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Abstract

This thesis is about extracting programs from classical proofs. In
the first part, we show conservativity of Peano arithmetic over Heyting
arithmetic for II9-sentences, an old result of Kreisel, using Friedman’s
A-translation technique. Then we present some extensions by Parigot and
Krebbers of the lambda-calculus with control mechanisms, that allow for
some amount of classical reasoning via the Curry—Howard correspondence.

In the second part of the thesis, we present a new system by Aschieri
and Berardi, HA + EM;, a Curry—Howard system for an arithmetic with
a limited amount of classical reasoning that is based on ideas from their
Interactive Realizability semantics for classical arithmetic. We show
Aschieri’s recent proof of strong normalization of HA + EM; that uses a
new technique based on non-deterministic choice.

Two non-trivial examples of proof terms in HA+EM); are then worked
out, and their possible reduction paths are analyzed. On basis of this, an
operational natural semantics for HA 4+ EM; is developed and tested on
the previous examples.
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Chapter 1

Introduction

A fundamental result about the theory of computer programming is Rice’s
theorem, which states that there is no effective way of deciding whether
an algorithm computes a partial recursive function with a given non-trivial
property. A consequence of this is, that it is in general undecidable whether
a given program meets its specification. One approach to solve this problem
stems from a combination of two observations: Firstly, that there is a tight
connection between computer programs and proofs, this is what is commonly
known as the Curry-Howard correspondence, sometimes referred to as proofs-as-
programs and formulas-as-types. Secondly, the observation that it is decidable
whether a formal proof is correct. Thus, the idea is to make a mathematical
proof of a specification (which, of course, might be hard), and from this extract
a correct computer program. This is what is known as program extraction. It
is well established that this method works well when we consider intuitionistic
proof systems. Paulin-Mohring, e.g., in [32] presented a method to extract
correct programs from proofs in the Calculus of Construction, a higher order A-
calculus with dependent types [12]. In [29], Parigot discusses the practicalities
of the idea of programming with proofs, i.e., using formal mathematics as a
programming language.

This method needs the proofs to be constructive, in the sense that from a
proof of an existential statement, one can get a witness of this statement. All
proofs in intuitionistic logic are constructive, and indeed, for people working in
program extraction, attention was in the beginning restricted to intuitionistic
logics. Classical logics are not constructive in the same sense, and thus it does
not a priori seem to be possible to apply the same techniques here. However,
an old result about arithmetic states that any I19-sentence is provable in Peano
arithmetic if and only if it is provable in Heyting arithmetic. Thus, there is a
method to transform any classical proof of a specification in arithmetic, i.e., a
proof of Ya3p.P(«, ) where P(a, 3) is a basic formula, into an intuitionistic
proof of the same specification. This is evidence that all classical proofs of I19-
sentences have some computational content. II3-sentences are indeed arguably
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2 CHAPTER 1. INTRODUCTION

the most important sentences in computer science, since a proof of one of these
corresponds to a proof of totality of a recursive function. This leads to the
area of classical program extraction.

There have been several approaches to extracting the computational content
of these classical proofs. It was discovered by Griffin in 1989 [20] that inference
by contradiction corresponds to Felleisen’s control operator C [13], and hence
the Curry—Howard correspondence was extended to include classical reasoning.
This sparked a lot of research in this area. Several extensions of the A-calculus
with control operators have been proposed. To name a couple: Felleisen’s
A¢ with typing rules by Griffin; Rehof and Sgrensen’s Aa [36] that extends
ordinary A-terms with a binder A which is typed by reductio ad absurdum; and
Parigot’s Ap [30], which we will return to in Chapter [4] along with Krebbers’s
AT which extends Ay with natural numbers as a primitive datatype.

These systems correspond to classical propositional logic, which means that
their type systems are rather simple, and that, when they are equipped with
datatypes, they are more closely related to real world computer programming
languages than first-order systems are. But since we are interested in proofs
of statements of the form Ya3p.p(a, 3), we need to consider systems that
correspond to first-order logic. For intuitionistic logic the standard system is
IQC, and when this is extended with the Peano axioms for arithmetic, we get
Heyting arithmetic, HA. In HA we do not need to add datatypes, since the
natural numbers are primitive in it. In this thesis we are mainly concerned
with an extension of HA with a limited amount of classical reasoning in the
form of EMy, the law of excluded middle restricted to %{-formulas. The system
HA + EM; that we present in Chapter []is a very recent system by Aschieri and
Berardi, and therefore it is not yet well studied. We work out some non-trivial
proofs in this system, and discuss how we can extract programs from these.

1.1 Related work

Berger, Buchholz, and Schwichtenberg |11] describe a method for extracting
programs from classical proofs, by way of extracting a term in Godel’s System
T which contains all the computationally relevant parts of the proof. This is
in the style of the Gédel-Gentzen double negation translation, and indeed the
target language does not contain control mechanisms.

In 28], Makarov utilizes Felleisen’s C-operator to extract a program from
a classical proof of a non-trivial arithmetical proposition by adding extra
inference rules and defining a structural operational semantics for the classical
deduction system.

Herbelin has introduced the system IQCyp [21], which he characterizes as
an intuitionistic predicate logic with just enough classical reasoning to prove
Markov’s principle, which is the scheme that asserts that ——yp — ¢ whenever
@ is V-—-free.
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Krebbers extended Parigot’s Ap to contain a primitive datatype for the
natural numbers, in the style of Godel’s System T, so as to come closer to
“real” programming languages, since these all have primitive datatypes. We will
present this system in Chapter [d Furthermore, he has developed A :: catch,
which is an extension of Herbelin’s IQCyp-calculus with catch and throw [21],
this time with lists as a primitive datatype.

Aschieri and Berardi has developed interactive realizability [2L{4L[5,7], which
is a computational semantics for classical proofs that is based on the principle
of learning. Instead of following the method of Avigad [8], who characterizes his
classical realizability in terms of a special double-negation translation followed
by Friedman’s A-translation, followed by Kreisel’s modified realizability [26],
Aschieri avoids the use of a double-negation translation, and instead combines
modified realizability and Friedman’s translation. The learning aspect is
based on the idea that whenever we use an instance of excluded middle
Va.p(a) Vda.—p(a) in a proof, the realizer starts by assuming that Va.p(a) is
the case, and then whenever we use an instance ¢(n) in the proof, the realizer
checks to see if this is actually the case. The realizer then updates its state
with this new information (it learns). If ¢(n) is the case, then it continues
under the assumption that Va.p(a) holds, and if not, it has found a witness
for Ja.—p(er), thus this must hold, and the realizer continues in the part of
the proof that work under this assumption.

It is on the basis of interactive realizability that Aschieri and Berardi have
developed the classical Curry—Howard system HA + EM; [3,|6] that we will
investigate in this thesis.

1.2 Outline

In Chapter [2] we present some basic proof theory and lambda calculus, and we
introduce some type systems, namely the simply typed lambda calculus A_,,
Godel’s System T, and MQC, a calculus for minimal first-order logic.

In Chapter |3| we present a proof of Kreisel’s theorem that PA is a conserva-
tive extension of HA for I19-sentences, via the Godel-Gentzen double-negation
translation and Friedman’s A-translation, which lays ground to most of the
methods employed in the area of classical program extraction.

In Chapter [4] we discuss how to introduce control mechanisms in the A-
calculus, and specifically we present the systems A\u by Parigot, and \uT by
Krebbers. These are examples of simple programming languages with control
mechanisms that correspond via Curry—Howard to classical logic.

In Chapter [5] we present a system HA, and expand this to Aschieri’s system
HA 4+ EM;. We prove strong normalization of HA + EM; by a new method of
Aschieri [3] that uses non-deterministic choice.

In Chapter [0 we investigate how to use HA+EM; for program extraction via
analysis of two concrete examples. The first example is a proof of a specification
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of a searching problem, and the second example is a multiplication program
which uses control to increase efficiency.

In Chapter [7] we introduce a new operational semantics for HA + EMy, and
test this on some examples from Chapter [6]

1.3 Notation

We use greek letters, a, 5,7, ... to refer to numeric variable, letters x,y, z, . ..
to refer to proof variables, and letters a, b, c, ... to refer to variables that acts
as “addresses” for control mechanisms. For proof terms, we will mainly use
the letters u, v, w, ..., and for numeric terms we will mostly use n,m,....

When writing A-abstractions, we will often omit the annotated types, even
if we are working in Church-style. This saves space, and the types can be
deduced from the context.

For formulas ¢, we will often write ¢(«r), which means that we can substitute
a with n simply by writing ¢(n). It does not necessarily imply that « is the
only free variable in ¢.

Natural deduction proof trees are defined with a turnstile and an environ-
ment, I', and , but since this makes the, already bulky, trees look even more
voluminous, we will often discharge variables with superscripts instead:

THET T

————— Vversus ——— z.
FT—T T—T



Chapter 2

Preliminaries

2.1 Natural deduction

We first define what a natural deduction system is in general.

Definition 2.1.1 (Natural deduction systems). Let £ be a language. We
define a natural deduction system N.

1. An environment in natural deduction is a finite set of formulas of L,
usually written T'.

2. A natural deduction judgment is a pair consisting of an environment and
a formula, written I' - . We do not write set-brackets when we specify
the environment, thus we write ¢, t 0 instead of {p,9} F 6 and F ¢
when the environment is empty.

3. An n-ary rule of inference consists of n + 1 judgments (n premises and
one conclusion), and is written on the form

F1|_4,01 I‘2|_(102 Fn}_(’pn
|

A nullary inference rule is called an axiom. Different natural deduction
systems are distinguished by having different inference rules.

4. A proof (synonym: derivation) of a judgment I' ¢ is a finite tree,
where:
e '~ ¢ is the root label,

e any label is obtained by its children’s labels by an application of
one of the natural deduction rules. If a label is obtained by an
application of a nullary rule (an axiom), then it is a leaf.

5



6 CHAPTER 2. PRELIMINARIES

In general, we will write I' - ¢ to mean that there is a derivation of the
judgment I' - . As we will sometimes use multiple natural deduction
systems, it can be practical to annotate which system we are using, like
so: I' Far . Mostly, this will be clear from the context.

2.2 First-order logic

In order to formalize first-order logic, we start by defining a natural deduction
proof system for the so-called minimal first-order logic (mFOL). Minimal
logic, introduced in 1936 by Ingebrigt Johansson [23], is a simplified version
of intuitionistic logic where ez falso quodlibet does not hold. In fact, minimal
logic does not contain any rules about absurdity, and therefore 1 does not
need to be in the language. Since negation is usually defined as =4 := A — 1,
we do not necessarily have negation in mFOL.
Firstly, we need to specify what language we work with.

Definition 2.2.1 (The language of first-order logic). Given a signature S
consisting of functional symbols and relational symbols together with their
arity, we define the first-order language Ls:

e Let V be a set of distinct variable names «, 3,7, . ..
e We define the terms of Lg as the least set T such that

-VCT;
— Ifty,...,t, € T, then f(t1,...,t,) € T where f is an n-ary func-

tional symbol from S.

A term is closed if it contains no variables. The closed terms are supposed
to represent the objects in the domain of discourse.

o We define the formulas of Ls as the least set F such that

— P(t1,...,t,) € F where P is an n-ary relation symbol from S, and
t1,...,tn, € T. These are called atomic formulas.

- SD/\UMPV%SO—MZ} GJ_"’
— Vo, Ja.p € F, where a € V. We say that the scope of Vo (Jav) is
v, and we say that any occurrence of « in ¢ is bound.

In the rest of this document, we will use the less cumbersome Backus-Naur
notation when we specify syntax, e.g. when we define terms, formulas, types,
etc. The above definition of formulas will then look like:

@, = P(l1,....ta) [ @AY [ VY | o =1 | Vaup | Saup.
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Ezample 2.2.2. Consider the signature S = {0, S, +,=}, where 0 is a nullary,
S a unary, and + a binary function symbol, and = a binary relation symbol.
Examples of terms of the language Lgs are

SSa, 0+ S0, a+ 8,
and an example of a formula is
YaSa = a + S0.

Definition 2.2.3 (Free variables). The set of free variables of a term ¢, FV(¢),
is defined inductively:

e FV(«a) = {a}, where «a is a variable;
o FV(f(ti,....tn)) =FV(t1)U---UFV(ty).

Likewise, we inductively define the set of free variables of a formula A,
FV(A):

o FV(P(t1,...,ty)) = FV(t;) U--- UFV(ty);
o FV(p A1) =FV(p) UFV();

e EV(p V) =FV(p) UFV(9);

e FV(p = ¢) = FV(p) UFV(¢);

e FV(Vap) =FV(p) \ {a};

e FV(@Bap) =FV(p) \ {a}.

If T is a set of formulas, then FV(I') = U FV(A).

Definition 2.2.4 (mFOL). Given a signature S, we define minimal first-order
logic (mFOL) over S as the natural deduction system with the inference rule
schemata given in Figure 2.1 where all the formulas are from Ls.

Intuitionistic and classical logic
To get an intuitionistic first-order logic one needs the rule ez falso quodlibet:

L

¥

where ¢ is any formula and L is a symbol for absurdity. Instead of adding this
as a primitive rule, we will later see a method to make this rule admissible, by
adding intuitionistic reasoning to the atomic language.

To get a classical system, one will have to add a classical rule or axiom.
Typically, it is done by adding one of the following rules:
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I' ok o (Ax)

2 '_FSO}_ ” /\le_ v (AI) W (AE;) fori=o0,1
Rt TregsoTee g
mp (V1) o g FV() m (VE)
W (1) s Ela(pr C %Z)F’ LA (FE) a ¢ FV () UFV(T)

Figure 2.1: Natural deduction rules for mFOL

e Peirce’s law: We add
PE{(p—=v)—=9) =
as an axiomatic rule.

e Reductio ad absurdum: We allow reasoning of the form
[—¢l

L

2
which is equivalent to adding —=—¢ — ¢ as an axiom.

o Law of excluded middle: We add the axiom

FI—QO\/—\()O.

