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Abstract. To establish and justify general methods of linguistic reasoning, we introduce a use
of sentences by means of ‘assertion rules’ which partially have a narrow relationship to the
proceeding in [7: 1., 2.] and help us to demonstrate that one can rely on certain logical inference
rules (§1, §2). As assertion rules we choose only such rules which can be formulated with words
which are as unambiguous as possible. Therefore, we at first introduce the particles A, Vv, 3, and
— only. Let the resulting use of sentences be said to be the ‘primary’ use. However, we cannot
define a subjunction (material implication) which indicates that, according to this use, one may
conclude the succedent from the antecedent.

Therefore, we subsequently liberalize the primary use of sentences in §3. This liberalization
establishes a ‘classical’ use which permits to apply classical logic, and can be justified by the
following (and some other) facts: An elementary sentence may be asserted classically iff (i.e.
if and only if) it may be asserted primarily. A sentence of the form Vz [A(x) — B(z)] (which
is defined suitably) expresses that, for any value r of the variable x, if A(r) may be asserted
classically, then B(r) may at once (and generally later on) be asserted so. For this ‘inferential
purpose’, the classical use of sentences of that form is also not unnecessarily restricted. If we
replace the primary use by the classical use, only dispensable means of speech get lost. (Details
will be discussed in §6.)

In §4 we especially deal with the concept of infinity on the example of the set IN of natural
numbers. The infinity of IN is considered as a ‘deontic’ one. This means that we shall never be
obliged to terminate the construction of natural numbers. So we avoid the ontological assumption
concerning the infinity of IN.

In §5 we investigate a use of sentences which include indicators (as “this ant”, e.g.) or objectual
variables. This use depends on situations. To eliminate this dependency we introduce objectual
quantification.

In §7 - §10 we deal with a ramified type theory in a cumulative version: In §7 and §8 we
introduce an extension of a union of higher order languages by means of variables z,y, ... for
constants of arbitrary order, and variables for tuples (c1, ..., ¢;) of arbitrary order and arbitrary
length j € INT. So we may simply identify types with orders. In that language, ‘type-free’
equations x = y are definable. We extend the primary and the classical use to that language,
show that their sentences are non-circular, and that their formulas are invariant under (=).

In §9 we deal with singular description terms.

In §10 we even introduce higher order languages which also contain formulas with indicators
and objectual variables, and enable a quantification which combines both substitutional and
objectual quantification. We show that we may commute any consecutive existential quantifiers
that occur in formulas of those expanded languages.

In §11 we extend the language introduced before by proper names for parts of that language
such that we can speak in that language about itself.

By this means, we progressively introduce a (not completely) universal frame of language.
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§0. Introduction

By an assertion we understand an act: One asserts a proposition in general simply by
pronouncing it as a complete sentence to a listener or writing it for a reader. Statements
we also include among assertions. However, there exist linguistic acts in the shape of
assertions which are not to be understood as assertions or are not meant seriously. (Ex-
amples are fictitious, fictional or jocular expressions.) This can be said additionally or
can result from the context. Nevertheless, we can in general decide whether one has - or
ourselves have - asserted a particular sentence because assertions which are unjustified
(as lies, e.g.) or have not been accepted or believed are assertions as well (or are said to
be assertions here).

Let us raise the question how it is possible to understand assertions. To this we consider
the sentence: “Paul had a temperature of 39.2° C yesterday evening.” A listener can
understand this in so far as he is used to the rule by which this sentence should be
asserted only after measuring temperature and getting the corresponding result. Such
examples lead us to the

Thesis: Sentences become understandable because it is usual or agreed to restrict
assertions in a regular way, and so to omit asserting particular sentences finally or tem-
porarily. (This explanation requires, of course, some completion.)

The underlying standards of assertion are generally only tacitly valid. To obtain means
of linguistic reasoning (especially inference rules) which can be shown to be serviceable
and reliable we shall contrive a use of sentences by fixing explicit ‘assertion rules’ in
addition to certain conventional standards. However, we do not intend to describe or
explain how fluent speakers argue factually. Instead, we intend to establish and justify
an argumentation technique which is efficient, uncomplicated, clearly arranged, and easy
to use.

As assertion rules we shall choose only such rules that can be formulated with words
which are as unambiguous as possible - so that we can check in as many cases as possible



whether we have broken such a rule. However, it would not be sufficient for the mentioned
purpose to take only ‘formal’ rules like such of a calculus since it follows from a result
of GODEL that there does not exist a calculus, K, such that any first order arithmetic
sentence is assertible iff it is deducible by the rules of K.

Recourse to prohibition rules: Which kind of rules are particularly appropriate
to stipulate a use of assertions? General positive commands of the form “Whenever a
happens, then do b !” have the disadvantage that one mostly has no opportunity to
act upon them. An example for this fact is given by the following rule: “Whenever two
sentences A, B have been asserted, then assert A A B too”. Since we would have to speak
without end by this rule, it suggests itself to replace it by an analogous permission. That
an act is permitted means that it is not forbidden or that it must not be forbidden. To
forbid an act means to ask or demand, not to do it. Note that the meaning of prohibitions
can be demonstrated by means of punishment or blame, for instance. Therefore and with
regard to the above mentioned thesis we shall take prohibition rules as assertion rules.

A calculus, e.g., is a system K of rules that allow to successively perform certain schematic
operations on strings of symbols. This means, however, that in the context of K such an operation
is forbidden unless it is explicitly permitted by the rules of K.

Material inference rules and means for their formulations: Requisite for re-
asoning are inference rules by which, for particular formulas A;(z), Aa(z), and B(x),
e.g., we may conclude B(r) from A;(r) and As(r), for any value r of the variable z. To
indicate that one may conclude so we intend to write

Vo [A1(z) A As(z) — B(z)]

(cf. [12, p.104]). To this end the assertion of this sentence should be restricted to the
condition that, for all values r of x, if A;(r) and As(r) may be asserted, then B(r) may
be asserted at once. But our understanding of this condition is particularly problematic,
because it contains the words “for all” and “if - then”. So we shall define sentences of the
forms A — B and Vx A(x) by means of A (and), = (not), and 3 (for some). However, those
sentences will serve their ‘inferential purposes’ only after a subsequent liberalization (§3)
of the initially introduced use of that language.

Remarks on some well-known approaches to logic.

(1) An intuitionistic approach starts from a concept of proof which can inductively
be defined (cf. [1], [4]). We formulate that for subjunction only:

A proof of A — B is a ‘construction’ ¢ that converts each proof of A into a
proof of B.

That ¢ is a proof of A — B means in detail that, for all pertinent p, if p is a proof of
A, then ¢(p) is a proof of B. Especially for 0 = 1 in place of B, this means that there
does not exist a proof of A. In these explanations, however, we have already used the



words “for all”, “if - then”, and “not” of everyday speech. Besides, (for compound A) it
is in general not decidable whether a pertinent construction p is a proof of A. For this
reason, in [5] ¢ as above has been replaced by a pair (¢, d) where d is a ‘demonstration’
which shows that ¢ converts each proof of A into a proof of B. However, this concept of
proof - which is critically discussed in [1, p. 232] and [14] - is rather intricate and yet
somewhat problematic. - The following approach avoids definitions which are circular or
seriously involved in an infinite regressus:

(2) An approach to logic by dialogues (see |9, pp. 60ff.]). Let us consider material
dialogue games as in |9, pp. 75 - 83]. To show their suitability we need especially the
following theorem by which the ‘modus ponens’ may be applied: If there exist strategies
to win dialogues for A as well as for A — B, then there also exists a strategy to win
dialogues for B. This theorem is a composite proposition of a metalanguage. Even the
attempt to dialogically interprete it meets with difficulties. Moreover, to formulate a
proof of that theorem - or of a more general so called Cut Theorem - we need sentences
of the metalanguage in which the connective “if - then” and the quantifier “for all” occur
iteratively. (Note also that the mentioned strategies are meant to be strategies to win
dialogues against any opponents.) In the proof of the Cut Theorem, the comprehension
of those particles succeed by linguistic habits and on the context. However, some ways of
reasoning applied in that proof are just to be justified for the object language by means
of the Cut Theorem.

In [6], K. LORENZ has taken other frame rules for dialogues as a basis, and has used
constructive ordinal numbers. For the pertinent investigations one must have seen before
that those alleged ordinals can in fact be used as ordinals, i.e. enable transfinite induction.
- In Proof Theory (cf. [13] or [16], e.g.) occur analogous problems.

The problem of beginning

As we have partially seen, the considered approaches to logic are involved in different
kinds of circularity or regressus. However, there is a more general problem: How can one
be initially entitled to any reasoning at all (cf. [2], [15])? For a justification of rules for
arguing, or for a proof that they are reliable we already need reliable argumentations.

To reduce this problem, we do not only stipulate certain rules to restrict assertions;
we also agree that those assertions must not be restricted by further rules. Then we
can see that the stipulated rules for compound sentences may be ‘inverted’ (cf. the
‘Inversionsprinzip’ in |7, §4]). So the latter rules and their inverses may also be used as
inference rules. - Since our colloquial language can partially be understood to be ruled in
that way, we may also perform particular colloquial reasonings by applying the mentioned
rules. (Later we shall see that also certain other rules may be applied.)

If we start any metatheoretical reasoning with sentences which are said to be assumed,
presupposed, or the like, we shall treat them like asserted sentences - so that the con-
clusions which we draw from them may be asserted as soon as those assumptions have
rightly been asserted. In this way we understand colloquial conditionals.



We shall not presuppose that there (‘actually’ or ‘potentially’) exist infinitely many
objects like (mental or other) constructions, proofs, or numbers, for instance.

§1. An assertion game

Elementary sentences and their use

We presuppose that we already dispose of concepts of certain ‘elementary sentences’,
of ‘internal rules’ (of assertion concerning elementary sentences), and of ‘external
rules’. (Here we include usage among rules.) For our purposes it suffices to formulate
some claims on these concepts and some explanations.

Let elementary (or ‘atomic’) sentences be not as usual composed of other formulas
(i.e. sentences or sentence forms) by means of connectives, quantifiers, or set theoretical
particles. - In the following we write E, F1, ... for elementary sentences.

For numerous elementary sentences, E, we have learned in practice that E may be
asserted only after we have made a particular perception or observation or have got a
special result of an act as a measuring, for instance. (Details are beyond the scope of our
topic). Let at least such rules of assertion (which are valid in our community) be said to
be external. We say that £ has been anchored to mean that the present assertion of
FE would not violate an external rule.

Several elementary sentences can also depend on each other by rules concerning asser-
tions of those sentences. Examples are the following rules by which one may assert “(All)
beetles are insects” and “Beetles are no flies”: If the sentence “This is a beetle” may be
asserted, then also the sentence “This is an insect” may be asserted, but “This is a fly”
must not be asserted. (See also the ‘Priadikatorenregeln’ in [9, p. 182].) Thus sentences as
“Beetles are insects” and “Beetles are no flies” are based on our common linguistic usage
(see [3]). |[Here we need not deal with the question whether they can also be justified by
(fictitious) definitions as “beetle = insect and winged and with wing-cases and ...”.|

Rules which are valid in our community and by which elementary sentences depend on
each other as in the above examples can be considered as particular internal rules. As
an internal rule we also take the prohibition to assert a particular elementary sentence,
1. Let us say that E has been rejected to mean that the present or later assertion of
E would (generally together with already accomplished assertions of other elementary
sentences, Di,...,D,) violate an internal rule. However, if D; has been rejected at the
moment ¢, let any assertion of D; at ¢ or later pass for failed, i.e. not performed. Therefore,
if £ has been asserted (without failing), F cannot become rejected thereafter.

As internal rules for elementary sentences we at first admit - apart from the mentioned
prohibition to assert L - only rules with instances (substitution instances) by which, for
certain elementary sentences F1, ..., E,, and FE, it is forbidden to do both, to assert all
of the sentences Fj, ..., E, and to reject . For such an instance of an internal rule we
simply write



(Int) Ey,...,B, = E.

Commentary: From (Int) the following results:
If Eq,..., E, have been asserted, it is forbidden to reject E.
But if E has been rejected, it is forbidden to assert all of the sentences F1, ..., E,.
If, moreover, Fs, ..., E, have been asserted, then F; is rejected.

In §5 we shall also admit other similar internal rules for elementary sentences.

Example 1: Let a and b range over signs for length (as ‘25 cm’, e.g.). Let L(s, a) mean
that a stick s has the length a, and suppose that we have the internal rules

a=ba#b = L
L(s,a), L(s,b) = a=0b.

L is agreed to be rejected. So if we assert a # b, then a = b becomes rejected. So if we
also assert L(s,a), then L(s,b) becomes rejected.

By the latter rule, we may assert only one result of a measurement of s. This is not suitable
for a branch s which can grow or for a stick which can change its length otherwise. In this case,
a formulation as “s has the length a at t” (where ¢ denotes a moment) may be more adequate.
Nevertheless, in certain cases only experience can show (in general without giving final certainty,
however) whether or how far a particular linguistic rule can be useful.

Now we consider the internal rules of the form (Int) as a calculus which operates on
elementary sentences where ‘=’ indicates the permitted deduction steps. Let us agree
that if £ is deducible by those rules from other elementary sentences which have already
been anchored and asserted, then also E passes for anchored. (Let this agreement be
external.)

Notes: 1. An instance = F of an internal rule without premises can be inconsistent
with other internal rules. In this case it should not be accepted.
2. It is not totally impossible that an elementary sentence becomes both, anchored and
rejected. (Therefore we do not use the word “verified” for “anchored”.)
3.If Fy, ..., E, have been asserted from separate persons at the same moment and if the
internal rules have been violated by those assertions, then let them pass for failed.

A material first order language £,

In the following we only deal with sentences that do not depend by rules of assertion
(i.e. exclusive of rules of politeness or regard, e.g) on particular linguistic contexts or
situations (or on the involved persons, e.g.). In §5, however, we shall also deal with other
sentences as “This is a beetle” that may only be asserted in particular situations (as
while showing a particular animal).

At first we only consider formulas that are elementary formulas (of a certain class) or
are composed of them by means of A (and), V (or), = (not), and 3 (for some) as usual.



Let the class of those formulas be denoted by Lg. We assume here that the concepts of
variables (of Ly) and of values of variables have already been introduced. Those values
are supposed to be constants, i.e. certain strings of symbols in which no variables occur.
For short we say
“formula” for “formula of Ly”,
“sentence” for “sentence of Ly”.

(Sentences are formulas in which all occurrences of variables are bound.)

In more detail, we presuppose the following: For any string x of symbols we know how to
decide whether x is a variable. For any variable x and any string ¢ of symbols we know how to
decide whether ¢ is a value of x. Any two occurrences of variables in any string of symbols do
not overlap. - Elementary formulas are not as usual composed of other formulas by means of
logical or set theoretical particles. Elementary formulas include outer brackets (which, however,
we generally omit). Further brackets occur only pairwise as usual in elementary formulas. From
an elementary formula there results an elementary sentence if we replace the occurring variables
by arbitrary values of them.

If Fis a formula and z1,...,z, (n > 1) are distinct variables, then let also
dxy,...,xn F
be a formula (in which z1,...,z, occur bound). - As ‘metavariables’ we use

F, G, H for formulas
A, B, C for sentences
x,y,z for wvariables
x for lists x1,...,x, of distinct variables
r for lists ry,...,r, of constants
Az or A(z) for formulas in which at most the variables z occur free.

Definition: r is a value of z iff r has as many members as z (i.e. m = n) and r;
is a value of z; for i+ = 1,...,n. In this case, by Ar we denote the sentence which is
obtained from a given formula Az by substituting r for x, i.e. r; for each free occurrence
ofz; (i=1,...,n). - We write

i A for: to assert A.

Now, (Int) can also more detailed be written as: §E1, ..., 1 E, = {FE.

Though we have partially formalized the considered language Ly by using symbols as logical
particles, £y is a material (assertoric) language, not merely a formal language. Since we shall
introduce a use of sentences such that some but not all sentences may be asserted, we need not
additionally give interpretations which assign meanings to sentences (in a realistic, mentalistic,
or other manner). Nevertheless, some relation to ‘reality’ is given by external rules. - In §4, §5,
and §7 - §11 we shall also consider some expansions of L.



