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Abstract. In [Waragai & Shidori, 2007], a system of paraconsistent logic
called PCL1, which takes a similar approach to that of da Costa, is pro-
posed. The present paper gives further results on this system and its
related systems. Those results include the concrete condition to enrich
the system PCL1 with the classical negation, a comparison of the con-
crete notion of “behaving classically” given by da Costa and by Waragai
and Shidori, and a characterisation of the notion of “behaving classi-
cally” given by Waragai and Shidori.
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1. Introduction

We shall first recall some basic definitions used in the study of paracon-
sistent logics. Then, the position of the system PCL1 in the systems of
paraconsistent logic will be given. Finally, the aim and the outline of the
present paper will be clarified.

1.1. Basic Definitions

In this paper, we understand by logic L an ordered pair of a set of
formulas (written as For) and a consequence relation b defined over For.

*We would like to thank the referee for his/her advice to make some differences
between da Costa’s system C,, and PCL1 clear.
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We shall write the consequence relation of the logic L as Fr. Also any
subset I' of For will be called a theory of L.

DEFINITION 1. Let L be a logic and I' be a theory of L. Then,

e [ is said to be contradictory when for some formula A, I' -5 A and
I' Fr, = A both hold.

I is said to be explosive with respect to A and — whenT 7 A D (=A D
B) holds for any formula B.

I is said to be trivial when I' 7, A holds for any formula A.

L is said to be contradictory, explosive with respect to A and -, or
trivial when any theories of L are contradictory, explosive with respect
to A and —, or trivial respectively.

L is said to be paraconsistent when there exists a theory which is
contradictory but not trivial.

It should be noted here that two logical notions, that a theory I' being
contradictory and a theory I' being trivial, are different logical notions.
In many of the familiar logics such as classical propositional calculus or
intuitionistic propositional calculus these two notions do coincide, though
in logics which are paraconsistent, it does not. In general, to treat these
two notions as different logical notions must be the common objective
in the study of paraconsistent logic. As it is known, however, there are
several approaches to this objective such as that of Jaskowski, da Costa,
Priest, Batens, etc.

Since the systems to be treated in this paper are in the tradition of
da Costa’s approach, we shall next recall his idea briefly.

1.2. Recalling da Costa’s Approach

In da Costa’s systems of paraconsistent logic C,, (1 < n < w), the fol-
lowing definition is given:

A° =gof N(A AN A)

—
A" =gep AT
A™ =def AL A on AT

Formula A is said to be behaving classically in C,, when ¢, A™) holds.
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Keeping this definition in mind, the following results hold in C,:

Fc, AD(NADB)
Fe, A™ 5 (AD (NADB))

That is, C,, is not necessarily explosive with respect to A and N, though
if it turns out that A behaves classically in C,,, then C,, is explosive with
respect to A and N.

As we can see here, the idea to internalise the notion regulating the
explosion of the system into the object-language level is one of the main
features of da Costa’s system, and this idea was enlarged in a more gen-
eral setting by Carnielli, Coniglio and Marcos.! Taking their treatment
into account, we shall next give a definition.

DEFINITION 2. Let L be a logic, I" be a theory of L, and A(A) be a
formula which depends only on A. Then I is said to be gently explosive
with respect to A and — when the following conditions hold:

(a) Neither {A(A), A} nor {A(A),—A} are trivial.
(b) For any formula B, the following holds:

(gOEF) 'k A(A) D (AD (=ADB))

Also the logic L is said to be gently explosive with respect to A and
= when any theories of L are gently explosive with respect to A and —.

Remark. In the system PCL1, which is to be treated in the present paper,
A(A) is the formula "A D NN A7 and will be written as Al.

As we pointed out above, da Costa’s idea is generalised by the work
given by Carnielli, Coniglio and Marcos, but still the concrete treatment
of the notion of “behaving classically” must be an important task in order
to make an evaluation of da Costa’s approach. That is to say, if we are to
develop a system of paraconsistent logic by da Costa’s appraoch, then it
must also be necessary to introduce some concrete notions of “behaving
classically” defined differently from the one given by da Costa, and to
compare the new definitions with da Costa’s original definition.

!See [Carnielli & Marcos, 2002] and [Carnielli et al, 2005].
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1.3. Aim and Outline of the Present Paper

With all the observations given above in mind, we shall now make the
aim and the outline of the present paper clear. The objective of the
present paper is to discuss the following three points:

e to clarify the conditions needed to enrich the system PCL1 with the
classical negation.

e to give a justification of the notion of “behaving classically” given by
Waragai and Shidori.

e to examine the concrete notions of “behaving classically” given by da
Costa and by Waragai and Shidori.?

We shall add some words for each of the points. The first point is im-
portant since if we take a different notion of “behaving classically” from
that of da Costa’s, then we won’t be able to define the classical negation
as it is done in da Costa’s systems. The second point must help us to
grasp the idea of the new definition. Finally, the third point is necessary
in order to see the differences between the original definition and the new
definition of the notion of “behaving classically”.

Now, in order to reach these three points, the following three steps
will be taken beforehand:

1. to state the axiom schemata and the rules of inference of PCL1.

2. to give some basic results of PCLI.

3. to define the strong negation and show some of its results.

These three steps will be the content of the coming three sections from 2

to 4 respectively and are followed by three sections from 5 to 7 treating
the above three points respectively.

