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Abstract

N. Kamide introduced a pair of classical and constructive logics, each with a peculiar
type of negation: its double negation behaves as classical and intuitionistic negation,
respectively. A consequence of this is that the systems prove contradictions but are non-
trivial. The present paper aims at giving insights into this phenomenon by investigating
subsystems of Kamide’s logics, with a focus on a system in which the double negation
behaves as the negation of minimal logic. We establish the negation inconsistency of
the system and embeddability of contradictions from other systems. In addition, we
attempt at an informational interpretation of the negation using the dimathematical
framework of H. Wansing.

Keywords Contradiction - Double negation - Dimathematism - Minimal logic -
Negation inconsistency - Strong negation

1 Introduction

In Kamide (2017) introduced the systems IP and CP, which are variants of the intu-
itionistic system of constructible falsity N4 (Almukdad & Nelson, 1984) and its
classical extension B4_’ (Odintsov, 2005). The difference between these systems is
that a doubly negated formula ~~A in IP and CP corresponds to the intuitionis-
tic/classically negated formula — A, instead of A. In this sense, the negation ~ is closely
related to a type of connective called demi-negation, introduced by Humberstone
(1995). The negation is also studied algebraically by Paoli (2019), who introduced
another system with ~ in a different language. Later, it was pointed out by Omori and
Wansing (2018, 2022) that these systems prove a formula A as well as its negation
~A. That is to say, IP and CP contain provable contradictions. Consequently, they
are negation inconsistent but non-trivial systems. Their paper also offers a defence of
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reading ~ as negation, by referring to A. Avron’s view (Avron, 2005) that a negation
represents the falsehood in the sense that a negated formula is true iff its negand is false.
In addition, Omori and Wansing suggest that the double negation can be understood
as representing the phenomenon of negative concord in natural languages.

Given this kind of view, Kamide’s systems appear to be of interest from both formal
and philosophical perspectives. When it comes to the former aspect, one essential
task is to identify the source of negation inconsistency of the systems. One natural
methodology for this would be to look into subsystems of IP in which the negation
has more restricted properties.

In this paper, we shall first observe that the negation inconsistency still holds when
the double negation is made to correspond to the negation of minimal logic (Johans-
son, 1937), with a system we shall call MP. In addition, we shall see that provable
contradictions in CP can be embedded to provable contradictions in the weak sys-
tem. We then investigate further the method of obtaining provable contradictions via
translation, by turning our attention into P. Ruet’s quarter turn operation (Ruet, 1996).

This is followed by the observation concerning some subsystems of MP. We will
observe the effects of restricting axiom schemata into rules on negation inconsistency.

Finally, we shall attempt at giving an interpretation of the negation in MP which
complements the interpretation in Omori and Wansing (2018) for IP and CP. One
characteristic of minimal negation is that it behaves like an implication to a proposi-
tional variable that does not have to exhibit a ‘negative’ property such as never being
forced in a world of a Kripke model. This lack of a ‘negative’ flavour gives a more
philosophical motivation to consider a negation whose double negation behaves as
a minimal negation. It allows an interpretation of the double negation that is more
‘positive’, and so closer to usual kinds of negations which are better understood. We
shall in particular attempt to understand MP from a more constructive and informa-
tional point of view, by employing the dimathematic perspective of Wansing (Wansing,
2022). For this purpose, we shall give a ‘positive’ interpretation of the double negation,
according to which the support of falsity of ~A is equated with the regularity that the
support of truth of A must be a strong one. We shall also discuss a modification to the
semantic clause motivated by this interpretation, and how it fares with the negation
inconsistency.

2 Minimal Variant of IP

Let PROP = {p; : i € N} be a set of propositional variables, and ()/ be a mapping
which assigns for each p; another propositional variable (p;)’ in such a way that
PROP’ := {(p;) : i € N} is a set distinct from PROP. We shall use p, ¢, r, ... and
p',q’,r',...asthe metavariables of the elements of PROP and PROP’. In what follows,
we shall use the next three propositional languages.

(L)A:=p|AANA|AVA|A— A|~A.
(L)Az=p| P |ANA|AVA|A— A|-A.
(Ls)Au=p|AAA|AVA|A— A|OA.
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Double Negation as Minimal... 863

We shall use = for the literal identity of formulas. The first language £~ is the main
language we shall consider. £, is a language with intuitionistic/minimal negation as
well as duplicate propositional variables, which will be used for some arguments via
translation. Ly will be used for systems with the quarter turn operator. In each of the
languages, we will use the abbreviations A <+ B for (A — B) A (B — A), oitlA
for o(o' A) and o’ A for A where o € {~, =, 9}. The complexity |A| of formulas is
inductively defined as follows:

Ipl=1p'l = 0. |9(A o B)| = |A| + |B| + 2.
[~pl =10p| = 0. [~~Al = |~A|+ 1.
[Ao Bl =[Al+|B|+ 1. |OOA| = |OA| + 1.
|~(Ao B)| = |Al+|B| +2. |—A| = |A| + 1.

where o € {A, V, —}.

2.1 Sequent Calculi

The systems CP and IP are introduced in Kamide (2017) as sequent calculi. We
introduce our system MP following the paradigm of these systems. One point to
notice in these calculi is that I', A, ... will denote finite sets of formulas, rather than
finite multisets as is often the case with sequent calculi.

Definition 1 (MP) The system MP in £~ is defined by the following rules.

p=p(Ax) ~p = ~p (Ax~)
F:>AF72:f:,gI:C ) %(LW)
A lii;xrz,:r}i o & : :>FA:> A /\F; E )
A’FijB,ri(F::C (Lv) HF?—%(RV)
TS se W Thase ®)
- F’“T;i B), rwi e ;jcjil oy BN
~(AN1¢ :42),:;C=> c v - :>FN=I>4 ~(A y ?) =B Ry
~(A/:FB)=,>FC=> c =D N(Awi’ g)’:;i & L~—>2)
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= A ' ~B

RN
o ~@Ao B R’
AT = B AT = ~~A
BT = ~~a 07D Fo~<a 72

where i € {1, 2}.

We shall write MP = I' = C when a sequent I' = C is derivable following
the rules of MP. In particular, we shall writte MP + = C when I' = . Similar
conventions apply for other systems in the paper.

For a system L and a rule (R), L-(R) will denote the system obtained by eliminating
(R) from the rules of L. We say a rule is admissible in L, if the derivability of the
premises in L implies that of the conclusion. In particular, a rule is derivable if a
derivation of the conclusion is obtainable by continuing from any derivations of the
premises.

We can readily check that MP-(Cut) - A, I’ = A. Also, the system IP is defined
in the following way.

Definition 2 (IP) The system IP is definable from MP by (i) replacing (~~1) and
(~~2) with (L~~), (R~~) below; (ii) adding the next structural rule (RW).

L~~ J ~
~~C, T = ( ) L = ~~A (R~™)
r=
—— (RW
F:A( )

Proposition1 fMP T = C thenIP+T = C.

Proof 1t suffices to check that (~~1) and (~~2) are derivable in IP. The former case
is immediate, and for the latter case, if IP - A, ' = ~~A then by applying (L~~),
(R~~) to A, (L~~) and finally (R~~) to ~*A, we obtain IP - I' = ~%A. Also,
IP - ~%A = ~~A by a similar argument. Thus by (Cut) IP - ' = ~~A. O

In order to establish some results later, we need to look into minimal logic as well.
For the sequent calculus formalisation of minimal logic, we shall use the following
system, based on Bilkova and Colacito (2020) and Colacito et al. (2017, Proposition
2) but again using finite sets rather than finite multisets.

