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Abstract

A Cut-/Reflexivity-free version LK~C/R of the propositional fragment of Gentzen calculus LK for
the classical propositional logic PC endowed with propositional rules inverse to its logical ones as
well as rules of constant elimination is proved to be equivalent to the bounded version of the “logic
of paradox”/“Kleene three-valued logic” (LP/K3)p; under the standard interpretation of propositional
sequents by propositional clauses and inverse interpretation of propositional formulas by premise-less
single-conclusion sequents, “with same theorems as PC, implying that LK has same derivable sequents
as LK™R, and so yielding a new semantic insight into Cut Elimination in LK”/. As a by-product of
the discovered equivalence and absence of proper consistent extensions of (LP/K3)q; other than PC
“and that relatively axiomatized by the Ex Contradictione Quodlibet rule”/, proved here upon the basis
of the universal algebraic technique elaborated in an earlier work of ours, we prove that LK~ C/Rhas
no proper consistent extension other than LK “and the one relatively axiomatized by the context-free
restriction of Cut”/.

Keywords: equent calculus; logical matrix; logic of paradox; disjunctive logic; Kleene algebra; exten-
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1. Introduction

According to [14], the constant-free propositional empty-sequent-less fragment of LK [4] endowed
with rules inverse to logical ones is equivalent (in the sense of [11]) to the logic of paradox LP [9], having
the same theorems as the classical propositional logic PC, in view of [13, Lemma 4.14], that has yielded
both a novel semantic insight into Cut Elimination in LK and the fact that the only proper consistent
extension of the sequent calculus involved distinct from LK is the one relatively axiomatized by Cut
with minimal non-empty context (viz., having just a single formula either on the right or on the left
but not on both sides). The primary objective of this work is to expand [14] to the full propositional
fragment of LK upon proper expanding underlying works [10,13].

The rest of the work is as follows. Section 2 is a brief summary of basis issues underlying the
work. Section 3 is devoted to key universal issues, then used in the main part presented in Section 4.

2. General background
2.1. Set-theoretical background

Non-negative integers are identified with sets/ ordinals of lesser ones, their set/ordinal being de-
noted by w. Unless any confusion is possible, one-element/-component sets/sequences are identified
with their elements/components. As usual, functions are treated as binary relations.

Given any sets A, B and an infix o : A2 — A, let ©(w)([B,]A) be the set of all (finite) subsets
of A [including Bl, e4 2 {(a,a) | a € A} the equality relation on A, A*l* £ (Une(w\(0j1)) A™) and
op : AT = A, ({(a,b), }c) — ({o+((a,b))o}c), while A-tuples (viz., functions with domain A) are
written in the sequence form f with t,, where a € A, stands for 77, (f), as well as, in case A = ([n+]1)
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[where n € w] written also in the standard finite tuple/sequence form [(()]¢o[{, } ... {, }x())] [and
identified with (f[n, t,)] under identification of BI"*I! with [B" x|B whereas * : (A*)2 — A*, (a,b) —
(@U ((((+(doma))) [(dom b)) " 0 b)) the concatenation binary operation.

An X € Y C p(A) is said to be meet-irreducible in Y, if VZ € p(Y) : (AN (NZ2)) = X) =
(X € Z), their set being denoted by MI(Y). AU C p(A) is said to be upward-directed, if VS €
po) : 3T € UN p(US,A)), subsets of p(A) closed under unions of upward directed subsets
being called inductive. A [finitary] closure operator over A is any unary operation on p(A) such that
VX € p(A),VY € p(X) : (XUC(C(X))UC(Y)) C C(X)[= (UClpw(X)])]- A closure system over A is
any {(inductive)} C C p(A) containing A and closed under intersections of subsets containing A, any
B C p(A) {such thatC = {AN(NS) | S C B} being called a (closure) basis of C and} determining the
{{finitary)} closure operator Cg = {(Z, AN (N(BNp(Z,A)))) | Z € p(A)}{= Cc} over A such that
B C (imgCp){= C}. Conversely, img C is a[n inductive] closure system over A such that Cimgc =C,
C and img C being called dual to one another.

Remark 1. Due to Zorn Lemma, according to which any non-empty inductive set has a maximal element,
MI(C) is a basis of any inductive closure system C. [

A [dual] Galois connection/retraction between/of a poset Q = (Q, X) and/onto a poset P = (P, <) is
any (f,g) € (QF x PQ) such that:

@se) = (flo 3 fa)), (1)
bz = (g(d) Sg(b)), 2)
(@) <« (b/a) 37U/ (f(a)/8(b)), (3)

(f(a)/b) =/=1 f(g(f(a) /D)), @)
g(f(gb)/a)) = (g(b)/a), (5)

for all a,c € P and b,d € Q, [dual] Galois retractions of Q onto P being exactly [dual] Galois
connections between Q and P with either injective left or surjective right component.

2.2. Algebraic background

Unless otherwise specified, we deal with a fixed but arbitrary finitary algebraic (viz., functional)
signature L, viewed as a propositional language consisting of (propositional) connectives, L-algebras/“their
carriers|class” being denoted by “/respective capital Fraktur /Italic letters [with /same indices], unless
otherwise specified”|A. Then, Tmi”‘} {where « € ((w(\1))|{w}) (unless L has a constant)|} is the set
of L-terms, viewed as (propositional) L-formulas, with [propositional| variables in Vary,, £ (img % {a})s
where %, 2 {(i,x;) | i € (w{Na})}, viz., the carrier of the absolutely-free L-algebra Smi‘x}, freely-
generated by Vary,, |{whose endomorphisms are viewed as |propositional | L-substitutions, their set
being denoted by Sb; > 04, £ [Xj/Xj1nljcw, Where n € w}. Any m-ary connective c € L, where m € w,
is identified with c(%,,) € Tm’L”. As usual, the class of all “isomorphic copies” /subalgebras/“[ultra-
Jproducts of tuples” of members of a K C Ay is denoted by (1/S/PIU)K.

