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PREFACE

OFER ARIELI
School of Computer Science, The Academic College of Tel-Aviv, Israel
oarieli@mta.ac.il

ANNA ZAMANSKY
Department of Information Systems, University of Haifa, Israel
annazam@is.haifa.ac.il

This special issue of the Journal of Applied Logics contains revised and extended
versions of selected papers presented at the Israeli Workshop on Non-Classical Logics
and Their Applications (Isralog’2017). The workshop took place on October 15—
17, 2017 at the University of Haifa, Israel. It is the third edition of the Isral.og
workshops, following the first meeting, held in Tel-Aviv University in November
2012, and the second meeting, which also took place in Haifa University, in October
2015. Post proceedings of these workshops have appeared as special issues of the
Journal of Logic and Computation (Volume 26, Issue 1, February 2016) and the
Logic Journal of the IGPL (Volume 24, Number 3, June 2016), respectively.

The main theme of the Isral.og workshops is the investigation of non-classical
logics in general, and their application to computer science in particular. Triggered
by a publication of a handbook on paraconsistent logics!, the last edition of the
meetings focused on reasoning with incomplete and inconsistent information. It
featured four keynote talks by Didier Dubois (Paul Sabatier University), Michael
Dunn (Indiana University), Edwin Mares (University of Wellington) and Daniele
Mundici (University of Florence), as well as 33 selected presentations, given by
world-wide experts in the areas from 15 countries and 4 continents.

Following the workshop, the papers in this volume were thoroughly reviewed and
revised through a peer-refereeing process. A short summary of the accepted papers
is provided below.

'A. Avron, O. Arieli, and A. Zamansky. Theory of Effective Propositional Paraconsistent Logics,
Studies in Logic, volume 75 (sub-series: Mathematical Logic and Foundations), College Publica-
tions, 2018.
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ARIELI AND ZAMANSKY

e Diana Costa, Manuel Martins and Joao Marcos show how quantified hybrid
logic (an extension of modal logic which is expressive enough to allow refer-
ring to specific states of the associated possible worlds semantics) may be
formalised by introducing Skolem functions. Then they introduce two variants
of Herbrand’s theorem for the "clausal-like" resulting formulas.

e Leonid Devyatkin considers a well-studied class of paraconsistent logics, ob-
tained by extending the positive fragment of classical logic (consisting of con-
junction, disjunction and implication), with a paraconsistent negation and
possibly other operators. In particular, he investigates (countable) three- and
(continual) four-valued matrices that are obtained in this way.

e Nissim Francez and Michael Kaminski present a systematic method of con-
structing natural deduction calculi for n-valued propositional logics from the
truth tables for the connectives. The natural deduction systems are built
from polysequents, which allow for explicitly referring to the truth-value of a
formula. A general soundness and strong completeness theorem for the full
consequence relation over polysequents is shown, and special cases for two
3-valued logics are considered.

e Oleg Grigoriev studies logical systems with two-dimensional truth values,
which have ontological and epistemic parts. This induces a lattice with four el-
ements, resembling the well-known Dunn-Belnap’s structure. This structure is
then extended to a 9-element distributive lattice, and a corresponding sound
and complete axiomatization is provided, capturing the bipartite nature of
truth values through two weak negations. A variation in which distribution
scheme is omitted from the set of axiomatic schemata is also considered.

e Jesse Heyninck analyzes the relations between two paradigmatic formalisms to
modelling defeasible reasoning: assumption-based argumentation and adaptive
logic. It is shown how every (finite) assumption-based argumentation frame-
work can be modelled as a sequential combination of adaptive logics, using a
specific translation and a modal semantics to construct the appropriate adap-
tive logics. As a consequence, since it is already known that adaptive logics
can be translated into assumption-based argumentation, the two frameworks
are shown to be tightly related.

e Beata Konikowska and Arnon Avron study the logical aspects of covering-based
rough sets, which are a generalization of the standard concept of Pawlak’s
rough sets, based on an arbitrary covering of the universe of objects instead
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PREFACE

of a partition. This is done by a three-valued logic with an analytic strongly
sound and complete proof system based on a Gentzen-style sequent calculus.

e Daniele Mundici investigates some algebraic properties of de Finetti’s notion
of coherence, which is the basis of de Finetti’s theory of probability. In partic-
ular, he studies preservation of coherence under quotients, definitions by fresh
variables, and modifications of betting odds.

e Nenad Savi¢ and Thomas Studer develop the logic RJ4 that combines the
relevant logic R and the modal justification logic J4. It is shown that RJ4
overcomes some paradoxical situations that are obtained by justification logics
that are based on classical logic. The logic is described in terms of a corre-
sponding class of models and an axiomatic system, with respect to which it is
sound and complete.

e Yaroslav Shramko provides another study in this volume of logics that emerge
from Dunn-Belnap’s four-valued logic. In particular, he examines logics in
which three out of the four-values are designated (i.e., only pure falsity is left
out), and their dual logics, in which only the value representing pure truth
is designated. The dualization is carried out through corresponding proof
systems, and soundness and completeness results are established with respect
to a four-valued semantics.

We would like to thank the authors of the submitted papers for their valu-
able time and expertise devoted to writing contributions to this volume. It is
also our pleasant duty to cordially thank all those who have acted as reviewers
of the manuscripts submitted to this volume: Katalin Bimbo, Krysia Broda, Walter
Carnielli, Davide Ciucci, Andrea Cohen, Marcelo Coniglio, Michael Dunn, Andreas
Herzig, Jesse Heyninck, Hykel Hosni, Tomas Kroupa, Roman Kuznets, A. Mani,
Thiago Nascimento da Silva, Hitoshi Omori, Frederik Van De Putte, Revantha Ra-
manayake, Yaroslav Shramko, and Richard Zach.

The workshop, as well as the preparation of this volume, were supported by
the Israel Science Foundation under grant number 817/15. We are also grateful
to the Caesarea Rothschild Institute for Computer Science for their support with
the organization of Isral.og’2017, and thank Dov Gabbay and Jane Spurr for their
valuable help with the preparation of this volume.
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ON HERBRAND’S THEOREM FOR HYBRID LOGIC

DiaNA CoOSTA, MANUEL A. MARTINS
CIDMA — Center for RED in Mathematics and Applications, Department of
Mathematics, University of Aveiro, Portugal
{dianafcosta,martins}@ua.pt

JOAO MARCOS
Department of Informatics and Applied Mathematics, Federal University of Rio
Grande do Norte, Brazil
jmarcos@dimap.ufrn.br

Abstract

The original version of Herbrand’s theorem [8] for first-order logic provided
the theoretical underpinning for automated theorem proving, by allowing a
constructive method for associating with each first-order formula x a sequence
of quantifier-free formulas x1, x2, X3, - -+ so that x has a first-order proof if and
only if some x; is a tautology. Some other versions of Herbrand’s theorem have
been developed for classical logic, such as the one in [6], which states that a
set of quantifier-free sentences is satisfiable if and only if it is propositionally
satisfiable. The literature concerning versions of Herbrand’s theorem proved in
the context of non-classical logics is meager. We aim to investigate in this paper
two versions of Herbrand’s theorem for hybrid logic, which is an extension of
modal logic that is expressive enough so as to allow identifying specific sates of
the corresponding models, as well as describing the accessibility relation that
connects these states, thus being completely suitable to deal with relational
structures [3]. Our main results state that a set of satisfaction statements is
satisfiable in a hybrid interpretation if and only if it is propositionally satisfiable.

1 Introduction

Hybrid logics [3] are a breed of modal logics that provide appropriate syntax for
referring to the associated possible-worlds semantics through the use of nominals.
The latter, in particular, add to the modal description of relational structures the
ability to refer to specific states. If modal logics have been successfully employed in
specifying reactive systems, the hybrid component adds to them enough expressivity

Vol. 6 No. 2 2019
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CosTA, MARTINS AND MARCOS

so as to refer to individual states and to reason about the system’s local behavior
at each of these states. Hybrid logics turn out thus to be strictly more expressive
than their modal fragments. For example, irreflexivity (i — —<14), asymmetry (i —
—<O<O1) or antisymmetry (¢ — O(<Oi — 1)) are properties of the underlying transition
structure which fail to be definable in standard modal logic (see [4]). Nonetheless,
for the propositional case the satisfiability problem for hybrid logics is still decidable.

An important feature of hybrid logics that will play a central role in our approach
is the fact that they allow for the specification of Robinson Diagrams [2]. Indeed,
in these logics one may: (1) express equality between states named by i and j (note
that @Q;j intends to affirm that the states named by ¢ and j are identical, while
@;—7, being logically equivalent to —@,j, intends to affirm that states ¢ and j are
distinct); (2) talk about accessibility between states through a modality (note that
@;<j intends to affirm that the state named by j is a successor of the state named
by i); (3) formulate satisfiability statements about a specific state (note that @;p
intends to affirm that the proposition p is true at the state named by i, while @Q;—p,
being logically equivalent to —@;p, intends to deny this). Consequently, within a
hybrid logic one is able to completely describe the corresponding models using the
rich underlying syntax.

Herbrand’s theorem is a fundamental result of mathematical logic. It essentially
allows a certain kind of reduction of first-order logic to propositional logic. While not
aimed at providing an efficient procedure for (semi)decidability, Herbrand-like theo-
rems are ordinarily used as useful intermediate steps in proving that some theorem-
proving resolution-based method works as intended. Several versions of Herbrand’s
theorem are now available for classical logic; here we present two versions for hybrid
logics, using the concepts of satisfiability and propositional satisfiability, following
the approach described in [6].

Outline of the paper. In Section 2 we start by recalling the basic hybrid logic.
Theorem 2.13, our first Herbrand-like theorem, states that hybrid satisfiability is
equivalent to propositional satisfiability for sets of satisfaction statements containing
the equality axioms. In Section 3 we discuss the quantified hybrid logic — a logic
less known than the basic hybrid logic. The strategy to establish a Herbrand-like
theorem in this case follows the one for the classical first-order version, by making
use of Skolemization to eliminate the existential quantifiers on world variables. The
main result here is stated on Theorem 3.26. Section 4 wraps up with some pointers
for future investigation.
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ON HERBRAND’S THEOREM FOR HYBRID LOGIC

2 The Case of the Basic Hybrid Logic

The simplest form of hybrid logic is based on the basic hybrid language, which adds
nominals and the satisfaction operator to the language of propositional modal logic.
This simple upgrade of the usual modal language carries great power in terms of
expressivity.

Definition 2.1. Let £ = (Prop, Nom) be a hybrid signature, where Prop is a count-
able set of propositional symbols and Nom is a countable set of symbols disjoint
from Prop. We use p, ¢, and so on to refer to the elements in Prop. The elements
in Nom are called nominals and we typically write them as i, 7, k, and so on. The
hybrid formulas over £, which we denote by Forma (L), are defined by the following
grammar:
pu=d|p| el erAps | Op| Qi
where 7 € Nom and p € Prop.

The formulas with prefix @ are called satisfaction statements. The connectives V, —,
and O are defined as usual. <

Definition 2.2. Let £ = (Prop, Nom) be a hybrid signature. A hybrid structure M
over L is a tuple (W, R, N, V). Here, W is a non-empty set called domain whose
elements are called states or worlds, R C W x W is called accessibility relation,
N : Nom — W is a hybrid nomination and V : Prop — Pow(W) is a hybrid
valuation. The pair (W, R) is called the frame underlying M, and M is said to be
a structure based on this frame. <

The satisfaction relation, which is defined next, is a generalization of Kripke-style
satisfaction.

Definition 2.3. The satisfaction relation |+ between a hybrid structure M = (W, R,
N, V), a state w € W, and a hybrid formula is recursively defined by:

o M,wlkiiff w= N(i);

M, wlkpiff we V(p);

M, w IF = iff it is not the case that M, w IF ¢;

M, w Ik o1 A g iff M wlF @1 and M, w IF @o;

M, w - Op iff Fuw’ € W(wRw' and M, w' I ¢);

M,w IFQp iff M, w' Ik, where w' = N (7).
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CosTA, MARTINS AND MARCOS

If M,w I ¢ we say that ¢ is satisfied in M at w. If ¢ is satisfied at all states in a
structure M, we write M I ¢. If ¢ is satisfied at all states in all structures based
on a frame F, then we say that ¢ is valid on F and we write F I ¢. If ¢ is valid
on all frames, then we simply say that ¢ is valid and we write I . We say that a
set @ of hybrid formulas is satisfiable if there exists a model M and a world w € W
such that M, w IF ®, i.e., M,w |- ¢ for all ¢ € &. For A C Forma (L), we say that
M is a model of A if M IF§ for all § € A. |

Definition 2.4. Let £ be a hybrid signature. The set At(L) of atomic satisfaction
statements (atoms, for short) over L is the set of L-formulas of the forms @;p,
@;<¢7, and @Q;5 for i,j € Nom and p € Prop. We use BCAt(£) to denote the set
of all (finite) Boolean combinations of atomic satisfaction statements over L, i.e.,
BCAt(L) is the smallest set containing At(L) and closed under A and —. <

Definition 2.5. An L-truth assignment is a mapping v : At(L£) — {1, F'}. Given
an L-truth assignment v, one may extend it to 7 : BCAt(L) — {T, F'} through the
truth-functional interpretation of the propositional connectives. In order to simplify
notation, given that this extension is unique, we will use v in order to refer both
to an L-truth assignment and to its extension v. Let & C BCAt(L). We say that
® is propositionally satisfiable if there is an L-truth assignment that simultaneously
satisfies every member of ®. We say that ® is propositionally unsatisfiable if there
is no such L-truth assignment. |

We have now the basis to start investigating a first Herbrand-like theorem for
hybrid logic:

Theorem 2.6. Let & C BCAt(L). If ® is propositionally unsatisfiable then ® is
unsatisfiable.

Proof. Suppose that ® is satisfiable: then there is a model M and a world w € W
such that M, w I @, i.e., M, w IF ¢ for all ¢ € ®.

Define vM : At(L) — {T, F} by setting v (¢)) = T iff M, w IF 1.

Let us prove by induction on the structure of ¢ € BCAt(L) that v™(p) = T iff
M, w IF .

e If ¢ € At(L), the result follows from the definition of vM.

e Suppose now, by Induction Hypothesis, (IH), that M, w IF ¢; iff vM(p;) = T,
fori=1,2.
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ON HERBRAND’S THEOREM FOR HYBRID LOGIC

— If o = 1 A 2, then

Mwlke it Miwlk e A e
iff M,wlF ¢ and M,w I+ o
iff  vM(p1) =T and vM(p9) =T

M1 Npa) =T
iff oM(p)=T

— If p = =), then

Mwlke iff Mwlk—
it MywkF
iff M) =F

iff oMy =T
iff oM(p)=T

Since M, w IF ®, by assumption, we have that v (¢) = T for any ¢ € ®. Therefore,
® is propositionally satisfiable. |

Example 2.7. Let £ = ({p,q},{3,j}), and & = {Q;p v Q;q,@;—q, Q;5,Q; 5}
The set ® is satisfiable, as there is a model M = (W, R, N, V) such that W =
{w}, R={(,1)}, N(i) = N(j) = w, V(p) = {w} and V(¢q) = &, where M, w |- ®.
Define vM : At(L) — {T, F} by setting v (x)) = T iff M,w IF 1. This implies
that vM(Q;p) = T, vM(@;<5) = T, vM(Q;5) = T and for all other atomic satisfac-
tion statements in £, vM assigns F. The extension of vM to vM is straightforward.
Thus & is propositionally satisfiable. ¢

The converse of the previous theorem is not true in general. Here is a counter-
example:

Example 2.8. Let £ = ({p},{i,j}), and & = {Q;5, @;p, Q;—p}.

Note that ® is propositionally satisfiable: take vM : At(£) — {T, F'} to be such
that vM(@Q;p) = T, vM(Q;5) = T, and v™ assigns the value F to all other atomic
satisfaction statements.

However, ® is not satisfiable, as there is no model M such that M,w |- ®.
Any model that satisfies the first formula in ® has that N(i) = N(j) = w. From
the second and the third formulas, one must have that w € V(p) and w ¢ V(p),
respectively, which is a contradiction. ¢
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As in the case of first-order logic with equality, the characteristic equality axioms
need to be taken into consideration. In hybrid logic we do not have an explicit
symbol of equality in the language; however, there are hybrid formulas that express
the equality axioms over nominals in £ (see [3]):

o Reflexivity: @i, for ¢ € Nom,;
o Symmetry: Q;j — Q;i, for 7,j € Nom;

e Nom: (Q;p A@Q;j) — Qj¢p, for i,j € Nom and @;p an atomic satisfaction
statement;

e Bridge: (@;0F A Q;k) — Q;OF, for 4, j, k € Nom.

The set of all equality axioms over the hybrid signature £ is denoted by Eq(L). It
is easy to check that these formulas are all valid in hybrid logic. Note that Bridge
does not follow from the other axioms, as it is the only axiom where nominals are
replaced in formula position.

Lemma 2.9. Let M be a model and ¢ be a formula in BCAt(L). Then,
JweW : Mwlkyg iff MIF e

Proof. We will check this result by induction on the structure of ¢ € BCAt(L):
e For ¢ = Q;1 an atomic satisfaction statement:

JweW : Muwlk e iff JweW: M, wlk Q1
iff M,w'"IF 1, where w' = N(i)
iff M IF@Q;ep
ift Mk
e Suppose by (IH) that ¢) and € are such that the result holds. Then,
— For p = —):

JweW : Mwlke iff FJweW: Mywlk -
ifft JweW : Mywlfy

(g{f) My

iff YweW : M,wlf¢
ifft YweW : M,wl- -
it MIF—
it MlFep

— For ¢ = @1 A pa:
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ON HERBRAND’S THEOREM FOR HYBRID LOGIC

For one implication:

JweW : Mwlk e
iff JweW: Mwlkp; Aps
iff  FJweW: M,wlk ¢ and M,w Ik ¢3)
implies Jw e W : M,wlk ¢ and Jw € W : M, w IF oo

i I+ |
(}g) MIF o1 and M I oo

iff YweW: Mwlkp;and Vw e W : M,w Ik o9
it YweW: M wlkp and M,w Ik ¢

iff YweW: Mwlkp; Aps

iff MIF @1 A @2

ift M-
For the converse implication:
MIF iff MIF o1 A o
iff Ywe W : M,wlk o1 A g
implies JweW : M wlkpr Aps
(given that W # @)
iff JweW : Mwl- u

Let us consider next the binary relation ~ defined on Nom by setting ¢ ~ j iff
v (@z j ) =T.

Lemma 2.10. The binary relation ~ is an equivalence relation.

Proof. [Reflexivity] is guaranteed by the homonymous axiom stated above, namely
@3, for i € Nom. Once Eq(£) C @, then v(@;i) = T" implies i ~ i.

[Symmetry] holds due to the fact that if ¢ ~ j, then v(@;j) = T, and given that
Eq(£) € ®, we have v(Q;j — @Q;4) = T, which implies that v(Q;i) = T. So, j ~ i.
[Transitivity] follows from Symmetry and the axiom Nom. Suppose i ~ j and j ~ k.
By [Symmetry] it follows that j ~ i and j ~ k, thus v(Q;i) = T and v(Q;k) = T.
Once more, since Eq(£) C ®, we have in particular that v ((Q;i A Q;k) — @Q;k) =T.
We conclude that v(@;k) = T, thus i ~ k. [ |

The above result is crucial in proving Herbrand’s Theorem for languages con-
taining equality. Next we show that if for a set ® of Boolean combinations of atomic
satisfaction statements with equality there is a valuation v that assigns the value
true to all atomic satisfaction statements in ®, then there is a hybrid structure that
satisfies the equality axioms and where ® is satisfiable.

Theorem 2.11. Assume Eq(L) C ® C BCAt(L). If ® is unsatisfiable then ® is
propositionally unsatisfiable.
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Proof. Suppose that ® is propositionally satisfiable and let v : At(L) — {7, F'} be
such that v(¢) =T for any ¢ € ®.

Let W = Nom. We define the hybrid structure M = (W,, R,,, N,,, V},) such that:
o W, =W/ r~;

o [i|R,[j] iff v(@;Cf) =T, for i,j € Nom;

e N,(j) = [i] iff v(Q;5) =T, for i,j € Nom; and

e [i| € Vy(p) iff v(Q;p) =T, for i € Nom, p € Prop.

Claim I. R, is well-defined.

We want to prove that if ¢ ~ j and k ~ [, then [i|R,[k] implies [j|R,[l].

— Suppose that i ~ j,k ~ [ and [i]R,[k]. By definition, we know that [i|R,[k]
means that v (@;Ok) = T, and i ~ j means that v(Q;5) = T. It follows that
v (Q;Ok ANQ;j) = T. The axiom Nom let us conclude then that v(Q;Ck) = T

We also know that k ~ [ means that v (@Qil) = T. From the axiom Bridge, since
v (Q;Ok A Qil) =T, it follows that v (Q;Ol) = T'. Therefore, by definition, [j]R,[I].

Claim II. V, is well-defined.

We want to prove that if i ~ j then ([i] € V,(p) iff [j] € Vi, (p))-

— Suppose that i ~ j and [i] € V,(p). By the definition of the equivalence relation
~, v(@Q;j) = T; and by the definition of V,,, v(Q;p) = T. Then v(@Q;p A @Q;5) =T
and from Nom it follows that v(Q;p) = T'. So, [j] € V,,(p). The converse direction
is checked analogously in view of the symmetry of ~.

All that is left to prove now is the satisfiability of ®.

Claim III. For all ¢ € BCAt(L), (M IF ¢ iff v(p) =T).

Below you should recall that for Boolean combinations of atomic satisfaction
statements, satisfiability at one state is equivalent to satisfiability at all states, by
Lemma 2.9.

e o =Qp
MIF@p iff M,[i]lFp

iff  [4]
iff v(Qp

iff  o(
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o v =0Q;OF
MIF@; 05 iff M, [i]IF<j
iff Tk o [i]Rolk] and M, [k] I j
iff 3k: [{|R,[k] and [k] = [j]
it [1]Ry[s]
iff v(@0)) =T
iff v(p)=T
o v =@Q;j
MIF@Q iff M, i]IFj
iff  [i] = [j]
iff v(Q5)=T
iff v(p)=T

e By (IH), let ¢1, 2 be such that M IF ¢; iff v(p;) =T, for i =1, 2.

This part is similar to Theorem 2.6, so we omit the details.
— Given ¢ = @1 A pa, note that
MIF o1 Aps i v(pr Ape) =T
— Given ¢ = -1, note that
MIE =g it v(-p) =T
Thus, in particular, M I ®, and this means that ® is satisfiable. |

We finish this section by generalizing the above results to compound satisfaction
statements. Let ¢ be any satisfaction statement. The following rules allow us to
rewrite o by recursively applying the following rules in order to obtain a semantically
equivalent formula ¢° € BCAt(L*), where £* is an expansion of £ obtained by the
addition of new nominals to the initial hybrid signature. Observe that such extension
is possible since we considered Nom to be a countable set.

Rewrite Rules:
1. @1@]()0 —» @ng
2. Q= — 2Qup
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4. Q;0p - @;Ok A Qp, for k a fresh nominal

As the above rules successively decrease the complexity of satisfaction state-
ments, it is clear that the associated rewrite system is terminating. In fact, by using
the Knuth-Bendix completion algorithm it is easy to see that the rewrite system is
also confluent. In this respect, it is worth noting that the formula @;@;3$¢ may
rewrite in two ways, namely as @Q;Oky A Q¢ and as @Q;Oky A Q. These are
the same, however, modulo the introduced fresh nominals. Moreover, we should
point out that Areces and Gorin, in [1], have investigated labeled resolution calculi
for hybrid logics with inference rules similar to the above rewrite rules; namely our
rules 1., 3. and 4. correspond to their @, A and (r) rules, respectively.

Example 2.12. Consider the formula ¢ = @;@;O(p A —g) in L. It is clear that ¢
is not a Boolean combination of atomic satisfaction statements of L.
Applying the rewrite rules yields that:
@i@jO(p AN-q) —» @j<>(p A —q)
- @Q;Ok A Qi(p A —q), k fresh
- Q;Ok A (Qgp A Qp—q)
- @Ok A (Qpp A ~Qyq)
Thus ¢° = @;Ok A (Qgp A ~Qpq). Note that the new formula is in the hybrid
signature £* that expands £ by the addition of the new nominal k. ¢

Theorem 2.13 (Herbrand-like). Let ® be a set of satisfaction statements such that
Eq(L) C ®. Then ® is propositionally unsatisfiable iff ® is unsatisfiable.

Proof. We exhaustively apply the previously introduced rules to the formulas of ®
and transform @ into ®° := {¢° : p € &} UEq(L*). Note that ®° is a subset of
BCAt(L*), which contains the equality axioms in the expanded language, thus we
may apply Theorems 2.6 and 2.11. ]

3 The Case of Quantified Hybrid Logic

In this section we introduce a hybrid logic enriched with operators over world vari-
ables, typically written as s, t, u and so on, distinct from both nominals and propo-
sitional variables. We will also resort to an algebraic similarity type in order to
allow function symbols. This logic, which we will call Algebraic Strong Priorean
Logic, shares some similarities with the logic HLOV(Q,V,3) found in [9], namely
in the use of quantifiers and functions, but it differs in the definition of terms; in
particular, while HLOV(Q,V, 3) allows for quantification over both state variables
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and functional terms, the Algebraic Strong Priorean Logic restricts quantifications
to state variables.

Definition 3.1. An algebraic similarity type ¥ is a tuple (F, o) such that F is a non-
empty set of function symbols, and ¢ assigns to each function symbol its arity. An
algebraic similarity type together with a countable set of world variables, WVar, and
a countable set of nominals, Nom, induces the set Term(%, WVar, Nom) of X-terms,
whose elements are the algebraic terms given by the grammar:

tu=i|s| f(tl,--- ,%(f))
where ¢ € Nom, s € WVar and f € F. <

We may now introduce a powerful hybrid language, H (2, @, V), whose grammar
is defined below:

Definition 3.2. A hybrid similarity type L is a tuple (Prop, Nom, WVar), where
Prop and Nom are as usual the set of propositional variables and the set of nom-
inals of a hybrid signature, and WVar is a countable set of world variables. Let
Y = (F,o) be an algebraic similarity type. The well-formed formulas
Forma v (L, Term(X, WVar, Nom)) over the hybrid similarity type L and the 3-terms
Term(X, WVar, Nom) are defined by the following grammar:

pu=plt]p[e1 N | Cp|Qup|Vsp|3se
where p € Prop, t € Term (X, WVar, Nom) and s € WVar.
Note that @ can make use of X-terms, i.e., world variables and functional terms.
The connectives V, —, and O are defined as usual. <

The earlier definition of a ‘hybrid structure’ is now upgraded as follows:

Definition 3.3. Let L = (Prop,Nom, WVar) and ¥ = (F,0) be, respectively, a
hybrid and an algebraic similarity types. A hybrid structure H over (L,Y) is a tuple

(W, R, (fW ,N,V), where W, R, N and V are the domain, accessibility relation,
feF

hybrid nomination and valuation as introduced in Definition 2.2, and ( fW)fGF is a

family containing for each f € F an interpretation f : Wel) — w. <

As we need a mechanism for coping with the terms introduced in the above gram-
mars, we consider now a world assignment g : WV ar — W. Two world assignments
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g and ¢ are called s-variant iff g(u) = ¢'(u), for all u € WVar such that u # s; in
such case we write g X ¢’. We extend g to Term(X, WV ar) in the following way:

g(t), if t € WVar
g(t) = { N(t), if t € Nom
fW(g(tl),...,g(ta(f))) Aft = f(t1,. .. to(p), for some f € F

In order to simplify notation, we will use g to denote both a world assignment and
its extension.
The notion of satisfaction is now defined in the following way:

Definition 3.4. The satisfaction relation |- between a hybrid structure
H = <W, R, (fW) feF’N’ V), a state w € W, a world assignment g and a hybrid
formula is recursively defined by:

e H,g,wlFpiff we V(p), for p € Prop;

o H,g,wlktiff w=g(t), for t € Term(X, WVar, Nom);

H, g, w IF = iff it is not the case that H, g, w IF ¢;

H,g,wlF o1 Ay if H g,wl- @1 and H,g,w IF pa;

H,g,w - Op iff Fw' € W(wRw' and H, g, w’ Ik ¢);

H,g,wIF Qup iff H, g,w’ IF ¢, where w' = g(t), for t € Term(X, WVar, Nom);

H,g,wlF Vs iff H, ¢, wlF ¢ for all ¢’ such that ¢’ ~ g;

H,g,w - 3se iff H,¢',wIF ¢ for some ¢’ such that ¢’ ~ g.

Here, H,g,w I ¢ is read as saying that ¢ is satisfied at the state w in the hybrid
structure H under the world assignment g. <

We shall use the appellation Algebraic Strong Priorean Logic to refer to the
logic induced by the above notion of satisfaction. It is worth pointing out that the
Algebraic Strong Priorean Logic contains the logic of the hybrid language with a
binder, as | s. ¢ is expressible here by Js (s A ). Such logic is very expressive. The
algebraic structure over the set of worlds may be useful in several contexts. Here are
some examples: on trees, one can consider a functional symbol for referring to the
first common ancestor of two given nodes; on the graph representations of maps, one
can consider a functional symbol for referring to an intermediate city that minimizes
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the distance between two other given cities; on temporal frames, one can consider
functional symbols that allow pointing to a specific time after or before the current
moment, or a function that allows one to say that something happens periodically.

Definition 3.5. A set ® of formulas in Forma v (L, Term(X, WVar, Nom)) is said
to be satisfiable if there exists a hybrid structure H over (L,%), a w € W and
a world assignment ¢ such that H,g,w IF ¢ for all ¢ € ®. We say that ¢ €
Forma v(L, Term(X, WVar, Nom)) is satisfiable if the singleton {¢} is satisfiable. <«

Definition 3.6. A literal in H (X,Q,V) is a formula of the form: @Q,p, @Q,—p,
Qyb, @,—b @, b, @, —<Cb, where p € Prop, and a,b € Term (X, WVar, Nom). <

Lemma 3.7 (Labelling). Let ¢ be a formula in Forma v (L, Term(X, WVar, Nom)).
Then
@ 1is satisfiable iff Q;p is satisfiable,

where 1 is a fresh nominal.

Proof.
p is satisfiable iff JH,3g,Fw : H,g,wIF ¢
iff 37,3g,3w: H,g,w - o, w= N(i)
iff 3H,3g,30 : H, g, - Qo
iff @;p is satisfiable u

Our goal in what follows is to study the satisfiability of a formula in the Algebraic
Strong Priorean Logic. Since the satisfiability problem of a formula ¢ is equivalent to
the satisfiability problem of a formula @; — where ¢ does not occur in ¢ — we will
prove satisfiability of the latter. In order to do so, it will be convenient to rearrange
formulas so that we end up with a formula in Prenex Conjunctive Normal Form,
i.e., a formula in which quantifiers appear on the left, prefixing a quantifier-free part
that is a conjunction of clauses, where clauses are disjunctions of literals.

Definition 3.8. A formula is said to be rectified if no world variable occurs both
bound and free and if all quantifiers in the formula refer to different world variables.
D |

The renaming of bound world variables follows the same approach as in first-
order logic, whose proof is standard:

Lemma 3.9. [t is always possible to perform a systematic renaming of bound (world)
variables such that the result is a rectified formula, equivalent to the original one in
the following way: if s occurs bounded in a formula ¢ and u does not occur at all,
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then ¢ is equivalent to the formula obtained by replacing all occurrences of s in the
scope of a quantifier in @ with .

Given a formula ¢ as input, we will refer to the formula & produced by the above
renaming procedure the rectified version of .

Definition 3.10. Let sq,...,s, be the world variables occurring free in ¢. The
[rectified] existential closure of ¢ is the formula which results from rectifying ¢ and
then existentially bounding its free variables, i.e., it is the formula ds;...ds, @,
where ¢ is the rectified version of ¢. <

Lemma 3.11. A formula @ and its existential closure i are equisatisfiable.

Proof.

1 is satisfiable
iff dH,dg,Jw:H,g,wlkdsy...dsp
iff 3H,3g,3w : H, g1, wIF 3sy...3s, @, for some g ~ g
iff 3H,3g,Fw : H, go,w IF Isz... s, @, for some g 2 gy g
I
iff 3IH,3g, 3w : 1, gn, w IF @, for some g, = gn_1 ot R G~y
ifft 3AH,dgn, Jw : H,gn,w Ik @
iff ¢ is satisfiable m

Let us apply the latter two results in the following examples:

Example 3.12. Let ¢ = @;(Op A =Qgp).
— This formula is rectified.
— The existential closure of ¢ is the formula 1; = 35 @;(Op A =Qgp).
It is easy to check that ¢ and 1, are equisatisfiable. ¢

Example 3.13. Let @9 = @Q; (= (VsQz—p A Is Qp) A Qg—p).
— This formula is not rectified.
The renaming of variables leads to @; (= (Vt@Q;—p A Fu@,p) A Qs—p),
which is equivalent to ¢s.
— The (rectified) existential closure of ¢ is the formula
o = s @; (= (VEQ;—p A Fu@,p) A Qg—p).
The formulas @9 and 19 are equisatifiable. ¢
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Example 3.14. Let 3 = @Q;(Vs3tQ,Ot).

— This formula is rectified.

— Since 3 does not have free world variables, it coincides with its existential
closure, 3. ¢

The following theorem allows us to convert a formula into an equivalent formula
in Prenex Conjunctive Normal Form.

Theorem 3.15. Let L = (Prop,Nom, WVar) be a hybrid similarity type, ¥ be an
algebraic similarity type, and H be a hybrid structure over (L,X). For each formula
of the form Q;p, where ¢ € Forma v (L, Term (3, WVar, Nom)) and i € Nom does not
occur in @, its existential closure ¥ is equivalent to a formula in Prenex Conjunctive
Normal Form.

Proof. Let ¥ be a formula in the conditions of the theorem.

Step 1: Use the double negation law, the De Morgan’s laws, the duality equivalences
Vs = =ds—p and O = —O-gp, and the following rewrite rules until no further
transformations apply.

@a(91 AN 02) — Q.01 N Q.04 @a(ﬁl V 92) — Q.01 V Q.04
-Q,0 - Q,—0 @,@Qp0 — Q0

@00 — Fu(@yOu A @y8) @,350 — 35 @,0

Q,00 — Yu(Q,O0-u VvV Q,0) Q,Vsh — VsQ,0

where a,b € Term (X, WVar, Nom) and u € WVar does not occur in .

Step 2: Flush all quantifiers to the prefix position, as usual, and the result is a
formula in Prenex Normal Form (since the variables added in Step 1 are new, the
formula remains rectified). Apply the associative and distributive laws as necessary
in order to reach a formula in Prenex Conjunctive Normal Form.

Due to the rectified nature of the formulas over which the transformations have
been applied, the resulting formulas are equivalent to the original ones. |

We return to the previous examples and apply the latter result:

Example 3.16. Let ¢; = 35 @Q;(Op A =Qgp):

Step 1:
ds@; (Op A —Qgp) — Fs(@Q;Op A @Q;=Q4p)
— s (Fu (Q;Qu A Qyup) A Q;Q;—p)
—  Js (Fu (Q;Qu A Qup) A Qg—p)
Step 2: JsFu (Q;CGu A Qup A Qg—p) ¢
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Example 3.17. Let 19 = 35 Q; (= (VtQ;—p A Fu@,,p) A Qs—p).

Step 1:
ds @Q; (= (VtQ;—p A Fu@,p) A Qg—p)

—  JsQ; ((=VtQ—p V =3Fu@,p) A Q;—p)

—  JsQ; ((Ft—-Q—p V Yu—-Q,p) A Qs—p)

— s (Q; (3tQ,——p V Yu@Q,—p) A Q;Q,—p)

—  Js ((Q;FtQp vV Q;Yu@,—p) A Qs—p)

— s ((3tQ;Qup V Yu@;Q,—p) A Qg—p)

— s ((FtQsp V Yu@Q,—p) A Qg—p)
Step 2: FsItVu ((Qp V Q,—p) A Qg—p) ¢
Example 3.18. Let 13 = Q;(Vs3tQ,Ot).
Step 1:

@i (\V/SHt @5<>t) — Vst (@,@S<>t)
— Vs3It (Q;O1)

Step 2: Vs3t (Q,Ot) ¢

Analogously to the corresponding construction in first-order logic, we can also
resort to Skolemization in the Algebraic Strong Priorean Logic.

Lemma 3.19 (Skolemization in H (3,Q,V)). Let ¢ be a sentence of the form
Vs1...Vsp3snt1 G(S1,. .., Sn, Snt1) of H (X, Q,Y), where the existentially quantified
variable sp41 is preceded by n universally quantified variables. In case n = 0, aug-
ment the underlying hybrid similarity type with a new nominal ¢ and form the sen-
tence G(c); otherwise, augment the underlying hybrid similarity type with a new n-
ary function symbol f and form the sentence Vsi,...,$,G(S1,- ., Sn, [(S1,--,8n)).
Let ¢’ denote this new sentence, formed after the appropriate augmentation of the
language. Then, there is an extension H' of the model H such that:

H,g,wlFo iff H, gwl-¢.

The (standard) proof of the latter result shows how to build the mentioned extension
of the original model.
We now apply Skolemization to the previous examples.

Example 3.20. 1), = Q;Ocyp A Qe p A Qpy—p ¢

Example 3.21. 9y = Vu ((Q.,p V Q,—p) A Q. —p) ¢
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Example 3.22. 13 = Vs (@O f(s)) ¢

Definition 3.23. A formula of H (3,@,V) is in conjunctive Skolem form if it is in
Prenex Conjunctive Normal Form and its prefix contains only universal quantifiers.
<

For a given formula ¢, its Skolem Form is the result of applying labelling (Lemma
3.7), followed by the rectification and existential closure of the new formula (Lemma
3.11), then putting it in Prenex Conjunctive Normal Form (Theorem 3.15) and
finally performing Skolemization (Lemma 3.19).

With conjunctive Skolem forms defined, we can state the following result:

Theorem 3.24. A set ® of formulas in H (X, Q,V) is satisfiable iff the set of con-
junctive Skolem forms of formulas in ® is satisfiable.

Proof. In view of Lemma 3.7, we know that the satisfiability of ® is preserved when
one considers the set {Q;p|p € ®}, with i not occurring in any formula ¢. Recall
that such nominal is always possible to find, as we assumed Nom to be a countable
set.

From Lemma 3.11, the satisfiability problem for {Q;p|¢ € ®} is the same as
for {@Q;p|p € ®} where @Q;p represents the existential closure of @;p. This step is
possible to accomplish since we also assumed WVar to be a countable set.

Furthermore, we can use the procedure employed in the proof of Theorem 3.15
in order to put formulas in Prenex Conjuntive Normal Form, and this is a procedure
that strictly preserves the satisfiability of formulas. Thus we can deal with the
satisfiability problem of {PCNF (@) | € ®} where PCNF(¢) is the result of
applying the steps in the proof of Theorem 3.15 to the formula . Next we apply
Skolemization to all formulas. Beware of the fact that the Skolem symbols introduced
in each formula are to be disjoint. Let us call the resulting set ®. Clearly, by Lemma
3.19, the satisfiability problem for ® is the same as for ®. ]

The above relatively straightforward proof contrasts with proofs of the analogous
result in first-order logic (see, e.g., [5]), which are often involved.

Definition 3.25. A ground instance of a sentence Vsi...Vs, G(s1,...,S,), with
G(s1,...,8,) a quantifier-free formula of H (3,@,V), is a formula of the form
G(i1, ..., i) which results from substituting all occurrences of s1,..., s, in G with
nominals i1, ..., iy. <
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Before presenting our Herbrand-like result for hybrid logic with quantifiers, we
find it worth pointing out that hybrid logic can be translated into first-order logic
with equality, and (a fragment of) first-order logic with equality can be trans-
lated back into (a fragment of) hybrid logic (cf. [3]). Both translations are truth-
preserving. First-order logic is compact, which means that a set of first-order sen-
tences is satisfiable if and only if every finite subset of it is satifiable. Furthermore,
from our earlier Herbrand-like result (Theorem 2.6), we know that for a set of
Boolean combinations of atomic satisfaction statements, satisfiability implies propo-
sitional satisfiability.

Theorem 3.26 (Herbrand-like). Let L and X be, respectively, a hybrid and an
algebraic similarity type, and let & C Forma y(L, Term(X, WVar, Nom)). Then & is
unsatisfiable iff some finite set ®* of ground instances of Skolem forms of ® UEq(L)
s propositionally unsatisfiable.

Proof. By Theorem 3.24 the set ® is unsatisfiable iff the set ¥ of conjunctive Skolem
forms of formulas in ® is unsatisfiable. So, in the present proof we will deal with W.

Let us now prove the right-to-left direction of the theorem. First observe that,
from Theorem 2.6, if a set ®* of ground instances of ¥ U Eq(L) is propositionally
unsatisfiable then it is unsatisfiable. Furthermore, notice that a ground instance of
a universal sentence 7 is a logical consequence of 7. Therefore, if a set ®* of ground
instances of ¥ UEq(L) is unsatisfiable, then ¥ UEq(L) is unsatisfiable, which yields
that W is unsatisfiable. It follows from the previous paragraph that ® is unsatisfiable.

For the left-to-right direction of the theorem we prove the contrapositive: if every
finite set of ground instances of Skolem forms of ® UEq(L), i.e., ground instances of
U UEq(L), is propositionally satisfiable, then @ is satisfiable. Let ®y be the set of
all ground instances of ¥ U Eq(L). From the assumption that every finite subset of
d is propositionally satisfiable, it follows from compactness that the entire set ®g
is propositionally satisfiable. From Theorem 2.11, we conclude that @ is satisfiable.
Thus WUEq(L) is satisfiable, from which W is satisfiable, which finally implies that ®
is satisfiable. |

4 Conclusion

We have proposed two versions of Herbrand’s theorem in the context of hybrid logic,
with a restriction to satisfaction statements, by making use of rules that rewrite each
satisfaction statement as a Boolean combination of atomic satisfaction statements,
and making use also of the fact that each model can be described by its diagram.
We proved that a set of satisfaction statements is propositionally unsatisfiable if and
only if it is unsatisfiable.
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Formulas with quantifiers over objects constitute a challenge. In fact, allowing
non-rigidity introduces a new set of problems: when dealing with non-rigid terms,
i.e. terms that can designate different things at different possible worlds, the act
of designation and the act of passing to an alternative world need not commute.
For an example of how this has been dealt with elsewhere, it is worth to point
out Fitting’s version (cf. [7]) of Herbrand’s theorem for the modal logic K with
varying domains. Following the standard steps for Herbrand-like theorems, after
going through Skolemization one gets non-rigid designators for some formulas and
the above mentioned difficulty concerning non-commutativity ensues. In order to
overcome this issue, Fitting resorted to the concepts of predicate abstraction and
validity functional form. In short, if ¢ is a formula, then (Az.) is a predicate
abstraction that is to be applied to terms; loosely speaking, for (Az.p)(t) to be
true at a world w, ¢ should be true in that world provided we take the value of z
to be whatever the term ¢ designates at w. The predicate abstraction mechanism
does not have an important role to play in classical logic because all the classical
connectives and quantifiers are ‘transparent’ to it. On the other hand, (Az.Oy)(t)
and O(A\x.p)(t) may have very different meanings, from a semantical viewpoint.
Fitting defines as modal Herbrand transform of a formula X the formula X’ such
that X — X’ can be derived from a certain calculus that he presents. He later
proves equivalence between the validity problem for a closed formula ¢ and for
one of its modal Herbrand expansions, a notion built over that of modal Herbrand
transforms. We are confident that within the hybrid scenario something similar is to
be done: by adding just nominals and the satisfaction operator, and assuming that
nominals are rigid, it would seem that @ is to behave as classical connectives and
quantifiers do when interacting with the predicate abstraction mechanism, namely,
that (Az.@;p)(t) and @Q;(Ax.@)(t) are to share the same meaning. If the addition of
nominals proves not to be worrisome, then updating the concept of modal Herbrand
transform into hybrid Herbrand transform, after proper adjustments to the calculus
proposed by Fitting in order to incorporate the hybrid machinery, should be rather
trouble-free. The details need to be checked, of course, and we propose that as
future work.

As in [1], we have here investigated a direct path towards the proofs of our
main (Herbrand-like) results, without taking an indirect approach through first-
order translations of the hybrid formulas. However, for a more straightforward
comparison with the standard formulation of the Herbrand Theorem and its numer-
ous applications, it might be worth exploring the connection of our present results
concerning Hybrid Logic to the more long winded route going through its translation
into classical first-order logic. For space reasons, though, we have to leave details of
this reconnaissance to a future opportunity.
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Abstract

This paper is devoted to several infinite classes of paraconsistent matrices
possessing a number of desirable logical properties. Many-valued matrices have
been an invaluable tool in many fields of logic, including the study of paracon-
sistency. In the latter case, the widespread approach to construction of logical
matrices is to supplement the classically behaving conjunction, disjunction and
implication with a paraconsistent negation, possibly with addition of extra op-
erators. We show how to obtain countable sets of three-valued matrices and
continual sets of four-valued matrices of this kind.

1 Introduction

Paraconsistent logics are logics where contradictions do not necessarily lead to triv-
iality. In terms of logical consequence, such logics are defined as ones lacking the
principle of explosion. That is, for some formulae o and S it is not the case that
a,-a F [, Clearly, this way paraconsistency is determined by the properties of
negation alone, without regard for other connectives.

At the same time, in construction of paraconsistent logics, researchers usually
aim to retain as much of classical propositional calculus (CPC) as possible. This
results in the {A,V, D}-fragment of classical logic (CPC™) being left intact.

For instance, in da Costa’s calculus C; ‘all schemata and rules of deduction of
the classical positive propositional calculus are true’ [19, Th.3]. The same is true
for A.I. Arruda’s system V1 aimed at formalization of N.A. Vasiliev’s philosophical
ideas [5], and for the infinite sequence of paraconsistent logics obtained by gener-
alization of Arruda’s approach [40]. J.Ciuciura axiomatized Jaskowski’s discursive

The author is indebted to the anonymous referees whose comments helped to substantially improve
the paper.
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logic Dy as an extension of CPC™[15]. Other examples include but are not limited
to paraconsistent extensional propositional logics of D.Batens [7] and annotated
logics PT [20].

The situation is no different in the many-valued realm. Starting from Sette’s
logic P!, in matrices of many prominent paraconsistent logics, including J3 (CLuNss,
LFI1, MPT, SP3B) and PAC (RM3), the binary operations have been designed to
behave classically. These and other examples are explored in [2], [14] and [13, §4.4].
R.A.Lewin and I.F. Mikenberg have defined an infinite class of literal-paraconsistent
matrices with the same property [32]. More examples can be found in [10], [9],
and [25], where three-valued paraconsistent logics without the principle of non-
contradiction (—(a A —«)) are investigated.

It is then hardly surprising that projects aimed at generalized construction of
‘good’ many-valued paraconsistent logics converge on preservation of classical con-
junction, disjunction and implication. J.Marcos proposed a class of 8,192 three-
valued matrices which induce paraconsistent logics with a number of desirable prop-
erties [35]. This class is the result of generalization of theoretical considerations laid
out in [37]. It consists of matrices for the language in the signature {A,V, D, -}
where operations can vary as long as they preserve the classical truth-values {0, 1},
- behaves as appropriate for paraconsistent negation, and the binary operations
conform with the standard conditions of J.B. Rosser and A.R. Turquette [41, p. 26],
which makes them essentially classical. In [14] this set of operations is supplemented
with the unary operators o and e to obtain a class of LFIs (logics of formal incon-
sistency), and their various properties are investigated.

Another generalized approach to many-valued paraconsistent logics is presented
by O. Arieli, A. Avron and A.Zamansky in [3] and [2]. In the first paper, the authors
set out to determine what properties an ‘ideal propositional paraconsistent logic’ is
supposed to have. The resulting definition of such an ideal logic requires it to include
a classically behaving implication. Given the restrictions placed by the authors on
negation, this implies the definability of classical conjunction and disjunction as
well. It is made explicit in the second latter paper, where the authors see only
the appropriate negation as the necessary basic operation, and refer to operations
for conjunction, disjunction and implication as ‘possibly definable’ In [3, Th. 3],
the authors also provide an algorithm for construction of an infinite sequence of
‘ideal paraconsistent logics’ defined by matrices with steadily increasing numbers of
truth-values.

The prominence of the approach laid out above merits the question, how many
{0, 1}-preserving three-valued paraconsistent extensions of CPC™ are there in total?
In the sequel, we will demonstrate that the answer is: infinitely many.

The remaining part of the paper is structured as follows.
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In the next section, the central problem is addressed in a more formal manner.
We introduce the necessary basic definitions, explore the classes of matrices from [14]
and [3], and determine the further steps required to answer the principal question
of the paper for the three-valued case.

In the third section, we use elements of clone theory to demonstrate that the set
of three-valued paraconsistent extensions of CPC™ that are LFIs is uncountably
infinite, and the set of such extensions that are not LFIs is at least countably infinite.

The final part is devoted to four-valued paraconsistent extensions of CPC™. In
particular, we deal with such extensions that are both paraconsistent and paracom-
plete at the same time. We generalize the three-valued truth-table schemata from
the second section to obtain a class of four-valued matrices and utilize it to prove
that two kinds of four-valued extensions of CPC™ — those that are LFIs and those
that are not — form continuum sets.

2 Preliminaries

Let £ = (L, F) be a propositional language treated as an absolutely free algebra.
We assume that the free generators of £ form a countable set Var = {p1,ps,...}
and for each i < n the arity of F; € F equals k;.

