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Abstract. We introduce a proper display calculus for (non-distributive) Lattice
Logic which is sound, complete, conservative, and enjoys cut-elimination and
subformula property. Properness (i.e. closure under uniform substitution of all
parametric parts in rules) is the main interest and added value of the present pro-
posal, and allows for the smoothest Belnap-style proof of cut-elimination, and
for the most comprehensive account of axiomatic extensions and expansions of
Lattice Logic in a single overarching framework. Our proposal builds on an alge-
braic and order-theoretic analysis of the semantic environment of lattice logic,
and applies the guidelines of the multi-type methodology in the design of display
calculi.
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1 Introduction

Lattice logic (i.e. the restriction of classical propositional logic to the {A,V,T,L}-
fragment without distributivity) is the propositional base of many well known ‘lattice-
based’ logics (e.g. the full Lambek calculus [31], bilattice logic [1], orthologic [35],
linear logic [33]), and as such is hardly ever studied in isolation. An important question
in structural proof theory concerns how to smoothly account for the transition between
a given (lattice-based) logic and its axiomatic extensions and expansions [50, Chap.
1], [23, p. 352], [24,27]. In the present paper, we introduce a calculus for lattice logic
aimed at supporting this smooth transition for a class of lattice-based logics which is
the widest so far.

Toward this goal, research in structural proof theory [24,46,50] has identified two
general criteria: (a) all introduction rules for logical connectives are to have one and
the same form; (b) the information on the distinctive features of each logical connec-
tive and on the interaction between connectives is to be encoded in structural rules
satisfying certain requirements, captured by the notion of analiticity. These criteria are
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fulfilled, among others, by proper display calculi, a refinement of Belnap’s display cal-
culi [2] introduced by Wansing [50]. However, in most calculi for lattice-based logics
(cf. e.g. [47,48]), including display calculi [3], the introduction rules for conjunction
and disjunction have the so-called additive form, while those of the other connectives
typically are in multiplicative form (see Sect.2.2). More fundamentally, conjunction
and disjunction do not have structural counterparts in these calculi. This non-standard
treatment can be explained, in the setting of display calculi, by the following trade-off:
introducing the structural counterparts of these connectives would require the addition
of the display postulates in order to enforce the display property, which is key to the
Belnap-style cut elimination metatheorem [2,50]; however, the addition of display pos-
tulates would make it possible for the resulting calculus to derive the unwanted distrib-
utivity axioms as theorems. So, the need to block the derivation of distributivity is at
the root of the non-standard design choice of having logical connectives without their
structural counterpart (cf. [4]).

In the present paper, we introduce the proper display calculus D.LL for lattice logic
which enjoys the full display property, and is such that all introduction rules have the
same form (namely the multiplicative form). We succeed in circumventing the trade-
off described above by introducing a richer language, with terms of different types.
This solution applies the principles of a design for proof calculi (the multi-type display
calculi) introduced in [25,26,28,36] with the aim of displaying dynamic epistemic logic
and propositional dynamic logic, then successfully applied to several other logics (such
as linear logic with exponentials [39], inquisitive logic [29], semi De Morgan logic
[34]) which are not properly displayable' in their single-type formulation, and has also
served as a platform for the design of novel logics [5].

The main feature of D.LL is that it makes it possible to express the interactions
between conjunction and disjunction and between them and other connectives at the
structural level, by means of analytic structural rules. The remarkable property of these
rules is that adding them to a given proper multi-type calculus preserves the package
of basic properties of that calculus (soundness, completeness, conservativity, cut elimi-
nation and subformula property). This is all the more an advantage, because a uniform
theory of analytic extensions of proper multi-type calculi is being developed thanks to
the systematic connections established in [37] between proper display calculi and uni-
fied correspondence theory. These connections have made it possible to characterize
the syntactic shape of axioms (the so-called analytic inductive axioms) which can be
equivalently translated into analytic rules of a proper display calculus. Thus, the main
feature of this calculus paves the way to the creation of the most comprehensive and
modular proof theory of analytic extensions of lattice-based logics. The specific solu-
tion for lattice logic is justified semantically by Birkhoff’s representation theorem for
complete lattices.

