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1 Numerical realizability

1.1. Introduction

There is not just one single notion of realizability, but a whole family of
notions, which of course resemble each other in certain respects. This section
is devoted to a fairly detailed discussion of the earliest and most basic notion
of realizability, S.C. Kleene’sKleene, S.C. realizability by numbers. In later
sections we discuss more briefly variations of the basic notion. We do not aim
at an exhaustive description of all possible proof-theoretic applications of
realizability, but rather aim at presenting illustrative examples. Most of the
sections are followed by “Notes”, containing suggestions for further reading,
some historical comments, etc. The historical comments concern mainly
the period after 1972, since the history up till 1972 is fairly completely
documented in (7).

Realizability by numbers was introduced in (?) as a semantics for intu-
itionistic arithmetic, by defining for arithmetical sentences A a notion “the
number n realizes A”, intended to capture some essential aspects of the intu-
itionistic meaning of A. Here n is not a term of the arithmetical formalism,
but an element of the natural numbers IN. The definition is by induction on
the complexity of A:

e n realizes t = s iff ¢ = s holds;

n realizes A A B iff pon realizes A and pin realizes B;

n realizes AV B iff pon = 0 and pin realizes A or pgn = 1 and pin
realizes B;

n realizes A — B iff for all m realizing A, nem is defined and realizes
B;

e n realizes —A if for no m, m realizes A;

n realizes Jy A iff pin realizes Aly/pon].
e n realizes Vy A iff nem is defined and realizes A[y/m], for all m.

Here p; and pg are the inverses of some standard primitive recursive pairing
function p coding IN? onto IN, and m is the standard term S™0 (numeral)
in the language of intuitionistic arithmetic corresponding to m ; e is partial
recursive function application, i.e. nem is the result of applying the function
with code n to m. (Later on we also use m, 7, ... for numerals.)

The definition may be extended to formulas with free variables by stip-
ulating that n realizes A if n realizes the universal closure of A.

Reading “there is a number realizing A” as “A is constructively true”, we
see that a realizing number provides witnesses for the constructive truth of



existential quantifiers and disjunctions, and in implications carries this type
of information from premise to conclusion by means of partial recursive
operators. In short, realizing numbers “hereditarily” encode information
about the realization of existential quantifiers and disjunctions.
Realizability, as an interpretation of “constructively true” is reminiscent
of the well-known BrouwerBrouwer, L.E.J.-HeytingHeyting, A.-KolmogorovKolmogorov,
A. explanation (BHK for short) of the intuitionistic meaning of the logical
connectives. BHK explains “p proves A” for compound A in terms of the
provability of the components of A. For prime formulas the notion of proof
is supposed to be given. Examples of the clauses of BHK are:

e p proves A — B iff p is a construction transforming any proof ¢ of A
into a proof p(c) of B;

e p proves AN B iff p = (po,p1) and pg proves A, p; proves B;

e p proves AV B iff p = (po,p1) with py € {0,1}, and p; proves A if
po = 0, p1 proves B if pg # 0.

Realizability corresponds to BHK if (a) we concentrate on (numerical) infor-
mation concerning the realizations of existential quantifiers and the choices
for disjunctions, and (b) the constructions considered for V, — are encoded
by (partial) recursive operations.

Realizability gives a classically meaningful definition of intuitionistic
truth; the set of realizable statements is closed under deduction and must be
consistent, since 1=0 cannot be realizable. It is to be noted that decidedly
non-classical principles are realizable, for example

—V[IyTzzy V Vy-Tzzy]

is easily seen to be realizable. (T is Kleene’sKleene, S.C. T-predicate, which
is assumed to be available in our language; Txyz is primitive recursive in
x,y, z and expresses that the algorithm with code = applied to argument y
yields a computation with code z; U is a primitive recursive function ex-
tracting from a computation code z the result Uz.) For —A is realizable iff
no number realizes A, and realizability of Vx[3yT zzy vV Vy—Txzy] requires a
total recursive function deciding JyTzzy, which does not exist (more about
this below). In this way realizability shows how in constructive mathe-
matics principles may be incorporated which cause it to diverge from the
corresponding classical theory, instead of just being included in the classical
theory.

Some notational habits adopted in this paper are: dropping of distin-
guishing sub- and superscripts where the context permits; saving on paren-
theses, e.g. for a binary predicate R applied to z,y we often write Rxy
instead of R(z,y) (this habit has just been demonstrated above). The sym-
bol = is used for literal identity of expressions modulo renaming of bound



variables. = is used as metamathematical consequence relation, and in
particular A, B = C expresses a rule which derives C from premises A, B.
FV(A) is the set of free variables of expression .A.

1.2. Formalizing realizability in HA

In order to exploit realizability proof-theoretically, we have to formalize
it. Let us first discuss its formalization in ordinary intuitionistic first-order
arithmetic HA (“Heyting’s Arithmetic”), based on intuitionistic predicate
logic with equality, and containing symbols for all primitive recursive func-
tions, with their recursion equations as axioms.

x,1, z, ... are numerical variables, S is successor. We use the notation n
for the term S™0; such terms are called numerals. pg, p1 bind stronger than
infix binary operations, i.e. pot+sis (pot)+s. For primitive recursive pred-
icates R, Rt ...t, may be treated as a prime formula since the formalism
contains a symbol for the characteristic function yg.

Now we are ready for a formalized definition of “x realizes A” in HA.

DEFINITION. By recursion on the complexity of A we define xrn A, = ¢
FV(A), “x numerically realizes A” :

zrn(t=s) = (t=s)

zrn(AANB) = (porrnA) A (pizrnB),

zrn(A — B) :=VYy(yrn A — 3z(Txyz ANUzzrnB)),
zrnVy A =Vy3z(Tzyz ANUzzn A),

zrndy A := p1xrn Aly/poz].

Note that FV(zrn A) C {z} UFV(A). O
REMARKS. (i) We have omitted clauses for negation and disjunction, since

in arithmetic we can take "A:= A -1 =0, AVB :=3z((x =0 = A)A(z #
0 — B)). If we spell out xrn (A V B) on the basis of this definition, we find

zrn(AV B) := (por = 0 — (pop12)0rn A) A (poz # 0 — (p1p12)0rn B),

(ii) The definition of realizability permits slight variations, e.g. for the
first clause we might have taken

rxrn'(t=38):=(x =tAt=ys).

However, it is routine to see that this variant rn’-realizability is equivalent
to rn-realizability in the following sense: for each formula A there are two
partial recursive functions ¢4 and 4 such that

FzrnA — ¢a(x)n’A
Farn'A — a(x)n A.



(If in the future we shall call two versions of a realizability notion equivalent,
it will always be in this or a similar sense.) Similarly, if we treat V as a
primitive, the clause for zrn (A V B) given above may be simplified to

zrn(AV B) :=(pox =0Ap1zrnA)V (pox # 0 A pixrnB),

which yields an equivalent notion of realizability.
(iii) In terms of partial recursive function application e and the defined-
ness predicate | (t] means “t is defined”), we can write more succinctly:

zrn(A — B) :=Vy(yrn A — zeyl A zeyrn B),
rxrnVy A := Vy(xeyl A xeyrn B).

where ¢} expresses that ¢ is defined (cf. next subsection). Of course, the
partial operation e and the definedness predicate | are not part of the lan-
guage, but expressions containing them may be treated as abbreviations,
using the following equivalences:

t1 :t2<—>3$(t1 :IL‘/\tgzl‘),
tiety = x <> Jyzu(ty =y ANta = 2 ANTyzu AN Uu = x),
tl + 3z(t = 2).

(t1,to terms containing e, x,y, z, u not free in ¢, t3). However, note that the
logical complexity of A(t), where ¢ is an expression containing e, depends
on the complexity of ¢! (On the other hand, ¢ is always expressible in -
form.) For metamathematical investigations it is therefore more convenient
to formalize realizability in a conservative extension HA* of HA in which
we can treat “e” as a primitive. Treating t; = to for partially defined t1, to
as an abbreviation in a rigorous way is possible, but involves a good deal of
lengthy inductions, as demonstrated in (7). Since ordinary logic deals with
total functions only, we first need to extend our logic to the (intuitionistic)
logic of partial terms LPT, or intuitionistic ET-logic, in the terminology of
Troelstra and van Dalen(?, 2.2.3). LPT first appeared in (7).

1.3. Intuitionistic predicate logic with partial terms LPT

Variables are supposed to range over the objects of the domain considered,
so always denote; arbitrary terms need not denote, so we need a predicate
E, expressing definedness; Et reads “t denotes” or “t is defined”. Instead of
Et¢ we shall write ¢/, in the notation commonly used in recursion theory.

If we also have equality in our logic, and read ¢t = s as “t and s are both
defined and equal”, we can express t| as t = .



The following axiomatization is a convenient (but not canonical) choice
for arguments proceeding by induction on the length of formal deductions:

L1 A— A,

L2 A, A— B= B,

L3 A—- B, B—>C=A—C(C,

L4 ANB — A, ANB — B,

L5 A—- B, A—-C=A— BAC,
L6 A— AVB, B—~ AV B,

L7 A—-C, B—>C=AvVB-—C(,
L8 ANB—-C=A— (B—C),

L9 A—-(B—-C)=ANB—C,
L10 11— A,

L11 B—+A=B—=VxA (x ¢ FV(B)),
L12 Ve ANt — Alx/t],

L13 Alz/t) AN t] — Tz A,

L14 A— B=3rA— B (x ¢ FV(B))

where t| := ¢t = t. For equality we have (F' function symbol, R relation
symbol of the language):

EQ Vey(z =y —y=1x), Veyz(z=y
VYT = G A FE, — FZ = Fy), v

Basic predicates and functions of the language are assumed to be strict:
STR F(ty, ..., to)l = til, R(t1,....tn) = til

Note that this logic reduces to ordinary first-order intuitionistic logic if all
functions are total, i.e. VZ(fZ]), since then t| for all terms t.
For the notion “equally defined and equal if defined” introduced by

t~s:=(tlVsl) —=t=s,
we can prove the replacement schema for arbitrary formulas A

t~sAAlz/t] — Alx/s].

1.4. Conservativeness of defined functions

Relative to the logic of partial terms, the following conservative extension
result is easily proved. Let ' be a theory based on LPT, such that

I'EAZ y) NA(Z,2) >y = 2.
Then we may introduce a symbol ¢4 for a partial function with axiom

Ax(¢a)  A(Zy) &y = ¢a().



The conservativeness of this addition can be proved in a straightforward
syntactic way; the easiest method, however, uses completeness for Kripke
models, see (7, 2.7).

Let I'* consist of I and all substitution instances of the axiom schemata
w.r.t. the extended language, and let ¢(I'"*) be the result of systematically
eliminating the function symbol ¢4 from the elements of I', and assume
#(I'*) to be provable from I', then the conservative extension result still
holds in the form: “I'"™* + Ax(¢4) is conservative over I'”.

This extended result applies to HA* defined below, since eliminating the
symbol for partial recursive function application from instances of induction
yields instances of induction in the language of HA.

1.5. Formalizing elementary recursion theory in HA*

HA* is the conservative extension of HA, formulated in the intuitionistic
logic of partial terms, with a primitive binary partial operation e of partial
recursive function application. tjetqets... abbreviates (... ((t1et2)et3)...)
(association to the left).

Note that strictness entails in particular tet’| — t| At'| for the applica-
tion operation. Of course we have to require totality for the primitive recur-
sive functions; it suffices to demand 0, Sz|. In all other cases the primitive
recursive functions satisfy equations with =, characterizing them inductively
in terms of functions introduced before (e.g. +0 =z, x + Sy = S(z+y)).
By induction one can then prove Fzi...x,| for each primitive recursive
function symbol F'.

A smooth formalization of elementary recursion theory in HA* can be
given by using Kleene’sKleene, S.C. index method in combination with the
theory of elementary inductive definitions in arithmetic (?, 3.6, 3.7). In par-
ticular we obtain the smn-theorem, the recursion theorem (Kleene’sKleene,
S.C. fixed-point theorem), the KleeneKleene, S.C. normal form theorem, etc.
Moreover, by the normal form theorem, every partial recursive function is
definable by a term of the language of HA™.

NoTATION. If t is a term in the language of HA™, then Az.t is a canon-
ically chosen code number for t as a partial recursive function of x, uni-
formly in the other free variables; by the smn-theorem we may therefore
assume Az.t to be primitive recursive in FV(¢) \ {z}. Az;...z,.t abbrevi-
ates Az (Azg ... (Axy.t)...). O

We note the following

LEMMA. In HA* the X9-formulas of HA are equivalent to prime formulas

of the form t = t for suitable t, and each formula t = s is equivalent to a
Y{-formula of HA.



Proof. Systematically using the equivalences mentioned above transforms
any formula t = s of HA* into a X{-formula of HA. Conversely, let a %9-
formula be given; by the normal form results of recursion theory, we can
write this in the form 32T'(n, (Z), z) for a numeral n; this is equivalent to
ne(Z) = ne(x). O

We are now ready to formalize z rn A directly in HA*.

1.6. Formalizing rn-realizability in HA*

DEFINITION. zrn A is defined by induction on the complexity of A, z ¢
FV(A).

rzrn P = P Az for P prime,
zrn(AANB) :=poxrrnAApizrnB,
zrn(A — B) :=VYy(yrn A — zeyrn B) A x|,
zrnVyA = Vy(reyrn A),

rrndy A = pi1xrn Aly/poz].

