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Introduction

In this tutorial, we introduce the Curry-Howard (proof-program) correspondence
which is usually restricted to intuitionistic logic.

We explain how to extend this correspondence to the whole of mathematics
and we build a simple suitable machine for this.

1st problem

Each mathematical proof must give a program which we can run in this machine.
2nd problem (specification problem)

Understand the behaviour of these programs

i.e. the specification associated with a given theorem.

The first problem is now completely solved, but the second is far from being so.



Usual A-calculus

The A-terms are defined as follows, from a given denumerable set of A-variables :

e Each variable is a A-term.

e If tis a A-term and x a variable, then Axt is a term (abstraction).

e If t,u are terms, then (*)u is a term (application).

Notations. ((1)u1)...uy, is also denoted by ru;...uy,.

The substitution is denoted by [u/x1,..., un/ x;]

(replace, in t, each free occurrence of x; with u;).

A-calculus is very important in computer science, because it is the core of every
programming language.

It is a very nice structure, with many properties (Church-Rosser, standardization, ...)

which has been deeply investigated.
But, in the following, nothing else than the definition above is used about A-calculus.



A machine in symbolic form

The machine is the program side of the proof-program correspondence.

In these talks, | use only a machine in symbolic form,

not an explicit implementation.

We execute a process tx 7 ; t is (provisionally) a closed A-term,

7 is a stack, that is a sequence 1 .1... ;.79 Where

7o is a stack constant, i.e. a marker for the bottom of the stack.

We denote by 1.7 the stack obtained by “pushing” t on the top of the stack 7.

Execution rules for processes (weak head reduction of A-calculus) :
tux 7> 1t* u.m (push)
AXtxu.m > tlul/ x] *xm (pop)

This symbolic machine will be used to follow the execution of programs
written in an extension of A-calculus with new instructions.



A machine in symbolic form (cont.)

We get a better approximation of a “real” machine by eliminating substitution.

The execution rules are a little more complicated (head linear reduction) :
Axl...ﬂxktu* tlo oo .tk.ﬂ > AXI.../Ith* [1. oo otko Uell

with v=(Ax1...Axu)f ...

(in particular, for k=0, fu*m>1t* 1.m)

Ax1...AXICXi*t10...otkon> tl*TL’.

It is necessary to add new instructions, because such simple machines

can only handle ordinary A-terms, i.e. programs obtained from proofs

in pure intuitionistic logic.

Observe that some of these instructions will be incompatible with B-reduction.
Not a problem, because B-reduction plays no real role in the following.



These two methods of execution are essentially equivalent.

For real machine implementation, we use head linear reduction

which is much more efficient. But weak head reduction is better for easy reading ;
| shall use it during this tutorial, and indicate, from time to time,

the small changes which are necessary for head linear reduction.

Observe that head linear reduction needs the introduction of combinators
or instructions, in order to avoid garbage.

For example, it is better to introduce a new fixpoint instruction Y

with the reductionrule: Yxt.m>txYt.m.

The usual Curry fixpoint Y = A fArAr with Ap=Ax(f)(x)x

would give the following (equivalent, but not very readable) result :
Yxtem>tx((AfApOASf Ap)tom.

This phenomenon does not arise with weak head reduction.



Intuitionistic Curry-Howard correspondence

Consider second order formulas with — and V as the only logical symbols.
Intuitionistic natural deduction is given by the following usual rules :
Ay,..., A A;

A1,..., A, AFB = Aj,..., A+ A—B

A1,..,Ap-A—B, Aj,....,Art A = A,...,Ap+B

Al .., AprEA = Al,...,AkI—‘v’annd VXA
(if x, X are not free in Ay,..., Ay)

Al A FYXxA— Alt]
Al,.., ArEYXA— A[F/Xx]...%;]

(comprehension scheme)

Notations. Let X be a propositional variable (predicate of arity 0).

1 is defined as VX X (thus, 1. — F is a particular case of the compr. scheme).
Y {A1,..., Ar} means VX[V Y (A1,..., Ap — X) — X].



Intuitionistic Curry-Howard correspondence (cont.)

These rules become rules for typing A-terms, as follows :
XA XA XA

X1:A1,.. o, XA, X:AF B = x1:A1,... XA FAXxE:A— B
X1:AL XA EA— B, utA = X1:AL . L XA tuiB

X1:AL o XA A = XA L XA E VX Aand VX A
(if x, X are not free in Aj,..., Ay)

X1:A1, .., XA F Ax x:Vx A — Alt]

X1:A7, . X A FAX XV X A— A[F/ Xx1...x1]
(comprehension scheme)

In this way, we get programs from proofs in pure (i.e. without axioms)
intuitionistic logic. It is the very first step of our work.



Realizability

We know that proofs in pure intuitionistic logic give A-terms.
But pure intuitionistic, or even classical, logic is not sufficient
to write down mathematical proofs.

We need axioms, such as extensionality, infinity, choice, ...
Axioms are not theorems, they have no proof !

How can we find suitable programs for them ?

The solution is given by the theory of classical realizability.

We define, for each mathematical formula @ :

e the set of stacks which are against ®, denoted by | ®||

e the set of closed terms ¢ which realize ®, which is written ¢ |- ©.

We first choose a set of processes, denoted by 1, which is saturated, i.e.
txmel, t'xa'>txm = xn'el



Realizability (cont.)

Equivalently, we can choose the complement 1.¢ of I, which is closed by execution
ie. txmel’ txa>t'*xn" = t!xn' el

The set |®| and the property ¢ |- ® are defined by induction on the formula ®.
They are connected as follows :

tIF® © (Vrne||®|)t*xme L

There are three steps of induction, because our logical symbols are
the arrow : —, the first and second order universal quantifiers : Vx, VX.

1. [O—>Y|={ten; t [FD,me ||}

In words : if the term ¢ realizes the formula ©

and the stack = is against the formula W

then the stack .7 (push r on the top of x) is against the formula ® — V.



Realizability (cont.)

2. [Vx®x) |l =Ulll®(@l;aeN}
This means that the domain of first order variables is N.
In words : a stack is against Vx®(x) if it is against ®(a) for some integer a.

3. Let X be a predicate variable of arity k. Then
IVXDX)| = UlIOIZ /X112 :NF — 22 (1)} )
This means that the domain of k-ary predicate variables is 2DV

It follows that 7 |FVx®(x) © (VaeN) t |- ®(a) and
FFYXDX) o (v e 2V ¢t o[/ X]

We have defined | ®|| and ¢ |- ® for every closed second order formula @
with parameters. Parameters of arity k are functions 2 : NK — 22 (11).
A closed atomic formulas is % (n1,..., ny). Its truth value is obvious.



Realizability (cont.)

We see that realizability theory is exactly model theory, in which the truth value set
is 22(I1) instead of {0, 1}, IT being the set of stacks.

We are indeed considering “ standard ” second order models :

the domain of individuals is N

the domain for k-ary predicate variables is @(H)Nk (instead of {0, I}Nk).

For each function f:N¥ — N, we have the k-ary function symbol f

with its natural interpretation.

The truth values @ and IT are denoted by T and L. Therefore :

t|-T foreveryterm ¢t; ¢t |-L = ¢ |- F for every F.

Warning. In our realizability models, the domain of variation of individual variables
is N. But, the usual 2-valued models we get from them are non-standard, i.e.

they contain non-standard integers and even individuals which are not integers at
all.



The adequation lemma

In order to get a model, we have only to choose the saturated set .

The case 1L = ¢ is degenerate : we get back the usual two-valued model theory.
The lemma below is the analog of the soundness lemma for our notion of model.
It is an essential tool for the proof-program correspondence.

Adequation lemma.

If x1:®1,...,xp:Pp F D and if t; F®;(1<i<n) then t[t1/x1,...,thlxn] |FD.

In particular : If + t:® then ¢t |- ®.

The proof is a simple induction on the length of the derivation of .- r:®,

In the following, we shall more and more use semantic realizability ¢ |- ®
instead of syntactic typability + t:®.



The language of mathematics

The proof-program correspondence is well known for intuitionistic logic.
Now we have
Mathematics = Classical logic + some axioms
that is Mathematics = Intuitionistic logic + Peirce’s law + some axioms
For each axiom «f, we choose a closed A-term which realizes «f, if there is one.
If not, we extend our machine with some new instruction which realizes <,
if we can devise such an instruction.
Now, there are essentially two possible axiom systems for mathematics :

1. Analysis, i.e. second order classical logic with dependent choice.
2. ZFC, i.e. Zermelo-Fraenkel set theory with the full axiom of choice.

Thus, we now have many axioms to deal with.
First of all, we must settle the law of Peirce : (A— 1) — A) — A.



Peirce’s law

We adapt to our machine the solution found by Tim Griffin in 1990.

We add to the A-calculus an instruction denoted by cc. Its reduction rule is :
CCkLell >t *xKygemm

k; is @ continuation, i.e. a pointer to a location where the stack 7 is saved.

In our symbolic machine, it is simply a A-constant, indexed by .

Its execution rule is Ky * tert' >t % 1.

Therefore cc saves the current stack and k;, restores it.

Using the theory of classical realizability, we show that cc |- (=A — A) — A.

In this way, we extend the Curry-Howard correspondence to every proof

in pure (i.e. without axiom) classical logic : we now have the new typing rule

X1:AL . XA cci(FA—- A)— A
Let us check that cc | (mA— A) — A :



Peirce’s law (cont.)

Take r -F—-A— Aand w e || A|. For every u |- A, we have u* e I, therefore
kp* u.n’ € I for every stack 7’. Thus k; FA— L and ky.m€e||~A— Al.
It follows that txk;.7€ 1 thus ccxr.me L. QED

This extended A-calculus is called A -calculus.

The set of closed A.-terms is denoted by A..

A closed A.-term which contains no continuation is called a proof-like term.
We say that the formula ® is realized if there is a proof-like term 7 such that
7 |- ® for every choice of 1.. Thus :

e Every A -term which comes from a proof is proof-like.

o If the axioms are realized, every provable formula is realized.

If I # @, then 7 |- _L for some A.-term 7: take txme 1 and 7 = k;t.
Observe that it is not a proof-like term.



