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Abstract. We present a framework for classical realizability that contains
both Krivine’s classical realizability and Cohen forcing as particular cases.

For that, we consider an extension of Krivine’s language λc where processes

are ternary entities formed with a term (the proof), a stack (the counter-proof)
and a state (the forcing condition). We prove that the usual typing rules for

classical second-order logic are sound in this extended framework, and show

the existence of storage operators for natural numbers. Then we instanciate
this framework to the case where the state is a natural number (representing

the contents of a reference), and show how to realize the countable axiom of

choice in this setting, using a counter or a clock.

1. Introduction

2. The language of realizers

2.1. Terms and stacks. Terms of the language of realizers (notation: t, u, etc.)
are pure λ-terms enriched with two kinds of constants:

• instructions (notation: κ, κ′, etc.) ranging over a fixed set K, that contains
at least an instruction written cc (‘call-cc’).

• continuation constants kπ, where π ranges over all stacks (see below).
Stacks (notation: π, π′, etc.) are lists of closed terms terminated by the stack
constant � (‘stack bottom’). Formally, terms and stacks are thus defined by mutual
induction as follows:
Terms

Stacks

t, u ::= x | λx . t | tu | κ | kπ (κ ∈ K)

π ::= � | t · π (t closed)

(taking care that stacks are only formed with closed terms so that continuation
constants kπ are actually constant).

The set of closed terms is written Λ, and the set of stacks is written Π. The set of
free variables of a (possibly open) term t is written FV (t) and the usual operation
of substitution is written t{x := u}.

As in [2] we call a quasi-proof (or a proof-like term) any term t that contains
no continuation constant kπ. This terminology comes from the fact that all the
‘proofs’ (in the sense of the type system of Fig. 1) are of this form.

2.2. States and processes. We consider a nonempty set S whose elements are
called states (notation: s, s′, etc.) We assume that the set S of states comes with
a preorder s ≤ s′ that reads: ‘the state s′ is stronger than s’.1

A process is a triple written t ? π ? s, where t ∈ Λ, π ∈ Π and s ∈ S . The set
of all processes is written Λ ? Π ? S . We assume that this set is equipped with

1In forcing, states are traditionally called conditions and the corresponding preorder is written
symmetrically—that is s′ ≤ s rather than s ≤ s′—following the logical intuition that conditions
that are more likely to be true (i.e. weaker conditions) should stand above conditions that are more
likely to be false (i.e. stronger conditions). In this presentation, we shall stick to the computer

theoretic intuition, putting stronger states above weaker ones.

1
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a binary relation of evaluation written p � p′, whose reflexive-transitive closure is
written p �∗ p′ as usual. We also introduce the shorthand t ? π �� t′ ? π′ to express
that for all s ∈ S there is some state s′ ≥ s such that t ? π ? s �∗ t′ ? π′ ? s′.

In what follows, we shall assume that evaluation is such that:

(Grab)
(Push)
(Call/CC)
(Resume)

λx . t ? u · π �� t{x := u} ? π
tu ? π �� t ? u · π
cc ? t · π �� t ? kπ · π
kπ ? t · π′ �� t ? π

Note that the four operations above are not required to be atomic, and they may
modify the current state provided the new state is stronger than the old one. On
the other hand, remaining instructions may do anything to the current state; there
is no global requirement of monotonicity for the relation of evaluation.

We say that evaluation is deterministic when for every process p, there is at most
one process p′ such that p � p′ (one step evaluation). Given a process p, we call
the thread of p and write thd(p) the set of all processes the process p evaluates to
(in zero, one or several steps), that is: thd(p) = {p′ : p �∗ p′}.

2.3. Saturated sets of processes. A set of processes ⊥⊥ ⊆ Λ ? Π ? S is said to
be saturated when it is closed under anti-evaluation, that is, when the conditions
p � p′ and p′ ∈ ⊥⊥ together imply p ∈ ⊥⊥ for all p, p′ ∈ Λ?Π?S . Given a saturated
set ⊥⊥ and two pairs (t, s1) ∈ Λ×S and (π, s2) ∈ Π×S we write (t, s1) ⊥⊥ (π, s2)
when t ? π ? s ∈ ⊥⊥ for all s such that s ≥ s1 and s ≥ s2. In symbols:

(t, s1) ⊥⊥ (π, s2)
∆= ∀s (s ≥ s1 ∧ s ≥ s2 ⇒ t ? π ? s ∈ ⊥⊥)

Note that this relation is monotonic w.r.t. both components, in the sense that
(t, s1) ⊥⊥ (π, s2), s1 ≤ s′1 and s2 ≤ s′2 imply (t, s′1) ⊥⊥ (π, s′2). (On the other hand,
the set ⊥⊥ is not required to be monotonic, since the conditions t ? π ? s ∈ ⊥⊥ and
s ≤ s′ do not necessarily imply t ? π ? s′ ∈ ⊥⊥.)

2.4. Truth values and falsity values. A truth value is a subset of Λ×S whereas
a falsity value is a subset of Π × S . In what follows we shall consider arbitrary
falsity values F ⊆ Π×S while only considering truth values of the form

F⊥⊥ ∆= {(t, s1) ∈ Λ×S : ∀(π, s2) ∈ F (t, s1) ⊥⊥ (π, s2)}

where F ⊆ Π ×S is an arbitrary falsity value, and where ⊥⊥ is a fixed saturated
set of processes that we call the pole. Note that truth values of the form F⊥⊥ are
monotonic in the sense that (t, s) ∈ F⊥⊥ and s ≤ s′ imply (t, s′) ∈ F⊥⊥.