2.3. Logical background

Here, we mainly follow [11] but allow infinitary logics and calculi as well as adopt more conven-
tional terminology and notations.

Let F = (L, P) be a [first-order] language (viz., finitary signature), where P # & is a relational one,
‘FITL of F-formulas/-
axioms (viz., first-order atomic formulas of the signature F with variables in Var) via setting o(®) £
p(¢oo), forall ® = p(¢) € Fmp. Then, any R = ([, ¥) € Rugf‘]] = (9w (Fmp) x Fmp) is called a
(non-axiomatic||proper) [finitary] F-rule with “elements of I'” /¥ called its premises/conclusion, written as
(either % or I ~)® and identified with (the universal closure of) ((AT) —)® (iff I # &), those of

any o € Sby, being extended to the equally-denoted unary operation on the set Fm
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the form ¥ ~~ Y, where Y € T, being said to be inverse to R, while any f : Fmp — [, (] Fmp | [)]
|where F' = (L', P’) is a language]| is extended to the equally-denoted f : Rugu] = 91 (] Ru%“[], | N
via setting f(R) = ({[U]f[T]} x f(®)) under proper identifying singletons with their elements in the
non-| |-optional case covering L-substitutions, whereas sets of {non-proper} [finitary] F-rules are called
{axiomatic} “[finitary] F-calculi”[/"deductive bases over F”] [/[11]].

A closure operator C [with non-one-element range-image] over Fmpr is said to be structural, if, for
allo € Sby and X C Fmp, 0[C(X)] C C(¢[X]), i.e., img C is closed under inverse substitutions in the sense
that, forall¢ € Sb; and T € (imgC), 0~ ![T] € (imgC), in which case it is called a [consistent] F-logic(al
system) {satisfying an F-rule (T, ®), if ® € C(T)}, elements of Thm(C) £ C(@) being called its theorems,
while any F-logic C’ such that (imgC’)[= ((imgC) N p(Thm(C’),Fmp))] C (imgC){# (imgC’)}
is said to be an [axiomatic] {proper} extension of C, F-logics forming a complete lattice poset under
extension partial ordering <, intersection of dual closure systems as join and point-wise intersection
of F-logics as meet, whereas C is an extension of the theorem-less F-logic C19 dual to the closure
system (img C) U1 over Fmg, called the theorem-less version of C. Then, the least F-logic Cn[cq [being an
extension of C and] satisfying all rules in a (finitary) F-calculus C is said to be axiomatized by C [relatively
to C] (Cn¢ being finitary), in which case C is axiomatized by the set of all {finitary} F-rules satisfied
in it {if it is finitary}, and so C is finitary iff it is axiomatized by a finitary F-calculus, while axiomatic
extensions of C are exactly its extensions relatively axiomatized by axiomatic F-calculi, whereas any
F-rule (T, ®) is satisfied in Cng iff it is derivable in C in the sense that there is a C-derivation of ® from T,
i.e.,, a mapping Y from a (finite) ordinal «, called its length, to Fmp such that ® € (img ?) and, for each
B € , either ¥g € T or there is some E C ¥[p] such that (Z,¥4) € Sb.[C] £ (U{c[C] | o € Sb}), as
well as:

+0
Cls170 = cnlS,, (6)

where Ct0 & [(TU{¥},®) | ¥ = p(%,) € FmL,n € w,(T,®) € 04,4[C]}. Given a sublanguage
F' = (L',P') of F, where L’ C Land @ # P’ C P, the L'-fragment of C is the L'-logic (C[F') £
{<X,C(X) ﬁFmL/> | X g FmL/}.

2.3.1. Basic kinds of languages

Sentential languages
A

Let D be a unary truth predicate relation symbol, LP £ (L, D) the sentential L-language and
(Fm|Ru), £ (Fm |Ru);p “identified with Tm; under identification of any ¢ € Tm; with D(¢)”|,
LP-formulas/-rules/-axioms/-calculi/ -logics being called [sentential] L-formulas/-rules/-axioms/-calculi/-
logics.

First-order LP-structures (viz., algebraic systems of the signature LP; cf. [7]) [with truth predicate
distinct from its carrier] are called [consistent] (logical) L-matrices (cf. [6]), identified with {the left
components of} the couples constituted by their underlying algebras (viz., L-reducts) and truth predicates

{whenever these are are empty, L-algebras being thus viewed as L-matrices with empty truth predicates}
as well as denoted by capital Calligraphic letters (with indices), their underlying algebras being
denoted by respective capital Gothic letters (with same indices). Any class M of L-matrices defines
its L-logic Cnyy dual to the closure system over Fm; with closure basis {#~1[DA] | A € M, €
hom(Tmy,A)}, satisfying any L-rule iff this is satisfied in M in the usual-model-theoretic sense, as
well as being finitary, whenever both M and all its members are finite (cf. [6]), but, otherwise, not
necessarily being so,' such that

CI‘IK_/IO = CnMU{<D,®>}r (7)

where O is any one-element L-algebra. Then, L-matrices defining extensions of an L-logic C are called
its models, their class being denoted by Mod(C).

