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S5-Style Non-Standard Modalities
in a Hypersequent Framework

Abstract. The aim of the paper is to present some non-standard modali-
ties (such as non-contingency, contingency, essence and accident) based on
S5-models in a framework of cut-free hypersequent calculi. We also study
negated modalities, i.e. negated necessity and negated possibility, which
produce paraconsistent and paracomplete negations respectively. As a ba-
sis for our calculi, we use Restall’s cut-free hypersequent calculus for S5.
We modity its rules for the above-mentioned modalities and prove strong
soundness and completeness theorems by a Hintikka-style argument. As a
consequence, we obtain a cut admissibility theorem. Finally, we present a
constructive syntactic proof of cut elimination theorem.
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1. Introduction

Modal logic is usually formulated in a language containing a necessity op-
erator (denoted as [J) and/or possibility operator (denoted as ¢). How-
ever, in the literature one may find other modalities (and not just tem-
poral, deontic, epistemic, etc. ones). One of them is the non-contingency
operator (following Zolin [57], we denote it as I>) which can be defined
as follows: >A = A v [O-A. Thus, a proposition is non-contingent iff
it is necessary or its negation is necessary. A contingency operator (»
in our notation) is defined as follows: »A = =>A = QA A O—A, ie. a
proposition is contingent iff it is possibly true and also possibly false.
Contingency may be also understood as ‘ignorance’ in epistemic logic
[53] or a ‘knowing whether’ operator [15] which may be used to formalise
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some problems in Al [44] or microeconomics [21]. Among other inter-
pretations of contingency are doxastic ('no belief’ or ‘undecided’ [36]),
deontic (‘(moral) indifference’ [55]), spatial (‘topological border’ [51]),
and provability (‘undecidable (in Peano Arithmetic)’ [56]).

Although > and » are expressed in the standard modal language,
starting with Montgomery and Routley [40, 41, 42] logicians have studied
non-contingent and contingent versions of well-known modal logics, i.e.
that ones which contain > and » as primitive operators instead of [J
and ¢. Their languages in many cases are less expressive than the stan-
dard one that makes the problem of their axiomatization non-trivial.
Montgomery and Routley themselves formalised via Hilbert-style calculi
contingent and non-contingent logics based on T, S4, and S5. The basic
logics, contingent and non-contingent versions of K, have various axiom-
atizations developed by Humberstone [22], Kuhn [30], Zolin [57, 58], van
der Hoek and Lomuscio [53]. Transitive and Euclidian contingent and
non-contingent logics were formalised by Kuhn [30], Zolin [58], Steinsvold
[61]. Fan [12, 13] paid special attention to symmetric logics. Probably,
the most impressive results were obtained in the case of reflexive non-
contingent logics: Zolin [56] formulated a general method of construct-
ing Hilbert-style calculi for them, using the fact that JA = A A >A.L
However, the non-reflexive case is still non-trivial.? Surprisingly, from
a proof-theoretic perspective even the relatively simple reflexive case
is problematic. Zolin [56, 57] developed sequent calculi for many non-
contingent logics, including the S5-based one, but none of them is cut-
free. This fact has inspired us to try to present cut-free calculi for these
logics, but using a more general framework of hypersequents instead of
ordinary sequents. This paper is supposed to be a starting point in
solving this task and we choose S5-style modal logics, since S5 is known
for having plenty of cut-free hypersequent calculi. We choose Restall’s
[48] hypersequent calculus for S5, since it is one of the simplest calculi
for this logic.?

L Tt is clear that his method may be adapted for contingent logics, since in reflex-
ive logics it holds that A = AA—-» A aswellas A =>A — Aand QA =—»A — A

2 There are also studies of neighbourhood frames in the contingent language [10].
Among other variants of contingent logic let us mention its combination with public
announcement logic [7].

3 Pioneers in the development of hypersequent calculi as such and for S5 in par-

ticular are Mints [39], Pottinger [47], and Avron [2]. Later on various hypersequent
calculi for S5 were presented by Poggiolesi [45], Lahav [34], Kurokawa [31], Restall
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Aside from contingency and non-contingency, there are concepts of
essence and accident. A sentence is essentially true iff it is either false or
necessarily true, i.e. if it is true, then it is necessarily true. A sentence
is accidentally true iff it is true, but not necessarily true (i.e. its falsity
is possible). Thus, the operators of essential and accidental truth (we
denote them as o and e, following Marcos [37]) are defined as follows:
cA=-AVOA=A—0Aand eA=-0A=AN-0A=ANO-A. We
should emphasize two points here. First, we follow Marcos’ approach to
essence and accidence which is the de dicto one, while Fine [16, 17, 18]
developed a de re approach to essence. Second, as Gilbert and Venturi
[19, p. 888] note, it is important to not conflate ‘the notion of being
accidentally /essentially true and the notion of being accidental/essential
in the sense of being mutable or immutable’. They argue that Marcos
deals with ‘accidentally/essentially true’; although he himself does not
emphasize it. They introduce their own accident and essence operators:
AA=eAVe-Aand EA=-AA=0AVo-A.

As for ‘accidentally true’ and ‘essentially true’, these can now be given
straightforward formalizations as A A AA and A A EA, respectively’
<...> ‘As a final remark, one might wonder what the logic of these
new operators is. But the logic of A and E is the logic of o and e,
because all four of these operators are interdefinable (one can define e A
as A A AA, as we mentioned above). Therefore, our ultimate claim is
that the formal framework for exploring notions of essence and accident
proposed by Marcos in [37] is a good one, but more precision is required
to separate, and formalize, all of the desirable concepts within this
sphere. [19, p. 890, notation adjusted]

We consider the modalities o and e, since the logic of A and E is
reducible to them. Additionally, we consider ‘accidentally/essentially
false’ modalities, denoting as © and ‘e, respectively, and defining them as
6A =0-A=-A—0-Aand ¢4 = e—=A = -AANQA. So a proposition
is essentially false iff its falsity implies the necessity of its falsity and a
proposition is accidently false iff it is false, but its truth is possible.

In accidentally /essentially true logics, we have the following equalities
in the case of serial frames: (JA = AN —eA, A = —eA — A, OA =
ANoA, and QA = oA — A [see 8]. It simplifies the task of providing an
axiomatization of these logics, but the non-serial case is non-trivial as

[48], Bednarska and Indrzejczak [3], and Indrzejczak [27] himself. See [3, 28] for a
survey and comparison of these calculi.
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well as well-behaved (hyper)sequent calculi have not been developed for
these logics (to the best of our knowledge). As for Hilbert-style calculi for
them [see 8, 11, 50]. Papers [11, 14] suggest a combination of accident and
contingent logics. At that labeled (i.e. using explicit semantic elements)
analytic tableaux were developed by Venturi and Yago [54] for essence
and contingent logics. Notice that our calculi do not have any explicit
semantic elements (see [46] for the advantages of such calculi). Let us
also mention that the very notion of accidental truth was used by Small
[49] in the context of Godel’s ontological proof.