A logical matriz is a structure M = (A, D) where A = (A, F) is an algebra and
D C A. In this case, a homomorphism A from £ into A is called a valuation for £
in M. We denote as Val(M) the set of all the valuations over M.

If £ is a propositional language and M is a matrix for L,

Cn(M) = {(X,a) € p(L) x L|Vh € Val(M)(h(X) C D = h(a) € D)}

is said to be a matriz consequence induced by M. A pair L = (£,Cn(M)) is then
called a many-valued (propositional) logic.

Let M = (A, A,V,—,—, D) be a logical matrix. Suppose its basic operations
satisfy the standard conditions of J.B. Rosser and A.R. Turquette [41, p. 26]:

e s NyeD s xeDandye D,
e xVy¢ D a¢Dandyé¢ D;
er—y¢DsareDandy¢ D;

e wze€D&x¢D.

'We are following D.J. Shoesmith and T.J. Smiley in this definition [45], [46, §13.1].
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Then M induces the classical consequence in the corresponding language:
CPC = (£,Cn(M)) [46, §18.3].

We say that a matrix My = ({0,1,...,k}, F, D) is {0, 1}-preserving iff My =
({0,1}, F,{1}) is its submatriz, i.e. ({0,1}, F) is a subalgebra of ({0,1,...,k}, F)
and 1 € D. If M = (A, F, D) is {0, 1}-preserving, then Cn(My) C Cn(My).

A matrix M = (A, f1,..., fn,, D) for L is said to be paraconsistent (w.r.t. =)
iff {a,-a}, ) ¢ Cn(M) for some «, 5 € L. Obviously, the necessary and sufficient
condition for this is the existence of a € D, such that —a € D [2, §4].

Given the above, if one intends to define a three-valued paraconsistent matrix
and at the same time diverge from the classical logic as little as possible, it seems
rather natural to take a {0, 1}-preserving three-valued matrix with ‘standard’ basic
operations {A,V,—, -} and modify the negation to obtain paraconsistency: 2 € D
and -2 € D. This approach results in matrices of the form

M =({0,1,2},A, v, =, -, {1,2}),

where basic operations correspond to the truth-table schemata below [2].

A 0 1 2 \% 0 1 2
0 0 0 0 0 0 1 122
1 0 1 122 1 1 1 122
2 0 122 1:2 2 122 1@:2 112

— 0 1 2 -z

0 1 1 122 0 1

1 0 1 122 1 0

2 0 122 1:2 2 122

Here and elsewhere in the paper the notation ‘1?2’ signifies that either 1 or 2
should be picked for the resulting truth-table. This way we obtain 23 conjunctions,
25 disjunctions, 2 implications, 2 negations, and, as a result, 213 = 8,192 matrices.
We will label the class of all such matrices as NAT. As pointed out in [2], each logic
defined by a matrix from NAT is different from the others.

In [14, p. 77-79], the schemata are supplemented with two more operations:

ox oz
0 1 0 0
1 1 1 0
2 0 2 1

We denote as LFI the class of all matrices of the form

M = <{O) 1) 2}7 /\7 \/7 —, 7,0, {]—7 2})
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By construction, LFI contains 8,192 matrices as well, and they also define pairwise
distinct logics [14, p. 78, Th. 130].

Although, there are two observations to be made. First, as noted in [2], while
all matrices in NAT define distinct logics, some of them have equivalent expressive
power. Obviously, the same goes for LFIl. At the same time, as shown by P. Wojtylak,
whenever two matrices which differ only in the sets of basic operations have equiv-
alent expressive power, the logics they define can be conservatively translated into
each other [52], [53]. In other words, they can be considered linguistic variants of
the same logic (see [51, §1.8]).

To identify logics that are genuinely different, we should partition the matri-
ces into equivalence classes with respect to mutual definability of basic operation
sets. An example of such approach can be found in [49], where this work is done
for implicative extensions of Weak Kleene Logic and Paraconsistent Weak Kleene
Logic (see [16], [11], [48] regarding the latter). The author has shown that 24 ma-
trices obtained from the matrix of PWK can be partitioned into just 7 classes of
equivalence. If we adopt this approach, we will find that NAT generates much fewer
negative extensions of CPC* as well.

Second, the definition yields matrices for the fixed language in the signature
{A,V,D,—}. However, most results regarding such matrices hold for their {0,1}-
preserving extensions as well. At the same time, some of those extensions can not
be defined within NAT. Consider the matrix ({0,1,2},A,V, —, =, %, {1,2}).

A 0 1 2 \Y, 0 1 2

0 0 0 0 0 0 1 1

1 0 1 1 1 1 1 1

2 0 1 1 2 1 1 1
— 0 1 2 - *T
0 1 1 1 0 1 0 0
1 0 1 1 1 0 1 0
2 0 1 1 2 1 2 2

Evidently, there is no matrix ({0, 1,2}, A, V, —, =, {1, 2}) from NAT of equivalent
expressive power. So there are more paraconsistent extensions of CPC™ than NAT
generates.

In light of the observations presented above, we can conclude that the question
regarding the number of three-valued paraconsistent extensions of CPC™ has not
yet been answered decisively. To frame this question in more precise terms, let us
first focus on some facts concerning NAT and LFI.

Notice that CPC = ({0,1},A,V,—,—,{1}), the usual matrix of CPC, is a
submatrix of every M € NAT. As it follows from A.V.Makarov’s results [34], this
entails that in every M one can define at least one of the following operations:
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I 0 1 2 12 0 1 2 1s 0 1 2
0 1 0 1 0 1 0 0 0 1 0 0
1 0 0 0 1 0 0 0 1 0 0 0
2 1 0 1 2 0 0 0 2 0 0 2

If |1 or |5 are definable in M, then M is an extension of Sette’s matrix P! [43].
It follows from the results in [14] (see Theorem 136 in particular) and the fact that
x |1 = defines the Sette negation, and = |9 = defines the classical negation?.

Both o and e are definable in P!, so every extension of P! defines an LFI, a
logic that is paraconsistent, but gently explosive [14, pp.19-21].

If |3 is definable in M, then M is an extension of Sobocifiski’s matrix A; (as
described in [2, §5.2]). In fact, |3 is a Pierce arrow for A;, as demonstrated by the
following identities: ~ x =: x |3 x; x Ny =~z [a~y; 2 = y =1 ~ (~ z |3 y);
r=y=z >~ y—o~rhroy=(r=>y N(ry=~z)rQy=~(z>~y),
where ® is Sobocinski’s conjunction.

A matrix is called {2}-preserving iff for each its operation f(x1,...,z,) it holds
that f(2,...,2) = 2. If M is {2}-preserving, then for every set of formulas O(p) we
have h({O(p),p,~(p)}) S D whenever h(p) = 2. Therefore, ({O(p),p, ~(p)}, ) ¢
Cn(M), and the logic induced by M is not an LFI (cf. Example 17 and Theorem
25 in [14, pp. 17-25]). In particular, this is the case for A; or any of its {2}-
preserving extensions. Notice that a more general claim also holds: for every X C L,
if Var(X) # Var(L), then there is a € £, such that X ¥ a. The logics with such a
property are called non-ezploding [1, Def. 26].

Now consider the following truth-tables:

A 0 1 2 \Y, 0 1 2

0 0 0 0 0 0 1 2

1 0 1 2 1 1 1 1

2 0 2 2 2 2 1 2
—1 0 1 2 —9 0 1 2 T
0 1 1 1 0 1 1 1 0 1
1 0 1 1 1 0 1 2 1 0
2 0 1 1 2 0 1 2 2 2

The matrix ({0, 1,2}, A, V, —1, 7, {1, 2}) defines the logic MPT [17] (also studied
as TLP in [47, §2.1]). Numerous linguistic variants of this logic are known in the
literature: J3, CLuNs, LFI1 (see [14, p. 18-19], [13, §4.4.3] and references therein).
Recent new version of this logic has appeared in [9] under the name SP3B.

?Interestingly enough, whenever |; is definable in M € NAT, so is |2, and vice versa, as {]1, 2}
constitutes a base for P'. See [28] and [29] for detailed elaborations on this theme.
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The matrix ({0,1,2},A,V, —2,,{1,2}) defines the logic PAC. This logic is
also known in the literature under other names, such as PCont [42], RM3, PI°® (see
[2, §5.4], [14, p. 17-18] and references therein).

We will label the two matrices as MPT and PAC respectively. Observe that
both MPT and PAC belong to NAT. As it follows from [6, Th. 2.21], every {0,1}-
preserving operation is definable in MPT, and in P.AC one can define any operation
that is both {0, 1}-preserving and {2}-preserving at the same time.

Hence, all {0,1}-preserving three-valued paraconsistent extensions of CPC™
that are LFIs are defined by matrices that are extensions of P! and are definable
in MPT. All {0,1}-preserving three-valued paraconsistent extensions of CPC™
that are non-exploding are defined by matrices that are extensions of A; and are
definable in PAC.

Now we can refine the central question of this paper for the three-valued case in
the following way:

e How many matrices with expressive power between P! and M7PT are not
mutually definable?

e How many matrices with expressive power between 4; and PAC are not mu-
tually definable?

The number of matrices can be used to determine the number of many-valued
logics they induce. Still, there are points related to the connection between matrices
and calculi that require clarification.

Consider the set Er = {0,1,...,k — 1}. Let us denote the set of all n-ary
functions on Ej as Fj'. For any fixed n € N the total number of n-ary functions
definable on Ej, equals k¥, so P} is always finite. Now define the set P, = {U,,~1 P}
Since N is countably infinite, so is P,. Therefore, P;, contains the countably infinite
number of finite subsets and the uncountably infinite (cardinality of X;) number of
infinite subsets.

When we define a k-valued logic, we establish a one-to-one correspondence be-
tween basic connectives of a given propositional language and a set of functions of
a k-valued algebra. In other words, a set of basic connectives is put into correspon-
dence with a subset of Pj.

If the arity of the basic connectives of £ is not allowed to exceed some fixed m
(for example, all basic connectives have to be either unary or binary), only finitely
many k-valued logics in the language £ can be defined for a given k. On the other
hand, if there is no restriction regarding the arity of basic connectives, the amount
of possible k-valued logics becomes at least countably infinite.
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Some authors (e.g. R. Wojcicki [51, p. 12]) define propositional languages as
having strictly finitely many basic connectives. In this case only the countably
infinite number of k-valued logics can be defined for a given k. However, it is also
rather common in the newer literature to not make the finiteness of the set of basic
connectives a hard requirement (e.g. [23, pp. 2-4], [24, p. 15], [27, pp. 51-52]).
Once we allow the set of basic connectives to be infinite, we are enabled to define
continuum-many k-valued logics.

A three-valued version of CPC™ is obtained when we pick three binary func-
tions (fa, fv, f~) on {0,1,2}, which satisfy the ‘standard conditions’ of Rosser and
Turquette for conjunction, disjunction and implication respectively. If we supple-
ment the syntax of CPC™ with new connectives §1,...,§, and assign to them the
functions fs,,..., fs, of corresponding arities, we get a three-valued linguistic ex-
tension of CPC™. The number of three-valued linguistic extensions of CPC™ then
coincides with the number of supersets of {fa, fv, f~} in Ps.

We have already established that P, contains countably many finite subsets and
uncountably many infinite subsets for every k. Trivially, P3 contains countably many
finite subsets and uncountably many infinite subsets, which contain {fa, fv, f~}
— we obtain them by simply supplementing {fa, fv, f~} with one subset of P\
{fr, fv, >} at a time. Although the matter becomes not as trivial when we focus
on not just any subsets of P3, but only the ones closed w.r.t. superposition.

In the literature, a number of sufficient conditions is known under which a closed
subset of P has finitely, countably or uncountably many closed supersets (see e.g.
[57]). However, no universal procedure to determine the number of closed supersets
of a given closed subset of P3 is known to the author of the present paper. In what
follows, we demonstrate that some closed subsets of P3 generated by sets of the form
{fnr, fv, f>} are in fact contained in infinitely many pairwise distinct subsets of P
— and that is how the infinite number of three-valued pairwise distinct linguistic
extensions of CPC™ is shown to be possible.

3 Three-Valued Extensions of CPC"

In this section, we will show that there is a uncountably infinite set of closed sets
of functions, each of which can be used to define a functional extension of P!, and
a countably infinite chain of closed sets of functions, each of which can be used to
define a functional extension of A;. First, a number of definitions and notational
remarks is in order.

Let A be a finite set with at least two elements. We will denote the set of
all functions on A as P4. The so-called Mal’tsev operations on P4 are defined as

236



MANY-VALUED PARACONSISTENT EXTENSIONS. . .

follows?:
o (Cf(x1,...,zn) = f(z2,23,...,20,21),
o (Tf)(z1,...,2pn) = f(z2, 21,23, ...,2n),
o (Af)(x1,...,xpn—1) = f(x1,21,22,...,Tp—1) In N > 2
o (f=1f=Af=fifn=1,
o (Vi(x1,...,xpns1) = flxo,x3,. ., Tnt1),
o (fxg)(x1, - s Tman—1) = f(9(T1,- -, Tm)s Tmtl, - Tmtn—1)-

The algebra P4 = (Pa,(, 7, V, A, %) is called iterative full function algebra on A.

A function f € Pj is called a superposition over F' C Py iff f can be obtained
from the functions of F' by a finite number of applications of Mal’tsev operations.
The set of all superpositions over F' C Py is called the closure of F and is denoted
by [F]. A set F' C P4 satisfying [F] = F is called a closed set or a subclass of Py.

Denote as P3 the iterative full function algebra on {0,1,2}. In the previous
section we have defined three-valued matrices on the same set. This way, the set of
all operations definable in a three-valued matrix M coincides with some subclass M
of P3. If My and My are three-valued matrices with the same designated values,
M is definable in My iff M; is a subclass of My. Such matrices are equivalent in
expressive power iff their basic operations generate the same subclass of Ps.

The basic operations of MPT generate the maximal subclass Tp; of P3 which
consists of all {0, 1}-preserving functions. The basic operations of P! generate the
subclass P35 of P3 which consists of all functions with the domain in {0,1,2} and
the image in {0, 1} [44].

The amount of matrices with expressive power between P! and MPT that are
not mutually definable then equals the amount of subclasses of P3 that contain Ps 3
and are contained in Tp.

Theorem 1. There are continuum-many subclasses of P3 that contain P32 and are
contained in Tyy.

Proof. Consider the {0, 1}-preserving function r,(x1,...,zy), where n € N\ {1}:

1, if for some i € {1,...,n} z; = 2 and
xj =1 for all j # 1,

2, ifry=--=a,=2,

0  otherwise.

Tn(X1,. .., Tp) =

3For more detailed exposition of this material see [30, P.1I, Ch. 1]
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It is known that the system {r;|i > 2} constitutes a countable basis for [{r;|i >
2}] [30, p. 426, Lemma 14.10.4]. This entails ry ¢ [{ril¢ > 2} \ {rg}] for every
ri € {ri|t > 2}. Let us denote [{r;|i > 2} \ {ri}] as R.

Now suppose ri(z1,...,25) = ®(P1,...,Py), where @ € R U P3ao, O1,..., P,
are either variables or functions from Ry U Ps .

Notice that functions from R produce the value 2 iff all their arguments take
this value. At the same time, functions from P32 never produce the value 2. Con-

sequently, if there was even one instance of a function from P32 in ®,®q,..., Dy,
then ®(®q,...,P,,) # 2 would hold. By definition, rg(x1,...,z;) =2 iff 21 = -+ =
xp = 2,50 ®,Pq,..., P, can contain no functions from P .

As it follows from the above, ®, ®4,...,®,, contain only variables and functions

from Ry. But then ®(®q,...,P,,) € [Rg]. Again, there is a contradiction, and we
conclude that ri(x1,...,25) ¢ [Rr U P32].

Denote two arbitrary subsets of {r;|i > 2} as R’ and R”. Since ri(z1,...,x1) ¢
[Ri, U P39, it is also the case that [R'U Ps 3] # [R” U Ps 3] whenever R’ # R”. Now,
{rili > 2} is countable, so it contains continuum-many (possibly infinite) subsets.
This means that there are also continuum-many different subclasses of P3 generated
by systems of the form R U P35, where R C {r;|i > 2}. O

This theorem provides a recipe to obtain continuum-many paraconsistent lin-
guistic extensions of CPC™ that are LFIs. Consider Sette’s matrix

Pl =({0,1,2},A,V,D,—, {1,2})

for the language £ = (L, A,V, D, 5). It defines the logic P! which is already known
to be a paraconsistent extension of CPC™ and an LFI. Consequently, so are all
linguistic extensions of P'.

Let us supplement the basic operations of P! with some (possibly infinite) R C
{r;]i > 2}. We obtain the matrix Py = ({0,1,2},A,V, D, =, 7}, 7, ... {1,2}) for the
language £ = (L, A,V, D, ¥, 7, ... ). Clearly, P} defines a linguistic extension
of P1.

By virtue of Theorem 1, such matrices 77}2, and 77]1?,, constructed using subsets R’/
and R" of {r;|i > 2} are equivalent in expressive power iff R = R”. Therefore, the
set of all logics of the type P}z that are not linguistic variants of each other has the
power of continuum. However, if we limit ourselves to languages with finite amount
of basic connectives, this set becomes just countable, since only finite subsets of
{ri|i > 2} would be available in this case.

Now we will use the similar strategy to estimate the amount of matrices with
expressive power between 4; and PAC. We were able to prove that this amount is
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at least countably infinite. Whether there are exactly that many is an open question.
Let us introduce some necessary concepts and auxillary lemmata.

Notice that F' is a subclass of Py iff (F,(,7,V,A %) is a subalgebra of Py.
Let P4 and Py be iterative full function algebras on A and A’ respectively, F =
(F,(,7,V,A, %) a subalgebra of P4, and G = (G, (', 7, V', A’ x') a subalgebra of
Par. We say that F' C P4 is a homomorphic inverse image of G C Py iff there
exists a homomorphism from F onto G.

The following lemmata belong to S.V.Yablonskii [54, §8]. In English, similar
topics are treated in [30, P.1I, §§5.2.3, 12.1].

Lemma 2. Let A C A. We say that a subclass F of P4 preserves a set A’ iff
for every f € F it is true that f(x1,...,2,) € A" whenever x; € A" for each i
(1 <i<mn) If F preserves A’, it is a homomorphic inverse image of a subclass G
of Py with respect to the following homomorphism : for f* € F and g™ € G let
o(f")=g™ iff m=n and f(x1,...,2,) = g(x1,...,2,) whenever x; € A" for each
1<i<n.

Lemma 3. A subclass F of Pa is said to preserve a partition 7 : A = Ag+ A1 +
-+ A, iff for every f € F the following holds:

iff(xl,...,xi_l,:pi,xiH,...,xm) S Aj and x; € Ay (j,k S {O,l,...,n},
1<i<m), then f(x1,...,2i—1, %}, Tit1,...,Tm) € Aj whenever z; € Ay.

Suppose F preserves 7, and A" = {ag, a1, ...,a,}. Then F is a homomorphic inverse
image of a subclass G of Par with respect to the following homomorphism 1: for f™ €

F and g™ € G let Y(f") = g™ iff m =n and q(f(z1,...,2,)) = g(q(x1), ..., q(xn)),
where q(A;) = a;.

Using the lemmata above, A.V.Makarov has proposed a method which allows
one to show that certain subclasses of P3 form countably infinite chains [33].
Let {fu(z1,...,zu41)|p € N\ {1,2}} be a system of functions from P3, where

2, if at least u variables
ful@i, . xuq) = take the value 2,
0 otherwise.

Lemma 4. Closed sets of the form F,, = [{fu(x1,...,2u41)] constitute a countably
infinite chain.

Proof. Notice that F3 = [{f.(z1,...,2u41)|p € N\ {1,2}}] preserves the partition
with blocks Ag = {0,1}, A1 = {2}. By Lemma 3, F; is an inverse homomorphic
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image of a subclass of P» with respect to ¢, where ¢({0,1}) = 0, ¢({2}) = 1. For
each f,,, ¥(f.) = hy, where

1, if at least u variables
hu(xy, .. Tpg1) = take the value 1,
0  otherwise.

It is known that [hy,(z1,...,2u41)] = F§ for p > 3. Moreover, it is known that
hg(z1,...,2q11) & FE, where ¢ > 3, p > q. Therefore, there is an infinite chain of
subclasses of Py [55, Ch.1V, §9, Lemma 35]%:

F}OF§D>--DFD...

Since F3 is an inverse homomorphic image of FJ, it is also the case that

(fulzt, ... zpg1)] = Fyuy folxr, ..., 2q41) ¢ Fp, if ¢ > 3, p > ¢, and there is an
infinite chain of subclasses of Ps:

F33F4D"'DFPD...
g

Denote as Ty the subclass of P which consists of {2}-preserving functions. The
closed set of all functions definable in PAC then coincides with Ty; N Th. Moreover,
the class of all functions definable in A; (i.e. [{3]) is contained in T3, and so is each
F,, (3 <m <p) from Lemma 4. This leads to the following theorem.

Theorem 5. The set of subclasses of P3 which contain [l3] and are contained in
To1r N Ty is at least countably infinite.

Proof. Consider the system of functions {|3, {fu.(z1,...,2u1)|n € N\ {1,2}}}.
Notice that |3 preserves the partition with blocks A9 = {0,1}, A; = {2}. By
Lemmata 3 and 4, F3 is an inverse homomorphic image of a subclass of P» with
respect to ¢, where ¢({0,1}) =0, ¢({2}) = 1.
As shown in Lemma 4, ¢(f,) = hy,. By the definition of 1, ¥(x1 |3 x2) = x1Ax2,
where ‘A’ denotes Boolean conjunction.

pt+1
It is known® that hu(xi, .. sxpp1) = Vi A Azt AZigr A - A &g
i=1
Consequently, 1 A 22 can be obtained from h,(x1,...,2,41) by identification of
variables, so x1 Az € [hy(z1,...,2,41)] for every p.

As a result, Fy is an inverse homomorphic image of F,

“We are following [55] and [33] in use of notation. In [30] this matter is treated in P.1I, Ch. 3,
and To,, N M NT; is used instead of FY'.
5See [55, Ch.IV, § 6, Lemma 32] or [30, p. 146].
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[{\L37fu(xlv"° 7xu+1)}] = F/;,k) fq(xlﬂ“ . 7xq+1) ¢ F;’

if ¢ > 3, p > ¢, and there is an infinite chain of subclasses of Ps:
F;DFfD---DF;D...
O

Theorem 5 provides a recipe to obtain countably many paraconsistent linguistic
extensions of CPC™" that are non-exploding. Together, Theorems 1 and 5 then
answer the two questions raised at the end of the previous section. Although the
answer regarding the amount of functional extensions of A; is only definitive regard-
ing the matrices for languages with finitely many basic connectives. Nevertheless,
in a more general case, it can be shown that the set of many-valued paraconsistent
linguistic extensions of CPC™ has the power of continuum. To do that, we will take
the investigation a step further and explore the four-valued case.

4 Four-Valued Extensions of CPC™*

The approach used to obtain three-valued paraconsistent logics from the previous
sections can be easily generalized to an arbitrary number of values. This section
deals with one such generalization, a class of four-valued matrices of logics which
are simultaneously paraconsistent and paracomplete, which we will label as NAT 4.

According to A. Lopari¢ and N.C.A.da Costa [31], ‘a logical system is paracom-
plete if it can function as the underlying logic of theories in which there are (closed)
formulas such that these formulas and their negations are simultaneously false’.

In terms of logical consequence, a logic is said to be paracomplete iff for some
theory T and formulas «, 3 it holds that {T,a} F 3, {T,-~a} 8, T ¥ B [1]°.

A logic is called paranormal iff it is both paraconsistent and paracomplete [8]. As
noted in [1], the necessary condition for paranormality in a four-valued matrix is the
existence of a € D, such that —a € D, and b ¢ D, such that —=b ¢ D. Together with
Rosser and Turquette’s standard conditions for binary operations (the designated
values are {1,3} in this case) and the requirement of {0,1}-preservation for all
connectives, this leads to the following schemata.

A 0 1 2 3 \% 0 1 2 3

0 0 0 012 0:2 0 0 1 02 123
1 0 1 02 123 1 1 1 123 123
2 012 022 022 022 2 012 123 012 123
3 012 123 012 123 3 123 123 123 123

6 Another approach to paracompleteness is to regard it as dual to paraconsistency and handle
it within the multiple-conclusion framework (see [38], [36], [18]).
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— 0 1 2 3 -z
0 1 1 123 123 0 1
1 0 1 012 123 1 0
2 123 123 123 123 2 022
3 012 123 012 123 3 123

As in the three-valued case, the most ‘expressive’ matrix we can obtain is the
one where every {0, 1}-preserving operation can be defined. A.Avron and O. Arieli
have shown that such a property is possessed by the matrix

MOC = <{O7 17 27 3}7 /\7 \/7 — T T, {17 3})7

where operations are defined the following way [1, Th. 11]:

A 0 1 2 3 \Y, 0 1 2 3
0 0 0 0 0 0 0 1 2 3
1 0 1 2 3 1 1 1 1 1
2 0 2 2 0 2 2 1 2 1
3 0 3 0 3 3 3 1 1 3

— 0 1 2 3 T —T

0 1 1 1 1 0 1 0 0

1 0 1 2 3 1 0 1 1

2 1 1 1 1 2 2 2 3

3 0 1 2 3 3 3 3 2

Obviously, {A,V,—,—} satisfy the schemata above. However, an additional
operation ‘—’ is added to obtain the necessary expressive power. Let’s show that we
can replace the implication in such a way that no extra operations will be necessary.
Consider the following schema:

= 0 1 2 3
0 1 1 123 123
1 0 1 0 1
2 3 123 1 123
3 2 123 012 1

As before, the use of @ signifies that one of two values must be chosen for the
actual truth-table. Since the schema for = requires it to be {0, 1}-preserving, no
matter what choices we make, the resulting version of = will be representable in
Mece by a formula containing only connectives from {A,V,—, -, —} [1, Th.11].
Therefore, the following identities are sufficient to demonstrate that the matrix

oo = ({0,1,2,3}, A, V, =, 1, {1, 3}) is equivalent to M¢c in its expressive power:
~r=x=>(r=>x);,—x=—-~zor=(r=2x)=>x 1Dy =~ (TN ~y);
T —Yy=90rDyY.
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We will now address the number of four-valued matrices which induce paranormal
logics extending CPC™ that can be defined in M¢cc. As in the third-valued case,
we will be dealing with closed sets of functions. The first example, which we will
label as Z'P!, is similar to P! in a sense that all operations produce classical values
exclusively:

A 0 1 2 3 \ 0 1 2 3
0 0 0 0 0 0 0 1 0 1
1 0 1 0 1 1 1 1 1 1
2 0 0 0 0 2 0 1 0 1
3 0 1 0 1 3 1 1 1 1

— 0 1 2 3 -z

0 1 1 1 1 0 1

1 0 1 0 1 1 0

2 1 1 1 1 2 0

3 0 1 0 1 3 1

The logic I'P! defined by Z'P! has been explored in [21, §4.3] and [22]".

I'P! is an LFI. The following operation is definable in Z'P!: ox = =(z Ay) V
——2. Add the appropriate connective to the language of I'P': h(op) = o(h(p))
for every h € Val(Z'P'). Verify that p,op ¥ q, —p,op ¥ q, p,—p,op I q in I'PL.
as a corollary, not only is I'P! an LFI, but so are all of its linguistic extensions
(cf. [14, pp. 20-21]). Let us now demonstrate that there are continuum-many such
extensions.

By abuse of notation, denote the class of all functions definable in Mo as Ty
as in the three-valued case. The class of all functions definable in Z'P! coincides
with Py (this follows from the results presented in [50]).

Theorem 6. There are continuum-many subclasses of Py that contain Py and are
contained in Tyi.

Proof. Consider the {0,1}-preserving function r)(z1,...,2,) € Ps, where
ne N\ {1}:
1, if for some i € {1,...,n} x; =2 and
xzj =1 for all j # 1,
r(r,.. ) =1 2, ifxy=-=1z,=2,
3, ifxy=---=x,=3,
0  otherwise.

"As a side note, a similar matrix can be found in [32] and [26]. Tt differs in the definition of
negation: -2 = 2 and -3 = 3.
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Since 7], preserves {0,1,2}, it is an inverse homomorphic image of of r,, from Theo-
rem 1. Therefore, the system {r}|i > 2} constitutes a countable basis for [{r}|i > 2}].
This entails r, ¢ [{r;|i > 2} \ {r},}] for every r}, € {ri|i > 2}, so [{r}|i > 2}] contains
continuum-many closed subclasses. Notice that functions from {r}|i > 2} produce
the value 2 iff all their arguments take this value. At the same time, functions from
Z'P! never produce the value 2. The remainder of the proof is as in Theorem 1. [J

We have just shown that the set of all matrices with expressive power between
T'P! and Mcc has the cardinality of continuum. Consequently, there are as many
four-valued paraconsistent extensions of CPC™ that are LFIs. Now we turn to
matrices from NAT, that induce non-exploding logics.

First, let us find a condition that is sufficient to estimate a lower boundary of
the number of non-exploding matrices definable in NAT,.

If M € NAT, is {3}-preserving, then M does not induce an LFI. Let O(p)
be a set of formulas depending on exactly one variable p. Suppose M is {3}-
preserving. Then h(—p) = h(O(p)) = 3 for every h € Val(M), such that h(p) = 3.
Consequently, p, =p, O(p) ¥ ¢ in M and it does not induce an LFI. In more general
terms, X ¥ ¢ whenever g ¢ Var(X), so M is non-exploding.

Let Ty and T3 stand for the subclasses of Py which consist of all {0, 1}-preserving
and {3}-preserving functions respectively. Consider a matrix

M013 — <{07 17273}7F’ {173}>’

such that [F] = Ty NT3. Since [F] C To1, Mois is definable in M. Since [F] C T,
each matrix definable in Mg13 is non-exploding.

One of the matrices definable in M3 is quite similar to Sobocinski’s matrix Aj.
Consider the matrix A} = ({0,1,2,3},A,V, —,—,{1,3}).

A 0 1 2 3 \% 0 1 2 3
0 0 0 0 0 0 0 1 0 1
1 0 1 0 1 1 1 1 1 1
2 0 0 0 0 2 0 1 0 1
3 0 1 0 3 3 1 1 1 3

— 0 1 2 3 -z

0 1 1 1 1 0 1

1 0 1 0 1 1 0

2 1 1 1 1 2 0

3 0 1 0 3 3 3

Denote as A} the closed set of all functions definable in A}. The number of non-
exploding matrices definable in NAT4 can not be lower than the number of closed
subclasses of P, between Tp; N T3 and Aj.
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Theorem 7. There are continuum-many subclasses of Py that contain A} and are
contained in Toy N'T5.

Proof. As in Theorem 6. O

Theorems 7 and 6 allow us to produce uncountably many four-valued LFIs and
non-exploding logics, or countably many of them, if we only consider languages with
finite amount of basic connectives. However, there is a caveat: none of such logics
are maximally paraconsistent.

A logic is said to be mazimally paraconsistent iff it is paraconsistent, but none of
its deductive extensions® are [1, Def. 16]. It has been shown that all logics induced
by three-valued matrices from NAT, as well as their linguistic extensions, possess
this property [4, Ex. 3.8]. In the four-valued case, the matrix Mg¢c and several
others have been demonstrated to induce maximally paraconsistent logics [1]. The
following lemma, which is similar to Theorem 17 in the paper just cited, provides a
necessary condition for maximal paraconsistency in logics induced by matrices from

NAT,.

Lemma 8. If My € NATy is {0,1,3}-preserving, it does not induce a mazimally
paraconsistent logic.

Proof. If My € NAT, is {0, 1, 3}-preserving, then it has a three-valued submatrix,
which is isomorphic to some matrix Mg from NAT. Let L4 and L3 be logics induced
by My and M3. Then Ly C Lj3. Verify that pV —p is necessary valid in Ls, but can
not be valid in Ly. Therefore, L3 is a paraconsistent proper extension of L4, and
the latter is not maximally paraconsistent. O

Since every matrix obtained via Theorems 6 and 7 is {0, 1, 3}-preserving, they
can not induce maximally paraconsistent logics. Although, some four-valued lin-
guistic extensions of those logics can be shown to be maximally paraconsistent.
The following lemmata, which are adapted from [4, Th. 3.2], provide the sufficient
conditions for maximality in such extensions.

Lemma 9. If M is a functional extension of T'P! and is not {0,1,3}-preserving,
the logic L = (L,F) induced by M is maximally paraconsistent w.r.t. = of T'P*.

Proof. Suppose L' = (L, IF) is a logic in the language of L that is strictly stronger
than L. Then there are X and «, such that A*(X) C {1,3} and h*(«) € {0,2}

8That is, extensions that are obtained by addition of axioms or inference rules without changing
the language.
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for some h* € Val(M), but X I o. Since M is not {0, 1, 3}-preserving, there is a
formula 3, such that h'(q) € {0,1, 3} for each ¢ € Var(3) and h'(8) = 2. For every
g € Var(p) and p € Var(X U {a}) define the substitutions:

. —Po, lf h*( = 0,
——po, if '(q) = . >_
. , —Po, if h ( ) - 17
eo(q) = { —po, if W'(g) =1, eilp) = eo(B), if h*(p) =
. if B (q) = 3. ’
Po, 1 (q) po, if h* ( )_ 3.

For every h € Val(M), if h(po) = 3, then h(e1(X)) C {1,3} and h(e1(a)) €
{0,2}. Therefore, the following holds: (1) po,—po  ei(7y) for each v € X; (2)
Po, 7po, €1(8) F qo. Recall that L’ is strictly stronger than L. So pg, —po IF e1(y)
for each v € X and po, —po, e1(B) IF qo. Together with e;(X) IF ej(a), this entails
po, —po IF qo, and L’ is not paraconsistent. O

Lemma 10. If M is a {3}-preserving functional extension of A} and is not {0,1,3}-
preserving, the logic L = (L,F) induced by M is mazximally paraconsistent w.r.t. —

of Aj.
Proof. Start as in Lemma 9, then define the substitutions:

(g0 A —qo), if h*(p) = 0,
=(g0 A —qo), if h*(p) =
eo(B), if h*(p) =2,
po, if h*(p) = 3.

For every h € Val(M), if h(pp) = 3 and h(qo) € {0,1,2}, then h(e1 (X)) C {1,3}
and h(e1(a)) € {0,2}. Moreover, since M is {3}-preserving, if h(pg) = h(qo) = 3,
then h(e1(«)) = 3 and h(e1(y)) = 3 for every v € X. Therefore, the following holds:

(1) po,—po F e1(y) for each v € X; (2) po, —po, e1(8) F go. The remainder of the
proof is as in Lemma 9. O

(g0 N —qo), if W' (q) =0,
eo(q) = (g0 A =qo), if W(q) =1, ei(p) =
po, if A'(q) = 3.

Now we will use Lemmata 9 and 10 to ‘recover’ maximal paraconsistency in
classes of matrices provided by Theorems 6 and 7. Supplement each of them with
the following operator:

W = O ®
N OO OO
OO O Ol
O O O O
W O O W
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Lemma 11. For every r), € {ri|i > 2} the following holds:
e € [({rili 2 28\ {rp ) U Pip U {@}].

Proof. Let ®(®y,...,®,,) be a formula, where ® € {r}[i > 2} U P> U {®} and
Py, ..., P, are either variables or functions from {r}|i > 2} U Py U {®}. By defini-
tions of 7/, T'P!, ®:

1. fzy =--- =2, =2, then r%(a}l,...,xn) = 2;
2. If z; # 2 for some x; € {x1,..., 2y}, then v} (z1,...,2,) # 2;

3. If »; # 3 for each z; € {z1,...,2,}, then f(z1,...,2,) # 2 for every f €

(P12 U{®}].
Suppose ®(®1,...,P,,) contains at least one instance of a function from Py U{®}.
By virtue of (1)—(3), z1 = -+ = x, = 2 entails &(Py,...,P,,) # 2. Therefore,
e & [({rili = 23\ {r}.}) U Pap U{@}] for every r} € {rj|i > 2}. O

Lemma 12. For every r, € {ri|i > 2} the following holds:
e & [({rili = 23\ {r}}) v Ay U {@}].
Proof. Same as in Lemma 11. 0

By virtue of Lemmata 9 and 11, the set of four-valued matrices that define
maximally paraconsistent LFIs and are pairwise distinct in expressive power has
cardinality of continuum. By virtue of Lemmata 10 and 12, the set of four-valued
matrices that define maximally paraconsistent non-exploding logics and are pairwise
distinct in expressive power has cardinality of continuum as well. That concludes
this contribution to the study of many-valued paraconsistent extensions of CPC™.
However, the study itself is far from over. In the final section we lay out some open
problems and directions for further investigations.

5 Conclusion

We have given several individual examples of infinite subclasses of P3 and Py that
could be used to produce infinite sets of many-valued paraconsistent extensions of
CPC™. Although our results raise more questions than they answer.

First of all, it is yet not known whether it is possible to define continuum-many
functional extensions A; which are definable in PAC.
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Second, while we have demonstrated the existence of uncountably infinitely many
subclasses of P3 between P35 and 1o, the example we have given is clearly not the
only one possible. At least one different way to expand P32 is readily available if
we modify the definition of r, by replacing all 1s with Os and vice versa.

Quite a lot of other similar subsets of Py that have continuum cardinality is
known in the literature (cf. [30, §§ 12.314.10], [57]). This makes case-by-case
analysis a futile task.

Therefore, to provide the definitive answers regarding functional extensions of
A; and Pq, we would need to produce complete description of respective sublattices
of the lattice of all subclasses of P3 (L3) — the one between A; and Ty N7T» as well
as the one P39 and Tj; — which would be not unlike the well known description of
subclasses of P (cf. [30, p. 149]).

At the same time, the existence of subclasses with countable bases, which is the
source of the results presented in our paper, is the very reason for the lack of such a
general description for Lg. The known descriptions of sublattices of L3 usually deal
with ‘manageable’ sets of subclasses that are at most countable [30, §8.3].

The important exception can be found in D.N. Zhuk’s paper [56]. The author
isolated the ‘unmanageable’ segments of the lattice of all clones of self-dual functions
of P3 and was therefore able to present a comprehensible description of this lattice.
This result hints that a similar description could be possible for the lattices of clones
related to the topic of our paper.

The four-valued case raises several additional questions. The first group of prob-
lems is related to our generalization of NAT for the four values. We have identified
some sufficient conditions for formal inconsistency, non-explosiveness and maximal
paraconsistency in NAT,. However, the general description of necessary and suffi-
cient conditions for such properties in NAT, is yet to be found.

Next, further research of the expressive power of matrices in NAT, is in order.
In the three-valued case, the upper and lower boundaries of subclasses of NAT is
known for both the subclass of matrices that define LFIs and the subclass of matrices
that define non-explosive logics. In NAT,, on the other hand, the situation is more
complicated. The ‘strongest’ matrix has been identified as M¢cco. We have also
established that the class of operations definable in the strongest {3}-preserving
matrix coincides with Tp; NT3. While such a matrix is definable in M¢g¢, it is still
not known whether Tp; N T3 has a basis of the form {A,V, D, —}. The same is also
the case for the strongest matrix where every function from Ty; N Tb3 is definable.

The matrix Z'P! is one of the ‘minimal’ ones (i.e. no other matrix from NAT is
definable in it), since the set of all operations definable in it coincides with Py 2. The
matrix 4] should also be minimal, but this has to be proved. In any case, the two
matrices we discussed do not exhaust the set of minimal matrices in NAT4. Neither
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T'P! nor A] preserve {2, 3}, so there has to be a minimal matrix with this property.
The problem is directly related to the question of necessary and sufficient conditions
for maximality raised above. Notice that the relevant lemmata in our paper deal
with extensions of particular minimal matrices, and this is what facilitates their
proofs.

The second group of problems stems from the fact that there is more than one way
to generalize NAT. In NAT,, we deal with the class of designated valued D = {1, 3}.
But we could also take D = {1,2,3}, and this would lead to a different class of
matrices and a different class of logics, ones that are only paraconsistent, but not
paracomplete. All questions raised in this paper would be relevant for such a class
as well.

While the three-valued and four valued cases already provide plenty of material,
it is also of interest to consider the many-valued extensions of CPC™ from a gen-
eralized finite-valued viewpoint. In [3, § 5] the way to obtain an infinite sequence of
logics with gradually increasing number of truth-values is described. It seems worth
investigating whether it is possible to design a similar sequence, such that every k-
valued logic in the sequence would have continuum-many pairwise distinct k-valued
linguistic extensions. Moreover, the questions regarding the conditions of formal
inconsistency, maximality and other issues discussed above would best answered for
the generalized k-valued case.

Last but not least, all of the above is applicable to the paracompleteness prop-
erty. As pointed out by J.Marcos, ‘Any definition involving paraconsistency can
immediately be converted into a definition involving its dual, paracompleteness’ [39]
(see also [12]). Such a conversion essentially doubles the field of proposed research.
In addition to the problems of formal inconsistency, non-explosiveness and maximal
paraconsistency, the problems of formal uncertainty, non-implosiveness and maxi-
mal paracompleteness arise [36]. Such problems are already relevant to the matrices
discussed in Section 4, since all the logics they define are paracomplete. But what
is perhaps more interesting, paraconsistency also motivates the study of linguistic
extensions of a different fragment of CPC, the dual-positive one.

We have established in Section 2 that the schemata of NAT yield 8,192 matrices
with D = {1,2} for the language (L,A,V,—, ). At the same time, as noted in
[37], a similar construction for D = {1} would yield only 1,024 such matrices. This
seems to contradict the symmetry between paraconsistency and paracomleteness
pointed out above. The source of this discrepancy is in the standard condition for
the implication operator:
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D= {1} D=1{1,2}

> ] 0 1 2 > T o0 1 2
0 1 1 1 0 1 1 112
1 0 1 012 1 0 1 1:12
2 1 1 1 2 0 112 1:2
— ] 0 1 2 ] o0 1 2
0 0 1 02 0 0 1 112
1| 0 0 o022 10 0o o0
2 |02 1 012 2 10 0 0

For D = {1,2} there are 2% options, but for D = {1} there are only two. The
symmetry is restored once we take into consideration the operation <—, where the
‘standard condition’ is obtained from those for = and — via the following identity:
x <y =: =(—z — —y). Since A is dual to Vv, {A,V, <} is dual to {A,V, —}. Notice
that in the classical two-valued case, the set of operations {A,V,—} preserves the
value 1 and the set of operations {A, V, <} preserves the value 0. Let us call the frag-
ment of CPC in the language {L, A\, V, +} dual-positive and denote it as CPC~. If
we set out to explore the many-valued negative extensions of non-negative fragments
of CPC and preserve the symmetry between paraconsistency and paracompleteness
while doing that, in addition to the titular many-valued paracconsistent extensions
of classical positive propositional calculus, we need to at least study the many-valued
paracomplete extensions of classical dual-positive propositional calculus as well.

In light of the contents of this section, we conclude that the results presented in
the paper should be seen not as final answers, but rather as motivating examples
for research devoted to a rather sizeable subfield of non-classical logics.
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Abstract

The paper presents a systematic construction of natural-deduction proof-
systems for multi-valued logics from the truth-tables for the connectives. The
construction is based on poly-sequents of the form 'y |- - Ty, : Aq]---|Ay,, n >
2, improving on a previous approach by Baaz et. al. [2] Poly-sequents allow to
speak explicitly about the truth-value of a formula, and have in I/E-rules both
assumptions and conclusion that have any truth-value. Soundness and strong
completeness are proved. The generality of the construction is exemplified by
retrieving within the constructed ND-system a host of well-known ND-systems
for multi-valued logics.

1 Introduction

Our point of departure is the construction of a natural-deduction (ND) proof-system
for many-valued logics out of the truth-tables for the connectives, as presented in
Baaz et. al. In contrast to [2], our construction relies directly on the truth-tables
only, while Baaz et. al. rely on consequences of the truth-table which are not easy
to establish in general (see [2]) as it appeals to all interpretations. This reliance on
consequences of the truth-table is then shown to be eliminable.

A talk based on this paper was presented at ISRALOG17, Haifa, October 2017.
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Our central purpose is to present simpler and more intuitive construction, based
on a more advantageous extension of Gentzen’s logistic-ND to poly-logistic ND, an
extension referred to as poly-sequents, where both contexts of a sequent are poly-
contexts, a structure originating from sequent calculi. The central idea of using
poly-contexts is to allow for different kinds of assumptions and conclusions in an
ND-system, having arbitrary truth-values.

In more detail, our main aim is to devise a uniform construction of natural-deduction
proof-systems, denoted by N, for any n-valued logic, n > 2, constructed in a sys-
tematic way (only!) from the truth-tables for the connectives in the object language.
In particular, unlike [2], the construction is direct, without an intermediate passage
through a mediating sequent-calculus. This directness of construction is facilitated
by the following two characteristics of poly-sequents:

1. While only disjunction is present in the meta-language defining satisfaction
in Baaz et. al. [2] we have in the meta-language all the classical connectives:
disjunction, conjunction, implication and (in a certain form) negation.

2. Our poly-sequents provide a clear separation of assumptions and conclusions,
thereby being more faithful to the general concept of natural deduction and
to Gentzen’s original sequents.

We denote the truth-values generically as V = {v1,---v;,---v,}. Mnemonic names
for truth-values are used where appropriate.

Poly-sequents should be carefully distinguished from some notationally-related gen-
eralizations of sequents, found in the literature. In the sequel, I'; (assumptions) and
A; (conclusions), 1 < i < n, are (finite, possibly empty) sets of formulas in some
object language.

poly-sequents: These are structures of the form
M=T4] - |Th: Ar]--|Ap, n>2 (1.1)

Each I'; and A, ¢ € n, are called (corresponding) compartments (of IT).

In a multi-valued logic, poly-sequents are interpreted, relative to some truth-
value assignment! o, conjunctively on the assumptions (I';s) and disjunctively

! Assignments are also called valuations in the literature.

256



ON POLY-LOGISTIC NATURAL-DEDUCTION . ..

on the conclusions (Ajs): if, for every 1 <i < n, every ¢ € I'; has truth-value
v; under o, then, for some 1 < j < n, some ¢ € A; has truth-value v; under
.

A remark? about notation: Typically, the I';s, as well as the A;s are
presented in ascending order of i. However, it is often convenient not to adhere
to this strict order of display. In such cases, however, if the name I'; itself is not
present, there might be ambiguity in determining the intended compartment
index. For example, for n = 2, consider «|f : y|d. This could mean either

[y ={a}, T2 = {8}, A1 = {7} and Ay = {4}

but also
FQ = {O[},Fl = {IB},AQ = {’y} and Al = {(5}

To disambiguate, we use remnants of the name of the compartment where
needed in the form of A;, an empty compartment (of v;-valued formulas).

Thus, for the first reading,
Ay, alAg, B 1 Ay, y|A2, 6
while for the second reading we have

A27 OZ|A1,5 : A2>’7|A11 o

many-sided sequents: These are structures of the form
Al |Ap, n>2 (1.2)

In a multi-valued logic, n-sided sequents are interpreted, relative to some truth-
value assignment o, disjunctively: for some 1 < i < n, and some ¢ € A; , ¢
has truth-value v; under o (see [2]).

hyper-sequents: These were introduced by Avron [1] (and, independently, also
presented by Pottinger [21]) and have the following form:

Hyper-sequents are also interpreted differently than poly-sequents, as follows:
If, for some 1 < i < n, every @ € I'; is true, then some ¥ € A; is true. This
interpretation appeals to two truth-values only.

2We thank an anonymous referee for drawing our attention to the need for this remark.
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The following advantages of using our poly-sequents as the building blocks of ND-
systems for multi-valued logics, in comparison to the use of n-sided sequents in [2],
are:

e As stated above, poly-sequents keep the formal separation of assumptions and
conclusions. In particular, poly-sequents allow for assumptions and conclusions
of the form?

Tl e1lT)s p2 - Al Ae, v | A, s (1.4)

For example, anticipating what follows, we can state the (single) premise for
an I-rule for the truth of the (bivalent) classical implication, using mnemonics
{t, f} instead {1,2}, as

I: Af, g0|At, ¢

namely, either ¢ is false or v is true.

e The following property, essential in object languages lacking negation, can be
proved (cf. Theorem 3.1)

A Ayl |An g

expressing? the claim that every ¢ has one of the n truth-values (extending
the bivalent claim that every formula is either true or false). This property is
taken as an axiom in [2].

Our contributions go beyond those in [2] in:

e Providing an extended theory of poly-sequents.

e Providing a strong completeness theorem for the full consequence relation over
poly-sequents.

e Establish the harmony and stability of the constructed I/E-rules, a major
ingredient for Proof-Theoretic semantics (see Section 3.6).

e Studying the derivability of specific ND-systems for multi-valued logics from
the literature within our general systems. See the remark on p. 21 for an
important point regarding this issue.

3As described below, the notation Fm abbreviates (assuming ¢ < 7)

T |Tiz1|Tiga] - - |T5=1|Tj+1] - - - |T'»n and similarly for AW'

4Here A are empty I's, defined below.
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We mention on passing that poly-sequents were used for other purposes too, besides
formulating ND-systems for multi-valued logics.

e In [9], poly-sequents were used for expressing multilateralism, a natural gen-
eralization of bilateralism. The lateral is an approach to logic based on hav-
ing assertion and denial as two independent speech acts, allowing a “nice”
proof-theory for classical logic (see [29] for more details). In the case of multi-
lateralism, one can formulate abstract positions in which an agent can have
any of n > 2 independent stances towards a proposition.

e In [12], a theory of transparent truth-value assignment predicates was formu-
lated. It is based on predicates T;(p) (where ¢ is a unique name for ¢), assert-
ing, when true, that ¢ has the truth-value v;. It generalizes the known disqou-
tational use of the transparent truth-predicate T'(¢) expressed by T(p) <> .