Finally, given a truth value T and a falsity value F , we write T · F the falsity
value defined by

T · F ∆= {(t · π, s) : (t, s) ∈ T and (π, s0) ∈ F for some s0 ≤ s}

(The disymmetry of the definition comes from the fact that it will only be used
with monotonic truth values T ⊆ Λ×S .)

3. Interpreting formulæ

3.1. The language of second-order arithmetic. Arithmetic expressions (no-
tation: e, e′, etc.)—a.k.a. first-order terms—are built from first-order variables
(notation: x, y, z, etc.) and function symbols for (at least) all primitive recursive
functions. Given a closed arithmetic expression e, we call the value of e and write
↓e the natural number denoted by e (interpreting symbols in e the obvious way).
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Formulæ of second-order arithmetic (notation: A, B, etc.) are built from second-
order variables (notation: X, Y , Z, etc.) of all arities and from arithmetic expres-
sions using the following grammar:

Formulæ A,B ::= X(e1, . . . , ek) | A ⇒ B | ∀xA | ∀XA

Parametric formulæ are defined by enriching the language of formulæ above with
a kary predicate symbol Ḟ for every falsity value function F : Nk → P(Π×S ):

Parametric formulæ A,B ::= · · · | Ḟ (e1, . . . , ek)

In the language of parametric formulæ, one can define the propositional constant >
as the formula associated with the empty falsity value: > ∆= ∅̇.

The other constructions of second-order predicate logic (falsity, conjunction, dis-
junction, first- and second-order existential quantification) are encoded as follows:

⊥ ≡ ∀Z Z
¬A ≡ A ⇒ ⊥

A ∧B ≡ ∀Z ((A ⇒ B ⇒ Z) ⇒ Z)
A ∨B ≡ ∀Z ((A ⇒ Z) ⇒ (B ⇒ Z) ⇒ Z)

∃xA(x) ≡ ∀Z (∀x (A(x) ⇒ Z) ⇒ Z)
∃X A(X) ≡ ∀Z (∀X (A(X) ⇒ Z) ⇒ Z)

(where Z is a fresh variable).

3.2. Truth and falsity values of a formula. Let ⊥⊥ be a fixed saturated set of
processes (the ‘pole’). Every closed parametric formula A is interpreted as two sets:
a truth value |A| ⊆ Λ × S and a falsity value ‖A‖ ⊆ Π × S . The falsity value
‖A‖ ⊆ Π×S is defined by induction on the size of A by

‖Ḟ (e1, . . . , ek)‖ ∆= F (↓e1, . . . , ↓ek)

‖A ⇒ B‖ ∆= |A| · ‖B‖

‖∀xA‖ ∆=
⋃
n∈N

‖A{x := n}‖

‖∀XA‖ ∆=
⋃

F :Nk→P(Π×S )

‖A{X := Ḟ}‖

whereas the truth value |A| ⊆ Λ×S is defined by |A| ∆= ‖A‖⊥⊥. From the definition
above, it is clear that:

|∀xA| =
⋂
n∈N

|A{x := n}| |∀XA| =
⋂

F :Nk→P(Π×S )

|A{X := Ḟ}|

We then write:

• (t, s) 
 A for (t, s) ∈ |A|; and
• t 
 A when (t, s) 
 A for all s ∈ S .

(Note that these notions depend on the pole ⊥⊥.) From this, it is clear that:

t 
 ∀xA iff for all n ∈ N t 
 A{x := n}
t 
 ∀X A iff for all F : Nk → P(Π ? S ) t 
 A{x := Ḟ}

Lemma 1. — Let A and B be closed formulæ of the enriched language. Then for
all π ∈ Π and s ∈ S :

(1) If (π, s) ∈ ‖A‖ then (kπ, s) ∈ |A ⇒ B|.
(2) (cc, s) 
 ((A ⇒ B) ⇒ A) ⇒ A
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Proof. (1) Assume that (π, s1) ∈ ‖A‖. To show that (kπ, s1) ∈ |A ⇒ B|,
consider an element of ‖A ⇒ B‖—that is: a pair of the form (u · π′, s2)
where (u, s2) ∈ |A| and (π′, s0) ∈ ‖B‖ for some s0 ≤ s2—and take a state s
such that s ≥ s1 and s ≥ s2. Let s′ ≥ s such that

kπ ? u · π′ ? s �∗ u ? π ? s′ .

From the assumptions above we get u ? π ? s′ ∈ ⊥⊥ hence kπ ? u · π′ ? s ∈ ⊥⊥
by anti-reduction.

(2) Let s1 ∈ S . To show that (cc, s1) ∈ |((A ⇒ B) ⇒ A) ⇒ A|, consider an
element of ‖((A ⇒ B) ⇒ A) ⇒ A‖—that is: a pair of the form (u · π, s2)
where (u, s2) ∈ |(A ⇒ B) ⇒ A| and (π, s0) ∈ ‖A‖ for some s0 ≤ s2—and
take a state s such that s ≥ s1 and s ≥ s2. Let s′ ≥ s such that

cc ? u · π ? s �∗ u ? kπ · π ? s′ .

From (1) we know that (kπ, s0) ∈ |A ⇒ B|, hence we get (kπ · π, s0) ∈
‖(A ⇒ B) ⇒ A‖ and thus u ? kπ · π ? s′ ∈ ⊥⊥ (since s2, s0 ≤ s′). By
anti-reduction we conclude that cc ? u · π ? s ∈ ⊥⊥. �

4. Degenerated cases

Let us now investigate degenerated cases of the construction depicted above.

4.1. Krivine realizability. Krivine realizability [2] immediately comes as a par-
ticular case of the generalized realizability model construction, namely, as the par-
ticular case where S is a singleton (equipped with the obvious preorder).