The idea to formulate a paraconsistent logic over S5 is due to Jas-
kowski [29]. Taking his inspiration from Jaskowski’s work, Béziau [4]
presented a paraconsistent logic Z which is the result of the replacement
of Boolean negation in classical logic with a paraconsistent one defined as
negated necessity. Thus, we have ~A = —=[JA, where ~ is paraconsistent
negation, as well as JA = =~A and 0 A = ~—A. Marcos [37] generalized
Béziau’s approach: he considered paraconsistent logics based on modal
logics which are weaker than as S5, and investigated a paracomplete
negation (we denote it as ~) defined as ~A = =0 A (hence, JA = ~—A
and QA = =~ A). Avron and Lahav [1] developed a cut-free hypersequent
calculus for Z which is similar to Restall’s one for S5. We mention their
calculus in the next sections (and additionally present a constructive cut
elimination proof for it) to make our study more complete. Moreover, we
introduce a related calculus for a paracomplete version of Z which we call
7 and understood as the result of the replacement of Boolean negation in
classical logic with the paracomplete negation ~. For a systematic study
of proof systems for the logics with negative modalities see the paper [33]
by Lahav, Marcos and Zohar. However, notice that not all the calculi
presented there are cut-free. In particular, the case of S5-based ones is
problematic.

The structure of the paper is as follows. In Section 2, we describe
the semantics of S5 and its modifications with non-standard modalities.
Section 3 is devoted to the presentation of hypersequent calculi for the
logics in question. Section 4 contains proofs of strong soundness and
completeness theorems. In section 5, we present a constructive proof of
the cut elimination theorem. Section 6 contains concluding remarks.
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2. Semantics

Let & € {{0,0,>,»,0,0,5, 8 ~ <~} & be a set {p,q,r,s,p1,...} of
propositional variables, =, A, V, — be classical truth-value connectives,
</ be the alphabet (2 &, -, A, V,—, (,)). We fix a modal language Ly,
with the alphabet .7 which forms the set Z4 of all ZLg-formulas in a
standard inductive way. In some cases we use bimodal languages, e.g.
2N, defined in an analogous way.

The modal logic S5 is usually built in one of the following languages:
20, %, and L. Let us consider the latter variant. A pair (W, )
is said to be an S5-model iff W # () and ¥ is a mapping from W x
Fe to {1,0} such that it preserves classical conditions for truth-value
connectives and for any A € .Zr, and z € W we have:*

o Y(0Az)=1iff Vyewd(4,y) =1,
o V(0Ax)=1iff Jyewv(A,y) = 1.

A formula A is true in a world w € W iff (A, w) = 1. A formula
A follows from the set of formulas I' (I" g5 A) iff for every S5-model
(W, ) and every w € W, if any B € I' is true in w, then A is true in w.
A formula is S5-valid iff it follows from the empty set of formulas.

We write S5 for the non-contingency version of 85, i.e. the logic over
S5-models in the language .Z.. Thus, we have the case for > instead of
the cases for OJ and ¢:

o V(>Ax)=1iff Vyewd(A,y) =1 or Vyew?(A4,y) = 0.

The contingency version of S5 is built in the language %, over S5-
frames and is denoted as S5”. A semantic condition for contingency
operator is presented below:

o V(A x)=1iff yewv(A,y) =1 and Jyewv(A,y) = 0.

The essentially and accidentally true versions of S5, S5° and S5°,
respectively, are built over S5-frames in languages .4, and .%,. The
appropriate semantic conditions are as follows:

o VY(cA,z)=1iff ¥(A,z)=0or Vyewd(A4,y) =1.
o (oA, z)=1iff (A, z) =1 and Fyewv(A,y) = 0.

The essentially and accidentally false versions of S5, SSE and SS:,
respectively, are built over S5-frames in languages .2~ and .%;. We have
the following semantic conditions:

4 One can consider models of the form (W, R,¥) as well, where R = W xW. Then
one needs to postulate some more complicated conditions for 9, e.g. 9(0A, z) = 1 iff
Vyew (R(z,y) implies ¥(A,y) = 1).
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o U(5A,2)=1iff V(A z) =1 or Vyewd(4,y) =0,
o (A, z)=1iff 9(A z)=0and Jewd(A4,y) = 1.

The logic S5~ is built over S5-frames in the language .Z.. Its —-free
fragment is Béziau’s [4] paraconsistent logic Z. The logic S5” is built over
S5-frames in the language -Z-,. We introduce a paracomplete companion
of Z as the —-free fragment of S5 and call it Z. Semantic conditions for
paraconsistent and paracomplete negations are as follows:

o VY(~Ax)=1iff Jewi(4,y) =0,
o (A x)=1iff Vyewd(A4,y) = 0.

The notion of the entailment relation in the logics with non-standard

modalities is defined in the same manner as in S5.

3. Hypersequent calculi

An ordered pair written as I" = A, where I" and A are finite multisets of
formulas (of one of the languages considered in the paper), is a sequent.
A finite multiset of sequents written as It = Ay | ... | [, = A, is a
hypersequent. Let (W,d) be an S5-model. A sequent I' = A is true in
a world w € W iff ¥(A,w) = 0 (for some A € I') or ¥(B,w) = 1 (for
some B € A). A sequent is valid in (W, 9) iff it is true in any w € W.
A sequent S follows from the set of sequents .& iff for every S5-model
(W,0), if any S € .7 is valid (W, ), then S is valid in it as well. A
sequent is S5-valid iff it is valid in any S5-model. A hypersequent H
is valid in (W, 9) (or (W,9) is a model of H) iff at least one of the
components of H is valid in (W, 4). A hypersequent H follows from the
set of hypersequents 7 (. |=g5 H) iff every model of J# is a model
of H as well. These notions are defined for the logics with non-standard
modalities in a similar way.

Consider Restall’s [48] hypersequent calculus HS5 for S5. It has the
following axiom: (Ax) A = A. Its structural rules are presented below:

! H !
(EW :>)7A:>|H (éEW):>A|H
ooy AAT = AH o L=AAAH
=) AT AlH GO T A A H

I'=AA|H A6=A4|G

(Cut) TO=AAH|G
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I's A= A|H

Merse) = 5 A A1 H

In contrast to Restall, we will use a more general version of external
weakening which allows to add not only a sequent of the form A =
or = A, but any hypersequent (including empty). The latter issue is
important for a constructive cut elimination proof.

