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Abstract

We present two sequent calculi for the modal ;-calculus over S5 and prove their completeness by using classical methods. One
sequent calculus has an analytical cut rule and could be used for a decision procedure the other uses a modified version of the
induction rule. We also provide a completeness theorem for Kozen’s Axiomatization over S5 without using the completeness
result established by Walukiewicz for the modal p-calculus over arbitrary models.
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1 Introduction

Modal p-calculus is an extension of modal logic with least and greatest fixpoint constructors and
allows us to study fixpoints, which play an important role as extensions for many modal logics, on a
sufficiently abstract level.

The expression ‘p-calculus’ combined with the idea to introduce fixpoint constructors to monotonic
functions on complete lattices was first introduced by Scott and De Bakker (unpublished data). The
book of Arnold and Niwinski [3] provides a good overview over this general notion of p-calculus.
Modal p-calculus can be seen as a special case where we restrict ourselves to the complete lattice
given by the powerset of states of a transition system. It was introduced by Kozen in his seminal work
[7]. There, also the axiomatization Koz is introduced which is basically the extension of minimal
modal logic K with the so-called Park fixpoint induction principles. Kozen himself could prove
completeness for the aconjunctive fragment but failed for the full language. Full completeness was
established by Walukiewicz in [10], the proof is very involved and strongly relies on methods from
automata theory and infinite games.

For proof-theorists induction principles in a modal context represent a big challenge and are quite
difficult to handle in a pure syntactical manner. Therefore, proof-theoretical research on the modal
w-calculus has concentrated on, mainly infinitary, systems different from Koz (see e.g. [6, 8] and
[5]). One aim of our work is to study proof-theoretical fixpoints and induction on S5-models. In
order to do this we present two sequent calculi, T135u and T%su, for the modal p-calculus over S5.

The first calculus, T185w uses a modified induction rule, compared with the one used in Kozen’s
Axiomatization. We show its correctness and, by working exclusively syntactically in the calculus,
that for formulae in a certain normal form T185 . proves that the fixpoint is reached after two iterations.
This result has first been proved in the joint work with Facchini [2] by using game-theoretical methods
and the correspondence of parity games with modal p-calculus. Then, we show completeness of the
second system, T%sw by using a canonical model construction. The calculus T%su only uses an
analytical cut rule and, therefore, could provide a decision procedure for validity. By embedding
T1ssu into T%SM we get completeness and correctness for both calculi.
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Finally, we show the completeness for Kozen’s Axiomatization over S5, KozS°. The main
ingredient of the completeness proof is the fact that for formulae in normal form the fixpoint is
reached after two iterations and that Koz5® proves the equivalence of a formula with its normal
form. Our completeness proof does not use the completeness result of Walukiewicz over arbitrary
structures.

In the next section we introduce the modal p-calculus. In Section 3, we define the calculi T185#
in Té

5
and prove their completeness and correctness. We conclude by showing completeness of KozS5.

and T§5u~ Section 4 is devoted to T1S5u and Section 5 to Tésﬂ . In Section 6, we embed T1S 5

2 The propositional modal p-calculus

2.1 Syntax

The language of the modal ji-calculus results by adding greatest and least fixpoint operators to
propositional modal logic. More precisely, given a countable infinite set P of propositional variables,
the collection, £, of modal p-formulae (or simply p-formulae) is defined as follows:

pu=p |~ | TIL|(erp) | (V)| Op|Ug| ux.g|vx.e

where p,x € P and x occurs only positively in ox.¢ (o € {v, }), i.e. ~x is not a subformula of ¢. Lmeg
denotes the pure modal fragment of £, .

The fixpoint operators © and v can be viewed as quantifiers. Therefore we use the standard
terminology and notations as for quantifiers and, for instance, free(¢) denotes the set of all
propositional variables occurring free in ¢ and bound(g) those occurring bound. By renaming bound
variables we can achieve that bound and free variables are distinct. If nothing else mentionned we
assume that this is the case. If i is a subformula of ¢, we write ¥ <. We write ¥ < ¢ when v is a
proper subformula.

Let ¢(x) and ¥ be two u-formulae. The substitution of all occurrences of x with 1 in ¢ is denoted
by ¢[x/v] or sometimes simply ¢(i). Simultaneous substitution of all x; by v¥; (i€{l,...,n}) is
denoted by ¢[x1/v¥1,...,xn/¥n]. If T is the set of formulae {«1,w3,...} then I'[x/y] denotes the set
{a1[x/¥], a2[x/],...}. For a formal introduction of substitution we refer to Alberucci [1].

