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Abstract. Propositional canonical Gentzen-type systems, introduced in
[1], are systems which in addition to the standard axioms and structural
rules have only logical rules in which exactly one occurrence of a con-
nective is introduced and no other connective is mentioned. [I] provides
a constructive coherence criterion for the non-triviality of such systems
and shows that a system of this kind admits cut-elimination iff it is co-
herent. The semantics of such systems is provided using two-valued non-
deterministic matrices (2Nmatrices). [I4] extends these results to systems
with unary quantifiers of a very restricted form. In this paper we sub-
stantially extend the characterization of canonical systems to (n, k)-ary
quantifiers, which bind k distinct variables and connect n formulas. We
show that the coherence criterion remains constructive for such systems,
and that for the case of k € {0,1}: (i) a canonical system is coherent iff
it has a strongly characteristic 2Nmatrix, and (ii) if a canonical system
is coherent, then it admits cut-elimination.

1 Introduction

An (n,k)-ary quantifier (for n > 0, k > 0) is a generalized logical connective,
which binds k variables and connects n formulas. Any n-ary propositional con-
nective can be thought of as an (n,0)-ary quantifier. For instance, the standard
A connective binds no variables and connects two formulas: A(1)1,12). The stan-
dard first-order quantifiers 3 and V are (1, 1)-quantifiers, as they bind one variable
and connect one formula: Vi, 3x. Bounded universal and existential quantifi-
cation used in syllogistic reasoning (Vz(p(x) — ¢(x)) and 3x(p(x) Agq(x))) can be
represented as (2,1)-ary quantifiers V and 3, binding one variable and connecting
two formulas: Va(p(z), ¢(z)) and Elx(pix), q(x)). An example of (n, k)-ary quan-
tifiers for k > 1 are Henkin quantifierd!] ([9/10]). The simplest Henkin quantifier
Qg binds 4 variables and connects one formula:

Vo Jy

@n Vg Jyz

¢($1, r2,Y1, 112)

According to a long tradition in the philosophy of logic, established by Gentzen
in his classical paper Investigations Into Logical Deduction ([7]), an “ideal” in-
troduction rule for a logical connective is a rule which determines the meaning

1 Although the semantic interpretation of quantifiers used in this paper is not sufficient
for treating such quantifiers.
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of the connective. In [II2] the notion of a “canonical propositional Gentzen-type
rule” was first defined in precise terms. A constructive coherence criterion for the
non-triviality of such systems was then provided, and it was shown that a system
of this kind admits cut-elimination iff it is coherent. It was further proved that
the semantics of such systems is provided by two-valued non-deterministic ma-
trices (2Nmatrices), which form a natural generalization of the classical matrix.
In fact, a characteristic 2Nmatrix was constructed for every coherent canonical
propositional system.

In [T4] the results were extended to systems with unary quantifiers. A char-
acterization of a “canonical unary quantificational rule” in such calculi was pro-
posed (the standard Gentzen-type rules for V and 3 are canonical according to
it), and a constructive extension of the coherence criterion of [II2] for canonical
systems of this type was given. 2Nmatrices were extended to languages with
unary quantifiers, using a distribution interpretation of quantifiers ([12]). Then
it was proved that again a canonical Gentzen-type system of this type admits
cut-elimination iff it is coherent, and that it is coherent iff it has a characteristic
2Nmatrix. However, the canonical systems in [T4] are of a very restricted form:
they use unary quantifiers and only one atomic (monadic) formula is allowed in
each clause.

In this paper we make the intuitive notion of a “well-behaved” introduction
rule for (n, k)-ary quantifiers formally precise. We considerably extend the scope
of the characterizations of [TJ2/T4] to “canonical (n, k)-ary quantificational rules”,
so that both the propositional systems of [1I2] and the restricted quantificational
systems of [14] are specific instances of the proposed definition. However, in con-
trast to the systems in [I4], there are no limitations on the size of the clauses
in our formulation. It is then shown that the coherence criterion for the defined
systems remains constructive. Then we turn to the class of canonical systems
with (n, k)-ary quantifiers for k € {0,1} and show that every coherent canonical
calculus G has a characteristic 2Nmatrix and admits cut-elimination. The other
direction, however, does not hold: we shall see that in contrast to the canonical
systems of [II14], the ability to eliminate cuts in a canonical calculus G does not
necessarily imply its coherence.

<

2 Preliminaries

For any n > 0 and k& > 0, if a quantifier Q is of arity (n, k), then Qx;...xy
(1, ..., 1) is a formula whenever x1, ...,z are distinct variables and 1, ..., ¥y,
are formulas of L.

