NEW DEVELOPMENTS IN PROOFS AND
COMPUTATIONS

HELMUT SCHWICHTENBERG

It is a tempting idea to use formal existence proofs as a means to pre-
cisely and verifiably express algorithmic ideas. This is clearly possible for
“constructive” proofs, which are informally understood via the Brouwer-
Heyting-Kolmogorov interpretation (BHK-interpretation for short). This
interpretation of intuitionistic (and minimal) logic explains what it means to
prove a logically compound statement in terms of what it means to prove its
components; the explanations use the notions of construction and construc-
tive proof as unexplained primitive notions. For prime formulas the notion
of proof is supposed to be given. The clauses of the BHK-interpretation are:

e p proves A A B if and only if p is a pair (po,p1) and pg proves A, p;
proves B;

e p proves A — B if and only if p is a construction transforming any
proof ¢ of A into a proof p(q) of B;

e | is a proposition without proof;

e p proves V,epA(x) if and only if p is a construction such that for all
d € D, p(d) proves A(d);

e p proves J,epA(z) if and only if p is of the form (d,q) with d an
element of D, and ¢ a proof of A(d).

The problem with the BHK-interpretation is its reliance on the unexplained
concepts of construction and constructive proof. Goédel (1958) tried to re-
place the notion of constructive proof by something more definite, less ab-
stract, his principal candidate being a notion of “computable functional of
finite type” which is to be accepted as sufficiently well understood to justify
the axioms and rules of his system T, an essentially logic-free theory of func-
tionals of finite type. One only needs to know that certain basic functionals
are computable (including primitive recursion operators in finite types), and
that the computable functionals are closed under composition.

The general framework for proof interpretations as we understand it is to
assign to every formula A a new one 3, A;(z) with A (z) 3-free. Then from a
derivation M : A we want to extract a “realizing” term r such that A;(r) can
be proved. The intention here is that its meaning should in some sense be
related to the meaning of the original formula A. The well-known (modified)
realizability interpretation and Goédel’s Dialectica interpretation both fall
under this scheme (cf. Oliva (2006)). However, Godel explicitely states in
(1958, p.286) that his Dialectica interpretation is not the one intended by
BHK-interpretation.

One might think that from the informal idea of a particular constructive
proof it should be clear what its algorithmic content is. This, however, is
not always true. An example is Tait’s proof of the existence of normal forms
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for the simply typed A-calculus, which uses so-called computability predi-
cates. Somewhat unexpectedly, it turns out that its computational content
is the normalization-by-evaluation algorithm. This has first been observed
by Berger (1993), and formally treated (including machine extraction of
programs) in Berger et al. (2006).

An even greater challenge is the task of finding computational content in
proofs of classical existence theorems, of the form —V,—Ag(y) with Ag(y)
quantifier-free; we use the shorthand élon(y) for such formulas. It is well-
known that we need to require that the kernel Ay (y) is quantifier-free. Then
the whole proof can be seen as deriving falsity from the (false) assumption
Vy—Ap(y). Now consider the long normal form of this proof. In this long
normal form, each instance of the false assumption V,—Ag(y) must be ap-
plied to a closed term r; of type N, and for at least one of those r; the kernel
—Ap(r;) must be false and hence Ag(r;) true. This “direct method” has been
described in Schwichtenberg (1993); in Berger and Schwichtenberg (1995) it
has been shown that it gives the same results as the so-called A-translation
of Friedman (1978) (and moreover, that we have the same algorithm in both
cases). A refined form of the A-translation has been introduced in Berger
et al. (2002), and further studied and applied in Berger et al. (2001); Seisen-
berger (2003).

An alternative to extract computational content from proofs of classical
existence theorems is Godel’s Dialectica interpretation (1958), which is what
we want to concentrate on in the present paper. Godel assigned to every
formula A a new one 3;VyAp(Z,¥) with Ap(Z, ) quantifier-free. Here Z,
i are lists of variables of finite types; the use of higher types is necessary
even when the original formula A was first-order. He did this in such a way
that whenever a proof of A say in constructive arithmetic was given, one
could produce closed terms 7 such that the quantifier-free formula Ap (7, 7)
is provable in T.

In (1958) Godel referred to a Hilbert-style proof calculus. However, since
the realizers will be formed in a A-calculus formulation of system T, Godel’s
interpretation becomes a lot more perspicious when it is done for a natu-
ral deduction calculus. Such a natural deduction based treatment of the
Dialectica interpretation has been given by Jgrgensen (2001) and Hernest
(2006). Both authors use a formulation of natural deduction where open
assumptions are viewed as formulas, and consequently the necessity of con-
tractions arises when an application of the implication introduction rule —+
discharges more than one assumption formula. However, it seems to be more
in the spirit of the Curry-Howard correspondence (formulas correspond to
types, and proofs to terms) to view assumptions as assumption variables.
This is particularly important when — say in an implementation — one wants
to assign object terms (“realizers”, in Godel’s T) to proof terms. To see
the point, notice that a proof term M may have many occurrences of a free
assumption variable u. The associated realizer [M] then needs to contain

an object variable J:Z(A) uniquely associated with u#, again with many oc-
currences. To organize this in an appropriate way it seems mandatory to
be able to refer to an assumption A by means of its “label” u. The present
exposition differs from previous ones mainly in this respect.
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The rest of the paper is rather technical. We give a detailed natural
deduction based proof of the soundness theorem for the Dialectica interpre-
tation, and also extend it to the Dialectica interpretation with majorants
(or “monotone” Dialectica interpretation), introduced by Kohlenbach (1992,
1996).

The main motivation for this work has been the desire to have a clean
and explicit natural deduction based proof of the soundness theorem, for the
exact Dialectica interpretation as well as for its variant with majorants, in
such a way that this proof can be used as a template for an implementation.
For the very same reason we have added a simplified and implementation-
friendly proof of the fact — first observed by Kohlenbach (1992) — that WKL
can be formulated as a V3<V-axiom, and hence is covered by the Dialectica
interpretation with majorants. However, it remains to be seen to what
extent such an implementation will succeed in producing informative and
usable realizers. A promising first step in this direction has been done by
Hernest (2006); particularly interesting is his successful integration of the
non-computational (“uniform”) quantifiers of Berger (1993, 2005).

