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Abstract. In this paper we present a new labelled sequent calculus for
modal logic. The proof method works with a more “liberal” modal lan-
guage which allows inferential steps where different formulas refer to
different labels without moving to a particular world and there comput-
ing if the consequence holds. World-paths can be composed, decomposed
and manipulated through unification algorithms and formulas in different
worlds can be compared even if they are sub-formulas which do not de-
pend directly on the main connective. Accordingly, such a sequent system
can provide a general definition of modal consequence relation. Finally,
we briefly sketch a proof of the soundness and completeness results.

1 Introduction

Gabbay [12] proposes a new methodology called Labelled Deductive Systems
(LDS) to deal, uniformly, with logical systems. This approach, where formulas
are indexed with labels to bring meta-level features in the object language, is
very flexible: it enables us to work not only on the logical part, but also on the
labels (using an appropriate algebra), and both.

Gentzen systems are often used to define calculi as well as consequence rela-
tions. Nevertheless, such systems do not work so well when intensional operators
are involved. In order to generalise them to modal logic, the most direct course
is to try and devise rules for O of the same kind as those governing the classical
operators; in other words to force the classical pattern on the modal operator.
Moreover, there is no single interpretation of modality: each of them requires its
own consequence relation. This leads to the fact that modal sequents are far to
be uniform (see [15] for an overview of such systems). Labelled sequents seem to
offer an higher degree of uniformity, at least for classes of logics. Unfortunately
almost all recent works proposing labels in sequent systems suffer from the same
illness: they use labels properties (semantics) to reduce modal consequence to
classical one. So they fail to provide a general system for defining real notions
of modal deducibility.

In the spirit of LDS we present a general framework for modal sequent cal-
culi (ZL#.7) suitable for providing a notion of modal consequence. Basically, it
enjoys the following features:
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— There is only a rule for modality, and the rules for the boolean connectives
are generalized to the modal case.

— All the modal inferences are kept in the labels, no external constraints of
modal axioms are needed.

We use KEM label language (see [1, 16]) that simulates accessibility relation, and
an algorithm to determine the conditions under which two labels can be com-
pared. If so, we can apply inference rules on the related formulas. We have two
kinds of atomic labels constants — wq,ws,... — and variables — W1, W, ...
— that might be combined into path labels. Roughly a constant corresponds to
<& and a variable to O. A path is a label with the following form (4,4"), where
1 is an atomic label and 4’ is either a path or a constant, in the same way an
atomic label corresponds to a single modality a path corresponds to a string
of modalities. It is worth noting that labels may be split so that the parts can
be considered separately. Another interesting feature of the present approach
is that boolean and modal combinations of labelled formulas are permitted; so,
if A, B are well formed formulas, and i, j, k are labels, then A : 7, B : j and
(A:i— B:j):k are expressions of our language. This fact forces us to recon-
sider the classical rules for propositional connectives. For example we have the
following instance of modal modus tollens: (A:i — B : j): k and ~0B : [ imply
—A : m, under the appropriate conditions on the labels. In particular [ and k
should be comparable and j corresponds to 0.1

2 Labelled Modal Language

As we have already alluded to, we allow boolean and modal combination of
labelled formulas, so we first introduce the appropriate label formalism and then
we extend the language of modal logic to the labelled case.

2.1 Label Formalism

KEM has two basic kinds of atomic labels: variables and constants. The label
scheme arises from such a basic alphabet, so that a “world” label is either a
world-symbol or a “structured” sequence of world-symbols that we call a “world-
path”. Constant and variable world-symbols denote worlds and sets of worlds
respectively (in a Kripke model), while a world-path conveys information about
access between the worlds in it. KEM labels are built in a modular way and
so they can be easily composed and decomposed. Furthermore, we shall use
auxiliary “dummy” labels, that allow world-paths to be split into proper sub-
paths.

Definition 1. Let &4 = {wo,wy),...} be a not empty set of auziliary or actual
world symbols; let Do = {wy,wa,...} be a not empty set of constant world
symbols (or simply constants); let &y = {W1,Wa,...} be a not empty set of

1 See section 4.2 for the actual definition of the modal modus tollens.



variable world symbols (or simply variables). The set S of label is then defined
as follows

S = U S where S
1<i
S = Da;
Snt1 = (PcUDy) X Sy, (n>1).

