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Abstract

Introduction of implication and generalization rules have a close relation-
ship, for which there is a key idea for clarifying how they are connected:
varying objects. Varying objects trace how generalization rules are used
along a demonstration in an axiomatic calculus. Some ways for introducing
implication and for generalization are presented here, taking into account
some basic properties that calculi can have.

1 Introduction

The rules for introducing material implication share the following form:
o IfTU{a} I— 3, then, under certain conditions, I' I— a— S.

In the most simplest case there are no other additional conditions for
concluding that I’ I— a — [. It occurs for closed and partial strong cal-
culi, in which no of their rules involve any generalization, and all of them
preserve in a way the consequents of implications. Closed calculi can also
simulate generalization rules in some way if they also have non primitive
but admissible rules dealing with some generalization forms.

More complex cases, related to open calculi, require a kind of tracing of
how generalization rules (such as introduction of universal quantifier, intro-
duction of necessity, and so on) must be used for deducing that I' U {«} l— G,
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in order to conclude that I" I— a—f.

It can be observed, by a careful examination of the classical logic books,
that two distinct choices for the introduction of implication and generaliza-
tion rules have been made standard:

1st) The rule for introducing implication has no restrictions, but there
are constraints for introducing the universal quantifier and other
operators of this kind. A calculus adopting this strategy is called
closed in our context. It is more often used in calculi presented
in natural deduction and sequent calculus style. Examples of closed
calculi may be found in [1], [13], [6], [7] and [11]. However, this closed
option may be very cumbersome when used to calculi presented in
axiomatic style having varying objects other than variables, such as
in modal logics.

2nd) The introduction of implication is done with restrictions, but the in-

troduction of the universal quantifier and other analogous operators
is unconditional. This strategy is more often adopted for axiomatic
formulations. These calculi are called open. Examples may be found
in [8], [9] and [12].

Some well known formulations of introduction of implication rule, in the
context of open calculi, presented in axiomatic style, that can be found in
the literature, present some undesirable features, such as:

e explicit use of the concept of demonstration, instead of an idea of a higher
level dealing with syntactic consequence;

e lack of an adequate tracing to accompany the use of varying objects in
rules of generalization, making difficult in many situations to know when
introduction of implication is allowed.

Below we will give two examples of formulations for introduction of
implication, commonly found in the literature, that suffer from the above-
mentioned ills:

e “For the predicate calculus (or the full number-theoretic formal system),
if ', A+ B with the free variables held constant for the last assumption
formula A, then T'F A — B.” According to [8], pg. 97.

e “Assume that I'; A+ B, where, in the deduction, no application of Gen to
a wf which depends upon A has as its quantified variable a free variable
of A. Then T'F A — B.” According to [9], pg. 63.

In [8], chapter 5, pages 94-106, there are some ideas which were the
main basis from which the present paper evolved, specially the idea of free
variables being held constant with respect to the premises along a demon-
stration in an axiomatic calculus. This idea was extended and systematized
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by us to a more general concept, named varying objects. We have developed
a study about them in an abstract way, for dealing with a broad spectrum
of calculi. This paper is a new version and expansion of two former ones,
[4] and [3].

Varying objects are a kind of extension of the concept of variables. They
can trace what kind of applications of generalization rules are used along
a demonstration. There are two ways of tracing, name here dependence
and supporting. Both only consider applications of generalization rules
having a hypothesis depending in the considered demonstration on some
premise in it. The first tracing method, dependence, also considers if the
varying objects used in applications of generalization rules are free in some
hypothesis, whereas the second tracing method, supporting, does not take
it into account.

Besides the usual binary syntactic consequence relation between a col-
lection of formulas I' and a formula «, defined by an axiomatic calculus C,
noted here by T’ lE a, the two tracing methods define two new syntactic
consequence relations, named here dependence consequence and supporting
consequence, which are ternary relations, in the sense that they relate a
collection of formulas T', a formula «, and a collection of varying objects V.

They are noted respectively by I’ % aand T |% a.

These two new consequence relations share many common properties,
but there are some properties exclusive to each one of them.

Under certain conditions, dependence consequence and supporting con-
sequence can be partially (in partial stable calculi) or completely (in stable
calculi) equivalent. Partial stable calculi have a weak formulation for gen-
eralization rules applied to supporting consequence, whereas stable calculi
have a strong formulation for them.

Partial strong calculi have a weak formulation for introduction of impli-
cation with respect to supporting consequence, whereas strong calculi have
a strong formulation for it.

The open calculi having the strongest formulations for introduction of
implication and generalization rules are the strong stable ones.