2. The Axiom Schemata and the Rules of Inference of PCL1

We shall now give the axiom schemata and the rules of inference of
PCL1. As da Costa’s systems C,, are based on the axiomatisation of
classical propositional calculus in [Kleene, 1967], PCL1 is based on the

2There is another concrete notion of “behaving classically” proposed by Guillaume
in his [Guillaume, 2007]. However, we shall discuss his definition in another paper.
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axiomatisation of it given in [Rasiowa & Sikorski, 1970]. In this section,
we shall first recall the formulation of classical propositional calculus in
[Rasiowa & Sikorski, 1970], and then give the formulation of PCLI.

2.1. Formulation of Classical Propositional Calculus
in [Rasiowa & Sikorski, 1970]

The formulation of classical propositional calculus given in [Rasiowa &
Sikorski, 1970] consists of the following axiom schemata and a rule of
inference:

Axiom Schemata

Apcral (ADB)D((BD>C)D(ADC())
Apcri2 AD(AVB)

Apcra3 B> (AV B)

Apcri14 (ADC)D((BDC)D((AvB)D(O))
ApcL1 (ANB)D A

ApcrL16 (ANB)D B

Apcra7 (CD>A)D({(C>B)D(CD>(ANB)))
Apcra8 (AD(BDC)D((AAB)D(C)
Apcri9 ((AANB)DC)D(AD(BDCQ))

A10 (AN-A) D B

All (AD(AAN-A) DA

Al12 AV -A

Rule of Inference
MP AJADB /B

Remark. It should be noted here that if we eliminate the last axiom
scheme A12 then a formulation of intuitionistic propositional calculus
will be obtained. We will make use of this fact later in this paper.

2.2. Formulation of PCL1

Keeping the formulation of classical propositional calculus given above
in mind, we shall now state the axiom schemata, two rules of inference
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and two definitions of the system PCL1 which will be the main system
to be discussed in this paper.

Axiom Schematal: Apcr11-Apcr19 are in common with those stated
above,

Apcr110 NNADA
Apcrall AVNA
D1 Al=4s ADNNA

Axiom Schemata2:

Apcri12.1 Al > ((N A\/B) D (A D B))

Apcri113 (A'ABY D> (N(AAB) D> (NAVNB))
Apcr14 (A'ABY > (N(AVB) D> (NAANB))
Apcri15 A' S ((AANB) D N(4 D B))

Rules of Inference

MP A,ADB/B
RA15 Al /) N(AD> B) > (AANB)
D2 AEB:dCf(ADB)/\(BDA)

Remark. Several modifications, which will be given below, have been
made from the point of view of the previous formulation of PCL1 given
in [Waragai & Shidori, 2007].

1. AV N A is substituted for NA D NNNA in All of the previous
formulation.

2. D is substituted for = in A12 of the previous formulation and A12 is
relabelled as Apcy,112.1.

3. D is substituted for = in D2 of the previous formulation and D2 is
relabelled as D1.

We shall prove the inferential equivalence of these two formulations in

the end of the next section.

Another point to be noted is that two axiom schemata Apcy113,
Apci114 and one of the rules of inference RA15, which are stated with the
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help of A, enable us to derive the formulas expressing the propagation
of the notion of “behaving classically”.?
Finally, a justification of the two axioms, Apcr110 and Apcr11,

together with the justification of A! will be given in the later section.

3. Some Basic Results on PCL1

In this section, some of the basic results on PCL1 will be presented. We
shall first point out some positive theses to be made use of in the present
paper, and then prove some results related with the negation N. And in
the last subsection, the inferential equivalence of the two formulations of
PCL1 mentioned above will be given.

3.1. Preliminaries on “Positive” Formulas

Since the system PCL1 has intuitionistic positive calculus as a subsystem,
we can certainly prove the following theses:

Tpcril FpcL1 AD A

Tpcri2 Fpo1 AD (B D A)

Tpcr13 FpeL1 (AD(BDC))D(BD(ADC))
TpcrLi4 Fpcr1 (AD (AD B)) D (ADB)

TpcrLib FpeL1 (AD(BDC))D((ADB)D(ADC0))

As is shown by Tpcr12 and Tpcr15, we have Simplification and Fregean
Syllogism available. So we can make use of the so-called Deduction Theo-
rem, which will be abbreviated to (DT) hereafter, if the rule of inference
RA15 is not involved in the proof.

We can also prove the following two theses; the former is quite useful
in the present paper:

Tpcr,16 Fpcra (A \/B) D) ((B D) C) D) (A V C))
Trcor17 Fpert (AV (BAC)) =((AVB)A(AVO))
The theses appearing here are all “positive” ones which we shall make

use of in the following sections. Now, we shall start to observe some
theses in which negation N is involved.

3This is one of the main results presented in [Waragai & Shidori, 2007], and will
be examined further in [Omori & Waragai, 2010].
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3.2. Results Related with the Negation N

Since we have the law of the excluded middle with respect to N, we can

prove the following:

Tpcri8 Fpeni (ADNA)DNA Apcra4, Tperi3, Tecril, Apcrill

Tpcr19 Fpci NADA)DA Apcra4, Trcoral, Treri3, Apcrill
The next thesis Tpcr,110 shows that PCL1 is not necessarily explosive

with respect to A and N.

TPCLllo J"PCLI AD (N AD B)

PRrROOF. Use Waragai and Shidori’s matrix (see [Waragai & Shidori,
2007], p. 184), given below, and assign the value %2, 0 to A, B respec-
tively. Then the formula we are considering takes the value 0 which gives

the desired result.

