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Abstract. The propositional modal logic is obtained by adding the necessity
operator [ to the propositional logic. Each formula in the propositional logic
is equivalent to a formula in the disjunctive normal form. In order to obtain
the correspondence between the propositional modal logic and the propositional
logic, we add the axiom Oy <+ O to K and get a new system KT. Each formula
in such a logic is equivalent to a formula in the disjunctive normal form, where
Ok (k > 0) only occurs before an atomic formula p, and — only occurs before
a pseudo-atomic formula of form 0¥p. Maximally consistent sets of Kt have
a property holding in the propositional logic: a set of pseudo-atom-complete
formulas uniquely determines a maximally consistent set. When a pseudo-
atomic formula kai(k,i > 0) is corresponding to a propositional variable g,
each formula in Kt then can be corresponding to a formula in the propositional
logic PT. We can also get the correspondence of models between K+ and P.
Then we get correspondences of theorems and valid formulas between them.
So, the soundness theorem and the completeness theorem of KT follow directly
from those of Pt.

Keywords: propositional modal logic; propositional logic; disjunctive normal
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1 Introduction

Van Benthem gave the standard translation[1, 2] from the propositional modal
logic into the first-order logic. The necessity operator [J corresponds to the
universial quantifier V via the standard translation and every modal formula
corresponds to a first-order formula. Benthem discussed connections between
modal axioms and first-order properties of the accessibility relation among
worlds in the paper[3]. For example, the formula Op — p is valid on all reflexive
frames. In order to solve the classical problems arising from the interplay
between propositional attitudes, quantifiers and the notion of identity, Aloni
proposed the conceptual covers semantics of the first-order modal logic[4, 5].
There are a number of systems of propositional modal logic, like K, D, T,
S5, Triv and Ver. Trivially, K is a subsystem of all the others, and every normal



modal system! is contained either in Triv or in Ver. We also have that every
consistent system which contains D is contained in Triv[7]. Each formula in S5
can be equivalent to a formula in the modal conjunctive normal form[7], and
each conjunct is the disjunction of ¢ or Oy or {¢, where ¢ is a formula of
the propositional logic. This makes the proof of the completeness of S5 much
easier and provides an effective procedure for determining whether or not a
formula is a theorem of S5 and S5-valid[7]. Similarly, Triv can collapse into
the propositional logic and Ver provides a different form of collapsing into the
propositional logic[7].

In the propositional logic, any formula is equivalent to a formula in the
disjunctive normal form and each disjunct is the conjunction of atomic formula
or its negation[8]. If there is a modal system S such that each formula can also
be equivalent to a formula in the disjunctive normal form, then we can easily
get a correspendence between S and the propositional logic. In K necessity can
only be distributed over conjunction and possibility can only be distributed
over disjunction. In order to distribute necessity over disjunction, we add the
axiom Oy + ¢ to K and construct a new normal modal system K.

In KT necessity can be distributed over conjunction and disjunction. And
it is easy to prove that the formula -y <+ =y is a theorem of KT. Therefore
the system K has a remarkable property that any formula can be equivalent to
a formula in the disjunctive normal form and each disjunct is the conjunction
of pseudo-atomic formulas [*p(k > 0) or the negation of a pseudo-atomic
formula. Then discussions of logical properties of KT reduce to discussions of
logical properties of the propositional logic.

‘We have the concept of atom-completeness in the propositional logic, and in
K™ we correspondingly give the definition of pseudo-atom-completeness. In K+
for any pseudo-atom-complete set A of formulas, if we delete one [J from each ¢
in A then the new set [0~ A is also pseudo-atom-complete. Each atom-complete
set of formulas in the propositional logic determines a maximally consistent set
in a unique way. Similarly, each pseudo-atom-complete set of formulas in K+
uniquely determines a maximally consistent set. So the accessibility relation in
the canonical model[7] of K* can be simply given by eliminating one (1 from
each pseudo-atomic formula in a possible world.

