SCISPACE

formerly Typeset

@ Open access - Journal Article = DOI:10.1093/LOGCOM/EXV035
Iteration-free PDL with storing, recovering and parallel composition: a complete
axiomatization — Source link [£

Philippe Balbiani, Joseph Boudou

Institutions: University of Toulouse

Published on: 07 Jun 2018 - Journal of Logic and Computation (Oxford University Press)

Topics: Completeness (logic)

Related papers:

« Some Results on Propositional Dynamic Logic with Fixed Points

» Propositional Dynamic Logic with Storing, Recovering and Parallel Composition
« Results on the propositional p-calculus

» Propositional Dynamic Logic of Flowcharts

- PDL With data constants

Share this paper: @ ¥ M &

View more about this paper here: https:/typeset.io/papers/iteration-free-pdl-with-storing-recovering-and-parallel-
3gac2uiolb


https://typeset.io/
https://www.doi.org/10.1093/LOGCOM/EXV035
https://typeset.io/papers/iteration-free-pdl-with-storing-recovering-and-parallel-3gac2uiolb
https://typeset.io/authors/philippe-balbiani-3g74x6w0jn
https://typeset.io/authors/joseph-boudou-o0wgcnsqst
https://typeset.io/institutions/university-of-toulouse-do3cgqqb
https://typeset.io/journals/journal-of-logic-and-computation-2uj3b6ze
https://typeset.io/topics/completeness-logic-1yxjz8aq
https://typeset.io/papers/some-results-on-propositional-dynamic-logic-with-fixed-3vhwuucvqv
https://typeset.io/papers/propositional-dynamic-logic-with-storing-recovering-and-4p2uubt4cd
https://typeset.io/papers/results-on-the-propositional-m-calculus-26kded85c4
https://typeset.io/papers/propositional-dynamic-logic-of-flowcharts-4d1r1qtpd9
https://typeset.io/papers/pdl-with-data-constants-1qcxqdp05x
https://www.facebook.com/sharer/sharer.php?u=https://typeset.io/papers/iteration-free-pdl-with-storing-recovering-and-parallel-3gac2uiolb
https://twitter.com/intent/tweet?text=Iteration-free%20PDL%20with%20storing,%20recovering%20and%20parallel%20composition:%20a%20complete%20axiomatization&url=https://typeset.io/papers/iteration-free-pdl-with-storing-recovering-and-parallel-3gac2uiolb
https://www.linkedin.com/sharing/share-offsite/?url=https://typeset.io/papers/iteration-free-pdl-with-storing-recovering-and-parallel-3gac2uiolb
mailto:?subject=I%20wanted%20you%20to%20see%20this%20site&body=Check%20out%20this%20site%20https://typeset.io/papers/iteration-free-pdl-with-storing-recovering-and-parallel-3gac2uiolb
https://typeset.io/papers/iteration-free-pdl-with-storing-recovering-and-parallel-3gac2uiolb

OATAO

Cipen Archive Toulouse Archive Ouverte

Open Archive TOULOUSE Archive Ouverte (OATAO)

OATAO is an open access repository that collects the work of Toulouse researchers and
makesit freely available over the web where possible.

This is an author-deposited version published in : http://oatao.univ-toul ouse.fr/
EprintsID : 18901

Tolink tothisarticle: DOI : 10.1093/logcom/exv035
URL : http://dx.doi.org/10.1093/logcom/exv035

To citethisversion : Balbiani, Philippe and Boudou, Joseph Iteration-free
PDL with storing, recovering and parallel composition: a complete
axiomatization. (2015) Journal of Logic and Computation, vol. 25. pp. 1.
ISSN 0955-792X

Any correspondence concerning this service should be sent to the repository
administrator: staff-oatao@listes-diff.inp-toul ouse.fr




Iteration-free PDL with storing, recovering
and parallel composition: a complete
axiomatization

PHILIPPE BALBIANI and JOSEPH BOUDOU, Institut de recherche en
informatique de Toulouse, CNRS—Université de Toulouse, 118 route de Narbonne,
31062 Toulouse Cedex 9, France.

E-mail: Philippe.Balbiani@irit.fr; Joseph.Boudou@irit.fr

Abstract

We devote this article to the axiomatization/completeness of PRSPDLo—a variant of iteration-free PDL with parallel
composition. Our results are based on the following: although the program operation of parallel composition is not modally
definable in the ordinary language of PDL, it becomes definable in a modal language strengthened by the introduction of
propositional quantifiers. Instead of using axioms to define the program operation of parallel composition in the language of
PDL enlarged with propositional quantifiers, we add an unorthodox rule of proof that makes the canonical model standard for
the program operation of parallel composition and we use large programs for the proof of the Truth Lemma.

Keywords: Iteration-free PDL, parallel composition, axiomatisation, completeness, expressivity.

1 Introduction

Propositional dynamic logic (PDL) is an applied logic par excellence. Designed for reasoning about
the behaviour of programs [12, 15, 17], its syntax is based on the idea of associating with each
program « of some programming language the modal operator [«], formulas [«]¢ being read ‘all
executions of « from the current state lead to a state where ¢ holds’. Syntactically, PDL is a modal
logic with a structure in the set of modal operators: sequential composition («; ) of programs « and
B corresponds to the composition of the accessibility relations R(«) and R(f); test ¢? on formula ¢
corresponds to the partial identity relation in the subsets of the Kripke models in which the formula ¢
is true; iteration o* corresponds to the reflexive and transitive closure of R(«). The problem with PDL
is that the states of the Kripke models in which formulas are evaluated have no internal structure.
However, in the field of applied logics, formalisms with which one can cope with structured data are
needed.

In separation logics, the formula construct (- o-) of separating conjunction, formulas (¢ o 1) being
read ‘the memory model can be split into 2 disjoint models respectively satisfying ¢ and v, and the
formula construct (-—o-) of adjoint implication, formulas (¢—o1/) being read ‘if the memory model
is extended with a model satisfying ¢, the resulting model satisfies 1°, are added to the standard
Boolean constructs [8, 10, 18, 19]. The propositional dynamic logic with storing, recovering and
parallel composition (PRSPDL) introduced by Benevides et al. [5], is a separation-based logic too.
Its Kripke models are structured by means of a function «: the state x belongs to the result of applying
the function « to the states y, z iff x can be separated in a first part y and a second part z. Its syntax
is obtained from the PDL-syntax by adding the program construct (- || -) of parallel composition,
the storing programs s and s, and the recovering programs r; and r». Among the separation logics
considered in [8, 10, 18, 19], the one developed by Collinson and Pym [10] is the sole separation logic



to include modal operators. As a result, it seems to be the one that is the more similar to PRSPDL.
Nevertheless, Collinson and Pym consider neither the construct of sequential composition nor the
construct of test on formula. Moreover, their construct of parallel composition is associative and
commutative whereas PRSPDL’s one is not.

In this variant of PDL, parallel composition (« || 8) of programs « and S corresponds to the fork
R(x)VR(P) of the accessibility relations R(«) and R(8). More precisely, whenever x and y are related
via R(«) and z and ¢ are related via R(fB), states in x*z and states in y= are related via R(a) VR(B).
See also [13, Chapter 1] for another interpretation of the fork of two accessibility relations. About s
and s, x is related, by R(sy), to the states in x*z and, by R(s2), to the states in zxx: to execute s and
57 beginning from the state x is to store x as the first part of a larger state and as the second part of a
larger state. As for r1 and r, the states in x*z, by R(r1), and the states in zxx, by R(r), are related to
x: to execute rq and r, ending in the state x is to recover x as the first part of the current state and as
the second part of the current state. Hence, s1, 57, 1 and r» enable us to view states as pairs of states.
In the frames considered by Benevides et al. [5], if x belongs both to the result of applying % to y,z
and to the result of applying « to ¢, u, y=t and z =u. After their paper, seeing that the modal operator
[a || B] cannot be defined by means of the modal operators [«] and [S], the problem of finding a
complete axiomatization of PRSPDL remained open. The difficulty of this problem lies in the fact
that the modal operator [« || 8] cannot be defined by means of the modal operators [«] and [S].

The purpose of this article is the axiomatization/completeness of the set of all iteration-free formulas
determined by the class of all separated frames. We attack the problem by a method based on an
unorthodox rule of proof that makes the canonical model standard for the program operation of
parallel composition. Our method follows the line of reasoning developed for PDL with intersection
of programs [3, 4]. Nevertheless, this line of reasoning could not be used as it was, seeing that
parallel composition of programs and intersection of programs are not interdefinable in the ordinary
language of PDL. As a result, we had to redefine the fundamental notion of admissible forms used
in [3, 4] to prepare the ground for Lemma 11, our main result. Sections 2 and 3 present the syntax and
the semantics of PRSPDLy—a variant of iteration-free PDL with parallel composition. Expressivity
results and definability results are given in Sections 4 and 5. Sections 6 and 7 contain an axiomatization
of PRSPDL and a proof of its completeness.

2 Syntax

This section presents the syntax of PRSPDL. As usual, we will follow the standard rules for omission
of the parentheses. The set PR of all programs and the set F'O of all formulas are inductively defined
as follows:

ca,p—alP?siIs2lri|ral(a; B (|l B);

* .Y —plli—¢l(@Vy)|lale;

where a ranges over a countably infinite set AP of atomic programs and p ranges over a countably
infinite set AF of atomic formulas. We will use «, §,... for programs and ¢,,... for formulas.
Programs of the form ¢? will be called ‘tests’, programs s and s, will be called ‘storing constructs’
and programs ry and rp will be called ‘recovering constructs’. The other Boolean constructs for
formulas are defined as usual. Let («)¢ ::=—[a]—¢.

EXAMPLE: If o, B are programs and ¢, v are formulas, (« || B)¢p — (r1;a;s1) (@A) V (r2; B s2) (P A
—r) is a formula.



It is well worth noting that programs and formulas are finite strings of symbols coming from a
countable alphabet. It follows that there are countably many programs and countably many formulas.
Obviously, programs are built up from atomic programs, tests, storing constructs and recovering
constructs by means of the constructs (-;-) and (- || -). The construct (-;-) comes from the class of
algebras of binary relations [20]: the program «; g first executes o and secondly executes . As for
the construct (- || -), it comes from the class of proper fork algebras [13, Chapter 1]: the program « || 8
performs a kind of parallel execution of « and . The construct [-]- comes from the language of
PDL [12, 17]: the formula [« ]¢ says that ‘every execution of « from the present state leads to a state
bearing the information ¢’. Let a(¢1?,...,¢,?) be a program with (¢1?,...,¢,?) a sequence of some
of its tests. The result of the replacement of ¢ ?,...,¢,? in their places with ¥r{?,...,¥,? is another
program which will be denoted a(¥1?,..., ¥ 7).

ExampPLE: If «, B,y are programs and ¢,y are formulas, the result of the replacement of ¢? in its
place in the program « || (8; ¢?y) with ¢ ? is the program « || (B; ¥ ?; y).

Let f be the function from the set of all programs into itself inductively defined as follows:

s fla)=a;

s f(pN =0
s f(s1)=s1;
s f(s2)=s52;
s f(r))=r1;
s f(ra)=r;

e fla; B)=f(a); TLf(B);
s fla|B=(T2f () THICTLLB);T.

ExAMPLE: By definition, f(a || (b;¢))=(T?,a; TD || (T2b; T?;¢; T?). The function f will be of use
to us when we define the axiomatization of PRSPDLy, in particular the formula (A14). The set PAR
of all parametrized programs and the set ADM of all admissible forms are inductively defined as
follows:

* & B— =P (@B (: B @l B (] B);
© ¢ — l[a]L;

where f} is a new atomic formula and «, 8 range over PR. We will use &, 5, ... for parametrized actions
and ¢, ¥, ... for admissible forms.

ExampLE: If «, B,y are programs, « || (8; —7?; y) is a parametrized program and [« || (8; —£7; y)]L
1s an admissible form.