Al 1T |%|0 VI1l]|7%
11 1]% |0 17111
Yl | %]|0 Bl1l]1|%
010|010 011]% |0
OD(1]%]|0 N
1111%1]0 110
Bl1|% 10 %l 1
0111 011

Note that 1 and % are the distinguished values.

3.2.1. Explosion and Reductio ad Absurdum

We shall here offer an useful proof-mechanism, which can be applied if
we are not making use of the rule (RA15). As we saw in the previous
subsection, we are free to use the well-known Deduction Theorem, if the

rule (RA15) is not concerned.

THEOREM 1. The following metatheorem holds in PCL1, if we are not
making use of the rule (RA15):

(RA) vB (F, A l_PCLl B) =T l_PCLl N A
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Proor. 1. VB (I'Atpcr1 B) sup.
2. T,Abpcri NA 1 (B/NA)
3. Thpegi ADNA 2, (DT)
4. TFpcri1 (ADNA)DNA Tpc118
5. Trpo NA 3.4 A

This (RA) says that if we succeed in showing that A causes logical
explosion, then we can derive that N A holds. This offers us a kind of
reductio ad absurdum method to prove N A.

3.2.2. Bottom Particles in PCL1

Now we shall observe some bottom particles in PCLI.
Tpcri1l }_PCLl AI D) (A D) (N AD B)) Apc1112.1, Apcra2, (DT)

As we saw in Tpcp110, PCL1 is not always explosive with respect to
A and N, but this Tpcr111 tells us that if it turns out that A behaves
classically in PCL1, then PCL1 is explosive with respect to A and N. In
other words, PCL1 is gently explosive with respect to A and N for any
formula A.

By a simple calculation based on Tpcr111, we reach the following:

Tpc1112  bFpcora (AI ANAAN A) OB Tpcrill

This Tpcr,112 shows that AT A A AN A is a bottom particle in PCL1.
We actually have another bottom particle in PCL1 and in order to prove
this fact, we need the help of Tpcp115 below:

Tpcr113  Fpeni NNAD (AAAD Apcr110, Tpcra2, D1, Apcia7
Tpcr1ld  Fpcora (A N AI) DNNA Tpcr112, (RA)
Tpcri1ld  Fperi NN A= (A A\ AI) Tpcri13, Tperi14

According to this Tpcr,115 it is shown that double negation of A in PCL1
can be split into two parts: A itself and AL

Now, Tpcr112 together with Tpcr115 enables us to derive the fol-
lowing thesis:

Tpc1116  Fpcora (N AANN A) OB Tpcr112, Tpcep115
Therefore, N A AN N A4 is also a bottom particle in PCL1.%

“Note that o, NN A= (AAA™) and ¥, (NAANNA) D B.



138

TOSHIHARU WARAGAI, HITOSHI OMORI

3.3. Equivalence between the two formulations of PCL1

We shall here prove the equivalence between the previous formulation of
PCL1 developed in [Waragai & Shidori, 2007] and the present formula~
tion of PCL1. It will be sufficient to prove the following two formulas in
the present PCL1:

Tpcral7 Fpciit NADNNNA
Tpcr118 Fpcra Al D) ((A D) B) D) (N AV B))

PrOOF. For TPCL117:

1.1.
1.2.
1.3.
1.4.
1.
2.
3.

NA sup.
NNA sup.
NAANNA 1.1,1.2,Apc11 7, MP
B 1. 3, Tpcr116, MP
NANNAkFpcr B 1.1-1.4
NAFpcrt NNNA 1, (RA)
Fpci NADNNNA 2, (DT)

For TPCLl 18:

1. (NAVA)D((ADB)D(NAVB)) Tpor16
2. NAVA Apcri4, Apcri3, Apcri2, Apcri1l, MP
3. (A>B)>(NAVB) 1, 4, MP
4. A'>((A>B)D>(NAVB)) 5, Tpcri2, MP
Therefore, the desired result is proved. =

4. Strong Negation in PCL1

In this section, the strong negation in PCL1 will be defined. Also some of
the results showing the properties of the strong negation and its relation
with the paraconsistent negation N and A! will be given.
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4.1. Definition of Strong Negation and Some Results

In addition to the fact that we have the bottom particle N AANN A at
hand in PCL1, we can also prove the following thesis:

Tpc1119  Fpcora (N AANN A) = (N BANN B) Tpcr116

Therefore, with this result in mind, let us define the strong negation —
with respect to A as follows:

DEFINITION 3. For a certain formula X, we put the formula N X AN N X
as f, and define strong negation of A as follows:

DSN -A =def ADT
We shall now prove some results on the strong negation using the

definition given above.

Tpc1120  Fpcora (A D) —|A) D -A Tpcr14, DSN
Tpcr12l  Fpera (A D (A AN —|A)) D —A Tpcr120

With the help of Tpcr,120, we also have (RA) stated in terms of strong
negation, i.e. the following theorem holds:

THEOREM 2. If we are not making use of the rule (RA15), then the
following metatheorem holds in PCL1:

(RAS) VB(I', AFpcL1 B) = I' Fpcry A

Tpcr122 Fpcri A D (A D B) Apcril, Trera3, Tronil6, Tpeni3, DSN
This Tpcy,122 shows that PCL1 is explosive with respect to A and —.

Tpcri23  FpeLi (AAN-A) DB Tpcr122, Apcri8
Since we have this Tpcr,123, we immediately reach the following results.