The negation —¢ of a u-formula ¢ is defined inductively such that —=p=~p and —(~p)=p, by
using de Morgan dualities for boolean connectives and the usual modal dualities for ¢ and [J. For
u,v we define

—ux.p(x)=vx.—~ex)[x/—x] and —wx.p(x)=pux.—e(x)[x/—x].

As usual, we introduce implication ¢ — ¥ as —¢ V¢ and equivalence ¢ <> ¥ as (¢ — V) A (@ — V).

If x <¢ and x is in the scope of a { or in the scope of a [] operator, then we say that x is guarded in
@. Aformula ¢ of £, is said to be guarded if for every subformula of ¢ of the form ox.« (o € {u, v}),
x is guarded in «. Let ¢(x) be a u-formula. If x is free and occurs only positively in ¢, then we define
¢"(x) for all n inductively such that gol (x)=¢ and such that

o) =gl /et ().

We define ¢" (L) as ¢"(x)[x/L] and ¢"(T) as ¢"(x)[x/T].
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In the joint work with Alberucci and Kridhenbiihl (manuscript in preparation) (see also [1]) we
show that there exists a measure for the syntactical complexity of formulae, rank(g), which assigns
to each formula ¢ an ordinal number such that the following holds:

 rank(p)=rank(~p)=rank(T)=rank(Ll)=1,

* rank(A «)=rank(a)+ 1 where A€ {(J, O},

 rank(ao B)=max{rank(x),rank(B)} +1 where o € {A, v},

* rank(ox.a)=sup{rank(¢"(x))+1 ; neN} where o € {v, u}.

It is an easy exercise to show that for all formulae ¢ we have that rank(¢)=rank(—¢).

We say that a formula ¢ well-bounded if for all subformulae of the form ox.a (o €{u,v}) we
have that x appears free at most once in «. By replacing all subformulae ox.a(x,...,x) of ¢ by
ox1....0xp.a(x1,...,Xn), Where xg,...,x, are new variables and o € {u, v}, we can convert ¢ to a
well-bounded formula wb(g).

LEMMA 2.1
For formulae ¢ such that x appears only positively we have that if ¢ is well-bounded then for all
neN the formula ¢"(x) is well-bounded, too.

PRrROOF. Follows from the fact that for all €N no variable gets newly bound by the substitution
@[x/¢"(T)]. Therefore, for all subformulae of ¢[x/¢"(T)] of the form ox.a we have that x appears
at most once free in «. |

Kozen’s Axiomatization, Koz, is a Hilbert-style axiomatization and consists of the following axioms
and rules.
Axioms
Koz contains all axioms of the classical propositional calculus, the distribution axiom

Ulg— ) — (Lo — Dy)

and the fixpoint axiom
vx.@ <> p(vx.@).

INFERENCE RULES
In addition to the classical Modus Ponens (MP) we have the Necessitation Rule (Nec) from modal
logic.
¢ 9=y
14
Further, for any formula ¢(x) such that x appears only positively we have the Induction Rule (ind)
to handle fixpoints.

%
(MP) D—q) (Nec)

v —o(¥)
v— vx.p

Kozen’s Axiomatization over S5, KOZSS, consists of the axioms and inference rules of Koz and
additionally of the S5 axiom schemes

(ind)

T: Op— g,
4: Op— OO, and
5: Qp— 0.

We write KozS° k¢ if ¢ is provable in KozS®. S5 is obtained from KozS® by omitting induction
and fixpoint axioms.
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2.2 Semantics

The semantics of modal p-calculus is given by transition systems. A transition system T is of the
form (S, —>T, AT) where S is a set of states, —Tisa binary relation on S called the accessibility
relation and A : P — ©(S) is a valuation for all propositional variables. In this article, we concentrate
on transition systems whose accessibility relation is an equivalence relation, i.e. reflexive, transitive
and symmetric. It is the class of all S5-models.

Let A be a valuation, p a propositional variable and S’ a subset of states S; we set for all propositional
variables p’

/ . /
M S ={S =P
AMp") otherwise.