The concepts here presented were already applied by the first author
in the formulations and generalized proofs of metatheorems for some non
classical calculi in [5], [10] and [2].
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2 Basic Concepts

In this section we define some basic ideas related to axiomatic calculi, such
as schemas, inference rules, axioms, applications and demonstrations, from
which it is specified the basic consequence relation of an axiomatic calculi.

2.1 Notation. From now on, unless stated otherwise, we adopt the fol-
lowing conventions for the following letters, with or without primes and/or
subscripts:

e L is a formal language;

e «,[3,7,6 are formulas of L;

e ' 4, ( are collections of formulas of L.

2.2 Definition. A collection of formulas of L is also said a schema (in L).
An inference rule (in L) is a collection of n-tuples of formulas (of L), for
some n > 2. A postulate (in L) is a schema (in L) or an inference rule
(in L). An (aziomatic) calculus (in L) is a pair (L,P), whereon P is a
collection of postulates in L. If C = (L, P) is a calculus, then L is said to
be its language, and P is said to be its basis. A schema belonging to the
basis of a calculus is said to be a schema of it. A rule belonging to the basis
of a calculus is said to be a rule of it. A schema or a rule of a calculus are
also said to be a postulate of it.

2.3 Notation. From now on, unless stated otherwise, C = (L,P) is an
axiomatic calculus.

2.4 Definition. An application (of an inference rule) (in L) is an element
of an inference rule (in L).

2.5 Notation. If (aj,...,a,,5) is an application, we also note it

Ap,...,0pn
by — 5

. A1, .., 0p . .

2.6 Definition. If ———— is an application, a4, ..., a, are said to be
their hypotheses, and (3 is said to be its conclusion or consequence. We also
say that 0 is a conclusion or consequence over ay,...,q, by this applica-
tion.

2.7 Notation. When there is no possibility of confusion, we note a given
schema simply by writing down a generic element of it. The same is done
for rules — we note a given rule simply by writing down a generic element
of it.
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2.8 Examples. The schema {(aAB)—( | o, 8 are formulas in L} is noted
simply by (aApB)— 0. At the same way, we note the rule

{a’a’%ﬂ | a, B are formulas in L} by %-

2.9 Definition. The domain of an inference rule is the collection of all
Qlyeney Q|

tuples (aq,...,a,) such that there exists @ for which 1T is an

application of this rule.

2.10 Definition. An inference rule is said to be unary if each application
of it has only one hypothesis.

2.11 Definition. A formula belonging to a schema of C is said to be an
azxiom of C. An application belonging to a rule of C is said to be an
application of (a rule of) C.

2.12 Definition. A demonstration in C of « from I is a finite non empty
sequence D of formulas of L such that « is the last formula of D and, for each
formula G of D, at least one of the following conditions is satisfied:

e (3 is an axiom of C;

e 3 €T (in this case we also say that 3 is justified in D as being a premise);

e there is an application Lheoain ﬂ " of C such that each g;,
for any ¢ € {1,...,n}, precedes 3 in D.

If there is a demonstration in C of a from I', we also note it by T’ lF «,

and we say that « is a consequence from T in C, or that « is a theorem of

I in C. We also note “0) l? a” by “IE a”. Ifl? a, « is also said to be a
thesis of C.

2.13 Theorem. A formula « is a consequence from I" in C if, and only if|
at least one of the following conditions is fulfilled:
e (v is an axiom of C;
e ol
. . . Al,y...,0p
e there is an application ——F7—— of a rule of C such that

F%al,...,F%an.

2.14 Theorem. The following properties are valid for the relation “|F”5
(i) if a is an axiom of C, then lF o;

(i) ifael, thenT l? o
(iii) if w is an application of C, then {ay,...,a,} l? a;
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(iv) if Tlg e and I C TV, then I |5 o;

(v) ifFlEal,...,FIEan and {al,...,an}lgﬁ, thenFIEB;
(vi) T |€ a, then there is IV € I such that I' is finite and I l? a.

Next we provide two simple syntactic ideas which are used in some
examples given in this paper.

2.15 Definition. In a language in which “V” is a quantifier, a universal
generalization of « is a formula of the form Vz; ...Vz, a (n > 0).

2.16 Definition. In a language in which “[0” is an unary connective, we
say the [ is free in a given formula « if there is a subformula of « out of
the scope of (I in it.

3 Variation, Dependence and Supporting

In this section the idea of inference rule and its applications is expanded
by attaching to each application a set of varying objects. From this new
departure two new consequence relations are defined. Their basic properties
and the interrelationship between them and with the basic consequence
relation are presented.

3.1 Notation. From now on, unless stated otherwise, we adopt the fol-
lowing conventions for the following letters, with or without primes and/or
subscripts:

e «,f3,7,6 are formulas in C;

e ' ¥, ( are collections of formulas in C.