Tpcri124  Fpcri N(AA-A) Tpcr123, (RA)
Tpcri25  Fpent 7(AA—A) Tpcri23, (RAS)

It should also be noted that the following theorem holds for the strong
negation in PCLI:

THEOREM 3. The strong negation in PCL1 is not the classical negation.
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PROOF. It would be sufficient to prove Fpcri1 AV —A, and this can
be proved by using Alves’ matrix given below (see [Carnielli & Marcos,
2002], pp. 34-35). Just assign the value % to A.

Al 1T]% |0 vVil|%|o0 OD|1|% |0 N

111]1%]0 111711 111]1%1]0 110

Bl |¥%]|0 Bll1]|%|% 11110 %1

0701010 0]1]%]|0 0111 011
Note that 1 is the only distinguished value. —

Remark. Tt should be noted here that this result is showing a difference
of the behaviour of strong negation in da Costa’s C,, and PCL1, i.e. the
strong negation in C,, is the classical negation.’

We can also prove the following theorem.

THEOREM 4. PCL1 contains intuitionistic propositional calculus as a
subsystem.

PROOF. “Positive” axiom schemata of PCL1 from Apcr,11 to Apcr,19 to-
gether with the two theses for the strong negation Tpcr,121 and Tpcr,123
show that PCL1 has intuitionistic propositional calculus as a subsys-
tem. =

4.2. Strong Negation, Paraconsistent Negation and A!
We now relate the strong negation to the paraconsistent negation and A'.

Tpcri26  Fpcoi ~ADNA Tpcr123, (RA)
TpcrL127 Fpcot NAD-A

ProoOF. Use Waragai and Shidori’s matrix and assign the value % to A.
This gives the desired result. —

These two results show the basic relations between the strong nega-
tion — and the paraconsistent negation N.

Tpcr128  Fper1 ~A D Al Tpcri122, Tpcra3, D1
Tpcr129  Fper1 ~AD (NAA A Trcra26, Tpcri28, Apcra7

Cf. [da Costa, 1974], p. 500, Theorem 5.
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Tpcr130  Fpent (NAA AN D —A Tpcr112, (RAS)
Tpcr13l  Fper1 ~A= (NAA A Tpcr129, Tpceri30

In the literature, Tpcr,131 is often taken as the definition of strong nega-
tion®, though in PCL1 this can be proved as is demonstrated above.

Tpc1132 Fpei " NADNNA Tpcr,126
Tpc1133 Fpcri NNAD-NA Tpcr116, (RAS)
Tpcri34  Fpcot "“NA=NNA Tpcr132, Tpcr133

This Tpcr,134 says that when N is iterated, the outer N can be replaced
by the strong negation.”

Now, as we saw in Tpcr127, N A D —A is not a thesis of PCL1, but
this is actually equivalent to the formula A as it is given in Tpcr,137.

Tpcr135 Fpora Al D) (N AD —|A) Tpcr112, (RAS)
Tpcr136  Fpeni (NA D —A) D Al Tpcri23, (RA), (DT), D1
Tpcr137  Fper1 Al=(NAD —A) Tpcr135, Tpcri36

We can also derive the following result:
Tpcr138  Fpon1 Al = (mA=NA) Tpcr137, Tpcr126
Remark. This Tpcr,138 together with Tpcy,134 enables us to derive
Fparnn (N AL
The same fact can be proved by D1 and Tpcp117. Again, note that
Fa, (N A,
It is obvious by the definition of A that the following holds:

Tpcr139  Fpept A'= (NN A= A) D1, Apcra10
But if we replace N with —, then it is no longer a thesis of PCL1:

Tpcr140  Fpepi A D ——A4 Tpcri123, (RAS)
Tpcridl  Fpera A D (-—A4 D A) Tpcr135, Tpcr132, Apcri110
TPCL142 l_PCLl AI D) (_‘_\A = A) Tpcr140, Tpepi41

Tpcr143  Fpopr (A= A) D Al

PRrROOF. Assign ' to A in Waragai and Shidori’s matrix. —

6See, for example, [da Costa, 1974], p. 500, Definition 1.
"Note that Fo, “NA=NNA.
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5. PCL1 and PCL1C

The objective of this section is to give some conditions which enable us
to enrich the system PCL1 with the classical negation. We shall begin
with the following theorem which shows that the strong negation defined
in the previous section plays an important role for the present purpose.

THEOREM 5. The following two conditions are equivalent:
1. The system PCL1 is equipped with the classical negation.
2. The strong negation in the system PCL1 is the classical negation.

PRrROOF. Assume that PCL1 is equipped with the classical negation which
we shall write as —.. Then based on the formulation of classical proposi-
tional calculus given in [Rasiowa & Sikorski, 1970], this classical negation
—. satisfies the following conditions:

(CN1) (AN-¢cA)D B
(CN2) (AD(AN—-CA) DA
(CN3) AV - A

By (CN1) and (RAS), we have Fpcr1 —cA D —A. So this together with
(CN3) and Tpcr,16 enables us to derive Fpcry AV = A which shows that
the strong negation in PCL1 is the classical negation.

For the other way around, just regard the strong negation which is
the classical negation by the assumption as the classical negation with
which PCL1 is equipped. —

With the help of this result, we can prove the following:

THEOREM 6. The system PCL1 itself does not have the classical nega-
tion.®

PRrOOF. It is an immediate consequence of theorems 3 and 5. —

This Theorem 6 shows that there is room to find out some condi-
tions to enrich the system PCL1 with the classical negation and, for this
purpose, Theorem 5 tells us that the strong negation is the key.

With all these observations in mind, we shall define the system
PCLI1C as follows:

8Note that da Costa’s C,, does have the classical negation since the strong negation
in C,, is the classical negation as we remarked after Theorem 3.
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DEFINITION 4. A system is called PCL1C if that system is the minimal
extension of PCL1 such that the strong negation is the classical negation.

