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REINHARD KAHLE and PETER SCHROEDER-HEISTER

INTRODUCTION: PROOF-THEORETIC SEMANTICS

According to the model-theoretic view, which still prevails in logic,
semantics is primarily denotational. Meanings are denotations of
linguistic entities. The denotations of individual expressions are
objects, those of predicate signs are sets, and those of sentences are
truth values. The meaning of an atomic sentence is determined by the
meanings of the individual and predicate expressions this sentence is
composed of, and the meaning of a complex sentence is determined
by the meanings of its constituents. A consequence is logically valid if
it transmits truth from its premisses to its conclusion, with respect to
all interpretations. Proof systems are shown to be correct by dem-
onstrating that the consequences they generate are logically valid.
This basic conception also underlies most alternative logics such as
intensional or partial logics. In these logics, the notion of a model is
more involved than in the classical case, but the view of proofs as
entities which are semantically dependent on denotational meanings
remains unchanged.

Proof-theoretic semantics proceeds the other way round, assigning
proofs or deductions an autonomous semantic role from the very
onset, rather than explaining this role in terms of truth transmission.
In proof-theoretic semantics, proofs are not merely treated as
syntactic objects as in Hilbert’s formalist philosophy of mathematics,
but as entities in terms of which meaning and logical consequence can
be explained.

The programme of proof-theoretic semantics can be traced back to
Gentzen (1934). Seminal papers by Tait, Martin-Lo6f, Girard and
Prawitz were published in 1967 and 1971.! An explicit formulation of
a semantic validity notion for generalized deductions with respect to
arbitrary justifications was given by Prawitz (1973). Much of the
philosophical groundwork for proof-theoretic semantics was laid by
Dummett from the 1970s on, culminating in Dummett (1991). Martin-
Lof’s type theory, whose philosophical foundation is proof-theoretic
semantics, became a full-fledged theory in the 1970s as well (see Martin-
Lof 1975, 1982). The term ““‘proof-theoretic semantics” was proposed
by the second editor in a lecture in Stockholm in 1987.>

Synthese (2006) 148: 503-506 © Springer 2006
DOI 10.1007/s11229-004-6292-5
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Since proof-theoretic semantics has reached some status of
maturity, we considered it appropriate to organize a conference with
that title at the University of Tiibingen in January 1999.% The papers
presented at this conference were the following:

— Dag Prawitz: Meaning explained in terms of proofs: A comparison
of some approaches

— Lars Hallnés: Defining the semantics

— Patrizio Contu: The justification of the logical laws revisited

— Gabriele Usberti: Towards a semantics based on the notion of
justification

— Michael Dummett: Reply to Warren Goldfarb

— Goran Sundholm: Inference versus consequence

— Roy Dyckhoff: Permutation-free sequent calculi

— Jorg Hudelmaier: A semantical sequent calculus for intuitionistic
logic

— Robert Stirk: Proof-theoretic semantics of logic programs

— QGrigori Mints: Partial proofs and cut introduction

— Per Martin-Lo6f: The distinction between sense and reference in
constructive semantics

— Kosta Dosen: Models of proofs

— Peter Schroeder-Heister: Frege’s sequent calculus

— Reinhard Kahle: A proof-theoretic view of intensionality

— Michael Rathjen: The role of ordinals in proof theory

— William Tait: Beyond the axioms: The question of objectivity in
mathematics

The present collection grew out of this conference but is not intended
as a volume of proceedings. Our idea was, by means of various basic
papers, to shed some light on central topics of proof-theoretic
semantics to enable researchers from other branches of logic to gain
some insight into a subject which we think has a bright future.

The first topic of these papers are approaches giving proofs a
semantic value without reference to denotations: Prawitz philo-
sophically elucidates his meaning theory based on proofs, and
Schroeder-Heister, Contu and Hallnds deal affirmatively and criti-
cally with validity notions developed in the tradition created by
Prawitz. Tait, in a type-theoretic framework, shows that a non-
denotational approach does not necessarily lead to non-classical
(intuitionistic) logic. Then there are contributions which reflect on
the framework in which proofs should be dealt with: Sundholm
compares different forms of natural deduction from a
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meaning-theoretic point of view, and Dosen puts forward categor-
ical logic as a framework particularly appropriate for proof-theo-
retic semantics. Two papers develop applications: Kahle uses proof-
theoretic semantics in order to clarify the notion of necessity, while
Usberti carries over proof-theoretic semantics to the justification of
empirical sentences. Finally we have two contributions dealing with
the background to proof-theoretic semantics: Mints presents some
basic ideas of Russian constructivism, and Rathjen gives an over-
view of theories of ordinals which have dominated proof theory for
quite some time.

Due to various circumstances, editing this collection stretched over
a period of several years. We received the first manuscripts in 1999
and the last update of a paper in 2004. We apologize for this delay to
those authors who submitted their contributions early.

We should like to thank the reviewers for their efforts, Wilfried Sieg
for valuable comments on a previous version, and Janah Putnam for her
help with language editing. Special thanks are due to Thomas Piecha,
who prepared the final manuscript, for his careful editorial work.

NOTES

! See Tait (1967), Girard (1971), Martin-Lof (1971), Prawitz (1971).

2 First in press in Schroeder-Heister (1991). Whether this term had already occa-
sionally been used in Stockholm at that time he cannot recall, although he does not
want to rule this out. — As early as 1968 Kutschera used the term “Gentzen
semantics” [“Gentzensemantik”] (see Kutschera 1968).

3 Supported by DFG grant Schr 275/12-1.
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DAG PRAWITZ

MEANING APPROACHED VIA PROOFS

ABSTRACT. According to a main idea of Gentzen the meanings of the logical
constants are reflected by the introduction rules in his system of natural deduc-
tion. This idea is here understood as saying roughly that a closed argument
ending with an introduction is valid provided that its immediate subarguments are
valid and that other closed arguments are justified to the extent that they can be
brought to introduction form. One main part of the paper is devoted to the exact
development of this notion. Another main part of the paper is concerned with a
modification of this notion as it occurs in Michael Dummett’s book The Logical
Basis of Metaphysics. The two notions are compared and there is a discussion of
how they fare as a foundation for a theory of meaning. It is noted that Dum-
mett’s notion has a simpler structure, but it is argued that it is less appropriate
for the foundation of a theory of meaning, because the possession of a valid
argument for a sentence in Dummett’s sense is not enough to be warranted to
assert the sentence.

1. INTRODUCTION

The term proof-theoretic semantics would have sounded like a con-
tradictio in adjecto to most logicians and philosophers half a century
ago, when proof theory was looked upon as a part of syntax, and
model theory was seen as the adequate tool for semantics. Michael
Dummett is one of the earliest and strongest critics of the idea that
meaning could fruitfully be approached via model theory, the
objection being that the concept of meaning arrived at by model
theory is not easily connected with our speech behaviour so as to
elucidate the phenomenon of language. Dummett pointed out at an
carly stage that Tarski’s T-sentences, i.e., the various clauses in
Tarski’s definition of truth, cannot simultaneously serve to determine
both the concept of truth and the meaning of the sentences involved.
Either one must take the meaning as already given, which is what
Tarski did, or one has to take truth as already understood, which is
the classical approach from Frege onwards.

This latter alternative amounts to an account of meaning in terms
of truth conditions depending on a tacit understanding of truth. In the

Synthese (2006) 148: 507-524 © Springer 2006
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case of a construed formal language, the T-sentences become postu-
lated semantic rules that are supposed to give the formulas a meaning
(a representative presentation of this view is in Introduction to Math-
ematical Logic by Alonzo Church (1956)). If the T-sentences are to
succeed in conferring meaning to sentences, this must be because of
some properties of the notion of truth. A person not familiar with the
notion of truth would obviously not learn the meaning of a sentence by
being told what its truth condition is. It therefore remains to state what
it is about truth that makes the semantic rules function as genuine
meaning explanations — the semantics has to be embedded in a meaning
theory as Dummett puts it.

In the case of an already given natural language, the T-sentences
become instead hypotheses, which must somehow be connected with
speech behaviour. Here one may follow Donald Davidson’s sugges-
tion which may roughly be put: if “A4 is true iff C” is a correct
T-sentence for the sentence 4 in a language L, then a speaker of L
who asserts 4 normally believes that the truth condition C is satisfied;
cases when a speaker is noticed both to observe that C is satisfied and
to assert 4 therefore constitute data supporting the T-sentence.

By making this connection between T-sentences and speech
behaviour for at least observation sentences, one begins spelling out
the concept of truth, which is needed to support the claim that the
T-sentences give the meaning of the sentences of a language. How-
ever, as argued by Dummett (e.g., in Dummett 1983), it is only a
beginning, because the assertion of sentences is only one aspect of
their use. If the T-sentences are really to be credited with ascribing
meaning to sentences, they must be connected with all aspects of the
use of sentences that do depend on meaning. In other words, there are
further ingredients in the concept of truth that must be made explicit,
if the truth condition of a sentence is to become connected with all
features of the use of the sentence that do depend on meaning. One
such feature is the use of sentences as premisses of inferences. When
asserting a sentence we are not only expected to have grounds for the
assertion, we also become committed to certain conclusions that can
be drawn from the assertion taken as a premiss.

I shall leave the prospects of rightly connecting the meanings of
expressions with our use of them within a theory of meaning devel-
oped along these lines, and shall instead review some approaches to
meaning that are based on how we use sentences in proofs. One
advantage of such an approach is that from the beginning meaning is
connected with aspects of linguistic use.
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One very simple version of an approach of this kind is to take
meaning to be determined by all the rules for a language. Restricting
oneself to deductive uses of language and thinking of proofs as
determined by a set of inference rules, meaning simply becomes
determined by all the inference rules of the language. This way of
literally following the slogan ‘“meaning is use” — the inference rules
that determine the use of sentences also determine their meaning — fell
in some disrepute, when Prior (1960) introduced a sentential operator
tonk governed by rules similar to the introduction rule for disjunction
and the elimination rule for conjunction. Since the effect of adding
tonk to a language is to make all sentences derivable, a person who
adheres to the idea that an arbitrary set of inference rules determines
meaning must be prepared to allow that even inconsistent languages
are entirely meaningful.

An interesting defence of such a standpoint is given by Cozzo
(1994). He develops a theory in which the meaning of a sentence is
given by arbitrary argumentation rules concerning the terms that
occur in the sentence. The theory is interesting because, in spite of the
fact that it gives a meaning to tonk and thus to inconsistent lan-
guages, it makes meaning compositional, it rejects semantic holism
but respects epistemological holism, and it allows criticism of a lan-
guage; a meaningful language may not be a good language (or in
Cozzo’s terminology: a “correct” language). However, this is not a
line of thought that I shall follow here.

The approaches that I shall discuss are inspired by the main idea
behind Gentzen’s systems of natural deduction, and take a quite
different view with respect to the kind of inference rules that are
considered as a possible basis for a theory of meaning. I shall mainly
restrict myself to an approach that I first proposed in Prawitz (1973)
and to a somewhat modified approach suggested by Dummett (1991).
These two approaches will be compared and problems concerning the
possibility of embedding them into a full theory of meaning will be
discussed.

2. GENTZEN'’S IDEA OF INFERENCE RULES DETERMINING MEANING

There is a remark by Gentzen (1934) which he made after having
constructed his system of natural deduction and which I have quoted
before both as a key to the normalization theorem for natural
deduction (or the Hauptsatz) and as a basis for a proof-theoretic
semantics. It reads:
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The introductions constitute, as it were, the ‘definitions’ of the symbols concerned,
and the eliminations are, in the final analysis, only consequences of this, which may
be expressed something like this: At the elimination of a symbol, the formula with
whose outermost symbol we are dealing may be used only ‘in respect of what it
means according to the introduction of that symbol’.

In contrast to meaning theories inspired by model theory, meaning is
now given not by truth conditions but by certain ways in which truth
1s established, what Gentzen calls introductions. The truth of a sen-
tence may however be established also in other ways, which is to say
that a sentence may also occur in other connections than introduc-
tions. Gentzen is now careful to stress something which was noted to
be absent but needed in the approach to meaning based on truth
conditions, viz., that the other uses of a sentence are accounted for in
terms of (or as Gentzen expresses it: are ‘consequences of’) the
meaning ascribed.

To develop Gentzen’s idea we have thus firstly to state more ex-
actly how the introductions determine the meaning of the logical
constants; the phrase saying that the introductions represent defini-
tions is clearly not meant to be taken literally. The view that I am
taking is that the introductions represent what we may call the
canonical ways of inferring a sentence. Other ways of inferring a
sentence have to be justified by reducing them to the canonical ways.

Gentzen considers besides introductions certain specific infer-
ences that he calls eliminations. We cannot expect these eliminations
to be derivable from the introductions in the ordinary sense of being
derived inference rules in the system given by the introduction rules.
Instead, we have to show that they can be justified in some semantic
way, which is to say that they can be shown to be valid in view of
the meaning of the sentences involved.

The task is thus to develop an appropriate notion of validity and
to show that certain legitimate forms of reasoning are valid in the
sense defined. We should then not restrict ourselves to the elimi-
nations given by Gentzen but consider what it is for any non-
canonical inference to be valid.

3. DEFINING THE VALIDITY OF ARGUMENTS

3.1. Argument Skeletons

Validity has thus to be defined not only for derivations in some
given system but for more arbitrary ways of reasoning.! I shall
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therefore define validity for what I call arguments. Furthermore, it
seems strange to speak of the validity of proofs. A false sentence is
still a sentence, but an invalid proof is not really a proof. In con-
trast, an argument may be valid or invalid — if it is valid, it rep-
resents a proof.

By an argument skeleton 1 shall understand a tree arrangement of
formulas; if all the formulas are sentences (i.e., closed formulas), the
arrangement is to be understood as claiming for each sentence in the
tree except the ones at the top that it follows from the sentences
(premisses) standing immediately above. For each top sentence of the
tree there is to be indicated whether it is claimed outright as holding
(to follow from zero premisses) or if it is entered as an assumption
made for the sake of the argument, in which case there may also be
an indication at which step in the argument the assumption is dis-
charged or hound as 1 shall say. An example of a step that is allowed
to bind assumptions is implication introduction, i.e., an inference of
the form

[4]

D 1

D 1)
ADB

There may also be indications that a variable that is free in the for-

mulas in which it occurs is bound by some step in the argument. An

example of a step that binds variables is universal introduction, i.e.,
an inference of the form

D
A(x) (2)
VxA(x)

An inference binds only occurrences of an assumption or a variable
that appear in the part of the tree that is above the conclusion of the
inference. When a variable is bound by a step it must not occur in
the conclusion of the step or in assumptions that are not bound by
the step or by some step higher up in the tree (cf. the conditions on so
called Eigenvariablen). An occurrence that is not bound is said to be
free.

An argument skeleton is closed, if all occurrences of assumptions
are bound and likewise all occurrences of variables that are free in the
formulas are bound in the argument skeleton; it is open otherwise. An
open argument skeleton is to be understood as a schema, from which
closed argument skeletons can be generated by first substituting
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closed terms for the free variables and then closed argument skeletons
for the free assumptions (in the argument skeleton resulting from the
first substitution); the result is said to be an instance of the open
argument skeleton.

I have been speaking about argument skeletons because what I
shall take to be arguments will contain something in addition to the
trees of formulas (with indications of how assumptions and variables
are bound) which we have been considering so far. The notion of
validity will be defined for arguments, i.e., argument skeletons sup-
plemented in a way that remains to be specified. The need for this
supplementation does not arise in connection with the introduction
inferences, which will now be considered in more detail.

3.2. Canonical Forms

An argument skeleton whose last step is an introduction will be said
to be in canonical form. For each sentence there are given forms of
arguments for the sentence which count as canonical. The idea is that
these forms determine the meaning of the sentence. The sentence is to
be understood as standing for something whose canonical proof, if
there is a proof at all, is of the form specified. An argument step that
has the form of an introduction is therefore valid by the very meaning
of the sentence occurring as conclusion. We shall take care of this
idea by saying that an argument whose skeleton is closed and is in
canonical form is valid provided its immediate subarguments (i.c., the
arguments for the premisses of the last inference step) are valid.

Closed arguments whose skeleton has the form exhibited in (1), (2)
or

Dy D, D D

A4 A 4 A(1) (3)
Al&AQ A] V A2 HXA(X)

are thus valid provided the immediate subarguments resulting from
leaving out the last step are valid.

When a skeleton has one of the forms shown in (3), one could
impose a more stringent requirement on the canonical forms, namely
that the skeletons of the immediate subarguments are themselves in
canonical form. However, when the last inference step is an impli-
cation introduction or a universal introduction as in (1) or (2), then,
as we have seen, it binds occurrences of an assumption or of a
variable, respectively. Therefore, the argument skeleton obtained by
leaving out the last step may not be closed, and it would be too
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stringent to impose on the canonical forms that also such an open
part of the skeleton is canonical.

3.3. Open Argument Skeletons

In line with the understanding of open argument skeletons as sche-
mata, we shall adopt the principle that an open argument is valid
provided those instances are valid that are obtained by substituting
closed terms for the free variables (supposed to denote objects that
belong to the range of the variable) and valid closed arguments for
the free assumptions. Let us call such an instance an appropriate
instance. We have thus the following

Principle of validity for open arguments: An open argument is valid
if and only if all its appropriate instances are valid.

3.4. Justifications of Non-Canonical Arguments

How is then an inference step that is not an introduction to be jus-
tified with reference to the meaning of the sentences involved? Con-
sider a closed argument whose skeleton ends with modus ponens:

Dy D
A ADB 4)
B

Suppose that the immediate subarguments are valid. Their skeletons
D, and D, that end with 4 and A D B are closed, and by the meaning
of A D B, it should be possible to bring the valid argument D, for
A D B into canonical form with a skeleton as exhibited in (1) above.
It should remain valid, and its immediate subargument with skeleton
D should then also be valid. D is open, but by substituting D; for the
open occurrences of the assumption 4 in D we obtain

D,
[4]
4 5
B

i.e., a closed argument for B, which should also be valid, being an
appropriate instance of a valid closed argument schema.

This is a rough outline of how modus ponens is justified in terms
of a notion of validity that is not yet defined. The main idea is that
there is an operation that transforms an argument skeleton of the
form (4) where the part D, is in canonical form into another
argument skeleton (5) still ending with B but from which the
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exhibited application of modus ponens is eliminated. An operation
of this kind I shall call a justification (strictly speaking one should
say an alleged justification) in this case of modus ponens. A justi-
fication of modus ponens should show that a closed argument for B
whose skeleton has the form exhibited in (4) and whose immediate
subarguments are valid could be brought into a valid closed
canonical argument for B.

My approach is now to let the arguments for which validity is
defined consist of argument skeletons together with proposed jus-
tifications of all the inferences that are non-canonical. A bare
argument skeleton is not regarded in itself as a valid argument. In
other words, it is not enough that there exist effective means for
finding another argument skeleton for 4 in canonical form for
counting a given argument skeleton for a sentence 4 as a valid
argument. It is the skeleton together with such effective means,
operating on the given skeleton, that constitute an argument for A,
as | see it.

An (alleged) justification is any operation that is defined for
argument skeletons of some form and transforms them to other
argument skeletons for the same formulas without introducing
additional free variables or free assumptions. In addition we only
need to impose a few formal requirements on the operations such as
commuting with substitutions. A set of such operations with mutually
disjoint domains of definitions will be said to be a consistent justifi-
cation set. By an argument 1 shall understand an argument skeleton
together with a consistent justification set.

An argument consisting of an argument skeleton D and a jus-
tification set J will be said to reduce to another argument con-
sisting of the skeleton D' and the justification set 7, if D reduces
to D' in the same way as natural deductions are said to reduce to
each other in connection with normalizations, but now using the
justification set J instead of the reductions defined for natural
deductions. Notions introduced for argument skeletons may be
carried over to arguments in the obvious way. In particular, an
argument consisting of an argument skeleton D and a justification
set J, written (D, J), will be said to be open or closed, if D is
open or closed, respectively. Similarly, an immediate subargument
of (D,J) is an argument (D', J’) where D’ is an initial part of D
ending with a premiss of the last inference step in D and J' is the
subset of 7 obtained by leaving out justifications of steps not
occurring in D'
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3.5. Principles of Validity

We may now sum up the ideas outlined above by stating three
principles that the notion of validity for arguments should satisfy.

Principle 1. A closed argument in canonical form is valid iff its
immediate subarguments are valid.

Principle 2. A closed argument not in canonical form is valid iff it
reduces to a valid argument in canonical form, i.e., to an argument
that is valid by principle 1.

Principle 3. An open argument (D, 7) is valid iff all those instances
(D', J") of (D,J) are valid where [J' is a consistent extension of J
and D' is an appropriate instance of D, i.e., the argument is to be
appropriate in the sense that for any argument £ that is substituted
for a free assumption in D in order to form D’ it should hold that
(€,T") is valid.

Principles 1 and 2 articulate the idea that the meaning of a sen-
tence is given by what counts as a canonical proof of the sentence: the
use of an introduction in an argument preserves validity by the very
meaning of the inferred sentence, and non-canonical arguments are
valid if and only if they reduce to valid canonical ones. Principle 3
articulates the idea that an open argument is seen as an argument
schema.

Together the three principles also constitute an inductive definition
of the notion of validity, provided that a set of valid canonical
arguments for atomic sentences is given as an induction base. Prin-
ciple 3 refers the validity of open arguments to the validity of closed
arguments as determined by principles 1 and 2. Principle 2 refers to
validity as determined by principle 1. Principle 1 finally refers the
validity of an argument for a given sentence to the validity of other
arguments as determined by all the principles but with respect to
formulas of lower complexity than the given one. Clearly we can
extend the present approach to other sentence forming operations, if
we can formulate introduction rules for the operations in such a way
that each inference that proceeds according to the rule satisfies the
requirement that the premisses of the inference and the assumptions
that are bound by the inference are of lower complexity than the
conclusion of the inference.

When the induction base B is made explicit by a set of inference
rules for atomic formulas (both conclusion and premisses are to be
atomic), I shall speak about validity relative to an atomic base B. A
logically valid argument must be valid relative to an arbitrary base B.
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But we should require more. Otherwise the atomic formulas get a
special status, not congruent with the idea that when speaking of
logical validity the atomic formulas are thought to stand for arbitrary
propositions. Of logical validity one should therefore require that the
validity is invariant also for substitutions for atomic formulas.

3.6. The validity of inference rules

An inference rule may be defined as valid relative to a justification j if
it preserves validity. More precisely it is to hold for each argument
skeleton D whose last inference step is an application of the rule and
for each consistent extension J of {;j} that the argument (D, 7) is
valid if its immediate subarguments are. A rule whose validity is
invariant for variations of atomic base and substitutions for the
atomic formulas may be said to be logically valid.

All arguments where the skeleton is formed according to the in-
tuitionistic rules of natural deduction for predicate logic and where
the justifications assigned to the elimination steps consist of the
ordinary reductions defining normalizations for natural deductions
are (logically) valid. This is most easily proved by first showing that
each intuitionistic elimination rule is (logically) valid with respect to
its reduction operation.

To exemplify we may again look at modus ponens to which we
assign an operation j that transforms a skeleton of form

4]

D
D, B (6)
A A5B

B

to a skeleton of the form exhibited in (5) above. We want to show
that an argument is valid when its skeleton has the form exhibited in
(4) and its set J of justifications is a consistent extension of {;} given
the assumption that its immediate subarguments (D;, J) and (D,, J)
are valid. We first note that the validity of (D,,J) implies that it
reduces to a valid argument in canonical form. Remembering that the
justifying operations commute with substitutions, it follows that the
given argument reduces to an argument whose skeleton has the form
(6), which in turn reduces to (5) by applying j. That the argument
((5),J) is valid, then follows from principle 3 by the fact that it is an
instance of a valid open argument D obtained by substituting the
valid argument (D;, J) for the free assumption A.
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4. DUMMETT’S PROOF THEORETIC JUSTIFICATIONS

In his book The Logical Basis of Metaphysics, Dummett (1991) de-
scribes and discusses what he calls proof-theoretic justifications of
logical laws, which in many respects follow the approach presented in
the previous section. There are a couple of noteworthy differences
however. The major difference is that Dummett defines validity for
what I call argument skeletons. Another minor one is that the
canonical forms are defined slightly differently. To facilitate a com-
parison of Dummett’s treatment with mine I shall keep the termi-
nology of the previous section when I state Dummett’s definitions. (I
shall ignore some other small differences such as one concerning the
definition of what I call an instance of an argument skeleton. In
Dummett’s definitions of corresponding notions, he happens to pay
no attention to atomic sentences that occur as free assumptions or to
free variables that do not occur in the conclusion or in some free
assumption. The difference may be due to the fact that Dummett does
not operate explicitly with the notion of open and closed argument
(skeleton).)

4.1. Hereditary Canonical Form

Dummett makes the more stringent requirement on the canonical
forms that was noted above (in Section 3.2) to be possible to make in
some cases. He then obtains something that we may call hereditary
canonical forms defined inductively as follows: an argument skeleton
is in hereditary canonical form iff (a) its last step is an introduction,
and (b) in case the introduction does not bind any assumption or
variable, its immediate subarguments are also in hereditary canonical
form. (It is to be assumed that the atomic base specifies introduction
rules for atomic formulas.)

It is easy to see (by induction over the definition of validity) that if
we replace “‘canonical form™ by “hereditary canonical form” in the
definition of validity (i.e., in principles 1 and 2), the extension of the
notion of validity stays the same.> We may therefore disregard this
difference between Dummett’s definition and mine.

4.2. Leaving out the Justifications

Returning to the major difference between the two definitions, we
may try to phrase in my terminology Dummett’s definition of what it
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is for an argument skeleton to be valid by stating three principles
similar to the ones in Section 3.5:

Principle 1*. A closed argument skeleton in canonical form is valid
if and only if its immediate parts are valid.

Principle 2*. A closed argument skeleton for a sentence A4 that is
not in canonical form is valid if and only if a closed valid argument
skeleton for A4 in canonical form can be found effectively.

Principle 3*. An open argument skeleton D is valid if and only if
all those instances of D are valid that are obtained by substituting
closed valid canonical argument skeletons for free assumptions.

These three principles constitute as before an inductive definition.
Leaving out the justifications, as I called them, the notion of validity
now defined is much simpler. It may be simpler than the notion
intended by Dummett, however. If we apply principles 2* and 3*
together to an open non-canonical argument skeleton D for the
formula A4, we find that D is now defined to be valid if and only if for
any closed instance D’ of D obtained by a substitution ¢ that sub-
stitutes closed valid canonical arguments for free assumptions in D
and terms for free variables in D, we can find effectively a closed
argument skeleton D’ for 4. Here it is not required that the argu-
ment skeleton D’ to be found for 47 is in any way related to D°. It is
only required that for any o there is an effective method to find a
valid closed canonical argument skeleton D’ for A%, not that there is
an effective uniform method which applied to any D’ finds such a D'.

This may not be intended, and perhaps Dummett’s notion of
validity is instead rendered by principle 1* and a modified combi-
nation of Principles 2* and 3* as follows:

Principles (2-3)*. An argument skeleton D for a formula A that is
not in canonical form is valid if and only if there is an effective
method M such that for any closed instance D° of D obtained by a
substitution ¢ that substitutes terms for free variables in D and closed
valid canonical arguments for free assumptions in D, M applied to D°
yields a valid canonical argument skeleton for A4°.

How are the two notions of validity related to each other? Could
it be that an argument skeleton D is valid as defined by principles 1*
and (2-3)* if and only if there are justifying operations 7 to assign
to the non-introductory steps of D so that the argument (D, J) is
valid as defined by principles 1, 2 and 3? If a closed argument (D, 7)
for a sentence A4 reduces to a valid canonical argument (D', 7) (as
required for (D, J) to be valid by principle 2), then D’ can of course
be found effectively and D' is an argument skeleton for 4 in
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canonical form (as required for D to be valid by principle (2-3)*).
But conversely, it is not obvious that given an effective method for
finding a canonical argument skeleton D’ for a sentence A, the
existence of which makes any closed argument skeleton D for A4 valid
provided that D’ is valid, we can find justifying operations J to
assign to the non-introductory steps of such a D so that (D,J)
reduces to (D', J). The two notions are therefore not easily com-
pared to each other.

For Dummett’s notion of validity it holds, as he himself remarks,
that an argument skeleton D for a sentence 4 from open premisses
Ay, Ay, ..., Ay is valid if and only if the one step argument

A17A27“‘7An
A

is valid. Thus, regardless of how irrelevant the steps of D are for
inferring 4 from A, Ay,...,A,, D is valid if the corresponding one
step argument is valid. In other words, it is the existence of effective
means for finding a closed valid canonical argument skeleton for A,
given closed valid canonical argument skeletons for 4y, 4»,..., 4,,
that makes D valid, not what goes on in the skeleton D. It is these
means and not the skeleton alone that carries epistemic force, and
this was my motivation for including them, i.e., what I have called
justifying operations, in the arguments.

However, it remains to discuss whether the notions developed so
far form a reasonable basis for a theory of meaning which is supposed
to represent the idea that the meaning of a sentence is determined by
how it is established as true.

5. RELATIONS TO VERIFICATIONISM

The verificationism of the logical positivists was an early attempt to
relate the meaning of a sentence to how we establish its truth, i.e.,
how we verify it. The slogan “‘the meaning of a sentence is its method
of verification” is not very apt however. It seemed both from this
slogan and from what some of the early verificationists said that
knowing the meaning of a sentence involved knowing how to decide
the truth of the sentence in principle.

That a viable verificationism cannot require that a meaningful
sentence is decidable but should relate the understanding of a sen-
tence with the ability to recognize a verification of the sentence when
presented by one was pointed out long ago by Michael Dummett.?
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What determines the meaning of a sentence is thus not its method of
verification but rather what it is to verify it, or what counts as a
verification of it, as Per Martin-L6f (1985) formulates it. Further-
more, there is now a need to single out a class of direct or canonical
verifications — in the first place, they are what is related to meaning.*

The basic idea of verificationism as construed here is thus that the
meaning of a sentence is given by what counts as a direct verification
of it. Gentzen’s suggestion that the meanings of the logical constants
are determined by their introduction rules can be seen as a special
case of this verificationist idea. So as to conform better to this way of
expressing the general verificationist idea, the suggestion may be
slightly reformulated as saying, firstly, that the meaning of a com-
pound sentence in the language of first order predicate logic is given
by what counts as a direct verification of it, and, secondly, that the
forms of these direct verifications are given by the introduction rules,
i.e., a direct verification has the form of an argument whose last step
is an introduction.

Now, an argument cannot count as a direct verification just
because its last step is an introduction, something more must be
required. What must be added is something about the validity of the
argument. The validity of the last step is of course not called in
question — that is part of the essence of Gentzen’s suggestion. What
must be added is thus only that the rest of the argument is valid, i.e.,
that the immediate subarguments are valid. This is precisely how the
validity of an argument in canonical form is defined both by me and
by Dummett, except that an argument for Dummett is what I call an
argument skeleton.

We arrive in this way at the following formulation of Gentzen’s
suggestion: A direct verification of a compound sentence A4 is the
same as a valid argument in canonical form, i.e., an argument ending
with an introduction whose immediate subarguments are valid, and
this i1s what determines the meaning of 4. In other words, it is the
inductive definition of what it is to be a valid argument for 4, which
follows the inductive built up of A, that is proposed to be constitutive
for the meaning of A.

I said in the introduction to this paper that the approach to
meaning that I was going to review had the advantage that the
meaning of a sentence is directly connected with aspects of its use.
There is an obvious connection between assertions and verifications
or valid arguments. Roughly speaking the assertion of a sentence is
warranted iff a verification of the sentence is known. A fundamental
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requirement on the definition of validity of arguments is that it re-
spects this equivalence: a person should be warranted in asserting a
sentence iff she is in the possession of a valid argument for 4 and
knows it to be a valid argument for A.

Does the definition of validity satisfy this fundamental require-
ment? Consider the case of a simple argument for a closed sentence
A D B, whose skeleton is

A

B
ADB

Dummett counts this skeleton as a valid argument for 4 O B if there
is an effective method M for finding a closed valid argument for B
given a closed valid argument for 4. As already remarked in Section
4, to be in possession of such a skeleton does not amount to very
much, certainly not to be entitled in asserting 4 O B. It is true that if
we know that it is a valid argument in Dummett’s sense, then we
know that there exists such a method M. But what Dummett calls an
argument, i.e., the skeleton shown above, plays virtually no role here.

This supports my more involved notion of argument, according to
which a valid argument for 4 O B whose skeleton is as shown above
also contains as a second ingredient a method M that applied to any
valid argument for A yields a valid argument for B. To be in pos-
session of an argument is now to be in possession of such a method
M. But again it can be said that it is not sufficient to be just in
possession of M, we must also know that M is a method which
applied to any valid argument for A4 yields a valid argument for B.

These considerations may be taken to speak in favour of
counting a demonstration of the fact that M is such a method as
an additional ingredient of a real argument for the truth of 4 D B,
which was the approach of G. Kreisel (1962). A different response
to these concerns is given by Per Martin-Lof (not in the paper by
him quoted above but in later papers such as Martin-Lof 1995 and
1998). He separates what he calls proofs or proof objects from
demonstrations. A proof (object) is an object in the type theory
developed by Martin-L6f, while a demonstration is something
which shows that an object is of a specific type. For instance, a
canonical proof of 4 D B is an object of the form Axb(x) such that
b(a) is a proof of B given that a is a proof of 4. What in this way
counts as a canonical proof of 4 O B determines the meaning of
A D B. But it is the act of demonstrating that something is a proof
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of A O B that warrants the assertion of the truth of 4 O B. This
approach differs from the verificationist idea that meaning is
determined by how we establish truths. A more detailed compar-
ison with the approach that I have outlined would take us outside
the scope of this essay. We have therefore to leave it at that,
although it must be admitted that the problematic feature of my
approach noted above has not been resolved here.

The discussion so far has concerned the question whether
knowledge of a valid argument for a sentence A4 is sufficient for the
warranted assertion of 4. But what about the necessity of such
knowledge for being entitled to asserting 4? Knowing a valid argu-
ment for 4 implies knowing how to find a valid argument for A4 in
canonical form. But is it right that when we are entitled to assert a
complex sentence 4, we could in principle have arrived at that po-
sition by constructing a canonical argument for A? That the answer is
yes is what Dummett (1991) calls the fundamental assumption of this
approach to meaning. The answer is required to be yes, if the defi-
nition of validity is to respect the equivalence stated above between
an assertion being warranted and a corresponding valid argument
being known.

Dummett (1991) devotes a chapter to a discussion of this funda-
mental assumption, pointing out reasonable doubts that one can have
about it. The doubts have the form of examples of sentences A4 with
predicates that relate to ordinary empirical discourse and where it
seems reasonable to say that the assertion of 4 may be warranted
although the speaker knows no valid argument for 4 (or argument
skeleton for A, the examples function equally well regardless which
definition we choose).

Some of the examples are related to the fact that when we are
concerned with tensed empirical sentences, the possibility of a having
direct verification may be lost or may not yet be at hand. It is obvious
that the notion of valid argument for empirical sentences has to be
more lax than for mathematical ones. We cannot require that the
argument is to give us a method for finding a valid canonical argu-
ment, but have to be satisfied if it demonstrates for sentences in the
past time that a valid canonical argument could have been had at the
time in question, and for sentences in future tense that a valid
canonical argument will be possible to have at the future time in
question.

There are counterexamples that cannot be dealt with in this way
however. In my opinion, the most serious ones concern universal
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sentences in empirical discourse.® As may be expected, the dis-
cussions of these examples do not result in a suggestion that the
canonical forms of arguments for the various kinds of sentences
can be specified in some different way, which would be to replace
Gentzen’s introduction rules by some other introduction rules. The
examples must rather be understood as casting doubts on the
whole idea that it is possible to specify canonical forms of argu-
ments (or verifications) such that the truth of a sentence can be
identified with the existence of a valid canonical one. In other
words, it is the whole verificationist project that is in danger when
the fundamental assumption cannot be upheld. An essential pre-
requisite for this project is the distinction between direct and
indirect verification as I have argued elsewhere (e.g., Prawitz 1995).

The discussion in this section indicates that the development of
Gentzen’s idea into a full theory of meaning along the lines consid-
ered here is not unproblematic. However, it should be recalled that
here I have essentially confined myself to a review of two closely
related lines of thought, and have only in passing considered alter-
native ways of developing Gentzen’s idea or the general idea of
approaching meaning via proofs.

NOTES

! When in Prawitz (1971) I started to use the term validity in this connection it was
defined for derivations in given formal systems. To define it for arguments in general
was one of the main ideas of Prawitz (1973).

2 It is assumed in Dummett (1991) that the stronger notion of hereditary canonical
form is needed when one is not confined to justify only given elimination inferences
but is considering arbitrary inferences. As follows from the claim made above
(easily proved by showing that a closed valid argument in canonical form reduces
to one in hereditary canonical form), there is actually no such need.

3 Most explicitely in for instance Dummett (1976).

4 As pointed out in connection with proofs already by, e.g., Dummett (1973) and
Prawitz (1974).

5 T have briefly discussed them in for instance Prawitz (1987).
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PETER SCHROEDER-HEISTER

VALIDITY CONCEPTS IN PROOF-THEORETIC SEMANTICS

ABSTRACT. The standard approach to what I call “proof-theoretic semantics”,
which is mainly due to Dummett and Prawitz, attempts to give a semantics of
proofs by defining what counts as a valid proof. After a discussion of the general
aims of proof-theoretic semantics, this paper investigates in detail various notions
of proof-theoretic validity and offers certain improvements of the definitions given
by Prawitz. Particular emphasis is placed on the relationship between semantic
validity concepts and validity concepts used in normalization theory. It is argued
that these two sorts of concepts must be kept strictly apart.

1. INTRODUCTION: PROOF-THEORETIC SEMANTICS

Proof-theoretic semantics is an alternative to truth-condition seman-
tics. It is based on the fundamental assumption that the central
notion in terms of which meanings can be assigned to expressions
of our language, in particular to logical constants, is that of proof
rather than truth. In this sense proof-theoretic semantics is inher-
ently inferential in spirit, as it is the inferential activity of human
beings which manifests itself in proofs.

Proof-theoretic semantics has several roots, the most specific one
being Gentzen’s (1934) remarks that the introduction rules in his
calculus of natural deduction define the meanings of logical con-
stants, while the elimination rules can be obtained as a consequence
of this definition. More broadly, it is part of the tradition according
to which the meaning of a term should be explained by reference to
the way it is used in our language.

Although the “meaning as use” approach has been quite prominent
for half a century now and has provided one of the cornerstones of the
philosophy of language, in particular of ordinary language philosophy,
it has never prevailed in the formal semantics of artificial and natu-
ral languages. In formal semantics, the denotational approach, which
starts with interpretations of singular terms and predicates, then fixes
the meaning of sentences in terms of truth conditions, and finally defines
logical consequence as truth preservation under all interpretations, has
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always been dominant. The main reason for this, as I seeit, is the fact that
from the very beginning, denotational semantics received an authorita-
tive rendering in Tarski’s (1933) theory of truth, which combined philo-
sophical claims with a sophisticated technical exposition and, at the
same time, laid the ground for model theory as a mathematical disci-
pline. Compared to this development, the “meaning as use” idea was a
slogan supported by strong philosophical arguments, but without much
formal underpinning.

There has been a lot of criticism of classical model-theoretic
semantics from the denotational side itself. Examples are partial log-
ics such as situation semantics, and dynamic approaches such as
discourse representation theory and dynamic semantics. These log-
ics reject the idea that fotal information about the world is always
available and evaluate formulas with respect to certain information
states.! Another example is Etchemendy’s (1990) critique of classi-
cal consequence, which attracted much attention. However, in main-
stream semantics, there has never been a fundamental reorientation,
which could have turned the “meaning as use” idea into something
that resembles a formalized theory.

Proof-theoretic semantics, as a sidestream development, attempts
to achieve exactly this. As one would expect, it uses ideas from
proof theory as a mathematical discipline, similar to the way truth-
condition semantics relies on model theory. However, just this is
the basis of a fundamental misunderstanding of proof-theoretic
semantics. To a great extent, the development of mathematical proof
theory has been dominated by the formalist reading of Hilbert’s pro-
gram as dealing with formal proofs exclusively, in contradistinction
to model theory as concerned with the (denotational) meaning of
expressions. This dichotomy has entered many textbooks of logic in
which “semantics” means model-theoretic semantics and “proof the-
ory” denotes the proof theory of formal systems. The result is that
“proof-theoretic semantics” sounds like a contradiction in terms
even today.

When 1 first used this term in the 1980s,% it was not very com-
mon, although the idea behind it was there in the Swedish school
of proof theory established by Prawitz and Martin-Lof (see Kahle
and Schroeder-Heister 2006). In the meantime, it has gained some
ground and there have been some occasional references to it. Per-
haps it will become more popular within general philosophy in the
backwater of inferentialist approaches such as Brandom’s’, which
more explicitly than ordinary language philosophy attempt to derive
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denotational meaning from inferential meaning, i.e., use the idea
that meaning is rooted in proofs as their starting point.

Strictly speaking, the formalist reading of proof theory is not
any more foreign to the understanding of ‘real” argumentation than
model theory is to the interpretation of natural language. In order
to apply proof-theoretic results, one has to consider formal proofs
to be representations of proper arguments, just as, in order to
apply model-theoretic methods, one has to consider formulas to
be representations of proper sentences of a natural language like
English. English is not per se a formal language, and arguments
are not per se formal derivations. In this sense, the term “proof-
theoretic semantics” is not any more provocative than Montague’s
(1970) conception of “English as a formal language”. Both proof-
theoretic semantics and model-theoretic semantics are indirect in
that they can only be applied via a formal reading of aspects of
natural language. The basic difference lies in what these aspects
are: proof-theoretic semantics starts with arguments and represents
them by derivations, whereas model-theoretic semantics starts with
names and sentences and represents them by individual terms and
formulas.

As indicated above, it was the Swedish school of proof theory,
which paved the way for a non-formalist philosophical understand-
ing of proofs. Although originally dealing with problems of the
proof-theory of formal systems, Prawitz and Martin-Lof soon real-
ized that many of the concepts and methods developed there had a
non-technical counterpart when looking at formal proofs as formal
representations of “genuine” proofs. In taking Gentzen’s remarks
on the definitional significance of introduction and elimination
rules seriously, they developed the cornerstones of proof-theoretic
semantics.

An immediate predecessor of proof-theoretic semantics was Tait
(1967), who, in his work on the convertibility of terms, developed
concepts which are closely related to those later employed in proof-
theoretic semantics. Another predecessor was Lorenzen (1955), who,
in his operative logic, used arbitrary production rules as definitional
rules from which, by means of an inversion principle*, correspond-
ing elimination rules can be obtained.

In this paper I shall deal with proof-theoretic validity as one of
the basic technical tools developed within proof-theoretic semantics.
As this notion was essentially developed by Prawitz, my exposition
is to a great extent a re-interpretation and, I hope, an improvement
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to his approach. I shall not deal with the broader philosophical
background of “anti-realism” and “verificationism” into which the
concept of validity may be embedded, but mainly with the techni-
cal constructs and their (narrower) philosophical motivation. The
reason for this is, besides lack of space, the fact indicated above
that the desideratum of proof-theoretic semantics is not so much
a general philosophical understanding of its position, but the for-
mal development and philosophical clarification of its fundamental
concepts. One result of this restriction is that I cannot give Dum-
mett’s work the attention it deserves, since his technical notions do
not differ considerably from Prawitz’s. I am well aware that he has
made enormous contributions to the philosophical understanding of
proof-theoretic semantics in general. To a considerable extent it is
due to his work that the general climate is now more in favour of
proof-theoretic semantics than it used to be.’

Validity is a property of derivations, or more general “deri-
vation structures”, which are considered to be representations of
arguments. The format of these derivations is Gentzen-style nat-
ural deduction. In defining validity, attempts are made to jus-
tify arguments by turning certain proof-theoretic methods and
results into semantic conditions, most prominently the following
two: (1) Derivations can be simplified (or made more “direct”)
by certain reduction methods (terminating in normal derivations).
(2) Assumption-free derivations in normal form are canonical (or
“direct”) in the sense that they apply an introduction rule in the
last step. Valid arguments are then defined as derivation structures
which exhibit properties like (1) and (2). However, I shall strictly
distinguish between genuine semantic features and technical prop-
erties used in normalization proofs. This is extremely important, as
Prawitz originally developed his semantic notion of validity along
with adapting certain proof-theoretic concepts proposed by Tait and
Martin-Lof to proofs of strong normalization. My main criticism of
Prawitz will be that in his earlier writings on validity (Prawitz 1971,
1973, 1974) he does not sufficiently distinguish between semantic
concepts and concepts used in proofs of (strong) normalization. |
shall argue that they differ in fundamental respects.®

In spite of much philosophical discussion about meaning and
theories of meaning, no thorough investigation of Prawitz’s valid-
ity concept has been undertaken so far, although this concept is
based on very elementary principles which are very close to Gent-
zen’s original programme of justifying natural deduction. This is
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why I chose this notion as my topic here. I want to leave open
the question of whether validity should be taken as the wultimate
basis of proof-theoretic semantics. I myself tend to favour a different
approach which chooses rules as the unity of semantic investigation.
Whereas in proof-theoretic validity in Prawitz’s sense, derivations
or arguments come first, and rules or consequences are regarded
as steps which preserve the validity of arguments, a rule-based
approach would first distinguish certain individual proof steps and
then compose derivations or arguments from them. Whereas the
first approach is global, dealing with proofs as a whole and impos-
ing requirements on them, the second approach is local, as it inter-
prets individual proof steps without demanding from the very onset
that a proof composed of such single steps have special features.
The rule-based approach has the advantage that the dependency
of global features of arguments on local features of rules can be
investigated separately, which makes this approach more flexible
and capable of dealing with phenomena such as circular reasoning.
Ideas in this direction have been developed in the context of logic
programming jointly with Hallnés’, and will be dealt with in subse-
quent work.

This paper starts with recalling Gentzen’s characterization of nat-
ural deduction and the way this characterization is turned into
an inversion principle by Prawitz. The semantic validity concepts
proposed are contrasted with concepts used in proofs of (strong)
normalization, which were originally introduced by Tait and Martin-
Lof. Special emphasis is placed on the difference between these
concepts and semantic concepts, by calling those used for nor-
malization “computability” and only the semantic ones “validity”.
Various forms of validity are defined and compared, among them
notions of strict and strong validity which go beyond Prawitz’s defi-
nitions. These notions are then extended to general derivation struc-
tures with arbitrary reductions serving as justifications, where the
definition of a justification differs slightly from that of Prawitz.
Finally, it is argued that proof-theoretic validity and the resulting
notion of consequence is different from, and in a sense more specific
than, constructive validity and consequence based on the notion of
a constructive function.

For lack of space, Martin-L6f’s meaning theory, which may be
correctly viewed as carrying out a whole programme of proof-the-
oretic semantics, cannot be dealt with here (see e.g. Martin-Lof
1995, 1998). For the particular purpose of elucidating proof-theoretic
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validity, this seems to me to be justified, since Martin-L6f’s seman-
tics is not explicitly concerned with formal notions of proof-theoretic
validity. I cannot discuss Lorenzen’s “operative logic” (1955) either,
although it is very close to Gentzen’s programme (at least “in spirit”).
Furthermore, I do not consider categorical approaches to proof-the-
oretic semantics. The discussion about classical vs. intuitionistic logic
is left out as well.® Even a rudimentary account of these items would
turn this paper into a substantial monograph.

As a general framework, I use the implicational fragment of
intuitionistic propositional logic, i.e. positive implicational logic,
which suffices to demonstrate and exemplify all basic ideas. An
adequate account of implication provides strong guidelines for
the handling of other logical operators. Implication is the most
complicated propositional operator, sharing crucial properties with
universal quantification. The distinction between open and closed
derivations, which will turn out to be semantically fundamental,
is to a great extent due to its presence. It is intertwined with the
notion of “assumption”, which Gentzen gave a prominent role in
logical calculi, and whose proper treatment is the cornerstone of
proof-theoretic semantics.

Logical Preliminaries and Notational Conventions

In this paper, I stick to Prawitz’s tree-based proof notation and
do not use a term calculus via the Curry-Howard correspondence
(although the typed A-calculus would be a natural candidate). The
tree-based proof notation is philosophically more natural, as proof
terms obtain their philosophical significance through their reading
as codes for “real” proofs.

Following Prawitz, I shall use the following conventions: If a deriva-

tion D ends with A, I shall also write p . If it depends on an assumption

A
B B B
B, I shall write - or D. This means that the notations D, ~, , - and
D A A’ D

B

D do not denote different derivations, but just differ in what they make
A

explicit. The open assumptions of a derivation are the assumptions on
which the end-formula depends. A derivation is called closed if it con-
tains no open assumptions, otherwise it is called open.
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The system of natural deduction I shall use is that described by
Gentzen (1934) and Prawitz (1965). Its positive implicational frag-
ment contains only the schemata —-introduction and —-elimination
(modus ponens):

[A]
B A—B A
—1 — > E
A— B B

The reduction of a maximum formula, which is a conclusion of an
application of an introduction inference and at the same time the
major premiss of an elimination inference, is in our restricted frame-
work represented as the schema of —-reduction:

A
D D’
B D’ reducesto A
A—>B A D
B B

Occasionally I shall also refer to the reductions for other connec-
tives as described in Prawitz (1965). These reductions will be called
the “standard reductions” (in contradistinction to arbitrary reduc-
tions for generalized derivation structures).