1 Thisis mainly why we have extended here the finitary framework of [11].
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Given L-matrices A and B, a[n] [injective] /surjective |strict homomorphism from A tofonto B is any
[injective] 1 € hom(2l,B) such that DA C|= h~'[DB] and h[A] C/= B (their set being denoted
by hom‘[IS]/ [I’]S(.A, B)) |[also called an embedding/isomorphism of/from A into/onto B, A being said to be
embedable/isomorphic into/to B under h as well as, in case h = € 4, called a||the submatrix||restriction of B
|“on A with setting (B]A) = A”], in which case

hom(%my,B) O/={goh | g € hom(Tm,A)}, 8)

and so:
Cnp)4)4(2|T) C/(C|=) Cnp(2T), )

forallT C Fm;.

Equational languages
Let ~ be an infix binary equality relation symbol, L~ £ (L,~) the equational L-language and
Eq; £ Fmy~ the set of L-equations/-identities identified with Fm? under identification of any ¢ ~ ¢
with (¢, ¢), L¥-rules/-axioms/-calculi/-logics being called equational L-rules/-axioms/-calculi/-logics.
Then, given a class K of L-algebras, we have the equational L-logic Cny dual to the closure system
over Eq; with closure basis {kerh | 2l € K, € hom(Tmp,2)}, called the equational logic of K, equal to
that of
I[SP]K[= {2 € AL | (AN ((\{kerh | h € hom(2,B),B € K})) =ea}], (10)

satisfying any equational L-rule iff this is satisfied in K in the usual model-theoretic sense, as well as
being finitary, whenever PUK C IK (in view of the Compactness Theorem; cf. [7]) {in particular, both K
and all its members are finite; cf. [3, Corollary 2.3]}, but, otherwise, not necessarily being 50,2 in which
case L-algebras defining extensions of an equational logic C are called its models, their class being
denoted by Mod(C), and so the mappings C’' — Mod(C’) and P — Cnj form a Galois retraction of
the poset of pre-varieties (in the sense of [15]; viz., classes closed under I, S and P, ISPK being the least
one including K and said to be generated by K) of L-algebras onto the one of the equational logics of
classes of L-algebras. Clearly, the latter poset is closed under axiomatic extensions, the reservation
“axiomatic” appearing redundant, in view of the following observation:

Remark 2. Given any class K of L-algebras and any 6 € (imgCnf), there are some set I, some A € K! and
some h € ([Tjeyhom(Tmy,RA;)) such that 0 = (N;ej(kerh;)), in which case h : Fmp — ([Tic; Ai), ¢ —
(hi(@))ics is a [surjective] homomorphism from Tmy [on]to [Ag =](([Tic; ;)[I(imgh)])[€ SPK] such
that (kerh) = 6, and so, by the right alternative of (8), every equational L-rule R, such that each one in
SbL[{R}] is true in Ay under h, is true in Wy, any extension C of Cny being then the equational logic of
{Ag | 0 € (imgC)} CSPK. O

Sequential languages
Let F, where (m,n) € [¢ C|w?, be an (m + n)-ary sequent relation symbol, P[;] 2 L") (m,n) €
&

(w?[Ne])} the [¢-]sequent(ial) relation signature, L[;] 2 (L, P['Z]> the [(-]sequent(ial) L-language and Seq[f]
FmL@] the set of L-sequents [of rank {], any one ! () being written in the standard form (@[m) +

(((+m)[n) o @). Then, L[FE] -rules/-axioms/-calculi/-logics are called [¢-]sequent(ial) L-rules/-axioms/-
calculi/-logics.

2 This is one more reason of our going beyond the finitary framework of [11].
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3. Preliminaries
3.1. Disjunctive sentential logics

Fix any A € g, (Tm?2). Given any X,Y C Fmy, set A(X,Y) £ (U{A(¢, ) | ¢ € X, € Y}.
Then, an L-logic C is said to be weakly/(strongly) [finitely] A-disjunctive, if, for all (X U {¢, ¥}) C Fm,,
C(XUA(¢p,¥)) /= (C(XU{p})NC(XU{y})) /“in which case:

C(Alp, ) = C(A(Y,9)), (11)
C(Alg,9) = C({e})" (12)

Likewise, it is said to be A-multiplicative, if, for all (XU {¢}) € Fmp, A(C(X), ¢) € C(A(X, ¢)). Finally,
an L-matrix A is said to be A-disjunctive, if, for alla,b € A, (({a,b} N DA) # @) < ({6%(a,b) | ¢ €
A} C DA).

Theorem 1. A (finitary) L-logic C is A-disjunctive if(f) it is both weakly A-disjunctive and A-multiplicative,
while both (11) and (12) hold {whereas:

C(A(g Al ) = C(A(A(9,9) ), (13)
forall o, ¢, € Fmy }if(f) C is defined by a class of [consistent] A-disjunctive L-matrices.

Proof. {The second “if” part is immediate.}] Now, assume C is both weakly A-disjunctive and A-
multiplicative, while both (11) and (12) hold. Consider any (XU {¢, ¥}) C Fm; and any ¢ € (C(X U
{#}) NC(XU {¢})), in which case ¢ € C(A(¢,¢)) S C(AC(XU {y}),¢) © CAXU{p},9)) <
C(XUA(Y,9)) = C(XUA(p,$)) € C(XUACH{g}), $)) € C(XUC(A(X, ) UA($,$))) = C(XU
A(¢,9)), and so C, being weakly A-disjunctive, is A-disjunctive. (Finally, assume C is A-disjunctive.
Then, by Remark 1, it, being finitary and structural, is defined by M £ ({Tm; } x MI(img C)). Consider
any T € MI(imgC) # Fm; and any ¢, ¢ € Fm such that A(¢,y) C T, in which case T = C(T) =
C(TUA(¢,p)) = (C(TU{p})NC(TU{y})),andsoeither T = C(TU{¢p}) > ¢porT =C(TU{y}) >
¢, members of M being thus both consistent and A-disjunctive, by the weak A-disjunctivity of C.) O

