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THREE-VALUED LOGICS WITH SUBCLASSICAL NEGATION

ALEXEJ P. PYNKO

ABSTRACT. We first prove that any [non-classical] three-valued logic with sub-
classical negation (3VLSN) is defined by a [unique (up to isomorphism)] super-
classical three-valued matrix (viz., that whose negation reduct has a classical
submatrix) and then provide effective algebraic criteria of any 3VLSN’s being
[sub]classical|having no consistent non-subclassical extension|having a proper
paraconsistent /inferentially paracomplete extension. As a by product, we also
prove that any implicative/disjunctive paraconsistent/paracomplete 3VLSN
has no proper axiomatic consistent non-classical extension, any classical exten-
sion being relatively axiomatized by the Ez Contradictione Quodlibet/Excluded
Middled Law axiom. Likewise, we prove that any [disjunctive non-]classical [(in
particular, paraconsistent/paracomplete)] 3VLSN has no proper inferentially
consistent [non-classical disjunctive| extension [any classical extension being
disjunctive (and relatively axiomatized by the Resolution rule/the Ezcluded
Middled Law axiom)].

1. INTRODUCTION

Perhaps, the principal value of universal logical investigations consists in dis-
covering uniform transparent points behind particular results, originally proved ad
hoc.

On the other hand, appearance of any non-classical (in particular, many-valued)
logic inevitably raises the problems of studying both the logic itself and those re-
lated to it (including its extensions). In particular, their connections with classical
(two-valued) logics deserves a particular emphasis. First of all, this concerns the
property of a non-classical logic’s being subclassical in the sense of being a sublogic
of a classical logic, because any classical logic is maximal, that is, has no proper con-
sistent extension. It is then equally valuable to explore whether a given subclassical
logic has a consistent non-subclassical extension.

Likewise, when dealing with three-valued logics, in which case a third truth
value is invoked to represent incomplete/inconsistent information instead of cer-
tain truth and falsehood, as in the classical logic, and so logics become paracom-
plete/paraconsistent (viz., refuting the Fzcluded Middle Law axiom/the Ex Contra-
dictione Quodlibet rule), the issue of their mazimal paracompleteness/paraconsis-
tency in the sense of absence of any proper paracomplete/paraconsistent extension
becomes especially acute. Such strong version of maximal paraconsistency — as
opposed to the weak axiomatic one (regarding merely aziomatic extensions) dis-
covered in [18] for P! — was first observed in [11] for the logic of paradox LP
[8] and then for HZ [3] in [14] as well as for arbitrary three-valued expansions
of both HZ and the logic of antinomies LA [1] in [17], and has been proved for
arbitrary conjunctive subclassical three-valued paraconsistent logics in the refer-
ence [Pyn 95b] of [11]. In this paper, we provide an effective — in case of finitely
many connectives — algebraic criterion of the maximal paraconsistency/inferential
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paracompleteness of three-valued paraconsistent/paracomplete logics with subclas-
sical negation [fragment] properly inherited by their three-valued expansions, while
any such logic is aziomatically maximally paraconsistent/inferentially paracom-
plete. As a consequence, we prove that any conjunctive/both subclassical and dis-
junctive/refuting the Double Negation Law three-valued paraconsistent logic with
subclassical negation is maximally paraconsistent. In particular, any three-valued
expansion of LP/HZ/P! is maximally paraconsistent.

2. BASIC ISSUES

Notations like img, dom, ker, hom, 7; and Con and related notions are supposed
to be clear.

2.1. Set-theoretical background. We follow the standard set-theoretical con-
vention, according to which natural numbers (including 0) are treated as finite
ordinals (viz., sets of lesser natural numbers), the ordinal of all them being denoted
by w. Then, given any (N U{n}) C w, set (N +n) £ {2 | m € N}. The proper
class of all ordinals is denoted by co. Also, functions are viewed as binary relations,
while singletons are identified with their unique elements, unless any confusion is
possible.

A function f is said to be singular, provided |img f| € 2, that is, (ker f) =
(dom f)2.

Given a set S, the set of all subsets of S [of cardinality € K C oo] is denoted
by o[x)(S). Then, an enumeration of S is any bijection from |S| onto S. As usual,
given any equivalence relation € on S, by vy we denote the function with domain
S defined by vy(a) = 0[{a}], for all a € S, whereas we set (7/0) = vy[T], for
every T C S. Next, S-tuples (viz., functions with domain S) are often written in
the either sequence £ or vector ¢ forms, its s-th component (viz., the value under
argument s), where s € S, being written as t; or t°. Given two more sets A and
B, any relation R C (A x B) (in particular, a mapping R : A — B) determines
the equally-denoted relation R C (A% x B®) (resp., mapping R : A® — B?) point-
wise. Likewise, given a set A, an S-tuple B of sets and any f € (ITses BA), put
(I1f) : A—= (IIB),a — (fs(a))ses. (In case I = 2, fy x f1 stands for (] f).)
Further, set Ag = {(a,a) | a € S}, functions of such a kind being referred to as
diagonal, and ST 2 ;¢ (1) S, elements of S* 2 (S° U ST) being identified with
ordinary finite tuples/sequences, the binary concatenation operation on which being
denoted by *, as usual. Then, any binary operation ¢ on S determines the equally-
denoted mapping ¢ : ST — S as follows: by induction on the length [ = (doma) of
any a € ST, put:

o A aO lf l = ].,
a =
(o(al(l —=1)))oa;—1 otherwise.

In particular, given any f : S — S and any n € w, set f* £ (o(n x {f},Ag)) :
S — S. Finally, given any T C S, we have the characteristic function % £

(T x {1} U((S\T) x{0})) of T in S.

2.2. Algebraic background. Unless otherwise specified, abstract algebras are de-
noted by Fraktur letters [possibly, with indices], their carriers being denoted by
corresponding Italic letters [with same indices, if any].

Given a 3-algebra 2, Con(2) is a closure system forming a bounded lattice with
meet 0 N of any 0,0 € Con(R), their join 6 V ¥, being the transitive closure of
6 UV, zero Ay and unit A2, Then, given a class K of ¥-algebras, set hom(2, K) £



THREE-VALUED LOGICS 3

(U{hom(2,B) | B € K}), in which case ker[hom(2,K)] C Con(2), and so (42N
(N ker[hom (2, K)]) € Con().

A (propositional/sentential) language/signature is any algebraic (viz., functional)
signature X (to be dealt with throughout the paper by default) constituted by func-
tion (viz., operation) symbols of finite arity to be treated as (propositional/sentent-
ial) connectives. Given any a € poo\1(w), put Vo = {z | B € a}, elements of which
being viewed as (propositional/sentential) variables of rank «, and (Vo) = (VV,).
Then, we have the absolutely-free Y-algebra §ms: freely-generated by the set V,, its
endomorphisms/elements of its carrier Fm$; being called (propositional/sentential)
X-substitutions/-formulas of rank a. Recall that

Vh € hom(,B) : [(imgh) = B) =]
(hom(Fms:, B) 2 [=]{hog | g € hom(Fms, A)}), (2.1)

where 2 and B are Y-algebras. Likewise, any (¢, 1) € Eqs £ (Fm$)? is referred to
as a Y-equation/indentity of rank « and normally written in the standard equational
form ¢ = 1. (In general, any mention of « is normally omitted, whenever @ =
w.) In this way, given any h € hom(gms,2), ker h is the set of all Y-identities
of rank « true/satisfied in A under h. Likewise, given a class K of Y-algebras,
02 = (Eq% NN ker[hom(Fms, K)]) € Con(Fms) is the set of all all S-identities
of rank « true/satisfied in K, in which case we set F& = (Fm$/0%). (In case
both a as well as both K and all members of it are finite, the set I £ {(h,A) |
h € hom(Fmg,2A),A € K} is finite — more precisely, |[I| = ) 5k |A]%, in which
case g = ([[;e; mo(i)) € hom(Fms, [T;c;(m1 (i) imgmo(i))) with (kerg) = 6 £ 6,
and so, by the Homomorphism Theorem, e £ (g o vy 1) is an isomorphism from Fg
onto the subdirect product (][, (71 (¢) [ imgmo())) [ (img g) of (71 () [ img 7o (7))ic1-
In this way, the former is finite, for the latter is so — more precisely, |F¢| <
(maxqex |])/11)

The class of all Y-algebras satisfying every element of an J C Eqs is called the
variety aziomatized by J. Then, the variety V(K) axiomatized by 6y is the least
variety including K and is said to be generated by K, in which case 0{‘,(K) =0y, and
S0 3%(}0 = 8k-

Given a variety V of X-algebras, by (2.1), we have §§ € V. And what is more,
given any 2 € V and any h € hom(Fm$, 2A), as § = 65 C (ker h), by the Homomor-
phism Theorem, g £ (hov, ') € hom(FJ,2A), in which case h = (govp), and so F
is a free V-algebra with o free generators.

The mapping Var : Fm$ — p,,(V,,) assigning the set of all actually occurring
variables is defined in the standard recursive manner by induction on construction
of X-formulas.

Given any [m,]n € w, by 0[]+, We denote the ¥-substitution extending [z;/
Titnlie(wl\m)-

2.2.1. Distributive lattices. Let X401 = {A,V[, L, T]} be the [bounded] lattice
signature with binary A (conjunction) and Vv (disjunction) [as well as nullary 1 and
T (falsehood/zero and truth/unit constants, respectively)].

Given any n € (w\ 2), by D,[01] we denote the [bounded] distributive lattice
given by the chain n + (n — 1).

2.3. Propositional logics and matrices. A [finitary/unary] X-rule is any cou-
ple (I',¢), where I' € g, /2\1))(Fm3}) and ¢ € Fmy, normally written in the
standard sequent form I' F ¢, ¢/any element of I' being referred to as the/a con-
clusion/premise of it. A (substitutional) X-instance of it is then any ¥-rule of the
form (T ) £ (o[l] F o(p)), where o is a Y-substitution. As usual, Y-rules
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without premises are called X-azioms and are identified with their conclusions.
Aln] [aziomatic] (finitary/unary) 3-calculus is then any set € of (finitary/unary)
Y-rules [without premises], the set of all -instances of its elements being denoted
by SIs(C).

A (propositional/sentential) S-logic (cf., e.g., [5]) is any closure operator C' over
Fm$ that is structural in the sense that o[C(X)] C C(o[X]), for all X C Fm$
and all o € hom(Fms,Fms), in which case we set =& = {(¢,¢) € (Fm$)? |
C(¢) = C(¥)}, where o € poo\1(w). This is said to be self-extensional, whenever
=¢ € Con(gmy,), the variety IV(C) axiomatized by =¢ being called the intrinsic
variety of C (cf. [12]). Then, C is said to be [inferentially] (in)consistent, if
z1 & (€)C(@][U{z0}]) [(in which case =¢ = Eqs € Con(gms,), and so C' is self-
extensional)], the only inconsistent X-logic being denoted by IC. Further, a ¥-rule
I’ — @ is said to be satisfied in/by C, provided ® € C(T"), X-axioms satisfied in C
being referred to as theorems of C. Next, a ¥-logic C’ is said to be a (proper) [K-
Jextension of C' [ where K C oo], whenever (C[[px (Fm3)]) C (2)(C'[lpx (Fm)]),
in which case C is said to be a (proper) [K-/sublogic of C'. In that case, a[n
axiomatic] Y-calculus € is said to aziomatize C' (relatively to C), if C’ is the least
Y-logic (being an extension of C' and) satisfying every rule in € [(in which case it
is called an aziomatic extension of C, while

C'(X) = C(X USI5(C)). (2.2)

for all X C Fm$)]. Then, C is said to be [inferentially] mazimal, whenever it has
no proper [inferentially] consistent extension. Furthermore, we have the finitary
sublogic Cy of C, defined by C4(X) £ (JClp.(X)]), for all X C Fm¥, called
the finitarization of C. Then, the extension of any finitary (in particular, diagonal)
Y-logic relatively axiomatized by a finitary X-calculus is a sublogic of its own finita-
rization, in which case it is equal to this, and so is finitary (in particular, the ¥-logic
axiomatized by a finitary X-calculus is finitary). Further, C is said to be fweakly] A-
conjunctive, where A is a (possibly, secondary) binary connective of X (tacitly fixed
throughout the paper), provided C(¢ A ¥)[2] = C({¢,v}), where ¢,¢ € Fm$, in
which case any extension of C is so. Likewise, C is said to be fweakly] Y-disjunctive,
where Y is a (possibly, secondary) binary connective of ¥ (tacitly fixed throughout
the paper), provided C(X U {¢ ¥ ¢¥})[C] = (C(X U {¢}) N C(X U {¢})), where
(X U{o,¢}) C Fmg, in which case [any extension of C' is so, while] the following
rules [but the last one]:

o = (.’EO v xl), (23)
(IO v Il) = (Zl \ .To), (24)
(.130 \ .Z‘()) = Zo (25)

are satisfied in C, and so in its extensions, whereas any axiomatic extension of C' is
V-disjunctive, in view of (2.2). Furthermore, C' is said to have Deduction Theorem
(DT) with respect to a (possibly, secondary) binary connective J of ¥ (tacitly fixed
throughout the paper), provided, for all ¢ € X C Fm$ and all ¢ € C(X), it holds
that (¢ Jv) € C(X \ {¢}), in which case the following axioms:

o J Xg, (26)
zo 3 (21 J 7o) (2.7)

are satisfied in C. Then, C' is said to be weakly J-implicative, whenever it has DT
with respect to J and satisfies the Modus Ponens rule:

{zo, 20 T 21} F 21. (2.8)



THREE-VALUED LOGICS 5

Likewise, C' is said to be J-implicative, whenever it is weakly so as well as satisfies
the Peirce Law axiom (cf. [7]):

(((wo 2 @1) D o) J o). (2.9)

Next, C is said to have Property of Weak Contraposition (PWC) with respect to a
unary ~ € X (tacitly fixed throughout the paper), provided, for all ¢ € Fm$ and
all ¢ € C(¢), it holds that ~¢ € C(~1)). Then, C is said to be [(aziomatically)
mazimally] ~-paraconsistent, provided it does not satisfy the Ex Contradictione
Quodlibet rule:

{.130, N.]?o} = T (2.10)

[and has no proper ~-paraconsistent (axiomatic) extension]. Likewise, C' is said
to be ({aziomatically} mazimally) [inferentially] (¥, ~)-paracomplete, whenever
(x1 Y ~mq) € C(D|U{x0}]) (and has no proper {axiomatic} [inferentially] (¥, ~)-
paracomplete extension). In general, by C*M we denote the extension of C' rela-
tively axiomatized by the Ezcluded Middle Law axiom:

Finally, C is said to be theorem-less/purely-inferential, whenever it has no theorem.
Likewise, C is said to be [non-/pseudo-aziomatic, provided (., C(zx) € [S]C(2)
[in which case it is (¥, ~)-paracomplete/(in)consistent iff it is inferentially so].

Definition 2.1. Given a Y-logic C, the X-logic Cy/_, defined by:

(O-Q-/—O[@oo\l(Fmg)) £ (Crpoo\l(Fm%))a
Ci/m0(2) 2 (2/([) Clan))),

kew
is the greatest/least purely-inferential /non-pseudo-axiomatic sublogic/extension of
C called the purely-inferential /non-pseudo-aziomatic version of C, respectively. O

Remark 2.2. Clearly, C'— C,,_o are monotonic mappings, forming inverse to one
another isomorphisms between the posets of all non-pseudo-axiomatic and purely-
inferential Y-logics, such that C'_y1¢ C C. In particular:

(i) the purely-inferential version of the axiomatic extension of a non-pseudo-
axiomatic X-logic, relatively-axiomatized by an A C Fmg, is relatively
axiomatized by {zo F o11(p) | ¢ € A};

(ii) IC4g is a consistent but not inferentially consistent extension of any purely-
inferential 3-logic, and so an inferentially consistent -logic is maximal iff
it is both inferentially maximal and not purely-inferential. O

A (logical) Y-matriz (cf. [5]) is any couple of the form A = (2, DA), where
2 is a Y-algebra, called the underlying algebra of A, while DA C A is called the
truth predicate of A, elements of A[ND“] being referred to as [distinguished] values
of A. (In general, matrices are denoted by Calligraphic letters [possibly, with
indices], their underlying algebras being denoted by corresponding Fraktur letters
[with same indices, if any|.) This is said to be n-valued/[in/consistent/truth(-non,)-
empty/truth-| false-singular, where n € w, provided |A| = n/D* # [=]A/D* = (#
)2 /|(DA|(A\ D4))| € 2, respectively. Next, given any >/ C 3, A is said to be a (%-
Jexpansion of its X'-reduct (A[X") £ (A[X’, DA). (Any notation, being specified
for single matrices, is supposed to be extended to classes of matrices member-wise.)
Finally, A is said to be finite[ly generated]/generated by a B C A, whenever 2 is
S0.

Given any a € @o\1(w) and any class M of ¥-matrices, we have the closure

operator Cngy over Fm$ defined by Cnfy(X) £ (FmEN({r~'[DA 2 X | A €
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M, h € hom(Fms, )}, for all X C Fm§,, in which case:
Cnpy(X) = (Fm$ N Cnjy(X)). (2.12)

Then, by (2.1), Cny, is a X-logic, called the logic of M, a ¥-logic C being said to
be [finitely-]defined by M, provided C(X) = Cnm(X), for all X € pp)(Fms). A
>-logic is said to be n-valued, where n € w, whenever it is defined by an n-valued
Y-matrix, in which case it is finitary (cf. [5]), and so is the logic of any finite class
of finite X-matrices.

As usual, Y-matrices are treated as first-order model structures of the first-order
signature ¥ U {D} with unary predicate D, any Y-rule ' - ¢ being viewed as
(the universal closure of — depending upon the context) the infinitary equality-
free basic strict Horn formula (AT') — ¢ under the standard identification of any
propositional Y-formula ¢ with the first-order atomic formula D(¢)).

Remark 2.3. Since any X-formula contains just finitely many variables, and so there
is a variable not occurring in it, the logic of any class of truth-non-empty >-matrices
is non-pseudo-axiomatic. U

Remark 2.4. Since any rule with[out] premises is [not] true in any truth-empty
matrix, taking Remark 2.3 into account, given any class M of X-matrices, the purely-
inferential /non-pseudo-axiomatic version of the logic of M is defined by MU/ \ S,
where S is any non-empty class of truth-empty Y-matrices/resp., the class of all
truth-empty members of M. O

Let A and B be two X-matrices. A (strict) [surjective] {matriz} homomor-
phism from A [on]to B is any h € hom(,B) such that [h[A] = B and] DA C (=
Yh~L[DB] ([in which case B/A is said to be a strict surjective {matriz} homomor-
phic image/counter-image of A/B, respectively]), the set of all them being denoted

by homgss])(A, B). Then, by (2.1), we have:

(3h € homl (A, B)) =(Cn§ C [=] Cn%), (2.13)
(3h € hom® (A, B)) =(Cn%(2) C Cni(2)), (2.14)

Further, A[# B] is said to be a [proper] submatriz of B, whenever A 4 € homg(A, B),
in which case we set (B]A) £ A. Injective/bijective strict homomorphisms from A
to B are referred to as embeddings/isomorphisms of/from A into/onto B, in case of
existence of which A is said to be embeddable/isomorphic into/to B.

Given a Y-matrix A, y* £ XQA is referred to as the characteristic function of
A. Then, any 6 € Con() such that 6 C 64 £ (ker x*), in which case vy is a strict
surjective homomorphism from A onto (A/6) £ (A/0, D*/8), is called a congruence
of A, the set of all them being denoted by Con(A). Given any 6,9 € Con(A), the
transitive closure 6V 9 of # U, being a congruence of 2, is then that of A, for 64,
being an equivalence relation, is transitive. In particular, any maximal congruence
of A (that exists, by Zorn’s Lemma, because Con(A) > A 4 is both non-empty and
inductive, for Con(2l) is so) is the greatest one to be denoted by O(A). Finally, A
is said to be [hereditarily] simple, provided it has no non-diagonal congruence [and
no non-simple submatrix].

Remark 2.5. Let A and B be two Y-matrices and h € homg(A, B). Then, 04 =
h=1[07], while h=1[¢] € Con(2A), for all § € Con(B). Therefore, h~1[f] € Con(A),
for all # € Con(B). In particular (when 6 = Ap), (kerh) € Con(A), and so h is
injective, whenever A is simple. O

A ¥-matrix A is said to be a [K-/model of a ¥-logic C' [where K C o], provided
C is a [K-]sublogic of the logic of A (and 2 € K), the class of all (simple of)
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them being denoted by Modf}?] (C). Next, A is said to be ~-paraconsistent/(V, ~)-
paracomplete, whenever the logic of A is so. Further, A is said to be [weakly/
o-conjunctive, where ¢ is a (possibly, secondary) binary connective of 3, provided
({a,b} € DA)[«<] & ((ao®b) € DA), for all a,b € A, that is, the logic of A
is [weakly| o-conjunctive. Then, A is said to be [weakly] o-disjunctive, whenever
(A, A\ DA) is [weakly] o-conjunctive, in which case [that is] the logic of A is [weakly]
o-disjunctive, and so is the logic of any class of [weakly] o-disjunctive X-matrices.
Likewise, A is said to be o-implicative, whenever ((a € D*) = (b € DA)) &
((a o™ b) € DA), for all a,b € A, in which case it is Y,-disjunctive, where (z¢ Y,
x1) 2 ((wg o x1) o 1), while the logic of A is o-implicative, for both (2.8) and
(2.9) = ((o O 1) Y5 xp) are true in any J-implicative (and so Y—-disjunctive)
Y-matrix, while DT is immediate, and so is the logic of any class of o-implicative
Y-matrices. Finally, given any (possibly secondary) unary connective — of ¥, put
(vg 0~ 1) = =(=wg © —~x1). Then, A is said to be [weakly] (classically) ~-negative,
provided, for all a € A, (a € DA)[«<] & (=%a & DA).
Remark 2.6. Let o and — be as above. Then, the following hold:
(i) any —-negative Y-matrix:
a) is [weakly| o-disjunctive/-conjunctive iff it is [weakly] ¢~-conjunctive/-
disjunctive, respectively;
b) defines a logic having PWC with respect to - € ¥;
(ii) given any two X-matrices A and B and any h € hom[ss] (A, B), Ais (weakly)
—-negative|o-conjunctive/-disjunctive/-implicative if[f] B is so. O

Given a set I and an I-tuple A of Y-matrices, [any submatrix B of] the %-
matrix ([[;c; Ai)) £ ([Ler i, [Lie; D) is called the [a] [subjdirect product of A
[whenever, for each i € I, m;[B] = A;]. As usual, when I = 2, Ay x A; stands for
the direct product involved. Likewise, if (img.A) C {A} (and I = 2), where A is a
S-matrix, AT £ (T],c; A;) [resp., B] is called the [a] [subjdirect I-power (square) of
A.

