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Abstract

The knowledge of agents is usually modelled using logic §5. However in
some cases it is preferable to use other modal logics, for example S/ or even
its multimodal variant S4,. It also can be noted, that S5 can be trivially
embedded into S4 ([14]) and the satisfiability problem for 54, is PSPACE-
complete ([35]). Although multimodal epistemic logics are capable of mod-
elling knowledge of many different agents, they do not include interaction
between them. In this dissertation one particular form of interaction is
chosen: one of the agents is called the central agent, because it knows ev-
erything that is known to other agents. This interaction is essentially the
same as distributed knowledge.

The main aim of this thesis is to present a sequent calculus for multi-
modal logic 54, with central agent axiom in which every derivation search
terminates. To achieve this task, basic sequent calculus is derived from the
respective Hilbert-type calculus and the cut-elimination theorem is proved.
Next the obtained calculus is modified to ensure the termination of deriva-
tion search. This is done using different kind of labels: positive and negative
indexes of the modality, stars of the negatively indexed modality, marks of
the positively indexed modality and formula numbers. These labels are
used to restrict the applications of the rules, which causes loops in deriva-
tion search trees.

Moreover, the research allowed to extend the results to other logics, there-
fore terminating calculi for multimodal epistemic logics K,, T, and K4,
with central agent axiom are also presented. Although termination of proof
search in the sequent calculi for K, and T}, with central agent axiom is ob-
tained with only little or no effort, the transitivity axiom [;F D ;L] F' of
logics K4, and 54, with central agent axiom causes much more difficulties.
To solve these problems, the new terminating calculi for monomodal logics
K/ and §4 are derived and also presented in this thesis.

Needless to say, that this thesis also proves the soundness and complete-
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ness of every newly introduced calculus. It also shows, that every derivation

search in each of the terminating calculi is finite.
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Introduction

Research Area and Problem relevance

Different modal logics are widely applied in computer science and artificial
intelligence. One such field of application is epistemology - a science about
knowledge and belief. Although the most popular epistemic logic for knowl-
edge modelling is S5 ([41], [54]), in some cases other logics are chosen instead,
for example S4 ([7, 8, 43]). Multimodal S/, is also chosen in favour of S5,
in some other applications, e.g. in [9]. There are many cut-free systems for
S5 (they are summarized in [50]), but all of them introduce changes into the
original Gentzen-type calculus. For example, some of them enrich formulas
with indices (see [42]), some of them use different expressions instead of
sequents (see [31), [47]). This is not the problem for logic S4. Finally, modal
logic S5 can be trivially embedded into S4 ([14]) and the satisfiability prob-
lem for S/, is PSPACE-complete ([35])!. In this thesis logic S/ is analysed
and the results are extended to other epistemic logics K, K4 and T.

However monomodal logic S/ is not enough to reason about the knowl-
edge of many agents, therefore multimodal logic must be used, but it can
be only a base for discussion about multi-agent systems, because it does
not include interactions between the knowledge of different agents. To deal
with this peculiarity, 54, can be enriched by various interaction axioms.
For example in [39], possible relations between agents in two agent systems
are analysed. In [38], one particular class of interpreted systems is analysed
and an interaction axiom is proposed for this system. Several interaction ax-
ioms are presented in [2I]. Moreover, two possible scenarios for multi-agent
systems are displayed in [38], 39, [40]:

1. A system with a central processing unit. There is one agent (called the

central agent and denoted ¢), that knows everything what is known to

!The complexity for other monomodal as well as multimodal logics are summarised in [26].
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other agents. To model this scenario, the axiom (,F D O.F? is added

to modal logic. In this dissertation it is called the central agent axiom.

2. A system with agents of different capabilities. The agents are ordered
according to the computational power and any agent with more com-
putational power knows everything what is known to the agents with
less computational power. Similar axiom [;F D [O;F?, where i is
agent with less computational power than j, can be added to model

this situation.

In this thesis the first case is analysed, because of two reasons. First of all,
the results presented in this dissertation can be extended to cover the second
case of interaction. And secondly, as it is shown later in the thesis, the
central agent modality models the behaviour of distributed logic operator.
Distributed knowledge was introduced in [24] where it was called “implicit
knowledge”. The name “distributed knowledge” was first used in [25] and
the concept is widely analysed (e.g., [11], 12} 23] 26} 41]).

Research Objectives

A variety of methods to derive theorems in different modal logics exist and
to ease the derivation search computer programs are developed. However
in order for a method to be suitable for automation, it must be algorithmic.
That is, it must have two basic properties. Firstly, in every step a method
must provide a single action and secondly, a method must stop in both
situations: if the sequent is derivable and if it is not. The main objective
of this research is to develop such method for considered multimodal logic
S4,, with central agent axiom.

Aim of the Work and Work Tasks

Hilbert-type calculus is a usual way to define a deduction system for modal
logic. In such system the needed properties of the logic are formulated
as axioms and several derivation rules. Although such definition is very
convenient for semantic discussion, however the derivation search process
using this technique causes a lot of problems. Therefore, in this thesis
Gentzen-type calculus (also known as sequent calculus) is used and the first

2If agent a knows F, then the central agent also knows F.
3If agent i knows F, then agent j also knows F.



task is to develop sound and complete sequent calculi for considered logics.
The other step is to alter the Gentzen-type calculi to make it algorithmic. To
complete this task, not algorithmic rules (namely, cut) must be removed and
termination of derivation search in the calculus must be ensured. Although
the dissertation is mainly aimed at multimodal logic 54, with central agent
axiom, during the research similar results for other epistemic logics such as
K,, T, and K/, with central agent axiom were obtained and they are also
presented here.

More precisely the following tasks have been completed:

1. Basic sound and complete sequent calculi for multimodal logics K,,, T},

K4, and S4, with central agent axiom have been developed.
2. Cut-elimination theorem for the developed calculi has been proved.

3. Finiteness of the derivation search in the developed calculi for multi-
modal logics K, and T, with central agent axiom has been demon-

strated with little or no changes to the calculi.

4. New method to obtain termination in derivation search for transitive
monomodal logics K4 and S4 have been developed. New terminating
Gentzen-type calculi for these logics have been created.

5. The developed monomodal calculi have been adapted to transitive mul-
timodal logics K4, and 54, with central agent axiom and new termi-

nating Gentzen-type calculi for these logics have been obtained.

Methods

The basic Gentzen-type calculi for logics K, T,, K4, and 5/, with central
agent axiom are developed from respective sound and complete Hilbert-type
calculi. The soundness and completeness of such calculi is proved by show-
ing the equivalence between Gentzen-type and Hilbert-type calculi. The
invertibility of most of the rules of the calculi and admissibility of weaken-
ing and contraction structural rules are used to prove the cut-elimination
theorem. The finiteness of the derivation search in the developed calculus
for logic K, with central agent axiom is proved by showing that the length
of sequent decreases while going up the derivation search tree.

In order to obtain the finiteness of the derivation search in the calculi for
other considered logics, new methods, which use labels, have been created.
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The idea to use labels dates back to [32]. In this dissertation to restrict
applications of reflexivity rule, % is used (similarly to [45]). This is enough
for logic T, with central agent axiom. However, transitivity axiom [I;F D
[, F' causes a lot of problems in detecting the termination of derivation
search in sequent calculi for logics K4, and 54, with central agent axiom.
Therefore, in addition to the stars, indexes (once again, similar to the ones
in [45]) are used to keep track of every occurrence of modality that could
lead to a loop. Moreover, marks of indexed occurrences of modality show
when transitivity rule was applied to the same formula. Finally formula
numbers are used to indicate when the formula appeared in the derivation
search tree for the first time. Indexes, marks and formula numbers are used
to restrict applications of transitivity rule.

To show the soundness and completeness of the developed terminating
calculi, the equivalence between the cut-free and the terminating calculi is
proved. The finiteness of the derivation search in the calculi is proved by
demonstrating that the value of the ordered multiple decreases while going

up the derivation search tree.

Scientific Novelty

In this dissertation new sequent calculi are presented. The mentioned cal-
culi cover multimodal logics K,, T), K4, and S4, with central agent axiom
and monomodal logics K/ and S4. There are many terminating calculi for
S4 (e.g. [22], 29, [37], [45] with corrections in [46]). In [27] a new method of
histories is presented, which is widely used in various epistemic logics. How-
ever, as mentioned in the article, it is not clear how to extend this method
to multimodal logics. What is more, the author is not aware of terminating
calculi for multimodal logic S4,, with central agent axiom. Although multi-
modal calculi with interaction axioms are analysed, they do not cover the
mentioned logic. For example, in [21] multimodal logic KD/5, with various
interaction axioms is analysed and the terminating calculi are presented. In
[23] multimodal logics K,,, T, and S/, with distributed knowledge, which
is analogous to central agent knowledge as mentioned above, are analysed
and cut-free sequent calculi are presented. What is more, it is possible
to conclude from the article the cut-free calculus for K4, with distributed
knowledge. However, the mentioned calculi for K/, and S4,, are not termi-

nating.
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The most important result of the dissertation is a new marks and indexes
method for transitive monomodal and multimodal logics, in which four kind
of labels are used: (1) indexes of the occurrences of modality, (2) marks of
indexed modalities, (3) marks * and (4) formula numbers.  Although
the usage of labels is not a new thing ([32, 45]), in this thesis they are
applied in a new and original way. This new method is employed to ensure
the termination of every derivation search in sequent calculi for transitive
monomodal logics K4 and 4 as well as for transitive multimodal logics K4,
and S4, with central agent axiom.

Finally, the results presented in this dissertation can be easily extended
to other multimodal logics. First of all by eliminating the central agent, the
terminating calculi for multimodal logics K,,, T, K4, and S/, are obtained.
Moreover, with some effort these calculi can be adapted to the mentioned
logics with different interaction axioms. E.g., the system with agents of

different capabilities, described in the start of this chapter.

Defending Statements

These statements are presented for defence:

1. New constructed Gentzen-type calculi for multimodal logics K,, T,
K4, and 54, with central agent axiom demonstrate how central agent
axiom can be modelled in sequent calculi without causing problems in

cut-elimination.

2. New method of obtaining finite derivation search is developed. This
method is applied to obtain new terminating Gentzen-type calculi for
transitive monomodal logics K4 and S4.

3. This new method is extended to obtain new terminating Gentzen-type
calculi for transitive multimodal logics K4, and S4, with central agent
axiom. Some ideas of this method are used to construct such calculus
for logic T, with central agent axiom.

Approval of Research Results

The author’s research is documented in 6 articles. 2 articles are in the
periodical journals, included in Scientific Master Journal List (ISI). Other

articles are in the international refereed journals.
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The results are also presented in 4 conferences and in the seminars of
Mathematical Logic Sector at Software Engineering Department of Vilnius

University Institute of Mathematics and Informatics.

Publications of the Author

The publications of the author related to this dissertation are:

1. Scientific articles in the periodical journals, included in Scientific Mas-
ter Journal List (ISI):

(a) J. Andrikonis. Cut elimination for S4n and K4n with the cen-
tral agent axiom. Lithuanian Mathematical Journal, 49(2), pp.
123-139, 2009.

(b) J. Andrikonis. Loop-free calculus for modal logic S4. Lithuanian
Mathematical Journal, July 2011. Accepted for publication.

2. Scientific articles in other international refereed journals:

(a) J. Andrikonis and R. Pliuskevicius. Cut elimination for knowledge
logic with interaction. Lithuanian Mathematical Journal, 47 (spec.
issue), pp. 346-350, 2007.

(b) J. Andrikonis. Cut-elimination for knowledge logics with interac-
tion. Lithuanian Mathematical Journal, 48/49(spec. issue), pp.
263268, 2008.

(c¢) J. Andrikonis. Loop-free sequent calculus for modal logic K4.
Lithuanian Mathematical Journal, 50(spec. issue), pp. 241-246,
2009.

(d) J. Andrikonis and R. Pliuskevi¢ius. Contraction-free calculi for
modal logics S5 and KD45. Lithuanian Mathematical Journal,
51(spec. issue), August 2011. Accepted for publication.

Outline of the Dissertation

In Chapter [1] initial Hilbert-type and Gentzen-type calculi for classical,
monomodal and multimodal logics are defined, some important measures are
introduced as well as some properties of the mentioned calculi are proved.
Among the most important properties are invertibility of most of the rules
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and admissibility of weakening and contraction in the presented sequent
calculi.

In Chapter [2] central agent axiom is presented and the relation between
central agent knowledge and distributed knowledge is described. Next
Hilbert-type calculi for multimodal logics K,,, T),, K4, and S4, with central
agent axiom are presented. From them Gentzen-type calculi are derived
and their equivalence is proved. In the final section of the chapter the
cut-elimination theorem for all the considered calculi is proved.

Chapter [3| presents terminating sequent calculi for all the considered log-
ics and proves that every derivation search in the presented calculi is finite.
In fact, the cut-free calculus for K, with central agent axiom is already
terminating and the one for T, with central agent axiom requires only mi-
nor changes. To make the dissertation clearer, the terminating calculi for
monomodal logics K4 and 54 are presented before discussing the cases of
multimodal logics K4, and 54, with central agent axiom. The soundness
and completeness of all the newly introduced calculi are also proved in the
chapter.

Annex [A] presents the detailed proof of Lemma [2.3.6,
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Chapter 1

Initial Calculi

This chapter presents definitions, terms and theorems that are used in the
whole dissertation. The results presented in this chapter are not the work
of the author and the references are given, where applicable. In other situa-
tions, the information presented here is considered to be a common knowl-

edge’.

1.1 Classical Propositional Calculi

Classical propositional logic is denoted PC. To construct the formulas of
PC, standard logical connectives are used: unary operator — (negation)

and binary operators A (conjunction), V (disjunction) and O (implication).
Definition 1.1.1. Classical formula is defined recursively as follows:

e Propositional variable is a classical formula.

o If F is a classical formula, then (—F) is a classical formula too.

e If F and G are classical formulas, then (FNG), (FVG), (F D G) are

classical formulas too.

Formulas are denoted by capital Latin letters (F, G, H, F,...), propo-
sitional variables are denoted by small Latin letters (p,q,7,p1,...). Out-
ermost brackets of formulas in this thesis are always omitted, as well as
some inner brackets if the order of application of logical operators is clear.
The priorities of logical operators are =, A, V, D, where — has the highest
priority and D — the lowest.

1As a matter of fact the concept of common knowledge is also analysed in the context of multimodal logic
e.g. in [IT) 24, 25).

14



Definition 1.1.2. An interpretation of classical formula F is function
v : P — {T,L}, where P is a set of all the propositional variables of
F, T stands for “true” and L stands for “false’.

Now a truth relation F between interpretation and formula is defined.

Definition 1.1.3. Let’s say that v is an interpretation of classical formula
F', then:

e if F' is a propositional variable, then v EF iff v(F) = T.

if F=-G, thenv EF iff v FG.

ifF=GNH, thenvEF iffvEG and v EF H.

if F=GV H, thenvFF iffvFEG and v F H.

fF=GDOH, thenvEF iffvEG and v ¥ H.

If v E F, then it is said that formula F' is true with interpretation v. If
F' is true with every possible interpretation of F', then it is said that F' is
valid and denoted F F'. Sometimes it is important to clarify the logic, for
which the formula is valid (or true with interpretation v). This is presented
as index of truth relation: Fpc F (or v Epc F respectively).

To test for formula validity several methods are used. Here only Hilbert-
type and Gentzen-type calculi are analysed.

In this dissertation Hilbert-type calculus defined in [33] is used. For an
alternative definition the reader could refer to [30].

Definition 1.1.4. Hilbert-type calculus for classical propositional logic (de-
noted HPC') consists of axioms:

1.1. FO (GDF);
12. (FD> (G2 H))>((F>G)D(F>H));
2.1. (FAG) D F;
22. (FANG)DG;
23. (F>G)D ((F > H)D (F> (G/\H)D;
3.1. F D (FVG);
32. GO (FVG);
33. (FOH)D ((G DH)D ((FVG)D H)),
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41. (F D> G) D (=G D ~F);
4.2. F > ——F;
4.3. -—F D F}

and Modus Ponens (MP ) rule:

F F>d
G

Here F', G and H stand for any classical formula.

This type of calculus was formulated for the first time in [28], therefore
such calculi are called Hilbert-type.

In order to check if some formula is valid, a derivation is constructed. A
derivation of formula F' in Hilbert-type calculus is a sequence of formulas
Fi,..., F,, where F,, = F and for every i € [1,n], F; is either an axiom,
or obtained by applying the rules of the calculus to formulas from the set
{Fj : j <i}. Thus the derivation search starts with axioms and from them
new formulas are constructed by applying the rules. The process terminates
successfully if formula F' is finally obtained.

In this dissertation Hilbert-type derivations are presented as lists together
with information on how the formula was obtained. For this purpose an
expression of the type {Gi/F, ..., Gn/F,}, called the substitution, is used.
This means that in the discussed formula all the occurrences of subformula
F; is replaced by Gy, Vi € [1,n].

Definition 1.1.5. [t is said that formula F' is derivable in some Hilbert-
type calculus C (denoted ¢ F'), if a derivation of F in C exists. Otherwise
it 1s said that F' is not derivable in C ¥¢ F).

One of the core properties of the calculus are soundness and completeness.
It is said that Hilbert-type calculus C for logic L is sound if for any formula
F,if F¢ F then E, F'. It is said that Hilbert-type calculus C for logic £ is
complete if for any formula F', if . F', then ¢ F'. Only sound and complete

calculi can be used to check both validity and invalidity of any formula.
The soundness and completeness of HPC' is shown in [33].

Now an example of derivation in HPC'is presented.
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Example 1.1.6. A derivation of p D p in HPC is as follows:

L (p > (o> p)) D ((p >(>p) (D p)) Axiom 1.2, {r/F,?>r/c,?/H}.
2.p> ((P Dp)D P) Axiom 1.1, {¢/Fr,P2p/c}.

3. (P >((D p)) >(®>p) MP rule fromand

4. p>(p>Op) Axiom 1.1, {p/r,?/c}.

5. pDp MP rule from and

Although Hilbert-type calculi are used in discussing semantics of the
logic, however proof search in such calculi is not an easy task. It is hard to
describe an algorithm of choosing the axioms, as can be seen in Example
[[.1.6] There are several techniques suggested to tackle this problem, one
of witch was first introduced in [18], and therefore is called Gentzen-type

calculus. This technique is analysed in the dissertation.

Definition 1.1.7. A sequent is an expression of the form I' — A, where
' and A are multisets of formulas and can possibly be empty. 1" is called
antecedent and A is called succedent. The order of the elements of the
multisets is not important.

In this dissertation sequents are denoted by letter S with or without
indices and capital Greek letters (I', A, ¥, I'1) denote multisets of formulas,
which can be empty, if not mentioned otherwise. Sequents, which consist
of classical formulas only, are called classical sequents.

Because of the use of sequents, Gentzen-type calculi are often referred to
as the sequent calculi.

Definition 1.1.8. Let’s say that S is a sequent, then corresponding formula
of S (denoted Cor(S)) is defined as follows:

e ifS=F,....F, = Gq,...,Gp, where n,m > 1, then Cor(S) = (F1 A
.../\Fn)D<G1\/...\/Gm).

e if S= — Gy,...,Gy, where m > 1, then Cor(S) =Gy V...V Gy,
e if S=Fy,...,F, — , wheren > 1, then Cor(S) = =(F1 AN...NF,).
e if S= — , then Cor(S) = p A —p for some propositional variable p.

It is clear that if S is a classical sequent, then Cor(.S) is a classical formula.
This definition is similar to that given in [49].

Now it is possible to define the semantic meaning of sequent.

Definition 1.1.9. Let’s say that S is a classical sequent and v is an inter-
pretation of classical formula Cor(S), then S is true with interpretation v
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(denoted v E S) iff v E Cor(S). If E Cor(S), then it is said that S is valid
and denoted F S.

In this dissertation the sequent calculus provided in [32] is used. This
calculus has some very good properties, which will be discussed later. It is
also used by other authors, i.e. [13, 20].

Definition 1.1.10. Gentzen-type calculus for classical propositional logic
(GPC) consists of an axiom I', F' — F, A and the logical rules:

Negation:
F—>A,F(%) FT — A ()
-F,I' = A I' - A —-F
Conjunction:
F.G T — A (A=) I - AF F—>A,GHA)
FAGT — A ' - AFAG
Disjunction:
FT — A G,F—>A(v_>) I' - A F.G V)
FVGT — A I - AFVG
Implication:
r—-AF GT—A (5) FT — AG (55)
FOGT — A ' - AFDOG

The sequent(s) above the horizontal line of the rule is (are) called the
premise(s). The sequent bellow the line is called the conclusion.

Once again, to check the validity of some sequent, derivation is con-
structed. Now a derivation search tree of the sequent S in Gentzen-type
calculus is a tree of sequents, which has S at the bottom as a root and each
node is either a leaf, or a conclusion of an application of some rule of the
calculus in which case all the premises of the application are child nodes of
that node. S is called the initial sequent. To denote some derivation search
tree, letter D with or without indices is used.

A branch of derivation search tree D is a subtree of D in which each node
except the last one has exactly one child, the last node has no children and
which is not a subtree of any other branch of D (similar definition can be
found in [52]). The branch can be infinite. In that case there is no last node
and each node has exactly one child. It can be noticed that every sequent of
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the derivation search tree belongs to at least one branch. If every branch of
a derivation search tree D is finite, then D is finite, otherwise it is infinite.

A part of a branch between sequents S7 and S5 is called a path from Sy to
Ss.

If all the branches of a derivation search tree D of S end with axiom, it
is said that D is a derivation tree (or simply a derivation) of S. If there
exists a derivation tree of S in Gentzen-type calculus C, it is said that .S is
derivable in C (denoted ¢ .S) and otherwise it is said that S is not derivable
(denoted ¥ S). Formula F' is derivable in sequent calculus C (denoted t¢ F)
iff |—c — I

Similarly to the Hilbert-type calculus, if the derivation tree of sequent S
in sequent calculus is present, the reasoning about the validity of .S is obvi-
ous. It starts from the axiom(s) and is continued through the applications
of the rules. Due to the form of the rules, if all the premises of some appli-
cation are valid, the conclusion of the application is valid too. However, the
process of derivation search starts with sequent S. If S is not an axiom and
it is suitable as a conclusion of some rule, then the premise(s) of the rule
are inspected and the process of finding the appropriate rule is repeated to
them. Thus in this dissertation it is said that the rule of sequent calculus is
applied to the conclusion and the premise(s) are obtained. The application

of some rule is called an inference.

It is obvious, that usually several rules can be applied to the same se-
quent. To separate them, main formula of the inference is defined. The

main formula of inferences

[ - AF
-FI' = A

FT — A
' - A-F

(= =)

(=)

is =F. F is called a side formula. The main formula of inferences

F.GT — A
FAGT — A

' - AF T —=AG
I A FAG

(A=)

(=N

is FAG. F and G are side formulas. The main formula of inferences

FT — A G,I' - A
FVGT — A

' - AFG -
' - A FVG

(V=) V)
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is FFVGE. F and G are side formulas. The main formula of inferences

r-AF GT—A ) FT' - AG

FoGT A 7 r>AF>G )

is ¥ D G. F and G are side formulas. The main formula of axiom
I'F — F, A is formula F.

It is said that sequent calculus C for logic L is sound if for any sequent S,
if F¢ S then Ez S. Tt is said that sequent calculus C for logic £ is complete
if for any sequent S, if F, S, then k¢ S. In [32] it is proved that GPC is
sound and complete.

Now an example of derivation in GPC'is given.

Example 1.1.11. A derivation in GPC of the formula used in Fxample
is obvious, so a derivation tree of Axiom 2.3 of HPC is provided in-
stead.

FHG—G  FHG-—H
FH — GAH,F FHG = GANH
F,F>G— GAH,F FHFSG 5 GNE 5-)
FFoHFSG 5 GAH
FOHFD>G—FD>(GAH) (=2)

F>G— (F>H)D (F>(GAH))

(A=)

(=2)

(=D)
S (FO@) D ((FDH) > (F> (G/\H)))

1.2 Modal Calculi

In order to use logic to reason about modalities such as knowledge, be-
lief, obligation two modal logical operators are introduced: [J (necessity)
and ¢ (possibility). However in this dissertation only necessity modality is
analysed, because possibility can be replaced by [J modality with equiva-
lence OF = —[-F as explained latter. In epistemic logic modality [J is

interpreted as knowledge operator.

Definition 1.2.1. Modal formula is defined in following recursive way:
e Propositional variable is a modal formula.
e If F is a modal formula, then (=F) and (OF) are modal formulas too.
e If F and G are modal formulas, then (F ANG), (FV G), (F D G) are

modal formulas too.

The operator L] together with — has the highest priority in determining
the order of application of logical operators in formula. A sequent that
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contains only modal formulas, is called modal sequent. Modal formulas,
modal sequents and multisets, that contain modal formulas, are denoted in
the same way as the classical ones.

To define, which formula is true in modal logic, Kripke structure (intro-
duced in [34]) is used.

Definition 1.2.2. A Kripke structure for modal formula F is a triple
(W, R, D), where

1. W is a set of worlds,
2. R is a binary relation between the elements of W,

3. ®:WxP — {T, L} is interpretation function, where P is a set of all
the propositional variables of F .