3.1.1. Multiplicative sentential calculi

Givenany R = (T, ¢) € Ruy and ¢ € Fmp, put A(R,¢) £ {(A(T, ¢), @) | ¢ € A($, )}, elements
of A(o41(R), xo) being called A-multiplications of R. Then, an L-calculus C is said to be A-multiplicative,
if each multiplication of every rule of it is derivable in it, in which case, by induction on the length of
C-derivations, Cn¢ is A-multiplicative, and so, by the structurality of L-logics and Theorem 1, we get:

Corollary 1. A [finitary] L-logic C is A-disjunctive iflf] it is both weakly A-disjunctive and axiomatized by a
A-multiplicative L-calculus, while both (11) and (12) (as well as (13)) hold.

3.2. Extensions versus interpretations

Here, we entirely follow the conventions adopted in Chapter 2 but allowing not necessarily finitary
logics as well as finitary translations (viz., those with finite values). Fix any propositional language L,
first-order ones F['] = (L, P[']), translations 7|p from P|P’ to P'|P over L and an F[']-logic C[']. Then,
T is said to be compatible with C’, if the condition (ii) of Definition 2.1 of [11] holds, that is (in view
of the structurality of C’), C'(¢[t[[']]) = C'(t[¢[l]]), for all ¢ € Sb; and all [one-element] I' C Fmp
(cf. Proposition 2.2 therein), i.e., for all o € Sb; and all © € (imgC’), ¢! [t~}[®]] = T ![c}[@]], in
which case T is compatible with any extension of C'. In that case, T is called an interpretation of C in
C', if the condition (i) of Definition 2.1 of [11] holds too, that is, (img C) = t~![imgC’] £ {t7'[@] |
© € (imgC’)} (cf. Proposition 2.4 therein). We start from presenting the following almost immediate
observation:
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Lemma 1. Let C"(= C') be an F'-logic (and C"'[2 C| an F-logic as well as C an F-calculus). Suppose T is
compatible with C" (resp., with C' [in particular, T is an interpretation of C in C' {more specifically, C and
C' are equivalent with (respect to) T and p}]). Then, T~ [img C"] is a closure system over Fmp closed under
inverse substitutions, in which case T is an interpretation of the F-logic T—(C") dual to T—'[img C"] in C"
([while C £ T=1(C") {whereas C" = p~1(t=1(C")), and so T=1(C") and C" are equivalent with (respect
to) T and p}l). (Conversely, Tc/[imgC"”'] £ {@ € (imgC') | T71[®] € (imgC"")} is a closure system
over Fmp: closed under inverse substitutions, in which case the F'-logic tc/(C"") dual to tcr[img C"'] is an

extension of C', while T/ [Cn§ | = anc[égc ) [and T (1 (C")) = C", T being an interpretation of C'"" in

1/ (C"") {whereas e/ (C"") = p~1(C""), C"" and tc (C""") being equivalent with (respect to) T and p}]).
This, first, immediately yields the following infinitary extension of [11, Theorem 2.20]:

Theorem 2. Suppose C and C' are equivalent with (respect to) T and p. Then, p~ |t and T ||pc form inverse
to one another isomorphisms between the complete lattices of [axiomatic] extensions of C and C', corresponding
ones being equivalent with (respect to) T and p.

And what is more, as an equally immediate consequence of Lemma 1, we have the following
important result, being formally beyond the scopes of [11] but implicitly contained, though not
explicitly presented, therein:

Theorem 3. Suppose T is an interpretation of C in C'. Then, o and T—! form a dual Galois retraction of
the poset of extensions of C' onto that of C, T being an interpretation of any extension C" of C (relatively
axiomatized by an F-calculus C) in the extension T/ (C"") of C' (relatively axiomatized by T[C]).

This, in its turn, by Remark 2, yields a more canonical insight into the main universal result of
[13] in the spirit of the outstanding work [11] plagiarized (like [13]) more and more by such crooks as
Font, Pigozzi, et al.:

Corollary 2 (cf. [13, Theorem 3.3]). Let V be a translation from {D} to {~} over L, C an L-logic, K a
class of L-algebras, P = ISPK and C' £ Cnf = Cnp. Suppose V is an interpretation of C in C', i.e., C
is defined by KV = {(2,{a € A | A = (AVp)[xo/a]}) | & € K}, viz., by PV. Then, the mappings
C" — (PNMod(Vc(C"))) and S — Cngy form a Galois retraction of the poset of sub-pre-varieties of P
onto the one of extensions of C such that, for any L-calculus C, (P N\ Mod (V¢ (Cn§))) = (PN Mod(V[C])),
while, for any C C P, Cn(ISPC)V = Cncv.