A derivation is in normal form if it cannot be further reduced,
which means that it contains no maximum formula. Prawitz (1965)
showed that by iterated application of reduction steps, every deri-
vation in intuitionistic logic can be normalized, i.e., can be rewrit-
ten as a derivation in normal form.® One corollary of this result is
that every closed derivation in intuitionistic logic can be reduced to
one using an introduction rule in the last step, as a closed normal
derivation is of exactly that form. I call this the fundamental corol-
lary of normalization theory. As seen below, the fundamental cor-
ollary is philosophically interpreted by requiring that a valid closed
derivation be reducible to one using an introduction inference in
the last step. In this sense, introduction rules describe the basic
meaning-giving inferences.

The normalization result mentioned is also called weak nor-
malization. The strong normalization result says that any reduc-
tion sequence terminates in a normal derivation, regardless of the
order in which reductions are performed. Methods used to prove
strong normalization have provided the basis for semantic validity
concepts.
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2. GENTZEN’S PROGRAMME AND PRAWITZ’S INVERSION PRINCIPLE

Proof-theoretic semantics in the sense discussed in this paper goes
back to certain programmatic remarks in Gentzen’s Investigations
into Natural Deduction, where he gives a semantic interpretation of
his inference rules.

Gentzen’s remarks deal with the relationship between introduc-
tion and elimination inferences in natural deduction.

The introductions represent, as it were, the ‘definitions’ of the symbols concerned,
and the eliminations are no more, in the final analysis, than the consequences of
these definitions. This fact may be expressed as follows: In eliminating a symbol,
we may use the formula with whose terminal symbol we are dealing only ‘in the
sense afforded it by the introduction of that symbol’. (Gentzen 1934, p. 80)

This cannot mean, of course, that the elimination rules are
deducible from the introduction rules in the literal sense of the word;
in fact, they are not. It can only mean that they can be justified by
them in some way.

By making these ideas more precise it should be possible to display the E-inferences
as unique functions of their corresponding I-inferences, on the basis of certain
requirements. (Gentzen 1934, p. 81)

So the idea underlying Gentzen’s programme is that we have “defi-
nitions” in the form of introduction rules and some sort of semantic
reasoning which, by using “certain requirements”, validate the elim-
ination rules.

As indicated in the introduction, I shall not discuss in detail the
philosophical reasons which might support Gentzen’s programme.
For that I would have to refer to Dummett’s work and in particular
to his claim that there are two different aspects of language use: one
connected with ‘directly’ or ‘canonically’ asserting a sentence, and
another one with drawing consequences from such an assertion.!®
The first is the primary or ‘self-justifying’ way corresponding to rea-
soning by introduction rules, whereas the second one, which corre-
sponds to reasoning by elimination rules, is in need of justification.
This justification relies on the harmony which is required to hold
between both aspects: The possible consequences to be drawn from
an assertion are determined by the premisses from which the asser-
tion can possibly be inferred by direct means.
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Prawitz, in an “inversion principle”!! formulated in his classic
monograph on Natural Deduction of 1965, tried to make Gentzen’s
remarks more precise in the following way.

Let o be an application of an elimination rule that has B as consequence. Then,
deductions that satisfy the sufficient condition [...] for deriving the major premiss
of @, when combined with deductions of the minor premisses of « (if any), already
‘contain’ a deduction of B; the deduction of B is thus obtainable directly from the
given deductions without the addition of «. (Prawitz 1965, p. 33)

Here the sufficient conditions are given by the premisses of the
corresponding introduction rules. Thus the inversion principle says
that a derivation of the conclusion of an elimination rule can be
obtained without an application of the elimination rule if its major
premiss has been derived using an introduction rule in the last step,
which means that a combination

D_.
—I-inference
A

B

of steps, where {D;} stands for a (possibly empty) list of deductions
of minor premisses, can be avoided.

At first glance, this simply states the fact that maximum formu-
las, i.e. formulas being conclusions of an I-inference and at the same
time major premiss of an E-inference (in the example: A), can be
removed by means of certain reductions, which leads to the idea of
a normal derivation. However, it also represents a semantical inter-
pretation of elimination inferences by saying that nothing is gained
by an application of an elimination rule if its major premiss has
been derived according to its meaning (i.e., by means of an introduc-
tion rule). So the reductions proposed by Prawitz for the purpose of
normalization are at the same time semantic justifications of elimi-
nation rules with respect to introduction rules. His inversion prin-
ciple elaborates Gentzen’s idea of “special requirements” needed for
this justification, by demanding that elimination rules invert intro-
duction rules in a precise sense.

That it corresponds indeed to what Gentzen had in mind can be
seen by taking a closer look at the example Gentzen gives:

{Di}

E-inference

We were able to introduce the formula A— B when there existed a derivation of B from
the assumption formula A. If we then wished to use that formula by eliminating the
—-symbol (we could, of course, also use it to form longer formulae, e.g., (A— B)VC,
v-I), we could do this precisely by inferring B directly, once A has been proved, for
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what A— B attests is just the existence of a derivation of B from A. (Gentzen 1934,
pp. 80-81)

This may be read as follows: Given the situation

A

D

B D’
A— A

where D is “a derivation of B from the assumption formula A”, and D’
is the derivation showing that “A has been proved”, so that we can use
A— B to obtain B “by eliminating the —-symbol”. Then by means of
D/
A

D
B

we can infer “B directly, once A has been proved [by means of D']”,
as “A— B attests [...] the existence of a derivation [viz. D] of B
from A”. According to this reading, Gentzen describes the standard
reduction for implication later made explicit by Prawitz (1965) and
used in his normalization proof.

However, although Gentzen’s remarks are correctly read as out-
lining a semantic programme, he himself takes a more formalistic
stance, which is clear from his writings in general and from the con-
tinuation of the passage quoted above:

Note that in saying this we need not go into the ‘informal sense’ [‘inhaltlicher
Sinn’]'? of the —-symbol. (Gentzen 1934, p. 81)

Prawitz (1965) deserves credit to have drawn our attention to the
genuine semantic content of Gentzen’s remarks, though this is not
spelled out in detail in his monograph. Only later in Prawitz (1971)
and in particular in Prawitz (1973, 1974) is it turned into a full-
fledged semantic theory.

3. NORMALIZATION, COMPUTABILITY AND VALIDITY

3.1. Normalization and Computability

Normalization plays a prominent role in the formal background of
proof-theoretic semantics, in particular the result that normal closed
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proofs are in introduction form, i.e., use an introduction inference in
the last step.

Of equal importance is a technical method within normalization the-
ory, which is especially used in proofs of strong normalization. By means
of this method, a certain predicate P of proofs is defined which has
the property that it entails (strong) normalizability. The predicate P
has some flavour of a semantic predicate, and in a kind of correctness
proof it can be shown that every derivation satisfies P, yielding as a
corollary that every derivation is (strongly) normalizable. Such a pred-
icate was first defined by Tait (1967) under the name “convertibility”
and used to demonstrate (weak) normalizability of terms. Martin-Lof
(1971) carried Tait’s idea over from terms to derivations and defined
a corresponding predicate which he called “computability”, proving
(weak) normalization for an extension of first-order logic, called the
theory of iterated inductive definitions. At the same time, Girard (1971)
used this method to prove (weak) normalization for second-order logic.
Again at the same time, it was Prawitz (1971) who emphasized its par-
ticular usefulness for proving strong normalization, calling it “strong
validity”. Since then, it has served as the basis of proofs of strong nor-
malization for a variety of systems.'?

In the following I shall speak of computability predicates or the
computability predicate when dealing with this notion as it is used
in normalization proofs, thus adopting Martin-L6f’s terminology.
The term “valid” will be reserved for genuinely semantic notions. |
consider the terminology of Prawitz, who speaks of “validity based
on the introduction rules” (1971, p. 284) in contradistinction to
“validity used in proofs of normalizability” (1971, p. 290), some-
what unfortunate. It is one of the basic claims of this paper that
there are fundamental differences between these two concepts.

I restrict Prawitz’s notion of computability (“validity used in
proofs of normalizability”) to positive implicational logic L, i.e., to
the system with only introduction and elimination rules for implica-
tions as primitive rules of inference. Under this restriction, Prawitz’s
computability notion is basically the same as Martin-Lofs.

A derivation is in /-form if it uses an introduction rule in the last
step, i.e., if it is of the form

SUECIES
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Using a term employed by Prawitz (1974) and Dummett (1975) and
now common in proof-theoretic semantics, such a derivation is also
called canonical. Let D>, D’ mean that the derivation D reduces to
the derivation D’ by applying a single reduction step to a subderi-
vation of D.

DEFINITION OF COMPUTABILITY
[A]

(i) A derivation of the form is computable, if for every

B
A— B

D/
A
A’ D

B
(i) If a derivation D is not in I-form and is normal, then it is com-
putable.
(iii) If a derivation D is not in I-form and is not normal, then D is
computable, if every D', such that D>, D', is computable.

computable is computable.

This is a generalized inductive definition. It uses induction on the
degree of the end formula of the derivation (clause i), and, within each
degree, induction on the reducibility relation'* (clauses ii and iii).

The proof of strong normalization then proceeds by establishing
the following two propositions:

PROPOSITION 1. Every computable derivation is strongly normal-
izable.

PROPOSITION 2. Every derivation is computable.

Proposition 1 is a (nearly) immediate consequence of the definition
of computability. Proposition 2 is based on a kind of correctness
proof, verifying step by step that computability is carried over from
the premisses to the conclusion of an inference step. Other formu-
lations of “computability” differ slightly from the one given here.
However, the basic features remain the same. The resulting normal-
ization proofs all proceed via Propositions 1 and 2.

Computable derivations are closed under substitution with com-
putable derivations, i.e., the following lemma holds:
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SUBSTITUTION LEMMA FOR COMPUTABILITY

Ay... A,
If D is computable, where all open assumptions of D are
B
among Aj,...,A,, then for any list of computable derivations
D, D,
D; . 1oy Ay .
A, (1<i<n), D is computable.
B

Note that the converse direction of the lemma is trivial, as every
assumption A; is itself a normal, and therefore computable, deriva-
tion of A; from A;.

If closure under substitution with computable derivations is
called computability under substitution, the lemma says that comput-
ability implies computability under substitution.

Weaker versions of computability entail (weak) normalization.
Instead of requiring in clause (iii) that every D’, such that D > D', be
computable, we might demand that a certain D’, which is obtained
from D in a particular way (i.e., by performing a particular reduction
step) be computable. This yields the notion defined by Martin-Lof
(1971). We might even weaken this by not referring to a particular
procedure and just postulate in (iii) that D reduces to a computable
D', without specifying the procedure in the definition (it must then
be specified in the normalization proof, of course).

3.2. From Computability to Validity

Validity is a core notion of proof-theoretic semantics. Prawitz intro-
duced it as a semantic predicate for derivations, in analogy to truth
as a semantic predicate of propositions in model-theoretic seman-
tics. He developed it in connection with computability predicates,
to which it bears a strong resemblance. As his terminology (“strong
validity” for “computability” in our sense) suggests, Prawitz actually
considers computability and validity to be concepts on one scale,
computability being the stronger one. There are several remarks
in his 1971, 1973, 1974 papers, where he deals with both notions,
which indicate that computability is obtained by augmenting valid-
ity, some of them even stating that these extensions make the con-
cept of validity more plausible or convenient.!> However, Prawitz
never explains the exact relationship between these two concepts. In
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particular, he never attempts to formally prove that computability
(strong validity) implies validity — a result one should expect to hold
if the relationship is as simple as the terminology suggests. In his
publications after 1974, Prawitz never returns to computability and
its relation to validity.

In the following I shall argue that, in spite of many similari-
ties, and contrary to Prawitz’s opinion, semantically useful validity
notions must differ considerably from computability. Crucial mod-
ifications are necessary to turn computability into validity. I shall
make the following points:

(1) The notion of computability is not suitable as a foundational
semantic notion, because it stipulates normal derivations as
computable without further justification.

(2) In order to adjust the notion of computability to serve founda-
tional purposes, closed derivations must be given a distinguished
role in the justification of irreducible (= normal) derivations.

(3) This distinguished role of closed derivations includes, as a
semantic condition, their reducibility to canonical form.

Ad (1): Computability is not a semantic notion

According to clause (ii) in the definition of computability, every nor-
mal derivation which is not in I-form, is computable.!® This could
be counted as a semantic clause only if in proof-theoretic seman-
tics we are prepared to consider non-canonical normal derivations
as valid by definition. However, as we have seen, it is one of the
ideas of proof-theoretic semantics in the sense of Gentzen’s pro-
gramme to consider introduction inferences as basic and to jus-
tify all other inferences by them. In other words, only derivations
based on introduction rules should be taken for granted. In any
other case the definition of validity should rely on some justifica-
tion procedure rather than on the syntactic form of derivations. This
is obviously violated by clause (ii), which simply stipulates irreduc-
ible non-canonical derivations as valid. There is no semantic reason
whatsoever to consider non-canonical irreducibility as a definition
case of validity. According to such a definition, the derivation

A—>B A
B
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would be valid by definition and not by justification, which is not
what is intended. Modus ponens, as an elimination rule, definitely
needs semantic justification. Of course, for the purpose of proving
normalizability, clause (ii) is absolutely natural, as normal deriva-
tions are trivially (strongly) normalizable. For semantic purposes,
however, we would have to argue that non-canonical irreducible der-
ivations have some special status, which exempts them from justi-
fication. Since there is no argument at hand to support this, using
normal derivations as a starting point in defining validity is an ill-
guided approach.

In contradistinction to clause (ii), clauses (i) and (iii) make good
semantic sense. In terms of validity, clause (i) says that a canoni-
cal derivation of A— B is valid if its immediate predecessor, a der-
ivation of B from A, provides a way of transferring every valid
derivation of A into a valid derivation of B, which corresponds
to the meaning one wants to associate with A— B. Furthermore,
clause (iii) says that a non-canonical derivation may be consid-
ered as valid if it reduces to a valid derivation. This reflects the
idea that non-canonical derivations are valid if they reduce to der-
ivations which are already justified as valid (such as canonical
ones).

Therefore the basic flaw in computability, understood as a seman-
tic notion, is the following implicit assumption:

If D is non-canonical and irreducible ( =normal), then D is valid.

Ad (2): Semantically modified computability: open assumptions and
closed derivations

One could try to modify the definition of computability to make
it suitable for a definition of semantic validity. This would mean
that clause (ii) of the definition is dropped and replaced with some-
thing which justifies non-canonical irreducible derivations as valid.
An obvious possibility would be to consider such a derivation as
valid if the replacement of open assumptions with valid derivations
yields a valid derivation of the end formula. This idea would fol-
low the substitution lemma for computability, according to which
computability is the same as computability under substitution. More
formally, clause (ii) would then read as follows (where we now use
the term “valid”, as we are dealing with turning the computability
notion into a semantic concept):
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(i1)* A non-canonical irreducible derivation

Al.. A,
D
B
where all open assumptions of D are among Aj,...,A,, is
valid, if for every list of valid derivations Z’ (1<i<n),
Dy D,
Al A,
D
B

1S valid.

For example, the one step non-canonical irreducible derivation

A—>B A
B

would be considered as valid, if for each pair of valid derivations
Dy D,
Dy D, . . .
and , the derivation A— B A is valid. However, a
A— B A —5
clause like (i1)* would then no longer proceed by induction on the
complexity of the end formula but on the complexities of the open
assumptions plus that of the end formula, in the example: on the
complexities of A— B, A and B. But then the quantification over all
valid derivations of the open assumptions is no longer feasible, since
these derivations may depend on assumptions of arbitrary complex-
ity. Therefore this is no viable solution.!”

The way out of this problem used in semantic definitions of
validity is to use closed valid proofs rather than arbitrary valid
proofs as a basis. Instead of (ii)*, one would then propose the fol-
lowing clause.

(11)** A non-canonical non-reducible derivation

Aj.. A,
D
B
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where all open assumptions of D are among Ay,..., A,, is
valid, if for every list of closed valid derivations f’ (1<i<n),
1

Dl Dn
Ap... A,
D
B

1s valid.

However, even now we are proceeding by induction on the joint
complexity of Aj,..., A,, B rather than only the complexity of B,
even if we only quantify over closed valid derivations. This is not
compatible with clause (i), where we proceed by induction on the
end formula only. In order to cope with that, we would also have
to change clause (i) to

[A]
()** A derivation of the form 1}; is valid, if for every closed
A— B
D/
.. D A _
valid A DS valid
B

where this is understood as proceeding by induction on the joint
complexity of open assumptions plus end-formula of a derivation.

The definition based on (i)**, (i))** and (ii1) may be called valid-
ity*. In passing from computability to validity* we have interpreted
open assumptions as placeholders for closed derivations.

Ad (3): The reducibility of closed derivations

Unfortunately, validity* does not yet eliminate the possibility that
irreducible (= normal) derivations are considered valid without any
further justification. In the case of open derivations, this possibil-
ity has been removed, but not so in the case of closed derivations.
Suppose D is a closed non-canonical derivation which is irreducible.
Then clause (ii)** applies, and, as there are no open assumptions, D
is (vacuously) valid*.
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One might argue that there are no closed non-canonical irre-
ducible derivations. However, this is an accidental property of
first-order logic with the standard reductions. Since the notion of
validity should in principle be applicable to more general notions
of derivations and reductions, the formal possibility of closed non-
canonical irreducible derivations must be taken into account. Such
a derivation should simply turn out to be invalid by definition. This
is accomplished by transforming a corollary of the normalization of
proofs into a semantic condition:

A closed non-canonical derivation is valid, if it is reducible to a valid
closed canonical derivation.

It was Dummett in particular who repeatedly stressed as a funda-
mental epistemological principle!® that, if something is known in an
indirect (non-canonical) way, it must be possible to turn this indirect
knowledge into direct (canonical) knowledge. This is part of the rea-
son why this sort of semantics is also called verificationist, and it is
part of the interpretation of Gentzen’s programme of the primacy of
introduction rules: In the closed case an I-rule derivation can always
be found. With this motivation we arrive at Prawitz’s definition of
the validity of derivations.

3.3. Validity of Derivations

We follow Prawitz (1971) in defining validity with respect to atomic
systems S, which are given by production rules for atomic formulas.
Let then £(S) be implicational logic over S, i.e., the system given
by introduction and elimination rules for implication plus the pro-
duction rules of S. We may identify £(S) with the set of all deri-
vations in this system. A system S’ is an extension of S (§'>S§) if
S" is S itself or results from S by adding further production rules.
As a limiting case, we consider the empty atomic system S, with-
out any inference rules and with propositional variables as formu-
las, and correspondingly £(Sy) as standard implicational logic over
propositional variables. Obviously, as a formal system, £(Sp) is the
same as L. It will turn out that validity with respect to Sy is the
same as universal validity when defined in an appropriate way. We
say that D reduces to D' (D>=7D'), if D’ can be obtained from D by
applying a (finite) number of reduction steps. As a limiting case, D
reduces to itself. In the context of atomic systems, we also extend
the notion of a canonical derivation. A canonical derivation of an
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atom of S is a derivation in S, whereas, as before, a canonical der-
ivation of a complex formula is a derivation in I-form, i.e., a deri-
vation using an introduction rule in the last step.

Then our first definition of validity corresponding to the one
given in Prawitz (1971) runs as follows:

DEFINITION OF S-VALIDITY (1)

(i) For atomic A, a closed derivation of A is S-valid, if it reduces
to a derivation in S.

(i) A closed derivation p is S-valid, if D reduces to a
A—B
[A]
o D’
derivation of the form B such that for every §'> S and
A— B
D//
D" A ., .
every closed S’-valid W p s S’-valid.
B
Ap.. A,
(iii) An open derivation D, where all open assumptions of D
B
are among Ay,..., A,, is S-valid, if for every §'> S and every
Dl Dn
list of closed S'-valid ' (1 <i<m), VA" s §'-valid
B

This inductive definition proceeds on the joint complexities of the
open assumptions and the end formula of the given derivation.
In view of clause (iii), clause (ii) can be changed to

(i1) A closed derivation of A— B is S-valid if it reduces to a canonical
derivation of A— B whose immediate subderivation is S-valid.

By putting reduction into a clause of its own, the whole defini-
tion can then be equivalently stated as follows:
DEFINITION OF S-VALIDITY (2)

(I) Every closed derivation in S is S-valid.
(IT) A closed canonical derivation of A— B is S-valid, if its imme-
diate subderivation is S-valid.
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(IT) A closed non-canonical derivation is S-valid, if it reduces to an
S-valid canonical derivation.

1... A,

(IV) An open derivation D, where all open assumptions of

B
D are among Ay, ..., A,, is S-valid, if for every §’> S and for
Dy D,

every list of closed S’-valid Z’ (1<i<n), Al D An is S’-valid.

1
B

The equivalence of these two definitions of S-validity is easy to
prove. Obviously, every (not necessarily closed) derivation in S is S-
valid, since every closed S-valid derivation of an atom reduces to a
derivation in S. The second definition corresponds to the one pro-
posed by Prawitz (1974, 2006). As explained in the last subsection,
the philosophical motivation behind this definition is that, in the
closed case, derivations in § as well as introduction steps are self-
justifying (clauses I and II), whereas all other steps are justified on
the basis that they reduce to something which is already justified
(clause III), or, in the open case, produce justified closed derivations
when combined with such derivations (clause 1V).

The reason for considering arbitrary extensions S’ of S, is to
block arguments for S-validity based on the underivability of certain
formulas in S. Otherwise, for example, every derivation in £ start-
ing with a propositional variable as an open assumption, should be
counted as Sp-valid, because there is no closed derivation of a prop-
ositional variable in Sy. In this sense, the consideration of extensions
S’> S is a monotonicity condition for S-validity. S-valid derivations
should remain S-valid if one’s knowledge incorporated in the atomic
system S is increased.!® In fact, it is easy to show that we have a

MONOTONICITY THEOREM FOR S-VALIDITY
A derivation D in L(S) is S-valid iff for every §'> S, D is §’-valid.

Investigating the consequences of permitting non-monotonicity of
S-validity is beyond the scope of this paper.

As compared to computability, this definition relies on two cru-
cial insights:

(1) The distinction between closed and open derivations is pri-
mary as compared to that between canonical and non-canonical
derivations. The latter plays the role of a subdistinction within
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closed derivations. In the definition of S-validity, we proceed
according to the concept tree

canonical

closed ‘ non-canonical

open
whereas the definition of computability rests on

canonical
reducible

non-canonical . .
irreducible

In S-validity, closed canonical derivations are self-justifying, carry-
ing the burden of semantic justification. In computability, this holds
of non-canonical irreducible (= normal) derivations.?*

(2) The reduction clause for closed derivations (clause III) uses
an existence condition corresponding to weak normalization, which
is again due to the self-justifying character of closed canonical der-
ivations. Whereas in computability, self-justifying derivations are by
definition tied to the reducibility concept, viz. as derivations which
are irreducible, in S-validity self-justifying derivations are defined
independently of reducibility and are not trivially available when a
derivation is not reducible, which means that we have to postulate
their existence as a result of reduction.

For our case of implicational logic we can easily show the
following:

SOUNDNESS THEOREM FOR S-VALIDITY
For any S, every derivation in £(S) is S-valid.

3.4. Validity and Universal Validity

Universal validity will be defined for derivations in £. Intuitively, a
derivation in £ should be universally valid if it is S-valid for every
S. For that, we must interpret derivations of £ in £(S). Let an S-
assignment v be a mapping of propositional variables to S-formulas.
Then for an L-derivation D, DV is the L(S)-derivation resulting
from D by replacing every propositional variable with the corre-
sponding S-formula assigned to it via v. We can then say that D is
valid in S under v, if D is S-valid in the sense defined in the previ-
ous section. D is then called valid in S if it is valid in S under every
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v, and it is called universally valid, if it is valid in S for every S. Now
the following can be shown to hold:

PROPOSITION Let D be a derivation in £. Then D is universally
valid iff D is Sy-valid.

Proof. We use the fact that when L is interpreted in £(S), every
extension §’ > S can be viewed as an interpretation of an extension
of Sy via an assignment. O

Therefore, from now on we shall use the term “valid” terminologi-
cally as meaning universal or Sy-validity.

Then as a corollary of the soundness theorem for S-validity we
have the following:

SOUNDNESS THEOREM FOR VALIDITY
Every derivation in £ is valid.

As we have a corresponding theorem for computability (Propo-
sition 2), and as we are so far only considering derivations in im-
plicational logic, computability and validity coincide in the sense
that any computable derivation (i.e., any derivation in implicational
logic) is a valid derivation (i.e., a derivation in implicational logic)
and vice versa. So extensionally, computability and validity coincide.
We can differentiate between them when we consider more general
notions of derivation structures. Then we can give actual counterex-
amples which show that computability and validity differ not only
with respect to their contents, but are in fact extensionally different
concepts (see Section 6). This further substantiates our claim that,
contrary to Prawitz, computability is at best a forerunner to valid-
ity but not a semantic concept in itself.

3.5. Validity Concepts which Imply Normalizability: Strict and Strong
Validity

Our basic semantic argument against computability and for valid-
ity was that irreducible derivations should never be counted as valid
without further justification, i.e., the implication

irreducible implies valid

should not hold by definition. One might, however, expect that the
implication
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valid implies normalizable

holds.?! According to the present definition of validity, normalizabil-
ity is not implied by validity. If we consider intuitionistic logic with
no introduction rule for absurdity L, then according to our defini-

tion of validity, 75

open assumption, even if D is not normalizable. Now one might
argue that a semantic justification of open derivations in terms of
substitution with closed valid derivations should only be applied if
the derivation is reduced as far as possible, and not already in a sit-
uation, where D can still be reduced. This means that the substitu-
tion justification in clause (IV) of the definition of S-validity should
be put into action only if all possibilities of obtaining a justifica-
tion by means of reduction are exhausted, i.e., when the derivation
in question is irreducible. Calling this notion “strict S-validity” (or
“strict validity” [simpliciter] for the universal concept), we reach the
following definition:

is vacuously valid for any D with L as the only

DEFINITION OF STRICT S-VALIDITY

(I) Every closed derivation in S is strictly S-valid.
(IT) A closed canonical derivation of A— B is strictly S-valid, if its
immediate subderivation is strictly S-valid.
(IIT) A closed non-canonical derivation is strictly S-valid, if it
reduces to a strictly S-valid canonical derivation.
(IV) An open reducible derivation is strictly S-valid, if it reduces to
a strictly S-valid derivation.
Al... A,
(V) An open irreducible derivation D, where all open
B
assumptions of D are among Ay,..., A,, is strictly S-valid, if
for every §’> S and for every list of closed and strictly S'-valid
Dl Dn
Al... A,
D
B

1 <i<n), is strictly S'-valid.

The difference to the definition of S-validity is that clause (IV)
is split up into clauses (IV) and (V), where the new clause (IV)
demands the reduction of reducible open derivations, while the new
clause (V) is the old clause (IV), but applied only to the irreducible
case. So the conceptual tree of this definition is the following one
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canonical

closed ‘ non-canonical

‘ reducible
irreducible

which contrasts sharply with computability, where the reducible/
irreducible distinction is a subdistinction of non-canonical deriva-
tions.

I speak of “strict” rather than “strong” S-validity to distin-
guish it from Prawitz’s notion of strong validity, which corresponds
to computability, and from associations with strong normalization.
Furthermore, I should like to reserve “strong S-validity” for a
notion defined below for which this association is justified. Strict
S-validity as considered here is indeed a notion on the same scale
as S-validity. It is obvious that strict S-validity implies S-valid-
ity, but not necessarily vice versa.’> The corresponding universal
notion of strict validity (simpliciter) is defined as in Subsection
3.4.

Let us define (weak) normalizability inductively as follows:

DEFINITION OF NORMALIZABILITY

(1) Every canonical derivation is normalizable if its immediate sub-
derivation is normalizable.
(i1) Every non-canonical normal derivation is normalizable.
(iii) Every non-canonical reducible derivation is normalizable, if it
reduces to a normalizable derivation.

We can then formulate as a theorem that strict validity implies
(weak) normalizability.

THEOREM. Every strictly valid derivation is normalizable.

By strong S-validity we denote a further strengthened concept,
which implies strong normalization.

DEFINITION OF STRONG S-VALIDITY

(I) Every closed derivation in S is strongly S-valid.
(IT) A closed canonical derivation of A— B is strongly S-valid, if its
immediate subderivation is strongly S-valid.
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(IT) A closed non-canonical derivation D is strongly S-valid, if D is

reducible, and if every D', such that D> D/, is strongly S-valid.

(IV) An open reducible derivation D is strongly S-valid, if every D/,
such that D> D', is strongly S-valid.

Ar... A,
(V) An open irreducible derivation D, where all open
B
assumptions of D are among Ay,..., A,, is strongly S-valid,

if for every S’ > S and for every list of closed and strongly
Dl Dn

S'-valid Z{' (1<i<n), Ar.. A

. —
l =< D is strongly S'-valid.
B

Obviously, strong S-validity implies strict S-validity.

A corresponding universal notion of strong validity (simpliciter)
is defined as in Subsection 3.4. We extend the definition of norm-
alizability to a definition of strong normalizability by replacing “if
it reduces to” with “if every derivation it reduces to in a single step
is” in clause (iii) of this definition. In analogy with the case of strict
validity, we can show that strong validity implies strong normaliz-
ability.

THEOREM. Every strongly valid derivation is strongly normalizable.
There are also soundness theorems for strict and strong [S-]validity.

SOUNDNESS THEOREMS FOR STRICT AND STRONG
S-VALIDITY
All [S-]derivations are both strictly and strongly [S-]valid.

With strict and strong validity we have obtained concepts which
are semantically satisfying and at the same time imply weak and
strong normalization, respectively.

4. VALIDITY AND COMPUTABILITY BASED ON ELIMINATION RULES

A central idea of proof-theoretic semantics is to consider one set of
rules as basic and justify derivations based on other rules with respect
to this first set of rules as valid. The standard approach is to consider
the introduction rules as primitive or “self-justifying” (Dummett).
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However, as envisaged by Prawitz?*, one might try an approach from
the opposite direction, starting with elimination inferences. Prawitz’s
presentation is very sketchy. I reconstruct it as follows:

According to the I-rule conception, if in Yj the formula A is

the conclusion of an introduction rule whose premiss derivation is
S-valid, then D is S-valid by definition. If A is not derived by an
introduction rule, D is S-valid if it can be reduced to an S-valid der-
ivation. Analogously, one might postulate within an E-rule concep-
tion that, if all applications of elimination rules to the end-formula
A of D yield S-valid derivations, then D is itself S-valid by defini-
tion. If no elimination rule can be applied to A, then D is S-valid
if it can be reduced to an S-valid derivation. (Obviously, the latter
case only arises when A is atomic.)
This suggests the following definition.

DEFINITION OF S-VALIDITY BASED ON ELIMINATION
RULES

(I) Every closed derivation in S is S-validg.

(IT) A closed derivation of A— B is S-validg, if for every

D
A— B
D/
S’>§ and every closed S’'-validg A the (closed) derivation

D D’
A— B A is S'-validg.
B
. .. D
(IT) A closed derivation A

derivation in S, is S-validg, if it reduces to a derivation in S.
Al.. A,
(IV) An open derivation D, where all open assumptions of
B
D are among Aj,...,A,, is S-validg, if for every &' > S and
Dl Dn

for every list of closed S’-validg Zl (1<i<n), Ay D A,
B

of an atomic formula A, which is not a

S’ -validy,.

Clause (IV) is identical with clause (IV) in the definitions of S-
validity in Section 3.3, i.e.,, open assumptions in derivations are
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interpreted in the same way as they were previously. Clauses (I) and
(IIT) can be conjoined to form the single clause

(I/IIT) A closed derivation ?4)

it reduces to a derivation in S.

of an atomic formula A is S-validg, if

Using the main reductions, it can again be shown that all deriva-
tions in £(S) are S-validg.

As Prawitz remarks, this approach only works for logical con-
stants with “direct” elimination rules such as —, A and V. There
is no way to extend this to constants like v and 3 with “indirect”
elimination rules.

Corresponding to the procedure in Section 3.5, notions of strict
S-validityy and strong S-validityy can be defined such that strict
S-validityy implies weak normalizability and strong S-validityg
implies strong normalizability.?*

There is also a corresponding notion of computability based on
elimination rules for the purpose of strong normalization proofs.
Actually, this notion is more common in today’s presentations than
computability based on introduction rules, as long as one does not
have to deal with 3 or V. For example, Troelstra and Schwichten-
berg (1996) define computability as follows:

DEFINITION OF COMPUTABILITY BASED ON ELIMINA-
TION RULES

(1) For atomic A, Yj is computabler, if Z is strongly normalizable.

D , D D

2) Ao B is computableg, if for every computableg A A—>B A
B

is computableg.

Similar to computability based on introduction rules, this notion
again has the feature that normal derivations — here even normal-
izable ones — are considered computabler without further justifica-
tion, which is natural for proving normalization, but cannot be used
for a semantic foundation.

As a characteristic feature of the defintions of validityg and com-
putabilityg, it might be noted that the notion of reduction does not
come in until the atomic stage is reached (in the definition of com-
putabilityg in the form of a derivation being strongly normalizable).
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In the terminology of terms, one might say that everything is played
down to the atomic level by means of term application, whereas the
I-rule conceptions were based on what corresponds to term substi-
tution.

The approach sketched here is not the only possible and per-
haps not even the most genuine way of putting elimination rules
first. If one really tried to dualize the I-rule approach by putt-
ing “deriving from” rather than “deriving of” in front, one should

develop ideas such as the following: A closed derivation from A
A

should be a derivation of absurdity from A, and a derivation D
B

from B,

should be justified, if, for every closed valid derivation g,

A
g is a closed valid derivation from A, etc. This, however, would
D/

be in conflict with the asymmetry of derivations, which usually have
exactly one end formula, but possibly more than one open assump-
tion. So full dualization would perhaps lead to some variant of a
single-premiss/multiple-conclusion logic. A genuine E-rule approach
might be desirable if one wanted to logically elaborate ideas like
Popper’s falsificationism by establishing refutation as the basis of
reasoning.?

5. DERIVATION STRUCTURES, JUSTIFICATIONS AND ARGUMENTS

The soundness theorems for derivations in £ are interesting meta-
logical facts. However, of a semantic notion of validity we expect
more than that. Validity should be a distinguishing feature, telling
that some derivations are valid while others are not. This is quite
analogous to the notion of truth which states that some proposi-
tions are true, whereas others are not true. A result showing that
every proposition is true, making truth a general feature of proposi-
tions, would be considered inadequate. Similarly, there should be a
more general notion of derivation within which the notion of valid-
ity determines a subclass. It is easy to construct such derivations by
simply combining arbitrary rules, not only the rules which belong to
L. For example, a single-step derivation in £ of the form
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A— B
B

should turn out not to be valid, because for certain S > Sy, not
every closed S-valid derivation of A— B becomes a closed S-valid
derivation of B when B is appended at the end of this derivation.’®
This means that we must be able to talk about arbitrary deriva-
tions which are not built according to a previously given set of rules.
This is important particularly if one would like to pose the ques-
tion of completeness, i.e., the question of whether every valid deriva-
tion can be represented in £. As long as [S-]validity is only defined
for £ or L(S), completeness is absolutely trivial. It simply says that
every [S-]valid derivation is a derivation, as there are no candidates
for derivations which are not in £ or £(S). This problem does not
arise when we are dealing with computability and normalizability
only. Computability, as an auxiliary concept to prove normalization,
is not necessarily a concept which aims at classifying derivations as
computable and non-computable, at least not primarily. In the con-
text of computability, we would simply like to show that al/ deriva-
tions exhibit the property of being normalizable.

Since by “derivations” one normally understands derivations in a
given system, one should choose a different term for candidates of
derivations. I propose talking of derivation structures.”’” Hence, the
purpose of this section is to define a notion of a derivation struc-
ture and of the [S-]validity of derivation structures in such a way
that derivations in £ or L£(S) become special derivation structures
generated by particular rules of inference. Such a definition will also
require generalizing the notion of reducing a derivation, which in
the standard case is only defined for elimination inferences (in the
implicational fragment only modus ponens), provided its major pre-
miss results from applying an introduction rule. In principle, reduc-
tions should be definable for derivation structures ending with any
non-introduction inference.

In order to develop a notion of derivation in a generalized sense,
we make use of concepts from the theory of natural deduction and
extend them to arbitrary formula trees. A derivation structure over
the language of implicational logic (and possibly over atomic sys-
tems S as well) can be defined as follows: A derivation structure is
a formula tree together with a discharge function. A discharge func-
tion for a formula tree is a function which associates with every top
formula®® a formula occurring below (on the same branch in the
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tree).” The intended reading is the following. Suppose Ay, ..., A,
and B occur in the tree as follows:

N/ N/
A

1

A
N/
B

n

where each A; is the value of the discharge function f for top-

formulas C;y, ..., Ciy,, 1.6. f(Ci1) =...= f(Cin,) = A;. Then B is
inferred as a conclusion from the premisses Aj,..., A,, where at
this application, for each i (1 <i <n), the assumptions Cji, ..., Cip,

in the derivation of each A; are discharged. This means that the
step depicted can be viewed as governed by the following inference
rule:

[Cllv"'acll’rl]] [Cn]"“’cnmn]
A AnR

B

Conversely, an inference rule of the form R can be used to cre-
ate a step in a derivation structure, where the C;; above the A;
describe the appropriate discharge function f(Ci1)=...= f(Cim,) =
A;, where if all C;; are missing there is no discharge function with
value A;, and where in the absence of all A; we are left with B
as an axiom. In this way, inference rules can be extracted from a
derivation structure, and we can check if a given set of inference
rules allows us to generate this derivation structure. This means that
every occurrence of a formula in a derivation structure uniquely
determines a rule leading to it; in particular, it uniquely determines
the rule applied in the last step. This rule is the most specific
rule which just describes the derivation step in question. Borrow-
ing a term from the philosophy of science, it may be called the
minimal covering rule of this derivation step. We may then define
a generality order on rules, according to which rules which are
more general than the minimal covering rule allow one to gener-
C
ate this derivation step as well. For example, the rule [A] may be
B

. A .
considered more general than the rule -, as it not only allows
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one to pass from A to B, but also to discharge the assump-

tion C at the same time. So if -, is the minimal covering rule

B
of a step in a derivation structure, this step may also be viewed
[C]
as resulting from the application of A . The possible generality
B

orders depend on various parameters. In the given example, it
is essential that “vacuous discharging” of assumptions be permit-
ted. This implies in particular that issues of substructural logics
may come into play. I cannot discuss these points here. In what
follows I shall apply the usual structural conventions common
in natural deduction, such as viewing sequences of assumptions
[Ci1, ..., Cim,] as sets, permitting vacuous discharging of assump-
tions etc.®

It should be emphasized that rules are understood as “concrete
rules” rather than rule schemata. Others (such as Prawitz 1973,
p- 231) would speak of instances of rules instead. Thus, when talk-
ing of modus ponens

A—>B A
B

in a general fashion, I would refer to this as a rule schema, whereas,
if modus ponens for particular formulas A and B is meant, I speak
of a rule. There are various options for capturing the notion of a
rule in relation to that of a derivation structure. In the terminology
used here, a rule of the form R might be applied in the last step of
different derivation structures. Such a derivation structure may be
written as

[Cllv"'aclml] [Cnlw--,cnmn]
D] Dn
Ay A,
B
(for concrete Dy,...,D,) and viewed as an application of R. This

means that even a (concrete, non-schematic) rule is uniform in the
sense that all applications follow the same pattern. A different view
would be to define a rule simply as a set of such patterns, meaning
that the applications of a rule are in no way structurally related.’!
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According to our definition,

A—B
B

is a (very simple) derivation structure. Therefore, once we have
defined S-validity and validity for derivation structures, we are in
the position to state that this derivation structure is not valid. Now
why should

A—B
B
be invalid, whereas a corresponding instance
A—>B A
B

of modus ponens is obviously valid? Both rules share the feature that
they are not (self-justifying) introduction rules. However, for modus
ponens a reduction procedure is available which helps generate a
valid derivation when valid derivations of the premisses are given,
whereas for

A—B
B

no such procedure is at hand. So non-validity is due to the lack of
appropriate reductions. On the other hand, the one-step derivation
structure
A—(B—C)
B—(A—>C)

should be counted as valid, even if it is not a derivation in £ and
no standard reduction applies. Here, to ensure validity, we must add
a new reduction, which is different from the standard reduction. For
example, if we use the reduction step

(*)

D 1)

D A—(B—-C) [A] (2)
A—(B—C) reduces to B=C = [B] (%x)
B—(A-C) — ()

_ASC
B—(A—-C)

then the derivation (x) would indeed turn out as valid according to
our definition of validity.*?
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So what needs to be changed is not so much the notion of valid-
ity itself, but the notion of reduction the definition of validity refers
to. This fits in very well with the general idea of reduction. Reduc-
tions serve as justifying procedures for non-canonical steps, i.e.,
for steps, which are not self-justifying. When we consider validity
for arbitrary derivation structures, we should not only consider the
topological structure of derivations, but also generalize their reduc-
tions. This means that a more appropriate concept would be that of
a derivation structure combined with a set of permitted reductions,
which need not coincide with the set of standard reductions used in
the normalization of derivations in L.

This is exactly the step taken by Prawitz (1973) and in his later
publications (see Prawitz 2006). I present it in modified form, where
the modifications do not only affect terminology. By an argument 1
understand a pair (D, J), where D is a derivation structure and J
is a justification consisting of a set of reductions. This conforms with
our previous talking of derivations in a particular system like £, as
in such a system certain standard reductions are available.

A reduction is a pair

D >D,,
also read as
D, reduces to D,,

which associates a derivation structure D, with the derivation struc-
ture Dy, such that D, has the same end formula as D; and no open
assumptions beyond those in D; (but possibly less assumptions). We
say that this reduction is assigned to Dy, or that it is a reduction for
D, . If it belongs to a justification 7, we say that it is assigned to D,
via J. If D; is an application of a rule R, we call D; > D, a reduc-
tion for R (remember that an application of a rule R is a deriva-
tion applying this rule in its last step). By J(R) or Jg we denote
the subset of J containing all reductions for R via J. Conversely,
if jg is a set of reductions for R, then we may compose some 7 as
the union of all jg for a given set of rules R. It is not expected that
Jjr comprise reductions for all potential applications of R; as a lim-
iting case, jg may even be empty. Furthermore, it is not excluded
that there might be more than one reduction for the same derivation
structure. This corresponds to the idea that there might be “alterna-
tive justifications” for the same derivation structure. Reductions for
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introduction rules are also not excluded in principle, although they
are of no real use as introduction rules are self-justifying without
any need for reduction. The only constraint we have to impose on a
justification J is that it be closed under substitution in the follow-
ing sense.

Closure under substitution:

If the reduction

Ar... A, Al... A,
D > D'
o Dl Dn
is in J, then for any A AL
Dl Dn Dl Dn
Al.. A, > Ar... A,
D D’

1s in J as well.

So a justification J in our sense is nothing but a proof reduction
system, for which closure under substitution holds.>* If 7 is a jus-
tification, then 7' is called an extension of 7 (J'>J) if J’ results
from J by adding reductions such that closure under substitution
continues to hold. In other words, an extension of 7 is any super-
set of 7 which is itself a justification.

This definition differs considerably from Prawitz’s, as he uses a
so-called “consistency” requirement for justifications which restricts
the formation of extensions, and perhaps even disallows alternative
reductions for the same derivation structure. As I see it, this con-
sistency requirement plays a role only if strong normalization is the
aim, which is not in the centre of interest when the semantic con-
cept of validity is defined. Adding reductions for the same deriva-
tion structure may only be detrimental to strong validity, as this
introduces new reduction sequences not previously considered.

Normally, the set jr of reductions for R will be given schemati-
cally, which means that it does not depend on the particular appli-
cation of R. When R is an instance of a uniform rule schema, the
reductions for R are often given schematically in the more gen-
eral sense that they are independent of the particular formula which
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occurs in R, as in the case of the standard reduction for implica-
tion

(If we wanted to specialize this to particular formulas A and B,
we would write mp4_, g.) However, this is not mandatory, and it
is not excluded that different applications of the same rule or
applications of different rules which are instances of the same
rule schema receive entirely different reductions. Only with respect
to the substitution of derivation structures for open assumptions
are reductions schematic, as required by closure under substitu-
tion.

A derivation structure D reduces in one step to a derivation struc-
ture D' (D> D), if D' results from D by finitely often applying a
reduction to a substructure of D. Here, a substructure of D is a sub-
tree of D with the discharge function f restricted to assumptions
whose values under f occur above the end formula of D. A deriva-
tion structure D reduces to a derivation structure D' (D >=71’), if D’
is identical with D or results from D by a finite number of one-step
reductions. It is important to note that reductions apply to deriva-
tion structures, given a justification 7. So we could more explic-
itly write D > 7 D’ rather than D >D’. Reductions cannot change or
generate justifications, which means that a notion such as (D, J) >
(D', J") is not defined.

Let £*(S) be the logic of arguments over S, which may be iden-
tified with the set of arguments (D, J), where the derivation struc-
ture D is built up from implicational formulas over formulas of §
as atoms, and 7 is a justification whose reductions are defined for
such derivation structures. As a limiting case, we again have £*(Sp),
in short £*, which uses only propositional variables as atoms. Stan-
dard implicational logic £ would then be obtained by considering
the set of all (D, J) such that D is a derivation in standard impli-
cational logic, whereas 7 is fixed for all derivations and comprises
exactly the standard reductions.

Then the S-validity of arguments (D, J), which is the same as
the S-validity of derivation structures D with respect to justifica-
tions 7, is defined as follows:
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DEFINITION OF S-VALIDITY FOR ARGUMENTS
(I) Every closed derivation in S is S-valid with respect to J (for

every J).
A
. D . .
(IT) A closed derivation structure g s S-valid with respect to
A— B
A
J, if its immediate substructure D is S-valid with respect to 7.
B

(IIT) A closed non-canonical derivation structure is S-valid with
respect to 7, if it reduces, with respect to 7, to a canonical
derivation structure, which is S-valid with respect to 7.

Ay... A,
(IV) An open derivation structure D, where all open
B
assumptions of D are among Ay,...,A,, is S-valid with
respect to 7, if for every §'> S and J' > 7, and for every list

of closed derivation structures Yj‘ (1 <i<n), which are S’-valid
Dl Dn

with respect to 7', Al Ay is S’-valid with respect to J’.3*

D
B

In clause (IV), the reason for considering extensions [J' > of jus-
tifications, in addition to extensions S’ > S of atomic systems, is
again, in my view, a monotonicity constraint. It is obvious that the
following holds:

MONOTONICITY OF S-VALIDITY (FOR ARGUMENTYS)

An argument (D, J) in £*(S) is S-valid iff for every $'>S and J' >
\7, (Da j/> is S/'Valid.

The corresponding universal concept is then defined as follows: If
v is an assignment of S-formulas to propositional variables, then for
a J comprising reductions for arguments in £*, 7" is defined as the
set of reductions which acts on derivations D" in the same way as J
acts on D (i.e., J" is the homomorphic image of 7 under v). Then
an argument (D, J) in L£* is defined universally valid iff for every S
and every v, (D", J") is S-valid. Again we can prove:



VALIDITY CONCEPTS IN PROOF-THEORETIC SEMANTICS 561

PROPOSITION Let (D, J) be in L£*. Then (D, J) is universally
valid iff (D, J) is Sp-valid.

This means that we can continue to use the term “valid” (now with
respect to some 7 ) interchangeably for both universal and Sy-validity.

It is obvious how notions of strict S-validity for £*(S) and of
strict validity for £* can be defined. We can also prove (weak) nor-
malization from strict validity. However, as mentioned above, for
strong validity, problems arise with our unrestricted notions of jus-
tifications 7 and extensions J'> 7.

Suppose J is the set of standard reductions. Then it is obvious
that all derivations in £(S) are valid arguments with respect to 7,
and all derivations in £ are universally valid with respect to 7. So
the “new” concept of validity is a generalization of the “old” con-
cept, which yields the same results for derivations in standard im-
plicational logic.

The basic difference between derivations in the old sense and
arguments is, of course, that soundness no longer holds in every
case; it simply depends on the justifications provided, as was
intended by the introduction of the general notion of an argument.

Returning to our previous example, we can now specify what is
meant by the validity of the one-step derivation

A—(B—C)

B> (A=C) )

This derivation is obviously valid with respect to the standard
reductions of implicational logic extended with the reduction given
by (»%).3> We may ask whether completeness of intuitionistic logic,
or at least of minimal or positive implicational logic holds in the
sense that for any derivation structure, which can be justified as valid
(i.e., which is valid with respect to some justification), a derivation
in £ of its end formula from its open assumption formulas can be
found. That this is indeed the case was posed by Prawitz as a con-
jecture (1973, p. 246), without his being able to indicate so far how
it might be proved.