A pair (W, R) of Kripke structure S = (W, R, ®) is called a frame.

Kripke structure contains the set of worlds and depending on the inter-
pretation function a propositional variable can get different value in different
world. Therefore, modal formula can be true in one world of the structure
and false in another one. An expression S, w E F' denotes that formula F
is true in world w of Kripke structure S.

Now the truth relation is defined as follows.

Definition 1.2.3. Let’s say that S = (W, R, ®) is a Kripke structure for
modal formula F' and w € W is some world, then:

e if [ is a propositional variable, then S, w E F iff ®(w, F) =T.
o if F =G, then S, wEF iff S, wEG.

e if F=GANH, then S, wEF iff S, wEG and S,w F H.

e if F=GV H, then S, wEF iff SSwkEG and S, w ¥ H.

e if F=GDH, then S, wkFF iff SSwEG and S,w ¥ H.

e if F =0G, then S,w E F iff Vw1, wRw; : S,w; EG.?

If formula F' is true in every world of Kripke structure &, then it is said,
that formula F' is valid in S and denoted S F F.

The weakest modal logic is K, which adds only one axiom to HPC. How-
ever, usually some additional properties of [J must be defined and therefore,

QPosibility modality is defined in a following way: if F = OG, then S,w F F iff Jw;,wRwy : S, w1 FG. It is
clear, that S,w F QG iff S, w E =[0G and therefore all the occurrences of { can be replaced by —[]—-.
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the calculus is extended with additional axioms. The notation £1 = L+ (A)
is used to define that modal operator [J in logic £ posses the same proper-
ties as the one in logic £ and a property defined by axiom (.A). Analogously,
if C is a Hilbert-type calculus, then the notation C; = C + (\A) means that
Hilbert-type calculus C; is obtained from calculus C by adding axiom (.A).

The following formulation of calculus is traditional (see [15], 49]):

Definition 1.2.4. Hilbert-type calculus for modal logic K (HK) consists of

the same axioms as HPC, axiom (K):
O(F > G) > (OF > OG)
MP rule and Necessity Generalization rule (NG ):

F

LF

Other azioms for modal logics are:
(T):OF O F
(4): OF > OOF

Other modal logics are defined as follows: T = K+ (T), K4 = K+ (4),
S)=T+ (4) = K4+ (T).

Hilbert type calculi for respective modal logics are defined analogously:
HT = HK+ (T), HK4 = HK+ (4), HS4 = HT + (4) = HK4 + (T).

In all the defined modal calculi F';, G and H stand for any modal formula.

This applies to the newly introduced axioms and rules as well as to the ones,
which are inherited from HPC.

Axiom (T) is usually called the knowledge axiom or the truth axiom
([11]). It states, that everything, that is known, is true and in general is
used to distinguish knowledge from belief. Axiom (4) is called the positive
introspection and according to it the agent knows, what it knows. Logic S5
adds another axiom to the ones of §4: =[JF D -UF. This axiom is called
the negative introspection (or (5)) and it says that agent knows, what it
doesn’t know. If the knowledge of humans is discussed, it is very likely that
this axiom doesn’t hold ([41]).

Now let’s analyse an example of Kripke structure and how it is decided
if the formula is true.
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Example 1.2.5. Let’s say that S = W, R, ®) is a Kripke structure for
formula F = 0Op D p, where W = {wy,wo}, R = {(w1,wq)}, ®(p,wr) = L
and ®(p,wq) = T. It is possible to demonstrate the structure graphically:

Now let’s check, if S,wy E F. According to the definition S,w, F Op,
because S,wy F p and wy s the only world such that wiRwy. However
S, w1 Ep. Therefore S, wy EOp D p.

This example demonstrates, that it is possible to construct a Kripke
structure, in which axiom (7') is not valid. Indeed, for this axiom to be
valid in each world of Kripke structure S = (W, R, ®), the frame (W, R)
of § must be reflexive: Yw € W : wRw. Similarly, axiom (4) requires
the frame to be transitive (Vwy, wq, ws € W: if wyRws and weRws, then
w1 Rws). Therefore, the validity of formula in modal logic is defined taking
into account the requirements of the axioms, that are part of the logic:

Fx F'iff for any Kripke structure S it is true that S F F' .

FpF iff for any Kripke structure S with reflexive frame S F F.

Fg, ' iff for any Kripke structure S with transitive frame S F F'.

Fgy F' iff for any Kripke structure S with reflexive and transitive frame
SEF.

Because of that, (T) is called reflexivity axiom and (/) — transitivity
axiom.

For some modal sequent S, Kripke structure S = (W, R, ®) for modal
formula Cor(S) and world w € W it is said that (1) S,w E S iff S,w E
Cor(S), (2) SES iff S ECor(5) and (3) E. S, iff F, Cor(.S) for some logic
L.

It is known that calculi HK, HT, HK/ and HS/ are sound and complete.

The definition of sequent calculi, used here, are based on the ones pro-
vided in [36], 48] (for K), [16], 48] (for K4) and [44] (for T'and S4). Alternative
formulations can be found in [19, 53].
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Definition 1.2.6. Gentzen-type calculus for modal logics consists of an az-
iom I',) ' — F, A, the logical rules of GPC and modal rules, which depend
on logic:

Calculus GK for modal logic K:
Iy, - F

(]
I.00, —» AOF )
Calculus GK4 for modal logic K4:
FQ, 'y —» F (= O)
Iy, (s — A, OF
Calculus GT for modal logic T:
FOFT — A I'y - F
Y ) I:’
0T > A7 oo, s AOF )
Calculus GSY for modal logic S):
FOFT = A Ory — F
OFT > A7 oo, s AOF )

In all the new rules LJF" is main formula and F' is side formula. The rule
(0 —) is called reflezivity ([45]), because it corresponds to reflexivity axiom
of Hilbert-type calculus for T and 54 as can be seen in proof of Lemma
2.3.11] The rule (-»0) of GK/ and GS4 is called transitivity, because it
corresponds to transitivity axiom of HK/ and HS/ as can be seen in proofs
of Lemmas [2.3.10/ and [2.3.12]

Calculi GK, GK/, GT and GS/ are sound and complete.

1.3 Multimodal Calculi

To reason about knowledge of many agents, multimodal logic is used. In
such case knowledge of agent [ is denoted as [J;. Agents are usually num-
bered with natural numbers starting from 1, however special agents may
get a different name. A set of agents may be finite as well as infinite.

Definition 1.3.1. Multimodal formula is defined in following recursive way:
e Propositional variable is a multimodal formula.

e If F is a multimodal formula, then (—=F) and (O, F), where l is a name
of agent, are multimodal formulas too.
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e If F' and G are multimodal formulas, then (FANG), (FVG), (F D G)

are multimodal formulas too.

The operator [J; together with — has the highest priority in determining
the order of application of logical operators in formula. A sequent that
contains only multimodal formulas, is called multimodal sequent. Multi-
modal formulas, sequents and multisets, that contain multimodal formulas,
are denoted in the same way as the classical and modal ones.

To define the validity of multimodal formulas, Kripke structure must also
be changed.

Definition 1.3.2. A Kripke structure for multimodal formula F is a mul-
tiple W, Ry, ..., Ri,, P), where

1. W is a set of worlds,

2. For each different agent [; in formula F', Ry, is a binary relation between
the elements of W,

3. & WxP — {T, L} is interpretation function, where P is a set of all

the propositional variables of F.

Multiple (W, Ry,, ..., Ry,) of Kripke structure S = W, Ry, ..., Ry, P)
is called a frame. It is said that frame OV, R;,,...,Ry,) is reflexive (tran-
sitive) if every relation Ry, j € [1,n] is reflexive (respectively transitive).

The truth relation for multimodal formulas is defined as follows.

Definition 1.3.3. Let’s say that S = W, Ry, ..., Ry,, ®) is a Kripke struc-
ture for formula F' and w € W is some world, then:

e if F' is a propositional variable, F = -G, F=GANH, F=GV H or
F=GD>H, then S,wFE F' is defined in the same way as in Definition
[1.2.3

e if F=00,G,j € [1,n], then S,w F F iff Yw,wRyw, : S,w; FG.

Once again if multimodal formula F' is true in every world of Kripke
structure §, then it is said, that F'is valid in S and denoted S F F. The
definition of validity of multimodal formula also takes into account the re-

quirements of the axioms:

o Fg, F iff for any Kripke structure S it is true that S F F.

o Fp Fiff for any Kripke structure & with reflexive frame S F F.
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o Fyy I iff for any Kripke structure & with transitive frame S F F.

o gy Fiff for any Kripke structure S with reflexive and transitive frame
SEF.

Once again, for some multimodal sequent S, some Kripke structure & =
W, Ry, -, Ry, ®) for multimodal formula Cor(S) and world w € W it
is said that (1) S,w E S iff S,w E Cor(5), (2) S ES iff S E Cor(S) and
(3) Er.S, iff Ez Cor(S) for some logic L.

Hilbert-type calculi for multimodal logics are defined in the similar way.

Definition 1.3.4. Hilbert-type calculus for multimodal logic K, (HK,) con-
sists of the same azioms as HPC, aziom (K;):

O(F D G) o (OF D 0OG)
MP rule and Necessity Generalization rule (NGy):

F
L F

Other axioms for multimodal logics are:
(Tl): (,F D F
(41).‘ L, F D UL F

Other multimodal logics are defined as follows: T, = K, + (1)), K4, =
Ky + (&), S4p = T+ (&) = K + (T1).

Hilbert type calculi for respective multimodal logics are defined analo-
gously: HT, = HK, + (T;), HK4, = HK, + (4;), HS4, = HT, + (4) =
HK4 + (T)).

Once again in all the defined multimodal calculi F', G and H stand for
any multimodal formula.

Similarly to the monomodal variant, (7}) is called reflexivity axiom and
(4;) — transitivity axiom. If however agent [ must be mentioned, then they
are called respectively [-reflexivity and [-transitivity axioms.

It is known that calculi HK,,, HT,, HK4, and HS}, are sound and com-
plete.

The definition of sequent calculi for multimodal logics are also similar.
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Definition 1.3.5. Gentzen-type calculus for multimodal logics consists of
an axiom I, F — F, A, the logical rules of GPC and modal rules, which
depend on logic:

Calculus GK,, for modal logic K,:
I'y - F

O
T, 00, = AOF
Calculus GK4,, for modal logic K4,,:
FQ,D[FQ — F (=0
[, 00 — A OF l
Calculus GT,, for modal logic T),:
F,DZF,F%A I'y - F
(] O
OFT AP Ton o AoE O

Calculus GS4,, for modal logic S4,,:

FOFT = A
OFT — A

'y — F
Fl, iy — A, L F

(0 =) (=0

In all the new rules [J;F is main formula and F' is side formula. Once
again the rule (O, —) is called reflexivity and the rule (- 0, of GK4, and
GS4,, is called transitivity. Similarly, if it is important to mention specific
agent [, then they are called respectively [-reflexivity and [-transitivity rules.

Calculi GK,,, GK4,,, GT, and GS}, are sound and complete.

1.4 Some Properties of the Calculi

First, let’s define the height of the derivation. It is the core property and
is often used in proofs. The height of the derivation D is denoted h(D),
however the definition depends on the type of the calculus.

Definition 1.4.1. A height of a derivation Fi, ..., F, in Hilbert-type cal-
culus 1s:

e 1, if F,, is an axiom;

e h+ 1, if F, is obtained from F;,i € [1,n) by applying a rule of the
calculus and h = h(Fy, ..., F});

e max(hy, ho)+1, if F), is obtained from F; and Fj,i,j € [1,n) by applying
a rule of the calculus, hy = h(Fy,..., F;) and hg = h(Fy, ..., Fj).
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Definition 1.4.2. A height of a finite derivation search tree D in sequent
calculus is:

e 1, if D consists of single sequent only;

e h+ 1, if the last application of the rule in D is

S
S

and the height of derivation search tree of Si is h;

e max(hy, ho) + 1, if the last application of the rule in D is

S; Sy
S

the height of derivation search tree of Sy is hy and the height of deriva-
tion search tree of Sy is hs.

Another important measure is the length of the formula.
Definition 1.4.3. The length of formula F (denoted 1(F)) is:

e 0, if F' is a propositional variable.

e [+ 1, if F is of the form =G, OG or O,G and | =1(G).

e i+ 1+ 1, if Fis of the form GANH, GV H orGD H, l; =1(G) and
lo =1(H).
The length of multiset of formulas I' = Fy,..., F, (denoted |(I')) is equal
to S0 (1(F;). The length of sequent S =T — A (denoted 1(5)) is equal to
I(T") +1(A).

Definition 1.4.4. In sequent Fy,...,F, — G1,...,G, formulas F;, 1 €
[1,n] occur negatively and formulas G;,j € [1,m] occur positively. If for-

mula or subformula F in the sequent occurs positively (negatively) and

e F=0G or F =0,G, then G occurs in the sequent positively (respec-
tively negatively).

e ' = =G, then G occurs in the sequent negatively (respectively posi-
tively).

e '=GANH or F =GVH, then G and H occur in the sequent positively
(respectively negatively).
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e '=G D H, then G occurs in the sequent negatively (respectively posi-

tively) and H occurs in the sequent positively (respectively negatively).

If formula or subformula TG F (or OF) occurs in the sequent positively (neg-
atively), then it is said that this occurrence of O; (respectively (1) is positive

(respectively negative).

It should be noted, that usually in derivation search trees of sequent
calculi the occurrences of formula do not change their positiveness. This
is true for all the Gentzen-type calculi analysed in this thesis. Thus for
example in G54, positive occurrence of [J;F' can only be the main formula
of [-transitivity rule and negative occurrence of [J;F' can only be the main
formula of [-reflexivity rule.

Sometimes to ease the proofs of the theorems some additional rules are
incorporated in the calculus. If the inclusion of the rule does not alter the
set of formulas that are derivable in the calculus, then the rule is called

admissible in the calculus. More formally:

Definition 1.4.5. Let C be some calculus and (R) some rule. The rule (R)
is admissible in calculus C if for every formula F it is true that F¢ F iff

It is usually obvious, that if some formula is derivable in calculus C, then
it is derivable in C 4 (R). Therefore only the fact, that all the applications
of the rule (R) can be eliminated from the derivations in C + (R) must
be proved. Admissible rules are convenient, because they can be used in
the derivation search without breaking soundness and completeness of the
calculus.

Now admissibility of some rules is proved, because these rules are used
later.

Lemma 1.4.6. The rules of negation (R—), disjunction (RV), conjunction
(RA), implication (RD), transitivity (Tr) and substitution in disjunction
(SD):

FoOd FDOH GDOH FoG FDOH
—G 5 -F 7 (FVG)DH Rv F>(GAH) RA
F>(GD>H) FOG FOG GOH 4

Fo>H RS F>H !
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FvG FoH
HvVAG

SD

are admissible in all the defined Hilbert-type calculi®.

Proof. To prove the admissibility, let’s change every application of the con-
sidered rule by the following fragments.

In the case of negation rule:

1. FO G An assumption of the rule.
2. (FOG) D> (-GD>~F) Axiom 4.1.
3. =G D ~F MP rule fromand

In the case of disjunction rule:

1. FOH An assumption of the rule.
2. GOH An assumption of the rule.
3. (F>H)> ((G SH)S ((FVG) S H)) Axiom 3.3.

4. (GDH)D((F\/G)DH) MPrulefromand

5. (FVG)DH MP rule from [2{ and

In the case of conjunction rule:

1. FOG An assumption of the rule.
2. FOH An assumption of the rule.
3. (FO@Q)D ((FDH)D (F)(G/\H))) Axiom 2.3.

4. (FDH)D(FD(G/\H)) MPrulefromand

5. FO (GAH) MP rule from [2| and

In the case of implication rule:

1. FO(GD>H) An assumption of the rule.
2. FOG An assumption of the rule.
3. (F>(GDH)D((FOG) D (FDH)) Axiom 1.2

4. (FO>G)D(F>H) MP rule fromand

5. FOH MP rule fromand

In the case of transitivity rule:

1. FOG An assumption of the rule.
2. GOH An assumption of the rule.
3. (GDH)D (FD>(GDH)) Axiom 1.1, {G>H/r F/c}.
4. F>(GDH) MP rule from and

5. FOH RD rule from 4| and

3Namely, HPC, HK, HK/, HT, HS{, HK,, HK/,, HT, and HS/,,.
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In the case of substitution in disjunction rule:

1. FVG An assumption of the rule.
2. FOH An assumption of the rule.
3. HO (HVG) Axiom 3.1, {#/r,G/a}.

4. FO(HVG) Tr rule fromand

5. GD (HVG) Axiom 3.2, {#/r,G/a}.

6. (FVG) D> (HVG) RV rule from and

7. HVG MP rule from (1| and E

]

Dl(F > G)

O, F o OG
multimodal Hilbert-type calculi.

Lemma 1.4.7. The K; rule: is admissible in all the defined

Proof. Once again, all the applications of this rule can be replaced by fol-

lowing fragment:

1. O(FD>G) An assumption of the rule.
2. Dl(F D G) D) (DZF D DZG) Axiom (Kl)
3. O,F o O0,G MP rule fromand

]

It should be noticed, that the proof of Lemma|[l.4.6]uses only HPC axioms
and rules and the proof of Lemma additionally uses axiom (K;). Of
course, this statement can be formulated in more specific way, however this
is enough to ensure, that the considered rules are admissible in any Hilbert-
type calculus, that contains axioms and rules of HPC and axiom (K;).

Lemma 1.4.8. The structural rules of weakening:

I - A
FT — A

I — A
' - AF

(w —) (— w)
are admissible in all the defined Gentzen-type calculi*. The main formula

of these rules is F.

Proof. Once again it is enough to show, that it is possible to eliminate the
weakening structural rules from the derivation trees, however this time the
proof depends on the calculus. Let’s analyse only the rule (w—) and only
the case of GK,,. Other cases are analogous.

To prove the lemma it is enough to analyse only the derivation trees,
which have only one application of the rule (w —), which is the bottom-most

inference in the derivation tree. It is enough to show that such application

4Namely, GPC, GK, GK}, GT, GS4, GK,, GK/,,, GT, and GS,,.
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can be eliminated. After that the discussion can be extended to every
derivation tree by induction on the number of applications of (w —) rule.

Let D be such derivation of sequent S = F;I" — A and S; =1 — A be
the presumption of the bottom-most application of (w—). The proof is by
induction on h(D). If h(D) = 2, then D is of the form:

SlzG,Fl —>A1,G
S:F,G,Fl —>A1,G

It is obvious, that in this case S is axiom of the calculus and the application

(w =)

of (w—) is not needed.

Let’s say that the application of (w —) can be eliminated from the deriva-
tion tree, if the height of it is less than h. Let h(D) = h and let’s check
what rule is applied to S7 in D. All the cases of logical rules are similar.
Let’s analyse only (- —). In that case D is of the form:

D,
SQ =11 — A, G
(= =)
S, =-G,I'1 = A (0 =)
S=F-GT; — A
Now let’s analyse this derivation:
Do
SQ =17 — A, G
(w =)

53 = F, Iy — A, G

The height of such derivation is less than A, therefore according to the

induction hypothesis (w —) can be eliminated from the derivation to get the

derivation D3. Finally the derivation of S without the application of (w —)

is:
Dy
Ss=FT1—AG
S=F -G — A

If the rule (— 0O,) is applied to Sy in D, then if F is of the form [J;H, then

this case is dealt with in the same way as the case of the logical rules. If F
is not of the form [J;H, then D is of the form:

(= =)

D,
SQ = FQ — G
a
S1=T1,00 — A, UG E,:_ﬁl)
S = F T 00y — Al,DlG
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In this case the application of (w—) rule can be eliminated even easier by

constructing the following derivation of S

D,
SQZFQ — G (
S = F, Fl,DlFQ — Al,DlG

— Dl)

This completes the proof of admissibility of the rule (w—). ]

As described earlier, the derivation search in Gentzen-type calculi starts

with the sequent, derivability of which is to be checked, and rules are back-

ward applied until axiom(s) or sequent(s) such that no rules are backward

applicable to them are obtained. The process could be described in a more

formal way:

Definition 1.4.9. A derivation search in sequent calculi consists of the

following steps:

1.

2.

Let initial sequent be the root of the derivation search tree.

Let’s take some leaf of the derivation search tree, which has not been
analysed yet. Let’s denote it S.

If S is an axiom and all the leafs have already been analysed, then the
derivation search is completed. If all of the leafs are axioms, then S is

derivable, otherwise it is not derivable.

. If S is an axiom and there is at least one leaf, which is not yet analysed,

then go to[3

If S is not an axiom and at least one rule can be applied to it, then let’s
apply it. If there is more than one possibility, then let’s choose one of
them. After the application let all the premises be the child nodes of S.
Go told

If S is not an axiom and no rule can be applied to it, then let’s analyse
the branch of S. Let’s go back the branch and let’s find the first sequent
such that several rules can be applied to it and at least one such appli-
cation has not already been analysed. If such sequent exists, then let’s
denote it S'. Let’s delete the tree above S'. Let’s choose any application

which has not been analysed and let the premises of such application be
the new child nodes of S . After that go to @
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7. If S is not an axiom, no rule can be applied to it and the sequent
described in Step |6 does not exist in the branch of S, then the derivation
search is completed and S is not derivable.

The part of the process described in Step [0] is called backtracking and is
needed because as defined earlier sequent is derivable if at least one deriva-
tion search tree is a derivation tree. Now let’s introduce one property of the

rule.

Definition 1.4.10. A rule of sequent calculus is invertible, iff from the fact
that the conclusion of the rule is derivable, follows that all the premises of

the rule are derivable.

Invertibility is a very important property for backtracking. If in Step
there is a choice between several applications of invertible rules, then after
applying one of them, there is no need to backtrack and check the other

ones.

Lemma 1.4.11. Logical rules are invertible in all the defined Gentzen-type

calculi.

Proof. Let’s analyse only rule (- —) and only calculus GK,,. Other cases are
analogous.

Let’s say that sequent S = —F,I' — A is derivable in GK, and the
derivation tree of S is D. It must be shown that sequent S1 =1" — A, F'is
derivable in GK,, too. The proof is by induction on h(D).

If h(D) = 1, then S is an axiom. If =F is not the main formula of S, then
S is of the form —-F, G, I'y — Ay, G and 5] is of the form G, T'y — Ay, G, F.
It is obvious that S is axiom of GK,. Otherwise, if —F" is the main for-
mula of S, then S is of the form —F,I' — Ay,—=F and 57 is of the form
I' = Ay, —F, F. Then the derivation tree of Sy is obviously:

FT = A,LF
I = A, —FF

(=)

Suppose that lemma is valid, when h(D) < h. Let h(D) = h. Let’s
analyse all the possible bottom-most inferences of D. If the main formula
of the bottom-most inference is =F and the rule (- —) is applied, then the
derivation tree of Sy is the same as D without the last inference.
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Otherwise, if (- —) is applied, then D is:

D,
-F I — A,G
S=-F-GTI1 — A

(= =)

h(D;) < h(D), therefore by induction hypothesis Fgg, Sj, where S} =
' = A,G,F. Let the derivation tree of 5/1 be Dy. Then the derivation
tree of S is:

D,
S, =T1 = AG,F
Sl = _|G,F1 — A,F

(= =)

Other cases of logical rules are completely analogous.
If (- 0, is applied, then D is:

Dy
FQ — G (
S = —|F, Fl,DlFQ — Al,DlG

— Dl)

In this case the derivation tree of S is:

D,
I'y — G (
Sy =100 = AL OG F

— Dl)

O

Lemma 1.4.12. Rule (O —) is invertible in reflexive modal calculi GT and
GS4. Rule (O, —) is invertible in reflexive multimodal calculi GT,, and GS4,,.

Proof. This lemma is direct corollary of Lemma [1.4.8 Let’s analyse only
rule (O, —). The case of (O —) is completely analogous.

If sequent [J;F,I" — A is derivable and the derivation tree is D, then the
derivation tree of sequent F,[;F,I" — A is:

D
O,FT — A
FOFT = A

(w—)

Now admissibility of two other rules can be proved.
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Lemma 1.4.13. The structural rules of contraction:

FFT A T AFRF
FT = A ° I - AF

(=0

are admissible in all the defined Gentzen-type calculi. The main formula of

these rules is F'.

The notation of weakening and contraction structural rules as (w —), (= w),
(c—) and (- ¢) is due to [51].

Proof. Once again let’s analyse only calculus GK,,. The cases of other calculi
are completely analogous. However, this time both rules must be analysed
together. It is enough to show, that it is possible to eliminate the applica-
tions of contraction structural rules from the derivation trees.

Similar to the proof of Lemma [1.4.8] let’s analyse only the derivation
trees, which have only one application of the contraction structural rule,
which is the bottom-most inference in the derivation tree. Afterwards the
reasoning can be extended to every derivation tree by induction on the
number of applications of contraction structural rules.

Let D be such derivation, sequent S be the conclusion of bottom-most
inference, S7 be the presumption and F' be the main formula. The proof is
by double induction on ordered pair (1(F),h(D)).