We begin in Sec.1 with a description of the arithmetic HA® in finite types
that we consider. Sec.2 contains a proof of the Soundness Theorem for
Godel’s Dialectica interpretation, and Sec.3 gives the majorant-based version
of it. The final subsection contains a proof that WKL can be formulated as
a Vi< V-axiom.

1. ARITHMETIC IN FINITE TYPES

1.1. Types. Our type system is defined by two type forming operations:
arrow types p — o and the formation of inductively generated types ugk,

where & = (aj)j=1,. .~ is a list of distinct “type variables”, and & =
(Ki)i=1,..k is a list of “constructor types”, whose argument types contain
a1, ...,ay in strictly positive positions only.

For instance, o (a, @ — «) is the type of natural numbers; here the list
(o, — «) stands for two generation principles: « for “there is a natural
number” (the 0), and a@ — « for “for every natural number there is a next
one” (its successor).

Definition. Let & = (a;)j=1,..~ be a list of distinct type variables. Types
p,o, 7, € Ty and constructor types k € KTz are defined inductively:

p,o €Ty p,01,...,0n €Ty

(n >0),
/%’EKT&, V0<j§N3j1,...,jn<j/‘fj = p_)—> (51 — Oéjl) — ... = (En — Oéjn) — Q
(a(k1,. .. ke))j € Ty

p—oeTy p—(01—aj;)—...—(0h— ;) — o e KTy

9

with 1 < N < k; we call k1, ...,kN nullary constructor types.

Here ¢ — o means py — ... — p,, — 0, associated to the right. We
reserve £ for types of the form (pg(k1,...,K%));. The parameter types of p
are the members of all g appearing in its constructor types k1, ..., K.
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In the present paper it suffices to only consider the u-types

U = paqa, .
bin 1= p(a, 0 — a,a — «),
B = pa(a, @),
PN = pialp— 7 — a).
N := pia (0, — @),
A type is finitary if it is a u-type with all its parameter types p finitary,
and all its constructor types are of the form g — o, — ... — «;, — «;, so
the &1,...,d, in the general definition are all empty. For example, U, B,

N, bin are finitary, and p A o is finitary provided its parameter types are.

1.2. Constants. For each of our base types we have constructors Cl' and
recursion operators Rj,, as follows:

5 :=CP, fP:=CP,
Rg:B—7—717—r1,
N . _ N N—-N . ._ ~N
0" :=Cy, S =Cy,
Ry N—=7—>(N-—=7—>71)—>T,
bin ._ ~bi bin—bin ,_ ~bi bin—bin ,__ ~bi
1 1n = CllH’ SOIH—> 11 = CQ]I‘I7 Sllrl—> 1n — C31117
tin: bin -7 — (bin -7 —7) = (bin > 7 — 7) > T,
+ \P—O0—=pNT  ~pAo
(AL) = CI",
prot PANT = (p— 0 —T) T

1.3. Terms. Terms are inductively defined from typed variables z” and the
constants, that is, constructors Cf and recursion operators R, by abstrac-
tion (Az»M7)P~7 and application (MP~7N*)?. It is well known that every
such term has a uniquely determined long normal form w.r.t. G- and R-
conversions and n-expansions. We consider two terms to be definitionally
equal if they have the same long normal form, and identify such terms.

Notice that in the more general setting of Schwichtenberg (2006), where
we also allow constants defined by computation rules, definitional equality
should mean that there is a purely equational proof of their equality based
on (- and R-conversions and n-expansions.

Notice also that the boolean “recursion” operator Ry does not make any
recursive calls. We denote Ritrs by [if t then r else s] (which also indicates
that this term should be evaluated “lazily”).

Using the recursion operators we can define boolean-valued functions rep-
resenting (decidable) equality =,,: u — p — B for finitary base types p, for
instance N:

(0=0) :=t, (S(m) = 0) :=ff,
(0=S(n)) :=ff, (S(m)=S(n)):=(m=mn).
The projections of a pair to its components can be defined easily:
rQ = RZAJTPAU<)\$p’ypr), rl = Rz/\arp/\”()\ggp,yoy").
We also define the canonical inhabitant € of a type p:

ehi = Cfsﬁ()\fls“jl) o (Ag Etn), g7 = Age”.
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There are many canonical isomorphisms between types; (p Ao — 7) ~
(p — o — 7) is an example. The isomorphism pairs can be constructed
explicitly from the functions above.

1.4. Formulas. Atomic formulas are atom(r®), indicating that the argu-
ment is true. We may also allow further predicate constants, for instance
inductively defined ones, like Leibniz equality.

Notice that there is no need for (logical) falsity L, since we can take the
atomic formula F := atom(ff) — called arithmetical falsity — built from the
boolean constant ff instead.

The formulas of HA are built from atomic ones by the connectives —,
V, 4 and A. We define negation -A by A — F.

1.5. Proof terms. We use Gentzen’s natural deduction calculus for logical
derivations consisting of the well-known rules —*, ——, V™ and V. It will
be convenient to write derivations as terms, where the derived formula is
viewed as the type of the term. This representation is known under the
name Curry-Howard correspondence.

We give an inductive definition of derivation terms in Table 1, where for
clarity we have written the corresponding derivations to the left. For the
universal quantifier V there is an introduction rule V' and an elimination
rule V~, whose right premise is the term r to be substituted. The rule V™ z
is subject to the following (Figen-) variable condition: The derivation term
M of the premise A should not contain any open assumption with = as a
free variable.

1.6. Axioms. The logical axioms are the truth aziom Axy: atom(tt), the
introduction and elimination axioms 37 and 3~ for existence and AT, A~
for conjunction:

TV, (A — 3,4),
3:3,A—-V.(A—-B)—B (2¢FV(B)),
AN A— B — ANB,
N :ANB—(A—B—C)—C,
and the induction axioms
Indy a: V,(A(t) — A(ff) — A(pB)),
Indy, 41 Vi (A(0) — Vo (A(n) — A(Sn)) — A(m)),
Indy 41 ¥y (A(1) — V,(A(b) — A(Sob)) — Vy(A(b) — A(S1b)) — A(D"™)),
Indy a: Ve (Vye 0 A((y, 2)) — A(2P)),

where (y, z) is shorthand for A*yz. The final axiom expresses that every
object of a pair type is a pair; it is sometimes called pair elimination axiom.

