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Abstract

A modalized Lukasiewicz three-valued propositional logic will be proposed in this paper which
there are three modalities [t]; [m]; [£] to represent the three values t; m; f; respectively. And a
Gentzen-typed deduction system will be given so that the the system is sound and complete
with respect to the Lukasiewicz three-valued semantics L3, which are given in soundness
theorem and completeness theorem.
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1. Introduction

The three-valued logics are traditional and have been studied in variant ways ( [4H7, |14]]).
There are the following three-valued logics:
e Bochvar’s three-valued logic ( [3,|6]]), which logical language contains the logical connec-

tives: V, A, —, <>, =, =, and the following semantics:
PAq pVyq p—q
1 0 -1 1 0 -1 1 0 -1
D
1 1 0 -1 1 0 1 1 0 -1
0 0 0 0 0 0 0 0
-1 -1 0 -1 1 0 -1 1 0 1
P q P=gq pP=q
1 4 0 -1 1 0 -1 1 0 -1
D
1 1 0 -1 1 - - 1 -1 -1
0 0 0 -1 1 -1 1 -1
-1 -1 0 1 -1 1 1 -1 -1 1

o Kleene’s three-valued logic ( [8}/14]]), which logical language contains the logical connectives:
=, V, A, —, and the following semantics:

-p PAg pVg p—q
) q 1 0 -1 1 0 -1 1 0 -1
1 1 1 0 1 1 1 1 1 0 1
0 0 0 0 -1 1 0 0 1 0 0
-1 1 1 -1 -1 1 0 -1 1 1 1
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e Lukasiewicz’s three-valued logic ( [[10}|11]]), which logical
language contains the logical connectives: =, M, L, I, V, A, <
, =, and the following semantics:

p | p MpLp Ip
t | £ t t £
m| m t £ t
£t £ £ £
and
PAQ pVyq p=q D=
qtmftmf m f|t m £
p
t |t m £t t t flt m £
m £ m t m m
£f | £ £ m £ t| £f m t

e Post’s three-valued logic ( [12} |13]]), which logical lan-
guage contains the logical connectives: —, V, A, —, <+, and the
following semantics:

| pPVQq PAgq p—4q P q

t m f|t m f£f|t m f£f|t m £

t flt t t|f £ m|t m m|f £ £
m m|f t m|t
f t t m f{m m m{t t t|f m f

In such logics, the negation — is contrary, not contradictory as
in the traditional two-valued logics. Avris ( [1,2]) gave a sound
and complete Gentzen deduction system for such three-valued
logics in which the intermediate value m has no contribution
to the deduction, so that the system for the three-valued logics
works for the four-valued logics, the five-valued logics, and so
on.

Zhu ( [I5H17]]) proposed a three-valued logic, called the
intermediate logic, in which a creative unary logical connective
~ is given such that ~ A is true if and only if the truth-value
of A is m, which makes the intermediate logic have different
Gentzen deduction system from the traditional one ( [9])).

To represent the intermediate values in the logic, we should
introduce unary modalities [t], [m], [£], so that [t]A is true iff A
is true; [m] A is true iff A is intermediate; and [£] A is true iff A
is false. Hence, we shall give a modalized propositional logic
which logical language contains the following logical symbols:

e the unary connectives: -, M, L, I;

e the unary modalites: [t], [m], [£]; and

e the binary connectives: A, V, <, =.
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We will give a sound and complete Gentzen deduction system
for Lukasiewicz’s three-valued propositional logic, that is, for
any sequent I' = A,

e The soundness theorem: If -y I' = AthenI' 5 = A.

e The completeness theorem: If 7y ' = AthenI' by =~ A.

This paper is organized as follows: the next section defines
the basic elements in Lukasiewicz’s three-valued logic: the
logical language, syntax and semantics; Section 3 gives a de-
duction system for Lukasiewicz’s three-valued propositional
logic and proves the soundness theorem; Section 4 proves the
completeness theorem for Lukasiewicz’s three-valued proposi-
tional logic, and Section 5 concludes the whole paper.

Our notation is standard, and a reference is [9]].

2. The Modalized Y.ukasiewicz Three-Valued
Propositional Logic

Let the logical language contain the following symbols:
e propositional variables: pg, p1, ...;
e modalities: [t], [m], [f],
e unary logical connectives: =, M, L, I, and
e binary logical connectives: A, V, <, =.