Given a class M of X-matrices, the class of all surjective homomorphic [counter-
Jimages/(consistent) {truth-non-empty} submatrices of members of M is denoted
by (H1/ S({:)})(M), respectively. Likewise, the class of all [sub]direct products
of tuples (of cardinality € K C o) constituted by members of M is denoted by

SD
PiJ (M),

Lemma 2.7. Let M be a class of S-matrices. Then, HH™1(M)) C H-1(H(M)).

Proof. Let A and B be S-matrices, C € M and (h|g) € hom3(B,C|A). Then, by
Remark 2.5, (ker(h|g)) € Con(B), in which case (ker(h|g)) C 6 £ ((ker h)V(ker g)) €
Con(B), and so, by the Homomorphism Theorem, (v5o (h|g) ") € hom$(C|.A, B/6),
as required. O

Lemma 2.8 (Finitely-Generated Model Lemma). Let M be a finite class of fi-
nite S-matrices and A a finitely-generated (in particular, finite) [truth-non-empty]
consistent model of the logic of M. Then, A € H(H_l(Pi]\Dl(SL*](M))/SL*](M)))/,
provided A is V-disjunctive, while members of M are all weakly V-disjunctive

Proof. Take any A’ € p,\1(A) generating 2. In that case, n = [4'| € (w\ 1). Let
h € hom(Fm$, A) extend any bijection from V;, onto A’, in which case (imgh) = A4,
and so h is a strict surjective homomorphism from D £ (Fm¥, T) onto A, where
T £ h=*[DA]. Then, as A is consistent, by (2.12), we have Fm% 2 7' > Cn’y(T) 2
Cnfy(T) = (FmE&NOU), where U £ {g~}[DB] D T | B € M, g € hom(Fm§,B)}
is both non-empty, for T' # Fm$, and finite, for n as well as both M and all
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members of it are so [while T' is non-empty, for DA is so]. Consider the respective
complementary cases:

e A is V-disjunctive, while members of M are all weakly Y-disjunctive.
Let us prove, by contradiction, that 7" € U. For suppose T' ¢ U. Take any
bijection U : m £ |U| — U. Then, for each i € m, we have T C Uj, in
which case U; € T', and so there is some ¢; € (U; \ T) # @. In this way, as
m € (w\ 1), while every member of M is weakly V-disjunctive, whereas .4
is V-disjunctive, we get (V@) € (Fmg N W)\ T) = @. This contradiction
implies that 7" € U, in which case there are some B € M and some g €
hom(Fm¥, B) such that 7 = ¢g~![DF], and so g € homg(D, B). Then, E £
(img g) forms a subalgebra of B, in which case £ = (B[(img g)) € S(M), and
S0 g € homg(D,é). In particular, £ is consistent [and truth-non-empty],
for D is so. Thus, £ € SL*](M).

e otherwise.
For every i € I £ (U \ {Fm%}), there are some B; € M and some f; €
hom(Fm¥, 9B,) such that i = f;"'[DP], in which case E; 2 (img f;) forms a
subalgebra of B;, and so & £ (B;1E;) € SIY(M), for i # Fmy [and i D T #
& is not empty|. Then, since Fm§, # 7T = (Fm§E N (1), |I] € (w\ 1), while
9 = (Iier fi) € homgs(D, [1,c; &), whereas, for each i € I, (m;0g) = f;,
in which case m;[img g] = F;, and so g is a strict surjective homomorphism
from D onto £ £ (([[;c; &) I(imgg)) € Pi]\Dl(SL*](I\/I)).

Thus, £ € (PSP, (SE1(M))/81 (M), g € homi(D, £) and h € hom$(D, A). O

Given any X-logic C and any ¥’ C ¥, in which case Fmg, C Fm§ and hom(gms,,,
gmg,) = {h[Fmy, | h € hom(Fms;, Fmy), h[Fmg,] € Fmg, }, for all a € po\1(w),
we have the ¥'-logic C’, defined by C’(X) £ (Fm$ NC(X)), for all X C Fm$,,
called the X'-fragment of C, in which case C is said to be a (X-)expansion of C'.
In that case, given also any class M of Y-matrices defining C, C’ is, in its turn,
defined by M[X’.

2.3.1. Classical matrices and logics. A two-valued consistent Y-matrix A is said
to be ~-classical, whenever it is ~-negative, in which case it is truth-non-empty,
for it is consistent, and so is both false- and truth-singular, the unique element of
(A\ D*)/D* being denoted by (0/1) 4, respectively (the index 4 is often omitted,
unless any confusion is possible), in which case A = {0,1}, while ~%i = (1 — 1),
for each i € 2, whereas 6 is diagonal, for y* is so, and so A is simple but is not
~-paraconsistent.

A Y-logic is said to be ~-[sub/classical, whenever it is [a sublogic of] the logic
of a ~-classical ¥-matrix, in which case it is inferentially consistent. Then, ~ is
called a subclassical negation for a ¥-logic C, whenever the ~-fragment of C' is
~-subclassical, in which case:

Nm{L‘U ¢ C(anbo), (215)
for all m,n € w such that the integer m — n is odd.

Lemma 2.9. Let A be a ~-classical X-matriz, C the logic of A and B a finitely-
generated truth-non-empty consistent model of C. Then, A is embeddable into a
strict surjective homomorphic image of B. In particular, A is isomorphic to any
~-classical model of C, and so C' has no proper ~-classical extension.

Proof. Then, by Lemmas 2.7 and 2.8, there are some non-empty set I, some sub-
matrix D of A!, some strict surjective homomorphic image £ of B and some h €
homg(D, &), in which case D is truth-non-empty, for B is so, and so a = (I x {1}) €
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D, in which case D > ~®a = (Ix{0}),and so, as [ # @, e = {(b, (I x {b})) | b€ A}
is an embedding of A into D, in which case (hoe) € hom[ss] (A, B), and so (2.13),
Remark 2.5 and the fact that any ~-classical ¥-matrix has no proper submatrix
complete the argument. O

In view of Lemma 2.9, any ~-classical ¥-logic is defined by a unique (either up
to isomorphism or when dealing with merely canonical ~-classical Y-matrices, i.e.,
those of the form A with A =2 and a4 = a, for all @ € A, in which case isomorphic
ones are clearly equal) ~-classical X-matrix, the unique canonical one being said to
be characteristic for|of the logic.

Corollary 2.10. Any ~-classical X-logic is inferentially maximal.

Proof. Let A be a ~-classical ¥-matrix, C the logic of A and C’ an inferentially
consistent extension of C. Then, x; ¢ T 2 C () > zo. On the other hand, by the
structurality of C’, (§m$, T) is a model of C’ (in particular, of C), and so is its
finitely-generated consistent truth-non-empty submatrix B £ <§m%,T N Fm%), in
view of (2.13). In this way, (2.13) and Lemma 2.9 complete the argument. d

3. PRELIMINARY ADVANCED KEY GENERIC ISSUES

3.1. False-singular consistent weakly conjunctive matrices.

Lemma 3.1. Let A be a (possibly, secondary) binary connective of Y, A a false-
singular weakly A-conjunctive S-matriz, f € (A\ D4), I a finite set, C an I-tuple
constituted by consistent submatrices of A and B a subdirect product of C. Then,

(I x{f}) €B.

Proof. By induction on the cardinality of any J C I, let us prove that there is some
a € B including (J x {f}). First, when J = &, take any a € C' # &, in which
case (J x {f}) = @ C a. Now, assume J # &. Take any j € J C I, in which
case K = (J\ {j}) C I, while |K| < |J|, and so, as C; is a consistent submatrix of
the false-singular matrix A, we have f € C; = m;[B]. Hence, there is some b € B
such that m;(b) = f, while, by induction hypothesis, there is some a € B including
(K x {f}). Therefore, since J = (K U{j}), while A is both weakly A-conjunctive
and false-singular, we have B > ¢ £ (a A b) D (J x {f}). Thus, when J = I, we
eventually get B 5 (I x {f}), as required. |

3.2. Congruence and equality determinants. A [binary/ relational X-scheme
is any Y-calculus € C (g, (Fmgm]w) X Fm[zm]w), in which case, given any X-matrix
A, we set 024 £ {{a,b) € A% | A= (Vora A€)[wo/a,z1/b]} C A% Note that, given
a one more Y-matrix B and an h € homf{ss)/}(A, B)/, while € is axiomatic, we have:

hHOEHC /H)[R)62 (3.1)

A [unary] unitary relational X-scheme is any T C Fm[zm]“)7 in which case we have

the [binary] relational Y-scheme ey = {(v[zo/xi]) F (vizo/z1_4]) | i € 2,0 €
o1:41[Y]} such that 62 , where A is any S-matrix, is an equivalence relation on A.

A [binary] congruence/equality determinant for a class of Y-matrices M is any
[binary] relational ¥-scheme ¢ such that, for each A € M, 84 € Con(A)/ = A4,
respectively.

Then, according to [16]/[15], a [unary] unitary congruence/equality determinant
for a class of ¥-matrices M is any [unary] unitary relational ¥-scheme Y such that
ey is a/an congruence/equality determinant for M. (It is unary unitary equality
determinants that are equality determinants in the sense of [15].)
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Lemma 3.2 (cf., e.g., [16]). Fm$ is a unitary congruence determinant for every
S-matriz A.

Proof. We start from proving the fact the equivalence relation 64 £ 9;‘; . €

me
Con(®). For consider any ¢ € X of arity n € w, any i € n, in which case
n #0, any @ € 04, any b € A" ', any ¢ € Fm¥ and any ¢ € A¥. Put
U £ <({{xj41)jei @o) * (Th)ke(nvi) and ¢ 2 ((014nd)[wo/¥]) € Fm$. Then, we
have

(01:419)* [m141/ct; w0 /™ (((b;) jei 0) * (B re((n-10\i))icw =
(01:419) @141/t 20/ 003 Tmi1 /bmlicwsme (n1) € DA &
DA 3 (01:410)* [Tignt1/ct; 00/ 015 Tt [omicwsme(n—1) =
(01:410) [m1g1 /i 2o /S ({(bj)jeir ar) * (B ke((n—1)\i))]iew,

in which case we eventually get

(S (((bs)jeis ao) * (Brdre(n1)\0))> s> (((bj)jeir ar) * (br)re(n-10\))) € 62,

and so 04 € Con(2). Finally, as 29 € Fm$, we clearly have 4[DA] C DA, as
required. U

Lemma 3.3. Let A be a X-matriz and € a congruence determinant for A. Then,
O(A) = 9;4. In particular, A is simple, whenever ¢ is an equality determinant for
it.

Proof. Consider any § € Con(A) and any {(a,b) € 6. Then, as Con(A) > 62 D
Ax 3 (a,a), we have A |= (V,\2 A€)[zo/a, x1/a], in which case, by the reflexivity
of 0, we get A = (V12 A\ €)[z0/a, 21/b], and so (a,b) € 62, as required. O

Lemma 3.4. Let A and B be T-matrices, € a/an congruence/equality determinant
for B and h a/an strict homomorphism/embedding from/of A to/into B. Suppose
either € is binary or h[A] = B. Then, ¢ is a/an congruence/equality determinant

for A.

Proof. In that case, by (3.1), we have 824 = h=1[05]. In this way, Remark 2.5/the
injectivity of h completes the argument. O

Corollary 3.5. Let A be a X-matriz. Then, the following are equivalent:

(i) A is hereditarily simple;
(ii) A has a binary equality determinant;
(iii) A has a unary binary equality determinant.

Proof. First, (ii) is a particular case of (iii). Next, (ii)=(i) is by Lemmas 3.3 and
3.4.

Finally, assume (i) holds. Consider any a,b € A. Let B be the submatrix
of A generated by {a,b}. Then, it is simple, by (i). Therefore, by Lemmas 3.2
and 3.3, Ap = Gmeu. On the other hand, we have the unary binary relational

=
S-scheme ¢ £ ({olermg] | 0 € hom(§mg, §m3,), o(xg/1) = o/1}) such that

((a,b) € 08 ) < ((a,b) € 65), for B is generated by {a,b}. In this way, by (3.1)

EFH‘E
with h = Ap, we get (a = b) < ((a,b) € 05) < ((a,b) € 0A). Thus, ¢ is an equality
determinant for A, and so (iii) holds, as required. O

Lemma 3.6. Any axiomatic binary equality determinant € for a class M of -
matrices is so for P(M).
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Proof. In that case, members of M are models of the infinitary universal strict Horn
theory e[x1/xo] U{(A€) — (z¢ = x1)} with equality, and so are well-known to be
those of P(M), as required. O

3.3. Self-extensional logics versus simple matrices.

Lemma 3.7. Let C be a X-logic, § € Con(gmy), A € Mod(C) and h € hom(Fms,
A). Suppose 0 C =%. Then, h[0] C O(A).

Proof. Consider any (¢,v) € 0, any g € hom(§my, ) such that g(zg/1) = h(¢/v)
and any ¢ € Fm$. Then, V £ (Var(o1.41(9)) \ {z0}) € pu(Vi). Let n 2 |V| € w
and v any enumeration of V. Likewise, U £ (| Var[{#,%}]) € p.(V.,). Take any
@ € (V,\U)". Then, by the reflexivity of 8, we have £ = (1.1 (p)[0/d; vi /uilicn) 0
1= (01.41(9)[x0 /5 vi/uilien). Let f € hom(Fms, A) extend (h1U) U [u;/g(vi)lien-
Then, as A € Mod(C) and § C =%, we get g(o1.41(9)) = f(&) 04 f(n) =
g(o1.41(@)[xo/x1]). In this way, h(@) 0;4Fm§ h(1), and so Lemma 3.2 completes

the argument. O

As a particular case of Lemma 3.7, we have:

Corollary 3.8. Let C be a self-extensional Y-logic and A € Mod*(C). Then,
AeIV(C).

Theorem 3.9. Let M be a class of simple Y-matrices, K £ mg[M], V. 2 V(K),
af (1Uu(wnU{A4] | A € M})) € por1(w) and C the logic of M. Then, the
following are equivalent:

(i) C is self-extensional;

(i) for all ¢, € Fmy, it holds that (¢ =4 ) = (K= (¢ = ));

(ili) for all ¢,9 € Fmy, it holds that (¢ =2 ) & (K E (¢ = ¢));

(iv) for all distinct a,b € Fg, there are some A € M and some h € hom(Fmy;, A)
such that x*(h(a)) # x*(h(b));

(v) there is some class C of X-algebras such that K C V(C) and, for each 2 €
C and all distinct a,b € A, there are some B € M and some h € hom(%, B)
such that x(h(a)) # XB(h());

(vi) there is some S C Mod(C) such that K C V(mg[S]) and, for each A €S, it
holds that (A2N(N{0° | B€S,B =A}) C Ax;

in which case IV(C) = V.

Proof. First, (i)=-(ii) is by Lemma 3.7.

Next, assume (ii) holds. Consider any ¢, € Fm$ such that K = (¢ =~ v).
Then, for each A € M and every h € hom(Fmg,A), (h(¥),h(¢)) € Aa C 04, in
which case ¥ =% 1, and so (iii) holds.

Further, assume (i) holds. Then, 6% 2 62 = 67 = 6, € Con(gmi,), for all
B € @Poo\1(w). In particular (when § = w), we conclude that (i) holds, while
IV(C) = V. Furthermore, consider any distinct a,b € F}. Then, there are some
¢, € Fms such that vga (¢) = a # b = vya(¢), in which case, by (2.12), Cny(¢) #
Cnp(¢), and so there are some A € M and some g € hom(gmg,2A) such that
x*(9(0)) # x*(g(¢)). In that case, 0 C (kerg), and so, by the Homomorphism
Theorem, h £ (g ov,.') € hom(F$,2A). Then, h(a/b) = g(¢/1), in which case
xA(h(a)) # x*(h(b)), and so (iv) holds.

Now, assume (iv) holds. Let C £ {F¢}. Consider any 2 € K and the following
complementary cases:

o A< a.
Let h € hom(Fms, ) extend any surjection from V,, onto A, in which case
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it is surjective, while § £ 63 = 02 C (ker h), and so, by the Homomorphism
Theorem, g £ (hov, ') € hom(Fg, ) is surjective. In this way, A € V(F).

o Al £ a.
Then, @ = w. Consider any Y-identity ¢ ~ ¢ true in §¢ and any h €
hom(Fms, 2A), in which case, we have § £ 6¢ = 02 C (kerh), and so,
since vy € hom(Fms, FY), we get (p,v) € (kervy) C (kerh). In this way,
A e V(FY).

Thus, K C V(C), and so (v) holds.

Then, assume (v) holds. Let C’ be the class of all non-one-element members
of Cand S £ {(,h~1[DB]) | A € C',B € M,h € hom(2,B)}. Then, for all
A € C', each B € M and every h € hom(2, B), h is a strict homomorphism from
C £ (A,h~'[D?]) to B, in which case, by (2.13), C € Mod(C), and so S € Mod(C),
while x¢ = (B o h), whereas 7o[S] = C’ generates the variety V(C). In this way,
(vi) holds.

Finally, assume (vi) holds. Consider any ¢, € Fms, such that ¢ =% 1. Consider
any A € S and any A € hom(Fm3,2A). Then, for each B € S with B = 2,
h(¢) 68 h(v)), in which case h(¢) = h(v), and so A = (¢ ~ ). Thus, (ii)
holds. ]

When both M and all members of it are finite, o is finite, in which case §y is
finite and can be found effectively, and so the item (iv) of Theorem 3.9 yields an
effective procedure of checking the self-extensionality of C. However, it computa-
tional complexity may be too large to count it practically applicable. For instance,
in the n-valued case, where n € w, the upper limit n”" of |F\¢| predetermining
the computational complexity of the procedure involved becomes too large even in
the tree-/four-valued case. And, though in the two-valued case this limit — 16 —
is reasonably acceptable, this is no longer matter in view of the following generic
observation:

Example 3.10. Let A be a Y-matrix. Suppose it is both false- and truth-singular
(in particular, two-valued as well as both consistent and truth-non-empty [in par-
ticular, classical]), in which case 64 = A 4, for x* is injective, and so A is simple.
Then, by Theorem 3.9(vi)=(i) with S = {A}, the logic of A is self-extensional,
its intrinsic variety being generated by 2. In this way, by the self-extensionality
of inferentially inconsistent logics, any two-valued (in particular, classical) logic is
self-extensional. O

Nevertheless, the procedure involved is simplified much under certain conditions
upon the basis of the item (v) of Theorem 3.9.

3.3.1. Self-extensional conjunctive disjunctive logics. A 3-algebra 9B is called a A-

semi-lattice, provided it satisfies semilattice identities for A, in which case we have

the partial ordering <® on B, given by (a <2 b) PN (@ = (a A* b)), for all

a,b € B. Then, in case B is finite, the poset (B, <Z) has the least element (zero) b%.
Likewise, B is called a [distributive] (A, Y)-lattice, provided it satisfies [distributive]
lattice identities for A and ¥, in which case §? and S? are inverse to one another,
and so, in case B is finite, b¥ is the greatest element (unit) of the poset (B, <Z).

Lemma 3.11. Let C' be a [finitary A-conjunctive] X-logic and B a [truth-non-
empty A-conjunctive] ¥-matriz. Then, B € Moda\1(C") if[f] B € Mod(C").

Proof. The “if” part is trivial. [Conversely, assume B € Modgy\(C). Then, by
Remark 2.3, B € Mody(C’). By induction on any n € w, let us prove that B €
Mod,,(C"). For consider any X € p,(Fms), in which case n # 0. The case, when
|X| € 2, has been proved above. Now, assume |X| > 2, in which case there are
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some distinct ¢, € X, and so Y £ (X \ {¢,¥}) U{p A ¥}) € pp_1(Fm$). Then,
by the induction hypothesis and the A-conjunctivity of both C’ and B, we get
C'(X)=C'(Y) C Cng(Y) = Cng(X). Thus, B € Mod,(C"), for w = (Jw), and
so B € Mod(C"), for C' is finitary.] O

Corollary 3.12. Let M be a class of simple Y-matrices, K £ m[M], V 2 V(K)
and C' the logic of M. Suppose C is finitary (in particular, both M and all members
of it are finite) and A-conjunctive (that is, all members of M are so) [as well as
V-disjunctive (in particular, all members of M are so)]. Then, the following are
equivalent:

(i) C is self-extensional;

(ii) for all ¢, € Fmy, it holds that (v € C(¢)) & (K= (¢ = (¢ AY))), while
semilattice [more generally, distributive lattice] identities for A [and V] are
true in K;

(iil) every truth-non-empty A-conjunctive [consistent Y- disjunctive] ¥-matriz
with underlying algebra in V is a model of C, while semilattice [more gen-
erally, distributive lattice] identities for A [and Y] are true in K;

(iv) every truth-non-empty A-conjunctive [consistent V- disjunctive] Y-matriz
with underlying algebra in K is a model of C', while semilattice [more gen-
erally, distributive lattice] identities for A [and Y] are true in K.