Using boolean induction Ind, 4 we can derive the arithmetical form of
ea-falso-quodlibet, that is, F — atom(p®) (recall F' := atom(ff)), and then
F — A for arbitrary formulas A. Similarly — again using the fact that we
only have decidable atoms of the form atom(rB) — we can prove compatibility

x1 =, 3 — A(z1) — A(z2) (p finitary base type).
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derivation term
u: A u?
[u: A
| M (Aga MB)A=B
B

[ — +
ApB U

| M | N
A B A (MA—>BNA)B
B -
| M
AL A (oo
A iy (with var.cond.) (A M4) (with var.cond.)
VA
| M
VAl v (M=AE A
AT

TABLE 1. Derivation terms for —, V

Let HAY be the theory based on the axioms above including the induction
axioms, and ML* be the (many-sorted) minimal logic, where the induction
axioms are left out.

We define pointwise equality =,, by induction on the type. = =, y for u
a finitary base type is already defined, and

(z =p—0o y) = V. (r2 =5 y2),
(x =pro y) = (20 =, y0) A (21 =, y1).

The extensionality axioms are

Y1 =p Y2 = 2’7 y1 =5 " ya.

We write E-HA“ when the extensionality axioms are present.
In Troelstra (1973), Howard proved that already the first non trivial in-
stance of the extensionality scheme

Y1 =1 Y2 — TY1 =N TY2

(with 1 := N — N) does not have a Dialectica realizer. In fact, he in-
troduced the majorizing relation as a tool to prove this result. This is in
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contrast to the realizability interpretation, where extensionality axioms are
unproblematic, since they are 3-free.
As a substitute for extensionality one may add the weak extensionality
rule
Ag—1r=p5s
Ay — t(r) =5 t(s)

to the formal system considered. This “rule” is special in the sense that
its premise must have been derived without open assumptions. — Since the
conclusion is (equivalent to) a purely universal formula, adding the weak
extensionality rule does not change the behaviour of the formal system w.r.t.
the Dialectica interpretation.

We write WE-HA® when the weak extensionality rule is present, but not
the extensionality axioms.

We will also consider some more axiom schemes. The axiom of choice
(AC) is the scheme

(1) prﬂyoA(x,y) — afp—wfvpr(ﬂ?,f(ﬂ?)).

(Ap quantifier-free)

Independence of premise (IPy) is the scheme
(2) (A— 3,0B) — 30(A— B) (z¢FV(A))

with A of the form Vo Ay, Ag quantifier-free. Moreover, we need the (con-
structively doubtful) Markov principle (MP), for a higher type variable x*
and quantifier-free formulas Ag, Bo:

(3) (Ver Ao — Bo) — Jpe (Ao — Bp) (af ¢ FV(By)).

2. GODEL’S DIALECTICA INTERPRETATION

Godel (1958) assigned to every formula A a new one 33V3Ap(Z,y) with
Ap(Z,y) quantifier-free. Here Z, ¢ are lists of variables of finite types; the
use of higher types is necessary even when the original formula A was first-
order. He did this in such a way that whenever a proof of A say in con-
structive arithmetic was given, one could produce closed terms 7 such that
the quantifier-free formula Ap(7,¥) is provable in T. Rather than working
with tupels of variables and terms, we prefer to work with product types, in
order to simplify the implementation. So we assign to every formula A its
Godel translation 3.V, [A[], with |A[§ quantifier-free.

2.1. Positive and negative types. To determine the types of z and y, we
assign to every formula A objects 7(A), 77(A) (a type or the “nulltype”
symbol €). 77(A) is intended to be the type of a (Dialectica-)realizer to be
extracted from a proof of A, and 77 (A) the type of a challenge for the claim
that this term realizes A. The definition can be conveniently written if we
extend the use of p — ¢ and p A o to the nulltype symbol e:

(p—e)=¢, (pAe) = p,
(e —o0):=o0, (eNo):=o0,
(e —¢e)i=¢, (eNg) =e.
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With this understanding of p — ¢ and p A ¢ we can simply write

7T (P(3)) ==, T (P(5)) :=¢,

7T(AAB) :=77(A) ATT(B), T (AANB) =717 (A) AT (B),
7T (Var A) := p — 77 (A), 7~ (VarA) :=p AT (A),
7H (3w A) = p AT (A), T (Far A) := 77 (A).

and for implication
THA = B) = (17(4) = 77(B)) A (T7(4) = 77(B) = 7 (4)),
77 (A — B):=717(A) AT (B).

In case 77 (A) (77 (A)) is # ¢ we say that A has positive (negative) compu-
tational content. For formulas without positive or without negative content
one can give an easy characterization, involving the well-known notion of
positive or negative occurrences of quantifiers in a formula:

77(A) = ¢ + A has no positive 3 and no negative V,
7~ (A) = & < A has no positive V and no negative 3,
7T(A) = 77 (A) = £ & A is quantifier-free.
Examples. (a) For quantifier-free Ay, By,
7T (VerAg) =&, 7 (VarAg) = p,
7T (3 Ag) = p, T (FurAg) = ¢,

Tt (VerTye Ao) = (p — 0), 7 (VarIye Ao) = p
(b) For arbitrary A, B, writing 7= A for 75 (A)
TP (Vp(A—=B)=p— (1TA—=7"B)A(tTA— 7 B — 7 A),
77 (3.0A—=B) =(pATTA—= T BYA(pATTA =77 B — 177 A),

77 (Voo(A— B))=pA(TTANT B),
7 (3.0A— B) =(pATTA) AT B.

It is interesting to note that for an existential formula with a quantifier-
free kernel the positive and negative type is the same, irrespective of the
choice of the existential quantifier, constructive or classical.

Lemma. Ti(éleo) = 75(3,40) for Ay quantifier-free. In more detail,
(a) T+(§|xA) =711(3,A4) = p ATT(A) provided 7 (A) = &,
(b) 77 (324) = 7 (3. A) = 7 (A) provided T1(A) = ¢.
Proof. For an arbitrary formula A we have
T (Ver(A — 1) — 1)
=77 (Vor (A — L)) = 77 (Var(A — 1))
=(p—=17 (A= 1) = (pAT (A= 1)
=(p—77(A) = 177 (4)) = (b ATT(A)),

7T (3w A) = pATT(A).
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Both types are equal if 77 (A) = e. Similarly
T (Var(A—L) = 1) = 77 (Var (A— L)) = 77 (A— L) = 77 (4) — 77 (4),
T (3 A) =77 (A).
Both types are = 77 (A) if 77 (A) = e. O
2.2. Godel translation. For every formula A and terms r of type 77 (A)

and s of type 77 (A) we define a new quantifier-free formula | A|; by induction
on A.

