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Abstract

We introduce a proper multi-type display calculus for bilattice logic (with conflation) for which we prove soundness, com-
pleteness, conservativity, standard subformula property and cut elimination. Our proposal builds on the product representation of
bilattices and applies the guidelines of the multi-type methodology in the design of display calculi.
© 2018 Elsevier B.V. All rights reserved.
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1. Introduction

Bilattices are algebraic structures introduced in [26] in the context of a multivalued approach to deductive reason-
ing, and have subsequently found applications in a variety of areas in computer science and artificial intelligence. The
basic intuition behind the bilattice formalism, which can be traced back to the work of Dunn and Belnap [15,4,5]
and even earlier, to Kleene’s proposal of a three-valued logic, is to carry out reasoning within a space of truth-values
that results from expanding the classical set {£, t} with a value L, representing lack of information, and a value T,
representing over-defined or contradictory information.

More generally, Ginsberg [26] argued that one could take as space of truth-values a set equipped with two lat-
tice orderings (a bilattice), reflecting respectively the degree of truth and the degree of information associated with
propositions. The bilattice framework may thus be viewed as an attempt at combining the many-valued approach to
vagueness of fuzzy logic with the Dunn—Belnap—Kleene treatment of partial and inconsistent information. In fact,
a number of works has shown how bilattice-like structures naturally arise in the context of fuzzy logic when one tries
to account for uncertainty, imprecision and incompleteness of information [16,39,14,13].
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During the last two decades, the theory of bilattices has been investigated in depth from a proof-theoretic and
algebraic point of view: complete (Hilbert- and Gentzen-style) presentations of bilattice-based logics were introduced
in [1,2], followed by [9] which focuses on the implication-free reduct of the logic. The calculi introduced in these
papers share many features with those considered e.g. in [17] for the Belnap—Dunn logic, of which bilattice logics are
conservative expansions.

Negation plays a very special role. Indeed, it is because of this connective that bilattice logics are not self-
extensional [42] (or, as other authors say, congruential), i.e. the inter-derivability relation of the logic is not a
congruence of the formula algebra. This means that there are formulas ¢ and v such that ¢ 4 ¥ and yet —¢p 4+ —
(this is not the case of the Belnap—Dunn logic, which is self-extensional). In the Gentzen-style calculus for bilattice
logic GBL introduced in [1, Section 3.2], there are four introduction rules for each binary connective, two of which
are standard and introduce it as main connective on the left and on the right of the turnstile, and two are non-standard
and introduce the same connective under the scope of negation. From a proof-theoretic perspective, this solution has
the disadvantage that the resulting calculus is not fully modular, does not enjoy the standard subformula property, and
violates some key criteria about introduction rules for connectives adopted in the literature on display calculi, struc-
tural proof theory and dynamic logics on the basis of technical considerations, and in the literature on proof-theoretic
semantics on more philosophical ground and concerns (see [40,38,21,41]).

In this paper, we introduce a proper multi-type display calculus for bilattice logic that circumvents all the above-
mentioned disadvantages.' As a first approximation to the problem of providing a calculus for the full Arieli-Avron
logic [1,10], we shall here focus on its implication-free fragment, which is precisely the logic axiomatized by means
of a Hilbert-style calculus in [9]. We consider this to be a reasonable tradeoff: on the one hand because, thanks to
the modularity of our calculus, we do not anticipate any major technical difficulties in introducing further rules to
account for the implication (this is current work in progress); on the other hand because the characteristic behaviour
of the bilattice negation (and the problems that arise in its proof-theoretic treatment) already manifest in the context
of the implicationless logic. Another natural future project will be providing a display calculus for modal expansions
of bilattice logic such as those introduced in [33] — see the concluding remarks in Section 7.

The design of our display calculus follows the principles of the multi-type methodology (cf. Section 2.3), introduced
in [27,20,18,19] for displaying dynamic epistemic logic and propositional dynamic logic, and subsequently applied
to displaying several other well known logics (e.g. linear logic with exponentials [31], inquisitive logic [22], semi-De
Morgan logic [28], lattice logic [30]) which are not properly displayable in their single-type presentation, and also to
design families of novel logical frameworks in a modular and principled way [7]. Our multi-type syntactic presentation
of bilattice logic is based on the algebraic insight provided by the product representation theorems (see e.g. [8])
and possesses all the desirable properties of proper display calculi. In particular, our calculus enjoys the standard
subformula property, supports a proof-theoretic semantics and is fully modular. These features make it possible to
prove important results about the logics in a principled way and are key for developing interactive and automated
reasoning tools [3].

Structure of the paper In Section 2 we recall basic definitions and results about bilattices and bilattice logics and
discuss the general motivations and insights underlying (multi-type) display calculi. Section 3 develops an algebraic
analysis of bilattices as heterogeneous structures which provides a basis for our multi-type approach to their proof
theory. In Section 4, we introduce the multi-type bilattice logic which corresponds to heterogenous bilattices. Our
display calculi are introduced in Section 5, and we prove its soundness, completeness, conservativity, subformula
property and cut elimination in Section 6. In Section 7 we outline some directions for future work.

2. Preliminaries
2.1. Bilattices

The following definitions and results can be found e.g. in [1,9].

' The notion of proper display calculus has been introduced in [40]. Properly displayable logics, i.e. those which can be captured by some proper
display calculus, have been characterized in a purely proof-theoretic way in [11]. In [29], an alternative characterization of properly displayable
logics was introduced which builds on the algebraic theory of unified correspondence [12].
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Definition 2.1. A bilattice is a structure B = (B, <;, <g, —) such that B is a non-empty set, (B, <;), (B, <) are
lattices, and — is a unary operation on B having the following properties:

o ifa <; b, then =b <; —a,
e if a <, b, then —a <y —b,
e m—a=a.

We use A, V for the lattice operations which correspond to <; and ®, @ for those that correspond to <. If present,
the lattice bounds of <, are denoted by £ and t (minimum and maximum, respectively) and those of <; by L and T.
The smallest non-trivial bilattice is the four-element one (called Four) with universe {f, t, L, T}.

Fact 2.2. The following equations (De Morgan laws for negation) hold in any bilattice:

(@Y =k @y, —(x®y) =—x &y,

Moreover, if the bilattice is bounded, then

—t=f, —f=¢t, -T=T, =-L=1.

Definition 2.3. A bilattice is called distributive when all possible distributive laws concerning the four lattice opera-
tions, i.e., all identities of the following form, hold:

xo(yez)=(xoy)e(xoz) forallo,eec{A,V,®, B}

If a distributive bilattice is bounded, then
t®f=1, t@f=T, TAL=£, TvLl=t.
In the following, we use B to denote the class of bounded distributive bilattices.
Theorem 2.4 (Representation of distributive bilattices). Let 1L be a bounded distributive lattice with join U and meet 1.

Then the algebra 1. © 1L having as universe the direct product L x L is a distributive bilattice with the following
operations:

(ar,a2) AN{b1,b2) = {a1Mb1,axUby)
(a1, a2) v (b1, by) = (aiubi,axnby)
(a1,a2) ® (b1,b2) = (a1 Nby,axNby)
(ar,a2) ® (b1,b2) = {a1Uby,axUbs)
—'<a1, az) = {az,ar)

£ = (0,1)

t = (1,0

1 = (0,0)

T = (1,1)

Theorem 2.5. Every distributive bilattice is isomorphic to I © IL for some distributive lattice L.

Definition 2.6. A structure B = (B, <;, <y, —, —) is a bilattice with conflation if (B, <;, <¢, —) is a bilattice and the
conflation — : B — B is an operation satisfying:

e ifa <; b, then —a <; —b;
o ifa <y b, then —b < —a;

e ——a=ada.

We say that B is commutative if it also satisfies the equation: = — x = ——x.
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Fact 2.7. The following equations (De Morgan laws for conflation) hold in any bilattice with conflation:

—(XAY)=—xA=Yy —(xVy)=—xV-y
—-(x®y)=—x®d—y —-x®y)=—xQ®—y

Moreover, if the bilattice is bounded, then
—t=t, —f=f£f, —=T=1, —L=T.
We denote by CB the class of bounded commutative distributive bilattices with conflation.