(EW=) (=EW)

ala arm
One can add internal weakening and external contraction rules:
I'sA|H I'sA|H
ar=ag U™ rDaarm
I'sA|I'sA|H
I'sA|H

(IW=)

(EC)

However, it is not necessary to postulate them as primitive rules:

I'sA|H I'=A|H

(EW=) (=EW)
=A|'=A|H I's A|=A|H
(Merge) (Merge)
ATl'=A|H I'=sAA|H
I's A|I'sA|H
(Merge)
IN'r=AA|H
(IC=), (=IC)
I'=A|H
The rules for truth-value connectives are as follows:
I'=AA|H AT'=A|H
C=ar-ag ) Tr=2a-4|H
. A B, I'= A|H . I'=sAAlH I'=AB|G
" arBr=ag TV I'=AAANB|H|G
Y AT'=A|H B,I'=A|G Y I'= AAB|H
V=) AVB, T = A|H|G GV TS A AvBE
I'=AA|H B,O=A|G A I'= AB|H
(—==) (=

ASBL,O=AA|H|G " TSAA-B|H
The rules for necessity and possibility operators are as follows:”

® Restall’s original formulation of his calculus [48] does not have the rules for V,
—, and ¢. They were added to it in [20].



434 YAROSLAV PETRUKHIN

- ATI'=A|H - =A|H
(:>)DA:>|F:>A|H (é):>DA|H
0 A=|H 0 I'= AA|H

(:>)<>A:>\H (:)F:>A\:><>A]H

Let us formulate the rules for the non-standard modalities (all these
rules are new except (~ =) and (= ~) which were introduced in [1]%).
AT'=A|H O=MNA|G jb):>A|A:>|H
DA=|I'=A|0=A|H|G = >A|H
=A|A=|H AT'=A|H O=ANA|G
»A=|H =pA|[=A|O0=A|H|G

AT'=A|H O=NA|G =A|AT'=A|H
C=) L e=AT=A|H |G S S Y A1

=A|AT'=A|H AT'=A|H O=ANA|G

(> =)

(»=) (=»

=) A TS AlH G TS AWA| TS A|H|G
AT'=A|H O=NA|G _I'sAA|A=|H
) AT A6 A[H |G ST TS AsAm
I's AAlA=|H _AT'=A|H O=NA|G
) AT Al ZY) TS AA|6=A|H|G
=A|H AT'=A|H
(N:)m &~ I'=A|=>~A|H
‘ I'=sAAlH . A=|H
= asr=ag “Y=zam

Let & € {>,»,0,0,0,8 ~,~}. A hypersequent calculus HS5%* for
the logic S5% is obtained from Restall’s one for S5 by the replacement
of the rules for [1 and ¢{ with the ones for &. Hypersequent calculi HZ
and HZ, respectively, for logics Z and Z are —-free versions of HS5™
and HS5”. The notion of a proof in hypersequent calculi in question
is defined in the standard way. We write HL + H iff there is a proof
of a hypersequent H in the hypersequent calculus for a given logic L.
Similarly, 7 Fpxr H means that there is a proof of a hypersequent

6 Avron and Lahav’s [1] original version of a hypersequent for Z is a bit different
from the one which we present here. They understand hypersequents as finite sets
of sequents which are understood themselves as pairs of finite sets of formulas. They
use internal weakening rules, but do not use (Merge) and (IC).
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p=Dp p=p
= p, (:>_‘) —D0.p = (=)
D, p D, P (> =)
>p=|=-p|-p=
(=)
Dp=|=0>p
(Merge)
=Dp—>p
p=Dp p=Dp
= %) =5 E:;)) pP=p pP=p (> =)
SDop=|p=|=p Dp=|=p|lp=>
(=) (=)
>-p=|=>p >p=|=Dp
(Merge) Bt dndl inds S EQS!
>p=bp LT = >bp
= D>p—=Dp
7pqqiqq (IW=)
p=p q=q pp =g V=)
ppoa=q () (=-)

PP PdZPG PP,
pp=|lp—qg=qlp= pp=|g=p—oqlp= B
>p=g=lpp=lp=la=[=4

(=)
>p—=qg)=|pp=>|p=|=1>g
= S = (Merge)3x
) — ) =
p,>(p = q),>p =g (5)3x

=p— (>0 —q) = (>p = >9))

Figure 1. Examples of proofs in HS5”, where (-) stands for (> =).

H from a finite set of hypersequents ¢ in HL. If in this proof each
cut is on a formula A € I' U A for some component I' = A of some
hypersequent in 77, then we write ¢ l—ﬁ{fL H. Four examples of proofs
in S5 are presented in Figure 1 (the formulas are taken from Zolin’s
[56] Hilbert-style axiomatization of S5%).

4. Soundness and completeness

THEOREM 4.1 (Strong soundness). Let & € {>,»,0,0,0, 0, ~ ~} and
L € {SS"',Z,Z}. For each finite set of hypersequents ¢ U {H}, if
A bur H, then 7€ =1, H.

PRrROOF. Consider the rule (= o). Suppose that = A | A, I' = A | H is
valid in an arbitrary S5°-model (W, ). Then at least one of the compo-
nents of this hypersequent is valid in (W, d). If = A is valid in (W, 9),



436 YAROSLAV PETRUKHIN

then ¥(A,w) = 1 for all w € W. Then = oA is valid in (W, 9), and
hence I' = A, 0A | H is valid in this model as well. If A, I’ = A is valid
in (W, ¥), then ¥(A, w) = 0 for some w € W or I' = A is valid in (W, 9).
Hence, I' = A,0A | H is valid in (W, ¥). Obviously, if a component of
H is valid in (W, 4), then I' = A,0A | H is valid in it as well.

Consider the rule (o =). Suppose that A, I" = A | Hand © = A, A |
G are valid in S5°-model (W, 9). If H or G is valid in it, then 04,0 = A |
I'= A | H |G is valid as well. Suppose that A,I" = A and © = A, A
are valid in (W, 4). Then 9(A,z) = 0 for some x € W or I' = A is
valid in (W, 9). Also, © = A is valid in (W, 9) or ¥(A,y) = 1 for some
y € W. Assume that (A, z) = 0 for some x € W. Suppose that @ = A
is valid in (W,¥). Then oA, © = A is valid in (W,¥). Hence, 0cA,O =
A|I'= A| H |G is valid in (W,9) as well. Suppose that J(A,y) =1
for some y € W. Then oA = is valid in (W, ), and hence 04,0 = A |
I'= A | H| G is valid. Assume that I" = A is valid in (W, 9). Then
0A,0=A|I'= A| H|G is valid as well in the model in question.