[P(8)]s := P(5),
r r(s0
Ve A()]] = A0,
B A(@)]s = [ACO)[S
The formula 3,V,|A[] is called the Gddel translation of A and is often de-

noted by AP. Tts quantifier-free kernel | A} is called Gddel kernel of Aj; it
is denoted by Ap.
For readability we sometimes write terms of a pair type in pair form:

V.AlL, = |Al7, |ANBILE = |AlZ A|BI,
|2 A[F* = |Aly, |A — Bl = |AlL,, — |BI".

|AA B = |A[ZS A B,
0 0
A — B} = |AIS o1y — B

Examples. (a) For quantifier-free formulas Ao, By with 2” ¢ FV(By)
7T (Var Ao — Bo) =7 (Vardo) = p, 7 (VarAo — By) =&,
74 (3ee (Ao — Bo)) = p, 7 (3ar (Ao — By)) = ¢
Then
Ve Ao — BolZ = [Var Aol — |Bols = Ao — Bo,
|320 (Ap — By)|Z = Ao — Bo.
(b) For A with 77 (A) =€ and z ¢ FV(A), and arbitrary B
T A= 30B) = (pATT(B)A(TT(B) — 77 (4)),
(30 (A - B)) = pA(TH(B) A (TH(B) — 77 (4))),

7 (A—3.,,B) =71 (B),
7 (3 (A — B)) =7 (B).

Then
A= S BIEN A, = BBl = 1A, 51
[Fer (A = B)[;9 = |A — B[? = |Afg, — B
(c) For arbitrary A, B

VT Aw,y) = (p— o ATHAY),
3oV Az, f2)) = (p — 0) A (p — TH(4),
T (VarTye A(z,y)) = p AT (A),
T (Fpo—oVar Az, fz)) = p AT (A).
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Then
VarBo A, )22 = [y Al )22 = |Ale, f2)]2
BpomeVar Al )20 = Voo A, f2) 55 = | A(a, f2)5
(d) For arbitrary A, writing 7= A for 77(A)
TV (A — 3pA))=p— (TTA—= pATTAAN(TTA =77 A — 77 A),
T (Voo (A — 30A)) = p A (TTANTTA).
Then
Var (4 = 30 A) <§c>\ZJ<>Z DX ) |4 g, AP A
A - B Al
= Al — 1Al

2.3. Characterization. We consider the question when the Godel transla-
tion of a formula A is equivalent to the formula itself.

Theorem (Characterization).
AC+ 1Py + MP F A « 3.V, |Af7.
Proof. Induction on A; we only treat one case.
(A — B) < (FYy |Al; — Vo |Bl;) by IH
= Vo (Vy [Al; — FVu | By)
> ¥, (% [AIZ — ¥, | B2) by (IPy)
= Vo3 Vu(Vy [Aly — |B[)
< Va3 VuTy(|Afy — [Bl,) by (MP)
o 3%%3,(1AE — [BI®) by (AC)
< 31gVaul|Aljn — |BILT) by (AC)
< 3y gVould — BILS
where the last step is by definition. O

Without the Markov principle one can still prove some relations between
A and its Godel translation. This, however, requires conditions G1(A),
G~ (A) on A, defined inductively by

GH(P(3) =T,
G*(A — B):=(17(4) =) NG (A) ANGT(B),
G™(A— B)=G"(A) NG (D),
G*(A A B) :== GH(A) A GE(B),
GE(V,A) = GE(A), G*(3,4) := GF(A).
Proposition.
(4) ACH 3V, Al — A if G- (A),
(5) ACH A — 39, AL if GH(A).

Proof. Both directions are proved simultaneously, by induction on A. O
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2.4. Soundness. We prove soundness of the Dialectica interpretation, for
our natural deduction formulation of the underlying logic.

We first treat some axioms, and show that each of them has a “logical
Dialectica realizer”, that is, a term ¢ such that V, ]A\; can be proved logically.

For (3) this was proved in Example (d) of 2.2. Conjunction introduction
(AT) and elimination (A~) have obvious Dialectica realizers.

The axioms (37), (MP), (IPy) and (AC) all have the form C' — D where
7H(C) ~ 77(D) and 77 (C) ~ 77 (D), with p ~ o indicating that p and o
are canonically isomorphic. This has been verfied

e for the existence elimination axiom — written in the equivalent form
V.r(A — B) — 3,0A — B — in Example (b) of 2.1;
e for (MP), (IPy) and (AC) in Examples (a)-(c) of 2.2, respectively.
Such canonical isomorphisms can be expressed by A-terms
frori(C) - rH(D),  frir(C) =1 (D),
gt 7T(D) — 17(0), g 7 (D)— 71 (CO).
(they have been written explicitely in Examples (a)-(c) of 2.2). It is easy
to check that the Gddel translations |C)_ and ]D\fu are equal (modulo

(-conversion). But then (f,\, ¢g~) is a Dialectica realizer for the axiom
C — D, because

C = DI =|Cly-, — DI
Theorem (Soundness). Let M be a derivation
WE-HAY + AC + 1Py +MP + Axy F A

from assumptions u;: C; (i = 1,...,n). Let x; of type 7(C;) be variables
for realizers of the assumptions, and y be a variable of type 7~ (A) for a
challenge of the goal. Then we can find terms [M]* =:t of type 7+ (A) with
y ¢ FV(t) and [M]; =:r; of type 77(C;), and a derivation (M)

WE-HA® + Axy F |A[}
from assumptions u;: |Ci|y:.

Proof. Induction on M. We begin with the logical rules and leave treatment
of the axioms for the end. The axioms (AT), (3%), (MP), (IPy) and (AC)
have just been dealt with, so we will only need to consider induction, Axy
and the weak extensionality rule.

Case u: A. Let x of type 71(A) be a variable for a realizer of the as-
sumption w. Define [u]™ := 2 and [u] ™ :=y.