Let a(¢?) be a program with ¢? some of its tests. The result of the replacement of ¢? in its place
with a parametrized program Bisa parametrized program which will be denoted «( B).

ExampLE: If «, 8,y are programs, ¢ is a formula and §isa parametrized program, the result of
the replacement of ¢? in its place in the program « || (8;¢7?;y) with § is the parametrized program

all(B;8;y).

It is well worth noting that parametrized actions and admissible forms are finite strings of symbols
coming from a countable alphabet. It follows that there are countably many parametrized actions and
countably many admissible forms. Remark that in each expression exp (either a parametrized action,
or an admissible form),  has a unique occurrence. The result of the replacement of # in its place in



exp with a formula ¢ is an expression (either a program, or a formula) which will be denoted exp(¢).
It is inductively defined as follows:

s Y AP)=—vY(9)?,
* (@ B)@)=a(): B,
s (a; B)(@P)=q; B(),
* (@] B)p)=wa(9) |l B,
s (@] B)P)=c| B(¢),
s H(p)=0¢,

* [a]L(¢)=[a(p)]L.

EXAMPLE: If exp is the parametrized programs « || (8; —87?; ), exp(¢) is the program « || (8; —¢?;y)
and if exp is the admissible form [« || (8; —1?; ¥)]L, exp(¢) is the formula [« || (B; —¢?; )] L.

We will use parametrized actions and admissible forms when we define the axiomatization of
PRSPDLy, in particular the rule of proof (FOR).

3 Semantics

This section presents the semantics of PRSPDL. A frame is a 3-tuple F =(W,R,x) where W is a
nonempty set of states, R is a function from the set of all atomic programs into the set of all binary
relations between states and « is a function from the set of all pairs of states into the set of all sets of
states. We will use x,y,... for states. The set W of states in a frame F =(W,R,x) is to be regarded
as the set of all possible states in a computation process, the function R from the set of all atomic
programs into the set of all binary relations between states associates with each atomic program a
the binary relation R(a) on W with xR(a)y meaning that ‘y can be reached from x by performing
atomic program a’ and the function » from the set of all pairs of states into the set of all sets of
states associates with each pair (x,y) of states the subset xxy of W with z€x*y meaning that ‘z is
a possible combination of x and y’. We shall say that a frame F =(W, R, ) is functional iff for all
x,y,z€ W, if xR(a)y and xR(a)z, y=z for every program variable a. For all ze W, let »(z) ={(x,y):
ZEXKY}.
Now, card(-) denoting the cardinality function, we consider the following classes of frames:

* separated frames, i.e. frames F =(W,R, ) such that for all x e W, card(x(x)) <1;

e rich frames, i.e. frames F =(W,R,x) such that for all xe W, card(x(x))>1;

* deterministic frames, i.e. frames JF = (W, R, %) such that for all x,ye W, card(xxy) <1;
e serial frames, i.e. frames F = (W, R, %) such that for all x,y e W, card(xxy)>1.

In separated frames, there is at most one way to decompose a given state; in rich frames, there is
at least one way to decompose a given state; in deterministic frames, there is at most one way to
combine 2 given states; in serial frames, there is at least one way to combine 2 given states. Each frame
considered in [5] is separated and deterministic whereas each frame considered in [13, Chapter 1] is
separated, deterministic and serial.

ExampLE: Let Wy be the set of all words on an alphabet and x; be the operation of concatenation.
The structure F; =(Wi,1) is not separated. Nevertheless, it is rich, deterministic and serial. Let
W, be the set of all binary trees and x> be the operation of join. The structure F, =(W>,*2) is not
rich. Nevertheless, it is separated, deterministic and serial. Let W3 be the set of all heaps (partially
defined functions mapping locations to values) and 3 be the operation of union (undefined when



domains overlap). The structure F3 = (W3, %3) is neither separated, nor serial. Nevertheless, it is rich
and deterministic.

A model on F is a4-tuple M =(W,R,x, V) where V: p+— V(p) C W is a valuation on F, i.e. a function
from the set of all atomic formulas into the set of all sets of states. In M, programs are interpreted
as binary relations over W and formulas are interpreted as subsets of W as follows:

* (@M=R);

« (DM ={(x,y): x=y and y e (9)M};

o sM= {(x,y): there exists z€ W such that yexxz};

. (sz)M ={(x,y): there exists z€ W such that y e zxx};

o (r)M={(x,y): there exists z€ W such that x € yxz};

. (rz)M ={(x,y): there exists z€ W such that x ezxy};

e (a; ﬁ)M ={(x,y): there exists z € W such that x(a)Mz and z(ﬂ)My};
o (a|| )™M ={(x,y): there exists z,7,u,ve W such that x € zx7, y € uxv, z(e)™u and t(B)Mv};
- M=V

o (J_)M is empty;

« (—pM=W\(@M,

« (pvM=@MueM;

. ([oz]qb)M ={x:forallye W, if x(a)My, ye (oe)M}.

The definition of the binary relation over W interpretating programs of the form « || 8 is in accordance
with the definition given by Benevides et al. [5]. It says that to execute such a program from x to y
consists in three steps: (i) decompose x into z and #; (ii) from z and 7, separately execute « and g in
parallel, thus reaching u, v; (iii) combine u and v into y. Of course, « || 8 cannot be executed from x
to y when it is not possible to decompose x and y in pairs (z, ), (4, v) such that z(oz)Mu and t(ﬂ)Mv.
Obviously,

PROPOSITION 1
Let M=(W,R,x,V) be a model. For all programs « and for all formulas ¢, ((a)qb)M ={x: there
exists ye W such that x(ot)My and ye (¢)M }.

PrOOF. By definition. Left to the reader. |

We shall say that a formula ¢ is valid in a model M =(W,R,«, V), in symbols M = ¢, iff (¢)M =W.
A formula ¢ is said to be valid in a frame F, in symbols F = ¢, iff for all models M on F, M =¢.
The validity in a frame F of a set ¥ of formulas, in symbols F =X, is defined in a similar way. We
shall say that a formula ¢ is valid in a class C of frames, in symbols C |=¢, iff for all frames F in C,
F E¢. Aclass C of frames is said to be modally defined by a set ¥ of formulas iff for all frames F,
Fisin Ciff F = X. We shall say that a class of frames is modally definable iff it is modally defined
by a set of formulas.

ExampLE: The class of all functional frames is modally defined by the formulas (a)p — [a]p for
every atomic program a.

A model is said to be functional (respectively, separated, rich, deterministic, serial) iff it is based
on a functional (respectively, separated, rich, deterministic, serial) frame. Let M =(W,R,x,V) be a
model. The property ‘state z can be reached from state x by performing parametrized action & via
state y in M’—in symbols xR y((&,y)z—and the property ‘admissible form  is true at state x via



state y in M’—in symbols x € V r4 (¢, y)—are inductively defined as follows:

. xRM(—wzub?,y)z iff x=zand z€ VM(q;,y);

* xR p(@; B,y)z iff there exists £ € W such that xRM (&,y)t and 1(B)Mz;

* xR p (o B y)z iff there exists t € W such that x(a) t and fR \4 (,é Y)Z;

* xR pq(a ||ﬂ y)ziff there exists #,u,v,w € W such thatx e txu, z€vxw, tRM(a y)v andu(,B)M

* xR (o ||,3 y)ziff there exists t,u,v,we W suchthatx etxu,zevxw, t(a) vanduRM(,B V)w;
o V(L) iff x=y;

o xeVa([a]lL,y) iff there exists z€ W such that xR \¢(, y)z.

These properties are quite abstract. The following Proposition can help the reader to grasp what they
mean.

PROPOSITION 2
Let M=(W,R,x,V) be a model. For all expressions exp (either a parametrized action, or an
admissible form),

« if eXp is a parametrized action, for all formulas ¢ and for all x,z€ W, x (exp(¢))™z iff there
exists y € W such that xR y¢(exp, y)z and y & ()™M
e if exp is an admissible form, for all formulas ¢ and forallxe W, x € (eip(d)))M iff forallye W,

if x € Vpy(exp,y), ye (@M.
PRrROOF. By induction on exp. Left to the reader. ]

We will make use of Proposition 2 when we establish the soundness for PRSPDLy.

Let M=(W,R,x,V),M'=(W',R',+,V’) be models and p be an atomic formula. We shall say
that M and M’ are p-similar, in symbols M ~, M', if W=W', R=R’, x=+ and for all atomic
formulas g, if p#¢q, V(¢)=V'(q). When M ~, M’, we will also write V ~, V'. Obviously,

PROPOSITION 3
Let M=(W,R,%,V),M'=(W',R',+', V') be models and p be an atomic formula. If M ~, M,

* for all expressions exp (either a program, or a formula), if p does not occur in exp, (exp)M =
(exp)™';

» for all parametrized actions &, if p does not occur in &, R M (@, )=R M/(oc )5

e for all admissible forms ¢ if p does not occur in ¢ Vm (¢ = VM/(qﬁ ).

PRrROOF. By induction on exp, & and d). Left to the reader. [ |
The next four Propositions present valid formulas and rules of proof preserving validity.

PrROPOSITION 4 (Validity 1)
The following formulas are valid in the class of all frames:

(A1) all instances of propositional tautologies;
(A2) [al(¢— ¥)— ([alp — [a]¥);

(A3) [¢NY < (¢ — V);

(A4) ¢ — [s11(r1)¢;
(A5) ¢ — [s20(r2);
(A6) ¢—[r1](s1)¢;
AT) ¢—[r2](s2)¢;
(A8) (r) T < (r2)T;
(A9) [a; Bl¢ < [a][Ble;



(A10) {a[[B)p— (ri)(a)(s1)(@AY)V (r2){(B)(s2)(dA—Y);
(AL (a(pN) T = (a((@AY)D) TV {a(@A—Y)N) T
(A12) (a)¢ < (f(a)).

PrOOF. For (A1)—(A10), by definition. For (A11) and (A12), by induction on «. Left to the reader. W

PRrROPOSITION 5 (Validity 2)
The following formulas are valid in the class of all separated frames:

(A13) (ri)¢— [r1l¢;
(Al4) ()¢ —[r]e.

PrOOF. By definition. Left to the reader. |

PROPOSITION 6 (Admissibility 1)
The following rules of proof preserve validity in the class of all frames:

(MP) from ¢,¢ — , infer yr;
(N) from ¢, infer [a]¢.

PrOOF. The rules of proof (MP) and (V) are probably familiar to the reader. See [7, Chapter 1] for
the proof that they preserve validity in the class of all separated frames. |

PROPOSITION 7 (Admissibility 2)
The following rule of proof preserve validity in the class of all separated frames:

(FOR) from {¢((r1 Mo )(s1 Y Ap)V () {(B){(s2)(¥ A—p)): p is an atomic formula not occurring in
¢.c, B. Y}, infer p((a || B)Y).

