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Abstract

This paper collects some observations about DoSen’s logic N, where negation is treated
as a modal operator, and its extensions. We shall see what happens when we add the con-
traposition axiom to several important extensions of N, show that certain extensions of N
are canonical, and also revisit the method of filtration.
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1 Introduction

Dosen’s logic N, proposed in [3], enriches the positive fragment of intuitionistic logic by adding
a negative modality, which is weaker than the negation of Johansson’s minimal logicﬂ Among
the interesting extensions of N are the logics N* and Hype. The former introduced in [2] in the
course of developing a framework for the study of logic programs with negation. The latter has
been advocated in [6] as a system suitable for dealing with ‘hyperintensional’ contexts, but was
first described in [7]; the reader may consult [§] for further discussion. Following [I0], we shall
write N® instead of Hype. Note that N® extends N*.

While the system for N employs the contraposition rule, the corresponding scheme

(@ —=¢) = (¢ = —9)

cannot be derived even in N®. In Section [3| we shall see what happens when we add the above
scheme to some important extensions of NJ?| In Section |4 we shall prove that certain extensions
of N — which are obtained by adding various schemes involved in the definitions of N* and N*®
— are canonical. In Section |5 we shall revisit the method of filtration, which was used in [4] to
establish the decidability of N and N*. This will lead to further decidability results.

It should be remarked that these notes are inspired by the work of K. DoSen and that of S.
Odintsov, and are intended to complement [3], [9], [4] and [§].

2 Preliminaries

Fix once and for all a countable set Prop of propositional variables. The syntax of N is exactly
the same as that of intuitionistic logic; so the connective symbols are —, A, V and —. However,
one should bear in mind that

in the semantics of N, — will be interpreted as a negative modal operator, and thus
many intuitionistic principles involving — will not be valid.

Denote by Form the collection of all formulas — i.e. the set of all expressions that can be built
up from Prop using the connective symbols. We treat <> as defined in the obvious way, viz.

P = (9= U)A(P— ).

For convenience, when concerned only with non-empty sets of formulas, we shall abbreviate the
condition ‘A # & and A C Form’ as A C Form.

2.1 The logics N, N°, N* and N*®

The Hilbert-type system for N was described in [3]. It employs the following axiom schemes:

LFor information about quantified versions of logics containing N, the reader may consult [10].
2The writing of this section has been partially motivated by a question of Dick de Jongh (private communi-
cation): he asked about extending N by adding the scheme

(¢ ) = (¢ < ) (*)

— which is the same as adding —¢ A =) — = (¢ V ¢) to the system of ‘subminimal logic’ studied in [I] (see also
[5]). Among other things, we shall derive the contraposition scheme from over N.



Il ¢ = (¢ = ¢);

12. (9= (v —=0)) = (¢ =) = (¢ = 0));
Cl. GAD — b

C2. ¢ N — ¥

C3. ¢ = (¥ = 9 AY);

D1. ¢ — ¢V b

D2. Y — ¢V 4

D3. (¢ = 0) = (¥ = 0) = (¢ Ve —0));
N. = A=t = = (6 V ).

Thus we have the ‘positive’ axioms of intuitionistic logic plus all instances of N. It also employs
two inference rules:

MP. modus ponens, i.e.

0 oo
v

CR. the contraposition rule, which is rendered as
_¢oY
>

Note that if we think of — as an impossibility operator, then CR can be viewed as a modal rule.
Clearly, — is weaker than intuitionistic negation, and even minimal negation.

Now let N denote the least set of formulas containing the axioms of our calculus and closed
under its rules of inference. For each I' C Form, take

Disj(T') := {¢o V...V, |neNand ¢y,...,¢, € [} ]

Given I' C Form and A C Form, we write I' = A iff some element of Disj (A) can be obtained
from elements of I' U N by means of MP. As may be expected, ¢ = A and ' F ¢ abbreviate {¢}
F A and T'F {4} respectively. Exactly as in intuitionistic logic, one can prove:

THEOREM 2.1 (see [3]).
For any I' C Form and ¢, € Form,

FTru{¢tF¢y <<= TFo¢—.

Here is another simple but useful observation.

3When n = 0, we have ¢o V...V ¢, = ¢o. Thus Disj (T') contains non-empty disjunctions only.