Formulas:

Ax= p
|[£] A1 |[m] A [[£] Ay
|=A41MA;|LA; |IA,
|A1 A Ag] Ay V Ag|Aq
< AglAy = As

(atomic)
(modalized)

(unary connective)

(binary connective).

Let v be a function from the propositional variables to £.3 =

({t,m, £}, <).
Define
v(p) ifA=p
BRI XCER) if A = Ay
fo(’l}(Al)) if A= <>A1
h.(U(Al), U(AQ)) if A= A1 [ AQ,

where x € {t,m,£},0 € {-,M,L,I},e € {A,V,<,=} and

| 9 gn g | /o S h

t t f m t f t t f
m t f t

f f f t f f f

and
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ha hy h< h=
qtmftmftmftmf
p
t t m £/t t t|t m f£|t m £
m flt m m|t t m|m t
f f £ f|t m f£f]t t t|f m t

Given two sets I', A of formulas, define

v(I") = min{v(A4) : A € T'},
v(A) = max{v(A) : A € A},

where the <-relation is that of £.3.

Given a sequent 6 = I' = A, we say that v satisfies 9,
denoted by v =g 4, if v(I') < v(A).

A sequent ¢ is valid, denoted by ):LB d, if for any assignment
v, v g, 6.

Assume that [t]p, [m]p, [£]p corresponds to the three values:
+1,0, —1, respectively. Then, we have

€(AAB) = [tJAAIB
m(AAB) = [t]Af]BY[n]Aft] BY[n] Aln] B

Vil A[£] BV[£] Afn] B
E)(ANB) = [t]AlE)BVIE]A[t] BVI)AlE] By
[€)(AVB) = [t]A[t]BV[t]A[£]BVI£]Alt]B
ml(AVB) = [uAf]BY]A[]BY[E] Al B

VIt AV A[t] B
£](AVB) = [£)A[]B,

where A, V denote A, V in the two-valued propositional logic,
respectively, and AB denotes AAB. Similarly we have the

equivalences for —, <,=and = .

3. The Gentzen Deduction System

The Gentzen deduction system contains the following axioms
and deduction rules.
e Axioms:

T, [x1]A, [#2] A = A;
F, [01]14, [OQ]A = A,

L, [¥]p = [*]p, A;
T, [o]p = [o]p, A,
I = [t]p, [m]p, [f]p, A,

where %1 # 9,01 # ©g.
o The deduction rules for modalities:

It[A= A
I, [t][t][A= A

T, mlA= A

T el A = A HE)

([t][e]")
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W([m] [t])

T, [f]AV[n]A = A
T, [£][t]A = A

([£]t]%)

T, [m[f]A = A
T, [t]AV[£]A = A

I f|[A= A

F Ao A EEY)

quﬂmm

([m][£]%)

DA s A (E)

T, [t]AVm] = A I
W([ J[£]%)

Here, for the simplicity, we miss the deduction rules of the right

side, and the same for the following rules for the unary logical

connectives.

e The deduction rules for unary logical connectives:

A=A
r-—A=A
[, [m]AV[f]A = A

I'-LA= A
T, [m]AV[f]A = A

I''M-A= A
I [t]JA= A
[,MLA = A
I f|[A= A I
ML-As Al
I tl[A= A
[LLLA= A
T, [mA= A (1-1)
F7IﬁA = A

(=)

(-L")

(M-")

(ML")

(LL")

- L
[, ILA = A L)

I[,IMA= A

If[A= A
I'-MA= A
T, [t]AV[f]A = A
1A= A
It A=A
I MMA = A
I, [mA= A
[,MIA = A
T, [t]AV[m]A = A
I''LMA= A
T, [mA= A
[,LIA= A

(-M")

(-I")

(MM?)
(M1*)

(LM*)

(LI")
(IM*)

- L
[, IIA = A )

e The deduction rules for modalities and unary logical

connectives:
I'f][A= A
DN
I t][A= A
LA = A L)
I m]A= A I
m([nﬂ]ﬁ )
ILt][A= A I
T, [f]-A= A =)
T, [m]AV[f]A = A
rELis A (L)
and
If[A=A
m(ﬂtﬁ)

DAV = A vy

I'f][A= A I
T EMA S A M)
T, [t] AV[£]A = A

FEiAs A )