Given a transition system 7 = (S, =T 27), then T [p— S’] denotes the transition system (S, T,
AT [pr> S']). Given a transition system T, the denotation of ¢ in T, ||¢|l7, i.e. the set of states
satisfying a formula ¢ is defined inductively on the structure of ¢. Simultaneously for all transition
systems we set

lpll7=A(p) and || ~pllT=A(p) for all p€P,

le ABll7=llell 7N BT and [leeV Bll=llell Ul Bl T
I0allr=1{seS | Yi(s—T n=relalr)
I0allT=1{seS | It(s—T Hrtelallr)},
Ivx.all7=U{S'SS | S Clla)l7mss) and
luxalr={S'SS | le)7mss]SS)

If s € ||¢||7 then we say that ¢ is valid in s and write s =7 ¢ or when clear from the context simply
s E=@. An easy induction shows that s =g if and only if s [~ —¢. A formula ¢ is valid in T if it is
valid in all states of 7. We then write T |=¢. ¢ is valid if it is valid in all S5 models. We then write
=55 . For any finite set of formulae I" we write s =T if we have s|=\/T, analogously for 7 =T
and =g5 T

For a formula ¢(x) and set of states S’ C S we sometimes write ||¢(S)||7 instead of ||¢(x)]| Th—S1-
When clear from the context we use ||¢(x)||7 for the function

£(S)— ©(S)

ool {S’H 1087

By the well-known Tarski—Knaster Theorem, cf. [9], [[vx.«a(x)|7 is the greatest fixpoint and
[|ex.a(x)||7 the least fixpoint of the operator ||a(x)||7, we have that

vx.a@)ll7=GFP(la)ll7) and |lux.a(x)ll7=LFP(la(x)l7).
Further, by Tarski—Knaster Theorem we also have that
lox.a@)ll7 = |—px.—aly/=x]l7 and ||px.a@)l7=|—w.—al/-x]] T

Using this result with an easy induction we can verify that negation is well-defined in the sense that
for any state s in a transition system 7 and any formula ¢ we have that

sET¢ ifandonlyif sp7—g.
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Part (1) of the following proposition is the correctness of Koz®® is a straightforward induction
on the length of the derivation, part (2) is a straightforward consequence of the completeness of S5
(see e.g. [4]).

PROPOSITION 2.2
(1) For all formulae ¢ € £;, we have that

Kozt¢ = [ss0.
(2) For all formulae ¢ € L0 We have that

S5+ & KOZSSI—gD & Es50.

3 Introducing the sequent calculi T135,L and Tésﬂ

In this section, we introduce the Tait-style sequent calculi T1ssu and Tésu- Our sequents are sets
of formulae denoted by major Greek letters, I', A, X, etc. Given a sequent I" by LJI" we denote the
sequent {Oo; @ € '} and analogously for OT" and —T".

First, for all sets of formulae I" we define sub(I") to be the smallest set such that I C sub(I") and
such that

e ifanB,aVv Besub(I') then o, B €sub(l),

e if Oa, Qa, —a € sSUb(I") then o € sub(T"),

* if x appears at most once and guarded in « then px.«e € SUb(I") implies that ozz(J_) esub(I'), and
vx.a € sub(I") implies that a2(T) € sub(I"),

* if x appears at most once and not guarded in « then px.«e € SUb(I") implies that a(_L) € sub(T'),
and vx.« € sub(T") implies that a(T) € sub(T").

Note, that by definition we have that sub(I")=J @ersub((p). And therefore, by induction on rank(g)
we can show that if T is finite then sub(T") is finite, too. The closure of T, C(I'), is defined as the
following set

sub(MU{0a ; aesub(I') and a not of the form (I8 or OB} U...

...U{0a ; aesub(I") and « not of the form (I8 or ¢ B}.

We have that if T is finite then C(T") is also finite and that « € C(I") if and only if —« € C(I"). Further,
by using Lemma 2.1 we have the following lemma.

LeEMMA 3.1
If all formulae ¢ € I are well-bounded then we have that all formulae in C(I") are well-bounded.

In the following we present the relevant Tait-style inference rules.