Definition 3 (LM) The system LM in £ is defined by (Ax),' (Cut)~(R—) and the
following rules.

A l'=> B

AT'=-A
-B,'= —-A

=D I = —A

(=2)

I We let (Ax) to include the cases of the additional propositional variables p’, ¢’ etc.
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Theorem 2 (Cut) is admissible in IP-(Cut) and LM-(Cut).

Proof Respectively see Kamide (2017, Theorem 11) and Colacito (2020, Theorem
4.1). In the latter case, it is not difficult to check that the difference in the presentation,
namely that the antecedent of sequents is a finite set rather than a finite multiset, does
not affect the structure of the argument. O

Then the admissibility of (Cut) for MP-(Cut) can be obtained similarly to that of
IP-(Cut), using an argument via translation.

Definition 4 We define a translation f of formulas in £~ into those of £-, by the
following clauses:

J(~(ANB)) = f(~A)V f(~B).

f(p)=p.
f(AoB) = f(A)o f(B). f(~(AV B) = f(~A) A f(~B)
/ f(~(A = B)) = f(A) A f(~B).

f~p)=p.

f(~~A) == f(A).

where o € {A, Vv, —>}.
This translation justifies the view that a double negation in MP represents minimal
negation. In what follows, given a finite set I" we shall use the notation f(I") for the

set {f(A) : A € I'}: similar conventions apply for later translations as well.

Theorem 3 The following statements hold.

1. MP+T = Aifand only if LM f(I') = f(A).

2. MP-(Cut)=T = A ifand only if LM-(Cut) = f(I') = f(A).

3. (Cut) is admissible in MP-(Cut).

Proof Analogous to Kamide (2017, Theorem 1-3). O

One corollary of this theorem is the disjunction property, which indicates the con-
structivity of the system.

Corollary4 I[fMP - = A Vv B then either MP - = A or MP + = B.

Proof Consider a proof of = A v B in MP-(Cut). Then the last rule applied must be
(RV), whose premise has either the form = A or = B. O

2.2 Hilbert-Style System and Semantics

We next introduce a Hilbert-style system for MP, which is obtained simply by com-
bining the ones for IP (Omori & Wansing, 2018) and minimal logic.

Definition 5 (H-MP) The following axiomatisation defines the calculus H-MP.
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866 S.Niki etal.

(A= (B—C)) — (A= B)—(A—C)) ~(ANAB) < (~AV ~B)
A— (B— A) ~(AV B) < (~AA~B)
A= (B— (AAB)) ~(A— B) < (AA~B)
Al A A2 N Ai (A — B) — (’V’\'B — ’\"VA)
A — ALV A (A= ~~A) > ~~A
(A= C) = ((B—C)— (AVB—C)) A A—> B yp

where i € {1, 2}. A derivation of A from a set of formulas I" is a finite sequence
By, ..., B, = A, where each B; is either an element of I', an instance of one of the
axiom schemata, or obtained from the preceding entries by a rule (in this case, (MP)).
The derivability of A from I' in H-MP is denoted by I' I, A. Then by straightfor-
wardly modifying (Omori & Wansing, 2018, Proposition 3.11, 3.12), we can show the
following.

Theorem 5 Let I' be a finite set. Then T’ &y, A if and only if MP =T = A.

For semantics, a Kripke semantics for MP is obtained from those of IP (Kamide,
2017; Omori & Wansing, 2018) and minimal logic by Segerberg (1968).

Definition 6 (Kripke semantics for MP) We define a frame to be a triple (W, <, Q)
where W is a non-empty set, < is a partial ordering on W, and Q € W is an upward
closed set,i.e. w € Q and w’ > w implies w’ € Q.

A model then is a pair (F, V) where F is a frame and V assigns a pair of upward
closed sets V*(p) and V™ (p) to each propositional variable p. V is extended to
forcings (IFT, I-7) of all formulas by the next clauses.

wiFt piff w e VT (p). wi-"piffw e V™ (p).
wiFTAAB iff wiFT A and wiFT B. wlF~ AAB iff wi-~ A or wiF~ B.
wiFTAVB iff wiFT A or wiFT B. wlF~AvVB iff wiF~ A and wiF" B.
wFt A= B iff V' >ww' IF A=w/IFTB).  wi-~ A— Biff wiFT A and wiF~ B.
wlFT ~Aiffw IF~ A. wiF~~A iff Yw' >ww'IFT A = w'eQ).

We write I' £ A if for any model and w € W, w IF™ B for all B € T" implies
w -t A,

The last equivalence might appear mysterious; in fact, the right hand side just
mirrors the condition for negation in minimal logic. Later in section 7, we shall discuss
how the use of Q in MP enables an informal interpretation of the negation that is not
available in IP.

Lemma 6 (upward closure) For x € {+, —}, if w IF* A and w' > w then w’ IF* A.

Proof By induction on the complexity of A. In particular, if A is ~B and w’ > w,
then w IF~ ~B implies x - B = x € Q forall x > w and a fortiori for all x > w'.
Thus w’ I~ ~B. O
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Double Negation as Minimal... 867

Then the relationship between the Hilbert-style system and the semantics can be
established in a standard manner.

Theorem 7 (completeness) I' -, A if and only if T F A.

Proof The left-to-right direction is shown by induction on the depth of derivations.
For the converse direction, the outline is as in the case for IP (Omori & Wansing,
2018, Theorem 3.9).2 We can likewise construct a canonical model (W, <, Q), V),
where:

e (W, <) is a set of collections of formulas ordered by <:= {(X£,A) e W x W :
Y C A}, and each ¥ € W satisfies:

— thereis A suchthat A ¢ X
- ifXF, Athen A € X.
—-ifAVBeXthenAe XorB e X.

e O =(X:~?A,~*A € X for some A.}.
e T eV (p)iff pe .
e X eV (p)iff ~p e X.

It is immediate that Q is upward closed. We also have to check that:

T IFT A ifandonlyif A € X.
Y I~ A ifandonlyif ~A € X.

Here we consider the latter equivalence for the case A is~B.ByL.H. ¥ [F~ ~B if and
onlyif VA > ¥ (B e A = 3C(~2C, ~*C € A)). We need to check this is equivalent
to ~~B € ¥X. For the forward direction, we show the contrapositive. If ~~B ¢ %,
then B — ~~B ¢ 3. Now we can argue along (Omori & Wansing, 2018, Lemma
3.8) to conclude that there is A € W s.it. A D ¥, B € A and ~~B ¢ A. But then,
using the fact that -, (D A ~>*D) — ~2E follows from -, D — (E — D) and
Fo (E > D) > (~2D — ~2E), we see ~2C,~*C € A implies ~2B € A, a
contradiction. Hence =VA > (B € A = 3C(~*C, ~*C € A)). For the backward
direction, if ~~B € X and B € A D ¥, then ~2B, ~*B € A, as required.

Now if I ¥, A, then there is (arguing like (Omori & Wansing, 2018, Lemma 3.7))
I’ O T in the canonical model such that A ¢ I"". Therefore I'' ¥ A. O

3 Provable Contradictions in MP

As is mentioned in the introduction, (Omori & Wansing, 2018) observed that the
systems CP and IP prove contradictions, and thus are negation inconsistent. We shall
observe in this section that MP satisfies the same property. To be more precise, we
shall say a formula A is a provable contradiction in a sequent calculus if the sequents

2 As a notational difference, we are using use w F* Aand w F~ A in place of 1 € I(w, A) and
0 € I(w, A), respectively.
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868 S.Niki etal.

= A and = ~A are derivable. When it is a Hilbert-style system, then A being a
provable contradiction will mean that both A and ~A are derivable.’

We will often appeal to the derivability of the sequents below, which correspond to
well-known equivalences in minimal logic.