A useful trick

We can define the truth value |V — ®| when ® is a truth value

(for example a closed formula with parameters) and V is any set of terms.
The definitionis ||V - ®|| ={v.m; ve V,m e | D|}.

For example {{} — ® and =V have truth values.

Theorem. Let ® be a truth value and V a set of terms.

Then (V - @) — (=#® — V) is (uniformly) realized :

Afdkko f (V- @) — (=@ — V) ;

AhAvccdAk(Wkv |- (0D — V) — (V — D).

Theorem. Let X be a truth value and X~ = {k;; m € | X|}.

Then =X~ < X is (uniformly) realized.

Indeed cc - X™ — Xand AxAyyx |- X — X",

It follows that, in order to realize X v A it is sufficient (but often much easier)
to realize X~ — A.



First simple theorems

The choice of I is generally done according to the theorem @ for which

we want to solve the specification problem. Let us take two simple examples.
Theorem. If 6 comes from a proof of VX(X — X) (with any realized axioms)
thenOxt.r>txm i.e. 0 behaves like 1x x.

Proof. Take 1L ={p; p > t x n} and | X|| = {x}.

Thus t|FXand Oxt.me L. QED

Example: 8 =AxccAk kx.

Dual proof. Take 1L ={p; O x t.7n > p} and || X|| = {x}.
Thus, O xt.me 1L ;sincemre|X| and 0 |F X — X, we have ¢ |~ X
and therefore tx e 1.°. QED



First simple theorems (cont.)

The formula Bool(x) = VX (X1, X0 — Xx) is equivalentto x=1v x=0.

Theorem. If § comes from a proof of Bool(1), then O x teu.m >t x 7

i.e. 8 behaves like the boolean AxA1y x.

Proof. Take 1L ={p; p > txx}, | X1|| = {n} and | X0]l =@ =|T]|.

Thus ¢t X1, u|FX0and Oxteu.me l. QED

Dual proof. Take L ={p; O x teuem > p}, | X1|| = {n} and || X0 =@ =|T|. We have
ul-X0, e |X1],0 FX1,X0— X1land @ xteueme I°.
Thus ¢ |~ X1 and txme I°. QED



Another example : 3x(Px — VyPy)

Write this theorem Vx[(Px — VyPy) — L] — L. We must show :

zVx[(Px—-VyPy)— L] %l. We get z:(Px—VYyPy)— 1,

Z:(Px —-VYyPy)— Px, ccz:Px, ccz:VxPx, Adccz:Px—VYyPy

and zAdccz: L. Finally we have obtained the program 6 =AzzAldccz.

Let us find a characteristic feature in the behaviour of all terms 6

such that +60:3x(Px — VyPy). Let ag,aq,... and @g, @1,...

be a fixed sequence of terms and of stacks. We define a new instruction « ;

its reduction rule uses two players named 3 and V and is as follows :
K*kGeTT >k Ajed |

where i is first chosen by 3, then j by V.

The player 3 wins iff the execution arrives at a; x ®; for some i e N.



dx(Px — VyPy) (cont)

Theorem. If -0:Vx[(Px— VyPy)— L] — 1, there is a winning strategy for 3 when
we execute the process 0 x x .7 (for any stack 7).

Proof. Let AL be the set of processes for which there is a winning strategy for 3.
Define a realizability model on N, by setting || Pn| = {®,}. Thus «a, |- Pn.

Suppose that ¢ |- Pi— Yy Py forsome ieN. Then:

¢*a;.0;€ I forevery j and it follows that x x ¢.7 € I, for any stack 7 : indeed, a
strategy for 3 is to play i and to continue with a strategy for ¢ x a;.@; if V plays j.
It follows that « |- (Pi — VyPy) — L and therefore :

K |FVx[(Px—YyPy)— L]. Thus, 8 xx.m € I for every stack . QED



dx(Px — VyPy) (cont)

Dual proof. If there is no winning strategy for 3, then there is one for V :
to play so that 3 never has a winning strategy.

Suppose that V has chosen such a strategy and define 1L.¢

to be the set of processes we can reach from 0 x x ..

Set, as before, |Pn| = {®,}. Then «a, |- Pn because a, * @, is not reached.

Then x |£Vx[(Px—VYyPy)— L] because 6 xx.m ¢ .

Thus, thereisanieNanda ¢ |-Pi—VYyPy st.xx&.n' € 1LC.

At this moment, 3 can play «; and ¥ will play @ ; by his strategy.
Thus { * a;.@; € 1L because this process is reached.

This contradicts the property of ¢ because «; |-Piand @;€|VyPyl.

QED



dx(Px — VyPy) (cont)

For instance, if 0 = AzzAd ccz, we have :

Oxxom>K*kAdcckom> Adcck * aj .@ j, if 3 plays ig and ¥ plays jo.

We get cCxk.@ j, > Kk * k@jo - @ j,- A winning strategy for 3 is now to play jo :

if V plays ji, this gives k@jo * A joe@j) > Ajg* @y

Remark. The program 6 does not gives explicitly a winning strategy.

Programs associated with proofs of arithmetical theorems will give such strategies,
i.e. will play in place of 3.

We shall return to this topic later and consider the general case :

true first order formulas.



Axioms for mathematics

Let us now consider the usual axiomatic theories which formalize mathematics.

« Analysis is written in second order logic. There are three groups of axioms :

1. Equations suchas x+0=x, x+sy=s(x+7y), ...

and inequations such as s0 # 0.

2. The recurrence axiom Yxint(x), which says that each individual (1st order object)
is an integer. The formula int(x) is: VX{Vy(Xy — Xsy), X0 — Xx}.

3. The axiom of dependent choice :

If VX3Y F(X,Y), then there exists a sequence X;, such that F(X;, X;+1).

Analysis is sufficient to formalize a very important part of mathematics
including the theory of functions of real or complex variables,
measure and probability theory, partial differential equations,

analytic number theory, Fourier analysis, etc.



Axioms for mathematics (cont.)

« Axioms of ZFC can be classified in three groups :

1. Equality, extensionality, foundation.

2. Union, power set, substitution, infinity.

3. Choice : Any product of non void sets is non void ;
possibly other axioms such as CH, GCH, large cardinals.

In order to realize axioms 1 and 2 (i.e. ZF), we must interpret ZF

in another theory called ZF. which is much simpler to realize.

The A.-terms for ZF are rather complicated, but do not use new instructions.
The solution for AC and CH has been found very recently.

We need new instructions and get very complicated programs for these axioms.



Realizability models of analysis

For the moment, we consider realizability models of 2nd order logic.

For these models, the domain of individuals is N

and the domain of k-ary predicate variables is 2amN",

The only left free choice is .

But it is important to remember that these domains are used only

for computing the truth values of formulas : [|[Vx®(x)|| = U, en | (1) .

For example, it does not mean that the formula : “ every individual is an integer ’
that is the recurrence axiom VxVX|[Vy(Xy — Xsy), X0 — Xx] is realized.

Indeed, for the most usual choices of L, the negation of this formula is realized.

In order to grasp this strange situation, we absolutely need ordinary 2-valued models.

7

We now explain how to get them.



Coherence

In fact, the situation is even worse, because there are
some useful examples of L for which _L is realized. For instance :
1 = the set of processes the execution of which is infinite ; we have 66 |- L.

Now, by adequation lemma, the set of realized formulas is closed by

classical deduction. If this set is consistent, we say that L is coherent.

It means that there is no proof-like term 6 such that 6 |- L.

In other words, for every proof-like term 6, there is a stack 7 such that @ xw ¢ .
From now on, we consider only the case when 1L is coherent.

Examples : let pg be some given process ; then I = {p; p > pg! is coherent if
there is at least 2 stack constants ; 1. = {p; po # p} is not coherent in general.



2-valued realizability models

Let 1. be a coherent saturated set of processes. Then the set of realized closed
formulas is closed under derivation in classical logic and does not contain L.

It is therefore consistent and we obtain, in this way, 2-valued models

of second order logic or of set theory.

We shall see that these models are very different from the model we started with.
As told before, there exist individuals which are not integers ; but there are also
non-standard integers in the following strong sense : there is a unary predicate P
such that the formulas Jx[int(x) A Px], = Pn are realized for each integer n.



The Boolean algebra £2(I1)

Every coherent 1L gives a Boolean structure on the set Z22(I1) of truth values :
for & ,% 11, define :

X <% < thereis a proof-like term 0 s.t. 0 X - ¥
It is easy to prove that this is a Boolean preorder on 22(Il), with ¢ = |=2| and
inf(&, %) =X AY| = VXX, ¥ - X) - X)| or (X,% —1)— L],
sup(X, %) =X v¥| = IVX(X — X), & — X) — X)|
or [(¥ — 1), — 1)—1].
Let 8 =22(I1)/ = be this Boolean algebra.
Every closed formula has a value in Z2(I1) and therefore a value in 4.
We get, in this way, Boolean models of second order logic or set theory.
Using any ultrafilter on 98, we obtain again the 2-valued realizability models
described in the last slide.



Remarks on 2-valued models

We use the following terminology : the standard model of analysis is (N,2™).

Given L, we have the realizability model associated with 1L, which is (N,22(IDVN)
with the definition of truth value of closed 2nd order formulas.

Then, we have the 2-valued realizability models, we have just defined.

For any closed second order formula F the following conditions are equivalent :

e U = F for every 2-valued model .4 associated with 1L

e there exists a proof-like term 0 s.t. 0 |- F

Notice that every predicate and every function on individuals which is defined

in the standard model is also defined in the 2-valued realizability models
(because we put them in the language). But, in these models,

there are many individuals and predicates which are not named in the language.
For example, non-standard integers or non integers.



Axioms of analysis : equations

Axioms : 71(0=350); p0=0; Vx(psx=x); Vx(x+0=x) ; Vx(x.0=0) ;
VxVyx+sy=sx+y)), VxVy(x.sy=xy+ x)

Such equations and inequations are very easy to realize.

Theorem. Any true equation is realized by Ax x.

Any true inequation is realized by Ax xt for an arbitrary t.

