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Abstract

A class of non—classical logics called gaggle logics is introduced, based on a
Kripke—style relational semantics and inspired by Dunn’s gaggle theory. These
logics deal with connectives of arbitrary arity and we show that they capture
a wide range of non—classical logics. In particular, we list the 96 binary con-
nectives and 16 unary connectives of basic gaggle logic and relate their truth
conditions to the non-classical logics of the literature. We establish connections
between gaggle theory and group theory. We show that Dunn’s abstract law of
residuation corresponds to an action of transpositions of the symmetric group
on the set of connectives of gaggle logics and that Dunn’s families of connec-
tives are orbits of the same action. Other operations on connectives, such as
dual and Boolean negation, are also reformulated in terms of actions of groups
and their combination is defined by means of free groups and free products.
We show how notions of groups arise naturally from our gaggle logics and how
gaggle logics can be canonically defined from given groups. Our other main
contribution deals with the proof theory of gaggle logics. We show how sound
and complete calculi can be systematically computed from any basic gaggle
logic with or without Boolean connectives. These calculi are display calculi and
we prove that the cut rule can be systematically eliminated from proofs. This
allows us to prove that basic gaggle logics are decidable.

Keywords: substructural logics, residuation, gaggle theory, display cal-
culus, group theory, action of group, free group and free product.

1 Introduction

A wide variety of non—classical logics have been introduced over the past decades,
such as relevant logics, linear logics and Lambek calculi, to name just a few. On
the one hand, this diversity is an asset since each logic has an interest for a specific
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purpose, and one can select, and resort to, some of them for reasoning about a given
applicative issue [38]. In fact, many of these non—classical logics have been developed
for solving concrete problems in computer science: for example, dynamic logics [24],
Hoare and separation logics [25, 43] for reasoning about computer programs, and
description logics [3] for formalizing ontologies of the semantic web. Acknowledging
and dealing with this plurality and diversity of logics is in a sense at the origin of
the development of a philosophical stance in logic called “logical pluralism” [5]. On
the other hand, and from a theoretical point of view, this plurality can be felt as
problematic because it threatens the unity and the unifying power of logic. Indeed,
all logics already have in common the same terminology and notions, such as truth,
validity, conservativity and interpolation, and this is also an asset. Nevertheless, one
can argue that non—classical logics are still disorganized and scattered and somehow
miss a common formal ground. As Gabbay summarised the state of play (vis-a-
vis non-monotonic logics) in the early 1980s, “we have had a multitude of systems
generally accepted as ‘logics’ without a unifying underlying theory and many had
semantics without proof theory. Many had proof theory without semantics, though
almost all of them were based on some sound intuitions of one form or another.
Clearly there was the need for a general unifying framework.” [15, p. 184].

In response to that situation, a number of efforts have been made by some logi-
cians to provide a genuine unity to logic as witnessed for example by the development
of abstract model theory and “institutions” [4, 33, 19], the introduction of “labelled
deductive systems” by Gabbay [17] or the “basic logic” of Sambin & al. [45] (see [16]
for details and more examples). This led to the rise of a research thread sometimes
referred to (nowadays) as “Universal Logic”. Many kinds of semantics, such as al-
gebraic, categorial, topological, phase or relational semantics, have been introduced
and developed, sometimes for the express purpose of tackling this issue [46]. Within
that line of research, Dunn’s gaggle theory [10, 11, 7] is one of the most well-known
frameworks based on the relational Kripke-style semantics which itself deals with
the aforementioned problem. Dunn’s gaggle theory is an attempt to understand the
Kripke semantics of non-classical logics in a disciplined, systematic way.'

We share the ideal and the objective of “Universal Logic”, but, in our view, gaggle
theory is only a first step. Indeed, this theory does not really introduce an actual
logic or logical framework that can serve as a foundation for non—classical logics, in
the same way as the Lambek calculus is sometimes presented as the foundational
logic of the varied substructural logics [42]. However, as we will show, gaggle theory
provides formal methods to define a generic logic. In fact, it allows us to define a

'"Dunn “owe[s] the name “gaggle” to [his] colleague Paul Eisenberg (a historian of philosophy,
not a logician), who supplied it at [his] request for a name like a “group”, but which suggested a
certain amount of complexity and disorder.” [10, p. 31]
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class of logics that can handle connectives of arbitrary arity. Building on (partial)
gaggle theory, we will define a class of non-classical logics that we call gaggle logics
and which generalize the Lambek calculus and other substructural logics in many
directions.

In doing so, we will establish connections between gaggle theory and group the-
ory. We will show that Dunn’s abstract law of residuation corresponds to an action
of transpositions of the symmetric group (the group of permutations) on the set of
connectives of gaggle logics and that Dunn’s families of connectives are orbits of the
same action. Other operations on connectives, such as dual and Boolean negation,
will also be reformulated in terms of actions of groups, and their combination will
be defined by means of free groups and free products. We will also show how no-
tions of groups arise naturally from our gaggle logics and how gaggle logics can be
canonically defined from given groups.

Our other main contribution will deal with the proof theory of gaggle logics.
We will show how sound and complete calculi can be systematically computed and
defined for any basic gaggle logic given by its set of connectives. This generic result
is in line with our ‘universal’ approach explained above and constitutes the main
technical advance of the article. We will use a specific Henkin construction method to
prove the strong completeness of our calculi. Our main objective is to obtain sound
and complete proof calculi for basic gaggle logics without the Boolean connectives.
However, we will need to add them anyway and proceed in two steps. Firstly, we
will consider a language with the Boolean connectives and prove completeness with
them (Section 7). Secondly, after proving the cut elimination (via the proof of
conditions (C1) - (C8)), we will obtain sound and complete calculi for basic gaggle
logics without the Boolean connectives thanks to a proof-theoretical analysis of the
calculi obtained (Sections 8 and 9, proof of Theorem 53). The cut elimination will

also entail that basic gaggle logics are conservative extensions of each other and are
decidable.

Organization of the article. In Section 2, we recall the basic results of (partial)
gaggle theory. In Section 3, we recall the basics of group theory including the
symmetric group (the group of permutations), free groups, free products and actions
of groups. In Section 4, we introduce our gaggle logics and define our actions of
groups on the gaggle connectives, in particular the residuation and the Boolean
negation. In Section 5, we prove that Dunn’s abstract laws of residuation are actions
of transpositions of the symmetric group on the set of connectives and that Dunn’s
families of connectives are orbits of the action of the symmetric group. In Section 6,
we relate our gaggle logics with the literature by listing the 96 binary connectives and
the 16 unary connectives of basic gaggle logic while mentioning which connectives
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have already been introduced in a publication. We also mention two logics which
cannot be embedded in gaggle logics. In Section 7, we introduce our display calculi.
In Section 8 we prove that our calculi satisfy the display property and that the
cut rule can be eliminated from any proof. Then, in Section 9, thanks to cut—
elimination, we provide sound and strongly complete display calculi for gaggle logics
without Boolean connectives. We also prove that basic gaggle logics are decidable.
In Section 10, we show how notions of groups arise naturally from our gaggle logics
and how gaggle logics can be canonically defined from given groups. We conclude
in Section 11. Long proofs are in the Appendix.

2 The core of gaggle theory

We present the core ideas of (partial) gaggle theory [10, 11]. Partial gaggle first
appeared in Dunn [11] as a generalization of a gaggle that has just an underlying
poset, not necessarily a distributive lattice as required for a gaggle in Dunn [10].
For our purpose, the presentation of (partial) gaggle theory is slightly different from
the usual presentation of this theory. The definitions are the same (although they
are sometimes instantiated) but the results of this theory are differently presented.
Our results can nevertheless easily be obtained from the original presentation [11].

In this section, we consider given an integer n € N and a non-empty set W. P (W)
is the set of subsets of W and if S is a set, S™ is the Cartesian product Sx...x S, n
times. A n-ary function f on P (W) is a function f: P (W)" - P (W) and a n—ary
relation R over W is a subset of W™. We write Rwy ... w, for (wi,...,w,) € R.
For all m,n € N, the expression [m;n] denotes the set {m,...,n} if m <n, and the
empty set @ otherwise. In the sequel, we will resort to polarity groups, in particular
to the negation group P, _y and later to the anti-group P(, ..).

Definition 1 (Polarity groups). Let (z,y) be an ordered pair. The polarity group
associated to (z,y) is P, = ({,y},-) where the operation - : P, ) x P(y.0) = P(gy)
is defined by z-y=y-x=yand -z =y-y=x. For all +,+" € {z,y}, we write £+’
for +-+'. O

Note that x is the neutral element of a polarity group.

Definition 2 (Trace, contrapositive trace). A (n—ary) trace is a tuple t =

(£1,..., %0, %) € {+, =" often denoted t = (%1,...,4,) = +. If j € [I;n],
then the contrapositive trace of t with respect to its j'™® argument is the trace
2 (£, .=, Epy) P~ O
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Note that the contrapositive operation on traces is symmetric: (tj )J =t.

Example 3. The 2-ary traces (-,—) —» — and (—,+) — + are contrapositive with
respect to (w.r.t.) their first argument.

Definition 4 (Relation negation and permutation). Let R be an arbitrary n+ 1-ary

relation over W. Then, for all j € {1,...,n}, we define the n + 1-ary relation —R as
follows: for all wq,...,wy,,weW,
—Rwy ... wyw iff (wr,...,wy,w) ¢ R

Gp+1 denotes the set of permutations of the set [1;n+ 1] (see Section 3 for
details). If o € G,4+1 is a permutation then its inverse permutation is denoted o~.
We define the n + 1-ary relation R’ as follows: for all wi,...,wps1 € W,

ngl oo Wntl lff Rw(f(l) e wr(nﬂ)
We also define +R = R and if + € {+, -} then R*® denotes +R’. O

Definition 5 (Logical functions associated to a trace and a relation). Let ¢ =
(£1,...,%n) = * be a n—ary trace and let R be a n + l-ary relation on W. The
n—ary function f on P (W) associated to t and R, denoted f, is defined as follows:

e If n=0, fr2 R;
o If n >0, then for all Wy,... W, e P(W),
SeW, o W) 2{w e W | CR (Wi, ..., Wy, w)}
where CtR (Wh,...,W,,w) is called the truth condition of the function flt% and is
defined as follows:

o if £+ = +: “for all wy,...,w, € W, we have wy 4 W7 or ... or w, 4 W, or
Rw ... wyw”;

e if £ = —: “there are wq,...,w, € W such that wy 4 W7 and ... and w, 4 W,

”.
and Rwy ... wyw”;

wj e W; if £+ = +;

>

where, for all j e [1;n], w; 4 W; £ { O

wj¢Wj if :l:j:l::—.

Example 6. Let R be a 3—ary relation on W and let o be the permutation (2,3,1)
on the set [1;3] (see Section 3 for details). Then, we have that R°uvw if, and only
if, Rwuwv.
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o If t = (-,—) = — then the function fh : P (W) x P (W) - P (W), whose
truth condition is Ck (W1, Wa,w) = Juv (u € Wi Av € Wa A Ruvw), defines the
semantics of a connective, that we denote o, as follows: for all we W,

w e [poy] iff we fr ([¢]. [¥])
iff Juv (u € [@] Av e Y] A Ruvw)

o Ift=(-,+) + then the function f’p, : P (W)xP (W) - P (W), whose truth
condition is CER[, (W1, Wa,w) = You(ve Wi vueWyv—-R7vuw), defines the
semantics of a connective that we denote \, as follows: for all we W,

we [\] iff w e [ ([, [¥])
iff Vou (v ¢ [] vue ] v-Ruvw)
iff Vou ((Rwuv Aue o]) = vel¢]).

Definition 7 (Isotonic and antitonic functions). Let f be a n-ary func-
tion on P(W). We say that f is isotonic (resp. antitonic) with respect to
the j' argument, written tn(f,j) = + (vesp. tn(f,j) = -), when for all
Wl,...,Wj_l,Wj+1,...,Wn,X,YEP(W),

itXcY

then f(W7,.. S Wi, X, Wi, .. L W) < f(Wl,. . .,Wj_l,KWj+1,...,Wn)

(resp. f(Wl,. ..,Wj_l,Y,Wj+1,.. ,Wn) c f(Wl,.. .,Wj_l,X, Wj+1,. . ,Wn)) .
O

Example 8. If [¢] € [¢'] then [¢"\¢] ¢ [p\¢] because tn(ff’R(,, 1)=—,and [pov] c
[’ o ¥] because tn(ff%, 1) = +.

Definition 9 (Relation transformations). Let R be an arbitrary n + 1-ary relation
over W. Then, for all j € {1,...,n}, we define the n + 1-ary relation R’ as follows:
for all wq,...,w,,weW,

Rlwy ... wyw iff Rwy...w.. . wyw,

Ift=(#1,...,2n) » x and t’ = (£],...,%],) » £’ are two n—ary traces which are
contrapositive w.r.t. their j* argument, we define the n + 1-ary relation (¢',t)(R)
over W as follows:

RI if + =4
(' ) (R) = { 0

—RJ  otherwise.
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Theorem 10. Let R be a n+1-ary relation over W. Lett = (£1,...,%y) = £ andt’ =
(£],...,%1) = ' be two contrapositive n—ary traces w.r.t. their ' argument. Let
f (resp. f') be the n—ary function on P (W) associated to t and R (resp. associated
tot" and (t',t)(R)). Then, if n>0:

1. for all j € [L;n], tn(f,j) = £+ (and thus tn(f',7) = ;+" too);

2. f and f' satisfy the abstract law of residuation w.r.t. their j** argument: for
all Wy, ..., Wy, X e P(W),

S(/EWi o Wiy W, X)) iff SO Wi, X W, W),

f(Wl,...,Wn)EX if:tz_

where S(f,W1,...,W,,X) = )
X(_:f(Wl,...,Wn) if £=+.

Example 11. Let us define ¢ |- v by for all w e W, w € [¢] implies that w € [1/].
Then, the following holds:

o if Y |- ¢ then o |- p o Y because tn(fh,2) = +, and if ¢ |- ¢’ then
©"\Y | ¢\v because tn(f ro+1) = —. In other words, f§ is isotonic w.r.t. its
second argument and f! po is antitonic w.r.t. its first argument.

e potp |- x iff ¢ | ¥\x, because t and t' are contrapositive w.r.t. their first
argument.

3 Group theory

We first recall some basics of group theory (see for instance [44] for more details).

Permutations and cycles. If X is a non-empty set, a permutation is a bijection
o: X - X. We denote the set of all permutations of X by &x. In the important
special case when X = {1,...,n}, we write &,, instead of &x. Note that |&,| = n!,
where Y| denotes the number of elements in a set Y. A permutation o on the set
{1,...,n} such that o(1) = 21,0(2) = z2,...,0(n) = x, is denoted (z1,x2,...,zy).
For example, (1,3,2) is the permutation o such that o(1) =1,0(2) =3 and ¢(3) =

If x € X and 0 € &, then o fizes x if o(z) =z and o moves x if o(x) # z. Let
Ji,---,Jr be distincts integers between 1 and n. If 0 € &,, fixes the remaining n —r
integers and if o(j1) = j2,0(j2) = j3,---,0(Jr-1) = Jr,0(Jr) = j1 then o is an r—cycle;
one also says that o is a cycle of length r. Denote o by (j1 j2 ... jr). A 2—cycle
which merely interchanges a pair of elements is called a transposition.
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Two permutations 0,7 € &x are disjoint if every x moved by one is fixed by
the other. A family of permutations 01,09, ...,0, is disjoint if each pair of them is
disjoint. Every permutation o € &, is either a cycle or a product of disjoint cycles.
Moreover, this factorization is unique except for the order in which the factors occur.

Groups. A group (G,o) is a non—empty set G equipped with an associative oper-
ation o : GxG — G and containing an element denoted 14 called the neutral element
such that:

e lgoa=a=aoclg for all a € G;
o for every a € GG, there is an element b € GG such that aob = 1g = boa.

This element b is unique and called the inverse of a, denoted a~'. The set &,, with
the composition operation is a group called the symmetric group on n letters.

A non-empty subset S of a group G is a subgroup of G if s € S implies s7' € S
and s,t e S imply sot € S. In that case, S is also a group in its own right.

If X is a subset of a group G, then the smallest subgroup of G contain-
ing X, denoted by (X), is called the subgroup generated by X. For exam-
ple, &, = ((12),(23),...,(ii+1),....,(n=1n)) = (n1),(n2),...,(nn-1)) =
((n=1n),(12 ... n)). S, is also generated by (1 2) and 3—cycles. For n > 3,
the alternating group 4, is the subgroup of &,, generated by the n—cycles of &,,.

In fact, if X is non—empty, then (X) is the set of all the words on X, that is,
elements of G of the form z7'z5?... 25" where 1,...,2, € X and #1,...,+, are
either —1 or empty.

Free groups and free products. If X is a subset of a group F, then F is a free
group with basis X if, for every group G and every function f: X — G, there exists
a unique homomorphism ¢ : F' - G extending f. One can prove that a free group
with basis X always exists and that X generates F. We therefore use the notation
F = (X) also for free groups.

If G and H are groups, the free product of G and H is a group P and homomor-
phisms jo and jg such that, for every group @) and all homomorphisms fq: G - Q
and fr : H — @Q, there exists a unique homomorphism ¢ : P - @ with ¢vjg = fg
and jg = fr. Such a group always exists and it is unique modulo isomorphism,
we denote it G = H. This definition can be generalized canonically to the case of a
finite number of groups G1,..., Gy, yielding the free product Gy * ... * Gy,.

Group actions. If X is a set and G a group, an action of G on X is a function
a:Gx X - X given by (g,x) — gx such that:
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e lx =z forall x € X;
e (g192)x = g1(gox) for all x € X and all g1,92 € G.

An action of G on X is transitive if for every x,y € X, there exists g € G such that
y = gx; it is faithful if for gx = x for all x € X implies that g = 1.

If x € X and « an action of a group G on X, then the orbit of x under « is
Oa(z) = {a(g,x) | g€ G}. The orbits form a partition of X. The stabilizer of z,
denoted by G, is the subgroup G, = {g€ G | gr = x} of G. If G is finite, then we

have that |Oq(z)| = % Moreover, if X and G are finite then the number N of

orbits of X is NV = ﬁ Y req F(7) where, for 7 € G, F(7) is the number of z € X fixed
by 7 (Burnside’s lemma). Finally, if X’ ¢ X then O, (X') denotes U Oy (z').
aleX"

Fact 12. If « is an action of G on a set X and H is a subgroup of G, then the
restriction of a to H, denoted oy, is also an action of H on the set X.