Proposition 8 The following sequents are derivable in MP.
e = ~*(AAB) < (~*AA~*B)
e = ~*(AV B) o ~*(~*AVv~*B)
o = ~*A > ~*B) o (~*A > ~*B)
In Omori and Wansing (2018), ~>(A A ~~A) is given as an example of provable

contradiction for IP. The same formula can be used to show the negation inconsistency
of MP.

Proposition 9 ~>(A A ~2A) is a provable contradiction in MP.

Proof We need to show that MP - = ~(A A ~~A) and MP - = ~6(A A ~~A).
For the former:
~A = ~A
~A = ~(AA~2A)
~3(AA~EA) = ~3A

R~n)
(~~1)

R~
~3AAN~A) = ~(AA~2A) (M,Al))
~3AA~A) = ~(AA~2A) (o)

= ~(AA~2A)
For the latter (where a double line indicates a repeated application of a rule):
A=A
AN~2A= A
~2A = ~2(AA~PA)
AN~ZA = ~2AA~PA)
~HANANTA) = ~O(AA~2A)
= ~0(A A~2A)

(LA)

(~~1)
(LA)
(~~1)
(~~2)

O

Hence the formula ~> (A A ~2A) is in a sense not a provable contradiction that is
characteristic of IP. A natural question then is whether there is a contradiction that is
provable in IP but not in MP.

Proposition 10 ~3(~2(A — A) — B) is a provable contradiction in IP.

Proof Tt suffices to show that IP + = ~3(~2(4A — A) — B) and IP + =
~4(~2(A — A) — B). For the former:

3 Another option is to define it as the derivability of the conjunction of a contradictory pair. The two
formulations are equivalent in the current setting, and we shall use the alternative formulation as well when
it is more convenient for presentation.
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Double Negation as Minimal... 869

A= A
=A—> A Lo~
~2(A > A) > ( :
~(~*(A— A) > B) =
= ~(~*(A - A) > B)

(L~—=)
(R~~)

For the latter:
A=A
=>A—> A (R(I),)V\,)
~2(A = A) = RW)
~2(A— A) =B (R>)
= ~%(A—> A) > B (L)
~2(~YA > A) > B) = (R~
= ~*(~*(A —> A) —> B)

Proposition 11 MP ¥ = ~*(~?(A — A) — B).

Proof By Theorem 3, if the sequent is provable then so is = —=—(=(p — p) — q)
in LM, which is known not to be the case.* O

The observations above confirm that MP is strong enough to be a non-trivial nega-
tion inconsistent system. Where, however, does the contra—classicality5 come from?
The relative weakness of minimal negation enables us to give the following explana-
tion to this question. We may observe (in the manner of (Colacito, 2016, Proposition
1.2.5)) that we do not lose the strength of the system by replacing (~~1) with the
rule:

A, T =B B, I'= A

~~A, = ~~B
It is straightforward to check that (~~1) is derivable from (~~2) and (~~3). One
difference between (~~1) and (~~3) is that the latter rule is admissible in a clas-
sical sequent calculus when ~ is identified with the classical negation. Thus in this
alternative formulation, the cause of the contra-classicality is isolated to (~~2) alone.

(~~3)

4 Embedding Provable Contradictions

So far we have looked at provable contradictions in IP and MP on a more or less
individual basis. Another, more general way to obtain provable contradictions in IP

4 The addition of =—(L — ¢) to minimal logic (note L is definable as —=(p — p)) is considered by
Segerberg (1968).

5 We here follow Omori and Wansing (2018, pp.816-817) in using the term in the ‘superficial’ sense of
Humberstone (2000, p.438), namely that a contra-classical logic is a logic that is not a sublogic of classical
logic. This formulation however takes some aspects for granted, such as that the logic shares the same
language as classical logic. As one referee rightly pointed out, it may therefore leave some imprecision for
a more robust understanding of the concept.
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870 S.Niki etal.

and MP is to appeal to negative translations extended to treat ~. Using this method,
we shall observe that MP proves, in a sense, as many contradictions as CP. We start
with recalling CP and the Glivenko-like theorem in Kamide (2017), which embeds
the theorems of CP into those of IP.

Definition 7 (CP) The system CP in L. is defined by (Ax), (Ax~) and the following

rules.

= 4 e
r-aa_Bx-n ... AT=A.C (R

A— B T, 2= A1

Fr=sAA—>C

= Fjﬁ B), Foa ey wS AA:(EAN g) (mR~A)
AvETSE LY TS R
N(é\’ ;BE)F, ?:? A (b~ : érAzlAA, ~(£ = 25 - R~
LR AT e

Glivenko’s theorem (Glivenko, 1998) states that if A is a classical theorem, then
——A is an intuitionistic theorem. The Glivenko-like theorem (Kamide, 2017, Theorem

19) similarly states the following.

Theorem 12 CP + = A ifand only if IP - = ~*A.

This immediately implies that provable contradictions on CP can be embedded into

IP.

Corollary 13 If A is a provable contradiction in CP, then ~*A is a provable contra-

diction in IP.

The question is whether we can have a similar result with respect to MP. While
the Glivenko-like theorem cannot be extended to MP, it is possible to extend the
Godel-Gentzen-like theorem, also considered by Kamide.
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Double Negation as Minimal... 871

Definition 8 (Go6del-Gentzen-like translation) We define a translation 4 of formulas
in L~ into itself by the following clauses.

h(p) =~*p. h(~(AAB)) = ~*(~*h(~A)A~*h(~B)).
h(AoB) = h(A)oh(B). h(~(AVB)) = h(~A)Ah(~B).
h(AVB) = ~>(~*h(A)A~*h(B)). h(~(A— B)) = h(A)Ah(~B).
h(~p) =~p. h(~~A) = ~~h(A).

where o € {A, —}.
Lemma 14 MP - ~*/(A) = h(A).

Proof By induction on the complexity of A. For cases where 4 (A) has the form ~~B,
the statement follows from MP + ~°B = ~2B. When A = B — C, use the
derivability of ~*(h(B) — h(C)) = h(B) — ~*h(C) and (by LH.) ~*h(C) =
h(C). For other cases, use the equivalence for conjunction in Proposition 8 via (Cut).

O

Given a finite set I' of formulas, we define ~T" := {~A : A € I'}. Then we have
the following lemma.

Lemma 15 IfCP T = A then MP - h(I"), ~*h(A) = ~*(p — p).
Proof By induction on the depth of derivation in CP. O
Theorem 16 CP + = A if and only if MP F = h(A).

Proof For the left-to-right direction, by Lemma 15 if CP - = A then MP +
~~h(A) = ~~(p — p). Thus by (~~1), MP - ~*(p — p) = ~*h(A).
Apply (Cut) and Lemma 14 to conclude MP == h(A). The right-to-left direction is
obtained by showing CP F h(A) = A; see also (Kamide, 2017, Lemma 10, Theorem
20). O

The translation 4 is not sufficient to embed provable contradictions in CP into
provable contradictions in MP. For instance, while ~(p A ~?p) is known Omori and
Wansing (2018) to be a provable contradiction in CP, the translations of the formulas
do not preserve the form A and ~A.

h(~(p A~2p)) = ~2(~Tp A~ p).
h(~*(p A~*p)) = ~*(~*p A~Op).

What would be desirable, in order to preserve the form of contradiction, is to have
h(~A) = ~h(A) instead. However, this modification does not work for the Godel-
Gentzen-like translation, because h(~(p A ~2 p)) would then become ~(~4 PA ~0 P,
which is not provable in MP.