We also define a combination of realizability with truth,  rnt A; the clauses
are the same as for rn, the clause for implication excepted, which now reads:

zrnt (A — B) :=VYy(yrnt A — zeyrnt B) Azl A (A — B). 0

REMARKS. (i) trn A is 3-free (i.e. does not contain 3) for all A. Note that,
by our definition of V in terms of the other operators, 3-free implies V-free.
(ii) The clauses “A x]” have been added for the cases of prime formulas
and implications, in order to guarantee the truth of part (i) of the following
lemma.
(iii) For negations we have xrn —A <> Vy(—-yrn A)Az], and x rn ——A <
Vy(-yrn—A) Az] < Vy—=Vz=(zrn A) Azl <> =-—3z(zrn A) A z.
The following lemmas are easily proved by induction on A.

LEMMA. (Definedness of realizing terms; Substitution Property) For R €
[xn, rnt)

(i) FtRA — t,

(ii) (zrA)[y/t] = xR (Aly/t]) (x € FV(A) UFV(1),y # z).

Proof. By induction on the complexity of A. Let e.g. t rn 3y A, then p1trn Aly/pot],
hence by induction hypothesis pit], and so by strictness ¢t]. O

LEMMA. HA*Ftrnt A — A.

A similar lemma holds for all combinations of realizability with truth (i.e.
realizabilities with t in their mnemonic code) we shall encounter in the
sequel; we shall not bother to state it explicitly in the future. We can
readily prove that realizability is sound for HA*:



1.7. THEOREM. (Soundness theorem)
HA*F A= HA*"FtrnAANtrnt A

for a suitable term t with FV(t) C FV(A).
Proof. The proof proceeds by induction on the length of derivations; that
is to say, we have to find realizing terms for the axioms, and for the rules
we must show how to find a realizing term for the conclusion from realizing
terms for the premises. We check some cases.
L5. Assumetrn (A — B),t'rn (A — C), and x rn A; then p(tex, t'ex) rn (BA
C), so Az.p(tex,t'sx)rn (A — BAC).
L14. Assumetrn(A — B),z € FV(B), and let yrn 3z A, then p1y rn Az /poy],
hence t[z/poyle(p1y) rn B, so Ay.t[z/poyle(p1y) rn (Iz A — B).
Of the non-logical axioms, only induction requires attention. Suppose

zxn (Aly/0] AVy(A — Aly/Sy))).
Then

porrnAly/0], 2rnA — (p1a)eyezrn Aly/Syl.
So let ¢ be such that

te0 =~ pox, te(Sy) =~ (p17)eye(tey).

The existence of ¢ follows either by an application of the recursion theorem,
or is immediate if closure under recursion has been built directly into the
definition of recursive function. It is now easy to prove by induction that ¢
realizes induction for A. O

A statement weaker than soundness is F A = F Jx(zrn A); we might
call this weak soundness. We can also prove a stronger version of soundness:

1.8. THEOREM. (Strong Soundness Theorem) For closed A
HA*F A= HA*FnrmAAnrnt A for some numeral 7.

Proof. Let HA* - A; from the soundness theorem we find a term ¢ such
that

trn A, hence t].

tl, i.e. t =t is equivalent to a ¥9-formula of HA, say 3x(s = 0), and HA
proves only true X{-formulas, from which we see that ¢t = 2 must be provable
in HA* for some numeral 7. Similarly for rnt. O



1.9. REMARK. If one formalizes the proof of the soundness theorem, it is
easy to see that there are primitive recursive functions 1, ¢ such that

HA F Prf(z," A7) — Prf(¢(z), Sub("yrn A7, y, ¥ (z)))

where “Prf” is the formalized proof-predicate of HA*, "¢7is the gédelnumber
of expression &, and Sub("B7, z,"s™) is the gbdelnumber of B[z/s].

In fact, the whole implication is provable even in primitive recursive
arithmetic. But the statement expressing a formalized version of the strong
completeness theorem:

Prf(x," A7) — Prf(¢(x),"¢(z) zn A7)

(A closed, for suitable provably recursive ¢,1)) is not provable in HA (see
section 1.16).

1.10. LEMMA. (Self-realizing formulas) For 3-free formulas, canonical re-
alizers exist, that is to say for each 3-free A we have in HA*

(i) - 3z(xm A) — A,
(ii) F A — tarn A for some term t4 with FV(t4) C FV(A).

(iii) A formula A is provably equivalent to its own realizability, i.e. A <>
Jx(zxn A)), iff A is provably equivalent to an existentially quantified
3-free formula.

(iv) Realizability is idempotent, i.e. Jz(rrn3dy(yrnA)) < Jx(rrnA); in
fact,even Jx(zrn (A < Jy(yrn A))) holds.

Proof. Take ts—y := 0, tanp = P(ta,tB), tyza := Az.tg, tap = Ax.tp
(x € FV(tp)), and prove (i) and (ii) by simultaneous induction on A. (iii)
and (iv) are immediate corollaries. O

REMARK. An observation of practical usefulness is the following. For any
definable predicate with canonical realizers (i.e. a predicate A definable by
an 3-free formula) we obtain an equivalent realizability if we read restricted
quantifiers Vx(A(z) — ...) and Jz(A(x) A ...) as quantifiers Vx€ A, JxcA
over a new domain with realizability clauses copied from numerical quan-
tification, i.e.

xrnVyeA.B := VycA(zeyrn B) A zl,
rzrndy€A.B := pix rn Blz/pox| A A(poz).

In short, we may simply forget about the canonical realizers.

10



1.11. Axiomatizing provable realizability

As we have seen already in the introduction, realizability validates more
than what is provable in HA; in fact, we can formally prove realizability of
in HA* an intuitionistic version of Church’sChurch, A. thesis:

CTy Vedy A(x,y) — FeVe(A(z, zex) A zexl).

CTy is certainly not provable in HA, since it is in fact refutable in classical
arithmetic. This version of Church’sChurch, A. thesis is in fact a combi-
nation of the well-known version which states “Each humanly computable
function is recursive” and the intuitionistic reading of Vx3yA(x,y) which
states that there is a method for constructing, for each given x, a y such
that A(z,y). Such a method describes a humanly computable function.
We now ask ourselves: is there a reasonably simple axiomatization (by
a few axiom schemata say) of the formulas provably realizable in HA? The
answer is yes, the provably realizable formulas can be axiomatized by a
generalization of CTy, namely “Fxtended Church’s Thesis”:Church, A.

ECTy Vr(Azx — Jy Bry) — F2Ve(Ax — zex) A B(z,zex)) (A I-free).

LEMMA. Fach instance of ECTy is HA*-realizable.
Proof. Suppose
urnVr(Az — JyBxy)

Then Vzv(vrn Ax — uexevrnJyBxy), and since A is I-free, in particular
Vr(Azx — uexrelgrnIyBxry), so Vr(Axr — pi(uszets)rn B(x, po(usxets)).
Then it is straightforward to see that

P(Az.po(uezsta), Azv.p(0, p1(uezstys)))
realizes the conclusion. O
REMARK. The condition “A is 3-free” in ECTy cannot be dropped: ap-
plying unrestricted ECTy to Az := JzTxxz V -3zTxxz, Bry = (y =
0ATzTxxz) V (y = 1 A—=32Txxz) yields a contradiction. In fact, this exam-
ple can be used to show that even unrestricted ECTy! fails (ECTy! is like
ECT( except that Jy in the premise is replaced by dly; Aly means “there is
a unique y such that”).
THEOREM. (Characterization Theorem for rn-realizability)

(i) HA*+ ECTo - A+ Jz(x R A) for R € {rn,rnt},

(ii) For closed A, HA* +ECTy + A < HA* - nrn A for some numeral n.

11



Proof. (i) is proved by a straightforward induction on A. The crucial case is
A=B — C;then B— C <« (Jz(xrnB) — Jy(yrnC)) (by the induction
hypothesis) <> Vz(xrn B — Jy(yrnC)) (by pure logic) <+ IzVax(zn B —
zexrn(C') (by ECTy, since zxn B is I-free) = Fz(zxn (B — (C)).

(ii). The direction = follows from the strong soundness theorem plus
the lemma; < is an immediate consequence of (i). O

Curiosity prompts us to ask which formulas are classically provably re-
alizable, i.e. provably realizable in first-order Peano Arithmetic PA, which
is just HA with classical logic. The answer is contained in the following

PropPOSITION. PAF Jz(zrmA) & HA + M+ ECTy - -4,
where M is Markov’s principle:

M Vr(AV -A)A—-—Jz A — Jz A.

Proof. Let PA F Jz(zrn A), and let B be a negative formula (i.e. a formula
in the A,V, —-fragment) such that HA + M+ zxrn A <> B(x). Then PA
—Vz—(zrnA), and since PA is conservative over HA for negative formulas
(in consequence of Godel’s negative translation), also HA + —Vx—-B, i.e.
HA +MF ——3z(zrn A), and thus it follows that HA + M+ ECT, - -—A.
The converse is simpler. O

1.12. Extensions of HA*

For suitable sets I" of extra axioms, we may replace HA* in the sound-
ness and characterization theorem by HA* +T'. Weak soundness and the
characterization theorem require for all A € '

(1) HA* +T + 3z(zrn A).
Soundness requires for all A € T’
(2) HA* +T'Ftrn A for some term ¢,

and strong soundness requires (2) and in addition: HA* + T" proves only
true X{-formulas.

EXAMPLES

(a) For I' any set of 3-free formulas soundness and the characterization
theorem extend. If HA* +T proves only true X{-formulas, strong soundness
holds. The next two examples permit characterization and strong soundness.

(b) Let < be a primitive recursive well-ordering of IN, provably total and
linear in HA*; for I" we take all instances of transfinite induction over <:

TI(=<) Vy(Ve<y A — Alz/y]) — VaA.

12



(c) T is the set of instances of Markov’s principle (cf. the last proposition
in 1.11). In fact, in the presence of CTy, which is valid under realizability,
I" may be replaced by a single axiom:

Vay(——32zTzyz — F2zTxyz).

It is also worth noting that in the presence of M, we can use the following
variant of ECT( which is equivalent to ECTy:

ECT), Vz(=A — JyBry) — Ve (—A — zex) A B(x, zey)).

(d) An extension of another kind is obtained if we enrich the language
with constants for inductively defined predicates, e.g. the tree predicate
Tr. Intuitively, Tr is the least set containing the (code of the) single-
node tree (i.e. () € Tr), and with every recursive sequence of tree codes
ne0,nel,... nem,...in Tr, Tr also contains a code for the infinite tree hav-
ing the trees with codes nem as immediate subtrees, namely p(1,n). Thus
if

A(X,z) = (x =0)V (pox = 1 AVm(pirzem € X))

we have

A(Tr,z) — x € Tr,
Vz(A(Ay.B,z) — Bly/z]) — Yz € Tr.Bly/x]

for all B in the language extended with the new primitive predicate Tr.
Then we can extend rn-realizability simply by putting

zrn(t € Tr) =t € Tr.

Let us check that the soundness theorem extends. A(Tr,z) is equivalent to
an J-free formula, so its realizability implies its truth, and x € Tr follows.
As to the schema, assume

urnVz(A(\y.B,x) — Bly/z]), or
urnVz[(z =0 — B(0)) A (pox = 1 AVyB(pizey) — Bx)].

So

po(ue0)e(0,0) rn B(0),
p1(uex)evrn B(x) if por =1 and vzrn(poxr = 1 A VyB(pizey).

Assume Vy(ees(pizey) rn B(pixey)), pox = 1. Then
v = p(0, Ay.ce(p1rey)) rn (por = 1 AVyB(p1zey)).
Therefore

if por =1 and Vy(ee(pixey)rn B(pixey))
then pi(uez)e(0, Ay.co(pixey)) rn B(x).

13



Now we construct by the recursion theorem an e such that

po(U.O).O if x = 0,

ee ~ { pi(uex)ep(0, Ay.ce(pizey)) if poz =1,
undefined otherwise.

We then prove by induction on Tr that Vo € Tr(esxrnB(z)). This is
straightforward. This example is capable of considerable generalization,
namely to arithmetic enriched with constants for predicates introduced by
iterated inductive definitions of higher level; see e.g. (7, IV, section 6).

The examples just mentioned also permit extension of rnt-realizability.
We end the section with some applications of rn- and rnt-realizability.

1.13. PROPOSITION. (Consistency and inconsistency results)

(i) HA* +ECT) is consistent relative to HA* (and hence also relative to
PA).

(ii)) =Vz(A V =A), =(Vx——B — ——VzB) are consistent with HA* for
certain arithmetical A, B.

(iii) The schema “Independence of Premise”
P (wA — 32B) — 32(~A — B)

is not derivable in HA*+CTy+M; in fact, HA*+IP+CTo+M F 1 = 0.

Proof. (i) Immediate from the characterization theorem.

(ii) is a corollary of the realizability of CTy: take A = JyTzay, B =
JyTzxy V ~FyTxxy.

(iii) By M, =—3yTaxxy — 2zTzxz; apply IP to obtain VaIz(—-—IyTrry —
Tzzz), then by CTy there is a total recursive F' such that ——3yTzzy —
T(z,x, Fz), and this would make JyTxxy recursive in z. O
We next give an example of a conservative extension result.

1.14. DEFINITION. CC(rn) (the rn-Conservative Class) is the class of for-
mulas A such that whenever B — C' is a subformula of A, then B is 3-free.
O

LeEMMA. For A € CC(rn) we have - Jz(xrn A) — A.