For interpretation of quantifiers, we use a generalized notion of distribution
functions ([12]). Given a set S, PT(S) is the set of all the nonempty subsets
of S.

Definition 1. Given a set of truth value V, a distribution of a (1,1)-ary quan-
tifier Q is a function Ag : PT(V) — V.

(1,1)-ary distribution quantifiers have been extensively studied and axiomatized
in many-valued logic. See, for instance, [BT3/g].
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In what follows, L is a language with (n, k)-ary quantifiers, that is with quanti-
fiers Qi, ..., Qp, with arities (n1, k1), ..., (i, km) respectively. Denote by Frm¢
the set of closed L-formulas and by Trm¢ the set of closed L-terms.

=, is the a-equivalence relation between formulas, i.e identity up to the re-
naming of bound variables. We use [ | for application of functions in the meta-
language, leaving the use of () to the object language. A{t/x} denotes the
formula obtained from A by substituting t for z. Given an L-formula A, Fv[A]
is the set of variables occurring free in A. We denote Qx;...x, A by Q7 A, and
A(zy, ..., z) by A(T).

3 Canonical Systems with (n,k)-ary Quantifiers

In this section we formulate a precise definition of a “canonical (n, k)-ary quan-
tificational Gentzen-type rule”.

Using an introduction rule for an (n, k)-ary quantifier Q, we should be able
to derive a sequent of the form I' = Q1.2 (W1, ...,0,), A or of the form
I Qxy..xp (Y1, ..., vn) = A, based on some information about the subformu-
las of Qx1...xk(¢1,...,%,) contained in the premises of the rule. For instance,
consider the following standard rules for the (1,1)-ary quantifier V:

IA{t/w} = A I'= A{z/w}, A
rvwd=A Y7 rovwan 59

where t, z are free for w in A and z does not occur free in the conclusion. Our
key observation is that the internal structure of A, as well as the exact term t or
variable w used, are immaterial for the meaning of V. What is important here is
the side of the sequent, on which A appears, as well as whether a term variable
t or an eigenvariable z is used.

Hence, the internal structure of the formulas of L can be abstracted by using
a simplified first-order language, i.e. the formulas of L in an introduction rule
of a (n, k)-ary quantifier, will be represented by atomic formulas with predicate
symbols of arity k. The case when the substituted term is any L-term, will be
signified by a constant, and the case when it is a variable satisfying the above
conditions - by a variable. In other words, constants serve as term variables,
while variables are eigenvariables.

Hence, in addition to our original language L with (n, k)-ary quantifiers we
define another, simplified language.

Definition 2. For k > 0, n > 1 and a set of constants Con, L} (Con) is the
language with n k-ary predicate symbols p1, ..., pn and the set of constants Con
(and no quantifiers or connectives).

Definition 3 (Canonical Rules)

1. Let Con be some set of constants. A canonical quantificational rule of arity
(n, k) is an expression of the form {II; = X;}1<i<m/C, where m >0, C is
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either = Q1.2 (P1(T1, ooy Tk, ooy P (X1, oy k) 07 Q1. (D1 (21, -0, TR,
ey P (X1, oy ) = for some(én,k)—ary quantifier Q of L and for every
1<i<m:II, = %, is a clausd] over L} (Con).
2. Let R =0/C be an (n, k)-ary canonical rule, where C is of one of the forms
(Q?(p1<?)7 7pn<?)) :>) or (:> Q?Q)l(?)v vpn(?)))
Let Cong be the set of constants occurring in ©. Let I' be a set of L-formulas
and z1, ...,z - distinct variables.
An (R, T, z1, ..., z)-mapping is any function x from the predicate symbols
and terms of L} (Cong) to formulas and terms of L, satisfying the following
conditions:
— For every 1 < i <mn, x[pi] is an L-formula.
— xly] is a variable of L.
xlz] # xly] for every two variables x # y.
xlc] is an L-term.
— For every 1 < i < n, every p;(t,..., tx) occurring in @ and every 1 <
Jj < k:x[t;] is a term free for z; in x[p;], and if t; is a variable, then
x[t;] does not occur free in I' U {Qz1...zi(x[p1], -, X[Pn]) }-

We extend x to LY (Cong)-formulas and sets of L} (Con)-formulas as fol-
lows:

xlpi(ty, . t)] = x[ps{x[t1]/ 21, - x[t]/ 2x }
X[ =A{x[¥] | ¢ver}
An application of a canonical quantificational rule of arity (n, k)
R ={Il;, = Xi}i<i<m/Qr1..25(01(21, ooy Tk), ooy P (T2, oy TE)) = 08 any
inference step of the form:
{Ix[IL;] = A, x[Zi]}i<i<m
I, Ozy...zi, (x[p1]s - X[pn]) = A

where z1, ..., zi, are variables, Iy A are any sets of L-formulas and x is some

(R, "U A, 21, ..., z)-mapping.