Proof. x = y is defined by VX(Xx — Xy) in second order logic. QED

Useful definition. Define a new predicate x # y by setting :
InZpl=2=ITlif n#pand|n#pl=1=|L|lif n=p.

Theorem. AxAyyx |FVxVylx#y— —(x=y)] and
Axxt |FVxVy[-(x=y) — x#y] for any t.

This means we can use the predicate x # y in place of = (x = y).



Another important Boolean algebra

The predicate x* = x defines a set 2 of individuals, which is a Boolean algebra.

For example, VxV y[x* =x,y° =y — (x+ y—x))2=x+ y— xy] is a consequence

of true equations (associativity, commutativity and distributivity).

Another way : realize VxVy[x* = x, (X +y—x))° Zx+y—xy — y° # 7], i.e.
Vx(x®°=x1#1— L)nVx(x*=x,x°#x— 1) i.e

Vx(l#1— x> #x)NVx(x* £ x — x° # x) realized by Ax x.

Lemma. Every element # 1 of 28 is not a successor.

Indeed, (x+1)%=x+1 gives x>+ x =0 thus x =0. QED

In most interesting models, the algebra 28 is not trivial, i.e. 2 # {0, 1}.

This shows that there are individuals which are not integers.
Let us give an example.



A non trivial Boolean algebra 2

Set IL={peAxIl;p>I*mg};Iis Axx, mg is a fixed stack constant.

Lemma. |T, L - 1|Nn|L,T—1|=|T,T—_1].

It is clearly sufficient to prove c. Let r€|T,L — L|n|L,T— 1|, mell,

K =knol -1, w=(Axxx)Axxx and a, b be two fresh constants.

Suppose that t xa.b.t>axn';then txw.x.1>w*xn",

which contradicts ¢ |- T,L — 1. Therefore, during the execution of tx a.b.r,
neither a nor b comes in head position. Since ¢t * u.x.m > I x 7, it follows that
tx UsVel > 1% mg. This shows that t T, T — L. QED
Now, [Vx(x#1,x#0 - x*#x)|=|T,L— LIn|L,T—1];

this shows that 2xx00 |F " Vx(x #1,x #0 — x% # x).

This formula means that 28 is a non trivial Boolean algebra.



An atomless Boolean algebra 2

An atom of £ is a minimal element of 2\ {0}. We show that, in the above model,
the algebra 2 has no atom ; thus, it is not only non trivial, but even infinite.

The fact that £ is atomless is expressed by the formula :
Vx(x*=x,x#0—-3y()° = yAXyZ0A Xy £X) ie.

‘v’x[‘v’y(xy;éO,xy;éx—»y2 ;éy),x;é0—>x2 7 X].

The truth value of this formula is :

Vy(y#0,y#1—y*#9), T — LINnIVYO#0,0#0— 1), L — 1|,

We have just seen that [Vy(y #0,y#1 — y*# )| =T, T — L|.

Thus,weget (T, T— 1), T—1L|n|(L,L—1),L— 1]

which is realized by AxAyxyy.



Exercise on this model

We have shown that any element of 28\ {1} has no predecessor (in every model).
But, in this model, the converse is false, i.e.

there are individuals without predecessor that are not in 2.

We show that the formula Jx[x° # x A Vy(x # sy)] that is

Vx[x? #x,Yy(x#sy) — L] — L is realized. We have

IVy(n#sy)l=T if n=0and L if n#0. Therefore

Vx[x* # x,Yy(x #sy) = LI =NpIn® # n,Vy(n # sy) — L|

=L, T—1n|LL—-1n|T,L—L=|T,T— L| by the lemma above.
Thus [3x[x* Z XAV y(x # s = (T, T — 1) — 1]

and this formula is realized by Ax x00.

We have now many examples of non integers.

We have not yet given an example of a non-standard integer.

A much more difficult problem is : does there exist an ultrafilter on 98 ?



Intersection of types

Let F(x) be any second order formula. It is interesting to compare the truth values
|F(1) A F(0)] and [F(1)|n|F(0)]. We show that |F(1)|n|F(0)| is equivalent to the
formula Vx[x* = x — F(x)]. This means that :

i) Vx[x®=x— F(x)]—|F(1)|n|F(0)| and

i) |F(1)|N|F(0)| — Yx[x*=x— F(x)] are both realized.

(i) is realized by AxxI (put x=1,0in x* = x — F(x)).

Now V x[x* = x — F(x)] is equivalent to Vx[~F(x) — x* # x]

the value of which is |[==F(1)|n|=—=F(0)|. But we have

AxxI [FIF(MIN|FO)| — [72FD)[n|=7F(0)].

We have found the meaning of F(1) n F(0)

which is clearly stronger than F(1) A F(0).



Axioms of analysis : recurrence

The proper recurrence axiom is Vxint(x), where int(x) is the formula :
VX[XO0,Vx(Xx— Xsx) — Xx]

This axiom cannot be realized, even by means of new instructions ;

thus, in realizability models, there are individuals which are not integers.

There are two solutions, which are logically equivalent for integers ;

but they correspond to very different programming styles.

The first method is to discard the recurrence axiom

and restrict first order quantifiers to the formula int(x).

The second method is the same we shall use to realize axioms of ZF.

We define a new equality = on individuals, which allows to realize

the recurrence axiom : every individual becomes equivalent to an integer.
It uses a fixpoint combinator and the programming style is LISP’s.



Recurrence axiom, 1st method

The language has a function symbol for each recursive function.

Let int(x) =VX[Vy(Xy — Xsy), X0 — Xx].

Theorem. If a second order formula @ is provable with the recurrence axiom,
then the restricted formula @'t is provable without it, using the axioms
Vx1...Vxplint(xy),...,int(xg) — int(f(x1,...,x%)} for each symbol f.

Now, we only need to realize these new axioms. There are two ways of doing this :
e Prove this formula from true equations.

Examples. The successor s : int(x) — int(sx) is provable with no equation.
Addition : int(x), int(y) — int(x + y) is provable with the equations :
x+0=x; x+sy=s(x+y),...

This works for a very large class of recursive functions :
the provably total functions in second order arithmetic.



Recurrence axiom (cont.)

e The second method works for every recursive function f.

Assume, for simplicity, that f is unary. We have two lemmas.

Lemma. If 7 is a closed A-term, T =4 n (Church integer), then 7 |- int(s"0).

Define T=AfAn(n)Ag gos.f.0 (storage operator [5]).

Storage lemma. If (Vr € | X|)p*s"0.m€ I then T} | int(n) — X.

Proof. Let |Pj| = {s”‘jo.n; me|X|}for0<j<n;

|Pjll=@ for j>n. Then Aggos |-Vx(Px— Psx) and ¢ |- PO.

Thus, if v |- int(n) then vx Aggos.¢.m € 1L which gives Tp*xv.me L. QED
We can state this result as follows : T |- VXVn{({s"0} — X) — (int(n) — X)} i.e. the
formula int(n) may be replaced with {s"?0} when computing truth values.



Recurrence axiom (cont.)

Finally, we realize the axiom we need :

Theorem. Let 7 be a closed A-term which computes the recursive function f.
Then TAxtx | Vx[int(x) — int(f(x))].

By the storage lemma, we only need to prove that Axtx % s"0.m € I

for m e |lint(f(n))|l. But this follows from the first lemma,

since 75”0 =g r with r = f(n). QED



Imperative call-by-value

Let v e A. such that +v:int(s”0) ; i.e. v "behaves like" the integer n.

In the A -term ¢v this data is called by name by the program ¢.

In the A.-term T¢v the same data is called by value by ¢,

which means it is computed first (in the form s™0).

Theorem. If - v:int(s™0), then T¢p *x v.m > Pp* s™0.7.

Let 1L ={p; p>p*s"0.7}. Then Tp~v.me I, by the storage lemma. QED

| name this behaviour imperative call-by-value, to avoid confusion with

the well-known notion of (functional) call-by-value, and because

it is very similar to the usual notion of call-by-value in imperative languages.
It is only defined for data types (booleans, integers, trees, ...)



Computing recursive functions

So, we can discard the recurrence axiom and replace it with the formulas :
Vx1...Vxp{int(xy),...,int(xg) — int(f(x1,...,xz)} for each symbol f.

These formulas make sense, because there exist individuals which are not integers.
Theorem. If ¢ : VE{int(X) — int(f%)}, then ¢ computes the function f, i.e.

if 71 is a sequence of Church integers, then Tk x ¢p7i.7 >k x sP0.7 with p = f(7).
This works for every data type : Booleans, integers, sums, products and lists

of data types, etc. Here, we only use the types of integers and of Booleans.
Bool(x) = VX(X1, X0 — Xx). For this type we have :

Theorem. If + ¢: Vx{int(x) — Bool(f(x))}, then

Gk Netethem>t*mif f(N)=1;Pp*Neteusa>uxmif f(n)=0

where 7 is any closed A-term B-equivalent to the Church integer n.



Remarks on head linear reduction

If we use the head linear reduction machine, the storage lemma is no longer true :
the storage operator T=AfAn(n)Aggos. f.0 introduces garbage.

We define a storage instruction T and an auxiliary instruction U

with the following execution rules :

Txpever >v*kUspo0er and Uk goloerm > g * sC.T.

Storage lemma. /f (V€ | X|)¢p* s"0.7m € I then T |- int(n) — X.

Proof. Let |Pj]| = (s"J0.m; e | X} for 0 < j<n;

|IPj|l =@ for j>n. Then U |- Vx(Px— Psx) and ¢ |- PO.

Thus, if v | int(n) then vxU.¢.m € I which gives T *xv.me L. QED



Recurrence axiom, 2nd method

Theorem. Y |- Vx[Vy(Xy — sy # x) —» 7 Xx] - VxXx

where Y = AA with A= AaAf(f)(a)af is the Turing fixpoint combinator.

lts execution rule is Yx tem >t x Yt .o71.

Remark. In head linear reduction, Y must be an instruction with this reduction rule.

Now, this formula says that the relation sy = x is well founded.

From this, it is easy to prove that every individual x can be uniquely written as
x = xo + n, where n is an integer and xg has no predecessor.

We have defined an equivalence relation on individuals and we consider integers as
equivalence classes. The class 0 is the set of individuals without predecessor.

