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Abstract

We define a general family of canonical labelled calculi, of which many previously studied sequent
and labelled calculi are particular instances. We then provide a uniform and modular method to
obtain finite-valued semantics for every canonical labelled calculus by introducing the notion of partial
non-deterministic matrices. The semantics is applied to provide simple decidable semantic criteria for
two crucial syntactic properties of these calculi: (strong) analyticity and cut-admissibility. Finally, we
demonstrate an application of this framework for a large family of paraconsistent logics.

1 Introduction

A useful semantics is an important property of formal calculi. In addition to providing real insights into
their underlying logic, such semantics should also be effective in the sense of naturally inducing a decision
procedure for its calculus. Another desirable property of such semantics is the possibility to apply it for
characterizing important syntactic properties of the calculi, which are hard to establish by other means.
Analyticity and cut-admissibility are two crucial cases in point.

Recently some systematic methods for constructing such semantics for various calculi have been formu-
lated. In [1] and [2] two families of labelled sequent calculi have been studied in this context.! [1] considers
labelled calculi with generalized forms of cuts and identity axioms and a restricted form of logical rules,
and provides some necessary and sufficient conditions for such calculi to have a characteristic finite-valued
matrix. In [2] labelled calculi with a less restrictive form of logical rules (but a more restrictive form of cuts
and axioms) are considered. The calculi of [2], satisfying a certain coherence condition, have a semantic
characterization using a natural generalization of the usual finite-valued matrix called non-deterministic
matrices ([4]). The semantics provided in [1, 2] for these families of labelled calculi is effective in the
above sense, that is the question of whether a sequent s follows in some (non-deterministic) matrix from
a set of sequents S, can be reduced to considering legal partial valuations, defined on the subformulas of
S U {s}. This naturally induces a decision procedure for such logics.

In this paper we show that the class of labelled calculi that have a finite-valued effective semantics is
substantially larger than all the families of calculi considered in the literature in this context. We start
by defining a general class of fully-structural and propositional labelled calculi, called canonical labelled
calculi, of which the labelled calculi of [1, 2] are particular examples. In addition to the weakening rule,
canonical labelled calculi have rules of two forms: primitive rules and introduction rules. The former
operate on labels and do not mention any connectives, where the generalized cuts and axioms of [1] are
specific instances of such rules. As for the latter, each such rule introduces one logical connective of the
language. To provide semantics for all of these calculi in a systematic and modular way, we generalize the
notion of non-deterministic matrices to partial non-deterministic matrices (PNmatrices), in which empty

*Supported by The Israel Science Foundation (grant no. 280-10) and by FWF START Y544-N23.

fSupported by The European Community’s Seventh Framework Programme (FP7/2007-2013) under grant agreement no.
252314.

LA remark is in order here on the relationship between the labelled calculi studied here and the general framework of
labelled deductive systems (LDS) from [3]. Both frameworks consider consequence relations between labelled formulas.
Methodologically, however, they have different aims: [3] constructs a system for a given logic defined in semantic terms,
while we define a semantics for a given labelled system. Moreover, in LDS anything is allowed to serve as labels, while we
assume a finite set of labels. In this sense, our labelled calculi are a particular instance of LDS.



sets of options are allowed in the truth tables of logical connectives. Although applicable to a much wider
range of calculi, the semantic framework of finite PNmatrices shares the following attractive property with
both usual and non-deterministic matrices: any calculus that has a characteristic PNmatrix is decidable.
Moreover, as opposed to the results in [1, 2], no conditions are required for a canonical labelled calculus
to have a characteristic PNmatrix: all such calculi have one, and so all of them are decidable. We
then apply PNmatrices to provide simple decidable characterizations of the crucial syntactic properties
of strong analyticity and strong cut-admissibility in canonical labelled calculi. Finally, we demonstrate
how the theory of labelled canonical calculi developed here can be exploited to provide effective semantics
also for a variety of logics induced by calculi which are not canonical. One such example is calculi for
paraconsistent logics known as C-systems.

We note that this paper is an extension of [5] in two main aspects: it includes a new section on the
applications of the theory of labelled canonical calculi (Section 7), and contains full proofs, examples and
explanations that were not included in the previous version.

2 Preliminaries

In what follows £ denotes an arbitrary propositional language, and £ denotes a finite non-empty set of
labels. We assume that pi, po,... are the atomic formulas of any propositional language. We denote by
Frmg the set of all wifs of £. We usually use ¢, as metavariables for formulas, I, A for finite sets of
formulas, [ for labels, and L for sets of labels.

Definition 2.1. A labelled formula (over £ and £) is an expression of the form [ : ¢, where | € £ and
¢ € Frmg. A sequent (over £ and £) is a finite set of labelled formulas (over £ and £). An n-clause
(over £) is a sequent (over £) consisting only of atomic formulas from {p1,...,p,}.

Given a set L C £, we write (L : ) instead of (the sequent) {l: 1 | I € L}. Given a labelled formula
v, we denote by frm[y] the (ordinary) formula appearing in v, and by sub[y] the set of subformulas of
the formula frm[y]. frm and sub are extended to sets of labelled formulas and to sets of sets of labelled
formulas in the obvious way.

Remark 2.2. The usual (two-sided) sequent notation 1,...,%, = @1,...,om can be interpreted as
{f:v1,....f :n,t:o1,...,t: o}, ie. asequent in the sense of Definition 2.1 over £ = {¢, f}. Below
we shall sometimes refer to sequents over {t, f} as two-sided sequents. Similarly, we shall refer to sequent
systems employing sequents over {¢, f} as two-sided sequent systems.

Definition 2.3. A substitution (for £) is a function o : Frmy — Frmg, which satisfies o(o(¢1,...,1%,)) =
o(o(Y1),...,0(thy,)) for every n-ary connective ¢ of £. A substitution is extended to labelled formulas,
sequents, etc. in the obvious way.

3 Canonical Labelled Systems

In this section we define the family of canonical labelled systems. This is a general family of labelled
systems, which includes many natural subclasses of previously studied calculi. These include the system
LK for classical logic, the canonical sequent calculi of [4], the signed calculi of [2], the labelled calculi of
[1] and the semi-canonical systems of [6].

All canonical labelled systems have in common the weakening rule. In addition, they include rules
of two types: primitive rules and introduction rules. Each rule of the latter type introduces exactly
one logical connective, while rules of the former type operate on labels and do not mention any logical
connectives.

Definition 3.1 (Weakening). The weakening rule allows to infer s U s’ from s for every two sequents s
and s'.



Definition 3.2 (Primitive Rules). A primitive rule for £ is an expression of the form {Li,...,L,}/L
where n > 0 and Ly,...,L,, L C £. An application of a primitive rule {L1,...,L,}/L is any inference
step of the following form:
(L13¢)U81 (Ln:w)USn
(L:w)UleJ...Usn

where 9 is a formula, and s; is a sequent for every 1 < i < n.

Example 3.3. Suppose £ = {a,b,c}. Consider the primitive rule {{a}, {b}}/{b,c}. This rule allows to
infer ({b,c} : ) Us; Usy from {a: 9} Us; and {b: 1} U sa for every two sequents s, s and formula .

Definition 3.4. A primitive rule for £ of the form (J/L is called a canonical axiom. Its applications
provide all axioms of the form (L : v).

Example 3.5. Axiom schemas of two-sided sequent calculi usually have the form i = . Using the
notation from Remark 2.2, it can be presented as the canonical axiom (/{t, f}.

Note that applications of canonical axioms do not include context formulas. However, using the
weakening rule (which is available in every system we consider), it is possible to derive (L : ¢) U s from
(L : 9) for every sequent s.

Definition 3.6. A primitive rule for £ of the form {L1, ..., L, }/0 is called a canonical cut. Its applications
allow to infer s; U...U s, from the sequents (L; : ¢) U s; for every 1 < i < n (the formula v is called the
cut-formula).

Example 3.7. Applications of the cut rule for two-sided sequent calculi are usually presented by the

following schema:
I'1=9,A;1 T, = Ay

I',To = Ay, Ay

Using the notation from Remark 2.2, the corresponding canonical cut has the form {{t},{f}}/0.

Definition 3.8 (Introduction Rules). A canonical introduction rule for an n-ary connective ¢ of £ and £
is an expression of the form Q/(L : o(p1,...,pn)), where Q is a finite set of n-clauses (see Definition 2.1)
(called premises), and L is a non-empty subset of £. An application of a canonical introduction rule
{e1,...,em}/(L:o(p1,...,pp)) is any inference step of the following form:?

olcr)Usy ... o(em)Usp
(L:o(e(pry---ypn)))UsiU...Usp,

where o is a substitution, and s; is a sequent for every 1 <1¢ < m.

Example 3.9. The introduction rules for the classical conjunction in LK are usually presented as follows:

F,¢,@:>A F1:>Alu,¢ F2:>A2,30
Lyne=A [1,Te = A1, Ag,p A

Using the notation from Remark 2.2, the canonical representation of the schemas above is:

rn={fp.fip IS ip APy e ={t:ph At pa} /At pi Apa}
Their applications have the forms:

{f:9.f:9}Us {t:v}uUst {t:p}Usy
{f:vNp}Us {t Y Np}UsyUso

Definition 3.10 (Canonical Labelled Systems). A canonical labelled system G for £ and £ includes the
weakening rule, a finite set of primitive rules for £, and a finite set of introduction rules for the connectives
of L. We say that a sequent s is derivable in a canonical labelled system G from a set of sequents S,
denoted by S Fq s, if there exists a derivation in G of s from S.

2Note the full separation between a rule and its application; p1, ..., pn appearing in the rule serve as schematic variables,
which are replaced by actual formulas of the language in the application of the rule.



Notation 3.11. Given a canonical labelled system G for £ and £, we denote by Pg the set of primitive
rules of G. For every connective ¢ of £, denote by Rg the set of canonical introduction rules for ¢ of G.

Example 3.12. The system LK can be represented as a canonical labelled system for the language of
classical logic and {t, f} (see Remark 2.2 and Examples 3.5 to 3.9).

Henceforth, to improve readability, we shall sometimes omit the parentheses from the set appearing
before the “/” symbol in primitive rules and canonical introduction rules.