4.2. Cohen forcing. More interesting is the case of the empty pole ⊥⊥ = ∅ (with
an arbitrary nonempty set of states S ), that corresponds to Cohen forcing. To
understand this point, let us recall that given a set of forcing conditions (S ,≥),
the binary relation over S defined by

s1 ⊥ s2
∆= ¬∃s (s ≥ s1 ∧ s ≥ s2) (‘s1 and s2 are incompatible’)

induces a complete Boolean algebra (B(S ),⊆) whose carrier is

B(S ) ∆= {X ∈ P(S ) : X = X⊥⊥} .

Forcing consists in interpreting every formula A of the language (ZF, PA2, etc.) as
an element JAK ∈ B(S ) following the correspondence

J¬AK ∆= JAK⊥ JA ⇒ BK ∆= (JAK ∩ JBK⊥)⊥

JA ∧BK ∆= JAK ∩ JBK JA ∨BK ∆= (JAK ∪ JBK)⊥⊥

J∀xA(x)K ∆=
⋂

x∈D

JA(x)K J∃xA(x)K ∆=
( ⋃

x∈D

JA(x)K
)⊥⊥

The relation of forcing s 
 A (‘s forces A’) is then defined as s 
 A ∆= s ∈ JAK.
A simple way to implement this definition in second-order logic is to interpret

every kary second-order variable X as a function G : Nk → P(S ) mapping kuples
of individuals to arbitrary set of forcing conditions that intuitively force the nega-
tion of the corresponding proposition, so that the atomic formula X(n1, . . . , nk)
is actually interpreted as JX(n1, . . . , nk)K ∆= G(n1, . . . , nk)⊥ (that constitutes an
element of B(S )). The rest of the interpretation is then defined according to the
correspondence depicted above.

It is a simple exercise to check that in the case where ⊥⊥ = ∅, the binary
relation (t, s1) ⊥⊥ (π, s2) defined in 2.3 collapses to the relation s1 ⊥ s2, so that the
generalized realizability interpretation defined in 3.2 actually mimics the forcing
interpretation A 7→ JAK described above:
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Proposition 1. — Assume that ⊥⊥ = ∅. Then for every closed formula A of
second-order logic, one has |A| = Λ× JAK.

Proof. We first extend the definition of forcing to parametric formulæ of second-
order logic (such as defined in 3.1) by letting

JḞ (e1, . . . , ek)K ∆= π2(F (↓e1, . . . , ↓ek))⊥

(writing π2 : Π×S → S the second projection) and then prove the desired result
by induction on the size of the parametric formula A. �

4.3. The standard 2-valued model. In the case where S is a singleton, the
Boolean algebra B(S ) reduces to the 2-point algebra B(S ) = {∅;S }, in which
case the corresponding forcing model is isomorphic to the standard model of second-
order logic. In our framework, this corresponds to the case where S is a singleton
and where the pole ⊥⊥ is empty.

The situation is summarized in the following table:
⊥⊥ 6= ∅ ⊥⊥ = ∅

#S > 1 Generalized realizability Cohen forcing
#S = 1 Krivine realizability Standard 2-valued model

5. Typing

5.1. The type system for second-order logic. To facilitate the construction of
realizers, we introduce a type system based on a judgment Γ ` t : A (‘in context Γ,
the term t has type A’), where A is an open formula of the enriched language and Γ
a typing context mapping finitely many term-variables to open formulæ. In what
follows, we write dom(Γ) the domain of a context Γ, and given two contexts Γ
and Γ′ that coincide on the intersection of their domains we write Γ,Γ′ their union.

The inference rules for second-order logic are depicted in Fig. 1

Γ ` x : A
(x:A)∈Γ

Γ ` t : >
FV (t)⊆dom(Γ)

Γ, x : A ` t : B

Γ ` λx . t : A ⇒ B
Γ ` t : A ⇒ B Γ ` u : A

Γ ` tu : B

Γ ` t : A
Γ ` t : ∀xA

x/∈FV (Γ)
Γ ` t : ∀xA

Γ ` t : A{x := e}

Γ ` t : A
Γ ` t : ∀X A

X /∈FV (Γ)
Γ ` t : ∀X A

Γ ` t : A{X(x1, . . . , xk) := B}

Γ ` cc : ((A ⇒ B) ⇒ A) ⇒ A

Figure 1. Inference rules for second-order logic

5.2. Adequacy. Let us now define the realizability interpretation of typing judg-
ments w.r.t. a fixed pole ⊥⊥. We call a valuation any function ρ that maps every
first-order variable x to a natural number ρ(x) ∈ N and every kary second-order
variable X to a falsity value function ρ(X) : Nk → P(Π × S ). Given a (possi-
bly) open formula A and a valuation ρ, we write A[ρ] the closed formula of the
enriched language obtained by replacing each occurrence of a free (first- or second-
order) variable by its value according to ρ. A substitution is a finite association list
σ = [x1 := u1; . . . ;xn := un], where x1, . . . , xn are pairwise distinct term-variables
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and where u1, . . . , un are closed terms. The domain of σ is written dom(σ), and
for all terms t we write t[σ] ∆= t{x1 := u1; . . . ;xn := un}. Given a substitution σ,
a state s ∈ S and a context Γ of closed formulæ, we write (σ, s) 
 Γ when
dom(σ) = dom(Γ) and (σ(x), s) 
 Γ(x) for every x ∈ dom(Γ).

With these notations, we say that the judgment Γ ` t : A is valid (w.r.t. ⊥⊥)
when for all valuations ρ, for all states s ∈ S and for all substitutions σ such that
(σ, s) 
 Γ[ρ] we have (t[σ], s) 
 A[ρ]. We extend the notion of validity to inference
rules, saying that the rule

P1 · · · Pn

C

is valid (w.r.t. ⊥⊥) when the validity of the premises P1, . . . , Pn implies the validity
of the conclusion C. From the latter definition, it is clear that the conclusion of
any typing derivation formed with only valid inference rules is valid.