An application of a canonical quantificational rule of the form

{II; = Yiti<icm/ = Qui..xp(pr(z1,.., Tk)s ooy Pn(T1, o, Tk)) @5 defined

similarly.
In other words, an application of an (n,k)-ary canonical rule ©/ = Q7
(p1(Z),...,pn(Z)) is obtained by “instantiating” the rule, i.e. by replacing ev-
ery L}!(Cong)-formula p;(c) in © by some L-formula ¢;{t./z}, every p;(x) - by
some L-formula ¢;{y,/z}, and Q7 (p1(Z),...,pn(7Z)) - by Qz(¢1,...,¥y), with
the restrictions on t. and y, which are specified above.

Below we demonstrate the above definition by a number of examples.
Ezample 1. The standard right introduction rule for A, which can be thought of as
an (2, 0)-ary quantifier is {= p1, = p2}/ = p1 A p2. Its application is of the form:

F:>’(/)17A F:>’(/)2,A
I'= 11 Nipa, A

2 By a clause we mean a sequent containing only atomic formulas.
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Ezample 2. The two standard introduction rules for the (1, 1)-ary quantifier V
can be formulated as follows:

{p(c) =}/Vap(x) = {=py)}/ = Vop(z)
Applications of these rules have the forms:

IA{t/w} = A R I'= A{z/w}, A

rvwd=A Y7 rovwan 59

where z is free for w in A, z is not free in 'UAU{VwA}, and t is any term free
for w in A.

Ezample 3. Consider the bounded existential and universal (2,1)-ary quanti-
fiers ¥ and 3 (corresponding to Vz.pi(z) — p2(z) and Jz.pi(x) A p2(z) used in
syllogistic reasoning). Their corresponding rules can be formulated as follows:

{p2(c) =, = p1(c)}/Vz (p1(x),p2(x)) =  {p1(y) = p2(y)}/ = Yz (p1(z), p2())

{P1(¥);p2(y) =}/F x(pr(z),p2(2)) = {= pi(c) , = p2(c)}/ = Fx(pi(2), p2(2))

Applications of these rules are of the form:

Iopao{t/z} = A I'=o{t/z}, A Lg{y/z} = a{y/z} A

F,VZ (¢1a¢2) = A I'=Vvz (¢1a¢2)aA
Iiyyn{y/z},2{y/z} = A Iy {t/z} = A I = p{t/a}, A
F,HZ (’(/)17’(/)2):>A I'= 3z ('LZH,'LZJQ),A

where t and y are free for z in v; and 9, y does not occur free in I' U AU

{Elz(wla 7#2)]’
Ezample 4. Consider the (2,2)-ary rule

{p1(z,2) =, p1(y,d) = pa(c,d)}/ = Qz122(p1(21, 22), p2(21, 22))
Its application is of the form:

Fop{wi/z,we /20t = A Ipi{ws/z1, 81/ 22} = A, haf{ta/ 21,81/ 20}
I'= A, Qz122(¢1, 12)

where w1, ws, w3, t1, to satisfy the appropriate conditions.

Henceforth, in cases where the set of constants Cong is clear from the context
(it is the set of all constants occurring in a canonical rule), we will write L}
instead of L} (Cong).

Definition 4. A Gentzen-type calculus G is canonical if in addition to the a-
aviom A = A’ for A =, A’ and the standard structural rules, G has only
canonical quantificational rules, such that the sets of constants and variables of
every two rules are disjoint.
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Although we can define arbitrary canonical systems using our simplified language
L}, our quest is for systems, the syntactic rules of which define the semantic
meaning of logical connectives. Thus we are interested in calculi with a “reason-
able” or “non-contradictory” set of rules, which allows for defining a sound and
complete semantics for the system. This can be captured syntactically by the
coherence criterion of [1UT4]:

Definition 5 (Coherence). B A canonical calculus G is coherent if for every
two canonical rules of G of the form ©1/ = A and O2/A =, the set of clauses
01 U BOs is classically inconsistent.

Proposition 1 (Decidability of coherence). The coherence of a canonical
calculus G is decidable.