What can be done instead is to use a different translation. We shall use a translation
based on the minimal Kuroda-translation by Ferreira and Oliva (2011), which is a
generalisation of Kuroda’s translation by Kuroda (1951) to minimal logic.
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872 S. Niki et al.

Definition 9 (minimal-Kuroda-like translation) We define a translation AX of formulas
in L~ into itself by the following clauses.

Pt =r.
(Ao B)f = A¥ o BX.
(A — B)f = Ak 5 ~4pk,
(~A)k = ~AF,
where o € {A, V}. Then we define k(A) = ~*AF.
Lemma17 MP - = h(A) < k(A).

Proof By induction on the complexity of A. The crucial case is when A has the form
~(B — C). In this case,

h(~(B — C)) = h(B) A h(~C),
k(~(B — C)) = ~>(BF = ~*Ck).

By LH., MP - = h(B) < ~*B* (since k(B) = ~*B*) and MP - = h(~C) <
~3CF (since k(~C) = ~*(~C)*). Then we can show the equivalence

h(B) A h(~C) <> (~*B* A ~2CF)
< ~H B AR
< ~(BF - ~4chy.

Theorem 18 CP + = A if and only if MP - = k(A).
Proof Immediate from Theorem 16 and Lemma 17. O

Corollary 19 If A is a provable contradiction in CP, then k(A) is a provable contra-
diction in MP.

Proof 1f CP - = A and CP - = ~A, then by Theorem 18 MP - = ~*A* and
MP - = ~*(~A)k ie. ~*AF(= k(A)) is a provable contradiction in MP. O

Consequently, MP has, in a sense, no less advantage than CP in producing provable
contradictions. This suggests that the properties classical/intuitionistic negation adds
to minimal negation, such as the law of excluded middle or explosion, have only a
limited effect for deriving provable contradictions.

5 Comparison with the Quarter Turn Operator
5.1 Classical Case

In CP, a triple negation ~> gives the following equivalences:
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Double Negation as Minimal... 873

Fig. 1 Rotation of the values A ~ A A OA
t n t b
b| t b | f
n| f n|  t
f| b f| n

o ~3(AAB) < (~AA~B)
e ~3(AV B) < (~AVv~3B)
e ~3(A—= B) > (A— ~3B)

It thus resembles the conflation operator of Fitting (1991) except that we do not have
~3~3A4 < A.In the semantics for CP given in Omori and Wansing (2018), the
truth tables of Fig. 1 are given for ~ and the quarter turn operator (9 Ruet (1996).°
It is observed in Omori and Wansing (2018) that ~ rotates the values of FDE-style
four-valued semantics in the opposite direction to . This immediately implies that
O coincides with ~3 and ~ coincides with (93. The correspondence can be to our
advantage, because the equivalences above show that ) makes a system more contra-
classical than ~ (when it is seen as a negation). One methodology to produce provable
contradictions for ~ then is to obtain it for © and then make a translation.

The proof theory of Ruet’s operator has been investigated by Belikov et al. (2022)
under the name of connegation. The history of this type of operator can be traced back
to the cyclical negation of Post; see Karpenko (2017), Post (1921) for the details.

In what follows, we first define a classical system with O taken as primitive (i.e. in
L). As we shall see, this system is only a slight variant to the system dCP in Belikov
et al. (2022), and as such we adopt the same name. It will be established that we can
embed the provable contradictions of each system (dCP, CP) into the other system.
We then extend the idea to IP by introducing an intuitionistic system dIP and show
an analogous result, this time with an additional help of the negative translations in
the previous section.

Definition 10 (dCP) The system dCP in L is defined by (Ax), (mCut)-(mR—) and
the following rules.

Op = Op (AXO)

OA, OB, I' = A = A,0A ' = A,0OB

CAANB).T = A MmO [ = A, O(A A B) (mROA)
OAT=A  OBT=A = A, OC,OD

OAVB).T = A (mLOV) = A.0Cv D) MROV)
Fr=AA OBE=I AT = A, OC
SASB.LToan Mo [ = A.0@A > ) MRO=)

6 Sometimes the symbol O is used instead.
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I'=,A,C (mLOY0) AT= A

OOC.T = A F= A 004 (MROO)

It is straightforward to check that dCP - A, T = A, A.

Remark 1 The difference between the current system and that of Belikov et al. (2022)
is in the rules for () —, for which they have:

= A A = A, 0B A, O°B,T = A
= A, (A > B) (A —> B), T = A

It is easy to see that the systems become equivalent by (mCut) and the derivability
of A = A and OA = (%A in both of the systems, if (Ax) and (Ax(Y) in the
formulation of Belikov et al. (2022) are replaced 7 with A = A and OA = OA.

Recall that a rule is said to be invertible (w.r.t. a premise) if the derivability of
the conclusion of the rule implies that of the premise, i.e. its converse rule (w.r.t. the
premise) is admissible. We need the next inversion lemma.

Lemma 20 (mLo),(mRo) for o € {A, V}and (mR— ) are invertible in both CP-(mCut)
and dCP-(mCut); (mL~o) and (mR~o) for o € {A, V, —, ~} are invertible in CP-
(mCut); and (mLOo), (mROo) for o € {A,V, O} and (mRO—) are invertible in
dCP-(mCut). Moreover, the following rules are admissible in CP-(mCut) and dCP-
(mCut).

1. For both CP-(mCut) and dCP-(mCut)

e fFA— B, I'= A, thentT = A,Aandt+ B, = A.
2. For dCP-(mCut):
o If O(A— B),I' = A, thentT = A, Aandt OB, = A.
Proof By induction on the depth of derivation. O

We now define a pair of translations between £~ and L.

Definition 11 We define translations ()’ : L~ —> L and () : L5 —> L~ by the
next clauses.

p'=r. P’ =p.
(AoB) =A"oB'. (AoB)’ = A® o B®.
(’\’A)t — O3Al‘ (OA)Y — ’\"3As.

where o € {A, V, —>}.

7 This modification is necessary, as the general versions are not derivable in the formulation of Belikov et
al. (2022). We can show by induction on the depth of derivation that the derivability of I' = A, O(p — p)
(or O(p — p),I' = A)implies that of ' = A;so O(p — p) = O(p — p) is underivable if their
system is non-trivial. This indeed is the case since it is weaker than the modification suggested in Remark
1 and thus than our formulation of dCP whose non-triviality is assured by Corollary 23.
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Lemma 21 The following statements hold.

1. If CP-(mCut) =T = A, then dCP-(mCut) - T" = Al.
2. If dCP-(mCut) =T = A, then CP-(mCut) - T'S = AS.

Proof By induction on the depth of derivation. O

Lemma 22 The following statements hold.

1. If CP-(mCut) - (AD)S, ' = A, then CP-(mCut) - A, T = A.
2. If CP-(mCut) =T = A, (A", then CP-(mCut) =T = A, A.
3. IfdCP-(mCut) - (A%)',T = A, then dCP-(mCut) - A,T = A.
4. If dCP-(mCut) =T = A, (A%), then dCP-(mCut) - T = A, A.

Proof By induction on the complexity of A. For 1.-2., we must simultaneously show:

1°. If CP-(mCut) - ~(A")*, T = A, then CP-(mCut) - ~A, T = A.
2’ If CP-(mCut) F I' = A, ~(A")*, then CP-(mCut) - [ = A, ~A.

Here we consider the case for 1’. when A is B — C. Since (B — C)")* = (B")* —
(ChH%, assume CP-(mCut) = ~((B")* — (C"%),I" = A. Then by Lemma 20, we
have CP-(mCut) - (B"), ~(C")*, T = A.Now by LH. for 1. and 1°., CP-(mCut)
B, ~C, T = A.Thus by (mL~—) we conclude CP-(mCut) - ~(B — C),I' = A.
Other cases are similarly argued. For 3.—4., the induction must simultaneously show:

3. If dCP-(mCut) - 5(A%)!, T = A, then dCP-(mCut) - OA, T = A.
4. If dCP-(mCut) - T = A, O(A%), then dCP-(mCut) - I = A, OA.

