 and I'y C Ls. We consider three cases.

(1) 'y does not have a model in £;. Assume I' (57 . Observe that I'y Fy ff;.
Hence, by completeness of £1, I'; k1 ff1 and so I'y |_f121 ff1, by Proposition 4.10.
Hence, by Proposition 4.12, I'y 127 ¢ and so I' Fri9) .

(2) 'y does not have a model in L. Similar to (1).

(3) 't and T’y have models in £; and Lz, respectively. Assume that I' i/[19) ¢.
Then, taking into account the lifting rule LFT,

cither Tl ¢ly o T'Wigy oy

Consider two cases.

(a) Assume that the main constructor in ¢ is in ¥;. Hence, I' 7112] ¢l and so
['1 Y1121 ly- Thus, by hypothesis, 'y 7197 ¢[;. Hence, there is M; such that
M; k1 v for every 71 € T'y and M Iy ¢|;. Let Ms be a model of I'y in Ls.
Then My x My H_|'12" ~ for every v € 't UT'2 and M; x M U’Z[IQ] . That is,
INARZ

(b) Assume that the main constructor in ¢ is in 3g. Similar to (a). QED

Proposition 4.14 Assume that
if I’ V1121 ¢ then I 7121 o'
for every I C L1 U Ly and ¢’ € Lpj97. Then
if I' /1197 ¢ then T' 197 ¢
for every I' U {p} C Lpg7.
Proof: Assume that I'U {¢} € L12) and I I/[127 . Then
Ll ULy Vg ¢

taking into account the co-lifting rule cLFT, where I'|, = {7|, : v € '} for
k =1,2. Since no combined constructors occur in both I'|; and I'|5, we can use
the hypothesis to conclude that

Ly ULy Frig) ¢
That is, there are My € M and M € M5 such that
M x My Fy97 7', forevery ' € T|; UT|y and My x My Ifr97 .

Hence, [v]y, xa, € D1 X Da for every o' € T'|; UT|y and [¢]y, wo, & D1 X Da.
Therefore,

(I7'Ta xa,)1 € D1 and  ([v]g, xat,)2 € Do
for every 7/ € I'|; UT|,. Let v € I". By Proposition 4.3,

[ot xas = (([Yh ]ty o)1 (Dlalog, sy )2) -
Thus, [v]g, xa, € D1 X D2 and so My x Ma IFT'. Therefore, I 7197 ¢.  QED

11



Theorem 4.15 (Preservation of concrete completeness)
If £1 and L9 are concretely complete then [£1L2] is concretely complete.

Proof: Assume that £, and Lo are concretely complete. Then, by Proposi-
tion 4.11,

if ¢ |7(|’12‘| 2 then T’ V[12‘| 2
for every T'U{¢} C Ly, for k = 1,2. Hence, for every I' C L1 ULz and ¢ € L9,

if |7(|‘12'| o) then I V[lﬂ ¥

using Proposition 4.13. Thus, thanks to Proposition 4.14,

if T |7(|’12'| %2 then I VHQ‘I 2
for every I' U {p} € Lpig7. QED

The completeness result was established only for concrete formulas since
it depends on Proposition 4.11 and, so, on Proposition 4.10. Recall that the
latter states that a concrete derivation in each L£; can be ported to [£1L2].
This result does not hold for schematic formulas because in [£1L2] we only
have the tagged versions of the liberal rules in L.

Finally, we turn our attention to the preservation of consistency. To this
end, we check first if [£1L5] is a conservative extension of £1 and L.

Theorem 4.16 (Concrete extensiveness)
For each k = 1,2 and T'U {p} C Ly,

if I' B, ¢ then T' Fig7 ¢.

Proof: Without loss of generality, let I' U {¢} C L;. Assume that I' 1 ¢. Let
My € My and My € M3 be such that My x My |97 v for each v € T'. Then,
by Proposition 4.4, M; IF; v for each v € I'. Then, by the hypothesis, M; I+
. Moreover, Ms I (™) for each n € N. Hence, by the same proposition,
My x My “_]'12‘\ ©. QED

Remark that [£1£s] is an extension of £1 and L9 only for concrete formulas.
Indeed, from My, p1 IF1 & we would not be able to infer M x Ma, p II—[m &, since
we would not know if Ms, po IFo € or not. On the other hand, the conservative
nature of the two extensions holds also for schema formulas:

Theorem 4.17 (Conservativeness)
For each k = 1,2 and T' U {p} C Li(Z),

if I' Fri97 ¢ then T' By .