The induction base. If h(D) = 2, then Sy is an axiom. If rule (c—) is
applied and F' is the main formula of the axiom, then Si is of the form
F,F.T' = A, F and S is of the form F,I' — A, F. It is obvious, that S is
an axiom of GK, and the application of (c—) is not needed. If rule (¢ —) is
applied and F' is not the main formula of the axiom, then S is of the form
F,F.G,I' - A, G, sequent S is of the form F,G, " — A, G and once again
it is obvious, that S is an axiom of GK,,. The induction base of rule (- ¢) is
analogous.

The induction step. Let h(D) > 2. First of all, let the bottom-most
inference in D be an application of (c —») rule. Now let’s check what rule is
applied to S7. All the cases of logical rules are similar, so let’s analyse only

(-—). If F'is the main formula of such application, then D is:

D,

S =-G,I' - A,G

S =G -GT S A
S—GT S A

(==)

(c =)
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Rule (- —) is invertible and ¢k, So, therefore sequent S3 =1 — A, G, G
is also derivable. Let the derivation tree of S3 be D3. Now, let’s check the

following derivation:

Ds
Ss=I"—> A GG 50
S4=F—>A,G

According to induction hypothesis, because 1(G) < 1(F'), the application
of the contraction structural rule can be eliminated from this derivation to
get derivation Dé. Now a derivation tree of S without contraction is:

!

Dy
Sy =T —=>AG = 5)
S=-G, I = A
If F is not the main formula of (- —), then D is of the form:
D,
So=FFI — A G ()
Si=FF -G, T —- A (¢ =)
S=F-GIT — A
Now let’s analyse this derivation:
D,
So=FF1T —AG
(c—)

S3=FT — A,G

The height of such derivation is less than the height of D and the main
formula of contraction is the same, therefore according to the induction
hypothesis (¢ —) can be eliminated from the derivation to get the derivation

D/Q. Finally the derivation tree of .S without contraction is:
D,
S3 = F T — A, G
S=F-GT — A
If the rule (- 0,) is applied to Sy in D, then if F is of the form [J;H, then

this case is dealt with in the same way as the case of the logical rules. If F
is not of the form [J;H, then D is of the form:

(= =)

D,
SQ = FQ — G
O,
S, = F.F.T,.00 — A.OG E:))
S = F, Fl,[]lrz — A,DlG
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In this case the application of (¢ —) rule can be eliminated even easier by

constructing the following derivation tree of S:

D,
Sg :FQ — G
S = F,Fl,DlFQ — A,DlG

Now let the bottom-most inference in D be an application of (- ¢) rule.

(— )

Once again, let’s check what rule is applied to S;. All the cases of logical
rules are analogous to the (c—) part of the proof. Thus let rule (= 0, be
applied to Sy. If F' is the main formula of application of (- 0,), then D is
of the form:
D,
52 = FQ — G
O
S =T1,00; » A06.06 "
S = ',y — A, 0,G

To eliminate the application of (- ¢) rule, let’s construct the derivation:

D,
SQ =19 — G (
S = Fl,DlFQ — A,DZG

If F is not the main formula of application of (- 0,), then D is of the

— Dl)

form:
D,
SQ = FQ — G
O
S =T1,00 » AOCEF "

S = Fl, DZFQ — A, DZG, F
Similarly, to eliminate the application of (- ¢) rule, let’s construct the
derivation:
D,
SQ = FQ — G (
S = Fl, Ly — A, DlG, F
This completes the proof of admissibility of contraction structural rules.
]

— Dl)

As it is proved in Lemma [1.4.11] all the rules of GPC are invertible.
Therefore, no backtracking is needed in that calculus at all. However all
of the modal and multimodal sequent calculi have at least one rule, which
is not invertible. In all the modal calculi this rule is (- 0) and in all the
multimodal calculi it is (— 0O,).
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But there is a more important problem in modal and multimodal sequent
calculi than backtracking. In some cases the derivation search does not
terminate and may form infinite derivation search trees. The calculi, where
this is not possible are called terminating (this term is used in e.g. [10]).
More formally:

Definition 1.4.14. A Gentzen-type calculus is terminating if every sequent
has finite number of derivation search trees and it is not possible to construct

an infinite derivation search tree of any sequent.

It is said that derivation search tree is complete, if any branch ends with
an axiom or a sequent, for which no rule of the calculus could be applied.
It is not hard to see that every derivation tree is complete.

A terminating calculus provides an easy way to say if the sequent is
derivable, or not. The procedure is simply to check all the possible complete
derivation search trees of the sequent. If one of them is a derivation tree,
then it is derivable, otherwise it is not derivable. Such check can be done
in the same way as described in Definition [1.4.9] however in the case of
terminating calculus the process is guaranteed to terminate.

It is easy to show (for example, using technique provided in Theorem
3.1.3), that calculi GPC, GK and GK,, are terminating. The finite derivation
search in calculi GT and GT,, can be achieved by minor modification of the
calculus (see calculus G*T;, defined in Definition and Theorem [3.2.12).
However to obtain terminating sequent calculi for transitive logics such as
GKY4, GS4, GK}, and GS4, more elaborate methods are needed.
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Chapter 2

Basic Calculi for Multimodal

Logics with Interaction

Interaction between agents is modelled in different ways. In this chapter the
system with central processing unit, described in [38], is analysed. Speaking
in terms of multimodal logic, one of the agents is called the central agent
and it knows everything that is known to other agents. Additionally, only
the systems, consisting of three or more agents (one central agent and at
least two other agents) are analysed, because otherwise the situation can
be modelled by monomodal logic.

2.1 Central Agent Axiom

In this dissertation central agent is denoted by letter c¢. Other agents are
numbered as usual. Letter a is used to denote any agent, except the central

one and letter [ to mean any agent.
Definition 2.1.1. The central agent axiom is:
(C). O, F D O.F;

Of course, the central agent axiom has also some restrictions to the Kripke

structure.

Lemma 2.1.2. The central agent axiom is valid in every Kripke structure
with frame W, Re, R1, ..., Ra) iff Re € Naefin) Ra-

Proof. Let’s say that the central agent axiom is valid in every Kripke struc-
ture with frame (W, Re, R1, ..., Rn), but Re € Naepi,n] Ra- Therefore there
are two worlds wy,wy € W such that (w;,ws) € R, but (wi,wz) ¢ R,
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for some a € [1,n]. Now lets define interpretation ® in such way that for
some propositional variable p ®(wsy,p) = L and ®(w,p) = T for each w €
W, w # ws. Let’s inspect Kripke structure (S) = W, R, R1,..., Ry, P).
Because ®(wsy,p) = L and (wy,w2) € R, it is obvious that S,w; ¥ O.p.
However, (w1, wz) ¢ R, and p is true in every world, except wq, therefore
S,wy FO, p. Thus S,w; ¥ O, p D O.p and this contradicts the presump-
tion that the central agent axiom is valid in every Kripke structure with
frame W, R¢, R, ..., Rn)-

Now, let’s say that S = W, R, R1,..., R, ®) is a Kripke structure
and R. € Naefi,n] Ra- Suppose, that for some world w € W and some
agent a € [1,n] it is true that S,w £y F. According to the Definition
[1.3.3, S,w; E F for each w; such that (w,w;) € R,. Now according to
presumption for every (w,wz) € R it is true that (w,w2) € Nacpin Ra
and therefore (w,ws) € R,. Therefore, S,wy F F for each wy such that
(w,wy) € R.. Hence according to the Definition S,w F O.F and
S,w FUO,F D O.F. Contrary, if S,w ¥ O F, then it is also true that
S,wkFOy F D UOF. Therefore, U, F D [ F is true in every world of S for
any agent a. Il

However it is possible to formulate even stricter requirement for this

axiom, but before that let’s prove another lemma.

Lemma 2.1.3. Some formula is valid in every Kripke structure with frame
W, Re,R1,...,Ry) such that R. C Nae(1,n] Ra iff it is valid in every Kripke
structure with frame <W/, RIC, Rll, e ,R;L> such that R; = Naeli,n] R,

-
Proof. The idea of this proof is sketched in [I1] and is presented in full in
[12].

If some formula is valid in every Kripke structure with requirement R, C

Nae[1,n] Ra, then obviously it is valid in every Kripke structure with stricter

requirement R; = Nae1,n] R,a

To prove the opposite, let’s say that formula F'is valid in every Kripke
structure with frame W°, RZ, R, ..., R;,) such that R? = Neepin Ry, how-
ever there is a Kripke structure § = W, R, R1,..., Ry, ®) such that
Re CNaelin) Ra and S E .

Now, let’s form another Kripke structure. Let Wi = W and W,; 41 be
a set of states wy, u,,; for each w; € W, each wy € VV/,/€ and each agent
I € {c}Ul,n]. Let W = U;W,. Let’s define function f : W — W as
follows: f(w) = w, if w € Wi and f (W, wy1) = Wi, if Wiy i € W]/-,j > 2.
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Next, let R; = {(w1, Wewwi) : (f(w1), f(Wew 1)) € Ry} for each agent
le{c}U[l,n]. Let R, =R, UR, for each a € [1,n] and R, = R,. Let’s
notice, that this definition ensures that R; = Naelin] R,a

Finally, let <I>/(w, p) = ®(f(w),p) for each w € W' and each propositional
variable p of F.

Now let’s analyse structure S = <W/, RIC, R’l, - ,R/n, CI>/>. The aim is to
show, that S ¥ F. However it can be proved that for every world w € W'
it is true that S, w E G iff S, f(w) EG. The proof is by induction on the
form of G. If G is a propositional variable, then this is obvious, because of
the way ®' is defined.

If G is of the form Gy A Gs, then by induction hypothesis S, w E Gy iff
S, f(w) EGy and S',w E Gy iff S, f(w) E Gy. Therefore, if S, f(w) E G,
then both S, f(w) F Gy and S, f(w) F Gy and therefore Sl,w F Gy and
S’ .w E Gy. From this follows that S, w E G. Otherwise, if S, f(w) ¥ G,
then S, f(w) ¥ Gy or S, f(w) ¥ Gy and therefore 8", w ¥ Gy or S, w ¥ Gs.
From this follows that S/, w F G. The cases, when G is of the form -Gy,
G1V Gy and G D Gy are analogous.

If G is of the form O Gj, a € [1,n], then by induction hypothesis for
each wy; € W' it is true that S, wy EG, iff S, f(wy) EGy. Now if S, f(w) E
G, then for each (f(w),ws) € R, it is true that S,wy F G;. By the
construction of R/a,, if (w,wy) € R;/, then (f(w), f(wy)) is either part of
R, or R.. Now because of the presumption made in the beginning of
the proof, Re C Naepi,n) Ra and therefore definitely (f(w), f(w1)) € R, .
From this it follows that &', w; E Gy for every (w,wy) € R;l and therefore
S, wEG.

Otherwise, if S, f(w) ¥ G, then there is a world wy such that (f(w),ws) €
R,, but S,wy ¥ G1. Due to the way R;, is constructed and because
wawa') € R/a,. According to the
wewa’ F G1 and therefore S wkEG.

The case, where G is of the form [J.G; is analogous to the previous one.

(W wa') = wa, it is true that (w,w

induction hypothesis, S, w

The direct consequence of this proof and the assumption that & F F' is
that S’ ¥ F. However, recall that R/C = Naelt,n] R/a and therefore this is a
contradiction of the assumption that F' is valid in every Kripke structure
with such frame. ]

The property RIC = Nae[1,n] R; is called the central agent property. Note
that the proof of Lemma does not take into account any additional
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requirements that are added together with axioms (7;), (4;). Moreover,
it is not hard to modify the proof of Lemma to deal with reflexive,
transitive, reflexive and transitive logics. Therefore, central agent property
is independent of these requirements.

2.2 Hilbert-type Calculi

Definition 2.2.1. Hilbert-type calculi for multimodal logics K,, T,, K4,
and S4, with central agent aziom (respectively K,, T,, K4, and S4,) are
defined respectively: HK, = HK,+(C), HT, = HT,+(C), HK4, = HK4,+
(C) and HS4; = HS4, + (C).

As mentioned above, the central agent axiom incorporates one more re-
striction in to the definition of validity of the formula: central agent prop-
erty. Therefore:

o Fge I iff for any Kripke structure & with frame that satisfies central
agent property S F F.

o Fqe Fiff for any Kripke structure & with reflexive frame that satisfies
central agent property S F F.

o Fgye Fiff for any Kripke structure § with transitive frame that satisfies
central agent property S F F.

o Fgye Fiff for any Kripke structure § with reflexive and transitive frame

that satisfies central agent property S F F.

To show the soundness and completeness of the defined calculi, the con-
cept of distributed knowledge is used as it is defined in [12]. Firstly, the
distributed knowledge operator D is incorporated in the language in a sim-
ilar way as knowledge operator [J; in Definition [I.3.1] Here formula DF
means that all the agents have distributed knowledge of F'. Now for Kripke
structure S = (W, Ry, ..., Ry, ®) and world w € W the truth of formula
DF is defined as follows: S,w F DF ift §,w; F F for all w; € W such that
(w,w1) € Nael1,n] Ra-

To enrich the Hilbert type calculus with the operator of distributed
knowledge one axiom is used: [, FF D DF. What is more, if there is only
one agent (n = 1), then axiom DF D [0 F is also included. Finally, the
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distributed knowledge operator must satisfy the axiom (K;) and other ax-
ioms, that are part of the logic!. Now it is not hard to see that central agent
knowledge operator [, satisfy all the conditions set out for distributed logic
operator, if there are more than one agent except the central one.

However in [12] only modal logic S5, is analysed. Wider selection of
knowledges is discussed in [I1], but there the definition of distributed knowl-
edge is a little bit different. In [I1] distributed knowledge of some subset
of agents is also analysed. Nevertheless, it is not hard to argue that both
definitions are equivalent as far as distributed knowledge of all the agents
is concerned.

What is more, the proofs of soundness and completeness of Hilbert-type
calculi for different multimodal logics enriched with distributed knowledge
operator are provided in [11, I2]. From this and from the discussion above
it can be concluded that:

Corollary 2.2.2. Calculi HK,, HK4,, HT,, and HS4, are sound and com-
plete.

2.3 Gentzen-type Calculi with Cut

Definition 2.3.1. Gentzen-type calculi with cut for multimodal logics with
central agent axiom K, K4,, T, and S4, (respectively, GK; cut, GK4, cut,
GT,cut and GS4, cut) are obtained from respective multimodal Gentzen-type
calculi GK,,, GK4,,, GT,, and GS4, by adding the cut rule:

I - AF FII—>A
I — AA

(cut F)

and modal rule for central agent operator L., which depends on the calculus.
In the case of GK; cut and GT; cut:

I'y - F
', — A, L. F

In the case of GK/, cut:

(=09

Ty, 0.7 — F
Fl, Iy — A, L F

(=09

1For example distributed knowledge operator in logic S4,, additionally satisfy axioms (7T}) and (4;). Therefore,
D(F D> G)D (DF D DQG), DF D F and DF D DDF are axioms of the calculus.
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In the case of GS4,:

D*FQ — F
T, 0.0 — A, OF

(=0

Here U, I'y = Uy I, ..., Uy, Fy, where k > 0 and [ is any agent for every
Jj €1, k]

In the (cut F) rule F is called the cut formula. In the (— 0O°) rules, O F is
main formula and F' is side formula.

In a similar way as in Lemma it is possible to prove the following.

Lemma 2.3.2. The structural rules of weakening are admissible in GK; cut,
GKY,cut, GT,cut and GS4, cut.

It is easy to prove that all the rules except (cut F), (= 0,) and (- O°) are
invertible in GK, cut, GK{, cut, GT, cut and GS4,cut. The following lemma
formally proves only the invertibility of (->) and the proof for other rules

is analogous.

Lemma 2.3.3. The rule (—>) is invertible in GK,cut, GK4,cut, GT, cut
and GS4ycut. That is, FeI' — AJF D G, iff e F,T' — A, G, where C €
{GK; cut, GK4, cut, GT, cut, GS4, cut}.

Proof. All the mentioned calculi are very similar, therefore, let’s analyse all
of them together in one proof. For clarity, the parts of the proof, where the
difference between them matters, are mentioned separately.

If Fe F,T' — A, G and the derivation tree of this sequent is D, then the
derivation tree of FeI' — A, F D G is:

D
FT — AG
' A FDOG

(—D)

To prove the other part, let’s apply induction on the height of the deriva-
tion tree Dof S=1T — A, F D G.

If h(D) = 1, then S is an axiom. If F D G is not the main for-
mula of the axiom, then S is of the form H,I'y — A, H, F D G, and it
is obvious that S; = F,I' = A,G is also an axiom, because it is equal
to FH Ty — A,HG. If F D G is the main formula of the axiom,
then S is of the form FF D G, I'y = A, F D G and 57 is of the form
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F.FF D G, I'1 - A,G. However, this sequent is also derivable and the

derivation tree is:
Fl'y—AGF FGI'1—AG
FFDOGT — AG
Now let’s say that the lemma holds if the height of the derivation tree

is less than h. Let h(D) = h. Let’s show, that S; = F,I' - A, G is also
derivable. In order to do that it is enough to go through all the possible

(>-=)

bottom-most inferences of D.

If the bottom-most inference of D is an application of (»>) and F' D G
is the main formula, then the premise of such application is sequent 57 and
therefore it is derivable. Otherwise, formula F' O G is not the main formula
and there are three cases. Firstly, if the bottom-most application is of some
logical rule or rule (0, —), then the formula F' O G is part of the succedent
of the premise of such application. As an example let’s take the rule (- —).
Thus D is of the form:

D,
So=T1—> A FDOGH
S=-HT1—>AFDG
Because h(Ds) < h according to the induction hypothesis, sequent S3 =
F.I' - A,G, H is also derivable. Let D3 denote the derivation tree of Ss.

Now the derivation tree of S is:

- =)

Dy
Ss=FTI11—>AGH
Slz_‘H,F,Fl —)A,G

Otherwise, if the bottom-most inference is application of the rule (— 0)

(==)

or (—0°), then F' D G is definitely not part of the premise. Let’s analyse
only the (— 0, of GKj cut case because the other cases are analogous. In

that case, D is of the form:

D,
52=F2—>H (
S=I.,0Iy— AOH,F DG

Now, if F'is not of the form [J;F}, then the derivation tree of S is:

— Dl)

D,
SQZFQ — H (= 00
Sl = F7 F17Dlr2 — Alalle?G

)

46



Otherwise, because of the admissibility of (w—), the derivation tree of S;

1s:
D,
Sz = FQ — H
Sy =F,I'y - H -0
Sl = F, Fl, Ly — Al, DZH, G
Finally, if the bottom-most inference is application of the rule (cut H),
then either D is of the form:

(w—=)

1)

DQ DB
52:F1—>A1,H S3ZH,H—>A,FDG
S=I,I1 - A, A,FDOG

or ' D (G is part of Sy, but not of S3. Let’s analyse only the displayed

(cut H)

case, because the other one is completely analogous. In this case, because
h(D3) < h according to the induction hypothesis, Sy = H, F,11 — A, G is
also derivable. Let D4 denote the derivation tree of Ss. Now the derivation
tree of S is:

D2 D4
SQIF1—>A1,H S4ZH,F,H—>A,G
Sl :F,Fl,H — Al,A,G

(cut H)
]

Now the soundness and completeness of the sequent calculi can be proved.
But instead of semantic discussion, this time the soundness and complete-
ness of the respective Hilbert-type calculi is used. So the equivalence be-
tween the Hilbert-type and Gentzen-type calculi is shown. Let’s start by
proving the completeness.

Lemma 2.3.4. If some formula is derivable in HK, (HK4,, HT,, HS4, ),
then it is derivable in GK; cut (respectively GK4y cut, GT, cut or GS4; cut).

Proof. Once again, let’s analyse only HK] case. The other ones can be
proven analogously.

Let formula F,, be derivable in HK; and let D = {Fy,...,F,} be the
derivation of F),. The proof, that Fgge .y F, is by induction on the height
of D.

The induction base. If h(D) = 1, then F), is an axiom of HK,. This
derivation is replaced by derivation of — F, in GKjcut. It is easy to
show that all the axioms of HK are derivable in GK| cut. Only one case
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(the central agent axiom) is demonstrated. Another case can be found in

Example [1.1.11]

F— F
O, — O0.F
— O, F D> O.F

All the axioms of all the considered Hilbert-type calculi are derivable in

(— )
(=+2)

respective Gentzen-type calculi.

The induction step. If all the derivations in HK with the height less
than h can be replaced by the derivation trees in GK cut, then suppose
that h(D) = h and let’s analyse the last application of the rule in D. In
fact, there are only two cases:

1. The modus ponens rule. In this case F}, is obtained from F; and F; =
F; O F,, where i,j <n. Let D; = {Fy,...,F;} and D; = {Fy,..., Fj}.
By the definition, h(D;) < h and h(D;) < h, so according to the
induction hypothesis, D; and D; can be transformed to the derivation
trees of — F; and — F; D F, in GK,cut. Assume that after this
transformation, the derivation trees D; and D;- are obtained. According
to Lemma [2.3.3} if Fggeew — Fi D Fy, then also Fageew Fy — Iy, s0
let D;l be the derivation tree of the latter. Now the derivation tree of
F, in GK; cutis as follows:

Dz’ Dj

— Iy F—= F,
— I,

(cut F;)

2. The rule of necessity. Then F,, = [;F; is obtained from Fj;, where
i < n. Let D; = {F,...,F;}. Since h(D;) < k, according to the
induction hypothesis it can be replaced by derivation tree D; of — F;
in GKj cut and the whole derivation can be replaced by:

/

D

i

A 0,
— DlFi =)

O

The direct corollary of this lemma is the completeness of the sequent
calculi.

Theorem 2.3.5. Calculi GK; cut, GK/, cut, GT; cut and GS4, cut are com-
plete.
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Proof. Let S be some sequent. If F, S, then F, Cor(S). Thus by Lemma
2.3.4]and completeness of Hilbert-type calculi it is true that ¢ — Cor(S5).
Now, it is possible to apply the rules (A =), (= v), (»>) and (= -) to sequent
— Cor(S) to get sequent S. Because the mentioned rules are invertible, it
is true that ¢ S. Here £ = K|, (K4,, T}, S4,) and C = GKj cut (respectively
GK4, cut, GT, cut or GS4, cut). O

To show the soundness once again Hilbert-type calculi are used. However

to shorten the proof, the derivability of some formulas are shown beforehand.

Lemma 2.3.6. The formulas are divided according to the set of calculi, that

can derive them.
1. The following formulas are derivable in HK;,, HK/,, HT, and HS/, :

(a) (FVG)D(GVF).
(b) (F D> G)D(-FVGQG).
(¢c) (FVG)D(—-F DG).
(d) (=F N-G) D —(FVG).
(e) ~(FANG) D (-FV-G).
(f) (OFy A ... ANOF,) DO(FLA...\NF,), where n > 1.
(¢9) (O,FiN...ANOF,) D (O.F A... \NO.F,), where n > 1.

2. The following formula is derivable in HK4, and HS4;:
(a) (O FAN...ANOF,) D (O,0,F A ...A0, 0, F,), where n > 1.

The complete proofs of derivability of those formulas are lengthy and
therefore provided in the Appendix [A]

Lemma 2.3.7. The rules of commutativity of disjunction (CD), implica-
tion removal (IR) and implication introduction (11) are admissible in HK;,,

HKY,, HT, and HS4,:

FVG
GVF

FoG IR FVvd
-FVvG -F>G

CD IT

Proof. The proof is easy and follows immediately from respective derivable
formulas of Lemma [2.3.6|and MP rule. Only CD rule is shown, because the
other ones are completely analogous.

1. FVG An assumption of the rule.

2. (FVG) D> (GVF) Lemma
3. GVF MP rule from and
4
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]

Lemma 2.3.8. The rules of expansion by conjunction (EA; and EAy) and
expansion by disjunction (EVy and EVy) are admissible in HK,, HK/,,
HT, and HS4,:

F>G F>G
(HAF) > (BAG) ™M FAH) S (G AH)
FOG Ev, FOoG EV,

(HVF)D(HVG) (FVH)D(GVH)

Proof. Once again, only the proof of EFA; is shown. The proofs of admissi-

bility of other rules are completely analogous:

1. FOG An assumption of the rule.
2. (HANF)DH Axiom 2.1, {H#/F,F/a}.

3. (HANF)DF Axiom 2.2, {H/r,F/a}.

4. (HAF)DG Tr rule from [3{and

5. (HAF)D (HAG) RA rule from |2/ and

]

Finally, the soundness of the defined sequent calculi with cut can be
shown. Once again, in order to prove that, the soundness of respective
Hilbert-type calculi is used.

Theorem 2.3.9. Calculus GK; cut is sound. That is, if some sequent S is
derivable in GK; cut, then formula Cor(S) is derivable in HK;,.

Proof. Let D be the derivation tree of some sequent S in GK, cut. Now let’s
show how to construct the derivation of Cor(S) in HK,. Induction on the
height of D is used.