THEOREM 2.2 (see [3]).
Let {¢p,1,4'} C Form, and suppose that ¢’ is obtained from ¢ by replacing some occurrence of
Y by . Then b <> )" implies = ¢ < ¢'.

Proof. By induction on the complexity of ¢.
The case where ¢ € Prop is trivial.
Suppose ¢ = —0. The result then follows by the inductive hypothesis and CR.

The other cases can be handled as in intuitionistic logic. O

Evidently, for any ¢, € Form we have b (¢ — ¢) < (¢» — 9); thus by Theorem O — ¢
and v — 1 are practically interchangeable. Denote

T = ¢o > o and 1 := =T

where ¢, is a fixed formula. We shall occasionally abbreviate ¢ — L to —¢. One may think of
— as intuitionistic negation provided that | behaves as the falsum.

In this article by a (normal) logic we mean a superset of N closed under MP, CR and substi-
tutions. Given a logic L, we define

I'tr A <— LUTFA.

Thus Theorems and [2.2] generalise readily to extensions of N. If L is a logic and Sy, ..., Sy
are formula schemes, we write L + {S1,...S,} for the least logic containing L and all instances
of 81, ..., 8,,. Here are examples of extra schemes:

N1° = (¢ — ¢) = ¥

N2°. == (¢ — 9);

N*. = (@ AY) = =V
N1 ¢ — =gy

N2°. ——¢ — ¢.
They can be used to define three important extensions of N:

N® := N+ {N1°,N2°};
N* = N°+ {N*};
N® := N*+ {N1°® N2°}.
It is known that N° is the least logic in which L behaves as the falsum; see [I0]. Next, N* was

introduced in [2] and studied further in [9, 4]. Finally, N® has been advocated in [6], but it was
first described in [7]; consult [§] for discussion. Here are a few useful observations:

e the converses to N and N* are derivable in N, even without N;

e N, N1°, N2° and N* are redundant — i.e. derivable from the other axioms — in N°.



See [I0] for the details.

While the rule CR is obviously admissible in each extension of N, it is not derivable even in
N°®, let alone N and N* — this can be shown using the corresponding possible world semantics;
see [9]. The same applies to the rule

_sey |
) = ¢

In other words, the following schemes are not derivable in N°:

C. (0 —=¢) = (~¢ = —9);
E. (¢ ¢) = (79 & —9).

Interestingly enough, C and E turn out to be equivalent, i.e. derivable from each other over the
basic logic N.

PROPOSITION 2.3.
N + {C} coincides with N + {E}.

Proof. Clearly, it suffices to show that C is derivable in N + {E}. For convenience, let L denote
N + {E}. Observe that ¢ — ¥ b 1) — —¢:

1 o= hypothesis

2| (=)= (V) <) positive intuitionistic logic
3| (V)= from 1, 2

41 ((eVe) o 9) = (m(pVeY) & ) | E

5| 2 (pVy) & from 3, 4

6| (FPA ) & = (dVY) N

7 (2 A) & from 6, 5

8 ((—\qb N —@) <~ —@) — (—ﬂﬁ — —|¢) positive intuitionistic logic
9 | " — o from 7, 8.

By the deduction theorem for L, this gives us C. O

One may wonder what happens if we add C to a given logic. Some natural examples will be
discussed in Section [l
2.2 Dosen-style semantics

As in [3], by a frame we mean a triple W = (W, <, R) where W is a non-empty set, < is a pre-
ordering on W, and R is a binary relation on W such that

<oR C Ro< [
Given W, we call € : Prop — P (W) a valuation in W iff for any p € Prop and z,y € W,

r € &(p) and z <y = y € £(p),

4Here o and - ~! denote the composition operation and the inverse operation respectively.



i.e. the £ (p)’s are upward closed. By a model we mean a pair M = (W, ) where W is a frame
and ¢ is a valuation in W. Now M, z IF ¢ is defined exactly as in intuitionistic logic, except for
the negation clause:

Mzl-—p = M,y foral ye R(z)]]

When there is no ambiguity, we shall drop M and write x IF ¢ instead of M,z I ¢. Naturally,
M,z |k ¢ is read ¢ is true at x in M. Also define:

e MIF¢iff M,z Ik ¢ for all z € W;
e Wik ¢ iff M I ¢ for all models M based on W.

These are read ¢ is true in M and ¢ is valid in W respectively.