According to the above definition a label is either (i) an element of the set @4,
or (ii) a path term (k’, k) where (iia) k' € & UPy and (iib) k € ¢ or k = (¢/,1)
where (¢/,4) is a label. From now on we shall use i, j, k,... to denote arbitrary
labels.

For any label i = (k',k) we shall call ¥’ the head of i, k the body of i,
and denote them by h(i) and b(i) respectively. Notice that these notions are
recursive (they correspond to projection functions): if b(i) denotes the body of
i, then b(b(i)) will denote the body of b(i), b(b(b(7))) will denote the body of
b(b(i)); and so on. We call each of b(i), b(b(i)), etc., a segment of i. Let s(%)
denote any segment of i (obviously, by definition every segment s(i) of a label
i is a label); then h(s(i)) will denote the head of s(7). We shall call a label i
restricted if h(i) € @, otherwise unrestricted.

For any label 4, we define the length of i, £(7), as the number of world-symbols
in i, ie., £(i) =n <1 € Fy. s"(i) will denote the segment of i of length n, i.e.,
s™(i) = s(i) such that £(s(i)) = n. We shall use h"™(i) as an abbreviation for
h(s™(%)).

For any label 7, £(i) > n, we define the countersegment-n of i, as follows:

¢ (i) = (i) x (- x (¥ (i) x (- x (B"*1(0), 1)) (n < £(2))

where j is an auxiliary label. In other words the countersegment-n of a label 4
is the label obtained from ¢ by replacing s™(¢) with an auxiliary world symbol.

There is a strict relationship between labels and possible world semantics.
The intuitive reading of a constant is a possible world in a Kripke models, while a
variable denotes a set of worlds. A path label moreover encodes the information
about the accessibility relation. Indeed a label such as (W7, (wy,wq)) represents
the set of worlds accessible from the world denoted by w;, which itself is acces-
sible from the actual world wy. An auxiliary world symbol stands for an actual
world.

In general a label corresponds to the model generated from a formula with
respect to the actual world: the actual world of the label. However, sometimes,
we want to change our point of view, so we move our actual world inside a path,
and to consider the truncated model. This effect is achieved by the notions of
segment and countersegment. We split a label into two parts: the segment is
the path which leads us to the current actual world from the previous one; the
countersegment then is the truncated model.



2.2 Labelled Well-formed Formulas

The standard modal language L is extended by attaching to each well-formed
formula of L (wff) a KEM label. So, the notion of label formula is defined as
follows:

Definition 2. — if A is a wff and i is a label, then A : i is a labelled formula
(lwff for short);
— if A:iis a lwff and j is a label, then A :i:j is a lwff;
—if A: i and B : j are lwff’s, # is a binary connective, and k is a label, then
(A:i#B:j): k is a luff.
— if A:iis a lwff and j is a label, then O(A :4) : j, O(A:4) 1 j and ~(A: Q) : j
are lwff’s.

Formulas without labels will be considered labelled with the auxiliary label wp;
so A will be regarded as A : wy.

According to Smullyan-Fitting [11] unifying notation that classifies formulas
we shall say that

Definition 3. Two wffs A, and B of type v and w are complementary iff Ay
and By are complementary.

In the previous section we have seen that the labels can be decomposed. Here
we show how labels can be composed. Given a Iwff A : i : j we can compose i
and j in a label k which satisfies the following conditions:

i = O (k) j = "D (k) (1)

2.3 From Labels to Modalities

In this section we shall examine the relationships between labels and modalities.

Our rules are designed in such a way that each modal step depends on the
properties of the labels involved, which are defined to simulate the syntactical
structure of modal formulas.

Why should we use then labels instead of modalities? The algebra of labels is
extremely flexible and allows easy manipulations of them. However, sometimes,
it may be useful to deal also with modalities mixed with labels, at least we want
to translate the final steps of proofs in a plain modal language. Another example
where we use mixed expressions is the generalization of classical principles such
as modus ponens, modus tollens to the modal case, where a part of the inference
pattern is expressed in label notation and the other uses modalities. To this end
we need a function which translates labels into modalities.

We shall use m,n,p,q,... for strings of positive modalities; let 9 be the
set of positive modalities, by definition of modality the empty string of positive
modalities is a modality, we use f to denote it.