Otherwise the argument is analogous. O

One consequence of the above lemmas is that (mCut) is eliminable in our formu-
lation of dCP.

Corollary 23 (mCut) is admissible in dCP-(mCut).

Proof Suppose dCP = I' = A. Then it is easy to check that Lemma 21 2. holds
even with the presence of (mCut), because it is admissible in CP-(mCut) (Kamide,
2017, Theorem 2). Then Lemma 21 1. implies dCP-(mCut) F (I'*)" = (A%)’. Use
Lemma 22 to conclude dCP-(mCut) - I = A. O

We also obtain the desired correspondence between the two systems.

Theorem 24 The following statements hold.

1. CP+T = Aifand only ifdCP - T = A’
2. dCPFT = Aifandonly if CP +I'¥ = AS.

Proof For 1., by Lemma 21, it suffices to show that dCP + I'" = A’ implies CP
I' = A. This holds by Lemma 22. The argument for 2. is analogous. O

We can now use the correspondence to obtain a characterisation of provable con-
tradictions in the systems.
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Corollary 25 The following statements hold.

1. CP+ = A A~A ifand only if dCP - = O3 AT A O*A'.
2. dCP+ = A A OA ifand only if CP - = ~3 A5 A ~*AS,

Proof 1. is an immediate consequence of Theorem 24 as well as dCP - C = *C
and dCP - (9*C = C. The case for 2. is analogous. O

Corollary 25 allows us to obtain some provable contradictions in CP relatively
simply. For instance, it is easy to note that dCP = p v &> p and dCP - = O(p Vv
9% p). Then Corollary 25 tells that ~3(p v ~°p) is a provable contradiction in CP.
In addition, Corollary 25 clarifies that (), which makes the system seem quite contra-
classical if understood as a negation, does not produce more provable contradictions
than ~.

5.2 Intuitionistic Case

Let us turn our attention back to IP. The main questions here is to what extent it is
possible to have a corresponding system like for CP. A natural starting point is to
restrict dCP and move on to a single-conclusion system.

Definition 12 (dIP) The system dIP in L is defined by (Ax), (AxO), (Cut)—(R—)
and the following rules.

5&? gi,rricc o S g RN
- F@Zﬁ B), roig =S aow r =>F 5?2?5 oy ®)
Fo:('AA—> B),O rl,g’zzjcc Lo=) ig: g>CC) (Ko=)
Boers 100 T aox 00

where i € {1, 2}.
We shall establish some basic properties of dIP.

Definition 13 We define a translation g of formulas in Ly into those of £, by the
following clauses:

g(O(A A B)) = g(OA) A g(OB).

g(p) =p.
g(Ao B) =g(A)og(B). 8(O( ) = g(OA) v g(OB)
/ g(O(A = B)) = g(A) > g(OB).

gOp)=p.

g(OOA) = —g(A).
where o € {A, VvV, —>}.
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Theorem 26 (Cut) is admissible in dIP.

Proof The argument is analogous to Kamide (2017, Theorem 11,12) except that we
need to use g instead of f in Definition 4. O

Theorem 27 dCP - = A if and only if dIP - = (O*A.
Proof Analogous to (Kamide, 2017, Theorem 19). O

The translations ¢ and s do not work for IP and dIP, because, for instance, (a)
IP - ~(pAg) = ~pV~gbutdIP ¥ O3(p Ag) = Op v Og; and (b)
dIP - O(pVvg) = Opv OgbutIP ¥ ~3(p Vv q) = ~3>p v ~3¢, as can be
checked easily by searching possible derivations. Nonetheless, it is still possible to
give a restricted version of Corollary 25.

Corollary 28 The following statements hold.

1. IP = ~2A A ~3Aifand only if dIP - = O A" A OO AL
2. dIP F = O?A A O3A ifand only if TP - = ~3AS A ~OAS,

Proof (i) IfIP - = ~2A A ~3 A then so is it derivable in CP. Hence by Theorem 24,
dCP + = 94" A O?A’. This is equivalent to dCP + = A’ A (9?A’. Then
by Theorem 27 and the distributivity of (%* over conjunction, we obtain dIP + =
(A" A (90 A’ The converse direction is argued along the same path, this time using
the equivalence between ~® and ~2. The argument for (ii) is analogous. O

On the other hand, it is not possible to obtain Corollary 25 fully for IP and dIP. In
order to see this, note that dIP - = ©°(p A% p) A7 (p AP p) and so we can show
dIP - = O3 (~(p A ~2p))' A O*(~(p A ~2p))'. However IP ¥ = ~(p A ~2p).
Similarly, since it holds that IP - = ~3(p v ~%p) A ~*(p v ~Op), we have IP +
= ~3(p Vv OIp) A~*p Vv O?p)S. However dIP ¥ = p v 52 p.

Remark 2 1f we write both ~~ and OO as — (representing intuitionistic negation),
then the above proof establishes that IP + = —A iff dIP - = —A’ as well as
dIP - = —A iff IP - = —A’. Hence the intuition that ~ and O represent rotations
of values from opposite sides can be seen to be partially alive: for instance, in CP,
applying ~ to (~-free) A corresponds to applying O three times to it. In IP, applying
~to —A (i.e. ~3A = —=~A) corresponds to applying O three times to it (i.e. > A =
(P A == (~A)).

Another possible restriction is to disallow applications of certain rules.

Proposition 29 The following statements hold.

1. If IP-(Cut) = T' = A with no applications of (L~A) or (L~—1), then dIP +
= A"
2. IfdIP-(Cut) = T' = A with no applications of (LOV), then IP - TI'¥ = AS.

Proof For 1., by induction on the depth of derivation. For instance, when the last rule
applied is an instance of (L~—2),
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~B,I'=C
~(A— B),'=>C
then by LH. we have a derivation on IP of (%*B’, I'" = C'. Then since dIP-(Cut) -
3 (A" — B") = (9’ B’, by the admissibility of (Cut) we infer (53(A’ — B"), I =
C'.2.1s argued likewise. ]

Corollary 30 IfdIP - = A A OA and there is no occurrence of disjunction in A, then
IP = ~3A5 A ~*AS.
Proof From Proposition 29 and the fact that if a disjunction occurs in a derivation of

dIP-(Cut), it must occur in the endsequent. ]

For example, we can show dIP - ((p A Op) — p) AO((p AOp) — p), and the
corollary then tells that ~3((p A ~3p) — p) is a provable contradiction in IP.

6 Some Subsystems of MP

In this section, we shall look at some examples of subsystems of MP, mainly ones
which do not prove a contradiction, to point out certain limits for weakening the
property of the double negation. We first give a general characterisation for a set of
formulas to contain a contradictory pair, assuming that it satisfies N4-like conditions.

Theorem 31 Let L be a set of formulas in L. such that:

1. A¢L for some A. 5. AVB € L = AeL or BeL.
2. AinArel = A;el foriefl, 2}. 6. ~(AAB)eL = ~Av~BelL.
3. A,A—>BeL = BelL. 7. ~(AvB)eL = ~AA~BeL.
4. AeL = A[p/B]eL. 8. ~(A—>B)eL = AA~BelL.

Then A, ~A € L for some A if and only if there is B such that
e ~B,~~B¢elL.
e for any C such that |C| < |~B|, either C ¢ L or ~C ¢ L.