Proof: Without loss of generality, let I' U{¢} C L1(Z). Assume that ' F19) ¢
and let My € Mj and p; an assignment over M; such that My, p; IF T.
Hence [[7]]21“)1 € D, for every v € I'. Let Ma € Ma. Denote by p the unique
assignment over M; x Mz such that (p)1 = p1 and (p)2(§) = [tt]y,. Then, by
Proposition 4.2, vy, «9,, € D1 % Do for every v € I'. Therefore, [¢]y, vq,, €
D; x Dy and so by the same proposition, [[90]]%/)1 € Dy. That is, My, p1 IF
and so I' Fp . QED

12



It is worthwhile to mention again that, thanks to the conservativeness result

above, cLFT guarantees that each meet-combined constructor enjoys only the
common properties of its components in the original logic. As an immediate
corollary, we obtain:

Theorem 4.18 (Preservation of consistency)
If £; and Ly are consistent then so is [£1L2].

5

Worked examples

Our objective now is to illustrate the proposed way of meet-combining suitable
logics. We also provide a counter-example concerning the unsoundness of non-
tagged liberal rules.

Meet-combination of classical and intuitionistic logics

let:

let:

Figure 1: Propositional signature.

Let CPL = (X¢, Ac, Mc) be classical propositional logic. More concretely,

e 3¢ be a clone of the signature in Figure 1 containing —¢c, Ac, etc.

e Ac contains the tautologies as axioms plus modus ponens:

&1 (§1Dcé)
&

e Mc is composed of the matrices induced by valuations. Recall that each
valuation v : {qck : k € N} — {0, 1} induces a matrix M, with A, = {0,1}
satisfying precisely the same formulas for each assignment.

(MPc).

Let IPL = (%, Ay, M) be intuitionistic propositional logic. More concretely,

e 3 be a clone of the signature in Figure 1 containing —, A, etc.

e A contains the usual axioms of intuitionistic logic (see, for instance, [9])
plus modus ponens:

& (&1D016)

5 (MP)).
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e M, is composed of the matrices induced by Heyting algebras. Recall that
each Heyting algebra $) together with its T as the unique distinguished
value induces a matrix Mg satisfying precisely the same formulas for each
assignment.

Thanks to the results in Section 4, the meet-combination
CIPL = [CPLIPL] = (3¢, Aci, Mq))

of these two logics is sound and (concretely) complete. Furthermore, it is a
conservative (concretely) extension of each of them and, so, consistent. We now
proceed to study this meet-combination (that we may call classical-intuitionistic
propositional logic) in more detail.

Observe that in ¢ we find three negations:

¢ = [=ctf)]
o= ﬁi(cl) all
-a = [7cl].

The same goes for the other connectives.
Given the conservative nature of the embeddings

nc: CPL— L
m:IPL — L,

—c behaves as in CPL within 7c(CPL) and — behaves as in IPL within n(IPL).
For instance, we do have

Fai (gc1 Ve (mcqcr))

since middle excluded is inherited as it is (as an axiom). However,

Far (an Vi (m1ain))

since

7 (an Vi (m1an))-

It should be stressed that —¢ only behaves classically within nc(CPL). Be-
yond that, things get more complicated since we can not invoke the conservative
nature of the embedding. For example, we still get

() (gc1 Vi (—cqcr))

as a theorem in the meet-combination, but

(1) ((=c(=can)) Dran)

14



is not a theorem since it is not valid. Indeed, the following derivation establishes
the unexpected hybrid middle excluded ()

L (qa ﬁ(g) (—cqc1)) AXc

2 AX,

3 (w0t VitV w)  AX

4 (v (@ 1) MP, 2,3

5 (gc1 Vi(=cqcr)) LFT 1,4
while the following matrix does not satisfy ():
M = M1 X M2

where M7 is any matrix of CPL and My is a matrix of IPL induced by any
Heyting algebra in which the denotation of ¢; is not distinguished.

Concerning —¢j, one would expect it to behave intuitionistically since it
inherits only the properties common to —¢ and —. In order to illustrate this
fact in a very simple case, observe that

Fa (ma(=a @) Da

does not hold in general. Just consider an arbitrary ¢ € n(Lj). Then, by cLFT
we would obtain

Fa (mi(-1e)) Dre

and, so, by the conservative nature of 7, we would establish

F (i) D

On the other hand, for instance, we do have

Far ¢ Da (ma(=a »))

in general, since it is a common property of the two original negations.