Definition 4. Let ¢* be a map from S to I thus defined:

ﬁ 1 E le
T (i) = < Og(b(i)) £(i) > 1 and h(i) € Py (2)
Op(b(i)) £(i) > 1 and h(i) € ®¢

Let ¢~ be a map from & to M thus defined:

ﬁ 1€
6= (1) = { 0o(b(i)) €(i) > 1 and h(i) € By 3)
O6(b(i)) (i) > 1 and h(i) € &

3 Unifications

The key feature of our approach is that in the course of proof labels are manipu-
lated in a way closely related to the semantics of modal operators and “matched”
using a specialized unification algorithm. That two labels ¢ and k are unifiable
means, intuitively, that the sets of worlds they “denote” have a non-null inter-
section. The basic element of the unification is the substitution function which
maps each variable in label to a label, and each constant to itself. Formally

0: Py — PpUPU Py

1o us,

Applying the substitution recursively in a label we obtain the substitution of a

label ' .
d“:{aw o) =1

(a(h(i)),o(b(i))) otherwise (4)

For two labels 7 and j, and a substitution o, if ¢ is a unifier of ¢ and j then
we shall say that 4,j are o-unifiable. We shall use (i, j)o to denote both that i
and j are o-unifiable and the result of their unification. In particular

Vi, j,k € 3, (4,5)o = k iff 3o such that both o(i) =o(j) and o(i) =k  (5)

On this basis we may define several specialised, logic-dependent notions of o-
unification characterizing various modal logics. First of all, we have to define
unifications (axiom unifications) corresponding to modal axioms. Then in the
same way a modal logic is obtained by combining several axioms we define,
using axiom unifications, combined unifications, that, when applied recursively,
produce logic unifications.

The general form of an axiom unification o

(i,j)o* <= (fali),ga(j))o and C*

A ds:

where f4 and g4 are given logic-dependent functions from labels to labels and
C4 is a set of constraints.



A combined unification o14» is generally defined as the combination of

the axiom unifications for the axioms characterizing the logic

(i,j)otr  Ch

(1. = 3 ;
(i, j)otn CA

A

Applying recursively the above o1 4» unification we obtain the logic unifica-

tion oy,.
» (i, ot dn
Z? o = . .
&) {<c”<z>,cm<g>>aAl~--An
where wg = (s™(4),s™(j))oL.

We have presented elsewhere unifications for a wide class of modal logics (see
[16,1,13]). By way of example, here we show how to build the logic unification
for S4. First of all, we have to define the axiom unification for 4 that mimics
transitivity:

AD(k) (k) > (i), h(i) € Py and

wo = (i, 5"V (k))o

AR(@)  €(i) > k), h(k) € Dy and
wo = (s*® (i), k)o

(i, k)o = (@)

Take for example the labels i = (W3, (w2, w1)) and k = (ws, (wy, (w3, (Wa,w1)))).
Here s (k) = (ws, (Wo,w1)). Then i and k o-unify to (ws, (wy, (w3, (wa,w1))))
since (i,s(k))o = ((Ws, (wa,w1)), (w3, (Wa,w;)))o. This intuitively means
that all the worlds accessible from a sub-path s()(k) of k are accessible from
any path i which leads to the same world(s) denoted by /@ (k).

Well, given the following combined unification:

(i, k)oP  £(i) = £(k)
(i, k)oPT* = < (i, k)oT  £(i) < £(k), h(i) € Dc (aPT)
(i,k)o*  0(i) < €(k),h(i) € Py
such that
(i,k)oP = (i, k)o (oP)
(s'®) (i), kYo £(i) > £(k), and
PR B e CNUONT O e QORI
(i,s“D(k))o  £(k) > £(i), and
Vn = (i), (h(i), h" (k))o = (h(i), h(k))o

the logic unification for S4 is recursively defined as follows:

(c™(i),c™(k))a P

(i,k)aS4 = {( JoDT4 (0s4)

?,



As usual the meaning of an unification is that the denotations of the terms
have non-null intersection. However, in some cases, the information encoded in
the labels is not enough to determine whether two labels unify, and we need
information from other labels. For example let us assume a non serial modal
logic and the labels i = (W7, wq), j = (Wa, wy), and k = (wy,wp). According to
the meaning of the labels, both ¢ and j denote the set of world accessible from
the actual world wy, while k denotes a world accessible from it. Since our logic
is not serial the set of world accessible from wg may be empty; however, this is
not the case since the non-emptiness of such a set is granted by k. This is the
reason for the next unification.?