4. Main issues

Here, we deal with the propositional languages L(J[)Ol] £ IA, V[, L, T](,—)}, where A and V are

binary [while | and T are nullary] (whereas — is unary) with [bounded] lattices {cf. [1]} viewed
as L (y-algebras, ¢ S ¢ standing for ¢ ~ (¢ A ). Then, a [bounded] (De)/ Morgan/Kleene lattice

[traditionally called a (De)/ Morgan/Kleene algebra; cf., e.g., [1]] is any LI[ Ol]-algebra with [bounded]
distributive lattice L , [ ;j-reduct, satisfying:

-TX) R X, (14)

S(xpAx1) &~ (—x9V ), (15)

(xoA=x0) = (x01V x01), (16)

their variety being denoted by [B](M/K)L. Let £, ) be the chain [bounded] lattice over n €
(w\ 2), while &, y;) the [bounded] Kleene lattice with [bounded] lattice reduct £, ;) and o) £
{(in—1—1) | i € n}, whereas My the [bounded] Morgan lattice with [bounded] lattice

reduct 2%[’01] and —="lo ;22— 22 (j k) — (1—k,1—j), the following standard notations of
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elements of 2% being used in this connection (f[t) £ (0[1,0[1) and (n||) £ (0[[1,1[|0), as well as
. /NT/

(FDE/(LP|K3)/PC)jqy) the logic of (M/K/K) i e = {OVR/R) (g0 01)

{/(1]2)/1,t/2/1}), being [the bounded (version of the)] “{relevance} first-degree entailment” /(“logic

of paradox”|“Kleene three-valued logic”)/ “classical logic” [2]/ ([9]|[5])/[8], in which case the truth

predicate of ICQ /2][ o1l is equationally definable by the translation VU] 2 {(D, {(=xo[|T]) S x0})}

from {D} to {~} over L' ., in the sense that:

+[,01]
K3 ooy ¥x0(D(x0) < Vi), (17)

and so the universal elaboration of [13] is equally applicable to the bounded versions of both the logic

of paradox and Kleene three-valued logic. Then, for any L7 o] -algebras 2, B and any L o] -rule R:
hom(l{,)s} (m’%) g homglsgl)s} (mVHT],%V“T] ), (18)
(2A x %)v[m _ (mv[m % %v[m)’ (19)
@ eMod(VIT(R))) = @V € Mod(R)), (20)
f KCA -
so,forany KC A,

4.1. An axiomatization of the bounded version of FDE

Let Cyy01) be the L7 ,;,-calculus, constituted the L7 -rules given by [10, Definition 5.1]:

+[01]
Xo A\ X1 XoAXxq Xo X
(R1) =%~ (R2) X1 A X (Rs) Xo N X
X0 Xo V X1 XV (xl \ x2>
(Re) w v (Rs) T (Re) oV v

xoV(x1 AXx xgV x1) A (xgV x oV x
(R7) (x0 \?xl)(/\l(xoi/)xﬁ (Rs) ( OXQ\/l)(m(/\(J)Cz) 2 (Ro) %00

Xo V X ——xg V X —xg A\ x1) VX
(R1o) #vzf (Ri1) 952 (R12) (=x0 ORES
0 0 2 —\(XO \/xl) V xp

) —(xo A x1) VX
B (5xg V=) Vxg

—(xo Vx1) Vo (Rya) (mxp V —x1) V xp (R

(Ris) (—x0 A —x1) V x2 —(xo Ax1) VX2

[and the following additional L, o1-Tules and -axioms:

1V TV
0 (Ryy) el

%o %o (A1) T (A2) -]

(R16)

Let EM £ (%o V ﬁxo) be the Excluded Middle axiom, RS = ({xo V x1,—xo V xl} ~ x1) the

Resolution rule, CH[Ol] (Crpo1) U (img R)), where R € {EM, RS}, and My_01] = (M4[01] [(22\
(img¢))), where ¢ € (22 \ €2)*.

Lemma 2. CI({%/;]) (RS} g V-multiplicative.

Proof. According to [10, Theorem 5.2], FDE is axiomatized by Cy. Then, since its defining matrix My
is V-disjunctive, by Theorem 1, it is V-multiplicative, while (13) holds for it, in which case both the rule
Rg inverse to Rg and the V-multiplication of any rule of Cyy, being satisfied in FDE, are derivable in Cy,
and so in Cél[ 01]){723} Moreover, by Ry, the V-multiplication of any axiom in @[U{Aj, Ay} (U{EM})

(EM){RS}

is derivable in CH[,Ol]

. [Finally, due to the following demonstration:
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1. ((L]=T)Vxq)Vxo — Hypothesis;
2. (J_|—\T) V (x1 V xo) —K6[XO/(L|—|T),X2/X()] : (1),’
3. x1Vxg— R16|17[XO/(X1 V XO)] : (2),‘

C}({%‘f){RS}.] {

the V-multiplication of Ry¢17, being derivable in {R16|17, Rg},is soin Likewise, due to

the following one:

(x1 V x2) V xg — Hypothesis;

(—x1 V x2) V xg — Hypothesis;

X1V (x2 V xg) — Re[xo/x1, X1/ %2, %2/ %0] = (1);
—x1 V (x2 V x0) — Re[x0/ X1, X1/ %2, %2/ x0] : (2);
X2V xo — RS[x0/x1, %1/ (x2 V x0)] = (3), (4);

AN

(EMIRS \

the V-multiplication of RS, being derivable in {RS, Rg}, is so in CH[ ol

An |-matrix A is said to be (A-)conjunctive, if (A, A\ DA) is A-disjunctive.

