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KM and the Finite Model Property

M. J. CRESSWELL

In [2] Fine proved, among other things, that KM has the finite model
property.! Fine’s proof uses normal forms and gives quite a pretty decision
procedure for a variety of modal systems. Our aim in this note is to adapt
Fine’s proof so that it comes closer to a canonical-model type of completeness
proof.

KM is K with the additional axiom

M LMpDMLp.

KM is of interest because Goldblatt has proved that its frames are not char-
acterized by any first-order condition on an accessibility relation.? Now
Segerberg has shown in [7], p. 33, that any logic with the finite model property
has the finite frame property. From this it follows that any logic with the finite
model property is complete in the sense of being characterized by a class of
frames (more specifically by a class of finite frames); we shall prove that KM is
so characterized. This means that KM is a complete logic which does not corre-
spond to a first-order condition.

We begin with a finite set P of propositional variables. Where P is such a
set, let @, be the set of all wif (of some langauge of propositional modal logic)
made up from P which are of modal degree »n or less (see [5], p. 50). Strictly
we should indicate that &, depends on P, and write something like ®,/P, but
we can understand some fixed set to be involved throughout the discussion.

Now &, will be infinite, but it will contain only finitely many non-
equivalent formulas ([5], p. 54). In other words any subset A of ®, will split
into a finite number of classes of the form {8: Iz B = o} for some a e ®,. Let
v be the conjunction of all these a. So every wff in A is equivalent in K to one
of the conjuncts of ,. Obviously v, € ®,.

A set A C ®, will be said to be n-maximal iff for every wff § € ®,, either
BeAor~BeA.

If A is a normal propositional modal logic (e.g., see [1], pp. 64f, or [7],
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p. 12), then a set A of wff is said to be A-consistent iff there is no finite set
{By, . .., B} C A such that b5 ~(Byn...nABk).

Given a logic A and a finite set P of propositional variables let W, (relative
to A and P) be the set of all n-maximal A-consistent sets of wff of &,. Obvi-
ously W, is finite, though its members will not be.

Where x € W, then v, has an important property which we note for future
use:

Lemma 1 Ifx,y e W, then v, e y iffx =y.
The proof relies solely on principles of K.3

Theorem 2 If Ais a A-consistent set of wff of @, then there is some x € Wy,
such that A C x.

The proof is standard (see, e.g. [S], pp. 151f).

We are now going to be interested in a special kind of finite ‘canonical’
model. In this model the worlds come in levels depending on the modal degree
of the wff in them. Given a finite set P of variables and a logic A we define the
P/m/A-model (for each natural number m). The ‘worlds’ in this model are
simply the members of any W,,, for n < m.

R is defined as follows: xRy iff

(1) xeW,and y e W,_;, and for every wif o € ®,_;: if La.e x thena ey
or

(2) xeWyandx=y.%

Where 4 =(W, R) then & is clearly a finite frame. The canonical model
7v is defined on this frame in the usual way by adding an assignment to the
variables. For each p € P, and each x € W,,, x € V(p) iff p € x. (Since p € P, then
p € ®,;if p ¢ P then the definition may be arbitrary.)

Theorem 3 For any wff 8 € ®,, where n <m, and any x € Wy,:

7 & BiffBex.

Proof: The proof is standard, by induction on the construction of §; the only
thing to remember is the level of 8 at each stage. Obviously the theorem holds
for p € P. For the truth functors we simply note that if ~8 € &, then so is §3,
and if av B € ®, then so are o and B. The induction for L is perhaps worth
doing in full:

Suppose 7 =, LB, where x € W, and LB € ®,. If LB e &, thenn =1, so
there is some y € W, _; such that xRy and 7 :1y B. Now 3 € ®,_; and, by the
induction hypothesis, 8 ¢ y. So, by definition of R, L ¢ x.

Suppose LB ¢ x, where x € W,, and L8 € ®,. As before if LS € &, then
n = 1. Consider the set L7(x) of all § such that L§ e x. Clearly L7(x) U {~8} C
®,_, and, since A is a normal modal logic and ~Lf € x, L7(x) U {~B} is
A-consistent. So, by Theorem 2, L7(x) U {~8} C y, for some y € W,,_;. Since
~B € y then B ¢ y and so, by the induction hypothesis, 72/ :ly B. But xRy and so
772 =, LB. This completes the proof of the theorem.

Using Lemma 1 we have the following corollary of Theorem 3:
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Corollary 4 Forany n<m, if x, y € Wy, then v i:x Yy iff x=y.

Consider now the logic D which is K with the addition of M(p D p).
Suppose p € P.

Lemma 5 If A is a normal modal logic which contains D then, for any P
and m, if & (= (W, R)) is the frame of the P/m/A-model then, for every x € W,
there is some y € W such that xRy.

Proof: Suppose x € W,,, where n = 1. Then, if A contains D, M(p D p) € x
(since M(p D p) € ®, for all n > 1). So by Theorem 3, 722 K, M(p D p). So
there is some y such that 7 Iﬁ p DO p and xRy. If x € W, then xRx. In either
case there is some y € W such that xRy.

Lemma 6 KM contains D.

Proof: M is equivalent in K to M(Mp D Lp) and tx Mg D M(p D p). So
KM FD.

The next theorem is the crucial theorem of the paper.

Theorem 7 If Ais KM then, for every number m and every finite set P of
variables, the frame < of the P/m/A-model is a KM frame.

Proof: Suppose & (=(W, R)) is not a KM frame. Let 77 (=(F , V)) be the
P/m/A-model. Then there is some model 7v* = (&%, V*), such that for some
w* e W, (for some n < m): 7v* 3« LMp D MLp. (Obviously if any instance
of M fails on & then this one does.)