Remark. Note that the definition of PCL1C given here is different from
the one given in [Waragai & Shidori, 2007]. Details will be discussed in
another paper.

Now, on the basis of Theorem 5, the idea is to make the strong
negation in PCL1 work as the classical negation by adding a certain
formula which is either logically equivalent to the law of the excluded
middle with respect to the strong negation or adequate to derive the law
of the excluded middle with respect to the strong negation.

In this section, we shall give two ways of extending the system PCLI.
The first one is to add Dummett’s formula (i.e. AV (A D B), abbreviated
to DF hereafter) and the other is to add Peirce’s law.

5.1. Extending PCL1 by Dummett’s Formula

First of all, we shall find out the formula which is logically equivalent to
the law of the excluded middle with respect to the strong negation.

Tpcri144 Fport (AV —A4) = (Av A"

PrROOF. 1. (AV-A)=(AV (NAAAD) Tpcri3l
2. (AVINAANAY)) = ((AVNA)A(AV AD) Tpcri7
3. ((A\/NA)/\(A\/AI)) = (A\/AI) Apcp11
4. (Av-A)=(Av A 1,2,3 A

With this result in mind, we reach the following theorem:

THEOREM 7. The system obtained from PCL1 by adding the formula
AV Al has the classical negation.

The formula which we added here is AV Al i.e. AV (A D NN A)
and this formula is a special case of Dummett’s formula AV (A D B).
Therefore, we reach the following theorem:

THEOREM 8. The system obtained from PCL1 by adding the formula
AV (A D B) has the classical negation.
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Now, it is obvious that the system obtained in Theorem 7 is a subsys-
tem of the one obtained in Theorem 8, but we can also prove the inverse
of this fact. That is to say, we can prove the following theorem:

THEOREM 9. The systems obtained in theorems 7 and 8 are inferentially
equivalent.

This can be proved by using the following result of PCL1:

Trcr145 Fpor (AV AY) D (AV(AD B))

PrOOF. 1.1. AV Al sup.

1.2. Av-A 1.1, Tpcr144

1.3. ~AD (ADB) Tpcri22

1.4. AV (ADB) 1.2, 1.3
1. AVA'Fper1 AV (A D B) 1.1-1.4
2. FpoL1 (AVAY) D (AV (A D B)) 1, (DT) A

PROOF OF THEOREM 9. It is an immediate consequence of Tpcr145. -

On the basis of the result of Theorem 9, we shall hereafter refer to
the system obtained in theorems 7 and 8 as PCL1DF.
It should also be noted that we have the following result:

Tpcr146 Fpcr (AV (AD B)) > (Av Al

PrROOF. Assign %4 and 1 to A and B respectively in Alves’ matrix. -

5.2. Extending PCL1 by Peirce’s Law

This time, we shall begin with a definition.

DEFINITION 5. Let PCL1PL be the system which can be obtained from
PCL1 by adding the formula (((4A D f) D A) D A), which can be written
as ((wA D A) D A) with the strong negation.

Then the following fact can be proved:
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THEOREM 10. The following metatheorem holds in PCL1PL if we are
not making use of the rule (RA15):
(RAS') VB (I', ~A FpcLipL B) = I' FperipL A

that is, if we succeed in showing that —A causes logical explosion, then
we can derive that A holds.

Proor. 1. VB (', - A FpcLipL B) sup.
2. T',-~AbpcLirr A 1 (B/A)
3. T Fpopn A S A 2, (DT)
4. T Fpeipr (FAD A) D A def. of PCL1PL
5. T Fpopipr A 3.4 A

Making use of this theorem, we can prove the law of the excluded
middle with respect to the strong negation in PCL1PL as follows:

Tpcri147 FpoLipL AV —A

PRrROOF. 1.1. =(AV —-A) sup.

1.2. “AAN—--A 1

1.3. B 2, Tperi23
1. AV-A 1.1-1.3, (RAS) A

We therefore reach the following theorem:
THEOREM 11. PCLI1DF is a subsystem of PCL1PL.
The inverse of this theorem, i.e. the following theorem holds:

THEOREM 12. The systems PCL1DF and PCLIPL are inferentially
equivalent.

In order to prove this theorem, we need the following result of the
system PCL1DF":

Tpcri148 Fpcripr (FA D A) D A

ProOOF. This follows immediately since the strong negation in PCL1DF
is the classcal negation. -

PROOF OoF THEOREM 12. It is a consequence of Tpcy,148. =
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It should also be noted that as AV Al is a special form of Dummett’s
formula, (((A D f) D A) D A) is a special form of Peirce’s law. We shall
here point out that the general form of Peirce’s law can be proved in
PCL1PL since we have the following result in PCL1:

Tpcr149 Fpert (FADA)DA)D((ADB)DA)DA)

PrROOF. 1. ((AD(ADB)D((AD>DB)DA)D(-ADA) Apcril

2. ~AD(ADB) TpcrL122, Tpera3
3. (ADB)DA)D(-ADA) 1, 2, MP
4. ((A>DB)DA)D(HADA)D

(A2 A4)2>4)5(((A>B)>A)> A) Apcril
5. (FADA)DA)D(((ADB)DA) DA 3,4, MP A

We therefore reach the following theorem:

THEOREM 13. The systems PCL1PL and PCL1 strengthened by the
formula ((A D B) D A) D A are inferentially equivalent.