Below we extend the concept of application of a rule of inference by
attaching to it a collection of things named varying objects.

3.2 Definition. For each application of a rule of inference, we attach to
it a collection whose elements are named its varying objects. A rule whose
applications do not have varying objects is said to be a constant rule; oth-
erwise we say that it is a varying rule. We say that o is a varying object in
C if there is an application of a rule in C such that o is a varying object of
this application. For each calculus C, it is specified when a varying object
o is free in a given formula a. The following additional conditions are to
be fulfilled:

e the number of varying objects of each application of a rule in C is finite;
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e cach varying object of an application of a rule is not free in the conse-
quence of this application.

3.3 Examples. In practice, we find the following varying objects:
e variables used in universal quantification: “z” is the varying object of the
application Vga of the rule of universal generalization, which occurs in

many quantificational logics;

e the hidden variable used for introducing connectives associated with
modalities such as necessity; such variable can be indicated by the sign
itself introduced by the rule: O is the varying object of the rule Daa )
which is present in many modal logics.

3.4 Notation. From now on, unless stated otherwise, we adopt the fol-
lowing conventions for the following letters, with or without primes and/or
subscripts:

e 0 is a varying object in C;

e VW are collections of varying objects in C.

3.5 Definition. A calculus is said to be closed if all their rules are constant,
otherwise it is said to be open.

3.6 Definition. A given rule r is said to be admissible in a closed calcu-
lus C if it satisfies the following conditions:

e r is unary;

e the domain of r is the collection of all formulas of C;
e 1 is a varying rule;

e r is not an inference rule of C;

[}

if  is an axiom of C and — is an application of r, then l? a;
e’

if % is an application of r such that no varying object of it belongs

to a, then algo/;
x1,...,H

. n . . .
o if ——5— is an application of a rule of C and of,...,a),, o are re-
spectively consequences of applications of r over ag, ..., a,, a, using the
3 3 3 / !/ /
same collection of varying objects, then o, ..., a;, l? o'

3.7 Example. Let C be a calculus whose axioms have the following forms,
including all their universal generalizations:
e o — Vz o, whereon z is not free in «;

o Vz(a— ) — Vra—Vapj).
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. aa—f3 o
The only rule of C is ———%—— which is a constant rule.

We have that C is a closed calculus such that the varying rule Vaccya )

whereon the varying object of each application is the quantified variable, is
admissible in C.

3.8 Theorem.
x C is a closed calculus,
* I l? a,

o If * % is an application of an admissible rule of C, such that each

varying objects are not free in I,
then T' l? o

Proof:

If « is an axiom, then, by definition 3.6, l? o, therefore T’ l? a.

If @ € T, then no varying object of the application L is free in a, so, by
definition 3.6, « l? o', therefore T’ lF a. @

If there is an application M of C such that I’ l? B1,...,T l? On,
and 01, ..., 3, are respectively consequences of (31, ..., 3, by the same rule
in which o is a consequence of «, using the same collection of varying
objects, we have, by induction hypothesis, that T’ |€ gy, T l? gl,. By
definition 3.6, 51,..., 3, |€ o', therefore T’ l? o' O

3.9 Definition. Let D = a;, ..., a, be a demonstration in C. We say that
o is relevant to o; in D (4,7 € {1,...,n}) if one of the following conditions
is fulfilled:

e i = j and «j is justified in D as a premise; 3

e o is justified in D as a consequence of an application % of a rule

in C and there exists a hypothesis 8i (k € {1,...,p}) of this application
such that «; is relevant to G in D.

3.10 Definition. We say that a demonstration D in C depends on a col-
lection V of varying objects if V contains the collection of varying objects
o of applications of rules in D having a hypothesis in which o is free such
that there is a formula, justified as a premise in D, whereon o is free too,
relevant to this hypothesis in D. If there is a demonstration in C of «
from I' such that it depends on V, we say that o depends on V from T’
in C, and we note this by T’ % a. YV ={oy,...,0,} and n > 1, we
. O1,..-,0n . .
also note this by T’ lT a. TV =0, we say that D is an unvarying

of its
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demonstration in C. If a depends on @) from I' in C, we say that it is an
unvarying consequence of I' in C.

3.11 Theorem. A formula o depends on V from I' in C if, and only if, at

least one of the following conditions is fulfilled:

e « is an axiom of C;

e o el

. . . Al,y...,0n .

e there is an application ——7—— of a rule in C such that
r % at, ..., % o, and, for every varying object o of this applica-
tion such that o ¢ V and for every «; (1 < i < n), if o is free in o, then
there is IV C T, such that o is not free in IV and I" % Q.