Traditionally, a specific multi-valued logic is defined not only by its truth-tables for
its connectives, but also by a collection Vy C V of designated truth-values, the preser-
vation of which defines the consequence relation of the logic. We would like to draw
the reader’s attention, and emphasize, that our construction of an N D-system is not
over formulas, but over poly-sequents, endowed with their own consequence relation
(not depending on designated truth-values). For another approach to construct
N D-systems from multi-valued truth-tables that is based on designation of some
truth-values the reader is referred to [8]. There a reductive approach is employed,
reducing the construction to a bivalent one.

We defer the treatment of the consequence relation over formulas to Section 3.7.

2 Poly-sequents

Consider an arbitrary object language for a multi-valued logic. A truth-value as-
signment o is a mapping of the formulas in the object language to V = {vy,--- , v, }
assigning to each formula ¢ a truth-value o] € V. The value of o for atomic sen-
tences is arbitrary, and the extension to arbitrary formulas respects the truth-tables
of the connectives.

Definition 2.1 (poly-sequents). A poly-sequent II is a structure of the form
M=Tq] - |Tp:Aq]--|Ay, n>2 (2.5)
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where each T'; and A; is a (finite, possibly empty) set of formulas in the object
language. We denote by II a (possibly empty) set of poly-sequents (over the same
V).

Definition 2.2 (support, satisfaction, validity, consequence).

support:

a-support: A truth-value assignment o a-supports a poly-context T iff for
every 1 <i <n and every p € I; o] = v;.

c-support A truth-value assignment o c-supports a poly-context A iff for
some 1 < i <mn and some ¢ € A; o] = v;.

satisfaction: A truth-value assignment o satisfies a poly-sequent II = T : Z_, de-
noted =11, iff the following holds: If o a-supports I' then o c-supports A.

Spelled out, the satisfaction condition is as follows.

If for every 1 <i < n and every ¢ € T;, o] = v;, then for some j, 1 < j <mn,
and some ¢ € Aj, o¢p] = v;.

If o does not a-support T' (i.e., o] # v; for some ¢ € Tj, 1 < j<n ) we
say that o satisfies 11 vacuously.

o satisfies I1, denoted |=_II, iff =11 for every II € II.
validity: II is valid, denoted =11, iff =, 11 for every truth-value assignment o.

consequence: Il is a consequence of a set of poly-sequents II, denoted IIFEIL, iff
for every assignment o, if =_II then |=_II.

Note again that unlike consequence relations in multi-valued logics defined over
formulas, the consequence relation over poly-sequents does not depend on any des-
ignation of some of the truth-values. All the truth-values take part in the definition
of consequence. Designation will be considered in Section 3.7, and also later, when
we discuss the retrievability of specific formula-logics within our poly-sequent logics
(see Section 4).

Observe that under these definitions of the semantic notions, a poly-sequent implic-
itly embodies, via its description in the meta-language, the classical connectives of
conjunction, disjunction and implication. In a forthcoming paper [13], this property
is exploited for the presentation of a family of deductively equivalent (to the currently
constructed system) proof systems exhibiting certain dualities and symmetries.
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A precursor to multi-context sequents, without this kind of interpretation, can be
found in [26, 27].

Notational and terminological conventions

o Let, for n >2, 2= {1,... n}.

e We abbreviate I'y|---|T',, to T, and similarly for A. As usual, T, T is defined
by TqUTY| - -+ |[T,UTY. If (in 2.5) ¢ € T'; (resp. A;), we say that ¢ is a resident
formula of T'; (resp. A;).

e For J = {j1, -+ ,jm}Ch, L'y abbreviates T';,| -+ |, and Tj, 0 | -+ | T, 0
abbreviates to I's, . Similarly for Ay, . The notation is naturally extended
to mnemonic indices. For example, for a four-valued logic with V = {f, n,b,t},
standing, respectively, for false, neither false nor true, both false and true and
true, if L =Ty | T, | Ty | Ty, then Ty, 4y denotes Ty, | Ty

One special case, of the form 'y | -+- | T;—q | Tiy1 ... |T'n, where I'; is excluded,
occurs often (for various values of 7). We abbreviate it to I';. Similarly for I'7,
for JCn. Analogous abbreviations apply to the As.

e An empty compartment is denoted by A. We abbreviate A|---|A to A. Oc-
casionally, for readability, we use the hybrid notation A; to indicate that the
empty compartment is the one corresponding to I'; or A; (cf. the remark about
notation above). Similarly, Ay when N is a mnemonic index of a compart-
ment. For example, Ay in the bivalent case.

e Two poly-sequents II, I’ of the form

M=T:A] - |Angl- | Ay and IV =T Af| - |AL ] - AL, i #
(2.6)
are called incompatible, expressing a conclusion of two different truth-values
to the same formula .

As mentioned above, for multi-valued logics the ith compartment of a poly-sequent
IT is intended to hold resident formulas evaluating, under a given truth-value assign-
ment satisfying II, to v;, the ith truth-value. Thus, truth-values, that often raise
philosophical problems regarding their nature, are reduced merely to positions in a
context of a poly-sequent.
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3 Saturated poly-logistic ND-systems

3.1 The general primitive rules

The idea is to construct systematically directly from any n-valued truth-tables a
poly-sequent ND-system, say N, over some signature®, that fully reflects the whole
truth-tables of the connectives in the signature, thereby being sound and strongly

complete by construction.

initial poly-sequents: For every 1 <1i¢ < n:
This makes the structural rules of (W L;, WR;) ( Weakening)

A ) LA (wg)
F;|Fz,g0 : A I: AﬂA“(p‘

admissible. Alternatively, one can restrict the initial sequents to
K{!Ai, P K{|Ai, ¥
and admit (W L;,WR;) as primitive.

shifting rules: For every 1 <4,57 <n:

f A’A %) ' FJ_"FWSO:Z w7j7éi
coordination o -
L AfAL e T AFAYL (ci1)
— ) — — Ci,j
F,F/:A,A, ]> Z#]

(3.8)

(3.9)

(3.10)

The rule (¢; ;) expresses a coherence requirement, namely a formula ¢ cannot
be proved to have two different truth-values, v; (from the one premise) and v,
(from the other). Those two premises are incompatible. This is a generaliza-

tion of the traditional resolution rule.

°In the sequel, we will mainly be concerned with signatures which are a subset of {—,A,V, =},

where ‘—’ represents some generic implication.
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operational rules: The guiding lines for the construction are the following, ex-
pressed in terms of a generic p-ary operator, say ‘*’.

(+I): Such rules introduce a conclusion I' : Az|Ay, *(p1,- -+, p).
e In general, if in the truth-table for ‘+” the values v;; for ¢;, 1 < j < p,
yield the value vy, for *(¢1,- -, ¢p), then there is a rule
— *Lgy e in ke
I: AE‘Ak,*((pl, ,gop) ' ? (311)

The rule (*1;; ... ;, ) has, thus, p premises.
(xE): Such rules have a major premise I' : Az|Ag, *(¢1, -+ ,¢p).

e Let Ij, be the collection of all {iq,--- ,i,} C 7P such that in the truth-
table for ‘+” the values v;, for ¢; yield the value vy for *(¢1,- -+, @p).

Then, there is a rule
T: Zz\Ak, *(e1,- 5 Pp) {Fm‘rilﬂall R | ST Ast. (i1, ,ip) € I}
— (*Er;)
T:A
(3.12)

Thus, the rule (xEp,) has |[I;| + 1 premises.

See an important Corollary 3.2 regarding the E-rules.

Digression

The pattern (3.12) of an E-rule are a generalization of the pattern known as general
elimination rules (GE).% Originally, G E-rules emerged from a concern regarding the
relationship between Cut-free derivations in sequent calculi and normal derivations
in ND-systems; see, for example, [28] and [20]. Later, they emerged (see [11], [24])
as inducing harmony between I-rules and FE-rules, a criterion for an ND-system to
qualify as meaning-conferring according to the proof-theoretic semantics theory of
meaning (see [10]).

(end of digression)

5The similarity to the GE-form would be easier recognized had we formulated the rule as

T : Ap | Ap (o1, 5 9p) o

T el D, op s A [ Ay x st (i, ip) € Tk}

— (*Er 1)
T A7 ALX

However, in a multi-conclusion right context an empty succedent has to be accounted for too, hence
the formulation is as given.
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Two remarkable properties of the operational rules for A when constructed by the
above schemes are the following.

o Purity ([6]): no rule features a connective different from the connective it intro-
duces/eliminates. This is only possible due to the ability to have assumptions
of any truth value! For example, in bivalent logic, one obtains pure rules for
implication (not referring to 1), because one can have a premise with ¢ being
false.

e The premises of the I-rules manipulate only the As, while the minor premises
of the F-rules manipulate only the I's. In particular, discharged assumption
never emerge!

Tree-shaped N™-derivations over poly-sequents, ranged over by D, are defined re-
cursively as usual, iterating applications of rules, starting from assumption poly-
sequents or initial poly-sequents. Derivability (i.e., existence of a N"-derivation) of
a poly-sequent II from assumption poly-sequents IT is denoted by ITFan11.

3.2 Some properties of N'"

I, 11 80
D D’
Definition 3.3 (composition of derivations). Let II* and II be two N™-deri-
I, I1
D//

vations. Their composition II* is obtained as usual by replacing the leaf I1 with
the sub-tree D’.

Refer to 11 as the anchor of the composition.

/
It is convenient to denote the above composition by DIl := II]. This notation
is conveniently extended to parallel multiple compositions. For example, for two
anchors, Iy and Ils, we get

D D
DIy, I := 11y, IT;)] (3.13)
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Remark: It is convenient to extend the definition to the case where the anchor Il
does not occur in D as a vacuous composition, resulting in D itself, left unchanged.
This is like a substitution for a variable not occurring in the term into which a
substitution takes place.

IT,II r
D D’
Proposition 3.1 (closure of N™ under composition of derivations). If II* and II

D/
are two N'™-derivations, so is D[II := II].
The proof is standard, like for other ND-systems, and omitted. See [17].

Definition 3.4 (simple poly-sequents). Those are limit cases of poly-sequents.

o A poly-sequent IT = A : A is called a-simple.

o A poly-sequent II =T : A is called c-simple.

Thus, a-simple poly-sequents have empty assumption compartments, while c-simple
poly-sequents have empty conclusion compartments.

The following notation is handy for the next definition. Let AUL abbreviate
AUy - - UL,

Definition 3.5 (simplification). The simplification llx 5 of a poly-sequent I1 = r:
A is defined as B

Abbreviate AjUT'7] -+ - |A ULy to cone(Ils_ x).

Proposition 3.2 (simplification equivalence).

T A pm cone(Tly_ x) (3.15)

Proof: Each direction is proved by iterating the appropriate shifting rule.

Thus, when convenient, it is always possible to assume w.l.o.g that poly-sequents
are a-simple.

The following proposition establishes the relationship of our poly-sequents to the
many-sided sequents of Baaz et. al. [2].

265



FRANCEZ AND KAMINSKI

Proposition 3.3. Let A = Aq|---|A,, n>2.

e A is valid under the semantics of [2] iff A : A is valid under our semantics.

o Il =T : A is valid under our semantics iff conc(Ily_x) is valid under the
semantics of [2].

3.3 Some useful derived and admissible rules

The structural rules below are useful for conveniently establishing some properties

of N™.

Weakening: Those follow from the conjunctive reading of antecedents and disjunc-
tive reading of succedents and are easily shown admissible. Still, their use in
derivations is often convenient.

AT, ¢ 0 A Aq|A;, @ (3.16)
(Cut): For every 1 <i <n:
T:AA e THI @ A
- (cut;)
I T:ARA (3.17)

Proof of (cut)-derivability: We show by induction on m the derivability of
each of o _ _,

I AfAi e TiTG 9 A

= =/

TT AN A0 (3.18)

The result follows for m = n. W.l.o.g., assume ¢ = 1.

Basis: m = 1.

oY, o A
11+1 (?1)

F/ : ZI,KZ“.?”,()O
= (WLs,WRs)
T, AN Ay (3.19)

Induction step: Assume (3.18) for m.

S (3.20)
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Elsewhere [13], we present a stronger result, that both (cut) and the (¢; j)s are
jointly eliminable.

Redundancy rules

{f;|1“z, @ Z, 1€ ﬁ} . {f : Z‘AZ, Y, 1 € ﬁ} —
= (st) = (st)
r:A r:A (3.21)
The derivation of (st) is by (7s'1) followed by (cut)s. (st) is just a special case

Of (CZ'J).

3.4 Is N" a natural-deduction proof system?

Traditionally, there is a basic distinguishing feature between natural-deduction and
sequent-calculi, even when the former are formulated in Gentzen’s logistic style (us-
ing sequents, not formulas): Natural-deduction rules manipulate only the succedent
of a sequent, while sequent-calculi rules manipulate both the succedent and the
antecedent of a sequent.

In view of the (?, ;) shifting rules, that manipulates also the antecedent of a sequent,
one might wonder whether N™ still qualifies as an ND-system.

We claim it does.

The reason, expressed in terms of Schroeder-Heister’s [30] terminology, is the follow-
ing. Schroeder-Heister distinguishes between two ways of introducing an assumption
into an antecedent of a sequent: specific, i.e., according to the assumptions mean-
ing, and non-specific. The sequent-calculi left-rules all introduce assumption into
an antecedent specifically: each logical operator has its own L-rule, reflecting its
meaning. On the other hand, the shifting rules introduce an assumption into an
antecedent non-specifically, independently of the form (and, hence, of the meaning)
of that assumption.

Thus, the shifting rules are more like a structural rule, not disrupting the general
characteristic of ND-system listed above.
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3.5 Further properties of N

The following theorem is the natural generalization of bivalency in bivalent logics.
It expresses the fact that every ¢ must have some truth-value. It is the natural
generalization of the bivalent excluded-middle law, but expressed without appealing
to negation.

Theorem 3.1. B
Fan A Ao | A, e (3.22)

Proof: The derivation is
A:Ay ol A " (3.23)

In the sequel, we refer to the poly-sequent A : Ay, |- |A,, ¢ as II,. An immediate
generalization is the following.

Corollary 3.1. By applying to (3.22) both (W L) and (WR) a sufficient number of
times, we have _
Fan T A, [Ap, @ (3.24)

Theorem 3.2 (soundness and strong completeness). For every IT and I1:

IT=IT iff T pn 1T (3.25)
Proof:

soundness: Suppose that IT-pynII. The proof that II=II is by induction on the
derivation, by case analysis on the last rule applied. Let ¢ be an assignment
s.t. =, IL

initial poly-sequents: obvious.
shifting rules:

(?Z) Suppose o satisfies the premise, ):Ufl—.lf‘i, ¢ : A. We present only

the case of non-vacuous satisfaction (see Definition 2.2).
There are two cases to consider.
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ole] = vi: In this case, o a-supports I:|I';, . Therefore, o c-
supports A]—.]Aj, v as well.

ole] # vz In this case, ofp] = v; for some j € i. Hence, o c-
supports AJ—.]AJ', ¢, and thereby satisfies I' : A;|A7, ¢ itself.

In both cases, the conclusion of the rule is satisfied by o.

Since o is arbitrary, IT}=II.

(?H) Suppose o satisfies the premise, =T : Z;]Ai, ©. Again, we
present only the case of non-vacuous satisfaction, and there are two
cases to consider.

o] = v In this case, o does not a-support fj—.|Fj, i, and the con-
clusion is satisfied vacuously by o.
ole] = vk, k #i: In this case, o does not c-support X;\Ai,cp; but
the premise is satisfied by ¢ by assumption, hence o c-supports
Ar| Ay
operational rules: For simplicity, we consider the case where ‘x’ is binary.
Only the cases of non-vacuous satisfaction of the premises are presented.

(*1; jx): Suppose o satisfying the premises. Therefore, op] = v; and
o[Y] = v;. By assumption, the truth value of ¢ * ¢ in this case (by
the truth-table for ‘«’) is vg. Hence, o c-supports Ag, ¢ * 1, and
thereby also satisfies the conclusion T : ZﬂAk, © * Y.

(xE1,): Suppose o satisfies the premises. Therefore, o[y * ¢] = wvg.
Suppose that o[¢] = v; and o] = v;. Therefore, by the truth-

table of ‘«’, (i, j) € Ix. Therefore, o also satisfies Fi—jlfi, ¢|I'j,7. By

the satisfaction by o of all the minor premises, o satisfies A. Thereby,
o satisfies the conclusion I' : A.

completeness: We prove the contra-positive. Assume that IT¥a~1I, and construct
a counter model. We proceed in a number of stages.

Lemma 3.1. Fori # j, ban AW\A{M},SO tA

The derivation is

e e e 17‘7
Lemma 3.2. If #anl : A, then for no ¢ and no i,j s.t. i # j is ' =
Iz, eIy, -
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Assume, towards a contradiction, the contrary
[ =Tg7T el (3.27)

By Lemma 3.1, Famn K@]K_{M}, ¢ : A. By a number of weakening applied to
(3.27), we get that Fam T': A, contradicting the assumption.

In view of the simplification proposition (Proposition 3.2) we may assume
w.l.o.g both that all the poly-sequents in IT as well as II itself are a-simple;
namely, IT = A : Zl, -~ and IT = A : A, respectively. Also, we may assume
that the derivable poly-sequents IL, ((3.22), for all ) belongs’ to II.

Next, we construct a sequence fi, 1> 0, s.t.
o (nded) IIFpm A
e (dis) For every 1 <k < i, and some j, A?ﬁf? £ .
Let T = A. Then, (nded) holds by assumption and (dis) holds vacuously.

Assume T" has been constructed. i ‘ o
Claim: For some j and some ¢ in A;-Jr , TIF A I‘;—H‘;, v A

Otherwise, that is, for every j and every ¢ in A?’l, IIFprn f;—-|1“§-, ¢ : A, then

by applying several (cut)s with A Ziﬂ, we get TIFprn i A, contradicting
(nded) for T".
We can now define T 1 by

I =t T (3.28)
(for the ¢ and j from the claim).
Then, (nded) holds by the claim, and (dis) holds since it holds for T and
@€ Zj-“.
Put [ =4 Ui=o T (where the union is compartment-wise).
We can now d:eﬁne the counter-model, an assignment &, by:

6p] = vy iff p € T, (3.29)

The assignment & is well-defined by Lemma 3.2.

By Lemma 3.3 below, this property of & extends to every .

"Therefore, IT is infinite.

270



ON POLY-LOGISTIC NATURAL-DEDUCTION . ..

Lemma 3.3.

6[p] = vp iff €Ty (3.30)

The proof is by induction on the structure of ¢. The basis is (3.29). For the
induction step, suppose ¢ = *(¢1,- -+, ¥p).

Let, for 1 < j < p, 6[p;] = v;,.

By the induction hypothesis, for 1 < j <p, p; € f‘lj

1. Suppose 6[¢] = vk, and assume, towards a contradiction, that for some
k' # k it holds that ¢ € T'y.
Let m be such that I'}) contains ¢, and I'}"" contains ;.

_ _ 9
From the initial sequents FE\Fij,goij : Ag|Aij,goij, 1 <7 <pwe get by
weakenings

By applying the rule (xI;, ... ;, 1), we get
IIFpn T A Ay, @ (3.32)

But by applying the coordination rule (¢ x/) to (3.32) and the initial poly-
sequent KZ | Apryo ot Ky | Agry o, we get TT-prn T™ : A, contradicting
(nded) for m.

. Suppose p e fk Then, by part 1 of the proof, ¢ € fk/ in contradiction
with o € T').

We now show that indeed & is a counter-model.

First, we note that |=, II, since by (dis), for some j, there is some
RS A;ﬂfj. By Lemma 3.3, 6[¢] = vj, so =5 A : A"

Assume, towards a contradiction, that for some 1 < j < n and some
¢ € Aj it holds that 6[¢] = v;. It follows by Lemma 3.3 that for some
m, ¢ € I'J". Hence, by applying a number of weakenings to the initial
poly-sequent K;]Aj,go : KJ—-]A]-,@, we get IIFam T ¢ A, contradicting
(nded) for m.

Corollary 3.2 (admissibility of the E-rules). The E-rules of N™ are admissible.

The corollary follows from the completeness proof, that makes no use of the E-rules.
Still, they are useful both in derivations and in showing that other n-valued logics
are retrievable from N™.
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3.6 Harmony and stability of N'"

According to the theory of meaning known as Proof-Theoretic Semantics (PTS) [10],
the meaning of the connectives is not given by their truth-table, but is determined
by the I/E-rules of a meaning-conferring ND-system. This approach to meaning
has not been applied so far to multi-valued logics.

As is well known, not every ND-system qualifies as a meaning-conferring system. A
major requirement for such qualification [6] is that there is a balance between the
I/ E rules, no group overpowers the other. This balance is often formalized by means
of two properties, known as local soundness and local completeness [18, 5], explained
below.

Definition 3.6 (maximal poly-sequent). A maximal® poly-sequent in an N™-deri-
vation is a poly-sequent that is both the consequence of an application of an I-rule
(for some “’), as well as a major premise of the application of an E rule (for the
same “’).

Note that a maximal poly-sequent cannot be c-simple.

Definition 3.7 (reduction). A reduction of an N™-derivation D having an occur-
rence of a maximal poly-sequent is a transformation of D to an equivalent derivation
D' (having the same open assumptions and conclusion) in which the above mentioned
occurrence of a mazimal poly-sequent is removed.

Definition 3.8 (local soundness). An ND-system is locally sound iff every deriva-
tion with an occurrence of a mazimal (here: poly-sequent) is reducible.

Violating local soundness means that the E-rules are too weak compared to the
I-rules: there are conclusions obtainable only by means of introductions.

Theorem 3.3 (local soundness of N™). N™ is locally sound.

Proof: A derivation with a maximal occurrence of a (non c-simple) poly-sequent

8Traditionally ([22]), this notion is defined over formulas. Since here derivations are over poly-
sequents, we use the natural adaptation of the definition.

9The absence of an infinite sequence of reductions is called (strong) normalization. Here, only
a single reduction step is considered.
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r A{|A2790 FA;|A11¢ ( ) Dij
= — *1i 5.k — Y
FAE‘Ak,(p*w ! {FW‘FMSO‘F]:wA, <Z,j>€[k}
— (xEy1)
(3.33)
reduces to
D; D
D _ _ (cuts)
' AqA @ me@‘,(ﬁ cA
_ (cuts)
T': A (3.34)

We now turn to the other direction of the balance requirement.

Definition 3.9 (expansion). An expansion of a N™-derivation D, say with a (non
c-simple) conclusion I1 =T : ZE | Ak, 1), is a transformation to an equivalent
derivation D', in which all the E-rules of %’ are applied, followed by applications of
the I-rules of '

Definition 3.10 (local completeness). An ND-system is locally complete iff every
derivation with a non c-simple conclusion has an expansion.

Violating local completeness means that that the I-rules are too weak compared to
the E-rules. A conclusion can be decomposed by applications of the F-rules such
that it cannot be reconstructed by applications of I-rules.

Theorem 3.4 (local completeness of N™). N™ is locally complete.

Proof: Consider any N"-derivation D with a (non c-simple) conclusion I = T :
A|Ag, o * 1. Its expansion has the following form.
Let (i,7) € Ij:

D = D =
R — P—|T, |l 4 ¢ - — P—I[T, o[, 4 ¢
T DA, 0%y _{ Bt T Ac|Ap, ¢ * _{ i ,‘ K
AjlAG, Y, (i,5) € I} (<Ep.) AilAg, 0, (4,5) € I} (+Ep.)
= — Tk = — Ty
F:AJ—,\AJ,w F:A;\Ai,ap
— 13 5,k)
F:Az\Ak,w*w (3.35)

1076 simplify the notation, we consider only the case of a binary ‘¥’
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3.7 Designated truth-values

We next turn to the designated values V; determining the consequence relation
O ¢ over formulas for the multi-valued logic £ the truth-tables of which gave rise
to N™. We show how this relation can be recovered from the consequence relation
over poly-sequents.

Let D be the set of indices corresponding to V4, and ND the other indices (of
non-designated truth-value). Our first step is to embed, under a given truth-value
assignment o, any formula ¢ as a poly-sequent II.

Definition 3.11 (formula embedding). For ¢ an object-language formula, its D-
embedding poly-sequent 11, is

Hcp =df. K : XND|KD7 1%

The definition directly implies the following proposition.

Proposition 3.4 (embedding). For every truth-value assignment o and every p:

olg] € Vq iff =11, (3.36)

We next extend the embedding to finite sets of formulas. Consider © = {1, , Ym,
m > 1} a finite collection of formulas. Let the D-embedding of © be IIg =

{Hsmv"' ’Hsom}'

We now have the following theorem.

Theorem 3.5 (consequence).

Ok ¢ iff eIl (3.37)

4 Retrievability of multi-valued logics in N

4.1 Introduction

In the literature on multi-valued logics, there were many proposals of specific such
logics, defined over formulas (sometimes, signed formulas), based on various conse-
quence relations. In this section, we consider the generality of the N calculi by
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showing how specific n-valued logics can be retrieved in N™. We present in detail
two cases with n = 3:

1. Kleene’s strong three-valued logic K3.

2. Priest’s paraconsistent logic LP.
We leave the full details for other ns to be presented elsewhere. These include:

2-valued poly-sequent logic: The following ND-systems are retrievable from N2.

e Gentzen’s NK for classical logic.
e The axiomatic (Hilbert-like) system for a logic for falsification presented
in [16].

4-valued poly-sequent logic: The following variants of the Belnap-Dunn logic for
first-degree entailment (FDE) [3, 4, 7] are retrievable from N4
e An ND-system for relatedness to truth from [31].

e A new ND-system for ETL (ezactly-true logic) of [19]. Only a sequent-
calculus for this logic is presented in the literature, in [33].

e An ND-system for a logic with a different negation, as in [15] or [25].

We refer here to the third truth-value mnemonically, in accordance to its role in the
various three-valued logics assigning to it some specific behaviour.

Remark: While the system constructed by Baaz et.al. [2] is also capable of retriev-
ing some multi-valued ND-systems, it can do so for logics the consequence relation
of which is based on the preservation of a single designated value, our system can
deal (as shown below) with any number of designated values.

4.2 Canonical translation

In a saturated logic N™ (where n > 2), one is interested in retrieving any given ND-
system (over formulas) for an n-valued logic L,, corresponding to a consequence
relation defined in terms of the preservation of designated values, a subset Vg of V.
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Let V,q be the non-designated truth-values. Recall that D is the set of indices of
the truth-values in V; and ND — the indices of the truth-values in V,,4. Also, let
d=|D|.

What does it mean that a specific ND-system for an n-valued logic £,, is retrievable
in A7 In order to define this notion of an ND-system retrieval, we introduce the
following definition.

When a specific ND-system!! for a logic £, (over formulas) is to be retrieved, the
rules of N, are interpreted as preserving designated truth-values: for every rule (p)

of Ng,, if each premise of (p) has a designated truth-value, so does the conclusion
of (p).
Definition 4.12 (canonical rule translation). Let
[1] [¢m]
1 Pm
m (p)

be a rule in a natural deduction system Np _ for a given n-valued logic L,. For
simplicity, we assume that each premise discharges at most one assumption. There
are d™ canonical translations of each rule, since each 1; can be placed in any of
the d desitgnated truth-values assumption positions. The k’th canonical translation
of (p) into N™ is given by

where
I, =" Tp_{a,}|Ta,, ¥ilAND : Ap,¢j[Anp, 1< j<m, aj €D

and"? B o B
I, =4 Tp[Anp : Ap,¥|Anp

HNote the difference between Nz, , a given ND-system for £,,, and A™, our uniform poly-sequent
ND-stem.

12Note that this notation was defined somewhat differently in Section 3.7, with X instead of
T. The reason for this difference is that here we deal not merely with embedding a formula, but
embedding a premise, that may depend on assumptions.
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That is, the jth premise of (p) is converted into a poly-sequent II; in which:

e A discharged assumption is placed in one of the designated I'-compartments
(with empty non-designated I'-compartments). If no assumption is discharged
by the j’th premise, this step is ignored.

e An assumption ; is placed in all the designated A-compartments (with empty
non-designated A-compartments).

Definition 4.13 (retrievability).
o A rule (p) in an ND-system N, for an n-valued logic L, is retrievable in N
iff each of its canonical translations (as in (4.38)) satisfies

Iy gy o Iy ian Iy (4.39)

e An ND-system N, for an n-valued logic L, is retrievable in N™ iff each of
the rules of N, is retrievable in N™.

The need for a canonical rule-translation arises from the need to translate formulas
(from the object language of £,,) serving as premises of a rule to poly-sequent. This
translation has to take into account the definition of consequence relations based
on the preservation (or propagation) of designated values, varying from one N,
to another (for the same n and even the same object language), even when the
truth-tables for the connectives remain the same.

We have the following theorem as a consequence from the definition of retrievability.

Theorem 4.6 (retrieval). Let N, be a complete ND-system for L.
P15, gom}_./\/-ﬁn/l/] (440)
iff for each function f:{¢1, -+ ,om} — D
Fam Anp|T) : Anp[Ap, o (4.41)

where, fori € D, I’Zf = f71(4).13

13 That is, sz consists of all assumptions which have the designated value v;.
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- A t n f \Y t n f D t n f
7157 7f7 7t7 7t7 77L7 7f7 7t7 7t7 7t7 7157 7t7 7t7 7TL7 7f7 (4.42)
n n n n n f n t n n n t n n
f t f f f ! f t n f f t t t
Figure 1: The three-valued truth-tables for K3
Proof:

only if: By induction on the derivation, based on ( 4.39) for every rule application.

if: By the soundness of N™ the poly-sequent KND]{Aj,goj |1 <j<m, v €
D} : Anp|Ap,® is valid. Hence, if all the ¢;s have the indicated designated
truth-values, by (4.40) so does 1. The result follows by the completeness of

N¢

n*

4.3 Kleene’s strong Kj

We start with Kleene’s [14] strong three-valued logic K3, in which the third truth
value will be referred to as n, representing neither true nor false. The object language
is over the classical operators, but having the truth-tables as presented in Figure 1

(see [23], p. 119).

4.3.1 The structure of /\/’;;3

Poly-sequents have contexts with three compartments, corresponding to the three
truth-values.

1_‘f|Fn|Ft : Af|An|At (4'43)
Here it is more convenient to represent the exclusion of one of the compartments by

indexing I' and A with the remaining ones; for example, I's; excludes I';,, and me
excludes A;.
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F:Zf,n A, @ fzzmﬂAf,gp T:Kf,t Ay, @
e~ (=Iy) == (-L) == (=1n)
' Ape|Ap,—e I Apy Ay~ I Ape|Ap,—p (4.47)
T K}t]A,—'go F:K7 |Ay, —p T:Ar|An,
Ll AN S C o ettt £ (~E) ==L T (-E,)
I Ap A I Ape|Ag, I Api|Ap, (4.48)
Figure 2: N} : negation
The initial sequents are:
— —— (Az)
Ffa 30|Fn,t : Af) @‘An,t
— —— (Az™)
Fna (P‘Fﬂt : ’Ana (p‘Af,t <444)
= — (Az?)
Fta 80|Ff,n : At» (10|Af7n
The shifting rules are:
For every i,j € {f,n,t}:
fl—.‘I‘“(p N (?) r _{‘Azﬁ@ <<? )
T: Ai\_;, © ’ F7|F], @ A I ,jF i (4.45)
The (admissible) coordination rules are the following.
T:AfAL e T:AsA e )
— Cij
T:A Y it (4.46)

The operational rules for the connectives are presented in figures 2 (negation), 3, 4,
(conjunction), 5, 6 (disjunction) and 7, 8 (implication). Note that in the formulation
of the rules, we used certain optimizations of the I/FE-rules, easy to formulate for
unary and binary operators, as is the case here. The optimization simplifies the rules
in case a truth-table has a whole row (or a whole column) with identical entries; also,
in case some truth-value has a unique occurrence in the table.
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T: van]At, o T Zf7n|At, Y

— (ALy)
I Ap Ay, oA (4.49)
T:A A T:Ap9A
LB ol (A) — =——1 By (Af2)
I: Af,gO/\d)‘An,t I: Af,QO/\wlAth (450)
T: Zf,t‘Am‘P r: Zf,t|An71/] (/\I 1) r: Afa(P|Zn,t T: Kf,t‘Anﬂp (/\I 2)
— — n, = n,
I': Af,t’AnySD/\w I': Af|An,g0/\w
F:Zf,t|AnvS& f:Af,lMZn’t (/\I 3)
I: Af7t|An,§0/\7Z) '
(4.51)
Figure 3: N3 : conjunction introduction
g K3
T:Ay,oAY|Arn Trnlle,@: A T:Au, oA | Asy TinTe v A
t, e _f,_f,|t99 (AEw1) t@i/f\_f,_ fnlles Y (AF:»)
T:A T':A
- o . . (4.52)
I: A’rLﬂO/\w'Af,t Ff|Ft>‘10‘Fn7w tA Ff,t|r7u§0aw tA Ff‘FnﬂO'Ftal/) A (AE )
T:A "
- (4.53)
Fn |Fj799|rt7¢ : é
_ . Ft |Ff,<p|l_‘n,1/) :_A
r: Af»SO/\¢ ‘ An,t Fn|rt7<}9|rfaw : A_
Ft |Fn,<P|Ffﬂ/) : é
Ty Dol 0,0 A
_ t [Tl £ (/\Ef)
T':A (4.54)

Figure 4: N 13(3: conjunction elimination
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T:AL0Af, T:ALYA,
LA olBy, (VL) =t A1, (VI,2)
T: Ata@vw‘Af,n I: Ata‘P\MmAf,n (4.55)
T:Ap|A,, T:Ap|A,,
fvt_| ¥ _f,t| (0 (\/In,1)
I: An,¢v¢|Af,t
f:zn,t|Aa(p f:z,‘Anaw T:Z,‘Anatp F:Zn,t|A>w
ot i (VIp2) Al S (Vi)
I Ap, oVi|Ayy LAy, oViplAgy
(4.56)
F:ZnﬂAf,go T:ZnﬂAf,w
= — (VIf)
L' Ar, oV Ay (4.57)
Figure 5: N }3{3 disjunction introduction
Ff|Ft>907¢‘Fn :§
_ . Pf|1—‘t7§0‘rn7wé
I: Atﬂpv,lmAf,n Fn|rt790|l—‘faw : é
Ff’an(P“_‘taw : A_
Tp| TroDg, 00 A
_ _‘ f o|Ts, v (VE))
T':A (4.58)
B Le[Cos 0, 9|y A
I': At‘Anu ()0\/1/]|Af Pt|rn7¢‘rf7¢ : é
Ly|Cp, | Tp, 00 A
_ _t| Tr.e (VE,)
T':A (4.59)
T AAL A, oV TyTo|Ty, 0,10 A
¢ |f90_¢_t\ |f90¢ (\/Ef)
I': A (4.60)

Figure 6: N[?’(S: disjunction elimination
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f:A,ngn, f:A,zﬁZm
_ L7, ¢l8n O Li) — A (O I2)
FZAt,(,ODIMAﬁn F:At,QpDIMAf’n (4.61)
T:A,lAr, T:A, YA T:A, A T: A, ¢|A
t_sOI f, A, Y|A s (5 L) _90\ £t A, YA 7 (5 Ins)
Ir: Anv@ D) QMAf,t I: A’VL?()D D w‘Af,t
T: A, @A T:Ar0|A,
_%0| fit _f il )t > In,g)
I: Am‘P > T/J‘Af,t
(4.62)
F : Atv@’Z \n f : A 71/)|Zn,t
it} —/ (> Ip)
I': A, o DYlApy (4.63)
Figure 7: N/ 13(3: implication introduction
ff,n|rt>%¢} : Z_
I‘f |Fn7¢|rt7¢ :_A
= — Fn|Ff ol A
I': AL DA, ’ =
eIV ry ol B
LTy olln, g A
Fn,t‘rfvsoaw:A (DE)
T:A ' (4.64)
N . F_f’PMSD‘Fnaw :_Z
P:An7¢3w|Af,t Ff,t|rn>§05w:A_
Ty, 0Ty, 00 : A
_ _f| ol (5 E,)
T:A (4.65)
T:AL4|Ar, 0D T,:Ts, ¢: A
HAf soiwz T (> Ep1)
_ e - (4.66)
I: An,t Af7(P D w Ff,n‘rtaw : A
——— (D FE 2)
T':A F

Figure 8: N;}g: implication elimination
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z ww (EFQ) % (DN)
EL0D gy EE R
e
2wh) vm) B XX
% (DeMy ) % (DeMp)

(4.67)

(4.68)

(4.69)

(4.70)

Figure 9: The rules of N D,

4.3.2 The system NDg,

An N D system for K3, called NDg, (see Figure 9), is presented in [32] and shown to
be sound and complete w.r.t. the K3 truth-tables, based on a consequence relation
assuring the propagation of truth. Let T' = {t} and UT = {f,n}. A formula is a

T-formula if its truth-value is in T, an UT-formula otherwise.

Definition 4.14 (K3 consequence based on preserving truth). I'l= 5P Uf whenever

T for everyyp €', p €T too.

The logic considers implication as a defined connective, and contains rules for con-
junction, disjunction and their negations, presented in Figure 9. Note that, strictly
speaking, N D, is not an ND-system. The DM -rules (de Morgan) are not I/ E-rules

as generally understood.

4.3.3 Retrieving NDg, in N[S(S

Below we present the derivations of N Dy,-rules within N; 13(3
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(DN): The canonical translation of (DN) is

Kf,n’ljt : Kf,n|At7 ®
= — (T(DN))
Af,n|Ft : Af,n|At> 1T (471)

The derivations of (DN) in N, is:

ApplDy s Apn|Ag,
Af7n|rt . Af,_‘g0|An7t
Kf7n|rt . Kf7n|Ata T

Kf,n|Ft . Kf,n’At, —|—|g0
— - (_‘Ef)
Apnllet Ay, —plAp (—E})
L = ~E,
Apalle s ApnlAe, (4.72)

(—1y)
(—1)

(EFQ): The canonical translation of (FFQ) is

K 7n|Ft : Kf,n’At7(P K ,n‘rt : K ,n|At>_‘(p
: v ! (T(EFQ))
ApnlTe s ApplAe, (4.73)

The derivation of (EFQ) in N3, is:

AgnlDe Apo|A, —o -E)

_ _ - b ~E,
Af,n‘rt : Af,n|At790 Af,n|1—‘t : AfaSO|An,t (Ct )
Apnlly: A W) o

NpnlTe s Kyl A, (4.74)

(AI): The canonical translation of (A) is

Kf,n‘Ft : Kf,n’Ah 2 Kf,n’Ft : Kf,n|Atvw
- = (T(AD))
Agnlle s Apn|Ae, N (4.75)

The derivation is a direct application of (AI) of .
(AE): Skipped.
(VI): Skipped.
(VE¢): The canonical translation of (VE}) is:

Kf,nu—‘t . Xf,n|A75a va Xf,n|Ft7 @ Xf,n|Ata X Kf,n‘rh 1/1 : Kf,n|Ata X
Xf‘7n|Ft . Kf,n|At7X

(T(VEY))
(4.76)
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The derivation of (VE};) in N3 is:

Kf,n‘rtﬂp : Kf,n’AhX
Af,n‘rta%w : Af,n’At)X

(W L)

Kﬂnlrt,@ : Kf,n‘Atax
Af’Ana'l/}‘Fh 2 Kf,n‘Atvx

(WLy)

Kf,n‘rt,@ : Kf,n’AhX
Af7¢|An‘Pt790 : Af,n’AhX

Kf,n|rt : Kf,n‘Atv(P\/w (WLf)

Kf,n‘rtaw : Kf,’n|AtaX
Af’Anv @|Fta ¢ : Kf,n|AtaX

(WLy)

Af#P‘An’FtJ/J : Af,n’At7X (\/E)
— — t
A palle: Apalio (4.77)

4.3.4 The system NDp

The rules for NDpp are again those in Figure 9, but with (EFQ) excluded. Let
NF = {n,t} (not false) and F = {f}.

Definition 4.15 (LP consequence based on preserving non-falsity). I'k=; pe iff
whenever 1 € NF for every ¥ € I, o € NF too.

4.3.5 Retrieving NDyp within N},

Below we present some sample derivations of (N Dy p)-rules from within N, }”(3. Note
the difference between the derivation of (DN) and the corresponding derivation of
(DN) as an N; ]%S-rule. The derivation of the other rules differ in the same way from
the derivations of their N D, counterparts and are skipped.

285



FRANCEZ AND KAMINSKI

(DN) The canonical translation of (DN) (not discharging any assumptions) is

FTl7t|‘/\]c : Af‘Ana Q0|At7 @
T ) (T(DN))
ant’Af . Af’A’rw _'_'SO‘Ata e (478)

Compare this translation with that in (4.71), where in the latter ¢ is placed
in A; only.

The derivation of (T(DN)) in N, is:

Fn,t‘Af : Af‘Any elAL, @ Fn.t‘Af : Af‘A'ILy_‘_“F‘Ata_‘_‘(P
= (=1, ~In) — (=E¢, —En)
TntlAfp : Ap,—p|An, mplAt Thn,t|lAp s Mg, —o|Ap —p| At
= (=In, =1¢) — (=Eyp, —En)
T, t|Ap : Ap|An, nmp|Ae, e TntlAp : Ap|An, o|At, (4.79)

(DeMy/): The canonical translation of (DeMy,) is

TotlAg : Ap|An, (V)| Ae, = (VY
Lol Af 7l (V) [Ag, —( )(T(DeM))
LAy o Ap|Ap, moA—p| Ay, moA—Y (4.80)

The one derivation is shown; the other is similar and skipped.

Tn,tlAp : AplAn, = (V) |Ar, = (pVe)

— (=E¢,~En) _ _
CnyelAp : Ap, @Vip|An, oVY|A; TntlAgle, ¥ olAnt (VE,) similar
TntlAp: Ap,olAnt PntlAp : Ap,|An e
= — (=1) = — (—1t)
Tn,tlAgp o Mg plAe, —e Tn,tlAp o Agp plAe, =9
— — (A1)
To,elAg i AponlAe, moA— (4.81)

5 Conclusion

In this paper, we presented a uniform and direct construction of an ND-system for
a multi-valued logic, given the truth-tables for its connectives. The construction is
based on a formula structure called poly-sequents that provides a direct means for
relating to the truth-value of a formula within a derivation. Such an ND-system
allows both assumptions and conclusions of a rule to have any truth-value. The
constructed ND-system is shown to be sound and strongly complete. Furthermore, it
is shown how specific multi-valued logics, as found in the literature, can be retrieved
in the uniformly constructed logic.
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LocGic oF BIPARTITE TRUTH WITH UNCERTAINTY
DIMENSION

O. M. GRIGORIEV
Department of Logic, Faculty of Philosophy, Lomonosov Moscow State University,
Russia.
grig@philos.msu.ru

Abstract

This research continues the studies of a system of two-dimensional truth
values equipped with a pair of unary negation-like operations and their logics.
The basic ideas of this approach historically were first presented in [11] and
thoroughly investigated further in [18, 19].

According to the methodology of [11, 18, 19] a truth value consists of a pair
of entities each representing a certain aspect of “being true” or “being false”
property, eg. ontological and epistemic aspects, as assumed in papers cited
above. The basic set of two-dimensional truth values constitutes a four-element
diamond-shaped lattice endowed with the pair of unary operations which give
rise to the corresponding propositional connectives, so called semi-negations,
on syntactical level. Intuitively these semi-negation affects only one of the
coordinates of a truth value, thus only partially transforming information which
a particular truth value encodes. In this paper we extend the initial structure of
the truth values adding uncertainty dimensions in each position of a pair thereby
obtaining a nine-element distributive lattice. We present an axiomatization for
the logic of this semantic structure along with correctness and completeness
proofs. Then we abstract away from the finite semantic structures and explore
relational semantics for the same logic but without distribution laws. We use
an approach related to the methods of [16, 1, 3, 10].

Keywords: Generalized truth values, Non-classical logic, Relational seman-
tics, Lattice based logics.

1 Introduction

The starting point of this research is the idea to consider a truth value as a
complex object and distinguish some parts, dimensions or facets of it. In [11, 18, 19]
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there was proposed a system of truth values such that each value has two — onto-
logical and epistemic — parts. These terms, though have a philosophical flavour to
them, just reflect the fact of (in)dependence of a truth value assigned to a sentence
from the attitudes of a rational agent or coalitions of them. Thus one may interpret
the ontological part of a truth value as an abstract entity corresponding to the state-
ments concerning to some general theory explaining a relevant part of the universe
or to the items of a large knowledge database (ontology in a narrow sense), or even
to an amount of truths about some closed system in quantum information theory.
At the same time the term “epistemic dimension” refers to a level of some individual
rational agent’s knowledge (or common knowledge belonging to a collection of them)
so that a valuation of sentences depends on agent’s local supply of knowledge, its
presuppositions and so on. The distinction between the two, objective and subjec-
tive, dimensions of a truth value seems to be one of the most fundamental, though
of course not a single one. In the present paper we still utilize these two parts of a
truth value without paying too much attention to their possible interpretations.

The informal model of compound truth values can be described mathematically
via basic set-theoretical operations, power-set or Cartesian product construction,
thus placing the intended research into the area of generalized truth values studies.
The concept of generalized truth value was introduced in [15] and marked the whole
line of exploration initiated in [6, 2].

As we will see in the next section, this new family of truth values is naturally
partially ordered thereby defining a four element lattice, resembling the well known
lattices of Dunn-Belnap’s truth values. This new lattice appears especially inter-
esting with the introduction of two unary complementation-like operations, each
responsible for the operating only on its own part of a truth value (thus in a sense
only “semi-complementing” the whole truth value). So, it seems natural to think of
these operations as “semi-complementations”.

Another reason to use the term “semi-complementation” comes from the striking
fact that the composition of the two distinct operations behaves exactly like boolean
complementation in the four element lattice. So, the boolean complementation in
that lattice looks like something composed of two “halves”. At the same time a single
semi-complementation loses some properties of the boolean complementation, like
contraposition, and saves some other, like introduction and elimination of double
complementation. Paper [19] adopts the term semi-boolean complementations for
the described operations to stress the boolean nature of their composition. In the
same paper a logic of an underlying semantic structure is called FDE., (where the
subscript scl means super-classical logic) because of close similarity with the famous
relevant First Degree Entailment system.

The axiomatization of FDE,. has been published in [17]. It follows the style
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Table 1: Definition of operations ~; and ~q in the lattice £4°¢

of well known axiomatization of First Degree Entailment as a binary symmetric
consequence relation system (see [5]). It is not difficult to construct prefixed analytic-
tableaux calculus, as has been done in [12].

In the next section we briefly sketch some technical details of the basic four
valued approach to keep the exposition self-contained.

2 Four valued model

Let us choose two elementary bases, {t, f} and {1,0}, where the former is a set
of ontological, while the latter is a set of epistemic truth values. Application of
Cartesian product produces the set of four elements: (¢,1), (¢,0), (f,1) and (f,0).
They constitute a collection of new generalized truth values with ontological and
epistemic components. Let us refer to this set as 4°°. Now we can define a natural
partial order relation on 4°¢ provided that each of the bases has its own order, say
<¢ and <3, where, in particular, f <; ¢, 0 <; 1. Then the partial order on 4°¢ is
defined component-wise: for all a,b € 4°¢,a < b < a <¢ b and a <; b. The resulting
structure is a four element diamond shaped lattice with the top (¢, 1) and the bottom
(f,0).

Alternatively it is possible of course to define meet and join on 4°¢ via classical
disjunction and conjunction applied to the elements of 4°¢ component-wise. Left
side of Figure 1 shows graphical representation of the resulting lattice, £4°¢.

Now we introduce a pair of unary operations (semi-complementations) on -£4°¢,
~¢ and ~1, each of them change a corresponding component of a pair leaving another
unchanged. For the convenience we summarized the behavior of the operations in
Table 1.
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Some basic properties of semi-complementations are listed below:

Ntr\/ta = NlNla = a7 NtNla/ = Ntha’7
~a < ~1b e ~va < by, ~va < b & va < b,

a<be ~rib < pvia

We are interested in a propositional logic determined by the semantic structure
just described. It is natural to consider a signature consisting of A and V, correspond-
ing to meet and join of the lattice and a pair of unary propositional connectives,
semi-negations = and —1, corresponding to ~; and ~j.

As we noted in Introduction, an axiomatization of logic of £4°¢ was proposed
in [17]. Among other postulates it contains some schemata resembling paradoxes
of classical logic. For example the scheme —4A A =1 A = B which is an analog of
classical consequence A A =A + B, is an axiom. Likewise in this logic we have
B+ AV -1 A, analog of classical B = AV —A. These consequences evidently
witness some drawbacks of proposed semantics.

3 Uncertainty dimension

Historically generalized truth values were intended to deal with incomplete or
overdetermined information. The evident insufficiency of the truth values system
described in the previous section reveals itself in the presence of paradoxical conse-
quences.

The straightforward way of resolving this difficulty within the complex truth-
values approach is to use an additional sign for a “being indefinite” value, as it
sometimes is done in three-valued logics. We denote this new components as u; and
uy replacing the old bases by { f, u;, t} and {0, u1,1}. The order relations within bases
are modified correspondingly, satisfying in particular f <; us <t and 0 <; u1 <1 1.