Example 3.13. For £ = {a,b,c}, the canonical labelled system Ggp. includes the primitive rules
0/{a,b},0/{b,c},0/{a,c}, and {a,b,c}/0. It also has the following canonical introduction rules for a
ternary connective o:

{a:p1,cipa},{a:p3,b:pa}/({a,c}:o(p1,p2,p3))
{e:pa}{a:ps,b:ps}, {c:p1}/({b,c} : o(p1,p2,p3))

Their applications are of the forms:

{a:Y1,c:hatUsy {a:s,b:1a}Usy
({a,c} : o(¢1,1h2,13)) U s1 U 59

{c:a}Us1 {a:¢s3,b:1s}Usy {c:p1}Uss
({b,c} = o(th1,1h2,1P3)) U s U sy U s3

Note that the canonical labelled calculi studied here are substantially more general than the signed
calculi of [2] and the labelled calculi of [1], as the primitive rules of both of these families of calculi
include only canonical cuts and axioms. Moreover, in the latter only introduction rules which introduce
a singleton are allowed, which is not the case for the calculus in Example 3.13. In the former, all systems
have ()/ £ as their only axiom, and the set of cuts is always assumed to be {{l1}, {l2}/0 | [ # l2} (again
leaving the calculus in Example 3.13 out of scope).

4 Partial Non-deterministic Matrices

Non-deterministic matrices (Nmatrices) ([4, 2]) provide a natural generalization of the notion of a standard
many-valued matrix. These are structures, in which the truth value of a complex formula is chosen
non-deterministically out of a non-empty set of options, which is determined by the truth values of its
subformulas. In this paper we introduce a further generalization of the concept of an Nmatrix, in which
this set of options is allowed to be empty. Intuitively, empty sets of options correspond to forbidding some
combinations of truth values. As we shall see, this will allow us to characterize a wider class of calculi than
that obtained by applying usual Nmatrices. However, as shown in the sequel, the property of effectiveness
is preserved in PNmatrices, and like finite-valued matrices and Nmatrices, (calculi characterized by) finite-
valued PNmatrices are decidable.

4.1 Introducing PNmatrices

Definition 4.1. A partial non-deterministic matriz (PNmatriz for short) M for £ and £ consists of: (i)
a set YV of truth values, (ii) a function Dy : £ — P(Vp) assigning a set of (designated) truth values to
the labels of £, and (iii) a function (called truth table) o : Vo™ — P(Vuq) for every n-ary connective
o of L. We say that M is finite if so is V.

Definition 4.2. Let M be a PNmatrix for £ and £.

1. An M-legal L-valuation is a function v: Frmg — Vg satisfying
v(o(t1, ..., n)) € opm(v(Wh1), ..., v(¢y)) for every compound formula ()1, ..., 1¥,) € Frmg.

2. Let v be an M-legal L-valuation. A sequent s is true in v for M (denoted by v = 8) if v(¢) €
Da(l) for some [ : 9 € s. A set S of sequents is true in v for M (denoted by v Ep S) if v g s
for every s € S.



3. Given a set of sequents S and a single sequent s, S - s if for every M-legal L-valuation v, v Fpq s
whenever v = S.

It should be stressed that the relation induced by M defined in the last item above is between a set
of sequents and a sequent. However, the usual notion of a consequence relation between a set of formulas
and a formula can be fully characterized in terms of the former relation in the following way:

Definition 4.3. Assume that the set of labels £ contains a distinguished label ¢.> Let M be a PNmatrix
for £ and £. The consequence relation I—f&m between sets of formulas and formulas which is induced by

M is defined as follows: T |—me eif {{t: Y} | YveTtrm{t: ¢}

Remark 4.4. Note that to determine whether T I—f&m ©, only Day(t) is used, while the values assigned by
Dy to all labels in £\ {t} are immaterial. Thus when one is only interested in the consequence relation
between sets of formulas and formulas, it suffices to define Dy, as a set of designated truth values, as it
is usually done for many-values matrices and Nmatrices. On the other hand, when the focus is on the
consequence relation between sets of sequents and sequents, we need to determine when v =4 s also for
sequents with labels in £\ {¢}. In general, we can have different conditions for each label, and for this
reason Dy, is defined to be a function from £ to P(V ).

We now define a special subclass of PNmatrices, in which no empty sets of truth values are allowed
in the truth tables of the logical connectives. This corresponds to the case of Nmatrices.

Definition 4.5. We say that a PNmatrix M for £ and £ is properif Vo is non-empty and oaq(21, .. ., Tp)
is non-empty for every n-ary connective ¢ of £ and z1,...,2, € Vg

The usual concept of Nmatrices can be thought of as proper PNmatrices for £ and £, where £ is a
singleton (and so D is taken to be a set of truth values). In this paper, however, we do not require that
the set of designated truth values (for every [ € £) is a non-empty proper subset of V.

Example 4.6. Let £ = {a,b} and suppose that L consists of one unary connective x. Define the
PNmatrices M; and My as follows: Vg, = Vg, = {6, f}, Dmy(a) = Da,(a) = {t} and Dpy, (b) =
D, (b) = {f}. The truth tables for * are defined as follows:

€ ‘ *M1($) z ‘ *MQ(:E)
t| {f} t 0
{t, [} {t, /}

While both M; and My are (finite) PNmatrices, only M is proper. Note that in this case we have
{{a:p1}} Fm, 0, simply because there is no Ma-legal L-valuation that assigns ¢ to p;.

Finally, we extend the notion of simple refinements of Nmatrices (see, e.g. [7]) to the context of
PNmatrices:

Definition 4.7. Let M and A be PNmatrices for £ and £. We say that N is a simple refinement of
M, denoted by N' C M, if Vv € Vuq, Da(l) = Dp(l) NV for every | € £, and opn(x1,...,2,) C
om(z1,...,xy) for every n-ary connective ¢ of £ and x1,...,2, € V.

Proposition 4.8. Let M and N be PNmatrices for £ and £, such that N' C M. Then: (1) Every
N-legal L-valuation is also M-legal; and (2) F(Char.

Proof. (1) is trivial. For (2), let S ¢ s. Let v be an N-legal £L-valuation, such that v xS, For every
s €8, v(y) € Da(l) for some [ : ¢ € s'. Since Dar(l) C Day(l) for every | € £, we have that for every
s eS8, v() € Dpm(l) for some I : 9 € 8. Thus v = S, and since v is M-legal (using (1)), v Faq s.
Then v(¢)) € Daqg(l) for some [ : ¢p € s. Since Dpr(l) = Dag(1) NV and v(y)) € Var (since v is N-legal),
v(y)) € Dar(l) and so v = s. O

3This obviously holds for two-sided sequents, where t is used for the right handside of the sequent.




4.2 Decidability

A desirable property for a denotational semantics is , its effectiveness. In other words, the question of
whether some conclusion follows from a finite set of assumptions, should be decidable by considering
some computable set of partial valuations defined on some finite set of “relevant” formulas. Usually, the
“relevant” formulas are taken as all the subformulas occurring in the conclusion and the assumptions.
Next, we show that the semantics induced by PNmatrices is effective in this sense. The notion of a partial
valuation is defined similarly to that of L£-valuation (Definition 4.2):

Definition 4.9. Let M be a PNmatrix for £ and £, and let 7 C Frm, be closed under subformulas.
An M-legal F-valuation is a function v : F — V) satisfying v(o(¢1,...,%n)) € opm(v(¥h1), ..., v(1y,)) for
every formula o(¢1,...,19,) € F. [ is defined for F-valuations exactly as for L-valuations. We say
that an M-legal F-valuation is extendable in M if it can be extended to an M-legal L-valuation.

In proper PNmatrices, all partial valuations are extendable:

Proposition 4.10. Let M be a proper PNmatrix for £ and £, and let F C Frm, be closed under
subformulas. Then any M-legal F-valuation is extendable in M.

Proof. The proof goes exactly like the one for Nmatrices in [8]. Note that the non-emptiness of V4 is
needed in order to extend the empty valuation. Clearly, the different definition of Dy is immaterial
here. O

However, this is not the case for arbitrary PNmatrices:

Example 4.11. Consider the PNmatrix My from Example 4.6. Let v be the My-legal {p; }-valuation
defined by v(p1) = t. Obviously, there is no Ma-legal L-valuation that extends v (as there is no way to
assign a truth value to xp;). Thus v is not extendable in M.

However, a simple criterion for extendability can be obtained:

Theorem 4.12. Let M be a PNmatrix for £ and £ and F C Frmg be closed under subformulas. An
M-legal F-valuation v is extendable in M iff v is N-legal for some proper PNmatrix N' C M.

Proof. (<) Suppose that there is some proper PNmatrix N/ C M, such that v is N-legal. By Proposi-
tion 4.10, there exists an N-legal £-valuation v’ that extends v. By Proposition 4.8, v’ is M-legal. Thus
v is extendable in M.

(=) Let v' be an M-legal L-valuation that extends v. Define the PNmatrix A as follows: Vy =
Image(v'); for every | € £, Dar(l) = Dam(l) N Vyr; and for every n-ary connective ¢ of £, and x1,...,z, €
VN, o (1,3 Tn) = op(x1, ... xy) N Var. Clearly, we have NV C M. We show that A is proper.
Obviously, Vs is non-empty. Let ¢ be an n-ary connective of £, and let z1,...,xz, € Var. Since Vy =
Image(v’), there are some 1,...,%, € Frmg, such that v'(v;) = z; for every 1 < i < n. Since v’ is
an M-legal L-valuation, v'(o(¢1,...,%n)) € opm(x1,...,x,). Thus v'(o(¢1,...,1%)) € on(x1,...,2p),
and so onr(1,...,2,) # 0. It remains to show that v is N-legal. Let o(¢1,...,1,) € F. Since v’ is
an M-legal L-valuation, v'(o(¢1,...,1%,)) € opm(V'(¢1),...,0" (). By definition v/(o(¢r,...,1¢y)) =
v(o(1, ..., y)), and v'(;) = v(;) for every 1 < i < m. The construction of oxr then ensures that

v(o(1, ... ) € oar(v(¥1), ..., v(Wy)). O

Corollary 4.13. Given a finite PNmatrix M for £ and £, a finite set 7 C Frm, closed under subformulas,
and a function v : F — V4, it is decidable whether v is an M-legal F-valuation which is extendable in

M.