Proof. By induction on the structure of A. Consider the case A = B — C
then B is J-free, so there is a tg such that - B — tgrn B. Assume B and
xrn(B — C), then zetpl A xetprnC, hence by the induction hypothesis
C; therefore (zxn (B — C)) - (B— C). O

The lemma in combination with the characterization theorem yields
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PRroPOSITION. HA* + ECTy is conservative over HA* w.r.t. formulas in
CC(xn):

(HA* + ECTy) N CC(rn) = HA* N CC(zn).

The following proposition follows from rnt-realizability.

1.15. PROPOSITION. (Derived rules) In HA*
(i) For sentencest AV B = + A or + B (Disjunction property DP),

(ii) For sentences - 3xA = F A[z/n] for some numeral n (Explicit
Definability for Numbers EDN),

(iii) Extended Church’sChurch, A. Rule: for 3-free A

ECR FVz(A — JyBry) = F J2Va(A — zex) A B(x, zex)).

Proof. (i) follows from (ii) (actually, (i) and (ii) are equivalent for systems
containing a minimum of arithmetic, see (?)). As to (ii), let F 3z A, then
by the strong soundness for rnt-realizability - m rnt Jz A for some numeral
m, so - pimrnt Alz/pom|, and hence - Alx/pom].

(iii) Assume F Vz(A — JyBzxy), then for a suitable ¢ - trnt Vz(A —
JyBzy), i.e.

FVaVz(zrnt A — pi(texez) rnt B(x, po(texez)).
Since t4rnt A,
H VCL’(A — pl(toiL'otA) @B(SE, po(tol’otA))),

and therefore - V(A — B(x, po(texet4)). So we can take z = Ax.po(texet ).
O

1.16. REMARK. The DP cannot be formalized in any consistent extension
of HA itself ((?), (?)). We sketch Myhill’'sMyhill, J. R. argument (the
result of FriedmanFriedman, H. M. is even stronger). Assume that there is
a provably recursive function f satisfying

FPri(z,"AV B™) — ((ft =0APr("A") V ((fxr =1 APr("B™))).

So f = {p}, and F VaIyTnxy. Let F enumerate all primitive recursive
functions, i.e. An.F(i,n) is the i-th primitive recursive function. Put

D(n) := peF(n,n) # 0,

then - Vn(Dn Vv =Dn) (i.e. Prf(k,"Vn(Dn Vv —Dn)") for a specific k), from
which we can find a particular primitive recursive An.F'(m,n) such that
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Prf(F(m,n),” Dav—-Dn™). Then Dm — peF'(m,m) # 0 — Prf(F(m,m),” DmV
—~Dm™) A Pr("=Dm™), hence ~Dm follows, since HA* is consistent. If we
start assuming =D, we similarly obtain a contradiction.

From this we see that DP cannot be proved in HA* itself; for if DP were
provable in HA*, then a function f as above would be given by

f(z) := po(the least y s.t.(z does not prove a closed disjunction and y = 0)
or (for some closed "AV B, Prf(x,"AV B™") A poy = 0 A Pri(p1y,"A™))
or (for some closed "AV B, Prf(x,"AV B7) Ap1y = 1 A Prf(p1y,"B7))).

This in turn implies that the strong soundness theorem is not formalizable in
HA™, since strong soundness for ra-realizability immediately implies EDN
for HA* + ECTy.

1.17. Notes

Slash relations. Already in (?), a modification of numerical realizability
was considered, namely I' F-realizability; let us use “R” as a short designa-
tion for this kind of realizability. The clauses for V, A and for prime formulas
are as for ordinary realizability; the clauses for V, 3, — become:

e nR(AVB) iff ppn =0, ppnrRAand I' - A, or ppn # 0, pynR B and
I'FB:

e nrRIzrA iff pinrR Az /pon] and I' - Az /pon);

e nR(A — B) iff for all m, if mRA and I' - A, then nem is defined
and nemR B.

(?, Example 2 on page 510) used this notion to obtain a version of Church’sChurch,
A. thesis. Later (?) observed that by dropping the realizability part and
retaining only the provability part, one obtained an inductively defined prop-

erty of formulas which could be used to obtain quite simple proofs of (gen-
eralizations of) the disjunction- and existence properties for logic and arith-
metic. For easy reference, let us define I'|A (“I" slashes A”) for arithmetic,
treating V, — as defined, and putting I'|F A as short for “I'|A and T' - A”:

rp iff I' - P for prime sentences P,
T|(AAB) iff T|A and T'|B,

I'(A— B)iffT|F A=T|B,

|3z A iff I'|F A[z/n] for some numeral 7,
C|VzA iff | A[xz/n] for all numerals 7.

I'|A for a formula A is defined as I'|B for some universal closure B of A.
(For predicate logic, clauses for V, L have to be added.)

“|” is sometimes called a realizability, but we think it better to reserve
the term realizability for notions where realizing objects appear explicitly.
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Since the “|” in “I'|A” has nothing to do with division, the term “divides”
for “|” is also not advisable. Therefore we call the notions derived from, or
similar to Kleene’sKleene, S.C. T'| A simply slash relations or slashes.

In one respect I'| A is not well behaved; it is not closed under deduction,
since it may happen that I'| A, but not I'|(A V A). (?) gave a simple mod-
ification which overcomes this defect: the deducibility requirements in the
clauses for V, 3 are dropped, and for implication and universal quantification
we require instead

I''(A— B)iff T|/A=T|B) and '+ A — B,
I\VzAzx iff I' - Vz Az and I'|A[z/n] for all n.

Now I'|/A = T' - A holds for all A, and the modified slash yields the same
applications as the original one. In fact, one easily proves by formula induc-
tion that I'| - A in the sense of KleeneKleene, S.C. iff I'| A in the sense of
Aczel. The Aczel slash also has an appealing model-theoretic interpretation;
see e.g. (7, 13.7).

It is also worth noting that C|C is both necessary and sufficient for the
validity of the rule “For all A, - C — 3zA = F C — A[z/n] for some n”
((?), (7, 3.1.8)).

Slash operators in many variants have been widely used for obtaining
metamathematical results for formalisms based on intuitionistic logic.

The slash as defined above applies to sentences only, but the use of
partial reflection principles in combination with formalized versions of the
slash relation, restricted to formulas of bounded complexity, may be used to
deal with free numerical variables, see (7, 3.1.16).

Suitable slash relations for systems beyond arithmetic may be defined
by considering conservative extensions with extra “witnessing constants” for
existential statements. The explicit definability property for numbers EDN
can then be proved by proving soundness of slash for the extended system
(a typical example is (?)).

(?) describes the extension of the KleeneKleene, S.C. slash to higher-
order logic. In (?) it is shown that this extension of the slash is in fact
equivalent to a categorical construction on the free topos due to P. Freyd
(see (7).

(?) use slash relations and numerical realizability combined with truth
(g-realizability, see below) to obtain the explicit set-existence property (ex-
plicit definability property for sets) for intuitionistic second-order arithmetic
HAS (cf. 7.1) and intuitionistic set theory plus countable choice or rela-
tivized dependent choice.

(?) use a slash relation to establish a very interesting result: there is
a particular number-theoretic property A(n) such that if HA proves trans-
finite induction for a primitive recursive binary relation < w.r.t. A, then
< is well-founded with ordinal less than €. (The corresponding result is
false for PA, cf. (?).) If transfinite induction is proved for < w.r.t. A for
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the theory HA™ obtained by adding transfinite induction for all recursive-
wellorderings, then < is well-founded.

Of the many papers discussing or making use of slash relations we further
mention: Beeson(?, ?, ?), (?), Dragalin(?, ?), (?), (?), (?), Myhill(?, ?),
Robinson(?).

g-realizability. Since in soundness theorems for formalized realizability we
prove deducibility instead of just truth, one can replace deducibility in the
definition of I'-realizability by truth; let us use “q” for this realizability.
The clauses for 3, — then become: B

rq(A— B):=Vy(yqgAANA — zeyqB) Nz,
rqIyA = p1z q Aly/poz] A Aly/poz].

Such a g-variant was used in (?) to obtain derived rules for intuitionis-
tic analysis with function variables. g-realizability is also not closed under
deducibility (think of an instance A of CTy unprovable in HA; then A is
g-realizable, but A V A is not). (?) observed that an Aczel-style mod-
ification could be used instead of g-realizability; this corresponds to our
rnt-realizability. (?) use rn-realizability and q-realizability to obtain con-
sistency with Church’sChurch, A. thesis, the disjunction property and the
numerical existence property for set theories based on intuitionistic logic,
with axioms asserting the existence of very large cardinals, thereby demon-
strating that the metamathematical properties just mentioned, often re-
garded as a test for the constructive character of a system, are not affected
by assumptions concerning large cardinals.

Shanin’s algorithm. In a number of papers ShaninShanin, N.A. presented
a systematic way of making the constructive meaning of arithmetical formu-
las explicit. His method is logically equivalent to rn-realizability, as shown
by (7). On the one hand Shanin’sShanin, N.A. algorithm is more compli-
cated than realizability, on the other hand it has the advantage of being the
identity on 3-free formulas.

2 Abstract realizability and function realizability

2.1. After the leisurely introduction to numerical realizability in the pre-
ceding section, we now turn to variations and generalizations. In order to
distinguish easily the various concepts of realizability, we shall use a certain
mnemonic code:
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signifies “realizability”,

signifies “numerical” or “by numbers”,
signifies “by functions”,

signifies “modified”,

signifies “combined with truth”,

signifies “LifschitzLifschitz, V. variant of”,
signifies “extensional”.

© |- It B |+ B I8

Thus “rft” refers to “realizability by functions combined with truth” etc.
Strictly speaking, the r is redundant in many of these mnemonic codes.

A simple generalization of numerical realizability is realizability with a
different set of realizing objects and/or different application operator; ab-
stractly, the realizing objects with application have to form a combinatory
algebra. We shall first sketch an abstract version of numerical realizability,
namely realizability in a combinatory algebra with induction, then consider
the interesting special case of function realizability.

2.2. DEFINITION. (The theory APP) The language is single-sorted, based
on LPT. The only non-logical predicate is N (natural numbers). There is
an application operation e and constants

0 (zero), S (successor), P (predecessor),
P, Po, P1 (pairing with inverses),
k, s (combinators), d (numerical definition by cases).

(We have used the same symbols for pairing and inverses as in the case of
HA*, even if there is a slight difference in syntax: p(¢,t') in HA* corre-
sponds to (pt)t’ in APP.) For t1ety we simply write (f1t2), and we use
association to the left, i.e. tity...t, is short for (... ((t1t2)t3)...tn).
Azioms for the constants:

NO, Nz — N(Sx), Nx — N(Pzx),

P(St) ~t, PO=0, 0 St,

kzl, kty >~ t, sxyl, stt't’" ~tt"(t't"),

pzyl, Pozd, pizl, po(ptz) = t, p1(pzt) =,
NuA Nv = (u# v — deyuwv = z) A dzyuu = y.

Observe that by the general LPT-axioms we have tt'| — t| A t]. Finally
we have induction:

Az /0] AVz € N(A — A[x/Sz]) > Ve e N.A O

The combinators k, s permit us to have A-abstraction defined by induction
on the construction of terms:

Az.t := kt for t a constant or variable # z,
Az.z = skk,
Azt = s(Az.t)(Az.t').

19



For this definition

FV(Az.t) = FV(¢) \ {z},
t'l = (Ax.t)t' ~ t[x/t'] if ¢ is free for z in ¢,
Ax.t] for all ¢.

It is not generally true that?
(1) if 2 € FV(t'),y # = then \z.(t[y/t']) = (\x.t)[y/t'],

(consider e.g. t = y,t' = kk) but we do have, for z & FV(t'), y & FV(¢"),
y#w

(2) L = (Qa)[y /D" ~ ta/t"[y/t] = tly /) [2/t"].

Property (1) can be guaranteed by an alternative definition of abstraction:

Nz.x = skk,
Na.t =kt if x € FV(¢),
Nt :=s(Net)(Ne.t') if z € FV(t),

but then we lose the property that Ax.t| for all £. A recursor and a minimum
operator may be defined with help of a fixed point operator (see e.g. (7,9.3))
which permits us to define in APP all partial recursive functions. It follows
that HA can be embedded into APP in a natural and straightforward way.

REMARK. Partial combinatory algebras are structures (X, e, k,s), k # s,
satisfying the relevant axioms above; in such structures we can always de-
fine terms forming a copy of IN, and appropriate S, P, p, po, pP1, and we might
simply have postulated induction for this particular copy of IN. However,
in describing models it is more convenient not to be tied to a specific rep-
resentation of IN relative to the combinators. Also, we want to leave open
the possibility that the interpretation of N is non-standard.

2.3. The model of the partial recursive operations PRO
The basic combinatory algebra is
(N, o, Azy.z, Axyz.2020(y02));

where e is partial recursive function application for IN. 0, S, P get their
usual interpretation (more precisely, we choose codes Az.Sx, Az. Pz etc.; for
d take Auvrylu - sglr — y| + v(1-|x — y|)].

2This was overlooked in the proofs in (7, section 9.3), but is easily remedied by the use of
(2). (?) recently showed that this problem might also be overcome by considering instead
of APP based on combinators, a theory based on lambda-abstraction as a primitive
(without a &-rule of the form ¢t = s = Az.t = Az.s !) and an explicit substitution operator
as part of the language.
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In HA* we can prove PRO to be a model of APP, in the sense that
APP + A= HA" | [A]pro. Here and in the sequel we use “interpretation
brackets”: given some model M, we use [t]ar, [AJa to indicate the inter-
pretation of term ¢, formula A in the model M. Thus “[A] ¢ holds” means
the same as M = A.