In addition to validity in the sense sketched here, Prawitz also
defines a notion of computability for arguments, which he (unfor-
tunately) calls strong validity. It is not surprising that he is able to
establish strong normalization of minimal logic with respect to the
general context of arbitrary justifications, given a notion of “consis-
tent” extensions of justifications. I cannot present this here. From
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my point of view, his general computability concept suffers from the
same defect as did the less general computability concept dealt with
in Sections 3 and 4. Again, Prawitz has to consider irreducible non-
canonical arguments as strongly valid, the only difference being that
irreducibility is now taken with respect to a justification 7, which is
not confined to the standard reductions (1973, p. 239; 1974, p. 74).

6. THE RELATIONSHIP BETWEEN COMPUTABILITY, VALIDITY AND
NORMALIZABILITY: COUNTEREXAMPLES

In Section 3, we claimed that computability and validity are cru-
cially different, particularly by arguing that normal derivations need
to be justified semantically. However, at that stage we were not able
to give counterexamples establishing this difference, as extensionally
the concepts were identical, comprising all derivations in £. Now
with respect to the generalized concept of an argument, we can pro-
vide counterexamples.

We understand the computability of an argument (D, J), i.e. the
computability of D with respect to a justification 7, in the follow-
ing sense, which leads to weak normalization, and compare it with
the validity of D with respect to 7.

DEFINITION OF (WEAK) COMPUTABILITY OF
ARGUMENTS

[A]

(1) A derivation structure of the form is computable with

D
B
A— B

/

respect to 7, if for every J' > 7 and every Z computable with
D/
, A . . ,
respect to J’, D18 computable with respect to J'.

B
(i1) If a derivation structure D is not in I-form and is normal
(= irreducible) with respect to 7, then it is computable with
respect to J.
(iii) If a derivation is not in I-form and is not normal with respect
to J, then D is computable with respect to 7, if D reduces with
respect to J to a D’ which is computable.
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Counterexample 1. Computability of (D, J) does not imply validity
of (D, J)

We construct an argument (D, ) in such a way that (D, J) is
closed, non-canonical and normal, and therefore computable, but
not valid. Choose a closed non-canonical derivation structure D
ending with a non-atomic formula, e.g.,

1)
[B—C]
(B—>C)—(B—~C)
B—C '

(=D

Choose J in such a way that with D no reduction is associated
(e.g., take J to be empty). Then (D, J) is computable, because it
is irreducible. However, (D, J) is not valid, because it cannot, as
required for validity, be reduced to a canonical derivation structure,
since no reduction for D is available in 7.

Counterexample 2: Validity of (D, J) does not imply computability of
(D,J)

We consider (1, —)-logic, i.e., a system with a logical constant L,
for which there is no introduction rule. In such a system, the der-
(6]
L [L] o
ivation 7 and therefore T is valid with respect to any
(1
1—>A

. B .
J. Now for some B, let 7 be chosen in such a way that T is
B

irreducible. Let J furthermore be chosen such that | reduces to
A

ool

itself with respect to 7, i.e., the reduction for | is non-terminating.
A

(M

1 . .
Then L] is not computable with respect to 7, because for
— (1
1—-A M
B
computable —, L is not computable (with respect to 7).

LA
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It can easily be seen that these counterexamples also hold for
strict validity instead of validity. Furthermore, they hold for strong
validity, when computability is defined in the strong sense (demand-
ing in clause (iii) that all one-step reductions lead to computable
derivations).

It might be added that Counterexample 1 is at the same time a
counterexample showing that normalizability does not imply valid-
ity.” Similarly, Counterexample 2 shows that normalizability does
not imply computability. The latter is not surprising, as computabil-
ity is a stronger concept than normalizability, using infinite branch-
ing when quantifying over substitution instances of open derivation
structures.

7. LOGICAL CONSEQUENCE AND THE VALIDITY OF INFERENCE
RULES

It is natural that the S-validity of an inference rule
Ay ... Ay
A

with respect to a justification 7, should mean that the one-step der-
ivation structure of the same form is S-valid with respect to J. We
can even define the S-validity of an inference rule which allows the
discharging of assumptions, such as the generalized rule

[Cll,---,Clml] [Cnlw--,Cnm,,]

Aq .. A,
B
This rule is called S-valid with respect to 7, if for all S> Sy, all J' >
Cil’ MR Cim,-
J, and every list of derivation structures D; (1<i<n),
A;

which are S-valid with respect to J', the derivation structure

D D, . .
! is S-valid with respect to J'.

This gives rise to a corresponding notion of consequence.®®

Instead of saying that the rule
A ... A,
A

is S-valid with respect to 7, we may say that A is a consequence
of Ay, ..., A, with respect to S and J (A, ..., A, Es.7 A); if we
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consider universal validity with respect to J, we say speak of con-
sequence with respect to J (Ay,...,A, =7 A); and finally, if there
is some J such that universal validity holds for 7, then we may
speak of logical consequence (A, ..., A, EA). Corresponding to the
case of rules discharging assumptions, we obtain a notion of conse-
quence

F1:>A1,...,Fn=>An '=S,JA
for sets of formulas I';. This is to express that the rule

(I] [T4]
A ... Ay
A

is S-valid with respect to 7, i.e., we have some notion of implication
in the antecedent of =, which is independent of whether the logical
constant of implication is available in our language.

This goes crucially beyond any classical notion of consequence.
In proof-theoretic semantics, we use (mostly implicitly) some struc-
tural notion of implication throughout, which is due to the fact that
rules can discharge assumptions. As a structural concept it is com-
parable to the comma as a structural conjunction. This structural
notion of implication (“=" in my terminology) has been used in
generalized concepts of inference rules. It is also important for the
formulation of a basic sequent calculus in theories of definitional
reflection (see Hallnds 1991, 2006, Schroeder-Heister 1991b, 1993).

It should be emphasized that it is extremely misleading to write
a valid rule or consequence as

A ... Ayl
i J
with j being understood as the justification of the step from
Ai,..., A, to A. In simple (or “direct”) cases like modus ponens
A—B A
B 7

the reduction mp (which is actually a reduction schema) is indeed a
justification of this single step. However, in a case like
A—(B—>C) .
B— (A—C)’



566 PETER SCHROEDER-HEISTER

with j being the reduction given by (xx), j alone does not suffice to
justify this step, as the result of using j, given a valid derivation of
the premiss A— (B—C), uses modus ponens. So the result of apply-
ing j is valid only if the modus ponens reduction mp is available.
This again means that the step

A—(B—C)

B—(A—C)
is justified only with respect to some 7, where 7 comprises both j
and the modus ponens reduction mp. Thus

A—(B—C) .

—— - {J,mp}

B—(A—C)

or
A— (B—C) =(jmp) B—>(A—=C)

would be an appropriate notation. What is involved in the justifica-
tion of single inference steps is often a whole reduction system, not
a single justifying reduction.

This makes proof-theoretic consequence differ from constructive
consequence according to which

A ... A,
A
might be defined as valid with respect to a constructive function f,
if f transforms valid arguments of the premisses Aj,..., A, into a

valid argument of the conclusion A. Actually, it is not always possi-
ble to extract such a constructive function from our proof reduction
system, as a reduction system ./ serving as a justification need not
be deterministic, which means that it merely generates a construc-
tive relation on arguments. In any case, the notion of a justification
as a proof reduction system presents an intensional analysis of the
transformation of arguments which is more fine-grained and more
specific than approaches based on the abstract notion of a construc-
tive function.
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NOTES

! See Muskens et al. (1997), Blamey (2002) and the references therein.

2 First in print in Schroeder-Heister (1991c).

3 See especially Brandom (2000), where the relationship to Dummett’s and Gent-
zen’s approaches is expressed very clearly.

4 Actually, the term “inversion principle” was coined by Lorenzen.

5 For similar reasons I do not deal with projects like that of Tennant, who com-
bines an anti-realist meaning theory with an alternative approach to relevant logic
(see Tennant 1987, 1997).

¢ In his later writings, in which he focuses on semantic aspects, Prawitz does not
explicitly return to the relationship with normalization.

7 See Hallnis (1991, 2006), Hallnis and Schroeder-Heister (1990, 1991), Schroe-
der-Heister (1991a, 1992, 1993, 1994b).

8 Tait (2006) presents some ideas on how to deal with classical logic in proof-
theoretic semantics.

° In addition to Prawitz (1965), the monographs by Tennant (1978), Troelstra and
Schwichtenberg (1996) and Negri and von Plato (2001b) can be recommended as
introductory references.

10 See especially Dummett (1991).

11 Named following Lorenzen (1955).

12 Quotes by Gentzen.

13 See the recent paper by Joachimski and Matthes (2003), which contains many
references to the literature.

4 More precisely: induction given by the operator associating with a set of der-
ivations X of a formula the set of those derivations which reduce in one step to
a derivation in X.

15 See Prawitz (1971, p. 289); Prawitz (1973, p. 238).

16 Tn other renderings of computability, all normal derivations are computable by
definition, not only those which are not in I-form. For the definition of comput-
ability chosen here, this follows as a lemma.

7 1t is bound to fail due to the impredicative character of the substitution
lemma, when it is turned into a definition. “Impredicative” here means that com-
putability is defined by quantifying over all substitution instances obtained by
substituting arbitrary computable derivations.

18 In the context of natural deduction derivations it is called the “fundamental
assumption”, see Dummett (1991, p. 254).

19 T suppose that Prawitz had something similar in mind (see Prawitz 1971, p. 276).
In later papers he ceases to consider extensions S’ > S, considering only extensions of
justifying procedures (see Section 5).

20 This does not mean that the S-validity of closed and of open derivations is
defined separately. These two cases occur intertwined in the same derivation. This
is due to the fact that the immediate subderivation of a closed canonical deriva-
tion of A— B is a derivation of B from the assumption A.

21 This is not exactly the converse “valid implies normal”, which is, of course, wrong.
22 Again some emphasis has to be placed on “necessarily”, as in the case of in-
tuitionistic logic, all derivations are strictly S-valid, i.e., strict S-validity and S-
validity coincide in this case.
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2 Prawitz (1971, p. 289f. [= appendix A.2)).

2% However, in the case of strict S-validityz (but not in the case of strong S-valid-
ityg), we would have to distinguish between reducible and irreducible derivations
not only in the open case, but also in the closed case, i.e., clause (II) should only

be applicable if has been reduced as far as possible, meaning that it is

A— B

. . . D . . .
irreducible. Otherwise, we cannot prove that A p S weakly normalizable given
D D’
A—->B A | . N
that —g s weakly normalizable. (In the case of strong normalizability

this is trivial.)

2 Dummett (1991, Ch. 13, pp. 283-286) attempts to develop some kind of a
“genuine” E-rule approach (within the standard setting of derivations with mul-
tiple premisses and single conclusions).

2 For example, if A and B are propositional variables, we may choose S as hav-
ing no axiom and A = B as the only inference rule. Then there is an S-valid
derivation of A— B, but no S-valid derivation of B.

27 Prawitz (1973) speaks of “argument schemata” (with arguments being closed
argument schemata), Prawitz (2006) of “argument skeletons” (with arguments
being argument skeletons together with justifications).

28 More precisely, we should talk of top formula occurrences. 1 do not always ter-
minologically distinguish between formulas and their occurrences. It will always be
clear from the context what is meant.

2 The use of discharge functions was introduced by Prawitz (1965, pp. 20-31). Here
it is used in the generalized form as proposed in Schroeder-Heister (1984a).

30" A corresponding notion of rule and derivation structure is spelled out in detail
in Schroeder-Heister (1984a,b).

31 Prawitz (1973, p. 31) follows such a general approach, calling (D, ..., D,), A)

. . Dl e Dn . . .
an inference (= rule instance), whenever — is a derivation structure.

32 Step (x) is reduced not directly, but indirectly by invoking modus ponens in the
reduction result. See the final remarks in Section 7.

33 Technically, this proof reduction system can be viewed as a higher-order term
rewriting system (it is of higher order due to the assumption structure corre-
sponding to A-abstraction).

3 See Prawitz (1973, p. 236; 1974, p. 73; 2006). Prawitz does not consider exten-
sions of atomic systems S.

35 Tt is not valid with respect to (x«) alone — see the final remarks in Section 7.

3 The intuitive reason for this behaviour is the following: — is always valid as

there is no closed valid derivation of L. However, for open normal derivations
B

B . - . .
T the reduction of L can be made non-terminating by means of an appropri-
A

B .
ate 7. (Note that we do not choose n to be simply L, because then the example

o . L .
would not work for strict validity, as the reduction for 7 would not terminate.)
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37" Actually, normalizability is implied by computability, but this fact is not used
in the counterexample.

# See also Prawitz (1985).
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PATRIZIO CONTU

THE JUSTIFICATION OF THE LOGICAL LAWS REVISITED

ABSTRACT. The proof-theoretic analysis of logical semantics undermines the re-
ceived view of proof theory as being concerned with symbols devoid of meaning, and
of model theory as the sole branch of logical theory entitled to access the realm of
semantics. The basic tenet of proof-theoretic semantics is that meaning is given by
some rules of proofs, in terms of which all logical laws can be justified and the notion
of logical consequence explained. In this paper an attempt will be made to unravel
some aspects of the issue and to show that this justification as it stands is untenable,
for it relies on a formalistic conception of meaning and fails to recognise the fun-
damental distinction between semantic definitions and rules of inference. It is also
briefly suggested that the profound connection between meaning and proofs should
be approached by first reconsidering our very notion of proof.

1. INTRODUCTION

Logical semantics can be thought of as a system of principles which
purport to justify a certain set of logical laws or rules of inference.
The justification takes place by showing the laws in question to be
valid by virtue of the meanings of the logical constants. Thus, a
semantic theory contains the specification of the meanings of the
logical constants and the justification of a certain set of rules of
inference. By its very nature, logical semantics answers at least the
following questions:

The extensional one: which rules are valid?
The intensional one: why are they valid?

In the following, I will sketch how the proof-theoretic approach to
semantics justifies the logical laws, and eventually I will point to what
I take to be some of its main problems. By the proof-theoretic
approach to semantics I mean roughly the attempt at providing an
explanation of the meanings of the logical constants and of the
concept of logical consequence in terms of proofs rather than truth.
This approach originates on the one hand from the foundations of
constructive mathematics, and on the other hand from the verifica-
tionistic theory of meaning first put forward by Michael Dummett.

Synthese (2006) 148: 573-588 © Springer 2006
DOIT 10.1007/s11229-004-6270-y
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Thus the emphasis will be mainly on the constructive meaning of
the logical constants, and I will concentrate on the intensional
question above.

2. SEMANTIC DEFINITIONS AND RULES OF INFERENCE

The most obvious feature of a justification is that two things are
involved: something which is justified, and something in terms of
which it is justified. For the time being, let me say without further
discussion that what is justified by a semantic theory is a certain set of
rules of inference or logical laws, and that the justifying principles are
semantic definitions.

A semantic definition is the specification of the meaning of a
logical constant in terms of some distinguished semantic notion.

In model-theoretic semantics, for example, the meaning of a log-
ical constant is defined to be its behaviour in compound statements
having the constant under consideration as the principal operator,
with respect to the notion of truth in a model.

When we explain the intended meanings of constructive logical
constants, we take the notion of proof to be the basic semantic notion
instead. Such explanations usually go under the name of BHK
interpretation. A clause of the BHK interpretation has in general the
form

Proo_(x) & a(x)

(to be read as follows: x is a proof of the statement form ¢ if and only
if x satisfies the condition «).

For example, if ¢ is of the form 4 — B, the condition « states that
x must be a method or a function transforming any proof of 4 into a
proof of B.

Now the question arises of which rules of inference are justified by
these semantic definitions. Of course, the definition yields immedi-
ately the following rules:

() Pr_p_(x)
E
Pr o (x) ()
Call these rules semantic (or definitional) rules. Given the close
resemblance of Gentzen’s rules of natural deduction for intuitionistic
logic to the clauses of the BHK interpretation, one can think of such

rules as a formal translation of the semantic principles, provided one
keeps in mind the following facts.
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First, in general the translation is not always faithful to the content
of the semantic definition, that is, the intended meaning may fail to be
preserved by the rules that build up a formal system. One example is
given by the standard I-rule for implication. As has been pointed out
on several occasions by Dag Prawitz, while for the assertability of
A — B it is intuitionistically required that any function be available
which transforms each proof of 4 into a proof of B, the formal
translation confines the constructibility of such a function to the
conceptual resources of a given formal system. Thus, one main result
of the translation process is the switch from a genuinely semantic
viewpoint to a formalistic one.

Secondly, the rules of inference may not be faithful to the form of
the semantic definition. In other words, some rules — specifically,
elimination rules for disjunction and the existential quantifier — do
not correspond directly to the rules that can be obtained in an
obvious way from the semantic definition. The reason is that while
semantic definitions are meant to fix the meaning of the logical
operators, rules of inference are devised to serve the purposes of
deduction, i.e., they are formulated so as to be useful in deduction.
Consider for example the definition of the existential quantifier:

BHK (3) p proves 3xA(x) iff p = (a € D, =) and © proves A(a).

The natural semantic elimination rule from this definition is the fol-
lowing:

pproves 3xA4(x)
nproves A(a)

where 7 is obtained simply by inspection of p. Now, such a rule would
not be very useful in inference, because we would be able to apply it
only in those cases in which we already possess the proof p having the
required properties. This shows a general feature which applies to all
elimination rules: their usefulness lies in the fact that they are
applicable to those propositions for which no proof is available, or
whose proof is not in canonical form, that is, in the form specified by
the definition.

We might then drop the requirement that p be in canonical form,
and thus formulate a more acceptable rule of inference. Call this rule
a generalised semantic (or definitional) rule. But by so doing, we would
completely lose the connection between p and =z, that is, we would
have no clue of how to obtain n once given p. This illustrates the
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other important feature of elimination rules (and of rules of inference
in general), i.e., the fact that they must provide a simple method for
obtaining the proof in the conclusion given the proof(s) in the pre-
misses. For some logical constants, e.g., implication, this can be
achieved in quite a direct way from the definitional elimination rule.
Given assumptions A — B and 4, simply take the first assumption to
be a function that when applied to the second assumption yields the
conclusion B, and you have obtained a formal derivation of B from 4
even though you did not already have it in the premisses. Thus in the
case of implication elimination the formal rule can be seen as
encoding an abbreviation, or rather a simulation, of the process
which is described by the generalised semantic rule. In the case of
disjunction and the existential quantifier, on the other hand, the need
to specify the proof in the conclusion calls for some structural
modification of the semantic rule. Assuming that there is a proof of
JxA(x), we reason as follows. By the definitional rule, there is a proof
of A(a) for some a. Then, if any B not containing « is provable from
A(a), it is provable from the sole premiss 3xA(x) (or more precisely,
from the premiss that there is a proof of 3xA(x)). Since we exploit the
definition only as a means of justifying the assumption of the exis-
tence of a proof of A(a), we do not need to know how to construct
that proof, for the piece of reasoning that we are carrying out will end
up by discharging such an assumption.

Thus we have provided an informal justification of the standard
rules of inference on the basis of the semantic definitions. For the
purposes of formal deduction, the syntactic viewpoint is trivially the
one to be preferred. Rules of inference build up a formal system, so
that the kind of theoretical framework in which we are reasoning is
precisely determined; and such rules are formulated in such a way as
to be useful in inference. The main consequence of this, however, is
that at the formal level, elimination rules allow for the construction
of non-canonical proofs, thus leading to a remarkable asymmetry
between (formal) introduction and elimination rules.

3. GENTZEN-PRAWITZ JUSTIFICATIONS

Thus elimination rules do not in general act on, and do not give rise
to, canonical proofs, i.e., proofs in the form specified by the defini-
tion. So one might conclude that they do not have a definitional
character after all, and this conclusion may have been the reason that
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has led to the fairly widespread conviction that introduction rules are
somehow more basic than elimination rules.

This view dates back to Gentzen’s remark that /-rules are the
definitions (in a loose, non-literal sense of the word) of the logical
operators, whereas E-rules are consequences thereof, in that they
exploit the meaning fixed by /-rules. It is to be noted, however, that
Gentzen understood this asymmetry in a purely formalistic way, for
he thought that the systematic relation between rules only depends on
their formal structure. As he explicitly pointed out, we do not need to
refer to the meaning of the symbols involved: “Es braucht hierbei
nicht auf einen ‘inhaltlichen Sinn’ des Zeichens O Bezug genommen
zu werden” (Gentzen 1935, p. 189). This implies that the meaning
that can be read off from a rule is only what the rule says within the
formal system it belongs to. Call this the formal meaning of a sign.
Later writers have extended this kind of argument to the general
theory of meaning, in which what is involved is not the structural
features of a formal system but the ‘real’ (or intended) meaning of
logical signs (see e.g., Prawitz 1985; Martin-Lof 1985).

The view that I-rules are more basic gives rise to a different kind of
justification, not a justification of rules from semantic definitions, but
a justification of rules from a distinguished class of other rules, which
is identified with the class of I-rules. The justification runs as follows.

(1) First we assume that every inference represented by an appli-
cation of an introduction rule is automatically valid.

(2) Secondly, we assume that every complex statement, if assertible
at all, must be capable of being asserted by means of an argu-
ment whose last step is given by an application of one of the
introduction rules for the principal operator of the statement in
question. This second clause, which has been called the “‘fun-
damental assumption” by Dummett (cf. Dummett 1991), en-
sures that introduction rules exhaust the meaning.

Under these assumptions we are able to justify elimination rules. By
way of example, suppose that we have a proof = of 4 — B. Then by
(2) = is a method that yields a new proof 7’ in canonical form, that is

A]

/

—

o 2

n
!
&
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Now any application of an E-rule turns out to be eliminable, i.e.,

[A] n//

7' A

B TE// ~> TC/
A— B A

B B

And this serves as a justification of the elimination rule, for the con-
sequences that it entitles to draw are already contained in the proof in
canonical form. The claim is therefore that logical validity originates
from introduction rules alone (see e.g., Prawitz (1965), p. 165). The
main question to be tackled here is whether this claim is warranted by
the justification above.

4. THE STATUS OF THE FUNDAMENTAL ASSUMPTION

We have seen that the fundamental assumption plays an essential role
in justification procedures. First of all, observe that it consists of two
steps.

(1) First, postulate that the relevant definitional construction can
always be obtained, that is, the construction which defines the
meaning of the logical constant in question.

(2) Then apply the /-rule to such construction.

Since the I-rule is already assumed to hold, the only relevant step is
the postulational one. As already mentioned, what is at stake for
most authors is not the formal meaning of these rules, but their
relevance in determining the ‘real’ meaning of the logical signs. As
such, our problem is a genuinely semantic one. So in order to see
what step (1) amounts to, it seems useful to consider some semantic
construals of inference rules.

The general requirement that an inference rule should meet is, of
course, that it be truth-preserving. As Per Martin-L6f has often
pointed out, the explicit form of an inference rule is thus the following:

Ay true,..., A, true
A true
(where Ay,..., A,, A are propositions, possibly depending on other
assumptions).

There is at present no general agreement on how the notion of
truth should be understood from a constructive viewpoint.
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4.1. Existence-based Interpretation

Some people hold the view that truth should be identified with
provability in principle, in order to be able to espouse constructivism
while escaping relativism. According to this view, we have the
equation

Truth of 4 = Provability in principle of 4

= There exists a (canonical) proof of 4

Here the notion of existence is not codified by means of an existential
quantifier, because the realm of proofs is not a well-defined domain
of quantification.

On this construal of the notion of truth, we can say that an
inference rule must be existence-preserving, whereby existence means
existence of a proof. Thus the general form of a rule is

There exists a proof of A;,..., There exists a proof of 4,

There exists a proof of 4

Interpreted in this way, an inference rule is postulational in character,
for it postulates the existence of a proof of the conclusion under the
assumption of the existence of proofs of the premisses.

The reason why we state the rule for arbitrary proofs and not only
for canonical proofs, is that, as already pointed out, in general, rules
are applied when no canonical proofs are available.

4.2. Possession-based Interpretation

An alternative view of the constructive notion of truth identifies the
truth of a proposition with the actual possession of a proof of it. That
is, we have the equation

Truth of 4 = Possession of a proof of 4
If we subscribe to such a view, then rules of inference are rather

required to be possession-preserving, where again by possession we
mean possession of a proof. Thus the general form of a rule is

I possess a proof of Ay,..., I possess a proof of 4,
I possess a proof of A

Assuming that I possess the proofs as stated in the premisses, I can
inspect such proofs and see (given some definitions) that I actually
possess a proof as claimed in the conclusion. Therefore we could also
say that this is an inspection-based interpretation of rules of inference.
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4.3. Now which Construal should be Preferred?

As far as [-rules are concerned, both interpretations seem to be
acceptable. Consider for example implication again. Assuming that
there is a hypothetical proof of B from A, it is of course correct to
conclude that there is a proof of 4 — B; and assuming that we
possess a hypothetical proof of B from A4, we can also safely conclude
that we possess a proof of 4 — B.

Things are different when it comes to E-rules. While E-rules can
correctly be interpreted as existence-preserving, they are not, in
general, possession-preserving. We can interpret modus ponens as
follows:

(a)

But we cannot in general formulate modus ponens as a possession-
preserving rule, because from the fact that we possess a hypothetical
proof of 4 — B it does not follow that we also possess a hypothetical
proof of B from A. This is only correct when the proof of 4 — B that
we possess is in canonical form, but then the application of the E-rule
gives rise to a redundant step. The usefulness of E-rules lies precisely in
the fact that they are applicable in those cases in which no canonical
proof, or any proof at all, is available. This is reflected by the fact that
they are not possession-preserving. This, at least, holds good when we
concern ourselves with the genuine semantic interpretation of rules of
inference. As already pointed out, the formal translation of the
semantic rule (i.e., usual modus ponens) does provide us with a
hypothetical proof on the assumption that we possess a proof of
A — B. But this is only an abbreviation (from the point of view of the
constructive semantics based on the BHK interpretation) of the real
semantic rule for the purposes of formal deduction.

It is then apparent that (a) is none other than one of the usual
formulations of the fundamental assumption (for the reason
explained above, I am identifying the fundamental assumption with
the sole step (1)), that is

(@)

There exists a proof of 4 — B
There exists a hypothetical proof of B from A

There is a proof of 4 — B

There is a canonical proof of 4 — B

Therefore on the first construal of rules of inference, the E-rule and

the fundamental assumption seem to amount to the same thing.
There is, however, a more careful formulation of the fundamental

assumption, since it is not only postulated that the canonical proof



THE JUSTIFICATION OF THE LOGICAL LAWS REVISITED 581

exists, but it is also required that I know how to construct it if I
possess an arbitrary proof. Therefore we have

I possess a proof of A — B

(b)

I know how to construct a canonical proof of 4 — B
Or alternatively,

(¢) (There is a proof of 4— B)/(There is a method, i.e., the proof
in the premiss of providing a canonical proof of 4 — B)

What is added in (b) is a better explanation of the relationship
between premiss and conclusion form an epistemic viewpoint,
whereas in (¢) a better explanation is added from a nonepistemic
viewpoint. In both cases the mere postulational character of the rule
(a*) is changed into a more precise explanation of how to obtain the
postulated proof. But besides this, nothing is added to the fact that at
the semantic level modus ponens is a postulational rule. So (¢*) on
the one hand, and (b)—(c) on the other hand, are just two different
ways of making explicit the semantic content of the formal rules,
given some assumptions; the difference lies essentially in the amount
of information which is provided.

Therefore it seems that the conclusion that the semantic content of
the E-rule is tantamount to the fundamental assumption holds good
for the more accurate formulation as well.

If the previous conclusion is correct, the very idea of justifying
rules from other rules should be abandoned, for in order to carry out
this justification we need to resort to full definitions anyway. In other
words, the justifications of E-rules presupposes both rules obtained
by a semantic definition, and the justification is in this sense circular.
One might perhaps object that some sort of circularity is inherent in
any kind of justification of the logical laws, so that the previous
argument is beside the point. But the main purpose of the justification
procedure was to obtain the content of elimination rules from the sole
content of the introduction rules, as pointed out before, and it seems
to me that this cannot be achieved. So the justifying principles are
semantic definitions after all, as I suggested in Section 2, and not
some selected class of rules.

Before proceeding any further it seems useful to take stock of this
argument and examine the relationship between semantic definitions
and the rules they give to in its full generality. As we have seen, from
a BHK clause we obtain the obvious semantic rules
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() Py
Prop_(x) ()

Itis of course understood that the variable x refers to the same object in
the definiens and in the definiendum. But when we formulate the def-
inition in terms of rules of inference, this can no longer be maintained
as far as the E-rule is concerned. This is due to the fact that an E-rule is
only useful if it is applicable in those cases in which no canonical proof
is available. So the elimination rule should rather be formulated as

Pr_o_(x)
Ty

where x and y in general denote different objects. This is what we
called the generalised semantic rule in Section 2. We also saw that the
main stumbling block for the usefulness of such rules is the fact that
they do not provide any method for constructing the proof in the
conclusion. Thus the two more careful formulations of the funda-
mental assumption are two ways of making sense of the E-rule, by
saying what the relation is between x and y.

So we can conclude that the E-rule is equivalent to the funda-
mental assumption, when its semantic content is made fully explicit.

One can perhaps distinguish between what an E-rule does and
what it claims.

What it does is provide a non-canonical means of proving prop-
ositions. This is the usual syntactic interpretation.

What an E-rule claims, is that a canonical proof can always be
constructed, provided there is a proof at all. To justify this claim, we
need to resort to the same claim. So in this sense nothing is gained.

5. A POSSIBLE OBJECTION ANSWERED

An objection might be raised against this conclusion by arguing that
the principle that we have called the fundamental assumption is not a
real assumption, but arises instead from our reflection in the meta-
language on the fact that the introduction rule exhausts the meaning.
According to this account, we just see that the introduction rule
exhausts the canonical assertability conditions, and we express this in
the form of a principle. Therefore, although the elimination rule may
be recognised to be equivalent, in its semantical formulation, to the
fundamental principle, the justification is not circular because it arises
by reflection on meaning and not by making any assumptions.



THE JUSTIFICATION OF THE LOGICAL LAWS REVISITED 583

However, the claim that the fundamental principle arises by pure
reflection is rather dubious. Here, by pure reflection I mean reflection
in which no further assumptions are involved. For this is tantamount
to saying that reflection is infallible, that there are no other inter-
pretations of the rule but the chosen one. But it seems that there are
many other interpretations, depending on our intentions and pur-
poses. Here, of course, I am rejecting the view that there is just one
correct logic that can be discovered by pure philosophical reflection.
If we refuse to resort to this conception of pure reflection, we should
recognise that there are as many correct logics as there are sound
semantic principles.

6. GENTZEN’S ORIGINAL CLAIM

So far, by examining the semantic content of rules, I have argued
against the view that logical validity originates solely from the
meaning fixed by the introduction rules. But as observed, Gentzen
meant his remark to apply to the formal meaning of logical signs.
Should we then say that his claim holds good at least as far as the
formal meaning of rules is concerned? First of all, note that if we
confine ourselves to e.g., the standard formal systems for intuition-
istic logic, no fundamental assumption is involved anymore, for by
means of normalisation procedures it can be proved that a proof in
normal form can always be obtained. This, however, does not imply
that elimination rules do not contribute to determining the meaning
of the logical signs. Another feature of the formal system is that
elimination rules cannot be dispensed with in spite of normalisation.
This is the formal counterpart to the fact that their usefulness lies in
being applicable to assumptions for which no proof is provided. If we
want to analyse assumptions, we have to resort to elimination rules.
Thus, what a formal elimination rule does is to say what the case
would be if the assumptions were true, i.e., if they had a proof, or, as
in the case of disjunction and the existential quantifier, to exploit the
consequences of this. So we can take elimination rules as mimicking
at the formal level the content of (postulational) semantic rules.
Given some assumptions, instead of constructing the relevant
canonical proof(s), we suppose we already have such constructions,
and in our subsequent reasoning we build upon such hypothetical
possession. This makes deduction possible. Without this method we
could not prove relevant theorems in our formal systems. Insofar as
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we are concerned with the formal meaning of logical signs, i.e., the
content that can be read off from the rules of the formal system they
belong to, it is clear that if any rule is not eliminable, then it is
essential to determining the formal meaning. I take this to be a
tautology. The significance of the non-eliminability of E-rules has
been generally overlooked, probably due to the fact that their role in
deduction has not been adequately emphasised. Thus, even according
to the formalistic approach, it is not true that logical validity origi-
nates solely from the meaning fixed by the introduction rules.

Gentzen’s “formalistic” view may be related to the observation
that elimination rules are the formal inverse of introduction rules:
given this feature, we need only to take into account their structural
relationship, and therefore can disregard their meanings. On the
other hand, the claim about the definitional character of introduction
rules seems to be really intensional and not easily reconciled with this
formalistic stance. We face here what is arguably the original sin of
the proof-theoretic approach to semantics as we know it: the attempt
at drawing meaning-theoretic consequences from the peculiar fea-
tures of certain formal systems. Since these features are contingent —
there are alternative systems — a deeper conceptual analysis is needed.

Let us consider e.g., the notion of inversion. Its general structure
can be represented by means of the abstract algebraic properties of
the logical operations, which are made explicit in the language of
category theory by the concept of adjointness (see e.g., MacLane
1998). An adjoint situation determines a pair of symmetric rules, such
as (in the case of exponentiation):

| fiCxA—B f:C— (4= B)
ff:C— (4= B) f:CxA— B

where, roughly speaking, the E-rule corresponds to modus ponens
(for modus ponens may be interpreted as saying that if there is a
proof of 4 = B then there is a proof of B from A4). Now, while the
language of category theory does not yield a satisfactory account of
the complex semantics of intuitionistic proofs that was outlined
above (e.g., no distinction is made between semantic and syntactic
rules of inference), it does provide a different framework within which
some ideas about rules and inversion no longer appear plausible.
Within such a framework it would be very unnatural to claim that
some rules are more basic than others, and this suggests that the bias
towards some subclass of the rules originated from the peculiar
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syntactic characteristics of the formalism adopted, rather than from a
truly intensional analysis of meaning.

7. THE PRAGMATISTIC APPROACH

Let us now briefly examine the view that assumes the elimination
rules as basic and attempts to justify the introduction rules. Just as
the previous approach is related to a verificationistic theory of
meaning, this alternative view is inspired by the pragmatistic principle
according to which the consequences of our assertions determine the
meaning of the asserted sentences. More precisely, we have here the
following assumptions.

(1) Every inference represented by an application of an elimination
rule is valid.

(2) Pragmatistic fundamental assumption (PFA): Any consequence
of a statement must be capable of being derived by means of an
argument whose first step is given by an application of one of
the elimination rules for the principal operator of the statement
in question (where the statement is the main premiss of the
inference).

The justification of introduction rules is now fairly simple: whenever
we draw any consequences from a statement 4, by PFA we can draw
them by first applying an elimination rule for that statement, so that
if we now append the application of a standard introduction rule for
A we obtain a redundant step which can be dispensed with. This is, of
course, simply a different interpretation of the situation described in
Section 3.

In spite of the duality between the PFA and the verificationistic
fundamental assumption (VFA), it should be noted that there is a
striking difference with respect to the previous justification argument.
Indeed, in analogy with VFA, we can analyse PFA as consisting of
two steps:

(A) Apply one of the elimination rules to a certain statement 4.
(B) Postulate the existence of a proof of any consequence of A
starting with the result of the application of an E-rule.

Unlike the downward procedure, however, here there is no relation
whatsoever between the postulated proof and the definitional con-
struction, so that in the case at hand the FA does not coincide (in any
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sense) with the rule being justified. Therefore the upward justification
procedure does not result in the form of circularity that we detected
in the former justification structure.

Elimination rules are concerned with definitional constructions
only insofar as they simulate them in their conclusions, which means
that we have to turn to (A) itself rather than (B). In other words, the
downward justification is related to the semantic definitions only in
the derived way, which is the main characteristic of E-rules.

What our assumption says is that the E-rules for a certain state-
ment A — besides being valid — are the only rules by means of which
we are entitled to draw consequences from it. Given 4, we can infer in
one step a certain set y of simulated constructions, which by virtue of
PFA-(A) is the maximal set of constructions inferred in one step from
A. Not only do we know that given A, a corresponding set y of
simulated constructions must hold; we also know that no other
constructions can be so inferred in one step. We are then actually
claiming that y makes explicit the whole content of A4, or in other
words, that y is definitional and thus equivalent to 4. Therefore the
inverse rule must hold as well, and the upward justification just
confirms this.

Unlike the downward justification, here we are not confronted
with a real form of circularity: it is only a matter of choosing axioms.
But we cannot claim that the E-rules alone bear all the content of the
logical operators, for we always need a further closure principle.

The remarkable fact about E-rules is that by means of them we
have switched from genuine constructions to simulated ones.
Whenever the premisses are not facts but hypotheses, the conse-
quences are simulations.

8. CONCLUDING REMARKS

To my mind, the preceding discussion results in two basic remarks.

(1) Introduction and elimination rules are symmetric when de-
rived straightforwardly from definitions, but they become asym-
metric when they are meant as rules of inference. The application of
an introduction rule is an act of synthesis: given a certain structure,
we recognise that it amounts to a previously defined notion. Elim-
ination rules, on the other hand, allow us to carry out the analysis
of a defined notion!, by dissecting the content of that notion
according to the definition. If we now suppose that some object x
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falls under the defined concept o, we have no information about it
other than our assumption of its property «, so that any piece of
reasoning deriving from our assumption can only deal with a ficti-
tious x. Consequently, the elimination rule(s) derived from our
definition must be formulated in such a way as to allow for fictitious
objects and simulated constructions in inferences. Thus we see that
the asymmetry applies not only to the rules derived from the clauses
of the BHK interpretation, but also to the inference rules derived
from definitions in general, as long as they are understood in a
constructive way.

(2) As a consequence, the programme initiated by Gentzen cannot
be maintained in its original form. The asymmetry of inference rules
ultimately depends on the gap between semantic definitions and their
translation for the purposes of deduction, and it does not imply that
some rules are more basic than others. More generally, Gentzen’s
approach to proof theory requires a deep revision. Under the influ-
ence of Hilbert’s formalism, Gentzen analysed proofs as syntactic
objects in a formal system whose properties can be laid bare by means
of the techniques of cut elimination. This was a great achievement,
with far-reaching consequences both for our understanding of the
formal structure of proofs and for the study of mathematical theories.
Nevertheless, this approach causes a fundamental distortion of real
proofs, which are based on large unitary steps called lemmas and
conceptual constructions called definitions. Standard proof theory
does not have much to say about them, for it systematically gets rid
of lemmas by cut elimination and ignores the role of definitions in
mathematical reasoning because of the eliminability of explicit defi-
nitions. Therefore I claim that although proofs can be dealt with in a
purely syntactic way, there is strong evidence to the effect that that is
by no means the most appropriate way to deal with them. Instead,
proofs are best thought of as a true semantic phenomenon. The idea
of proof-theoretic semantics, as a theory of truth and logical conse-
quence that is based on the notion of proof, is but a starting point
towards the construction of a real semantic (i.e., conceptual, non-
formalistic) theory of proofs.

NOTE

I This is of course different from the analysis of a concept aimed at carving out its
definition.
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LARS HALLNAS

ON THE PROOF-THEORETIC FOUNDATION OF GENERAL
DEFINITION THEORY

ABSTRACT. A general definition theory should serve as a foundation for the
mathematical study of definitional structures. The central notion of such a theory is a
precise explication of the intuitively given notion of a definitional structure. The
purpose of this paper is to discuss the proof theory of partial inductive definitions as
a foundation for this kind of a more general definition theory. Among the examples
discussed is a suggestion for a more abstract definition of lambda-terms (derivations
in natural deduction) that could provide a basis for a more systematic definitional
approach to general proof theory.

1. INTRODUCTION

A general definition theory should serve as a foundation for the
precise mathematical study of definitional structures (cf. General
Pattern Theory (Grenander 1994)). The central notion in such a the-
ory is a precise explication of the intuitively given notion of a defi-
nitional structure. Definitional structures occur in all theory building
and in all formalization. Induction principles show that global defi-
nitional structures have an intrinsic methodological value. Defini-
tional structures can also be interesting in their own right as well as
being a tool for the intensional classification of mathematical objects.

The purpose of this paper is to discuss a more general perspective
of earlier work on a proof-theoretic foundation for partial inductive
definitions (Hallnds 1991; Schroeder-Heister 1993). A first formula-
tion was given in terms of a sequent calculus for a sort of infinitary
propositional language (Hallnds 1991). Originally, I considered this
calculus to be rather provisional in search of a more general and
elementary semantical formulation. It now seems to me that this
search for a general semantical formulation just led astray. I think
that the initial proof-theoretic formulation is already essentially an
elementary one that serves its purpose as a foundation for a general
definition theory well.

Synthese (2006) 148: 589-602 © Springer 2006
DOIT 10.1007/s11229-004-6291-6
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By a definitional structure we mean the local logic of a definition,
i.e., a notion of consequence, or, more generally, of connections, that
depends only on local information. Information is local if it only
refers to the meaning of defining conditions and to the way atomic
components are defined in a given definition D, i.e., without any
considerations concerning assumptions about global closure-proper-
ties of the definition. This also means that defining conditions will be
given an interpretation that is local to a definition.

The intended reading of defining conditions implicitly rests on
certain general closure properties, i.e., a global logic invariant
across different definitions. Consider the following definition which
gives a simple canonical example of the puzzles and paradoxes
hidden here:

D{ P=P— Q.

Assume P, then by definition P — Q and therefore Q (with a rea-
sonable interpretation of —, which includes modus ponens). Thus Q
follows from P. So P — Q (again by a reasonable interpretation of
—, which includes conditionalization). By definition, this gives P. So
we have derived both P and P — Q using only local information
about P and about P — Q with respect to D. If we now continued to
use the intended reading of — as “if ... then”, we would obtain Q.
But this is paradoxical. Q is not defined in D, which means that it is
not possible to infer Q on the basis of local information alone. The
closure property needed to infer Q can be written as

FpP and +FpP—Q imply +pQ,

where p means derivability with respect to D. This cannot hold,
since it would contradict the basic general closure property of a
definitional structure, i.e., the basic definitional structure axiom:

An atom a holds with respect to a definition D iff some condition A
defining a in D holds with respect to D.

So the interpretation of — with respect to D differs from the intended
global reading. What the example shows is that we can not assume
that defining conditions in a definition always can be given a global
extensional interpretation. The local logic of a definition will conform
to the intended — global and extensional — reading of defining con-
ditions only if certain non-elementary closure properties of the defi-
nition are satisfied — the kind of properties that are closely connected
with basic assumptions or foundational axioms.
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A definition is an intensional object. It is the result of an act where
we intend to define something. Even if the resulting definition does
not satisfy the intended properties, it is still there generating a defi-
nitional structure of some sort. This is the basic reason why an
explication of the structure has to be local in nature. Implication is
not an absolute notion in the present context, it might have a
meaning locally with respect to a definition which is different from the
intended global reading. Now the main question for the foundation
of a general definition theory is how all this should be made math-
ematically precise.

A definition is something where we have a definiendum—definiens
relation

a=ger A

— from the context it is clear that this is a definition, so we can skip
the “def” notation — aesthetics is important — and write

a=A.

It is difficult to say something in general about the fine structure of A.
The notion of a definitional structure we have in mind is based on
two basic general structural properties of A4:

(i) 4 may directly depend on the definition of atoms a;...aq,...
which gives structural components of A.

(i1) The act of defining introduces a duality between right — definiens
— and left — definiendum — which gives a possible duality structure
of A4, expressed by some sort of implication.

In the definition
True(A — B) = if True A, then True B

there are not only the components True A and True B but also a
duality between them: left(7rue A) and right(True B), i.e., a duality
between assuming and proving. To establish True(A — B) we have by
definition to prove True B under the assumption True A.

So definitions introduce a definiens D(a) for an atom a, compo-
nents D(A) for a defining condition A4 and a duality between left and
right. The first issue — D(A) — is a simple combinatorial property, so
foundational matters are mostly connected with an interpretation of
the duality between left and right that a definition introduces. It is
this aspect of a definitional structure that we try to study here. It is
only natural to give a logical interpretation of this structure, as
duality is a logical notion after all.
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The duality between left and right is intuitively a duality be-
tween two dual acts, the act of replacing a definiens with a cor-
responding definiendum—a local and deterministic act — and the act
of replacing a definiendum with its definiens — a global and possible
indeterministic act. The duality left-right that a definition intro-
duces is given by two basic aspects of a definition D. Given an
atom g; we may open D with a (left) or we may close D with «a
(right). In the first case, we approach D with a and in the second
case we leave D with a. This duality can be interpreted in many
different ways; as a duality between assumptions and conclusions,
between generating and evaluating, between reflection and closure,
between initiate and finish etc. It is a basic structure of an inten-
sional topology; false—true, closed—open, sets—individuals, global—
local etc. If we open D with a we start with ¢ and ask for its
definition in D, if we close D with ¢ we end up with ¢ using a
single definitional clause in D.

So the basic properties of a definitional structure considered here
are the following:

(i) connections generated by a given definition — a definition D as a
combinatorial object,

(i1) a specific duality generated by a given definition — a D-closed
duality notion F.

A main point here is that if we want to study definitional structures
with respect to this duality — B follows from A4 — then a simple sequent
calculus for an infinitary language seems to give an adequate foun-
dation. The proof-theoretic foundation is furthermore elementary
and natural with respect to these structural properties. The notion of
local information establishing that B follows from A4 with respect to
some definition D is closely related to the sub-formula property of a
cut-free sequent calculus. The finiteness property given by the fact
that the basic proof-theoretic concepts are introduced by inductive
definitions gives furthermore a natural foundation of a definition
theory. There is no reason to think that a more extensional model-
theoretic interpretation giving a more elementary foundation is
lurking in the background waiting for discovery. The notion of a
local logic is in a certain sense an elementary one, so it is perhaps not
too wrong to compare the situation we have here with recursion
theory where the notion of a partial recursive function gives a good
elementary foundation.



PROOF-THEORETIC FOUNDATION OF GENERAL DEFINITION 593

So we will think of a definitional structure on U as given by

(i) a definition D over U,
(i) a D-closed duality notion .

2. DEFINITIONS

By a definition D as a mathematical object we mean a set of
equations

a=A

where a € U for some given universe of discourse and where A4 is a
condition built up from objects in U, T and L using (possibly infi-
nitary) conjunctions /\; and implications —. We let D(a) be the set of
conditions defining a in D if there are any and {L} otherwise. We
interpret a definition D in terms of a /ocal notion of consequence Fp
given as follows

I'atpa
Ty T T lkpC
FI—DA,- (161) F,A,'l_DC .
o ATDE e
I'p A\, A4 A\ AiFp C
T AFp B TkpAd T,BFC
FI—DA—>B F,A—>B|—DC
I'tp A I'Atp C (A S D(a))
AeD
Ir,q A €P@) TafpC

We let Def(D) = {a| Fp a}. Let Cov(D) ={A | Fp A} — intuitively
Cov(D) is the set of conditions that covers the set of true objects and
true — 1.e., intended — connections.
A definition D is said to be total if the cut rule is derivable, i.e., if
I'tA4 T,A+B
I'-B

holds for all I', 4, B. Let < be the reflexive and transitive closure of
<*, where <* is given by

A<*a if A€ D(a)

A <F /\1 A;.
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D gives the elementary combinatorial structure of a definition and F
interprets this structure as a definition. Such a notion of a definitional
structure has a clear topological flavor.

Now it is not immediately clear in every case that the cover of
D, Cov(D), directly gives the intended duality interpretation of
D. Rather, the basic assumption is that it covers it. As a typical
example take the following recursive definition of plus.

(n+0)=n
(n+s(m)) = s(n+ m)
s(n+m) = A\y(((n+m) — k) — s(k)).

Due to an elementary logical reading of -, which includes the con-
traction rule, it turns out that Cov(D) is not the correct evaluation
relation. Using contraction we can show (2 + 2) = m for all m > 4.!
The correct definition is given by: (n + m) is the smallest k such that
(n+m)F k.

To look for a definitional structure on a set U is to look for a
definitional structure (D, ) where some M C U is included in Cov(D)
and elementarily definable in . What exactly elementarily should
mean will depend on the context.

The basic idea here is that we introduce a certain duality on U
with respect to a definition, i.e., a logic that gives an intensional
presentation of some M C U. It is a structural classification of M
in intensional terms — local proof theory with a flavor of concrete
topology, i.e., a theory about the form of definitional presenta-
tions.

The interpretation we give of the notion of duality in the present
context is then the following:

A duality structure on a set X is a triple (A, R, L) where

A: X — P(X)

R, L: P(X) — P(X)
(34 € A(a
(VAeAla): A€ LT)=ac LT.

Given a definition D, this is then interpreted as follows
I'R — the open cover of I' — {4 |T'Fp A4}

):A€TR)=acTR
):

LT — the closed cover of I' — {4 | AFp T}.
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Intuitively, we think of a definition D as generating connections on a
set and that our reading of these connections as definitional ones will
introduce a duality on this connection structure. The duality between
open and closed covers is simply the duality between 4 and V; | | 4,
ab T etc.