Proof. Checking whether v is an M-legal F-valuation is straightforward. To verify that it is extendable
in M, we go over all (finite) proper PNmatrices N' C M (there is a finite number of them since M is
finite), and check whether v is N-legal for some such A/. We return a positive answer iff we have found
some N C M such that v is N-legal. The correctness is guaranteed by Theorem 4.12. O

Corollary 4.14. Given a finite PNmatrix M for £ and £, a finite set S of sequents, and a sequent s,
the question whether S Faq s is decidable.



Proof. Using Corollary 4.13, it is possible to enumerate all functions v : sub[S U {s}] — Vy, and check if
one of them is an M-legal sub[S U {s}]-valuation extendable in M, such that v =ar S but v s s. We
claim that S ka4 s iff such a function is not found. To see this, note that if S t/,( s, then by definition
there exists an M-legal L-valuation v’ such that v/ =g S but v/ ey s. Its restriction v to sub[S U {s}] is
an M-legal sub[S U {s}]-valuation extendable in M, such that v = S but v a0 s. On the other hand,
if there exists an M-legal sub[S U {s}|-valuation v extendable in M, such that v =pq S but v g s,
then for any of its M-legal extensions v, we have v’ = ¢ S but v’ Ep s. Consequently, S /o s in this
case. O

In the literature of Nmatrices (see e.g. [8]) effectiveness is usually identified with the property given
in Proposition 4.10.4 In this case Corollary 4.13 trivially holds: to check that v is an extendable M-legal
F-valuation, it suffices to check that it is M-legal, as extendability is a priori guaranteed for Nmatrices.
However, the results above show that this property is not a necessary condition for decidability. To
guarantee the latter, instead of requiring that all partial valuations are extendable, it is sufficient to have
an algorithm that establishes which of them are.

Remark 4.15. As done for ordinary matrices (see, e.g. [9]) it is also possible to define -, the consequence
relation induced by a family F of proper PNmatrices to be (\y-cp Far- A PNmatrix can then be thought
of as a succinct presentation of a family of proper PNmatrices: following the proof of Theorem 4.12, the
consequence relation induced by a PNmatrix M can be shown to be equivalent to the relation induced
by the family of all the proper PNmatrices A, such that N' C M. Conversely, for every family of proper
PNmatrices it is possible to construct an equivalent PNmatrix.

4.3 Minimality

In the next section, we show that the framework of PNmatrices provides a semantic way of characterizing
canonical labelled systems. A natural question in this context is how one can obtain minimal such
characterizations. Next we provide lower bounds on the number of truth values that are needed to
characterize Fa of some PNmatrix M satisfying a separability condition defined below. Moreover, we
provide a method to extract from a given (separable) PNmatrix an equivalent PNmatrix with the minimal
number of truth values.

Definition 4.16. Let M be a PNmatrix for £ and £.
1. A truth value x € Vo is called useful in M if x € Vs for some proper PNmatrix N C M.

2. The PNmatrix R[M] is the simple refinement of M, defined as follows: Vg consists of all truth
values in V¢ which are useful in M; for every I € £, Driag(l) = Dm(l) N Vgaq; and for every
n-ary connective ¢ of £ and z1,...,%n € Vripm), ORM](T15 - -+ Tn) = oM (P15 - -, T0) N VR

Proposition 4.17. Let M be a PNmatrix for £ and £, and let v be an M-legal £-valuation. Then: (1)
For every formula 1, v(1)) is useful in M; and (2) Every M-legal L-valuation is also R[M]-legal.

Proof. (2) easily follows from (1). For (1), note that v is trivially extendable in M, and so Theorem 4.12
entails that there is some proper PNmatrix A' C M, such that v is N-legal. By definition, v(¢)) € Vs for
every formula . Thus v(¢) is useful in M for every formula . O

Corollary 4.18. - = Fgpq for every PNmatrix M.

Proof. One direction follows from Proposition 4.8, simply because R[M] is a simple refinement of M by
definition. The converse is easily established using Proposition 4.17. 0

Definition 4.19. Let M be a PNmatrix for £ and £. We say that two truth values x1,z9 € Vyq are
separable in M for | € £ if x1 € Dp(l) < 22¢Dpaq(1) holds. M is called separable if every pair of truth
values in Vy are separable in M for some [ € £.

“This property is sometimes called (semantic) analyticity. Note that in this paper the term ‘analyticity’ refers to a
proof-theoretic property (see Definition 6.1).



We are now ready to obtain a lower bound on the number of truth values needed to characterize 4
for a given separable PNmatrix M:

Theorem 4.20. Let M be a separable PNmatrix for £ and £. If - =k for some PNmatrix A for £
and £, then N contains at least [Vg[rq| truth values.

Proof. Let N be a PNmatrix for £ and £ with [Vy| < [Vgagl- We show that Fx # Faq. For every
y € Vy, define Vy = {x € V|Vl € £y € Dy(I) & = € Dayg(1)}. Since M is separable, V,, is either
singleton or empty for every y € V. Since [Vy| < [Vrpl (and Vgiag S V), there exists some
To € Vg, such that xogV), for every y € V. Let L = {l € £ |29 € Dym(l)}. Let S be the set of
all 1-clauses of the form {l : p;} for [ € L, and s be the 1-clause (£ \ L : p1). We claim that S Fur s.
Suppose otherwise. Then there exists an N-legal L-valuation v such that v En S, but v - s. Thus
v(p1) € Dy (1) for every | € L, and v(p1)¢D (1) for every I¢L. But, it then follows that xg € V), and
this contradicts our assumption concerning zg.

On the other hand, it is easy to see that S /o s. Indeed, consider an M-legal {p; }-valuation v that
assigns xg to p1. Since zg is useful in M, there exists some proper PNmatrix AV C M such that zg € V.
v is trivially an N-legal {p;}-valuation, and so by Theorem 4.12; v is extendable in M. Let v/ be an
M-legal L-valuation which extends v. Clearly, v' = S, but v/ g s. O

5 Finite PNmatrices for Canonical Labelled Systems

Definition 5.1. We say that a PNmatrix M (for £ and £) is characteristic for a canonical labelled
system G (for £ and £) if Fyp=Fg.

Next we provide a systematic way to obtain a characteristic PNmatrix Mg for every canonical labelled
system G. The intuitive idea is as follows: the primitive rules of G determine the set of the truth values of
M, while the introduction rules for the logical connectives dictate their corresponding truth tables. The
semantics based on PNmatrices is thus modular: each rule corresponds to a certain semantic condition,
and the semantics of a system is obtained by joining the semantic effects of each of its derivation rules.

Definition 5.2. Let r = {Ly,...,L,}/Lo be a primitive rule for £. Define:
r*={LC L |LiNnL=0 for somel<i<n orLyNnL+# 0}

Example 5.3. For an axiom r = ()/ Ly, we have r* = {L. C £ | LoN L # 0}. Foracutr = {Ly,...,L,}/0,
r* ={L C £|L;NL =10 for somel < i < n}. In particular, continuing Examples 3.5 and 3.7 (for
£=1t, 1), v ={{t}, {f},{t, f}} for the classical axiom, and r* = {0, {t}, {f}} for the classical cut.

Example 5.4. Suppose £ = {a,b,c,d}. For a primitive rule r = {{a, b}, {c}}/{d}, r* consists of all
subsets of £ except for {a,c},{b,c}, and {a,b, c}.

Definition 5.5. Let ¢ be an n-ary connective, and let = Q/(Lg : ¢(p1,...,pn)) be a canonical intro-
duction rule for ¢ and £. For every Lq,..., L, C £, define:

r*[L L}— {Lg£|LoﬂL7é@} VCGQ.((LlZpl)U...U(Ln:pn))ﬁc#Q
b P(L) otherwise

Example 5.6. Let £ = {t, f}. Recall the usual introduction rules for conjunction from Example 3.9. By

Definition 5.5:
T'*[L L]: {{f}7{t7f}} f€L1UL2
Hh P{{t, f}) otherwise

T*[L L ] _ {{t}’{tvf}} te LiNLy
2 Pt f}) otherwise

Definition 5.7 (The PNmatrix Mg). Let G be a canonical labelled system for £ and £. The PNmatrix
Mg (for £ and £) is defined by:



1. Vmg ={LC £ | Ler* for every r € Pg}.
2. Foreveryl € £, Dpmg(l) ={L € Vmg | L € L.

3. For every n-ary connective ¢ of £ and L1,..., L, € Vpg:

omeg (L, Ly) ={L € Vmg | L € r*[La,..., Ly] for every r € Rg}

Example 5.8. Let £ = {t, f} and consider the system G, whose primitive rules include only the classical
axiom, and the classical cut (see Examples 3.5 and 3.7), and whose only introduction rules are the two usual
rules for conjunction (see Example 3.9). By Example 5.3 and the construction above, Vimg, = {{t}, {f}},
Dmg, (t) = {{t}}, and Drmg, (f) = {{f}}. Using Example 5.6, we obtain the following interpretation of

A:
Mg, | {t} {f}
{ty | {t} {f}
{1 A

Now, consider the system G, which has the same primitive rules, but the following introduction rules:

ro={{f 2} :mTp2} o= {{t:p}}/{t: 21 TP}

(these are equivalent to the “Tonk” introduction rules of [10]). VMg, and Dy, are the same as Vg,
and Daqg, , and T has the following truth table:

TMGT ‘ {t} {f}
{ty | {ty 0
{ry [H{e. 7y s}

Note that the resulting PNmatrix in this case is not proper.

Example 5.9. Let £ = {a,b,c}, and assume that £ consists of one unary connective . Let us
start with the system Gq, the primitive rules of which include the canonical axiom (/{a,b,c} and
the canonical cuts {a},{c}/0 and {a},{b}/0, while Gy has no introduction rules. Here we have
Vme, = {{a}:{b}, {c} {b, c}}, Dmg, (@) = {{a}}, Dmg, (0) = {{b},{b, c}} and D, (¢) = {{c}, {b,c}}-
*Mg, 18 given in the table below (it has the maximal level of non-determinism). One can now obtain
a system Gy by adding the rule {a : p1}/({b,c} : #p1). This leads to a refinement of the truth table,
described below. Finally, one can obtain the system Go by adding {b : p1}/{a : xp1 }, resulting in another
refinement of truth table, also described below.