Definition 5. Let £ be a set of labels. Then (i, )0 iff

1. (i,j)or or

2. dk € L, ElnmeNsuchthat

— (s™(i), K)ot = (s™(j), k)of and

— (c"(i),c ())Jf where wo = (s" (1), k)of

Traditionally formulas in sequents are evaluated as true if they occur in the
antecedent, otherwise as false. When we move formulas from one side to the
other we have to change their signs, but their contents are left unchanged. Since
we use labelled formulas we have to move formulas as well as their labels. In
section 2.3 we defined two translation functions from labels to modalities: each
one is the opposite (dual) of the other. As we shall see, the first translation
function is applied to labels occurring in the antecedent and the latter for labels
in the consequent. So when a label moves from the antecedent to the consequent
(or the other way around) it changes its sign; where the sign of a label is defined
as follows:

Definition 6. For any label i the specular image of i, denoted by 7 is defined
as follows:
i 1€Dy
1=41 1€ P U Dy
(h(i),b(i)) otherwise

Furthermore the specular image of a label i satisfies the following properties:

1. fz is a label so is v, similarly for i € ®c and i € Py ;
2. 1=

2 It is not the aim of this paper to give a computational characterization of label
unifications. However, we believe that KEM label unification provides a good starting
point. In fact it is not hard to show that the basic unification always terminates and
is decidable in linear time, and so are the logic unifications for some of the standard
modal logics. On the other hand, we argue that any other (string/label) unification
would be suitable for the present approach if (1) it corresponds to the intended
semantics, and (2) it modular in the sense that it is possible to split labels in several
parts and compute independently their unifications.



3. ¢"(1) = ¢ (i),
¢~ (1) = o7 (i);

We further assume that a constant and its specular image unify, and the result
of their unification is the specular image if the result occurs in the consequent
of a sequent, otherwise it is the label itself.

For specular images we can prove

Lemma 1. 1. Foralli,j €S, (v,5)or = (4,7)oL;
2. foralli,j €S, (i,5)0f iff (1,5)0%.

Proof. By case inspection.

4 Modal Sequents

A drawback of standard modal sequents is that they define consequence rela-
tions for set of modal formulas, but they do not provide a true notion of modal
consequence. Moreover such a consequence is defined for an (the) actual world.
Labels give a first partial relief to this problem insofar as they define a modal
consequence with respect to an (the) actual world. However this solution is not
general enough. Semantically we can jump from a world to another and set the
latter as the current actual world, establish a modal consequence relation with
respect to the world, using it to draw inferences, and then we can carry the
information thus obtained to another world or back to the original actual world.
Composing and decomposing labels corresponds to this mechanism, and KEM
labels are very well-suited to this task (see [13,14]). However, this is just the
first step in order to define a general modal consequence relation: what we need
is to introduce connectives/operators wherever in the formula, not only as main
ones. In the next section we show how to achieve this result.

4.1 Inference Rules

The heart of Z.4.7 is constituted by the following sequent rules which are
designed to work both as inference rules (to make deductions from both the
declarative and the labelled part of wff formulas), and as ways of manipulating
labels during proofs.

Azxiom
AFA
Negation

F,A:il—Al_ I'EA:i,A
I'r-A:5,A I-A:iFA



Conjunction

IA:i,B:jF A
I'(A:c(i)ANB:c(j)):s"(i) F A

AE

where s™(4) is a segment shared by ¢ and j.

I'FA:,A I'"'-B:jA
DIV (A:cn(i) AB:em(h)): (s(i), s™(4))ok, A, A

FA

Cut
I'FA:,A I"'B:jr A
rreAaa
if (s"(i),s™(j))o% and ¢~ (c"(i))A = ¢ (c™(j))B. Moreover all the constants
occurring in ¢"(i) and ¢™(j) do not occur in I, I, A} A’.

Contraction
I'A:i,B:j+F A I'+-A:i,B:j,A
NA:ik A I'EA:i,A

if £(7) > €(j) and 3In such that ¢(c"(:))A = ¢(c"(j))B and s™(i) = s"(j).