The primary game

Leading idea: We should generally assert a sentence only if we know arguments for it, which we
could, therefore, also assert to ourselves in our mind before asserting that sentence. Accordingly,
we choose rules of assertion by which an assertion is forbidden until a certain condition is satisfied.
Thus, that a sentence may be asserted means that its assertion would no longer violate an
appertaining rule.

Given certain external rules as well as internal rules for elementary sentences (as above),
the primary game is defined to be the ‘assertion game’ with those rules and the below
quoted assertion rules for compound sentences. Also these rules, which are conditional,
possibly temporary prohibitions of assertions, are said to be internal. The first of them
is to be read as: Assert (A A B) only after A has been asserted and B has been asserted.
(Accordingly, let “: =" be short for “only after”.)

P(A) 1(AANB) := f§A and §B

P(V) n(AVB) := fA or B (or both)

P(3) tdz Az := for some value r of z:4Ar
P(=) h—=A := A has been rejected,

where the latter condition means that, by the internal rules, A must not (or no longer)
be asserted. (This does in general require that certain elementary sentences have been
asserted. - A more detailed explanation of “rejected” will be given below.)

Let this game not contain other rules of assertion. - The rule P(A) can also be substitu-
ted by two rules. The internal rules are formulated by means of our colloquial language,
which we have learned exemplarily. This is not problematic for the rules P(A), P(V),
and P(3) since we know how to decide at any time, and for any sentence of the form
AN B, AV B, or 3z Az, whether (we know that) the present assertion of it would not
violate the pertinent assertion rule. (This is a reason for which we have chosen those
rules.) - To explain P(—) we at first give some examples:

Example 2: For sentences A and B which have been asserted according to the assertion
rules, and for any sentence C' we may successively also assert A A B, and (AA B)V C
since this would not violate the corresponding assertion rules. Therefore, = [(AA B) V C]
must not be asserted.

Example 3: 3z (Ax A —Az) is rejected, since before asserting this sentence we should
have asserted Ar A —Ar for some value r of x, and hence also Ar as well as —Ar, for
which, however, Ar should also have been rejected. Accordingly, =3z (Az A —Azx) may
be asserted.

Example 4: Let s denote a stick with a length of approximately 25 cm, and let E now
be short for “s is 24.8 cm in length”, which can only be anchored by a measurement of s
with the result 24.8 cm. Suppose that E can be rejected only by asserting another result
of a measurement of s. Let us assume, however, that s has been burnt before measuring.
Then E can neither be anchored nor rejected. So we must not assert F, neither —F.



This example shows that if E is an elementary sentence, the assertion of =F does in
general not become permitted by a mere hindrance to anchor F.

By the rule P(—), the assertability of —A is restricted to the condition that A is
rejected, which means that performing any series of assertions which ends with that of A
and satisfies P(A), P(V), and P(3) would (generally together with already accomplished
assertions of elementary sentences) violate another internal rule. If we speak so about
any assertion series of such a kind we do not only mean assertion series which will
really individually be performed, imagined, or considered. We ignore want of time and
opportunity to perform, imagine, or consider assertions.

However, the condition that a sentence A is rejected is not in any case decidable. This fact
corresponds to a theorem of GODEL by which there does not exist an effective procedure by
which one can, for any first order arithmetical sentence A, decide whether A may be asserted.
(This theorem is also relevant to other approaches to logic.)

As in the above Examples 2 and 3, the assertion rules for compound sentences can
be inverted for the following reasons: The primary game does not contain other rules
to restrict assertions of those sentences, and the use of every compound sentence is
determined non-circularly since it only depends on the use of its predecessors in the
following sense.

Definition: C' is said to be a predecessor of D iff C' can be deduced from D by at
least one application of the following rules (where ‘=’ indicates the deduction steps):

ANB = A; AANB = B;
AV B = A AVB = B;
-A = A Jz Az = Ar (for values r of x).

(Thus, A and B are the ‘immediate predecessors’ of A A B and of AV B, etc.)

The mentioned non-circularity means that no sentence is a predecessor of itself. Though
this proposition belongs to a metalanguage, it can be understood as in the primary game.
Sentences of Ly or of a similar metalanguage which have a sufficiently small complexity
are obviously non-circular. Moreover, as generally known, the noncircularity of all sen-
tences of Ly can be proved by induction on their complexity. However, we have not yet
established that method of proof. So we stipulate for the present that by a sentence is
to be understood a non-circular sentence only. - Now we consider the following ‘inverse
rules’ (of internal rules):

I(A) AB = AAB
I(V) A = AVB
B = AvVB
I(3) Ar = dx Az (for values r of z).

These rules have the following property: After asserting the premises (on the left) of an
instance of an inverse rule the assertion of its conclusion (on the right) would not violate



the pertinent rule. According to this property, in certain cases we may successively assert
several sentences in a proper order.

This shows a narrow relationship of our introduction of compound sentences to that given in
[7] (see specially [7, §4, §7]) which starts with rules as I(A), I(V), and I(3) as permission rules.
The latter approach seems to have the advantage that colloquial phrases as “or” and “for some”
do not occur in its rules. However, it must be supplied by the analogous agreement that one may
assert a sentence (which is neither elementary nor a negation) only if there exists a deduction of
it from asserted elementary sentences or negations by the indicated rules.

Also the rule P(—) can be inverted: If A has been rejected, then = A may be asserted
(cf. Example 3).

However, the following example shows that a rule to restrict assertions can generally be inverted
for non-circular sentences only: Suppose, e.g., that an extension of the language Ly contains a
particular sentence Ag (as {x: z ¢ x} € {x: x ¢ x}, e.g.) whose assertion is restricted by the
rule: §Ap:= f—-Ap. Then this rule cannot be inverted. Note that Ay is a predecessor of itself.

A corresponding assertion rule for universal sentences would be the following:
Wz Az := for all values r of z:4Ar.
This would not be useful if z has infinitely many values. So we define instead
Ve FF = -—dx—F.
Moreover, we define ‘subjunction’ by
F—-G = —(FAN-G).

However, a sentence Va (Ax — Bz) defined so does in general not yet express that, for
any value 7 of x, one may conclude Br from Ar (cf. §0). To this end we shall liberalize
the primary game in §3. We shall also return to this point in §6.

§2. Admissibility of inference rules

Now we deal with further rules which may be applied. For the present, we restrict our
investigations to inference rules of the form

R : Ay,... A, = -B

with sentence schemes A; and B in which metavariables (for sentences, formulas, varia-
bles, constants, or proper terms) may occur - and from which sentences are obtained
by replacing those metavariables by arbitrary values of them. We say that an instance
(substitution instance) of R results from R by such a substitution.

We define a condition on which R may be ‘applied’ (as we shall show):

10



Definition: R is said to be admissible iff, by the internal rules, it is forbidden for
any instance Ai,..., A, = =B of R to assert all of the sentences A1,...,A,, and B. -
This condition belongs to a metalanguage and can be formalized by

~3. (AL A ... A Ay AB)

where ..” indicates a list of all metavariables occurring behind.

The just mentioned metalanguage is an expansion of the object language £. We have just used
abbreviations as

AiNANB = (Al /\AQ)/\B.

Only for rules of the special form R with a negation on the right we could define the concept of
admissibility in terms of the introduced particles A, =, and 3. But in §3 we shall define a concept
of ‘classical admissibility’ for rules of the general form A4,..., A, = B.

By the following Lemma admissible rules of the form R may be applied. To formulate
it, we use the explication: That A has been asserted without violating any internal rule
means that there has been performed a series of assertions which ends with that of A,
begins only with assertion of elementary sentences that have not been rejected or with
assertions of negations of sentences that have been rejected (or with assertions of both
sorts), and then only applies the inverse rules (see Example 2).

2.1 Basic Lemma: If Ay,..., A, = —B is an instance of an admissible rule and
Aq, ..., A, have been asserted without violating an internal rule, then B has been rejected
(so that =B may be asserted at once).

Proof: Let A;, Ay = =B (e.g.) be an instance of an admissible rule A, Ay = —B. So
3.. (A1 ANA2 AB) has been rejected. Assume, that A; and Ay have been asserted without
violating an internal rule. Then any assertion series ending with the assertion § B may
- by the inverse rules - be proceeded with the assertions of A1 A As, Ay A Ay A B, and
3.. (A1 A Az A B) which, however, has been rejected. So any assertion series ending with
h B violates an internal rule, i.e. B is rejected. [

Definition: For formulas F' in which the distinct variables x1,...,z, but no others

occur free,
JF = dxi,...,z, F,
specially 3.A = A, for sentences A (i.e. n=0).

Proposition: The following inference rules are admissible:

RO1 A, ~(AANB) = -B
B, -(AANB) = —-A
R02 -(AvB) = -A
-(AVvB) = -B

R0O3 -3z Az = - Ar (for values r of x)

11



R1 = —Jd(FA-F)
R2 = —-JA[(FAG)AN-(GAF)
R3a = - J{(FAG)NH]A-[FA(GANH)|}
R3b = —“3Jd{[FANGANH)AN-[(FANG)ANH]}
R4 -3.G = —-3.(FAQG)
R5 -3(FANG), "3 (FAN-G) = —3F
R6a = —3J[FA-(FVGQG)]
R6b = -3A[GA-(FVQG)
R7 = —-Jd[-FA-GA(FVGQ).
These rules have the form R: A,..., A, = —B from above. To show that such a rule is

admissible, we at first note the sentence schemes
B, Al, . e ,An

with a.“ for jassumptions” behind. Thereafter we tread them like sentences and show
that their assertions would together violate an internal rule: To this end we infer from
those assumptions further sentences by applying P(A), P(V), P(3), their inverses or rules
that have already been shown to be admissible (cf. 2.1). We proceed so until we obtain a
contradiction C, = C. According to the internal rules, we ought to assert those assumptions
only if all sentences inferred from them - inclusive of C, = C - may also be asserted, which,
however, is not the case. - Substitutions of all variables occurring free in the considered
formulas by values of them will sometimes be indicated by *.

Ad RO1:
B,A,—~(ANB) a.

ANB I(A).
Ad RO3:
Ar, ~JzAx a.
JzAx I(3).

Ad RO2: Analogously. - Ad R1: See §1, Example 3.

Ad R2:
A(FANG)N-(GAF)]

a

for some *: (F*ANG*)A-(G*ANF*) P
F*NG*, —~(G*NF¥) P(A
F*, G* P

G* NF* I(A).

Ad R3: Analogously by means of the partial scheme:

(F* AG*) AN H*
F*AG*, H*
F*, G*
G* A H*

F* A (G* A HY).
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Ad R4:
I(FAG),-3.G a

for some *: F*ANG*,G*,3.G  P(3),P(A),I(3).
Ad Rb5:
F, -3 (FAG), =3.(FA-G) a.
for some *: F* —(F*AG*), —(F*A-G*) P(3),R03
-G* - G* RO1.

R6 can immediately be checked.

Ad RT:
A[(=FA-G)AN(FVG)] a.

for some *: (= F*A-G*)AN(F*VG*) P(3)
- F*AN-G*, F*VG* P(A)
-F*, -G*, F*|G* P(A), P(V).
At last F* V G* has to be ‘defended’ by one of the sentences F*, G*; in both cases we
obtain a contradiction. [

A
A

By a term t we understand a string of symbols in which variables may occur and from
which a constant results by any substitution of all free occurring variables by values of
them. - The literal equality of any two strings of symbols g and ¢ will be indicated by
(Q = 0_7.

Definition: For lists x = z1,..., 2, (n > 0) of distinct variables and lists
t=ty1,...,t, of terms, let

FF result from F

by substituting t; for each free occurrence of x; (¢ = 1,...,n). - Moreover, we use the
following sentences of a metalanguage:

N(z,F) = =z does not occur free in F.
Fr(t,z, F) = t is free for x in F, this means

1) every substitution instance of ¢ is a value of z,

2) F¥ is a formula of Ly, and

3) each free occurrence of a variable in ¢ is also free in F}® wherever ¢ is substituted for
xin F.

Example: y is not free for z in Jy (x < y) since y occurs free in y but the occurrence
of y substituted for z is bound in Jy (y < y).

Remark: Fr(¢, z, F') is an abbreviation of a composite formula of a metalanguage. We
use it in the same way as a composite formula of our object language Lg in the primary
game. [In that metalanguage we may also apply 3.2 (below).]|

2.2 Lemma: If Fr(t,z, F), if z,y is a list of all distinct variables occurring free in F
or t, and if r, s is a value of x,y, then

(%) (Ff)rs = (F)E for ¢ =17
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Proof: Consider the following diagrams of partially simultaneous and partially succes-
sive substitutions of the free occurrences of x, y:
x, x
t xz,
t*

PEAEES
lw l» |

t*,
Proposition: The following rules are admissible:

R8 Fr(t,z, F)
R9 N(z, F), -3.(F A G)

= -3(FFA-3zF).
= -3(FAJG).

Proofs: Ad R8: Let Fr(¢,z, F). By using the denotations from above we may argue
thus:

I(FFA-T2F) a.
for some r,s: (FfA-3JzF). s P@3)
(F)f, —3wFS P(A), ()
Iz FY 1(3).
Ad R9: Let N(z, F'), and let y be a list of all distinct variables occurring free in F A3z G.
Then wen may argue thus: a

Jy (FA3xG), -3z,y(FAG) a.

for some 7,5 : Fg, G2 P(3),P(A)
(F A G)Y 1(n)
Jz, y(F A G). I(3).

On occasion we write ‘<’ to combine two inference rules, and we use the definition

V.F = -3d.-F, specially V.A = --A.

Proposition: Admissible are the following rules:

R10a -3.G, (F AN-G) = -3F

R10b —d. —|G -4 (FANG) = -3F

R11 ~3(GAF) = -3.(FAG)

R12 ﬂ.[FA(G/\H)] < —3A[(FAG)ANH]
R13a V-F & —-3F

R13b -——A & -A

R13c V.(F—G) & -3.(FA-G)
R13d V(F - -G) & —-3.(FAQG)

For the proof that a rule Ay,..., A, = —B is admissible, it also suffices to deduce -3
from Ay,..., A, by repeated application of admissible rules (since -8B contradicts the
omited assumption B). We can proceed so in the following,.
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Ad R10a:
-3.G, =3.(F A—G) premises

-3.(FANG) by R4
-3.F by R5.
Ad R11:
-3.(GAF) prem.
-A[(FAG)AN-(GAF) R2
-3 (FANG) R10a.
The proof of R12 by means of R3 and R10 is left to the reader.
Ad R13a:
34— F prem.
-3 (FA-F) RI1
-3.F R10b

R13b and R13c are special cases of R13a.

Ad R13d(=):
V.(F — Q) prem.
3.(F A ==G) R13c
J.(--~GAF) R11
~3.(GA--GAF) R4, 12
I(FAGA--G) RIL, 12
~3.(FAGA=G) R1, 4, 12
3.(F ANG) R5.

Also for further inference rules we can prove their admissibility in this way ‘deductively’.
To this end we need not yet justify the corresponding general method of deduction. This
will later be possible by means of induction on the number of deduction steps (cf. §4).

§3. An approach to classical logic

To justify classical logic in §6 we need the following result concerning the use of double
negations of elementary sentences in the primary game:

3.1 Theorem: For elementary sentences F as considered so far, if == F may be asserted,
then F may be asserted at the same time. So we ought to assert =—F only after E has
been anchored (see §1).

To obtain this theorem (whose proof follows below) we assign to every elementary
sentence E the new ‘auxiliary sentence’, —FE, for which we lay down these rules:

Int(—): E,-F = 1.
Aux(—): Assert —F only after E has been rejected without regard to Int(—).
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Let Int(—) be an internal rule and Aux(—) an ‘auxiliary’ (not ‘internal’) rule, and let
the primary game not contain other rules concerning —F.

Note that E may be rejected due to Int(—) (i.e. by § —F) only if E has been rejected
without regard to this rule. For the proof of 3.3 we need some further preliminaries:

Definitions: A tuple (E1,. .., E,) of elementary sentences is said to be absolutely rejected
iff it is forbidden by the internal rules to assert all of its members Fn, ..., E,.

(Here “absolutely” means: “independent of which other elementary sentences have been
asserted”.)

