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Abstract

This dissertation concerns the computational interpretation of analysis via proof interpre-
tations, and examines the variants of bar recursion that have been used to interpret the
axiom of choice. It consists of an applied and a theoretical component.

The applied part contains a series of case studies which address the issue of understand-
ing the meaning and behaviour of bar recursive programs extracted from proofs in analysis.
Taking as a starting point recent work of Escard6é and Oliva on the product of selection
functions, solutions to Godel’s functional interpretation of several well known theorems
of mathematics are given, and the semantics of the extracted programs described. In
particular, new game-theoretic computational interpretations are found for weak Konig’s
lemma for ¥9-trees and for the minimal-bad-sequence argument.

On the theoretical side several new definability results which relate various modes of
bar recursion are established. First, a hierarchy of fragments of system T based on finite
bar recursion are defined, and it is shown that these fragments are in one-to-one correspon-
dence with the usual fragments based on primitive recursion. Secondly, it is shown that
the so called ‘special’ variant of Spector’s bar recursion actually defines the general one.
Finally, it is proved that modified bar recursion (in the form of the implicitly controlled
product of selection functions), open recursion, update recursion and the Berardi-Bezem-
Coquand realizer for countable choice are all primitive recursively equivalent in the model

of continuous functionals.
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Preface

The last century has seen a sweeping change in the central goals of metamathematics.
Starting with Hilbert’s metamathematical program of the 1930s, which was broadly con-
cerned with providing a finitary justification for modern mathematical methods, logic and
proof theory have experienced a gradual shift of emphasis away from foundational prob-
lems and towards applications in mainstream mathematics and computer science. Today
this new direction is embodied by research programs such as the proof mining program,
or the formalisation of mathematics in theorem provers.

In line with this shift of emphasis is a change in the way that we view traditional
metamathematical tools and techniques. Good examples of this phenomenon are proof
interpretations such as Godel’s functional interpretation: originally developed to establish
relative consistency results, they have since been reoriented to extract constructive infor-
mation from non-constructive proofs, leading in particular to new and improved results in
several areas of mathematics.

In this dissertation we study bar recursive functional interpretations of analysis. We
examine the meaning and behaviour of bar recursive programs extracted from proofs, and
clarify the relationship between the different variants of bar recursion. Our modest aim is
to acquire a better understanding of proof interpretations and their associated modes of
recursion, but in doing so we hope to take a small step towards making metamathematical

methods more accessible and applicable in mathematics itself.
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CHAPTER
ONE

Introduction

Proof interpretations are powerful tools that allow us to make computational sense of non-
constructive ideas in mathematics. They have their origin in Hilbert’s program where they
were initially developed in order to obtain relative consistency proofs. However, in the
1950s Kreisel advocated the use of proof interpretations to systematically extract realizers
for existential theorems, through ‘unwinding’ computational information hidden in the
logical structure of their proofs. It is this feature that forms the basis of most modern
applications of proof interpretations, although their significance in this respect has only
become fully appreciated since the 1990s and the advent of the proof mining program, in
which refinements of Gédel’s functional interpretation have been applied to obtain new
quantitative results in several areas of mathematics, including numerical analysis and
ergodic theory.

Despite these achievements, in many ways we still understand surprisingly little about
the action of proof interpretations and what they tell us about the semantics of classical
proofs. Realizers extracted from all but the most trivial proofs are highly complex -
their meaning often obscured beneath a heavy layer of syntax. This is particularly true
when analysing proofs that involve choice or comprehension principles: these are typically
interpreted using some variant of bar recursion, and appreciating the resulting realizer on
a ‘mathematical’ level can be quite difficult.

The central theme that runs through this dissertation is to gain a better understanding
of bar recursion and its role in extracting computational content from proofs in mathe-
matical analysis. We organise our work into two parts. In the first part we present a
series of case studies in which we use Godel’s functional interpretation extract and anal-
yse bar recursive realizers from several well-known non-constructive principles. Our aim
is to describe how these realizers work, and how they relate to the non-constructive ideas
they interpret. The second part is more abstract, and focuses on the relationship between

different variants of bar recursion. We establish a number of new definability results, and



Chapter 1. Introduction

combining these with existing research manage to classify most of the well-known known
modes of bar recursion used in proof theory into two main groups according to whether

they are equivalent to Spector’s bar recursion, or modified bar recursion.

1.1 The computational content of proofs in classical analysis

The computational meaning of non-constructive proofs is an issue that lies at the heart of
mathematical logic and theoretical computer science, and one which has been continually
studied in one form or another since the early twentieth century. By now there exists
a plethora of elegant solutions to this problem along with corresponding methods for
extracting computational content from classical proofs. These include traditional methods
such as cut elimination and Hilbert’s e-calculus, more recent interpretations of classical
logic in terms of game semantics [8, 22|, or learning procedures [3, 4], and last but not least
proof interpretations, which include Gédel’s functional interpretation combined with the
negative translation [37], and intuitionistic realizability combined with the A-translation
(34, 54].

In this dissertation we focus largely on just one of these methods, Gédel’s functional in-
terpretation, and in the context of its computational interpretation of full classical analysis.
A few years after the publication of Gédel’s original paper on the functional interpretation
of Peano arithmetic in the system T of primitive recursive functionals, Spector extended
the functional interpretation to classical analysis by adding to system T constants for bar
recursion, a new form of recursion over well-founded trees that solves the functional in-
terpretation of the double-negation shift, and therefore allows the interpretation of both
countable and countable dependent choice [86].

To date, relatively few concrete examples of program extraction involving Spector’s
bar recursion exist in the literature, and those that do (e.g. [49, 78]) are generally less
concerned with the semantics of these realizers and more with their contribution to the
complexity of bounds extracted for Ilo-theorems. However, by making an effort to un-
derstand the semantics of bar recursion we create the opportunity to gain genuine insight
into the constructive meaning of the central principles of mathematical analysis.

Unfortunately, in practice, extracting meaningful computational content from non-
trivial proofs can pose quite a challenge. We are required to formalise a proof to some
extent before we can apply a proof interpretation, and in doing so we convert it from
intuitive day-to-day mathematical language to the more abstruse syntax of formal logic.
As a result, our extracted realizer often ends up as a complex higher-type term that reflects
this formal proof as opposed to the mathematical one. Identifying the salient features of
the realizer and ‘decoding’ it so that it can be read and understood as a constructive proof
in the language of mathematics is a difficult task, especially so when our realizer involves

non-trivial forms of recursion such as bar recursion.



1.2.  Comparing variants of bar recursion

The first part of this dissertation concentrates on making sense, in qualitative terms,
of bar recursive realizers extracted from classical proofs, through a small collection of
case studies. Our main tool is to use Spector’s bar recursion in the form of the recently
developed product of selection functions [29, 30] which also computes optimal strategies
in a class of sequential games and allows us to impose onto our realizers an intuitive game
semantics.

In our first and shortest case study (Chapter 6) we analyse the simple bar recursive
realizer of arithmetic comprehension for ¥.¢-formulas. As well as making explicit the game
semantics of this realizer, we give a description of its operational behaviour and show that
it carries out an intuitive ‘learning process’ in the course of constructing an approximation
to the comprehension function.

We then move on to weak Kénig’s lemma for ¥9-formulas (Chapter 7), and extract
realizers for this principle that can be clearly described in game-theoretic terms. As
an application we give intuitive computational interpretations to simple instances of the
Bolzano-Weierstrass theorem and Ramsey’s theorem for pairs, both of which have been
recently analysed in the context of proof mining [55, 57, 78].

Finally, in our most intricate case study (Chapter 8) we extract a new realizer for the
functional interpretation of the minimal-bad-sequence argument for arbitrary well-founded
relations, using symbols R. for transfinite recursion to interpret the least element principle.
We show that our realizer can be clearly understood as a finitary analogue of the minimal-
bad-sequence construction that implements backtracking and well-founded recursion to
build an approximation to a minimal bad sequence. We then recall Berger’s concise open
recursive solution to the realizability interpretation of the classically equivalent principle
of open induction, and discuss the possibility of devising a new form of open recursion
that realizes the functional interpretation of both open induction and the minimal-bad-
sequence argument. We conclude with an application in which we extract a new realizer

for Higman’s lemma.

1.2 Comparing variants of bar recursion

Following Spector’s fundamental work on bar recursion, several alternative forms of bar
recursion over well-founded trees have been developed, typically to give computational
interpretations to analysis in new situations. These variants of bar recursion differ in
interesting ways.

While Spector’s bar recursion involves an explicit stopping condition ¢(5) < |s|, vari-
ants of bar recursion given in [8] and [11] that witnesses realizability interpretations of
countable dependent choice are implicitly well-founded by a continuity argument. More
radical departures from bar recursion exist in the form of the so-called BBC functional

[8] which involves out a symmetric ‘demand driven’ algorithm, or Berger’s open recursion
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Chapter 1. Introduction

[10] which carries out recursion over lexicographic orderings on sequences.

The theoretical part of the dissertation concerns the classification of modes of bar
recursion according to whether or not they are interdefinable. We establish several new
definability results.

Chapter 10 focuses on finite bar recursion and its relationship to Goédel’s primitive
recursive functionals. We define a hierarchy of fragments of system T based on finite bar
recursion and show that they are in one-to-one correspondence with the usual fragments
based on restricted primitive recursion.

In the original paper on bar recursion [86] Spector defines a general instance of bar
recursion GBR but points out that only a restricted form SBR is necessary to interpret
classical analysis. Chapter 11 contains a short proof that actually, SBR is strong enough
to primitive recursively define GBR, and so the two are equivalent over system T.

Our main contribution, in Chapter 12, is to prove that open recursion, update recursion
and the symmetric BBC functional are all primitive recursively equivalent to the implicitly
iterated product of selection functions, which as shown in [30] is equivalent to modified
bar recursion. These results are the first to relate the ‘sequential’ variants of bar recursion
which include modified bar recursion and the product of selection functions to the ‘open

recursive’ variants which include open recursion and the BBC functional.

1.3 Overview of the dissertation

We now give a concise map of the dissertation as a whole, and provide details of the col-

laborations involved in its authorship.

Part I consists of standard background material.

e Chapter 2 contains an outline of the formal systems of arithmetic and analysis used

in the dissertation and contains a list of our notational conventions.

e Chapter 3 forms a short introduction to Godel’s functional interpretation, together

with some concrete illustrations.

e Chapter 4 contains several crucial results on Spector’s bar recursion that will be

needed in later chapters.

Part II contains our practical contributions on the extraction of realizers from proofs in

classical analysis.

e Chapter 5 reviews the product of selection functions as defined by Escardé and
Oliva. We introduce a new sequential variant of dependent choice that will be
required in Chapter 8 and show that it is naturally interpreted by the dependent

product of selection functions.



1.4. List of publications

e Chapter 6 is concerned with the functional interpretation of %¢-arithmetical com-
prehension. We show that the usual bar recursive realizer of comprehension can be

characterised in terms of a learning-process.

e Chapter 7 focuses on the computational content of L)-WKL. We extract game-
theoretic realizers for the Bolzano-Weierstrass theorem and Ramsey’s theorem as
applications. This chapter was done jointly with Paulo Oliva and is published as
[68, 69].

e Chapter 8 examines the computational content of the minimal-bad-sequence argu-
ment. We extract a bar recursive realizer from its classical proof, and later consider
an new, direct realiser in terms of open recursion. We give a new computational in-
terpretation of Higman’s lemma as an application. This chapter forms an extended

version of [74].

Part III contains our theoretical contributions on the interdefinability of variants of bar

recursion.

e Chapter 9 provides a uniform presentation of the variants of bar recursion consid-

ered in subsequent chapters and summarises known definability results.

e Chapter 10 focuses on finite bar recursion. We define a hierarchy of fragments
of system T based on finite bar recursion and proves they are in one-to-one corre-
spondence with the usual fragments based on primitive recursion. We also calibrate
which fragments are needed to interpret bounded collection axioms. This chapter is

based on joint work with Martin Escardé and Paulo Oliva published in [32].

e Chapter 11 consists of a proof that Spector’s general form of bar recursion GBR
can be defined from the special form SBR. This is result is joint work with Paulo
Oliva, and published in [70].

e Chapter 12 contains a proof that the BBC functional, update recursion, open recur-
sion and the product of selection functions IPS are primitive recursively equivalent
in the type-structures of continuous functionals. This amounts to showing that IPS

defines open recursion, and BBC defines IPS.

1.4 List of publications

The following publications contain some of the research reported in this dissertation.

[32] System T and the product of selection functions

Proceedings of Computer Science Logic (CSL’11), LIPIcs 12:233-247, 2011. (with
Martin Escardé and Paulo Oliva)
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[68] A constructive interpretation of Ramsey’s theorem via the product

of selection functions

To appear: Mathematical Structures in Computer Science, 2013. (with Paulo Oliva)

[69] A game-theoretic interpretation of proofs in classical analysis

To appear: Gentzen Centenary Volume, 2015. (with Paulo Oliva)

[70] On Spector’s bar recursion
Mathematical Logic Quarterly, 58(4-5):356-365, 2012. (with Paulo Oliva)

[74] Applying Godel’s Dialectica interpretation to obtain a constructive

proof of Higman’s lemma

Proceedings of Classical Logic and Computation (CLEC’12), EPTCS 97:49-62, 2012.
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CHAPTER
TWO

Formal Theories

We begin with a brief outline of the formal systems that are involved in this dissertation.
Everything in this chapter is entirely standard, and the reader is directed to e.g. [18, 48, 90]
for further details. Our main purpose here is to allow the reader to become familiar with

the specific notation and conventions that will be used in subsequent chapters.

2.1 First order Heyting and Peano arithmetic

The language L£(HA) of intuitionistic, or Heyting arithmetic HA contains the standard
logical constants, along with number variables z, y, z, . . ., a non-logical constant 0, a unary
function symbol S and function symbols for all primitive recursive functions, along with
a binary predicate = for equality between numbers. The axioms and rules of HA consist
of the usual axioms and rules of intuitionistic logic, axioms for S and =, defining axioms

for the primitive recursive functions and finally the axiom schema of induction
IND : A(0) AVm(A(m) — A(m + 1)) = YmA(m)
where A is any formula in £(HA). Classical, or Peano arithmetic PA is obtained from HA

by adding the law of excluded middle for arbitrary formulas.

Fragments of Peano arithmetic

One can construct a variety of fragments of arithmetic based on restricted induction or
restricted forms of other strong axioms. Alternatives to induction include the axiom

schema of finite choice
FAC : Vi < m3zA(i,x) — IsVi <mA(i, s;),

9



Chapter 2. Formal Theories

where s is a finite sequence of numbers of length m + 1 (suitably encoded as a single

number), or the more widely used bounded collection axiom
BC : Vi <m3zA(i,xz) — 3tVi < mIz < tA(i, x).

The proof theory of Peano arithmetic and its fragments forms a rich and extensive area
of research (see [18] for an introduction). In this dissertation the fragments of arithmetic
will only feature in Chapter 10, and we restrict ourselves to presenting only some basic

facts here.

Definition 2.1. The class of bounded formulas A consists of all formulas that are quantifier-
free save for the bounded quantifiers Vi < ¢t and 37 < ¢t. The classes of II,, and X,, formulas

are defined inductively for all n > 0 as follows:
(i) IIp = Xp = Ao;

(ii) IL,41 consists of all formulas of the form Yz A where A is a ¥, -formula and z is a

possibly empty tuple of variables;

(iii) X,41 consists of all formulas of the form JzA where A is a II,-formula and z is a

possibly empty tuple of variables.

Definition 2.2 (Fragments of arithmetic). The axiom schema ®-IND denotes the axiom of
induction restricted to ®-formulas, where ® is any of the classes defined in Definition 2.1.
The axioms ®-FAC and ®-BC are defined similarly.

e A weak induction-free fragment of arithmetic PAg is usually defined to contain only
some basic non-logical symbols 0, S, +, - and < and their defining axioms, along
with Ag-IND (there are various ways of formulating PAg precisely, among the most

commonly used is Robinson’s theory @ [89]).

e For n > 1 the theories 13,, FX, and B, consist of PAgy along with symbols and
defining axioms for all primitive recursive functions, plus the axiom X,-IND, X,,-FAC

and Y,-BC respectively. The theories III,,, FII,, and BII,, are defined analogously.

e Full Peano arithmetic PA consists of PAg plus all primitive recursive functions, along
with induction for arbitrary formulas (or equivalently - by Theorem 2.3 - finite choice

or bounded collection for arbitrary formulas).

Theorem 2.3. Let S C T mean that every theorem of T is a theorem of S, and write
S = T if the converse also holds. Then 13, = IIL,, F¥,+1 = FII,, and BX,+1 = BIL,.

Moreover
(a) FII,, = BII,,

10



2.2. Extensional Heyting and Peano arithmetic in all finite types

(b) BIL, C 13,11 but 1X,41 & BIL,,
(c) 1%, C BIL, but BIIL, € I%,.
Proof. First proved in [71] and [72] (item (a) is due to [83]). See [18] for details. O

Theorem 2.3 shows that PA contains two strictly interleaving hierarchies, those based

on induction and those based on finite choice/collection respectively.

PAg < I%, BIL, FII, I 41 < PA
IHn an-i-l <> an-i-l IHn+1

Figure 2.1: Fragments of Peano arithmetic (where A — B denotes A D B)

2.2 Extensional Heyting and Peano arithmetic in all finite types

In most of this dissertation we work in a standard higher-type extension of Peano arith-
metic. This enables us to properly formalize proofs in mathematics, and to describe and
reason about the higher-type forms of recursion needed to give these proofs a computa-

tional interpretation. The finite types are generated inductively as
types:=N|p—=7|pxT1]|p

where p — 7 (which we may also write as 77) is the type of functions mapping objects of
type p to objects of type 7, p x 7 is the cartesian product of p and 7, and p* the type of
finite sequences whose elements have type p. We write z” or z: p to denote that an object

x has type p. The degree deg(p) of the type p is defined inductively as

:= max{deg(p) + 1, deg(7)}
:= max{deg(p), deg(7)},
= deg(p)

It will be useful to also consider a type B of booleans, and to identify two subsets of the

finite types we which called the compact and discrete types, after [27]:

compact := B | compact x compact | discrete — compact

discrete := B | N | discrete x discrete | discrete® | compact — discrete.

11



Chapter 2. Formal Theories

The theory E-HAY of extensional Heyting arithmetic in all finite types is based on that
described in [48, 90]. The language of E-HA“ contains variables x”, y”, z#, ... and quanti-
fiers V/3z* for each type p, along with the non-logical constants 0, SN~ and the usual
constructors including the projector II, ; and combinator ¥, , -, basic operations for prod-
uct and sequence types, the recursors R,, and a binary predicate =y for equality between
numbers. Equality between objects of compound type is not taken as primitive but is

defined inductively by

[ =p=r g :=V2(fz =; gx),
(o, 1) =pxr (Y0, Y1) = (o =p Yo N1 =7 Y1),

s =p t = (|s| = [t| AVi < |s|(si =p ti)).

The axioms and rules of E-HA® contain the axioms and of rules of intuitionistic logic (in
all finite types), defining axioms for each of the non-logical constants - including axioms

for the recursor
RYZ(0) =p y
RY“(n +1) =, 20 (RY*(n)),

axioms for =p, the axiom schema of induction

A(0) AVm(A(m) - A(m + 1)) = VmA(m).
for any formula A, and finally the axiom of extensionality:

EXT, . : V77,2 yf (v =, y — to = ty).

Extensional Peano arithmetic E-PA¥ is obtained from E-HA“ by adding the law of excluded
middle

AV -A
for arbitrary formulas.

Remark 2.4. We could have alternatively constructed E-HA* over minimal collection types
containing only N and function types p — 7, and encoded the types p x 7 and p* as

secondary constructions.

Remark 2.5. Tuples of variables z, ... xf" will always we regarded as a single variable

T:po X ... X pp.

Remark 2.6. In the context of finite types X" (II")-formulas are %,,(II,,)-formulas whose

quantifiers are of type degree at most m.

12



2.2. Extensional Heyting and Peano arithmetic in all finite types

Weakly extensional Heyting and Peano arithmetic

The weakly extensional variants WE-HA® (WE-PA®) of E-HA® (E-PA®) have the axiom of

extensionality EXT replaced by the following rule of extensionality

AO — S =p t
Ao = rls/z] = r[t/x]

QF-ER :

where Ag is quantifier-free and s, t, r are arbitrary terms.

Features of (W)E-HAY

For a detailed account of the properties of (W)E-HA® the reader is directed to [48, 90].
We recall that WE-HA® admits standard constructions such as A-abstraction (via the
combinators I, -, ¥, , - ), definition by cases and bounded search. If Ag(z”) is a quantifier-
free formula in the language of WE-HA® with free variables x, then there exists a closed

term x: p — B such that
WE-HA® - Vz(x(z) =p 0 <> Ao(x)).

This means that quantifier-free formulas are decidable, and can be used - via their char-
acteristic functions - as clauses in function definitions by cases. We permit quantifier-
free formulas to contain bounded quantifiers V/3z < t, as these can be eliminated using
bounded search.

Our theory WE-HAY contains the following terms, formulas and abbreviations:

e For each type p constant functions n, for n € N, defined inductively by ny := n and
Np—r = Ax.n, (analogously for p x 7, p*). The term 0, will be taken as a canonical

element of type p;

e Projections m;: po x p1 — p; and pairing functions (, ): po — (p1 — po X p1) for each
pair types po, p1. Given t: pg X p1 we write ¢; := m;t, and sometimes for sequences

a: (po x p1)Y we write a; := An.ma(n);

e Functions |- |: p* — N and *: p* x p* — p* for each p where |s| is the length of s
and s x ¢t the concatenation of s and t. We will also use * to denote the function

p* x pN — pN where s % a is the concatenation of s with the infinite sequence a.

e An overwrite function @ : p* x pN — pN defined by

S if n <|s]
(s@Qa)(n) =
a(n) ifn>|s|

13



Chapter 2. Formal Theories

e A bounded search operator ;: BN x N — N satisfying

least i < n(ai =0) if it exists
pula,n) = _
0 otherwise.

o We write s <t or s <t if s is a (proper) initial segment of t. We write s < « if s is

an initial segment of the infinite sequence «.

e For a: pN we define [o](n) := ((0), ..., a(n—1)) and for s: p* we define 5 := s @0 .

We define @, m := [a(n).

e For a function ¢: pN — N, we define ¢s: pN — N by g(a) := q(s * a).
e For a: p" we define tailya := An.a(k + n).

e The formula n € [z,y) for n,z,y: N is an abbreviation for z < n < y. We occasion-

ally quantify over [z,y) and write V/3n € [z,y), and analogously for (z,v), (x,y],
[z, y]-

x ifb=0
e The term ‘z” if b’ of type p is an abbreviation for
0, ifb#0.

Godel’s System T

The terms of E-HAY are better known as the terms of Godel’s system T, and the set-
theoretic functionals represented by the closed terms of E-HAY the primitive recursive
functionals in all finite types. Technically, the theory T as described in [37] corresponds to
a quantifier-free fragment of E-HA“, but here we will always use E-HA“ to reason about
terms of T. The class T,, is the subset of T in which recursion is restricted to types of
degree < n, and in particular the closed terms of Ty coincide with the ordinary primitive
recursive functions. System T substantially expands Tg, the most well-known illustration
of this being the Ackermann function, which does not exist in Ty but can be easily defined

in T1 .
Ezample 2.7 (Ackermann function). The Ackermann function A: N x N — N has defining
equations

n+1 ifm=20

A(m,n) X

A(m—1,1) ifm>0andn=0
A(m—-1,A(m,n—1)) ifm>0andn >0
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2.8. Subsystems of analysis

It can be constructed using the recursor of type N — N as follows. Using Ry define

F(1) ifn =0
z(m, F)(n) = .
F(z(m,F)(n—1)) ifn>0

Then it is easy to check that Am,n.Ry_nyzm(n) satisfies the defining equations of the

Ackermann function.

2.3 Subsystems of analysis

We now discuss the subsystems of mathematics in all finite types which we will used in
practise to formalise mathematical proofs. These will be obtained from Peano arithmetic

in finite types by adding various choice principles.

A base system of analysis

We obtain a good base system of mathematical analysis by adding to E-PA¥ or WE-PAY

the axiom schema of quantifier-free choice:
QF-ACPT : Val3y" Ao(z,y) — IfP7VzAo(z, fx)

for Ay quantifier-free. The theory E-PA“ + QF-ACMY already contains the well-known
subsystem of second order arithmetic RCAg as defined in [84], and is in fact consider-
ably stronger since RCAg only admits induction for ¥;-formulas (on the other hand, the
fragment of E-PA“ + QF-AC™Y with induction restricted to ¥;-formulas and recursion
restricted to type 0 is a conservative extension of RCA).

Unfortunately, full extensionality becomes problematic if we want a theory of analysis
that admits a computational interpretation (see [48, Chapter 8]). In this case, unless we
are able to eliminate extensionality in some way, we are forced to work in the weakly
extensional variants of our subsystems. In this dissertation we make an effort to formalise
proofs in the weakly extensional systems, although later on in Part III we allow ourselves
full extensionality to reason about modes of higher-type recursion.

A sizeable portion of mathematics can be formalised in WE-PA“ 4+ QF-AC. Note that
in particular we can construct the rational numbers Q and the real numbers R via suitable
encodings over N and N — N respectively, define the usual operations (=g,<qg, =r, <r
etc.) and prove basic properties about them. For full details of the formalization of Q
and R within WE-HA® see [48, Chapter 4]. Here we take for granted that our base theory
allows us to use a fairly expressive mathematical language. We occasionally treat Q, R,
QN, RN etc. as types on the assumption that these ‘types’ can be encoded by a suitable

member of the usual types.
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Chapter 2. Formal Theories

Weak Konig’s lemma
A binary tree T' is a predicate on sequences of Booleans B* that is prefix-closed:
VB B (T(s * t) — T(s)).

If T'(s) holds we say that s is a branch of T'. Unless otherwise stated, we assume that 7" is
a decidable predicate. A tree is infinite if it contains branches of arbitrary length. Weak
Konig’s lemma is the statement that every infinite binary tree has an infinite branch,

given formally by the schema
WKL : Vn3s(|s| = n AT(s)) = 3o® VnT([a](n)),

where T' ranges over all decidable binary trees.

The importance of Weak Konig’s lemma lies in the fact that it allows us to construct
an ‘intermediate’ subsystem of analysis. The theory E-PA“ + QF-AC™YN + WKL contains
the subsystem WKLy central to the field of reverse mathematics, in which we are, for
instance, able to reason about Heine/Borel compactness but not sequential compactness
or completeness [84].

From the perspective of proof mining, WKL is significant because effective bounds
can still be extracted from proofs using WKL that are prima facie non-constructive (see
[48, 51]).

Full classical analysis

A strong theory of classical analysis can be achieved through the addition of the axiom

schema of countable dependent choice
DCP & W, a3y An(,y) — Va3 7P (F(0) = 20 AVRAL(F(n), f(n + 1)),
Weaker than DC is the axiom schema of countable choice

ACNP  Wn3aP A, (z) — N TPYRAL(f(n)).

CYN proves the schema of full comprehension over numbers

and in turn an instance of A

CAN : IN=Nyg(f(z) & A(z)).

Already E-PA* + QF-ACNN=N 1 QF-ACN=NN o CAN contains the whole of second order
arithmetic in the sense of [84], and is therefore capable of formalising most of classical

analysis. The special case of arithmetical comprehension over numbers is given by
CAu : IfN7Na(f(z) < Aur(z)).

where A, is an arithmetical formula (containing only quantifiers of type level 0). The
theory E-PA® +QF-ACNN 4 CA,, contains the subsystem of second order arithmetic ACAy.
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CHAPTER
THREE

Proof Interpretations

In this chapter we provide some basic background material on proof interpretations, our
main focus being on Godel’s functional (or ‘Dialectica’) interpretation. The reader is
encouraged to consult [5, 48, 90] for details and a much more comprehensive treatment
than that given here.

Godel’s functional interpretation belongs to a wider family of proof interpretations

(also including Kreisel’s modified realizability [54]) that consist of:

1. A mapping I: T — F from a theory T to a constructive system of higher-type
functionals F, under which formulas A in the language of 7 are mapped to formulas

of the form A’ := 3z A;(x) in the language of F satisfying
A < Az Af(x)

over some reasonable theory;

2. A soundness proof for I which contains an algorithm for converting a proof p of A in
T to a constructive proof p! of Al in F, by providing a direct interpretation to the
axiom and rules of 7 and allowing us to unwind p! by recursion over the structure

of p. As a result, we obtain
THA=FF At
where t is a closed term of F that can be extracted from a given proof of A.

Godel had devised his functional interpretation by 1941, although it was not published
until his paper of 1958 [37], in which it is shown that Heyting and Peano arithmetic have a
functional interpretation in the primitive recursive functionals of finite type, where in the
case of Peano arithmetic one pre-composes the functional interpretation with the negative

translation. A few years later Spector extended Godel’s result to full classical analysis
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Chapter 3. Proof Interpretations

by demonstrating that the negative translation of the axiom of choice has a Dialectica
interpretation in the so-called bar recursive functionals of finite type [86]. These results
can be easily adapted to incorporate the weakly-extensional higher-type subsystems of
analysis based on WE-PA¥ 4+ QF-AC ([90]).

classical theory ‘ interpreting theory in all finite types

pure logic | A-calculus (4 basic recursive functionals)
arithmetic | primitive recursive functionals

analysis | bar recursive functionals

Table 3.1: Functional interpretation of subsystems of mathematics

Proof interpretations like the functional interpretation were originally designed to ob-
tain relative consistency proofs: If T is interpreted in F then the consistency of 7 follows
from that of F. However, since then they have found numerous applications in proof the-
ory and in the process have been extended and refined in quite sophisticated ways. Notable
applications include the establishment of conservation and closure results, the character-
isation of provably recursive functions and - perhaps most significantly - the systematic

unwinding computational content from non-constructive proofs.

The basic idea behind the latter of these applications is that the interpretation 3x Ay (x)
represents a reformulation of A that admits a direct computational interpretation (where
in particular the interpretation of Ily-formulas Va3yAg(z,y) is given by IfVrAo(zx, fx)).
The soundness proof gives us a means of extracting an explicit witness ¢ for 3x from a proof
p of A. The complexity of this witness will be restricted according to exactly what was
used in the formalisation of p, and moreover because it has been extracted directly from
the translated proof p! its syntax and behaviour will mirror in some sense the structure
of p. In other words, t carries computational information about A that reflects the fact
that that it was proved by restricted means rather than that it is simply true. A witness ¢
can often be extracted even when the proof p involves ineffective principles, and it is this
use of proof interpretations to extract non-trivial constructive information subtly hidden
in classical proofs that forms the basis of the proof mining program, and also forms one

of the central themes of this dissertation.

In the present chapter we review Godel’s functional interpretation of Peano arithmetic
in all finite types, while Spector’s interpretation of classical analysis will be dealt with in
Chapter 4. As well as defining the interpretation, we endeavour in Section 3.3 to provide
some insight into how the interpretation can be understood in intuitive terms. Finally, we

briefly discuss modified realizability and related interpretations in Section 3.4.
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3.1.  The negative translation

3.1 The negative translation

There are several ways of constructing negative translations from classical logic to intu-
itionistic logic. The first was given by Kolmogorov [52], although variants were discovered
independently by Godel and Gentzen. In this chapter we give the version of Kuroda [60].
The reader is directed to [33] for more on the relationship between these different negative
translations. For proofs of the results in this section see e.g. [48, Chapter 10]. Note that
—A:=A— 1 as usual.

Definition 3.1 (Negative translation). Let A be a formula in a theory based on intuitionistic
logic in all finite types. The negative translation of A is defined as AN := =—A* where A*

is defined recursively over the logical structure of A by
(i) A* := A if A is prime,

(ii) (AOB)* := A*OB* where O € {A,V, —},

(iii) (JxPA)* := JxP A,

(iv) (VaPA)* :=VaP——A*.

Proposition 3.2. For an arbitrary set of formulas A in the language of (W)E-PAY we

have
(W)E-PA® + A+ A = (W)E-HAY + AN |- AN

where AN := {BN : Be A}.
Whenever the negative translation in used in practise it is useful to simplify it if possible

to avoid unnecessary double negations cluttering the formulas, and we assume familiarity

with standard laws of intuitionistic logic in this respect.

Remark 3.3. In particular, note that intuitionistic logic proves
(i) ==(A— B) <> (A = ==B) < (—mA — ——B),
(ii) ~=Vz—-A(z) ¢ Vo-—A(x),

while WE-HAY proves

(ili) =—Ap +> Ap for Ag quantifier-free.

The soundness of the negative translation can not be directly extended to our base
system WE-PAY + QF-AC because QF-ACYN is not provable in WE-HA® + QF-AC. However,
QF-ACY can be derived in the semi-classical theory WE-HA® + QF-AC + MP¥ where MP“
is the Markov principle

MP® . —=—3zf Ag(z) — FzAo(x)

for Ag(x) quantifier-free.
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Chapter 3. Proof Interpretations

Proposition 3.4. For an arbitrary set of formulas A in the language of WE-HA® we have
WE-PA“ + QF-AC + A - A = WE-HA” + QF-AC + MP¥ + AN |- AN

where AN := {BN : B € A}. For the special case where A contains only purely universal
formulas VP Bo(z) note that AN is equivalent to A over WE-HA®.

3.2 The functional interpretation

Godel’s functional interpretation, also widely known as the Dialectica interpretation, maps
formulas A to formulas of the form JzVy| Al where z, y are (possibly empty) sequences
of variables and |A[] is a quantifier-free formula whose free variables are z, y and the free
variables of A. We label x and y the witness and counterezample variables respectively.
The idea is that A is equivalent to EIxVy[A\‘; , so that the functional interpretation carries

out a kind of Skolemisation. We now give the precise definition.

Definition 3.5 (Functional ‘Dialectica’ interpretation). To every formula A in the language
of WE-HAY we assign a formula AP := JzVy|Aly, where |A[f is a quantifier-free formula

defined by induction over the logical structure of A as follows.
(i) |A| := A if A is prime,

(ii) AN Blyw = A7 A B3,

(i) [AVBlyE" = (=0 [A[Z) A (b#0— |B[Y),
(iv) |A— Blgw =A%, — |BlJ,
(v) [FtPAL) |y = |A(2) u

(vi) |VtPA(t) Zth = \A(z)|§(z

The definition of the functional interpretation is straightforward apart from the treat-
ment of implication, which is essentially its characterising feature (see e.g. [67]). We travel
from JzVy|A[j — JuVv|Bly to 3U,YVz,v|A — B|g},/ via the following equivalences:

vyl Al — Juvv|Bly
Va(Vy|Aly — Juvv|By)
Va3u(Vyl AL — Vol BIY)
VaIuvo(Vy| Al — |Bly)
VaIuvoIy(|Al, — [Bly)

U, YV (| A%, — |BIU7).

r1r 17

A~ N~~~
(=2 N
— — ~— ~— ~— ~—
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3.2. The functional interpretation

While this route is non-constructive - in particular the passage from (3.2) to (3.3) requires

independence of premise IPy for universal formulas:
IPY = (VyCo(y) = FuD(u)) = Ju(vyCo(y) = D(u)),

(for Cy quantifier-free) while (3.4) to (3.5) requires Markov’s principle MP¥ - it is never-
theless the ‘least non-constructive’ Skolemisation of implication, which is precisely why it
was chosen by Godel.

One way to visualise EI:ch|A|$ is as a game played between the quantifiers Jloise
and Vbelard. The soundness theorem guarantees that whenever A is provable, dloise has
a winning strategy t¢ satisfying Vy]A\ty. In this sense, game representing the functional
interpretation of implication can be described as follows. First Vbelard plays a witness x
for the premise of [A[] — |B|y, challenging Jloise to witness the conclusion. Once Jloise
has responded with a witness u, Vbelard then attempts to invalidate this witness with
a counterexample v. Finally, dloise responds by trying to invalidate Vbelard’s original
witness with a counterexample y. The functional interpretation of implication is the

statement that Jloise has a winning strategy U, Y in this game.

Remark 3.6. Sometimes for notational convenience we omit the final step in the functional
interpretation and give AP as a Iy formula Vy3z A (y, x) when technically AP is given by
AXVyAo(y, Xy).

Interpreting intuitionistic arithmetic

Godel’s fundamental result of 1958 is that Heyting arithmetic has a functional interpre-
tation in the system T primitive recursive functionals of finite type. His soundness proof
remains valid we extend Heyting arithmetic with any new axioms which can be also be
interpreted in system T. Further details and full proofs for this section can be found in
e.g. [48, Chapters 8, 10].

Theorem 3.7 (Soundness theorem for Heyting arithmetic [37, 90]). Let A be an arbitrary
set of purely universal sentences in L(WE-PAY), and A(a) be a formula in L(WE-PA®)

containing only a free. Then
WE-HA® + AC + IPY + MP“ + A - A(a) = WE-HA® + A - Vy|A(a)|®)
where t is a closed term of WE-HA® which can be extracted from the proof of A.
Remark 3.8. Here, AC denotes the full axiom of choice in all types
Vol Iy Az, y) — 3fP7 V2P Az, fx)
so in particular includes QF-AC.
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Chapter 3. Proof Interpretations

Remark 3.9. The Dialectica interpretation is not sound for fully extensional arithmetic
E-HA®, which is a consequence of the fact that it interprets MP“ (see [48, p.126]).

Outline of the proof of Theorem 3.7. Induction over the derivation of A. We illustrate
only a few important cases. Firstly we note that only a typed A-calculus (plus a few basic
recursive functionals) is required to interpret the logical axioms and rules of WE-HA®.
The most interesting case is the contraction axiom A — AA A. If A is interpreted as [A[j

we must find terms ¢, ¢’ and s satisfying

Va, v, (| A2, — |AIE A A]LP).

X
STVU
It is clear that t = t' := \z.z and

7 X
, v if S|AlT
STUU = .
, .

v'  otherwise

do the trick. Note that we rely on the decidability of the quantifier-free formula |A|7. This
makes extending the functional interpretation to systems where decidability of quantifier-
free formulas cannot be taken for granted quite problematic (see e.g. Burr [17] for an
extension of the functional interpretation to set theory).

Primitive recursion is required to interpret the induction. To start with we can replace
the induction axiom IND with the equivalent induction rule

A(0) AVn(A(n) = A(n+1))
VYnA(n)

which makes verifying the interpretation somewhat easier. Now, suppose we have inter-

preted the premise of the rule, namely we have ¢, Z and S satisfying

VylA(O)[,
Vi, 2, y(|An)|G, 5, — [A(n + 1)|20).

Then we define 70 := ¢ and T'(n + 1) := Z,,(T'n) via primitive recursion, and 7" satisfies

Wyl A(0)]°
VylA(n)[}" = Yyl A(n + 1)) Y.