All of these methods are equivalent in the sense that the systems extended
with any of these rules will prove the same formulas, but intuitively and
morally they are different. Later in this document we will mainly use the law
of the excluded middle, which is intuitively justified by the common model
theoretic intuition that something either holds or does not in a classical setting.
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Reduction ad absurdum and Peirce’s law have an interesting counter-part in
computer programming: Continuation Passing Style programming.

We define the systems iFOL, mcFOL and ¢cFOL, which are simple extensions
of mFOL.

Definition 2.2.5 (iFOL). By adding nullary relation symbol L to the signa-
ture, and adding the inference rule ez falso quodlibet

'L
ke

(LE)

to mFOL, we get intuitionistic first-order logic, iIFOL. We define negation of a
formula ¢ =@ — L.

Definition 2.2.6 (mcFOL). By adding the law of the excluded middle
F'FeV-p (EM)
as an axiom schema to mFOL, we get minimal classical first-order logic.

Definition 2.2.7 (cFOL). By adding the law of the excluded middle to iFOL,
we get classical first-order logic.

The systems can be ordered by deductive strength thus:

mFOL C iFOL
N N
mcFOL C cFOL

It is well-known that iFOL is sound and complete with respect to Heyting
semantics, and that cFOL is sound and complete with respect to Tarskian
semantics.

2.3 The untyped lambda calculus

We give a brief introduction to the untyped lambda calculus, mainly following
19]-

Definition 2.3.1 (Untyped A-terms). We will work with an infinite set of
A-variables x,y, z,.... The untyped A-terms are defined as follows:

t,s i=x | A\x.t | ts.
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Definition 2.3.2 (Free variables). We define the set of free variables of a
A-term ¢, FV(t), by induction as follows.

o FV(x) = {z}, when z is a \-variable;
e FV(ts) =FV(t) UFV(s);
e FV(A\z.t) =FV(t) \ {z}.

A term t is said to be closed if FV(t) = ), and otherwise it is open. If a variable
x occurs in a term ¢, but = € FV(¢), then z is bound; in this case it must be
under the scope of Ax.

Definition 2.3.3 (Substitution). The substitution of t for x in s, written
slx :=t], is defined as follows:

zlx:=t] = t
y[x = t] = y, fz#y;
(=] = (sl =) (¢l = 1))
(Az.s)[x =1t = Azx.s;
(Ay.s)[z = t] Ay.slx :=t], if x #y.

It is, in other words, the result of substituting any free occurrence of z in s
with .

Definition 2.3.4 (a-equivalence). Two terms t, s are said to be a-equivalent,
t =4 s, if they only differ on bound variables, i.e.:

e If y is neither free nor bound in ¢, then

Azt =4 Ay.tlx = y].

o If t =, s, then

Azx.t =4 Az.s, for all variables z,
tr =, sr, and

rt =4 rs. for all A-terms r.

In practice, we will not distinguish between a-equivalent terms. So we will
suppress the a-subscript, and, e.g., say Az.x = Ay.y.

Remark 2.3.5 (Barendregt’s variable convention). If ¢, ..., t, occur in a certain
mathematical context (e.g. definition, proof), then in these terms all bound
variables are chosen to be different from the free variables.
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Because of this convention, any substitution will always be capture avoiding,
which means that we will avoid problematic substitutions like

(A\r.yz)ly := x] = A\v.xx,

since x is both occurring as a bound variable (in Az.yx) and as a free variable
(in the substituendum x), hence it does not satisfy the variable convention.
We will follow this variable convention in all the systems that we define in this
document.

Remark 2.3.6. Sometimes it can be necessary to do a vacuous A-abstraction,
i.e., an abstraction over a non-occurring variable. Instead of writing Ax.t for
x & FV(t) we will use the notation A_.t.

Definition 2.3.7 (Compatible relations). We say that a relation R on A-terms
is compatible if, for all terms ¢, s, r

e If tRs, then Az.t R Az.s, for all variables x;
e If tRs, then trRsr;
o If tRs, then rtRrs.

The compatible closure of a relation R is the least compatible relation R’
such that R C R'.

Definition 2.3.8 (f-reduction). The relation —g is defined as the least
compatible relation that satisfies

(Az.t)s —5 tlx = s].

A term of the shape (Az.t)s is called a S-redex (reducible expression). If a
term does not contain any (S-redexes, then it is said to be in S-normal form.

2.4 Simply typed lambda calculus

We define a simply typed lambda calculus, A_,. This is the simplest example of
a type theory, and all systems that we will define later will be extensions of
AL

There are two common ways of presenting simply typed lambda calculus: In
Curry style and in Church style. In the Curry style, we use the untyped A-terms,
and hence the same term can be assigned multiple different types, while in
Church style simply typed lambda calculus we annotate every abstractions
with a type so as to ensure that every term has a unique type. We will present
it in Church style.

Definition 2.4.1 (Simple types). We have a non-empty set of atomic types,
A. The types of A_, are then defined as the least set T such that
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e ACT;
elfo,7€T,thenoc—7€T.

Equivalently, we can express the definition of 7 with BNF-notation thus:
The types of A_, are
o,Ti=al|o—T,

where a ranges over the atomic types.

Remark 2.4.2. When writing types, we employ association to the right, i.e.,
instead of writing o1 — (02 — 03), we will write o7 — 09 — 03.
We will use the following abbreviation

o s Ti=1

oMl s ri=0c 50" o

Definition 2.4.3 (Type environments). An environment in A_, is a finite set
of pairs of A-variables and types, such that each variable occurs maximally
once. It is typically denoted I'; A, and written on the form

F'=x1:01,,Zn: ©n.

Definition 2.4.4 (A_-terms). The difference between typed and untyped
A-terms is that all variables are annotated with a type: The terms in A_, are
defined as follows:

t,s:=a" | Ax".t | ts,

where 7 is a type.

In practice we can often deduce the type of a variable from the context, in
these cases we will typically omit the type annotation, but formally they are
still there.

Definition 2.4.5 (Type judgments). A type judgment is a triple consisting of
an environment, a term, and a type, written I' = ¢ : .

Definition 2.4.6 (Type derivation). A type derivation of a judgment I' - ¢ : ¢
is a finite tree where:

e ['-t: ¢ is the root label;

e Any label is obtained by its children’s labels by an application of one of
the typing rules from Figure 2.2

The simply typed lambda calculus corresponds exactly to what is known
as minimal propositional logic, which is—basically—minimal first order logic
without quantifiers. This is what is originally known as the Curry—Howard
isomorphism or Curry—Howard correspondence:
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e:obHt: 7 'tt:o—r I'ks:o
'EXe®t:0—>71 I'Hts:t

Fx:7kFa"

Figure 2.2: Typing rules for A,

Theorem 2.4.7 (The Curry—Howard correspondence). If ' -t : o in A,
where I' = @1 : 01,...,2y : 0y, then IV F o in minimal propositional logic,
where I = o1,...,0p.

For a proof, see [37].

2.5 Godel’s System T

Gédel’s System T (AT) is an extension of A_, that adds the natural numbers
as a primitive datatype together with a recursion operator. In the following
definition we also add a Boolean datatype for convenience—this is merely
syntactic sugar, since we could just as well have used zero and one to correspond
to true and false.

Later in this document, we will see the idea behind the transition from A_,
to AT be applied on other systems. One should see AT as a model of a simple,
yet powerful, computer programming language.

Definition 2.5.1. The types of AT are
o,7:=N|Bool |0 =T

Definition 2.5.2. The terms of AT are defined inductively over an infinite set
of typed A-variables 7,47, ...

tus=c|a’ |tu| A"t

c::=0|S | True | False | Rec, | if;,

Definition 2.5.3. The typing judgments I' - ¢ : ¢ in AT are given by the
typing rules in Figure [2.3

Definition 2.5.4. Reduction, =7, on AT-terms is defined as the compatible
closure of the following reduction rules:

(Az"t)u —p tlx == u]
Rec; uv 0 —pec, u
Rec; u v (St) —Rec, vt (Recr uvt)
if; True u v —rrue U
if, False 4 v —false U

As usual, -7 denotes the transitive and reflexive closure of —, while =1
denotes the transitive, reflexive and symmetric closure.
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Constants:
I'0:N, T'HFS:N—N, I'FTrue:Bool, I'F False:Bool,

'FRec,:7T—> N—=(tT—>7)) >N—7, I'Fif,:Bool 57 —=7—T
Variables:
Fe:7kx:7

Composed terms:

I'Ft:o—T T'Fu:o LaFt:r
I'Htu:7 I'HXe%dt:0—>7

Figure 2.3: Typing rules for terms in AT

Definition 2.5.5. A term ¢ is said to be in normal form if t — ¢’ if and only
if t =, i.e., t has no possible reductions.

The system AT satisfies the following important meta-theorems:

Theorem 2.5.6. AT satisfies subject reduction: IfT'Ft: o andt — t', then
t:o.

Proof. 1t is easy to check that all the reduction rules preserve typing. O

Theorem 2.5.7. \T is confluent: If t1 — to and t1 — ts, then there is a term
ty such that to — t4 and t3 — ty.

3]
t9 t3

Theorem 2.5.8. AT is strongly normalizing: There are no infinite reduction
chains

t1 >t =ty — -

which means that every term has a normal form, and no matter which reductions
we choose, we will eventually reach a normal form.

The proofs of Theorems and can be found in [37].
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Example 2.5.9. We can define equality between numbers in AT. A reasonable
implementation of equality needs to satisfy the following:

F equal : N — N — Bool

equal 00 = True
equal 0 (Sm) = False
equal (Sn) 0 = False
equal (Sn) (Sm) = equalnm

To begin with, we define a term that checks for zero:
isZero := RecCpoo1 True (A M) B°°! False)

This fulfills:
F isZero : N — Bool

isZero 0 — True
isZero (Sn) — False.

Now, the first part of equal can be defined thus (for some, as of yet, undefined
equal_aux):
equal := Recy_poo1 i8Zero equal_aux,

for then

equal 0 0 — isZero 0 — True,

equal 0 (Sm) — isZero (Sm) — False.
We define equal_aux as follows:
equal_aux := A ")\ 7B Recp ) False (AmMA Bt fm),
for then

equal (Sn) 0 — equal_aux n (equal n) 0
—» RecCpoo1 False (Am A2t equal n m) 0

— False,
and

equal (Sn) (Sm) — equal_aux n (equal n) (Sm)
—» ReCpoor False (AmMA Bt equal n m) (Sm)

— equal n m.

Sometimes—whenever it does not cause confusion—we will use the notation
t1 = to as an abbreviation of equal t; to.



16 CHAPTER 2. PRELIMINARIES

Theorem 2.5.10 (Primitive recursive functions in AT). All primitive recursive
functions are representable in AT.

Proof. Every primitive recursive function F', except 0 and S, is defined by
exactly one of from the following three schemes:

F(x1, o Xy Ty) = (projr)

)

F(z1,...,2n) = G(Hi(x1,...,20n),...,Hyn(z1,...,2)) (compp)
)
)

F0,21,...,2n) = G(z1,...,2p)
NFES(y),x1,...,xn) = H(F(Y, 21, &n), Y T1, .., Tn) (recr)

where G, H, H1, ..., H,, are previously defined primitive recursive functions.
It should be clear how to represent these in AT. If, for example, G, H are
represented by G,H and F' is defined by (recr), then F is represented by:

F:=Recy G (An"AfHfn). O

Remark 2.5.11. The expressivity of AT is considerably larger than just the
primitive recursive functions. When defining a primitive recursive function
using a recursion axiom, we are only allowed to recurse over the natural
numbers. In AT, Rec, can recurse over any type 7. The following is an
example of a function that is definable in AT but is not primitive recursive:
Let A:N? = N be a function such that

A0,n) = n+1
Am+1,0) = A(m,1)
Am+1,n+1) = A(m,A(m+ 1,n)).

In [33] this is shown not to be primitive recursive; it is a variant of the
Ackermann function. But since we are allowed to recurse over functions of
type N — N, we can easily define this in A\T:

ack := Recy_,y S (A" A" Recy (f (S0))( AN An". fn)).

2.6 Annotated first-order proofs

Proof calculus for mFOL

We will now introduce a proof calculus for mFOL, which we will call MQC—
minimal quantifier calculus. By proof calculus, we basically mean a type
system where the type derivations correspond exactly to the proofs in mFOL.

Definition 2.6.1 (Types of MQC). The types of MQC are the formulas of
mFOL.
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Definition 2.6.2 (Untyped terms of MQC). The untyped terms of MQC are

= z|tu]tn| u]| au
| < w) | mou | mu | wu | L
| tlw,yol | (0 t) | (e 2).u]

t,u,v

where x,y range over an infinite set of A-variables, a over variables of Lg, and
n over terms of Lg.

Definition 2.6.3 (Typing judgments in MQC). An environment, T, in MQC
is a finite set of pairs of distinct A-variables with formulas. It is typically
written on the form I' =z1 : ¢1,..., 25 : ©n.

A typing judgment is a triple of the form I' F u : ¢, and we use it to
mean that there exists a derivation using the typing rules from Figure [2.4] with
I'+wu: ¢ at the root.

Definition 2.6.4 (Reduction rules for MQC). We define the reduction relation
—Mqc as the compatible closure of the following reduction rules:

(Az.u)t —pg, ulzr:=t]

u]
=, ti[ze =]
—3  v[a:=n][z ;= u], for each term n

v (u)zy.t1, z2.t2

(n, u)[(ev, ).

Theorem 2.6.5 (Curry—Howard correspondence). ' b, ror @ iff there is a t
such that I' Fyqc t @ .