The other cases are considered similarly. —

THEOREM 4.2 (Strong completeness). Let & € {>>,p,0,0,0,0 ~ ~}
and L € {S5% Z,7}. For each finite set of hypersequents ¢ U {H?}, if
H = H, then 7 i, H.

PrROOF. We adapt Avron and Lahav’s [1] completeness proof for Z. Sup-
pose that 7 F§i; H. We construct a model of 7 which is not a model
of H. Let IF be the set of subformulas of formulas in 72 U {H}. We
call a hypersequent G an IF-hypersequent iff it satisfies the following
conditions:

o if A€ @G, then A € IF, for each formula A;

o ¥ Gy
o if TUACT, then either I' = A€ Gor A+, G| = A.
Since S is finite, I is finite as well. Let Sq,...,S,, be an enumeration

of all the sequents I = A such that I’ UA C F. We put, Hy = H, for
each 1 <7< n:

oo J i | S; f A KL Hiq | S
L H, 1 otherwise,

and H* = H,. Then H* is an FF-hypersequent such that H C H*.
A component I'™* = A* of H* is said to be mazximal iff it has no proper
extension in H* (i.e. if ' = A* ¢ H*, I'* C I'** and A* C A** then
I' = I'* and A* = A*). Let W be the set of all maximal components
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of H*. We write I, and A,, (where w € W), respectively, for I'* and
A* iff w = I'* = A*. Let ¥ be the valuation such that J(p,w) = 1 iff
p € Iy, for each p € P.

We need to prove that for each A € ' and each maximal component
w of H* it holds that:

(a) Ae I, implies 9(A,w) =1,
(b) Ae A, implies (A, w) = 0.

The proof is by induction on the complexity of A. The basic case
(i.e. A € P) follows from the definition of ¥. The proof for A and ~ one
may find in [1]. Other propositional connectives are considered similarly.

Let A be>B. Suppose that A € I',,. Assume that there is y € W such
that B ¢ I', and there is a z € W such that B ¢ A.. Since y and z are
maximal, B, I, = A, ¢ H* and I, = A,,B ¢ H*. Since H* is an IF-
hypersequent, 57 Fi, H* | B,I, = A, and 5 Fi, H* | I, = A,, B.
By the rule (> =), # i, H* |>B = | [, = A, | [, = A, ie.
H S H | A= | T, = A, | T, = A,. Then # i, H* | A =
| ¥ | z. By the rule (Merge), 5 ¢, H* | A =. Since A € I,, by
(EW) and (Merge), we get 5 i, H* | w. By (Merge), 5 ¢, H*.
A contradiction. Hence, for each x € W, B € I, or for each x € W,
B € A,. By the induction hypothesis for B, for each z € W, ¥(B,z) = 1
or for each x € W, 9(B,x) = 0. Thus, ¥(4,w) = 1.

Suppose that A € A,,. Assume that B= ¢ H*. Then ¢ -, H* |
B =, since H* is an F-sequence. By (EW), 57 i, H* | = B | B =.
By (=), # Fi, H* | = >B, ie. S i, H* | = A. Since A € A,,
by (EC) and (Merge), 5 Fi, H* | w. By (Merge), ¢ ¢, H*. A
contradiction. Hence, B = € H*. Therefore, there is a y € W such
that B € I'y. By the induction hypothesis for B, there is a y € W such
that 9(B,y) = 1. Assume that = B ¢ H*. Then 57 i, H* | = B,
since H* is an [F-sequence. By (EW), 27 F${; H* | = B | B =, and by
(=), # i, H* | = A which implies 5 F§i; H*. A contradiction.
Hence, = B € H*. Thus, there is a z € W such that B € A,. By
the induction hypothesis for B, there is a z € W such that ¥(B, z) = 1.
Therefore, 9(A, w) = 0.

Let A be »B. Suppose that A € I',,. We show that there isan z € W
such that B € A, and there is an « € W such that B € I',,. Assume that
= B ¢ H*. Then J i, H* | = B, since H* is an F-sequence. By
(EW), # ¢, H* | = B| B = and by (» =), 2 i, H* | »B =,
ie. A F¢, H* | A = which gives us due to the fact that A € T},
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and the rules (EW) and (Merge) that J# ¢, H* | w, and so that
S 8, H*. A contradiction. Thus, = B € H*. Hence, there is a
maximal component x of H* that extends it, i.e. B € A,. Therefore,
the induction hypothesis for B implies that there is an x € W such
that 9(B,x) = 0. Assume that B = ¢ H*. Then ¢ F, H* | B =,
and so that 27 i, H* | = B | B = which implies # i, H*. A
contradiction. Thus, B = € H*. Hence, there is a maximal component
x of H* such that B € I',. Therefore, the induction hypothesis for B
implies that there is an x € W such that J(B,z) = 1. Thus, 9(A, z) = 1.

Suppose that A € A,,. We show that for each x € W, B € I, or
for each x € W, B € A,. Assume the converse, i.e. that there is a
y € W such that B ¢ I', and there is a z € W such that B ¢ A,. Then
H L H* | BT, = A, and 27 1§, H* | I, = A,,B. By (= »),
HEE H | = A| T, = A, | I, = A,. Then # i, H* | = A |
y | z which implies 57§, H* | = A. Since A € A,, by (EW) and
(Merge), 2 i, H* | w, and so # i, H*. A contradiction. By the
induction hypothesis for B, for each x € W, ¥(B,z) = 1 or for each
x €W, 9(B,z)=0. Hence, ¥(A4,w) = 0.

Let A be oB. Suppose that A € I',,. Suppose that {B}UA,, = () and
for some maximal z € W, B ¢ I,. Then by the maximality of w and x as
well as the fact that H* is an F-hypersequent, 5+, H* | I, = A,, B
and 2 i, H* | B,I, = A,. By the rule (o =), # t§i, H* |
oB, Iy, = Ay,| I, = A,. Then 57 ¢, H* | w | x. By (Merge),
A FE H*. A contradiction. Thus, B € A, and for each x € W,
B € I,. It follows by the induction hypothesis for B that ¢(B,w) = 0
and for each maximal z € W, ¥(B,z) = 1. Hence, 9(A,w) = 0.