If V = (), we can replace the third clause above by the following condi-

tion: a1s. .o

e there exists an application ——5—— of a rule in C, such that
r % at,..., I % an and, for every varying object o of this applica-
tion and for every a; (1 < i < n), if o is free in «;, then there exists

IV C T such that o is not free in I'V and I" % ;.

3.12 Examples. Let C be a calculus without schemas whose inference
rules are the following:
° Vga » whereon the varying object of each application is the quantified

variable;
. Daa » whereon [ is the varying object of all applications.

The following propositions provide examples of dependence consequence:
pla,y) PG Vavyvz pla,y);

p(x,y,2) g Vavy¥z p(x, y, 2);

p(z) B Ove p(a);

Op(x) t& OV Op(x);

Op(x,y) P~ Ovavy Op(z, y).

3.13 Theorem. The following properties are valid for the relation
(i) if there is a demonstration D in C of a from T whose collectio

«“ ” .

of
varying objects of applications of rules of C in D is V, then I’ % «;

(ii) if T % a, then T l? a;
(i) if T l? a, then there is a collection V of varying objects such that

F%a;
(iv) lgaiffl%a;

)%
C
1
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if C is closed, then I’ |€ aiff T % Q;
if @ is an axiom of C, then % «;
ifael, thenf%a;

Al,y...,

(viii) if Tﬂ is an application of C whose collection of varying
objects is V, then {aq,...,a,} % Q;
a1y...,Q
(ix) if — 5" is an application of C such that W is the collection

of all varying objects o of this application in which o is free in some
of their hypotheses, then {aq,...,a,} l% Q;
) ifF%aandVgV’,thenF%a;
) ifF%aanngF’,thenF’%a;
(xi) if T}% a, then there is ' € V such that V' is finite and T P4 a;
) if T % a, then there is IV C T such that I" is finite and T % a;
) if T % « and, for each o € W, o is not free in I', then I l% «;

* T % a,
(xv) if ¢ * for each o € W, there exists IV C I such that o is not free in I and
I’ % a,
then T’ l% a.

3.14 Example. The following assertions are not valid for the relation

13 v”,
SETF R P e fon 0] BB, then TR

)% )%
* Flgal,...,f‘lgap,
01,.-,0p,
o ifd* {0417~-~_>04p}|Tﬁ7 . . ' .
« for all i € {1,...,n} and for all j € {1,...,p}, if 0; ¢ V and o; is free in
aj, then there exists I C I' such that o, is not free in I and I % aj,

then T’ % 0.

Proof:
Let C be a calculus whose schemas are “a—aV 3’ and
Yo a — a(z|t)”, and whose rules of inference are

o, a— B 6]
Vea '
such that the first is a constant rule and the second is a varying rule in
which the varying object of each application is the corresponding quanti-
fied variable.

and
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0
We have that {{Vy 4(y,2), 4y, z) = r(y)} lE r(v) , however it is not true

rW) ke vz () v 5(2))
that {Vy q(y, 2), q(y,z) — r(y)} % Vz (r(y) V s(z)), from which we have a

counterexample for the first proposition.
0
Likewise, we have that {{qu(y, 2), Yyaly,2) = r(y)} lF r(y) , never-

r(y) K& Yyvz (r(y) v s(2))

theless it is not true that {Vy ¢(y, 2), q(y, 2) — r(y)} % YyVz (r(y) V s(z)),
from which we have a counterexample for the second proposition. O

3.15 Definition. We say that a demonstration D in C is supported by
a collection V of varying objects if V contains the collection of varying
objects of applications of rules in D such that, for each conclusion of such
applications, there exists a premise relevant to it in D. If there exists a
demonstration in C of a from I' such that D is supported by V, we say
that a is supported by V from T' in C, and we note this by T’ |% a. If
YV = {o01,...,0,} and n > 1, we also note I' |% a by ”% a. If
V = (), we say that D is a stable demonstration in C. If « is supported by
() from T' in C, we say that « is a stable consequence of T' in C.

3.16 Theorem. A formula « is supported by V from I' in C if, and only
if, at least one of the following clauses is fulfilled:
e « is an axiom of C;

e acl
. . . a1,...,0n .
e there exists an application ——5—— of a rule in C such that

1% \% . . . . .
r ”E ay,..., [ ”E an and, if there is a varying object o of this ap-
plication such that o ¢ V), then l? at, ... 7'6 Q.

3.17 Examples. Let C be the calculus defined in 3.12. The following
propositions provide examples of supporting consequence:

e p(z,y) ||% VaVyVz p(z, y);
p(x.y,2) g Vavyvz p(z.y, 2);
p(@) |5~ Dve p(e):

Op(x) H% OV Op(x);

Op(z, y) ||% COVaVy Op(z, y).
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3.18 Theorem. The following properties are valid for the relation “|%":
(i) if there exists a demonstration D in C of « from I whose collection of

varying objects of applications of rules of C in D is V, then I’ |% «;

(i) if I |% a, then T’ l? «;

(iil) if T l? «, then there is a collection V of varying objects such that
%

F”E Q; .