We first note that n > 1; for suppose that n =0 or n = 1. In either case, if
w*Rx then x € W,. So suppose 7v* % LMp. Then 7* E Mp for every x € W,
such that w*Rx. By Lemmas 5 and 6 there is at least one such x, and, by the
definition of R, for x € W, if xRy then x = y. So since 7v* l§ Mp, then
¥ |§ Lp. So m* % MLp. In other words M cannot fail where w* € W,
or W,.

So we may suppose that n > 1. We show how to define a wff 6, of ®,_,
such that 7 5« LM8, D MLS,,.

We define §, as follows. §, is the disjunction

(Yo, VooV Yxg)

where {x,, . . ., xg} = V*(p) N W,_,. If this set is empty then let 8y be ~(g O q)
for some g € P. Clearly 5, € ®y,_,.

Lemma 8 For any propositional variable p and any x € W,,_,,
M * hxpiff% l=x Sp.

Proof: If m* Iﬁ p then x € V*(p), but x € W,_, and so v, is one of the
disjuncts of §,. By Corollary 4, 7 K v, and so 72 £ §),.

If 72* d, p then v, is not one of the disjuncts of 8,. So either (1) 8, is
~(q O q), or (2) §, is a disjunction, each disjunct of which is some v, for
y € W,_, and x # y. If (1) then clearly 7 3, 8p. If (2) then, since x and
y e W,_,and x # y, by Corollary 4, 72 3, 7Yy But this is so for every disjunct
of 8,.So 7 A, §,. This proves the lemma.
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We want to show that
V= LM§, D ML«SP.S

Now 72* Hyx LMp D MLp and so (1) 72* F= LMp and (2) 7v* =«
MLp. From (1) we have 7v* E Mp for every x such that w*Rx. (Obviously
x € Wy_,.) This means that for every such x we have 7* E p for some y such
that xRy. Obviously y € W,_, and so, by Lemma 8, 7 I: 8p. And so 7v E
M§, for every x such that w*Rx. So 7 l:': LM,

From (2) we have that 7% 3, Lp for every x such that w*Rx. (Obviously
x € Wy_y.) So 7v* =iy p for some y such that xRy. Obviously y € W,,_, and so,
by Lemma 8, 7 H,, §,, s0o 7 H, L§,, for every x such that w*Rx. So 7 =«
ML&,. So 7 =« LM&, D MLG,.

But §, € ®,_, and so LMS, D ML, € ®,, and so, by Theorem 3, LM, O
MLS), ¢ w*. But w* is n-maximal and so ~(LM§, O ML§,) € w*.

But this contradicts the fact that w* is KM-consistent. So LMp O MLp
cannot fail at any point on & . So no instance of M can fail on & ;ie., & isa
KM-frame. This establishes Theorem 7.

Theorem 9 KM has the finite model property.

For proof, suppose « is not a theorem of KM. Then, where P is the set of
all the variables in « and m is the modal degree of «, by Theorem 2, there is an
m-maximal KM-consistent set x such that ~o € x. Obviously x is a point in
the P/m/KM-model, 7 = (%, V), and so, by Theorem 3, 7 I, a. Now & i
finite and, by Theorem 7, & is a KM-frame. So if « is not a theorem of KM
then « fails on a finite KM frame. So any wff is a theorem of KM iff it is valid
on all finite KM frames; i.e., KM has the finite model property.

Corollary 10 KM is complete.

NOTES

1. KM is discussed in [6] on pp. 74-76. In this paper we use the terminology of frames,
models, etc. as developed by Segerberg (see [7]) on the basis of [6]. (An account of this
is given in [1].)

2. Goldblatt in [3] and van Bentham in [8] give (different) proofs that the class of all KM
frames is not first-order definable. In Part II of [4], pp. 40-42, Goldblatt proves the
stronger result that no class of frames which characterizes KM is first-order definable.

3. Lemma 1 need not hold where x and y are not in the same W,,. For suppose x € W, and
consider any m > n. x will be a consistent set of wff of ®,,, and so there will be a y € Wy,
such that x C y. Obviously v, € y and yet x # y.

4. This means that each bottom-level world is related to itself and itself alone. Alternatively
we could follow Fine ([2], p. 232) and add a world (we could call it w) to which each
member of W, is related. w would be related to itself alone. This procedure enables Fine
to generalize the proof to other systems besides KM as described in Note S below.

5. We note that LMp D MLp is a formula of the kind Fine calls ‘uniform’ ([2], p. 232). That
is to say each propositional variable occurs within the scope of exactly the same number
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of modal operators, in this case two. Because LMp D MLp is uniform its truth at w* e W,
depends on the truth of p only in worlds in W,,_,, a fact which is crucial in the proof of
Lemma 8. Fine defines a logic to be uniform iff all its axioms are uniform and it is able to
prove an analogue of Theorem 7 for all uniform logics (using the variation described in
Note 4 above).

Examples of nonuniform modal logics are the ‘standard’ systems such as T, S4, B,
and S5. The proof given in this paper does not apply to them without adaptation,
although in these particular cases the adaptations actually make for simpler structures,
because we only need one level of worlds. (Fine [2], p. 235, calls such models ‘ungraded’.)
We do however need a more complicated definition of R. Suppose A is one of 7, S4, B, or
S5. Then let the A/m/P-canonical model have as its set of worlds just Wy,. For T, let xRy
be defined as: For every a such that La € ®,,, Laex = aey.ForS4: Laex = Laey,
for B: Laex =>aeyand Laey = a e x,and for S5: La e x <= La € y. Obviously the
frames have the right properties, and the analogue of Theorem 3 is not hard to prove. The
method can obviously be generalized to many other systems, but the definitions of R will
need to be tailored to each particular case.
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