Suppose that A € A,,. Assume that B ¢ I, or = B ¢ H*. Suppose
that B ¢ I,. Then since w is maximal, B, I, = A, & H*. Since
B ¢ I, and H* is an F-hypersequent, ¢ ¢, H* | B,[, = A,.

y (EW), 2 +4, H* | = B | B,I, = A,. By the rule (= o),
H F, H* | I, = A,,0B. Since A € A,, i, H* | w.
Using (Merge), we have ¢ F, H*. A contradiction. Suppose that
= B ¢ H*. Since H* is an F-hypersequent, J# i, H* | = B. By
(EW), # -, H* | = B| B, I, = A,. Using (= o) and (Merge), we
get S H§ip H*. A contradiction. Hence, B € I',, and = B € H*. Then
by the induction hypothesis for B, ¥(B,w) = 1 and for some = € W,
Y(B,z) = 0. Hence, ¥(A4,w) = 1.

Let A be @B. Suppose that A € I,,. Assume that B ¢ I, or = B ¢
H*. Suppose that B ¢ I',,. Then since w is maximal, B, [, = A,, ¢ H*.
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Since B ¢ I, and H* is an F-hypersequent, 57 &, H* | B, I, = A,.
By (EW), # v+, H* | = B | B,I, = A,. By the rule (o =),
H 5, H* | eB, I, = A,, i.e. H# i, H* | A, I, = A,. Since
A€ T, g, H* | w. Using (Merge), we have 7 i, H*. A con-
tradiction. Suppose that = B ¢ H*. Since H* is an IF-hypersequent,
A V8, H* | = B. By (EW), 2+, H* |= B| B, I, = A,. Using
(e =) and (Merge), we get 5 i, H*. A contradiction. Hence, B € I,
and = B € H*. Then by the induction hypothesis for B, ¢(B,w) = 1
and for some x € W 9(B,z) = 0. Hence, 9(A,w) = 1.

Suppose that A € A,,. Suppose that {B} U A, = () and for some
maximal x € W, B ¢ I,. Then by the maximality of w and = as well
as the fact that H* is an F-hypersequent, 5 ¢, H* | I, = A,,B
and 7 ¢, H* | B, I, = A,. By the rule (= o), 2 ¢, H* | I, =
Ay, oB | I, = A,. Then J# -, H* | w | . By (Merge), 2 -5, H*.
A contradiction. Thus, B € A,, and for each maximal x € W, B € I,.
It follows by the induction hypothesis for B that ¢(B,w) = 0 and for
each maximal z € W, ¢¥(B,z) = 1. Hence, 9(A4,w) = 0.

Let A be ~B. This case is considered in [1] by Avron and Lahav.

The other cases are similar to the previous ones.

Now we show that (W,¥) is a model for 7, but not for H. Let
H’ € H*. If its every component is a subsequent of some component of
H*, then due to (EW) and (Merge) H* is derivable from H’ and hence
from 7 which contradicts to the fact that 5 ¥§i; H*. Hence, there is
a component I" = A of H' which is not a subsequent of any component
of H*. Let us prove that I' = A is valid in (W,9). Let w € W. Then
either I' ¢ I, or A € A,,. Suppose that I" ¢ I, (the case of A € A,
is similar). Then for some A € I', A ¢ I',,. Since A € F, w is maximal,
and H* is an IF-hypersequent, 7 i, H* | A, I, = A,,. Assume that
A¢ A,. Then 5+, H* | I, = A,, A. By (Cut), A ¢ A,. Then
H S H* | Dy = Ay, e S0 Ff, H* | w. Hence, 2 ¢, H*. A
contradiction. Then A € A,, which implies, by proposition (b) and the
maximality of w, that ¥(A,w) = 0. Since A € I', I' = A is true in a
world w. Since w is an arbitrary world, I' = A is valid in (W, 4) which
implies that .7 is valid in (W, ) as well.

Assume that I = A is some component of H. Since H C H*, there
is a maximal component w of H* such that I" C I, and A C A,. By
propositions (a) and (b), we obtain that A € I" implies J(A,w) = 1 as
wellas A € Aimplies 9(A, w) = 0. Thus, I" = Aisnot true at w. Hence,
it is not valid in (W, ¥). Therefore, (W, ¥) is not a model for H. =
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COROLLARY 4.1. Let & € {i>,p,0,0,5, 8, ~,~} and L € {S5% Z,7}.
For each finite set of hypersequents 7 U{H}, 7 tur H iff 7€ =1 H.

Proor. Follows from Theorems 4.1 and 4.2. =

COROLLARY 4.2. Let & € {>,»,0,0.0,8, ~ ~} L € {S5"’,Z,Z}, and
A U{H} be a finite set of hypersequents. Then 5 btyr H implies
H S H.

ProOF. Follows from Theorem 4.2. Notice that in the proof of this
theorem (Cut) is used only once in order to show that (W, ) is a model
for 7 and is applied only to formulas which belongs to 7. .

COROLLARY 4.3 (Cut admissibility). Let & € {>,»,0,0,5 8 ~ <~}
L e {SS"’,Z,Z}, and H be a hypersequent. Then Fpr H implies that
there is a cut-free proof of H in HL.

PROOF. Put 7 = () in the proof of Theorem 4.2. Then the only appli-
cation of (Cut) in the proof of this Theorem disappears. =

COROLLARY 4.4 (Subformula property). Let & € {>,»,0,0,5,8 ~ ~}
L e {S5"', Z, Z} For every hypersequent which is provable in HL there
is a proof such that each formula which occurs in it is a subformula of
the formulas which occur in the conclusion.

Proor. Follows from Corollary 4.3 and the fact that in any of the rules
of HL each formula which occurs in the premises is a subformula of the
formulas which occur in the conclusion. o

Let us recall that strong soundness and completeness as well as cut
admissibility theorems are proven for Z by Avron and Lahav [1] (how-
ever, constructive cut elimination was not proven). As we know from
Corollary 4.3, in any of the hypersequent calculi in question if we have
a proof of a hypersequent H, then we can be sure that there exists a
cut-free proof of the same hypersequent. However, the problem is how
to find such a cut-free proof. Constructive cut elimination will give us
an answer.

5. Constructive cut elimination

We use the strategy originally introduced by Metcalfe, Olivetti, and Gab-
bay [38] for fuzzy logics and further developed by Ciabattoni, Metcalfe,
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and Montagna [6]. It was adapted for modal logics by Kurokawa [31],
Indrzejezak [23, 24, 25, 26, 28], Lellmann [35], Kuznets and Lellmann
[32]. We use the following version of the cut rule for our syntactic proof.

I'=AA|H A 6=A|G
I o=AAH|G ’

(Multi-Cut)

where i,7 > 0 and A’ (resp. A7) denotes i (resp. j) occurrences of A.
Similarly, I"* denotes i occurrences of I'.