By induction we see that Vn,y|A(n)[[™ holds in WE-HA®, which is the functional inter-
pretation of the conclusion.
The remaining non-logical axioms and rules, including AC, IPy and MP®, and any

additional universal sentences A, are trivially interpreted. O

Remark 3.10. Godel’s original soundess proof was carried out in the quantifier-free system
T as opposed to WE-HA®, his aim being to reduce the consistency of Heyting arithmetic

to the weakest system possible.
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3.2. The functional interpretation

Interpreting classical arithmetic

The functional interpretation can be extended to classical arithmetic by precomposing the
functional interpretation proper with the negative translation. For example, by Theorem

3.7 combined with Proposition 3.2 we obtain
WE-PA“ - A = WE-HA“ - AN = WE-HA® - vy AN|,.

We refer to the two-step interpretation as the ND-interpretation, or sometimes just the
functional interpretation when it is clear that we are referring to its combination with the

negative translation.

Theorem 3.11 (Soundness theorem for classical arithmetic). Let A be an arbitrary set of
purely universal sentences in L(WE-PA®), and A(a) be a formula in L(WE-PA®) containing
only a free. Then

WE-PA® + QF-AC + A I A(a) = WE-HA® + A I Vy|A(a) " [[{*
where t is a closed term of WE-HA® which can be extracted from the proof of A.

Proof. By Proposition 3.4
WE-PA® + QF-AC + A  A(a) = WE-HA® + QF-AC + MP¥ + A + A(a)",
and therefore the result follows from Theorem 3.7 applied to A(a)N. O

The following fundamental result confirms that the ND-interpretation can directly

extract programs from proofs of IIs-theorems, even when those proofs are non-constructive.

Theorem 3.12 (Program extraction theorem). Let A be a set of purely universal sen-
tences in L(WE-PAY), and Ao(zf,y") a quantifier-free formula in L(WE-PAY) with free
variables x, y of arbitrary type. Then

WE-PA® + QF-AC + A F VaP3y" Ag(z,y) = WE-HA® + A FVzAy(z, fz)
where f is a closed term of WE-HAY which can be extracted from the proof of Vz3yAo(z,y).

Proof. This follows from the crucial fact that the functional interpretation admits Markov’s

principle:

WE-PA® + QF-AC + A F Va3yAg(z, y)

PR WE-HA® + QF-AC + MP¥ + A - Va——Ty Ao (z, y)

ME” WE-HA® + QF-AC + MP¥ + A F Va3yAo(z, y)

TS T WEHAY + A F Vo do(z, fz).
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Chapter 3. Proof Interpretations

3.3 Understanding the Dialectica interpretation

The functional interpretation of classical logic translates a formula A into a variant ANP =
EIxVy\AN\:’y““ that is weak enough to admit a direct computational interpretation, but still

classically equivalent to A.

Theorem 3.13 (Characterisation theorem, Kreisel [54]). We have
WE-PA® + QF-AC F A + Javy| AN}
for any formula A in the language of WE-PAY.

While Theorem 3.13 verifies that A and ANP are provably equivalent, a more intuitive
understanding of this relationship can be quite difficult to attain. The combination of
negative translation and functional interpretation is a subtle interpretation that maps
even relatively simple theorems to abstruse higher-type functionals. The action of the ND
interpretation on Ils-formulas is straightforward enough to appreciate, but on the other

hand II3-formulas of the form A = Vu?JvPYw”™ Ag(u, v, w) are interpreted as
Y ox =)=y P A (u, Vup, p(Vup)).

which even for arithmetical formulas already contains a functional V' of degree 2. So how
can we characterise the functional interpretation of A? We consider this question in three

different contexts.

(a) Proof theoretic. Firstly we can try to appreciate why A and ANP

are logically equiva-
lent. Suppose, for contradiction, that —=A holds. Then by QF-AC this is equivalent to
the statement

Fu, pP 7 TVv=Ag(u, v, pv),

where we envisage p as a ‘counterexample function’ that refutes any candidate realiser

for JvVwAp(u, v, w). Therefore A is equivalent to
—Ju, pP 7 "Vo-Ag(u, v, pv)
which in turn is equivalent to
Vu, pFvAg(u, v, pv).

The ND interpretation of A asks for a functional V' that witnesses this statement. For
each parameter u, the role of Vu is to refute arbitrary counterexample functions p for
JuVwAg(u, v, w). This rather intuitive ‘no-counterexample’ interpretation (n.c.i.) was
studied by Kreisel in [53], where arbitrary formulas of PA are interpreted in this way by

functionals of at most degree 2. The n.c.i. coincides with the functional interpretation
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3.3.  Understanding the Dialectica interpretation

for IIs-formulas, but the two diverge for formulas of higher complexity. Unfortunately
the restriction on types for the n.c.i. has the disadvantage in that its interpretation
of implication is too weak to achieve the nice modular behaviour enjoyed by the
functional interpretation (see [47]), although the intuition behind the n.c.i. is still

beneficial when discussing the functional interpretation of relatively simple formulas.

Computational. Suppose that A is an ineffective lemma used in the proof of a II9
statement i.e.

(¥) VuFoVwAo(u,v,w) — B := V"IN By(z,y).

The (partial) functional interpretation of (x) given by
YV 3 f¥a3u, p(Ao(u, Vup, p(Vup)) = Bo(z, fr)),

describes a way of using the functional interpretation of the ineffective lemma A in
the construction of a realizer fiy: N — N for B. The idea is that while A is needed
to derive B, only an ‘approximation’ of A is required to prove JyBy(z,y) for fized .
The functional V' produces approximations to A whose ‘quality’ is determined by the
parameters u, p, and the full functional interpretation of () consists of the realizer fy
along with realizers uy ., pv,,» that for each x calibrate the size of the approximation to
A necessary to validate By(z, fyz). See also [48, p.171] for a more detailed discussion

of this particular instance of the ND interpretation of implication.

AND a5 a finitary approximation to A has been shown

Mathematical. The reading of
to be particularly illuminating in some mathematical contexts, in particular it has
been observed in [48] that the functional interpretation is closely related to so called
correspondence principle as discussed in [88]. This correspondence principle refers to
the process of finitizing a ‘soft’ statement in mathematical analysis involving qualita-
tive notions such as infinite or convergent to produce an equivalent ‘hard’ statement
involving quantitative notions such as large or metastable. Roughly speaking, the for-
mer represent formulas in which the relationship between the quantifiers is hidden,
the latter formulas in which this relationship is made explicit. In logical terms the
process of finitization is essentially a shuffling of quantifiers so that they become de-
pendent on one another - which is precisely what the ND interpretation does. The
ND interpretation of certain theorems has been shown to coincide with the finitary
versions of those theorems used in mathematics, albeit the former phrased in terms of
higher-type functionals and the latter in terms of well-behaved set-theoretic functions.
Generally, soft statements involve quantification over some compact space K which
becomes eliminated during the finitisation process. From a proof theoretic perspec-
tive this corresponds to the ability of the monotone functional interpretation extract

bounds for realizers that are uniform with respect to K. The relationship between the
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Chapter 3. Proof Interpretations

monotone interpretation and the correspondence principle is discussed in more detail
in [36, 48].

We now illustrate our discussion of the functional interpretation with a well-known

example that has been widely studied in the context of applied proof theory.

Ezample 3.14 (Cauchy convergence). Suppose we have a classical proof that a sequence

(z;) is Cauchy convergent, which can be formally stated as the I13 formula
Vk3nVi, j > n(|lz; — 2] < 27F), (3.7)
or alternatively, absorbing the quantifiers Vi, Vj into one, as
VEIVIYi, § € [nyn +1)(||z; — x| < 27F). (3.8)
The ND interpretation of (3.8) is
INTHERSRY L, pNONYG, € [Ny, Nip + (Vi) (lzs — 2] <27F). (3.9)

Following our previous discussion, one can view Vg as a functional whose job is to refute
potential counterexample functions p which seek to disprove permanent stability within
the error 2% by exhibiting, for each n, some i,j > n with ||z; — x;]| > 27",

From a slightly different perspective N is a functional that serves as an approxima-
tion to permanent stability of (z;), for each k producing regions [Ny, Ny, p + p(Nkp)] of
metastability within error 27%. The statement (3.9) that such regions of metastability
exist for any specified error 27% and for arbitrary p is fully equivalent to (3.8) and con-
stitutes a finitary reformulation of the Cauchy convergence property. It turns out that
this interpretation of Cauchy convergence plays a key role in ergodic theory, whereby one
obtains quantitative versions of convergence theorems by extracting explicit bounds on N
that are in some sense uniform with respect to sequences (z;).

A simple example of this phenomenon is the monotone convergence principle, which
states that any increasing sequence of rationals 0 < xg < 1 < ... <1 is Cauchy conver-
gent. This is easily formalised using classical logic: suppose for contradiction that there

exists some k such that

Vnam(xnrm — Tn > 277‘3).

Then by QF-ACYN there exists a function p satisfying
VTL(xn+p(n) — Tp > Q_k).

Defining p(n) := n + p(n) we see that we must have T56+1) (0) — L) (0) < 2% for some

i < 2F else > 1, and this contradicts the construction of p.

2% (0)
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3.3.  Understanding the Dialectica interpretation

It has been shown that in general there is no computable bound on the rate of con-
vergence of (z;) [85]. However, the ND interpretation (3.9) of the monotone convergence

principle is equivalent to
ANVE, (TN, +p(Ny,) — TNy < 27F), (3.10)

and from a quick inspection of our classical proof we obtain the computable bound Ny, <
ﬁzk (0). Furthermore, our bound on Ny, is independent of the sequence (z;), so we can
eliminate the implicit quantification over infinite increasing sequences and replace it with

quantification over finite sequences of length My, := ﬁQk (0), yielding
Yk, pV(0 < 20 < ... <@y, < 1)3n < ntp(n) < MypVi,j € [n,n+pn)](|a; —a;] < 27F).

This is essentially an explicit version of the so called finite convergence principle considered
by Tao in [88]:

If k£ is a natural number, p: N — N a function and 0 < zg < ... <z <1
a finite sequence such that M is sufficiently large depending on k£ and p, then
there exists n with 0 < n < n + p(n) < M such that |z; — z;] < 27F for all
n <i,j < p(n).

The finite convergence principle is an important principle in ergodic theory that lies behind,
for instance, the proof of the Szemeredi regularity lemma, and therefore in this case the
functional interpretation yields a finitary reformulation of a non-constructive theorem that
has genuine mathematical significance.

The extraction of uniform bounds for the functional interpretation of more complex
convergence theorems has been the subject of several papers in the intersection of proof
theory and ergodic theory. For instance, in [6] the functional interpretation is used to

develop a quantitative version of the mean ergodic theorem.

Remark 3.15 (Infinite pigeonhole principle). Let [k] denote the set {0,1,...,k —1} C N.
A finite colouring of the natural numbers with k colours is a function ¢: N — [k]. The
infinite pigeonhole principle (IPHP) states that any finite colouring uses at least one colour

infinitely often, or more formally
IPHP[k,c] : Ji < k¥YnIm(m > n Ac(m) =1). (3.11)

One can show that there exist realizers for the functional interpretation of IPHP that
are uniform with respect to the compact space N — [k], and therefore similarly to the
previous example the functional interpretation can be used to produce a finitary form of
IPHP which one only needs to quantify over finite colourings. This finitization via the
functional interpretation is discussed in [48, Chapter 2]. Interestingly, a finitization of

IPHP ‘by hand’ without resorting to proof theoretic tools was also given by Tao in an
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early version of [88]. This latter finitization turned out to be false, and was later corrected
in light of the functional interpretation. An account of the whole story and the precise
relationship between each of these finitizations in given in [36], which more generally forms

an interesting case study of the interplay between mathematics and proof theory.

3.4 Modified realizability, and other proof interpretations

While our main focus in this dissertation will be on the functional interpretation, many of
the issues we discuss pertain to proof interpretations in general. We conclude the chapter
with a brief mention of some other functional interpretations that feature in proof the-
ory. Because Chapter 8 involves a comparison between the functional interpretation and
Kreisel’s modified realizability [54], which has also been widely used in program extraction,

we take this opportunity to recall its definition.

Definition 3.16 (Modified realizability). To every formula A in the language of E-HA®
we assign a formula A™" := Jx(x mr A), where x mr A is a I-free formula defined by

induction over the logical structure of A as follows.
(i) z mr A:= A if A is prime,
(ii)) z,ymr (AANB):=xmr ANy mr B,
(iii) byz,ymr (AVB):=0b=0—xmr A)A(b#0— ymr B),
(iv) fmr (A— B) :=Vz(z mr A — fxmr B),
(v) zmr (VtA(t)) := Vi(xt mr A(t)),
(Vi) z,x mr (3tA(t)) ==z mr A(z).

Modified realizability differs from the functional interpretation most significantly in its
treatment of implication - which is closer to the natural BHK interpretation of implication
and somewhat easier to appreciate.

However, while E-HA® has a straightforward realizability interpretation in the primitive
recursive functionals analogous to Theorem 3.7 (see [48, Chapter 5]), in contrast to the
functional interpretation modified realizability does not assign any constructive content to
negated formulas. As a result, if we want to extend modified realizability to classical logic
it is not enough to simply compose it with the negative translation - the typical solution
to this has been to add Friedman’s A-translation as an intermediate step [34].

This combination of modified realizability and the A translation has several drawbacks
compared to the ND interpretation. In particular it loses modularity, and it is not even
sound for the weak quantifier-free rule of extensionality QF-ER. Nevertheless, many re-

finements and improvements of modified realizability have been proposed, and it is still
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open whether or not there are situations in which modified realizability is better suited to
the functional interpretation in program extraction.
In addition to the functional interpretation and modified realizability, notable proof

interpretation include:

1. The Diller-Nahm interpretation. This hybrid of modified realizability and the func-
tional interpretation adjusts the functional interpretation’s treatment of implication
to

DN __ T Uzx
(A— B)7" =30, YVz,v(Vy < [Yav|(|Af; — |B[,"))

where Y now returns a finite sequence as opposed to a single element. This interpre-
tation can be viewed as a ‘Dialectica-like’ interpretation, which nevertheless shares
nice structural properties with modified realizability: in particular, we no longer
require decidability of formulas to interpret contraction. The Diller-Nahm interpre-
tation plays an important role in the categorical semantics of proof interpretations

given by the Dialectica categories (see [24]).

2. The bounded and monotone variants of interpretations. These interpretations ask for
bounds on witnesses as opposed to exact witnesses. For instance, while the Dialectica
interpretation extracts a term ¢ satisfying Vy\AN]Z, its monotone variant asks only

for a bound ¢* (or at higher types a majorant) satisfying
N
Jz(t* > x AVy|AT[)).

These interpretations are central to the proof mining program because by relax-
ing their requirement for for a precise witness they are capable of interpreting a
wider range of non-constructive principles. For instance, WKL is trivially realized
by the monotone functional interpretation, and therefore contributes nothing to the

complexity of extracted bounds.

A uniform syntactic framework encompassing many of these interpretations has been
developed by Oliva in [67].
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CHAPTER
FOUR

Spector’s Bar Recursion

The main result reviewed in the previous chapter was that classical arithmetic has an
ND interpretation in the primitive recursive functionals of finite type. However, primitive
recursion no longer suffices if we wish to expand the soundness theorem to incorporate
strong comprehension or choice principles. In a remarkable paper of 1962 [86], C. Spector
succeeded in extending Godel’s functional interpretation to full classical analysis by adding
to system T constants for bar recursion in all finite types.

The bar recursive functional interpretation of classical analysis will be treated in de-
tail in Chapter 5 using the product of selection functions. In this introductory chapter
we simply prepare the way for later work by stating Spector’s result and proving some
important properties about bar recursion. We also mention Howard’s realizer of weak
Konig’s lemma using a restricted, binary form of GBR. Finally, we take the opportunity
to briefly introduce some well-known type structures of E-HA* + GBR.

Spector’s so called ‘general’ bar recursor GBR, ; where p, 7 are arbitrary types has
defining axiom

o 1 Jals) if p(8) < |s|
GBRY4%(s”") := (4.1)

ps(Axz . GBR?9¥ (s % x)) otherwise,
where the parameters of GBR have types ¢: p* — ((p — 7) — 7), ¢: p* — 7 and
¢: pN — N. Note that the parameters in the superscript remain fixed in the defining
axiom, in future these are often omitted when there is no risk of ambiguity.

Bar recursion is fundamentally different from primitive recursion. The primitive re-
cursor R is well-defined by well-foundedness of the natural numbers: we assign a value to
R(0) and define R(n + 1) in terms of R(n). In contrast GBR(()) is well-defined by well-
foundedness of the tree T'(s) := Vn < [s|(¢(5,) > n): we assign a value ¢(s) to GBR(s)
whenever s is a leaf of T', and otherwise decide GBR(s) based on its value at extensions of

s, or in other words in terms of the function Az . GBR(s * x).
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Chapter 4. Spector’s Bar Recursion

In the same way that primitive recursion is the computational analogue of the axiom
of induction, Spector’s bar recursion can be viewed as a computational analogue of the
axiom of bar induction. There are several formulations of the principle of bar induction
(which is of particular importance in intuitionistic mathematics, see e.g. [90]). Here we

use the schema of relativised bar induction, given by

S(())
Bl, : AVa € SInP([a](n)) — P(()).

AVs € S(Vz(S(sxx) = P(s*xx)) = P(s))

for P, S arbitrary formulas on p*, where a € S and s € S are shorthand for VnS([a](n))
and S(s) respectively. The axiom schema of relativised quantifier-free bar induction QF-BI
is bar induction for P restricted to being quantifier-free. Note that bar induction is
intuitionistically acceptable only with either a decidability or a monotonicity condition on
S (otherwise it implies e.g. law of excluded middle for II{-formulas - see [42]). In most
cases we will not need to relativise the bar induction at all, simply taking S(s) = true.

Spector’s bar recursion GBR is one of the most well known instances of recursion over
well-founded trees, although it is just one of many extensions of system T in the literature,
which also include modified bar recursion [11], the Berardi-Bezem-Coquand functional [8]
and open recursion [10]. Extensions of system T and their relationship to one another will
form the subject of Part III of this thesis.

4.1 Spector’s condition

A necessary condition for Spector’s bar recursion to exist in a model of E-HAY is that the
underlying tree over which the recursion is carried out is well-founded, or in more precise

terms the following principle is satisfied:
Spec : VgopN%N,apNEln(cp(m) <n). (4.2)

We refer to Spec as Spector’s condition. In fact the least n satisfying this condition can
be explicitly constructed in E-HA* + GBR.

Proposition 4.1 (Howard [39]'). Define y.0: p* — N in E-HA“ + GBR as

0 if 3t < s(p(f) < [t])

Opa(s) = _
14 0pa(s*a(]s])) otherwise.
Then provably in E-HA® + GBR we have

n < 0,0(()(p(@n) < n),

!This is the standard reference, although Howard attributes the trick to Kreisel.
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4.1. Spector’s condition

and therefore using bounded search can construct a term pg,(p, ) in E-HAY 4+ GBR sat-

isfying
E-HA* 4+ GBR = (o, pgp(ip, @) < psp(i0, @) A (n < psp(ep, ) = p(am) = n).
Proof. Define i := 0, o([c](7)). Then  satisfies

0 if In <i(p(a,m) <n
. < iplam) <) s
14+ 6(i+1) otherwise.

and by (4.3) we have
(Bi#ONj<i) = Fj=1+5(+1) (4.4)

and hence by induction from j =0to j=1¢—1

Bi# 0 — B0 =i+ fi. (4.5)
Setting i = /0 it follows from (4.5) that 5(/50) = 0, and therefore by (4.3) we have

In < B0(p(@m) < n).
But 0 = 0,.4(()) so we're done. O

We call p1s, Spector’s search functional, as it finds the least number satisfying Spector’s
condition. It has been pointed out by Oliva that the search functional ugp, is actually
definable, though not validated, in E-HA®.

Proposition 4.2. Define vy, o: P in E-HAY by

, 0, ifIk<i+1(e(a,k) <k)
Ypalt) = ) .
a(i) otherwise,

and define [igy(@, ) as the least n < ©(vp.0) + 1 satisfying o(a, ) < n, or just 0 if none
exist. Then

E-HAY = o(a, N) < N = p(a, fisp(p, @) < fusp(p, @) A (n < fusp(ip, @) = (@) > ).

Proof. Assuming ¢(a, N) < N let m < N be the least number satisfying Spector’s condi-
tion. Then for i < m — 1 we have 7, (i) = «(i), and for i > m — 1 we have v, (i) = 0,,
which implies that v, = o, m — 1. By minimality of m we must have ¢(v,4) > m — 1

and hence m < ¢(7v,,) + 1, and the search bounded by fis, (¢, o) must find m. O
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Chapter 4. Spector’s Bar Recursion

4.2 Spector’s computational interpretation of ACY

Over intuitionistic logic the functional interpretation of the axiom of choice is trivial, but in
the presence of classical logic things become problematic because WE-PA“ + QF-AC + ACN
. . . N . . .
is no longer closed under the negative translation. However, (ACY)", which is equivalent
to

Vn——3z” A, (2)N — =3 fVn(An(fn)N

is derivable in WE-HA® +ACYN + DNS where DNS is the intuitionistically unprovable double
negation shift
DNS : V¥nN==B(n) — -—VnB(n).

Suppose that B(n)P = J2P¥yT|B(n);- Then the Dialectica interpretation of DNS is given
by

3f,p.nve,q.0 (IBOIGE,) — [BenII). (4.6)
where f: pN, p: p — 7 and n are dependent on £: N — ((p — 7) — p), ¢: p¥ — 7 and
¢: pN — N. Spector’s achievement was to solve DNS” using bar recursion. In fact, he

used a restricted form SBR of GBR which we call his ‘special’ variant of bar recursion. The

constant SBR,, for arbitrary p has defining axiom

- 0 if p(8) < |s
SBRO?(s”) = s @ { P(8) <lsl (4.7)
SBRz”‘P(s * as) otherwise

where ag := ¢s(Ax . SBR(s * z)), and the parameters have types ¢: p* — ((p = pN) — p),
@: p¥ — N respectively.

Theorem 4.3 (Spector [86]). Given ¢, ¢ and ¢ as above, define f: p~ and p,: p — T by
f = SBR(()
Pn = Az . q(SBRY?([f](n)))
where d)e(P"_’pN) = ¢5|(Az . q(P(x))). Then f and p, satisfy
fn=éenpn
pn(fn) - Qf

for alln < ¢f, and therefore in particular f, p := py,r and n = @f witness the Dialectica
interpretation of DNS (4.6).

(4.8)

We prove Spector’s theorem under the guise of the product of selection functions in
Theorem 5.7, and cover its extension to dependent choice (which first appears in [61]) in
Theorem 5.13. A corollary of Theorem 4.3 is soundness of the functional interpretation

for classical analysis.
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Theorem 4.4. Let A(a) be a formula in L(WE-PA®) containing only a free. Then
WE-PA + QF-AC + ACY I A(a) = WE-HA® + SBR |- Wy|A(a)"|1(®)
where t is a closed term of WE-HA® 4+ SBR which can be extracted from the proof of A.

Remark 4.5. By WE-HA® + SBR we of course mean WE-HAY extended with constants
SBR,, of each type along with their defining axioms.

Remark 4.6. That the conclusion of Theorem 4.4 can be verified in WE-HA“ + SBR does
not in fact follow from Spector, who uses higher-type extensionality to validate his realizer.
This is pointed out in [61] where it is claimed that a constructive w-rule is required, but
in fact a precise formalization of Spector’s proof is only given in [48, p.204], where it is

shown that a quantifier-free fragment of WE-HA* + SBR is sufficient for the verification.

4.3 Howard’s computational interpretation of WKL

In [41] Howard demonstrated that a simple, binary form of bar recursion was sufficient to
realize the ND interpretation of weak Konig’s lemma (see Section 2.3). We make use of
Howard’s realizer in Part II, so we state and prove his result here. Under the assumption
that T is a binary tree (i.e. satisfying T'(s*xt) — T'(s)) can state WKL as

VnT (hn) — JavnT ([a](n))
where to eliminate the bounded quantifier s € B"” we have defined h as
hn := least code of an s € B™ satisfying T'(s) , Opn if none exist

for a suitable coding of B". The negative translation of WKL is then equivalent to

VnT (hn) — ~—=3a¥nT([a](n)),
and therefore its functional interpretation is given by

da,nVp (T'(hn) — T([a](pa))) . (4.9)
where o and n are now dependent on ¢: BY — N.

Theorem 4.7 (Howard [40]). Define K,: B* — N using GBRgn as

Ko(s) =4 () < s (4.10)

1+ max{K,(s*0),K,(s*1)} otherwise.

Then Ny, == K,(()) and o, == 0 for least u < hN, satisfying o(4) < |u| (or () otherwise)
satisfy the ND interpretation of WKL (4.9).
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Chapter 4. Spector’s Bar Recursion

Actually, in his original paper [40] Howard proves that n := K,(()) witnesses the
contrapositive of WKL in the form of the FAN principle:

Vp(VarT([e](pa)) = =T (h(K4(()))))-

His proof uses bar induction and Proposition 4.1, and is outlined in considerable detail in
[77]. We give a slightly shorter verification that his realizer witnesses the ND interpretation
of WKL.

Proof of Theorem 4.7. We begin by proving that K,(()) is a uniform bound on the first
point at which binary sequences satisfy Spector’s condition:
Vs(|s| = Ky (()) = In < [s|(¢(s;m) < n)).
For arbitrary s, suppose that
(%) Vn <|s|(¢(s,m) = n).
Then for n < |s| we have
*)
Ky([s](n)) = 1+ max{Ky([s](n) * 0), Ky([s](n) x 1)} > 1+ K,([s](n +1)).
By induction from n =0 to n = |s| — 1 we obtain
Ko (() = s+ Ky (s),
and by (%) for n = |s| we have K,(s) > 0 and therefore
Ko () > |sl.
This proves that K,(()) is a uniform bound, so setting N, = K,(()) we know that there
is some u = h(N,) satisfying ¢(u) < |u] < N,. Setting a, = u we have
~a 0 ey P@)<ul ~
lag] (o)) = [u](p(@) = =" [u](p(@)) < u =2 h(Ny)

and therefore

T(h(Ny)) = T(lo](p(ap)))
by prefix closure of T', which is the ND interpretation of WKL. O

Remark 4.8. Note that technically the full statement of weak Konig’s lemma must explic-
itly include the assumption that the predicate T is a binary tree i.e. Vs, t(T(sxt) — T(s)),
and therefore its functional interpretation must calibrate exactly how, for each ¢, we use
the tree property. We ignore the assumption here at it has no computational content, and
a quick inspection of preceding proof confirms that our realizer only requires closure for
prefixes of the branch hN,.

Corollary 4.9. Let A(a) be a formula in L(WE-PA®) containing only a free. Then
WE-PA¥ + QF-AC + WKL I~ A(a) = WE-HA“ + GBRgy I~ Vy|A(a)" |1
where t is a closed term of WE-HA® + GBRp v which can be extracted from the proof of A.

36



4.4. Models of GBR

4.4 Models of GBR

An immediate corollary of the fact that E-HA” +GBR validates Spector’s condition (4.2) is
that the type structure of full set theoretic functionals .7 is not a model of bar recursion.
Define ¢: NN — N by

() := i+ 1 for least ¢ such that ai = 0 if it exists, else 0.

Then Spector’s condition fails for ¢ and a = \i.1 since p(a,n) = n + 1 for all n. This
confirms that the theory E-HAY + GBR is a proper extension of E-HAY because .#% is a
model of E-HA®.

However, there are several important structures that do validate bar recursion.

4.4.1 Term models

Term models for bar recursion were first developed by Luckhardt [61] and Tait [87]. Strong

normalisation for bar recursive functionals without using infinite terms is proved in [14].

4.4.2 The continuous functionals

There are several equivalent ways of formulating the type stucture of continuous func-
tionals €*, the most well-known being those of Kleene [45] (via associates) and Kreisel
[54] (via formal neighbourhoods). We direct the reader to e.g. Norman [65] for details of
these structures. It is a standard result that the continuous functionals are a model of bar

recursion.
Theorem 4.10. €% is a model of E-HAY + GBR.

Theorem 4.10 was first proved by Scarpellini [79], who uses yet another formulation
of the continuous functionals, the so-called sequentially continuous functionals (which are
nevertheless shown to be equivalent to the usual Kleene continuous functionals in [43]).
One can alternatively justify bar recursion in the continuous functionals by appealing to
Ershov’s result [26] that €* can be identified with the total elements of the model €% of
partial continuous functionals - see [11].

Informally, Spector’s condition holds in €™ because it validates the axiom of continuity:
Cont : WF” =7, o ANVA® ([a)(N) =y [B](N) = F(a) =, F(B)),

where the type 7 is restricted to being discrete. To see this, note that for any ¢: pN — N
and a: p" there exists, by Cont, a number N such that p(@,n) = ¢(a) for all n > N.
Setting n = max{N, p(a) + 1} we have

p(a,n) = pla) <n.
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4.4.3 The majorizable functionals

For many years bar recursion was only considered in the context of the continuous func-
tionals. However, in 1985 Bezem proved the remarkable fact that the strongly majorizable
functionals are a model of GBR, despite the fact that they include discontinuous function-
als.

The relation s-maj is defined inductively on the finite types by

n* s-majnn:=n*>n

[* s=maj,—r [ :=Va* x(a* s-maj, x = f*z* s-maj; f*x, fx).

(we omit details of how one could extend it to our enriched system of types). We say
that x: p is strongly majorizable if there exists some x* satisfying =* s-maj, x, and call
x* a majorant of . The type structure .#“ := (M,) of hereditarily strongly majorizable
functionals is defined inductively by My := N, and M,_,; is the space of all set-theoretic

functionals M, which also have a majorant in MM (see [15] or [48] for details).

Theorem 4.11 ([15]). .#* is a model of E-HA* + GBR.

While the full proof of this result is rather technical, to see that Spector’s condition
holds in .Z“, suppose that ¢* and a* are majorants of & and ¢ respectively. Then o* is also
a majorant of a;m for arbitrary n, so setting n = p*a* + 1 we have p*a* s-majy p(a;n)
ie.

playn) < p*a* < n.
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CHAPTER
FIVE

The Semantics of Bar Recursive Functionals

The first main contribution of this dissertation will be to present a series of case studies
in which we use Godel’s functional interpretation to extract bar recursive programs from
proofs in classical analysis. Rather than merely stating the extracted programs in com-
puter code or abstruse logical syntax, our goal is to study the meaning and behaviour
of these rather complicated functionals so that they can be understood on a mathemati-
cal level as intuitive constructive analogues to non-constructive principles. Our primary
tool for interpreting choice principles will be Spector’s bar recursion in the form of the
product of selection functions. However, as part of our analysis we address the issue of
whether or not bar recursion is always best suited for obtaining illuminating programs
from proofs, and consider the possibility that alternatives to bar recursion, or at least new
descriptions of bar recursive realizers, might be more appropriate when interpreting cer-
tain non-constructive ideas. In broad terms our aim is that these case studies will provide
some insight into the constructive nature of classical analysis. In doing so we also hope to
highlight the functional interpretation as an elegant translation on proofs whose output
can be read and understood on mathematical terms - a feature that can often become

obscured beneath the formal language of logic.

Realizers extracted from a classical proofs using proof interpretations can yield highly
non-trivial constructive information hidden deep in the logical structure of that proof.
This feature has been exploited in the proof mining program to obtain explicit numerical
information from non-constructive proofs, which has let to improved results in several
areas of mathematics.

However, realizing terms give us more that just numerical information. A functional

extracted from a non-constructive proof is ultimately a constructive reformulation of that
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proof, and an analysis of the behaviour of that functional can reveal insights into the com-
putational semantics of the proof. In recent years there has been an increasing interest in
applying proof theoretic techniques for the sole purpose of understanding the constructive
meaning of non-constructive principles, whether it is to explore a specific non-constructive
idea (such as the analysis of the minimal bad sequence argument in [82]) or to give classical
logic a general computational semantics (such as the learning-based realizability of [3]).
In many ways work of this kind forms a natural continuation of Hilbert’s program, and
while (outside of the proof mining program) the direct impact of this research on main-
stream mathematics may appear limited, there are complex links between proof theory
and mathematics - such as that between the functional interpretation and the correspon-
dence principle described in Section 3.3 - that lend force to the idea that understanding
the constructive meaning of non-constructive ideas has a relevance beyond the world of
computer science and logic.

Extracting computational content from proofs can be a difficult task. The soundness
theorems for the functional interpretation guarantee that we can extract realizers from a
large class of proofs and come equipped with an algorithm for doing so providing the proof
has been fully formalised, and in this sense program extraction is mathematically trivial:
it is a procedure that could be automated by a theorem prover. But aside even from
the laborious task of fully formalising a non-trivial proof, such a blind implementation
would yield little more than a ‘black box’, a complex higher-type term that mysteriously
works but provides little immediate insight into the proof it interprets. In reality, it often
requires a certain amount of work and the application of new ideas or techniques to obtain
constructive information that is useful or meaningful.

In this practical part of this dissertation our challenge is to use the functional interpre-
tation to analyse the constructive content of several important principles in mathematical
analysis, with the aim of obtaining programs whose behaviour and semantics can be clearly
understood. Our starting point is the recent work of Escard6 and Oliva [29, 30, 31], who
have shown that Spector’s bar recursion is closely related to the so-called ‘explicitly it-
erated’ product of selection functions. This form of recursion can be intuitively viewed
as an operation that computes optimal plays in a class of unbounded sequential games,
and therefore realizers extracted using the product of selection functions come equipped
with a natural game semantics. We focus on giving a detailed description of exactly what
our realizers are attempting to do, and how their behaviour can be related to the non-
constructive ideas present in the original proof. In certain cases we suggest alternative
ways of viewing and constructing these realizers.

We have deliberately chosen to study well-known proofs in mathematics, and in what
follows we are generally not the first to analyse the computational content of these proofs.
The originality of work is that we give new realizers and more importantly new descrip-

tions of these realizers. However, in Chapter 8 we give an analysis of minimal-bad-sequence
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argument for arbitrary well-founded relations via transfinite recursion, which to our knowl-
edge constitutes one of the first applications of the functional interpretation in the theory
of well-quasi-orderings.

We adhere to an informal style of presentation and whenever possible write in a familiar
mathematical language. We make no attempt to give full details of how our realizers can be
formally obtained from proofs - in all cases they are extracted ‘by hand’, and this contrasts
from the more rigorous, syntactic approach often found elsewhere in the literature.

The remainder of this chapter is dedicated to providing technical background and

outlining the main ideas that will be used in the case studies that follow.

5.1 The explicitly iterated product of selection functions

We first introduce the product of selection functions and show that it can be viewed as a
functional that computes optimal strategies in unbounded sequential games. This section
is a survey of results due to Escardé and Oliva, which forms part of a larger body of
research by these authors on selection functions and game theory. In particular the reader
is referred to the original paper [30] and the more recent [31] for general background to
the work presented here.

A selection function is any element of type (p — 7) — p. As in [30] we abbreviate this
type to Jrp. Closely related to the selection function €: J;p is its corresponding quantifier
g: (p = 1) — 7 defined by &p := p(ep). The intuition is to view ¢ as a selector that given
a function p: p — 7 picks a particular element of ep of p that attains its quantifier £.
Selection functions and quantifiers are ubiquitous in mathematics and computer science,

as the following examples illustrate.

Ezample 5.1. (a) A canonical example of a selection function and its associated quantifier
arises when 7 forms a set of truth values e.g. 7 =B. Hilbert’s epsilon term €,: Jgp of
type p is a selection function whose corresponding quantifier is just the usual existential

quantifier 3, for predicates over type p, since classically we have
Jz? p(z) < p(epp).

(b) By the mean value theorem there exists a selection function e: Jig ;R such that for

any continuous function p: [0,1] — R we have

1
plep) = /0 pl()dz.

Its corresponding quantifier is the operator fol.

(c) Assume we are given a position in a game where we have to pick a move in p. A

strategy for that position can be defined by a selection function e: Jp that determines
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an optimal move for this position, given a mapping p: p — 7 of possible moves x: p

to corresponding outcomes p(z): 7.
There is a natural product operation ® with which one can compose selection functions.

Definition 5.2 (Binary product of selection functions [30]). Given a selection function

e: Jrp, a family of selection functions é: p — J.o and a function q: p x ¢ — 7, let

Alz”]:Z 5.(Ay.q(z,y))
a & e(\ag(z, Alx))).

The binary product € ® ¢ is another selection function, of type J;(p x o), defined by

pXo
(e ®6)(q) = (a, Ala]).
If ¢ is independent of x we call this the simple product of selection functions. The general

case is then sometimes referred to as the dependent product of selection functions.

Ezample 5.3. Continuing from Example 5.1:

(a) It is easy to show that the product of € operators ¢, ® €, is an epsilon operator of

type p X o in the sense that
23y q(x,y) < q((ep ® €0)(q))-

(b) Given a continuous function g: [0,1]> — R we have
1 1
deoa@) = [ [ atw) dody

(c) Given strategies €g, €1 for each round in a two round sequential game with outcome
function q: pp x p1 — 7, then (9 ® €1)(q) forms a strategy for the game which is
“compatible” with the local strategies €g and €. This key instance of the product is

discussed in more detail in Section 5.2.

Remark 5.4. The binary product also appears throughout applied proof theory, due to its
connection with the functional interpretation of finite choice principles (as elaborated in

Section 5.3). For example, it is implicitly used in e.g. [50, p.14].

The explicitly iterated product of selection functions EPS is an infinite iteration of the
binary product ®, controlled by a functional ¢ which stops the iteration once Spector’s
condition (4.2) is obtained. Note that the following definition differs from that given in e.g.
[31, Definition 15] (in that case the parameter ¢ changes with each recursive call, whereas

we prefer to minimise the number of parameters that change as part of the defining axiom).
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Definition 5.5 (Explicitly iterated product of selection functions). The explicitly iterated
product of selection functions EPS, ;- has defining equation
0,n if p(5) < |s

e N
EPSTe (s ) = s@ { ” (5.1)

EPS®%%(sx as) otherwise,
for ag := es(A\x . ¢(EPS®9¥(s % x))), where : p* — J.p is a family of selection functions,
q: p — 7 is referred to as the outcome functional and ¢: pN — N is referred to as the
control functional.

Note that EPS is very similar to Spector’s special form of bar recursion SBR (4.7), the
key difference being the introduction of the outcome functional ¢. In fact, it is easy to see
that SBR is precisely the instance of EPS in which 7 = p" and ¢: pN — p is the identity
functional. Conversely, EPS is definable from SBR: if we set &1(p?~") £ e,(Az . q(px))
then SBR"¥ satisfies the defining equation of EPS®%¥. EPS is precisely what we need
to solve Spector’s equations (4.8), a fact that we now prove in full. In what follows we

suppress the parameters of EPS when it is clear what we mean.