[t][A= A

m(ﬁ[mﬁ)
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I [mA=A I
I EYNA
T, [t]AV[E]A = A
P MeAs A (MED)
T [t]AV[EA= A
TovieAs A MED)

I, [m]AV[f]A = A
I''Mm]A= A

(Mn]®)

I tl[A= A L I mA=A I
T LA S A L) AN
If[A=A

FLMAéA(Hh

I mA= A I'f][A= A

P A A ) A= A )

I t]A= A I
F,I[f]A:>A( £1%)

e The deduction rules for binary logical connectives:

I'NA,B= A (/\L)
INNMAAB=A
A=A F,B:>A( L) I'= A B,A (
IMAvB=A I'=s AV B,A
I'NA,B= A T,[mA, [t]B= A T,[mA, n|B
= A
T, [£]A, [t]B = A T, [£]A, [0 B
= AT, [f]A[f]B= A
NNA<B=A
I' = AAB, [m]AA[t] B, [m]AA[m] B,
(£ 40[e] B, [£]AA B, (FJAAIE)B, A,
I'= A<B,A \
I'NA,B= A T,[mA, [m]B= A T,[f]4,[f|]B= A
NNA=B=A
I' = AAB, m|AAm B, [f]AA[£]B, A
I's A=BA

I'=AAT=BA
I'=s AANB,A

(A")

Vi)

(<5)

(="

(=")

e The deduction rules for modalities and binary logical

connectives:
o [t] 4 ©: the same as the ones for logical connectives.
o [m] + o

T, [t]A, m|B = A Ty, [m|A, [t]B
= AT, mA mB=A

T.m(ANB) = A mA*

T = [t]AA] B, [u] AA[t) B, [n] AAm] B, A

T = m(AAB),A (Imln")

www.ijfis.org

T, [w]A, [0]B = A T, [u]A, [£]B

= A T,[f]A,m]B = A I
([m]v™)

T,[m(AVB) = A

L= [mAAmIB, (s AAE)B, [EAABIB. A 1y

T = [m(AVB),A
I, [t]A, [n]B = A T,[nA,[f]B = A

T, m(A<B)= A (In] <*)

I' = [t]AAm|B, [m]AA[f] B, A
[FL[L]](A L]B),[A] (] <)
T, [t]A, [u] B = A T, [u]A, [t|B = A T, [n]A, [£]B
= AT, [f]A,mB= A
I''m(A=B)= A

T = [t]AA[m] B, [u] AAJt) B, [m] A

B A[£]B, [f]AAm] B, A n

m =

o [f] + o

If]A=AT,[f]B= A

NGNS =AY

T = [£]A, [£] B, A
P f(AA D) AN

T, [£]A, [f]B = A

P Ay By = Ao

T = [£]AA[£]B, A
T A ). A

T, [t]A,[f]B = A

(A < B) = A=)

T = [t]AA[£]B, A

T f(A < B) A=

I, [t]A,[£]B = A T,[f]A,[t]B = A

T (A= B) = A (g1 =")

I = [t]AA[£] B, [£]AA[t] B, A
[ = [f](A=B),A

([£] ="

e The deduction rules for unary and binary logical con-
nectives:

¢ -+ e same as f 4 ¢.
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oM +e:

L [t]A, [t]B= A T,[t]4A,[m]B = A T',[mA, [t]B
= AT, mA mB=A
I'M(AAB)= A
= [t]AA[t]B, [t|AAm] B, [m] AA[t] B,
[m]AA[m] B, A
I = M(AAB),A
T, [t]A, [t]B = A T,[t]A, [m|B
= A I [t]A [f]B= A
T, [mA, [t]B= A T, [m]4, B
= A I',[mA4, [f]B= A
I, [f]A, [t]B= A T,[f]A,[mB = A( )
I''M(AVB)= A
= [t]AA[t] B, [t]AAM] B, [¢] AA[E] B,
[m] AA[t] B,
[m] AA[m) B, [m] AA[£] B, [£] AA[t] B
I'=M(AV B),A

(MAF)

(MAT)

, [f]AAR] B, A

(MVF)