Let us recall that a formula introduced by the application of a logical
rule is said to be principal formula, formulas used for the proof of the
principal formula are said to be side formulas, all other elements of the
hypersequent are said to be parametric formulas. We say that a hyper-
sequent which contains a principal formula is an active hypersequent.

The length [(D) of a derivation ® is (the maximal number of appli-
cations of inference rules) plus 1 occurring on any branch of ©. The
complexity ¢(A) of a formula A is the number of occurrences of its con-
nectives. The cut rank v(®) of a derivation ® is the maximal complexity
of cut formulas in © plus 1. Thus, a cut-free derivation © has t(D) = 0.

We need to prove two lemmas.

LEMMA 5.1 (Right reduction). Let ©; and D4 be derivations such that:

(1) @4 is a derivation of I' = A, A | H,

(2) D4 is a derivation of A", 01 = Ay |...| A", 0, = A, | G,
(3) t(®1) <¢(A) and (D) < ¢(A),

(4) A is a principal formula of a logical rule in D5 .

Then we can construct a derivation Dg of I'', 0y = Ay, A" | ... |
I'n 0, = A,, A" | H | G such that t(Dg) < ¢(A).

PROOF. By induction on [(D2). Basic case is easy and left for the reader.
Inductive case. We have different cases depending on the last rule
applied to Ds.
Case 1. The last rule is applied on only side sequents G. Left for the
reader.
Case 2. The last rule is any non-modal rule that does not have A as
the principal formula.
Let us use the following abbreviations, for any 1 <[ < n and 1 <
k <mn, where x,y € {l,4;,j;} and ®, U, T, Q e {[,A,0,A I, X}
° Qllq)\ll =P, = \I/l,
o APY = o1 = U,
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o APV X AT =Py, Ty = Wy, W,
o AP ALY =i Ty = Vit Q.
Subcase 2.1. The rule of last inference of D5 is (Merge).

AW Ty = Ay | A2 Ty = Ag | AB A4 | | A ol2 | H
0= A4 |G At Py = A Ag | AR ATA L A A2 | H
[y, 0072 = Ay Ap, AT | E 2 e q@4 || A2 x84 | H | @

We transform the derivation as follows: we first apply cut and then
(Merge).

0=A4" G AN = Ay | A2 D= Ay | Al 4 | A Al 2 |7
I,0" = AL A [ 15,07 = Ay, A [ AF2 x A0 || ATA x A0 | H | G
Iy, 1,002 = Ay Ap, AT |2 e q24 || A2 x A8 | H | @

The other cases are considered similarly.

Case 3. The last inference is an application of non-modal left intro-
duction rule whose principal formula is A. Left for the reader.

Case 4. The rule of last inference of D is (> =).

Subcase 4.1. A is principal in ®5 and A = >B. The last inference
of ©5 looks as follows.

B,>B" AP | .. | =B A9 | Gy sBY AT B | >B AlY | Gy
>B = |>BY A9 | .. | B A9 | >BY ATF | L B AT | Gy | Go

Since ®1 ends as the condition (4) states, the last inference of D, is
as follows.

= B|B=|H
=>B|H
We have
D, Do
= [ACA | A0 AT | LA | H | Gy | Ga

By the induction hypothesis, we obtain derivations ®3 and Dy, re-
spectively, of the following hypersequents such that t(D3) < ¢(A) and
t(Dy) < c¢(A):

BACM | A4 | A9 | H | Gy.

AUE pAll> | Al¥ | H | Gs.

Using these hypersequents and = B | B = | H, by (Cut), (Merge)
with (IC) (or just (EC)) as well as (EW), we get
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=B|B=|H B,APM | ... | A8 | H | Gy
AE B AF  H | Gy B= AP || A9 | H | H | Gy
APA || ACA | | H | H | H | G| G
AP AR A AT | H | G| Ge
=S AP A | wIE LAY | H | Gy | Ga

Subcase 4.2. The rule of the last inference of D, is (> =) and the
principal formula in ®5 is not A. Then the last inference of ©, looks as
follows.

B, An A9 | ] A A9 | Gy AR ATE B L A AT | Gy
DB = | A AP || A AOA | AT AT || Al ARE | Gy | G

D, ends with the hypersequent I' = A, A7 | H. We have:

D D5
DB = | ALA x AP || AL A AN [ AT A AT || Al A x AT F | H | Gy | G

By the induction hypothesis, we obtain derivations ®3 and 4, re-
spectively, of the following hypersequents such that t(D3) < ¢(A) and
t(Dy) < c¢(A):

BALA x AP Al A x a9 | Aul A x A9 | H | Gy
ALA A B lald < ¥ | Al A x AT | H | Gs.

Applying (> =), we get the required result.
Case 5. The rule of last inference of D9 is (» =-). Hence, A = »B
and A is principal in ©s. (Cut) is applied to ©; and D4 as follows:

B, I'= A| H; © = A,B| H, =B|B=|G
=p»B|[ = A|0=A|H | H »B=|G

Using (Cut) and (EW), we transform this derivation as follows:

=B|B=|G B, I'= A| H;
© = A,B| Hy B=|I'=A|H |G
I'sA|©@=A|H |H |G
=|I'=>A|0@=A|H |H |G

Case 6. The rule of last inference of D9 is (~ =-). Hence, A = ~B
and A is principal in ®5. Cut is applied to ©; and D5 as follows:
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B,I'=A|H = B|qd
F:>A|:>NB|H NB=>|G
=|I'=A|H|G

Using (Cut) and (EW), we transform this derivation as follows:
~B|G BI=A|H
I'sA|H|G
=|I'=A|H|G

Case 7. The rule of last inference of D is (~ =).
Subcase 7.1. A is principal in ®4 and A = ~B. Cut is applied to ©;
and ®, as follows.

B=|H ABu APA B | ABE2 A9 || B A9 | G
= AB|H AB = | AB AP || 4B A9 | G
= [AP | |AGY | H | G

Using the induction hypothesis, (Cut), (EC), and (EW) we obtain
the required result.

AP B | A9 | ... | AN | H | G4 B=|H
AP || AN |H | H | G
AP || AN | H | G
= [APA | |A9Y | H | G

Subcase 7.2. The rule of the last inference of D3 is (~ =) and the
principal formula in ®5 is not A. Then we have:

A AP B | AL A9 || A A9 | G
= A A | H B = | An AP | L] A A9 | @
AB= AL x AP | Al A x A9 | H | G

Using the induction hypothesis and (~ =), we obtain the required
result.