Liim

Theorem 4. Cnc(gM){Rs} = Cnp
4

H[,01) *("){_}[101] '

Proof. Clearly, since My ;) € [BIML, M a—(m{}01)” being both conjunctive and V-disjunctive, is a
I

model of C(EM){RS}, ie., C

HL01] . Conversely, by Theorem 1, Corollary

Cn EMRS S Cn
Cﬁq,mf{ F= M o

1, Lemma 2 and the inclusion {R; | i € {4,5,9}} C CEMIRS) being both finitary and V-
disjunctive, is defined by a class M of consistent V-disjunctive L

HI,01]
+1,01]
M C Mod(CéIg[/(;/ll]){RS}) and take any a € (A \ D) # @, in which case, by the truth of R, Ry and

Rz in A, this is conjunctive [while, by that of A;, T* € D#, whereas by that of Ris under [xq/a],
1% ¢ DA]. Then, [by the truth of Ay in A, 1% ¢ E £ (A\ (ﬁ%)il[DA]), while, by that of Ryy
under [xo/a], T € E, whereas] by that of Ry, Ry3, R4 and Ry5 under assignments containing (x, a),

-matrices. Consider any A €

(2, E) is both conjunctive and V-disjunctive, for A is so. Finally, consider any b € A, in which case,
by the truth of Rig and Ry in A under [x/b, x2/a], (b € DA) < (=%=%b € DA) (while, by that
of EM in A under [x/b], ({b,~%b} N DA) # @) {whereas, by that of RS in A under [xq/b, x1 /4],
{b,-*b} ¢ DA}, and soe £ xﬁ’A € hom (AIL, o1, Lo01]) 2 f = x5, {{c, (e(c), f(c))) | ¢ € A} being
in homg (A, M4—(n){}[,01] ), as required, in view of (9). [

This, by (9) and the fact that ((+]|7) [M4_((n‘)/(n))) is an isomorphism from M4_((n‘)/(n))[’01]

onto ICl(; // 2)01] ), immediately yields:

Corollary 3. (FDE/(LP|K3)/PC)yy is axiomatized by CI/{([%?]/”RS)/ (EMRS) 1y particular, K3qy is

the extension of FDEy), relatively axiomatized by RS, while (LP|[PC) ) is the axiomatic extension of
(FDE||K3) 1) relatively axiomatized by E M.

This subsumes [10, Corollary 5.3].
4.2. Extensions of the bounded logic of paradox and Kleene’s three-valued logic versus pre-varieties of Kleene
algebras

Key observations enabling one to expand [13] onto the bounded case almost immediately are as
follows:

Lemma 3. Let 2 and B be bounded lattices and h € hom(2A[Ly,B[L). Suppose (L|T)® € h[A] (in
particular, h[A] = B). Then, h((L|T)*) = (L|T)%.
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Proof. Take any (a|lb) € A such that h(alb) = (L|T)®, in which case ((a|b)(A|V)*
(LIT)*) = (LIT)¥, so h((LIT)™) = (LIT)P(AV)PR((LIT)M) = (LIT)®. O

Lemmad4. Forany {2-element} [bounded] Morgan lattice 2 and any (distinct) a,b € A, {{0, ((a A% =2a) A% (b A% =¥b))[A% L
=) VA (b v =2D)) [VETH]) € homM5Y (8yy), 2).

Since #3 has no non-one-element subalgebra not retaining bounds, by (10), Lemma 3 and [12,
Proposition 3.4], we, first, have the following well-known fact (cf., e.g., [1]):

Corollary 4. BKL = ISP(PY) 3.

Let N(L)Py; be the extension of LPy; relatively axiomatized by the Ex Contradictione Quodlibet
rule NP £ ({xp, ~x0} ~ x1), viz., the least non-paraconsistent extension of LPygy)- Then, a [bounded]
Kleene lattice is said to be non-paraconsis-tent, if it satisfies V(NP), i.e., satisfies [13, (13)]:

{=x0 = x0} ~ (V([xo/x1]), (22)
in which it satisfies (22)[x1 /—x1], and so, by the right alternative of (16), satisfies [12, (8)]:
{=x0 =~ xp} ~ (x0 = x1), (23)

i.e., it is non-idempotent in the sense of [12, Definition 4.1]. Conversely, any [bounded] Kleene lattice,
satisfying (23), satisfies (23)[x1/—x1], in which case it is non-paraconsistent, and so non-paraconsistent
[bounded] Kleene lattices are exactly non-idempotent ones, their quasi-variety being denoted by
N[B]KL.

Let NRe;(12)01 = (((Rapor * Kopo) (xR0 D(T(((B x 2) x {1} U{(2-4,4,2-4) | i € 2}))])
and N Kg 1 = (K301 x K201). Then, since the only non-one-element subalgebra of 9114 not retaining
bounds is that with two-element carrier {1} x 2, by (10), Lemmas 3, 4 and [12, Proposition 4.5]/[13,
Theorem 4.10], we immediately have:

Corollary 5. NBKL = ISP(PY)9 8 o;.

Let MPyy) be the extension of (N)LP|y relatively axiomatized by the Modus Ponens rule for
material implication MP £ ({xg, 7xp V x1} ~ x1) (in view of the V-disjunctivity of Ks3),01) and
Theorem 1). Then, a [bounded] Kleene lattice is said to be reqular/classical (cf. Definition 4.6/4.11 of
[12]/[13]), if it satisfies V(M P), i.e., satisfies (10/14) of [12]/[13]:

(VU{(xoA=x1) S (mx0Vx1)}) ~ (Vxo/x)), (24)

their quasi-variety being denoted by R[B]JKL C N[BJKL. Since the only non-one-element subalgebra
of £4 not retaining bounds is that with two-element carrier {1,2}, by (10), Lemmas 3, 4 and [12,
Proposition 4.7], we immediately get:

Corollary 6. R[BJKL = ISP(PU).Q4[,01].

From now on, we use (17), (18), (19), (20), (21) and Corollary 2 tacitly. Then, by Corollaries 4 and
5, we, first, have:

Theorem 5. (An arbitrary exrension C of) [N]LPy = Cnyy) is defined by [N]BKLY (N Mod(C)).