LEMMA 2.4 (see [3]).
Let M be a model. Then for any ¢ € Form and z,y € W,

M,zlk¢ and z<y — M,yl-o.

More informally, it means that b is intuitionistically hereditary.

As in modal logic, some of the formulas correspond to frame properties. For instance, L is
valid in W iff R = @. For a more interesting example, consider the principle of weak excluded
middle, which can be represented as the formula scheme

WEM. = V ==

As was shown in [3], it corresponds to a rather complicated property:
WIk—pV-—p << VaVyVz(R(z,y) & R(z,2) = Fu(R(y,u) & z < u)).
Here is yet another example.

PRropOSITION 2.5.
For every frame W,

WIk=(pAq)— —pV—qg <
VaVyVz (R(z,y) & R(z,2) = Ju(R(z,u) & y <u & z < u)).

Thus the scheme N* corresponds to the property on the right-hand side.

Proof. For convenience, denote by (x) the property on the right hand side.

Assume (%) holds. Let M be a model based on W. It suffices to show that for every
rzeW,
M,zlk=(pAhqg) = M,zlF-p or M,zlF—q.

Suppose z ¥ —p and x ¥ —¢q. So there exist y, z € R (z) such that

ylFp and zlFgq

5Here R (u) denotes the image of {u} under R, i.e. {v € W | uRv}.



Then by (x), there exists v € R () such that y < uw and z <

ie. ulkpAq. Hence z ¥ = (pAq).

Assume (x

we have y £ u or z € u. Consider a model M based on W such that

§(p) = up and &(q) =

It is straightforward to check that M, x IF =

fueWly<

For more examples, see the table below.

{ueW|z<

u}.
(p A q) but M,x W —p and M,z ¥ —q.

u. Consequently, u IF p and u IF g,

) fails. So there exist x € W and y, 2z € R (x) such that for every u € R (x)

Property Scheme | Reference
Ve 3y R (z,y) N1° 3]
Vo (Jy R (y,z) = Iz R (x, 2)) N2° 3]
VaVyVz (R(z,y) & R(z,z) = Fu(R(z,u) &y <u & z < u)) N* This article
Ve Vy (3u (R (ac u) & y<u)=Fu(R(y,u) &z < u)) N1° 3]
Vo Iy (R (z,y) & Vz (R(y,2) = z < x)) N2* 3]
VxVy(R(x,y)éElz(R(x,z)&xéz&yéz)) C 3]

Table 1: Properties vs. Schemes.

As was shown [3], the canonical model method can be adapted to N and its extensions. Let
L be a logic. Call I' C Form a prime L-theory iff:

i. {¢ € Form | Tk ¢} C T

ii. for every ¢V €' we have p € I'or ¢p € T'.

Thus (i) and (ii) say that T' is closed under b, and has the disjunction property. The following
is proved in the usual way.

LEMMA 2.6 (see [3]).
Let L be a logic. Suppose I' C Form and A C Form are such that T' ¥, A. Then there exists a
prime L-theory T D T' such that TV ¥, A.

Given I' C Form, we write I for {¢ | ¢ € T'}.

PROPOSITION 2.7 (see [3, [10]).
Let T' C Form be such that {¢ € Form | T+ ¢} CT and I # &. Then:

i. {¢p €eForm | p T} CL;
4. for any ¢, € I we have p V1 € .

Now take W' to be the collection of all prime L-theories. By the canonical frame for L we
mean the triple WX = (WL <L RL) where

<F = {TA) ewE xWwh T CA
RF = {(I,A) e WExWE |DNA =g},



By the canonical model for L we mean the pair ML = (WL ¢5) where ¢F is given by
¢ (p) = {Lew’|perl}.
One readily verifies that WY is a frame, and M’ is a model. Moreover,
<FoRlog™t C RE

Hence W is strongly condensed, in the terminology of [3]. In fact, we might limit ourselves to
strictly condensed frames if needed.

LEMMA 2.8 (see [3]).
Let L be a logic. Then for any T' € W¥ and ¢ € Form,

METIFg = ¢ €T

Given I' C Form and A C Form, we write I' F A iff for any model M and w € W,
Mwl-¢ forall peT’ — M,wlk1y for some ¥ € A.

For each logic L, denote by Fr, the relativization of £ to {W | W I+ L}ﬂ Further, call a logic L
canonical iff W I L.