3. SOME CHALLENGES

3.1. Induction Principles — Closure Properties: The Functional Closure

Given a set X C U and functions f; ... f, with arities k; ...k, over U,
the function closure with respect to (X, f; ...f,) is the set obtained by
starting with X and closing it under the given functions, i.e., the set
given by the definition D(X,f;...f,)

a=T (a€eX)
filxr.ooxk) = (x1...x,) (i < ).

It is then easy to see that Def(D(X,f;...f,)) is the smallest set con-
taining X and being closed under the functions f ... f,.

Similarly, given a set X C U, functions f ... f, with arities k; ... k,
over U, a functional F: [U— U] — U and a set ® C [U — U], the
functional closure with respect to (fi...f,, F,®,X) is given by the
following definition D(X, f; .. .f,, F, ®) (DF for short in what follows)

a=T (aeX)
Silxr.ooxg) = (x1...xx,) (i< n)
F(f) = Ay(x = flx))  (fe®).

The functional closure is a generic structure for studying higher order
induction principles and foundational axioms. Induction principles
are the traditional way in which we use definitional structures and
make them explicit. These principles represent various foundational
axioms. The challenge here is to use the functional closure as a
guiding structure in the search for new axioms and new formulations
of old ones. Take the notion of a closed term in the A-calculus (which
corresponds to the notion of a closed derivation in natural deduction)
as an example. If we view this notion as given by a functional closure
— the rule for Z-abstraction being the functional — we get a more
abstract presentation of syntactical notions. What does this mean in
terms of induction principles, axioms for syntactic structures etc.?
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3.1.1. Abstract Derivations and Terms

Using the notion of a functional closure, we may model derivations in
natural deduction in a more abstract manner. Thus, rules like A-
introduction and —-elimination are function rules, while typically
rules like —-introduction are functional rules. This means that the
premise of the —-I rule is a function, i.e., an abstract object. So the
notion of a bound variable will disappear. The problem of modelling
rules involving discharging of assumptions in a concrete manner will
here correspond to finding the right principles for characterizing the
functional in question and the set of concrete functions. Such prin-
ciples will have to ensure that there is a sufficient number of such
functions, but also that there are not too many. The functionals must
also be given the correct type of restrictions. Following the Curry—
Howard isomorphism between derivations and A-terms we can con-
centrate on terms, which makes notation easier, without losing basic
structural information.

Let U be a set having enough closure properties for building our
terms. Let X C U be a set of variables, Ap a binary function on U, 4 a
functional in [U — U] — U and ® a subset of [U — UJ. The A-terms
are now given by the functional closure with respect to (X, Ap, 4, @) —
D/.X for short. Then a term ¢ is closed if '€ Def(DA))) and open if
t € Def(DAX) implies that X is non empty. We write DA for short if
X =0.

We may then consider the following principles:

(i) Assume that p is a finite partial function from X to Def(D/X).
Then one natural axiom here is to state that the following defi-
nition makes sense

xp = p[x]
Ap(t,r)p = Ap(tp,rp)
g)p = Algp)

where p[x] = p(x) if p is defined for x otherwise p[x] = x and
where gp(1) = g(x)p + {x =t} for some given new x € X, i.e.,
some x for which p is not defined.

(i) We also want to have some principle of combinatory completeness
at our disposal. Given a term ¢t € Def(D/X) we have a function
Ax.t(r) = t{x = r}. Now we want Ax.t to be in ® for all terms .

Principle (i) gives restrictions on the definition DAX by stating that a
certain principle of recursion on the given definition is valid, i.e., the
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definition is deterministic, there are not too many functions in ® etc.
It also states that a certain completeness property holds:

If A(g) € Def(DX), then gp € ®.

Principle (ii) states that there are enough functions in ®.

3.1.2. Induction on a Term (Derivation)
Let us assume that a property is given by a definition D’. We have the
following principle of induction on the functional closure DF in
general — what amounts to induction plus co-induction.

Ifforallac U

(i) A € DF(a) implies 4 Fp a
(i) and there is a 4 € DF(a) such that a - A4

then Def(DF) C Def(D').

For the particular functional closure DA/ it is natural to think of a
much stronger principle of induction:

If E is a set such that

(i) E is closed under Ap
(i) and A(f) € E if E is closed under f for f € ®

then E C Def(D2).

3.1.3. Local Definability and the Notions of Redex and Cut
Given a definition D we say that a function f: U — U is locally
definable in D, if for all x € U

x Fp f(x).

The idea is simply that we always can reach f{x) from x by reasoning
in D. That is to say D contains sufficient information to compute f{x)
given x, i.e., the value of fat x is local to D. We may also think of D
as introducing a certain structure on a given set. That a function is
locally definable in D then means that f{x) can be described in terms
of the structural operators of D as a formal D expression. f is then
pointwise an elementary operation with respect to D.
If ¢ is a closed term (¢ € Def(D41)), then

Ag) <t

for some g, hence either 7 is A(g) or Ap(A(g),r) < t for some r. So A(g)
is a normal form in the sense that A(g) is a <-minimal form of a closed
term.
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We may compare a concrete version of the f-rule ¢ff
Ap(Ix.t,r) = t(r/x)

and an abstract version aff
Ap(2(g),r) = g(r).

The ¢f rule is not locally definable with respect to the definition of
terms. This means that not all rules of contraction are locally defin-
able with respect to the definition of derivations. The reason for this
is that when we substitute a term in the scope of a variable binding
operation like A-abstraction, we sometimes have to change the name
of the bound variable by introducing a fresh variable. This makes
substitution a non-local operation with respect to the definition of
terms. It is a direct consequence of the, in a certain respect, too
concrete presentation of the basic ideas involved in the rules of A-
abstraction and —-introduction. On the other hand, the af rule is
locally definable with respect to DX, which means that all rules of
contraction for the abstract derivations are locally definable with
respect to the functional closure definition of derivations. This is one
way of expressing that the basic definition of derivations is given on
the right level of abstraction, namely that the basic structural oper-
ations of contractions all are locally definable with respect to the
definition of derivations.

3.1.4. Normalization
Assume that the following definition on Def(DA})) makes sense;

Con(4p(i(f), 1)) = A1)
Con(Ap(Ap(r,u),t)) = Ap(Con(Ap(r,u),t).

Tait’s (1967) notion of convertibility for closed terms may then be
given by the following modification of DA()

Ap(r,t) = Con(Ap(r, 1))
Af) = Aot = f0))-
Let us denote this transformation of DA() by TA(). Now, normaliza-

tion follows if certain basic logical and structural properties of DAD
are invariant under this transformation.
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3.2. Definitional Structures per se: Introducing a Proof Theoretic
Perspective

Using a proof-theoretic foundation of a general definition theory
means that we introduce a proof-theoretic perspective concerning
central concepts and basic methods. The basic challenge here is to
develop this approach through extensive studies of examples, looking
for definitional structures in several areas of mathematics. The dis-
tinction between definability theory and definition theory here is
similar to the distinction between reductive proof theory and general
proof theory (see Prawitz 1971) or between computability theory and
a structure theory of computations.

Example. Solving an equation E(x;...x,) =k can structurally be
viewed as looking for a definition D such that

E(Xl .. .xn) I—D k.

That is, we introduce definitional structures not only in terms of
assigning values to variables, but also with respect to methods for
finding solutions.

3.3. Intensional Classification of Mathematical Objects: Classification
with respect to Presentational Structure

A general definition theory is concerned with principles of intension-
ality, i.e., with presentational structures. So a very basic challenge is the
classification of mathematical objects with respect to various presen-
tational structures. Given the extensional notion of an object, we look
for different concrete presentations of it. In definition theory we study
the structure of the definitions of objects. An example of this is Fred-
holm’s use of a definitional approach to study the intensional classifi-
cation of primitive recursive functions (Fredholm 1995). The general
recursive definition of the min function is structurally symmetrical, i.e.,
the definition of min(n,m) has the same form as the definition of
min(m,n) for all pairs (n,m). In contrast, there are no symmetrical
primitive recursive presentations of the min function. This is one way of
reading the results obtained by Colson (1991) and Fredholm (1995).
At this point it is natural to try to develop definition theory as a
concrete topology of presentational structures. Several basic notions
of topology have a natural definitional interpretation. A definition
introduces connections on a space — where a = (b — ¢) can be thought
of as a second order connection etc. So, naturally, a space X is
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connected with respect to D if a b b for all a,b € X — a distinction
between right connected and left connected may of course be
introduced.

3.4. The Structure of Proofs: to Classify Propositions with Respect
to Definitional Structures Inherent in their Proofs

General proof theory (Prawitz 1971, 1973a, b) is concerned with the
structure of proofs. Studying the structure of proofs of given propo-
sitions could be viewed as a sort of intensional inverse mathematics. A
canonical example is the connection between consistency and the
normalization of proofs in natural deduction systems. Ekman (1994)
studied the possible structure of proofs of Cantor’s theorem in natural
deduction systems of set theory. His investigations led, among other
things, to insights concerning the impredicative nature of proofs of
certain simple propositions in intuitionistic propositional logic. Here
is a twofold challenge in pursuing Ekman’s investigations towards of
more complex set theoretic propositions such as the axiom of choice
and the continuum hypothesis, and to introduce more explicit defi-
nition theoretic notions. It is clearly possible to formulate several of
Ekman’s notions in terms of definitional structures of proofs.
Ekman shows that all proofs of —(p < —p) in intuitionistic

propositional logic reduce to a proof containing the following
structure: a derivation step

W P —=p

p

is immediately followed by the derivation step

p pP—="p

-p

Let us say that a definition D is assigned to the derivation step

A B

C
if Fp Band 4 Fp C. In the present case, the definition
D={p=p—1
can be assigned to both derivation steps in Ekman’s example. It can
be seen that for any such assignment (provided there is at least some
atom which is not defined), D cannot be a total definition. So we have

a kind of intensional characteristics of the proof theoretic structure
needed to prove —(p < —p). The idea here is simply that the pairs
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(D,—ptpp), (D,ptp—p) describe a definitional structure that is
intrinsic to the original proof. This structure is then, of course,
strongly connected with the structure of Russell’s paradox etc. and
the proof structure we need to prove Cantor’s theorem.

4. CONCLUDING REMARKS

A definitional structure is a presentation of some notion of a defi-
nition over a given structure. We use the local logic - with respect to
a definition D to study and characterize logical properties of this
presentation. The type of properties we think of are then typically
invariant with respect to the structure of presentations. It is not
completely obvious how to make this concept of invariance precise.
One suggestion is to use a mapping

iU — U,
preserving the basic definitional and logical structure, i.c.,
(T)=T,i(L)=1

i(A — B) =i(A) — i(B) etc.

i[D1(a)] = Dy(i(a))
to define definitional isomorphism. But it is not clear whether this
“structural” solution is too simple minded. Perhaps a more “logical”
equivalence is a better candidate for the given intuitive notion of
definitional invariance. In any case, it is a very appealing idea to
capture definitional properties in terms of invariance with respect to
some “‘natural’” notion of equivalence.
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NOTE

! This is spelled out in detail in Hallnis (1991), p. 132.
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WILLIAM W. TAIT

PROOF-THEORETIC SEMANTICS FOR
CLASSICAL MATHEMATICS

ABSTRACT. We discuss the semantical categories of base and object implicit in the
Curry-Howard theory of types and we derive derive logic and, in particular, the
comprehension principle in the classical version of the theory. Two results that apply
to both the classical and the constructive theory are discussed. First, compositional
semantics for the theory does not demand ‘incomplete objects’ in the sense of Frege:
bound variables are in principle eliminable. Secondly, the relation of extensional
equality for each type is definable in the Curry-Howard theory.

The picture of mathematics as being about constructing objects of
various sorts and proving the constructed objects equal or unequal is
an attractive one, going back at least to Euclid. On this picture, what
counts as a mathematical object is specified once and for all by
effective rules of construction.

In the last century, this picture arose in a richer form with
Brouwer’s intuitionism. In his hands (for example, in his proof of the
Bar Theorem), proofs themselves became constructed mathematical
objects, the objects of mathematical study, and with Heyting’s (1959)
development of intuitionistic logic, this conception of proof became
quite explicit. Today it finds its most elegant expression in the Curry—
Howard theory of types, in which a proposition may be regarded, at
least in principle, as simply a type of object, namely the type of its
proofs. When we speak of ‘proof-theoretic semantics’ for mathe-
matics, it is of course this point of view that we have in mind.

On this view, objects are given or constructed as objects of a given
type. That an object is of this or that type is thus not a matter for
discovery or proof. One consequence of this view is that equality of
types must be a decidable relation. For, if an object is constructed as
an object of type 4 and 4 and B are equal, then the object is of type
B, too, and this must be determinable.

One pleasant feature of the type theoretic point of view is that the
laws of logic are no longer ‘empty’: The laws governing the type

Vx:A.F(x) = .4 F(x)

Synthese (2006) 148: 603-622 © Springer 2006
DOIT 10.1007/s11229-004-6271-x
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simply express our general notion of a function, and the laws gov-
erning

x: A.F(x) = o F(x)

express our notion of an ordered pair.

Much of my discussion applies equally to constructive mathe-
matics. But the type-theoretic point of view remains, for many peo-
ple, restricted to the domain of constructive mathematics. The term
‘classical’ is included in the title to indicate that, on the contrary,
classical mathematics can also be understood in this way and does
not need to be founded on an inchoate picture of truth-functional
semantics in the big-model-in-the-sky, a picture that can in any case
never be coherently realized.

Of course, no particular system of types is going to capture all of
classical — or for that matter, constructive — mathematics. In the
classical case, the open-endedness can be expressed by the possibility
of introducing ever larger systems of transfinite numbers as types. But
here I will discuss only the elementary theory of types, omitting even
the introduction of the finite numbers.

One thing to be noticed, and this is independent of whether or not
one admits classical reasoning, is that Frege’s simple ontology of
function and object must be abandoned. In particular, his notion of a
concept, as a truth-valued function, won’t do: it must be replaced by
the notion of a propositional or type-valued function. This is obvious
in the case of constructive mathematics; but it applies equally to the
classical case. What we prove are propositions, not truth-values:
propositions may be said to have truth-values; but that is in virtue of
being provable or refutable. Moreover, our concepts, i.e., proposi-
tion- or type-valued functionals, range not over the ‘universe of all
objects’, as for Frege, but over specific types.

Another element of Frege’s picture that I want to at least avoid is his
notion of an ‘incomplete object’: the notion of a function as what is
denoted by an open term and the notion of a propositional function
as what is expressed by an open sentence. This very ugly idea has
raised its head again in recent times because of the apparent need for
bound variables in formulas such as

Ox:A.F(x)
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where Q is a quantifier, and in terms
x:A.t(x)

expressing universal quantifier introduction. (x:A4 expresses the
restriction of x to objects of type 4.)

However useful in practice, variables are dispensible in the com-
positional semantics of type theory. Providing that we can always
bring the formula F(v) into the form F’, where F’ contains only
variables in F other than v and denotes a propositional function
defined on A, and similarly we can always bring #(v) into the form #'v,
where 7 contains only variables in ¢ other than v and denotes a
function defined on A, then we may eliminate bound variables as
primitive notation and write

Ox: A.F(x) = QF Jx i Aa(x) =1,
That we can eliminate bound variables in this way I proved in Tait
(1998b), building on the work of Schonfinkel in (1924). Let me de-

scribe the ontology upon which the elimination is founded.
More generally, consider a sentence of the form

Oi1x1: A1 Orxz : Ay(xy) - -
OnXy s Ap(x1,y oy Xp 1 F(X1, .00y Xp)

where the O are quantifiers. Iterating the above procedure, we ob-
tain

/ 1 ! I
Q]X] . Al Q2X2 . Ale cee ann : Anxl L ~Xn,1.A X1 Xy

:Ql"'QnA/

where
Apxr - xpy = Ag(xy, .o Xko1)
F'xi o xp=F(xi,...,X).
The sequence
Tyeeos AL F'
is a type-base in the sense of the following.

DEFINITION. The notion of a type-base or simply a base and of an
argument for a base is defined by induction.

e The null sequence is a base and its only argument is the null se-
quence of objects.
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e For n > 0, the sequence

Fo, ..., Fy
is a base iff Fy,...,F,_; is a base and F,, is a type-valued function
defined on the arguments of Fy,...,F, ;. An argument for this
base is a sequence by, ..., b, such that b = by,...,b,_1 is an argu-

ment for Fy,...,F, 1 and b, is of type F,b. In particular, the unit
sequence consisting of a type A is a base. Its arguments are the unit
sequences consisting of objects of type A.

Thus, every initial segment Fy, ..., F; (k <n)ofabase B=Fy,...,F,
is a base. If by,...,b, is an argument for B, then Fyby---by_; is a
type. We will call the terms in a base functionals. When B, F is a base,
we call B the base of the functional F. When B is a base and b is an
argument for it, we write

b : B.
As a special case, when B is a type
b:B

means that b is an object of type B.

2.

We assume given an initial stock of functionals, closed under bases,
and, for each included type, all the objects of that type. We now
extend this stock by means of base-forming operations. In §3, we
extend the class of objects by means of object-forming operations

INSTANTIATION. We may, a la Schonfinkel, regard a functional of
n+ 1 variables as a function of the first variable, whose values are
functions of the remaining variables:

Fbob, - - - b, = (Fby)b; - - - by.
Thus, when B = A4, F), ..., F, is a base and b: 4, then

Bb = Fyb,...,F,b
defines a base whose arguments are those sequences by, ..., b, such
that b, bo,...,b, i1s an argument for A4, Fy,...,F,. Bb is called an
instantiation of B.

We assume, too, that when B is in the initial stock of bases, then so
Is its instantiations.
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QUANTIFICATION. When F has base A, VF and JF are types.

We may extend quantification QF, defined initially for a functional
whose base is a type, to arbitrary functionals with non-null bases as
follows: when F has base B, G, then QF has base B. If b is an argu-
ment for B, then (QF)b is defined point-wise by

(QF)b = Q(Fb).
If the base of the functional F is of length n, then we define its
universal closure to be

F.=VY...VF

with n occurrences of V. So F* is a type.

If by, ...,b, is an argument for the base Fy, ..., F,, then the type
Fi.bgy - - - b of b; depends upon by, . .., br_. But sometimes we may
wish to consider propositional functions F of n arguments of inde-
pendent types Dy, ..., D, respectively. For example, in first or higher
order predicate logic, we have variables ranging over the type of
individuals, the type of sets of individuals, the type of sets of these,
and so on. To deal with this, we need the following operation:

DUMMY ARGUMENTS. If 4 is a type and Fy, ..., F, is a base, the
base A, Fy[A],...,F,[A] is defined by

Fi[Ala = Fy.
We extend this operation point-wise: If B, G and B, Hy,..., H, are
bases, then so is

B, G, Hy[G],. .., H,|G]
where, for each argument b for B

Hi[G]b := H;b|Gb].

Now, given the list Dy,...,D, of types, we may form the base
D',...,D" where D! = D; and

Dk+1 — Dk+1[D1HD2] . [Dk].

Then, if b= by, ..., b, is an argument for this base, then
DFby---by_y = Dy.
Hence b is an argument for the base iff by : Dy for each k =1,...,n.!

In terms of the quantifiers and dummy arguments, we can define
implication and conjunction: Let F and G have base B. then

F— G = YG[F] FAG := 3G[F.
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Then F — G and F A G have base B. Note that, if b:B, then
(F— G)b = (Fb — Gb) (FAG)b= (Fb A Gb).

Coimplication is defined between functionals with the same base by
F—G = (F— G)N (G — F).

There is one more operation on bases that we need, besides
quantification, instantiation and introducing dummy arguments:
TRANSPOSITION. Let

F,G,Hy,..., H,
be a base. VG is a type and F|[VG] has base VG; so VG, F[VG] is a base.
If ¢, d is an argument for this base, then ¢:V(G) and d: F[VG]|c = F. So

cd is defined and is of type Gd. Thus d, cd is an argument for F, G. It
follows that we can form a new base

VG, FVG], Hy{G}, ..., H,{G}
where the functionals H;{G} are defined by
Hi{G}cd := Hyd(cd).
Again, we may extend the operation point-wise: Let

B, F, G, Hy,..., H, be a base. Then the base
B,VG, FIVG], Hy{G},..., H,{G} is defined by

H{G}b = Hb{Gb}.

3.

We turn now to object-forming operations.
The LAW OF V-ELIMINATION is

f:VF & b:A = fb:Fb.
The LAW OF 3-INTRODUCTION is
b:A4 & ¢:Fb = (b,c):3F
and the LAW OF 3-ELIMINATION takes the form of projections:
p:3IF = pl:A & p2:F(pl).
Note that 1 and 2 do not count here as objects.?
In order to obtain the law of V-Introduction without using

lambda-abstraction, we need to introduce a generalization of
Schonfinkel’s combinators.
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COMBINATOR K. If 4 and B are types, then
K(A,B):A — (B— A)
where
K(A,B)ab = a.
This is the typed version of one of Schonfinkel’s combinators.

We extend K to functionals Fand G with a common base B: if b: B,
then

K(F,G):(F — (G — F))
is defined point-wise by setting
K(F,G)b = K(Fb, Gb).

COMBINATORS Sy and S5. Let H have base F,G and let Q be a
quantifier V or 3. Then VQH and QV(H{G}) both are types. We will
define the combinator

So(H): (YQH — QV(H{G}).
Let ¢:VQ(H). Then
So(H)e: QV(H{(GY).
H{G} has base VG, F[VG].
First, let Q = V.
Sv(H)c:W(H{G}).
Let d:VG and e: F = F[VG]c. Sy(H)cde must be defined to be of type

H{G}de, i.e., of type He(de), which is the type of ce(de). Hence, we
define

Sv(H)cde = ce(de).

Thus, Sy is the typed version of Schonfinkel’s other combinator.
Now let Q = 3.

S3(H)c:3IV(H{G}).
Thus we must have
S3(H)cl:YG
S3(H)c2:YH{G}(S3(H)cl).
Let d:F. Then we must have
S3(H)cld:Gd
S5(H)c2d: Hd(S3(H)cld).
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But ¢d:3Hd and so ¢dl:Gd and cd2:Hd(cdl). So we may define
S3(H) by
S3(H)cld = cdl S3(H)c2d := cd2.

We again extend the combinators Sp(H) to the case in which H
has a base B, F, G by point-wise definition:

So(H):(VOH — QVH{G})".
Let b:B. Then
So(H)b := Sy (Hb).
Notice that, if H has base A4, B[A], the type
ViH — 3IVH{B[A]}
of S3(H), which may be expressed by
Vx:A3y:B.Hxy — 3z:(A — B)Vx:A.Hx(zx)

is an expression of the Axiom of Choice. Our definition of the
combinator S3(H) amounts to a constructive proof of this axiom.

4.

We need now to discuss the notion of definitional equality. We are
discussing a system X of bases and objects built up by means of
certain operations: instantiation, quantification, introducing dummy
arguments, transposition, and 3 and V introduction and elimination
from a given stock of bases and objects, which are distinct from the
newly introduced ones. We assume that equality between given
functionals or objects is given and we assume that it is closed under
instantiation and V-elimination. Thus, besides the defining equations
given above for the new functionals and objects, we have all of the
true equations

Fa=G fa=5b

concerning given functionals Fand G and given objects ¢ and b (when
fis of some type VH and A4, F is a given base). We can extend the
equality relation to the new objects and types by taking it to be the
equivalence relation generated by the defining equations and the true
equations concerning the given objects and functionals. However, for
functionals in general, we need a weaker (i.e., more inclusive) notion
of equality, which we can define by induction on the length of their
bases: two functionals F and G are equal if their bases have the same
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length » and the members are pairwise equal and if
Fx;---x, =Gx|---Xx, follows purely formally from the given equa-
tions, where xi, ..., x, are distinct symbols. We need to specify that,
when an object ¢ is of some type 4 and 4 = B, then c is of type B, too.

It can be shown that this definition of equality, called definitional
equality, is decidable relative to the true equations concerning the
given functionals and objects. It turns out, too, that when b = ¢ and
b:A, then c:A. So each object has a unique type. The inelegant
definition of equality between functionals with non-null bases is
necessitated by the fact that we need below some special cases of the
equations

H|G{G} = H[VG]

(OH)[G] = O(H[G])
whenever Q is a quantifier and the left-hand sides are meaningful.
These equations are valid for the notion of equality we have just
introduced; but it would be more satisfactory to be able to extend this
list of equations to a ‘complete’ one, i.e., so that equality of objects or
functionals in general could be taken to be the equivalence relation

generated by all the equations. For example, besides the above
equations, we would need

(QH){G} = Q(HG)
HIF[G[F]] = H[G][F]
H{FH{G{F}} = H{G}{F}
H[FI{G[F]} = H{G}[F]

when, again, the left-hand sides make sense.

QUESTION. Is this system of equations complete? I suspect so; but if
not, how is it to be extended to a complete system?

Let G and H have base B,F, so that H[G]{G} = H[VG]. Let
S = Sy(H|[G]). Then

S: (WH|G] — YW(H[G]{G}))".
Hence
S:(V(G — H) — W(H[VG)))".
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But V(H[VG]) = (VH)[VG] and so, finally

S:(¥(G — H) — (VG — VH)). (1)
Note that the types of K(F,G) and S, i.e.

(F— VFIG])" and (V(G— H) — (VG — VH))"

are precisely Quine’s (1951) axioms for the universal quantifier in
first-order predicate logic, which have the property of avoiding A-
abstraction, i.e. hypothetical proof. The difference is that Quine
retains bound variables in formulas. Both Quine (1960a) and Bernays
(1959) discussed the question of eliminating bound variables in for-
mulas in first-order logic; but neither presented an entirely adequate
account from the point of view of proof theory, even for predicate
logic.

If in the equation (1) we replace G and H by B[A4] and C[A4],
respectively, where A4, B, C are types, then we obtain Schonfinkel’s
combinator S of type

[4— (B—C)] —[4—B)— (44— ()]
This type, together with the type of K(A,B):
A— (B— A)

are the axioms of positive implicational logic. This correspondence
between the positive implicational logic and the typed theory of
combinators seems to have been first noticed in Curry and Feys
(1958) and is cited in Howard (1980) as one of the sources of the
propositions-as-types point of view.

6.

So far, we’ve said nothing about eliminating bound variables, or what
amounts to the same thing, eliminating the need for free variables. In
order to show how we can eliminate variables, we first have to
introduce them. Let 4 be a type in £ and let v be a symbol that we
take as an indeterminate of type 4. We can construct the formal
‘polynomial extension’ X[v] of X in the obvious way, formally closing
it under the above operations and where equality is again the relation
of definitional equality. For every b: 4 in Z, there is a homomorphism
b* : X[v] — X obtained by ‘substituting b for v in the formulas and
terms of X[v]’. Restricted to X, »* is the identity function. The fol-
lowing is proved in Tait (1998b).
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EXPLICIT DEFINITION THEOREM. Let Fy, ..., F, be a base and
t a term of type B in X[v].

— There is a base 4, F, ..., F, in X such that
F.v=F (k=1,...,n)
— There is an object #/:VB' in X such that

!

tv=t.
We can write
Ix:A.F(x):=F Ix:A.t(x):=1.

This process of taking formal extensions can be iterated: let
X[vo, ..., v, be given and let B, be a type in this system. Choose a
new symbol v,,; as an indeterminate of type B and form
IV [ IS [ )

Given a functional F(vy,...,v,) in the system Z[v, ..., v,], we can
construct the functional

F =2x1:By - Axu: Bp.F(x1,...,x,)
in X such that
Fyi-oovy=Fi,...,v).

7.

Notice that we have not introduced disjunction in type theory: it is
indeed an awkward operation. Were we to introduce the type N of the
natural numbers with its corresponding introduction and elimination
rules, the functional = 0 with base N can be defined and so dis-
junction can be defined by

AV B:=3x:N[(x=0— 4A) A (x #0 — B)].
But the most elementary way to deal with disjunction is to
introduce the base

2, T
2 is the two-object type. 2-Introduction specifies that the truth-values

T and L are of type 2. 2-Elimination asserts the existence, for any
functional F with base 2, of

No(F):[FT — (FL — VF)]
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where
No(F)beT :=b Ny (F)bel :=c.

We take TT to be the terminal type and T_L to be the initial type,
1e.,

1=TT 0:=TL

1-Introduction specifies that 1 is an object of type 1 and 1-Elimination
asserts the existence, for any functional F of base 1, of

Ny (F):[F1 — VF]
where
N] (F)bl = b.

There is no 0-Introduction, of course. 0-Elimination asserts the
existence, for any functional F of base 0, of

No(F):VF.

Our types k are of course Martin-L6f’s (1998) types Ny.

In order to preserve the Explicit Definition Theorem, the elimi-
nation rules for k = 2,1 and 0 need to be extended in the usual way
by point-wise definition to functionals F with bases of the form

B, k[B]

where, if B is Gy,...,G,, then k[B] := k[Gy][G1] - - - [G,]. We may do
this as follows: Let F© with base k, B[k] be defined by

Ft = x:kJy1:By -2y, By.Fy1 - y,x
Then we define

No(F):[FtT — (F' L — VF)|"

Ny(F):[Ff1 — VF]"

No(F):VF
by
Nk (F)b := Nk (Fb)
for b:B.
If F has base B, then we define

-F:=F — 0[B].
Let F and G have the base B. Set
(F,G) :=3x:2.[(Tx — A) A (-Tx — B)].
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It is easy to deduce (i.e. find objects of type)

(F—(F,G)T)" (G—(F,G)L)". (2)
So we may define

FV G :=3x:2(F,G)x.

With this definition, using the deducibility of (2), the usual laws of V-
Introduction and -Elimination are derivable.

8.

Up to now, we have been discussing the theory of types in general,
with no particular reference to the classical theory. The latter is of
course obtained by adding the law of

——-ELIMINATION. Let F have base B. Then

D(F):(——F — F)".
Here again, when B is non-null, D(F) is defined point-wise in terms of
D(A) for A4 a type:

D(F)b := D(Fb)

when b:B.

From the type-theoretic point of view, what characterizes classical
mathematics is not truth-functional semantics, but the introduction
of what, somewhat in the spirit of Hilbert, we may call the ideal
objects D(F).

It is interesting that the problem that writers have found with
classical mathematics, that there exist undecidable propositions A,
such as the continuum hypothesis, for which the law of excluded
middle nevertheless is taken to be valid, takes a different form when
one moves from the (anyway incoherent) point of view of truth-
functional semantics to that of type theory. Even constructively we
can produce a deduction p of

—=(4V —A4).
So classically we have
g=D(AV—A)))p:AV —A.
1e.,

q:3x:2.(4,—A)x.
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Therefore, ¢1:2 and ¢2:(A4, ~A4)(ql). But we are unable to conclude
that ¢1 is T and we are unable to conclude that it is L ; and so we are
unable to conclude that ¢2 is a proof of A4 or that it is a proof of —A4.
We will see below that, unlike the relation of definitional equality, we
can define in type theory the notion of (extensional) equality =.
Hence, by 2-Elimination (which states that anything true of both T
and L is true of all objects of type 2)

gl=T v ql=1
will be derivable, since

T=T Vv T=1
and

l=TvVv L=1

will both be derivable. Notice that this situation concerns not just
undecidable propositions in classical mathematics, but any proposi-
tion A for which excluded middle cannot be proved constructively.
Also, in the same way in which there are ideal objects of type 2 which
cannot be said to be T and cannot be said to be L, but nevertheless
are either one or the other, so there are ideal numbers for example,
i.e., objects of type N (were we to introduce this type), which there-
fore are in the sequence 0, 1,2 ... but which we cannot locate in this
sequence. This is an interesting observation about how disjunction
works in classical mathematics; but it seems paradoxical only when
one assumes that classical mathematics is based on truth-functional
semantics.

9.

In classical logic, the sets of elements of type 4 are not themselves
types, but are precisely the 2-valued functions on A4, i.e., they are the
objects of type

P(4):=4 — 2.
We may define the functional €4 with base 4, P(A4)[A] by
aeqf = eqaf = T(fa).

So when fa = T, aef is the true proposition 1 and when fa = L, it is
the false proposition 0.
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We have shown how, in classical logic, for any functional F with
base A, to obtain an object

p : Vx:A[F(x) V =F(x)].
Let f= Ax:A(px1) and g = Ax:A(px2). Then f: 4 — 2 = P(A4). Let
u:A. Then gu is a deduction of (F(u), ~F(u))(fu) =

[T(fu) — F)] A [=T(fu) — —F(u)].
From the second conjunct, in classical logic, we obtain a deduction of
F(u) — T(fu). Recalling that ue4fis T(fu), we thus have a deduction
r(u) of

ue f—F(u).

So (f, Ax:A.r(x)) is a deduction of the COMPREHENSION PRIN-
CIPLE®

3z:P(A)Vx: A[xez——F(x)].

10.

In this final section, I will show that extensional equality can be
defined in the Curry-Howard theory.* Recall that equality between
types is to be understood intensionally, as definitional equality. This is
important for the type-theoretic point of view: what the type of an
object is should be determined from the object.

If ¢ is given as an object of type A4 and A is the same type as B, then
we should be able to determine that ¢ is of type B. Similarly, the
identity of objects should be understood in terms of definitional
equality: objects are given by terms and two terms denote the same
object if they are definitionally equal. Of course, definitional equality
as a relation among the objects of some type A is not expressible as a
type; that is, there is no functional E with base A, A[4] such that
the type Ebc expresses the definitional equality of objects  and ¢ of
type A.

There is, however, the notion of extensional equality between ob-
jects of a given type, which we can express in type theory. Let me
discuss this.

An immediate problem with defining extensional equality between
objects of the same type is this: Let ¢ and d be of type Vx: A.F. Then
clearly the extensional equality of ¢ and d should imply that, for all
extensionally equal a and b of type A, ca should be extensionally
equal to db. But the types Fa and Fb of ca and db, respectively, are
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not in general the same type, i.e., are not definitionally equal. So we
must define extensional equality between object of certain different
types.

In virtue of the Explicit Definition Theorem, every functional is of
the form

Fby ---b,
where n > 0 and F is built up without using instantiation. If
FC] ce e Cpy

is another functional, then we call these two functionals congruent.
Obviously, congruence is an equivalence relation on the functionals.
We need to define the functional =g; of extensional equality for
congruent functionals F and G. We will drop the subscript on =g¢
when no confusion results. Let F have base B and G base B'. = will
be defined as a functional with base B, B'[B], F|B'[B|], G[B, F[B'[B]]],
point-wise: for each b:B and b': B’

J— / i
=FG bb = =6y -

So it suffices to define =45 for congruent types A and B. But for
this we need only define what ¢ = b means for objects a: 4 and b: B in
some polynomial extension of X. For then we obtain = as
Ax:ALy:B.x = y.

We assume that the relation of extensional equality is defined for
the basic types and that it is an equivalence relation. We define it now
for the new types that we have introduced.

DEFINITION OF EXTENSIONAL EQUALITY. Leta:A and b:B.

— A = B =2. Recalling that TT is the terminal type 1 and T_L is the
initial type 0, it clearly suffices to define = by

a=b = Ta—Th.
— A=Tc¢,B=Td. Then ¢ and d are of type 2.
a=b = c=d.

— A =VF,B=VYG, where F and G have bases C and D, respectively.
Then C and D are congruent and F and G are congruent.

a=b = Vx:CIy:D(x=y)AVy:DIx:C(x=y)
AVx:CVy:D(x =y — ax = by).
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— A = dF,B= 4G where F and G have bases C and D, respectively.
Again, C and F are respectively congruent to D and G.

a=b = al=bl Na2 =Db2.
It is easy to deduce that
T#L

Vx:2[x=T V x=1]
Vx:2Vy: TxVz: Txy =z

and that extensional equality is transitive and symmetric. i.e.,
Vx:AVy:AVz:A[x=y N y=z — x=¢Z
Vx:AVy:Alx=y — y=x].

Moreover, for a given object a of type 4 in X, there is a deduction of

a = a. But, alas, we cannot deduce for an arbitrary type A4 that
extensional equality on A is reflexive:

Vx:A4 [x = x]. (3)

The problem case is, of course, when A4 is of the form VF, where F has
some base B. It would be consistent to add non-extensional functions
to X.

On the other hand, we could consider introducing the principle (3)
as a ‘regulative principle’. Thus, for each object b of a type A that is
introduced, there must be a proof E} provided of b =b. Then we
would introduce the constant

E(A):Vx:A4.(x = x).
by means of the definition
E(A)b := Ej.
However, we are not done, since according to our requirement for

introducing objects, we have to prove the reflexivity of E(A4), itself:
E(A) = E(A). Le., we have to have a proof of

Vx:AVy:A[x =y — E(A)x = E(A)y].
The proof of this turns out to be something of a tour de force.

PROPOSITION. In any polynomial extension on X, from
p:a=d,q: b="b and r: a = b, we can construct a proof of p = g¢.

In particular, then, from proofs r:u = v we can construct a proof
of E(A)u = E(A)v. We prove the theorem by induction on the type of
a. Note that from p, ¢ and r we obtain a proof s of &’ = V.
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CASE 1. ais of type 2. Then
p: Ta—Td q: Th«—T¥H.
Thus
pl: Ta — Td gl: Th — TF.
We need pl = ¢l, ie.
Vx:Ta 3y:Th(x = y) Vy:Th 3x:Ta(x = y)
and
Vx: TaVy: Thlx =y — plx = qly]
rl1:Ta — Tb and r2:Tb — Ta. So, if u:Ta and v:Tbh, then rlu:Th
and r2v:Ta. So the first two conditions are satisfied. The last con-

dition is just (Ta~—Tb) — (Td'«—T»,'), which is obtained from p
and ¢. By symmetry, we also have p2 = ¢2 and so p =g¢.

CASE 2. a: Tc. Thend': T, b: Td, b': Td. Then a = d' is just ¢ =
c, etc.; and this case reduces to Case 1.

CASE 3. a: 3x: AF(x). Then al: 4 and a2: F(al), pl: al =d'l,
ql: b1 = /1, etc; and so, by the induction hypothesis, pl = ¢l and
P2 =q2.
CASE 4. a: (Vx: A.F(x)),b: (Vy: B.G(y)),d": (Vx': A .F(x')),b":
(Vy': B.G'(y'")). In the following, I will drop the 4 in x: A4, and
similarly for x’, y and y'. So p, as a proof of

Vaadx'(x = X') AVX3x(x = X)) AVxX [x = X — ax = d'¥Y]
has three components, p°, p', p> which are proofs of the conjuncts,
respectively, and similarly for ¢, and s. We need to show for
i=0,1,2 that p' = ¢'. To prove p° = ¢°, we need

VxIy(x =) Vydx(x =)

which have the proofs r* and r!, and
Vxy[x =y — p’x = ¢%).

Let u: A,v: Band assume u = v. p’ul: A', ¢°v1: B, p°u2: u = p'ul
and ¢"v2: v=¢°l1. So p’ul =¢°v1 and hence, by the induction
hypothesis, p’u2 = ¢°v2. Thus, p° = ¢°.

By symmetry, p! = ¢'.

As for p? and ¢, we have

P x=x —ax=dx] ¢V [y=y —by=by]
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p* = ¢ is clearly equivalent to the conjunction of

Vx3dy(x =) Vydx(x =)
W (K =))W =))
which have the proofs * and s°, and
Vxx'yy[x =y Ax =) — pPxx’ = ¢?yy) (4)

Let u,u/,u* be of types 4, A" and u = u/, respectively, and let v,V
and v* be of types B, B’ and v = v/, respectively. Then p>ui/u*: au =
adv' and ¢vw'v': bv=5bv. Let w:u=v and w:u/ = V. Then rPuvw:
au = bv. So by the induction hypotheses, p*ur/u* = ¢*>vv'v* follows
from the assumptions w and w'. This demonstrates (4).

NOTES

' We could avoid this admittedly artificial treatment of variables of independent
types, but at the cost of a more complex structure of bases. Namely, we would define
bases to be trees, where, besides the null base, trees of the form

B,---B,
r

are admitted as bases when n >0, By,...,B, are bases and, F is a type-valued
function defined on B; x --- x B,. An argument for this base is of the form
by,...,b,, ¢, where bi:By for each k=1,...,n and c:F(by,...,b,). But, in the
interests of simplicity, if not in the interests of efficient computation, we will continue
to deal only with linear bases.

2 This form of 3-Elimination is different from that of Martin-L&f, e.g. in Martin-Lof
(1998), although, as he notes, the two forms are equivalent. It would seem that
projection more directly expresses what it means to have an object of type IF.

3 Thus, the Comprehension Principle follows from the Law of Excluded Middle.
The converse is also true: Let B be any type. Using the Comprehension Principle,
there is a »:P(2) such that T(bL)«— B. Hence, -—T(bL)«————B. But even con-
structively, -—T(bL) — T(bL) and so ~—B — B.

4 1 discussed this in (1996); but the treatment, besides being unnecessarily compli-
cated, contained an error which was discovered in conversations with Robert Harper
and Christopher Stone at Carnegie-Mellon in Autumn 1999. Part of the complica-
tion in the earlier paper resulted from the fact that I thought that extensional
equality could be treated only in the classical system. We shall see that this is false.
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GORAN SUNDHOLM

SEMANTIC VALUES FOR NATURAL DEDUCTION DERIVATIONS!

ABSTRACT. Drawing upon Martin-L6f’s semantic framework for his constructive
type theory, semantic values are assigned also to natural-deduction derivations, while
observing the crucial distinction between (logical) consequence among propositions
and inference among judgements. Derivations in Gentzen’s (1934-5) format with
derivable formulae dependent upon open assumptions, stand, it is suggested, for
proof-objects (of propositions), whereas derivations in Gentzen’s (1936) sequential
format are (blue-prints for) proof-acts.

Contrasting Frege’s logical systems, using (many) axioms and (few)
rules of inference with those of Gentzen, using no axioms, but only
rules of inference that may discharge open assumptions, Michael
Dummett wrote:

Frege’s account of inference allows no place for a[n] ... act of supposition. Gentzen
later had the highly successful idea of formalizing inference so as to leave a place for
the introduction of hypotheses.

Indeed,

it can be said of Gentzen that it was he who first showed how proof theory should be
done.?

An evaluation of this claim concerning the merits of Gentzen depends
on (1) in what sense proof theory is taken and on (ii) what, if any, was
his contribution thereto. There are, at least, three relevant readings of
the term proof theory:

(i) a ‘“‘syntactic” manipulation-system that matches a prior
(“semantic’’) consequence relation. Example: “Some consider
proof theories using Polish notation less easy to use in practice;
the formulae are so difficult to read”.

(i1) investigations, or products of such investigations, carried out in
furtherance of the Hilbert Programme. For example, ““ Hilbertian
Proof Theory could not really prosper since Godel’s incom-
pleteness theorem”.

(iii) the branch of epistemology that deals with justifications of
demonstrative truths.

Synthese (2006) 148: 623-638 © Springer 2006
DOI 10.1007/s11229-004-6298-z
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Dummett’s claim certainly seems just for the first reading (i). Gent-
zen’s perspicuous systems that proceed according to his attractive
method of natirliches Schliefen work very well indeed under this
heading. For example, standard propositional logic is complete, that
is, every tautology is derivable. The proof of this completeness the-
orem that was offered by Paul Bernays (in his Habilitationsschrift
from 1918, but only published in 1926) makes use of a method of
transformation into Conjunctive Normal Form. A wff in CNF is a
tautology if and only if each conjunct is a tautology. Such a conjunct,
being a disjunction of (possibly negated) sentential letters will
essentially have to be of the form

(AV —A),

possibly interspersed with side-formulae. But this formula is certainly
derivable in classical logic, using indirect proof, and so, using re-
peated (VI) and (&I), is the CNF in question. Hence also the original
wif is derivable. With the aid of Gentzen’s Natural Deduction tech-
niques, this proof is within the reach of philosophy undergraduates.’

Similarly, a Henkin-style proof of the Completeness Theorem for
the predicate calculus is rendered very easy when one uses Natural
Deduction rules for D, 1 and the universal quantifier V (instead of the
customary existential one 3).

The crucial Saturation Lemma that is central to Henkin’s method
then takes the form:

If X is a consistent set of sentences and the constant ¢ does not
occur in X, then also X' =4,¢ Z U {A4[c/x] D VxA} is consistent.
The proof runs very smoothly indeed:

Assume that ¥’ is inconsistent. That is,

X, Ale/x] DVxAFL
whence, by (DI),

Y+ —(Ale/x] D VxA).
Thus, by propositional logic,

X+ Ale/x]&—VxA
By (&E)

X Vx4

X+ Ale/x].

But the constant ¢ is new with respect to X. Accordingly it behaves as
an eigen-parameter and so an application of (VI) is admissible. Thus:
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Tk VA,

whence, by (—E), also X is inconsistent.

Thus, if ¥’ is inconsistent, then so is X.

Therefore, if ¥ is consistent, then so is ¥'. QED*
With the aid of this expository device, in my experience, also the
completeness of predicate logic is within the reach even of philosophy
undergraduates. Many more examples could be given, but surely the
above two suffice to substantiate Dummett’s claim under its first
reading.

Also for the second reading, namely proof theory as a covering
concept for contributions to the attempted execution of the Hilbert
Programme, we can be brief. The claim makes equally good sense
also here; Gentzen’s Sequent Calculus, especially in a version that
incorporates the infinitary w-rule (Schiitte), or its modern streamlined
variant, using infinitary propositional logic after the fashion of Tait,
remains the unequalled tool for such contributions.’

The third reading, though, poses a complex challenge. It must be
remembered that Gentzen wrote after the “‘metalogical turn”. His
Natural Deduction systems, as well as their Sequent Calculus cousins,
were designed primarily for contributions to the Hilbert programme.
These formal systems are metatheoretical in character, whence,
strictly speaking according to the letter of metamathematical legis-
lation, in spite of their agreeable properties, they are objects of study,
and not tools for use: Gentzen’s logic is docens only, rather than
utens. In particular, his formal languages are uninterpreted. His well-
formed formulae, and other metamathematical “‘expressions”, are
(meta)mathematical objects. Owing to their lack of content, they do
not serve the purpose of communication; they are objects about which
one communicates. Gentzen’s metamathematical “expressions”, in
fact, do not express, or have, content; on the contrary, they are ex-
pressed using real expressions.

This is in sharp contrast to how matters were prior to the metal-
ogical turn around 1930. Frege, in particular, used a formal language
for which he attempted to provide careful meaning-explanations so
that the language would be adequate for the practice of mathematical
analysis. His valiant efforts failed, owing to the emergence of Rus-
sell’s paradox, whence the task still remains incumbent upon us to
carry through a foundationalist project on a Fregean scale.

One prominent difference between Frege’s way of doing things and
our present (metalogical) mode of proceeding concerns the turnstile
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“k”. Today it is used as a theorem predicate among the well-formed
formulae. The sign combination
o

means that the well-formed formula ¢ is a theorem, that is, that there
exists a certain (inductively defined) tree of well-formed formulae
with ¢ as end formula. For Frege, though, the turnstile would be
prefixed to a meaningful sentence (in use) only, where it has the task
of making explicit the assertoric force of an assertion.

The first two readings of Proof Theory are squarely anchored to
the metalogical perspective, and with respect to them it is clear that
Dummett is right. When we consider the third, epistemological,
reading of the term, Gentzen’s own metamathematical manner of
proceeding won’t do, though, if we want to give Frege a fair hear-
ing. That is, we cannot compare a Frege—Hilbert style metamathe-
matical system with its corresponding metamathematical Gentzen
system, because without content in the object language there is no
knowledge there to be had in either calculus, be it a Frege—Hilbert
style system or Gentzen’s. Absent a contentual object-language,
systems of both kinds are mere objects of study. Accordingly, for an
evaluation of Dummett’s claim under its third, epistemological
reading, we need to consider an interpreted formal language. Such
languages have to be supplied with meaning explanations. It is only
against the background of such explanations that the comparison of
the two approaches can worked out; if we stay at the level of
metamathematical string-production machines the comparison
won’t be a fair one. Real inferences are what matters — not the
formal productions effected by a syntactic theorem-engine.

Thus, the proper interpretation of the precise details of Gentzen’s
formalisms becomes a matter of paramount importance. Specifically,
the following semiotic issues demand consideration:

(1) What is the proper syntax for the object language?

(2) What is the proper style for setting out Natural Deduction deri-
vations? Specifically, are there significant differences between
standard Natural Deduction and its sequential version?

(3) What is the proper semantic interpretation for the object-
language?

(4) What notions are needed in order to do justice to the pragmatics
of epistemic inference? Specifically, how does one cope with the
pragmatics of ““assumptions’?

The present paper seeks to answer this battery of questions.
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With respect to syntax it is a remarkable fact — though one not
always noted — that Gentzen uses not one, but two formulations of
Natural Deduction. Our initial task, accordingly, is to settle which, if
any, of these deserves preference above the other.

The syntax of the underlying first-order language of, say, arith-
metic can be taken in the usual fashion, and so can its semantics. I
prefer a constructive semantics, in casu that of Per Martin-Lof’s
constructive type theory, but most of what I say in this essay is neutral
with respect to the constructivist issue and ought, mutatis mutandis, to
be applicable without much trouble also within a Fregean framework
of bivalent truth-value semantics. This, though, is not enough to settle
the object-language syntax. The choice of what must be included in
the object-language is dependent on the semantics of sequents and the
pragmatics of assumptions. In particular, the object-theoretical status
of the sequent arrow = must be settled, as must the need for the
inclusion of force-indicators for assertion and assumption.