U Properly displayable logics (cf. [50]) are those amenable to be presented in the form of a
proper display calculus. The notion of properly displayable logic has been characterized in
a purely proof-theoretic way in [9]. In [37], an alternative characterization of properly dis-
playable logics has been proposed which builds on the algebraic theory of unified correspon-
dence [10,12,14,15,18-21,30,42-45]. The techniques and insights of unified correspondence
are also available for lattice-based logics, cf. [11,13,16,17]).
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Structure of the Paper. In Sect.2, we briefly report on a Hilbert-style presentation of
lattice logic and its algebraic semantics, and discuss the issue of a modular account of
its axiomatic extensions and expansions. In Sect.3, we report on well known order-
theoretic facts related with the representation of complete lattices, which help to intro-
duce an equivalent multi-type semantic environment for lattice logic. In Sect.4, we
introduce the multi-type language naturally associated with the semantic environment
of the previous section. In Sect. 5, we introduce the multi-type calculus D.LL for lattice
logic which constitutes the core contribution of the present paper. In Sect. 6, we discuss
the basic properties of D.LL (soundness, completeness, cut-elimination, subformula
property, and conservativity). In Sect. B, we collect some derivations, and prove that
(the translation of) the distributivity axiom is not derivable in D.LL.

2 Lattice Logic and Its Single-Type Proof Theory

2.1 Hilbert-Style Presentation of Lattice Logic and Its Algebraic Semantics
The language £ of lattice logic over a set AtProp of atomic propositions is so defined:
Au=p|T|LIAANA|AVA.

Lattice logic has the following Hilbert-style presentation:
A+rA, L+A, A+T, AvAVB, BFAVB, ANB+A, ANB+B

A+rB B+C A+ B ArB A+rC A+rC BrC
ArC A[C/p] + B[C/p] A+rBAC AVB+C

where A[C/p] indicates that all occurrences of p € AtProp in A are replaced by C.
The algebraic semantics of lattice logic is given by the class of bounded lattices (cf.
[6,8]), i.e. (2,2,0,0)-algebras A = (X, A, V, T, L) validating the following identities:

Commutative laws Associative laws
cC.anb=bAa cA.an(bAc)=(@Ab)Ac
dC.avb=bVva dA.av(bVvc)=(aVb)Vc

Identity laws Absorption laws
cl.L.anT=a cAb.aA(aVb)=a
dl.avi=a dAb.avV(aAb)=a

A bounded lattice is distributive if it validates the distributivity laws below. A
bounded lattice is residuated (resp. dually residuated) if it validates the residuation
law cR (resp. dR). If a lattice is (dually) residuated then is distributive (cf. [22,31]).

Distributivity laws Residuation laws
cD.an(bvc)=(aAb)V(aVc) cR.anb<c iff b<a—->c
dD.aVv(bAc)=(aVb)A(aVc) dR.a<bvc iff b>a<c



156 G. Greco and A. Palmigiano

2.2 Towards a Modular Proof Theory for Lattice Logic

To motivate the calculus introduced in Sect. 5, it is useful to discuss preliminarily the
following Gentzen-style sequent calculus for lattice logic (cf. e.g. [49]):

— Identity and Cut rules
XA ALY

>rp M xry M
— Operational rules (where i € {1,2})
L XrI AirX  XrA XrB
=1 AN ———————
LrI XFL AlNA X X+AANB
IrX - v AEX BrX XFA;
THX IrT AVBGrX XFA VA,

The calculus above, which we refer to as L0, is sound w.r.t. the class of lattices, com-
plete w.r.t. the Hilbert-style presentation of lattice logic, and enjoys cut-elimination.
Hence, L0 is perfectly adequate as a calculus for lattice logic, when this logic is regarded
in isolation. However, as discussed in the introduction, the main interest of lattice logic
lays in its serving as a base for its axiomatic extensions (cf. e.g. [40]) and language-
expansions. Axiomatic extensions of lattice logic can be supported by LO by adding
suitable axioms. For instance, modular and distributive lattice logic can be respectively
captured by adding the following axioms to LO:

(CAB)VA)AB+-(CAB)V(AAB) and AAMBVC)FAAB)VAVCO).

