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Abstract. We show how Modified Bar-Recursion, a variant of Spector’s
Bar-Recursion due to Berger and Oliva can be used to realize the Axiom
of Choice in Parigot’s Lambda-Mu-calculus, a direct-style language for
the representation and evaluation of classical proofs.

We rely on Hyland-Ong innocent games. They provide a model to per-
form the usual infinitary reasoning on Bar-Recursion needed for the re-
alization of classical choice, and where, moreover, the standard datatype
of natural numbers is in the image of a CPS-translation.

1 Introduction

Peano’s Arithmetic in all finite types (PA®) is a multisorted version of first-
order Peano’s Arithmetic, with one sort for each simple type, together with the
constants of Goédel’s System T and their defining equations. When augmenting
PA” with the Axiom of Choice (CAC), we obtain a system known to contain large
parts of classical analysis (see e.g. [9, 16]). A similar system can be obtained by
extending Peano’s Arithmetic to Second-Order Logic (see e.g. [16]).

We are interested here in the realizability interpretation of PA* + CAC. Real-
izability is a mathematical tool, part of the Curry-Howard correspondence, used
to extract computational content from formal proofs.

The usual route to get a computational interpretation of (some extension of)
PA® is to apply a negative translation, yielding proofs in (some extension of)
Heyting’s Arithmetic in all finite types (HA®, the intuitionist variant of PA“, see
e.g. [19]), followed by a computational interpretation of the translated proofs.
Realizability for HA” can be obtained in simply-typed settings, typically using
Godel’s System T. In this way, CAC is translated to a formula which can be
realized by combining a realizer of the Intuitionistic Aziom of Choice (IAC) with
a realizer of the Double Negation Shift (DNS, see Sect. 3). Intuitionistic choice
is easily realizable, and realizers of DNS can be obtained by adapting Spector’s
Bar-Recursion to realizability [3, 4].

We are interested here in a computational interpretation of PA* + CAC based
on a realizability interpretation directly for classical proofs. It has been noted by
Griffin [6] that the control operator call/cc of the functional language Scheme
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can be typed using Peirce’s Law, which gives full Classical Logic when added
to Intuitionistic Logic. Since then, there have been much work on calculi for
Classical Logic, starting from Parigot’s Ap-calculus [14]. Moreover, Krivine has
developed a notion of Classical Realizability for Second-Order Peano’s Arith-
metic which relies on Girard’s System F [10] (see also [13, 12]).

In this paper, we investigate a version of Spector’s Bar-Recursion in a clas-
sical realizability setting for PA“, obtained by adapting Krivine’s Realizability
to a simply-typed extension of Parigot’s Au-calculus. Our main point concerns
Bar-Recursion. Handling Bar-Recursion in realizability (typically to show that
it realizes DNS) involves some reasoning on infinite non-constructive objects.
This infinitary reasoning can be made directly at the level of a programming
language extended with infinite terms, as in [3]. Another possibility, as done
in [4], is to internalize realizability in the logic, and reason within the logic on
finite terms under some axioms (typically bar-induction) which can only be val-
idated in an infinitary model (typically a model of PCF). Similarly to [3] and
contrary to [4], our notion of realizability is not internalized in the logic. For
extraction of programs from proofs, our approach is similar to [4]: we separate
the programming language, which is kept finitary, from the infinitary model in
which the realizability argument is made.

It is well-known that most non-degenerate models and operational semantics
for the Ap-calculus rely on CPS translations. We work here with the call-by-name
translation of Lafont-Reus-Streicher (see e.g. [18, 15]). However, a difficulty arises
with Bar-Recursion: the CPS translation makes its types seemingly too high to
conclude with the usual argument [4, 3]. A solution is given by the innocent
unbracketed Hyland-Ong game model of PCF [8, 11]: the usual flat game arena
of natural numbers can be built as a CPS translation in the coproduct completion
of the model (this was observed, but not exploited, in [11]).

We define a notion of classical realizability in this game model. Our main
result is that the usual realizer of classical choice obtained by combining a realizer
of IAC with Berger-Oliva’s variant of Bar-Recursion [4], is indeed a realizer of
classical choice in our framework. We then obtain an extraction result for the
Ap-terms by a logical relation argument (see e.g. [2]), relating the operational
semantics and the model.

The paper is organized as follows: We begin by presenting PA“ in Sect. 2. We
then briefly discuss the usual computational interpretation of CAC by negative
translation in Sect. 3. In Sect. 4, we present the bare minimum we need on
Hyland-Ong games. Parigot’s Ap-calculus, as well as its game interpretation and
its operational semantics are discussed in Sect. 5. We then devise our notion of
realizability in Sect. 6 and discuss the realization of CAC in Sect. 7. Detailed
proofs are given in Appendices.

2 Peano’s Arithmetic in All Finite Types

In this section, we briefly discuss the logical system on which we work in this pa-
per, namely PA* (Peano’s Arithmetic in all finite types), as well as its extension



with the axiom of choice. We build on usual versions of HA* (see e.g. [19, 9]),
with ideas of [14, 10] for classical logic.

Language. The language of PA” is multisorted, with one sort for each simple
type. We use the following syntax of simple types, where ¢ is intended to be the
base type of natural numbers:

o, TET u= o+ | o=7T | oxrT

We assume given, for each simple type 7, a countable set V. = {z",y7,...} of
indiwidual variables of type 7. Individuals are simply-typed terms

a,beZ == 27 | ab | ¢
where (ab)™ provided a7, b” for some o, and c ranges over the constants
OL, SL_)L, ReCT*)(L*)TA)T)*}L‘)T7 Pairtf—)'r~>cr><'r7 Pz'l X To—T; (’L _ 1’2)7 Ke=T=9 and

slpro=m)=(p=0)=p=7 et 7, be the set of closed individuals and 7§ be the set
of closed individuals of type 7.
Formulas are defined as follows:

ABeF == (a#;0) | L | A=B | AAB | V2"A

Note the atomic inequality (- #, _). It is inspired from Krivine’s work [10] and
will greatly eases our realizability interpretation (see Sect. 6).
We use the following abbreviations:

-A = A= 1 dz™A = —Vz2™-A
(a =, D) —(a #: b) AV B —(-AA-B)

Deduction. We consider the following deduction system, parametrized by a set
Az of axioms (containing only closed formulas).

rei|a

TArA[A Traale4 FroZyia
IAFB|A I'rA=B|A TFA|A
TFA=B|A TFB|A

FEAJA LEBIA  LEAAA[A
T'FAANB|A IFA; |4 V75
THA|A TFYaTA| A
_ FV(I, A _
Trveraa @EFVIRA) A

IF'FA|AA (T A A
T+ A A) I'FA|A




This system is chosen so as to have a direct extraction of realizers in Parigot’s
Ap-calculus (see Sect. 5 and 6).

Note that the Ex Falso rule is restricted to atomic formulas. For each formula
A one can easily derive I' H A| A from I' = L | A. The introduction rules for
existential quantification and disjunction are easy to derive:

I'-A|A ' Ala™/z]| A
I'-AvB|A I'+-3z7A|A

Moreover, one can derive Peirce’s Law and Double Negation Elimination:

I'F((A=B)=A)=A|A '-((A=1)=1)=A4]A

as well as the elimination rules of disjunction and existential quantification:
I'-C|Aprovided 'FAVB|A TVAFC|Aand I'BFC|A;and IT'-C| A
provided I'+32"A| A and I A+ C | A with z not free in I, C, A.

Axioms for Equality and Arithmetic. The axioms of PA* are the universal
closures of the following formulas:
— Equality axioms are reflezivity Vo™ (x =, x) and Leibniz’s scheme:
for all formula A, VeTy T (Alx/z] = -Aly/z] = z#ry)
Note that the usual version of Leibniz’s scheme is derivable:
VoY (@ =y = A/ = Aly/2])
— Equational axioms (with variables of the appropriate types):

kzxy =, x styz =, xz(yz) P; (Pairzyms) =, x; (i=1,2)

i

Reczy0 =; =z Recxy (Sz) =; yz(Recxyz)
— Arithmetic axioms are Va*(Sz #, 0) and the Induction scheme:
for all formula A, Al0/z] = Va'(A = A[Sz/z]) = Va'A
We write PA” = A if - A] is derivable using the axioms of PA%.
Axiom of Choice. Given 7 € T, we write CAC*" for the following version of
the axiom (scheme) of choice:
for all formula A, (Vz'3y™A) = If 7V Alfx/y]
Note that this unfolds to
Vet (VyT (A= L) = 1) = V7T (VatAlfz/yl = 1) = L

We write PA” + CAC"~ for provability in PA” using any CAC*" for 7 € T.



3 Intuitionistic Modified Realizability and Bar-Recursion

In this section, we briefly and informally recall the realization of CAC via negative
translation to HA“ + DNS, and discuss some aspects of our realization of CAC.

HA® can be obtained from our presentation of PA“ by restricting deduction
to intuitionistic sequents, i.e. sequents of the form I" - A|. One also has to take
a primitive notion of equality (instead of our primitive (- #, _)), and primitive
existential quantification (disjunction can be coded). Gédel’s negative transla-
tion can be adapted from PA“ to HA”: let (_)” commute over the connectives
of PA“ (remember that there is no V, 3 in F), and put —— in front of atomic
formulas, after having replaced (a #, b) by —(a =, b). It is equivalent to leave
1 unchanged and map (a #; b) to —~(a =, b).

Let us briefly discuss Modified Realizability. To each closed formula A is
associated a simple type A* of potential realizers of A. Actual realizers of A are
closed terms of type A* satisfying a property, usually written ¢ I+ A, defined by
induction on A. Typical clauses are:

L = 1 t'lF(a=;0) := (a=;b)
tl-(A=B) = Yu(ulF A = tul- B) tIFVaTA = Va7 (tx I- A)
tIF(AAB) = (PitlFA A Potl- B) tlF327A = (Pat - A[P1t/z])

Note that this provides a realizer, written tac, of intuitionistic choice (IAC”7)*:
Az.Pair (Az.P1(22)) (Az.Po(zz)) - (Va3 A) = If77Vz Alfz/y]

A proof in PAY of a formula A can be mapped to a realizer of the negative
translation A~ of A2. For CAC*7, this leads (modulo the intuitionistic equiva-
lence == <— ——3) to find a realizer of

Vot-—3y AT = —=3f TV AT [fx /Y]

It is well-known (see e.g. [3, 4, 9]) that such a realizer can be obtained by
combining a realizer of IAC*” with a realizer of the Double Negation Shift

(Vz*--B) = —-—Vz'B (DNS)
for the instance B := Jy” A. Assuming ¥ realizes this instance of DNS, we get
Az kP z(Aak(tiaca))  IF Va'—=—=Fy A7 = -3 7Vt A7[fx/y]

The reader can check that we obtain the following realizer of CAC:

teac = Az Ac Y (to—3z)(Aa.c(Ax.Pq(az))(Az.Pa(ax)) I+
Vet (Vy" (A= L) = 1) = V7T (Va'Alfz/y] = 1) = L
1 We use the A-notation for individual terms in Z.

2 To get extraction for IT9-formulas, one can adapt Friedman’s trick by defining (¢ I-
1) as 1L(t), where L is a given predicate, see e.g. [4] and also Sect. 6.



with {3 = Aa Az k.ax(Ay.Az.k(Pairy 2)) IF Va'-Vy™—A = Va'-—3Jy" A

Realizers ¥ of DNS can be obtained by adapting Spector’s Bar-Recursion to
realizability [3, 4].