Proposition 2 (Adequacy). — The inference rules of Fig. 1 are valid w.r.t. all
saturated sets ⊥⊥.

Proof. • Axiom and >-intro. The validity of these rules is obvious.
• Introduction of implication. Assume that the judgment Γ, x : A ` t : B is

valid, and consider a valuation ρ, a substitution σ and a state s1 such that
(σ, s1) 
 Γ[ρ]. To show that ((λx . t)[σ], s1) 
 A[ρ] ⇒ B[ρ], let us consider
an element of ‖A[ρ] ⇒ B[ρ]‖—that is: a pair of the form (u · π, s2) where
(u, s2) ∈ |A[ρ]| and (π, s0) ∈ ‖B[ρ]‖ for some s0 ≤ s2—and take a state s
such that s ≥ s1 and s ≥ s2. Let s′ ≥ s such that

(λx . t)[σ] ? u · π ? s �∗ t[σ;x := u] ? π ? s′ .

It is clear that (σ;x := u, s′) 
 (Γ, x : A)[ρ]. From our initial assumption,
we get (t[σ;x := u], s′) 
 B[ρ], hence t[σ;x := u]?π?s′ ∈ ⊥⊥ (using s0 ≤ s′).
By anti-reduction we conclude that (λx . t)[σ] ? u · π ? s ∈ ⊥⊥.

• Elimination of implication. Assume that the judgments Γ ` t : A ⇒ B
and Γ ` u : A are valid, and consider a valuation ρ, a substitution σ and a
state s1 such that (σ, s1) 
 Γ[ρ]. To show that ((tu)[σ], s1) 
 B[ρ], let us
consider an element (π, s2) ∈ ‖B[ρ]‖ and take a state s such that s ≥ s1

and s ≥ s2. Let s′ ≥ s such that

(tu)[σ] ? π ? s �∗ t[σ] ? u[σ] · π ? s′ .

From the validity of Γ ` u : A we get (u[σ], s1) ∈ |A| and thus (u[σ], s) ∈ |A|,
so that (u[σ] · π, s) ∈ ‖A[ρ] ⇒ B[ρ]‖ (using s2 ≤ s). But since (t[σ], s1) ∈
|A[ρ] ⇒ B[ρ]|, we get t[σ] ? u[σ] · π ? s′ ∈ ⊥⊥. By anti-reduction we conclude
that (tu)[σ] ? π ? s ∈ ⊥⊥.

• Introduction and elimination of first-order quantification. The validity of
both rules follows from the equality |∀xA| =

⋂
n∈N |A{x := n}|.

• Introduction and elimination of second-order quantification. This case is
similar to the case of first-order quantification.

• Peirce’s law. This case immediately follows from Lemma 1. �

5.3. Subtyping. Given two (possibly) open formulæ A and B of the enriched
language, we say that A is a subtype of B and write A ≤ B when for all valuations ρ
we have ‖B[ρ]‖ ⊆ ‖A[ρ]‖. This relation obviously implies—but is not equivalent
to—the inclusion |A[ρ]| ⊆ |B[ρ]|. We also write A ≡ B when A ≤ B and B ≤ A.

It is clear that the relation A ≤ B (resp. the relation A ≡ B) is a preorder (resp.
an equivalence). Moreover:

Proposition 3. — The relation A ≤ B enjoys the following rules:
(1) ⊥ ≤ A and A ≤ > (where ⊥ = ∀XX and > = ∅̇)
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(2) If A′ ≤ A and B ≤ B′, then A ⇒ B ≤ A′ ⇒ B′

(3) ∀xA ≤ A{x := e}
(4) ∀XA ≤ A{X(x1, . . . , xk) := B}
(5) If A ≤ B and x /∈ FV (A), then A ≤ ∀xB
(6) If A ≤ B and X /∈ FV (A), then A ≤ ∀XB
(7) If A ≤ A′, then ∀xA ≤ ∀xA′ and ∀XA ≤ ∀XA′.
(8) ∀x (A ⇒ B) ≤ ∀xA ⇒ ∀xB
(9) ∀X(A ⇒ B) ≤ ∀XA ⇒ ∀XB

(10) If x /∈ FV (A), then ∀x (A ⇒ B) ≡ A ⇒ ∀xB
(11) If X /∈ FV (A), then ∀X (A ⇒ B) ≡ A ⇒ ∀XB
(12) (A ⇒ >) ≡ >
(13) If Γ ` t : A and A ≤ A′ are valid, then so is Γ ` t : A′.

6. From second-order logic to second-order arithmetic

6.1. Realizing equalities and inequalities. In second-order logic, the equality
predicate e1 = e2 is defined by letting

e1 = e2
∆= ∀Z (Z e1 ⇒ Z e2)

We easily check that:

Lemma 2. — Given two closed arithmetic expressions e1 and e2, we have:

e1 = e2 ≡

{
∀Z (Z ⇒ Z) if ↓e1 = ↓e2

> ⇒ ⊥ if ↓e1 6= ↓e2

where
‖∀Z (Z ⇒ Z)‖ = {(t · π, s) : t ? π ? s ∈ ⊥⊥}
‖> ⇒ ⊥‖ = {(t · π, s) : t ∈ Λ, π ∈ Π, s ∈ S }

From this we deduce that:

Lemma 3. (1) If the equality ↓e1(n1, . . . , nk) = ↓e2(n1, . . . , nk) is true for all
n1, . . . , nk ∈ N, then

λz . z 
 ∀x1 · · · ∀xk e1(x1, . . . , xk) = e2(x1, . . . , xk)

In particular, the term λz . z realizes all the defining equations of all prim-
itive recursive function symbols involved in arithmetic expressions.