(Aau)t —p, ula:=t1]
<u0, > —me U0
<UO, > —m Ul
to(u) [xl t1, za.ta] —,, tolr1i=
]
v
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Nrx:pkFax:p
F'Fu:e T'ov:y I'Fu:eoApr ,
fori=0,1
' (u,v): p A I'Emu: g
T'Fw:p;

fori=0,1
T'Fou:po Vel

TF'Fu:pVvy Tix:plkuwv:0 I'z:BFuv:0
I'F u[z.vg, xzv1] : 0

Fx:pFu:y 'Fu:p—9Y F'Fo:p
F'FXxu:A— 'Cuv:y
FFu:e I'Fu:Va.p(a)
o \Y% is a term o
' dawu: Vap #EVD) ['Fout:pt) et e
' pt)

t is a term of £

'k (tu): Jap(a)

I'Fw:Jap Dx:pkFov:6
' ul(a, )] : 0

a g FV(C) UFV(T)

Figure 2.4: Type inference rules for MQC




Chapter 3

Friedman’s A-translation

In this chapter we will present a proof of the following old theorem by Kreisel
[25]):

Theorem 3.0.6. Peano Arithmetic is a conservative extension of Heyting
Arithmetic over the T19-sentences.

The proof will make use of two techniques that are central to area of classical
program extraction, namely the Gddel-Gentzen double negation translation
and Friedman’s A-translation.

The theorem has the following corollary, which gives the main motivation
to why we want to examine the computational content of classical proofs:

Corollary 3.0.7. A recursive function is provably total in Peano Arithmetic
if and only if it is provably total in Heyting Arithmetic.

This tells us, that any classical proof of totality of a recursive function can
be converted to an intuitionistic proof, and therefore the classical proof must
be constructive, and have computational content in some sense.

3.1 The arithmetics PA and HA

We formalize arithmetic as natural deduction systems. Firstly, we have to fix
the signature of the language. Notice that we assume to have the concept of
primitive recursive relations defined in our meta-language.

Definition 3.1.1 (Signature of arithmetic). Let
S§={0,S,=} U{P | P is a primitive recursive relation}

where 0 is a nullary function symbol, S is a unary function symbol, = is a
binary relation symbol, and P is an n-ary relation symbol, if P is an n-ary
primitive recursive relation.

19
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Then the language £ = Lg consists of all formulas of arithmetic. We will
use this language for iFOL and cFOL.

Notation 3.1.2. We will write ' 7 o if ' ¢ in iFOL, and ' ¢ @ if ' ¢ in
cFOL.

Definition 3.1.3 (The Peano axioms). Let €2 be the (countable) set of formulas
consisting of the universal closures of the following formulas.

Axioms for equality:
(refl): a =«
(trans): a=pAB=7y—>a=7
(congp): a; =) = (Plag,...,a4,...,an) = Ploq, ..., .., 00))
for every n-ary P and 1 <i<mn
(congs) a=p— Sa=Sp
Axioms for successor:
(succi): —(Sa=0)
(succy): Sa=SB—=a=p
Induction axiom schema:
(ind):  ¢(0) AVa.(p(a) = p(Sa)) = YVa.p(a)
for every formula ¢(«)
Defining axioms:
(succp): P(a,Sa)
(constp): P(ai,...,an,S™0)
(projp): Plaa,... ... ,0p, ;)
(COmpp): Rl(ala <oy O, Bl) ARRRNA Rm(alv cey anyﬁm)
/\Q(,Bl,- ooy Bmsy) = Ploa, ... am, )
(recp): (Q(a1,...,an,B) = P(0,aq,...,an,3))
AN(P(y,a1,. .., an,0) AR(0, B, 01, ..., 0, €)
— P(Sv,aq,...,ap,¢))

These are the Peano axioms.

Definition 3.1.4 (Peano arithmetic and Heyting arithmetic). We say that a
formula ¢ is derivable in Peano arithmetic, and write Fpa ¢, if there is a finite
subset I' C,, €2 of the Peano axioms such that I' ¢ (. Similarly, we say that
@ is derivable in Heyting arithmetic, Fpa, if I' k7 ¢ for some I C,, Q.

3.2 Double-negation translation

We first define the double-negation translation of formulas. It was invented
independently by Godel and Gentzen in the early thirties [15,/18].
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Definition 3.2.1 (Double-negation translation). Let ¢ be a formula. Define
the double-negation translation o~ of ¢ as follows:

17=1
P~ := P, where P # 1 is atomic
(e V)™ i=—=(p” ViT)

(P AY)” =9 AYT
(P=9) = =9
(Vo)™ = Va.p
(Fa.p)™ == —Ja.p

So ™ is the result of double-negating all atomic, disjunctive and existential
subformulas of .

Lemma 3.2.2 (Properties of double-negation translation). Let ¢ be a formula,
T a set of formulas, and T~ = {¢~ | ¢ € T'}.

1. Foep+ e,
2. 7—p~ kT,
3. If T' ko p, then T~ b1 ¢~ (this justifies calling it a translation).

Proof. 1. We need to show that ¢ F¢ ¢~ and ¢~ k¢ ¢ for any formula
. This is done by induction on the complexity of ¢, and we only have
to consider the atomic, disjunctive, and existential cases. We show the
atomic case, the rest are similar. For P - —=—P we have the derivation

-P* P
L
_|_|P

X
and for the case =——P ¢ P we have

——P - P

L
PV-oP P P
P

X

2. This is also an easy induction. We show just the atomic case, where we
need - F; ——e:

.y =

x
——P
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3. We show this by induction on the depth of the derivation I' F¢ . Most
of the rules are trivial, those are the rules that iFOL and cFOL have in
common. See for example implication elimination:

Fv@ l_C w becomes Fivgpi l_[ ¢7
F'tco—9 ™ kFre™ =97

So we have only the excluded middle rule left. We will only have to
show that F; ==(¢ V =p) for any formula ¢, it will then follow that
'k —=(¢~ V=p~). We show this with the following derivation:

e
(V)  pV-op
L
(e V —p)* oV
1L
_— X
== (@ V )

Observation 3.2.3. In general not ¢ by ™.

This can be shown with a counter-example. One such is =Va.P(«) t/;
—Va.—=P(«), which can be shown using Kripke semantics.

3.3 A-translation

The A-translation was introduced by H. Friedman in [14] to give a simple proof
of Kreisel’s theorem. The A in the name stems from the name Friedman used
for the arbitrary formula that is inserted via the translation.

Definition 3.3.1 (A-translation). Let ¢ and A be formulas such that no
bound variable of ¢ is free in A. We define the A-translation ¢4 of ¢ as
follows:

14:=4
PA:= PV A, where P # L is atomic
(pA)t =t Ay?
(pvi)ti=ptvys
(p =)= = ¢4
)
)
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So @# is the result of substituting all atomic subformulas P with PV A,
and replacing any | with A. Note that (-P)4 = PV A — A.

Lemma 3.3.2 (Properties of the A-translation). Let ¢ be a formula, T a
set of formulas and A a formula such that * and T4 are defined, where

M= {y* |y er}.
1.l VA
2. Al ot
3. IfTFr @, then TA Fy oA
4. In general not o Fj <,0A

Proof. 1. We have to show that o4 Fo oV A and ¢ V A Fo oA, This
is easily done by induction on the complexity of ¢. We illustrate by
showing one case, that of (o A1)V A kg o? Ay

© Y A® A

oVA  YVA VA @V A

IH IH IH IH

o P4 o P4

(b AY)V A et A AL
SOA/\lﬁA

2. This is a straight-forward induction on the complexity of .

3. This is done by induction on the depth of the derivation of I" F; ¢. For
the ex falso quodlibet rule, the induction hypothesis is that T'4 ;7 A, but
from 2 we have A 1 4, this together gives us ' 7 4. As for the rest
of the rules, they are quite simple. Here is the implication introduction

case: =
M becomes }A : <p7A7I: @ZAf
T'Fp—vy I‘Al—goAész

The rest of the rules without quantifiers are similarly obvious. For the
quantifier rules, we have to take care of variable bindings. Here existential

introduction:
'+ =t . T
—Traao f[;r =1 becomes I'dF Ao :=1] 5
@ I Ja.p !
because (¢[a = 1)) = o =] and (3a.p)? = Ja.p?
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Observation 3.3.3. In general not ¢ by 4.

A counter-example for this is == A I/, (=—=A)A.

3.4 The proof

We know from Observation and Observation that it does not always
hold that ¢ 7 ¢~ or ¢ k7 p?. But in some cases it does hold, and these are
the cases where the A-translation proof method is applicable. In our case, this
is HA. We first observe some easy cases:

Observation 3.4.1. If ¢ is on one of the forms
o P,
e PAQ,
e PPAN---ANP, —Q, or
e (PL—= P) A (Qi1AQ2— Q3),

where P, Py, ..., Py, Q,Q1,Q2,Q3 are atomic formulas, then ¢ F; ¢~ and
A
o b1 e

This leads us to the following interesting lemma:s:
Lemma 3.4.2. Let ¢ be a Peano axiom. Then Fya o~ and Fya goA.

Proof. Every axiom, except the induction axiom, is on one of the shapes from
Observation So we only need to check the induction axiom: Let ¢ be an
instance of the induction axiom:

p = P(0) AVa(P(a) = P(S(a))) = Vay(a),

for some formula (). Now:

=1~ (0) AVa(y™ () = ¢ (S(a))) = Vo™ (a),
= $4(0) AVa (i (a) = ¥ (S(a))) = Yay?(a),
which are themselves axioms of HA. ]

Corollary 3.4.3. Let ¢ and A be formulas.
1. IfFpa @, then Fua =5
2. If Fua @ and 4 is defined, then Fya ©*.
Proof. 1. Let T be the axioms used in the derivation Fpa .

l'rep = I' Fro~ = Fpap .
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2. Let I" be the axioms used in the derivation Fpya ¢.

Pl—](p — PAl—[gOA :>|—H/_\QOA.

Definition 3.4.4 (13-, X{-formulas). A X{-formula is of the form
Jag - Jap.p(ag, ..., ap),
where ¢ is quantifier-free. If 1 is a X9-formula, then
Vag - - -Vag.p(al, ..., an),
is called a I19-formula.
We will use the following fact to simplify the ©9-formulas:

Lemma 3.4.5. For any quantifier-free formula o(au, ..., o), there is a prim-
itive recursive relation P(aq, ..., ay) such that

Fua cp(al,...,an) 4 P(Oél,. . .,Oén).

Thus, whenever we talk about a Z?-formula, we only need to consider the
ones of the form Ja.P(w).

Lemma 3.4.6. If p is a X\-formula, then - o oV A.

Proof. Firstly, one can check that

Ja.(¢ V) <> Ja.p VU,

whenever o ¢ FV(¢)). Let now Ja.P(a) be a ¥9-formula. Then
(3a.P(a))? = 3a.(P(a) V A),

and so
Fr (3a.P(a)? < JaP(a) V A.

Proof of Theorem [3.0.6

We need to show that Fpa ¢ if and only if Fya ¢ for any I9-sentence ¢. It
is sufficient to show that Fpa ¢ if and only if Fya ¢ for any E?-formula, for
whenever we have a X{-formula op(ay,...,a,) for which Fya p(ai,..., o)
holds, we can apply n universal quantifier introduction rules to close it, in
order to get a proof of the Hg—sentence Fua Vaq - - Vag.o(ar, ..., an),
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Let 3a.P(a) be a given YY-formula, and set A := Ja.P(a). Assume that
Fpa A. We first do a double-negation translation, and get Fya ——A. By
A-translation, we get Fya (-—A)4. But

(——A)A = (A1 = A) — A,
and since Fya A4 <> AV A < A, and so Fuya AY — A, we get
}_HA (—\—|A)A — A

Therefore we can conclude Fya A, as wanted.



Chapter 4

Control operators

The A-calculus has for a long time been seen as a natural basis for programming
languages, and has thus been used as a meta-language to describe features
in programming languages at least since Landin used it to study the features
of ALGOL 60 [27]. Since the A-calculus is purely functional it cannot be used
to describe the jumps and labels of ALGOL 60, and therefore Landin had
to extend the calculus with the non-functional operator J, an example of a
control operator—an operator that behaves in a non-local way in order to
change the control flow of the program execution. Control operators have since
been introduced to functional programming languages. The Scheme dialects,
e.g., have control operators equal in power to J, namely catch and throw [3§]
and call-with-current-continuation (call/cc) [35]. According to Talcott, the
advantage of using control operators is that they “provide a way of pruning
unnecessary computation and allow certain computations to be expressed by
more compact and conceptually manageable programs.” [40].

It was later discovered by Griffin [20] that adding control operators to
typed A-calculi corresponds, via the Curry—Howard correspondence, to adding
classical reasoning to the logic. He did this by observing that Felleisen’s
extension of the A\-calculus with control operators [13] could be typed in such a
way that the types of the control operators corresponded to ex falso quodlibet
and double negation elimination.

In this chapter we will first introduce the system Ay by Parigot [30] which
is an extension to simply typed A-calculus which by means of adding the
p-operator makes it possible to define call/cc and catch-throw, and with which
it is possible to define terms with types that are not otherwise allowed in
intuitionistic systems, e.g. Peirce’s law. Secondly, in order to get closer to a
“real” programming language, we will introduce the AuT-calculus by Geuvers,
Krebbers and McKinna [16] which is an extension of the Au-calculus adding
the natural numbers as a primitive datatype with a primitive recursor in the
style of Godel’s system T.

27
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TFx:0;AFt: T

Fx:mAF27
AR XN t:0— T
AFt:o— T Ak s:o iAja:7HE: L
I"Abts: T AR pa™ k7

iAa:7HE:T
Aja:7H[alt: L

Figure 4.1: Typing rules for Ay

4.1 The system A\

In 1992 M. Parigot [30] introduced the Ap-calculus as a way of extending
the Curry—Howard correspondence to classical proofs, by way of adding the
control operator u to the simply typed lambda calculus. Together with the
control operator we also introduce a special kind of variables, the p-variables or
addresses. Therefore, the environments in Ay will be bipartite; an environment
will consist of a set I' of A-variables together with types as usual, and a set A
of p-variables together with types.

Definition 4.1.1 (Terms of Ap). The terms of Ay are defined inductively
over an infinite set of A-variables (z,y, z,...) and an infinite set of p-variables
(a,b,c,...) as follows

t,su=a | Aa".t | ts | pa” .k
k= lalt

Here, T ranges over simple types as defined in Definition

Definition 4.1.2 (Free variables). We let FV(¢) denote the set of free A-
variables in ¢, while FCV(t) denotes the set of free p-variables.