3.2 Lemma: If (Fy,..., E,) is absolutely rejected, then L is deducible from Ey, ..., E,
by the internal rules.

Proof. An internal rule F1,..., E, = FE demands that if D,..., D,, are elementary
sentences such that Di,...,D,,, E is absolutely rejected, then not to assert all of the
sentences D1, ..., D,,, E1,..., E,. Therefore, all absolutely rejected tuples can be derived
by the following rules.

1. = (1)
2. (Dl,...,Dm,E):>(D1,...,Dm,E1,...,En)
if F1,...,E, = E an internal rule (m,n > 0);

3. (Dl,...,Dm) = (El,...,En) if {Dl,.. . ,Dm} - {El,. . ,En}
So we easily obtain 3.2 by induction on the number of applications of these rules (cf. §4,
arithmetical induction). O

Proof of 3.1: We assume that —— F may be asserted at present. Then = E has been
rejected, i.e. it has been caused that E can no more be rejected. Hence, —FE has been
rejected (cf. Int(—)). Now let I" be the list of all elementary sentences asserted to the
present. So I', —F is absolutely rejected. Therefore, by 3.4, L is deducible from I', —F
by the internal rules. But E, —F = 1 is the only internal rule with —F as premise. So
E must belong to or be deducible from I' by those rules. All members of I' ought to be
anchored. Then also F passes for anchored. [

Unsolved problems as the (arithmetical) conjecture of GOLDBACH yield examples of
sentences A for which neither A nor =A may be asserted up to now so that AV —A must
also not yet be asserted in the primary game. Correspondingly, the ‘tertium non datur’
was said to be ‘onbetrouwbaar’ by L.E.J. BROUWER (1908). Nevertheless, = (A V —A)
must not be asserted for any sentence A. This follows from the admissibility of the rules

“(AV-A4) = -A
“(AV-4) = A

(see R02). Hence, for arbitrary sentences A, we have

——(AV - A).
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Accordingly, there exist sentences B such that =—B may indeed be asserted but B must
not yet be asserted. Hence, the rule

-—-B=10B
should not be applied merely thoughtlessly. Note, however, that the inverse rule
B = —-—=B

is admissible due to R1 and RO1. - To make the previous rule admissible, too, and so to
obtain the tertium non datur and even the whole classical logic we liberalize the primary
game by using the complete asserted sentences as abbreviations of their double negations.

In §6 we shall justify this ‘classical use’ of assertions by showing that it satisfies what
has been stated in the second section of the abstract.

Definition: An inference rule A, ..., 4, = B is said to be classically admissible iff
—Ay,..., A, =B

is admissible.

3.3. Proposition: If an inference rule of the form
A, Ay =B
(n > 0) is admissible, then it is also classically admissible.
Proof for n = 2: Let A;, A2 = —B be admissible, i.e., let
=3..(A1 AN Ay A B).
Then the following rules are also admissible:
A2, B= A1 = == A
and hence likewise
— A, Ay = - B
—Ay, Ay = -B=-—B 0
Due to our definition Va F' = —dz —F, R13b, and R03,
Va Az = Ar (for values r of z)

is classically admissible. Therefore, V.F' may be read as “F' is universally true". Accor-
dingly, a rule of the form
V.F,...,V.Fp, =VGg
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will be abbreviated by
]-'1,...,]-'”:>Q.
Moreover, in the below rules R24 - R27 we shall (as usual) remove the ‘syntactical’

premises Fr(t, z, F') and N(x, H) to the rear.

3.4. Proposition: The following rules are admissible (by the latter abbreviation):

R14 = F—F

R15 F, F—- G = G (modus ponens)
R16 F—-G, G—-H = F—H

Rl7a = FANG—F

R17b = FANG—-G

R18 H—-F H—-G = H—-FAG
R19 FNG—H & F—(G—H)

R20 F = H—-F

R21 F,G & FAG (three rules)
Definition: F— G = (F - G)AN (G — F).

R22 = Fe -k

R23 F—-G & -G—-F

R24 = F*—uF, if Fi(t,a,F)

R25 F—H = JzF—H, if N(z H)
R26 = Vo F — FF, if Fr(t,z, F)
R27 H—F = H-VzF, if Nz H).
R28a = F—-FVG

R28b = G- FVG

R29 F—H G—-H = FVG— H.

Here we only prove the admissibility of R18. To this end we give a deduction of the
following rule at first:

R18* H—F = H—HAF.
V.(H — F) premise
~3.(H A—F) R13
~3(~(HANF)AHA-F) R4, 12
~3.(~(HAF)ANHAF) R1, 11, 12
-3.(-(HANF)NH) R5
V.(H — HAF) R11, 13.
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Ad R18 (sketch):

H—-F H-(G premises
HAF -G R17, 16
H—-HANF—->HANFANG—FANG Rl8*etc. O

It is well-known that also other inference rules and other methods of classical reasoning
are due to the rules R1 - R29. We shall make use of this fact within the framework of £
and other languages.

§4. An approach to arithmetic

The following is due to |7, §13] or [9, II.1]. As natural numbers we can simply use the
numerals which are defined to be the figures 0,0’,0”,0”, ... constructible in the calculus
K(IN) with the two rules

= 0 (start with 0)
k= Kk (from k infer k).

Here, k may be replaced by any figure already constructed in K(IN). For ‘original’ con-
stants r we read r € IN as “r is constructible in K(IN)”. (In another context we shall
write ‘€’ for ‘e’.) - However, also certain ‘new’ signs may be used as abbreviations or
singular descriptions for elements of IN (e.g. 3 for 0", and 357 = 3 x 102 +5 x 10 + 7
after introducing addition etc.). - In the following, k, m,n stand for arbitrary numerals.

Let the equality on IN be the literal equality. Accordingly, kg = myg is to mean that
this equation is deducible in the calculus K(=) with the two rules

=0=0;, k=m = kK =m.

The ‘deontic infinity’ of IN: Because of lack of time and material we can really
construct only finitely many numerals. However, we shall never be obliged to terminate
the constructions in K(IN). - Moreover, by the rules of K(IN) we successively obtain only
diverse numerals 0,0',0”,... . These facts suggest to say that IN is infinite. (We shall
return to this point.)

For ‘external reasons’ it is impossible to apply the rules of K(IN) infinitely many times. So we
cannot construct infinitely long ‘numerals’ 0”...". However, with respect to arithmetical induc-
tion, such figures should also be excluded from IN by internal rules. Therefore, we replace the
rules of K(IN) by the following I'-rules and, similarly, the rules of K(=) by the following A-rules.
(An infinitely long ‘numeral’ Q = 0”..." cannot be distinguished from ’. So T'|Q| is not rejected
by the rules fixed below . We shall, however, not make use of these informal remarks.)

Given any first order language Ly as considered so far, we extend it by introducing
new sentences of the forms I'|g|, r € IN, Alo = 0|, and r = s where T, |, ¢,IN, A, and =
(which is short for =) are particular new symbols, r and s range over arbitrary values
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of variables of £, and ¢ and o range over strings of (atomic) symbols occurring in those
values. To introduce the use of sentences of these forms we include just the following ‘I'-’
and ‘A-rules’ among the internal rules of the language expanded so:

rof = 1L Alo=0 = L
rld| = Tlo Al =d| = Alo=o7]
relN = =Tr| r=s = -Alr=s|

(But we do not fix any external rule to restrict assertions of sentences considered here.)
For any constant r, A|r’ = 0] does not occur as premise of an instance of an internal
rule. Therefore Alr’ = 0] cannot be rejected, = Alr’ = 0| must not be asserted, ' = 0
must also not be asserted, and hence =7’ = 0 may be asserted.

By the I-rules it is just forbidden to assert I'|0[, T'|0|, T'|0”], .... So we may assert
0eIN, 0'2IN, 0” ¢ IN, ... but no other sentences of the form r & IN. - Similarly, by the
A-rules it is just forbidden to assert A|0 = 0|, A|0" = 0'|, AJ0” =0"], ... . So we may
assert 0 =0, 0’ =0, 0” = 0", ... but no other equations between numerals.

In this §4 we write x, y for variables ranging over numerals, and z for variables ranging
over numerals at least.

Propositions:

(a) Vz(zeIN < 2 £IN) (cf. the infinity of IN)
(b) Va,y (v =y <2’ =y)

() Ve (a'=0), Vy-(0=y).

Proofs: (a)(«) We ought to assert 3z (= (z ¢ IN) A 2’ € IN) only if, for some r, e IN
is rejected and ' € IN has been asserted. To this, I'|r/| should be rejected by the rule
L|r'| ;== T|r|. So also I'|r| must be rejected (inversion). But then r £ IN may be asserted
(‘contradiction’). By these arguments, 3z (= (z € IN) A 2’ € IN) is rejected. So we may
assert its negation and so, by R13, Vz(z ¢ IN < 2’ ¢ IN). - (a)(—), (b), and (c) can be
proved similarly. [

Principle of arithmetical induction: Admissible is the rule

A(0), Vz [A(x) — A(2))] = Vzx A(x).

Proof: Since not all figures denoted by o are constants, we shall use new sentences
Alo| (where the symbol ‘|” does not occur in p) instead of ¢ € IN A A(p). As additional
internal rules for assertions of the form f§A|g| we fix just the rules Alg| := —T'|o| and
Alk| := A(k), for numerals k. (So we have A|k| < A(k).) - Assume now that we have
A(0), Vx [A(z) — A(2")], and n & IN. Then the rules = A|0] = L and = A|¢/| = = Alg| are
admissible, and (because of n € IN) it is forbidden by the rules I'|0| = L and I'|¢'| = T'|¢|
to assert I'|n|. Here we may replace I' by — A. This means, it is in the same way forbidden
by the rules = A|0] = L and = Al¢'| = — Alg| to assert = Aln|. So we have =— A(n) for
all n e IN, and so =3z —-A(z). O

20



‘Induction principle for equations’:. Admissible is the rule
A(0,0), Y,y [A(z,y) — A2 y)] = Va,ylz=y— Alz,y)].

For the proof of it we have to consider the A-rules instead of the I'-rules. By this principle
we can conclude: 7 =s —reINAselN. - By (b) and arithmetical induction, we easily
obtain n = n. Moreover, we also have

() k=m A Ak) — A(m).

Proof: Let e be a variable for the ‘empty figure’ as well as for figures which can be
constructed from it by applying the calculus rule: ¢ = ’q. Then we have

Ve [A(Oe) — A(Oe)] and Vz,y {Ve[A(xe) — A(ye)] — Ve [A(z'e) — A(y'e)]}.

Now we obtain (d) by the induction principle for equations.

From (d) follows the comparativity, k = m Ak = n — m = n, and hence the symmetry
and transitivity of the equality on IN. This relation is, therefore, an equivalence relation
under which all formulas considered are invariant.

We shall also apply other induction principles that can be explained by arithmetical
induction.

Recursion as a way of generating relations: Addition in IN, e.g., can be introduced
by fixing the following assertion rules for new sentences:

Add(k,0,n) = n=k
Add(k,m/,n) := Fz[Add(k,m,z) An=2'].

These rules can be considered as special cases of

resSy = Ar)
reSy = B(r,m,Sy)

where S = lzyZ(A(z), B(z,y,Z)). A(...) and B(...) are permitted to be formulas of an
extended object language £ which is the least language containing certain elementary
formulas as well as formulas of the shape t € Z, and is closed under A,V,—,3, and €1
(with the ‘“induction operator’ ‘). Z is assumed to be a variable for sets or relations
(as Sy,) that are definable in £1. Such variables may be bound by ‘I’ but must not be
bound by ‘3’ in formulas of L.

The latter rules can also be inverted since the assertions on their left are not to be
subjected to additional restrictions, and even the language £ is non-circular as can be
shown by induction on the outlined construction of formulas of L1 (see [19, pp. 426 ff.,
452] or 7.3). The predicator ‘Add’ represents a function, ‘+’. An introduction of definite
description terms (as terms of the form s+, e.g.) will be sketched in §9. - As easily seen,
all recursive functions are definable in £T.
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For constructive or predicative analysis in the sense of [§] inclusive of measure theory and
functional analysis (as in [18], e.g) there suffice real numbers which are given by rational Cauchy
sequences definable in £1. (See also the end of §7.)

We have unproblematically obtained the above result (a), by which IN is infinite. This
result, however, has substantial consequences. To give an example, we consider the power
(Pow) of natural numbers. The proposition

99" ¢ IN

(in which the iterated definite description «99% occurs) can be considered as an abbre-
viation of the composite sentence

Jz,y [Pow(9,9,2) A Pow(9,z,y) A ye IN],

a generalization of which can inductively be proved by a well known procedure. It is,
however, not possible really to construct a figure n by the rules of K(IN) which satisfies
99’ = n. The existential sentence 9°” ¢ IN must, therefore, not actually be asserted in the
primary game for the whole history of mankind. Nevertheless, it would not violate a rule
successively to perform proper assertions and ultimately to assert 9°” £ IN. Accordingly,
we may assert the double negation of this sentence, which, therefore, can be understood
classically.

A more general problem concerns sentences of the form Va ¢ K. 3y A(z,y), i.e.
Vo (r e K — Jy A(x,y)). At best we can proof such a sentence directly by describing an
effective procedure, p, and showing that

(*) Vee K{3y(p:x—y) AVyllp:z—y) — Alz,y)]}.

Here, p : x — vy is to mean that p with the input x prescribes to produce the output y
finally.

The assertion of (*) shows for any k ¢ K how one can ‘on principle’ find an m satisfying
—=A(k, m). In many cases, however, p with a ‘large’ input & will not really yield an output
m in available time. How can we understand the existence of such an m? To this, we
consider p as a system of rules by which certain successions of action steps are permitted
(or even required) and the others are forbidden. Every permitted step is assumed to be
uniquely determined by the input and the preceding steps.

If an input, k, is given, the ‘classical existence’ of a corresponding output (i.e. =—=3y (p :
k — y)) means that it is permitted (i.e. not forbidden) by the rules of p to perform certain
steps which finally yield an output.
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§5. Substitutional combined with objectual quantification

Sentences as “All ants are mortal” or “Some apples are red” have the form “All P are Q”
or “Some P are Q7, respectively, or - in a ‘modern’ manner of writing - Vz (Px — Qx)
or Jz (Px A Qx), respectively. However, the use of such sentences cannot adequately be
reconstructed as in §1 since we have not enough proper names for ants or apples, e.g.,
as values of the variable x at our disposal. So we also consider sentences as “This is an
ant” or “This ant has only five legs” with ‘indicators’ as “this” or “this ant”, which can
temporarily be used like proper names for objects (as solids or events, e.g.). We include
indicators among constants (though we use them instead of ‘objectual variables’). They
may also occur in other constants and in sentences of the language consideed here.

Under a denotation of an object by an indicator or of an indicator by an object we
understand a naming which, however, is in general only valid in a special situation (or
context). Such a denotation can result, for instance, from pointing at that object and
pronouncing that indicator at the same time.

In many cases, an object in question cannot be shown to a listener so that the corresponding
denotation is restricted to the speaker. However, if he has said to himself “This ant has only five
legs”, e.g., then he may say to any listener that there exists an ant with five legs only (cf. P(3den)
below). Accordingly, we need not presuppose here that the denoted objects do not depend on the
concerned persons. (Constellations of stars, e.g., do so). - We shall not deal with several problems
concerning denotations as, for instance, the danger of misunderstandings, which can result from

not sufficiently clear bounds of situations.

A denotation of a single indicator is said to be simple. We distinguish any two simple
denotations that are created by different acts of naming. If u1,...,u; are different indi-
cators, and «; is a simple denotation of u; (i = 1,...,k), then we say that ay,...,qx is
a denotation of uq,...,ug. Let all denotations considered in the following be composed
in this way from simple denotations of different indicators.

If a is a denotation of uw, and 8 = f1,..., 3y is a further denotation, then let a8
result from « by adding only those members §; of § that are not denotations of members
of u. (That is, let a3 coincide with o on u and otherwise with 3.)

In the following «, 3 range over denotations (which may also be empty).

If ® is a formula or a list of constants, let « A® mean that « is a denotation of at least
all indicators occurring in ®. We compactly write § A| o for the assertion of a sentence
A ‘in o’, i.e. in a situation in which « is valid. Then « is assumed to satisfy a AA. We

identify § A| a with § A| avq where a4 is the restriction of « to all indicators occurring in
A.