; e TI,B Ia,p
I vx.p,—vx.p (AX) L,p,~p (AX) anp ) Iavp )
A0, T,
0athe g L2,

OA, 00N 0w, T I, 00
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I, o(pux.@) (unf) I, p(vx.g) wunf" OA, O, =g, a(p)

I ux.@ I vx.p OA,Or, =g, vx.a, X

(ind™)
If x appears at most once and guarded in o(x):

2 2
[La“(T) v2) Ia“ (L) (Mz)

I vx.a I ux.a

If x appears at most once and not guarded in a(x):

L,a(T) Ca(l)
) ()
I vx.a I, ux.a
Ma A,—a MNa A,-a
—— (cut) ————— (Ccut) where a €C(T", A).
A Ir,A

DEFINITION 3.2
The systems T185ﬂ and T%su are defined by the following rule schemes

. T185u 2 (AX), (AX"), (A), (V), (@), (0), (ind ™), (unfk), (unf’), (cut).
« T2g,.: (AX),(A), (V). (D). (0). (). (v), (), (1), (Caut).

We write T135“ T if there is a proof of " in T1S5,L, T1S5/t F" T if the proof has length (depth of the
proof tree) at most n, and we write T1s5u F<"T if it has length less than n; analogously for T%Sﬂ' By
using the definition of negation we can get different formulations of the inference rules above, such
as,

-T,« I, —a%(T) I, —a?(L)
O o —~———— )

_— _ (vz).
=00, o, X I, —vx.«a I, —ux.a

Note, that in the case of Tgsw since we have an analytical cut rule, the search space for finding a
proof of a given sequent is finite. Therefore, provability in T%su is decidable.

1

4 Correctness and more for Tgg,
ProPOSITION 4.1 (Correctness)

For all sequents I' C £, we have that

T135M FI' = FEss5I

PrOOF. By induction on the length of derivation n. We restrict ourselves to transition systems such
that for all states s, s’ we have that s — s’ and s’ — s. This is an admissible restriction since this is the
case for all states s, s’ where s’ is reachable from s, and since validity in a state depends only on the
reachable part (including the state itself) of the transition system. The base cases of the induction are
trivial. For the induction step we prove only the case where the last inference rule was (ind™). In this
case we have that I is of the form QA ,[JA’, =g, vx.a, ¥ and we have that

T185,1 FTOA,OA =, a(p).
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By induction hypothesis for all S5-models 7 we have that
TEOA,DA , —p,a(p).

Let s be a state in 7. If s=0A,0A’ then we trivially have s =T". If this is not the case then it
can easily be seen that since the reachability relation is an equivalence relation for all s which are
reachable from s we have 5" |=¢ — a(¢). Therefore we have that

TEe—ale).

But then |¢||7 < ||a(¢)||7 and by definition of ||vx.c||7 we get ||¢||7 < ||vx.ce||7 and therefore we
getthat 7T =T |

In the remaining part of this section we prove that for well-bounded and guarded formulae vx.«
we have that T1s5n Fux.a <> a2(T) and that if x is not guarded in « then we have that T135u [

a(T) < vx.a. We first show some structural properties of T135u~ The weakening lemma is proved by
a straightforward induction on the length of derivation.

LEMMA 4.2 (Weakening)
For all sequents I', A we have that

1 1
TesuFT' = TgguFTLA.

The following lemma states some basic properties of T1ssu- The proof is left to the reader.

LEmMA 4.3
The following facts hold

(1) For all ¢ we have T185/t F=g. .
) TL, Pl oxae= Tl T a(ox.c) where o € {1, v)}.
3) T1 I = T1 FI'x/¢] for all Q.

S5+ S5r
(4) If x appears positively in a(x) then from T155M FT,a(B) and T1851'» =B,y we infer Tésu [
I a(y).
LEMMA 4.4

The following facts hold

€))] T135u F—ox.a(x,x),ox.0y.a(x,y) where o € {v, u}.
2) T1851'» Fox.a(x,x), ~ox.oy.a(x,y) where o € {v, u}.

PRrOOF. Note, that if we prove both parts for the case where o = v then the case where o = i follows
by definition of negation, indeed, part (1) follows from part (2) and vice versa.

For part (1) and o =v observe that by part (1) in Lemma 4.3 —a(vx.o, vx.c), ¢(vx.o, vx.@0) is
provable and by rule (unf*) we get that the sequent —vx.a, @(vx.a, vx.) is provable, too. Applying
twice the rule (ind™) leads to the first part.

For part (2) in observe that by parts (1) and (2), Lemma 4.3 the sequent

—vx.vy.a(x,y), vy.a(vx.vy.o(x,y),y) (D)

is provable. Define {:=vy.a(vx.vy.a(x,y),y) then, by parts (1) and (2), in Lemma 4.3, we have
that =y, a(vx.vy.a(x,y), V) is provable. By applying this sequent and Equation (1) to part (4) in
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Lemma 4.3, we get that Tésu F =, (v, ) and with (ind™) we get
T135u =, vx.o(x, x).