Definition 13. Let G and H be two groups. If a and § are actions of G and
H on a set X, then the free action o * § is the mapping a* 5: G+ H x X - X
given by ax 3(g,z) = a(g1, (1, - .., a(gn, B(hn,¥)))), where g = gihi ... gohy, s the
factorization of ¢ in the free group G * H. 0

This definition can be generalized canonically to the case of a finite number of
actions ay, ..., a,, yielding the mapping ag * ... * .

Proposition 14. If ay,...,a, are actions of G1,...,Gy on a set X respectively,
then the mapping aq * ... * au, is an action of the (free) group Gy * ... * Gy on X.

4 From gaggle theory to gaggle logics

The introduction of the formal concepts of gaggle theory are motivated by some
heuristic and logical reasons (see for example [41] for informal explanations). We
are going to reformulate these formal concepts of gaggle theory because we want
to make more clear the connection between traces and the relational Kripke—style
semantics that they induce. Thereby, we replace the notion of trace by our notion of
‘signature’ which highlights and distinguishes in a more immediate way the different
semantic ingredients that compose gaggle theory. More specifically, the output of
a trace (+ or —) is replaced by a quantification signature (V or 3). Doing so, our
reformulation will capture and represent more directly and faithfully the tonicity of
the connective defined by a given trace/signature and the formulation of its truth
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condition (even if, as we said, the notion of trace output was introduced for different
heuristic reasons [41]).

In this section, we show how gaggle theory, and in particular Definition 5, leads
to the definition of finite families of connectives of arbitrary arities which are related
to each other by the abstract law of residuation of Theorem 10.

4.1 From traces to gaggle connectives

Informally, V is associated with + and 3 is associated with —. We formalize this
association with the function + : {V,3} - {+,-} defined by £(V) 2 +,£(3) =2 - and
the inverse function & : {+,-} - {V,3} defined by A(+) =V, E(-) £ 3. Also, we
define the function +: {V,3} - {V,3} by +(V) £ V and +(3) = 3 and the function
- :{V,3} - {V,3} by =(V) = 3 and —(3) £ (V). For better readability, we write
+V,+3,-V, -3 instead of —(V),+(3),-(V),-(3).

Definition 15 (Signatures versus traces). A (n-ary) signature s is a tuple s =
(B, (£1,...,40)) €{V, I} x{+,-}". If s = (&, (£1,...,+,)) is a n—ary signature and
t=(%1,...,%n,+) a n-ary trace, then

o The trace T(s) equivalent to s is the trace (£],...,%,) — + where + = +(/E)
and +} = ; for all j € [1;n].

o The signature S(t) equivalent to t is the signature (&, (%],...,%£,)) where
E = E(+) and £} = x+; for all j € [1;n]. O

Note that the derived notion of tonicity tn(f,7) determined in Theorem 10 is
now taken as primitive with our notion of signature. Then, we can easily prove the
following;:

s=5(T(s)) t=T(5(t))

We also reformulate the definition of contrapositive trace in terms of signature as
follows. If s = (A, (£1,...,+y)) is a n-ary signature and r; = (n+1 j) a transposition
with j € [1;n], then we define

Tjsé(—:I:jfE,(—:l:j:tl,...,:tj,...,—:l:j:I:n)). (1)

Then, we can easily prove the following: for all n—ary traces ¢t and n—ary signa-
tures s,

rys=5(TGY) ¢ =T 50
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Moreover, for every cycle c fixing n + 1, we define

cs 2 (B, (£e(1)s £e(2)s- - > Ee(n))) - (2)
This definition is coherent with Expression (1). Indeed, the transpositions (n +
11),(n+12),...,(n+1 n) generate &,,4+1 and every cycle fixing n+1 can be factorized

into a sequence of transpositions of the form (n +1 j) so that, applying iteratively
Expression (1), we obtain Expression (2).

Definition 16 (Gaggle connectives). The set of atoms P and connectives C are:

P& x{+,-}x{V,3}  C2Pu U Snarx{+ -} {{V¥,3} x{+-}"}.

neN*

Both atoms and connectives can be represented by triples p = (1, +, &) (for atoms)
and ® = (o,%,(&E,(£1,...,4,))) (for connectives) where o € S,41, £ € {+,-}
and (&, (+1,...,%,)) € {V,3} x {+,-}". The arity of an atom is 0, the arity of
a connective ® = (o, %, (&, (£1,...,+,))) € C, denoted a(®), is n, its signature
is (&, (£1,...,%n)), its quantification signature is A and its tonicity signature is
(£1,...,%p). Forall j € [1;n], tn(®, j) denotes +;. Atoms are denoted p,p1,p2, etc.
and connectives are denoted ®, ®1, ®2, etc. The set of n—ary connectives, for n > 0,
is denoted C,,. ]

Fact 17. The number of n—ary gaggle connectives is (n +1)!-27*2,

Proof: It follows from the very definition of connectives. O

4.2 Actions of groups on gaggle connectives

In this section, we introduce actions on the set of gaggle connectives. In the next
sections, we will show that they generalize standard notions of residuations, duals
and Boolean negation.

Definition 18 (Action of the symmetric group). Let n € N*. We define the
function «;, : Sp41 x C,, > Cp, (7,®) — 7@ inductively as follows. Let & =
(o,%, (£, (£1,...,%0))) €C,, and let c € G,41.

o If ¢ is the transposition rj = (j n+ 1), then 7;® 2 (rj o 0, - +; +,1;s), @.e.:

ri®=((jn+1)oo,—+j+,(—+; B, (—+j+1,...,%5,...,— % £,)).
The connective r; is called the residual of ® w.r.t. its 7" argument.
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Permutations of Gq H l-ary signatures ‘

T1 2(1,2) t1=(3,+)
T2 2(2,1) t2=(v,+)
t3 = (V,—)
tq = (37_)

‘ Permutations of &3 H 2—-ary signatures ‘
o1 2(1,2,3) 812(3,(+,+))
o9 =(3,2,1) so=(V,(+,-))
g3 2(3,1,2) 83=(V,(—,+))
o4 =(2,1,3) sq=(Y,(+,+))
05 2(2,3,1) S5=(E|,(+,—))
06 =(17372) 86=(E|,(—,+))

S7 = (37(_7_))
ss=(¥,(=,-))

Figure 1: Permutations of G5 and &3 and ‘families’ of 1-ary and 2—ary signatures

o If ¢ is the cycle (j1 j2 ... jk n+1), then c® = rj (rj,...(r;®)), where
r;i = (jn+1) for all j.

o If ¢ is a cycle fixing n + 1, then ¢® = (co o, +,¢s), i.e.:
c® = (COO',:I:, (PE, (:I:C(l),:l:c(z), .. 'Ftc(n)))) .

Finally, if 7 is an arbitrary permutation of &,,,1, it can be factorized into a product
of disjoint cycles 7 = ¢1ca... ¢ and this factorization is unique (modulo its order)
[44]. So, we define 7@ = ¢ (c2. .. (cx®)). O

The mapping «,, is well-defined because one can easily prove that any other
ordering of the disjoint cycles cy,...,c, of 7 yields the same outcome for 7@. Our
definition is based on cycles and not on transpositions because the decomposition of
any permutation into disjoint cycles is unique (modulo its order), unlike its decom-
position into transpositions.

Proposition 19. For alln € N*, the mapping ay, : Gpe1 xCp, = Cy, is a group action
of &p+1 on C,,. For all n € N*, the group actions oy, (and all their restrictions to
subgroups G) are not transitive, the cardinality of each orbit is |&Sp41| (resp. |G|) and
the number of orbits is 4-2" (resp. %)
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Proof: (sketch) The condition (71 072)® = 71 (72®) of the definition of group actions
is proved by induction on 7. The other results follow from group theory because
for all z € C,,, G, = {1}. i

Definition 20 (Actions of the negation group and the anti-group). Let n € N*.
We define the functions 3, : P, _y x C,, - Cy, (£,®) —» +® and v, : Py xCp —
Cp, (£,8) — £ as follows: if ® = (0, +, (£, (£1,...,+,))) € Cy, then

e +®2 0
o ~®=(0,-%,(E,(£1,...,%0)))
o —®=2(0,-%,(-E,(-£1,...,-%n)))-

-® and ~ ® are called the Boolean negation and the symmetry of ® respectively.
Moreover, if ® is an atom p = (1, £, &), then we also define -p = (1,-+,-&). O

As we will see in Proposition 29, our definition of Boolean negation does corre-
spond to the intended (Boolean) negation.

Proposition 21. For alln € N*, the functions B, and vy, are non—transitive actions.

For both actions, the cardinality of each orbit is 2 and the number of orbits is @.

Proof: Tt follows from the application of Burnside Lemma. Only + fixes connectives
of C,, and it fixes all of them. — and ~ do not fix any element of C,. O

4.3 Gaggle logics

Our introduction of ‘gaggle logics’, like many semantic-based logics, is made in
three parts: first, we define their language (Definition 22), then their class of models
(Definition 24) and finally their satisfaction relation (Definition 25).

Definition 22 ((Boolean) gaggle language). The gaggle language L° is the small-
est set that contains the propositional letters and that is closed under the gaggle
connectives. That is,

. Pgﬁo;

o for all ® € C of arity n > 0 and for all 1, ...,¢, € L7, we have ®(p1,..., ) €
Lo
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The Boolean gaggle language L is the smallest set that contains the proposi-
tional letters and that is closed under the gaggle connectives as well as the Boolean
connectives A, Vv and -.

Elements of L are called formulas and are denoted ¢,%,q,... For all
Olyeoson €Ly @1 Ao App and @1 V...V @, stand for ((p1 A p2) A...Ap,) and

((p1 Vv p2) V...V p,) respectively.
If Cc Cu{n,v,—} is such that CNnP # @, then an element of L¢ is an element

of £ that contains only connectives and atoms of C. In the sequel, we assume that
all the sets of atoms and connectives C< Cu{A,v,=} are such that CnP+g. O

Remark 23. We could consider a countable number of copies of the atoms and
connectives: P’ = U {®; |®@cP}, C' = U {®;| ® € C}. Indeed, in general we need a

countable number of atoms or, like in some modal logics, we need multiple modalities
of the same (similarity) type. All the results that follow would still hold in this
extended language.

Definition 24 (C-models and C-frames). Let C ¢ C. A C-model is a tuple M =
(W,R) where W is a non-empty set and R is a set of relations over W. Each n—ary
connective ® € C is associated to a n+ l—ary relation Rg such that for all connectives
®1,® € C, we have that Rg, = Re, iff Oy, .4, (®1) = Oq,, 48, (2).

We abusively write w € M for w e W. A pointed C—model (M,w) is a C—model
M together with a state w € M. The class of all pointed C—models is denoted Mc
and simply M when C = C. A C—frame is a C\P-model. The class of all pointed
C—frames is denoted F¢ and simply F when C = C. O

Definition 25 (Gaggle logics). Let C ¢ C and let M = (W,R) be a C-model.
We define the interpretation function of Lc in M, denoted [[]]M : Lc - P (W),
inductively as follows: for all p e CnP and all @ € C of arity n > 0 and signature
denoted (o, +,s), for all v, ¥, ¢1,...,¢0n € Lc,

[[p]]M = R,
[e]™ = W—[e]™
[(er)I™ = [el™ g™
[(ev)l™ = [el™ o™

fo(lpd™, -, [en]™)

where the function fg = fhi, with ¢ = T(s) defined in Section 4.1 and fh..
() @

in Definition 5. That is, fg is defined as follows: for all Wy,...,W,, € P (W),
Joe(Wi,... . W) 2{weW |C®(Wy,...,W,,w)} where C® (W1,...,W,,w) is called
the truth condition of ® and is:

[[®(§D17 .. -780n)]]M
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o if E=V: “Vwy,...,wp e W(w § Wi v...vw, 4 W, v R wi ... waw)";
o if E=3: “Tuy,...,wp e W (w1 §WiA...Awy b Wy AR w1 ... wpw)”;

where, for all j € [1;n], w;j 4 W; 2 w;j € Wj if 5 = + and w; b W 2 w; ¢ W if
+5 = — and Rg7wy ... wpy1 iff +ReW,-(1) ... We-(n41) (We Tecall that +Rg = Re and
~Rg = W™ - Rg).

We extend the definition of the interpretation function [-]* to C-frames as fol-
lows: for all ¢ € L¢ and all CHframes F,

lel® 2N {[[@]](F "P) | P a set of n—ary relations over Wsuch that (F,P) is a Cfmodel}

If £c is a class of pointed C—models or C—frames, the satisfaction relation |- ¢
Ec x Lc is defined as follows: for all ¢ € Lc and all (M, w) € &, ((M,w),p) € |-
iff w e []M. We usually write (M, w) |- ¢ instead of ((M,w), ) € |- . The triple
(Lc,&c, |- ) is a logic called the gaggle logic associated to Ec and C. The logics of
the form (Lc, Mc, | ) are called basic gaggle logics. We call them Boolean (basic)
gaggle logics when their language includes the Boolean connectives A, v, —. O

The truth conditions of the above definitions have been introduced in a different
formal approach by Bimbé & Dunn [7] and for some particular cases by Dunn [10]
and Dunn & Hardegree [13]. However, it is the first time that they are spelled out
systematically and in a comprehensive manner.

Example 26 (Lambek calculus, modal logic). The Lambek calculus (Lc, Mc, | )
where C = {p,o,\,/} defined in Section 2 is an example of basic gaggle logic. Here
o,\, / are the connectives (o1, +, 1), (05, —, 83), (03, —, s2). Another example of gaggle
logic is modal logic (Lc,&c, | ) where C = {p, T, 1,A,v,<,0} is such that

e T,1 are the connectives (1,+,3) and (1,-,V) respectively;

e A,V,<,0are the connectives (o1, +, $1), (01, —, 84), (72, +, 51), (72, —, S2) Tespec-
tively;

o the C-models M = (W, R) € Ec are such that R, = Ry = {(w,w,w) | w e W},
RQ:RD,RT:RL:W.

Indeed, one can easily show that, with these conditions on the C—models of &c,
we have that for all (M,w) € &, (M,w) |- (o1,+,51)(p,%) iff (M,w) |- ¢ and
(M, w) |1, and (M, w) |- (o1, -, 54) (0, %) iff (M, w) | ¢ or (M, w) |-1. Note that
the Boolean conjunction and disjunction A and v are defined using the connectives
of C by means of special relations R, and R,. They could obviously be defined
directly. Many more examples will be given in Section 6.
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5 Residual, Boolean negation, dual and switch

The action of specific permutations on the set of connectives corresponds to well—
known operations used in proof theory. For example, the action of a transposition
(j n+ 1) corresponds to the abstract law of residuation for the j* argument. This
operation of residuation turns out to be central since every permutation can be
decomposed into a composition of transpositions. Yet, we argue that the actions of
cycles is more central because every permutation can be decomposed uniquely into
disjoint cycles. Moreover, the symmetric group &,,41 is also generated by the cycles
(1...n+1)and (nn+1) and the alternation group is generated by the n+ 1-cycles
of &p41. This confirms an observation already made in [2] which highlighted the
role of 3-cycles for substructural and update logics in the formal connections that
exist between connectives.

Proposition 27. Lett be a n-ary trace, R a n+1-ary relation over W and o € Gp41.
Then, fhew = fo where ® = (0,%,5(t)) = (0,%, (&, (£1,...,4,))). Moreover, if
j € [1;n], then the n-ary function associated to t? and (t7,t)(R) of Definition 5 is
frje where 7;®, the residual of ® w.r.t. its 4" argument, was defined in Definition
18:

ri®@=((jn+1l)oo,—+j+,(—+; £ (—+j+1,...,%5,...,— %))

Therefore, we have the following property: for all 1,...,¢j,...,n, 0 €L,
S[®, 01, 1)y Pn, @] iff S[ri®, o1,..., 0, on 0] (3)

®(p1,--0n) Fw  if £=3

where S [®,01,...,¢n,p] = : .
(pH7®((p1a--'7§0n) lf/EZV

Proof: It follows straightforwardly from our definitions. Expression (3) follows
from Theorem 10 (item 2). ]

Hence, 7;® does correspond to the residual connective of ® w.r.t. its 4 argument
as it is usually defined in Dunn’s theory.

Definition 28 (Dual and switch operations). Let ® = (o, +, (&, (£1,...,%5))) € C
be a n—ary connective and let j € [1;n].

o The switch of ® w.r.t. its j* argument is the n-ary connective
5;® 2 (0,%, (B, (£1,...,—%j,...,%p))).
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e The dual of ® w.r.t. its j*" argument is the n—ary connective
di® = (0,—%,(-E, (—£1,...,%j,...,—%n))).
e The dual of ® is the n-ary connective
d® = (o,—+, (=&, (£1,...,+))). O

The following proposition shows that our terminology for “Boolean negation”
and “dual” is appropriate and does correspond to the standard intuitive meaning
(see Blackburn & Al. [8, Def 1.13] for example).

Proposition 29. Let ® € C be a n—ary connective and let @1,...,¢on € L. Then, for
all (appropriate) pointed models (M, w),

(M,w) |- -=®(e1,---,0n) iff  (M,w) |~ @ (¢1,-..,9n) does not hold
(M,w) |58 (p1,---s00) iff  (M,w) |- & (o150, ~95, - 0n)
(M,w) |- dj ® (p1,--5900) iff  (M,w) |- =81, ~9js -+, 0n)
(M,w) [-d® (g1, s0n)  iff  (M,w) |- ~&(=p1,-. ., ~¢n)

The following proposition shows that the switch as well as the dual operations
are definable in terms of residuations and Boolean negation.

Proposition 30. If ® € C,, is a n—ary connective, then for all j € [1;n],
e 5;®=71;-1;®
e di®=1j-1;-®
e d®=51...5,—®.

Proof: See the Appendix, Section A. m|

Proposition 31. Dunn’s (complete) families of n—ary connectives are orbits O, (®)
of the group action c,. These families/orbits form a partition of the set of n—ary
connectives.