*Mg, (x)

{{6}.{¢},{b, ¢}}

*Mg, (:E)

{{b}.{c}{b, c}}

€T *Mg, (x)

{a} | HHa}. {0} {c}{b,c}}

{b}
{c}
{b;c}

{{a}.{b},{c}.{b, c}}
{{a}{b}.{c}{b,c}}
{{a},{b},{c}.{b, ¢}

{{a},{b},{c}.{b, c}}
{{a}.{b}{c}{b, c}}
{{a},{b},{c}:{b, ¢}

{{a}}
{H{a}{b} A} {b, e}
{{a}}

Soundness and completeness

To establish the soundness and completeness of Mg for each canonical labelled system G, the usual
approach would be to show that S g s iff S Faqy 5. However, here we use stronger notions of soundness
and completeness. Later, this will allow us to characterize strong analyticity and strong cut-admissibility
in canonical labelled calculi (Sections 6.1 and 6.2).

Definition 5.10. Let G be a canonical labelled system for £ and £, and let F C Frm, be closed under
subformulas. We write & I—é s if there exists a derivation in G of a sequent s from a set S of sequents
consisting only of (sequents consisting of) formulas from F.

Definition 5.11 (Analytic Soundness). A PNmatrix M for £ and £ is analytically sound for a canonical
labelled system G (for £ and £) if for every F C Frm, closed under subformulas, set S of sequents, and
sequent s such that sub[S U {s}] C F and S +§ s: if v Epmg S for an Mg-legal F-valuation v, then also

v EMg S



Intuitively, analytic soundness means that if we are able to prove s from S in G using only the
“material” available in F, then for every Mg-legal valuation defined on the formulas in this “material”,
if it satisfies S, it must also satisfy s. Obviously, by taking F = Frm,, we obtain the usual notion of
soundness (i.e. S Fg s implies S Fpaqg S)-

Theorem 5.12. For a canonical labelled system G (for £ and £), Mg is analytically sound for G.

Proof. Let F C Frmg be closed under subformulas, S be a set of sequents, and s be a sequent. Assume
that sub[S U {s}] C F and that S F§ s. Let v be an Mg-legal F-valuation. Suppose that v Faye S
Using induction on the length of P, we show that v =aqg s for every sequent s occurring in P. This
trivially holds for the sequents of S. We show that this property is also preserved by applications of the
rules of G. This obviously holds for the weakening rule. We show it holds for primitive rules and for
canonical introduction rules as well:

e Suppose (L : 1) Usi U...Us, is derived from the sequents (L1 : ¥) U s1,...,(Ly : ©) U s, using the
primitive rule r = {L1,...,Ly}/L. Assume that v Epmq (Li @ ) Us; for every 1 < i < n. We
show that v Eapmg (L:¢)UsiU...Usy,. By definition it suffices to show that there exists some
l:pe(L:Y)Us U...Usy, such that v(p) € Da(l). If there exists some [ : p € s1U...Usy
such that v(¢) € Da (1), then we are done. Assume otherwise. Then our assumption entails that
v Eme (Li 9) for every 1 < i < n, and so for every 1 < i < n, there exists some | € L; such
that v(¢) € Dy (). The definition of Dy, entails that for every 1 < i < n, there exists some
l € L; such that I € v(¢)). In other words, for every 1 <i <n, L; Nv(y)) # (). Since v is Mg-legal,
v(¥) € Vmg- In particular, v(y) € r*, and so v(¢)) N L # (). Hence there exists some ly € L, such
that Iy € v(¢)). It follows that v(¢) € Da (lo). Thus, in this case v Epmg (L : 9).

e Suppose (Lo : o(o(p1y.-.ypn))) UsiU...Uspy is derived from the se-
quents o(cr)Ust,...,o(cm)Usn, using the canonical introduction rule
r={ct,...,cm}/(Lo :o(p1,...,pn)). Assume that v Eapmg o) Us; for every 1 < i < m.
We show that v Eame (Lot o(e(p1,--.,Pn))) US1 U...Usy,. By definition it suffices to show that

there exists some [ : ¢ € (Lo : o(o(p1,...,0n))) Usi U...Usy, such that v(p) € Dagg (). If there
exists some [ : ¢ € s;U...U s, such that v(p) € DMG (1), then we are done. Assume otherwise.
Then our assumption entalls that v Emg o(c) for every 1 <@ < m. Thus for every 1 < i < m
there exists some [ : p € ¢;, such that v(o(p)) € Dam(l). The definition of Dy, entails that
for every 1 < i < m there exists some [ : p € ¢;, such that | € v(c(p)). Let L; = v(o(p;)) for
every 1 < j < n. It follows that ((L; : p1) U...U (Ly : pn)) Nex # O for every 1 < k < m.
Thus 7*[L1,...,Ly,] = {L C £| LN Ly # 0}. Since v is Mg-legal and o(o(p1,...,pn)) € F,
v(o(o(p1,...,0n))) € r*[v(a(p1)),...,v(c(py))]. Hence, v(o(o(p1,-..,pn))) N Ly # O. Thus there
exists some [ € Ly, such that | € v(o(o(p1,...,pn))). It follows that v(o(o(p1,...,pn))) € Dme ().
Thus, in this case v Epmg (Lo : o(o(p1,-..,pn))). O

We now turn to completeness.

Definition 5.13. Let G be a canonical labelled system for £ and £, let 7 C Frmg be closed under
subformulas, and let C C Frm,. We write S Fg €) 5 if there exists a derivation P in G of a sequent s
from a set S of sequents such that:

1. P consists only of (sequents consisting of) formulas from F.
2. Only formulas from C serve as cut-formulas in P (see Definition 3.6).

Notation 5.14. We denote by Ger the canonical labelled system obtained from a canonical labelled system
G by discarding all the canonical cut rules of G.

Definition 5.15 (Cut-Admissible Completeness). A PNmatrix M for £ and £ is cut-admissible complete
for a canonical labelled system G (for £ and £) if for every F C Frm, closed under subformulas, C C Frmg,

set S of sequents, and sequent s such that sub[S U {s}] C F and Sl%g €)s: there exists an Mg ,-legal
F-valuation v, such that (i) v Fmg_ S, (i) vFEMg s, and (iii) v(¥) € Vumg for every p € CN F.
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Note that the set of truth values Va4 is a subset of the set of truth values VMGcf. Thus intuitively,
cut-admissible completeness means the following. Suppose that for each Mg ,-legal F-valuation v, which
assigns to formulas of CNF only values from Vj,, it holds that v = Mg, S implies = Mg, s- Then sis
provable from S in G using only the “syntactic material” in F, and applying cuts only on formulas from
C. As we show below, by taking 7 = C = Frmy, we get the usual notion of completeness (i.e. S Fag s
implies S Fg s).

Theorem 5.16. For a canonical labelled system G (for £ and £), Mg is cut-admissible complete for G.

Proof. Let F C Frmg be closed under subformulas, C C Frm,, S be a set of sequents, and s be a sequent.
Assume that sub[S U {s}] C F and that S b‘g €)' 5. We construct an Mg, -legal F-valuation v such that
v(Y) € Vg for every v € CNF, and v ):MGCf S but v %MGcf s. Call a set Q of labelled formulas
maximal if it satisfies the following conditions:

1. frm[Q] C F.
2. S b‘g € ¢ for every sequent s’ C .

3. For every labelled formula | : ¢¢Q for ¢ € F, there exists a sequent s’ C € such that
S |_<G}‘,C) sTU{l: v}

Let 2 be a maximal set extending s. An existence of such a set is ensured by the next lemma.

Lemma: Let s’ be a set of labelled formulas, such that frm[s'| C F. If S V(fc ', then there exists a
maximal set € such that s’ C Q.

Proof: Let v1,72,... be an enumeration of all labelled formulas, such that frm[y;] € F and ~;¢s’ for
every i > 1. We recursively define an (infinite) sequence of sets of labelled formulas Qg, 21, ..., as follows.
Let Qo = s'. For k > 1, let Q; = Q_1 iff there exists a sequent s” C Q_; such that S l—g’c> s" U {w}
Otherwise, let Qp = Q1 U {v}. Finally, let Q = [J,~( Q. It is easy to verify that £ has all required
properties. -

Next, let v be a function from F to P(.£) defined by v(¢) = {l € £ |l : v¢Q} for every ¢ € F. We
claim that:

(A) For every sequent c, such that frm[c] C F: there exists a sequent s’ C Q such that S I—g € eus iff
(v(v) : ¥) Ne # P for some Y € F.

B) vis an Mg_.-legal F-valuation.

<

):MG of S'

(
(C) v(¥) € Vmg for every v € CNF.
(
( U%MG s.

)
)
D)
)

=

Proof of (A): Let ¢ be a sequent such that frm[c] C F. Suppose that there exists a sequent s’ C Q
such that S I—g € cUs. The maximality of € entails that ¢ € €. Thus there exists a signed formula
[ : 1 € ¢ such that [ : Q. The construction of v entails that I € v(¢), and so (v(¢)) : ¥) Ne # (. For
the converse, assume that (v(¢) : ¥) N ¢ # @ for some ¢ € F. Hence there exists some [ € v(¢)) such that
[ : 9 € c. By definition, [ : ¥¢Q. The maximality of § entails that there exists a sequent s’ C Q such that
S I—g’c> s"U{l: ¢}. Using weakening, we obtain S }—g’m cUs.