With Equation (1) and (cut) we get the result. |

PROPOSITION 4.5
For all formulae ¢ € £,, we have that

T155u Fo<wb(a).

PrOOF. By formula structure of ¢. The base cases where ¢ is a propositional variable p of ~p are
clear. If ¢ is of the form e A B,V B, Ja or Qu then the induction steps are straightforward. If ¢ is
of the form vx.a(x, ..., x) then by Lemma 4.4 we have that vx.a(x,...,x) < vx]....vx,.00(X], ..., X,) 1S
provable and we get the induction step. Similarly for ¢ of the form ux.c. |

In order to prove the next lemma we define a measure, m(x, ¢(x)), for the complexity of ¢ relative
to x . Given a formula ¢(x) and a variable x we define m(x, ¢(x)) such that

e m(x,p)=0if x Zfree(yp),

e m(x,x)=m(x,~x)=0,

e m(x,o0B)=max(m(x,a),m(x, 8))+1 where o € {A, vV} and

o m(x, Aa)=m(x,0y.a)=m(x,ax)+ 1 where A €{(],0} and o € {u, v}.

LEMMA 4.6
The following facts hold

(1) For any formula ¢(x) such that x ¢ free(w«, 8) and such that x appears only positively in ¢ we
have that
Tie FOA,ON -, = T, HOA, O —p(a), 9(B).

(2) If x appears guarded, positive and only once in « then we have
Tae. F—a?(T), ().

PrOOF. The first part is proved by induction on m(x,(x)). If m(x,¢(x))=0 then either ¢=x or
x ¢free(p). If p=x then the implication of the claim is trivially true. If x ¢free(p) then the claim
follows by part (1) in Lemma 4.3. If m(x, ¢) >0 then ¢ is of the form y A S,y Vv 8,0y, Oy, wy.y(x,y)
or vy.y(x,y). We prove the case where ¢ is of the form vy.y(x,y). The case where ¢ is of the form
wy.y(x,y) is dual and all the other cases are a straightforward induction.

So, let ¢ be of the form vy.y(x,y). Note, that for all « such that x ¢free(o, 8) we have
that m(x, y(x,vy.y(a,y))) <m(x,vy.y(x,y)). Therefore, if we assume that T1s5u FOA,OT, —a, B by
induction hypothesis we can infer

Tls FOA, O =y, vy.y (e ). ¥(B, vy.y(@. ).

An application of (unf*) gives us that QA ,OT, —vy.y(a,y), y(B, vy.y(a,y)) is provable and with
(ind*) we get the induction step

Tde FOA, O, vy p(ey), vy.¥(B.Y).
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In order to prove that second part assume that «(x) is of the form B(Ay(x)) where A €{J,O}.
Further, note that o(T)=B(Ay(T)). By part (1) in Lemma 4.3, we have that

T185/4 E=Ay(B(AY(T))), Ay(B(AY(T)), ~Ay(T)
and with part (1) where ¢ = Ay(B(x)) we get that

Tési F = AV(BAYT), AY(BAYBAYT)N), = Ay(BAY(T)))

which means
T:Igsu F=Ay(B(AY(T))), Ay(B(AY(B(AY(T)))))

and by applying part (1) where ¢ = 8(x) again we have that
Ts = =BAYBAY(TI). BAYBAYBAY(T))N))

which ends the proof of part (2). |

The next theorem shows that for certain formulae the fixpoints are reached after two iterations and,
therefore, provides a purely syntactical proof of a result which was proven with game theoretical
methods in the joint work with Facchini [2].

THEOREM 4.7

If x appears guarded, positive and only once in «(x) then we have that
(1) T& H@A(T) < vra)A(e?(L) < px.a), and
() Eg5@(T) < vx.a)Ala?(L) < ux.a).

PrOOF. For part (1) the fact that o%(T)— vx.or is an easy consequence of part (2) in Lemma 4.6.
The converse direction follows from the fact that az(vx.a) < vx.« is provable and from part (4) in
Lemma4.3. The provability of o2(L) <> px.a follows from the provability of o%(T) < vx.a and from
definition of negation. Part (2) follows from Proposition 4.1 and part (1). |

Let us end the section by proving that not guarded fixpoints are reached after one iteration.