Proof. First, it is routine checking that, for every semilattice [more generally, dis-
tributive lattice] identity ¢ ~ ¢ for A [and VY], it holds that ¢ ~¢ ¢. In this way,
(i)=(ii) is by Theorem 3.9(i)=-(iii) and the A-conjuctivity of C. Next, (ii)=-(iii) is
by Lemma 3.11. Further, (iv) is a particular case of (iii). Finally, (iv)=-(i) is by
Theorem 3.9(vi)=(i) with S, being the class of all truth-non-empty A-conjunctive
[consistent V- disjunctive] ¥-matrices with underlying algebra in K, and the semi-
lattice identities for A [as well as the Prime Ideal Theorem for distributive lat-
tices]. (More precisely, consider any 2 € K and any @ € (A% \ Ay), in which
case, by the semilattice identities for A, a; # (a; A% a;_;), for some i € 2, and so
B2 (A, {becAla;=(a; A%b)}) €S [resp., by the Prime Ideal Theorem, there is
some B € S] such that a; € DB % a;_;.) O

Corollary 3.13. Let M be a finite class of finite hereditarily simple A-conjunctive
V-disjunctive L-matrices, K 2 mo[M] and C the logic of M. Then, C is self-
extensional iff, for each A € K and all distinct a,b € A, there are some B € M and
some non-singular h € hom (A, B) such that x5 (h(a)) # xB(h(b)).

Proof. The ”if” part is by Theorem 3.9(v)=-(i) with C = K. Conversely, assume C'
is self-extensional. Consider any 2 € K and any a € (A?\ A,). Then, by Corollary
3.12(1)=(iv), 2 is a distributive (A, ¥)-lattice, in which case, by the commutativity
identity for A, a; # (a;A*a;1_;), for some i € 2, and so, by the Prime Ideal Theorem,
there is some A-conjunctive Y-disjunctive Y-matrix D with ® = 2 such that a; €
DP % a,_;, in which case D is both consistent and truth-non-empty, and so is a
model of C. Hence, by Lemmas 2.7, 2.8 and Remark 2.5, there are some B € M
and some h € homg(D, B) C hom(2,B), in which case h(a;) € D® ¥ h(a;_;), and
so XB(h(a;)) =1 # 0 = xB(h(a1_;)), while, as h(a;) # h(a1_;), h is not singular,
as required. O

The effective procedure of verifying the self-extensionality of an n-valued dis-
junctive conjunctive logic, where n € w, resulted from Corollary 3.13 has the
computational complexity n™ that is quite acceptable for three-/four-valued log-
ics. And what is more, it provides a quite useful heuristic tool of doing it, manual
applications of which are presented below. First, we have:
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Corollary 3.14. Letn € (w\3), A a hereditarily simple A-conjunctive ¥-disjunc-
tive X-matriz and C the logic of A. Suppose every non-singular endomorphism of
A is diagonal. Then, the logic of A is not self-extensional.

Proof. By contradiction. For suppose C' is self-extensional. Then, A is either false-
or truth-non-singular, in which case y“ is not injective, and so there are some
distinct a,b € A such that xy*(a) = x(b). On the other hand, by Corollary 3.13,
there is some non-singular A € hom(2, ) such that x*(h(a)) # x*(h(b)), in which
case h = Ay, and so x(a) = xA(h(a)) # x*(h(b)) = xA(b). This contradiction
completes the argument. O

As a consequence, by Theorem 14 of [16] and Corollaries 3.5 and 3.14, we im-
mediately get the following universal negative result:

Corollary 3.15. Letn € (w)\ 3), A a A-conjunctive ¥Y-disjunctive L-matriz with
unary unitary equality determinant, C the logic of A and Sff’? as in Theorem 14

of [16]. Suppose g‘ffé-) is algebraizable. Then, C is not self-extensional.
In particular, we have:

Example 3.16 (Finitely-valued Lukasiewicz’ logics; cf. [6]). Let n € (w\2), ¥ £
(4 U{D,~}) and A the Y-matrix with A £ (n+(n—1)), DA £ {1}, ~% £ (1—a),
(a A* b) 2 min(a,b), (a V¥ b) £ max(a,b) and (a D* b) £ min(1,1 — a + b), for all
a,b € A, in which case A is both A-conjunctive and Y-disjunctive as well as has a
unary unitary equality determinant, by Example 3 of [15]. And what is more, by
Example 7 of [16], gffql—) is algebraizable. Hence, by Corollary 3.15, the logic of A
is not self-extensional. O

A one more universal application is discussed below.
3.3.1.1. Application to four-valued expansions of the least De Morgan logic. Here,
it is supposed that ¥ 2 ¥ (o1 = (Z4p011U{~}). Fix a ¥-matrix A with A £ 92
DA £ (22 g {1}, ATy 1) £ D3 gy and ~2(i,5) £ (1 —j,1 1), for all
1,7 € 2. Then, A is both A-conjunctive and V-disjunctive, while {zg, ~x¢} is a unary
unitary equality determinant for it (cf. Example 2 of [15]), so it is hereditarily simple
(cf. Corollary 3.5). Let C be the logic of A. Then, as DMy o1 = (Al 4101])
defines [the bounded version/expansion of] the least De Morgan logic Dyf 17 (cf.
[10] and the reference [Pyn 95a] of [11]), C' is a four-valued expansion of Dyj o).

Let p : 22 — 22 (i,5) — (j,i) and C & {(ij,kl) € (2%)? | i < k,0 < j},
commuting with p/monotonic with respect to C operations on 22 being said to be
specular/regular, respectively. Then, 2 is said to be specular/regular, whenever its
primary operations are so, in which case secondary ones are so as well. (Clearly,
DMy [,01) is both specular and regular.)

Theorem 3.17. C is self-extensional iff A is specular.

Proof. Note that, for all a,b € A, it holds that a = b iff both (mp(a) = 7o(b)) <
((a € DA) & (b€ DA)) and m(p(a)) = m1(a) = m1(b) = mo(p(b)). In this way, the
“if” part is by that of Corollary 3.13. Conversely, assume C is self-extensional.
Then, by Corollary 3.13, there is some non-singular A € hom(2,2) such that
xA(h(11)) # xA(h(10)), in which case B £ (imgh) forms a non-one-element sub-
algebra of 2, and so A; C B. Hence, (0/1,0/1) is zero/unit of (A[X)[IB], in
which case (h[Ag) is diagonal, and so h(10) ¢ D*. On the other hand, for all
a € A, it holds that (~%a = a) < (a ¢ Ag). Therefore, h(10) = (01). Moreover, if
h(01) was equal to 01 too, then we would have (00) = h(00) = h((10) A* (01)) =
((01) A% (01)) = (01). Thus, hom(2,2A) > h = u, as required. O
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This positively covers Dy o1) as regular instances. And what is more, in case 3 =
Yo t101] = (Ze 401 U {}) with unary — (classical — viz., Boolean — negation)
and =% (i, j) 2 (1 —i,1 — j), it equally covers the logic C Dy 011 £ O of the (—zg V
xp)-implicative DM By o1 £ A with non-regular underlying algebra, introduced in
[13]. Below, we disclose a unique (up to term-wise definitional equivalence) status
of these three instances.

Lemma 3.18. Suppose A is specular. Then, A4 forms a subalgebra of 2.

Proof. By contradiction. For suppose there are some f € 3 of arity n € w and
some @ € AY such that f%(a) ¢ Ag. Then, f*(a) = f2(uoa) = p(f*(a)) # f*(a).
This contradiction completes the argument. O

Lemma 3.19. Let C’' be a X-logic, B € Mod*(C") and ¢, € C'(&). Suppose C’
is self-extensional. Then, B = (¢ ~ ).

Proof. In that case, ¢ =¢, ¥, and so Corollary 3.8 completes the argument. O

Corollary 3.20. Suppose C is self-extensional. Then, the following are equivalent:
(i) C has a theorem;
(il) T s term-wise definable in A;
(iii) L is term-wise definable in A;
(iv) {01} does not form a subalgebra of 2A;
(v) {10} does not form a subalgebra of 2.

Proof. First, (i,iv) are particular cases of (ii), for (01) # T = (11) € DA. Next,
(ii)«(iii) is by the equalities ~(L/T) = (T/Ll). Likewise, (iv)<(v) is by the
equalities u[{01/10}] = {10/01}. Further, (i)=(ii) is by Lemmas 3.18 and 3.19.
Finally, assume (iv) holds. Then, there is some ¢ € Fmy, such that ¢%(01) # (01),
in which case, by Theorem 3.17 and the injectivity of u, we have (10) = p(01) #
w(p*(01)) = p*(u(01)) = ¢®(10), and so, by Lemma 3.18, we get (2o V (pV ~p)) €
C(2). Thus, (i) holds, as required. O

Corollary 3.21. Suppose C' is self-extensional, and A is J-implicative. Then, —
is term-wise definable in 2.

Proof. Then, by (2.6), true in A, and Corollary 3.20, L is term-wise definable in 2
(more precisely, as ~(xo 3 z0)), and so A is —negative, where —zg = (o 3 1).
Moreover, by Theorem 3.17, 2l is specular, in which case, by Lemma 3.18, A, forms
a subalgebra of 2, and so (—*[Ay) = (=[Az). On the other hand, if —%(10) ¢ DA
was equal to 00, then we would have DA 5 —%(01) = —%(u(01)) = u(=>(10)) =
©(00) = (00) ¢ DA. Therefore, —%(10) = (01), in which case (10) = u(01) =
w(=2(10)) = =#u(10) = —=2(01), and so —* = —, as required. O

3.3.1.1.1. Specular functional completeness. As usual, Boolean algebras are sup-
posed to be of the signature X~ = (X~ 4 1 \ {~}), the ordinary one over 2 being
denoted by Bs.

Lemma 3.22. Letn € w and f : 2" — 2. [Suppose f is monotonic with respect to
< (and f(n x {i}) =1, for each i € 2, in which case n > 0).] Then, there is some
9 S Fmgf[\{_‘}(\{l’-r})] such that g = 19%2.

Proof. Then, by the functional completeness of Bs, there is some ¥ € Fmy,_ such
that ¢ = 9%2(¢ {2" x {i} | i € 2}), in which case, without loss of generality,
one can assume that ¥ = (A(B, T)), where, for each m € £ = (dom @) € (w(\1)),
Om = (\/((—|0(Em) *ﬁm,J_», for some ¢™ € VEm  some Y € Vim and some
Fms lm € w such that ((img ™) N (img ™)) = @. [Set ¥ £ (A(F", T)), where, for
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cach m € (dom @) £ ¢, !/ 2 (v(zy™, 1)). Consider any @ € A™ and the following
exhaustive cases:
(1) g(a) =0,
in which case we have 9"®2[x;/a;]jen < 9%2[x;/a;]jen = 0, and so we get
9"®2 (2 /aj]jen = 0.
(2) g(a) =1,
in which case, for every m € £, as a < b = ((@[(n\ N)) U (N x {1})) €
A", where N £ {j € n | x; € (img&m)}, by the <-monotonicity of
g, we have 1 < g(b) < om2[zj/bjljen = ©n2?[xj/aj]jen, and so we get
92z /a;]jen = 1.
Thus, g = 9"®2. (And what is more, since, in that case, £ > 0 and I,, > 0,
for each m € £, we also have g = 19”’%2, where 9" £ (Ag"), whereas, for each
m € (dom @") £ ¢, ¢!/ £ (v4y™).)] This completes the argument. O

Theorem 3.23. Let ¥ = ¥~ 401, n € (w(\1)) and f : A® — A. Then, f is
specular [and regular (as well as f(n x {a}) = a, for all a € (A\ A,))] iff there is
some T € Fmy oy q1,1y) Such that f = .

Proof. The “if” part is immediate. Conversely, assume f is specular [and regular
(as well as f(n x {a}) = a, for all a € (A\ A4))]. Then,

g:2%" = 2,4 mo(f({{azs, 1 — a@.j)41))jen))

[is monotonic with resect to < (and g(n x {i}) =4, for each ¢ € 2)]. Therefore, by
Lemma 3.22, there is some 9 € Fm%’?[\{ﬁ}(\uﬁ})] such that g = 9%2. Put

TE (19[332~j/xj7x(2-j)+1/(ij)}j€n) € Fm;[\{ﬁ}](\{J_,T}) .

Consider any ¢ € A™. Then, since, for each i € 2, we have m; € hom(| Bs),
we get mo(1%[x5/¢;ljen) = VP2[x25/m0(ci), 2241/ (1 — mi(es))]jen = 7ro( (@)
and, likewise, as f is specular, 71(7%[z;/c;]jen) = 9®2[wa.;/m1(c;), x2.5y+1/(1 —

mo(¢;)ljen = mo(f (10 €)) = mo(u(f(€))) = m(f(€)).

In this way, by Theorems 3.17 and 3.23, C'Dy[ 1) is the most expansive (up
to term-wise definitional equivalence) self-extensional four-valued expansion of Dy.
And what is more, combining Theorems 3.17 and 3.23 with Corollaries 3.20 and
3.21, we eventually get:

Corollary 3.24. C is self-extensional, while A is implicative/both 2 is regular
and C is [not] purely-inferential, iff C is term-wise definitionally equivalent to
CDy/Dyj 1), respectively.

3.4. Disjunctive extensions of disjunctive finitely-valued logics. Given any
X, Y CFm$, put (X YY) 2 V[X x Y].

Lemma 3.25. Let C be a Y-disjunctive Y-logic. Then,

(pYCO(XUY)) CCXU(pVY)), (3.2)
for all X C Fmy, all ¢ € Fmy, and all Y € p,(Fm$).
Proof. By induction on |Y| € w. The case, when ¥ = @, is by (2.3) and (2.4).
Now, assume Y # @. Take any ¢ € Y, in which case X’ £ (X U {¢}) C Fm$ and
Y2 (Y \{¥}) € p,(Fm$), while |Y'| < |Y|, whereas (Y/UX’) = (X UY), and so,
by induction hypothesis, we have (¢ ¥ C(XUY)) C C(X'U(¢¥Y")). On the other

hand, by (2.3), we also have (¢ Y C(X UY)) C C((X U{p})U(pYY")). Thus, as
Y = (Y’ U {¢}), the Y-disjunctivity of C yields (3.2). O
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Given a Y-rule I' - ¢ and a X-formula v, put ((T'F ¢) Vab) £ (TV9) - (¢ V).
(This notation is naturally extended to ¥-calculi member-wise.)

Theorem 3.26. Let M be a [finite] class of [finite V-disjunctive] E-matrices, C
the logic of M, while A an aziomatic X-calculus [whereas C a finitary X-calculus].
Then, the extension C' of C relatively axiomatized by C' = (A[U(041[C] Y 0)]) is
defined by S = (Mod(A[UC]) N'S.(M)) [and so is Y-disjunctive].

Proof. First, by (2.13) [and Lemma 3.25 with X = & as well as the VY-disjunctivi-
ty of every A € S.(M), and so both that and the structurality of CnY], we have
S = (Mod(A)[NMod(€)] N S.(M)) € (Mod(€") N'S.(M)) C (Mod(€") N Mod(C)) =
Mod(C").
Conversely, consider any [finitary] 3-rule T F ¢ not satisfied in C”, in which case
0 g T = C'(T) € (imgC’") C (img Cnyy), and so [by the finiteness of (I' U {p}) C
Fm], there is some [finite] o € p,\1(w) such that (I'U{y}) € Fm§;, in which case
I CU =2 (TNFmE) # ¢, and so, by (2.12), U = Cnfy(U) = (Fm$ NNU), where
UL {h ' DA DU | A€ Mhc hom(Fms,A)} [is finite, for o as well as both
M and all members of it are so]. Therefore, there is some [minimal] S € U not
containing ¢, in which case, ' C U C S, and so I' - ¢ is not true in B £ (m%, S)
under [z;/2;]ico. Next, we are going to show that B € Mod(A[UC]). For consider
any (A F ¢) € (A[UC]) and any o € hom(Fms, §my) such that o[A] C S as well as
the following exhaustive case[s]:
o (AFo¢)ecA,
in which case A = @, and so, as ¢ € A C €, by the structurality of C’, we
have o(¢) € (Fmy,NC’'(2)) C (Fmy;NT) =U C S.
[e (AF¢)€C,

in which case ((04+1[A] F o41(¢)) Yxo) € €, and so is satisfied in C’. Then,

(U\ {S}) C U is finite, for U is so, in which case n = [U\ {S}| € w. Take

any bijection W : n — (U \ {S}). Then, for each i € n, W,, # S, in which

case, by the minimality of S € U 3 W,,, we have W,, ¢ S, and so there

is some & € (W, \ S) # @. Put v £ (Y(£,¢)) € Fm$. Let ¢ be the ¥-

substitution extending [x;41/0(x;); 2o/Y]icw. Then, ((c[A] Y ¢) F (o(¢) ¥

V) = s((041[A] F 041(4)) ¥ o) is satisfied in C’, for this is structural.

Moreover, in view of the Y-disjunctivity of members of M, (c[A] Y ¢) C

(Fm$ N U) = U C T, in which case (o0(¢) Y¢) € (Fm§NT) =U C S,

and so o(¢) € S, for ¢ ¢ S.]
Thus, B € Mod(A[UC]). Oun the other hand, as S € U, there are some A € M
and some h € hom(Fms, A) such that S = h~'[DA], in which case D £ (imgh)
forms a subalgebra of 2, and so h is a surjective strict homomorphism from B onto
D 2 (AID). In this way, by (2.13), T' - ¢ is not true in D € S, as required [for C’
is finitary, as both C' and € are so]. O

Lemma 3.27. Let C be a X-logic and M a finite class of finite 3X-matrices. Suppose
C is finitely-defined by M. Then, C is defined by M, that is, C is finitary.

Proof. In that case, ' = Cnjy C O, for C’ is finitary. To prove the converse is to
prove that M C Mod(C). For consider any A € M, any I' C Fm$, any ¢ € C(T)
and any h € hom(Fms, 2A) such that h[['] € DA. Then, a £ |A] € (poo\1(w) Nw).
Take any bijection e : V,, — A to be extended to a g € hom(Fmy,2A). Then,
e~1o (h|V,,) is extended to a ¥-substitution o, in which case o(¢) € C(o[l]), for
C' is structural, while o[I’ U {¢}] C Fm$. Further, as both a, M and all members
of it are finite, we have the finite set I = {(f,B) | B € M, f € hom(Fm$,B)}, in
which case, for each i € I, we set h; = (i), B; £ m1(i) and 6; = 5. Then,
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by (2.12), we have § £ =& = =2, = (Fm$ x Fm$) N ;e by '[0:]), in which
case, for every i € I, 6 C hi_l[t%] = ker(vp, o h;), and so g; = (vg, 0 h; o 1/9_1) :
(Fm$; /0) — B;. In this way, e £ ([[;c; ) : (Fm$ /0) — ([I,c; Bi) is injective,
for (kere) = ((Fmg /6)? N ;¢ (kerg;)) is diagonal. Hence, Fmg /6 is finite, for
[l;c; Bi is so, and so is (o[']/0) C (Fm$ /#). For each ¢ € (o[']/f), choose
any ¢. € (o[l ﬂu;l[{c}]) £ @. Put A & {¢. | c € (o[]/0)} € pu(o[l)).
Consider any ¢ € o[']. Then, A > ¢,,y) =¢ %, in which case ¥ € C(A),
and so o[I'] € C(A). In this way, o(¢) € C(A) = C'(A), for A € p,(Fms),
so, by (2.12), o(¢) € Cnfy(A). Moreover, g[A] C g[o[[]] = A[['] € DA, and so
h(p) = g(o(p)) € DA, as required. O

Corollary 3.28. Let M be a finite class of finite V-disjunctive Y-matrices, C
the logic of M and C' a Y-disjunctive extension of C. Then, C' is defined by
S £ (S.(M) N Mod(C)), and so is finitary.

Proof. Let € be the finitary Y-calculus of all finitary X-rules satisfied in C’, C” the
finitary sublogic of ¢’ axiomatized by € and S’ = (S.(M) N Mod(C")) = (S.(M) N
Mod(€)). Clearly, C” C Cn¢,. Conversely, by Theorem 3.26 with A = @, Cng,
is the extension of C' relatively axiomatized by o41[C] ¥ zyp. On the other hand,
by the structurality and Y-disjunctivity of C’ as well as Lemma 3.25 with X = &,
(041[€] Y 29) C €. Moreover, C, being a finitary sublogic of C’, is a sublogic of C”,
in which case C” 2 Cn¢,, and so C” is defined by S’, in which case C’ is finitely-
defined by S’, and so is defined by S’, by Lemma 3.27, in which case C' = C”, and
so S =9/, as required. O

Proposition 3.29. Let M be a [finite] class of [finite Y-disjunctive] L-matrices.
Then, S«(M) has no truth-empty member if[f] the logic of M has a theorem.