Weakening

I'A:i,A NA:iE A
I'A:i,B:j A INA:i,B:jF A

Given a set of Iwff I" we shall use I'* to denote the set of labels occurring in I

Modal rule

F,Alljl,...,Aann}_BZjo,A

RM
VAL i g1 iy, Ap i dn tin B B gt kg, A

if

1. jO : kO = (ﬁa(j)afa 0 Sp,q S n; or
2. VP, G((D, jo : ko)o£, (d, jo : ko)of)ot

WhereL:UISpSnjp:ipU]wUAE and p = j, : 4p Or p = jo : Ko.

The first condition allows us to introduce two unifiable labels in the antecedent
and their unification in the consequent, while the second permits the introduc-
tion in the consequent of a label that unify uniformly with the relevant labels
introduced in the antecedent. Thus, according to the basic unifications the fol-
lowing rules are respectively instances of RM with the first condition

A:wy,B:wyH ANB :wy
A (W27 (w17w0))7B : (U)Q, (Wl,wo)) FAAB: (w27 (wl,wo))




and with the second condition

A:wy,B:wgk ANB :wg
A (Wa, (w1, wp)), B : (wg, (Wi,wo)) F AN B : (Wy, (W3, w))

Notice that in both rules the labels unify according to the basic unification
defined in (5).

4.2 Derived Rules

Introduction of disjunction and implication The rules

IN'A:iF A F’,B:jl—A’}_

rr',(A:c(i)vB:d(j)): (s”(z),s’"(g))af A, A v

I'-A:i,B:j A

Tr AV B:() (A" "

where s"(i) is a segment shared by ¢ and j; and

I'A:i-B:j, A

'_
TF(A:c"() = B:c"(j):s"(j), A
where s™(j) is a segment shared by ¢ and j
I'FA:i,A I"'B:jrF A

= . — . —k
I (A:en(1) = B:c™(j)) : (s™(2),s™(j))ok A, A
are derived rules. Here we prove only V I, the others are proofs are similar.
I''A:iF A I'"'B:jrF A
Tr-A:A "~ I'F-B:.A
LI (A @) A=B:c™(7) : (s"(2),s™(7))ok, A, A
LI =(=A:c"(3) A=B:c™()) : (s7(2),s™())ok = A, A
7 . : . N — RM and cut
L7 (A () v B () s (s"(1), s (7))oE - A, A

-

FA

Another bunch of derived rules is the set of the “semantic” version of the a-rules.
For example the following rule

IN'A:i,B:jF A

TG AB () (), s (o F A7

can be derived by using cut and modal rule. Similarly for the other a-rules, i.e.,
|——>U§ and F Voc.



Modus Ponens The modus ponens
FA—-B FA
+ B

is just an instance of the generalized modal version
INb(A:i—B:j): kA I'=cC: 1,4
LI B:j:c(k): (s"(k),s™(1)ok, A, A
where ¢t (i : ¢™(k))A = ¢ (c™(1))C e (s"(k), s™(1))ok
On the contrary modus tollens can be derived without limitation only in its

propositional version, whereas modal version requires some complex conditions.
This is due to the directionality of modalities and negation.

Modus tollens
FA:i—=B:j):k, FC:1

F-Acick
if 3k € 3,3m,p € N such that (k,k)of = & and (s™(j : k),s”(l))of, where
¢t (c™(j : k))B, and ¢*(¢P(1))C are complementary.

Introduction of modalities The rules for introducing modalities
INA:ik A o I'A:i,A
ot (cn(i))A:s*(i) F A 't ¢ (cn(i)A: s™(i), A

F¢

where the constants occurring in ¢ (c" (7)) and ¢~ (c"(4)) do not occur elsewhere,
are derived rules.

(D¢~ (c"(D))A F ¢~ (c(i))A
(2)¢~ (c"(i)A:jF ¢ (c"(i)A:s"() (B)FA:i, A
(A ¢~ (c"(i))A: s"(i), A

The relevant step is step 2, which has obtained from 1 by an application of the
modal rule. Notice that we introduce on the antecedent a label j that unifies
with s™(). At this point we can apply the cut rule to obtain the desired result.