Proof. The question of classical consistency of a finite set of clauses without
quantifiers can be easily shown to be equivalent to satisfiability of a finite set of
universal formulas in a language with no function symbols, which is decidable.

Notation. (Following [I], notations 3-5.) Let —t = f, —f = t and ite(t, A, B) = A,
ite(f, A, B) = B. Let @, A* (where ¢ may be empty) denote ite(s,® U {A}, D).
For instance, the sequents A = and = A are denoted by A% = A~ fora =t
and a = f respectively.

According to this notation, a (n, k)-ary canonical rule is of the form

{Z = h<j<m/

Q7 (p1(Z), (7)) = QZ (p1(Z), - pn(F))
for s € {t,f}. For further abbreviation, we denote such rule by
{25 = Hihi<j<m/Qs).

4 The Semantic Framework

4.1 Non-deterministic Matrices

Our main semantic tool are non-deterministic matrices (Nmatrices), first in-
troduced in [I] and used in [2JT4]. These structures are a generalization of the
standard concept of a many-valued matrix, in which the truth-value of a for-
mula is chosen non-deterministically from a given non-empty set of truth-values.
Thus, given a set of truth-values V, we can generalize the notion of a distri-
bution function of an (n, k)-ary quantifier Q (from Definition. [I) to a function
Ag : PT (V") — Pt (V). In other words, given some distribution Y of n-ary vec-
tors of truth values, the interpretation function non-deterministically chooses
the truth value assigned to QZ (1, ..., ¥y, ) out from Ag[Y] .

3 Strongly related coherence criterions are defined in [11], where linear logic is used
to reason about various sequent systems, and in [6], where a characterization of
cut-elimination is given for a general class of propositional single-conclusion sequent
calculi.
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Definition 6 (Non-deterministic matrix). A non-deterministic matriz
(henceforth Nmatrixz) for L is a tuple M =<V ,G, O >, where:

— V is a non-empty set of truth values.

— G (designated truth values) is a non-empty proper subset of V.

— O is a set of interpretation functions: for every (n, k)-ary quantifier Q of L,
O includes the corresponding distribution function Qg : PT (V") — PT(V).

At this point a remark on our treatment of propositional connectives is in order.
In [IIT4], an Nmatrix includes an interpretation function & : V* — PT(V) for
every n-ary connective of the language; given a valuation v, the truth value
v[o(t1, ..., ¥p)] is chosen non-deterministically from S[(v[i)1], ..., v[1,])]. In the
definition above, the interpretation of a propositional connective ¢ is a function
of another type: & : PT (V") — PT(V). This can be thought as a generalization of
the previous definition, identifying the tuple (v[i)1], ..., v[¢)]) with the singleton
{(w[t)1], ..., v[¥n]) }. The advantage of this generalization is that it allows for a
uniform treatment of both quantifiers and propositional connectives.

Definition 7 (L-structure). Let M be an Nmatriz for L. An L-structure for
M is a pair S = (D, I) where D is a (non-empty) domain and I is a function
interpreting constants, predicate symbols and function symbols of L, satisfying
the following conditions: I[c] € D, I[p"] : D™ — V is an n-ary predicate, and
I[f"] : D™ — D is an n-ary function.

I is extended to interpret closed terms of L as follows:

If (s oo ta)] = IFIU ], s T[]

Definition 8 ( L(D)). Let S=(D,I) be an L-structure for an Nmatriz M.
L(D) is the language obtained from L by adding to it the set of individual con-
stants {a | a € D}. S = (D,I') is the L(D)-structure, such that I' is an
extension of I satisfying: I'[a] = a.

Given an L-structure S = (D, I), we shall refer to the extended L(D)-structure
(D,I') as S and to I’ as I when the meaning is clear from the context.

Definition 9 (Congruence of terms and formulas). Let S be an L-structure
for an Nmatriz M. The relation ~° between terms of L(D) is defined inductively
as follows:

—$NS$

— For closed terms t, ¥ of L(D): t ~° ¥ when I[ ] = I[t].
- If 4 ~9 tjl""atn ~5 tjn7 then f(t17"'7 ) ~ f( 1o ’tjn)

The relation ~° between formulas of L(D) is defined as follows:
tn).

- If t ~9 t/la ty ~ t/27 oy by ~5 t/n7 then p(tlu B3] tn) ~ p(t/u > bn
- If v{Z /T b~ e {Z/ Y} {7/ T} ~° wn{ /Y3, where T =
xp and Y Y = y1...Yx are distinct variables and Z = z1...z;, are new dis-
tmct variables, then QT (¥1,...,0n) ~° QY (¢1,...,¢n) for any (n,k)-ary
quantifier Q of L.
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Lemma 1. Let S be an L-structure for an Nmatrix M. Let 1,9’ be formulas
of L(D). Let t, t be closed terms of L(D), such that t ~ t'.