Kai1a,01

Theorem 6. (Thm)(MP[Ol]) = (Thm)(PC[OH)(: Thm(LP[Ol])).
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Proof. Then, by Theorem 5 and Corollary 6, MP|;], being defined by R[B]KL, is defined by Ky 1] =

ﬁf[,m] = (R401,{2,3}), while Xi2,3} € homg(lC4[,01],lC2[,01]), whereas {(i,xf’} (i) +7(3\1 (i)} €

homS(IC4[/01], Ks3(,01)), (9) ending the proof.®> O
Theorem 7. Proper consistent extensions of LPy; form the two-element chain NPy < PCo;.

Proof. First, K301 = N'P[x;/(1 —i)]iez, while NKgo1 = MP[x;/(1 — j,1)]je2, whereas Ky 1 F~
x0[x0/0]. Then, by Theorems 5 and 6, NPy and PCy; are proper consistent extensions of LPy; forming
the chain involved. Finally, consider any consistent extension C of LPy;, in which case, by Theorem 5,
there is a non-one-element 2 € BKL such that AV € Mod(C), and so, by (9) and Lemma 4, C < PC;.
In particular, C = PCy;, whenever PCy; = C. Otherwise, consider the following complementary cases:
* NPy =C,
in which case, by Theorem 5, there is some 20 € (NBKL \ RBKL) such that AY € Mod(C), and so
B £ (AILT) € (NKL \ RKL). Then, by the case 4/3 of the proof of Theorem 4.8/4.11 of [12]/[13],
there is an e € hom!(918,B). Consider the following complementary subcases:
- e((0,0)) = L%,
in which case e((2,1)) = T2, and so0 e € hom! (MR 91, 2A). Then, by (9), N K1 = fﬁﬁgm €
Mod(C).
- ¢((0,0)) # L%
in which case e({2,1)) # T2, so (((m[(NKg x {1})) o e) U {(0,0,0, L%),
(2,1,2,TH}) € hom! (Mg, A). Also, (m[NKgo1) €  homd(MAYy,
N’C@Ol). Then, by ), NK6,01 S MOd(C)
Thus, anyway, N K1 € Mod(C), in which case, by Theorem 5, C < NPy, and so C = NP;.
* NPy % C,
in which case, by Theorem 5, there is some 2 € (BKL \ NBKL) such that AV € Mod(C), and so
there is some a € A # {a} such that =%a = a. Then, {(0, L %), (1,a), (2, T*)} € hom! (&3, 2),
in which case, by (9), K301 = Rgm € Mod(C),andso C = LPy. O
0

Theorem 8. PCy; is the only proper consistent extension of K3p;.

Proof. Consider a consistent extension C of K3y distinct from PCp;, in which case, by Theorem
7, PCy i C, and so, by Corollaries 3 and 4, there is some 20 € BKL such that AV’ ¢ (Mod(C) \
Mod(EM)). Then, there is some a € A such that b = (a V¥ =*a) # T%. Consider the following
complementary cases:
o Ap=yp,

in which case {(0, L), (1,b), (2, T%)} € hom!(830;,2), and so, by (9), IC;Ol € Mod(C).

« ApLyp,
in which case { (0, 12, (1,-%b), (2,b), (3, Tgl>} € homl(ﬁ4,01,9(), and so, by (9), IC3T,O1 € Mod(C),
N 23, ) T
for  {(, ;"M (0) + 22 (0)) | i € 4 € hom$ (&Y,
IC3T,01).

Thus, in any case, ICST, 01 € Mod(C), ie,, C < KBy, C being equal to K3y, as required, in view of
Corollary 3, for K, = EM([xo/1]. O

If, for any V' C (Tm} )2, Vxo(D(x0) <> (AV’)) was true in KJ , then it would be true in K; £
(K3[{1}), in which case, since K = Vxo(A V'), VxgD(xp) would be true in K1, and so 1 € K; would

Though [13, Lemma 4.14] is expandable onto the bounded case, we have presented here more immediate and transparent
model-theoretic proofs of both it and the axiomatizability of the [bounded] classical logic relatively to the [bounded] logic of
paradox by Modus Ponens for material implication.

It is this subcase that justifies the reservation “almost” in the first sentence of this subsection.
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be in D*1 = @. Nevertheless, though the universal algebraic approach developed in [13] is thus not
applicable to K3, Theorem 8 is still so as follows.

Lemma 5. Any extension C of K3 with(out) theorems is (the theorem-less version of) the LJ_F’D -fragment of an
extension of K3g;.

Proof. Consider any T € ((imgC) \ 1), in which case there exists some Hy C hom(‘ImL;, £3) such
that T = (Fle N(Nher, B 1{2}])), and so g7 : Fm;— — 381, 9 — (f(9))feny is a [surjective]
strict homomorphism from (‘Ile,T> [onJto [Ar £]((K])Hr[](imggr)]). Take any ¢ € T # &,
in which case At 5 ¢r(¢) = (Hr x {2}), and so At > gr(—¢) = (Hr x {0}). Then, Ar forms a
subalgebra of Dt £ Rf 41, in which case, by (9), Br £ (DT1AT, DAT), being a submatrix of (ICBT Ol)HT,

is a model of K31, and so K3p; < C' £ Cnys,|re((imgc)\1)}- Thus, by (9), C = Cng?it Fx ((img C\D) =
n

Cn(+0)

—,D
Larie(imgenyy = (€L O

Let IC be the inconsistent L', -logic.