Proof: It follows easily from Dunn’s and our definitions. a
Dunn’s families of n—ary connectives are called “complete families” of operations

by Bimb6 & Dunn [7]. Likewise, two n—ary connectives ®,® € C,, are “colligated”
in the sense of Bimb6 & Dunn [7] when they belong to the same orbit O,,, (®).
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(Ulv+7$1>
/ T~ N
(0-17_558) (067_783)
/
/
/
) - - - residuation r9
(067_788) (067+7S5)
/ —— Boolean negation —
/
/
/
/
(06>+731\) (01,+,55)
(01,-,53)

Figure 2: The 8 connectives of the orbit Oq, ((01,+,51))

(017+751) 777777 (0-25 752)
/
/ N \
/ \
4 \
/ A\
) ' - - - residuation 7o
(067_783) (037_782)
\
\ S residuation rq
\\\ //
\\ //
\\ //
\\ ///
(0-57_783)7 -7 7(0-47+781)

Figure 3: The 6 connectives of the orbit O, ((01,+,51))

Proposition 32. Letn e N*, j e [1;n] and let us define G = (rj) P, _y. Since G;
is a subgroup of &1 * P, _y, let us denote by ag; the action of G; on C,, induced
by the free action oy, * B,,. Then, for all connectives ® of arity n,

1. Ooccj (®) is isomorphic to a cyclic group of order 8.

2. {01, (®),04, 45, (~ ®)} forms a partition of the set C, of connectives of
arity n. Moreover, the mapping ~ : Og,«3,(®) = Oa,p,(~ ®), >~ x is
involutive.

892



TowARDS UNIVERSAL LoGIC

\

switch sq
- - switch s9
--- residual r1

negation —

residual ro

Figure 4: The 48 connectives of the orbit Og,4p, ((01,+,51)) related to each other

by residual, negation and switch operations.
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3. For all n € N*, the free action an * B, * Y, on the set of connectives C,, is
transitive.

Proof: See the Appendix, Section A. m|

So, for every pair of connectives (®,®"), there exists a sequence of residuation(s),
negation(s) and symmetry which transforms ® into ®’. In other words, every gaggle
connective ® € C,, can be obtained from another connective ®’ € C,, with a suitable
choice of element in the free groups &p.+1 * P, _y * P4 .): for all @, ®' € C,,, there is
g €6p41 % Py _y * P, . such that ® =y * B * (g, ®).

Example 33. In Figure 2, we represent the orbit O, ((01,+,51)). It is isomorphic
to a group of order 8 according to the first item of Proposition 32. In Figure 4, we
represent the orbit Oq,.s, ((01,+,51)) where the 48 binary connectives are related
to each other by means of residuation, switch or Boolean negation. The other 48
binary connectives of the orbit Op,.g, (~ (01,+,51)) are obtained symmetrically by
switching everywhere — to + and + to —. These two orbits form a partition of Co
according to the second item of Proposition 32. The orbits O,,(®) of the binary
connectives @ of Cy are given in Figures 7, 8, 9, 10, 11 and 12. Every orbit O, (®) is
of cardinality 6 = |S3|. In order to follow common notations, binary connectives are
denoted ¢ ®1 instead of ®(p,1). Finally, the orbit of O,, ((o1,+, s1)) is represented
graphically in Figure 3, it corresponds to the outermost left vertical line of Figure
4.

6 Gaggle logics in the literature

In this section, we provide formal connections between our gaggle logics and sub-

structural and non-classical logics. The last columns of our tables indicate the rele-

vant publication where the gaggle logic connective was introduced for the first time.

A logic close to our approach with connectives of arbitrary arity is the Generalized

Lambek Calculus of Kolowska-Gawiejnovicz [26]. It is in fact the basic gaggle logic

(Lc, Mc, | ) where C = LIJ\I {&,,7i®, |,i=1,...,n} with &, the n-ary connnective
neN*

(1,+,(3,(+,...,+))). (&, and r;®,, are denoted f and f/i in [26].)

6.1 Binary and unary connectives of basic gaggle logic

The truth conditions of the 16 unary gaggle connectives of gaggle logic are given
in Figure 6 and those of the 96 binary gaggle connectives of gaggle logic in Figures
7, 8,9, 10, 11 and 12. Many of these unary and binary connectives have already
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been introduced in the literature [30, 23, 28, 29, 40, 31, 22, 42, 2]. For example, the
binary connectives (o1,+,$1) , (05,53,—) and (o3, $2,—) are the fusion o, implication
\ and co-implication / connectives of the Lambek calculus [30] used to illustrate
our examples in Section 2. They are also denoted ®;, 5, and c, in update logic
[2].2 In the third column of the tables, we provide the bibliographical references
where the connectives were first introduced. Note that each binary connective ®
has a commutative version ®" which belongs to the same orbit/family so that for
all formulas ,1) we have that ¢ ® 1) =19 & . So, instead of 6 different connectives
for each 2—ary orbit, we genuinely have 3 different connectives. This is in line with
a result about colligated operations of Bimbé & Dunn [7]. For each orbit, one goes
from one connective to the next by alternating residuations w.r.t. the first or the
second argument, like in Figure 3. For example, (o1,+,51) = r1 (02,—,82) =
rire (03,—,82) =rirory (04,+,81) =rirariry (05,—,83) =rirerirery (o6, —,S3) -

To each family/orbit of connectives corresponds a series of laws of residuation.
These laws are all instances of the same abstract law of residuation of Definition
10 and correspond to the action of transpositions of the form (j n + 1) on the set
of connectives. They are of different types depending on the family/orbit to which
they belong. These types were denoted in the literature: residuation connection,
dual residuation connection, Galois connection and dual Galois connection (denoted
rp, drp, gc and dgc by Goré [22]). These different ‘types’ of instance of the same
abstract law of residuation for binary and unary connectives are given in Figure 5.
In particular, note that the notion of dual residuation is the same as our definition
of dual w.r.t. the j*" argument (Definition 28 and Proposition 29).

6.2 Non gaggle logics

Some connectives of non—classical logics are not connectives of gaggle logics. We
mention two of them here. First, the standard modal connective interpreted over
a neighborhood semantics [34, 35, 47]. It cannot be expressed by a combination of
gaggle logic connectives, because its reformulation with a ternary relation contains
an alternation of quantifiers that cannot occur in any function of Definition 5:

w € [O¢p] iff JuVv (Rwuv < v e [¢]).

2There is a number of important typographical mistakes about dual update logic in [2]. In par-
ticular, in Definition 20 (dual update logic) of [2], y and z should be swapped in the truth conditions
of <; and »;. There are also some errors in the case study of Section 8 about bi-intuitionistic logic.
A fully corrected version of [2] is available at https://hal.inria.fr/hal-01476234v2/document.
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‘Type’ of the abstract law ‘ Binary connectives ‘

Unary connectives

povlx,
elvax | oelv ool
Residuation Y- xcp ol-0y  ¢l-ov
Xeoy
Dual residuation X <k @ ‘F Y
plvlx
Zixs P
Galois Yl x |- Wl
xXbe b v
vle b x il ko
Dual Galois © ‘F P ol X 2 ‘F %y

Figure 5: Instances of the abstract law of residuation
(i,7,k) €{(3,1,2),(2,3,1),(1,2,3)}

Second, the disjunction of connexive logics interpreted over the ternary semantics
of relevant logics [37]. It cannot be expressed in basic gaggle logic either, because
its formulation contains a pattern of Boolean connectives absent from the functions

of Definition 5:

w € [ v ] iff Juv (Rwuv A (ue o] voely])).

7 Calculi for Boolean gaggle logics

After some general definitions in Section 7.1 and definitions of structures and con-
secutions for gaggle logics in Definition 40, we introduce in Section 7.3 our calculus

for Boolean basic gaggle logics. The calculus is a display calculus.

7.1 Preliminary definitions

These definitions are very general and apply to any kind of formalism.
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Gaggle Truth condition Substructural
connective connective
The existentially positive orbit: residuations
(r1,+,t1) ¢ | Fv(veg] A Rvw) | O [40] O [10]
(12,—,t2) @ | Yo (v e [p] v-Rwv) | Op [28]
The universally positive orbit: residuations
(11,+,t2) ¢ | Yu(ve[p] v Row) +y¢ [10] [13, p. 401]
(12,=t1) ¢ | Jv(ve[p] A—Rwv) | [10]
The existentially negative orbit: Galois connections
(11,+,t1) ¢ | Fv(vé[e] ARvw) | 79 [10][13, p. 402] 214 [10][7, Def. 10.7.7]
(12, +,t4) @ | v (v ¢ [p] A Rwv) | 7 [10][14] [13, p. 402] B2¢ [7, Def. 10.7.7]
The universally negative orbit: dual Galois connections
(m1,+,t3) @ | Yo (v ¢ [¢] v Row) | ¢* [10, 12] ¢° [22] ©1¢ [7, Def. 10.7.2]
(12, +,t3) ¢ | Yo (v ¢ [e] vRwv) | ~p [20] to [10, 12] ¢ [22]
Sop [7, Def. 10.7.2]
The symmetrical existentially positive orbit: residuations

(11,—,t1) ¢ | Jv(ve[e] A—Row) | [10]

(12, +,t2) ¢ | Yo (ve[e] Vv Rwv) | +p [10] [13, p. 402] ¢* [7, Def. 7.1.19]

The symmetrical universally positive orbit: residuations

(11,=,t2) @ | Yo (v e[p] v-Row) | O ¢ [40] O, [10]

(72, +,11) ¢ | Fv(vep] A Rwv) | Op [28]

The symmetrical existentially negative orbit: Galois connections

(11,—t1) ¢ | 3v(v ¢ [p] A—Row) | 2 [10][7, Ex. 1.4.5] ¢! [22]

(12,—t1) ¢ | v (v ¢ [p] A—Ruwv) | 7, [10] [7, Ex. 1.4.5] Y [22]

The symmetrical universally negative orbit: dual Galois connections

(11,=t3) ¢ | Yv (v ¢ [] v -Row) | [10]

(T27 g t3) ¥ Vv (U ¢ [[90]] v _va) “hP [29) 42] Ly [14]

Figure 6: The 1

—ary gaggle connectives
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Gaggle Truth condition Substructural
connective connective
The conjunction orbit On,( (o1, +,51) ): residuations

¢ (o1,+,51) ¥ | Juv(uep] Ave] A Ruvw) | potp [30], p @59 [2]
¢ (02,—,82) ¢ Vuv (u e [p] vo ¢ [¢] v —Rwou)
¢ (03,—82) ¥ | Vuw(ue[p] voé¢[y]v-Rowu) | [ [30], ¢ 2 ¢ [2]
o (04,+,81) ¥ Juv (u € o] Av €[] A Rouw)
=9 (01,+,51) ¢
¢ (05,—,83) ¥ | Vuww (ué [p] voe ] v-Rwuw) |\ [30], ¢ 2, ¢ [2]
=9 (02,-,82) ¢
¢ (06,—,83) ¥ | Yuv (u ¢ [o] vve ] v-Ruwv)
= (03,—,82) ¢

The not-but orbit Ou,( (01,+,s6) ): residuations
¢ (o1,+,86) ¥ | Juww(ué o] Ave Y] A Ruvw) | @39 [2]
¢ (o2,+,56) ¥ Juv (u ¢ o] Av €[] A Rwou)
¢ (03,=84) ¥ | Vuv(ue[p] voey]v-Rowu) | ¢ @9 [2]
o (04,+,85) ¥ Juv (u € ] Av ¢ [¥] A Rouw)
= ¢ (017 +7$6) 2
¢ (05,+,85) ¥ Juv (u € o] Av ¢ [¥] A Rwuv) © =<4 ¢ [2]
= ¢ (027 +7$6) 2
o (06,—,84) V¥ VYuv (u € ] v e ] v —Ruwv)
= lﬂ (037 ) 34) 2

The but—not orbit On,( (o1,+,5) ): residuations
o (o1,+,85) ¢ Juv (u € o] Av ¢ [¥] A Ruvw) © =<3 [2]
o (09,—,84) ¥ Vuv (u € [¢] v v e [¢] v -Rwou)
¢ (03,+,86) ¥ | Juv(ué[p] AvelPp] A Rowu) | o>y ¢ [2]
o (04,+,86) ¥ Juv (u ¢ @] Av e ] A Rouw) © Q1 [23, 36]
= d} (O-la +, 55) 2
¢ (05,—,54) ¥ | Yuwv(ue o] voe[]v-Row) | o &9 [23, 36] ¢ &, ¢ [2]
= ¢ (02a ™ 54) 2
o (06, +,85) ¥ Juv (u € o] Av ¢ [] A Ruww) v @1 [23, 36]
= ¢ (03a +, 56) 2

Figure 7: The 2—-ary gaggle connectives
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Gaggle
connective

Truth condition

Substructural
connective

The symmetrical conjunction orbit Ou, ( (o1, -,

s1) ): residuations

‘2 (017_731) (
¥ (0-27+a52) (0
2 (037+732) (
4 (0-47_751) (0
¥ (0-57+7S3) (0
= (027+732) 2
¥ (0-67+753) (0
=1 (037+732) 2

Juw (u € o] Av e [¢] A —Ruvw)
Vuv (u e [p] vo ¢ [¢] v Rwou)
Vuv (u €[] vo ¢ [¢] v Rvwu)
Juv (u € [¢] Av e [¢] A —Rouw)

Vuv (u ¢ o] v e [v] v Rwuv)

Vuv (u ¢ ] v e [] v Ruwv)

@o1 [7, Def. 5.2.3]

© — 1) [7, Def. 5.2.3]

The symmetrical not-but orbit O, ( (o1, -, s¢

) ): residuations

2 (017_756) ¢
¢ (02,~,56) P
2 (037+754) (0
¢ (04,~,85) P
=1 (017_786) ¥
¢ (05,=,85) P
=1 (027_786) ¥
¥ (067+784) (0
=1 (03,+,54) ¢

FJuv (u ¢ @] Av e [¢] A —Ruvw)
Juv (u ¢ [p] Av e [P] A —Rwou)
Vuv (u € [p] vv e Y] v Rowu)

Juv (u € [p] Av ¢ [P] A —Rvuw)

Juv (u € [p] Av ¢ [P] A —Rwuv)

Vuv (u € [p] voe[] v Ruwo)

The symmetrical but—not orbit Ou, ( (01, -, S5

) ): residuations

‘2 (0-17_a55) w
‘2 (027+7S4) Tﬂ
¥ (0-37_a56) w
2 (047_736) TP
=T/) (017_)55) 2
‘2 (057+7S4) 1/]
=1 (02,+,84)
¢ (06,~,55) ¥
= (03,-,86) ¢

Juv (u € [p] Av ¢ [P] A —Ruvw)
Vuv (u € o] vv e ] v Rwou)

Juv (u ¢ [@] Av e Y] A —Rowu)
Juw (u ¢ o] Av e Y] A —Rouw)

Vuv (u € o] vv e ] v Rwuwv)

Juv (u € [¢] Av ¢ [¢] A —Ruwv)

Figure 8: The 2—-ary gaggle connectives
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Gaggle
connective

Truth condition

Substructural
connective

The disjuncti

on orbit Ou, ( (01,—,54) ): dual residuations

¥ (017_734) (0
¥ (U2a+735) (0
14 (037+735) ¢
¥ (0-43_734) (0
=1 (017_734) ¥
¢ (05, +,56) ¥
:1/} (027+735) ¥
P (067_736) (0
=1 (03, +,85) ¢

Vuv (u € o] vve[¢] v —Ruvw)
Juv (u € [p] Av ¢ [¢] A Rwou)
Juv (u € ] Av ¢ [¢] A Rowu)
Vuv (u € [o] vv e [¢] v -Rouw)

Fuv (u ¢ ] Av €[] A Rwuw)

Juv (u ¢ ] Av €[] A Ruww)

&3¢ [2]

0<% [2]

o1 [2]

The implication orbit Ou, ( (01,—,s3) ): dual residuations

¥ (017_783) 77/)
¢ (02,—,83) ¥
¥ (U3v+>81) (0
¢ (04,—,82) ¥
= (017+783) ¥
¢ (05,—,82) ¥
= (027_753) ¥
¢ (06,+,51) ¥
= ((737""81) ¥

Vuv (u ¢ o] vv e [¢] v -Ruvw)
Vuv (u ¢ ] voe[y] v-Rwou)
Juv (u € ] Av e Y] A Rowu)

Vuv (u € o] vo¢[v] v -Rouw)

Vuv (u € o] vo ¢ [v] v-Rwuv)

Fuv (u € ] Av €[] A Ruww)

239 [2]

0@ 2]

w1 [2]

The coimplication orbit O, ( (01,—,s2) ): dual

residuations

¥ (013_?52) (0
¥ (027+751) (0
12 (037_733) (0
¥ (037_733) w
=1 (01’_a82) ¥
¥ (057+731) (0
=1 (027+a81) ¥
¥ (067_732) (0

Vuv (u € o] vo ¢ [¢] v -Ruvw)
Juv (u € @] Av €[] A Rwou)

Vuv (u ¢ [o] v e [¢] v -Rowu)
Vuv (u ¢ o] vve[¢] v -—Rouw)

Juv (u € @] Av e [¥] A Rwuw)

Vuv (u €[] vu ¢ [¢] v —Ruwv)

= 1/} (0-37 B 83) ¥

pcsp [2]

© 251 [2]

0 Y 2]

Figure 9: The 2—-ary gaggle connectives
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Gaggle
connective

Truth condition

Substructural
connective

The symmetrical disjunction orbit Oa, ( (01, +,54) ): dual residuations

¥ (017+784) (0
¥ (027_755) (0
¢ (03,—,585) V¥
¥ (U47+,54) (0
= (017+7S4) ¥
P (057_756) (0
:1/1 (027_735) ¥
P (067+756) (0
=9 (03,—,85) ¢

Vuv (u € o] vv e [¢] v Ruvw)
Juv (u € o] Av ¢ [¥] A —Rwou)
Fuv (u € [p] Av ¢ Y] A —Rowu)
Vuv (u € ] v e [] v Rouw)

Juv (u ¢ [p] Av e [¢] A —Rwuv)

Juv (u ¢ [p] Av e Y] A —Ruwv)

© @Y [22]
@ =< [22]

@ > [22]

The symmetrical implication orbit Oa, ( (o1, +,s3) ): dual residuations

¥ (017+783) ¢
¥ (027+’33) (0
¥ (037_781) (0
¥ (U47+’32) (0
=1 (017+733) ¥
¥ (U57+’32) (0
=9 (027+7S3) ¥
¥ (067_’31) (0
=9 (037_781) ¥

Vuv (u ¢ [o] v v e ¢] v Ruvw)
Vuv (u ¢ ] voe[y] v Rwou)
FJuv (u € o] Av €[] A —Rowu)
Vuv (u € ] vo ¢ ] v Rouw)

Vuv (u € ] vo ¢ ] v Rwuw)

Juv (u € ] Av €[] A —Ruwwv)