The crucial difference between meet-combination and fibring [5] is clearly
illustrated by this connective D¢ (the meet-combination of classical and intu-
itionistic implications). Here it is intuitionistic while, in fibring, sharing these
two implications leads to the classical implication [6].

As expected, Peirce’s Law holds within nc(CPL) for D¢, but not in general
within CIPL for D¢, since it is not a common property of D¢ and D). If Peirce’s
Law were to hold for D¢y, then by cLFT it would hold for D within CIPL and,
so, it would also hold for D within IPL.

In Y¢| one finds also other, at first sight less useful, meet-combined con-
structors, e.g. the meet-combination [AcV,] of the classical conjunction with
the intuitionistic disjunction. One may wish to drop them and can do so. But
they can be useful for studying the common properties of their components. For
instance, [AcV| inherits only the common properties of classical conjunction
and intuitionistic disjunction. For results on such meet-combinations but only
within the setting of classical logic see [7].

Before concluding this preliminary study of classical-intuitionistic proposi-
tional logic, observe that the non-tagged versions of both modus ponens rules
are not sound in CIPL. Indeed,

15



(i) &1, (&1 Dc &2) Fa o

(i) &1, (&1 D1 &) Fa &
For (i) consider an arbitrary matrix M = M; x My € Mc and p such that:

e p(&1) € Dy x Do

o p1(&2) € D1 and pa(&2) € Ds.

Clearly, Mp lkc) & and Mp k¢ (&1 Dc &2), but Mp ¢ &2. A counter-example
for (ii) is easily built in a similar way.

Meet-combination of modal logics

A

V

D) —
71'7'('/—\71'@[]

qk,k‘EN

Figure 2: Modal propositional signature.

Let M4PL = (X4, Ag, My) be modal 4 propositional logic. More concretely,
let:

e Y, be a clone of the signature in Figure 2 containing [y, —4, A4, etc.

e A, contains the tautological formulas over ¥4 as axioms, the normality
axiom

((Oa(81 24 82)) Da (La&1) D4 (Ha&2)))  (NORM,)
and the transitivity axiom

(M4 &1) D4 (Ua(Ca 1)) (AX4),

plus modus ponens

& (6104 8)

& (MP)
and necessitation ¢
1
NEC,).
(Ua&1) (NECa)

e M, is composed of the matrices induced by transitive Kripke structures.
Recall that, in general, each Kripke structure K = (W, R,V) induces
a modal algebra 2y which in turn together with set W as the unique
distinguished value induces a matrix My satisfying precisely the same
formulas for each assignment.
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Let MTPL = (31, A1, M) be modal T propositional logic. More concretely,
let:

e 31 be a clone of the signature in Figure 2 containing U1, =1, AT, etc.

e AT contains the tautological formulas over Y1 as axioms, the normality
axiom

(Or(6107&)) o7 (Or &) o7 (O1&2))) (NORMy)

and the reflexivity axiom

(Br&)or&h)  (AXy),
plus modus ponens

&1 (61 O71 &)

5 (MP)

and necessitation

&1
(Ot &)

e M is composed of the matrices induced by reflexive Kripke structures.

(NECT).

The results in Section 4 guarantee that the meet-combination
MATL = [M4APLMTPL]| = (X471, Agt, MyT)

of these two logics is sound and (concretely) complete. Furthermore, it is a
conservative (concretely) extension of each of them and, so, consistent. We
now proceed to study this meet-combination (that we may call [4T]|-modal
propositional logic) in more detail.

Observe that in this modal logic we have three modal boxes:

Of = [Catd)]
Or = [t Or]
Oer = [aOr].

The same goes for the propositional connectives.
As expected, since

Fat (Ha(€1 D4 &2)) D4 ((Ha &) Da (Haé2)))
Far ((O7(& D7 &2)) D7 (O7 &) D71 (B7 &2))),

using the lifting rule we obtain

Fat (041 (& D4t &2)) Dat ((Hat &1) Dot (Hat £2))).
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Actually, in the same way we also obtain, for example,

Fat (Ha1 (&1 D4 &2)) Da ((Hat&1) Da (Hat &2)))-

Furthermore, also by lifting, we have:

& Fat (Oat &).