Elimination of modalities The rules for eliminating the modalities
I'FmA:i, A I'mA:i- A
I'mA:j):k:i,A (InA:j):k:iF A

where mA = ¢(k)n¢(j)A and the constants occurring in j and & do not occur
elsewhere, are derived rules;

%ModalRule
A:j*FA:j I ducti ;
—nA:j*l—nA:j ntroduction of n

(nA:j*):k*l—(nA:j):kMO;?IdR?l;LI
FbmA:i (mA:j) k" i b (nA:j) kg oo e

I'tMmA:j):k:i

cut



It is worth noting that these rules allow a general treatment of modalities. In
particular, given a formula such as GOCA : i in the consequent of a sequent,
we are able to translate each modality even if it is not the main (most external)
operator of the formula. Suppose we want to translate just 0. In this case the
elimination of this operator produces the following results

O((CA) : (wa,wyp)) : @

Necessitation The necessitation rule

FA
FOA

is also a derived rule. In fact it can be derived as follows:
FA:q
FA:i: (w,w)
FO(A: )

Modal Rule
O

Notice that we have applied the modal rule only with respect to the most exter-

nal label (wy,wp), for which ((w1,wy), (w1, wp))of = (w1, wp) holds; namely it

satisfies the first condition for the applicability of the modal rule. We show now

that the application of the modal rule only with respect to the most external
label is safe.

HFA:id

Fo (1)A

o~ (1)A: (wi,wo)

FOgp (1)A

FO(A:9)

F (i)

Modal Rule

FO
Elimination of ¢~ (7)

5 Examples

In the previous section we have shown how Z.#.% works by proving some derived
rules. In addition, here we provide a couple of proofs which use the unification
for 5S4 presented in section 3.

A A
A (wy, (Wi,wo)) = A (Wa, (we, (wi, (Wi, wo)))) lli/[;dal Rule
A (wr, (Wi, wp)) FOCA : (wy, (Wh,wyp)) .

[ (A — \:|<>A) : (’w1, (thO))
- OD(A — O0A)

Fo

We apply the Modal Rule to the axiom A F A introducing the labels i =
(w1, (Wi, wp)) and j = (Wa, (wa, (w1, (W1,wp)))). The labels i and j o4,-unify
in so far as c2(i) = (w1, w}) and c*(j) = (Wa,w}) oP, once w)) has been identified
with the o4,-unification of s%(i) = (W1, wp) and s*(j) = (wa, (w1, (W1, wp))); it



is immediate to see that s2(i) and s*(j) o5,-unify, since they o*- and therefore

o PT4 unify.

We translate part of the label of the formula occurring on the right in a
modality as follows: ¢~ ((Wa, (ws, w())A) = OCA.

At this point we introduce — on the right using ¢ as the common shared
label. To finish the proof we have to transform the label into a modality; namely:
6~ (w1, (W1, wp)) B) = OOB.

AFA
A (Wi, wo) F A (wr, w) lfzdal Rule
A (Wi,wo) - OA CkC
At (Wi,w0),0A - CFC -t
A (Wi wo) : (we,w)), (0A — C) : (Wa,w() F C : (w3, (wa,w])) ididzl Rule
OA : (wa, w)), (04 — C) F OC : (ws, w))
0(0A — C)F (0A - 0O0) : (wa, wp) . —

O(0A — C)F 0O(0A — OC0)
- D(DA — C) — D(DA — DC)

—

The only step of the above proof deserving a clarification is the second applica-
tion of the modal rule. Here we introduce three labels: i = (W1, wg) : (wa, wy),
which corresponds to (W7, (wa, w()); j = (Wa,wy); and k = (ws, (wa,wr)). Tt is
immediate to see that (i,k)o% = k, (j,k)of = k, and (k,k)o¥ = k; therefore
the labels satisfy the second condition of the modal rule.

It is worth noting that we have to defer the translation of A : (W7, wy), until
the second application of the modal rule; otherwise it would not be possible to
apply such a rule with the appropriate labels.

Notice also that it is possible to generalise the rules for introducing modali-
ties: every label attached to a sub-formula can be transform in a modality, and
not only the label of a formula. In this way, we can postpone the translation of
labels until the last steps of proofs.