1. If Y =4 o', then i ~5 1.
2. If p ~5 o, then p{t/x} ~° ' {t /x}.

Definition 10 (Legal valuation). Let S = (D, I) be an L-structure for an
Nmatriz M. An S-valuation v : Frm$ — V is legal in M if it satisfies the
following conditions: v[yp] = v[Y] for every two sentences ¥,y of L(D), such
that ¥ ~5 ', v[p(ty, ..., )] = I[pl[I[t1], ..., [[t,]], and:

v[Qx1, .oy (Y1, ..y )] €

QM[{@Wl{al/xl,...,ak/xk}], cov[n{ar/xy, .. ak /xR }]) | a1, ..., ar € D}
for every (n, k)-ary quantifier Q of L.

Note that in case Q is a propositional connective (for k = 0), the function Qs
applied to a singleton, as was explained above.

Definition 11 (Model, M-validity,-aq). Let S = (D, I) be an L-structure
for an Nmatriz M.

1. An M-legal S-valuation v is a model of a sentence ¥ in M, denoted by
S,vEMm Y, if vjY] € G.

2. A formula v is M-valid in S if for every S-substitution o and every M-legal
S-valuation v, S;v Earm o). A formula ¢ (a set of formulas I') is M-valid
if ¢ (every v € I') is M-valid in every L-structure for M.

3. A sequent I' = A is M-valid in S if for every M-legal S-valuation v and
every S-substitution o: S,v = o] implies that there exists some ¢ € A,
such that S,v |Em o[]. A sequent is M-valid if it is M-valid in every
structure.

4. The consequence relation 4 induced by M is defined as follows: I' Fpaq A
if I' = A is M-valid.

5. An Nmatriz M is sound for a system G if F¢Cha. An Nmatrizc M is
complete for a system G if FpmChg.

Definition 12 (Strong soundness). An Nmatriz M is strongly sound for a
system G if: (i) M is sound for G, and (ii) for every inference rule R of G and
every L-structure S: if the premises of R are M-valid in S, the conclusion of R
is M-valid in S.

Definition 13. An Nmatrix M is a characteristic Nmatrix for a canonical sys-
tem G if Fp=Fg.

A characteristic Nmatriz M for G is strongly characteristic if it is strongly
sound for G.
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4.2 Semantics for Simplified Languages L}

In addition to L-structures for languages with (n, k)-ary quantifiers, we also use
L} -structures for the simplified languages L}, using which the canonical rules are
formulated. To make the distinction clearer, we shall use the metavariable S for
the former and AV for the latter. Since the formulas of L} are always atomic, the
specific 2Nmatrix for which N is defined is immaterial, and can be omitted. We
may even speak of classical validity of sequents over L}. Furthermore, instead
of speaking of M-validity of a set of clauses © over L}}, we may speak simply of
validity.
Next we define the notion of a distribution of Lj-structures.

Definition 14. Let N be a structure for L}. Disty, the distribution of N is
defined as follows:

Disty = {{I[p1]la1, ..., ak], -, I[pn]la1, ..., ax]) | a1,...,ax € D}
We say that an L} -structure is £-characteristic if Disty = €.

Note that the distribution of an L{-structure N is Distyr = {(I[p1], ..., I[pn])}
and so it is always singleton. Furthermore, the validity of a set of clauses over

o can be reduced to propositional satisfiability as stated in the following
lemma.

Lemma 2. For every L§-structure N, such that Distyr = {{(a1,...,an)}, let
Upisty De any propositional valuation satisfying v[p;] = a;. A set of clauses
O is valid in a Distar-characteristic L-structure N iff vpist,, propositionally
satisfies O.

Now we turn to the case k = 1. In this case it is convenient to define a special
kind of L}-structures which we call canonical structures, which will be sufficient
to reflect the behavior of all possible L]-structures.

Definition 15. Let £ € PT({t, f}"). A L} -structure N = (D, I) is E-canonical
if D =& and for every b= (a1, ....,an) € D and every 1 <i < n: I[p;][b] = a;.
Clearly, every £-canonical L7-structure is £-characteristic.

Lemma 3. Let © be a set of clauses over LT, which is valid in a structure
N = (D, I). Then there exists a Distpr-canonical structure N’ in which © 1is
valid.