T, [t]A, [t]B = A T, [t]A, [m]B
= A T,[f]A [f]B= A
T, [m]A, [t]B= A T, [mA, nB
= AT, [mA,[f]B= A
T [f]A, [t]B= A T, [f]A,[m|B = A
e e
= [t]AA[t] B, [t]AAm] B, [f]AA[£] B,
[m] AA[t] B,
, ] AA[£] B, [£]AA[€] B, [f] AA] B, A
I'= M(A4 < B),A

[m] AA[m] B (M <)

I, [t]A, [t]B= A T, [t]A, [m|B
= A T,[f]A [f]B= A
T, [mA, [t]B= A T, [mA, nB
= A T',[mA, [f]B= A
I [f]A, m|B = A
I'MA=B)= A
T = [t]AA[t] B, [t]AA[m] B
[m] AA[t]B,
[m] AA[m] B, [m] AA[£]B, [£]AAR] B, A
I'=>M(A=B),A

(M =t

, [£]AA[£] B,

(M =F)
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oL+ e:

T, [t]A, [t]B = A
ILAAB)= A
= [t]AAt]B, A
I = L(AAB),A
I[t]A=AT,[t]B= A
ILL(AVDB)= A
r A, [t]B, A
T i [IfiA7\[/t]B):A(LVR)
T, [t]A, [t]B = A T, [m]A4,[t]B
= AT, [mA,mB=A
T, [f]A, [t]B= A T,[f]A, [m|B
= A T,[f]A, [f]B= A L
I'L(A<B)=A )
= [t]AA[t] B, [m]AA[t] B,
[m]AAm] B, [£]AA[t] B, [£]AAm] B,
[f]AA[£]B, A
I'=L(A<B),A
T, [t]A, [t]B= A T,[m]A, [mB
= A T,[f]A[f]B= A
INL(A=B)= A
= [t]AA[t] B, [m]AAm B, [£]AA[£]B, A
I = M(A = B),A

(LAF)

(LAT)

(Lv5)

(L <)

:L)

(M =F)

oI+ A/V:

I,[t]A,[m|B = A T, [m]A, [t]B
= AT, mA, mB=A

TIAAB) = A (IA%)

I'= [t]AAm] B, [m] AA[t]B []AA[]BA(IAR)

JA
I =I(AAB)A
T, [mA, mB = A T, mA,[f]|B

~ AT, [fARB=A
Iv®)

[
ILIAVEB) = A
= [m]AA[m|B, [m]AA[£]B, [£]AAm] B, A

JAA[£]B
I = I(AVB),A
T,[t]4, [0]B = A T,[mA, [£]B = A

II(A<B)= A
= [t AARIB, WAL A | n,

I =1I(A<B)A
T,[t]A4,[n]B = A T,[mA,[t]B = A T,[n]A, [f|B

= A T,[f]A,[m]B= A .
1=

[LIA=B)= A
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I' = [t]AA[m] B, [m]AA[t] B, m]AA[£] B,
[f]AA[m] B, A
I'=IA=B),A

e The deduction rules for A/V.

F,A:>A F1:>A,A1 F2:>B,A2

L R
TS AN T s amaa, &)
I''B=A I
F,AAB:>A(* )
F17A2>A1 F27B:>A2 L) F:>A7A (\/R)
[,[5,AVB=A;,Ay — ' T=AVB,A- "
I'= B,A R
F;sAyB,A(M )2

Definition 3.2. I' Fy A if there is a sequence '} =
Aq,...,T, = A, suchthatT',, = A, =T = A, and for
eachl < i < n,I'; = A; is deduced from the previous se-
quents by one of the deduction rules.

Theorem 3.3 (The soundness theorem). If I' }—Ls A then
Fr, = A

Proof. We prove that each axiom is valid and each deduction
rule preserves the satisfiability.

To verify the validity of the axioms, assume that for any as-
signment v, v =T, [m]p. Then, v = [m]p, and so v = [m|p, A.
Similarly for other axioms.

To verify that ([m][m|”) preserves the validity, assume that
for any assignment v,v = T, [m]A implies v = A. Because
v = [m]A implies v | [m|[m]A, for any assignment v, if
v | T, [m][m]A then v = A. Similarly for cases of unary
connectives.

To verify that ([m]A%) preserves the validity, assume that for
any assignment v,

v =T, [t]A4, [m] B implies v = Ay;
v =Ty, [m] 4, [t] B implies v |= Ag;
v |E T3, [m]A, [m|B implies v = As.