Proof. The “if” part is by (2.13) and Remark 2.4. [Conversely, assume S..(M) has no
truth-empty member. Let A be any enumeration of M. Consider any i € M| € w.
Let @ be any enumeration of 4;\ D*:. Consider any j € (doma) € w. Let B be the
subalgebra of A; generated by {a;}. Then, (A;[B) € S.(M) is truth-non-empty, in
which case there is some ¢; € Fmy, such that gzﬁ?‘i(aj) € D4, and so ¢; £ (Y{o, x0))
is true in A;. In this way, Y(1, 2¢) is true in M, as required.] O

4. SUPER-CLASSICAL MATRICES VERSUS THREE-VALUED LOGICS WITH
SUBCLASSICAL NEGATION

A Y-matrix A is said to be ~-super-classical, if A[{~} has a ~-classical subma-
trix, in which case A is both consistent and truth-non-empty, while, by (2.13), ~
is a subclassical negation for the logic of A, and so we have the “if” part of the
following preliminary marking the framework of the present paper:

Theorem 4.1. Let A be a Y-matriz. [Suppose |A| < 3.] Then, ~ is a subclassical
negation for the logic of A if[f] A is ~-super-classical.

Proof. [Assume ~ is a subclassical negation for the logic of A. First, by (2.15) with
m =1 and n = 0, there is some a € D4 such that ~*a ¢ DA. Likewise, by (2.15)
with m = 0 and n = 1, there is some b € (A \ D) such that ~*b € D4, in which
case a # b, and so |A| # 1. Then, if |A| = 2, we have A = {a, b}, in which case A
is ~-classical, and so ~-super-classical. Now, assume |A| = 3.

Claim 4.2. Let A be a three-valued X-matriz, a € A? and i € 2. Suppose ~ is a
subclassical negation for the logic of A and, for each j € 2, (a; € DA & (~%a; &
DA & (a1—; & DA). Then, either ~%a; = a1_; or ~2~%a; = a;.
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Proof. By contradiction. For suppose both ~%a; # a;_; and ~*~%a; # a;. Then,
in case a; € / € DA, as |A| = 3, we have both (D*/(A\ D*)) = {a;}, in which
case ~*a;_; = a;, and ((A\ DA)/DA) = {a;_;,~*a;}, respectively. Consider the
following exhaustive cases:

[ ] NQ[NQ[G”L' = a1—j.

Then, ~*~%~%q; = a;. This contradicts to (2.15) with (n/m) = 0 and
(m/n) = 3, respectively.

o AR =~ Mg,
Then, for each ¢ € ((A\ DA)/DA), ~¥~ A~ 2e = ~¥a; ¢ / € DA, This
contradicts to (2.15) with (n/m) = 3 and (m/n) = 0, respectively.

Thus, in any case, we come to a contradiction, as required. O

Finally, consider the following exhaustive cases:

e both ~*a = b and ~*b = a.
Then, {a,b} forms a subalgebra of A{~}, (A[{~})/{a,b} being a ~-
classical submatrix of Al{~}, as required.

o ~a £
Then, by Claim 4.2, ~*~%a = a, in which case {a, ~®a} forms a subalgebra
of AM{~}, (Al{~})[{a,~*a} being a ~-classical submatrix of A[{~}, as
required.

o ~Ab#£a.
Then, by Claim 4.2, ~®#~2b = b, in which case {b, ~®b} forms a subalgebra
of A{~}, (A{~})[{b,~*b} being a ~-classical submatrix of A[{~}, as
required.] O

The following counterexample shows that the optional condition |A| < 3 is es-
sential for the optional “only if” part of Theorem 4.1 to hold:

Example 4.3. Let n € w and A any Y-matrix with A £ (nU (2 x 2)), DA £
{(1,0), (1, 1)}, ~*(i,5) & (1 —4,(1 —i+j) mod 2), for all i,j € 2, and ~?k =
(1,0), for all k € n. Then, for any submatrix B of A[{~}, we have (2 x 2) C B,
in which case 4 < |B|, and so A is not ~-super-classical, for 4 £ 2. On the other
hand, (A[{~})[(2 x 2) is ~-negative and consistent, in which case x[(2 x 2) is
a surjective strict homomorphism from it onto the ~-classical {~}-matrix C with
C 22 D 2 {1} and ~% = (1 — i), for all i € 2, and so, by (2.13), ~ is a
subclassical negation for the logic of A. O

Let A be a fixed three-valued ~-super-classical (in particular, both consistent
and truth-non-empty) Y-matrix and B a ~-classical submatrix of A[{~}. Then,
as 4 £ 3, A is either false-singular, in which case the unique non-distinguished
value 04 of A is equal to Op, so 17 £ %04 = ~B0g = 13, or truth-singular, in
which case the unique distinguished value 14 of A is equal to 15, so 07 L2 =
~®1s = 0. Thus, in case A is false-/truth-singular, B = 2 = {0{:,1;/} is
uniquely determined by A and ~, the unique element of A\ 27 being denoted by

(%):\ (The indexes 4 and, especially, ~ are often omitted, unless any confusion is

possible.) Then, we have the partial ordering T £ (A4 U{(3,4) | i € 2}) on A. An
n-ary, where n € w, operation on A is said to be regular, provided it is monotonic
with respect to C. Then, 2 is said to be reqular, whenever its primary operations
are so, in which case secondary are so as well. Strict homomorphisms from A to
itself retain both 0 and 1, in which case surjective ones retain %, and so:

hom[S] (-Aa A) 2 [:]{AA}’ (41>

~
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the inclusion being [not] allowed to be proper (cf. Example 5.8).
From now on, unless otherwise specified, C is supposed to be the logic of A.

5. NON-CLASSICAL THREE-VALUED LOGICS WITH SUBCLASSICAL NEGATION

Lemma 5.1. Let B be a three-valued ~-super-classical ¥-matriz. Then, following
are equivalent:

(i) B is a strict surjective homomorphic counter-image of a ~-classical %-
matri;
(ii) B is not simple;
(iii) B is not hereditarily simple;
(iv) 65 € Con(B).

Proof. First, (i)=(ii) is by Remark 2.5 and the fact that 3 £ 2. Next, (iii) is a
particular case of (ii). The converse is by the fact that any proper submatrix of
B, being either one-valued or (-classical, is simple. Further, (ii)=-(iv) is by the
following claim:

Claim 5.2. Let B be a three-valued as well as both consistent and truth-non-empty
Y-matriz. Then, any non-diagonal congruence 0 of it is equal to 65.

Proof. First, we have # C 65. Conversely, consider any @ € 65. Then, in case
ap = a1, we have @ € Ap C 6. Otherwise, take any b € (\ Ag) # @, in which
case b € 05, for § C 65. Then, as |B| = 3 # 4, there are some 4,7 € 2 such
that a; = b;. Hence, if a;_; was not equal to b;_j;, then we would have both
{ai, a1—;,01—;}| = 3 = |B|, in which case we would get {a;,a1—;,01—;} = B, and
XEB(b1—;) = xB(b;) = xB(a;) = xB(a1—;), and so B would be either truth-empty or
inconsistent. Therefore, both a1_; = b;_; and a; = b;. Thus, since 6 is symmetric,
we eventually get a € 6, for b € 6, as required. O

Finally, assume (iv) holds. Then, 6 = 65 including itself, is a congruence of B,
in which case vy € hom$ (B, B/6), while B/6 is ~-classical, and so (i) holds. O
Set hy o122 — (3+2),(i,j) — %
Theorem 5.3. The following are equivalent:
(i) C is ~-classical;

(ii) either A is a strict surjective homomorphic counter-image of a ~-classical
S-matriz or A is a strict surjective homomorphic image of a submatriz of
a direct power of a ~-classical X-matriz;

(iii) either A is a strict surjective homomorphic counter-image of a ~-classical
Y-matriz or A is a strict surjective homomorphic image of the direct square
of a ~-classical X-matriz;

(iv) either A is not simple or both 24 forms a subalgebra of A and A is a strict
surjective homomorphic image of (A24)%;

(v) either 04 € Con(2) or both 2.4 forms a subalgebra of A, A is truth-singular
and hy /5 € hom((A24)%, ).

In particular, [providing A is false-singular] A is (hereditarily) simple if[f] C is
non-~-classical.

Proof. We use Lemma 5.1 tacitly. First, (ii/ili/iv) is a particular case of (iii/iv/v),
respectively. Next, (iv)=-(i) is by (2.13). Further, (i)=-(ii) is by Lemmas 2.7, 2.8
and Remark 2.5.

Now, let B be a ~-classical E-matrix, I a set, D a submatrix of BY and h €
homg(D, A), in which case D is both consistent and truth-non-empty, for A is so,
and so I # @, while, as B is truth-singular, a = (I x {15}) € D®, whereas, for
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this reason, D > b 2 ~®a = (I x {1z}) € DP, for I # @. Then, ~°b = a,
in which case h(a/b) = (1/0)4, and so there is some ¢ € (D \ {a,b}) such that
h(c) = (3)a. In this way, I # J £ {i € I | m(c) = 1g} # @. Given any
a € B? set (aglay) = ((J x {ao}) U ((I\ J) x {a1})). Then, D > a = (15 15)
and D > b= (05105) as well as D > ¢ = (1500p), in which case D > ~®¢ =
(01 1g), and so e = {({z,y),(xly)) | x,y € B} is an embedding of B2 into
D such that {a,b,c¢} C (imge). Hence, since h[{a,b,c}] = A, we conclude that
(hoe) € homg(BQ,_A). Thus, (ii)=-(iii) holds.

Likewise, let B be a ~-classical Y-matrix and g € hom3 (B2, A). Then, ¢ £
(Ap x Ap) is an embedding of B into 2, in which case, by Remark 2.5, g’ 2 (goe')
is an embedding of B into A, and so E = (imgg’) forms a two-element subalgebra
of 2, ¢’ being an isomorphism from B onto & = (A[E). Therefore, as A[{~} has
no two-element subalgebra other than that with carrier 24, E = 24. And what is
more, (go (¢ " o (mo]E2)) x (¢’ " o (moE?)))) € hom3(£2, A). Thus, (iii)=(iv)
holds.

Finally, assume (iv) holds, while A is simple. Then, A is truth-singular, for F £
(A]2.4) is so. Let f € hom3(F2, A). Then, ~2((0/1).4, (0/1).4) = ((1/0)4, (1/0) 4)
€/ ¢ D™, Hence, f({(0/1)4,(0/1)4)) = (0/1) 4. Moreover, ~*((0/1) 4, (1/0).)
— (1/0)4, (0/1).4) & D", Hence, £({(0/1)4, (1/0)4)) = ()4, 50 (v) holds. O

The simplicity of A is not, generally speaking, sufficient for C’s being non-~-
classical, even if this is conjuctive, as it follows from:

Example 5.4. Let ¥ 2 {A,~}, DA 2 {1}, ~*a 2 (1 —a), for all a € A, and

(an?p) 2 a ifazl.:b,
0 otherwise.

for all a,b € A. Then, A is both truth-singular and A-conjunctive, while (0, %} €

04 % (1,3) = (~%0,~"1), in which case 64 ¢ Con(%), and so, by Lemma 5.1, is
simple. On the other hand, 2 forms a subalgebra of 2, while h /, € hom((2A]2)2, ).
Hence, by Theorem 5.3, C' is ~-classical. O

5.1. The uniqueness of defining super-classical matrix.

Lemma 5.5. Let B be a ~-paraconsistent ~-super-classical X-matriz. Suppose B
is a model of C (in particular, C is defined by B). Then, A is embeddable into B.

Proof. In that case, C' (viz., A) is ~-paraconsistent too, and so both A and B
are simple, by Theorem 5.3, and weakly ~-negative. Moreover, B is a finite ~-
paraconsistent model of C. Therefore, by Lemmas 2.7, 2.8 and Remark 2.5, there
are some non-empty set I, some I-tuple C constituted by submatrices of A, some
subdirect product D of C and some g € homg (D, B), in which case D is both weakly
~-negative and, by (2.13), is ~-paraconsistent, for B is so, and so there are some
a € DP such that ~®a € DP and some b € (D \ DP), in which case ¢ & ~®b €
DP C {($)a,14}!, for D is weakly ~-negative. Then, D 3 a = (I x {($)a}).
Consider the following complementary cases:
e {(3)4} forms a subalgebra of 2,

in which case ~*(1)4 = (3)4, and so ~®c = b ¢ D®. Hence, J £ {i €

I|mi(c) =14} # @. Given any a € A2, set (aglar) = ((J x {ao}) U ((I'\

J) x {a,})) € AL, In this way, D 3 a = ((%)A ) (%)A), D3c= (142 (%)A)

and D 3 b= (040(3)4). Then, as {(3).4} forms a subalgebra of 2, while

J# @, f2£{(d (d1(3)a)) | d € A} is an embedding of A into D.
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e {($)4} does not form a subalgebra of 2A.
Then, there is some ¢ € Fmy, such that ©*((3)4) # (3).4, in which case
{(3)a,*((3)4), ~"¢™((5)a)} = A, and s0 D 2 {a,¢®(a),~"¢®(a)} =
{I x {d} | d € A}. Therefore, as I # @, f £ {(d,I x {d}) | d € A} is an
embedding of A into D.
Thus, h £ (go f) € homg(A, B), and so Remark 2.5 completes the argument. [

Theorem 5.6. Let B be a ~-super-classical ¥-matriz. Suppose C is defined by B
and is not ~-classical. Then, B is isomorphic to A.

Proof. In that case, both A and B are simple, by Theorem 5.3. In particular, by
Lemmas 2.7, 2.8 and Remark 2.5, A is truth-singular iff B is so, in which case A
is false-singular iff B is so, for A/B is false-singular iff it is not truth-singular.
By contradiction, we are going to prove that homg(A,B) # &. For suppose
homg(A,B) = @. Then, by Lemma 5.5, C' (viz., A/B) is non-~-paraconsistent,
in which case {(3) 45, Nm/%(%)A/B} ¢ DA/B for A/B is consistent. Moreover,
by Lemmas 2.7, 2.8 and Remark 2.5, there are some non-empty set I, some I-
tuple C constituted by submatrices of A, some subdirect product D of C and some
g € homg(’D,B). Given any a € A, set (I : a) = (I x {a}) € AL. Consider the
following complementary cases:
e A is truth-singular,
in which case B is so. Moreover, D is truth-non-empty, for B is so. Take
any a € DP| in which case D > a = (I : 14), while g(a) € D5, and so
g(a) = 1p. In particular, D 3 b = ~®a = (I : 0%), and so g(b) = 03.
o A is false-singular,
in which case B is so. Moreover, D is consistent, for B is so. Take any
b € (D\ DP), in which case, by the following claim, D > b = (I : 04), while
g(b) & DB, and so g(b) = 05:

Claim 5.7. Let B, I, D and g be as above. Suppose A is false-singular
and not ~-paraconsistent. Then, every d € (D \ DP) is equal to I : 04.

Proof. Then, g(d) € (B '\ D?), in which case g(d) = 0g, and so g(~®d) =
15 € DB. Hence, ~®d € DB. Moreover, as A is false-singular, we have
()4 € DA, in which case ~*(3)4 ¢ D#, for A is both consistent and
non-~-paraconsistent, and so ~%c ¢ DA, for all ¢ € DA. In this way,
d = (I:0,4), as required. O

In particular, D 3 a £ ~®b = (I : 1Y), and so g(a) = 13.
Thus, anyway, a = (I : 14) € D 3 b= (I : 04), while g(a) = 15, whereas g(b) = 0p.
Consider the following complementary cases:
e 24 does not form a subalgebra of ,
in which case there is some ¢ € Fm% such that % (14,04) = (3).4, and so
D € ¢®(a,b) = (I:(3)a). Inthisway,as [ # 0, e = {(z,]:z) |z € A} is
an embedding of A into D, in which case (g o e) € homg(A, B), and so this
contradicts to the assumption that homg(A, B) = @.
e 2, forms a subalgebra of 2,
in which case & £ (A[24) is ~-classical, while a,b € EZ. Then, (3)5 €
B = g[D], in which case there is some ¢ € D such that g(c) = (3)5. Let
JE{ieI|m(c)=(3)a}, in which case m;(c) € E, for all i € (I'\ J). Let
T be the subalgebra of ® generated by {a,b,c} and F £ (D|F), in which
case [ 2 (g|F) € hom$(F,B), for g[{a,b,c}] = B. In particular, if J was
empty, then ¢ would be in E’, in which case F would be a submatrix of
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&’ and so, by (2.13), C would be ~-classical. Therefore, J # &. Take
any j € J. Let us prove, by contradiction, that (m;[F) € homg(]:, A).
For suppose (m;[F) ¢ hom3(F, A). Then, as (7;|F) € hom®(F, A), there
is some d € (F\ D¥) such that 7;(d) € D*. Consider the following
complementary subcases:
— A is false-singular.
Then, by Claim 5.7, DA 3 7;(d) = 0.4.
— A is truth-singular.
Then, m;(d) =14 = m;(d), for all i € J, because 7;(e) = m;(e), for all
e € {a,b,c}, and so for all e € F > d, in which case d € E! D {a, b},
and so the subalgebra & of § generated by {a,b,d} is a subalgebra of
&!. Moreover, m;(~3d) =04 ¢ D*, in which case ({d, ~Sd} N D¥) =
@, and so ({f(d),~® f(d)} N DP) = @. Hence, f(d) = (), in which
case fl{a,b,d}] = B, and so (f|G) € hom3(F|G, B). In this way, by
(2.13), C' is ~-classical.
Thus, anyway, we come to a contradiction. Therefore, (7, [F) € homS3 (F,
A). Hence, by Remark 2.5 and Lemma 2.7, A is isomorphic to B. This
contradicts to the assumption that homg(A, B) = @.

Thus, in any case, we come to a contradiction. Therefore, there is some h' €
homg (A, B). Likewise, by symmetry, there is some ¢’ € homg(B,.A). Then, ((¢’ o
h)/(h'og')) € homg(A/B, A/B) is injective, in view of Remark 2.5, and so bijective,
for |A/B| = 3 is finite. In this way, (4.1) completes the argument. O

In view of Theorems 4.1 and 5.6, any [non-~-classical] three-valued X-logic with
subclassical negation ~ is defined by a [unique (either up to isomorphism or when
dealing with merely canonical three-valued ~-super-classical ¥-matrices, i.e., those
of the form A" with A’ = (3 +2) and a4 = a, for all « € A’, in which case
isomorphic ones are equal, by (4.1) applied to their common ~-reduct)] three-valued
~-super-classical ¥-matrix [the unique canonical one being said to be characteristic
for|of the logic]. On the other hand, such is not the case for ~-classical (even
both conjunctive and disjunctive) ones, in view of Theorem 4.1 and the following
counterexample:

Example 5.8. Let ¥ = (¥ U{~}) and B, D and £ the A-conjunctive Y-disjunctive
Y-matrices with (B[¥,) £ D3, (D[T4) £ D3, (E[T4) £ Dy, ~Pi = (1 —min(1,2-
i)) and ~®i £ (1 — max(0, (2 -4) — 1))), for all i € (3 +2), ~%i £ (1 — 1), for all
i €2 DF £ {1,1}, D £ {1} and D® £ {1}. Then, both B and D are three-
valued and ~-super-classical, while C is ~-classical. And what is more, Y5/P ¢
hom®(B/D, £), in which case, by (2.13), B and D define the same ~-classical Y-
logic of £. However, B, being false-singular, is not isomorphic to D, not being
so. Moreover, £ is a submatrix of B/D, in which case h £ (A o x5/P) is a non-
diagonal (for h(3) = (1/0) # %) strict homomorphism from B/D to itself, and so
the “[]”-non-optional inclusion in (4.1) may be proper. O

Corollary 5.9. Let X' D X be a signature and C' a three-valued Y'-expansion of
C. Then, C' is defined by a X' -expansion of A.

Proof. In that case, ~ is a subclassical negation for C’. Hence, by Theorem 4.1, C’
is defined by a ~-super-classical ¥'-matrix A’, in which case C is defined by the ~-
super-classical ¥-matrix A’[Y, and so, by Theorem 5.6, there is some isomorphism
e from (A’lY) onto A, in which case it is an isomorphism from A’ onto the X'-
expansion A” £ (e[], e[DA]) of A, and so, by (2.13), C" is defined by A”. O
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6. CLASSICAL EXTENSIONS

Lemma 6.1. Let I be a set and B a consistent submatriz of A, in which case
I # @. Suppose a = (I x {0}) € B, that is, b= (I x {1}) € B (in particular, A is
truth-singular, while B is truth-non-empty), while A is not a model of the logic of
B. Then, the following hold:

(i) 2 forms a subalgebra of A;
(ii) A2 is embeddable into B.

Proof. (i) By contradiction. For suppose 2 does not form a subalgebra of 2.
Then, there is some ¢ € Fm% such that %(0,1) = %, in which case B >

¢ ¢®(a,b) = (I x{3}}), and so {(d,I x {d}) | d € A} is an embedding of
A into B. In view of (2.13), this contradicts to the assumption that A is
not a model of the logic of B.

(ii) As I # @, by (i), {(d,I x {d}) | d € 2} is an embedding of A|2 into B, as
required. O

A (2[+1])-ary [-relative] (classical) semi-conjunction for Ais any ¢ € Fmé[ﬂ]

such that both ¢%(0,1[,1]) = 0 and ¢*(1,0[,3]) € {0[, 3]}. (Clearly, any binary
semi-conjunction for A is a ternary %-relative one.) Next, A is said to satisfy
generation condition (GC), provided either (0,0) or (3,0) or (0,1) belongs to the
carrier of the subalgebra of 2? generated by {(1, 3)}.