LEMMA 4.8
If x appears not guarded, positively and only once in ¢ € £, and if ¢ is well-bounded then we have
that

@) T185# Fo(T) < vx.p,

) Ti, Fo(L)< px.pand

3) The.H(@— B)— (p(@)— p(B)).

PrROOF. We first prove that part (3) implies part (1). The proof of the fact that part (1) implies part (2)
is left to the reader. In order to see that part (3) implies part (1) first observe that T185“ Fvx.o—o(T)
is a consequence of part (4) in Lemma 4.3 and of the fact that vx.¢p — ¢(vx.¢) is provable. In order
to show the other implication we assume that we have part (1) for ¢ and arbitrary o, 8. Set e =T and
B=¢(T). Then from part (1) we get

Tl (T = (M) — (@(T) = p(p(T))).
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By some classical propositional reasoning we get that

(T = (M) = (e(T) = @(e(T)))

is equivalent to ¢(T) — ¢(¢(T)) and an application of (ind+) gives part (1).

It remains to prove part (3). This is done by induction on rank(¢). Note, that for the induction
hypothesis we can use the statements of parts (1) and (2). The base cases are where ¢ is the
propositional variable x or a variable p are trivial. The induction steps for ¢ of the form y AS,yV$
are straightforward.

If ¢ is of the form [(Jy or {y then since x is not guarded in ¢ we have that x ¢ free(y) and the claim
of part (3) is trivial.

If ¢ is of the form vy.y(x,y) then we distinguish two cases. In the first case y is not guarded in y.
Then, by induction hypothesis for all «, 8 have that

Tlg (= f)— (¥(e. )= y(B. T)). )

By induction hypothesis for part (1) we get that

T135,L Fyx, T)<vy.p(x,y)

and with part (3) in Lemma 4.3 we get that

Tie. F (e T) < vy.p(ey) and The, Fy(8, T) < vy.y(B,y).

Two applications of part (4) in Lemma 4.3 to Equation (2) give us the induction step. In the second
case, we have that y is guarded in y. The induction step goes similarly by using the fact that by
induction hypothesis we have that

T H(@— )= (e y(e, T) = y(B.¥(B.T))

and that from Theorem 4.7, since vy.y is assumed to be well-bounded, we have that

Tl Fy(a, v, T) < vy.p(a,y) and T, -y (B, (B, T) < vy.y(B,y).

The case where ¢ is of the form px.y is proven similarly as the case where ¢ is of the form vx.y. W

COROLLARY 4.9
If x appears not guarded, positive and only once in ¢(x) € £, and if ¢ is well-bounded then we have
that

Fs5 (vx.0 < @(THA(ux.@ <> @(L)).

5 Completeness of Tgsu

In this section, we prove completeness for well-bounded of Tésﬂ. We start with a lemma showing
some basic properties of T§5M. The proof is left to the reader.
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LEMMA 5.1
For all formulae « and sets of formulae I', A we have that

2 2
(1) f T§g, FT then TS, FTA,
(2) T35, o, —a,

(3) Tg, F—Oa.a, T, -—Oo, OO, and T4, =00, 00

In order to prove completeness we need some well-known notions: a set of formulae I is called
consistent if for all finite subsets [' C " we have that T%su H =T, It is maximal consistent if for all
formulae « such that I', o is consistent we have that « € I'. The canonical model for a formula ¢, M,
is defined such that the set of states is

{MNC(p); M is maximal consistent and {p, ~p} "M # @},

for two states M,M’ we have that M — M’ if {a; Ja e M} CM’, and for all propositional variables
p <¢ we have that A(p)={M;peM}.

Note that by the part (1) in the following Lemma 5.2, we cannot have that a propositional variable p
and its negation ~p occur in the same maximal consistent set and that the valuation A is well-defined.
The next lemma shows some basic properties of canonical models.

LEMMA 5.2
Let M, be a canonical model. For all states M and all formulae o, 8 € C(¢) we have that

1) aeM & —a¢gM.
2) IfanBelC(p)then: aABeEM & o,BeM.
3) IfavBel(p)then:avpeM & (xeM)or(BeM).

(4) weM and T4, -—a, B then M.