Theorem 2.8. Let D = (D, n, U, ~,0, 1) be a De Morgan algebra, then D © D is a bounded commutative distributive
bilattice with conflation where:

e (D,N,,0,1)® (D,n,1,0,1) is a bounded distributive bilattice;
e —(a,b)=(~b,~a).

Theorem 2.9. Every bounded commutative distributive bilattice with conflation is isomorphic to D © D for some
De Morgan algebra D.

2.2. Bilattice logic

In the present subsection we introduce Bilattice Logic (BL) and Bilattice Logic with Conflation (CBL). The lan-
guage of CBL L over a denumerable set AtProp = {p, ¢, r, ...} of atomic propositions is generated as follows:

Au=plt|f|TIL|~A|AANA|AVA|AQA|A®A|—A,

the language of BL is the conflation-free reduct of £, where conflation is the name of the connective ‘—’. Bilattice
Logic consists of the following axioms:

AFA, ——A-H-A,

ftHA, Abt, LFA, AT,

AF—f, -tFA, =1lFA, AT,

AANBHA, ANB+-B, AAVvB, B+-AVB,

ARBFHA, AQ BB, AHFA®B, B-FA®B,

ANBVC)F(AAB)V(ANC),

AQB®C)F(A®B)V(A® (),

—(AAB)4+=-AVv—-B, =(AVv B)-+~—-AA=B,

—-(A® B) 4+—-A®—B, =(A® B) +—-A®—B,
and the following rules:

AF-B B-C
AFC

A+ B AFC A+ B C+HB
AFBAC AvVvCFEFB

AFB AEC AFB CHB
AFBQ®C AGCFB
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CBL consists of the axioms and rules of BL plus the following axioms:

—— A A, ——A—— A,
—fFA, AF —t, —TFA, AF —1,

—~(AAB)4-—AA—-B, —(AVB)+H—Av —B,
—~(A®QB)4-—A®—-B, —(A®B)4+—-A® —B.

The algebraic semantics of BL (resp. CBL) is given by B (resp. CB). We use A =g C (resp. A =cg C) to mean:
for any B € B (resp. B € CB), if A® € F. then C® € F.. Here A" and C® mean the interpretations of A and C
in B, respectively; and Fr = {a € B : t < a} is the set of designated elements of B (using the terminology of [,
Definition 2.13], F is the least bifilter of B).

Soundness of BL (resp. CBL) is straightforward. In order to show completeness, we can prove that every axiom
and rule of Arieli and Avron’s GBL (resp. GBS, cf. [1]) is derivable in BL (resp. CBL).” Then the completeness of BL
(resp. CBL) follows from the completeness of GBL (resp. GBS, [1, Theorem 3.7]).

Theorem 2.10 (Completeness). AL C iff A= C (resp. AbcsL C iff A =cg C).
2.3. Display calculi and multi-type display calculi

A major issue in structural proof theory is the design of analytic calculi, that is, calculi in which formulas are
deduced through a process of step-wise decomposition, in which no elements extraneous to the formula to be proved
are allowed. The best known analytic calculi are Gentzen’s sequent calculi [25], the analiticity of which takes the form
of the cut elimination theorem, stating that every sequent for which a deduction exists can be proven by a deduction
in which a certain rule (the cut rule, the only rule violating analiticity) is not applied. The syntactic proof of cut elim-
ination is very informative, but is also lengthy and intricate, and hence error-prone. Moreover, it is not robust: that is,
it does not extend modularly from a given calculus to any of its extensions obtained by adding a given rule. Various
extensions and refinements of Gentzen’s sequent calculi have been introduced to improve modularity while retaining
cut-elimination. One of the most elegant and successful such proposals is Belnap’s framework of display calculi [6].
Belnap’s refinement is based on the introduction of a richer syntax for the constituents of each sequent, which in-
cludes structural connectives along with logical connectives. This syntax allows for the definition of an environment
in which the essentials of syntactic cut elimination can be precisely described. In this environment, a cut elimina-
tion meta-theorem can be proved, which gives a set of sufficient conditions for the cut elimination theorem to hold
of sequent calculi. Most of these conditions are easily verified by inspecting the shape of the rules. Meta-theorems
provide much smoother, robust and modular routes to cut elimination than the original proof devised by Gentzen. In
a slogan, cut elimination via meta-theorems is to ordinary cut elimination what canonicity is to completeness. Indeed,
canonicity provides a uniform strategy to achieve completeness; likewise, the conditions of Belnap’s meta-theorem
guarantee that one and the same transformation strategy achieves cut elimination for any calculus satisfying them.
Belnap’s display calculi account simultaneously for large families of logical systems, including modal logics and sub-
structural logics. However, the scope of display calculi, as proposed by Belnap and later refined by Wansing by means
of the notion of proper display calculi [40], does not encompass many important logical systems, and in [11,29], a
characterization is given of the logics which can be endowed with (single-type) proper display calculi. The theory of
multi-type calculi is a generalization of Belnap’s original framework, capable to encompass those logics which — like
linear logic, dynamic epistemic logic, propositional dynamic logic, and inquisitive logic — fall out of the scope of the
characterization given in [29], and uniformly endow them with the same excellent properties enjoyed by (single-type)
proper display calculi. What sets multi-type calculi apart from other proof-theoretic methodologies is that, in multi-
type calculi, entities of different types can coexist and interact on equal ground: each type has its own internal logic
(i.e. language and deduction relation), and the interaction between logics of different types is facilitated by special het-
erogeneous connectives, primitive to the language, and treated on a par with all the others. This enriched environment
is specifically designed to address the problem of expressing the interactions between entities of different types by

2 In order to do this, we view a sequent I' = A of GBL (GBS) as the equivalent sequent A\ T' = \/ A.
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means of analytic rules. Indeed, although the source of the mathematical difficulties was different for each of the log-
ics mentioned above, a common core to these difficulties was identified precisely in the encoding of key interactions
between entities of different types. For instance, for dynamic epistemic logic the difficulties lay in the interactions
between (epistemic) actions, agents’ beliefs, and facts of the world; for linear logic, in the interaction between general
resources and reusable resources; for propositional dynamic logic, between general and iterative actions; for inquis-
itive logic, between general and flat formulas. In each case, precisely the formal encoding of these interactions gave
rise to non-analytic axioms in the original formulations of the logics. In each case, the multi-type approach allowed
to redesign the logics, so as to encode the key interactions into analytic multi-type rules, and define a multi-type
proper display calculus for each of them. Adding types makes it possible to move to a richer and more expressive
environment in which these interactions can be unravelled and reformulated with analytic (multi-type) terms.

A key feature towards the implementation of the multi-type methodology on specific logics, such as bilattice
logic, is the use of algebraic information for proof-theoretic purposes. That is, we aim at reformulating the algebraic
semantics of the given logic in a way which highlights the existence and interaction of different algebras, which can
be taken as potential interpreters of different types, as well as of natural maps connecting these algebras, which can
be taken as potential interpreters of heterogeneous connectives spanning between these types. In the case of bilattices,
this reformulation pivots on the representation theorem of bilattices as twist-product of lattices.

3. Multi-type algebraic presentation of bilattices

In the present section we introduce the algebraic environment which justifies semantically the multi-type approach
to bilattice logic presented in Section 5. The main insight is that (bounded) bilattices (with conflation) can be equiva-
lently presented as heterogeneous structures, i.e. tuples consisting of two (bounded) distributive lattices (De Morgan
algebras) together with two maps between them.