Lemma 6.2 (Key “False-singular” Lemma). Let I be a set and B a consistent
submatriz of AL, in which case I # @. Suppose A is false-singular and not a model
of the logic of B, while B is not ~-paraconsistent, whereas either B is ~-negative
or both either A has a binary semi-conjunction or both B is truth-non-empty and
A satisfies GC, and either 2 forms a subalgebra of A or Ly = (A%\ (22U {3}?))
forms a subalgebra of A%. Then, the following hold:

(i) if 2 forms a subalgebra of A, then A]2 is embeddable into B;
(ii) if 2 does not form a subalgebra of A, then Ly forms a subalgebra of A2,
while (A%[Ly) is embeddable into B.

Proof. We start from proving that there is some non-empty J C I such that (123) €
B, where, for every a € A2, we set (aglai) = ((J x {ag}) U((I'\J) x {a1})) € AL
Take any a € (B\ D®) # @, for B is consistent. Consider the following exhaustive
cases:

e 3 is ~-negative.
Then, b £ ~Pq € DB C {%, 1}, in which case B3> ¢ 2 ~®b ¢ DB, and so
JE{iel|m(b)=1}+#o. Inthis way, B3 b= (113).
e A has a binary semi-conjunction .
Let K 2 {i € I|ma) =1}, L 2 {i € I | m(a) = 0} # @, for a ¢ D5.
Given any a € A3, we set (agla; 1az) = (K x {ag}) U (L x {a1}) U ((I'\
(K UL)) x {az})) € A’. In this way, B 3 a = (1210 3). Consider the

following exhaustive subcases:
AL _ 1
~ 5 =

5
Then, B> b= ~%a = (01113). Let z £ ¢%(3, 3) € A. Consider the

following exhaustive subsubcases:
_1
* T = 3.

Then, B > ¢ £ ¢®(a,b) = (0101 3). Put J £ (KUL) # @, for
L # @. In this way, (114) =~%ce€ B.



THREE-VALUED LOGICS 25

* x=0.
Then, B 3 ¢ £ ¢p®(a,b) = (00020). Put J £ # @. In this
way, (113) =~%ce B.

* r=1.

Then, B > ¢ £ ¢®(a,b) = (00011), and so B 3 ~Fc = (11120).
Put J £ 1 # @. Then, (11 3) = ~P¢®(c,~%c) € B.
.
5 =1
Then, B> b £ ~%q

J 2 1+#@. Then, (12

AL
=0

Then, B> b2 ~%a = (02120), and so B> ~Pb = (11011). Put
J£1#@. Then, (113) =~Pp®(b,~%b) € B.
e 3 is truth-non-empty.
Take any d € DB C (DA)!. Let J £ {i € I | m;(d) = 1}. Then, as B is not
~-paraconsistent, we have J # @, for, otherwise, (2.10) would not be true
in B under [zo/d, 1 /a]. In this way, (123) =d € B.
Further, we prove:

(01121), and so B 3 ~®b = (12010). Put
)=~ (b,~®b) € B.

N[

Claim 6.3. Suppose ~*1 +£ % Then, Ly does not form a subalgebra of A and,
!

1
2
providing both I, B, J and (11%) € B are as above, (I x {1}) € B.

Proof. First, in case ~1 = (0/1), we have, respectively, N (1,1/0) =(0/1,0/1) ¢
Ly, and so Ly 5 (3,1/0) does not form a subalgebra of 22. Finally, consider the
following complementary cases:

o AL =0,
Then, (I x {1}) = ~F~F(1} %) € B.

o AL 1

5 .

Then, consider the following exhaustive subcases:

— B is ~-negative.
Then, (123) € D?, in which case (110) = ~®~®(113) € D, and so
J =1. In this way, (I x {1}) = (111) € B, as required.

— A has a binary semi-conjunction ¢.
Then, b £ (011) = ~%(113) € B, and so B> ~®b = (110). In this
way, (I x {1}) = ~Pp®(b,~®b) € B, as required.

— A satisfies GC.
Then, there is some 7 € Fmy, such that 772[2(<1,%>) € {(3,0),(0,0
(0,2)}, in which case Nmznw((l,%)) = (1,1), and so (I x {1})
~Bn®((113)) € B, as required.

N

9

Ol

Finally, consider the respective complementary cases:

(i) 2 forms a subalgebra of 2.
Consider the following complementary subcases:
o AL 41
2

5
Then, by Lemma 6.1(ii) and Claim 6.3, AJ2 is embeddable into B.
A1 _ 1

e~ =
in which case b £ (113) € B> ¢ £ ~®b = (01 3). Consider the
following complementary subsubcases:
— {1} forms a subalgebra of 2.
Then, as J # @, {(e,(e13)) | e € 2} is an embedding of A2
into B.
— {1} does not form a subalgebra of 2.

Then, there is some 1) € Fmy, such that ¢*(3) € 2, in which
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case 1®(0) € 2 3 ¥*(1), for 2 forms a subalgebra of 2, and so,
as |2| = 2, we have just the following exhaustive subsubsubcases:
(L) = g2 (0),
in which case, for some x € {0,1}, (I x {z}) = (z1z) =
¥»®(c) € B, and so AJ2 is embeddable into B, in view of
Lemma 6.1(ii).
« pA(L) = gA(1),
in which case, for some x € {0,1}, (I x {z}) = (z1z) =
P (b) € B, and so A|2 is embeddable into B, in view of
Lemma 6.1(ii).
« (1) = ¢(0),
in which case, for some z € {0,1}, (I x {z}) = (z1x) =
PP (1™ (c)) € B, and so A2 is embeddable into B, in view
of Lemma 6.1(ii).
(ii) 2 does not form a subalgebra of .

Then, Nm% = %, in view of Lemma 6.1(i) and Claim 6.3. Therefore,
b2 (113) € B>c#® ~% = (013). And what is more, there is
some o € Fm% such that ¢%(0,1) = 1, in which case ¢ £ ¢(zo,~z0) €

Fmy, and ¢*(0) = %, and so gbm(%) #* %, for, otherwise, we would have

B 3 ¢®(c) = (313), and so we would get ~®(311) = (313) € D5,
contrary to the non-~-paraconsistency and consistency of B. In this way,
f£(310) € {¢®(c),~®¢®(c)} C B, in which case g £ ~Pf = ($11) €
DB, and so, by the non-~-paraconsistency and consistency of B, we get
f = ~%g ¢ DB. Hence, J # I. Let us prove, by contradiction, that
L, forms a subalgebra of 2. For suppose L, does not form a subalgebra
of A2. Then, B is ~-negative. Moreover, there is some & € Fm% such
that €2°((3,0), (1,1),(0,3), (1, 1)) € (A2 \ Ly), in which case B 3 o/ 2
E3(f,g,c,b) = (wy), where (z,y) € (A%\ Ls) = (22U{3}?), and so either
~BY =¥ € DB, if v = 1 =y, or, otherwise, in which case z,y € {0,1},
and so z # y, by Lemma 6.1(i), neither b’ nor ~V = (ylx) is in D5,
for J # @ # (I\ J). This contradicts to the ~-negativity of B. Thus, Ly
forms a subalgebra of A2. Hence, as J # @ # (I \ J), {{{w, 2), (w12)) |
(w,z) € Ly} is an embedding of A?[ Ly into B. O

Corollary 6.4. Let I be a set, B a submatriz of AL, D a ~-classical X-matriz and
h e homg(B,D). Suppose C is not ~-classical. Then, the following hold:

(i) if 2 forms a subalgebra of A, then A[2 is isomorphic to D;

(ii) if 2 does not form a subalgebra of A, then A is false-singular, while Ly
forms a subalgebra of A2, whereas 64714 € Con(A2|Ly), (A2 [L4)/t9“42 ML
being isomorphic to D.

Proof. In that case, B is both ~-negative, truth-non-empty and consistent, for D
is so, and so is non-~-paraconsistent. And what is more, by (2.13), the logic C’
of B is a ~-classical extension of C, in which case C, being both non-~-classical
and inferentially consistent, for A is both consistent and truth-non-empty, is not an
extension of C’, in view of Corollary 2.10, and so A is not a model of C’. Consider
the respective complementary cases:

(i) 2 forms a subalgebra of 2.
Then, by Lemmas 6.1 and 6.2(i), there is some g € homg(.A[2, B), in which

case (hog) € homg (A]2,D), for any ~-classical X-matrix has no proper
submatrix, and so Remark 2.5 completes the argument.
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(ii) 2 does not form a subalgebra of 2.
Then, by Lemma 6.1(i), A is false-singular, in which case, by Lemma 6.2(ii),
L4 forms a subalgebra of A%, while there is an embedding e of £ £ (A%[Ly)
into B, and so g 2 (hoe) € homg (€,D), for any ~-classical X-matrix has no
proper submatrix, and so (ker g) € Con(€). On the other hand, (kerg) =
6 £ 6%, for D is both false- and truth-singular, so, by the Homomorphism
Theorem, g o vy !'is an isomorphism from & /0 onto D, as required. O

Theorem 6.5. C is ~-subclassical iff either of the following hold:

(i) C is ~-classical;

(ii) 2 forms a subalgebra of A, in which case A|2 is a ~-classical model of C
isomorphic to any that of C, and so defines a unique ~-classical extension
of C;

(iii) A is false-singular, while Ly forms a subalgebra of A%, whereas gA1La ¢
Con(A2[Ly), in which case (A2[L4)/0X 14 is a ~-classical model of C
isomorphic to any that of C, and so defines a unique ~-classical extension

of C.

¢

Proof. In case C' is ~-classical, the “‘in which case” part of both (ii) and (iii) is by
(2.13) and Lemma 2.9. In general, the “if” part is immediate.

Now, assume C' is not ~-classical. Consider any ~-classical model D of C, in
which case it is finite and simple. Hence, by Lemmas 2.7, 2.8 and Remark 2.5,
there are some set I, some submatrix B of A’ and some h € hom§(B, D). Then,
(2.13) and Corollary 6.4 complete the argument. O

In this way, by Theorem[s] 5.3 [and 6.5], we get effective algebraic criteria of
C’s being ~-[sub]classical. On the other hand, the item (i) of Theorem 6.5 does
not exhaust all ~-subclassical three-valued (even ~-paraconsistent) X-logics, as it
ensues from:

Example 6.6. Let i € 2, © £ {W,~} with binary W, B the ~-classical Y-matrix

with (jw® k) £, for all j,k € 2, DA £ {1,3}, ~*1 £ 1 and
R [l

for all a,b € A. Then, we have:
(3a) 6™ (0,3) = (i3),
(b, 3) 6™ (3,0) = (3,),
(3,a) 8™ (3,0) = (i,3),
(@, ™ (0,3) = (),

for all a,b € 2. Therefore, L, forms a subalgebra of %A% and h £ XAQTL“ €
hom3 (A2[Ly, B), in which case 64° L4 = (kerh) € Con(A2|Ly), and so C is ~-
subclassical, by Theorem 6.5. However, (0 w? 1) = %7 so 2 does not form a subal-
gebra of 2. O

Taking Lemma 2.9 and Theorem 6.5 into account, in case C' is ~-subclassical,
the unique ~-classical extension of C' is denoted by CFC = [#]C, whenever C is
[not] ~-classical.

Corollary 6.7. Suppose A is truth-singular. Then, the following are equivalent:
(i) C is inferentially mazimal;
(ii) C is either ~-classical or not ~-subclassical;
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(iil) either 2 does not form a subalgebra of A or C is ~-classical.

In particular, C is mazimal iff both C' has a theorem and either 2 does not form a
subalgebra of A or C is ~-classical.

Proof. First, (ii) is a particular case of (i). Next, (ii)=-(iii) is by Theorem 6.5.
Finally, assume (iii) holds. Then, in case C is ~-classical, (i) is by Corollary
2.10. Now, assume 2 does not form a subalgebra of 2. Let C’ be an inferentially
consistent extension of C. Then, z; ¢ T £ C'(x9) 3 zg. On the other hand, by
the structurality of C’, (§ms,T) is a model of C’ (in particular, of C'), and so is
its finitely-generated consistent truth-non-empty submatrix B £ (Fm%, 7 N Fm%),
in view of (2.13). Hence, by Lemma 2.8, there is some set I and some submatrix
D € HMHY(B)) of A!, in which case D is a consistent truth-non-empty model
of C’, in view of (2.13), and so Lemma 6.1(i) and Remark 2.2(ii) complete the
argument. U

In case A is truth-singular, this collectively with Theorem 5.3 provide effective
algebraic criteria of the [inferential] maximality of C, because the set of all unary
secondary operations of 2 is finite. On the other hand, checking whether the image
of one of them is equal to {1} can be replaced by the much more simple procedure
arising from the following particular case of Proposition 3.29 covering all three-
valued Y-disjunctive (¥, ~)-paracomplete Y- logics with subclassical negation ~:

Corollary 6.8. Suppose A is both truth-singular and Y-disjunctive. Then, C is
purely-inferential iff {3} forms a subalgebra of .

7. PARACONSISTENT EXTENSIONS

First, as A has no proper ~-paraconsistent submatrix, by Theorems 3.26 and
4.1, we immediately have:

Corollary 7.1. Any [non-Jnon-~-paraconsistent three-valued ¥-logic with subclas-
sical negation ~ has no ~-paraconsistent [proper aziomatic] extension [and so is
aziomatically mazimally ~-paraconsistent].

Lemma 7.2. Let B be a finitely-generated ~-paraconsistent model of C. Suppose
either A has a ternary %—Telatz've semi-conjunction or {%} does not form a subal-
gebra of A. Then, A is embeddable into a strict surjective homomorphic image of

B.

Proof. In that case, C is ~-paraconsistent, in which case it is not ~-classical, and
so A is simple, by Theorem 5.3. Then, by Lemmas 2.7 and 2.8, there are some
non-empty set I, some I-tuple C constituted by submatrices of A, some subdirect
product D of C, some strict surjective homomorphic image £ of B and some g €
homg(D, £), in which case, by (2.13), D is ~-paraconsistent, and so there are some
a € DP such that ~®a € DP and some b € (D \ DP). Then, D 5 a = (I x {3}).
Consider the following complementary cases:

e {3} forms a subalgebra of 2,
in which case Nm% = % Then, 2 has a ternary %—relative semi-conjunction
0. Put ¢ 2 9 (b,~®b,a) € D,d = ~"ce D, J={icl|mb) =1}
and K = {i € I | mj(b) = 0} # @, for b ¢ DP. Given any a € A3, set
(aplay tag) = ((J x {ag}) U (K x {a1}) U ((I\ (JUK)) x {az})) € AL
Then, a = (324 13) and b= (1201 3). Consider the following exhaustive
subcases:
- ‘Pm(:[?ov %) =0,
in which case we have ¢ = (0200 4) and d = (1212 %), and so, since
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K # @, while {3} forms a subalgebra of %A, f £ {(e, (ete13)) | e € A}
is an embedding of A into D.
(1 O ) - 27
in which case we have ¢ = ($2001) and d = (311 3), and so, since
K # @, while {1} forms a subalgebra of A, f = {(e, (3 1e13)) | e € A}
is an embedding of A into D.
e {1} does not form a subalgebra of 2.
Then, there is some ¢ € Fmy, such that ¢ (%) 1, in which case {1, ¢%(3),
*o%(3)} = A, and s0 D 2 {a,9®(a),~¢®(a)} = {I x {e} | e € A}.
Therefore, as I # &, f = {(e,I x {e}) | e € A} is an embedding of A into
D.

Then, (go f) € homg(A,E) is injective, by Remark 2.5. O

Theorem 7.3. Suppose A is false-singular (in particular, ~-paraconsistent) [and
C' is ~-subclassical]. Then, the following are equivalent:

(i) C has no proper ~-paraconsistent [~-subclassical] extension;
(ii) C has no proper ~-paraconsistent non-~-subclassical extension;
(ili) either A has a ternary %-relative semi conjunctz'on or {3} does not form
a subalgebm of A (in particular, ~*1 7é ),

(iv) Lz = {(3,3),(0,1),(1,0)} does not form a subalgebra of A?;
(v) A has no truth-singular ~-paraconsistent subdirect square;
(vi) A2 has no truth-singular ~-paraconsistent submatriz;

(vii) C has no truth-singular ~-paraconsistent model.

In particular, C" has a ~-paraconsistent proper extension iff it has a [non-Jnon-~-
subclassical one.

Proof. First, assume (iii) holds. Consider any ~-paraconsistent extension C” of C,
in which case ;1 € T = C'({xg,~x0}) 2 {20, ~0}, while, by the structurality of
C', (Fm$, T) is a model of C’ (in particular, of C'), and so is its finitely-generated
~-paraconsistent submatrix B 2 (Fm%, T NFm2), in view of (2.13). Then, by
Lemma 7.2 and (2.13), A is a model of C’, and so C' = C. Thus, both (i) and (ii)
hold.

Next, assume L3 forms a subalgebra of A2. Then, B £ (A2[L3) is a subdirect
square of A. Moreover, as L3 3 (0,1) € (LsNA,4) = {(2, 3)} = DB, for A is false-
singular, B is both truth-singular and ~-paraconsistent. Thus, (v)=-(iv) holds,
while (v) is a particular case of (vi), whereas (vii)=-(vi) is by (2.13).

Now, let B € Mod(C) be both ~-paraconsistent and truth-singular, in which
case the rule zy F ~x is true in B, and so is its logical consequence {xzq, z1, ~x1}
k ~xg, not being true in A under [zo/1,z1/3] [but true in any ~-classical model C’
of C, for C’ is ~-negative]. Thus, the logic of {B[,C’]} is a proper ~-paraconsistent
[~-subclassical] extension of C, so (i)=(vii) holds. And what is more, zo F ~xo,
being true in B, is true in nether A under [z(/1] nor any ~-classical Y-matrix C”
under [xg/1¢r]. Thus, the logic of B is a proper ~-paraconsistent non-~-subclassical
extension of C, so (ii)=(vii) holds.

Finally, assume A has no ternary %-relative semi-conjunction and {%} forms a
subalgebra of . In that case, ~%1 = % Let 9B be the subalgebra of 2? generated

2

by Ls. If (0,0) was in B, then there would be some ¢ € Fm3. such that ¢%(0, 1, 1) =

0 = ©*(1,0, 1) in which case it would be a ternary Q—relative semi-conjunction for

A. leewme if either (£, 0) or (O7 1) was in B then there would be some ¢ € sz
such that ¢%(0,1, 3) = 0 and ¢*(1,0, 1) = 1, in which case it would be a ternary 3

relative semi-conjunction for A. Therefore as ~*1 =0and ~®1 we conclude

2 = 2’
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that ({(0,3),(1,1),(3,1),(3,0),(0,0),(1,1)} N B) = @. Thus, B = L3 forms a
subalgebra of 22. In this way, (iv)=-(iii) holds. O

Theorem 7.3(i)< (iii[iv]) is especially useful for [effective dis|proving the maximal
~-paraconsistency of C' [cf. Example 10.10].

8. NON-SUBCLASSICAL CONSISTENT EXTENSIONS

In case C' is not ~-subclassical, it, being [inferentially] consistent, for A is [both]
so [and truth-non-empty], is clearly a[n inferentially] consistent non-~-subclassical
extension of itself. Here, we explore the opposite case.

Theorem 8.1. Let C' be an inferentially consistent extension of C. Suppose A is
truth-singular and C' is ~-subclassical. Then, C' is a sublogic of CFC.

Proof. The case, when C’ = C, is by the inclusion C' C CTC. Now, assume C’ # C.
Then, 21 € T 2 C’(z9) > 2o. On the other hand, by the structurality of C’,
(Fm$, T) is a model of C’ (in particular, of C), and so is its finitely-generated
consistent truth-non-empty submatrix B £ (Fm%, T NFm%), in view of (2.13).
Hence, by Lemma 2.8, there is some set I and some submatrix D € H(H™!(B)) of
AL, in which case D is a consistent truth-non-empty model of C’, in view of (2.13),
and so A is not a model of the logic of D, for C’ # C. In this way, (2.13), Lemma
6.1 and Theorem 6.5 complete the argument. O

Since C is inferentially consistent, for A4 is both consistent and truth-non-empty,
by Remark 2.2(ii) and Theorem 8.1, we immediately get:

Corollary 8.2. Suppose A is truth-singular and C is ~-subclassical. Then, C has
a consistent non-~-subclassical (viz, not being a sublogic of C¥C; c¢f. Lemma 2.9
and Theorem 6.5) extension iff C' has no theorem.

In case A is truth-singular [and Y-disjunctive], this provides a [quite] effective
criterion of C’s having a consistent non-~-subclassical extension [cf. Corollary 6.8].
On the other hand, as we show below, in case A is false-singular, such a criterion
holds as well, but becoming quite effective, even if A is not Y-disjunctive.

Lemma 8.3. Let B be a ~-classical X-matriz and C' the logic of B. Then, the
following are equivalent:
(i) C’ has a theorem;
(ii) there is some ¢ € Fm% such that ¢(xo,~x0) is a theorem of C';
(iii) B2\ Ap does not form a subalgebra of B?;
(iv) B has no truth-empty model.