The induction base. If h(D) = 1, then S is an axiom [', F' — F, A. If
'=aGy,...,Gy, A= Hy,...,H, and n,m > 1, then Cor(S) = (GAF) D
(FANH), where G=GyA...NG, and H=H, V...V Hy,. The derivation
of this formula in HK, is as follows:

1. (GAF)SF Axiom 2.2, {6/, F/c}.
2. F>(FVH) Axiom 3.1, {F/r, H/G}.
3. (GAF) > (FVH) T rule from 1] and 2]

If I' =2 or A = &, then Cor(S5) is already axiom of HK], (3.1 and 2.2
respectively). If I' = A = @, then Cor(S) = F D F and this formula is
derivable in HK], as shown in Example [1.1.6]
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The induction step. Let’s assume that it is possible to construct the
derivation of Cor(S') in HKC, if the height of the derivation tree of S in
GK; cut is lower than k. Suppose h(D) = k. Let’s check the bottom-most
inference in D.

If rule (- —) is applied, then D looks like this:

!

D
Sle—>A7F( 5
S==-FT—>A

According to induction hypothesis, g Cor(S;), because h(D') < k.
tr==a¢y,....,Gy,, A= Hy,...,H, and n,m > 1, then Cor(S;) = G D
(HV F) and Cor(S) = (-F ANG) D H, where G = G1 A ... NG, and
H =H, V...V H,,. The derivation of Cor(S) in HK; is as follows:

1. GD(HVF) Induction hypothesis.

2. .~GVHVF IR rule from 1

3. FV-GVH CD rule from [2

4. -(FVv-G)D>H IT rule from |3

5. ("FA--G) D ~(FV-G) Lemma (F/p,~C/c}.
6. (FA--G)DH Tr rule from [5 and

7. GD-G Axiom 4.2, {G/F}.

8. (-FAG)D (-FA-=G) EA rule from

9. -FAG)DH Tr rule fromand@

If I' = @ and A # @, then this derivation can be modified to prove that
if HV F is derivable, then —F D H is derivable too.
If A =@ and I # @, then Cor(S;) =G D F, Cor(S) = =(-F A G) and

the derivation of Cor(S) is as follows:

GDOF Induction hypothesis.

-GV F IR rule from

Fv -G CD rule from

(~FA==G) 5 ~(FV=G) Lemma[.3.6[ld {/r,~0/c}.
G D -G Axiom 4.2, {G/F}.

(~FAG) D (nFA--G) EA; rule from
(-FAG)D—(FV-G) Tr rule from E and
—-—(FV-G) D ~(-FAG) R- rule from
(FV~-G)D-~(FV-G) Axiom 4.2, {FV-G/r}.

(FV~-G)D~(-FAG) Tr rule from E and a

—-(=F AQG) MP rule from |3|and

© X NSO W

— =
— O

If ' = A = @, then Cor(S;) = F, Cor(S) = =—F and the derivation of
Cor(S) is obvious:

1. F Induction hypothesis.
2. FD—-F Axiom 4.2.
3. F MP rule from (1| and
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If rule (A —) is applied, then D looks like this:

!

D
Sl Fl,FQ,F—>A
S=FNFET = A

(A=)

In this case there is nothing to prove, because in all the cases Cor(S7) =
Cor(S). Indeed, if I' # @ and A # &, then Cor(S;) = Cor(S) = (F1 A Fy A
G) D H,if ' = @ and A # &, then Cor(S;) = Cor(S) = (F1 AN Fy) D H,
if A =@ and I' # @, then Cor(S;) = Cor(S) = =(F1 A Fo A G) and if
I' = A = @, then Cor(S;) = Cor(S) = —(F1 A Fy). Once again, here
r=aG,....G,,A=Hy,....H,,ifn>1then G =G A... NG, and if
m>1,then H=H,V ...V H,,.

If rule (- A) is applied, then D looks like this:

! "

D D
81:F—>A,F1 SQZP%A,FQ
S:F%A,Fl/\FQ

(= =)

According to induction hypothesis, g Cor(S;), because h(D') < k and
ke Cor(Ss), because h(D") < k. IfT' = Gy,...,Gp, A = Hy,..., Hy,
and n,m > 1, then Cor(S;) = G D (H V Fy), Cor(S2) = G D (H V Fy)
and Cor(S) = G D (H\/ (Fy /\Fg)), where G = G1 A ... NG, and H =
Hy V...V H,,. The derivation of Cor(S) in HK], is as follows:

1. GO (HV ) Induction hypothesis.
2. (HV Fy) > (~H > F) Lemma 2.3 6| [1d {#/r, 71/c}.
3. GO (—~HDF) Tr rule from 1 and 2
4. GO (HV F) Induction hypothems
5. (HV F2) D (—~H D F») Lemma 2 {H/F Fa2/c}.
6. GD(—H D F) Tr rule from and 5
7. (~H>F) > ((ﬂH S ) (=H S (Fi A Fg))) Axiom 2.3, {ﬁH/F Fl/G /Y.
8. Go ((—|H S Fy) D (-H S (Fi A Fz))) Tr rule fromland@
9. GD (—|H D (Fi A Fg)) RD rule from and
10. (=H > (FLAF)) D (-=HV (Fi A Fy)) Lemma [2.3.6] [1b] {~#/r, FirF2/c}.
11. GD (—|—\H V (F1 A Fz)) Tr rule from E and
12. —HDH Axiom 4.3, {#/r}.
13. (-=H V (Fi AF2)) D (HV (Fi A Fy)) EV; rule from
14. GD (H vV (F1 A Fg)) Tr rule from |11 and

If ' = @ and A # &, then this derivation can be modified to prove that
it HV Iy and H V Fy are derivable, then H V (F} A Fy) is derivable too.
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If A =@ and I' # &, then Cor(S;) = G D Fi, Cor(S;) = G D F,
Cor(S) = G D (F1 A F3) and the derivation of Cor(S) is as follows:
1. GO F Induction hypothesis.
2. GD F; Induction hypothesis.

3. GO (FANF) RA rule fromand

If I' = A = @, then Cor(S;) = Fy, Cor(S2) = Fy, Cor(S) = Fy A F; and
the derivation of Cor(S) is as follows:
1. Fy Induction hypothesis.
2. Iy Induction hypothesm
3. Fy DO F As in Example 1
4. F2 D (F1 D F) Axiom 1.1, {F2/F, Fl/G}
5. Fy D I MP rule from and
6. F1 D (F1 A F) RA rule from and
7. F1 N\ Fy MP rule from and
The cases of other logical rules — (= -), (v—=), (= V), (5=), (»d) — are

completely analogous to these three cases analysed here.
If rule (cut F) is applied, then D looks like this:

! "

D D
Si=I'=> A F So=F, 11 = A
S=I0I11—AA

(cut F)

According to induction hypothesis, g Cor(S;), because h(D') < k and

ke Cor(S2), because h(DH) <k.NowifI'=G4,...,Gip,, whereng > 1,

Il =Gy1,...,Gon,, where ng 2 1, A = Hy1,..., Hy p,, where m; > 1, and
A = Hsa,...,Hayp,, where my > 1, then Cor(S;) = Gy D (Hy V F),
Cor(S;) = (F AN Gy) D Hy and Cor(S) = (Gy A Ga) D (Hy V Hy), where
G| = Gl,l VAN /\Gl,m? Gy = G271 VANPIAN G27n2, H, = H171 V... \/HLml and
Hy = Hy1 V...V Hyp,. The derivation of Cor(S) in HK] is as follows:

1. Gi D (H1VF) Induction hypothesis.

2. ~G1VH VF IR rule from

3. °(-G1VH)DF II rule from

4. (FANG2) D H» Induction hypothesis.

5. =(FAG2)V Hs IR rule from |4

6. ~(F AGa) D (—F V -Ga) Lemma [2.3.6[1d {#/r, 2/c}

7. =FV-GyV Hs SD rule from and

8. ==F D (=G2 V Hs) II rule from

9. FDO-F Axiom 4.2.
10. F D (=G2V H») Tr rule from
11. =(=G1V H1) D (-G2 V H») Tr rule frorn and
12. ==(=G1V H1) V —G2 V Hy IR rule from 11
13. ==(=G1V H1) D (-G1V H1) Axiom 4.3, {~CG1VHi/F}.
14. -G1V H1V G2V Hs SD rule from 2 and
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15.
16.
17.
18.
19.
20.
21.
22.
23.
24.
25.
26.

derivation in HK, all the possible combinations of I'; A, IT and A being
empty or not must be analysed. There are 16 cases in total. One of them,

when all the sets are not empty, is presented above. Let’s analyse two more

(H1 VvV -G2) D (G2 V Hy)
(-G1VH 1 V—G2) D (-G1V—-G2V Hy)
-G1V-GaV H V H,

—(=G1 V =G2) D (H1 V Ha)
(==G1 A ==G2) D —~(=G1 V ~Ga)
(==G1 A —==G2) D (Hy V Ha)

G, D -Gy

(G1 A ==G2) D (=G A =—G2)
(Gi A==G2) D (H1 V Ha)

G2 D G2

(G1 AG2) D (G1 A —=—G2)

(G1 ANG2) D (H:1 V Ha)

To completely show that an application of (cut F) rule can be replaced by

cases

as

e B A S

=
= O

. G1 D H,

When I' # @, A # @, but Il = A = &, then Cor(S;) = G; D (H, V F),
Cor(S2) = —F and Cor(S) = G; D H;y. The derivation of Cor(S) in HK], is

follows:

G1D(H1VF)
-G1VH1VF
-(-G1VH)DF

—F > ——(-G1 V Hy)
-=(=G1V Hy) D (-G1 V Hy)
—F D (-~G1V Hy)

-F

-G1V Hy

-=G1 D Hi

G1 D =Gy

The next case is when I' = A =II = A = @. In this case, Cor(5;) = F,
Cor(S3) = =F and Cor(S) = p A —=p for some propositional variable p. The

Lemma al {H1/r,~G2/c}.
EV; rule from
SD rule from |14] and
2.3.6] [ld| {~G1/F,~C2/c}.
Transitivity rule from |19/ and
Axiom 4.2, {G¢1/F}.

EAs rule from

Tr rule from [22| and

Axiom 4.2, {G2/F}.

E A1 rule from

Tr rule from |25| and

II rule from

Lemma

Induction hypothesis.
IR rule from

II rule from

R~- rule from

Axiom 4.3, {~G1vH1/F}.
Tr rule from [4|and
Induction hypothesis.
MP rule from |7|and El
II rule from

Axiom 4.2, {G1/F}.

Tr rule from m and

derivation of Cor(S) in HK; is as follows:

© %N W

F
-F

(=(pA=p) D F) D (=F D =~(p A -p))

F> (—|(p/\ﬂp) D F)
F> (—|F D —\—|(p/\—\p))
=F 3 ==(p A —p)
~=(pA=p) D (pA-p)
—~F > (pA-p)

pAp

Induction hypothesis.
Induction hypothesis.
Axiom 4.1, {~(er-p)/F F/G}.
Axiom 1.1, {F/r,~(pA-P)/G}.
Tr rule from [4| and

MP rule from |1|and
Axiom 4.3, {pA~P/F}.

Tr rule from E and i
MP rule from [2| and E
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This case actually proves one well known rule of logic: if for some for-
mula F' both F' and —F are derivable in some system, then any formula is
derivable in that system. In fact p A =p is not valid in any considered logic
and therefore, not derivable in any considered calculus. According to this
reasoning, empty sequent — is not derivable in GK; cut.

All the other cases are similar to the ones, that are already presented.

If rule (- O¢) is applied, then D looks like this:

/

D
Si=Ty = F

S =T, 0.y — A.OLF

According to induction hypothesis, Fpge Cor(S)), because h(D') < k.

Now if I'y = Hy1,...,Him,, where my > 1, 'y = G1,..., Gy, where n > 1

and A = Ha 1, ..., Hapm,, where mg > 1, then Cor(S,) = (G1A.. .AGy,) D F

and Cor(S) = (H1 ANO,Gi AN ...ANO,Gr) D (Hy vV OF), where H; =

HiiN...NHyp and Hy = Hy 1 V...V Hy,y,. The derivation of Cor(S) in
HK; is as follows:

(=09

1. (GiAN...ANGr)DF Induction hypothesis.

2. Dc((Gl AN...ANGp)D F) NG, rule from

3. O(GiA...AGn) DOF K. rule from

4. (O.Gi A ... AOGR) DOA(GI A ... ANGy) Lemmau

5. (U.Gi A ... ANLGR) D UF Tr rule from 4 and

6. (L0,GiA...ALL,Gr) DG AL .ALGS) Lemma

7. (OnGiA ..o A0, Gr) D OCF Tr rule from ﬁ and

8. (HLinAO, GiA...AOL GR) D (O, GiA. . .AOL GR)  Axiom 2.2, {Hi/p, Ui GiA AU, Gr/g).
9. (HL AO,,GiA... N0, Gr) DOF Tr rule fromand
10. O.F > (H, vO.F) Axiom 8.2, {H2/r,HeF/c}.
11. (HiAOLGi Ao AO, Gr) D (He vVIOCF) Tr rule from|§|and

This derivation can be easily altered to deal with cases, where I'y, A or
both of them are empty. For example, if 'y and A are empty, then the
derivation is the same, but terminates in step [7]

If 'y is empty (but neither I'; nor A is), then Cor(S;) = F and Cor(S) =
Hy D (Hy vV O.F). The derivation of Cor(S) in HK is as follows:

1. F Induction hypothesis.

2. O.F NG, rule from

3. O.F > (H, D O.F) Axiom 1.1, {UeF/p Hi/c}.
4. H, D O.F MP rule fromand

5. O.F D (He VOCF) Axiom 3.2, {Hz/r,DcF/c}.
6. Hy D (HyVUOF) Tr rule fromand

This derivation can also be easily modified to deal with cases, where I';
or A is empty.
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The application of (— 00,) is changed to Hilbert-type derivation in a similar
way as the application of rule (— 0¢. This completes the proof that if
some sequent S is derivable in GK cut, then formula Cor(S) is derivable in
HK. ]

n

Theorem 2.3.10. Calculus GK/, cut is sound. That is, if some sequent S
is derivable in GK/,cut, then formula Cor(S) is derivable in HK4, .

Proof. Let D be the derivation tree of some sequent S in GK/, cut. Now
let’s show how to construct the derivation of Cor(S) in HK/,. Once again
induction on the height of D is used.

In fact the proof is very similar to the proof of Lemma [2.3.9 The only
difference is how the cases of application of rules (- 0,) and (- 0O°) are dealt
with.

If rule (— O¢) is applied, then D looks like this:

/

D
Sl = FQ,D*FQ — F

DC
S=T,,0.05, > AOF )

According to induction hypothesis, Fgge Cor(S)), because h(D,) < k.
Now if I'y = Hy1,...,Him,, where my > 1, 'y = Gy,..., Gy, where n > 1
and A = Hyy,...,Hoy,, where mg > 1, then Cor(S;) = (G1 A ... NGy A
O0,Gi A ... ANO,Gp) D F and Cor(S) = (Hi AO,Gy A ... ANOLGR) D
(Hy vOF), where Hy = Hig A ... ANHyp and Hy = Hoy V...V Hyypy,.
The derivation of Cor(S) in HKj, is as follows:

1. (GiAN...NG, ANO,GiN...ANO,,Gn) D F Induction hypothesis.
2. Dc((Gl/\.../\Gn/\[]llGl/\.../\DlnGn)DF) NG, rule from

3. U(GiA...AGu AO, G A ..o A0, Gr) D UF K. rule from

4 (@Ci A ADGn ADOL Gy A A, Gr) > Lemmal23.d

Ue(GiA...ANGu AL G A A, GR)

5. (LGN . AQG A0, GiA. . AL, Gr) D UF Tr rule from 4 and
6. (0,GiA...ANO,Gr) D (.G A .. AOGR) Lemma [2.3.6} [1g]

7. (O,GiA... AL, Gr) D (O, 0,GiA. .. AL, 0, Gr)  Lemma [2.3.61 [2a)

8. (O0,0,GiA...A0O,0,Gn) D Lemma [2.3.6} |1g

1
(DchlGl TANAAN DCDZTLGTL)
9. (O0,GiA...A A0, Gr) D (O0,GiA...AO0,Gr) T rule from and

10. (O,GiA...A0,Gr) D RA rule from [6| and
(G A AOG, AOOL G A AO O, Gr)
11. (O,GiA...A0,Gr) D OF Tr rule fromand
12. (H1AOLGiA..AOLGR) D (0L,Gi A A, Gr)  Axiom 2.2, {Hi/p, Uiy Gin- AL, Ga/a}
13. (HiAO,GiA.. A0, Gr) DOF Tr rule fromaand
14. O.F D (Hy vOCF) Axiom 8.2, {H2/r,U:F/c}.
15. (HiANOGiA.oAL, Gr) D (H2 VIOCF) Tr rule fromaand
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This derivation can be easily altered to deal with cases, where I'y, A or
both of them are empty.

If T'y is empty, then Cor(S;) = F' and this case is proved in the same way
as analogous case of the proof of Lemma [2.3.9]

The application of (- 00,) is changed to Hilbert-type derivation in a similar

way as the application of rule (- 0°). ]

Theorem 2.3.11. Calculus GTycut is sound. That is, if some sequent S
is derivable in GT, cut, then formula Cor(S) is derivable in HT,,

Proof. All the rules and axioms of calculus GT;, cut are the same as the ones
of calculus GKj cut, except that calculus GT, cut has rule (O, —), which is
not part of calculus GK, cut. Therefore, the proof of this lemma is the same
as the proof of Lemma [2.3.9] except that the case of the rule (O, —) must be
analysed additionally.

If rule (O, —) is applied, then D looks like this:

/

D
S, = F.OFET — A
S—O,FT = A
According to induction hypothesis, Fyxe Cor(S)), because h(D') < k. If
'=Gy,...,Gp, A= Hy,...,Hy and n,m > 1, then Cor(Sy) = (FAOE A
G) D H and Cor(S) = (4,F NG) D H, where G = Gy A ... NG, and
H = H; V...V H,. The derivation of Cor(S) in HKj, is as follows:

(L =)

1. ( FAOWBFANG)DH Induction hypothesis.
2. OZWFDOF Axiom (T3).

3. O, F O O F As in Example
4. OF D (FALE) RA rule from [2| and
5. (iFAG) D (FALLFAG)  EAz rule from

6. (UFAG)DH Tr rule fromand

This derivation can be easily altered to deal with case, where I' = & and
A+ .

IfI' # @, but A = @, then Cor(S)) = =(F AOF A G), Cor(S) =
—(0;F A G) and the derivation of Cor(S) is as follows:

~(FALLEAG) Induction hypothesis.

(LFAG) D (FALOFAG)  Asin the previous derivation fromto
-(FALFAG) D -(L,FAG) R-rule from

(L, F AG) MP rule from and

W=

This derivation can also be modified to deal with case, where I' = A =
. H
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Theorem 2.3.12. Calculus GS4, cut is sound. That is, if some sequent S
is derivable in GS4, cut, then formula Cor(S) is derivable in HS4, .

Proof. Calculus GS4, cut is the same as calculus GT, cut, except that rules
(—0,) and (— O are different. Therefore, the proof of this lemma is the
same as the proof of Lemma [2.3.11] except the cases of the mentioned rules,
that are provided further.

If rule (- 09 is applied, then D looks like this:

/

D
S =0T9 = F
S = r,0,Iy — A, L F

(=0

According to induction hypothesis, g Cor(S;), because h(D') < k.
Now if I'y = Hy 1, ..., Him,, where m; > 1, I's = Gy, ..., Gy, where n > 1
and A = Hay,...,Hyp,, where mg > 1, then Cor(S;) = (0,G1 A ... A
O,,Grn) D F and Cor(S) = (Hi A, G A .. .AO,,Gy) D (He VOLF), where
Hy = HiaN...NHyp, and Hy = Hy1 V...V Hy,y,. The derivation of
Cor(S) in HK is as follows:

1. (0,Gin...A0,Gn) D F Induction hypothesis.

2. Oc(0,GiA...ADL,Gn) D F) NG, rule from [1

3. U, Gi A ... 0O, Gr) D OF K. rule from |2

4. (@0, GiA. . ADD, Gn) 5 004, GrA. . AL, Grn)  Lemma 2361

5. (HO0,Gi AL .oAO:0,,Gr) D O F Tr rule from (4 and

6. (0,GiA...AOLGR) D (0, 0,GiA. .. AL, 0, Gr)  Lemma [2.3.6] [2a)

7. (0,0,G A ... A0, 00,Gr) D Lemma [2.3.6

O0,G A oA 00, Gr)

8. (0,Gin...AOLG) D (O O,GiA ... OO0, Gr)  Trrule fromand

9. (0,GiA...A0O,L,Gr) DOF Tr rule from ﬁ and
10. (HiAOL,GiA... A0, GR) D (O,G1i A .. AOLGr)  Axiom 2.2, {H1/F, Uiy Gin AL, Ga/al.
11. (HiAO,GiA..oAD, Gr) DUF Tr rule frommand@
12. O.F D> (H, vO.F) Axiom 3.2, {Hz/r,UeF/c}.
13. (HiANOGiA...AL, Gr) D (H2 VIOCF) Tr rule fromuand

This derivation can be easily altered to deal with cases, where I'y, A or
both of them are empty.

If T'y is empty, then Cor(S;) = F and this case is proved in the same way
as analogous case of the proof of Lemma [2.3.9]

The application of (- 0;) is changed to Hilbert-type derivation in a similar
way as the application of rule (- 0°). [
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2.4 Gentzen-type Calculi without Cut

The previous section shows, that calculi GK| cut, GK/, cut, GT;cut and
G S/, cut are sound and complete, however they are not terminating. One
of the reasons is that it is not possible to go through all the possible rule
applications of any sequent. The main problem lies in the rule (cut ). It
is not possible to examine all the possible cut formulas. In some cases this
problem is solved by restricting the set of possible cut formulas. However,
for the discussed calculi, the cut rule can be eliminated completely. This
makes sequent calculus for K terminating and takes other sequent calculi
one step closer to the finite derivation search.

Definition 2.4.1. Gentzen-type calculi without cut for multimodal logics
with central agent aziom K, K4, T, and S4, (respectively, GK,, GK/,,
GT, and GS/,) are obtained from respective Gentzen-type calculi with cut
GK; cut, GK/, cut, GT, cut and GS4, cut by removing the cut rule.

In this dissertation cut-elimination is proved using invertibility of log-
ical and reflexivity rules and admissibility of weakening and contraction.
Alternative method can be found in [2, [51].

Let’s start with the admissibility of weakening.

Lemma 2.4.2. The structural rules of weakening are admissible in sequent

caleuli GK,, GK{,, GT, and GS4,.
Proof. Analogously to the proof of Lemma [1.4.§] ]

Next, the invertibility of logical rules and rule (O, —).

Lemma 2.4.3. Logical rules are invertible in calculi GK;,, GK4,,, GT;, and
GS4s.

n

Proof. Analogously to the proof of Lemma [[.4.11] or [2.3.3] using Lemma
2.4.2] O

Lemma 2.4.4. Rule (O, =) is invertible in reflexive multimodal calculi GK/,
and GS4,,.

Proof. Direct corollary of Lemma [2.4.2, analogously to the proof of Lemma
1412 O

Finally the admissibility of contraction structural rules.
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Lemma 2.4.5. The structural rules of contraction are admissible in calculi

GK®, GK/S, GTS and GSJE.

Proof. Analogously to the proof of Lemma [1.4.13| using Lemmas [2.4.2]
and [2.4.4] O

In the derivation search trees one or more applications of weakening or
contraction structural rules are denoted by double line.

Now, cut elimination can be proved.

Theorem 2.4.6 (Cut elimination for K). Sequent is derivable in GK; cut
iff it is derivable in GK;,.

Proof. 1f sequent is derivable in GK), then obviously it is derivable in
GK; cut.

To prove the other side let’s analyse only those derivation trees in GK, cut,
that have only one application of (cut ) and it is the bottom-most inference.
If the application of cut rule can be eliminated from such derivation trees,
then inductively it can be eliminated from any derivation tree in GKj cut to
obtain the derivation tree in GKj,.

Let’s say D is a derivation tree in GK; cut and the bottom-most inference
is application of rule (cut F). Let it be the only application of the cut rule.
Then the derivation tree is of the form:

D, D,
S;=I'=>AF Sy=FIl— A
S=0I1T— A A
It should be noticed, that D; and Dy do not contain any applications of

(cut F)

the cut rule and therefore, they already are derivation trees in GK. Let’s
show that this application of (cut F) can be eliminated. The proof is by
double induction on the ordered pair (I(F'), h), where h = h(D;) + h(Ds)
and is called the cut height. Both Dy and D, contains at least one sequent,
therefore the smallest value of the cut height is 2.

1. IfI(F) = 0 and h = 2, then both S; and Sy are axioms. If F'is the
main formula of both S; and Sy, then Sy is of the form F,I'y — A, F
and Sy is of the form F, Il — Ay, F. In this case S is of the form
F,T'1,1T — A Ay, F and clearly an axiom of GK},. Therefore the appli-
cation of (cut F) is not needed.

If F' is not the main formula of sequent S7, then S; is of the form
G,I'1 — Ay,G, F and S is of the form G, I'1II — A, G, A. Once again
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it is clear that S is an axiom and the application of (cut F) can be

eliminated. The case when Fis not the main formula of S5 is completely

analogous.

2. If I(F) = 0 and h(D;) > 1, then all the possible bottom-most inferences
of Dy must be analysed. It is clear that the main formula of such

inference is definitely not F'.