The recurrence axiom VXVx[Vy(Xy — Xsy), X0 — Xx] which we cannot realize, is
replaced with : VXVxIVy( Xy — Xsy),Vy(y=0— Xy) — Xx]

which is provable from the well foundedness of sy = x.



Fixpoint and well foundedness

We prove more generally :

Theorem. Let x C y be well founded on integers and ¢(x, y) its characteristic
function. Then Y |FVX{Vx[Vy(Xy — ¢(y,x) #1) — " Xx] - Vx Xx}.

Proof. Let ¢t [FVx[Vy(Z (y) — ¢(y,x) #1) — "X (x)]

for some & :N — 22(I1). We prove Yt |- ~% (n) by induction on n,

following C. Let u |- % (n), we must prove Y x tume I, i.e. txYt.u.mwe L.

It is sufficient to prove Yt | Vy(Z (y) — ¢(y, n) #1).

Now, if y C n, this is true because Yt |- % (y) — L, by induction hypothesis ;

else this is also true because ||¢p(y, n) # 1| = @. Q.E.D.



Non standard integers (1st example)

Let a,, m;, be given sequences of A-constants (instructions) and stack constants.
Define a realizability model by setting 1L = {pe A% II; An(p > a, *x w,)}.

In this model, define a unary predicate P by || Pn| = {r,}.

Since ay | Pn, every 2-valued realizability model satisfies Pn for every n e N.
We show that there are such models with non-standard integers :

more precisely, the formula Vx[int(x) — Px] is not realized.

Indeed, consider a proof-like term 0 | Vx[int(x) — Px]

and choose n such that a; is not in 6.

Then O xn.mye L, ie. 0% n.m, > a,*mx, which is impossible.



Non standard integers (cont.)

Suppose now we have an instruction o with the following execution rule :
Oxt.m>1txn.m, Where my, isthe stack constant of 7.

Then o |FVx[int(x) — Px] — L

i.e. there are non-standard integers in every 2-valued realizability model.
Indeed, let 1 |- Vx[int(x) — Px] and 7 € II.

We must show that o x r.me I, ie. txn.m, e L.

This follows from the hypothesis on t.

Instructions similar with o will be used in order to realize

the axiom of dependent choice.



Examples of arithmetical theorems

Theorem. Let 60 : Jx[int(x) A f(x) = 0], with f recursive. Let x be a stop instruction.
Then 6 x Tx .1 >« * s""0.7t with f(n) =0; T is the storage operator.

Proof. We have 0 |- Vx[int(x) — f(x) #0] — L.

Now take 1. ={p; p >k x s"0.7 with f(n) = 0}.

We simply have to show that Tk |- Vx[int(x) — f(x) #0] i.e. by the storage lemma,
that x x s"0.7 € I for every n such that 7 € || f(n) #0].

But this means that || f(n) # 0|l # @ and thus f(n) =0. QED
Remark. « is clearly a pointer to an integer. In the program, we wrote Tk,

because we want it to point to a computed integer.

It is the intuitive meaning of imperative call-by-value.



Examples of arithmetical theorems (cont.)

We consider now an arithmetical theorem {3xV y[f(x, y) # 0]},

Define a game with two players 3 and V : 3 plays an integer m, V answers by n ;
the play stops as soon as f(m,n) #0 and then 3 won ;

thus V wins if and only if the play does not stop.

Intuitively, 3 is the “ defender ” of the theorem and

Vv “ attacks ” it, searching to exhibit a counter-example.

It is clear that 3 has a winning strategy if and only if N = 3xVy|[f(x, y) # 0] ; then,
there is an obvious strategy for 3 : simply play successively 0,1,2,...

We show that a proof of {3xV y[f(x, y) # 0]}t gives an explicit programming

of a winning strategy for the “ defender "

Usually, this strategy is much more efficient than the trivial one.



Programming a winning strategy

Let us add to our symbolic machine, an instruction ¥ which allows an interactive
execution. Its execution rule is :
K* 0. e > K sP0Tpp
for n,peN; m,p is a stack constant.
This execution rule is non deterministic since p is arbitrary. Intuitive meaning :
in the left hand side, the program (the player 3), plays the integer n and prepares
a handler ¢ for the answer of V ; in the right hand side, the attacker V plays p ;
Tnp Store the information about this move.
Theorem. If +6:{3xVy(f(x,y) # 0)}'™, then every reduction of 0 x Tk .7
gives ¢ x sP0. 7y with f(n, p) #0 (T is the storage operator).
This means that the process 68 x Tx .7 acts as a winning strategy for 3.



Programming a winning strategy (cont.)

Proof. Take for I the set of processes every reduction of which gives
¢ * sP0.myy with f(n, p) #0. We must show that 0 x Tx.m € L.

Now 0 |- Vx[int(x),Vy(int(y) — f(x,y) #0) — L] — L.

Therefore, by definition of |, it is sufficient to show that :

Tx |FVx[int(x), Vy(int(y) — f(x,y) #0) — L].

By the storage lemma, we only need to show that :

if { FVy(int(y) — f(n,y) #0) then x x s"0.{ e U, ie.

¢ * sP0.mpp € AL for every p e N.

If f(n,p)#0, this is true by definition of L.

Else, w5y € | f(n, p) # 0| =11, hence the result, by hypothesis on ¢.

QED



Programming a winning strategy (cont.)

Remark. x can be considered as a pointer to the object (n,{) consisting of the
integer n and the handler ¢ (data and method). Moreover, the integer n is called by
value which is guaranteed by writing Tk instead of «.

Example. We take the theorem {3xV y[f(x) < f(1)]}'" where f is recursive.

Let ¢(x, y) be the characteristic function of the well founded relation f(x) < f(y).
The formula is Vx[int(x),Vy(int(y) — ¢(y,x) #1) — L] — L.

A particular case of the result p. 44 is :

Y |FVx[Vy(int(y) — ¢(y,x) #1) — 1int(x)] — Vx 1int(x).

Thus, we get 8 = Ah(YAxAn hnx)O0. It is easily checked that the process

0 x Tx .7 gives the following strategy, much better than the trivial one :

d plays 0 ; if V plays p and if f(p) < f(0), then 3 plays p and so on.



The axiom of dependent choice

We need a new instruction in our machine. Any of the following two will work :
1. The signature. Let r — n; be a function from closed terms into the integers,
which is very easily computable and “practically” one-to-one. It means that the one-
to-one property has to be true only for the terms which appear during the execution
of a given process. And also that we never try to compute the inverse function.
We define an instruction o with the following reduction rule :
Ok Lol > 1% NtoTl.
A simple way to implement such an instruction is to take for n; the signature
of the term ¢, given by a standard algorithm, such as MD5 or SHAT.
Indeed, these functions are almost surely one-to-one for the terms
which appear during a finite execution of a given process.



The axiom of dependent choice (cont)

2. The clock. It is denoted as 7 and its reduction rule is :

RXxtelm>t*kNeT
where n is a Church integer which is the current time (for instance, the number of
reduction steps from the boot).

Both instructions, the clock and the signature, can be given (realize) the same type,
which is not DC but a formula DC" which implies DC in classical logic.

By means of this proof, we get a A-term y|[cc, o] or y[cc, /1] which has the type DC.
The instructions o, /7 appear only inside this A-term y.

By looking at its behavior, we find that the integers produced by these instructions
are only compared with each other. No other operation is performed on these
integers.



" Proof ” of the dependent choice axiom

For simplicity, we consider the countable choice axiom :

AZVx(Fx, Z(x,y)/ Xyl = VX F[x, X])
Indeed, the dependent choice is the same formula in which the individual parameter
x is replaced with a predicate parameter. There is nothing to change in the following
proofs, because the parameter does not play any role.
We use a variant of the instruction o with the following reduction rule :

O X LeTl> X Nyl

(m— ny is a given recursive bijection of IT onto N).

Theorem. There exists a ” predicate ” U : N3 — (1) such that
o |FVx{Vn(int[n] — F(x,U(x,n,y)/ Xy]) = VX F[x, X]}.



The dependent choice axiom (cont.)

The usual countable choice axiom follows easily, but not intuitionistically.
Simply define, for each x, the unary predicate Z(x, ) as U(x, n, ) for the first integer
n st. —F[x,U(x,n,y)/ Xyl], or as N if there is no such integer :
Z(x,z) =Vn{int(n),Vp(int(p),p<n— Flx,U(x,p, ) Xyl),
F[x,U(x,n,y) Xyl — U(x,n,z)}.
Proof. By definition of |VX F[x, X]|, we have :
me|VXFlx,X]|l © @Re 20Dy e | Flx, R/ X]||.
By countable choice, we get a function U : N3 — Z2(II) such that
ne||VXF[x,X]| ©melFlx,U(x,ngy)/ Xyll.
Let xeN, t |FVn(int[n] — Flx,U(x,n,y)/ Xy]) and 7 € |VX F[x, X]]|l.
We must show that o x t. € 1L and, by the rule for o,
it suffices to show ¢t x ny.m € IL. But this follows from
ny | int(s"™0), me|Flx,U(x,ng y)/ Xyl (by definition of U) and
t |- int(s"™70) — Flx,U(x, ng, y)! Xyl. QED



Instructions for dependent choice

This proof gives a rather complicated term y containing # and cc which realizes
the dependent choice axiom. It is much clearer to give it as an instruction ;

in any case, this is necessary if we use head linear reduction.

We introduce four instructions vy, E,Ug, U1. Their execution rules are :

Y xt.nm>E* t.n.m where nis the current time or the number of the stack .
Ex temam>t* ((Ug)(E))m)ky « (U1)(E) ) m)kyy o7
Upktemekettep>uxtemeka.p
Ui x tentekgottat' en' Jkyep>uxpif n=n;

>t'xn.wifn<n

>txn'.a'ifn<n
nt, 7', p are arbitrary stacks ; t,t', m, k, u are arbitrary terms ;
n, n' are integers in the form introduced by v.



Instructions for dependent choice (cont.)