3.1. Multi-type semantic environment

For a bilattice B, let Reg(B) = {a € B : a = —a} be the set of regular elements [8]. It is easy to show that Reg(B)
is closed under ® and @, hence (Reg(B), ®, @) is a sublattice of (B, ®, @). For every a € B, we let

reg(a) :==(aVv (@® —a))® —(aV (a® —a))

be the regular element associated with a. It follows from the representation result of [8, Theorem 3.2] that

B = (Reg(B), ®, ®) © (Reg(B), ®, ®)

where the isomorphism 7 : B — Reg(B) x Reg(BB) is defined, for all a € B, as w(a) := (reg(a), reg(—a)). The inverse
map f :Reg(B) x Reg(B) — B is defined, for all (a, b) € Reg(B) x Reg(B), as

fla,b)):=(@®(@Vvhb)®(b®(anb)).
3.2. Heterogeneous bilattices
Definition 3.1. A heterogeneous bilattice (HBL) is a tuple H = (IL;, L, n, p) satisfying the following conditions:

(H1) L;, L, are bounded distributive lattices.
(H2) n:L; — L, and p: L, — LL; are mutually inverse lattice isomorphisms.

We let HBL denote the class of HBLs. An HBL is perfect if:

(H3) both LL; and L, are perfect lattices>;
(H4) p, n are complete lattice isomorphisms.

3 A distributive lattice A is perfect (cf. [23]) if it is complete, completely distributive and completely join-generated by the set J°°(A) of its
completely join-irreducible elements (as well as completely meet-generated by the set M (A) of its completely meet-irreducible elements).
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By (H2) we have that np = Idr,, and pn = Idr,,, from which it straightforwardly follows that n and p are both right
and left adjoints of each other. The definition of the heterogeneous bilattice with conflation (HCBL) is analogous,
except that we replace (H1) with the following condition:

(Hl") 1Ly and IL; are De Morgan algebras, with De Morgan negations denoted ~; and ~; respectively.

We let HCBL denote the class of HCBLs. In what follows, we let I8 denote the canonical extension of the lattice L.
The following lemma is an easy consequence of the results in [24, Theorems 2.3 and 3.2].

Lemma 3.2. If (Ly, Ly, n, p) is an HBL (HCBL), then (L, L3, n%, p°) is a perfect HBL (resp. HCBL).
/_8\
p
) $
I[‘1 ]LZ

N

3.3. Equivalence of the two presentations
The following result is a straightforward verification of Definition 3.1.

Proposition 3.3. For any bounded distributive bilattice B, the tuple

* = (Reg(B), Reg(B), Idreg(m), Idreg(m))
isan HBL., where 11 =M =Q, Ui =Wy =@, 11 =1, =T and 01 =0, = L
For any CB B, the tuple

= ((Reg(B), ~1), (Reg(B), ~2), Idreg(®), Idrea(m))

is an HCBL, where ~y = ~| = —.

Proposition 3.4. If (L;, Ly, n, p) is an HBL (resp. HCBL), then Li x L, is a bilattice (resp. a bilattice with
conflation) when endowed with the following structure:

(ar,a2) ® (b1,b2) = (a1 M1 b1, axM by)
(a1, @) ® (b1, b2) = (a1l by, axls b)
{ar,a2) A{b1,b2) == (a1 by, ax s b)
(a1, a2) vV (b1,b2) = (a1U1 by, axMaby)
—'(al, az) = (plaz),n(ay))

—(a, @) = (p(~2a2),n(~iay))

£ o= (0,1)

£ = (1,0)

1L = (0,0)

T = (1,1)

A lattice isomorphism h : L — I/ is complete if it satisfies the following properties for each X C LL:

AV X)=VhX)  hAX)=AhX).
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Proof. Firstly, we show that (L x Ly, ®, @) and (L1 x Lo, A, V) are bounded distributive lattices. It is obvious that
they are both bounded lattices. We only need to show that the distributivity law holds. We have:

(a1, az) ® ({by, b2) ® ({c1, c2))
= A{ay, a3) ® ({(by U; c1, by Lr 2)) Def. of &
= (a1 Ny (b1 Uy cy1), ax M (by s c3)) Def. of ®
= ((aiM by Uy (a1 Mcr), (@Maby) s (axTpcp)) Distributivity of Ly and Ly
= (@M by), (a2M2b2)) ® ((@ M c1), (@M2cz)) Def. of ®
= ({a1, a2) ® (b1, b2)) ® ({a1, a2) @ (c1, ¢2)) Def. of ®

Asto (L1 x La, A, V), the argument is analogous.

Now we show that the properties of — are also met. Assume that (ay, a2) <; (b1, b2), equivalently, a; <1 b1 and
by <5 a;. By the definition of —, we have — (a1, a2) = (p(az2), n(a1)) and —=(b1, b2) = (p(b2), n(b1)). Hence p(by) <
p(az2) and n(ay) <z n(b1) by (H2). Thus —(b1, b>) <; —(ai, az). A similar reasoning shows that the corresponding
property involving — and <; also holds. The following argument shows that — is involutive.

——(aj, ay)
= —=(p(az), n(a1)) Def. of =
= (pn(ay), np(az)) Def. of —

= (ay, az) np =Idy,, and pn =1Idy,

As to conflation, assume (a1, az) <; (b1, b2), equivalently, a; < by and by <, a;. By the definition of — we have
—(ai1, a2) = (p(~2a2), n(~1a1)) and —(b1, ba) = (p(~2b2), n(~1b1)). Hence p(~2a2) <1 p(~2b2) and n(~b1) <»
n(~by) by (H2). Thus —(a;, az) <; —(b1, b>). A similar reasoning shows that the corresponding property involving
— and < also holds. The following arguments show that — is involutive and — and — are commutative.

—— (a1, a2)

= —(p(~2a2), n(~1ay)) Def. of —

= (p(~2n(~1ay)), n(~1p(~2az))) Def. of —

= (p(~2~2n(ay)), n(~1~1p(az))) H2

= (pn(a1), np(az)) H1

= (a1, az) np=1dy, and pn =1dg,
——{ai, az)

= —(p(a2), n(ay)) Def. of —

= (p(~2n(ay)), n(~1p(a2))) Def. of —

= —(~1p(a2), ~2n(ay)) Def. of —

= —(p(~2a2), n(~1az2)) H2

=——{ai, az) Def. of — O

Definition 3.5. For any HBL H = (L, Ly, n, p), welet Hy = (L1 x Lz, A, V, ®, @, —) denote the product
algebra where the four lattice operations are defined as in Ly ® L, (Theorem 2.4) and the negation is given by
—(ay, az) := (p(a2), n(ay)) for all (a;,az) € L1 x L. If LL; and L, are isomorphic De Morgan algebras, then we
define Hy = (L x L, A, V, ®, &, —, —) as before, with the conflation given by —(ay, a2) := (p(~2a2), n(~1ay))
for all {a;,ar) € L1 x L.

Proposition 3.6. For any B € B (resp. B € CB) and any HBL (resp. HCBL) H, we have

B=®B"), and H=MH)*.
Proof. Immediately follows from Propositions 3.3 and 3.4. O
4. Multi-type bilattice logic

The results of Section 3.3 show that HBL (resp. HCBL) is an equivalent presentation of B (resp. CB), and motivate
from a semantic perspective the syntactic shift we take in the present section, from a single-type language to a multi-
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type language.* Indeed, heterogeneous algebras provide a natural interpretation for the following multi-type language
LwmT consisting of terms of types L and L,.

LisAr = pi| 11101 |pAz | ~1A1 A1 Ay | Ap Uy Ay
LoA2:=pr| 12102 |nA; | ~Ar | A2 T2 A2 [ Ax Lip Ap

The interpretation of Lyr-terms into HCBLs is defined as the easy generalization of the interpretation of propo-
sitional languages in universal algebra; namely, Li-terms (resp. Lp-terms) are interpreted in the first and second
De Morgan algebras of any HCBL, respectively.