) l? a iff ”E Q;

) if Cis closed, then T l? aiff T ”% «;

(vi) if o is an axiom of C, then ”% «;

) ifael, thenF”%oz;
)

Q1yeee,Qp | .. . .
if % is an application of C whose collection of varying

objects is V, then {aq,...,a,} |% Q;
) ifI‘“%a and V C V', then I‘”%a;
) ifF|%a and I' C IV, then F’|%a;
(xi) ifIl ”% a, then there exists V' C V such that V' is finite and T |F= a;
)
)

v
C
if |% a, then there exists IV C I' such that IV is finite and T ”% o;
ifF|%a1,...,F|%an,{a1,...,an}|%ﬂ, then F|%ﬁ

3.19 Example. The following assertions are not valid for the relation

%
e

: v-w
r |% « and, for each o € W, o is not free in ', then T’ ”T Q;

* F|%a,

e if ¢ x for each o € W, there exists I C I' such that o is not free in IV and
Vv
I’ ”E a,
V-w
then I ”T Q.

1% 1%

* F”Eah...,FHEQP,

O1,.eny On
* {al,...,ap}niﬂ,

eifdx for all i € {l1,...,n} and for all ; € {1,...,p}, if 0; ¢V
and o; is free in «aj, then there exists IY C T such that o; is not free

in IV and T ”% a;,
then I’ |% 0.
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Proof:
Let C be a calculus with no schemas, and whose rules of inference are
anB o ¥ra 4 _a
@ a(z|t) Ve o

such that the first two ones are constant rules and the third one is a vary-
ing rule in which the varying object of each application is the quantified
variable.

0
We have that p(z) ”% Yy p(y), but it doesn’t imply that p(zx) ”F Yy p(y),
so we have a counterexample for the first two propositions.

0
Likewise, we have that {Vm p(@) /\Zp(y) ”E vz p(@) , however it is not true
Ve p(2) i V2p(2)

that Va p(z) A p(y) ”% Vz p(z), therefore we have a counterexample for the
third proposition. O

3.20 Theorem. The following proposition describes a way of expansion

«| Vo
C

for the relation in a generic calculus.
. IfF%al,...,F%an,{al,...,anH%ﬁ, then F%ﬁ.

3.21 Theorem. If T’ |% «, then T’ % Q.
Proof:
If a is an axiom of C or a € T, there is nothing to prove.

Q1yenn,
Let us suppose then that there is an application % of a rule of C

fulfilling the conditions of theorem 3.16. By induction hypothesis, we have
that T’ % at,..., [ % an. Given a varying object o of this application such

that o ¢ V, we have l@ A1y 7'? ap, and hence l? a, which is, according
to propositions 4, 10 and 11 of theorem 3.13, a sufficient condition for
concluding that I' % Q. O

3.22 Exampl% Consider again C the calculus defined in 3.12. We have
that  p(x,y) %VmVsz p(z,y), but it does mnot imply that

p(z,y) ”% VaVyVz p(z,y); we have only that p(z,y) chi VaVyVz p(z,y),
soIl % « does not always imply that T’ |% a.

4 Special Axiomatic Calculi

In this section some conditions are presented by which dependence and
supporting consequences can be partially or completely equivalent, and by
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which generalization rules and introduction of implication can work in a
weaker or in a stronger way.

4.1 Definition. A calculus C is said to be partial stable if the following
conditions are valid:
e each varying rule of C is unary, its domain is the collection of all formulas

in C, and each of its applications has exactly one varying object;
/

for each application % of a varying rule in C, if its varying object is not
free in ', then o’ ”i a;
) C )

. . A1,y ...,Qn . .
for each application ——g— of a constant rule in C, if o}, ..., a),, &

are respectively conclusions of applications of a varying rule over

. . : ! / @ /
a1,...,0n,q, using the same varying object, then of,..., a;, ”E o

4.2 Example. Let C be a calculus whose schemas are the following:
e o — Vr o, whereon x is not free in «;

e o — a, whereon [ is not free in a;

Vo (a— f) = (Ve o — VYV §);

O(a — 8) — (Do — Of).

The rules of C are the following;:

ao—f o
’Tv which is a constant rule;

° vga » whereon the varying object of each application is the quantified

variable;
. Daoz » whereon [ is the varying object of each application.

We have that C is partial stable.