PROOF. Suppose (FOR) does not preserve validity in the class of all separated frames. Hence, there
exists an admissible form q’v), there exists programs «, 8 and there exists a formula ¥ such that
for all atomic formulas p not occurring in ¢, a, B, v, ¢((r1){e)(s1) (W APV (r2){(B)(s2) (Y A—p))
is valid in the class of all separated frames and d;((oc I BY¥r) is not valid in the class of all
separated frames. Thus, there exists a separated frame J=(W,R, ) such that F %@((a I BYvr).
Therefore, there exists a model M = (W,R,*,V) on F such that M b d((x || B)¥). Consequently,
(¢((a || B)Y )M #£W. Hence, there exists x€ W such that x &(¢((« || 8)¥)™. By Proposition 2,
there exists ye W such that xe VM(J),y) and y¢&((« IIﬂ)w)M. Let p be an atomic formula
not occurring in ¢,a, B,% and V': g— V/(q) CW be a valuation on F such that V'~ ~pV and
V/(p)={z: there exists t,u,v,we W such that y€txu, z€v*w and u(,B)Mw} By Proposmon 3,
since x € V (9, V), XEV(W R« V/)(¢ y). Since for all atomic formulas p not occurring in b.a, B, v,
H((r1)(a) (s )51// APV () {(B)(s2)(¥ A—p)) is valid in the class of all separated fraumes and F is sep-
arated, FE=o((ri)(a)(s))(¥ Ap)V (r2) (B)(s2)(¥ A=p)). Thus, (W,R.* V') E=g((ri){e)(s)) (¥ A
PV (r2){(B)(s2)(¥y A—p)). Therefore, (¢({ri)(a){si)(¥ Ap)V (r2><ﬂ)<S2)(¢ A=p))WR*V) — .
Consequently, x € (¢((r1){a){s1)(¥ Ap)V (rz)(,B)(SQ)(w/\—'p)))(W By Proposition 2, since
XEVw Rav)(@.3), yEr) e (s1)(¥ /\P)V(r2)<ﬁ)(sz>(¢/\ﬁp))(wR* V). Hence, either ye
((ri e (s Ap)WR=VD or ye ((r2) (B) (s2) (W A =p)) RV,

Case ‘ye ((r){e) (s1) (Y Ap)W-R*V)2 Hence, there exists z,7,u,v,we W such that y € txu, z €
VAW, t(a)(W’R’*’V )v, zZ€E (w)(W’R’*’V Jand ze V'(p). By Proposition 3, since p does not occur in a, ¥
and V' ~,V, 1(@)Mv and ze (y)M. Since M is separated, y € r%u, z€v+w and z€ V' (p), u(f)Mw.
Since y e t*u, z€v+w and 1(a)My, y(a || /S)Mz. Since z € (W)M, ve({all B) W)M: a contradiction.



Case ‘yE(<7'2>(,3>(Sz)(lﬁ/\—'p))(W’R’*’V/)’. Hence, there exists z,¢,u,v,w€ W such that yer*u,
zevaw, u(B)W-R*Viy ze @) W-R*V) and z ¢ V/(p). By Proposition 3, since p does not occur in
pand V' ~,V, u(B)YMw. Since y e ru and z€ vaw, z€ V/(p): a contradiction. [ |

The axiomatization of PRSPDLg given in Section 6 will be based on the formulas and the rules of
proof contained in Propositions 4-7.

4 Expressivity

About expressivity, we now illustrate the interest of our new constructs for programs and formulas.
More precisely, we show that, in the class of all separated models, the following constructs
for programs cannot be eliminated without strictly weakening the expressivity of the language:
tests (Proposition 8), storing programs (Proposition 9), recovering programs (Proposition 10),
sequential composition (Proposition 11) and parallel composition (Proposition 12).

PROPOSITION 8
For all test-free formulas ¢, the formulas (a || (a; (b) T 7;a)) T and ¢ are not equally interpreted in all
separated models.

PROOF. Suppose there exists a test-free formula ¢ from the language of PRSPDL such that the
formulas (a|| (a; (b) T?;a)) T and ¢ are equally interpreted in all separated models. Without loss
of generality, assume a,b are the only program variables in ¢ and ¢ contains no propositional
variable. Moreover, in this proof, we will assume that ¢ and b are the only syntactic elements
occurring in programs and formulas. Let F =(W,R,*) and 7' =(W’,R’,x) be the separated frames
defined as follows: W ={x1,x2,x3,x4,X5,X6,X7,X8,X9,X10,X11,X12}, R(a)={(x2,x5),(x3,x4), (x3,
X9),(x4,x6),(x9,x11)}, R(b) ={(x4,x8)} and R is otherwise empty, x> *x3 = {x1}, x5xx¢6 ={x7}, x10*
x11={x12} and * is otherwise empty, W/:{x/l,xé,xg,xg,xg, xg,xé,xé,xé,xio,xil,x/lz}, R'(a)=

{(x),x5), (65, x), (x5, X0), (x4, %] ), (xg, X)), R'(b)={(xy,xg)} and R is otherwise empty, x} " x; =

{x}}, x5+ xg = {x7}, x| ¥ x|, = (¥, } and « is otherwise empty. Since (a || (a; (b) T ?;a)) T <> ¢ is valid
in the class of all separated frames, F = (a|| (a; (b) T2;a)) T <> ¢ and F' = (a || (a; (b) T 2;a)) T <> ¢.

Let us consider the following binary relation:
° Z: {Exl 7x/1)7 §x2,xé), ('fS’xé)’ (XL/L,)C:‘_), (x57~icg)! (XS,X//M)), (x6’xg/)’ (x67x/11/)9 (x7!x’/7)’ (x79x,12)9
(xgvxg)’ (x97x9)v (x107x5)’ (xl()vxlo)’ ('xl] ’x6)7 (xll ’x11)7 (x12’x7)7 (x12ax12)}
Let M=(W,R,%,V) be a model on F and M’'=(W’',R’,*',V’) be a model on F’. Obviously,
x1€((all (@ () T%a)THYM and x| (@l (a; (b)) T2a)THM'. Since Fl=(all(a: (B)T%a)T < ¢
and F' = (a || (a; (D) T%a) T < ¢, x1 €({all (a: (B) T2%a) T < )M and x| € (al| (a; () T%a)) T <
¢y Since x1 €((all(a; () T%a)TM and x| g((all(a; (B) TN TIM, x1 (@M and x| ¢
(@M.
CLAM: Leta be a test-free program from the language of PRSPDL. For all u € W and for all u’ € W/,
 if u(oyMxg, u(@) My
o if o ()™ X, ' ()™ X
PRrROOF: By induction on «. Left to the reader.

CLAM: Let o be a test-free program from the language of PRSPDLy. For all u,ve W and for all
uvew,



e if ue{xs,x6,x7} and u(a)Mv, veE{xs,x6,x7};

* if u’ € (x5, x;, x5} and W ()M )V € {x5,xg, X7}

« if uefxio,xi1,x12} and u(@)Mv, ve fxig, xi1,x12};

« if u' e {x},.x];.x],} and W ()M )V € {X]0:X11:X]0)-

PrROOF: By induction on «. Left to the reader.

CrLamM: Let « be a test-free program from the language of PRSPDL. For all u€ W\ {x9} and for all
u' e W\ {x}},

o if u(e)™x;, there exists ve W and there exists w’ € W’ such that uZw’, vZw' and v(a)Mxs;
o ifu (a)M/x’lo, there exists v € W and there exists w’ € W’ such that vZu/', vZw' and w’ (oz)M/xg;
o if u(e)™x;1, there exists ve W and there exists w’ € W’ such that uZw’, vZw' and v(e)™ xe;
o ifu (a)M,x/H, there exists ve W and there exists w’ € W’ such that vZu', vZw' and w’ ((x)M,xg;
o if u(e)™x;, there exists ve W and there exists w’ € W’ such that uZw’, vZw' and v(a)Mx7;
o ifu (oe)M,x/lz, there exists ve W and there exists w’ € W’ such that vZu/', vZw' and w' (oz)M/x§

PrROOF: By induction on «. Left to the reader.

Cram: Let o be a test-free program and 1 be a test-free formula from the language of PRSPDL.
For all re W and for all ' e W/, if rZr/,

e for all s€ W, if r(a)Ms, there exists s € W’ such that 7'(«)™'s’ and sZs';
o forall s’ e W, if r'(w)™'s’, there exists s € W such that r(a)™s and sZs';
o re()Miff r e ()M

PRrROOF: By induction on « and . Left to the reader.
. . !/ ..
Since ¢ is test-free, x1Zx| and x| € (M, x| € (¢)™': a contradiction. [ |

ProOPOSITION 9
* For all sy-free formulas ¢, the formulas (s1) T and ¢ are not equally interpreted in all separated
models;
* for all s»-free formulas ¢, the formulas (s2) T and ¢ are not equally interpreted in all separated
models.

PROOF. Suppose there exists an s1-free formula ¢ from the language of PRSPDL such that (s1) T <> ¢
is valid in the class of all separated frames. Without loss of generality, assume ¢ contains neither
program variable, nor propositional variable. Moreover, in this proof, we will assume that programs
and formulas contain no syntactic element. Let F=(W,R,x) and F' =(W’,R’,x’) be the separated
frames defined as follows: W ={x, y}, R is the empty function, xxx = {y} and otherwise % is the empty
function, W/ ={x’,y’}, R’ is the empty function and «’ is the empty function. Since (s1)T <> ¢ is
valid in the class of all separated frames, FeE())T<¢and F = (s))T < ¢. Let M =(W,R, *, V)
be a model on F and M’'=(W',R’,«,V’) be a model on F’. Obviously, x € ({s;) T)™ and x’ ¢
((s1) THYM'. Since ]—“l: (s)T < and F' = (s1) T < ¢, xe((sl)T<—>¢)M and X" € ((s)) T < )M
Slncexe((sl)T) and x’ é((sl)"l') x€(¢)M and x’ ¢(¢)

CrLamM: Leta be an s1-free program from the language of PRSPDLy). For all r € W and for all v’ € W/,

o if x()Mr, r=x;
o it X' ()M, =x.

PrOOF: By induction on «. Left to the reader.



CLAM: Let « be an sy-free program and i be an si-free formula from the language of PRSPDLy.
Then,

o x(a@)Mxiff X' ()M ¥/,
e xe(W)Miff ¥’ e (y)M'.

PrOOF: By induction on « and . Left to the reader.
Since ¢ is s|-free and x € (¢)M, X' e (qb)M : a contradiction.
The argument concerning s; is similar to the previous argument. |

ProPOSITION 10
e for all ri-free formulas ¢, the formulas (|| T?) T and ¢ are not equally interpreted in all
separated models;
e for all rp-free formulas ¢, the formulas (T?| )T and ¢ are not equally interpreted in all
separated models.

PROOF. Suppose there exists an rj-free formula ¢ from the language of PRSPDL such that the
formulas (r1 || T?) T and ¢ are equally interpreted in all separated models. Without loss of generality,
assume ¢ contains neither program variable, nor propositional variable. Moreover, in this proof,
we will assume that programs and formulas contain no syntactic element. Let F=(W,R, %) be
the separated frame defined as follows: W ={x1,x2,x3,x4,X5,X6,X7,X8,X9,X10,X11,X12,X13}, R i
the empty function, x4 x5 ={x1}, xe xx5 ={x2}, xg xx7 ={x3}, X3 *x9 = {x4}, X10*x11 = {x6}, Xg*x5 =
{x12}, x10*x7={x13} and « is otherwise empty. Since (r1 || T?) T <>¢ is valid in the class of all
separated frames, F = (r1 || T?) T <> ¢. Let us consider the following partition of W:

* W/Z = {{x1,x2,x3}, {xq,x6}, {x5,x7}, {x8,X10}, {x9, x11}, {x12, x13}}.

Let M=(W,R,%,V) be a model on F. Obviously, x; €({r{ || T?)T)M and xo &€ ((r1 || T?)T)M.
Since F=(r | THT <¢, x1 €({ry || T?)T<—>¢)M and xp € ((ry || T?)T<—>¢)M. Since x; € ({rq ||
THTYMandxa ((r1 || T THYM, x1 € ()M and xp & (¢)M. Let Wy = {x1,x2,x4, %5, x8,%9,X12} and
Wgr={x3,x6,X7,X10,X11,X13}. Let fLr be the function from L into R inductively defined as follows:
JLR() =3, fLr(2)=3, fLr(4)=6,fLr(5) =7, fLr(8) =10, fLr(9) =11 and frr(12) = 13. Let fgy, be the
function from R into L inductively defined as follows: frr.(3)=1, frr.(6) =4, frL(7) =5, fr.(10) =8,
frr(11)=9 and frr(13)=12.
CLAM: Let o be an ri-free program from the language of PRSPDLy. For all u,ve W, if u(ey™My,

e ifueWr,veWr;

e ifve{xg,xg,x9}, ue{xq,x8,x9};

e ifv=xg, u=xg;

o if ve{xg,x10,x11}, u € {x6,x10,X11};

e if V=X10, U=X]10.
PrROOF: By induction on «. Left to the reader.