The toggle between CB and HCBL (cf. Sections 3.3) is reflected syntactically by the translations #1(-), 2(-) :
L — Lyt defined as follows:

nip) = p n(p) = p2
) = L n) = 0
nE = 0 nf) = 1
n(m = 1 (M = 1
n) = 0 (L) = 0
nAAB) = nA)mnB) | n(AAB) = n(A)un(B)
n(AvB) = nAuin(B) | n(AvB) = n(A)mn(B)
nNA®B) = nA)muB) | n(A®B) = n(A)Mn(B)
nHA®B) = nAunB) | n(A®B) = n(A) U n(B)
f(—A) = pn(A) h(=A) = nt(A)
f(=A) = p~2h(A) n(—A) = n~1(A)

The translations above are compatible with the toggle between B (resp. CB) and HBL (resp. HCBL). Indeed, re-
call that BT denotes the heterogeneous algebra associated with a given B € B (cf. Definition 3.5). The following
proposition is proved by a routine induction on £-formulas.

Proposition 4.1. For all L-formulas A and B and every B € B (resp. B € CB),

BEA<B if BYEn(A)<nB).
5. Multi-type proper display calculus
In this section we introduce the proper display calculus D.BL (D.CBL) for bilattice logic (with conflation).
5.1. Language

The language Lyvt of D.CBL is given by the union of the sets £ and £, defined as follows. £ is given by
simultaneous induction over the set AtProp; = {p1, g1, 71, ...} of L1-type atomic propositions as follows:

Apz=purlL|OrlpAz [~ Ar[Armp Ay [ Ap U Ay
Xio=A [ 1[0 [PXo [+ Xy [ XM X [ XU X | Xy T X | X C X

L5 is given by simultaneous induction over the set AtProp, = {p2, ¢2, r2, ...} of Lo-type atomic propositions as fol-
lows:

A211=P2|1A2|(32|HA1|N2A2|A2I‘I2A2|A2U2A2
Xo:=A2 | 2|02 INX |42 X2 | XoTh X2 [ Xolh X2 [ X2 T2 X2 | X2 2 X2

The language of D.BL is the {*, %2, ~1, ~2}-free fragment of Lyt.

4 In what follows, we only introduce the multi-type language associated with HCBL. The language associated with HBL can be obtained by
removing the unary operators ~1 and ~;.



5.2. Rules

Fori € {1, 2},

Pure L;-type display rules
XY - 2Z;
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XiFYil Z;

res

res

X, FY;Z;

Multi-type display rules

X, Ci Y+ Z;

CPXob Y NXi kY,

adj

adj

X, ENY; X FPny

X FA;

Pure L;-type identity and cut rules

A Y

1d;

Cut

pi & pi XY

X A1 -Y

Pure L;-type structural rules

X b Y0 0;

l X F Y,

. XY+ Z

X, F Y,

X;iFY: 0 Z;

Yiru X - Z;

N Xi YY) Zi = W;

Xi+Z 1 Y

XiE i Zyl Wy

Xt (Yity Zi) = W;
X+ Z;

Xi B Y0 (Zi Oy W)
X; Y,

W A
XY+ Z;

Xif; X - Z;

Xi b Yt Z;

XY Y

X, FZ;

e Pure L; type operational rules

1 - X;

0;

I - X;

XiH0i
0; F0;

XiHY;

i1

i

X; F0;
X, FA; Y, - B;

Ai r; B; F X;

n;

XililiYil—A,’ m; B;

Xi - Al B;

Hi — i
Ail_liBil—XililiYi X;iHA; U; B;
e Multi-type structural rules
X1HY XoF1

N P
NX; NI PX,-PY;

i]l—Xl X]l—él

Piz

Pl X, X +P0,

147
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e Multi-type operational rules

NA X, X, EFNA,
nA; + X, XoFnA;

PA - X, X1 FPAy
pA2 kX, X1FpAs

The multi-type display calculus D.CBL also includes the following rules:

e Pure L; display structural rules:

*iXi'_Yi X,"—*iYi
adjx adj=

*,‘Y,‘I—X,' Yil—*,‘X,'

e Pure L; structural rules:
X +Y;
%, Y o X

cont

e Multi-type structural rules:

Nx XY, X2 N Y
o NX1+Y> XoF % NY;

*2

e Pure L; operational rules:
*; Xl'l—yi Xi'—*,'Yl'
An essential feature of our calculus is that the logical rules are standard introduction rules of display calculi. This
is key for achieving a canonical proof of cut elimination. The special behaviour of negation is captured by a suitable

translation in a multi-type environment, which makes it possible to circumvent the technical difficulties created by the
non-standard introduction rules of [1].

i

6. Properties

In this section, we sketch the proofs of the main properties of the calculi D.BL and D.CBL. We only sketch them
since these proofs are instances of general facts of the theory of multi-type calculi.

6.1. Soundness

We outline the verification of soundness of the rules of D.BL (resp. D.CBL) w.r.t. the semantics of perfect HBL
(resp. HCBL). The first step consists in interpreting structural symbols as their corresponding logical symbols. This in-
duces a natural interpretation of structural terms as logical/algebraic terms, which we omit. Then we interpret sequents
as inequalities, and rules as quasi-inequalities. The verification of soundness of the rules of D.BL (resp. D.CBL) then
consists in checking the validity of their corresponding quasi-inequalities in perfect HBL (resp. HCBL). For example,
the rules on the left-hand side below are interpreted as the quasi-inequalities on the right-hand side:

. Vay¥bi [p(az) <1 by % a2 < n(b)]
L ENT, Vb [paz) <1 b 2 <2 n(b
X Y,

ﬁ ~ Va;Vbila; <; bi & ~ib; <; ~iai]

The verification of soundness of pure-type rules and of the introduction rules following this procedure is routine,
and is omitted. The validity of the quasi-inequalities corresponding to multi-type structural rules follows straightfor-
wardly from the observation that the quasi-inequality corresponding to each rule is obtained by running the algorithm
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ALBA [29, Section 3.4] on one of the defining inequalities of HBL (resp. HCBL). For instance, the soundness of the
first rule above is due to p and n being inverse to each other (see discussion after Definition 3.1).

6.2. Completeness

Proposition 6.1. For every formula A of BL (resp. CBL), the sequents t{(A) & t1(A) and t2(A) & t,(A) are derivable
in D.BL (resp. D.CBL).

Proof. By induction on the complexity of the formula A. If A is an atomic formula, the translation of #; (A) I #; (A)
with i € {1,2} is A; - A;, which is derivable using (Id) in Ly and Lp, respectively. f A= B ® C,then #;(B® C) =
t;(B)N; ;(C) and if A= B & C, then t;(B ® C) =1;(B) U; £;(C). By induction hypothesis, #;(A;) - #;(A;). The
following derivations complete the proof:
W 1i(C) - 4(C)
1i(B) - 1;(B) . t(O)Ni ;(B) F1;(C)
1i(B)1; 1;(C) - t;(B) 1 (B)N; 1;(C) - 1;(C)
c (t;(B) 1 t;(C) 1 (1;(B) 1 1;(C)) = 1;(B) M; 1;(C)
1 (B)1; ;(C) - t;(B) M; ;(C)
i (B)Ni ;(C) F1(B) M; £ (C)
1i(C) - 14(C) W
1i(B) - 1;(B) w 5 (C) F 1;(C) U ;(B) .
ti(B) F 1;(B) L ; (C) 5 (C) - 1;(B) ;i ;(C)
1;(B) U; t;(C) = (1;(B) U ;(C)) L; (1;(B) LJ; 1;(C)) c
4(B) U; t;(C) - 1;(B) U); 1;(C)
ti(B)U; ;(C) = 1;(B) L; £; (C)
The arguments for A= B A C and A = B Vv C are similar and they are omitted.
If A= —B, then #;(—B) = pt2(B) and (—B) = nt{(B). By induction hypothesis #; (A) |- t; (A). Hence, the fol-
lowing derivations complete the proof:

nB)rFn®B o 6B Fnb)
P1y(B) - P1(B) Nt (B) - Nt (B)
P1y(B) F pry(B) N1 (B) - nt;(B)
pn2(B) - pn(B) nt;(B) Fnt(B)

If A= —B, then t;(—B) =p ~2 ©2(B) and to(—B) = n ~ #;(B). By induction hypothesis #; (B) - #;(B). Hence,
the following derivations complete the proof:

nB)FnB) nBrFn®B
*21(B) = *21(B) *111(B) %1 11(B)
*20(B) = ~2 1(B) *111(B) = ~111(B)
~2 1(B) = ~212(B) , ! n(B)F~11(B) ]
P~ 16(B) =P~ 1 (B) N~ 11(B) =N~ t1(B)
p~20(B)FP~210(B) N~ t1(B) -n~1 t1(B)
p~20(B)Fp~20(B) n~q11(B) Fn~q1(B)

Proposition 6.2. For all formulas A, B of BL (resp. CBL), if A - B is derivable in BL (resp. CBL), then t{(A) - t1(B)
is derivable in D.BL (resp. D.CBL).