THEOREM 2.9 (see [3]).
Let L be a canonical logic. Then for any I' C Form and A C Form,

F"LA <~ F':LA

In particular, since N is canonical, - coincides with F.
We conclude with two technical remarks.

I. In [3], Dosen employed single-succedent derivability and semantical consequence relations
— this, in a sense, forced him to utilize Zorn’s lemma for the canonical model lemma. As
has been shown in [I0], this is not essential.

II. Dosen emphasized that Form should be treated as a prime theory in his canonical model
construction. In most cases this is not necessary; see [10]. In particular, if L contains at
least one negated formula, we may assume that all prime L-theories are non-trivial.

Next we turn to a more elegant semantics appropriate for logics containing N*.

2.3 Routley-style semantics

Following [9], by a Routley frame we mean a triple W = (W, <, %) where W is a non-empty set,
< is a preordering on W, and * is an anti-monotone function from W to W. Obviously, * may
be viewed as a binary relation on W, and moreover, it is easy to verify that

<ox C xo< L,

6Here W IF L means that W I ¢ for all ¢ € L.



So Routley frames are framesm Models based on Routley frames are called Routley models. By
definition, for any Routley model M, w € W and ¢ € Form,

M,z —p <= M, 2" K

where z* stands for * (z). This kind of semantics is suitable for N* and its extensions.

Given I' C Form, denote Form \ T, i.e. {¢ € Form | ~¢ ¢ T'}, by I'"*. From now on we shall
assume that our prime theories are non-trivial. The following is straightforward.

PROPOSITION 2.10 (see [9]).
Let T be a prime L-theory, where L is an extension of N*. Then I'* is also a prime L-theory.

Let L be an extension of N*. Observe that for every I' € W,
I'* = the greatest element of {A € WX |TNA = o}
(with respect to inclusion). By the canonical Routley frame for L we mean
WL = (WL, <L+

where W and <! are as before, and * maps each I" in W to I'*. By the canonical Routley

model for L we mean
M" = (WF,¢F)

where ¢F is defined in the usual way. Clearly, W% and M’ are a Routley frame and a Routley
model respectively.

LEMMA 2.11 (see [9]).
Let L be an extension of N*. Then for any T € W and ¢ € Form,

MEITIHg «— ¢ e T.
For each extension L of N*, define F} exactly as F; but with ‘frames’ replaced by ‘Routley
frames’. Further, call an extension L of N* Routley canonical iff WE IF L.

THEOREM 2.12 (see [9]).
Let L be a Routley canonical extension of N*. Then for any I' C Form and A C Form,

'L A < Tk A

In particular, since N* is Routley canonical, -y« coincides with Fy..

3 Adding the contraposition axiom

Naturally, one may wonder what happens when we add the scheme C — which is equivalent to
E by Proposition 2.3]— to a given logic, e.g. to N°, N* or N®. Here we shall only consider some
logics containing N2°. Note that N2° is semantically weaker than N1°; see Table [I] We write CL
for classical logic, IL for intuitionistic logic, and JL for Johansson’s minimal logic.

7Semantically, the class of Routley frames plays the same role as the class of all frames W such that for each
w € W, R(w) has a greatest element with respect to <; cf. [9].



LEMMA 3.1.
N + {N2°,E} coincides with JLE|

Proof. For convenience, let L denote N + {N2° E}. Clearly, L C JL. For the other inclusion, it
suffices to show that

—¢ < (9= (0= 9))
-6

is derivable in L. The implication from left to right can be obtained as follows:

1 ¢—=((0—9) > 0)

2| (= 9¢)—¢) = (¢ — —(p— ¢)) | C (see Proposition
3| ¢—=(m¢p——(0—9)) from 1, 2

4] 29— (0= (0—9)) from 3.

On the other hand, observe that ¢ — — (¢ — ¢) b, —¢:

1| o= (0= 9) hypothesis
2| (¢p—= (0= ) = (- (¢ — ¢) — —¢) | C (see Proposition
3| (= ¢p) > o from 1, 2
s (69 2e
5| ¢ from 4, 3.
By the deduction theorem for L, this gives us the implication from right to left. O

Before proceeding, a few observations from [I0] are worth recalling here.
PROPOSITION 3.2 (see [I0]). i N2° is derivable in N+ {N1°}.

ii. N1° and N* are derivable in N 4+ {N2°}.