Cram: Let o be an ry-free program and v be an rq-free formula from the language of PRSPDLy.
For all u,ve W, if u(a)Mv,

e ifu,ve WL,f(u)(a)Mf(V);
o ifu,veWg, g(u)(a)Mg(V);
e if ue Wg and ve Wr, u(0)Mf ).

For all u,ve W, if uZyv,



e forallse W, if u(a)Ms, there exists t € W such that v(a)Mt and sZt;
e forall te W, if v(oz)Mt, there exists s € W such that u(a)Ms and sZt;
o ue()Miffve(y)M.

PrOOF: By induction on « and . Left to the reader.
Since ¢ is rj-free, x; Zxp and x| € (qb)M, X € (¢)M: a contradiction.
The argument concerning r» is similar to the previous argument. |

ProposiTION 11
Let a be an atomic program. For all ;-free formulas ¢, the formulas ((a;a) || a) T and ¢ are not equally
interpreted in all separated models.

PROOF. Suppose there exists a ;-free formula ¢ from the language of PRSPDL such that the formulas
((a;a) || a) T and ¢ are equally interpreted in all separated models. Without loss of generality, assume
a is the only program variable in ¢ and ¢ contains no propositional variable. Moreover, in this
proof, we will assume that a is the only syntactic element occurring in programs and formulas. Let
F=(W,R,x)and F'=(W’ R’ %) be the separated frames defined as follows: W ={x,y,z,t,u,v,w},
R(a)={(y,w),(w,1),(z,u)} and R is otherwise empty, yxz={x}, fxu={v} and % is otherwise empty,
W' ={x"y 2 6], t5u) . uy v Vo WL RN (@)= (. w'), (W, 1)), (2, u})} and R’ is otherwise empty and
V' =), ¥ ul ={v]), ¥ u), ={v}} and +’ is otherwise empty. Since ((a;a) || a) T <> ¢ is valid
in the class of all separated frames, F = ((a;a) ||a) T <> ¢ and F' |={((a;a) || a) T <> ¢. Let us consider
the following binary relation:

o Z = {2, 00 (@), (), (08, (), i), (v, V), (9, V), (w, W),

Let M =(W,R,*,V) be a model on F and M'=(W’',R,*’',V’) be a model on F’. Obviously, x €
(a;a) @) TYM and x' & (((a;a) || @) )M Since F = ((@;a) ||a) T <> ¢ and F' = ((a;a) || a) T <>,
xe((@a)|a)T < ¢)Mandx' € (((a;a) | a) T <> ¢)M'. Since x € (((a;a) [|a) TYM and X' & ({(a; ) |
a)THM' xe(¢p)M and X' & ()™M .

CrLamM: Let « be a ;-free program from the language of PRSPDLy. For all r € W and for all r' € W/,

. ify(a)Mr, re{x,y,w};

o if y' ()M ¥, e,y W)

o if 2(a)Mr, re{x,z,ul;

o if ()M, el ')

e if t(a)Mr, ref{t,v};

. ifti(oz)M el vk

e if té(oz)M v, elty, vk

e if u(a)Mr, re{u,v};

. if L/l(oc)M/r’, refu) vk

. if u/z(oz)M 1 eful V).
PrROOF: By induction on «. Left to the reader.

CLAIM: Let o be a ;-free program and v be a ;-free formula from the language of PRSPDL. For all
reW and for all ¥/ e W', if rZr/,

o for all s€ W, if r(a)™s, there exists s’ € W’ such that ' («)™'s’ and sZs';
o forall s’ e W, if r'(a)™'s’, there exists s € W such that r(a)Ms and sZs';
o re()Miff e ()M



PrOOF: By induction on « and . Left to the reader. Since ¢ is ;-free, xZx’ and x € (¢)M, x'e ((b)M/:
a contradiction. [ ]

ProposITION 12
Let a be an atomic program. For all ||-free formulas ¢, the formulas (a||a) T and ¢ are not equally
interpreted in all separated models.

PROOF. Suppose there exists a ||-free formula ¢ from the language of PRSPDL such that the formulas
(alla)T and ¢ are equally interpreted in all separated models. Without loss of generality, assume
a is the only program variable in ¢ and ¢ contains no propositional variable. Moreover, in this
proof, we will assume that a is the only syntactic element occurring in programs and formulas. Let
F=(W,R,x) and F'=(W’',R,%') be the separated frames defined as follows: W ={x,y,z,t,u,v},
R(a)={(y,1),(z,u)} and R is otherwise empty, y*z={x}, rxu={v} and « is otherwise empty, W' =
Xy, 0, uh Vv, R (@)=({(Y', 1), (' u})) and R’ is otherwise empty and y'«'z'={x'},
%' uy ={v]}, th+'uy ={v}} and « is otherwise empty. Since (a||a) T <> ¢ is valid in the class of all
separated frames, F=(ala)T <>¢ and F' =(a| a)T <>¢. Let us consider the following binary
relation:

o Z = {(rx), 003 (@ 20 () (1,15 sl ). Gty ), (v, V), (v, V), (v, W),

Let M =(W,R,*,V)beamodel on F and M’ =(W',R’,+’, V") be amodel on F’. Obviously, x € ({a ||
aTHMand x' €(al|la) THYM . Since F=(a||a) T < ¢ and F = (a|a) T < ¢, xe((a a) T < )M
and X' € ((a||a) T < ¢)M . Since xe ((a||a) THYM and ¥’ ¢ ((a | a) TYM', x e (p)M and X’ & (p)M'.

CrLamM: Let o be a ||-free program and ¢ be a ||-free formula from the language of PRSPDL. For
all e W and for all ¥ e W/, if rZr/,

e forall se€ W, if r(a)Ms, there exists s’ € W’ such that #(e)™'s’ and sZs';
o forall s’ e W, if r'(@)™'s/, there exists s € W such that r(a)Ms and sZs';
e re()Miff ' e ()M

PrROOF: By induction on « and . Left to the reader.
Since ¢ is ||-free, xZx" and x € (¢)™, x’ € (¢)™': a contradiction. [ |

It should be clear from Propositions 8—12 that neither tests, nor the storing programs s; and s, and
the recovering programs r and r,, nor the program construct (-; -) of sequential composition, nor the
program construct (- || -) of parallel composition can be defined in terms of the other constructs of the
language of PRSPDL. Nevertheless,

PROPOSITION 13
Let M =(W,R,x,V) be a separated model and x € W. For all programs «, 8, for all formulas ¢ and
for all atomic formulas p, if p does not occur in «, 8, ¢, the following conditions are equivalent:

(1) xe(al By,
(2) for all separated models M'=(W' R+, V'), if M~, M, xe((r)){a) (s1)(@Ap)V

(r2)(B)(s2) (@ A=p)YM'.

PROOF. Suppose there exists programs «, 8, there exists a formula ¢ and there exists an atomic
formula p such that p does not occur in «, 8, ¢ and the above conditions are not equivalent. Hence,
either x € (o || B)¢)™ and there exists a separated model M’ =(W’,R,", V') such that M ~py M

andx & ((r1 ) (@) (s1) (@ AP)V (r2) (B) (s2) (@ A=p)™M', or x & (o || B) )™ and for all separated models
M =W R+ V'), if M~y M, xe((r1) @) (s1) (@ Ap)V (r2) (B) (s2)(p A—p))M.



Case ‘x e ({o || B)$)™ and there exists a separated model M’ =(W',R’,«, V') such that M ~p
M and x € ((r1){a) (s1)(@ Ap)V (1) (B) (s2) (P A —|p))M, ’. Hence, there exists y € W such that x(« ||
,B)My and ye (¢)M. Thus, there exists z,¢,u,v€ W such that x ezxt, yeuxv, z(a)Mu and t(,B)Mv.
Therefore, x(r1)Mz, x(r))Mt, u(s )My and v(sz)My. Since p does not occur in &, B, ¢, M ~, M,
2e)Mu, t(B)Mv and y e ()M, z(e)™Mu, 1(8)M'v and y e (9) M.

Subcase ‘ye V/(p)’. Since ye @M, ye(@Arp)M'. Since x(r;)Mz, z(oz)M/, u and u(s))My, xe
((r){a) (s1)(@ Ap)™ . Hence, x € ((r1) () (s1)(@ AP)V (r2) (B) (s2) (¢ A=p))": a contradiction.

Subcase ‘y ¢ V/(p)’. Since y e (@M, ye(d A—p)™'. Since x(r)Mt, t(,B)M’v/ and v(s))My, x e
((r2)(B) (s2)( A=p)™ . Hence, x € ((r) () {s1)( AP)V (r2) (B)(52) (¢ A—p))M: a contradiction.

Case ‘x¢&((« || B)¢)™ and for all separated models M’ =(W',R',«', V'), if M~, M/, xe
(1)) (s1)(P APV (1) (B) (s2)(p A—p))M . Let M =(W",R" ", V") be a separated model such
that M ~, M" and V" (p) = {y: there exists z,7,u,v € W such that x e zx1, y €uxv and 1(8)Mv}. Since
for all separated models M'=(W',R',+", V'), if M ~, M’, x e ((r1){a)(s1)(@ Ap)V (r2)(B)(s2)(p A
—p)M, xe((r1) () (s1)(¢ /\p)\/(rz)(ﬂHSz)(dﬁ/\ﬁp))M”-Hence, either x € ((r1) () (s1)(¢ AP,
or x € ({r2)(B) {s2)(¢p A=p)™

Subcase ‘x € ({ry) () (s1)(¢ /\p))MH ’. Hence, there exists y,z,t,u,ve W such that x e zxt, y € uxv,
2a)M u, ye(@)™” and ye V" (p). Since p does not occur in ¢ and M~, M7, 2()Mu and
ye(¢)M. Since M is separated, x €zxt, yeuxv and ye V" (p), 1(8)Mv. Since x € zx1, y €u*v, and
2()Mu, x(a || BYMy. Since ye ()M, x e ((« || B)$)™: a contradiction.

Subcase ‘xe((rz)(ﬁ)(sz)(gb/\—-p))M ’. Hence, there exists y,z,t,u,v€ W such that xezxt, ye
uxv, (B v, ye (@)™ and y ¢V’ (p). Since p does not occur in B and M ~ p M, 1(B)Mv. Since
xe€zxtand ycuxv, ye V" (p): a contradiction. [ |

Let us temporarily add propositional quantifiers of the form Vp to the language of PRSPDL for
each atomic formula p. Such constructs allow to write formulas of the form Vp¢. In a model M =
(W,R,*,V), a formula of the form Vp¢ is interpreted as the following subset of W:

. (Vp¢)M = ﬂ{(¢)M,: M’ is a model such that M ~, M’}

A consequence of Proposition 13 is that the program construct (- || -) of parallel composition becomes
definable in a modal language strengthened by the introduction of propositional quantifiers. To see
this, it suffices to consider the following

ProposITION 14

Let o, B be programs, ¢ be a formula and p an atomic formula. If p does not occur in «, 8, ¢,
the formulas (« || B)¢ and Vp((r1){a)(s1)(@ Ap)V (r2)(B){(s2)(¢ A—p)) are equally interpreted in all
separated models.

PrOOF. By Proposition 13. |

In Sections 6 and 7, instead of using axioms to define the program operation of parallel composition
in the language of PDL enlarged with propositional quantifiers, we add an unorthodox rule of proof
that makes the canonical model standard for the program operation of parallel composition and we
use large programs for the proof of the Truth Lemma. In our canonical model construction, large
programs will constitute the main ingedients in the proofs of the Existence Lemma (Lemma 10) and
the Truth Lemma (Lemma 11).



5 Definability

Now, about definability. We investigate the question whether our new constructs can be used to define
the following elementary classes of frames: the class of all separated frames; the class of all rich
frames; the class of all deterministic frames; the class of all serial frames.

PROPOSITION 15
The class of all separated frames is modally definable by the formulas (r{)p — [r1]p and (r2)p — [r2]p.