In this paper, we show that (the interpretation in a suitable model of) tcac
realizes CAC"7, for a notion of realizability defined for (the interpretation in
a suitable model of) an extension of Parigot’s Au-calculus [14]. We actually
show that Berger and Oliva’s version of Bar-Recursion [4] realizes a version of
CAC with partially relativized quantifiers (see Sect. 6 and 7). For PAY, the
realizers we obtain seem to translate to the same realizers as obtained by a
negative translation from PA“ to HA followed by Friedman’s translation and a
realizability interpretation, as devised at the beginning of this section. However, a
difficulty arises with Bar-Recursion: if we directly CPS-translate Bar-Recursion,
we obtain a term of type

o= =2) =2 ((C o)) 2

where 7 := (¢ = ¢) — ¢. But the types seem too high to conclude using the
usual argument [4, 3].

A solution is to perform a CPS translation such that ¢~ is not too different
from a type of natural numbers in a model of PCF. A natural candidate would
be something like

.7 = (t—R)—R

Obvious choices for R (e.g. a one-point object) tend to give degenerated results:
typically, in domains (and even predomains [18]), taking R = {L} (R = 0) gives
a unique inhabitant in ¢

We show that this can be solved by using the coproduct completion (given by
the Fam construction, see e.g. [1]) of Hyland-Ong innocent unbracketed games
for PCF. We rely on the fact (observed, but not exploited, in [11]) that in the
coproduct completion of these games, the basic type of natural numbers is of
the form ([N] — R) — R, for the one-move game R and the countable family of
empty games [N] (see Sect. 4).

4 The Model of Hyland-Ong Games

In this section, we present the bare minimum we need on Hyland-Ong games.
We use innocent unbracketed games, combined with the coproduct completion
provided by the Fam construction. Details can be found in e.g. [8, 7, 11, 1].

4.1 Arenas and Strategies

Definition 4.1 (Arena). An arena is a countable forest of moves. Each move
is given a polarity O (for Opponent) or P (for Player or Proponent):

— A root is of polarity O.
— A mowve which is not a root has the inverse polarity of that of his parent.



A root of an arena is also called an initial move. We will often identify an arena
with its set of moves.

Definition 4.2 (Justified sequence). Given an arena A, we define a justified
sequence on A to be a finite word s on A together with a partial justifying
function f : |s| — |s| such that:

— If f(3) is undefined, then s; is an initial move.
— If f(i) is defined, then f(i) < i and s; is a child of sf.

We denote the empty justified sequence by €. Remark here that by definition of
the polarity, if f(¢) is undefined (s; is initial), then s; is of polarity O, and if
f(i) is defined, then s; and sy(;) are of opposite polarities. Also, f(0) is never
defined, and so sq is always an initial O-move. A justified sequence is represented
for example as:

abcecdefghiyj

If Ais an arena, X is a subset of A and s is a justified sequence on A, then s|x
is the subsequence of s consisting of the moves of s which are in X.

Definition 4.3 (Play). A play s on A is an even and alternating justified
sequence of A, i.e., for any i, so; is a O-move and Sz;41 s a P-move. We
denote the set of plays of A by Pa.

A play on an arena is the trace of an interaction between a program and a
context, each one performing an action alternatively.

Definition 4.4 (Strategy). A strategy o on A is a non-empty even-prefiz-
closed set of finite plays on A such that:

— o is deterministic
— 0 18 innocent

The definitions of determinism and innocence are standard and can be found for
example in [7, 8.

Cartesian Closed Structure. The constructions we use will sometimes con-
tain multiple copies of the same arena (for example A — A), so we distinguish
the instances with superscripts (for example A1) — A®)),

Let U be the empty arena and V be the arena with only one (opponent)
move. If A and B are arenas consisting of the trees A; ... A, and By ... By, then

the arenas A — B and A x B can be represented as follows:
A—B: AxB:

A\ - /A, B\ /B,

The constructions described here define a cartesian closed category whose objects
are arenas and morphisms are innocent strategies. Details of the construction
can be found in [7, 8]. In the following this category will be denoted as G.



4.2 The Fam Construction

Our model is built as a continuation category [18]. In order to make explicit the
double negation translation of the base types, we base the model on the category
of continuations RF™(9) where Fam(G) is a variant of the coproduct completion
described in [1] applied to the category G defined in Sect. 4.1.

Definition 4.5 (Fam(G)). The objects of Fam(G) are families of objects of G
indezed by at most countable sets, and a morphism from {A; |i € I} to{B; |j €
J} is a function f: I — J together with a family of morphisms of G from A; to
By, foriel.

See [5] for details on the differences with [1]. Note that Fam(G) is a distributive
category with finite products and coproducts, and has exponentials of all sin-
gleton families. The empty product and terminal object is the singleton family
{U}, the empty sum and initial object is the empty family {}, and:

{Ailiel} x{B;|jeJ} = {AixB;|(i,j) el xJ}
{A;|ielI}+{B;|jeJ} = {C’k|k€IL+JJ}WhereC’k::{
{Bo}{4: 1€} = (T, By}

Apifkel

We fix once and for all:
R = {V}
which is an object of Fam(G) as a singleton family. R has all exponentials as
stated above. Note that the canonical morphism d4 : A — R®) is a mono.
The category of continuations RF™(9) is the full subcategory of Fam(G) con-
sisting of the objects of the form R“. The objects of RF™(9) are singleton families,
and R™(9) is isomorphic to G. We will consider that objects and morphisms of

RF™(9) are arenas and strategies and we will use the vocabulary defined at the
end of Sect. 4.1 on RF™(9) also.

4.3 The Type Structure

We use the lambda notation in RF2™(9) | j.e. we build simply-typed A-terms with
constants in R7M(9), We write them using bold symbols (such as A, (_, ) etc) in
order make no confusion with the syntactic Au-terms of Section 5.

Interpretation of Simple Types. Let [N] be the object {U, | n € N} of
Fam(G). We use the interpretation of simple types proposed in [18] (see also [15]).
Given a simple type 7 € T, we associate two objects of R2™(9): the object [r] of
programs of type 7, and the object [7] of continuations of type 7. We let

[] := rEV [o = 7] := rlFVx[7] [ox7] = [o]+[7] [r] := grl"
Note that [o — 7] = [0] x [7], and moreover

Tﬂ R[[U]]

[c—7 = &gl ~ gl and [ox7] ~ &lTxgl]



Representation of Arithmetic Constants. In Fam(G) a morphism from the
terminal object {{} to [N] = {U,, | n € N} is given by a function from the
singleton set to N together with a strategy from U to U. Since there is only one
such strategy, such a morphism is given by a natural number. We will call this
morphism 7. Similarly a morphism from [N] to [N] is given by a function from
N to N. This leads to a morphism succ : [N] — [N] for the successor function
on [N].

Moreover, given a : [7] (officially, a : {{{} — [7] in Fam(G)), and b : [N] —
[7] = [7], we can define by induction on n € N a morphism 7, 5 : [N] — [7] such
that Fa,ba =q and Fa,b(n/_—&\—/l) = bn(ryp(n)). This leads to rec := Aa.Ab.7, in
[7] = (IN] = [7] = [7]) = [N] = [7].

We now discuss the object of R™™(9) agsociated to the base type ¢. We have:

[L] — RR[[N]] _ RR{Un | neN} ~ RHnENR- ~ {VH”ENV}

Note that this is the usual flat arena of natural numbers:

It is easy to see that Ak.kn corresponds to the strategy answering n to the initial
opponent question g. Moreover, the only inhabitants of [¢] are the empty strategy
Ly, and the strategies Ak.kn for n € N.

The arithmetical constants of System T will be interpreted in RF™(9) using
succ : [t] — [¢] defined as succ := An.Ak.n(Az.k(succz)) and rec: [7] = [t —
T = 7] = [i] — [7] with rec = Auv.dv.AnAkn(Az.recu(Ay.v®(Ak.ky))zk),
where v® := Az Ay.Az.v(x,y, z) (see [5] for details).

It is convenient to use the notations (_)* and (_)° for resp. curryfication and
uncurryfication. Note that as with v® above, the amount to which an expression
is curryfied /uncurryfied depends on the context, and moreover that in G, ()*
and (_)° are the identity.

5 Lambda-Mu-Calculus

We present here an extension of Parigot’s Au-calculus [14] that we will use as
a programming language for our realizers. We begin by a basic language, which
essentially adds pairs and products to the original calculus. We then present
an extension with the arithmetic constants of Gédel’s System T, which will be
used for the realization of PA“. Finally, we discuss the interpretation, along the
lines of [15], of the calculus in the model RF™(9) and present an operational
semantics using an abstract machine adapted from [18].

Syntax and Typing. We assume given two countable sets Var = {z,y, z,... }
and CVar = {«, 8,7, ...} of respectively term and continuation variables. The
Au-terms are defined as follows:

ttueAd == =z | At | tu | pav | (Eu) | pi(t) | p2(t)
where v is a named term: v = [aft
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They are typed by extending Parigot’s system [14] with rules for product types:

I'tt:7|Aa:T v: (A a:T)
Nez:thz:7]A [@]t: (I'+ Aja:T) I'kpawv:7]A

Naz:tkt:0|A I'tt:o—oT1]A I'Fu:o|A
'bXxxt:T—o|A Ftu:7]A

'Ft:7]A I'Fu:olA I'tt:mxm|A
I'F{tu)y:Txo|A I'kpi(t):m| A

(i = 132)

Extension with Arithmetic Constants. We write Ar for the set of Au-terms
obtained by extending the grammar of A with the following productions:

t,u | m | succ | rec(t,u)

where n € N. We extend the typing rules of A with the following ones:

I'kt:7]|A 'Fu:t—=17—-o7|A
I'tm:t|A Thbsucc:ie—|A I'trec(t,u) ;e —71|A

Interpretation in RF*™(9), The interpretation of Ay in R2™9) follows the
lines of [15]. A term F ¢ : 7| is interpreted by [t] € [r]. To make the presentation
simpler, we use A-expressions in R™2™) build from the variables of Ap with the
following convention: a term variable = of type 7 (resp. a continuation variable

« of type o) in Ar becomes a variable x of type [r] (resp. a variable « of type
[o]) in the A-calculus of RFA™(9):

[] = = 7] = Ak.kn [pa[Blt] = Aalft]B
Az.t] = Xa,k).[t]k [(t,u)] = MAk.casek{[t], [u]}
[tu] = Ak.[t]([u], k) Pi(1)] = Ak.[t](in;k)
[succ] = A{n,k).succ nk [rec(t,u)] = X{n,k).rec[t][ulnk

Operational Semantics. We now present an operational semantics for Ap
using an abstract machine. The machine is derived from the interpretation of A
in RFa™(9) | following the method of [18]. Our machine is actually an adaptation
of the machine of [18] to a typed language with arithmetic constants.