2.4. DEFINITION. (Abstract realizability) zx A in APP is defined by

zr P := P A x| for P prime,
zr(AANB) = (poxrrA)A(pixrB),
xr(A— B) :=Vy(lyr A — zeyxr B) Az,
rrVyA = Vy(zeyr A),

zrdy A :=pizrrAly/pozx]. O

REMARK. zrVyeN.A becomes literally Vyz(zx (y € N) — (weyez)r A)).
It is easy to see that realizability with a special clause for the relativized
quantifier

rr’'VyeN.A = VyeN(zeyr’ A)

is in fact equivalent.

The I-free formulas play the same role in APP as they doin HA*, i.e. 3-
free formulas have canonical realizing terms, their realizability coincides with
their truth, and equivalence of realizability with truth for a formula A means
that A is equivalent to a formula JzB, B J-free; the schema characterizing
r-realizability is an Extended Aziom of Choice

EAC Va(Ax — JyBry) — F2Vr(Ax — zex) A B(x, zex)) (A is I-free)

ete.

We may specialize r-realizability to PRO-r-realizability by interpreting
APP in PRO. It is then not difficult to show that the resulting realizability
of HA (as embedded in the obvious way into APP) becomes equivalent to
ro-realizability; cf. (7).

2.5. Partial continuous function application

Another important model of APP is the model PCO of functions with
partial continuous application. Before we can discuss this, we need some
preliminaries.

NOTATIONS. From primitive recursive p, po, p1 we can construct primitive
recursive encodings p” of n-tuples of natural numbers, with primitive re-
cursive inverses p!’ (0 < i < n). We may also assume finite sequences of
natural numbers to be coded onto IN; we write (ng,...,n,—1) for (the code
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of) the finite sequence ng,...,n,—1; () is the (code of the) empty sequence
(which may be assumed to be equal to 0; see below).

If m is (a code of) a sequence, 1th(m) is its length; % is a primitive
recursive concatenation function for codes of sequences. We abbreviate

n=<m = In'(nxn =m),
n<m = (n<mAn%#m),
z = (z).

The primitive recursive inverse function Azy.(z), of sequence encoding sat-
isfies

m = (ng,...,Ng—1) = (m)y =ny for y <z, (m), =0 for y > .

For reasons of technical convenience we assume monotonicity in the argu-
ments for encodings of pairs, n-tuples and finite sequences:

n<n' = p(n,m)<p(n',m), m<m'—p(n,m)<pnm),
and similarly for p-tuples;
n<nxm; lth(n) =1th(m) AVz((n)y < (m)z) - n <m.

For example, for p we may take p(n,m) = i(n +m)(n +m + 1) + m.
These monotonicity conditions in fact enforce () = 0. Encoding of n-tuples
(a1,...,ay) of sequences is obtained by

(g, ..., an) = Ax.p" (1, ..., anx).
For initial segments of functions we use

a0:= (), alz+1):=(al,...,az). O

DEFINITION. FElementary Analysis EL is a conservative extension of HA
obtained by adding to HA variables («, 3,7, 0, €) and quantifiers for (total)
functions from IN to IN (i.e. infinite sequences of natural numbers). There
is A-abstraction for explicit definition of functions, and a recursion-operator
Rec such that (¢ a numerical term, ¢ a function term; ¢(t,t') := ¢p(t,t'))

Rec(t,9)(0) =t, Rec(t,9)(Sx) = ¢(z, Rec(t, p)(x)).

Induction is extended to all formulas in the new language.
The functions of EL are assumed to be closed under “recursive in”, which
is expressed by including a weak choice axiom for quantifier-free A:

QF-AC VYnImA(n,m) — JaVnA(n,an) O
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DEFINITION. In EL we introduce abbreviations for partial continuous ap-
plication

af) =z = Jy(a(By) =z +1AVy'<y(a(By) = 0),
alp=v = Vz(An.a(@*n)(8) =vyz) Aal =0, or equivalently
Vady(a(z « By) = yx + 1 AVY' <y(a(Z % By') = 0)) Aal = 0.
We may introduce |, -(-) as primitive operators in a conservative extension

EL* based on the logic of partial terms (1.3). O

DEFINITION. EL* is a conservative extension of EL based on the logic of
partial terms, to which AafS.«|f8 and AaS.a(f) have been added as primitive
operations. Numerical lambda-abstraction satisfies:

s N (Azt)] — (Ax.t)s = t[x/s], (Ax.t)] <> Vx(t]).
For function application we require
Pt < oL A @l

(The implication from left to right must hold since ¢] is supposed to imply
totality of the function denoted by ¢.) For Rec we have

Rec(t, )4 ¢ tL A 6.
Od

2.6. The model of the partial continuous operations PCO
This model has as domain all the total functions from IN to IN; the ap-

plication is | defined above. The elementary theory of the model can be
formalized in EL*. Some work is needed to show that PCO is actually a
model of APP.

DEFINITION. (The class of neighbourhood functions)

a€K* = a0 =0AYnm(an >0 — an = a(n*m)) AVE3x(a(Bx) > 0).
O

Crucial is the following

LEMMA. To each function term ¢, and each numerical term t of EL*, we
can construct function terms ®4 € K*, ®; € K* respectively, such that

(i) Ppla =~ ¢;
(ii) (Pela) iff ti;
(iii) t} — (®e])0 = t;
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(iv) FV(®;) C FV(t) \ {a}, FV(®y) C FV(9) \ {a}, 4, Py primitive re-

cursive in their free variables.

Proof. (i)-(iv) are proved by simultaneous induction on the construction
of numerical and function terms. The reason that we need a function term
with partial continuous application | to represent a numerical term (instead
of application -(-)) is that a numerical term ¢ may contain function-terms
as subterms, which all have to be defined by the strictness condition of the
logic of partial terms; this is a Hg—condition and cannot be expressed by
definedness of a numerical term.

We consider a few typical cases. In all cases we put &40 = 0, ;0 = 0.
Case 1. t = z. Take ®4(2 x an) = x + 1. Similarly for ¢t = 0.
Case 2. ¢ = . Take

az+1if z < n,
0 otherwise.

O, (2xan) = {

Case 3. t = ¢(v). Take

z + 1 if Ju<nVy<lth(u)(Py (9 * an) = (u)y + 1 A
Q) (& * an) = ®y(u) = 2+ 1) A By(2 + an) > 0 A By (& % an) > 0,
0 otherwise.

Case 4. ¢ =|€. Take

z 4+ 1 if Ju<nVy<lth(u)(Pe(y * an) = (u)y + 1 A
Dye(L x an) = Qy(Txu) =24+1) APy (T xan) > 0N Pe(Z *xan) >0,
0 otherwise .

The other cases are left to the reader. O

It is now easy to prove in EL* that PCO is a model of APP (do not
confuse the A-abstraction in EL* with the defined A-operator in APP). For
example, an interpretation of [s] is found as follows. If ¢ is a function term
of EL*, let us write Aa.¢p for the ®4 given by the lemma. Then we put

[slpco := AaABAy.(aly)(B]Y).

Clearly ([s]|a)|8 = Ay(aly)|(B]7), since all terms ®4 are total, hence de-

fined. Moreover (([s]e)|3)ly = (a|7)|(B])-
We spell out a definition of realizability for this application which is

not literally what one obtains by interpreting r-realizability in PCO, but
equivalent to it:
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2.7. DEFINITION. (Realizability by functions) With each formula A of EL*
we associate arf A (o € FV(A)) as follows:

arf P := P Aal (P prime),

arf (AAB) = (poarf A) A (prarf B),
arf (A — B):=Vp(frf A — o|frf B) Aal,

arfVz A = Vr(a|An.xrf A),
artVhA  =V(alBrt A),
arfdz A  :=piarf Alz/(poe)0],
arf3ifA = prarf A[S/poc].

rft-realizability is defined by modifying rf-realizability as before. O

Now the theory runs to a large extent parallel to numerical realizability.
The role of ECTy is taken over by the following schema of Generalized
Continuity:

GC Va(A — 3B8B(w, B)) — IyWVa(A — vlal A B(a,y|a)) (A I-free)

where J-free in EL* is defined as before; in EL, 3-free formulas correspond
to the class of formulas constructed from ¢ = s, Jz(t = s), Ja(t = s) by
means of —, A, V.

2.8. PROPOSITION. (Examples of applications) For EL* we have

(i) FVa(A — 3BB(a, 5)) = F IAVa(A — v|al A B(a,v|a)) for almost
negative A (Generalized Continuity Rule GCR).

(ii) For JaAa closed, - Ja Aac = there exists some 7 such that = A({n})A
Vm(nemJ), i.e. if = Ja A(«), there is a total recursive function f such
that - A(f).

(iii) CC(zf ) NEL* = CC(xf) N (EL* 4+ GC), where the conservative class
CC(xf) for rf-realizability is defined in complete analogy to CC(xn).

Proof. (Of (ii).) The strong soundness theorem yields in this case a partic-
ular function term ¢ such that - ¢ rft o Aa, hence - p1drft Ala/pod],
and thus F A[a/po@] A podl; pPo(¢) is a closed function term in the language
of EL which may be written as {n}. ({n} is short for Az.(nez).) O

2.9. Examples of extensions

Bar Induction for Decidable predicates is an induction principle

Blp Va3dx P(ax) AVn(PnV —Pn) AVn(Pn — Qn)A
vn(Ym(Q(n x (m)) = Qn) — Q)

An equivalent principle is BI! with Va3z P(az) A Vn(Pn V =Pn) replaced
by Va3lz P(ax). Blp implies the Fan theorem for Decidable predicates

FANp Va<p3axr A(az) ANVn(An V —An) — F2Va<p3z<z A(ax)
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where a < f := Vz(ax < fx). Since rf-realizability validates continuity
principles, in fact the stronger

FAN Vadr A(a, x) — F2Va<fIx<z A(a, x)

holds.

In the soundness and characterization theorems EL* may be replaced
by EL* + T', where for example I" can be the set of all instances of one or
more of the following schemata: M, TI(<), FANp, Blp.

2.10. Notes

(?) contains the first formalization of rf-realizability. In this paper KleeneK-
leene, S.C. shows a.o. that formulas such that all their subformulas in the
scope of an universal function quantifier are 3-free are true iff rf-realizable
(provable classically). In (?7) a thorough formalized treatment of function
realizability is given, also of a (version of) rft-realizability. Another notion
of realizability by functions is found in (?, ?).

(?) considers a notion of function-realizability which combines the idea
of rf-realizability with the topological model of elementary intuitionistic
analysis in (?) (itself an adaptation of a model due to (?)).

(?) used an abstract version of realizability to show consistency of an
axiom of choice with combinatory logic. Staples(?, ?) used realizability with
combinators for higher-order logic and set theory. Abstract realizability for
theories including APP was introduced by Feferman(?, 7).

Of the researches using abstract versions of realizability we further men-
tion Beeson(?, ?, 7, 7), Renardel de Lavalette(?, ?).

3 Modified realizability

In the case of numerical and function realizability, we started with the con-
crete and ended with the abstract version.

For modified realizability on the other hand, it is advantageous to start
with the abstract setting, and afterwards to specialize to more concrete
versions. The abstract setting of modified realizability is not a type-free
theory such as APP, sketched above, but a system HA® of intuitionistic
finite-type arithmetic.

3.1. Description of intuitionistic finite-type arithmetic HA%

The set of finite type symbols T is generated by the clauses 0 € T (type
of the natural numbers); if 0,7 € T then (0 x 7) € T (formation of
product types) and (o — 7) € T (formation of function types). We use
o,0,...,7,7,...,p,p,... for arbitrary type symbols.
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As an alternative for (¢ — 7) we write (o7); 1 is short for (00), n + 1
for (n0). Outer parentheses in type symbols are usually omitted. Further
saving on parentheses is obtained by the convention of association to the
right, i.e. ogo10903 abbreviates (o¢(01(0203))); 01 X 02 X - - - X 0, abbreviates
(- ((o1 X 09) X 03) -+ X Op).

The language of of intuitionistic finite-type arithmetic HA® is a many-
sorted language with variables (x%,y7,27,...) of all types; for each o € T
there is a primitive equality =, and there are some constants listed below,
and an application operation App, . from o — 7 and o to 7. For arbitrary
terms we use t,t',t”,...,s,s',s",.... In order to indicate that ¢ is a term of
type o we write t € o or t7. If t € 0 — 7, t' € 0, then App, . (t,t') € .
For App, ,(t,t") we simply write (tt') or even tt'; we save on parentheses by
association to the left: t1 ...ty is short for (- - ((¢t1t2)ts) - - - t,). As constants
we have for all o,7,p € T

0 € 0 (zero), S € 00 (successor),

p°7T € o1(0 x T), (pairing)

py’ € (o0 x 7)o, p]" € (0 x 7)7, (unpairing)
k®" € oro, s””7 € (poT)(po)pr (combinators),
r? € 0(000)00 (recursor).

Here again we use the same symbols (k,s, p,pg, p1) for operations closely
analogous to the operations denoted by the same symbols in APP. We shall
drop type sub- en superscripts wherever it is safe to do so; types are always
assumed to be “fitting” (i.e. if ¢¢’ is written then ¢ € o7, t’ € o for suitable
o,T).

The logical basis of HA® is many-sorted intuitionistic predicate logic
with equality; the constants satisfy the following equations:

po(pry) =z, pi(pzy) =y, p(Pox)(pP17) = 2,
kry =z, sxyz = xz(yz), rey0 =z, raxy(Sz) =y(rzyz)z.

Finally, we have 0 # Sz, Sx = Sy — = = y, and full induction. (Actually,
Sx = Sy — x = y is redundant, since we can define a predecessor function
P such that P(St) =x.)