PrOOF. Left to the reader. |

PrROPOSITION 16
The class of all rich frames is modally definable by the formula (r{) T V(r)T.

PrROOF. Left to the reader. |

PropoSITION 17
The class of all deterministic frames is modally definable by the formula (T?|| T?)p — p.

PrOOF. Left to the reader. [ |

PROPOSITION 18
The class of all serial frames is not modally definable.

PROOF. Suppose there exists a set ¥ of formulas from the language of PRSPDL( that modally
defines the class of all serial frames. Let F=(W,R,x) and F'=(W’,R’,*") be the frames defined
as follows: W={x1,x2}, R is the empty function, x{ xx; ={x1}, xp *xo ={x»} and otherwise « is the
empty function, W' = {x’}, R’ is the empty function and x’+' x" = {x’}. Obviously, JF is not serial and
F' is serial. Since ¥ modally defines the class of all serial frames, F [~ ¥ and F’ = . Hence, there
exists a formula ¢ € ¥ such that F [~ ¢. Since F' =%, F' |=¢. Since F [~ ¢, there exists a model
M=(W,R,x,V)on F such that either x| ¢ (¢)M, or xp & (qb)M. Without loss of generality, assume
x1 €(@)M. Let M/ =(W',R',+, V') be the model on F’ defined as follows: V/(p)= if x| € V(p), then
{x'}, else ¥ for every propositional variable p. Since F' = ¢, x’ € ()™M’

CLAaM: Let o be a program and i be a formula from the language of PRSPDL. Then,

. notxl(a)sz;
o x1(a)Muxy iff X' ()M x';
o x1 e(HMiffx’ e ()M

PrROOF: By induction on « and . Left to the reader.
Since x| &€ (¢)M, x ¢ (¢)M : a contradiction. [ |

6 Axiomatization

This section presents the axiomatization of PRSPDLy. But before, we need to say more about the rule
of proof (FOR). There is an important point we should make: (FOR) is an infinitary rule of proof,
i.e. it has an infinite set of formulas as preconditions. In some ways, it is similar to the rules of proof
for the program construct (-N-) of intersection from [3, 4]. Let us consider the following variant of
(FOR):

(FOR') fvrom J)(m Yot <SJ YU Ap)V () (B)(s2) (¥ A—p)) where p is an atomic formula not occurring
ing,a, B, ¥, infer p((a || B)Y).



Obviously, (FOR') is a finitary rule of proof, i.e. it has a finite set of formulas—a singleton—as
preconditions. How should we demonstrate the rules of proof (FOR) and (FOR') are equivalent in
the sense that they are interchangeable? Let PRSPDL be the least set of formulas that contains the
formulas (A1)—(A14) and that is closed under the rules of proof (MP), (N) and (FOR) and PRSPDL(/)
be the least set of formulas that contains the formulas (A1)-(A14) and that is closed under the rules of
proof (MP), (N) and (FOR’). We shall say that ¢ is provable in PRSPDL iff ¢ belongs to PRSPDL,
whereas we shall say that ¢ is provable in PRSPDL6 iff ¢ belongs to PRSPDL(/). The infinitary nature
of the rule of proof (FOR) implies that ‘PRSPDLy-proofs’ can be of infinite length whereas the
finitary nature of the rule of proof (FOR') implies that ‘PRSPDLé—proofs’ are always of finite length.
More precisely, by definition of PRSPDL( and PRSPDL),, for all formulas ¢,

* ¢ belongs to PRSPDL, iff there exists an ordinal A and a A-termed sequence (V) <) of
formulas—called a A-proof of ¢ in PRSPDLy—such that v/, =¢ and for all u <A, either v,
is one of the formulas (A1)-(A14), or ¥, is obtained from previous formulas in the A-termed
sequence (Y, ), <) by means of one of the rules of proof (MP), (N) and (FOR);

* ¢ belongs to PRSPDL(’) iff there exists a non-negative integer A and a A-termed sequence
(V1) u<n of formulas—called a A-proof of ¢ in PRSPDLE)—such that 1), =¢ and for all u <A,
either v, is one of the formulas (A1)—-(A14), or v, is obtained from previous formulas in the
A-termed sequence (¥,,),,<x by means of one of the rules of proof (MP), (N) and (FOR').

Concerning PRSPDL),, we have the following.

LEMMA 1
Let ¢(p) be a formula and A be a non-negative integer. If there exists a A-proof of ¢(p) in PRSPDL/,,
for all atomic formulas g not occurring in ¢(p), there exists a A-proof of ¢(g) in PRSPDL6.

PrOOF. By induction on A. Left to the reader. |

The rules of proof (FOR) and (FOR') are equivalent in the sense that they are interchangeable. More
precisely,

PRroPOSITION 19
Let ¢ be a formula. The following conditions are equivalent:

(1) ¢ belongs to PRSPDLy;
(2) ¢ belongs to PRSPDL,.

PrOOF. Suppose the above conditions are not equivalent. Hence, either ¢ belongs to PRSPDL and
¢ does not belong to PRSPDL),, or ¢ does not belong to PRSPDL and ¢ belongs to PRSPDL(’).

Case ‘¢ belongs to PRSPDL and ¢ does not belong to PRSPDL()’. Hence, there exists an ordinal
A and a A-termed sequence (), <) of formulas such that ) =¢ and for all u <2, either ¥, is
one of the formulas (A1)—(A14), or ¥, is obtained from previous formulas in the A-termed sequence
(¥1.)u<» by means of one of the rules of proof (MP), (N) and (FOR). By induction on 4, let us verify
that ¢ belongs to PRSPDL.

Cases ‘i, is one of the formulas (A1)-(A14)’, ‘i, is obtained from previous formulas in the
A-termed sequence (V) <) by means of the rule of proof (MP)’ and ‘¢, is obtained from
previous formulas in the A-termed sequence (v/,,),,<; by means of the rule of proof (N)’. Left
to the reader.



Case ‘¢, is obtained from previous formulas in the A-termed sequence (v/,,), <) by means
of the rule of proof (FOR)’. Hence, there exists an admissible form qg, there exists programs
a, B and there exists a formula ¥ such that for all atomic formulas p not occurringu n é,a, B, v,
dUr1){a)(s1)(F Ap)V (r2)(B)(s2)(¥ A—p)) is the formula v, for some <A and ¢({o || B) V) is
the formula v, . Let p be an atomic formula not occurring in q;, o, B,y . Thus, (;vS((rl Ya)(s1) (¥ Ap)V
(r2)(B)(s2)( A=p)) is the formula v, for some p < A. By induction hypothesis, <]3((r1 Yo (s1) (¥ A
PV () {(B){s2)(y A—p)) belongs to PRSPDLé. Since p does not occur in (]3,05, B, ¥, belongs to
PRSPDL: a contradiction.

Case ‘¢ does not belong to PRSPDL, and ¢ belongs to PRSPDL(/)’. Hence, there exists an
non-negative integer A and a A-termed sequence (), <) of formulas such that ) =¢ and for all
w <A, either ¥, is one of the formulas (A1)-(A14), or v, is obtained from previous formulas in
the A-termed sequence (1), <) by means of one of the rules of proof (MP), (N) and (FOR'). By
induction on A, let us verify that ¢ belongs to PRSPDLy.

Cases ‘i, is one of the formulas (A1)-(A14)’, ‘Y, is obtained from previous formulas in the
A-termed sequence (V) <) by means of the rule of proof (MP)’ and ‘v, is obtained from
previous formulas in the A-termed sequence (), <) by means of the rule of proof (N)’. Left
to the reader.

Case ‘¢, is obtained from previous formulas in the A-termed sequence (v/,,), <, by means
of the rule of proof (FOR')’. Hence, there exists an admissible form J), there exists programs o,
and there exists a formula i such that qz((rl) (@) (s1)(W APV (r2)(B)(s2)(¥ A—p))—where p is an
atomic formula not occurring in q;,a,ﬁ,w—is the formula v, for some u <A and q;((oz I BYy)
is the formula v, . Thus, there exists a p-proof of qg((rl)(oe) (s1)(W APV () (B)(s2) (Y A—p))

%

in PRSPDLE). By Lemma 1, since p is an atomic formula not occurring in ¢,a,B,y, for all
atomic formulas ¢ not occurring in q;,oz,ﬂ,w, there exists a p-proof of qg((rl)(a)(sl)(lp AG)V
(r2)(B){s2) (Y A—q))in PRSPDL&. By induction hypothesis, for all atomic formulas ¢ not occurring in

<;3, o, B, é((rl) (@) (s1)(T AqQ)V () (B)(s2) (¥ A—gq)) belongs to PRSPDL. Therefore, 1, belongs
to PRSPDLy: a contradiction. [ |

Hence, as long as one is interested in the notion of derivability, (FOR) and (FOR') are equivalent.
To see how the rule of proof (FOR) works, let us demonstrate the following

LEMMA 2
Let a(¢?) be a program. For all formulas 1, if ¢ — ¥ € PRSPDLy, for all formulas y, (x(¢?))x —
(a(¥N) x € PRSPDLy.

PrOOF. By induction on a(¢?).

Cases ‘a(¢p?)=a’, ‘a(@N) =07, ‘a(@pN)=s1’, ‘w(@dN)=s2", ‘a(¢N=r1’, ‘@ (p?)=r2’, ‘a(¢p?)=
B(@?); v’ and ‘a(¢p?)=p;y(¢?)’. Left to the reader.

Case ‘a(¢N)=p@M|y’. By (A10), (B(@D[y)x — (ri}{B@D){s1)(x Ap)V (r2)(y){s2)(X A
—p) € PRSPDL for every atomic formula p not occurring in 8(¢?), y, ¥, x . By induction hypothesis,
(B@NDIy)x = (ri) (BN (s1)(x AP)V (r2)(y){s2)(x A—p) € PRSPDL for every atomic formula
p not occurring in B(¢?), v, ¥, x. Hence, [(B(@7) | v) x 2N({ri) (BW D) (s1)(X APV (r2){y) (s2) (X A
—p)) € PRSPDLo, [(B(@D)ly)x 7 ={ri)(BW M) (s1)(x AP)V (r2)(y)(s2)(x A=p))?]L € PRSPDLg
and [((B@D 1 y)x 1 —=gDUrD) (B D) (s1)(x APV (r2) (v ) (s2)(x A—p))]L € PRSPDLy for every
atomic formula p not occurring in S(¢?), v, ¥, x. By (FOR), [(B(@Dy)x?;—~gDUBWD) |



Y1 x)1L € PRSPDLy, [{B(@Dy)x?:—(BWDIly)x?1LePRSPDLy and [{(B(@?) | y)x Bl
¥)x € PRSPDLy. Thus, (B(¢?) [l y)x = (B(¥M) |l v)x € PRSPDLy.

Case ‘a(¢p?)=p | y(¢?)’. Similar to the case ‘a(¢?)=B(@N |y . [ |

Having said this, now, let us establish the soundness for PRSPDLy:

PropOSITION 20 (Soundness for PRSPDL)
Let ¢ be a formula. If ¢ € PRSPDLy, ¢ is valid in the class of all separated frames.

PrOOF. By Propositions 4-7. |

The completeness for PRSPDL is more difficult to establish and we defer proving it till next section.
In the meantime, it is well worth noting that for all separated models M =(W,R, %, V) and for all
xeW, {p:xe (¢)M} is a set of formulas that contains PRSPDL and that is closed under the rule of
proof (MP). Now, we introduce theories. A set S of formulas is said to be a theory iff PRSPDLyC S
and S is closed under the rules of proof (MP) and (FOR). We will use S, T, ... for theories. Obviously,
the least theory is PRSPDL and the greatest theory is the set of all formulas. We will use the following
property of theories without explicit reference.

LEMMA 3
Let S be a theory. The following conditions are equivalent:

* S is equal to the set of all formulas;
e there exists a formula ¢ such that ¢ €S and —¢ € S;
e Les.