Applying Cartesian product again we obtain a nine-valued structure where el-
ements ordered by relation, defined from <; and <y as before. Of course the old
semi-complementations are also redefined. Table 2 shows their new definition.

Nine element lattice .£9" is displayed on the right hand side of Figure 1.

4 Logic of Z9*

In this section we describe a propositional logic of the lattice £9%. Let us firstly
choose an appropriate propositional language. A collection of symbols consists of: 1)
denumerable set PV of propositional variables {po, p1,p2,. . .}; 2) logical connectives
A, V, =, 15 3) left and right parentheses (, ).
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| a | ~a |~a o | ~a | ~a |
<t7 1> <f7 1> <t70> <t>u1> <f7u1> <t7u1>
(t,0) (f,0) (t,1) (ug, 1) | (ug, 1) | (ug,0)
(ug,ur) | (ugur) | (ug,ur) || (ug,0) | (ug,0) | (ug, 1)
<f7 1> <tﬂ 1) <f70> <f7 ul) <t7u1> <f7 ’LL1>
(f,0) (t,0) (f,1)

(£, 0)

Figure 1: Lattices .£4°¢ and Z9"

The definition of a formula is standard with the evident modifications for the
cases of two semi-negations. We will refer to this language as Lypgn in the sequel
and will use the term “formula” in the same meaning as “formula in the language

Lrrsn™
Definition 1. A valuation function v is a mapping PV — Z£9%. The following
equations extend the valuation function to the set of all formulas:
v(AAB) =v(A)Nv(B), v(AV B) =v(A) Uv(B), (1)
v(=A) = ~(4), v(=14) = ~v(A). (2)
We define a consequence relation via valuation function and order on .£9%.
Definition 2. AF B < v(A) < v(B).

Next simple lemma directly follows from the definition of ~;, ~1 and definition 1.
To make things compact we display only the half concerning ¢ component while the
rest is just a “mirror image” obtained when t is replaced by 1 and f by 0.
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Lemma 1. For each formula A and every valuation v:

tev(A) & tev(A) &tev(yiA)
fevd) e fev(14) & fev(A)
t¢v(—A) & (tev(A) orus € v(A) & f¢v(A)
up € v(A) & up € v(—A) & up € v(—A)
tev(ANB) & tecv(A) andt € v(B)
fev(ANDB) & fev(A) or f ev(B)
fev(AVvB)< fev(A) and f € v(B)
tev(AvB)&etev(A) ort ev(B)
ur Ev(AANB) S (uy € v(A) and t € v(B)) or (us € v(B) and t € v(A)) or
(ug € v(A) and uy € v(B))
ur €v(AV B) & (uy € v(A) and f € v(B)) or (u € v(B) and f € v(A)) or
(uy € v(A) and uy € v(B))

Remark. The first line reflects the fact that epistemic negation is not sensible to
the ontological part of a truth value and vice versa. The fourth line means that a
semi-negation cannot ‘break uncertainty’.

Note that the problematic entailments of logic £4°¢, A AN —1AF B and B F
—4+AV —1 A, are no longer valid in £9% semantics. It is worth noting that unlike
£4°¢ case, not for all a € £9%, a U ~y~1a equals to the top element of lattice
L9, likewise not for all a € Z9%, a N ~;~1a equals to the bottom element. Thus
~;~1 do not produce a complement for each element of £9*. Nevertheless we will
continue to use the term “semi-negation” in the sequel for the corresponding logical
connectives.

5 Axiomatizing the consequence relation

We propose an axiomatization of logic determined by 29" following the style of
so called symmetric consequence system (the term used e.g. in [14]!).

Axioms (1-12) and rules of inference (R1-R5) for symmetric consequence system
LLSN? axiomatizing logic of .Z9 is listed in figure 2.

!See also Chapter 6 of [9] where different representations of logics are discussed. In particular
the representation we follow in the present paper is called binary implicational system there. Binary
implicational system in turn is a particular case of symmetric consequence system.

2Lattice Logic with Semi-Negations.
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1. ANBEFA 7. Ak A
2. ANBFB 8. 1A - A
3. AFAV B 9. vAN—~BF —(AV B)
4. BFAVB 10. -1AAN—BF —1(AV B)
5. AN(BVCO)F(AANB)VC 11. ~(AANB)F AV —~B
6. 1A A 12. 1 (AAB)F 1AV B
Rl. AFB,AFC/ AFBAC R4. Ak B/ Bk A
R2. AFC,B-C/ AVBFC
R3. AFB,B-C/ A+C R5. 1A —~B/ mBF A

Figure 2: Symmetric consequence system LLSN.

Definition 3. A derivation of a sequent A + B in LLSN is a finite sequence of
sequents o where each element is either an axiom or obtained from earlier elements
of o using some rule from the list RI-R5 and the last element of 0 is AF B. A
sequent A+ B is provable in LLSN if there is a derivation of it in LLSN.

In the sequel we often abuse notation and write A - B to mean that the sequent
A F B is provable in LLSN (or its non-distributive version in the context of the
next section), wheras A ¥ B means that A - B is not provable.

5.1 Soundness

The soundness proof consists of a routine check that all schemata and rules of
inference preserve consequence relation. We explore only few of them.

Theorem 2. For all formulas A and B, A- B= AF B.

Proof. For the proof v(A) < v(B) it is enough to check that if t € v(A), then
t € v(B),if 1 € v(A), then 1 € v(B), if f € v(B), then f € v(A) and if 0 € v(B),
then 0 € v(A).

1. Let us take as an example axiom scheme 9. What we need is to show that
v(tAN—B) < v(—(AV B)). Lemma 1 is crucial here, we use it tacitly throughout
the proof.
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Suppose t € v(—¢A A ~B). Then t € v(—~A) Nv(—~B), by definition 1, so
t € v(~A) and t € v(—B). From t € v(—A) we get t ¢ v(A) and us ¢ v(A);
t € v(—B) implies t ¢ v(B) and u; ¢ v(B). Now ¢t ¢ v(A) and ¢t ¢ v(B) imply
t ¢ (v(A) Uvu(B)) and, by definition 1, ¢t ¢ v(A VvV B); likewise u; ¢ v(A) and
ur ¢ v(B) leads to uy ¢ v(AV B). Finally, t ¢ v(AV B) and u; ¢ v(AV B) imply
t € v(—(AV B)).

Next suppose that 1 € v(—A A —~B). It follows that 1 € v(—=A) N v(—B);
1 € v(~A) and 1 € v(—B), therefore 1 € v(A) and 1 € v(B). Evidently then
1 € v(A)Uv(B), hence 1 € v(A V B), by definition 1, so 1 € v(—(AV B)).

Let f € v(—¢(AV B)). This implies t € v(AV B), so t € v(A) Uwv(B), hence
t € v(A) or t € v(B) which means f € v(—A) or f € v(—B). The latter assertion
implies f € v(—tA A —B).

Finally, 0 € v(—+(A V B)) implies 0 € v(AV B), so 0 € v(A) Uv(B), 0 € v(A) or
0 €v(B), 0€v(—+A) or 0 € v(—¢B), thus 0 € v(—=A AN —B).

2. Let us also verify one of the rules, say R4. Suppose A F =1 B but =B ¥ =1 A.
The latter assumption means that some of the condition which consequence relation
must satisfy are violated.

Suppose t € v(—¢B), but t ¢ v(—1A). Thus f € v(B), hence f € v(—1B),
t ¢ v(A), sot ¢ v(——A). The latter means that f ¢ v(—;A), thus wA ¥ —1 B, a
contradiction.

Next suppose f € v(—1A), but f ¢ v(—B). First, f € v(—1A) implies f € v(A),
so t € v(—;A). Second, from f ¢ v(—B) it follows that t ¢ v(——B), t ¢ v(B), so
t ¢ v(—1B), contradicting to the assumption.

The other cases are similar. 0

5.2 Completeness

For the completeness proof we use a variant of well known structures called
theories and counter-theories.

Definition 4. A set T of formulas is a theory if for all formulas A and B:
1. if A€ T and A+ B, then B € T;
2. if AABeT then ANBeT.

A theory is T is prime if AV B €T implies A€ T or BeT.
A set T° of formulas is a counter-theory if for all formulas A and B:

1. if BET® and A+ B, then A€ T°;
2. if A,B € T° then AV B e T®.
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A counter-theory T° is prime if AN B € T° implies A€ T° or Be T°.

One of the most important properties of theories and counter-theories for the
subsequent constructions is their closure under one of the semi-negations. Formally
we define a —4- or —1-closed set of formulas in the following way.

Definition 5. A set of formulas ' is —¢-closed (—1-closed) if for each formula A, if
AeTl, then AeTl (—AeT).

Let us denote by 7; (by 71) a —-closed (—1-closed) theory and by T,° (by T°)
a —y-closed (—1-closed) counter-theory. We introduce the following notation. For
a formula A the expression A # —1 B means that for no formula B, A is of the
form —1B. In other words A has not —; as its main connective. The same reading
is supposed for A # —B. Let ' be a set of formulas. Then —I[' = {—;A: A €
I'and A # ~B} U {A: -+A € T'} and similarly «I" = {-1A: A € T and A #
ﬁlB} U {A -1A € F}

The following simple fact is useful: if -4A € T; then A € 7,. Indeed, A € T;
implies +— A € T; (by the closure of T; under —;) and then A+ A gives A € T;
(by the closure of 7; under ). Similarly the following implications are also true: if
~Ae T, then Ae T, if vAeTP°, then Ae TP, if A€ TP, then A e TP,

Now we prove an important fact about the relationship between theories and
counter-theories in the next lemma.

Lemma 3. For each theory T, (counter-theory T,°), the set 1T, (—1T°) is a —¢-
closed counter-theory (a —-closed theory). For each theory T, (counter-theory T,°),
the set ~T1 (—¢T7°) is a —1-closed counter-theory (a —1-closed theory).

Proof. We prove the first assertion (the proofs for the other statements are ana-
logues). For some theory 7; consider a set —;7;. First of all we prove —-closure of
—17;. Suppose A € =17, for some formula A.

1. 1A € T,. Thus —y—1 A € T, by —-closure of 7;. Using axiom 8 we then obtain
—1—+A € T,, hence -yA € =17, by the definition of —;7,.

2. A = =B for some B € T,. Then we have =1—1 B € 7, applying axiom 6,
—4—11B € T, by —-closure of T;, =1——1B € T, by axiom 8, -,—1B = A €
—17, by the definition of —17;.

Next step is to show the backward closure of =17, under F relation. Assume

A€ -7, and C = A. We need to show that C' € —;7,. To this aim we consider two
cases again.
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1. =1A € 7T,. Using the axioms 6 and 7 we get —-4—C F —1—1 A from C F A.
Applying R4 we deduce -4—1 A - —1—C. Note that -1 A € T, by —-closure
of 7;. Thus —1—C € 7, since 7, is also -closed. Therefore —.C € =7, so
C € —17,. Here we are using the fact of —;-closure of =17, proved above.

2. A = —B for some B € 7,. Applying axiom 7 we get -,—C F —; B which
implies B = —-1—C by R4. Since ~B € T, we have -1—C € 7,. The latter
implies ~.C € =17, so C € = 7,.

To show the closure of =7, under disjunction assume A, B € —7,.

1. Suppose =14 € Ty and 1B € T;. Using —4-closure of 7, under conjunction
we get 1A AN 1B € Ty, hence =1(AV B) € 7, in virtue of axiom 10, so
AV BEe€e _|17;.

2. Assume A = +1C, B = 1D for some C,D € 7,. Applying axiom 6 and the
closure of 7; under conjunction we obtain —;—+1C'A—1—1D € 7;. Now axiom 10
and F-closure of 7, imply —1(—1CV—1D) € T, thus 1CV— D = AVB € —7,.

3. Now assume —1A € T;, B = —;C. Since C € T,, so -1 C € 7, in virtue of
axiom 6 and F-closure of 7;. Thus =1 AA—1—1C € T, by the conjunctive closure
of a theory; =1 (AV—1C) € T, by axiom 10. Therefore AV—C = AVB € —7,.

4. The last subcase is similar to the previous one.
Thus —;7, is a —4-closed counter-theory. g

Theories and counter-theories are intended to play the same role as Lindenbaum
sets in completeness proofs for systems of classical logic. We will use them to define
a canonical valuation of formulas. Another purpose of theories and counter-theories
is a separation tool for the relation . Namely, if A ¥ B then there is a theory T
such that A € T but B ¢ T or a counter-theory 7° such that B € 7° but A ¢ T°.
The existence of these separating sets is a subject of the next lemma. It is well
known how to construct theories in the case of “prototypic” logics of generalized
truth values, see e.g. [5, lemma 8]. But now we should provide an appropriate
procedure which builds a theory or a counter-theory closed under a semi-negation
and separating some specific pair of formulas.

Lemma 4. If A ¥ B then there exists a prime theory T; such that A € T, and
B ¢ T., or there exists a prime counter-theory T,° such that B € T.° and A ¢ T,
where i € {t,1}.
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Proof. Assume A ¥ B. Then we can construct a sequence of theories which ulti-
mately gives rise to a “large” prime theory maximal with respect to containing A
and not containing B or construct a sequence of counter-theories and then generate
a counter-theory maximal with respect to containing B, but not containing A.

1. Let S; ={DA—~D: A+ D}, So={DAN—D: A+ D}. We can choose an S;
for which B ¢ S;, i € {1,2}. Let us assume that it is the S;. Note that S; is not a
theory yet. We have to generate the closure of S; under A and . Thereby we get
the theory, let us denote it as 7Ty.

Still one problem remains: what if B € 7,7 It may be the case, indeed. For
example, there may be some D', A+ D', D' A~ D'+ B. Evidently A¥ D' A —D’.

To cope with this problem, we construct the set S{ = {E: E + B} and close it
under V and - (backward direction), thus obtaining counter-theory 7,5. It is not
difficult to see that A ¢ T.5.

So, if B ¢ T,,, then we take T, as a first element of a sequence we are about to
construct, else put 7, as its first element.

2. Let Cy,C1,C5, ... be some enumeration of all L11gn-formulas. For definite-
ness’ sake assume A € Ty, B ¢ T,5. Now suppose T, is already constructed. If
Tin UA{Cn A —Cy} being closed under A and + do not contain B, then 7, ., =
Tin UA{Cn A —Cy} else Ty, = Typyq- An analogues procedure works when start-
ing theory is 7; or counter-theory. In the latter case we need closure under V and
backward closure under f-.

3. Finally we take the union of all theories (or counter-theories) and obtain a
prime theory (or prime counter-theory) maximal with respect to containing A and
not containing B (respectively containing B and not containing A).

4. The primeness of obtained theory (or counter-theory) can be shown in a
standard way using distribution laws, see [5, lemma 8§]. O

Now we are ready to define a canonical valuation v, with the help of prime
theories and counter-theories. Note that the canonical valuation should be coherent
in a sense that it captures all possible assignments to a formula A. That is each
case, t € V(A), ur € v.(A), f € v:.(A), etc. must be covered.

Definition 6 (Canonical valuation). Let 7, be a —;-closed prime theory (T,° be a
—;-closed counter-theory), i € {t,1}. For each propositional variable p, a canonical
valuation v, to be defined as follows:

pETi < 1€ ve(p) or up € ve(p), p TS < 0€v.(p) or ug € ve(p),
p € Ti et e v(p) or up € ve(p), p TS & feuvup) or up € ve(p).

Now we would like to have an extended valuation for all formulas defined in a
standard way. This is possible according to the next lemma.
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Lemma 5. The canonical valuation v. can be extended to the set of all formulas.

Proof. By induction of a formula construction. To accomplish the proof we need to
consider four cases, depending on the main connective of a formula, each case then
has four subcases, according to the definition 6. We provide a careful inspection of
the proofs for the typical subcases while the remaining parts can be easily restored
using the similar patterns of reasoning.

Case —A.

Subcase 1. (=) Assume —A € T;. Then A € T; by —-closure of 7;. Thus
1 € ve(A) or u; € v.(A) by induction hypothesis (IH in the sequel). Each of the
disjuncts implies 1 € v.(—A) or u; € ve(—A) by lemma 1. (<) Assume 1 € v.(—A)
or uy € v.(—tA). To apply reasoning by cases we take firstly 1 € v.(—+A) which gives
1 € ve(A) by lemma 1, hence 1 € v.(A) or u; € v.(A); then use the IH and —;-closure
of 7;. Similarly work with the second disjunct.

Subcase 2. (=) Let =yA € T1. By lemma 3, —,7; is a counter-theory; A € =7,
by the construction of —;7;. Then IH gives f € v.(A) or u; € v.(A4). Again, each
of the disjuncts implies ¢ € v.(—A) or u; € ve.(—¢A) by lemma 1. (<) Similar to
subcase 1, the result is obtained via reasoning by cases and lemma 1, along with IH.

The other subcases and the case —1 A present no difficulties and their proof uses
essentially the same technique.

Case A A B.

Subcase 1. (=) Suppose first A A B € T;. What we have to show is that
1 € ve(AANB) or up € v.(ANA B). Axioms of A-elimination imply A € 7; and
B € T;. Then IH implies [1 € v.(A) or u; € v.(A)] and [1 € wv.(B) or u; €
ve(B)]. Elementary classical transformations give thus the following four disjuncts:
[1 € v.(A) and 1 € v.(B)], [1 € v.(A) and u; € v.(B)], [u1 € v.(A) and 1 € v.(B)]
and [u; € v.(A) and u; € v.(B)]. It is easy to see that in each disjunctive case
lemma 1 yields the result.

(<) Now suppose 1 € v.(AA B) or u; € v.(A A B). Then we apply reasoning
by cases. First 1 € v.(A A B) implies 1 € v.(A) and 1 € v.(B) by lemma 1. Then
from the first conjunct we have 1 € v.(A) or u; € v.(A) along with 1 € v.(B) or
u1 € ve(B) from the second one. Thus A € T; and B € T; by IH and hence AAB € T;
by A-closure of T;. Second case, u; € v.(A A B), is a bit more tedious because
it produces three clauses: [u; € v.(A) and 1 € v.(B)], [u1 € v.(B) and 1 € v.(4)],
[ur € ve(A) and uy € v.(B)] according to lemma 1. But simple reasoning shows that
each of the disjuncts with the help of IH and A-closure of 7; implies AA B € 7.

Subcase 2. (=) Assume that A A B € 7°. From the primeness of 7° it follows
that A € 7° or B € T and, by IH, [f € v.(A) or u; € v.(A)] or [f € ve(B) or us €
v¢(B)]. The presence of f in the assigned truth value immediately yields f € v.(AA
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B) so [f € v.(ANA B) or uy € v.(AN B)] — that is what we need to show. If w
is an element of a formula value, say A, then ¢ cannot be in v.(A A B), so, again,
[f € ve(ANB) or u; € v.(AA B)].

(<) Now suppose [f € v.(AAB) or u; € v.(AAB)]. This subcase proof includes
lots of routine reasoning by cases arguments. We just sketch some of them. First,
suppose f € v.(AAB). Then f € v.(A) or f € v.(B) by lemma 1. Suppose, further,
f € ve(A). Immediately f € v.(A) or u; € v.(A). It means that A € 7° by IH. But
AN B A and T backwardly closed under -, hence AA B € T°. Similar argument
applied when f € v.(B). Next assume u; € v.(A A B). According to lemma 1,
we have three clauses [u; € v.(A4) and uy € v.(B)], [t € v.(A) and uy € v.(B)],
[ur € ve(A) and t € v.(B)], but each of them with the help of IH and F-closure
of T yields the result. For instance u; € v.(A) follows from the first clause, then
up € v.(A) or f € v.(A) implies A € 7T° by IH and hence AN B € T°.

Case AV B.

Subcase 1. (=) Let AV B € T,. Then, by the primeness of 7;, A € 7, or B € T;.

Thus we have four disjuncts: t € ve.(A4), t € ve(B), ur € ve.(A) and u; € v.(B)
using IH. Again the presence of ¢ in a truth value assigned to A or in a truth value
assigned to B immediately gives t € v.(AV B) and so [t € v.(AV B) or u; €
ve(AV B)], while u; guarantees [u; € v.(AV B) or t € v.(AV B)] as required.

(<) Now assume t € v.(AV B) or u; € v.(AV B). The first disjunct leads to
the result almost straightforwardly, since ¢ € v.(A) or t € v.(B) and IH give A € T;
or BeT,,so AV B e T, follows from each of disjuncts using the introduction of Vv
axioms. Next assume u; € v.(AV B). Lemma 1 then gives three possible situations:
[f € ve(A) and u; € ve(B)], [ur € ve(A) and f € v.(B)] or [uy € v.(A) and u; €
ve(B)]. Each of them along with IH implies AV B € T;.

Subcase 2. (=) Suppose AV B € T°. Then, by the backward F-closure of T;°
and the V-introduction axioms, A € 7° and B € 7°. IH leads to the following
two assertions: [f € v.(A) or uy € v.(A)] and [f € v.(B) or us € v.(B)]. Again we
transform these into four clauses: [f € v.(A) and f € v.(B)], [f € v.(A) and u; €
Ve(B)], [f € ve(B) and us € ve(A)], [ur € ve(A) and u; € v.(B)]. Evidently in each
case we obtain f € v.(AV B) or u; € v.(AV B).

(<) Assume f € v.(AV B) or uy € v.(AV B). The result easily follows from
each of the disjuncts. Assuming f € v.(AV B) we derive f € v(A) and f € v.(B) in
virtue of lemma 1. IH then gives A € 7°, B € 7,° which implies AV B € T,° since
T is closed under V. Case for u; € v.(A V B) is a bit more involved as it provides
three disjuncts according to lemma 1. Each of them is easy to explore. For instance,
let uy € v.(A) and f € ve(A). u € v(A) implies u; € v(A) or f € v.(A), so, by
IH A € 7°. Likewise B € T,° from the second conjunct. Finally, by V-closure of T;°,
AV BeT’. O
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Theorem 6 (Completeness). For all formulas A, B: if AE B then A+ B.

Proof. Let A¥ B. Then, using lemma 4, we construct a prime theory 7; such that
A e T, and B ¢ 7T, or a prime counter-theory 7,°, such that B € 7,° and A ¢ T°,
i € {1,t}. Let us assume that the prime theory 7; has been constructed and A € 7;.
Then due to lemma 5 we have t € v.(A) or uy € v.(A) but t,u; & v.(B). If t € v.(A)
then clearly A ¥ B, according to the definition 12. Assume u; € v.(A). It’s easy
to see from truth table 2 that f € v.(B) but f ¢ v.(A), so, again A ¥ B. The
counter-theory case is analogous. O

6 Relational Semantics for Non-distributive LLSN

In this section we change the direction of thought and consider some different
semantics for the calculus based on the old LLSN system. More specifically, we
omit the distribution scheme from the set of axiomatic schemata and escape from
the realm of finite lattice-ordered sets of generalized truth values.

Unlike classical logic, not all non-classical logical systems presuppose distributiv-
ity of conjunction over disjunction and vise versa. Moreover, the distribution laws
are even not considered as representing the inherent properties of conjunction and
disjunction at all. As stated in [4], “nondistributive logics are perfectly natural”. The
reason for this claim is presumably stems from the fact that the very basic properties
of meet and join in a lattice (not necessarily distributive in general), represented by
an appropriate family of logical deductive rules, do not entail the distribution laws.

From the semantical perspective non-distributive logics are determined by a dif-
ferent class of structures and demand essentially novel insights in completeness proof
techniques. In the literature one can find examples of semantics for positive non-
distributive propositional logics as well as approaches aimed to handle different
negation-like operations in the context of non-distributivity, see, eg. [4, 14].

Closely related research area is a pure lattice-theoretic studies in representation
theory of lattices with negations [10, 3, 13, 14]. Some of these sources treat negation
as modal operator.

Non-distributive version of LLSN is obtained from original LLSN by dropping
scheme 5 which implies the distribution laws for A and V.

For our purposes we will modify the approach to construction of a relational
semantics for Linear logic from §6 of [1]3, where the mathematical apparatus of
representation theory developed in preceding sections transforms into the customary
logical framework for describing relationship between syntax and semantics. Linear

3As one of the reviewers pointed out this article actually deals with MALL and some related
logics.
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logic has rich signature including De Morgan negation along with A and V which
do not enjoy the distribution laws. Semantically this means that we do not have a
sufficient supply of prime theories and counter-theories to separate formulas. From
the relational semantics point of view, a world of a frame can be an element of some
theory, or counter-theory, or do not belong to any of them. Thus the valuation of
propositional variables relative to possible worlds appears to be three-valued, which
is close to our understanding of generalized truth values with uncertainty component.

The basic underlying semantic structure is a set equipped with a family of quasi-
orders.

Definition 7. A frame is a structure (X, (<i, <i)icq1,2}), where X is a non-empty
set and each of <; and <X, (i € {1,2}) is a quasi-order on X satisfying the following
conditions for all x,y € X:

The elements of X are usually called ‘worlds’ or ‘states’ as is customary for
relational structures. The relations on X induce two couples of functions: 71, {1 and
o, ly of the type P(X) — P(X), defined via the following equations:

(A ={zeX:VyeX@z<y=>y¢ A},
ri(A)={zeX:VyeXx<x,y=y¢ A},

where ¢ € {1,2}.

The key fact, proved in [16], is that these two mappings constitute a Galois
connection between <;-increasing and =<;-increasing subsets of X. Therefore the
compositions of two mappings, r;l; and l;r;, (i € {1,2}), are closure operators on
the subsets of X. Slightly modifying the corresponding notions from [16] we call a
set A C X [;-stable if A =1;(r;(A)); Ais ri-stable if A=r;(l;(A)), i€ {1,2}.

[- and r-stable subsets are key components of semantic constructions studied in
the literature on the related topics (e.g. [10, 3]).

The presence of semi-negations in the signature of logic forces the appearance
of their semantic counterparts. We adopt here the use of so called generalized star
operations (following the lines of [1, 10]) and denote them as N; and Nj to keep
clear the correspondence with the semi-negations. We then call a doubly ordered
set endowed with N; and N a star frame, using the term from [7] (although we have
two star-like operations here and do not actually designating them as stars).

Definition 8. A tuple F' = (X, (<i, <i)ieq1,2), Ni, N1) is called a star frame if
(X, (i, <i)iequ,2y) 18 a frame, Ny and Ny are the unary operations on X such that
forallz,y € X, i € {1,2}:
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r <1y e Ni(z) <1 Ne(),

S N e
Z

r <oy < Ni(z) <2 Ni(y).

Note that we also have the following expressions derivable from the above defi-

nition:

(AN EN

~~ /N~ /N
oo D
~— ~— — ~— ~—

Indeed, z <1 y = Ni(Ne(2)) <1 Ne(Ne(y)) = Ni(x) <1 Ne(y), using items 1 and

5 of definition 8. Now we have the following derivation:

(Ni(z)) <1 Ni(Ni(z))
& Ni(Ne(z)) <1 Ni(Ne(z))
& Ni(Ni(z)) <1 Ne(Ne(w))
& Ni(N1(z)) <1 Nie(Ne(w))

def. 8 — 1
def. 8 — 3
def. 8 — 4
def. 8 — 3
def. 8 = 5

To define a valuation of propositional variables on a star frame we use two
valuation functions, vy and vy, each responsible for a valuation in its own basic
truth values set. This choice is not essential but makes our definitions slightly less

cumbersome.

Definition 9. Let F' = (X, (<i, <i)ieq1,2), Vi, N1) be a star frame. The valuation
functions vy, v1 are the mappings vy: PV x X — {t,uy, f} and vi: PV x X —
{1,u1,0} such that for eachp € PV, x € X:

1. If PP = {z: v(p,x) =t} and P} = {x: v(p,z) = f} then r(P) = P and

L(P}) = P/;
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2. If P/ = {z: vi(p,z) = 1} and g = {z: vi(p,x) = 0} then ro(P}) = P} and
12(P7) = P/.

The correspondence between the truth and falsity sets of a propositional variable
p (that is between components in the pairs (P}, Pf) and (P, F)) postulated in the
above definition shows that these sets are stable with respect to the corresponding
composition of I; and r;, i € {1,2}. For example for a propositional variable p,
l1(r1(PF)) = PP, so P is an [;-stable set.

Next we introduce the satisfaction relations between elements of X and formu-
las, relativized with respect to the value of a valuation function. On the level of
propositional variables this correspondence provided by the valuation functions and
described by the following expressions, where p ranges over PV:

Definition 10.

xEyp & v(z,p) =t rE1pev(x,p) =1 9)
x':utp@vt(xap) = Ut xhulp@vl(x,p) = U1 (10)
zFpp e v(z,p)=f x Fop e vi(r,p) =0 (11)

Having defined relativized satisfaction relations we can model our old truth values
from £9" in terms of these relations. For example we will write x F;; p to mean
that x F; p and = F{ p simultaneously hold in some world x. Before extending
the satisfaction relation to the complex formulas we introduce another notational
convention. An expression x F_; A means that a formula A is in some satisfaction
relation with z (under the valuations v; and v;) except of the relation with particular
value v. For instance x F_g A is understood as x F4 A, x Fp,, A, etc., that is
encodes a collection of conjunctions of valuations for a formula A except of those
containing conjunct x Fo A. For the complex formulas we put =z F,, A < &
Aand ¥y Ay F, A& ¥y Aand Fop A. Now we are ready to spell out the
definitions of the satisfaction relations for A, V and the semi-negations.
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Definition 11.

rF ANB& xF AandxF B, xF;AVB& sk Aandxky B (12)
rFiANB& i AandxF1 B, zFEgAVB& zEyAand x kg B (13)
rF AVB e Vylx<i1y= (yF-y AoryF_; B)), (14)
rF1 AVB e Vylx <oy= (yF_o A oryE_¢ B)), (15)
rFf ANBeVylx<iy= (yF_t AoryFE_; B)), (16)
rEg ANBeVy(r<goy= (yF_1 A oryF_1 B)), (17)
rFvAe N(z)Fr A, zF As kA, (18)
xEF1 A S Ni(z)Fo A, 2k Ae xF A, (19)
rFr A Vy(r 1y = N(y) Fy A), (20)
rFy A& Vy(r <2y = Ni(y) F-o A4), (21)
rhy A Vy(r oy =yF_1 A), (22)
rFEr A Vylzi1y=yF_ A). (23)

Remark. We would like to extend the definitions of truth and falsity sets of
propositional variables given in definition 9 to arbitrary formulas. Thus, given a
formula A, PA = {z: x F; A}, where i € {1,t,0, f}. The key observation here is
that r1(P') = Pf, ra(Pf') = B, L(Pf') = P/ and l(Fg') = Pf*. We will prove
this fact in the next lemma.

Lemma 7. For each formula A, star frame F and x € F: if PA = {x: x F; A} and
Pf = {a: z &p A}, then r1(P?) = Pt and L (Pf') = PA; if P = {x: 2 A} and
Pt = {x: 2 Fg A}, then ro(P{) = P§* and Ix(P{') = P{.

Proof. 0. For the propositional variables the assertions of lemma hold by definition
of canonical valuations and definition 16.

1. Assume x € 71 (PA"B). Then Vy(x <1y = y ¢ PAP), that is Vy(z <1 y =
y E_y AN B) and, by definition 11, Vy(x <1 y = (y F—_t A or y F_; B)). Therefore
xFy ANBand x € Pf/\B. For the other direction just move backward.

2. Next suppose x € r1(PAVP). Then we have Vy(z <1 y = y ¢ P/VP), which
means that Vy(z <1y = y F—; (AV B)), so Vy(z <1 y = 32(y <q z and (2 F_j
A and z #_; B))) which gives

Vy(r <1y = 32(y <q zand 2z F¢ A)) and (24)
Vy(r <1y = 32(y <1 zand 2 Fy B)). (25)
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The last two expressions are just unwinding of z € rl(ll(Pf‘)) and x € rl(ll(P]{S)).
By IH we know that 7 ([; (PJ}A)) and 71 (ll(PJ{B) are both ri-stable, hence = € PJ}A and
x € PfB and, finally, z € P]‘f‘VB.

Let z € P;“VB . Then we evidently have z € P]‘f1 and = € P]‘? . Again, IH yields
S rl(ll(P]‘f‘)) and z € rl(ll(P]?)). These conjuncts can be rewritten in the form
of (24) and (25) correspondingly. Those expressions imply = € 71 (PAYP).

3. Cases for the semi-negations are almost straightforward. Let us check for
—~A. So, suppose z € (P, *Y). Then Vy(z <1 y = y ¢ P*?), hence Vy(z <1
y=yF_ A)), soVy(x <1y = Ni(y) F_§ A). The last expression exactly means
x Fy —4A. Moving backward we obtain the converse.

4. Cases for Iy and 19 are shown analogously. O

As a simple implication from the above lemma we have the following statements
fixing the facts about stabilities of truth and falsity sets of an arbitrary formula A:

Corollary 8. For each formula A, PA = Iy(r1(P/)), Pi(A) = la(ro( P)), Pf‘ =
ri(lLi(Pf)), Pt = ra(la(Pgh).-

The following definition introduces the central semantic concept, namely the
consequence relation.

Definition 12. For all A, B, A E B if for all F and all x € F the following
statements hold:

rF A=z F B, rF1 A= xF B, (26)
rF; B=xkF; A, xFoB=xkFy A (27)

6.1 Soundness

Let us stipulate and prove the soundness result.
Theorem 9. For all formulas A and B, A- B= AF B.

As usual the soundness proof supposes the routine check for all the axiom
schemata and the rules of inference, but we take for the illustration purposes only
scheme 11 and rule R5 cases, probably the most cumbersome, though.

Proof. 1. Let us take an arbitrary star frame F, x € F' and assume that = F; —(AA

B). Then, according to definition 11, Ni(z) Ff (AA B), so Vy(Ne(z) <1y = (y F—4
AorykF_; B)). Next we use the fact that Ny(x) <1 y is implied by x <; Ny(y) for
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all z,y € F. Consequently, Vy(z <1 Ne(y) = (Ni(y) F—y ~vA or Ny(y) F_f ~B))
which means, again by definition 11, that = &, (—A V —B).

Further assume that z F; —(A A B). From definition 11 we have x F; (A A B),
that is z € Pi(A A B), hence = € l3(r2(A A B)) (see Remark after definition 11).
Now assume z ¥; (—4A V —B). Unwinding of this assumption is the expression
Jy(r <2 yand Vz(y <2 2 = 2z F_; Aand z F_; B)). But this exactly means
that = ¢ ly(r2(A A B)) as it is the case when Jy(r <2 y and Vz(y <2 2 = 2z F_;
Aor zFE_1 B)).

Let x Fy -4AV —B. By definition 11 this implies z F; ~yA and = Fy —B.
Let us take  Fy —4A. Applying the same definition again we get Vy(z <1 y =
Ni(y) E_5 A). Now consider consequent Ni(y) F_s A. It can be rewritten as
Ni(y) ¢ Ps(A), so, by ri-stability of Pr(A), Ni(y) ¢ 7:(l1(Pf(A))). The latter
expression means 3z(N¢(y) <1 z and z € l1(Pf(A))). Note that [;(Pr(A)) = P;(A),
so z F; (A). The same reasoning gives z F; B from x Fy —B. But it means that
Vy(z <1y = F2(Ni(y) <1 2z and z Fy AAB)), that is Vy(x <1y = Ni(y) F—y AAB)
and, finally, z Fy (A A B).

Suppose = Fg =t AV —B. Therefore x £y A and x £y =B, which is Yy(z <o
y=yF_1 Aand y F_1 B). But it implies z £y —+(A A B) by definition 11.

Now we check the rule 1A + —B/—1B + —A. Assume 1B F —A . Let
for some z x F; 1B, but x F_; ~yA. Then z F; B, hence Ny(z) F_; —B.
From = F_; A we have Ny(z) F_;y A. It remains to note Ni(z) ¢ Pr(A) and
from ri-stability of P;(A) we infer 3z(N¢(x) <1 z and z F; A), so Ny(x) F_y mA.
Consequently =1 A ¥ —;B. O

Next lemma is proved with the help of simple usage of soundness theorem.

Lemma 10. For each formula A, canonical frame F and x € F:

x|=tA<:>Nt(m) ':f _‘tA $':fA<:>Nt($) ':t _'tA (28)
T ':1 A& N1<J}) ':0 —|1A T ':0 A< Nl(.iL‘) ':1 —|1A (29)

Proof. The equivalences on the left side are easy to see. For instance, x F; A <
Ni(N(z)) Fr A & Ny(x) Fy ~4A. As for the equivalences on the right side,
right-to-left direction is clear: Ny(z) F;y ~vA = Ny(N¢(x)) Fy A = x F; A. For
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the converse we need the following sequence of metalinguistic implications:

rFEf A= 2k A axiom 7
= Vy(r <1y = Nie(y) F—y ~tA) def. 11
= (v <1 Ni(y) = Ne(Ne(y)) F_p ~A) Vel
= (Ni(z) <ty =yF_f ~A) def 8 — 1, 5, (4)
= Vy(Ni(z) <1y =y F_f 1 A) Vin

The last line and lemma 7 imply that Ny(z) € I (r1(P;*4)) = P4, that is Ny(z) &
- A. O

6.2 Completeness

For the completeness proof we will make use of the notions of —;-closed and —1-
closed theories and counter-theories (see the definitions 4, 6) again. To construct a
canonical frame we need a modification of commonly used (theory, counter-theory)
pair based approach (see e.g. [16, 10]*) due to the distinction of =4~ and —;-closed
theories. Namely a theory component splits now into a pair of two theories (7;, T;),
-~ and —p-closed correspondingly. Likewise a counter-theory component will be
replaced by (7,°,7,°), a pair of —4- and —j-closed counter-theories. So, a world x
of a canonical frame may be thought as a quadruple of the form (7;,7;,7°,7T°)
for some theories 7;,7; and counter-theories 7,°,7,° closed according to their lower
indices. For notational convenience we will represent quadruples in the form of
pairs and call them “g-pairs”. If z = ((7,,T7), (T,°, 7)), we will refer to its pairs’
components by adding x to the their superscript positions. For example 7" is the
second element of the first pair of =, while 7,° is the second element of the second
pair of z. To define the star-like operations N; and N7 in a canonical frame we will
use the notations —17;, =17;°, —7; and —7;° in the same sense as before (see the
explanations precluding lemma 3).

Definition 13. A g-pair x is maximal disjoint if 7% is maximal in the set of —-
closed theories disjoint from T,°* and T2 is mazimal in the set of —-closed theories
disjoint from T, while T* is maximal in the set of —1-closed theories disjoint from
TF and T is mazimal in the set of —i-closed counter-theories disjoint from T*.

Definition 14. A canonical frame is a structure F = (W, (<i, <i)ieq1,2), Nes N1),
where W is set of mazimal disjoint g-pairs such that for all x,y € W,

4To be more precise the approach developed in [16] utilizes the notion of disjoint filter-ideal
pair.
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Ly TP CT, ey T2 CTY,
2.1y T CTY, v <0y T CTY,
3. Ne(x) = ((T%, = T0%), (T2%, =),

4. Ni(z) = (1T 7)), (T, 7).

We will write © < y, z,y € F, to mean x <; y and x <; y, 1 € {1,2}. We also
often use the notations 7;Ni(x), 7'1Ni(x), ﬁNi(z) and 7'10Ni(x) for the elements from
Nl(SL’), 1€ {t, 1}

We have an analogue of lemma 4 but now without assuming primeness of theories
and counter-theories as this property requires the distribution laws absent from the
set of axiom schemata.

Lemma 11. If A¥ B then there exists a theory T, such that A € T, and B ¢ T, or
there exists a counter-theory T° such that B € T,° and A ¢ T.°, where i € {1,t}.

Proof. Is essentially the same as in given for lemma 4, but without the last point
concerning the primness as we do not have it this time. O

Lemma 12. If A¥ B then there exists a mazimal disjoint ¢-pair x such that A € T,”
and B ¢ T or B€ T and A ¢ T°", i € {t,1}.

Proof. By the previous lemma we know how to construct a theory or counter-theory
separating A from B. Assume without loss of generality that A € 7,. Thus to
compose a required g-pair we first need arbitrary counter-theory 7;°, disjoint from
7, and a disjoint pair (7, 7;°) which always can be found. Then extend this g-pair
to the maximal disjoint z using standard techniques exploiting Zorn lemma. |

Next simple lemma is useful for the technical inferences below.

Lemma 13. Let F be a canonical frame and x € F. Then
1. A€ TloNt(x) & A eTE or A=~ A for some A’ € T and A" # —B,
2. Ac 7'1Nz(06) & A €T or A=~ A for some A € T2 and A # B,
3. Ae 7:50N1($) & AeTr or A=A for some A € T and A’ # 1B,

4. A€ 7'1N1(x) & Ae T or A=A for some A € T* and A" # —1B.
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Proof. Directly follows from the definitions of operations N; and Ny in a canonical
frame. [l

Lemma 14. Let F be a canonical frame. Then F is a star frame.

Proof. We have to check the properties 1-6 of definition 8 with respect to the unary
operations of a canonical frame.

1. To prove equation 1 we have to show that for each theory 7, T, = —~—T;
and for each counter-theory 7,°, 7" = ——7T{°. Let us check the equation
T, = ~+—7T;. For a formula A we have to consider three sub-cases.

(a) A# —B. Then we have A€ T} & A€ T, & A€ ~—/T;.

(b) A=—Band B# —C. Herewehave Ac T, & Be—~T, < ~wB=Ac¢c
=Ty -

(¢c) A=—B and B = —C. In this case we have A€ T, & Be T, & C €
—+—¢T,. Since —4—7T is a theory according to lemma 3, -,—C = A €

R UL
Similar reasoning shows that 7;° = ==, 7.

2. For equation 3 it is enough to notice that for all x € F, Ny(Ni(z)) =
(1T, =), (T = Ti)) = Na(Ne(a))-

3. For equation 4 assume Ny(z) <; Ni(y). This means that inclusion ’Tth(:C) C
7'1N1(y) holds. Note that 7'1N1(y) = T (as Ny does not affect the 7; when
changing from y to Ni(y)), so the inclusion can be rewritten as Tth(x) cT.
The last expression implies ﬁtTth =) ¢ -7y which is the same as TloNl @) ¢
7-101\&(31) (because _‘tTth(x) =T = Tlozvl(z); T = TloNt(y)). We conclude
that N1(z) <1 N¢(y). For the other direction: Ny(z) <1 Ni(y) = 7-10N1(x) C

7-10Nt(y) N _\t7~loN1(oc) C ﬁt,]-lol\ft(y) — 7-1Nt(1’) C 7-1N1(y) = Ni(z) <1 Ne(y).
4. The equations 5 and 6 are straightforward.

Now we need to make sure that for a maximal disjoint g-pair z, N¢(x) and Ny (x)
are also maximal disjoint g-pairs. First of all lemma 3 ensures that operations N;
and N; transform theories to contertheories and vice versa. Disjointness is also
straightforward: without loss of generality suppose for some z € F, =/ 7" N =, T"* #
(. Thus there is some A € =77 N —T°*. But then A € T N T or some
B € T NT?* such that A = —B, a contradiction. For the maximality suppose
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there is some y € F such that Ny(z) < y. So, T* <; TV, T>" < TV (i € {1,t}).
First note that 72 = 7™ and 7°¢ = T°N® g0 72 = T and T2* = T2V
Next we have —/7,°" C 'le and 7" C Tloy. From the first conjunct we derive
== T8 C —~TY, so T2 C —TY. But Ny(y) is disjoint while x is maximal, so
T2 = T = T;Y. Likewise from the second conjunct we obtain 7% = — 7% = 7.
Thus Ny(z) is equal to y and so is maximal. In the same way maximality of Nj(x)
can be shown. 0

Let W be a carrier set of a canonical structure 5. Now we define the valuations
of propositional variables and satisfaction relation in F.

Definition 15. Let F = (W, (<4, <i)ieq1,2), Nit, N1) be a canonical frame. The
functions vf: PV xW — {t,u, f} and v§: PV xW — {1,u;,0} are called canonical
valuation functions iff conditions 1 and 2 of the definition 9 hold along with the
following:

vi(p,z) =t & peTd, vip,z)=1<peT”,
vi(p,x) = fepe T, vi(p,z) =0 peTFY,
vi(p,z) =uw = pg T andp ¢ T7*, vi(p,x)=w & p¢ T’ andp ¢ T

Next definition reuses F symbol for a canonical versions of the satisfaction rela-
tion.

Definition 16. Let F be a canonical structure. For x € F, p € PV:

zFEpevi(pr)=tepeT, zFpevipr)=1epeT”,  (30)
cEppevipr)=fepeT™, akipevipr)=0&peT™,  (31)
Ty, pESTFpandxFyp rFy, pe Tk pand zFyp. (32)

Now we establish the fact that satisfaction relations can be extended to the set
of all formulas according to definition 11 in a way that the conditions 1 and 2 from
definition 9 hold.

Lemma 15. The satisfaction relation from definition 16 can be extended to the
whole set of formulas in the language L11.8N-

Proof. 1. Let us assume x F; AV B for an € W. Then, according to (14), we
have for all y such that x <; y, y F_y A or y F_; B. The latter disjunction can
be conveniently rewritten as Vy(z <1 y = (y ¢ ri(P?) or y ¢ r1(PF))) which is
enough to see that x € I1(r(P?)) or x € Iy(r1(PP)). By corollary 8 we then have
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x € PAorx € PP, hence 2 £y A or x F; B. Now by IH we obtain A € T{* or
B € T*. Each of disjuncts imply then AV B € T{".

Conversely, suppose AV B € T{*. To prove x F; AV B we have to show that for
each y such that x <y y, y F_y Aor y F_y B. Assume it is not the case. Thus there
isa z, x <1 2, and both 2z F; A and z F; B that is, by IH we have A € T°%, B € T°*.
The latter assumption means A V B € 7,°% because 7,°* is a counter-theory. At the
same time we have AV B € 77, because x <; z, that is 7;* C 7. But this violates
the disjointness of 7{* and 7,°%.

2. Suppose z F; =y A. We have to show A € T{*. First we have Ny(z) Fy A

and hence, by IH, A € TIONt(m). Next, by lemma 13, we obtain the result. Indeed,
A€ T or A=— A for some A’ € T{* and A’ # —B, then -y—A' = A € T{.

Conversely assume —4A € 7{*. Then by lemma 13 it follows that A € TIONt(I)

and by IH Ny(x) F; A. The last statement gives x F; —+A from definition 16.

3. Suppose x F; =1 A, then x F; A and, by IH, A € 7{". Since 7{" is —j-closed,
—1A € T*. For the other direction suppose -1 A € 7,*, then A € T;* by —j-closure
of 7{*, and then IH gives x F; A. Finally, (18) gives z F; =1 A.

4. Now suppose for an z € W, x Fy =yA. Then, by (20), for all y, z <1 y, we
have Ny(y) ¢ ij‘, that is Ny(y) ¢ r1(P/). Eliminating universal quantifier we infer
r <1 Ni(y) = Ne(Ne(y)) ¢ r1(P). Now using the properties 1, (4) and (6) of the
star-frames we get Ny(z) <1 y = y ¢ r(PA), so Vy(Niy(z) <1y = y ¢ r(PA))
which is Ny(z) € l,(r,(PA)) = PA. TH then gives A € T;"'™). Lastly, A € T7® by
lemma 13.

For the converse let —+A € 7,°*. Then, by lemma 13, A € 7'10Nt(x). IH implies
Ni(z) E¢ A, so applying lemma 10 we conclude that x F; —A. O

Before we formulate and prove completeness theorem it should be noted that the
consequence relation remains the same as in the definition 12.

Theorem 16 (Completeness). For all formulas A, B: if AF B then A+ B.

Proof. Suppose A ¥ B. Then, according to lemma 12 we can find a g-pair x such
that one of its components provides a separation. Suppose, first, that A € 7" and
B ¢ T{. So, by lemma 15, z F; A and = F_; B. Evidently then A ¥ B and the
result follows by contraposition. For a different situation assume B € T,°%, A ¢ T °".
Then x Fg B and x F_y A. Again according to the definition of consequence relation
AFE B. O
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7 Concluding remarks

In this paper we have used the most straightforward approach to study the uncer-
tainty phenomenon in the context of generalized truth values, namely to incorporate
an intermediate value between truth and false in a basic set of values and render it as
an uncertainty of a specific kind. It seems that a logic assuming uncertainty could be
fruitfully studied from the probabilistic perspective. We would like to mention here
paper [8] (see also references therein) which, in particular, suggests a probabilistic
view on the systems of Dunn-Belnap’s truth values which obtains new structure and
reveals the definitions of probabilistic consequence relations.
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Abstract

This paper investigates the relation between two prominent frameworks for
the formal explication of defeasible reasoning: assumption-based argumenta-
tion and adaptive logics. Assumption-based argumentation is a formalism that
allows to make inferences from a strict rule base and a set of defeasible assump-
tions. Adaptive logics are a paradigmatic case of preferential reasoning, based
on the idea that for defeasible reasoning, it is often sufficient to consider only a
subset of the models of a premise set. In this paper, I study a translation from
assumption-based argumentation into adaptive logic in order to explicate the
exact relationship between these two approaches.