(a)

In the case of (- —) rule the derivation tree D is:

D,
F1—>A,G,F( ) D,
SlzﬁG,F1—>A,F SQ:F’H%A(ctF)

S=-G,I',II - AA
Now let’s analyse the following derivation

/

Dy Dy
F1—>A,G,F SQZF,H%A
'y, 1II — A,G,A

The cut height of this proof is smaller than A and the cut formula

(cut F)

is the same, therefore according to induction hypothesis, the appli-
cation of (cut F) can be eliminated from it to obtain the derivation
tree D'. Now the derivation tree of S without cut is:

!

D
T, I— A G A
G T, 10— A A

The cases of other logical rules are analogous.

(==)

In the case of (- 0,) rule derivation tree D is:
Dy
Iy = G o0 D,
Slel,DlFQ%Al,DZG,F SQZF,H—>A
S = Fl, DZFQ, II— Al, DZG,A
Now the application of the cut rule can be eliminated by changing
D to:

(cut F)

D,
', — G (
Fl,DlFQ — Al,DlG
S = Fl,DlFQ,H — Al,DlG,A

The case of rule (— 0O°) is analogous.

— Dl)
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3. If 1(F) = 0 and h(D3) > 1, then all the possible bottom-most inferences
of Dy must be analysed. Once again it is clear that the main formula
of such inference is definitely not F'. The cases of all the logical rules
are analogous to case [2al In the case of (- 0;) rule derivation tree D is:

D,
Dl H2 — G (= O)
&:F%AJ’A$:Rmﬂﬂy+MEﬂ(tA

S = F,Hl,[]lﬂg — A,Al,DlG

Now the application of the cut rule can be eliminated by changing D
to:

D,
Iy, — G (
Hl,DlHQ — Al,DlG
S = F,Hl,DlHQ — A,Al,DlG

— Dl)

The case of rule (— 0O°) is analogous.
4. If1(F) > 0 and h = 2, then this case is analogous to case [

5. If I(F) > 0 and h(D;) > 1, then all the possible bottom-most inferences
of D; must be analysed. If F'is not the main formula of such inference,
then this case is analogous to case [2 Therefore, let F' be the main

formula of the last inference.

(a) Let the last inference be application of rule (- -). Then D is:

I

D,
G,I' - A o) Do
Si=I—-> A -G Sy =G, 1T — A
S—T.11 = A A (
Now because the rule (- -) is invertible in GK|, and - ¢gge S, sequent
Sy =II — A, G is derivable in GK® too. Let the derivation tree of
S; be DIQ. Now let’s inspect the following derivation:

cut -G)

D, D

Sy=T1T—AG GT—A
S=T11—-AA

Because 1(G) < 1(F'), according to induction hypothesis the appli-

(cut G)

cation of the cut rule can be removed from this derivation to get
the derivation tree of S in GKj,.
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(b)

Let the last inference be application of rule (- A). Then D is:

"

D D
I = AG F—>A,H(_}A) Dy
' - AGANH So=GANH,Il - A

S—T.1=AA (cut GAH)

Now because the rule (- ») is invertible in GK|, and - ¢gge S, sequent
Sy, = G, H,II — A is derivable in GK® too. Let the derivation tree
of S/2 be DIQ. Now let’s inspect the following derivation:

D, D,
I - AG Sy=G HI — A
H,T,II — A, A

Because 1(G) < 1(F'), according to induction hypothesis the appli-

(cut G)

cation of the cut rule can be removed from this derivation to get
the derivation tree DIQI in GK;. Now consider this derivation:

D, D,
r-AH HTII—ANA
I.T,I0— A A A

Once again, 1(H) < 1(F), therefore according to induction hypo-

(cut H)

thesis the application of the cut rule can be eliminated to get the
derivation tree D3. Now the derivation tree of S is as follows:
Ds
OO I — AVAA
I — A A

The cases, when the last inference is application of rules (v —) or

(o>—) are analogous to case |bal

Let the last inference be application of rule (- 0,). In this case all

the possible variants of Dy must be considered.

i. If h(Dy) = 1, then Sy is an axiom. If F' is not the main formula
of axiom, then Sy is of the form F,G,1I; — A;,G and S is of
the form I', G, Iy — AAq,G. Tt is clear that S is an axiom of
GK,. If F' is the main formula of axiom S, then D is:

Dy
I's - G D,

(=0
51 :F1,|:|1F2 —>A,D1G SQZDZG,H%ALDZG
S = Fl,\:‘lFQ,H — A7A17D1G

(cut ;G)
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il.

1il.

iv.

Now the application of the cut rule can be eliminated by chang-
ing D to:
D
'y — G (
Fl; DZFQ — A, DZG
S = Fl, DlFQ, II — A, Al, DlG

— Dl)

If h(Dy) > 1 and the last inference in D is application of logical
rule or rule (- 0,,), where [ # [, then the cut rule is eliminated
from D analogously to case 3]

If h(Ds) > 1 and the last inference in Dy is application of rule
(- 0,), then D is:

/

D; D,
FQ e G, HQ — H
O O
Sl = F1, DZFQ — A7 DlG (*) l) SQ = D1G7 Hl, DZHQ — Al, DZH (*) l)
(cut 0,G)

S = Fl, DIFQ,Hl, DIHQ — A,Al, DLH
Now consider the following derivation:

/

D, D,
r's — G G, I, - H
(cut G)
FQ,HQ — H

According to induction hypothesis, because 1(G) < 1(F) it is
possible to eliminate cut from this derivation to get the deriva-

tion tree D3. Then the derivation tree of S without cut is:
Ds

FQ,HQ — H
S =T11,00, I, 01, — A A, U H

(= 0h)

If h(Dy) > 1 and the last inference in Dy is application of rule
(— 09, then D is:

D, D,
I's - G G, Il - H
O e
Sl = Fl, DZFQ — A, DZG (—> l) SQ = DZG, Hl, D*Hz — Al, DCH (_> )
(cut O0,;G)

S = Fl,DlFQ,Hl,D*HQ — A,Al,DCH

Now consider the following derivation:

D D,
F2—>G G,HQ%H(CtG)
FQ,HQ — H

64



According to induction hypothesis, because 1(G) < 1(F) it is
possible to eliminate cut from this derivation to get the deriva-
tion tree D3. Then the derivation tree of S without cut is:
Dj
[y, 1y, - H
S =T,00, 11, 0,1, - A, A, O.H
(d) Let the last inference be application of rule (—» O¢). Once again all

(=0

the possible variants of Dy must be considered.

i. If h(Ds) = 1, then this case is analogous to case [5(c)il
ii. If h(Dy) > 1 and the last inference in Dy is application of logical
rule or rule (» 0.), where a # ¢, then this case is analogous to
case p(c)ii
iii. If h(Dg) > 1 and the last inference in Dy is application of rule
(— O.), then D is:

D, D,
L2C oy G~ H & 00
S1 = Fl, D*FQ — A, DCG 52 = DCG, Hl, DCHQ — Al, DCH
(cut O:G)

S = Fl, D*P27 H1, ‘:’CH2 — A,Al, DCH
Now consider the following derivation:

D D,
FQ — G G, H2 — H
(cut G)
FQ,HQ — H

According to induction hypothesis, because 1(G) < 1(F) it is
possible to eliminate cut from this derivation to get the deriva-
tion tree D3. Then the derivation tree of S without cut is:
Dy
Ty, I, — H
S =T,009, 11,000, — A, A, O.H
iv. If h(Dy) > 1 and the last inference in Dy is application of rule
(— 0°), then this case is analogous to case [5(c)iv]

(=09

6. If1(F) > 0 and h(D3) > 1, then all the possible bottom-most inferences
of Dy must be analysed.

(a) If the last inference is application of logical rule and F' is the main
formula, then this case is analogous to case [bal or [5b]

(b) If (1) the last inference is application of logical rule and F' is not
the main formula, (2) the last inference is application of rule (- 0,)
and F is not of the form ;G or (3) the last inference is application
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of rule (- 0¢) and F' is not of the form [;G, where [ is any agent,

then this case is analogous to case [3|

(c) Let the last inference be application of rule (- 0;) and F' be of the
form [J;G. In this case all the possible variants of D; must be

considered.

i. If h(Dy) = 1, then this case is analogous to case [(c)i
ii. If h(Dy) > 1 and the last inference in D; is application of logical
rule, rule (- 0,) (l; =l or l; # 1) or rule (= 0% and F' is not the
main formula of the application, then the cut rule is eliminated
from D analogously to case [2|
iii. If h(Dy) > 1, the last inference in D; is application of rule (- 0;)
and the main formula of the application is F', then this case is

already covered in case |5(c)iii}

iv. If h(Dy) > 1, the last inference in Dy is application of rule (- 0),

[ = ¢ and the main formula of the application is F', then this

case is already covered in case |5(d)iiil

(d) Let the last inference be application of rule (» O¢). Once again all
the possible variants of D; must be considered. However all the
cases are either already covered in the proof or proved analogously
to the ones already presented.

O

Theorem 2.4.7 (Cut elimination for K/,). Sequent is derivable in GK/, cut
iff it is derivable in GK4,.

Proof. The proof is analogous to the proof of Theorem [2.4.7, Once again,
the aim of the prove is to show that the application of the cut rule can be
eliminated from any derivation tree, that contains only one application of
the cut rule and it is the last inference in the derivation tree. Let D be such
derivation tree in GK/; cut:
Dy D,
S5==>AF Sy=FII—A
S=T,11 - AA
For the proof double induction on the ordered pair (1(F'), h), where h =
h(D;)+h(D,) is used. The only difference between GK;, and GK4;, is modal
rules (- 0,) and (- 0°), therefore only the cases, that involve those rules are

(cut F)

discussed.
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Case , where 1(F') = 0, h(D;) > 1 and rule (- 0,) is applied to Sj.
Derivation tree D is of the form:
D,
FQ, DZFQ — G DQ

O
S =T, 00 > AL OGFE ™ S —Fll— A
S = Fl,DlFQ,H — Al,DlG,A

Now the application of the cut rule can be eliminated by changing D to:

(cut F)

/

D,
Iy, = G -
Iy, O = A OG
S=T,00 11 - A, OG, A
The case of rule (— 0O¢) is analogous.
Case [3, where 1(F) = 0, h(Dy) > 1. Only the part, when rule (-0, or

(- 0O is applied to S, is different. However the changes are obvious and

0h)

similar to the previous case.

Cases [5(c)iii| and [6(c)iii, where 1(F) = 0, h(D;) > 1, h(Ds) > 1, rule
(— 0O, is applied to S; and F' is the main formula of the application and
(— O,) is applied to S5. Then D looks like:

D, D,
FQ, Iy — G G, DlG, HQ, I, — H
—) Dl) (—> Dl)
Sl Fl, DIFQ — A DZG SQ = DZG, Hl, DZHQ — Al, DZH (cut ChG)
S =T1, 00, I, Ol — A, Ay, O H ’
Now consider the following derivation:
D
FQ,D[FQ - G (= T) DQ
S =0T, - 06 7 GOGIL,0Ol, - H et )

DZFQ, G, HQ, DZHQ — H
Now the cut height of this derivation is smaller than the cut height of D
and the cut formula is the same, therefore according to induction hypothesis
cut rule can be eliminated from this derivation to get derivation tree D,

without cut. Next let’s analyse this derivation:

D, D,
FQ, DZFQ — G DZFQ, G, HQ, DZHQ — H
FQ) DIFQ, DZFQHQ, DIHQ — H

(cut G)

67



According to induction hypothesis, because 1(G) < 1(F) it is possible to
eliminate cut from this derivation to get the derivation tree D3. Then the
derivation tree of S without cut is:

Dj
Uy, O, O oIy, Oy — H
Lo, 0T, Iy, 11 — H
S =Ty, 0,0, I, O, — A, A, O H

Cases |p(c)iv}, [5(d)iiil and are changed in the same way as the pre-
vious one and they already cover case and part of case |6d|that needs
alteration. ]

(— )

Theorem 2.4.8 (Cut elimination for 77). Sequent is derivable in GT; cut
iff it is derivable in GT,,.

Proof. The proof is analogous to the proof of Theorem[2.4.6, Once again, the
same notation and the same double induction is used. The only difference
between GK; and GT, is that the latter contains modal rule (O, —), which
is not part of the former. Therefore only the new cases, that involve this

rule, are discussed.

1. In case [2, where 1(F)) = 0 and h(D;) > 1, one more variant must be
analysed, in which rule (O, —) is applied to S;, however this case is
analogous to case [2a] of the proof of Lemma [2.4.6]

2. In case [, where I(F) = 0 and h(D,) > 1, one more variant must be
analysed, in which rule (0, —) is applied to Sy, however this case is also
analogous to case [2a] of the proof of Lemma |2.4.6]

3. In case pd, where 1(F') > 0, h(D;) > 1 and rule (- 0,) is applied to S,
two more variants must be analysed. First of all, if rule (0, —) (where
I =1orly #1) is applied to Sy and F is not the main formula of the
application, then this case is analogous to the case of the proof
of Lemma 2.4.6]

If however F' is the main formula of the inference, then D is:

D D,

Iy — G G,0,G, 1T — A

Sl = Fl,Dle — A,DZG Sg = DZG,H — A
S = Fl,DlFQ,H — A,A

(0 =)
(cut L,G)

(=)
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Now consider the following derivation:

I

Dl
r, — G (= O DQ
S, =1,,00, — A,OG YGO0G6 T — A
(cut 0,G)

Fl, DZFQ, G, II— A,A

The cut height of this derivation is smaller than that of D and the cut
formula is the same, therefore it is possible to remove this cut to get

the derivation tree Dg. Now let’s analyse the following derivation:

D, D,
Iy -G Fl,DlFQ,G,H — A,A
Fl,FQ,DlFQ,H — A,A

(cut G)

According to induction hypothesis, because 1(G) < 1(F) it is possible to
eliminate cut from this derivation to get the derivation tree D3. Then

the derivation tree of S without cut is:
Ds

Fl,Fg,DlFQ,H — A,A
S = Fl,DlFQ,H — A,A

(Dl —>),...,(Dl —>)

. In case pd where 1(F) > 0, h(D;) > 1 and rule (- O°) is applied to
S1, two more variants must be analysed. The alteration is completely
analogous to the previous case.

. In case [6, where 1(F') > 0 and h(D;) > 1, one more variant must be
added, in which rule (O, —) is applied to Ss. If F'is not the main formula
of the application, then this case is analogous to case |3| of the proof of

Lemma [2.4.0l

However if F'is the main formula of the application, then all the possible
cases of derivation tree D; must be checked.

(a) If h(Dy) = 1, then S; is an axiom. If F is not the main formula of
the axiom, then S is of the form G,I'1 — A1, G, F and S is of the
form G,T'1, 11 — Ay, G, A. Tt is clear that S is an axiom of GT;,. If
F' is the main formula of axiom 57, then D is:

7,
Dy G, DZG, IIT— A
S = DZG,Fl — A, DlG Sy = DZG,H — A
S=0GTI,II—-AA

(L =)
(cut 0LG)
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Now the application of the cut rule can be eliminated by changing
D to:

D,
G,DgG,H—)A (O —
SQZDZG,H—)A :

S=0,G, 0,10 = A, A

)

(b) If h(D;) > 1 and the last inference in D; is application of logical
rule, rule (0, —») (where Iy = [ or [} # 1), rule (- 0O,) (where ls = [
or [ # 1) or rule (-0 and F' is not the main formula of the
application, then the cut rule is eliminated from D analogously to
case 2] of the proof of Lemma [2.4.6]

(c) If h(D;) > 1, the last inference in D; is application of rule (- 0,
and F' is the main formula of the application, then this situation is

already covered in case [3| of this proof.

(d) If h(D1) > 1, the last inference in D; is application of rule (- 0°)
and F' is the main formula of the application, then this situation is

also covered in case |4] of this proof.

6. In cases [6d and [6d] where 1(F) > 0, h(Ds) > 1, and respectively rule
(- O,) or (—0°) is applied to Sy, one more variant must be analysed, in

which rule (O, —) is applied to S;. However these cases are analogous

to case [2al of the proof of Lemma [2.4.6|

]

Theorem 2.4.9 (Cut elimination for S/, ). Sequent is derivable in GS4, cut
iff it is derivable in GS4, .

Proof. This proof is also analogous to the proof of Theorem [2.4.6] However
GS4, is closer to GT, than to GK,. Calculus GS4, includes rule (O, —),
which is also part of GT;, but not of GK;. Nevertheless, rules (- 0, and
(— 0°) are different in GS/,,, than in both calculi GK|, and GT,. Therefore
alterations made in the proof of Lemma (referred to as proof for T%)
must also be part of this proof. However, due to different (- 0,) and (- 09

rules, new changes must be incorporated both in the proof for 7, and in
the proof of Lemma (referred to as proof for K7).
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In case [2b] of the proof for Kj, where 1(F') = 0, h(D;) > 1 and rule (- 00
is applied to S7, derivation tree D looks like:
D
DZFQ — G DQ

O
S =T;.00 > ALOGE 7 S=FI A
S = Fl,DlFQ,H — Al,DlG,A

Now the application of the cut rule can be eliminated by changing D to:

(cut F)

2
0y - G
Iy, O = A OG
S = Fl, DZFQ, II — Al, DZG, A
The case of rule (- 0O¢) is analogous.
In case |3 of the proof for K, where 1(F) = 0 and h(D;y) > 1, only the
part, when rule (- 0,) or (- 0°) is applied to Sy is different. However the

(=)

changes are obvious and similar to the previous case of this proof.

In case [bd of the proof for K! and case [3| of the proof for T%, where
I(F) =0, h(D3) > 1, rule (- 0O, is applied to Sy and F' is the main formula
of the application, all the possible variants of Dy must be altered.

1. If h(Dy) = 1, then the change is obvious.

2. If h(Ds) > 1 and the last inference in D, is application of logical rule,
rule (- O,), where [; # [, or rule (O0,, —) (where [ = [ or l3 # [) and F is
not the main formula of the application, then the cut rule is eliminated
from D analogously to case [3| of the proof for K.

3. If h(Dy) > 1 and the last inference in Dy is application of rule (- 00,),
then D is:

o D)
DlFQ — G DlG,D[HQ — H
O O
Sl = Fl,DlFQ — A, DZG (_) l) Sg = DlG,Hl,DlHQ — Al,DlH E—>t Ell)G)
cu
S =T, [T, Iy, T2 — A, A1, TLH :
Now consider the following derivation:
I
Dl
I
DZFQ — G (= ) Dz
1
Sl = DZFQ — DlG DZG, DZHQ — H
(Cut DLG)

Dng, DZHQ — H

71



The cut height of this derivation is smaller that that of derivation tree
D and the cut formula is the same, therefore according to induction
hypothesis, it is possible to eliminate cut from this derivation to get
the derivation tree D3. Then the derivation tree of S without cut is:

Ds
Dlrg, I, — H
DlFQ, DZHQ — DZH
S = Fl, DZFQ, Hl, Dlﬂz — A, Al, DZH

(=0

. If h(Dy) > 1 and the last inference in Dy is application of rule (- 0,
then the change is analogous to the previous case of this proof.

. If h(Dy) > 1, the last inference in Dy is application of rule (0, —) and
F' is the main formula of the application, then D is:

I

Dll D,
D1F2—>G (= 0) G,DZG,H—)A( )
S, =T,,00, — A,OG YOS, =061 = A (Cult .
S=T,,00,,I— AA l
Now consider the following derivation:
D,
Oy — G (= O DQ
S, =1I,00 —» A, OG YG,0G6 I — A o D16
cu 1

Fl, DZFQ, G, II— A,A

The cut height of this derivation is smaller than that of D and the cut
formula is the same, therefore it is possible to remove this cut to get

the derivation tree DIQI. Now let’s analyse the following derivation tree:

D, D,
DlFQ — G Fl,DlFQ,G,H — A,A
[y, 00, O, IT — AJA

(cut G)

According to induction hypothesis, because 1(G) < 1(F) it is possible to
eliminate cut from this derivation to get the derivation tree D3. Then
the derivation tree of S without cut is:

Ds
[y, O, O, IT — AJA
S = Iy, 009, IT — A,A
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In case [pd| of the proof for K and case [ of the proof for T, where
I(F) =0, h(D3) > 1, rule (- 09 is applied to S; and F' is the main formula
of the application, the changes are analogous to the previous case of this
proof.

The other cases, that must be altered, are either already covered in this
proof, or are changed in a similar way, as the ones presented here. Once
again, the proof for K and the proof for T, lists those cases in more detail,
therefore there is no need to repeat them again. ]

The proofs of cut elimination theorems demonstrate that calculi GK,
GK/,, GT, and GS4, are complete. The soundness of the calculi is obvious,
because if some sequent is derivable in a calculus without cut, then it is
derivable with the same derivation in respective calculus with cut. There is

no necessity to use the cut rule in the derivation search.
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Chapter 3

Terminating Calculi for
Multimodal Logics with

Interaction

In order to automate derivation search in Gentzen-type calculi, two con-
ditions must be met. First of all, it must be clear, what to do in every
step. A process of bottom-up derivation search, detailed in Definition [I.4.9]
answers this question quite well. Nevertheless, one more condition must be
satisfied: in every rule it must be obvious how to obtain the premise from
the conclusion. The rule, which has this property, is said to be analytical.
For example in the cut rule it is not clear how to choose a cut formula.
There is an infinite set of possible cut formulas to try, therefore the cut rule
is not analytical and the calculi containing it are not analytical. That is
why it was so important to remove the cut in Section 2.4 It is not hard to
see that calculi GK;, GK4,, GT, and GS4, are analytical.

Another property of the calculus, which is important for the automation,
is finite derivation search. Indeed every computer program must terminate
and provide an answer if the sequent is derivable, or not. However, among
the mentioned analytical calculi only GK is terminating (as will be proved
later). The aim of this chapter is to derive terminating calculi for logics in

question.

3.1 Logic K;,

As mentioned earlier, GK; is terminating. This section is dedicated to
proving that.
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Lemma 3.1.1. If S; and S2 are part of derivation search tree in calculus

GK; and for some inference Sy is a conclusion and Sy is some premise,

then 1(.S2) < 1(.5).

Proof. 1f the inference is application of some logical rule, then Sy consists
of the same formulas as Sy, except that the main formula is part of S; only,
and the side formula(s) is (are) part of Sy only. Let the main formula be
Fy. If there is one side formula F5, then 1(F;) = 1(Fy) + 1. If there are
two side formulas Fj and F,, then 1(Fy) = 1(F) 4+ 1(F,) + 1. In both cases
1(S2) < 1(S1).

Let the inference be application of (- 0,) rule:

Sg =1y > F
Sl = Fl, DZFQ — A, DlF

Now once again 1({0; F)) = I(F')+1. Moreover, 1(I'y) < 1(0;T'2) (the situation,
when the two lengths are equal, occur if 'y = @). Finally, I'y and A are
not even part of Sy. From this it follows that 1(S2) < 1(S1). The case of
rule (- 0°) is analogous. []

(= L)

Lemma 3.1.2. For any sequent S if 1(S) = 0, then no rule of calculus GK;,
can be applied to S.

Proof. It is obvious, that every main formula of every rule in GK; must
have at least one logical operator. Therefore length of S must be at least 1
and therefore no rule can be applied, if 1(.5) = 0. ]

Theorem 3.1.3. Calculus GK; is terminating.

Proof. Lemmas [3.1.1) and [3.1.2] show that any derivation search tree in GK;,

terminates. So it is not possible to construct an infinite derivation search
tree. Because of that and because to any sequent only finite number of rules

can be applied the number of different derivation search trees of one sequent
is also finite. So according to Definition [1.4.14] it must be concluded that

GK;, is terminating. O
3.2 Logic T,

Calculus GT;, is not terminating. Derivation search trees in it may contain
loops. It is said, that sequent Sy subsumes S; (denoted Sy = Si), if Sy can
be obtained from S; by backward-applying the contraction structural rules.
A loop is a path of some derivation search tree D from S to S, where Ss is
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higher in D and S5 = S;. That is S and Sy consist of the same formulas.
However it can not always be said that such sequents are equal, because
the antecedent and succedent are multisets and the number of the same
formula in S5 can be larger than in S;. If a derivation search tree contains
one loop, then it is possible to construct another one and that means that
it is possible to get an infinite derivation search tree. Moreover, loops can
be part of derivation trees too.

The main cause of loops in T}, is rule (0, —). It is not hard to see, that
to form an infinite derivation search tree it is possible to apply this rule to

the same formula again and again:

e
FEOFT - A O

R@RF%AEH
OFT > A

However it is not hard to limit such applications by simply labelling the

)

formula, which was the main formula of application of reflexivity rule. As
offered in [45] for logic S4, let’s just mark the outermost [J; operator of such
formula by star: [Jf. Therefore, the reflexivity rule must be changed. What
is more, the definition of (— 0,) and (- 0°) rules must be altered to deal with

stars in sequents.

Definition 3.2.1. Terminating Gentzen-type calculus for multimodal logic
T, (G'T;,) contains the same axiom and rules as calculus GT,,, except rules

(O, =), (—»0O) and (- 0% are changed to:

RDNHH+A(D
—
OFT > A

)*

FQ, I's - F
Fl, DZFQ, D?Fg — A, DZF

FQ, I's - F
Fl, D*Fg, DIFg — A, DCF

(=0 (— O°)”

Theorem 3.2.2. Calculus G*T;, is sound.