Definition 4.1.3 (Typing judgments in Au). The types of Ay are the same
as those in A_, (Definition [2.4.1), with an extra atomic type L (read bottom).
A typing judgment I'; A ¢ : p is derivable in Ay if there is a derivation tree
that uses the rules of Figure with I'; At : p as the conclusion.

Notice that the first three rules in Figure [4.1] are the same as the rules of
A (Figure [2.2). The two new rules are known as, respectively, activate and
passivate.

Example 4.1.4. In A we can inhabit the type of the non-intuitionistic Peirce’s
law ((p — q) — p) — p. We get the term

peirce := Az PV 7P P [a]z(\2P pub?.[a)2)

by the following derivation:
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[a]z : L
pbl.lalz : q
z:(p—q)—p A2Pub?.a)z :p — q
x(A2Publ.lalz) : p
(e 0P fa]2) : L
paP [a]z(A2Ppb? [a]z) : p
AP D= paP [a]z (AP b [a]2) < ((p— q) = p) = p

Theorem 4.1.5. The strength of Au is exactly minimal classical propositional
logic. Le.,

I' F ¢ in minimal classical logic
<~

there is some term t in Ay such that T;0 =t : .

A proof of this can be found in [24].

Reduction in A\

In order to define the reduction rules we need to introduce a new notion of
substitution, namely structural substitution.

Definition 4.1.6 (Call-by-name contexts). A call-by-name evaluation context
is defined as

E =0 Et,
where t ranges over terms.
Definition 4.1.7 (Structural substitution). Let ¢ be a Au-term, and let a, b be

u-variables and E a call-by-name evaluation context. We define the structural
substitution ta := bE] of b and E for a by induction as follows:

(Ax.t) :
(ts)[a := bE] := tla := bE]s[a := bE]
(na.k) pa.k
(ne.k)[a :== bE] := pc.kla :=bE] ifc#a
)
)
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Definition 4.1.8 (Reduction). We define the reduction relation — on Au as
the compatible closure of the following rules:

(Az.t)s —pg tlr:= 3]

(pa.k)t —ur pa.kla:=a(0t)]
pa.lalt —,, t ifa g FCV(t)
lalpb.k —,, kb= a0

Definition 4.1.9 (Catch and throw). We define the terms catch, t and
throw, t as follows:

catch, t := pa.[a]t
throw, t := pb.[a]t where b & FCV([alt)

Lemma 4.1.10. The terms catch and throw behaves as follows, where E is
a call-by-name contert:

1. Elthrow, t] — throw, t,

2. catch, (throw, t) — catch, t
3. catchy t - t if a € FCV(t)

4. throw, (throw, t) — throw, t

Proof. For the first reduction, do an induction on the structure of E. The rest
follows directly from the definitions and the reduction rules. O

The Au-calculus satisfies the main meta-theoretical theorems:
Theorem 4.1.11. Ay is confluent.
Proof. A proof can be found in [24]. O
Theorem 4.1.12. Ay satisfies subject reduction.
Proof. A proof can be found in [24]. O
Theorem 4.1.13. Ay is strongly normalizing.

Proof. This is proven in [31]. O
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Fx:o;Abt:T

Fx:mAF 27
AR XMt:0— T
ARt:o—> 71 AR s:o Aja:7HE: L
I'Abts: T AR pa™ ko r

iAja:7HE: T

iAja:7H[a]t: L

IARE:N

I'ARSt:N

'AbRt:T 'Abs:N—71—71 IAERr:N
I'"A+-Rec,tsr:r

IARFO:N

Figure 4.2: Typing rules for AT

4.2 The system \uT

The ApT-calculus arises from the Ap-calculus in the same way that the AT-
calculus arises from the A_,-calculus, namely by “hard-coding” the natural
numbers into the system by adding an atomic type N, primitive terms 0 : N
and S : N — N, and a recursor Rec.

Definition 4.2.1 (Terms of AuT). The terms of AuT are defined inductively
over an infinite set of A-variables (z, vy, z,...) and an infinite set of p-variables
(a,b,c,...) as follows:

t,s,r=x| X"t |ts|pa”.k |0 |St|Rec, t s
k= [a]t

Here, 7 ranges over AT-types, as defined in Definition m

Definition 4.2.2 (Free variables). As in Ay, we let FV(¢) and FCV(t) denote
the sets of free A-variables and u-variables, respectively.

We define substitution t[x := s| in the obvious way, such that it is capture
avoiding for both A- and p-variables.

Definition 4.2.3 (Typing judgments in AuT). A typing judgment I'; A ¢ : p
is derivable in AuT if there is a derivation tree that uses the rules of Figure
with I'; A F ¢ : p as the conclusion, and similarly, a typing judgment T'; A+ k : L
is derivable in AuT in case it is the conclusion of such a derivation tree.

Lemma 4.2.4. Typing judgments in \uT are closed under weakening of the
environment, i.e., if L CT/, ACA/, and ;A t:7, thenT/; A+t 7
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Proof. By easy induction on the depth of the derivation. O

When we work with numerals, we will abbreviate them as n := S™0.
In order to define reduction in AuT we will first need the concepts of
contexts and structural substitution.

Definition 4.2.5 (Contexts). We define the AuT -contexts as follows:
E:=0|Et|SE|RectsE,
Such a context is singular if the depth of the OJ is exactly one, i.e.:
E®:=0t|SO|Rect s .

Definition 4.2.6 (Context substitution, composition). Given a context E
and a term ¢, we define E[s] as follows:

O[s] :==s
(Et)[s] := E[s]t
(SE)[s] :== SE|[s]
(Rec t s E)[s] :=Rec t s El[s]

Given two contexts F and F, we define their composition EF' thus:
OF :=F
(Et)F := (EF)t
(SE)F :=S(EF)
(Rect s E)F :=Rect s (EF)

Definition 4.2.7 (Structural substitution). We define the structural substi-

tution tla := bE] of a p-variable b and a context E for a u-variable a as
follows:
zla:=bE] ==z
(Ax.t)[a := bE] := Ax.t[a := DE]
(ts)la := bE] := t[a := bE]s[a := bE]
Ola :=bE]:=0
(St)[a := bE] := S(t[a := bE])
(Rec t s r)[a := bE] := Rec (t[a := bE]) (s[a := bE]) (r[a := bE)])
(uc.k)[a :== bE] := pc.kla := bE)]
([a]t)[a := bE] := [b]E[t[a := DE]]
([c]t)[a := bE] := [c|tla == bE] ifc#a

We are now ready to define the reduction rules of AuT.
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Definition 4.2.8 (Reduction rules of AuT). We define the reduction relation
— as the compatible closure of the following rules:

(Azt)s —p  tlr =5

S(pa.k) —us  pa.kla:=a (SO)]
(pa.k)t —,r pakla:=a (Ot)]
pa.lalt —u, t ifa g FCV(t)
lalpb.k —  k[b:=a O]

Rects0 —¢ ¢t
Rect s (Sn) —s sn (Rectsn)
Rect s (pa.k) —,n pakla:=a (Rect s O)]

The A\uT-calculus fulfills the following important meta-theorems, proofs
for all of which can be found in [16].

Theorem 4.2.9 (Subject reduction). The AuT-calculus satisfies subject re-
duction, i.e., if D;AFt:7 andt —t', then ;AR 7.

Theorem 4.2.10 (Confluence). The reduction relation — is confluent, i.e.,
if t1 = to and t1 — t3, then there is a term tq such that to — t4 and t3 — t4.

Theorem 4.2.11 (Strong normalization). AuT is strongly normalizing: If
I ARt o, then there is no infinite reduction chain

U=Up —> U2 —> U3 — -






Chapter 5

Arithmetic with exceptions:
HA + EM;

In this chapter we present Aschieri and Berardi’s system HA + EM; [6], and
show its strong normalization, using a new proof method by Aschieri |3]. The
system is an extension of Heyting arithmetic with a restricted version of the
law of the excluded middle, EM;, which allows us to use in our proofs all
disjunctions of the form VYoa.P(«a) V Ja.—P(«a), where P is an atomic formula.

There are multiple reasons for choosing the restricted version EM;. In
contrast to the full EM, the truth of EM; can be computed in the limit, in the
sense of Gold [19]. Every time an instance P(n) of the hypothesis Ya.P(n)
is used, it can effectively be checked whether this instance is true or not. If
it is not, then we are immediately provided with a witness for the truth of
Ja.—P(a).

Furthermore, many important classical theorems of mathematics can be
proved with only EM; [1}/10].

5.1 Post rules

Since we will describe a mathematical theory we need an atomic language and
non-logical axioms. The computations that we are interested in are not the
ones that happen at the atomic level, so therefore we will not bother with
actually describing it. Instead, we will use Post rules as in [34] to cover up the
computations happening at the atomic level, in order to simplify the low-level
reasoning.

Definition 5.1.1. A Post rule is an inference rule of the form

Pr. Py .- Py
Q

35
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where Py, Po,...,P,, Q are atomic formulas, such that for every substitution
o= [aq == ny, 0 == na,...,af := ng|, Pro = -+ = P,o = True implies
Qo = True.

Since we work in arithmetic, we will assume there to be Post rules for every
purely universal arithmetical fact that holds in the standard model of PA, i.e.
facts of the form

VE(PL(T) A+ A Pa(@) > Q(&)),

where P;, ) are atomic formulas. This includes all the Peano axioms except
for the induction axiom scheme. We have, for example, the axioms of equality:

) edltut)  eq(tts)
trans
eq(t:1) eq(t1,t3) (irans)
eq(tl,tg) P[Oz = tl] (COH )
Pla := to] &P
And the Peano axioms for the successor:
eq(Sty, Sta) eq(0, St)
eqltr. 1) (sucey) T (succa)
where L is the false relation, for which we have the ex falso Post rule
L
P

This rule is what makes our system intuitionistic, by making the ex falso rule
admissible to the system.

Also, we have Post rules for all defining axioms of each primitive recursive
relation, e.g.

add(tl, to, tg)
add(t, Sta, St3)

add(t,0, 1)

mu|t(t1,t2,t3) add(t1,t3,t4)
mult(tl, Sto, t4)

mult(¢,0,0)

A trick that we will make use of below is to weaken a Post rule. Given a rule

P P, -+ Py
Q
it can be useful to add an irrelevant premise, such that it becomes
P Pa e Pn S
Q

The reason for using Post rules is that we then do not have to bother with
low-level reasoning and computation. The idea is, that whenever a Post rule is
used in a proof, it could be replaced by a computation in a simple programming
language, like AT.
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5.2 HA

We can now definasdfe the first-order system of Heyting arithmetic, HA, which
will be used as the basis on which we can add classical reasoning.
To start with, we formally fix the language.

Definition 5.2.1 (Variables). We have two different types of variables:
e Numerical variables, «, 3, , representing natural numbers.

e Proof term variables, x,y, 2z, which correspond to the usual lambda
calculus variables.

Definition 5.2.2 (Formulas of HA). We define the language £ of HA.

1. The terms in L:
t,r:=0]|St|a

where a ranges over numerical variables. A numeral is a closed term,
i.e., a term of the form S---S0.

2. There is an atomic formula P(¢y,...,t,) for each primitive recursive
relation P C N™. If P() is a closed atomic formula, i.e., all t; are
numerals, then we can write either P(#) = True or P(#) = False if t € P
or t ¢ P, respectively.

3. The formulas, @, 1,0, are built from atomic formulas by the connectives
V, A, —,V, 3 as usual, with quantifiers ranging over numeric variables

a, B, ...

The negation of an atomic formula P (f) is defined as the atomic formula
representing the complementing primitive recursive relation N \ P, while the
negation of a non-atomic formula —¢p is defined in the usual way as p — L,
where L is the atom representing the empty relation. Notice that negation of
atoms is an involution: (P+)+ =P.

Definition 5.2.3 (Free variables). Given a formula ¢, the set FV(y) is defined
as the set of numerical variables occurring in ¢ that are not bound by any
quantifiers.

Definition 5.2.4 (Capture avoiding substitution in formulas of HA). Let ¢,r
be terms of £ and « a numerical variable. We firstly define r[a := t], r with ¢
substituted for «, recursively on r as follows:

e Ola:=1t]:=0,
o (Sr)[a:=t] :=Sr[a:=1],
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o Bla:=t] = p.

Let now ¢ be any formula. We define ¢ with ¢ substituted for a, p[a := t],
recursively on ¢ as follows:

o P(t1,....tn)|a =1 = P(tila =1], ..., tfa = 1]),

oV )a=1] = pla= 1Vl =1,

e Ao = 1] == pla == 1] Apla = 1],

Definition 5.2.5 (Proof terms of HA). The untyped proof terms in HA are
the following:

u,v,w = x|uv|un|Axu|lu
| (u,v) | mou | mu | tou | t1u
| o, yw] | (n,u) | ul(er2)0]
|

Recuvn|ruy - up

where z,y range over proof term variables and n over L£-terms. The term r
will be used to represent usages of Post rules.

Definition 5.2.6 (Capture avoiding substitution in terms of HA). We define
two notions of capture free substitution in terms of HA: Let u, v be terms of
HA, t a term of £, a a numerical variable and = a A-variable. We define the
notions u[z := v] and uf[a := t] in the standard way.

Definition 5.2.7 (Typing judgments in HA). An environment, I, in HA is a
finite set of pairs of distinct A-variables and types. It is typically written on
the form I' = x1 : p1,...,Zn : ©n.

A typing judgment is a triple of the form I' F u : ¢, and we use it to
mean that there exists a derivation using the typing rules from Figure with
I'Fw: ¢ at the root.

The following lemma tells us that we can encode any quantifier-free formula
into an atom, if we wish.