The earliest version of Natural Deduction that Gentzen considered
was the published (1934-1935) formulation of his Goéttingen disser-
tation that uses assumptions and derivations D of the form:

Al,AQ,...,Ak
D: . .
C
Here the A;’s are undischarged assumption formulae and C is the

conclusion “‘proved”, or derived, by, or in, the derivation D. In the
later (1936) version the derivable objects are sequents

A, As, ..., A = C. (S)

Standard-formulation assumptions A4;, 4»,...,A; are turned into
antecedent formulae of sequents. For both directions, mechanical
procedures, transforming derivations in one style to the other, can be
readily given, with quite low a recursion-theoretic complexity after
Godelization, say elementary in the sense of Kalmar. In order to
carry out a fair comparison of Frege with Gentzen we have to indi-
cate how, if at all, derivations set out according to the two styles can
be interpreted as epistemic proofs.

On the basis of such considerations the Sequent Calculus formu-
lation of Natural Deduction is seen as nothing but a stylistic variant
of the standard format, for instance by Prawitz (1965, p. 102), (1971,
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§1.6, p. 243, ‘A trivial reformulation’), Dummett (1977, pp. 121-122:
‘Another variation’), (1991, p. 248: ‘We may therefore adopt the
simpler notation’), as well as by myself (1983). This, as we shall see in
the sequel, is not the full story.

The well-formed formulae of Gentzen’s formalism do double duty.
First, complex formulae are built up from other formulae; that is,
propositional connectives join well-formed formulae. Accordingly, the
wifs serve as formalistic simulacra for propositions. On the other hand,
the end-formula of a (closed) derivation-tree without open assump-
tions is a theorem and thus, for Gentzen, wifs also serve as formalistic
analogues to assertions (judgements made). The normal natural-lan-
guage rendering of propositions is via that-clauses formed out of
declaratives. Thus, in their first role, the wffs, when interpreted, should
be read as that-clauses. Then, however, they cannot serve in their
second role, since a single that-clause, on its own, cannot carry asser-
toric force. For their second role we need to use statements of the form

A 1is true

where A is a proposition. Thus for instance, an assertion to the effect
that snow is white, is not effected by a single utterance of the prop-
ositional phrase (that-clause)

that snow 1is white.

For this we need to append the words
is true

in order to get the declarative statement
that snow is white is true,

an utterance of which will serve equally well as an utterance of the
declarative

snow 1s white

in order to effect an assertion that snow is white.
Making use of this idea in order to disambiguate the double roles
of wifs when interpreting the calculi transform the derivation D into

Aq is true, Ao is true, ..., A, is true

D'

C is true
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This step, though, is not enough to provide an interpretation for
Gentzen’s derivation-trees. We also need to account for phenomena
pertaining to the pragmatics of assertion and assumption. In the
degenerate case k = 0, the conclusion statement

C is true
is asserted outright, whence we need a force-indicator (for assertion)
along the lines of the Fregean turnstile. However, this is still not
enough, since the assumption statements

A; 1s true i=1,....k
are not asserted but ‘“‘assumed”. Accordingly, we might attempt to

use a reverse turnstile
_|

for “assumptory” force. The derivation tree D’ is then transformed
into a derivation tree D"

- A; is true,d Ag is true, ..., A is true
D"

F C is true
This, prima facie, looks as if it might serve our purposes, but con-
sideration of a more elaborate derivation shows that this is not so:

[A]

|
B
AD

|
B A
B
(Proof-theoretical cognoscenti will recognise this derivation as the one
for which Dag Prawitz ([Prawitz (1965)], p. 37) defined his DO-
reduction.)

Dressing the derivation tree with truth- and force-indicators
according to the above pattern yields

- A is true 1

|
B is true 2 |
A D B is true 3 l—Aistrue4‘
B is true 5
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Here the statements marked as 3, 4, and 5 are asserted, whereas 1 is
only assumed. The statement 2 that serves as premise of the (D) that
has the statement 3 as conclusion, is neither asserted nor assumed.
Thus, our force-indicators for assertion and assumption do not suf-
fice to account for the phenomena of dependence that occur within
standard Natural Deduction derivations. We must take note here
that the statement

B is true

is not asserted outright, but only conditionally, under the assumption
that A is true. What is the logical form of such conditionalization?
One answer that suggests itself immediately is that of outright
assertion of the categorical statement that the implication (al prop-
osition) A D B is true. This, however, will not do, because we would
justify the categorical statement

A D B is true

with an assertion of the conditional statement
B is true, on condition that A is true.

A conditional weakening of assertoric force, on the other hand,
seems hardly possibly. The attempts in the literature—Belnap and
others® — to treat of “‘conditional assertion”, in my opinion, do not
succeed in weakening the kind of assertoric force that is involved at
the level of pragmatics, but alters the semantics of what is asserted
(still categorically). I will opt for a treatment that keeps assertion
categorical, whence there is no change in force, but conditionalizes
the kind of truth that is ascribed to the propositional content in
question.
Thus, the derivation tree D’ above, where the assumptions

Ay is true, A; is true, ..., Ay is true
are still open, does not allow for the ascription of outright truth to
the proposition C, but only of truth on condition that A4, is true,4, is

true, ..., Ay 1s true.
The weakened, conditional truth in question will be

is true (A, is true, 4, is true, ..., Ay is true).
This, however, means that nodes in derivation trees are not covered
with statements of the form

A is true,
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but with statements of the conditional form. Effecting this transfor-
mation, the derivation tree D ultimately takes the form D"

A; is true (4; is true),..., Ag is true (Ag is true)

DIIII .

C is true (A; is true,..., Ay is true)

If we wish to include explicit force-indicators, the assertoric turnstile
is enough, since at every step a categorical assertion of a conditional
statement occurs. We must take care to distinguish between, on the
one hand,

A D B is true

and, on the other hand,
B is true (A4 is true).

The latter statement can be variously read as
Bis true  under the assumption  that A is true
on condition
given
or even as
If A4 is true then B is true.

Our analysis thus reveals that when fully interpreted, taking into
account also semantic and pragmatic features, Gentzen’s standard
Natural Deduction turns out to be nothing but the Sequent Calculus
version in disguise: as a matter of semantical fact, at each node the
assumptions are carried along. The transformation of

C is true (4, is true, A, is true, ..., Ax is true) (%)
into
Ay is true, 45 is true, ..., A; is true = C is true (k)
makes this explicit.
Thus, when the deductively relevant features are made explicit in
order to account also for the pragmatic interaction of assumption with
assertion, standard Natural Deduction is but a variant of the Sequent

Calculus version, rather than the other way round. But the Sequent
Calculus version is, in essence, a Frege—Hilbert system. Its derivable
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objects, though, are not theorems that ascribe truth to (interpreted)
well-formed formulae; they are sequents of interpreted well-formed
formulae that, under the present reading, ascribe conditional, depen-
dent, truth to a content, whence the difference with Frege is minute.

In fact, the link to Frege can be tied much closer than this. As the
late Pavel Tichy (1988, pp. 248-252) observed, iterated Frege con-
ditionals need not be seen as repeated implications among proposi-
tional contents.” Instead, they can equally well be taken as
Gentzen(—Hertz) sequents. Customarily the repeated Frege conditional

C
Ay

Ay

is taken with the (same) meaning (as the well-formed formula)
(A1 D (A D(...D2ArDC)...))).

However, rotating the Frege conditional 90° clockwise, while altering
the notation only slightly, produces a familiar result, namely,

Al,Az,...,Ak:> C.

This correspondence between the calculi of Frege and Gentzen
operates even down to the considerable fine-structure of rules,
sometimes showing a surprising(?) resemblance of terminology.

The need to account for the pragmatics of assumptions forces us
to give primacy to the Sequent Calculus version of natural deduction.
What, then, do unadorned Sequent Calculus derivations, that begin
with axioms of the form

B true = B true,

and continue with applications of sequential introduction and elim-
ination rules that operate to the right of the arrow, yielding sequents
of the form (xx) above, express? What is their right interpretation?
Kreisel (1971, 1971a, 1973), echoing Brouwer, holds that they stand
for (‘refer to’) abstract mental processes. It is certainly right that
proof, or better demonstration, ultimately pertains to mental acts (of
getting to know). (According to the OED, a demonstration is that
through which something is shown or made known.) Wittgenstein’s
reasons to reject private reference, however, apply here as well.



SEMANTIC VALUES FOR DEDUCTION DERIVATIONS 633

Accordingly, it does not seem correct to let derivation trees refer to
individual mental acts. Abstract species of such acts (after the fashion
of Husserl) constitute a better alternative. If that is what Kreisel
means by the mental processes being abstract, it might be possible to
go along with his proposal. Nevertheless, I prefer to let the Sequent
Calculus derivation-trees express blue-prints, or manuals, for mental
acts of knowledge, in the same way that a score of music is a blue-
print for a performance or a chess score-sheet is a blueprint for a
game that can be played. If one is in possession of such a manual, by
following it through one can oneself carry out an act of knowledge
that produces the theorem in question.

Our discussion has led to an account of the meaning of Gentzen’s
standard Natural Deduction formalism. The derivation trees are
variants of derivations in the Sequent Calculus version and sequents
express that a content is true, dependent on the truth of certain
contents. This is one of the several original readings of
sequents—why Gentzen, and before him Paul Hertz, dropped the
con- part of the medieval consequentia 1 do not know—that Gentzen
offered (1932, p. 330):

Ein Satz* hat die Form

Wy .. Uy — Y (v>1)...

[M]an ... liest den ““Satz” so: Wenn die Aussagen uy, ..., u, richtig
sind, so ist auch die Aussage v richtig.

Richtig is how propositional truth was rendered by the Hilbert
school, for instance in Hilbert—-Ackermann’s Grundziige. One should
note that the sequents express material rather than formal conse-
quence, that is, validity under all substitution instances a la Bolzano
is not demanded. This is repeated also in Gentzen ([Gentzen (1934—
5)], pp- 89-90), where the sequent (S) is explained as

A1 & A & ... & A D CE (#)

This, though, is not synonymous with the original explanation, even
though the two explanations provide the sequents with the same
assertion conditions. In Gentzen (1936, p. 512) this is put right. There
(S) should be read:

Unter den Annahmen A4, 4,,..., Ay gilt.B’
This reading Gentzen retained also in (1938, p. 21).

My preferred contentual reading of the derivation trees gives pride
of place to Sequential Natural Deduction and regards standard
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Natural Deduction as a mere variant of this. Under this reading,
derivation trees are blueprints for mental acts of knowledge; no
objectual semantic values are assigned.

I now wish to consider another reading that does assign semantic
values to standard Natural Deduction derivation trees. The previous
discussion has been neutral with respect to the semantics used and the
ensuing notion of proposition, presupposing only that the language is
an interpreted one. Now, however, I shall avail myself of Heyting—
Kolmogoroff’s constructive notion of proposition, say, according to
its formal rendering in Martin-Lof’s constructive type theory.! A
proposition is thus explained in terms of how its canonical proof-
objects may be formed and when two such objects are equal canon-
ical proofs. Note that what is at issue here are proofs of propositions.
This is a notion that is novel with intuitionism. Previously, all
proving throughout the history of logic has taken place at the level of
judgement and not at that of their contents. Accordingly, within the
constructivist framework, it is strictly necessary to keep apart dem-
onstrations, that is, proof(-acts) of judgements (that propositions are
true) and proof(-object)s of propositions. Demonstration is an epi-
stemic notion, but the latter novel notion is not. Its closest analogue
within (the framework of) classical semantics is that of a “‘truth
maker” in a correspondence theory of truth for propositions. Thus it
serves as a constructivist analogue of Tractarian Sachverhalte, the
prototypical classical truth-makers, or perhaps better of (Husserlian)
moments.

Heyting’s meaning explanations draw upon canonical proofs that
have to be cast in certain forms. In general, a proof of a proposition is
a method for obtaining such a canonical proof by means of execution
(evaluation). Thus, for instance, when A and B are propositions
(whence we know how their canonical proofs may be put together), a
canonical proof for the implication, that is, the proposition 4 D B, is
of the introductory form:

D I(A7 B7 (x)b)7
where b is a proof-object for B, given that x is a proof-object for A4,

and (x)b is a function, defined by (lambda-)abstraction, such that
when «a is a proof of A4, then

(x)b(a) = bla/x].

The second reading, then, that I want to offer for standard natural
deduction derivation is that of their being (possibly dependent)
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proof-objects for propositions. Thus, for instance, under this inter-
pretation the derivation D above is a dependent proof object:

D is a proof of C,
given that x; is a proof of 41, x, is a proof of A4,, ... x; is a proof of
Ay.

Hence, when q; is a proof of 41, a; is a proof of 4,, ... a; is a proof of
Ay,

Dlai/xy,...,ax/xk] is a proof of C.

In terms of standard Natural Deduction, this substitution corre-
sponds to putting the closed derivations D of Ay,..., Dy of A; on
top of the open assumption formulae A, A,, ..., A; in the derivation
tree D, whence a closed derivation for the conclusion C results.

Above Hertz—Gentzen sequents were interpreted as statements
ascribing conditional truth to propositions. The constructive
semantical framework, nevertheless, allows also for another way of
interpreting a sequent S. We then treat

sequent S holds

as a (novel) form of judgement that generalizes the common form of
judgement

proposition 4 is true.
The semantical explanation of the statement that a sequent holds is—
naturally enough—a generalization of the corresponding explanation
for propositional truth:
Al,Az,. .. ,Ak = C holds
= there exists a function from Proof
(41),...,Proof(4y) to Proof (C).

Identifying propositions with their proof-types we get a more com-
pact expression:

the function type (A4, 4y, ..., Ax)C exists.

In order to distinguish these two readings which I call open and
closed, respectively of the sequent S, also at the level of notation, the
latter, closed reading that expresses the holding of a consequence
relation between propositions, will be written:

(Al,Az, ... ,Ak) = C holds. (S/)
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It must be stressed that this holding of sequents is material only. The
closed sequent S’ holds when the matching implication (#) is true.
Logical truth of (#), on the other hand, is not required for the mere
holding of (S'). Corresponding to the logical truth of (#), that is when
(S') holds under all variations, a la Bolzano, is the notion of it
holding logically (come what may, independently of what is the case,
under all variations, etc.).

Finally let me note that, while Gentzen and Hertz dealt only with
open sequents, the theory of closed sequents has been explored pri-
marily by Peter Schroeder-Heister in (1984), as well as in his two
dissertations (1981) and (1987).

NOTES

U This paper develops in greater detail a line of thought that was adumbrated in my
(1997), (1998a), (1998b), and (2000).

2 Dummett (1973, p. 309, and p. 435, respectively).

3 One only needs to derive the following laws that are needed for transforming a wif
into a deductively equivalent CNF:

ADB-A--4VB

—

(1)
AV B BV A 2)
A& B4 B& A (3)
AV (BVC)+(AvB)VvVC 4)
A& (B& C)4H (4 & B) & C (5)
AV (B& C)4F (AV B) & (AV C) (6)
A&BVC) - (4 & B)V (4 & C) (7)
~(AV B) 4+ -4 & —B ®)
—(4 & B) -4V B 9)
-4 - 4 (10)

4 Note that this is a constructive proof: inconsistency is a positive notion (T is
inconsistent = X does derive 1), whereas consistency is a negative one (X is con-
sistent = X does not derive ). Thus the final contraposition goes in the construc-
tively valid direction.

3 Schiitte (1950a), Tait (1968).

¢ Belnap(1973).

" Tichy’s observation seems to have gone largely unnoticed. A decade later von
Kutschera (1996) and Schroeder-Heister (1999) both discuss the matter in apparent
unawareness of Tichy’s earlier, very explicit treatment. Tichy’s congenial Chapter 13
- Inference - definitely deserves to become more known, as does his paper ‘On
Inference’ (1999).

8 Other readings are possible, for instance,
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A1V Ay V...V AV C
or

(A1 D (A2D(...D(A4rDC).. ).

Both were used by Schiitte (1950) in his early reformulations of Gentzen’s work. The
first form has been streamlined by Tait (1968), who used finite sets of formulae,
disjunctively read, with the use of negations rendered superfluous (de Morgan!)
except in front of atomic formulae — Schwichtenberg (1977) gives a beautiful treat-
ment of cut-elimination for the predicate calculus based on this approach. The
second form is used for intuitionistic systems, where the de Morgan laws are not
available, but has not proved more convenient to use than Gentzen’s original for-
mulation in terms of sequents.

 Where I have changed Gentzen’s Fette Fraktur.

10 Martin Lof (1984).
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KOSTA DOSEN

MODELS OF DEDUCTION*

ABSTRACT. In standard model theory, deductions are not the things one models.
But in general proof theory, in particular in categorial proof theory, one finds models
of deductions, and the purpose here is to motivate a simple example of such models.
This will be a model of deductions performed within an abstract context, where we
do not have any particular logical constant, but something underlying all logical
constants. In this context, deductions are represented by arrows in categories
involved in a general adjoint situation. To motivate the notion of adjointness, one of
the central notions of category theory, and of mathematics in general, it is first
considered how some features of it occur in set-theoretical axioms and in the axioms
of the lambda calculus. Next, it is explained how this notion arises in the context of
deduction, where it characterizes logical constants. It is shown also how the cate-
gorial point of view suggests an analysis of propositional identity. The problem of
propositional identity, i.e., the problem of identity of meaning for propositions, is no
doubt a philosophical problem, but the spirit of the analysis proposed here will be
rather mathematical. Finally, it is considered whether models of deductions can
pretend to be a semantics. This question, which as so many questions having to do
with meaning brings us to that wall that blocked linguists and philosophers during
the whole of the twentieth century, is merely posed. At the very end, there is the
example of a geometrical model of adjunction. Without pretending that it is a
semantics, it is hoped that this model may prove illuminating and useful.

1. INTRODUCTION

According to the traditional vocation of logic to study deductive
reasoning, deductions should indeed be of central concern to logi-
cians. However, as an object of study, deductions have really a cen-
tral place in a rather restricted area of logic called general proof theory
— namely, proof theory done in the tradition of Gentzen. There, by
studying normalization of logical deductions, one is led to consider
criteria of identity of deductions. The goal of this brand of proof
theory might be to find a mathematical answer to the philosophical
question “What is deduction?”, as recursion theory has found, with
much success, a mathematical answer to the question “What is
computation?”’.

Synthese (2006) 148: 639657 © Springer 2006
DOIT 10.1007/s11229-004-6290-7
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In proof theory done in the tradition of Hilbert’s program, where
one is concerned with consistency proofs for fragments of mathe-
matics, deducing is less central. The goal there is not to answer the
question “What is deduction?”, but to prove consistency by some
particular means. Hilbertian proof theory, incorporating the funda-
mental lessons of Gddel, was for a long time dominant in proof
theory, but nowadays it seems it may be yielding ground. It has
become a rather secluded branch of mathematics, where one studies
intricate problems about ordinals, not particularly appealing to other
logicians, let alone other mathematicians.

However, following a general trend, seclusion has become the
norm in logic, as well as elsewhere in mathematics. The trend is quite
conspicuous in model theory, which was no doubt the dominant
branch of logic during a long period in the second half of the twen-
tieth century. As the century was drawing to its end, so model theory,
which had drifted to some particular branches of algebra, appeared
more and more esoteric. The remaining two great branches of logic,
recursion theory and set theory, leave the same impression nowadays.
Logicians of these various branches meet at congresses, and politely
listen to each other’s talks, but don’t seem much moved by them.

Although we are speaking here of the dominant branches of logic,
deductive reasoning hardly makes their subject matter. The study of
deduction was for a long time confined to rather marginal fields of
nonclassical logics. Perhaps the growth of general proof theory, and
its connection with category theory and computer science, might
bring deduction to the fore. (In that, the role of category theory and
computer science would presumably not be the same, the former
being otherworldly and the latter mundane, but — who knows — the
two ways might end up by being in harmony.)

In standard model theory, deductions are not the things one
models. But in general proof theory, in particular in categorial proof
theory, one finds models of deductions, and my purpose in this talk is
to motivate a simple example of such models. This will be a model of
deductions performed within an abstract context, where we don’t
have any particular logical constant, but something underlying all
logical constants. In this context, deductions are represented by
arrows in categories involved in a general adjoint situation.

To motivate the notion of adjointness, one of the central notions
of category theory, and of mathematics in general, we shall first
consider how some features of it occur in set-theoretical axioms and
in the axioms of the lambda calculus. Next, it will be explained how
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this notion arises in the context of deduction, where it characterizes
logical constants. We shall also see how the categorial point of view
suggests an analysis of propositional identity. The problem of
propositional identity, i.e., the problem of identity of meaning for
propositions, is no doubt a philosophical problem, but the spirit of
the analysis proposed here will be rather mathematical. Finally, we
shall consider whether models of deductions can pretend to be a
semantics. I merely ask this question, which, as so many questions
having to do with meaning, brings us to that wall that blocked lin-
guists and philosophers during the whole of the twentieth century. At
the very end, we reach our example of a geometrical model of
adjunction, for which I don’t pretend that it is a semantics. Never-
theless, I hope that this model may prove illuminating and useful.

2. TERMS, PROPOSITIONS AND INVERSION

In logic, as well as in the philosophy of language, we are especially
interested in two kinds of linguistic activity: referring and asserting.
We engage in the first kind of activity with the help of terms (which
abbreviates individual terms), while for the second we use propositions
(or formulae). The two grammatical categories of terms and propo-
sitions are basic grammatical categories, with whose help other
grammatical categories can be defined as functional categories:
predicates map terms into propositions, functional expressions map
terms into terms, and connectives and quantifiers map propositions
into propositions.

The set-abstracting expression {x : ...} maps a proposition A4 into
the term {x : A}. This term is significant in particular when x is free in
A, but it makes sense for any A4, too. The expression x € ... s a unary
predicate: it maps a term « into the proposition x € a. The ideal set
theory would just assume that {x: ...} and x € ... are in some sense
inverse to each other. Namely, we would have the following postulates:

Comprehension: x € {x: A} < A,
Extensionality: {x:x € a} = a,
provided x is not free in a. In the presence of replacement of equiv-

alents and of Comprehension, Extensionality is equivalent to the
more usual extensionality principle

Vx(x € a) < x € ay) — a; = ay,
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provided x is not free in a; and a, (see DoSen 2001, Section 2). We
know that ideal set theory is inconsistent if in propositions we find
negation, or at least implication. To get consistency, either {x: 4}
will not always be defined, and we replace Comprehension by a
number of restricted postulates, or we introduce types for terms.

Instead of {x : ...} let us now write (A...), and instead of x € ...
let us write (...x). Then Comprehension and Extensionality become
respectively

((Aed)x) = 4,
(Ay(ax)) = a.

If we take that (A, ...) maps a term « into the term (4,a), while (... x)
maps a term « into the term (ax), and if, furthermore, we replace
equivalence by equality, and omit outermost parentheses, our two
postulates become the following postulates of the lambda calculus:

f-equality:  (Aca)x = a,
n-equality:  ly(ax) = a,

provided x is not free in a in n-equality. The present form of -
equality yields the usual form in the presence of substitution for free
variables. (The usual form of f-equality and n-equality imply o-
equality.) The fact that the lambda calculus based on f-equality and
n-equality is consistent is due to the fact that the language has been
restricted, either by preventing anything like negation or implication
to occur in terms, or by introducing types. Without restrictions, in
type-free illative theories, we regain inconsistency.

So the general pattern of Comprehension and Extensionality, on
the one hand, and of f and y-equality, on the other, is remarkably
analogous. These postulates assert that a variable-binding expression
I'\ and application to a variable @, are inverse to each other, in the
sense that ®,I'y« and I'.®.a are either equivalent or equal to «,
depending on the grammatical category of o. It is even more
remarkable that theories so rich and important as set theory and the
lambda calculus are based on such a simple inversion principle.

3. DEDUCTIONS AND INVERSION

Besides referring and asserting, there is a third kind of activity of
particular interest to logic: deducing, which is also linguistic, as far as
it consists in passing from propositions to propositions.
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To speak about deductions we may use labelled sequents of the
form f: I' - B, where I" is a collection of propositions making the
premises, the proposition B is the conclusion, and the term f records
the rules justifying the deduction. If the premises can be collected into
a single proposition, and this is indeed the case when I is finite and we
have a connective like conjunction, then we can restrict our attention
to simple sequents of the form f: 4+ B, where both 4 and B are
propositions. We can take that f: A - Bis an arrow in a category in
which 4 and B are objects. When we don’t need it, we omit mentioning
the type A+ B of f: A+ B, and write just the arrow term f.

Special arrows in a category are axioms, and operations on arrows
are rules of inference. Equalities of arrows are equalities of deduc-
tions. For that, categorial equalities between arrows have to make
proof-theoretical sense, as indeed they do, by following closely
reductions in a normalization or cut-elimination procedure in intui-
tionistic and substructural logics.

In categorial proof theory we are not concerned with a conse-
quence relation, but with a consequence graph, where more than one
arrow, i.e., deduction, can join the same pair of objects, i.e., propo-
sitions. This should be the watershed between proof theory and the
rest of logic. It is indeed a defect of traditional general proof theory,
unaware of categories, that it is still very much under the spell of
sequents understood in terms of consequence relations — as if all
deductions with the same premises and conclusions were equal. The
traditional theory has trouble in representing deductions and in
coding them. It draws trees and has no clear criteria of identity of
deductions. (Applying the typed lambda calculus in general proof
theory usually brings awareness of categories.)

We shall now inquire whether there is something in the context of
deductions, as they are understood in categories, which would be
analogous to the inversion principle we encountered before in set
theory and the lambda calculus.

Take a category KC with a terminal object T (this object behaves
like the constant true proposition), and take the polynomial category
K[x] obtained by extending K with an indeterminate arrow x:T + A
(see Lambek and Scott 1986, Part I, Chapters 4-5.; Dosen 2001). We
obtain K[x] by adding to the graph of arrows of K a new arrow
x: TF A, and then by imposing on the new graph equalities required
by the particular sort of category to which K belongs. Note that K[x]
is not simply the free category of the required sort generated by the
new graph, because the operations on arrows of K[x] should coincide
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with those of I on the arrows inherited from X (see Dosen 2001,
Section 5). We can conceive of K[x] as the extension of a deductive
system /C with a new axiom A4.

Now consider the variable-binding expression I', that assigns to
every arrow term f: C F B of K[x] the arrow term I'yf: C+ A — Bof
KC, where —, which corresponds to implication, is an operation on the
objects of K (in categories, A — B is more often written B4). Passing
from f'to I'f corresponds to the deduction theorem. Conversely, we
have application to x, denoted by ®,, which assigns to an arrow term
g:CHA— B of K the arrow term ®,g: CH B of K[x]. Now,
passing from g to ®,g corresponds to modus ponens. If we require
that

(ﬁ) (Dxrxf:fa
(7]) rx(ng =&

we obtain a bijection between the hom-sets K(C,4 — B) and
K[x](C, B). If, moreover, we require that this bijection be natural in
the arguments B and C, we obtain an adjunction. The left-adjoint
functor in this adjunction is the heritage functor from K to K[x],
which assigns to objects and arrows of K their heirs in AC[x], while the
right-adjoint functor is a functor from K[x] to K that assigns to an
object B the object 4 — B. We find such an adjunction in cartesian
closed categories, whose arrows correspond to deductions of the
implication-conjunction fragment of intuitionistic logic, and also in
bicartesian closed categories, whose arrows correspond to deductions
of the whole of intuitionistic propositional logic.

In cartesian closed and bicartesian closed categories, as well as in
cartesian categories tout court, we also have the adjunction given by
the bijection between the hom-sets (4 x C, B) and K[x](C, B). Here
the heritage functor is right adjoint, and a functor from K[x] to K that
assigns to an object C the object A x C is left adjoint. The binary
product operation on objects x corresponds to conjunction, both
intuitionistic and classical, as — corresponds to intuitionistic impli-
cation.

These adjunctions, which were first considered by Lambek, and
which he called functional completeness, are a refinement of the
deduction theorem (see Lambek 1974; Lambek and Scott 1986,
Part I; DoSen 1996, 2001). Through the categorial equivalence of the
typed lambda calculus with cartesian closed categories, which was
also discovered by Lambek, they are closely related to the so-called



MODELS OF DEDUCTION 645

Curry—-Howard correspondence between typed lambda terms and
natural-deduction proofs. They shed much light on this correspon-
dence. The adjunctions of functional completeness may serve to
characterize conjunction and intuitionistic implication.

4. LOGICAL CONSTANTS AND ADJUNCTION

Adjointness phenomena pervade logic, as well as much of mathe-
matics. An essential ingredient of the spirit of logic is to investigate
inductively defined notions, and inductive definitions engender free
structures, which are tied to adjointness. We find also in logic the
important model-theoretical adjointness between syntax and seman-
tics, behind theorems of the “if and only if”” type called semantical
completeness theorems. However, adjunction is present in logic most
specifically through its connection with logical constants.

Lawvere put forward the remarkable thesis that all logical con-
stants are characterized by adjoint functors (see Lawvere 1969).
Lawvere’s thesis about logical constants is just one part of what he
claimed for adjunction, but it is a significant part.

Actually, Lawvere didn’t characterize conjunction and intuitionistic
implication through the adjunctions of functional completeness we
mentioned in the preceding section. Instead, there is for conjunction,
i.e., binary product in cartesian categories, the adjunction between the
diagonal functor D : K — K x K as left adjoint and the internal
product bifunctor x : I x K — K as right adjoint. Coproduct, i.e.,
disjunction, is analogously left adjoint to the diagonal functor. The
terminal and initial objects, which correspond respectively to the con-
stant true proposition and the constant absurd proposition, may be
conceived as empty product and empty coproduct. They are charac-
terized by functors right and left-adjoint, respectively, to the constant
functor into the trivial category with a single object and a single identity
arrow. Functors tied to the universal and existential quantifiers are,
respectively, right adjoint and left adjoint to the substitution functor,
which we find in hyperdoctrines, or fibered categories.

In all that, one of the adjoint functors carries the logical constant
to be characterized, i.e., it involves the corresponding operation on
objects and depends on the inner constitution of the category, while
the other adjoint functor is a structural functor, which does not
involve the inner operations of the category (“‘structural’ is here used
as in the “structural rules” of Gentzen’s proof theory). The diagonal
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functor and the constant functor are clearly structural: they make
sense for any sort of category. The substitution functor may also be
conceived as structural, and such is the heritage functor too. (We
relied above on the presence of the terminal object to characterize
implication through functional completeness, but this was done only
to simplify the exposition, and is not essential.)

Lawvere’s way to characterize intuitionistic implication through
adjunction is by relying on the bijection between (A4 x C, B) and
K(C,A — B), which can be obtained by composing the two adjunc-
tions with the heritage functor mentioned in the preceding section.
The disadvantage of this characterization is that none of the adjoint
functors 4x and A — is structural (though the former resembles such
a functor more than the latter).

In the late seventies (see DoSen 1989, which summarizes the results
of my doctoral thesis written ten years before), I was engaged in
characterizing logical constants of classical, intuitionistic and sub-
structural logics through equivalences between a sequent involving
the logical constant in question at a particular place and a structural,
purely schematic, sequent, not involving any logical constant. A
typical such equivalence is

T'-4—B iff ATFB.

I called such equivalences analyses, and not definitions, because they
may lack some essential traits of definitions, like conservativeness and
replaceability by the defining expression in every context.

I realized more recently that my analyses were just superficial
aspects of adjunctions. They pointed to the inversion principle, but
didn’t mention the naturalness condition of adjunctions. This last
condition may perhaps be taken as implicit, but I lacked a clear idea
of identity of deductions. However, this idea is also unclear in all of
traditional general proof theory untouched by categorial proof the-
ory. Gentzen’s and Prawitz’s inversion principle for natural deduc-
tion, which says that the elimination rules can be recovered from the
introduction rules, amounts to analytical equivalence, and is in the
same way a superficial aspect of adjointness (see Gentzen’s Unter-
suchungen tiber das logische Schliefien, 11, § 5.13, and Prawitz 1965,
Chapter II).

However, what I did brings something which I think should be
added to Lawvere’s thesis: namely, the functor carrying the logical
constant should be adjoint to a structural functor recording some
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features of deduction. With this amendment the thesis might serve to
separate logical constants from other expressions.

I suppose that my notion of analysis corresponds to an adjoint
situation that does not amount to an adjoint equivalence of categories,
while ordinary definitions are based on an equivalence of categories.

In some poignant passages of his book on Frege, Dummett has
argued very convincingly that the inversion principle of natural
deduction, discovered by Gentzen and studied by Prawitz, operates
in ordinary language too (see Dummett 1973, pp. 396-397, 454—
455). With pejorative expressions this principle is broken so that
sufficient conditions for an assertion are weaker than the conclu-
sions we may draw from the assertion. ‘“Long-winded” may be
taken as a pejorative expression because conclusions one can infer
from the assertion that somebody’s performance is such, like the
conclusion that the matter should be ignored, need not be war-
ranted by a sufficient condition for the assertion, which can be
merely that the thing is long. Actually, the point of using pejoratives
is to licence some otherwise unwarranted inferences. (Unwarranted
conclusions in the case of pejoratives are condemning, whereas the
point of using flattery terms is to licence commending conclusions,
which may also be unwarranted.)

To complete what Dummett is saying, one could add that with
euphemisms, dually to what one has with pejoratives, the sufficient
conditions for an assertion are stronger than the conclusions we are
expected to draw from the assertion. A sufficient condition for
asserting that some text is “not concise’” might be that it is unbear-
ably long, and the conclusion that it should be ignored, which could
be drawn from this sufficient condition, is meant to be blocked by
using the euphemism. The point of using euphemisms is to block
unwanted inferences (or, at least, the speaker pretends he means to
block them).

5. IDENTITY OF DEDUCTIONS AND PROPOSITIONAL IDENTITY

Many successful philosophical analyses are achieved by a shift in
grammatical categories. Such is Frege’s analysis of the predicate
“exists” in terms of the existential quantifier, or Russell’s analysis of
definite descriptions. We find this shift in grammatical form in the
analyses of logical constants mentioned in the preceding section. In
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I'4—B iff A,I'+B

the connective of implication is analyzed in terms of the turnstile,
which stands for deducibility.

A simple example of a good analysis with shift in grammatical form,
mentioned by Frege in Die Grundlagen der Arithmetik (§64—68), is the
analysis of the notion of the direction of a line « as the equivalence class
of lines parallel to a. This amounts to the analytical equivalence

The direction of a is equal to the direction of b iff a is parallel to b.
What is achieved in passing from the left-hand side of this equiva-
lence to the right-hand side is that we have eliminated a spurious
individual term “‘the direction of ¢ and used instead the uncontro-
versial binary predicate ““is parallel to™.

Leibniz’s analysis of identity, given by the equivalence

a is identical to b iff “a” can always be replaced by “b” salva
veritate,
achieves a fundamental grammatical shift. It assumes as given and
uncontroversial propositional equivalence, i.e., identity of truth
value, and analyzes in terms of it identity of individuals. It is because
of this shift that Hide Ishiguro could find behind Leibniz’s analysis a
form of Frege’s context principle, which says that we should explain
the sense of a word in terms of the truth and falsity of propositions in
which it may occur (see Ishiguro 1990, Chapter II). To put it in a
nutshell, Frege’s principle says that when it comes to explaining how
language functions, asserting is more basic than referring (see
Dummett 1973, pp. 3-7).

What about deducing? Is it less or more basic than asserting or
referring? If we surmise that it is more basic than asserting, in the
order of explaining how language functions, we have opened the way
to analyze propositional identity in terms of an equivalence relation
between deductions, much as Leibniz analyzed identity of individuals
in terms of propositional equivalence. The most plausible candidate
for an equivalence relation that would do the job is identity of
deductions as codified in categories. We have said that this equiva-
lence of deductions is motivated by normalization in natural deduc-
tion or by cut elimination.

Propositional equivalence, which in classical logic is defined by
identity of truth value, is understood as follows in a proof-theoretical
context:

A is equivalent to B iff there is a deduction f: A+ B and a deduction
g B A.
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This relation between the propositions 4 and B, which certainly
doesn’t amount to the stricter relation of propositional identity, does
not rely on a criterion of identity of deduction.

By relying on such a criterion, we could analyze propositional
identity as follows, quite in tune with how category theory under-
stands identity of objects:

A is the same proposition as B iff A and B are isomorphic.

Isomorphism is here understood in the precise way how category
theory understands isomorphism of objects: namely, there is a
deduction, i.e., arrow, f: A F B and a deduction g : B+ A such that g
composed with f'and f composed with g are equal respectively to the
identity deductions from 4 to 4 and from B to B. That two objects
are isomorphic means that they behave exactly in the same manner in
deductions: by composing, we can always extend deductions involv-
ing one of them, either as premise or as conclusion, to deductions
involving the other, so that nothing is lost, nor gained. There is
always a way back. By composing further with the inverses, we return
to the original deductions.

6. IS THERE A SEMANTICS OF DEDUCTION?

In theoretical linguistics syntactical theory was much more prosper-
ous than semantical theory. Not so in logic, where semantics, i.e.,
model theory, has for a long time been preponderant over syntax.

Logicians are concerned with language much more than other
mathematicians, and the old name of mathematical logic, symbolic logic,
rightly stressed that. It is true that linguistic preoccupations are not
foreign to some other branches of mathematics—in particular, algebra—
but their involvement with language rarely matches that of logic.

Proof theory is entirely within the sphere of language, and, with
many good reasons, syntactical is usually taken as synonymous with
proof-theoretical. 1t is also pretty secure to consider that the set-
theoretic models of classical model theory give the semantics of
mathematical theories based on classical logic. But to call “seman-
tics” the production of any kind of models for other sorts of systems,
like the lambda calculus, or systems of nonclassical logics, may well
be abusive, if we understand ‘“‘semantics™ a la lettre, as the theory
giving an explanation of meaning.

Did the untyped lambda calculus really acquire meaning only
when, at a rather late date, some sorts of models were found for it?
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Do the extant models of intuitionistic logic, or various substructural
logics, give meaning to these logics, which are otherwise motivated
mostly by proof theory? And what to say about various uses of the
word “‘semantics’” in theoretical computer science, or its borderlines,
where some rather syntactical activities, like coding natural-deduc-
tion proofs with typed lambda terms, or just translating one formal
language into another, are deemed a matter of semantics?

Completeness proofs are the glory of logic (though incompleteness
proofs are even more glorious), but they should not serve as an excuse
for the cheap question, often posed irresponsibly after colloquium
talks, or in referee’s reports: “What can you tell us about the semantics
of your system? What about its models?”” And this question should not
receive a cheap answer, which consists in producing anything resem-
bling models, or even not resembling them, as a semantics.

Classical model-theoretical semantics gives meaning to referential
expressions like terms through models, and propositions acquire truth
values through these models, but these models can hardly serve to give
meaning to deductions. A consequence relation may be defined with
respect to models, but we said that we need rather a consequence
graph, where between the same premise and conclusion there may be
several deductions. From the point of view of classical model theory,
deductions are not bound to the models, but only to the language.

The fact that there is no room for deductions in the classical
semantical framework, whose spirit is Platonistic, should be signifi-
cant for the philosophy of mathematics. That part of mathematics
which is bound to deduction — namely, logic — could be understood in
a formalistic vein, whereas in the rest of mathematics we would have
Platonism. This sort of formalistic conception would resemble Hil-
bert’s formalism in so far as it is not purely formalistic — it under-
stands formalistically just one part of mathematics. However, it
differs very much from Hilbert’s conception by finding formalism in
logic, whereas Hilbert looked for it in those parts of mathematics
transcending the finite. Moreover, Hilbert understood the founda-
tional, finitistic, part of mathematics in a constructivist vein. Logic
need not coincide with the finitistic part of mathematics, but it should
presumably be found in the foundations. So Hilbert’s formalism
would indeed be turned upside down: formalism is in the founda-
tions, and Platonism above, whereas with Hilbert, constructivism is
in the foundations, and formalism above.

The fact that we are not prone to speak about models of deduc-
tion, and that this topic has not received much attention up to now, is
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in accordance with a formalistic understanding of deduction. When
we encounter different reconstructions of the same deductions, as
happens when we have sequents on the one hand and natural
deduction on the other hand, the usual inclination is not to speak
about one reconstruction being a model of the other, but both are
taken as alternative syntaxes.

Still, isn’t there something model-theoretical in passing from the
calculus of sequents to natural deduction? Couldn’t one take natural
deduction not just as an alternative syntax, but as a model giving
meaning to the sequent calculus?

And what about modelling natural deduction itself? We can code
natural-deduction proofs by typed lambda terms, according to the
Curry—Howard correspondence, but this seems to be rather a matter
of finding a suitable syntax to describe natural-deduction proofs,
though there are authors who speak about the typed lambda calculus
as providing a semantics of deductions.

Another kind of coding of natural deduction is obtained in cate-
gories, by proceeding as Lambek (see Lambek and Scott 1986, and
references therein). The possibility of this coding is not fortuitous: one
can prove rigorously that if we want to represent deductive systems set-
theoretically by identifying, in the style of intuitionism, a proposition
with deductions leading to it, or deductions starting from it, we must
end up with categories. In this set-theoretical representation, one can
also exhibit effectively the duality between composition of deductions,
i.e., cut, and the identity deduction. Composition leads us from the
deductive system to the representing category, and the identity
deduction brings us back. This representation, which is summarized in
the theorem that every small category is isomorphic to a concrete cat-
egory, i.e., a subcategory of the category of sets with functions, is an
elementary aspect of the Yoneda representation, and is related to some
aspects of Stone’s representation of lattice-orders and to Cayley’s
representation of monoids (see Dosen 1998 or 1999; § 1.9).

We can always take as a model of a category the skeleton of this
category, i.e., the category obtained by identifying isomorphic
objects, but there are also more ‘“dynamic” kinds of models.
(“Dynamic” is often used in theoretical computer science and bor-
derline areas just as a commending expression. It means roughly
“okay”, while “‘static’’ is a pejorative expression.)

Lambek, who first realized in the sixties that categorial equality of
arrows coincides with proof-theoretical equivalence induced by nor-
malization, conjectured also that the same equivalence relation
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between deductions could be characterized by saying that the deduc-
tions have the same generality, by which he meant that by generalizing
the deductions, by diversifying schematic letters as much as possible,
while keeping the same rules, we shall end up with the same thing.
Lambek’s way of making precise the notion of generality of deductions
was not successful. At roughly the same time, under the influence of
Gentzen and Lambek, the matter was approached with more success in
a geometrical vein by Eilenberg, Kelly and MacLane, in connection
with so-called coherence problems in category theory (see Eilenberg
and Kelly 1966, Kelly 1971). These are roughly decidability problems
for the commuting of various classes of diagrams, i.e., decidability
problems in an equational calculus of algebraic partial operations.

Lambek’s conjecture that generality characterizes Gentzenian
equivalence of deductions is not true in general; in particular, it is not
true for intuitionistic implication (as it was conclusively shown in Petric
1997). But what appears from these studies of coherence problems is
that for categories interesting for logic, which codify deductions in
various fragments of intuitionistic and substructural logics, we can find
interesting geometrical models. That is, these categories can be faith-
fully embedded in some categories of geometrical morphisms. The
matter was rediscovered two decades later with the proof nets of linear
logic, and there is also a more recent rediscovery in Buss (1991) and
Carbone (1997). However, proof nets are officially presented as a new
kind of syntax, while Buss and Carbone disregard categories and don’t
deal explicitly with identity of deductions.

Lambek remarks in (1999) that this geometrization of algebraic
matters goes against the direction given to mathematics by Descartes,
but, concerning the matter at hand, this may nevertheless be the right
direction.

Do these geometrical models give a semantics of deduction? I
would refrain from answering the question. What is certain is that
they give models of deduction, and these models are appealing and
useful. To corroborate that, I shall present in the last section of this
talk a geometrical model for the general notion of adjunction. (This
model is explored in detail in Dosen 1999.)

7. A GEOMETRICAL MODEL OF ADJUNCTION

Let us first briefly review one of the standard equational definitions of
adjunction. We have two categories A and B, and two functors, F
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from B to A and G from A to B. The former functor is called /left
adjoint and the latter right adjoint. Next, we have a natural trans-
formation ¢ in A, called the counit of the adjunction, whose com-
ponents are ¢, : FGA - A for every object 4 of A, and a natural
transformation y in B, called the unit of the adjunction, whose
components are y5 : B+ GFB for every object B of B. Finally, the
following triangular equalities must be satisfied:

¢rgo Fyp = Tgs,

Go40764 =TGa-

In logical situations we should imagine that one of the adjoint
functors F and G is structural, and hence “invisible”. Then the unit
and counit correspond to rules for introducing and eliminating a
connective.

Since all the assumptions in this definition are equational (the
equalities in question are the categorial axioms of composing with
identity arrows and the associativity of composition, the equalities of
the functoriality of F and G, the equalities of naturalness of ¢ and 7,
and the triangular equalities), we can take that we have here an
equational calculus. Out of the linguistic material of this calculus we
can build the free adjunction generated by a set of objects. The details
of this construction, as well as other technical details concerning
matters in this section, are exposed in DosSen (1999).

To every arrow term in the free adjunction we assign a graph,
which is made of links between occurrences of F and G in the
source and target of the arrow term (these graphs should not be
confused with the graphs of arrows underlying a category). Identity
arrows and the components of the counit and unit have graphs like
the following:

FG...FGA GF...GFB
Irc..rca ’ ‘ Ler..crB “ “
FG.. FGA GF...GFB
FGFG...FGA GF...GFB
PFG..FGA - ‘ ‘ ‘ YGF..GFB ‘ ‘ ‘
~

FG...FGA GFGF...GFB
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while given the graphs for g: Bj - B, and f: A; - A, we obtain the
graphs of Fg and Gf as follows:
FB GA,
Fg Gf |
FDBs G/ig

Composition of graphs is defined in the obvious manner; for example,
for the first triangular equality we have

FB FB
Fro /.
FGFB 1gp
W/
PFB /
FRB FR

It is clear that the composed graph on the left-hand side is equal to
the graph on the right-hand side.

One can give a reformulation of the notion of adjunction where
composition can be eliminated, in the style of cut elimination. For
this reformulation one should replace the families of arrows, i.e.,
families of components, making the counit and unit of the adjunction
by operations on arrows, as Gentzen replaced axioms like AAB - A
by rules like

ATFC
ANBTFC

One can then obtain a composition-free normal form for arrow
terms, which is unique for every arrow.

With the help of this composition-free formulation of adjunction it
can be proved that for all arrow terms /; and A, we have h; = h; in
the free adjunction iff the graphs of /#; and &, are equal. This result is
of the kind called ‘“‘coherence theorems™ in category theory.

So graphs yield a very simple decision procedure for commuting of
diagrams in free adjunctions. They enable us also to reduce to normal
form arrow terms in the composition-free formulation without syn-
tactical reduction steps. Uniqueness of normal form can also be
demonstrated with the help of these graphs without involving any-
thing like the Church—Rosser property of some reduction steps.

Consider, in the free adjunction, the following two pairs of arrow
terms of the same type with different graphs:
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FGFB FGFB
o/
Fyp o vrp / Irarn ‘ ‘ ‘
/)
FGFB FGFB
FGFGA FGFGA
N /
PFGA ‘ ‘ FGpa ‘
FGA FGA

There are infinitely many such pairs. It can be shown that if we
extend the notion of adjunction by equating any such pair, we would
trivialize the notion. Namely, the resulting free adjunction would be a
preorder: any two arrow terms of the same type would be equal. This
means that all these equalities of arrows with different graphs are
equivalent with each other.

So the notion of adjunction is Post complete in some sense.
Graphs are not absolutely needed to demonstrate this result, but they
help to shorten calculations of a rather lengthy inductive argument.

Our coherence result for graphs in free adjunctions guarantees that
there are faithful functors from the categories involved in the free
adjunction to categories whose objects are finite sequences of alter-
nating F’s and G’s, and whose arrows are the graphs. The faithfulness
of these functors guarantees that we can speak of completeness with
respect to the graph models (soundness amounts to functoriality).
Our coherence result is exactly like a completeness theorem.

These categories of graphs are subcategories of categories of ran-
gles, which have played recently a prominent role in the theory of
quantum groups, in low-dimensional topology and in knot theory
(see Kassel 1995, Chapter XII; Kauffman and Lins 1994, and refer-
ences therein). Equality between our graphs covers planar ambient
isotopies of tangles without crossings.

Since every logical constant is characterized by an adjunction, we
can expect to find in the geometrical models of deductions involving
these constants various avatars of our graphs of adjunction.
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REINHARD KAHLE

A PROOF-THEORETIC VIEW OF NECESSITY

ABSTRACT. We give a reading of binary necessity statements of the form “¢ is
necessary for " in terms of proofs. This reading is based on the idea of interpreting
such statements as “Every proof of y uses ¢”.

1. INTRODUCTION

In this paper, we give a proof-theoretic approach to necessity. From a
philosophical point of view, we even argue that the semantics of
necessity can be based on a proof-theoretic view.! This is in direct
opposition to the usual model-theoretic view which interprets
necessity by the use of the well-known semantics of possible worlds.
However, we focus on necessity as a binary relation, in contrast to the
traditional view of necessity as a unary operator. As a binary relation,
it can be expressed by the schema

¢ is necessary for .

where ¢ and y are sentences.> The idea of the proof-theoretic ap-
proach is to read such a statement as

Every proof of ¢ uses ¢.