Proof The ‘if’ direction is immediate. For the ‘only if” direction, we show the contra-
positive. So suppose for all B, if ~B, ~~B € L then there is C such that |C| < |~B|
and C, ~C e L. We shall argue by induction on the complexity of A that A, ~A € L
leads to contradiction.

If Ais p or ~p, then A, ~A € L implies ~p € L. By the condition 4. for L,
we infer ~(D — D) € L and so D € L for all D by the conditions 2. and 8.. This
contradicts the condition 1..

If Ais DAE,then DA E,~(D AFE) € Landso D, E € L by the condition
2.. Also ~D v ~E € L and so either ~D € L or ~E € L by the conditions 5.
and 6.. Consequently either D, ~D € L or E, ~E € L, But by LLH. both lead to a
contradiction. The case when A is D Vv E is analogous.

IfAisD — E,then D — E,~(D — E) € Landso D, ~E € L by the condition
8..Also D, D — E € L means E € L by the condition 3, so E, ~E € L and by L.H.
we obtain a contradiction.

If A is ~D, then the case |~D| = 0 is already treated. Otherwise, by our initial
supposition there has to be a formula C of lower complexity such that C, ~C € L, to
which we can apply L.H.. O
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6.1 Systems with Double Negation Rules

We will formulate our examples in this section axiomatically. For the first example, we
keep the axiom schema (A — ~~A) — ~~A in MP, but the other double negation
axiom schemais weakened to arule correspondingto (A <> B) — (~~A < ~~B)8,

Definition 14 (H-WP) The system H-WP is defined from H-MP by replacing the
axiom schema (A <> B) — (~~B < ~~A) by:

A< B

We check that H-WP satisfies the disjunction property, using the technique of the
Aczel slash Aczel (1968).

Definition 15 (Aczel slash) We define the notion of |A for formulas in £~ by the
following clauses.

|p < H-WP  p. I~p < H-WP I ~p.
|AAB < |Aand |B. |[~(AAB) & |~Aor|~B.
|AV B < |Aor|B. |~(AV B) & |~A and |~B.
|[A— B < (]A implies | B) |[~(A — B) < |Aand |~B.
and H-WPHA— B. |[~~A < H-WPH~~A,

Lemma 32 |A ifand only if H-WP - A.

Proof The left-to-right direction is shown by induction on the complexity of formulas.
The right-to-left direction is shown by induction on the depth of derivation. In particu-
lar, for the axiom schema (A — ~~A) — ~~A, it suffices to show that |[A — ~~A
implies |[~~A. The former implies H-WP - A — ~~A, so H-WP F ~~A and thus

Ao B it |~~A then H-WP - ~~A

and so H-WP + ~~B. Thus |~~B and consequently |~~A — ~~B. Similarly,
|[~~B — ~~A and so |[~~A < ~~B. O

|~~A, as required. For the rule

~~

Proposition 33 I[fH-WP + A Vv B then either H-WP = A or H-WP - B.

Proof 1f H-WP F A v B, then by Lemma 32 |A Vv B and so |A or | B. By the same
lemma, this implies either H-WP - A or H-WP + B. O

We now show that no formula of the form ~~A is derivable in the system, using
a Godel-Dummett style infinite-valued matrix (cf. e.g. Ono (2019)).

8 Inthe following, we shall assume that H-MP is axiomatised with these double negation axiom schemata,
rather than with (A — B) — (~~B — ~~A). The equivalence between the two axiomatisations is again
checkable straightforwardly.
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Definition16 Let T = {27/ : i € N} U {0}. Let v be an assignment of values
vT(p), v (p) € T to each propositional variable p. For compound formulas, we
set:

vT(AAB) =min(wT(A), vT(B)) v (AAB) =max(v~ (A),v (B)).
vT(AVB) = max(wT(A), vH(B)) v (AVB) =min(v_(A), v (B)).
N 1 if v (A)<v™(B). _ L _

v (A—>B)—:v+(3) otherwise. v (A—B) =min(v"(A), v (B)).

P I if v+ (A)=0.
v =) R PG e ey

A formula A is then said to be valid if v (A) = 1 for any assignment v.
Proposition 34 H-WP V¥ ~~A for any A.

Proof 1t is straightforward to check that H-WP is sound with respect to the above
matrix. For instance, if vT(A) = 0 then v (~~A) = v=(~A) = 1. Otherwise,
vH(A) = 270 > 270+D = yF(~~A) and so vF(A — ~~A) = vH(~~A).
So vT((A - ~~A) — ~~A) = 1 under any assignment v. Also, if A < B
is valid, then for any v we have v™(A) = v (B), from which it also follows that
vH(~~A < ~~B) = 1, and so the formula is valid.

Now, it is easy to see that if v is an assignment such that v*(p) > 0 for all p and
x € {4, —}, then v*(A) > O for all A. Hence under this assignment, for no A we have
v (~~A) = 1. The statement then follows by soundness. O

Corollary 35 H-WP does not have a provable contradiction.

Proof 1t readily from Proposition 33 that the set of theorems of H-WP satisfies the
conditions of Theorem 31. Then the statement follows using Proposition 34. O

This example in particular shows that (A — ~~A) — ~~A is insufficient by
itself to cause negation inconsistency.

At this point, one might wonder what happens for the other way of weakening MP,
namely to retain (A < B) — (~~A < ~~B) while (A - ~~A) > ~~Ais
made into a rule %. Let us call this system H-XP. We can confirm that this
system is negation inconsistent.

Proposition 36 ~(~(AA~2A) A~3(AA~?A)) is a provable contradiction in H-XP.

Proof We first observe that H-XP = ~~(AA~~A). This follows from (AA~~A) —
(A < (A A ~~A)) by first applying the double negation axiom schema of H-XP,
giving (A A ~~A) - (~~A — ~~(A A~~A)). Hence H-XP - (A A ~~A) —
~~(A A ~~A), to which we can apply the double negation rule. This implies then
H-XP + ~(~(A A ~2A) A ~3(A A ~?A)). On the other hand, the negation of the
formula is obtained by taking ~(A A ~~A) in place of A in ~~(A A ~~A). O
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. A<B
Neg. Inconsistent? ‘ (A B)—(~~ A~ B) NNA:7N~B
(Ao A) S A Yes (H-MP) No (H-WP)
A_’—’“A”A Yes (H-XP) No

Fig.2 The effect of changing axioms to rules

Figure 2 summarises what happens to negation inconsistency when we weaken the
axioms schemata of H-MP corresponding to (~~2) and (~~3) into the corresponding
rules. Alternatively, we can also consider the weakening of the axiom schema corre-
sponding to (~~1) as well. In that case, the negation inconsistency is kept even when
both of the axiom schemata are weakened to rules: we have ~> (A A~2 A) as a provable
contradiction, as can be checked by mimicking the derivations in Proposition 9.

7 Informational Interpretation of MP

The introduction by Kamide of the kind of negation we are considering seems to have
been motivated more from a technical perspective. Hence it did not necessarily come
with a (non-logical) philosophical project to which the formalisation of CP and IP
is dedicated. Nonetheless, it will be of a considerable interest if these logics with
unusual features get tied with a robust philosophical interpretation. At the same time,
it may be unlikely to immediately reach a definite interpretation, so we shall aim at
a more modest goal of enriching our understanding of the logics by suggesting an
interpretation from a point of view alternative to the pre-existing one.

As mentioned in the introduction, the double negation in CP and IP are already
explained in Omori and Wansing (2018) in terms of negative concord. This inter-
pretation is however linguistic in character, and a more constructive interpretation is
perhaps also beneficial for systems like IP and MP. A canonical example of such
an interpretation is the BHK-interpretation for intuitionistic logic, which explains the
meaning of a connective by the proof condition of a formula with the connective as
the main connective (see e.g. Troelstra and van Dalen (1988)). For systems related to
N4, an extended interpretation is often used, in which the explanation is given by the
parallel notion of refutation/disproof condition as well (Nelson, 1949; Lépez-Escobar,
1972).