Lemma 5.2.8. Let ¢ be a quantifier-free formula. There is an atomic formula
P such that - ¢ <> P.
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Axioms:
Dx:pkax:p
Conjunction:
F'Fu:ep 'Fov:y F'Fu:pAy F'Fu:pAy
' (u,v) : o A ' mou: @ I'Fmu:vy
Implication:
z:pkFu:y T'Fu:p— I'Fov:p
F'Flxu:p—>vY 'Fuv:y
Disjunction:
T'Fu:p T'Fu:vy
I'Fwu:pVy 'Fuu:pVvay

T'Fu:pVvy Fx:plkuv 0 Fx:ylFovy:6
I'F [z, 209 : 0

Universal quantification:

F'Fu:e I'Fu:Va.p(a)
I'FXawu: Va.p I'Fut:ot)

where t is any term of £ and « does not occur free in any formula in T

Existential quantification:

CFu:pla:=t] I'kw:Jap Mx:AkFwv:0
'k (t,u): Jap I'Ful(a,z).v] : 0

where t is a term of £ and « is not free in 6 nor in any formula in T'.

Induction:
I'Fu:e(0) I'Fov:Vap(a) = ¢(Sa)
I'FRecuvt: o(t)

where t is any term of L.

Post rules:

Fl—ulzpl FI_UQZPQ Fl—unPn
I'truuy - up: Q
where Pq, ..., P,, Q are atomic formulas and the rule is a Post rule in arithmetic.

If there are no premises to the rule, we will write True instead of r.

Figure 5.1: Typing rules for HA
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Proof. The proof is by induction on the complexity of ¢. By definition, the
atomic case is trivial. For ¢ A 9, there are primitive recursive relations Py, Pa
corresponding to ¢ and 1) respectively. Define P as the primitive recursive
relation that is true whenever both P; and Py are true. Similarly with V. For
@ — 1, define P as the relation that is true when Ps is true, or when P; is
false. O

Reduction for HA

Definition 5.2.9 (Reduction rules for HA). We define the reduction relation
—na as the compatible closure of the following reduction rules:

(Azu)t —p,  ulz:i=t]

(Aau)t —p,  ula:=t]
mo (U0, u1) —my U0

Lo(u) [xl tl, T9.to 0 to[.ro = u]
v(u)lzrt, zets] —, bz =1
(n, u)[(a, z).v]  —3 v[a := n|[x := u], for each numeral n
Recuv 0 —pec, u
Rec u v (Sn) —pec, v n (Rec uvn)

t
1)
<u07 > —m u1
]
]
vl

The following lemma tells us that the logic is indeed intuitionistic.

Lemma 5.2.10 (Ex falso quodlibet). There exist a term efq, for any formula
© such that
Fefq,: L — .

Proof. We show this by induction on the complexity of the formula .
e p = P (atomic): Since we have the Post rule

L

P

for any atomic formula P we have the following derivation:

r:lbFx: L
r:lbrx:P
FXxrz: L —P

so efqp := Azr.rz.
o ¢ =11 Nho: Let efqy py, = Av (efq,, 7,efq,, ), for

z:ltefqy x:¢; z:lbefqy v

x: L (efqy =,efq,, ) : 1 A
= Az (efqy, z,efq,, ) 1 L — Y1 Ao
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® o =11 — Py: Let efqy _,,, = AzAyefqy, z, for

Ly efqy, v
z: L Ayefqy, z: ¢ — 1o
EAzAyefqy, x: L — Y1 — by

® © =Var: Similarly, let efqy,, = AzAaefq, .
o =11 Vi Let efq, = Az o(efqy, z):

z:LlFefqyz:i
x: LF(efqy )PV
Az o(efqy, @) @ L — b1 Vi

e p=3Jay: Let efqy,,, = Az (0, efqy,.—g2):

z:LFefqy_q : Yo :=0]
z:LF(0,efqy.—q) : Jatp
F Az (0, efqy %) : L — Jatp

5.3 HA+EM;

The system HA + EM;, introduced by Aschieri, Berardi and Birolo in [6],
arises from HA by adding a limited amount of classical reasoning, namely the
EM;-rule, the law of excluded middle restricted to I19-formulas. Often, one
sees the law of excluded middle defined as a rule of the form

eV e
But since this classical axiom does not contain any computational content by

itself, we will instead combine it with the disjunction elimination rule to obtain
an elimination rule of the form

[Pl [yl

VI
v

Since we will only consider the restricted EM;-rule, we can instead of ¢ and
- consider the formulas Ya.P(a) and Ja.P+(a). Because of Lemma [5.2.8| we
can restrict ourselves to formulas of the form Va.P(«) instead of Va.p(a) with
quantifier free .
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The informal computational intuition behind this proof rule is roughly the
following: We start by assuming the truth of Va.P(«), and then each time
we need the truth of an instance P(n) of the assumption, we check whether
it is true or not; if it is true, then we continue, if it is not, we have found a
witness for 3a.P+(a) which we can then fill in in the right-hand-side of the
proof. The crucial observation is then that we will only ever need a finite
number of instances of Va.P(«) to prove ¢.

Definition 5.3.1 (Variables in HA+EM;). We will operate with three different
types of variables:

e Numerical variables, a, 3, , to represent natural numbers.
e Proof term variables, x, y, z, that act like usual lambda calculus variables.

e Hypothesis variables, a, b, ¢, which act as addresses to refer to uses of
EM; hypotheses.

Definition 5.3.2 (Formulas of HA + EM;). The atomic language and the
formulas of HA 4+ EM; are the same as for HA, see Definition [5.2.2)

The proof terms of HA + EM; are similar to those of HA, except we add
terms to take care of EM; hypotheses.

Definition 5.3.3 (Proof terms of HA 4+ EM;). The untyped proof terms are
the following:

u,v,wa=x | uw |um | Axu | Adau | (u,v) | mou | mu | ou | 1w

| ulz.v,yaw] | (myu) | ul(a,2)0] |u oo | HP

\WEQ'PL(O‘) |Recuvm|ruy...uy

where x,y range over proof term variables, a over hypothesis variables and m
over L-terms. In terms of the form u ||, v we assume that a only occurs free in
u in subterms of the form Hza'P(a), and in v in subterms of the form wﬁ“'PL("‘).
If r occurs as a subterm without any accompanying u’s, we will instead write

True.

Definition 5.3.4 (Capture avoiding substitution, witness substitution). We
define the substitutions u[a := t] and u[z := v] like in HA. We also define
witness substitution: Let u be a term and n a numeral. Define ula := n]
as the term obtained from replacing each subterm wi‘“"’“a) by (n,True) if
PL(n) = True (i.e. if n is a valid witness for the existential statement), and by
(n, voueq(a.0) S0) otherwise.
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Axioms:
;A a: Va.Pla) FH*P@  va.P(a)
1
;A a: 3a.Pr(a) - WPl Ja.P(a)

EM1:

A a:Va.PlFu:p A a:3aPtlv:p
AR ul|gv:e

Figure 5.2: Typing rules for EM;

Definition 5.3.5 (Typing judgments of HA+EM;). Environments in HA+EM;
are bipartite: They consist of a set I' similar to the environments from HA
consisting of A-variables and types, and then a set A with pairs of hypothesis
variables and formulas. We write I'; A where I' = z1 : ¢1,...,%, : ¢, and
A:alzwl,...,am:wm.

We write the typing judgment I'; A F u : ¢ where I'; A is an environment,
u a HA + EM;-term and ¢ a formula, to mean that there is a derivation using
the typing rules from Figure (where the content of A is irrelevant) and
from Figure [5.2

Definition 5.3.6 (Free variables). We define FV(u) to be the set of free
A-variables in u, FNV(u) to be the set of free numeric variables and FCV (u)
to be the set of free hypothesis-variables in u, where a hypothesis variable a is

1
said to be free if there is a subterm of the form HZa'P(a) or wia'P () not in the
scope of 4.
€1
The free numeric variables of HZQ'P(O‘) and wia'P (a) are the free numeric

variables of P minus a.
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Reduction for HA + EM;

Definition 5.3.7 (Reduction rules for HA + EM;). We define the reduction
relation —Ha+Em, as the compatible closure of the following reduction rules:

(Az.u)t =8 u[gj = t]
(Aa.u)t —pg, ula =t
mo (U0, u1)  —mg o
<U0, > —m Uul
(LOu)[@“O Vo, T1.01]  —y volxo 1= ul
(u)[ro.vo, T1.01] =4 vi]zy = ul
(n,u)[(e, 2).v] =3 v[a := n][x := u], for each numeral n

Rec u v0 —pec, u
Rec u v (Sn) —Rec, vn(Rec uvn)
(U lla vV)w —perm, uw [|q vw
Ti(u [|a ) —perm, il |la TV
(u|[q v)[zwr, yws] —perm,  u[r.wi,y.ws) ||lo vizwr, y.ws)]
(ufla v)[(e, ). w]  —perm, ul(e, x).w] [la v[(er, z).w]

HyP@) —Em,, T, if P(n) = True
ullav —Em,, u, if a does not occur free in u
ullav —Em,, v, if a does not occur free in v
ullav —em,, vla:=n], if HY*P(@) p oceurs in u

and P(n) = False

Definition 5.3.8 (Normal forms). Define NF to be the set of all proof terms
in normal form, and SN to be the set of strongly normalizing proof terms. We

say that a term is in Post normal form if it is recursively built up with r and

Va.P(a)

Hy n, where n is a numeral, as follows:

pu=rp---p| HZO"P(O‘) n.

A term in Post normal form represents a derivation that only consists of Post
rules and instances of a universal hypothesis. We use PNF to refer to the set
of terms in Post normal form.

Ezxample 5.3.9. We will see how we can perform proofs by contradiction in this
system. Classically, we are used to be able to reason like this:

I'VaPtF L
I'3aP

In the current system, we can do this with the following derivation:

F,a:VaPJ‘I—equQP:LﬁﬂozP Ia:VaPtFu: L
I'ya:VYaPt Fefqg, pu:JaP Fya:3aPFwleP: 3aP
'k efqg,ptlle W27 : 3aP
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Axioms:
;A a:Va.P(a) FH*P@ : Va.P(a)
T; A, a: 3o.P(a) F WP @ : 34 PL(a)

EM]:

A a:VaP(a) Fu: g ;A a: 3aPt(a)Fv:p
iAFulv:gp

Figure 5.3: Typing rules for EM]

5.4 The system HA + EM]

In order to show strong normalization of HA + EM;, we will introduce the
system HA + EM7] of 3] which is a very slight alteration of HA + EM;, and
the strong normalization of HA + EM] will imply the strong normalization of
HA + EM;. The only difference in the terms are that we discard the hypothesis
variables in the terms that has to do with EM;.

The method we use to show strong normalization of HA + EM] is Aschieri’s
[3] adaption of the strong normalization proofs of A_, and System F in [17],
that uses the idea of an abstract notion called reducibility, originally due to
Tait [39].

Definition 5.4.1 (Proof terms of HA 4+ EM7). The terms of HA + EM7 are
given by the following grammar

tu,v = [ tu | tm | Azu | Adaw | (t,u) | mou | miu | o(w) | t1(u)

| tlz.au,yo] | (m,t) | (o, )] | ul v | gve-P(a)

1
| WP | Recuvm | £ty ...ty
where x,y range over proof term variables and m over L-terms.

Definition 5.4.2 (Typing judgments of HA+EMY). Environments in HA+EM]
are like in HA 4+ EM;. We write the typing judgment I'; A - u : ¢ where I'; A
is an environment, u a HA + EMj-term and ¢ a formula, to mean that there is
a derivation using the typing rules from Figure [5.1] and from Figure [5.3

Definition 5.4.3 (Reduction rules for HA + EM7). The reduction rules for
HA + EM] are almost the same as for HA + EM;. We will only change the
EM;-reduction rules:

gve-P(a) 4, ~gvy, True, if P(n) = True

ullv “EME, U
ullv “EMY, U

4
WP (@) ~emi, (n,True), for every numeral n
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Let ~» be the compatible closure of the HA reduction rules, the permutation
rules, and the above four rules. We use ~* to refer to the transitive closure
and ~~* to refer to the reflexive-transitive closure.

Since ~>EMZ, Spans every natural number, the reduction trees in HA + EM7
will not necessarily be finite (because there will be w choices for each EM7,-
reduction), but they will still be well-founded, in the sense that they will have no
infinite branches. To terms in SN we will assign an ordinal number to each node
in the tree, a height h(t), such that if ¢ ~» ¢/, then h(t) > h(t’') [22, Theorem
2.27].

We will define a translation from HA 4+ EM; terms into HA 4+ EM7 terms in
the obvious way.

Definition 5.4.4 (Translation of HA 4+ EM;-terms into HA + EMJ-terms). We
define the translation -* mapping proof terms of HA + EM; into proof terms of

HA + EM.
A
(tu)* — tru*
(tm)* — t*m
Azw)* — Azt
Aau)* = Aau*
(u,v)* = (u*,v*)
(mu)* —  mu*
(Lu)* = yu*
(tfxu,yv])* — tHrau*,y.o¥]
(Rec wu v m)* — Recu* v*m
(rt1---ty)" — rtj -t
(ullav)” = wufo*
(HZ&P(O‘))* —  gvePla)
(wga.PL(a))* s wﬂa.PJ'(oz)

Basically, by applying -* to a term, you erase all hypothesis variables from the
term.

The following lemma is crucial, since it will allow us to transfer a termination
result about HA 4+ EM] to one about HA + EM;.

Lemma 5.4.5 (Preservation of — by ~»). Let v be a HA + EM;-term such

that v — w. Then v* ~T w*.

Proof. In order to show that this holds for all such v it is sufficient to show
that it holds for all redexes. All of them, except EMy, are straight-forward, so
we only show a few of them.

o (Az.u)t —p, ulz :=t]. We see that

(Az.u)t)* = (Azu™)t" ~ v’z = t¥] = (ulz = t])".



5.5. STRONG NORMALIZATION FOR HA + EM] AND HA + EM; 47

o (ullq v)[z.w1,ywa] —perm, u[z.w1,y.wa] || v[z.w1,y.wa]. We see that
((u [l v)[zwr, ywa])” = (u” || v¥)[z.wy, y.ws]
~ut o, yaws) || vz, yows] = (u[zoaw, yaws] || v[zowr, yaws])*
® ul|l, v —Em,, v[a :=n]. First we see that
(ulgv)* =u" || v* ~ 0™

But this v* may still contain subterms of the form Ww3-PH(@) | For each of
these subterms we apply ~~gwm;, ,, replacing each WP (@) with (n, True):

v* " (v[a = n))*".