Now we extend the primary game by transferring its rules (see §1) to such assertions
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as follows:

P(A) 1(AANB)|la = §jA|la and §B|a
P(V) 1(AVB)la := fA|la or §B|la
P(3den) 13z A(z)|a := for some value r of z:
for some BAr: g A(r)|ap
P(—) n—-Ala := A has been rejected in a.

Let the primary game also contain certain corresponding external rules and internal
rules for elementary sentences (cf. §1), but let it not contain further rules for compound
sentences. Accordingly, the above primary rules for compound sentences may be inverted.

We assume that all instances of internal rules for elementary sentences containing
indicators have the form Ei|«,...,E,|a = E|a with a A(Ey,..., E,, E). Then, by
a corresponding external rule, we let E pass for anchored in «, if Eq,..., E, pass for
anchored in a.

5.1 Remark: The existential quantifiers introduced by P(3den) combine both substi-
tutional and (in general) objectual quantification. In 10.2 (where we consider a more
extensive language) we shall show that we may commute consecutive existential quan-
tifiers introduced there. This result does not contradict the well-known fact that in the
context of Quines discussion (see [10, §28]) it is in general not allowed to commute con-
secutive existential quantifiers when one is objectual and the other substitutional.

Example: In the context of Quines discussion it is not true that every non-empty set
has a subset containing a unique element. Nevertheless, we may argue as follows. Let a
set be given by a constant a = {z: A(x)} together with a denotation o A{a}. Suppose
that this set contains at least one element:

Jz (x € a)| a.
Then there exists a constant r and a denotation 8 with SAr such that
(rea)lap.

From this we can conclude the following (where {r} is short for {y:y =r}):

(rean{r}={r})lap
Jz(xean{r}={z})|ap
3Z3x(xeanZ ={z})| .

which means that a has a subset, Z, containing a unique element.
(Here, the variable Z ranges over certain sets of values of z.) So in a we may assert
Jr(xea) — IZ 3z (x e aNZ = {x}) and, therefore,

WIZ(xeaNZ={x}) > 3IZx(xecanZ={z}),

which, however, becomes untrue for a merely substitutional variable instead of Z. Notice
that the above unit set is given by the ‘pair’ {r}, g.
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3.1 and the following proposition show how far the means of speech of the classical
game are sufficient to inform about empirical datas (cf. §6). To this end we consider
sentences of the form A = 3z (E1(z) A... A Ey(z)) (n > 0) in which no indicators occur.
For such sentences, A, we introduce new ‘auxiliary sentences’ —A, and fix these rules: For
values r of x and denotations SAr,

Int(_a) uE1(£)|ﬁvauEn(z)’67h_A = hJ—7
Aux(—3) 1—A := A has been rejected without regard to Int(—3).

Let Int(—3) be an internal rule and Aux(—3) an ‘auxiliary’ (not ‘internal’) rule.

5.2 Proposition: Let Fi(z),...,FE(z) (n > 1) be elementary formulas in which no
indicators occur, and let A = 3z (E1(z) A ... A Ey(z)). Then, in the primary game, we
ought to assert —— A only if, for some tuple r of values of z and some denotation GAT,
the sentences F1(r),..., E,(r) have been anchored in 3. If == A may be asserted in the
primary game, then A may be asserted in this game at the same time.

Proof: If we assert —A without violating an internal rule, then, by Int(—3),

Ei(r) A ... AN En(r) becomes rejected in [ for every value r of z and every [ with
BAr, hence A becomes rejected, and hence — A is not rejected. Now we assume, that
—— A may already be asserted. Then — A has been rejected, and then, by the latter
argument, § — A would violate an internal rule, i.e. —A has been rejected. By 3.4 and
since Int(—3) is the only internal rule concerning —A, it follows that, for some r and
some [BAr, Fi(r),...,FE,(r) have been asserted in 3 or are deducible by the internal
rules from some elementary sentences D1, ..., D,, that have been asserted in « for some
aA(Dy,...,Dy,). Then ff A would not violate an internal rule, and Dy, ..., Dy, should
have been anchored in «, and then also Ei(r),..., E,(r) pass for anchored in § (by a
rule mentioned above). O

Further investigations on assertions under denotations will be performed in §10.

Literal equality of strings of symbols is a relation of individual occurrences of such strings
at arbitrary places, also outside of corresponding equations. Therefore, literal equality can be
introduced and investigated by means of indicators for such occurrences. (Here we do not go
into details and do also not discuss problems that arise from the fact that (particularly in §1 and
§2) we have tacitly used ‘syntactical’ properties of formulas and their components which concern
literal equality.)

§6. Purposes of assertions in the classical game

Let the classical game be that assertion game in which a sentence A of £ may be
asserted iff =—A may be asserted in the primary game.

The rules R1 - R29 (see §2 and §3) inclusive of =—A = A and analogous rules for
sentences with indicators are admissible in the classical game. This means that in this
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game we may apply classical logic. - In the following we show which purposes assertions of
different kinds of sentences can serve in the classical game, and that this game preserves
all means of speech which are indispensable for those purposes.

Due to 3.1 (which also holds for elementary sentences containing indicators), we should
assert an elementary sentence, F, in the classical game only if E has been anchored.
Accordingly, for the listener or reader the ‘classical’ assertion of E/ can substitute a first
hand knowledge of an anchoring of F, in particular a perception or observation, or the
result of an investigation of objects.

Due to R01 and R03, in the classical game the rules

A LA—-B = B
Ve Ax = Ar (for values r of z)

have the property that their premises may be asserted only if the pertinent conclusion
may already be asserted. So we have in the classical game:

1 (A — B) can serve the listener or reader as the advice to assert B
(perhaps to himself only) as soon as A may be asserted.

hVz Az can serve as a substitute for § Ar, for any value r of x.

Similarly, in the context of §5,
nVx A(z)|a can serve as a substitute for § A(b)|af,
for any constant b and any denotation § of the indicators occurring in b.

By means of conjunction we can - more clearly arranged - write A1 A Ao A A3 — B for

Ay — [A2 — (A3 — B)].

The following holds in the primary game. An assertion of the form j AV B can without
loss of information be replaced by the shorter assertion fj A or § B. In the same way, the
assertion of an existential sentence, dx Ax, is dispensable since it can be replaced by the
assertion of Ar, for some value r of x.

However, what we have just stated does not hold for existential sentences Jz A(x)
with a variable x whose values may contain indicators. Note that sentences A containing
indicators may in general be asserted only in particular situations. On the other hand,
many empirically obtained facts can - in any situations - be summarized to sentences of
the form 3z (Ei(z) A ... A E,(z)) with elementary components E;(x). Accordingly, we
have adduced 5.3 by which even from the classical assertion of 3z (E1(z) A ... A Ey(x))
we can conclude that E1(r),..., E,(r) should have been anchored for some value r of z
and some denotation of r. This shows how far the means of speech of the classical game
are sufficient to inform about empirical datas.

Sentences of the form Vz e K. 3y A(z,y) have been investigated at the end of §4. A
generalization of those investigations should still be worked out.

Since we dispose of certain admissible inference rules, composite formulas can be used
as marks for something of data processing. As is well known, all inference rules of ‘con-
structive’ or ‘intuitionistic’ logic are also admissible in classical logic. Hence, (especially
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mathematical) composite formulas are in the classical game at least as useful as proces-
sing marks as in a language in which only intuitionistic logic is available. - For purposes,
however, which have not been regarded here, a more restrictive use of assertions may be
more suitable than the classical use.

Hypothetical assertions

In everyday speech and in empirical sciences one necessarily proceeds more liberally than
in our classical game. So one does not only assert established facts but also uses universal
hypotheses or conjectures, which often do not even get cited. If H is the conjunction of
all current hypotheses, we could use (assert) certain sentences B as short for H — B.
Indeed, for any admissible inference rule A;,..., 4, = B therule H — Ay, ..., H —
A, = H — B is also admissible. But as soon as H becomes rejected, it becomes
obviously unserviceable to assert sentences of the form H — B (or abbreviations of
them).

Accordingly, if H contains (probably) untrue hypotheses (such as simplifications of
conjectures) we can instead of H — B better use the statement that B has been deduced
from H and certain already verified sentences by the rules of classical logic (e.g.). This
statement reminds of necessity (cf. |9, p.111], e.g.). - Our investigations of §11 will show
how we can include sentences of of the form “B is deducible from H by given rules” in
the object language.

Sometimes we are convinced that if we perform a certain action a, then - after an
additional time ¢ - we shall obviously have attained a purpose e; or another purpose es,
for instance. We explain the intended effect of the advice then to act as if the according
hypothesis V7 (A™% — E7 Vv EJ) (with 7 for moments) holds in the classical game:
By this advice, we should act as if the following holds: If A7~% may be asserted in the
classical game, then ET V EJ may also be asserted in that game - and hence E] or EJ
will have been anchored (due to an analogue to 5.3). (This anchoring will be anticipated,
if we assert A7~9 before 7.

§7. Preliminaries on higher order languages

In the following we speak ‘about’ so-called abstract objects like sets and relations. But
we do not presuppose that they exist independently of the signs by which they are given
(‘designated’, ‘denoted’, or the like). What we shall say of sets can be regarded as a mere
manner of speaking. If we say that a sign S is (or designates) a set we only mean this:

1. For all relevant constants (or, especially, proper names) ¢, we dispose of sentences
with the meaning “c is an element of S”. 2. S is to be used ‘abstractively’ (within a
given language) so that any occurrence of S in any asserted sentence (of that language)
may be replaced by any other set sign that is said to be equal to S. (However, we
do not simply identify sets that are extensionally equal. So one may prefer the word
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“attribute” or “property” in place of “set”.) For “is an element of” we shall write ‘€’ in the
metalanguage (for which we use our colloquial language), and ‘e’ in the object language
to be introduced. In the metalanguage we also use other familiar set theoretical signs.

We shall introduce a ramified type theory (cf. [7], [11], [13], [17], e.g.) in a cumulative
version.

Given a set £ of elementary formulas in which certain constants may occur. Those
constants are said to be of order 0. We shall introduce sets of order 1, whose elements
are constants of order 0 (or objects denoted by them), sets of order 2, whose elements
are constants of order 0 or sets of order 1, etc. So a set of order n contains only elements
that have orders < n. However, a set of order n will also be said to have any order larger
than n.

To this end, we shall construct a set A of (first or) higher order sentences and intro-
duce an assertion game, which contains certain ‘primary rules’ to restrict assertions of
sentences belonging to A. Since this ‘primary game’ does not contain further rules of
assertion, and since all sentences of A can be shown to be non-circular, the primary rules
for sentences of A\ € can be inverted so that both, those rules and their inverses, can
also be used as inference rules. By this means, even all usual inference rules of classical
logic can (as in §2, §3) be shown to be admissible in the ‘classical game’ which is given
by the agreement that a sentence may be asserted in this game iff its double negation
may be asserted in the primary game (cf. §3).

So our first main task will be to show that all sentences of A are non-circular.

Now we incompletely sketch the higher order languages that will be introduced in §8.
Assume that we already dispose of certain elementary formulas and terms, which are
said to be original terms. All variables that occur in those formulas or terms are said
to be of order 0. Let

Vo = set of all variables of order 0
Tor = set of all original terms, Vy C Zor
& = set of all elementary formulas (to be considered).
Vo is permitted to contain variables of several sorts. (Of course, Vj is supposed to contain
denumerably many variables of every of those sorts.) Let constants /sentences be
terms / formulas, respectively, without free occurring variables.

We shall introduce the following sets of higher order terms and formulas:

7, = set of all (simple) terms of order n,

Fn = set of all formulas of order n.
Here and in the following, m,n range over (signs of) ordinal numbers belonging to a
given set 2 with IN C Q C Cy. We define

Cn = set of all constants belonging to 7y,

Cp= Uje|N+ ng,
which is the set of all j-tuples (ci,...,c;) of constants ¢; € C, with arbitrary length
j € INT = IN\ {0}. Let also be given two disjunct denumerable sets V and V of ‘new’
variables, which do not occur in elements of 7or U £. We shall use the elements of V as

28



variables for elements of | J,,c Cn, i.e. for constants of arbitrary order, and the elements of
V as variables for elements of | . Cn, i.e. for arbitrary tuples of constants. - Moreover,
let '

Tn=Ujen+ Ti UV. B
So C,, is the set of all constants belonging to 7 ,.

As signs of the object language for C,,, C,,, and € we shall use C),, C,,, and ¢, respectively.
In this introduction, x, x1, xs, ... range over variables of Vy UV, and T, ¥y over variables

of V.

All elements of Cy, \ Cy will be introduced as subsets of |J,,.,, Cm. A constant of the
form {Z e C,, : A(Z)} will denote the set of all elements ¢ € C,, satisfying A(c). A
sentence of the form 3z € C),. A(x) is to mean that there exists a constant ¢ of order m

satisfying A(c). By this means, j-ary relations (5 € INT) can be described in the form

{(@1,-..,25) el Alxy,...,z5)} =
{eCp:x1eCpy. ... 3xj € Cpy. (T =m (21,...,25) NA(z1, ..., 25))},

(where 7 does not occur in A(z1,...,z;)). To this end, the sign ‘=,,” must previously be
introduced suitably. - So we at first demand that

seT, if seTorUV,
{zeCy:F}yeT, if FeF, m<n,
EcF, if FEeé&,
(FANG),(FVG)eF, if FGeF,,
(—F) € F, if FeF,,
(FzxeCp.F)eF, if FeF, m<n,
(set)yeF, if se€Tp teT,

We shall replace these and certain further demands by corresponding rules of constructi-
on. - Note that we need not deal with complicated types that include information about
‘arities’ of relations. So we may simply identify types with orders.

For mathematical purposes we want also to dispose of sequences R of relations
R(0),R(1), R(2),... € C, satisfying

(c,k)e R(I) < (¢)e Cou AN k<1l N A((c), k, R(k))

for all tuples (¢) = (c1, ..., ¢;) of constants and all k, 1 € §, if any formula A(Z, u, z) € Fp
and any ordinal m < n are given. By this ‘recursive characterization’, R(l) depends
upon the relations R(k) with ordinals k& < [ only. - We designate R by (JT € Cy, 1, 2 :
A(Z, p, z)). Accordingly, we demand:

JTeCpyp,2:F)q) €T, if FEF,, qeT(Q), m<n, peVQ),zeV

where 7 (Q2) (C 7or) is a given set of terms whose substitution instances are elements of
Q, and V(Q) = Vo NT(Q) is a set of variables for elements of Q. (‘J’ is an ‘induction
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operator’; cf. §4) - Then it can be shown that there also exists a sequence S of relations
S5(0),S5(1),5(2),... € C, satistying

ceS0) < ceCp A Ae)
ce S(k+1) < ceCy, A Ble,k,S(k))

for all ¢ € U,,cqCn and all k € IN, if the formulas A(Z), B(z,p,z) € F, and the order
m < n are given. (For purposes of classical reasoning, the particles —, <, and V can be
defined as in §1 and §3.)

We want to introduce equations z=y such that all formulas considered are invariant
under (=), i.e. satisfy ¢=d A A(c) — A(d) for all constants ¢, d and all formulas A(x) of
arbitrary orders. To this end, equal constants must especially have the same order, and
equal sets must contain the same elements:

c=d — YueCy.(ceCy < deCy)
c=d A —(ceCy) — cCdANdCec

where p € V(Q2) (again), and ¢ C d means that ¢ is a subset of d (see below). Since the
formulas ¢ € C,, and ¢ C d should belong to the object language to be introduced, we
demand and define the following (where 37 ¢ t. F' is to be read as “For some 7, T ¢ ¢ and
F”):
(teCyeF, i teT, qeT(Q)
Fzet. F)eF, if teT, FelF,
VZes. ' = -—dTes —F
sCt = VresTet AN (seCy A —~(teCp).

However, if ¢ (is or) contains a variable, we do not rank C; with the terms of | J,,cq 7.

Now we presuppose that (=¢) represents an equivalence relation on Cy (which is suitable
for certain purposes), and that s =g t is a formula of F for terms s,¢. Assume that all
terms of Zor and all formulas of £ are invariant under (=¢). For terms s, ¢ of any order

we define
s~t = VYueCy(seCy < teCy)
s=t = s=tV (sCtANtCls A s~t).