Proof. If sequent S is derivable in G*T;, then by removing all the stars
and by changing all the applications of (O, —)*, (= 0,)* and (- 09" rules to
applications of (0, »), (—» 0, and (- 0% rules respectively it is possible to
obtain derivation tree in GT,. From the soundness of GT, it follows that
G*T;, is also sound. O

To prove the completeness let’s define one intermediate calculus.
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Definition 3.2.3. Let G, T be calculus obtained from G*T, by adding the

following rule:

FOFT = A
OFT — A

Lemma 3.2.4. If sequent is derivable in GT%,, then it is derivable in G;T. .

07 =)

Proof. Let D be a derivation tree of some sequent in GT,. Let’s change
all the applications of (- 0,) and (- 0% to applications of (- 0,)* and (- 0O°)*
respectively. Now by changing all the applications of (0, —) to (O, —)* or
(O; —) a derivation tree in G; T, is obtained. The choice of the rule com-
pletely depends on the form of the main formula: if the outermost modality
is already stared or not. ]

Now to prove that it is possible to transform the derivation tree in the
intermediate calculus to derivation tree in the terminating calculus, the

admissibility of contraction structural rules must be shown.
Lemma 3.2.5. The structural rules of contraction are admissible in G;T;,.
Proof. Proof is analogous to the proof of Lemma [1.4.13] ]

Lemma 3.2.6. If sequent S is derivable in G;T, and there are no stars in

S, then S is derivable in G*T,.

Proof. Let D be a derivation tree of sequent S in G;T;. A proof is by
induction on the number of applications of (O; —) rule in D. If there are no
such applications, then D is already a proof in G*T},. Otherwise, let’s take
the top-most application of the rule. Let S; be a conclusion and S5 be a
premise of this inference. The main formula of the inference is of the form
0; £ and there are no stars in the initial sequent S, therefore below S; there
must be an application of (0, —»)* with the main formula [J;F'. Then D is of

the form:
D,
&:RERP%A@*)
_>
Si=0/FT - A
Sy =F O FT — A
(@ =)

S, =0OFT = A
D,

I This lemma proves only that G T¢ is complete. Soundness of this calculus can be proved too, however it is
not needed for the completeness proof of the loop-free calculus G*Tr,.
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Moreover, it is possible to find such application of (O, —)* to LJ;F', that
there would be no applications of (- 0,)* or (— 0°* rule between S; and
S;, because any application of those rules removes the outermost stared
modality from the antecedent of the sequent. Let D3 be a path of the
derivation from S to 5/2. Due to admissibility of contraction, it is possible
to apply the rule to 5/2 with the main formula F. Let S;, be a premise of
such application. Now by applying all the rules of D3 to Sé in the same
order sequent Ss is obtained and derivation tree D can be replaced by:

D
So=FLOFT — A

Se=F FFT — A

Sy =F O FT — A

S =0OFT — A

Dy

This derivation certainly has one application of (O; —) rule less than

1 —)"

derivation tree D. Therefore inductively applying this change it is possible
to eliminate all the applications of this rule. ]

From this the completeness of G'T;, follows immediately:

Theorem 3.2.7. Calculus G*T;, is complete. That is, if some sequent is

derivable in GT,, then it is derivable in G'T;,.

Proof. A direct corollary of Lemmas [3.2.4] and [3.2.6)] ]

To show that G*T% is terminating, two more measures are needed. First
of all, let’s define the one which limits the application of reflexivity rule.

Definition 3.2.8. Let S be some sequent of some derivation search tree
in G'T,. The negative occurrence of OJ;, that is in the scope of negative
occurrence of L1, where I =1orl # 1, is called hidden. Otherwise, it is
called open. The open modality of sequent S (denoted om(S)) is the number
of open occurrences of ;.

To define the other measure, indexation of modalities is used. The in-
dexes are part of the terminating calculi for logics K4, and S4,, which are

presented later (see Definitions [3.5.6] and [3.4.5)), however they are not in-

cluded in G*T;,. This time indexes are only needed to prove the finiteness

of derivation search in the calculus and they are used in a similar way as
later in the proof of Lemma [3.4.12]
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Definition 3.2.9. Let D be a derivation tree of sequent S in G*T,. Let’s
index all the occurrences of O; of S (for every agent 1) with different natural
numbers. In order to spread the indexation through the derivation tree D,
let’s go through all the inferences from bottom to top and let’s index all
the modalities in all the formulas of every premise of each inference in the
same way as the modalities of the respective formulas are indexed in the
conclusion. If the occurrence of Uy in formula UL F is indexed by i, then it
is said that formula L F is indexed by i.

For some sequent Sy of D let [0; (S1) be the set of all the differently
indexed formulas or subformulas U F' or U F', that occur in S1 negatively.
Let O0;(S1) be the set of all the differently indexed formulas or subformulas
O,F, that occur in Sy positively. Let O~ (S)) = U 0; (S1) and O (Sy) =
U0 (S1). A T.-power set of the sequent Sy (denoted TPow(Sy)) is the
set, consisting of all the possible sets of the form {F} UT, where either
(1) FeOf(S1) and T C O, (Sy) for some a #c, or (2) F €O (S1) and
L C O (5).

T, -power of the sequent Sy (denoted tp(Sy)) is the number of elements
in TPow(S1).

Notice, that because of the rules of calculus G*T;, the occurrences of
formula do not change their positiveness (negativeness).

Lemma 3.2.10. If S1 and Sy are part of derivation search tree in calculus
GT, and for some inference Sy is a conclusion and Sy is some premise,
then:

1. if the inference is an application of some logical rule then 1(Se) < 1(S7),
om(S2) < om(Sy) and tp(Sy) < tp(S),

2. if the inference is an application of rule (0, —)*, then om(Sz) < om(Sy)
and tp(S2) < tp(Sy),

3. if the inference is an application of rule (- 0y)* or (- O°), then tp(Ss) <
tp(51).

Proof. In the case of logical rules the proof that 1(.53) < 1(S1) is the same
as the proof of Lemma [3.1.1 Now, it must be noticed that there is no
such rule of calculus G*T;, that creates new or differently indexed formulas
in the premise compared to the conclusion. Therefore, [ (Sy) C O, (S1)
and [0 (Sy) € O/ (S;) for every [. From this tp(Sy) < tp(S;) follows
immediately. Finally, all the open occurrences of modality in Sy are either

79



completely removed from Sy or are also open in S;. The same can be said
about the hidden occurrences of modality. Thus om(S2) < om(.Sy).

In the case of (O, —)* rule, the only difference between S; and S; is that
S contains the main formula [J;F' and S; has formulas F' and U] F' instead.
All the open occurrences of modality in [l;F' are part of formula F' in S5,
except the outermost occurrence [J;. Moreover, all the open occurrences of
modality in [J; /" are hidden in [} F' of Sy, except the outermost occurrence,
which is starred instead. From this it can be concluded, that om(Ss) <
om(S7). The proof that tp(S2) < tp(S7) is analogous to the case of logical
rules.

In the case of rule (—0,)* or (- O°), it is also easy to see that [ (Sy) C
;7 (Sy) and O} (S3) C O7(S)) for every I. Moreover, if the main formula
of the application [J;F' is not part of So, then the set {{J;F'} is part of
TPow(S1), but {{0;F'} ¢ TPow(Ss) and tp(Sz) < tp(S1). Otherwise, if (I, F’
is part of Sy and [ # ¢, then it must also be a subformula of some formula
G' = 0,G" in an antecedent of S;. In the case of [ = ¢, the antecedent of S;
must contain formula G = Y G'. In any case let G bet the longest such
formula in the antecedent of S;. The set {{J;F, G} is part of TPow(S;),
however it is not part of TPow(S2), because formula G is definitely not part
of Sy. Thus, once again, tp(Sy) < tp(Sh). O

Lemma 3.2.11. In any derivation search tree of G'T;, if for some sequent

S:
1. 1(S) = 0, then it is not possible to apply any logical rule to S.
2. om(S) = 0, then it is not possible to apply rule (O, —)* to S.
3. tp(S) = 0, then it is not possible to apply rule (- 0)* or (— 0 to S.

Proof. The proof of the first part is analogous to the proof of Lemma [3.1.2]
If om(S) = 0, then there are no open modalities in sequent S. Therefore,
there is no formula of the form [;F in the antecedent of S and the rule
(0, —)* cannot be applied to S.
Finally, if tp(S) = 0, then (07 (S) = @ and therefore, the succedent of
S does not contain formula of the form [J;F'. Consequently, neither rule
(— )" nor rule (- 09" can be applied to S. O

Once again, direct corollary of Lemmas [3.2.10[ and [3.2.11|is that G'T;, is

terminating.
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Theorem 3.2.12. Calculus G*T¢

o 1S terminating.

Proof. The reasoning is the same as in the proof of Theorem [3.1.3| o

3.3 Logic S4

A loop problem in calculus G4 is analysed in detail in [4]. In that article, a
solution — terminating calculus for §4 — is presented. In this dissertation
this calculus is presented only to make the references to it more clear.

In the calculus different labels are used to obtain derivation search ter-
mination. First of all, after application of reflexivity rule the outermost
modality is starred in the same way, as in the case of calculus G*T%. In ad-
dition, to avoid excess applications of the reflexivity rule, not only the main
formula of the application is starred, but also any occurrence of the main
formula as subformula of other formulas of the sequent. For this purpose
all the negative occurrences of [ are indexed.

In order to note at what place in the derivation search tree the formula
was introduced to the sequent, formula numeration is used. The formula
is put in square brackets and its number is written as an index in the top
right, for example, [Op A ¢]'. In fact only formulas, that were introduced
after some application of transitivity rule, are important, so new number is
introduced only after the application of transitivity rule.

Positive occurrences of [ are indexed too, because all the possible main
formulas of transitivity rule must be identified in order to check if the rule
was applied to them earlier. However as offered in [45] the indexation is lim-
ited to positive occurrences of [ that are in the scope of negative occurrence
of [J, because otherwise the main formula of application of transitivity rule
can not reappear in the sequent. Integer starting from 1 is used for indexes
of both (positive and negative) occurrences of 0. Indexes are written in the
top right corner of the modality symbol but to avoid confusion the negative
indexes are preceded with ©, for example O, 0.

Finally to note if the transitivity rule was applied to the formula earlier
and at what place in the derivation search tree it was done for the last
time, marks are used. They are written in brackets just after the index, for
example [°®). If no mark is used brackets are omitted too. Only positive
occurrences of [J can be marked and there is no need to mark not indexed

occurrences of [.
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Definition 3.3.1. A sequent is called labelled® for S4, if every positive
occurrence of L1 that is in the scope of negative occurrence of L1 is indexed
with integer, every negative occurrence of L1 is either indexed with indexes
of the form ©i or starred and all the formulas are numbered. Multiset of
formulas T' is labelled for S4, if ' — or — I is a labelled for S/ sequent.
Formula F' is labelled for S4, if {F'} is labelled for S4 multiset.

labelled expressions are denoted in the same way as non-labelled ones:
letter S is used for sequents, capital Latin letters are used for formulas and
capital Greek letters for multisets of formulas. It is usually clear from the
context if the notation means labelled or non-labelled expression.

Some initial labels need to be given to the initial sequent.

Definition 3.3.2. Labelling for S4 of sequent S is denoted Labg,(S) and
labelled for S4 sequent Labg,(S) is obtained from S by (1) indexing all the
positive occurrences of L1 that are in the scope of negative occurrence of [
with different natural numbers, (2) indexing all the negative occurrences of
O with different indezes of the form ©i and (3) attaching number 1 to every
formula. No marks are needed in Labg,(S).

A sequent calculus that employs labelling, is called labelled sequent calcu-
lus. 1t differs from the regular one in two aspects. Firstly, all the derivation
search trees in labelled sequent calculus consist of labelled sequents only.
Secondly, if S is the initial sequent of the derivation search tree in labelled
sequent calculus, then it must be obtained from some regular sequent by
labelling.

To compare two formulas without taking into account their labels one
more definition is used.

Definition 3.3.3. A projection of labelled formula F (denoted Proj(F)) is
obtained by removing all the indexes, marks, numbers and stars from the
formula F.

Now the definition of a loop-free sequent calculus for S/ can be provided.

2In [4] the term “indexed sequent” (“indexation”, “indexed calculus”) is used. However, in the review of the
article, term “label” was offered for all the stars, positive and negative indexes, marks and formula numbers.
Although this term was not included in the article, it is used here. It is better to say “labelled sequent”
(“labelling”, “labelled calculus”), because such sequent contains indexes as well as formula numbers and possibly
stars and marks.
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Definition 3.3.4. The labelled sequent calculus without loops for logic S4
(G*S4) consists of axiom T',[F1]" — [F5]", A, where Proj(Fy) = Proj(Fy)
and rules:

Negation:
I — A[F]" [F]", I = A
(= =) (=)
[—F]", ' - A ' — A [-F]"

Conjunction:

[F]™ [G]",T — A L= A[F]" T — AG]”

- (A=) - (= N)

[FAG"T = A ' - A [FAG]

Disjunction:

FI"T > A [GI"T»A T A[FP[G)

[FVG',T — A TS A Evar OV
Implication:
L — AF"  [G]",\[ = A o) [F]", T — A [G]" o)
[FO>G"T — A I' - A[FD>G]"
Reflexivity:

[F]n’ [D*F]n, F@i* - A@i*

- ged
T YN

where T (A™) is obtained from T' (respectively A) by replacing all
the occurrences of 0% with OI*.
Transitivity:
[sz—n]nvm*rz’(—n — [F]n
T, 21 — %o, DA, [0 Fn—t

where X1 and Yo are empty or consist of propositional variables only,

(=09

i is some index or nothing (denoted i = &), (m) is some mark or
nothing (denoted (m) = @). If I' = [G1]™,...,[Gk]™ then [[|" =
(Gh]", .. [GE]™. If i = @, then T*™ =T, and if i # &, then T is
obtained from T' by replacing all the occurrences of '™ with [,

What is more, transitivity rule can only be applied if either (m) = & or
O*T contains at least one formula of the form [(0*H)' where m < [ <

n—1.
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Simplification:

[O*F]™,T = A
(O F]™, [O°F]™=,T — A

@ )

where ny < ns.
If possible, simplification rule must be applied first.

The soundness, completeness of G"S/ and the fact that the calculus is
terminating are proved in [4]. Moreover in the article the development of
the calculus from the one provided in [37] is described.

3.4 Logic S4,

The source of loops in calculi GS4, and GS/; is essentially the same as in
(G'S4, therefore similar techniques to the ones used to develop calculus G*S/
can be applied. However, only logic S/, is analysed, because such is the aim
of this dissertation. This section is divided into several parts. In Subsection
the Gentzen-type calculus for S4; is presented. In Subsection
finiteness of derivation search in the calculus is proved and in Subsection
soundness and completeness is demonstrated.

3.4.1 The Calculus

In calculus GS4;, there are two similar rules: (-0, (transitivity rule) and
(— ) (central agent rule). They both cause similar problems with cycles,
therefore to get the terminating calculus, they both are altered in similar
way. Thus to make the discussion clearer and shorter, both rules are called
succedental.

In spite of all the similarities, calculus GS4, differs from GS4 in one
minor although important aspect. In the derivation search trees of the
monomodal calculus formulas, that start with modality, cannot disappear
from the antecedent of the sequent. That is if such formula is part of the
antecedent of the conclusion of some inference, then it is definitely part of
the antecedent of every premise of the inference. This is not the case in the
multimodal calculus, because the application of rule (- 0,) wipes out from
the antecedent all the formulas that start with modality Uy, where / # 1.

Nevertheless the same labels as in G"S/ are used and their meaning is very
similar, however usage usually differs in some aspects. First of all, some-
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times in GS4, it is necessary to apply reflexivity rule to the same formula

more than once. The situation is explained in the following example.

Example 3.4.1. Consider the derivation tree of 010sp — Thp in GS4;:
Se = p,Uap, Uilp — p

(02 =)
Sy = Uap, Uhilhp — p el :)
Sy=0hep = p 00

Sz = p,Uop, U1 0op — Uip
Sy = Uagp, Ui Uep — Uhip
Sl — D1D2p — I:llp

The derivation is meant to be as similar to derivations of calculus G*S/

(02 —)
(U =)

as possible, therefore transitivity rule is applied only when the application of
reflexivity rule produces a loop. In the derivation rules (0, —) and (0. —) are
applied twice to the same formula, however the second application of rule
(01 —) can be avoided by replacing the application of (— Oy) rule to G'S4-style
transitivity rule. On the other hand, even after the change (O, —) rule must
be applied for the second time, because after the application of transitivity

rule, formula Ulop disappears from the antecedent of the sequent.

To deal with this situation, after application of reflexivity rule, to formula
[Il@iF all the occurrences of negative index ©1 are starred, however contrary
to the G"S/ case the index itself is not removed. To shorten the notation
starred negative indexes are denoted by changing the symbol © to the star:
[0FF. However these stars are needed only until some inference removes
the formula (J}*F from the antecedent. Therefore, after application of [-
transitivity rule, all the stared negative modalities of all the agents, other
than l,, are changed back to regular negative modalities.

Next, the usage of marks must also be altered. The logic behind the
marks in G%S/ is based on the fact, that formulas that start with modality,
cannot disappear from the antecedent of the sequent. In fact, this is true
only to formulas of the form [;F', when [-transitivity rule is applied, and
to all the formulas that start with modality, when central agent rule is
applied. Therefore, marks for modality [J; are meaningful, only as long as
no other transitivity rule, except (- 0,) is applied. Thus, after application
of [-transitivity rule, the marks of modalities of any agent except [ should
be removed. However central agent rule should leave them as they are.

Now the positive indexes of the modalities must be revised. All the for-
mulas, that can be the main formulas of the application of succedental rule
more than once, must have their outermost modality indexed. Moreover,
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the proof that G'S/ is terminating in [4] uses the fact, that non-indexed
modality disappears from the derivation search tree after application of
succedental rule to it. Although this is not necessary, it eases the proof
that G"S4; is terminating too. Having this in mind, it is defined, which
modalities should be indexed.

Definition 3.4.2. Let S be some sequent and L F' a subformula of some
formula of S. If L} F occurs in S positively, then occurrence of UJ; is called
indexable, if:

e [ # ¢ and OJ; is in the scope of negative occurrence of [,
e [ =c and U; is in the scope of negative occurrence of Ly for some l.

This definition takes into account the properties discussed earlier. How-
ever, by dropping the unnecessary requirements, the stricter definition of
indexable occurrence of [J; may be developed.

Now the definition of indexable occurrence of [J; is used to define labelled
sequent and labelling for S/, .

Definition 3.4.3. A sequent is called labelled for S, if every indexable
occurrence of LJ;, is indexed with integer, every negative occurrence of Uy,
is either indexed with indexes of the form ©t or xi and all the formulas are
numbered. Multiset of formulas T' is labelled for S4;, if ' — or — T'is
a labelled for S, sequent. Formula F is labelled for S4., if {F'} is labelled
for S4. multiset.

Definition 3.4.4. Labelling for S4; of sequent S is denoted Lab(S) and
labelled for S4, sequent Lab(S) is obtained from S by (1) indexing all the
indezable occurrences of Oy, with different natural numbers, (2) indexing all
the negative occurrences of U, with different indexes of the form ©t and
(3) attaching number 1 to every formula. No marks are needed in Lab(5).

Once again it must be noted that derivation search trees in labelled calculi
consists of labelled sequents and their initial sequent is obtained by labelling
the regular sequent.

Finally, having two succedental rules (compared to only transitivity rule
in G"S/) causes one more problem. Positive occurrences of formulas O F
can be main formulas of application of both succedental rules. In this
case it would be important to also note which rule (if any) was applied to
this formula earlier. However, this situation is avoided by restricting the
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application of transitivity rule: the rule (— 0O.) cannot be applied (only rule
(— O,), where a # ¢). It is not hard to see, that this restriction does not have
any effect on soundness and completeness. However now it is obvious that
if some rule was applied to the positive occurrence of LI, F', then if [ = ¢, it
was central agent rule, and otherwise it was transitivity rule.

Now the definition of a loop-free sequent calculus for S4; can be provided.

Definition 3.4.5. The labelled sequent calculus without loops for logic S,
(G*S4;) consists of axiom T, [F1]™ — [F]™, A, where Proj(F;) = Proj(F),
the same logical rules as in G*S4 and rules:

Reflexivity:
[F]n7 [DzkzF]n’ P@i* - A@z’*
OP'F", T — A

where TO™ (A™) is obtained from T (respectively A) by replacing all
the occurrences of OP" with ;"

Transitivity:

@ =)

(i, oy — (R

: (= 05)
O;T1, O%,09, 51 — S, LA, [0 F—?

where X1 and Yo are empty or consist of propositional variables only,
a # ¢, i is some index or nothing (denoted i = &), (m) is some mark
or nothing (denoted (m) = @). If I'y = [G1|™, ..., [Gk]™ then [I1]" =
(G1]™, . (G If i = @, then TY" =T, and if i # @, then T{™" is
obtained from I'y by replacing all the occurrences of Df(m) with Df(n). In
addition, (0*Ty consists of formulas of the form G, (0%, Ty consists
of formulas of the form D;‘jG, where | # a and sequent {S}*¥#0 s
obtaz'/ned from S by replacing all the occurrences of D?j to [Il@j and
D{(m) to D{ for every l # a, every j and every m.

What is more, transitivity rule can only be applied if either (m) = @
or LTy contains at least one formula of the form [0 H™ where m <
ny < n— 1. Formula of the form [ H]™ is called necessity formula
with number n;.

Central agent:

[Fz%—n]n,[lil'vx—n — [F]n
O:T, 8, — o, LA, [0 f]n—t

(— O
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where X1 and Yo are empty or consist of propositional variables only,
i is some index or i = &, (m) is some mark or (m) = .

Once again, central agent rule can only be applied if either (m) = &
or I*T" contains at least one formula of the form [D?jH]”l for some [,
where m < ny <n— 1.

Simplification:

[OFF]™,T — A

: . (O =)
[OrF]™, [O7F]™,T — A

where ni1 < no.
If possible, simplification rule must be applied first.

First let’s show that indexable modality has the desired properties.

Lemma 3.4.6. Let D be a derivation search tree in G'S4,. Let Sy be a
conclusion of application of succedental rule to formula U EF in D. More-
over, let Sy be a premise of the inference. (1) If this occurrence of O; is not
indexable in S1, then Sy does not contain formula, which is a superformula
of OWF. (2) Let B be a branch, which contains S; and Ss. If there is an-
other application of succedental rule to O, Fy, where Proj(Fy) = Proj(F), in
B above Sy, then this occurrence of LJ; is indexable in S;.

Proof. Let’s leave labels out, because they are not important for this proof.
Let | # ¢ and Proj(S)) = 0", 040, X1 — X9, 0,A, O F. In this case
Proj(S;) = I'1, 0"y — F. Let G be a superformula of [J;F in S;. Now
either G = O0,G and it is part of antecedent of Sy, or [J;G is part of
antecedent of S7. In both ways [J;F' is in the scope of negative occurrence
of J; in S7 and therefore this occurrence of [J; is indexable. This is a
contradiction, therefore there are no superformulas of [J;F" in S;. The case
of [ = ¢ is analogous.

To prove the second part, the first part can be used. If this occurrence
of [J; is not indexable, then there are no superformula of [J;F' in Sy and
therefore there are no superformula of [;F" in B above Sy (once again,
labels are ignored here). Thus it is impossible to apply succedental rule to
[, F1, where Proj(F}) = Proj(F'), above Sy. Once again a contradiction is
obtained and it must be concluded that [J; is indexable. ]

Next some properties of G*S/; must be demonstrated.
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Lemma 3.4.7. For every labelled sequent S of any derivation search tree
in G"S4;, the following are correct:

1. In application of any rule except simplification to the sequent S the
number of the main formula of the application is always the largest

among the numbers of S.

2. In application of simplification rule to the sequent S the number of one
main formula (the one which is omitted in the premise) is largest among
the numbers of S.

3. The application of succedental rule in S introduces a number that is
larger than any number in S.

4. If n is the largest number of S, then all the formulas are numbered n,
except the ones of the form UF'F, that can be numbered lower.

Proof. All of this follows from noticing that (1) all the formulas start with
number 1 (2) only succedental rules can introduce new number (3) after
application of these rules only formulas of the form (7' F' keep their numbers,
all the other formulas get the new one and (4) no rule except simplification
can be applied to the formula of the form Cf*F. By induction it can be
shown that the new number is always the largest number in the premise. [

Now several examples are presented.