4.3 Theorem.
x C is partial stable,

0
It * I ”E a,
[}
* i, is an application of a varying rule in C such that its varying object is

not free in I,

0
then T’ ”F o
Proof: 1t is similar to the proof of theorem 4.16. O

4.4 Theorem. If C is partial stable, then I" % aiff T ”% Q.
Proof: Tt is similar to the proof of theorem 4.17. O
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4.5 Theorem. If C is partial stable, then “”%” has the following addi-
tional property:

* F”%ah...,l"”%a;”
01,..-,0n
* {al,...,ap}”:lTﬂ,

e if ¢ % for every i € {1,...,n} and for every j € {1,...,p}, if o; is free
in «j, then there exists IY C T such that o; is not free in I”

and IV ”% a;,
then I' ”% G.
Proof: 1t is similar to the proof of theorem 4.18. O
4.6 Corollary. If C is partial stable, then the following additional prop-

«| 9 ”.

erties are valid for the relation “Fg

. I‘%al,...,F%ap,{al,...,ap}%ﬂ, thenF%B;
* F%al,...,F%ap,
* {al,...,ap}”%ﬂ,

e if ¢ % for every i € {1,...,n} and for every j € {1,...,p}, if o; is free
in «j, then there exists IY C T such that o; is not free in I’

and IV % aj,

then T’ % 0.
Proof: Tt suffices to use theorems 4.5 and 4.4, together with the proposition
13 of theorem 3.18. O

4.7 Definition. A calculus C is said to be partial strong if the following
clauses are satisfied:
. lF a— q;

. 85 a—s;
0
’a,a_’ﬁ”E& Jé; .8

e for each application =" of a constant rule in C,
{a—>ﬁl,...,a—>ﬁn}”%a—>ﬁ.

4.8 Example. Let C be a calculus whose schemas are the following:

o a—(f—a)

* (a—p)—=((a—=(B—7)—(a—7).

The only inference rule of C is %, which is a constant rule.

We have that C is partial strong.
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4.9 Example. Let C’ be a calculus obtained from the calculus C of the
preceding example by adding to it two new rules:
° V?a » whereon the varying object of each application is the quantified

variable;
° Daa » whereon [ is the varying object of each application.

We have that C’ is also partial strong.

4.10 Theorem. The following propositions are equivalent:
e C is partial strong;

e for any I', a and S, Fu{a}|%ﬂifff‘”%a—>6.
Proof: Tt is similar to the proof of theorem 4.23. O

4.11 Corollary. If C is closed, then the following propositions are equiv-
alent:

e C is partial strong;

e for any I', a and S, Fu{a}lgﬁiffflgaeﬂ.

Proof: Tt suffices to use theorem 4.10 and proposition 5 of theorem 3.18. [

4.12 Scholium. If the first, second and fourth clauses of definition 4.7 are
valid for C, then I' U {a} ”% (3 implies that T’ ”% a—f.

4.13 Corollary. If C is partial stable, then the following propositions are
equivalent:
e C is partial strong;

o I‘U{a}%ﬁifff%aeﬂ.
Proof: Tt suffices to use theorems 4.4 and 4.10. O

4.14 Definition. A partial stable calculus C is said to be stable if it has
the following additional property:

o for each application 5 of a varying rule in C, whereon o is its varying
object, if 3’ and o are respectively conclusions of applications of a vary-
ing rule in C over # and over « using a same varying object distinct from

o, then 3 ”% o'

4.15 Example. The calculus defined in example 4.2 is partial stable, but
it is not stable. If we add to it the schemas “Vxa — «” and “Ua — o”,
then we obtain a stable calculus.

4.16 Theorem.
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x C is stable,
%
It * F”E «,
L]
* % is an application of a varying rule in C such that its varying object

is not free in T,

%
then T' ”E a.
Proof:
Let % be an application of a varying rule in C, whose varying object,
denoted by o’ from now on, is not free in T.
. . %
If v is an axiom of C, then l? a, S0 l? o', therefore T’ ”E o

. . . 0
If « € T', then o' is not free in «, so, as C is stable, « ”E o', therefore
1%
r ”E o o o
If there is an application of a constant rule ———="—" in C
v v . . .
such that T' ”F at,..., [ ”E ay, we have, by induction hypothesis, that
v % .
r ”E of,..., T ”E al , whereon of,...,al, are respectively consequences
over ag,...,a, by applications of the same rule from which % is an ap-
plication, using the same varying object o’. As C is stable, it follows that
0 vV
O/l,...,O/TLHFO/,hel’lCGF”EO/. 3
Let us suppose now that there exists an application 4 of a varying rule in

. . . \Z .
C, whose varying object is o, such that I’ ”F B. Consider 3’ a consequence
of B by an application of the same rule in which o’ is consequence of «,

using the same varying object o’. By induction hypothesis, T’ ”% G, If
o€V and o =0, then o’ € V, hence, from the hypothesis I’ |% a, we have
that T’ % o. If o € V and o # o, then, as C is stable, 3’ ”% o', therefore
r ”% o. If o ¢V, then l? «a, thence l? o', therefore T ”% a. O

4.17 Theorem. If C is stable, then I % aiff T ”% Q.

Proof:
By theorem 3.21, we have that T’ |% « implies T’ % «, SO it remains
to prove the converse.