The machine evaluates triples of the form (¢, e, ), where ¢ is a Au-term, e is an
environment and 7 is a stack. Environments map term variables to closures and
continuation variables to stacks. Stacks, closures and environments are defined
by mutual induction as usual:

Env. ecE o= ¢ |
Closures c€C == (te)
Stacks we Il * |

(,¢)ie | (aym) e

(e,m) | kp;(m) | ksucc(m) | krec(t,u,c, )
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We let e(x) := cif (z,c¢) is the first occurrence of the form (z,¢’) in e, and define
e(«a) similarly. Let dom(e) be the domain of the partial map e(.).
The evaluation rules are the following:

(x,e,m) = (t,€e,m) if e(z) = (¢, €)

(tu,e,m) >
Azt e, {c,m)) =

(pov[Blt,e,m)

(pi(t)’e’ﬂ-) s

(
(
(
(
((t1,t2), e, kp;(m)) > (ti,e,m)
(
(
(
(

(succ,e, ((t,€),m)) >
(m, e, ksucc(m)) =

(rec(t,u), e, ((v,€'), 7)) =

v, e krec(t,u,e,m))
(0, e, krec(t,u,e’,m)) > (¢ € ,m)
(n+1,e krec(t,u,e’,m)) = (u,€,{(m,e),{(rec(t,u)m,e’),m)))

The correctness of the machine (i.e. reduction preserves semantics) can be
proved as usual® (see e.g. [18]). For extraction, we actually only need the property
stated in Prop. 7.3, to be discussed in presence of Bar-Recursion.

6 Classical Realizability

In this section, we present our notion of realizability. It is highly inspired from
Krivine’s Realizability [10], but adapted to the simply-typed model RFam(9),

The main idea, adapting Krivine’s ideas to the typed continuation category
R™™(9) | would be to fix a Pole 1L C {[@i] | n € N}, and then associate to each
formula A a type A* and a set A C [A*] defined by induction on A. Realizers
would then be terms in A C [4*], the Orthogonal of A.

We choose to have I C [i] to get extraction (see Prop. 7.4). This causes
difficulties since [¢] = RI is not a base type in RF2™(9) . Roughly speaking, our
choice for 1L leads to L* := ¢, but there are not enough contexts in [«] = { Ly},
since applying L, to a numeral [n] gives the empty strategy on R. A solution
is to add some space in the interpretations, and have A C [:] — [A*] and
AL C [¢] — [A*] for a formula A. For instance, we can then have Ak.k as a
basic context “at type” [¢] (actually [¢] — [¢]).

The definition of realizability involves two additional translations, that we
present now. First, to each formula A, we associate the simple type A*:

(am £ 07)" = 1* = (V2T A)" = 17— A
(A= B)" = A* —» B* (ANB)" = A*x B*

3 Since the model R™™9) is typed, this would involve typing rules for environments
and stacks.
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Moreover, we map each individual term a € Z to a Au-term af € Ap:

2™l = 2 (ab)’ := albl st = \zyz.az(yz)
kP = \ay.x of := 0 St := succ
Rec' := Azyrec(z,y) Pair' := Azy.(z,y) P;7 = Az.pi(z)

The Realizability Construction. To a formula A, we will associate two sets
[|A]| € [¢] — [A*] and |A| C [] — [A*]. These sets will only be defined for
closed formulas. It is convenient (and necessary to deal with CAC in Sect. 7) to
allow parameters in R™™9) . In order to realize the induction axiom, we must
restrict to the total elements of R2™(9). For a simple type 7, the set 7¢ C [r] of

its total elements is defined by induction on 7. Let «* := {[f] | n € N}, and
using curryfied notation:

(c—=1)° = {a|Vbeot, abe 1t}

(o x1) = {a]|pa)€o® & pyla) € 7%}

Lemma 6.1. For all a € I], [al] € 7.

We now only consider closed formulas with parameters of the appropriate
typein 7% (1 € T). Let 1L C *.
First, given A C [1] — [A*], we define AL C [] — [A*] as

AL = {ae[i]— [A"] | Vbe A, Ak.ak(bk) € 1}
If moreover B C [i] — [B*], we let
AL B = {Ak(ak,bk) € [J] = [A*] x [B*] | a € AL & b e B}

We now define the sets |A| C [:] — [A*] and ||A]| C [¢] — [A*] for a formula A.
We let |A| C [o] = [A*] be [|A]|™", and define ||A|| C [] — [A*] by induction
on A as follows:

L] o= {/\@k-k} ‘ T]¢[H]A:>BH = [A[-]|B]]
if [a b
llo #7 Bl = {Ak.k} otherwise
IAAB|| = {Akini(ak) | a € [|A][} U{Ak.iny(0k) | b € || B||}

IV Al UaereAMR-(a, 0k) | b € [|Ala/2]][}

Realization of Equality and Arithmetic Axioms. We now discuss the
realization of the axioms of PA%.

First, it is easy to see that all equational axioms (including reflexivity) are
realized by the identity:

Lemma 6.2. We have Xk.[Az.x] € |a =; a|. Moreover,

A Az.x] € kab =; af Ak [Az.x] € [sabe =, ac(be)|
Ak [Az.x] € |[Recad0 =, a Ak [Az.x] € |[Recab(Sc) =, be(Recabe)|

where in each case, individuals a,b, c are in the appropriate 7%, o*, p*.
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The realization of our version of Leibniz’s scheme is obtained by applying
realizers of the first premise to realizers of the second premise.

Lemma 6.3. Ak.[Az.\y.yz] € |Ala"/27] = —A[b7/27] = a7 #.b7|.

For the Arithmetic axioms, it is easy to see that (Sa #, 0) is realized by any
natural number. As expected, the recursor rec(_, ) realizes induction.

Lemma 6.4. (i) For alln € N and all a € (*, we have Ak.[fi] € |Sa #, 0.
(1)  Ak.[Az.Ay.rec(x,y)] € |[A]0/x] = Vz'(A = AlSz/z]) = Vz'Al.
Adequacy for Classical Proofs. Adequacy of the realizability interpretation
is proved as usual (see App. A).
Theorem 6.5. Let I A, A with I' = Ay,...,A,, A = By,...,By,, and such
that FV(I', A, A) C {a7", ..., 2/} }.

From a proof of ' = A | A in PA* one can build a term

Il.Tl,...,ICk.Tk,yl.Al ,...,yn.An Ft: A ‘Oél.Bl ,...,Olm.Bm

such that for all e € 7*, ... c, € 7%, all ay € |A1]e/x]|,... ,an € |An[c/z]],
and all by € ||Bi[c/z]||,. .. ,bm € ||Bmlc/x]||, we have

Ak [t|[e/x][ark/yrs - . ank/yn, b1k aq, ... bnk/an] € |Ale/x]|

In particular, from a proof of b Al in PA* with A closed, one can build a term
Ft: A*| such that Ak.[t] € |A].

Extraction. Extraction of witnessing programs from realizable (and hence from
provable) I19 statements is performed as usual. We come back on this point in
Sect. 7 (Prop. 7.4) in presence of CAC and Bar-Recursion.

7 Realization of Classical Choice

In this section we discuss the realization of the classical axiom of choice CAC*-.
Our realizer is based on Berger & Oliva’s variant of Spector’s Bar-Recursion [4].

Extension of the Au-Calculus with Bar-Recursion. We extend the set

Ar with constants for bar-recursion: t,u € Ag == ... | ¥.(t,u){S0,...,5n),
where n € Nand 7 € 7.
These constants are typed as follows: I' - (¢, u){sg, ..., Sn) : t| A whenever

'rt:v—=> (=02 |ATkhu:(t—>7)=>c|Aand ' s;: 7| A for all
0<i<n.

The operational semantics uses some auxiliary terms. We define by induction
on 7 the terms F ex; : ¢ = 7|. Let ex, = Ax.z, ex;, = Azr.\_ex,x and
Xrxo = AL.(€X;T,EX,T).
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Moreover, given n € N, sq,...,s,,t € Ag, we let (sg,...,s,)Qt be a term
(written using rec) such that for all e, e’ € E, w € IT and m € N,

(Sm> 6771—)7 if m S n
(t,e,{((m—(n+1),¢),m)) otherwise

(0, syt () = {
The operational semantics of ¥, (¢, u)(s1,...,Sn) is given by:

(T (t,u) (S0, ..., 8n),,m) >
(uy e, ({0 - -y Sn)@QA_ex, (tn + L AT.W, (£, u) (S0, . - ., Sp, L)), €), 7))

The Bar-Recursor in RF*™(9), We now define the strategies interpreting ¥,
in RFP™9) Fix 7 € T. First, given ao, ..., a, € [r], and b € [ — 7], let

(agy-..,an)@b = [(xo,...,2n)Qyl[ao/xq,...,an/Tn,b/Yy]
For each m € N, we will define by induction on m a family of strategies (@T)new

Each ¥ will be in [r]" — 7, where [1]° := {U}, [r]**! := [r] x [r]" and

v = [Ty =e=T)= =
We let 0 := A(zy,...,2,). L7 and

T = Az, 2 ) AbACE (2, ., 2,) @
Afex " (b° [nF 1] Az ™z, ... 2, 2) b c)o))

Given ag, . .., ay € [7], we now define a strategy @(ao ) using the CPO struc-

ture on G (and hence on Fam(G)). Note that the family (@]ﬂH(aO, ey n))meN
is directed. We let &7, =~ := Vien ¥nii1{ao, - - - an)

and [ (t,u)(s0, -, 50)] = Ul o [H[u]-

Realization of CAC“-. We discuss here the realization of CAC"" using (the
interpretation in Ay) of the term tcac build in Sect. 3, where we take suitable
instances of ¥, (_,_)(...) for Bar-Recursion. We let

tE’;‘C = Az AeWrxax (t--32, Aa.c(Az.p1(az))(Az.p2(ax)))()
where t—3 = AaAr kax(AyAzk(y, 2))

Proposition 7.1. Ak.[téﬁ:} €
Vzt(Vy" (A= 1) = 1) = Vo7 (VarAfz/y] = L) = 1]

The proof of Prop. 7.1 is deferred to App. C. Contrary to e.g. [3, 4], we do
not rely on the decomposition of CAC as IAC+ DNS discussed in Sect. 3. Rather,
we show directly that Bar-Recursion realizes a form of choice.
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The main point is to decompose the notion of realizability proposed in Sect. 6
w.r.t. the relativization of quantifiers. We first extend the formulas:

AB == ... | Y2"A | (r(a")xA) =B

Hence, in extended formulas, the construction (r,(a) x A) is only allowed to
appear to the left of an implication. Realizability is extended as follows:

V27 All = Uger [l Ala/a]l|
[|(r-(c) x A) = B|| = {Mk.(Ak'.casek’{c,ak},bk) | a €|A| & b€ ||B||}

Extended formulas and their realizability interpretation rely on ideas introduced
in Krivine’s Realizability [10] (see also [12]). We also extend the mapping ()"

(VaTA)" = A ((rr(a) x A) = B)* := 71 xA* > B*
The following is the key for Prop. 7.1. It is shown as usual, see e.g. [3, 4].

Lemma 7.2. Let B such that (B = 1) is an estended formula.
Assume b € Vzt(Vy™(B = L) = L) and c € [Vf*77(Vz'Blfx/y] = 1)|.
Then Xkw [ (bk)(ck) € | L.

Computational Adequacy and Extraction. For extraction, we rely on the
following property relating the evaluation of Au-terms with their interpretation
in RF™(9) | The proof is deferred to App. B.

Proposition 7.3. (i) IfFt: | in Ag, then for all n € N we have (t,e,x) >
(ﬁ7e’*) if [t} = [ﬁ]

(1) Let F ¢t : « — ¢ in Ag. For all n,m € N, if Ak.[t]([n], k) = [m] then
(tm,e,%) = (M, e,*).

Extraction of witnessing programs from realizable (and hence from provable)
II9 statements is performed as usual:

Proposition 7.4. From a proof of PAY + CAC”~ + Vz'Jy‘(a =, 0) (where
FVia) C{x,y}), we can extract a term =t : v — 1| such that for alln € N, there
is m € N such that (tm,e,%) = (M, e, %) and [a'][[7]/z, [m]/y] = [0].