For any assignment v, assume that v = I'1, '3, 's, [m](A —
B). Then,

(v = [t]A&v = []B),
or
(v | [m]A&v = [¢]B),

(v = m]A&v |= [m] B),

that is, either v = [t]A4, [m]B, or v = [m]A,[t]B, or v E

www.ijfis.org

[m|A, [m] B. By the assumption, either v |= 'y, [t]A, [m] B, or
v ETo, [m]A4, [t]B, orv = T3, [m] A, [m| B. By the assumption,
either v = Ay, orv = Ag,orv |E Az, and v = Aq, Ag, As.

To verify that ([m]A?) preserves the validity, assume that for
any assignment v, v = I implies v = [t]AA[m] B, [m]AA[t]B,
[m] AA[m|B, A. Then, for any assignment v, assume that v =
I''If v = A then v = [m](A A B), A; otherwise, one of
[t]AAm] B, [m] AA[t] B and [m] AA[m| B is satisfied by v, and by
the definition of the truth-value of [m|(A A B),v | [m](4 A
B), A.

Similarly for other cases. (]

4. The completeness theorem

Theorem 4.1 (The completeness theorem). If = I' = A
thenI' by A

Proof. Let 6 = I"' = A. Define a tree, called the reduction
tree for 4, denoted by T'(d), from which we can obtain either a
proof of § or a show of the nonvalidity of J.

This reduction tree T'(9) for § contains a sequent at each
node, and is constructed in stages as follows.

Stage 0: T(6) = {0}.

Stage k(k > 0) : T}, (0) is defined by cases.

Case 0. If I' = A is an axiom, write nothing above I' = A.

Case 1. Every topmost sequent I' = A in Tj_1(9) is an
axiom. Then, stop.

Case 2. Not Case 1. Ty (0) is defined as follows. Let T" = A
be any topmost sequent of the tree which has been defined by
stage k — 1.

Subcase ([t][t]L). Let [t][t]A1, ..., [t][t] A, be all the for-
mulas in I" whose outermost logical symbol is [t][t], and to
which no reduction has been applied in previous stages. Then,
write down

F7 [t]Alv ceey [t]An = A

above I' = A. We say that a ([t][t]]) reduction has been
applied to [t][t] A1, ..., [t][t]An.

Subcase ([t][t]?). Let [t][t] Ay, ..., [t][t] A, be all the for-
mulas in A whose outermost logical symbol is [t][t], and to
which no reduction has been applied in previous stages. Then,

write down
I'= [t]A4y, ..., [t]An, A

above I' = A. We say that a ([t][t]®) reduction has been
applied to [t][t] A1, ..., [t][t]Apn.

Subcase (MLY). Let MLA;, ..., MLA,, be all the formulas
in I whose outermost logical symbol is ML, and to which no

The Sound and Complete Gentzen Deduction System for the Modalized tukasiewicz Three-Valued Logic | 152
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reduction has been applied in previous stages. Then, write down

T, [t]A1, ..., [t]A, = A

above I' = A. We say that a (ML’) reduction has been ap-
plied to MLA;, ..., MLA,,.

Subcase (ML?). Let ML A, ..., MLA,, be all the formulas
in A whose outermost logical symbol is ML, and to which no
reduction has been applied in previous stages. Then, write down

I = [t]4y, ..., [t]A,, A

above I' = A. We say that a (MIL%) reduction has been ap-
plied to MLA,, ..., MLA,,.

Subcase (L[t]%). Let L[t] A1, ..., L[t] A,, be all the formulas
in I whose outermost logical symbol is L[t], and to which no
reduction has been applied in previous stages. Then, write down

T, [t]Ay, ..., [t]An, = A

above I' = A. We say that a (L[t]¥) reduction has been applied
to L[t] A1, ..., L[t]A,.

Subcase (L[t]%). Let L[t] Ay, ..., L[t] A,, be all the formulas
in A whose outermost logical symbol is L[t], and to which no

reduction has been applied in previous stages. Then, write down

I = [t]A41, ..., [t]An, A

above I' = A. We say that a (L[t]¥) reduction has been ap-
plied to L[t] Ay, ..., L[t]A,.

Similar for other cases of unary connectives.