Assume that Pt = {q; : k,7 > 0} is a language of the propositional logic.
When a pseudo-atomic formula (*p;(k,i > 0) is corresponding to a proposi-
tional variable gg;, each formula in K* then can be corresponding to a formula
in P*. Then we can prove that any theorem of KT can be corresponding to
a theorem of PT, and vice versa. The semantics of K is the possible world
semantics, which is a set of models of P*. For any model M of Kt and any
possible world w in M we can construct an assignement v,, of Pt such that
for any formula ¢ of K*, M, w [ ¢ if and only if v,, = ¢/, where ¢’ is the cor-

LA normal modal system is a consistent extension of the system K which retains the rules
MP and N. And the definition can be found in [6, 7].



responding formula of ¢. Then we can prove that any valid formula of K* can
be corresponding to a valid formula of P, and vice versa. So, the soundness
theorem and the completeness theorem of K+ follow directly from those of P+.

This paper is organized as follows: the next section gives the basic definition
of the propositional modal logic K; the third section defines the propositional
modal logic K™ and gives the disjunctive normal form of formulas in K*; the
fourth section defines pseudo-atom-complete, and proves that each maximally
consistent set of formulas is uniquely generated by a pseudo-atom-complete
set of formulas; the fifth section gives correspondences between K+ and the
propositional logic PT, and get the soundness and completeness of K*; and
the last section concludes the whole paper.

2  The propositional modal logic K

This section gives the basic definitions of the propositional modal logic K, in-
cluding the language, the syntax and the semantics, where the syntax gives the
definitions of formulas, axioms and inference rules; and the semantics defines
the models, satisfaction and validity. K is sound and complete, and proofs can
be found in [7, 9].

Let the logical language L of the propositional modal logic contain the
following symbols:

e propositional variables: pg, p1,...;

e logical connectives: —, —;

e the necessary modality: [J;

e auxiliary symbols: (,).

A formula of the propositional modal logic is defined as follows?:

@ == plop1]pr = 2|0

The possible modality ¢ and the necessary modality (I are dual. For any
formula ¢,

Definition 1 A frame F of the propositional modal logic is an ordered pair
(W, R), where W is a non-empty set of possible worlds, and R C W? is a dyadic
relation defined over the members of .

For any possible worlds w, w’ € W, (w,w’) € R is usually denoted by wRw’.
Frames can be classified by the relation R, and details of the classification can
be found in [7, 9].

Definition 2 A model M is an ordered triple (W, R, I), where (W, R) is
a frame; and I is an interpretation such that for any propositional variable
pI(p) € W.

2The logical connectives A,V and <+ can be defined by — and —. For example, ¢ A =df
—(¢ = ), where=4s is read as “be defined as”.



A model (W, R, I) is said to be based on the frame (W, R).

A model we define here is called a standard model, which is different from
a Kripke model [10]. You can see the difference between them in [6] and any
standard model can be transformed into a Kripke model[6].

Definition 3 Given a model M, for any possible world w,

w € I(p) if o =p,
. . M, w = ¢ e ==,
M’w|_<p1fandonly1f M,w|:<p1:>Maw):<P2 if =1 — o,

Aw/((waw/) €ER= M7 w’ ': 501) if Y= D(Ph

where Aw’ means “for any possible world w'”. We will give definitions of
validity of formulas in a model, a frame and a class of frames.

Definition 4 A formula ¢ is valid in a model M, denoted by M |= ¢, if ¢
is true at every world in M. A formula ¢ is valid on a frame F, denoted by
F | ¢, if @ is valid in every model based on F. Given a class of frames C, a
formula ¢ is valid with respect to C, if ¢ is valid on every frame in C.

Given a set I' of formulas and a formula ¢, and C' is a class of frames, ¢ is
a logical consequence of T in C, denoted by

F':CQOa

if for any frame F' € C and model M based on F', M =T implies M = ¢. In
this section we mainly talk about the system K, which is characterized by all
frames. So we will use I' = ¢ to denote I' =¢ ¢.