Example 3.4.8. First of all, let’s show, that sequent [11[op — Ulip is
derivable in G*S4S. The labelling results in [ OF%p]" — [Oip)':

S5 = [p]*, [O05°p)*, [OV'05°p]" — [p* .,
2 2 @57 -
S = 057" OVS ") = [~ )
Sy = ', [OP%p)", [O7 O] — Ol "
Sy = [05%)" [0 OF%)! — O o,
S =[0OP'05°%)" — [Bwl'

Example 3.4.9. This example demonstrates, that calculus G*S4; allows ap-
plication of succedental rule to the same formula more than once, if needed.
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The original sequent is 1—0.(p V O1-0ap) —  and labelling results in
(O -0 (p v O3-052p)]* — . The derivation is:

Se = [pl*, [O32p]?, (07 ~0: (p v 07D -032p)]L — [pl*, (07 -032p)4, [0 (p v O3 -032p))*
S5 = [p)%, [O52p]?, 07 -0k (p v 0¥ -05%p)]* - [Ohp v 07 -052p))?
Sq = [O92p)3, [07 -0k (p v 0¥ -092p)]" — [Ok(p v 07 -092p)]
85 = (07" =02 (p v D3-0°p)]' — b1, [0F-05%p))% [0:% (p v B3 -05°p))?
S =[O -0k(p v 02-09p)]* — [OL(p v O2-09%p))!
S = [OP'-0L(p v O2-09%p)]" —

(— O=h

(092 =)

(= 0D

(= O

@ =),(= =)

To shorten the derivation some applications of logical rules are left out.

It can be noticed that central agent rule can be applied to the sequent Ss,
because the occurrence of LIL is not marked. However the same rule with
the same main formula can not be applied to Ss, because [} is now marked
and there is no such number that can satisfy the condition 2 < n < 2. So
another main formula must be chosen, and the only alternative is the one
with unmarked occurrence of D%. What is more, the rule (—0O>') can be
applied for the second time to the sequent Ss. This is because once again [}
18 not marked. It is clear that Sg is an axiom and thus this is a derivation

tree of sequent Si.

3.4.2 Finiteness of Derivation Search in the Calculus

First of all let’s show that every derivation search tree in calculus G"S/4;, is
finite. Several measures are used, and the first one is the length of the se-
quent. It obviously decreases, when logical or simplification rule is applied.

Next the starless modality® of labelled sequent S is defined to be the
number of different not starred negative indexes in the sequent and denoted
sm(S). If derivation provided in Example is considered, then sm(S) =
2, sm(S;) = sm(S3) = sm(Sy) = 1, sm(S5) = sm(Ss) = 0. The starless
modality decreases, when reflexivity rule is applied to the sequent.

Finally the power of a sequent is adapted to the multimodal logic and
another measure is defined.

Definition 3.4.10. For some labelled sequent S the set of all formulas and
subformulas of the form ElleiF or L' F without their number that are part
of S is denoted L), (S). The set of all formulas and subformulas of the form
OF, CF or Df(m)F without their number that are part of S is denoted

3In [] the term “negative modality” was used. However in the multimodal case another measure is needed,
for which this term suits better. Therefore, this measure is renamed.
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O;7(S). O°(S) =y, 0, (S) and O (S) = U, O (S). The negative modality
of sequent S (denoted nm(S)) is the number of elements in O™ (S5).

The set Preg(1,n,S) consists of all the formulas F, such that F = OP'G
or F = 05G and [F)*, k < n occurs as the formula of the antecedent of S.*
Pref(na S) - Ul Pref(l7 n, S)

A power set of labelled sequent S (denoted Pow(S)) is a set, consisting of
all the possible sets of the form {F}UT" that meet the following requirements:

1. F e Of(8S) for some a (a # c),
2. T CO,(9),
3. One of the following holds:

(a) The outmost occurrence of O, in F' is not marked in S.
(b) The outmost occurrence of O, in F is marked with m in S and

r 7,@ Pref(a, m, S)

A central power set of labelled sequent S (denoted CPow(S)) is a set,

consisting of all the possible sets of the form {F}UT that meet the following
requirements:

1. F el (9),
2.0 CO(9),
3. One of the following holds:

(a) The outmost occurrence of O. in F' is not marked in S.

(b) The outmost occurrence of O. in F is marked with m in S and

F SZ Pref(m, S)

Power of the sequent S (denoted p(S)) is the number of elements in
Pow(S). Central power of the sequent S (denoted c(S)) is the number of
elements in CPow(S).elements in CPow(S).

Example 3.4.11. If sequent Ss from Example[3.4.9 is considered, then:

e O7(S3) = {0 (pv-0OF?%p), 3-0F?p}, let’s denote the formulas of
the set as Fy and Fy respectively. Then (0} (S3) = {F1} and O] (S3) =
{F2}.

4The notation Pres(l,n,S) is due to [37]. In that article P(n) is used for logic K4 and by adapting it to this
article P(l,n, S) could be defined in the same way, except that condition k£ < n have to be changed to k < n.
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e O (S3) = {0 =03 (pvX-0OF?p), 0$p} and obviously nm(Ss) = 2.
Let’s denote the formulas of the set as G1 and Gy respectively. Then
07 (S5) = {G1} and U5 (S3) = {G2}.

e Pr(2,53) = {07 -0 (p v OF-005%p)} = {Gh}.
e CPow(Ss) = {{F1,Ga}, {F1,G1,Ga}}, s0 c(Ss) = 2.
e Pow(S3) = {{FL}, {F,G1}}, so p(Ss) = 2.

The central power of the sequent does not increase after application of
logical, simplification or reflexivity rules, but it decreases after application of
central agent rule. Similarly, the power and negative modality of the sequent
does not increase after application of logical, simplification, reflexivity or
central agent rules, but at least on of them decreases after application of

transitivity rule. This is shown in a proof of the following lemma.

Lemma 3.4.12. If S; and Sy are part of derivation search tree in G'S/;,

and for some inference Sy is a conclusion and S is a premise then:

1. If the inference is application of some logical or simplification rule,
then 1(S2) < 1(S1), sm(S2) < sm(Sy), ¢(S2) < ¢(S1), p(S2) < p(Sy)
and nm(S2) < nm(Sy).

2. If the inference is application of reflexivity rule, then sm(S2) < sm(S7),
c(S2) < ¢(51), p(S2) < p(51) and nm(Sz) < nm(S).

3. If the inference is application of central agent rule, then c(S2) < ¢(S),
p(S2) < p(S1) and nm(S,) < nm(Sy).

4. If the inference is application of transitivity rule, then either p(Ss) <
p(S1) and nm(S2) < nm(S;) or nm(S;) < nm(Sy).

Proof. The four parts are proved separately.

1. From the form of logical rules it can be seen that after the application
the main formula loses at least one logical operator so the length of
the main formula decreases. Moreover, the other formulas remain un-
changed so the length of the premise must be smaller than the length
of the conclusion.

In the case of simplification rule it is enough to spot that the premise
has one formula less than the conclusion and that the formula, that
is omitted in the premise, has at least one logical operator — LJf. So
obviously in both cases 1(S2) < 1(S51).
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Next, it is obvious that in the entire derivation search tree new negative
index is not produced. What is more, starless modality of the sequent
can get smaller after application of some logical rule, because the main
formula of the application can split into two premises and some negative
indexes could appear only in one of the premises’. Finally, in the
application of logical or simplification rule stared negative indexes do

not lose their stars. So it must be concluded that sm(S5s) < sm(Sh).

Finally, it is easy to see that 007 (S;) C O (S1) (therefore, nm(S;) <
nm(S7)), O7(Sy) € O7(S;) and also for any I: [0, (S9) € O; (S))
and (J;(S2) € 0O0;(S;). What is more, formula numbering remains
unchanged and no formulas of the form Dl@iF or [ F' can disappear
from the antecedent after application of logical rule, but the new ones
can be formed®. Thus Pt(m, S2) D Pret(m, S1) for any m and also
Pret(l,m,S2) O Pret(l,m,Sy) for any m and [. In the case of appli-
cation of simplification rule, it is easy to see that two main formu-
las differ only in numbering and the one with the smaller number is
part of the premise too, so in that case Piet(m, Sy) = Pres(m, S1) and

Pref(la m, 52) - Pref(la m, Sl)

Now if some A = {F} UA; € Pow(Ss), then from the fact that F' €
007 (Sy) follows that F' € 7 (S1) and from A; C O, (Sy) follows that
Ay C O, (S1). What is more, if the outmost occurrence of O, in F' is
not marked in Sy then it is not marked in S; too and A € Pow(5)).
Contrary, if the outmost occurrence of [J; in F' is marked with my in
Sy, then it is marked with m; in S also and if Ay € Pree(a, my, S2),
then Ay € Pyet(a, my, S1). So in this case, A € Pow(S]) too. From this
it can be concluded that Pow(S3) C Pow(S7) and thus p(S2) < p(Sh).

The reasoning for ¢(S2) < ¢(57) is analogous.

2. In this case it is enough to notice that if the rule (0f? —) is applied then
the index ©1 is starred everywhere in the premise. Because new index
can not be formed in derivation search tree and stars of other starred
indexes are not removed, it must be concluded that sm(S) = sm(S7)—1
and thus sm(S2) < sm(S7).

The proof of ¢(S2) < ¢(S1), p(S2) < p(S1) and nm(S3) < nm(S;) is
analogous to the previous case.

5For example, the starless modality decreases after application of (— A) to — (ﬂD?lp) A (ﬁD?Qq).
6For example, as a result of applying (A —) to p A D?lq — .
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3. Let’s say that the rule (- 0<% is applied and in the premise all the
occurrences of [J% are marked with m. It is not necessarily true that
07 (S2) € O (S1), but it is possible to claim that for any formula G €
07 (Sy) there is formula F' € [J7(S7) such that G = F*<™. In this proof
the fact is denoted as 07 (S2) C O (S1) and from this immediately
follows that nm(.S2) < nm(Sy).

Similarly it is possible to say that 007 (Sy) C 07 (S1).

Now let’s say that some set of formulas A = {F*™} U A¥F™ ¢
CPow(S>). From the fact that F©“™ € (I} (S,) follows that F' € 00} (S))
and from the fact that AY~™ C 07 (S,) follows that Ay C 07 (S4). Fi-
nally if the outmost occurrence of (. in F“~™ is not marked, then the
outmost occurrence of [J, in F' is also not marked and thus {F}UA; €
CPow(S1). In the other case if the outmost occurrence of (. in F*™
is marked by msy, then either the outmost occurrence of [, in F is
not marked and consequently { F'} UA; € CPow(S;) or it is marked by
my < mg. Now, all the formulas of the type [J;G from the conclusion of
the application of central agent rule are preserved with the same num-
bers in the premise except the mark of modality [ is changed. Thus
it can be said that Pef(ma, So) O Pres(me, S1). What is more, from the
fact that m; < mq and from the definition of Pyes(m, S) follows that
Prer(ma, S1) 2 Pret(my, S1). Therefore, because A{™™ & Prer(ma, Sa) it
can be said that Ay € Prer(mo, S1) and consequently Ay & Pree(ma, Sh).
Once again it must be concluded that {F'} U A; € CPow(S)).

Here it is shown that ¢(S2) < ¢(S7). To remove the “or equal” part,
set I' must be found, that is part of CPow(S;), but "™ is not part of
CPow(S3). Let’s say that the central agent rule is applied to the formula
Oim) F. 1If (my) = @, then according to the definition, the set {{1.F'} €
CPow(S;). If OU™ F is not part of (I} (Sy), then {{1;F} ¢ CPow(S,).
Otherwise, the set {0 F'} ¢ Pow(S,), because @ C Prop(m, S).

If m; # @, then m; < m. Now if the central agent rule is applied, then
the condition has to be met meaning that there is formula [(07*G]"™ in S}
and m; < n. At the same time (remember Lemma n < m. Be-
cause simplification rule cannot be applied to [J;*G]" in Sy, {;*G} ¢
Pret(m1, S1), however {{}'G*™} C Pre(m, S2). Thus it can be con-
cluded that {O{™)F,0¥GY € CPow(S,), but {4 F, O¥G™} ¢
CPow(.S2) and that ¢(S5s) < ¢(57).
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Now, it is easy to show that for any agent [ it is true that ;" (Sy) C
;7 (S1) and O (S9) T J;(S1). What is more, only marks of cen-
tral agent modality is altered and marks of modalities of other agents
are not changed. Moreover, every formula of the form [D?j H]™, that
is part of Sp is also part of Sy with the same number. Therefore,
Pret(l,m,S2) 3 Pree(l,m, Sy) for any agent [ and any mark m. Thus,
by analogous reasoning as in the part of logical rules, it can be con-
cluded that Pow(S3) C Pow(S;) and therefore p(Ss) < p(S7).

. Once again, it is not hard to see that nm(S;) < nm(Sy). Let’s say that
a-transitivity rule is applied to formula (i) F and after the application
m is changed to m;. Once again, it is obvious, that for any agent [ it
is true that 00, (S2) C O;7(S1) and O; (S9) T O, (Sy). If m # @,
then only occurrences of [, and possibly [J. can be marked. Thus all
the occurrences of [, for any ¢ # a (and @ # ¢) are not marked
in both S; and S5. Therefore, for any F' € D:,(Sl), a £ a it is true
that if set {F™} U AY™ € Pow(S,), then {F} U A; € Pow(S)).
Moreover, Pe(a, m/, S9) 3 Pret(a, m/, S1) for any m'. From this fact by
the analogous reasoning to the central agent rule part follows that for
any ' € OO} (S)) it is true that if set { F*"™}UAL™ € Pow(S,), then
{F}UA; € Pow(S;). In an analogous way to the central agent rule part
it is possible to find a set A € Pow(S]) such that A ™ ¢ Pow(Ss).
Therefore, p(S1) < p(S2).

If however m = &, then if there are no marked modalities in Sy, except
possibly [., then the case is analogous to the one where m # .

Otherwise, let Eli,(m)G be part of O07(S;). Because the formula is

marked, there obviously exists S; below S in the same branch, which

/ "

is a premise of application of a’—transitivity rule to DZ,(m G , and there
are no applications of a;-transitivity rule, a; # a , between S and S;.

! 1"

Let the conclusion of such application be Sll. Because Di,(m )G s part
of the succedent of S/l and it is also subformula of some formula of 51,
then its superformula must be part of the antecedent of S; Moreover,
for such formula to be part of S, it must be of the form D:‘? H. Let

DZ? G’ be the longest such formula. There is no superformula of DZ? G
in Sé. What is more, this formula is part of antecedent of S; and
it has no superformula in S; also. Therefore, [J*/ G e O°(S)), but
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DZ?NG, ¢ 007 (S2). It is easy to see, that 07 (S5) © O (S1). Therefore,
007 (S2) = O (S1) and nm(S2) < nm(Sh).

]

The next task is to show, that neither measure can decrease infinitely.

Lemma 3.4.13. In any derivation search tree of G*S4., if for some labelled
sequent S':

1. 1(S) = 0 then it is not possible to apply any logical or simplification
rule to S.

2. sm(S) = 0 then it is not possible to apply reflexivity rule to S.

3. ¢(S) = 0 then it is not possible to apply central agent rule to S.

4. p(S) =0 then it is not possible to apply any transitivity rule to S.
Finally, nm(S) > 0.

Proof. 1f 1(S) = 0 then by the definition there are no logical operators in S
and thus neither logical nor simplification rule can be applied to S.

If sm(S) = 0 then there are no not-starred negative indexes in S but
reflexivity rule can only be applied to the formulas of the type D?iF .

Say that c¢(S) = 0 and central agent rule (— 0% is applied to formula
O™ F. If (m) = @ then {{LF} € Pow(S) and thus p(S) > 0. Otherwise
the condition of central agent rule must be met, meaning that there is
formula [(J;7G]" in antecedent of S such that m < n. In that case {{J;’G} ¢
P.et(m, S), therefore {{04™ F,(0;7G} € Pow(S) and p(S) > 0. Both cases
result in contradictions so it must be concluded that central agent rule can
only be applied if ¢(S) > 0 and consequently if ¢(S) = 0 central agent rule
can not be applied to S. The case of p(S) = 0 is analogous.

The fact that nm(S) > 0 follows immediately from the definition of
nm(.S). O

The direct corollary of Lemmas|3.4.12)and [3.4.13|is the following theorem.
Theorem 3.4.14. Calculus G*S4;, is terminating.

Proof. The reasoning is the same as in the proof of Theorem [3.1.3] O
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3.4.3 Soundness and Completeness of the Calculus

Now it must be shown that calculus G*S4; is sound and complete. For
this, calculus GS4;, which is sound and complete, is used. To prove the
soundness the admissibility of weakening structural rule must be proved.

Lemma 3.4.15. Weakening structural rule is admissible in GS4;,.
Proof. The proof is analogous to the proof of Lemma [1.4.§] O

Theorem 3.4.16. Calculus G*S4;, is sound. That is for any sequent S if
labelled sequent Lab(S) is derivable in G"S4,, then sequent S is derivable in
GSY,.

n

Proof. To prove this first it must be noticed that logical rules and reflexivity
rule of G"S/; are the same as in GS4:, except that the rules of GS4; do not
contain labels. What is more, after removing all the labels from the applica-
tion of some succedental rule of G"S/;, it can be replaced by application of
respective succedental rule and some applications of reflexivity rule of GS/4;.
Next, simplification rule of G"S4; can be replaced by weakening structural
rule, which is admissible in GS/;. Finally, after deletion of labels from the
axioms of G"S4;, axioms of (S, are obtained. Therefore a derivation tree

in G*S/, can be easily transformed to the derivation tree in GS4... ]

To prove the completeness of G'S/, several intermediate calculi are used.
This is done to make the proof more clear by introducing one change to
the calculus at a time, therefore each intermediate calculus differs from the
previous one in one aspect only.

First of all G"S4;-style succedental rules are introduced to GS4...

Definition 3.4.17. Let G154, be the calculus obtained from GS/,, by chang-
ing succedental rules to:

Fl,lel — F
DlFl,FQ — A,DZF

Fl,D*Fl — F
D*Fl,FQ — A,DCF

(— )2 (= 092

Lemma 3.4.18. If a sequent is derivable in GS4,, then it is derivable in
G847

Proof. Let’s say that D is a derivation tree of sequent S in GS4,. If there
are no applications of succedental rules in D, then D is already a derivation

7 Analogously to Footnote in page although G;S4¢, is sound, only completeness of the calculus is proved.
Soundness is not needed for the completeness proof of the loop-free calculus G*S4;,. This note applies to all the
intermediate calculi.
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tree in G;S4,. Otherwise, let’s take the lowest such inference and let S; be
its premise. Say that it is an application of transitivity rule (- 00,). The case
of central agent rule is completely analogous. Now, because of invertibility
of reflexivity rule, after such application of rule it is possible to add one
application of (O, —») for each formula of the form [J;F in the antecedent
of S1. Then such application of transitivity rule and recently introduced
applications of reflexivity rule can be replaced with single application of
(— O))2 to get derivation tree Dy. If Dy still contains at least one application
of succedental rule, then let’s continue this change inductively to the lowest
application of succedental rule in D;. Otherwise, D, is already a derivation
tree in G154, O

Next, a prohibition to apply transitivity rule for central agent is included.

Definition 3.4.19. Let G254, be the calculus obtained from G154, by re-
placing the transitivity rule to:

Fl,DaFl — F
Dafl,Fg — A,DCLF

(—) Da)z

where a is any agent, except the central one.
To prove the completeness, admissibility of weakening is needed.
Lemma 3.4.20. Weakening structural rule is admissible in G254, .

Proof. The proof is analogous to the proof of Lemma [1.4.8] ]

Lemma 3.4.21. If a sequent is derivable in G1S4,, then it is derivable in
G254y,

Proof. Let’s say that D is a derivation tree of sequent S in G;S4,. If there
are no applications of c-transitivity rule, then D is already a derivation tree

in G54,. Otherwise, let’s take the topmost such inference:

D,
Fl, a1y — F
O, Ty — A, O F

(—) Dc)g

Note, that because this is the topmost application of (- 0O.)., derivation tree
D, is already a derivation tree in G254,. Now to remove this application of
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transitivity rule, let’s change it to the application of central agent rule and

some applications of weakening structural rules:

D,
Fl, DCFl — F
Ty, 0.0, T, Ogly — F
0.0y, Oy, Ty — A OF

By inductively continuing this change, it is possible to remove all the ap-

(= 02

plications of c-transitivity rule. ]
Now, labels are introduced to the calculus.

Definition 3.4.22. Let G35/, be the labelled sequent calculus obtained from
G254y by adapting it to labelled sequents. That is, the aziom is changed to
L, [F]™ — [Fo]™, A, where Proj(Fy) = Proj(F3), logical rules are changed
to logical rules of G"S4,, and reflexivity, transitivity and central agent rules

are replaced by:
Two rules of reflexivity:

[F|", [OF F), TO™ — ACH [F", [OFF", T — A

. @ ) : Oy
OFFT - A O T A o)
Transitivity rule:
4—n\n n n #a:A,()
{[Ff_ " O = [F] } -
(— 03)

O, Ty — A, [ et

where a # ¢, Oy consists of formulas of the form 097G or G, i
is some index or i = &, (m) is some mark or (m) = .
Central agent rule:

[Fi<—n]n7|ji\1'\i<—n - [F]n
M, Ty — A, [ Fr-t

(_> Dc,i)A
where M consists of formulas of the form DlejG or D?jG, 1 1S some
index ori =&, (m) is some mark or (m) = .

Lemma 3.4.23. If sequent S is derivable in G354, then labelled sequent
Lab(S) is derivable in G354, .

Proof. Note, that because of extra reflexivity rule and different formulation
of succedental rules labels do not add any restrictions to the calculus. That
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is, to get a derivation tree in G354, it is only needed to add appropriate
labels to every sequent of derivation tree in G2S4,. The labelling of initial
sequent is according to the definition [3.4.4 After that if the conclusion
of some inference is a labelled sequent, then labels are introduced to the
premise (or premises) as described in the definition of the rules of G354,.
No application of rule is added or removed from the derivation tree in G2S57,.

]

G354, and all the following intermediate calculi are labelled. As men-
tioned earlier, in a derivation search tree of labelled sequent calculus the
initial sequent must be obtained by labelling of the sequent that does not
contain any labels. This is important for the correctness of some lemmas.

Now, let’s introduce next restriction. This one restricts applications of
succedental rules. The aim is to prohibit the application of succedental rule
to the sequent if some logical or (0®" —) rule of G354, can be applied to it.
This change is introduced by changing the succedental rules.

Definition 3.4.24. Let G;S/,, be the labelled sequent calculus obtained from
G354, by changing succedental rules to:
Transitivity
i<—nin * TN n Fa:4,()
{[Ff_ ] 7DaF1<_ — [F] }
;T 0%, T2, 51 — Sp, LA, [ F]n—!

(=0

where a # ¢, X1 and Yo are empty or consist of propositional variables
only, i is some index or i = &, (m) is some mark or (m) = &.

Central agent rule:
[Fi<—n]n7DIFi<—n - [F]n
O:T, 5, — o, LA, [O0m fnt

The meaning of the notation is the same as in transitivity rule.

(— O

To prove the completeness of this calculus, invertibility of logical and

reflexivity rules are needed.

Lemma 3.4.25. Logical, (0°" —) and (05 —) rules are invertible in G3S4,,.

Proof. The proof is analogous to the proof of Lemmas(1.4.11and [1.4.12] [

Lemma 3.4.26. If a labelled sequent is derivable in G3S/, then it is deriv-
able in G;S4;,.
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Proof. This is a direct corollary of Lemma [3.4.25] [

Next the restriction on applications of reflexivity rule is introduced. That

is, all the applications of (O;% —) rule are removed.

Definition 3.4.27. Let G55/, be the labelled sequent calculus obtained from
G54, by removing the rule (O;" ).

To prove the completeness of G554, , admissibility of contraction struc-

tural rules must be shown.
Lemma 3.4.28. Contraction structural rules are admissible in G554,

Proof. The proof is analogous to the proof of Lemma [1.4.13] ]

Lemma 3.4.29. If a labelled sequent is derivable in G;S4,, then it is deriv-
able in G554,

Proof. For this proof the marks are completely ignored. Moreover, negative
indexes are also ignored, except when needed for the proof. Thus it is
said that (0F and /G are equal, if Proj(F) = Proj(G). This is done
to simplify the proof, however as indicated later this does not change the
correctness of it.

Let’s say that D is a derivation tree of labelled sequent S in G;S4,,. Let’s
denote the number of applications of (0;* —) in D for any [ and i by r(D).
If r(D) = 0, then D is already a derivation tree in G554,. Otherwise, let’s
take the topmost such application:

Sy = [FI", [OFF]", T — A
Si = [OFF]",T — A

Initial sequent S does not contain starred modalities. Moreover, all stars

(W)

from modalities of agent [ are removed after application of rule [1-transitivity
rule, where [} # [. Thus, below S there must be sequent Si, which is a con-
clusion of application of (0®" =) rule to DleiF and there are no applications
of [;-transitivity rule between S; and Sll, except possibly if I; = (®:

S = [FIN [OPF T = A
Sy =[O0 F]",T — A

O —)

’ . / ’
Sy = [FI™, [ F™,I" — A

7 : / ’

Sy =[OP'F™, T — A

8In fact, F in S; and F in S; can differ in marks and some negative indexes in the latter could be starred

in the former. However this difference is ignored, because the inside of the formula F' is changed by other rules,
that are not eliminated after elimination of inappropriate application of reflexivity rule.