Of course, we demand that
(s=o0t)eF, if s,teT,.

Then it can be shown that all formulas of | J,,cq 77 are invariant under (=). This is our
second main task.

The ‘type-free’ relations (C), (~), and (=) are definable in our object language but
they are neither elements of C nor elements of elements of C.

Given a formula A(z), a tuple ¢ = (c1, ..., ¢;) € Cy, of constants, and some i =1,..., .
Then A(c¢;) means that the ith component of ¢ satisfies A(z). Since our object language
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also contains variables 7 for such tuples ¢ of constants, we postulate, in addition, that
the object language contains a formula expressing that the ith component of any given
value of § belongs to C,, and satisfies A(z). For that formula we take 3z ¢ 7, (7,7). A(x)

(with 7 for “projection"). Generalizing we demand
Bz emu(s,p). F)e Fpif m<n,seT,, pcT(NT), FeF,

where 7 (IN") (C Zor) is a given set of terms (inclusive of variables) whose substitution
instances are elements of INT. Of course, we want to obtain that

Jz e mn((cr, ... ¢5),1). Alx) < cie Cp A A(c)

(t=1,...,7) holds in the object language.

For constructive or predicative analysis in the sense of [8] inclusive of measure theory and
functional analysis (as in [18], e.g.) there suffice real numbers that are given by first order Cauchy
sequences of rational numbers. In the domain of those real numbers there converges every real
Cauchy sequence that is given by a corresponding first order double sequence of rational numbers.
Suitable for predicative analysis are functions f: A — IR with A C IR7, such that if a, ..., a;
are sequences of the mentioned sort which satisfy (a1,...,a;): IN — A then fo(aq,...,a;)isa
sequence of that sort. So we can pursue predicative analysis in languages of low orders (as stressed
in [17], see also [8, p.3]). - Nevertheless, to designate orders or types we also admit transfinite
ordinal numbers.

§8. Higher order languages

In this §8 we introduce only sentences in which no indicators (cf. §5) occur. But in §10 we shall
also consider sentences containing indicators, whose meaning depends on situations or contexts.

The following sets (which we have already mentioned in §7) are supposed to be de-
cidable: &, Tor, Vo, V,V, and the set Cy of all constants of order 0, i.e belonging to Zor.
For all w € Vy let C(w) C Cy be the set of all values of w, which is also supposed to
be decidable. Two variables w, z € Vy are said to be of the same sort iff C(w) = C(x).
In the metalanguage we sometimes use the particles A, —, <, and V. In place of A we
sometimes write the comma.

For any element ® of 7oy U E we define:

Vo(®) = set of all variables occurring (free) in @,
x € So(P) = =« is a substitution of all variables w € Vy(®) by
values w* of them (so that Yw € Vo(®). w* € C(w)),
T(w) = {reZor:¥Y*xeSy(r).r eCw)} for wely.

7 (w) is the set of all original terms whose substitution instances are elements of C(w).
For all w € Vy we have 7T (w) N Cy = C(w).
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Let an ordered set (2, <), Q2 C Cp, be introduced, which includes IN (in the usual
succession) as an initial segment and permits all applications of (transfinite) induction
that will be performed in the following. The equality (=) in € is assumed to be the literal
equality (=). The elements of {2 are said to be ordinals (ordinal numbers). We suppose
the following: If £ € Q then k' € Q where £’ is the (immediate) successor of k; for any
two ordinals k, 1 it is decidable whether £ < [. - Examples for €2 are IN and the set of all
ordinals of the form w* - ng + w1 - ng_1 +...+w-n1 +ng where k, ng, ..., n; € IN, and
ng > 0if k£ > 0.

As variables for elements of Q/ INT, respectively, we use elements of a denumera-
ble and decidable set V() / V(INT) C V,. As metavariables we take: i,j for elements
of INT; k,I,m,n for elements of ; and A, u,v for elements of V(). Let T(Q2) =
TA) = QU Uzevyuyain+yiz,2’,2”, ...}, The equations (¢ = r) and inequations
(¢ < r) with ¢, € T(Q) are assumed to be elements of £. - Let T(IN") = T(k) =
INT U Uzevantyfz, 2, 2", ...} where x € V(INT).

We admit that £ contains formulas of the shape ((s1,...,s;) € P) with s1,...,s; € Tor
but P ¢ Zor. Here, P may especially be IN or © (if j = 1). So let IN,Q ¢ Cy.

For original terms and elementary formulas we presuppose (where s? is defined as in
§2):

Pl: seTor,weVy, reT(w) — s¥ e Tor.
P2: FEef weVy,reT(w) — EYef.

Let W=VWUuy, W=Wuy (see §7).

In the following w, x,v, 2, ¥1, T2, . .. range over arbitrary variables (belongig to W), and
T,y over elements of V. Distinctly denoted variables are assumed to be distinct. Accor-
dingly, a list z1,...,z, of variables is assumed to be a list of distinct variables.

Induktive definitions of 7,,, 7,, and F,, (n € Q):

Sentences (belonging to a metalanguage) of the forms (s € 7,,), (s € T,) and (F € F,)
are to be verified by their deductions by the following ‘7, F-rules’. (In these rules, =
indicates the permitted deduction steps; the pertinent conditions for applications of these
rules are quoted behind the word “if”.)
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= seT, (if s € 7Tor)
= z€eT, (if z€V)
FeF, = {7eC,:F} €T, (if m <n)
FecF, = (JzeCppz:F)q €T, (ifm<n,z€V, q¢cT(Q))
= 7T,
81,...,8]'6% = (81,...,83')6?”
= FEckF, (it E€€)
F,.GeF, = (FAG), (F\/G)G}"n (two rules)
FeF, = (-F)e€
Fer, = (HmsC F)e]—'n (if m<n, zeW)
s€Tp, teT, = (set)€
teT, FeF, = (Ha;atF)e}“
s€Ty, FEF, = (Bvemu(s,p).F)eF, (if m<n,xeW, peT(NY))
s,teT, = (s=ot)€F,
seT, = (seCh)erF, (if p€ T(N'), ¢ € T(Q)).

Thus, 7o = Tor UV, and £ C Fy. - The following occurrences of variables in terms
or formulas are said to be bound: z in (3x ¢ C),. F) and in (Iz ¢ mp(s,p). F), T in
{ZeCp: F}andin (3T e t. F), and T, u, z in (JT € Cp, i1, 2: F). All other occurrences
of variables in terms or formulas are said to be free, i.e. not bound. - We presuppose, of
course, that if (® € 7,,),(® € 7,,), or (® € F,) is a conclusion of one of the latter rules
except the first or seventh, then ® does not belong to 7Tor U £. - Sometimes we shall as
usual omit brackets from formulas. - Definitions:

A, set of all sentences of order n (C F,);

T= UneQ 7;17 T UnGQ T”’ F= UnEQ fn’
C=UneaCni €= UnecqCn; and A= J,cq An.

Notice that C%,, Cp, Cim ¢ C. Similarly, C¥, m,,(s,p) ¢ 7. - As metavariables we shall
use: p for elements of 7(INT); ¢ for elements of 7 (Q); 7,s,t for terms (i.e. elements of
TuUT); F,G, H for formulas (i.e. elements of F); a,b,c,d for constants (i.e. elements

of CUC); A, B for sentences (i.e. elements of A); and, for instance, A(z1,...,x;) for
formulas, in which at most the variables x1,...,z; occur free.
We shall write s for lists si,...,s;; (s) for tuples (si,...,s;) of terms s; € 7; and

‘$1,...,8; € Ty for ‘s €Ty, ...,s; € T, e.g. x is to be distinguished from 7.
To formulate assertion rules for sentences of A we use some definitions:
C(x) for x eV
C(z) = Cp for z€V
C,, for z€V
(01,...,Cj) S Cm@fl,...,xk) = j=kAYi<j € Cm(afz)

Cm/(z) is the set of all elements of C,, that are values of =.

For e TUTUF andU CW let
U(P) = set of all variables € U that occur free in ®.
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A term s / a formula F is said to be invariant under an equivalence relation (=) on C,
iff for all (c), (d) € Cp(w) with {w} = {wr,...,w;} = W(s) / W(F), respectively, the
following holds:

crd — se
c~d — (Fg « F), respectively,
where @O~ = crd = amdi ... Aej~d

and the substitutions ¢ and 3 are defined as in §2. (This has been formulated somewhat
beforehand.) -

Assumptions: 1. We have agreed upon certain primary rules (or usage) for sentences of
& which do not refer to assertions of sentences of A\ £.

2. £ contains all formulas s =¢ t with s,t € Zor.

3. (=0) represents a given equivalence relation on Cy under which all terms of Zor and
all formulas of £ are invariant. For all w € Vy, the scope C(w) of values of w is invariant,
i.e., for all ¢,d € Cy, if c =¢ d and ¢ € C(w), then d € C(w). (=¢) ¢ C.

Let the ‘primary game’ contain the following ‘primary rules’ of assertion for sen-
tences of A\ &; we include these rules among the internal rules:

1(AANB) := §A and B
1(AVB) := pAor B
1-A := A rejected (see §1)
h3z e Cp. A(x) = forsome c: fc € Cp(z), §A(c)
hC&d = ﬂdgéCO
hee {TeCp: A(@)} = fc€lm, 1A(c),

for R(v) = (Jx e Cp, 1, 2: AT, 1, 2))(v) € T:

1(c.k) e R(I) 1= f(c) € Cm, Bk <1, A((c), k, R(K))
hae R(l) := fa€CpxQ
13T e b(T). A(T) := forsome ceC: feceb(c), §A(c)
g3z e mm((er, ... ¢),1). Alx) = he € Cnlx), 1A(e)  (if i <j)
13z e mm((cry. .. ¢5),1). Alz) = fL (if i > j)
h3z e my(s,p). A(x) = gl (if W(s,p) ={z})
tce=od := fec,deCy
hcsC,j}L = thCf}L.

Assertions of ‘auxiliary sentences’ of the forms ¢ € Cp,(x), d & Co, c € Cm, a € Cpy X Q,
and ¢ € C}, ought, of course, to be justified additionally. - Assertions of sentences of A
are not to be restricted besides.

To see that the primary rules for sentences of A\ £ can be inverted we shall prove that
all sentences of A are non-circular in the following sense.
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Definitions: A sentence C (€ A) is said to be a predecessor of D iff C is deducible
from D by at least one application of the following rules (where = again indicates the
deduction steps):

ANB = A, B (two rules)
AVB = A B (two rules)
A => A
JreCp. Alx) = A(e), if c€Cp(x)
ce{zeCp:A@} = Ale), if c€Cn,

for R(v) = (JT & Cppy 1, 21 A(T, 1, 2))(v) € T
(K e R() = A((e)k,R(F), if (c)€Cm and k<L,
for terms b(Z) of the form {g e Cp,: G} or (Jye Cpy,y i, 2: G)(1):

Iz e b(z). A(ZT) = ceb(c), A(c), if ceCp
dz e mm((er, ... ¢),1). Alx) = Alg), if 1 <j.

In every instance of any of these rules the conclusion is said to be an immediate pre-
decessor of the premise, iff the conditions quoted behind the word “if” are satisfied.
Sentences that do not occur as premises of the just mentioned rules have no predeces-
sors. So sentences that belong £ or have the form ¢ € Cj, have no immedate predecessors.

A sentence of A is said to be non-circular iff it is not a predecessor of itself.

For the announced proof that all sentences are non-circular we need some preliminaries.

At first we define
T(w) for wely
Tn(w) = T, for wey

T, for weV.

8.1. Lemma: For all w,y € VW we have

s€Tn(y), r € Tn(w) = s € T(y);
FeF, reT,(w) — FEYecF,.

Regard that 7(Q),7(IN") € {7 (y): y € Vo}.

Proof: At first let y € VW, and s € 7 (y). This means that if z is a list of all distinct
elements of V(s), and a € C(z), then sz € C(y). Let w € Vy(s) (otherwise s¥ = s) and
r € T(w). Let z be a list of all distinct elements of Vy(s¥), and let u be z without w.
Then for all ¢ € C(z), by setting r° = r& and b = uZ, we have r° € C(w) and hence
(s¥)E = s} € C(y). So s¥ € T(y). -

Now let y € V UV. We prove 8.1 in this case by induction on the 7, F-rules (i.e. on
the number of steps of construction by the 7', F-rules): Let r € 7,,(w), and let * denote

the substitution of r for w. We write “I.H.” for “induction hypothesis”. - For arbitrary
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elements ® of 7,, UT,, U F,, we conclude ®* € 7,, UT,, U F,, from the
LH.: s* €T,/ s* € T,/ F* € F,, respectively, holds for all terms s and formulas F'
for which a previous deduction of (s € 7,) / (s € T,,) / (F € F,) by the
T, F-rules is required for a deduction of (® € 7,,), (® € T,) or (® € F,).
> Let ® € Tor C 7,,. If w € Vy then r € T (w), so that (by P1) ®* € Tor.
If w ¢ Vy then w does not occur in ®; therefore, ®* = & € 7,,.
> Let ®=2€VCT, lfw=zthen 2*=r e T,(w) =17,.
If w# 2z then z* = z € 7,,.
> Let ®=(Jxe Cp,p,2: F)(q) €7,,. So F € Fp,m <n, and so (by LH.) F* € F,,.
If w ¢ {T,p, 2} then ®* = (JT € Cpp, 1, 2: F*)(q*) € T, (since ¢* € T(Q)).
If w € {Z,u, 2} then ®* = (JT e Cpy, u, 2: F)(q*), thus again &* € 7,,.
> Let ® = (s1,...,5;) € Tp. Then s1,...,5; € Tp,. So (by LH.) 81,85 € Tp, and
s0 ®* = (s7,...,8%) € Ty
The remaining steps of induction can be performed analogously. [

Definitions: For ® € 7 UT U Fand n > 0 we define:

ABC = set of all non-circular sentences.
* € Sp(®) = x is a substitution of all variables w € W(®)
by constants w* € C,,(w) and satisfies
Vw e V(®).Y aely. (acw*)e AN
FeFl¢ = VxeS§,(F). F*e A"

Remark: ‘« € Sy(P)’ has been defined on p.32. - We have:

s€Ty, x€Sy(s) = s €.
SETn, *€8u(s) = s*€Cy.
FeF, x€S,(F) — F*eA, (by8.l).

Definition: Let ¢(¥)* be the term that results from ¢ by replacing all free occurrences of
by ¢, and applying the substitution * thereafter. Let (¥)* be the corresponding compound
substitution.

8.2. Lemma: (a) * € S,(Jx e Cy,. F), ¢ € Cop(2), Frn CFREC, m<n = (2)* € S, (F).
(b) x€8,(FTect. F),acCn(@) —= &) €Su(Tet)NS,(F).

Proof: (a) Let x € Sy,(3z ¢ Cpy. F), ¢ € Cu(z), Fmn C FEC m < n, as well as
w € V(F) with w* € Cp, and a € C,,. We have to show that (a e w(%)*) € AMC. Ifw # z
then w € V(3x ¢ Cy,. F) and hence (a € w(?)*) = (a € w*) € AY€. Now let w = x. So
(aew®)*)=(acc). If a €Cp\Cn then (a e c) has no predecessors (since ¢ € Cy,), and
hence (a ¢ ¢) is non-circular. If a € Cp, then (a € ¢) € A, C A"C.

(b) Let * € S, (FT e t. F), a € Cpu(T), w € V(T € t) UV(F) with w* € C,, and a € C,,.
We have to show that (a ¢ w(%)*) € A™C. Because of w € V we have w # T, hence
w € V(IT e t. F), and hence (a e w(®)*) = (a e w*) € A0
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8.3. Theorem: All sentences of A are non-circular.

Proof: By ‘composite induction’ we show that F, C FX€ for all n € 2: We start from
the induction hypothesis

LH.1: 7, € F2C for all m < n.
From this we conclude F,, C FHC by induction on the 7, F-rules. To this end, for any
formula H € F,, we infer H € F2° from [.H.1 and the further hypothesis

LH.2: F € FI€ for all formulas F such that the deduction of (H € F,) by

the 7', F-rules requires a previous deduction of (F' € F,,) by those rules.

Let H € F,, and * € S,(H). We have to show that H* is non-circular. To this end it
suffices to show that all immediate predecessors of H* are non-circular.