5.5 Strong normalization for HA + EM] and
HA + EM;

We aim to prove strong normalization for HA + EM]. For this, we define the
following abstract reducibility relation.

Definition 5.5.1 (Reducibility). We define a relation red between HA + EM7-
terms and formulas of £. We read t red ¢ as t is reducible of type .

1. t red P if and only if ¢ € SN;
2. tred p A if and only if mot red ¢ and 71t red ¥;
3. tred o — 9 if and only if u red ¢ implies tu red ¢ for all u;
4. tred o V1 if and only if
e t € SN,

o if t ~~* 1ou, then u red ¢,

o if t ~»* 1yu, then u red ¥;
5. t red Va.p(w) if and only if ¢n red p(n) for all terms n of £;
6. t red Ja.p(a) if and only if

e t € SN,

e for every term n of £, if t ~* (n,u), then u red p(n).
Definition 5.5.2 (Neutrality). A proof term is said to be neutral if it is not
of one of the following forms:

HVa.P(a)

Aacu, Axaw,  (u,v),  u, (tu), ,u v
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Lemma 5.5.3 (Reducibility candidates). Let t be a HA + EM7]-term. Then it
has the following four properties:

(CR1) Ift red ¢, then t € SN;
(CR2) Iftred ¢ and t ~*t', then t' red p;
(CR3) If t is neutral and if t ~ t' implies t’ red ¢ for every t', then t red p;
(CR4) w || vred ¢ if and only if ured ¢ and v red p.
Proof. We proceed by induction on the complexity of .
e o =P. If t red P, then t € SN.

(CR1) t € SN since ¢ red P.

(CR2) Again, t € SN, so if ¢ ~* ' then also ¢ € SN and thus ¢’ red P.
(CR3) If t' red P and ¢ ~~ ¢/, then also t € SN and thus ¢ red P.

(CR4) w || v € SN if and only if u € SN and v € SN.

e =1 0.

(CR1) Suppose that ¢ red ¢ — 6. Firstly, notice that CR3 implies that
any neutral term in normal form will be a reducibility candidate
for anything. Thus, by induction hypothesis for CR3, we have that
x red ¢ for any variable x, so tx red 6, and by induction hypothesis
for CR1, tx € SN. Therefore tx € SN.

(CR2) Suppose that t red v — 6, t ~* t' and u red ). We need to
show that t'u red 6. We know that tu red 0, so since tu ~* t'u, the
induction hypothesis of CR2 gives us that t'u red 6.

(CR3) Suppose that ¢ is neutral, and that ¢ ~» ¢’ implies ' red ¢p — 6.
We need to show that tu red 6 for any u such that u red v. Suppose
that such a u is given. By the induction hypothesis for CR1 we
know that u € SN. By induction on the height h(u) we will show
that tu red 6.

By the induction hypothesis for CR3 it is sufficient to show that
tu ~» v implies v red #. Since t is neutral, v can either be t'u where
t ~ t', or tu’ where u ~ u/. In the first case, then ¢’ red ¢) — 0
by hypothesis, so t'u red 6. In the second case, u' red 1) by the
induction hypothesis for CR2, and since h(u') < h(u), we have that
tu’ red 6 by the induction hypothesis for the height.

(CR4) (=) Since we have proven CR2 for ¢y — 6 we can use it now:
We have that w || v ~» v and u || v ~ v, so u red » — 6 and
vredy — 6.
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(<) We suppose that u red 1) — 6 and v red ¢ — 6. Let w be given
such that w red ¥. By CR1 u,v,w € SN, so we can proceed by
induction on the heights h(u), h(v), h(w) to show that (u || v)w red 6.
Again, we use the induction hypothesis for CR3, so it is sufficient
to show that (u || v)w ~» r implies that r red . There are the
following possibilities for r:

1. ris uw or vw;

2. ris (v || v)w, (u || v)w or (u || v)w', where u ~ u', v ~» v" and

w ~ w';

3. risuw || vw.
In the first case uw,vw red 0, so we are done. For the second
case, we look at (v || v)w, the others are analogous. By CR2
we have that «’ red ¢ — 6, and since h(u') < h(u) we get by
induction hypothesis that (v’ || v)w red 6. In the last case, we use
the induction hypothesis for CRA4.

e v =VYa.p(a) or ¢ =1 Af. These cases are analogous to ¢ =1 — 0.

e v = Ja.p(a).
(CR1) If ¢ red Ja.¢p(cx), then t € SN.

(CR2) Suppose t red Ja.ip() and t ~* /. Then ¢ € SN, so also ¢ € SN.
Let n be a numeric term. If ¢ ~* (n,u), then also t ~* (n,u) and
therefore u red 1 (n).

(CR3) Suppose t is neutral and that ¢ ~» ¢’ implies ' red Ja.yp(a). We
have t € SN, because if t ~ t’ then ¢’ € SN. Let n be a numeric
term and suppose that t ~* (n,u). Since ¢ is neutral, and thus
different from (n, u), there must be at least one step in the reduction:
t ~ t' ~* (n,u), and so u red ¥(n).

(CR4) (=) From u || v ~» u, u || v ~ v and CR2 we get that u red

Ja.p(a) and v red Ja.h(a).
(<) Suppose u red Ja.yp(a) and v red Ja.yp(«). Then u,v € SN and
therefore u || v € SN. If u || v ~* (n,w), then we must have at least
one of u || v~ u ~* (n,w) or u || v~ v ~* (n,w). In either case,
we have w red 1(n).

e © =1 V0. This case is analogous to the case with ¢ = Ja.h(a).
O
The following facts are useful for the proof of the main Adequacy Theorem.

Lemma 5.5.4. 1. Suppose that t red g V 1, and that ug,u, are terms
such that, for every v such that v red 11, it holds that u;[z := v] red ¢.
Then tlx.ug, z.ui] red ¢.
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2. Suppose that u[x = v] red ¢ for every v such that v red ¢. Then
Az.ured o — .

3. If, for every numeric term n, it holds that u[a := n] red @(n), then
Aa.u red Va.p(a).

Proof. For the proofs of these facts, we refer to 3] and [17]. O

The following Adequacy Theorem tells us—roughly— that we can pass
from F to red.

Theorem 5.5.5 (Adequacy Theorem). Let p(aq,...,ax) be a formula, let u
be a HA + EM7-term, and let

F=x1:p1(a1,...,qp), .y T s prlar, ..o o)
such that no formula in I' nor ¢ has more free variables than aq, ..., qx. Let
also A be given, and assume that T; A+ w: . Now suppose that there for all
numeric terms m1, ..., mg are terms ty,...,t, such that
tired pi(my,...,mg) fori=1,...,n.
Then
u[zy i=t1,. .., Ty = tyllon (= ma, .. g = my] red @(ma, ... my).

Proof. For the sake of readability, we will introduce the following notation:

=ty =t Xy =t [on (=, o = ]

The proof proceeds by induction on u. We look at the last applied rule in the
derivation of I A F u @ .

Axioms:

e Last ruleis I'; A+ z; : ;. Then Z; = t; and @; = ¢;(m1,...,my), and
so Z; red ¢; by hypothesis.

e Last rule is I A + H"*P(@) . Yo.P(a). Then @ = Hva'p(‘i) and ¢ =
Va.P(a). For any numeric term n, un € SN, so un red P(n). Thus
@ red @.

e Last rule is I A + wie-PH(@) + 34 PL(a). Then @ = WP (@ and
@ = Ja.Pt(a). We have @ € SN, and for every numeral n we have
@ ~ (n, True), and we also have True red P+ (n). Thus, we get @ red .
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Conjunction:

e If the last rule is a conjunction introduction rule, then u = (v, w) and
=1 N0, with T; A+ v:4¢and I'A F w: 6; thus u = (v,w) and
@ = 1) A §. By the induction hypothesis, ¥ red 1 and @ red 8, and we
have to show that 7o (v, w) red ¢ and 71 (v, w) red . Notice that mo (v, w)
is a neutral term, and that there are the following possible reductions:

7o(U, W) ~ ¥, (D, W) ~ mo(¥', W), 7o (U, W) ~ mo(V, W),

where © ~» ¢’ and @ ~ w’. Using that the reduction trees are always well-
founded, we can argue by double induction on the heights h(v), h(w) that
if T (0, W) ~ t, then t red 1. Therefore, using CR3, we get 70(0, w) red ).
Similarly for (v, w) red §. Hence, (v,w) red ¢ A 6.

e If the last rule is a conjunction elimination rule, like so:

DAFv:AY
AR mov

Then by induction hypothesis, © red ¢ A ¢, and therefore, by definition,
mov red @, as wanted. Similarly for the m-case.

Implication:

e The last rule is implication introduction:

zx:yY;AFv:0
AR XMw: Y — 0

For showing Az.v red ¥ — 0, it is by Lemma sufficient to show that
o]z := w] red 0 for every w such that w red . Let such a w be given.
We have

tired @ fori=1,...,k, and w red 1,
so by the induction hypothesis we get that o[z := w] red .
e The last rule is implication elimination:

AFv: Y =@ AR w: v
AFRow: @

By the induction hypothesis, we have o red 1) — @ and w red 9, so by
definition of red we also have vw red .
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Disjunction:

e If the last rule is a disjunction introduction rule, say, without loss of
generality, the left rule

ARw: ¢
AR oy Ve

then by induction hypothesis, o red 9, and therefore, by CR1, v € SN.
Since, trivially, tg0 ~»* 190, we get (g0 red ¢ V 8, by the definition of red.

e If the last rule is a disjunction elimination rule:

ARv:yp Ve Doz:y;Abwy: Tx:0;AF
AR o[z, zas] @ @

Then the induction hypothesis tells us the following: © red YV 0; for
every t such that ¢ red ¢ we have w; [z := t] red ¢; and for every ¢ such

that t red § we have wa[r := t] red . By Lemma we have that
U[x.a0y, x.02] red @.

Existential quantification: These cases are analogous to the disjunction
cases.

Universal quantification:

e The last rule is universal introduction:

CA R ()
AR A : Vaap(a)

a g FV(T; A)

We need to show that Aa.v red Va.i(a), and by Lemma it is
sufficient to show that v[a := t] red 1 (¢), for ¢ a numeric term. But we
can assume that a # aq,. .., ag, so ¥;(a) = 1;(t) since a is not free in
¥, and thus

t; red @;(t), fori=1,... k.

Therefore we can apply the induction hypothesis on v and get v]a :=

t] red ¥ (t).

e The last rule is universal elimination:

[ A R oVa.p(a)
;AR ot ot)

By the induction hypothesis, v red Va.@(«), and thus, by definition of
red, vt red @¢(t), as needed.
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Induction: The last rule is the induction rule:

AR wv:9y(0) AR w:Vay(a) = ¢(Sa)
A FRec v wt:(t)

We first notice that ¢ = n for some numeral n, so it will suffice to show
Rec v w n red ¥(n) for all numerals n. Rec v w n is neutral, so by CR3 it is
enough to show

Rec 0 w n ~» v’ implies o' red i(n).

We will do this by a triple induction on n and the heights h(v) and h(w). If
n =0 and Rec ¥ w 0 ~ ¥, then v ~» 1)(0) by the main induction hypothesis.
Suppose n = Sm and

Rec v w (Sm) ~» wm(Rec v w m).

By the main induction hypothesis we have w red Va.i)(a) — ¢(Sa), and by
the induction hypotheses for n we have that Rec v w m red 1)(m), so therefore

wm(Rec ¥ w m red ¥(m)) red 1)(Sm).
In the cases where
Rec U wn~>Rec? wn or Rec? wn~ Rec v w n,

where v ~ ¢’ and w ~ @', we can apply the induction hypotheses for the
heights.

Post rules: If the last rule is a Post rule, thenu = ruy ---yyand ;A F w : Q,
and since u1,..., % € SN by the induction hypothesis, then also @ € SN, and
so u red Q.

EM7: The last rule is
A a:Va.Pla)Fv:p A a: JaPra)Fw:p
AFv||w:e

By induction hypothesis, v red @ and w red @, so CR4 gives us that v || w red
®. O

Corollary 5.5.6 (Strong normalization for HA + EM}). If T;A F w : ¢ in
HA + EM7, then u € SN.

Proof. Suppose I'; A F w : ¢, with I' = x1 : ¢v1,...,2, : . Since z; are
neutral terms in normal form, CR3 gives us that x; red ¢;. Hence, by Adequacy
Theorem u red ¢, and therefore, by CR1, u € SN. O
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Corollary 5.5.7 (Strong normalization for HA + EMy). If T A F w @ ¢ in
HA + EMq, then u € SN.

Proof. Suppose I'; A+ u : ¢ in HA 4+ EM;. Then we also have I'; A F u* : ¢ in
HA + EM]. Now, suppose for contradiction that we have an infinite reduction

U=U] —> U2 —> U3 —> " "".

By Lemma this gives rise to an infinite reduction

ut =uj w+u§ M—>+u§-->---7
which, by Corollary is impossible. Therefore, u € SN. O

5.6 Existential witness property

An important property of the system HA + EM; is the following:

Theorem 5.6.1 (Existential Witness Property). Suppose that
Fu: Ja.Pla).

Then there is a term (n,u') in normal form such that u — (n,u), and P(n) =
True.

This is proved in [6] using Interactive Realizability.



Chapter 6

Programming with terms in
HA + EM;

Since we study the system HA + EM; for the purpose of examining the compu-
tational content of classical proofs, the most natural thing to use the system
for is programming. In this chapter we will study some cases of different
specifications for which we find terms, and then examine how these behave
computationally.

The purposes with the following two examples are different: In the first
example we start with a proof and then we turn this into a program and
analyze this. In the second example it is the other way around. We start with
an idea of how we want the program to behave, and then we seek out a proof
that will accommodate this idea.