However, cut elimination for the resulting calculi needs to be proved from scratch. More
in general, we lack uniform principles or proof strategies aimed at identifying axioms
which can be added to LO so that cut elimination transfers to the resulting calculus.
Another source of nonmodularity arises from the fact that LO lacks structural rules.
Indeed, the additive formulation of the introduction rules of LO encodes the informa-
tion which is stored in standard structural rules such as weakening, contraction, asso-
ciativity, and exchange. Hence, LO cannot be used as a base to capture logics aimed
at ‘negotiating’ these rules, such as the Lambek calculus [41] and other substructural
logics [31]. To remedy this, one can move to the following calculus L1, which fulfills
the visibility property,” isolated by Sambin et al. in [47] to formulate a general strat-
egy for cut elimination. Visibility generalizes Gentzen’s idea, realized in his calculus
LJ, that intuitionistic logic could be captured by restricting the shape of sequents and
admitting at most one formula in succedent position [32]. The calculus L1 has a struc-
tural language consisting of one structural constant ‘I’, interpreted as T (resp. L) when
occurring in precedent (resp. succedent) position, and one binary connective °,’, inter-
preted as conjunction (resp. disjunction) in precedent (resp. succedent) position. The
rules Exchange, Associativity, Weakening and Contraction are the usual ones and are
not reported here.

2 A sequent calculus verifies the visibility property if both the auxiliary formulas and the prin-
cipal formula of each operational rule of the calculus occur in an empty context. Hence, by
design, L1 verifies the visibility property.
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— Identity and Cut rules

Loy XPA  (RDIAPT XEDIAPC ArZ
prp 14 LCu (X + Y)[Z/A]P" (X + Y)[Z/A] “tut

where (Y + Z)[A]P™ (resp. (Y + Z)[A]*““) indicates that the A occurs in precedent
(resp. succedent) position in the sequent Y + Z.

— Operational rules

N X+l | N A,BrX XA Y+B
1rI Xrl AAB+X X,Y-AAB
Iex 4 v ArX BrY X+A,B
THX I+T AVBrX,Y X+rAVB

Unlike the operational rules of LO which are additive, the operational rules of L1 are
multiplicative.® The latter formulation is more general, and implies that weakening,
exchange, associativity, and contraction are not anymore subsumed by the introduction
rules.

The visibility of L1 blocks the derivation of the distributivity axiom. Hence, to be
able to derive distributivity, one option is to relax the visibility constraint both in prece-
dent and in succedent position. This solution is not entirely satisfactory, and suffers
from the same lack of modularity which prevents Gentzen’s move from LJ to LK to
capture intermediate logics. Specifically, relaxing visibility captures the logics of Sam-
bin’s cube, but many other logics are left out. Moreover, without visibility, we do not
have a uniform strategy for cut elimination.

To conclude, a proof theory for axiomatic extensions and expansions of general lat-
tice logic is comparably not as modular as that of the axiomatic extensions and expan-
sions of the logic of distributive lattices, which can rely on the theory of proper display
calculi [37,50]. The idea guiding the approach of the present paper, which we will elab-
orate upon in the next sections, is that, rather than trying to work our way up starting
from a calculus for lattice logic, we will obtain a calculus for lattice logic from the stan-
dard proper display calculus for the logic of distributive lattices, by endowing it with a
suitable mechanism to block the derivation of distributivity.

3 Multi-type Semantic Environment for Lattice Logic

In the present section, we introduce a class of heterogeneous algebras [7] which equiv-
alently encodes complete lattices, and which will be useful to motivate the design of the
calculus for lattice logic from a semantic viewpoint, as well as to establish its properties.
This presentation takes its move from very well known facts in the representation theory
of complete lattices, which can be found e.g. in [6,22], formulated—however—in terms
of covariant (rather than contravariant) adjunction. For every partial order Q = (Q, <),

3 The multiplicative form of the introduction rules is the most important aspect in which L1
departs from the calculus of [47], which adopts the additive formulation for the introduction
rules for conjunction and disjunction.
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we let Q°7 :=(Q,<°P), where <°P denotes the converse ordering. f Q =(Q, A, V, L, T)is
a lattice, we let Q%7 := (Q, A°P, VP, 1°P T°P) denote the lattice induced by <°P. More-
over, forany be Q,weletb] :={c|ceQandb<c}and b| :={a|ae Q and a < b}.

A polarity is a structure P = (X, Y, R) such that X and Y are sets and R C X X Y. Every
polarity induces a pair of maps p : P(Y)? — P(X), 1 : P(X) — P(Y)°?, respectively
defined by Y/ > {xe X |Vy(ye Y’ - xRy)}and X' — {y e Y | Vx(x € X’ — xRy)}. It is
well known (cf. [22]) and easy to verify that these maps form an adjunction pair, that
is, forany X’ C X and Y’ C Y,

AXHCPY  iff X CpY).