PrOOF. Left to the reader. [ |

We shall say that a theory S is consistent iff for all formulas ¢, either ¢ €S, or —=¢ ¢S. By Lemma 3,
there is only one inconsistent theory: the set of all formulas. A theory S is said to be maximal iff
for all formulas ¢, either ¢ €S, or —¢ €S. In Section 7, the canonical frame of PRSPDL and the
canonical model of PRSPDL( will be based on the set of all maximal consistent theories, whereas
in the classical literature [7, Chapter 4], canonical frames and canonical models are based on the set
of all maximal consistent sets of formulas. The truth is that every maximal consistent theory is a
maximal consistent set of formulas in the classical sense, whereas every maximal consistent set of
formulas closed under the rule of proof (FOR) is a maximal consistent theory. Hence,

LEMMA 4
Let S be a maximal consistent theory. We have:

e 1 ¢£85;
e for all formulas ¢, —¢p €S iff ¢ &S
e for all formulas ¢, ¢, oV €S iff either p €S, or Y €.

PrROOF. Left to the reader. |

If o is a program, ¢ is a formula and S is a theory, let [« ]S = {¢: [¢]p €S} and S+ p={¢: p — YV € S}.
Sets of the form [a]S will be used while defining the canonical relations R.(a) in the canonical frame
of PRSPDL. Sets of the form S+¢ will be used while demonstrating Lemma 7. We have the
following.



LEMMA 5
Let S be a theory. For all programs « and for all formulas ¢, we have:

(D) [¢71S=S+¢;

(2) [«]S is a theory;

(3) S+¢ is a theory;

(4) S+ ¢ is the least theory containing S and ¢;
(5) S+ ¢ is consistent iff —¢ & S.

PrOOE. (1). By (A3).

(2). By the rule of proof (N), [«]S contains PRSPDLy. By (A2), [«¢]S is closed under the
rule of proof (MP). We demonstrate [«]S is closed under the rule of proof (FOR). Suppose
q:b((rl)(,B)(sl)(w/\p)\/u(rz)(y)(sz)(w/\—|p))e[a]S for all atomic formulzls p not occurring in
#.B.y,¥. Hence, [a]p((r1)}{(B) (s1)(¥ AP)V (r2) (v ) (s2) (¥ A=p)) €S, [e; =p?((r1)(B) (s1) (¥ Ap)V
(r2) () (s2) (Y A=p)]LeS and [(a; =pN)((r1)(B) (s1)(Y AP)V (r2) (¥ ) (s2)(¥ A—p))] L €S for all
atomicvformulas p not occurring vin o,p,B,y,¥. Since S is cvlosed under the rule of Proof (FOR),
[(a;=DUB I YIVIILES, [a;—p?((Blly)Y)ILeS and [a]p?((B 1 y)¥)€S. Thus, p((Blly)V) €
[«]S.

(3). By (1) and (2).

(4). Left to the reader.

(5). By Lemma 4. |

In the classical literature, three Lemmas support the canonical model construction: the Lindenbaum
Lemma [7, Lemma 4.17], the Existence Lemma [7, Lemma 4.20] and the Truth Lemma [7,
Lemma4.21]. Our canonical model construction is also built on the same three Lemmas. Nevertheless,
the fact that the canonical frame of PRSPDL and the canonical model of PRSPDL are based on
the set of all maximal consistent theories creates some subtleties that we will now attack from the
front. The Lindenbaum Lemma will say that every consistent theory can be extended to a maximal
consistent theory. Hence, in a first setting, we have to learn how to extend a consistent theory by
means of a formula.

LEMMA 6
Let S be a theory. If S is consistent, for all formulas ¢, either S+ ¢ is consistent, or there exists a
formula v such that the following conditions are satisfied:

e S+ is consistent;

* Yy — —¢p € PRSPDLy;

* if ¢ is in the form y ({(« || B)0) of a conclusion of the rule of proof (FOR), there exists an atomic
formula p not occurring in ¢ such that ¢ — =y ((r1){a)(s1) (O Ap)V () (B)(s2)(p A—p)) €
PRSPDL.

PROOF. Suppose S is consistent and ¢ is a formula such that S+ ¢ is not consistent. By Lemma 5,
—¢ € S. Obviously, there are finitely many, say k > 0, representations of ¢ in the form of a conclusion
of the rule of proof (FOR): x1({a1 || B1)01),..., Xi({ak || Bx)0r). We define by induction a sequence
(Yo, ..., Yy) of formulas such that for all /e N, if [ <k, the following conditions are satisfied: S+,
is consistent; i — —¢ € PRSPDLg; for all meN, if 1 <m </, there exists an atomic formula p
not occurring in ¢ such that ¥; — = X, ((r1) (o) (1) Om AP)V (r2) (Bim) (52) (6 A—p)) € PRSPDL.
First, let ¥o=—¢. Obviously, the following conditions are satisfied: S+ is consistent; ¥y —
—¢ € PRSPDL. Secondly, let [>1 be such that [ <k and the formulas v, ..., {;_1 have already



been defined. Hence, S+ /;_1 is consistent; {;_1 — —¢ € PRSPDLy; forall meN, if 1 <m<[—1,
there exists an atomic formula p not occurring in ¢ such that v — = ((r1){@m) (s1)(Om A
PNV (1) (Bm) (52)(@m A—p)) € PRSPDLgy. Thirdly, since S+1/;_1 is consistent and ¢;_| — —¢ €
PRSPDLy, ¢ &S+1;_1.Since S+ ;1 is closed under the rule of proof (FOR), there exists an atomic
formula p not occurring in ¢ such that x;((r1) () (s1)(@; Ap)V (r2)(Bi) (s2) (O A—p)) €S+ ;1. Let
Y=y 1 A= xi((r ) (eg) (s1) (O Ap) V (1) (Br) (s2) (6 A—p)). Obviously, the following conditions are
satisfied: S+ is consistent; y; — —¢ € PRSPDLg; for all m €N, if 1 <m </, there exists an atomic
formula p not occurring in ¢ such that vy — =, ((r1) (0m) (S1)@m APV (r2) (Bm) (52) (O A—P)) €
PRSPDL,y. Finally, the reader may easily verify that the following conditions are satisfied: S+ v is
consistent; ¥ — —¢ € PRSPDLy; if ¢ is in the form y ({« || 8)0) of a conclusion of the rule of proof
(FOR), there exists an atomic formula p not occurring in ¢ such that ¥, — —x ({r1){a)(s1)(6 Ap)V
(r2)(B)(s2)(6 A—p)) € PRSPDLy. u

Now, knowing how to extend a consistent theory by means of a formula, we can demonstrate the
Lindenbaum Lemma.

LEmMMA 7 (Lindenbaum Lemma)
Let S be a theory. If S is consistent, there exists a maximal consistent theory containing S.

PROOF. Suppose S is consistent. Since there are countably many formulas, there exists an enumeration
@1,¢2, ... of the set of all formulas. Let 7Ty, 71, ... be the sequence of consistent theories inductively
defined as follows. First, let Tp=S. Obviously, T is consistent. Secondly, let n>1 be such that
consistent theories Ty, ..., T,—1 have already been defined. Thirdly, by Lemma 6, either 7,,_| + ¢;, is
consistent, or there exists a formula i such that the following conditions are satisfied: 7,,_1 4+ is
consistent; ¥ — —¢,, € PRSPDLy; if ¢,, is in the form x ({(« || 8)0) of a conclusion of the rule of proof
(FOR), there exists an atomic formula p not occurring in x ,, 8,6 such that  — = x ({r) () {s1)(6 A
PV () {(B)(s2)(6@ A—p)) € PRSPDLg. In the former case, let 7,,=T,,_1 +¢,. In the latter case, let
T,=T,—1+¥. Obviously, T, is consistent. Finally, the reader may easily verify that ToUT U... is
a maximal consistent theory containing S. |

7 Completeness

This section proves the completeness of PRSPDLy. The canonical frame of PRSPDLy is the 3-tuple
Fe=(W,,R.,x.) where W, is the set of all maximal consistent theories, R, is the function from the
set of all atomic programs into the set of all binary relations between maximal consistent theories
defined by SR (a)T iff [a]S C T and . is the function from the set of all pairs of maximal consistent
theories into the set of all sets of maximal consistent theories defined by U € ST iff [s1]S C U and
[s2]T C U. We firstly demonstrate the following

LEMMA 8
Fe is separated.

PROOF. Suppose F. is not separated. Hence, there exists a maximal consistent theory S such that
card(*:(S)) > 2. Thus, there exists maximal consistent theories 7, U,V,W such that Se Tx. U, S €
Vx.W and either T #V, or U # W. Without loss of generality, suppose 7 # V. Hence, there exists
a formula ¢ such thatpeT and ¢ €V. Since SeT*x. U and SV x. W, [s{]T CS and [s;]V CS. By
(A4), [M]SCT and [r]SCV.Since p €T, (r1)¢p €S. By (A13), [r1]p €S. Since [r{][SCV,peV:a
contradiction. |



The canonical model of PRSPDL is the 4-tuple M. =(W,,R¢,*¢, V) where V.: pr— V.(p) S W, is
the canonical valuation of PRSPDL), i.e. the function from the set of all atomic formulas into the
set of all sets of maximal consistent theories defined by S € V.(p) iff p€S. In our canonical model
construction, the ordinary form of the Existence Lemma would be as follows: for all programs «, for
all formulas ¢ and for all maximal consistent theories S, if [a]¢ € S, there exists a maximal consistent
theory T such that [¢]S €T and ¢ ¢ T. Nevertheless, it happens that the proof of our Truth Lemma
(Lemma 11) needs a stronger form of the Existence Lemma. This stronger form requires the use of
a new modal concept: large programs. For all consistent theories S, let S be a new symbol at our
disposal. Now, the set of all large programs is inductively defined as follows:

« A—>alS|si|s21r11r2|(A;B)[(A| B).

We will use A, B, ... for large programs. Let us be clear that each large program is a finite string
of symbols coming from an uncountable alphabet. It follows that there are uncountably many
large programs. For convenience, we omit the parentheses in accordance with the standard rules.
It is essential that large programs are built up from atomic programs, symbols for consistent
theories, storing constructs and recovering constructs by means of the constructs (-;-) and (- || -).
LetA(Sy,...,S,) bea large program with (S1,....8y)a sequence of some of its symbols for consistent
theories. The result of the replacement of S 1,...,S_n in their places with T_l,...,T_n is another large
program which will be denoted A(T7,...,T,). A large program A(Sj,...,S,) with (Sq,...,S,) the
sequence of all its symbols for consistent theories will be defined to be maximal if the theories
S1,...,S, are maximal. In the canonical model, every large program will be interpreted as a binary
relation over the set of all maximal consistent theories. To define such a binary relation, one needs to
view each large program as a set of programs. In this respect, the kernel function ker: A — ker(A) C PR
is inductively defined as follows:

* ker(a)={a};

ker(S)={¢?: ¢ €S};

ker(sp)={s1};

ker(s2) ={s2};

ker(r;)={ri};

* ker(r2)={r};

ker(A; B)={a; B: a €ker(A) and S € ker(B)};
ker(A || B)={« || B: « €ker(A) and B € ker(B)}.

Lemma 9 will be put to good use in the proof of the Existence Lemma.

LEMMA 9

Let « be a program. For all maximal consistent theories S and for all formulas ¢, if (¢(¢?)T €S,
for all formulas ¥, we have: either (x((¢p Ay)?)) T €S, or there exists a formula x such that the
following conditions are satisfied:

s (a((dAX)D)TES;

* x —> Y € PRSPDLy;,

o if ¢ isin the form ({8 || )6) of a conclusion of the rule of proof (FOR), there exists an atomic
formula p not occurring in «,¢, ¥, x such that x — =T ((ri)(B)(s1)(@ Ap)V () {y){s2)(O A
—p)) € PRSPDLy.