5 As discussed in [29], the soundness of the rewriting rules of ALBA only depends on the order-theoretic properties of the interpretation of the
logical connectives and their adjoints and residuals. The fact that some of these maps are not internal operations but have different domains and
codomains does not make any substantial difference.
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Proof. In what follows we show that the translations of the axioms and rules of BL (resp C.BL) are derivable in D.BL
(resp. D.CBL). Since BL (resp C.BL) is complete w.r.t. the class of bilattice algebras (by Theorem 2.10), and hence
w.r.t. their associated heterogeneous algebras (by Propositions 3.3 and 3.4), this is enough to show the completeness
of D.BL (resp. D.CBL). For the sake of readability, in what follows, for each BL-formula A and i € {1, 2}, we let
t;(A) = A;.

The identity axiom A - A is proved in Proposition 6.1.

The derivations of the binary rules are standard and we omit them.

As to £ - A, by the translation, 71 (£) = 0, hence, the sequent O; - A is derivable in D.BL as follows

01 -0
0 - 61 Op Ay
01+ A

The proofs of the translations of A+ t, L -+ A and A - T are analogous.

As to A+ —f£, by the transAlation, t1(—f) = pt2(f) = plo, hence we can prove Aj - pl, by the introduction rule
of (1) on the left side, (W), (12), (adj), (p) and the introduction rule of (1,) on the right side. The proofs of =t - A,

-1+ A, A =T are analogous.
In what follows, we let the sequent on the right side of ~~ denote the result of the translation. The translations of

the remaining axioms in BL are derivable in D.BL as follows:
——A-A ~ pnA;- A

1

Al H A N N Al A
NA|FNA; NA;FNA;
ad nA; FNA; NA|FnA; ad
PnA, F A Al FPnA,
pnA1I—A1 A] I—pnA1
——Ad4A ~ p~2n~1A1—H—A1
A] |—A1 A] I_Al
cont ——MmM8M8M8M8888™ cont —MmMMM88888 ™
>I<1A1 |—>|<1A1 *1A1 |—>I<1A1
y_ FALE~ A N rALFExA
N*1A1|—NN1A1 N"\']A]FN*]A]
N Nx*x A Fn~1 A n~1 A = N=x; Ay
o RNATF D~ A n~ A ERNAL
k2N ™~ A] |—NA1 NA] = *kon ~q A]

. ~n~ A ENA, NA|F~n~j A A
adj adj
P~n~1 A1+ A AlFP~yn~1 Ay
p~n~i Ak A AirEp~n~ Ay

—Ad—=—=A ~ p~2nA1 —H—pn ~1 A1
Al A Al A
— cont — cont
*1A1|—>I<1A1 *1A1|—*1A1
kAL~ A ~LALE* A s
N *1 ™1 A]f—A] N A]l—*l’v] A]
N*l ~1 All—NAl NAll—N*l ~1 A1
N N*] ~1 A1 I—nA1 nA1 |—N>l<1 ~1 A1 N
adi o N~1 A1 FnAy nAFx N~ A adi
sonA1 N~ Ap N~ A1 F%nA;
’\'znAll—N’\'l A1 n~ All—*znAl
~2nA1|—n~1 A] P n~1A1|—~2nA1
P~ynA;FPn~1 Ay Pn~; A FP~ynAy
P~2nA1|—pn~1 A1 Pn~1 All—p’\'znAl

p~2nA;Fpn~y A pn~; AiFp~2nA;
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—“AAN—=B-AF—=(AVB) ~ pAyripBy—p(A2> By) and
“A®@—-B-A4-—=(A®B) ~ pAxNipB;-d-p(A2m2 By)

B, + B
Ay - Ay PB,-PB;
PA,FPA, | w p B> PB;

w pA2-PA; . pB2f1pA-PB;
pAinllszf—PAz pA2I£I1pBQ|—PBz
pAxMipByPA;y i pAxMipB,-PB; adi

N(pA,MipBy) - A N(pA2mipB) - By

o NeA2MipBy) MN(@PA2N pB) - Ay By
N(AxmipB) - Ayp By .
pA2 M pBy EP(Ax; Br)
pA2MipBy = p(A2M2 By)

dj

W B>+ B
W A Ay . By Ay By
Arh Bo - As Ay By By
Ay Bo H Ay , Ay B+ By ,
P(Aymy By)) FPA P(Aymy By))-PB
P(Aym By) Fp A P(A2m Bay) Fp B
p(A2m2 By) FpAs p(A2m2 By) Fp B2

c p(A2 B) i p(A2 My Bo)) Fp Ay p By
p(Aam By) FpAx2 i p B2
—(AAB)d-—=AV—=B ~» p(Ayly By)d-pAU;pBy and
~(A®B)+—-A®—-B ~ p(AyLp By) d-pAyLipB;

By - By
Ay Ay PB,-PBy
PAFPA, | PByFpB W
PAyFpAy W PByFpBy Ll pAs .
i PAzl—pAQI:III;V)Bz ad Ple—pA2I:I1[v)BZ
Ay EN(pAy U1 pB)) By FN(pAz Ui pBy)

Az Uy By EN(pAy U1 pBp) U N(p Ay U p Bp) c
i Azl—lsz'—N(pf}zlﬁlsz)
P(Ayp By)FpAyUipBy
p(A2Ly By) FpAs Uy p By
p(A2uy Bo)FpAs Ui p By

B+ By
rora AR

PAFPA) pByFPB, »
pA2FPA, ad NpBy + B
NpAy F Ay W NpBy F By p Ay .
NpAy - Ay By NpB - Ay B
NpAyH Ay By ad NpBy AL By
pAy FP (A2 By) pBy -P(Ay L By)
pAz Fp(Ax Lz By) pByFp(Aylh By)

pAy U pBy - p (AL By) Uy p(As Ly By) .
pAyUI pBy Fp(AyLp By)

151
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—(AAB)d=—AA—B ~ p~ (A By)d-p~2 Axip~2 By

B+ B W
Ar - Ay W le—leilez .
Ay Ay By By Ay 0y By
Ay E Ay By ByFAyy By
cont cont
*0 (Ap Ly Bo) F#p Ap *0 (Ap Ly Bo) %2 By
x) (Ag U By) F~p Ay x2 (AgUp Boy) - ~2 By
~2 (Ap Ly By) -~ Ay ~2 (A2 By) - ~2 By
P~y (A By) FP~p Ay P~y (AyUp By) =P~ By
P~y (AyLp By)Fp~ A P~y (Ayup Bo)Fp~2 By
p~2 (A2 By)-p~2 Ay p~2 (AU By)-p~2 By

c p~2 (Ayp B) My p~2 (AyUp By) Ep~y Ay M p~2 By
p~2 (AU By)Fp~2 Aynip~2 By

By B>
———F  cont
Ay Ay *) By =% B
%) Ao %0 Ay cont ~2 By =%y By
~y Ay %9 Ap b P~y By -Pxy By
P~y Ay FPxy Ay w p~2 BaFPxp By
W p~2 Ay Pk Ap . p~2 By p~2 Ay Py By
p~2Ayf1 p~2 By F Py Ay adi p~2 Ay p~2 Bo Py By ad
N(p~2Arfip~ Bk %2 A ad* N(p~2A2fp~ B % By ad*
By sy N(p~2 Ay p~3 Ap) By s N(p~2 Ay f1y p~2 B))