Proof of (B): We first show that v(y) € VMg, for every ¢ € F. Thus we prove that for every formula
e F, v(y) € r* for every rule r € Pg,,. Let ¢ € F, and let r = {L1,...,Ly}/L be a primitive rule

of Geg. To see that v(¢) € r*, we show that if L; Nv(y)) # () for every 1 < i < n, then L Nwv(y) # 0.
Suppose that L; Nv(y)) # 0 for every 1 < i < n. (A) entails that for every 1 < i < n, there exists some

sequent s; C €2 such that S I—g €) (L; : ) Us;. Using the rule r (which is not a canonical cut), we obtain
S I—g’c> (L:¢)UsiU...Usy,. (A) again entails that L Nv(¢y) # 0.
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Next, we show that v(o(¢n,...,%n)) € oMmq f(v(z/)l), ..., v(y)) for every formula o(¢1,...,¢,) € F.
Thus we prove that for every formula (1)1, ... jwn) e F,v(o(t1,...,¢¥n)) € r*v(),...,v(¢y)] for ev-
ery rule r € Rg. Let o(¢1,...,9,) € F, and let r = Q/(L : o(p1,...,pn)) be a rule in Rg. To see
that v(o(¢1,...,¢¥n)) € r*v(¥1),. .., v(¢y)], we show that if ((v(¢1) :p1)U... U (v(wy) : pr)) Ne # O for
every ¢ € Q, then v(o(¢1,...,9,)) N L # 0. Suppose that ((v(¢1) :p1)U...U(v(tn) :pp)) Ne#0

for every ¢ € Q. Let o be a substitution assigning v¥; to p; for every 1 < ¢ < mn. Thus
((v(1) s 1) U...U (v(hy) s ) No(e) # O for every ¢ € Q. Hence for every ¢ € Q, there exists some
1 <4 < n, such that (v(¢;) : ¥;) No(c) # 0. (A) entails that for every ¢ € Q, there exists some sequent
sc € § such that S l_gx:) o(c)Us.. By applying r, we obtain S l—g’c> (L:o(@1,- -, ¥n)) UlUeeg Se-

Since J,eg 5c € ©Q, (A) entails that v(o(y1,...,¥n)) N L # (.

Proof of (C): Let v € CNF. We show that v(¢) € Va. Following (B), it suffices to show that
v(¢) € r* for every canonical cut r of G. Let r = {L1,...,Ly,}/0 be a canonical cut of G. To have
v(¢) € r*, it suffices to prove that L; N wv(y)) = @ for some 1 < i < n. Suppose otherwise. (A) entails

that for every 1 < ¢ < n, there exists some sequent s; C 2 such that S l_g,c) (L; : ¥) Us;. Using the

canonical cut r (with the cut-formula ¢ € C), we obtain & I—g € suU...U Sn. This contradicts the fact

that s;U...Us, C Q.

Proof of (D): Let s’ € S. Clearly, S+ &' By (A), (v(¥) : ) N’ # 0 for some ) € F. Thus there
exists some [ € v(v)) such that [ : ¢ € s’. Since | € v(v)), we have v(¢)) € Dme,, (1). Hence, v ):MGcf s,
Consequently, v = Ma, S.

Proof of (E): Since s C Q, I¢v(¢)) for every [ : ¢ € s. It follows that for every I : ¢ € s, v(¥)€Dumg_, (1)
Therefore, v FEpg  s.

Finally, properties (B)-(E) show that v is an Mg_,-legal F-valuation with all required properties. [J

By the above results, usual soundness and completeness easily follow:

Corollary 5.17. Let G be a canonical labelled system for £ and £, and let F C Frm, be closed under
subformulas. Let S be a set of sequents, and s be a sequent, such that sub[SU{s}] C F. If v Fpm S
implies v = s for every Mg-legal F-valuation v, then S I—é s.

Proof. Suppose that for every Mg-legal F-valuation v, v =g s whenever v =pg S. We prove that
v FEMg,, S implies v g, s for every Mg, -legal F-valuation v such that v(¢) € Vg for every

1 € F. Theorem 5.16 then implies that S I—‘é s (choose C = F). Let v be an Mg_,-legal F-valuation
such that v(¢y) € Vg for every ¢ € F, and v ):MGCf S. The fact that v(¢) € Vg for every ¢ € F,
easily entails that v is also an Mg-legal F-valuation. Similarly, v Earg S. Our assumption entails that
v Emg - It follows that v g s. O

Corollary 5.18 (Soundness and Completeness). For every canonical labelled system G, Mg is charac-
teristic PNmatrix for G.

Proof. Follows directly from Theorem 5.12 and Corollary 5.17 (by choosing F = Frm). O
Decidability is automatically obtained by the above results.

Corollary 5.19 (Decidability). Given a canonical labelled system G, a finite set S of sequents, and a
sequent s, the question whether S g s is decidable. In particular: the question whether a given canonical
labelled system G is consistent (i.e. /g0) is decidable.

Proof. Follows directly by Corollary 5.18 and Corollary 4.14. O

M provides a semantic characterization for G, however it may not be a minimal one. For a minimal
semantic representation, we should consider the equivalent PNmatrix R|Mg]:

Corollary 5.20 (Minimality). For every canonical labelled system G, R[Mg] is a minimal (in terms of
number of truth values) characteristic PNmatrix for G.

Proof. The claim follows by Theorem 4.20 from the fact that Mg is separable for every system G. [
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6 Proof-Theoretic Consequences

In this section we apply the general soundness and completeness results to provide decidable semantic
criteria for syntactic properties of canonical labelled calculi that are not easily generally characterized
by other means. We focus on the notions of analyticity and cut-admissibility, extended to the context of
reasoning with assumptions.

6.1 Strong Analyticity

Strong analyticity is a crucial property of a useful (propositional) calculus, as it usually implies its con-
sistency and decidability. Intuitively, a calculus is strongly analytic if whenever a sequent s is provable in
it from a set of assumptions S, then s can be proven using only the formulas available within S and s.

Definition 6.1. A canonical labelled system G is strongly analytic if S Fg s implies that S l—é s for
F = sub[SU{s}] (i.e. there exists a derivation in G of s from S consisting solely of formulas from

sub[S U {s}]).

Below we provide a decidable semantic characterization of strong analyticity of canonical labelled
calculi:

Theorem 6.2 (Characterization of Strong Analyticity). Let G be a canonical labelled system for £ and
£. Suppose that G does not include the (trivial) primitive rule /(. Then, G is strongly analytic iff Mg
is proper.

Proof. Suppose that Mg is proper. Assume that S Hé s for F = sub[S U {s}]. We show that S t/g s.
By Corollary 5.17, there exists some Mg-legal F-valuation v, such that v FEamg S but v g s. By
Proposition 4.10, v is extendable to a (full) Mg-legal L-valuation v’. Clearly, v' =pg S but v/ g s,
and so S ag . By the soundness of Mg for G (Corollary 5.18), S g s.

For the converse, suppose that Mg is not proper. If Vpq is empty, then Faqg @ (since there are no
Mg-legal L-valuations), and so (by Corollary 5.18) g ). Clearly, without using a rule of the form /0,
there is no derivation in G that does not contain any formula. It follows that G is not strongly analytic
in this case. Otherwise Va4 is non-empty. Thus o (L1, ..., Ly,) = 0 for some n-ary connective ¢ of £
and Ly,..., L, € Vpmg. For every 1 < i < n, let S; be the set of all clauses of the form {l : p;} where
le€L;,andlet s; = {l:p; | I¢L;}. We claim that S;U...US, Fg s1U...Usy,, but there does not exist a
derivation of s;U...Us, from S;U...US, in G that consists solely of formulas from {p1,...,p,}. For the
latter, note that for the Mg-legal {p1,...,p,}-valuation v assigning L; to p; for every 1 < i < n, we have
vVEMe S1U...US, but v g s1U. .. Usy,. Thus the claim follows by Theorem 5.12. For the former,
note that every Mg-legal L-valuation v’ for which v/ Epg S1U...US, but o' Fpg s1U...Us,, we
must have v'(p;) = L; for every 1 < i < n. But then v/(¢(p1,...,pn)) should be an element of the empty
set. Since such an L-valuation does not exist, Corollary 5.18 entails that S1U...US, Fg s1U...Us,. O

Corollary 6.3. The question whether a given canonical labelled system is strongly analytic is decidable.

6.2 Strong Cut-Admissibility

As the property of strong analyticity is sometimes difficult to establish, it is traditional in proof theory
to investigate the property of cut-admissibility, which means that whenever s is provable in G, it has a
cut-free derivation in G. In this paper we investigate a stronger notion of this property, defined as follows
for labelled calculi:

Definition 6.4. A canonical labelled system G enjoys strong cut-admissibility if whenever S @ s, there
exists a derivation in G of s from S in which only formulas from frm[S] serve as cut-formulas.

Due to the special form of primitive and introduction rules of canonical calculi (which, except for
canonical cuts, enjoy the subformula property), the above property guarantees strong analyticity:

Proposition 6.5. If a canonical labelled system enjoys strong cut-admissibility, then it is strongly ana-
lytic.
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Although for two-sided canonical sequent calculi the notions of strong analyticity and strong cut-
admissibility coincide (see [2]), this is not the case for general canonical labelled calculi, for which the
converse of Proposition 6.5 does not necessarily hold, as shown by the following example:

Example 6.6. Let £ = {a,b,c}, and assume that £ consists of a unary connective *. Let G be the
canonical labelled system for £ and £, the primitive rules of which include only the canonical cuts
{a},{b}/0, {a},{c}/0, and {b},{c}/0, and its only introduction rules are {a : p1}/({a,b} : *p1) and
{a : p1}/({b,c} : *p1). To see that this system is strongly analytic, by Theorem 6.2, it suffices to
construct Mg and check that it is proper. The construction proceeds as follows: Va, = {0, {a}, {0}, {c}},
D (1) = {1} for [ € {a,b,c}, and the truth table for % is the following:

T ‘ *Me ()
0| {0,{a},{b}, {c}}
{a} {{b}}
{0} [ {0,{a}, {0}, {c}}
{c} | {0.{a}, {b},{c}}

This is a proper PNmatrix, and so G is strongly analytic. However, it impossible to derive the sequent
{b : %p1} from the singleton set {{a : p1}} using only p; as a cut-formula. This is possible by applying
the two introduction rules of G and then using the cut {a}, {c}/0 (with xp; as the cut-formula). Thus
although this system is strongly analytic, it does not enjoy strong cut-admissibility.

The intuitive explanation is that non-eliminable applications of canonical cuts (like the one in the
above example) are not harmful for strong analyticity because they enjoy the subformula property. Thus,
the equivalence between strong analyticity and cut-admissibility can be restored if we enforce the following

property:

Definition 6.7. A canonical labelled system G for £ and £ is cut-saturated if for every canonical cut
{L1,...,Ly,}/0 of G and | € £, G contains the primitive rule {L1,..., L, }/{l}.