Case \,aMP. By IH we have a derivation of |B|, from @: |A|* and
u;: |Cy]77, where : |A[Y may be absent. Substitute y0 for x and y1 for z. By

(—7) we obtain \A[fgp mg0g1] ]B\Z[f::yo], which is (up to 3-conversion)
Aot e, . .
|A — B‘y © zr’ from ’LL; : |Ci’f;[x,z::y0,y1]'

Here r is the canonical inhabitant of the type 7~ (A) in case @: |A|? is absent.
Hence we can define the required terms by (assuming that u? is u1)

[[)‘ujw]]+ = (Ax[[M]]+7 A%Z[[M]]l_)’
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[ANM]; = [M]; [z, 2 := y0, y1].
Case MA—~BNA, By IH we have a derivation of
tO IO Z; x
|A — B|, = |A|t1 (@0)(z1) — \B| from |C;[57, |CklpF, and of
|Al: from [Cjlg;, |Crlh

Substituting (s, y) for x in the first derivation and of t1sy for z in the second
derivation gives

[Alfisy — Bl from i[5, |Cyl5F, and
|A|§lsy from |Cj’zgja |Ck’§;f

Now we contract ]Ck|z,’“ and |Ck\§,’“: since |Ck |2k is quantifier-free, there is a
k

boolean-valued term r¢, such that

(6) Culzt > ro,w =t

Hence with 7, := [if r¢, pj, then ¢ else p)] we can derive both |C’k\;”,k and

k
\Cklz,’“ from |Cy[7k. The derivation proceeds by cases on the boolean term
k

re, P- If it is true, then rj converts into ¢, and we only need to derive
\Ck];’:. But this follows by substituting pj for w in (6). If r¢,p) is false,

then 7, converts into pj, and we only need to derive |Ck|2,’“, from |C’k\;,’“.
k k

But the latter implies ff = tt (substitute again pj, for w in (6)) and therefore
every quantifier-free formula, in particular ]C’kg,’“.
k

Using (—~) we obtain
]B‘tyOS from ]Cﬂ;g, ‘Cj]jj, |Crlrr
Let [MN]* := t0s and [MN];" = p;, [MN]; = qj, [MN], :=r.
Case Ay MA@ By IH we have a derivation of |A(z)|L from ;: |Ci]7e.

Substitute y0 for z and y1 for z. We obtain ]A(y0)|t[z vol
[-conversion)

, which is (up to

’va(xNy ) from 7?6; |Ci|7x4;[:n,z::y0,y1].

Hence we can define the required terms by
[[/\:BM]]+ = )‘:v[[M]]+7
[P M5 = [M]; [, 2 = 40, y1].
Case M"+4(®)s. By TH we have a derivation of |V A(z)|} = |A(zO)|i(120)
from [Cy[777. Substituting (s, y) for z gives

|A(s )]ts from |C; \xl[z (s’

Let [Ms]T :=ts and [Ms]; := 1z := (s,y)].

We now come to induction, Axy and the weak extensionality rule. For
induction, consider for instance the algebra of natural numbers, given by
constructors 0 and S. The induction schema then reads

(7) Vi (A(0) = Vi (A(m) — A(m + 1)) — A(n)).
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Let B(n) := A(0) — Vi (A(m) — A(m+1)) — A(n). Clearly we can derive
B(0) and B(n) — B(n + 1). By those parts of the proof of the Soundness
Theorem that we have dealt with already, we obtain realizing terms s and
t,r and derivations of [B(0)|; and of |B(n) — B(n + 1)|%%, hence of

| B(0)[7e — [B(n+ D

¥y |B(n)fy — [B(n+ 1)L
¥y [B(n)ly — ¥y [B(n+1)[;".

So if we define g(0) := s and g(n + 1) := t(g(n)), then we have proved by
induction that V¥, |B(n)|g(n), hence that 3,V |V,,B(n)|;.

Now consider a purely universal formula B = V, Ay, with Ay quantifier-
free. Then 7%(B) = ¢, and moreover |B| = Ag. Hence such axioms are
interpreted by themselves. The weak extensionality rule can be dealt with
in the same way. O

2.5. Practical aspects of constructing Dialectica realizers. In the
proof of the Soundness Theorem above, at two points we have made (im-
plicit) use of Dialectica realizers for logically derivable formulas:

e In the treatment of 37, the equivalence of 3, A — V.»,(A — B) — B
with V,»(A — B) — 3,0A — B, and

e for induction, that we can derive B(0) and B(n) — B(n + 1), for
B(n) := A(0) = Vi (A(m) — A(m + 1)) — A(n).

Although these logical derivations are very easy, the fact that the formulas
involved contain nested implications makes their Dialectica realizers com-
plex. This shows up drastically in an implementation of the Dialectica in-
terpretation. Two such implementations are presently available, both in
the proof assistant and program extraction system Minlog': one by Hernest
(2006), and another one by the author, following the present paper.

Much more perspicious Dialectica realizers are obtained if one replaces the
existence elimination and induction azxioms by their equivalent rule formu-
lations. Technically in our natural deduction setting with derivation terms
this means that the derivation constants 3~ and Ind appear with sufficiently
many arguments. Clearly this can always be assumed (use n-expansion).
Then Dialectica realizers are constructed as follows.

Case IndnvAmMOA(o)MY"(A(R)_)A(nH)) By IH we have derivations of

[A(n) — A(n +1)|7, =

(A1 gy = A+ DO from [CifT

and of

|A(0)|i% from |C;|*

ri0(z0)"

1See http://www.minlog-system.de
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i ranges over all assumption variables in Ind, amMyM; (if necessary choose
canonical terms r;o and r;1). It suffices to construct terms (involving recur-
sion operators) t, 7; with free variables among Z such that

(8) iy (Gl )i = TAM)[™).
For then we can define [[Indn,Am]\/_lioMl]}Jr := tm and [Ind,, amMoM;]; =
7my. The recursion equations for ¢ are
t0 =to, t(n+1)=1tn0(tn)
and for 7;
iy =ro. = ol b e 8

t, 7; can be written explicitely with recursion operators:
tm = Rmto(An(tn0)),
Fim = Rm(Ayrio) (Anpylif 7, s then p(tnl(in)y) else s|)
with s as above. It remains to prove (8). We only consider the successor case.