(@ =)
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Let D; be a path of the derivation from Sl2 to Si. If there are no applications
of succedental rules in Dy, then let’s apply the rule () to [F]™ in S, and
then let’s apply all the rules of D; to the premise in the same order as they
appear in Dy. This results in sequent Sj:

Sy = [F]™, [OFF]",T — A

[F]™, [F]™, [OF F™ T — A
Sy = [F]™, [OFF]™, T — A
Sy = [OP F™. T — A

Notice that S5 differs from S3 only with respect to the number of the formula

(¢ =)

@ =)

F'. Therefore, after making this change, all the appropriate numbers and
marks in sequents of derivation above S3 have to be changed. The result of
these changes is derivation tree Dy and r(Ds) < 1(D).

Otherwise if there is at least one application of succedental rule in Dy,
let’s take the one closest to S;. Let D3 be a path of Dy from the premise
of such application to S;. Formula [(f*F]™ is definitely part of the an-
tecedent of conclusion of such application, therefore the antecedent of the
premise contains [F]"?. Let’s apply (c—) to [F]™ in the premise and af-
terwards let’s apply all the rules of Ds3 in the same order. Only the case
of [-transitivity rule is displayed, because the case of central agent rule is
completely analogous.

Sy = [F]™,[0¢F]",T — A
[F]", [F]™, [0 F™, [, 0T — [G]™
[F]™, [Op F)™, [0, G T — [G)™
(O P, O Ty, O Ty, £ — S, OA, [0 G

(¢ =)

(=0

Sy = [F]™, [OFF]™, T — A
S, = [OPF™m. T — A

Once again 59 differs from Sy only with respect to the number of the formula

()

I and all the appropriate numbers and marks in sequents of derivation
above Sy must be changed. The result of such changes is derivation tree Dy
and r(Dy) < r(D).

Thus by applying these changes inductively it is possible to completely
eliminate applications of (0;" —) rule for any [ and «. ]

Now, let’s insert simplification rule to the calculus.
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Definition 3.4.30. Let G4S/,, be the labelled sequent calculus obtained from
G554, by adding simplification rule:

OFF™ T — A

[OFF)™ [OFF]™ T — A

where nq < ng. If possible, simplification rule must be applied first.

@ =)

Once again, admissibility of contraction structural rules is needed.
Lemma 3.4.31. Contraction structural rules are admissible in G¢S4,,.

Proof. The proof is analogous to the proof of Lemma [1.4.13] [

Lemma 3.4.32. If a labelled sequent is derivable in G5S/, then it is deriv-
able in G¢S4,,.

Proof. Let’s say that D is a derivation tree in G55/,. Let’s find the topmost
sequent of the form [(JF'F|™ [0 F]"2 T — A, where ny < ng, in D. If there
is no such sequent, then D is already a derivation tree in G4S/4,. Otherwise,
let’s apply simplification rule to the sequent. Now, it is possible to apply
contraction structural rule to the premise of newly introduced application
of simplification rule:

OF P (O A
- c—
[DZ”F]TH, I - A (@ )
. ‘ =
(O F]™, [OFF]™,T — A

This derivation can be continued as in D, except numbers and marks of

sequents above the premise of application of (c —) must be altered.
This procedure can be repeated inductively until a derivation tree in
GS4, is obtained. ]

It should be noticed, that any derivation in G54, and following inter-
mediate calculi follows the conditions set out in Lemma 3.4.7
Finally the other restriction on applications of succedental rules is in-

serted.

Definition 3.4.33. Let G754, be the labelled sequent calculus obtained from
GS4y by adding the following restrictions:

1. Transitivity rule with main formula [ F]" can be applied to the
sequent L1317y, 05,2, 501 — Yo, LA, (O™ P17 if either (m) = @ or
iy contains at least one formula of the form [(C]™ where m <
ny < n.
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2. Central agent rule with main formula [Dé(m) F]™ can be applied to the se-
quent T, %) — Bo, LA, [DL™ EF]™ if either (m) = & or O*T contains

at least one formula of the form [D;‘jC’]”l for somel, where m < ny < n.

Lemma 3.4.34. If a labelled sequent is derivable in GgS4;, then it is deriv-
able in G7S4,.

Proof. Our task is to remove all the applications of succedental rules that
do not follow the newly introduced restriction. That is, a-transitivity rule
is applied to formula marked by m and in the antecedent all the formulas of
the form (%G are numbered lower than or equal to m or central agent rule
is applied to formula marked by m and in the antecedent all the formulas
of the form [J;/G for any [ are numbered lower than or equal to m. Such
applications are called inappropriate and are denoted as (— 0%)imappropriate @0
(= O°")inappropriate-

Say, that D is a derivation tree of labelled sequent S in GgS4,. Let
s(D) be the number of inappropriate applications of succedental rules. If
s(D) = 0, then D is already a derivation tree in G754,. Otherwise, let’s
take the lowest (closest to S) inappropriate application of succedental rule.
Let S; be the conclusion of such inference.

First, let’s analyse the case of a-transitivity rule. The main formula of the
application is marked, but all the marks of modalities of agent a are removed
after the application of a;-transitivity rule, where a; # a. Therefore, below
S1 there must be a sequent, which is a conclusion of application of (- O0)
rule to the same formula and there are no applications of ai-transitivity rule
between S7 and this sequent, such that a; # a. Let S; be such sequent,
that is closest to Si:

Sy = {[ri . i - [F)

Sy =001, 02,02, 51 — B9, LA, [T F]n

(_> Dtiz)inappropriate
' "Nie-mm *T7V \i—m m FaH)

Sy = {[(Ty)" ™)™, (Cery) ™ — [F)"]

Sll = DZI’;, ;aI‘IQ, 2/1 — Z’Q, O,.A [Cima) prm—1

Now because of the calculus, it is obvious that (*['})*™ C [*I';,. What
is more, as the presumption states, there are no formulas in 'y with

(— 02)

numbers greater than m. Therefore all the formulas that are part of LI} Ty,
but do not belong to (03T} are numbered m. Let’s say that [J*['; =
(G )™, . (O Gy]™, (O )™,
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Now let’s follow a path of D from S; to So. Let’s start from SIQ. If there
is an application of [-transitivity or central agent rule before S;, then let
Sé be the conclusion of the first such application. Otherwise let S’é = 5.
Neither logical, nor reflexivity, nor simplification rules can be applied to Sé.
Moreover, [Dzij G,|™,j € [1,k] are part of antecedent of Sé, because after
the application of succedental rule to S:; all the new formulas are going to
be numbered m + 1. Therefore, there is an application of reflexivity rule
between S, and Sy for each [m)3 K G;]™. To sum up, Sy is obtained from S,
by applying all the possible logical and simplification rules to formula [F]™,
formulas [G;]™, j € [1, k], formulas from [(I'})*™]™ and their subformulas.

Now, let’s follow derivation tree D above Sy. Let S be the set of different
labelled sequents and for every S7 € S, S} is the first sequent in a branch
above Sy that is either an axiom or a conclusion of application of succedental
rule. Once again, every sequent of S is obtained from S5 by applying all
the possible logical and simplification rules to formula [F]", formulas from
[T4<")™ (which consists of formulas [G%"]",j € [1,k] and formulas from
[(T))¥ ™) and their subformulas. Therefore, there is a sequent S5 € S, such
that Proj(Ss) = Proj(S;). This means that all the rules of the derivation
tree D above S3 can be applied straight to S;) thus eliminating at least one
inappropriate application of transitivity rule and getting derivation tree D;.

Now, because numbers and marks are different in S3 and Sé, also num-
bers and marks in D; above Sé is going to differ from those of D above Ss.
Because of that it must be shown that there are no inappropriate applica-
tions of succedental rule in D, that are not part of D. To demonstrate that

let’s compare the marks and numbers in D and D;. Having in mind Lemma

the following can be noticed:

« Every formula numbered n' > m in subderivation of D; above Sy (let’s
call it D3), is numbered n' +n —m in subderivation of D above S3 (let’s
call it Ds); every formula numbered n < min D3, is numbered n in
D,. This is because D below S is the same as D; below S;. But in
derivation D; above Sj all formulas get new numbers in the same order
as in D above S3, except that in the latter they are larger because of
the path of derivation from Sé to S3 that is missed out in Dj.

. / . .
o The contrary is also correct: every formula numbered n > n in Do, is
/ . / . .
numbered n — n 4+ m in D3; every formula numbered n < m in Dy, is
/ .
numbered n in Ds.
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o If a formula of the form [I’G numbered n/,m <n <n appears in
D then simplification rule is applied next, that makes the formula
disappear from further derivation. Thus no such formulas appear in
antecedent of conclusions of succedental rule. This is due to the prop-
erties of [J'I'y and (DZF;)i“m, that were discussed earlier. Therefore,
Sy (and the derivation above) does not contain formulas numbered n,

m<n < n, and these formulas are not part of Ds.

« Every occurrence of [J in Dy marked with m' > m is marked with
m' +mn —m in Dy. Every occurrence of (I in Dy marked with m' < m

is marked with m in Ds.

« Some occurrences of [} that are marked in Dy are not marked in Ds.
This is the case, if there is an application of (— i) rule between S;
and Sp, j # @ and the outermost modality of the main formula of the

inference is not marked.

Having this in mind, it is not hard to argue that for any inappropriate ap-
plication of succedental rule in D3, the respective application of succedental
rule in D, is also inappropriate. Thus s(D;) < s(D).

The case of central agent rule is completely analogous.

By inductively applying this elimination to D; it is possible to get a
derivation tree in G754, O

Now the only difference between G7S4: and G"S/: is the axiom. In the
former it is [, [F1]™ — [F5]"*, A, where Proj(F}) = Proj(F), and in the
latter it is required that ny = ne. However, it is easy to show that those
too calculi are equivalent. Once again, only one part of the equivalence is
mentioned. The other one is obvious.

Lemma 3.4.35. If an indexed sequent is derivable in G7S4,, then it is deriv-
able in G*S4,.

Proof. Let D be a derivation tree in G754,. Let’s say that in D there is
an axiom S; = I', [F1]™ — [F5]", A and ny # no. It is easy to show that
any derivation search tree in G754, follows the conditions set out in Lemma
[3.4.7 Therefore, the only possible situation is that Proj(F;) = Proj(Fs) =
[;G. Moreover, for the same reason F; = D?le, where Proj(G1) = G.
Let’s say that Fy = Df(m)Gg, where Proj(Gs) = G, i is some index or i = &,

m is some mark or m = &.
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Let’s apply logical and reflexivity rules of G754, to Sy and its premises
until no such rule can be applied. The result of such process is sequent S, =
0Ty, O o, [F1]™, X1 — X, [F2]"2, 00A . If it is possible to apply succe-
dental rule to the formula F3 in S5 then the premise of such application is
going to be sequent S3 = I's, [G1]™2" — [Go]™ ™ and Proj(G1) = Proj(Ga).
Ss is axiom of both G754, and G"S4;.

Otherwise, if succedental rule cannot be applied to FIQ in Sy, then m # @.
If [ # ¢, then there is no such formula of the form [[J;7 H]”/ in 07Ty, [Fh]™
such that m < n'. Therefore, ny < m. Moreover, below S there is an
application of (-0 to F3 such that Proj(F3) = Proj(Fy). Let’s denote
the premise of such application S; and the conclusion S:l. If ny < m,
then in the antecedent of S) there is a formula [Fy]™ such that Proj(Fy) =
Proj(F1). Therefore Sy is of the form 'y, [G4]™ — [G3]™, where Proj(G4) =
Proj(G3). Thus Sy is an axiom of both G754, and G"S/;,, and the derivation
above it is not needed. If n; = m, then between S; and Sy there is an
application of the rule @® -) to the formula Fj such that Proj(F5) =
Proj(Fy). Let’s say that the premise of such application is S5. Because
ni = m, there are no applications of succedental rules between S; and
Ss5. Now let’s eliminate all the applications of logical and reflexivity rules
to formula (G35 and its subformulas from subderivation between S; and Ss.
This results in S5 = I's, [G5]™ — [G3]™, A, where Proj(Gs) = Proj(Gs).
Once again, it is obvious that Sg is axiom in both G754, and G"S4: and the
derivation above it should be omitted.

The case, when [ = ¢ is completely analogous.

A derivation tree in G"S4;, is obtained by applying this change to every
axiom of D, where ny # na. O

From this the completeness of G"S/: follows immediately.

Theorem 3.4.36. Calculus G*S4; is complete. That is, if sequent S is
derivable in GS4; then sequent Lab(S) is derivable in G"S4;,.

Proof. A direct consequence of Lemmas [3.4.18], [3.4.21], [3.4.23], [3.4.26], [3.4.29],
[3.4.32] [3.4.34] and [3.4.35] ]

3.5 Logics K4 and K/,

As mentioned in [4], the terminating calculus for logic K4 can be derived
using similar ideas as in calculus G"S4. The only difference between logics
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of K4 and S/ is that reflexivity axiom is not part of HK/ and therefore
reflexivity rule is not part of GK4. Because of this, the negative indexation

of modalities is not needed.

Definition 3.5.1. A sequent is called labelled for K4, if every positive oc-
currence of L1 that is in the scope of negative occurrence of [ is indexed
with integer and all the formulas are numbered.

Definition 3.5.2. Labelling for K4 of sequent S is denoted Labg,(S) and
labelled for K4 sequent Labg,(S) is obtained from S by (1) indexing all
the positive occurrences of L1 that are in the scope of negative occurrence
of O with different natural numbers, and (2) attaching number 1 to every

formula.  No marks are needed in Labgy:(S).

Except these differences, the terminating calculus for K/ is the same as

G"S/ with a little change to the restriction of application of transitivity rule.

Definition 3.5.3. The labelled sequent calculus without loops for logic K4
(G'K4) consists of axiom T',[F1]" — [Fo]", A, where Proj(F) = Proj(F),
the same logical rules and simplification rule as G"S4 and transitivity rule:

[Fi<—n]n7DFi<—n - [F]n
O, 3, — o, 0A, [0 pln-t

(=09

where 31 and Yo are emptly or consist of propositional variables only, i is
some index ori = &, (m) is some mark or (m) = &.
What is more, transitivity rule can only be applied if either (m) = & or

OC contains at least one formula of the form [OH]" where m <1< n — 1.

Analogous changes are introduced to G'S4;, to obtain the terminating

calculus for logic K/,

Definition 3.5.4. A sequent is called labelled for K4, , if every indexable
occurrence of L is indexed with integer and all the formulas are numbered.

Definition 3.5.5. Labelling for K4, of sequent S is denoted Labgy(S) and
labelled for K4, sequent Labgye(S) is obtained from S by (1) indeving all
the indexable occurrences of O with different natural numbers, and (2) at-

taching number 1 to every formula. No marks are needed in Labgye(S).
Now the calculus is defined as follows.
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Definition 3.5.6. The labelled sequent calculus without loops for logic K/,
(G'KY;,) consists of axiom T, [Fy|" — [Fo]", A, where Proj(F;) = Proj(F),
the same logical and simplification rules as in G"S4;, and rules:

Transitivity:

([t 0,0k - [F]2)7
Darla D;éaFQa X1 — 227 D*Aa [Dz(m)F]n_l

(— 0%

where X1 and Yo are empty or consist of propositional variables only,
a # ¢, i is some index or i = &, (m) is some mark or (m) = .
Sequlent {S}#“:@ is obtained from S by replacing all the occurrences of
D{(m) to D{ for every l # a, every j and every m.

What is more, transitivity rule can only be applied if either (m) = &
or 0,11 contains at least one formula of the form [0,C]™ where m <
ny<n—1.

Central agent:
0.0, %) — S, OLA, [0 pn-t

where X1 and Yo are empty or consist of propositional variables only,

(— O%9)

i is some index or i = &, (m) is some mark or (m) = &.
Once again, central agent rule can only be applied if either (m) = &
or O, contains at least one formula of the form [,C|™ for some I,

where m <n; <n-—1.

The proofs of the soundness, completeness and derivation search termi-
nation of both G*K/ and G'K/; are analogous to the respective proofs for
G"S/ and G"S/,, and require only small and obvious changes.
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Conclusions

In this dissertation new sequent calculi for multimodal logic K, T}, K4, and
S/, with central agent axiom are presented. These calculi are obtained from
regular multimodal calculi by adding the rule for central agent axiom. The
similarity of central agent rule to rule (- 0,) ensures, that cut-elimination
theorem for the calculi can be proved without much difficulty. This idea
can also be used to develop sequent calculi for other multimodal logics with
central agent axiom. It also can be extended to other similar axioms. For
example, axioms of the form [, F' D U, F.

Next, the work presents a new way to obtain termination in derivation
search. This method uses four kinds of labels: stars, indexes, marks and
formula numbers. Although in the dissertation this technique is applied
only to sequent calculi of monomodal logics K4 and S/ and to multimodal
logics K4, and S4,, it can be used in other cases too. First of all, by remov-
ing central agent rule from the calculi for logics K/, and S4,, Gentzen-type
calculi for regular multimodal logics K4, and S4, are obtained. Next, it is
possible to apply this method for multimodal logics with different interac-
tion axioms. Moreover, the separate ideas of this method can be adapted
to other multimodal logics. For example, stars in this dissertation were
used to ensure the termination of derivation search in sequent calculi for
multimodal logics T.

Finally, as mentioned in the dissertation, the knowledge of central agent
is actually a distributed knowledge of other agents. Therefore, all the tech-
niques used in this thesis can be employed in developing terminating sequent
calculi for logics with distributed knowledge.
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Appendix A

Proof of Lemma 2.3.6

In this appendix the formal proofs of derivability of formulas, presented in
Lemma [2.3.6, are provided. The appendix is organized in the same manner
as the formulation of the lemma. Therefore, it is divided into two sections
according to the set of calculi in which the formulas are derivable. Moreover
the order of proofs is the same as the order of the formulas in Lemma [2.3.6]

A.1 Formulas Derivable in HK,, HK/4,, HT, and HS4,

The formulas, discussed in this section, are derivable in all the defined
Hilbert-type calculi with central agent axiom. Therefore, for the proofs of
the derivability only the axioms and rules of HK|, can be used, because they
are also part of other calculi.

Lemma A.1.1. Formula (FV G) D (GV F).

Proof. The derivation is simple:

1. FO(GVF) Axiom 3.2, {G/r,F/c}.
2. GOD(GVF) Axiom 3.1, {¢/r,F/c}.
3. (FVG) D (GVF) RV rule fromand

Lemma A.1.2. Formula (F D G) D (-F V G).

Proof. This formula is a well known tautology of classical logic and it is easy
to show that F, (F D G) D (=F V G) according to Definition and the
definition of validity, where £ € { K}, K4,, T,, S4,}.

Indeed the reasoning does not depend on the logic used. For suppose
contrary, that there is some structure S = (W, R, R1, ..., Ry, ®) and world
w € W such that S,w ¥ (FF D G) D (=F V G). Then according to the
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definition S,w FF D G and S, w ¥ —F V G. From the latter it follows that
S,w ¥ —F, therefore S,w EF, and S, w ¥ G. And this contradicts the fact
that S, w E F D G, therefore formula (F D G) D (=F V G) is true in every
world of every Kripke structure and according to the definition it is valid in
K, K4, , T, and S/;.

Now from the completeness of the calculi C, it follows immediately, that
Fe(F D G) D (—FVG), where C € {HK,, HK4,, HT;, HS/,}. ]

Lemma A.1.3. Formulas:
1. (FVG) D (—-FD2QG).
2. (-FAN-G)D=(FVG).
3. ~(FAG) D (-FV-G).

Proof. As well as in Lemma [A.T.2] these formulas are also well known tau-
tologies of classical logic and therefore valid in all the modal logics. Their
derivability directly follows from the completeness of the calculi. Therefore
the proof of this lemma is analogous to the proof of Lemma [A.1.2] O]

Lemma A.1.4. Formula (O;Fy A ... AOF,) D O(Fy A ... A F,), where
n > 1.

Proof. If n = 1, then the formula is [J;F} D [, F} and it is derivable accord-
ing to Example [[.1.6] Otherwise, the proof is by induction on n.

The base case. If n = 2, then the formula is (0, F3 Ay Fy) D O;(Fi A F)
and the derivation of the formula is as follows:

1. F1 D (F: D F1) Axiom 1.1, {F1/F, F2/c}.

2. (F2D F1) D ((F2 S B) D (B (F A Fg))) Axiom 2.3, {F2/r, Fr/c, Fa/u}.
3. F1 o ((F2 SR (B o (B /\Fg))) Tr rule from 1] and [g

4. (F, D F) D (F1 D (F2 D F)) Axiom 1.1, {F22F2/p, F1/G}.
5. Fy D I As in Example

6. F1 D (F2 D F3) MP rule from and

7. F1D (Fz D (F1 A Fg)) RD rule from and

8. [ (Fl D (F2 D (F1 A Fg))) NG, rule from

9. O, D DZ(FQ D (F1 A Fg)) K; rule from
10. O, (F D (AL AF)) D (0 D Li(FL A F))  Axiom (Ki), {F2/r, (FinF2)/c}.
11. O,F D (Dle O i(FL A Fg)) Tr rule from|§|and
12. (O/AOF)D>OFR Axiom 2.1, {UiF1/p UiF2/c}.
13. (O AOF) D (OF: D O(F1 A F)) Tr rule fromaand
14. (O AOF>) D O F Axiom 2.2, {HiFi/p, Hif2/c}.
15. (LA AL FR) D U(Fy A Fa) RD rule fromﬁ and
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The induction step. Suppose that the formula is derivable, if n < k. Let’s
show that formula (O Fy A ... A E_ 1 AOLEY) D O)(Fy A ... A F_q A Fy)

is also derivable. The derivation is as follows:
L. (OFRA. . AOFc AOF) D (OF A ... A Fc—1)  Axiom 2.1, {hiFin APy /r Ui/}

2. (LFu A AN F— ) DL(FLA .. A Fr) Induction hypothesis (n =k — 1).

3. (QF A ADFe s AOF) S Ch(Fr AL AFiy)  Tr rule from [1] and g

4. (OF N .. AL Fe0 AOF) D O Fy Axiom 2.2, {HiF1nALiFe 1 /p UiFs/c}
5 (LA A ... AL Fr1a ALFR) D RA rule fromand

(Dl(Fl VANPAN kal) N Dle)
(Dl(Fl A.. ./\Fk,l)/\DZFk) D(FiA...AFr_1AF;) Induction hypothesis (n = 2).
7. (D1F1/\. . ./\Dlefl/\Dle) D Dl(Fl/\. . ./\Fk71/\Fk) Tr rule fromand@

o

O

Lemma A.1.5. Formula (O, FyA.. . AO F,) D (O A . AOCE,), where
n > 1.

Proof. The proof is by induction on n.

The base case. If n = 1, then the formula is U, F; D O.Fy. If [§ # ¢,
then it is an axiom (C). If however I = ¢, then it is derivable according to
Example [1.1.6]

The induction step. Suppose that the formula is derivable, if n < k.
Let’s show that formula (O, Fy A ... AL, Fy) D (OF0 A ... AOCFy) is also

derivable. The derivation is as follows:
1. (O,F A A O,  Feen AOLFR) D Axiom 2.1, {Uiy FinADy  Froa/p Uy Fr/a}
OnFA A AO Fio1)
2. (O, FAA  AOL_ Fier) D (HeFAA. . .AOcF,—1)  Induction hypothesis (n =k — 1).

3. UnFuin...A"Oy  Freoa AL Fr) D Tr rule fromand
(OcFi A ... AOcFr-1)
4. OpFAn... A "Oy  Foeo1 Ay Fr) D Oy, Fi Axiom 2.2, {Bu, FinADy  Fe_1/p Uiy Fr/c}.
5. L, Fi D U Fy Induction hypothesis (n = 1).
6. (O,FiA...AOy,_ Fry AOy, F) D OF Tr rule from 4| and
7. O FAaco oA Oy, Fre— AOL FR) D RA rule fromand

(OcFA A ... ANOcFr—1 AOCEy)

A.2 Formula Derivable in HK/,; and HS/,

This formula is derivable only in transitive modal logics. Therefore, only
axioms and rules of HK/; can be used in the proofs, because they are also
part of HS/, .

Lemma A.2.1. Formula (O, FiA.. A Fy) O (0,0, FyA. AL O F),
where n > 1.
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Proof. By induction on n.

is an axiom (4, ) of HK/, and HS4,.

The base case. If n = 1, then the the formula is [J;, F1 D U, [J;, F} and it

The induction step. Suppose that the formula is derivable, if n < k. Let’s

show that it is also derivable for n = k. The derivation is as follows:

1.

N ot

OuF A AO,  Fueo AOGFR) D
OuFR A AOL_ Feor)
OuFin...AO,  Fee1) D
(0,0, A ... D, O Fio1)
OnFn...AO  Feea AO FR) D
OO0 R A oA D, O Fie1)
OnFn..oAOy, Feor AL Fr) D O Fr
O, Fre D O, Oy, F
(OnFn...AOy  Feer Ay Fr) D O Oy, Fre
OnFAn...AOy  Feer AQ Fr) D
(O, 00 FA. o oAOy, O, FooanOy, O, Fr)
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Axiom 2.1, {Bu, FinnADy  Feoa/p Uiy Fr/a}

Induction hypothesis (n = k — 1).

Tr rule from |1f and

Axiom 2.2, {DllFl/\A.A/\leile_l/F7 leF‘k/G}.
Induction hypothesis (n = 1).

Tr rule from [4] and

RA rule from |3| and ﬁ
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