In the following we will give the axiom system of the propositional modal
logic K.

Axioms:

o1 — (p2 = 1),

(p1 = (p2 = 3)) = ((p1 = @2) = (1 = ¥3)),
(1 = p2) = (72 = ~p1),

O(p1 = p2) — (Op1 — DOea).

Inference rules:

(MP) Y1, P1 — P2
P2 ’
©1
N —_.
( ) Uepr

The last axiom is called the axiom K. The system we given above is called
the system K of the propositional modal logic. It is sound and complete. We
will only give the soundness theorem and the completeness theorem here, and
the details of their proofs can be found in [7] and [9].

Theorem 1. (Soundness theorem of K) For any formula ¢, if - ¢ then

=



Theorem 2. (Completeness theorem of K) For any formula ¢, if = ¢ then
F .

3 The new system K+ and the disjunctive normal form

Let KT be the propositional modal system obtained by adding to K the fol-
lowing axiom:

KT Op <+ Op.

Then the necessary modality [ is equivalent to the possible modality ¢. In K
we have the theorems about the distributivity of [J over A and the distributivity
of O over V[7]. So in KT we can easily get the following theorems about the
distributivity of J over A and V.

Proposition 1.

(1) FO(p A ) < (Op ADY);
(i) F O(p V ¥) < (Op v ).

a

Each formula in the propositional logic is equivalent to a formula in the
disjunctive normal form[8]. Similarly, each formula in the system KT can also
be equivalent to a formula in the disjunctive normal form, where [0¢(i > 0)
only occurs before an atomic formula, and — only occurs before a pseudo-
atomic formula of form O%p, where p is an atomic formula. In the following
we will first give the definitions of pseudo-atomic formula and the disjunctive
normal form, and then prove that each formula in K is equivalent to a formula
in the disjunctive normal form.

Definition 5. A formula ¢ is pseudo-atomic if ¢ = OFp, where k > 0 and
p is a propositional variable.

Definition 6. A formula ¢ is in the disjunctive normal form if

p=p1Va V-V,
where for each 1 <i < n,
0i = Vit Ao A i,
where for each 1 < 7 < m;,
Pij =~t OFiap,;,

k;j-many Us

—
where OFi = 0O-...0 ;

liji - lf l” == ].7
1 ifl; =0,



and p;; is a propositional variable, where X is the empty string.

Similarly, we can define the conjunctive normal form. In this paper we will
use the disjunctive normal form only. For simplicity, we call it the normal form.
Since the propositional modal logic is obtained by adding [J to the propositional
logic, and [J can be distributed over A and V in K*, we can get the conclusion
that for any formula 1 of K¥, we have a formula ¢ in the normal form which
is equivalent to 1.

Proposition 2. For any formula ), there is a formula ¢ in the normal
form such that

Fy < .

Proof. By induction on the construction of the formula . O
4  Pseudo-atom-complete set of formulas

In this section we give the definition of pseudo-atom-complete. In the propo-
sitional logic an atom-complete set determines a maximally consistent set in a
unique way. Similarly, in K™ a pseudo-atom-complete set determines a maxi-
mally consistent set in a unique way. In K* for any pseudo-atom-complete set
A of formulas, if we delete one [J from each ¢ in A then the new set (1~ A is also
pseudo-atom-complete. And the accessibility relation in the canonical model of
K™ can be simply given by eliminating one (] from each pseudo-atomic formula
in a possible world.

Let A be a maximally consistent set of formulas in the propositional logic.
For any propositional variable p, exactly one member of {p, -p} is in A.

Definition 7. A set A of atomic formulas or the negation of atomic formu-
las is atom-complete if for any atomic formula p, exactly one member of {p, —=p}
is in A.

Proposition 3. An atom-complete set A determines a maximally consis-
tent set in a unique way.

Let B be a maximally consistent set of formulas of K. For any pseudo-
atomic formula [0*p, exactly one member of {{0¥p, =00Fp} is in B.