It should be noted that we also have the following result:
Tpcr150 Fpcra (((A ODB)DA)DA)D ((—|A DA)DA)

PrROOF. Assign '4 and 1 to A and B respectively in Alves’ matrix.

5.3. Summary of Extending PCL1

Now, as a matter of fact, the system PCL1DF is the system PCL1C since
we have the following result:

THEOREM 14. PCLI1DF is contained in any extended system of PCL1
which has the classical negation.

PRrROOF. What we have to prove is that DF can be proved in the extended
system. Now, let us write the classical negation in the extended system
as - as we did in the proof of Theorem 5. Then, we certainly have
AV A and —cA D (A D B) as theses in the extended system so we can
prove DF with the help of Tpcr,16. =
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Therefore in order to extend PCL1 to PCL1C, we may add any of
the following four formulas®:
e AV(ADB)
o AvA
e ((ADB)DA)DA
e (WADA)DA

6. Justification of Apcr110, Apcri11 and A’

Since we have the system PCL1C at hand by the results of the previous
section, we are now in the position to give a justification of the notion
of “behaving classically” using A' and two axiom schemata Apcr,10,
Apcr111 of PCL1. The outline of our justification given here will be as
follows:

e First, we shall take a system, called W, which includes classical propo-
sitional calculus as a subsystem and has an unary operator N without
any syntactical constraints.

e We then give a semantical condition for N which seems to be appro-
priate and also natural under a certain situation.

e Finally, we will show that the syntactical condition which follows by
the semantical condition corresponds to the formulas we took as axiom
schemata.

We shall begin with the first step.

6.1. The First Step —System W—

We take the system of classical propositional calculus and enrich the
system with an unary operator N by taking the smallest set W which is
closed under the following two conditions:

(a) A:PCwif = A€W,

9Since the strong negation in da Costa’s system C, is the classical negation, the
results of this section trivially holds for C,. The key fact is Lemma 2 of [Urbas, 1989],
p. 593, which states that A V A®™ is derivable in Cy, for 1 < n < w. Obviously,
Av AM™ in C,, corresponds to A V Alin PCL1.
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(b) ABEW =NA,-A,A>BANB,AVBEW.

It should be noted that here we are writing the classical negation as —.

6.2. The Second Step —Setting of the Justification—

We shall now make the semantical condition for the system W clear.
DEFINITION 6. Let A be a set of formulas of W. Then,

e A is said to be W-inconsistent with respect to — when there are some
formulas A1, ..., A, € A such that

f—wﬂ(Al/\"'/\An)

A is said to be W-consistent with respect to — when it is not W-
inconsistent with respect to —.

A is said to be maximal with respect to — when for every formula A,
either A € A or —A € A.

A is said to be mazximally consistent with respect to — when A is both
W-consistent with respect to = and maximal with respect to —.

With this definition in mind, take a set of all the theorems of classical
propositional calculus which we shall denote as CPC. Then, apply Lin-
denbaum’s Lemma to CPC in order to obtain maximal consistent sets.
After that, collect all the maximal consistent sets, and denote this as
{T'»x} en- Finally, we assume an equivalence relation R over {I'y} ca.
Within this setting, we shall make two more definitions as follows:

Dw1 x):WAgAGFx
Dw?2 x}:wNAgEly (xRy & yEw A)

Two remarks for the above definition Dw2. The first point is that the
semantical condition for N A has the same form as the one for $—A where
¢ is the possibility operator in the modal logic S5. The other point is
that the above definition Dw2 actually appears in one of the Marcos’
work in a more general way (see [Marcos, 2005b]). The point which we
want to emphasise here is that we can also reach an interesting result if
we consider not the general case but one of the special cases.
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Now, before giving the justification we shall derive some results which
will be used in the justification.

Twl rEw A<= zlw A

Proor. If x Ew —A holds, then =A € T', by Dwl. So, by the consis-
tency of 'y, we have A ¢ I', which is equal to x Ew A. For the other
way around, we assume z [~Ew A which is A € ', by Dw1. Then this
time, by the maximality of I';, we have =A € ', and this is z Fw —A
by Dwl. —

Tw2 rEwA&rEw(ADB)= 2 k=wB

PROOF. Suppose that  Fw A and = Ew (A D B) but not = =w B.
Then we have z |=w —B, so {A,A D B,~B} as a subset of I';. But
this again makes I', inconsistent since Fw —(A A (A D B) A =B) holds
in W. o

Tw3 (:E)ZwA:>x’:wB):$’:w(ADB)

PROOF. Suppose that (xr Fw A = = =w B) and not « Fw (A D B).
Then we have = |=w —(A D B). Now we split the case by the validity
of A. If Ew A, then we have {B,—(A D B)} as a subset of I';, but
this makes I', inconsistent since we have Fw —(B A =(A D B)). Also if
FEw A, then we have {—A, (A D B)} as a subset of I';, but this makes
', inconsistent since we have Fw =(=A A =(A D B)). =

Tw4 rEwNNA=Vz (zRz = zFw A4)
PROOF. We can prove this as follows:

rFEw NNA <« Jy(zRy & ylEw NA) (Dw2)
<= Jy (zRy & not(Iz (yRz & zw A4))) (Dw2)
—> xRyy & not(3z (yoRz & z fEw A))
<~ zRyy & (Vz (yoRz = zEw A))
<= Vz (zRyy & (yoRz = zFEw A))
<= Vz ((zRyo & not ypRz) or (xRyy & zFw A))
—> Vz ((not zRz) or (xRyy & zFw A))

(R : symmetric, transitive)
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—> Vz ((not zRz) or z Fw A)
<= Vz (zRz = zFw A) =

Twb Vz (zRz = zFwA) =2 FEwNNA

PROOF. The proof runs as follows:

Vz (rRz = zFEw A) <= zRzx & Vz (zRz = zEw A)
R : reflexive
— Jy (zRy & Vz (yRz = zFEw A))
< 3Jy (zRy & yFw NA)) (Dw2)

T ':W NNA (Dw2) =
Twb6 rEwNNA <= Vz (zRz = 2w A)
PRrROOF. This is an immediate consequence of Tw4 and Twb. =

This Tw6 plays an important role in deriving the syntactical condi-
tion for N in the following subsection.