Corollary 7. Proper extensions of K3 form the diamond lattice, isomorphic to £3 under 1=, where 1 : 22 —

p(Fm, ) o
@(FmL;) L7, (0[1,1[=1])) — (P|I)CHHO = Cn?ﬁ(‘l(il]?gM'xO)} = Cn((k, @) [U{k, )] 18 injective.

Proof. Clearly, no axiom is true in the {sub}matrix ; {of }C;,r } with empty truth predicate, while
Kl = ((x1 ~) (EM|x0)[x0/ (1]]0)(, x1/(2]]1))], (6), (7), (9), Corollary 3, Theorem 8 and Lemma 5

3|12
completing the argument. [J

4.3. Cut-free versions of Gentzen calculus

Let LKE/_{R J:érég]))[()l] be the (w?\ (1]—1])?)-sequent L7 gy-calculus constituted by the following
strucural rules (except for Reflexivity /“(both Reflexivity and) Cut {with non-(1[—1])-ary sequent

predicate in conclusion}”):

Reflexivity X0 F xg

{A,xo [ E,‘A [ E,XO}

(/{Context-Free}) Cut e (E% (Xoop))

Left Right
I'EA T'EA
Enlargement TaF A Fay
i I xg,xkFA I'E A, x0,x0
Contraction A A
Permutation [,x0,,0F48 T'FAx,x,0

F,xl,X(),@FA FFA,xl,xo,Q

where I', A, @ € Var* 3 A, E(¢ (o/(@{UVar'}))) and k £ ((1 — min(1, (dom A) + (dom £)))[-0]),
together with the following logical rules [and axioms]:

Left Right
[LF FT]
(_‘) Fl‘A,XO F,XOl_A
F,—OC()FA FFA,—\XO
(/\) F,XO,X1|—A {FFA,Xo;FFA,Xl}
FxoAxiFA ' A xgNxq
(\/) {F,xOI—A;F,xl}—A} Fl—A,X(),Jq
IxoVxi FA I'HAxygVx
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where I', A € Var® (as well as [both] the rules inverse to logical ones [and the following constant
elimination rules:
Left Right

I'THA THAL
r=A r+A

where I', A € Var”]) its rules being derivable in LKg).
Let

Tony = {0 AN+ ([T (Tn 0 0em) [ LIDY) | () € (w0 \ (A[=1])%)}

and p = {(D, {Fxo})} be parameter-less translations from PZZ\ (1[-1))2 t {D} and vice versa over L__ o1
in the sense of the fundamental work [11] we follow here tacitly.

Lemma 6. CnLK[oﬁC and FDEyy) are equivalent with (respect to) Tjg) and p.

Proof. First, for any (I' ~» ¥) € LK[B{{]C and any ® € TI'l with range-image T, (AL ([(J® o
To1) L) é Tlo1] (Y) is true in [BJML > 9314[[01], SO T[oy [[] ~ Tlo1] (Y) is true in M4[’01], for
DMaon[3 TMao1] s a filter of My 01 L+ Likewise, xo = p(Tjg1(D)) is true in [B]ML > My ¢y}, s0
both xp ~~ Tjo1)(0(D)) and Tjo1) (0 (D)) ~~ X are true in My gy Conversely, for any (T ~ @) € Cyy 1),
p[I] ~ p(¢) is derivable in LK[Ol] Finally, for all (m,n) € (w?\ (1]—1])2), both Y ~~ (o1 (Fi)
and p(Tjo1)(Fy')) ~ Y, where Y £ (% - (% 0 04m)), are derivable in LK[O{{]C Then, Theorems 2.24 of
[11] and 4 complete the argument. O

Theorem 9. Cn_, —(c/x) and (LP/K3) ) are equivalent with (respect to) Tjoy) and p.
[01]

(C/R)

Proof. Clearly, 7/o;(Reflexivity/Cut) is true in KLt o1

5,01 While P(EM/RS) is derivable in LK,
Corollaries 2.27 of [11], 3 and Lemma 6 ending the proof. [

Corollary 8 (cf. [13, Theorem 4.13] for the non-[]-optional case). Proper consistent extensions of CnLKfc
[01]

form the two-element chain Cn  —c s CnLK , the lesser/greater being equivalent to (NP /PC) oy with
+CFCL,01]

(respect to) Tjy) and p.

Proof. Clearly, 7o;[{x0 F Fx0}] ~ o1 (F (R0 © 041)) is true in N'KCq 7). Conversely, p[{xo, ~xo}] ~~
p(x1) is derivable in LKS S CRCl1)’ Likewise, for any instance I' ~» @ of Cut Tjg;)[[] ~ Tjoy)(P) is true in
K[ 01)- Finally, p[{xo, 7x0 VV x1}] ~» p(x1) is derivable in LKy]. Then, Theorems 2, 5, 6, 7, [13, 4.10], 9
and [11, Corollary 2.27] complete the argument. [

Corollary 9. Cnp,, is the only proper consistent extension of Cn (—c

Proof. Clearly, 11 (Reflexivity) is true in Kp 1. Conversely, p(£M) is derivable in LKy;. Then, Theo-
rems 2, 8,9 and [11, Corollary 2.27] complete the argument. [J

Likewise, by Theorems 2 and 9 as well as Corollaries [11, 2.28] and 7, we eventually get:

Corollary 10. Proper extensions of CnL xR form the diamond lattice, isomorphic to the one of those of K3 under

K {CnLrRU{(2y) o (xg vy} PCTO)
<CnLK—RU{(Fx1)W(Fx0)}fIc+ >, <CnLK—RU{Hc0}' IC>, <C1’1LK, PC>}, any C S (dom
i) and x(C) being equivalent with [respect to] T and p.
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