Lemma 5.6. Let a = EPS®%%(s). Then for all n > |s|,
a = EPS®%?([a](n)). (5.2)

Proof. Induction on n. For n = |s| we have [a](n) = [EPS(s)](]s|) = s and therefore (5.2)

holds by definition. Now assume (5.2) holds for n > |s|. There are two cases:
(a) If ([a) (n)) = p(@7) < n then

a @ EPS([a](n)) = [a](n) @0 = ;7.

But then @([aK/HII)) ola,n+1) = p(ym) < n < n+ 1 by extensionality, and
therefore EPS([a](n+ 1)) =[a](n+1) @0 =a,n+1=a,n = a.

(b) Otherwise,

(IH)

= EPS([a](n)) = [a](n) @ EPS([a](n) * a) < EPS([a](n) * a)

where a = €[q)(n) (A2 . ¢(EPS([a](n) *x))). Note that (*) holds because [a](n) is a prefix of
EPS([o](n) * a). Now then a(n) = EPS([a](n) * a)(n) = a and therefore a = EPS([a](n) *
a(n)) = EPS([a](n + 1)). O

This lemma is the building block behind the following fundamental theorem on EPS.
Theorem 5.7. Define a: p and ps: p — 7 by
@ = EPS;2(()
ps = Az . q(EPST¥ (s x 2)).
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Then for all n < pa we have

a(n) = €(a)(n) (Pla)(n))

(5.3
Pla(n)(@(n)) = qa. )

Proof. If n < o then we must have (x) go(@(\n)) > n. Otherwise, if cp(m) < n then
by Lemma 5.6 (for s = ()) we would have a = EPS([a](n)) = [¢](n) @0 = m, and

hence n < pa = ¢([a](n)) < n which is a contradiction. Therefore

a(n) "2° EPS([a](n))(n)

WD (0](n) @ EPS([a](n) * aja)(n))) ()

(5.1)
= Aal(n)

and a[a)(n) = €[a](n) (AT . ¢(EPS([a](n) * 2))) = €[a)(n) (Pla)(n))- For the second equality, we

have

ga "2 g(EPS([a](n + 1))

= q(EPS([a](n) x a(n)))
= Plaj(n) (@(n)).

O]

Note that (5.3) is the dependent formulation of Spector’s equations (4.8). The signifi-
cance of the work done in [30, 31] regarding the product of selection functions lies in the
observation that Spector’s equations have a fundamental meaning that goes beyond the
functional interpretation of choice, and that this meaning is elegantly expressed in terms
of selection functions. In short, (5.3) characterise the product EPS as an operation that
computes a kind of sequential equilibrium between selection functions. Such equilibria ap-
pear naturally in a variety of contexts, and we now outline perhaps the most illuminating

of these contexts: the theory of sequential games.

5.2 Sequential games and optimal strategies

One of the most remarkable property of EPS is that it computes optimal strategies in a
certain class of sequential games. The reader is encouraged to consult [31] in conjunction
with the relatively concise discussion here (where in particular they discuss a more general

class of games).

Definition 5.8 (Sequential game of unbounded length). A sequential game G is defined by
a pair of types (p,7) and a tuple of terms (g, q, ¢) described as follows.

(a) p is the type of possible moves at each round,
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(b) 7 is the type of possible outcomes of the game,

(c) a finite sequence s: p* is thought of as a position in the game in representing moves
for the first |s| rounds, and an infinite sequence «: PV is considered to be a play of

the game,
(d) q: pN — 7 determines the outcome of any given play «,
(e) ¢: pN — N determines the relevant part of a play,

(f) e: p* — Jrp defines a strategy for the game, where ¢4 determines the optimal move at

position s given that the outcome of all potential moves p — 7 is known.

Given a play «, all moves a(n) for n < pa are relevant moves. A position s is
called relevant if |s| < ¢(§), i.e. if in a canonical extension of the current position s the
current move is considered a relevant move. We shall only consider infinite plays which
are obtained by some canonical extension of a finite play s. Therefore, we think of these
as finite games of unbounded length.

A strategy for the game is a function next : p* — p which determines for each position
s what the next move next(s) should be. To follow a strategy from position s means to
play all following moves according to the strategy, i.e. we obtain a sequence of moves
a(0),a(l),... as

a(n) = next(s = [a](n)).
We call this the strategic extension of s. The strategic extension of the empty play is

called the strategic play.
Definition 5.9. Given a game G = (e,q,p), a strategy next is said to be optimal if the

move played at each relevant position s is the one recommended by the selection function
€g 1.€.

next(s) = es(Ax . q(s x x * a))

where « is the strategic extension of s*x. The strategic extension of the empty play when

our strategy is optimal is the optimal play of the game G.

The main result of [31] is that the product of selection functions computes optimal

strategies.
Theorem 5.10 ([31]). Given a game G = (g,q, ), the strategy
next(s) = EPS®%%(s)(|s|) (5.4)
s optimal, and, moreover,
a = An.EPS*??(s)(|s| +n) (5.5)

is the strategic extension of s, i.e. a(n) = next(s * [a](n)). In particular EPS®P¥(()) is

the optimal play of G.
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Proof. We have that

a(n) % EPS(s)(|s| + n)

P25 EPS(s # [a](n))(|s| + n)

(5:4) next(s x [a](n)),

which proves the second claim (5.5). Note that the second equality follows from Lemma
5.6 because s * a = EPS(s) and since |s| +n > |s| we have s x o = EPS([s x a](|s| +n)) =
EPS(s  [a](n)). Hence, assuming that s is a relevant position, i.e. (%) ¢(S) > |s| we have

2 EPS(s) (1))

IO (@ EPS(s % ) (|s])

next(s)

= es(\z . q(EPS(s * x)))
=es(Ax . q(sxx*p))

where 8 := An . EPS(s * x)(|s| + 1 + n), and by the second claim (5.5) is the strategic

extension of s * . O

5.3 A game-theoretic computational interpretation of DC

We now prove that the product of selection functions EPS give a computational interpre-
tation to dependent choice DC. This extends slightly the result from [30, 31] which is
restricted to the interpretation of countable choice ACY. In particular we define a variant
of DC that is very naturally interpreted by EPS. We also attempt to explain in detail the
link between the theory of selection functions and Godel’s functional interpretation - in
particular the notion that optimal plays in a sequential games are somehow related to the
axiom of choice.

Suppose we are given a Yo-theorem A = JzPVy” Ag(x,y) where Ay is quantifier-free.
The negative translation of A is equivalent to ~—3xVyAy(x,y), and therefore its functional
interpretation is given by

|AN|E = Ao(ep, plep)).
In other words, the functional interpretation eliminates double negations in front of a
Yo-formula with a selection function e: J;p. As discussed in section 3.3, p can be viewed
as a counterexample function attempting to disprove A, and therefore the constructive
interpretation of A is precisely a selection function € that refutes arbitrary counterexample
functions.

Thus under the functional interpretation we have the following mapping:

Y.o-Theorems +— Selection functions.

48
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The elimination of double negations in AN for an arbitrary formula A is essentially a
(albeit complex) modular iteration of this process, suggesting that selection functions and
modes of recursion based on selection functions lie behind the functional interpretation in a
fundamental way. Most importantly, the product of selection functions directly interprets
the negative translation of the axiom of countable dependent choice.

For simplicity, let’s first consider AC for II;-formulas:
I1,-AC : Vn3zPVy A, (z,y) — 3P0, yA, (fn,y)
where the A,, are quantifier-free. Its negative translation is intuitionistically equivalent to
Vn—-—3JaVyA, (z,y) — ~—3fVn,yA.(fn,y),
and the (partial) functional interpretation of this is given by

Ve, q, o(Vn, pAn(enp, p(enp)) — Ai(F(pF), qF)). (5.6)

This constructive interpretation of AC asks for a function F*%% approximating the choice
sequence f, given a sequence of selection functions &, which interpret each of the A,,.
By Theorem 5.7, F=%% := EPS®%¥(()) does the job, indicating that under the functional

interpretation we have a mapping
Choice principles — Product of selection functions.

At first glance it may seem strange that an operation that computes optimal strategies in
sequential games is related to the axiom of choice is this manner. But if we take a closer
look, the game theoretic semantics of (5.6) becomes clear. The selection functions e, which
realise the premise of (5.6) can be seen as a collection of strategies separately witnessing
the Yo-formulas (A,). The dialectica interpretation calls for a procedure that takes these
pointwise strategies and produces a co-operative selection function F' that witnesses VnA,,.
Such a procedure is provided naturally by the product of selection functions.

We now prove that more generally, EPS witnesses the functional interpretation of
countable dependent choice for arbitrary formulas. This is a slight reformulation of the
analogous result for Spector’s bar recursion first given in [61]. Dependent choice is usually

given in the following form:
DC? : Vn, "3y Ap(z,y) — Yoo fN7P(£(0) = 20 AVRAL(f(n), f(n+1))).
It turns out that EPS naturally interprets a variant of DC given by

DCP. : Vs JxPAy(x) — HfN_)anA[f}(n)(fn)-

seq

This sequential formulation of dependent choice is similar to the one considered in [82]

and will be important in Chapter 8.
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Lemma 5.11. DC is equivalent to DCgeq.

Proof. First we show that DCseq = DC. Define Bs(y) := Aj(8)5/-1,¥) for |s| > 0 and
By (y) := Ao(zo,y). Then we have Vn, /3y A, (v, y) — Vs3yBs(y) and therefore by DCseq

there exists fN7 satisfying

Defining

~ o ifn=0
f(n—=1) ifn>0

we clearly have VnA, (f(n), f(n +1)).
For DC = DCseq, define

Bu(s” 1) := (sl =n — |t =n+ 1A s <t A Ag(tn)).
Then Ag(z) — Bys|(s,5 % x) = Bn(s,s * x) and therefore
Vs3zAs(x) — Vn, sFtBy(s,t).
By DC for 5o = ()
Vs3wAs(z) = 3P (F(0) = () AVRBa(f(n), f(n +1)))
where

Bu(f(n), fn+1) = |f(0)| =n = [f(n+ D] =n+1Afn < fln+ 1) AAse)(f(n+1)(n)).

By induction |f(n)| = n for all n, and therefore
Vs3wAg(z) = 3f(f(0) = QAVR(l[f(n+ 1) =n+1Afn < f(n+1)AApp(f(n+1)(n))).

Define the function f: N — p by f(n) = f(n+1)(n). Now, clearly [f](0) = () = £(0) and
because for arbitrary n we have f(n) = [f(n + 1)](n) it follows that

[F1(n) = f(n) = [fl(n) = [f(n + D](n) = [fl(n+1) = f(n +1)
and therefore by induction [f](n) = f(n) for all n. Therefore we obtain VnAm (n)(f(n))
O
Remark 5.12. While it is clear that the direction DCseq = DC can be formalised in

WE-PA®, as it stands our proof of DC = DCsq makes use of the extensionality axiom

to derive

FI(n) = F(n) A Agy(F(n+ D)) = A7) (F()):
While we don’t doubt that this need for extensionality can be eliminated with a little
effort, it does not concern us too much here as we are able to give a direct computational

interpretation to DCseq using EPS.
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Theorem 5.13. (a) The functional interpretation of the principle of dependent choice
DCeeq @ Vs Far Ag(x) — I 7PVnA g1 (f1)
1s realized by the dependent product of selection functions EPS.
(b) The functional interpretation of the principle of countable choice
ACY : Yn3zPA,(z) — 3fN7PYRAL(f(n))
1s realized by the simple product of selection functions.
(¢) The functional interpretation of the principle of finite choice
FAC : VEk(Vn < k3zPA,(x) — 35" Vn < kAn(sn))
is realized by a finite product of selection functions.

Proof. We prove (a). Part (b) was first shown in [30], and in any rate follows directly from
(a). Part (c) will be discussed in Chapter 10.
Since A4(x) is interpreted as ElicﬁVyT]As(x)N\gj it suffices to interpret instances of DCseq

for Yo-formulas:
Vs 3zl ZPYT Ay(x, E, ) — EfN_)anEleyA ) (f7, T, y).

Moreover, by adding a dummy variable ¢ of type p* this in turn follows directly from an

instance of II1-DCyeq:
I11-DCs¢q : Vsp*,t’}*ﬂm,iVyAsyt(m,i:,y) — HfNﬁp,fNHﬁVn,yA[ff (fn fn,y).
Therefore it suffices to deal with 11;-DCseq in general i.e.
IT11-DCseq : Vs 3aPYy" Ag(z,y) — 3fVn, YA 1) ([, 9).
where Ay is quantifier-free. This has negative translation equivalent to
Vs==3zVyAs(z,y) — —=3fVn, yApp ) (f1,9)-
and therefore its functional interpretation is given by

I-DCN|I2 = A(esp, p(esp)) = Afpyion (F(0f), af), (5.7)

omitting, for the sake of readability, the parameters ¢, p and g on f,p and s. Let

f = EPS“(()
ps = Ax . q(EPS®9¥ (s x x)).

By Theorem 5.7 we have that f and p := ps,r) and s := [f](¢f) satisfy esp = f(pf)
and p(egp) = qf, and hence, clearly witness |H1—DCN|fj£’, O
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Theorem 5.14 (Soundness theorem for classical analysis using EPS). Let A(a) be a for-

mula in L(WE-PAY) containing only a free. Then
WE-PA¥ + QF-AC + DCeeq - A(a) = WE-HA¥ + EPS - Vy|A(a)™ |[|{*
where t is a closed term of WE-HA® + EPS which can be extracted from the proof of A.

Proof. This follows directly from Theorem 3.11 and 5.13 (a), although technically here we
only prove that the conclusion can be verified in E-HA® 4+ EPS, because full extensionality
is required for our proof of Lemma 5.6. However, this instance of extensionality can be
reduced to the quantifier-free rule by appealing to the trick of Kohlenbach [48, Lemma
11.5], allowing us to indeed verify the conclusion in WE-HA® + SBR (in fact a quantifier-
free fragment of WE-HA® suffices) and obtain a soundness theorem for dependent choice
analogous to [48, Theorem 11.9]. O

The significance of Theorem 5.13 in conjunction with Theorem 5.10 lies in the fact
that our realizer for choice also computes optimal strategies in sequential games, which
means that programs extracted using EPS can often be given an intuitive game-theoretic
semantics. To be more precise, given a proof that is based on an instance of countable
choice, we can informally identify the functional interpretation |AN| of the theorem A
with a partially defined sequential game G4 (whose parameters arise from the interpreted

proof):

Classical theorem A Partially defined game G4

and in this sense the constructive reformulation of A can be understood in terms of optimal

plays in G 4.

5.4 Alternatives to Spector’s bar recursive interpretation of analysis

We have introduced a variant of Spector’s bar recursion with close links to game theory,
and in the following chapters we provide concrete examples of program extraction using
the product of selection functions that produce realizers with a natural game semantics.
However, we also address the issue of whether or not Spector’s bar recursion or the closely
related EPS are always best suited for extracting programs from proofs.

Spector devised bar recursion for foundational reasons - in order to extend Goédel’s
proof of the consistency of Peano arithmetic to classical analysis. Bar recursion is ideal
for this purpose as it provides a simple and elegant solution to the functional interpretation
of the double negation shift, and therefore to both countable and dependent choice.

However, its suitability as a device for extracting intuitive and readable realizers from
proofs is not so firmly established. This is particularly true when a proof makes use of

the choice axiom in the guise of a different principle A, where A might be arithmetical
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5.4. Alternatives to Spector’s bar recursive interpretation of analysis

comprehension, the variants of Konig’s lemma, or the minimal-bad-sequence argument.
In this case, while we can certainly find a bar recursive realizer for A by interpreting
DC — A, it may be better to search for a direct realizer for A that more naturally reflects
the computational content of A.

The idea of constructing new realizers to the axiom of choice and its variants for the
purpose of improved program extraction is not new, and has been explored in context of
the realizability interpretation of analysis in e.g. [8, 10, 11, 82]. However, few alternatives
for Spector’s bar recursion have been proposed for the functional interpretation of analysis.

In each of the subsequent case studies, not only do we attempt to understand the
bar recursive realizer extracted from our classical proof, but we consider the possibility of
replacing it with a more direct and intuitive realizer. In the case of arithmetic compre-
hension (Chapter 6) and X-WKL (Chapter 7) we characterise the behaviour of our bar
recursive in terms of update procedures (similar to the learning-based realizers discussed
in [3]), and for minimal-bad-sequence argument (Chapter 8) we investigate the possibility
of constructing a realizer for its functional interpretation via open recursion, as done by

Berger in the context of modified realizability in [10].
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CHAPTER
SIX

Arithmetical Comprehension

This small chapter forms a note in which we examine the computational content of the
principle of arithmetical comprehension for Z(l)—formulas (In fact, arithmetical comprehen-
sion CAL, for arbitrary formulas is derivable in WE-PA® 4 X0-CA, see [48]). As a warm up
for later chapters we give the bar recursive realizer for ©{-CA in terms of EPS and outline
its game semantics. Then in the main part of the chapter we analyse the behaviour of this

realizer and characterise it as a fixpoint for an intuitive learning-process.

In informal set-theoretic language arithmetical comprehension for ¥{-formulas is given as

follows.

Arithmetical comprehension (X{-CA). Given an arbitrary ¥{-formula B(n) := 3N By(n, k)
(for By quantifier-free) we can construct a set X C N such that n € X < B(n).

We identify subsets of N with their characteristic functions tx: N — B. Written formally
in the language of WE-PA*, $:9-CA becomes!

FtN=Byn(t(n) = 0 <> IkBo(n, k)). (6.1)

Our first observation is that we can eliminate the two way-implication, as (6.1) follows

directly from the formula

3NNYn(3kBy(n, k) — 3i < f(n)Bo(n,1)), (6.2)

'Note that since we can construct characteristic functions for quantifier-free formulas we could alterna-

tively write £9-CA as the single axiom

VNN (t(n) = 0« Fk(f(n, k) = 0))
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by setting
0 if 3 < f(n)Bo(n,i)

tr(n) =
1 otherwise.

Note that, conversely, (6.2) follows from (6.1) using QF-AC. The bounded quantifier in
the conclusion of (6.2) is not strictly necessary, although in this and the following chapters
we sometimes prefer to work with bounded formulas because it makes the computational
interpretation slightly more intuitive, and more useful in applications. Now, (6.2) is equiv-

alent to

3NN, k(30 < kBoy(n, i) — 3i < f(n)Bo(n, 1)), (6.3)

and the ND interpretation of (6.3) is given by
Vg, p3fV¥n < o f(Ji < qfBo(n,i) — 3i < f(n)Bo(n,i)) (6.4)

where ¢ and ¢ have type NN — N. One can rephrase this interpretation of ¥9-CA as follows.

Finitary arithmetical comprehension (Fin-X{-CA). Given arbitrary functionals ¢, o: NN —
N there exists a function f: N — N such that the set Y := {n | 3i < f(n)Bo(n,i)} C X
is an approximation to X relative to ¢, ¢ in the sense that for all n < ¢f we have n € Y’

whenever 3iBy(n, i) is witnessed for ¢ < ¢f.

The idea behind this equivalent formulation of E?—CA is that Y C X is an approximation
to X whose ‘size’ and ‘depth’ are calibrated by the functionals ¢ and ¢ respectively. The
existence of such approximations for arbitrary ¢, g is classically equivalent to Y9-CA.
However, while the comprehension set X cannot be effectively constructed, arbitrarily

good approximations Y can be computed using bar recursion.

6.1 A game-theoretic interpretation of X%-CA

We now extract directly from the classical proof of ©-CA a bar recursive realizer for
Fin-X{-CA in terms of the product of selection functions. Bar recursive interpretations of
comprehension are not new (see e.g. [48, Chapter 11.3]) - our aim here is to provide one in
terms of EPS that has a natural game-theoretic reading. One obtains ¥{-CA in the form

CN’N

of (6.3) from a instance of A applied to

Vn3lVk(3i < kBo(n, i) — 3i < [Bo(n,i)) (6.5)

where (6.5) is a direct consequence of the law of excluded middle sometimes referred to
as the ‘drinkers paradox’. The functional interpretation of (6.5) asks for a sequence of

selection functions e: JyN satisfying
¥, p" 7N (3i < plenp) Bo(n, i) — 3i < enpBo(n, i), (6.6)
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and it is clear that
0 if Vi < p(0)=By(n,1)
en(p) == o , (6.7)
p(0) if 3i < p(0)Bo(n, i)
does the job. To see this, note that if Vi < p(0)—By(n,?) then the premise of (6.6) is false
for ,p = 0, and otherwise the conclusion must be true for ,p = p(0). Now, to interpret

the instance of countable choice applied to (6.5) we define

Jap 7= EPSTTE(()).

By Theorem 5.7 we have e,p, = f(n) and ¢f = pn(enpn) for all n < pf (for p, = pigm)
as in Theorem 5.7), therefore by (6.6) we obtain

Vn < ¢f(3i < qf Bo(n,i) = Ji < f(n)Bo(n,1)), (6.8)

and so fy . is a realizer for Fin-X-CA. We can attach the game-semantics of EPS to this
particular case, where Fin-X{-CA corresponds to a partially defined game G[q, ] which

can be described in mathematical terms as follows.

(a) The move at round n is a natural number & which in this context should be viewed

as a potential bound for a witness of 3iBy(n, ).
(b) An arbitrary play « determines a subset {n | 3i < a(n)By(n,i)} of X.

(c) The strategy for constructing an approximation to X is given by the selection func-
tions. At position s with |s| = n, provided ¢(8) > n the selection function €|, defines
a policy for whether or not to include n in the approximation. By default it selects 0
and attempts to get away with omitting n from the approximation. However, if the
outcome ¢(s*0x* ) (where « is the strategic extension of s 0 in the sense of Section
5.2) bounds a witness for 3iBy(n, i), £, accepts it must change its mind and includes

n in the approximation, stealing this bound as justification.

Glg, ¥] ‘ Finitary arithmetical comprehension

€n | decide whether to include n in approximation
EPS?® | construct approximation to X

©, q | determine size and depth of approximation respectively

Table 6.1: Functional interpretation of %9-CA

Under this correspondence between plays of G[q, ] and subsets of X, we see that an
optimal play of G[q, ] given by f = EPS®%%(()) is an approximation to X of depth and

size given by ¢ and . This fact is clear in informal game theoretic terms: that fn is an
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optimal move at round n implies that fn = 0 only if ¢([f](n) * 0 * a[fn)«0) = ¢f does not
bound a witness for 3iBy(n, i), otherwise fn > 0 and must by definition bound a witness
for FiBy(n,1).

We have taken a non-constructive derivation of ¥.9-CA and have quickly and easily
transformed it into a constructive proof of the functional interpretation of X9-CA that can

be clearly understood in mathematical terms by using the semantics of EPS.

6.2 Fin-X9-CA as the fixpoint of an update procedure

While EPS gives us an intuitive constructive proof of Fin-X9-CA, it is natural to ask whether
we can understand the actual computation that it carries out in more detail. How does the
specific instance EPS® with ¢ defined as in (6.7) behave? Can we give a more illuminating
characterisation of how our realizer computes approximations to X{-CA? In this section
we show that the bar recursive realizer EPS®(()) is exactly the fixed point of a learning
process that keeps track of when the selection functions ‘change their mind’ and discover

non-trivial constructive information.

An informal description of the realizer

To begin with, let us give a rough simulation of how our realizer constructs an approxima-
tion to Fin-X9-CA. Given ¢ and ¢ it computes the sequence f = EPS®%¥(()), a procedure
in which each selection function ¢, picks a default value 0, and waits for the &, for m > n
to compute the strategic extension for this choice before it decides whether or not to
change its mind. The non-trivial steps in the procedure are precisely the points at which
the selection functions change their mind, as only in this case do they discover genuine
constructive information.

Initially, each selection function will test 0 in turn until we reach the first point Ny
at which Spector’s condition holds i.e. ¢(Oy_n, No) = ¢(0) < Np. Clearly this point is
given by No = ¢(0) + 1. EPS will then backtrack until it finds a point ny < Ny such that
i < q(0)By(no, i) and ey, is forced to change its mind. We have two possibilities:

(1) no such ng exists, in which case f = EPS({)) = On_n;

(2) €no(P0)(no)) = q(0) (for ps as defined in Theorem 5.7) where ng < ¢(0) is the greatest
such that 3i < ¢(On_N)Bo(no,1).

In the case (2) let us define

u1 := [On-n](no) * ¢(Onon)-

At this point in the calculation of f the g, are testing the default value 0 for all n < ng, and
it has been decided that next([0](no)) = ¢(0), or in other words EPS([0](ng)) = EPS(u1).
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The computation continues by calculating the strategic extension of u;. We find the first
point N1 > ng such that @([ET/](\M)) = ¢(u1) < Nj. This time, either ¢(u1) < ng in
which case N1 =ng + 1, or ¢(u7) > ng and Ny = p(uy) + 1.

Putting these cases together we get N1 = max{ng + 1,p(u1) + 1}. As before, EPS
backtracks until it finds a point ng < n; < Nj such that 3i < q(uy)Bo(ni,4). If no such
point exists we conclude that the strategic extension of u; is Oy i.e. EPS(u1) = uy. The
backtracking then continues until a point ny < ng is found satisfying 3i < q(uy)Bo(n1,1).
Once more, overall there are two possibilities, according to whether or not a selection

function ends up changing its mind:
(1) no such n; exists, in which case f = EPS(u1) = uy;

(2) eny (Pl@](ny)) = 2(u1) where ny < max{no, p(ur)} = max{|ui| — 1, p(u1)} is the great-
est such that ny # ng and 3i < q(uy)Bo(nq,1).

In the case (2) let us define
ug := [t](n1) * q(ur).

We have reached the next non-trivial stage in the calculation of f, in which the selection
function at n; has changed its mind and we have next([u1](n1)) = ¢(u1). Now the &, are
testing 0 for all n < n; except for the point n = ng if ng < ni, as this will have already
been set to the value ¢(0). If n; < ng, then we are now calculating the optimal extension
of a new position [0](n1) * ¢(u1) and we forget the value that was previously assigned to
ng.

Either way we continue by calculating the strategic extension of uo, and the algorithm
follows the same pattern as before, backtracking from the point No = max{n; +1, p(u3) +
1} and checking whether or not the default value works at points n < Ny that are being
tested (i.e. n # ng,ny if ng < nq, else n # ny). Our claim is that the process continues in

this way, yielding a sequence of updates
U= () > U = UL > . Uy

where
ujr1 = [ug](ng) * q(1;)

for nj < max{|u;j| — 1, p(q;)} the greatest such that u;(n;) = 0A 3 < ¢(a;)Bo(n;,) (the
condition u;(n) = 0 indicating that €, is currently in the testing stage). This corresponds
to case (2) above. If no such n; exists we have u;y1 = u;, and this corresponds to case
(1) above. We claim that f = 4, where wu,, is the fixpoint of this process.

The idea behind looking at the computation of EPS(()) in this way is that our bar
recursive realizer for Fin-X{-CA can be characterised as a learning process in the sense of
[1, 2], the ‘learning’ in this case corresponding to a selection function changing its mind.

We now make this characterisation of our realizer precise.
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EPS as a learning process

Given a finite sequence u define dom(u) := {i < |u| | u(é) > 0} (note that we consider the
value 0 to be ‘undefined’). Now define an operation x : N* x ((N x N) + {}) — N* by?

A~

u* (n,x) = [ul(n) *x

and v * 0 = wu.

Definition 6.1. (a) An update procedure is a functional n: N* — (N x N 4 {0}) satisfying

Yu,n,z(n(u) = (n,z) - n ¢ dom(u) Az > 0).

(b) Given an update procedure 1 and a finite sequence of numbers s, the x-learning process

U™s: (p*)N generated by 1 and s is the sequence defined by

UJS = U= U wg(UD).

(c) The learning process U™ has a fizpoint if there exists some j such that U} = U™,
We write fix(n, s) = U}"”.

Remark 6.2. Note that while our definition of an update procedure in similar to e.g. Avi-

gad’s [4] and others used in the literature, our definition of the learning process generated

by an update procedure is slightly different due to the fact the operation * performs a

‘cut-off’ update as opposed to an update @ in the usual sense. We elaborate on this

below.

Remark 6.3. Fixpoints of learning processes are unique, since if U; is a fixpoint then
Uy =Ujforall I > j. Also Uj is a fixpoint iff n(U;) = 0. One direction is obvious, for
the other note that if n(U;) # 0 then n(U;) = (n,z) with n ¢ dom(U;) and = > 0 which
implies that Uj1(n) = = and therefore n € dom(Uj41).

Theorem 6.4. Suppose that €,: JyN is defined as

0 if ~Cn(p(0))

en(p) =
p(0) otherwise

where Cy, is a decidable predicate satisfying ¥Yn—Cy(0). Define the update procedure 1.,
by
Mg (u) = (n,q(1)) for in < max{lu| —1,(u)}(n ¢ dom(u) A Cn(q())), else |

where fin < mQ(n) is the bounded search operator returning the greatest element satisfying

Q(n) if it exists. Note that the condition on Cy(0) ensures that 1., is indeed an update

2Here we casually extend our collection of finite types to include coproducts + and a null object @
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procedure. Then, provably in E-HA® +EPS+BI, the learning process U+ has a fizpoint

and
fix(g.pr () = EPST4#(()).

Proof. For given ¢, ¢ we use bar induction on the statement P(s) that the learning process

—

U"s* has a fixpoint with fix(n,|, s) = EPS®%¥(s), for
Nm(u) := (n,q(@)) for an € [m, max{|u| — 1, p(u)}](n ¢ dom(u) A Cyr(q(w))), else 0.

Clearly the theorem follows from P(()). First we must establish that for any a: NY there
exists N with P([a](N)). Now, provably in E-HA® 4-EPS there exists an N satisfying Spec-
tor’s condition ¢(a, N) < N (this fact, usually given in terms of GBR, is proved for EPS in

Proposition 11.1). In this case max{N — 1,¢(a, N)} < N and therefore ny([a](N)) = 0,
SO UgN’[a](N) = [a](N) is a fixpoint of U™ [MN) " and

EPS([a](V)) = [](N) @0 = fix(n, [a] (V).

Now given s assume that P(s* z) holds for all z. We must prove P(s). If ¢(5) < |s| then
P(s) holds by a similar argument to the one above, so we assume that ¢(5) > |s|, in which
case by definition of EPS:

EPS(s * 0) if =Cl5(¢(EPS(s % 0)))

EPS(s) =
EPS(s * ¢(EPS(s*0))) otherwise.

Let us define u; := Uz-msl’s and v; = U;]'S'H’S*O. By the hypothesis P(s % 0), (v;) has a
fixpoint: let j be the least with v; = v;41. Now, we claim that for all i < j:

(i) @; = v; and therefore dom(u;) = dom(v;);

(ii) s*0 < u; so in particular |s| ¢ dom(u;),dom(v;);
(iii) 5| < max{[ui| =1, o(w:)};

e llsl+ 1, max{u] — 1, p(@)}] An ¢ dom(u) A Co(q(@)
00 s e tlsl 4 1 max{lus] — 1, o(8)}] A ¢ dom(ss) A Co(a(6)

We use induction. Both (i) and (ii) are clearly true if i = 0 because up = s and vy = s x 0.
Furthermore, max{|ug| — 1, p(ug)} = max{|vg| — 1,(09)} > |s| by our assumption that
©(8) > |s|, from which (iii) and (iv) follow.

Assume the induction hypothesis for ¢ < j, and note that 7, S‘H(Ui) # () by minimality
of 7. Now, using the fact that

an € [|s| + 1, K]Q(n) if it exists
(x) fin € [[s|, K]Q(n) = < |s] if |s| < K AQ(|s])

0 otherwise
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we must have

~\\ (@) ~yy (0),(%)
Msl+1(vi) = (1, q(02)) = (n, q(@i)) = =" g (us).
Therefore u;11 = [U;)(n) * q(;) = [03](n) * q(0;) = vit1, so (i) and (iv) clearly hold for
i+ 1, by the fact that n > |s| + 1 (ii) and (iii) follow.
Now, for i = j we have n411(v;) = 0, and by (%), using (iv) along with (ii) (|s| ¢

dom(u;)) and (iii) we obtain

s (ug) = (Isl, a(@)) if Cpg(q(w;)) else 0.

There are two possible scenarios:

Case (a): =Cly(¢(EPS(s % 0))), which by the bar induction hypothesis

@ @5 ") Eps(s « 0)
is equivalent to =Cly(q(w;)). This implies that 7, (u;) = 0 and so U"*I* has fixpoint wu;
and

u; = EPS(s % 0) = EPS(s).

Case (b): Cl4(q(EPS(s x 0))) which as before is equivalent to C|y(q(@5)). This time
s (ug) = ([s], a(@y)), so
—~ o\ (7) —~
w1 = [@5)(|s]) * q(@;) = s % q(i).
Define v} := w414 and w; := UMsi+1544(%) By the hypothesis P(s*q(u;)) we can assume
that w; has a fixpoint, so let k£ be the least with w; = wgy1. Now we use an analogous

but simpler argument to before, where we can claim that for all ¢ < k that:

(i) u; = w; and therefore clearly

~

n € [Js| + 1, max{|u}| - 1, ()} An ¢ dom(uf) A C(q(i2))

)

< n € [|s] + 1, max{|w;| — 1, p(w;) }] A n ¢ dom(w;) A Cp(q(w;)).

(ii) |s| € dom(u;),dom(w;);

These are true for ¢ = 0 since uy = s * ¢(4;) = wp. Assuming they hold for ¢ < k, by
minimality of k we have
— (@) Sy (0,06)
Mj+1(wi) = (n, q(@7)) = (n,q(u))) =" s (uy)

~

and therefore v, = [uf](n) * q(zZ) = [w;](n) * ¢(w;) = w;+1 and (ii) follows because
n>|s| + 1.
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For i = k we have 0,41 (wg) = 0, and by (x), using (iv) along with the fact that this
time (ii) (|s| € dom(uy)) we have 74 (uy,) = n)5|(ujs14%) = 0 and therefore U1 has
fixpoint w414 and

T 2@ "L Eps s+ g(a) TS EPS(s % (EPS(s + 0))) = EPS(s).

This completes the bar induction, and hence the proof. ]

Setting C,(x) := Ji < xBy(n,i), Theorem 6.4 gives us an alternative characterisation
of our bar recursive realizer of Fin-X{-CA. The functional interpretation of X9-CA asks
for a finite approximation Y, , to the non-computable set X := {n | B(n)} on arbitrary
counterexample functions ¢, ¢. The bar recursive realizer extracted to produce Y returns

the fixpoint of a learning process U, which in set theoretic terms can be written as

=Y —=Yy—...=Y,=Y

—

where Y; = {n | Ji < Ui"’o(n)Bo(n,i)}. This learning process starts with the empty
set and by a pattern of trial and correction picks up new elements until the process
terminates. It is clear from this description why our realizer works. We can informally
write Vi1 = [Yi](ni) U {n;} for n; € X, therefore by induction Y; is a subset of the
non-computable set X for all i. In addition, n(U,,) = 0 implies that, setting f = (/];,

Vn < pf(n ¢ Y — Vi < qf—Bo(n, 1)),

which is precisely the condition needed for Y;, to be an approximation to X.

We note that inessential adjustments to the bar recursive realizer - for instance altering
the selection functions so that they play a default value 1 instead of 0, might lead to a
realizer that is slightly more difficult to describe in these terms, but would ultimately
behave in a broadly similar fashion.

Viewing the bar recursive interpretation of X{-CA as the fixpoint of a learning process
not only improves our understanding of how programs from proofs involving $9-CA behave,
but brings the ND interpretation and bar recursion closer to the world of learning-based
realizability that has been extensively explored in one sense or another in [2, 3, 4, 22]
to name just a few. It is not surprising in itself that Spector’s bar recursion can be
characterised in terms of learning - indeed it has been suggested that the concept of
learning underlies and unites all computational interpretations of classical logic (see e.g.
[2]). Nevertheless it is illuminating to be able to describe in more concrete terms the
variation on learning that specific computational interpretations implement, as we have
done in Theorem 6.4.

We will not go into any detail here on how the combination of negative translation

and functional interpretation compare with the more direct learning-based realizability
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interpretations of classical logic that have been produced in the last decade or so. We
point out that the learning process defined in this section is based on an operation *
which only retains constructive information below the point at which we’re updating.
This ‘forgetful’ behaviour is an intrinsic feature of the backtracking implemented by bar
recursion. In contrast, learning in the sense of [3, 4] is based on an operation @ is given
by

T ifm=n

(a @ (n,z))(m) := '

a(n) otherwise.
where « is a partial function of type N — N. The operator & generates learning processes
that always retain any constructive information they find.

All this raises an interesting question of whether the functional interpretation is of
Y0-CA is better witnessed directly using a different form of recursion based on learning
processes, not only to produce more expressive and intuitive realizers, but for the sake
of efficiency too. However, we leave a more detailed study of this rather subtle issue to

future work.
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CHAPTER
SEVEN

Weak Konig’s Lemma for Undecidable Trees

In the previous chapter we gave a bar recursive computational interpretation of arith-
metical comprehension that could be understood in intuitive game-theoretic terms. In
this chapter we examine, from the same perspective, the computational content of weak
Konig’s lemma for ¥9-trees. We give some applications in mathematics, in each case
providing an informal game-theoretic description of the extracted realizers.

When we talk of weak Konig’s lemma in the context of reverse mathematics we usually
mean weak Konig’s lemma restricted to quantifier-free trees (as in Section 2.3). Weak
Konig’s lemma for undecidable X{-trees (3(-WKL) is considerably stronger and can be
used to conveniently formalise several important theorems of mathematics including the
Bolzano-Weierstrass theorem and the infinite Ramsey’s theorem, as has been done in [78]
and [57] respectively - bar recursive realizers for these principles also being extracted in
[78] and [56] respectively.

In this Chapter we focus on investigating the semantics of the general bar recursive in-
terpretation of E?—WKL, and as applications we aim to derive readable constructive proofs

of the finitizations of these two theorems given by the functional interpretation.

Weak Konig’s lemma for 3 trees (X{-WKL). Any infinite binary X{-tree T has an

infinite branch «.