6.3. The Third Step —Syntactical Conditions We Reach—

In this final step, we shall see that under the semantical conditions we
posed in the previous step, we are forced to accept the formulas we stated
as an axiom schemata and also that it is quite natural to read the formula
Al as “behaving classically”.

We shall begin with the case of Apcy,110, i.e. the formula NN A D A.

rEwNNA<«=Vz (zRz = zFw A) Twb6
— zRx = zFEw A
—arkEwA R : reflexive

Therefore, with the help of Tw3 we have x Fw (NN A D A) for all the
“worlds” z which forces us to accept NN A D A as an axiom scheme.
For the case of Apcr111, i.e. the formula AV N A runs as follows:

:L'l:W—'A<:>:L'béwA Twl
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<~ zRr & xfEw A R : reflexive
— Jy (zRy & y rw A)
T ':W NA Dw2

So, again with the help of Tw3 we have z =w (-4 D N A) and thus
x FEw (AV NA) for all the “worlds” z. This means that we are again
forced to accept AV N A as an axiom scheme.

Finally, the case of A! runs as follows:

Fepc A = Vy (y E=w A) definition of {T')}xen
< Vy (zRy = y EFw A) R : reflexive
T ):W NNA Two6
— zFEw (ADNNA) Tw2

This shows that if A is a thesis of classical propositional calculus, then
we have z F=w (A D NN A) for all “worlds” z. In other words, it is
necessary for (A D NN A) to hold in every “world” if A is a thesis of
classical propositional calculus. This seems to be giving a reason for us
to read the formula A" as “behaving classically”.

7. On the Concrete Notions of “behaving classically”

In this final section we shall first compare the notions of “behaving clas-
sically” given by da Costa and by Waragai and Shidori. After that, we
shall discuss a characterisation of the notion of “behaving classically”
given by Waragai and Shidori.

7.1. On da Costa’s Notion of “behaving classically”

We shall here examine the notion of “behaving classically” given by da
Costa.

Da Costa’s notion of “behaving classically” in C; is defined as N(A A
N A), but for this notion we have the following theses T¢,1 and T¢,2
which show that the formulas we reach by switching the places of A and
N A are not logically equivalent:

Tc,1 Fo, N(A/\NA)DN(NA/\A)
Tc,2 J’écl N(NA/\A)DN(A/\NA)
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The latter result T, 2 was first shown in [Urbas, 1989], and Marcos
says that there seems to be no particular reason to accept this result

(see [Marcos, 2005¢]). Now we shall see what is the case for the same
formulas in PCL1.

Tpcr151 ¥pcra N(A AN A) D) N(N AN A)

PROOF. Use the matrix given below, and assign the value % to A. Then
the formula we are considering takes the value 0 which gives the desired
result.

Al 1T ]%|0 1% 10 D|1|% |0 N

1111110 111711 111]%10 110

B | Y% |% |0 B ll]|%]| % B l1l]|%]|0 Bl

0]0|101]0 0[1]%]|O0 0111 0|1
Note that 1 and ' are the distinguished values. -

Tpcr1952 ¥pcori N(N AN A) D N(A AN A)

PrOOF. Use the matrix given below, and assign the value %4 to A. Then
the formula we are considering takes the value 0 which gives the desired
result.

1% |0 11% 10 OD|1|% |0 N
111]%]0 111111 111]%]0 110
Bi1]%]0 Bil|%| % Bi1]%]0 2|
0]0]010 0]1]%]|0 01|11 011

Note that 1 and % are the distinguished values. —

Remark. The three-valued matrix we made use of here also enables us to
give a simple proof of T, 2 compared with the one given in Theorem 4
of [Urbas, 1989].

Now above two results show that the case is actually worse in PCL1.
But here, it should be noted that in PCL1, these two formulas do not
play the same role as it does in Cy. Therefore, these results are not so
serious as it was in Cj.

However, da Costa’s approach, which tries to internalise the notion
regulating the explosion of the system by making use of a certain form
of the law of non-contradiction, seems to be quite a natural one. This
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is because there are relations between the law of non-contradiction and
paraconsistency. We won’t of course be able to say that the system is
always explosive with respect to A and N, though if we were sure, to
some extent, that it is not the case that both A and N A hold, then it
must be reasonable to require the system to be explosive with respect
to A and N in such a case. And actually, as for this point we have the
following results in PCL1:

Tpcr1d3  Fecra Al > —\(A AN A) Tpcr112, (RAS)
Tpcrip4  Fpent "(AANA) O Al Tpcri23, (RA), (DT), D1
Tpcrib5  Fpent A= -(AANA) Tpcr153, Tpow 54
Tpc1,156 Fpcra Al = —\(N AN A) Tpcr,155

Tpcr,155 says that the notion of “behaving classically” in PCL1 ac-
tually has a relation with a certain type of the law of non-contradiction
differing from da Costa’s notion only in the outer negation. In the for-
mula =(A AN A), we won’t be troubled by switching the place of A and
N A, as is shown in Tpcy,156, since the strong negation has at least the
power of intuitionistic negation.