(2) λx . x 
 ∀x ∀y (s(x) = s(y) ⇒ x = y) (3rth Peano axiom)
(3) λx . xu 
 ∀x ¬(s(x) = 0) (4rth Peano axiom)

(where u is an arbitrary term, such that FV (u) ⊆ {x}).

6.2. Realizing the induction principle. In second-order arithmetic, the small-
est class containing zero and closed under the successor function is defined by

Nat(x) ∆= ∀Z [∀y (Z(y) ⇒ Z(s(y))) ⇒ Z(0) ⇒ Z(x)]

It is easy to show that in general, the formula ∀x Nat(x) is not realized by a quasi-
proof (cf [2]). However, we can still benefit from induction provided we relativize
all quantifications to the class Nat

∀NatxA(x) ∆= ∀x (Nat(x) ⇒ A(x))
∃NatxA(x) ∆= ∀Z (∀x (Nat(x) ⇒ A(x) ⇒ Z) ⇒ Z)

so that the following (relativized) induction principle is immediately derivable:

∀Z (X(0) ⇒ ∀Naty (Z(y) ⇒ Z(s(y))) ⇒ ∀NatxZ(x))

Note that the relativized quantification ∀NatxA(x) ∆= ∀x (Nat(x) ⇒ A(x)) can be
eliminated with an expression e only in the case where we have a realizer (or a
proof) of the formula Nat(e). In practice, this is always the case when e is an
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expression formed from first-order variables xi (1 ≤ i ≤ k) such that Nat(xi) using
primitive recursive function symbols, since:

Lemma 4. (1) For every kary primitive recursive function symbol f , the for-
mula

∀Natx1 · · · ∀Natxk Nat(f(x1, . . . , xk))

is derivable (and thus realizable by a quasi-proof).
(2) For every arithmetic expression e(x1, . . . , xk) depending on k first-order

variables x1, . . . , xk, the formula

∀Natx1 · · · ∀Natxk Nat(e(x1, . . . , xk))

is derivable (and thus realizable by a quasi-proof).

From this, we easily check that

Lemma 5 (Adequacy in PA2). — If a closed formula A is provable in classical
second-order arithmetic (PA2), then the formula ANat obtained by relativizing all
first-order quantifications with the predicate Nat is realized by a quasi-proof (inde-
pendently from the choice of the pole ⊥⊥).

As an example we can find a quasi-proof that realizes the minimum principle

∀~z ∀~Z [∃NxA(x) ⇒ ∃Nx (A(x) ∧ ∀Ny (A(y) ⇒ x ≤ y))]

(writing x ≤ y for x− y = 0).

6.3. Storage operators. Every natural number n ∈ N is represented in the lan-
guage of realizers as the closed term n̄ defined by n̄ = s̄n0̄ (Krivine numeral n),
where s̄ = λnfx . f(nfx) and 0̄ = λfx . x. From the type system defined in the
latter section, it is clear that

0̄ : Nat(0) and s̄ : ∀Natx Nat(s(x))

so that n̄ : Nat(n) (and thus n̄ 
 Nat(n)) for all n ∈ N. Note that although Krivine
numeral n̄ is β-convertible (as a pure λ-term) to Church-numeral λfx . fnx, it is
not equivalent to it when only considering weak head-reduction.

Let us enrich the language of formulæ with a new form of implication

A,B ::= · · · | {e} ⇒ B

(where e is an arithmetic expression and B a formula) that intuitively represents
the set of all functions that produce a B when applied to the Krivine numeral
representing the arithmetic expression e. Formally, we extend the interpretation of
(closed) formulæ by defining the falsity value of {e} ⇒ B

‖{e} ⇒ B‖ ∆= {(n̄ · π, s) : n = ↓e, (π, s) ∈ ‖B‖}

From this definition combined with the fact that n̄ is always a realizer of Nat(n),
it is clear that Nat(e) ⇒ B ≤ {e} ⇒ B, so that the corresponding implication
(Nat(e) ⇒ B) ⇒ {e} ⇒ B is realized by the identity term.

We say that a closed quasi-proof M is a storage operator (for natural numbers)
when this term realizes the converse implication, that is, when

M 
 ∀x∀Z (({x} ⇒ Z) ⇒ Nat(x) ⇒ Z) .

We can check that storage operators exist, since:

Lemma 6. — The term M ∆= λfn . n (λhx . h (s̄ x))h 0̄ is a storage operator.
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By an obvious argument of subtyping (Prop. 3 item (7)), it is clear that when M
is a storage operator we have

M 
 ∀x ({x} ⇒ A(x)) ⇒ ∀NatxA(x)

This suggests another way of defining relativized quantifications by letting:

∀NxA(x) ∆= ∀x ({x} ⇒ A(x))
∃NxA(x) ∆= ∀Z (∀x ({x} ⇒ A(x) ⇒ Z) ⇒ Z)

From the existence of storage operators, it is clear that the formulæ ∀NxA(x) and
∃NxA(x) defined above are equivalent to the relativized formulæ ∀NatxA(x) and
∃NatxA(x) (respectively), since

∀NatxA(x) ≤ ∀NxA(x) M 
 ∀NxA(x) ⇒ ∀NatxA(x)
∃NxA(x) ≤ ∃NatxA(x) M ′ 
 ∃NatxA(x) ⇒ ∃NxA(x)

where M ′ ∆= λz . z (M λxyz . zxy). In what follows, we shall prefer the more compact
forms ∀NxA(x) and ∃NxA(x) to the formulæ ∀NatxA(x) and ∃NatxA(x).