The map A is the left adjoint, and p is the right adjoint of the pair. By general order-
theoretic facts, this implies that A preserves arbitrary joins and p arbitrary meets: that
is, for any § C P(X) and any T C P(Y),

op op
A JsHr={Jaw and oY1) =(p00. (1)

ses teT

Other well known facts about adjoint pairs are that pA : P(X) — P(X) is a closure oper-
ator and Ap : P(Y)°P — P(Y)°? an interior operator (cf. [22]). Moreover, ApAd = A, and
pAp = p (cf. [22]). That is, Ap restricted to Range(4) is the identity map, and like-
wise, pA restricted to Range(p) is the identity map. Hence, Range(p) = Range(pA),
Range(1) = Range(41p) and

P(X) 2 Range(p) = Range(1) C P(X)P.

Furthermore, pA being a closure operator on P(X) implies that Range(p) = Range(pA)
is a complete sub ()-semilattice of P(X) (cf. [22]), and hence L = Range(p) is endowed
with a structure of complete lattice, by setting for every S C L,

/\S::ﬂS and \/S::p/l(US) )
L L

Likewise, Ap being an interior operator on £(Y)°? implies that Range(1) is a complete
sub [ J-semilattice of P(Y)°P, and hence L = Range(1) is endowed with a structure of
complete lattice, by setting

\/T::@T and /\T::ﬂp(ﬁT) 3)
L L

for every T C L. Finally, for any S € Range(p),

AV S) = ApA(US)) (2)
=AUS) Apd=2A
=% ats) (1)
= Ves As), (3)
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and
Ases A($) = (N2 A(s)) (3)

= A(Nses pA(9)) (1)
=ANS) S € Range(p) and plp =p
= ANS), 2)

which shows that the restriction of A to Range(p) is a complete lattice homomorphism.
Likewise, one can show that the restriction of p to Range(A) is a complete lattice homo-
morphism, which completes the proof that the bijection

P(X) 2 Range(p) = Range(1) C P(X)°?

is an isomorphism of complete lattices, and justifies the abuse of notation which we
made by denoting both the lattice Range(p) and the lattice Range(1) by L.

Conversely, for every complete lattice L, consider the polarity Pp, := (L, L, <) where
L is the universe of L and < is the lattice order. Then the maps A : P(L) — P(L)°P and
o P(L)°P — P(L) are respectively defined by the assignments S — {ae L|Vb(be S —
b<a)}=(V/S)land T {acL|Vb(beT - a<b)}=(AT)] forall S,T C L. Since
AV S =VS and V(A T)]) = AT, the closure operator pd : P(L) — P(L) and the
interior operator Ap : P(L)°P — P(L)°? are respectively defined by

Sl—)(\/S)l and T|—>(/\T)T. (4)

The lattice L can be mapped injectively both into Range(p) = Range(p1) and into
Range(1) = Range(1p) by the assignments a — a| and a — aT respectively. Moreover,
since L is complete, the maps defined by these assignments are also onto Range(pA)
and Range(1p). Finally, for any S C L,

NARangepylal la€ S} =NfallaeS} (@)
=(ASI

\/Range(p){al laeS}=pA(UfallaeS}h (2)
=(VUlallaeSHl 4
=(VS)i,

which completes the verification that the map L — Range(p) defined by the assignment
a — al is a complete lattice isomorphism. Similarly, one verifies that the map L —
Range(1) defined by the assignment a — af is a complete lattice isomorphism. The
discussion so far can be summarized by the following.

Proposition 1. Any complete lattice L can be identified both with the lattice of closed
sets of some closure operator ¢ : D — D on a complete and completely distributive
lattice D = (D,N,U, p,®), and with the lattice of open sets of some interior operator
i:E — E on a complete and completely distributive lattice E = (E,M,U, 3, 0).

Hence, in what follows, L will be identified both with Range(c) endowed with its
structure of complete lattice defined as in (2) (replacing pA by ¢), and with Range(i)
endowed with its structure of complete lattice defined as in (3) (replacing Ap by i). Tak-
ing these identifications into account, general order-theoretic facts (cf. [22, Chap. 7])
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imply that ¢ = ey oy, where y : D - L is defined by @ — c(@) and ¢, : L — D is the
natural embedding, and moreover, these maps form an adjunction pair as follows: for
anya€ L and any @ €D,

y@)y<a iff a<epa),
with the additional property that y o ey = Idp. Likewise, i = ¢, o1, where t : E - L is
defined by £ - i(£) and e, : L <= E is the natural embedding, and moreover, these maps
form an adjunction pair as follows: for any a € L and any ¢ € E,

e(a)<¢ iff a<ué),
with the additional property that coe, = Idf.