PROOF. We prove only part (1). All other parts go through with similar arguments. First, we see that
if o, —~a € M then by definition of consistent set we have that T135u / —a, o but by Lemma 5.1 this
is not the case. Now, assume that there is an o € C(p) such that o, —a ¢ M and assume that p e M
(instead of —¢ € M). We claim that either M U{a} or M U{—«} is consistent. For, this was not the case
then we would have T§5M F-=M,—a and T§5u F—M,«. But since ¢ € M and o € C(p) by (Ccut) we
have that

Tag. F—M

and, therefore, that M is not consistent. ]

PROPOSITION 5.3
For any formula ¢ € £, the canonical model M, is an S5 model, that is, the accessibility relation is
reflexive, transitive and symmetric.

PrOOF. For reflexivity we have to show that for all states M of M, we have that Ua e M implies
a € M. But this is a consequence of part (3) in Lemma 5.1 and part (4) in Lemma 5.2.
For transitivity we have to show that

M—MandM -M' — OaueM = acM’).

Assume that OJo € M. We distinguish two cases. In the first case we have that [DUa € C(¢@). Then,
since by part (3) in Lemma 5.1 we have that

T2, - —Co, 00« 3)
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with part (4) in Lemma 5.2 we get that (0o € M, and by construction also « € M”. In the second
case we have that C0a € C(¢). Then, by construction of C(¢) we have that « is either of the form
OB or of the form ¢B. In the first case, we have that 08 €M’ and since we have Equation (3) also
for B we get that 0B € M’ and from that we get (08 € M” . In the latter case we that {8 € M’. Since
by part (3) in Lemma 5.1 we have

T25. F—08,008

with similar arguments we get that ) e M”.
For the symmetry we have to show that

M—-M — OaeeM — acM).

Assume the contrapositive, i.e. M — M’ and Oa € M’ and —a € M. Then, by part (3) in Lemma 5.1
and part (4) in Lemma 5.2, we have that =o€ M. Again we distinguish following two cases.

If O-Oa € C(g), then, since by part (3) in Lemma 5.1 we have that T%Sﬂ F o, O—Oa by part (4)
in Lemma 5.2 we get that (=o€ M and by construction that =(Jo € M’, which is a contradiction.

If O-Oa €C(¢) then by construction « is of the form B or ¢B. In the former case we have
that =[(JB € M but then O—OB €M and, therefore, =[18 € M’, which is a contradiction. In the latter
case we have that =8 € M but then (0= €M and, therefore, =8 € M’, which is a contradiction,
too. ]

LEMMA 5.4
Let ¢ be a well-bounded formula. For all formulae o < ¢ and all states M of the canonical model M,
we have that

ceM — MkEo.

ProOF. By induction on the rank of «. Note, that by Lemma 3.1 we have that all « € M are well-
bounded. The cases where « is of the form p,~p,BAy,BVy go through straightforwardly with
Lemma 5.2. The cases where « is of the form {8 or (18 go through with standard arguments.

If « is of the form wx. B since « is well-bounded we have that x has at most one free occurrence in 8.
If x appears guarded in 8 then note that by part (2) in Lemma 5.1 we have that T§5M F—=p2(L), B2(L)
and one application of (v?) yields T%SM F—pux.B, >(L) and, therefore by part (4) in Lemma 5.2, that
B2(L)eM. We can apply the induction hypothesis and we get that M = B%(L). With Theorem 4.7
we get that

M E=pux.p.

The case where x is not guarded in 8 goes similarly and if « is of the form vx.8 then we also use
similar arguments. u

THEOREM 5.5
For all well-bounded formulae ¢ € £, we have that

2
Fssg = Tggubo.

PROOF. We prove the contrapositive. If we have that T§5u F @ then —¢ is consistent and can be
extended to a maximal consistent set. Therefore, in the canonical model M, there is a state M such
that —¢ € M. Since —¢ is also well-bounded by Lemma 5.4 we have that M |=—¢ and, therefore, that

S5 . []
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6 Completeness and correctness of T135u and Tgsﬂ

LEMMA 6.1
For all sequents I we have that

T2, Fwb() = Tl FT.
PrOOF. By Proposition 4.5 we equivalently can show that
T2.. Fwb() = Tl Fwb(D).

This is shown by induction on the proof length n of Tésu Fwb(T). The case where n=0 is clear. If
n> 0 the induction step goes by case distinction on the last inference rule. All cases except the case
where the last inference rule was (vz), (,uz), (w), (v) are straightforward. For the case where it was
(,uz) we have that wb(I") is of the form A, vx.¢(x) and that

Tao. F=" A% (T).