PROOF. Suppose § is a maximal consistent theory and ¢ is a formula such that (x(¢?)) TeS
and v is a formula such that (¢((pAY)MNT &S. By (All), (a¢((¢A—y)N)) T eS. Obviously,



there are finitely many, say k>0, representations of ¥ in the form of a conclusion of the
rule of proof (FOR): T1({B11¥1)01),--., Tx({Br Il v&)0r). We define by induction a sequence
(x0,---» xx) of formulas such that for all [eN, if [ <k, the following conditions are satisfied:
(x((@A XD T €S; xy— ¥ € PRSPDLgy; for all meN, if 1 <m <I, there exists an atomic formula
p not occurring in &, @, ¥, x; such that x; — =Ty ((r1){Bm) (s1)(Om AP)V (r2) (Ym) (s2)(Om A —p)) €
PRSPDL. First, let xo =—1. Obviously, the following conditions are satisfied: («((¢ A x0)?)) T €S;
X0 — —¥ € PRSPDLy. Secondly, let [>1 be such that /[ <k and the formulas yg,..., x;—1 have
already been defined. Hence, (¢((¢pAx;—1) T €S; x1—1— —¥ € PRSPDLy; for all meN, if
1<m<I[—1, there exists an atomic formula p not occurring in «,¢,v¥, x;—1 such that x;_1—
=& ((r1) (B} (51) O AP)V (r2) (Ym) (52) (O A —p)) € PRSPDLg. Third, by Lemma 2, since (((¢ A
X—)NTeS and x;_1 — v €PRSPDLy, (a((pAxi—1A—yY)D)TeS. Thus, [a((@Axi—1A
—~Y)DILES, [a(=[(@A XD =Y N LD]L €S and [a(=[(@ A xi—1)?; ~ENLD]L(Y) ¢S. Since S
is closed under the rule of proof (FOR), there exists an atomic formula p not occurring in o, ¢, ¥, x;—1
such that [e(=[(¢ A x;—1)% =B LDILEr)(Br) (s1) O APV (r2) (vi) (s2)(O1 A—p))) € S. There-
fore, [a(=[(¢ A xi—1) 7 ~(T({r1)(Br) (s1) @O APV (r2) (Y1) (s2) (O A—pI) T LD] L &S, [ae((P A xy—1 A
=G r) (B (s1) O APV (r2) (yi) (s2)(Or A=p)ND]L €S and (a((d A xi—1 A=Ti({r1) (Br) (s1)(E1 A
PV Y (s2)OA=pI)D) T €S. Let xy=xi—1 A= ((r1){B) (s1)(OrAP)V (r2) (v1) (s2)(0; A—D)).
Obviously, the following conditions are satisfied: (¢((¢p A x)?)) T €S; x;— —¥ € PRSPDLy; for
all meN, if 1<m<I, there exists an atomic formula p not occurring in «,¢,, x; such that
X1 —> T ({(r1) (Bm) (81)@m AP)V (r2) (Vi) (52) (01 A—p)) € PRSPDLyy. Finally, the reader may easily
verify that the following conditions are satisfied: («((¢ A xx)) T €S; xx — = € PRSPDLy; if ¥ is
in the form 7({B || y)0) of a conclusion of the rule of proof (FOR), there exists an atomic formula p
not occurring in e, @, ¥, xx such that xx — =7 ((r1)(B){s1)(0 Ap) V (r2)(y)(s2)(6 A—p)) € PRSPDLy.

|

Now, we can demonstrate the Existence Lemma and the Truth Lemma.

LeEmma 10 (Existence Lemma)

Let o be a program and ¢ be a formula. For all maximal consistent theories S, if [« ]¢ € S, there exists
a maximal program A and there exists a maximal consistent theory 7 such that f(«) € ker(A), for all
programs B, if g eker(A), [BISCT and ¢p £T.

PROOF. Suppose there exists a maximal consistent theory S such that [a]¢ € S. Since S is maximal,
()¢ eS. By (A12), (f(x))—¢ €S. Without loss of generality, suppose f(«) contains exactly one
test, say ¢ 2. Since ({f(«x))—¢ €S, (f()(¥?7);—¢?) T €8. Since there are countably many formulas,
there exists an enumeration 1, x2,... of the set of all formulas. Let 90,01,... and rO, rl, ... be the
sequences of formulas inductively defined as follows such that for all n€N, (f(«)(0"?);t"?) T €S.
First, let 90=1ﬁ and ‘L’O=—'¢. Obviously, V(a)(@o?); 09 Tes. Secondly, let n>1 be such that
formulas6°,...,0" and 7%, ..., 7" 1 have already been defined. Hence, (f(oz)(@”‘1 7); 1 NTeS.
Thirdly, by Lemma 9, either (f(a)((0" ' A x,)?): T 12) T €8, or there exists a formula p such that
the following conditions are satisfied: (f(a)(0" "' Ap)?); T~ 1N T €S; u— —xn € PRSPDLy; if x»
is in the form ({8 || y)v) of a conclusion of the rule of proof (FOR), there exists an atomic formula
p not occurring in o, 0"~ 1, 71y, such that i — =& ((r1) (B) (s1) (W AP)V (1) (¥ ) (s2) (v A—p)) €
PRSPDLyy. In the former case, let 0" =91 A Xn. In the latter case, let 8" —gn—1 A it. Obviously,
(Fa)(O"); T 17T eS. By Lemma 9, either (f(a)(@"?); (" "Ax)NTES, or there exists a
formula ' such that the following conditions are satisfied: (f(«)(0"?); ("' A YN T)eS; u' —
—xn € PRSPDLy; if x, is in the form w({(B | y)v) of a conclusion of the rule of proof (FOR), there
exists an atomic formula p not occurring in «,0”, 7"~ !, x,, u such that ' — =& ((r)(B)(s1) (VA



PV (1) (y)(s2)(v A=p)) € PRSPDLy. In the former case, let T"=1""! A x,. In the latter case,
let 7"=1""!Ap/. Obviously, (f(«)(@"?);7"?)T €S. Finally, the reader may easily verify that
T=|J{PRSPDLy+6": neN} and U=|J{PRSPDLy+t": n€N} are maximal consistent theories
such that f(a) eker(f(a)(T)), for all programs B, if B eker(f(a)(T)), [BISCU and ¢ € U. |

LEMMA 11 (Truth Lemma)
Let o be a program and ¢ be a formula.

¢ For all maximal consistent theories S, 7, S (oe)M‘fT iff there exists a maximal program A such
that f(a) e ker(A) and for all programs g, if 8 eker(A), [B]ISCT.
* for all maximal consistent theories S, S € (¢>)Mv iff pSs.

PrOOF. Let P(-) be the property about programs and formulas defined as follows:

» for all programs «, P(«) iff for all maximal consistent theories S, 7, S (a)MCT iff there exists
a maximal program A such that f(«) € ker(A) and for all programs g, if g eker(A), [BISCT;
e for all formulas ¢, P(¢) iff for all maximal consistent theories S, S € (¢)M€ iff p €8.

The proof that P(-) holds for all programs and for all formulas will be done by induction on the
formation of programs and formulas.

Hypothesis. Let « be a program and ¢ be a formula such that for all expressions exp (either a program,
or a formula), if exp is an expression strictly occurring either in «, or in ¢, P(exp) holds.

Step. We demonstrate P(«) and P(¢) hold.

Case ‘a =a’. Left to the reader.

Case ‘a=y?. Let S, T be maximal consistent theories.

* Suppose S(y NMeT . We demonstrate there exists a maximal program A such that v ? eker(A)
and for all programs B, if Beker(A), [BISCT. Since S(YNMeT, S=T and T e (y)Me.
Since P(yr), v €T. Since S=T, ¥ € S. Hence, ¥ ? eker(S). Now, let x ? €ker(S). Thus, x €.
Therefore, [x?]S=S. Since S=T, [x?]S € T. Consequently, for all programs S, if B eker(S),
[BISCT. Since 7€ ker(S), it suffices to take A=S.

* Suppose there exists a maximal program A such that ¥/? eker(A) and for all programs g, if
B eker(A), [B]S CT. We demonstrate S(xp?)MvT. Since ¥ ?eker(A), there exists a maximal
consistent theory U such that ¢ € U and A = U. Since for all programs 8, if 8 eker(A), [B1SC T,
for all formulas y,if x eU,[x?]SCT.Sinceyy eUand T €U, [Y?]SCTand[T?]SCT. Since
TeS,[T?21S=S.Since [T?]SCT,SCT. Since S is maximal and 7 is consistent, S=T7. Since
[W2ISCT and [y 2]¥ €8S, ¥ €T. Since P(y), T € (y)Me. Since S=T, S(y DMeT.

Case ‘a=s;’. Let S, T be maximal consistent theories.

* Suppose S(s1 yMeT. We demonstrate there exists a maximal program A such that s| e ker(A) and
for all programs g, if B eker(A), [B]S CT. Since S(sy )MCT, there exists a maximal consistent
theory U such that T € Sx.U. Hence, [s1]S C T and [sp]U C T. Thus, it suffices to take A =s.

* Suppose there exists a maximal program A such that s; eker(A) and for all programs g, if B €
ker(A), [B]S CT. We demonstrate S (sl)M‘f T. Since 51 €ker(A), A=s1. Since for all programs
B,if Beker(A), [BISCT, [s1]SCT.By (A4), [r1]T CS.Hence, (r|) T €T.By (A8), (rn)TeT.
By Lemma 10, there exists a maximal program B and there exists a maximal consistent theory
U such that r, eker(B) and for all programs y, if y eker(B), [y]T CU. Thus, B=r,. Since
for all programs y, if y eker(B), [y]T C U, [rn]T CU. By (A7), [sp]JUCT. Since [s{]SCT,
T € S%. U. Therefore, S(s))MeT.



Case ‘a =s,’. Similar to the case ‘a=s7’.
Case ‘a=r;’. Let §,T be maximal consistent theories.

Suppose S(r; )MC T. We demonstrate there exists a maximal program A such that r; eker(A) and
for all programs B, if 8 eker(A), [B]1SCZT. Since S (rl)MCT, there exists a maximal consistent
theory U such that Se€T*.U. Hence, [s1]T CS and [s2]U CS. By (A4), [r1]SCT. Thus, it
suffices to take A =rj.

Suppose there exists a maximal program A such that r; eker(A) and for all programs g,
if Beker(A), [B]SCT. We demonstrate S(rq )Mf T. Since r; eker(A), A=r;. Since for all
programs g, if B eker(A), [BISCT, [r1]SCT. By (A6), [s1]T <S. Since [r1]SCT, (r1) T €S.
By (A8), (rp) T €S. By Lemma 10, there exists a maximal program B and there exists a maximal
consistent theory U such that r, € ker(B) and for all programs y, if y e ker(B), [y ]S C U. Hence,
B=r. Since for all programs y, if y eker(B), [yISC U, [n]SCU. By (A7), [s2]U <. Since
[s1]1T CS, S € T, U. Therefore, S(r;)MeT.

Case ‘a =r’. Similar to the case ‘a=r’.
Case ‘a=p;y’. Let S, T be maximal consistent theories.

Suppose S(B; y)MfT. We demonstrate there exists a maximal program A such that
f(B); T2 f(y)eker(A) and for all programs &, if & eker(A), [6]SCT. Since S(,B;)/)MCT,
there exists a maximal consistent theory U such that S(,B)MCU and U (y)MCT. Since
P(B) and P(y), there exists a maximal program A’ such that f(B)€cker(A’) and for all
programs &', if 8’ eker(A"), [8']SCU and there exists a maximal program A” such that
f(y)eker(A”) and for all programs 8", if §” eker(A”), [§"1UCT. Since T € U, f(B); T2.f(y)
eker(A’;U;A”). Now, let 8";¢?;8" eker(A’; U;A") and  €[8";¢?;8”1S. Hence, 8’ eker(A"),
peU, 8" eker(A”) and [8';¢2;8" v €. Thus, [8'1(¢— [8"1%) €. Therefore, ¢ — [8" ]y €
[8'1S. Since 8 eker(A"), [6'1SCU. Since ¢ — [8" 1y €[8']S, ¢ — [8"]¥ €U. Since ¢p €U,
[6" 1y € U. Consequently, ¥ € [8”]U. Since 8" eker(A”), [§"1UCT. Since ¥ €[§"1U, Y €T.
Hence, for all programs 8, if § eker(A’; U;A”), [§]S S T. Since f(B); T2.f(y) eker(A’; U;A"),
it suffices to take A=A"; U;A”.