6.1 Searching

In this situation, we investigate a problem of searching. We imagine that
some decidable unary predicate P and a number n is given, whereof we know
that —P(0) and P(n) hold. The problem then consists of finding a number
k between 0 and n such that =P (k) and P(k + 1) holds. We will investigate
the computational differences between a term based solely on intuitionistic
reasoning (i.e. a term from HA), and a term that makes use of the EM;-rule.

Intuitionistic proof

We first demonstrate how we would solve this problem without the use of any
classical reasoning. Firstly, we fix the atomic formulas that we will use:

P(a) : holds if P(«) is true;
Q(a) : holds if =P(a) A P(Sa).

Then there are some Post rules we can make use of. Obviously, we have

55
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P(a) P(Sa)

and since P(«) is decidable, we also have

P(a)V Pt (a)
Next, we formulate our premises:

hl . PL(O)
he : P(n).

Proposition 6.1.1. There is a proof term search_in in HA such that
hy : P1(0), hy : P(n) F search_in : 3a.Q(a).

We will find the proof term in 3 steps: Firstly, we describe an informal
proof, which we then turn into a formal proof, and lastly we annotate this
proof with proof terms.

Informal proof The proof will be an induction on 3, showing that P(5) —
Ja.Q(a). The base case is then trivial, since we get a contradiction from P (0)
and P(0) right away. In the induction step we assume P(S/) and consider two
possibilities: If P(3) holds, then Ja.Q(«) follows from the IH, and if it does
not then Q(A) holds.

Formal proof We want a proof of P(n) — Ja.Q(«), and we will do this by
induction. From Lemma [5.2.10| we know that we can do ex falso reasoning, so
the base case is just

PL(0)  P(0)
L
Ja.Q(«) :
P(0) — Ja.Q(«) VB.((P(B) = Ja.Q(a)) — P(SB) — Fa.Q(w))
P(n) — 3a.Q(«)

(induction step)

In the induction step we will make use of the Post rules:

PL(B)*  P(SB)*

_ P@)=3aQ(a)” P Q8
P(5) vV PL(B) F0.Q(«) 3a.Q(a)
Ja.Q(«)

P(SA) = Ja.Q(a) )
(P(B) — Ja.Q(ar)) — P(SS) — Ja.Q(«)
VB.((P(B) = Ja.Q(a)) = P(SB) = Ja.Q(v))
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Proof term By simply annotating the above proof trees, we acquire the
corresponding proof term. The induction step will have the proof term

search_in_step := ABAzAy.True[z.(z2),2.(5, (r 2 y))]
hy : P1(0)  search_in_step : V5.((P(3) — 3a.Q(a)) — P(SB) — Ja.Q(a))

as can easily be checked (remember that the annotation for a Post rule is True
Or T Uy -+ Up). Similarly we find the term for the base case:

search_in base := Az.efqs, q(o) (T 1 2)
hi : P1(0) I search_in_base : P(0) — 3a.Q(a)
We can now put the pieces together to find the sought-after term. The term

Rec search in base search in step n will have the type P(n) — Ja.Q(«).
Therefore the final term will be

search_in := Rec search_in base search_in_step n hg

for then
hi : P1(0), hy : P(n) - search_in : 3a.Q(a).

Classical proof

Now we will try to find another solution to the problem, this time using classical
reasoning, and thus ending up with a program that uses control operators.
We still have the same primitive recursive predicate P, and we also reuse the
atomic formulas:

P(«) : holds if P(«) is true;
Q(«) : holds if =P(a) A P(Sa).
Again, this gives rise to some Post rules, and this time we will make use of the
following two:
PY(a)  P(Sa) Pia) Q'(a)
Q) PL(Soz)

Proposition 6.1.2. There is a proof term search_cl in HA 4+ EM; but not
in HA such that

hi: PY(0), hy : P(n) I search_cl : 30.Q(a).

Again, we will divide the process in three: Firstly, we describe the proof
strategy informally, then we make a formal derivation, and finally we extract
the proof term from this proof.
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Informal proof The proof will take the shape of a contradiction argument.
We want to show that there is an « such that =P(a) A P(Sa), so we assume
the opposite: For all a, =(=P(a) A P(Sa)). We use this to show V5-P(3)
by induction: —P(0) is a premise, so assume —P(3); if P(S53), then we
have —P(3) A P(SB) which is in contradiction with our first assumption, so
therefore =P (SB) must be the case, so we have V3—-P(/3). This gives us a
contradiction with the premise that P(n) must hold. Therefore we can conclude
Ja—P(a) A P(Sa).

Formal proof Since the proof is by contradiction, it will have the following
form

Va.Q(a)]
i
Ja.Q(v) Ja.Q(v)
Ja.Q(«)

where the last rule application is an instance of EM;. In the missing part we
fill in the following:

(induction step)

PLO)  VBPL(B) - P(SH)
P(n) PL(n)
iR

In the induction step we make use of a Post rule:

Vo.Qt ()
P-(8) Q-(B)
P-(S5)
P(8) = P(SB)
VB.PH(58) — PL(SP)

1
Proof term Since we are using the EM;-rule, we will use the terms HZQ'Q (@)
and wﬁa'Q(a) to refer to the left and right hand side of the EM;-disjunction.

The induction step proof tree will correspond to the following term:
search_cl_step := \fAx.r x (HZO"QL(O‘) B),
for then

a:VYa.Qt(a) F search cl step : V3.PH(8) — PH(Sp).
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We can now use this to annotate the contradiction part of the derivation.
Notice that, since we regard P as an atomic formula, we will need an r to get
L from P1(n) and P(n) because we use a Post rule from the following scheme
of rules, where S can be any atomic formula:

S
1

We get

search cl _contr :=r hg (Rec hy search cl step n),

for then
hi:PL(0),hy : P(n),a : Ya.Q(a) F search_cl_contr : L

and then we reach

search _cl := efqaa‘Q(a) search_cl_contr ||, wga-Q(a)

with
hi : P1(0), hy : P(n)  search_cl : 3a.Q(a)

as desired.

Reduction of search_cl

In order to visualize how this search term can operate, we will draw a reduction
graph for a simple example. We will need to fix an n and some truth-values
for P. The size of the graph grows very quickly when we increase n, so in
order to keep it simple we will consider the trivial situation where n = 1, and
P(0),-P(1) holds. This means we have the atomic formulas P(0), P(1), and
Q(0) (where the numbers represent the terms 0 respectively SO0).

The term search_cl contains (31-redexes because of the definition of efq,
and since these in the end will be uninteresting for the computation, we start
by getting rid of these, and instead consider the following term:

(0,r (r hy (Rec hy search_cl_step 1))) ||, W2,

All the redexes, except for the ones of the form w ||, v, will occur inside the

subterm Rec h; search_cl _step 1, and so we can restrict out attention to this.

L
We will abbreviate some subterms: search_cl_step with step, and HZaQ (@)



60 CHAPTER 6. PROGRAMMING WITH TERMS IN HA + EM;

with H.

Rec h; step 1

|

step 0 (Rec h; step 0)

N

(Az.r = (H0))(Rec hy step 0) step 0 Iy

Iy

r (Rec hy step 0) (Az.r z (HO)) hy

\/

r h HO

The underlined subterms are redexes, and the ones that are underlined with a
wavy line are subterms that makes a EMq4-reduction possible at the root level.
This is where the exceptions can occur, where we can escape the reduction on
the left-hand side, as for example:

(0,r (r hy (Az.x z (H0))(Rec hy step 0)))) ||lo WU — (0, True).

We will now try and look at a slightly more complicated example. Let
now n = 3, and suppose that =P(0), P(1),-P(2), P(3) holds, thus we have
the atomic formulas: Q(0),Q*(1),Q(2). If we prioritize the Reco-reduction,
then we can do the following reduction:

Rec h; step 3 — step 2 (step 1 (step 0 hy))
—r (r(rh (£0) (H1)) (H2)
— 1 (r (r by (£0)) True) (H2).
This reduction leaves us with the choice of two exceptional exits, namely
(0,7 (r ho (r (r (r hy (HO)) True) (H2)))) ||lo W22 — (0, True),
and
(0, (r hy (r (r (r hy (H0)) True) (H2)))) |la W3R — (2, True).

It is clear that we can expand this for any situation: If there are m valid
candidates, then the search term has m different normal forms. Therefore, this
term cannot be said to contain one search algorithm per se, since the outcome
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is entirely decided by the reduction strategy. But it does seem that there is a
natural choice to make: The most efficient way of finding a normal form, will
be to choose the first exceptional exit. In the example, instead of reducing to

r (r (r by (H0)) True) (H2),
one could instead just stop the reduction much earlier at

(Ax.r = (H 2))(Rec hy step 2),
and then do the exceptional exit:

(0, (r ho (Az.x = (H2))(Rec hy step 2)))) [lo WY — (2, True).
Thus, if we can fix a reduction strategy that behaves in this “natural” way,
then the search algorithm we get is top-down search.

6.2 Multiplication example

An example of a computer program that can be made more efficient with the
use of exception operators is list multiplication. The following is a traditional
implementation of a program that multiplies the elements in a list (here in
Haskell notation):

listmult :: [Integer] -> Integer
listmult [] =1
listmult (x:xs) = x * (listmult xs)

However, since we know that the product of any list containing a zero will be
zero, we would like the program to stop the calculation as soon as a zero is
encountered. In the traditional implementation this does not happen. The
naive solution is to add the following pattern matching case to the code:

listmult (0:xs) =0

But this is not satisfactory, since this does not break the recursion, as the
following calculation example shows:

listmult [3,5,0,3] 3 * listmult [5,0,3]

3 x (5 * listmult [0,3])
3% (5% 0)

3 *x0

0

Ll

Notice, that even though we should already know that the result will be 0 after
the third reduction, we continue calculating. One solution to this problem is
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to use an exception operator, which will let us abort the recursion once a zero
is encountered.

We want to find a solution to this problem using HA + EM;, but since this
system does not have any data structure for lists, we will have to reformulate the
problem to a problem of pure arithmetic. Let instead some primitive recursive
function f : N — N be given (notice that this corresponds to an infinite list).
The product of the list [f(0), f(1),..., f(n —1)] will then be [, f(i —1). It
is clearly a primitive recursive task to decide whether [] ; f(i — 1) = m for
given n and m, so we can push this task to the atomic level and introduce
it as an atomic formula. We will also need to be able to say whether f will
evaluate to zero on a certain input.

M(a, 8) : holds if ﬁf(i —1)=8

i=1
N(c, 8) : holds if f(f) =0 and f < «
For M we have the following Post rules:

M(a, 5)
M(Sa, f(a)  B)
Notice that we have introduced the symbol * which stands for multiplication.
How this actually reduces is not really relevant; an answer of the form f(2) x
f(1) * £(0) is sufficiently informative for our purposes.

M(0, 1)

Intuitionistic proof

Firstly, we will solve the problem without using classical reasoning, and as we
will see this is quite straightforward.

Proposition 6.2.1. There is a term mult_in in HA such that it fulfills the
specification:
Fmult_in : Va3p.M(q, 8).

The proof is a straightforward induction proof, viz.

M(~, B)Y
M(S~, f(7) * 5)
3B.M(v, B)* 3B.M(S~, B) y

FB.M(Sv, B) .
M(0,1) BM(v, B) — IB.M(S~, B)
IBM(0,8)  Vy(3B.M(v, B) = IB.M(S, B))
3B.M(a, B)
Ya3s.M(a, B)

By annotating this proof tree we get

mult_in := Aa.Rec (1, True) (MyAz.z[(B,v).(f(v) * B, y)]) a.
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Classical proof

Now we want to introduce classical reasoning in such a way that we can break
the recursion once a zero is encountered. We will do this by applying the EM
rule to Vy.N+(a,v) V 37.N(e, 7). The intention is then that the program will
first assume N1, i.e. that all the list values are non-zero, and then execute the
intuitionistic program whilst testing the EM-hypothesis. When this hypothesis
is tested to be false, the program will exit the calculation, learn that N is the
case and with this knowledge return a zero.

Proposition 6.2.2. There is a term mult_cl which is in HA + EMy, but not
m HA, such that
Fmult_cl: Va3p.M(q, S).

The proof will take the following form:

VAyNE ()] [Fy.N(e, )]

BM@ ) M B)
35 M(a, 5)
Va3B.M(a, B)

In order to fill in the rest of the proof we will need some Post rules for
N. Given m,n such that m < n and f(m) = 0, it is necessarily true that
[T, f(: —1) =0, so therefore we can introduce the following Post rule:

N(a,7)

M(c, 0)
This rule is needed for the right hand side of the proof, which can now be
finished:

3v.N(a, ) M(a, 0)
M(a, 0)
36.M(e, B)

The proof term for this is
mult_cl_rhs := (0,W N [(y, 2).r 2]).