Proposition 2. Let £ € PT({t, f}"). For a finite set of clauses © over L}, the
question whether © is valid in a £-characteristic structure is decidable.

5 Canonical Systems with (n,k)-ary Quantifiers for
k € {0,1}

Now we turn to the class of systems with (n, k)-ary quantifiers for k£ € {0,1}
and n > 1. Henceforth, unless stated otherwise, assume that k € {0,1}. For a
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uniform treatment of both k¥ = 0 and k = 1, we use the following notation. For
any variable z and any constant c, let ° and c® denote the empty string, and
2!, ¢! denote the strings ‘z’ and ‘c’ respectively. When we write Qz* (11, ..., 1,,),
we mean Qx(¢1,...,¢,) if £ = 1 and Q(¥1,...,¢,) if kK = 0; when we write
Y{t/x*}, we mean {t/z} for k = 1, and ¢ for k = 0.

In this section we show that any coherent canonical calculus G has a charac-
teristic 2Nmatrix and admits cut-elimination. We start by defining the notion
of suitability for G.

Definition 16 (Suitability for G). Let G be a canonical calculus over L. A
2Nmatriz M is suitable for G if for every (n, k)-ary canonical rule © /A% = A*®
of G, where s € {t,f} and A = Qa*(p1(z¥),...,pn(2%)) it holds that for every
L-structure N in which © is valid: Qm[Disty] = {s}.

Next we prove that any 2Nmatrix M suitable for G is strongly sound for G. But
first we transform G into a canonical calculus G, satisfying a certain property
defined below.

Lemma 4 (Elimination of constants). Let G be a canonical calculus with
a canonical (1,n)-ary rule R = ©/Q(s) for some s € {t, f}, where there are
two clauses of the form X1,p;(¢) = Iy and Xy = p;(c),Ils in ©. Let R’ =
©'/Q(s), where @ is obtained from © by replacing these two clauses for the
clause X1, Yo = II1,IIs. Let G’ be the calculus obtained from G by replacing
R for R'. Then any 2Nmatriz strongly sound for G’, is also strongly sound
for G.

Corollary 1. Let G be a canonical calculus. Then there exists a calculus G,
such that (i) any 2Nmatriz strongly sound for G', is also strongly sound for G,
and (i) for every (n,1)-ary rule ©/Q(s) of G' and every clause X1, p;(c)" =
II1,pi(c)™" € O: there is no clause of the form Yo, p;(c)™" = I, pi(c)" in O.
Proof. Easily follows by repeatedly applying lemma [4

Theorem 1. Let G be a canonical calculus over L and M - a 2Nmatriz suitable
for G. Then M is strongly sound for G.

Proof. Clearly, we may assume that G satisfies condition (ii) from corollary [l
Let S be an L-structure. Let R be an (n, k)-ary rule R = {X; = II; }1<j<m/ =
Qz*(p1(2%), ..., pn(2¥)) of G'. Consider an application of R:

{I', x[X5] = xUL], Abi<j<m
I'= Av QZk(X[pl]’ s X[ n])

where y is some (R, I'U A, z*)-mapping. It suffices to show that if the premises
are M-valid in S, then the conclusion is M-valid in S. Let ¢ be an S-substitution
and v an M-legal valuation, such that S,v =z o[I] and for every ¢ € A:
S, viEmo[h]. Denote by E) the L-formula obtained from a formula v by substi-
tuting every free occurrence of w € Fv[y)] — {2F} for o[w]. Let

& = {(wxlpi{a/z"}], ., vIXlpn{a/*})) | a € D}
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Define the L}-structure N'= (D', I'): D = D’ and I’ is defined as follows:

— For every p;(c) € ite(s, X;, II;) for some 1 < j < m and s € {t, f}: if there
is some a € D, such that v[)sz]){a/z}] = —s, choose I'[c] to be any such a
(note that in this case II; = X, becomes valid); otherwise, choose I'[c] to
be any a € D. It is important to stress that this is well-defined due to the
special property of G’, namely that p;(c) cannot occur on two different sides
of a clause.

— For every a € D: I'[p;][a*] = v[m{a/zk}]

It is easy to show that {X; = II;}1<j<m is valid in V. Obviously, Distyr = &
and since M is suitable for G: Op[€] = {t} and so v[o[Qz(x[p1], ... x[Px])]] = ¢
and the conclusion of the application is M-valid in S. a

Now we come to the construction of a characteristic 2Nmatrix for a coherent
canonical calculus.