> If He&or H= (seCl), then H* has no immedate predecessor (€ A). So H* € A"C.

> Let H e {(FAG),(FVG)} with F,G € F,. By LH.2 we have F,G € F!° and so
F*,G* E.AHC'

> For H = (—F) we can conclude similarly.

> Let H= (3w e Cy,. F) withm < nand F € F,. By LH.2, F € FI¢. Every immediate
predecessor of H* has the form F(¥)* with ¢ € C,(x) and is, therefore, non-circular
(since (2)* € Sp(F) holds by 8.2 and I.H.1).

> Let H=(set)withseT,,tecT, By8.l,s*cC,.

Case 1: Let t € Tor. Then t* € Cy. So H* = (s* € t*) has no predecessors.

Case 2: Let t € V. Because of x € S,(H) and s* € C,, we have H* = (s* ¢ t*) € A"C.
Case 3: t = R(q) with R = (Jx ¢ Cpp, pt,2: F), F € F, and m < n. By LH2, F €
FRC Let F = A(m,p,2). H* = s* ¢ t* has the form (a,k) ¢ R(l), which has the
immediate predecessor A((a),k, R(k)) iff k& < . Now we suppose that, for all £ < [ and

all (a,h) € C x ©, we have ((a,h) & R(k)) € A", which implies ()5 7)* € Sal(F)

(since T, ¢ V), A((a) k, R(K)) = F(3% py)* € A" (since F € F'€), and hence
((a, k) € R(1)) € A™C. By induction on § we obtain especially H* = (s* ¢ R(¢*)) € AMC.

The residual case 4: t = {T € Cy,: F'} can even be treated simpler.

> Let H= (T ¢ t. F) with t € 7,, and F € F,,. By LH.2, F € FX°. As in the case
“H = (s et)” we also obtain (Z € t) € FIC. Every immediate predecessor of H* has the
form (T e t)(2)* = (a e t(%)*) or F(%)* with a € C,,, where ¢(%)* has the form {g & Cy, ...}
or (Jye Cp..)(). f T ¢ V(t) then t(%)* = t* € Cy, so that m < n. If T € V(¢), then
t ¢ T, hence t (€ 7,,) has the indicated form, and hence m < n, again. Therefore, in every
case, a € Cp. So (a € t(T)*) is non-circular (since (T € t) € F2C and (%)* € S,(T € 1)
by 8.2). Also F(¥)* is non-circular (since F' € F*¢ and (%)* € S,,(F) by 8.2). Hence all
immediate predecessors of H* are non-circular.

bal

> For H = (3z € mp(s,p). F') we can argue as in the above case “H = (Jz ¢ Cy,. F)

We have shown that F, C F}¢ for all n € Q. It follows especially that all sentences
are non-circular. [ - By 8.3 and the results of §2 and §3 we obtain:
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8.3*. Corollary: All primary rules for sentences of A\ £ can be inverted. So we may
argue classically with sentences of A in the classical game.

Now we repeat some former definitions, define an equivalence relation (=) on C, and
show that all terms and formulas are invariant under that relation.

Definitions: For x € W and s,t € 7 we define:

VeeCp. F = —-dxe(C, —F
JwF = FJweCy. F (if weVy)
VwF = YweCy F (if we V)
Vies ' = —-dres.—F
seCy = (s)eCy
sCt = Vres.Tet N ~(seCy) N —(teCp)
s~t = VYu(seC, < teC,)
s=t = s=tV (sCtANtCs A s~t)
s=p,t = s=t ANsecC, NteC, (for n > 0)
set = (s)et.

In the definitions of (s C t) and (s ~ t) let the variables T and p not occur in s or ¢. -
Because of ¢ =d — ¢ ~ d we obtain:

8.4. Lemma: ceCp Nc=d — c=pd.

Definition: For s,t € 7 we define by means of variables z,y,z € V \ V(s,t) and & for
elements of INT:

seCp = se{zeCp:0=0}
s=mt = seCpy NteCpyA
AVEVZ € Cp. [Ty e (s, k). x =y «— Fzemp(t, k). x = z].

8.5. Lemma: If a = (a1,...,a;), b= (b1,...,by) then
a=mb e j=k ANa=,b N ... Aaj:mbj.

Proof: We now write A as short for (a ¢ C,, A be Cp,) und use i as a metavariable
for elements of INT. Then we have

ANYiVeeCp.[Fyemm(a,i).zc=y < Fzemp(bi).z=z]
AANYiVeeCp.[i<jANz=a; < i<k AN x=0]
J=k AYi<j.a;=pb. U

a=m,b

T

Definition: For s €7, secC, =sc{TeCp:0=0}.

Remark: ForallceC: ceC,, < c€Cpn.
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8.6. Lemma: c=d — (ceCp = deCp). (Proof: 8.4, 8.5. )

Definitions: For ® € 7 UT U F, let |®| be the least n € Q with ® € 7,, UT , U F,,.
Moreover, for w € W we define: C(w) = [U,,cq Cn(w)-

8.7. Lemma: If ® € TUT UF, w € W(®), and ¢ € C(w), then |®¥| = max{|®|, |c|}.

Proof by induction on the construction of ® by the 7, F-rules: To this we give only
some induction steps as examples. Let ® € TUT UF, w € W(®), and ¢ € C(w). We
write m + 1 for m/; * for the substitution ¥, and “I.H.” for “induction hypothesis”.

> Let ® = (s ¢ CF). Then |®| = |s|. By 8.1, p* € T(IN'), ¢* € T(Q), and so ®* € F.
If w € W(s) then (by L.H.): |s*| = max{|s],|c|}, and so |®*] = |(s* ¢ Cg:)\ = s
max{|s|,|c|} = max{|®|,|c|}. If w ¢ W(s) then w € Vy(p) U Vo(q), so ¢ € C(w) C
Co, |c| =0, and so |®*| =|(s ¢ Cg:) = |s| = |®| = max{|®|,|c|}.

> Let @ = (JT ¢ Copypi,2: F)(q) € T. Then |®] = max{m + 1,|F|}. If w € {7, pu, 2}
then w € Vy(q), so again |c| = 0, moreover ®* = (JT ¢ Cpy,p,2 : F)(q¢*), and so
|®*| = max{m + 1, |F|} = |®| = max{|®|, |c|}. In case w ¢ W(F) we may conclude in
the same way. Now let w ¢ {T, 1, 2} and w € W(F). Then ®* = (JT ¢ Cpn, 1, 2: F*)(q%),
and by LH.: |F*| = max{|F|, |c|}. So we also obtain

|®*| = max{m + 1, |F*|} = max{m + 1, |F|, |c|} = max{|®|, ||}

> Let ® = 3z ¢ myu(s,p). F) with s € 7, p € T(INT) und F € F. Then |®| =
max{m + 1, |s|, |F|}. Because of w € W(®) we have w # z. Again we have p* € T7(IN™)
and so ®* = (Jz € my(s*,p*). F*) € F. If w € W(s) UW(F) then

%] = max{m + L, |s°[, [P} =1 g, ma{m + 1 [s], ||, ]} = max{|®], e[}

If w¢ W(s) UW(F) then w € Vy(p), so again |c| = 0 and thus

|®*| = |Fz € (s, p*). F| = max{m + 1, |s|, | F|} = |®| = max{|®|, |c|}. -

The remaining steps of induction can be performed analogously. [ -

From 8.7 we obtain:

"]

8.8. Corollary: If s € T UT, W(s) = {w}, and ¢,d € C(w) then: c ~d — s¢ ~ siﬂ.

Definitions: . o
ZeCp.F = Fe{TecCpr:0=0}.F
VZeCp.F = -3dxeCp.—F.

Let I,, denote the set of all elements a of C,, for which the formula (T ¢ a) is invariant
under (=,). Accordingly, for a,b € C we define:

acl, = acCy ANVTeCp.VyeCp.[T=,7 — (Tca < Yea)]
a=,b = a=,bANacl, N bel,.

So we especially have: a ¢ Iy < ae Cp, and a=pb < a=¢b. - For a = (a1,...,a;) and
b= (b1,...,b;) define

a=,b = a1=,b1 N ... A (ljinbj.
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8.9. Lemma: If all elements of 7, are invariant under (=, ), then for all
a,belCprUCh: a=,b — a=,b.

Proof: Let a € Cp,. Then the formula (T € a) is a member of F,,, and therefore, by
hypothesis, invariant under (=,,). So a ¢ I;,. Moreover, we have
VZeC,(Tea — TeCp). By 8.4 (with Z,7 in place of ¢,d) it follows that

VZeCn.VyeCpn.[Z=07 — (Teca < Tea N T=p
S PJea NT=nYy < yea)l.

<

So a € I,,. From this we obtain 8.9 for a,b € C,, and so, by 8.5, also for a,b € C,,. O

8.10. Theorem: All elements of 7,, U7, U F, are invariant under (=,).

Proof by compound induction: We start from the hypothesis
[.H.1: For all m < n, all elements of 7,, U7, UF,, are invariant under (=,).

From this we conclude at first: All elements of 7,, U7, U F, are invariant under (=,).
To this end, we consider any element ® € 7, UT, U F, and infer from I.H.1 and the
following hypothesis I.H.2 that ® is invariant under (=,,):

[.H.2: Invariant under (=,,) are all terms and formulas that must have been shown to be
elements of T, UT, UF, in order to show (by the 7, F-rules) that ® is an element of
T, UT, UF,.

So we suppose that ® € 7, U7, UF,, and W(®) = {w} with w = wy,...,w;. Moreover,
let ¢,d € C(w) and c=,, d. We consider the substitutions * = ¢ und = dg, and write
“invariant” as short for “invariant under (=,)”. N

> Let ® = s € 7or. In s occur only variables w; of Vy. So we have ¢;, d; € Cy. Because of
¢i =n d; it follows (by 8.4) that ¢; =¢ d;, so (by the hypothesis on (=¢)): s* =¢ s', s*, st €
Co, and so s*, s ¢ I,,, too.

> Let ® =w; € VUV. Then ®* = ¢; and & = d;. Since ¢; =,, d; we have ®* =, &T.

> Let ®=R(q) = (JTe Cpy,p,2: F)(q) € T,, withm < n and F € F,. F is invariant by
LH.2. Let F = A(%, y, z, w). We want to prove R*(I) =, Rf(I) for all I € Q by induction
on 2. To this end we may use the (third) induction hypothesis that for all £ < [ we have
R*(k) £, RT(k). Then for all a,b with a =, b we obtain by 8.6, 8.9 and I.H.1:

() eCpy — (b) eCp — a=,b. So (by 8.6) for all k € Q:

(a,k) e R*(]) (@) eCm A k<l A A((a),k, R*(K), )

() e Cm A k<L A A((),k,RI(K),d) < (bk)eRI().

<
<

From this it follows, by 8.8, that R*(), RT(l) € I, and hence R*(l) =, Rt(l). This result
holds for all [ € 2. So we obtain especially R*(¢*) =, Ri(¢"), i.e. ®* =, ®.

> The case ® = {Z € C,,: F} can even be treated simpler.
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> Let ® = (s1,...,sk) € Tp. By LH.2 we have s} =, sz. So &* =, &f.
> Let ® = E € £. As in the case “® = s € Tor” we obtain ¢; =¢ d;, and so: E* « ET.

> Let ® € {(FAG), (FVG), (=F),(3z € Cp. F)} with invariant formulas F,G € F,,
and m < n. Then it easily follows that also ® is invariant. Concerning the formula
(3x € Cy,. F) regard that, by I.H.1 and 8.9, we have: a ¢ C), — a=, a.

> Let ® = (s et) where s € T,, and t € 7,, are invariant. So we have s* =, sf, t* ¢ I,
and t* =, t!. Tt follows that: s* e t* «— st et* — sf et

> Let ® = (37 ¢ t. F) where t € 7,,, F € F, are invariant. First let 7 € V(t*). For all
a € C with a ¢ t(%)* we have |a| < [t(%)*| = max{|t*|,|a|} (by 8.7), so |a| < [t*] < n.
This also holds for Z ¢ V(t*). So in any case, by LH.1 and 8.9: a e t(%)* — a=,a —
tE)* =, t(E). S0t a e t(D)* A FE) — acet® A FE)I. So we obtain: &* — of
and, in the same way: ®f — ®*

> Let ® = (3 & my(s,p). F) where s € T,,, p € T(NT), and F € F,, which are
invariant. At first let z € W\ W(s,p). Then s*,s' are constants, p*,pl € INT, s* =, s
and p* = pl. Let s* = (a1,...,a; ), st = (b1,...,b;), and i = p*. In case i < j we
have a; =, b;, and hence ®* « F(7 )" < F(Z”Z_)T « ®T. In case i > j we have:
d* « L < ®f Finally, let 2 € W(s,p). Then 2 € W(s*, p*) N W(st, p!), so that again:
P* - 1 — @

* =

> Let ® = (s ¢ C) with an invariant term s € 7,,. Since s* ~ sf, p* = p! and ¢* = ¢

* * T
we have: s* ¢ C1. — sTe CF. © s*aC{’;f.

> Let ® = (s =¢ t) with invariant s,¢ € 7,,. Then ®* — s* ¢ Cp A t* ¢ Cp, so
* — st =5 s =g t* =gt — &, and likewise: T — d*.

On the assumption I.LH.1 we have shown that all elements of 7, U F,, are invariant
under (=,). Now we consider any element ¢ € C,. All ‘elements’ a,b of ¢ (if there are
any) have a lower order than n, so that (by I.LH.1 and 8.9): a =, b — a =, b. Since the
formula (7 € ¢) belongs to F,, it is invariant under (=,) and so under (=,,). Therefore,
ce I,. For all ¢,d € C,, we obtain: ¢ =, d < c¢=,d. So all elements of 7, U F,, are
invariant under (=,). O

Definition:
(81""7Sj):(t17"'7tj) = 31:t1/\.../\8j:tj
(1,.-.,85) = (t1,...,tx) = L if j+# k.

It seems not to be possible to adequately define (T =7), (Z = (t1,...,t;)), and ((s1,...,5;) =
y) as formulas of F. Nevertheless, we obtain:

8.11. Corollary: All elements of 7 U7 U F are invariant under (=).

Proof, for formulas, e.g.: Let F € F, {w} = W(F), (¢),(d) € C(w) and ¢ = d.

Then there exist k,m € § such that F' € Fj, and ¢ =, d. Let n = max{k, m}. Then
F & Fy, c=nd, and so (Fe~ < Fy) (by 8.10). O
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By 8.3 and 8.11 we have solved our main tasks mentioned in §7.

Definitions of j-ary relations: For = z1,...,z; and y ¢ V(F),

JrelCp. F = d21eCp...32;e Cp. F
{2eCp:F} = {HeCp:3xeChn. =m(z) N F)}
JreCupp,z: F) = (JgeCumyp,z: 3z e Crp. (W =m () A F)}.

So we have -
(c)e{zeCn:Az)} < (c)eCm A Ao,

Similarly, for R = (Jx € Cp, p, 2+ A(z, 1, 2)) we have
(c,k)e R(I) « (c)eCp N k<l A Alc, k,R(k)).

Now we can prove the following Corollary by which we can ‘define’ sequences of relations
S(k), k € IN, by ordinary recursion on IN (cf. §4: Addition in IN).

8.12. Corollary: For any two formulas A(z), B(z, i, z) € F,, with x € W, z € V, and
m < n there exists a term S(v) € 7,, such that for all (c) € C and all k € IN,

(©eS(0) < (c)eCm A Alc)
(c)e S(K') < (¢)eCp N Blek,S(k)).

Proof: Let

D(z,p,z) = [p=0 N A(z)]V
VIA[p=XN A Bz, \{zeCp: (z,\) e z2})]
R(k) = (JzeCun,p,z: D(z,u,z2))(k)
S(k)y = {zeCy:(z,k)e R(K)}.

Then we have

(€)eS(0) < (c0)eR0O) < (o

£ (c)
(e S(K') < (ck)eR(E") < (e

A
§9. -terms (definite description terms)

In this section we introduce ‘t-terms’, i.e. terms of the form (ty ¢ Cj. ®y) [“the (unique)
element y of C, that satisfies ®y” | (where ®y is a ‘proper’ formula). Then, for instance,
the notation of function application can be defined by f(z) = (wy € Ck. (z,y) € f).