Definition 8. A set A of pseudo-atomic formulas or the negation of pseudo-
atomic formulas is pseudo-atom-complete if for any pseudo-atomic formula [(*p,
exactly one member of {{1¥p, -[0*p} is in A.

For any maximally consistent set B of formulas, let

o(B) = {~'OFp:~! OFp € B}.

Then, o(B) is pseudo-atom-complete.
Proposition 4. For any pseudo-atom-complete set B of formulas, there is
a unique maximally consistent set C of formulas such that

o(C) = B.



Proof. 1t is easy to see that B is consistent. So by the theorem of Lin-
denbaum we can extend B to a maximally consistent set C of formulas and it
satisfies the condition that o(C) = B. Then we can prove that C' is unique by
contraposition. O

Theorem 3. For any pseudo-atom-complete set 4,1~ A = {~! O~ 1p :~t
O0"p € A and n > 1} is pseudo-atom-complete.

Proof. By the definition of pseudo-atom-complete. O

For any set B of formulas, let

O0-(B) = {¢: Oy € B).

Let W be the set of all maximally consistent sets, and R be the binary
relation on W. For any possible worlds w,w’ € W, (w,w’) € Rp if and only if
O (w) Cw'.

Corollary 1. Given a pseudo-atom-complete set A, let 7(A) be the unique
maximally consistent set such that o(7(A)) = A. Then,

{r(A), 7(074),..,7(O°"A),...}

is a set of possible worlds such that

(i) (r(A),7(O"A)) € Rg, and

(i) for any n > 1, (r(O0"""1A),7(0°"A)) € Rp.

Proof. We can prove (i) by contraposition. From the theorem 3 and the
proposition 4 we can also prove (ii) with the same method of (i). O

5 Correspondences between K and the propositional logic

In this section we build correspondences between K+ and the propositional
logic P*. When a pseudo-atomic formula (0Fp;(k,i > 0) is corresponding to a
propositional variable gy;, each formula in K then can be corresponding to
a formula in the propositional logic P*. We also get the correspondence of
models between K™ and PT. Then we get correspondences of theorems and
valid formulas between them. So, the soundness theorem and the completeness
theorem of KT follow directly from those of PT.

Suppose that PT = {q; : k,7 > 0} is a language of the propositional logic.
In order to give the correspondence between K+ and P, we firstly redefine a
formula ¢ in the normal form of K¥.

0 = OFpi|-0%pi;
Y = 0|1 Ara;
© =Yl V.
where k,i > 0 and p; is a propositional variable of K.

Then we define a mapping o of formulas from K™ to P*. And o is defined
as follows:



qri i 0 = OFp;
o(6) = { g if 0 = 0OFp;

a(0) if¢p=140
TEN=\ o(vn) Aos) i =y At
o(¥) if o=
o(p1) Volpa) ifo=p1Ve

It is easy to see that each formula ¢ in the normal form in K* can be
corresponding to a formula o(y) in the normal form in PT. Since each formula
¢ in KT can be equivalent to a formula in the normal form in K*, each formula
¢ in KT can be corresponding to a formula in the normal form in P*. For
simplicity, we will only consider formulas in the normal form in K™ and formulas
in the normal form in PT. Then it is easy to prove that o is a bijective function.
And we can also get that for any formula ¢ of KT, o(—¢) = —o(yp).

By induction on the number of formulas in the sequence forming the de-
duction of ¢ from KT, we can get that if ¢ is a theorem of K then o(yp)
is a theorem of PT. For example, if ¢ is a theorem of K™ and we get it
by an application of the N rule from the theorem ¢4 (pg, p1, .., Pn), then o(y)
is also a theorem of the propositional logic. Since we can distribute [J over
A and V, we get that ¢ = ¢1(0Opg, Op1,...,0pp). By induction hypothesis
we know that o(v1) = ©1(Qko0s Wer1s s Qpn)(0 < @ < nyk; > 0) is a the-
orem of PT, when we use q(,41); to substitute for g,; we get a formula
1 (Ako+1)0> Uy +1)15 > Ak +1)n) (0 < 0 < myk; > 0) of PH, which is o(p)
and also a theorem of PT. We know that each axiom of the propositional logic
is an axiom of K¥, by using the rule MP each theorem of P we get is also a
theorem of K*. So we get the following proposition.