Proof (sketch). By adequacy, we get u s.t. Ak.[u] € |[Vz'—Vy*(a #, 0)|. Let n € N
and fix 1L := {[m] | [a'][[7]/z, [M]/y] = [0]}. We thus have Xk.[ur(\z.7)] € | L]|.
This implies [un(Az.2)] = [m] with [m] € L. We conclude by Prop. 7.3.(ii). O

8 Conclusion

We presented a notion of classical realizability for PA“ + CAC based on Hyland-
Ong innocent unbracketed games for a simply-typed extension of Parigot’s Au-
calculus. It is not clear whether in our approach decomposes CAC as IAC+ DNS,
because of the interaction of the CPS translation with Friedman’s trick.

Further works will concern this question, a comparison with [17], where Bar-
Recursion is used in an untyped Classical Realizablity model, as well as trying
to extend the result to non-innocent games (along the lines of [5]), known to rise
problems with Bar-Recursion [3].



16

References

[1] S. Abramsky and G. McCusker. Call-by-Value Games. In Proceedings of CSL’97,
LNCS, pages 1-17. Springer, 1997.

[2] R. M. Amadio and P.-L. Curien. Domains and Lambda-Calculi. Cambridge Tracts
in Theoretical Computer Science. Cambridge University Press, 1998.

[3] S. Berardi, M. Bezem, and T. Coquand. On the Computational Content of the
Axiom of Choice. Journal of Symbolic Logic, 63(2):600-622, 1998.

[4] U. Berger and P. Oliva. Modified bar recursion and classical dependent choice.
Lecture Notes in Logic, 20:89-107, 2005.

[5] V. Blot. Realizability for Peano Arithmetic with Winning Conditions in HO
Games. To appear in Proceedings of TLCA’13, 2013.

[6] T. Griffin. A Formulae-as-Types Notion of Control. In POPL’90, pages 47-58.
ACM Press, 1990.

[7] R. Harmer. Games and Full Abstraction for Nondeterministic Languages. PhD
thesis, Imperial College, London, 1999.

[8] J. M. E. Hyland and C.-H. Ong. On Full Abstraction for PCF: I, II, and IIL
Information and Computation, 163(2):285-408, 2000.

[9] U. Kohlenbach. Applied Proof Theory: Proof Interpretations and their Use in
Mathematics. Springer Monographs in Mathematics. Springer, 2008.

[10] J.-L. Krivine. Realizability in classical logic. In Interactive models of computation
and program behaviour, volume 27 of Panoramas et synthéses, pages 197-229.
Société Mathématique de France, 2009.

[11] J. Laird. A Semantic analysis of control. PhD thesis, University of Edimbourgh,
1998.

[12] A. Miquel. Existential witness extraction in classical realizability and via a neg-
ative translation. Logical Methods in Computer Science, 7(2), 2011.

[13] P. Oliva and T. Streicher. On Krivine’s Realizability Interpretation of Classical
Second-Order Arithmetic. Fundam. Inform., 84(2):207-220, 2008.

[14] M. Parigot. Lambda-My-Calculus: An Algorithmic Interpretation of Classical
Natural Deduction. In LPAR, volume 624 of LNCS, pages 190-201. Springer,
1992.

[15] P. Selinger. Control Categories ans Duality: on the Categorical Semantics of the
Lambda-Mu Calculus. Mathematical Structures in Computer Science, 11:207-260,
2001.

[16] S. G. Simpson. Subsystems of Second Order Arithmetic. Perspectives in Logic.
Cambridge University Press, 2nd edition, 2010.

[17] T. Streicher. A Classical Realizability Model araising from a Stable Model of
Untyped Lambda-Calculus. Unpublished Notes, 2013.

[18] T. Streicher and B. Reus. Classical Logic, Continuation Semantics and Abstract
Machines. J. Funct. Program., 8(6):543-572, 1998.

[19] A. S. Troelstra. Metamathematical Investigation of Intuitionistic Arithmetic and

Analysis, volume 344 of LNM. Springer Verlag, 1973.



17

A Adequacy of the Realizability Interpretation

In this appendix, we give a proof of adequacy of our realizability interpretation
(Thm. 6.5).

Lemma A.1. Ifc€ ] = [r — A*], then:
c € V2" Al & Ve € 7%, Ak.[zy][ck/x,e/y] € |Ale/x]|
Proof. One one hand:

ce|VzTAl & Vde||VaTAl|, Ak.ck(dk) € 1L
& Ve et Vb€ ||Ale/x]||, Nk.ck((AK'.(e,bk'))k) € 1L
& Vee Ve ||Ale/x]||, Ak.ck{e,bk) € 1L

and on the other hand if e € 7° and b € ||A[e/z]|| then:

Ak (K" [zy][ck’ [z, e/y])k(bk) = Ak.([zyl[ck/x, e/y])(0F)
= (W (g K)ok, e/5]) (5F)
—  Ak(AKck{e, k') (bk)
= MAk.ck{e, bk)

therefore:
ce|lA= B| & Veert"Vbe | Ale/]|l, \k.(AK .[zy][ck’/x,e/y])k(bk) € 1L
that is:
ce|A=B| & Veerr" Ak .|[ay|[ck'/x,e/y] € |Ale/x]|
O

Lemma A.2. If A is such that FV(A) = {z"} and if for alle € 7%, b € |Ale/z]|,
then Xk.[Ax.y|[bk/y] € [Vz™ A|.

Proof. From lemma A.1 we have:

M. Mz.y][bk/y] € Vo™ A| & Ve € 78, Ak.[zy|[( MK . [Az.y][bk' /y])k/x,e/y] € |Ale/x]|

but since:
e [zy [[(AK [ Da.y][bK Jy)k/x, e/y] = Ak.[xy'][[Az.y][bk/y]/z,e/y]

= Ak[(A\zy)y[bk/y, e/y']
= Ak.[yl[bk/y,e/y']
= Akylbk/y,e/y']
=  Xk.bk
= b

We have:

Mk Dx.y][bk/y] € V2T A| < Ve € 7°,b € |Ale/x]|

from which we conclude since b € |Ale/x]|. O
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Lemma A.3. If c € [i] = [A* — B*], then:
c € |A= B| & Va € |A|, Ak.[zy][ck/x, ak/y] € |B|
Proof. One one hand:

celA=B| & Vdel|lA= B||,Ak.ck(dk) e 1L
& Va e |A], Vb e ||B||, \k.ck((AK .(ak,bk'))k) € L
& Va e |A|, Vb e ||B||, A\k.ck(ak,bk) € 1L

and on the other hand if a € |A| and b € || B|| then:

(W fog] ek, ak [y b(Bk) = N.([og]lch/z, al/y]) (5F)

= M. (( K .x(y,k"))[ck/x, ak/y])(bk)
Ak.(AK .ck(ak, k")) (bk)
= Ak.ck{ak,bk)

therefore:
ce|A= B| & Vac€lA|Vbe]|B|l,Ak.(AK [zy][ck’ |z, ak’ /y])k(bk) € L
that is:

ce€|A=B| & Vae|A|,\K . [zy][ck' |z, ak'|y] € |B|

Lemma A.4. If |A| C |B|, then Ak.[\x.z] € |A = B
Proof. From lemma A.3 we have:

M. [Mz.z] € |A = B| & Va € |A|, Ak [zy][(AK [\x.z])k/x, ak/y] € | B|

but since:
Ak [zy][(AE [Ax.x))k/z,ak/y] = Ak [zy][[Az.x]/z, ak/y]
= Ak[Owa)y]lak/y
= Ak[yllak/y]
= Ak.ylak/y]
= Ak.ak
We have:

Mk [Ax.x] € |A= B| & Va € |A|,a € |B|
from which we conclude using |A| C |B|.

Lemma A.5. Ifc € [i] — [A* x B*], then:

c € |ANB| & Va € |A|, Ak.[p1(x)][ck/x] € |4]
and ¥b € |Bl, Ak.[p2(x)][ck/x] € | B|
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Proof. One one hand:

ce|ANB| & Vdel||lAAB||,Nk.ck(dk) € 1L
& Va € ||Al], Me.ck((AK iy (ak'))k) €
and Vb € || B, /\k:.ck(()\k’ mg(bk’))k) el
& Va € ||A]], Me.ck(ini (ak)) €
and Vb € || B||, )\k.ck(ing(bk)) €l

and on the other hand if a € ||A|| then:

Ak (AK[p1 (2)][ck' [z])k(ak) = Ak.([p1(z)][ck/x])(ak)
= Ak.(AK .z(ink))[ck/x])(ak)
— AR .ck(in k) (ak)
= Ak.ck(iny(ak))
and similarly, if b € ||B|| then:
Ak (AE [p2(2)][ck’ /z])k(bk) = Ak.ck(ina(2k))

therefore:

cE|ANB| o Vae Al M.k [p1(2)][ck /x])k(ak) € 1L
and VB € || B||, Me.(AK. [pa (2)][ck’ /2] k(bk) € 1L

that is:

ce|ANB| & XK.[pi(z)][ck’/x] € |A] and AK'.[p2(2)][ck’/z] € |B]

Lemma A.6. We have Ak.[Ax.z] € |e =, e|. Moreover,

Me[Ax.z] € ke f =, € MeAx.x] € lse fg=req(fg)
Ak [Ax.x] € |Rece f0 =, €] Ak [Az.x] € |Rece f(Sg) =r fg(Rece f g)|

where in each case, individuals e, f,g € T* have the appropriate types T.

Proof. First remark that if e, f € 7% are such that e = f, then |le #, f|| =
{Ak.k} = ||L]], so le #+ f| = |L]. Since |e =, f| is |e #; f = 1|, we have
Ak [Az.z] € |e =; f| by lemma A.4. All the results of the lemma are then
instances of this, using the interpretation of the terms in the model and its
adequacy. For example if e € 7° and f € o*, then:

KTzylle/z, f/y] = [(Aey.x)eylle/x, f/y) = alle/x, f/y] = zle/z, f/y] = ¢

Lemma A.7. Ak Az \y.yzx] € |Ale/z] = —Alf/z] = e, f| fore, feTt.
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Proof. From lemma A.3 we have:

Ak Ax\y.yx] € |Ale/z] = —A[f /2] = e #; f]
& Va € [Ale/2]|, M2y ][N dy.yz] /7' ak[y'] € |2 A[f /2] = e #- f]

but:

e[z Y |[[AxAy.yx] /2!, ak /Y] = Ak [z y.yx)y'][ak/y)
= Ak[yyyllak/y']
Ak [Ay.yz][ak/z)

Then we have:
Ak Az y.yx] € |Ale/z] = —A[f/z] = e #- f]

© Va € |Ale/z]|, Ak [Ny.yxllak/z] € [2A[f/2] = e #- []
& Va € [Ale/z]|,V0 € [SA[f/2]], Ak [y ][[My-y][ak/a] /2", bk /Y] € |e #+ f]

but:
Ak [z'y'|[Ay.yzllak/z] /2" bk /Y] = Ak[(Ay.yz)y'llak/z, bk /Y]
= Ak[Y 17] [ak/ z,bk /Y]
= Ak.[yz][ak/z, bk/y}
= Ak.[zy][bk/x, ak/y]
therefore:

Ak Az \y.yx] € |Ale/z] = —A[f/z] = e #; f|
< Va € |Ale/Z]|,Vb € |[2A[f/z]|, Ak.[zy][bk/x, ak/y] € |e #+ f]

If e # f, then |e #, f| =[] — [¢] and we are done. If e = f, then |-A[f/z]| =
|[-Ale/z]| = |Ale/z] = L], so by lemma A.3, if a € |Ale/z]| and b € |-A[f/z]|,
then Ak.[xy|[bk/z,ak/y] € |L| = |e %, f| (since e = f). O

Lemma A.8. Ife, f € I] are closed first order terms with parameters such that
[eT] = [fT], then for any formula A with FV(A) = {27}, we have ||Ale/x]|| =
[ALf/]l-

Proof. We first prove that for any g € Z9 with parameters and FV(g) = {27},

we have [g[e/z]'] = [g[f/=]"] by induction on the structure of the term g. Then
the proof goes by induction on the structure of the formula A. O

Lemma A.9. (i) Foralln € N and all e € .*, we have Ak.[R] € |Se #, 0].
(1)  Ak.[Az.Ay.rec(x,y)] € |A]0/x] = Vz'(A = AlSz/z]) = Vz'Al.