We now show that y realizes the dependent choice, as follows : given a formula
F[Y] with some parameters we do not write, we explicitly define a unary predicate
V:N—2() and prove that y |[FVY(Vy(Vy— Yy — F[Y]) - VY F[Y].

Remark. It will be clear, from the definition of V, that if the formula is F[X, Y] with
the parameter X, then V: 2(IDNxN — 2(10), i.e. V:2(DN - 221N,

Thus, we have 7y [FVYX{VY (Vy(V[X](y) < Yy) — F[X,Y]) = VY F[X, Y]}

which is stronger than dependent choice (non extensional axiom of choice).

We first define a binary predicate U : N — Z2(I1), such that for every stack 7 :

m e ||[VXF[X]| = 7w e |F[Uxlll where m =, (nis the number of x).

Uy, is the unary predicate defined by U, (y) = U(n, y).

Since |[VX F[X]|| = U{F[V]; V:N— 2(I1)}, this a simple application

of the countable choice axiom.



Instructions for dependent choice (cont.)

Define now a unary predicate V :N — 22(Il) in the following way :

V(y) = Vnim<nling — FlUpll, {n}, ©5 — Upy}

with @, = {ky; m € | FIUR]II}.

Intuitively, V' is U, for the first integer n such that = F[U,] if there is one,

and N otherwise. Indeed, {m} stands for int(m) and ®,, for = F[U,,].

Lemma. E |- Vn(Vy(Vy < Uny) — FlUnl) — MNpl{n} — F[Ul.

Remarks. i) This lemma will be used with the stronger hypothesis :
VY(Vy(Vy < Yy) — F[Y]).

i) Vy(Vy < Yy) — F[Y] is an abbreviation for

VyVy—-Yy),Vy(Yy— Vy)— F[Y].

We prove, by induction on n, that

if t |-VYn{Vy(Vy < Upy) — FlUgl} and 7 € | F{UpR]|l.

then Ex t.n.me I. Using the rule for E, it suffices to show that :



) (Vo) (B)t)n)ky [FVy(Vy — Uny)

i) (UDBDnky FYyUny — Vy).

Proof of (i). Let v |- Vy and p € ||[U,y| ; we must show that
UpxEten.kz.vepedl, ie. vkEten.ky.pe IL.

By the induction hypothesis, we have Et €<, |{m} — F[Ul|.

By hypothesis on 7, we have k; € ®,,. Hence the result, by definition of V(y).
Proof of (ii). Let u | Upy, n' € Ny py lim} — FlUpll, 7’ €N, 7’ € |[F[U,]|

and p € ||U,yll. We have to show that U; xEt.n.kyeuen on'krepe L.

If n=rn/, this is ux p € 1, which is true by the hypothesis on u and p.

If n<n/, thisis n' x n.m € 1, which is true by the hypothesis on " and 7.

If ' < n, thisis Etxn'.7n’ € 1. But, by the induction hypothesis, we have :
Et |-{n't — F[U,,], hence the result since, by hypothesis, 7’ € | F[U /1] QED



Theorem. y VY {Vy(Vy— Yy) — F[Y]} > VY F[Y].

Let ¢ |FVY{Vy(Vy—Yy)— F[Y]}and n € |VY F[Y]].

Thus, we have 7 € |F[U,]|| where n is the number of 7 (7 = 7).

By the lemma above, it follows that Ex t.n.m € I, which gives the result,

using the execution rule of y. QED

As explained before, if F = F[X, Y] has a second order unary predicate parameter X
then V : 2NN — 2 (DN is defined by

VIX,yl =Vnim<nl{im} — FIX, Uy(X]l|, {n}, ®, — UnlX, yl}.

We have y |FVX{VY(Vy(VIX](y) < Yy) — F[X,Y]) - VY F[X,Y]}

and V[X] is a choice function which is non-extensional :

the formula Vx(Xx — X'x) — Vy(V[X, y] < V[X, y]) is not realized.

Nevertheless, we get the dependent choice, because we can iterate the function V,
which gives the desired sequence V[ Xp] of predicates.



Example

We prove the following formula intuitionistically from the axiom of choice :
Val[(Ra— VYxRx)— L] — 1, which we denote 3*a[Ra — VxRx].

Take FIX]=X#¢p—>XNR#@ ie. F[X]=3xXx— Ix{Xx, Rx}.

By the axiom of choice: y [FVX{Vx(Vx— Xx) — F[X]} - VX F[X].

As every formula, F[X] is compatible with extensionality.

Thus F[V]FVX{Vx(Vx— Xx)— F[X]}.

We easily show VX F[X]FVxRx: take Xx=(x=y).

Now, we have to show +3*a(Ra— F[V]), i.e. 3*a(@xVx, Ra — 3x{Vx,Rx}). By the
intuitionistic rule : A— 3*aB(a) -3"alA — B(a)], we have now to show :
dxVx—3%a(Ra — Ix{Vx,Rx}). It is sufficient to prove :

dxVx—3"a(Ra— VaARa) ie. AxVx— 3*a(Ra— Va)) or finally

dx Vx — 3% aVa which is trivial.



Thus, we obtain - 3*a[Ra — Vx Rx] by an intuitionistic proof
from the non-extensional axiom of choice. The program we get contains y
but no occurrence of cc. Here it is :

B=Ak(k)Ar
(YAxAyAadu((w) (x) (@) Ax(R)Ar(yAxX'Ay' Aarlu((w) (X)) x)r)JDr) I
with I=Axx, J=AxxI.

We have checked that this term implements correctly a winning strategy for 3
in the game associated with the formula Va[(Ra— VxRx)— 1] — L.



The standard realizability model of Analysis

Realizability models are obtained by choosing a set AL which must be saturated
and coherent. Let 1.¢ be the complement of 1. The conditions on 1€ are :

pe L% p>qg= gel° (saturation) ;

for every proof-like term ¢ there is a stack 7 s.t. Exm e 1. (coherence).

Let ¢ — ¢ be a one-one map from proof-like terms into stack constants.

If { x s € 1L for every ¢, the set U is obviously coherent. The set of all processes
obtained by executing ¢ x ¢ will be called the thread generated by the proof-like
term ¢, and ¢ % 7¢ is the boot of this thread.

Thus, IL¢ = the union of all threads is a somewhat canonical way to define L.

We have thus IL¢ = {p; there is a proof-like ¢ s.t. & x 7y > p}

We call this model the standard realizability model.

Nevertheless, as we shall see, it contains non standard integers.



28 in the standard realizability model

We show that the Boolean algebra 2 of individuals x s.t. x*> = x is non trivial.
Theorem. Let dy =660 and dj =661, with 6 = Axxx. Then :
Ax(COMk((xX) (k) dp)(k)dy FVYx(x#1,x#0— x*># x) — L.

We know that [Vx(x Z1,x#0 - x* £ x)|=|T,L— L|n|L,T— L|.

let te|T,L— LIn|L, T — L] and € II. We must show that :
Ax(COAk((x)(k)dy) (k)dy % temr € 1L that is t x k;dp.k;dy.m € 1. If this is not true,
by hypothesis on t, we have k;dy,k;d1 II¥ L. Therefore, both terms appear in head
position in some thread ; since they both contain the stack constant of 7, these
threads are the same one ; thus dy and dj appear in head position in the same
thread, which is absurd. QED

We now show that this Boolean algebra is atomless.



Theorem. Let = AxAyccAk((x)(k)y0)((x)(k)y1)(k)y2. Then we have :
O FVXIVy(xy#0,xy£x— Y* £¥),x#0— x* #X]

(which means that the Boolean algebra 28 has no atom).

A simple computation shows that we have to prove i) and ii) :

Do (L, L—1),1—1.

let re|l,L — 1Lland uel|l].

We have to show that O x t.u.m e 1L i.e. = t *x k;u0.((¢)(kp)ul)(ky)u2.me A.
But u |- L = kyul |- L forall &. Since ¢ |1, 1L — L, it follows that
() (kp)ul)(kp)u2 |- L and therefore ¢ x k;u0.((¢) (k) ul) (k) u2.me A.
e |-T,L—-Ln|l T—L1,T— L.

let te|T,L—1|n|L, T—1l]and ue A..

Again, we have to show that  x k; u0.((#) (k) ul) (kp)u2.m € L.



let re|T,L—L|n|L, T— 1L]land ue A,.

Again, we have to show that 1 * k; 10.((1) (k) ul) (ky)u2.m € .

If this is not true, the hypothesis on t gives successively :

k10 |~ L and ((t) (kp)ul)(kp)u2 |~ L ; and then k;ul |~ L and k;u2 |~ L.
It follows that k; 10, k;ul,k;u2 all appear in head position in some thread.
Since they contain ky, these threads are the same (their stack constant is the same).
Suppose, for example, that k; 10 appears first in head position,

then k;ul, and then k;u2. We have thus :
kpuOxmog>uxm>-->Kzul*xmy>u*xn>--->kgu2xmp>uxm>---

But such an execution is clearly impossible because, at the second appearance

of the process u x 7, we enter in a loop and can never arrive at kyu2 x mo. QED

Thus, the standard realizability model contains non integers.
We now show it contains also non-standard integers.



A generic non-standard integer

Let n— ¢, be a fixed recursive enumeration of proof-like terms. We define a unary
predicate G by setting :

IGn|l =11, i.e. the set of stacks which end with the constant 7; .

We assume there is no instruction which changes the stack constant.
It follows that ¢ is the only one which appears in the thread ¢ x 7¢.
Since U, I1,, =11, we get |Vx Gx| =11, thus [ |- —-VxGx.

We show that Gn is realized for each integer n. Indeed suppose that :
000 |- Gn and 661 |~ Gn with § = Ax xx.

Then, ¢ * g > 660 % mg and {, x g, > 661 * 1 which is impossible.
It follows that the predicate G contains every standard integer,

but not every individual. Does it contain every integer ?



A generic non-standard integer (cont.)

Let ¢ (for "self”) be a new instruction with the following reduction rule :
Cktem>1txn.m;nistheinteger such that z € I1,,.

Then ¢ |FVx(int(x) — Gx) — L.

Indeed, if 1 |- Vx(int(x) — Gx) and 7w €I, then n |Fint(n) and 7 € ||Gn]|.