Definition 17. Let G be a coherent canonical calculus. The Nmatrizc Mg for
L is defined as follows. For every (n,k)-ary quantifier Q of L, every s € {t, f}
and every € € PH({t, f}"):

{s} if ©/9(s) € G and
OmslE] = O is valid in some £ — characteristic structure
{t, f} otherwise

First let us show that Mg is well-defined. Assume by contradiction that there
are two rules ©1/ = A and O9/A =, such that both ©; and O are valid in some
E-characteristic structures Ny = (D1, 1), Na = (D2, I5) respectively. If k = 0,
by lemma 2] the set of clauses ©1 U O, is propositionally satisfiable by vg and is
thus classically consistent, in contradiction to the coherence of G.

If k = 1, by lemma [3 there are £-canonical structures M, N3 in which 61, O
are valid. Recall that the only difference between different £-canonical structures
is in the interpretation of constants, and since the sets of constants occurring in
©; and O, are disjoint, an E-canonical structure N7 = (D', I') (for the extended
language containing the constants of both ©; and ©3) can be constructed, in
which @1 U O3 are valid. Thus the set @1 U 5 is classically consistent, in con-
tradiction to the coherence of G.

Let us demonstrate the construction of a characteristic 2Nmatrix for some
simple coherent canonical calculi.

Example 5. Tt is easy to see that for any canonical coherent calculus G including
the standard (1,1)-ary rules for V and 3 from Example 2

Ve[t 1 =V Y = 3 Y = {13
Vae it} = 3naa [{t, £ = 3naa [{8}] = {8}



262 A. Zamansky and A. Avron

Ezample 6. Consider the canonical calculus G’ consisting of the following two
(1,2)-ary rules from Example B

{r1(y) = p2(y)}/ = Vo (p1(2), p2(z))

and
{=pi(c) , = p2(0)}/ = Fz(p1(z), p2(z))

It is easy to see that G’ is coherent. The 2Nmatrix M- is defined as follows for
every H € PT({t, f}?):

\;[H}:{{t} FNEH {{t} if (1) € H

{t, f} otherwise {t, f} otherwise

Remark. The construction of Mg above is much simpler than the construc-
tions carried out in [IIT4]: a canonical calculus there is first transformed into an
equivalent normal form calculus, which is then used to construct the character-
istic Nmatrix. The idea is to transform the calculus so that each rule dictates
the interpretation for only one £. However, the above definitions show that the
transformation into normal form is actually not necessary and we can construct
M directly from G.

Now we come to the main theorem, establishing that M is sound and com-
plete for any coherent calculus G.

Theorem 2 (Soundness and cut-free completeness). Let G be a coherent
canonical calculus. Then a sequent I' = A satisfying the free-variable conditiorl
has a cut-free proof in G iff I' - A.

Proof. Soundness: It is easy to see that M is suitable for G. By theorem [I]
Mg is strongly sound for G, and thus FgChH .

Cut-free completeness: Let I' = A be a sequent satisfying the free-variable
condition. Suppose that I = A has no cut-free proof in G. We will show that
it is not Mg-valid.

It is easy to see that we can limit ourselves to the language L*, which is a
subset of L, consisting of all the constants and predicate and function symbols,
occurring in I' = A. Let T be the set of all the terms in L* which do not
contain variables occurring bound in I' = A. It is a standard matter to show
that I') A can be extended to two (possibly infinite) sets IV, A’ (where I" C I’
and A C A'), satisfying the following properties:

1. For every I'1 C I” and A; C A’, I = A; does not have a cut-free proof in
G.

2. There are no A € I'" and B € 4A’, such that A =, B.

3. If{II; = Y;}i<j<m/Q(r) is an (n, k)-ary rule of G and
QzF (Ay,..., A,) €ite(r, A, I'"), then there is some 1 < j < m, such that:

4 By the free-variable condition we mean that the set of bound variables of I' U A is
disjoint from its set of free variables.
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— If pi(cF) € ite(r, II;, X;) for some 1 < i < n, then
A{t)2k} eite(r, I, A") for every t € T.
— If p;(y*) € ite(r,I1;,X;) for some 1 < i < n, then there exists some
t € T, such that A;{t/2*} € ite(r, ", A").
Note that for the case of K = 1, t is free for z in A; by the free-variable
condition.

Let S = (T, I) be the L*-structure defined as follows:

— I|¢] = c for every constant ¢ of L*.
— I[p|[t1, ..y tn] = ¢ iff p(ty, ..., t,) € I’ for every n-ary predicate symbol p.
— I[f][t1s s tn] = f(t1,..., t,) for every n-ary function symbol f.