Proposition 5. For any formula ¢ of K, ¢ is a theorem of K™ if and only
if o(y) is a theorem of PT. O

Suppose that A is a set of formulas in K*, and A’ = {o(p) : p € A} is a
set of formulas of P*. Then we have the following propositions.

Proposition 6. A is consistent if and only if A’ is consistent. |
Proposition 7. A is maximally consistent if and only if A’ is maximally
consistent. ]

For any model M = (W, R,I) of K* and any possible world w € W, there
is an assignment v,, of Pt such that for any pseudo-atomic formula (% p;,

M,w |= OFp; if and only if vy, = .

Then we have the following proposition.
Proposition 8. For any formula ¢ of KT, M,w = ¢ if and only if v,

a(p).
Proof. Suppose that ¢ is in the normal form, and

p = o1V Vn
= (WuAAYun) VeV (@ A A, ),



where 1;; =n~tis Dkiipl-j, 1<i<n,1<j<m;and k;; > 0. Then

o(p) = o(p)V---Volen)
= (0(1/)11) ARERRA U(¢1m1)) VeV (U(wnl) AERIA O—(wnmn))

Obviously, M, w = v;; if and only if v, = o(;;).

vy = o(p) if and only if there is an ¢ such that v, = o(p;); if and only if
there is an ¢ and for any j, v, = o(¢;;); if and only if there is an ¢ and for any
J» M,w = 1;;; if and only if there is an ¢ such that M, w = ¢;; if and only if
M,wE p. O

For any assignment v of PT we can construct a model of K+.

Let W = {vg,v1,v2,...} be a set of assignments such that for any proposi-
tional variable p;(i > 0) of KT,

vo(p;) = 1 if and only if v(go;) = 1;
v1(p;) = 1 if and only if v(qy;) = 1;
vg(pi) = 1 if and only if v(gx;) = 1;

Let M = (W, R, I), where R = {(vpn, Unyt1) : n > 0}; for any propositional
variable p;(i > 0) and any k > 0, v; € I(p;) if and only if vi(p;) = 1. Then we
have the following proposition.

Proposition 9. For any formula ¢ of K¥, M,vy = ¢ if and only if v |=
o). O

It is easy to get the following proposition.

Proposition 10. For any formula ¢ of K¥, |= ¢ if and only if = o(p).

Proof. The proof is by contraposition. O

Let C be the class of frames in which each world can only see one world,
itself or another. We should prove that KT is sound and complete with respect
to C. And theorems of K+ are also theorems of P, and vice versa; valid
formulas of KT are also valid formulas of P, and vice versa. So we can easily
get the following theorems from the soundness and completeness of P+.

Theorem 4.(Soundness of K*) For any formula ¢ of KT, if F ¢ then ¢ .

Theorem 5.(Completeness of KT) For any formula ¢ of K1, if ¢ ¢ then

F .
6 Conclusions

In this paper we construct a new propositional modal system K™, in which
maximally consistent sets have a property holding in the propositional logic:
a maximally consistent set is uniquely determined by a set of pseudo-atom-
complete formulas. Each formula in such a logic is equivalent to a formula in
the disjunctive normal form, where each disjunct is the conjunction of pseudo-
atomic formula or the negation of pseudo-atomic formula. The accessibility



relation in the canonical model of K™ can be simply given by eliminating one
O from each pseudo-atomic formula or its negation in a possible world. We
also build correspondences of formulas, theorems and valid formulas between
KT and the propositional logic PT. So, the soundness theorem and the com-
pleteness theorem of KT follow directly from those of PT.
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