Thus txn.reldl and¢xt.me L.

It follows that the predicate =G contains at least one non-standard integer.

In the next slide, we show that the formula VxVy{=Gx, x # y — Gy} is realized.

Thus, the predicate ~Gx consists in exactly one individual

and it is a non-standard integer. We call it the generic integer.

We add a new individual constant g to our language, and replace Gx with x # g.

The non-standard proof-like term {g has remarkable properties.



A generic non-standard integer (cont.)

The following lemma is a useful tool in order to show that Av B is realized.
Lemma. If { xk;.p€ A forall m € ||All and p € || B,

then y¢ |-—~A— B with y = AxAyccAh yccho x.

The hypothesis gives cckjol |- A. If ¢ |-7A, we get rcckpod -1,

therefore ccAhtccho x p € I for every p € || B].

Thus, y¢x t.p € 1, because it reduces to this process. QED
We want to show that VxVy[-Gx, x # y — Gy] is realized.

By the preceding lemma, it is sufficient to show that :

Oxkpetepel withO0=AxAyy, me|Gn| =11, pclGpl = [y, t |F-n#p.

If n # p, this process is in no thread, because it contains two different stack constants
g, and e, If n=p,then ¢t L and 0% k;.7.p >t * p, hence the result. QED



The clock in the standard realizability model

The execution rule of the clock instruction 7 is defined formally as follows :

let ¢ be the stack constant of the current process 71 x t.7.

" Reboot ” ¢ x ¢ until you arrive at i x t.7 (if this never happens, you are stuck).
Let n be the number of steps ; then hixrt.m>txn.m.

The implementation is much simpler : you only have to set a counter

which is incremented at each step.

Warning : you must check that the current process 7 x t.t was not attained before.
In this case, you enter an endless loop.

Definition. A term 6 is called strongly solvable if 6 |- 1 — L.

This means that, if 0 x r comes in head position in a thread, and ¢ is not proof-like,
then t comes in head position in this thread.

0 is called solvable if Ax6Ox...x is strongly solvable.

If 0 is a usual A-term, this is the usual notion of solvability.



Theorem. If 6 is a (strongly) solvable proof-like term,
then it comes in head position in the generic thread.
Let ¢pg : N? — {0, 1} be the recursive function such that: ¢g(n, p) =1 iff
6 comes in head position in the thread ¢, * g, at the (n+4)-th step.
We show that 7nAxAy(0)(y)x |-V pi{Vnlint(n) — ¢g(n, p) #1] — p # g}
(in other words, Jni{int(n), pg(n,qg) = 1}).
Let peN, e ||p £Z9gl and ¢ |- Vnlint(n) — ¢g(n, p) # 11.
Suppose that IlxAy(0)(y)x x t.m ¢ L. Therefore, this process appears in a thread,
which is ¢ * T, because m € ||p #9g|. Thus, we have:
Sp* g, > MAXAyO)(Y)x * t.w >0 * tn.m, where n is the number of steps
in the reduction of ¢}, * T, until ZIAxAy(0)(y)x * t.m. Thus, we obtain 6 x tn.z
at the (n +4)-th step of reduction. Since 0 is in head position at this moment,
we have ¢g(n, p) = 1. By hypothesis on ¢, it follows that rn |- L. Now, by hypothesis,
0 L — L and therefore 8 x tn.m € 1. This is a contradiction, because
0 % tn.m appears in the thread ¢, * T, QED



Theorem. If 6 is a proof-like term such that 6m is strongly solvable for each m e N,
then the following formula is realized :

“Vm{int(m) — 6m comes in head position in the generic thread}

Remark. It follows that the generic thread neither stops, nor loops (take 6 = 0).

Let 1 : N3 — {0,1} be the recursive function defined by wy(m, n, p) = 1 iff

6 m comes in head position at the (n +4)-th step in the thread ¢, * T, We prove :
TAmhAxAy(@m)(y)x |FVpVmiint(m),Vnlint(n) - wg(m,n,p) # 1] — p # g}

(in other words Vm(int(m) — dAn{int(n), yg(m, n,g) = 1})).

It is sufficient to prove that, for all integers m, p

and all stacks p in [|[Vn[int(n) — yg(m,n,p) #1] — p #9|, we have :
nAxAy@m)(y)x* p € . But this results from the last theorem

and the fact that yg(m, n, p) = ¢g (1, p). QED



Clock and choice

We check that, with the clock instruction 7, the axiom of dependent choice is real-
ized.

Theorem. Let F[x,X] be a formula with parameters, X being a unary predicate
variable. There exists @ :N* — Z2(II) such that :

h|-FVxVpVvVX{Vn(int(n), Flx,®n,p,x,y)/ Xyl — 1), Flx, X] — p #g}.

We define v:N? — A, by putting : v(n, p) = the Ac-term u which is in second posi-
tion in the stack, at the n-th execution step in the thread ¢, * T, At the n-th step
of this execution, we have therefore a process of the form 7 x t.u.7.

We define now ®(n, p, x, y), (using axiom of choice), in such a way that :

If there exists X :N — Z(I1) such that v(n, p) |- Flx, X]
then v(n, p) |+ Flx,®(n, p,x,y)! Xyl.

Then ® has the desired property :



Clock and choice (cont.)

Consider x,peN, X :N — 22(I1), A.-terms t,u such that

t |FVn(int(n), Flx,®(n,p,x,y)/ Xyl — 1), u |- Flx, X]

and a stack m € ||p #gll. We must show that ix t.u.r e L.

If not, then A x t.u.w appears in a thread, at the n-th step.

By hypothesis on 7, this thread is ¢, * T,

Thus, we have u = v(n, p), by definition of v, hence v(n, p) |- Flx, X].

By definition of ®, we get u=v(n,p) |+ Flx,®(n, p,x,y)/ Xyl.

But, since n |Fint(n), it follows that ¢ x n.u.w € 1L, by hypothesis on .
This is a contradiction, because this process appears at the (n + 1)-th step
in the thread ¢, * T,

QED



Clock and choice (cont.)

It follows that the standard generic model satisfies the formula :
VxV X(F[x, X] — dnfint(n), Flx,®(n,g,x, y)/ Xyl}).

Thus, we can define the binary predicate ¥(x, y) by the formula :
“®(n,q, x,y) for the first integer n such that Flx,®(n,qg,x,y)/Xyl,
and T if there is no such integer ”.

Then, we have, in the generic model :

VxVX(Flx, X] — F[x,¥(x,y)/ Xy]) which is the axiom of choice.



A game on first order formulas

We consider first order formulas written with :

—,V, T, L, #, predicate constants, function symbols for recursive functions.
A 1st order formula has the form Vx[®q,...,®,, — A] where ®@q,...,D,

are 1st order formulas and A is atomic (i.e. Rty...f . or to# t; or T or L),

In the following, we only consider closed 1st order formulas.

The atomic closed formula tg # 1 is interpreted as T (resp. 1)

if it is true (resp. false) in N.

We define a game between two players : 3 (the defender) and V (the opponent).
At each step, there are two sets %,7 of closed 1st order formulas

and a set «f of closed atomic formulas. % and </ increase at each step.

U (resp. V) is the choice set for 3 (resp. V).

At the beginning of the game

U =0, o ={L}and ¥ =7, a given (finite) set of closed formulas.



A move of the game is as follows : the player V chooses a formula ® €7/,
®=VI[V(F),..., V() — A@)] and i e Nk,

The atomic formula A(7) must not be T (otherwise, ¥ has lost).

Then ¥1(7),..., ¥, (i) are added to % and A(i) is added to «.

The player 3 chooses ¥ € %, ¥ = Vy[®1(}),...,Pn(y) — B(})]

and j e N! such that B(j) € o (if this is impossible, then 3 has lost).

¥ is changed into {®1(}),...,®n()}.

3 wins iff Y cannot play at some step (every formula of 7 ends with T,

in particular if 7 = @).

In fact, the player V tries to build a model over N in which 7; is not satisfied
and 3 tries to avoid this :

Theorem. i) Any model .« over N s.t. .4 |~ ¥y gives a winning strategy for V.
ii) There exists a strategy for 3 with the following property : every play

that 3 loses following this strategy, gives a model .4 over N s.t. .4 [~ V.



i) We define a strategy for V such that, at each step, we have .4 £V, .4 =% and
every formula of < is false in .. This is true at the beginning of the game.

Thus, at each step, V can choose ® € 7 such that .4 |= .

Then ® = VX[W{(X),..., ¥, (%) — A(¥)] and V can choose i € N

such that ./ = ¥1(i),..., ¥ n(i) and = A®).

Then, V adds ¥1(7),..., ¥, (i) to % and A(i) to <.

Thus, % and the negation of formulas of </ remain true in ..

Then 3 chooses W € %, ¥ = V(@1 (3),..., () — B(7)] and je N/

such that B(j) € «f. Therefore, B(j) is false in .

Since ./ |= ¥, the new set ¥ = {®1(}),...,®,(j)} is not satisfied by ..



i) The strategy for 3 is as follows : fix an enumeration of all ordered pairs (¥, /)
where ¥ = Vy[®1(3),...,®,(y¥) — B())] is a closed formula

and j is a finite sequence of integers of the same length as .

At each step, 3 chooses the first allowed pair (¥, j), not chosen before.

Consider a play which 3 loses with this strategy. .# is the model which satisfies
exactly the closed atomic formulas which are never put in o/ during the play.

A pair (‘P,f') is called acceptable if ¥ is put is % and B(f) in o/ at some step

where B(y) is the final atom of V.

Every acceptable pair is effectively played by 3 at some step : indeed, let (¥, ) be
the first counter-example . At some step during the play, ¥ and B(j) are respectively
in % and <f and every acceptable pair before (¥, j) has been chosen by 3.

At this moment, the strategy tells 3 to play (¥, /).

We prove, by induction, that .4 satisfies every formula ¥ which is put in %

and the negation of every formula ® chosen by ¥V during the play.



Proof for W : The result is clear if ¥ is atomic because, if ¥ is both in % and «/

then (W, @) is acceptable and thus will be chosen by 3 ; then 3 wins.