Obviously, on an informal level, this reading should be very plausible.
From a technical point of view, there are two main difficulties: the
notion of use and the quantifier over proofs. We will propose that for
a meaningful necessity statement of this form, ¢ must be chosen from
a list of what we call potential axioms. This list must be implicitly
given by the context of the necessity statement. With this assumption,
we can reduce the use of an arbitrary formula to the question of
whether an axiom is used.

In Section 2, we will give a short discussion of the possible inter-
pretations of binary necessity statements. In Section 3, we will present
the technical preliminaries needed for the formal proof-theoretic
reading, defined in Section 4. In Section 5, we will give examples

Synthese (2006) 148: 659-673 © Springer 2006
DOIT 10.1007/s11229-004-6293-4
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which illustrates our definition at work. The final section is devoted
to a discussion of this approach.

2. UNDERSTANDING OF BINARY NECESSITY

The traditional treatment of necessity, even going back to Aristotle, is
the view of necessity as a modus of a proposition. With the rise of
modern logic, modal logic was chosen as an appropriate framework
to deal with necessity (cf. Lewis and Langford 1932). In particular,
because of the famous semantics of possible worlds (Kripke 1963),
this approach is considered to be the standard formalization of
necessity. There are several standard references for modal logic (e.g.,
Hughes and Cresswell 1968; Chellas 1980; Bull and Segerberg 1984).
For a historical survey of possible worlds semantics, we refer to
Copeland (2002). A comprehensive exposition of the technical aspects
of modal logic is given by Kracht (1999).

The most prominent problem of this approach is certainly the
logical omniscience. It is wellknown and welldiscussed (cf. e.g., Fagin
et al. 1995), but, by no means, solved. We would like to criticize the
modal approach from an even more general direction. It might be
adequate for a notion of logical necessity, but it seems to be unsuited
for the treatment of necessity in natural language use.

Our main claim is that necessity primarily occur as a binary rela-
tion. In principle, such a claim would require an empirical study of
natural language use, which we cannot provide here. But, let us
consider a typical example: Look at the sentence “I must hurry’
uttered when I am on my way to the train station. Obviously, there
“exists” a possible world in which I do not hurry — but probably miss
the train. Therefore, normally, such a sentence has to be understood
as: “I must hurry to catch my train”. Except for logical (and math-
ematical) statements, we think that necessity occurs in general in
binary statements where the succedent may be omitted. However, it
can be deduced from the context.

In fact, our analysis requires a pre-knowledge of the context in
which a necessity statement is given. The pre-knowledge determine,
so-to-speak, the search space for possible antecedents and succedents
of necessity statements. As for the example, we would like to stress
that necessity statements speak primarily about antecedents and
succedents in the future.

The usual modal approach to necessity provides an analysis of
binary necessity, by reading “¢ is necessary for y”” as “[J(y — ¢)”.
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However, this reading suffers the problem of logical omniscience:
Every tautology is necessary for everything else; everything is nec-
essary for any contradiction.*

In particular, pure modal logic seems to be highly unsuitable for
the treatment of (our understanding of) necessity: the necessitation
rule ¢/[1¢ makes sense, if the formal system is restricted to capture
only necessity. However, the challenge is to speak of necessity in
connection with contingency. Nevertheless, that this is (to some extent)
possible in the modal framework by incorporating an operator for
the actual world, we follow another approach, where necessity is
reconstructed on the meta level of an axiom system for the actual
world.”

3. TECHNICAL PRELIMINARIES

As discussed in the previous section, our approach is based on a
deductive system. We will restrict ourselves to the propositional
case.’

Starting with a set of atomic formulae, the language should be
closed under the usual propositional connectives — (negation), A
(conjunction), V (disjunction) and — (implication). As metavariables
for arbitrary formulae we will use Greek letters ¢, y, .. ..

We need a standard derivability relation {¢y,...,¢,} F
expressing that i can be derived from ¢, to ¢,. It is not necessary to
fix a specific type of calculus, such as Hilbert-style calculus, sequent
calculus or natural deduction. However, it is required that the logical
axioms include a complete axiomatization of classical propositional
logic.

As metavariable for sets of axioms we use D. D + {¢,, ..., ¢,} and
D + ¢ have to be understood in the obvious way that ¢, to ¢, or ¥
are added as additional axioms to D.

DEFINITION 1.

(1) D is consistent, iff there is a formula ¢ such that DI/ ¢. D is
inconsistent, iff D is not consistent.

(2) ¢ is independent with respect to D, iff both, D+ ¢ and D + —¢,
are consistent.’

(3) Formulae ¢, ..., ¢, exclude each other with respect to D, iff for
any iand jwith 1 < i,j < nandi# j the system D+ {¢;, ¢;} is
inconsistent.



662 REINHARD KAHLE

Based on the last definition we introduce the crucial notion of variety
of alternatives:

DEFINITION 2.

(D) Aset{¢y,...,¢,},n> 2, is called a set of alternatives with respect
to D, iff ¢y, ..., ¢, are independent with respect to D and exclude
each other with respect to D.}

(2) A set of sets

'A - {{¢117 s '7¢1m1}7{¢217 N '7¢2mg}7' ] {¢nla N '7(1)11111,,}}

is called a variety of alternatives with respect to D, iff the sets
{bk1,- s i, + are sets of alternatives with respect to D, for all
1 < k <n and any combination of single formulae of each set of
alternatives is consistent with D, ie., D+ {¢y,, ¢y, ..., Py } 18
consistent for arbitrary 1 < /; < my;and 1 < i < n.

Finally, we can define the notions of potential proof and use of a
potential axiom for a given axiom system D and a variety of alter-
natives A:

DEFINITION 3. Let an axiom system D and a variety of alterna-
tives

"4: {{4)117"'>¢]m|}7{¢217"'7d)2mz}7"'a{d)nla---vd)nm,,}}

be given.

(1) The formulae <j>4-j,,, for 1 <j;<m; and 1 <i<n, are called po-
tential axioms for D.

(2) A potential proof of a formula Y is a proof of ¥ in
D+ {1, bapys - - P, } for arbitrary I, b, 1.

(3) If B is a proof of ¥ in D+ {¢y,,¢s,,..., ¢, } and ¥ is not

prOVable in D —+ {d)”] s ¢2lg7 ey ¢k711k71 y ¢k+1[/(+] gy qbn]”}, w¢e Say
that ¢y, 1s used in the proof B.

Remark 4. In the last definition of the use of a potential axiom we
do not refer to any appearance of ¢ in B, but argue from a meta-
theoretical point of view: If i is not provable in the absence of ¢, but
in the presence of ¢, ¢ was ““‘used”. This allows us to give a definition
of use which does not depend on the underlying calculus (and it
should contain every reasonable definition of use of an axiom in a
proof given for a particular calculus). But, now the question arises,



A PROOF-THEORETIC VIEW OF NECESSITY 663

how one can actually prove that ¢ was used, given a potential proof
of iy where ¢ is one of the potential axioms. We have to show that s
is not provable in D in the presence of the potential axioms minus ¢.
This can be done by use of a counter-model where the potential
axioms without ¢ hold and, in addition, —/. But we would like to
stress that this use of a model-theoretic argument does not change the
proof-theoretic character of our approach. Here, model theory is used
only as a tool.

4. THE PROOF-THEORETIC READING

In the following we presuppose that a consistent axiom system D is
given. Then, for the analysis of a statement of the form

(%) ““¢ 1s necessary for y”’
we assume the following:

(1) ¢ and ¥ are adequately formalizable in the language of the axiom
system D.

(2) Y is independent of D.

(3) There exists a variety of alternatives with respect to D:

'A - {{¢117 c '7¢lm1}7{¢217 N '7¢2mg}7' ] {d)nla N '7¢nmn}}

such that ¢ is one ¢y, 1 < k < n, 1 < I < my.

In principle, in the second condition we should also demand that ¢ is
independent of D. However, this follows from the third point, since
all formulae of a set of alternatives in a variety have to be indepen-
dent of D, and ¢ has to belong to them.

With these conditions we can define:

DEFINITION 5. The necessity statement (x) holds, iff

(1) there is a potential proof of i and
(2) every potential proof of y uses ¢.

The first condition is needed to avoid pathological cases, since
otherwise the quantification over every potential proof would be
vacuous.’
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Let us briefly discuss the three assumption we have made. The first
one is trivial. For the independence of ¢ and y, we argue that in the
case of formulae ¢ and/or ¥ which are already proven (or disproven)
language offers other, more adequate statements:

(1) ¢ must usually be a statement about the future and therefore
independent. Otherwise, if DF ¢, one would use a necessity
statement in the past tense: ¢ was necessary for .10 If D+ —¢
holds, the necessity statement has a subjunctive, or even a
counterfactual meaning: ““¢ would have been necessary for s’ or
“If ¢ were the case, it would be necessary for .11

(2) If r is already derivable from D, there is no need for a necessity
statement with respect to a antecedence in the future: the claim “¢
is necessary for v is rejected by the argument that v is already
the case. This argument, of course, does not apply to necessity
statements in the past tense. But, such statements must be dis-
tinguished from the ones under consideration here (nevertheless
that there should be an analysis along the lines we present in this
paper).'?

(3) If D+ =y, it is already to late for a necessity statement; there is no
possibility of proving the succedent in any way. Here, one could at
best think of a statement in the subjunctive mood: “¢p would be
necessary for y”’, probably understood in a counterfactual con-
text: “¢ would be necessary for v, if something would not have
been the case.”!3

The reasons for the conditions on the variety of alternatives, stated in
Definition 2, are the following:

(4) Clearly, there should be at least two alternatives in a set of
alternatives. Often, a set of alternatives will consist only of a
formula and its negation. However, the main example, presented
below, illustrates a case where we can use more alternatives, cf.
Remark 6 below.

(5) The independence of the elements of a set of alternatives is re-
quired to ensure that the antecedence of a necessity statement is
independent, cf. the discussion above, item (1).

(6) The condition that the formulae in a set of alternatives exclude
each other ensures that there is no overlap: If two potential axi-
oms ¢ and  did not exclude each other, there could be different
potential proofs for a formula y of which one uses ¢ and another
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uses Y, i.e., neither ¢ nor y would be necessary according to our
reading.!4

(7) The consistency of combinations of elements of different sets of
alternatives exclude potential proofs with an inconsistent set of
potential axioms.

Of course, the variety of alternatives is the main parameter of our
approach. This parameter is not uniquely determined. Probably, most
of the disagreements about necessity statements can be explained with
respect to disagreements about the variety of alternatives.!

5. AN EXAMPLE

As an example illustrating our approach, let us consider the following
ranking of a soccer group before the last round.

Team Points Goals Goal difference
A 4 2:0 +2

B 4 2:1 +1

C 3 5:2 +3

D 0 1:7 -6

In the last round, the following matches will be played:

A against D,
B against C.
We assume the reader is familiar with the usual rules for soccer
rankings.'® Now we investigate the following two necessity statements:

(a) “To win the group, C must win against B”.
(b) “To finish second, C must win against B”.

Let us give an informal analysis. For that, we would have to rephrase
these statements according to our definition as:

— Every potential proof of “C wins the group” uses ““C wins against B”.
— Every potential proof of ““C finishes second’ uses *‘C wins against B”.

We have to use potential proofs because neither “C wins the group”
nor ““C finishes second” is provable in the given situation. But it should
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be obvious what the additional, potential axioms, which are allowed to
be used in the potential proofs, are. The possible results of the
remaining matches: “4 wins against D", ““4 and D draw” and ““4 loses
to D build a set of alternatives.'” So, the set of varieties is given by the
two sets of alternatives of the two matches.

Remark 6. This example shows why we allow more then two
alternatives. To consider only “win” and “‘not win’’ is not adequate for
soccer results, which allows for two forms of “‘not win”. In addition,
we see from this example why a set of alternatives does not need to be
logically complete. There is the forth alternative that the match will
not be played at all.'"® But it is clear that the usual reading of the
necessity statements will not consider this additional alternative.

For our reading of the necessity statement we have first to check
the assumptions we made. Obviously, the rules of soccer and the
given group can be formalized within an axiomatic framework."

It is easy to observe that the last matches still allow B to finish first,
second, or third. Therefore the succedents of both statements are
independent. The independence of the potential axioms in the variety
of alternatives follows from the fact that the games were not played yet.

Now, let us check whether (a) and/or (b) holds with respect to our
reading of necessity.

For (a) it is indeed the case that every potential proof of “C wins
the group” uses the potential axiom “C wins against B”. First, one
sees immediately that in the case of the two alternatives where C
draws or loses to B, B will clearly stay ahead of C, and therefore, C
cannot be the winner of the group. To complete the argument that (a)
is correct, we must, however, check that there is at least one potential
proof of “C wins the group” using “C wins against B”’. But that is,
indeed, the case (e.g., if A draws against D).

If we turn to (b), it could be tempting to use an argument along
the same lines, i.e., to argue that in both other alternatives B will stay
ahead of C, and using the fact that B is second. In addition, there is a
proof of “C finishes second” which uses “C wins against B” (if 4
wins against D). But, al/l/ proofs have to use this antecedent. And
there is a proof of “C finishes second” which uses, instead, “C ties
against B —if A4 loses to D. In this case, C and A4 will both have four
points, but the goal difference of C is better than that of 4. Thus, (b)
is not correct.

The example also allows for an illustration of the assumptions we
made for the definitions.
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As claimed earlier, the antecedence of a necessity statement
should be one about the future. If we consider, for example,
results of matches already played, we would use sentences like
“It was necessary that C won against D for C to win the
group.” or “It would have been necessary for D to win against B
to win the group”.?’

A statement of the form “To stay ahead of D, 4 must win
against D would be rejected, since it is already provable that
A will stay ahead of D in any case, i.e., independent of the
results of the remaining matches. In fact, we could consider
this as a limit case of our analysis: if the succedent is already
provable, there is obviously a (potential) proof not using the
antecedence. Therefore, the necessity statement is trivially
false.

If the succedent is false, a necessity statement would be mean-
ingless: “To win the group, D must win against 4" is rejected
since D cannot win the group in any case. It is rejected in a
strong sense as meaningless, since its negation would not be
considered as true, either: It is not the case that to win the
group, D must win against A”. Both statements are meaning-
less, with the justification that D can not win the group no
matter what.

(4/5) That there are at least two alternatives and that they should

(6)

(7

independent, is clear from the general considerations.

For the sixth condition, let us consider another example: the
statement ‘It is necessary that C does not lose to B to finish
second” should be a true necessity statement. However, if we
reconstruct it in a context with a set of alternatives containing
“Cdoes not lose to B and *““C draws against B”’, we would find a
proof of C finishes second without using the first alternative. Of
course, this would be rejected as an argument against the
necessity statement, since the draw is included as a possibility in
the first alternative. Formally, we ensure this by the requirement
that the elements of a set of alternatives exclude each other.
The consistence of the combinations avoids varieties of alter-
natives like the one where we have in one set “B wins” and in
another “C wins”. Since B will play against C a combination of
these two potential axioms would result in a contradiction and
we would have potential proofs for every formula without the
use of any other formula. This, clearly, would result in contra-
intuitive consequences.



668 REINHARD KAHLE

6. DISCUSSION

6.1 The Variety of Alternatives

Obviously, the appropriate choice of the variety of alternatives is
highly relevant for our approach. This is a question which depends on
the context of the statement. We do not claim that there is any
general method to fix a variety of alternatives. However, for the given
example, the choice seems to be clear. Given a background theory,
the question of finding an appropriate definition of the variety of
alternatives is more a consequence than a presupposition of our
analysis. Of course, the antecedence has to show up in a set of
alternatives. In the easiest case, it just comes together with its nega-
tion. However, the other possible axioms might be able to be found
by searching for a potential proof of the succedent. With this
observation, we can even link the analysis of necessity statements to
the field of proof search and the general field of abduction. This ap-
plies in particular, if we put the background theory itself in question:
we do not search for a proof of the succedent only, but ask under
which circumstances the necessity statement would be true.?! Besides
the antecedence, other formulae might be needed to prove the suc-
cedent. These are then assumed to be part of the background theory.

6.2. Possible Worlds Semantics Revisited

The variety of alternatives can be seen as a formal counterpart of the
variety of possible worlds needed in the standard semantic approach
to necessity. Given an axiom system, the combinations of it with the
potential axioms from the sets of alternatives should give — at least,
partial — axiomatizations of the different possible worlds. Then, the
reading of ““¢ is necessary for y° as i implies ¢ in all possible
worlds” will probably coincide with our reading. From this per-
spective, the variety of alternatives focus only on the formulae which
could be considered in necessity statements. Therefore, the problem
of logical omniscience is rather “‘defined away’ than directly solved:
tautologies will not appear as elements of a variety of alternatives.
Also, the consequence that everything is necessary for a contradiction
is excluded by the requirement of at least one possible proof of the
succedent, which means that there is at least one possible world in
which it holds. We claim that this is not a bad solution, since it draws
its support from the plausible idea of the use of a formula.
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As discussed above, a proof-theoretic approach can even give some
guidance on how to find the (or one) appropriate variety of alterna-
tives. In contrast, possible world semantics itself does not provide any
information on how to determine the appropriate variety of possible
worlds.

6.3. Modal Logic

Modal logic, as an axiomatic counterpart of possible worlds seman-
tics, has its limitations in relating contingency and necessity. Even if
we add an operator to distinguish the contingency of a formula,
necessity is stated only for given axioms and is then closed under
logical and necessity operations. This is perfect for a notion of logical
necessity. However, the proof-theoretic approach gives a direct rela-
tion of contingent formulae and its role in binary necessity statements
as used in natural languages. The price we pay for this is that necessity
statements must be read as meta-statements. Obviously, in our read-
ing, they are not incorporated into the original axiom system. How-
ever, we consider this rather as a feature than as a “bug” of the
analysis.

6.4. Necessary Condition

There is a relation of our approach to the usual definition of a nec-
essary condition. In fact, from our definition it follows that, if ¢ is
necessary for ¢, —¢ implies = (or y implies ¢). (It holds Y vV —.
Since every proof of i uses ¢, i can hold only in the presence of ¢.
Hence, ¢ V ), i.e., =¢p — —).)

However, the converse can be established only, if we take the
variety of alternatives into account. Otherwise, on the one hand, we
would have the problem of logical omniscience (tautologies would be
necessary for everything). On the other hand, we might need extra
potential axioms to prove the required implication.

As for the possible world semantics, we think that it is possible to
define binary necessity in terms of necessary condition using the variety
of alternatives. This would probably lead to an equivalent character-
ization. But, as for the possible world semantics, we claim that the
approach given here is closer to the actual reasoning we use to justify
(binary) necessity statements. Therefore, the given approach distin-
guishes itself as the primary definition. The characterization via neces-
sary condition (as well as via possible worlds) is in this sense secondary
and is rather a corollary about necessity than a definition of it.??
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6.5. Intensionality in General

Necessity is paradigmatic for an intensional phenomena. Intension-
ality can be characterized as being incompatible with substitution of
logical equivalent terms or formulas. Therefore, a standard set-the-
oretic semantics which is, by definition, extensional, fails in an
intensional context. Such as for necessity, we claim that intensional
phenomena can be explained by the use of additional information
given within a proof-theoretic framework. One motivation for the
proof-theoretic treatment can be found in completeness. As long as
we have a complete axiomatization of a situation, models and proofs
are of the same value with respect to validity and provability. But we
have more structure on the proof-theoretic side. For instance, a
statement can have several proofs, but should have only one truth
value. This additional structure seems to be crucial for the analysis of
intensional phenomena. This should be directly applicable to the
notion of relevance. Here, the well-developed field of relevance logic
(cf. e.g., Anderson and Belnap 1975; Anderson et al. 1992), investi-
gates mainly the question of relevance as a property of an axiom
system as a whole. The question whether “¢ is relevant for y”’ could
probably answered in a way similar to the way in which we treated
necessity.

For the case of belief revision, syntax based approaches can be seen
in the line of a proof-theoretic view (cf. Nebel 1992; Hansson 1998).
From our point of view, they still often involve too many model-
theoretic components, cf. e.g., the case of safe contraction on belief
bases (Fuhrmann 1991; Nayak 1994). An example of a closer proof-
theoretic view is given in (Kahle 2002). This approach is actually very
close to the framework of Truth maintenance systems (cf. Doyle 1979;
de Kleer 1986) proposed in the field of artificial intelligence (Russell
and Norvig 1995). Indeed, in this field the advantage of proof-
theoretic components over purely model-theoretic methods is clearly
realized, cf. e.g., the problems of model update (or interpretation up-
date) for deductive databases (or knowledge bases), (cf. Alferes et al.,
2000).

As the most promising alternative to our approach we consider
Moschovakis’s recursion-theoretic approach, reading Frege’s notion
of sense and denotation as algorithm and value (Moschovakis 1994).
We would link, alternatively, the sense of a declarative sentence,
which Frege characterizes as the mode of presentation (Frege 1892;
Frege 1952), with the proofs of it.
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NOTES

! The term‘‘proof-theoretic” might be a little bit misleading, since we do not use any
specific technique from (mathematical or structural) proof theory. A more modest
term could be “proof-based”’. However, in differentiation from the modal approach
and possible worlds semantics we think that the term “‘proof-theoretic’ is justified.
From a broader point of view, this paper also contributes to the general program of
“proof-theoretic semantics’ to which this volume is devoted.

2 We avoid here the term propositions since propositions involve often a reference to
possible worlds, at least to certain semantical presuppositions (cf. e.g., Anderson
1995).

3 At the conference Modality in Contemporary English, Verona, 6-8 September
2001, (Facchinetti et al., 2003), we learned that “must” is being increasingly replaced
by “have to” in contemporary English. However, here we are not focusing on this
aspect of natural language use.

4 See also the discussion about necessary condition at the end of the paper.

3 A criticism of possible worlds semantics is given from a different perspective by
Forster (200x).

6 There are no principle reasons as to why the approach could not be extended to
first or even second order logic. However, from a technical point of view, it would
require a clear understanding of the independence of axioms. This is not obvious, if
we think of instances with respect to their generalizations.

7 With this definition independency coincides with a natural understanding of
possibility. That means, in this case we could also say that ¢ is possible with respect to
D.

8 We do not demand that a set of alternatives is complete, i.e., that D proves
¢, V...V ¢,. The reason for this is explained below in Remark 6.

% Therefore, we have already avoided the consequence that every single formula
would be necessary for a contradictory statement.

10 Exceptions are the mathematical necessity statement. However, in mathematics
there is a well-defined notion of the necessary condition, as A4 is a necessary condition
for B, if B implies A.

' We do not discuss here whether these two sentences might express the same thing.
12 One can think of incorporating an explicit temporal structure into the axioms. In
fact, our presupposition that potential axioms can become true only in the future,
already contains such a temporal aspect.

13 For an interesting analysis of counterfactuals which criticize the standard modal
approach (cf. Wehmeier 200x).



672 REINHARD KAHLE

14 We are not sure whether this condition is absolutely necessary. There might be
cases where one would like to allow such overlaps. But so far, we have not found
any.

I3 Cf. also the discussion below in Section 6.

16 Three points for a win, one for a draw, goal difference as first tie-breaker.

17 For our example we can restrict ourselves to the “qualitative” results: win, tie,
lose. The score does not matter.

18 From another perspective, the disjunction is not complete since 4 has neither won,
drawn, or lost “now”, when the game has not yet been played.

19 We have to ensure that this axiomatization can be expressed in propositional logic.
In the example, this is probably not the most convenient way of formalization.
However, it can be done by the use of appropriate propositional variables such as
p1 = “A wins against D, py = “A has now 7 points”, p3 = “A will have 10 points”
and axioms of the form p; A py — ps.

20 The first statement should be considered as true, however, the truth of the second
one is debatable.

21 We are convinced by the fact that in a rigid reading of necessity — in particular, in
terms of possible worlds — nearly every non-logical necessity statement uttered in a
natural language conversation will turn out to be false.

22 In particular, contra (Stalnaker 1995), we deny that possible worlds are the
appropriate framework for articulating and sharpening the problem of the nature
of modal truth, especially if it is considered as a presuppostion to speak about
modalities.
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GABRIELE USBERTI

TOWARDS A SEMANTICS BASED ON THE NOTION
OF JUSTIFICATION

ABSTRACT. Suppose we want to take seriously the neoverificationist idea that an
intuitionistic theory of meaning can be generalized in such a way as to be applicable
not only to mathematical but also to empirical sentences. The paper explores some
consequences of this attitude and takes some steps towards the realization of this
program. The general idea is to develop a meaning theory, and consequently a
formal semantics, based on the idea that knowing the meaning of a sentence is
tantamount to having a criterion for establishing what is a justification for it. Sec-
tion 1 motivates a requirement of epistemic transparency imposed onto justifications
conceived as mental states. In Section 2, the formal notion of justification for an
atomic formula is defined, in terms of the notion of cognitive state. In Section 3, the
definition is extended to logically complex formulas. In Section 4, the notion of
truth-ground is introduced and is used to give a definition of logical validity.

1. EPISTEMIC TRANSPARENCY

The gist of Dummett’s anti-realistic argument is that if we equate the
meaning of a sentence with its truth-conditions, and we conceive,
realistically, truth as transcending our recognitional capacities, we are
not able to give an account of our knowledge of the meaning of
certain sentences satisfying a manifestability requirement, according
to which

[tlhere must be an observable difference between the behaviour or capacities of
someone who is said to have that knowledge and someone who is said to lack it
(Dummett 1975, p. 7).

Suppose now you are a mentalist, so that you are naturally inclined
to conceive knowledge of meaning as a sort of mental state, and
that you think that behavior is no criterion of knowledge (though it
can of course provide evidence for the possession of knowledge); in
that case you will not be prepared to accept the manifestability
requirement, since you are willing to admit that someone could be

Synthese (2006) 148: 675-699 © Springer 2006
DOIT 10.1007/s11229-004-6272-9
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in the mental state commonly called ‘“knowing the meaning of A4”
even if he is not capable of exhibiting an appropriate behavior,
perhaps because of some neurophysiological impairment.'But sup-
pose also that you think that, to be justified in attributing a mental
state to someone, you must satisfy a specifiability requirement,
according to which you must be capable of specifying that state in
terms of certain algorithms implemented in some way in his cog-
nitive structure and of a finite amount of information. Under these
conditions the anti-realistic conclusion of Dummett’s argument
follows, if it follows in the original argument;? for, if we equate the
meaning of a sentence with its truth-conditions, and we conceive,
realistically, truth as transcending our recognitional capacities, then
we are not able to give an account of our knowledge of the meaning
of certain sentences that satisfies the specifiability requirement: in
the case of an undecidable true sentence of the form VxA it seems
impossible to see how knowledge of its truth condition, i.e.,
knowledge that infinitely many facts A(z), A(;), ... subsist, could
be specifiable as a mental state.

These remarks point out what is problematic in the truth-condi-
tional theories of meaning: Knowledge of meaning is explained in
term of a notion — truth — that is recognition transcendent. It is
therefore natural to require that, if a theory is to provide a good
account of knowledge of meaning, the key notion in terms of which it
explains the meaning of sentences is not recognition transcendent, but
recognition immanent. The problem is how to construe exactly this
requirement of epistemic immanence. Let me distinguish between two
interpretations: according to the first, or weak one, the key property
must be such that it is atemporally possible for an appropriately
idealized subject to recognize that an arbitrary sentence has this
property, if it has it, and that it does not have this property, if it does
not have it; according to the second, or strong one, the key property
must be such that such a recognition is presently possible. What
“atemporally possible” means is explained by Prawitz in the fol-
lowing passage, in which he speaks about the possibility not of rec-
ognition but of proof:

[A] mathematical sentence is true if there exists a proof of it, in a tenseless or abstract
sense of exists [...]. Or we may express the same idea by saying that a sentence 4 is
true if ‘we can prove A’ [...]. That we can prove 4 is not to be understood as meaning
that it is within our practical reach to prove A4, but only that it is possible in principle
to prove 4 [...]. Similarly, that there exists a proof of 4 does not mean that a proof
of A will be constructed but only that the possibility is there for constructing a proof
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of A. [...] I see no objection to conceiving the possibility that there is a specific
method for curing cancer, which we may discover one day, but which may also
remain undiscovered (Prawitz 1987, pp. 153-154).

On the other hand, ““presently possible’ alludes to a possibility which
subsists or not according to our having or not having presently a
procedure, or an algorithm, at our disposal, which is recognized as
being such that its application to an arbitrary sentence would give as
a result ““Yes” if the sentence has the key property, “No” if it doesn’t.

All theories using assertibility as the key notion adopt the weak
interpretation, for it would be silly to say that even an idealized
subject has presently at its disposal an algorithm answering “Yes” to
exactly the assertible sentences. But if we interpret the immanence
requirement in this way, it is not clear in which sense we can give a
good account of knowledge of meaning. The possibility to which
Prawitz alludes is not characterized as an epistemic state, but as
merely factual accessibility to an epistemic state, so that its subsis-
tence is completely independent of the subject’s cognitive states; as a
consequence it seems impossible to specify a cognitive state as the one
of which knowledge of the meaning of a specific sentence consists.

On the contrary, if we interpret the immanence requirement in the
strong way, we require that a subject who knows the meaning of 4
has an algorithm at his disposal, and therefore be in a specific mental
state. Of course, in this case, we cannot choose the assertibility
property as the key notion; but we can choose the relation “x is a
canonical proof of 4 (when A4 is a mathematical sentence). From
this point of view, to know the meaning of a (mathematical) sentence
A is tantamount to having a decision procedure for the relation “x is
a canonical proof of 4”.

One might wonder whether it is intuitively plausible to require that
such a relation is decidable. Prawitz has argued, for instance in Prawitz
(1977), that it is not. The reason, as far as I can see, is the following:

In the cases when A4 is an implication or a universal sentence [. . .] we must require not
only a construction or description of an appropriate procedure but also an under-
standing of this procedure (p. 27)

in the sense that

it cannot be enough that the person is just able to name or describe an operation
which in fact always yields a certain kind of result when applied to objects within its
domain; [...] he must also understand that the described procedure, when applied to
an object within its domain, always yields a result of the stipulated kind (/bid.);

but
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it is doubtful in what sense, if any, one could decide the question whether this
condition obtains in a certain situation (p. 29).

This reason is in fact the statement of a question, and it seems to me
that there is an answer. If we reflect that the notion of proof at stake
here is from the start an intuitive notion, not the notion of proof of
some formal system, the sense in which one can decide the question
whether something is a canonical proof or not becomes clear if we
adopt the intuitionistic idea that proofs

are mental constructions, that is, objects of thought not merely in the sense that they
are thought about, but in the sense that, for them, esse est concipi. They exist only in
virtue of our mathematical activity, which consists in mental operations, and have only
those properties which they can be recognized by us as having (Dummett 1977, p. 7).

Let me restate this idea in the form of a requirement of epistemic
transparency imposed onto proofs conceived as mental constructions:

(1) Epistemic Transparency, A mental construction is not a proof
of A unless it is recognized as such by an idealized knowing
subject.

I take this principle as a way of making explicit an essential char-
acteristic of the intuitive notion of proof, or better: of one intuitive
notion of proof. A basic intuition we have about proofs in this sense
is that a proof of A is essentially what is recognized as such by an
idealized knowing subject: there is not a point of view from which a
construction can be judged o be a proof of A4 in spite of the fact that
no idealized subject who is capable of recognizing it is aware of its
being a proof of 4, or from which a construction can be judged not to
be a proof of A in spite of the fact that an idealized subject who is
capable of recognizing it believes that it is. 7o be a proof of 4 is to be
conceived as such by an idealized subject. Of course it may happen
that an empirical subject mistakes something for a proof, or that he
doesn’t realize that something is a proof; but this is a consequence of
limitations of memory, attention, and so on, from which we abstract
when we appeal to an idealized subject.

Let me emphasize an essential point. Someone might deny that epi-
stemic transparency is a characteristic of the intuitive notion of proof,
or even of one intuitive notion; he might maintain that it is a char-
acteristic of the notion of proof as the anti-realist conceives it; and —
he might continue — it is scarcely plausible to call such a notion
“intuitive”’; for example, it seems to be in perfect agreement with
intuition to say that something is a proof of 4 even if a subject who is
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considering it does not realize that it is. My answer is, first, that
intuition, when we consult it about fundamental notions, does not
give us as definite answers as the objector implies. What is, for
instance, the ‘right’ notion of possibility, of cause, of set, of proba-
bility, or of truth? If there were a unique answer there would simply
be no space for as many philosophical discussions as there still are.
Often, the only thing a philosophical discussion can do is bring to
light the fact that what seemed to be one intuitive notion is in fact a
cluster of notions. Sometimes it is sufficient to make them explicit in
order to extricate notions that are simply different; it is the case of
possibility: there is not ‘the’ intuitive notion of possibility, but there
is logical possibility, deontic possibility, epistemic possibility, etc.;
and none is ‘more intuitive’ than the others. Sometimes things are
more complicated; in the case of truth, for example, after having
extricated the metaphysical notion from the epistemic one we have to
do with two notions that are not simply different: they vie for the role
of the ‘correct’ notion of truth, or for the role of fundamental notion
of the theory of meaning. In such cases (and I hold that the case of
the notion of justification is similar), it is not by appealing to intuition
that we can settle the question; what is decisive are considerations
concerning the nature of the theories we can build on the basis of
each notion, their coherence, their explicative power, and so on. In
this connection it is not unacceptable, nor surprising, that some no-
tion is both intuitive and congenial to a specific philosophical con-
ception. What is important is, on the one hand, that the notion is
intelligible to anyone who has different philosophical views, and, on
the other hand, that the choice of it as a fundamental notion has clear
motivations. In the present case, the choice of an epistemically
transparent notion of proof has a very clear reason: it is the only
choice compatible with the idea that knowing the sense of A4 is tan-
tamount to having a criterion for establishing whether something is
or is not a proof of 4. For, if we admit that in some possible situation
a construction is a proof of A, in spite of the fact that an (idealized)
subject s is not aware of it, or that a construction is not a proof of 4,
in spite of the fact that s believes that it is, then we must also admit
that s has not a criterion for establishing whether a construction is a
proof of A4, and we cannot equate his knowledge of the meaning of 4
to having such a criterion. On the other hand, the notion of an
epistemically transparent proof is perfectly intelligible to the realist: it
is the internalist notion of proof. In fact, I do not see how even a
platonist might dispense with such a notion: even if mathematics is an
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activity of discovery of a realm of entities an sich subsisting, the
mathematician has to be absolutely confident in the reliability of
proofs, the very tools by means of which he discovers mathematical
truths, and there seems to be no other way of obtaining such a
confidence than postulating the epistemic transparency of proofs.

2. JUSTIFICATIONS FOR ATOMIC SENTENCES

When we try to extend a verificationist theory of meaning to
empirical sentences, the key notion of the theory must be non-factive
and defeasible; it will therefore be more appropriate to use for such a
key notion the word “‘justification” instead of “proof” or “‘verifica-
tion”. Justifications are defeasible in the sense that a justification for a
sentence A can cease to be a justification for 4 as new information is
received; they are non-factive in the sense that it may happen that a
subject s has a justification to believe a sentence A that in fact is,
intuitively, not true. I will call here non-conclusiveness the logical
disjunction of defeasibility and non-factivity. That most empirical
sentences can be justified only in a non-conclusive way will be as-
sumed here without discussion.

An important consequence of the use of the non-conclusive notion
of justification as the key notion of the theory of meaning is that the
verificationist thesis according to which

(2) The truth of a mathematical proposition A can be defined as the
existence of a (direct) verification of A

cannot be generalized in the obvious way resulting in the thesis that
the truth of an empirical proposition A can be equated to the existence
of a justification for A4; the reason is simple: since the notion of jus-
tification is non-conclusive, if the truth of 4 were defined as the
existence of a justification for 4, we would have that some sentences
which are true on one occasion are not true on another occasion® — a
very counterintuitive consequence. This fact is considered as a serious

difficulty by any verificationist who makes the further assumption that

(3) The meaning of a sentence is given by its (direct) verifiability
conditions.

The reason is the following. If we make this assumption, and put it
together with (2), we can immediately derive that

(4) The meaning of a sentence is given by its truth-conditions;
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and many verificationists are willing to accept this familiar principle as
expressing an essential link between meaning and truth —a link that also
realists postulate, the only difference being the way truth is understood.

But this link is broken if we replace ‘““verify” with “justify”, since
the verificationist thesis (2) cannot be generalized to empirical
propositions.

I will call “verificationist” whoever believes that it is possible and
interesting to develop a theory of the meaning of mathematical
propositions based on the notion of verification, and “‘justification-
ist” whoever believes that it is possible and interesting to develop a
more general theory of the meaning of mathematical and empirical
propositions based on the notion of justification. Suppose now that a
verificationist already has some reasons not to subscribe to (3), for
example of the kind illustrated in the first section; then the link be-
tween meaning and truth would be broken from the start (namely
also in the more restricted domain of mathematical sentences), and
there would be no new problem for the justificationist project.

If we renounce the link between meaning and truth from the start,
how can we conceive knowledge of the meaning of an empirical
sentence A? My suggestion is to equate it with the capacity to rec-
ognize a canonical justification for 4, i.e., to decide the relation “x is
a canonical justification for A”. Of course this idea remains empty
unless I can define a plausible theoretical notion of canonical justi-
fication for 4 which turns out to be epistemically transparent, and
therefore decidable. This is what I shall try to do in what follows. The
strategy I shall adopt consists in inductively defining the set of jus-
tifications for A4, and in isolating the set of canonical justifications by
means of a decidable property.

The problem of atomic sentences has been ignored since Heyting’s
inductive definition of the notion “x is a proof of 4, as far as I know;
but Heyting had a good reason to neglect it: he was exclusively inter-
ested in a theory of the meaning of the logical constants; while a con-
temporary verificationist or justificationist has a more ambitious
program: he aims at an explanation for the meaning of all (mathe-
matical or empirical) sentences, so the problem cannot be avoided.
Obviously, an answer of the sort: ““A justification for an atomic sentence
is whatever authorizes us to believe A”” would be unexplanatory: it is the
intuitive relation of warranting that we are trying to explain, at least
partially, through the notion of justification, not the other way round.

My idea is to define the notion of justification for an atomic
sentence in terms of two other notions: the notion of authorization to
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use a name to refer to a given entity, and the notion of authorization
to concatenate a predicate with a name.*

I will give an idea of what an authorization to use the name n to
refer to a given object is through an example. Consider the name
“Chomsky”’. According to the model for the sense of a proper name
sketched in Dummett (1973), to know the sense of this name is to
have a criterion of identification of an object as the referent of the
name. The problem is how to explain the notion of an object’s being
‘given’ or ‘presented’ to a subject. Dummett explains it by
appealing to the general assumption that there is a ‘fundamental’
way of presenting physical objects, i.e., demonstrative identification;
as a consequence, the understanding of the sense of a name amounts
to an ability to determine the truth-value — more properly, to know
what would determine the truth-value — of what he calls a “recog-
nition statement’’: a sentence of the form “This is X, where “X” is
the name in question and the ““is” occurs as the sign of identity. I find
this explanation inadequate for two reasons. First, the assumption
that there is some privileged way in which persons, for instance, are
given to us seems quite unplausible: we can know a person through
perception but also through testimony, or by interpreting the traces
of some of her/his actions (a footprint, a book, a statue, and so on),
or by locating her/him within a net of parental relations some of
whose elements we already know, and so on; and the same is true of a
great variety of objects. Second, the reason why Dummett considers
recognition sentences as basic is simply that they are construed by
him as assuring recognition; in other terms, the ability to determine
the truth-value of the recognition statement “This is Chomsky” can
be plausibly suggested as an explanation of the knowledge of the
meaning of the name “Chomsky” only if the statement is interpreted
as expressing the identity of an unknown entity named “Chomsky”
with the known man that is being indicated, and which is known just
because he is perceptively present. But it is not always the case that a
statement of the form “This is X”* can be interpreted in this way.
Suppose, for example, that both I and my audience know of a certain
boy we have never met, that he got lost in the park, that his name is
“John”, that he is four years old, that he wears a red shirt, and that
he is fair-haired. Suppose I walk through the park and I meet a boy
who corresponds to what I know about him; in this situation I am
entitled to say to a friend of mine who is walking with me: “This is
John”. It is true that I use a sentence of the form “This is X*”’, but I
use it in a completely different way from the one assumed by
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Dummett as normal when he speaks of recognition statements: what
we know is the referent of ““John”, and the referent of ““this’’ becomes
known only by virtue of his identity with the referent of “John”. We
seem therefore to lack a non-circular criterion for distinguishing the
‘good’ uses of the recognition statements.

It may seem that, if we withdraw the assumption of a ‘funda-
mental’ way of identifying physical objects, the notion of authori-
zation to use a name to refer to a given entity becomes irremediably
vague, subjective and context-dependent, so that it cannot be used to
explain the sense of names. I think this is not the case. What is
necessary is to extract from the intuitive notion of context the aspects
that are relevant in determining a subject’s being or not being
authorized to use a name. To this effect I will introduce the notion of
cognitive state.

For the purposes of the present paper I will identify an (atomic)
cognitive state with a triple ¢ = (e, (t,f,),), where e is a specification,
for every name n and every predicate P, of the epistemic contents e,
and ep associated with it; ¢ is the activated term of the internal rep-
resentational system, and f; the associated identity criterion; and i is a
function mapping (i) the activated term ¢ to the information i, en-
coded into or associated with it; (ii) every name n to a (possibly
empty) set i, of auxiliary terms activated in connection with #n, to-
gether with information concerning them; (iii) every primitive pred-
icate P to some supplementary information ip from perception,
memory, etc. associated with P. Let me explain this terminology.

The epistemic content e associated with a name or to a predicate is
a certain amount of verbal or non-verbal information attached to
them. For instance, the name “Chomsky’” might be associated with
the pieces of verbal information “Chomsky is a linguist” and
“Chomsky teaches at M.I.T.”, but also to such non-verbal infor-
mation as the mental representation of a face, or of a voice, stored in
some mental catalogue; and the predicate ““x is square” might be
associated with the piece of verbal information “x has four equal
sides”, but also to the mental representation of a square.’

Two restrictions are imposed on the epistemic content associated
with a name n. (i) Verbal information must be atomic, in the sense
that it has to be expressible by means of atomic sentences. The reason
is the following: as I said at the beginning, in order to explain the
notion of justification for (and therefore the meaning of) an atomic
sentence, I appeal to the notion of authorization to use a name; if the
explanation of this notion made reference to logically complex
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sentences, the whole approach could not satisfy a molecularity
requirement, since the explanation of the meaning of an atomic
sentence would presuppose the understanding of the meaning of
sentences of unlimited logical complexity. (ii)) The atomic sentences
expressing verbal information associated with » must contain
occurrences of n; and non-verbal information associated with #» must
be explicitly associated with n. The reason for this requirement is the
necessity of ensuring epistemic transparency for the formal notion of
authorization: any subject who associates with n the epistemic con-
tent e must know® that he associates e with n.

I assume that the epistemic content associated with a name n or to
a predicate P is articulated into a fixed part fpe, or fpep, which must
be contained in every possible epistemic content associated with n or
with P, from a variable part vpe, or vpep, which is not subject to this
restriction. Intuitively, the information contained in fpe, or fpep is
the information without which a subject cannot be said to know the
meaning of n or P, or to have semantic competence about them. For
example, if n is a name for an ostensible object, it seems intuitively
correct to require that fpe, contain nothing more than a sortal
indicating the sort of object # is intended to denote; if # is a name for
a number, it seems necessary to require that fpe, contain more: all
that is necessary in order to identify the referent of n within the
sequence of natural numbers; if P is the predicate ‘“‘square”, it seems
necessary to require that fpep contain some sort of mental model of a
square; if P is the predicate ““kill” it seems necessary to require that
fpep contains some ‘meaning postulate’ to the effect that if x killed y,
then y is dead; and so on.” Which pieces of information are to be put
into fpe, or fpep is presumably an empirical question pertaining to
lexical semantics; it seems plausible to me that information in fpe, or
fpep comes from the lexicon, while information in vpe, or vpep comes
from the belief system.

Imagine now that on a certain occasion a subject s meets a
certain person, so that his visual apparatus generates a visual rep-
resentation ¢, for example of a face: ¢; is an instance of a term of
the internal representational system® activated on that occasion.
When, on another occasion, s hears someone speaking of a common
friend, s’s memory activates some other representation #,, which is
another instance. When his teacher tells him: “Think of a number
with such and such properties”, s elaborates through attention an-
other representation #3. And so on. I assume that with the activated
term ¢ an identity criterion is associated, i.e., a function f; such that,
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for every term 7 of the internal representational system, f;(¢) = 1 iff
/' is a mental representation of the same object as t; so a class
naturally corresponds to f;: the class of terms 7 such that f;(#') = 1.
The specific nature of such a criterion may be extremely variable; |
simply assume that, in a given cognitive state, we associate to the
activated term some function of this kind. Plausibly, each term
belonging to the same class corresponding to f; is experienced by the
subject as a representation of the same entity, as a mode of giving it.
In a nutshell, this is how I suggest to explain the notion of an
object’s being given to a subject.’

The need of auxiliary terms and supplementary information con-
cerning them is illustrated by the following example. Suppose that s
associates with “Chomsky” the epistemic content “Chomsky is a
linguist” and “Chomsky teaches at M.I.T.”, and imagine that on a
certain occasion someone tells s something about 7wo linguists ¢, and
t, who teach at M.I.T.; clearly in this situation s is not intuitively
authorized to use “Chomsky” to refer to both; nor is s intuitively
authorized to use “Chomsky” to refer to either one of them. A
cognitive state is defined by choosing one of the two terms #; and ¢, as
the activated term, and the other as an auxiliary term activated in
connection with “Chomsky”.

Once a cognitive state ¢ = (e, (t,f,),7) is specified, the question
“Does e, authorize an idealized subject to use n to refer to the entity
given by ¢, in the presence of i,?” has a definite meaning, in the sense
that the answer does not depend on other hidden features of the
context. It depends on two questions: (i) (the matching question)
whether there is an appropriate matching between the information
contained in e, and the information 7, associated with #;!° and (i1)
(the uniqueness question) whether, for every auxiliary term ¢ acti-
vated in connection with #n and which matches ¢,, the information i,
and the identity criterion f; permit putting ¢ into the same class as
'V If the answers to the two questions are affirmative, any subject in
the cognitive state ¢ is authorized to use n to refer to the entity given
by ¢, otherwise he is not.

We can therefore define the meaning of a name n as a function M,
such that, for every cognitive state ¢ = (e, (t,1;),1), M,(c) = 1 iff the
answer to both the matching question and to the uniqueness question
is ““Yes”. An authorization to use n to refer to the object given by t is a
cognitive state ¢ = (e, (¢,1;),i) such that M,(c) = 1.

Let us see now how the notion of denotation can be defined. Given
the meaning M, of a name » and a cognitive state ¢ = (e, (t,f,), 1), the
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following relation can be defined on the class IR of the terms of the
internal representation system:

IRl =qof Mu({e,(t.£1),0)) =1 iff
Mn(<e7 <Z,7ff’>> l>) =1

obviously it is an equivalence relation, so it induces a partition on
IR."? If ¢ is an element of IR, T will call “*|¢|,” its equivalence class.

When M, ({e,(t,f;),i)) =1, an idealized subject s in the state
¢ = (e, (t, /1), 1) is intuitively authorized to use n to refer to |¢| ; so it is
natural to identify |¢|, with the denotation of n, in the state c¢. This is
correct, in fact, but it cannot be the whole story. The reason is that it
is possible either (1) that afterwards, i.e., in a subsequent cognitive
state ¢/, s realizes that in ¢ he associated with » an intuitively incorrect
epistemic content; or (2) that in a subsequent cognitive state ¢’ s
realizes that the uniqueness condition is not satisfied. When this
happens, and s has reasons to believe that his new cognitive state is
intuitively ‘better’ than ¢, then s is no longer authorized to use n to
refer to |7, and we can no longer say that n denotes |¢],. It is
therefore necessary to define the denotation of # relatively to cogni-
tive states intuitively ‘better’ than c.