Proof. (i) Since for any e € 1* there is some m € N such that e = [m], we have:

[Stalle/z] = { a|[[m]/«]
[suc

suc }
- [

+
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so [STz][e/z] = [n+1] # [0] = [07]. Therefore ||Se #, 0|| = 0, so |Se #, 0] =
[c] — [¢], and therefore for any n € N we have Ak.[n] € |Se #, 0.
(74) We have by lemmas A.3 and A.1:

Ak Az Ay.rec(z,y)] € |A]0/x] = V(A = A[Sz/x]) = Vz'A|
< Vag € |A[0/z]],
Ak [zy][(AE [Ax" Ay rec(2’, y )k /x, aok/y] € |Va' (A = A[Sz/z]) = Vz' A
& Vag € |A[0/x]],
AEJzy)[[Ae' Ay rec(2’, )]/ x, aok [y] € [Vz'(A = A[Sz/z]) = Vz'A|
< Yag € |A[0/z]],
Ak (A" Ny rec(2’, ")) yllaok/y] € V' (A = A[Sx/z]) = Vz' Al
& Vag € |A[0/x]],
Ak rec(y, y')][aok/y] € |Vz*(A = A[Sz/x]) = Vz'A|
< Vao € |A[0/z]],
Ak Ay.rec(z, y)][aok/z] € |Va' (A = A[Sz/x]) = Vz'A|
& Yao € |A[0/x]],Va, € |Vz' (A = A[Sz/x])],
Ak [xy][(AE [Ny .rec(x, y)][aok/x])k/x, a1k /y] € |VatA|
< Vag € |A[0/z]|,Vay € [Vz' (A = A[Sz/x])|,
A Jzy] [Ny rec(x, y)][aok/x] [z, a1k /y] € |Vz*A|
< Vag € |A[0/z]],Vay € |Vzt(A = A[Sz/x])],
Ak (Y rec(z, y'))yllaok/x, a1k /y] € |Va* A
< Yao € |A[0/x]],Va, € |Vz' (A = A[Sz/x])],
Ak [rec(z, y)][aok/x, a1k /y] € |Vat Al
& Vag € |A[0/z]|,Vay € |Va' (A = A[Sz/x])|,Ve € (¥,
Az 2] [((NK Jrec(z, y)][aok’ [z, a1k’ [y))k/x, e/ 2] € |Ale/x]]
& Vag € |A[0/x]],Vay € |Vz'(A = A[Sz/x])|,Ve € (¥,
Ak [z2][[rec(z, y)|[aok/x, a1k /y]/x,e/z] € |Ale/x]|
< Vag € |A[0/z]|,Va, € [Vz*(A = A[Sz/x])|,Va € ¢*,
M [rec(z, y)z]laok/z, ark/y, ¢/2] € | Ale/a]]
< Vag € |A[0/x]],Vay € Vz'(A = A[Sz/x])|,Vn € N,
Ak.[rec(z, y)2][aok/x, a1k/y, [n]/] € |A[[n]/x]]
& Yag € |A[0/x]],Va, € Vz'(A = A[Sz/z])|,Vn € N,
Ak.[rec(z, y)nllaok/x, ark/y] € [A[[n]/x]]

Since for all e € (* there is some n € N such that e = [n], and therefore
|Ale/z]| = |A[[n]/z]]. Let us fix ap € |A[0/z]| and a1 € |Vz'(A = A[Sz/x])|. We
have:

ay € |Va'(A = A[Sz/z])|

& Ve € 8, Ak [zyllark/z,e/y] € |Ale/x] = AlSe/x]]|

& Vn € N, M [z][ark/x, [7)/y] € | A[[7)/2] = A[S[)/al]

< Vn € N, Ak.[z7][a1 k/x] € |A[[R]/x] = A[S[R]/z]|

< Vn € N,Vay € |A[[R]/x [yl [(AK . [zR][a1 K’ [x])k/x, a2k /y] € |A[S[A]/ ]|
& Vn € N,Vay € [A[[n]/2]|, Ak [ey][[an][a1 k /] /2, ask/y] € |A[S[A]/z]]
& Vn € N,Va, € |A[[n]/x [zmy]lark/x, a2k /y] € |A[S[R]/ =]
< Vn € N,Vay € |A[[7]/x [xTry]

It
]|7
11, y >5[/
IIE nyllaik/z, azk/y] € |Al[n +1]/z]|
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by lemma A8, since [(S[A])Y] = [(Sz)"]([A]/2] = [succa][[A]/a] = [succh] =
[n + 1]. We now prove by induction on n € N that:

Ak.[rec(z,y)n][aok/z, a1k /y] € |Al[n]/x]]|

—n=0:
Ak.[rec(z,y)0][aok/z,a1k/y] = Xk.[z]|[aock/z,a1k/y)
=  Ak.zfagk/z,a1k/y)
= Ak.aok

= ap € |A[0/z]| = |A[[0T]/]| = |A[[0]/]]
— n =m + 1: the induction hypothesis gives:
Ak.[rec(z, y)mllaok/z, a1k/y] € [A[[m]/z]|
and aj is such that:
Vay € |A[[m]/x]], \k.[zmyllar k/z, azk/y] € [A[lm + 1] /]|
therefore:

Me.[zmyllark/z, (NK [rec(x’, v ym][aok’ /2, a1k /y' )k /y] € |A[[m + 1]/z]]|

but:
Ak [amy|[ark/x, (AK [rec(a’, vy )m|[aok’ /2, a1 k' [y']) kY]
= Ak.[zmylla1k/z, [rec(z’, y")m][aok/x’, a1k /Y] /Y]
= Ak.[am(rec(2’, y")m)][ar1k/z, aok/x’, a1k [y
= Xk.[y'm(rec(2’, y")m)][aok/x', a1k /Y]
= Xk.[ym(rec(x, y)m)][aok/z, a1k /Y]
= Ak.[rec(z,y)m + 1)][aok/x, a1 k/y]

so we conclude:

Ak.[rec(z,y)n)]|[aok/z, a1k /y] € |Al[R] /]|

O
We associate to each axiom A a closed typed Ap-term €4 as follows:
Evam(z=rz) = ATYY:IT =11
Evarvy (Alr]=—Aly]>a.y) = ATYUVOU DT — T — A* = (A =) =
Evarvys (kaymrz) = ATYUU T =0 =L —1) =1
Evarvyoyay (seys=yaz(yz) = ATYFUUIT =0 =V L= 1L
Evar(Sa,00 = Ar.0:1—1
§varvyioro7 (Recayo—,a) = ATYUUIT = (L =T = T) =1 =1L
Evarvy— TVt (RecaySe=,yz(Recayz)) = ATYZUU:IT (LT = T) =211

fA[O]évy-r(A[y]éA[sy])évyA[r] = )\uv.rec(um) cAY — (L — A* — A*) — = A*

We extend the translation (_)* to contexts in the obvious way: (A1,...,A,)" is
translated to z7 : A1*, ...,z ¢ AT
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€
We translate each derivation ———— to a typing derivation of  : 7, I'*
VAN AT A YPIIE Cery ’

e* : A* | A* and each derivation (FiiA) to a typing derivation of ¢* : (x :
T, A*), where the free variables ™ of Iy A, A occur as z : 7 in x : T:
S — = h = FV([,A A
(F,AI—A|A) ., %z Az Ar| A e® (14, 4)
— (Aaxi = : h - PV A
<F|—A|A( amom)) woT [ ey A A T Vi 4)
__c :
r-1|A :
= h = FV(a,b"
Fka #,07|A x:T,y o, I beri | A* where y Via”,b7)
€ * :
I'AFB|A _ x:T, " y: AxFe*: B*| A*
I'-A=DB|A  xoT, [ Ayer: A¥ — BY | Ax
€ ¢ * : :
I'-A=DB|A I'-AlA _ xmiT,[*he*i Ar — Br| Ax R o el G L VA
r'-B|A - x T, [* - e*(*: B* | A
€ ¢ * : :
'-AlA I'-B|A x:T, I*Fer: A* | A x:7, (B | A
I'-AAB|A B x:T, [ (e, (") : A" x B*| A*
€ * :
F}—Al/\A2|A(i - 19 ozt I Fer i At x BY | A*
'EA A 7  mT D Eopi(er) s A | A
3 * :
I'-AlA T, T, [T et AF | AF
—_— FV(I[, A = : -
Frverd|a @ FFVIEA) ziT I Avet T o AT A
L :
I'EVzTA| A x:T,y:o Il ke 7= A¥ | A

TEA a1 al = h — FV(d"
FFA[G’T/‘,I"]|A w:Tvy:U,F*FE*aTT:A*lA* where y (G,)
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€ * :
I'-A|AA _ xeT, IRt A A% A
(I'-A4AA)  faJer (T, TF A% A¥)
€ * :
(I'-A4AA) ez, IR AN o AY)
I'-AlA T, [ opaer s AX | Ax

Theorem A.10. Let ﬁ in PAY, with FV(IA,A) C {z7',...,2;}},
F:Al,...,An andA:Bl,...,Bm.

Then

Ty iTy ey T Thy Y1t ALyt AR ET AT g s By, a s Br®
is such that for all c; € 1%, ..., cp € 7%, all a1 € |A1[e/x]|,. .., an € |An[c/x]],
and all by € ||Byi[e/z]|],. .. ,bm € ||Bmlc/x]||, we have

Ak [e"][e/x, ak/y,bk/a] € |Alc/z]|
Proof. By induction on the structure of the derivation:

— &

TTAFA[A

Ak [e¥][e/x, ak/y, ak/x, bk/a) = Ak.[x][ak/x] = Ak.ak = a € |Ale/x]|
— &= TrAlA (A axiom): then by lemmas A.6 A.7 A.9 we have Ak.[e*] =
Ak.[€a] € |A| = |Ale/x]| since A is closed. Moreover, since {4 is closed,

Ak [e™][e/x, ak/y,bk/a] = Ak.[e7] € |Ale/x]]|

/

€
e =7 }—Z;L_;é_Jbé % this comes from the fact that since |la #, b|| C
{Ak.k} = ||LL]], we have | 1| C |a #, b|
E/
— €= m: the induction hypothesis gives for any c¢; € 71%,...,¢; €
7% a1 € |Ar[e/x]|, ..., an € |Anle/x]], b1 € ||Bile/x]l],. .., bm € ||Bmlc/x]||:

Va € |Ale/2]|, \k.[¢"][c/x, ak/y, ak/y, bk/a] € | Ble/z]]
using lemma A.3, in order to prove:

Ak.[My.e"[e/x, ak/y,bk/a] € |Ale/x] = Blc/z]|
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it suffices to prove:
Va € |Ale/a]|, Me.[ay) (MK [Ny [c/z, ak’ [y, bF | a])k/x, ak/y] € | Ble/x]]
but if a € |A[e/x]|, then:

Ak-[xy][(Ak’-[Ayf’*][f/w, a(k')/y,b(k')/a])k/x, ak/y]
= Ak[ey][[\y.e" ][/, ak/y, bk/al/z, ak[y]
= Ak.[(Ay.e7)yllc/x, ak/y, bk, ak [y]
= Ak.[(Ay.e*)yl[c/x, ak/y, bk, ak [ y]
= Ak.[e"][c/x,ak/y, bk/a, ak/y]

so we conclude using the induction hypothesis.