If we allow ourselves to understand by a proof/disproof a construction that provides
an evidence in favour of a statement’s truth/falsity, BHK-style interpretation can be
connected to an interpretation based on the notion of information. The recent proposal
of dimathematism by Wansing (2022) appears to be particularly suitable for IP and
MP. As observed in that paper, IP (and also MP) satisfies the qualification of strong
dimathematism:

Strong dimathematism is an informational view: some languages L and some
contradictory L-formulas are such that their truth is supported by every state from
every L-model. That is, where ~ is negation, there are L-sentences A, such that
for every L-model 9t and every state w from 91, in 901 state w supports the truth
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of both A and ~A. Given that a state supports the falsity of A iff it supports the
truth of ~A, this is to say that there are some L-formulas A, such that every
L-model 9 and state w from 9N are such that in 907 state w supports both the
truth and the falsity of A. [Wansing (2022)]

The view thus liberates us from the perhaps constructively untenable notions of
truth and falsity by replacing them with the more tangible notions of supports of truth
and falsity. An interpretation of MP (or IP) from this viewpoint then has to answer
how the falsity of ~A is supported.

7.1 Double Negation and Strong Support
Limiting our attention to MP, we have to explain the condition:
wlF ~Aiff Yo' > ww'IFTA = w' € Q).

In minimal logic, Q is used to capture the absurdity constant L, and as a consequence
Q is best understood as a set of worlds which disfavour the truth of A. Nonetheless, it
is also possible to consider Q as a set of worlds which favour A. Although we in no
way expect it to be a definitive interpretation, we tentatively suggest to deem Q as a
set of worlds in which the supported formulas obtain a higher informational status or
a strong support.

Once we understand Q in such a way, then the equivalence above seems less per-
plexing. One can perhaps defend it on the following ground: it is something unusual
if any later state that supports the truth of A is one that is capable of giving a strong
support. This regularity challenges the claim that A is false; so the falsity of ~A is
supported,”’. Then conversely the falsity of ~A can be taken to be supported only if
the above situation holds.

Remark 3 To understand the naive intuition behind the interpretation, it may help to
see each world metaphorically as an agent (ordered by what they support), and Q
as the set of ones who are trustworthy. Then consider as an example the case of an
agent assessing the falsity of the statement ‘global warming is not a major issue.’. In
order to evaluate the statement, the agent looks at other agents with whom he shares
what to support (i.e. later worlds), and discovers that every agent who supports the
truth of the statement ‘global warming is a major issue’ is trustworthy.'? Based on
this evidence, the agent supports the falsity of the original statement. This method of
evaluation seems rather natural, as we often refer to people making relevant claims
and check their credibility, when we judge a claim.

9 Needless to say, the acceptability of this reasoning depends much on the relationship between the supports
of truth and falsity. This is left unspecified in MP which is perhaps unsatisfactory. On the other hand, N4
may be argued to have a similar problem as well.

10 Grigory Olkhovikov pointing out that it can happen that such an agent is in fact in the minority among
the agents in Q, in which case concluding the support of falsity may seem odd. One possible defence to the
objection would be to argue that the rule of majority should not play a role when it comes to evaluating the
opinions of trustworthy agents.
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It is hard to apply a similar kind of interpretation to IP, because in the intuitionistic
setting, Q has to be empty. We can not, as a result, have a ‘positive’ reading of the
support of falsity condition for negation, unlike in MP. This may be hinting that MP,
which in a way liberates from the view that the double negation must resemble a
demi-negation, is more preferable than IP from the informational point of view.

7.2 Extending the Interpretation

One possible objection to the support of falsity condition for negation in MP, when
understood in the above manner, is that w [F~ ~A holds even when thereisno w’ > w
such that w’ IF™ A. It may be suggested that the falsity of ~A should not be supported
when the truth of A will not ever be supported. Accepting this criticism motivates one
to make the following modification to the forcing conditions in the semantics for MP:

wlF ~Aiff Vo' > w((w'FTA = w’ € Q) and 3x > w'(x IFT A)).

This condition ensures that that the aforementioned situation does not occur, and also
preserves the upward closure of the forcing relation. Let us denote the consequence
for the modified semantics by F,,.

We can show using a standard method (see e.g. van Dalen (2014)) that the modifi-
cation does not affect the constructive character of the semantics.

Proposition 37 IfF,, AV B thenF,, A ork,, B.

Proof We show the contrapositive. So suppose ¥,, A and ¥,, B. Then there are
countermodels M; = ((W;, <;, Q;), V;) fori € {1, 2} such that there are w; € W;
with M, w; ¥t A and M5, wy ¥+ B. We may assume Wi N W, = . Define a new
model M = (W, <, Q), V) where:

W = W1 U W, U {g}, where g is a new element.

w<wifw,w W andw <; w,orw=g.

0=01UQ0s.

V*(p) = Vi (p) UVi(p) for x € {+, —}.

Then for i € {1, 2} and * € {+, —}, it holds that for all w € W;, we have M, w I-*

A iff M;, w IF* A. Consider as an example the case when A is ~B, w € W

and x = —. Then M, w I~ ~B iff V' > w((M,w’ IFT B = w’ € Q) and

Jx > w' (M, x IFT B)). By LH,, this is equivalent to Yw' > w((M1,w’ IF* B =

w’ € Q1) and Ix > w' (M1, x IFT B)) and thus to M, w IF~ ~B.

Now we have M, wy ¥+ A, M, wy ¥+ Bandso M, g ¥+ Av B;thusk,, AVB.
O

On the other hand, if one is interested in a negation-inconsistent system, then the
semantics is not adequate.

Proposition 38 ¥#,, ~~A for any A.

Proof Consider a model with Q = @. In the model, M, w IFT ~~A iff
Yw' > ww’ ¥t A and 3x > w'(x IFT A)). Hence ~~A is never forced in such
a model. O
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Corollary 39 There is no formula A such that =, A and E,, ~A.

Proof Let L = {A :F,, A}. Then the statement follows from Theorem 31 as well as
Proposition 37 and 38. O

Remark 4 1t may be suggested that Proposition 38 can be avoided by putting an extra
condition that Q # (. In that scenario, when W = {w} we obtain the equivalence
w IF~ ~A if and only if w I+ A. In a model based on such a framell, if w IFT A
and w IFT ~A, where |A| > 1, we can always find a strict subformula B of A such
that w IF™ B and w IF™ ~B. It follows then that we do not have such A in a model
where V't (p) = V™ (p) = 0. This gives a countermodel for A A ~A in the suggested
semantics, and so we again end up with a negation-consistent system.

The above observations suggest that it is essential for the negation inconsistency of
MP that the falsity of negation can be ‘vacuously’ supported. Is it possible to make
sense of such a support?

One reply to this question might be to note that a vacuous support does not mean it
contains no information. Observing that the truth of A is never going to be supported
provides enough information to rule out a counterexample to the support of falsity for
~A, in the sense of a later world which supports the truth of A but not in Q. Hence a
vacuous support is something more than a non-support. Nonetheless, one might argue
that we cannot regard the observation as a support, because it gives less information
than the non-vacuous cases. However, this should not be too much of a problem, as
our interpretation presupposes that supports come in different degrees.