Subcase ([m]AL). Let [m](Ay A By), ..., m](A, A B,) be all
the statements in I" whose outermost logical symbol is [m]A, and
to which no reduction has been applied in previous stages by
any ([m]A%). Then, for each partition {I1, I, I3} of {1, ...,n},
write down

T, [t]Az 11 € Iy, [m]B,- 1€l U3, [m]A1 1€l U3,
[t]Bi:iel, = A
above I' = A. We say that a ([m]A%) reduction has been applied
to [m](Al A\ Bl), ceny [m}(An A\ Bn)

Subcase ([m]Af). Let [m](Ay A By), ..., m](A, A By,) be all
the statements in A whose outermost logical symbol is [m]A,
and to which no reduction has been applied in previous stages

153 | Cao Cungen and Sui Yuefei

by any ([m]A%). Then, write down

I'=> [t}Alﬁ[m]Bl, [m]Alﬁ[t}Bl, [m]Alﬁ[m]Bl, .
[t]ApAlm| By, [m]AnAlt] By, [m]ApAm] By, A

above I' = A. We say that a ([m]A) reduction has been ap-
plied to [m](A41 A By), ..., [m](An A By).

Subcase ([m]VL). Let [m](A; V By), ..., [m] (A, V B,) be all
the statements in I" whose outermost logical symbol is [m]V, and
to which no reduction has been applied in previous stages by
any ([m]\V%). Then, for each partition {I1, I, I3} of {1, ...,n},
write down

T, [m]Ai 1€ UL, [m]BZ 1€l UL,
[f]Az 11 € I3, [f}.BZ el = A

above I' = A. We say that a ([m]V) reduction has been applied
to [m](A4; V By), ..., [m] (4, V By).

Subcase ([m]VF). Let [m](A; V By), ..., [m](A, V B,,) be all
the statements in A whose outermost logical symbol is [m]V,
and to which no reduction has been applied in previous stages
by any ([m]\V#). Then, write down

I'= [m}Alﬁ[m]Bl, [m]Alﬁ[ﬂBh [f]Alﬁ[m]Bl, ceny
[m] ApAlm] By, [m] ApAl£] B, [£]AnAlm| By, A

above I' = A. We say that a ([m]V*) reduction has been ap-
plied to [m](A41 V By), ..., [m](A, V By,).

Subcase (MAL). Let M(A; A By), ..., M(A, A B,) be all
the statements in I' whose outermost logical symbol is MA,
and to which no reduction has been applied in previous stages
by any (MAZL). Then, for each partition {Iy, I3, I3, I} of
{1,...,n}, write down

F,[t]AiIiEIl UIQ,[t}BZ‘:Z'E I U I3,
[m]Ai11'613UI4,[m]Bi:i€IQUI4:A

above I' = A. We say thata (MIAL) reduction has been applied
to M(A41 A By),.... M(A, A By).

Subcase (MA%). Let M(A; A By), ..., M(A,, A By,) be all
the statements in A whose outermost logical symbol is MA,
and to which no reduction has been applied in previous stages
by any (MA®). Then, write down

I'=> [t]Alﬁ[t]Bl, [t]Alﬁ[m]Bl, [m]Alﬁ[t]Bl,
[m}Alﬁ[m]Bl,
s [E]AnA[t] By, [£] An Alm] By, [m] AnAlt] By,
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m]A,Am| By, A

above I' = A. We say that a (MA%) reduction has been ap-
plied to M (A1 A By), ..., M(A,, A By).

Subcase (MVL). Let M(A; V By), ..., M(A, V B,,) be all
the statements in I" whose outermost logical symbol is MV, and
to which no reduction has been applied in previous stages by
any (MVZL). Then, for each partition {1, ..., Is} of {1, ..., n},
write down

F,[t]AiZi611U12U137[t]BiZ’L'611UI4UI7,
[m]Ai:i€I4UI5UIG7[m]Bi:iGIQUI4U18,
[f]AiIi€I7UIg,[f]BiZi613UIG:>A

above I' = A. We say thata (MV?) reduction has been applied
to M(A1 V Bl)7 ceny M(An \ Bn)

Subcase (MVE). Let M(A; V By), ..., M(A, V B,,) be all
the statements in A whose outermost logical symbol is MV,

and to which no reduction has been applied in previous stages
by any (MV%). Then, write down

above I' = A. We say that a (MV%) reduction has been ap-
plied to M(A; V By), ..., M(4,, V By,).