El

_I'FA=B|A I'-A|A
°T T'FB|A

.y an € |Aple/z]|, by € ||Bile/z]|], ..., bm € ||Bmlc/]||- By induction
hypothesis we have:

letey €t e € TR a1 € |Ar]e/x]|,

Ak.[e""][c/z, ak/y,bk/a] € |Alc/x] = Blc/z]|
so by lemma A.3 we get:
Va € |Alc/z]|, Xk.[zy][(AK'.[¢""][c/x, ak’ |y, bk |a))k/x, ak/y] € | Blc/x]|

but:
e [zy][(AK . [e"][c/x, ak’ |y, bK' |a))k/x, ak [y]

— Mk [zy)[[€" e/, ak/y, bk o]/, ak/y]
= Ak.[e""y][c/x, ak/y, bk /o, ak /Y]

and since again by induction hypothesis we have:
Ak.[C"][c/m, ak/y, bk/a] € |Alc/x]|
we get:
e[yl o/ @, ak/y, b/, (\K.[C*)[e /@, ak’ [y, K’ /a))k/y] € |Blc/a)
so we can conclude since:

Ak yl[e/x, ak/y, bk/a, (AK'.[(*][c/x, ak! [y, bK' [a])k/y]

= Ak[e"y][c/m, ak/y, bk/a, [(*][c/x, ak/y, bk/a] /y]
= Ak.[e"¢*][e/x, ak/y, bk/a]

e ¢
= I AFI I—AA X BF| |_AB |4 : by induction hypothesis we have:

Ak.["7][e/z, ak/y, bk/a] € |Alc/z]|



26

and
e [C*][e/, ak/y, bl/a] € |Ble/a]

Using lemma A.5, we have:

Ak, C)]e/x, ak/y, bk/a] € |Ale/] A Ble/z]] .
& Ak.[p1 (2)][(AK".[(", C")][e/x, ak’/y, bF' [a])k/a] € Ale/] )
and Ak.[p2(2)][(AK.[(e"", ¢M)][c/z, ak' [y, bk /a])k/x] € Blc/z]
& M [pr @[ ¢V le/@. ak/y. bl/al/] € Ale/a]
and Ak [po(«)][[ . C*)|le/2. ak/y.bk/al /2] € Ble/a]
& M[pr((”.C))le/a. ak/y.bk/o] € Aleja
and Ak.[p2((e”, ¢"))][e/z, ak/y, bk/a] € Blc/z]
< Ak.[e""][e/x, ak/y,bk/a] € Alc/x]
and Ak.[C*][e/x, ak/y,bk/a] € Ble/x]”

which is true by induction hypothesis.
!

5
_ I :_,1?_121?3 = (1 =1,2): let us take ¢ = 1 (the other case is similar).

The induction hypothesis gives us:
Ak.[e"le/x, ak/y,bk/a] € |Ai[c/x] A Aszle/x]]
so we get by lemma A.5:
Ak [p1(@)][(NK" [ [e/x, ak’ [y, bK' [a))k/x] € | Ar[c/z]|

but:
Ak [p1(2)][(AK'.[¢""][c/x, ak’ [y, bk |a])k /]
= Ne[pa ()] [ [e/, ak /y, b/l /]
= Me.[p1(e")][e/z, ak/y, bk /]

SO we can cpnclude.
€

€= FII:;ﬁA?A (x ¢ FV(I', A)): by induction hypothesis we have:

Ve € 78, Ak.[e"][c/x, ak/y, bk/a] € |Alc/x, c/z]|

First, since z is not free in Ay,..., Ay, By, ..., B, we have |A4;[c/z,c/x]| =
|Ai[e/x]| and ||B;[c/z,c/x]|| = ||B:ile/x]||, so we still have a; € |A;[e/x]|
and b; € ||B;[c/x]||. Using lemma A.1, we have:

Ak Az.e"[e/x, ak/y,bk/a] € V2T Alc/z]|
S Vee Tt,)\k.[z:z:][()\k’.[i\x.e’*][c/m, ak’/y,bk' /a))k/z,c/x] € |Ale/x, c/x]|
S Vee Tt,Ak.[Z:L'H[Af.&J lle/x,ak/y,bk/a)/z, c/x] € |Ale/x, c/x]|
& Ve e 78 Ak [(Ax.e")z][e/x, ak/y, bk /a, c/z] € |Ale/x, c/x]|

and we conclude by induction hypothesis.
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51

TEVZTA[A

€= W by induction hypothesis we have:

AE.[7][c/x, ak/y, bk/a) € |Vz™ Alc/x]|
Using lemma A.1, we have:
Ve € % Ak.[z2][(AK . [€"7][c/x, ak' |y, b |a))k /2, e/x] € |Alc/x,e/x]|
so by taking e = [a][c/x] we have:

Ak [zz][(AK .[e ’*][c/a:,ak’/y,bk"/a])k/z,e/x]
= Ak.[za][[e"][e/@, ak/y, bk/a)/z, [al]lc/x] /]
= Ak.[¢""2][c/x, ak/y, bk/c, [al][c/x] /]
= Ak.[¢""al][c/x, ak/y, bk/a]

siélce on the other hand we have |A[c/z,[al][c/x]/z]| = |Ala™ /z][c/x]| we
obtain:
Ae.[e"al][c/x, ak/y,bk/a] € |Ala” /z][c/z]|
E/
_I'FA|AA
(I'+ A A)

|[Ailc/x]|, ... an € |Anle/x]|, b1 € ||Bile/Z]||,--.,bm € ||Bmlc/z]|| and
b € ||Ale/x]||, we have:

Ak.[[a)e"][e/x, ak/y, bk/a, bk /o] € AL

: we prove here that for any ¢; € 1%, ...,cx € 7%, a1 €

where [[@]¢] is [t]a. The induction hypothesis gives:
\k.[€"][e/x, ak/y, bk /o, bk/a] € |Ale/z]|

and we have:

Ak [[a]e’ HC/:L‘ ak/y,bk/a, bk/a]
= Mk.([¢""]a)[e/x, ak/y, bk/a, bk /o]
= Ak.([e""](bk))[c/x, ak/y, bk/cx, bk /a]
= \k.[¢""][c/z,ak/y, bk /a, bk /a](bk)
= Ak.(AK'.[¢""][e/z,ak' |y, bK' |, b [ a))k(bk)

which is in 1l using the induction hypothesis and the fact that b € ||A[c/z]||.

5/
_read, the previous point gives us:
€= A previous p givi :

Vb € ||Ale/x]||, k[ ][c/z, ak/y, bk/a, bk /a] € 1L
so if we define [pa.t] = Aa.[t] (so we still have [pa.[8]t] = Aa[t]B8), we prove:
Ak [pae’][e/z, ak/y, bk/a] € |Alc/z]|
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In order to do that we choose b € ||A[c/x]|| and we prove:
Ak NE [pc.e’"[c/x, ak’ |y, b [a])k(bk) € AL
but since we have:

Ak (K Jua.e™|[e/x, ak’ [y, bk o))k (bk)
= Ak.[pc.e’"][e/z,ak/y, bk/a](bk)
= Ak.[pc.e”"|(bk)[c/z, ak/y, bk/al]
= )\k.[ua.a’*]*a[c/m, ak/y,bk/a, bk/a]
= Ak.(Aa.[g"])ale/z, ak/y, bk /o, bk /)
= Ak.[e""][c/z, ak/y, bk/a, bk /]

which is in 1L by the previous point.

B Computational Adequacy

The correctness of the machine of Sect. 5 (i.e. reduction preserves semantics)
can be proved as usual (see e.g. [18]). Note that since the model Fam(G) is typed,
this would involve typing rules for environments and stacks.

For extraction, we acutally only need to show Proposition 7.3:

(i) Ik ¢:¢| in Ay, then for all n € N we have (t,¢,%) = (7, e, %)
(ii) Let = t : ¢ — ¢ in Ag. For all n,m € N, if Ak.[t]{[7], k)
(tm, e, x) = (MM, e,%).

if [t] = [n].
= [m] then

We prove this property here.

We use the usual technique of logical relations, and deal with Bar-Recursion
using the usual technique for the PCF fixpoint operator (see e.g. [2]). As sug-
gested by the interpretation of the calculus in R™™(@) | and similarly to what we
have done for realizability (see Sect. 6 and App A), our logical relations will be
build by orthogonality.

Idealy, we would process as follows: We would fix a binary relation T between
(Ag x E x IT) and (strategies on) [¢], and as usual assume that T is closed under
anti-evaluation, i.e.

(te,m)Ta = (e, 7)=tenr) = ({,e¢,7)Ta
and that for all (¢,e, ) we have
(tv €, 77) m J—[/]

We would then devise a relation R, C IT x [7] for each simple type 7, and obtain
by orthogonality a relation R C C x [r]. However, we face a similar problem as
with realizability in Sect. 6: we want to observe termination at [+] = RIYJ, which
is not a basic type. Moreover, the only strategy on [:]] is the empty strategy;
and applying it to (the interpretation of) a numeral [72] gives the empty strategy
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on R (which is the only possible one since R is the arena with just one (initial)
oponent move).

Hence, we preceed similarly as for realizability, and consider for each simple
type 7 relations R, C IT x ([] — [7]) and R € C x ([.] — [r]). The main
point, given by Lemma B.5, is that we can define R, so that for all n € N, we
have ((m,e), Ak.[n]) € R .

B.1 The Logical Relation

Let T be a binary relation between (Ay x E x IT) and (strategies on) [1]. We
assume that T is closed under anti-evaluation, i.e.

(te,m) Ta = (e, n)=(te,mr) = ({',e,n)Ta
and that for all (¢,e,7) we have
(t,e,m) T Ly
Recall from Section 4 that we use a simply-typed A-calculus with constants

in Fam(G).
To each simple type 7, we will associate two binary relations

R, CHx([]—[r]) and RTCCx([]—[r])
First, given any A C IT x ([] — [7]), we let AT C C x ([.] — [7]) be
{((t,e),a) | Y(m,b) € A, (t,e,m) T Ak.ak(bk)}
If moreover B C IT x ([i] — [o]), we define (AT - B) C IT x ([i] — [r — o]) as
{({e, ), Ak.{ak,bk)) | (c,a) € AT and (7,b) € B}

For the moment, we assume given some R, C II x ([¢] — [¢]), and define R,
by induction on 7 as follows:

Roxr = {(kpi(m), Ak.iny(ak)) | (7,a) € R}
U {(kpy(m), Ak.ina(ak)) | (7,a) € R;}
Roosr = (RI “R-)

This definition of R, with R, arbitrary is sufficient to deal with the Au-
calculus with products. The actual definition on R, will be given in App. B.2,
when discussing arithmetic constants.