The symmetrical

coimplication orbit On, ( (01, +,52) ): dual residuations

¥ (017+7‘92) (0
¥ (027_781) (0
12 (037+753) 77[]
¥ (U4a+733) w
=1 (O-la+752) ¥
¥ (057_781) (0
= (0'2,—,51) P
¥ (067+782) (0
=1 (0-3a+753) ¥

Vuv (u e [p] vo ¢ [¢] v Ruvw)
Juw (u € @] Av e [¢] A —Rwou)
Vuv (u ¢ [ vve¢] v Rowu)
Vuv (u ¢ o] vv e [v] v Rouw)

Juw (u € @] Av e [¢] A —Rwuv)

Vuv (u e o] vo ¢ [¢] v Ruwv)

Figure 10: The 2-ary gaggle connectives
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Gaggle Truth condition Substructural
connective connective

The stroke orbit On, ( (01,+,57) ): Galois connections

¢ (o1,+,87) ¥ Fuv (u ¢ [p] Av ¢ [Y] A Ruvw) @ s ¥ [1, 22]
¢ (o9, +,87) ¢ Juv (u ¢ [¢] Av ¢ [¢] A Rwou)
¢ (03,+,87) ¥ Fuv (u ¢ [p] Av ¢ [P] A Rowu)
o (o4,+,87) ¢ Juv (u ¢ [¢] Av ¢ [¢] A Rouw)

=¢ (Ula+)87) 2
o (o5,+,87) ¥ Juv (u ¢ [¢] Av ¢ [¢] A Rwuv) e | ¥ (1, 22]
:77/) (U2a+)37) 2
o (o6, +,87) V¥ Juv (u ¢ [¢] Av ¢ [¢] A Ruwv) @ |2 [1, 22]
=9 (03,+,87) ¢

The dagger orbit Ou, ( (01,—,s3) ): Galois connections

¢ (01,—,88) ¥ Vuv (u ¢ [p] vo ¢ [¢] v-Ruvw) | ¢ s 9 [1, 22]
¢ (09,—,88) ¥ Vuv (u ¢ o] vo ¢ [¢] v -Rwou)
¢ (03,—,88) ¥ Vuv (u ¢ [p] voé[v] v-Rowu)
¢ (04,—,88) ¢ Vuv (u ¢ @] vo ¢ [¢] v -Rouw)

:¢ (017_’58) ‘2
¢ (05,—,88) ¥ Vuv (u ¢ [e] vo ¢ [v] v-Rwuv) | ¢ | ¢ [1, 22]
:¢ (023_’58) 2
¢ (06,—,88) ¥ Vuv (u ¢ [e] vo ¢ [v] v-Ruwv) | ¢ |, ¢ [1, 22]
:/lzz) (033_’58) ‘2

Figure 11: The 2-ary gaggle connectives

Definition 34 (Logic). A logic is a triple L = (£, E, |= ) where

e L is a language defined as a set of well-formed expressions built from a set of
connectives C and a set of atoms IP;

o FE is a class of pointed models or frames;

o = is a satisfaction relation which relates in a compositional manner elements
of £ to models of E by means of so-called truth conditions.

A L-consecution is an expression of the form ¢ |-, |1 or p |, where p, e L. O

Our definition of a calculus and of an inference rule is taken from [32].
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Gaggle Truth condition Substructural
connective connective

The symmetrical stroke orbit On, ( (01,—,57) ): dual Galois connections

o (o1,—,87) ¢ Juv (u ¢ [p] Av ¢ [¢] A —Ruvw)
o (02,—,87) ¥ Juv (u ¢ [p] Av ¢ [¢] A =Rwou)
¢ (03,—,87) ¢ Juv (u ¢ [p] Av ¢ [¢] A —Rowu)
o (04,—,87) ¥ Juv (u ¢ [p] Av ¢ [¢] A =Rouw)

=9 (01,-,87) ¢
o (05,—,87) ¥ Juv (u ¢ [p] Av ¢ [¢] A =Rwuv)
=9 (02,-,87) ¥
v (06,—,87) ¥ Juv (u ¢ [p] Av ¢ [¢] A =Ruwv)
=y (03,—,87) ¥

The symmetrical dagger orbit Oq, ( (01,+,s8) ): dual Galois connections

o (o1,+,88) ¢ Vuv (u ¢ o] v ¢ [¢] v Ruvw)
o (o9,+,88) ¢ Vuv (u ¢ o] vo ¢ [¢] v Rwou)
¢ (o3,+,88) ¥ Vuv (u ¢ ] v ¢ [¢] v Rvwu)
o (04,+,88) ¢ Vuv (u ¢ o] vo ¢ [¢] v Rouw)

:¢ (017+a58) ¥
© (o5,+,88) ¥ Vuv (u ¢ o] vo ¢ [¢] v Rwuv)
:¢ (027+a58) ¥
© (o6, +,88) ¥ Vuv (u ¢ o] vo ¢ [¢] v Ruwv)
:¢ (037+a58) '

Figure 12: The 2-ary gaggle connectives

Definition 35 (Conservativity). Let L= (£, E, =) and L' = (L', E’, =) be two
logics such that £ ¢ £'. We say that L’ is a conservative extension of L when

{oel| Erof=Ln{d L' | ¢} O

Definition 36 (Calculus and sequent calculus ). Let L = (£, E, =) be a logic. A
calculus P for L is a set of elements of £ called axioms and a set of inference rules.
Most often, one can effectively decide whether a given element of £ is an axiom. To
be more precise, an inference rule R for L is a relation among elements of £ such
that there is a unique ! € N* such that, for all ¢,p1,...,¢; € L, one can effectively
decide whether (¢1,...,p;,¢) € R. The elements ¢1,...,¢; are called the premises
and ¢ is called the conclusion and we say that ¢ is a direct consequence of 1,.. .,y
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by virtue of R. Let I ¢ £ and let p € L. We say that ¢ is provable (from I') in P or
a theorem of P, denoted +p ¢ (resp. I' +p ), when there is a proof of ¢ (from I') in
P, that is, a finite sequence of formulas ending in ¢ such that each of these formulas
is:

1. either an instance of an axiom of P (or a formula of T');

2. or the direct consequence of preceding formulas by virtue of an inference rule
R.

If S is a set of L—consecutions, this set S can be viewed as a language. In that
case, we call sequent calculus for S a calculus for S.

Axioms and inference rules are often represented by means of aziom schemas
and inference rule schemas, that is, expressions of the following form, depending on
whether we deal with formulas of £ or £—consecutions:

Axiom schemas:

a A B

Inference rule schemas:

a1 ... Qp Al}*Bl An}*Bn
a AE B

where ay, ..., qn, a are built up from wvariables often denoted ¢, v, ... and the con-

nectives of C and, likewise, A1,..., A, B1,...,B,, A, B are built up from variables

often denoted X,Y,... and the connectives of C. In this representation, inference
rules and axioms schemas are closed by uniform substitution: each variable can be
replaced uniformly by any well-formed expression of L.

An inference rule R’ is derivable from an inference rule R in P when there is a
finite sequence of rules Rq,..., R, of P, with at least one of them equal to R, such
that R' = Ryo...0oR,. d

Definition 37 (Truth, validity, logical consequence). Let L = (£, E, =) be a logic.
Let M € E, ¢ € L, R be an inference rule for £ and S, S’ be either inference rules
for £ or formulas of £. If " is a set of formulas or inference rules, we write M =T
when for all p € T, we have M |= ¢. Then, we say that

o is true (satisfied) at M or M is a model of ¢ when M |= ;

e ¢ is valid, denoted = | ¢, when for all models M € E, we have M = ;

e Ris true (satisfied) at M or M is a model of R, denoted M = R, when for all
(¢1,---,01,0) € R, if M |=; for allie {1,...,1}, then M = .
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An inference rule R is equivalent to another inference rule R’ iff for all M € E,
MERIf ME=R. O

Definition 38 (Soundness and completeness). Let L = (£, E, =) be a logic. Let P
be a calculus for £. Then,

o P is sound for the logic L when for all p € £, if -p ¢, then = .

o P is (strongly) complete for the logic L when for all p € £ (and all T ¢ £), if
= L, then Fp ¢ (resp. if T = | p, then T +p ¢). O

7.2 Structures and consecutions

In order to provide a sound and complete calculus for a gaggle logic based on a set
of connectives C ¢ C, we will need to resort to the connectives of C which are in
the orbits of the free action a, * 3, (for appropriate ns). We introduce these extra
connectives in the language as structural connectives: they will appear in the proof
derivations but not in the formulas proved by the calculus.

Definition 39 (Structural connectives). (Gaggle) structural connectives, denoted
[C], are a copy of the connectives: for all C ¢ C,

[Cl={[e]|®cC}.

Structural connectives are denoted [p], [p1], [p2],. .. and [®],[®1],[®2],... For all
® = (0,+,5) € C, the arity, signature, tonicity signature, quantification signature of
[®] are the same as &.

We also introduce the (Boolean) structural connective , . O

Definition 40 (Structural gaggle language and consecutions). The structural gaggle
language [L] is the smallest set that contains the gaggle language L, the structures
+p for all p € £ as well as [IP] and that is closed under the structural connectives of
[Cluf, }.

A L-consecution (resp. [£]-consecution) is an expression of the form ¢ |- 1 (resp.
X B Y), where p,1 € L (resp. X,Y € [L]). The set of all (Boolean) L—consecutions
(resp. [L£]-consecutions) is denoted S (resp. [S]) and the set of all £-consecutions
is denoted S°. If C c C then an element of [£]¢ (resp. S, Sc, [S]c) is an element
of [£] (resp. SY, S, [S]) which contains only connectives of [C].

Elements of £ (resp. [£] and [S]) are called formulas (resp. struc-
tures and consecutions); they are denoted ¢,v,a,... (resp. X,Y,A,B,... and
XEY, AL B,..). O
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Definition 41 (Boolean negation). Let X € [£] be a structure. The Boolean nega-
tion of X, denoted *.X, is defined inductively as follows:

[-@] (Xl,...,Xn) le:[®] (Xl,...,Xn)

ix - (x X7, *X?) if X =(X1, X2)
%) if X =x¢p
*p ifX=pel
where —® was defined in Definition 20. Ul

Note that from that definition, for all structures X € [ L], it follows that ** X = X.

Definition 42 (Formula associated to a structure). We define inductively the func-
tion 79 and 7 from structures of [£] to formulas of £ as follows: for all i € {0,1},
all ® = (o, £, (£, (£1,---,%n))),

Ti(p) =
Ti(xp) = o

(X, Y) = (1(X)A7n(Y))

Tl(X,Y) 2 (Tl(X)VTl(Y))
Ti(l:@] (Xl,,Xn)) = ®(Ti1(X1)a---aTin(Xn))
(X))  ifx=+
Tl—i(Xj) if :I:jz—‘

Then, we define the function 7 from [£]-consecutions of [S] to L—consecutions

of § as follows:

where for all j € [1;n], 7, (X;) = {

T(XEFY) =2 7X)Fn(Y) O

Instead of a single structural connective , , we could introduce two Boolean
structural connectives [A], [V] as a copy of the Boolean connectives A, v, like for the
other gaggle connectives ®. This would not be usual but in line with our approach.
This would greatly simplify the definition of the function 7 since the interpretation
of the structural connectives would then not be context-dependent as here. In par-
ticular one would not need two functions 7y and 71. We proceed as follows on the
one hand in order to stay in line with current practice and on the other hand be-
cause it simplifies the subsequent calculus GGL¢ of Figure 13: we use one structural
connective (, ) instead of two ([A] and [v]). This said, it would be easily possible to
adapt and rewrite the calculus GGL¢ with these two structural connectives [A] and
[V]: the structural connective , would need to be replaced by [A] in the premise of
(drg) and in (B+),(Cl+),(K+), (A +) and by [Vv] in the conclusion of (dry) and in
(FB),(FCl), (- K),(+Vv) (see below).
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Definition 43 (Interpretation of gaggle structures and consecutions). Let C ¢ C
and let M = (W,R) be a C-model. We extend the interpretation function [J of
Lc in M to Lc—consecutions of Sc as follows: for all ¢, € L¢ and all w e W, we
have that w € [ = ]M iff if w € [p]™ then w € [¢]M, we have that w e [ |- ] iff
w e [¢]™ and we have that w € [ - [ iff w ¢ [¢]*. We then extend in a natural
way the interpretation function [-J* of L¢ in M to [£]c—consecutions of [S]¢ as
follows: for all X € L¢, all X - Y € [S]¢ and all w € W, we have that w € [X |- Y™
if, and only if, w € [7(X |- Y)]M. If & is a class of C-models, then the satisfaction
relation |- ¢ &c x [S]¢ is defined like for formulas of L. O

7.3 Our display calculus

We introduce a calculus for Boolean basic gaggle logics. Our calculus is defined
relatively to an orbit/family of connectives. This means that if we have a basic
gaggle logic defined on the basis of some connectives C and if we want to obtain a
sound and complete calculus for that logic, we need to consider in the proof system
the following associated set of connectives:

0(C) = @pc {Oa,18,(®) | a(®) =n} (4)

This set of connectives O(C) is stable under the free action ay, * 3,,: for all @ €
O(C), we have that O, s, (®) € O(C). This is because in the completeness proof,
we need to apply the abstract law of residuation for any arguments j (associated
to the residuation operator of Definition 18) and consider the Boolean negation for
each connective. This entails that we must consider the orbits of the connectives of
C under the free action ay, * G,,.

Definition 44. Let C ¢ C. We denote by GGL¢ the calculus of Figure 13 where the
introduction rules (- ®) and (® +) are defined for the connectives ® of C and where
the rule (dry) is defined for the elements 7 of an arbitrary set of generators of &,,,1
(for each n ranging over the arities of the connectives of C). O

Theorem 45 (Soundness and strong completeness). Let C< C be such that O(C) =
C. The calculus GGL¢ is sound and strongly complete for the Boolean basic gaggle

logic (SC,MO Hﬁ )
Proof: See the Appendix, Section B. m|

Some comments about the rules of the calculus GGL¢ are needed.
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Structural rules:

(X, Y),2)r-U X. VU
% (B+) ﬂ(ﬂ»—)
(X, (v, z2)FvU v, x)u
xXku x,x) kU
(X,Y)FU(K ) Xku Wie)
UFso eV cut
UV
Display rules:
S J X1, X, Xt X, Y)—Z
([#] ) ) .z )
S([T@] 7X7-(1)>~~~ 7XT(7L)7XT(7L+1)) X }* (Z7 *Y)
Introduction rules:
U# * 0 *‘P# 0
UFW ~pU
X Vv ) (“"””)HJW)
(X, V)| (env) (prv) U
Uk (e, LI el-X vy (i)
Ul (pvy) (eve) (X, Y)
U w U Vo S([®],¢1,- ¢nU)
5] %, Koo (o, oy O 5@ or. o 0) 2D
In rules (- ®) and (@ +), for all ® = (0, +, (&, (£1,...,+,))) € C:
. . ] . Xj}*goj if:{:j:l:(fE)=—
o for all j € [1;n], we set UJFV _{%ij s () = +

such that, in rule (- ®), for all j X; is not empty and if ¢; is empty for some j

then ®(¢1,...,pn) is also empty.

o forall xe{®,[®]}, S(®, X1,...,Xn, X) é{

it =13
itE=V

«(X1,.., X)X
X« (X1, X0)

If X is empty then X is empty and (X, Y) and (Y, X) are equal to Y.

Figure 13: Calculus GGL¢
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e The axioms and inference rules for atoms p are special instances of the rules
(F ®) and (& +) of Figure 13. With @ = p, we have that n = 0 and, replacing ® with
p in (- @), we obtain the inference rules below. Note that (- p) is in fact an axiom.

) S(.X)
Sl P S(p.x) P

e X ifE=3
Xho ifB=V
Hence, for all p = (1,4, /E), if & =3 then (- p) and (p +) rewrite as follows:

where, if ® is p or [p], then S(®, X) =

(e [p] =X
e Srx 9 (5)

and if /£ =V then (- p) and (p +) rewrite as follows:

i T o)

Note that in both cases, the standard axiom p |- p is derivable by applying (p +)
once again to [p] |- p or p|— [p]. If [p] is replaced by I and p by T in the first pair
and if [p] is replaced by I and p by L in the second pair then we obtain respectively
the operational rules (|- T), (TF), (L) and (|- 1) of Kracht [27] and Belnap [6].
This is meaningful since truth constants can be seen as special atoms, those that are
always true or always false. Then, one needs, like in the calculus DLM of Kracht
[27], to impose some conditions on these atoms by means of particular structural
inference rules so that these special atoms T and 1 do behave as truth constants, as
intended. Note that the reading of I, either as T or as L, is clearly separated here
by means of two structural constants, whereas in the literature it is disambiguated
depending on the context, whether it is in antecedent part or consequent part of a
consecution. Alternatively, one can easily prove (by extending the proof of Section
?7?) that adding the following axioms to our calculus GGLc¢ is enough to capture the
standard truth constants T and L:

— (L~ — (-7
G0 — -

e The Boolean operator * transforms the structures on which it is applied. It does
not function as an operator applied externally on structures, it modifies them in-
ternally. Hence, for example, for any structure [@] (X1,...,Xy), *[®] (X1,...,X})
is equal to [-®] (X1,...,Xy). In that sense, it is formally different from the usual
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structural connective * used in display logics, even if its semantic meaning is the same
(it behaves as a Boolean negation). Moreover, because by Definition 41 * * X = X
the following rule is a reformulation of the display rule (dry) (premise and conclusion
are turned upside down):

XE(,2)
(X, *2) Y

e Because of our convention that if X is empty then (X , Y) and (Y, X) are
equal to Y, the following rules are specific instances of the display rule (drs):

x. Nk [C28%)
XF*Y *YFZ

Likewise, if ® = (o, +, (&£, (1,...,%,))) is such that, for example, £ = 3 and
+; = +, then the following rule is an instance of the rule (- ®), because of our
conventions about empty structures in the rule (- ®):

UV ... X;F ... UV
[@](Xl,...,Xj,...,Xn)}*

(7)

e The introduction rule (- ®) of our calculus is a direct translation in gaggle
logics of the tonicity relations of Theorem 10. Likewise, the structural rule (dry) is
a translation and a generalization of the abstract law of residuation of Theorem 10
(see Proposition 27).

e As shown in Example 26, A and v can be formalized by the gaggle connectives
(o1,+,s1) and (o1, —, s4) if these are interpreted on identity ternary relations (which
can be obtained by imposing the validity of the classic structural rules involving
these connectives). Hence, unsurprisingly, rules (- v) and (A +) are instances of the
(gaggle) rule (® +) and rules (- A) and (Vv +) are also instances of the (gaggle) rule
(F®).