Y L
RN
D L ¢ E
er €r

Summing up, any complete lattice L can be associated with a heterogeneous LL-
algebra, ie. atuple (L,D,E, ey, y,e,,t) such that:
Hl1. L = (L,<) is a bounded poset;*
H2. D and E are complete and completely distributive lattices;
H3. y:D—>Landes:L — D are such that y 4e, and yoep = Idy;
H4. t:E—>Lande,:L — E are suchthate, 41tand toe, = Idy.

Conversely, for any heterogeneous LL-algebra as above, the poset L can be endowed
with the structure of a complete lattice inherited by being order-isomorphic both to
the poset of closed sets of the closure operator ¢ :=yoey, on D and to the poset of
open sets of the interior operator i := ¢ o ¢, on E. Finally, no algebraic information is
lost when presenting a complete lattice L as its associated heterogeneous LL-algebra.
Indeed, the identification of L with Range(c), endowed with the structure of complete
lattice defined as in (2), implies that for all a,b € L,

aVb=ry(e/a)Uerb)).

As discussed above, ey being a right adjoint and 7y a left adjoint imply that e, is com-
pletely meet-preserving and y completely join-preserving. Therefore, e,(T) = ¢ and
1 =vy(@). Moreover, y being both surjective and order-preserving implies that T = y(p).
Furthermore, for all a,b €L,

anb=vyoeianb)=1ylea)NewD)).

Thus, the whole algebraic structure of L can be captured in terms of the algebraic struc-
ture of D and the adjoint maps y and e, as follows: for all a,b € L,

L=v@) T=y(p) avb=ylea)Uerb)) arb=ryle/a)neub)). (5

Reasoning analogously, one can also capture the algebraic structure of L in terms of the
algebraic structure of E and the adjoint maps ¢ and e, as follows: for all a,b € L,

T=u3) L=u0) anrb=ue(a)Me (b)) aVb=ue(a)le.(D)). (6)

4 We overload the symbol L and use it both to denote the complete lattice and its underlying
poset.
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4 Multi-type Language for Lattice Logic

In Sect. 3, heterogeneous LL-algebras have been introduced and shown to be equivalent
presentations of complete lattices. The toggle between these mathematical structures is
reflected in the toggle between the logical languages which are naturally interpreted in
the two types of structures. Indeed, the heterogeneous LL-algebras of Sect. 3 provide a
natural interpretation for the following multi-type language Ly over a set AtProp of
Lattice-type atomic propositions:

Leftsa i= ep(A) |p| @ |aVa|ana
Rights & = ¢,(A) | T 0| €| ENE
Lattice5A == p| y(@) | (&) | T| L

where p € AtProp. The interpretation of Lyrr-terms into heterogeneous LL-algebras
is defined as the straightforward generalization of the interpretation of propositional
languages in algebras of compatible signature. At the end of the previous section, we
observed that the algebraic structure of the complete lattice L can be captured in terms
of the algebraic structure of its associated heterogeneous LL-algebra. This observation
serves as a base for the definition of the translations (-)¢,(-)" : £ — Ly between the
original language £ of lattice logic and Lyt:

p' =vyeup) P’ = te(p)t
Tl = vee(T) T =1e,(T)
Lf=yer(1) 17 =te,(1)

(AAB) = y(ee(AD) Ner(BY)) (AAB) = e (A" Mex(B")
(AV B! = y(er(AY) Uer(BY)) (AVB) = ue,(A")Uen(B")

For every complete lattice L, let L* denote its associated heterogeneous LL-algebra as
defined in Sect. 3. The proof of the following proposition relies on the observations
made at the end of Sect. 3.

Proposition 2. For all L-formulas A and B and every complete lattice L,

LEA<B iff L'EA'<B.

5 Proper Display Calculus for Lattice Logic

5.1 Language

The language of the calculus D.LL includes the types Lattice, Left, and Right, some-
times abbreviated as L, P, and P°P respectively.