There is defined A-abstraction, as in for APP; we can use the second
recipe mentioned in 2.2, with Ax.t = kt for all ¢ not containing . HA is
embedded in HAY in the obvious way.

3.2. The systems I-HAY, E-HAY

I-HA"Y, intensional finite-type arithmetic is a strengthening of HA® ob-
tained by including an equality functional e, € 000 for all o € T, satisfying

(oa

ex?y? <1, ex?y’ =0+ 2% =97,

so equality is decidable at all types.
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On the other hand, extensional finite-type arithmetic E-HAY is obtained
from HAY by adding extensionality axioms for all types o:

VI’J(yJTJJ = ZO”T:L,) AN ya'r =g 50T

This permits us to define equality of type ¢ in terms of =g, via

Y =or 2= \V/J/‘U(yfp =T Zx)a
Y =oxr £ = PoY =0 P0Z A\ P1Y =1 P12.

Therefore we may assume E-HA® to be formulated in a language which
contains only = as primitive equality, so that prime formulas are always
decidable.

3.3. Models of HA®

A model of HA® is given by a type structure (M, ~q)oc7, With M, a set,
~g an equivalence relation on M, plus suitable interpretations of App, -
and the various constants.

(i) FTS, the Full Type Structure. Take IN for My, for M, take the set
of all functions from M, to M,, for M,«, take M, x M,; this is the full
type structure; ~, at each type is set-theoretic equality, and it is obvious
how to interpret App and the constants.

(ii) HRO, the Hereditarily Recursive Operations. Put

HROgy :=1NN,
HROgx 7 := {Z . Poz € HRO, A P17 € HROT},
HRO,, :={z : Vx € HRO,(zex € HRO;)}.

App is interpreted as partial recursive application (i.e. as ), =, as equality
between numbers (as elements of HRO,),

[0] := 0, [S] := Ax.Sz, [K] := Azy.z, [s] := Azyz.az(yz),

[p] := Azy.p(z,y), [Po] := Az.poz, [p1] := Az.p1z,
[r] := a suitable code for a recursor, [e] := Azy.sg|lx — y].

The existence of a suitable code for a recursor either follows directly from the
definition of recursive function, or by an application of the recursion theorem
yielding a solution 7 to re(x,y,0) ~ 0, re(z,y, Sz) =~ ye(re(x,y, 2), z), as in
(?, 3.7.5). The result is a model of I-HA®.

(iii) HEO, the model of the Hereditarily Effective Operations. We define
a partial equivalence relation ~, between natural numbers for each o € T
by

€T r\JO y = xr = y7
T ~oxr Y = (PoT ~o PoY) A (P12 ~+ P1Y),
T ey =22 (2~ 2 = Loz ~op Yo N ez~ weZ A yez ~r ye2!)
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where
z € HEO, := z ~, z.

For the rest, the definition of interpretations of 0, S, k, s, p, Po, P1, I proceeds
as before, we interpret =, as ~,, and we obtain a model of E-HA®.

3.4. DEFINITION. (Modified realizability) We define 2% mr A, for formulas
of HA®, by induction on the complexity of A as follows. The type o of x is
determined by the structure of A.

2mr (t =5) :=(t =),

zmr (AN B) :=poxmr A A pjznr B,
zmr (A — B):=Vy(ymr A — zynr B),
xmr Ve A :=Vz(zznr A),

zmr dz A :=pizxnr A[z/pox].

We also consider mrt-realizability, which is similar to rnt -realizability. All
clauses are the same as for mr, the implication clause excepted, which now
reads

zmrt (A — B) = Vy(ymrt A —» zymrt B)A (A — B). O

REMARK. In the usual definition (cf. (7, 3.4.2)), one realizes with sequences
of terms ¢, of length and types depending on the structure of A. The attrac-
tive feature of this definition is that 3-free formulas are literally self-realizing:
for I-free A, tmr A := A, so t is empty.

For our definition above, the choice of type 0 for the realizing objects
of prime formulas is somewhat arbitrary; a more canonical choice might
have been obtained by (conservatively) adding a singleton type to HA“ and
letting the single element of this type realize t = s iff true.

A concrete version of mr-realizability is obtained by interpreting HA® in
a model M; this yields M-mr-realizability. The difference between Kleene’sKleene,
S.C. realizability and mr-realizability becomes clear by comparing rn-realizability
and HRO-mr-modified realizability of statements of the form

Vy—-Vz-Tzyz — B

For rn, this requires a realizer ¢ which must be applicable to the canonical
realizer Ay.0 of Vy—Vz—-Txyz if this is true. On the other hand, in the
case of HRO-mr-realizability teAy.0 must be defined, whether Vy—Vz—-Tzyz
is true or not. In other words, in modified realizability, realizing objects
for implications have a larger domain of definition than what is required by
“pure” realizability.

Soundness now takes the form
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3.5. THEOREM. (Soundness)

HAYF A = HA“YFtmr AANtmrt A for some termt with FV(t) C
FV(A).

Proof. By a straightforward induction on the length of derivations. O.

As noted above, for 3-free formulas there are canonical realizers, and
truth and realizability coincide for 3-free formulas. Therefore the 3-free
formulas of HAY play the same role w.r.t. mr-realizability as the J-free
formulas of HA* w.r.t. ra-realizability.

For an axiomatization we need the following

3.6. LEMMA. For each instance F of one of the following schemata

IP (A— 3J2°B) — (A — B) (y¢FV(A), A I-free),
AC Va?3yT A(x,y) = 32°7Va? A(z, zx),

there is a term t such that - tmr F', with FV(t) C FV(A).

3.7. THEOREM. (Axiomatization of modified realizability)
HA® + AC+ 1Py F A <> Jz(zmr A)

and for H € {HAY, I-HA“ E-HA"*}
H+AC+ 1Py A< HFtnr A

for some t with FV(t) C FV(A) \{z}.

REMARK. In a theory T with decidable prime formulas [Py is implied by
the schema IP defined in 1.13. To see this, note that in T dJ-free formulas
are logically equivalent to negated formulas, since =—B <> B (by induction
on the construction of B). On the other hand, IP is mr-realizable in HA®,
so the preceding theorem also holds with IP replacing P, for H equal to
I-HA® or E-HA"Y.

3.8. THEOREM. (Applications of modified realizability) Let H € {HA®,
I-HA®, E-HA“}, and let H' be H + [Py + AC. Then
(i) H' is consistent.

(i) H - AvB = H + AorH + B (for AV B closed) (Disjunction
Property DP).

(iii) H' + 32°A = H' + A[z/t°] for a suitable term t, FV(t) C FV(A)\{z}
(Explicit Definability ED).

(iv) H b V2?3y" A(z,y) = H' + 3297V27 A(z, zz) (Rule of choice ACR).
(v) H - (A — 32°B) = H'F 327(A — B) where A is 3-free (IPRes-rule).
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3.9. Concrete forms of modified realizability

The proof-theoretic applications of mr-realizability obtained by specifying a
model for HA® have in fact two “levels of freedom”: (a) the choice of a
model M, definable in a language £ say, and (b) the theory formulated in
L which is available for proving facts about M, i.e. the metatheory for M.

By “M definable in £7 we do not mean that M is globally definable
in £, but only that locally, for each A of HAY, we can express [AJr by
a formula of £. Thus choosing HRO for M is the first level of freedom,
and choosing some theory I' in the language of HA™ for proving facts about
HRO is the second level of freedom.

An interesting example of this occurs in connection with two models of
HAY which are similar to HRO and HEO respectively, but based on partial
continuous function application | instead of partial recursive application e .

The Intensional Continuous Functionals ICF are an analogue of HRO; we
give the intuitively simplest definition (which does not mean the technically
slickest) of the types:

ICFy :=IN,

ICFOO =IN — ]1\],

ICF,0 :={a : VBeICF,(a(B)])} (o #0),

ICFy, :={a : Vz(An.a({z) *n) € ICF,)} (o #0),
ICF,; := {«a : VBeICF,(a|B € ICF;)} (o,7 # 0).

Application is then defined in the obvious way: Appe.o(a, ) := a(5), Appo«(c, n)
= dm.a({n)*m), Apps., (e, B) := a|f, etc. Equality at type o is interpreted
by equality of numbers (for ¢ = 0) or functions (for o # 0).

The Extensional Continuous Functionals ECF are related to ICF in the
same way as HEO is related to HRO: one defines a hereditary equivalence
relation based on | instead of . ECF coincides with Kleene’sKleene, S.C.
countable functionals or Kreisel’sKreisel, G. continuous functionals.

Both ICF and ECF are locally definable in the language of EL*, and for
soundness of ICF-mr and ECF-mr relative to EL* nothing more is needed.
But additional axioms added to EL* may result in different properties of
the models, and hence of M-mr-realizability. Two mutually incompatible
additional axioms we can add to EL* are FANp and a version of Church’s
ThesisChurch, A.

CT VaTzVy(ax = xey).

CT states that the function variables in EL* range over the total recursive
functions; the incompatibility of CT with FANp follows from Kleene’sKleene,
S.C. well-known example of a primitive recursive tree well-founded w.r.t. all
total recursive functions but not w.r.t. all functions, since the depth of the
tree is unbounded (cf. (7, 4.7.6)).
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Assuming FANp, we can show that ICF and ECF contain a Fan Func-
tional ¢y satisfying the axiom for a Modulus of Uniform Continuity

MUC V22V WVa<yVB<y(a(puczy) = B(duczy) — za = 23).

If we add MUC to HAY, we can mr-interpret FANp. If, on the other hand,
we use EL* + CT as our metatheory for ICF-mr, we can realize a statement
positively contradicting MUC. See (7, 2.6.4, 2.6.6, 3.4.16, 3.4.19).

As an example of an application of a concrete version of mr-realizability
we can show e.g. the consistency of HAY + IP, + AC + WC-N + FANp
+ EXT; 9, where WC-N is the schema Vadn A(a,n) — Yadn, mVp(am =
Bm — A(B,n)), and EXTy g is VaBz%(a = 8 — 22a = 223). (Use ICF-mz-
realizability with EL* + FANp as metatheory.)

NOTATION. Henceforth we write mrn, mrf for HRO-mr and ICF-mr-realizability
respectively. O.

3.10. Notes

Modified realizability was first formulated by (?); a concrete version equiv-
alent to our ICF-mr-realizability was used in (7).

(?) and (?) apply mrt-realizability to bounded arithmetic and related
systems, improving on earlier results obtained by (?) by means of numerical
realizability.

(?) used modified realizability to obtain consistency of intuitionistic
analysis with a restricted form of IP (Vesley’s principle). (?) used a mod-
ified realizability interpretation to obtain consistency of a weak version of
Church’sChurch, A. thesis with Kleene’sKleene, S.C. system for intuition-
istic analysis (i.e EL with bar induction and GC for the case A = 0 = 0),
together with Vesley’s Principle. The weak version of Church’sChurch, A.
thesis may be stated as: “each numerical function is not not recursive”. In
(7, 3.4.15) it is observed that the modified realizability of (?) is essentially
abstract modified realizability interpreted in the type structure consisting
of the recursive elements of ICF, and that the consistency proof covers in
fact full IPqs ((?, 3.4.18)).

Some further examples of papers using or discussing modified realizabil-
ity are Dragalin(?), Diller(?), Grayson(?, 7), van Oosten (?). Scedrov and
Vesley (7). See also 9.8 on (7, 7).

4 Derivation of the Fan Rule

This section is devoted to an “indirect application” of modified realizability:
it is shown how closure under the rule of choice ACR, obtained from mrt-
realizability, may be combined with the (intrinsically interesting) notion of
“majorizable functional” to obtain closure under the Fan Rule.
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We can define the so-called majorizable functionals relative to any finite-
type structure. They are introduced via a relation of majorization, defined
as follows.

4.1. DEFINITION. t*maj,t, for t*,t € o, is defined by induction on o:

t*majot =t* >t
t* maj s« -t :=pot* maj, pot A pit* maj, pit,
t*maj ot =Yy y(y* maj,y — t*y* maj, ty, t*y).

Furthermore we put
t € Maj := 3t*maj,t (“tis majorizable”).

LEMMA. t*majt = t* majt*.
Proof. Induction on the type of t.

4.2. DEFINITION. For each t € 0o we define t+ € 0o by induction on the

structure of o.

tt0 =10, t17(Sz) = max{t*2,t(Sz)} for o =0,
t+ = An.[Ay((An.tny)Tn)] for o = o109,
t+t = dn.p((An.po(tn))tn)((An.pi(tn))Tn) for o = o1 x 0.

LEMMA. If¥n®(FnmajGn), then F* majG™,G.
Proof. We use induction on ¢. Let F'n,Gn € o.
Case (i) o0 = 0. Almost immediate.

Case (ii) 0 = 0102. The assumption yields

s*majs = Fns*maj Fns, Gns
for all n € IN. By the induction hypothesis we have
(1) (An.Fns*)t maj (An.Fns)™, (An.Fns), (An.Gns) ™, (An.Gns),

Now by definition of F*, G* and beta-conversion:

(An.Fns*) k= F*ks*
(An.Fns)Tk =F*ks
(An.Gns)Tk =GTks

If n > m, we obtain from (1)
Ftns*maj Ftns, FTms, Fms, FTns*majGTms, Gms.

and from this FnmajF ™ m, Fm,G"™m,Gm. Since n > m, it follows that
FtmajGT,G.
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Case (iii) 0 = 01 X o2. We are given Vn(FnmajGn), so
Yi(p:(Fin) majpi(Gn) (i € {0,1).
So we have
Vn((An.pi(Fn))nmaj (An.p;(Gn))n)
and hence by the induction hypothesis
(An.pi(Fn))" maj (An.p;(Gn)) ™, An.p;(Gn).
From this we obtain for n > m, i € {0,1}
(n.pi(F))*nmaj (An.pi(Fn)*m, (n.pi(Gn))*m, (n.pi(Gn))m,
Pi(F ' n) majp;(F m), pi(GTm),pi(Gm)

and therefore hence F'* majG™,G.