The left hand side is more tricky. Since we do not need the assumption
of Vy.N*(a,7) for anything, one could initially be tempted to just copy and
paste the original intuitionistic version of the proof here. This, however, is not
the solution we are looking for, since this would give no opportunity to throw
an exception. So we must somehow include the assumption in the proof. One



64 CHAPTER 6. PROGRAMMING WITH TERMS IN HA + EM;

naive way of doing this could be to insert a detour in the proof. Apply the
following transformation to the intuitionistic proof:

: 38.M(S, B) Vy.N*t(a,7)
3B.M(S, ) _ ., N*(a,9) = 3BM(Sy, 8) N+ (e, 7)

3B-M(v, B) = 36.-M(S~, 5) 38-M(Sv, )
: 38-M(v, ) — 3B.M(S~, 5)

This will yield a proof term like the following:

mult_cl_step_attempt := (A_.z[(5,y).(f(v) * B, y)])(HZ'Y-NL(O"'Y) )

This approach does make it possible to exit the recursion once a zero is
encountered. But this would require that the reduction path would not S-reduce
the vacuous A-abstraction, which is something that no common evaluation
strategy would respect. Therefore we have to come up with another trick in
order to get a term that will behave as wanted under a reasonable evaluation
strategy. The trick lies in describing a new Post rule: Since M(S~, f(v)*3) holds
whenever M(7, #) holds, then it is certainly also the case that M(S~, f(v) * )
holds whenever M(, ) and N*(a, ) holds. This becomes the Post rule

M(v,8)  N*(a,7)
M(S, f(7) * B)

Thereby the aim is to encode the use of the hypothesis into the atomic level,
such that the reduction rules of HA + EM; cannot remove it. To obtain
the sought-after proof we simply make the following transformation on the
intuitionistic proof:

Y. NJ‘(a7 7)
MG, ) VyNHay)
TT .
sy MO

In the proof term, this transformation amounts to replacing the occurrence of
1
rywithry (HZV'N () 7). Thus, the term for the left hand side will be

mult_cl 1lhs := Rec (1, True) (MyAz.z[(B,y).(f(7)* 5, y (HZ“"NL(Q"V) M) a,
and the complete term is

mult_cl := Aa.(mult_cl_lhs ||, mult_cl_rhs).
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Reduction of mult_cl

We will examine how mult_cl reduces by example. The term is in normal
form, so we need to apply it to a number. To keep the reduction graph on a
reasonable size, we will choose the number 1. Since the right hand side does
not have any occurrences of «, then all the redexes, except for the exceptional
exits, will occur on the left hand side. We use the abbreviations step for

M z.z[(B,y).(f(y) * B, y (HZW'NL(LW) v))], and H for HZV'NL(I’V). Thus, we
will examine the reduction graph of the term Rec (1, True) step 1:

Rec (1,True) step 1

|

step 0 (Rec (1, True) step 0)

step 0 (1, True)

(Az.z[(B,y)-(f(0) % B,r y (HO))])(Rec (1, True) step 0)

()\a::c (B,9).(f(0) % B,r y (HO))]) (1, True)

(Rec (1, True) step 0)[(5,y)- (f(()) x8,ry (HO))

(1, True)[(&y) *f,ry (10))

J

(f(0) * 1, r True (H0))

The wavy underline signifies that one of two things can happen: Either
f(0) # 0, so N*+(1,0) holds, and then we can do an EM;-reduction to replace
the subterm with True, or f(0) = 0, and thus we can do an exceptional exit
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with an EMq4-reduction, for example:

(1, True) (8, 5).((0) 6,7 y (8 0))] [l (0, 07NV ((y, 2).x )
— (0, (0, True)[(vy, z).r x])
— (0, True).

Therefore, if we use a reduction strategy that prioritizes EM14-reductions,
it is clear that we can evaluate in a more efficient manner with this operator,
especially if there is an exception early: Assume for instance that f(999) = 0,
and that want to evaluate mult_cl 1000. Then we can find the quite short
reduction path

mult_cl 1000
— (Az.z[(B,y)-(f(999) * B,r y (H999))])(Rec (1, True) step 999) ||, rhs
— (0, (999, True)[(7, x).r z])
— (0, True),

where rhs = (O,WEW’N(Q’W)[(% x).r x]).



Chapter 7

Program extraction from
HA + EM;

In this chapter, we introduce an operational semantics for system HA 4+ EMy
that is based on a call-by-name evaluation. We will test this on some situations
with the examples from Chapter [6]

7.1 Natural semantics for HA + EM;

We provide HA + EM; with a natural semantics (also known under the names
big-step semantics or evaluation semantics).

Definition 7.1.1. We define the judgments u |} (u'; A) by the inference rules
in the Figures andm where A is a sequence of terms of the form HZO"P(O‘) n,
where n is a numeric term. In all of the rules, n represents numeric terms, and
the other letters represent HA + EM-terms.

By a ¢ A, we mean that there is a Hy""® such that B} ¢ A

The intended meaning of u | (u'; A) is, that u will evaluate to the normal
form ', and so if -« : Jo.P(«), then by Theorem u’ will be of the form
(n,u"), where n is a numeral such that P(n).

We can see from the following rule, that this semantics is based on a
call-by-name strategy:

u{ (Az.u'; A) [z =] (V;A)
wo ¥ ()

The purpose of the A is to keep track of the EM;-hypotheses such that the
rules in Figure can handle exceptions. It is indeed the intention that A
will be empty whenever u |} (u'; A) and FCV(u) = 0.

67
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ull Az’ A) u'lx =o] | (v A)
z ) (2:;0) uv | (v A)

up I (u; A1) ue i (uhAa) g (g Ay)
rup ug e ug d(ruf uh e ul s AL Agy L A)

u{ (u';A) u (u';A)
Azl (Aza'; A) Aau | (Aaa; A)

ul Aaa; A) wlai=n] || (v; A7) ug | (vo; Ao) uy | (v1;Aq)

un |} (v; A) (uo, u1) 4 ((vo,v1); Ao, A1)

u | ({(vo,v1); Q) ul (v, A) v (v, A) w (W', A”)
mu ) (vis A) ulr.v,yw] § (u'fzo’,yw]; A, A A")

u{ (u'; A) vi[x; =] (V' A) u | (u';A)
ulzo.vo, z1.01] I (V5 A, A) viu b (5 A)

u (u;A) Rec u v n | (w;A) vnwl (w;A)
Rec uv 0 (u;A) Rec u v (Sn) | (w'; A")

uw ||lo vw § (U/Q A) T || v (u/§ A)
(ulla v)w § (u;A) Ti(u fla v) I (W'; A)

ul[zg.wo, r1.w1] || v[To-Ww0, 21.W1] I (U5 A)
(u || v)[xo.wo, x1.w1] § (u; A)

ul(0,).0] [l vl(e, 2).0] I (3 )
(u ||q )[(e, 2).w] § (u'5A)

Figure 7.1: Natural semantics for HA + EMy, part 1 of 2
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n is not closed, or P(n) = False
. 1 (63 . 1 «
HZOc.P(oc) n (HZoc.P(oz) TL,HZOC'P(OC) TL) Wg P (o) nl (Wi P=(o) n; Q))

n is closed, and P(n) = True

H P 0 | (True, 0)

u (u;A) a £ A
ullg vl (u5A)

u (u';A) v[a :=n] | (v'; A7) HZQ'P(O‘) n € A, P(n) = False
ullg v (V5 A7)

n 1s the first occurrence in A with a.

where HZO"P(O‘)

ull (v, A) v (v;A) ae A, but if ;" n e A, then P(n) = False
ullg v (W ||q Vs A A

Figure 7.2: Natural semantics for HA + EMy, part 2 of 2

Most of the rules are obvious choices for a call-by-name semantics. The
more interesting rules are the ones in Figure Especially the rule

ull (u';A) v[ja:==n] | (v';A) HeP) e A, P(n) = False
Ul vl (VA

where HZO"P(O‘) n is the first occurrence in A with a, is important. It is here

that an exception is thrown. By choosing the first occurrence in A that gives
rise to the exception, we make sure that it is the inner-most occurrence of H,
that is checked first, and therefore the problem with confluence is solved. This
will ensure, for example, that the searching example from Chapter [6] provides
a top-down search algorithm.

Lemma 7.1.2. Ifull (v, A), then u' is in normal form.
Proof. From strong normalization of HA+ EM; we get that all such derivations
must be finite, and by induction on the derivations we get that «' must be in

normal form. O

Lemma 7.1.3. Iful (v/,A) and u | (uv’,A"), then v’ =u".
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Proof. By induction on the derivation. There is always only one possible
reduction rule. Especially, in the u ||, v-situation, only one of the three rules
may apply. O

7.2 Searching

We return to the search example from Chapter [} Consider again the situation
where n = 1, and P(0),—P(1) holds. This means we have the atomic formulas
P(0),P(1), and Q(0). Since we in this example are working with hypothesis
variables, we have to add the following rules:

ha 4 (ha;0) ha | (h2;0)
Now, we wish to find a term u and a A such that
(0, (r ho (Rec hy search_cl step 1))) [lo W22 || (u; A).
It is easy to check that
(AMBAx.x x (Hy B)) 0 hy | (xr b1 (H, 0),H, 0),
and using this we can derive
(i)

Rec hy step 0} (hy,0) (ABAz.x x (Hy 8)) 0 hy J (r hy (H, 0),H, 0)
Rec hy step 1 | (r hy (H, 0),H, 0)

which furthermore brings us to the conclusion that
(0,r (r he (Rec h; search cl_step 1))) | ((0,r (r k1 (H, 0)));H, 0).

Let us abbreviate this so: 1hs | (1hs’;H, 0). Thus, knowing what the left-hand
side reduction is, we can finalize the derivation:

True |} (True; ()

Ya.Qt (a)

1hs |} (1hs';H, 0) (0, True) | ((0, True); () Q(0) = False
1hs ||, WY I ((0, True), 0)

Thus, we can conclude that, in our semantics, the searching term in this
situation will evaluate to (0, True), as expected.
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7.3 Multiplication

We will now return to the multiplication example of Chapter [6] and test our
natural semantics on the term mult_cl 1, where we assume that f(0) = 0
(which means that N(1,0) = True). Recall that mult_cl is defined as

mult_cl := Ao.(mult_cl 1hs ||, mult_cl rhs),

where

mult_cl 1hs :=Rec (1,True) (MyAz.z[(B,y).(f(7) *xB,r y (HEIl )])
mult_cl_rhs := (0w N [(y, 2).x z]).
The last rule in the derivation will be

mult cl | (mult_cl,H, ) 1hs ||, rhs | (u, A)
mult cl 1 (u,A)

where

1hs := Rec (1,True) (MAz.z[(8,1).(f(7) * B, y (EY )] 1
rhs :(= mult_cl_rhs.

In order to find (u, A), we will first need to find (v, A’) such that 1hs | (v, A').
For this we first observe that

Rec (1,True) step 0 | (1, True, (),

and then:

(1, True) | ((1, True), ) w | (w;H, 0)
step 04 (Az.z[(8,y)w'];H, 0) (1, True)[(B, y)-w'] I (w;Hy 0)
step 0 (1, True) | (w;H, 0)

where
w:= (f(0) x 1,r True (H, 0)),
w' := (f(0) * B, True (H, 0)).
Hence we have

Rec (1,True) step 0 (1, True, () step 0 (1, True) | (w;H, 0)
1hs | (w;H, 0)

The right hand side will be evaluated thus:

(0, True) | ((0, True); () r True | (r True; ()
(0, True)[(vy,x).r z] | (r True;0)
(0, (0, True)[(~, z).x z]) I ((0,r True); )
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So we can finish the derivation by tying these together:

1hs |} (w;H, 0) (0, (0, True)[(v, z).r =) I ((0,T True); ) N(1,0) = True
1hs ||, ths | ((0, T True); D)

Therefore,
mult _cl 1| ((0,r True);0),

as expected.
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Conclusion

In this thesis, the basics of classical program extraction have been discussed.
We have introduced the systems Ay and ApT as examples of confluent -
calculi with control, that correspond to classical logic via the Curry—Howard
correspondence. Furthermore, we have discussed the system HA+ EM; which is
a non-confluent Curry—Howard system for an arithmetic with limited classical
reasoning, and we have presented Aschieri’s new proof of strong normalization of
HA+EM;. Then, we have worked out some examples of proofs in HA+EM; and
analyzed their reduction possibilities. Lastly, we have developed an operational
semantics for HA 4+ EM; which gives a deterministic way of extracting witnesses
from proofs of X{-sentences and tested it on our examples.

8.1 Further research

The semantics introduced in Chapter [7] does not very well describe how the
witnesses are extracted, for this it would be better with a structural operational
semantics (also known as small-step semantics), which would describe each
individual step in the computation, and not just the overall result, as is the
case with the natural semantics (or big-step semantics). I did not succeed in
doing this in a satisfactory manner, but it would be interesting to see such a
semantics.

Extraction to \uT

One of my hopes was to define a translation [-] of HA + EM;-terms into
AuT-terms, such that if Fyairem, v : Ya3B.P(a, B), then Faer [u] N — Nin
such a way that if Ju]n — m, then P(n,m) = True. My approach was to
define [[u]]A, where the set A is used to store the hypothesis variables along
with their relevant information (when in the left hand side of ||,, this relevant
information is the term on the right hand side, and when in the right hand
side, the relevant information is the witness provided by the left hand side).
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The following is my proposed definition:

Definition 8.1.1 (Term extraction). Let u be a HA + EM;-term in normal
form. We define [u] as [[u]]w, where this is given recursively by:

[m]? = m, if m is a numeric term
[Aa.u]® = AN [u]?

[Ma™.u]? = Al [u)?

Juv]® = [u]® [o]°

[Rec u v n]> = Rec [u]® [v]® [n]®

[w |l ]2 = catch, [u]>@?)

ngle(v) As(an) —

[ul(a, 2).0]] [] [ = [u]®]

[(m,u)]* m, if u contains no H, with a € A

[(m, w)] (@) = if Q(¢) then [(m,u)]” else throw, [v]*(®9)
if u has B ¢ as subterm,
and ¢ is not bound in u

When we apply this transformation on the term mult_cl from Chapter [6]
we get the following:

[mult_cl] = Aa".catch, [mult_cl_lhs](®mie-cl-rhs)
Let A = (a,mult_cl_rhs), and say that
L (03
step i= My Aza[(B,)-(F() * B, y (BTN (27 )],
for then

[mult_cl 1hs]® = [Rec (1,True) step a]®
=Rec 1 [step]”

where
[step] = [\aa{(8.0)./(2) » B.x y (BN ) )]

= A"zt [[f(y * 6,1y (H\Zy.NL(ow)))]]A 8 := [2]%]
= MM Az".if N*(a,7) then f(7y) * =
else throw, [[mult,cl,rhs}](“”) ,
and
[mult_cl rhs]](“"Y) [[ 0, NE@Y[(y, 2).x DH -

=0.
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Therefore the complete extracted term will be
oM catch, Rec 1 (M Az".if Nt (a, ) then f(y) * 2 else throw, 0) o

It can be checked that this term fulfills the specification.
My hope is that the following question can be answered positively, but I
was not able to prove it.

Question 8.1.2. Suppose that Fuatem, t @ Ya3B.P(a, B), and that t is a
closed HA + EM-term in normal form. Does it hold that:

o -y [t] : N —N, and

o for anyn € N, P(n, [t] (n)) holds?
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