Ay Uy By = N(p~2 Aa 11 p~2 B2) U % N(p~2 A2 111 p~2 B)
ALy By 4N (p~p Ay M1y p~2 B))

N(p~2 Ay p~2 By) -2 (Az Ly B))

N(p~2 Ay p~2 By) - ~2 (Ax Lz Bp)
p~2 A2 p~2 By FP~2 (AyLp By)
. p~2 A2 p~2 By Fp~2 (A2 By)
p~2AxN1p~2 By b p~a (Ay Ly By)
—(A®B)A=-A@® —B ~ p~ (A2 By) A=p~ AsUip~2 By

adj*

adj

o B2F B
A Ay *2 By % By
cont %2 Ao %0 Ap *) By =~ By
%2 Ao b ~p Ap b Px) Bop=P~2 By
Pxy Ao EP~p Ay Px; Bo=p~2 By W
Pxy Ay p~2 Az w Pxo By p~2 Bylip~2 Ay .
Pxy Aybp~2 Ayl p~2 By Pxy Bybp~2 Ay Ui p~2 By
i PxyAoFp~ Ayl p~ By adi Px; BoFp~ AyUip~2 By
e *2A2 = N(p~2 Ao Uy p~2 B2) e *2 By = N(p~2 A2 Uy p~2 B2)
*N(p~2 Ao U1 p~2 By) F A #* NP~ Auip~B)F B

#o N (p~2 Ay Ly p~2 By) ﬁz %20 N(p~ AoU1p~ By)FHAymp B
#*N(p~2 AyUip~2 B2) Ay By
*2 (A2 Bp) = N(p~2 Ay Uy p~2 B?)
~2 (Ay Bo)) EN(p~2 Ay Uy p~2 B?)
P~ (Ao Bo)Fp~2 AyUip~2 By
p~ (A2 By)Fp~Alip~2 By

adj*

adj
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B+ By
cont ——
Ay Ay %2 By %0 By
con %0 A % Ao ~2 By % By
~y Ay %y Ay P~y By Px By
P
P~y Ay P Ap p~2 By FPxp By i
p~2AyFPxy Ay Np~2 By %2 By ‘
adj adj
Np~2 Az %2 Ap e W By F % Np~; By
w Ay F#Np~2 Ay : By Ay =% Np~2 By
Ay By s Np~y Ay Ay BoE#oNp~; By -
Ay BoE#Np~2 Ay Ay By E#Np~2 By

djsx dj*

Np~ Ay 2 (A2 2 By) Np~2 By F %3 (A2M2 By)
Np~2 Ay =~ (A By) i Np~; By = ~2 (A2 2 B) i
p~2 A2 =P~y (Ax By) p~2 By P~ (A Bo)
p~2 A2 p~2 (A2 By) p~2 By p~2 (A2 Bo)
p~2 AU p~2 By - p~2 (Ay My By) Ui p~2 (A2 M2 By) c

p~AUip~2 BaFp~2 (A2 By)

6.3. Conservativity

To argue that the calculus introduced in Section 5 is conservative w.r.t. BL (resp. CBL), we follow the standard
proof strategy discussed in [29,27]. Denote by gy, (resp. FcpL) the consequence relation defined by the calculus
for BL (resp. CBL) introduced in Section 2, and by }=ngL (resp. =ncpL) the semantic consequence relation arising
from the class of (perfect) HBLs (resp. HCBLs). We need to show that, for all formulas A and B of the original
language of BL (resp. CBL), if #1(A) F #1(B) is a D.BL-derivable (resp. D.CBL-derivable) sequent, then A g, B
(resp. A FcpL B). This can be proved using the following facts: (a) the rules of D.BL (resp. D.CBL) are sound
w.r.t. perfect HBLs (resp. HCBLs); (b) BL (resp. CBL) is complete w.r.t. B (resp. CB); and (c) B (resp. CB) are
equivalently presented as HBL (resp. HCBL, cf. Section 3.3), so that the semantic consequence relations arising from
each type of structures preserve and reflect the translation (cf. Propositions 6.1 and 6.2). Let then A, B be formulas
of the original language of BL (resp. CBL). If #1(A) I #1(B) is a D.BL (resp. D.CBL)-derivable sequent, then, by (a),
11(A) EnsL 11 (B) (resp. t1(A) FEnesL t1(B)). By (¢) and Proposition 4.1, this implies that A =g B (resp. A =cg B).
By (b), this implies that A - B (resp. A FcBL B), as required.

6.4. Subformula property and cut elimination

Let us briefly sketch the proof of cut elimination and subformula property for D.BL (resp. D.CBL). As discussed
earlier on, proper display calculi have been designed so that the cut elimination and subformula property can be
inferred from a meta-theorem, following the strategy introduced by Belnap for display calculi [6]. The meta-theorem
to which we will appeal for D.BL (resp. D.CBL) was proved in [19].

All conditions in [19, Theorem 4.1] except Cg are readily seen to be satisfied by inspection of the rules. Condition
Cg requires to check that reduction steps are available for every application of the cut rule in which both cut-formulas
are principal, which either remove the original cut altogether or replace it by one or more cuts on formulas of strictly
lower complexity. In what follows, we only show Cg for the unary connectives ~ and n (the proof for p is analogous).
The cases of lattice connectives are standard and hence omitted.

L;-type connectives

L ST
3771 27'[2 * A EY; Xi b A;
Xl‘ l—*,'Ai *iAi |—Yi ki Yi I—Al’ Ai}—*[Xl’
Xi b~ A ~i A FY; * Yi b * X

cont

X HY; ~ X, HY;
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Multi-type connectives

D7 : 2
3 10} X2 FNA; NA FY,
X, FNA; NA Y, PX, H A A1 FPYp
X7 FnA; nA Y, PX; - PY,
XoFY ~ Xo Yy

7. Conclusions and future work

The modular character of proper multi-type display calculi makes it possible to easily extend our formalism so
as to capture axiomatic extensions (e.g. the logic of classical bilattices with conflation [1, Definition 2.11]) as well
as language expansions of the basic bilattice logics treated in the present paper. Expansions of bilattice logic have
been extensively studied in the literature as early as in [1], which introduces an implication enjoying the deduction-
detachment theorem (see also [10]). More recently, modal operators have been added to bilattice logics, motivated
by potential applications to computer science and in particular verification of programs [33,36]; as well as dynamic
modalities, motivated by applications in the area of dynamic epistemic logic [34,35].

Yet more recently, bilattices with a negation not necessarily satisfying the involution law (——a = a) have been
introduced with motivations of domain theory and topological duality (see [32]), and the study of the corresponding
logics has been started [37]. These logics are weaker than the one considered in the present paper, and so adapting our
display calculus formalism to them might prove a more challenging task (in particular, the translations introduced in
Section 6 may need to be redefined, as they rely on the maps p and n being lattice isomorphisms, which is no longer
true in the non-involutive case).