1 Introduction

This paper makes a contribution to the unification of formal models of defeasi-
ble reasoning. In particular, I will investigate the relation between two prominent
frameworks for the formal explication of defeasible reasoning: assumption-based ar-
gumentation (in short, ABA) and adaptive logics. The reason for considering these
two systems is that they are members of two different families of models for defea-
sible reasoning. Consequently, translations between these two systems will lead to
insights into the relations between the two families they belong to. Assumption-
based argumentation is an instance of what can be called the rule-based approach
to defeasible reasoning: in this approach a set of (domain specific) Horn-rules is the
main engine behind inferences. Other members of this family include default logic
[38], logic programming [13] and other forms of structured argumentation [8] such as
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ASPIC [1, 37, 31] and DeLP [24]. Assumption-based argumentation can be distin-
guished within this class of formal models by the fact that it interprets all the rules
as strict and furthermore assumes a set of defeasible assumptions that are accepted
until and unless a feasible counter-argument occurs. Adaptive logics (also studied
as formula-preferential systems [2]), on the other hand, can be seen as a paradig-
matic subclass of preferential reasoning as studied by Kraus, Lehman and Magidor
[32, 41]. Preferential reasoning can be studied in a model-theoretic or semantic way
and revolves around the idea that for defeasible reasoning, it is sufficient to look at
a subset of all the models of a premise set. Adaptive logics base the selection of this
subset on the satisfaction of a set of defeasible assumptions, also called normality
assumptions. Furthermore, adaptive logics come equiped with a dynamic proof the-
ory. So even though they are part of different families of representational formats,
they are both based on the idea of delineating a set of defeasible assumptions that
are assumed to be true as much as possible. Adaptive logics give formal substance
to the phrase “as much as possible” by comparing models of the premise set with
respect to the defeasible assumptions they satisfy, while ABA uses concepts from
formal argumentation to formally substantiate this idea. This paper can thus be
seen as an exploration in the similarities and differences between the way defeasible
assumptions are handled in these two formalisms.

Outline of the paper: In Section 2 I present assumption-based argumentation and
in Section 3 adaptive logics are introduced: first the standard format of adaptive
logics is explained and in Section 3.1 I expose sequential combinations of adaptive
logics. In Section 4, the main section of this paper, the translation of assumption-
based argumentation into adaptive logics is presented. First, I set out criteria for
such a translation to be adequate. Then, I motivate the translation by presenting
some limitations a previous translation in [30] suffered from. Thereafter I present
the translation and give adequacy results. Finally, related work is discussed and
directions for future work are set out.

2 Assumption-Based Argumentation

ABA, thoroughly described in [12], is a formal model that allows one to use a
set of plausible assumptions “to extend a given theory” [12, p.70] unless and until
there are good arguments for not using such assumptions. In more detail, sets of
defeasible assumptions can be in conflict with one another. To represent and resolve
such conflicts, a formal argumentation framework is constructed on the basis of
the strict rules and defeasible assumptions. In particular, argumentative attacks
represent conflicts between sets of assumptions. Argumentation semantics from
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formal argumentation theory are then used to select sets of assumptions that can be
upheld in an argumentative dialogue based on the argumentation framework under
consideration. The interested reader can find helpful tutorials on ABA in [48, 18].

Inferences are implemented in ABA by means of a deductive system [12] consist-
ing of a language and rules formulated over this language:

Definition 1 (Deductive System). A deductive system is a pair (L, R) such that:
o L is a countable set of sentences;

e R is a set of inference rules of the form Ay,..., A, — A and — A, where
A A ... A, € L.

Definition 2 (R-deduction). Where m > 0, an R-deduction from I' C L is a
sequence Bi,..., By, such that for all i = 1,...,m: B; € ' or there exists an
Ai,..., A, — B; € R such that Ay,..., A, € {B1,...,Bi—1}. Twill writeT Fr A
if there is an R-deduction from I' whose last element is A.

I now introduce defeasible assumptions and a contrariness operator to express
argumentative attacks. Given a rule system, an assumption-based framework [12] is
defined as follows:

Definition 3 (Assumption-based framework). An assumption-based framework is
a tuple ABF = ((L,R),T,A, ) where:

o (L,R) is a deductive system;

o ' C L is a set of strict premisses;

e ) #£ A C L is a finite set of candidate assumptions;
e A — L\ A isa contrariness operator.?

I will restrict attention to so-called flat ABFs, i.e. assumption-based frameworks
that contain no rules Ai,..., A, — A such that A € A (this restriction is also
made in e.g. [12, 48]). Furthermore, restricting the image of ~— to £\ A means

!That A is finite will be crucial in order to be able to employ sequential combinations of adaptive
logics (which has semantics that are sound and complete for finite sets of abnormalities, see Section
3). The generalization of this translation to ABFs with infinite sets of assumptions is left for future
work.

2Note that ~ does not denote the set theoretic complement. I will sometimes abuse notation
and assume that A € £ to avoid clutter. Furthermore, in this paper, I will assume that A € £ for
any A € A. This assumption, made for simplicity, does not result in any loss of generality (since I
assume normal ABFs) and will allow to avoid clutter.
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that attention is restricted so called normal ABFs [16]. It was proven that any flat
non-normal ABF can be transformed into a flat normal ABF which is equivalent to
the original framework. Consequently, this assumption does not result in any loss
of generality.

In most structured accounts of argumentation, attacks are defined between ar-
guments which are deductions in a given deductive or defeasible system (e.g., in
ASPIC [37] or defeasible logic programming [24]) or sequents I 1, A where L is
an underlying core logic ([44, 9]). In contrast, ABA operates at a higher level of
abstraction, since attacks are defined directly on the level of sets of assumptions
instead of on the level of R-deductions [12].> ABA can thus be viewed as operating
on the level of equivalence classes consisting of arguments generated using the same
assumptions.

Definition 4 (Attacks). Given an ABF = ((L,R),T, A, ):
e a set of assumptions A C A attacks an assumption A € A iff TUA Fr A.

e a set of assumptions A C A attacks a set of assumptions A" C A iff TUA Fr A
for some A € A,

On the basis of argumentative attacks, assumption labellings [40] stipulate which
assumptions are jointly acceptable. An assumption labelling assigns every assump-
tion a label determining the status of the assumption. In more formal details, an
assumption labelling L is a function that assigns to every assumption one of the la-
bels in, undec or out (standing for accepted, undecided and rejected respectively).
The more interesting assumption labellings are, of course, those that take into ac-
count rational criteria of acceptability, such as the requirement that a given set of
assumptions should not attack itself (conflict-freeness), or it should be able to defend
itself against attacks by other sets of assumptions (admissibility).

Definition 5 (Assumption Labellings). Given an ABF = ((£,R),T,A, ), an as-
sumption labelling is a function L : A — {in, undec, out}.

Where X € {in,undec,out}, I will write L(A) =X iff L(A) = X for every A € A
and let X(L) := {A € A | L(A) = X}.

Definition 6 (Conflict-free Labellings). Given an ABF = ((£L,R),T,A, ), an as-
sumption labelling L is conflict-free iff: for no A C A that attacks A, L(A) = in.*

3There are some formulations of ABA that define attacks on the level of individual arguments.
However, since attacks are only possible ‘on’ assumptions, these formulations are equivalent (cf.
also [48]).

“To the best of my knowledge, conflict-free (and naive assumption labellings, see Definition
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For a labelling to be admissible, an assumption can be labelled in only if it
can be defended from every attacker: for every attacking set A, there is at least
one member of A that is labelled out. Furthermore, in an admissible labelling, an
assumption A can be labelled out only if there is a set of accepted assumptions
that attacks A. Finally, an admissible labelling should label every argument that
is attacked by a set of accepted assumptions out, which means that assumptions
can be labelled undec only if there is no attacking set that is labelled in. Notice
that an admissible labelling is conflict-free, but that conflict-free labellings are not
necessarily admissible.

Definition 7 (Admissible Labellings). Given an ABF = ((£,R),T,A, ), an as-
sumption labelling L is admissible iff:

o if ]L(A = in then for each A C A that attacks A, there is a B € A s.t.
L(B) =

e if L(A) = out then there is a A C A that attacks A s.t. L(A) = in.

o if L(A) = undec then for each A C A that attacks A, there is a B € A s.t.
L(B) # in.

Complete labellings are admissible labellings that assign in to every member they
defend. Consequently, in contrast to admissible labellings, defended assumptions
are not allowed to be labelled undec, i.e. any assumption labelled undec has to be
attacked by a set that contains no member which is labelled out.

Definition 8 (Complete Labellings). Given an ABF = ((£,R),T,A, ), an assump-
tion labelling I is complete iff it is admissible and if L(A) = undec for some A € A
then for some A C A that attacks A, L(A) # out.

Based on conflict-free and complete labellings, other labellings can be defined by
requiring maximality or minimality among either in(IL) or undec(LL).

Definition 9 (Naive, Grounded, Preferred, Semi-Stable Assumption Labellings).
Given an ABF = ((L,R),T, A, ), an assumption labelling IL is:

e naive iff in(IL) is maximal (with respect to set inclusion) among all conflict-free
labellings of ABF.

9) have not been presented before. In Appendix A I show soundness and completeness for these
labellings w.r.t. the more conventional extension-based semantics as orginally introduced by [12]
(see Appendix A for more details on these extension-based semantics).
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e preferred iff in(LL) is mazimal (with respect to set inclusion) among all com-
plete labellings of ABF.

e grounded iff in(IL) is minimal (with respect to set inclusion) among all com-
plete labellings of ABF.

e semi-stable iff undec(L) is minimal (with respect to set inclusion) among all
complete labellings of ABF.

I will use A(ABF), C(ABF), N (ABF), P(ABF), G(ABF) and S(ABF) to denote the
set of all admissible, complete, naive, preferred, grounded respectively semi-stable
labellings of ABF.> Where ABF is clear and unambiguous from the context I will
denote these sets simply by A, C, N', P, G and S.

The following characterizations of preferred and semi-stable labellings will allow
several simplifications in the translations provided below:

Theorem 1 ([40, Prop.7]). Given an assumption-based framework ABF, an assump-
tion labelling IL is:

o preferred iff in(L) is maximal (with respect to set inclusion) among all admis-
sible labellings of ABF.

e semi-stable iff undec(L) is minimal (with respect to set inclusion) among all
admissible labellings of ABF.

The concepts defined above are illustrated by two examples.

Example 1. Let ABF = ((£,R),[, A, ) with:

e A={p,q}

o L=AU{g}
e R={p—q
e I'=10.

The following are all the labellings of ABF:

5 Another popular labelling is the stable labelling. In Subsection 4.5 I explain why this assump-
tion labelling is not considered for the translation in this paper.
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i [ Li(p) Li(g) |7 |Li(p) Li(g)
1 | undec wundec || 6 | out in

2 | undec out 7| in undec
3 | out undec || 8 | in out

4 | out out 9| in in

5 | undec in

Every labelling except LLg is conflict-free. Ls,lLg, Ly and LLg are naive. Only g
s admissible, complete, preferred, semi-stable and grounded.

Example 2. Let ABF = ((L,R),T, A, ) with:
o A={p,q,r st}
o L=AU{A|AecA}U{u}

o R — p—>§; q—p; q—=T; T =T
s—t, p—=u qgq—u

o I'=10.

The graph in Figure 1 conveys the attacks between assumptions.
The following are all the admissible labellings of ABF:

i |Li(p) Lilg) Li(r) Li(s) Li(t)
1 | undec undec undec undec wundec
2 | undec undec wundec in out

3 | out in out undec undec
4 | out in out in out

5| in out undec undec undec
6 | in out undec in out

Among these labellings, LLs, Ly and LLg are complete. 1Ly and LLg are preferred
and 1Ly is semi-stable whereas 1Ly is grounded.

Based on the various kinds of assumption-based labellings defined above, several
consequence relations for ABA can be defined:

Definition 10 (ABA-Consequence Relations). Given an ABF = ((L,R),T,A, )
and Sem € {N,P,G,S}:
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S

p q r S

t

Figure 1: Attack diagram for Example 2. An arrow from A to B means A attacks
B. The attack diagram is restricted to singletons and set brackets are omitted to
avoid clutter.

e ABF vg. A iff in(L) Fr A for some L € Sem(ABF);
e ABF o A iff in(L) Fr A for every L € Sem(ABF);

o ABF |~ S A iff ML esemeryin(L) Fr A.

Example 3. [Example 2 continued] In Example 2, there are two preferred labellings,
Ly and Le. Since Lg(p) = in and L4(q) = in, ABF |~ pp and ABF |~ 5q whereas
ABF [ 3p or ABF [£ g (since Lg(q) = out and L4(p) = out). Furthermore, observe
that ABF |~ 3u whereas ABF [ hu.

3 Preferential Semantics

Adaptive logics [6, 5, 42] are a general framework for the formal explication of defea-
sible reasoning. They have been applied to a multitude of defeasible reasoning forms,
such as non-monotonic forms of reasoning with inconsistent information, causal dis-
covery, inductive generalisations, abductive hypothesis generation and normative
reasoning (see [42, p.86]).

The semantics of ALs is based on the idea that to draw defeasible inferences from
a premise set I'; only a subset of the models of I', namely the most normal models
of I', should be considered. In ALs, normality is defined with respect to a set of
formulas called abnormalities: a model M is more normal than another model M’ if
the abnormalities M satisfies are a subset of the abnormalities satisfied by M’. More
specifically, fix a compact Tarksi logic” L (the core or lower limit logic) in a formal

SSince for flat ABFs, there exists a unique grounded labelling (see [40, Theorem 5] and [18,
Theorem 2.20]), all of the three consequence relations defined above coincide for Sem = G, i.e.
ABF |~ g A = ABF |~ j A = ABF [~ A.

"Recall: a derivability relation b1, characterizes a Tarski logic L iff Fr, is reflexive, transitive
and monotonic. Furthermore, I say that L is compact if I' 1. A implies that " 1, A for some
finite IV C T.
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language £ and with the derivability relation Fy, and fix a set of abnormalities®
Q) C L. I will assume that the core logic L comes with an adequate model-theoretic
semantics and an associated semantic consequence relation IFp.? T write M(T)
for the set of all models of a premise set I'. Furthermore, where M € M(I),
QM) ={Aec Q| M = A}. A model M € M(I') is minimally abnormal (w.r.t. )
iff there is no M’ € M(T') for which Q(M') € Q(M). T will denote the set of all
models of I" that are minimally abnormal (w.r.t. Q) by ming(I"). Based on this set
of minimally abnormal models, several consequence relations can be defined (I refer
to [42] for more detailed explanations).!® The consequence relation Il—g’L is perhaps
the most straightfoward consequence relation to explain. The basic idea is to say
that a formula A is a consequence iff A is validated in every minimally abnormal
model. A second consequence relation II—%’L is a bit more cautious: instead of just
looking at the minimally abnormal models, it looks at all the so-called reliable models
(which are in fact a superset of the minimally abnormal models). In more detail, an
abnormality is unreliable if it is validated by at least one minimally abnormal model.
Accordingly, reliable models are those models that validate no reliable abnormality,
which means that a model is reliable iff it verifies only those abnormalities that are
verified by some minimally abnormal model. More formally, a model M is reliable
if QM) € Unreming (ry 2(M'). The third consequence relation, IH2E s a so-called
credulous consequence relation: instead of requiring that A is derivable from every
minimally abnormal model, it suffices that A is derivable from every model in a set
of minimally abnormal models that validate the same abnormalities. In other words,
this consequence relation looks at equivalence classes of minimally abnormal models
that validate the same set of abnormalities.

Definition 11 (AL-Consequence Relations). Where L is a compact Tarski logic and
FruQuU{A} C L:

o DIFEY A iff M = A for every M € ming(T).
o TIF2Y A i M = A for every M € M(T') such that every member of Q (M)

is verified in some minimally abnormal model M' € M(T).

81t is usual to assume that abnormalities are characterized by some logical form [6, 42, 5], but
it is shown in [2] that this assumption can be given up by showing stopperedness (also know as
strong reassurance) for adaptive logics where abnormalities are made up of any set of formulas. In
[61] one finds a similar generalization.

9As usual T will write M = A iff var(A) = 1 where vy is a valuation function associated with
the model M.

19T the orthodox nomenclature of adaptive logics, the variations in consequence relations are
said to be determined by strategies, a term which stems from the dynamic proof theory of adaptive
logics. II—%L is called the minimally abnormality strategy, H—%’L the reliability strategy and H—S’L the
normal selections strategy [6, 42, 5].

325



HEYNINCK

o T IHEY A iff there is a M € ming(T') such that for all M’ € M(T) for which
QM) =QM"), M' = A.

Adaptive logical consequences are defined in the usual way (for 1 € {n,m,U}):
Cn?’L(F) ={A|T II—?’L A}. T will also say that A is a consequence of the premise

set I' under the adaptive logic L? itAe Cn?’L (T). Tt is clear that the semantics for
ALs is a proper but rich subclass of the well known preferential semantics as defined
in [32, 41].

Example 4. I now give an example of a very simple adaptive logic. Suppose that
Q= {-p,—q,-s}, I = {p D —q}, L is the closure of {p,q,s} under the connec-
tives —,V, A and the core logic is classical propositional logic. The following table
characterizes the relevant parts of the CL-models of T':

oa (p)  on(q) o (s) | (M)
P, g, ™S
-p,q
—|p7 S
-p
_'Q7_‘S
-q

N R DO
N QN OO RO

0
0
1
1
0
0

D G W =T

The set of minimally abnormal models of T' is ming(I") = {My, Mg}. Conse-
quently, T’ II—%’CL pVq. Since My = —p and Mg |= —q, all abnormalities verified by
My are verified by some minimally abnormal model. Since Ms [~ pVq, T I}‘%’CL pVq.
Note that for example, T’ H—%CL pVq. Finally, observe that T’ H—S’CL pandl’ H—S’CL q
(but T 2 p A ).

3.1 Sequential Combinations of Adaptive Logics

For the translations presented in this paper, it will be necessary to combine various
adaptive logics (for example to capture consequence relations based on preferred
assumption labellings, it will prove necessary to first select all the models that
correspond to an admissible labelling and then select those models that validate as
many assumptions as possible). This will be done by combining adaptive logics in a

sequential way.'' A sequential combination of some adaptive logics Ll?ll, e ,L“?n"

applied to a premise set I' amounts to first applying Ll?ll to I', then applying L2%2

"1n [52] one finds a comparative study of sequential combinations and various other ways to
combine adaptive logics.
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to the Llﬁl—consequence set of T, ... and finally applying Ln?n” to the Ln_l?::ll—
consequence set of ... of the ALj-consequences of T'.

Definition 12. Where Ly,...,L, are compact Tarski logics in the respective lan-
gquages Li,...,L,, TUQ; C Ly, Q; CL; for every 1 <i < n and 1; € {U,U,N} for
every 1 < i < n, The consequences of a sequential application of Ll?ll, . ,L“?ﬂ" to
a premise set I' are:

Ot (L omM(D) L) (1)

In what follows I will only consider sequential combinations of adaptive logics
where every but possibly the outermost (i.e. the n!") adaptive logic uses the mini-
mally abnormality-strategy (i.e. for every i < n, t; = U). Furthermore all adaptive
logics in sequential combinations will make use of the same lower limit logic, i.e.
L; = ... =L,. L will be used to denote this lower limit logic. In the following
discussion, I will implicitly make use of these assumptions.'?

The semantics of such sequential combinations of adaptive logics work rather
straightforwardly: one starts by selecting models in M(I") that are minimally ab-
normal according to €, i.e. one takes ming, (I'). As a second step, one takes all
models ¢n ming, (I') that are minimally abnormal with respect to 2 (denoted by
ming, (ming, (I')), ... and finally one takes the models that are minimally abnormal
with respect to €2, in ming, (... (ming, (T))...).

More formally, first the definition of minimally abnormal models is generalized
as to range over any set of models:

Definition 13 (Minimally Abnormal Models). Where M is a set of models and
Q C L: ming(M) is the set of all models M € M s.t. for no M' € M, Q(M') D

The semantics for sequential combinations of adaptive logics described above
(and formally stated in Theorem 2) are sound and complete with respect to the
syntactic description of Definition 12:

Theorem 2 ([42]). Where Q; U...UQ, U C L are finite:

o AcCnl( (e M), ) iff M = A for every
M € ming_ (.. mlngl( )...)
(-

o AcCnt( . (CnH())..) iff M |= A for every
M € ming, ,(...ming, (I')...) s.t. every member of Q, (M) is verified by some
M’ € ming, (... ming, (T')...).

!2These restrictions are common in the literature and are motivated in [42, 50].
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e Ac Cn%"’l‘(. . (C’nrgjzl’L(F)) ...) iff there is a M € ming, (...ming, (I')...) s.t.
M’ = A for every M' € ming, (... ming, (I')...) s.t. Qn(M) = Q,(M').

4 Translating Assumption-Based Argumentation in
Adaptive Logic

This section provides the main technical contribution of the paper. Here, the trans-
lation of assumption-based argumentation into adaptive logics is presented. First, I
set out criteria for such a translation to be adequate. Then, I motivate the transla-
tion by presenting some limitations of a previous translation [30]. Finally I present
the translation and give adequacy results.

4.1 Motivation and Goal.

The goal of this paper is to provide a translation 7 such that for any ABF (and some
T € {U,Nn,m}), there is a sequential combination of adaptive logics LABF?I1 . ,LABF?:
that gives the same consequences for 7(ABF) as ABF:

ABF L A iff A € Ot (Lot (7 (aBF)) )

Since both adaptive logics and assumption-based argumentation support so-
called cautious (e.g. the N-and M-based consequence relations) and credulous (the
U-based consequence relations) reasoning strategies, the parameters of the adaptive
logic consequence relations that are open for manipulation in terms of the ABF under
consideration are:

e the lower limit logic L
e the set of abnormalities 2.

L will only depend on the ABF in the sense that the language of ABF will determine
the language Lypr of the lower limit logic L. € will be determined solely by A and
Sem.

The translation of this paper will be required to be faithful on an extensional
level, meaning that for every labelling I one can find a corresponding minimally
abnormal model M of the translated ABF and vice versa. This constraint has been
adapted from the context of translations between default logic and autoepistemic
logic [25]. In more detail, I say that a sequential selection ming,, (... (ming,(.))...)
(where n > 0) is extensionally faithful for 7(ABF) and a set of labellings B iff:
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1. for every M € ming, (...(ming,(.))...) there is a labelling . € B such that
for every A € Ab:

o M = Aiff L(A) = in, and
e M [ Aiff L(A) = out.

2. for every labelling I € B there is an M € ming, (... (ming,(.))...) such that
for all A € Ab:

e M Aiff L(A) = in, and
o M = Aiff L(A) = out.

4.2 The Translation from [30] and its limitations

In [30] a translation from ABA into adaptive logics was presented guided by two
ideas: (1) a three-valued logic is used to give an appropriate semantical interpre-
tation of the rules in the rule base R and the contrariness operator — and (2) the
abnormalities {—A | A € A} assure that as many assumptions will be made true as
possible in view of I and R.

In more detail, the translation makes use of some connectives from Kleene’s
well-known 3-valued logic K3 (see Table 1) and superimposes them on a logic that
is characterised by the rules in R. In more detail, the 3-valued logic Ly is defined
semantically in the following way: the operators ~ and V (which are supposed not to
occur in the alphabet of £) are superimposed on the language £ resulting in the set
of well-formed formulas L3zz. The operators are characterised by the truth tables
in Table 1.13

~A

A
1
0
U

g~ ol
2 O
S o <
[y =
S O =IO
2 2 |

0
1
1
Table 1: Truth Tables for |, - and V in Lig.

Definition 14 (Valuations in Ljpp). Where v : £ — {0,1,u} is a assignment which
respects the truth-table for — (i.e., v(A) = 1 iff v(A) = 0, v(A) = 0 iff v(A) = 1,

31n the terminology of [49], the negation ~ corresponds to Bochvar’s ’external negation’ whereas
corresponds to Kleene’s negation in his K3. The disjunction V is Kleene’s strong disjunction.
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and v(A) = u iff v(A) = u). The valuation function vy : Ly — {0,u, 1} is defined
inductively as follows:

1. where A € L, vpr(A) =v(A);
2. vy (~A) =0 iff var(A) =1, and vy (~A) =1 else;
3. vy (AV B) = max(var(A),var(B)) where 0 < u < 1.

As usual, M = A iff vpr(A) =1 (so 1 is the only designated value). I write lbys
for the resulting consequence relation.

Ligr is used as a lower limit logic for an adaptive logic with the set of abnormal-
ties:
Qy ={~A|Ae A}

The rules of R are translated as follows: Aq,..., A, — B is translated to ~A; V

.V ~A, V B. Where R is a set of rules, I write 73(R) for the set of translated
rules. It is important to note that the connectives V and ~ are not assumed to be
part of £ but are superimposed on L.

Remark 1. It is important to note that [30] does not assume that L contains a
disjunction V or a Kleene-negation ~: these connectives are superimposed on the
language L resulting in the language Lizz. What this means is that the members
of L are regarded as atoms in the construction of Lige: when A,B € L, AV B €
Ligr and ~ A € L3zz. This means that, when for evample L already contains a
disjunction, it is tmportant to ensure that the two disjunctions are distinguishable.
Furthermore, the connectives of L should not function as connectives in Liyge. For
ezample, where \/ is a disjunction used in L, and A,B,C € L, (AVB)V C € Lizr
yet (AV B)VC & Lige 14

The main representational result for this translation is the following:!®

Theorem 3 ([30]). Where ' U{A} C L, and sem =N,
U . QXngsF
1. ABF Y, A ff TUT3(R) IFoA " 4

~ 1.3
2. ABF F0L_ A iff T Urs(R) kot r 4

4For more on the importance and subtleties of superimposing connectives in adaptive logics see
[42, p.50-53].

15130] also shows extensional adequacy but I restrict myself to recalling the faithfulness results
on the level of the consequence relations.
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~ 713
3. ABFFD_ A ff D Urs(R) IFor Fiee 4

Proof. Follows immediately from Theorem 8 in [30] and Theorem 14 (Appendix
A).16 O

As noted in [30], the result can be strengthened if the rule system based on R
satisfies the following requirement (adapted to labelling-based semantics): where

ABF = ((£,R),[,A, )and TU{A} C L,
EX Where L is a naive labelling in ABF and LL(A) # in, T' U in(L) - A.

This criterion ensures that every naive set is stable. It is interesting to note that
contraposition (in short, CPOS) ensures (EX). An ABF = ((£,R),T, A, ) satisfies
CPOS if for every AU{A} C A:

CPOS T'UA Fx A (where A is minimal) implies TU (AU{A})\ {B} Fx B for every
B € A.

It is not hard to show that (CPOS) implies (EX) (proven in Appendix B).!"
Lemma 1. If ABF satisfies (CPOS) then ABF satisfies (EX).
The faithfulness result for ABFs which satisfy (EX) is the following:

Theorem 4 ([30]). Where TU{A} C L: if ABF satisfies (EX), items 1-3 in Theorem
3 hold for sem € {N,P,S}.

However, this translation is not adequate for admissibility-based semantics, as
witnessed by the following example.'®

Example 5. [ use the ABF from Ezxzample 1 to show that in general the translation
from [30] is not extensionally faithful for admissibility-based semantics. In partic-
ular, I show that there exist some models that are minimally abnormal but do not
correspond to any preferred, grounded or stable labelling.

The following table characterizes all Lizz-models of T3(R)UT = {~ pV q}:

Indeed, Theorem 3 is exactly the same as Theorem 8 in [30] but phrased for labelling-based
consequence operations instead of extension-based semantics). This should also take away any
suspicion of circularity, since the proof of Theorem 14 does not depend on any results from [30].

'"This observation was not made in [30].

187t should be noted that when an ABF satisfies (EX) preferred, stable and naive labellings
coincide and stable labellings are guaranteed to exist (see [27, Corollary 1] and [29, Theorem 6]).
Consequently for such ABFs, the translation from [30] is adequate.
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i o) @ |0 o) oasla)
1 0 5 U U
2 0 6 U 1
3 0 7 1 0
4 U
Observe that mingy (7(R)UT')) = {Mjs, Mg, Mz} is the set of minimally abnormal

models of T(R)UT. This means that there are some models (namely Ms and Mg) for
which M |= q, even though for the only preferred labelling, which is also grounded
and semi-stable, Lg(q) = out. Thus, this translation is not faithful for preferred,
grounded and stable labellings. Ezactly what is going on here? {q} is conflict-free
but not admissible since there is one attacker, {p} that {q} cannot defend itself from.
This is, however, information that cannot be expressed “within” Ms and Mg. All that
is expressible within these models, is that once q is accepted, p cannot be accepted
(since then G would have to be accepted as well in view of the rule p — G). What is
needed, however, in order to notice within Ms (or Mg) that it is not admissible is
some kind of hypothetical reasoning: p allows to derive §. Consequently if q is to be
acceptable, a counterargument against p is needed.

A Logic for Reasoning about Acceptability: To obtain this additional expressibil-
ity, the language is supplemented with a modal operator ¢. Informally, ©A will mean
that A is unattacked. Recall that A is unattacked in ABA (with respect to a set of
assumptions A) iff A is not derivable from A. Accordingly, oA will be true iff A is
false. In the modal logic, this comes down to defining A as ~o A.1?

In more detail, given an ABF = ((£,R),[',A, ), Lypr is obtained by superim-
posing ¢, A\, V,—, D, over L (see Note 1). Using this language, I define the modal
logic Lypgr as follows:

Definition 15 (Lygr-model). Given an ABF = ((L,R),T,A, ), and an assignment
v: L — {0,1}, a Lagr-model is a structure

(vm, W, R, a)
where:
o W ={a,w,w'} is a set of possible worlds where a is the actual world;
e R={(a,w),(w,w)} is an accessibility relation;

o vnr i Lapr X {a, w,w'} — {0,1} is a valuation function respecting the following
conditions (where x € {a,w,w'}):

9Notice the similarity with intuitionistic negation [23].
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— oy (mA,z) =1 iff o (A, x) =0;
— v (AANB,z) =1 4ff vp(A,z) =1 and vy (B, z) = 1;
— oy (oA, x) =1 iff there is a 2’ € W s.t. xRz’ and vpr(A,2') = 1.

As usual, I will say that if M is an Lygg-model and z € {a,w,w'}: M,z = A iff
vy (z, A) = 1. Furthermore M € My, (7(ABF)) iff M,a = A for every A € I, in
which case I'll also write M|=A. Finally I IFg,,. A iff M|=A for every M € My, ().
D and V are defined as usual: AV B :=—(-AA-B)and A D B :=-(AA-B). The
connective  for representing contrariness in Lygr is defined as follows: A := o—A.

I thus consider a modal logic?” based on a rather simple modal framework consist-
ing of three worlds and an accessibility relation consisting of just two pairs of worlds.
It has several properties which are worth noticing. First, notice that I IFg,,. ©A iff
[ by, o 0A for any TU{A} C Lygr. Furthermore, in modal logic it is common to
define a necessity operator as follows (relative to a modal structure (vys,, W, R, a)
and given some x € W): vy (0A,z) = 1 iff for every is a 2/ € W s.t. 2Rz’ and
vapr(A,2’) = 1. Tt is easy to see that in that case, for any I' U {A} C Lypr where A
contains no modal operators:

T H_LABF oA if T H_LABF DA, and
T H_LABF oA iff T H_LABF 00A

However, this correspondence breaks down once one looks at formulas with three
or more possibility respectively necessity operators (i.e. it can be the case that
I L, © ¢ oA even though T IFy,,, OOOOA). The reason for this is that for any
Ljgr-model M and any A € Lypr , M, w' £ oA yet M, w' = TA.

The idea behind the semantics is that every model corresponds to a single la-
belling. In more detail, given a labelling I, the actual world a is meant to contain all
of the propositions that are contained in or follow from in(IL). The possible world w,
accessible from a, contains all the propositions that are contained in or follow from
the unattacked assumptions A \ out(L). To see this, note that if A € A\ out(L),
I'uin(L) /g A and thus in the translated model it should hold that M,a = A. By
definition, this means that M, a (£~ oA, i.e. M,w = A. The possible world w’ has
the same function with respect to w as w has with respect to a: if A\ out(LL) I/ A for
some A € A then A will be contained in w’. This way, it is possible that M, w = A,
which would not be possible in a modal frame containing only @ and w. Thus, the
function of w’ is in a sense merely technical: it avoids that o—A is a theorem, which
would mean that for no model, ¢A is the case and thus one can never derive A

20Tt is perhaps interesting to note that Lyg is not a normal modal logic. This is seen by observing
that e.g. 0 Ly 00 T yet 0 o, JooT.
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Informal concept Meaning in ABA | Translation in Ljgr
Accepted Assumption L(A) =in MEA

Rejected Assumption L(A) = out MEA

Undecided Assumption L(A) = undec ME-AN-A
Unattacked Assumption L(A) # out MEcA

Existence of an
Unattacked Attacker of A

A\out(L)Fr A | M oA

Table 2: Overview of the most important concepts of assumption-based argumenta-
tion and their translation in Ljgp.

from an unattacked set, meaning that every model would be automatically made
admissible by the semantics. In Table 2, the reader finds an overview of the most
important concepts from assumption-based argumentation and their translation in

Lgr-
With the modal logic Ljgr in place, the rules R and strict premises I' can now be
translated. This can be done in a very straightforward way: rules Ay,..., A4, > A€

R are translated as material implications A1 A...A A, D A. Since these rules should
be applicable both in the actual world a and the possible world w, it is necessary to
also include o(A1 A ... A A, D A). The strict premises I' can be taken over without
any translation. Finally, care has to be taken that in the actual world A acts as
a consistent negation in the sense that M, a = A A A (since for no conflict-free or
admissible labelling can it be the case that L(A) = in and T'Uin(L) - A). This is
done by requiring that every model satisfies —(A A A) for every A € A. Note that A
is not a complete negation: it can be the case that M,a = ~A A —=A. Furthermore,
it should be noted that is both paraconsistent and paracomplete in w and w'.
This corresponds to the fact that it can be the case that there is a labelling I for
which T'U (A \ out(L)) Fr A and LL(A) # out. A case in point is L; in Example 1,
where L;(g) = undec yet A\ out(LL) Fr @ (since p € A\ out(L) = A and {p} Fr Q).
However, is the only non-classical connective in the logic: — behaves completely
classical. Its role, just like the other classical connectives is to be able to reason
about what is or is not derivable from a given set of assumptions (see Table 2 for
some examples).

Definition 16 (Translation 7(ABF)). Given ABF = ((L,R),T,A, ):

e T(R)={ANL,AiDA|AL....,4, > A€ R}U
{o(NiL1 Ai D A) | Ay,.. . Ay — AERY;
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o L(ABF)={-(ANA)|AecA};
e 7(ABF) = 7(R) UT U L(ABF).
We now illustrate this definition by translating the ABF from Example 1.
Example 6 (Example 1 continued). For the ABF of Example 1, we have that:
e (R) = {poa};
e L(ABF) = {~(pAD),~(¢ "D}
Consequently, since I' = (0, the translation of ABF is: 7(ABF) = 7(R) U L(ABF).

Defining the Abnormalities for Admissible Labellings: The extended language
allows for a straightforward definition of abnormalities according to which the selec-
tion of models that correspond to admissible labellings becomes possible. Recall that
an admissible labelling assigns in only to assumptions that are defended: for every
attacking set of assumptions A there is at least one member of A that is labelled
out. Phrased negatively, this means that there is no attacking set of assumptions A
which is acceptable. Consequently, in the modal logic Ljygr, for a model M to cor-
respond to an admissible labelling, for no A € A should it be the case that M = A
and M |= oA (see also Table 2). In other words, M = A A A should be avoided. 1
accordingly define:

O = {ANGA| Aec A}

Defining the Abnormalities for Complete Labellings: For an assumption labelling
to be admissible, it has to defend every assumption that it labels as in. Complete
labellings are admissible extensions that additionally label every argument that they
defend in. Consequently, in addition to including only defended assumptions (thus
avoiding A A ©A), whenever it is the case that M | — ¢ A (i.e. an assumption is
defended), an assumption should be accepted (i.e. M = A). Consequently, models
for which M = = ¢ A D A holds as much as possible should be selected and thus
-6 A A=A should be avoided. The set of abnormalities for complete semantics QIC\
is accordingly defined as follows:

O ={-An-0A|Ac AUt

Defining the Abnormalities for Preferred, Grounded and Semi-Stable Labellings:
Once there is a way to select the models that correspond to admissible respectively
complete labellings, it becomes rather straightforward to select from one of these
sets the models that correspond to preferred, semi-stable or grounded labelling.
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Semantics Condition Abnormalities
Admissible | Def. 7 O ={ANoA| Ae A}
Complete Def. 8 O ={-AN-0A|Ac AUy

Preferred Maximize in(L) | QF = {4 | A € A}
Grounded | Minimize in(LL) Q% =A
Semi-Stable | Minimize out(L) | QF = {=AA-A| A € A}

Table 3: Abnormalities for different assumption labellings.

For the preferred labellings, for example it suffices to select from the models that
correspond to admissible labellings (in view of Theorem 1) those models that validate
a maximal (w.r.t. set inclusion) set of assumptions. Phrased negatively, the models
that correspond to preferred extensions will be the ones that validate —A for some
A € A as little as possible. The following set of abnormalities can consequently be
defined for preferred labellings:

QF = {-A| AecA}.

For semi-stable labellings, i.e. admissible labellings (again in view of Theorem 1)
that are undec(IL)-minimal, the models selected are those that minimize —A A —A:

Of = {~AN-A| AeA).

In a similar way, since the grounded labelling is the one that minimizes in(IL) among
all complete labellings, the models that correspond to the grounded labelling can be
selected by selecting models that minimize the number of assumptions validated:

f = A.

The abnormalities defined until here are summarized in Table 3.

4.3 A Technical Problem and its Solution

At this point one could wonder if e.g. models in mian (minQﬁ (T(ABF))) are ex-
tensionally faithful for the desired correspondence to the set of preferred labellings.
Unfortunately, an additonal, rather technical problem needs to be taken care of.

Example 7. Let ABF be defined as in Example 1. Then 7(R) = {p D g;o(p D q)}.
The following table lists all the Lygr models of T(ABF) (where an omission of M,z =
A means that M,z = A for any A € L and any x € {a,w}):
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7 Mi,a): Mi,’w): 7 Mi,a): Mi,w):
1190 P, 4,7 7 | ¢,p q
200 »,¢,0,4 | 8 | 4D q,p

31 p,q P, q 9 | ¢p 4,9

4| pq D,q,p 10 | q,p 4,0, q
51q q,p,q 11| q,p ¢,p,q,;D
6|q q,p,D,q

Note that vy, (p,a) = v, (G, a) = 0 and var, (g, a) = va, (D, a) = 1. This means
that My validates no single abnormality in Q4 and accordingly M- € mian (7(ABF)).
However, My does not correspond to any admissible labelling: indeed, there is no
admissible labelling that labels q¢ in. The problem is that Mz7,a = p even though
I'U{q} /r D which means that, q is defended from {p} in M7 (even though there is
no admissible labelling that labels q in). This problem occurs because the model My
s not a minimal model of R in a sense familiar from logic programming: it validates
some consequences that cannot be derived from TU{A € A | M,a = A} using R.

To filter out problematic models like M7, two extra selections have to be carried
out to ensure that only models M are taken into account for which it holds that:
M,z =Aonlyif’'U{BeA| M,z =B} trr A (for z € {a,w} and A € £). In
particular, {4 | A € A} has to be minimized locally or within the set of models that
validate exactly the same assumptions. In order to do this, I formulate the following

set of abnormalities:2!

QL =AU{-A|AcA}U{A|AecA}

To see how exactly the above set of abnormalities minimizes {A | A € A} within
sets of models that validate exactly the same assumptions, it suffices to observe
that as soon as two models differ on the valuation of an assumption A € A, their
respective sets of abnormalities will be incomparable. Indeed, consider two models
M and M’ such that M = A whereas M' = —A. It is easy to see that in that case
QL (M) € Q} (M), since A € QL (M) \ Q) (M'). Similarly, —A € Q} (M) \ QL (M)
ensures that Q} (M)  Q} (M). However, selecting the models that validate only
R-consequences of {A € A | M,a = A} does not suffice: it is also necessary to
make a similar selection with respect to the the w-world modelling the unattacked
assumptions and their consequences. The set Q}\ can, however, be straightforwardly
adapted to a second set Qi for this purpose:

QF ={cA|AcAJU{omA|Ac A}U{cA|Ac A}

21T thank Christian Strafer for suggesting this idea.
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M (7(ABF))

mingy (T(ABF))

ming: (ming: (7(ABF)))

Figure 2: Schematic representation of the semantics of the sequential adaptive logic
Q2 Ql
LABFQA (LABFQA (T(ABF)))

Example 8 (Example 7 continued). To see that the above solution solves the problem
described in Example 7, it suffices to note that there is a model, M5, in M (7(ABF))
with Q) (Ms) = {q,—p}. Since Qi (M7) = {q,—p,p}, it is clear that M7 ¢ ming:
(T(ABF)).

That the solution above solves the problem in Example 7 is no coincidence: for
any ABF, the sequential adaptive logic LABng (LABFS}\ (7(ABF))) returns as a conse-

quence set of 7(ABF) exactly those members of the original language £ that are a
consequence of in(LL) for every labelling L:

2 Lse (C’ng}"LABF(T(ABF)) AnL={A] () {A]in@L)FA}

L is a labelling
This follows from the following more general result (proven in Appendix C):

Theorem 5. Given an ABF, L is a labelling of ABF iff there is a
M € ming2 (minQ}\ (T(ABF))) where:

e vy(Aya) =1 4f in(L) Fr A
o vy (A, w)=14f A\ out(L) Fr A

Remark 2. The reader might wonder if a simpler adaptive logic might not be o0b-

2 1

tained by replacing the sequential adaptive logic LABF;ZA (LABF%‘(.)) by the adaptive

2 1
logic LABF;ZAUQA(.). The latter would not solve the problem described in Example
7. To see this, consider the models Ms and My (see Example 7). Notice that
QL (M5) C QL (M7) and thus My ¢ minQ}\(T(ABF)). However, Q4 U Q3 (M5) =
{q,—p,0q,0p,oq} is incomparable with Q} U Q3 (M7) = {q,p,P,oq,o-p} which
means that M7 € ming: o2 (T(ABF)). This would result again in a model validating q

ending up in ming.4 (minQ}\uQi (T(ABF))) and thus give in an inadequate translation.
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4.4 Representation Results

With the solution to this technical problem in place, I can now state faithfulness
results both on the level of labellings (i.e. extensional faithfulness, see Section 4.1)
and consequence relations. All of the theorems in this section are proven in Appendix
D.

The results central to proving the faithfulness results for grounded, complete
and semi-stable labellings are similar faithfulness results for admissible and complete
labellings:

Theorem 6. For any ABF, mingf (mingi (minQ}\ ())) is extensionally faithful for
7(ABF) and the admissible labellings A.

Theorem 7. For any ABF, minQi (mingi (mian ())) is extensionally faithful for
T(ABF) and the complete labellings C.

I now state the extensional faithfulness of the translation for preferred, grounded
and semi-stable labellings on the level of labellings:

Theorem 8. For any ABF, mingp (mian (minQi (minQ/l\ ()))) is extensionally
faithful for T(ABF) and the preferred labellings P.

Theorem 9. For any ABF, minQi (minﬂi (minﬂi (minQ/l\ ()))) is extensionally
faithful for T(ABF) and the grounded labelling G.

Theorem 10. For any ABF, minQi (minQﬁ (minQ% (minQ}\ ()))) is extensionally
faithful for T(ABF) and the semi-stable labellings S.

From these results the faithfulness results on the level of consequence relation
follow immediately.

Theorem 11. Where T € {U,N, M},

ABF LA iff Ac L Cn?K’L“BF (Cngf’““ (Cnﬂi’L“BF <Cn2’1"LABF(T(ABF))>)> .
Theorem 12. Where 1 € {U,N, M},

ABFLA iff Ae £ Cn?g’LABF <Cn2i’LABF (Cnff%’L“BF (Cn%’L“BF(T(ABF))») .
Theorem 13. Where 1 € {U,N, M},

S A
ABF LA iff A € L0 Ont (Cn%’A s <C’n2i’LABF (Cn?k’““ (T(ABF))) )) .
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M (7(ABF))

ming: (T(ABF))

~

[ ming2 (minQ}\ (T(ABF)))

ming 4 (mingz (minﬂk (7(ABF))))

(T(ABF))))

minge (mingz (ming:

(7(ABE)))))

mings (minge minQi minnll\ 7(ABF
A A

Figure 3: Schematic representation of the semantics of the translations presented in
this paper.

A QP,L
CnﬁA 7LABF () Cn_'_ A 7 HABF ()
\:
m_,l Cn QA,LABF HC QA,LABF I Cn ?A,LABF()

Cn 2AaLABF( ) Cn?AJJABF ()

Figure 4: Schematic representation of the order of consequence relations for the
adaptive logics described in this paper (where € {U,N,M}).

4.5 On Universal Definability:
Stable Labellings and Non-Flat ABFs

The critical reader might wonder why another useful and well-studied argumenta-
tion labellings, the stable labellings, is not translated in this work. The reason for
not considering stable labellings for a translation is that, in contrast to preferred,
grounded or semi-stable labellings, stable labellings are not universally defined [3]:
there are ABFs which do not have a stable labellings. First I recall the definition of
stable labellings:

Definition 17 (Stable Assumption Labellings [40]). Given an assumption-based
framework ABF = ((L,R),T,A, ), a complete assumption labelling 1 is stable iff
undec(LL) = 0.

The following example shows that stable labellings do not necessarily exist:
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Example 9. Consider ABF = (({p,p},{p — P}),0,{p}, ). There is just one ad-
missible labelling for this ABF: L(p) = undec. To see this, suppose first for a contra-
diction that there is an admissibe labelling " s.t. I'(p) = in. Note that p attacks p.
Thus, for L(p) = in, L'(p) = out would be needed, contradiction. Suppose now that
there is an admissibe labelling L' s.t. L'(p) = out. Then there has to be an attacker
that is labelled in. But the only attacker of p is p itself, contradiction. However, L
is clearly not stable.

The fact that stable labellings are not universally defined makes it hard to trans-
late them into adaptive logics in a way set out in Section 4.1 since minimally ab-
normal models do not suffer from similar problems. Indeed, for adaptive logics it is
well-known that as soon as a premise set I' has models in the lower limit logic, it
will have minimally abnormal models (this property is known as reassurance, cf. [42,
p.24]).

Likewise, the reader might ask why attention is restricted to flat frameworks. For
non-flat frameworks, many of the argumentation theoretic properties that were used
in the meta-theory (for example Fact 4 and Fact 10) fail (see [18]). Furthermore,
there are non-flat frameworks for which there exist no preferred, semi-stable or
grounded labellings. Just as with stable labellings, this makes it hard to translate
non-flat ABFs into adaptive logics in view of the reassurance property of the latter.

5 Related Work

I will compare the work done in this paper with three main strands of related work.
The first one is the use of modal logics for reasoning about formal argumentation
frameworks [26]. The second approach I discuss is a translation of abstract argu-
mentation into adaptive logics [43]. The third one is the use of modal logics to
obtain a semantics for various non-monotonic reasoning formalisms (see [11] for an
overview).

In [26] modal logic is applied to formalize fragments of formal argumentation
theory. In particular, [26] establishes a correspondence between a given argumen-
tation framework and a modal logic frame. The idea is that the argumentation
framework and the modal frame will have the same number of nodes: for every ar-
gument there will be exactly one corresponding world. The meaning of the relation
is, in a sense, inversed: if a attacks b then the world corresponding to b will be an
accessible from the world corresponding to a. Consequently, the way modal seman-
tics are used in this paper is quite different from how it is used in [26]. This paper
provides a (non-monotonic) logic for every argumentation framework and proves cor-
respondence between the selected models and the preferred, grounded or semi-stable
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labellings. On the other hand, [26] provides a way to embed argumentation theory
within modal logic and then makes use of well-established results and techniques
from modal logic to benefit formal argumentation (e.g. determining indistinguisha-
bility of argumentation frameworks using bisimulation). Furthermore, it should be
noticed that [26] deals with abstract argumentation whereas this work deals with a
model of structured argumentation.

Another approach which is related to the work presented here is found in [43],
where various adaptive logics for representing and reasoning with abstract argu-
mentation frameworks are provided. In this work (just as in [26]), the language
allows to express the basic notions of abstract argumentation: arguments and at-
tacks. In more detail, they use propositional letters to represent arguments and a
binary logical operator —», where A — B means that A attacks B. Furthermore, if
a propositional letter that represents an argument is derivable, this means that the
argument represented by the propositional letter is accepted. Based on this interpre-
tation, they formulate two lower limit logics that allow to reason about admissibility
respectively completeness. The semantics of this lower limit logic is a standard biva-
lent one (i.e. they don’t make use of modal notions) and as the authors themselves
concede, some of the valuation functions are “of a rather complex form” [43]. Even
though the requirements for admissibility respectively completeness are hard-wired
in the monotonic lower limit logic as inference rules, to get a translation that is
adequate for admissible respectively complete semantics, they first need to do an
adaptive selection in order to avoid some interpretative surplus (in more detail, to
avoid that some models validate attacks which are not part of the given premises,
a problem not unlike the problem described in Section 4.3). They then combine
these adaptive logics for admissible respectively complete labellings with a second
selection to obtain adaptive logics that adequately represent preferred, semi-stable
and grounded semantics. This combination is done in a sequential way, just like
in this paper and the abnormalities are very similar to the sets Qf, Qf and Q%
Even though the goal of [43] and this paper is very similar, there are thus quite
some differences in the way this goal is achieved. First, this paper is concerned with
assumption-based argumentation, a branch of structured argumentation as opposed
to [43] which treats abstract argumentation frameworks. Because of this, in the
translation formulated in this paper, one can formulate attacks indirectly (based on
derivable contraries) instead of having to encode the attack relation as a primitive
connective. Furthermore, I use a modal semantics to give a more intuitive repre-
sentation of the reasoning on the basis of argumentative notions such as attack,
admissibility and acceptance. Finally, I do not encode admissibility or completeness
in the monotonic lower limit logic but use the non-monotonic selection semantics
to select admissible and complete sets. Note that this is closer to the way formal

342



RELATIONS BETWEEN BA AND AL

argumentation deals with these notions, since they are non-monotonic concepts (e.g.
an admissible labelling might turn out to be inadmissible once new information is
added to the knowledge base, see e.g. [17]).