A:=p|ea|mé an=0A
L P

X = p|I]|el'|e°PI1 =X |@®|T'.T|T'DT

& = O%PA
PP
IT ::= oPX | ©°P | I1.°P IT| TT 2°P IT
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Our notational conventions assign different variables to different types. This allows
us to drop the subscripts °P, since the parsing of expressions such as eI" and eI is
inherently unambiguous, and the parsing of e.g. oX is contextually unambiguous.

— Structural and operational pure L-type connectives:’

L connectives

1
T L

— Structural and operational pure P-type and P°P-type connectives:

P connectives P°P connectives
® [ . 5 o o o
@[@][n]u](>)][(—D) (9°P) [ (@°P) | NP [ UP [ (>—P) [ (D)

— Structural and operational multi-type connectives:

L-P L-o>P® P->L PP->L
o oOP ° °
o | o * [ N

The connectives O, ¢°P, ¢ and m°P are interpreted in heterogeneous LL-algebras as the
maps e, ey, v, and ¢, respectively.

5.2 Rules

In what follows, structures of type L are denoted by the variables X, Y,Z, and W; struc-
tures of type P are denoted by the variables I', A, ®, and A; structures of type PP are
denoted by the variables I1,%, ¥, and Q. Given the semantic environment introduced in
Sect. 3, it will come as no surprise that there is a perfect match between the pure P-type
rules and the pure P°P-type rules. In order to achieve a more compact presentation of
the calculus, in what follows we will also reserve the variables S, 7, U, and V to denote
either P-type structures or P°P-type structures, and s,z,u and v to denote operational
terms of either P-type or P°P-type, with the proviso that they should be interpreted in
the same type in the same pure type-rule.

— Multi-type display rules

I'oX oX +II
Dp.p, Dp.p,

o X X+ oIl

— Pure P-type and P°P-type display rules

S.T+U SET.U
TrS>U ToS+U

Dp

5 We follow the notational conventions introduced in [36]: Each structural connective in the
upper row of the synoptic tables is interpreted as the logical connective in the left (resp. right)
slot in the lower row when occurring in precedent (resp. succedent) position.
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— Structural and operational pure P-type and P°P-type rules

Sl—s—s»—TCm A s.tFS Sks Trt
S+T sNtES S.TrsNt
® S+T SvT ® U sES t+T S kst
S.OrT S+T.® sUt+S.T SksUt
$.7).UrV  SH(T.U).V 4 E S.T+U S-T.U .
S.(Tr.u)rv S+T.(U.V) T.S+U SrU.T
W ST ST
S.U+T S+T.U
c S.S+T SvT.T c

S+T S+T

— Structural and operational pure L-type rules

XHA ArY I-rX
- T
Id prp X+Y Cut T THX I-T
IrX XrI
W 1
I YrX 1LrI XFL +

— Operational rules for multi-type connectives:

L — PP PP — L
cAFII XrA o X+ of srll

Lo
CAFIL  oXroA =~ " Xrmé mérell
P—-L L—>P
o X I'a O 't oA ArX
oat+X o[ & I'-oA OA F oX

6 Properties

Soundness. First, structural symbols are interpreted as logical symbols according to
their (precedent or succedent) position, as indicated in the tables of Sect.5.1. Then,
sequents are interpreted as inequalities, and rules as quasi-inequalities in heterogeneous
LL-algebras. Rules of D.LL are sound if their corresponding quasi-inequalities are valid
in heterogeneous LL-algebras. This verification is routine.

Conservativity. We need to show that, for all formulas A and B of the original lan-
guage of lattice logic, if A™ + B; is a D.LL-derivable sequent, then A + B is a theorem
of the Hilbert-style presentation of lattice logic. The argument follows the standard
proof strategy discussed in [36,37], using the following facts: (a) the rules of D.LL
are sound w.r.t. heterogeneous LL-algebras (cf. Sect. 6); (b) lattice logic is strongly
complete w.r.t. the class of complete lattices, and (c) complete lattices are equivalently
presented as heterogeneous LL-algebras (cf. Sect. 3), so that Proposition 2 holds.
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Cut Elimination and Subformula Property. These can be inferred from the meta-
theorem, in [26]; in [39, Theorem A.2] a restricted version of it is stated which specif-
ically applies to proper multi-type display calculi (cf. [39, Definition A.1]). The verifi-
cation is straightforward, and is omitted.