So in particular, N2° is deductively weaker than N1°, which implies the following.
COROLLARY 3.3.
N + {N1*,E} coincides with JL.

Proof. Since N2° and N1°® are derivable in N + {N1°} and JL respectively, we have
N+ {N1*E} = N+ {N2°,N1*E} = JL+{N1*} = JL

(using Lemma for the second equality). O

Interestingly enough, N1° is stronger than N2° semantically but not deductively, as the next
result shows.

PROPOSITION 3.4 (cf. [9]).
No formula beginning with — can be derived in N + {N2°* E}. In particular, N2° is not derivable
in N + {n2*,E} [

8Hence N1°® is derivable in N + {N2°,E}.
9Bear in mind that N + {N2° E} coincides with N + {N1° N* N2° E}.

10



Proof. The analogous result for N + {N1°,N*} was proved in [9], using a ‘Kleene slash’, and the
same argument applies to N + {N2°,E}. O

Finally, we turn to the extensions of N°, N* and N*® obtained by adding E.
THEOREM 3.5. 4. N°+ {E} = IL.
it. N* +{E} = IL + {wWEM}.
iii. N® 4+ {E} = CL.

Proof. By Lemma N° 4+ {E} coincides with JL + {N1°}, i.e. with IL.

By (i), N* + {E} coincides with IL + {N*}. Thus it remains to show that N* and WEM are
equivalent over IL. Notice that WEM is easily derivable in IL + {N*}:

1| ~(pA—9) JL
3 —|¢\/—|—|¢ from 1, 2.

On the other hand, =¢ vV =) can be derived from — (¢ A #) in IL 4+ {WEM} as follows:

1| 2¢V g WEM
2 | V- WEM
3| (20V=29) A (= V =) from 1, 2
4| (FO ANV (2P A=) V (2= A=) V (7= A ~yp) | from 3
5| =dA—th— —dV
6 | "PA—-) — =V P
7| A — =V
8 | ~(pAY) hypothesis
9 | TP A = = (pAY) from 8
10 | mmp A =~ (P AY) JL
11| == A== = = (P AY) A= (pAY) from 9, 10
12 | 2 (QAY) A (9 AY) = —pV ¢ IL
13 | 7 A — 2oV Y from 11, 12
14 _|¢\/_\w from 4, 5, 6, 7, 13.

By the deduction theorem for IL 4+ {WEM}, this gives us N*.
By (ii), N* + {E} coincides with IL + {N2°}, i.e. with CL. O

4 Certain canonical extensions

Note that every canonical logic containing N1° must contain N2°. So in particular, we have the
following negative result.

PROPOSITION 4.1.
Let L be a logic between N + {N1°} and N + {N2°,E}. Then L is not canonical.

11



Proof. For any frame W, if W IF L, then W IF N1° and therefore W I N2° (see Table . Thus
Er = (p — p). On the other hand, we have ¥, == (p — p) by Proposition Hence L is not
canonical by Theorem 2.9 O

Obviously, N and N* are canonical and Routley canonical respectively. Also, one can check
that N° is canonical and N® is Routley canonical; cf. [I0, [§]. Further examples can be obtained
by using so-called ‘canonical schemes’.

Let L be a logic and S be a scheme. Call S canonical over L iff WL I S for every extension
L' of L + {S}. Similarly with ‘Routley canonical’ in place of ‘canonical’. Notice that since N2°
may be treated as variable-free, it turns out to be canonical over N.

THEOREM 4.2.
N1°, N*, N1* and N2° are canonical over N + {N2°}.

Proof. Let S be one of the schemes above, and let L be an extension of N 4+ {N2°,8}. We want
to show that W' has the property corresponding to S. In what follows we shall assume that all
L-theories are non-trivial.

Let I' € WE. We need to find A € W’ such that I N A = @. Tt suffices to show that
¥ I — because a suitable A can then be obtained by applying Lemma Now assume, by
way of contradiction, that -y . So T -, I'; thus T € I’ by Proposition @ i.e. =T €TI'. Hence
we obtain I' = Form (using N1°), a contradiction.