On the other hand, contrarily to what would happen in a fibring sharing
the two modal boxes (resulting in a S4 box), [yt does not fulfill the transitivity
and the reflexivity axioms (with respect to D47). Instead it fulfills only what
is common to both axioms:

Fat (((Ha1 &1) Dot (a1 (Oa71&1))) VaT ((Hat 1) Dat &1))-

Semantically, the modal box Uy is established by the class of Kripke struc-
tures with accessibility relation locally (that is, at each world) reflexive or tran-
sitive. This class includes the reflexive structures and the transitive structures,
among others that are only locally reflexive or transitive. But it does not con-
tain all the Kripke structures.

Clearly, there are more common features to [y and [t than those of the ba-
sic Uk. For instance, the latter does not fulfill the disjunction of the transitivity
and the reflexivity axioms.

Within the setting of M4ATL we may also investigate the properties of seem-
ingly less interesting mixed constructors like [—4 O]. For instance,

Fat (([a O l([72 011 61) Dat &)

but we refrain to delve into these issues. Indeed, for the purpose of combining
modal logics one probably would drop such mixed constructors.

6 Outlook

While investigating different ways of combining logics and the reasons why
they lead frequently to inconsistency, we came up with the idea of endowing
each combined constructor with only the logical properties that are common
to their components. To this end, we defined a new way of combining logics
(meet-combination) where each constructor of the resulting language is a pair of
constructors (of the same arity), one from each of the two original logics being
combined. Each of the given logics is embedded in the resulting logic by pairing
(meet-combining) it with the verum (of the same arity) from the other logic. In
the resulting calculus one finds the rules corresponding to the original inference
rules (via the embeddings mentioned above), rules imposing that the meet-
combined constructors inherit the common properties of their components and
only those common properties, and rules imposing the propagation of falsum.
Each matrix of the resulting logic is just the product of a matrix from one of
the original logics with a matrix of the other. In this way, the resulting logic
is an enrichment of each of the two given logics (via the relevant embedding).
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The conservative and consistency preserving nature of the embeddings followed
easily. We were also able to prove that soundness and (concrete) completeness
are preserved by meet-combination.

Although we started with the axiomatization of the meet-combination (im-
posing on the combined constructors the common properties of their compo-
nents) and only afterwards looked for an appropriate semantics, this turned out
to be the product of the two given matrix semantics. Therefore, unexpectedly,
we managed to obtain an axiomatization for the product of two matrix logics?.

For assessing what was achieved we looked with some detail into the meet-
combination of classical and intuitionistic logics and the meet-combination of
two modal logics, comparing in both cases the result with fibring. The fully
conservative nature of meet-combination seems to be the key advantage of this
new way of combining logics over other combination mechanisms previously
reported in the literature, namely fibring.

It should be stressed that the conservativeness desideratum was achieved
without loosing all the intuitions behind fibring. Each inherited connective
(like [Oa tgrl ) 1) still behaves as expected since it inherits the laws imposed on
[, within the original logic whence it comes. The main difference between
fibring and meet-combining logics concerns the non-inherited constructors (like
[04O7]). In fibring the sharing of (s and Ot inherits the laws imposed on (4
and the laws imposed on [t (becoming the S4 box), while the meet-combination
of these two modal boxes only inherits their common laws (becoming the newly
discovered [4T]-box).

Meet-combination relies on the notion of meet-combined constructor, first
proposed by us in [7] for studying the common properties of different connec-
tives, say conjunction and disjunction. Otherwise, to our knowledge, not much
work has been done on combining connectives (and other language construc-
tors) outside the field of combined logics. A related idea should be mentioned
nevertheless. In [2] a new connective is proposed which is defined only for the
pairs of truth values where conjunction and disjunction agree.

The investigation of meet-combination should go on in several directions.
First, a deeper study is necessary of interesting and relevant (from the point
of view of applications) meet-combinations of logics. Second, so far we defined
meet-combination only in the case of logics in the adopted universe (language of
propositional nature, Hilbert calculus and matrix semantics). In order to widen
the applicability of meet-combination, the work should be carried over to other
kinds of semantics, such as non-deterministic matrices [1], possible-translations
semantics [4], abstract valuations [3], and graph-theoretic interpretations [8],
as well as to other kinds of deduction systems, such as sequent calculi. Fur-
thermore, at some point the attempt should be made to leave the realm of
propositional-based logics and address logics with variables and binding oper-
ators. Third, the investigation on transference properties of meet-combination
should continue, namely concerning preservation of decidability. Fourth, the
conservative nature of meet-combination may help in studying what happens
when one wants to put together say a pure logic of negation with a pure logic

4As kindly pointed out by one of the reviewers.
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of disjunction without collateral effects.
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