There is a large amount of work on modal logic for non-monotonic reasoning and
logic programming and detailed comparisons of all the work in this area and the
translation given here are beyond the scope of this paper. To the best of my knowl-
edge, however, this is the first time a translation from structured argumentation in
a modal logic or a preferential logic was investigated. Given the connection between
logic programming and assumption-based argumentation [15, 16, 39], one might
perhaps wonder why not just use a well-studied modal logic for logic-programming
like equilibrium logic [36] instead of defining a new one. To answer this objection,
something has to be said first about the exact relation between assumption-based
argumentation and logic-programming. Without going into formal details, the fol-
lowing relation exists between logic programming semantics and ABA labellings (cf.
15):

e well-founded models correspond to grounded assumption labellings.
e regular models correspond to preferred assumption labellings.

e L-stable models correspond to semi-stable assumption labellings.

e stable models correspond to stable assumption labellings.

Stable models can be viewed as a 2-valued semantics for logic programs whereas all
the other models are 3-valued semantics (just like assumption-based labellings that
use the three values in, out and undec). As for assumption-based argumentation,
there might be logic programs for which there is no stable model. Equilibrium
logic is a non-monotonic formalism based on a monotonic modal logic, the logic of
here and there, which uses modal frames that contain two worlds, h (“here”) and
t (“there”) where t is accessible from h but not the other way around. Just like
in this paper, h is meant to contain all the propositions that are true, whereas t
contains all the propositions that are not false. Roughly speaking, a model will be
an equilibrium model if all the propositions true in ¢ will also be true in h, i.e. every
non-false proposition is true. It is shown in [36] that equilibrium models of a logic
program correspond to its stable models. For the 3-valued semantics, however, “a
more complex notion of frame” [14] is required. In fact, to characterize 3-valued
logic programming semantics [14] proposes partial equilibrium logic that is based
on modal frames with four possible worlds and two distinct accessibility relations.
Accordingly, one can say that the approach in this paper simplifies things since
the logic Ljgr works with modal frameworks consisting of three worlds and one
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accessibility relation. I plan to investigate the exact relations between the adaptive
logics presented here and partial equilibrium logic in future work.

6 Conclusion and Future Work

This paper contributed to the unification of formal models of defeasible reasoning by
providing a translation from assumption-based argumentation into adaptive logics.
Indeed, the translation provided in this paper is based on a modal logic in order to
avoid the problems suffered by a translation provided in [30] and in this way provided
a translation that is faithful for preferred, grounded and semi-stable semantics, com-
plementing the (simpler) translation from [30] faithful for naive semantics. Further-
more, [30] has shown that adaptive logics can be translated straightforwardly into
ABA. Both adaptive logics and assumption-based argumentation have been shown
to be able to capture several other formalisms for defeasible reasoning before. Adap-
tive logics can be seen as a special but rich subclass of prefential semantics [32, 41]
as was shown by [6]. Furthermore, in [51], the connection between ALs and Makin-
son’s Default Assumption Consequence Relations (in short, DACRs) [33, chapter 2]
was established. DACRs give formal substance to the idea that, in many situations,
non-monotonic reasoning makes use of a set A of defeasible background assump-
tions in combination with the strict and explicit premises in I'. These background
assumptions are used to the extent that they are consistent with I'. Accordingly,
DACRs make use of the notion of maximal consistent subset. In [33, chapter 2], it is
also shown that many other non-monotonic consequence relations, such as Reiter’s
Closed World Assumption, Poole’s Background Constraints, etc. can be expressed
as DACRs. Finally, in [45] adaptive logic has been shown to admit input/output
logic [34]. Assumption-based argumentation, on the other hand, was shown to be
able to capture default logic [12], logic programming [16], autoepistemic logic [12]
and ASPIC* [30]. The translation in this work now shows how all these formalisms
are interrelated.

To the reader familiar with adaptive logics, it might perhaps be suprising to
see there was no mention of the dynamic proof theory of adaptive logics. Adap-
tive logics were originally introduced in [4] using their dynamic proof theories to
give a formalisation of some aspects of reasoning with inconsistencies. The driv-
ing idea behind ALs is to apply defeasible inference rules under explicit normality
assumptions. More specifically, whenever the core logic gives rise to I' k1, AV ab
where ab € Q, A can be derived in the adaptive logic (based on L and ) on the
(defeasible) assumption that ab is false. To keep track of normality assumptions,
proof lines in the Hilbert-style proofs of adaptive logics are equipped with an addi-
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tional column in which the abnormalities are listed which are assumed to be false.
Different retraction mechanisms for lines with abnormality assumptions that turn
out mistaken are implemented in terms of the adaptive strategies. These dynamic
proof theories have received a dialogic or game-theoretical interpretation in [7]. Un-
fortunately, no proof theories for sequential combinations of adaptive logics using
U-consequence relations (in the terminology of adaptive logics: the normal selections
strategy) have been devised until now, thus hindering the study of a proof theory
for some of the translations presented in this paper. Likewise, several computational
tools have been defined for ABA [21, 22, 47]. These tools are all constructed as a
dispute between a proponent and an opponent. The proponent tries to show a given
proposition is acceptable while the opponent tries to prevent this proposition com-
ing out as acceptable. Such disputes combine the construction of arguments from
a claim (by deriving it from other claims) and the identifaction of attacks between
these arguments. In future work, I plan to investigate the relation between these
two kinds of proof theories.

Furthermore, the results of this paper can be generalized in several directions,
such as dropping the restriction to flat frameworks and incorporating priorities
([19, 28]). Additionally, this translation, and the translation from adaptive log-
ics into ABA ([30]), can be used to transfer meta-theoretic insights. Research on
computability issues has been done both for adaptive logics [53, 46, 35] and ABA
[20]. This research can be used to e.g. obtain conditions under which reasoning
becomes more or less complex. Furthermore, for adaptive logics there have been
investigations into the effect of logical operations on the abnormalities (e.g. closing
the set of abnormalities under conjunction) on the consequence relation [51]. This
research will be helpful to obtain similar results for ABA.
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A Conflict-Free and Naive Assumption Labellings

To the best of my knowledge, conflict-free and naive assumption labellings have not
been introduced before. I prove here that these labellings are sound and complete
with respect to their respective extensional definitions.

I first recall the definitions of conflict-free and naive argumentation extensions:
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Definition 18 (Conflict-free Assumption Extension, [12]). Given an assumption-
based framework ABF = ((L,R),T,A, ), A C A is:

e conflict-free iff A does not attack A.
e naive iff A is conflict-free and for every A D A D A, A’ is not conflict-free.

Theorem 14. Given an assumption-based framework ABF =
((L,R),T,A, ):

o if A C A is conflict-free[naive] then there is a conflict-free/naive] assumption
labelling L with in(L) = A.

o if L is a conflict-free[naive] assumption labelling then in(L) is a conflict-
free[naive] assumption extension.

Proof. 1 first prove the claim for conflict-freeness.

Suppose first that A C A is conflict-free. Take L as follows: L(A) = in iff
A € A, L(A) = undec otherwise. Suppose now that there is a © C A that © attacks
A. Since A is conflict-free, © ¢ A. Consequently, L(0©) # in and thus L is a
conflict-free labelling.

Suppose now that LL is a conflict-free assumption-labelling. Suppose for a con-
tradiction that in(LL) attacks in(L). But then there is an A with L(A) = in such
that there is an attacker A C in(LL) of A for which L(A) = in, contradiction to L
being conflict-free.

I now prove the claim for naive semantics and labellings.

Suppose first that A C A is naive. Take L as follows: L(A4) = in iff A € A,
L(A) = undec otherwise. Suppose now there is a conflict-free labelling " such that
in(L) C in(L'). By the previous result, in(L) is conflict-free, contradicting A being
naive.

The other direction is analogous. O

It is perhaps interesting to note that there is no bijection between the set of
conflict-free extensions and the set of conflict-free labellings, as witnessed by Exam-
ple 10.

Example 10. Let R = {p — q} and A = {p,q}. Then there are the following
labellings:

i Li(p) Li(g) | i Li(p) Li(g)
1 undec wundec || 2 undec out
3 out undec || 4 out out

5 undec in 6 out in

7 in undec || 8 in out
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Even though there are eight conflict-free assumption labellings, there are only 3
conflict-free assumption extensions: 0, {p} and {q}.

B Proof of Lemma 1

Lemma 1. If ABF satisfies (CPOS) then ABF satisfies (EX).

Proof. Suppose that ABF satisfies (CPOS) and suppose that some L is a naive la-
belling. Since L is naive, by Theorem 14, in(L) is a naive assumption extension.
We prove now that L is stable (cf. Definition 17) by showing that (for some A € A),
if L(A) # in then ' U in(L) Fx A. Suppose indeed that L(A) # in for some
A € A. Consequently, ' U {A} U in(L) Fg B for some B € in(L) U {A}. Let
A C {A} U in(L) be minimal such that TUA Fx B. If A ¢ A we consider two
cases: (1) A = B. In that case we immediately get that, T UA Fr A and we
are done. (2) Suppose A # B. In that case, A C in(LL). This would contradict
L(B) = in and L being a conflict-free labelling. Suppose now A € A. If A = B
then by (CPOS), T U(AU{A})\ {B} Fr B for any B € A. Again by (CPOS),
F'U(A\{A}) Fr A and thus T'U in(LL) F¢ A. Suppose now that B € in(IL). Then
by (CPOS), T U (A U{B})\ {4} Fr A and consequently I' U in(L) Fx A. O

C Proof of Theorem 5

In this Section I will assume that ABF = ((£,R),T, A, ).

Definition 19 (Consistent Sets of Assumptions). Where A C A, A is consistent in
ABF iff forno A€ A, TUA g A.

Lemma 2. If A C A is consistent in ABF and ' U A Fr B then for every M €
M(7(ABF)), v (AA D B,a) = 1.

Proof. 1 prove this by induction on the number of rules used in deriving B. Suppose
first that B € A. Then obviously the Lemma holds. Suppose now that for every
1 <i<n(where Ui A; CA), TUA; Fr B; implies that vy (AA; D Bi,a) = 1.
Since A is consistent in ABF, T'U " A; /g A for any A € U, A;. Suppose
now that B was derived using By,...,B, - B € R. Since M € M(7(ABF)) and
v (Aieq B; D B,a) = 1, this means that vy (B,a) = 1. O

Lemma 3. Where A C A, if A br B then for every M € M(7(ABF), var(AA D
B,w) =1.

Proof. Analogous to the proof of Lemma 2. O
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Fact 1. If M,M’' € M(T) (for some I' C Lypr) and Q} (M) D QL(M') then
v (A,a) =1 iff vy (A,a) =1 for every A € A.

Proof. Suppose that M, M’ € M(T) (for some I' C Lygr) and Q4 (M) D Q} (M)
and suppose furthermore for a contradiction that there is an A € A such that
vm(A,a) =1 yet vy (A,a) = 0. This means that A & Q;(M) yet =4 € Q} (M)
which contradicts Q} (M) D Qq(M'). O

Lemma 4. For every M € ming: (T(ABF)), Ae Land A CA, ifvpr(NAD Aja) =
1 thenT'UA g A.

Proof. Suppose that I' U A /g B. I construct a model M € ming: (T(ABF)) such
that var(AA D Bya) = 0. Let vpyr(A,a) =1if T'UA Fr A and v(A4,a) = 0 else.
Furthemore let vy (A,a) = 1 imply vp(A4,w) = 0 and vy (A4, w) = 1 otherwise.
Finally let vy (A, w) = 1 imply vp(A,w") = 0 and vy (A, w’) = 1 otherwise.

The following things have to be verified:

1. M is an Ljgp-model;

2. vy (AN Ai D A,jx) =1 for every Ay,..., A, > A€ R (for x € {a,w});
3. vy (B,a) =0;

4. M € mingt (T(ABF)).

Ad 1: it is easy to see that the clauses of the connectives —, A and D are satisfied by
var. Suppose now that var(4,a) = 1. In that case (by definition of vys) vy (A, w) =
0, which means that vy (0—A, a) = 1. Likewise, vy (A, a) = 0 implies vy (04, a) = 1.
Likewise, it is easy to see that vy (A4, w) = 1 iff vy (A4,w’) = 0. Thus, the definition
of  is respected as well. Altogether, this suffices to show that M is an Ljgr-model.

Ad 2: I prove the claim for x = a, for x = w the proof is analogous. Suppose
that vps(A4;,a) = 1 for every 1 < i < n and that A,..., A, — A € R. This means
that T UA Fr A; for every 1 < @ < n. Consequently, ' UA Fr A. But then
vp(A,a) =1. So vayr(Aie; Ai D Aya) = 1.

Ad 3: this is immediately clear from how vy is defined.

Ad 4: Suppose that M & minQ}x(T(ABF)), i.e. there is an M’ € M(7(ABF)) such
that Q1 (M') C Q1(M). This means that vy (A,a) = 1 iff vy (A,a) = 1 for every
A € A by Fact 1. Also, vy (4, a) = 0 whereas vy(A,a) = 1 for some A € A. By
Lemma 2, this means that A /g A which contradicts vp;(A4, a) = 1 (which is known
in view of the construction of the model). O
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Lemma 5. For every M € ming2 (minQ}\(T(ABF))), AeLand A CA, ifoyr(ANAD
Ayw)=1 thenT UA Fg A.

Proof. Similar to the proof of Lemma 4. O

Theorem 5. Given ABF, L is a labelling iff there is a
M € ming2 (minQ}‘ (7(ABF))) where (for any A € £):

e vy (Aya)=1iff TUin(L)Fr A
o vy (Aw)=1if T U A\ out(L)) Fr A
Proof. [=]: Suppose that L is a labelling. I construct M as follows:
o vy(A,a) =1if TUin(L) Fx A.
o vy (A, w)=1if TU(A\out(L))Fr A
Similarly as in the proof of Lemma 4, it can be easily verified that M € M (7(ABF)).
I first show that M € mingy (T(ABF)). Indeed suppose for a contradiction that
M ¢ ming: (7(ABF)). Then there is a M’ € M(7(ABF)) such that Q} (M’) C Q} (M).

Without loss of generality (by the so-called stopperedness or strong reassurance
property, see [2, Theorem 4.3]), we can suppose that M’ € minQ}\(T(ABF)). By

Fact 1, for any A € A, vpr(A,a) = 1iff vy (A4,a) = 1. Consequently, A N (2} (M) \
QL (M')) = 0. Since M’ € ming1 (7(ABF)), by Lemma 2, 'Uin(L) kg A implies that
v (A, a) = 1. But this contradicts Q4 (M') € Q4 (M). Thus, M € ming: (7(ABF)).

To show that M € ming2 (mian (T(ABF))), an argument analogous to the one

for M € ming: (T(ABF)) can be used, substituting the reference to Lemma 2 with a
reference to Lemma 3.
[«<]: Suppose that M € mingx (minﬂ}\ (7(ABF))). L is obtained as follows:

o L(A)=iniff vpys(A,a) =1and A€ A
o L(A) =out iff v (A4,a) =1
e L(A) = undec otherwise

Since vy (AAA, a) = 0 for every A € A (since M € M(7(ABF)) and 7(ABF) 5 ~(AAA)
for every A € A), it is clear that L is a labelling.

I now prove that vyr(A,a) = 1 iff T Uin(L) Fr A for any A € L. I first show
the [=]-direction. The case for A € A is clear. Suppose now that vy(A,a) =1 for
some A € L\ A. By Lemma 4, this means that I' U in(L) Fgr A. Consequently,
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vp(A,a) = 1 implies I' U in(L) Fr A. For the [<]-direction, suppose now that
I'Uin(L) kg A. By Lemma 2 and since M € ming: (T(ABF)), this implies that
UM(A, a) =1.

Finally I prove that vp(A,w) = 1 iff ' U (A \ out(L)) Fgr A. Observe first
that out(L) = {A € A | var(A,a) = 1}. By definition of A in Lygy, it follows that
A € out(L) iff vpr(A,w) = 0. The rest follows immediately from Lemma 3 and
Lemma 5. O

D Proofs of Theorems 8, 9 and 10

I first introduce some technical notions that will prove useful in the following.

Definition 20 (Undefeated Assumptions). Where L is a labelling, [L] := A\ out(L)
and [[L]] = {A € A|TUIL] r A}.22

Fact 2. If L is an admissible labelling then T U [L] I/g A for any A € in(L).

Proof. Suppose that L is an admissible labelling yet T' U [L] -z A for some A € A.
This means that there is a A C A such that L(B) # out for any B € A and
I' UA Fr A. This contradicts L being admissible. O

Lemma 6. If M € minﬂi(ming}\ (T(ABF))), where for any A € A:
o L(A) =in iffvy(Aa) =1,
o L(A) =out iff var(4,a) =1 and
e L(A) = undec otherwise

then for any B € A, B € [[L]] iff vp (B, w) = 0.

Proof. Suppose that M € ming2 (minﬂk (7(ABF))) and B € A. Define L such that
for any A € A:

o L(A)=iniff vy(A,a) =1,
o L(A) =out iff vpr(A,a) =1 and

e L(A) = undec otherwise

22These concepts were inspired by [10, Chapter 7].
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[=]. Suppose that B € [[L]]. This means that TU[L] i/r B. By Theorem 5 (since
M € ming2 (minQ}\ (7(ABF)))) and the construction of L, it follows that vy (C,w) = 1

iff C' € [L] (for any C' € A). With Lemma 5 this means that vy (B, w) = 0.

[«<]: Suppose that vy (B,w) = 0. Since M € mingz (miHQ/l\(T(ABF))) and by
Theorem 5 it follows that vy (C,w) = 1 iff C € [L] (for any C' € A). But then by
Lemma 2, I' U [L] /% B and consequently B € [[L]]. O

Fact 3. Where L is admissible, L(A) = 1 implies that I" U [L] Fr A.

Lemma 7. IfL is admissible, there is a M € ming.4 (minQi (minQ}\ (T(ABF)))) where:
o vy(Aya) =1 iff TUin(L) kg A,
e vy (Aw)=1iff TU[L] Fr A.

Proof. Suppose L is admissible and let M be defined as follows: wvpr(A,a) = 1
iff T Uin(L) Fr A and vy (A,w) = 1 iff ' U[L] kg A. By Theorem 5, M €
ming: (minQ}\ (7(I"))). Now take A € in(L). By admissibility and Fact 3, L(A) =1
implies that I' U [L] /g A. By Lemma 6, this means that vy (A,w) = 0. Con-
sequently, vps(¢A,a) = 0. This shows that QX‘(M ) = 0 and consequently, M €
ming.4 (mingi (miHQ/l\(T(ABF)))). O

Fact 4. For every ABF, there is an admissible labelling . such that in(IL) = 0.
Proof. Observe that where L(A) = undec for every A € A, L is admissible. O
Lemma 8. If M € mingﬁ(minﬂi (minQ}\ (T(ABF)))), Q3(M) = 0.

Proof. Suppose that M € mingi(minﬂ}\ (T(ABF))) and suppose that Q1(M) # 0. By
the Fact 4, there is an admissible labelling IL such that in(L) = (). By Theorem 5,
there is a M’ € minﬂi(ming}\ (T(ABF))) such that {A € A | vpr(A4,a) =1} = 0. But
then Q4'(M') C Q1/(M), contradiction to M € ming.4 (mingi(minﬂ}\ (7(ABF)))). O

Theorem 6. For any ABF, minQX\ (minﬂi (minQ}\ ())) is extensionally adequate
for 7(ABF) and the set of admissible labellings A.

Proof. [«<]: follows immediately from Lemma 7.
[=]: Suppose now that M € ming.4 (minﬂi (mingk (T(ABF)))) and take L as fol-
lows:

o L(A)=1iff M,a = A,
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o L(A) =out iff M,a = A and
e [L(A) = undec otherwise

I first show that for every A € A, L(A) = in implies that for every A C A such that
A attacks A, there is a B € A such that L(B) = out. Suppose for a contradiction
that there is a {A} UA C A such that L(A) = in and A attacks A, yet there is no
B € A such that L(B) = out. Then by Theorem 5 vy (A4, w) = 1,i.e. M,a = cANA.
This contradicts Lemma 8. That L(A) = out implies there is a A C A that attacks
A such that L(A) = in follows immediately from Theorem 5. Suppose finally for
a contradiction that L(A) = undec yet there is a A C A such that L(A) = in and
I'UA kg A. Then by Theorem 5, M,a = A, contradiction to the construction of
the model. O

Theorem 8. For any ABF, mingp (mingﬁ (minﬂi (minQ}\ ()))) is extensionally
adequate for 7(ABF) and the preferred labellings P.

Proof. [=]: Suppose that M € mingp (mingf(minﬂi (minQ}\ (T(ABF))))) vet L is not
preferred (with L defined as in the statement of this Theorem). This means that
there is an admissible labelling I’ such that in(L) C in(L’). By Lemma 6, there is
a M e mingf(minﬂi (minQ1A (7(ABF)))) such that in(L') = {A € A | vy (A, a) = 1}.
But in(L) C in(L') implies that for some A € in(L') \ in(LL), vas(A,a) = 0. This
contradicts M € minga (minQ% (mian (T(ABF)))).

[<]: similar. O

Fact 5. Where L is complete, if L(A) # in then TU[L] b A.

Proof. Suppose that for some complete labelling I and some A € A, L(A) # in.
Suppose first that L(A) = out. Then there is a A that attacks A for which L(A) =
in. Thus, I' U in(L) kg A and since in(LL) C [L], [ U[L] kg A. Suppose now that
L(A) = undec. Then for some A C A that attacks A, L(A) # out and consequently,
TU[L] Fr 4. O

Lemma 9. If L is complete then there is a M € minge (mingi(minﬂ}\ (T(ABF))))
where:

° UM(A,G,) =14fIu in(]L) Fr A,

o vy (Aw)=14fTUL|Fg A
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Proof. Suppose L is complete, and let M be defined as follows: vp(A,a) = 1 iff
F'vin(L) Fr A and vy (A, w) = 1 iff TU[L] Fgr A. Take A € in(L). Since L is
also admissible and Fact 3, L(A) = 1 implies that I' U [L] l/g A. By Lemma 6, this
means that vy (A, w) = 0. Consequently, vy;(6A A A,a) = 0. Suppose now that
var(A,a) = 0. By Fact 5 and since L is complete, this means that I'U[L] Fxr A and
by Theorem 5 this means that vy (A4, w) = 1. Consequently, vy (—wAA =0 A a) = 0.
Altogether this shows that Q5 (M) = 0. O

Lemma 10. For every ABF, there is at least one complete labelling L.

Proof. This follows from [40, Theorem 4] and [18, Theorem 2.12]. O
Lemma 11. If M € minge (mingi (minQ}X (T(ABF)))), Q§ (M) = 0.

Proof. Suppose that M € minge (minﬂi (minQ}\ (7(ABF)))) and suppose that

Q/C\(M) # (). By Lemma 10, there is a complete labelling .. By Theorem 5, there
isan M’ € ming: (minQ}\ (T(ABF))) such that {4 € A | vy (A,a) =1} = in(LL). But
this means that Q% (M’) € Q§(M), which contradicts M € minge (minQi (min%
(7(ABF)))). O

Theorem 7 For any ABF, minQ/c\ (minQi (minﬂ}\ ())) is extensionally adequate for
7(ABF) and the complete labellings C.

Proof. [«<]: follows from Lemma 9.

[=]: Suppose now that M € minge (mingi (minQ}\ (7(ABF)))) and take L as fol-
lows: L(A) = 1iff M,a = A, L(A) = out iff M,a = A and L(A) = undec
otherwise. I first show that for every A € A, L(A) = in implies that for every
A C A such that A attacks A, there is a B € A such that L(B) = out. Sup-
pose for a contradiction that there is a {A} UA C A such that L(A) = in and
A attacks A, yet there is no B € A such that L(B) = out. Then by Theorem
5: vy (A,w) = 1, i.e. M = oA A A. This contradicts Lemma 11 and the assump-
tion that M € minge (minQ;zX (minQ/l\ (7(ABF)))). That L(A) = out implies there is
a A C A that attacks A such that L(A) = in follows immediately from Theorem
5. Suppose now for a contradiction that L.(A) = undec yet there is a A C A such
that L(A) = in and T UA g A. Then by Theorem 5, M,a = A, contradiction
to the construction of the model. Suppose finally that L.(A) = undec yet for every
attacker A C A of A, L(A) = out. By Theorem 5 this means that vy (4, w) = 0
and consequently, vy (=A A = o A,a) = 1, contradicting Lemma 11. O
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Theorem 9. For any ABF, HliIlQ/g\ (minQ/cX (mingi (mingk ()))) is extensionally
adequate for 7(ABF) and the set of grounded labelling G.

Proof. [=]: Suppose that M € minﬂi(mingi(mingi(minQ}\(T(ABF))))) yet L is
not grounded (with: L(A) = in iff vp(A,a) = 1). This means that there is
a complete labelling I such that in(L) D in(L’). By Lemma 7, we know that
there is a M’ € minﬂlc\(mingf\(minﬂ}x(T(ABF)))) such that in(L') = {A € A |
vy (A,a) = 1}, But in(L) D in(L') implies that {A € A | vppr(A,a) = 1} D
{A € A | vpr(A,a) = 1}. In other words, QF(M) > Qf(M’), which contradicts
M e minge (minﬂi (minQ}\ (T(ABF)))).

[«<]: similar. O

Theorem 10. For any ABF, mings (minQX\ (mingi (mingi ()))) is extensionally
adequate for 7(ABF) and the set of semi-stable labellings S.

Proof. Analogous to the proof of Theorem 8. O
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Abstract

The paper presents a natural three-valued logic for reasoning about covering-
based rough sets. Atomic formulas of the logic represent membership of objects
of the universe in rough sets, and complex formulas are built out of the atomic
ones using three-valued Kleene connectives. To reflect the structure of rough
sets, semantics of the logic employs three truth values: t — representing truth
and corresponding to membership of an object in the positive region of a set, f
— representing falsity and corresponding to membership in the negative region,
and u — representing undefinedness (lack of information) and corresponding
to membership in the boundary region of the set. In the paper we provide
a finitely strongly sound and complete Gentzen-style sequent calculus for the
described logic.

1 Introduction

Rough sets, developed by Pawlak in the early 1980s [26, 27], represent a simple and
yet very powerful notion designed to model vague or imprecise information. Unlike
Zadeh’s fuzzy sets, they are not based on any numerical measure of the degree of
membership of an object in an imprecisely defined set. Instead, they employ a
much more universal and versatile idea of an indiscernibility relation, which groups
together into disjoint equivalence classes objects having the same properties from
the viewpoint of a certain application.
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This concept has proved extremely useful in practice. Since their introduction
in the early 1980s, rough sets have found numerous applications in areas like control
of manufacturing processes [18], development of decisions tables [28], data mining
[18], data analysis [29], knowledge discovery [21], and so on. They have also been
the subject of an impressive body of research. Though the research has been mainly
focused on algebraic properties of rough sets, a number of logicians have also explored
this area, presenting and studying various brands of logics connected with rough sets
8, 35, 7, 24, 25, 31].

Later, the original notion of rough sets was generalized by replacing the indis-
cernibility relation (representing a partition of the universe of objects) underlying
Pawlak’s approach with other, less restrictive concepts. They included e.g. the
similarity relation [32, 16, 12], and the exhaustiveness and complementarity rela-
tions [11, 7, 13]. However, the broadest generalization were covering-based rough
sets [38, 30], defined based on an arbitrary covering of the universe of objects instead
of a partition, like in Pawlak’s original approach. By now, this notion has also been
examined in various papers (see e.g. [36, 40, 14, 41, 19, 37, 20]). The main focus
has again been on the algebraic properties of such generalized rough sets — with
interesting links to mathematics of vagueness [19] and probability theory [20].

In turn, the logically oriented papers have often aimed to present a minimum
equational axiomatization of covering-based approximation operations, see e.g. [39].
However, other approaches have also appeared. They include, like in case of Pawlak’s
rough sets, many-valued logics [4, 17] or modal logics [22, 23].

In this paper we pursue the approach based on many-valued logic. We explore
the logical aspects of covering-based rough sets from the viewpoint of membership
of objects in such rough sets. For that purpose, we employ a three-valued logic with
an analytic proof system based on a Gentzen style sequent calculus. The motivation
for using three truth values stems from the fact that, exactly in case of the ordinary
rough sets, a covering-based approximation space defines three regions of any set X
of objects:

e positive region, containing all objects of the universe which certainly belong to
X in the light of the information provided by the covering;

e negative region, containing all objects which certainly do not belong to X;

e boundary, containing all objects which cannot be said for sure to either belong
or not to belong to X.

Hence a natural idea for reasoning about membership of objects in covering-based
rough sets is to use a logic with semantics based on three truth values t — true,
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f — false, u — unknown, corresponding to membership of an object in the positive
region, the negative region and the boundary of the set X, respectively. Note that
though the use of three-valued logics for reasoning about rough sets themselves is
fraught with the pitfalls analysed in depth in [10], they do not occur in reasoning
about membership of the objects (elements) of universe in rough sets rather than
about rough sets themselves.

Such an idea was first exploited in [3] for the original rough sets based on an
equivalence relation on the universe of objects. However, the logic developed there
was just a simple propositional logic generated by a three-valued non-deterministic
matrix (see [5, 2|), shortly: Nmatrix, which only reflected some properties of set-
theoretic operations on rough sets.

Then next attempt was made in [17] for covering-based rough sets. There the
semantics of the logics was based on the natural frameworks for such sets, i.e.
covering-based approximations spaces. Atomic formulas of the logic represented
either membership of objects of the universe in rough sets or the subordination re-
lation! between such objects. However, strong completeness of the proof system in
the form of sequent calculus was only proved for a reduced subset of the language.

The line of research was continued in [4], where a finitely strongly sound and
complete Gentzen calculus was presented for the logic of rough sets defined as in [17],
but without the subordination relation. The present paper continues the direction
of [4] by presenting a new version of the logic, corresponding to weak semantics of
the same language. In such semantics we have two designated values: t and u, so
elements of the boundary of a set X are treated as belonging to X. The motivation
has been to tailor the logic to the applications where we do not want to miss any
possible element of X in our considerations (e.g. when looking for a drug that
might be effective in treating a give disease, we surely want to examine all that have
shown any promise of that). It should be noted that such an approach results in an
inherently paraconsistent logic — for the boundaries of X and —X are identical?.

The paper is organized as follows. Section 2 presents the fundamentals of
covering-based rough sets. Section 3 defines the syntax and semantics of the logic
Lrs examined in the paper, including satisfaction and consequence relations for
formulas and sequents. Section 4 presents a strongly sound and complete Gentzen
sequent calculus for Lrg, and finally Section 5 presents the conclusions and outlines
future work.

'Given a covering C of a universe U, the subordination relation generated by C is the binary
relation <¢ on U such that z <¢ y & (VC € C)(y € C — x € C). The relation ¢ is reflexive and
symmetric, and it is an equivalence relation iff C is a partition, i.e. in case of the original Pawlak’s
rough sets.

20ther paraconsistent approaches to rough sets were dicusssed in [34, 33].
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2 Covering-based rough sets

In what follows, for any set X, by P(X) we denote the powerset of X, i.e. the set
of all subsets of X, and by P*(X) — the set of all nonempty subsets of X.

Definition 1. By a covering-based approximation space, or shortly approximation
space, we mean any ordered pair A = (U,C), where U is a non-empty universe of
objects, and C C P+ (U) is a covering of U, i.e. | J{C|C €C} =U.

Definition 2. For any approximation space A = (U, C):

e The lower approximation of a set X C U in A is defined as

Le(X)={ze€U|VCellzeC=CCX)}

e The upper approximation of a set X C U in A is defined as

He(X)=J{Cec|CNX#0}

In view of the above definition, one can say that, given the approximate knowl-
edge about objects of the universe available in the approximation space A:

e Lc(X) is the set of all the objects in U which certainly belong to X,

e H¢(X) is the set of all the objects in U which might belong to X.

However, it should be stressed that though the above choice of the approximation
operations was one of those first introduced and studied most, at present it is just
one of over 30 versions considered in the literature. Their extensive survey is given
e.g. in [37, 19]. The choice of the most appropriate pair of approximations is made
based on the application where they are to be used — see [19, 14] for explanatory
examples.

Our choice corresponds here to the approximations apr” C(A),WC(A), men-
tioned in [37] as one of the pairs satisfying the principle of duality of lower and
upper approximations. It should be noted that the lower approximation we have
selected is the smallest element-based one 2 and the upper approximation — the
largest granular one.

*Note that L¢(X) = {z : [JMD(z) C X}, where MD(x) is the maximum description of =
considered e.g. in [19, 37].
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Such a choice of two extremes is not only interesting as delimiting a kind of
border circumscribing all other selections, but also has a practical interpretation.
Namely, assume that each set C € C represents the set of objects which are equiv-
alent according to some expert ec — and that we know that one of these experts
is surely right, but we do not know which one. As one neither can or should distin-
guish between equivalent objects, then an object z can classified to L¢ X only if all
objects equivalent to it in the opinion of any expert are included in X (classifica-
tion accuracy). Analogously, not to miss any object which might belong to X, we
must include in Ho X all objects equivalent in the opinion of some expert to some
object in X (classification adequacy). And these conditions correspond exactly to
Definition 2.

A rough set based on the covering C is defined in the traditional way — as a pair
consisting of the lower and upper approximations of some subset of the universe.

Definition 3. By a covering-based rough set over A = (U,C) we mean a pair of the
form (Le(X), He(X)), where X is a subset of the universe U.

The operations of lower and upper approximation defined above have the same
basic properties, as in case of "classic" Pawlak’s rough sets:

Fact 1. For any X,Y C U, we have:

Le(X) € X C He(X)

He(XUY)=HeXUH:Y Le(XUY)D LeXULY
Lc(X N Y) =LeXNLY Hc(X N Y) C HeXNHY (1)
Le(—X)=—-HeX He(—X) = —-LeX

where none of the inequalities in (1) can be replaced by the equality.

Note that, by the last equality, the operation of higher approximation is dual to
the lower one. In consequence, in what follows we shall use the upper approximation
only in places where it is commendable for methodological or practical reasons.

Following the example of Pawlak’s rough sets, with any subset of a universe U
of an approximation space we can associate three regions of that universe: positive,
negative and boundary, representing the three basic statuses of membership of an
object of the universe U in X:

Definition 4. Let A = (U,C) be an approximation space, and let X C U.

e The positive region of X in the approximation space A is

POSc(X) = Le(X)
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e The negative region of X in the approximation space A is

NEGe¢(X) = Le(U — X)

e The boundary region of X in the approximation space A is

BND¢(X) =U — (POS¢(X) U NEGe(X))

Corollary 1. For any approximation space A= (U,C) and any X CU:
POS:(X)={zecU|VCelCzeC=CCX)}
NEGe¢(X)={z €U |VCellzeC=CCU-X)}
BND¢(X)={xecU|3ICelClac CANCNXADNCNU-X)#0}

The regions defined as above are obviously disjoint, and constitute a partition
of the universe U. Accordingly, any subset X of the universe can be identified
with the three-valued set (POS¢(X), NEGe(X), BND¢(X)), which allows us to
build a natural truth-functional logic for reasoning about membership of objects in
covering-based rough sets.

Moreover, we can say that, according to the approximate knowledge regarding
the objects in U available in the approximation space A:

e Elements of POS¢(X) certainly belong to X;
e Elements of NEG¢(X) certainly do not belong to X;
o We cannot tell if elements of BN D¢(X) belong to X or not.

As a result, a natural solution for a logic for reasoning about covering-based
rough set is — exactly like in case of Pawlak’s rough sets — to base its semantics on
three truth values: t — true, f — false, u — unknown, corresponding to the positive,
negative and boundary region of a set, respectively.

3 Syntax and semantics of the language £pg

Now we shall introduce the language £rg of the three-valued logic for reasoning
about covering-based rough sets described in the introduction. Like in [4], formulas
of £rs will contain expressions representing sets of objects (built out of set variables
and set constants by using symbols of set-theoretic operators), variables representing
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individual objects of the universe, the symbol & of a three-valued binary predicate
representing membership of an object in a rough set, and the logical connectives
=, A\, V, which will be interpreted as negation, conjunction and disjunction in the
3-valued Kleene calculus.

3.1 Syntax of £rg

Definition 5. Assume that:
e OV is a non-empty denumerable set of object variables;
e SV is a non-empty denumerable set of set variables;
e 0 and 1 are set constants
e SVt =5SVu{0,1}.
The syntax of the language £rg is defined as follows:

1. The set SE of set expressions of £rs is the least set containing SV and
closed under the set-theoretic operators —, U, N;

2. The set of atomic formulas of £rg is

Ars ={r €A |z € OV,A € SE}

3. The set Fgrg of formulas of £rg is the least set containing Agrg and closed
under the connectives —, V, A.
3.2 Semantic frameworks for £zs and interpretation of formulas

The semantics of £rg is based on interpreting the formulas of £rg in semantic
frameworks for that language, built on covering-based approximation spaces and
including valuations of set variables, set constants and object variables.

Definition 6. A semantic framework, or shortly framework, for £rg is an ordered
triple R =< A, v, w >, where:

e A= (U,C) is a covering-based approximation space;
e v: OV — U is a valuation of object variables;
e w: SVt — P(U) is a valuation of set variables and constants such that

w(0) =0, w(l) =
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For any valuation w : SVt — P(U), by w* we shall denote the extension of w to
SFE obtained by interpreting —, U, N as the set-theoretic operations of complement,
union and intersection. In other words, for any X € SV and any A, B € SE:

w*(X) = w(X) w*(—A) =U —w(A)
w* (AU B) = w*(A) Uw*(B) w*(ANB) =w*(A) Nw*(B)

Definition 7. An interpretation of £rg in a framework R =< A,v,w >, where
A= (U,C), is a mapping tg : Frs — {t,f, u} defined as follows:
1. For any z,y € OV and any A € SF,

t if v(x) € Posc(w*(A))
ir(w €A) =< f ifv(x) € Nege(w*(A))
u if v(z) € Bnde(w*(A))

2. For any p,v € F,

t ifir(p)=f
o ir(—p)=¢ f ifig(p)=t
u ifir(p) =u

t if either tg(p) =t or tg(v)) =t
if ir(p) =fand ig(yp) =f

u otherwise

—r

o wr(p Vi) =

t ifir(p) =tand ig(v)) =t
o iR(pAY) =< f ifeither ir(p) =Fforig(y) =1
u otherwise

It can be easily seen that the interpretation t is a well-defined mapping of the
set of formulas into {t, f,u}. Indeed, as the regions of a rough set are disjoint, Point 1
provides a well-defined interpretation of atomic formulas. Note that € is interpreted
as a three-valued relation of membership of an object x in a set A, with the values
t, f, u assigned to objects belonging to the positive region, the negative region and
the boundary of that set, respectively, which is compliant with the character of those
regions discussed in the foregoing. Further, the clauses for —, Vv, A in Point 2 extend
tr uniquely to complex formulas by interpreting those conjunctives as negation,
disjunction and conjunction in Kleene’s three-valued calculus. In the sequel we will
drop the subscript R in ¢ if R is arbitrary or understood.
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3.3 Satisfaction and consequence relations for formulas and se-
quents

To complete the definition of the semantics of £rg, we need to define the notions
of satisfaction and the consequence relation. Since the proof system we are going
to develop for £rg will be a sequent calculus, we will define both the notions for
formulas as well as for sequents.

Definition 8. e By a sequent we mean a structure of the form I' = A, where
I' and A are finite sets of formulas. The set of all sequents over the language
Lrs is denoted by Seqrs.

o A sequent X3 € Seqrs is called atomic if each formula in X is atomic.

Depending on the specific application of rough sets, one can choose either the
strong version of the three-valued semantics of £rg — with t as the only designated
value, or its weak version — with two designated values: t,u. The strong version
was examined in [3], [4] and [17]. In this paper we turn to the weak semantics, which
gives rise to a paraconsistent logic. Consequently, we adopt the following definitions
of satisfaction and consequence:

Definition 9. 1. A formula ¢ € Frgs is satisfied by an interpretation ¢ of £rs,
in symbols 1 = @, if 1(p) # f.

2. A formula ¢ € Frg is valid, in symbols =rs @, if t = ¢ for any interpretation
L of £Rs.

3. A set of formulas T C Frs is satisfied by an interpretation ¢ , in symbols
LET, iftlE g foral peT.

4. A sequent ¥ = (I' = A) is satisfied by an interpretation ¢ , in symbols 1 = 3,
iff either v = ¢ for some ¢ € A, or v = for somep € T.

5. A sequent ¥ = (I' = A) is valid, in symbols Ers %, if © E X for any
interpretation v of £rs

6. The formula consequence relation in £grg is the relation Frg on P(Fgrs) X
Frs such that, for every T C Frs and every ¢ € Frs,T Frs @ if each
interpretation v of £rs which satisfies T satisfies ¢ too.

7. The sequent consequence relation in £grg is the relation Frg on P(Seqrs) X
Seqrs such that, for every Q C Seqrs, and every ¥ € Seqrs, @ Frs 2 iff, for
any interpretation v of £rs,t Ers @ implies L Ers 2.
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Note that the use of the same symbol for the formula and sequent consequence
relations will not lead to misunderstanding, for the meaning of the symbol will
always be clear from the context.

It should be also noted that on the atomic formula level the above definition of
formula satisfaction is underpinned by the notion of upper approximation:

Corollary 2. For any framework R, any object variable x and any set expression
A, it obtains g |E x €A iff v(z) € He(w*(A)).

The proof follows directly from Definition 7 and from the fact that He(X) =
POS¢(X)UBND¢(X) for any set X.

4 Proof system for the logic Lzs

Now we shall present a proof system for the logic Lrg with the language £grg,
corresponding to the consequence relation Fgrg defined in the preceding section.
The deduction formalism we use for Lrg is a Gentzen-style sequent calculus.

Sequent calculus CRS
Axioms: (A1) ¢ = ¢ (A2) z€0= (A3) =z €l
Structural rules: weakening, cut

Boolean tautology rules: for any A,B € SE such that A = B is a Boolean
tautology

e A= A I'=Az€A
(taut =) T 2= A (taut =) TR 2B
Union rules:
U=) LréB=A T,2&C=A (= L) ' = A,z €B,x €EC
It éBUC = A I'= A,z EBUC

Inference rules for Kleene connectives:

Fzé—A=A . F=AzéE-A

=) T nensa =9 T3 -wed
Lp=A = A

m=) TS A &) ToA
NLe=A INYy=A L= A, 0,0

(V=) Tove=A =V TS Aeve
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-, =A F'=A-p I'=A

V=) T oeve s A S Ny N (ZAVET)
o= A '=A¢ I's Ay
N=) T oAesA (=) T= A oAd

T,~ (o AY) = A T'= A, =(pAY)

In all axioms and inference rules above we assume that x,y,z € OV, A,B € SE.

For better clarity, let us now explain the axioms and rules of CRS most relevant
to our approach in the context of rough sets.

Consider an arbitrary semantic framework R =< A, v, w > with A = (U,C), and
let ¢+ be the interpretation of £rg in K.

Al is the basic sequent axiom, which holds for our logic, too, but A2 and A3
require some comment. By Definition 6, w(0) = 0, so w*(0) = 0, NEG¢(w*(0)) = U
and v(z) € NEG¢(w*(0)) for any z. In consequence, t(z €0) = f, so tg £ x €O,
whence ¢ = A2. The dual axiom A3 is justified in an analogous way by the fact that
w*(1) = U, whence for any = we have v(x) € POS¢(w*(1)).

In turn, the tautology rules reflect the fact that under the interpretation ¢ the
symbols —, U, N in set expressions are interpreted as Boolean operations on sets.

Next, in view of the fact that ¢ = (z €A) iff v(z) € H(w*(A)) by Corollary 2
, it can be easily shown that the union rules simply reflect the equality He¢(B U
C) = H¢(B) U He(C) known from Fact 1. Out of the rules for Kleene connectives,
only the first two ones — (= €= and (= — €) — directly involve the rough set
framework; all other rules are just standard sequent rules for the weak semantics of
Kleene three-valued calculus. As to the mentioned rules, they reflect the fact that
LE—(z €A) iff t Ex € — A Indeed: ¢« = —(x €A) iff «(=(z €A)) # £, which holds
iff (x €A) # t. The latter is equivalent to v(z) € U — Le(w*(A)). Since by Fact 1
we have U — L¢(X) = He(—X) for any set X, then v(z) € He(U — w*(A)). As
U—w*(A) = w*(—A), we get v(z) € He(w*(—A)), and by Corollary 2 our case is
proved.

Reasoning along the lines sketched above, we can easily show the soundness of
CRS:

Lemma 1.

1. The azxioms of the system CRS are valid.
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2. For any inference rule p of CRS and any framework R for £grs, if the in-
terpretation ¢ of Lrg in R satisfies all the premises of p, then v satisfies the
concluston of p as well.

Clearly, from the above Lemma we can immediately conclude that:

Corollary 3. The inference rules of CRS are strongly sound, i.e. they preserve the
validity of sequents.

5 Strong soundness and completeness of the proof sys-
tem

To prove strong completeness of CRS, we start with simple characterization of valid
single-variable atomic sequents.

Definition 10. For any A, B € SE, we say that:

1. A is Boolean-equivalent to B, and write A = B, iff A = B is a Boolean
tautology;

2. A is Boolean-included in B, and write A C B, iff AU B = B is a Boolean
tautology, i.e., iff AUB = B.

Proposition 1. A sequent © = x €Ay,...,x €A, = x €By,...,x €8y is valid iff
one of the following conditions is satisfied:

1. BiuByU---UB =1
2. A; =0 for some i<k
3. A,C BiUByU---UDBy for somei <k

Proof. The backward implication follows easily from Definition 9 and from the se-
mantics of Lprg given in Definition 7. To prove the forward implication, we argue
by contradiction.

Assume now that a sequent X of the form given above is such that:

(i) BiuByU---UB; #1
(ii) A; # 0 for each i < k
(iii) A £ ByUByU---UB;y for each i < k
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We will show that ¥ is not valid by constructing a counter-model (precisely speaking,
counter-framework) R for 3. Define
SVs ={X € SV | X occurs in X}
SEy ={A € SE | A contains only set variables in SVx}

As SVs is finite, we have
SVe ={X1,Xo,..., Xp}

for some n. The construction of a counter-model R for ¥ is based on the use of the
full disjunctive normal form (DNF) of an expression in SEx with respect to SVx.
Such a DNF is the union of expressions of the form

X=X{'NnXe2n---nXe (2)

where € = (e1,€9,...,€6,) € {—1,1}" and X]l = X]-,Xj_1 =—X;.
Now let us define
B=BiUByU---UB,

As DNF(F) = E for any E € SEyx, from (iii) we get DNF(A4;) Z DNF(B) for each
i < k. Hence for each i < k there is & € {—1,1}" such that

X% € DNF(4;) \ DNF(B) (3)

Let us assign a unique symbol a° ¢ OV U SV to any € € {—1,1}". As the universe
of our counter-model R we take

U={2z}U{a®|ec{-1,1}"}

Define B
o ) {z,a} ife=F;
w(XT) = { {a‘} otherwise (4)

Then it is easy to see that w maps the set od all DNF components of the form X€ to
a partition of U. In consequence, by the well-known properties of such components
w defines a unique valuation w of set variables in Sy, such that w*(X¢) = w(X€) for
any € € {—1,1}".

Define the covering underlying the approximation space of our intended counter-
model by

C={Cu) |uelU}
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where

C(u):{ {z,a% ... ,a%)} ifu=ux 5

{u} otherwise

Finally, define the valuation of object variables by v(y) = z for any y € OV.
Then R =< (U,C),v,w > is a well-defined semantic framework for Lrg. We will now
show that it represents the desired counter-model for ¥, i.e. that the interpretation
tr of Lrg in R does not satisfy X.

First, by (3) we have

a%i € w*(4A;) for i =1,2,...,k

Thus C(x) N w*(4;) D {a%%} # () for each i < k by (5). As C(z) € C and
x € C(x), from Corollary 1 we obtain z ¢ NEG(w*(A;)). In consequence, by
Definition 9 g =z €A; for i =1,2,... k.

On the other hand, as by (3) X% does not occur in DNF(B) for any i < k and
DNF(B) = B, it obtains a%: ¢ w*(B) fori = 1,2,...,k by (4). What is more, as in
particular X%1 does not occur in DNF(B), we have z € w*(B) by (4) too. By (5),
this yields C'(z) Nw*(B) = (). Given that C(x) is the only set C' € C with z € C, by
Corollary 1 we get € NEG(w*(B)), and so tg £ z €B. Thus g = 3, which ends
the proof. O

Considering that £rg has no means for expressing relationships between object
variables, Proposition 1 implies a similar result for multi-variable atomic sequents:

Corollary 4. An atomic sequent X2 € Seqrs is valid if and only if, for some object
variable x occurring in X%, the sequent X, obtained from X by deleting all formulas
with variables different from x satisfies one of the conditions of Proposition 1.

The proof is analogous to that of Proposition 1, with the counter-model for
a sequent Y which does not satisfy any of conditions 1.,2.,3. of that Proposition
constructed by combining the individual counter-models for all single-variable sub-
sequents of 3, constructed exactly like in the proof of Proposition 1.

As a crucial step towards proving strong completeness of CRS, we will now show
that result for atomic sequents:

Proposition 2. If an atomic sequent ¥ € Seqrs is valid, then it is derivable in
CRS, i.e. Fops 2.