Proposition 6.8. For every canonical labelled system G, there is an equivalent cut-saturated canonical
labelled system G’ (i.e. Fg=tqg).

Example 6.9. Revisiting the system from Example 6.6, we observe that G is not cut-saturated. To obtain
a cut-saturated equivalent system G’, we add (among others) the three primitive rules: 1 = {a}, {b}/{c},
ro = {a},{c}/{b}, and r3 = {b}, {c}/{a}. Clearly, each of these rules can be simulated in G by applying
cut and weakening. Note that the addition of these rules does not affect the corresponding PNmatrix,
ie. Mg = Mq. However, we can now derive {b : xp;} from {{a : p1}} without any cuts using the two
introduction rules for x and the new rule r5. Moreover, by Theorem 6.12 below, G’ does enjoy strong
cut-admissibility.

We are now ready to provide a decidable semantic characterization of strong cut-admissibility. For
that we use the following lemmas:

Lemma 6.10. Let G be a canonical labelled system for £ and £. For every m-ary connective ¢
of £, and every Li,...,L,,L},..., L, € Vap such that L; C L) for every 1 < ¢ < n, we have
OMG(Lll, N ,L;L) - <>M(;<L17 NN ,Ln).

Proof. Tt suffices to note that for every Li,...,Ly,L},..., L, € Yy such that L; C L. for every
1 <i<mn,andr € RY, we have: r*[L},..., L] Cr*[Li,..., Ly). O

Lemma 6.11. Let G be a cut-saturated canonical labelled system for £ and £. Vg . = Vime U{L},
Dmg,, (1) = Dmg (1) U{L} for every | € £, and omg (L1, Ln) = omg(Ln, ..., Ln) U{L} for every
n-ary connective ¢ of £ and every Li,...,L, € Vpmg-

Proof. 1t suffices to show that Vve_ = Vmg U {£}, and the other claims easily follow. Since Pg_ C Pg,
we obviously have Vg € Vg - e In addition, since there are no canonical cuts in Geg, £ € r* for every
primitive rule r of G¢g, and thus £ € VMG Now, let L € VMG and suppose that L&V, . We show
that L = £. Since L&V, LEr* for some r € Pg. The fact that L € Vpmg o entails that r must be a
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canonical cut, and thus » = {Ly,...,Ly}/0 for some Li,...,L, C £. Consequently, since L&V, we
have L; N L # () for every 1 < i < n. Since G is cut-saturated, for every I € £, G¢¢ includes the primitive
rule ry = {L1,..., Ly}/{l}. The fact that L&V then entails that L € 7 for every [ € £. It follows
that {I} N L # 0 for every | € £, and thus L = £. O

Theorem 6.12 (Characterization of Strong Cut-Admissibility). Let G be a cut-saturated canonical
labelled system for £ and £. Suppose that G does not include the (trivial) primitive rule §/@. Then, G
enjoys strong cut-admissibility iff Mg is proper.

Proof. Suppose that Mg is not proper. By Theorem 6.2, G is not strongly analytic. By Proposition 6.5,
it does not enjoy strong cut-admissibility.

Now suppose that Mg is proper. Assume that there does not exist a derivation of a sequent s
from a set S of sequents in G in which only formulas from frm[S] serve as cut-formulas. We show
that S /g s. By choosing F = Frm, and C = frm[S] in Theorem 5.16, we obtain that there exists
some Mg_-legal L-valuation v’ assigning only values from Va, to the formulas in frm[S], such that
V' Fmg,, S but v' Fmg  s. By Lemma 6.11, v’ is a function from Frmg to Vag U {£}. We con-
struct a function v : Frmgz — Vg, such that v is an Mg-legal L-valuation; v(y)) C /() for every
¢ € Frmg; and v(¢) = v'(¢) whenever v'(¢)) € V. In particular, it is easy to verify that we will
have v Epmg S, and v g s, and consequently (by Corollary 5.18) S /g s. The construction of v is
done by recursion on the build-up of formulas. First, for atomic formulas, if v'(p) € Vg, we choose
v(p) = v/'(p). Otherwise, v'(p) = £, and we (arbitrarily) choose v(p) to be an element of Vae (Vmg
is non-empty since Mg is proper). Now, let ¢ be an n-ary connective of £, and suppose v(v;) was
defined for every 1 < i < n. We choose v(o(¢1,...,%y)) to be equal to v'(o(11,...,1y,)) if the latter
is in Vaqg. Otherwise, v'(o(41,...,¢y)) = £, and we choose v(o(t1,...,1y,)) to be some element of
ome (V(¥1), ..., v(¢y)) (such an element exists since Mg is proper). Obviously, v(¢) C v'(¢) for every
¢ € Frmgz, and v(v)) = v'(¢)) whenever v/(1)) € V. To see that v is an Mg-legal L-valuation, suppose
(for contradiction) that v(o(¢1,...,9¥n))& opmeg (V(¥1),...,v(¢y,)) for some formula o(¢1,...,¢y). By
Lemma 6.11, v(o(t1, ..., ¥n))€ oMmq_, (0(¢1),...,v(¥n)). Now, since v(¢)) C v'(4) for every ¢ € Frmg,
Lemma 6.10 entails that v(o(¢1, ..., ¥n))Eomg_, (V'(¥1),...,0'(¢n)). Consequently, since v’ is an Mg~
legal L-valuation, v'(o(¥1,...,1%,)) # v(o(Y1,...,1%y)). It follows that v'(o(¢1,...,%,)) = £. By defini-
tion, v(o(¢1,...,¥n)) € ome (W(W1), ..., v(1y)), reaching a contradiction. O

Corollary 6.13. Let G be a cut-saturated canonical labelled system for £ and £. Suppose that G does
not include the (trivial) primitive rule /(). Then the following statements concerning G are equivalent:
(i) Mg is proper, (ii) G is strongly analytic, and (iii) G enjoys strong cut-admissibility.

Remark 6.14. When G is not cut-saturated, (i) and (ii) in the corollary above are equivalent to the
following property: (iii’) whenever S kg s, there exists a derivation in G of s from S in which for
every application of a canonical cut deriving a sequent of the form s; U...Us, from the sequents
(L1 : ) Ust, ..oy (Ly 2 ¢) Usy, we have ¢ € frm[S U {s1,...,sn}].

Remark 6.15. In [11, 4] a necessary and sufficient condition for cut-admissibility is provided using a
simple syntactic condition of coherence for canonical Gentzen-type systems, which are particular instances
of (two-sided) labelled canonical calculi. It should be noted that in these systems cut-admissibility is
equivalent to strong cut-admissibility, and so coherence of such system is equivalent to the existence of a
characteristic proper PNmatrix.

7 An Application: Quasi-Canonical Systems

The theory of canonical labelled calculi developed here can be applied for characterization of logics, which
are not necessarily given in terms of canonical labelled systems. In this section we demonstrate one such
application for the class of quasi-canonical systems, defined in [7]. Many well-known logics are induced
by quasi-canonical systems, including a variety of paraconsistent logics. Quasi-canonical systems are two-
sided sequent calculi, which are not necessarily canonical in the sense of this paper, as they may have more
complex introduction rules than those allowed in two-sided canonical systems. However, we show that they
can still be translated to canonical labelled systems (with more than two labels). The translation easily
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implies decidability for all quasi-canonical systems, and also allows for providing finite-valued PNmatrices
semantics for logics they induce.

7.1 Quasi-Canonical Systems

Quasi-canonical systems, defined in [7], are two-sided systems, which in addition to the usual weakening
rule, identity axiom and cut, include also logical rules with the following properties (the language is
assumed to have a unary connective —):

1. Exactly one formula is introduced in the conclusion of the rule, on exactly one of its two sides.
2. The formula being introduced is either of the form ¢(p1,...,p,) or of the form = o (p1,...,pn).

3. All formulas in the premises of a rule introducing an n-ary connective, belong to the set
{pla"'apnv_'pla"'v_'pn}-

4. There are no restrictions on the side formulas in the rule application (i.e. every context is legitimate).

Of course, the rules described above are not canonical introduction rules in the sense of Definition 3.8,
due to the following two “violations”: (i) the introduced formula can be not only o(p1,...,ps), but also
= (p1,...,Pn), and (ii) the premises may contain not only atomic formulas p;, but also —p;. Hence the
results obtained in this paper for canonical labelled calculi do not directly apply. However, below we show
that these results can still be exploited by translating quasi-canonical calculi into equivalent (in the sense
defined below) canonical labelled calculi.

As noted above, the language of quasi-canonical systems is assumed in [7] to include a unary connective
—. This restriction can be lifted by considering quasi-canonical rules defined with respect to any finite
set of unary connectives. Thus in what follows we assume that £ contains some fixed set U of unary
connectives. The notion of such generalized quasi-canonical rule can then be formalized in our terms as
follows:

Definition 7.1. An n-quasi-clause is a two-sided sequent consisting only of formulas of the form p; or
*p; for 1 <i<nandx€l.

Definition 7.2. A (generalized) quasi-canonical rule for an n-ary connective ¢ of £ is an expression of the
form Q/s, where Q is a set of n-quasi-clauses and s has the form: {l : xo(p1,...,pn)} or {l : o(p1,...,pn)}
(l € {t,f} and x € U). An application of a quasi-canonical rule {qi,...,¢n}/s is an inference step of the

form:
o(lg)Ust ... o(gm)Usm

o(s)UstU...Usp,

where ¢ is a substitution, and s; is a sequent for every 1 < i < m.

Example 7.3. Suppose that = € Y. The following rules from [12] are quasi-canonical rules for A:
{=p1 =, p2=}/~(p1 Ap2) = {= -1}/ = =(p1Ap2) {= -2}/ = ~(p1 Ap2)

Their applications have the forms:

N—-v=A T -p=A I'=s A, - = A, —-p
Lo Ap) = A L=A-@WAp) T=A-0Ap)

Definition 7.4. A quasi-canonical system for L is a two-sided sequent system consisting of the weakening
rule (see Definition 3.1), the standard identity axiom and the cut rule (see Examples 3.5 and 3.7), and an
arbitrary finite set of quasi-canonical rules. As before, we say that a (two-sided) sequent s is derivable in
a quasi-canonical system G from a set of (two-sided) sequents S (and denote it by S ¢ s) if there exists
a derivation in G of s from S.