Let LAY € WE be such that TN A =@ and INY = @. We need to find IT € WF
such that
I'NIl = o and AUX C IL

It suffices to show that AU X ¥ I — because a suitable II can then be obtained by applying
Lemma [2.6] Now assume, by way of contradiction, that A UX -, I'. Since A and ¥ are closed
under conjunction, while I is closed under disjunction by Proposition we have

{$, 0} Fr 0 forsome p € A, Yy €% and 0 €T.

So ¢ ANp — 0 € L. Therefore =0 — = (¢ A1) € L (by CR). This implies = (¢ A ) € T (since =0
€T). Thus ¢V —¢p € T (using N*), which gives ~¢ € T' or ) € T, i.e. $ € L or ¢ € I'. Hence
we obtain TNA # @ or [ NY # @, a contradiction.

Let T, A € W’ be such that L N A = @. We need to show that ANT = @. And this
is easy: if ¢ € ', then =—¢ € T' (using N1°), i.e. ¢ € ', which implies —¢ & A, i.e. ¢ € A.

Assume, by way of contradiction, that W does not have the property corresponding
to N2°, i.e. there exists I' € W such that for every A € W,

there exists ¥ € WL such that

FNA = o
- ANY=gand X ZT.

For each A € W' such that I N A = &, choose ¥a € W’ and ¢a € Form satisfying
ANYXaA = F and o¢a EZA\F.

Take IIy to be {—@A |AeWEandNA= @}. Observe that 11y # @:

12



Assume that IIy = @, i.e. there exists no A € W such that TN A = @. Then ¢ -, I for
all ¢ € Form. So I' = Form by Proposition Hence we obtain I' = Form (using N2°), a
contradiction.

Next, it is not hard to show that Iy ¥y I

Assume that Iy -7, I'. So =¢pa, A ... A—¢a, Fr L for some —da,, ..., ¢a, € Iy. Thus
“pa, A ... A=pa, € by Proposition ie.

From this we obtain =—¢a, V...V 7—¢a, €T (using N*), and hence ¢pa, V...V ¢a, €T
(using N2')B Therefore one of ¢a,, ..., ¢a, must be in T', a contradiction.

Finally, let IT € W be such that IIy C II and II ¥y, T; the latter implies I N II = &, of course.
Then ¢51 € ¥ € Form \ II, which contradicts —¢p € Iy C II. O

COROLLARY 4.3.

Let S C {N1°,N* N1*,N2*}. Then (NU{N2°})+ S is canonical.

Proof. Immediate. U
THEOREM 4.4.

N1°® and N2° are Routley canonical over N*.

Proof. Let S be one of the schemes above, and let L be an extension of N* + {S}. We want to
show that W¥ has the property corresponding to S.

It suffices to show that for each T' € WL we have I' C I'**. And this is easy: if ¢ € T,
then ——¢ € T' (using N1°), i.e. ~¢ € T'* i.e. ¢ € T,

Similarly to N1°. O

COROLLARY 4.5.
N* 4 {N1°}, N* + {N2°} and N*® are Routley canonical.

Proof. Immediate. O

5 The method of filtration revisited

The decidability of N and N* can be established using the method of filtration as presented in
[4, Section 4]. We are going to develop a somewhat more flexible approach to filtrations, which
will lead to further decidability results.

0By Proposition N* is derivable in L.

13



5.1 General filtrations

Fix a model M = (W, ¢&). Let ® C Form be closed under subformulas. Take
=5 = {(z,y) € W? [for all $ € &, M,z IF ¢ if M,ylF ¢}.

For every x € W, denote by [z]4 the equivalence class of z under =g. We shall often omit the
subscript ¢ if it is clear from the context. By a ®-filtration of M we mean a model

M/ = <<W<I>7 </a R/>a £¢>
where:
o Wy is {[z] | x € W}
e <’ is such that:

— for all x,y € W, if < y, then [z] < [y];

— for all z,y € W and ¢ € ®, if [z] < [y] and M,z IF ¢, then M,y I+ ¢;
e R’ is such that:

— for all z,y € W, if Ry, then [z] R’ [y];

— forall z,y € W and ¢ € ®, if [z] R’ [y] and M,z IF ¢, then M,y ¥ ¢;
e &g is the function mapping each p € Prop to {[z] | z € £ (p) and p € D}.