This said, one could equivalently replace (- A) and (v) by their exten-
sional/additive version (- A)" and (v )" of Proposition 46 and still obtain the
completeness of the resulting calculus. In fact, completeness still holds if one
also removes the contraction rule (WI+) because a contraction is hidden in the
extensional/additive version of the conjunction and disjunction rule. Yet, one
needs the contraction rule (WI +) explicitly to prove cut elimination, in particular
for condition (C8) with the conjunction case (see Theorem 49). So, we prefer to
take in our calculus the intensional/multiplicative version (+ A) and (v +) of the

910



TowARDS UNIVERSAL LoGIC

conjunction and disjunction rules because they are instances of the general rules
(@ +) and (- ®) for gaggle connectives.

e Our calculus has the subformula property, but not the substructure property:
every formula appearing in a cut—free proof of a consecution is a subformula of a
formula of the final consecution.

e In the calculus GGLc, we do not need to consider all permutations 7 of the
symmetric group &,.1. In fact, it suffices to consider only a set of generators
of &,4+1 because rules for any permutations are derivable from these rules for
generators as the following proposition shows. One could naturally consider
transpositions because they generate the symmetric group and correspond to resid-
uation operations. One could consider as well other generators of the symmetric
group &,41, such as the pair {(n n+1),(1 2 ... n+1)} or the set of generators
{(12),(23),...,(ii+1),...,(nn+1)} or (1 2) together with the 3—cycles (see
Section 3). Hence, one can reduce the number of inference rules (dry) from (n+1)!
to 2: it suffices to define the calculus GGL¢ only with the rules (dr;) where
T=(mmn+1)and 7= (12 ... n+1) for example. Indeed, the rules (dr;) with
T € 6,41 different from (nn+1) and (12 ... n+1) are all derivable from these two
rules since these two cycles generate G, 1.

Proposition 46. Let C< C and let ® € C be a n-ary connective. The following rules
are all derivable in GGLc.

XY S([®], X1, Xy, X, X) A
*YF * X (d’é) S([Sj@],Xl,...,*;(j,...,Xn,X) (SW])
* X Y X *Y
T @) o )
UH(X,Y), 2) Ul (X,Y)
i x w2y P rre 9
Uk X Ul (X, X)
TEx.y) " H rEx M
Ule U9 , eU ¢vU ,
UF (png) M v o V0

The rule (dré) is called the Boolean negation rule and the rule (swj), for je[l;n],

is called the switch rule w.r.t. the j* argument. The rule (dr) is also derivable in
GGLc, for all 7€ &p41.
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Proof: See the Appendix, Section A. O

8 Cut elimination and displayability

In this section, we prove that the cut rule can be eliminated from any proof of
GGLc. This result relies on the fact that our gaggle calculi are in fact display calculi
and enjoy the display property: every substructure of a consecution provable in
GGLc can be displayed as the sole antecedent or consequent of a provably equivalent
consecution. In display calculi [6], the antecedent or consequent position depends
on the kind of position in which the given substructure appears in the consecution:
either in “antecedent part” or in “consequent part”. In standard display logics,
these two related notions are defined on the basis of the parity of the number of
structural connectives * that occur in front of the given substructure (odd or even).
Since our framework is more abstract, we reformulate these two notions in a more
abstract form based on the tonicity of the connectives that occur in front of the
substructure. This leads us to define the following notions of ‘protoantecedant part’
and ‘protoconsequent part’. A similar notion was defined by Goré [21] without
Boolean structural connectives.

Definition 47 (Protoantecedent and protoconsequent part). Let X,Y,Z € [L] be
structures. If Z is a substructure of X, then tn(X,Z) is defined inductively as
follows:

o if X =7 then tn(X,2) = +;
o if X =+Y and Z appears in Y then tn(X,Z7) =2 —-tn(Y, Z);
o if X = (X1, Xy) and Z appears in X; then tn(X,Z) 2 tn(X;, Z);

o if X = [®](Xy,...,X,) and Z appears in X; then tn(X,Z) =
tn(@, )n(X;, 7).

If X Y is a [£]-consecution, then X is called the antecedent and Y is called the
consequent of X |- Y. If Z is a substructure of X or Y, Z is called a protoantecedent
part (resp. protoconsequent part) of X =Y when tn(X,Z) =+ or tn(Y, Z) = — (resp.
tn(X,Z)=-ortn(Y,Z) =+). O

Proposition 48 (Display property). Let Cc C. For all [L£]-consecutions X Y
provable in GGLc and for all substructure Z of X Y,
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e if Z is protoantecedent part of X |~ Y then there exists a structure W € [L]
such that Z |- W is provably equivalent to X Y in GGL¢;

o if Z is protoconsequent part of X |- Y then there ewists a structure W € [L]
such that W = Z is provably equivalent to X |- Y in GGLc.

Hence, GGL¢ is a display calculus.

Proof: Tt follows from an inductive application of the display rules (dr;) and (drg)
on each substructure of X (or Y) containing Z, from the outermost one to the
innermost one (Z itself). We use (dr;) if we have to ‘unfold’ a structural gaggle
connective [®] and (drg) (or one of its derived rules) if we have to ‘unfold’ the
structural Boolean connective |, . O

Theorem 49 (Cut—elimination). Let C< C. The calculus GGLc¢ is cut—eliminable:
it is possible to eliminate all occurrences of the cut rule from a given proof in order
to obtain a cut-free proof of the same consecution.

Proof: See the Appendix, Section C. a

As usual in proof theory and ever since Gentzen [18], the fact that the cut rule
can be eliminated from any proof is of practical and theoretical importance and we
easily obtain a number of significant results about our logics. This also holds in our
setting.

Theorem 50 (Conservativity). If C < C' c C then the logic (S¢, M, |- ) is a
conservative extension of the logic (SC,MG - )

Proof: It is standard because our calculi have the subformula property. See for
example [39] for details. ]

Theorem 51 (Soundness and strong completeness). Let C< C. The calculus GGL¢
is sound and strongly complete for the Boolean basic gaggle logic (Sc, Mc, | ).

Proof:  Since any proof of a consecution ¢ |- 1 € Sc can be cut—free and our
calculus has the subformula property, it contains only the introduction rules (- ®)
for the connectives of C. (The introduction rules for the other connectives of
O(C) — C were needed in the initial completeness proof before the cut elimination
theorem for Lemma 68.) ]
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The difference between the above theorem and Theorem 45 is that the set of
connectives C considered is not assumed to be such that C = O(C) (we recall that
O(C) is defined by Expression (4)). Thanks to cut-elimination, the completeness
result also holds if we do not have equality. This said, all connectives of O(C) do
appear in the calculus, but only as structural connectives.

9 Calculi for gaggle logics

Until now, our calculi are sound and complete for logics including the Boolean
connectives. However, we would like to obtain calculi for plain gaggle logics, without
Boolean connectives. Indeed, we consider the latter to be more primitive than
Boolean gaggle logics because even the Boolean connectives can be seen as particular
gaggle connectives, interpreted over special relations (identity relations, see Example
26). These special relations are obtained at the proof-theroretical level by imposing
the validity of Gentzen’s structural rules. So, in this section, we are going to define
sound and complete calculi for (plain) gaggle logics, without Boolean connectives.

Definition 52. Let C ¢ C. We denote by GGL% the calculus of Figure 14 where the
introduction rules (- ®) and (® +) are defined for the connectives ® of C and where
the rule (dry) is defined for the elements 7 of an arbitrary set of generators of &,,11
(for each n ranging over the arities of the connectives of C). O

Note that (d r'2) (introduced in Proposition 46) is in GG L% instantiated with gag-

gle connectives. More precisely, in GG L%, an application of (dr'Q) is of the following
form:

[@] (X1, X)) - [@'](X,. . X7)  @(p1,- o om) = @ (41, 9)
[_®,] (X{77X7{L) F [_®] (le"'aXm) * @' (90'1,...,()0;1) F *®(3017"'790m)

An equivalent axiomatization of GGL(C) is obtained if we replace rule (dr'2) by the
switch rule (swj ) of Proposition 46, for each j € [1;n]:

S([@],Xl,...,Xj,...,Xn,X) (swj)
S([Sj@],Xl,...,*Xj,...,Xn,X) .

This is due to the fact that the switch rule is derivable in GGL% and, vice versa,
(drh) is derivable from the switch rule and (dr;) thanks to Proposition 30.

The main difference between GGL¢ and GGL% lies in the fact that the introduction
rules for the Boolean connectives have been removed as well as the structural rules.
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Display rules:

S([®]7X17"°3Xn)Xn+1) X}*Y ,
(dr1) ————— (dr})
S([T®]7X7'(1)7"'7X7—(n)7X7—(n+1)) *YF * X

Introduction rules:

Ubvi . Ul W
S([@],Xl,--',Xn7®(901,'--aQ0n))

S([@]vgplv"'?@an)
S(@B,gol,...,gon,U)

(-®) (®+)

In rules (- ®) and (& +), for all ® = (o, +, (&, (£1,...,%,))) € C:

Xjl oy if 2+ ()=~

b= X; if = (B) =+

such that, in rule (- @), for all j X; is not empty and with the convention
that if ; is empty for some j then ®(¢1,...,py) is also empty.
*(Xl,...,Xn)FX if &£=13
XE «(X1,...,X,) ifE=V.

e for all j € [1;n], we set U; kVJ:{

o forall xe{®,[®]}, S(x,X1,...,Xp, X) 2

Figure 14: Calculus GGLY

Theorem 53 (Soundness and strong completeness). Let C< C. The calculus GGLY

is sound and strongly complete for the basic gaggle logic (S, Mc, |- ).

Proof: See the Appendix, Section C. O

Coré [21] introduces a calculus SOP which is basically our calculus GGLE without
the rule (dr'Z). Restall [41] establishes connections between gaggle theory and dis-
play logics and sketches a similar calculus (without proving condition (C8)). This
difference between our and their calculi is due to the fact that they do not deal
with Boolean negation and do not consider it in their approach and framework.
As one can notice, this complicates the proofs tremendously even if the addition
in the calculi is minimal. This said, Goré [21] recognizes the dual character, in a
proof-theoretical sense, of pairs of traces which are obtained from each other by
multiplying every argument of the trace by —. This leads him to introduce the func-
tion/connective f2 of trace —t associated to a function f of trace t. However, he
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does not make the connection between this function/connective f2 and the Boolean
negation of f as we do (see Definition 20 and Proposition 29). Therefore, he proves
the soundness and completeness of his calculus but with respect to two distinct yet
dual semantics based on Dunn’s tonoids. As such, he does not connect his algebraic
semantics with the Kripke—style relational semantics (elicited by Dunn) explicitly as
we do. A similar observation regarding the role of Boolean negation in his and our
work was already made in [2].

Theorem 54 (Decidability). Let Cc C and let p,1) € L?_—. The problem of deter-
mining whether ¢ or ¢ |- 1 are valid in the logics (L% Mc, |- ) and (8%, Mc, |-)
(respectively) is decidable.

Proof: It suffices to observe that the set of consecutions that can lead to a
cut-free proof of ¢ |- 1 in GG Lg is finite. The problem of finding a proof of ¢ |- 1
thus boils down to a graph reachability problem in a finite graph whose edges
are labeled by the rules. This problem is decidable. We then obtain the result
by the completeness of GGL% for (L%, Mc, |-) and (88, Mc, |- ) of Theorem 53. O

10 Logics defining groups and groups defining logics

In this section, we are going to show how notions of groups arise naturally from our
gaggle logics and how gaggle logics can be canonically defined from groups thanks
to our connections with group theory.

10.1 Groups defined from logics

One problem solved in this article is the following: given an arbitrary basic gaggle
logic (Boolean or not) defined by a set C of (gaggle) connectives, how do we compute
and define uniformly a sound and complete calculus for that logic 7 Theorems 51
and 53 of the previous sections have solved it. However, we needed in our calculi
to introduce all connectives of O(C) (defined by Expression (4)) either as logical
connectives in Theorem 45 or as structural connectives in Theorems 51 and 53. In
this section, we are going to show that we can in fact limit further the connectives
considered and not take the full orbits O(C) of C under the action ay, * 5,,. For that,
we need to explore a bit more the proof-theoretical aspects of our gaggle logics in
light of our connections with group theory.

We have introduced actions on the set of gaggle connectives. Even if we know
how a permutation, the Boolean negation and their combinations act on connectives,
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S ([®] 7X17 s 7X'rl7Xn+1)
S([rel, +' Xe1y, - " Xz (), 2" X7 (11))

(dr3)

where 7€ ©,,41 * P(+’_) and

ifr=19-71...— 7 with m>1 then 7 £ 7971 ... 7, and for all j € [1;n + 1],

lf] ZTZ‘TZ‘+1...Tm(’rL+ 1)

. . . . *
) 230 4] 2], with, for all i € [1;m], £ = .
empty otherwise

if r=79—-71...— Tm-1— with m > 1 then replace 7 with 79 — 71 ... = Tip—1 — 1;
if 7=-71...—T;m_1— Ty with m > 1 then replace 7 with 1 =7 ... - Typ_1 — Tin;
if 7€, then 727 and £, ..., " are empty;

if 7=—then 7=1and +',...,+" are empty and +"*! = —

Figure 15: Rule (drs)

we still do not know how their combination and iteration operate at the proof—
theoretical level. Indeed, we have a rule (dry) for permutations 7y, ..., 7, and a rule
(d ré) for Boolean negation —, yet we do not have a rule combining both, for elements
To = Ti...— Tm Of the free group &p.1 * P, _y. Such a rule is defined in Figure 15.
One can easily prove that rule (drs) is valid and derives from (dr;) and (dr}) in
GGL%. Conversely, with 7 € &,,,1, we recover rule (dr;) and with 7 = — we recover
rule (dr'g). (The term “empty” could be replaced by x*x.)

Now, let us be given a set of connectives C ¢ C and assume without loss of
generality that all connectives of C belong to the same orbit O(C) = O, «3, (®) (for
some ® € C). What we would want in (dr;) is to be able to ‘go’ from one connective
® of C to an arbitrary other connective ®' of C. By transitivity of the action ay, * 5y,
this is possible in O(C): given any two connectives ®,®" € C, there is an element
of the group g € &p11 * P(, ) such that & = o, * $,(g,®). This leads us to define
a special subset G of 6,1 * P(+7_) such that for all ®,®" € C there is g € G such
that ® = a;, * 5,(g,®). We want this set G to be a group. Indeed, informally, its
composition operation should be associative, because of the definition of an action
group, and every element g of G should have an inverse: if ® = «, * 8,(g,®) then
there should be a ¢! such that ® = a,, * B,(g7!,®’). This leads us to the following
definition:
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Definition 55 (Group associated to a set of connectives). Let C ¢ C. A group
associated to Cis a group G such that for all n e N*, all ®, @ € CnC,,, thereis g€ G
such that &' = ay, * B (g, ®). O

Implicitly, note that G < U {6n+1 * P yla(®)=n,®c¢ C}. A group
neN
associated to a set of connectives always exists because the free group

( U {g €S+ Py |8 =ge' for some ® @ €Cn (Cn}> satisfies the required
neN*
condition. It is not in general unique because the action «,, * 3, is not faithful:

we proved in Proposition 32 (item 1) that —rj —r; —r; —7;® = ©.

Definition 56. Let C ¢ C and let G be a group associated to C. We denote by GL%G
(resp. GLc ) the calculus of Figure 14 (resp. Figure 13) where the introduction rules
(F®) and (® +) are defined for the connectives ® of C and where rules (dr;) and
(drh) (resp. only (dry)) are replaced by rule (drs) which is defined for elements 7
belonging to a set of generators of the group G. O

Theorem 57 (Soundness and strong completeness). Let C< C and let G be a group
associated to C. The calculus GL%G (GLc,g) is sound and strongly complete for the

(Boolean) basic gaggle logic (Sg, Mc, |- ) (resp. (Sc, Mc, |-))-

Proof: See the Appendix, Section C. O

Example 58. The symmetric group &3 is a group associated to the connectives
of the Lambek calculus [30] and update logic [2]. However, there is a simpler and
smaller group associated. Indeed, the alternating group 43, generated by the 3—cycle
(123) (or (132) = (123) o (123), see Section 3) is another group associated to the
connectives of the Lambek calculus and update logic. This confirms an observation
already made in [2] about the central role played by ternary cycles in update logic
and substructural logics in general. The free group s * P, _) is a group associated
to the connectives of dual update logic [2], because the dual connectives of dual
update logic are definable from the connectives of update logic thanks to Boolean
negation (see [2, Proposition 16]).

10.2 Logics defined from groups

According to Cayley’s theorem, every finite group of cardinal n + 1 is isomorphic to
a subgroup of the symmetric group &,4+1. Now, the restriction of the action a, to
any subgroup G of &,,1 is also an action of G on C,. Therefore, every finite group
G of cardinal n + 1 induces a canonical group action a of G on C,, defined for all
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geGand ® € Cy, by a(g,®) = an(v(g),®), where ¢ is an isomorphism between G
and the subgroup of &,,,1. Every finite group therefore defines a set of connectives
obtained by considering the orbit of an arbitrary connective ® € C by this canonical
group action «. In other words, every finite group defines a class of logics. These
logics provide a certain perspective on the whole set of gaggle connectives.

11 Conclusion

In this article we have introduced a uniform method to automatically compute sound
and strongly complete calculi for a wide class of non—classical logics, basic gaggle
logics. These calculi are display calculi and enjoy the cut elimination. This allowed
us to prove in particular that basic gaggle logics are decidable. We further restrained
the structural connectives needed in our calculi by introducing the notion of group
associated to a set of connectives. We also established connections between gaggle
theory and group theory. We showed that Dunn’s abstract law of residuation cor-
responds to an action of transpositions of the symmetric group on the set of gaggle
connectives and that Dunn’s families of connectives are orbits of the same action of
the symmetric group. Other operations on connectives, such as dual and Boolean
negation, were also reformulated in terms of actions of groups and their combination
was defined by means of free groups and free products.