Completeness. First, we translate £-sequents A + B into D.LL-sequents A"  B;, using
the following translations:

T =0T T, u=mPOPT

1T =60l 1y = mPOP L

p’=eap pr = mPOPp
(AAB)" .= ¢(DA™"NOB") (AAB); :=mP(OPA NP OP B
(AVB) .= ¢(MATUOB") (AV B); ::= m°P(OP A, UP &P B

Proposition 3. For every A € L, the multi-type sequent AT v A; is derivable in D.LL.
Proof. By simultaneous induction on A € L, @ € P, and £ € P°P.

In what follows, we collect all the translations of the axioms involving conjunction,’
and derive some of them in D.LL (cf. Sect. A). The full set of derivations can be found
in the extended version of the present paper [38]. All derivations are standard and make
use only of Weakening, Contraction and Exchange as structural rules.

Commutative laws  translation
cCl (AAB)'"+F(BAA); ~»> ¢(@A"NOB") +m(OBNOAL)
cC2 (BAAT F(AAB); ~> (@B NOAY) - m(OA; NOB;)

Associative laws translation
cAL(AABAC) F(AAB)AC); ~ #(0ATNOSOB NOCY)) F m(OM(OA; N OB NOCy)
cA2 (AAB)AC)Y F(AAN(BAC)); » ¢(O0@(OATNOBY)NOCT) - m(CA: NOM(OB NOCL))

Identity laws  translation where A = C A D
cll AAT) HFA; > ¢(Ce@C"NoOD)NOeaT)+ m(OC; NOD;)
CRQATFAAT); w ¢@C"'NOD") + m(OM(OCC; NOD)NOMOT)

Absorption laws translation where A = L
cAbl (AAN(AVB)) +Ar ~ ¢(06OLNOS(00LUDB))FmOL
CAD2 AT+ (AA(AV B); w ¢0L - m(OROLNOM(ORS LU OB,))

A Completeness
In the cases of the Identity and Absorption laws a formula occurs in isolation on one

side of the turnstile, therefore we need to proceed by cases according to the shape of A
(we just show A = C AD and A = L, respectively).

6 The translations of the axioms involving disjunction are perfectly symmetric, and are omitted.
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D+ D

CrC oDFOD

oC+ &C DFreOD
CteOC W ODFoedOD
W OCtroedC oD.oCroedD
oC.aoDt+oedC oC.aoDroedD
oCNoDroedC oCNoDroedD

oCNOD + oOC oCNOD + eOD

&(OCNnoOD) + eOC &(@OCnoD) + eOD
oe(@CNoD) -oedC oe(@CNoD)rFoedD
oe(oCNoOD).0e0T FoedOC W oe(@mCNoD).0eOT FoedD
oe@CNOD)NOeOT FoeHC oe(@mCNOoD)NOeOT FoeOD

o14(OCNOD)NOSOT + oOC e1¢(OCNOD)NOSOT + eOD

¢(Ce(OCNOD)NOeOT) + oOC ¢(0e(CNnoD)NoenT) + eOD

co(e(@mCNOD)NOedT) + OC ce(O0e(mCNoD)NDCeOT) - OD

o¢(De(mCNOD)NOenT).ce(0e(OCNOD)NDSOT) F OCNOSD
oo(De(mCNoOD)NOSOT) F OCNOD
¢(Oe(mCnoD)NnoedT) + eOCNOD
¢(0e(mCnNnoD)NoenT) - m(GCNOD)

LrI
1FL
OlLFol
LI oL+ L
1rL KS=T
ol FOL ToeOLFOL
Lreol OOLtFeOL
1rmoL LRl TeOL+rmOL
= L =mAa Ol kol _—
OLFomdL ol c#OL +F OmMOL W
o0l -EOL eI o¢O0L OO L. OB
0L +-mEOL ToeDlroL o¢OL+FOmOLUOB
W oenL DO(DODLDU’;;; t Z:Zi $0LFe0L 0L+ e0mOLUOB
: oOLrmoL ¢0L - m(OMOLUOB)
oenLNOe(Ce0LunB)+omdL oLl OmMOL c#O0L F OR(OMOLUGB)
e0e0LNOS(Ce0LUDE) - MOL c#OL.o80L r CROp N OM(OEOLUOB)
¢(0e0LNOe(CeOLUOB) HmOL ce0L F OBG LN OM(ONS LUGB)
S0L - eomOLNOM(OMOLUOB)
S0L FEORSLNOR(OROLUOB))
B Distributivity Fails
Distributivity law translation

D1 (AN(BUC)) F (ANB)U(AUC)), ~
#(DATNOS(@ATUDE)) - m(OM(OA; N OBr) UOM(OA NOCy))