Theorem B.1 (Adequacy for the Au-Calculus with Products). If
T Ty eees T T ELiT |1 101, QO

then for all
(ula 81) R;I—-l; bla AR (UTH €n) RT

Tn

bn
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and all
1 Ral aly...,Tm Ram Qm
we have
(t,e) R Nk.t(k)
where
e = (w1, (ui,e1)) o (T, (Unsen)) o (Qn,m) e (Qun, ) 22 €
and
t(k) = [tor(k)/x1,... bp(k)/2p,a1(k)[ar,. .. am(k)/am]

In particular, if =t : 7|, then we have ((t,€), A\k.[t]) € R .

Proof. By induction on typing judgments. In the following, we let I' be the
context 1 : T1,...,%Tp : T, and A be a1 : o1,...,q4, : O,. Unless stated
otherwise, we will always assume given (u;, €;,b;)1<i<n and (7, a;)1<j<m as in
the statement of the theorem.

We reason by cases on the last applied typing rule.

Naxg:thag:7|A
Let ((uo, €0),bo) € R and (m,a) € R.. We have to show
((uo, €0), bo) T Ak.t(k)(ak)

‘We have
(t,e,m) > (ug,ep,m)

and
Aet(k) = Xkbok = b

We are done since by assumption,
(ug, €0, m) T Ak.bok(ak)

Ne:tht:o|A
I'tXxxt:71—o|A

Let ((ug,e0),b0) € R and (m,a) € Ry,. We have to show

(\z.t, e, {(ug,eq), m)) T Xk.( Xz, k").t(k)K"){bok, ak)
We have
(A\x.t e, {(ug,e0), ™) = (¢ ((z, (ug,e0)) :: e,7)

and

M. (A, K'Y £(k)E ) (bok, ak) = Nk.t(k)[bok/z] (ak)
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and we are donce since by induction hypothesis
(t, (x, (ug,eq)) :: e,m) T Ak.t(k)[bok/x](ak)

I'tt:o—71|A I'Fu:o|A
I'Ftu:7]A

Let (7,a) € R,. We have to show

(tu, e, ) T Me.(AK £(k) (u(k), k')) (ak)

We have
(tu,e,m) = (t,e,{(u,e),m))

and

e (AE t(k)(u(k),k'))(ak) = Xk.t(k)(u(k),ak)

We are done, since on the one hand by induction hypothesis

((t,e), \k.t(k)) e R],
and on the other hand

({(u,e), ), Ak (u(k),ak)) € Ro—sr

since by induction hypothesis

((u, ), Meu(k)) € RY

I'tti:m|A I'kity:m| A

Ik <t1,t2> 1T X TQ|A
Let (7,a) € R.,. Hence (kp,(7), Ak.in;(ak)) € Ry, xr,- We have to show

((t1, t), e, kp (1)) T- Ak.(AK'.case k' {t1 (k), t2(k)}) (ini (ak))
We have
(<t17t2>’e7 kpi(ﬂ)) s (tiaevﬂ)

and
A (MK .case k' {t1(k), ta(k)})(in;(ak)) = Ak.ti(k)(ak)

and we are donce since by induction hypothesis
((tive), Met;(k)) € R

Ft:mxn|A
I'Epi(t) :7i | A
Let (7,a) € R,,. We have have to show

(i=1,2)

(pi(t),e,m) T Ak.(AK .t(k)(in;k"))(ak)
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We have
(pi(t)7ev77) - (t7ea kp,(ﬂ'))

and we are done since
(kp; (), Ak.in;(ak)) € Ryy sy
and since by induction hypothesis

((t,€), \k.t(k)) e RT'

T1 X T2

I'tt:7|Aa:T t:(I'kAa:T)
[aJt: (I'+ Ajac:7) I'Fupat:7]A

It is actually sufficent to consider the case of

I'tt:o|AB:o

TFpaBlt:7(A,B8:0)\{a: 7}

Let (m,a) € R,. Note that we can have either a = 8 (in which case 7 = o) or
a = . In both cases, by assumption we can assume given (7',a’) € R,. We
have to show

(ua[Blt e, m) T Ak.(Aa.t(k)(a’'k))(ak)

We have
(pa[Blt e, m) = (¢ (a,m) e, ")

and we are done since by induction hypothesis

((t, (o, ) = €), Ak.t(k)[ak/a]) € RT

B.2 Adequacy for Arithmetical Constants

From now on, we let (t,e,m) T a iff either a = Ly or @ = [A] and (¢,e,7) =
(m, €', x) for some n € N and ¢’ € E.

We now proceed to the definition of R,. It will be defined as a least fixpoint
in the complete lattice P(IT x ([:] — [¢])). Given X C II x ([¢] — [:]), let
F(X) CII x ([¢] = []) be

{6 ARR)}
U {(ksucc(m), Ak.ksucc (ak)) | (7, a) € X}

UUacx ([[L]Hw){(krec(u, v, e, ), Ak krec (bk) (ck) (ak)) |
((u,e),b) € AT, ((v,e),c) e (XT-AT - AT & (7,a) € A}
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where o
ksucc := Aa.An.a(succn)
krec =  Ab.Ac.Aadn.réch (Am.c®(Ak.km))na
where ¢® := Azx. Ay Az.c{z,y, )
Note that o
succ = AnAk.n(ksucck)
rec = AwAv.AnAk.n (krecuvk)

Lemma B.2. If X CY then F(X) C F(Y).

Proof. Let (m,a) € F(X). We show (c,a) € F(Y) by cases on the form of . If &
is of the form « or ksucc(n’) then the result is trivial. The remaining case follows
from the following (usual) observation: since X C Y implies YT C X T we have
YT AT A (X" -AT-A) hence (XT-AT - AHT (YT AT AHT. O

Using Tarski’s fixpoint theorem, we let R, be least fixed-point of F. Hence,
R, = F0)
for some ordinal A. For ordinals o < A, let
RE = F*0)
Note that
RJY = F(R))
In other words, R, is the smallest subset of IT x ([¢] — [¢]) such that
— (W Akk) ER,,
— if (m,a) € R,, then (ksucc(m), Ak.ksucc(ak)) € R,, and
—if A C IIx ([t] = [7]), then for all u,v,e,m and all a,b,c such that
(u,e),b) € AT, ((v,e),¢) € (R - AT - AT, and (7,a) € A, we have

(krec(u, v, e, ), Ak.krec(bk) (ck)(ak))) € R,
Lemma B.3. ((succ,e), Ak.[succ]) € R,
Proof. We have to show
(succ,e,m) T Ak.A(n,y).(succ ny)(ak)
for all (m,a) € R,—,. Since R,—,, = RT -R,, this amounts to show
(succ, e, {(t,e'),m)) T Ak.succ (ak) (bk)
for all ((¢,e’),a) € R and all (m,b) € R,. But
(succ,e, {(t,€'),m)) = (t, € ksucc(m))
On the other hand,
Ak.succ (ak) (bk) = )\k.ak()\@ék/(sﬂ?c n))
= Ak.(ak)(ksucc (bk))

and we are done since ((t,€'),a) € RT and (ksucc(n), Ak.ksucc (bk)) eR,. O
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Lemma B.4. Lett € T, ACII x ([t] = [7]), and o < X. For all u,v € A,e €
E,be [ =[], and c € [i] = [t = 7 — 7] such that ((u,e),b) € AT and
((v,e),¢) € RET - AT - AT, we have
((rec(u,v), ), \k.A(n, y).rec (bk) (ck)ny) € (R®T - AT

In partcular, if A =R, and o = X, then we get

((rec(u,v), €), Xk X(n, y).rec (bk) (ck)ny) € R, ,
Proof. We have to show

(rec(u,v), e, {((t,€),m)) T Ak.rec (bk) (ck) (ak) (dk)
for all ((t,¢'),a) € R®" and all (,d) € A. We have

(rec(u,v), e, ((t,€'),m)) = (t,¢€ krec(u,v,e,m))
On the other hand,

Ak.rec (bk) (ck) (ak) (dk) =  Ak.ak(An.ide(bk)(Ay.(ck)® (K &'y))n(dk))
where (ck)® = Az Ay Az.(ck){(x,y, )
—  Ak.ak(krec(bk)(ck)(dk))

We are done as ((t,€'),a) € R and (krec(u,v, e, ), /\k.lge/c(bk)(ck)(dk)) ER,.
O

Lemma B.5. For alln € N and all e € E, we have ((7,e), Ak.[A]) € R, .

Proof. We show by induction on ordinals av < A that for all (7, a) € RY, we have
(m,e,m) T Ak.[7)(ak) for all n € N and all e € E.
First, if « is a limit ordinal, then

RY = |JR
B<a

Hence (7,a) € R iff (m,a) € RP for some B < o and the result follows directly
by induction hypothesis.

Otherwise, « is either () or a limit ordinal 8 + 1. We reason by cases on
(m,a) € RY.

— Case of (%, A\k.k). Given n € N and e € E, we have to show
(M, e,%) T Ak.[A]((AK'.K')k)
But we are done since

A [@(AK KK = Aefak = [7)
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— Case of (ksucc(n), )\k.kgEc(ak)). In this case we have @ = f+1 and (7, a) €
RP. Given n € N and e € E, we have to show

(7, e, ksucc(r)) T Ak.[7] (K ksucc(ak’))k)

First, we have

On the other hand

M. [7] (MK ksucc(ak'))k) = Ak.[r](ksucc(ak))

k. (AK'.k'7) (ksuce(ak))
Mk.ksucc(ak)m
Ak.(Aa.An.a(sucen))(ak)n
Mk.ak(succr)

Ak.akn + 1
k(AR K'n + 1)(ak)

= Ak.[n+1)(ak)

Now we are done since by induction hypothesis, we have
(n+1,e,m) T Ak.[n + 1](ak)

— Case of (krec(u, v, e, ), )\k.laa/c(bk)(ck)(a,k)). In this case we have o = 8+1
and ((u,e),b) € AT, ((v,e),¢) € (RLBT AT - AT and (7,a) € A for some
AC I x ([t] = [7])-

We have to show that for all n € N and all ¢’ € E, we have

(m, €, krec(u,v,e,m)) T Ak.[ﬁ](er\e/c(bk)(ck)(ak))

We reason by cases on n € N.
e If n =0, then we have

(0,¢, krec(u,v,e,m)) = (u,e, )

On the other hand,

AE.[0](krec(bk)(ck)(ak)) =  Ak.rec(bk)(Am.(ck)®(AK'.k'm))0(ak)
where (ck)® := Ax.Ay.Az.ck(z,vy, 2)
= Ak.bk(ak)

We are done since ((u,e),b) € AT and (7,a) € A by assumption.
e Otherwise, n = m + 1. We have

(m+1,€ krec(u,v,e,m)) = (v,e, {((m,e), ((rec(u,v)m,e),n)))
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On the other hand,

N[ T 1) (krec(bk) (ck) (ak)) =  Ak.[m T 1) (Az.réc(bk) (Am.(ck)® (Ak’ k'm))z(ak))
Ak.rec(bk)(Am.(ck)* (AK'.k'm))m + 1(ak)
k. (ck;[ (FEc(bk)(Am.(ck)* (NK'.K'm))i) (ak)
)*
)