4.3. PROPOSITION. Let all free variables in t € T be of type 0 or 1; then
there is a term t* € 7 with FV(t*) C FV(t), such that HA® F t* majt*, t.
Proof. For each constant or variable of type 0 or 1 of HA® (¢ say) we show
that there is a ¢* € 7 with ¢*maj, c.

(a) Omaj0, SmajS are immediate;

(b) 2% maj2°; for y' define y* by recursion as y;

(c) kmajk, smajs, pmajp, pomajpo, P1 maj pi;

(d) If r is the recursor with rOts =t etc., take r* :=r™.

4.4. THEOREM. (Fan Rule) Let A be a formula of HAY containing only
variables of types 0 or 1 free, then HA“ + Va<f3dn A(a,n) = HA®
ImVa<pf3In<m A(a,n), where a < 8 :=Vm(an < fn).

Proof. Let HA® - Va<f A(«, Fa) for a suitable term F' € (1)0. F' is ma-
jorizable, so there is an F™* such that F* maj F'*, I which means in particular
that Va3(3 > a — F*8% > Fa) and hence HA® + Va<pan<F*3% A(a,n). O

REMARKS. Switching from a recursor of type o(c00)0c to a recursor of
type 0(c0c)oo is purely a matter of technical convenience; these recursors
are interdefinable.

In (?) the following generalization is established for E-HAY:

FVavVe<,sady" Ala, z,y) =+ VavVe < sady<raA(a, x,y),

where 7 € {0,1,2}, s € 1p, s closed, and where <, is defined by induction
on the type structure by 2° <q yo := z < y, 2°7 <,y y°7 := V2 (2y <, y2),
27T <oxr Y7°7 == Pox <o PoY A P1Z <7 P1Y.

As observed above, the proof of closure under the Fan Rule given above
depends on realizability only to the extent that we have used modified re-
alizability to obtain closure under the fan rule. For other systems other
interpretations, such as the Dialectica interpretation, yield closure under
the rule of choice; cf. (?).
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4.5. Notes

The notions of majorization and majorizable functional were introduced by
(7). The present version is a modification due to Bezem(?, ?), called strong
majorization by him; we have added a clause for product types.

(?) introduced a version of Bezem’sBezem, M. definition with a special
clause for types of the form ¢0; however, in the presence of product types
we found it more convenient to stick to Bezem’sBezem, M. definition.

The proof of the Fan Rule presented here is due to (7). For other proofs,
see e.g. (7), (?), (7,9.7.23).

5 Lifschitz realizability

Lifschitz, V. This type of realizability was invented by (?) to show that
Church’s Thesis with UniquenessChurch, A.

CTy! Vaedly A(z,y) — FzVa(zexl N Az, zex))

does not imply CT( in HA*. The idea to achieve this, is to use as realizer
for an existential formula not a single instantiation for the quantifier, but a
finite inhabited set of possible instantiations, such that in general there is no
recursive procedure for selecting elements of such inhabited sets, although
for singletons there is such a procedure. The sets we use are given by

Ve ={y : y < prz AVn—=T(pozx,y,n)}.

If we know that V;, is a singleton, say {y : 0 = 0}, we can find y recursively
in x as follows: we start computing poxez for all values of z < piz; as soon
as we have found terminating computations for p;z arguments, we know
that the remaining argument < pjx is the required y.

5.1. DEFINITION. The clauses for rln-realizability are identical to the
clauses for rn-realizability, except for the existential quantifier:

zrindy A = Inh(Vi) AVy € Vi(p1yrln Aly/poyl)

where “Inh(W)” means that 3z(z € W). O

In this form the notion appears as a modification of numerical realizabil-
ity. There is also a Lifschitz’sLifschitz, V. analogue of function realizability.
In that case the sets of realizers for the existential quantifiers take the form

Vo :={v : v < prw AVn(poa(n) = 0)}.

The V,, are not finite, but compact. There is no general method for finding
an element in inhabited V,, which is continuous in «, but there is a method
for V,,’s which are singletons. There is no interesting “abstract” version of
LifschitzLifschitz, V. realizability.
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5.2. DEFINITION. rlf-realizability is defined as rf-realizability, except for
the clauses for the existential quantifiers, which become:

arlf 3BA := Inh(V,) Ay € Va(p1y rlf A[3/por]),
arlf Az A := Inh(V,) AVy € Vo(pryrlf Alz/(poy)0]). O

5.3. Summary of results for rln-realizability

DEFINITION. In HA* the bounded 33-formulas (BX9-formulas) are formulas
of the form Jr<t—(s = s'); the BXY-negative formulas are the formulas
constructed from prime formulas s = s’ and BX-formulas by means of
V,A,—. O

Corresponding classes in HA are defined as follows. A formula of the

form Jr<yVz A with A primitive recursive is called a bounded ¥3-formula
(BX9-formula); the BX9-negative formulas are the formulas constructed from
Y0-formulas and BX.9-formulas by means of ¥, A, —.
N.B. Although the class of BX9-formulas in HA* is somewhat wider than
the corresponding class in HA, the BX9-negative formulas for HA* and
HA are the same modulo logical equivalence. To see this, observe that
(a) a H{-formula in HA can be written as —s = s in HA*, and (b) 3z <
t—(s = ¢') in HA" is equivalent to a formula of the form Jy(t = y) AVz(t =
z — Jr<z.A(x)), with A primitive recursive, which is BXY-negative in HA
modulo logical equivalence.

In the case of numerical LifschitzLifschitz, V. realizability, we cannot
take as our basis theory HA*, but need instead an extension HA', which
is HA* + M + CBXY; here CBXY, the Cancellation of double negations in
Bounded X9-formulas is:

CBYY -—A — A (for A in BX)).

Van OostenQOosten, J. van showed that in fact CBX is equivalent to the
following principle

Vnm(Pn VvV Qm) — (YnPn VvV VYmQ@Qm) (P,Q primitive recursive),

where n € FV(Q), m ¢ FV(P). Soundness now holds w.r.t. HA', i.e. for
all sentences A

HA'-A = HA'FnrlnA

for a suitable numeral n. The following properties of the V,, are crucial in
the proof of the soundness theorem:

(i) for some total recursive fo, Vzy(y € Vi () <> ¥y = ), i.e. indices of
singleton V;’s may be found recursively in their (unique) elements.

(ii) There is a partial recursive f; such that for any operation with code
z, total on Vy, the image of V}, under z is V}, ;).

(iii) There is a total recursive fa such that Vi, = U{V. : z € Vi }.
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(iv) There is a partial recursive f3 such that HA' - Vz(Inh(V,,)A VyeV,.(yrln A)

With respect to the class of self-realizing formulas, we note an interesting
deviation from the notions of realizability considered hitherto: these are not
just the 3-free formulas, but the wider class of BXy-negative formulas. Now
we can axiomatize rln-realizability relative to HA' by means of the following
scheme for BX9-negative A:

ECTy, Va(Ax — JyBzxy) — F2Vr(Ar — zex) A Inh(V,ez) A VUEV, e, Bru).
An interesting special case of ECTy, is ECTy! which can be formulated as
Va(Az—3ly Bry) — 32Va(Ax — zex|AB(x,zex)) (A BX9-negative),

with the help of the following

LEMMA. There is a partial recursive f5 such that

HA' FVz(FaVy(x =y <y € Vo) — f5(2) € V).

5.4. PROPOSITION. (Applications)
(i) HA' + ECT}, is consistent;
(i) HA* + ECTy! i CTo;

(iii) HA' is closed under the rule ECRy, and a fortiori under the rule ECRp!
(as ECTy, and ECTy! but with main — replaced by = etc). Since HA'
also satisfies the rules DP and EDN, we can formulate the rule ECRp,!
even more strongly as: for A in BXY,

F Vo (Az — JlyBry) = F Vo (Az — nex) A B(x, nex)
for a suitable numeral .

5.5. Summary of results for r1f- and rlft-realizability

The basis theory is now an extension of EL*, namely EL' = EL* + Mqp +
KLqr, where Mqr is Markov’s principle for quantifier-free formulas, and
Konig’sKonig, J. Lemma for quantifier-free formulas is the schema for quantifier-
free A.

Vzan(lth(n) = x An<a A An)

KLar AYnm(A(n * m) — An) — 33<avn A(Bn)

(n<a := Vy<lth(n)((n)y < ay); Ja<H(...) == Ja(a < ¢ A...)). The ana-

logue in EL/ of the BX-negative formulas are the BX3-negative formulas (a
BX}-formula is a formula of the form Ja<¢-s =t (a Bounded 33 formula);
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the class of BX3-negative formulas is obtained from formulas BX.}-formulas
and prime formulas by means of —, A, V). O

As a typical result one obtains that GC! (i.e.the special case of GC with
uniqueness for the existential quantifier) does not imply GC, not even the
special case of WC-N.

REMARK. KLqp for the language of EL* follows from KLqr for EL by
observing that KL with 4 € 3 is derivable from KLqr in EL.

5.6. Notes

(?) defined Lifschitz’Lifschitz, V. realizability for certain set theories and
uses it to obtain independence of CT( from CTy! for these theories. Other
relevant papers are van Qosten(?, 7, 7). As to (?), see 8.28.

It is possible to combine LifschitzLifschitz, V. realizability with modified
realizability for HRO (7).

It is not known whether for some or all results perhaps weaker theories
than HA’, EL’ will suffice.

6 Extensional realizability

It is also possible to combine the idea of realizability with extensionality, by
defining not just a notion of the form “z realizes A”, but a relation between
realizing objects: “x and y equally realize A”. The definition below has
been written out for HA* and partial recursive application, but also makes
sense in the abstract setting of APP, if we read everywhere re for rne.

6.1. DEFINITION. We define “z = 2'rne A” (z,2' &€ FV(A), = £ y), by
induction on the complexity of A:

x =2a'rne P =(x=2" AP Az|[ANZ']) (P prime),
x =2a'rne (AN B) := (pox = pox’ rne A) A (p1z = p12’ rne B),
x=12'rne(A— B) .=z AN2'| AVyy'(y =9y rne A —

xey = woy rne B A x'ey = x’ey’ rne B A ey = 2’ey rne B),

x=1a'rneVy A := Vy(zey = z’ey rne A),

r=1z'rnedyA = (por = por’) A (P17 = p12’ rne Afy/poz]),
and we put

rzrne A := z = zrneA.

As always, rnet-realizability is obtained by adding “A (A — B)” in the
implication clause. O
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REMARKS. Note that zrn A does not in general imply x = x rne A; for if
x = xrne [Vy(t = 0) — Vz(s = 0)], then = must yield the same value when
applied to extensionally equal realizers z, 2’ for Vy(t = 0); on the other hand,
for an z such that zrn [Vy(t = 0) — Vz(s = 0)] no such restriction applies.

The definition may also be formulated as a simultaneous inductive defi-
nition of “x extensionally realizes A” and “z and y are equivalent realizers
for A”, but this is more cumbersome.

It is straightforward to prove soundness.

The 3-free formulas play the same role as in rn-realizability. On the other
hand, no simple axiomatization of the provably rne-realizable formulas is
known.

For proofs of the following facts we refer to (7).

6.2. The difference between ordinary realizability and extensional realiz-
ability is demonstrated by the fact that the following instance of ECTy is
not rne-realizable:

Vz[Vedy(——FuT zzu — Tzxy) — JvVe(ver A (—m—JuTzaxu — T(z,x,vex))]

On the other hand it is not hard to verify that the following “Weak Extended
Church’s Thesis” Church, A. is provably rne-realizable:

6.3. PROPOSITION. In HA we can rne-realize:
WECTy Vz(A — Jy Bxy) — ~—32Ve(A — zex] A B(z, zex))

for -free A.
A nice application of rnet-realizability is the following refinement of
ECR.

6.4. PROPOSITION. Assume for 3-free B that in HA*
FVz(Va3dy Bzey — JuCzu)

then for some 7

F Vz(fiez AV, V' (Vo (ver = v ex AB(z, 2, vex)) — Nezev = fiezet/ AC(z, ieze0)).

6.5. Notes

Extensional realizability appears for the first time explicitly in some unpub-
lished notes by (?), and implicitly in (?).

(?) and Beeson(?, ?) use an abstract version of extensional realizability
in combination with forcing, to prove that ML (the arithmetical fragment
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of the extensional version of Martin-Lo6f’sMartin-Lof, P. type theory) is con-
servative over HA. ML includes E-HA“+AC as a subtheory. See also (7).
The proofs by RenardelRenardel de Lavalette, G. R. and BeesonBeeson, M.
J. extend earlier work of (?7)3.

There is a close similarity between “z = 2’ rne A” and “z =2’ € A” in
the type-theories of Martin-LofMartin-Lof, P. (7, ?), so it is not surprising
that an interpretation akin to extensional realizability can be used to model
(parts of) Martin-Lof’sMartin-Lof, P. extensional type theories, cf. (7). See
also 9.3.

rne -realizability for the language of arithmetic does not lend itself to
a straightforward axiomatization in the same manner as ECTy might be
said to axiomatize rn-realizability relative to HA. But (?) showed that
axiomatization is possible in a suitably chosen conservative extension of HA
plus Markov’s principle. The same paper discusses also rne-realizability for
higher-order logic in the form of certain toposes.