ALA X AP B ALA A4 || ATA X AGY | H | G
AB = | ALA x AP || ATA X A9 |H | G

Case 8. The rule of last inference of Dy is (o =).
Subcase 8.1. A is principal in ©5 and A = oB. The last inference of
Do looks as follows.
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B,oB" A9 | ... | 0B A9 | Gy oBU AT¥ B| ... |oB" AT* | Gy
oBUHL I¥ | 6B APA | .. | 0B AGA | 0B ALT | ... | 0B ALT | Gy | G

Since ®1 ends as the condition (4) states, the last inference of D, is
as follows.

=B|BI=A|H

I'= A,oB|H
We have:
D, D2
A > A AL 20T [ H | G| G
where:
o ATAOA _gI'A O | | l'A x 04
. %ﬂAhE erA ) AT | erA % mnz

By the 1nduct10n hypothesis, we ‘obtain derivations D3 and Dy, re-
spectively, of the following hypersequents such that v(D3) < ¢(A4) and
t(Dy) < c(A):

B,Q(f;AXQl?A|Q(£A><Q(29A|...|Q(5LA><Q(§A|H|G1
ALA x AT B Al xuqll> || A2 x AL> | H | Gy
Let us abbreviate them as follows:
B ALA x A9 |2, | H
ALA < AT¥ B | Ay | H
Then we reason as follows, using (Cut) and (EC):

=B|BI=A|H BALA x A9 |2y | H
ALA x A’ B | A | H B,I'= A |AL2 xqP" |2, | H | H
ALY x AT [ A2 x AP |y | |H | H | H
AL x AT | ALA x AP |y | A | H

Subcase 8.2. The rule of the last inference of 5, is (o =) and the
principal formula in ©5 is not A. Then the last inference of ©5 looks as
follows.

B, AM AT || A A7 | Gy AR AT B A AT | Gy
oB, At IIE | Al @A || Al AN | AT TV || A AT 1 Gy | Gy

D1 ends as follows: I' = A, A7 | H. The result of the application of
(Cut) to ©; and D, is as follows:
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OB, AL AT A2 AP | | AL AN AL A ||
Qlin Xﬂn ’H‘Gl‘GQ

By the induction hypothesis, we obtain derivations ®3 and Dy, re-
spectively, of the following hypersequents such that v(D3) < ¢(A4) and
t(©4) < C(A):

B, ALA x qPA Al A e q@N || Al A < A9 | H | Gy
ALA x AT B Al xull>¥ || AL x ALY | H | Gy

Applying (o =), we get the required result.
Cases dealing with e, o, and e are considered similarly. =

LEMMA 5.2 (Left reduction). Let ®1 and ©y be derivations such that:

(1) @, is a derivation of I't = Ay, A" | ... | I}, = A,, A | H,
(2) D9 is a derivation of A,0 = A | G,
(3) ©(D1) < ¢(A) and t(D2) < ¢(A).

Then we can construct a derivation g of I1,0" = A Ay | ... |
I,,0" = An A, | H |G such that v(Dg) < c(A).

PRrOOF. The proof is by induction on the height of ®;. By induction on
[(D2). The basic case is easy and left for the reader.

Inductive case. We have different cases depending on the last rule
applied to Ds. The first three cases are similar to Lemma 5.1.

Case 4. The rule of last inference of ®1 is (> =). In this case, A is
not a principal formula. The last inference of ©; is as follows.

A g4i A fin I5 i I% pin
B,AQA Al | | A9 A | Gy A= A B .. | AL, A | Gy
OA yi OA fin | o(IIZ 4i 5 pin
DB = | AT A | AT A A AN | AL A | Gy | Ga

D5 ends with the hypersequent A7, I' = A | H. We have:
D1 Do
DB = [ATA ) AP | [ALA x A [ ALA x Al | (A2 x AT T | H |G | G2

By the induction hypothesis, we obtain derivations ®3 and 4, re-
spectively, of the following hypersequents such that v(D3) < ¢(A4) and
t(Dy) < c¢(A):

BALA x AP AL A xqFA || Al A x AT | H | Gy
ATA X AP B ALA x ASY || AL A < A | H | Go.

Applying (> =), we get the required result.
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Case 5. The rule of last inference of ©; is (= ). In this case, A
has to be a principal formula. We have:

B=|=B|H
=>B|H >B, "= A|G
I'sA|H|G

By Lemma 5.1, the claim holds since this case satisfies the condition
of application of the Lemma.

Case 6. The rule of last inference of © is (» =-). In this case A
is not principal and is contained in a side hypersequent G. The case is
similar to the Case 1 of Lemma 5.1.

Case 7. The rule of last inference of ©; is (= »).

Subcase 7.1. A is a principal formula. The last inference of © is as
follows.

B, AP » B | ... | A4, p B | G4 ATE p B B ... | AT » B | G
=B | AT B || AGA e Bl [ AT w B || AT e B | Gy | Ga

D5 ends with the hypersequent »B7 I' = A | H. We have:

D D5
F=AlAL2 xq@A | A2 e qAQ4 [ Al A x0T || A4l 2 x Al ¥ | H |G |G

Using the inductive hypothesis and (= »), we get the following
derivation ©3 with v(D3) < ¢(A).
I'= A|B A2 < AP [ AL 290 |ul2 x af'™> B |03 2¥ | H | G1 | G2

,,,,,,,,,,

I'= A|l=eB|AL2 xqP4 | 25298 |l 2 < af> | Af 25 | H | Gy | G

,,,,,,,,,,

where
TAGA _ o T'A oA A oA
* Q(%’A'ﬁz_ Qli}"m 8 Q(2172| | Qli’}mx Q(nnz
o 2 7T =2A7 x A | 2 = x AL

By Lemma 5.1, the claim holds since this case satisfies the condition
of application of the Lemma.

Subcase 7.2. A is not a principal formula. The last inference of D
is as follows.

BAGA Air | |84 Ain |G, ATE AD B[ ... |ATE, Ai | Gy
= pB | AP Al | | AGA Al | AITE AR || ALE Al | Gy | G
D5 ends with the hypersequent A7, I' = A | H. We have:
D, Dy

= pB [ AN | AT AE | H | Gy | Gy
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where
Q{FA@A Q[FA Q{@A ’ ’ Q[FA Q{@A
° Q[FAHE Q[FA % Q[HE ’ ’Q[FA % Q[HE

By the 1nduct10n hypothesis and (» :>), we get the required result
similarly to Case 4 of this Lemma.

Case 8. The rule of last inference of ©; is (~ =-). In this case A
is not principal and is contained in a side hypersequent G. The case is
similar to the Case 1 of Lemma 5.1.

Case 9. The rule of last inference of D is (= ~).

Subcase 9.1. A is principal.