References

[1] Ofer Arieli, Arnon Avron, Reasoning with logical bilattices, J. Log. Lang. Inf. 5 (1) (1996) 25-63.
[2] Ofer Arieli, Arnon Avron, The value of the four values, Artif. Intell. 102 (1) (1998) 97-141.
[3] Samuel Balco, Sabine Frittella, Giuseppe Greco, Alexander Kurz, Alessandra Palmigiano, Software tool support for modular reasoning in
modal logics of actions, in: Proceedings ITP 2018, 2018, forthcoming.
[4] Nuel Belnap, How a computer should think, in: G. Ryle (Ed.), Contemporary Aspects of Philosophy, Oriel Press, Boston, 1977, pp. 30-56.
[5] Nuel Belnap, A useful four-valued logic, in: Modern Uses of Multiple-Valued Logic, Springer, 1977, pp. 5-37.
[6] Nuel Belnap, Display logic, J. Philos. Log. 11 (4) (1982) 375-417.
[7] Marta Bilkovd, Giuseppe Greco, Alessandra Palmigiano, Apostolos Tzimoulis, Nachoem Wijnberg, The logic of resources and capabilities,
Rev. Symb. Log. (2018), accepted, arXiv:1608.02222.
[8] Félix Bou, Ramon Jansana, Umberto Rivieccio, Varieties of interlaced bilattices, Algebra Univers. 66 (1) (2011) 115-141.
[9] Félix Bou, Umberto Rivieccio, The logic of distributive bilattices, Log. J. IGPL 19 (1) (2010) 183-216.
[10] Félix Bou, Umberto Rivieccio, Bilattices with implications, Stud. Log. 101 (4) (2013) 651-675.
[11] Agata Ciabattoni, Revantha Ramanayake, Power and limits of structural display rules, ACM Trans. Comput. Log. 17 (3) (2016) 17.
[12] Willem Conradie, Silvio Ghilardi, Alessandra Palmigiano, Unified correspondence, in: Alexandru Baltag, Sonja Smets (Eds.), Johan van
Benthem on Logic and Information Dynamics, in: Outstanding Contributions to Logic, vol. 5, Springer International Publishing, 2014,
pp. 933-975.
[13] Chris Cornelis, Ofer Arieli, Glad Deschrijver, Etienne E. Kerre, Uncertainty modeling by bilattice-based squares and triangles, IEEE Trans.
Fuzzy Syst. 15 (2) (2007) 161-175.
[14] Glad Deschrijver, Ofer Arieli, Chris Cornelis, Etienne E. Kerre, A bilattice-based framework for handling graded truth and imprecision, Int.
J. Uncertain. Fuzziness Knowl.-Based Syst. 15 (1) (2007) 13-41.
[15] Jon Michael Dunn, The Algebra of Intensional Logics, PhD thesis, University of Pittsburgh, 1966.
[16] Francesc Esteva, Pere Garcia-Calvés, Lluis Godo, Enriched interval bilattices and partial many-valued logics: an approach to deal with graded
truth and imprecision, Int. J. Uncertain. Fuzziness Knowl.-Based Syst. 2 (1) (1994) 37-54. IPMU ’92, Mallorca, 1992.
[17] Josep Maria Font, Belnap’s four-valued logic and De Morgan lattices, Log. J. IGPL 5 (3) (1997) 1-29.
[18] Sabine Frittella, Giuseppe Greco, Alexander Kurz, Alessandra Palmigiano, Multi-type display calculus for propositional dynamic logic, J. Log.
Comput. 26 (6) (2016) 2067-2104.
[19] Sabine Frittella, Giuseppe Greco, Alexander Kurz, Alessandra Palmigiano, Vlasta Sikimi¢, Multi-type sequent calculi, in: M. Zawidski,
A. Indrzejczak, J. Kaczmarek (Eds.), Proceedings of Trends in Logic XIII, Lodz, Poland, 2-5 July 2014, vol. 13, Lodz University Press, 2014,
pp. 81-93.
[20] Sabine Frittella, Giuseppe Greco, Alexander Kurz, Alessandra Palmigiano, Vlasta Sikimié¢, Multi-type display calculus for dynamic epistemic
logic, J. Log. Comput. 26 (6) (2016) 2067-2104.


http://refhub.elsevier.com/S0165-0114(18)30267-7/bib617269656C6931393936726561736F6E696E67s1
http://refhub.elsevier.com/S0165-0114(18)30267-7/bib617269656C693139393876616C7565s1
http://refhub.elsevier.com/S0165-0114(18)30267-7/bib546F6F6C537570706F7274s1
http://refhub.elsevier.com/S0165-0114(18)30267-7/bib546F6F6C537570706F7274s1
http://refhub.elsevier.com/S0165-0114(18)30267-7/bib62656C6E617031393737636F6D7075746572s1
http://refhub.elsevier.com/S0165-0114(18)30267-7/bib62656C6E61703139373775736566756Cs1
http://refhub.elsevier.com/S0165-0114(18)30267-7/bib42656C6E617031393832s1
http://refhub.elsevier.com/S0165-0114(18)30267-7/bib4247505457s1
http://refhub.elsevier.com/S0165-0114(18)30267-7/bib4247505457s1
http://refhub.elsevier.com/S0165-0114(18)30267-7/bib626F7532303131766172696574696573s1
http://refhub.elsevier.com/S0165-0114(18)30267-7/bib626F75323031306C6F676963s1
http://refhub.elsevier.com/S0165-0114(18)30267-7/bib626F753230313362696C61747469636573s1
http://refhub.elsevier.com/S0165-0114(18)30267-7/bib436961626174746F6E6952616D616E6179616B6532303136s1
http://refhub.elsevier.com/S0165-0114(18)30267-7/bib436F476850613134s1
http://refhub.elsevier.com/S0165-0114(18)30267-7/bib436F476850613134s1
http://refhub.elsevier.com/S0165-0114(18)30267-7/bib436F476850613134s1
http://refhub.elsevier.com/S0165-0114(18)30267-7/bib436F417244654B653037s1
http://refhub.elsevier.com/S0165-0114(18)30267-7/bib436F417244654B653037s1
http://refhub.elsevier.com/S0165-0114(18)30267-7/bib44654172436F4B653037s1
http://refhub.elsevier.com/S0165-0114(18)30267-7/bib44654172436F4B653037s1
http://refhub.elsevier.com/S0165-0114(18)30267-7/bib64756E6E31393636616C6765627261s1
http://refhub.elsevier.com/S0165-0114(18)30267-7/bib45734761476F393461s1
http://refhub.elsevier.com/S0165-0114(18)30267-7/bib45734761476F393461s1
http://refhub.elsevier.com/S0165-0114(18)30267-7/bib666F6E743139393762656C6E6170s1
http://refhub.elsevier.com/S0165-0114(18)30267-7/bib50444Cs1
http://refhub.elsevier.com/S0165-0114(18)30267-7/bib50444Cs1
http://refhub.elsevier.com/S0165-0114(18)30267-7/bib5472656E647358494949s1
http://refhub.elsevier.com/S0165-0114(18)30267-7/bib5472656E647358494949s1
http://refhub.elsevier.com/S0165-0114(18)30267-7/bib5472656E647358494949s1
http://refhub.elsevier.com/S0165-0114(18)30267-7/bib4D756C746974797065s1
http://refhub.elsevier.com/S0165-0114(18)30267-7/bib4D756C746974797065s1

G. Greco et al. / Fuzzy Sets and Systems 363 (2019) 138—155 155

[21] Sabine Frittella, Giuseppe Greco, Alexander Kurz, Alessandra Palmigiano, Vlasta Sikimi¢, A proof-theoretic semantic analysis of dynamic
epistemic logic, J. Log. Comput. 26 (6) (2016) 1961-2015.

[22] Sabine Frittella, Giuseppe Greco, Alessandra Palmigiano, Fan Yang, A multi-type calculus for inquisitive logic, in: J. Viininen, A. Hirvonen,
R. de Queiroz (Eds.), Logic, Language, Information, and Computation, WoLLIC 2016, Puebla, Mexico, in: LNCS, vol. 9803, Springer, 2016,
pp. 215-233.

[23] Mai Gehrke, John Harding, Bounded lattice expansions, J. Algebra 238 (1) (2001) 345-371.

[24] Mai Gehrke, Bjarni Jonsson, Bounded distributive lattices with operators, Math. Jpn. 40 (2) (1994) 207-215.

[25] Gerhard Gentzen, Investigations into logical deduction, Am. Philos. Q. 1 (4) (1964) 288-306.

[26] Matthew L. Ginsberg, Multivalued logics: a uniform approach to reasoning in artificial intelligence, Comput. Intell. 4 (3) (1988) 265-316.

[27] Giuseppe Greco, Alexander Kurz, Alessandra Palmigiano, Dynamic epistemic logic displayed, in: H. Huang, D. Grossi, O. Roy (Eds.),
Proceedings of the 4th International Workshop on Logic, Rationality and Interaction, LORI-4, in: LNCS, vol. 8196, 2013.