Let ¥ = Vy[D1()),...,Pn()) — B(¥)]l. We must show that

M= DP1()), ..., Pn()) — B(j) for every jeNE.

This is clear if B(j) is never put in <, because . |= B(J).

Otherwise, (¥, J) is acceptable and is chosen by 3 at some step.

Then 7 = {®@;()),...,®x(j)} and @;()), for instance, is chosen by V.

By induction hypothesis, we have .# = ~®;(j), which gives the result.

Proof for @ : Let ® = VE[W1 (%), ..., V(%) — A(®)] ; V chooses i

and puts A() in o and ¥1(1),..., ¥ (1) in %. By induction hypothesis,

M = \I’l(f),...,qu(f) ; and, by definition, .4 |~ A(D). Thus A |= 1 ®.

It follows that . |~ 74 since, at the beginning of the play, V chooses ® € 7.
QED



Specification of first order formulas

For every closed first order formula ®, we define an instruction x¢ and a set [®] c I1.
If @ is atomic, ® = Ri, with i € N*, we choose a stack constant g and we set
[®] = {np} and also [ D] = {me}.

If ®=_1 (resp. T), then [®] =TI (resp. @). This settles the case when @ is 1y # 13.

In general, ® = VX[W¥1(X),..., ¥,(X) — A(X)] where A(X) is atomic.

The execution rule of kg is  Kp *C1e...elpet>E % p

where je€{l,...,n} and p €Il are defined in the following way :

the player 3 first chooses i € N¥ (% is of length k) such that 7 € [A(])].

If this is impossible, then V wins.

Then, the player V chooses je{l1,...,n} and a stack p € [Tj(f)].

In particular, the player V loses when n=0or ¥;(i)=T.

Finally we define (] = (i, 7+ ..ky o7 i€ NK, e [AD]L.



A game is associated with each process p : p is performed and 3 wins iff the execu-
tion terminates with xp *x 71 where @ is the closure of an atomic formula and 7 € [®].
In other words, iff V cannot play any more.

It is clear that this game is exactly the same as before, but the process plays the role
of 3 for the choice of formulas ; 3 still chooses the integers.

We shall see below that, by restricting formulas to the set int, the process will
completely replace the player 3.

Lemma. Define L = {p; 3 has a winning strategy for the game associated with p}.
Then, for each closed formula ®, we have [®] c ||®| and k¢ | D.

Proof by induction on ®. The result is trivial if ® is atomic.

If ®=VX[¥(X),...,¥,(X) — A(X)], by induction hypothesis, we have

Ky i) I-¥j (D and me | ADIl, which shows that [@] < ]



Now, suppose that il ‘Pj(f) forl<j<nandthatme IAD|l. We have to show
that kp*¢1.....{p.me L, i.e. that 3 has a winning strategy for the game associated
with this process. The strategy is first to choose this i. Then, we have 7 € [A(7)]
because A(7) is atomic. After that, V chooses j and p € [\Pj(f)]. But, by the induction
hypothesis, we have p € ||‘Pj(?) I and therefore ¢; * p € IL. Now, 3 can follow the
strategy for the game associated with the process ¢ ; x p. QED

Corollary. If 6 |- ® for every L (in particular, if F0:®) and 7 € [®], then 3 has a
winning strategy for the game defined by the process 0 x 7.
If ®is VX[V1(X),..., ¥r(X) — A(X)] where A(X) is atomic, then V begins the play by

- is started.

choosing i ; then, the process Q*K\Pl(;) e oKy Ao 4



A move of the play happens each time a constant ko comes in head position.
Then p=xgp*x&i.....{n.m4 and the process has already chosen, in place of 3, the
formulas ® and A. The player 3 has only to choose the integers i. Then, ¥ chooses
jef{l,...,ntand astack p e [\Pj(f)] i.e. creates new constants of term and stack. The
process restarts with & % p.

This corollary allows to classify the proofs of ® (and more generally the terms
which realize @) according to the strategies associated with them.

Examples.

i) =AzzAdccz |F3IxVy(Rx — Ry) i.e. Vx[Vy(Rx — Ry) — 1] — L.

A very simple game : 3 chooses i e N or Rk in % ; ¥V chooses j and puts Rj in </
and Ri in %. The strategy given by 8 wins at the second move.

The proofs are characterized by a pair (m, n) € N?, with m < n : n is the number of
moves and m is the choice of 3 at the end of the play.



i) Y |FVx{Vy(Ry — x#sy),Rx— 1L} - Vx(Rx — 1).

First, V chooses n and puts ®, Rn in %. In the general move, 3 chooses Rp if possible
(Rpen<f) and wins ; or he chooses geN. Then 7 ={Vy(Ry — q # sy),Rq} ; thus
VY may choose Rqg and put itin «f ; else, if g #0, he may put R(g—1) in %.

The strategy for 3 given by Y, is to always choose the last (and least) p such that
Rpe.

Another winning strategy is to successively choose 0,1,...,n. This forces V to put
RO,R1,...,Rnin &. Then 3 can play Rn and win.

But this strategy does not correspond to any proof-like term. The reason is that,
during the execution of processes, the choices of V appear only in index of «-
instructions, and there is no mean to compute with them.



Machine replaces man

We consider now a formula @, where @ is 1st order. We use the notations
int(¥) — F for int(x1),...,int(x;) — F and 7.7 for ij.....ip ..

We have @' = v[int(%), ¥I"(%),..., PIN'(%) — A(X)] where A is atomic.

The game is exactly the same as for ®.

We define, almost as before, the instructions k¢ and the set [®] <11 :

If @ is atomic, we choose a stack constant 7g and we set [®] = {ng} = || D]l

If ® =1 (resp. T), then [®] =TI (resp. @). This settles the case when @ is 1y # 17.
In general, ® = VX[¥1(X),...,¥,(X) — A(X)] where A(X) is atomic.

The execution rule of kg i : Ko *leCle...olpell > §ikp iis a sequence of
integers of the form s”0 of the same length k as ¥, such that 7 € [A(7)].

If this condition is not fulfilled, the execution loops indefinitely.
jef{l,...,ntand p€ [‘Pj(f)] are chosen by V.

Finally we define [®] ={i. T1<\I,1 2 e...0 1K

L T ok z
@ ‘I’n(i)'”’ 1eN* Tel[A(1)]}.



Machine replaces man (cont.)

During the execution of a process, the machine plays in place of 3.

The process implements completely a strategy for 3.

The following theorem gives a specification for H% consequences of Analysis.
Theorem. Let ® be a closed 1st order formula. If § |- @' for every I (in particular,
if 6:®" is provable in Analysis) and 7 € [®], then the process 6 x 1 plays a
winning strategy for 3.

Examples. i) We have already given examples of the form [3xV y(f(x, y) # 0)]'.

ii) Consider ® = Vx[Vy(Xy— Xsy), X0 — Xx], which is not realized.

But "t = v x[int(x), Vy(int(y), Xy — Xsy), X0 — Xx] is provable.

The game : first, V chooses n and puts Xn in o and Vy(Xy — Xsy), X0 in %.
During the game, 3 chooses Xp if possible (i.e. Xp € % n.</) and wins ;

or he chooses g such that Xsqge o/ and sets 7 ={Xgq}.

Then V must choose Xqg and put it in «.



Computing predecessor

At the beginning of the play, the player 3 has no other choice
than to output n— 1. Thus we have, for n>0
Oxn.eTxekgelt >K*x(n—1).enem. We have shown :

Theorem. Any proof of Vx[Vy(Xy — Xsy), X0 — Xx]'"t gives a A-term
which computes the predecessor function.

The simplest strategy for 3 is to choose successively n—1,n-2,...,0.
The simplest term 0 = AmAfAa(mAgAnAy((g)(s)n)(f)ny)00a

follows this strategy. It is obtained by proving

f:Vylint(y), Xy — Xsy)FAgAnAy((g)(s)n)(f)ny: F(x) — F(sx)

with F(x) = Vylint(y), Xy — X(x+ y)].



Remark. The formula ® = Vx[Vy(Xy — Xsy), X0 — Xx] cannot be realized,
although the game and the winning strategies are the same as for ®'".
The reason is that the integer n, chosen by V, appears in the processes
only as an index of a x-instruction. It cannot be compared with 0.

The formula @' = V x[int(x),Vy(Xy — Xsy), X0 — Xx]

is (trivially) realized by I which checks if n=0.

By proving @', we compute, in fact, a sequence of integers from n—1 to 0.
We can use the following simpler formula if we only want to compute

the predecessor : ®p=Vx(Vy Xsy, X0 — Xx).

We note that ®!" is provable in Analysis.

Theorem. If 6 ||—<I>})”t, then O xn.Txea.m>x % (n—1)+7 for n>0.

Same proof as before.

This can be generalized to compute other functions.



Computing quotient

Consider, for example the following formula @ :

Vx[Vy X7y, Vy X(7y+1),...,YVy X(7y+6) — XXx]

®'" is provable in Analysis. Exactly the same method shows :

If O |- <I>i”t, then 8 computes the quotient and the remainder by 7 ;
i.e. 0% neTKQe...TKgeTT >Kr*x g7t Where n=7qg+r1r,0<r <6.

We can generalize a bit more, with the following useful trick :

Let a,b e N and X be a truth value.

Define the predicate a=b— X as Xifa=band T if a# b.
Theorem (trivial). AxAyyx |FVxVyVX{(x=y— X) — (x=y — X)}
and AxxI |FVxVyVX{(x=y— X) — (x=y— X)}.

Thus, we can use x=y—X instead of x=y—X

at the cost of a little more code.



Computing logarithm

Now consider the formula @ :

Vx{VyVzVul2V=z+u+1 — X(2Y + 2)], X0 — Xx}

which can be read as Vx{VyVz[z<2V — X2V + 2)], X0 — Xx}.

@ says that each integer has a logarithm, and ®"t is provable in Analysis.
With the theorem above, any 6 |- ®'"t is easily transformed into 77 |- ¥/t with
¥ =Vx{VyVzVu[2Y=z+u+1—X2Y + 2)], X0 — X x}

Consider a play with @ (resp. W). The player V chooses n and puts

Xnin o, X0 and @' (resp. ¥') in %. 3 cannot choose XO0.