Subcase (AF). Let (A1AB1), ..., (A,AB,) be all the state-
ments in I whose outermost logical symbol is A, and to which
no reduction has been applied in previous stages by any (AL).
Then, write down

F,Al,Bl, ...,An,Bn = A
above I' = A. We say that a (A%) reduction has been applied

to (AlﬁBl), ceny (AnABn)

Subcase (A®). Let (A1ABy), ..., (A,AB,,) be all the state-
ments in A whose outermost logical symbol is A, and to which
no reduction has been applied in previous stages by any (A%).

Then, write down

= Cy,....Cp, A
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above I' = A, where C; € {A;, B;}. We say that a (A®)
reduction has been applied to (A1AB1), ..., (AnABy).
Subcase (VF). Let (A1VBy), ..., (A,VB,) be all the state-
ments in I whose outermost logical symbol is V, and to which
no reduction has been applied in previous stages by any (V).

Then, write down

I,Cy,....C, = A

above I' = A, where C; € {A;, B;}. We say that a (VF)
reduction has been applied to (A;VBy), ..., (A, V.By).

Subcase (V7). Let (4;VBy), ..., (A,V.B,,) be all the state-
ments in A whose outermost logical symbol is V, and to which
no reduction has been applied in previous stages by any (V).
Then, write down

I'= Al,Bl, ...,An,Bn,A

above I' = A. We say that a (V?) reduction has been applied
to (A1VB1), ..., (A, VBy).

Similar for other subcases.

So the collection of those sequents which are obtained by
the above reduction process, together with the partial order
obtained by this process, is the reduction tree for J, denoted by
T(9).

A sequence d, ... of sequents in T'(d) is a branch if o = 4,
and for each ¢, §; 1 is immediately above &;.

Given a sequent 0, if each branch of T'(9) is ended with a
sequent containing an axiom, then it is a routine to construct a
proof of 4.

Otherwise, there is a branch o = 41, ..., §,, of T'(d) such that
there is no rule applicable for §,, and §,, = I';, = A,, is not an
axiom.

Let
UFZ{QDI(QGFi,FiéAiEU},
UA:{QOQOGA“FZiAZGJ}
We define an assignment in which every formula ¢ € Ul is

true and every formula in ¢ € UA is not.

Define v such that for any propositional variable p,

v(p) = tiff [t]p € UL}
v(p) = miff [m]p € UT;
v(p) = £ iff [£]p € UT.

By the induction on the structure of statement A, we prove
thatv = Aif A e Ul'and v = Aif A € UA.
Case A = [m|(A; A Az) € UT. Let 8 be the least-length
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segment of o such that 8 = I", [m](A; A A2) = A’ for some
IV and A’. Then, there is a segment v of o such that 3 is a
segment of v and + is one of the following forms:

I, [t] A1, [m] A5 = A,
F/, [m] 1, t]AQ = A/7
Fa [m]Ala [m}AQ — A/a

A
A

say v = I, [m]A;, [m]42 = A’. By induction assumption,
v | TV, [m]A;, [m]As and v £ A’. Then, by the definition of
satisfaction, v =TV, [m](A1 A A3) and v J£ A,

Case A = [m](A1 A A2) € UA. Let 3 be the least-length seg-
ment of o such that § = I'' = [m](A;AAs), A’. Then, there are
segments 71, Y2, 3 of o such that 3 is a segment of 71, Y2, 73
and 11 = IV = [t]AAm|B,A’;v = TV = [m]AA[t]B, A/
and v3 = IV = [m|AA[m] B, A’. By the induction assumption,
v = IV and v £ [t]AAm]B, A;v [ mAA[]B, Al v
m]AAm| B, A’ ie., v = m] (A1 A Ag), A

Similarly for other cases.

This completes the proof. 0

5. Conclusions

In this paper we gave a modalized Lukasiewicz three-valued
propositional logic and a Gentzen deduction system was con-
structed such that the soundness theorem and the completeness
theorem hold in Lukasiewicz three-valued semantics of the
modalized propositional logic.

In practical applications, we use the traditional fuzzy logic
in which only two truth-values t and f are considered in the
deduction, even though in semantics, a formula can have any
values as the truth-values. In the Gentzen deduction system
given in this paper, each truth-value contributes to the deduction,
which makes the system a little clumsy. As a system which can
be implemented in computer, we hope the Gentzen deduction
system is used in practice in near future.
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