Assume |C;[7* (nt1)y for all . We must show |A(n+1)[y (nt) gy —|C;|% for
some i, then by deﬁmtlon Fi(n+1)y = s and we have [C;[{7, a contradiction.
Hence |C;|% for all 4, and therefore 7;(n + 1)y = 7in(tnl(tn)y). The IH (8)
with y 1= tnl(tn)y gives |A(n )ml(t " Recall that the global IH (for the

step derivation) gives with f := tn

(ICs[%)s — |A(n) [ — [A(n+1 )|mo(£n)

tnl(tn)y

and we are done.
Case E!;ABMEQCANV%(A_’B). We proceed similar to the treatment of

(—7) above. By IH we have a derivation of
Va(A(z) = B)I} = |A(x0) — BT
= |A(z0) 7501 (z10) 211) — — | BP0
from |C; |77, |Cklpk, and of
3o A(2)|2 = |A(s0)[2" from |G/, |Cxlgk

Substituting (s0, (s1,y)) for x in the first derivation and of ¢(s0)1(s1)y for
z in the second derivation gives

|A(50)|t(50 )1(sl)y |B’t (s0)0(s1) from |C ’ |Ck‘;j/:a and
’A(80)|t(50)1(51)y from ‘C]’q;, ‘Ck’;f
Now we contract |C’;€\Z,’“ and |C’k\z,’“ as in case (—7) above; with ry :=
k k

[if 7¢, p). then g else p}]| we can derive both |Ck];,: and |Ck\z;’: from [Cy[7*
Using (—~) we obtain

BIEEO6D  from Cilyy ycj@i  |Clx
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So [3"MN]" :=t(s0)0(s1) and
[3~MN]; :=pj, [[EI_MN]]; = q}, [3"MN], =

2.6. A unified treatment of modified realizability and the Dialec-
tica interpretation. Following Oliva (2006), we show that modified real-
izability can be treated in such a way that similarities with the Dialectica
interpretation become visible. To this end, one needs to change the defi-
nitions of 77 (A) and 77 (A) and also of the Gédel translation [A[f in the
implicational case, as follows.

Taw(A = B) = 1/, (4) = 7 (B),
Tar(A = B) = 7., (A) A 70 (B),

mr(

|A— B

1 = VylAly — 1BIE®.

Notice that the (changed) Godel translation |A[y is not quantifier-free any
more, but only 3-free. — Then the standard definition of modified realizabil-
ity mr (cf. Troelstra (1973)) can be expressed in terms of the (new) |A[;:

Frmr A« V,|Al.

This is proved by induction on A. For prime formulas the claim is obvious.

Case A — B, with 7.5 (A) # ¢, 7, (4) # €.
rmr (A — B) < Vy(xmr A — rzmr B) by definition
o Vo (Vy |Aly — Vu | BJ) by TH
o Yyl A2 — |B)
=Veu|A— Bl by definition.
The other cases are similar (even easier).

2.7. Extraction. As a consequence of the Soundness and Characterization
Theorems we obtain

Theorem (Extraction). Assume
WE-HA® + AC + IPy + MP + Axy F V.3, A(z,y)
with A arbitrary. Then we can find a closed HAY -term t such that
WE-HA® + AC 4+ IPy + MP + Axy F YV, A(z, tx).
Moreover, in case the condition G~ (A) is satisfied we even have
WE-HA® + AC + Axy -V A(z, tz).
Proof. Recall that
Va3 Ale )l " = 13,40, )] = | A, f2)lf".
By the Soundness Theorem we obtain closed terms ¢, s such that
WE-HA® + Axy F YV, p|A(z, ta)[3"
and hence
WE-HA® + Axy F Vo3, V| A(z, tz) 5.
By the Characterization Theorem we have
AC + 1Py + MP F 3,V |A(x, tz)|y — A(x, tx).

By (4), (IPy) and (MP) are not needed here provided the condition G~ (A)
is satisfied. Therefore the claim follows. O
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Theorem (Extraction from classical proofs). Assume
WE-HA® + AC + IPy + MP + Axy F V,3,40(z, y),

Ao(z,y) a quantifier-free formula with at most the displayed variables free.
Then we can find a closed HAY-term t such that

WE-HA® + Axy F V, Ao(z, tx).
Proof. This follows from the Soundness Theorem in 2.4 and
.3, o, )l = [, Ao(a, )L = ~—Ao(e, t). O

3. GODEL’S DIALECTICA INTERPRETATION WITH MAJORANTS

Generally, the Dialectica interpretation has a strong tendency to produce
complex extracted terms, as opposed to the realizability interpretation. This
is partially due to contraction (necessary in the —~-rule). Therefore it is
advisable (even more so than for the realizability interpretation) to

e consider derivations from lemmata (whose proofs are not analyzed),
and
e try to simplify extracted terms by only aiming at majorants.
This has led Kohlenbach (1992, 1996) to develop his “monotone Dialectica
interpretation”, where one only looks for bounds of realizers rather than
exact realizers.

An essential point observed by Kohlenbach (1996) is that when one re-
stricts attention to bounds rather than exact realizers, then one can conve-
niently deal with additional assumptions Axys_y of the form

Ve Iy<oraVar Aoz, y, 2) (Ao quantifier-free),

with 7 a closed term of type p — 0. We then need to consider strenghtened
versions AX/VH<V of these assumptions as well:

v <, orVarr Aoz, Y2, 2).

Note that with (AC) one can prove the strenghtened version from the original
one.

3.1. Majorization. We define pointwise majorization >,, by induction on
the type. x >, y for pu s finitary base type is already defined, and

(Z’ Zp—)O’ y) = Vz(arz 20’ yz)a
(37 Zp/\a y) = (370 Zp yo) A (1'1 Zp y1)7

For simplicity we treat the majorization relation of Howard (1973) just
for types built from the base type N by p — 0. We extend >N to higher
types, in a pointwise fashion (as we did for =, in 1.6 above)

(gjl Zpﬂa 1‘2) = Vy(iﬁly Zo 3323/)

Following Howard (1973), we define a relation z* maj, z (z* hereditarily
majorizes x) for *,x € G,, by induction on the type p:

(¢" maj, ) = (2" >, @),
(:I"* majpﬁo’ '1") = vy*,y(y* majp y— l'*y* majo’ xy)

Lemma.
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* __ mx _ 5 * ; Sk Ry
(a) Fa* =, 3" - 2=, % — 2" maj, v — 7" maj, .
(b) F2* maj, x — x>, & — 2" maj, .