6.4. Extensionality. Given two kary second-order variables X, Y , let us write

X ≈ Y ∆= ∀z1 · · · ∀zk (X(z1, . . . , zk) ⇔ Y (z1, . . . , zk)) .

Intuitively, this notation expresses that the sets (of kuples of individuals) repre-
sented by X and Y are extensionally equivalent. (Of course, extensional equality
of sets as predicates does not mean that they are denoted by the same falsity value
functions.) An interesting property of the formulæ of the language of second-order
logic is that they are extentional w.r.t. second-order variables, in the sense that:

Lemma 7. — For every formula A(X) of second-order logic that (possibly) depends
on a free second-order variable X, the following formula is derivable:

X ≈ Y ⇒ (A(X) ⇔ A(Y )) .

Proof. By structural induction on the formula A. �

In particular this means that for every formula A(X) of second-order logic we
can build a quasi-proof eA,X such that

eA,X � ∀~z ∀~Z
(
X ≈ Y ⇒ (A(X) ⇔ A(Y ))

)
(where ~z and ~Z are the remaining free variables of A). Note that this property
still holds if we consider parametric formulæ in the sense of 3.1, or even formulæ
containing the second form of implication {e} ⇒ B introduced in 6.3. On the other
hand, the property of extentionality is no more automatically true when considering
formulæ of third-order logic or of higher-order languages.

7. Universal and local realizers

7.1. Universal realizers. Although the definition of the relation t 
 A depends
on the choice of the pole ⊥⊥, the reader may have noticed that none of the realizers
we explicitly constructed in sections 5 and 6 depend on it.

Formally, we thus say that a closed term t is a universal realizer of a closed
formula A and write t � A when t realizes A for every choice of the pole ⊥⊥. From
the property of adequacy (Prop. 2), it is clear that any closed term of type A (in
the sense of Fig. 1) is a universal realizer of A, that is: ` t : A implies t � A.

From the results of section 6, this can be generalized as follows:

Proposition 4. — If a formula A is provable in second-order arithmetic, then the
formula ANat has a universal realizer.
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Remember that when the pole is empty, the truth value of a formula is given by
|A| = Λ × JAK (Prop. 1), where JAK ∈ B(S ) is the set of conditions that force A
(cf subsection 4.2). Consequently:

Proposition 5. — Every closed formula A that has a universal realizer is true in
the sense that it is forced by any condition, that is: JAK = S .

In particular, the formula ⊥ ∆= ∀XX has no universal realizer (since J⊥K = ∅).
In many situations however, the criterion of universal realizability is too strong

and it is desirable to relax it by considering terms that realize a formula only w.r.t.
the poles of a particular form, namely: local poles.

7.2. Local realizers. A pole ⊥⊥ is said to be local when its complement is included
into the thread of some process p0, namely: {⊥⊥ ⊆ thd(p0). We can notice that:

(1) Every set of processes of the form ⊥⊥ = {thd(p0) (for some process p0) is
saturated, and thus constitutes a local pole.

(2) Conversely, it is easy to check that when evaluation is deterministic, every
local pole ⊥⊥ is of the form ⊥⊥ = {thd(p0) for some process p0.

In what follows, we say that a closed term t is a local realizer of a closed (parametric)
formula A and write t 
x A when t 
 A for every local pole ⊥⊥. Universal realizers
of a formula are thus local realizers of it, but the converse is not true. Moreover, it
is easy to check that the formula ⊥ ∆= ∀XX has no local realizer too.

The interest of the notion of a local realizer is that it is weaker than the notion of
a universal realizer—thus allowing to realize more formulæ—while being sufficient
to allow the prediction of the computational behaviour of realizers, which is essential
for program extraction. The typical example is the extraction of a (realiable)
witness from a local realizer of a Σ0

1-formula:

Proposition 6 (Σ0
1-extraction). — Let us consider:

• a unary (primitive recursive) function symbol f ;
• a closed term d that decides the nullity of f , in the sense that for all n ∈ N,

u, v ∈ Λ, π ∈ Π and s ∈ S , there is a state s′ ≥ s such that

d ? n̄ · u · v · π ? s �∗
{

u ? π ? s′ if f(n) = 0
v ? π ? s′ otherwise

• a local realizer t of the formula ∃Nx f(x) = 0.

Then for all u ∈ Λ, π ∈ Π and s ∈ S , there is a number n ∈ N such that f(n) = 0
and a state s′ ≥ s such that

t ? (λxy . d x (u x) (y x)) · π ? s �∗ u ? n̄ · π ? s′ .

Proof. Let us set t′ ∆= λxy . d x (u x) (y x), p0
∆= t?t′ ·π ·s, F ∆= {(π, s)} and consider

the local pole ⊥⊥ = {thd(p0). Reasoning by contradiction, let us assume that for
all n ∈ N such that f(n) = 0 and for all s′ ≥ s, we have

p0 6�∗ u ? n̄ · π ? s′

that is: u ? n̄ · π ? s′ ∈ ⊥⊥. From this hypothesis, we get that (u, s) 
 {n} ⇒ Ḟ for
all n such that f(n) = 0. Let us now show that t′ 
 ∀x ({x} ⇒ f(x) = 0 ⇒ Ḟ ).
For that, let us consider an arbitrary state s1 ∈ S and an arbitrary element of
‖∀x ({x} ⇒ f(x) = 0 ⇒ Ḟ )‖—that is: a pair of the form (n̄ · v · π, s2) where
(v, s2) 
 f(n) = 0 and s ≤ s2—and take a state s′ such that s′ ≥ s1 and s′ ≥ s2.
We distinguish two cases, depending on whether f(n) = 0 or not.
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(1) f(n) = 0. In this case we have

t′ ? n̄ · v · π ? s′ �∗ d ? n̄ · (u n̄) · (v n̄) · π ? s′′ �∗ u ? n̄ · π ? s′′′

for some s′′′ ≥ s′′ ≥ s′(≥ s2 ≥ s). Since u ? n̄ · π ? s′′′ ∈ ⊥⊥ (from our initial
hypothesis) we get t′ ? n̄ · v · π ? s′ ∈ ⊥⊥ by anti-reduction.