%
Let us suppose that T’ l? Q.
Let D be a demonstration of « from I" depending on V', 3 the first occurrence
of a formula in D justified as a consequence of an application of a varying
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/
rule 7 such that its varying object does not belong to ¥V and some premise

is relevant to 4’ in D. Let o be the varying object of this application.
. . . [
If o is not free in @', then, as C is stable, we have that 3’ ”E (3, hence, as
. . v
the considered occurrence of 3’ precedes 3 in D, we have that I" ”E 3, and

e v
therefore, by transitivity of “”E”, r |% 0.
If o is free in /', then, as 0 ¢ V), there exists I' C I such that o is not free
. v . . .
in IV and T ”E 3, hence, as C is stable and in accordance with theorem

4.16, TV |% 3, therefore T’ ”% G.

In any case, there is a demonstration Dg in C of 8 from I supported by V.
Replacing the considered occurrence of 3 in D by Dg, we obtain, given D,
a demonstration in C of « from I', in which the number of applications
of varying rules, whose varying objects do not belong to V and whose
hypotheses have premises relevant to them in the new demonstration, has
decreased one unit. Repeating the same process a finite number of times,
we obtain a demonstration in C of « from I' supported by V, or rather,

F|%oz. O

4.18 Theorem. If C is stable, then “|%” has the following additional
property:

* F”%ah...,l"”%am
01,...,0
* {al,...,ap}”;ﬂ,

e if 0% for every i € {1,...,n} and for every j € {1,...,p}, if o & V
and o; is free in v, then there exists IY C T' such that o; is not free

in I and I |% a;,
then I’ |% 0.

Proof:

Let Dy,...,D, be respectively demonstrations in C of aq,...,a, from I
supported by V, and let £ be a demonstration in C of 8 from {a1,...,ap}
supported by {01, ...,0n}. Concatenating Dy, ..., Dp, £, we obtain a demon-
stration D of 8 in C from I'.

Let v be the first occurrence of a formula in D justified as a consequence of
/

an application 77 of a varying rule, such that its varying object does not
belong to V and some element of I" is relevant to 7' in D. As Dy, ..., D, are
demonstrations supported by V, we have that the considered occurrence of



Introduction of Implication and Generalization in Axiomatic Calculi 249

~" appears in &, hence, considering o the varying object of the application,
we get that o € {o01,...,0,}.
Let ¢ and ¢ be defined by
¥ ={a;|je{l,...,p} and o is free in «;},
¢(={a;|je{l,...,p} and o is not free in «;}.
It is easy to verify that there exists a finite I, such that IV C T, o is not
. \Z .
free in IV and, for every § € ¢, I/ ”E 0. Therefore, by the construction of
¢, F/UC”%OQ,...,F,UC”%OZP, and o is not free in IV U (.
As the considered occurrence of 7’ precedes v in D, we have that
)4 e 1% 1%
{a1,...,ap} ”E ~', and hence, by transﬂ\c}lwty of “”E”’ we get IVU(C ”E v,
and therefore, by theorem 4.16, TV U ¢ ”E y.
For every 6 € TV U (, we have that T |% 0, and hence, once again due to

transitivity of “|%”, r ”% 7. Or rather, there exists a demonstration D,
in C of v from I" supported by V. Replacing the considered occurrence of
v in D by D.,, we have a new demonstration D’ in C of 8 from I, in which
the number of applications of varying rules, whose varying objects do not
belong to V and each hypothesis has some premise relevant to it in D', has
decreased one unit. Repeating the same process a finite number of times,
we obtain a demonstration in C of 8 from I' supported by V), or rather,

Ik 5. 0

4.19 Corollary. If C is stable, then the following additional properties are
valid for the relation “ Z 7

° ifF%al,...,F%ap,{al,...,ap}%ﬁ, thenF%ﬁ;
* F%al,...,F%aP,
* {ah...,ap}l%ﬂ,

o if ¢ x for every i € {1,...,n} and for every j € {1,...,p}, if o, & V
and o; is free in «;, then exists I" C I' such that o; is not free in I

and IV % aj,

then T’ % 0.
Proof: Tt suffices to use theorems 4.18 and 4.17, together with the proposi-
tion 13 of theorem 3.18. O

4.20 Definition. A partial strong calculus C is said to be strong if it has
the following additional property:
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ey

e for each application by ™ of a varying rule of C whose collection of

varying objects is V, if no element of V is free in «, then

%
{a—>61,...,a—>ﬁn}”€a—>ﬁ.
4.21 Example. The calculus defined in example 4.8 is also strong.