How is a correct cognitive state to be characterized? Let us con-
sider an example; I will articulate the short story I am going to tell
into different cognitive states of the subject 5.'> Suppose s associates
with “Chomsky’’ the epistemic content ¢;: ‘““Chomsky is a postman in
Brooklyn™; this is his initial cognitive state ¢;. Later on (¢;), in a
bookshop, he finds a book with the name “Noam Chomsky” on its
cover; it is probable that at this point he glances through the book.
Why? Because it is not common, but it is possible, that a postman in
Brooklyn writes a book; in that case it is probable that it is an
autobiography or something similar; turning the pages of the book, s
makes a test, and the outcome is negative: the book deals with lin-
guistics. Now s has several options, i.e., several possible explanations
of the data at his disposal: (1) Chomsky is a postman who does
linguistics in his spare time; (2) There are two persons named Noam
Chomsky, a linguist and a postman; (3) The friend who told s that
Chomsky is a postman in Brooklyn pulled s’s leg; (4) the book s has
in his hands is an April fool’s joke; and so on. To make a choice s
needs some selection criteria, and perhaps to acquire more informa-
tion. Suppose that, after this work, he selects (3) and therefore
associates with “Chomsky’” the new epistemic content e,: “Chomsky
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is a linguist” (c3); at this point s can legitimately assert that e¢; was
incorrect.
From this example, we can extract the following definitions:

DEFINITION 2.1. A cognitive state ¢ = (¢/, (¢, fy), 1) is better than
c = (e, (t,f;),i) with respect to n (in symbols ¢’ >, ¢) iff the following
condition (a) and one of the conditions (b) or (c) are satisfied:

(a) the amount 7, of information contained in i, is part of the amount
I, of information contained in 7;

(b) the amount E, of information contained in e, is part of the
amount E/, of information contained in ¢/;

(c) E, is not part of E/,, and the association of ¢], with n yields a better
explanation of the data contained in 7, than the association of e,.

DEFINITION 2.2. The cognitive state ¢ is n-correct relative to the
cognitive state ¢ iff conditions (a) and (b) are satisfied. It is n-incorrect
relative to ¢ iff conditions (a) and (c) are satisfied.

DEFINITION 2.3. The cognitive state (e, (t,f;), i) is n-correct and n-
complete relative to the cognitive state {(¢',(t',fy), 1) iff conditions (a)
and (b) are satisfied and, for every auxiliary term ¢/ in #, which
matches ¢/, the information present in 7, permits putting ¢/ into the
same equivalence class as ¢.

We can now define the notion of denotation:

DEFINITION 2.4. Given two cognitive states ¢ = (e, (¢, f;),i) and
d =, (t,fr),T), n denotes the object o relative to ¢" iff o = |t|. and ¢
is n-correct and n-complete relative to ¢'.

Let us consider predicates. An important feature of their behavior is
that if a subject is authorized to concatenate a predicate with a name,
then he is authorized to concatenate it with any other name of the
same object, provided he is authorized to believe that it is a name of
the same object. If I am justified in asserting, for instance, that the
boy in front of me is running, then I am thereby justified in asserting
that Matthew is running, and that the elder son of my brother is
running, provided I am justified in believing that the boy in front of
me is Matthew, the elder son of my brother. In more elaborate terms,
we might say that predication, the operation of concatenating a
predicate with a name, has an implicit modal aspect, in the sense that
we do not simply ask ourselves whether we are authorized to con-
catenate a predicate with a given name, but with any other name we
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could use to refer to the same object. This seems to me the main
reason why we cannot content ourselves with the notion of authori-
zation to use a name to refer to a given entity, but we need the notion
of denotation of a name.

As in the case of names, a subject’s being or not being authorized
to concatenate a predicate with a name depends essentially, although
in a different measure,'* on the epistemic content he associates with
the predicate. For instance, if a subject associates with the predicate
“x is square” the epistemic content “‘x has four equal sides”, and the
activated term is a mental representation of a book with four equal
sides, then, since the activated term matches the epistemic content he
associates with the predicate, there is shape recognition, and s is
authorized to concatenate the predicate with that name; on the other
hand, if the subject associates the same epistemic content with the
predicate, and the activated term is a mental representation of a book
with four sides such that only opposite sides are equal, then, since the
activated term does not match the epistemic content associated with
the predicate, there is no shape recognition, and s is not authorized to
concatenate the predicate with that name.

But the intuitions we must account for are more complex. Con-
sider for example a situation ¢; in which two subjects s; and s, sitting
in positions p; and p,, respectively, look at a round disk placed on a
table. Through a suitable location of the subjects and in appropriate
lighting conditions it is possible to make s; see the disk as round and
s> see it as elliptical. Under the hypothesis that neither of the subjects
can move, it seems quite legitimate to say that in the situation de-
scribed, s is intuitively authorized to concatenate the predicate “x is
round” with the term “‘that disk”, while s, is authorized to concat-
enate the predicate “x is elliptical” with the same term. Imagine now
that at 7, the two subjects switch positions, so that s; now sees the
disk as elliptical and s, sees it as round. It is not intuitively legitimate
to say that at 7, both subjects are authorized to concatenate both the
predicate ““x is round” and the predicate “x is elliptical” with
the term “‘that disk”; the subjects will probably be uncertain about
the shape of the disk, and under normal conditions they will try to
acquire new relevant information, for example by touching the disk,
or by changing its position, etc. — a clear indication of the fact that
neither of them is authorized to concatenate either of the two pred-
icates with the term at #,. It seems plausible to say that, in order to
arrive at a cognitive state in which he is again authorized to con-
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catenate one of the predicates with a name of that disk, each subject
engages in a process whose goal is the selection of one representation
of that disk, among the ones to which he has access through per-
ception, memory, attention and so on, as the best one — the best from
the point of view of its capacity to inform the subject about the
properties of the disk. For instance, they will select the visual rep-
resentation that is ‘in accord’ with the tactile representation; they will
select the representation which, together with some general laws,
permits them to account for the others; and so on.!> From an abstract
point of view, we might say that they select the representation which
offers the best explanation of the relevant data.

If a cognitive state ¢ = (e, (t,1;), i) is specified, then, for every name
n, the question “Does e¢p authorize an idealized subject to concatenate
P with n, in presence of ip?”” has a definite meaning, in the sense that
the answer does not depend on other hidden features of the context.
It depends on another question (the matching question): whether the
hypothesis that there is an appropriate matching between the infor-
mation contained in ep and the information encoded into the ¢’ € |n|,
that is selected as the best on the basis of the information contained
in ip is the best explanation of the data contained in ep, ip, ¢, and i,.
If the answer to the matching question is affirmative, any subject in
the cognitive state ¢ is authorized to concatenate P with n, otherwise
he is not. Since this has to hold for every name n, we can identify an
authorization to concatenate P with a name with a cognitive state ¢ in
which a function f'is accessible such that, for every name n, f(n) = 1
iff the answer to the matching question is “Yes”. I will call f “the
concept expressed by P in ¢”’. The meaning of a (unary) predicate P is
therefore the function Mp such that, for every cognitive state c,
Mp(c) is the concept expressed by P in c.

On the basis of this definition, we can explain the fact that neither
of the two subjects s; or s, of the preceding example is authorized to
concatenate either of the two predicates ““is round” and ““is elliptical”
with the term “‘that disk” at #, by saying that, at #,, both subjects have
access (through memory or perception) to both the representation of
a round disk and to the representation of an elliptical disk, but nei-
ther representation can be selected by either subject as the best one.

In order to deal with predicates of variable arity, I shall henceforth
re-interpret the definition of an atomic cognitive state given above in
the following way: it is a triple ¢ = (e, (z,f;), i), where all is as before,
save that ¢ is a k-tuple (71,..., ;) of activated terms. An analogous
generalization of the matching question for predicates yields the
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definition of authorization to concatenate a k-ary predicate P with a
k-tuple of names.

Let me illustrate this generalization by considering the binary
predicate “‘="". It seems reasonable to require that f,e_ contains the
piece of information “x = y iff x and y are the same thing”’;'® so,
when a cognitive state ¢ = (e, (¢, f;), i) is specified, then, for every pair
of names (n;,ny), the question of whether a subject s is authorized to
concatenate “=""with (n;, ny) boils down to the question of whether s
is authorized to use n; and n; to refer to the same equivalence class of
terms. Suppose that n; is “Hesperus”, n, is “Phosphorus”™, that e,
contains the piece of information ““Hesperus is the first celestial body
shining in the evening sky”, and that e,, contains “Phosphorus is the
last celestial body shining in the morning sky”. According to our
general formulation of the matching question, we must perform a
(mental or real) experiment: we must look for the ‘best’ terms (not
necessarily activated in ¢) belonging to |Hesperus|, and |[Phosphorus|,
and ask whether the hypothesis that they belong to the same equiv-
alence class of terms is the best explanation of the data available in c.

Of course, for predicates as well as for names, it is possible that the
epistemic content associated with P is intuitively incorrect. Therefore,
for reasons analogous to the ones explained above concerning names,
the notion of extension of a predicate at ¢ must be relativized to
cognitive states. So we define the notions “¢’ >p ¢”’and “c is P-correct
relative to ¢ in a way perfectly analogous to our definitions of
“¢’ >, ¢’ and “c is n-correct relative to ¢’”, and then we can propose
the following

DEFINITION 2.5. Given two cognitive states ¢ and ¢/, Mp(c) is a
satisfaction-ground of P in ¢, relative to ¢, iff ¢ is P-correct relative
to ¢.

We can now define the notion of justification for atomic sentences.
A justification for a sentence of the form “P(ny,...,n;)” is a cognitive
state ¢ such that Mp(c)({ny,...,n;)) = 1, i.e., intuitively, a cognitive
state in which an idealized subject is authorized to concatenate P with
ni,...,ng. The meaning of “P(ny, ..., n;)” can therefore be identified
with Ac. Mp(c)({ny,...,ng)), i.e., intuitively, with a classification cri-
terion of cognitive states, associating 1 with ¢ iff an idealized subject
in c is justified to believe “P(ny, ..., ng)”.

Consider a justification j for P(ny,...,nx), and a cognitive state ¢’:
jis a truth-ground of P(ny,...,ny), relative to ¢, iff j is n;-ng-complete
and P, nj-ni-correct, relative to ¢'.
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3. THE LOGICAL CONSTANTS AND CANONICAL JUSTIFICATIONS

The introduction of the logical constants amounts to the
assumption that the class of cognitive states is closed under certain
operations. We will see now which ones.

I will assume without discussion that f,e, contains the piece of
information that a justification for AAB is a pair (ji,/»), where j; is a
justification for 4 and j, a justification for B; so, when a cognitive
state ¢ is specified, then, for every pair of sentences (A4, B), the
question as to whether a subject s is justified in believing 4AAB boils
down to the question of whether s has access both to a cognitive state
j1 which is a justification for 4 and to a cognitive state j, which is a
justification for B; a justification for AAB can therefore be identified
with the pair (ji, j»).

Analogously, a justification for 4 V B can be identified with either
a justification for 4 or a justification for B; and a justification for 9xA4
with a pair (n,j), where n is a name, and j a justification for A4[n/x].

Let us consider implication. Imagine the following situation: John
knows that the phone numbers in Milan have been changed
according to the following rule: dial 48 plus the result of adding 53 to
the old number. He wants to call Charles, a friend of his who lives in
Milan; it seems to him that his old number was 341951, but he is not
sure. In this situation John has neither a justification for the sentence

(5) Charles’ old number was 341951
nor a justification for the sentence
(6) Charles’ current number is 48342004;

but he does have, and knows that he has, a justification for the
conditional

(7) If Charles’ old number was 341951, then his current number is
48342004.

What, exactly, does his justification consist of? Of his knowledge
of the rule described above. We can therefore suggest that f,e-
contains the piece of information that a justification for 4 D B is a
general method m that is recognized as transforming every justifica-
tion j for 4 into a justification m(j) for B. As a consequence, when a
cognitive state c is specified, then, for every pair of sentences (4, B),
the question of whether a subject s is justified in believing 4 O B boils
down to the question of whether s has access to a cognitive state in
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which he knows such a general method; a justification for A O B can
therefore be identified with the method m. Analogously, a justifica-
tion for Vx4 can be identified with a method m that is recognized as
associating with each name » a justification for A[n/x].

These definitions may seem inadequate for (at least) two reasons.
First, I have required that justifications be epistemically transparent,
and one may wonder whether such general methods as the ones
introduced by the definitions are epistemically transparent. But it
should be kept in mind that we are making reference to an idealized
subject, i.e., a subject having no limits of memory, attention, and so
on: a subject whose cognitive capacities and performances in any
given occasion are taken as representative of the ones of an arbi-
trary member of the same species. Well: if such an idealized subject
is not able, when acquainted with m, to recognize it as a method
with such and such characteristics, the sole conclusion it is natural
to draw is that m is not such a method. How could it be a method
with such and such characteristics if nobody were capable of
acknowledging that it is? Of course, it is possible that / am not
capable of realizing that something is such a method, because of the
limits of my IQ, memory, attention, and so on; but these are pre-
cisely the factors from which we abstract when we make reference
to an idealized subject.

The second reason for perplexity may come from having noticed
that, on the one hand, I have said that justifications for empirical
sentences are non-conclusive, on the other hand, I have suggested to
define justifications for 4 O B and for Vx4 in the same way proofs of
the same sentences are defined, where proofs of mathematical sen-
tences are indefeasible; in other words, how might a method associ-
ating with each name 7 a justification for 4[n/x] be non-conclusive?
My provisory answer!’ is very simple: remember that non-conclu-
siveness is the logical disjunction of defeasibility and non-factivity;
although it must be conceded that a justification for Vx4, as I have
defined it, is indefeasible, it is equally clear that it is not factive: a
justification for A[n/x], for some n, might not be a sufficient condition
of the truth of A[n/x]; of course, the notion of truth involved here
needs further clarification.'®

Let us consider negation. The first, obvious, idea is to apply the
intuitionistic definition of the negation of a mathematical sentence to
empirical sentences, and to define a justification for the negation of A4
as a general method transforming every alleged justification for A
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into a justification for the absurdity |, where L is defined as the
sentence for which there is no justification.

Indeed, in the case of many empirical sentences, their negations
cannot be construed except as intuitionistic. Consider for instance the
sentence

(8) Not all prehistoric men were black-eyed;
probably we will never be able to say, of a specific prehistoric man,
that he was black-eyed; at the same time, it is quite plausible to say
that we have justifications to believe that (8) is true; and if we reflect
on the nature of these justifications, we realize that each of them can
be verbalized as a reductio ad absurdum of the assumption that all
prehistoric men were black-eyed, as the intuitionistic explanation of
negation requires.

But there are important classes of empirical sentences whose
negations cannot plausibly be conceived as intuitionistic. Let us re-
turn to the example of the two subjects looking at a round disk from
different positions; at #; s;, who sees the disk as round, has an
obvious intuitive justification to believe the sentence

(9) That disk is not elliptical.

Suppose now that we define a justification for the negation of 4 as a
justification for 4 D1, and ask ourselves whether, with this defini-
tion, we can allow s; to have a justification for (9). In order to have a
justification for (9) DL, s; should know a general method m he
recognizes as transforming every justification j for

(10) That disk is elliptical
into a justification for 1. We know that a justification for (10) is a
cognitive state ¢ such that Mjipiical(c)(that disk) = 1. Imagine now
that at 7, the two subjects switch positions, so that s; now sees the
disk as elliptical and s, sees it as round; if s; had known m at ¢, at 1,
he should be able to transform ¢ into a justification for 1 ; but this is
just what s; is not able to do at #,: what does happen at ¢, is that s
feels himself no longer justified in believing that the disk is round,
precisely because he considers ¢ as a possible justification for the
belief that the disk is elliptical. The answer to our question is there-
fore negative.

The preceding remarks suggest that the negation of an empirical
sentence is in many cases an operation that differs greatly from impli-
cation. Another suggestion in the same direction comes from observing
that, in empirical contexts, a very natural way of justifying the negation
of a sentence is to exhibit a counterexample to the sentence. For in-
stance, the most natural way to justify “Not all men are good” is to
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present a bad man; by the way, to derive a contradiction from the
assumption that all men are good would be much more complicated, in
spite of the fact that the justified proposition would be, in a sense,
weaker. Analogously, the most natural way to justify “Itis not the case
that John is away and Mary is at home” is to justify either “John is not
away”’ or ““‘Mary is not at home”.

The last example shows another feature of empirical negated
sentences to which intuitionistic negation is not faithful. Intuitively, a
justification j for ““It is not the case that John is away and Mary is at
home” is as defeasible as a justification j/ for “John is away and Mary
is at home”’; but if we construe the negated conjunction intuitionis-
tically, it becomes a case of implication, and justifications for impli-
cations are normally indefeasible.

My suggestion of counterexamples as justifications for negated
sentences might give the impression of an implicit appeal to the
classical, or realist, meaning of negation, since it depends on a
tacit use of de Morgan’s laws and similar laws for quantifiers. But
this impression is false. Classical negation is not the sole negation
satisfying those laws: it is — I conjecture — the sole explicitly
definable negation satisfying those laws; but if we reject the idea
that negation must be explicitly definable, and embrace the idea of
an inductively defined operation, we can look for a constructive
negation. In fact, a very good candidate is already at hand:
Nelson’s constructible falsity.!” T will give below the inductive
clauses.

As concerns atomic sentences, let us come back to the two subjects
s1 and s,. I have said that at #; s, who sees the disk as round, has an
obvious intuitive justification for sentence (9); what does this justifi-
cation consist of? One might be tempted to answer that it consists of
two things: the justification j; he has to believe

(11) That disk is round,
and the justification j, he has to believe that being round and being
elliptical are two incompatible properties of physical objects: it is be-
cause he knows that being round is incompatible with being elliptical
that he may legitimately choose the former property as a token for the
absence of the latter.?’ Notice that if we defined a justification for (14)
in this way, we would not run into the difficulty that a justification for
(14) would simultaneously be also a justification for

(12) That disk is not square
and for several other sentences which, intuitively, are not synony-
mous to (9); for j,, whatever it is, will be different from a justifi-
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cation for believing that being square and being elliptical are
incompatible. But we would run into another difficulty: the choice
of j; as the first component of a justification for (9) is not more
motivated than the choice of a justification for any other sentence of
the form ““That disk is P”, where P is a property incompatible with
being elliptical; and, since there seems to be no way of regimenting
the class of the properties incompatible with being elliptical, the
choice of that class as the first component would entail the loss of
the decidability of the relation “x is a justification for 4 when 4 is
a negated predication.

Consider the cognitive state ¢ = (e, (t, /), i), where egiiptical CON-
tains a stored model of an ellipse, fat qisk 1S @ newly derived mental
representation of a round disk and i, gisk 1S empty; of course
M iipical (¢) (that disk) = 0, since there is no matching between
€eliiptical and the information encoded into the term fia¢ aisk Which,
since s; has not yet seen the disk from position p,, is selected as the
best among the terms belonging to [that disk|.. My suggestion is
simply to take ¢ as a justification for (9) and, in general, to define a
justification for —P(nj,...,n;) as a cognitive state ¢ such that
Mp(c)({ny,...,ng)) =0.

Finally, I will define a canonical justification for a sentence A4 as a
justification for A such that in order to establish that it is a justifi-
cation for A, only information from f,eg, for every constituent
expression £ of A, is needed. Notice that, according to this definition,
the following argument for A A B

IT, I1,
(13)CDA/\B C
ANB

is a justification for 4 A B, since from it a justification for A
and a justification for B can be extracted; but it is not a
canonical justification for 4 A B, since in order to establish that
it is such a justification one needs more than information from
Jfpen and from the epistemic contents associated with the con-
stituents of 4 and B.

4. TRUTH-GROUNDS AND CONSTRUCTIVE VALIDITY

To conclude, let us see how the ideas illustrated above can give rise to
a definition of constructive validity.
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Given a first-order language L with a set N of names and identity
predicate, a cognitive structure for L is a pair C = (C, M), where C is
a (nonempty) set of temporally ordered cognitive states
¢ = (e, (t,f1),i) and M a meaning-assignment, i.e., a function such
that

— for every name n, M, is a function such that, for every c € C,
M,(c) € {0, 1};

— for every predicate PX, M is a function such that, for every
c € C, Mpi(c) is a function such that, for every n;...n; € C,
Mpe(c)((ny...ng)) € {0,1}.

Given a cognitive structure C, and an atomic sentence P*(ny, ..., ny),

the sets {c|Mpi(c)((ny...nx)) =1} and {c|Mpc(c)((ny...ng)) =0}

are determined; in other words, for every atomic sentence A4, the set

Jc(A) of its C-justifications and the set Jo(—A4) of C-justifications for

its negation are determined. The set of the C-justifications of every

sentence can be inductively defined in the way sketched in Section 3;

let me sum up the inductive clauses:

L Je(L) =0
BAC) = Je(B) x F4(C)
" Jc(=(BAC)) = Jc(=B) U Jc(—C)
Jc(BV C) =Jc(B)WJc(C)

2

Jc(
(
3 (
Jc(=(BV C)) = Jc(=B) x Jc(=C)
4 Jc(B>C)=Je(C)'?
" Je(=(BD Q) = Je(B) x Je(=C)
Je(VxB) =[], Jec(Bln/x])
5.
Jc(—(VxB)) = ZneNJc(ﬁB[n/x])
y Jc(3IxB) = Z Jc(B[n/x])
e

Jc(—(3xB)) = HHGNJC(—'B[n/x])

We must now define the notion “j is a C-truth-ground of A, relative

to ¢ (in symbols jECA).

1. If Ais PE(ny, ..., n) or =P5(ny, ..., ni), and j € Jc(A), then jE=C A,
iff j is n;-ni-complete and P, n;-ni-correct, relative to c.

2. If Ais BAC, and j = (j1,j2) € Jc(A), then j E€A iff j; ECB and
hESC
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If A is ~(BAC), and j € Jc(A), then: if j= (j;,0), jECA iff
NES=B;if j = (ja, 1), JECA T pE=C.

3. If 4is BV C, and j € Jc(A), then: if j = (ji,0), j EC A iff j, ECB; if
J= (2, 1), JEC A o EEC.
If 4is ~(BV C), and j = {ji,)») € Jc(A), then jECA iff j; EC-B
and j, kf—'C.

4. If Ais BD C, and j € Jc(A), then j =€ A iff, for every j/ € Jc(B), if
J ESB, then j(/) ECC.
If 4is =(BD C), and j = {ji,/n) € Jc(A4), then j=C4 iff j, ECB
and j, ES€-C.

5.If 4 is VxB, and j € Jc(A), then jECA iff, for every n € N,
Jj(n) ESB[n/x]. If A is —(VxB), and j = (n,') € Jc(A), then j A4
iff /' (1] =B[n/x].

6. If Ais 3xB, and j = (n,j) € Jc(A), then jECA iff j ECB[n/x]. If 4
is —(3xB), and j€ Jc(A4), then jECA iff, for every n € N,
Jj(n) EE=Bln/x].

Given a cognitive structure C = (C, M), a sentence A is C-construc-
tively valid iff there is a j € Jc(A) such that, for every ¢ € C, jECA.

A sentence A is constructively valid iff, for every cognitive structure
C, A is C-constructively valid.

We can also define the notion “A is C-true relative to ¢” (in
symbols ECA), in the obvious way: ECA iff there is a j such that
JECSA. Notice that this notion of truth distributes over V; for
EC(BV C) iff there is a j such that j ECB V C; then either j = (j;,0),
and ji ESB, and therefore there is a j such that j =B, i.e. ECB; or
Jj = {(j, 1), and therefore there is a j such that j ECC, i.e. ECC.

NOTES

' See Chomsky (1980, pp. 51 ff.) for an illustration of such a position.

2 1 am not implying that Dummett’s argument is valid; I am only saying that the
modified argument is not less compelling than the original one for someone who
finds the specifiability requirement more acceptable than the manifestability
requirement. For a more detailed justification of this thesis see Usberti (1995, IV.2).

3 T am presupposing here that the existence of a justification is (anti-realistically) a
temporal notion, in the sense that a justification for 4 may exist at ¢ and not exist
before or after ¢. Of course a constructivist might tend to embrace an atemporal
notion of existence, and therefore of truth; in this case the reason explained in the
text should be restated by saying that for some sentence A it might happen that there
is a justification for both 4 and —4.

4 First, I will concentrate on unary predicates.
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3 It is not necessary here to enter into a more detailed analysis of the nature of such
mental representations. Some interesting suggestions may be found in Marr (1982).

 Not necessarily consciously.

7 The difference emphasized in footnote 14 below could be expressed by saying that
the fixed part of the epistemic content associated with a name — i.e. the amount of
information a language user must associate to the name in order to be credited with
knowledge of its meaning — is minimal, while the fixed part of the epistemic content
associated with an adjectival predicate and to a verb is maximal.

8 As a matter of fact, there will be several representational systems: visual, auditory,
and so on; and also memory and attention may be considered, for our present
purposes, as such systems. For simplicity I consider them as one.

% For a more detailed account see Usberti (2002).
10°0Of course, the specific nature of this matching may vary according to the nature of
information to be matched, and the devices that verify it may be very different from
one another.

' The relevant notion of equivalence class is defined two paragraphs down.

12 The classes belonging to this partition should not be confused with the ones
corresponding to the identity criteria associated with activated terms: two terms of
the internal representational system may be in the same class independently of their
matching the epistemic content associated with any name.

13 Of course, a much more fine-grained analysis would be possible; but the one
suggested in the text is sufficient to explain my point.

14 There is a clear intuitive difference between proper names, on the one hand, and
adjectival predicates and verbs, on the other hand: while we should not say that
someone who does not know that Chomsky is a linguist ignores the sense of
“Chomsky”’, we do say that someone who does not know that a square field has four
equal sides ignores the meaning of “square”, and that someone who does not know
that whoever has been killed is dead ignores the meaning of “kill”.

15 For an account along these lines of our construction of empirical reality see
Musatti (1926).

16 Of course we are not forced to make this choice; if the epistemic content associated
with ““="" were not the same in every cognitive state, then M_(c) would simply vary
according to c.

17 Provisory in the sense that a thorough analysis of empirical implications should be
much more fine-grained and distinguish between several types of implication.

18 On this point cp. Usberti (1995).

19 Cp. Nelson (1949).

20 “[T]t might be maintained that every significant observation must be an observa-
tion of some property, and further that the absence of a property P if it may be
established empirically at all, must be established by the observation of (another)
property N which is taken as a token for the absence of P.” (Nelson 1959, p. 208.).
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GRIGORI MINTS

NOTES ON CONSTRUCTIVE NEGATION

ABSTRACT. We put together several observations on constructive negation. First,
Russell anticipated intuitionistic logic by clearly distinguishing propositional prin-
ciples implying the law of the excluded middle from remaining valid principles. He
stated what was later called Peirce’s law. This is important in connection with the
method used later by Heyting for developing his axiomatization of intuitionistic
logic. Second, a work by Dragalin and his students provides easy embeddings of
classical arithmetic and analysis into intuitionistic negationless systems. In the last
section, we present in some detail a stepwise construction of negation which essen-
tially concluded the formation of the logical base of the Russian constructivist
school. Markov’s own proof of Markov’s principle (different from later proofs by
Friedman and Dragalin) is described.

1. INTRODUCTION

We put together several little-known observations on constructive
negation. Section 2 contains a description of a passage in (Russell
1903) where Russell anticipated intuitionistic logic by clearly distin-
guishing propositional principles implying the law of the excluded
middle from remaining valid principles. In fact, he states what was
later called Peirce’s law. This is important in connection with the
method used later by Heyting (see Troelstra 1990, Section 3.1) for
developing his axiomatization of intuitionistic logic.

Section 3 presents some little-known Russian work on negation-
less mathematics. It turns out that classical arithmetic and analysis
can be embedded into intuitionistic negationless systems. Section 4
presents in some detail a stepwise construction of negation which
essentially concluded the formation of the logical base of the Russian
constructivist school.

2. RUSSELL’S ANTICIPATION OF INTUITIONISTIC LOGIC

In Section 18 (Chapter II) of (Russell 1903), Russell lists 10 propo-
sitional axioms. The first nine (Section 2.1 below) are intuitionisti-
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cally valid. The next requires some comments. Its statement takes
into account Russell’s definition of a proposition in Section 16 of
(Russell 1903): “To say ‘p is a proposition’ is equivalent to saying ‘p
implies p’ . We quote from Section 18:

(10) If p implies p and ¢ implies ¢ then ““ ‘p implies ¢’ implies p” implies p. This is
called the principle of reduction; it has less self-evidence than the previous principles,
but is equivalent to many propositions that are self-evident. I prefer it to these,
because it is explicitly concerned, like its predecessors, with implication, and has the
same kind of logical character as they have. If we remember that “p implies ¢’ is
equivalent to “g or not-p,”” we can easily convince ourselves that the above principle
is true; for ““ ‘p implies ¢’ implies p” is equivalent to “p or the denial of ‘g or not-p,
i.e. to “p or ‘p and not-¢,”” i.e. to p. But this way of persuading ourselves that the
principle of reduction is true involves many logical principles which have not yet
been demonstrated, and cannot be demonstrated except by reduction or something
equivalent. The principle is especially useful in connection with negation. Without its
help, by means of the first nine principles, we can prove the law of contradiction; we
can prove, if p and ¢ be propositions, that p implies not-not-p; that *“p implies not-¢”
is equivalent to “g implies not-p” and to not-pg; that “p implies ¢” implies “not-¢
implies not-p”’; that p implies that not-p implies p; that not-p is equivalent to “p
implies not-p”’; and that “p implies not-¢’ is equivalent to ‘““not-not-p implies not-g.”
But we cannot prove without reduction or some equivalent (so far at least as [ have
been able to discover) that p or not-p must be true (the law of excluded middle); that
every proposition is equivalent to the negation of some other proposition; that not-
not-p implies p; that “not-¢g implies not-p”’ implies “p implies ¢”’; that “‘not p implies
p”’ implies p, or that “p implies ¢”” implies “‘q or not-p.” Each of these assumptions is
equivalent to the principle of reduction, and may, if we choose, be substituted for it.
Some of them — especially excluded middle and double negation — appear to have far
more self-evidence. But when we have seen how to define disjunction and negation in
terms of implication, we shall see that the supposed simplicity vanishes, and that, for
formal purposes at any rate, reduction is simpler than any of the possible alterna-
tives. For this reason I retain it among my premisses in preference to more usual and
more superficially obvious propositions.

299

Let us repeat the principles which Russell claims follow from the first
nine principles (conjunction of p and ¢ is expressed here by pq):

-(p(=p))  ;p— "D (r— —q) = (¢q— —p)
(p——q) =-pq9); (p—q) —(g—-p); p—(p—p)

b o= =) —og) = (tp— ).

All these principles are provable in intuitionistic and even in minimal
logic.

Next we list the principles Russell claims cannot be proved with-

out the reduction principle. None of these principles is provable

intuitionistically, since each of them has an instance which
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intuitionistically implies p V —p. Such an instantiation is given in
square brackets below:

pvVp

Jq9(p = —~q) [p/pV —p]

——p — p [p/pV —p]
(g — —p) — (p—9q) P/ T q/qV —q]
(p—p)—p [p/pV —p]
(p—q) — (gV-p) [q/P]

So Russell was right in both the positive and negative part. This is
especially interesting in view of the evidence (van Dalen (1999)) that
Brouwer was studying Russell’s work at the time when the principles
of intuitionism were first developed.

2.1. Russell’s Original Propositional Principles

1 p=9—P—q

2 =9 —@P—pr

B P—a9—@—q)

4) A true hypothesis in an implication may be
dropped, and the consequent asserted

(5)  (—p)and (¢ —q) = (pg—p)

© (p—qgand(g—r)—(p—r)

(7 (¢—q)and (r—r)and (p — (¢ —r)) = (pg — 1)

@) (—pand(¢g—q)—(pg—r)—(p—(g—7)

©  (—qand (p—r)—(p—q)

3. NEGATIONLESS MATHEMATICS

Philosophical difficulties connected with the use of negation and related
notions such as the empty set were noticed very early, and stressed in
modern time by Griss (1955), who suggested constructing intuitionistic
mathematics without negation. To avoid trivial solutions like smug-
gling negation =4 back as 4 — 0 =1 it was proposed to eliminate
implication in favor of a new connective 4 —y B where X = x1...X,,.
Formula 4 —4 B is to be understood as Vx(4 — B) & 3xA. In other
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words, implication is allowed only if its premise is non-void. Positive
suggestions by Griss caused some doubts: it was not clear how to
develop significant parts of mathematics in a negationless way.
Several systems of negationless logic and arithmetic were proposed
(see Nelson 1966), but their strength was not obvious. It turns out
they have the same strength as the corresponding intuitionistic
systems. The simplest proof was given recently by Krivtsov (2000a).
It uses the fact that traditional implication

A— B
is intuitionistically equivalent to
Vx((AVx=0)— (BVx=0)).

The latter implication can be written as (4 Vx =0) — (BVx=0)
and has a non-void premise since x can be instantiated by 0. The
actual modeling of intuitionistic arithmetic, analysis and higher type
systems in negationless terms given in (Krivtsov 2000a,b) is slightly
more complicated.

An earlier work (Mezhlumbekova 1975) by V. Mezhlumbekova
used similar ideas in a more mathematical setting. It is contained in
her Ph.D. thesis advised by Dragalin. Consider the Dialectica inter-
pretation (cf. Avigad and Feferman 1998) of first order intuitionistic
arithmetic HA into the language of functionals of finite types. It
transforms an arbitrary HA-formula A into a formula JyVx¢, where
X,y are finite sequences of variables of finite types, and ¢ is a
quantifier-free formula. We assume that ¢ has a form r = 0 where 7 is
a term in the language of primitive recursive functionals of finite type.
Every quantifier free formula ¢ can be put into a form ¢ =0 by
familiar transformations of primitive recursive formulas. Let ¢* be
obtained from ¢ by “‘untangling” higher order application using
Kleene’s normal form for partial recursive functions:

W[Ap(t,s)] := 3z(T\(t,s,2) & Y[Uz)).

Recall that the hereditarily recursive operations (HRO) of type 0 are
natural numbers for § = 0. HRO of type ¢ — t are Gédelnumbers
of partial recursive functions that define total functionals from HRO
of type o to HRO of type 7. Let V, denote the definition of HRO of
type o with Vy(x) := (x = x).

For an arbitrary formula 4 of HA having Dialectica interpretation
dy°Vx'¢, consider a negationless formula of first-order arithmetic

y(y e Ve & (x €V, —x @Y)).
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All sets V,; are obviously non-void. Mezhlumbekova sketches a proof
of the following statement:

If HA F A, then for some natural numbers k it is provable in a
weak system of negationless arithmetic HAG that

keV, & (xeV,—x ¢ [y/k)).

In other words, HA is embedded into HAG. Combined with negative
translation of first order classical arithmetic (Peano arithmetic) PA
into HA, this shows that HAG has the same deductive power as
classical arithmetic. More precisely, for negative formulas ¢ one has

HAF Qy(y eV, & (x €V, —x ¢%))) <= ¢.

4. TREATMENT OF NEGATION IN THE RUSSIAN CONSTRUCTIVIST
(MARKOV) SCHOOL

This section presents an account of a work which essentially con-
cluded the construction of the logical base for the work of the Rus-
sian constructivist school.! This school, founded by A.A. Markov
(1903-1979), insisted on developing mathematics using only effective,
mechanizable means. Here we describe Markov’s approach to the
semantics of negative arithmetical formulas. The important require-
ment of Markov-style constructivism was that the objects should be
coded by natural numbers. This directed attention to theories for-
malizable in the language of first order arithmetic.

The logic of Markov’s school can be described using three basic
principles: recursive realizability, Markov’s principle and classical logic
for sentences containing no constructive problems, i.e., 3, V-free sen-
tences (Mints 1983; Troelstra and van Dalen 1988). This is a complete
description from the classical point of view. Markov presents his ap-
proach in quite a different way. He considers a formal language L,
(Markov 1976) having the same expressive power as the language of
first-order arithmetic with all logical connectives &, V,D,V, 3,V <, 3 <
(the two latter quantifiers are bounded). Arbitrary formulas of this
language are transformed into formulas of the form

dxA (1)

where A4 is an almost negative formula: only decidable formulas can
occur after 3,V. Transformation into the form (1) is done by the
algorithm SH (Markov 1976, §12) based on the ideas of Shanin (1958)
and equivalent (under a suitable coding in the intuitionistic arithmetic
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HA) to recursive realizability as introduced by Kleene (1958). This
step and related logical principles were intensively discussed in the
early stages of the Russian constructivist school, and by the mid-
sixties they were sufficiently clear. Markov’s discussion of the algo-
rithm SH is relatively brief.

It is easy to transform the formula A4 in (1) into a negative formula
A" which contains neither V nor 3-quantifiers (so that HA derives
—=A" — A') using Markov’s principle: it is enough to replace IxM by
-Vx-M and AV B by —(—-A4 & —B). But Markov’s goal was to
construct a semantics for almost negative formulas in a bottom-up
fashion and simultaneously justify the principle of constructive selec-
tion (his name for Markov’s principle). In the following, we consider
only semantics of almost negative formulas sliced into stages (steps)
according to implication nesting: recall that negation is defined via
implication and L. It is known that in the presence of the universal
quantifier V implication complexity corresponds to quantifier com-
plexity (number of quantifier alternations) used in the investigations
of classical arithmetic. Using the notation L = (0#0), =4 =
AD 1, x4 = —Vx—4 a formula Vx;3x; . . .Vx/(Eixk+1M containing k
alternations of quantifiers 1is translated into a formula
YV (Vxa (... (VXk1mM D L)... D L) D 1) containing k “‘essential”
implications. The importance of implication in constructive mathe-
matics was observed early enough (Heyting 1930; Kolmogorov 1932)
and by the beginning of the 1960s there were hopes of finding its
interpretation in almost negative formulas based on a deductive
understanding sketched in papers by Lorenzen (cf. Lorenzen 1954)
and based on the notions of derivable and admissible rule. For a
given formal system C, a rule

A

” @)

is admissible if C+ A implies C - B where - is the derivability sym-
bol. The rule (2) is derivable (in the system C) if there is a deduction of
B from A by the rules of C. Every derivable rule is obviously
admissible, but the converse is not true generally. A good example is
the disjunction property of intuitionistic formal systems: the rule
-A— BvC
(w4 — B)V (-4 —C)

for closed formulas A4, B, C is admissible in the intuitionistic propo-
sitional calculus, but is not derivable there. Otherwise the formula
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(-4 — BV C)— ((w4—B)V(-4— Q)

would be intuitionistically derivable. If C is a standard logical system,
i.e., the set of derivable formulas is recursively enumerable, the deriv-
ability of the rule (2) can be expressed by an arithmetical formula

dx Proof (x,G(A4)) — 3y Proof (y,G(B)), (3)

where G(A),G(B) are Godelnumbers (numerical codes) of the for-
mulas 4, B and Proof is the familiar proof predicate. If the calculus C
is complete for a class of formulas containing 4 and B, then (3) can
be rewritten as

True(4) — True(B),

where True(F) means that F is true. This underlies Markov’s defi-
nition of implication as admissibility of a rule for the formulas of a
basic language containing essentially Z?-formulas (language L; in
Markov 1976). By the principles codified by recursive realizability,
formula (3) is interpreted as expressing the existence of an effective
function transforming x into y:

(3f € Rec)(Vx(Proof(x, G(4)) — Proof(f(x), G(B)))),

where /€ Rec means that a natural number fis a code of a unary
total recursive function.

For an implication ¥ O G which is not immediately reducible to
implications of Z?-formulas Markov suggested interpretation by
derivability of the corresponding rule F'+ G. He used such a defini-
tion mainly in a situation when there exists a logical system C (which
is not recursively enumerable in general) which is sound for some
previously defined notion of truth True(H) for the formulas H of the
same complexity as F and G. In such a case it was always understood
that all true (in the sense of the predicate True) formulas H are added
to the axioms of C). In other words, a formula F D G is true if
F,FE G by the rules of the system C where F = {F " : True(F)}.
Formulas VxA[x] beginning with an unbounded universal quantifier
are reduced to simpler formulas using the w-rule (also called Carnap’s
rule):

... A[n]...all n
VxA[x]
Markov requires that every application of this rule be constructive

(there should be a uniform general method) and introduces by a
generalized inductive definition a notion of truth based on this rule.



708 GRIGORI MINTS

Such a treatment is equivalent to the notion of a recursive derivation
with w-rule if one admits a principle of generalized induction corre-
sponding to this inductive definition.

The only remaining special rule of the stepwise semantics is
Markov’s principle. It can be stated as an implication

——3xM O IxM, (4)

where M is a formula containing no unbounded quantifiers. For the
premise ——3xM of the implication (4) the truth turns out to be
equivalent to derivability in a system (to be denoted by C,) with
effective w-rule and intuitionistic logic. This made it possible to use
the following important observation (Markov 1966b,1976):

Theorem 4.1 Markov’s rule

——dxM
IxM )
where M is an arithmetical formula without unbounded quantifiers, is
admissible in the system C,.

Similar results for other systems were known in the literature
(Kreisel 1958). It was the possibility of justifying the rule at a low
stage of the introduced hierarchy that was important to Markov.
Another important feature was a method of the proof which antici-
pated later proofs by Dragalin (1980) and Friedman (1978). The lat-
ter two proofs use much weaker means (Kalmar elementary functions
are sufficient) to transform the proofs than earlier proofs which used
cut elimination. Markov sketched his proof only for systems with the
o-rule described below, but its specialization for the system C,
(Markov 1966b) would be elementary in the same sense as the proofs
by Friedman and Dragalin.

After admissibility of the rule (5) is established, Markov postulates
it at the next level as a basic rule, so that the implication
——3xM D dxM turns out to be true. The final result is a stepwise
definition of the constructive truth for almost negative arithmetical
formulas which is equivalent to the standard classical definition if one
uses classical logic (cf. Mints 1983).

4.1. One-Quantifier Systems

4.1.1 The First Approximation

Details of the definitions changed in the process of investigation. The
first publication (Markov 1966a,b) contained only the two lowest
levels. The language L; in (Markov 1966b) deals with strings in a
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finite alphabet and has the same expressive power as an arithmetical
language £; including all Kalmar-elementary functions, equations,
inequations (i.e., negated equations), &,V, bounded quantifiers
(V<1),(3<1¢) and the unbounded existential quantifier 3. Recall
that Kalmar-elementary functions are constructed from the con-
stants, projections, +,x and [a/b] by bounded sums, bounded
products and substitution.

Formulas of £; are essentially E?—formulas. The truth definition
for closed L;-formulas in (Markov 1966b) is standard. A calculus C;
described in (Markov 1966b) is complete for L;. We describe a
similar calculus which is complete for the arithmetical language L.
Let |¢] stand for the numerical value of the closed term ¢, the letter n
stand for an arbitrary numeral, i.e., an expression of the form
0+ 1+---+1, and F[v/t] is the result of substituting the term 7 for
all free occurrences of a variable v in F with standard precautions. FJ/]
stands for F[x/1].

Calculus Cy:

Axioms:

True closed equations ¢ = r and true closed inequations ¢ # r
Inference rules:

Introduction rules for &, Vv, 3:

FG F G Fli]
F&G FVvG FvG dxA
Introduction rules for bounded quantifiers:
Fln] (Ix < n)F (Ix < |t|))F
(Ix <n)F (Ix<n+1)F (Ix < 1)F

FI0] (Vx <mFFn+1]  (Vx <|i|)F
(Vx < 0)F (Vx <n+ F (Vx < 0)F

It is easy to see that these rules are sound for the (obvious under-
standing of the) language £. By induction on the formula it is easy to
show that these rules are complete: every true formula is derivable. The
language L, in (Markov 1966b) has the same expressive power as the
arithmetical language £, which has as its formulas all formulas of £,
all implications F O G where F, G € £; and arbitrary conjunctions of
formulas in £;. Hence nested implications are not allowed. The truth
of a closed implication F D G is defined as admissibility of the rule

F

G
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in the calculus C, and conjunction is understood in a natural way. By
the completeness of the calculus C; this definition is equivalent to a
standard classical definition. For the formulas of the language L,
Markov defines (1966b) a sound calculus C,. The main technical
feature of that calculus is the reformulation of standard axioms and
rules of the intuitionistic logic and arithmetic adapted to the
restricted language considered here. Except for axioms corresponding
to the standard defining equations for computable functions and
usual properties of bounded and unbounded quantifiers, calculus C,
contains two induction rules for proving properties of strings in a
finite alphabet. The corresponding rule for the arithmetical language
would have the form

F0] D G[0] Flx+1]D (Fx]VG[x+1]) Flx+1] & G[x] D G[x+1]
Flx] D G[x]

where F,G € L;. Let’s note that both premises and the conclusion
of the rule Ind are formulas of the language £;. On the other
hand, in the traditional formalism the rule /nd is equivalent to the
standard induction rule for the formula F D G, which contains
implications more complicated than the formulas of the language
£21

(Ind)

0] D G[0] (F[x] D G[x]) D (Flx+ 1] D G[x+1])
F[x] D G[x]

Indeed, the premises of the rules (/nd) and (Ind+) are equivalent in
the intuitionistic predicate calculus with Markov’s principle:

[(FIx] D G[x]) D (F]x+ 1] D Glx + 1])] <
[(Flx+1] D (FIX]V Glx +1])) & (Flx + 1]&G[x] D G[x+ 1))

This trick of reducing logical complexity by the implicit use of
relations to be justified later is characteristic of Markov’s con-
structive mathematics and its predecessors (intuitionism, finitism).
Markov does not explain his choice of the induction rule, but
notes in ([Markov 1966a) the impossibility of a complete calculus
for the formulas of the language L£,. He also states there that
Markov’s principle holds for refutability in C,, which probably
means the admissibility of Markov’s rule. Although (Markov
1966a,b) contain no indication to the proof of the latter statement,
it is plausible that Markov had in mind the same method that was
later used to prove admissibility of Markov’s rule in the systems
with the w-rule.

(Ind+) il
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4.2. Systems with w-Rule

4.2.1 The Language L,
As already pointed out, the set of the true formulas of the language
L, is not recursively enumerable: true formulas of the form
—3xM (< ¥x—-M) with M containing at most bounded quantifiers
form a complete H(l)-set. The truth definition for the implications
JxM D 3IxK appeals to the notion of a uniform general method or
algorithm. This notion was used in (Markov 1967a,b) to construct a
system of rules for the language L, containing the w-rule. Informal
justification of such an approach using (what Markov called) intuition
of generality is given in (Markov 1972,87, 1976, §2).

The rules for the language £,, similar to the rules from (Markov
(1967a (1967b) (1976)) are the intuitionistic rules for D, &, VvV adapted
to avoid nested implications and the w-rule:

F FO>G F>G GOH G
RU=—— ® =% ®pg

FOGFDOH FOH GOH K L
®YFSeenr ® Feon M%xer

K& L K& L L An>G..n=0,1,...
(R7) K (RS) L (R9) IxIDG

Here F, G, H are £;-formulas, i.e., formulas of the language £, K, L
are Lo-formulas, Jx/ is a closed L£;-formula. Let’s recall that the
derivations according to these rules can use (as axioms) arbitrary true
Li-formulas. It is obvious that the rules R1-R9 are sound (or
semantically acceptable in Markov’s terminology): from true for-
mulas one can derive only true formulas.

4.2.2. Languages L3—L,,

Formulas of the arithmetical language £3, which will have the same
expressive power as the language L3 in (Markov 1967a, b, 1976) are
implications J D K of L,-formulas and arbitrary conjunctions of £;-
formulas. In other words, single nesting of implication is allowed.
The truth of an implication J - K is defined as derivability J - K by
the rules R1-R9 using arbitrary true £,-formulas. It turns out that
the language L3 (as well as the wider languages £,, £, introduced
below) is equivalent to £, and it is sufficient to have at most one w-
rule in every branch of the derivation. Justification of that statement
is combined in (Markov 1967a, b) with the admissibility proof for
Markov’s rule. The proof is based on the following observation
which is implicit in Markov’s constructions.
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Every propositional combination of £;-formulas can be trans-
formed into a classically equivalent £,-formula, i.e., into a conjunc-
tion of implications of Li-formulas. Markov defines such a
transformation R. The main non-intuitionistic steps of R are

R(IDF)DG)=(IVG)&(FDQG)
and
R(IDF)D(HDG))=(HDIVG)&F&H D G).

Remaining steps like R(F D (G D H)) = F&G D H are defined in a
natural way.

Theorem 4.2 A formula K € L5 is true iff the formula R(K) is true.
This proposition is stated in (Markov 1967a, b) only for the case
when a justification of the truth of K O L uses only a bounded
number of w-rules in every branch, but it is obviously true (together
with its proof) without this restriction. The proof is done by induc-
tion on the derivation with w-rule. The detailed proof by cases was
never published, but none of these cases presents any difficulty.
Theorem 2 amounts to completeness of the rule R(K) I K for the
language £3. An important instance

R(ExM > L) > L) = ((IxMV L) & (LD L))« IxM

justifies Markov’s principle.

The language £,,1, n+ 1 > 3 where n times nested implications
are allowed is defined in a natural way. The truth of £, ;-implication
is defined as derivability by the rules R1-R9 plus the rules:

D R(D)
(R10) R(D) (R11) D
Then a union is formed: £, = J,.( £s, and L,, is reduced to £, by
the transformation R. Hence the truth of an £,-formula in stepwise
semantics is the same as the truth of its translation into £,, and so it
coincides with usual arithmetic truth. In particular, familiar classical
propositional logic is valid in £;.