Proof. For any variable x occurring in ¥, denote by ¥, the atomic sequent obtained
out of ¥ by deleting all formulas with variables different from x. Since ¥ is valid,
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then, by Corollary 4, there exists an x such that X, satisfies one of the conditions
1., 2., 3. of Proposition 1. Hence, assuming that

Ye=x€Ay,...,x EA, = x EBq,...,x EB;
we have
(1) either BiUByU---UB; =1, or
(2) A; =0 for some i < k, or
(3) A;C BiUByU---U By for some i < k

If (1) holds, then from Axiom Al and rule (= U) applied [ — 1 times we obtain
Fors ® €Ay, ...,x €A = x €(B1U---UB). Considering that ByUBsU---UB; = 1,
from Axiom A3 and rule (taut — r) we get Fors= * €(By U By U---U B;). By
weakening, this yields Foprs © €A1,...,x €A = o €(B; U By U --- U By), whence
Fors Y-

If (2) holds, then from Axiom A2 and rule (taut-l) we get Fors © € A; =,
whence Fogrg 2, by weakening.

Finally, let us assume that (3) holds. For simplicity, denote B = B;UByU---UB;.
Then A; C B, which implies (*) A; U B = B by Definition 10.

From Axiom Al by weakening we get Fors © €A; = = €A;,x € B. By rule
(= U), this yields Feops © €A; = = €(A; U B). In view of (*) and rule (taut —r),
we obtain Fors  €A4; = x €B. By weakening, the latter implies again Fogs 2z

Thus Fogrg X, in all three cases. As ¥, C X in the standard sense of sequent
inclusion, this implies Fogrg % by weakening. [l

Proposition 2 is the cornerstone for proving the strong completeness theorem for
the logic Lgg:

Theorem 1. The calculus CRS is finitely strongly sound and complete for Frg, i.e.,
for any finite set of sequents S C Seqrs and any sequent 3. € Seqrs, S Frs 2 iff
Stcors -

Proof. (Sketch) As the backward implication (soundness) follows from Lemma 1 and
Corollary 3, it suffices to prove the forward implication (completeness). The proof is
by counter-model construction based on Proposition 2 and the maximum saturated
sequent construction used e.g. in [1].

We argue by contradiction. Suppose that for a finite set of sequents S and a
sequent X =I' = A we have S Frg X, but X is not derivable from S in CRS. We
shall construct a counter-model ¢ such that ¢ =S but ¢ = X.
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Denote by F(S) the set of all formulae belonging to at least one of the sides in
some sequent in S, and let SV* be the set of all set variables which occur either in
some ¢ € F(S) or in ¥. Since S is finite, so are F(S) and SV*. Using the method
shown in in [1], we can construct a sequent I'' C A’ such that

i) TCIr’,AcCA
(i) F(S)CTMuA.
(iii) I" = A’ is not derivable from S in CRS.

The construction is carried out by starting with X, and then adding consecutively
linearly ordered formulas in F'(S) to either the left- or the right-hand side of the
sequent constructed up to that time, depending on which option results in a sequent
still not derivable from .S in CRS. Such a construction is possible because if S t/ors
(T'; = A;), then, for any ¢ € F(S5), we cannot have both S Fcogrs (I'; = A;, ) and
S tcors (Ui, o = A;), since this would imply S Feors (I'; = A;) by cut.

Call a sequent saturated if it is closed under the inference rules in CRS ap-
plied backwards, whereby we assume that closure under the Boolean tautology rules
(taut — 1), (taut — r) is limited only to premises with the set expression A in a full
disjunctive normal form with respect to the set SV*. By way of example, a sequent
I'" = A" is closed under rule (V =) applied backwards iff ¢ V¢ C I'” implies either
pelory el

Let T'* = A* be the extension of I = A’ to a saturated sequent which is not
derivable from F'(S) in CRS (is is easy to see that such a sequent exists; note that
the restriction on the closure under tautology rules ensures that the closure adds
only a finite number of formulas to IV = A’.

Then we can easily see that:

(1) TCT*, A CA*
(2) F(S) CT*UA*
(3) I'* = A* is saturated and it is not derivable from S in CRS
Now let ¥, = I'y = A, be a subsequent of ['* = A* consisting of all atomic
formulas in T* = A*. Then by (3) S l/crs X4, and hence also /ors X4 As X4 is
atomic, by Proposition 2, this implies that X, is not valid. Accordingly, there exists
a framework R for £rg and an interpretation ¢ of £gg in R such that ¢ = 3,. We
shall prove that ¢ is the desired counter-model for the original sequent ¥ too, i.e.

that:
(A) L} (I'=A) (B) t XY foreach ¥’ € S

374



REASONING ABOUT COVERING-BASED ROUGH SETS

Let us start with (A). AsT' C T, A C A*, then in order to prove (A) it suffices to
show that ¢ = (I'™* = A*). Since the set of designated values for the weak semantics
of Lrs is {t,u} and ¢(¢) € {t,f,u} for any formula ¢ € Frg, this means we have
to prove that:

t(y) € {t,u} for any v € I'* 1(0) = f for any 0 € A* (6)

As 1 [~ 3,4, then (6) holds for all atomic formulas v € T, § € A*. To show that
it holds for complex formulas too, we prove that, for any complex formula ¢, the
following is true:

t,u} ifpel™ f if p e A*
(A1) p) € { %f’ u]% if = € I'* (A2) He) = { t if ~p e A*
The proof is by induction on the complexity of ¢, and (A1) and (A2) are proved
simultaneously, making use of the fact that ¥* as a saturated sequent is closed under
all rules in CRS applied backwards.

To illustrate the method used, consider first the case of & = —=(z €A).

If £ € T* then x € — A is also in T'*, since X* is closed under rule (= € =)
applied backwards. As (6) holds for all atomic formulas and z € — A is atomic, this
yields «(x € — A) € {t,u}. However, from Definition 7 and Corollary 1 we can easily
conclude that

t iff ze—A)=f
(rx €A)=< f iff iz &é—-A)=t (7)
u iff(zé€—-A)=nu

which implies t(z €A) € {f,u} and (§) = «(~(z €A)) € {t,u} by Definition 7.

Next, if =€ € T*, then ——(z €A) is in I'*, whence also z €A is in T'* by rule
(== =). As x €A is atomic, this yields «(z €A) € {t,u} by (6), implying ¢(§) €
{f,u} by Def. 7.

In turn, if £ € A*, then z € — A is also in A*, since ¥* is closed under rule
(= — €) applied backward. As (6) holds for z € — A, then «(z € — A) = f, whence
in view of (7) we get «(x €A) = t. In consequence, t(£) = t(~(x €A)) = f by Def. 7.

Finally, if =¢ € A*, then x €A is again in A* by rule (= ——). Hence ((z €A) =f
by (6), which implies ¢(§) =t by Def. 7. Thus (A1) and (A2) hold for &.

As another example, assume that (A1), (A2) hold for ¢,v, and that £ = ¢ V 1.
If £ € T'*, then either ¢ € I'* or ¢ € T, since ¥* is closed under rule (V =) applied
backwards. As a result, by the inductive assumption on ¢, ¢ we have either ¢(p) =t
or ¢(¢)) = t, and consequently ¢(§) = t by Definition 7. In turn, if £ € A*, then
e, € A* and 1(p), () € {f,u} by the inductive assumption, whence ¢+(§) € {f,u}
by Definition 7, too. As a result, (A1) and (A2) hold for £ too.
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The proof of other cases is similar, and is left to the reader.

It remains to prove (B), i.e., to show that ¢ = Xy for each ¥y € S. So let
9 € S. Then %9 = ¢1,...,0 = P1,...,¢Y; for some integers k,! and formulas
i, Yj,i = 1,...,k,5 = 1,...,1. Clearly, we cannot have both {¢1,...,¢;} C I'*
and {¢1,...,1} € A*, for then I'" = A* would be derivable from X, and hence
from S, by weakening. Since F'(S) C I'* U A*, this implies that either ¢; € A* for
some i, or 1; € I'* for some j. Hence by (Al) and (A2), which we have already
proved, we have either ¢ [~ ¢; for some 4, or ¢ |= v; for some j, which implies that
LEX.

[l

6 Conclusions and future work

The crucial feature of the three-valued logic presented in the paper, which distin-
guishes our approach from others, is the use of variables representing individual
objects (elements) of the universe, and of the membership predicate representing
three-valued rough membership of objects in subsets of the universe. This enables
reasoning about membership of objects in rough sets rather than about rough sets
themselves, i.e. on the object (universe element) level rather than on the rough set
level. In this way, we avoid the problems involved in the latter approach, described
in detail in [10]. Such a solution also allows us to ensure some compositionality of
the semantics despite the problems indicated in [9] and to obtain a strongly sound
and complete sequent calculus for the logic.

The three values t,f, u taken by the rough membership relation correspond to
“crisp" membership of objects in the three basic regions of a rough set: the positive,
negative and boundary one. The weak version of semantics with the two designated
values t,u adopted in the paper amounts to identifying membership of an object z
in a rough set A with its belonging to either the positive region or the boundary
region of A. In other words, the only elements excluded from membership in A by
the logic are those located in the negative region of A.

The calculus of ordinary sequents used here allows for two-way decision making.
Three-way decision rules are not truly necessary here, since — like in case of classical
rough sets — the boundary region is the exact complement of the union of the
negative region and the positive region. Nevertheless, such rules can be obtained
by developing a calculus of three-place sequents for the considered semantics, which
can be easily effected using the general method described in [6].

The use of connectives to form complex formulas enhances the expressive power
of the language, but the 3-valued Kleene connectives used here are just one possi-
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ble choice. Other interesting option, to be explored in the future, are Lukasiewicz
3-valued connectives (including implication), and the non-deterministic connectives
observing the rough set Nmatrix considered in [3]. Exploring these choices is an-
other direction for future work. Still another is to consider a richer language which
allows for expressing relationships between objects — and here the most immediate
future task will be extending the results of this paper to a language featuring the
subordination relation of [17].

Finally, two interesting research directions will be to consider approximate infer-
ence rules, and to apply the approach used here to other versions of the lower and
upper approximations.
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Abstract
Suppose elements aq,...,ar_1 of a boolean algebra A are assigned fixed
truth values pi,...,pr—1 € {0,1}, and an element ay, is tentatively assigned a

probability value p € [0,1]. Let axy1 € A. De Finetti showed that there is a
closed interval Z(p) C [0, 1] such that the set of probabilities of ar4+1 which are
coherent with the probability assignment p coincides with Z(p). Now suppose
p undergoes a small perturbation p — p+dp. Using the preservation properties
of coherent sets of betting odds, we study the resulting modification Z(p) —
Z(p + dp).

Keywords: Dutch Book, de Finetti coherent bet, coherent probability assessment,
measure on a boolean algebra, de Finetti Dutch Book theorem, de Finetti funda-
mental theorem on prevision

1 The dependence of a conclusion on an uncertain
premise

For some polynomial p: N — N let us suppose that the nondeterministic Turing
machine M recognizes instances x of an NP-problem M in p(|x|) computation steps,
with |z| the number of symbols of x. Pick a string y over the alphabet of M and
let {¢1,...,¢r+1} be the set of boolean formulas given by Cook’s reduction [3] of
the instance y of M to an instance of the boolean satisfiability problem SAT. Let
us assume that ¢py1 states “M is in an accepting state, at time p(|y|)”. If each
formula ¢1, . .., ¢r has been assigned the truth value 1 then the compatibility of this
truth value assignment with the assignment of truth value 1 to ¢xy1 is equivalent
to saying “M accepts y within p(|y|) steps”.

Now suppose M is replaced by a problem N involving a variant N of M having
the following properties: a certain set W = {1,...,%n,¥n11} of boolean formulas
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gives a complete description of the computation tree of A" over input y, the formula
Ypa1 states “N is in an accepting state”, but the formula v, can only be assigned
a probability p, € [0, 1], rather than the truth value 1. Then one may naturally
ask which assignments of a probability value pj41 to byy1 are “compatible” with
the assignment ¥ — 1,...,¢p_1 — 1, ¥y — pp. De Finetti gave a satisfactory
definition of “compatible, or coherent, probability assignment” and showed that the
set of coherent probabilities of 141 is a closed interval Z C [0, 1], which depends on
the value of pj, (see Theorem 3.3). Using the preservation properties of de Finetti
coherent sets of betting odds, we study how Z is modified by a small perturbation
Pr — pr + dpp, of the probability of y,.

The prerequisites for this paper are some acquaintance with boolean algebras,
[21, introductory sections], de Finetti’s notion of a coherent set of betting odds |5,
pp.311-312], [6, Chapter 1], and his Dutch book theorem, [5, §§8-9], [6, pp. 7-8]. To
help the reader, all necessary background material will be provided in the text.

Throughout this paper, the adjective “linear” is understood in the affine sense.

2 The convex set of states of a boolean algebra

Definition 2.1. Let A be a boolean algebra. A map s: A — [0,1] is said to be
a state of A if it is additive on incompatible elements (in the sense that x Ay = 0
implies s(z Vy) = s(x) +s(y)), and s(1) = 1.

Remark 2.2. In [21, §3, (C)], s is said to be a “measure satisfying s(1) = 1”. In [13],
s is said to be a “measure”. Also see [14]. Alternative terminologies include variants
of “normalized finitely additive probability measure”. Our present terminology in
this paper is more customary when one regards any boolean algebra as an idempotent
MV-algebra, following Chang [2, Theorem 1.17]. As a matter of fact, in [17, Theorem
2.4] (also see [19, Proposition 10.3]) is it shown that the states of any MV-algebra
A are in one-one correspondence with the states of the unital abelian ¢-group (G, )
associated to A by the categorical equivalence T' established in [16, Theorem 3.9].
See [12] for a detailed account on states of unital partially ordered abelian groups.
When G is countable, Elliott’s classification, [4, 9, 10] shows that (G, u) corresponds,
via Grothendieck’s Ko-functor, to precisely one AF C*-algebra A, and the states of
(G,u) correspond to the (tracial) states of A. States of AF C*-algebras provide
a mathematical representation of the states of certain systems arising in quantum
statistical mechanics and quantum field theory, [1]. As noted in [18, Remarks, pp.
240-241] and [19, p. 129], for events sitting in an MV-algebra A, coherence becomes
equivalent to the extendability of 5 to a state s of A. Thus de Finetti’s Dutch
Book theorem holds unchanged for MV-algebras. Now, the Kroupa-Panti theorem,
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[15, 20], [19, Theorem 10.5], shows that the states of any MV-algebra A are in
one-one correspondence with the reqular Borel probability measures on the mazrimal
spectral space of A. Since MV-algebraic maximal spectral spaces range over all
possible compact Hausdorff spaces, ([19, §4]), one may conclude that de Finetti’s
finitely additive probability theory is equivalent to Kolmogorov’s countably additive
probability theory.

Let S4 C |0, 1]A C R4 denote the convex set of states of A with the restriction
topology of the Tychonoff cube [0, I]A. For B a subalgebra of a boolean algebra A,

we use the notation
SaAIB={s|B|s€Sa},

where the symbol | denotes restriction. For every boolean algebra A we let hom(A)
denote the set of homomorphisms of A into the boolean algebra {0,1} and at(A) =
{o€ A|ois an atom (i.e., a minimal nonzero element) of A}.

Proposition 2.3. Let A be a boolean algebra. If B is a subalgebra of A then every
state of B has an extension to a state of A, in symbols, So|B = Sp.

Proof. For the particular case of states of boolean algebras, this classical extension
theorem was proved by Horn and Tarski in [13, Theorem 1.22]. O

Proposition 2.4. Let A be a finite boolean algebra. Let at(A) = {o1,...,04}
and hom(A) = {my,...,n,}, where m; is the only homomorphism in hom(A) with

n;(0;) = 1.

(a) Sa coincides with the set of convexr combinations of homomorphisms of A
into {0,1}, in symbols, S4 = conv(hom(A)) C [0,1] C RA. Thus, for every
a € A ands € Sy, upon writing s = > ;-1 \in;, for suitable \; > 0 with
Yoy A = 1, we have s(a) =Y Ain;(a).

(b) Every n € hom(A) is an extremal element of the convex set Sa. Conversely,
every extremal state of A is an element of hom(A).

Proof. (a) The finiteness hypothesis ensures that every element a € A is the join of
the atoms it dominates, a = \/{o € at(A4) | a > o}. Then the additivity property
ensures that every state s of A is uniquely determined by the value it gives to the
atoms of A, in symbols, s(a) = > {s(0) | o € at(A), o < a}. For any o € at(A),
let n, € hom(A) be specified by n,(0) = 1. Thus n,(z) = 0 for all z € at(A)
different from o. It is easy to see that i, is a state of A. Further, n, cannot be
written as a convex combination of two or more distinct states of A. In other words,
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7, is extremal in the convex set Sy C RA. Then every state s of A has the form
s = s(01) My, + - +58(0u) - M,,. In particular, every extremal state of A has the
form n, for some o € at(A).

(b) immediately follows from (a). (Actually, the finiteness of A is not necessary
for (b) to hold.) O

Proposition 2.4 now yields:

Proposition 2.5. Let eq,...,e, be the unit basis vectors in RY, with the proviso
that e; = (0,...,0,1,0,...,0) has 1 at the ith place. For A a finite boolean algebra
with u atoms, let the (u — 1)-dimensional simplex A C R" be defined by A =
conv(ey,...,ey,). Let hom(A) ={ny,...,m,}

(a) The map' £&:s =" \m; €Sarrs=>%,Ne; €A, is an affine homeo-
morphism of Sa onto A.

(b) For every a € A let the function a: A — [0, 1] be defined by
a(s) =s(a), for all s € conv(ey,...,ey). (1)
Then a is the only linear function over A satisfying the condition

a(ej) =mn;(a) forallj=1,... u. (2)

(c) Upon restricting to {e1,...,e,} every linear function a on A satisfying condi-
tion (2), we obtain the (Stone) isomorphism between A and the boolean algebra
of all {0, 1}-valued functions on {e1,...,ey}, with the pointwise operations of
the two-element boolean algebra {0,1}.

3 De Finetti’s coherent probability assessments and ap-
plications

De Finetti gave the following definition of a coherent system of betting odds:

Definition 3.1. ([5, pp.311-312], [6, Chapter 1]) Let E = {ai,...ar} be a finite
subset of a boolean algebra A, and 8: E — [0,1] a map. We then say that g is
a (de Finetti) coherent book in A if for any o: E — R there is n € hom(A) with

Sk o(ai)(B(a;) — nlas;)) > 0.

! s has a unique representation because the 7; are affinely independent in the vector space RA.
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Intuitively, F is a set of “events” and B(ay), ..., B(ay) are their respective betting
odds offered by a bookmaker. These odds form an incoherent set if a bettor can
choose (positive or negative) “stakes” o(ay),...,o(ax) that guarantee her a minimum
profit of one zillion euros—regardless of the outcome of the events a;. In particular,
by choosing a negative stake o(a;) the bettor forces the bookmaker to pay her
|o(a;) - B(a;)| euros, in the hope of winning |o(a;)| if a; occurs. Thus a negative
stake results in swapping the bookie/bettor roles.

Theorem 3.2. (De Finetti’s Dutch book theorem, [5, §§8-9], [6, pp. 7-8]) Let A
be a boolean algebra, E a finite subset of A, and B: E — [0,1] a map. Then B is a
coherent book (in A) iff it can be extended to a state of A.

FOI.IB:E%[O’H andE:{ala"'aak}gAa we set
Sap={s€Sa|s2B}={seSa|sIE=p}

and for any b € A,
Sap(b) = {s(b) | s € Saj5}-

In view of Remark 2.2 we may write

S4p(b) = probabilities of b which are coherent with the book 8 in A.

Theorem 3.3. (De Finetti’s “Fundamental theorem of probability”, [8, 3.10 and
references therein]) Let B: E — [0,1] be a map on a subset E = {ay,...,ar} of a
boolean algebra A. Then for any b € A the set S5 g(b) is a closed interval contained
in [0,1]. Sa5(b) is nonempty iff B is a coherent book.

Proof. Let us write 8: a1 — p1,...,ax — pr, with k& > 2 to avoid trivialities. Fix
j = 1,...,k. By Proposition 2.5, the set of states s of A such that s(a;) = p;
corresponds, via the map &, to the inverse image d;l(pj). Since aj; is linear, &;l(pj)
coincides with A N H; for some hyperplane H; in R*. As a consequence, the set
§(S4)p) coincides with the intersection K = ANHiN---NH. Again by Proposition
2.5, Sy(b) = {s(b) | s 2 B} = {b(s) | s € K} = range(b|K). Since b is continuous
over the connected set IC, then S 45(b) is a closed interval in [0, 1]. By Theorem 3.2,
Sap(b) # 0 iff Syg # 0 iff B is a coherent book. O

The ambient algebra A is virtually immaterial in Definition 3.1, as well as in

Theorems 3.2 and 3.3. As a matter of fact, from Proposition 2.3 we immediately
have:
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Corollary 3.4. Let B: E — [0,1] be a map defined on a finite subset E of a boolean
algebra A.

(a) Then the following conditions are equivalent:

(i) B is a coherent book in A;
(ii) B is a coherent book in the subalgebra gen(E) generated by E in A;
(iii) B is a coherent book in any subalgebra C' of A containing E.

(b) Let b € A, and B be a subalgebra of A containing E'U{b}. Then S 5(b) =
Spia(b).

4 Preservation of coherence under quotients

Having just taken care of the preservation properties of (de Finetti) coherence under
extensions and restrictions, we next consider preservation properties under quotients.

For A a boolean algebra and 0 # 0 € A, let (§) = {z € A | z > 0} denote the
(principal) filter of A generated by 6. The map

i prpAl
is a homomorphism of A onto the boolean algebra

A'={pnb|pe A}
equipped with the operations —(p’) = (=pAf) = (—p)’ and p’Aq¢’ = pAgNO = (pAq)'.
As is well known, A’ can be identified with the quotient algebra A/(f) via the
isomorphism p A 0 — p/(0).

Corollary 4.1. Let E = {ay,...,a,0} C A.

(a) Suppose B: E — [0,1] is a coherent book in A with B(0) = 1. Let the map
B':{d,... a0} = [0,1] be defined by

B'(0) =1, B(a))=PB(a; NO), i=1,... k.
Then for all b € A, Spg(b) = Sag (V). Thus B’ is a coherent book on
{d},...,a},0'}, called the quotient book of S.
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(b) Conversely, suppose v: {dal,...,a;,0'} —[0,1] is a coherent book. Since 0" is
the unit element of A', then necessarily v(0') = 1. Define the map v': E —
[0,1] by v7(0) = 1 and v'(a;) = ~(a}), foralli = 1,...,k. Then v is a
coherent book on E, and (y1) =~. Thus, for all b € A, Syt (B) = Sary (b).

Proof. In view of Proposition 2.3 and Corollary 3.4 it is sufficient to argue under
the assumption that A is finite. By Propositions 2.5(c) and 2.4 we may identify A
with the algebra of boolean functions over at(A). Up to canonical isomorphisms,

the Amap de A—dAbe{anb]|ac A},
the quotient map d € A~ d/(f), and

the restriction map d € A+ d[{o € at(A) | 0 > o}
yield the same algebra. Let
H = {n € hom(A) | n(0) =1} ={ny,...,m}.
Let ¢: H — hom(A’) be defined by
¢:me€ Hw~n €hom(A),

where n': A" — [0, 1] is uniquely determined by n'(a’) = n(a A 6), for all a € A.
Then
¢ is one-one correspondence between H and hom(A’). (3)

(a) In view of Theorem 3.2 and of the assumed coherence of 3, let us suppose
the state s € S4 extends 8. So, in particular, s(f) = 1. By Proposition 2.4(b), s is
a convex combination

s =My + -+
of the homomorphism in H, with uniquely determined coefficients \;. For every atom
o € at(A) which is not dominated by # (in the sense that o £ 6, or equivalently,
oA 6@ =0), it must be s(o) = 0. Thus for every a € A,
s(a) =s(aNnB)+s(aN—0)=s(aNb).
Let s’ be the convex combination

s'= M+ -+ g
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Then s’ is a state of A’ extending 3. By Theorem 3.2, 8’ is coherent. Further, for
all a € A,
s'(a") =s(a A B) = s(a).

Thus any two p,q € A with p’ = ¢ satisfy s(p) = s(q), whence S 43(b) = SA’|ﬁ’(b/)-

(b) In view of (3), the image of any € € hom(A’) under (™! is the only €' € H
satisfying €'(a) = e(a’) = €(a A 0) for all a € A. Thus every convex combination

t =€+ + po€ €Sa

determines the state tT = MIGI + -+ ,uvelT € S4. The coherence of « yields a
state g of A’ extending «. By Proposition 2.4(b), g is a convex combination of
the homomorphisms €;. Further, g is the combination of the eZT with the same
coefficients. Since g! extends the map ~', then 4" is consistent. It follows that
(v") = 4. Using (a), we obtain Sapt(b) = Say(b'), as desired to conclude the

proof. O

5 Preservation of coherence under definitions by fresh
variables

Definition 5.1. [21, §13] Let A be a boolean algebra. Two subalgebras B and C
of A are said to be independent if any pair (b,c) € B x C with b # 0 and ¢ # 0
satisfies bAc # 0. With reference to the notation in Corollary 3.4, we say that a € A
is independent of B if so are the subalgebras gen(a) and B. Finally, we say that
a,b € A are independent if so are the subalgebras gen(a) and gen(b).

By definition we immediately have:

Lemma 5.2. Let a,b be elements of a boolean algebra A. If either a or b belongs to
{0,1} then a and b are independent. If both a and b do not belong to {0,1} then
the following conditions are equivalent:

(i) a and b are independent.
(ii) Each of a Nb,a A —b,—a Ab,—a A —b is # 0.

Theorem 5.3. Suppose A is a boolean algebra, B is a coherent book on a set F =
ai,...,ap € A, and a,b € A\ {0,1} with b independent of gen(E U {a}). Then:

(i) The book B+ = BU {(a <> b,1)} is coherent.
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(ii) Bvery state r extending B satisfies r(a) = r(b).

Proof. As a consequence of the independence hypothesis, there is a canonical em-
bedding of the free product

gen(b) I gen(E U {a}),

(called “boolean product” in [21, p.40]), onto a subalgebra F of A. F and the free
product will be identified. In view of Corollary 3.4, it suffices to argue assuming
A finite. Let o1,...,0; be the atoms of gen(E U {a}). Since b &€ {0,1}, gen(b) has
precisely two atoms, namely b and —b, and is freely generated by b. The set © of
atoms of gen(b) Il gen(E U {a}) has the form

0= {b,ﬁb} X {01,...,01}.

Since S is coherent, Theorem 3.2 yields a state s of gen(E U {a}) which extends the
book 8. Let 7: © — [0, 1] be the map specified by the following conditions:

T agrees with s on every atom (b, 0;) € © with o; < a,
T agrees with s on every atom (—b,0;) € © with o; < —a, and
7 has value 0 on all remaining atoms of gen(b) Il gen(E U {a}).

Since s is a state of gen(E U {a}),

Z s(e)=1= Z 7(0).
0€O

ecat(gen(EU{a}))

As a consequence, T extends to a unique state t of gen(b) IT gen(E U {a}), which
agrees with s over gen(E U {a}) C gen(b) Il gen(E U {a}).

We claim that t evaluates to 1 the element a <> b. To see this, one firstly notes
that an atom o € O satisfies 0 < a <« b iff it has the form (b,0;) for 0; < a, or
else (—b,0;) for 0; < —a. Secondly, by construction, the disjunction d of all atoms
o < a > b satisfies s(d) = 1, and our claim is settled.

We have just shown that the book 871 extends to the state t of gen(b) Il gen(E U
{a}). By Proposition 2.3, B extends to a state of A. By Theorem 3.2, 87 is
coherent.

(ii) Let as above, © = at(gen(b) I gen(E U {a})). Then

{o€eB@|o<awb={0cO®|o<anblU{oeO]o< —aA-b}.
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Since r is a state extending the book 8%, then r(a <+ b) = 1, and hence
0=r(o)foralloe ©\{o€© |0 <a+ b}

As a consequence,

0€0, 0<a 0€0, o<aNnb 0€0, 0<b

6 Modifying a betting odd

Lemma 6.1. Let A be a boolean algebra and a,b € A. Let p*: {a} — [0,1] be
the singleton map assigning value p to a. Let Syjp+(b) denote the closed interval
{s(b) | s € Sa, s 2 p*} C[0,1] given by Theorem 3.3.

(a) If a =1 then p* is coherent iff p = 1.
(b) If a = 0 then p* is coherent iff p = 0.
(c) If a ¢ {0,1} then for every p € [0,1], p* is a coherent book.

Proof. (a) and (b) are trivial. For the proof of (c), by hypothesis the subalgebra
gen(a) C A has at least two atoms, say o; and o2. Let s be the state of gen(a)
uniquely determined by the stipulation s(o1) = p and s(02) = 1 — p. Since s extends
p* in the boolean algebra gen(a), then by Theorem 3.2 p* is a coherent book in
gen(a). By Corollary 3.4, p* is a coherent book in A. O

Theorem 6.2. Let A be a boolean algebra and a,b € A. Arbitrarily fix p € [0,1]
and let p*: {a} — [0,1] be the singleton map defined by p*(a) = p. Suppose p* is a
coherent book. Let, as above,

Salpr(b) = {s(b) [s € A, s 2 p"} ={s(b) | s € 4, s(a) = p}.

We then have:

(a) Ifb=0, Sypp(b) =1{0}. Ifb=1, Sy-(b) ={1}.

(b) If b ¢ {0,1} we have the following mutually incompatible exhaustive cases:

(i) If b=a then Syu,-(b) = {p}.
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(i) If b= —a then Syp-(b) ={1— p}.
(i) If b# a and b > a then Sy,-(b) = [p,1].

(i) If b# a and b < a then Sy,-(b) = [0,p].

(v) If b# —a and b < —a then S4),+(b) = [0,1 — p].
(vi) If b # —a and b > —a then Sy, (b) = [1 — p,1].
(vii) If a and b are independent then S 4, (b) = [0, 1].

Proof. In view of Corollary 3.4, we may assume A finite, say with v atoms, without
loss of generality. By Theorem 3.2, S 4/,+(b) is nonempty.

(a) is trivial.
(b) Parts (i) and (ii) are trivial. For (iii)-(vii), let us argue by cases:

Case 1: a ¢ {0,1}. Then let us partition the set {e1,...,e,} of unit basis vectors
in R* into the following two classes:

E1 = {6]' | ZL(@j) == ]_} and EO == {61‘ ‘ &(ei) == 0}

By hypothesis, F1 and Ey are nonempty. Throughout the proof of the present case,
the symbols £ and F will denote arbitrary edges (1-faces) of A, joining a vertex
ej € E1 with a vertex e; € Fy.

To prove (iii), we will make repeated use of the identity

Sajpr(b) = {b(s) | s € A, a(s) = p},

which follows from Proposition 2.5. By Lemma 6.1, p ranges over [0, 1] . The linearity
of a yields a hyperplane H,« in R* such that a~'(p) = A N Hp+. It is impossible
that whenever @ moves from 1 to 0 along an edge £ also b does. For, this would
mean b < a, against our standing assumption. So there is £ such that a descends
from 1 to 0 along &, but b > @ keeps constant value 1 over £. Let s be the only
point lying in £ such that a(s) = p. Let s be the state corresponding to s via the
affine homeomorphism ¢ of Proposition 2.5. Since b(s) = 1 and s extends p* then
1 € Syjp+(b). Since a < b and all states are order preserving, then s(a) < s(b),
whence no o < p lies in S 4),+(b). So there remains to be proved that p € Sy, (b).
There is an edge F with a | F = b| F. For otherwise (absurdum hypothesis), the fact
that @ equals 1 at one of the vertices of F implies that b > @ takes the constant
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value 1 over F, with F any possible edge in E7 U E5. Since the set of vertices of the
edges in F1 U Ey coincides with {eq,...,e,}, then b = 1, which is impossible. So pick
F with @] F = b|F, together with the only point s € F such that a(s) = p = b(s).
This shows that p € S 4+ (b).

(iv)-(vi) now follow as routine variants of (iii).

(vii) By Lemma 5.2, the independence of a and b yields an edge £ joining a vertex
ej € E1 with a vertex e; € Ey, such that b(e;) = 0 = b(e;), whence b identically
vanishes over €. Pick the point s € £ where a(s) = p. From b(s) = 0 it follows that
0 € Sy)p+(b). To prove that 1 is a member of Sy, (b), the independence of a and b
yields an edge F such that b is constantly equal to 1 over F. Now let ¢t € F be the
point where a(t) = p. From b(s) = 1 it follows that 1 € SAjp+(b). We conclude that
Sajp+(b) = [0,1].

The proof of Case 1 is thus complete.

Case 2: a = 0. By Lemma 5.2, a and b are independent. The assumed coherence
of p* entails p*(a) = 0, (Lemma 6.1). Since b ¢ {0,1}, arguing as in the proof of
Lemma 6.1(c), (with b in place of a), we obtain S 4|,+(b) = [0, 1], in agreement with
the conclusion (vii).

Case 3: a = 1. Since a and b are independent, arguing as in Case 2 we again obtain
S4)p+(b) = [0, 1], in agreement with the conclusion (vii). O

The preservation properties of de Finetti’s notion of a coherent set of betting
odds now yield:

Corollary 6.3. Let A be a boolean algebra and ay,...,ax11 € A. For each i =
1,...,k—1 let p; € {0,1} be fized truth values. For every p € [0,1], let the map
Bo: {a1,...,ap} — [0,1] be defined by

Bplar) = p1,- -+, Bplak—1) = pr—1, Bplar) = p.

Now let us perturb p to p + € for some € > 0. Suppose [p+y is a coherent book for
all y satisfying —e < y < e. Let the maps ¢,p, A: [p— €, p+ €] — [0,1] be defined by
stipulating that for all x € [p — €, p + €,

¢(x) = min(Sujg, (art1)), ¥(x) = max(Sas, (ar+1)), AMz) = (@) — d(x).
Then the values of the derivatives

d¢
dx

dy, o dx

Lo T,

() 2

are in the set {—1,0,1}.
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Proof. In view of Corollary 3.4, without loss of generality we may assume A finite.
By Theorem 3.2, S 4, (ax+1) # 0. Let the map 3, be obtained from j, replacing a;
by —a; whenever 3;(a;) = 0 and contextually writing B;(—'ai) =1, (i=1,...,k-1).

Then 3, is coherent and in fact, Sy, (ag+1) =S AR, (ags1)- Replacing, if necessary,

Be by B;, we may argue under the assumption ,(a1) = -+ = fz(ax—1) = 1, without
loss of generality. For 6 = ay A--- A ag_1, let (#) be the filter of A generated by 6.
Let A" = A/(9), aj_, = ary1/(0) and B, be the quotient book. By Corollary 4.1(a)
we have S 4, (ak+1) = Sarp, (a}, ;). An application of Theorem 6.2 to the quotient
algebra A’ now yields the desired conclusion. O

Remark 6.4. Closing a circle of ideas, whenever events are coded by boolean for-
mulas ¢1, ..., ¢k, and books B: {¢1,...,¢r} — [0,1] are rational-valued, one is left
with the problem of deciding whether 8 is a de Finetti coherent book. This is an im-
portant generalization, known as PSAT, of the boolean satisfiability problem SAT.
PSAT is NP-complete, [11]. The proofs of the main results of the present paper are
constructive, and for rational-valued books yield effective methods to compute the
derivatives in Corollary 6.3.
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Abstract

We introduce a relevant justification logic, RJ4, which is a combination of
the relevant logic R and the justification logic J4. We describe the corresponding
class of models, provide the axiomatization and prove that our logic is sound
and complete.

Keywords: Relevant Logic, Justification Logic, Soundness and completeness

1 Introduction

Relevant logics are non-classical logics that avoid the paradoxes of material and strict
implication and provide a more intuitive deductive inference. The central systems
of relevant logic, according to Anderson and Belnap [1], are the system of relevant
implication R, as well as the logic of entailment E.

Justification logic replaces the O-operator of modal logic by explicit justifica-
tions [2, 5]. That is justification logic features formulas of the form ¢ : A meaning A
is believed for reason t; hence we can reason with and about explicit justifications
for an agent’s belief. The framework of justification logic has been used to formalize
and study a variety of epistemic situations [3, 6, 10, 11, 13, 14, 17].

However, traditional justification logic is based on classical logic and can lead to
some paradoxical situations. One of those situations will be our running example in
this paper.

Example 1. Consider a person A visiting a foreign town, which she does not know
well. In order to get to a certain restaurant, she asks two persons B and C for
the way. Person B says that A can take path P to the restaurant whereas person C
replies that P does not lead to the restaurant and A should take another way. Person
A now has a reason s to believe P and a reason t to believe =P. We can formalize
this in justification logic by saying that both

s: P and t:-P (1)
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hold. However, under certain natural assumptions, there exists a justification r(s,t)
such that
r(s,t): (P A—P)

holds. Now this implies that for any formula F', there is a justification u such that
u: F (2)

holds. That means for any formula F', person A has a reason to belicve F', which,
of course, is an undesirable consequence.

It is the aim of this paper to introduce a justification logic, RJ4, in which situa-
tions of this kind cannot occur, in particular, that means a logic in which (2) does
not follow from (1). We achieve this by combining the relevant logic R with the
justification logic J4.

Meyer [18] proposed the logic NR, which is the relevant logic R equipped with
an S4-style theory of necessity, in order to investigate whether the resulting the-
ory coincides with the theory of entailment provided by Anderson and Belnap [1].
Adapting the semantics for the logic R [19], Routley and Meyer provided a complete
semantics for the logic NR [20].

Our logic RJ4 is similar to NR but instead of the O-operator, we use explicit
justifications and since we deal with beliefs, we do not include the truth principle
t: A — A in the list of axioms. The choice of axioms for the relevant logic R can
be varied in different ways, e.g., see [12]. We decided to use the first 12 axioms
from [20].

Our relevant justification logic RJ4 is not just a simple combination of R and
J4. The reason is that justification logic includes an application operation on terms,
which is related to implication, i.e., we have the following axiom

t:(A—>B)—=>(s:A—(t-s):B).

Hence, if the meaning of implication changes, then also the meaning of the applica-
tion operation has to change. This is hidden in the axiomatization, but it becomes
evident in the semantics. There, property (p7) models the relation between justifi-
cations and relevant implication. It shows that there is a true interaction between
those two parts and we cannot simply juxtapose the semantics for R and the one for
J4 to obtain a semantics for RJ4.

Another motivation for this work, i.e., for combining relevant logic with justifi-
cation logic, comes from the philosophical point of view. Namely, if an implication
of the form

s:A—t:B
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holds, then, we argue, the antecedent s : A should be relevant for the consequent
t : B. Note that we do not claim that the justification s itself must be relevant for the
justification t (it is a different topic), but rather that the fact that s is a justification
for A should be relevant for the whole consequent, i.e., that ¢ is a justification for
B.

The contents of this paper are as follows. In Section 2 we present the syntax of
our logic, in Section 3 we provide the axiomatization, while in Section 4 the semantics
is explained. In Section 5 soundness and completeness theorems are proved and we
conclude in Section 6.

2 Syntax

In this section we propose the syntax of the logic RJ4.

Let
Con = {cp,c1,...,¢n,...} be a countable set of constants,
Var = {xg,x1,...,2Zp,... } be a countable set of variables, and
Prop = {po,p1,.-.,Pn,...} a countable set of atomic propositions.

Definition 1 (Terms). Terms are built from the sets Con and Var as follows:
tuo=clao|t-t|tAt|t+t] N,
where ¢ € Con and x € Var. The set of terms will be denoted by Tm.

Note that, in comparison to the definition of terms in the justification logic J4,
we have an additional operation, A, on terms.

Definition 2 (Formulas). Formulas are build from the sets Prop and Tm as follows:
Au=p|-A|A—>A|ANA|AVA|AcA|t: A,
where p € Prop and t € Tm. The set of formulas is denoted by For.
We define A <+ B as
Ao B=gy (A= B)N(B— A).
For sets of formulas X and Y, we will use the following notation:

X Y:={F|G— Fe€ X and G €Y, for some formula G},
XANY :={F|F=GAH, forsome Ge€ X and H € Y},
t: X:={t:F|FeX}
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3 Axiomatization

There are two groups of axioms for RJ4. The first group are the axioms of the logic

A= A
— ((A— B) — B)
A3) (A= B)—» ((B—=C)—=(A—0))

(A= (A— B))— (A— B)

(A= B)AN(A—=C)— (A= BACQC)
A8) AN(BVC)— (AANB)V(ANC)
——A—= A

(A10) (A — —-B) — (B — -4A)

(A11) AV B < =~(=AA-B)

)
) A
)
)
)
)
)
)
)
)
)
(A12) Ao B <> —(A — —B)

The second group consists of the axioms of J4 plus an additional axiom (A15):
(A13) t: (A—B) = (s: A—(t-s): B)

(A14) t: A— lt:t: A

(A15) t: AAs: B — (tAs): (AN B)

(A16) t: A= (t+s): A and t:A— (s+t): A

In the axiom (A12) we introduced the binary connective, o, which is called
fusion, or intensional conjunction. It is defined via = and —, i.e., introducing it is
the conservative extension of our language. Fusion plays an important role in the

!There are many equivalent ways to axiomatize the logic R. We decided to take the axiomati-
zaiton from [20].
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relevant logic R and its connection with implication is even stronger, namely the
formula

(AoB) - C)« (A— (B—C()) (3)

is valid formula of R. For more details about fusion see, e.g., [16].
To introduce the rules of our logic, we need the following definition:

Definition 3. Constant specification is a set
CS C{(c,A) | ¢ is a constant and A is an aziom of RJ4}.

Constant specification CS is called axiomatically appropriate if for each aziom A
there exists a constant ¢ € Con, such that (¢, A) € CS.

Given a constant specification CS, the deductive system RJ4cg is given by the
axioms of RJ4 and the following rules:

F F—-d F G (c,A) € CS
G (ADJ) NG (AN) c: A

(MP)

where the first rule is called modus ponens, the second adjunction and the last rule
is called axiom necessitation.

As usual in justification logics, we can show the following analogue of the neces-
sitation rule.

Lemma 1 (Constructive necessitation). Let CS be an aziomatically appropriate
constant specification. For each formula A,

RlJ4cs = A implies Rl4cs b1t : A for some term t.

4 Semantics

The semantics for RJ4 is based on a combination of possible world models for R and
basic modular models for J4.

In order to motivate our semantics, let us look closer at the Example 1, i.e., let
us formally prove that in the justification logic J4 with an axiomatically appropriate
constant specification?, for any formula F, there exists a justification term u(s,t),
such that

u(s,t) : F

does follow from
s: P and t:—P.

2for more details about J4 and axiomatically appropriate constant specification see, e.g., [5]
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Example 2. Consider a justification logic J4 with an aziomatically appropriate
constant specification and suppose that s : P and t : =P hold. Then, we have the
following derivation?:

1) by P— (-P = (PA-P)) PR

2) Fies T (P — (P — (P A-P))) AN

3) Fuuegr:(P—=(~P—=(PAN=P)) = (s:P—=(r-s:(—mP—= (PA-P)))) J
4) Fiaes s: P — (r-s: (=P — (PA—P))) 2),8) MP

5) Fyaesm-5: (2P = (PA=P)) = (t: =P — ((r-s)-t: (PA-P))) J

6) Fiaes s: P — (t: =P — ((r-s)-t): (PA-P)) 4),5) PR

7) Fiaeg (s: PAt:=P)— ((r-s)-t: (P A-P)) 6) PR

8) Fiaes (r-s)-t: (PA-P) follows from our assumption and 7) using MP
9) Fiacs (P A=P) = F, for any formula F, PR

10) Fyas t': (P N—P) = F), AN

11) Foeg t' : (PAN-P) = F) = ((r-s)-t:(PAN-P)—=t - ((r-s)-t): F), J
12) Fyaes (r-s)-t: (PAN=P) =t -((r-s)-t): F, 10),11) MP
18) Fiaeg t' - ((r-s)-t) - F, 8),12) MP.

Note that, if "—" represents relevant implication instead of implication of the
classical propositional logic, the derivation above is not possible. Namely, the step
9) does not hold.

Remark 1. If the constant specification is not axiomatically appropriate, then
step 10) in the above example does not hold. Therefore, restricting the constant
specification could be another approach to prevent the derivation of the formula
t'-((r-s)-t): F. However, it is a natural assumption to have an aziomatically
appropriate constant specification, i.e., for each azxiom there is a reason to believe
it. Hence we do not use restricted constant specifications but employ a logic based
on relevant implication.

3PR stands for propositional reasoning, AN for axiom necessitation of the logic J4, J for
JAzxiom of the logic J4 and M P for modus ponens.
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Our models will be models for relevant logic R, namely we use Routley-Meyer
semantics, i.e., Kripke-style structrure equipped with ternary relation?, where each
world is essentially basic modular model of justification logic (with an additional
constraint for A), see [4, 15].

Definition 4 (Model). Let CS be an arbitrary constant specification. An RJ4cs-
model is a tuple of the form M = (K,0, R, *, #8,v) where:

1. K is a set,

2.0e K,

3. R is a ternary relation on K,
4. * 1is a function x : K — K,
5

. # is a function & : Tm x K — P(For),

)

v is a function v : K — P(Prop),
that satisfies the following properties:
(p1) a<a,

(p2) Raaa,

(p3) R%abcd = R%achd,

(p4) a < bA Rbcd = Racd,

(p5) Rabec < Rac*b*,

(p6) ™ =a,

(p7) Rabc = t* . sb‘ C(t-s)%,

(p8) a§b2>t: th*,

(b9) AU C (s + D,

(p10) A ct® if (t,A) € CS,

4There is no universally accepted intuition behind the ternary relation. For example, Rzyz can
be viewed as that the combination of the pieces of information = and y is a piece of information in
z as well as that set-ups x and y are compatible according to z. For more details about the ternary
relation and various models of R, see [8, 9, 7].
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(p11) t: (1) € (1),
(p12) s Nt C (sAt)®,
(r13) a < b= v(a) Crv(b),

where
a < b:= R0ab,

and

R?%abed := 3z (Rabx A Rxed).

We write t® for #(t,a) and we call an ordered pair (v, &) valuation.

The property (p7) deserves more attention since it is the only property that
includes both the ternary relation R and justifications, i.e., gives us connection
between Routley-Meyer semantics and justification semantics. Note that the axiom
that corresponds to this property is the axiom (A13). It is the only axiom in the
second group of axioms that has an implication in consequent. Therefore, we need to
guarantee the validity of that implication and the property (p7) gives us a connection
between the ternary relation R and justifications on the worlds that are related by
R.

The property (p7) can also be regarded as a generalization of the following prin-
ciple from basic modular models:

s® 1% C (s-t)M.
Our worlds are basic modular models, so we want that, for any a € K,
sh A C (s t)h (4)

holds. Indeed, (4) follows from (p7) together with (p2). Hence our semantics is a
true generalization of the traditional semantics for justification logic.

Note that RJ4cs-models do not feature the justification yields belief principle of
modular models [4, 15]. As in models for NR, we could add a binary relation S on K
to RJ4cs-model and require that justification yields belief in the sense of S. This
construction would yield modular models for RJ4.

Definition 5 (Satisfiability relation). Given a model M = (K,0,R,*,#,v) and
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a € K we define a relation |= as follows:

M,al=p iff p€v(a),forpe Prop
M,al=ANB iff M,al=A and M,a =B
M,al=AVB iff M,al=A or M,a =B
M,al=AoB iff Rzxya and M,x = A and M,y = B, for some x,y € K
M,al=A— B iff Raxy and M,z = A imply M,y |= B, for all x,y € K
M,al=-A iff MaxjEA
Myal=t: A iff Act®.

We say that a formula A is true at a in M if M,a | A. Formula A is verified
in M, iff M,0 = A. Finally, formula A is CS-valid iff A is verified in every RJ4cs-
model. We will often write a = A instead of M,a = A when M is clear from a
context. Also, we say that A entails B if for all a € K, if a |= A then a = B.

We need a couple of auxiliary lemmas. Let M = (K, 0, R, *, 8, ) be an arbitrary
model and a,b € K and A, B € For.

Lemma 2 (Hereditary Lemma). Ifa <b and a = A, then b = A.
Proof. In order to prove this Lemma we need a few auxiliary claims, namely:
(1) Rabc = Rbac;
(77) a <b=b* <a
(7i1) Rabc and ¢ < d = Rabd.

Proof of (i). Rabc = R*0abc = R*0bac = Rbac.

First "=" holds since both ROaa (pl) and Rabc (assumption) hold. The second "="
is (p3) and the third follows from (p4), since (p4) can be written as ROab A Rbcd =
Racd, i.e., R*0acd = Racd.

Proof of (ii). Directly from definition of "<" and (p5), the following derivation holds:

a < b= R0ab= ROV'a* = b" <a".

Proof of (iii). Using (p5), (i), (p4) together with ¢ < d and (i), (¢), (p5) respectively,
the following holds:

Rabc = Rac*b* = Rc*ab* = Rd*ab* = Rad*b* = Rabd.

Proof of Lemma 2. By induction on a length of a formula A.
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1) If A =p € Prop, then the condition (p13), a < b= v(a) C v(b), ensures the
claim.

2) The cases when A= BAC or A= BV C are trivial.

3) Let A= -B and a = A. That means that a* = B. Since a < b, from (ii) we
have b* < a*. Therefore b* [~ B, so b = A.