Based on our connection with group theory, we argued that there are more ‘basic’
operations on connectives than Dunn’s abstract law of residuation, based on cycles of
the symmetric group rather than transpositions (which are cycles anyway), because
every permutation factorizes uniquely into disjoint cycles. Residuation is still central
because it corresponds to the action of transpositions of the symmetric group and
transpositions generate it as well. Yet, there are many other generators and ways to
present and represent the symmetric groups and its subgroups. What really matters
from a proof-theoretical perspective is the set of generators of the groups that we
consider and how groups can be presented. That is why the results in group theory
regarding the presentation and classification of finite groups have now become quite
relevant for the study of various (gaggle) logics.

Our connections with the theory of groups enable to study the structure of gaggle
connectives in a very modular and systematic way, using bridges from algebra such
as Cayley’s theorem. Thanks to this bridge, each finite group can be seen as a set of
operations acting on the set of connectives. Hence, each group generates and defines
gaggle logics. Thus, the structure of the gaggle connectives can be studied under
a variety of different viewpoints by means of different logics that correspond to the
wide range of finite groups that can act on the connectives. This is similar to what

919



AUCHER

happens in mathematics where the structure of (vectorial, Euclidean, etc.) spaces
can be studied by different geometries corresponding to different groups of trans-
formation acting on it: Euclidean geometry with the isometric group, hyperbolic
geometry with the Lorentz group, affine geometry with the affine group, etc.

References

1]

2]

[10]

[11]

Gerard Allwein and J. Michael Dunn. Kripke models for linear logic. The
Journal of Symbolic Logic, 58(2):514-545, June 1993.

Guillaume Aucher. Displaying Updates in Logic. Journal of Logic and Compu-
tation, 26(6):1865-1912, March 2016.

Franz Baader. The description logic handbook: Theory, implementation and
applications. Cambridge university press, 2003.

Jon Barwise. Axioms for abstract model theory. Annals of Mathematical Logic,
7(2):221 — 265, 1974.

Jeffrey C Beall and Greg Restall. Logical pluralism. Australasian Journal of
Philosophy, 78(4):475-493, 2000.

Nuel D. Belnap Jr. Display logic. Journal of Philosophical Logic, 11(4):375-417,
1982.

Katalin Bimb6 and J. Michael Dunn. Generalized Galois Logics: Relational
Semantics of Nonclassical Logical Calculi. Number 188. Center for the Study
of Language and Information, 2008.

Patrick Blackburn, Maarten de Rijke, and Yde Venema. Modal Logic, volume 53
of Cambridge Tracts in Computer Science. Cambridge University Press, 2001.

Agata Ciabattoni and Revantha Ramanayake. Power and limits of structural
display rules. ACM Trans. Comput. Log., 17(3):17:1-17:39, 2016.

J Michael Dunn. Gaggle theory: an abstraction of galois connections and resid-
uation, with applications to negation, implication, and various logical operators.
In Furopean Workshop on Logics in Artificial Intelligence, pages 31-51. Springer
Berlin Heidelberg, 1990.

J Michael Dunn. Partial-gaggles applied to logics with restricted structural
rules. In Peter Schroeder-Heister and Kosta Dosen, editors, Substructural Log-
ics, pages 63-108. Clarendon Press: Oxford, 1993.

920



TowARDS UNIVERSAL LoGIC

[12]

[13]

[16]

[17]

[18]

[19]

J. Michael Dunn. Philosophy of Language and Logic, volume 7 of Philosophical
Perspectives, chapter Perp and star: Two treatments of negation, pages 331—
357. Ridgeview Publishing Company, Atascaredo, California, USA, 1993.

J. Michael Dunn and Gary M. Hardegree. Algebraic Methods in Philosophical
Logic. Number 41 in Oxford Logic Guides. Clarendon Press: Oxford, 2001.

J. Michael Dunn and Chunlai Zhou. Negation in the context of gaggle theory.
Studia Logica, 80(2-3):235-264, 2005.

Dov Gabbay. What is a logical system ? In Dov Gabbay, editor, What is a
Logical System ¢, Studies in Logic and Computation, pages 179-216. Oxford
University Press, 1994.

Dov Gabbay, editor. What is a Logical System ¢ Studies in Logic and Compu-
tation. Oxford University Press, 1994.

Dov Gabbay. Labelled Deductive Systems, volume 1. Oxford University Press,
1996.

Gerhard Gentzen. Untersuchungen iiber das logische schlielen. i. Mathematis-
che zeitschrift, 39(1):176-210, 1935.

Joseph A Goguen and Rod M Burstall. Institutions: Abstract model theory for
specification and programming. Journal of the ACM (JACM), 39(1):95-146,
1992.

Robert Goldblatt. Semantic analysis of orthologic. Journal of Philosophical
Logic, 3:19-35, 1974.

Rajeev Goré. Gaggles, Gentzen and Galois: How to display your favourite
substructural logic. Logic Journal of IGPL, 6(5):669-694, 1998.

Rajeev Goré. Substructural logics on display. Logic Journal of IGPL, 6(3):451—
504, 1998.

Viktor Grishin. On a generalization of the Ajdukiewicz-Lambek system. In
A. I. Mikhailov, editor, Studies in Nonclassical Logics and Formal Systems,
pages 315-334. Nauka, Moscow, 1983.

David Harel, Dexter Kozen, and Jerzy Tiuryn. Dynamic Logic. MIT Press,
2000.

921



AUCHER

[25]

[26]

[27]

[28]

[29]

[30]

[31]

Tony (C.A.R.) Hoare. An axiomatic basis for computer programming. Com-
munications of the ACM, 12(10):567-580, 1969.

Miroslawa Kolowska-Gawiejnowicz. Powerset residuated algebras and general-
ized Lambek calculus. Mathematical Logic Quarterly, 43(1):60-72, 1 1997.

Marcus Kracht. Power and weakness of the modal display calculus. In Proof
theory of modal logic, pages 93-121. Springer, 1996.

Saul A. Kripke. Semantical analysis of modal logic, i: Normal propositional
calculi. Zeitschrift fiir Mathematische Logik und Grundlagen der Mathematik,
8:113-116, 1963.

Saul A. Kripke. Formal Systems and Recursive Functions, chapter Semantical
Analysis of Intuitionistic Logic, I, pages 92-130. North Holland, Amsterdam,
1965.

Joachim Lambek. The mathematics of sentence structure. American mathe-
matical monthly, 65:154-170, 1958.

Joachim Lambek. Substructural Logics, chapter From categorial grammar to
bilinear logic, pages 207-237. Studies in Logic and Computation. Oxford Uni-
versity Press, 1993.

Elliott Mendelson. Introduction to mathematical logic. CRC press, 1997.

José Meseguer. General logics. In H.-D. Ebbinghaus, J. Fernandez-Prida,
M. Garrido, D. Lascar, and M. Rodriquez Artalejo, editors, Logic Collo-
quium’87, volume 129 of Studies in Logic and the Foundations of Mathematics,
pages 275 — 329. Elsevier, 1989.

Richard Montague. Contemporary Philosophy: a Survey, chapter Pragmatics,
pages 102-122. La Nuova Italia Editrice, Florence, 1968.

Richard Montague. Universal grammar. Theoria, 36:373-398, 1970.

Michael Moortgat. Symmetries in natural language syntax and semantics: the
lambek-grishin calculus. In Logic, Language, Information and Computation,
pages 264-284. Springer, 2007.

Chris Mortensen. Aristotle’s thesis in consistent and inconsistent logics. Studia
Logica, 43:107-116, 1984.

922



TowARDS UNIVERSAL LoGIC

[38]

[39]

Lawrence S Moss. Applied logic: A manifesto. In Mathematical problems from
applied logic I, pages 317-343. Springer, 2006.

Hiroakira Ono. Proof-theoretic methods in nonclassical logic —an introduction.
In Masako Takahashi, Mitsuhiro Okada, and Mariangiola Dezani-Ciancaglini,
editors, Theories of Types and Proofs, volume Volume 2 of MSJ Memoirs, pages
207-254. The Mathematical Society of Japan, Tokyo, Japan, 1998.

Arthur Prior. Past, Present and Future. Oxford: Clarendon Press, 1967.

Greg Restall. Display logic and gaggle theory. Reports on Mathematical Logic,
29:133-146, 1995.

Greg Restall. An Introduction to Substructural Logics. Routledge, 2000.

John C. Reynolds. Separation logic: A logic for shared mutable data structures.
In 17th IEEE Symposium on Logic in Computer Science (LICS 2002), Copen-
hagen, Denmark, Proceedings, pages 55-74. IEEE Computer Society, 2002.

Joseph J. Rotman. An Introduction to the Theory of Groups, volume 148 of
Graduate texts in mathematics. Springer, 1995.

Giovanni Sambin, Giulia Battilotti, and Claudia Faggian. Basic logic: reflection,
symmetry, visibility. The Journal of Symbolic Logic, 65(03):979-1013, 2000.

Peter Schroeder-Heister and Kosta Dosen, editors. Substructural Logics, vol-
ume 2 of Studies in Logic and Computation. Oxford Science Publication, 1993.

Dana S. Scott. Philosophical Problems in Logic, chapter Advice on modal logic,
pages 143-173. Reidel, 1970.

923



AUCHER

A Proofs of propositions 30, 32 and 46
Proposition 30. If ® € C,, is a n—ary connective, then for all j € [1;n],
e 5;®=1;-1;®
e di®=1j-1;-®
e d®=51...5,— .

Proof: Let ® = (0,+, (&, (£1,...,+,))) € C,. Then,

Ti®=(0,— %5 %, (- £ B, (—£j +1,...,%5,...,— % £,)))
—1;® =(0, 2%, (£ B, (£j1,...,—%j,...,%j%,)))
Tj —T’j® :(O',:I:, (fE, (:l:l, ceeyTEj, .,:l:n)))
Moreover,
-® =(0, -+, (-E, (-+1,...,—%5)))
ri-®=((jn+1)oo,—+j+,(—+; B, (—j£1,...,~%j,...,— % £,)))
-rj—®=((jn+1)oo, (£j+, (£ E, (£j£1,...,%5,...,£j%p))))
[ @ :(O', —+, (—E, (—:l:l, ceesEg, L .,—:I:n)))

Proposition 32. Let n e N*, j e [1;n] and let us define G = (r;) P, _). Since G;
is a subgroup of Spi1 * Py _y, let us denote by ag; the action of G; on Cy, induced
by the free action oy * B,. Then, for all connectives ® of arity n,

1. Oaaj (®) is isomorphic to a cyclic group of order 8.

2. {On, 55, (®),04,45, (~®)} forms a partition of the set C,, of connectives of
arity n. Moreover, the mapping ~ : Og,+3,(®) = Oa,p,(~ ®), P>~ T is
involutive.

3. For all n € N*, the free action oy * By * v, on the set of connectives C, is
transitive.
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Proof: For the first item, it suffices to prove that for all connectives ® of arity n
and all j e [I;n], -rj—rj—r;—r;®=6. Let ® = (0, +, (&, (£1,...,+,))) and let r;
be the transposition (j n+1). (See also Figure 2 for an example.)

@:(0":|:’(E,(il,...,ij,...,in)))

ri®=(rjoo,—+j+,(—+; B, (—+j+1,...,%5,...,— % £,)))
—rj® = (rj o0, x5+, (2,8, (£j%1,...,—%j,...,%j%pn)))
i —1i® = (0,%, (B, (£1,...,~%j,...,%5)))
-1 =1;® = (0,—%, (=B, (%1, ..., £j,...,~%5)))
rj—1j—1;®=(rjo0,£j%, (B, (£j£1,...,%£5,...,%j%n)))
—rj=rj—ri®=(rjoo,—xj £, (—x; B, (—£j£1,...,~%j,...,— £ £,)))
ri=1i=1;=1;®=(0,—%, (=B, (—£1,...,—%j,...,—%p)))
—rj—1j—1r;j—1;®=(0,%, (E,(£1,...,£j,...,%p))) = &.

For the second item, one should first observe that O, «3, ()N Oq,«8, (~ ®) = &
(*). Indeed, for all ® = (o,+', (&, (£],...,%},))) € On, s, (®), we have that
+'+ (E") = £ £ (£) but at the same time, for all ® = (¢/, ', (£, (£],...,%)))) €
Ou 8, (~ ®), we also have that ="+ (E') = — + +(&). Now, we prove that for all
® = (o, £, (&, (£],...,£))), if ' + (&) = £+ (£E) then & € O,,.5,(®), and
® € Op,4p,(~ ®) otherwise. First, assume that +" + (£') = + + (/). Then, we
define ®” = 0o ®'. So, ®" = (o,+",(E",(£",...,£"))) and we still have that
"+ (B") =+ + (£ = ++ (FE). If £ = £, then it only suffices to switch the
tonicity of the arguments ji,...,j of ®” such that +7 # +;. This can be done by
applying the switch operation for the arguments ji,...,j; to ®”. We then obtain
that 55,55, ...5;,®" = ® Thus, sj,5j,...5;,00 ® = ®. Second, assume that +' +
(E") =-++(E). Then, we define ®" =~ @ = (¢/, ', (E",(£],...,4),))) and we have
that '+ (&) = +'(-+(&")) = ++£(&). So, we proceed like in the first case. We then
obtain that there are i1,...,4; € [1;n] such that s;,s;, . ..silaal’ ~ @ =®. So, we
have proved that for all ® = (o', +, (&', (£],...,%},))), it holds that ®" € O,,,.3,(®)
iff +'+ (/') = ++(/E). This entails that |Oq, «g, (®)] = |Oa, 44, (~ ®)] = (n+1)!1-2"+ =
@. Therefore, Oy, 5, (®) U Oy, 15, (~ ®) = C,, and together with (*), we have that
{Oa, 45, (®),Onpup, (~ ®)} forms a partition of C,,.

The third item follows easily from the second item. O

Proposition 46. Let Cc C and let ® € C be a n-ary connective. The following rules
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are all derivable in GGLc.

XhY
*Y# * X
*XFY
*YFX
UL ((X,Y),2)
UF (X, (Y. 2))

Ul X
UF (X, Y)
Uy Ukb9

Utk (pnry)

(drz)

(dr)

(- B)

(- K)

(=)

Sl R ()
e )
m (- cn
veX, X) t](g)’(X) (- W)
U U (Vi)
(pvy) = U

The rule (d/Q) is called the Boolean negation rule and the rule (swj), for je[1;n],

is called the switch rule w.r.t. the j*
GGLc, for all 7€ &,,41.

argument. The rule (dr)) is also derivable in

Proof:
(dré) : (dr'Q') : (dr'z") :
X FY * X F Y X F *Y
(drz) r ———— (dr
X VE G, CXoNE @l EnE @l
(Y, X)) (dry) (Y, *X) | (dra) Y, X)) (dra)
Y e X 7 Y | X ? YE+x V7
(swj): (-K):

S(® X1, ., X5y, X, X) (dr) Ul X ()
S(Tj@,xl,...,x X0 X)) (dlr) X U Ke)
S(-rj®, X1,...,X,..., Xy, *X;) (dr) (+X , *Y) |- » U( ,,,)

S(ri—1i® X1,...,%Xj,. .., Xp, X) N ! . Ul *(+X, ) pomit
S(.S]@,Xl,...,*XJ,...,Xn,X) ewrite UE (X Y) ewrte
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(FCl): (-B):
U (X,Y)
(U, (X, V) ((Ij%rzx)iv)rite
(U, (X, *Y)) | (Clv)
(X ) D) )
(*X , *Y) *U(Cll—) U{(X,Y), 2) (r’)
(Y, +X) - +U (drg) (XL Y), D)+ RZWrite
(Y, X), D) 7 (X, ), =2 E U (o
(U, (+Y, *X)) |- (dra) (*X,(*Yv*Z))F*U(dr,)
Ul *(*Y, *X) Rewrite Ul *(xX, (Y, *2)) Rejvrite
Uk (Y, X) Uk (X, (Y, 2))
(- WI) : (-n): (vir)':
U (X, X) (dr))
(X, *X) | »U Uy UL pHU YU
xS TG () voE e ()
Ubx V7 Uk (on9) (pv) U
The last rewriting part in the proof of (swj) is due to Proposition 30. O

B Proof of theorem 45

Theorem 45 (Soundness and strong completeness). Let C < C be such that O(C) =
C. The calculus GGL¢ is sound and strongly complete for the Boolean basic gaggle

logic (Sc, Mc, |- )-

In this section, C ¢ C is such that O(C) = C. We provide the soundness and
completeness proofs of Theorem 45. We adapt the proof methods introduced in [2],
based on a Henkin construction, to our more abstract and general setting. We start
by the soundness proof.

Lemma 59. The calculus GGLc is sound for the Boolean basic gaggle logic
(Se; M, |-).
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Proof: ~ We only need to prove the soundness for the rules (dr;) and (- @), the
soundness of the other rules being standard. The soundness of the inference rule
(- ®) follows directly from item 1 of Theorem 10, the soundness of rule (dr;)
follows from an iterative application of item 2 of Theorem 10 (or Proposition 27)
by the decomposition of permutations into cycles or transpositions. a

The completeness proof uses a canonical model built up from maximal GGL¢c—
consistent sets. First, we define the notions of GGLc—consistent set and maximal
GGLc—consistent set. In the sequel, by abuse of notation and to ease the presentation,
when we write ¢ |- 1) we mean that ¢ |— v is provable in the calculus GGLc.

Definition 60 ((Maximal) GGLc—consistent set).

e A GGLc—consistent set is a subset I' of L¢ such that there are no ¢1,...,0, €
such that 1, ..., ¢, . If ¢ € Lc, we also say that ¢ is GGLc—consistent
when the set {¢p} is GGLc—consistent.

e A maximal GGLc—consistent set is a GGLc—consistent set I' of L¢ such that
there is no ¢ € L¢ satisfying both ¢ ¢ I' and T'u {¢} is GGLc—consistent. [

Lemma 61 (Cut lemma). Let I' be a maximal GGLc—consistent set. For all

01, son€l and all e L, if o1, ..., pn | ¢ then peT.

Proof: ~ First, we show that I' U {¢} is GGLc—consistent. Assume towards a
contradiction that it is not the case. Then, there are y,...,%,, € I' such that
Y1, ..., ¥m , @ F . Then, by the rules (dry) and (Cl+), we have that
o * (1, ..., ¥m). Now, by assumption, ¢1 , ... , @, | ¢. Therefore, by
the cut rule, we have that ¢y , ... , oo  * (¢1, ... , ¥m). Then, by the
rules (dry) and (B+), we have that o1, ... , @5, Y1, ... , ¥y . However,

Ol Py W1y, Um € I, This entails that ' is not GGLc—consistent, which
is impossible. Thus, ' U {¢} is GGLc—consistent. Now, since I' is a mazimal
GGLc—consistent set, this implies that ¢ € I'. m|

Lemma 62 (Lindenbaum lemma). Any GGLc—consistent set can be extended into
a maximal GGLc—consistent set.