7 Realizability for intuitionistic second-order arith-
metic

7.1. The system HAS

HAS (HeytingHeyting, A. Arithmetic of Second order) is a two-sorted exten-
sion of HA with quantifiers over P(IN), the powerset of IN. So the language
of HA is extended with set variables X,Y, Z, and corresponding (second-
order) quantifiers VX, 3Y; atomic formulas are now of the form ¢ = s or Xt
(also written ¢t € X) for individual terms ¢, s and set variable X.

Instead of formally introducing set-terms A\z.B (B any formula) we can
formulate the axiom for second-order V as

VX.A - A[X/\z.B]

where A[X/Az.B] is obtained from A by replacing every occurrence of Xt
by Blz/t]. Alternatively, we restrict the V2-axiom to

VX.A— AX/Y]
while adding the axiom schema of full comprehension
CA AXVe( Xz +— A) (X € FV(A)).
Moreover, we require sets to respect equality
VXzy(Xx Ax =y — Xy).

HAS" is related to HAS in the same way as HA™ to HA. In particular,
for the set variables we have strictness: Xt — t].

3We do not know whether the treatment in (?) is really equivalent to the one in (?).
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7.2. Realizability for HAS*

It is quite easy to extend rn-realizability from HA* to HAS* by “brute
force”; we assign to each set variable X a new set variable X*, represent-
ing the “realizability predicate” and then add the following clauses to rn-
realizability for HA™:

xrn Xt = X*(x,t) (xlis automatic by strictness)
rrnVX A:=VX*(zxrnA),
zrndX A:=3X*(xrm A).

Here Y (t,t') for any set variable Y abbreviates Y (p(¢,¢')). (Nothing pre-
vents us from taking X* = X, but in discussions this is sometimes inconve-
nient and confusing.)

7.3. REMARK. In a second-order context, L, 3 and A are definable in terms
of — and V, in particular

Y. A =VZO VY (A — Z°) — 29,
ANB:=VZ°((A— (B— 2)) = Z),
il =vZ°.7,

where Z° ranges over propositions. (Strictly speaking, we do not have vari-
ables over propositions, only over sets, but the addition of proposition vari-
ables is conservative, since one may render (Q Z°)A(Z°) as (Q X)A(X0) for
Q € {V,3}.) Using this definition of 3, the clause for realizing 3X.A is in
fact redundant, and we obtain an equivalent notion of realizability. A vir-
tually immediate consequence of soundness for rn-realizability for HAS is
the consistency of HAS with Church’sChurch, A. thesis and the so-called
Uniformity principle

UPpP VX3y A(X,y) — FyvX A(X,y).
7.4. ProproOSITION. HAS* + ECTy + UP + M is consistent.

Here ECT) is formulated as for HA*, except that A is restricted to I-free
formulas of HA*, while B is arbitrary.

7.5. rnt-realizability for HAS*

Extension of rnt-realizability to HAS" is similar to the extension of rn-
realizability, but we have to be slightly more careful: we want to keep track
of realizability and truth, so we want to associate with an arbitrary set X an
arbitrary Y together with its realizability set Z. It is convenient to encode
Y and Z into a single set X™*; we put

X% = {n: X*(20)}, X" :={n: X*(2n+1)}
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representing the two components of truth and realizability respectively. The
new clauses in the definition of rnt-realizability now become

rrnt Xt = X*(t) A X (2, t),
zrntVX A =VX*(zrntA),
zrnt3IX A = 3X*(xrnt A),

zrnt (A — B):=Vy(yrnt A — zeyrnt B) A (A — B)¥,

where C* is obtained from C by replacing all occurrences of Yt by Y*(¢).
It is readily verified that for all A with second-order variables contained in
{X1, X9, ... X0}

FAXY, . XX X e A
- 2zrnt A — A*

and we find that soundness holds. An interesting corollary is

7.6. PROPOSITION. HAS™ is closed under the Uniformity Rule
UR FVX3yA(X,y) & F JyvX A(X,y)

and satisfies DP and EDN.

7.7. Second-order extensions of other types of realizability

The preceding two examples reveal something of a pattern for the extension
to second-order languages. The pattern will become still clearer when we
study the extension to higher-order logic in the next section, but let us
already now indicate what has to be done to extend extensional and modified
realizability.

In the case of extensional realizability, set variables should get assigned
variables ranging over partial equivalence relations over IN. (A partial equiv-
alence relation satisfies symmetry and transitivity, but not necessarily re-
flexivity). Second-order quantification is treated in the “uniform” way, just
as for ordinary realizability.

In the case of modified realizability, there is no immediate generalization
of the abstract version for HA® | but we can generalize HRO-mr-realizability;
we shall abbreviate this as mrn-realizability (“modified realizability for num-
bers”).

In this case we need to assign to each formula not only a set of re-
alizers, but also a set of “potential realizers”, which determine the do-
main of definition in the case of implication. (In the case of HRO-mrn-
realizability restricted to HA®, the sets of potential realizers are always of
the form HRO,.) In particular, we must assign to set variable X two vari-
ables X* (representing the realizing numbers) and X9 (representing the set
of potential realizers). We then define for each formula A the predicates
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rmrn A (“z HRO-modified realizes A”) and A? (the set of potential real-
izers). Some typical clauses for the potential realizers: (¢ = s)4 := IN,
(A — B) = {2 : YycAd(zey € BY)}, (vX.A)? := VX949 and for the
realizability xmrn Xt := € X4 A X'(z,t), 2mrn (A — B) :==z € (A —
B)A AVy(ymrn A — zeymrn B), zmrnVX.A := VXIX"(2zmrn A).

The reader will have no difficulty in supplying the remaining ones, keep-
ing in mind that this is to be an extension of HRO-mr-realizability. However,
in verifying soundness, it turns out that there is on important extra prop-
erty required of the A4: there should always be a fixed number in the sets of
potential realizers, so that operations defined over the A4 must be defined
at least somewhere. If we let the variables X9 range over inhabited sets
containing 0, and if we choose our godelnumbering of partial recursive op-
erations in such a way that p(0,0) = 0 and Az.0 = 0, it follows that 0 € A4
for all A.

7.8. Realizability as a truth-value semantics

It is instructive to rewrite ran-realizability for HA™ in the form of a valuation
in a set of truth-values. Let X, Y € P(IN); we define

DEFINITION.
XANY ={p(z,y) rx€e X NyeY},
X =Y ={z:VreX(zex€Y)},
XVY ={p(0,z) : z€ X} U{p(Sz,y) : ze N,y € Y},
XY =X->Y)A Y = X).

We associate to each formula A of HA* a set [A] of realizing numbers:

[t=s] :={z:t=s},

[AAB] =[A]A[B],

[A — B] := [A] — [BI,

[VzA] = {z : Va(zex € [A])},
BzA] = {p(y,2) : z € [Alz/y]]}-

The defined set contains the free variables of A as parameters. Furthermore
we can put, in keeping with our definition of disjunction,

[AvB] = [A]Vv[B]. O

The elements of P(IN) act as truth-values; all inhabited elements represent
“truth” in the sense of realizability.
If we now want to extend this to HAS*, we should put

[Xt] :={z: X*(z,0)},
[VX.A] := ([AX)].
X
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and now [A] contains for any X free in A a parameter X*. (We may do
without an explicit definition for the cases for A, d since these are definable
in a second-order setting, cf. 7.3.)

Note that numerical and set quantifiers are treated in a completely dif-
ferent way. This can be remedied in this case in a more or less ad hoc
manner: we associate with each domain D a set-valued function Ep on the
elements, giving their “extent”. In the case of HAS* we take

En(n) = {n}, Epm)(X) = {0},
and define for domains D

[Vz € D.A@)] = (B2 — [A(2)])

x/

where z’ is the parameter in [A(z)] corresponding to z (i.e. = = 2’ for
numerical z, '’ = X* if 2/ is a set variable X). (To see that the resulting
notion of realizability is equivalent in the sense of 1.2, take for the ¢ and :
Pvza(Y) = A2.da(2) (Yox), Yuza(y) = AxPa(2)(yox), Pux.a(y) = Az.0a(y)
(z not free in ¢a(y)), Yvx.a(y) := ¥a(ye0).) Such an ad hoc solution to
enforce uniformity of definition will not be satisfactory in the case of higher-
order logic, to be discussed in the next section.

7.9. Notes

(?) extended mrn-realizability, and (?) extended g-realizability to HAS;
here we have recast Friedman’sFriedman, H.M. definition as rnt-realizability.

The idea of realizability as a truth-value semantics occurred to several
researchers independently, shortly before 1980. The first documented refer-
ence to “realizability treated as a truth-value semantics” I could find is (?7),
cf. also (7). Other authors credit W. PowellPowell, W., or D.S. ScottScott,
D. S. with the idea.

8 Realizability for higher-order logic and arith-
metic

8.1. Formulation of HAH

Higher-order logic is based on a many-sorted language with a collection
of sorts or types; we use o,0’,...,7,7’,... for arbitrary types. There are
variables (z7,y%,27,...) for each type, and an equality symbol =, for each
o. Relation symbols and function symbols may take arguments of different
types. For quantifiers ranging over objects of type o we sometimes write
Yreo, dr€o instead of Va7, Jx.

For intuitionistic and classical higher-order logic there are certain type-
forming operations generating new types with appropriate axioms connect-
ing the types.
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DEFINITION. (Azioms and language for higher-order logic) In a many-sorted
language for higher-order logic, the collection of types is closed under x, P, —,
ie.

(i) with each type o there is a power type P(o);

(ii) with each pair of types o, T there is a product type o x T and a function
type o0 — T.

One often includes a type w of truth-values; then P(c) may be identified
with o — w.

There is a binary relation €, with arguments of type o,P(0); instead
of €,(x,y) we write z €, y and sometimes y(z) (predicate applied to argu-
ment).

For types 0 — 7,0 there is an application operation App, , such that
for t € o—7,t' € 0, App, ,(t,t) is a term of type 7. Usually we write ¢t/
for App(t,t').

For each pair o, 7 there are functional constants p®7, pJ”", p]”" such that
p takes arguments of type o, 7 and yields a value of type o X 7, pg, p1 take
arguments of type o x 7 and yield values of type o and 7 respectively. The
pairing axioms are assumed:

PAIR Vaozr:(pi(p(xo,x1) = ;) (i =0,1)
SURJ Vz?*7 (p(poz, p17) = ).

For power-types we require replacement

REPL VXPOT T (z e X Ao =y — y € X),

as well as extensionality and comprehension:

EXT VXPOYPO (v (z e X s 2zeY) = X =Y)),

CA AXPOY2 (e X & A(z)).

For function types the corresponding requirements are

EXTF Vyo 720 7T (Ve (yx = zx) =y = 2)

CAF Vool  A(x,y) — 3277 7Va? A(x, 2x).

If the type w is present and P(o) is identified with 0 — w, EXT and CA

become special cases of EXTF and CAF, and REPL follows from the fact
that functions respect equality.
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8.2. DEerINITION. HAH, intuitionistic higher-order arithmetic (“Heyt-
ingHeyting, A. Arithmetic of Higher order”) is a specialization of higher-
order logic based on a single basic type 0 (or N) for the natural numbers;
types are closed under power-type and function-type formation.

On the basis type 0 an injective function S : 0 — 0 is given, with axioms
Sx =Sy — x =1y, 0# Sz. Defining

e IN:=VX(0e X AVy(Xy — X(Sy)) >z € X)

we add an axiom stating that all elements of type 0 are in IN: Vz0(x € IN).
As a result, the induction axiom becomes valid. O

REMARKS. (i) E-HAY is a fragment of HAH based on type 0 and function-
type formation only.

(ii) It is well known, that if we consider in HAH any set X with a special
element o € X and a function f : X — X, then there is a unique function
F : IN — X such that FO = zg, F(Sz) = f(Fz). In particular, if f is
injective, then the image f[X]U {zo} is isomorphic to the type N.

8.3. Numerical realizability for many-sorted logic

Since our versions of intuitionistic higher-order logic, and the system HAH
are based on intuitionistic many-sorted predicate logic, we first discuss re-
alizability for many-sorted logic. Our definition of realizability will be mo-
tivated by the truth-functional reformulation of realizability for HAS in
7.8.

We start with realizability for many-sorted logic without function sym-
bols. Below 2 = P(IN), Q* is the collection of all inhabited subsets of IN.
We first introduce €)-sets, which will serve to interpret the types with their
equalities.

8.4. DEFINITION. An Q-set X = (X,=x) is a set X together with a map
=x: X? — Q such that the following is true (writing t =y ¢’ for =x(¢,t')):

Ney(@ =2y —y=xz)cQ,
mmvy,Z(‘T =xYNY=x 2 > =x Z) € O*.

Here A, — on the left have to be understood as defined for elements of €,
as in 7.8. We write Ext for t =y t.5
The Q-product of two Q-sets X = (X,~) and Y = (Y,~/) is the Q-set
X xY= (X xY,~") where
(z,y) ~ (2,y) = (x ~ ) Ay ~9).

A product of n factors X1, ..., &, is defined as (X} X -+ x X;,—1) X X,.
We use calligraphic capitals X, ), ... for Q-sets. O
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EXAMPLES. € itself may be viewed as an Q-set (€, <>) where X < Y is
defined as in 7.8. Another example is N := (IN,=p), where n = m :=

{n}n{m} ={n : n=m}.