6 Soundness and Completeness

In this section we briefly sketch how to prove soundness and completeness results
for L. . Basically, we have to show that (1) the rules and the axioms corre-
sponding to a given Hilbert system L for modal logic are respectively derived
rules and theorems in Z.AZ.7, and (2) the rules of Z.#.% are sound with respect
to the semantic conditions for L. In what follows we assume that the Hilbert
system L is complete with respect to the appropriate Kripke models.

Theorem 1. Iftp A then by 49 A.



Proof. In Section 4.2 we have already seen how to prove modus ponens and
necessitation. Modal axioms are derivable as follows:

%Modalrule
FA:7—> A:j -

WA (A

where (i, j)o£. This proof relies on the fact that each o#-unification corresponds

to a generalization including necessitation and self recursion of the modal axiom
A, and the various af are built upon the o4 of the axioms characterizing the
logic L (see [16,1]).

Let us first define some functions which map labels into elements of Kripke
models. Given a model M = (W, R, v}, such functions translate labels into ele-
ments of M according to the structure of the labels.

Let g be a function from & to p(W) thus defined:

(o = {10 = () if h(i) € Oc
g h(i) = [wi € W : g(b(i))Rw;}  if h(i) € By

The above function is not defined for composed labels, i.e., labels of the form
i : j. However it can be extended to them by stipulating that g(s!(i)) = g(h(5));
see [14] for a full account of the combination of labels.

Let r be a function from & to R thus defined:

0 0 if (i) = 1
r(i) =

9(i")Rg(i®),...,g(i" ")Rg(h(i)) if (i) =n>1
Let f be a function from lwff’s to v thus defined:

F(A 1) =gep v(Aw)) =T

for all w; € g(3).

As second step, we need the following lemma.
Lemma 2. For any i,k € S if (i,k)or then g(i) Ng(k) # 0.
Proof. See [1,16]

This lemma shows that if two labels unify, then the result of their o*-unification
corresponds to an element of the appropriate model. In this way, we are able to
build the Kripke model for the labels involved in a Z#Z.% proof, and so we can
check every rule of Z.#% in a standard semantic setting:

Theorem 2. by 49) A= L A.
Theorem 3. F; A <+ A.
From theorems 1, 2, and 3 we obtain:

Theorem 4. by 49 A < =1 A.



7 Discussion and Future Work

In this paper we have just presented a new sequent system for modal logic. The
main interest in such a system is that it can provide a general definition of the
notion of modal consequence relation. Accordingly, we propose a more “liberal”
modal language which allows to draw inferences with respect to a given world w;
and then move to another world w; where new inferences can be drawn taking
into account the semantical conditions corresponding to the previous inferential
steps. Furthermore, world-paths can be composed or decomposed so that new
paths are manipulated through unification algorithms.

A possible objection to the above claim is that even Z.#.% reduces modal
inferences to inferences for classical connectives with respect to comparable labels
(sets of worlds) involved in the process. As a matter of fact, this argument
holds to some extent for all (labelled) sequent systems for modal logic. However,
our system allows to do something more. .Z.#Z.# can handle modal operators
wherever in a given formula. For example, under appropriate conditions sub-
formulas which do not depend directly on the main connective can be involved
during the proofs. A consequence of this fact is that we can provide new and more
general definitions of substitution for modal equivalents and of distributivity of
modal operators with respect to the boolean ones.

This is not a trivial result. On the contrary it seems to be a key feature for
representing a general notion of modal deducibility. In fact, an L. proof can
be structured in such a way that different formulas can be compared in the same
time even if they hold in distinct worlds and are not immediate sub-formulas.
We believe this is a good starting point to devise a modal inference not just as
a classical inference with respect to a particular world. On the other side, to
achieve fully this goal it is necessary to prove soundness and completeness for
Hilbert-style modal consequence and not only for theoremhood. This is a matter
of future work.

Furthermore, we think that a more extensive investigation on .Z.Z.% could
point out some meta-theoric properties.

At first sight Dosen’s principle (cf. [26]) seems to be violated since the rules
for logical operators involve more than the immediate sub-formulas where logical
forms and structures (labels) are mixed. However, the format of the rules is just
the modal generalization of standard ones, and the case of a “pure” operator
is nothing else than a special case of the rule. Moreover the rules and the set
of rules are unchanged in passing from a logic to another. All modifications are
only over the unification procedure.