Proof: Let v1,02,...,¢n,... be an enumeration of Lc¢ (it exists because C is count-
able). We define the sets I'), inductively as follows:
INERY
T u{en} if Ty u{p,} is GGLc—consistent
Ly = .
I, otherwise.
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Then, we define the subset I'" of £ as follows: I'" = U T',,.
neN

We show that I'" is a maximal GGLc—consistent set. Clearly, for all n € N, T',,
is GGLc—consistent by definition of T',,. So, if I'* was not GGLc—consistent, there
would be a ng € N such that I'y,, is not GGLc—consistent, which is impossible. Now,
assume towards a contradiction that I'* is not a mazimal GGLc—consistent set.
Then, there is ¢ € L¢ such that ¢ ¢ I'" and I'u {¢} is GGLc—consistent. But there
is no € N such that ¢ = ¢,,. Because ¢ ¢ I'*, we also have that ¢, ¢ 'y +1. So,
Iy U{¥n,} is not GGLc—consistent by definition of I'*. Therefore, I'" U {¢} is not
GGLc—consistent either, which is impossible. O

Lemma 63. The following consecutions are provable in GGL: for all p,¢" € L, all
® = (Uviv(EI?(ila' <y Ej, .. 'ain)));

P (8)
((pve)nlpv=¢)) e (9)
o ((er-¢")Vv(enry)) (10)

if +j =+ then

(015,95 V Dy 0n) (@001, 045 0n) VO(P1, -, @), 0n))  (11)
if £ = — then

@(gol,...,apj/\gog-,...,gon) F(@(cpl,...,gpj,...,npn)\/@(4,01,...,@3-,...,@”)) (12)

(¢, V) iff oo (13)

Proof: The proof of Expression (8) is by induction on ¢. The proof of Expression
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(9) is:

AL ' ox
e (o, ") 7 ¢ (@, *p') (v i)
(pv-¢') = (¢, *¢') (dry)
I I 2
((sovw),w)kso(cw)
Pl K (¢, (pv=¢) e (dry)
el (¢, *(pv-p)) ' (¢, #(pVv-)) (Vi)
(eve) = (o, *(sovﬂso’))(
((pve), (pv-¢)) ¢

drg)

(v n oo "7
and the proof of Expression (10) is:
e
S5 o
(¢l ) o' | =g
o) lEe 7 GoE g o)
Pl (K o) (p, &) = (pr-¢") (dry)
(o, *(pr-¢")) ¢ (o, *(pr—-¢") ¢ (Ke)
(¢, *(pr=-¢")) = (pry) (dry)
= ((pA=¢"), (png)) (- VQ)
Pl ((pA=¢") v(prg))
Proof of Expression (11). Assume that +; = +. Then,
[®] (@1, 0n) = ® (01,5 0n) (- K)
|:®] (801 ----- (Pn) F (®(901 77777 (2 EEERE (Pn) ) ®(§01 7777 90;‘ 77777 Spn)) ('_ V)
[®] (¢1,---,0n) F (@(4,01,...,g0j,...,cpn)v@(cpl,...,gp;-,...,gpn)) (dn)
0i F (181 (P1, o, (@01, Psy e 0n) V(D1 @ 00))s o)

Likewise, we prove that:
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@i (1@ (01, ®(P1,- - 05, Pn) VO(PLy - PP )se s Pn)-

So, by (v ), we obtain that:

(PJV()D;F [Tj®](()017'-'7®(8017-'-790j7-“7()0n)V®(‘P17"-a(pg'a"-a(pn)a'-w@n)'

Thus, by (dr;) and (® +), we obtain that:

O(P1s- 0 VP Pn) | ® (P15, Pjs s 0n) VO(P1, -, Pl ).

Proof of Expression (12). Assume that +; = —. Then,

[@] (b1, 0n) = @ (01, 0n)
[®] (901,---;(,071) }7 (®(9017"'7(Pj7-"790n) ) ®(§017--'790;‘7---790n))

[@] (b1, 0n) = (@015, 05, o) VO(01, o sy 0n))

(-K)
(Fv)

(dr1)
[Tj®](Spla---7(®(§017---7S0j7'--;§0n)V®(§017--'790;‘7---78077,))’---79071) FSOJ

Likewise, we prove that:

[75®] (@1, (@(@1, -+, @5, Pn) VO(P1, -5y 00)), -5 ) = @)

So, by (~ A)’, we obtain that:

[75®] (1, (®(@1, -, @5, Pn) V(P15 Py Pn)), -5 0n) | @5 A @

Thus, by (dr1) and (& ), we obtain that:

(01, P APy o) | (8(01,. 0,05 o) VO(D1, -, 5y 0n)).

Proof of Expression (13):
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ol (drb) il (Fri)
*1) ﬁ ::QD (_| '2_) 4 L_"(f F (drg) :;Z) FF_“b (dr/2/)
ST SE P TG
B (C| I—) Ld - - cut
(QO ) ﬂb) F ¥ }7 1/)

Lemma 64. Let &(¢1,...,0n) € L with & = (0,+,(3,(21,...,%0))). If

®(p1,...,¢n) is GGLc—consistent then +1p1,. .., tnpn are GGLc—consistent, where
L) ifEi=
:l:j(pj = J . J .
~pj if £ =—

Proof: 'We prove it by contraposition. If +;¢; is GGLc-inconsistent then +;¢; |- .
If +; = + then ¢; |- . If +; = — then -p; - and therefore | ¢; by the cut rule
because ——; [~ ¢; is provable. So, in both cases, applying Rule (- ®), we obtain
that ®(¢1,...,¢,) F and thus ®@(p1,...,9,) is GGLc—inconsistent. i

Definition 65 (Canonical model). The canonical model is the tuple (¢, R¢) where
W€ is the set of all maximal GGLc—consistent sets of L¢ and R is a set of relations
Rg over W€, associated to the connectives ® € C and defined by:

o if ®=pthen e R} iff pe D" (where p = (1,+, E));

o if ®= (O‘,:I:,(H,(:I:l,...,:tn))) then (Fl,...7rn+1) € R:gf iff for all Olye-v,Pn €
Lc,if o1 4T1 and ... and ¢, h T, then ®(p1,...,0n) € Tni;

o if ®=(0,+,(V,(£1,...,%5))) then (I'1,...,T11) ¢ R iff for all p1,...,pp €
Lc,if ®(p1,...,pn) €Tpir then o1 4Ty or ... or v, b Ty;

QOjEFj if:l:j=+

where for all j € [1;n], p; hT; = { O

g0j¢rj if:l:j:—'

Lemma 66 (Truth lemma). For all ¢ € L, for all mazximal GGLc—consistent sets T,
we have that M, T |- ¢ iff o € T.

932



TowARDS UNIVERSAL LoGIC

Proof: By induction on (. The base case ¢ = p € P holds trivially by definition of
Me.

e Case —(p.

Assume that - € I' and assume towards a contradiction that it is not the case
that M T |- —=p. Then, M T |- ¢. So, by Induction Hypothesis, ¢ € I'. Now,
¢, = and -p € T by assumption. Thus, I' is not GGLc—consistent, which is
impossible. Therefore, M T |- —¢.

Conversely, assume that M¢ T | —p. Then, it is not the case that M¢ T |- ¢,
so, by Induction Hypothesis, ¢ ¢ I'. Since I' is a maximal GGLc—consistent set, this
implies that T' U {¢} is not GGLc—consistent. So, there are ¢1,...,¢, € I' such that

Ol oee s P, 90#. Thus, ¢1, ..., gpn# + and also by (F =), 1, ..., cpn#—mp.
Therefore, —p € I' by the cut lemma.

e Case (p V).

We prove the following fact. It will prove the induction step because M€, T |- pv
Y iff M T |- ¢ or MET |- iff ¢ €T or 4 € T' by induction hypothesis.

Fact 67. For all maximal GGLc—consistent sets T, (pv ) el iff e or el.
Without loss of generality, assume that ¢ € I'. Then, ¢ |- ¢ implies ¢ |- ¢ Vv 1
by K, and (+Vv). So, by the cut lemma, (¢ v ) € I' since ¢ € I'. Conversely,

we prove that (¢ v ) € ' implies that ¢ € I" or ¢ € I'. Assume that (pv ) e T’
and assume towards a contradiction that ¢ ¢ I' and ¢ ¢ I Then, because T’

is a maximal GGLc—consistent set, there are ¢1,...,¢0,m € I' and 91,...,¢, € T
such that 1 , ... , ¥m , o and 1 , ... , ¥, , ¥ . Thus, by (K+),
(B+) and (Cl+), we have that v1 , ... , @m , Y1, .. , ¥y , ¢ - and
Ol s e s Pm s V1, ...y Un , ¥ . Then, by rule (dry), we have that
90}7 *(@17"'7¢m7¢17--'7wn)andw}i *(9017---,90ma¢17---,¢n)- SO,
by rule (v F)’, (ove)) = *(01, ..., @m, U1, ..., ) and by rule (dry) and (B +),
(V) , @15 vy Pmy U1, v, Un b= However, (oVth), 01, ..., @m, 1, ..,y € L.

Therefore, I" is not GGLc—consistent, which is impossible. Thus, ¢ € " or ¢ € I.

e Case (@ A1).
We prove that ¢ Ay eI iff ¢ € I" and ¢ € I'. This will prove this induction step

because M€, T |- o iff M€ T |- ¢ and M€, T |- ¢ iff p € T and ¢ € T’ by induction
hypothesis. Assume that ¢ € I' and v € I'. Then, since ¢ , 1 |- ¢ A1) is provable,
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we have by the cut lemma that ¢ A € I'. Conversely, assume that o A € I and
assume towards a contradiction that ¢ ¢ I'. Since I' is a maximal GGL¢—consistent
set, there is ¢1,...,p, € I' such that ¢1 , ... , ¢, , ¢ |- . Now, by rule (K+), we
have that 1, ..., pn, ¢, ¥ | . Therefore, by rule By, ¢1, ..., ©n, (p, V).
Then, by rules (Cl+) (dry), we have that (¢, ¥) |- * (p1, ..., ¥n). So, by rule
(A+), we have that (9 AY) = * (91, ..., pn). Then, again by rules (Cl+) and
(dry), we obtain ¢y , ... , ¢on, (¢, ¥) . Since (p A1) €T and ¢1,...,0, €T,
this entails that I' is not GGLc—consistent, which is impossible. Therefore, p € I.
Likewise, we prove that ¢ €I.

e Case ®(¢1,...,¢n) with @ = (0, %, (£, (£1,...,%,))).
First, we deal with the subcase A& = 3.

Assume that ®@(p1,...,9,) € . We have to show that M T |- & (¢1,...,9n),
i.e., there are I',...,T';, € M¢ such that Rg°T"y...I',I" and I'y 4 1] and ... and
Ty 4 [en]. We build these maximal GGLc—consistent sets I'j,...,T, thanks to
(pseudo) Algorithm 1 (because it does not terminate). This algorithm is such that
if @(Xy £, T,...,X, £, ) €T then for all ¢1,...,¢, € L, there are (£],...,+]) €
{+,-}" such that & (M1 +1 I'7") x3 (2107, (X £, T7) %, (£1,0)) € T. This
is due to Expressions (9), (10) and Expressions (11), (12) of Lemma 63. What
happens is that each X; +; I'; is decomposed into disjunctions ((M; £; ;) A ¢p) v
(M5 £ ') A =gy,) and conjunctions ((X; +; ') v en) A((M; £ ') v ~¢y,) depend-
ing on whether +; = + or +; = —. Then, each decomposition of X; +; I';, is re-
placed in Expression & (Xy +1I'q,...,X,, +, ;). This is possible thanks to rule
(- ®) and this yields a new expression (*). This new expression (*) belongs
to I' because I' is a maximal GGLc—consistent set, by the cut lemma. Then,
we decompose again (*) iteratively by applying Expressions (11) or (12). For
each decomposition, at least one disjunct belongs to I' because ¢ v ¢ € T' im-
plies that either ¢ € I' or ¢ € I' by Fact 67. Finally, after having decomposed
each argument of ®, we obtain that there is (£],...,%)) € {+,—}" such that
& (1 1 T7) x1 (1107 .., (M s T2 g () € T

Now, let m > 0 be fixed and assume that I'7" is GGLc—consistent. Then,

® (Mg =1 ) xq (£10T") ooy (K £, T %, (21,07)) is GGLc—consistent because it
belongs to the GGLc—consistent set F;-". Thus, by Lemma 64, for all j € [1;n], if
+j =+ then AI'T" A £}¢]" is GGLc—consistent and if +; = — then AT'T" A (=2}) @] is
GGLc—consistent. That is, in both cases, I'""*! is GGL¢—consistent. We have proved

by induction that for all m >0, F;-” is GGLc—consistent. Thus, I'1,..., ', are GGLc—
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Algorithm 1

Require: (¢1,...,¢,) € L and a maximal GGLc—consistent set I' such that
®(p1,...,0n) €T with @ = (0,+, (3, (£1,...,+5))).
Ensure: A n—tuple of maximal GGLc—consistent sets (I'y,...,I";) such that

RT...IpI and #1971 €Ty, .., £p0n €T
Let (00, ...,0%), ..., (¢, ...,¢™),... be an enumeration of L?;

T9:= {2101} .5 T9 o= {2000 );

5:
for all m >0 do
for all (£],...,+,)e{+,-}" do
i © (0 1 T7) x1 (£507) ., (%, £ T0) x, (£,6)) € T then
Dl o= T U { (12} 07
10: :
Dl e T U { (sl ) 00 )
end if
end for
end for
15:

L= U 0= U,

m>0 m>0

o ifx=

+ ) A df =+
where for all p € £, +p £ ; for all j e [1;n], x; = and
%

- if £=- if 5=~
/\{(p|gp€F§”} if £; =+
V{-elpel]} if+;=-

Nj:l:jl—‘;né{

consistent. Moreover, for all j € [1;n], I'; are mazimally GGLc—consistent because
by construction for all ¢ € £ either ¢ € I'j or —p € I';.

Finally, we prove that Rg”I'; ..., I, that is, we prove that for all ¢,..., ¢, € L
if 1 h 'y and ... and ¢, 4 T, then &(¢1,...,1,) € T', that is, since I'1,..., T,
are maximally GGLc—consistent sets, if £1¢; € I'1 and ... and %,¢, € I'; then
®(1)1,...,%p) € T. Assume that +12y € 'y and ... and +,, € T';, we are going
to prove that &(¢1,...,1¥,) € I. Now (¢1,...,1%y) € L™, so there is mg > 0 such
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that (©",...,"0) = (Y1,...,1,). Since I70* c Ty and ... and T c T, we
have that the tuple (+],...,+]) satisfying the condition of line 8 of Algorithm 1
is (+,...,+), because of the way F’lnoﬂ,. .., Tl are defined. So, the condition
of line 8, which is fulfilled, is ® ((Ml +1 FTO) x1 @10, (M £, TT0) x, (pzno) eTl.
Then, for all j € [1;n], if +; = + then (Mj +; F}no) X j cp}no - gp}no and if +; = —
then (p;no - (Nj £ F;no) X (p;no. Therefore, applying rule (- ®), we obtain that
® ((Ml +1 F’lno) X101 (M £, TT0) % 90210) - @ (cp’lno, .. .,cp?o) is provable.
Since we have proved that & ((Nl +1 F11no) X1 @1, (Mg £, T0) X, gpnmo) e, we
obtain by the cut lemma that & ((pgno, e, (p?o) €' as well, that is ® (¢1,...,¢y,) €.

Conversely, assume that M T |- & (¢1,...,9,), We are going to show that
®(¢1,...,¢n) € I'. By definition, we have that there are I'y,..., 'y, € M¢ such that
RTy ... and Iy 4 Jei1] and ... and T';, 4 [n]. By Induction Hypothesis, we
have that p1 4 I'1 and ... and ¢, 4 I',. Then, by definition of Rg” in Definition 65,
we have that ®(¢1,...,pn) €.

Second, we deal with the subcase £ =V.

Assume that ®(¢p1,...,9,) € I'. We have to show that M T |- & (¢1,...,0n),
i.e. for all I'y,..., I, e M€, (T'1,...,I'y,T) e Rg” or I'y 4 [e1] or ... or I'y, 4 [enl.
Assume that (I'1,...,I',,I') ¢ Rg’. Then, since &(¢1,...,¢n) € I', we have by
Definition 65 that ¢1 4 I'y or ... or ¢, 4 I'y. So, by Induction Hypothesis, we have

that T'y & [e1] or ... or Ty 4 [@n]-

Conversely, we reason by contraposition and we assume that ®(p1,...,¢,) ¢ L.
We are going to show that M¢ T |- -®(1,...,pn) (We recall that —® is a connective
of C), which will prove that it is not the case that M¢ T | & (¢1,...,¢n) by
Proposition 29. First, we prove that = ® (1,...,0n) |- —®(¢1,...,pn) as follows:

o101 . onlbon
[-®] (¢1,-- 5 0n) = —®(p1,- -, 0n) Rowrite
+[@] (@1, n) = —®(01,-- -, 00) (dr2)

* = @1, 0n) | [8] (01, -, 90) (®i)

*_®((P17---a90n)F ®(9017-~-7‘Pn) (dr")
*® (p1,--00) = —@(p1,---,9n) (ﬁi)
=@ (¢1,- -, 0n) = — (01, 0n)

Then, by Fact 67 and because | (¢ v -¢) is provable, we have that

(F®)
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=@ (p1,...,n) €T or &(¢1,...,¢,) €. So, by assumption, - & (¢1,...,p,) €.
Therefore, by the cut lemma, since = ® (p1,...,0n) = - ®(p1,...,9,) We have
that — & (¢1,...,¢n) € I'. Hence, this case boils down to the case & = 3 because
-® = (0,-+,(3,(-%1,...,—%,))). This case has been proved in the previous item
and we thus have that M T | - &(p1,...,¢n). O

We finally prove that the canonical model is indeed a C—model. For that, we
need to prove the following lemma:

Lemma 68. Let ® € C be a connective of arity n € N. Then, for all ® € O,, .3,(®),
we have that Rg = Rg.