We write T'(s®") := 3kTy(s, k) where Ty(s, i) is quantifier-free. Without loss of generality
we can insist on monotonicity in the second argument by setting T}(s, k) := Ji < kTo(s, ),
which will turn out to be quite convenient when extracting our realizer. For 3{-trees, prefix
closure Vs, t(T(s *t) — T(s)) is no longer a purely universal statement, and our realizer
is constructed relative to a functional 6: B* x N — N that witnesses closure of T in the

following sense:

Vs, t, k(i < kTo(s*t,i) — Fi < O(sxt,k)Tp(s,1)). (7.1)
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We can write $-WKL formally as
SOWKL @ Vnds € B", kT)(s, k) — 3o, 8V VnT}([a](n), B(n)).

where in fact the conclusion is slightly strengthened through an application of QF-AC to
obtain the function 5. As with WKL we can absorb the bounded quantifier s € B" by
defining

hi(n) := ps € B"3i < kTy(s, i) else 0

so that X-WKL becomes
YO-WKL : Vn3kTy(hyn, k) — 3o, BYnTy([a](n), B(n)).
Remark 7.1. As with X9-CA we could alternatively write 29-WKL as a single axiom i.e.

Vs, t(3k(f(s*t k) =0) — Jk(f(s, k) =0))

— (Vn3s, k(f(s, k) = 0) = JavVn3k(f([a](n), k) = 0))]
This is (essentially) the form in which it is interpreted in e.g. [78]. The difference here
is that we interpret a rule form of E?—WKL in which we assume that the predicate T is
prefix closed. This is certainly sufficient for applications of X{-WKL to specific trees, and it
means that we have the luxury of a somewhat simpler program extraction. Note, however,

that by calibrating exactly where our realizers for the rule form use prefix closure, we could

easily regain a functional interpretation of the aziom form of L9-WKL.

It is easy to see that Y{-WKL can be reduced to WKL by encoding finite branches
s: B* as natural numbers and using a single instance of X9-CA to produce a characteristic

function for T'. We analyse the computational content of a slightly different reduction of
Y0-WKL to WKL using bounded collection and I1{-AC.

Theorem 7.2. X{-WKL is instancewise provable from T9-AC over WE-PA¥ + QF-AC +
WKL.

Proof. By the law of excluded middle we have
vnVs®" 3IVE(3i < kTo(s,4) — 3i < 1Ty(s,13)).
Applying bounded collection over the quantifier Vs € B” we have
VYn3LVs®" k(3i < kTy(s,i) — Fi < LTy(s,1))
and therefore by I19-AC there exists 3: N — N satisfying
Vs, k(Fi < kTo(s,i) — Fi < B(|s|)To(s,1))- (7.2)
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Observe that this is just a reformulation of (6.2) where we now have an instance of
bounded collection as an intermediate step. Now, if T is infinite, then by (7.2) T#(s) :=
T4 (s, B(Js])) is an infinite quantifier-free tree. By WKL on T# there exists a a:: BY satisfying
vYnT?([a](n)) or in other words

vnIp([a](n), B(n))

which is the conclusion of X¢-WKL. O

7.1 A bar recursive interpretation of 3{-WKL

Using MP“| the negative translation of X{-WKL is equivalent to
V3T, (hgn, k) — ——3a, BYnTH([a](n), B(n)),
so we will construct a realizer for the functional interpretation of
HgNNVnTé(hgnn,gn) — Vw3a, BVn < waBTH([a](n), B(n)) (7.3)

where w: BY x NN — N, which will entail the extraction of o, § and n on parameters g,

w and 6.

Remark 7.3. Note that technically the functional interpretation only requires us to realize
39 T (hgnn, gn) — Yo3a, BTY([a)(@aB), B(@a)). (7.4)

However, bar recursion naturally provides us with a realizer for (7.3), and either way
a realizer for (7.3) is easily obtained from a realizer for (7.4) by setting waf := un <
waf=Ty([al(n), B(n)).

One can rephrase (7.3) more naturally as follows

Finitary weak Konig’s lemma for %Y trees (Fin-X{-WKL). Suppose there exists a
function g: N — N witnessing that the ¥9-tree 7' has branches of arbitrary length. Then
for any w: BY x NN — N there exists a sequence o: BY along with a function 5: NN wit-
nessing that « is an approximation to an infinite branch of 7', in the sense that for all
n < waf, f(n) bounds a witness for [a](n) € T

We now extract from the classical proof of ©9-WKL a constructive proof of (the full
functional interpretation of) Fin-X{-WKL. Our first step is the construction of an approx-

imation to the function § in (7.2) using the product of selection functions.

Lemma 7.4. For arbitrary q,p: NN — N there exists Bgo: N — N satisfying

Vn < ¢BYs € B"(T}(s, qgB) — Té(s,ﬁq,wn)).
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Proof. Define the selection functions €, : JyN by
en(p) = p™(0) (7.5)
where 7 < 2" is the least such that
Vs € B"(Ty (s, 0D (0)) = Ty(s,p(0))).

It is easy to see that &, is well-defined. If not, then we end up with a sequence sq, ..., Son
in B™ such that

3i < pUTD(0)Ty(s5,4) A Vi < pY)(0)=Tp(s5,9),

for all j, which implies that the s; form 2" 4 1 distinct elements of B" - a contradiction.

Therefore the ¢, satisfy
Vn, pV¥s € B"(Ty(s, p(enp)) — To(s,€np))

Now define 3, := EPS=%%(()). By the fact that EPS solves Spector’s equations (5.3) i.e.
Bg,on = €npn and py(enpn) = qPq,, for all n < vy, we have

Vs € B"(Ty(s,4Bq.0) — To(5: Bg.om))

for all n < By . O

Finally, we use Howard’s computational interpretation of WKL (Section 4.3) in con-
junction with our approximation of 3 to witness Fin-X9-WKL. Informally, we assume the

existence of a non-computable function 3 satisfying
Vs, k(i < kTo(s, k) — Fi < B(|s])To(s, 1))

and compute an approximation o to an infinite branch in the tree T?(s) = i <
B(|s])To(s,i) on the functional wg := Aa.wa. We then calibrate the size q.,, ¢, of the
approximation to 5 necessary to validate our realizer. Of course, in pure logical terms this
is nothing more than the functional interpretation of implication. We (very informally)

illustrate the whole construction in Figure 7.1.

Theorem 7.5. Suppose we have a binary tree T, whose prefix closure is witnessed by 0
as in (7.1). Given parameters g: N — N and w: BN x NN = N, for arbitrary f: N — N

define Kg using Howard’s binary bar recursion as

0 if w(s, B) <ls|

Kg(s) =
1+ max{Kg(s x0), Kg(s x 1)} otherwise.
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Th. 4.7 L.74
AB L IWKL[B[Ss? [S9-CA[S .

— Th. 7.5
I29-WKL|2?

Figure 7.1: Constructive proof of finitary weak Konig’s lemma for ¥.9-trees
B._ B B ._ B 8. B otict
Then define Ny == K (()) and oy, g = uy, g where uy, g is the least u < thgNw satisfying
w(u, B) < |u| (which must exist by the proof of Theorem 4.7). Finally, abbreviate 3, 4 :=

Bi.gi0wq @8 0 Lemma 7.4 where

Quz,gﬁ = e(thfom QNE)

Puw,gB = wozgg .

Then Ny 4 = Nf“’g, Qg 1= agf’f and B, 4 witness the functional interpretation of (7.3)

1.€.

Vg, W(Té(thw,gNw,g»gNw,g) —Vn < Waw,gﬁw,gTé([aMg](”), ﬂw,gn)-

Proof. Let n < way, ¢B.,4. Then because a4 = @ where we abbreviate u, 4 := ugfg’g

we have,

o o w(@,B8)<|ul
[O‘w,g](n) = [O‘w,g](waw,gﬁw,g) = [Uw,g](w(uw,ga Bw,g)) = Up,g 2 thw,gNong'

Therefore by prefix closure of T' (witnessed by #) and definition of ¢, g,
Té(thw,gNw,g’gNw,g) - T(;([O‘w,g] (n), e(thW,gNWﬂ’ gNw,g)) - T(;([O‘w,g](n)a Qw,gﬁw,g>-
Now by Lemma 7.4 and the fact that way ¢8..9 = Puw,gBw,g, We have
Vn < wow,gfu,gVs € B”(Té(s, Qu,gBuw.g) = T6(57 Bugn)),
so setting s = [ay, 4](n) we get

To([0w,(1), Gu.gB.g) = To([w,gl(n), B gn)

and putting these together we obtain
Té(thw,gNw,mgNw,g) — To([ow,gl(n), Bugn)

for arbitrary n < way, ¢fw, g, and we're done. O
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A game theoretic description of the realizer

We now make explicit the game semantics of our realizer for Fin-X9-WKL. The situation
is more complex than for arithmetical comprehension in the previous chapter, partly due
to the fact that we now have two instances of bar recursion. However, the most significant
component of the realizer is the single instance of EPS used in Lemma 7.4 to construct the
comprehension function S, and this behaves similarly to our realizer in Chapter 6, as the
selection functions (7.5) are just an iterative version of (6.7). Our constructive proof of
Fin-X9-WKL can be described in terms of a central sequential game G[w, g] = (&, qu.g, Pu.g)
of type (N,N) parametrised by w and g.

(a) A play B of G defines a subset 7% = {s | 3i < B(|s|)To(s,4)} of the non-computable
tree T', where moves at round n are natural numbers that witness branches of length
n. Note that for arbitrary 3 the set 7% need not be a tree itself.

(b) Under the assumption that g satisfies the premise of (7.3), for each play S we can

construct, via binary bar recursion, a branch aﬁ,g satisfying T([ag,g](waggﬂ)).

Now, the property ‘[ag,g] (waggﬁ) is a branch of T is substantially weaker than [aﬁg] (waf,,gﬁ),

B being an approzimation to an infinite branch in the sense of Fin-X-WKL. For this, we

require that (3 also satisfies Vn < wagg,BTé([ozg,g](n), fn), or in other words
Vi < wad B(lal ) (n) € T).

One way of looking at 3 is that it allows us to compute arbitrarily many witnesses that
in a sense converge to ag,g.

The role of our main instance of EPS is to compute an optimal play 3, in G = (¢, q, )
that will form an approximation to the ideal characteristic function § in (7.2) relative to
given counterexample functions ¢ and ¢. We calibrate the size of this approximation in
terms of w and g to ensure that T5# contains [ag‘f‘g“’](n) for n < wag‘fgf Bq,, and therefore

contains an approximation to an infinite branch.

(c) The selection functions ¢ defined in Lemma 7.4 build an approximation f, . relative
to some ¢, ¢ using the following strategy. At position tN° with |t| = n and p(t) >
n, the selection function €, decides which branches of length n to include in the
approximation. It plays a default value x¢p = 0 and tries to get away with omitting all
branches in B™ from the approximation. If, however, the outcome p(0) = q(EPS(t *
0)) = q(tx0%cy) (where « is the optimal extension of ¢x0) bounds a witness for Ty(s, 7)
for some s € B", it changes its mind and updates zo — 1 = q(t *0* ) to include all
such s in the approximation. It now repeats this step: if p(p(0)) = p(x1) = q(t*x1%aq)
(where «; the optimal continuation of ¢ * x1) bounds a witness for any new branches

not already witnessed by x1, €, updates x1 — x2 = q(t * x1 * aq) and adds those new
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branches to the approximation. It continues the process of trial and improvement at

most 2" times before it find some z; bounding a suitably large subset of B" such that
Fi < q(t *xj* oj)To(s, i) = Fi < x;To(s, )
for all s € B".

An optimal play 34, in the game satisfies
n < 9Bgp, Vs € B"[Fi < qBq,0.To(s, 1) — Fi < By,onTo(s,1)].

In other words, the set T%+¢ is an approximation to T' of size ©Bq,, and depth g8, ,. Now,

given w and g, specific parameters q., 4, Yu,g for Glw, g] are given as follows.

(d) The relevant part of a play (3, which determines the size of the approximation to T,
is given by ¢, 483 := waggﬁ to guarantee that the approximation covers the branches

[agg](n) for n < waf,,gﬁ.

(e) The outcome of a play (B, which determines the ‘depth’ of the approximation to
T, is given by qu 48 := H(hg NaNg , ng ), which guarantees that the approximation

also covers witnesses to [ag,g] (n) for all n < waf,,gﬂ, since Té(hg NE N&, gN5) implies
T§([ol)(n), GusgB)-

Together, these imply that an optimal play 3,4 = B4, ,.0., Of Glw, g] satisfies
i < BugnTo((aliy’)(n), i)

for all n < wagﬁf Bu,g and so forms an approximation to T# of sufficiently high quality
that it contains an approximation to an infinite branch of 7" relative to w, hence realizing
the functional interpretation of ¥9-WKL.

The semantics of EPS give us a clear game-theoretic characterisation of our constructive
proof of Fin-X9-WKL, and one which nicely reflects the structure of the classical proof
it was extracted from. Our derivation of X{-WKL in Theorem 7.2 contains three key
ineffective steps: first a combination of the law of excluded middle and bounded collection
to construct a bound L for witnesses T'(s) for s of fixed length, then an application of
I19-AC to obtain a characteristic function 3 for T', and finally weak Konig’s lemma applied
to the quantifier-free tree 7.

These three steps correspond to the main components of the game G[w, g]. Bounded
collection is interpreted by the selection functions &,, which define a strategy for G[w, g] that
entails approximately deciding which branches of length n lie in T, and their unbounded
product EPS® interprets I19-AC to form an approximation to the characteristic function
B. Finally, the outcome and control functionals ¢, 4, and g, , constructed using binary
bar recursion interpret WKL and ensure that 7% contains an approximation to an infinite
branch of T'.
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classical proof ‘ sequential game Glw, g]

LEM/bounded collection | selection functions &,
countable choice | unbounded product EPS®

weak Konig’s lemma | outcome and control functionals q., g, ¢, g

Table 7.1: Functional interpretation of 2¢-WKL

Fin-Z(lJ-WKL as the fixpoint of an update procedure

We claim that the ideas from Section 6.2, in which the realizer for ¥9-CA was characterised
in terms of a learning process, are also valid for our realizer of ©{-WKL whose selection
functions € employ a similar strategy. Our approximation to T could be characterised as

the fixpoint of a x-learning process
To=0—Ty—To— ...= Ty 2 [a)(waB)

where T;11 is obtained from T; by adding (potentially several) new branches of length
n to T; and erasing all branches of length greater than n. In contrast to the selection
functions defined in Chapter 6, our selection functions here test up to 2™ values before
deciding on a move, suggesting that our update procedure would allow updated points to
be ‘improved’ finitely many times. It would be interesting to see an extension of Theorem

6.4 that incorporates our realizer for ¥9-WKL

7.2 The Bolzano-Weierstrass theorem

We now give the first of two applications in which we briefly illustrate how the game
semantics of our realizer of ©-WKL might be useful in practise to shed some light on the
computational content of well-known theorems in mathematics. The Bolzano-Weierstrass
principle (BW) follows directly from X{-WKL, and we give a straightforward computational
interpretation to BW for rational sequences in the unit interval. The reader is directed to
[78] for a comprehensive account of the computational content of the Bolzano-Weierstrass
principle. There a general bar recursive realizer for the ND interpretation of BW for se-
quences of reals in the product space I, en[—Fkn, ky| is given, and a complexity analysis of
the realizer is carried out to calibrate the computational contribution of fixed instances of
BW used in proofs of IIs-theorems. However, the realizer given in [78] is rather intricate,
and we feel it is beneficial to present a realizer in terms of EPS for a simple instance of
BW and describe how it behaves.

Bolzano-Weierstrass principle for [0,1]g. Any sequence (x;) of rationals in the unit

interval [0, 1] contains a subsequence (xp;) converging to some a € [0, 1].
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7.2. The Bolzano-Weierstrass theorem

We can express this formally as
BW : V( )N—)[O 1](@3 B bN Vn(bn < b(n + 1) N Zpy € I[a]( ))

where for a finite sequence of booleans s we define the interval

|s|—1 [s|—1

Z 21+1’ Z 21+1 2\ s|

for [s| > 0 and Iy := [0,1]. Note that x € I, is decidable for x: Q. Intuitively we identify
a: BN with the real number a := Yoo 5ii1, 80 that Ty, € I[g)m) < |Tpn — a] < 27" and

therefore (z3;) converges to a (although a detailed formalisation of BW would require us
to make this intuition explicit relative to some appropriate encoding of the real numbers
- see [78] for details).

Theorem 7.6. BW is instancewise provable from L¢-WKL over WE-PA“ + QF-AC.

Proof. Fix the sequence (z;) and define

T(s) :=3i(|s| < i A (z; € I5)).

To (377;)

Observe that the functional 6 witnessing prefix closure of T' can be taken to be the identity
in this case, as Ty(s * t,i) — To(s,4) for all s, t because Ig C I5. The tree T is infinite
because for any n there is some sequence s of length n such that the interval I, contains
the point x,,. Therefore by 3{-WKL there exists a: BY and 5: NN satisfying

Vndi € [n,ﬁ(n))(wz S I[a](n))
Now define b, g: N — N primitive recursively by

baﬁ(O) =0
ba,ﬁ(n + 1) =i € [b(n) + 1,5([)(71) + 1))(.1‘1 S I[a](b(n)-{-l))'

Then b(n) < b(n+1) by definition. Moreover, ) € Ijy and Zp(n11) € Ija)nt1) € Tja)(nt1)
since bn 4+ 1 > n + 1. Therefore o and b, g satisfy BW. O

To solve the functional interpretation of BW we must produce a witness for o and b in
W(w:), v NN 50, b < (a,b) (bn < b(n + 1) A 2, € Toj)), (7.6)

a statement which can be rephrased as
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Finitary Bolzano-Weierstrass principle for [0,1]g (Fin-BW). Suppose (z;) is a se-
quence of rationals in [0,1]. For an arbitrary functional 1): BY x NN — N, there exists
a € [0,1] and a function b: N — N such that xpg, zp1, . . - s Th(yh(ayp)) 1S @ finite subsequence
of (z;) satisfying |zp, — a| < 27" for all n < (o, b).

A realizer for this computational interpretation of BW can be easily constructed from our
realizer of Fin-X{-WKL.

Theorem 7.7. Given (x;) and 1, primitive recursively define g: N — N and wy: BN x
NN = N by
gn):=n+1
wiﬁ(aw@) = ba,,@(q/)(aa ba,ﬁ))

where by g is defined by

ba’g(O) =0
bas(n+1) 1= i € [b(n) + 1, B(b(n) + 1))(wi € Liajpmy+1)), €lse b(n) +1.

Construct By := Pu,,g and oy = oy, 4 as in Theorem 7.5. Then by := by, p, and ay
realize Fin-BW (7.6).

Proof. We have Ty(hgnn, gn) for all n since x,, lies in at least one I, for s: B". Therefore
by Theorem 7.5

Vi < wy (o, By)Ti € [n, By(n)) (i € Tia,jm))-

Clearly w0 = zo € Iy, and n < ¥(ay,by) implies that by(n) + 1 < by (P(ay, by)) =
Wy (v, By) (since we have by (i) < by (i 4 1) by definition) and hence

Ji € [by(n) + 1, B(by(n) + 1)) (@i € L[ay)(by(n)+1))-
This implies that @y, (n11) € Ljay)(by(n)+1) € Tjay](n+1) and we're done. O

Because our realizer for Fin-BW is constructed directly from that of Fin-X{-WKL, it
also inherits the game-semantics we have imposed on the latter, and its main component
is the computation of an optimal strategy in the game Glwy, g] for wy and g as defined
in Theorem 7.7. We will not reiterate in detail the description of our realizer given in
Section 7.1, although it is instructive to describe in a more informal manner the concrete
sequential game that arises in this case.

Intuitively, in this scenario objects a: BY represent real numbers in [0, 1] and objects
f: NN search for convergent subsequences of (z;): indeed, if « is an infinite branch of T
witnessed by § then the function b, g yields a subsequence (x3;) that converges to «. In

order to construct an approximation x 005+ Loy (1 (ay,by)) to a convergent subsequence we
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require an approximation a, By to an infinite branch of T of size wy,auy By, = by, (VY (g, by))

for by, = b, ».B,: Because our g witnesses that 7' is infinite, the approximation satisfies

Vn < by (Y, by))3i € [n, By(n)) (@i € Lo, m))

and in turn this guarantees that the construction by always satisfies zp,,(,) € I Sl(n)
for n < (ay,by), and therefore provides us with a subsequence of length ) (cy, by)
approximately converging to c.

The main instance of EPS in our realizer for ¥{-WKL finds an optimal play in the game
in which the selection function &, is responsible for collecting information about which
intervals Iy for |s| = n are inhabited by elements of (z;) for ¢ > n. Very roughly, the
backtracking implemented by EPS is based on the following idea: an initial segment of
a play 8 corresponds to a collection of candidates for the initial segment of a convergent
subsequence, and the bar recursion attempts to extend this collection to an approximation
to a convergent subsequence. If this extension lies outside of the intervals inhabited by
the initial collection, we update our initial collection with elements from this extension
and repeat the process.

Of course, further work is needed to make all this precise. However, at the very least
we have been able to characterise the basic mathematical meaning of the main components

of Glwy, g], which we summarise in Table 8.2.

Glwy, g] | Finitary Bolzano-Weierstrass theorem

g(n) | there is an interval in partition of size 2" that is inhabited by z,
€n | find intervals in partition of size 2" that are inhabited by some x; for i > n

EPS® | construct approximation to convergent subsequence (via baﬁ)

wy | make sure length of resulting approximation is large enough relative to v

Table 7.2: Functional interpretation of BW

7.3 Ramsey’s theorem for pairs

We conclude this chapter with a computational interpretation of the proof of Ramsey’s
theorem for pairs by Erdés and Rado [25, Section 10.2]. Unsurprisingly, Ramsey’s theorem
has been extensively studied in logic, and several constructive interpretations have been
offered. A computational analysis of Ramsey’s theorem is given in e.g. [7, 21, 93|, and also
in [56] where a realizer for its ND interpretation based on the Erdés-Rado proof is given,
even for RT2<OO. However, our work here is directly inspired by that of Kohlenbach and
Kreuzer [57] who demonstrate that the Erdés-Rado proof can be formalised with 3¢-WKL.
Using a slightly different formalisation to theirs, we apply our realizer for ¥9-WKL to
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extract a new computational interpretation of Ramsey’s theorem in terms of the product
of selection functions. Note that the primary motivation of [57] is to establish conservation
results and bounds on the computational complexity of programs extracted from proofs
using Ramsey’s theorem (see also [55, 58]). Here we simply wish to gain some insight into
the constructive meaning of the well-known and proof theoretically non-trivial Erdés-Rado
construction.

A more thorough treatment of the interpretation of Ramsey’s theorem using the prod-
uct of selection functions is given by the author in [68]. Here, Howard’s realizer for WKL
is replaced by a binary product of selection functions (see Section 7.4), and using in addi-
tion the finite product of selection functions to interpret the infinite pigeonhole principle
a computational interpretation of Ramsey’s theorem is given purely in terms of three co-

ordinated games.

Ramsey’s theorem for pairs (RT2). For any n-colouring ¢: N — [n] of pairs of

natural numbers, there exists an infinite set X C N that is pairwise monochromatic.

Pairwise monochromatic means that there exists some z < n such that c¢{i,j} = « for all
{i,jleX ). In our analysis of Ramsey’s theorem we restrict ourselves to the two-colour
case RT3, although everything that follows can be directly extended to the general case
(we will indicate how as we go along) and the behaviour of the general program is largely

analogous to this special case. Written formally

RT2 : v ~P3y < 2, FN"Nyp(Fn > n AV, j < n(Fi < Fj — c({Fi, Fj}) = z)).
(7.7)
Note that the infinite monochromatic set is encoded by F as X := {n | Ik(Fk =n)}.

Notation. In the following it is more natural to encode c as a function c: N?> — [2] satis-

fying c(i,j) = c(j, i) for i < j and c(i,) = 0.

The main idea behind the Erdés-Rado proof of RT?L is to organise the natural numbers
into a tree (described as an ordering < on N) whose branches are min-monochromatic,
in the sense that ¢(i,j) = c(i,k) for i < j < k. This is the so-called Erdés-Rado
(E/R) tree. The E/R tree is finitely branching, and therefore contains an infinite min-
monochromatic branch a: NN, By the infinite pigeonhole principle applied to the colour-
ing ¢*(i) = c(a(i),a(i + 1)) there exists an infinite subset of this branch that is pairwise
monochromatic. By encoding branches of the E/R tree as branches of a binary X{-tree,
we show that Ramsey’s theorem can be derived from X{-WKL.

It is important to remark why - as in [57] - the Erdds-Rado proof is preferred to Ram-

sey’s seemingly simpler proof in [75]. Ramsey constructs an infinite min-monochromatic
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branch directly using dependent choice: First we define a0 = 0, then we use IPHP to
produce an infinite set A; C N\0 that is monochromatic under ¢o(7) = ¢(0,4) and define
a(1l) = min A;. Next use IPHP to produce an infinite set A2 C A;\a(1) that is monochro-
matic under c,(1)(i) = c(a(1),4) and define a(2) = min A3 and so on. It is easy to see that
the resulting a is min-monochromatic. However, Ramsey’s construction uses dependent
choice of type 1 (and cannot even be formalised in the subsystem ACA( [84]), therefore
its computational interpretation would seemingly involve bar recursion of level 1. Our
interpretation of the Erdds-Rado proof, on the other hand, makes use of the product of
selection functions of lowest type only, meaning that our construction is computationally

simpler.

Definition 7.8 (Erdés/Rado tree). Given a colouring c¢: N? — [2], define a partial order <

on N recursively as follows:
1. 0<1

2. Given that < is already defined on the initial segment of the natural numbers [m],

for ¢ < m define
i<m iff c(k,i)=c(k,m), forall k <.
Note that < is a suborder of <, and also that < is decidable.

It is not too hard to show that < is transitive, and also that ¢ < j iff ¢ < j for
i,j € pd(m). Therefore < defines a tree on N, the so-called Erdés/Rado tree, whose
branches are min-monochromatic i.e. ¢(k,i) = c(k, j) for k < i < j. Moreover, this tree is
binary branching because i and j are distinct successors of k if and only if ¢(k, ) # c(k, j)
(for the general n-colour case the E/R-tree is n-branching). For proofs of these facts see
[57, Section 4].

Lemma 7.9. The tree < has an infinite branch, or in other words there exists a: N — N

satisfying

Vn(n < an AVi, j, k < n(ak < ai A ak < aj — c(ak,ai) = c(ak,aj))), (7.8)
provably in WE-PA“ + QF-AC + X¢-WKL.
Proof. Define the X tree T' by

T(s) :=3k(|s| <kAVi<|s|(si=01i<k)),

To(s,k)

Note that T'(s x t,k) — T(s,k). If a binary sequence s belongs to T then it is the

characteristic function of a proper initial segment of a branch in the E/R tree. Clearly T
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has branches of arbitrary length: for any n we have Ty(s,n) where s is the branch of length
n defined by s; = 0 <» i < n, i.e. s is the characteristic function of pd(n). Therefore by
YO-WKL there exist a, 3 satisfying

Vn3k € [n, B(n))Vi < n(a(i) =0+ i < k). (7.9)

‘We must now show that o encodes an infinite min-monochromatic branch. Let us construct

the function a, 5: N — N as

0 ifn=20
a(n) = (7.10)
wi € [n, 3% (n)) such that a(i) =0, else n if n > 0.

We claim that a satisfies a(a(n)) = 0 for all n. If this is so, then a also satisfies (7.8), since
a(n) > n by definition, and if ak < ai < aj then setting n = aj + 1 in (7.9) gives some £’
such that ai,aj, ak < k' and therefore ak < ai < aj and hence c(ak, ai) = c(ak, aj).
Clearly a(a(0)) = a(0) = 0 since 0 < k for all k. To prove the claim for n > 0,
suppose for contradiction that a(i) # 0 for all i € [n, 33 (n)). Let j < n be the largest
such that «(j) = 0 (this exists since 0 < k for all k). By (7.9) let ky € [n,S(n)) be the
least satisfying Vi < n(a(i) = 0 <> i < ko). Then ko is an immediate successor of j,
otherwise if j < © < kg then x > n by maximality of j, contradicting minimality of kq.
Next, define k1 € [B(n), 3% (n)) to be the least satisfying Vi < B(n)(a(i) = 0 < i < k).
By assumption, j is the greatest number < ((n) with «a(j) = 0, therefore kp is also an
immediate successor of j. But there exists ko > 83 (n) satisfying Vi < 83 (n)(a(i) =
0 <> i < ky). Because kg < k1 < k2 and j < ko, by the fact that the E/R tree is
binary branching we must have k; < ko and therefore a(k;) = 0 for ¢ = 0 or 1. But
k; € [n, 3% (n)), a contradiction. O

Remark 7.10. In generalising the proof of Lemma 7.9 for m-colours we would need to
define a(n) = pk € [n, B0™) ... to reflect the fact that the E/R-tree is m-branching.

Remark 7.11. The formalisation of Ramsey’s theorem in [57] is based on a slightly different
Y¥-tree whose branches represent colourings of branches of the E/R tree as opposed to
characteristic functions of those branches. There the priority is a formalisation that is
optimal with respect to the amount of induction used, here we have no such concerns and

prefer a formalisation in which branches of T" directly encode branches of the E/R tree.
Theorem 7.12. RT3 is instancewise provable from L{-WKL, over WE-PA* + QF-AC.

Proof. We use Lemma 7.9 along with IPHP, which we recall states that for any colouring
¢: N — [k] there exists x < k such that

YnIm(m > n A c(m) = x).
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Define the colouring ¢*: N — [2] as ¢*(n) := c(a(n), a(a(n)+1)) for a as defined in Lemma
7.9. Then by QF-AC there exists z < 2 and p: N — N such that p(n) > n for all n and

@ c(api), alps))

z = c(pi) = c(a(pi), ala(pi) + 1))
for any 4, j with a(pi) < a(pj). Hence setting F'(n) := a(pn) we have
F(n) >nAVYi,j <n(Fi< Fj— c¢(Fi,Fj) =),

for arbitrary n, and therefore F' and z satisfy (7.7). O

7.3.1 A bar recursive interpretation of RT3
The functional interpretation of RT3 is given by
Ve, nl2N'=N3g Pyn < n,F(Fn > n AV, j < n(Fi < Fj — o(Fi,Fj) =z)). (7.11)
which can be informally stated as
Finitary Ramsey’s theorem for pairs (Fin-RT3). Given a colouring ¢: N — [2] and

a functional 7: [2] x NN — N there exists # < 2 and a function F' such that the finite set
X :={Fk | k <nyF} is pairwise monochromatic.

Here X forms a finite approximation to an infinite monochromatic set. Note that by defin-
ing F by F(0) = F(0) and F(n+1) = F(F(n)+1) and setting 7, F := InaXKan(F(i) +1)

we obtain
VC,UMXNNHNEI:E, FY¥m < n < n,F(F(m) < F(n) A c(F(m), F(n)) = z)

from (7.11), and so we can always produce an approximation F of size nxﬁ’.

The following lemma is the computational interpretation of Lemma 7.9.

Lemma 7.13. Given an arbitrary functional ¥: NN — N define g: N — N and w: BY x
NN 5 N by

gn):=n+1
Wy (0 = max (max{i, 3(i), 3P (i
o(0nB) = _max (maxi, 5(0), 67()})

where aq g is as in Lemma 7.9. Construct By = By, 4 and ay = ay,, g as in Theorem 7.5.

Then ay = aa, p, satisfies

Vn < Yay(n < ayn AV, Gk <n(agpk < agi A agk < agpj — c(apk, api) = clagpk, ayj))).
(7.12)

79



Chapter 7. Weak Kénig’s Lemma for Undecidable Trees

Proof. We have Ty(s,n) for the branch s € B(™ given by s; = 0 <+ i < n, therefore we
have T{(hnn, gn) for all n. Then by Theorem 7.5 we have

Vn < wy(ay, By) Tk € [n, By(n))Vi < n(oy(i) =0 < i < k). (7.13)

Now, aypn > n by definition. Next, we can show that a(ay(n)) = 0 for all n < 9(ay) by
definition of wy, and (7.13), using the same argument as in the proof of Lemma 7.9.
Finally, for i, j,k < ¢ay with (w.l.o.g) apk < ayi < aypj, by (7.13) for n = ayj +1 <
51&2)(]’) < wy(ay, By) and the fact that ay(ayi) = ay(ayj) = ay(ayk) = 0 there is
some k' such that ayk,aypi,apj < k' and therefore ayk < ayi < aypj, so we must have
clapk, ayi) = c(ayk, apj) by definition of <. Thus a, satisfies (7.12). O

Now we interpret the instance of IPHP in the proof of RT3. One can very naturally
interpret IPHP using a finite form of bar recursion such as the finite product of selection
functions (see [66], [31, Section 7] for a general solution). In this instance we only require
the binary product ® (see Definition 5.2), while the n-colour case will involve the finite
product of length n. We give the construction directly without further explanation, as it

forms only a minor part of the overall realizer.

Lemma 7.14. Suppose we have a colouring d: N — [2] and a functional 6: [2] x NN — N.
Then there exists x < 2 and p: N — N dependent on d and & satisfying

Vi < dzp(pi > i Ad(pi) = x). (7.14)

Proof. Define 0,p := pi < d,p—(pi > i Ad(pi) = z) and let (ag,a;) = (Jp ® d1)(max) and

N = max{agp, a;}. Then we have
ag = dopo a1 = 1p1 N = po(aop) = p1(a1)

where p; := Ay. max{ag,y} and pp := Az. max{z, 61 (\y. max{z,y})} (these are just Spec-
tor’s equations (5.3) for the binary product of selection functions). Let z45 = d(NN) and

Pd,s = Pzgs- Lhen x and p, satisfy (7.14) because (suppressing parameters) p;(dzp.) =
pz(ag) =N > a, = dxps and d(pw(ggcpw)) = d(pz(az)) = d(N) = z. Therefore

pcc(garpx) > S:cpm A d(pz(sxpa:)) =
and so (7.14) must hold by definition of d;. O

We are now ready to construct our realizer for Fin-RT3.

Theorem 7.15. Suppose we are given n: [2] x NY — N and c¢: N2> — [2]. Suppressing
these parameters, for arbitrary a: N — N define §%: [2] x NN — N by §2p:=n,(aop), define
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7.8. Ramsey’s theorem for pairs

the colouring c¢*(i) := c(a(i),a(a(i) + 1)) and let x4 [2], pa: N — N be constructed as in

Lemma 7.14 on parameters c¢*, 0% so that they satisfy
Vi < 1z, (0.0 pa)(pali) 2 i A (pa(i)) = a)- (7.15)

Now define a := maXj<y, (qop,)(Max{pa(i),a(pa(i)) + 1}) and define ay, as in Lemma
7.13 so that it satisfies

n < ayn AVi, j, k <nlapk < api A agk < apj — c(apk, api) = clagpk,aypj))  (7.16)

Jor alln < vay. Then F) . = ayopa, and Ty = x4, salisfy the functional interpretation
of RT3(c):

Vn < nxn’L_ch(Fn’cn >nAVi,j <n(Fyei < Fyej = c(Fyei, Fy o) = Tne)).
Proof. For n < n, F = N, (ay © pa,) we have

(7.16) (7.15)
Fn:a¢(pawn) > Ppa,n > m,

and for i,j < N, (ay o pa,) and Fi < Fj we have

7.16)

Tay "2 (pay (1)) = ey (pay (1)), @p(@(Pay (8)) + 1)) = @y (Pay (1)), an(pay (7))

-~

Fi Fj

where note that for the last step we have pg (i), pa(7), a(pa(i)) + 1 < 9a and a(pg(i)) <
a(a(pa(i)) + 1) Aa(pa(i)) < a(pa(j)). This completes the proof. O

A map of the whole construction is given in Figure 7.2.

Th. 7.5
75
L.7.14 |S0-WKL[G% ™ i
Aa . [IPHP[co]N [Pa-te E/R(o) ™ om T
a - [IPHP["] 15 E/R()]
@4,0Pa,, s Ta Th. 7.15
RT3 ()l "

Figure 7.2: Constructive proof of Fin-RT3(c).

Once more, we will briefly describe the specific sequential game that arises from our
computational interpretation of RT3(2).

Branches s of our X{-tree T represent proper initial segments of branches of the Erd6s-
Rado tree via their characteristic functions, and as proved in Lemma 7.9, infinite branches
a of T encode infinite branches of the E/R tree, the witnessing function /3 allowing us to

recursively find zeroes of the sequence « via the function a, g.
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Chapter 7. Weak Kénig’s Lemma for Undecidable Trees

In order to construct an approximation a, to an infinite branch of the E/R tree of size
Y we require an approximation o, By to an infinite branch of our original tree T' of size

Wy Oy By = MaX;<yq,, (max{i, By (i), 51(/)2) (7)}). This approximation satisfies
Vn < wy(ay, By) 3k € [n, By(n))Vi < n(oy (i) =0 i < k)

and this is sufficient to ensure that ay, = aa, p, always picks out an element of a min-
monochromatic branch for n < 1(ay), as proved in Lemma 7.13.

Now in turn, to obtain an approximation F' to an infinite pairwise monochromatic
set of size 7, we require an approximation ay, to an E/R branch of size 1, (as defined
in Theorem 7.15), where 1, is constructed using finite bar recursion to interpret IPHP
(Lemma 7.14). This ensures that our approximation ay, to an infinite branch of the
E/R tree is large enough to also contain an approximation to an min-monochromatic set
relative to . While the definitions of w,, and v, may seem quite complex, their purpose
is simply to ensure that our approximation to «, 8 propagates through the constructions
aq,p and p, to an approximation of F' of sufficient quality.

The main instance of EPS in our realizer forms a sequential game in which the role
of the selection function &, is to collect information about which branches of length n
represent proper initial segments branches of the E/R tree, so in other words discover
information about how the initial segment of the natural numbers [n] is arranged in the
E/R tree. By working together they are able to compute an approximation to an infinite
branch of the E/R tree, and the backtracking implemented by EPS roughly corresponds
to a backtracking along the E/R tree itself.

Glwy,,g] | Finitary Ramsey’s theorem

g(n) | there is a proper i.s. of a branch of the E/R tree in [n] given by pd(n)
en | find proper i.s.’s t of the E/R tree in [n] s.t. ¢t < pd(k) for k > n

EPS® | construct an approximation to infinite branch of E/R tree

wy, | ensure approximation contains infinite monochromatic set relative to n

Table 7.3: Functional interpretation of RT%

7.4 An alternative to Howard’s realizer of WKL

We have focused thus far on making clear the game-theoretic intuition behind the main
instance of bar recursion in the realizer of £9-WKL. However, it is also possible to replace
Howard’s realizer for WKL via a binary form of GBR with a binary version of EPS instead,

giving us a game-theoretic computational interpretation of WKL as well.
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7.4. An alternative to Howard’s realizer of WKL
Notation. Given a decidable binary tree T', let us define the tree Ts(t) := T'(s xt). We
write Depth,, (T) := 3s(|s| = n AT(s)).
Lemma 7.16. The selection function €: B* — JNB given by

0 4f Depth T,) — Depth Ty
) 2 if Depth,, )41 (75) epthy, o) (Ts«0) (717)

1 otherwise

satisfies
Vs, P(Depthp(esp)ﬂ (Ts) — Depth,..p) (Tsxesp))-

Proof. 1f Depth,,);1(Ts) — Depth,y(Ts:0) then esp = 0 and (7.17) is clearly true. So
let us assume that Depth,,gy,1(7s) A ~Depth,)(Ts«0) so that esp = 1, and suppose that
the premise of (7.17) i.e. Depthy);(75) is true. We want to show that Depthy, ) (Ti.1).