We will show that all the paths in the backward proof-search of the translation of
the distributivity axiom end in deadlocks. First, we apply exhaustively all invertible
operational rules (modulo display rules):
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m

o(0A.08@BUOO)) - o(OMOANOB). OM(OAN GC))

DA.08(@BUDC) F o e (OM(GANOB). OM(OGANOC))

DAND&@BUDC) o ¢ (OM(OAN GB). OM(OGAN OC))

+(DANCS@BUDC)) - o(OM(OAN OB). OM(OGAN OC))

ce(DANDG(@BUOC))F OM(CANCB).OM(CANOGC)

*(DANDS@BUDC)) + o OM(OGAN OB)U OM(GAN OC))

o(DANDS@BUDC)) - M(OM(OGAN OB)UOM(OAN OC))

(
( )
oe(DANTE@BUDC)) F OM(GANOB)UOM(OGANOC)
( )
( )
(

*(0AND@BUDC)) - M(OMOANOB)UOM(GANOC))
There are no rules in which e and . interact, hence we are reduced to either isolate
X =pDA.0e(@mBUOC)

in precedent position by the backward application of a display rule, or isolate the fol-
lowing structure in succedent position:

Y=0m(CANOB).OM(OCANOCO)

We only treat the first case, the second being analogous. Once in isolation, we can act
on X only via Exchange, Weakening or Residuation. In each case we reach a dead end:

— Case 1: (Exchange or) Residuation.

As an intermediate step, we can isolate any of the substructures of X via Residuation,
or via Exchange and Residuation, as shown below. In each case we reach a dead end.
7M7?

06(@BUOC) - 0A D 0 e (OM(GANOB). OM(OGAN <>C))

DA.08@BUDC) oo (OM(GAN OB). OM(GAN OC))

77

DA+ Oe(OBUOC)Doe (<>l(<>A NOB).OM(CAN <>C))

O6(@BUOC).OAFoe (<>-(<>A NOB).OM(OAN <>C))

DA.O@BUOC)Foe (<>-(<>A NOB).OM(OGAN <>C))
— Case 2: (Exchange or) Weakening.

As an intermediate step, we can try to isolate an immediate substructure of X by apply-
ing backward Weakening. By directly applying Weakening, we obtain

DA+ o o(OM(OAN OB). OM(OAN OC)),

and by applying Exchange and Weakening, we obtain
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De@BULC) F oo OM(OANOB). OM(GANGC)).

Notice that the second subcase can be reduced to the first one as follows:
7 7

OB o e(OM(OANOB). OM(OGANGC)) 0OC + o (OM(GANOB). OM(OGAN OC))

DBUCC + o (OM(OGANOB). OM(GANOC)) .00 (OMOANOB). OM(OGAN OC))

DBUOC + o e (OM(GAN OB). OM(GANOC))

«(0BUDO)) F .(<>-(<>A NOB).OM(OGAN <>C))

*@BUOO)) + o[ OM(GANOB) . OM(GANOC))

0e@BUOC)) F o e (OMOAN OB). OM(OAN OC))

As to the proof of the first subcase, let us preliminarily perform the following steps:

7
A+ OR(CANSE).OM(CANOC)

A+ o(Om(OANOB). OM(OGANGC))

DA + oo (OB(GAN OB). OM(OGAN OC))

Again, we are in a situation in which we can act on Y only via Exchange, Weakening
or Residuation, and also in this case any option leads to a dead end. Indeed:

— Case 2.1: Exchange or Weakening. We can delete one of the immediate substructures
of Y via Weakening or, respectively, Exchange and Weakening, obtaining

oAF OM(GANOGB) and oA+ Om(GAN OC).

In each case, we reach a dead end, as shown below:

? ?
oA+ OCANOB oA+ OCANOC
A+ o(CANOB) At o(CANGCO)
A+-m(CANOB) Arm(CANSCO)
oA F OR(GANOB) oA+ Om(CAN OC)

— Case 2.2: Residuation. We can isolate any of the substructures of Y via Residuation,
or via Exchange and Residuation. In each case we reach a dead end:

?
OR(CANSOB) D oA+ OR(CANOC)
cAF OR(CANOB).OM(CANOC)

?
OR(OCANCC)D oA OM(CANOB)
A F OR(CANCC).OM(OCANOB)
oA+ OR(CANCB).OM(OCANOC)
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