Proof. Induction on p. We argue informally, and only treat (b). Case p —
o. Assume y* maj, y. Then 2*y* maj, zy and zy >, Zy, hence by IH
x*y* maj, Ty. O
3.2. Majorization of closed HA“-terms. Let 1 denote the type N —

N. Clearly, for every monotone function D of type 1 we have D maj D.
Moreover, R], is hereditarily majorizable:

Lemma (Majorization). (a) Define M: (u— 1) — p— 7 witht =p — 1/

by
M fnZ := max fiZ.
i<n

Then HAY ¥, fn maj fn — M f maj f.

(b) HA¥ &= f*,g* maj f,g — R, f"g*n maj R, fgn.
(¢) Define R}, fg:= M(R.fg). Then HA® = R} maj R,,.
Proof. We argue informally. B
(a) Let n* > n and Z* maj &; we must show M fn*¥* > fnZ.
M fn*a* = max fiz* > fnad* > fni.

(b) Induction on n; for simplicity we assume p = N. For 0 the claim is
obvious, and in the step we have by IH Rf*¢*(Sn) := ¢g*n(Rf*g*n) maj
gn(Rfgn) :== Rfg(Sn), where := is definitional equality.

(c) Let f*,g* maj f,g. We must show M(Rf*¢g*) maj Rfg. By (a) it
suffices to prove V,,R f*g*n maj R fgn. But this holds by (b). O

The following theorem is due to Howard (1973).

Theorem. Let r(Z) be a HAY-term with free variables among ¥. Assume
that HAY & ¢* maj ¢ for all constants c in r. Let r* be r with all constants
¢ replaced by ¢*. Then HAY - Z* maj & — r*(&*) maj r(Z).

Proof. Induction on r. Case A\yr(y,Z). We argue informally. Assume
Z* maj #. We must show y* maj y — (A, 7*(y,2*))y* maj (A, r(y,Z))y. So
assume y* maj y. Then by IH 7*(y*, £*) maj r(y, Z), which is our claim. O

Hence every closed term r of HAY is hereditarily majorizable. In fact, we
have constructed a closed term r* of HA® such that r* maj r.

3.3. Soundness with majorants.

Theorem (Soundness with majorants). Let M be a derivation
WE-HAY +AC+1IP_ +MP + AXVggv HA

from assumptionsu;: C; (i =1,...,n). Letz; of type 7(C;) be variables for
realizers of the assumptions, andy of type 7~ (A) be a variable for a challenge
of the goal. Let Z of type p be the variables free in M. Then we can find closed
terms [Azg M]*T =:T* of type 77 (C1) — ... = 77(Cy) — p— 77 (A) and
Aza M)~ =: R of type 77 (C1) — ... = 77(Cy) = p— 77 (4) = 77 (C),
and a derivation u(M) in

WE-HA® + Ax/_y
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of the formula
IRy, R, (T maj T A Ry maj Ry A--- A Ry, maj Ry, A
a1y =+ = [l — 1417).

TZy nTZY
Proof. Induction on M.
Case u: A. Let z of type 77(A) be a variable for a realizer of the as-
sumption u. We need T* and R* such that
31,1 (17 maj T A R maj RAVay(|Alf, — [A7)).
We can take Tz := x and Rxy := y, which both majorize themselves.
Case c: A, c an axiom. Consider an axiom

Ve Iy<,raVar Ao(2, Y, 2) (Ao quantifier-free),

with r a closed term of type p — 0. We have to find a majorant of some T'
such that the following holds:

vx,z|vxp Elyggrxvz‘r AO (l‘, Y, Z) gz
vx,szggrzvz"AO (.7), Y, Z) ‘Za:
vx,z(T$ <rxA |VZTA0(337T377 Z)|z)

Vo o(Tx < rax A Ay(z, Tz, 2)).
We now use the corresponding axiom in Ax’va<v:
Iy <, orVar 7 Ao(z, Y, 2).
Pick this Y as the desired T. Then as a majorant for Y we can take a closed
term r* majorizing r.

For the other axioms we have already constructed a Dialectica realizer,
and we can take an arbitrary majorant of it. However, we can also directly
provide a majorant of some Dialectica realizer.

Case \,aMP. By IH we have a derivation of

1Ry, R, R (T maj T A Rf maj Ry A--- A R), maj R, A R* maj R A

e O e
C NIRLT1...TnT2

‘A‘Rﬂﬁl-.-rnxz — ’B‘lexnl’))

We argue informally. Instantiating x with y0 and z with y1 gives

lev 733n7372<‘01|R1x1 Inkz

x n
oty (Ol Riayon o) = = OB oy an oy 1) —

’ ’Rxl 2n(0) o) ’Bgm...xn(yﬂ))’

which is
Varn s (ICUR 1 anoywn) = 7 1OnlR 0y o)1) —
1A - B|?7J”zl...a:n,Rm14..mn'
Therefore we can define the required 7%, R;" by
T*% := (T*%, R*Z), RiTy:= RIZ(y0)(yl).
Case MABNA. We argue informally. By TH we have

TE @ 0 T%;3,0(z0
‘A_>B‘zl’z5'?k = |A’%§c’lfkl(x0)(azl) |B‘ ir0(0) from ‘C ‘szxkz’ ‘ k’kalxkx
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ST, Ty
|A’ Ik from ’Cj|QJj5c’jka’ ‘ ’Qkxjxkz

Instantiating = with (SZ;Z,y) in the first and z with T'%;Z,1(SZ;Z)y in
the second derivation gives

ST; & TZ;Z,0(ST;Zk) ;
|A’T§Z~£:1(S;Ejzk — B, T from ‘Ci‘gfv |C’k\;,:, and
S#;E o
|A’T50‘Ji5c‘:1(55:'jfk)y from |Cj|q;j.’ |C’f|§,}:’
with
/ — = - = / - = - =
p; = BT (57T, ), Py = P @ (ST%k, v),

q} = ijjfk(Tfifkl(Sfjfk)y), qk = Qkxjxk(Tf,fkl(Sfjfk)y)
Hence we can take

T*2,4y = T*%5,0(S*%;7),

R*:E'Zf]fky = P*flfk<5*fjfk,y>,

R STT Ty = ijjxk(T*azzmkl(S TTr)y),

R%;% %y = max(P, Z; @, (S™ Tk, y), QuZiTr(T™ 26 1(S™ T2 )y)).
For the verifying derivation we again need to contract \Ck];,’“ and |C’k\z,’“:

k k
since |Cy|%k is quantifier-free, there is a boolean-valued term rc, such that
|Ck|:fulC —ro,w = t.