There are two cases to consider.

Case (a): p(0) > p(1), and we have
Depthp(0)+1 (TS) VAN ﬂDepthp(O) (TS*O) — Depthp(o) (Ts*l) — Depthp(l) (Ts*l)-

Case (b): p(0) < p(1), and we have —Depth,, ) (Tsx0) — —Depth,1y(Tsx0). But Depthy,qy,1(T5),
and therefore Depthy,1)(Ti1). O

Theorem 7.17. Given p: BY — N, define Q1= EPSE’QI\TW where € is defined as in Lemma
7.16, and ¢¥(a) := pa — k — 1 for the least k < pa refuting

Vk < pa(Depthy,_j(Tiak)) — Depthyg_k—1(Tjaj(k+1)))- (7.18)
Then oy, and ny, == pay, satisfy
35(Js] = n A T(s)) = T((a)(¢a)
and therefore realize the functional interpretation of WKL.

Proof. Suppressing the parameter on a,, by Spector’s equations, substituting s = [a](pa—

q?a—1), p=ps into (7.17) we have

Depthq#’a—&-l (T[a}(qzaquafl)) - Depthq#’a(T[a](Apaqua))‘

But this implies (7.18) must hold by definition of ¢¥. Now 3s(|s| = n, A T(s)) —
Depth,,,(T})), and by induction on (7.18) from k =0 to k = ¢ — 1 we have

Depth¢a(T<>) — DepthO(T[a](Qpa)).
But Depthy(Tjq)(pa)) — T([e)(¢a)) and we're done. O
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Chapter 7. Weak Kénig’s Lemma for Undecidable Trees

This computational interpretation of WKL corresponds to a binary game. The strategy
€5 at position s defined by the selection functions given in Lemma 7.16 is to pick a boolean
b such that if s extends to a branch in T" of length |s| 4+ p(b) + 1 then s * b also extends to
a branch of length |s| + p(b) + 1.

Given ¢, by choosing ¢¥ suitably as in Theorem 7.17, the optimal play of the game
determined by the ¢, is a sequence «, such that for all k < pa,, whenever [o,](k) extends
to a branch of length pov,, so does [a,|(k+1). If T is infinite then () extends to a branch
of length pa,,. Hence, by induction the relevant part [a,]|(¢a,) of this optimal play must
be in 77, and is therefore an approximation to an infinite branch.

This interpretation of WKL is certainly more complex than Howard’s realizer, and in
particular to verify that it works one makes use of the property that T is prefix closed
in several places (which means that using it in our realizer for L-WKL would require
a more carefully calibrated approximation to the characteristic function ). However, it
has the advantage that when used instead of the usual binary bar recursion one obtains
computational interpretations of X{-WKL and therefore also Bolzano-Weierstrass theorem
and Ramsey’s theorem that can be described purely in terms of sequential games. For the
latter in particular, given that the finite product of selection functions is used to interpret

IPHP, we obtain the correspondence

I19-countable choice + EPSyn (unbounded sequential game)
weak Konig’s lemma +— EPSpy (binary unbounded sequential game)

infinite pigeonhole principle EPS%‘}N (finite sequential game)

and so we are able to produce a realizer for the functional interpretation of RT% purely
in terms of three symbiotic games, each representing one of the non-trivial axioms in its
formal proof. This construction, along with a description of the realizer, is given in full in
[68].
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CHAPTER
EIGHT

The Minimal-Bad-Sequence Argument

In our final case study we investigate the computational content of the ‘minimal-bad-
sequence’ argument, a consequence of dependent choice best known for its use in Nash-
Williams’ proof of Higman’s lemma and Kruskal’s theorem [64]. Our main contribution
is the construction of a bar recursive realizer for Godel’s functional interpretation of the
minimal-bad-sequence argument over arbitrary well-founded relations. We analyse the
behaviour of our program, and then suggest a different approach based on Berger’s realiz-
ability interpretation of the classically equivalent principle of open induction. We conclude
by applying our realizer to extract a new bound for Higman’s lemma.

The minimal-bad-sequence argument (MBS) is of central importance in the theory of
well-quasi-orders, and as such has become a focal point of research into computational
aspects of classical reasoning used in combinatorics. The constructive content of the
minimal-bad-sequence argument has been widely analysed (see for instance [20, 91]), and
programs have been extracted from its classical proof using a variety of formal methods
including the A-translation [63] and inductive definitions [23]. An extensive study of MBS
has been carried out by Berger and Seisenberger [13, 82], who extend and improve the
aforementioned techniques and implement them in the MINLOG proof assistant. We make
no effort to provide an exhaustive list of the research that has been done in this area (for a
more detailed account see [82]), but we must be careful to highlight the motivating factors
behind the work in this chapter.

To begin with, our constructive proof of the minimal-bad-sequence argument is new,
and the first based on Godel’s functional interpretation. Moreover, to our knowledge it
constitutes one of the first applications of the functional interpretation in the theory of
well-quasi-orderings, and as such our interpretation may pave the way for new applica-
tions of proof theory in combinatorics - although admittedly this is not our primary goal.
Nevertheless, we give a practical illustration of how our realizer can be used to witness

Higman’s lemma and bound the length of bad sequences of words over arbitrary decidable
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Chapter 8. The Minimal-Bad-Sequence Argument

well-quasi-orders.

More importantly, as in previous chapters our aim is to produce a realizer that can
be feasibly understood on a human level and which provides us with genuine insight into
the constructive meaning of mathematical proofs. The substantial logical complexity of
the minimal-bad-sequence argument (which in the language of second order arithmetic
is equivalent to H%—CAO [62]) means that such practical program extraction poses quite a
challenge. Indeed, many existing case studies are essentially a formalisation of the proof of
the minimal-bad-sequence argument, the program extraction itself being carried out with
the help of a proof assistant. This approach often results in output that is not easy to
comprehend (one of the first realizers obtained by Murthy [63] ran to 12MB of computer
code). In contrast, our interpretation is carried out by hand and yields a realizer in terms
of the product of selection functions that is somewhat easier to describe in qualitative
terms.

The minimal-bad-sequence argument is an interesting case study for the extraction of
programs from proofs because it is classically equivalent to the principle of open induction:
induction over the lexicographic ordering on sequences restricted to open predicates. As
demonstrated by Berger [10], a concise realizability interpretation of open induction is
naturally given by open recursion over the lexicographic ordering, and this provides us
with a direct alternative means of extracting programs from classical proofs based on MBS
with which we can avoid the route through dependent choice and bar recursion. We discuss
the possibility of a similar technique in the context of the functional interpretation, and
suggest an alternative to Spector’s bar recursion based on open recursion that can be used

when interpreting proofs based on the minimal-bad-sequence argument.

8.1 The minimal bad sequence construction

Suppose that we are given a decidable binary relation <: p x p — B that is provably

well-founded - in other words the schema of transfinite induction Tl. over <
Tle @ VyP(Vz < yA(z) — A(y)) — Yz A(z)

for arbitrary A is valid in our formal system. Note that transfinite induction is classically

equivalent to the least element principle over < given by
LEP. : FzA(z) — Jy(A(y) AVz < y—A(2))

The lexicographic ordering over < is a binary relation on infinite sequences of type pN
defined by
u<iew = In([u)(n) = [o](n) A uln) < v(n)).

While the relation <je is neither decidable nor well-founded (apart from trivial cases),

transfinite induction over <y is valid provided we restrict ourselves to a certain class of
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8.1. The minimal bad sequence construction

formulas called the open formulas. In the presence of classical logic, an open formula is a

predicate on sequences of type p that is equivalent to one of the form
B(u) = ¥nC([u](n)) — InD([u](n))
for C and D arbitrary predicates on p*. The schema of open induction is given by
Ol, < : vaN(Vw<1erB(w) — B(v)) — YuB(u)

where B ranges over open formulas. Open induction was formulated by Raoult in [76],
and is investigated from an intuitionistic perspective in [10, 20], where one typically has to
work with a restricted definition of open formulas: for instance in [20] an open formula is
simply defined to be a predicate of the form B(u) = InBy([u](n)) where By is a decidable.

Ezample 8.1. The open predicate on sequences of words which we use in Section 8.4 to
prove Higman’s lemma is given by
B(u(X*)N) =3In(Fi < j < n(u; <x- uj))

Bo([u](n))

for some well-quasi-ordering (X, <x).

We call a sequence u bad relative to an open predicate B if =B(u) holds (and good
otherwise). Open induction is classically equivalent to the so-called minimal bad sequence
argument

MBS, < : Fu-B(u) = Fv(~B(v) A Vw<exvB(w))

which is the statement that whenever a bad sequence u exists, then a minimal bad sequence
v exists relative to <jex. The existence of a minimal bad sequence follows classically from

LEP. and dependent choice, via a famous construction due to Nash-Williams.

Theorem 8.2 (Nash-Williams [64]). Dependent choice proves the minimal-bad-sequence

argument.

Proof. Suppose that B(u) = VnC([u|(n)) — InD([u](n)) is open, and that there exists a

bad sequence u (i.e. satisfying ~B(u)). Construct a sequence v recursively as follows:

1. By the least element principle on <, choose a minimal element vy: p such that vg

extends to a bad sequence, but all sequences extending y for y < vy are good.

2. Given vg,...,vn_1, choose v, such that vg,...,v,_1,v, extends to a bad sequence,

but all sequences extending vy, ...,v,_1,y for y < v, are good.

By dependent choice we obtain an infinite sequence v such that w is good for any w<jexv.
But for each n, [v](n) extends to a bad sequence, so by classical logic we must have
in particular C([v](n)) A =D([v](n)), and therefore Vn(C([v](n)) A =D([v](n))) which is

equivalent to =B(v), so v itself is a bad sequence. O
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In the main part of this chapter we extract bar recursive realizers for the functional
interpretation of MBS by analysing the computational content of Nash-Williams’ proof.
Our first step is to restate Nash-Williams’ construction in a more logically explicit form,
which we give as Theorem 8.4. Note that we do not consider this to be a full formalisa-
tion of the minimal-bad-sequence construction (in the sense of e.g. [82]) - this would be
unnecessary here as we extract our realizer ‘by hand’. Our formalisation acts only as a
guide for how to proceed in the program extraction.

Remark 8.3. (i) Because we impose no restriction on the type p in Ol, ., for higher-
types p the predicate <jex contains additional quantifiers belonging to =, (this is
slightly different to the situation in [10, 82] who work in a neutral variant of PA¥

where higher-type equality is taken as primitive). To address this, we note that over
E-HA® we have

Vw<iexvB(w) < [Vw,n(w(n) < v(n) = B([v](n) Qw))]
so we will reformulate MBS as

Ju—B(u) — Fv(=B(v) AVw,n(w(n) < v(n) — B([v](n) @Qw))).

(ii) We extract a realizer for MBS for the restricted class of open predicates defined in
[20] to be those of the form B(u) = InBy([u](n)) for By quantifier-free. This form
of MBS is sufficient for many applications, including Higman’s lemma (see Section
8.4).

(iii) In our formal proof we will use the sequential variant of dependent choice DCseq

introduced in Section 5.3.

Theorem 8.4. WE-PA* 4 QF-AC + DCseq = MBS,  for any decidable relation such that
Tl< is provable in WE-PA* + QF-AC + DCseq.

Proof. There are three main parts to our formalisation of the minimal-bad-sequence con-
struction: 1. Establishing the inductive step via the least element principle; 2. Using
dependent choice to construct a minimal bad sequence; 3. Verifying that this sequence
has the required properties.

For the inductive step, suppose we are given a finite sequence s: p*. Define AS(UPN) =
—B(s @v), which denotes that s @ v is a bad extension of s. Then by LEP. ,, applied to

As, where w <|g v := w(|s]) < v(|s]) we have
IrAs(r) — Fu(As(v) AVw <5 v2As(w))
from which we obtain (quantifying over s),

Vs, r3u(As(r) — As(v) AVw <) voAs(w)).

Cs,r(v)
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Note that < well-founded clearly implies that <, is well-founded, and we could have
alternatively used LEP. applied to the formula A,(z) = Jv—B(s * 2 @v). Written out
fully, Cs ,(v) is equivalent to

-B(s Qr) — =B(s Qu) A Vw(w(|s|) < v(|s]) = B(s Qw)), (8.1)

and denotes that whenever s has a bad extension r, it also has a minimal bad extension
v. Now, to construct a minimal bad sequence from an initial bad sequence u: p~, define
the predicate C* on (pN)* x pN by

U

C(tg,...,tn_1>(v) =n=0— C<>7u(1})) Aln>0— C(to(O),...,tn_1(n—l)),tn_l(v))'
It is clear that Vs, 73vC; - (v) — Vt3uCi(v), and by DCseq applied to C* we have
N U
JusN P VNG (n) (vSn)
Therefore there exists vs such that, defining v := v An . vsp(n),
Vn(=B([v](n) @ vsy—1) = —B([9](n) Q vs,)AVw(w(n) < v(n) — B([v](n) Qw))).

using the convention vs_; := u. Finally, we want to verify that v is a minimal bad

sequence. We use induction to show that we have

—B(u) = Vn[-B([v](n) Q vs,) AVw(w(n) < v(n) — B([v](n) Qw))].

D(n)

We have =B(u) — D(0), and because [0](n) @ vs,, = [0](n)*v(n) Q vs, = [0](n+1) Q vs,,
we derive

D(n) — —B([v](n) Q vs,)
— =B([v](n+ 1) Q vsy,)
— D(n+1)

where the last implication follows from Clyj(n+1),vs, (vSn+1). Therefore —~B(u) — VnD(n),

or equivalently
—B(u) = Vn-B([v](n) Q vs,) AVn,w(w(n) < v(n) — B([v](n) Qw)).
Now, using the fact that B(w) = FkBy([w](k)) is open we have

Vn—B([v](n) Q vs,) — Vn, k—Bo([[v](n) @ vsy](k))
— Yn=By([[v](n) Q vs,](n))
— Vn—By([t](n))
— —B(v)
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and therefore

—B(u) - =B(v) AVn,w(w(n) < v(n) — B([v](n) Qw)).
from which we obtain

Ju—B(u) — Fv(=B(v) AVn,w(w(n) < v(n) — B([v](n) Qw))).

8.2 The functional interpretation of MBS

We now extract a realizer for the functional interpretation of MBS. To avoid nested
expressions like [[v](n) @ w](k) we use the abbreviation By(u, k) := Bo([u](k)), and so
B(u) = 3kBo(u, k). With all the quantifiers made explicit, the negative translation of
MBS is equivalent (over MP¥) to
Clv]
(¥) JuVk—Bo(u, k) — =—Jv(Vk—Bo(v, k) A Vw,n(w(n) < v(n) — IkBy([v](n) @ w, k)).

The functional interpretation of C[v] is given by

|IC[]|Y , = w(n) < v(n) = Bo([v](n) @w,ynw)

naw —

for v: N x pN — N, and therefore the conclusion of () is equivalent to
=3, YWk, n, w(=Bo(v, k) A |C[v] ;{w)
which is partially interpreted as
VE, N, W30, /(~Bo(v, Fuor) A [C[0)[},yy,.)

for F: k=N, N: kK — Nand W: k — pY, where r := p" x (N x p¥ — N). This means

that the functional interpretation of (x) is given by

IMBSN[PWL 1 = —Bo(u, ) — —~Bo(Va, Frr,) AICIVa]:

Nvy Ty, Wiy, ry
for ®: v’ = N, V: ' — pNandI': & — (Nx p — N) where #’ is the type of (u, F, N, W).
Note that in the preceding formula and throughout we suppress the full dependencies on
®, V and I, so by V,, we mean V,, py,r. Written fully, ]MBSN\f’I‘;’;W becomes
=Bo(u, ®y) = =Bo(Vu, Fyi,r,) A (Wyr, (Nv,r,) < Vau(Nv,r,)

Roughly speaking, this states that for a proposed bad sequence u there exists an approz-

tmation V, to a minimal bad sequence whose minimality is witnessed by I',,, where the
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counterexample F' challenges that V,, is approximately bad, while N and W challenge
it being approximately minimal, calibrating in a sense the ‘length’ and ‘depth’ of the
approximation respectively.

Our task is to construct terms ®, V' and I' parametrised by u, F, V and I" (and of
course implicitly by the characteristic function ¢, for the quantifier-free formula By), that
satisfy ]MBSN|3’I‘;’5V7N.

The functional interpretation of the least element principle

The minimal-bad-sequence argument contains two non-trivial classical principles: depen-
dent choice and the least element principle. We can interpret the former using the product
of selection functions as described in Chapter 5, but it remains to determine how we can
interpret the latter. We now solve the ND interpretation of LEP ., recalling that LEP is
given by

dxP A(x) — Jy(A(y) AVz < y—A(2)).

To do so we introduce a symbol R(,, . , for transfinite recursion of type o over (p, <) with
defining equation
RL(2%) = g:(Ay . RL(y) if y < ).

where as usual ¢ if y < 2’ is shorthand for if y < x, else 0,’ (note that for the usual or-
dering (N, <) on natural numbers Ry <), is equivalent to the primitive recursor R,). A
similar approach is used by Schwichtenberg in [81] where transfinite recursion is used to
solve the functional interpretation of the rule of transfinite induction, and we imagine that
his realizer is somewhat similar to ours. We restrict ourselves to instances of LEP. over

IT;-formulas as this is sufficient for our application of the least element principle.

Remark 8.5. In fact, it is also sufficient for the general case: Suppose that A(x) has ND

interpretation 3a?¥b7|A(x)"|¢. Then the least element principle for A is equivalent to
3o, aPVb7 | A(x)N | — 3y, a(Vb|A(y)N|§ AVz < yVaTb-|A(2)N])

which is just the least element principle for the II;-formula A(z,a?) := Vb"|A(z)N]g on
the well-founded order (z,a)<(y,d’) :=z < y.

Let A(z) = VkAp(z, k). We want to realize the negative translation of LEP., which is

equivalent to
J2PVEAg(z, k) — =—Jy(VkAo(y, k) AVz < yFk—Ao(z, k)). (8.2)
Partially interpreting the conclusion gives us

ok Ao(z, k) — YpIy, g(Ao(y,p"yg) A (p'yg < y — —~Ao(p'yg, 9(p'yg))))
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where p: 0 — 7 X p for 0 := p x (p — 7). Finally, we have

Aoz, Kxp) —

LEPZIZ0 = 4 Ao(e2(p), 2°()) A (P (eap) < €2(p) = —~Ao(p (e2p), ep(P (£21)))) -
Di’p

wheree: px (60 > 7xp) wocand K: px (0 =7 X p) = T.

Lemma 8.6. Given u and p, define ,: Jr,0 via transfinite recursion as

oﬁ‘rxp) :U: <.’E,f£> Zfd)(pvx)

Ea(p ‘
Epl(x,f2)(P)  otherwise,

where ¢ is the quantifier-free formula defined by
¢(p. ) == p'(x, f7) <& — ~Ao(p' (2, f2), [2 (0" (2, 1))
and f2: p — 7 is also defined via transfinite recursion as
2=y, fF) ify < .

Note that ¢, is well-defined since —¢(p,x) — p'(z, ff) < x. Finally, define Kxp :=
p’(x, f¥). Thene and K satisfy Vx,p|LEP]<V|§’,§, or more specifically, the formula Va:,pE;jff

where
(6(p, ) = [LEPY[Z5)A

(—\gb(p, l‘) - Di,p)

g, K g, K

(for Dy, the conclusion of ILEPY |3 as defined above) which clearly implies Yz, p|LEPY 3 .

Remark 8.7. We show that our realizer for LEP. satisfies a seemingly stronger formula
Ef;j{,{. This formula makes explicit the fact that our realizer only uses the premise for
ILEPY 55 in the first case that ¢(p, ) holds, where (z, f£) already suffices to solve it.
This property will become useful when it comes to verifying inductively that our main
realizer, which is a product of selection functions e,p corresponding to instances of LEP,
forms a minimal-bad-sequence - as we will require the conclusion of one instance of |LEPY |
to form the premise of the next. This ‘short-cut’ allows us to suppress additional formalism

that would be present in a rigid extraction from a fully formal proof.

Proof of Lemma 8.6. For arbitrary fixed p we use (quantifier-free) transfinite induction on
Ef;’f,( to prove VmEﬁ;’f. All we need to do is show that Ei’ff is progressive i.e. that for
each x we have
e, K e, K
Vy <zEp, — E,.
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8.2. The functional interpretation of MBS

We must deal with two cases.

(a) ¢(p, ) holds, in which case e,p = (z, f£). Then we have

A0($7p0(1:7 fi’)) - Ao(:{?,po(.’x, ff)) N ¢(pa :E)

which is equivalent to |LEPY [

(b) ¢(p, z) fails, and therefore p'(z, f¥) < = A Ao(p*(z, f2), fL(p*(z, f¥))) and e,p = eyp

£

for y = p'(z, f£) < z. Then by hypothesis we have E} and hence ILEPY =X which is
A0<y7p0(y7 fgf)) — D;,p‘ (83)

But Ao(p'(z, f2), fo(p' (z, f7))) is equivalent to Ao (y, p°(y, f}))) since fo(p' (z, f2)) = fuly) =

p°(y, f). This is the premise of (8.3), so Dy ,, and therefore D , holds since e,p = gyp

implies D7 , <> Dy .. O

®,V,l

. . N
Realizing Vu, F, W, N[MBS™| "oy v

We are now ready to extract a realizer from Nash-Williams’ proof of the minimal-bad-
sequence argument. Each of the following results correspond intuitively to one of the
main steps in our formalisation of the proof. Our first step is to interpret the instance of
the least element principle used in the classical construction of the minimal bad sequence
(8.1).

Lemma 8.8. Define the selection function €sy: Jyyno, where o 1= PN x (N — N) via

transfinite recursion on <|s|, where as before v' <|5 v :=v'(|s]) < v(|s]), as

0'—>N><pN) :‘; <U’f|179\,v> Zf Qb(S,U,p)

es0(p
Es,pl(v,fﬁ‘7v)(p) otherwise

where
o(s.v.p) = p (v, 17, )([s]) < v(ls]) = Bols @p*(o, 17,), £7,, (0" (0. 7, )
and fIZ;I,v is defined using transfinite recursion on <y as
£ = A 0w, £, ) i w(ls) < v(ls).

Define K, ,p = po(v,fﬁw). Then we have Vs, v, pEol, where ESY, is defined as in
Lemma 8.6 by
(é(s,v.p) = (~Bo(s @v, Ksop) = DS, )N

E,K — $,U,p
(_'qb(sv U,p) - Dg,v,p)

S7U7p T
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Chapter 8. The Minimal-Bad-Sequence Argument

for

—By(s @&l ,p,p’(eswp)) A (P (€s0p)(|8]) < €2.,p(Is]) = Bo(s @ p'(es.0p), €4 ,p(P' (€5.00))))

De

5,V,p

Proof. This is entirely analogous to the proof of Lemma 8.6, setting <:=<|y and Ag(v, k) :=
-By(s Quv, k). As before, we note that Tlc,,, follows from Tl., and similarly R, is easily
definable from R.. O

The formula Eif,( p is a computational interpretation of the statement that if s has a bad
extension v, then it has a bad extension that is minimal with respect to </5. The formula
Dg ,, says that the term agyvp represents an approximation to this minimal extension
with siﬂ)p witnessing its minimality, all relative to the counterexample p. The term K ,p
indicates how we use the assumption that s @ v is bad to construct the approximation -
in particular this assumption is not required at all if =¢(s, v, p) holds, which is the case if
we find an approximate bad extension to s less than v (cf. Remark 8.7).

Now, we use EPS to interpret the instance of DCseq used to construct the minimal-bad-
sequence itself. Our selection functions are capable of constructing minimal bad extensions
at each point, so their unbounded product gives us an approximation to a bad sequence

approximately minimal over all points.

Lemma 8.9. Define £": 0™ — Jy, no parametrised by u: oY as

gu (pcr—>N><pN) g 6(),u(p) if |T| =0
To* =

E (0 To(0)svvesm0 T 1 (n—1));moTo_1 (P)  if [T > 0.

where the type o and the selection function €, are defined as in Lemma 8.6. Note that

wo1" is analogous to the variable t in the formal proof, while T represents a sequence of

N

functionals witnessing minimality that are hidden in the formal proof. Now given q: o —

N x pN and p: o — N define
N)N —u
= moEPS® %¥(())

(PN

fst =" mEPSTHRP(()).

(p
vst

Then by Theorem 5.7, using the abbreviation v* := An.vsi(n) and the convention vs*, :=
u, and setting pn = Plysu fs)(n) @S defined as in Theorem 5.7, for all n < o(vs™, fs") we

have
(vsis 5 = & i) (Pr) = (Eloni(y s, (P Efoumy s, ()
pn(E[v"](n),vs}Ll(pn)) = Q(Usuafsu)
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8.2. The functional interpretation of MBS

This implies that for all n < p(vs", fs*), vs" and fs" satisfy (suppressing the parameter
u)

$([v)(n), v5n—1,Pn) = (=Bo([v](n) @ vsn_1, Kjj(n).s,_Pn) = Dici”)

9([0)(n), vsn—1,pn) = D"

where K is defined as in Lemma 8.6 and

=By ([v](n) @ vsy, ¢ (vs, f5))A
(' (vs, fs)(n) < v(n) = Bo([v](n) @q'(vs, fs), fs,(q" (vs, f5)))).

b ’US,fS =
Dp® =

Proof. The lemma follows by substituting, for each n < ¢(vs", fs*), s = [v¥](n), v = vp—1

and p = p, into Lemma 8.8. We have

ryvs™,fs* e
Dng™  Dipim)

n ”U‘S"l_l7pn

by Spector’s equations. O

Now we verify by induction that from our initial assumption that if u is bad the
diagonal sequence v is minimal bad. The next lemma is the constructive analogue of the
statement that =B (u) — VnD(n) in the formal proof.

Lemma 8.10. Given u, q and ¢ let everything be defined as in Lemma 8.9. Then

—Bo(u, ¢°(vs®, fs*)) — Vn < @(Us“,fﬂ)f)zf;,fs"_

vs™, fs®

Proof. This is done by Lemma 8.9 and induction on ]_~)n7q . First we show that (sup-

pressing the parameter u in vs, fs)
=By(u, ¢’ (vs, fs)) — [)gfq’fs.

This follows from Lemma 8.9 for n = 0. Assume that ¢((),u,pg) (if not then we get

Egi;fs anyway). Then by definition e ,(po) = (u, (Iﬁt}, which implies that K ,po =

P(eg,u(p0)) = ¢°(vs, fs) and so
=By(u, ¢’ (vs, fs)) — —Bo(u, Ky uPo) — Dgfq’fs.
Now for n < ¢(vs, fs) we show that
Dyl = Dy
First, since [v](n) @ vs,, = [v](n + 1) @ vs,, we have

sz&fs — =Bo([v](n) @ vs,, ¢°(vs, fs)) — =Bo([v](n + 1) @ s, ¢°(vs, fs)).
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M US,fs

Now, by Lemma 8.9, assuming that ¢([v](n + 1), vy, ppt1) (otherwise we get D77,
anyway) we have €[y)(nt1),vs, (Pntr1) = (vsn, gffvsn> and therefore K[j(ny1)vs,Pnt1 =

p['r)L-i-l(g[v](n—&-l),vsn (pn—i—l)) = qo(’US,fS) and so

_'BO([U](n +1) Q wsy, qo(vs,fs)) — _'BO([U](n +1) @ sy, K[v](n—i—l) vsnpn-H) - D;ﬁ-]%q

vs,fs

Therefore by induction from n = 0 to n = p(vs¥, fs") — 1 we get D — Vn <
o(vs®, fs*) DL and the result follows. O

Finally, we define ¢ and ¢ in terms of the counterexample functionals F', W and N in

order to complete the construction.

Theorem 8.11. Suppose we have an arbitrary sequence u: p" and functionals F: k — N,
N:k = Nand W: k — pY where k: p¥ x (N x pN — N). Define ¢*'W, and ppn on
(vs, fs): (P x (pN = N)N =2 g™ by

W (05, f5) "L (F(w, f5), W (v, f5))
PN (vs, fs) = max{F (v, fs), N (v, fs)}

NN N N
where v := An . vs,(n). Finally, define vs* (/?:) moEPSE 4 e FN(()), fs* (b7 2M)

uFW FN

m EPS® 1 (()) and v" := An . vsi(n), for € defined as in Lemma 8.9. Then
Cp N w, = F(v", fs")
Fenwu = fs"
VENWu = 0"
satisfy IMBSN |3’1‘J/’7‘1;V7N.
Proof. By Lemma 8.10 we have (suppressing dependencies F', N and W)
~Bo(u, ®,) = ¥n < max{Fy,r,, Nv,r, } Do i
Firstly, setting n = Fy,r, yields
—By(u, ®,) — Dgfv fu o = Bo(Vill(Fy,r,) @usty, | Fyr,) = =Bo(Va, Frir,)
where for the last implication we use [[V,](n) Qu](n) = [V4](n). Secondly, setting n =
Nvy,r, vields
—Bo(u, &) — D}’;V f{q
= Wr,r, Vvur,) < Va(Ny,r,) = Bo([Val(Nv,r,) @ Wy, r,, Du(Nv,r,, Wy, r,))-
Combining the two yields
=Boy(u, ®y) — ~Bo(Va, Fv,r,) A Wy, r, (Nv,r.,) < Vu(Nv,r,)
— Bo([Vu(Nv, 1) @ Wy, r,, Du(Nv,r,, Wy, r,)))

which is [MBSN| 200 . O
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8.2. The functional interpretation of MBS

An analysis of our bar recursive realizer

Having carried out the formal construction of our realizer, we now aim to describe in more
intuitive terms how it behaves, and to demonstrate that it forms a clear computational
analogue to the minimal-bad-sequence construction of Nash-Williams. As before we can
use the semantics of EPS to identify various parts of the realizer with game-theoretic
concepts, associating our computational interpretation of MBS with a single partially
defined sequential game G[u, F, N, W].

The functional interpretation of MBS asks for an approximation of the minimal bad
sequence construction. Given an initial bad sequence u we must construct a bad sequence
V., and a functional I', witnessing its minimality relative to counterexample functionals

F, N and W, and must also produce a point ®, such that all this can be verified from
—Bo([u)(Pu))-

The basic idea. We build V,, and I';, as optimal plays in the sequential game whose selection
functions are given by &%. Moves in this game consist of a sequence v: p" and a functional
f: pN = N. The idea is that for an optimal play (vs%, fs") of type (p™)N x (pN — N)N,
setting v* := An.vs¥(n) the sequence vs¥ represents a minimal bad extension of [v%](n)
whose minimality is witnessed by Aw.fstw, and therefore V,, = v" represents a minimal-
bad-sequence whose minimality as a whole is witnessed by I'y, = An, w.fsw.

The role of the selection functions is to interpret pointwise instances of LEP. in the
minimal-bad-sequence construction and produce approximations to minimal bad exten-
sions of [V,](n) in the construction relative to ‘local’ counterexample functions p. The
product of selection functions enables us to construct a whole sequence V,, that is minimal
bad relative to the global counterexample functions ¢ and ¢, which are in turn defined in
terms of the F', N and W so that V, is an approximation of sufficient quality to ensure

that it is ‘bad’ at point Fy, 1, and approximately minimal at point Ny, r, relative to Wy, .

classical proof ‘ sequential game Glu, F, N, W]

least element principle | selection functions £
~u FW
K

minimal bad sequence | unbounded product EPS® ¢ o

©

Table 8.1: Functional interpretation of MBS

How the realizer works. The behaviour of our realizer mimics the classical construction of
the minimal bad sequence. It is based on a main instance of bar recursion which interprets
the overall construction, each step in the bar recursion involving an instance of transfinite
recursion implemented by the selection functions to interpret the least element principle.

Given that we have computed a proposed initial segment (vsg, fsg), ..., (vsit_q, fsp_1)
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Chapter 8. The Minimal-Bad-Sequence Argument

for our minimal-bad-sequence, where vs®_; is an approximately bad extension of [v*](n)
relative to F', the selection function €puj(n) sz picks an extension v of [v¥](n) and a

functional f satisfying
_'BO([UU](H) Qu, Foév,f) N (Wau,f(n) < U(n) - BO([UU](n) Q@ Woév,fv f(Wav,f))

where o, s is obtained from the optimal extension that results from choosing (v, f) at
round n. Then [0%](n) * v(n) extends the our approximation by one element, and f wit-
nesses its minimality at point n relative to W. The selection function E[vu](n),v¥_, cOmputes
v and f by first trying as default (v, f) = (vs¥_,, fﬁfmg_l% depending on whether or not

o([v"](n), vs¥_1,pn) holds. Testing this condition corresponds to testing whether or not

(approximate) minimality of [v"](n) * vs_(n) is satisfied. If it is, the computation ter-
minates, with the truth of =By([v*](n) Q@ v, F,, ;) relying on the assumption that vs, 1 is
approximately bad relative to the global counterexample function F. Otherwise the selec-

n

tion function changes its mind and chooses (v, f) = (¢, fp7;) where t := Wioygu | pom )

This time, if (¢, f7) is chosen then —By([v*](n) Qu, F,, ;) is guaranteed by the fail-

ure of minimality of vs¥_,, since this implies ~By([v"](n) @ ¢, f2" ., 1(75)) and we have
52}82_1@) = py(t, fi13) = Fa, ;. The selection function now tests minimality of (t, f27),

and if this fails the whole procedure repeats until a suitable minimal extension of [v"](n)
is finally found. Termination of the search is guaranteed by well-foundedness of <.

The product of selection functions implements a backtracking procedure over these
selection functions that constructs an approximation to the whole minimal-bad-sequence,
comprising a constructive analogue of the inductive procedure carried out in the classical
proof. On a global level we claim the functionals 5}3 are essentially devices that make
recursive calls over the lexicographic ordering, and therefore one could potentially char-
acterise our bar recursive realizer as an algorithm that implements some kind of open
recursion (see Section 8.3 below), although making this intuition precise would involve a

much more detailed analysis of the realizer.

The functional ®. One important component of our realizer that we have ignored so far is
the functional ®, which interprets the assumption that the initial sequence w is bad and
is crucial to enabling us to carry out the first step in the computation. In Lemma 8.10
and Theorem 8.11 we show that if ®(u) = Fy, r, then =By(u, ®,) guarantees that our
minimal bad sequence V,, is satisfies =By (Vy, Fy, r,). However, actually we only require
that = Bo(u, ®,,) holds in the case that ¢(n, vs:_;, py) is true for sufficiently many steps in
the computation. The failure of this condition is the constructive analogue of discovering
a new bad sequence lexicographically less than u, which means that we no longer require
the assumption that v is bad. While our construction of V,, and I',, seems quite natural,
our definition of ®, is in fact rather crude, and it would be instructive to give a more

intelligent reformulation of ®, based on a more careful logical analysis of the classical
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proof. However, in this dissertation we will not go into any more details on potential
computational inefficiencies in our realizers. For now we are satisfied to have obtained
an intuitive constructive analogue of Nash-Williams’ proof of the minimal-bad-sequence

argument in terms of the product of selection functions.

8.3 Open induction and open recursion

As we pointed out in Section 8.1, the minimal-bad-sequence argument is classically equiv-
alent to the principle of open induction, which for our restricted form of open predicate is
written fully as
D
(*) Vo(Vw,n(w(n) < v(n) — 3kBy([v](n) Qw,k)) — IkBo(v, k) — YuIkBo(u, k).

clv)

From an intuitionistic point of view, the two principles behave quite differently. The
computational content of open induction is explored by Berger in [10], who demonstrates
that unlike dependent choice or MBS, open induction is closed under the negative and
A-translations, and can be given a direct realizability interpretation using the schema of

open recursion defined by:
ORF (u) = F,(An,v . ORF ([u)(n) @) if v(n) < u(n)).

This offers a simple and elegant alternative to program extraction from classical proofs
involving the minimal-bad-sequence argument without having to go through the usual bar
recursive interpretation of dependent choice. We quickly sketch Berger’s idea, although
the reader is encouraged to consult [10] for details. The formula C[v] (defined in (%) above)
has modified realizability interpretation
v mr Cv] = Vn, w(w(n) < v(n) = Bo([v](n) @ w,ynw))
< Yn,w|C[v]|}

n,w?

where v: N x p — N, and therefore the subformula D (cf. (¥)) is interpreted as
F mr D =Yv,y(y mr C[v] = Bo(v, Fvy))

where F: pN x (N x pN — N) — N. Finally, ® mr Ol = VF(F mr D — YuBy(u, ®¥u)), or

alternatively:
® mr Ol = VF (Vu,~v(Yn, w|C[v][} ,, = Bo(v, Fvy)) = VuBy(u, o).
where ®: (pN x (N x pN = N) = N) x p¥ — N.

Theorem 8.12 (Berger [10]). E-HA® + Cont + Ol + OR = ® mr Ol where ® is a closed
term of E-HA® + OR.
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Chapter 8. The Minimal-Bad-Sequence Argument

Proof. In [10] this theorem holds generally for open predicates of the form YnC'([u](n)) —
InB([u](n)) for C arbitrary and B a Y-formula (V, — free and only containing predicates
ranging over variables of type level 0). In our restricted case of ¥.9-open formulas, ® := OR
does the trick. To see this, suppose that F mr D - we must show that YuBg(u, ORY (u)).
Now assuming continuity, the truth of predicate P(u) := By(u, ORY (1)) depends only on
a initial segment of w, which means that P is equivalent to an open predicate, so we can
use open induction on P(u). Given v, suppose by the induction hypothesis that P(w)
holds for all w<iexv i.e. Vn,w(w(n) < v(n) = Bo([v](n) @w, OR ([v](n) @w))). Then

v = An,w . ORY([v](n) @w) if w(n) < v(n)

realizes C[v], and therefore since F mr D we have By(v, Fvy) = By(v, ORF (v)) which is

P(v). This verifies progressiveness of P, and so we have YuP(u) and we’re done. O

‘Explicitly controlled’ open recursion

It is not difficult to show that open induction is equivalent to its negative translation over
QF-AC + MP¥, and therefore by the soundness theorems for the ND interpretation and
the fact that open induction is classically provable from dependent choice a direct realizer
for its functional interpretation can be found!'. In fact, the functional interpretation of
Ol coincides with the ND interpretation of its contrapositive MBS, so our bar recursive
realizer for MBS also realizes Ol. However, it is natural to ask whether an analogue to
Theorem 8.12 can be found, whereby a direct realizer for the functional interpretation
of open induction can be given in terms of open recursion as opposed to bar recursion.
For the functional interpretation, in light of Spector’s soundness proof we would expect
to be able to construct a form of open recursion that is ‘explicitly’ well-founded using
Spector’s condition as opposed to implicitly relying on continuity, and would therefore
be computationally weaker than full open recursion in the same way that Spector’s bar
recursion is weaker than modified bar recursion (see Chapter 9).