Proof: ~ We prove this lemma using the following two facts: for all @ € C, all
transpositions 7; = (j n + 1),

if®=(0,%,(3,(£1,...,%,))) then @(@1,...,7']'@((,01,...,@n),...,g0n)}*(pj (14)
if®=(U,i,(V,(il,...,in)))thengojF ®(P1,-- T ®(P1y--5¢n)s - on) (15)

Expressions (14) and (15) are proved by a direct application of (dr;) with 7;
and then (& ) to the provable consecution [7;®] (¢1,...,¢n) F 7 ® (p1,...,0n) if
E(r;®)=3and 75 ® (¢1,...,00) - [18] (p1,...,0n) if B(1;80)=V.

First, we prove that for all ® € O,, (®), we have that Rg = Rg/. For that, it
suffices to prove that for all transpositions 7; = (j n + 1), we have that R, ¢ = Re
because the transpositions generate the symmetric group. Proving Rg S R; g or
Rre € Rg for all 7; = (j n+1) is enough, because by double inclusion we then have
that Rg C Rr.¢ € Rrjrje = Re and thus Rg = Rrje.

e Case ® = (0’,:&,(3,(:I:l,...,:l:j_17+,:l:j+1,...,:|:n))). Then, T;® =
(TjO’, —:l:,(V,(—:I:l,...,—:l:j_l,+,—:l:j+1,...,—:I:n))).
Assume that (I'1,...,Iye1) € Rg”. We are going to show that (I't,...,T'ns1) €
. _ . —+7;
R:%, ie. (T1,.. ., Tu) ¢ R, e (Tiy U1, Dot Djany o, Ty 1) € RS

Let ¢1,...,¢n € Lc and assume that 7 ® (¢1,...,¢,) €I'j and 1 4 I'1 and ... and

el if+ =+

pieli 1 ‘ . We want to prove that ¢; € I'y4q.
pi ¢ i =-
Since (I'y,...,T'n,Tns1) e R and @1 4 'y and ... and 7@ (p1,...¢,) €I'j and

. and ¢, b Iy, we have that M, Tpi1 |- @ (p1,..., 75 (01, -, 9n)s- -+ 9n). So, by
the truth lemma, ®(¢1,...,7; ® (¥1,...,9n),...,¢n) € i1, Now, by Expression
(14), &(p1,---, 7 ® (P15--+Pn)s---,on) = ;. Therefore, p; € I'yiq by the cut
lemma.

¢n & I'n where ; § I’ =
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e Case ® = (0,%,(3,(-,...,-))). Then, 7;® = (750, +,(3,(-,...,-))).

Assume that (I'1,...,I'p41) € Rg7, te. for all pi1,...,p, € Lc, if @1 ¢ I
and ... and ¢, ¢ 'y, then &(¢1,...,¢,) € Thy1 (1). We are going to show
that (T1,...,Tni1) € RE%, ie. (T, Tusr,.. . T, Ty) € RIS, e for all
O1,---,n € L, if o1 ¢ Ty and ... and ¢; ¢ I'yer and ... and ¢, ¢ ') then
7; ® (¢1,...,¢n) € I';. Assume that ¢; ¢ 'y and ... and ¢; ¢ I'y4; and ... and
¢n ¢ I',. We want to prove that 7; @ (¢1,...,¢5) €.

Since ¢; ¢ I'y11, we have that ®(¢1,...,7;® (@1,...,¢n),...,¢¥n) ¢ I'i1 because
of the cut lemma since ®(¢1,...,7;® (¥1,.--,¢n),---,¥n) - ¢; by Expression (14).
Then, either @1 € I'1 or g € 'y or ... or 75 ® (¢1,...,¢n) € I'; or ;i1 € T'jiq1 or

. or ¢, €'y, because of (1). However, o1 ¢ I'1,..., wj1 ¢ Tjo1, @je1 € Djut, .oy
¢n ¢ I'y. Therefore, 7; @ (¢1,...,0n) €.

o Case ® = (0, (V,(£1,...£j-1,+ %j41,---5%0))). Then, 7;® =
(TjU,—:I:,(3,(—:I:l,...,—:l:j_l,+,—:l:j+1,...,—:I:n))).

Assume that (T',....Tn,Thi1) ¢ R We are going to show
that (Fl, U (S Fn+1) ¢ R7i_;7®, i.e. (Fl, U (S Fn+1) € R;Jig i.e.

(1“1,...,Fn+1,Fj+1,...,Fn,Fj) € R;ji@:jo i.e. for all ©ly--.,Pn € ,Cc, if ©1 4d T and
. and ¢; €I'ypq and @i b T4 and ... and @, b 'y, then 75 @ (@1,...,05) €T

QOiEFi if—:l:i=+

where ¢; 4 I'; = . Assume that ¢; 4 I'y and ... and ¢; € I';1q

pi¢ly if -+ = -

and ¢j,1 b e and ... and ¢, 4 T, We want to show that 7; & (¢1,...,¢p) €.

Since ¢; € I'yy1 and @; - @ (¢1,--,7 ® (@1,---,¢n)s---,pn) by Expression
(15), we have by the cut lemma that ®(¢1,...,7 ® (©1,...,¢n),...¢n) € Tnii.
So, M Tpi1 |- ® (1,...,7 ® (P1,.--,¢n),-..,¢n) by the truth lemma. That
is, for all I'},..., T}, € M€, either (I'},...,I},,Tps1) € RE” or not o1 4 I'y or ...
or 7 ® (p1,...,¢n) € Ij or ... or not ¢, 4 I'y (p; b I's is defined above). Take
(ry,...,I7) = (T'1,...,Ty). Then, by assumption, (I'y,...,Tp,The1) ¢ Ry and
p1 4 and ... and ¢ 1 4 ;-1 and @41 4 I'j41 and ... and ¢, 4 'y, Therefore,
Tj@(gol,...,(pn)érj.

e Case ® = (0,%,(V,(-,...,-))). Then, 76 = (1j0,%,(V,(-,...,—))).

Assume that (I'y,...,Tpi1) ¢ R, i.e. for all p1,...,0n € Lc, if ®(p1,...,0p) €
1 and ¢ €'y and ...and ¢, €Ty, then ¢; ¢ I'; (2). We are going to show that
(T1,. . Tnar) ¢ REG, dce. (Tu,. o, Tosr,. ., T, Ty) ¢ RS e, forall oo, 0, €
Lcif1j®(p1,...,¢n)eljand p1 €'y and ... and ¢, €', then p; ¢ I';11. Assume
that 7; ® (¢1,...,¢,) €T'j (3) and 1 €'y and ... and ¢, € I',. We want to prove
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Assume towards a contradiction that ¢; € I'yyi. Then, by Expression (15)

and the cut lemma, ®(p1,...,7; ® (¢1,...,¢n),.--,¥n) € [ni1. Now, @1 € I'y and

. and @1 € I'jo; and ¢j41 € I'j41 and ... and ¢, € I';,. So, by (2), because
(T'1,...,Ths1) ¢ RGZ, we have that 7; ® (¢1,...,¢,) ¢ I';. This contradicts (3).

Second, we prove that Rg = R_g. Again, it suffices to prove that Rg € R_g.

e Case ® = (0,+,(3,(%1,...,%n)). Then, —-® = (0, —=,(V, (—=%1,...,—%5))).
(T1,...,Tpe1) € R iff for all p1,...,0n € L, if o1 41 and ... and ¢, 4 Ty,
ngEFj if +; =+
QOJ' ¢ Fj if :l:j = —
that (I'1,...,Tpe1) € RZEG, de. (I'1,...,Tni1) ¢ R de. for all ¢r,..., 0, € L, if
- ® (¢1,-..,9¢n) € Tpyr then @1 4 Ty or ... or ¢, 4" T’y (1) where ¢; 4" T'j =
(ijFj if—:l:j:-i-
(pj¢rj if—:l:j:—
if ®(o1,...,¢n) ¢p1 and o1 4T and ... and ¢, 4 'y, then not ¢; 4 T

then ®(¢1,...,¢n) € Iyt where p; 4 T = . We are going to show

. So, for all j, ¢; &' T'; is (not ¢; 4 I';). Therefore, (1) holds iff

iff if o1 4 'y and ... and @, b '), then ®&(p1,...,0n) € Tni1
iff (I'y,...,T41) € RE” which holds by assumption.

e Case ® = (0,+,(V, (%1,...,%,)). It is proved like the previous case. ]

Proof: (Completeness proof) We prove that for all sets I' € Sc and all S = p |1 € Sc,
if I' | S holds then S is provable from I' in GGLc. We reason by contraposition.
Assume that S is not provable from I' in GGL¢. That is, there is no proof of ¢ |- v
in GGLc from T'. Thus, it is not the case that (¢, 1) |- is provable in GGLc uT
by Expression (13). Hence, {¢, -t} is GGL¢ uT'—consistent (we can naturally adapt
the definition of GGLc—consistency to define the notion of GGL¢ u I'—consistency).
So, by Lemma 62 (where GGLc—consistency is replaced by GGL¢ uT'—consistency), it
can be extended into a maximal GGLc u I'-consistent set I such that {¢, -} cT".
Now, IV is also GGLc—consistent, so it is a state of the canonical model M€. Then,
by the truth Lemma 66, we have that (M T”) |- ¢ and (M T") |- 1, so it is
not the case that (M¢,T") |- S. Moreover, by the cut Lemma 61 and because I' is
also GGL¢ uT'—consistent, we also have that (M€ T”) |- I'. Hence, we have found a
pointed model (M€ T"), which is indeed a C-model according to Lemma 68, such
that (M€, T’) |- T but not (M€, T') |- S. That is, it is not the case that ' |- S. O
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C Proofs of theorems 49, 53 and 57

Theorem 49 (Cut—elimination). Let C< C. The calculus GGLc¢ is cut—eliminable:
it is possible to eliminate all occurrences of the cut rule from a given proof in order
to obtain a cut-free proof of the same consecution.

Proof: Since GGLc¢ is a display calculus in the general sense of Ciabattoni & Ra-
manayake [9], we only need to prove that it satisfies the conditions (C2)—(C8) spelled
out in [9] as proved by Belnap [6]. Note that condition (C1) is not needed in Bel-
nap’s proof [6]. The conditions (C2)—(C7) are easily checked on each rule of GGLc.
It remains to prove condition (C8). It has already been proved in the literature for
the Boolean connectives so we only prove it for the gaggle connectives. Instead of
proving it in the general case, we prove it for n = 2 with ® = (o, +, (3, (+,-))). This
should provide the reader with the main ideas underlying the proof in the general
case. Basically, we display each subformula of the cut formula using the display rule
(dr1) and we apply the cut rule on each subformula.

Xiko1 e X Loy [Bl(P1 ) U
[®] (X1, X2) = @ (1, 02) ®(p1,92) U
[®] (X1, X2) FU

(®+r)
cut (&(p1,92))

[®] (1,92) FU
Xibe1 il [me] (U e2)
Xi | [ne] (U, ¢2) (dry)
is transformed into [®] (X1,02) U (drl)
[r2®] (X1, U) Fopn
[r20] (X1,U) - X»
[®] (X1, X2) U
We proceed similarly for the rules concerning the Boolean connectives —, A, v using
the Boolean display rule (drg). |

(drl)
cut (1)

pa |- X
(drl)

2
cut (p2)

Theorem 53 (Soundness and strong completeness). Let C< C. The calculus GGLY

is sound and strongly complete for the basic gaggle logic (S, Mc, |- ).

Proof: We are going to perform a backward proof search and analyze the structure
of a cut-free proof in GGL¢ which ends up in a consecution of the following form,
where 1, ..., 0k, ¢}, ...,¢] € L2 do not contain Boolean connectives:

@9(%017---7‘;01@) }7 ®, ((10,177@;)
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Our aim is, via that analysis, to transfom the proof in GGL¢ of the above
consecution into a proof in GGL% of the same consecution. This will prove the
theorem.

Before proceeding further, note that the following rules are particular instances
of (K+) and (- K) (with X empty):

~U
YU

Ul
ULy

(Kr)' (- K)'

Since the proof is cut-free and the final consecution does not contain Boolean
connectives, the Boolean rules (A +), (- A), (V+), (FV), (=) and (- +) have not
been applied in the proof. Indeed, a property of our cut-free calculus GGL¢ is that
once a (Boolean) connective is introduced in a proof it stays present in the proof.
Because the conclusion of our proof does not contain Boolean connective, this entails
that the Boolean rules have not been used.

Stage A: rules (& +) and (dr;). We start with a proof in GGL¢ whose conclusion
is of the form ® (1, ..., 0r) - ®' (¢],...,¢]) and we analyse its proof backwards and
determine which rule(s) can be used as we proceed bottom—up. At the begining, it
is not possible to apply rule (- ®) because the antecedent and the consequent of the
consecution are both formulas. On the other hand, it is possible to apply rule (drs)
or (WI+) right at the beginning and in that case we go directly to stage B. Oth-
erwise, it is also possible to apply the rules (& +) and (dr;) (possibly iteratively).
We then obtain an expression of the form S([@®1], X1,..., X, ®2(¢1,...,1,)) or
S([®1], X1, X, [®2] (Y1,...,Y,)) where X3,...,X,,,Y1,...,Y, belong to the
language £~ built up from formulas ¢, structural atoms and structural connec-
tives [®]. Hence, at the end of that stage, we have a consecution of the form
[@1] (Xl, e ,Xn) F ®2 (1/J1, R ,wn) (1) or @1((p1, ce ,gom) F [@2] (Yl, - ,Yn) (2)
or [®1](X1,..., Xm) F [®2] (Y1,...,Y,) (3). Without loss of generality, let us deal
with case (1) in what follows.
We can then go to stage B or to stage C.

Stage B: rules (dry) or (WI+) and then structural rules. If rule (dry) is
applied, we obtain

([®1] (le--me) , * @2 (7/}1771/)71)) F
[@1] (Xl,...,Xm) F @9 (1/)1,...,1[)”)

(er)

or
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F (®Q(¢1,. . .,wn) , * [@1] (Xl,... ,Xm))
[®1] (X1, Xm) F @2 (¥1,..., )

If rule (Cl +) is applied, we obtain

([@1] (Xl,...,Xm), [@1] (Xl,,Xm)) # @9 (¢1,---,¢n)
[@1] (Xl,...,Xm) F @9 (1/}17-~-7¢n)

In both cases, we obtain a premise including the structural connective ,. This
means that we cannot apply rules (dry), (- ®) or (® +) for the moment. We must
use the other rules, the structural rules and (dry), in order to apply one of these
rules. Indeed, for the proof to terminate, we have to apply these rules in order to
reduce the complexity of the consecution. Since the structural rules and (dry) do
not change the constituants of a consecution, the consecutions that we can obtain
as a result of applying these rules in order to be able to apply rules (dry), (- ®) or
(® +) again are the following:

= @ (Y1, ,9n)
2. [@1] (X1,...,. Xm)
3. @ (Y1, ., Un) - [-®1] (X1,..., X))
4. [@1] (X1, s Xm) - @2 (Y1, ., ).

(drg).

(WI'+)

For each case, we replace the existing derivation by the following derivation:

1.
}7 @2 (¢1""7¢n) (K |_)I
[@1] (Xl,...,Xm) F D) (wl,...,wn)
2.
[®1] (X1,...,Xm) - (- K
[@1] (Xl,...,Xm) F @9 (1/11,...,1/}n)
3.

* @2 (1,...,0n) F [-®1] (X1, .., Xm) (dr)
[®1](X17~-; m)F ®2 wlv"-a@bn) 2
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4. We simply remove the existing derivation.

So, for all cases the Boolean display rule (dry) and the structural rules have been
eliminated. In all cases, the proof (considered so far) can be transfomed into a proof
where (drs) has been eliminated and replaced by (dr}), (K +)" and (- K)".

In all cases, the last premise ends up to be a consecution of the form

S([®1] , X1, . '7X’m7®2(w17' .- 71/}71)) or ®1(9017"‘ 7%0771) }7 ®2 (wla‘ . 71/171) (pOSSIbly
with ®2(t)1,...,%,) empty). Then, we go to stage C.

Stage C: rules (dr;) or (- ®). If rule (dr;) is applied then we go back to stage
A.
If rule (- ®) is applied,

U EVi ... UV,
S([@l],Xl,...,Xn,®2(1/11,...,¢n))

then for all j € [1;n], U; |- V; are of the form X; - 1, or ¢; |- X; where
X e L£X. So, we apply inductively stages A, B and C to each U; V.

(F®)

Hence, applying these stages recursively, we are able to eliminate all structural
rules and the Boolean display rule (drg) from the proof and replace them with the
rules (dr}), (K+)" and (- K)".

Stage D. At this stage we have transformed our initial proof in GGLc¢ into a
proof in the calculus consisting in the rules (- ®), (®+), (drp), (dr'2), (Kr)'
and (- K)". A requirement of rule (K+)" ((-K)') is that the antecedent (resp.
consequent) of its premisse is empty. If we examine the other rules, we notice
that an empty antecedent can only appear in rule (- ®) if one of its premise
already contains an empty antecedent (see Expression (7)). As a matter of
fact, because of our axioms (see Expressions (5) and (6)) and the other rules,
this can never happen. Hence, rules (K+)" and (- K)" are in fact never used in
a proof. Therefore, the proof that we eventually obtain is actually a proof in GGL%. O

Theorem 57 (Soundness and strong completeness). Let C< C and let G be a group
associated to C. The calculus GL%G (GLc,c) is sound and strongly complete for the

(Boolean) basic gaggle logic (Sg, Mc, |- ) (resp. (Sc, Mc, |-))-

Proof: ~We assume that we have a proof of a consecution &1(p1,...,pm) F ®9
(V1y...,0n) € 88 in GGL(C) and we show that we can transform this proof into a

943



AUCHER

proof of the same consecution in GL%,G. For that, we analyse the proof and perform
a backward proof search. The first rule that we can apply (backwards) is (@ ) and
we arrive at a consecution of the form S([®],¢1,...,%n,U). Then, we can directly
apply (® ) or a sequence of display rules in order to apply (® ). In both cases, we
arrive at a consecution of the form S([®'],X1,..., X, ®(¢1,...,¢n)) with & € C
(in order to apply (- ®)). Since both ® € C and &' € C, the sequence of display
rules is equivalent to a single application of rule (drs) and it suffices to replace this
sequence by a single application of rule (drs) to obtain a proof in GL%G. Then,
we repeat this process inductively to the premises of the instance of the rule (+ ®)
applied. Hence, we obtain the result for GL%G.

As for GLc g, it suffices to observe that (drs) is derivable from (dr;) and (dr)
and that, vice versa, (dry) is derivable from (dr3). ]
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