4.3. The Language L.

The last step made in (Markov 1967a, b) is adding initial universal
quantifiers to L,-formulas. These quantifiers are understood in a
natural way: VxK means that there exists a uniform general method
allowing the truth of every formula Kn| to be established. The lan-
guage L. having the same expressive power as the language L,
from (Markov 1976) contains £, and allows unrestricted use of ¥V and
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&. The rules R1 (modus ponens), R6-R8 (introduction and elimina-
tion of &) in Section 5, which are denoted below by IT(w + 1)1 — 4 as
well as the rules

Vx(FD B)

VxG ...G[n]...
IT 1)6 — II )7 ———
XFSB (w+1)6 (0+1)7

G[n] VxG
are sound for £, ;. It is easy to see that this system of rules denoted
below by IT(w + 1) is also complete for deriving true £, ;-formulas
from the true L£,-formulas, and it is possible to have a finite bound
for the number of w-rules in any branch: the bound is the maximum
nesting of universal quantifiers. Indeed, a true conjunction is ob-
tained by the rule RS, a true V-formula is obtained by the w-rule, and
in this way every true £, -formula is reduced to true £,-formulas
which are initial (axioms). Since this reduction preserves equivalence
in a traditional sense, stepwise semantics coincides with traditional
truth for £, ;-formulas.

M(w+1)5

4.4. Languages L, ,,n > 2

The language L, corresponds exactly to the level IT) of the arith-
metical hierarchy. The next step increases the complexity by 1. Its
iteration leads to formulas with arbitrary nesting of implications and
universal quantifiers, so that all almost negative formulas are obtained.

The formulas of the language £,,.,.1, n > 0 are constructed from
L, n-formulas by one application of implication and by unrestricted
application of &,V to such implications. In fact, Markov used D N to
indicate the level-N implication, but we drop N. Semantics is defined
as before: VxF means availability of a uniform general method
making it possible to establish the truth of every formula Fln]. An
implication 4 O B where 4, B € L,,,, means derivability 4 - B by
the rules IT,,,, described below (using arbitrary true £, ,,-formulas).
The rules I, , for n > 1 include (modulo technical details) the rules
R1-R4, R6-R8 from section 4.2.1 (modus ponens, the transitivity of
implication, adding a redundant premise, introduction of conjunction
into the conclusion of an implication, introduction and elimination of
conjunction) as well as the following rules:

.. ADGn]... v+...H[n]... v+V)CH _ A&ID B (

ADVxG VxH H[n]  ADR(I,B)
where R(I,B) for I € L2, B € L1 1s the result of transform-
ing an implication 4 D (B D C) into a L, ,-formula by moving

exp)
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universal quantifiers and conjunctions forward and replacing
A D (BD D) by A& BD D. In other words, the rule (exp) replaces
exportation 4 & I D B+ A D (I D B) which has a conclusion outside
the language L,.,. In fact, the rules Il,,, were stated for the
implication D (N —1) and are admissible for implications
DM (M < N—1). We do not stress these distinctions. It is easy to
see that the rules I1,, are sound both for n =1 and for n > 1. It is
possible to show that they are complete: every formula of the lan-
guage L, 1n+1,7 > 1 which is true in the traditional sense is also true
in stepwise semantics. We only sketch the argument to clarify the role
of every rule. Let us note that an arbitrary £, ,1-formula is reduced
to implications of L, ,-formulas by analyzing it using the rules of &-
and V-introduction. For example, a formula K&L is true iff both K
and L are true. The completeness proof is concluded by the following
assertion.

LEMMA 4.3. If n > 1 and the formula 4 D B where A,B € L., is
true in the traditional sense, then 4 - B by the rules I1,.,.

Proof. Analysis using the rules of &- and V-elimination makes it
possible to reduce our task (non-constructively) to deriving the
relation below, which is true in the traditional sense:

EDFFGDH, (6)

where E, F,G,H € L,,,_1. One can assume that the formula G D H
is false, since otherwise (6) is an axiom. Then E D Fis false too, and
hence F is true and F'is false. For example, if a formula 4 = VxD is
false, then for some n the formula D[n] is false and 4 F Di[n] by V-
elimination. The formula F > H € L, is true and for n > 2 the
required derivation is as follows:

BEE FOH
_H
GDH
For n = 1 the true formula (E D F) D (G D H) isin L, and hence (6)
is obtained by the rule IT(w + 1)1 (modus ponens ), which concludes
the argument.

A more constructive proof for the equivalence of stepwise and
traditional semantics would use natural deduction calculus with w-
rule as an equivalent of traditional semantics, and induction on the
normal (cut-free) proofs in this calculus (cf. Dragalin 1980; Mints
1983). Note that the rule IT(w + 1)9 is not used in our proof, and as
noted by Gimon (1973), Markov showed that this rule can be omitted.
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4.5. Languages L, Loyl

The language L), from (Markov (1976)) is the union of all
Lyin,n >0, and under the traditional interpretation it coincides
with the language of classical arithmetic. In particular, for every
formula 4 € L,,, the formula ——A4 D A is true in stepwise
semantics. Hence the classical propositional calculus is sound both
for Ly, and for the language L>, =J,Lo+n. The arithmetical
language L, corresponding to the language Ly, from (Markov
(1976)) is simply the language of first order arithmetic. All logical
connectives &,V,D,V,3 can be applied here without restrictions.
This language is reduced to the language £,, (and hence to one of
Lyin,n > 0) by “elucidation of the constructive problem”. Arbi-
trary sentences A are transformed by an algorithm SH (Section 1)
into a formula IxA4’(x) where A'(x) € L,, and then the truth of A
is defined as the existence of a natural number # such that 4'(n) is
true.
This concludes our description of Markov’s stepwise semantics.

4.6. Further Work

In his papers published in Doklady Akad. Nauk SSSR 214, 1974
(English translation in Soviet Mathematics, Doklady 15, 1974),
Markov presented a new version of stepwise semantics equivalent to
one in (Markov 1976).

The work of Markov on stepwise semantics was continued by his
students. They studied extensions of the language of arithmetic
contained in the language of ramified analysis, where the language of
a rank r allows quantifiers over sets definable by formulas of lower
rank. Semantics which were obtained in this way turned out to be
equivalent to the traditional semantics.

Dragalin (1972) proved that the levels of stepwise semantics form
a strict hierarchy. Kanovich (1975) extended stepwise semantics to
languages with quantifiers over arithmetical sets. Burgina (1984)
sketched an extension of stepwise semantics to ramified analysis of all
finite ranks. The truth of the formula VxA with a variable x of rank r
is defined as the truth of all substitution instances A[x/qxB] where
qxB is a closed abstract of a rank <r. M. Dombrowskii-
Kabanchenko (1979) extends stepwise semantics to all constructive
levels: he constructs languages L, for all x € O, so that every
hyperarithmetical set is representable in one L,.
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NOTE

'The Russian version of this section was written as a comment to several papers,
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MICHAEL RATHIJEN

THEORIES AND ORDINALS IN PROOF THEORY

ABSTRACT. How do ordinals measure the strength and computational power of
formal theories? This paper is concerned with the connection between ordinal rep-
resentation systems and theories established in ordinal analyses. It focusses on results
which explain the nature of this connection in terms of semantical and computa-
tional notions from model theory, set theory, and generalized recursion theory.

1. INTRODUCTION

A central theme running through proof theory is the classification of
theories by means of ordinals. This is manifest in the assignment of
‘proof theoretic ordinals’ to theories, gauging their ‘consistency
strength’ and ‘computational power’. To put it roughly, such ordinal
analyses attach ordinals in a given representation system to formal
theories.

The present paper gathers together results which explain the nat-
ure of the connection between ordinal representation systems and
theories established in ordinal analyses by a more semantical ap-
proach in that it characterizes these ordinals in terms of familiar
notions from model theory, set theory, and generalized recursion
theory.

2. MEASURES IN PROOF THEORY

2.1. Gentzen’s Result

Gentzen showed that transfinite induction up to the ordinal
g = sup{w,0”, o”,...} = least a. 0* =«

suffices to prove the consistency of Peano Arithmetic (PA). To
appreciate Gentzen’s result it is pivotal to note that he applied
transfinite induction up to &y solely to primitive recursive predicates
and besides that his proof used only finitistically justified means.
Hence, a more precise rendering of Gentzen’s result is

Synthese (2006) 148: 719-743 © Springer 2006
DOIT 10.1007/s11229-004-6297-0
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F + PR-TI(¢g) - Con(PA), (1)

where F signifies a theory that is acceptable in finitism (e.g.,
F = PRA = Primitive Recursive Arithmetic) and PR-TI(gy) stands
for transfinite induction up to g for primitive recursive predicates.
Gentzen also showed that his result is best possible in that PA proves
transfinite induction up to « for arithmetic predicates for any o < &.
The compelling picture conjured up by the above is that the non-
finitist part of PA is encapsulated in PR-TI(gy) and therefore “mea-
sured” by ¢, thereby tempting one to adopt the following definition
of proof-theoretic ordinal of a theory T:

|Tc,, =least a. PRA + PR-TI(a) F Con(T). (2)

The foregoing definition of |7, is, however, inherently vague be-
cause the following issues have not been addressed:

How are ordinals to be represented in PRA?
(2) is definitive only with regard to a prior choice of ordinal
representation system.

o Different ordinal representation systems may provide different
answers to (2).

Notwithstanding that, for ‘natural’ theories T and with regard to a
‘natural’ ordinal representation system, the ordinal |7],, encapsu-
lates important information about the proof strength of 7.

The next section will introduce a notion of proof-theoretic ordinal,
| Tl5up» Which does not hinge on the choice of a particular ordinal
representation system.

3. THE GENERAL FORM OF AN ORDINAL ANALYSIS

In this section I attempt to say something general about all ordinal
analyses that have been carried out thus far. One has to bear in mind
that these concern ‘natural’ theories. Also, to circumvent countless
and rather boring counter examples, I will only address theories that
have at least the strength of PRA.

3.1. Theories

Ordinal analysis is concerned with theories serving as frameworks for
formalizing parts of mathematics. It is known that virtually all of
ordinary mathematics can be formalized in Zermelo—Fraenkel set
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theory with the axiom of choice (ZFC). Hilbert and Bernays (1938)
showed that large chunks of mathematics can already be formalized
in second order arithmetic. Owing to these observations, proof theory
has been focusing on set theories and subsystems of second order
arithmetic.

3.1.1. Subsystems of Second-order Arithmetic

The language £, of second-order arithmetic contains (free and
bound) number variables a,b,c,...,x,y,z,..., (free and bound) set
variables 4,B,C,..., X, Y, Z, ..., the constant 0, function symbols
Suc ,+, -, and relation symbols =, <, €. Suc stands for the successor
function.

Terms are built up as usual. For n€N, let 77 be the canonical term
denoting n. Formulae are built from the prime formulae s = ¢, s < t,
and s € 4 using A,V, -, Vx, 3x, VX and 3X where s, ¢ are terms.

Note that equality in £, is only a relation on numbers. However,
equality of sets will be considered a defined notion, namely

A = B iff Vx[xeAd < x€B].

As usual, number quantifiers are called bounded if they occur in the
context Vx(x <s—...) or Ix(x <sA...) for a term s which does
not contain x. The Aj-formulae are those formulae in which all
quantifiers are bounded number quantifiers, X)-formulae are for-
mulae of the form Ix;Vx, ... OxiF, where F is Ag, H,e—formulae are
those of the form Vx;3dx,...Q0x;F. The union of all Hg- and 22-
formulae for all k € N is the class of arithmetical or TI°_ -formulae.
The Z,lc-formulae (H,lc-formulae) are the formulae 3X\VX, ... QX F
(resp. VX 13X, ... OxF) for arithmetical F.

The basic axioms in all theories of second-order arithmetic are the
defining axioms of 0,1, +, -, < and the induction axiom

VX0 e XAVx(xe X = x+1€X)—Vx(xeX)),
respectively the schema of induction

IND F(0) ANVX(F(x) = F(x+ 1)) — VxF(x),
where F is an arbitrary £,-formula.

We consider the axiom schema of C-comprehension for formula
classes C which is given by

C—-CA AXVu(u € X — F(u))

for all formulae F € C in which X does not occur.
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For each axiom schema Ax we denote by (Ax) the theory con-
sisting of the basic arithmetical axioms, the schema Hgo — CA, the
schema of induction and the schema Ax. If we replace the schema of
induction by the induction axiom, we denote the resulting theory by
(Ax)].

An example for these notations is the theory (IT; — CA) which
contains the induction schema, whereas (I} — CA)| only contains
the induction axiom in addition to the comprehension schema for IT}-
formulae.

In the framework of these theories one can introduce defined
symbols for all primitive recursive functions. Especially, let
(,); Nx N — N be a primitive recursive and bijective pairing func-
tion.

The xth section of U is defined by U, := {y: (x,y)€U}. Observe
that a set U is uniquely determined by its sections on account of (,)’s
bijectivity.

Any set R gives rise to a binary relation < defined by
y <r x:= (y,X)ER.

Using the latter coding, we can formulate the axiom of choice for
formulae F in C by

C—-AC Vx3YF(x,Y) — JYVxF(x, Yy).
A special form of comprehension is A},-comprehension, that is
Al —CA  vu [p(u) — I(u)] — IXVu(ueX < ¢(u))

for all TT!-formulae ¢ and X}-formulae ¥.
Bar induction is the schema

Bl  VX[WF(=<x) A Vu(Vv <y ug(v) — ¢(u)) — Vup(u)]

for all formulae ¢, where WF(<y) expresses that <y is well-founded
(see Definition 3.4).

3.1.2. Subsystems of Set Theory

The axiom systems for set theory considered in this paper are for-
mulated in the usual language of set theory (called L. hereafter)
containing € as the only non-logical symbol besides =. Formulae are
built from prime formulae a € » and a = b by use of propositional
connectives and quantifiers Vx,dx. Bounded quantifiers Vx € q,
dx € a are defined as usual. Ag-formulae are the formulae wherein all
quantifiers are bounded; Z;-formulae are those of the form Jx¢(x)
where ¢(a) is a Ap-formula. For n > 0, Il,-formulae (X,-formulae)
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are the formulae with a prefix of n alternating unbounded quantifiers
starting with a universal (existential) one followed by a Aj-formula.
The class of X-formulae is the smallest class of formulae containing
the Ag-formulae which is closed under A, V, bounded quantification
and unbounded existential quantification.

One of the set theories which is amenable to ordinal analysis is
Kripke—Platek set theory (KP). Its standard models are called
admissible sets. One of the reasons that this is a truly remarkable
theory is that a great deal of set theory requires only the axioms of
KP. An even more important reason is that admissible sets have been
a major source of interaction between model theory, recursion theory
and set theory (cf. Barwise 1975). KP arises from ZF by completely
omitting the power set axiom and restricting separation and collec-
tion to absolute predicates (cf. Barwise 1975), i.e., Ay formulas. These
alterations are suggested by the informal notion of ‘predicative’.

DEFINITION 3.1. The axioms of KP are:

Extensionality: Vx(x€a « xeb) — a=Db.
Foundation:  Vx[(Vyex)G(y) — G(x)] — VxG(x)
for all formulae G.

Pair: Ix(x={a,b}).
Union: Ix (x= Ua).
Infinity: Ix [x#0 A (Vyex)(3zex)(yez)].!

AoSeparation:  Ix (x={y€a: F(y)})2
for all Ag-formulas F
in which xdoes not occur free.
AoCollection:  (Vxea)3yG(x,y) — 3z(Vxea)(3yez)G(x,p)
for all Ap-formulas G

in which z does not occur free.

L,, the ath level of Godel’s constructible hierarchy L, is defined by
Ly=0, Lg;y = {X: X C Lg; X definable over (Lg, e)} and L; =
\U{Lp : p < A} for limits 4. So any element of L of level o is definable
from elements of L with levels < « and L,.

A transitive set 4 such that (4, €) is a model of KP is called an
admissible set. An ordinal o is admissible if the structure (L,, €) is a
model of KP.
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Some systems of set theories will be used later for illustrative
purposes. KPi is an extension of KP via the axiom

(Lim) Vx3y[xey Ay is an admissible set].

KPI denotes the system KPi without Ay Collection. KPI" and KPi"
arise from KPl and KPi, respectively, by restricting the scheme of
Foundation to Ag-formulae G.

KPi" is obtained from KPi" by adding the schema

IND, Vxew(VyexF(y)— F(x)) — Vx € oF(x)

of induction on w for all formulae F.

The foregoing set theories are closely related to well-studied sub-
systems of second-order arithmetic. KPI", KPI, KPi", and KPi prove
the same sentences of second-order arithmetic as (I} — CA),
(IT! — CA) + BI, (A} — CA), and (A} — CA) + BI, respectively.

3.2. Proof-Theoretical Reductions

Ordinal analyses of theories allow one to compare the strength of
theories. This subsection defines the notions of proof-theoretic
reducibility and proof-theoretic strength that will be used henceforth.

All theories T considered in the following are assumed to contain a
modicum of arithmetic. For definiteness let this mean that the system
PRA of Primitive Recursive Arithmetic is contained in 7, either di-
rectly or by translation.

DEFINITION 3.2. Let T}, T> be a pair of theories with languages
L and L,, respectively, and let @ be a (primitive recursive) collection
of formulae common to both languages. Furthermore, ® should
contain the closed equations of the language of PRA.

We then say that T is proof-theoretically ®-reducible to T>, written
T, <¢ T>, if there exists a primitive recursive function f such that

PRA - V¢ € ®Vx[Proofs, (x,¢) — Proofr, (f(x),¢)].
(3)

T, and T, are said to be proof-theoretically ®-equivalent, written
T1 =0 Tz, if T] Sq) T2 and T2 Sq) T1.

The appropriate class @ is revealed in the process of reduction
itself, so that in the statement of theorems we simply say that 7 is
proof-theoretically reducible to T, (written T; < T») and T} and T,
are proof-theoretically equivalent (written T = T3), respectively.
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Alternatively, we shall say that 77 and T> have the same proof-the-
oretic strength when T| = T>.

REMARK 3.3. Feferman’s notion of proof-theoretic reducibility in
(Feferman 1988) is more relaxed in that he allows the reduction to be
given by a T»-recursive function f, i.e.,

T, V¢ € OVx[Proofr(x,¢) — Proofr(f(x),¢)]. (4)

The disadvantage of (4) is that one forfeits the transitivity of the
relation <. Furthermore, in practice, proof-theoretic reductions al-
ways come with a primitive recursive reduction, so nothing seems to
be lost by using the stronger notion of reducibility.

3.3. |7

sup

Before delineating the general form of an ordinal analysis, we need
several definitions.

DEFINITION 3.4. Let T be a framework for formalizing a certain
part of mathematics. T should be a true theory (i.e., all its theorems
are true) which contains a modicum of arithmetic.

Let 4 be a subset of N ordered by < such that 4 and < are both
definable in the language of 7. If the language of T allows for
quantification over subsets of N, like that of second order arithmetic
or set theory, well-foundedness of (4, <) will be formally expressed by

WF(4, <) :=VX C NVueA (Vv < uveX — ucX) )
— Yue AueX],

where Vv < u... is short for Vv(v < u — ...). If, however, the lan-
guage of T does not provide for quantification over arbitrary subsets
of N, like e.g., that of PA, we shall assume that it contains a new
unary predicate U. U acts like a free set variable, in that no special
properties of it will ever be assumed. We will then resort to the
following formalization of well-foundedness:

WF(4, <) :=YucA(¥Yv < uU(v) — U(u)) — YucAU(u).

(6)
We shall use WF(<) as an abbreviation for WF(N, <). We also set
WO(4, <) :=LO(4, <) A WF(4, <). (7)

If (4, <) is well-founded, we use |<| to signify its set-theoretic order-
type. For a€A, the ordering < [a denotes the restriction of < to
{x€4:x < a}.
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The ordering (4, <) is said to be provably well-ordered in T if
THWO(A,=). (8)

The supremum of the provable well-orderings of 7, |T |Sup, is defined
as follows:

| T\ :=sup {o: o provably recursive in T} 9)

sup *

where an ordinal « is said to be provably recursive in T if there is a
recursive well-ordering (4, <) with order-type o such that

TH WO(A,<)

with 4 and < being provably recursive in 7. Note that, by definition,
|T] lsup < ok, where ofX is the supremum of the order-types of all
recursive well-orderings on N. Another characterization of w{¥ is
that it is the least admissible ordinal > w.

AGREEMENT. From now on the proof-theoretic ordinal of a
theory 7T is taken to be |7

sup*

3.4. The Robustness of |T|

sup

This subsection gathers together several results which show that there
is a lot of leeway in defining | 7], Instead of recursive well-orderings
we could have restricted ourselves to primitive recursive or even
elementary recursive well-orderings. On the other hand it is also
possible to go into the other direction by allowing for well-orderings
of greater complexity.

The statements below involve certain well known subsystems of
PA and second order arithmetic. IX; denotes the fragment of PA
obtained by restricting induction to X, formulas. WKL, is a fragment
of second-order arithmetic whose main set existence axiom is a ver-
sion of Konig’s lemma restricted to binary trees. WKL is proof-
theoretically of the same strength as IX;, and thus weaker than PA.

For an exact definition and the role of these theories in the pro-
gram of Reverse Mathematics see Simpson (1999).

PROPOSITION 3.5.

(i) Suppose that for every elementary well-ordering (4, <), when-
ever TH WO(A4, <), then

THYulA(u) ANYv < uP(v) — P(u)] — Yu[A(u) — P(u)]
holds for all provably recursive predicates P of 7. Then
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| T\, =sup {o: o is provably elementary in T} (10)

sup
=sup {cc . o is provably Z? in T}.
Moreover, if TH WO(A, <) and A, < are provably recursive in
T, then one can find an elementary well-ordering (B, <) and a
recursive function f such that T+ WO(B, <), f is provably
recursive in 7, and T proves that f supplies an order isomor-
phism between (B, <) and (4, <).
Examples for (i) are the theories 1X;, WKL( and PA.

(ii) If T contains (IT1%, — CA)][, then

| T]5yp =sup {a: o is provably arithmetic in T}. — (11)
(iii) If T contains (21 AC)], then

| T5yp =sup {o: o is provably analytic in T}, (12)
where a relation on N is called analytic if it is lightface Zl

Proof. (Rathjen 1999), Proposition 2.19. O

A theory is said to be ITj-faithful if all of its theorems of com-
plexity H} are true.

THEOREM 3.6. Let T be a X| axiomatizable theory.

(i) If 7 is T}-faithful, then |T],,, < o
(i) If (%, — CA) C T and | Tlgyp < wl , then T is IT}-faithful.
(iii) There are consistent primitive recursive theorles T such that

|T’sup - cOICK‘

Proof. See Rathjen (1999), Theorem 2.4. O

As Kreisel observed, another feature of [7]g,, is that this ordinal
does not change when one augments 7" by true El statements.

PROPOSITION 3.7. Let T be a primitive recursive, IT}-faithful
theory of second order arithmetic such that PA C T. Let < be a
primitive recursive well-ordering such that |7, = |<| and

PA + TI(<) F Proofr("F') — F (13)

holds for all arithmetic formulae F which may contain free second
order set variables but no free number variables. Then, for any true
Zi statement B,

Tl = |T+ B

sup sup*

Proof. See Rathjen (1999), Proposition 2.6.
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REMARK 3.8. In all the examples I know, if T is a subsystem of
classical second order arithmetic for which an ordinal analysis has been
carried out via an ordinal representation system (4, <), (13) is satisfied.

4. MODEL-THEORETIC CHARACTERIZATIONS

This first part of this section shows that |7]y,, can be couched in
terms of partial models in the constructible hierarchy. The second
part presents Carlson’s approach of obtaining ordinal representations
from finite structures.

4.1. Partial Models

Recall that L,, the ath level of Goédel’s constructible hierarchy L, is
defined by Lo =0, Lg:1 = {X: X C Lp; X definable over (Lg,€)}
and L, = |J{Lp : p < 4} for limits 1. So any element of L of level o is
definable from elements of L with levels < o and L,.

DEFINITION 4.1. For a collection of sentences (in the language of
set theory), F, we say that L, is an F-model of T if for all B € F,
whenever T+ B, then L, = B. Let

|T| 7 := L,is an F-model ofT}.

Suppose an ordinal ¢ is definable by a formula D(x) in 7, that is
TH3IED(E) and D(S) is true. Let T+ BY stand for
T+ 3IE[D(E) A BL). L, is said to be an F(L;) model of T if whenever
T+ B% holds for B € F, then L, |= B. For interesting ordinals  and
theories 7 it is often fruitful to consider the following ordinal:

T £(1,) :=min{o: L, is an F(Ls)-model of T}.

DEFINITION 4.2. Let F be a collection of sentences. A set theory T
is said to be F-sound with respect to L if for every F theorem ¢ of T,
L |= ¢ holds.? For the sake of brevity, in what follows I shall use the
shorthand “F-sound” rather than “J-sound with respect to L”.

The system PRST (for Primitive Recursive Set Theory)is formulated
in the language of set theory augmented by symbols for all primitive
recursive set functions in the sense of Jensen and Karp (Jensen and
Karp 1971). The axioms of PRST are Extensionality, Pair, Union,
Infinity, Ag-Separation, the Foundation Axiom (i.e., x # () — (Jye€x)
(Vzey)zéx) and the defining equations for the primitive recursive set
functions (see (Rathjen 1992) for a precise definition).
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In the following we shall assume that all set theories contain PRST
either directly or via interpretation.

The next theorem gives a characterization of the proof-theoretic
ordinal of 7 in terms of |T], for two classes of formulae. It requires,
however, that T proves the existence of w{X. Recall that w{X stands
for the least admissible ordinal > w. There is a canonical I15-sentence
0 of set theory such that for every o > 0, L, | 0iff L, is an admissible
set (cf. Richter and Aczel 1973). We will say that T proves the exis-
tence of oSX if T+ Ju > wd™.

THEOREM 4.3. If T'is I1,-sound and T proves the existence of w{X,
then

Tlwp = 1Tz 2069 = Tz (x))-

Proof.  The equality [T, = |7] |21(L(w1c’<)> follows from (Rathjen
1991), Theorem 7.14.
]T\Z](L(w]cx)) = ‘T|n2(L(w]C'<)) is an immediate consequence of the
proof of (Rathjen (1992), Theorem 2.1. O
An ordinal analysis of T also allows one to determine the ordinals
||y, and |T]p,. This will be addressed in more detail in the last

section. In point of fact, these ordinals are the same if T satisfies some
mild requirements.

PROPOSITION 4.4, Suppose T is Il, sound and contains Aj-col-
lection. Furthermore, suppose that T+B implies 7+ Jadx (x=
L, N BY) for all ¥;-sentences B. If T has a X;-model then 7 has a I1,-
model and

Proof. (Rathjen (1992). Theorem 2.1. O

There are theories where |T]y and |7, coincide. A prominent
example is KP. The ordinal y(eq+1) is known as the Bach-
mann—Howard ordinal.

THEOREM 4.5. [KP|y,, = [KP[g, = [KP|y, = Yq(ea+1).
Proof. See (Jager 1982) and (Rathjen 1992). O

4.2. Patterns of Resemblance

An intriguing new way of defining ordinal representation systems has
been pursued by Carlson (cf. Carlson 1999, 2001). In this approach
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the class of ordinals gets furnished with a relation of 3, elementary
substructurehood and the ordinal representations correspond to finite
substructures of this class structure.

DEFINITION 4.6. Suppose A = (ORD,...,<) is a (class) struc-
ture whose universe is the class of ordinals ORD, with the ordering <
of ordinals. A finite substructure & of 2 is said to be isominimal if
there is no finite substructure & of A such that

F=%
¥+
* F <&

where <, denotes the pointwise partial ordering of finite sets of
ordinals, i.e., & <, & iff both structures have the same number of
elements and if «,...,%,_; enumerates the elements of & in
increasing order and f,...,f,_; enumerates the elements of & in
increasing order then o; < f5; for i < n.

Since the definition of X; formula in the usual set-theoretic sense
allows arbitrary bounded quantifiers inside the initial existential
quantifiers, we specify that a 3; formula is a quantifier-free formula
prefixed by a string of existential quantifications.

The core of A is the union of the isominimal substructures of 2I.

Carlson (1999) introduces a structure Ry whose core turns out to
be the ubiquitous ordinal .

DEFINITION 4.7. <Y is the partial ordering on the class of ordinals
defined by induction so that

o <V Biff (2,0,<,=Y) is a 3;-elementary
substructure of (B,0, <, <?).

To be more precise, by induction on f§ we define the set of  such that
« <9 B (note that we have taken some liberty in writing (o, <, <9)
where we should have restricted the relations to «).

THEOREM 4.8. (Carlson 1999). The core of Ry is the ordinal &.

Augmenting the ordinals by the function of addition, Carlson
(2001) introduces a richer structure R| whose core turns out to be the
proof-theoretic ordinal of (I} — CA)[ .

DEFINITION 4.9. =<l is the partial ordering on the class of ordinals
defined by induction so that



THEORIES AND ORDINALS IN PROOF THEORY 731

o <} Biff (2,0, +, <, <) is a Jj-elementary
substructure of (8,0, +, <, <9).

It should be pointed out that contrary to standard practice, one al-
lows structures to interpret + as a partial operation on the universe,
e.g., if B,y < a but f+ y > « then + is not defined for the arguments
B,7 in the structure (o, 0, +, <, <}).

THEOREM 4.10 (Carlson 2001). The core of Ry is ¥ €, (in the
notation of Buchholz 1986), the proof-theoretic ordinal of
(T} — CA)..

To give an idea of how the core of R; gives rise to a recursive
ordinal representation system we need some notions. A substructure
B of R is closed if 0 € B and whenever w* + -- - + w* 1s in B with
o > -+ >dy then 0*,..., 0" €B and o™ +---+w% € B for
i=1,...,m. Notice that every finite set of ordinals is contained in a
finite set of ordinals which is closed.

It can be shown that for a fixed finite closed substructure § of R,
there is a unique isominimal substructure §* of R; which is iso-
morphic to §. Moreover, §" is closed. This provides a system of
ordinal representations for the ordinals which occur in the core of Ry:
if o appears as the nth element of some closed isominimal substruc-
ture §* of R; we can use the pair (z,7) as a notation for o where 7 is
the isomorphism type of &*. These notations allow one to show that
the core of R; is isomorphic to a recursive structure.

REMARK 4.11. At first glance, the difference between the struc-
tures Ry and R seems only tiny as the operation of addition on
ordinals appears to be innocent enough. A similar effect, though, has
also been unearthed in a paper by Schiitte and Simpson (Schiitte and
Simpson 1985) wherein they showed that omitting the operation +
from the ordinal representation system for the proof-theoretic ordinal
of (H% — CA) has a dramatic effect in that the order-type drops to &.

REMARK 4.12. Carlson has also considered richer structures than
R1 whose cores are conjectured to provide ordinal representations for
very strong subsystems of second order arithmetic.

5. CHARACTERIZATIONS VIA E-RECURSION

A particularly interesting measure that can be assigned to a set
theory T is |T|". Here the superscript E signifies E-recursion, also
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termed set recursion. E-recursion theory extends the notion of com-
putation from the natural numbers to arbitrary sets. For details see
Sacks (1990).

DEFINITION 5.1. The intent is to assign meaning to {e}(x) for
every set x via an appropriate notion of computation. The definition
of {e}(x) is in terms of schemes introduced by Normann (1978), and
subsequently and independently by Moschovakis (1976). The first
three schemes are projection, difference and pairing. The fifth is
composition, and the sixth is enumeration. Bounding with union, the
fourth scheme, is the sole source of infinitely long computations. To
be precise, E-recursion is defined by the following schemes:

L €= (1,n,i),
e (xr, X)) = X5
2 €= <27n717]>7

C{ed(x, o x) = X\
3 €= (3,n,1,j),
C{ed(xr, o xn) = {xg, )
e= (4,n,c),
{e}(x1y. .y xn) =2 U{{ct (O, x2, .oy x0) + yEXT}
The left side is not defined unless{c}(y, x2, ..., xy)
is defined for all y € x;.

5 e=(5nmeé e,...,e,),
{e}(x1, . xn) = {T{er}(x1y ooy xu)s ooy {em (X1, .oy x0)).
6. e = (6,n,m),

{e}(elaxl)‘"anayla"'aym) =~ {el}(xlu"' 7xn)‘

~ is Kleene’s symbol for strong equality. If g and f are partial
functions, then f{x) ~ g(x) iff neither f{x) nor g(x) is defined, or f{x)
and g(x) are defined and equal.

To some, enumeration is a theorem, not a scheme. Casting it as a
scheme makes it possible to omit the least number operator and
primitive recursion, two schemes well abandoned when there is no
underlying effective wellordering of the sets.

DEFINITION 5.2. A partial function from V, the class of all sets,
into V' is partial E-recursive if it belongs to the least class of partial
functions closed under the Normann schemes. The graph of such a
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function is X£; (in the language of set theory), the converse, however,
does not hold. An example is O(x), Godel’s order of constructibility
function

O(x) ~py[xeLyn\L,).

O(x) is | but not partial E-recursive. If x€L then O(x) is found by
an unbounded search devoid of effective content.

A theorem of van de Wiele (1982) explains the gap between X;
definability and partial E-recursiveness.

DEFINITION 5.3. Let f: VV— V be a total function. F is uniformly
X, definable on every admissible set if there is a £; formula ¢(x,y)
(which contains at most the free variables exhibited) such that for
every admissible set A4:

—(VxeAd)f(x)eA,
—f14={(a,b) : {4,€) F ¢(a,b)}.

THEOREM 5.4 (van de Wiele 1982). For every total function
f+ V — V the following are equivalent:

(1) fis E-recursive.
(i1) fis uniformly X; definable on every admissible set.

DEFINITION 5.5. The next notions are due to A. Schliiter (1993).

|T|§] :=min{o: foralle € w, T+ {e}(w) | implies
{e}(@) € L}
|T] |ﬁ2 denotes the ordinal
min{o¢ > w: for all e € w, TH Vx{e}(x) | implies
VxeL,{e}(x) € L,}.

For the remainder of this subsection it is assumed that all set theories
contain PRST.

THEOREM 5.6 (Schliiter 1993). If T'is a I1, sound theory, then
|15, =716, (15)

Proof. (15) is stated and proved in Schliiter (1993, 6.14). O
THEOREM 5.7 (Schliiter 1993). If T is Il,-sound, then
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E E
Tl = 1TTy, = [T,

sup

Proof. A detailed proof of ]T\g = |T|,,, can be found in Schliter

sup
(1993), Satz 6.15. [

In point of fact, the proof of Theorem 5.6 also yields the following
result.

THEOREM 5.8. If T is a I, sound theory, then
]T|sup ={a: Jecofa={e}(w) N TF {e}(w) |]}.

6. THE X; SPECTRUM OF A THEORY

The extraction of classifications of provable functions from ordinal
analyses is not confined to recursive functions on natural numbers. In
the case of fragments of second order arithmetic, one may also
classify the provable hyperarithmetical as well as the provable Aé
functions on N. Such results can be obtained by interpreting the
ordinals of the representation system used in the pertaining ordinal
analysis as large admissible ordinals (see Section 7). In the case of set
theories one may classify several kinds of provable set functions and
ordinals.

In the following we will be concerned with norms that can be
assigned to set theories. In general, they can also be extracted from an
ordinal analysis of a set theory 7. Among other results, they lead to a
classification of the provable set functions of 7.

DEFINITION 6.1. Another notion that is closely related to the
norm |Tly, is the notion of good X|-definition from admissible set
theory (see Barwise 1975, 11.5.13). Given a set theory T, we say that
an ordinal o has a good Z-definition in T if there is a £;-formula ¢ (u)
such that

L E ¢lojand T+ J1Ep(E).
Let

specy, (T) := {a: o has a good X; definition in T}.
If T'is Z; sound one obviously has sup(specy, (7)) = |T|y,. In many
cases the set specy (T) bears interesting connections to the ordinals

of the representation system that has been used to analyze 7. Ordinal
representation systems that have been developed via a detour through
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large cardinals allow for an alternative interpretation wherein the
large cardinals are replaced by their recursively large counterparts.
The latter interpretation gives rise to a canonical interpretation of the
ordinal terms of the representation system in specy, (7). In general,
however, the ordinals of specy (7) stemming from the ordinal rep-
resentation form a proper subset of specy (7) with many ‘holes’ as
will be shown in the last section. It would be very desirable to find a
‘natural’ property which could distinguish the ordinals of the repre-
sentation system within specy (7)) so as to illuminate their natural-
ness. I consider this to be one of the most important problems in the
area of strong ordinal representation systems. A more thorough
discussion will follow in Section 7.

We will show that under very weak assumptions on 7 that the
spectrum of 7'is an initial segment of the ordinals. Let T be a theory
such that T+ ¢ implies L | ¢ for all £;- and IT;-sentences ¢. We
shall require that 7 contains a modicum of primitive recursive set
theory in the sense that T contains the theory PRST of Definition 4.2.
In particular, we assume that the function 5+ L, is provable in T.
Moreover, we shall assume that T F Va3l > a[A is a limit]. Then the
following holds.

THEOREM 6.2 (Méllerfeld and Rathjen 2002). specy (7) is an
ordinal, that is an initial segment of the ordinals.

Proof. The proof makes use of the notion of stable ordinal. For an
introduction to stable ordinals the reader is referred to Barwise’s
textbook (1975). An ordinal #n is f-stable if n < ff and L, is a Xi-
elementary substructure of Lg.

Set o7 := sup(specsy, (7)). For each n € specy (T) we pick a X;-
formula ¢, such that

TH3E,(E) and L E . (16)

We shall proof, by induction on « < o7, that o € specy, (7).
For this assume o« C specy (7).
For each limit ordinal 4 € specy (T) with 4 > max(w, «), define
A; :={a € L, | there is a X;-definition of ¢ in L;
using parameters < o.}

Let p, be the least ordinal not in A4;. By the proof of Theorem 7.8. in
chap. V of Barwise (1975), we get



736 MICHAEL RATHJEN

A, =1L, and p; is the least i-stable ordinal > a. (17)

In actuality, this proof assumes that 4 is admissible. However,
ruminating on the proof, it turns out that all which is required is that
the predicate x € L; (of x and §) and the constructible ordering <
are absolute for L;. Therefore it suffices to assume that A is a limit
> o (for more details see Devlin (1984), 11, Theorem 5.2).

Note that o < p; < 4.

Case 1: o< p, for some /¢ specy (T), where A is a limit
> max(w, o).

Then o has a X;-definition in L; using parameters f;,...,f5, < a.
Let Y(x, py,...,p,) be the defining formula. Put

0(x) = [LiEANEW(E By ) AXELLN
L)‘ ):lp('x7ﬁl7"'7ﬁn):| \ [Li ):_E”&p(éaﬁlr“aﬁn) /\x:;L]'

0 is a X;-formula with parameters 4, f;,...,f, all of which are in
specy, (T). Using the formulae ¢, ¢g ..., Py (see (16)), we can re-
write 0 to an equivalent X;-formula such that 7+ 3!y0(n). Moreover,
L |= O[o]. Therefore « € specy, (7).

Case 2: For all limits 1 € specy (7) with 4 > max(a, ), it holds
o=p;.

By (17), a is A-stable for all such 4. Therefore « is o7-stable, as o7 is
the limit of all these ordinals. However, from T+ 3!&y (&) with Xy,
we get L, F3&Y(E) and hence L, | I&Y(E), which yields
specy, (1) C «, contradicting « < o7. N

A quick glance at the preceding proof reveals that the proof
utilizes that T is a classical theory at every turn. Therefore one
might expect a different behaviour for intuitionistic set theories. Up
till now, however, no intuitionistic set theory int-7" has been found
where specy (int-7') contains holes. On the other hand, for several
intuitionistic theories it has been shown that their spectrum yields a
segment like in the classical case. If T is a classical set theory let
int-T be the theory with the same axioms but based on intuitionistic
logic.

THEOREM 6.3. If T denotes any of the theories KP1, KP1", or KPi",
then

specy, (T) = specy, (int—T).

Proof. This has been shown by my student Nikolaus Thiel. The
results are presented in his Ph.D. thesis (Thiel 2003). O
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Regarding the previous result a caveat should be entered here as it
might hinge on what notion of ordinal one employs. Theorem 6.3
holds if ordinals are defined as transitive sets whose elements are
transitive as well. Classically such ordinals are linearly ordered by €
but intuitionistically this is not provable. Therefore it is conceivable
that Theorem 6.3 does no longer hold when one takes a more re-
stricted notion of ordinals which requires them to be linearly ordered
by €. I consider this a very interesting riddle.

7. RECURSIVELY LARGE ORDINALS AND ORDINAL
REPRESENTATION SYSTEMS

It is probably not widely known that an ordinal analysis of a theory T’
not only characterizes the provably recursive ordinals of T but also
provides information about provable sets of higher complexity. For
instance the first 7-stable ordinal, o7, that is the first ordinal p such
that all X, definable ordinals of 7 are < p can be obtained from an
ordinal analysis of T as well. o7 can also be characterized as the first
ordinal which is closed under all co-functions on ordinals which are
provably total in 7 (cf. Hinman 1978, VIII), or in the case of sub-
systems of second order arithmetic as the supremum of its provable
A, ordinals. To illustrate these more subtle features by means of a
simple example (which nevertheless encapsulates the generic case) the
last section of this paper introduces an ordinal representation system
that has been employed in the ordinal analysis of the subsystem of
second order arithmetic based on A} comprehension and bar induc-
tion or equivalently the set theory KPi.

7.1. Ordinal Functions Based on a Weakly Inaccessible Cardinal

Recall that KPiis a set theory which originates from Kripke—Platek set
theory and in addition has an axiom which says that any set is contained
in an admissible set. Thus the standard models of KPi in L are the
segments L, with k being recursively inaccessible. The ordinal analysis
for KPi (cf. Jager and Pohlers 1982) used an ordinal representation
system built from ordinal functions, so-called collapsing functions,
which have originally been defined with the help of a weakly inacces-
sible cardinal. This subsection expounds on the development of this
particular ordinal representation system with an eye towards the role of
cardinals therein. Traditionally the cardinals 8, have been named €, in
proof theory and this tradition will also be adhered to below. Let
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I := “first weakly inaccessible cardinal” (18)

and let (x—Q,), ; enumerate the infinite cardinals below I in
increasing order. Further let

RUu= {1 U{Qs: E< T (19)
Variables x,  will range over R!.

DEFINITION 7.1. An ordinal representation system for the analy-
sis of KPi can be derived from the following functions and Skolem
hulls of ordinals defined by recursion on o:

closure of pU{0,1}

under :

C'(a, B) = { +, (£ o) (20)
(é'_)Qé)éd
(én'_)lpn(é))é<oc

Y (0) ~min{p <n: C'(a,p)Nm=p A € C(a,p)}

(21)

Note that if p =, (a), then (o) < 7 and [p,n) N Cl(a, p) = 0, thus
the order-type of the ordinals below 7 which belong to the Skolem
hull C'(a, p) is p. In more pictorial terms, p is the o« collapse of .

LEMMA 7.2. If n € C'(a, ), then
V(o) is defined; in particular ¥ («) < 7.
Proof. Note first that for a limit ordinal A,
C'(o,2) = C'(2,9)
E<A

since the right hand side is easily shown to be closed under the clauses
that define C'(a, ). We can pick @ < < & such that = € C'(a, 17).
Now define

o =supC'(a,n) N7 (22)
Npy1 = SUD CI(“; nn) nmn
N =sup,.

n<w

Since the cardinality of C'(«,#) is the same as that of # and therefore
less than =, the regularity of = implies that 5, < n. By repetition of
this argument one obtains 7, < m, and consequently #* < n. The
definition of #* then ensures
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C'o, ") Nm :UCI(cx, n,) Nn = n* <
Therefore, ¥, (o) < . ]

Let &, be the least ordinal « > I such that w* = «. The next
definition singles out a subset 7 (I) of C'(e1,1,0) which gives rise to an
ordinal representation system, i.e., there is an elementary ordinal
representation system (OR,<, R, y,...), so that

(TA), <, R, p,...) = (OR, <, R ,...). (23)

‘...” is supposed to indicate that more structure carries over to the
ordinal representation system.

DEFINITION 7.3 7(I) is defined inductively as follows:

1.0,1€ 7(I).

2.Ifoy, ..., € T(I) and oy > -+ >, then 0™ + -+ + 0™ € T (1).
3.IfaeT(I),0 <a<Iand a<Q,, then Q, € T(I).

4.1fo,m € T(I), m € C'(a,m) and o € Cl (o, (), then Y (2) € T(I).

The side conditions in 7.3.2, 7.3.3 are easily explained by the desire
to have unique representations in 7 (I). The requirement
o € C(a, (o)) in 7.3.4 also serves the purpose of unique represen-
tations (and more) butis probably a bit harder to explain. The idea here
is that from () one should be able to retrieve the stage (namely o)
where it was generated. This is reflected by « € C!'(a, ().

3

It can be shown that the foregoing definition of 7 (1) is deterministic,
that is to say every ordinal in 7 (I) is generated by the inductive
clauses of 7.3 in exactly one way. As a result, every y € 7 (I) has a
unique representation in terms of symbols for 0,1 and function
symbols for +, (w—€Q,), (o, — (). Thus, by taking some primi-
tive recursive (injective) coding function [---] on finite sequences of
natural numbers, we can code 7 (I) as a set of natural numbers as
follows:

[0, 0] ifo=0
[1,0] fa=1
(o) =< [2,0(01), -, £(oty)] ifo=o"+ -+
[3,£(B)] if o= Qg
[4,£(B), £(n)] if o = . (p),

where the distinction by cases refers to the unique representation
of 7.3. With the aid of ¢, the ordinal representation system of (23) can
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be defined by letting OR be the image of ¢ and setting
<= {((y),€(5)) : 7 < N6,y € T(I)} etc. However, for a proof that
this definition of (OR, <, R, ¥, ...) in point of fact furnishes an ele-
mentary ordinal representation system, we have to refer to the liter-
ature (cf. Buchholz 1986; Buchholz and Schiitte 1988; Rathjen 1994).

7.1.1. Recursively Large Ordinals

The large cardinal hypothesis that I is the first weakly inaccessible
cardinal is outrageously strong when compared with the strength of
KPi. However, it enters the definition procedure of the collapsing
function ¥/, which is then employed in the shape of terms to ‘name’ a
countable set of ordinals. As one succeeds in establishing recursion
relations for the ordering between those terms, the set of terms gives
rise to an ordinal representation system. It has long been suggested
that, instead, one should be able to interpret the collapsing functions
as operating directly on the recursively large counterparts of those
cardinals. To give an example, the ordinal notations used in the
determination of the ordinals |ID,| for theories of n-iterated inductive
definitions (cf. Buchholz et al. 1981) embody collapsing functions
Ya,;- -, Vq,, which are contingent upon the cardinals Ny, ..., ®,. The
conceptual problem here is that the definition procedure of these
functions makes essential use of the set-theoretical universe, whilst
the resulting notation system corresponds to a countable, indeed
recursive ordinal. Feferman wrote (cf. Feferman 1987, p. 436):

It has been suggested that, instead, one should be able to interpret the long hierar-
chies as operating directly on the (Kripke—Platek) admissible number classes t,,
where 11 = w|*. However, no theory of such classes currently available allows one to
‘name’ higher admissibles in the definition of a function and have a given admissible
such as t; closed under it.

For example, taking such an approach in Definition 7.1 would con-
sist in letting

:= first recursively inaccessible ordinal

and setting ®! := {n < I : n admissible, 7 > w}. The difficulties with
this approach arise with the proof of Lemma 7.2. One wants to show
that, for all o, (o) < I, but the arguments of the cardinal setting no
longer work here. To get a similar result for a recursively inaccessible
ordinal k one would have to work solely with k-recursive operations.
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In addition, the functions ¥/ : .1 — m would have to be defined for
admissible ordinals = with @ < © < k. In the cardinal setting this
comes down to a simple cardinality argument. To get a similar result
for an admissible © one would have to work exclusively with z-
recursive operations. How this can be accomplished is far from being
clear as the definition of C'(«, p) for p < m usually refers to higher
admissibles than just n. Notwithstanding that, the admissible ap-
proach is workable as was shown in Rathjen (1993, 1994), Schliiter
(1995). A key idea therein is that the higher admissibles which figure
in the definition of (o) can be mimicked via names within the
structure L, In a m-recursive manner.

The drawback of the admissible approach is that it involves quite
horrendous definition procedures and computations, which when
taken as the first approach tend to be at the limit of human tolerance.

On the other hand, the admissible approach provides a natural
semantics for the terms in the ordinal representation system s.
Recalling the notion of good Xi-definition from Definition 6.1, it
turns out that all the ordinals of 7' (I) N I possess a good Z-definition
in KPi (cf. Rathjen 1994) under the interpretation which takes I to be
the first recursively inaccessible ordinal and lets the functions
operate on admissible ordinals n instead of regular cardinals.

Unlike in the case of KP, 7(I) N1 only forms a proper subset of
specy (KPi) with many ‘holes’* To illuminate the nature of the
ordinals in 7 (I) N1, it would be desirable to find another property
which distinguishes them among the ordinals of specy (KPi).
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NOTES

! This contrasts with (Barwise 1975) where Infinity is not included in KP.

2 x={ye€a:F(y)} stands for the A¢-formula (Vy € x)[y€aAF»)|A (Vy € a)
[F(y) =y €x].

3 This notion is definable in Zermelo—Fraenkel set theory as long as F C II,, for
some n. However, if e.g., F contains all sentences of set theory, then one has to go
beyond Zermelo—Fraenkel set theory.

* The ordinals of 7 (I) N1 are cofinal in specy, (KPi), though. Letting g := Y141,
one has sup(specy, (KPi)) = m.
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