This short section contains some preliminary results and ideas in the spirit of [10]
that explore the idea of whether an alternative to Spector’s bar recursion based on open
recursion can be devised to extract witnesses for the functional interpretation of proofs
involving open induction or the minimal-bad-sequence argument. What follows should be
considered nothing more than a starting point for future research, and many details below
are merely sketched or left as conjectures. Our aim is simply to design, in an informal
manner, a procedure that directly realizes the functional interpretation of open induction
and perhaps reflects the computational content of this principle more naturally than our

bar recursive realizer would.

Note that the prima facie existence of a bar recursive realizer for Ol is already implicitly established in
[10, 20] in which it is shown that Ol follows from bar induction. Similarly, in [44, 92] it is shown directly
that open induction on the Cantor space follows from the double negation shift and Markov’s principle.
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Let us first establish some notation. For a functional ®: pN — N and a sequence p!,
define ®{u}: pN x (pN — N)N by

O{u} = (u; An,w . ®([u](n) Qw) if w(n) < u(n))

so ®{u} consists of the sequence u along with the functional ® restricted to arguments
lexicographically less than u. In this way we can concisely write the defining equation of
open recursion as

ORF (1) = F(ORF {u}).

Now, treating ®{u} as a sequence of type o for o := p x (p" — N), we have

o{u}, M < (u, M; dn < M,w . ®([u](n) Qw) if w(n) < u(n)).

where (A\n < M.fn)(m) =0 for m > M. Given a functional ¢: o — N let

O{u}, = BLul, sy (@}, 7)

where M := pugp(®{u},¢) is the least number satisfying ¢(®{u}, M) < M. Note that

N

®{u}, is primitive recursively definable in ®: for arbitrary a: o we can write

, 0, if Fk <i(p(a, k) < k)
(1) == ] ]
a(i) otherwise
and we obtain o, = a, ugp(, ) provably in Spec, which we need to confirm the existence

of psp(p, @) (cf. Proposition 4.2). Let us now define a variant of open recursion EOR that

is explicitly controlled by the functional (:
EORF#(u) = F(EOR™*{u},).

While open recursion OR in the sense of Berger is implicitly well-founded by open induction
and continuity of F' (see Chapter 9 or [10] for the proof that OR is total), EOR is explicitly
well-founded because we specify, via ¢, the finite portion of u we wish to use and therefore
totality of EORF*? is by definition an open property on u.
Remark 8.13. While the functional EOR is definable from OR, we conjecture that EOR is
in fact of the same computational strength as Spector’s bar recursion, whereas as we show
in Chapter 12, full open recursion is equivalent to the stronger modified bar recursion.

A partial functional interpretation of Ol, in which we do not extract realizers for v and

v, is given by
(f) 3Vu, F, N, W(vo,y(IC[0][x,, w,, = Bo(v, Fvy)) — Bo(u, ®(u))

which of course differs from the modified realizability interpretation in that the quanti-
fiers Vn,w, not permitted by the functional interpretation, are eliminated in favour of

counterexample functionals N and W. We show that (f) can be realized using EOR.
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Chapter 8. The Minimal-Bad-Sequence Argument

Proposition 8.14. Define p™t': o — N by o™V Foy := max{F,,, Nyy }. Then @5V (u) =
EOR?Y (u) realizes (1), provably in Spec + Ol.

Proof. We suppress the parameters on o™¥'f'. Fix F, N and W and assume that
(+) Y. v(ClIN,, W, = Bo(v, Fvy))

holds. We use open induction on the open predicate P(u) := Bo(u, EOR"?(u)) (P is
open because by definition EOR only looks at a finite initial segment of u). To establish

progressiveness, let’s assume that P(w) holds for all w lexicographically less than u. Now,

define
(v,7) := EORF’“D{U}cp

= (u, M; \n < M,w . EORP*?([u](n) @w) if w(n) < u(n))

where (assuming Spec) M = us,(EOR™#{u},¢) and therefore pvy < M. Using that
Nyy < vy < M we see that |C[v] YVM w,, is equivalent to

Wor(Nuy) < t(Nos) = Bo([u](Non) @ Wy, EORT#([u) (Nyy) @ W)

which is true by P([u](Nyy) @W,,). By (+) this implies By(v, Fvy) which by Fvy <
vy < M and the fact that EOR™¥(u) = Fuvy implies Bo(u, EOR™?(u)). Therefore by
open induction we have (+) — YuBg(u, EORF*?(u)), from which (1) follows. O

For the full functional interpretation of Ol, given by

o,V,I' _ w D D
OIEYE, = (ICIVAINE 1 wver, — Bo(Va Frir,)) = Bo(u, ()

L . o, V,T .
(which is equivalent to |M BSN | ’;,/’W ~ ), we must also extract realizers V,, pw,n and I'y, pw, v

for v and v in (). Let @, pwn = EOR‘PN’F’F(U) as before, and (suppressing fixed pa-
rameters F', W and N on ®, V, T" and ¢) and let us define candidates for V,, and T,
recursively on <jex by

. m1®{uty
(V. T) ai O{u}p, if |C[7TO‘I>{U}¢]|N¢{u}¢,w¢{u}w

(Vi,Ty) otherwise

for t := [mo®{u}y|(Nofu},) @ Wegy,. One argues that (V,,I',) is well-defined by open
induction and Spec. Note that ®{u}, = ®{u}, M for M = pg,(P{u}, ) so by the fact
that Nggyy, < @(P{u},) < M we have ¢ := [u](No(u},) @ We(yy,, and we only make a
recursive call on ¢ in the case that Wegyy, (Nojuy,) < u(Negyy, ). Therefore if (V;,T'y) is
well-defined for all ¢t<jexu then so is (V,,I'y). The statement that (V,,,T',) is well-defined
is an open property, since (V,,I",) depends only on u, M.

oV

Proposition 8.15. ®, V and I' as defined above satisfy Vu, F, W, N|OI|, 'y n» provably

in Spec + Ol.
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Proof. For arbitrary F';, W and N we use open induction on the open predicate P(u) =
]OI\S’};{V ~- We have only to prove progressiveness. Let us assume that (suppressing the

fixed parameters F', W and N as before)
(++) ‘C[V“”R;:/HFWWWFH — Bo(Vu, Fy,r,,)

holds. We want to derive By(u, ®(u)). There are two cases to consider.

T1P{u
Case (a) |C[mo®{u}y]| N;{i }if%{u}@ holds. Then (Vi ) = ®{u}y and [CIVi][N:

holds, so by (++) we have By(u, M, Fgpyy,) (for M = psp(®{u}, ). But ®(u) =

EORS"N’F’F(u) = Foquy, and Fegy, < p(@{u},) < M, and therefore we get Bo(u, ®(u)).
Case (b) |C [7T0(I>{u}@]|7](,f{{:iqu>{u}w fails, which implies:

. N@{u}¢<Mu

(1) (Vu,Tw) = (Vi, Ty) for t = [mo@{u}to](Noguy,) @ Woruy, =  [ul(Noguy,) @ Woguy,

with t(Nq>{u}¢) < u(Nq,{u}w);
(ii) ﬁBo(t,Wlé{u}qu){u}SOWq){u}v) and therefore —By(t, ®(t)) since

mP{u}oNofwy, Woruy, =  mP{u}Noguy, Woruy,

S B ([u) (Naoguy,) @ Wagay,)

We can assume P(t) = |OI|§};V£/N by hypothesis, and by (V,,,I'y) = (V;,T) and (++) we
see that the premise of ]OI\?},V{};,N is true, and therefore we obtain By(t, ®(t)). But this

contradicts (ii). O

Remark 8.16. We tentatively put forward the idea that this computational interpretation
of Ol is analogous to the computational interpretation of Tl (given via its contrapositive
LEP.) in Lemma 8.6, where in some sense we can identify Kxp defined via transfinite recur-
sion with EORY(u) defined via open recursion, and also &, (p) with V,(FNW),T',(FNW).

We reiterate that this section is only an informal illustration that alternative modes of
recursion could potentially be used instead of Spector’s bar recursion for obtaining more
intuitive programs from classical proofs involving the minimal-bad-sequence argument.
However, there are many factors to consider before one can claim in any sense that a
mode of recursion is ‘better’ than Spector’s bar recursion for interpreting principles in
mathematical analysis, and we leave a more detailed study of the relationship between

bar recursion and open recursion to future work.
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Chapter 8. The Minimal-Bad-Sequence Argument

8.4 Higman’s lemma

The minimal bad sequence argument is best known in mathematics for its role in the
theory of well-quasi-orders. We call a preorder (X, <x) a well-quasi-order (WQO) if any
infinite sequence (x;) in X has the property that x; <x z; for some i < j. The theory
of WQOs contains several results which state that certain constructions on WQOs inherit
well-quasi-orderedness, the most famous being Kruskal’s tree theorem [59]. A special case

of this theorem is what is colloquially known as Higman’s lemma:

Theorem 8.17 (Higman, [38]). If (X,<x) is a WQO, then so is the set (X*,<x+) of
words in X under the embeddability relation <x~, where (xo, ..., Tm—1) <x* (T(,..., 2 _1)

iff there is a strictly increasing map f: [m] — [n] with x; <x az}l for all i < m.

Nash-Williams used the minimal-bad-sequence argument to give elegant proofs of both
Higman’s lemma and Kruskal’s theorem [64], and many proof-theoretic investigations into
the minimal-bad-sequence argument tend to focus specifically on its role WQO theory.

We conclude this chapter by demonstrating how one obtains a bound for Higman’s
lemma from the ND interpretation of the minimal-bad-sequence argument (or equivalently
the functional interpretation open induction). By substituting in our realizer from Section
8.2 we obtain an explicit bar recursive term that finds an embedded pair in sequences of
words over arbitrary WQOs. We do not claim to derive any new quantitave bounds for
Higman’s lemma (optimal bounds in certain cases are given in [19, 80]), but we believe that
on a qualitative level at least our algorithm, the first based on the functional interpretation,

is quite different to those discovered previously.

Formalising Higman’s lemma

Let us assume that a WQO (X, <x) can be encoded as by type of level 0, and that <x
and therefore also <y are decidable. We call a sequence u: X" good if u; <x u; for some

t < j, and bad if it is not good. The statement that u is good can be written as the open
predicate B(u) := JkBy([u](k)) where

By(s) :==3i < j <|[s[(si <x s;).

The set X is a WQO if it satisfies the predicate WQO[X] := Vu™" B(u). In Nash-Williams’
proof of Higman’s lemma the hypothesis WQO[X] used in the following, alternative form:

Lemma 8.18. The property WQO[X] is classically equivalent to the property MonSeq[X],
where
MonSeq[X] := VuIg" "NVEVi < j < k(gi < gj A ugi <x ugj).

In other words, X is a WQO if and only if every infinite sequence contains an infinite

increasing subsequence.
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8.4. Higman’s lemma

Proof. One direction is clear. The other direction WQO[X] — MonSeq[X] is an easy

consequence of Ramsey’s theorem for pairs, applied to the colouring
c(i,7) := 0 if u; <x uy, else 1.

Let g be the increasing function that defines a pairwise monochromatic set i.e. ¢(gi, gj) = b
for all ¢ < j. If b = 1 then this would contradict the fact that X is a WQO, therefore
b = 0 and g defines a monotone sequence. Note that in special case that X is finite the
result is is provable using the infinite pigeonhole principle and can therefore be formalised
in WE-PA® + QF-AC. O

Theorem 8.19. WE-PA¥ 4+ QF-AC 4+ MBS = MonSeq[X] — WQO[X*].

Proof (Nash-Williams). We use the minimal-bad-sequence argument of type (X*, <) where
< denotes the prefix relation on words:

eX <y = r) < |y AV < |z]( = yi).
Note that < is decidable by our assumption that X has type level 0, and is provably
well-founded in WE-HA®, so that in particular R~ is primitive recursively definable. We
use the following notation: that for x = (zg,...,xy,—1): X* with m >0

. X

T =(x0,...,Tm—2) T = Tm_1

and for x = () we have z = (), * = Ox.

Let us assume for contradiction that MonSeq[X] holds but WQO[X*] is not true,
and that we have a bad sequence u satisfying Yn—By([u](n)) where By(s) := Ji < j <
|s|(si <x+ s;). Then by MBS x« ) there exists a minimal bad sequence v with respect
to <. We show that v cannot be bad, and therefore our original sequence u was good,
contradicting “-WQO[X*].

First, by MonSeq[X] applied to the sequence (7;) there exists monotone g such that
Ugi <x Ugq; for all ¢ < j. Now consider the sequence w := [v](g0) * (Ai.0g;). Either vgy = ()
in which case w is trivially good, or v, < vgo and therefore w is lexicographically less
than v at point g0, and is good by minimality of v.

But if w is good then v must also be good: it is easy to show that if w; <y« w; for some
i < j <nie By(w](n)), then vy <x+ vj for some i’ < j' < g(n)+11i.e. By([v](g(n)+1)).
This is obvious if i < g(0). Otherwise we have 0y <x+ 7g; for i < j < n — g0 < mn, in
which case vg; <x+ vg; follows from vy <x 7y, unless |vg| =1 and vg; = (). But in this

case Vgj <x* Vgjil- L]
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Chapter 8. The Minimal-Bad-Sequence Argument

Extracting a realizer for WQO[X*]

The functional interpretation of MonSeq[X] (now using the symbol z for the variable )

is given by
3GV, W Vi < § < WGy w(Cawi < Growi AT, ui <x Ta,.,j) (8.4)

for G: XN x (NN — N) — (N — N). The computational challenge we face is that given
G witnessing (8.4), and an arbitrary sequence of words u, we must extract TG, WGu
and ®¢ ,, such that (8.4) applied to zg y, wa, implies By([u](®g..)). We show that this
can be done using the functional interpretation of MBS given in the previous section, by

constructing suitable counterexample functionals /', N, Y and W.

Theorem 8.20. Suppose we are given G (dependent on x and w) satisfying (8.4). Define
z, and wy, . parametrised by variables v: (X*)N, v: N x (X*)Y — N as

xN
Ty = (0;),

NV N .
= \g . Y(90, [0 x+)v](g0) * (Ni.Tg;)).

Now let Gy := Geyw,., and define functionals F: k — N, N: k = N and W: x = N (for
k= (XN x (Nx (XN = N) by

Wyy

N

FS = Guy(wonGuy) + 1,
N

NG = Gy,

(X"

WS = [01(Gor0) * (Mi-e,4).

- N @V,
Then whenever ®, V and I" satisfy [IMBS ‘FG,NG,WG,u’ we have that
Vi < j <wyrGyr(Gyri < Gyrj A Vayri <x Vayrs)
Jor'V.="Vpc yc we,, I' =T'pe yo we ,, implies

di < 7 < q)FG,NG,WG,u(u’L' <x= Uj).

Proof. Let @ abbreviate ®pc v e, and V, I' similarly. Then by \MBSN@’C‘;’;G WG, (n

its contrapositive form) applied to By as in the proof of Theorem 8.19, we have

[(Wyr (Nyr) < V(Nyr) = Bo([V](Nyr) @ Wyp, TNyrWyr))
— B()(VV, FVF)] — BQ(U, (I))

—~
*
~—

and so it suffices to prove the premise of (), which substituting definitions of F'; N and
W is

(VGVF() < Vayro — BQ([V](GVFO) * ()\Z'.VGVFZ'),WVFGVF)) — BO(V, GVF(WVFGVF) + 1).
C
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8.4. Higman’s lemma

Now, we use that Gyr satisfies

(1) Vi <j <wyrGyr(Gvri < Gyvri A Veyri <x Vaurj)

Assuming C, there are two cases: either Vi, .o = () which implies By(V, Gyr(wyrGyr)+1)
since Gyr0 < GVF(WVI‘GVF) by (]L), or VG\/FO < VGVI"O‘

In the second case we have By([V](Gyr0) * (Xi.Vayri), wyrGyr), and using (1) it is
straightforward to show, as in the proof of Theorem 8.19, that this implies

By(V,Gyr(wyrGyr) + 1).
This proves the premise of (%), so we’re done. O

Remark 8.21. By combining Theorem 8.20 with Theorem 8.11 we are able to extract an
explicit bar recursive realizer in G that bounds the length of bad sequences in X*. In
individual cases the complexity of G will depend on the underlying well-quasi-ordering X.
For the case where X = [m] one proves using the infinite pigeonhole principle that any
sequence (z;) of type X" contains an infinite subsequence Tg0 = g1 = ..., and therefore

G can be constructed as usual using finite bar recursion (see Lemma 7.14, [67]).

Remark 8.22. Nash-Williams’ proof would still work if we carried out the minimal bad
sequence argument on the weaker relation |x| < |y|, which is decidable even if we allow X

to range over higher-type objects (although we still need to insist on <y being decidable).

Remark 8.23. Higman’s lemma provides us with a good opportunity to analyse the be-
haviour of our realizers for MBS in more detail. In this context, the role of our bar
recursive realizer from Section 8.2 would be to attempt the construction of a minimal-bad-
sequence to obtain a contradiction, from which we can infer that the initial assumption

—Bo(u, ®, pc yc we) is false, and therefore @, is a bound for Higman’s lemma.

Glu, F¢, N¥ W] | Nash-Williams’ proof of Higman’s lemma

=Uu
ETL

find least prefix extending to a bad sequence
EPS® | attempt to construct a minimal bad sequence

FCG N¢ W¢C | contradict construction of minimal bad sequence
®(u) | contradict hypothesis ~B(u)

Table 8.2: Functional interpretation of Higman’s lemma

On the other hand, if instead of our bar recursive realizer we use the open recursor
PY = \u . EORFG’*"(u) as in Section 8.3 we end up with an intuitive inductive algorithm
that computes the bound ®(u) in terms of ®(w) for w<exu, the functionals F¢, N¢ and
W& using G to validate well-foundedness of the algorithm.
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Chapter 8. The Minimal-Bad-Sequence Argument

It would of course be illuminating to give a more detailed description of our realizers,
even just for simple cases, and compare them to other programs for Higman’s lemma in

the literature, but we leave this to future work.
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III THE EQUIVALENCE OF
VARIANTS OF BAR RECURSION
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CHAPTER
NINE

Extensions of Godel’s system T

The second main part of this dissertation is concerned with establishing definability results
for variants of bar recursion and related extensions of system T.

In the preceding chapters we encountered Spector’s variants of bar recursion GBR
and SBR, along with the explicitly iterated product of selection functions EPS. In the
remainder of this dissertation the term bar recursion refers to a more general class of

functionals that can be informally described by the scheme

G(s) if s is a leaf of T’

B'(s) =
H(s, x.BT(s*x)) otherwise

where T' is some well-founded tree. Spector’s bar recursion is just a specific instance of

this type of recursion, over the well-founded tree T'(s) := Vt < s(|t| < ¢(t)). A somewhat

different instance of bar recursion is the I' functional of Gandy and Hyland [35]:
T9(sN') X (s % 0% An . T(s % (n + 1))

which rather than appealing to an explicit stopping condition as in Spector’s bar recursion,
is well-founded by assuming continuity of ¢, and as such its underlying tree is given
implicitly via the points of continuity of ¢q. Generalisations of the I' functional to higher
types have been considered in the context of proof theory in order to give a realizability
interpretation to the axiom of dependent choice - these include modified bar recursion

[11, 12] and more recently the implicitly iterated product of selection functions
IPSS9(s”") := 5 @ An . &1, (Ax . q(IPS9(t,, * z)))

for ¢, = [IPS®9(s)](n). A key feature shared by all these variants of bar recursion is that

the recursion is carried out ‘backwards’ over finite sequences, each recursive call extending
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Chapter 9. FEaxtensions of Gadel’s system T

the current sequence with one more piece of information. An interesting ‘demand driven’

alternative to bar recursion is the so-called BBC functional:

BBC™(u) :=u @ An . g,(Ax . ¢(BBC*Y(u},))),

devised in [8] to give a more efficient computational interpretation to countable choice.
The BBC functional takes as input finite partial functions u and makes recursive calls
on updates u? of u. As demonstrated by Berger [10], the BBC functional belongs to a
family of extensions of system T that seem more closely related to open recursion over

lexicographic orderings (as discussed in Chapter 8) than bar recursion in the usual sense.

In recent decades a several advances have been made in the computability theory of
bar recursion and its variants, particularly in clarifying the relationship between these
modes of recursion. In the late 1980s Bezem confirmed that several different formulations
of Spector’s bar recursion GBR that had been considered in the literature were indeed
equivalent [16], while on the other hand Kohenbach devised an interesting a variant of
GBR based on a novel stopping condition that could no longer be defined from GBR
[46]. Later, Berger and Oliva proved that their modified bar recursion is strictly stronger
than Spector’s bar recursion due to the fact that the latter is S1-S9 computable in the
total continuous functionals € while the former S1-S9 defines the FAN functional, which
is known to be non-computable in €. Recently, Escardé and Oliva [28] have given a
detailed account of the relationship between bar recursion and the products of selection
functions. However, many questions on the interdefinability of variants of bar recursion

remain unanswered.

In this dissertation we address some of these open questions. Our contributions are
divided into three parts. We begin with a study of finite bar recursion, in which we
construct a hierarchy of fragments of system T based on restricted finite bar recursion
and prove that they are in one-to-one correspondence with the usual fragments based on
restricted primitive recursion (Chapter 10). Next, we show that Spector’s ‘special” and
‘general’ form of bar recursion are in fact primitive recursively equivalent (Chapter 11).
Finally, we succeed in relating extensions of system T based on open recursion with those
based on bar recursion, and prove that over the continuous functionals the BBC functional
and open recursion are equivalent to the implicitly iterated product of selection functions

(Chapter 12).

In the present chapter we acquaint the reader with some important definitions, and
provide a short summary of known facts about extensions of system T in order to put our
results in context. Our account is very concise, and the reader is encouraged to consult the
original sources where indicated and also e.g. [65] for general background on bar recursion

and computability theory in the type structures of continuous functionals.
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9.1. Primitive recursive definability

9.1 Primitive recursive definability

Suppose we state a defining equation F(¥) := Q(F, Z) for some mode of recursion F, which
contains free variables Z for the parameters of F. By F[®] we mean that the term ¢ satisfies

the defining equation of F i.e.

F[®] := VZ(3(Z) = Q, T)).

We consider F to be an abstract symbol representing a mode of recursion, and technically
when we extend some theory .S with the functional F, we mean that we add to S a constant
® along with the axiom F[®], although usually we implicitly identify ® with the symbol
F.

Definition 9.1. Let S be some theory and A a (possibly empty) set of additional axioms
in the language of S.

(a) The functional G is S-definable from F (G <g F) over A if there exists a closed term
t € S such that

S+ A+ F[U] - G[t()).

(b) More generally, if we are given defining equations for two collections of functionals
F=(F..p) G= (Go, . o) where p;, o; range over some subsets X;, Y; of the
finite types respectively, then G is S-definable from F (G <g F) over A if for any
o1, ...,01: I;Yj there exists pi(o1,...,01),...,pr(0o1,...,00): IL;X; such that

Goy,.oy <5 Fp1(01,---701),---,%(017---701)

If A is empty then we simply say that G is S-definable from F. If G <g F and F <g G

over A then F and G are S-equivalent over A and we write F =g G.

Definition 9.2 (Primitive recursive definability). We say that G is primitive recursively
definable from F over A if it is E-HA%-definable from F over A. We will usually write <t

instead of the more cumbersome <g_paw.

Remark 9.3. In many cases, when G <t F it turns out that we actually only use a very
weak (essentially recursion-free) fragment of E-HA“ to construct G from F. However, we
don’t make any effort to calibrate the weakest theory in which the construction can be

done.

The definability relation <g over fixed A is clearly transitive. Suppose we are given
F=(Fp...00): G=(Go, k) With G <g Fand H <¢ G. Then H <g G
tells us that

..........
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for some tg € S and o;(k1,...,km), and G <g F tells us that
S+A+ FP17~--7Pk M + Gdl,m,ﬂz [tl(qj)]

for some t; € S and p;(01,...,07). Putting these together and setting ® := ¢1(¥) we
obtain
S+A+Fp [V F Heyen [(Fo 0 81) (9))]

for pi(k1,...,km) = pi(o1(K1, .- sEm)s.--,01(K1,...,Km)). A consequence of this is that
the relation =g is an equivalence relation.
Note that the notion of definability is model independent, although we can talk of

definability in a particular model as follows.

Definition 9.4. Let M be some a model of S. Then G is S-definable from F in M if G <g F

over A where A is valid in M.

In Chapter 12 we shall require A := QF-Bl+ Cont to prove that certain implicitly well-
founded modes of recursion are primitive recursively equivalent, and so our definability

results will in particular be valid in the model €* of continuous functionals.

9.2 Spector’s bar recursion and its variants

In Section 9.3 we introduce, for the first time in this dissertation, some modes of bar
recursion which, unlike Spector’s bar recursion, do not come with an explicitly defined
stopping condition. Before doing so we survey some of the relevant known definability
and non-definability results concerning variants of Spector’s bar recursion. Let us quickly
recall the main definitions from Part II. Spector’s general bar recursor GBR, - has defining
equation
. S if p(8) < s
GBRﬁy’ﬁ"’”(s” ) Z q(s) p(5) < |s|
ps(Axz . GBR?9¥ (s % x)) otherwise,
while his special bar recursor SBR, is defined by

o pN 0 it p(5) < |s
SBRO?(s”) = s @ { P(8) < s
SBR?"P(S % as) otherwise
where as := ¢s(Ax . SBR(s * x)). Finally, the explicitly iterated product of selection

functions EPS, ; is defined as

_ N 0,n if p(8) < |s
EPSS9%(s” ) = s @
EPS®%%(sxas) otherwise,

for as := es(Az . ¢(EPS(s % x))). In the above definitions, p and 7 range over all finite

types.
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Ezample 9.5. Tt is easy to see that EPS is primitive recursively equivalent to SBR, which

we prove now as a warm-up example. First we show that SBR <4 EPS. Let
7.d?
®, :=t(EPS, n) = Ao, 0,5 . EPS?);NW(S).

Note that we technically we mean to define ® = ¢(¥) for some variable ¥ satisfying
EPS, [¥], but for readability we identify ¥ with the symbol EPS. Tt is easy to see
that E-HA® proves that SBR,[®], and therefore SBR, <t EPS, n. If (5) < [s| then
d*?(s) = 5 @0, and if (8) > |s| then

PP¥(s) = s @ EPSP1¢ (5 % ay)
= 5 Q@ D?(s % a,)

where a; = ¢s(Ax . id(EPS»99 (s % 1)) = ps(Az . 9% (s % ). Conversely, to prove that
EPS,, <t SBR,, let

O, :=1t(SBR,) = A’ 777 q, 0,5 . SBRS ¥ (s)

where ¢5(pP=?") = e, (Ax . q(p(x))). Then ©(3) < |s| implies that &9 (s) = s @0, and
©(8) > |s| implies
P=0¥(s) = 5 @ SBR?"9(5 % a,)
=s5sQP(s*ay)

where as = ¢s(Ax . SBR(s * x)) = e5(Az . ¢(P(s * x))). Therefore EPS, -[®] is provable in
E-HA¥, from which we conclude SBR = EPS.

Definability between modes of recursion in all finite types may appear to be quite a
weak property, in the sense that we impose no restriction on the level of types. To prove
that SBR <t EPS we could have equally well demonstrated that EPS x ,nn defines SBR,
even though EPS, w suffices. However, primitive recursive definability is indeed a non-
trivial and subtle property that yields interesting insights into the relationship between
extensions of system T. A variant of ‘explicitly controlled’ bar recursion was given by

Kohenbach in [46], which has defining equation

r Jas) if ¢(5) = ¢(3)

KBRO'Z#(s"") -
’ ¢s(Ax . KBROZ#(s x )  otherwise

and is based on a novel stopping condition ¢(8) = ¢(3) (where §:=s @1 ). It turns out
that while KBR defines GBR, this adjustment of the stopping condition means that the
converse is not true, and KBR,, » cannot be defined from GBR,/ .+ for any types p’, 7. This
is due to the fact that a term @ satisfying GBR[®] exists in the majorizable functionals
A, but this is not the case for KBR. For all this see [46]. Note that while KBR will
not feature in later chapters here, it plays an important role in the definability results of
11, 12).
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Theorem 9.6. (a) SBR is primitive recursively equivalent to EPS.
(b) GBR primitive recursively defines SBR.
(c) KBR primitive recursively defines GBR, but the converse does not hold.

Proof. Part (a) is proved in Example 9.5, (b) is similarly straightforward, and for (c) see
[46]. O

In Chapter 11 we improve Theorem 9.6 by proving the converse of (b), that GBR
is primitive recursively definable from SBR. An important property of these explicitly
well-founded modes of bar recursion is that they are computable in the total continuous

functionals (see [12] for details).

Theorem 9.7. Fach of SBR, GBR and KBR are 51-59 computable in the total continuous

functionals €% .

Finally, we note that while SBR in general is not primitive recursively definable, the
special finite instance of SBR given by setting the control functional ¢ to be constant:
0 if n < |s]
SBR*(s) :=s @
SBR(s *as) otherwise.
is primitive recursive. Finite bar recursion and its relationship with Godel’s primitive

recursor is the main topic of Chapter 10.

9.3 Modified bar recursion and the implicitly controlled product of se-

lection functions

Variants of bar recursion which, rather than relying on a stopping condition as in Spector’s
bar recursion, are ‘implicitly’ well-founded by a continuity argument have been used in
proof theory to give a modified realizability interpretation to countable dependent choice.
Modified bar recursion, developed in [11, 12] (and in turn based on a form of bar recursion

considered in [8]), is given by the defining equation
MBRY4(s”") := q(s @ (Az” . MBR(s * z)))

for i: p* = ((p — 7) — p") and q: p — 7. Provided 7 is restricted to being a discrete
type, MBR exists in the model of continuous functionals ¥ by the continuity principle
Cont (see [11]). In what follows we focus on an alternative formulation of implicitly
controlled bar recursion considered by Escardé and Oliva called the implicitly controlled

product of selection functions, given by the defining equation
N
IPS24(s”") f= 5 @ IPSS% (s + a) (9.1)
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for as := es(Az . q(IPS;L(s * x))), where e: p* — Jrp, ¢: pN — 7 and 7 is restricted
to being discrete. It is shown in [28] that IPS is equivalent to MBR, although IPS has
the advantage of providing us with a uniform transition between explicitly and implicitly
defined bar recursion in that it is essentially EPS without the stopping condition. As such

it also satisfies a useful analogue of Theorem 5.7.

Lemma 9.8. Let o = IPS*(s). Then for all n > |s|,
a = IPS*([a](n)). (9.2)

Proof. Induction on n. For n = |s| we have [a](n) = [IPS(s)](|s|) = s by definition, and
therefore (9.2) holds by definition. Now assume that (9.2) holds for n > |s|. Then

ol IPS([a](n)) = [a](n) @IPS([a](n) * a) © IPS([a](n) * a)

where a = g[g)(n)(Ar . q(IPS([a](n) * x))) and () holds because [a](n) is a prefix of
IPS([a](n) *xa). Now a(n) = IPS([a](n) *a)(n) = a and therefore a = IPS([a](n) * a(n)) =
IPS([e](n + 1)). O

Theorem 9.9. Define a: p and ps: p — 7 by

)
ps = Az . q(IPS7L(s * x))

Then for all n we have
a(n) = €ja)(n) (Pla)(n))

9.3
Pla)m)(@(n)) = q(a). (9.3)

Proof. For the first inequality we have

a(n) "Z* IPS([a](n)) (n)
2 ([0](n) @IPS([a](n) * ajoj(u))) (n)
(9-1)

= a)(n)

where ajq)(n) = €ja)(n) (AT - ¢(IPS([a](n) * 2))) = €[a)(n) (Pja)(n))- For the second, we have

ga "2 q(IPS([a](n + 1))
= q(IPS([a](n) * a(n)))
= Plaj(n)(@(n)).
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The equations (9.3) are of course analogous to Spector’s equations for EPS. A class
of sequential games for which IPS computes optimal strategies is discussed in [31]. In
the remaining chapters we are no longer concerned with the semantics of the products of
selection functions, but Lemma 9.8 and Theorem 9.9 will be used in Chapter 12 to prove
that IPS defines open recursion.

If we unwind the definition of IPS we can view it in an alternative form in which it is

given using course of values recursion.

Proposition 9.10. The product of selection functions IPS can be equivalently defined by

the equation
IPS=9(s) 1= s @An . &, (A . q(IPS*(t, * 2))) (94)

where ty, := [IPS(s)](n).

Proof. Technically what we mean is that any functional ® satisfying (9.1) also satisfies
(9.4), and vice-versa, provably in E-HA“. The proof of this fact is straightforward and can
be found in Appendix A. O

While it is easy to verify that IPS defines a total continuous functional by the continuity
axiom applied to ¢ (recalling that the outcome type 7 of ¢ is restricted to being discrete),
it turns out that it is not S1-S9 computable in the total continuous functionals €. This
follows from the equivalent fact that MBR is not S1-S9 definable in €, which was proved
in [11] using properties of the FAN functional. The FAN functional is a functional of type
(BY — N) — N that computes a point of uniform continuity for continuous functionals on

on the Cantor space, i.e. has defining axiom

FAN[®] : Vg™ =N, a, B([a](@(q)) = [8(D(9)) — () = a(B)).

While FAN exists in %, it is well-known that the FAN functional is not S1-S9 computable

in the total continuous functionals (see [35, 65]).

Theorem 9.11 (Berger/Oliva [11, 12]). The FAN functional is primitive recursively de-
finable from KBR+MBR in Cont+ QF-Bl, and therefore by Theorem 9.7 is S1-59 definable
from MBR in €. But this means that MBR is not S1-S9 computable in €*.

We now summarise the known definability results concerning MBR and IPS in the

following theorem.

Theorem 9.12. (a) IPS and MBR are primitive recursively equivalent over QF-Bl+ Cont.
(b) Both IPS and MBR primitive recursively define GBR over QF-BIl + Cont.

(¢) MBR does not define KBR.
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(d) None of SBR, GBR or KBR primitive recursively define IPS or MBR over QF-Bl+ Cont
or any theory validated by €.

Proof. (a) This is proved in [28] using a slightly different formulation sIPS of IPS. We
confirm in Appendix A that sIPS and IPS are equivalent over QF-Bl + Cont.

(b) Definability of GBR from MBR is given in [12]. Definability of GBR from IPS follows

from part (a) or is proven directly in [28].
(c) Proved in [12] by the fact that MBR exists in .#“.

(d) By Theorem 9.11 and the fact that S1-S9 computable functionals in ¢ are closed
under primitive recursion, MBR is not definable from any S1-S9 computable functional
over any theory A validated by €*, so the result follows by Theorem 9.7. See [12] for
details. An analogous result follows for IPS (and indeed any functional that defines
MBR over €*).

O

9.4 The Berardi-Bezem-Coquand functional and update recursion

In [8], Berardi, Bezem and Coquand consider two different computational interpretations
of choice, for AC and DC respectively. The latter is the basis of modified bar recursion as
formalised in [11]. The former, on the other hand, is a remarkable form of recursion that
constructs a sequence using a demand-driven, symmetric algorithm that is quite different
to bar recursion. We call this the BBC functional.

In order to define BBC we require a few preliminary definitions. We view the type
o where p:= B x p as the type of partial sequences over p. A partial sequence u: p is
defined at m, or n is in the domain of w, if and only if u(n)y = 1. We define the decidable
predicates n € dom(u) := (u(n)o=1) and n ¢ dom(u) := —(n € dom(u)) <> (u(n)y = 0).
If n € dom(u) then the value of u at n is u(n);: p. We define u[n] := wu(n);. We
redefine the overwrite operator @ in the context of partial sequences as the functional
@ : pN x pN — pN defined by

u[n] if n € dom(u)

1=

(u@a)(n) : .
a(n) otherwise.

It will always be clear from the context which @ we are using. Finally, given a partial

sequence u: p' and x: p, the partial sequence ur is defined by

; | (Lx) ifm=n

u(m) otherwise.
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We say that uj; is an update of v whenever n ¢ dom(u). The functional BBC,  is given

by the defining equation
_ N
BBCZﬂ(upN) Zuain. en(Azf . q(BBC*(uy))),

where e: N = J.p, q: pN — 7 and 7 is restricted to being discrete. Originally, BBC was
defined in a slightly different form sBBC.

Proposition 9.13. The functional BBC, . is primitive recursively equivalent to sBBC,, -
defined by
sBBCSY(u) := q(u @ An . e, (Az . sSBBCT(uf)))).

Proof. Define ®9(u) := ¢q(BBC*(u)). Then sBBC[®] follows because

% (u) = q(u @ An . e,(Ax . ¢(BBCH(u2))))
=q(u@n.e,( Az . D> (uy))).

Conversely, by defining ®%9(u) := u @ An . g,(Az . sBBC*9(u¥)) one obtains a functional
satisfying BBC[®]:

P (u) =u@AIn . en(Az . q(uy @Am . e (Ay . SBBC((u)Y ))))
=u@An.e,( Az . (P> (uy))).

O]

Remark 9.14. Whenever u has finite domain, the computation of BBC(u) only ever makes
recursive calls on partial sequences with finite domain - in particular BBC(()) is defined
in terms of BBC restricted to arguments with finite domain. In fact BBC was originally
defined purely in terms of partial sequences with finite domain (see [8, 9]) which can be
encoded as finite sequences of type (N X p)*. Thus our definition of BBC is slightly different
to some definitions found in the literature (notably the original paper [8] itself), although

both formulations are discussed in [9, 10].

Berger demonstrated that BBC is easier to understand and its totality elegantly proven
when it is viewed as a special instance of update recursion. Update recursion is the
computational content of the principle of update induction Ul, which is defined in [10] as
the schema

Ul : VwﬁN(Vw<upo(w) — B(v)) = YuB(u)
where B ranges over open predicates (cf. Chapter 8) on partial sequences of type g and
w<upv iff w is an update of v. Accordingly, update recursion has defining equations

N

G LT G/ x
UR, (u”) := Gyu(An,z” . UR™ (u

*) if n ¢ dom(u))
where G: pY x (N x p — 7) — 7 and 7 is restricted to being discrete.
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Theorem 9.15 (Berger [10]). Update recursion exists in the total continuous functionals
c.