Definitions: We shall use these abbreviations (for formulas ®y and variables u not
occurring in them and satisfying C(u) = C(y)):

P(=u) = VyeCf(Py—y=u)
p = weCy. Dy
v = 1zeCp.Vz.
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¢ is said to be a proper -term iff every instance of Ju & Ck. ®(= u) holds (which means
that there is a unique y € C}, satisfying ®y).

 is said to be prime iff no other (-term occurs in .

All occurrences of the variable y in ¢ are said to be bound.

A t-term without free occurring variables is said to be a t-constant (or a definite descrip-
tion).

In the following we adapt well-known introductions of t-terms (as in |7, §9] or [9,
pp. 170f.]) to higher order languages. To this end, terms and formulas are permitted to
contain proper t-terms. We spezify this thus: In the 7, F-rules adduced in §8 (by which
terms and formulas are to be constructed) we now write 7., F5, etc. instead of 7,,, F,
etc., and we complete those rules by this rule:

SueF, = peT} if k<nand g is proper.

The words “term” / “formula” are to be understood as elements of 7% / F*, respectively.
However, all constants ¢ referred to in the following rules are supposed to be i-free, i.e.
not to contain ¢-terms:

h3z e Cp. A(z) := for some c:fc € Cp, §A(c)
13z e b(z). A(T) = for some c:fceb(c), i Ac).

We say that ¢ occurs free in a formula F' iff ¢ occurs in F' and every free occurrence
of a variable in ¢ is also free in F'.

For formulas F' € F* let the reduction *F' of F' be recursively defined thus:
«xF' = F, if no t-term occurs free in F.

xFo = 3JyeCk. (PyA=*Fy), if (1) is satisfied:

(1) Fo = (Fy)%, ¢ is a prime and proper (-term that is free for y in Fy and does
not occur in Fy, and some occurrence of ¢ in F'y begins on the left of all other free
occurrences of a prime and proper (-terms in F'p.

Presupposition: In the following, ¢ and 1 are proper (-constants as above.
A, Ay, By etc. are sentences of A* and contain proper t-terms only.

Now we accept all primary rules fixed in §8 for sentences of A in which no ¢-constant
occurs, and we fix this rule, in addition:

R(¢) : A = xA, if some (-constant occurs.

Let assertions of sentences containing ¢-constants not be restricted by other rules.
So the inverse of R(:) is classically admissible.

Notes: 1. The use of Ap A By, e.g., is ruled by R(¢) and its inverse. However, due to 9.2
(below) we may also apply the rules Ap A By < Agp, Bp. So Ap A By may be used like
a common conjunction.
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2. Assume that Fy € £, ¢ is prime, and y is the only variable occurring free in &y A Ey.
Then we have y € Vj, hence C(y) C Cp, and hence

Jy e Cy. (Py A By) < Jye Cy. (Py A Ey).
In the following we write A = B / A < B to express that these rules are classically
admissible.
9.1 Lemma: If Ay = (Az)7, and v is prime, then
AYp < Fze Cp. (V2 A xAz).

So Jz € Cyp. ¥z implies ¥ € Cp and Y.
Proof: If ¢ satisfies (1), we obtain

Ap & xAp & Ty € Ck. (Py A xAy)

by R(¢) and its inverse. Now let ¢ and ) be prime and occur in A(g, 1) where ¢ satisfies
(1). We prove
A(p, ) < Jz e Cp. (V2 A xA(p, 2))

by induction on the number of t-constants occurring in A(., ) (with ‘I.H.” for ‘induction
hypothesis’).

A, ) Jy € Ck. (Py A *A(y, ) (as above)

( )
Jye Ck. (Py A Jze Cp. (V2 A%A(y,2))) (by L.H.)
Jze Cp. (V2 ATy e Ck. (Py A *A(y, 2)))
Jze Cp. (Y2 AxA(p,2)). O

tet e

9.2 Proposition (by which we may argue in 4" in the same way as in A and may apply
classical logic; cf. Note 1 above): For sentences of A" we have:

AoB & xAoxB if o€ {\,V,—, <}
A & %A
dr e Cp.A(x) & FzeCp. xA(2))
Jze Cp. (V2 NAz) & Fze Cp (xPz A *Az2)

For b(T) = {y e Cp. B(T,y)} or b(T) = (Jy e Cppy 1,21 ... )(1):
T e b(Z). A(Z) & FTe Cp.x (Teb(T) A AT))

cel{eCp: A@)} & ceCp A Alc)

Jzemm((cr,...,¢),1).A(x) & ceCnNAlg) (fori=1,...,7).
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For R= (JT & Cp,p, 2 : AT, i, 2)), 4,7 € Q“:
(¢,;i) e R(j) & (c)e Cm ANi < j A A((c),4, R()).

Proof: Let ¢ be prime, and let u be a variable that is free for y in &y A Dy and does
not occur in ®y A Dy.

ASSUMPTION: u € C}y A Du.
This assumption and Dy < Jy e Cy. (Py A xDy) (cf. 9.1) imply

Dy = Jy € Ck. (u=y A*Dy) = xDu = Jy € Cy. (Py A *Dy) = Do,
and hence x Dy & Dy & xDu < Du.

In the following we apply induction on the number of (-constants occurring in the formulas
considered. For instance, we use the induction hypothesis (I.LH.) Auo Bu < xAuoxBu
to show that Apo By < xApoxBy. Here we assume that ¢ occurs in Ap o Bep.

ApoBy < AuoBu <1 *xAuoxBu & xApoxByp
—Ap & —Au o1 xAu & o xAp

Jz e Cpy. Az, ) Jre Cp. Az, u) <r.g v e Cp. xA(x,u)

=
& dreCp. xA(z, @)

c(p)e{TeChn Alp,)} & clu)e {ze Co- Au, @)}
& c(u) e Oy A A(u,c(u)) (I.H.)
& c(p) e Cm N A(p,c())

The remainder can be proved similarly. [J

9.3 Corollary: If A = B, then A — B.

Proof: Assume that A = B. Then, by R(¢) and its inverse, we obtain *A = B, hence
*A — xB, and hence (by 9.2) A — B. O

Now we omit the assumption of 9.1 that 1 is prime:

9.4 Proposition: We have

AY — FzeCp. (Vz A Az)
— Vze(Cp(Vz— Az), hence
Vze Cp. Az — Ap — dze Cyp Az, moreover
A, Y)) — Fze Cp (Vz A A(z,0)).

So proper (-terms may be used like ordinary terms in the scope of nice formulas.
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Proof: If ¢ is prime, we have *Ay < 3z & Cy. (xVz A *Az) by 9.1. Now let ¢ be prime,
and let ¥ (y) be a proper t-constant containing ¢. Since in 1 (y) occur fewer (-constants
than in ¢ (p), we may assume that

Vy € Ck. (xA(Y(y)) < Jz € Cp. (xV(y, 2) A xA(2))).
This implies:

Jy € Cg. (Py A *xAY(y))

Jy € Ck. (Py A Iz € Cp. (xV(y, 2) A xAz))
dz € Cp. Jy € Ck. (Py A xVU(y, z) A xAz)
dz € Cp. (x¥(ip, 2) A xAz2).

* A ()

teT e

So, for all proper 1,

x A Jze Cp. (xVz A xAz)
Jze Cp.Vy e Cyp. (xVy — y = z — *Ay)
Vy e Cy. (xVy — xAy)

Jze Cp. (xVz AxAz) (since Jz e Cyp. * VUz).

L

Jz,ye Cp. (xV2z Ay = 2 A *%A(2,y))

Jz,y e Cp. (xVz A xVUy A xA(z,y))

Jze Cp. (xUz ATy e Cp. (xTy A xA(2,9))
Jz e Cp. (xVz A xA(2,7)).

* A, 1))

teod

By R(1), its inverse, and 9.2 we may omit ‘x’ in these results. By 9.3 we may replace ‘<’
by ‘<’ O

Note: Proper t-terms with free variables can be eliminated as in the following examples
(in which ¢(Z) / ¢(z), resp., is not free for y on the left):

cel{TeCp: AT, ¢T)} < ce ?m A Alc,p(c))
— ceCpuATyeCr (Pe,y) NxA(e,y)).

dr e Cp. Az, p(x)) < FzeChy. x A(z, p(z))
— dreCy.Jy € Ck. (P(z,y) N *A(x,y)).

§10. Substitutional combined with objectual quantification
in higher order languages

Here we want to extend our investigations of §5 to higher order languages. To this end
we include certain indicators (“this flower”, e.g.) in Zor and admit that they occur in
other terms of Zor and in formulas of £ (cf. p.28), and thus also in higher order terms and
formulas. However, we do not include indicators in VoUV UV (pp. 28, 29). Denotations
of indicators (i.e. of objects by indicators) are to be understood as in §5. A denotation

46



al,...,a (k> 0) is empty or composed of simple denotations «; (i.e. denotations
of single indicators) which are valid in particular situations only. To imitate objectual
quantification by substitutional quantification, we shall also use certain ‘d-names’ of
simple denotations, which can also be considered as proper names of the objects denoted
by those denotations. Such a d-name can be given, e.g., by an indicator, u, the name of
an actor, and the date at which he denotes an object by u. However, we shall sometimes
not explicitely distinguish simple denotations from their d-names.

Compound denotations generally result from acts of naming objects at different places at
different times. However, their d-names can be used anywhere at any time and thus independent
of situations.

Definition: If ® is a term or a formula or a list of d-names, let I(®) be the set of all
distinct indicators occurring in ®. For single d-names « let I« be the (unique) indicator
occurring in o.

As metavariables we use here: z,y for variables of Vy UV, T for elements of V, and
a, 3,7, for lists av,...,ax of d-names with Ta; # ITaj for all ¢,j with 1 <i < j <k
(or corresponding denotations).

If ® is a formula or a term and o = a4, ..., ag, then let & result from ® by substitu-
ting the d-name of a; for the indicator occurring in it (¢ = 1,. .., k). However, occurrences
of indicators in d-names are to be treated as ‘bound’; i.e. not ‘free’, i.e. they are not to
be replaced by the mentioned substitutions.

For U € U ey, {Tor, T (2),€}, we demand that t* € U iff ¢ € U. So by induction on
the 7, F-rules of §8 we obtain: t* € 7, iff t € 7,, and F'* € F,, iff F € F,.

If A is a formula in which no variable occurs free and no d-name occurs, we compactly
write § A| a for the assertion of A ‘under/in o/, i.e. in a situation in which « is valid.
Then we assume that I(A) C I(«). Now we again accept the rules of assertion quoted in
§8 and fix, in addition, this rule for assertions under denotations:

1Ala 1= g A™

By this rule we want to imitate objectual by substitutional quantification and so to
simplify the theory.

Sentences of the form £ ¢ with £ € £ remind on protocol sentences. However, in many
cases it suffices for practice to ignore the latter rule and to act upon suitable given rules
or usage for elementary assertions fj E| « and to apply the rules quoted in 10.1 (below).

Since we do not admit other rules than § Ala := §A® with § A|« as premise, this
rule may be inverted.

Definitions: Let Z be the set of all indicators. (Z is assumed to be infinite.)

Let C,, be the set of all elements of 7;,, in which no elements of Vo UV UV UT occur free.
Let Cp,(z) be the set of are values of = belonging to Cy, (cf. pp. 31, 33).

Let C,, and C be defined analogously.

47



Let a8 result from the list o, 3 by canceling all those members 3; of 8 with I3; € I(«).
We write ‘(b, 3) € Ry (z, ) for ‘I(b) C I(aB) A b*P € Cp(x),
and ‘(b, ) €R(c)’ for ‘I(b) C I(af) A b*P e

We complete the rules fixed in §8 (p.34) by this rule for sentences in which d-names
occur but indicators do not occur free:

13z e Cp. A(z) := for some (b, ) €Rpm(x, ). fADLYH),

if av ist the list of all d-names occurring in A(z).
(For empty «, this rules coincides with a rule fixed in §8.)

10.1 Proposition: In the primary game we may apply the following rules to formulas
in which no elements of V3 U)Y UV occur free and no d-names occur:

1(AANB)|la & fA|la and §Bla
h(A\/B)\a < fAla or §Bla

1-Ala < A rejected in «

h3z e Cp. A(z)|a < for some (b, ) ERp(z, ). 1 A(D)| a B
hee{Ze Cn: A@)}Ha & fc® €Cpm, §A(C)|a,

for R= (JT e Cp,p,2: A(T, 11, 2)) and k,1 € Q:

dek) e RUa & 3(0° € bk <L, §A((S), b, R(K)] o
13T e c(Z). A(T)|a < for some (b, B) eR (). i(bec(b) NA(b))|ap
p3z e mn((cr,....¢),0). Alz)|a & e € Cn(x), fA(G)|a  (if 1 <i<j)
hee Cmla & e ey
1A(p)la < Fye Cp (2(y) A A(y))| o

if o = wy e Cy.P(y) is a proper t-constant, in which indicators may occur.

Note: The above rule for 3z € Cy,. A(x)| @ combines both substitutional and (in general)
objectual quantification.

Proof: We may apply the following rules (with ‘3’ for ‘for some’):
1(AANB)la © §1(AANB)* &4 (1A and 1 B*) < (1A|a and §B|a)
1-Ala & 1~ Aa g A rejected & A rejected in a.

13z e Cp. Alz)|la & hﬂx@C CA(x) @
& 3 (b, ﬁ)ER (z,a). (aﬁ)o‘
& 3( B) ERm(z, ). § A(b)*B
& 3 (b,0)ERm(x, ). 1 ()lOéﬁ

The remainder can be proved similarly. [
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10.2 Theorem: We may commute consecutive existential quantifiers (cf. the remark
5.1).

Proof: Let v_z be the list of those members of v that contain only indicators belonging
to I(y)\ 1(8), and let v = ~v_g 3. Then we have I(3)NI(y_3) = 0 and hence I(aF7) C
I(aBy-p) = I(a®'). Therefore and due to the latter proof we may apply these rules:

Jr e Cp.Jye Cyp. Az, y)|

3 (b, B) €Rm(z,a). 3y € C. A(b y) 7

3 () R, 3c7) Ralia ) A7
3 (c,7) €Ra(y, ). 3 (b, 8) ERm(w, 7). Alb,c)*7'8
JyeCp. Iz e Cp. Alz,y)|a. O

‘it

§11 On the Use of Hypotheses in
Cumulative Type Theory

1. Deducibility of sentences from hypotheses
considered modal-logically

This section contains only the main considerations of my TU-Darmstadt Preprint 2428.
A motivation for them is given above in the section “Hypothetical assertions” of §6.

In the previous sections we have constructed a comprehensive language of a ramified
cumulative type theory. We shall construct and investigate an extension, £, of it, which
is a language of the same sort, but also contains sentences which express that certain
sentences of £ are deducible from others by given rules. To this we shall introduce ‘names’
of sentences of £ and include them in £. So in £ we can not only use sentences of L
but also ‘speak about’ them. (We do so though A. Tarski and others have shown that
ramified type theory can, in a certain sense, be used as a metalanguage of itself.)

We especially deal with the deducibility of sentences from ‘hypotheses’ by given axioms
and rules, and we shall show how we can formulate that deducibility in £. Assume that
A = Ay A ... NAj is the conjunction of all ‘current hypotheses’. We shall introduce
sentences of the form A > B which are to mean that B is deducible from A and certain
additional axioms by certain rules. The system of those axioms and rules will be denoted

by S.

Let be given a language of type theory as described in §8. We have defined: W = VUV
and W = WUV. We extend the set F = (J,,cq F of formulas as follows: Let F> (D F)
be the set of all formulas constructible by the following six rules (where ‘=’ indicates
the steps of construction):

= F, it FeF
F = (=F), (3zF), if reW
F,G = (FAG), (FVG), (F>Q).
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In the following, x,y, 2z range over W, T over V only, and y,z over all lists 21,..., 2
of variables z; € W with arbitrary length k& € IN; t ranges over 7 U 7; m over ;
F,G,H over F*; and A, B,C over A", i.e. the set of all sentences belonging to F". -
We let Vy and Vz range over all prefices of the form Vz;...Vzp with £k > 0. For k =0
let Vz1, ..., 2, F stand for F. Note that the quantifications in 3z F and in Vz F are not
restricted to any order, and that formulas of 7>\ F do not occur in terms of 7.