(2) f(n) 6= 0. In this case we have

t′ ? n̄ · v · π ? s′ �∗ d ? n̄ · (u n̄) · (v n̄) · π ? s′′ �∗ v ? n̄ · π ? s′′′

for some s′′′ ≥ s′′ ≥ s′. But since (v, s2) ∈ |f(n) = 0| = |> ⇒ ⊥|, s′′′ ≥ s2

and (n̄ · π, s′′′) ∈ ‖> ⇒ ⊥‖ we get v ? n̄ · π ? s′′′ ∈ ⊥⊥ from which we deduce
that t′ ? n̄ · v · π ? s′ ∈ ⊥⊥ by anti-reduction.

We have shown that t′ ? n̄ · v · π ? s′ ∈ ⊥⊥. Hence t′ 
 ∀x ({x} ⇒ f(x) = 0 ⇒ Ḟ ).
Thus (t′ · π, s) ∈ ‖∀x ({x} ⇒ f(x) = 0 ⇒ Ḟ ) ⇒ Ḟ‖ ⊆ ‖∃Nx f(x) = 0‖, and since
t 
x ∃Nx f(x) = 0 we get p0

∆= t ? t′ · π ? s ∈ ⊥⊥. But this contradicts the fact that
p0 /∈ {thd(p0) = ⊥⊥. Therefore our initial hypothesis is wrong, which means that
p0 �∗ u ? n̄ · π ? s′ for some n ∈ N such that f(n) = 0 and for some s′ ≥ s. �

8. Realizing the countable axiom of choice

8.1. The principle of countable selection. Let ⊥⊥ be a fixed pole. We say
that a closed term χ ∈ Λ realizes the principle of countable selection (w.r.t. ⊥⊥)
when for every parametric formula A(Y ) that only depends on a kary second-order
variable Y , there exists a falsity value function ΦA : N1+k → P(Π×S ) such that

χ 
 ∀Ny A(Φ̇A(y)) ⇒ ∀Y A(Y ) ,

writing ∀Ny B(y) for ∀y ({y} ⇒ B(y)). (We shall see in 8.3 several examples of
terms that realize the principle of countable selection.) It is easy to check that
any closed term that realizes the principle of countable selection also realizes the
following parametric form of this principle:

Proposition 7. — Let χ be a closed term that realizes the principle of countable
selection. Then more generally, for every formula with parameters A(x1, . . . , xp, Y )
that depends on p first-order variables x1, . . . , xp (hereafter abbreviated as ~x) and
on a kary second-order variable Y :

(1) There exists a falsity value function ΦA : Np+1+k → P(Π×S ) such that

χ 
 ∀~x
(
∀Ny A(~x, Φ̇A(~x, y)) ⇒ ∀Y A(~x, Y )

)
.

(2) Considering a fresh term variable z and a fresh second-order variable Z of
arity p + 1 + k, we have

λz . zχ 
 ∃Z ∀~x
(
∀Ny A(~x, Z(~x, y)) ⇒ ∀Y A(~x, Y )

)
,

Proof. (1) Using the countable axiom of choice, we associate to each puple of
parameters ~n ∈ Np a function ΦA,~n : N1+k → P(Π×S ) such that

χ 
 ∀Ny A(~n, Φ̇A,~n(y)) ⇒ ∀Y A(~n, Y )

(applying the principle of countable selection with the formula A(~n, Y ) that
only depends on the variable Y ). Then we define ΦA : Np+1+k → P(Π×S )
by letting ΦA(~n) = ΦA,~n for all ~n ∈ Np. By definition we have

χ 
 ∀Ny A(~n, Φ̇A(~n, y)) ⇒ ∀Y A(~n, Y )

for all ~n ∈ Np, hence

χ 
 ∀~x
(
∀Ny A(~x, Φ̇A(~x, y)) ⇒ ∀Y A(~x, Y )

)
.



12 ALEXANDRE MIQUEL

(2) Let B(Z) ∆= ∀~x
(
∀Ny A(~x, Z(~x, y)) ⇒ ∀Y A(~x, Y )

)
(where Z is a fresh

second-order variable of arity p + 1 + k). Using the type system of Fig. 1,
we easily derive the judgment u : B(Φ̇) ` λz . zu : ∃Z B(Z). Then we
conclude with Prop. 2 and (1) using the substitution [u := χ]. �

8.2. From the countable selection to the countable choice. In second-order
arithmetic, the parametric principle of countable selection (classically) implies the
axiom of countable choice as follows. Let A(x, Y ) be a formula depending a first-
order variable x and on a kary second-order variable Y , and let us assume that

∃Z ∀x
(
∀Ny ¬A(x,Z(x, y)) ⇒ ∀Y ¬A(x, Y )

)
(1)

(where Z is a (k + 2)-ary second-order variable). From Prop. 7 (2) applied to
the formula ¬A we know that the formula above is realized by λz . zχ provided
the principle of countable selection is realized by a suitable closed term χ. By
contraposition, (1) becomes

∃Z ∀x
(
∃Y A(x, Y ) ⇒ ∃Ny A(x,Z(x, y))

)
(2)

Let us now consider the formula UZ(x, ~z) defined by

UZ(x, ~z) ≡ ∃Ny0 [ Z(x, y0, ~z) ∧ A(x, Z(x, y0)) ∧
∀Ny (A(x, Z(x, y)) ⇒ y0 ≤ y) ]

Intuitively, the kary predicate ~z 7→ UZ(x, ~z) is extensionally equivalent to the pred-
icate ~z 7→ Z(x, y0, ~z) where y0 denotes the smallest natural number such that
A(x,Z(x, y0)). (From the minimum principle, we know that y0 exists provided
A(x,Z(x, y)) holds for some number y.) Combining the minimum principle with
the property of extensionality established in Lemma. 7 we get

∃Z ∀x
(
∃Y A(x, Y ) ⇒ A(x,UZ(x))

)
, (3)

hence
∃U ∀x

(
∃Y A(x, Y ) ⇒ A(x,U(x))

)
(4)

(now considering U as a (k + 1)-ary second-order variable).