Let o* be any S-substitution satisfying o*[x] = x for every 2 € T. (Note that
every x € T is also a member of the domain and thus has an individual name
referring to it in L*(D).)

It is easy to show that (i) I*[c*[t]] = t for every t € T, and (ii) for every
A, BeI'"UA" if 6*[A] ~° 0*[B], then A =, B.

Define the S-valuation v as follows:

— v[p(t1, ..., tn)] = I[p][L[t1], -, I[E0]]-
— For every (n, k)-ary quantifier Q, if there is some C € I U A’, such that
0*[C] =a QuF (11, ..., ¢0n), then v[Qa* (Y1, ..., ¢n)] =t iff C € I'". Otherwise

v[Qa* (Y1, ., vn)] = ¢ iff Q{{(v[n{a/a}], .., v[n{a/a*}]) | a € D} = {t}.

Lemma 5. 1. v is legal in Mg.
2. For everyp € I"U A" : v(o*[}]) =t iff v € I'.

Since v is legal in Mg, I' C I and A C A’, by the above lemma v refutes
I'= A O

Corollary 2. If G is coherent, then Mq is strongly characteristic for G.

Corollary 3. For any canonical calculus G, the following two statements are
equivalent:

1. G has a strongly characteristic 2Nmatriz.
2. G is coherent.

Proof. The proof of (1=-2) is easy and is left to the reader. (2=1) follows from
corollary 2

Corollary 4. The ezistence of a strongly characteristic 2Nmatriz for a canon-
ical calculus G is decidable.

Remark. It is important to note that the coherence of G is not a necessary
condition for the existence of a characteristic 2Nmatrix for G and, consequently,
for cut-elimination. Consider, for instance the canonical calculus G consisting
of the following two inference rules:
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(1) {p1(y) = p2(y) , pi(c1) =, p2(c1) =,

pi(ce) = , = pa(ca) , = pi(cs) , = pa(ca)}/ = Qz(pi(2),p2(2))
(2) {p1(y) = p2(y) » pilca) =, palca) =,
pi(cs) =, = pa(cs) , = pi(cs) , = palce)}/Qz(p1(2), p2(2)) =

It is easy to see that G is not coherent, but the only sequents provable in it
are logical axioms, and so G has a characteristic 2Nmatrix and admits cut-
elimination. This is in contrast to the systems in [II14], where the fact that a
canonical calculus admits cut-elimination implies that G is coherent.

6 Summary and Further Research

In this paper we have considerably extended the characterization of canonical
calculi of [I/I4] to (n,k)-ary quantifiers. For the case of k € {0,1}, we have
shown that any coherent calculus admits cut-elimination and has a characteris-
tic 2Nmatrix, but the converse does not necessary hold (unlike in [IIT4]). In fact,
a calculus is coherent iff it has a strongly characteristic 2Nmatrix. In addition to
some proof-theoretical results for a natural type of multiple conclusion Gentzen-
type systems with (n, 1)-ary quantifiers, our work also provides further evidence
for the thesis that the meaning of a logical constant is given by its introduc-
tion (and “elimination”) rules . We have shown that at least in the framework
of multiple-conclusion consequence relations, any “reasonable” set of canonical
quantificational rules completely determines the semantics of the quantifier.
Some of the most immediate research directions are:

1. Defining an exact criterion for the ability to eliminate cuts in canonical
systems and developing a syntactic method for cut-elimination for the case
of k € {0,1}, i.e. a stepwise transformation of any derivation of a canonical
calculus into a cut-free derivation, possibly along the lines of [3].

2. Developing a general theory, extending the results of the previous section to
the case of k > 1. This might lead to new insights on Henkin quantifiers and
other important extensions, such as Transitive Closure operations. However,
already for the simplest quantifiers this is not straightforward. First of all, the
coherence of a canonical calculus G with general quantifiers does not imply
that a 2Nmatrix suitable for G exists. For instance, consider the calculus G,
consisting of the following two (1,2)-ary rules:

{ple,x) =}/ = Qzizop(21,22) {= p(y,d)}/Qz122p(21, 22) =

G is coherent, but it is easy to see that M is not well-defined in this case.
Secondly, even if a 2Nmatrix M suitable for G does exist, it is not neces-
sarily sound for G. Therefore, a more complex interpretation of quantifiers
is needed, which in its turn will lead to various extensions of the simpli-
fied language L} (e.g. adding function symbols), and the cost of losing the
decidability of the coherence criterion in this case seems inevitable.
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