Hence with 7, := [if r¢, pj, then ), else p,] we can derive both |C’k\z,’“ and
k
|C';€|ZZC from |Cy[7*. Using (—~) we obtain

|B|T%$k0 (528 from |Ci|;§7 ‘CJSZ’ |Crlrf

Case A\, MA®) By TH we have a derivation of |A(z)|T*1*n% from |C; [

wO) 7"

Instantiating = with y0 and z with y1 gives |A , which is

Txy..xn N
Vo A(z)| L7 from 1Cil R 1 e (50 (1)

Hence we can take
T*z1...xn =T ... 2,
Rizy...zpy = Rizy ... 2,(y0)(yl).

Case M"=A(*)s. By IH we have a derivation of [V, A(z)|®1®n  which is
\A(zO)\Tx1 2120 from ICilR 4, ..z, . Instantiating z with (s,y) gives

|A(S)’Za;1wns from |Ci|§?ia:1...xn<s,y>'

Assume for simplicity that s is closed. Then we can take

T'z1...0p =T x1...2,5",

Rixy...xpy:=Rixy...xn(s",y). O
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3.4. The weak Lemma of Konig as a Vi<V-Axiom. We show that the
“weak” (that is, binary) Lemma of Konig WKL can be brought into the
form of an axiom in Axyg_y. This has been observed by Kohlenbach (1992).
Here we give a somewhat simplified proof of this fact; it is based on ideas of
Ishihara (2006).

WKL says that every infinite binary tree has an infinite path. When
we try to directly formalize it in our (functional) language, it does not
quite have the required form, since the assumption that the given tree is
infinite needs an additional V in the premise. However, one can easily find
an equivalent statement of the required form. To this end, we define the
“infinite extension” of a given tree, and let WKL’ say that for every ¢, the
infinite extension I(f) of its “associated tree” f has an infinite path. It then
is easy to see that WKL and WKL’ are equivalent.

Let us first introduce some basic definitions. Let N be the type of unary
and bin the type of binary natural numbers. It is convenient here to view
binary numbers as lists of booleans tt, ff, and to write these lists in reverse
order, that is, add elements at the end. We fix the types of some variables
and state their intended meaning:

a,b,c of type bin for nodes,

r, s, t of type bin — B for decidable sets of nodes,
f,9,h of type N — B for paths,

n,m,k,i,j of type N for natural numbers,

D, q of type B for booleans.

Let lh(a) be the length of a (viewed as list of booleans). Let a(n) denote
the initial segment of a of length n, if n < lh(a), and a otherwise. Simi-
larly let f(n) denote the initial segment of f of length n, that is, the list
(f(0), f(1),..., f(n—1)). Let (a)y, denote the n-th element of a, if n < lh(a),
and tt otherwise. f is a path in t if all its initial segments f(n) are in ¢. Call
t infinite if for every n there is a node of length n in t. Call ¢ a tree if it is
downwards closed, i.e., VoVp<in(a)(a € t — a(n) € t). So WKL says that

Vi (VaVn<in@)(a € t — a(n) € t) — (tis a tree)
VyJactlh(a) =n — (t is infinite)
3V f(n) €t) (t has an infinite path),
which — because of the two premises saying that ¢ is an infinite tree — is not
of the required logical form.
To obtain an equivalent formulation in the required form, we introduce
some further notions.
t:={a| Vn<in(a)@(n) €t} the associated tree t for t,
)

1h(b)—Ih(a

b=axt b is the tt-extension of a,

Yein(e) =) & b is t-big;
here * denotes concatenation of lists. Let minje, denote the minimum of
a set of nodes w.r.t. the lexicographical ordering, and maxlen.,(t) be the
maximal length of all nodes of ¢ of length < n. Then 11,,(¢) is the leftmost
largest node in ¢ of length < n:

maxlenc,(t) := max{lh(a) |a € t Alh(a) < n},
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11,,(¢) := minjex{ ¢ € t | lh(c) = maxlen,(¢) }.
We can now define the infinite extension I(t) of a tree t:
I(t):={b|betV(bist-big A bis the tt-extension of ll)) }.

All these notions are definable in HA*. They clearly have the following
properties:

t is a tree;

if ¢ is a tree, then ¢ = t;

if t is a tree, then I(¢) is an infinite tree extending ¢;
if ¢ is an infinite tree, then I(t) = t.

Then WKL is equivalent (provably in HA“) to
WKL :=V,3;V,, f(n) € I(f).

To see this, assume WKL, and let ¢ be arbitrary. Then I (t) is an infinite
tree extending t. By WKL applied to (%), 3;V,f(n) € I(t). Conversely, let
t be an infinite tree. Then I(f) =t and therefore 3;¥,, f(n) € t.

Remark. From the results of Ishihara (1990) it is known WKL implies
Brouwer’s fan theorem. Moreover, a direct proof of this implication has
been given by Ishihara in 2002 (published in (2006)). In Berger and Ishi-
hara (2005), it is shown that a weakened form WKL! of WKL, where as an
additional hypothesis it is required that in an effective sense infinite paths
are unique, is equivalent to Fan. One direction (WKL! implies Fan) is essen-
tially the proof by Ishihara (2006), enhanced by the additional requirement
that the tree extension to be constructed satisfies the effective uniqueness
condition (as in Berger and Ishihara (2005)). The main tool of this proof is
the construction of I(£) described above. The other direction (Fan implies
WKL) is far less directly proved in Berger and Ishihara (2005), where the
emphasis rather was to provide a fair number of equivalents to Fan, and
to do the proof economically by giving a circle of implications. A direct
proof of the equivalence of Fan with WKL! is in Schwichtenberg (2005).
The latter paper also reports on a formalization in the Minlog proof assis-
tant, and gives rather short and perspicious realizing terms (w.r.t. modified
realizability) machine-extracted from each of the two directions of this proof.
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