Suppose there exists a maximal program A such thatf(8); T ?;f(y) e ker(A) and for all programs
8, if § eker(A), [6]S CT. We demonstrate S(,B;)/)MCT. Since f(B); T?;f(y)€ker(A), there
exists a maximal program A’, there exists a maximal consistent theory U and there exists a
maximal program A” such that f(8) eker(A’), f(y)eker(A”) and A=A"; U;A”. Now, let §’
ker(A’") and ¢ € [8']S. Hence, [8']¢ € S. Let 8" cker(A”). Since [8']1¢p €S, [8'1(—¢p — [8"]L) €S.
Thus, [8';—¢?;8”1LeS. Therefore, L €[8';—¢?;8”1S. Since T is consistent, L ¢7T. Since
for all programs 8, if § eker(A), [§]SCT and L €[8';—¢?;8"]S, 8';—¢?; 8" &ker(A). Since
A=A";U;A", 8 eker(A’) and 8" eker(A”), ~¢ ¢ U. Since U is maximal, ¢ € U. Consequently,
for all 8’ eker(A’), [8']1S C U. Since f(B) eker(A’) and P(B), S(B)McU. Now, let 8” eker(A”)
and ¢ €[8"1U. Hence, [8"]¢p € U. Let 8’ cker(A’). Thus, [8']1([6”1¢ — [§"1¢) €S. Therefore,
[87;[8"1¢?;8"1p €S. Consequently, ¢ €[8';[6”]¢?;8”1S. Since 8’ eker(A"), [8”]¢p € U and §” €
ker(A”), 8';[8"1¢?: 8" eker(A’; U;A”). Since A=A"; U;A”, §';[8"14?; 8" eker(A). Since for
all programs &, if § cker(A), [8]SCT, §';[8”1¢?;8" cker(A) and ¢ €[8';[8"1¢2;8"1S, p€T.
Hence, for all 8” eker(A”), [8"1U CT. Since f(y)eker(A”) and P(y), U(y)M<T. Since
SBYMeU, S(B;y)MeT.

Case ‘a =g y’. Let S,T be maximal consistent theories.



Suppose S(B || y)MeT. We demonstrate there exists a maximal program A such that
(THLB:;THNCTLf(y); T eker(A) and for all programs 6, if § eker(A), [6]SCT. Since
S(B | y)MeT, there exists maximal consistent theories U’, U”, V', V" such that S € U’ x.U”,
TeV % V", UBMV and U (y)McV”. Since P(B) and P(y), there exists a maximal
program A’ such that f(B) e ker(A”) and for all programs &, if 8" eker(A”), [6']JU" C V' and there
exists a maximal program A” such that () e ker(A”) and for all programs §”, if 8" € ker(A”),
[8"1V'CV". Since TeU, U", V. V', (TLFB):TYI(TLL():T)eker(U',: A V)|
(UA" V). Now, let  (¢/%8" 59/ (¢" 78"y ) eker(U'; A V) (U A V7))
and x €[(¢' %8 ;' DN (@"2:8" ;%" ND]S. Hence, ¢’ cU’, § eker(A), ' eV, ¢"cU”,
8" eker(A”), ¢"eV" and [(¢'7:8" ;' DN (@" 8" ¢ " DIxeS. Thus, ('8¢
(@"2,8”;9"M)—x ¢S. Since S is closed under the rule of proof (FOR), there exists an atomic
formula p not occurring in ¢',8, ¢, ¢”,8",v", x such that (r;){(¢'2;8" ;9 ?)(s1)(=x A
PIV(r2)(@" 28" ") (s2)(mx A—p) €8S. Therefore, (ri) (@' 78" 9 ) (s1) (= x A
P)ES and (r2) (9" 28" 9" ) (s2)(—x A—p) €8. Consequently, [ri1l¢’?: 8"
V' s11(x v—p)eS and [r][¢" 28"y " Nis21(x vp)eS. Hence, [ril(¢"— 81—
[s1l(x v—p)eS and  [n](¢"—[8"1(¥" = [s2](x Vp))€S.  Since SeU'xU",
[5;]U'CS and [52]U"CS. By (A4) and (AS), [rISCU’ and [r]SCU”. Since
[r11(@" — 81— [s11(x V—p)) €S and [r21(¢" — [8"1(¥" — [s21(x V) €S,
¢ =81 = [s1l(x v—p)eU’ and ¢"—[6"1(V" = [s2](x Vp) eU”. Since ¢'eU’
and ¢” € U”, [8"1(y' — [s1](x V=p)) € U’ and [8" (" — [s2](x Vp)) € U". Since §' eker(A")
and 8" eker(A”), [8'1U'CU” and [8”]V'CV”. Since [8'1(¥'— [s1](x V—p))eU’  and
[8"1" = [s2)(x vp) eU", ¥ = [s1l(x v—p)eV' and " —[s2](x vp)eV”. Since
Y eV and v eV”, [s11(x v—p)eV’ and [s2](x Vp)€V”. Since TeV'*x. V", [s;]V'CT
and [sp]V” CT. Since [s1](x V—p)eV’' and [s2](x vp)eV”, xv—peT and xVvpeT.
Thus, x €T. Therefore, for all programs &, if Seker(U',; A V)| (U";A”; V"), [81SCT.
Since (T2f(B):; TON(T2f(y): TDeker(U',;A; V)| (U";A”; V")), it suffices to take
A=U' ;A VHIIUAT V).

Suppose there exists a maximal program A such that (T2f(B); TDHI(TY
f(y); THeker(A) and for all programs §, if deker(A), [6]SCT. We demonstrate
S y)MCT. Since (T2, £(B); THIN(T2f(y); T?eker(A), there exists maximal consistent
theories U’,U”, V', V" and there exists maximal programs A’,A” such that f(B)€ker(A"),
f(y)eker(A”) and A=(U’,;A"; V) ||(U";A”;V"). Let ¢ €[s11U’. Hence, [s;]¢p € U’. Since
for all programs &, if §eker(A), [SISCT, (([s1]¢2;8; TNI(T2;8”; TN TeS for each
program &8’ € ker(A’) and for each program §” e ker(A”). By (A10), (r1) ([s11¢2;8"; TN {(s1)}(T A
TV () (T8 T s/ (TA=T)eS.  Thus, (1) (511928 T2 (s1)T€S. Therefore,
(r))[s1]p €S. By (A6), ¢ €S. Consequently, [s;]U’ CS. The argument showing [s,]U"” C S
is obtained in a similar way. Hence, SeU'x.U". Let ¢<€[s;]V’'. Hence, [si]lpeV’ .
Suppose ¢ ¢T. Thus, —¢peT. Since for all programs §, if Seker(A), [6ISCT,
(T2:8;[s11¢D N (T2;8”; TNH)—p €S for each program &’ €ker(A’) and for each program
8" eker(A”). By (A10), (ri)(T2:8": [s11?) (s1)(mp ATV (r)(T 28" T2) (s2)(mp A—T)ES.
Thus, (r1)(T?2;8;[s11¢?)(s1)—¢ €S. Therefore, (r1)(8")([s1]p A (s1)—¢)ES: a contradiction
with the consistency of S. Consequently, ¢ €7. Hence, [s1]V'CT. The argument
showing [s]V”CT is obtained in a similar way. Hence, T€V'x.V”. Let § €ker(A’)
and ¢ €[8']U’. Thus, [8']¢p € U’. Suppose ¢ ¢ V'. Therefore, —¢ € V'. Since for all programs
8,if s eker(A), [81SCT, (([8'1¢2;8"; =9 || (T?2;8”; T?)) T €S for each program §” c ker(A”).
By (A10), (r){[8"1¢2;8"; =) (s1 (T ATV (r2)(T2;8”; T2 (s2)(T A=T)€S. Consequently,
(r)) (81928 ; =9 (s1) T €S. Hence, (r;)([6'1pA(8')—=¢p€S; a contradiction with the



consistency of S. Thus, ¢ € V'. Therefore, for all §’ eker(A”), [8'1U' CV’. The argument
showing for all 8” eker(A”), [§”1U” C V" is obtained in a similar way. Since f(B) € ker(A")
and f(y) eker(A”), by induction hypothesis, U'(8)MeV’ and U”(y)M<V" . Since S € U’ ». U"
and Te V' x. V", S8 y)MT.

Case ‘¢ =p’. Left to the reader.
Cases ‘¢o=_1", ‘¢p=—1"and ‘¢ =1V x’. Left to the reader.
Case ‘¢p=[B]y’. Let S be a maximal consistent theory.

* Suppose S € ([ﬂ]l//)M‘f. We demonstrate ]y € S. If not, by Lemma 10, there exists a maximal
program A and there exists a maximal consistent theory 7" such that f(8)eker(A), for all
programs y, if y eker(A), [y1S C T and ¥ ¢T. Since P(8) and P(¥), S(B)Me T and T & (y)Me.
Hence, S ¢ ([,B]w)MC: a contradiction.

* Suppose [B] € S. We demonstrate S eMe ([,B]w)Mv. If not, there exists a maximal consistent
theory T such that S(,B)MCT and T ¢& (V/)MC. Since P(B) and P(y), there exists a maximal
program A such that f(8) eker(A) and for all programs y, if y eker(A), [y]SCT and ¥ €T
Hence, [f(B)ISCT. By (A12), since [B]y €S, [f(B)]y €S. Thus, ¥ € [f(B8)]S. Since [f(8)]S C

T, v €T: a contradiction.

|
And now, the grand finale:
ProposITION 12 (Completeness for PRSPDLg)
Let ¢ be a formula. If ¢ is valid in the class of all separated frames, ¢ € PRSPDLy.
PrOOF. By Lemmas 5, 7, 8 and 11. [ |

8 Conclusion

We have given a complete axiomatization of iteration-free PDL with storing, recovering and parallel
composition. Because of the subtleties brought about by the construct (- || -) of parallel composition,
we have used maximal programs in the proofs of the Existence Lemma and the Truth Lemma of the
canonical model construction.

Although we know that validity in the class of all separated frames is H{—complete when the
construct -* of iteration is added to the language [2], we expect that maximal programs can also be
applied for proving the completeness of an axiomatization of the full version of PRSPDL. Remind that
after [5], the problem of finding a complete axiomatization of PRSPDL remained open. We believe
our complete axiomatization of PRSPDL constitutes a first step in the direction of an axiomatization
of the full version of PRSPDL.

Another issue concerns the complete axiomatization of PRSPDL when parallel composition (« || 8)
of programs « and S is interpreted in such a way that state x and states in y* z are related via R(«) VR(B)
whenever x and y are related via R(«) and x and 7 are related via R(8). See [13, Chapter 1] for such
an interpretation.

But the general problem that remains open is the following: is it possible to replace the rule of
proof (FOR) by finitely many additional axiom schemes? The solution to a similar problem about
iteration-free PDL with intersection given in [1] has revealed interesting validities like formulas of
the form [(o; (W A[(B;07;0) N 7] L)7; B)Np?] L. We believe that the elimination of the rule of proof
(FOR) from our axiom system for iteration-free PRSPDL could reveal similar interesting validities.



Finally, Proposition 8 implies that tests cannot be defined in terms of the other constructs of
the language of PRSPDL(. Within the context of the language of PDL, a similar result has been
generalized in [6] where a strict hierarchy PDLy C PDL; C ... of fragments of the language of PDL
has been defined in such a way that for all non-negative integers n, a test ¢? is permitted to occur in
a formula of PDL,, only if ¢ belongs to PDLyU...UPDL,,_;. We believe that Proposition 8 can be
generalized in a similar way.
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