With this result in PCL1 at hand, we shall come back to see and
analyse the notion given by da Costa in Cj.

Tc,3 Fc, N(A/\NA)E—!(A/\NA)
Tc,4 e, N(NA/\A) = —|(A/\NA)
Tc,5 e, N(NA/\A)E—!(NA/\A)

As T¢,3 shows, the same result as Tpcy,155 holds in C; but with the
switched version, as is proved in T¢,4 and T¢,5, the outer N cannot
be replaced with the strong negation, which is the classical negation in
Cq. So, these results seem to be the root of the undesired result for da
Costa’s notion.

7.2. A Characterisation of A! in PCL1C

In this subsection, we shall go on a little further to see the notion of
“behaving classically” in PCL1 and PCL1C and try to give a character-
isation of A! in PCL1C. We shall start by examining A" in PCL1.
Tpc1157  Fpcora (A AN A) D —|(AI) Tper113, (RAS)
Tpcr1d8  Fpcra —\(AI) D (A AN A)



154 TOSHIHARU WARACGAI, HITOSHI OMORI

PRrROOF. Assign '4 to A in Alves’ matrix which we have already men-
tioned. —

From these two results Tpcr,157 and Tpcr158, we can regard —|(AI) as
expressing “inconsistency” not being “contradictory” in the sense given
by Carnielli, Coniglio and Marcos in their Logics of Formal Inconsistency.
However, what seems to be more interesting to us is the case of PCL1C
as we shall see in the following.

Tpcri59  Fpcric —(AD) D (AANA) [Tpcri34, Apcri10]

This Tpcr,159 is saying that the inverse direction of Tpcr,157, which was
falsified in PCL1, is a thesis of PCL1C. So, combining this with Tpcr,157,
we have Tpcr,160 below which shows that the strong negation of Al is
exactly equivalent to A A N A.

Tpcr160  Fpcric _‘(AI) =(AANA) Tpcr157, Tpcr159

With this result in mind, we propose a way of reading A! in PCL1C. For
this purpose, we make some definitions first.

DEFINITION 7. Let L be a logic and I' be a theory of L. Then,

e A is said to be pre-normal in I' with respect to = when both I' ¥y A
and I' ¥, = A hold.

e A is said to be normal in I' with respect to — when only one of I' ¥y A
or I' ¥, —A holds.

e A is said to be non-normal in I with respect to = when both I' -y A
and I' =7, = A hold.

Since we have the following results in PCL1C,

Tpcr,155 Fpcra AI = —\(A AN A)
Tpc1,160 Fecric —|(AI) = (A AN A)

we can give a way of reading of A! in PCL1C as follows:
THEOREM 15. Let I' be a non-trivial theory of PCL1C. Then,

e A is pre-normal or normal in T' with respect to N, if T Fpcric AL

e A is non-normal in T' with respect to N iff T' Fpcpic —(AD).
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PROOF. For the former, the proof runs as follows:

I'bFpcric AI <— I'bFpcric —|(A AN A) (TPCL155)
=T J"PCLIC (A AN A)
<—T J"PCLIC A or I %PCLIC N A

<= A is pre-normal or normal in I" with respect to N
And for the latter, we can prove it as follows:

I l_PCLIC —|(AI) —T l_PCLlC AANA (TPCL160)
<= I'FpcricA & I'FpcLic NA
<= A is non-normal in I' with respect to N —

As a matter of fact, we can actually prove a refined result of Theo-
rem 15 by adding some conditions for the non-trivial theory I'. In order
to acheive this, we make use of the following two lemmas:

LEMMA 1. Let I' be a maximal consistent theory of PCL1C. Then the
following holds:

I' ¥peric A <= T Fpcric ~4

PROOF. From the left to the right follows by the maximality of I', and
the other way around follows by the consistency of I'. -

LEMMA 2. Let I' be a maximal consistent theory of PCL1C. Then, it is
not the case that both I' ¥pcric A and I' Fpor,ic N A hold, i.e. either
I'tperic A or I Fpernic N A holds.

ProoF. 1. T'Fpcric A sup.
2. I' ¥pcic NA sup.
3. I'tpcric A 1, Lemma 1
4. T Fperic AVN A Apcri1l
5 T Fpcric NA 3,4
6. Contradiction 2,5 =

With the help of above two lemmas, we can see that A’ in a maximally
consistent theory of PCL1C can be characterised as follows:
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THEOREM 16. Let I' be a maximally consistent theory of PCL1C. Then

e A is normal in T with respect to N iff T' Fpcric AL

e A is non-normal in I with respect to N iff T' Fpcric ~(AY).
PRrROOF. For the former, the proof runs as follows:

I'Fperic A' <= T Fperic "(AANA)  (Tperi55)
<~ I'¥pcric (AANA) (Lemma 1)
<= I'Fpcric A or I'¥pcLic NA
<~ T'Fpcric A or I'¥pcric NA) &
(' Fpcric A or I'Fpepic NA)  (Lemma 2)
<~ (I' ¥pcric A & T'Fpcric NA) or
(' FperLic A & T'Fpcric N A)
<= A is normal in I' with respect to N

As for the latter, the proof is already given in Theorem 15. o

Note that theorems 15 and 16 still hold even if we replace PCL1C,
Al with Cy, A° respectively.
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