Proof. First, (i) is a particular case of (ii). Next, (i)=-(iv) is by Remark 2.4.
Further, in case D £ {(0, 1), (1,0)} = (B 2\ ) C (B2\{{1,1)}) = (B2\ D¥)
forms a subalgebra of B2, by (2.13), D £ (B?|D) is a truth-empty model of C".

Thus, (iv)=-(iii) holds.

Finally, assume (iii) holds, in which case there is some ¢y € Fm$ such that
¥23(0,1) = (0]1) = ¥2(1,0), and so, respectively, ¢ £ ~1%) € Fm%, while
@(xg, ~x0) is a theorem of C’. Thus, (ii) holds, as required. O

To unify further notations, set Lo = 2.

Theorem 8.4. Suppose A is false-singular, while C' is both ~-subclassical and
non-~-classical (in which case La[9) forms a subalgebra of ARl ¢f. Theorem 6.5).
Then, the following are equivalent:

(i) C has a consistent non-~-subclassical (viz, not being a sublogic of C*C; cf.
Theorem 6.5) extension;
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(ii) A has no binary semi-conjunction (in particular, C has a proper ~-para-
consistent {~-subclassical} extension; cf. Theorem 7.3);

(111) M2 £ {<0’ 1>7 <1a O>} /7'68]9., M8 £ {<{<Za %>a <1 - i7j>}’ {<k7 %>7
(1 =k, 1 =5 |i,7,k €2}/ forms a subalgebra of (AP [Lopso))?;

(iv) CPC has a truth-empty model;

(v) CFC has no theorem;

(vi) C has a truth-empty model;

(vii) C has no theorem.

In particular, C has a truth-empty model/theorem iff C*C does so/ iff C' has no
truth-empty model.

Proof. First, assume 2 has a binary semi-conjunction. Consider any consistent
extension C’ of C. In case C' = C, we have C' = C C CPC. Now, assume
C’" # C, in which case C’ is non-~-paraconsistent, by Theorem 7.3. Then, as C’
is consistent, we have zo ¢ C'(&), while, by the structurality of C’, (ms:, C'(2))
is a model of C’ (in particular, of C), and so is its consistent finitely-generated
submatrix B £ (Fmy, Fmy, NC’(2)), in view of (2.13). Hence, by Lemma 2.8, there
are some set I, some C € S,(A)! and some subdirect product D of it such that B is
a strict surjective homomorphic image of a strict surjective homomorphic counter-
image of D, in which case D is a consistent model of C’, in view of (2.13), and
$0, a non-~-paraconsistent submatrix of A’. In particular, as C’ # C, A is not a
model of the logic of D. Then, by (2.13), Lemma 6.2 and Theorem 6.5, a X-matrix
defining CFC is embeddable into D, in which case C’ C CFC, and so (i)=(ii) holds.

Next, assume CFC has a theorem. Then, by Lemma 8.3(i)=(ii), there is some
¢ € Fm% such that ¢ £ ¢(xg, ~z0) is a theorem of CPC. Consider the following
complementary cases:

e 2 forms a subalgebra of ,
in which case, by Theorem 6.5(i), C*C is defined by A2, and so ~¢ is a
binary semi-conjunction for 2.
e 2 does not form a subalgebra of 2,
in which case, by (2.13) and Theorem 6.5, Ly forms a subalgebra of 22
while CF€ is defined by B £ (A%[L,), and so NQ‘% = %, in view of Claim
6.3, while, as (1,0/1) € Ly, a 2 ¢*°((3,0/1),(3,1/0)) = v ((3,0/1)) €
DB = {(1,1),(1,1)}. Consider the following complementary subcases:
- ) =1,
in which case ¥*(0/1) = 1, and so ~¢ is a binary semi-conjunction
for 2.
- P%(3) # 3
in which case ¥*(3) = 1, while ¥*(0/1) = 4, and so ~t(¢) is a binary
semi-conjunction for 2.
Thus, anyway, (ii) does not hold, and so (ii)=-(v) holds.
Further, (iii)< (iv)<(v) are by Lemma 8.3(i)< (iii)< (iv) and Theorem 6.5, while
(iv)=(vi) is by the inclusion C' C CT, whereas (vi)=(vii) is by Remark 2.4.
Finally, (vii)=(i) is by Remark 2.2(ii) and the fact that C' is inferentially con-
sistent, for A is both consistent and truth-non-empty. O

Then, combining Corollary 8.2 and Theorem 8.4, we eventually get:

Corollary 8.5. Suppose C' is [not] non-~-subclassical. Then, C' has a consistent
non-~-subclassical [viz, not being a sublogic of C¥C; cf. Lemma 2.9 and Theorem
6.5] extension [iff C' has no theorem)].
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Theorem 8.6. Suppose A is false-singular and C' is both ~-subclassical and non-
~-classical. Then, any inferentially consistent extension of C is a sublogic of C¥C
iff both A satisfies GC and Lz does not form a subalgebra of 2.

Proof. First, assume A does not satisfy GC. Let B be the subalgebra of A2 gen-
erated by {(1, %>}, in which case B £ (A2 B) is a model of C, in view of (2.13).
Moreover, (1, %} € DB, for A is false-singular, in which case case B is truth-non-
empty, while (0, Nm%) = ~Ql2<1, %} € (B\ D), for 0 ¢ D4, and so B is consistent.
And what is more, D = (B '\ D?) C {(0,1),(1,0)}, in which case, for each b € D,
~Bp e D, and so the rule ~z¢ F z is true in B. On the other hand, this rule is
not true in any ~-classical X-matrix C’ under [zo/0¢/]. Thus, the logic of B is an
inferentially consistent non-~-subclassical extension of C.

Likewise, by Theorem 7.3, in case Lz forms a subalgebra of 22, C' has a ~-
paraconsistent (in particular, inferentially consistent) non-~-subclassical extension.

Conversely, assume both A satisfies GC and Ls does not form a subalgebra of
2A2. Consider any inferentially consistent extension C’ of C. In case ¢’ = C,
we have ¢/ = C C CPC. Now, assume C’ # C, in which case C’ is non-~-
paraconsistent, by Theorem 7.3. Then, as C’ is inferentially consistent, we have
x1 & C'(x9) 2 xo, while, by the structurality of C’, (Fms, C'(z9)) is a model of
C’ (in particular, of C'), and so is its consistent truth-non-empty finitely-generated
submatrix B 2 (Fm%, FmZ NC’(x0)), in view of (2.13). Hence, by Lemma 2.8, there
are some set I, some C € S, (A)! and some subdirect product D of it such that B is
a strict surjective homomorphic image of a strict surjective homomorphic counter-
image of D, in which case D is a consistent truth-non-empty model of C’, in view of
(2.13), and so, a non-~-paraconsistent submatrix of A’. In particular, as C’ # C,
A is not a model of the logic of D. Then, by (2.13), Lemma 6.2 and Theorem 6.5,
a Y-matrix defining C*C is embeddable into D, in which case ¢’ C CFC. O

In this way, summing up Theorems 8.1, 8.6 and Corollary 2.10, we eventually
get the following “inferential” analogue of Corollary 8.5:

Corollary 8.7. Suppose C' is [not] non-~-subclassical. Then, C has an inferen-
tially consistent mon-~-subclassical [viz, not being a sublogic of CTC; cf. Lemma
2.9 and Theorem 6.5] extension [iff neither C' is ~-classical nor A is truth-singular
nor both A satisfies GC and L3 does not form a subalgebra of A?].

9. CONJUNCTIVE THREE-VALUED LOGICS WITH SUBCLASSICAL NEGATION

Remark 9.1. If A is weakly A-conjunctive and false-singular, then we have (0OA* %) =
0 = (3 A%0), in which case we get ((0, 1) A% (1,0)) = (0,0) & Ly 2 {(0, 1), (1,0},

2
and so L, does not form a subalgebra of 22. O

By Theorem 6.5 and Remark 9.1, we immediately have:

Corollary 9.2. Suppose C is weakly N-conjunctive (viz., A is so) and not -
classical. Then, C' is ~-subclassical iff 2 forms a subalgebra of A, in which case A[2
is isomorphic to any ~-classical model of C, and so defines a unique ~-classical
extension of C, that is, CTC.

Likewise, by (2.13), Lemma 2.9, Theorems 5.3, 6.5 and Remark 9.1, we also have:

Corollary 9.3. Suppose A is weakly A-conjunctive (viz., C is so) and false-singu-
lar. Then, C is ~-subclassical iff either of the following hold:
(i) 64 € Con(2), in which case A/0* is isomorphic to any ~-classical model
of C, and so defines a unique ~-classical extension of C, that is, C*C;
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(ii) 2 forms a subalgebra of A, in which case Al2 is isomorphic to any ~-
classical model of C, and so defines a unique ~-classical extension of C,
that is, CTC.

Remark 9.4. Suppose either A is both false-singular and weakly A-conjunctive or
both 2 forms a subalgebra of 2 and A[2 is weakly A-conjunctive. Then, (zg A z1)
is a binary semi-conjunction for A. O

First, by Theorem 8.4 and Remark 9.4, we immediately have:

Corollary 9.5. Let C' be a{n inferentially} consistent extension of C. Suppose
2 forms a subalgebra of 2 (in which case C is ~-subclassical; cf. Theorem 6.5), A
is false-singular and A2 is weakly A-conjunctive (in particular, A [viz., C] is so;
¢f. Remark 2.6(ii)). Then, C has a/no theorem/truth-empty model, while CT€ is
an extension of C'.

Finally, by Theorems 4.1, 7.3 and Remark 9.4, we immediately get the following
universal result, properly subsuming the reference [Pyn 95b] of [11]:

Corollary 9.6. Any ~-paraconsistent three-valued weakly A-conjunctive X-logic
with subclassical negation ~ is mazximally so.

The principal advance of the present study with regard to the reference [Pyn
95b] of [11] consists in proving inheritance of the maximal paraconsistency by
three-valued expansions of [weakly] conjunctive paraconsistent three-valued logics
with subclassical negation, because both paraconsistency, subclassical negation and
[weak] conjunction are inherited by expansions, while the property of being sub-
classical is not, generally speaking, so. In particular, Corollary 9.6 implies the
maximal paraconsistency of arbitrary three-valued expansions (cf. Corollary 5.9 in
this connection) of LP, HZ and P! equally covered by this section, in general.

10. DISJUNCTIVE THREE-VALUED LOGICS WITH SUBCLASSICAL NEGATION

Lemma 10.1. Let B be a X-matriz and C' the logic of B. Suppose [either] B is
false-singular (in particular, ~-classical) [or both B is ~-super-classical and |B| <
3]. Then, the following are equivalent:
(i) C’ is V-disjunctive;
(ii) B is ¥-disjunctive;
(iii) (2.3), (2.4) and (2.5) [as well as the Resolution rule:

{l‘oyl‘l,N.’L‘QYJil} H 1‘1/ (10.1)
are satisfied in C' (viz., true in B).

Proof. First, (ii)=-(i) is immediate.

Next, assume (i) holds. Then, (2.3), (2.4) and (2.5) are immediate. [In addition,
suppose B is not false-singular, in which case it is ~-super-classical, while |B| < 3,
and so it is both truth-singular and, therefore, not ~-paraconsistent. Hence, z; €
(Cl(l‘l) N Cl({xo, N.Io})) = (Cl(ﬂl‘l) n C/({l‘o !1‘1, Nl‘o})) = Cl({l‘o !xl, ~Xn ¥$1}),
that is, (10.1) is satisfied in C’.] Thus, (iii) holds.

Finally, assume (iii) holds. Consider any a,b € B. In case (a/b) € D?, by (2.3)/
and (2.4), we have (a Y® b) € DB. Now, assume ({a,b} N D®) = @. Then, in
case a = b (in particular, B is false-singular), by (2.5), we get DB Z (a V% a) =
(a Y® b). [Otherwise, B is not false-singular, in which case it is ~-super-classical,
while |B| < 3, whereas (10.1) is true in B, and so, for some ¢ € (B \ D?) = {a, b},
it holds that ~®c € DB. Let d be the unique element of {a,b} \ {c}, in which case
{a,b} = {c,d}. Then, since, by (2.3), we have (~%cV® d) € DB, we conclude that
(cV® d) ¢ DB, for, otherwise, by (10.1), we would get d € D®. Hence, by (2.4), we
eventually get (a V® b) ¢ DB.] Thus, (ii) holds, as required. O
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Corollary 10.2. Suppose C is Y-disjunctive (viz., A is so; c¢f. Lemma 10.1).
Then, C is ~-classical iff 04 € Con(2), in which case A0 is isomorphic to any
~-classical model of C', and so defines a unique ~-classical extension of C, that is,

cre =C.

Proof. The “in which case” part is by (2.13) and Lemma 2.9. The “if” part is
by Theorem 5.3. The converse is proved by contradiction. For suppose C is ~-
classical, while 64 ¢ Con(2). Then, by Theorem 5.3, 2 forms a subalgebra of 2, in
which case B £ (A[2) is Y-disjunctive, for A is so, and so (0Y* 1) =1 = (1Y% 0),
while B? is a strict surjective homomorphic counter-image of A, in which case
it is V-disjunctive, for A is so, and so, as ({(0,1),(1,0)} N D) = &, we have
DB % ((0,1) Y% (1,0)) = (1,1) € D’ as required. O

10.1. Implicative three-valued logics with subclassical negation.

Lemma 10.3. Let B be a Y-matriz and C' the logic of B. Suppose [either] B is
false-singular (in particular, ~-classical) [or both B is ~-super-classical and |B| <
3]. Then, the following [but (i)] are equivalent:

(i) C" is weakly TJ-implicative;
(ii) C’ is T-implicative;
(ii) B is T-implicative;
(iv) (2.6), (2.7) and (2.8) [as well as both (2.9) and the Ex Contradictione
Quodlibet aziom:

~Io ] (1‘0 ] 1‘1)] (102)

are satisfied in C' (viz., true in B).

Proof. First, (iii)=-(ii) is immediate, while (i) is a particular case of (ii).

Next, assume (i[i]) holds. Then, (2.6), (2.7) and (2.8) [as well as (2.9)] are
immediate. [In addition, suppose B is not false-singular, in which case it is ~-
super-classical, while |B| < 3, and so it is both truth-singular and, therefore, non-

~-paraconsistent, and so is C’. Hence, by Deduction Theorem, (10.2) is satisfied
in C".] Thus, (iv) holds.

Finally, assume (iv) holds. Consider any a,b € B. In case b € DB, by (2.7) and
(2.8), we have (a 3% b) € DB. Likewise, in case a € D® > (a 3% b), by (2.8), we
have b € DB. Now, assume ({a,b} N D®) = @. Then, in case a = b (in particular,
B is false-singular), by (2.6), we get D # (a 3% a) = (a 3% b). [Otherwise, B is
not false-singular, in which case it is ~-super-classical, while | B| < 3, whereas both
(2.9) and (10.2) and true in B, and so, for some ¢ € (B\ DB) = {a, b}, it holds that
~Bc € DB. Let d be the unique element of {a,b}\{c}, in which case {a, b} = {c,d}.
Then, since ~®¢ € DB, by (10.2), we conclude that (c 3% d) € DB. Let us prove,
by contradiction, that (d 3% ¢) € D®. For suppose (d 3% ¢) ¢ DB, in which case
(d 2% ¢) = (c¢/d), and so we have ((d 2% ¢) 2% d) = ((c 2® d)/(d 2® d)) € D¥/,
by (2.6). Hence, by (2.8) and (2.9), we get d € DB. This contradiction shows that
(d 2% ¢) € DB > (¢ 2% d). In particular, we eventually get (a 2% b) € DB.] Thus,
(iii) holds, as required. O

10.2. Disjunctive versus classical extensions. By CT we denote the extension
of C relatively axiomatized by (10.1).

Remark 10.4. Given any V-disjunctive X-logic C’, by (2.5)|both (2.3) and (2.4), ap-
plying [z1 /o, x2/1, xo/21]|[T1/ %0, o /21] tO (041(2.10) ¥2)|(10.1), any extension
of C’ satisfies (10.1)|(04+1(2.10) ¥ (), whenever it satisfies (041(2.10) ¥ z()|(10.1).
Hence, C® is the extension of C relatively axiomatized by o1(2.10) Y xq. O
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Theorem 10.5. Let C' be an extension of C. Suppose C' is V-disjunctive (i.e., A is
so; ¢f. Lemma 10.1) [and not ~-classical {in particular, ~-paraconsistent/ (¥, ~)-
paracomplete}]. Then, (ii)=(iii)= (i)[= (©i){< (iv)<(v)}], where:
(i) C" is ~-classical;
(ii) C" is proper, consistent and Y-disjunctive[{/ as well as non-pseudo-axio-
matic}/;
(i) 2 forms a subalgebra of A, C' being defined by A|2;
(iv) C" = CR/EM s consistent;
(v) C' is consistent, V-disjunctive and not ~-paraconsistent/ (Y,1)-paracomp-
lete.

In particular, any Y-disjunctive three-valued [non-]~-classical [{more specifically,
~-paraconsistent/ (¥, ~)-paracomplete}] S-logic [with subclassical negation ~] has
no proper consistent ¥ -disjunctive (in particular, aziomatic) [non-~-classical {more
specifically, ~-paraconsistent/both (¥, ~)-paracomplete and non-pseudo-axiomat-
ic}/ extension, any ~-classical extension being a unique one and Y-disjunctive [{as
well as relatively axiomatized by (10.1)/(2.11)}].

Proof. First, (i) is a particular case of (iii).

[Next, (i)=-(ii) is by Lemma 10.1{/ and Remark 2.3}.]

Further, assume (ii) holds. Then, in case C is non-(V,?)-paracomplete (in par-
ticular, either :-classical or -paraconsistent), (2.11) is a theorem of it, and so of
C’, in which case this is non-pseudo-axiomatic. Hence, in any case, C’ is non-
pseudo-axiomatic. Therefore, by Remark 2.4 and Corollary 3.28, C’ is defined by
S £ (Mod(C") N S%(A)), in which case A ¢ S # @. Consider any B € S. Then,
since A is false-/truth-singular, while B is consistent and truth-non-empty, we have
(0/1)4 € B, in which case (1/0)% = ~%(0/1)4 € B, and so (3)% € B, for B # A.
Thus, B = 27 forms a subalgebra of , while S = {B}, so (iii) holds.

[{Now, assume (iii) holds. Then, A[2 is the only non-~-paraconsistent/non-
(¥, ~)-paracomplete consistent submatrix of A. In this way, Theorem 3.26 and
Remark 10.4 imply (iv).

Likewise, Theorem 3.26 and Remark 10.4 yield (iv)=(v).

Finally, (ii) is a particular case of (v)/, for any non-(Y, ~)-paracomplete X-logic
has the theorem (2.11), and so is non-pseudo-axiomatic.}]

At last, Theorem 4.1 and Corollary 2.10 complete the argument. O

In case C is Kleene’s three-valued logic [4], that is both disjunctive and paracom-
plete as well as purely-inferential (unless it is garbled with its ”bounded” expansion
by constants 0 and 1, as it sometimes done in certain literature), Theorem 10.15
(more specifically, the fact that the non-~-classical [because it is distinct from C*M]
CE%/[ is a proper consistent V-disjunctive extension of C') shows that the optional
stipulation “non-pseudo-axiomatic” is essential for (ii)=-(i) and the final assertion
of Theorem 10.5 to hold.

Theorem 10.6. [Providing C is non-~-classical] C has a [Ydisjunctive] ~-classical
extension (viz., model [cf. Lemma 10.1]) if[f] 2 forms a subalgebra of 2, in which
case A|2 is isomorphic to any ~-classical model of C, and so defines a unique
~-classical extension of C.

Proof. The “if”+“in which case” part is by Theorem 6.5. [Conversely, let D be
a Y-disjunctive ~-classical model of C'. We prove that 2 forms a subalgebra of
2 by contradiction. For suppose 2 does not form a subalgebra of 2. Then, by
Theorem 6.5, L, forms a subalgebra of A2, while A is false-singular, whereas B =
(A2[Ly) is a strict surjective homomorphic counter-image of D, in which case it is
V-disjunctive, for D is so. Therefore, as <%, 1) € DB, for A is false-singular, we have
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{(3,1)¥®(0,3),(0,2) VB (1,1)} C DB, in which case we get {1V%0,0V*1} C DA,
and so we eventually get ((0,3) Y® (1,0)) € DB. This contradicts to the fact that
({(0,3),(3,0)} N DF) = @, as required.] O

2
It is remarkable that the Y-disjunctivity of C is not required in the formulation
of Theorem 10.6, making it the right algebraic criterion of C’s being “genuinely
subclassical” in the sense of having a genuinely (viz., functionally-complete) classi-
cal extension. And what is more, collectively with Lemma 10.1 and Corollary 10.2,
it yields the following “disjunctive” analogue of Corollary 9.3:

Corollary 10.7. Suppose A is Y-disjunctive (viz., C is so; ¢f. Lemma 10.1).
Then, C' is ~-subclassical iff either of the following hold:

(i) 64 € Con(R), in which case A/6* is isomorphic to any ~-classical model
of C, and so defines a unique ~-classical extension of C, that is, CTC;

(ii) 2 forms a subalgebra of A, in which case A[2 is isomorphic to any ~-
classical model of C, and so defines a unique ~-classical extension of C,
that is, CFC.

Then, since (A]{~})]2 is the only proper consistent submatrix of A[{~}, by
Corollaries 10.2, 10.7 and Theorem 3.26, we also get:

Corollary 10.8. Suppose A is both (¥, ~)-paracomplete/~-paraconsistent and Y-
disjunctive/ J-implicative (viz., C is so; ¢f. Lemma 10.1/10.3). Then, C has a
proper consistent axiomatic extension iff it is ~-subclassical, in which case CTC is

a unique proper consistent axiomatic extension of C' and is relatively axiomatized
by (2.11)/(10.2).