By induction hypothesis we have that T1s5u F A, @*(T). Since x appears guarded and at most once
in ¢(x) by part (2) in Lemma 4.6 we have that T185# F—¢?(T),93(T) and, therefore, with (ind™) we

get that T1S5u F—¢?(T), vx.. With cut we get the desired result. The case for (v%) goes similar. The
cases for (u), (v) use Lemma 4.8 and are analogous. |

Combining Lemma 6.1 with Theorem 5.5 and Proposition 4.1 yields the following theorem.

THEOREM 6.2 (Completeness and correctness)
Let I" be any sequent. We have that

EssI & T3g.Fwb() & T, +T.

7 Conclusion: completeness of KozS®

We first define a translation : Eﬁb — Lmod from the class of well-bounded p-formulae to the modal
fragment recursively such that #(p) =p and #(~p) =~p, such that ¢ distributes over boolean and modal
connectives and such that:

« If x appears guarded in « then
t(pux.c)=t(c)[x/t()[x/L]] and t(vx.c0) = () [x/t(c)[x/ T1].
« If x is not guarded in « then
t(ux.a)=t(o)[x/L] and t(vx.0) =t(e)[x/T].

The fact that the definition of ¢ terminates follows from the in the defining clauses rank decreases
and the formula remains well-bounded. Further, note that we have that #(¢) € Lmeg-
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Lemma 7.1
For all well-bounded formulae ¢ we have that

KozS® - @< 1(@).

PrOOF. By induction on rank(y). In the proof we abbreviate #(«)[x/#(ct)] by (t(oa))z, and analogously
for (#(a))3. The base cases of the induction are trivial and the induction steps where the formula ¢ is
of the from a A 8,V 8,0« or Qa are straightforward. If ¢ is of the form vx.« and x is guarded in «
then, since #(«) € Linog, by Proposition 2.2 and Theorem 4.7, we have that

KozS® - ()2 [x/ T1 < (1)) [x/T1.

Anapplication of (ind) yields KozS® - (1)) [x /T1— vx.t(«). And since also vx.t (o) — (H(@))?[x /T]
is provable, we get
Koz - (#())?[x/ T1 <> vx.1(cx)
Since by induction hypothesis we have that KozS% o < t(a) we also can show that KozS5
vx.o <> vx.t(er) and, therefore, we get that

KozS% - (1(e))2[x/ T] <> vx.cx.

The induction step follows from the fact that #(vx.«) z(t(oz))Z[x/ T]. If ¢ is of the form vx.« and x
is not guarded in « then the induction step follows by an analogous argument using the fact that by
Proposition 2.2 and Corollary 4.9 we have that KozS° - to)[x/T]< (1(e))*[x /T1]. The cases where
¢ is of the form px.« are analogous to the previous cases. |

The next lemma is proved like Proposition 4.5 by using the fact that the proof of Lemma 4.4 goes
through also with the normal induction rule (ind) instead of (ind™).

LeEmMmA 7.2
For all formulae ¢ € £,, we have that

KozS° - @ <>Wb(p).

THEOREM 7.3 (Completeness and correctness of KOZSS)

For all formulae ¢ € £;, we have that

Esse < KozS°ho.

Proor. The correctness is Proposition 2.2. For the completeness note that by correctness, Lemma 7.1
and Lemma 7.2 we have that

E=s5 ¢ < t(Wb(@)).

Therefore if [=g5¢ then Eggt(Wb(g)). Since #(Wb(¢)) € Lmog by Proposition 2.2 we have that
KozS5+ t(Wb(¢)) and with Lemmas 7.2 and 7.1 we finish the proof. [ |

CoNCLUDING REMARK. We have three crucial steps in the completeness proof of KozS5. First, the
completeness of KozS5 over the modal fragment; second, the fact that KozS° proves the equivalence
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of ¢ and 1(wb(¢)); and, third, that for guarded and well-bounded ¢ we have that <p2(T) and <p3(T)
are semantically equivalent (and analogously for not guarded formulae). As said in the introduction
the third fact was shown in a joint work with Facchini [2] by using game-theoretical methods and
the correspondence of parity games and modal p-calculus. Therefore, by using this game-theoretical
result the completeness proof for KozS% would have been possible without the ‘detour’ via T135u
and T%sw Nevertheless, introducing T135u and T§5u allowes us to give a purely proof-theoretically

proof of this equivalence without using any connections to game-theory. Further, in the case of T§5u ,
it allows us provide a calculus with analytical cut.
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