[28] Giuseppe Greco, Fei Liang, Andrew Moshier, Alessandra Palmigiano, Multi-type display calculus for semi De Morgan logic, in: J. Kennedy,
R. de Queiroz (Eds.), Proceedings of the 24th Workshop on Logic, Language, Information and Computation, WoLLIC, in: LNCS, vol. 10388,
Springer, Berlin, Heidelberg, 2017, pp. 199-215.

[29] Giuseppe Greco, Minghui Ma, Alessandra Palmigiano, Apostolos Tzimoulis, Zhiguang Zhao, Unified correspondence as a proof-theoretic
tool, J. Log. Comput. exw022 (2016).

[30] Giuseppe Greco, Alessandra Palmigiano, Lattice logic properly displayed, in: J. Kennedy, R. de Queiroz (Eds.), Proceedings of the 24th Work-
shop on Logic, Language, Information and Computation, WoLLIC, in: LNCS, vol. 10388, Springer, Berlin, Heidelberg, 2017, pp. 153-169.

[31] Giuseppe Greco, Alessandra Palmigiano, Linear logic properly displayed, arXiv:1611.04181, submitted for publication.

[32] Tomas Jakl, Achim Jung, Ale§ Pultr, Bitopology and four-valued logic, Electron. Notes Theor. Comput. Sci. 325 (2016) 201-219.

[33] Achim Jung, Umberto Rivieccio, Kripke semantics for modal bilattice logic, in: Proceedings of the 2013 28th Annual ACM/IEEE Symposium
on Logic in Computer Science, IEEE Computer Society, 2013, pp. 438-447.

[34] Umberto Rivieccio, Algebraic semantics for bilattice public announcement logic, in: M. Zawidski, A. Indrzejczak, J. Kaczmarek (Eds.),
Proceedings of Trends in Logic XIII, Lodz, Poland, 2-5 July 2014, vol. 13, Lodz University Press, 2014, pp. 199-215.

[35] Umberto Rivieccio, Bilattice public announcement logic, Adv. Modal Log. 10 (2014) 459-477.

[36] Umberto Rivieccio, Achim Jung, Ramon Jansana, Four-valued modal logic: Kripke semantics and duality, J. Log. Comput. 27 (1) (2017)
155-199.

[37] Umberto Rivieccio, Paulo Maia, Achim Jung, Non-involutive twist-structures, Log. J. IGPL (2018), Special issue: Recovery Operators and
Logics of Formal Consistency & Inconsistencies, to appear.

[38] Peter Schroeder-Heister, Proof-theoretic semantics, in: Edward N. Zalta (Ed.), The Stanford Encyclopedia of Philosophy, spring 2013 edition,
2013.

[39] V.B. Tarassov, Lattice products, bilattices and some extensions of negations, triangular norms and triangular conorms, in: I. Batyrshin,
J. Kacpzryk, L. Sherenetov (Eds.), Proceedings of the International Conference on Fuzzy Sets and Soft Computing in Economics and Fi-
nance, vol. 1, FSSCEF’04, 2004, pp. 272-282.

[40] Heinrich Wansing, Displaying Modal Logic, Kluwer, 1998.

[41] Heinrich Wansing, The idea of a proof-theoretic semantics and the meaning of the logical operations, Stud. Log. 64 (1) (2000) 3-20.

[42] Ryszard Wojcicki, Referential semantics, in: Theory of Logical Calculi, Springer, 1988, pp. 341-401.


http://refhub.elsevier.com/S0165-0114(18)30267-7/bib474156s1
http://refhub.elsevier.com/S0165-0114(18)30267-7/bib474156s1
http://refhub.elsevier.com/S0165-0114(18)30267-7/bib496E717569736974697665s1
http://refhub.elsevier.com/S0165-0114(18)30267-7/bib496E717569736974697665s1
http://refhub.elsevier.com/S0165-0114(18)30267-7/bib496E717569736974697665s1
http://refhub.elsevier.com/S0165-0114(18)30267-7/bib676568726B6532303031626F756E646564s1
http://refhub.elsevier.com/S0165-0114(18)30267-7/bib676568726B6531393934626F756E646564s1
http://refhub.elsevier.com/S0165-0114(18)30267-7/bib47653634s1
http://refhub.elsevier.com/S0165-0114(18)30267-7/bib67696E7362657267313938386D756C746976616C756564s1
http://refhub.elsevier.com/S0165-0114(18)30267-7/bib474B504C6F7269s1
http://refhub.elsevier.com/S0165-0114(18)30267-7/bib474B504C6F7269s1
http://refhub.elsevier.com/S0165-0114(18)30267-7/bib53444Ds1
http://refhub.elsevier.com/S0165-0114(18)30267-7/bib53444Ds1
http://refhub.elsevier.com/S0165-0114(18)30267-7/bib53444Ds1
http://refhub.elsevier.com/S0165-0114(18)30267-7/bib474D50545As1
http://refhub.elsevier.com/S0165-0114(18)30267-7/bib474D50545As1
http://refhub.elsevier.com/S0165-0114(18)30267-7/bib477265636F50616C6D696769616E6F4C6174746963654C6F676963s1
http://refhub.elsevier.com/S0165-0114(18)30267-7/bib477265636F50616C6D696769616E6F4C6174746963654C6F676963s1
http://refhub.elsevier.com/S0165-0114(18)30267-7/bib47503A6C696E656172s1
http://refhub.elsevier.com/S0165-0114(18)30267-7/bib6A616B6C323031366269746F706F6C6F6779s1
http://refhub.elsevier.com/S0165-0114(18)30267-7/bib6A756E67323031336B7269706B65s1
http://refhub.elsevier.com/S0165-0114(18)30267-7/bib6A756E67323031336B7269706B65s1
http://refhub.elsevier.com/S0165-0114(18)30267-7/bib72697669656363696F32303134616C67656272616963s1
http://refhub.elsevier.com/S0165-0114(18)30267-7/bib72697669656363696F32303134616C67656272616963s1
http://refhub.elsevier.com/S0165-0114(18)30267-7/bib72697669656363696F3230313462696C617474696365s1
http://refhub.elsevier.com/S0165-0114(18)30267-7/bib72697669656363696F32303137666F7572s1
http://refhub.elsevier.com/S0165-0114(18)30267-7/bib72697669656363696F32303137666F7572s1
http://refhub.elsevier.com/S0165-0114(18)30267-7/bib52697669656363696Fs1
http://refhub.elsevier.com/S0165-0114(18)30267-7/bib52697669656363696Fs1
http://refhub.elsevier.com/S0165-0114(18)30267-7/bib5065746572s1
http://refhub.elsevier.com/S0165-0114(18)30267-7/bib5065746572s1
http://refhub.elsevier.com/S0165-0114(18)30267-7/bib7461726173736F76323030346C617474696365s1
http://refhub.elsevier.com/S0165-0114(18)30267-7/bib7461726173736F76323030346C617474696365s1
http://refhub.elsevier.com/S0165-0114(18)30267-7/bib7461726173736F76323030346C617474696365s1
http://refhub.elsevier.com/S0165-0114(18)30267-7/bib57616E73696E6731393938s1
http://refhub.elsevier.com/S0165-0114(18)30267-7/bib57613030s1
http://refhub.elsevier.com/S0165-0114(18)30267-7/bib776F6A6369636B69313938387265666572656E7469616Cs1

	Bilattice logic properly displayed
	1 Introduction
	2 Preliminaries
	2.1 Bilattices
	2.2 Bilattice logic
	2.3 Display calculi and multi-type display calculi

	3 Multi-type algebraic presentation of bilattices
	3.1 Multi-type semantic environment
	3.2 Heterogeneous bilattices
	3.3 Equivalence of the two presentations

	4 Multi-type bilattice logic
	5 Multi-type proper display calculus
	5.1 Language
	5.2 Rules

	6 Properties
	6.1 Soundness
	6.2 Completeness
	6.3 Conservativity
	6.4 Subformula property and cut elimination

	7 Conclusions and future work
	References