While in this paper we have been interested in derivability of sequents from sets of sequents, in quasi-
canonical systems one is usually interested in its logic, i.e. the consequence relation between sets of
formulas and formulas which is induced by the system. This relation can be defined as follows:
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Definition 7.5. Let G be a quasi-canonical system for £. The consequence relation I—fGr "™ between sets
of formulas and formulas which is induced by G is defined as follows: T I—g Toif{{t: Y} |veET}rag
{t: o}

Various well-known logics are induced by quasi-canonical systems. This includes a large family of
paraconsistent logics known as C-systems ([13]), for which cut-free quasi-canonical systems were proposed
in [7], and various other paraconsistent extensions of positive classical logic studied in [12].

7.2 Translation of Quasi-Canonical Systems to Canonical Labelled Systems

Next we provide a translation of a given quasi-canonical calculus G into a canonical labelled one G,
which is equivalent to the original one in a sense defined below. The idea is to “encode” the information
related to the connectives from U in the labels of G, so that connectives from U “violating” canonicity
are removed. To this end, we use {¢t, f} U {t, | x e U} U{f. | x € U} as the set of labels. We denote this
set by £y.

Definition 7.6. For a labelled formula [ : ¢ where [ € {¢, f}, T(l : ¢) is a labelled formula over £y,
defined as follows: T'( : ©) = I, : ¢ if ¢ = %@ for some x € U, and otherwise T'(l : ¢) =1 : . T is extended
to two-sided sequents and sets of two-sided sequents in the obvious way (e.g. T'(s) = {T'(l : ¢) | L : ¢ € s}).

Example 7.7. Suppose that = € Y. Then T'(=—p; = —p1,p3) = {t : p3,t- : p1, f~ : —p1}.

Notation 7.8. Given a labelled formula v, we denote by lab[y] the label appearing in 7. lab is extended
to sequents in the obvious way.

Definition 7.9. Let G be a quasi-canonical system for £. G is the canonical labelled system for £ and
£y with the following rules (except for weakening):

e Primitive rules:

— The canonical axioms 0/{¢, f} and 0/{t., fi} for every x € U.
— The canonical cuts {t},{f}/0 and {t.},{f}/0 for every x € U.
— {lab[T(q)] | ¢ € Q}/{li} for every quasi-canonical rule Q/{l : xp1} of G (Il € {t, f} and x € U).

e Canonical introduction rules:

— {le:p1}/{l:*xp1} every L € {t, f} and * € U.

- T(Q)/{l : o(p1,...,pn)} for every quasi-canonical rule Q/{l : o(p1,...,pn)} of G where
l € {t, f}, and ¢ is an n-ary connective of £ which does not belong to U.

— T(Q)/{lx : o(p1,-...,pn)} for every quasi-canonical rule Q/{l : x o (p1,...,pn)} of G where
l e {t, f}, ¢is an n-ary connective of £, and * € U.

Example 7.10. Suppose that &/ = {=}, and that £ consists of a unary connective = and a binary
connective A. The system PLK[{(—=A =-)}] from [12] is a quasi-canonical system for £, whose only
quasi-canonical rules are {p; =}/ = —-p1, {-p1 = , —p2 =}/-(p1 A p2) =, and the two usual rules
for A (see Example 3.9). We denote this system by Gy. Gg is the canonical labelled system for £ and
Ly ={t, f,t-, f=}, with the following rules (except for weakening):

e Primitive rules:

— The canonical axioms 0/{¢t, f} and 0/{t-, f-}.
— The canonical cuts {t},{f}/0 and {¢t-},{f-}/0.
— {f}/{t=} (since Gy has a quasi-canonical rule {p; =}/ = —p1, and T'(p1 =) = {f : p1})-

e Canonical introduction rules:

=t pp/{E i} and {f~opi /A oo
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—{f~  omhAf~  p2}/{f~- : p1 A p2} (since Go has a quasi-canonical rule
“p1 =, "2 = /=(p1 Ap2) =, and T'(=p; =) = {f~ : pi}).

— The two usual rules for A (since these rules are already canonical).

The obtained labelled system G is equivalent to the original quasi-canonical system G in the following
sense:

Theorem 7.11. For every quasi-canonical system G, S g s iff T(S) Fgr T(s).
Proof. See Appendix A. O
A general decidability result for quasi-canonical systems easily follows:

Corollary 7.12 (Decidability). Given a quasi-canonical system G, a finite set S of sequents, and a
sequent s, the question whether S @ s is decidable.

Proof. Follows directly from Corollary 5.19 and Theorem 7.11. Note that the construction of G* from G
is obviously computable. O

Next, we use the semantic framework of PNmatrices to provide finite-valued semantics for all logics
induced by quasi-canonical systems.

Proposition 7.13. Let G be a quasi-canonical system for £, and let v be an Mgr-legal L-valuation.
For every two-sided sequent s: v Epm, s iff v Fam, T(s)

Proof. Suppose that v [Fa,, T(s). By definition, there exists some formula ¢ such that [ : ¢ € s and
l € v(y) (where | € Ly). It 1 € {t, f} then I : ¢ € s as well, and clearly v |Fup,, s. Otherwise | = ¢,
or [ = f, for some x € U. Suppose that [ = t, (the other case is symmetric). Thus ¢ : ) € s. Since v
is Mgr-legal, v(x1)) € *a1,, (v()). The construction of Mgr ensures that ¢ € v(xy) (this follows from
the fact that G includes the introduction rule {t : p1}/{t : xp1}). It follows that v FMg, s

For the converse, suppose that v = Mg S By definition, there exists some formula v such that
l:¢ esand!l €v(y) (where l € {t, f}). If 1 does not have a form xp for x € U, then [ : ¢ € T'(s), and
clearly v Fum,,, T'(s). Otherwise, ) = *p for some x € Y. Thus I, : ¢ € T(s). Since v is Mgr-legal,
V() € *xamg, (V(p)). Suppose now that [ = ¢ (the other case is symmetric). The construction of Mg
ensures that t, € v(y) (this follows from the fact that G* includes the canonical axiom ()/{t,, f.}, the
introduction rule {f, : p1}/{f : *p1}, and the canonical cut {t}, {f}/0). It follows that v Epm, T'(s). O

Corollary 7.14 (Soundness and Completeness). For every quasi-canonical system G, T I—fGTm p iff
Tl—f&m ©.
GcL

Proof. Easily follows from Proposition 7.13, Theorem 7.11, and Corollary 5.18. O

Example 7.15. Let us revisit the system G from Example 7.10. The corresponding (proper) PNmatrix
MG57 which is obtained from the canonical labelled calculus Gg constructed in that example, is defined

as follows: Y, = {{t.t-}, {t, -}, {/f, t-}}, Dm, = {{t, ¢}, {¢, f-}},% and = and A have the following
0 0

interpretations:

/\MGé‘ ‘ {tafﬁ} {tatﬁ} {f’ tﬁ} _'MG(L),

{t, f-} {{t, /=1 {{t. -3 At /-3y {ft-3r {6/ {{/,t-1}
{t.t-} | {{t. ¢34 /-3 {6 b {6 /- ey {6t | {660 {8, f-1)
{f.t-} {{/.t-}} {11} {r:e-3r S =3 [ {6346 -1

The PNmatrix Mgt is isomorphic to the Nmatrix given for the system PLK [(=A =)] in [12]. It is
easy to check that this is the case for all the PNmatrices obtained by this procedure for the quasi-canonical
systems considered in [12, 7].

5Note that we take DMGL to be a set, as explained in Remark 4.4.
0
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8 Related work

In addition to the aforementioned papers [1, 11, 4, 2], there are a number of works providing syntactic
and semantic criteria for cut-elimination (and analyticity) in various other proof-theoretic domains. For
example, [14, 15] consider a family of two-sided single-conclusion calculi obtained by extending the full
Lambek calculus with structural and logical rules. The systems of this family all include the usual identity
axiom and the usual cut rule. Thus, in [14, 15] the primitive rules remain fixed, while the structural and
logical rules change. This is in contrast to the current paper, where a large variety of primitive rules is
allowed, but the structural rules are predetermined (as we discuss only fully-structural calculi). Note also
that as opposed to the multiple-conclusion systems used in this paper, an investigation of cut-admissibility
and analyticity for two-sided single-conclusion canonical calculi was carried out in [16].

Another interesting connection is provided by [17], where a general framework for specifying proof
systems using linear logic is proposed (further extended in [18] using subexponentials), providing also a
necessary condition that guarantees that the specified systems admit cut-elimination. Many systems of
our framework (at least all the two-sided ones) can be specified using these methods. Due to the general
nature of our framework, an algorithmic approach to such specification (instead of doing it manually for
each concrete calculus) is a promising direction for further research.

9 Conclusions and Further Research

In this paper we have defined an abstract framework of canonical labelled calculi, which includes many
calculi previously studied in the literature. To provide semantics for all the calculi in our framework, we
have introduced PNmatrices, an effective generalization of Nmatrices, in which empty entries in logical
truth tables are allowed. We have provided a method to construct a characteristic PNmatrix for every
canonical labelled calculus, which in turn implies its decidability. We have also shown that this PNmatrix
has no empty entries (i.e. is proper) iff the corresponding calculus is strongly analytic. For cut-saturated
canonical calculi, these properties are also equivalent to strong cut-admissibility. Thus we obtain a simple
and decidable semantic characterization of these crucial proof-theoretical properties for canonical labelled
calculi.

Canonical labelled calculi are a general family of calculi which are decidable, have simple semantics and
exhibit nice proof-theoretical properties. As demonstrated in this paper, they can be used as a formalism
for “encoding” other types of calculi. It is thus interesting to characterize the type of calculi which can be
translated into canonical labelled calculi, and investigate the properties preserved by such translations.
Another direction for further research is generalizing the results of this paper to more complex classes of
labelled calculi, e.g., those defined in [19] for inquisitive logic. Finally, to make the framework useful for
more practical applications, extending the results to the first-order case is required.
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A  Proof of Theorem 7.11

Lemma A.1. Let G be a quasi-canonical system. For every n-quasi-clause ¢, substitution o, and sequent
s: T(o(q)Uskgr o(T(q)) Us.