Proof. Update recursion can be defined in the partial continuous functionals €“ as a
suitable fixpoint. To prove totality of UR in €w (and therefore the existence of UR in %),
the basic idea is that given total G, the predicate ‘u total — URG(u) total’ is equivalent to
an open predicate B(u) by the continuity axiom. Now clearly B(u) is update progressive
by definition of UR, therefore by update induction we have that UR® must be total. [

In [10] it is shown that Ul implies ACYN, and moreover that the update-recursive program
extracted from this proof is essentially the BBC functional, so in particular UR defines the
BBC functional.

Proposition 9.16. The BBC functional is primitive recursively definable from UR.
Proof. Define ®%9(u) := UR[C,’:iq(u) where

GE(PY* P77 L g(u @ An . en(Ax . Pnx)).
Then we have sBBC, -[®] because

%9 (u) = GS9(An,z . URS™ (1) if n ¢ dom(u))

“ g(u @M . en(Az . URG™ (u2)))

n

=q(u @ .e,( Az . P> (ul))),

where () follows from the fact that u @ An . e,(Az . URY™(u?)) only makes recursive

calls on URC™ (u2) for n ¢ dom(u). O
Corollary 9.17. The BBC functional exists in the total continuous functionals €*.

Remark 9.18. The defining equations for BBC are similar to those of IPS, but the two
functionals differ in a fundamental way. The product of selection functions makes recursive
calls in sequential manner - the value of IPS(s)(n) depends on IPS(s)(m) for all m < n. On
the other hand, BBC makes recursive calls symmetrically, so that for m # n, BBC(u)(n)
and BBC(u)(m) are computed independently over distinct computation trees.

However, the order of computation is essentially the only way in which they differ.
Indeed, both arise from the same construction - which we illustrate very informally as fol-
lows. Suppose that < organises N into a well-founded tree i.e. the set pd(n) of predecessors

of n is finite and well-ordered, and define F- on <-closed partial functions u: N — p by
N
Fol(u) = u@an . e,5, (0 . g(F<(u @ (S, U (n,z))))

where S, := {{(m,F<(u)(m)) | m € pd(n)} and the partial function S, U (n,z) is defined

in the obvious sense.
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Then when < is the usual order <, we can identify <-closed partial functions with
finite sequences p*, S, with t,, = [F<(s)](n) and s @ (¢, U {n,x}) = t, x x for n > |s|, so
the defining equations of F are essentially those for IPS.

Similarly, when < is the discrete order e, <-closed partial functions are just partial
functions in the usual sense, S, is empty, and v @ (Q U {n,z}) = ul for n ¢ dom(u), so

the defining equation for e is the defining equation for BBC.

9.5 Open recursion

The final form of recursion that we study in this part of the dissertation is open recursion,
which has already been discussed in Chapter 8 in terms of the computational content of

open induction. It is given by the defining equation

ORY )T(upN) = Fy(An,y,v . ORF([u](n) x y Qo) if y < u(n))

(p,<),
where F': pN x (N x p x pN — 7) — 7, 7 is discrete and < is a decidable well-founded
relation on p (note that unlike Chapter 8 we make the variable y explicit, so that now Ol

is exactly as defined in [10]).

Theorem 9.19 (Berger [10]). Open recursion exists in the total continuous functionals
c”.
Proof. See [10, Proposition 5.1]. This follows in analogous fashion to the proof that update

induction is total, although this time we appeal to open induction. ]

It is easily seen (as pointed out in [10]) that update induction is an instance of open
induction on sequences of type g with the well-founded relation (a,z) < (b,y) := (a =
1Ab = 0). It follows immediately from this observation that update recursion is an

instance of open recursion.

Proposition 9.20. Update recursion is primitive recursively definable from open recur-

Si0M.
Proof. Given G: p x (N x p — 7) — 7 define
Gu(An,z . Pn(1,2)u).

FUG(PNXﬁXﬁNHT) :T:

Then &€ (u) := OREY

.r.<(u) where < is defined as above satisfies UR, [®] because

% (u) = F¥(n,y,v . ORFG([U](n) xy Qu) if y < u(n))
= Gu(An,z . ORFG([U](TL) x (1L,x) Qu) if (1,2) < u(n))

© Gu(An,z . ORFG(uZ) if n ¢ dom(u))

= Gu(An,z . % (u?) if n ¢ dom(u)).
Note that we have (%) because (1,z) < u(n) <> u(n)g = 0 <» n ¢ dom(u) and [u](n) *

(1,2) @Qu = u? (note that here @ denotes overwrite on sequences). O
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9.6 Summary of interdefinability results

Figure 9.1 summarises the known definability results between the extensions of system
T discussed in this section, and highlights the new results that will be presented in the
following chapters with dotted lines. Here A := QF-BI 4+ Cont. We prove that:

e Finite bar recursion fP,, of type level n is equivalent to Godel’s primitive recursion
Ry+1 of type level n + 1 (Chapter 10);

e Spector’s special bar recursion SBR defines his general bar recursion GBR, and so

the two are in fact equivalent (Chapter 11);

e The implicitly iterated product of selection functions defines open recursion, and
conversely the BBC functional defines IPS, both over A (Chapter 12). This means
that IPS, MBR, OR, UR and BBC all lie in the same equivalence class over A.

OR—UR

A%Ch. 12
MBR<—=——Ips<- .2 BBC
A
A+ A
\/
KBRZ__, ~~GBRZ ~ ~~SBR<——=EPS
Ch. 11 /
[
J
Y/
Rl = g0 = P

Figure 9.1: Summary of definability results
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CHAPTER
TEN

Finite Bar Recursion and the Primitive Recursive Functionals

In [66] Oliva demonstrated that an elegant description of the primitive recursive realizer for
the functional interpretation of the infinite pigeonhole principle IPHP is given by a finite
form of Spector’s bar recursion. The reason for this is that the infinite pigeonhole principle
is a direct consequence of the axiom of bounded collection, whose negative translation
follows from the finite double negation shift - a principle naturally interpreted by finite
bar recursion.

In this chapter we study finite bar recursion and its relationship to Godel’s primitive
recursion. It is clear that unlike the usual bar recursion, finite bar recursion is primitive
recursively definable. We prove the converse: that finite bar recursion defines, essentially
over the A-calculus, all primitive recursive functionals. More specifically we define a hi-
erarchy P,, of fragments of system T based on finite bar recursors of restricted type, and
show that these fragments are in one-to-one correspondence with the usual fragments T,,41
based on primitive recursion.

We then clarify how finite bar recursion can be used to interpret fragments of arithmetic
based on bounded collection or finite choice principles. Parsons demonstrated that the
induction based fragment of arithmetic 13, has a functional interpretation in the fragment
T,—1 of system T [73]. We provide an analogous result for choice-based fragments of
arithmetic and bar recursive fragments of T.

We believe that our alternative construction of system T has several key benefits.

1. Finite bar recursion is equivalent to a finite product of selection functions which
can be viewed as a functional that computes optimal strategies in finite sequential
games. This correspondence gives us an illuminating characterisation of the primitive
recursive functionals. In particular the fragment P,,, equivalent to T;,1, is built from
functionals that compute optimal strategies in sequential games whose moves have

type level n.
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2. Finite bar recursion can be used as an alternative to (or in conjunction with) prim-
itive recursion in order to extract readable and intuitive programs from proofs in

arithmetic that involve bounded collection or finite choice principles.

3. The equivalence of the finite product with the recursor allows for a smooth transi-
tion from the functional interpretation of arithmetic (product with a fixed number
of iterations) to that of analysis (product with a finite but unbounded number of

iterations). Therefore, we obtain the correspondence

Finite product of selection functions  Unbounded product of selection functions

Arithmetic Analysis

10.1 Finite bar recursion and its fragments

We begin by constructing a new hierarchy of fragments of T based on finite bar recursion.

First, let’s recall the standard hierarchy based on primitive recursion.

Definition 10.1. System T consists of the terms of E-HAY. The fragment T,, consists the
subclass of T with recursion R, restricted to types with deg(p) < n.

Definability results between primitive recursive functionals will be officially carried out
in the lowest fragment T of T as we require basic recursive operations on sequences and
definition by cases, although it is clear that a weak fragment of Ty suffices for all the
constructions that follow. Similarly, we allow ourselves the whole of E-HAY to verify our
results and make no effort to establish the weakest fragment of Heyting arithmetic over
which they can be proved.

The finite bar recursor fB, has defining equation

() if |[s| >n

fB?’"(s’”*) Zsa
fB*"(sxas) if [s| <n

for as := ¢s( Az . B (s x x)), where ¢: p* — Jyep.

Definition 10.2. The fragment P,, of T consists of Ty extended with the finite bar recursor
fB, restricted to types with deg(p) < n.

Similarly to fB,, the finite product of selection functions fP, ; has defining equation

() if |s| > n

oL (s) :Fi 5@
fPoT (s xag) if [s| <n

for a5 :=es(Ax . q(fP(s * x))), where e: p* — J.p and ¢q: p* — 7.
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Proposition 10.3. The finite bar recursor fB, defines fP, . for arbitrary v, and conse-
quently the fragment P,, contains fP,, for T arbitrary and deg(p) < n. Conversely the
finite product tP, ,« defines fB,, therefore one can alternatively define P, as To plus fP, -

for deg(p) < n.

Proof. This follows entirely analogously from the equivalence of the corresponding un-

bounded bar recursors (see Example 9.5). O

By Proposition 10.3 we will use fB, and fP, - interchangeably in the remainder of this
Chapter. From a straightforward adaptation of Theorem 5.7 one easily derives a finitary

analogue for the main theorem on EPS for fP and fB.

Proposition 10.4. If s = fPS9"(()) and py = Az . q¢(fP=?"(t x x)) then for all i < n we
have
si = €[5)(i) (P[s](3))
Pls)(i)(si) = a(s).

Because fB?’” is just fPfi’;‘f’n, note that if s = fB®"(()) and p; = Az . fB®"(t x x) then

similarly
si = Pls)(i) (Pls)(a))
Pls)(i) (8i) = s

fori<mn.

Finite bar recursion was originally defined slightly differently in [66], as a functional
sfB with defining equation
* if |s| >n
stz 22 { .
XsxsfB(s*x X;) if [s| <n
for X 1= e (A\z . A (s*z+sfB(sx1))), where e: N — Jrpand A: N — (p* — 7). While
quite similar to fP, -, it differs in the (obviously inessential) fact that it only returns the
tail of the recursion, and more significantly in that the selection functions are not allowed

access to previously computed values s. Since finite bar recursion has often been given in

this form in the literature, we include the following result.
Proposition 10.5. B, defines sfB, ; for arbitrary 7, and conversely sfB, ,« defines {B,,.

Proof. Firstly, define ®527(s) := tai||s|(fB?€’A’”(s)) where tail,, (t) denotes the finite se-

quence t without its first n elements (or just () whenever |¢| < n) and
T2 (") =g (Ax . Ay (P)).
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Then we have sfB,,[®]. If |s| > n then 557 (s) = tailj;(s) = (), and otherwise (sup-
pressing parameters)
®(s) = tailz (s QfB(s * as))
= as * tail |y (fB(s * as))
Y X, « tail 41 (B(s * X))
= X% (s % Xs)

where for (%) we have
= ¢S\ . fB(s x z))
= ¢5/(Az . A (fB(s * 2)))
= €15/ (Az . Api(s * o * tail 541 (B(s * 1))
E)s| ()\a: Ay (sxxxP(sxx)))
= X;.

For the converse, define ®®"(s) := s * szZi;*A(S) where A, "= id and

en(P”7"") = Bppoy ) (P)-
Then we have fB,[®]. If |s| > n then ®(s) = s * (), and otherwise
B(s) = s % X+ sfB(s* Xy)
® s as * stB(s * ay)
=sQP(s*as)
where for (%) we have
Xs = ¢)5|(Ax . s x 2 % sfB(s x 7))

= PloxaxsiB(s+0)](|s]) (AT . 8 x T x sfB(s * x))
= ¢s(Ax . (s x))

Characterising the terms of P,

The recursor R, can be viewed as an object that implements computations on a infinite
array of type p. It assigns a value R,(0) := y to position 0, and proceeds to write values
sequentially along the whole array, where R,(n) := 2,(R,(0),...,R,(n —1)) is determined
by the function z, which can make its decision based on the values of (potentially all)
previous positions on the array.

The finite bar recursor fB, carries out computations along the same array p. However,

having already assigned values (s, . .., s,—1) to the first n positions, the value at n is given
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by fB,(s) := ¢s(Ax . fB(sxx)). Not only does fB have access to previously computed values,
but it can test the outcome of playing potential values x at |s| courtesy of the function
Az . fB(s * x).

This suggests that fB, is a stronger form of recursion than R,. In the next section we
make this precise by demonstrating that fB, is capable of not only defining the primitive
recursive functionals of level deg(p), but all primitive recursive functionals of level deg(p)+
1.

10.2 The equivalence of the fragments P, and T,,;.

Notation. Given two fragments X and Y of system T, we write X = Y if all terms in Y
can be defined in X.

It is clear that finite bar recursion is primitive recursively definable. More specifically:
Theorem 10.6. The recursor Ry« ,« defines fB,, and therefore T, 11 = Py,.

Proof. 1t is apparent from its defining equations that fBﬁ’” is just a standard recursion of

type p* — p* in which the quantity! n + 1 — |s| decreases until it reaches 0. Define

Yy:=As.S8
zf’"(F”*_}p*) = As.sQF(sxas)

where as = @p(s)n_i(Az . F(s*x)). Define ®*7(s) := R%;Zi:* (n+1—1s])(s). Then
fB,[®] holds. For |s| > n we have

and for |s| < n:
P(s) =R(n+1—s|)(s)
= Zn—s| (R(n — [s]))(s)
=sQ@QR(n—|s|)(s*as)
=sQP(s*ay)

where
as = PR(n—|s|)(s)](n—n-+]s)) (AT - R(n — [s])(s * z))
= ¢s(A\x . P(s*xx)).
]

Before we prove the converse to Theorem 10.6, let us first show how fB, easily defines

R, without any kind of backtracking.

'By ‘—’ we always mean truncated subtraction, with n — i = 0 for i > n.
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Proposition 10.7. The finite bar recursor fB, defines R,, and therefore P, = T,.

Proof. Define ¢%* as the constant function

Z\s|—1(s\s|—1) if [s| >0

and let CI)y’Z(n)::fBZSy’Z’”(Q)n. We have R,[®] because

®(0) = B*°(()o = ¢y (A\z . FB*((2))) = y

and for n > 0
d(n+1) =B (),

P14 Brson () my (AT - [BP(()](n) * )

(
= 2n-1(B*"(())n-1)

)
Y 1 (B ())nor)
)

= zn-1(®(n — 1)).

For (¢) we need to verify that fB®"(()),_1 = fB®"71(()),_1, which is easily done by

induction on fB¢’”((>)i = fB¢’”_1((>)i.

Already we get the following key result.

Corollary 10.8. Gddel’s system T can be equivalently defined by using the finite bar

recursors fB instead of the primitive recursors R.

However, if we appeal to the full power of fB and allow backtracking, we strengthen

Proposition 10.7.
Theorem 10.9. The finite bar recursor fB, defines R, ,.

Proof. Given y: p — p, z: N— (p — p) and an argument a: p, define ¢35 *¥* by

Zn—1(Ax . p(x)1)(a) if [s| =0
G (et Zn—|s|=1(AT . p(@)5j41) (Isljs=1) O <[s[ <n

y(8|s|71) if ‘S‘ =n

0, otherwise

for n > 0, and
y(p(a)o) if |s| =0

0, otherwise.

POz (ppoe"y L
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Note that technically for the ¢ to be well defined we should add
p(x); = p(x) if i < |p(x)], else 0,,.
Now, define ®¥*(n) "2 \a . fBY""5(())o. Then we have R,,,[®]. For n =0
(0)(a) = B 0(() "= 67" (A . B2 0((2))) = (B ((a))o) = y(a)
and therefore ®(0) = y. For n > 0 we have

®(n)(a) = fB*"""(())o
= oy (M . B2 ((x)))
= zp1(Az . BB ((2))1) ()
Y O BT (o) ()
= zn-1(®(n — 1))(a)

and therefore ®(n) = z,_1(®(n —1)). The main content of the proof is the verification of

(%), in which we carry out finite bar induction on the formula
P(s) = B (&) # ) g1 = B0 (s))y.
Then A-abstracting from P(()) we obtain
(+) Az . BN ((2))g = Az . FBO"TINTL(()),.
First note that by Proposition 10.4, for |s| < n — 1 the formula P(s) is equivalent to
¢Z;‘>L*s()\x’ B () ks xat)) = @0 (N L BT (s a))
Now, inspecting the definition of ¢s we see P(s) clearly holds for |s| =n — 1 by
y(({z) * $)n-1) = y(sn-2)-

To establish the bar induction step there are two cases to deal with. For 0 < |s| <n —1
P(s) follows by

Zn—|(ac>*s|—1()‘x, . fB¢n,a7n(<x> * 8k x/)\<m>*s\+1)((<x> * 5)|<x)*s|—1)

B.I.H. n—l,x ., __
= Zn—\s|—2(>‘$l  fB? " 1(8 * $/)\S\+1)(s|s|—1)

and finally for |s| = 0 by

tnoa(AT B ((2) x 2)a) ((2)0) PET 2N’ L BT () ) (2)

which completes the proof. O
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Corollary 10.10. P, & T, 41

Proof. This follows immediately from Theorems 10.6 and 10.9. For the direction P, =
Tpy1 note that using the product type any type o of degree n 4 1 is equivalent to one
of the form p — N where deg(p) = n, which can clearly be encoded in the type p — p.

Therefore R, can be defined from R,_., and hence from fB,. ]

A consequence of Theorem 10.9 is that the Ackermann function can be defined from
finite bar recursion of lowest type, and moreover by inspection we can construct it explicitly

in terms of fBy.

Ezample 10.11 (Ackermann function in Py). Given natural numbers a and n, define ¢5*
by

(A\z .p(az)l)(“+1)(1) if |s| =0
gy & Az . p()541) S 1T(D) i 0<[s] <n
° 3|s|—1+1 lf‘S‘ =n
0 otherwise
for n > 0, and
A N Ja+1 ifls|=0
0 (p) =

0 otherwise,

where f() is defined in Ty as usual by fO(z) = z and f*+D(z) = f(f®(z)). Then by
Theorem 10.9,

An,a) = B (())o

satisfies the defining equations of the Ackermann function (cf. Example 2.7). To see this,
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10.3. Interpreting fragments of arithmetic.

note that (using (%) from the proof of Theorem 10.9)

A0, a) = ¢ Az . B9 ((x))
=a+1;
A(n,0) = ¢ (A . 1B ((2)))
= (Az . B (2))1)(1)
= B " (1)
2 ()
— A(n—1,1)
A(n,a) = ¢y (Ax . 1B " ((2)))
= (Az . B ((2)) V(1)
= B ((Ax . B ((2))1) @ (1)
2 e m1(()),

= A(n—1,b)
where b = (Az . fB®"""((x))1)(@(1). But by () we have
B (@) = B ())o = BT ()
and therefore -
b= (A\z. B " ((2))1) (1)
= ¢y B ((a)))
=B (())o
= A(n,a—1)
This construction of the Ackermann function using fBy gives us an intuitive way of visu-

alising the function as a backtracking procedure over sequences of natural numbers. For

example, we sketch the computation of A(3,a) using B3 helow:

fB((0, 71,72))3 = D(ag.1,00) (AT - (T0, 71, T2, 7)3) = T2 + 1

B({zg,z1))2 = 45(:[:0,:(:1)()\33 B({(zo,x1,x))2) = (A . x + 1)(3”1“)(1) =z + 2;
B({(z0))1 = ¢(zo)(Ax . BB((20,2))2) = (A\x . 2+ 2)"F(1) = 2w + 3

fB(()o = ¢y Az . BB((z))1) = (\a . 22 + 3)(TV(1) = 20T 3,

—

T

10.3 Interpreting fragments of arithmetic.

We conclude by calibrating which fragments of finite bar recursion are necessary for inter-

preting fragments of arithmetic based on bounded collection, or equivalently finite choice.
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In fact the latter is most naturally interpreted using finite bar recursion, so we focus
purely on this principle (the functional interpretation of bounded collection using finite

bar recursion is discussed in e.g. [31]). We begin with a standard result.

Lemma 10.12. A formula A in the language of Peano arithmetic PA has ND interpreta-
tion \AN\”y“" where x and y are (tuples of ) variables in the language of all finite types. For
n>1:

(a) If A is a I formula then the tuple x contains variables of type degree at most n — 1

and the tuple y contains variables of type degree at most n — 2;

(b) If A is a X0 formula then the tuple x contains variables of type degree at most n and

the tuple y contains variables of degree at most n — 1.

Proof. Straightforward induction on n, although we always eliminate unnecessary nega-
tions. In the case that A is IIY it is clear that AN <+ A* using the intuitionistic law
——Vr——A(z) < Ve——A(x). O

C. Parsons uses this lemma to extend Godel’s functional interpretation to the induction

based fragments of arithmetic.

Theorem 10.13 (Parsons [73]). The functional interpretation of IL,-IND requires only
the recursor R, of type level deg(p) = n — 1. Therefore III,, (or equivalently 15,) has a

functional interpretation is T,_1.

We now provide an analogue of Parsons’ result for the principle of finite choice.

Definition 10.14. Let |5n be the subset of P, containing the finite product fP, ; restricted
to simple selection functions (i.e. those with e; = g| only dependent on the length of s)
and with deg(p) < n and deg(7) <n — 1.

Remark 10.15. Note that it is not clear whether fB, for deg(p) = n lies in P, as its

construction in Proposition 10.3 depends on P, ,«.

Theorem 10.16. (a) The functional interpretation of 111-FAC requires only the finite
product of selection functions fPyN of lowest type. Therefore FIIy (or equivalently
FXo, BII; etc.) has a functional interpretation in Py.

(b) The functional interpretation of 11,,-FAC for n > 1 requires only the finite product
of simple selection functions fP, - of type level deg(p) = n — 1 and deg(1) = n — 2.
Therefore FII,, (or equivalently F¥, 11, BIl, etc.) has a functional interpretation in

Pnfl - Pnfl-
Proof. The negative translation of finite choice
Vi < m3xNAi(x) — 35N Vi < mA;(si)
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for a IV formula A;(x) is equivalent to the formula
Vi < m—|—Ela:Ai(x)N — =3sVi < mAi(si)N,
which is partially interpreted as
Vi < mom3a, VA ()N E = -3, 5V < m g Au(s)N [

Relabelling variables and setting B;(z,y) := ]Ai(:):o)N\Z’jl this is equivalent to

Vi < m=-32PVy" Bi(x,y) — ~—3s” Vi < m, yB;(si,y)

where (assuming n > 1) by Lemma 10.12, deg(p) = n — 1 and deg(7) = n — 2. But this

has functional interpretation equivalent to

Ve, g, 035, p,i((i < m = Bi(eip, p(eip))) = (p(s) < m = By) (sp(s), 4(5))))-

which can be solved by s := fPL2™(()), i := ¢(s) and p := Az . ¢(fP71,,([s](i) * x)), since
by Proposition 10.4 for ¢(s) < m we have s, (s = €i(p) and p(e;p) = q(s)-

For the case n = 1 we have 32N 4;(2)N = 32NvyN A; (2, 1), and therefore by an analo-
gous argument the functional interpretation of I1;-FAC can be solved by the finite product

fPy n of lowest type. O

We sketch the results of this Chapter (in conjunction with those in [71, 72, 73]) in
Figure 10.1.

5 ~— FII; < 1%, FII, I 41 < PA
Th.10.16
ISn—l
——Py < ge—=——P,  —=o T, <
To Po Tn Prop. 10.7 Pr1 <5 10.6, 10.9 Tn T

Figure 10.1: Fragments of Peano arithmetic and corresponding fragments of system T.

Remark 10.17. Our work in this section is nowhere near as extensive as Parsons’ work on
the induction fragments [72, 73]. Here, among other things, a more refined result is given
for the functional interpretation of fragments based on the induction rule, and also a proof
that the interpretation of 13, in T,_1 is faithful, from which we can calibrate precisely

the provably recursive functions of 1¥,, as those of T,,_1.
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Chapter 10. Finite Bar Recursion and the Primitive Recursive Functionals

Remark 10.18. We leave open the question of whether Isn_l is weaker than P,_; (and
hence T,). If not, then it is still possible that FII, could be interpreted in a weaker
fragment of T. For the case of FII; it is completely open whether or not II;-FAC can be

interpreted in some system F strictly between Ty and T1.

Remark 10.19. Finally, we observe that Theorem 10.16 can be easily adapted to show that
the full, dependent product of selection functions interprets the following finite analogue

of dependent choice:
FDC : Vi <m,z3yA;(z,y) — IsVi < mA;(si, Sit1).

Kreuzer [55, Chapter 4.2] points out that FDC for I1{ formulas is, unlike IT;-FAC, equivalent
to Xo-IND, which implies that fPy (or equivalently fBy ) defines all provably recursive
functions of 1¥5. In particular this yields an alternative proof that fByy defines the

Ackermann function, although of course we are able to give an explicit construction here.
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CHAPTER
ELEVEN

On Spector’s ‘Special’ and ‘General’ Forms of Bar Recursion

In his original paper on the computational interpretation of analysis [86], Spector intro-
duces a general scheme of bar recursion GBR but draws attention to the fact that only a
‘special’ form of bar recursion SBR is required to interpret countable choice (cf. Chapter
4).

It is clear that SBR is definable from GBR. In this short chapter we prove the converse,
namely that SBR is actually strong enough to primitive recursively define GBR over system
T. This result follows firstly from the fact that the Kreisel/Howard trick for defining
Spector’s search functional pig, using GBR (Proposition 4.1) can in fact be carried out using
SBR, and secondly from the result that a bound for the search functional when it exists
can be defined in system T (Proposition 4.2). This allows us to define an intermediate
form of ‘finite but unbounded’ bar recursion FBR, which is capable of defining full bar

recursion GBR.

11.1 The Kreisel/Howard trick via SBR

The first part of the proof involves adapting the Kreisel/Howard construction of Spector’s
search functional pg, using SBR. This uses ideas from the previous chapter, in which
bar recursion was viewed as a device that carries out backtracking computations along an

array of type p" (see Section 10.1).
Proposition 11.1. For any type p there exists a term t of E-HA* 4+ SBR such that
3 < toa(p(@T) <) (11.1)

for any ¢: pN = N, a: pN. Therefore Spector’s search term tsp(p, ) that finds the least
n satisfying Spector’s condition can be defined in E-HA® + SBR.

Proof. Without loss of generality assume that p = 0 — N and let n, denote the constant

functional A\z? . n of type p (and just the natural number n if p = N). Furthermore,
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given f: p let n, + f denote the functional Ax? . n + fx. Define the sequence of selection
functions ¢*“: N —= J np by

qbﬁa’a(pp_)pN) -’ 0, if In < i(p(a;m) <n)

1,4+ p(ai)ip1 otherwise

and let 3(i) = SBR?™14¢([a](i));(05) where p = 0 — N (or just B(i) 2 SBRY™™14¢ (0] (i)
if p = N). We claim that [ satisfies

5i 0 if In <i(p(a,n) <n)
7=
1+ B(i+1) otherwise,

then from this we are able to show that In < B(0)(¢(a;m) < n) as in the proof of
Proposition 4.1, and so t := 3(0) satisfies (11.1). It remains to prove the claim.

If In < i(p(a;m) < n) then either ¢(a, ) < 4, in which case
Bi = EPS([a](1))i(05) = 0,(0,) = 0
or ¢(a,i) >4 and In < i((@,n) < n), in which case
Bi = SBR([](4))i(0,) = ¢i(Az . SBR([](%) * 2))(0,) = 0,(0,) = 0.
On the other hand, if Vn < i(¢(@;7) > n) we must have
Bi = SBR([](4))i(0)o)
= ¢;i(A\x . SBR([a](7) x x))(04)
= (1, + SBR([a](i + 1))i+1)(05)
= 14 SBR([a](i + 1))i11(05)
—1+48(i+1).
O

Corollary 11.2. For each k there is a term [/gp of E-HAY such that, provably in E-HA® +
SBR, ﬁ’gp(go, «) is the least integer N > k satisfying Spector’s condition ¢(a, N) < N.

Proof. Define ,&,(S]p := figp as in Proposition 4.2. Then analogous to the proof of Proposition

4.2, but this time using Proposition 11.1, we can show that
E-HAY + SBR F ¢(a, i, (¢, @) < fig,(, @) A (n < id, (¢, @) = p(a;m) > n).
It is easy to see that ﬂgp is definable from ﬂgp for any k£ > 0. Simply set

8 (0, @) = A8, (A8 - p([a](k) * B) — K, taily(a))

)
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11.2. Defining GBR from SBR

where we recall that tail; removes the first k entries of @. Then noting that
o(tailg (@), N) = o([a] (k) * tailg (), N) — k = p(a, k+ N) — k

we see that the least N satisfying @(tailg(«), V) < N is also the least satisfying ¢(a, k + N) <
kE+ N. O

11.2 Defining GBR from SBR

The primitive recursive definability of s, allows us to devise a variant of Spector’s special
bar recursion which embodies the stopping condition: returning a finite instead of infinite

sequence. The constant FBR, has defining equation

* if p(5) <|s
FBRO#(s) = s @ | U ol8) <ol
FBR?¥(s % as) otherwise
for as := ¢s(Az . FBR(s * x)), where ¢: p* — J,-p and ¢: pN — N,
Lemma 11.3. SBR primitive recursively defines FBR.

Proof. Given parameters ¢, ¢ for FBR, define b: p* = Jnp by
¢s(p”7") = ds(Az - [p(2)](Np(a) 1s)))

where Ny j, 1= ,&’g;l(go, a) i.e. Ny > k is the least satisfying ¢(a, No k) < Nok (provably

in E-HAY 4 SBR). Then the term ®%¥(s) £ [SBRQE"p(s)](NSBR(W(S) ‘s‘) satisfies FBR,[®].

For ¢(8) < |s| we have Nsgr(s),s| = |s| and therefore
&(s) = [SBR(s))(Js]) = .
On the other hand, if ¢(3) > |s| then Nsgr(s),|s| = NsBR(s),|s|+1 and

®(s) = [SBR(s)](NsBR(s),s|+1)
[SBR(s * &S)](NSBR(s*as)v|S|+1)
(%)

= [SBR(s * as)|(NsBR (s+a,),Is|+1)
= ‘1)(8 * as)

where for (x) we have
Az . SBR(s % z))
Az . [SBR(s * @)](NspR(swa),|s))

(
(
s(Az . [SBR(s * 2)] (NspR(swz), |5/ +1)
Az . ®(s*x))
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We now have everything we need to prove our main theorem. The intuition behind
the proof is as follows. Spector’s general bar recursion assigns a value Vs := Y'(s) to the
nodes of the tree defined by Spector’s condition, and computes the value Zs(Ax . Vi) at
intermediate nodes by querying the value of its children nodes. The special form of bar
recursion involves the particular case where the value V; is an infinite path extending s.
We simulate GBR using FBR by encoding the value V; as the first element in the path
extending s. While this tactic would have been impossible using SBR, we can search for

this value using FBR because here path extensions are always finite.
Theorem 11.4. A single instance of FBR primitive recursively defines GBR.

Notation. We need to extend E-HA® to contain sum types p+7 (which are easily definable
from the usual types). Given a: p and b: 7 define [a],: p+7, [b]7: p+7 to be the standard
injections into p 4+ 7, and assume we have predicates x € p and x € 7 that allow us to

decide which type x: p + 7 belongs to. Finally:
e Let 5: (p+ 7)* denote the embedding of s: p* in p + T;
e Given a: (p+ 7)N, define a: p" as

a(0) -’ 0, ifa(i)er
a(r) if a(i) € p.

Define §: p* for s: (p+ 7)* similarly

Proof of Theorem 11.4. Given parameters Z: p* — ((p — 7) — 7), Y: p* — 7 and
¢: p — N, primitive recursively define ¢: (p+7)* = J,ry=(p+7), q: (p+7)* = 7 and
@: (p+7)N = N by

s (=) B (2 (0  q(p([],)))]r

Y (5) if Vi < |s|(s; € p)

L)

—~
»

SN—
I

Si for least i < |s| such that s; € 7.

I

p(@)

We claim that ®(s) := q(FBRﬁfT(é)) satisfies GBR”.\#[®]. Noting that
(1) (3) <Isl & &(3) < |31,

for (5) < |s| we have
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and for ¢(8) > |s|
D(s) = q(5 * [az]r QFBR(3 * a;3))

= a;
= ¢ps(A\xPTT . FBR(s * 1))
= Zs(Ax? . q(FBR(5 * [z],)))

Corollary 11.5. GBR, FBR and SBR are all primitive recursively equivalent.

Remark 11.6. The functional FBR is of interest in its own right as it forms a powerful
equivalent formulation of the usual SBR in that it embodies Spector’s search functional

psp, which can be defined as

psp(0, @) = [FBRZ(()))]

for e5(p) = p(a(]s]))-

Remark 11.7. While we have shown that Spector’s ‘special’ bar recursion is in fact as
general as his ‘general’ bar recursion in terms of T-definability, Spector was nevertheless
correct to single out the fact that his solution to the functional interpretation of the
double negation shift only makes use of SBR. In particular we know that SBRy (which
is definable from GBRy yv) suffices to solve the functional interpretation of arithmetical
comprehension, and despite our equivalence result this still does not follow from the fact
that GBRy v also suffices to interpret arithmetic comprehension. This is because to define
GBRy v we need SBRyn, which is stronger than SBRy and in fact also capable of defining
GBRyw v (see [70, Remark 5.4]). This point demonstrates quite nicely that while primitive
recursive definability is a non-trivial relation between modes of recursion in all finite types,
it leaves completely open the relative strength of equivalent modes of recursion at the level

of types.
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CHAPTER
TWELVE

Implicitly Controlled Bar Recursion and Open Recursion

The final chapter of this dissertation contains the main results of Part III, where we prove
that modified bar recursion, the implicitly controlled product of selection functions, update
recursion, open recursion and the BBC functional are all primitive recursively equivalent.

The equivalence of IPS and MBR (along with several other definability results) is
established in [28], where it is also shown that IPS is equivalent to the so-called simple
product ips in which selection functions e; = €| can only depend on the length of s.
Moreover (as we recalled in Chapter 9) Berger [10] shows that BBC is definable from UR,
which is in turn an instance of OR. The difficulty that lies ahead is in relating these
two groups of functionals, namely those based on bar recursion proper (IPS, MBR) with
those based on open recursion (BBC, UR, OR). We manage to do this in both directions,
proving that OR. is definable from IPS (whenever the transfinite recursor R can be
defined in system T), and conversely that the ‘weakest’ variant of open recursion, the BBC
functional, defines ips. Combined with the results just stated, these complete the chain of
equivalences.

Unlike previous chapters, we seem to require A := Cont + QF-BI in order to verify our
constructions (this has also been the case for previous results involving the equivalence of
implicit forms of bar recursion [12, 28]), so our equivalence results only holds in models
that validate A. Of course A is admitted in the standard type structure ¢ of total
continuous functionals, so we believe that our dependence on A is reasonable. We leave
open whether it is indeed possible to modify our definability results so that they are valid
in type structures that do not satisfy Cont such as the strongly majorizable functionals.

We make no claims that our constructions are optimal at the level of types. For
instance, it may well be that either in special cases, or even in general, our definition
of OR from IPS can be done using a weaker instance of IPS than the one we have used.
Optimality in this sense is a secondary concern here, and is of course not necessary at all

to establish primitive recursive definability. However we believe that beneath the abstruse
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syntax that is inevitable for these kinds of result, our constructions are based on intuitive
ideas. We define OR from IPS using a minimal bad sequence style algorithm (similar to,
but simpler than the instance of EPS given in Chapter 8), and in turn ips is defined from
BBC using a natural diagonal computation over infinite arrays of partial functions.

There are several factors that have motivated the research presented in this chapter.
Each of the forms of recursion considered below have been used to give computational
interpretations to variants of the axiom of choice, and so by comparing these forms of
recursion we are able to give some insight into the differences between programs extracted
using these forms of recursion. However, our main goal has been to continue the work
carried out by various authors in the last few years ([11, 12, 30]) on establishing and classi-
fying the known variants of recursion according to whether or not they are interdefinable.
Our results are the first to relate bar recursive functionals with open recursive functionals
in this sense.

The organisation of this chapter is rather straightforward. We begin in Section 12.1 by
proving that IPS defines open recursion, and then outline the special case that IPS defines
BBC in Section 12.2. Finally, we prove that BBC defines ips in Section 12.3.

12.1 Defining open recursion from IPS

We show that we can primitive recursively construct the open recursor OR, -  from IPS
for any decidable, well-founded relation on arbitrary type p, provided that we have access

to the transfinite recursor R(, ) , over < of arbitrary type o, which we recall is defined as

R(, <)o () = go(Ay - RL(y) if y < 2)

(note that here, as always,  if y < 2’ is shorthand for if y < z, else 0,). Whenever R
is definable in T, it follows that OR, ; < is primitive recursively definable from IPS. We
motivate our construction by sketching it in the simple case of open recursion on the

Cantor space.

Illustration: Open recursion on the Cantor space BY

The following discussion will be deliberately informal. In order to define open recursion
ORp n,< on the Cantor space (that is sequences of booleans, lexicographically ordered on
the relation 0 < 1), we want to construct a term ® := ¢(IPS) of type (BY x (N x BN —
N) — N) — (BY — N) which satisfies the following equation:

®F (u) = By, w . ®F ([u](n) 0 @w) if u(n) = 1).

Our basic idea is to use an instance of IPSY of type o := BY x (BY — N) (for some ¢, ¢

parametrised by u, F') to construct a sequence IPS“(()) = (vsy, fsg), (vs{, fs{), ... where

(vsp, fsp): 0.