4.22 Example. The calculus defined in example 4.9 is partial strong, but
it is not strong. Consider C a new calculus obtained from it by adding two
new schemas:

o V(o — ) — (v — Vx (3), whereon z is not free in «;

e J(a— ) — (a— 0OpB), whereon O is not free in «.

We have that C is strong.

4.23 Theorem. The following propositions are equivalent:
(i) C is strong;
(ii) for any T, o, 8 and V, such that each o € V is not free in «,
\Z . \Z

Tufatltg Biff T |5 a— 8.
(i) implies (ii):
Let us suppose that C is a strong calculus and that each o € V is not
free in_a.

Ifr |% a — (3, then, due to clause (iii) of definition 4.7, I' U {a} |% 0.
Consider now that I' U {a} |% B.

If 3 is an axiom of C, then l? 0, hence, according to clause (ii) of definition

4.7, T |€ a—f, thegefore Tr |% a— f.
If B € T, then F”E B, hence, according to clause (ii) of definition 4.7,

%
r ”E a— f.
If 8 = «, then, according to clause (i) of definition 4.7, T l? a—«, therefore
T ”l a— (.

c 61) s aﬂn

If there is an application of a rule of C such that
I'u{a} ”% Bi,..., T U{a} ”% ﬂf, we have, by induction hypothesis,
T ”% a—0B,...,[ ”% a — (,. If there is a varying object of this applica-
tion that does not belong to V, then, according to theorem 3.16, l? 5, hence,

once again by clause (ii) of definition 4.7, l? a— f3, therefore |% a— (. If
every varying object of this application belongs to V, then, as C is strong,

{Ol—>/31,~-.,a—>/6’n}|%a—>ﬁ,thereforef|%a—>5. O
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(i) implies (i):

Let us suppose that for any I', o, 8 and V such that each o € V is not
. \% . \%

free in «a, Fu{a}|lgﬁ1fff|lga—>ﬂ.

As « l? «, we have that l? a—a.

As {3, a} ”%6, we get ﬂ||%a—>ﬁ.

Asa%ﬂ”%a%ﬂ, we have that {a,aﬂﬂ}”%ﬁ.
ﬁla"'vﬂn

Finally, let —————— be an application of a rule of C whose collection of

varying objects is V, and « a formula in C where no element of V is free.
We have that

{Oé—>617...,Oé—>6n70(}”%61,...,{a—>ﬂ1,...,a—>ﬂn’a}”%ﬂn’
hence, as {f1,..., 0.} ”% B3, we have that {a — (1,...,a — B, a} ”% B,
therefore {aﬂﬂl,,._’aﬁgn}”%aﬂﬂ. o

4.24 Scholium. If the first, second and fourth clauses of definition 4.7,
together with the only clause of definition 4.20, are valid for C, then the
following proposition is true:

) {each o €V is not free in «,
o i

\%
FU{a}”%ﬁ, thenF||€a—>ﬂ.

4.25 Theorem. If C is stable, then the following propositions are equiv-
alent:

e C is a strong calculus;

e for any I', o, 8 and V, such that each o € V is not free in «,

Fu{a} & Biff THE o — 4.
Proof: Tt suffices to use theorems 4.23 and 4.17. O

5 Conclusion

We have presented general formulations for generalization rules and for
introduction of implication, valid for a large family of axiomatic calculi,
from closed to open ones.

Closed calculi have the simplest formulation for introduction of impli-
cation, and generalization rules can be simulated through admissible rules.
For these calculi, both these procedures can be performed by using only
the basic consequence relation.
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The same does not happen with respect to open calculi. In them, for
managing the interrelationship between introduction of implication and
generalization rules, the basic consequence relation is not sufficient for trac-
ing how varying objects are used along a demonstration, so it is necessary
to annotate them for all applications of inference rules, taking into account
two adequate consequence relations, which can be partially or completely
equivalent, depending on the particular calculus. In practice, at the worst
case, it is necessary to work in a simultaneous way with two consequence
relations for tracing varying objects, the dependence and supporting ones.

These results are very important for modelling new calculi that should
have properties related to weaker or stronger forms of generalization and
introduction of implication. Some of them were essential for obtaining an
abstract completeness proof for a broad group of calculi with respect to
their semantics, in [2], pgs. 72-88. A future paper will present a concise
exposition of this proof.
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