This covers arbitrary three-valued expansions (cf. Corollary 5.9 in this con-
nection) of Kleene’s|[the implication-less fragment of |Gddel’s three-valued logic
[4]|[2]/both LA, HZ and P!, subsuming Theorem 6.3 of [9].

Likewise, by Theorems 4.1, 7.3, 10.6 and Remarks 2.6(i)a) and 9.4, we get the fol-
lowing “disjunctive” analogue of Corollary 9.6, being essentially beyond the scopes
of the reference [Pyn 95b] of [11], and so becoming a one more substantial advance
of the present study with regard to that one:

Corollary 10.9. Any [~-paraconsistent] three-valued Y-logic having a Y-disjuncti-
ve ~-classical extension (in particular, being both ¥-disjunctive and ~-subclassical;
¢f. Lemma 10.1) has no proper ~-paraconsistent extension [and so is mazimally

so].

On the other hand, as opposed to Corollary 9.6, the condition of being ~-sub-
classical in the formulation of Corollary 10.9 is essential, as it follows from:

Example 10.10. Let ¥ = {~[, V]} as well as A is both false-singular and canonical,
while ~*3 = I [whereas: (V¥ = ((mo]Aa) U ((A%\ A4) x {3})) is commutative,
in which case (2.3), (2.4) and (2.5) are true in A, and so, by Lemma 10.1, C' is
V-disjunctive]. But, Lz forms a subalgebra of 2%, so, by Theorem 7.3, C is not
maximally ~-paraconsistent [and so is not ~-subclassical, by Corollary 10.9]. O

Finally, note that (2.11) is a theorem of C, whenever A is both false-singular
and Y-disjunctive. In this way, by Corollaries 6.8, 8.5 and Theorem 8.1, we get the
following “disjunctive” analogue of Corollary 9.5:

Corollary 10.11. Suppose C is both Y-disjunctive (viz., A is so; cf. Lemma
10.1) and ~-subclassical. Then, C has no [non-jinferentially consistent non-~-
subclassical (viz, not being a sublogic of CYC; cf. Lemma 2.9 and Theorem 6.5)
extension [iff either A is false-singular or {3} does not form a subalgebra of AJ.
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10.3. Paracomplete extensions.

Lemma 10.12. Let B be the subalgebra of A% generated by Ks = {(0,0),(1,1),
<%, )}, B2 (A%B) and C' the logic of B. Suppose C is both Y-disjunctive and
(Y, ~)-paracomplete (viz. Ais so; cf. Lemma 10.1) as well as ~-subclassical. Then,
C' is a non-pseudo-aziomatic (¥, ~)-paracomplete extension of C and is a proper
sublogic of C¥C. Moreover, (i)= (i) (iii)& (iv)& (v)= (vi), where:

(i) Ais implicative;

(i) (1,0) €

(iii) BSZK4— (K3 U{(3,0)});
(iv) neither K3 nor K4 forms a subalgebra of A?;
(v) C"#£C;
(vi) «A

Proof. Since any ~-classical ¥Y-disjunctive X-logic is not (Y, ~)-paracomplete, in
that case, A is truth-singular, while C' is not ~-classical, and so, by Theorem 6.5, 2
forms a subalgebra of 2, while CT is defined by the Y-disjunctive ~-classical (and
so non-(VY, ~)-paracomplete) Y-matrix A[2, whereas D = {(1,1)} # B 2 K3 >
(0,0) # (1,1), and so, by (2.13) and Remark 2.3, C’ is a non-pseudo-axiomatic
consistent extension of C, in which case it is inferentially consistent, and so, by
Theorem 8.1, C’ is a sublogic of C¥¢. And what is more, as 7[K3] = A, (7 B) €
homs(l')’7 A), in which case, by (2.14), B is (¥, ~)-paracomplete, for A is so, and so
is C’, being thus distinct from CFC.

Next, assume A is J-implicative, where 1 is a (possibly, secondary) binary
connective of ¥, in which case, since D4 = {1}, (3 2% 0) = 1 and, as 2 forms
a subalgebra of %, (1 3% 0) = 0, and so (1,0) = ((3,1) 7% (0,0)) € B, for
{(3,1),(0,0)} € K3 C B. Thus, (i)=(ii) holds.

Further, (ii)=-(iii) is by the fact that (1,0) ¢ K4. The converse is by the fact that
o (0,1) = (1,0), while K4 = ((A x 2)\ {(0,1),(1,0)}), whereas 7 [K3] = 2 forms
a subalgebra of 2, in which case m[B] = 2, and so B C (A x 2). Furthermore,
(iii)=-(iv) is by the inclusion K3 C Kj4. The converse is by the fact that any
singleton has no proper non-empty subset, while K5 C B.

Now, assume 2l is regular, while (i) holds. Then, there is some ¢ € Fm3, such
that »%(0,1, é) = 1 and »*(0,1,1) = 0. On the other hand, we have % cC1,
in Wthh case, by the regularity/reflexivity of 2/ C, we get 1 C 0, and so this
contradiction shows that (ii)=-(iv) holds.

Finally, assume (ii) holds. We prove that C’ # C, by contradiction. For suppose
C' = C, in which case A is a finite consistent truth-non-empty Y-disjunctive simple
(in view of Theorem 5.3) model of C’ O C, being, in its turn, weakly Y-disjunctive,
and so being B. Then, by Lemmas 2.7, 2.8 and Remark 2.5, there is some truth-non-
empty submatrix D of B, being a strict surjective homomorphic counter-image of
A, in which case it is both truth-non-empty, (Y, ~)-paracomplete and Y-disjunctive,
for A is so, and so DP = {(1,1)}, while there is some a € D such that D € b £
(a v NQlQa) ¢ DP = {(1,1)}. On the other hand, since m[K3] = 2 forms a
subalgebra of 2, in which case 71[D] C m[B] C 2, by the Y-disjunctivity of A,
we have m1(b) = 1, in which case m(b) # 1, and so we have the following two
exhaustive cases:

e mo(a) = 1.
Then, as (0,0) = ~%°(1,
(1,0) € D, and so (0,1) =
e my(a) = 0.
Then, we also have (1,0) = ~%°(0,1) € D.

is not reqular.

1) € D, we have K3 C D, in which case we get
~2%(1,0) € D.
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Thus, anyway, {(0,1),(1,0)} C (D \ DP), while, by the V-disjunctivity of A,
({0,1) V2" (1,0)) = (1,1) € DP. This contradicts to the Y-disjunctivity of D. Thus,
(v) holds. Conversely, assume (1,0) ¢ B, in which case (m[B) € homg (B, A), and
so C' = C, by (2.13), as required. O

Lemma 10.13. Suppose C is both Y-disjunctive (viz. A is so; ¢f. Lemma 10.1)
and ~-subclassical, while either K3 or K, forms a subalgebra of A%. Then, C has
no proper (¥, ~)-paracomplete non-pseudo-aziomatic extension.

Proof. Let C" be a (Y, ~)-paracomplete non-pseudo-axiomatic extension of C, in
which case (z1 Y ~z1) € T 2 C'(xg) > xo, while, by the structurality of C’,
(ms, T) is a model of C’ (and so of C), and so is its (Y, ~)-paracomplete (and
so consistent) truth-non-empty finitely-generated submatrix B 2 (Fm%, Fm% NT),
in view of (2.13), whereas C' is (¥, ~)-paracomplete (viz., A is so), in which case
it is not ~-classical, and so, by Corollaries 10.2 and 10.7, 2 forms a subalgebra
of 2. Then, since A is Y-disjunctive, and so, being (¥, ~)-paracomplete, is truth-
singular, we have ((1/0)Y®(0/1)) = 1, in which case we get ((1/0)Y*~*(1/0)) =1,
and so (3 V¥ ~%1) = 1 for, otherwise, as ({3,~%1} N DA) = @, we would have
(3 V¥ A1) =0, in which case we would get ({3, 1) v ~m2<%, 1)) =(0,1) ¢ K4, 2
K3, and so neither K3 3 (%, 1) nor K, would form a subalgebra of 2.

Further, by Lemma 2.8, there are some set I, some C € S(.A)! and some subdirect
product D of it, being a strict homomorphic counter-image of a strict homomorphic
image of B, and so a (¥, ~)-paracomplete (in particular, consistent, in which case
I # @), truth-non-empty model of C’, in view of (2.13), for B is so. Take any
a € DP # &, in which case D 3 a = (I x {1}), and so D 3 b= ~®a = (I x {0}).
Moreover, there is some ¢ € D such that, since ((1/0/3)Y* ~%(1/0/3)) = (1/1/3),
(DN{3,1})3d = (cY® ~®¢) ¢ DP, in which case J £ {i € I | m;(d) = 3} # @.
Given any € € A2 set (egler) = ((J x {eo}) U ((I\ J) x {e1})). In this way,
D>a=(111),D>b=(010)and D > d = (311). Consider the following
complementary cases:

o J=1,
in which case, as I # @, {(e,I x {e}) | e € A} is an embedding of A into
D, and so C' C C, by (2.13).

« JAI
Let € be the subalgebra of 22 generated by K3 and £ 2 (A?[E). Then, as
J # @ # (I\J) and {(2) | (z,y) € K5} C D, {{{z, ), (x1y)) | (z,y) € E}
is an embedding of £ into D. Hence, C’ C C, by (2.13) and Lemma 10.12.

O

By Remarks 2.2, 2.3, Lemmas 10.12, 10.13 and Corollaries 6.7, 10.7 and 10.8,
we immediately have:

Theorem 10.14. Suppose C is Y-disjunctive and (¥, ~)-paracomplete (viz., A is
so; ¢f. Lemma 10.1). Then, C has no proper (¥,~)-paracomplete [non-pseudo-
Jaziomatic extension (i.e, C is maximally [non-Jaxiomatically inferentially (¥, ~)-
paracomplete) [iff either {0,1} does not form a subalgebra of 2 or either K3 or Ky
forms a subalgebra of A?].

Likewise, by Remarks 2.2, 2.3, 2.4, Lemmas 10.1, 10.12, 10.13, Corollaries 6.7,
10.2, 6.8, 10.7, 10.8 and Theorem 8.1, we also get:

Theorem 10.15. Suppose C is both Y-disjunctive, (¥, ~)-paracomplete and [not]
~-subclassical as well as has a/no theorem. Then, proper (arbitrary/merely non-
pseudo-axiomatic) extensions of C form the four-element diamond (resp., two-
element chain) [resp., (2(—1))-element chain] depicted at Figure 1 (with merely
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FI1GURE 1. The lattice of proper extensions of C.

solid circles) [(and) with solely big circles] iff either C is not ~-subclassical or either
K3 or Ky forms a subalgebra of A2 {in particular, 2 is reqular; cf. Lemma 10.12},
IC{/+0) |Cé§/1\£0> being V-disjunctive, relatively axiomatized by ((xo F)(x1|(x1 Y ~x1))

and defined by (@|{A12})(U{AI{3}}), respectively.

Perhaps, most representative instances of this subsection are three-valued ex-
pansions (by constants, as regular ones and with Kyj_;; [not] forming a subalgebra
of A?) of Kleene’ logic [4], {the implication-free fragment of} Gédel’s one [2] — as
non-regular (because of negation) ones but with K] [not] forming a subalgebra
of 2?2 — and Lukasiewicz’ one [6] (as an implicative one), having a unique proper
non-pseudo-axiomatic (Y, ~)-paracomplete extension (cf. [17]).

)

11. SELF-EXTENSIONALITY

In case C' is ~-classical, it is self-extensional, in view of Example 3.10. Here, we
mainly explore the opposite case.

First, we have the dual three-valued ~-super-classical ¥-matrix 9(A) = (A, {1}U
({3} N (A\ D#))), in which case it is false/truth-singular iff A is not so, while:

(04 N ePANY = A . (11.1)

Likewise, set A1) = (A, {[3(—3 +),]a}), where a[(,b)] € A, in which case
(0(A)/A) = A4}, whenever A is [not] false-/truth-singular, while:

(04 N gAC-DIH) = Ay, (11.2)
for all 7 € 2.
Further, given any i € 2, put h; £ (A2 U{(1,4)}) : (3+2) — 2, in which case:
hoh[DA] = DY, (11.3)

whenever A is false-/truth-singular.
Finally, let h1— : (3+2) — (3+2),a+— (1 — a), in which case:

hiY[DAi+] = DAG-oi+, (11.4)
for all 7 € 2.

11.1. Conjunctive logics. Below, we use tacitly the following preliminary obser-
vation:

Remark 11.1. Suppose C is A-conjunctive, non-~-classical (in which case A is
simple; cf. Theorem 5.3) and self-extensional. Then, by Corollary 3.12(i)=-(ii),
2, being finite, is a A-semilattice with b2, in which case, as 0 ¢ D*, by the A-

conjunctivity of A, we have b% = (b2 A% 0) ¢ DA. O

Lemma 11.2. Suppose C' is A-conjunctive, non-~-classical (in which case A is
simple; cf. Theorem 5.3) and self-extensional. Then,

1
5 <AL (11.5)

Moreover, the following are equivalent:
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(in particular, A is false-singular);

Ml
— o= O

IN N
>10 >12

1

0
0 E’.

2 forms a subalgebra of 2U;

hi— & hom(2(,2A);

ho/1 € hom(2A, ), whenever A is false-/truth-singular.

Proof First, we prove (11.5) by contradiction. For suppose % #«2 1, in which case
b2 # 1, and so £ 2 b2 = 0. Then, Ay is A-conjunctive, and so, being truth-non-
empty, is a model of C, by Corollary 3 12, in which case, by Lemmas 2.7 and 2.8,
there are some non-empty finite set I, some C € S, (.A)I , some subdirect product
D of it, some X-matrix £, some h € homg(A%,E) and some g € hom§(D, €), in
which case D is truth-non-empty, for A% is so, and so, by the following claim,

{I x{c}|ce2} CD:

Claim 11.3. Let I be a finite set, C € S.(A)! and D a truth-non-empty subdirect
product of it. Then, {I x {c} |ce€ 2} C D.

Proof. Consider the following complementary cases:
e A is truth-singular,
and so is D, being also truth-non-empty, in which case a £ (I x {1}) € DP,
and so D 2 b2 ~®a = (I x {0}).
e A is false-singular.
Then, by Lemma 3.1, we have b = (I x {0}) € D, and so D 3 a = ~®b =
(I x {1}). O

Given any Y-matrix H, set H' = (H[{~}). In this way, D’ is a submatrix of
(A, while h € hom$(A,,£&’), whereas g € hom3(D’,£’). And what is more, 2
2

forms a subalgebra of . Then, as [ # @, e = {{c, I x {c}) | ¢ € 2} is an embedding
of C £ (A’12) into D/, in which case f £ (goe) € hom3(C,£’) is injective, by Remark
2.5, for C, being ~-classical, is simple. Hence, F' = (img f) forms a subalgebra of &,
in which case f is an isomorphism from C onto F £ (£'F), and so F is ~-classical,
for C is so. Then, G £ h~'[F] forms a subalgebra of ', in which case h[G is a
strict surjective homomorphism from G £ (A’% IG) onto F, and so G is both truth-

non-empty and ~-negative, for F, being ~-classical, is so as well as truth-singular,
for A', is so. Therefore, DY = {1}, in which case ~*3 € (G\ DY) = (2N G), and

SO wamé = 1. This contradicts to the fact that ~ [2] C 2 ¥ 1, in which case
(11.5) holds, and so does (iv)=(iii).

Next, (i)<(ii) is immediate, while (iv) is a particular case of (i). Conversely, if
(iii) did hold but (ii) did not so, in which case the ~-paraconsistent (in particular,
truth-non-empty) X-matrix A; ¢ was A-conjunctive, and so, by Corollary 3.12, was
a model of C, then C would be ~-paraconsistent, that is, A would be so, in which
case this would be false-singular, and so (i) would hold. Therefore, (iii)=-(i) holds.
Thus, we have proved that (i,ii,iii,iv) are equivalent to one another.

Further, by the A-conjunctivity of A and the fact that 0 ¢ DA 3 1, we have:

(1A% 0) # 1. (11.6)
ep fees . 7g1 ~A _ 1
Therefore, if (iii) does not hold, that is, (1 A* 0) # 0, then, by (11.6), (1A™0) = 3,

in which case (v) does not hold, and so (v)=-(iii) holds. Conversely, assume (i)
holds. We prove (v) by contradiction. For suppose 2 does not form a subalgebra of
2. Then, there is some ¢ € Fm3, such that ¢*(0,1) = 1. Moreover, by (11.5) and
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(i), O(A) is A-conjunctive, in which case, by Corollary 3.12; it, being truth-non-
empty, is a model of C, and so, by Lemmas 2.7 and 2.8, there are some non-empty
finite set I, some C € S,(A)!, some subdirect product D of it, some Y-matrix &,
some h € homg(9(A), &) and some g € hom§ (D, &), in which case D is truth-non-
empty, for A(A) is so, and so, by Claim 11.3, (a/b) = (I x {0/1}) € D. Then,
D 3 ¢®(a,b) = (I x {3}, in which case, as I # @, e = {{c,I x {c}) | c € A} is an
embedding of A into D, and so g o e is that into £, in view of Remark 2.5. In this
way, A is false-/truth-singular, whenever 9(.A) is so. This contradiction shows that
(v) holds. Thus, (i,ii,iii,iv,v) are equivalent.

Now, assume (vi) does not hold. In that case, if (iii) did hold, then we would
have 1 = hy_(0) = h;_(0 A% 1) = (hy_(0) A* hy_(1)) = (1 A% 0) = 0. Therefore,
(iii)=-(vi) holds. Conversely, assume (i,ii,iii,iv,v) do not hold. In particular, there
is some ¢ € Fm3, such that ¢®(0,1) = 3. Moreover, A is then A-conjunctive,
and so, being truth-non-empty, is a model of C, by Corollary 3.12, in which case,
by Lemmas 2.7 and 2.8, there are some non-empty finite set I, some C € S, (A)!,
some subdirect product D of it, some Y-matrix £, some h € homg (A, £) and some
g€ homg(D, £), in which case D is truth-non-empty, for Ay is so, and so, by Claim
11.3, (a/b) £ (I x {0/1}) € D, in which case D > ¢®(a,b) = (I x {3}). Hence,
as [ # @, e = {{c,I x {c}) | ¢ € A} is an embedding of A into D, in which case
f £ (goe) is that into &, by Remark 2.5, and so 3 = |A| < |E| < |A| = 3. Therefore,
|E| = 3, in which case h is injective, while (img f) = E, and so i = (h~! o f) is an
isomorphism from A = A; onto Ag. In this way, since D44 = {d}, for all d € A,
we have i(1) = 0, in which case we get i(0) = i(~*1) = ~%i(1) = ~20 = 1, and
so i(3) = 1. Thus, hom(2,2A) 5 i = hy_, in which case (vi) does not hold, and so
(i,i1,iii,iv,v,vi) are equivalent.

Finally, assume (vii) holds. Then, in case A is false-singular, (i) holds. Oth-
erwise, hj E hom(2(, ), in which case, if () did not hold, then we would have
(3 A%0) = 1, and so we would get 1 = hi(3) = hi(2 A% 0) = (h1(3) A% he(0)) =
(1A%0) # 1, by (11.6). Therefore, anyway, (i,ii,iii,iv,v,vi) hold. Conversely, assume
(i,ii,iii,iv,v,vi) hold. Then, by (v)7 2 forms a subalgebra 2, while, by (11.5) and (i),
9(A) is A-conjunctive, and so, being truth-non-empty, is a model of C', by Corollary
3.12. Consider the following complementary cases:

e A is false-singular.

Consider1 the following complementary subcases:

- 2l =y

The2n, A is ~-negative, in which case, by Remark 2.6(i)a), it, being
A-conjunctive, is A~-disjunctive, and so, by Corollary 3.12, 2 is a
distributive (A, A~)-lattice, in which case b2. = 1, and so 9(A) = A, is
A~-disjunctive, for 0 <% 1 <% 1 by (11.5) and (i). Hence, by Lemmas
2.7, 2.8, 5.1 and Remark 2.5, there is some h € homg(9(A),.A). Then,
as A is false-singular, h[{2,0}] = h[A\ @] C (4\ DA) = {0}, in
which case h(1) = h(~%0) = ~*h(0) = ~*0 = 1, and so hom(2(,2A) >

h = hy.