8 Concluding Remarks

This paper explored some subsystems of Kamide’s logics CP and IP, in order to analyse
the cause of the non-trivial negation inconsistency of the systems. We formulated the
system MP, whose double negation can be seen as the minimal negation. MP, as
we found out, is not only negation inconsistent, but also is a system into which any
provable contradiction in CP can be embedded, preserving the status of provable
contradiction. This result was also used to show how provable contradictions in CP
and IP correspond to those of the systems with quarter turn operator, dCP and dIP.

As the Hilbert-style system H-MP clarifies, (A — ~~A) — ~~A is isolated as
the sole axiom schema inducing the contra-classicality. Then to understand the role of
the schema further, we looked at some subsystems of MP in which double negation
axiom schemata are turned into rules. We observed the status of negation inconsistency
depends on which axiom schema is weakened.

Lastly, we attempted to give an interpretation of MP from an informational, and
more specifically dimathematic point of view. We suggested that the support of falsity
for ~A can perhaps be understood as the regularity that the support of truth for A
being always strong. We then observed that the negation consistency is lost if some
stronger conditions are imposed.

1" A model of this kind is equivalent to the one for the system CLoNs in Batens et al. (1999).
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MP may perhaps not rival N4 in terms of naturalness, but given the interpretation,
the difference might be not as wide as it appears at first sight. The crucial question
then is under which contexts it can work as a complementary system. This needs to
be explored further in order to justify the importance of Kamide’s negation and the
contradictions it creates.

Acknowledgements This research has received funding from the European Research Council (ERC) under
the European Union’s Horizon 2020 research and innovation programme, grant agreement ERC-2020-ADG,
101018280, ConLog. The author thanks Norihiro Kamide, Grigory Olkhovikov, Hitoshi Omori, Heinrich
Wansing and anonymous referees for their valuable comments and suggestions.

Funding Open Access funding enabled and organized by Projekt DEAL.

OpenAccess Thisarticleis licensed under a Creative Commons Attribution 4.0 International License, which
permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative Commons licence,
and indicate if changes were made. The images or other third party material in this article are included
in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the material. If
material is not included in the article’s Creative Commons licence and your intended use is not permitted
by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the
copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

References

Aczel, P. H. G. (1968). Saturated intuitionistic theories. In H. A. Schmidt, K. Schiitte, & H. J. Thiele (Eds.),
Studies in logic and the foundations of mathematics (Vol. 50, pp. 1-11). Elsevier.

Almukdad, A., & Nelson, D. (1984). Constructible falsity and inexact predicates. The Journal of Symbolic
Logic, 49(1), 231-233.

Avron, A. (2005). A non-deterministic view on non-classical negations. Studia Logica, 80, 159—194.

Batens, D., DeClercq, K., & Kurtonina, N. (1999). Embedding and interpolation for some paralogics. The
propositional case. Reports on Mathematical Logic, 33, 29-44.

Belikov, A., Grigoriev, O., & Zaitsev, D. (2022). On connegation. In Bimbé, K. (ed.) Relevance Logics and
Other Tools for Reasoning. Essays in Honor of J. Michael Dunn, pp. 73-88. College Publications

Bilkovd, M., & Colacito, A. (2020). Proof theory for positive logic with weak negation. Studia Logica,
108(4), 649-686.

Colacito, A. (2016). Minimal and subminimal logic of negation. Master’s thesis, University of Amsterdam

Colacito, A., de Jongh, D., & Vargas, A. L. (2017). Subminimal negation. Soft Computing, 21, 165-174.

Ferreira, G., & Oliva, P. (2011). On various negative translations. In: van Bakel, S., Berardi, S., Berger, U.
(eds.) Proceedings Third International Workshop on Classical Logic and Computation, Brno, Czech
Republic, 21-22 August 2010. Electronic Proceedings in Theoretical Computer Science, vol. 47, pp.
21-33. Open Publishing Association, Published Online . https://doi.org/10.4204/EPTCS.47.4

Fitting, M. (1991). Kleene’s logic, generalized. Journal of Logic and Computation, 1(6), 797-810.

Glivenko, V. (1998). On some points of the logic of Mr. Brouwer. In: Mancosu, P. (ed.) From Brouwer to
Hilbert: The Debate on the Foundations of Mathematics in the 1920s, pp. 301-305. Oxford University
Press, New York

Humberstone, L. (1995). Negation by iteration. Theoria, 61(1), 1-24.

Humberstone, L. (2000). Contra-classical logics. Australasian Journal of Philosophy, 78(4), 438-474.

Johansson, I. (1937). Der Minimalkalkiil, ein reduzierter intuitionistischer Formalismus. Compositio Math-
ematica, 4, 119-136.

Kamide, N. (2017). Paraconsistent double negations as classical and intuitionistic negations. Studia Logica,
105(6), 1167-1191.

Karpenko, A. S. (2017). Four-valued logics BD and DM4: Expansions. Bulletin of the Section of Logic,
46(1/2), 33-45.

@ Springer


http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.4204/EPTCS.47.4

886 S.Niki etal.

Kuroda, S. (1951). Intuitionistische Untersuchungen der formalistischen Logik. Nagoya Mathematical
Journal, 2, 35-47.

Lépez-Escobar, E. G. K. (1972). Constructions and negationless logic. Studia Logica, 30(1), 7-19.

Nelson, D. (1949). Constructible falsity. The Journal of Symbolic Logic, 14(1), 16-26.

Odintsov, S. P. (2005). The class of extensions of Nelson’s paraconsistent logic. Studia Logica, 80(2),
291-320.

Omori, H., & Wansing, H. (2022). Varieties of negation and contra-classicality in view of Dunn semantics.
In: Bimb6, K. (ed.) Relevance Logics and Other Tools for Reasoning. Essays in Honor of J. Michael
Dunn, pp. 309-337. College Publications, London

Omori, H., & Wansing, H. (2018). On contra-classical variants of Nelson logic N4 and its classical extension.
The Review of Symbolic Logic, 11(4), 805-820.

Ono, H. (2019). Proof theory and algebra in logic. Springer.

Paoli, F. (2019). Bilattice logics and demi-negation. In H. Omori & H. Wansing (Eds.), New essays on
Belnap—Dunn logic (pp. 233-253). Springer.

Post, E. L. (1921). Introduction to a general theory of elementary propositions. American Journal of Math-
ematics, 43(3), 163—-185.

Ruet, P. (1996). Complete Sets of Connectives and Complete Sequent Calculus for Belnap’s Logic. Ecole
Normale Supérieure (Paris). Laboratoire d’Informatique, Paris

Segerberg, K. (1968). Propositional logics related to Heyting’s and Johansson’s. Theoria, 34(1), 26-61.

Troelstra, A. S., & van Dalen, D. (1988). Constructivism in mathematics: An introduction (Vol. I). Elsevier.

van Dalen, D. (2014). Logic and Structure (5th ed.). Springer.

Wansing, H. (2022). One heresy and one orthodoxy: On dialetheism, dimathematism, and the non-
normativity of logic. Erkenntnis, 1-25

Publisher’s Note Springer Nature remains neutral with regard to jurisdictional claims in published maps
and institutional affiliations.

@ Springer



	Double Negation as Minimal Negation
	Abstract
	1 Introduction
	2 Minimal Variant of IP
	2.1 Sequent Calculi
	2.2 Hilbert-Style System and Semantics

	3 Provable Contradictions in MP
	4 Embedding Provable Contradictions
	5 Comparison with the Quarter Turn Operator
	5.1 Classical Case
	5.2 Intuitionistic Case

	6 Some Subsystems of MP
	6.1 Systems with Double Negation Rules

	7 Informational Interpretation of MP
	7.1 Double Negation and Strong Support
	7.2 Extending the Interpretation

	8 Concluding Remarks
	Acknowledgements
	References