4) Now, let A = B — C and a = A. For all z,y with Rary we have that if
z = B then y |= C. Suppose that Rbcd and ¢ |= B. The question is whether
d = C. Since a < b and Rbed, from (p4) we obtain that Racd and therefore as
a direct consequence of our premise, which holds for every z,y, we have that

dj=C.

5) Let A= BoC. From a = A we get that there exist x,y, such that Rrya and
z = B and y = C. Furthermore, from (iii), since a < b and Rzya we know
that Rrxyb. Thus b = BoC, ie., b= A.

6) Finally, let A =1t: B and a = A. That means that B € t* and since a < b,
we have ta* - tb‘, so B e t‘, ie. bE A as well. O

In the following, since the majority of proofs are the same as in [19], we will give
the proofs only for those cases that are new.

Lemma 3 (Entailment). A entails B if and only if A — B is verified.

5 Soundness and Completeness

5.1 Soundness

In order to prove soundness we need to prove that every instance of an axiom holds
in arbitrary model and that inference rules preserve validity. We will consider only
the axioms (A13) — (A16).

Theorem 1 (Soundness). Let CS be any constant specification. For each formula
A we have

If RJAcstH A then A is CS-valid.

Proof. Since our axioms are of the form X — Y, using Lemma 3, it is enough
to prove that for arbirtary a € K, if a = X thena =Y.

404



RELEVANT JUSTIFICATION LOGIC

(A13) Suppose that a =t : (B — C), i.e. B — C € t* We need to show that
alEs:B—(t-s):C. Suppose that Rabc and b |= s : B, i.e. B € s,?. Since
B — C € t*, we obtain that C' € t*. 51? and, because Rabc, t* - sb‘ C (t-s5)%,
Ce(t-s) ie cl=(t-s):C.

(Al4) Let a =t : B, ie. B c t» Thent: B ct: (t* C (1t)» Therefore
aFE=t:t:B.

(A15) Now, suppose that a =t : AA s: B. That means A € t* and B € s*. Hence
ANBct®As® C (tAs)® so a |=tAs: (AN B).

(A16) Finally, suppose a =t : A, ie., A € t» C t» Us® C (t 4 s)*. Therefore
a = (t+s): A. The other case is analoguous.

We need to prove that inference rules preserve the validity:

(MP) If a formula A is obtained from B — A and B, we have that 0 = B — A and
0 = B, hence 0 = A, since R000.

(ADJ) The case when a formula is obtained from adjunction is trivial.

(AN) If A is obtained by (AN), then A = ¢ : B, where (¢, B) € CS. Therefore,
BGCO‘,SOO|:c:B. O

5.2 Completeness

In order to prove the completeness theorem, we will use a procedure based on [19].
That means that first we develop a calculus of intensional RJ4cs-theories, then a
calculus of intensional T-theories, for a regular intensional theory T and at the end
a calculus of prime intensional theories.

With all this machinery, we are able to define the canonical model, which gives
us the completeness theorem. Below we state all definitions and lemmas that we
need. The majority of the proofs are identical as in [19], so they will be omitted.
We state only the original proofs.

Definition 6. Let T' C For and CS any constant specification. We say that T is

a) an intensional RJ4cs-theory iff T is closed under adjunction and if A € T and
RJAdcsH A — B, then Be T;

b) prime iff it is an intensional RJ4cs-theory and if AV B € T, then A € T or
BeT;
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c¢) regular iff it contains all theorems of RJ4cs;
d) consistent iff it does not contain the negation of some theorem of RJ4cs.

Lemma 4. Let (v, #) be a valuation in a structure (K,0,R,*) and let a € K. The
set of all formulas F such that a |= F, denoted by T'((v,#),a), is a prime theory. If
0 < a, then T((v,#),a) is reqular.

Definition 7 (Calculus of intensional theories). Let CS be an arbitrary constant
specification. The calculus of intensional theories is the structure H = (H,C,0,0),
where

1) H is the collection of all intensional RJ4cs-theories;
2) C is set inclusion;
3) o is a binary operation on H defined with

SoT ={C|RJ4cs+ Ao B — C, for some A€ S and some B € T};

4) 0 is the set of all theorems of RJ4cs.

Lemma 5. The calculus H is a partially ordered commutative monoid, that means,
o s associative and commutative operation and 0 is an identity with respect to o.
Also, the following holds for all a,b,c € H :

ifaCbthenaocCboc

aoa Ca (square decreasing).

Definition 8 (Intensional T-theory). An intensional T-theory is any set of formulas,
a, which is an intensional RJ4cs-theory and whenever A € a and A — B € T, then
B ea.

Now we define a calculus of intensional T-theories.

Definition 9 (Calculus of intensional T-theories). The calculus of intensional T-
theories is the structure Hr = (Hr, C,0,07), where T is a regular theory, Hr is a
set of all intensional T-theories, 0p =T and o and C are defined as above.

Lemma 6. The calculus Ht is a sub-semigroup of H.

Definition 10 (Positive relevant structure (PRS)). The structure (K,0, R), where
K is a set, 0 € K and R is a ternary relation on K, which satisfies properties
(pl) — (p4) will be called positive relevant structure (PRS).
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Let M = (M,<,0,0) be commutative, partially ordered, square decreasing
monoid satisfying that ¢ < b implies a o ¢ < boc. We say that PRS (M, 0, R)
is associated with M if M is equal to underlying set of M, 0 is equal to identity of
M and R is defined such that Rabc iff aob < ¢ in M.

Lemma 7. If M is commutative, partially ordered, square decreasing monoid, then
PRS (M, 0, R) associated with M satisfies properties (pl) — (p4).

Furthermore, for all a,b,c,d € M, a < b in M iff a < b in M and R?*abed iff
aoboc<d in M.

The calculus H is associated with PRS (H,0, R) and the calculus Hr is associated
with PRS (Hr,07, Rr).

Let T be prime, regular, intensional RJ4cs-theory. Let (Hp, 07, Rr) be the PRS
associated with Hr and let H/. be the subset of Hp which consists of all prime
intensional theories in Hy. Let 07, = T and R/, restriction of Ry to H/p.

Lemma 8. (H/., 07, R}) is a PRS, i.e., satisfies (pl) — (p4).
For a prime intensional theory a, we define a* = {A | =A ¢ a}.

Lemma 9. Let (H/y, 0/, R),) and = be defined as above. Then (Hp, 0, R, %) is a
relevant structure (RS), i.e., * is an operation on H!, and properties (pl) — (p6) are
satisfied.

Definition 11 (Canonical model). Let CS be any constant specification. RJl4cs-
model (Hp, 0, Ry, *, v, B), where (H, 00, Rip, %) is RS from Lemma 9 and a valu-
ation (v, ®) defined with:

a) p€v(a) iff p € a;
b) #(t,a)={A|t: A€ a},
will be called canonical T-model.

Lemma 10. The canonical T-model is an RJ4cs-model, i.e., it satisfies properties
(p1) — (p13).

Proof. It follows from Lemma 9 that (pl) — (p6) are satisfied. Let us show the
others.

(p7) Suppose that R/.abe, i.e., aob C ¢ and suppose that A € ta* . sl?. Hence, there
exist B € sl? such that B - A € t(?. By definition of &, we have that s : B € b
and t : (B — A) € a. Therefore,

(t:(B—A))o(s:B)€aobCec.
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Also, note that, because of 3, the Axiom (A13) is equivalent to
(t:B—A)o(s:B)—(t-s): A, (5)

S0, since ¢ is an intensional RJ4cs-theory, and antecedent of 5 belongs to ¢, we
obtain that (t-s): A €c, ie., A€ (t-s)*.

(p8) Let a Cband A € t*, Then,t:AEagb,so,AEt:.

(p9) Let A € s Ut®. First, suppose that A € s®, i.e., s: A € a. Directly from the
Axiom (A16) and intensionality of a we obtain the result. If A € t®, the proof
is analogous.

(pl0) If (¢, A) € CS, then, because of an axiom necessitation rule, we know that
RJ4cs F t : A and, since T is regular, ¢t : A € T' = 0/, which implies that
Act®

(p11) Suppose that A € t : (t*), i.e., exists B € t*, such that A = ¢ : B. Since
B € t* we know that ¢ : B € a and hence, by Axiom (A14), !t :t: B € a as

well. That means A =t : B € (t)*.

(p12) Let A € s® At*®. There exist B € s®* and C € t*, such that A = BAC. By
definition of &, we have that s : B € aand t : C' € a and, because of adjunction,
s: BAt:C € a. Again, intensionality gives us that (sAt) : (BAC) € q, i.e.,
A=BAC € (sht)™.

(p13) If @ C b and p € v(a), we have that p € a and therefore p € b which concludes
the proof. O

Lemma 11. Let A € For. For alla € HYy, a = A iff A € a.

Proof. We will prove only the case when A =t : F, for some F' € For.
First suppose that a =t : F. That means F € t:, hence, by definition of &, we
obtain that ¢ : F' € a.
For the other direction, suppose that ¢ : F' € a. Again, directly by definition we
obtain that F € t* and therefore a =t : F. |
For the proof of the following lemma, Zorn’s Lemma is necessary.

Lemma 12. Let CS be an arbitrary constant specification. For every non-theorem,
A, there exists a prime, reqular RJ4cs-theory which does not contain A.

Theorem 2 (Completeness). For an arbitrary constant specification CS, the system
RJ4cs is semantically complete, i.e.,

if A is CS-valid, then RJ4cs F A.
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6 Conclusion

In this paper, the logic RJ4 is introduced and its models, which are combination of
Kripke-style models for relevant logic R and basic modular models for justification
logics, are developed. We propose an axiomatization and prove the soundness and
completeness theorem.

As mentioned in the introduction, there is a close relationship between NR and
our logic of relevant justifications. Let RLP be the system RJ4 plus the axiom
t: A — A based on the total constant specification, i.e., every constant justifies every
axiom (including t : A — A). A realization is a mapping from modal formulas to
formulas of justification logic that replaces each O with some expression ¢: (different
occurrences of O may be replaced with different terms).

For further work, we plan to prove the realization theorem, i.e.:

Conjecture 1 (Realization). There is a realization r such that for each modal

formula A
NRF A implies RLPF r(A).
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DUAL-BELNAP LOGIC AND ANYTHING BUT
FALSEHOOD
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50086, Ukraine
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Abstract

This paper presents an inquiry into a proof system for a logic based on
four Belnapian truth values, in which any truth value but the pure falsehood is
designated. To this effect, I first implement a certain dualization of what Font
terms ‘Belnap’s logic’, and then show how it can be suitably extended. The
resulting systems are of the FMLA-SET type dually to the standard formulation
of Belnap’s logic and the Exactly True Logic by Pietz and Rivieccio. I restate
some philosophical motivation for the entailment relation of the FMLA-SET type
by briefly comparing it with the usual SET-FMLA logical systems.

1 Preliminaries: Dunn and Belnap’s four-valued seman-
tics and designated truth values

J.Michael Dunn in his doctoral dissertation [9] initiated a strategy of semantic anal-
ysis, according to which sentences can systematically be considered not just true, or
just false, but also neither true nor false, or both true and false simultaneously. This
strategy has been technically implemented by constructing an ‘intuitive semantics
for first-degree entailment’ in [10]; see also a comprehensive discussion (and gener-
alization) of the subject in [11, 12]. Motivations for this approach may be various
such as argumentative discourse, contradictory or incomplete theoretical systems,
and philosophical paradoxes.

Following this strategy, Nuel Belnap [6, 7] introduced some weighty considera-
tions from the computing field, in which sources and databases are often far from
perfect, which forces the computers to deal with unreliable or corrupt information.
Therefore, one arrives at four (generalized) truth values, according to the informa-
tion that is ‘told’ to a computer with respect to a given sentence: ‘just told True’,
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‘just told False’, ‘told neither True nor False’, ‘told both True and False’ (where
‘True’ and ‘False’ are ordinary classical truth values). It is most common to label
these generalized truth values T, F', N, and B, respectively.

Let sentential language £ be defined as follows:

pu=plorelovel|~p.

In line with the principles of semantic analysis sketched above, define valuation
v as a map from the set of sentential variables to the subsets of the set of classical
truth-values {¢, f}. This valuation is extended to the whole language by the following
conditions:

Definition 1.1.

(1) tev(ip nt) e teuv(p) and t € v(v)),
fevlpnv) < fev(p)or feuv(y);
(2) tev(pv)etev(p) ortev(y),
fevlpve) e feu(p)and fev(y);
(3) tev(~p) = fev(yp),
fev(~p) e tev(p).

Belnapian four truth values (being ascribed to a sentence ¢) are then explicated as
follows:

v

© (told both True and False) < t € v(p) and f € v(p),

<

(just told True) < tev(p) and f ¢ v(p),

<

B

T
) = F (just told False) <t ¢ v(p) and f € v(p),
N

v

(
(¢
(
(¢

)
)
)
) (told neither True nor False) < ¢ ¢ v() and f ¢ v(ep).

One therefore obtains an elegant semantic construction built on the “four values
and three connectives” system, which can further be employed to determine entail-
ment relation as a tool for “evaluating inferences”, and finally, to obtain “logic, that
is, a canon of inference” [6, p.15]. This is normally done by marking certain truth
values as designated, and by defining entailment as a relation that preserves this
designated status in the course of reasoning.

Which values should be taken as designated among the Belnapian B, T, F,
and N? This question can be answered differently depending on the underlying
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philosophical intuitions and the goals of logical analysis. Clearly, the pure falsehood
F' should be disqualified from the very outset. Four options are possible for the
remaining three.

One option is to pick out {7, B} as the set of designated truth values, which is
the mainstream choice for Dunn and Belnap’s four-valued semantics. A truth value
is considered then to be designated if and only if it contains ¢ (the classical True),
being thus at least true. This choice is founded on the idea that entailment relation
“never leads us from told True to the absence of told True (preserves Truth)” [3,
p.519] and brings about the system of ‘tautological entailments’ of relevant logic,
see [2, Chapter III].

Alternatively, one can follow a dual intuition that “implication, entailment, va-
lidity, etc. should have as much to do with falsity preservation as with truth
preservation—it is just that the direction is reversed” [10, p.165]. Here it is im-
portant that valid entailment “never leads us from the absence of told False to told
False (preserves non-Falsity)” [3, p.519]. From this perspective a truth value is con-
sidered non-designated if and only if it is at least not false, containing thus f (the
classical False), and the corresponding set of designated truth values will be {7, N'}.

In the framework of the four-valued semantics, the above two choices are equiv-
alent in the sense that they determine one and the same entailment relation (when
defined on the same sets of premises and conclusions), see [10, p. 165], [12, p. 10], [13,
Proposition 2.3]. Still, formally we have here two different choices of two different
sets of designated truth values.

Andreas Pietz! and Umberto Rivieccio in [21] investigated a logic based on Bel-
napian four truth values, but with only T as designated. They give an informal
motivation for such an ‘exactly true logic’, ensuring thus “a consequence relation
that preserves truth-and-non-falsity” [21, p.128]. This logic validates certain prin-
ciples that are not valid in the original Dunn-Belnap’s semantics, but is still not
collapsed into classical logic.

One remaining option deserves attention: to allow as designated any truth value,
except the worst one. According to Belnap, “the worst thing to be told is that
something you cling to is false, simpliciter” [3, p.516]. So, T is the “best of all”
[ibid], N and B still hold out a hope of a better outcome, and only F' is irrecoverable.
Hence, it is reasonable to pose a question using the logic with {N, T, B} as the subset
of distinguished elements among the four Belnapian truth values. Such a logic should
ensure preservation of everything but the (outright) falsehood.

Jo@o Marcos in [20] differentiates between entailment relations based on the sets
of designated truth values {T'}, {T, B} and {N, T, B}. He shows how these relations

! After the name change—Andreas Kapsner.
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can be explicated by “uniform classic-like semantical and proof-theoretical frame-
works” in terms of bivaluations and the corresponding two-signed tableau systems.
It is observed that “the inner structure of the four-valued formalism could be seen
as a result from a natural combination of classical logic with itself” [20, p.290].
The present paper is a companion article to [24] extending it by a detail ex-
amination of some characteristic features of the entailment relation based on the
set of designated truth values {N,T, B}, and addresing the problem of its deduc-
tive formalization. Section 2 recalls a specific proof-theoretic characterization of the
Dunn-Belnap semantics, considered by Josep Maria Font in [13] under the name
‘Belnap’s logic’ in the form of a ‘Hilbert-style calculus’ Section 3 briefly reviews a
way of extending Belnap’s logic, proposed by Pietz and Rivieccio to get their system
ETL for a four-valued logic with T" as the sole designated truth-value. Following this,
Section 4 describes a dualization of Belnap’s logic obtained by inverting its inference
rules, and the corresponding definition of the entailment relation. Section 5 proceeds
to certain extension of dual Belnap’s logic resulting in logical system NFL (‘non-
falsity logic’) for grasping the entailment relation for a backward preservation of the
pure falsity (F'). This system is proved to be sound and complete with respect to the
intended semantics, and thus presents a solution of the stated problem. The paper
is concluded with some philosophical explanations of the logics under consideration.

2 A Hilbert-style presentation of Belnap’s logic

Font in [13, p. 5] associates ‘Belnap’s four-valued logic’ with an entailment relation
of the SET-FMLA? type, that is, “a relation =5 between arbitrary sets of sentences
and a sentence”. Consider the following definition of =p:

Definition 2.1. Let T' be any set of formulas, and ¥ be any formula.
ThenT =g =g Vv : (Vo el i tev(p)) = tev(y).?

This definition implies an acceptance of {T', B} as the set of designated truth
values, stating explicitly the preservation of classical truth (¢) from premises to
the conclusion. Moreover, the following lemma ensures the preservation of classical
falsity (f) in a backward direction:

Lemma 2.2. 'y < Vo: fev(y) = (Fpel: fev(p)).

Proof. See proof of Lemma 2.2 in [24]. O

2Cf. the classification of logical frameworks in [18, p. 198].
3Generally, T may be infinite, but in view of the well-known compactness property it is enough
to consider some finite subset of I', cf. Definition 2.1 in [13].
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This well-known result reinforces the point that Belnap’s logic could equivalently
be defined through the set of designated truth values {T', N}. Because both ways of
characterizing =p are equivalent, we take the set {T', B} determined by Definition 2.1
to be the canonical set of designated truth values for Belnap’s logic.

For a proof-theoretic characterization of kg, Font considers a specific system,
which he describes as a “Hilbert-style axiomatization” of Belnap’s logic [13, p. 10],
denoting it 7. This system comprises only the so-called direct rules of inferences
of the form I'" I ¢ (organized vertically in a two-level shape), and has no axioms.
The set of rules for g is as follows:

(Rn‘pgd’ (Rm‘p;¢ (R@(;TZ
(Ra) 2 (R3) £ (re) £
ev (¥ vx) oV (¥ Ax) (p v ) A (e vx)
B evovy B ovdievn T oy @A
R =R
(~p A ~) v x ~(pAP) v x (~p v ~1h) v x
(R13) ~(p v ) v x m”>@¢v~va (R15) ~(p AY) v x

Let us take a closer look at some deductive features of . Remarkably, it has
no theorems (which is no surprise—no axioms, no theorems). Thus, this system
is designed to establish (non-degenerate) valid consequences of the form I' - 1,
where I' is non-empty. Elements of I can be called assumption formulas, and 1 is
a conclusion derivable from I'. Accounting for Font’s characterization of g as a
“Hilbert-style presentation”, an inference (or derivation) of ¢ from I' in p should
be defined as a finite consecutive list of (occurrences of) formulas, each of which
either belongs to I' or comes by an inference rule from some formulas preceding it
in the list, and the last formula of which is ¢ (cf. [19, p.35]). If there is an inference
of ¢ from I' in g, then % is derivable from I' in g, and consequence I' - ) is
said to be valid in .

Let I' -z % means that consequence I' - 1 is valid in . By way of illustration,
consider inferences for the following consequences: (a) ¢ g ~~p and (b) o AV g

~~p A Y.
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(a): (b):
1. ¢ (assumption) 1. oAt (assumption)
2. pv~~p 1: (R4) 2. ¢ 1: (R1)
3. ~~p Vv ~~p 2: (R10) 3. ~~p 2: (a)
4. ~~¢p 3: (R6) 4. p AP (assumption)
5. 4: (R2)
6. ~~p AT 3, 5: (R3)

For more examples of this inferential technique in systems like -z one may wish
to consult [15, pp.125-126]. Observe, that taken literary (b) presents an inference
AP, oAy g ~~p A Y. However, since I' is considered to be a genuine set,
consequence with a contracted assumptions set holds with no additional structural
adjustments.

Interestingly Font, despite of his “Hilbert-style” characterization of -, suggests
also a construction of its inferences in a tree-like form resembling natural deduction,
see [13, p. 11]. This suggestion can be exemplified by the following inferences of the
consequences (a) and (b) above:

¥ (R4 PAY Ry
(a) %(R)m (b) %w(a) | wf/’b (R2)
—=~~gp —— (RO) PP (R3)

As one can see, through such a construction inferences are evolving as direct
derivations in the form of trees, possibly branching upwards. The derived formula
constitutes the root of a tree, whereas its leaves stand for the formulas from which the
root is derived (assumptions). Such form of inferences could be rather convenient
and illustrative for explaining the main point of a proof-theoretic dualization of
Belnap’s logic, considered in Section 4 below.

The following fact helps to simplify inferences in j by eliminating extraneous
disjunctions and turning disjunctions into conjunctions if required:

Lemma 2.3. For every rule (R10)-(R15) of the form % the following rules are
v

. . P P AX
derivable in Fg: (a) —; (b .
() 25 (o) 22

Proof. See Proposition 3.2 in [13]. O

In particular, this lemma allows to establish all the properties of De Morgan
negation for ~. System F is sound and complete with respect to Definition 2.1:

Theorem 2.4. ' -y Yy < T =5 9.
Proof. See Theorem 3.11 in [13]. O
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3 Disjunction elimination and exactly true logic

As already observed, inference rules in gy are all direct regulations ensuring a
straightforward transition from premise(s) to conclusion. The first three rules deliver
a complete inferential characterization of conjunction: (R1), (R2) for conjunction
elimination and (R3) for conjunction introduction. The situation with disjunction
is more intricate because the property of disjunction elimination is inexpressible
within the SET-FMLA framework by a direct inference rule. Considering such an
inexpressibility, this property is compensated in g by certain additional rules,
most crucially, rules (R10)-(R15) with an additional disjunctive context attached to
the usual double negation and De Morgan laws.

However, the property of disjunction elimination holds in g in a form of a
meta-principle (or an admissible meta-rule), as is stated in the following lemma:

Lemma 3.1. If oy x and Y g x, then o v ¥ 1 Xx.

Proof. As observed in the proof of Proposition 3.3 in [13], if ¢ g ¢, then p v x g
¥ v x. Now, assume ¢ g x and 9 g x. By the above observation, and using
(R5), we obtain: (*) ¢ v ¢ g x v and (**) x v g x v x. The following
inference completes the proof:

1. ov (assumption)
2. xvy 1: (%)

3. xvx 2: (*%)

4. x 3: (R6)

0

Analogously, the property of contraposition is an admissible meta-principle in
o

Lemma 3.2. If p g ¥, then ~ =g ~p.

Proof. 1t is enough to show that the contrapositive versions of all the rules (R1)—
(R15) are also the rules of p. O

The absence of disjunction elimination among the derivable principles of g
allows for some interesting extensions that would otherwise be impossible. For
example, Pietz and Rivieccio [21] employ it to obtain a deductive characterization
for their ‘exactly true logic’, which accepts T as the only designated truth value.
Namely, consider the following definition:
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Definition 3.3. ' =7 ¢ =4 Yv: (Vp el :v(p) =T) = v(y) =T.

The corresponding proof-system ETL can be obtained by extending +p with
the following rule of inference:?

© A (~p V)
P

Some properties of ETL are worthy of note. First, it validates ex contradictione
quodlibet, that is, o A ~¢ g, ¥ holds. However, contraposition and disjunction
elimination are not admissible meta-principles of ETL; therefore, it does not collapse
to classical or Kleene’s logic. In particular, the classically valid consequence ~)
~(¢ A ~¢) (and more generally ¥ - ¢ v ~p) fails in ETL, which is evidence for the
non-admissibility of contraposition. To see that disjunction elimination is also not
admissible, it is sufficient to observe that (¢ A ~¢) v (¢ A ~¢) I x (valid in strong
Kleene) fails in ETL, even though both ¢ A ~p g, x and ¥ A ~ Fgr, x hold.
Pietz and Rivieccio dub the latter property “anti-primeness” [21, p. 129].

ETL is sound and complete with respect to =7

(R16)

Theorem 3.4. I' -y ¢ < ' =7 ).
Proof. See Theorem 3.4 in [21]. O

4 A dualization of Belnap’s logic

Now, it is time to look at the four-valued consequence relations from a somewhat
different (in fact, dual) perspective. Heinrich Wansing rightly remarks that “[t]he
term ‘duality’ has several meanings even in mathematics” [27, p.486]. However, as
Michael Atiyah once noted, “[flundamentally, duality gives two different points of
view of looking at the same object” [4, p.69].

Proceeding from the basic logical duality between Fregean the True and the False
(to wit, classical t and f) one can first arrive at a duality between sentences of the
object language £ (with A and v), cf.[19, pp. 21-25], and then at a duality between
expressions about consequence (most generally conceived as a relation between ar-
bitrary sets of sentences of £), based on the use of the concept of duality as “related
to order reversal” [27, p.486].

4n [21, p.133] this rule is called “disjunctive syllogism”, which is not quite accurate because
the latter name is generally reserved for a slightly different principle, saying ~o A (p v ¥) - 4. In
fact, (R16) presents an ordinary rule of modus ponens for a material conditional standardly defined
through a disjunction in which the antecedent is negated, and in such a form this rule is often
referred to in the literature as ‘Ackermann’s rule «’, see [1, p. 119].
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Definition 4.1. Let ¢, ¢ be any sentences of L, and let ¢® be obtained from ¢
by interchanging between A and v, and replacing every atomic sentence with its
negation (and likewise for ?). Let T% = {p? : ¢ € T}, and AY = {9 : ¢ € A}
where I'; A are non-empty sets of sentences of L. Then A% T s said to be dual
to '+ A.

An easy induction on the length of a formula gives for any formula ¢, and for
any valuation v:

Lemma 4.2. t e v(p) < fev(p?), and f € v(p) < t € v(p?).

Next step is to extend the notion of duality to logical systems (formulated in
language £) in general:

Definition 4.3. Logical system L is said to be self-dual if I' 7 A < Ad T4
logical systems Ly and Lo are said to be mutually dual if ' -7, A < A? Fr, .

Notice again that Definitions 4.1 and 4.3 generally involve consequence expres-
sions of the SET-SET framework. Expressions of Belnap’s logic can be viewed as
a special case of SET-SET consequence expressions with the singleton restriction in
the succedent. Clearly, by definition, neither g nor ETL are self-dual, and cannot
be such, precisely because they deal with the asymmetric consequence expressions
of the SET-FMLA type.

This suggests a way of a structural dualization of g (and ETL) by constructing
the corresponding logical system of a FMLA-SET framework. Namely, a ‘Hilbert-
style axiomatization’ of the dual Belnap logic 4 can be formulated as follows:

1) 505 ®20) ) £
MO magn s

wo) RS e SRR ey BRI
(Ri2a) (:s(OSOVA'”@)AAXX (R14a) (:zpsoAv:;Z;)AAXX (R154) (:s(fAij)AAXx

This system manipulates consequence expressions of the FMLA-SET type, i.e.,
is designed to establish valid consequences of the form ¢ — A. Every inference in
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Fqm has only one assumption, and a non-empty set of conclusions. Intuitively, an
expression ¢ — A means that at least one sentence among the elements of A is
derivable from .5

To put it formally, an inference (or derivation) of A from ¢ in 4y is a finite
consecutive list of (occurrences of) formulas, the first of which is ¢. All other for-
mulas of the list are formed by applying the inference rules to formulas that precede
these in the list, with A being the set of terminating formulas of the inference. A
formula is terminating if and only if it has such an occurrence in the list, that is never
used later as a premise of an inference rule applied in this inference. If there is an
inference of A from ¢ in 4p, then A is derivable from ¢ in 4, and consequence
@ A is said to be valid in gp.

By way of example consider the inferences in 45 of the dual versions of formulas
a) and (b) above: (ag) ~~p g ¢ and (bg) ~~¢ v ¥ g @ Vv .

(aa): (b
1. ~~¢p (assumption) 1. ~~p v 1 (assumption)
2. ~~pn~~p 1: (R6y) 2. ~~p 1: (R3y)
3. pA~~p 2: (R104) 3.1 1: (R34)
4. ¢ 3: (R44), termination 4. pv 3: (R2,), term.
5. ¢ 2: (aq)
6. o v 5: (R1y), term.

Note, that we had to infer the formula ¢ v ¢ twice, since without steps 5-6 the
formula ~~¢ would be terminating, and we would had the inference of ~~p v g
~~p,p v 1 instead of (bg).

One can also construct inferences in 4y in a form of derivation trees, which—
dually to the trees in - pg—may branch downwards. Any derivation tree in 4 has
only one leaf, but can have many roots. The leaf of a tree stands for the formula from
which its conclusions (roots) are derived. As an illustration consider the following
derivation tree for (bg):

e (f%ild) VU (R24)
vy

It is not difficult to obtain the dual version of Lemma 2.3:

It is notable, that the reading of ¢ — A as “p entails Py, or Yy, ..., or ,, where
Y1, Yq,...,, = A” is possible, but not inevitable. Rather the reading “¢ entails v,, for some
p,; € A” seems preferable.
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P AX

Lemma 4.4. For each rule (Rig) (10 < i < 15) of the form WA the following
¥ VX
rules hold: (a) =, and (b .
(@) 2, and (5) 22X

The duality between g and |47 are established by the following theorem:
Theorem 4.5. I' -y ¢ < ¥ 4y %

Proof. To prove this theorem it is enough to observe that the dual version of every
rule of g is derivable in 4 and vice versa. O

It is most natural to define entailment relation of the FMLA-SET type as a relation
that backwardly preserves classical falsity (f) from conclusions to the assumption:

Definition 4.6. ¢ Fpg A =4 Vv : (Ve A: fev(y)) = fev(p).
One can observe a semantical duality between =g and Epg:
Theorem 4.7. For any T', for any ¢ : T =5 ¢ < ¢ =pp T?.

Proof. Consider arbitrary I" and ©. Let Yo : (Vp e I' : t € v(p)) = t € v(¥).
Assume, Jv : (Yol e T : f € v(¢?)) and f ¢ v(¢?). By using Lemma 4.2 one very
quickly gets a contradiction. The proof of the converse is similar. O

Definition 4.6 explicitly suggests {T, N} as the set of designated truth values
(and hence, dually to Definition 2.1, {F, B} as the set of non-designated values).
Still, just like Ep, relation =pp preserves classical truth in the forward direction, as
the following lemma states, being obtained by a simple dualization of Lemma 2.2:

Lemma 4.8. o =pp A < Vv :tev(p) = (T e A:tev(y))).

Proof. For every valuation v define its dual v*, such that t € v*(p) < f ¢ v(p), and
fev*(p) < té¢wv(p). A direct induction extends this valuation to any formula of
the language. Now, assume ¢ =pg A. Consider an arbitrary valuation v, such that
Vipe At ¢ v(yp). We have then Vip € A @ f € v*(¢)), and hence, f € v*(p). Thus,
t ¢ v(p). The proof of the converse is similar. O

Dually to g, conjunction introduction and contraposition are inexpressible in
Fqm as direct inference rules. Nevertheless, admissibility of the corresponding meta-
principles can be obtained in 45 by dualization of Lemma 3.1 and Lemma 3.2:

Lemma 4.9. If ¢ g ¥ and ¢ a7 X, then @ g ¥ A X.
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Lemma 4.10. If ¢ Fqu ¥, then ~¢ =g ~¢.
System b4 is sound with respect to Definition 4.6:
Theorem 4.11. If ¢ 4 A, then ¢ Epp A.

Proof. For every rule (R1,), (R24), and (R44)—(R154) of the form % assume f € v(3).

Then an assumption that f ¢ v(a) will lead to a contradiction. For (R3;) assume
fev(e) and f € v(¢h). Then we obtain a contradiction from the assumption that

fév(pv). O

To obtain completeness of 4y with respect to Definition 4.6 one can employ a
technique of bringing any formula of £ to a normal form. In what follows I dualize
appropriately the definitions and proofs from [13, pp.12-14]. Let Var be the set of
propositional variables of £, and Lit = Varu{~p : p € Var} be the set of literals. Let
C'l be the set of clauses—the least set of formulas containing Lit and closed under
A. Let var(y) be the set of variables of ¢, and var(I') be the set of variables of
formulas from I'. For any clause ¢ the set of its literals [it(¢) is defined inductively
by: lit(¢) = {p} if ¢ € Lit, and lit(p A V) = lit(p) U lit(y)). For T' < CI, lit(T")
is the set of literals of formulas from I'. As usual, ¢ 445 ¥ means ¢ Fqg % and
Y Fqm @, and likewise for s=pp.

Lemma 4.12. For all ¢ € (L) there is a finite I' = Cl, such that var(y) = var(T'),
and for any v € L, for all yeT': o A =g v A V.

Proof. By induction on the length of ¢. If ¢ € Var, then we can put I' = {¢}.
Let ¢ = ¢ A @y, and I'1,T's correspond to ¢, ¢, by inductive hypothesis. Then
I'={y; A 797 € T'1,79 € Ty} satisfies var(I') = var(y), and we have: (¢, A
©2) A Ham o1 A (02 A 1Y) (by R74) —bam 71 A (09 A ) (for all 4y € Ty, by
inductive hypothesis) <4z @3 A (71 A ) (for all v, € I'y, by a principle derivable
in Fap) —am Yo A (71 A W) (for all v, € T'y, 4 € T, by inductive hypothesis) Fq4z7)
Aam (Y2 A1) A ) (for all y; € T'y, v € T, by converse of R7,; derivable in gz7).
The cases with ¢ = ¢; v @y and ¢ = ~¢p; are analogous. U

Lemma 4.13. For any ¢ € L there is a finite I' < CI, such that var(p) = var(T")
and ¢ —qm \/T.

Proof. Similarly as above, by induction on the length of ¢. Let ¢ € Var. Then
' = {p}. Let ¢ = ¢ A ¢y, and I'1, T’y correspond to ¢y, vy by inductive hypothesis.
Then I' = {v; A vy 1 71 € T'1,7vy € D2} satisfies var(I') = var(yp), and we have:
© a1 A g (for all 4, € I'1, by Lemma 4.12) H41 9 A 71 (for all v, € 'y,
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by Rbq)—am 7o A v (for all vy € T'1,v9 € Ty, by Lemma 4.12) —b4y 71 A Yo
(for all 4, € I'1,v9 € Ty, by R54). Hence, ¢ Fag V{71 A 72 : 71 € T'1,79 € T2}
(by R14). To get the converse, assume \/{y; A vy : 71 € I'1,79 € T'2}. By R3y4,
{71 A7vg v € T1,74 € T2}, and since ¢ is equivalent through -4 to each v A 74,
we thus obtain ¢. The cases with ¢ = ¢ v ¢y and ¢ = ~¢; are analogous. U

Lemma 4.14. Fvery ¢ € L is equivalent both through 44 and ==pp to a dis-
junction of clauses with the same variables.

Proof. For 445 the lemma holds by Lemma 4.13. Due to Theorem 4.11 it holds
for sl=pp as well. O

Lemma 4.15. Let o € Cl, A < Cl. Then ¢ Epp A = ¢ qg A.

Proof. Assume ¢ =pg A. For a fixed ¢ € Cl define valuation v' on literals by
putting for every p € Var: t € v'(p) < p € lit(p); f € v(p) = ~p € lit(p).
By Definition 4.6, (Vi) € A : ~p € lit(y)) = ~p € lit(¢), and by Theorem 4.8
p € lit(p) = I € A : p € lit(y), for every p. Thus, lit(¢) < lit(y). Since both
o and 1 are clauses, 1 is a conjunction of the same literals appearing in ¢, and
maybe other ones, modulo some associations, permutations, repetitions, etc. By
using (R4,), (R54), (R64) and (R74), we get ¢ qu ¢, and thus, ¢ g A. O

Theorem 4.16. For any ¢ and A : if o Epg A, then ¢ Fqg A.
Proof. By Lemma 4.15 and Lemma 4.14. O

I finish this section with a brief review of some well-known notions and results
from abstract algebraic logic, as displayed, e.g., in [13, 16, 17], adjusted to a FMLA-
SET framework. Assume a standard notion of logical matriz for language L as a
pair (A, D), where A is an algebra of type £ with universe A, and D < A. If A
forms a lattice, then D is a lattice filter on A which can also be prime. The Leibniz
congruence Qa (D) of the matrix (A, D) is defined as the largest congruence of A,
such that if any two elements a,b € A are connected by the congruence relation and
a € D, then be D as well. A matrix is said to be reduced if its Leibniz congruence
is the identity relation.

Consider a structural consequence relation of a FMLA-SET type, i.e. a relation
- < L x P(L) satisfying the following properties for all p,1 € £ and all ', A < L:

Reflexivity: ¢ - {p} U A.

Monotonicity: if ¢ - T", then ¢ - T"U A.

Transitivity: if o =T and ¢ - {¢} U A, then ¢ - T U A.

Structurality: if ¢ — A, then oy - oA, for every uniform substitution o on L.
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A logic L in a FMLA-SET framework can be then defined as a pair (£,). A
logical matrix is considered to be a model of a logic L when ¢ ;5 A implies for
any valuation v on A (a homomorphism from £ to A) v(y)) € D (for some ¢ € A),
whenever v(p) € D. In such a case the set D is called a filter for L or an L-filter.
A logic L is said to be complete relative to a class of its matrix models iff for every
A v {p} € L, such that ¢ (£ A, there is a logical matrix (A, D) (which is a model
of L) and a valuation v € Hom(L, A), such that v(¢) € D but v(¢p) ¢ D, for every
¥ € A. It is well-known that every logic is complete with respect to the class of all
its reduced models, see, e.g., [14, p.207].

Observe, that the set of Belnapian truth values {T', B, N, F'} constitute a lattice
with operations of meet, join and involution that correspond to the connectives
determined by Definition 1.1. This lattice labeled in [13, p.3] as 9, generates
the variety of De Morgan lattices DM. Famously, 2y has exactly two prime filters
Dy ={T,B} and D,, = {T, N}.

Theorem 4.11 in fact demonstrates that matrix (94, D,,) is a model of 4. By
using Theorem 4.16, it can also be shown that ;5 is complete with respect to the
class of logical matrices (A, D), where A is DM and D is the set of filters generated
by D, (or equivalently by D). Note, that D is closed under intersections, being
thus itself a complete lattice.

In the next section I will need the following lemma, which can be obtained from
Theorem 3.14 in [13]:

Lemma 4.17. If A is a non-trivial (i.e. not one-element) algebra, then (A, D) is
a reduced matriz for Fqm iff A € DM and D is a lattice filter of A.

5 The non-falsity logic and dual ~

Definition 4.6 explicates the entailment relation of the dual Belnap logic as essen-
tially preserving classical falsity (f) in a backward direction. We can strengthen
this property, and consider a relation that is backwardly hereditary with respect to
Belnapian ezxact falsity:

Definition 5.1. p =r A =4 Vv : (Ve A:v(y) = F) = v(p) = F.

Dually to Definition 3.3, this relation takes F' as the only non-designated truth
value, and thus, is based on the set of designated values {T, B, N}. As explained
in [24, p.1308], such a choice may be suitable if we wish “to allow as designated
all the truth values except the worst one”, and thus, to consider “anything but the
(outright) falsehood”.

The following theorem establishes semantical duality between =7 and = £:
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Theorem 5.2. For any ', for any ¢ : T =7 ¢ < ¢ =7 T7.

Proof. Similarly as the proof of Theorem 4.7. O

This duality suggests a deductive formalization of the non-falsity logic (NFL) on
the basis of the dual Belnap logic obtained by extending system 4y by the dual
Ackermann’s rule ~:5
S
YV (~p A )

Theorem 5.3. I' -y, ¥ < zpd F~FL re.

(R164)

Proof. In addition to the proof of Theorem 4.5 one has to consider (R16) and to
state that its dual version is derivable in NFL, and analogously with derivability of
the dual version of (R164) in ETL. O

NFL is sound with respect to Definition 5.1:
Theorem 5.4. If ¢ Fnpr A, then ¢ Ex A.

Proof. A simple check confirms the fact that every rule (R1;)—(R16,4) preserves the
truth value F' from conclusions to the premise. O

NFL is a paraconsistent system, since ¢ A ~¢ | 1 is not NFL-derivable. Indeed,
assume v(1)) = F', and take v(¢) = B. Then v(p A ~p) = B, and hence, ¢ A ~p Fr
. By Theorem 5.4 ¢ A ~¢ npL ¥-

But NFL is not paracomplete as the following derivation shows:

1. ¢ (assumption)

2.9 v (~pAp) 1 (R164)

3. ¢ 2: (R3q)

4. ~p Ap 2: (R3q)

5.~ 4: (Rdy)

6. Y v~ 3: (R1y), termination
7. v~ 5: (R24), termination

5In [24] we used the rule of dual disjunctive syllogism in the form m
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Moreover, the principle of conjunction introduction is not admissible in NFL.
Indeed, we have both ¢ Fyg ¥ v ~9 and ¢ FyeL X vV ~X. But if we take v(p) =T,
v(v) = B and v(¢) = N, we obtain v((¢ v ~¢) A (x v ~x)) = F, thus ¢ ¥r
(¥ v ~) A (x v ~X), and hence, ¢ ypL (¥ v ~1) A (X Vv ~X).

To prove the completeness of NFL with respect to Definition 5.1 one can dualize
an algebraic technique employed in [21]. Consider again lattice 9ty with the lattice
order <. Let x < y generally stands for the lattice equation x My ~ x. Since 9y
generates the variety of De Morgan lattices DM, it satisfies an equation = ~ y iff
this equation is satisfied in all the lattices from DM. Once (L, A, v, ~) is known to
form a De Morgan lattice, we have:

Lemma 5.5. For every ¢, vq,...,%, € L the following are equivalent:

(ii) My satisfies ~(PY; v ...V YP) APy Vv ...V,

Proof. (i) = (ii): Assume (i), and consider an arbitrary valuation v. If v(¢); v ... v
Y,,) = T, the lemma holds. If v(¢; v ... v ,) = N, then v(~(¢); v...v¥,)) =N,
and N mz < N holds for any = € {T,F,B,N}. The same argument holds for
vy v...v,)=B. Ifv(@; v...v,) =F, then by (i) v(p) = F, and (i7) holds
as well.

(17) = (4): Assume (i7), and consider a valuation v, such that v(¢; v ... v 9,,)
F. Then T A v(p) < F, and thus, v(p) = F.

oo

Combining this lemma with the algebraic implications of the completeness result
for -4p from the previous section, we get the desired theorem:

Theorem 5.6. If o =r A, then ¢ FyxpL A.

Proof. Assume ¢ typ, A. This implies that there is some reduced matrix (A, D),
and a valuation v € Hom(L, A), such that v(¢) € D but v(¢) ¢ D, for every
1 € A. Since NFL is an extension of 4g, this matrix will also be a model of
Faqm, and by Lemma 4.17, A € DM and D is a lattice filter of A. Note, that D
is closed under (R164). Now, suppose ¢ Er A. By Lemma 5.5, (A, D) satisfies

~(Wy v v, A <y v v, were Yq,...,1, = A. Hence, v(~(¢; v

V) A ) <oy v v ,), and thus, v(~(; v ... v ,)) A p)) ¢ D. But
since D is closed under (R164), we should have v(~(¢y v ... v ¢,))) A ) € D, a

contradiction. O
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6 Concluding remarks: feasibility of Fmla-Set entail-
ment

This paper elaborates a general method of dualizing the proof systems of certain
kind, which can be referred to as ‘degenerated’ Hilbert-style axiomatic systems,
which have in fact no axioms, but only direct inference rules of the SET-FMLA type.
Syntactically the dualization in question consists just in reversing all the inference
rules of the system to be dualized (together with the proper dualization of all the
involved sentences), and in switching thus to a system that deals now with FMLA-
SET consequences. The semantic definition of the entailment relation is subject to
the analogous dualization, which reflects a general duality between truth and falsity.

The described procedure was performed on two systems—Font’s formulation of
Belnap’s logic and Pietz and Rivieccio’s formulation of exactly true logic, both based
on a four-valued Belnapian semantics, but with different choices of designated truth
values. As a result we obtain two new systems, formalizing the dual Belnap logic
and the non-falsity logic, which belong to the FMLA-SET framework. Soundness
and completeness of these systems with respect to the corresponding four-valued
semantics were established.

In view of the technical considerations of the present paper a reader may not feel
comfortable with the very idea of a logic formulated in the FMLA-SET framework.
If we agree that “logic is the science of argument” [23, p.ix], what kind of argument
could comprise logical systems of such type?

It may be noted that Belnap’s logic, and specifically system +j defined in a
SET-FMLA framework, is an exemplar of what can be called a logic of proof, where
an argument is conceived as a procedure of proving some sentence by inferring it
from a collection of premises. In such a setting an argument is just a logical device
that ultimately “leads to a conclusion, one conclusion, or so one would think” [25,
p-333]. In this sense, as observed in [23, p.ix], “ordinary arguments are lopsided:
they can have any number of premisses but only one conclusion”. But is any kind
of logical deduction necessarily such?

Shoesmith and Smiley in their now classic book [23], drawing on pioneering in-
sights by Gerhard Gentzen, Rudolf Carnap and William Kneale, advance a multiple-
conclusion logic that allows “any number of conclusions as well, regarding them

. as setting out the field within which the truth must lie if the premisses are to be
accepted” [23, p.ix]. Since then, the subject of a multiple-conclusion logic has been
taken up by various authors, see [22] for a prominent example of this.

However, Florian Steinberger recently challenged the very idea of multiple con-
clusions by appealing to standards of logical inferentialism, “the position that the
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meanings of the logical constants are determined by the rules of inference they obey”
[25, p.333]. This position, he argues, is incompatible with multiple-conclusion proof
systems because such systems are supposedly not “connected to our ordinary de-
ductive inferential practices”, and thus, he says, “constitute a departure from our
ordinary forms of inference and argument” [25, pp. 335, 340].

Even leaving a dubious issue of finding logical structures “in nature” (see [25,
pp. 339]) aside, one can point out serious limitations of an inferentialist conception
based on the notion of proof (to wit, assertion) only. Wansing, for instance, pays
particular attention to the speech act of denial “in the context of a use-based, in-
ferentialist account of linguistic meaning” [27, p.483|, distinguishing then between
provability, disprovability, and their duals, where “the dual of provability is reducibil-
ity to non-truth”, and “the dual of disprovability is reducibility to non-falsity” [27,
p.486]. He also considers the corresponding ‘inferential relations’”, and moreover,
supplements the well-known Brouwer-Heyting-Kolmogorov (BHK) interpretation of
the logical (intuitionistic) connectives formulated in terms of canonical proofs by
“interpretations in terms of canonical disproofs, canonical reductions to absurdity
(alias non-truth), and canonical reductions to non-falsity” [27, p.493].

Luca Tranchini by constructing a natural deduction system for dual-intuitio-
nistic logic observes a close correspondence between introduction rules of the natural
deduction system for intuitionistic logic and Brouwer-Heyting-Kolmogorov ‘proof-
interpretation’ of the logical constants. He suggests a dual ‘refutation-interpretation’
for the logical constants through the ‘dual-BHK’ clauses, which in turn correspond
to elimination rules of the natural deduction system for dual-intuitionistic logic,
see [26, p.645-646]. Note, incidentally, that the natural deduction system for dual-
intuitionistic logic constructed by Tranchini is “a single-premise multiple-conclusions
system in which derivation trees branch downward” [26, p.632].

The latter observation not only supports the justifiability of multiple-conclusion
systems, but also highlights the relevance of an entailment relation with only one
premise, and particularly the systems considered in Sections 4 and 5 above. Namely,
dual Belnap logic, as well as non-falsity logic, belonging to the FMLA-SET logical
framework, can be most naturally considered a kind of what Kosta Dosen once called
logics of refutation:

A refutation would be a deduction where we have at most one premise;
from this premise we try to deduce a number of conclusions, with the
intent to show that all these conclusions are refutable, so that the premise

"In particular, the consequence of the form ¢ — ¥y, ...,9, stands for an inferential relation “p
is reducible to absurdity from counterassumptions ¢, ...,¢,,"
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must be refutable too. Sequents are read backwards: if all sentences on
the right are refutable, a sentence on the left is refutable. [8, p.111]

In this way, systems g4 and NFL restore an essential lopsidedness of the ‘or-
dinary proof-arguments’, but in a dual fashion, as the pure ‘refutation-arguments’,
which can have any number of conclusions but only one premise. The set of conclu-
sions forms then a refutation set for a given premise, whereas the premise stands for
a hypothesis to be tested for refutability.

Systems g4 and NFL differ in their selection criteria to possible refutations.
A sentence can generally be considered refutable if it can take a non-designated
truth value. Then, in dual Belnap logic, it is sufficient for a sentence to be not
(classically) true, or to be at least (classically) false, depending on the chosen set of
designated truth values (either {7, B}, or {T', N}—both options are possible on an
equal footing), to qualify as a refutation in a given inference. By contrast, in the
non-falsity logic, the criterion is much stronger—here a genuine refutation must be
both false and not true.

Both these systems, being interesting in their own right, indicate a general useful-
ness of the FMLA-SET logical framework for certain logico-methodological purposes,
and thus, its worthiness for further elaboration.
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