Secondly, thanks to the above features our method can easily cover other
intensional logics such as conditional logics. In this case, since > can be regarded
as a necessity operator relative to its antecedent, KEM label language is extended
by formula-indexed labels so that new specific unifications can be defined (see
[2,3]). Thus a similar definition of substitution for modal equivalents could offer
an elegant and powerful method for composing proofs in a sequent setting and
for establishing when two formulas are equivalent with respect to >.



A final point can be remarked as a matter for future works. It is well-known
that for every tableaux proof for a formula A it is possible to build a correspond-
ing (reverse) sequent proof for it. The label formalism we have presented was
originally designed for a tableau-like system for modal logics called KEM (see
[1,16]), where the cut can be restricted to an analytic version; moreover KEM
can be extended with the modal generalization of the rules we have proposed
for L4, so it is a suitable tool for such a transformation. Finally our proof
method enjoys an interesting property: since the order in which modal principles
are applied in the proof is stored in the unifications, it is not hard to reconstruct
a Hilbert style proof for A from the order of unifications (see [24,19]). This is
important because in this way we can produce constructive proofs without ref-
erences to non-constructive (semantic) methods or to external resources such as
labels or other devices.

8 Related Works

Although it is not the aim of the present work to compare L4 with other
proof systems for modal logic, in this section we expose briefly the main dif-
ferences. Several proposal have been put forth to find a general framework for
modal deduction. As a consequence a plethora of formalisms and proof systems
have been developed (for more exhaustive overviews and trends in this field see
[15,25]); however, a common feature can be identified: adding “structures” to
deductive systems. These structures are meant to capture — in a proof-theoretic
environment and in a more appropriate way — the intensional nature of modal
logic. Mainly two strategies has been devised for this non easy task: explicit
vs. implicit structures.

It is well-known that Gentzen sequent calculi are the archetype of proof sys-
tems with structures; so, methods adopting the first strategy add more structures
to standard classical sequents; on the other hand labels or indices are used to
represent semantic structures in the language and in the calculi.

We refer, in particular, to hypersequents [4], multidimensional sequents [10,
8,20], and display modal logic [26, 18]. All these approaches define the notion of
modal derivability in terms of a relativized classical consequence relation and are
mainly concerned with the eliminability of cut. In our opinion they fail to provide
a genuine and comprehensive modal consequence relation for the following two
reasons: 1) the modal and boolean components are kept separate; 2) they do not
perform modal operations across structures, i.e., modal operations are defined
over the same main (more external) structure.

Here a more fine grained division is needed; so we classify labelled systems
for modal logic in two classes: 1) semantic based translation methods, and 2)
label propagation methods.

In the first class it is worth mentioning, among others, the works by Ohlbach
[22], Russo [23], Basin, Matthews and Vigano [6]. The principal feature of these
systems is that they translate the modal formula into first-order expression, or



use a first-order condition as a parameter for inference rule involving modal
operators.

It is clear that the first-order translation methods cannot be used in relation
to logics whose semantics is not first-order based. For example they cannot deal
with modal logics that can be represented in terms of neighbourhood models
such as classical, regular, monotonic modal logics. However, in [17] KEM has
been used for such classes of logics with minimal (modular) modifications on
the substitution function. Another drawback is that translation methods can be
used as effective decision methods only in case of definite subsets of first-order
logic, which in general is semi-decidable. So, in general, they are not able to
define actual inference rules for modalities.?

In the second class we mention the works by Fitting [11], Massacci [21], and
Baldoni, Giordano and Martelli [5]. Basically, in this kind of system it is not
possible to define uniform procedures independent from the order of application
of the rules, therefore for each procedure pathological formulas can be found
(here with pathological formulas we mean formulas requiring a great deal of
useless information to the essential proof) (cf. [9]). In this category we include
also the work by Beckert and Goré [7]. Here, similarly to what we have done,
the label propagation is presented by means of variables, but, on the contrary,
the rules governing the expansion of variables are given in term of first-order
conditions; so, they overcome the drawback of uniform procedures but they
suffer from the problem of the translation methods.

KEM label formalism, in general, is free from the above shortcomings. On the
positive side KEM label formalism is strictly connected with Gabbay’s fibring
methodology; therefore, the same basic strategy can be used on various kinds
of combinations of modal logics, given a KEM label algebra for the component
logics (on this points see [14]).
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