Thus, 3 chooses y,z, u such that n=2Y+z.

In the case of ®, he has no other obligation. But, in the case of ¥, he must satisfy
2Y=z+u+1, otherwise he gets the formula T which is forbidden. Thus

Theorem. If n |- ¥, then 1 computes the logarithm ;
8. NXxNeTKeTT>K*Poqeronn’ With n=2P+ g and 2P = g+r+1.



Well founded recursive relations

Let f:N? — N be recursive. The predicate f(x,y) =1 is well founded

iff the formula VXVz{Vx[Vy(f(x,y)=1— Xy) - Xx] — Xz} is true in N.

We show that, in this case, this formula is even realized.

Theorem. If the predicate f(x,y) =1 is well founded, then

Y |FVXVz{Vx[Vy(f(x,y) =1—Xy) = Xx] — Xz}.

Let ¢ |FVx[Vy(f(x,y) =1— Xy) — Xx] and n € N ; we show by induction on n,
following the well founded predicate “ f(x,y)=1" that Yr |- Xn.

Since Yt x>t xYt.m, it suffices to show that Yr |-V y(f(n,y) =1— Xy)

i.e. Yt |- f(n,p) =1— Xp. This is trivial if f(n,p) #1

and this follows from the induction hypothesis if f(n, p) =1.

Thus, if 7€ | Xn|, we have t xYt.m € 1L and therefore Y x t.m e L. QED

This shows that a recursive well founded predicate is also well founded
in every realisability model.



True H% formulas

But formulas provable in Analysis are not the only realized formulas.

Indeed, we have the remarkable property :

Theorem. If ® is a true H% formula, then @'t s realized.

This shows, in particular, that the integers of the realizability models are elementary
equivalent to standard integers. It is not possible to show the independence of some
arithmetical (and even Hi) true formula by means of realizability models.

This leaves the possibility open for Zi (or more complicated) true formulas, a case
which is inaccessible to forcing methods, because of the Shoenfield theorem.
Sketch of proof.

Let ® be a given H% formula. We have associated with ® a game such that

® is true iff the “ trivial ” strategy for 3 is winning.

The trivial strategy is to always play the first allowed move not already played.



True H% formulas (cont.)

Now let f(x,y) =1 be the recursive predicate which says that

X,y are successive positions chosen by V such that, between them,

3 has applied the trivial strategy.

It is clear that this strategy is winning iff the predicate f(x,y) =1 is well founded
(each play is finite, which means that every branch is finite).

Now, we have shown p. 92 that this predicate is well founded iff

Y FVX{Vx[Vy(f(x,y)=1— Xy) = Xx] — Vx Xx}.

But we have just proved that: “f(x,y) =1 is well founded” — @.

Let O be a proof-like term associated with this proof. Then 8Y |- ®. QED



Zermelo-Fraenkel set theory

A first order theory. Its axioms can be classified in three groups :

1. Equality, extensionality, foundation.
2. Union, power set, substitution, infinity.
3. Choice ; possibly other axioms such as CH, GCH, large cardinals.

We can realize the first two groups by A.-terms,

l.e. N0 new instruction is necessary besides cc.

Curiously, equality and extensionality are the most difficult ones. For example,

the first axiom of equality Vx(x = x) is realized by a A-term 7

with the reductionrule: 7xfr.m>rt*7.7.71 (fixed point of AxAf fxx).
Therefore, we need to consider first a theory with a strong membership relation &,
without extensionality ; in some sense, € is defined by means of «.



ZF¢ set theory

Three binary symbols €,c and € (strong membership) ; x=yis xcyAnycx.
e "Definition” of € and c :

VxVylxey— dzey)x=z], VxVylxcy— (Vzex)ze y].

e Foundation : Va[(Vxea)F(x) — F(a)] — VYaF(a) (for every formula F).

e Comprehension : VaabVx[xeb — (xea N F(x))] (7 )

e Pair: YaVb3ax[aex A be x]

e Union: Vaab(Vxea)(Nyex) yeb.

e Power set: VaabVx(3yeb)Vz(zey — (zea A F(z,Xx))) (")

e Collection : Vaab(Vxea)[Ay F(x,y) — @yeb)F(x, y)] (")

e Infinity : Va3ib{aebA (Vxeb)[AyF(x,y) — 3yeb)F(x, ]} ( " )

This theory is a conservative extension of ZF :
1. If ZF; + F (formula of ZF), then ZF \- F : simply replace € by € in ZFg.
2. We must show that each axiom of ZF is a consequence of ZF;.



ZF¢ set theory (cont.)

Example. ZF;  ac a (and thus a = a).
By foundation, assume Vx(xea — x c x) ; this gives Vx(xea — x = x), thus
Vx[xea— Jyea)x=yl], ie Vx(xea— x€ a), and therefore a c a.

Now, we define realizability models for ZF ., which will therefore be also

realizability models for ZF. We only need to define || F| for atomic formulas F.

Of course, we start with a model of ZF, and we take as atomic formulas :

a¢gb, a¢band aca. Then define: |a #b| ={rell; (a,n) € bl.

We check that all the axioms of ZF, except the first, are realized, without knowing
the precise definition of |a ¢ b||, |la < b||, simply because they are defined in ZF.
Foundation. Y |- Va[Vx(F(x) — x £a) — ~F(a)] — Ya—-F(a).

This explains why we find YAxAf fxx |- Vx(x = x).



ZF¢ set theory (cont))

Comprehension. For every set a and every formula F(x), set:

b={(x,t.m); (x,m) € a, t|-F(x)}. We easily get ||x bl =|F(x)— x #al. It follows
that (I,]) |FVx[x ¢b<— (F(x) — x £a)].

Other axioms of ZF. are realized in the same way. For example :

Collection. Let a be a set, Cl(a) its transitive closure and F(x, y) a formula.

We set b= J{D(x,t)xCl(a); xe Cl(a), t € A;} with

®(x, 1) = {y of minimum rank ; ¢ |- F(x, y)}, or ¢ if there is no such y.

We show that ||Vy(F(x,y) — x Za)| < ||Vy(F(x,y)— vy £b)|. Indeed :

suppose t |- F(x,y), (x,m) € a. Then x,m € Cl(a), and therefore :

(y',m) € b for some y' € ®(x, 1) ; it follows that ¢ | F(x,y’) and m € ||y’ £b|. Therefore
teme|Vy(F(x,y)—y £b)].

We have proved that I |-V y(F(x,y) =y €b) = Vy(F(x,y) — x £a).



ZF ¢ set theory (cont))

We must now realize the first axioms of ZF. and therefore define the truth values of
the atomic formulas : ||a ¢ b|, ||la < b|, where a, b vary in a given model of ZFC,
It would be nice to have :

la¢ b|| =||Vz(zca,acz— z ¢b)|| and ||lacb| =||Vz(z¢&b— z £a)|

because we should deduce immediately that I realizes the axioms we need.
Now |c £all = @ if rk(a) < rk(c). Thus, the above equations may be written as :
laé¢ bl =Urke)<rkm llcca,acc—c ¢b)|

la< bl =Urke)<rka IlcEb—c £a)ll ie.

laé bl =Urk)<rkm ®la, b,c,ccall,llaccl)

lac bl =Urko<rk@ ¥(a b, ¢ llccal,llaccl)

where ®, ¥ are functionals defined in ZF.

We simply observe now that this is a correct inductive definition

on the ordered pair of ordinals : (rk(a)urk(b),rk(a) nrk(b)).



ZF ¢ set theory (cont))

Remark. It is also possible to define the relations x ¢ y, x < y by formulas with the
only symbol ¢ and then to prove the first axioms of ZF, from the others axioms.
We cannot use induction to define these relations, because ordinals are not
definable in ZF.. But we can use coinduction.

Anyway, this method gives complicated A-terms for the first axioms of ZF,

so that we prefer the above method.

Remark. The definition of ¢ |- x ¢ y and ¢ |- x < y is very similar to the defintion of
forcing. In fact, the generic models of set theory, which are defined in forcing, are
particular cases of realizability models.

Thus, the theory presented here gives completely new models of set theory.

The fact that forcing is a case of realizability, is used to find programs associated with
the axiom of choice and the continuum hypothesis. We build a model by combining
both methods ; we call this iterated realizability by analogy with iterated forcing.



The full axiom of choice

We get a program for the axiom of dependent choice in the same way as in Analysis.
The problem for the full axiom of choice is more difficult. It has been solved recently
(not yet published). As a bonus, we get also the continuum hypothesis.

The proof is too long to be given here ; the result is as follows :

we need two new instructions y and y’ which appear inside

two very complex A-terms, together with cc and the clock (or the signature).

The behaviour of these programs is not yet understood.

These new instructions y, ¥’ work on the bottom of the stack.

Their reduction rules is as follows :

X* toT.tl...tnoT[O> t* tl...tnoT.T[O
X,* totl...tnoroﬂ0> t*T.tl...tnonO

where 7, as before, is a marker for the bottom of the stack.



The axiom of choice (cont)

In order to understand the behaviour of these new instructions, we consider
processes of the form <7 %, 7> where 7 is a closed term.

The execution rules are as follows :

<TUKXT, T>> <tk UeTl, XyT> <AXEX* UeTt, T> > <tlu/x] * 7, @, T>
<CCk Lo, T> > <UkKpgoll, @, 7> <kgxtep, T>><t*m, ayT>

<YKk LeToll...lpellg, T'>><Exl...IneT o7, T>

<Y K tel]. lpeT T, T> > <EXTol]...lpem, T >

The «; are fixed closed terms, which we shall not write explicitly here.

In fact, we get a parallel execution ; ¥ and y’ are communication instructions.



Conclusion

The conclusion is that we can translate every mathematical proof

into a program. We can execute this program in a lazy A-calculus machine
extended with only four new instructions : cc, o (or i), y and y'.

This machine can be implemented rather easily.

The challenge, now, is to understand all these programs,

first of all, the ones we obtained for the axioms of ZFC.

It is very plausible that we shall find, in this way, programs analogous

to the core of an operating system like Unix.

This would give a method to implement such a core on a very firm basis.
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