Obviously, Wg and £g are both uniquely determined by M and @, unlike <’ and R’. Define
<¢ := the transitive closure of {([z], [y]) | z < y},
Ry := the composition of <g, {([z],[y]) | Ry} and <"

To make this definition easier to handle, denote by C the transitive closure of < U=, i.e. z Ty
iff there exist xg,...,x, € W such that:

e ro=x and x, = ¥;

e for every i € {0,...,n — 1} we have x; < ;11 or ; = X;41.

Now, using C, the relations <g and Rg can be described as follows:
[2]<e y] < =zCy
] R [y] <= zCuRvIdy forsome u,veW.
On the other hand, following [4, Section 4], one may consider
<? = {([z],[y]) | for all p € ®, if M,z IF ¢, then M,y ¢},
R® = {([z],[y]) | for all ¢ € ®, if M,z I —¢, then M,y ¥ ¢}.
Substituting <o, Re and <%, R® for </, R/, we get
Mo = ((Ws,<o,Rs),ép) and M® = ((We,<*, R?), &)

called the finest and coarsest ®-filtrations of M respectivelyH Naturally, we shall abbreviate
(Ws,<s,Re) and (Wg, <?, R?) to Wg and W2

'In [, only filtrations of the form M® (which are, in a sense, rather ‘syntactic’) were considered. Since our
approach allows other kinds of filtration, it appears to be more flexible.
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PROPOSITION 5.1.
Let M and ® be as above. Then Mg is a @-filtration of M.

Proof. Obviously, <o is a preordering on Wg. We also have <¢ 0 Rgp 0 <5 L'C Rg:

Suppose [z] <o [u], [u] Re [v] and [y] <o [v]. Then x C u, y C v, and there exist s,t € W
such that ©u C s Rt Jwv. Hence x C s R ¢ Jy, which implies [z] Rs [y].

Thus Ws is a (strongly condensed) frame. The rest is routine. O

PROPOSITION 5.2 (see [4, Section 4]).
Let M and ® be as above. Then M® is a ®-filtration of M.

LEMMA 5.3.
Let M, ® and M’ be as above. Then for any x € W and ¢ € P,

Mz k¢ < M, [z]l- ¢

Proof. By induction on the complexity of ¢.
The case where ¢ € Prop is trivial.

Suppose ¢ = —p. Consider each of the two implications separately.

Assume z I+ ¢. Let y € W be such that [z] R’ [y]. Then y ¥ ¢. So we have [y] ¥ v by the
inductive hypothesis.

Assume [2] I+ ¢. Let y € W be such that zRy. Then [z] R’ [y], and hence [y] ¥ 1. So we
have y ¥ ¢ by the inductive hypothesis.

The other cases can be handled as in intuitionistic logic. O

By a standard argument, this gives the following.

THEOREM 5.4 (see [, Section 4]).
N has the finite model property and is decidable.

Further applications can be obtained by studying what happens to a given frame property
when we pass from M to Mg or M® for a suitable ®.

LEMMA 5.5.
Let M, ® and M’ be as above, and let S € {N1°,N2°}. Suppose W IF 8. Then W' I SB
Proof. Since W is serial (see Table , so is W'. Thus W' I- N1°.
Immediate from Lemma — because N2° may be treated as variable-free. O

THEOREM 5.6.
N + {N2°} and N° have the finite model property and are decidable.

Concerning more complex schemes:

12Here W' abbreviates (W, <, R').
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LEMMA 5.7.
Let M and ® be as above. Suppose W IF N1°. Then Weg IF N1°.

Proof. Note the composition of Rg and g;l coincides with Re. So it suffices to show that Re
is symmetric (see Table[I). Let z,y € W be such that [z] Rg [y]. Then z C u R v J y for some
u,v € W. Since R o < lis symmetric, there exists t € W such that v Rt > u. Hence

y Cv Rt Jdwu 3 a

Therefore [y] Ro [x]. O

THEOREM 5.8.
N+ {N1°} and N° + {N1°} have the finite model property and are decidable.

For each ® C Form, denote by N (®) the closure of ® under negation, i.e. the least set ¥ of
formulas such that ® C ¥ and {-¢ | ¢ € U} C .

LEMMA 5.9.
Let M and ® be as above. Suppose W IF N1®. Then WN(®) |- N1°.