- ~AL 0.
Then, by (11.5), 3 <% ~*1 in which case £ = (3 A% 911)7 and
so (5 AT ~ mé) = ~%1 € DA Likewise, ~*(i A% ~%i) =1 €

D4, for all i € 2. Hence, ~(z; A Ngcj) € C(@), for each j € 2.
Therefore, by Lemma 3.19, ~#1 = ~# (LA A1) = ~H(1A% A1) =

1. Then, 0(A) = A; is ~-negative, in Wthh case, by Remark 2.6(i)a),
it, being A-conjunctive, is A~-disjunctive, and so J-implicative, where
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(g O x1) 2 (~wg A~ x1). Consider the following complementary
subsubcases:
* O(A) is not simple.
Then, by Lemma 5.1, there are some ~-classical ¥-matrix B and
some e € hom$((A),B). Therefore, by (2.13) and Theorem
6.5, there is some isomorphism ¢ from B onto A[2, in which case
h = (ioe) € homg(A(A),.AJ2), and so hom(2,2) > h = hy.
* O(A) is simple.
Then, by Lemma 5.1, 9(A) is hereditarily simple, in which case,
by Corollary 3.5, it has a unary binary equality determinant
e, and so e = {¢ T3¢ | (¢ F ) € ¢} is an axiomatic binary
equality determinant for it. Moreover, C 2 (A[2) = (9(A)[2),
and so, by Lemma 3.4, € is an equality determinant for C too.
And what is more, by Lemmas 2.7, 2.8 and Remark 2.5, there
are some non-empty set I, some submatrix D of A’ and some
g € hom(D,d(A)). Then, as 1 € (A\ D?A), there is some
a € (D \ DP) such that g(a) = 3. On the other hand, ~*1 =
1 € D? in which case b2 ~2q € DP andsoa € {3,031, Let
JE{iel|m(a)=14}#1I, for a ¢ DP, while 3 € DA. Given
any d € A2, set (doidy) = ((J x {do}) U((I\J) x {d1})) € AL,
in which case a = (3 10), and so b = (111). Let us prove, by
contradiction, that J # &. For suppose J = &. Then, (I x{1} =
be D >a=(Ix{0},in which case, as [ # @, e = {{c,I x {c}) |
c € 2} is an embedding of C into D, and so f = (goe) is that
into d(A). In that case, E = (img f) forms a subalgebra of 2.
On the other hand, a € (imge), in which case 1 = g(a) € E, and
so E = A, for 2 is generated by {1}, because (~%)?771 = j, for
all j € 2. Thus, f is an isomorphism from C onto 9(A). This
contradicts to the fact that |C| = 2 # 3 = | A|. Therefore, J # .
Let B be the subalgebra of A% generated by {(3,0)}. Then, as
J# @ # (I\J)and (310) =a € D, ¢ £ {{{c,d),(c1d)) |
{c,d) € B} is an embedding of B = (A?[B) into D, in which
case [ £ (go¢') € hom3(B,0(A)), for f'[{(5,0)] = gl{a}] =
{3} generates A. Moreover, ¢ £ (m1|B) € hom®(B,C), for
g'[{(3,0)] = {0} generates €, because ~%0 = 1. Then, since ¢ is
an axiomatic equality determinant for both 9(A) and C, by (3.1),
we have (ker f) C (ker ¢’), in which case, by the Homomorphism
Theorem, h £ (¢' o f'~") € hom(8(A),C), and so, since D¢ =
{1}, we get h(1) = 1. Hence, h(0) = h(~*1) = ~¥h(1) =
~%1 =0, while 1 = h(1) = h(~*3) = ~*h(3), in which case, as
h(3) €2, h(3) = ~*~*h() = ~*1 =0, and so hom(2,2A) >
h = ho.
e A is truth-singular,
Then, by Lemmas 2.7 and 2.8, there are some set I, some submatrix D of
AT some S-matrix &, some g € hom3(D, €) and some f € hom3(d(A), &),
in which case € is truth-singular, for A is so, and so f(1) = f(3). Hence,
f is not injective, in which case, by Remark 2.5, 9(A) is not simple, and
so, by Lemma 5.1, there are some ~-classical X-matrix B and some e €
hom$ (8(A), B). Therefore, by (2.13) and Theorem 6.5, there is some iso-
morphism i from B onto A[2, in which case h = (ioe) € homg(9(A), A[2),
and so hom(A,2A) 5 h = h;. O
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Theorem 11.4. Suppose both C is both A-conjunctive (viz., A is so) and not
~-classical (in which case A is simple; cf. Theorem 5.3), and A is false-/truth-
singular. Then, the following are equivalent:
(i) C is self-extensional;
(ll) hO/(1|1—) S hom(?l, Q(),
(111) Al/(1+|0) S MOd(C)

Proof. First, (i)=(ii) is by Lemma 11.2. Next, (ii)=-(iii) is by (2.13), (11.3) and
(11.4). Finally, (iii)=(i) is by Theorem 3.9(vi)=-(i), (11.1) and (11.2). O

First, by Theorem 6.5 and Lemma 11.2, we immediately have:

Corollary 11.5. Suppose both C' is both A-conjunctive (viz., A is so) and self-
extensional, and A is false-singular (in particular, ~-paraconsistent [viz., C is so]).
Then, C is ~-subclassical.

Corollary 11.6. Suppose C is both N-conjunctive, self-extensional and ~-subclas-

: A1 4 1
sical. Then, ~=35 # 3.
Proof. By contradiction. For suppose ~*1 = 1 in which case (~*1 € DA) &

(% € DA), in which case A is not ~-negative, and so, by Theorem 5.3, C' is not ~-
classical. Hence, by Corollary 9.2 and Lemma 11.2, hy/; € hom(2,2l), whenever A
is false-/truth-singular. Therefore, (1/0) = ~*(0/1) = ~%hg,1(3) = ho/1(~*3) =
ho/1(3) = (0/1). This contradiction completes the argument. O

Corollary 11.7. Suppose A is both A-conjunctive (viz., C is so) and not ~-
negative, unless C is ~-classical. Then, C is both self-extensional and ~-sub-
classical iff both C' has PWC with respect to ~ and either C is ~-classical or 2 is
a N-semilattice satisfying (11.5).

Proof. First, assume C' is both self-extensional and ~-subclassical. Consider the
following complementary cases:

e ( is ~-classical.
Then, by Remark 2.6(i)b), C has PWC with respect to ~.

e (' is not ~-classical.
Then, C is A-conjunctive, in which case, by Lemma 11.2 and Corollary
9.2, A is a A-semilattice satisfying both (11.5) and 0 < 1, and so ~* is
anti-monotonic with respect to <. Hence, by Theorem 3.12(i)=(ii), C
has PWC with respect to ~.

Conversely, assume both C' has PWC with respect to ~ and either C' is ~-classical
or 2 is a A-semilattice satisfying (11.5). Consider the following complementary
cases:
e (' is ~-classical.
Then, it is, in particular, ~-subclassical as well as self-extensional.
e (' is not ~-classical.
Then, A is both A-conjunctive and non-~-negative as well as false-/truth-

singular, in which case ~%% # (0/1), and so DI = (Nm)fl[A \ DA,
while 2 is a A-semilattice satisfying (11.5). Consider any ¢ € Fms, any
¥ € C(¢), in which case ~¢ € C(~1), and any h € hom(Fms) such that
h(¢) € D?™in which case h(~¢) ¢ DA, and so h(~v) ¢ DA, that is,
h(p) € DA, Thus, (A) is a (2\ 1)-model of C. In particular, it is weakly
A-conjunctive, for C' is so. Moreover, by (11.5) and the idempotencity
identity for A true in A, D2 is closed under A%, in which case Ay =

9(A) is A-conjunctive, and so, by Lemma 3.11, is a model of C. Hence,
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by Theorem 11.4(iii)=-(i), C is self-extensional. Finally, if it was not ~-
subclassical, then, by Lemma 11.2 and Corollary 9.2, A would be truth-
singular, while h;_ would be an endomorphism of 2, in which case, by
(2.13) and (11.4), Ap4 would be a model of C, and so the latter would not
be A-conjunctive, for the former is not so, because of (11.5). g

11.1.1. Both conjunctive and disjunctive logics.

Corollary 11.8. Suppose both C' is both A-conjunctive and Y-disjunctive (viz., A
is so; ¢f. Lemma 10.1), and both C' is not ~-classical and A is false- /truth-singular.
Then, the following are equivalent:

(i) C is self-extensional;
(ii) hos1 is an endomorphism of A;

(iii) O(A) € Mod(C).

Proof. First, assume (i) holds. Then, by Theorem 3.12(i)=-(ii), 2 is a (A, ¥)-lattice,
in which case, as A is finite, b¥ is the greatest element of the poset (A, <), while,
as 1 € DA, whereas A is V-disjunctive, we have ¥ = (1V*bH) € DA, and so,
by Lemma 11.2(11.5), we get b¥ = 1. In particular, 0 <% 1. In this way, Lemma
11.2(iii) = (vii) yields (ii).

Next, (ii)=-(iii) is by (2.13) and (11.3). Finally, (iii)=-(i) is by Theorem 3.9(vi)=
(i) and (11.1). O

This positively covers [the implication-less fragment of] Godel’s three-valued
logic [2]. As for its negative instances, as a first one, we should like to highlight
P!, in which case 2 has no semilattice (even merely idempotent and commutative)
secondary operations, simply because the values of primary ones belong to 2. Like-
wise, three-valued expansions of HZ are not self-extensional, because, in that case,
though A, being false-singular, is neither A-conjunctive nor V-disjunctive, simply
because 2 is a (A, V)-lattice but with distinguished zero, 2 is a (V~, A™)-lattice
with zero 0 and unit % — it is this non-artificial instance that warrants, in gen-
eral, considering the case, when 1 is not a unit of the (A, V)-lattice 2. As to more
negative instances of Corollary 11.8, we need some its generic consequences.

First, as (imghgy/1) = 2, by Theorem 6.5 and Corollary 11.8, we immediately
have:

Corollary 11.9. Suppose C is both A-conjunctive and Y-disjunctive (viz., A is so;
cf. Lemma 10.1) as well as self-extensional. Then, C is ~-subclassical.

The condition of (A/C)’s being false-singular/~-subclassical/¥-disjunctive can
not be omitted in the formulation of Corollary 11.5/11.6/11.9, as it is demonstrated
by:

Example 11.10. Let A be both canonical and truth-singular, ¥ = {A, ~}, ~#1 =

1
5 and

if a =0,

otherwise,

(a/\mb)é{clb

for all a,b € A. Then, <~m0,~2%> = <1,%> ¢ 64 > <O,%>, in which case 94 ¢
Con(2), while (0 A% 1) = £ ¢ 2, in which case 2 does not form a subalgebra of 2,
and so, by Theorem 5.3, C' is not ~-classical. On the other hand, A is A-conjunctive,
while hy— € hom(2,2), so by Theorem 11.4, C is self-extensional. In particular,

by Corollary 11.6, C' is not ~-subclassical. O
First, by Corollaries 11.7 and 11.9, we immediately have:
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Corollary 11.11. Suppose A is both A-conjunctive and Y-disjunctive (viz., C is so;
cf. Lemma 10.1) as well as not ~-negative (in particular, either ~-paraconsistent
or (¥, ~)-paracomplete [viz., C is so]), unless C is ~-classical. Then, C is self-
extensional iff both C' has PWC with respect to ~ and either C is ~-classical or 2
is a N-semilatlice satisfying (11.5).

Likewise, by Corollaries 11.6 and 11.9, we also get:

Corollary 11.12. Suppose C is both A-conjunctive and Y-disjunctive (viz., A is
s0; cf. Lemma 10.1) as well as self-extensional. Then, ~*1 £ 1

27 2

This negatively covers arbitrary three-valued expansions of Kleene’s three-valued
logic [4] (including Eukasiewicz’ one L3 [6]) and of LP (including LA) as well as of
HZ. On the other hand, three-valued expansions of L3, LA and HZ are equally
covered by the next subsection.

11.2. Implicative logics.

Lemma 11.13. Suppose A is both J-implicative (and so Y+-disjunctive) and
congunctive (in particular, negative; cf. Remark 2.6(i)a)). Then, C is not self-
extensional, unless it is ~-classical.

Proof. By contradiction. For suppose C is both self-extensional and non-~-classical.
Then, by Corollary 11.8, hg/; € hom(2(,2l), whenever A is false-/truth-singular, in
which case 2 = (img hg,1) forms a subalgebra of 2, and so both (3 3% 0) = (0/1)
and ((0/1) 3% 0) = (1/0). Therefore, (0/1) = hos1(0/1) = ho/1(3 T* 0) =
(hos1(3) 2% hos1(0)) = ((0/1) 3% 0) = (1/0). This contradiction completes the
argument. U

Corollary 11.14. Suppose A is both truth-singular and J-implicative. Then, C
is not self-extensional, unless it is ~-classical.

Proof. Then, (a 2% a) = 1, for all @ € A, in which case A is —-negative, where
(=0) £ (v O ~(2o T 20)), and so Lemma 11.13 completes the argument. O

This immediately covers arbitrary three-valued expansions of Ls. The “false-
singular” case is but more complicated. First, we have:

Corollary 11.15. Suppose A is both false-singular and J-implicative. Then, C' is
not self-extensional, unless it is either ~-paraconsistent or ~-classical.

Proof. 1f C' is not ~-paraconsistent, then ~* < = 0, in which case A is ~-negative,
and so Lemma 11.13 completes the argument. O

Lemma 11.16. Let C' be a Y-logic, B € Mod*(C"), a € B and D = (B, {a 0%
a}). Suppose C' is finitary, self-extensional and weakly J-implicattive. Then, © €
Mod(C").

Proof. Let ¢ € C'(@) and h € hom(Fms, B). Then, V £ Var(¢) € p, (V). Take
any v € (V, \ V). Let g € hom(gms,B) extend (h[V)U [v/a]. Then, as, by (2.6),
(v O w) € C'(2), by Lemma 3.19, we have h(p) = g(p) = g(v 3v) = (a 2% a) €
DP | and so D € Mod;(C"). Moreover, as, by (2.6), (zo 3 z9) € C'(2), by (2.7)
and (2.8), we have ((zo J o) J 1) =& 21, in which case, by Corollary 3.8, we get
(a 2% a) 2% b) = b, for all b € B, and so (2.8) is true in D. By induction on any
n € w, we prove that D € Mod, (C"). For consider any X € p,(Fms), in which
case n # 0, and any ¢ € C(X). Then, in case X = &, we have X € p;(Fm$),
and so ¥ € Cnp(X), for D € Mod; (C”). Otherwise, take any ¢ € X, in which
case Y £ (X \ {#}) € pn_1(Fm$), and so, by DT with respect to ~, that C has,
and the induction hypothesis, we have (¢ 3 9) € C(Y) C Cnp(Y). Therefore,

21
2
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by (2.8)[zo/¢,x1 /9] true in D, we eventually get ¢ € Cnp(Y U {¢}) = Cnp(X).
Hence, since w = (|Jw), we have D € Mod,,(C”), and so D € Mod(C"), for C'is
finitary. (|

Theorem 11.17. Suppose A is both J-implicative (viz., C is so; ¢f. Lemma 10.3),
simple (i.e., C is not ~-classical; c¢f. Lemma 5.1 and Corollary 10.2) and false-
singular. Then, the following are equivalent:

(i) C is self-extensional;
(ii) Ay € Mod(C) is ~-paraconsistent;
(iii) L3 forms a subalgebra of A2, A2[Ls being isomorphic to U;
(iv) ~% is an automorphism of Ql,
v) hi_ is an endomorphism of U;
(vi) Ao+ € Mod(C).

Proof. First, assume (i) holds. Then, by Corollary 11.15, C' is ~-paraconsistent,
in which case ~* 0. Moreover, by (2.6), a = (3 3% 1) e DA={}1} Ifa
was not equal to 1 then it would be equal to 1, and so would be (b 3% b), for any
b€ A, in view of (2 6) and Lemma 3.19, in Wthh case A would be —-negative, where
(m20) £ (xo 3 ~(z0 3 x0)), contrary to Lemma 11.13. Therefore, a = 5. Hence, by
Lemma 11.16, A; € Mod(C'). Moreover, by (2.6) and Lemma 3.19, (b 0%p) =1
for all b € A, in which case ~*(b 3% b) € D4, and so ~(z¢ 3 x9) € C(2). Thus,
by (2.6) and Lemma 3.19, ~®a = a, in which case A% is ~-paraconsistent, and so
(ii) holds.

Next, assume (ii) holds, in which case, as Ay is truth-singular, by Theorem 7.3,
L3 forms a subalgebra of A%, while {1} forms a subalgebra of 2, and so ~*$ = 1.
Then, T £ {xg,~z} is a unary unitary equality determinant for A, in which
case, by the J-implicativity of A, {¢ T ¢ | (¢ F ) € ex} is an axiomatic binary
equality determinant for 4, and so, by Lemmas 2.7, 2.8, 3.3, 3.4, 3.6 and Remark
2.5, there are some set I, some submatrix B of A!, and some h € homS(A%,B).
Let a £ h(3) and b £ h(0), in which case ~®a = h(3) and ~®b = h(1), and
so {a/b,~®(a/b)} C (DB/(B\DB)). Hence, a = (I x {3}) and J £ {i € I |

mi(b) =0} # @ # K & {i € I | m(b) = 1}. Then, e : A2 — Al (¢,d) —
(I x{cHU(K x{d})U((I\(JUK))x{3})) is injective. Moreover, e({(3,1)) =a € B,
and, for each i € 2, e((i,1—1i)) = (Nm)ib € B. Therefore, since {3} forms a
subalgebra of A, g £ (e[L3) is an embedding of D £ (A2?[L3) into B, in which case
3=|A| < |B| =|h[4]| < |A| =3, and so |B| = 3. In this way, h is injective, while
(img g) = B, in which case g~ ! oh is an isomorphism from A% onto D, and so from
2 onto ®. Thus, (iii) holds.

Further, assume (iii) holds, in which case {3} forms a subalgebra of 2, and

SO NQ% = % Let e be any isomorphism from 2 onto B £ (A2[L3). Then, as
Bi,1—i) = (1—i,i) # (i,1—1i), for all i € 2, we have e(3) = (3,1), in

which case we get e[2] = (22 \ Ay), and so there is some j € 2 such that e(i) =
{(4,1),(1 — 4,1 — i)}, for each i € 2. In this way, ~* = (m1_; o €) € hom(2, ) is
bijective. Thus, (iv) holds.

Now, assume (iv) holds. Then, ~*[A4/2] = (A/2), in which case ~%
so hi— = ~% € hom(2,2l). Thus, (v) holds.

Furthermore, (v)=-(vi) is by (2 13) and (11.4). Finally, (vi)=-(i) is by (11.2) and
Theorem 3.9(vi)=(i). O

oL

, an

N[

1
2

First, by Theorems 7.3, 11.17 and Corollaries 11.14 and 11.15, we have the
following refinement of the latter:
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Corollary 11.18. Suppose C is both J-implicative (viz., A is so; c¢f. Lemma
10.3) and self-extensional. Then, it is non-mazimally ~-paraconsistent, unless it
is ~-classical.

In particular, by Corollaries 9.6 and 11.18, we have the following minor refine-
ment of Lemma 11.13:

Corollary 11.19. Suppose C is both J-implicative (viz., A is so; ¢f. Lemma 10.3)
and self-extensional. Then, it is not weakly conjunctive, unless it is ~-classical.

Likewise, as opposed to Corollary 11.9, by Corollaries 10.9 and 11.18, we have:

Corollary 11.20. Suppose C' is both J-implicative (viz., A is so; ¢f. Lemma 10.3)
and self-extensional. Then, it is ~-subclassical iff it is ~-classical.

Furthermore, as opposed to Corollary 11.12, we have:

Corollary 11.21. Suppose C is both J-implicative (viz., A is so; ¢f. Lemma 10.3)
and self-extensional. Then, Nm% =1

5

Proof. If Nm% was not equal to %, then it would be equal to some ¢ € 2, in which

case, since, by Theorem 11.17, h1_ € hom (2, ), we would have (1 —1i) = hy_(i) =

hl_(wﬂ%) = N%hl_(%) = Nﬁ% = . O
Likewise, as opposed to Corollary 11.11, we have:

Corollary 11.22. Suppose C is J-implicative (viz., A is so; c¢f. Lemma 10.3).
Then, it has PWC with respect to ~ iff A is ~-negative. In particular, any im-
plicative ~-paraconsistent/ both ¥-disjunctive and (¥, ~)-paracomplete X-logic with
subclassical negation ~ does not have PWC with respect to ~.

Proof. The “if” part is by Remark 2.6(i)b). The converse is proved by contradic-
tion. For suppose C' has PWC with respect to ~, and A is not ~-negative. Without
loss of generality, one can assume that 3 € 3, in which case ¥/ = {J,~} C ¥, and
so A" £ (A]Y) is both three-valued, ~-super-classical, J-implicative and non-~-
negative as well as defines the Y'-fragment C’ of C. Then, C’ is both J-implicative
and, by Remark 2.6(ii), Lemma 5.1 and Corollary 10.2, non-~-classical, for A is
non-~-negative, as well as has PWC with respect to ~. In particular, for any
(¢,0) € =¢, and any ¢ € Fm$, we have both ~¢ =2, ~1), (¢ T ¢) =2, (¥ T ¢)
and (¢ 3 ¢) =& (¢ J). Therefore, C’ is self-extensional. Hence, by (2.6), Corol-
lary 11.14 and Theorem 11.17(i)=-(ii), both o 3 z¢ and ~(xz¢ 3 x¢) are theorems
of C'. Then, we have (o Jx¢) € C'(&) C C’'(x¢), in which case, by PWC, we get
~xg € C'(~(xg T x0)) € C' () C C'(x0), and so, by (2.15) with n = 1 and m = 0,
~ is not a subclassical negation for C’. In this way, Theorem 4.1/ and Lemma 10.1
complete the argument. O

Finally, existence of a self-extensional J-implicative ~-paraconsistent three-va-
lued X-logic with subclassical negation ~ is due to:

Example 11.23. Let A be both canonical and false-singular, ¥ = {D,~} with
binary D, NQ‘% = % and

(a D" p) £ 2 Ha=b
b otherwise,

for all a,b € A. Then, A is both J-implicative and ~-paraconsistent, and so is
C. And what is more, h;— € hom(2,2), and so, by Theorem 11.17, C is self-
extensional. 0
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