B, AP ~Bu | A9 ~Bz | .. | A9 ~B | G
APA ~B1 | ... | AN ~B | = ~B |G ~BI "= A|H
', 0= A" Ay |...| "0, = A" A, | =A|H|G

Using the inductive hypothesis and (= ~), we get the following
derivation ©3 with t(D3) < ¢(A).
B, I 0= A" Ay | ... | T, 0, = A" A, |H|G
'O, = A" Ay |... .| 60,= A" A, | = A|=~B|H|G
By Lemma 5.1, the claim holds since this case satisfies the condition

of application of the Lemma.
Subcase 9.2. A is not principal.

B,61 ﬁAl,Ail |@2:>A2,Ai2 | ...|@n:>An,Ai" |G
61 = A1, A" | ... | Op = Ay, A | = ~B |G AP = A|H
' 61 = A" Ay |...| I 0, = A" A, |=~B|H|G

Using the inductive hypothesis, we get the required result.
B, T 0y = AU A | T2, 0y = A2 Ay | ... | [,0, = A» A, |G
r'n,©;= A" Ay |...| "0, = A" A, |=~B|G

Case 10. The rule of last inference of 1 is (o =). In this case, A is
not a principal formula. Then the last inference of 4 looks as follows.
ByA" AP | A AN Gy AT AT B A | Gy
oB, At QI | At P4 | | Al A8 | AT ulTF || A AT 1 Gy | Gy

D1 ends as follows: I' = A, A7 | H. The result of the application of
(Cut) to ©; and D, is as follows:
0B, ALA x AT | AL A 5 AqGA || AT A e AGA | ALA AT |
Qlf:ZAXngE|H|G1|G2
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By the induction hypothesis, we obtain derivations ®3 and 4, re-
spectively, of the following hypersequents such that t(D3) < ¢(A) and
t(Dy) < c¢(A):

B, ALA x qPA Al A xq@N || Al A < A9 | H | Gy
ALA x AT B Al xull> | [ AL x AL> | H | Gy

Applying (o =), we get the required result.
Case 11. The rule of last inference of ©; is (= o).
Subcase 11.1. A is principal. Then we have:

= B|B,A'2 0B | A2 0B® | ... | A2 0B |G
A2 oBUFL | ALA 0B | ... | ALA 0B | G 0B’ 0= A|H
A2 AL AT x AT || AT < AP | H | G

By the inductive hypothesis, we have the following derivation ®g3
with t(D3) < ¢(A).
= B | B,AA xﬂgﬁl | ALA XngA LaArAa x%2A|H|G
AT x AP 0B | ATA x A4 || ATAx AP | H | G

11 7

By Lemma 5.1, the claim holds since this case satisfies the condition
of application of the Lemma.
Subcase 11.2. A is not principal. Then we have:

= B | B,Al'A Ah | qlA At || AlA A | @
AIA 0B, Al | AFA A2 | AL A | @ AlO=A|H
ATA x AP oB | ATA x AP || ATA x AP | H | G

Then we transform this derivation as follows:

= B| B,AA, Al | ALA A || ALA A |G A0 A|H
:>B|B,QI{A><Q(§A|Q@A><QIZ%A ...|Ql5A><Ql§iA|H|G
AT x AP 0B | ATA x AT || ATAx AP | H | G
The other cases are treated similarly. o

THEOREM 5.1 (Constructive elimination of cuts). Let L € {S5%*, Z, Z},
where & € {>,»,0,0,0, 0 ~ ~}. If a derivation © in HL has an appli-
cation of (Cut), then it can be transformed into a cut-free derivation ©’.
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PROOF. Assume that a derivation © in HL has at least one application
of (Cut), i.e. t(®) > 0. The proof proceeds by the double induction on
(t(D),ne(D)), where nt(®) is the number of application of (Cut) in D.
Consider an uppermost application of (Cut) in ® with cut rank (D).
We apply Lemmas 5.1 and 5.2 to its premises and decrease either v(D)
or nt(®). Then we can use the inductive hypothesis. o

6. Conclusion

In this paper, we have developed cut-free hypersequent calculi for several
modal logics over S5-frames having non-standard modalities as primitive
ones. There are other modalities one may also consider. For example,
Pan and Yang [43] introduced the following weak essentially true and
strong accidentally true modalities:

o J(®A,x)=1iff ¥(A,z)=0o0r Jyew(4,y) =1,

o J(OAx)=1iff ¥(A,z) =1 and Vyew(A,y) =0.

Thus, ®A =—-AV)OA =A — 0A and ©A = A ANO-A. Since these
modalities are quite unusual, we decided not to include them into the
main part of our paper, but we can present sound, complete, and cut-free
hypersequent rules for them:

I'=s>AAlH A=|G AT'=s=A|0=AA|H
SAT=A[H|C G TS Aed0= A H

ATIl'=sA|0=ANA|H I'sAAlH A=|G
QA I'=A|0=A|H I'= AGA|H|G

(® =)

(=) = 0)
By analogy we may define weak essentially false and strong acciden-
tally false modalities as follows:
o J(®A,x)=1iff 9(A,z) =1 or Iewd(A,y) =0,
o J(OAx)=1iff 9(A,2) =0 and Vyewd(4,y) = 1.
Hence, ®A = AV $—A = =A — $—A and ©A = =A AOA. The
appropriate sound, complete, and cut-free hypersequent rules for them
are presented below:

@ AT'=s=A|H =A|G 5 I's AJA|A,06=A|H
= = = =~

®AI'=A|H|G I'=> A®A|O=A|H
. I'sAA|A60=A|H . AT'sA|H =A|G
(© =) (=

OAT=A|0=>A|H I'=AGA|H|G
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Among other non-standard modalities we would like to mention the
so called ‘boxdot’ modality [JA = JA A A introduced by Boolos [5] for
the needs of provability logic and being interpreted as ‘provable and true’
(for its use in context of essence and accident logics [see 52]):

o V(A z)=1iff ¥(A,2) =1 and Vyew (A, y) = 1.

The appropriate rules for [ are as follows:

AT'=A|H AO= A |G
HATI'=A|0=A|H|G
I's AJAlH =A|G

I'sAUHA|H|G

One may also consider strong non-contingency modality > A = (A —
0A) A (A — O-A) (the symbol for it is ours) introduced by Fan [9].
We believe there might be other interesting non-standard modalities in
the literature. As for future research, we emphasize two tasks. First, to
formulate the uniform method of generation of hypersequent calculi for

the non-standard modalities defined over S5-models. Second, to extend
our results on other modal logics, such as S4, T, K, etc.

©=)

(=0
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