144



12.1. Defining open recursion from IPS

(a) Each vs® will represent a copy of u,

(b) Whenever u(n) = 1 the function fs* will represent the function Aw . ®F ([u](n)*0 Q w)

(and will just be the zero functional otherwise).
We construct parameters for IPS" so that vs" and fs“ satisfy (a) and (b). First, define
¢ oV = N by
qF(vs(BN)N,fs(BN_’N)N) = Fys(An,w . fs,w).
where s is the diagonal sequence An . vs¥(n). Secondly, given s: B* and v: BY, define

the selection function e5,: (0 = N) — o by

ety BXE S [ (0w (s 0 @, O ) if o(lsl) = 1

(v,0) otherwise,
and from this define the dependent selection function é*: ¢* — Jyo by

£4(p) == €(u(p)

(]

Then we claim that we can define ®(u) := qF(IPSéu’qF(O)). Let (vs", fs") = IPsgu’qF(O).
By the characterising equations for IPS (9.3) vs§ = w and vs} = wst_; for all n > 0,
therefore by induction we must have vs® = u for all n and in particular vs% = u, which
means that
d(u) = ¢" (vs®, fs*) = F,(An,w . fs,w)

Now we want to show that whenever u(n) = 1, we have fs,w = ®([u](n) x0 Qw). By
the second characterising equation (9.3), and the fact that u(n) =1 — vsp,—1(n) = 1 and
(vs0(0),...,v8p—1(n — 1)) = [u](n) we have

fs,w = qF(IPSéu’qF([vs“,fs“](n) * ([u](n) *0 @Qw,0))).
Our main claim is that (using the abbreviation ¢ = [u](n) * 0 @Q w)
(1) a"(IPS™" ([us", fs"](n) * (£, 0))) = ¢" (IPS™*" ([us", fs"](n) (¢, 0)))

O'N =
where (vst, fs') = |PS€t’qF(<>). If we can prove (f), then the result follows, since by

t
n—1

the first characteristic equation and the fact that vs! ;(n) = t(n) = 0 we clearly have

(vst, fst) = (t,0), so that (by Lemma 9.8)
" (IPST0" ([ust, fs)(n) * (£,0))) = ¢" (IPST4" ([vs’, fs')(n + 1))) = ¢" (IPST-4" (()))

and therefore fs,,w = ®(t) = ®([u](n) *0 Qw). The claim (f) is by no means obvious, but

it is intuitively true for the following reasons. Firstly, if we assume inductively that
fslw' = ®([u](m) *0 Qu') ifu(m) =1 fsf w' = ®([t](m) *0 Q') if t(m) =1
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for m < n and arbitrary w’ then we can equate fs* and fs since [u](m+ 1) = [t](m+ 1),
and thereby reduce (1) to

(t1) g7 (IPST"4" ([us®, fs“](n) = (t,0))) = ¢ (IPSZ"" ([ust, fs](n) * (¢,0)))

Now the two sides of the (ft) are evaluated by computing optimal extensions to the
sequences [vsY, fs*](n) x (t,0) and [vs!, fs"](n) * (¢, 0) respectively. The crucial point is that
to do this ¢, & and &“ only ever look at the first m values of vs%, and wvs!, respectively,
and [vs%](m) = [vs!,](m) for all m < n. Therefore the two sides must be equal.

We note that this reasoning only works in the continuous type-structures. In non-
continuous structures the two sides of (1) could well be interpreted as different elements,
despite that fact that they satisfy the same recursive equations. We require Cont to ensure
that they evaluate to the same thing.

Now we give the full definability result. We generalise our construction so that it works
for arbitrary types and well-founded relations, and give a detailed proof of the correctness
of our term (unlike the rather sketchy illustration above). Unsurprisingly, the proof of our
claim () involves a fairly lengthy induction argument, which we separate from the main

proof as Lemma 12.2.

The general construction
We define the type o, . := p" x (p x pN — 7).

Theorem 12.1. Let p be an arbitrary type, and T a discrete type. Then OR(, o), is
T + R< definable from |PS,, _ -, provably in Cont + QF-BI.

Proof. Suppose that F': pN x (N x p x p¥ — 7) — 7 is a parameter for open recursion.
We define ¢': o — 7 by

qF(US7f3) :T: Fqu()\T%y’U . fSnyU).

N
for vs: (pM)N and fs: (p x pN — 7)Y, where 05 = n . vsp(n). For the selection functions,
first define e,,: J-o for s: p*, v: p by

o

Es,v(pgﬁ‘r) = <1}, ff(TSD)

where fP* is defined as in Chapter 8 using R, as

£:<),pX pN—T
pxpN—r .
277 = Ay,v o p(sxy Qu, f12°) if y < .

Note that if 2 is minimal with respect to < then f£° = 0. Then we can define, for u: p,

g*: 0" — Jyo by

£4(p) = £(yu(p)

[

Eltworfo) st iom 1)) (P) = Eup(0),..mstm—1 (n—1)) 0m—1 (P)-
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12.1. Defining open recursion from IPS

Finally, let us define
oF(u) == " (IPST" ().

We claim that OR(, ) -[®]. Let us use the abbreviation (vs®, fs") gl IPSéu’qF(O) where
vs®: (PN and fs*: (p x pN — 7). First we prove that

(a) for arbitrary u, we have vs?! = u and so in particular vs* = w.

This is easily verified by induction and the characterising equations (9.3). First, let us use

the notation

Pru = Pluse () = Mw, 9)7 . ¢ (IPST1" ([us", fs"](n)  (w, g)))-

Then by (9.3) vsg = €} (Po,u)o = u, and vsy = €[ puyy) (Prau)o = vsy,_y for n> 0, so we
have vs;: = u for all n. Secondly, we wish to prove

ul(n)xy Qv F
2

T0) ity <u(n).

The result then follows, because

(b) fstyv = ¢F (IPS

oF (u) = ¢F'(vs", fs*)
= F=(An,y,v . fspyv)

L B (g, w . g (IPSEO T () if y < u(n)

= Fy(An,y,v . @([u](n) xy Qv) if y < u(n)).

The main difficulty of the proof lies in establishing (b), for which we need the following

additional claim:
(c) whenever [u](n) = [t](n) for arbitrary u, t we have pp = pns.
This is proved as Lemma 12.2 below. Continuing for now, by (9.3) and (a) again we have

Jot = o = Ly Fots = S iy (a1 = Sy ) = £y ™

therefore for arbitrary arguments y, v we have

fslyv = 5&;’[”](”)3/1}

= ppu([u](n) xy Qu, fg”’"’[u](n)) if y <wu(n)

Lem.12.2 n.[ul(n)sy @ vs W1 .
22 sy @ (U] () £y @, e e ety ey g

= pua(t, £ i (n) < u(n)

where for the last equation we substitute the abbreviation ¢ := [u](n) *x y @v. If we had

n = 0, then

~ 9.3
po(t, 77510 = po o (p0.) E ¢ (wst, f51)
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and otherwise -
n,t,[t)(n
Pult, fii )y = Pt (€ (n),t(Pnt))

(@) =
= Pnyt (51[:}31: Sst](n) (pn,t))

9.3
g (ust, 1),

Therefore we have established py, (¢, fﬁ’;l’)t’[t] (")) = ¢F (vst, fs') = ¢F (vsll(Mxy Qv glul(n)sy Qvy

for all n, y and v, and therefore

(n)xy Qv F
’

fstyo = ¢F (IPS™" () if y < uln).

O]

It remains to prove (c), and then we're done. This involves a lengthy, but fairly
routine proof by combined induction and bar induction. It is here that we seem to require

continuity.

Lemma 12.2. For arbitrary sequences u, t of type p~, whenever [u](n) = [t](n) we have

DPnu = Pn,t, provably in Cont + QF-BI.
Proof. The proof is by induction on the formula
A(n) == Vu, t([u](n) = [t](n) = ppu = Pn.t)-

To establish A(0) we must show that pg, = po+ for arbitrary u, t. Given arguments g, w,

we run bar induction of type o on the quantifier-free formula
P((ws, gs)7") := (q" (IPST"" ((w, g) * (ws, gs)) T q" (IPST9" ((w, g)  (ws, gs))),

then P(()) yields po,wg = poswg. Given (vs,fs): o, by Cont applied to q
Mws, fs) . q({w, g) * (vs, fs)) there exists N such that

w,g)

q(IPS=" ((w, g) * [vs, fs](IV))) = q((w, g) * [vs, fs](N) @ IPSZ" ((w, g} * [vs, fs](N)))
X 4((w, g) * [vs, fs)(N) @ IPS™* ((w, g) * [vs, fs](N)))
= q(IPS* ((w, g) * [vs, fs](NV)))

and for the bar induction step we have

g" (IPS"" ((w, g) * (ws, gs))) = ¢" (IPS™" ((w, g} * (ws, gs) * ,))
< P (IPST (w, g) = (ws, gs) + )
PL g (1P (w, g) + (ws, gs) * 1))

EE8 (F(IPST ((w, g) * (ws, gs)))
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12.1. Defining open recursion from IPS

where for (%) we have

Gu = gl{w,g)*(ws,gs)()‘ba : Q(Ipséu(<w79> * (ws, gs) x b)))
. o 3
= E(w(0),wso(1),...,wsm—1(m)),wsm—_1 (Ab : Q(IPSEt(<wa g) * <U)S, gS) * b)))

w,g)*{ws,gs) ()\bg . q(lpsgt(<wag> * <U)S, gS) * b)))

where m = |ws| and for m = 0 we replace ws,,—1 by w. Therefore, by bar induction we
have A(0). The main induction step follows a similar pattern. For n > 0 we derive A(n),
assuming that A(m) holds for all m < n.

Suppose that [u](n) = [t](n). For arbitrary w, g we run bar induction on the formula

{P”((ws, gs)) =

(g (IPST"9" ([us®, fs¥](n) * (w, g) * (ws, gs)) = ¢" (IPST1" ([us’, fs](n) * (w, g) * (ws, gs))),

then P"(()) yields pn,wg = pptwg. The main induction hypothesis is used to verify that
fst = fst for all m < n. To see this, note that for 0 < m < n

Fsm = Efust fs)(m) (Pt
= E(ws§(0),...,vs%,_; (m—1)),0s% (pm,u)l

19m—1

(@) P, [u](m)
u(m)
TH. tpm.t,[t](m)
- Jt(m)
(@)
- g(vsé(O),...,vsﬁn_l(m71)>,vs£n_1 (pm,t)l
= élfvst7f5t](m) (pm,t)l
= fst .
s _ u _ _ gpou,() IT.H. ¢pot,() _ ot .
Similarly for m = 0 we get fsg = €y ,(pou)1 = fu(O) =t = fsg- Now we continue

as before. Given (vs, fs): o, by Cont applied t0 qjysu_ fsu](n)«(w,g) there exists N such that
zu qF u u
g"(IPST ([us", fs"](n) * (w, g) * [vs, fs) (V)

= ¢"([vs", fs")(n) * (w, g} * [vs, fs] (V) @IPST" ([us", fs")(n) * (w, g)  [vs, fs] (N)))
T ([s", f5)(n) * (w, g) * [vs, fs)(N) @IPST" ([us', fs'](n) * (w, g)  [us, f5](N)))

_ - . /
= B mpeantoal(v) @ e (3 1(0) % g % [f5](N) @ fs)
= syl () @ o (B (1) £ g % [fS](N) @ f57)

= " ([vs", fs'](n) * (w, g) * [vs, fs](N) @ IPSZ"0" ([us’, fs'](n) * (w, g) * [vs, fs](N)))
= ¢ (IPS*"" ([ust, fs'](n) * (w, g) * [vs, fs](NV))),
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where we abbreviate (vs’, fs') = IpSe’a” ([vst, fs'](n) * (w, g) *[vs, fs](N)), and (1) holds be-
cause [fs*](n) = [fs'](n) and because for m <nwe have/vfuﬂ(m) = u(m) = t(m) = vst,(m)

(by (a) as in Theorem 12.1) and therefore [vs%|(n) = [vst](n). So we have established that
for all (vs, fs) there exists N such that P"([vs, fs](/V)) holds.

The bar induction step is routine:

g" (IPS™" ([us™, fs"](n) * (w, g) = (ws, gs)))

= " (IPS™" ([us", fs")(n) * (w, g) * (ws, gs) * au,))
Y P (UPS™" ([us", f5"](n) * (w, g} * {ws, gs) * ar))
PL P (PS ([ust, fs'](n) * (w, g) * (ws, gs) * ar))
= " (IPS¥ ([vs', fs'](n) * (w, g) = (ws, gs)))

where for (%) we have

Gy = gﬁjsﬂfsu}(n)*(w,g)*(ws7gs> ()\b . qF(IPSéu([USuafSu] (n) * <wvg> * <’LUS, gS> * b))
[(Ab. g"(IPS™ ([us", fs"](n) * (w, g) * (ws, gs) % b))

= g[vsu](/n\)*/w*ws WSm —
BLH, (Ab . ¢"(IPS™' ([vs", fs'](n) = (w, g) * (ws, gs) + b))

6 —_~
[vs¥](n)*wHws, wsm—1

W (b g"(IPS7 ([us", f5"](n) * (w, g) * (ws, gs) b))

[vst](n)*wxws, Wsm—

~ gt
= 5Evst,fst}(n)*(w,g)*(w,gs)()‘b . qF(IPS ([vs, fs'](n) * (w, g) * (ws, gs) * b))
where of course (xx) follows because [M) = [QET(/n), and as before m = |ws|, with

wsm—1 replaced by w for m = 0. This completes the bar induction, and therefore we
obtain Ym < nA(m) — A(n), and so by induction we have VnA(n), which completes the
proof. O

12.2 Defining Ul and BBC from IPS
An immediate consequence of the previous section is the following.

Theorem 12.3. Both update recursion and the BBC functional are primitive recursively
definable from IPS, over Cont + QF-BI.

Proof. By Proposition 9.20, UR, - is definable from an instance of OR; )  on the relation
(a,2P) < (b,y) :== (@ = 1 Ab = 0). Clearly in this case R< is trivially definable in T,
therefore by Theorem 12.1 UR,; is primitive recursively definable from an instance of

IPS,, . ~. By Proposition 9.16, an instance of IPS of the same type defines BBC,, ;. O
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12.3. Defining IPS from BBC

Moreover by combining the proofs of these definability results we obtain an explicit
construction of UR and BBC from IPS. We state the construction of the latter below.
Given parameters ¢: p — 7 and e: N — J,p for BBC, for o := p" x (p x p¥ — 7), define
qg: o —»rand &: pN — (0* = Jyo) b

G(vs, fs) == q(05 @ An . e, (A\x . f5,,(1,2)0s))
- o ) lu, 0y if 0 ¢ dom(u)
5<>(P) =

Vn1, fp (v0(0),...,vp—1(n— 1)>> ifn¢dom(vn—l)

I

(

(u,0) otherwise.
i {
E<v07f0>7"'7<vn717fn*1>(p) : <

Un—1,0) otherwise.

where f7° := Ay,v . p(s*(1,y) @v,0). Then ®>9(u) := G(IPS*4(())) satisfies SBBC, ,[®].
Following the proof of Theorem 12.1 we see that
() = (us", f5")
=q(vs® @ An . e,(\z . fs(1,x)vs%))

—~
Q
a2

q(u @An . e,( Az . fsp(1,2)u))

—
=
=

2 q(u@An . en(Ax . O([u)(n) * (1,2) Qu)))
=q(u @I . e,(Az . B(u)))
and (b) follows because whenever n ¢ dom(u)
fst(1, ) = frewld (1 1)y
= pnu([u)(n) * (1,2) @u,0)
2 P (4, 0)
= Pnug (éiiugg o] () Pz )
= q(vs"n, fs'™)
= d(ud).

12.3 Defining IPS from BBC

Having proved that IPS defines BBC, we now establish the converse. The problem we
face is to capture the dependency implicit in IPS with BBC, which constructs a sequence
symmetrically, each element computed independently of the others. Due to a result of
Escard6 and Oliva we can at least eliminate the dependency in the selection functions of
IPS, by reducing IPS to the simple product of selection functions ips. Given a family of

simple selection functions e: N — J;p, define the functional ips, . by
ips9(s) := s Qips™I(s * as)
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where as 1= g5 (Az . q(ips™(s*x))). Note that as with IPS, ips can be equivalently defined
as

ips©(s) := s @ An . e, (Ax . q(ips™(t, * x)))
where t,, := [ips(s)](n). It turns out that the simple product of selection functions ips

actually defines the general product IPS.

Proposition 12.4 ([28]). IPS and ips are primitive recursively equivalent over Cont +
QF-BI.

Note that technically this result is proved for variants sIPS, sips of IPS and ips. We

confirm that our variants are equivalent to these in Appendix A.

Illustration: finite bar recursion

We now give a short and very informal illustration in the finite case, and show how we
can simulate the finite product fPf\f%\’f of length three with a finite variant of BBC. We ab-
breviate elements of N as (0,7) = L and (1,z) = x. Note that fP=? = (X, Y[X], Z[X,Y])

where

<
I

eo( Az . q(z,Y[z], Z]z, Y [x]])
Yiz] = e1(Ny - q@,y, Z[z, y))
Zlz,y] = e2(Az - q(z,y, 2)
We can similarly define a finite variant fBBC? of the BBC functional as

o

fBBCZZ‘§3(uﬁ(3)) = u @ (e0(po),€1(p1),€2(p2))

where p; = Az”.q(fBBC(uf)). We define fP'EN”%\I with an instance fBBCif\I of fBBC type
p = NO)| which outputs a 3 x 3 matrix (cg, ¢1, c2) (where ¢; denotes the ith column) whose
entries lie in N, and takes as input a partial (and potentially empty) list of columns of this
matrix. Note that in this instance of fBBC, there are two kinds of ‘undefined’: individual
entries in a column can be undefined (and we write 1), and also columns themselves can

be undefined (which we write as L.). We define parameters for fBBC as

&) " an < 3. e p((EP))(n) % 2)))

q(d(co, c1,¢2))

1=

q(co,c1,c2)
N(3) cnm for least m < n with n # L

d(co,c1,c2) == An < 3.
0 if no such m exists.

Note that for the first equation to type-check, technically £;(p) should be viewed as a total
element of N®) | and also the finite sequence [&;(p)](n) * z is extended using L to a column

N®) if necessary.
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12.3. Defining IPS from BBC

We claim that fP=9(()) = d(fBBC*(L,, L., L.)). Writing fBBC(L,, L¢, Lc) = (co,c1, c2)
we get d(c, c1,c2) = ¢o (since c¢g = €p(pp) is total) where

co0 = eo(Ax . q(d(fBBC((x, L, L), L, Lc)))
c1,0 = €1(Ay . q(d(fBBC({co,0,, L), Le, Le)))
Co0 = EQ(/\Z . q(d(fBBC(<CQ,0, 0170, Z>, J_c, J_c))).

Now, c20 = €2(Az . q(co,0,¢1,0,2)) = Z[co0,c1,0]. To evaluate ¢1 o must evaluate

d(fBBC«CO,Oa Y, —L>7 L, J—C)) = d(<00707 Y, —L> @ (667 0/17 CIQ)) = <CO,07 Y, Cl2,1>

where

0/2,1 = EQ(AZ . Q(d(fBBC«CO,O’ Y, J—>7 <66,1’ C/Ll’ Z>’ J-C)))))
= e2(Az . q({c0,0, 9 2)))
= Z[C(]’o,y].

Therefore we have ¢1,0 = €1(Ay . ¢({c0,0, Y, Z[c0,0,y]))) = Y[co0]. Finally, we must evaluate
d(fBBC(<$7 1, J—>7 Le, J-C)) = d(('%'v 1, J—> @ (087 Clllﬂ 6,2/)) = <$, 0/1/,17 C/2/,1>'
Similar calculations give us

ch1 = e2(Az . q(d(fBBC((z, L, L), (ch1. €1 1,2), Le)))
= e2(A2 . q((w,¢] 1, 2))))
- Z[l’, C/l/,l]

clll,l = El(Ay . q(d(fBBC«‘T? 1, J—>7 <C6/,17 Y, J—>7 LC))))

Y e 0w - al(@,y, dos)))

— 0w . (v 2l )
= Ya]

where for (*) we have fBBC(<x7 J—7 J—>7 <cg,l7 Y, L>7 —LC) = <IL', La J—>7 <Cg,17 Y, J—> Q@ <d07 dla d2>
Backtracking, we obtain cpo = eo(Az . ¢((z,Y[z], Z[z,y]))) = X, and therefore ¢;9 =
Y[X] and c29 = Z[X, Y[X]]. We illustrate the whole computation below.
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T T 06'11 T c’ol_rl do,2 T cg,l do,2
1 — | L Yy — | L Y d172 '3 1 Y d271
4 1 1 1 L z 1L 1 Zzy
x Cf)/,l
Sl L Y]
1
X Cg,l X 6/0/‘1
= | L Yia] Bl Y]
Lz L Zlz,Y[z]]
X
£
X X Co.1 X 06,1
=1y =y = Y €11
i 1L oz 1 Z[X,y
X
A vix)
X X
= | VX 3 Y[X]
z Z[X,Y[X]]

The idea behind the construction is that fBBC computes fP using a matrix. Whenever
fP is ‘testing’ a variable in a column via a selection function, it carries the computation over
to the column on the right. Once it has decided on this value, it continues the computation
in the original column. In this sense it simulates a variant of ng which comes equipped
with markers indicating whether or not a variable is being checked, and the functional d
can be viewed as an operation which removes those markers.

We can clearly extend our idea to a matrix of arbitrary size and type, and therefore
simulate the general finite product fP} using a finite form of BBC over an n x n matrix.
The main result that follows is that our construction works just as well in an unbounded
matrix, and that the unbounded product ips can be defined from an instance of BBC that

computes an infinite array of partial functions.

The general construction

First we need some notation. Given a finite sequence s: p* let {s}: p" its standard em-

bedding into the partial sequences i.e.

(5)(n) = (1,s,) ifn <|s

(0,0,) otherwise.
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12.3. Defining IPS from BBC

In the following we will often use a slight abuse of notation and just write s when it is

obvious that we’re treating it as an element of p".

Theorem 12.5. Let p be an arbitrary type and T a discrete type. Then ips, _ is primitive

recursiely definable from BBCpx -, provably in Cont + QF-BI.

p77-

Proof. Suppose we are given ¢: N — J.p and ¢: p — 7. First, define §: (p")N — 7 by

where the map d: (p™)N — p is defined by

p | ym[n] for least m < n with n € dom(yy,)
d(y)(n) ==

0, if no such m exists.

Second, using the primitive recursor R, define the selection function &: J.p as

Ep” Y= Nk L (1 e (M p({E % 7))

where to = () and #, ! A ((p)[0],...,&(p)[k — 1]). We extend this to a family of identical

selection functions &, := £. Now define
€,q ; —
gy £ {ABBCI0) ifs=)
d(BBC*Y({({s})})) otherwise
We claim that ips, . [®]. Note that to cut down on excessive syntax, given a sequence

<38*, ..., 8k—1) of finite sequences we write BBC({sq, ..., Sk 1>) when we implicitly mean
BBC applied to the partial array I' := {({so},..., {sk— 1}>} " defined by

Bxpt ) (L, {sm}) ifm <k
(0,0,v)  otherwise.

L

Now we prove the claim. For s = () we have (suppressing parameters on ® and BBC)

Y an . g0 . G(BBC(OY)) ]

p
=An.ep(Az . qN(BBC(O(?n*m})))
= . en(Ax . q(d(BBC((, * z)))))

) . en(Ax . q(O(tn * x)))

o({))

where (x%) we have £, = (&(p)[0],...,%0(p)[n — 1]) = [®({))](n) = t,. Note that (x)
follows because n € dom(BBC(())o) for all n and therefore d(BBC(()))(n) = BBC(())o[n].
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Now, for |s| > 0 we have

o(s) Y s @rn. &\ . G(BBC((s)")n]

= 5@ An. en(Az . GBBC((s) (o))

— 5@ . en(Ax . q(d(BBC({s,in + 2))))

D 5@ . en(Az . q(d(BBC((s @ (7, * 2)))))
=s5QM.e,(Az . q¢(P(s Q (£, * 7))))

) s @xn . en(Az . q(®(tn * )

where for (xx) we have (for n > |s|)

sQ (t, *x) = s Q((£1(p)[0],...,E1(p)[n — 1]) * x)
— s @@lsll . @) - 1) *a
= [®(s)](n) xx
=1, *x.

Note that (x) follows because n € dom(BBC((s))o) iff n < |s|, but n € dom(BBC((s))1) =
dom(&;(...)) for all n. Therefore

{s}n] = s, ifn<]|s|

d(BBC((s)))(n) = _ '
£1(p)[n] if n > |s|.

Note that £;(p)[n] is always included in the bounded search since n > |s| implies n > 1.
It remains to justify (}), which follows from the claim that whenever 0 < |s| < |t| we have
G(BBC((s,1))) = ¢(BBC({s @1))).

Written informally, we're asserting that

1L 1
tj tj
gBBC| - - )=g(BBC| - )
J_ t¢+1 ti+1
Si t; Si
S0 to e S0

This intuitively follows because § never looks at the elements below the cut-off diagonal
d, so in particular ignores (to,...,t;). We now prove the claim, using bar induction on

sequences u: (p*)* relativised to those consisting only of non-empty sequences i.e. S(u) :=
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Vi < |u|(Jui] > 0). Given such a sequence, define u®,u°: (p*)* with |u®| = |u°| = |u]
primitive recursively in BBC as

o P
i

ug = [mé(Av . G(BBC((s,t,up, ...

*

sui 1, 0)))](Kq) * ug
uS = [mE(w . GBBC((s @t ud, ..., ul 1, v))](ks) * u;

where as before we implicitly mean embeddings in p" of s, t, u?, v (and in turn (s, t, u, ..., uy_1,v)
is embedded as a partial sequence over p') in the arguments of BBC, and k; := |t| +

Z;;% |uj| for i < |u|. The purpose of these constructions is actually to simplify the bar
induction: The first k; entries of u? (similarly u) represent ‘dummy’ values that would be
computed by BBC((s,t,u,...,ul_1,v)) but never seen by the outcome functional g, and

so should not affect the value of G(BBC((s,t) * u®)). We carry out bar induction on the
quantifier-free predicate

P(u) := ¢(BBC((s,t) *u®)) = G(BBC({s @t} * u®)).

which we can informally visualise as

Un—1,l,—1 Un—1,1,—1
Un—1,0 Un—1,0
° o
ULl -1 ULl —1
Uu1,0 Uui,0
7(BB = (BB
d(BBC wone s o ) = d(BBC w1 o
1 U0,0 1 0,0
t; . t; o
L tiva tiv1
S; t; Sq
S0 to ° ° ° S0 o o o
~~ ~~ ~~ ~~ ~~ ~~
ud uf up g ug uf up 1

The claim then follows from P(()) since ()®* = ()° = (). First, to establish the bar, suppose

that «a: (p*)N is an infinite sequence of non-empty sequences, and let N be the point of

continuity of ;@ on @: p" defined by

a(n)=a;(n — ;) for least i < n(l; <n < lit1)

(12.1)
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for lp =0 and [; := Z;;% |aj|. Note that & is just ag* o1 * aa ..., and because|a;| > 0 for
all 4 we must have [a](N) < g * a1 * ... * ay—_1. Now,
N
d(BBC((s,t) % [a](N)*)) & (s @Qt) s ag % ... xay_1 @ ...

-~

~

This follows because n € dom(vy) <> n < |s|, n € dom(y1) <> n < [¢| and for i < N,
n € dom(yiy2) <> n € dom({[a](N)?}) <> n < k; + |a;| = |t| + li+1, and therefore (for
ki = [t| +1;)

(

Yo[n] = sn if n < |s|
71[n]

’7i+2[n] = ai(n —1l; — |t|) ifi < NAKk <n<ki

th if |s| < n < |t
d(v)(n) =

otherwise

=
(note that we always have i + 2 < [t| +l; < n so 712 is included in the bounded search

performed by d). By an analogous argument we see that
d(BBC((s @t) x [a](N)°)) = (s Qt) x g * ... xany_1 @ ...
and therefore by continuity
G(BBC({s,1) * [](N)*)) = gs a«([a](N) @ ...) = g(BBC((s @) * [a](N)°)),
which establishes P([a](N)), and therefore we have Yo € SanP([a](n)).

For the induction step we prove P(u) assuming that each wu; is non-empty. Setting
ki =1t|+1; = |t| + Zj;% |uj| and m = |u|, as before we have

d(BBC((s,t) xu®)) = (s Qt) xug * ... % Up_1 %
g
where 3(n) = Ymr2(km + n). This follows as before because n € dom(vyy) <> n < [s|, n €
dom(v1) <» n < [t|, and for i < m, n € dom(vi42) <> n € dom(u}) <> n < ki + |ui| = kit1.
Finally, we have n € dom(ym+2) = dom(€p,42(...)) for all n, therefore

Yoln) = sn if n < |s|
m(n]
Vitaln] =ui(n — ki) ifi<mAk <n <k

\7m+2[n] =pBn—ky) if k, <n.

tn if |s| <m <t
d(y)(n) =

Now,
B(n) = Emia(Mv . G(BBC(((s, 1) * u®), 19)) [km + 1]

-~

P
= ety an(Az . GBBC(((5,1) % u® % (Fr, 1 %, 2))))
© o in Oz . ABBC(((5, 1) + (ux ([Bl(n) %, 2))°))).
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12.3. Defining IPS from BBC

Note that in the latter two formulas concatenation of type p* is not to be confused with
concatenation of type p, which we carefully highlight. For (+) we clearly have u} =
(ux([B](n)*,x)); for i < m since the operation (—)*® is carried out recursively on sequences,

and
thtn x 2 = (E)O], -+, EP) [k — 1)) % E@) k), -+, EP)[Fin + 71— 1]) x @
= [méE(Av . ¢(BBC((s,t,uy,...,ur,_1,0))))](km) * [B](n) * x
= (ux* ([B](n) *p )7,

By an analogous argument we have
d(BBC({s @t) xu°)) = (s Qt) xug * ... *x up—1 x '

where '(n) = eg,,+n(Az . G(BBC((s Q) x (u* ([#'](n) *, x))°)). We can now use the bar
induction hypothesis to prove that 3(n) = '(n) for all n. Assume by normal induction
that 8(m) = /(m) for m < n. Then

B(n) = ekpin(Az - GBBC(({s,1) * (u ([B](n) *, 2))*)))

PE oy pa O G(BBC(((s @) = (ux ([8](n) %, 2))°))
= ehn(Az . GBBC(((s @) % (ws ([8](n) +, 2))°))
= B'(n).

Finally, then, we have

~

G(BBC((s,t) xu®)) = q((s Qt) kug * ... Upn_1 * )

q
"G @ty v ug .. kU % B)

= ¢(BBC({(s @t) xu’))
and we complete the induction step, and hence the proof. ]

Remark 12.6. We conjecture that the above instance of BBC naturally defines a variant
of ipsy of ips which is augmented to include boolean markers which indicate whether or
not points are being ‘tested’ by selection functions, given by

) «, (Bxp)N )

ipsg (b, 5)BP)7) ET (b, s) @ipsy((b ) * (1, a))
where as := €5 (Az . q(ipsy((b, 5) * (0,7)))), () := q(m1a) and the parameters have type
ent Jrp, q: p — 7. The idea is that the O-marker would coincide with a ‘shift’ to the
= 0, and
assuming w.l.o.g. that the last element of (b, s) has marker 0, we claim the one could
define

column on the right. Given a sequence (b,s) with zeroes b,, = ... = by, ,

ips; (b 5)) = BBCT(u?)
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Chapter 12. Implicitly Controlled Bar Recursion and Open Recursion

where ug 1= (50,...,5n)s Ui = (Sn;4+1,---,5n,,,) and u® is defined as in the preceding
proof (but without the initial entries s and t). Then, the bar induction (and reliance of
Cont) would simply be needed to show that the value of g(ipsy({(b,s))) is independent of
the markers b (and therefore ips; defines ips), and thus one could adapt our proof to show
that BBC defines ipsy in E-HA® alone.

Theorem 12.7. IPS, OR, UR and BBC are all primitive recursively equivalent over Cont+
QF-BI.
Proof. We have the following chain of definability results:

Thm. 12.1 Prop. 9.20 Prop. 9.16 Thm. 12.5 Prop. 124
> OR > UR > BBC

IPS > ips > IPS.

O]

Remark 12.8. In fact, by inspection one will notice that each of these results is true

instance-wise, so IPS, OR, UR and BBC are also instance-wise equivalent.
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APPENDIX
A

Omitted Proofs

Proposition A.1. Let IPS be defined by
IPS54(s”") = 5 @ PS5
p,T(S ) =S p,T(S * CLS)
where as := es(Ax . ¢(IPS(s * ))) and IPS be defined by
IPS (s) := s @An . &, Az . q(IPS " (t, * 2)))
where t, := [rF;g(s)](n) Then E-HAY + IPS[®] - rl5§[<1>] and E-HAY + rI5§[<D] H IPS[®].

Proof. We first show that I/P\g[IPS]. By definition IPS®9(s)(n) = sy, for all n < |s|, and for
n > |s| we have
L.9.8
IPS(s)(n) "=" IPS(ty)(n)
= (tn, QIPS(ty, * ay,))(n)
= atn

= ey, (Ax . q(IPS(t), x x))).

Conversely, to show that IPS[R], we use course of values induction on t, = f, where
t, = [rlsg(s)](n) and t,, = [rlsg(s*as)](n), and then the result immediately follows. Clearly

this is true for n = |s|. Now
IPS(s)(|s]) = es(Az . q(IPS(s * x))) = as = IPS(s * as)(]s])

and therefore {51 = f|8|+1. For the induction step, assume that t, = t, for n > |s| + 1.
Then

IPS(s)(n) = et (Az . q(IPS(t, * x)))

"o (O q(IPS(En %)) = IPS(s % a,)(n)

and therefore ¢, 11 = t, * I/P\g(s)(n) I 7 & I/P\g(s % as)(n) = tp41, which completes the

induction, and the result follows. ]
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Appendiz A. Omitted Proofs

Equivalence of our products of selection functions and those of Escardé and
Oliva

In much of the existing literature [28, 29, 30] products of selection functions are constructed
slightly differently to ours. In particular, the implicit product of selection functions is
defined as

N
SIPSE L ()(5) /= M1+ £t (AT - Gy (SIPST () (5 % 1 % 7)),

where t,, := [sIPS°(¢)(s)](n) and gs(a) := g(s * «), while the simple product is given by

N

sips5 1 (¢) (1) = An . €man (AT - Grpus (SIPS° (G1) (10 + 10 4 1)),

where t,, := [sips®(¢)(m)](n). Here there are two essential differences, namely that the
function ¢ updates with computes values, and only the tail end of the product is given
as output. However, these versions are easily (though rather tediously) shown to be

equivalent to our formulation in the continuous functionals.

Proposition A.2. IPS, sIPS, ips and sips are all primitive recursively equivalent over
Cont + QF-BI.

Proof. In [28, Theorem 4.5] it is proved that sIPS = sips over E-HA®. To complete the
proof we show that IPS > ips, sIPS >1 IPS and ips >7 sips. The first of these is trivial,
and the second is not much more difficult. Defining ®*4(s) := s * sIPS], _(qs)(s) we see
that IPS, - [®]: For n < |s| we have ®(s)(k) = si, and for n = |s| + k we have

®(s)(n) = s xsIPS(gs)(s)(|s| + k)
= Esuty, (AT . (Qs)tp5x (SIPS((gs)ty52) (s * g * )))
= Egut, (AT . q(8 %ty % T % SIPS(Gut, vz ) (8 * t % T)))
= gty (AT . q(P(sx Ly * T)))

(;) 5£n()\1‘ . q(‘I)(fn * 33)))

where for (%) we have
sxtp = 5+ [sIPS(qs) (5)|(K) = [@(s)](|s[ + k) = tn.

To show ips > sips requires a little more effort, as seems to always be the case going
between bar recursion where computed values remain as parameters (as in ips) and bar
recursion where computes values are encoded in the outcome function (as in sips). We
define ®°(q)(m) := tailm(ipsf)igm(()m)) where ¢"(a) := q(tail(a)) and 0y, := [0,n](m).
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Then sips,, [®]:
®(g)(m)(n) = taily (ips?” (0m)) (n)
T (0m)(m +n)
n()\ . qm(ipsqm(thrn * :E)))
(

+
Az L @™ (tgn * @ % taily s 1(ipS? (Esn * ))))

m

ips
Em x
Em x

(*:) 5m+n(/\x . qm(om * 7§n * Tk ta”m-i—n—i—l(ipsqm (Om * gn * :E))))

= Em+n(AT . QEn*x(ta”ernJrl(iqum(Om * 1y 1))))

s Omini1))))

. . _ m+n+1
= emtn(AT . qgn*x(tallm+n+1(|ps(qtn*x) (

= em+n(AT .« 47, 40 (P(G7, 1) (M + 1+ 1))

where for (%) we have

tinrn = (i (0n)](m + 1) = Oy * [taily (ips?” (0m))] () = Oy * [@(g) (M)] () = Oy % Ty

and (+) follows from P(()) which is proved using Cont + QF-BI, where

m+n-+1

P(r) = qi(tailmyni1 (ips?” (O % t 7)) = g (tail s (ips'®) (Opgnt1 %))

for t := t, * x. Let N be the point of continuity of ¢; on o. Then

@ (tailypng1 (ips?” (0,  t % [a](N)))) = g ([a](N) @ ...)
= qt(taiIernH(ips(‘”)mm+1 (Omgnt1 * [a](N))))

which establishes the bar, and assuming VyP(r *y) we have (using the alternative formu-

lation of ips)

qt(taiImJﬂ,Ad(ipsqm (O x t%1))) = qt(tailm+n+1(ipsqm (O x tx 7% a)))

BLA qe(tailynt1 (ipS(qt)li+1 (0

(@)™

m4n+1 kT ok a)))

© gt (tailtn+1(ips mtntl kT x@)))

(qt)m+n+1 (O

= q(tailyqny1(ips mantl ¥7)))

where for (%) we have

a= 5m+n+1+\r|<)‘y : qm(ipsqm (Om k4ok Tk Z/))

= 5m+n+l+\r|()‘y . qt(tai|m+n+1(ipsqm (Om * Tk % y)))

B.1.H. . .
= Em+n+1+|r|()‘y . Qt(ta”m-‘rn-‘rl('ps(qt)

@)™+

m—+n+1

(Omgny1 *7%Y))))

) mtnt1 %7 % Y)))

= Emint14r|(AY - (@ ips

Il
™
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arithmetical comprehension, 28, 67

bad sequence, 99

Berardi-Bezem-Coquand functional (BBC),
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Bolzano-Weierstrass theorem, 84
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dependent (DC), 28, 61
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continuity axiom (Cont), 49
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extensionality rule, 25
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discrete, 23
finitization, 37
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arithmetical, 28

open, 99
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induction axiom (IND), 21
infinite pigeonhole principle (IPHP), 39

learning process, 72
least element principle (LEP.), 98

lexicographic ordering, 98

majorizable functionals, 50

Markov principle (MP%), 31
minimal-bad-sequence argument, 99
modified bar recursion (MBR), 128
modified realizability, 40

negative translation, 31-32
open recursion (OR), 111, 134

Peano arithmetic, 21
Peano arithmetic in all finite types, 24
Primitive recursive definability (<t), 125
products of selection functions
explicitly iterated (EPS), 57, 126
implicitly iterated (IPS), 128

Ramsey’s theorem for pairs, 88

recursor, 24

selection function, 55
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system T, 26
transfinite induction (Tl.), 98
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