8.3. Realizing the principle of countable selection. Let us now instanciate
the framework presented in sections 2–7 to the particular set of states S = N
equipped with the usual ordering (a natural number being considered as stronger
when larger). We assume that the relation of evaluation fulfils the requirements
of 2.2, with the following extra conditions:

(1) Evaluation is deterministic.
(2) No instruction can decrease the current value stored in the state, in the

sense that t ? π ? n � t′ ? π′ ? n′ implies n′ ≥ n.
(3) There is a special instruction χ such that for all t ∈ Λ, π ∈ Π and n ∈ N:

χ ? t · π ? n �∗ t ? n̄ · π ? n′

for some n′ > n.
(note that we do not even have to assume that the evaluation of χ is atomic). There
are several ways to implement these conditions:

The counter: No evaluation step (including abstraction, application, etc.)
changes the current value of the state, but the evaluation of the instruc-
tion χ, that increments this value:

χ ? t · π ? n � t ? n̄ · π ? (n + 1).

In this case, the value stored in the state can be understood as a counter
whose value is read and incremented by the instruction χ.
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The clock: Every evaluation step increments the current value of the state,
that is: t ? π ? n � t′ ? π′ ? n′ implies n′ = n + 1. In this case, the value
stored in the state can be understood as the current time, whose value is
read (and incremented) by the instruction χ.

(Of course, it is possible to imagine several variants of this design.)
An important consequence of the conditions given above is that within a given

thread, the value of the current state determines the stack that faces the instruc-
tion χ each time it comes in head position, namely:

Fact 1. — If χ ? π ? n ∈ thd(p0) and χ ? π′ ? n ∈ thd(p0), then π = π′.

Proposition 8. — Any instruction χ that fulfils the conditions above locally realizes
the principle of countable selection (i.e. χ realizes the principle of countable selection
w.r.t. every local pole ⊥⊥).

Proof. Let ⊥⊥ be a pole such that {⊥⊥ ⊆ thd(p0) for some process p0. For every
natural number n, let us write

Pn = {(π,m)∈Π× N : m ≤ n ∧ ∃t∈Λ (χ ? t · π ? n /∈ ⊥⊥)} .

From Fact 1 combined with the hypothesis that the pole ⊥⊥ is local, the assertions
χ?t ·π?n /∈ ⊥⊥ and χ?t′ ·π′ ?n /∈ ⊥⊥ imply t = t′ and π = π′. Consequently, the first
projection of Pn contains at most one stack π. Let us now consider a parametric
formula A(Y ) that only depends on a kary second-order variable Y . For every
n ∈ N, let us choose Φ(n) : Nk → P(Π×S ) as follows

• Φ(n) is taken as some falsity value function F : Nk → P(Π×S ) such that
‖A(Ḟ )‖ intersects Pn, if there exists such a function.

• Φ(n) : Nk → P(Π×S ) is any falsity value function otherwise.
We have thus defined a function Φ : N1+k → P(Π ×S ). To show that χ realizes
the formula ∀Ny A(Φ̇(y)) ⇒ ∀Y A(Y ), let us consider a state n1 ∈ N, an arbitrary
element of ‖∀Ny A(Φ̇(y)) ⇒ ∀Y A(Y )‖—that is, a stack of the form (t ·π, n2) where
(t, n2) ∈ |∀Ny A(Φ̇(y))| and (π, n3) ∈ ‖A(Ḟ )‖ for some F : Nk → P(Π×S ) and for
some n3 ≤ n2—and take a state n such that n ≥ n1 and n ≥ n2. To conclude, it
suffices to show that χ ? t · π ? n ∈ ⊥⊥. For that, let us reason by contradiction and
assume that χ? t ·π ?n /∈ ⊥⊥. By definition of Pn we have (π, n3) ∈ ‖A(Ḟ )‖∩Pn, so
that ‖A(Φ̇(n))‖∩Pn is not empty (by construction of Φ). Let (π, n4) be an element
of ‖A(Φ̇(n))‖∩Pn (using the remark above about the uniqueness of π), with n4 ≤ n.
We have (n̄ · π, n4) ∈ ‖{n} ⇒ Φ̇(n)‖ ⊆ ‖∀Ny Φ̇(y)‖, hence t ? n̄ · π ? (n + 1) ∈ ⊥⊥
(since n+1 ≥ n4 and n+1 ≥ n2). By anti-reduction we get χ? t ·π ?n ∈ ⊥⊥, hence
the assumption χ ? t · π ? n /∈ ⊥⊥ is absurd. �

Remark. This example seems to indicate that generalized realizability is more
expressive than forcing when considering the same set of conditions. Indeed, in
ordinary forcing with the set of conditions (N,≥), the induced complete boolean
algebra is trivial: B(N) = {∅; N} ≈ {0; 1} (due to the fact that natural numbers
are pairwise compatible). Consequently, the corresponding model extension adds
nothing to the initial 2-valued model.
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