Now we specify the axioms of S in Al. - A4.:

Al. Let PL be the ‘propositional language’ whose formulas are as usual composed of
‘propositional variables’ and L (= 0 = 1) by means of A,V,—, and (,). Let TAU be
a particular finite set of tautologies that are formulated in PL. TAU with the rule of
modus ponens is assumed to be ‘complete’. As axioms of S we take all formulas Vz F’
where F' results from an element of TAU by replacing all occurrences of propositional
variables with formulas of F". Here and in the following, formulas represented by Vz F'
are permitted to contain further free variables.

By an instance of a formula, F', of * we understand a sentence that results from F'
by replacing all free occurrences of variables with values of them, which are constants.
Also the following axioms of S have the form Vz F. Fr(¢,z, F) is to mean that ¢ is free
for z in F', and N(y, @) is to mean that y does not occur free in G.

A2. Let all formulas of the following forms be axioms of S:

Vz (t =1) with t e T,
Vz(z=t — (F < FF)) with Fr(t,z, F), t €T, x € W;
Vz(Ff — 3z F) with Fr(t,z, F);
Vz(Vy(Fy — H) — (32 F — H)) with Fr(y,z, F'), N(y,(3z F — H));
Vz(FxeCp. F «— Jx(xeC,AF)) with €W, F e F;
Vz(Ixet. F < dx(xet N F)) with teT, FeF,
Vz(se{zeCp: F} < seC, N F?) with Fr(s,z,F), s€ T, F € F;

Yz ((5,0)eT(q) < (8)eCm Ap<q A F((s),p,T(p)))

with (s) € 7, p,q € T(Q), T = (JT ¢ Cpypi,2 2 F(T,1,2)), p € V(Q), 2 € V,
Fr((s),z, F(...)), and Fr(p, u, F(...));

Vz( 3z e mp((te, ..., t5),9). F < tie Cp N FY),

Vz(3z e mp((t1,...,t),p). F — p=1V ... Vp=j)

withz e W; t1,...,t; €T;i=1,...,5; p€ T(N'), and F € F.
A3. The following axiom schemes, which we include in S, concern the connective >:

Vz (F o F) 1]
Vz2(F>G AN GoH — FvH) 2]
Vz(FeVy(G— H) — (FrVyG — FoVYyH)) (3]
Vz(FoVyH — FoVy(GeH)) [4]
V2(FAG)>H — F»> (G H)) [5].
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Note. [3] and [4] remind of the following axiom schemes of labelled modal logic:

(A — B) — (A — B) and A — A, respectively, which are in case i = j (or
without labelles 7, ) usually designated by (K) and (4) (cf. (Popkorn 1994), chap. 2).

A4. As axioms of S we can (for certain purposes) also take other formulas whose instances
may be asserted due to certain rules of assertion, especially formulas of the shape Vz (E1 A
...\ E, — E) with Ey,...,E,,E € £ where Ey,...,E, = E (with metavariables for
certain elements of Cp in place of variables) is an agreed rule of assertion (cf. §1).

As rules of S we take

VzF,Vz(F — G) = VYzG (modus ponens)
VzH = Vz(G>H) (necessitation).

(Instances of these rules are F, FF — G =G and H= G>H.)

Let S F B be short for “B is deducible in S (i.e. from the axioms of S by the rules
of §)”, and S(A) F B for “B is deducible in S(A) (i.e. from A and the axioms of S by
the rules of §).” We now interprete A B as S(A) F B, i.e. we fix the following rule in
addition to the ‘primary rules’ quoted in §8:

HA>B 1= §S(A)F B.

This rule is invertible, since we do not restrict the assertion of A> B by other rules. But
all sentences of A" are to be understood classically, i.e. with respect to the classical game
of assertion (cf. §3).

Note. We have: § F Vz F' if and only if S F F. This can be shown by induction on
S (i.e. on the number of corresponding deduction steps). The same also holds for S(A)
instead of §. Moreover, we have S - Vz (F >V G — Vo (F G)); this reminds of the

inverse Barcan formula, V:c G — VmG.

11.1 Lemma: For all A € A" and all F € F*, if S(A) - F then S+ A F.

Proof, by induction on S(A): Let S(A) - F. If F is an axiom of S, then S+ A> F by
necessitation. If ' = A, then S - A> F by axiom [1]. - If ' = Vy H has been deduced
in S(A) by applying modus ponens from the premises Yy G and Vy (G — H), say, then
we may use the induction hypotheses S - A Vy G and S - Ap Yy (G — H). Then, by
axiom [3] and modus ponens, S + Ab Yy H. - If F = Yy (G > H) has been deduced in
S(A) by necessitation from the premise Yy H, then, by induction hypothesis, we have
S A>Vy H and so, by [4] and modus ponens, S F AvVy(Gr H). O

Substituting B for A and S(A) for S in the latter proof, we also obtain:
11.2 Lemma: For all A,B € A” and all F € 7>, if S(AA B) - F then S(A) + B> F.

11.3 Proposition: If S - F', then all instances of F' are true (assertible).
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Proof (cf. (Smullyan 1987), chap. 26, proof of Theorem 1, e.g.): At first we show that
all instances of the axioms [1] - [4] are true. To this, we consider any instances A, B,C
of F,G, H, respectively.

Ad [1]: Let A be deducible from itself, i.e. S(A) - A.

Ad [2]: If S(A) F B and S(B) - C, then S(A) - C.

Ad [3]: Let A>Vy (By — Cy) be a instance of F' >Vy (G — H).

If S(A) F Yy (By — Cy) and S(A) F Vy By, then, by modus ponens, S(A) F Yy Cy.
Ad [4]: If S(A) F Yy Cy, then, by necessitation, S(A) + Vy (By > Cy). -
Ad [5]: By 11.2, every sentence of the from [5] is true.

Also all instances of the residual axioms of S are true. Now we easily obtain 11.3 by
induction on S. To this note the following: To obtain S - Vz (G> H) by necessitation, we
must previously have S - Vz H. But then, for any instance B>C' of G> H, C' is deducible
in § and so in S(B) so that B C' is true. Thus every instance of Vz (G> H) is true. O

From 11.1 and 11.3 we obtain:

11.4 Corollary: For all A,B € A", S(A) B if and only if S+ A> B.

2. A language of cumulative type theory
with quotation marks

In the following we construct a language of cumulative type theory that contains ‘names’
of sentences. By means of first order sentences of that language we can also speak about
higher order sentences of it. Despite this ‘reduction’ of order, all sentences of that language
are non-circular.

In §8 we have defined the sets 7,7 and F. We say that the language £ consisting
of them results from Zor, £, Vo, V,V by the T, F-rules. Now we presuppose that a given
language L£° results from 73, £°,V5,V,V by those rules. We shall construct extensi-
ons Tor D 15, € 2 £° and Vy D V) such that the language £ that results from
Tor, €, Vo, V,V contains sentences expressing that S(A) + B, for S as above and any
sentences A, B of A”. Note that L is a language of cumulative type theory.

Let Vi be a denumerable set of ‘new variables’ that do not occur in the elements
of T° UT U F°. (N will be defined below.) Let the set %° contain all atomic symbols
occurring in elements of 7° UT UF°UVy, and the additional symbols >, N, Fr, and Sub.
Let the symbol set ¥ result from ¥° by adding the new symbols [«], [[a]], [[Ta]]],- .-,
for every o € ¥°. The symbols [, ] are supposed not to belong to ¥°. We do also not
include them in 3. So we may consider all elements of > as atomic symbols.

Let X be the set of all strings a; ... a; (j > 0) of symbols a; € 3. So, especially, the
‘empty word’ belongs to ¥* (case j = 0). For aq,...,a; € ¥ (j > 0) we define

quOéQ . Oéj-‘ - [041—‘ [aﬂ - [Ozj—‘ .
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Let this figure be said to be the name of ajas . .. a;. Especially, | | stands for the empty
word, which is its own name. Let A be the set of all such names of elements of X*.
We shall use the elements of Vjr as variables for (all or particular) elements of N. All
variables occurring in an element of N are considered to be bound (by the ‘quotation
marks’ [, ]).

Let 7(N) be the set of all figures of the form
[SO—‘XH e )(m1 (S{lXQl .. .X2k2 [521 c. le .. -Xjkj [S]-|

with S; € ¥* for 0 < i < j, S; # [] for 0 < i < j, variables X;; € Vy, j > 0, and
ki ko, Ky > 1

Note. We have N'U Vy C T (N). If we replace all free occurrences of a variable in an element
of T(N) by an element of 7 (N) - or, especially, by the empty word -, then we again obtain an
element of 7 (N).

V§ (C 15y, see above) is assumed to be a set of variables (of several given sorts) for
certain constants belonging to 75p. Let Vo = VS UV, Tor = 5 U T(N), and let
& contain all elements of £°, all equations (¢ =g 7) with 0,7 € T(N), and certain
further formulas, which we shall specify below. Let, as announced, 7,7, F result from
Tor, €, V0, V,V by the T, F-rules.

Ezamples of tuples containing the empty word are: (), (¢, ), (,),(, ,t), for any ¢ € 7. Such
tuples are particular elements of 7.

Given a system S of axioms and rules as indicated above. We want to define sets
Ry, R, Rs, ... € Cq such that, for all n € IN, R,, is the set of all names of sentences that
are deducible in § by < n steps of deduction.

For any U C ¥* let U] be the set of all names [u] of elements u of . (So we have
Ul € $*I1 = A.) The sign ‘=q’ between elements of A is to mean their literal equality.

So long we have used the letters x,y, T, s,t,m, F, G, H, ... as metavariables.
However, to make the following definitions easier to read, we now use these and some
other letters to indicate particular variables of Vs that range over certain subsets of N.
That is, we provisionally let w (€ V) range over WEL 2,y over WH, T over Vm, r

over TI'1, s over TM, t over T U?m, m over QI F,.G, H,X over F*I'l. P,Q over
FI1 only, and n, ¢ over names [Vzi ...Vz;] of prefices with variables z; € W and length
k > 0. (Of course, we presuppose that Vs contains denumerably many variables of each
of those sorts.) We write [...Z---] for [...]z[- - -] (wherein x occurs free), [...ZF -

- -] for [...]zF[---],eg, [...¥Vg---] for [...]n[- - -], and [VZ- - -] for ([- - -].

The following formula ‘Axiom(X)’ of F; can be read as “X is the name of an axiom

of §”:
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Axiom(X) = FGHPQ,wmy,xnC,rstmsC’o ( =0 [VZ(F > F)]
z(FDG A G>H — FDH)-‘

X =0
XZO[ ZFDVQ(GHH) (FDVyGHFDVyH))—‘
X =
X =0

< I < W

V X =¢ [VZ2(Fw e Cn. P+ Fw (e Ci A P))]

VX =[V2@3Ter. P — T (TeiAP))]

% (X_o [(Vi(3e{feCp:P} — 5¢Cm N Q)]
A Sub(Q, P, s,T) A Fr(s,f,P))

Vo).

(We have ommited several brackets in the definiens of Axiom(X), which is to be com-
pleted by means of names for further axioms alleged under A1, A2 and A4 (above).) Of
course, a sentence of the form Fr(t,z, F') with names t,z, F (in place of variables) is
to mean that t’ is free for 2’ in F’ where t’ is the term denoted by ¢, 2’ is the variable
denoted by x, and F’ is the formula denoted by F. Similarly, N(y, G) is to mean that
y' does not occur free in G', and Sub(G, F,t,x) is to mean that G’ results from F’ by
substituting ¢’ for /. We include all formulas of those shapes in £. To formulate this in
more detail, we at first define: For & C ¥* let T(U['1) be the set of all elements of 7 ()
whose instances are elements of U"1. Now let € contain all elements of £° and all formu-
las Fr(t,z, F), N(y,G), and Sub(G, F,t,z) with z,y € T(Wm); F .G e T(]:DH), and
teT(THUT.

We now recursively define Ry, Ry, Ro, ... :

Ry = {XeCy: Axiom(X)}

Roy1 = {XeCyp: XeR,
V3F,G,(eCo ([VZF] e Ry A [VZ(F — G)]e Ry A X =0 [V2G])

V3G, H,CeCo. ([V2H] e Ry A X =) [V2(GoH)])}.

It is easy to see that R, is the set of all names of sentences that are deducible in § by
< n steps (cf. (Zahn 1993, p. 425f.)). For any v € V(Q2), R, can also be defined as an
element of 7; (see the proof of 8.12). Let R = |, . y Rv- So R € Cy, and for any B € A,
the sentence [B] ¢ R belongs to A; and means that B is deducible in S. So, by 11.4,
[A> B] € R means that B is deducible in S(A) (i.e. ‘from A in §’).

Remarks: In the above definition of Ro, 1, Rg, ... it has been convenient to use variables
of several sorts, namely for every set U € {W,V, W, T, T, T UT,Q,F,F"} variables ranging
over U1, and variables ranging over names [Vz1...Vz] of prefices with z; € W and k > 0.
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But instead of those variables (which belong to Var) we need only one sort of variables, namely
variables ranging over . Then we have to reformulate Axiom(X) thus:

F, .G e Co (FeFPT A LA CeTI A vl A (X =0 C[(FrF)] V ..0)

where X, F, (, ... are elements of V(N) ranging over /. Here we have added the clauses F' € Fehl
¢ el ..., where II denotes the set of the above mentioned prefices. (To avoid misunderstan-
dings we can replace ‘F>’ by a new sign in this context.) We can effect that the latter clauses
are in F; - provided that 7., £°,V5,V, and V, are recursively enumerable (i.e. constructible by
formal rules). Indeed, in this case also the sets 7,7, F, F>,1I,... are recursively enumerable so
that the corresponding sets of names for elements of those sets can be introduced as elements of
C1 (namely on the model of the above introduction of R = J, . Rv). - However, we dispense
with complete reformulations of ‘Axiom(X)’ and the definition of Ry, 1.

The predicates N(-,-), Fr(-,-,-), and Sub(.,.,.) have recursively enumerable extents and can,
therefore, be defined to be elements of Cy. So it suffices to take £ to be £°. (Recall that, by a
demand given in §8, we have (s =q t) € Fq for all s,t € T(N).) We may also omit the signs N,
Fr, and Sub from X°.

When we say that a sentence B is deducible in S(A), we do not use the sentences A and B,
we only refer to them. To indicate this fact we can put them in quotation marks. Accordingly,
it would be adequate to understand A > B as a shorthand of [A] > [B]. But then the definiens
of ‘Axiom(X)’ turns in

E'F,...,C,... 600.(X:0 [VQ(FDF)—I V ),

where several occurrences of F' are bound by [, ], which misses the intended meaning.
We do no further discuss that matter.

3. A version of the Theorem of Lob

Modifying an idea of Craig (see (Smullyan 1987), chap. 26, e.g.) we now extend F* thus:
For all F,G € F* let A(F,G) be a formula of £ (C F C F%). For all A, B € A” let

A(A, B) mean that S(A) - (A(A4, B) — B).

(Note that the latter deducibility relation does not depend on the meaning of A(A, B).)
So for all F,G € F", all instances of

Vz (A(F,G) < F>(A(F,G) —G))

are true. We now take all formulas of this form as additional axioms of S. (These axioms
can easily be enclosed in ‘Axiom(X)’.) So all formulas of the following form are deducible
in S:

Vz {(A(F,G) - G) < [F>(A(F,G)— G)—G]}.

Writing H for (A(F,G) — G) we obtain this version of the
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Diagonal Lemma: For all F,G € F" there is an H € F" satisfying
StVz{H < (FrH—G)}.

This implies especially the following version of the

Theorem of Lob: For all B,C € A” if Sk (B>C — (), then S+ C.

The proof given in (Boolos 1989), p.187, can easily be transformed into a proof of this
version of Loéb’s theorem. By another well known theorem of modal logic, this version
yields

SE(Br(BrC—C)— Br(),

which reminds of the modal scheme [i]((i]C — C) — [i]C). Obviously, all results of this
section also hold for S(A) instead of S.

Notes: 1. Modal systems satisfying the latter scheme together with (K) and (4) are said to be
of type G.
2. Let T = -1, e.g. Because of S I/ L, Lob’s theorem and 11.4 especially imply St/ = (T > L)
(cf. Godel’s second incompleteness theorem).
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