Proof. We prove it for n-quasi-clauses with exactly one labelled formula. For larger n-quasi-clauses, the
claim follows by repeatedly applying the following argument. Let ¢ be an n-quasi-clause with exactly
one labelled formula, ¢ be an arbitrary substitution, and s be an arbitrary sequent. By definition,
qg = {l : ¢}, where | € {t,f}, and ¢ is either p; or xp; for 1 < i < n and x € U. Suppose first
that ¢ = *p;. Then T(o(q)) = T({l : xo(pi)}) = {lx : o(pi)} = c({lx : pi}) = o0(T(q)). Obviously,
T(o(q)) Us Fgr 0(T(q)) Us. Suppose now that ¢ = p;. If o(p;) is not a formula of the form i for
* € U, then again T'(o(q)) =Tl : 0(pi)}) ={l: 0(pi)} = c({l : pi}) = 0(T(q)). Otherwise, o(p;) = *
for some x € U. Then: T(o(q)) = T({l : x¢}) = {l : ¥}. By definition, G* includes the introduction
rule {l, : p1}/{l : *p1}. By applying this rule, we obtain that T'(c(q)) U s Fgr {l : *} U s, where
{loxpy ={l:0(pi)} =o({l:pi}) = o(T(q)). O
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Proof of Theorem 7.11. (=) Suppose that S Fg s. Thus there exists a sequence P = sq,. .., sy such that
sy = s and for every 1 < i < N, s; is either in S, or derived from previous sequents by applying a rule
of G. We prove that for every 1 <i < N: if T(S) bgr T'(s;) for every 1 < j < i then T'(S) Fgr T'(s;) (it
then follows that T'(S) Fgr T'(s)). Let 1 <i < N, and suppose that T'(S) Fqr T'(s;) for every 1 < j < i.
Consider the possible cases:

si € §. By definition, T'(s;) € T(S), and so T'(S) Fgz T'(s;).

e s; = s;, Us is derived from a previous sequent s;, by applying the weakening rule. In this case, we
can derive T'(s;) = T'(s;;) UT(s) from T'(s;,) by applying weakening as well.

e s; is obtained by applying the identity axiom. Thus s; = {t : ¥, f : ¥} for some formula . T'(s;)
is either {t : ¢, f : ¥} or {tx : @, fx : @} (if ¥ = xp). In any case, T(s;) is obtained by applying a
canonical axiom of GL.

e s; is derived from previous sequents s;; and s;, by applying the cut rule. Thus s; = ¢; U cg,
si, = c1U{t : ¢}, and s, = coU{f : ¥} for some formula ¢ and sequents ¢; and cy. If ¢ does not have
the form *¢ (for x € Y and formula @), then T'(s;,) = T(c1) U {t : ¢} and T(s;,) = T(c2) U{f : ¢}
By applying a canonical cut in G, we obtain a derivation of T'(s;). Otherwise, 9 = x¢ for some
* € U and formula ¢, then T'(s;,) = T'(c1) U {tx : ¥} and T'(s;,) = T(c2) U{fx : ¥}. Again, by
applying a canonical cut in G¥, we obtain a derivation of T'(s;).

o s; ={l:x0(p1)}UciU.. . Ucy, is derived from previous sequents s;, = o(q1)Uci, ..., Si,, = 0(gm)Ucm
by applying a quasi-canonical rule of G of the form {qi1,...,qm}/{l : *p1} wherel € {t, f} and x € U.
By Lemma A.1, for every 1 < k < m, T(o(qx) Uck) Far (T (qx)) U T (ck). By definition, each g,
consists only of the formulas p; or bp; for > € U, and so o(T(qx)) = (lab[T(qx)] : o(p1)). Thus,
we obtain that 7(S) Fgr (lab[T(qx)] : o(p1)) U T(c) for every 1 < k < m. By applying the
corresponding primitive rule of G {lab[T(q1)],.. ., ab[T(¢n)]}/{l.}, we obtain a derivation in G*
of the sequent T'(s;) = {lx : o(p1)} U T (c1) U...UT(cm)-

es;, = {l : o(pr,...ypn))} U e U ... U ¢y is derived from previous sequents
siy =o(q)Uct, ..., 8, =0(qgn)Ucy by applying a quasi-canonical rule of G for ol of the
form {q1,...,qm}/{l : o(p1,...,pn)} where I € {t,f}. By Lemma A.1, for every 1 < k < m,
T(o(qr)Uck) Fgr o(T(qr)) UT(ck). By applying the corresponding canonical introduction rule of
GET{q,. - ,am})/{l:o(p1,...,pn)}, we obtain a derivation in G¥ of T(s;).

es; = {l : o(xo (p1y---,pn))} U e U ... Ug¢y is derived from previous sequents
siy, =o(q)Uct, ..., 8, =0(qgn)Ucy by applying a quasi-canonical rule of G for ¢ of the form
{q1,- - yam}/{l: %o (p1,...,pn)} where | € {t, f} and * € U. The proof is similar to the previous
case, using the rule T({q1,...,qm})/{l : o(p1,...,pn)} of GL.

(<) For the converse, we define a translation 7!, mapping labelled formulas over £ to labelled formulas
over {t, f}: T7Y(1:v¢) =1:9 forl € {t, f}, and T~ 1(l, : ¢) =1 : %t for I, € L3¢\ {t, f}. T~ is extended
to sequents for £, and sets of sequents for £y, as follows:

T7Hs) = AT (:y) [ L:pesp  T7HS)={T"(s)| s € S}

Since T~1(T(s)) = s for every (two-sided) sequent s, it suffices to show that S gz s implies T~1(S) Fg
T—1(s) (for every set SU{s} of sequents over £1;). Suppose that S - s. Hence there exists a sequence
P = s1,...,8n such that sy = s and for every 1 < i < N, s; is either in S, or is derived from previous
sequents by applying a rule of GL. We prove that for every 1 <i < N: if T7Y(S) kg T~ '(s;) for every
1 <j <ithen T7YS) Fg T~ !(s;) (it then follows that T—1(S) Fq T 1(s)). Let 1 <i < N, and suppose
that T~1(S) g T71(s;) for every 1 < j < i. Consider the possible cases:

e s; € S. By definition, T~!(s;) € TY(S), and so T71(S) Fgr T71(s;).

e s; = s;, Us is derived from a previous sequent s;; by applying the weakening rule. In this case,
T71(s;) = T~ Y(si,) UT7(s) can be also derived from a previous sequent T '(s;,) by applying
weakening as well.
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e s;=(L:¢@)UciU...Ucy is derived from previous sequents s;;, = (L1 : @) Uc, ..., (Ly : @) Ucpy
by applying a primitive rule r” of G¥ of the form {L1, ..., L,,}/L. By the construction of G*, one
of the following holds:

— 7 is the canonical axiom (/{t, f}. Thus s; = {t : ¢, f : ¢} for some formula 1. In this case,
T~1(s;) = s; is obtained by applying the identity axiom of G.

— 7l is a canonical axiom of the form ()/{t,, f.} for some x € U. Thus s; = {t, : ¥, f, : ¥} for
some formula v. T~ 1(s;) = {t : %, f : %} is obtained by applying the identity axiom of G.

— 7l is the canonical cut {t},{f}/0. Thus s; = ¢; Ucz, 8;, = c1 U{t : ¢}, and s;, = co U {f : ¥}
for some formula 1 and sequents c; and co. Here, T~ (s;,) = T (c1) U{t : ¢} and T~ (s;,) =
T e) U{f i} T71(s;) = T71(e1) UT L (eq) is derived by applying the cut rule of G.

— 7l is a canonical cut of the form {t.},{f.}/0 for some x € U. Thus s; =c; Ucy,

si; = 1 U{ty : ¢}, and s;, = co U {fx : ¢} for some formula ¢ and sequents ¢; and cy. Here,
T (si,) =T Yer) U{t: by and T7(ss,) = T Heo) U{f : %p}. T71(s;) = T H(e1)UT (e2)
is derived by applying the cut rule of G.

— L = {li} for some [ € {t,f} and * € U, and there exists a quasi-canonical rule r in G
of the form {qi,...,qm}/{l : *p1} in G such that Ly = lab[T(qx)] for every 1 < k < m.
In this case, let o be any substitution such that o(p;) = ¢. It is easy to see that for
every 1 < k < m, T *(lab[T(qr)] : ¢) = o(qr). Therefore, for every 1 < k < m,
T Y(si,) = o(qr) UT (c). By applying the rule r on these provable sequents, we obtain
T (s)={l : %} UT Her) U...UT Yem).

es; = (L : o((p1y.-ypn))) U U ... U ¢y is derived from previous sequents
sy, =o(s))Uct,...,o(sh,) Ucn by applying a canonical introduction rule r” of G¥ of the form
{sh,...,s0.}/(L:o(p1,...,pn)). By the construction of G¥, one of the following holds:

—rE = {l, :p1}/{l : *p1} for I € {t, f} and x € U. Thus s; = {l : xo(p1)} Uecr, m = 1, and
siy = {lx+ : 0(p1)} Ucy. In this case we have T~1(s;) = T~1(s;,), and obviously we are done.

— L = {i} where | € {t,f}, o¢U, and there exists a quasi-canonical rule r of the form
{a1,-- - am}/{l : o(p1,...,pn)} in G such that s; = T(qx) for every 1 < k < m. Here,
T Y(si) = {l : o(o(p1y---,pn))}UT Her) U...UT (ey). It is easy to see that for every
1<k<m, T Yo(s,)) = T Yo (T(qx))) = o(gx). Thus we have T~1(s;,) = o(qr) UT ()
for every 1 < k < m. By applying the rule r to these m provable sequents, we obtain T~ !(s;).

— L = {l,} where [ € {t, f} and * € U, and there exists a quasi-canonical rule r of the form
{a1,--am}/{l : o (p1,...,pn)} in G such that sj, = T'(g) for every 1 < k < m. The proof
is similar to the previous case. O
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