]
Ake.(ck)" [} (Ny.rec(bk) (Am.(ck) " (AK'.K'm) ) iy) (ak)
= Ak.(ck)*[m)(Ay.[m)(Ax.rec(bk)(Am.(ck)* (AK'.k'm))zy)) (ak)
Ak.(ck)([m], (Ay.rec (bk) (ck) [m]y, ak))

where (ck)® := Az Ay Az.ck(z, (y, z))
Since ((v,e),c) € (Rf—n— AT AT we are done if
(1, ), {(rec(u, ), €), m)), N[, (Ayrec (bk) (ck) (] g, ak))) € RET-AT-A

Now, by induction hypothesis we have ((7, e), Ak.[m]) € R?T. We thus
have to show

(((rec(u, v)T, €), 7), Ak.(Ay.rec (bk) (ck) [m] y, ak)) € AT - A
Since (7, a) € A, we are done if
((rec(u, v)m, e), Ak.Ay.rec (bk) (ck) [m]y) € AT
Let (7',a’) € A. Note that
(rec(u,v)m,e,m') = (rec(u,v),e,{(m,e), 7))
On the other hand,
Ak.(Ay.rec (bk) (ck) [m]y)(a'k) = Ak.(A{x,y).rec(bk) (ck)zy){([m],d’k)

Now, we are done since by induction hypothesis we have (7, €), Ak.[m]) €
RLBTF, hence
_ ™
({(m,e),7"), Ak([m], d'k)) € R~ - A
and by Lemma B.4:

((rec(u, v), €), Ak A(z, y).rec (bk) (ck) 2 y) € (RP T - )T
O

It is now easy to extend computational adequacy (Thm. B.1) to the type
system of the Ap-calculus with products extended with the typing rules for arith-
metical constants of Section 5. We only detail the case of the recursor:

'kt:7]|A 'Fu:t—>717—o7|A
I'trec(t,u) ;e —71| A

Assuming the conventions used in the proof of Thm. B.1, we have to show
(rec(t,u), e), Nk X(n, k') .rec t(k) u(k) n k') e R, .

This directly follows from Lemma B.4, since by hypothesis we have ((¢, e), Ak.t(k)) €
RT and ((u,e), Mh-u(k)) € R, ..
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B.3 Adequacy for Bar-Recursion

We now discuss computational adequacy for the bar-recursor ¥. We use the well-
known technique of fixpoint induction, as in the usual proofs of computational
adequacy for PCF (see e.g. [2]).

We rely on the following remarks (for all type o):

1. For all (¢,e) we have ((t,€), L,j-0]) € Ra -
Proof. Given (7m,a) € R, we have
((t,e),m) T Ak. Lpp—(0k(ak)
since Ak. Lpjo01k(ak) = L. O

2. Let (t,e) and let (by)men € [t] — [o] be a directed family such that
((t,€),bm) € RY for all m € N. Then ((t,€),\/,,cn bm) € Ry -

Proof. Given (m,a) € R, we have to show

(t,e,m) T Ak.(\/ bm)k(ak)

meN

We have
M. \/ (bmk(ak))
meN
If Ak.byk(ak) = Ly, for all m, then Ak.\/  _(bmk(ak)) = L[, and we are
done.
Otherwise, there is some m € N such that Ak.b,, k(ak) = [7] for some n € N,
and we have Ak. \/, . (bmk(ak)) = [7]. But we are done since by assumption,

kb, k(ak) = [n] implies (¢, e, 7) > (7, €', ). O
Wenow fix T € T, e € E, ((t,e),a) € RL(T_)L)_W and ((u,e),b) € R?LT_W)_W.
Given cg, . ..,c, € [7], we let
Wy = W (o, )

We show that for all m € N, we have
((WT(tv u) <507 ey 57l>a 6), )‘k'w(rgok,...,ank) (ak)(bk)) € RLT

for all n € N and all ((sq,€),b0),-- -, ((sn,€),bn) € RI.

We reason by induction on m € N. The base case m = 0 follows from Rem (1)
above.

For the induction step, first note that thanks to the results of App. B.1
and B.2, we have the adequacy for the construction (...)Q_:

(({s0,...,5,)@c, ), Ak.(agk, ...,a,k)@(ck)) € R, (((v,e),¢) eR[,.)
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Let now (7,d) € R,. We have to show:

(P (t0) (S0, -0, €m) T ARDTEL

L (ak) (k) (d)

Lank)
‘We have

(Pr(t,u)(so,. ., ), 6,m) =
(u, e, ({50, ..., 8n)QAex,(tn + 1 Az W, (t,u){s0,...,Sn,T)),€), 7))

and Ak.@@;{_”’ank)(ak)(bk)(dk) =

Ak.(bk) ({aok, .. ., ank)@ B
A Ko-lexe ) (N (ak) ([ T, M ko) B (Ok) (ck)ha, k). ko). (k)

Now we are done since by induction hypothesis:

(A2 (8, u) (S0, - -, 5n, @), Ak A(z, k)00 W) erl,,

yeensan k@

Using Rem (2) above we conclude:

Lemma B.6. Let 7 € T, e € E, ((t,e),a) € RL(T%L)HT and ((u,e),b) €
RTI'
(t—=71)—

Let moreover n € N and ((so,€),b0),-- -, ((sn,€),bn) € RT.
We have:
(& (t,u){s0,...,8n),€), kU ky (ak)(bk)) € R

<a0k7~~;an

B.4 Proof of Proposition 7.3

Corollary B.7. (i) IfF t : 1| in Ag, then for all n € N we have (t,e,x) =
(m, e,%) if [t] = [n].

(1) Let F ¢t : v — ¢ in Ag. For all n,m € N, if Ak.[t|([n], k) = [m] then
(tm, e, x) = (M, e,%).

Proof. (i) By Thm. B.1, together with Lemmas B.3, B.4, B.5 and B.6, we have
(t,e) RT Ak.[n]. Since (x, Ak.k) € R,, it follows that

(t, &, %) T Ak.[7] (AR .&)k)

and we are done by definition of T since Ak.[R]((AK'.k')k) = Ak.[R]k = [A]
(note that the later holds even without using the n-rule, since [i] = Ak.kn).
(ii) Follows from (i) since for all n € N, we have ((m,¢),Ak.[n]) € R by
Lemma B.5. a
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C Realization of Classical Choice Using Bar-Recursion

In this Appendix, we prove Proposition 7.1. We recall its statement:

Proposition C.1. Ak.[tTi] €
Vzt(Vy" (A= 1) = 1) = V7T (VerAfz/y] = L) = 1]

Recall that

tE’AAC = Az Wy ar(t-=32, Aa.c(Az.p1(azx))(Az.p2(ax)))()
where te—a = Aa Az kaz(AyAz.k(y, z))

The main point is to decompose the notion of realizability proposed in Sect. 6
w.r.t. the relativization of quantifications. It is convenient to extend the formulas
defined in Sect. 2:

AB = ... | V2"A | (r,(a”)xA) =B

Hence, in extended formulas, the construction (r-(a) x A) is only allowed to
appear to the left of an implication. The definition of realizability is extended
as follows:

V27 Al
[I(rr(c) x A) = B|

Uaere [1Alla/2]
{Ak.(AK .casek'{c,ak},bk) | a € |A| & b € ||B||}

Extended formulas and their realizability interpretation are inspired from ideas
used in Krivine’s Realizability [10]. We also extend the mapping (_)" of Section 6,
mapping extended formulas to simple types:

(Va7A)" = A
((rr(a) x A) = B)" = 7xA* — B*

The following is the key for Proposition C.1. The argument is the usual one
for bar-recursion, see e.g. [3, 4].

Lemma C.2. Let B such that B = L is an extended formula. Assume
be |V (Vy™(B= 1) = 1)] and — ce VfOT(Va Bl fx/y] = L)
Then Xk.WE" (bk)(ck) € | L|.

Recall that we use notations (-)® and (-)° for resp. currfication and un-
curryfication. Recall also that the amount to which an expression is curry-
fied /uncurryfied depends on the context, and moreover that in G, (_)* and (_)°
are the identity.

Proof. First, note that for all extended formula A, we have ex- € |[Vz(L = A)|.
This can be easily proved by induction on A.
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Recall that for all ag, ..., a, € [B*], we have

Uh o OR)(ck) = (ck)({ao, ... a,)@
Afexp]*((0k) o+ 1) AeWE) . (bk) (ck))))

Assume now that )\k.@g* (bk)(ck) ¢ |L]. Since ||L]] = {Ak.k}, this means
that /\k.@g*(bk)(ck)k ¢ 1. By assumption on ¢, again since ||L]| = {Ak.k},
this implies that there is f € (- — 7)° such that

AeA-[exp-]"((0k)* [0] (Az.BFy (bk) (ck)") ¢ |[va'Blfz/y|
By assumption on b, this implies that
e Xz, k)05 (bk) (ck) K ¢ |¥y(B[[0]/z] = 1)
Hence, there is do € 7% and ey € [1] — [B*] such that e € | B[[0]/z, do/y]| and
Nk.( Mz, K'Y WE) (bk) (ck) K'){eok, (AK".K")k) ¢ 1L

that is Ak.US (bk)(ck)k & 1L,
By iterating the argument (using classical choice), we obtain a sequence
(dn, en)nen such that for all n € N|
(i) d, € %,
(i) en € |B[[n]/z,dn/yll,
(ii)) MW, g (Ok)(ck)k ¢ L.

(eok,...,e

Let now f € [t — 7] be an innocent strategy such that f[n] = d,, for all n € N.
Note that f € (1 — 7). Let moreover g be such that g[fi] = e,, for all n € N. It
follows that

h = XX, K).g°(z, K'Yk € |Vz'B[fz/y]|

By assumption on ¢, we have Ak.Ak'.ck(hk,k’) € |L|. By continuity of ¢, this
implies that there is n € N such that
Ak.(ck)® ({eok, . .., e k)@
A fexp-]*((bk)® [n+ 1) Az 0B ) (0k) (ck) Dk € L

(eok,....enk,x

It follows that B
,\k.wgokwem (bk) (ck) € 1L

a contradiction. O

We can now prove Proposition C.1.
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Proof (of Prop. C.1). Let A be a formula. We have to show that )\kj.[tE’AAC] realizes
the formula

Vz'(Vy" (A= L) = 1) = V7T (Vo' A[fz/y] = L) = L]

We apply Lemma C.2 with B := (r,(y)x A), and obtain that )\k.@Z)XA* (bk)(ck) €
| L| provided

b e |be(9y7((r7(y) xA)= 1)= 1)
and c € VT (Vat(r-(fx) x A[fz/y]) = L1)|

In order to conclude, it remains to show the two following points:

Ak [Aa Az b.ax(Ay.Nz.b{y, 2))] €
Wzt (Vy (A= L) = 1) = V' (Vy ((r-(y) x A) = L) = 1)| (1)

and

Ak Aeda.c(Az.p1(ax))(Az.pa(azx))] €
VT (Ve Alfafy) = L) = VT (Ve (f2) x Alfz/y]) = L)) (2)

1. Let a € Vo' (Vy (A= 1) = 1), ne Nand b e [Vy ((r;(y) x A) = 1)].
We have to show that

Ak Aa Az Ab.ax( Ay Az.b{y, z))|{ak, [71], bk, k) € 1L
i.e. that
Ak.ak{[n], X(y, z, k') .bk(AL" .case k" {y, z}, k'), k) € 1L
Hence we are done if
e Xy, 2, k') .bk(XK" .case k" {y, 2}, k') € |Vy" (A= 1)]
But if ¢ € 7F and d € |A|, we have
Ak (AK .case k'{c,dk}, k) € ||(r-(c) x A) = L]

and we are done by assumption on b.
2. The proof is similar to that of (1). O
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