Proof. For convenience, we denote N (®) by W. Let =,y € W be such that [z] RY [y]. For every
¢ €V, if M,z ¢, then M,z IF -—¢ (by N1*), and therefore M,y ¥ —¢ (because —¢ € ¥ and
[z] RY [y]). Thus [y] RY []. O

Notice that the scheme ——¢ <> =———¢ can be derived in N + {N1°} as follows:

P — N1®

———=—¢ — ¢ | from 1 (by CR)
——¢ — - | N1°

=@ <> o —¢ | from 2, 3.

S W N e

Hence if ® C Form is finite, then N (®) may be treated as finite modulo N + {N1°}, so N (®) is
finitely based over any model whose frame validates N1°®. Together with Lemma this gives
us another way of proving Theorem

For each ® C Form we denote by C (®) the closure of ® under conjunction, disjunction and
negation.

LEMMA 5.10.
Let M and ® be as above, with ® finite. Suppose W |- N2°. Then WC(®) |- N2°.

Proof. For convenience, take ¥ := C (®). Assume, by way of contradiction, that WY does not
have the property corresponding to N2°, i.e. there exists x € W such that for every y € W,

there exists z € W such that

N4

For each y € W such that [z] RY [y], choose z, € W and ¢, € ¥ satisfying

[yl RY [2,], M,z,IF¢, and M,z ¢,.
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Take © to be {¢, | y € W and [z] RY [y]}. Obviously, since W is serial (recall Proposition ,
© is non-empty. Moreover, it can be treated as a finite set. Consider

0 :=\/e.

We have M,z ¥ 6, which implies M,z ¥ ==6 (by N2°*), so MY, [z] ¥ =—=6 by Lemma On
the other hand, for every y € W, if [2] R? [y], then M, z, IF 6, so MY, [z,] IF § by Lemma
and therefore MY, [y] ¥ —0. Thus MY, [z] IF ==, a contradiction. O

Evidently, the scheme —¢ <> =——¢ can be derived in N 4+ {N2°}:

g — ¢ N2°

¢ — —-—=¢ | from 1 (by CR)
- — ¢ | N2°

- <> == | from 2, 3.

Sw N e

Also, it is known that the following schemes are derivable in N + {N*}, and hence in N + {N2°}
(by Proposition [3.2):

o ~(0VY) & (mp A Y);

° 2 (PNY) & (2P V).

Consequently, if & C Form is finite, then C (®) may be treated as finite modulo N + {N2°}, so
C (®) is finitely based over any model whose frame validates N2°.

THEOREM 5.11.
N* 4+ {N2°} and N® have the finite model property and are decidable.

5.2 More specific filtrations

Now we are going to present a different way of proving Theorem It uses a special kind of
filtration suitable for Routley models whose frames validate N1® or N2°.
Fix a Routley model M. Let & C Form be closed under subformulas and under negation —
so in particular, N (®) = ®. Define the special -filtration of M to be
Ms = ((Ws,<a,*s),8a)

where Wy, <g and &g are as before, and *g maps each [z] in Wg to [2*]. Note that since ® is
closed under negation, the definition of %4 is correct; furthermore, one can easily check that *¢
is anti-monotone with respect to <g. Thus Mg is a Routley model. Naturally, we shall abbre-
viate <W¢>, <¢, *q>> to Wq;.

LEMMA 5.12.
Let M and ® be as above. Then for any x € W and ¢ € @,

M, zlk¢ <= Ms,[z]IFo.
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Proof. By induction on the complexity of ¢.
The case where ¢ € Prop is trivial.
Suppose ¢ = —p. Then

M,zlk¢p <= M,z" ¥
< My, [z"| ¥
< Mg, [z]" Ko
<~ My,z]lF¢
where [z]* stands for ¢ ([z]), of course.
The other cases can be handled as in intuitionistic logic. O

LEMMA 5.13.
Let M and ® be as above, and let S € {N1°,N2°*}. Suppose W Ik S. Then Wg I S.

Proof. Tt is easy to check that for every Routley frame W':

W kN1 <
W IFN2* «—

x < z** forall x € W';
z** L x forall z e W',
In particular, this holds for W' € {W, Wg}.
For every z € W we have [2] <g [2**] = [2*]" = []"". Thus Wy I+ N1°.

Similarly to N1°. 0

This leads to a refinement of Theorem [5.11}

THEOREM 5.14.
N* + {N1°}, N* + {N2°*} and N® have the finite model property in terms of Routley models and
are decidable.
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