8.5. DEFINITION. Let X = (X,~) be an Q-set and F' : X — ) a map.
We put

Strict(F) = ﬂ (Fx — Ex),
reX

Repl(F) := ﬂ (Fx ANx ~y— Fy).
z,yeX

An Q-predicate on X is an F' : X — Q such that Strict(F") and Repl(F') are
inhabited (belong to 2*). An Q-relation on X1, ..., A, is an Q-predicate on
X1 X - X A,

If (X xY,~) is the product of the Q-sets (X,=x) and (Y,=y), and
F: X xY — Q, we define

Fun(F) := ﬂ (F(z,y) NF(z,2) =y =y 2)
x,Y,z
Total(F) := ﬂ(Ea: — UF(:U,y))
z y
An Q-function from X to Y isan F : X xY —  such that Strict(F),
Repl(F), Fun(F'), Total(F) are inhabited. The definition of Q-function for
more than one argument is reduced to this case via products of ()-sets. O

8.6. DEFINITION. An interpretation [ ]| of a many-sorted relational lan-
guage assigns

(i) to each type o with equality =, an Q-set [o] = (7, [=+]); for [=+](z, x)
we also write F,x, and we shall permit ourselves in the sequel a slight
abuse of language, using [o] also for the underlying set &.

(ii) to constants ¢ of type o an element [c] of [o],

(iii) to each m-ary relation symbol R, taking arguments of sorts o1, ..., 0y,
respectively, an Q-relation [R] on [o1],..., [on]- O

N.B. It is important to observe that for practical purposes the definition of
Ez for an Q-set (X,~) may be liberalized, it suffices that (), (Ez < x ~
x) € Q.

REMARK. If in the definition above we take for {2 a complete HeytingHeyt-
ing, A. algebra, and replace [ in the conditions above by the meet operator
N\, and take Q* := {T}, T the top element of €, we obtain precisely the
interpretation of many-sorted intuitionistic logic in (2-sets, as described in
(?) or (7). There Et measures the “degree of existence” of t.
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8.7. DEFINITION. Let X = (X, ~) be an Q-set, and let F' : X — Q, then

VaeXF(x) = (] (Bxz — Fz), 3u€XF(x):= | J (Bxz A Fz). O

zeX zeX
N.B. WVr e X...”, “dr € X...” indicate elements of {2, but “Vr € X ...”,
“dr € X ...” refer to ordinary quantification.

8.8. DEFINITION. The interpretation of formulas of a many-sorted rela-
tional language may now be given modulo assignments p for the variables.
Let p be an assignment of elements of [o] to the variables of type o, for
all 0. For constants ¢ the interpretation [c], is supposed to be given; for
variables [z], := p(z), and for prime formulas

[[t —o t/]]p = [[:a]]([[t]]pa [[t/]]p)7 [[R(tla s atn)]]p = [[R]]([[tl]]w RS [[tn]]p)a

and for compound formulas according to 7.8, i.e.

[AANB], :=[Al, A[B,
[A— B], =[A], — [Bl,,
[-4l,  =[4],—0,
[Vaco.A], := (VdE[o])[Al pu/a:
[Bxeo.A], = (3de[o])[A] pa/a,

where p[x/d] is the assignment given by p[z/d](y) = p(y) for y # x, pz/d](x) =
d. Instead of using assignments, we may also use a language enriched with
constants as names for each €-set used for the interpretation of the types,
and define the interpretation only for sentences.

A sentence A is said to be wvalid if [A] € Q*. O
N.B. In the sequel we shall sometimes used “mixed” expressions: for an
Q-set X = (X, ~) [Vz € XYA(2)] := ,ex(Ex — [A(2)]), [z € XA(2)] :=
Usex (Bx A [A@)]).

8.9. PROPOSITION. Intuitionistic many-sorted predicate logic is sound for
realizability.

Proof. The proof is routine. The definition of an interpretation says that
for the Q-relation [R] interpreting relation R of the language the following
hold:

(1) Nz =yl = [y =) € 27,

(2) N[z=yIrly=2]—[z=2]) €,
T,Y,z
(3) () ([Rl(x1,...,2n) = Bz A... A Exy,) € QF,
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(4) ([RI(Z) A 7 = g1 — [R](9)) € @

57

<y

where of course [Z = ] abbreviates [x1 = y1] A ... A [z, = yn]; similarly
we may abbreviate Ex1 A ... A\ B, as EZ.

(1) and (2) guarantee the validity of symmetry and transitivity of equal-
ity, and (3) and (4) the validity of strictness and replacement for R. Reflex-
ivity translates into the trivial (), (Fz — [z = z]) € ¥, so does not need
an extra condition. O

The definition of the interpretation of a language with function sym-
bols is reduced to the case of relational languages, by regarding functions
as special relations (a partial function is a relation which is functional:
VZyz(R(Z,y) N R(Z,2) — y = z), and a (total) function is a relation which
is functional and total, i.e. satisfies VZ3yR(Z,y)).

8.10. DEFINITION. (Interpretation of function symbols) To each function
symbol F': 01 X -+ X 0, — 0 we assign an Q-function [F] from [oq] x -+ X
[ox] to [o]. In full the conditions read:

Bz = U,[FI(&.y) € @,

([F1(@,y) A[FI(E, 2) — [y = 2]) € Q"

8
D

z

For partial functions the first condition may be omitted. O
As to the reason for using relations to interpret functions, see 8.11.

8.11. DEFINITION. (Interpretation of formulas for languages with function
symbols) We now assume a language with relation symbols and symbols for
total functions.

We have to say how to interpret t; = ¢5 and Rt;...t, for compound
terms ¢, ...,t,. This is done recursively: t; = to for arbitrary ¢, to is inter-
preted as Jz(t; = v Aty = x); Fit1...t, = x is interpreted as Jz1 ... x,(t1 =
I N... Nty =2y N Fxy...2, = x); the value of Fzq ...z, = z is given by
[Fl(pz1,...,pTn, px). Rty...t, is interpreted as IZ(f = & A R(Z)). O

8.12. THEOREM. The interpretation above is sound for many-sorted logic.
Proof. Almost entirely routine. To see that e.g. all instances of VxA —
Alz/t] are valid, one should note that the “unwinding” of ¢; = ¢z and
Rty ...t, mentioned above is precisely what one does in showing syntac-
tically that the addition of symbols for definable functions with the appro-
priate axiom is conservative; the standard proof, e.g. (?), shows that the
“unwinding” translation of YxA — A[z/t] is in fact derivable in the rela-
tional part of the language.
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In our case this means that the soundness reduces to the soundness for
a relational language with an extra relation symbol Rp for each function
symbol F' in the original language. O.

8.13. REMARK. The reason that we have not imposed the stronger re-
quirement that a function symbol F' : 01 X -+ X g, — 0 is to be interpreted
by a function [F] : [o1] X --- X [on,] — [o] lies in the fact that this some-
times not sufficiently general: the interpretation of Vz3lyR(z,y) says that
No(Ex — U,[Rl(@,y) € @, and N,,.(IRl(@.y) A [Rl(z.2) - [y =
z]) € %, but there is no guarantee that we can find a function f such that
N, [R](z, fx) € Q*. Cf. the similar situation for the interpretations where
Q) is a complete HeytingHeyting, A. algebra; only for sheaves the situation
simplifies; see (7, 1.3.16, chapter 14).

EXAMPLE. Let f be a primitive recursive function with function symbol F
in the language of HA. Over the domain N' = (IN, [=n]) as defined above
we can introduce the interpretation of F' by the relation

Rp(n,m) = EnA[m = fn]

we add En to guarantee the strictness of Rr), so Rp := {p(n, fn) : n € IN}.
It is now routine to see that this yields a realizability for HA (equivalent
to) the one defined before.

8.14. REMARK. The modelling of many-sorted logic described above is
an interpretation in a certain category Eff, with as objects the {2-sets, and
as morphisms (equivalence classes of ) Q2-functions. More precisely, the mor-

phisms from X to ) are given by Q-relations on X' x ) such that (cf. definition
?7)

Strict(F'), Repl(F'), Fun(F'), Total(F) € QF,
modulo an equivalence ~ defined as
F~F = |Vay(Fay < F'zy)] = ﬂ(Ex A Ey — (Fxy < F'zy)) € Q*.
x?y

Composition of morphisms F' : X — ), G : Y — Z is given by the relational
product: G o F' is the relation on & x Z given by

(Go F)(x,z):=3y € Y(F(z,y) NG(y, 2)).

The identity morphism idy : X — X is simply (the equivalence class of)
idy(z,y) =z =xy.

Let Sets be the category of sets and set-theoretic mappings. There are
functors A : Sets — Eff and T" : Eff — Sets which may be described as
follows.
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A, the “constant-objects functor”, maps a set X to the Q-set (X, ~) with
x~y:={nelN:z=y} andif f : X — Y, then Af is represented by
the Q-relation Ry, Ry := (fx ~ y).

I['(X,~) = {z : Ex inhabited}/~, where ~ is the equivalence relation
x ~ 2’ := (x ~ 2/ inhabited). T is usually called the global-sections functor,
since it is naturally isomorphic tot the functor which assigns to (X, ~) the
set of morphisms T — (X,~); T is the terminal object ({*},=.) with
(x =4 %) = IN.

A preserves finite limits and is full and faithful; I also preserves finite
limits, and T is left-adjoint to A. N is a natural-numbers object in Eff, and
Eff is in fact a topos (see 8.15). For the theory of Eff, with proofs of the
facts mentioned above, see (?7); the general theory of realizability toposes is
treated in (?). Other sources of information on Eff are (?) and (?).

The categorical view provided by Eff suggests the following

8.15. DEFINITION. The Q-sets X = (X,~), Y = (Y,~/) are said to be
isomorphic if there are Q-functions FF : X XY - Q, G : Y x X — Q
such that G o F' =~ idy, F o G =~ idy, where ~ is defined as above, i.e.,
H =~ H' := [Vey(Hzy <> H'zy)]. O

It is easy to see that quantification over isomorphic sets yields equivalent
results, in the following sense:

LEMMA. Let X and Y be isomorphic via F,G. Then
VeeX . A(zx) = VyeY.A(Gy) = VyedVzeX .(G(y,x) — A(x)),

and similarly for existential quantification.

The proof is routine, relying on the soundness of logic. Important special
cases are (a) any (d-set X = (X, ~) is isomorphic to (X', ~[ X’ x X’) where
X' :={z : 2 € X and Ex € Q*}, and (b) the following situation: let
X = (X,~) be an Q-set, and let X’ C X such that

Vze X(Ex e Q" — 31" € X'(z ~2') € Q).

8.16. Products, powersets and exponentials

DEFINITION. The interpretation of a product [o1 X 2] is [o1] X [oz2]. The
functions p>7, pg’”, p]”" are simply represented by the pairing and unpairing
on the relevant Q-sets. O

In order to interpret higher-order logic, the interpretation of type ¢ and
types P(o) and o — 7 relative to the interpretation of o, 7, and the inter-
pretation of the relation €, as well as the operator App must be such that
extensionality and comprehension are valid.
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DEFINITION. Let X = (X, ~) be an Q-set; the Q-powerset of X, P(X), is
an Q-set (X — Q,~) where for F,G of X — Q:

E(F) = Strict(F') A Repl(F),
F~G :=FEF)NEG) NN, (Fz + Gz),
r €y F:=Fx N\NFEF.

Let X = (X,~),Y = (Y,~) be Q-sets, then the Q-functionset X — ) is
(X xY — Q,~) such that for ;G € X xY — Q

E(F) := Str(F') A Repl(F') A Fun(F') A Total(F)
F~G =, (Ex A By — (Fay < Gay)) A EF A EG,
Appy y(F,z,y) == EF A Fzy.

N.B. Here we have availed ourselves of the freedom to define E(F') so as to
be equivalent only to F' =~ F' in the realizability sense, not literally identical.
a

REMARK. As noted above,  itself may be viewed as an Q-set (2, ~). It is
then not hard to see that the Q-powerset of a 2-set X is in fact isomorphic
to the Q-functionset X — €.

DEFINITION. In an interpretation of intuitionistic higher-order logic pow-
ertypes and exponentials are interpreted such that [P(o)] is the P[o] and
such that [o — 7] is [o] — [7]. [€] :=€[+], [APPsr] == APP[,r]- O

REMARK. We can easily introduce subtypes of a given type, as follows. Let
X = (X,~) be an Q-set. Intuitively an Q-predicate over X determines a
subset of X. We may again make this into an (2-set:

DEFINITION. Let X = (X, ~) be an Q-set, and let F' : X — Q be an Q-
predicate; then the Q-subset of X' determined by F is (X', ~') with X’ :=
{z:Fre} e~y =~y O

N.B. An equivalent definition would have been obtained by taking X' = X,
and x ~y:= Fe AN Fy Ax ~ y. The resulting 2-set is isomorphic to the one
defined above.

8.17. PROPOSITION. Extensionality and comprehension are valid.
The proof is routine.

REMARKS. (i) In categorical terms, the preceding facts mean that the cat-
egory Eff has products and exponentials (i.e. is cartesian closed), and more-
over has a classifying truth-value object, namely (2,<), and hence is a
topos.
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The fact that the natural numbers are unique modulo isomorphism in
higher-order logic (8.2) corresponds in categorical terms to the uniqueness
of the natural number object in a topos.

(ii) Obviously, the notions needed for the realizability interpretation of
HAH can be formalized in HAH itself. If we assign a level {(o) to types o
according to £(0) = £(w) = 0, {(Po) = {(0)+1, {(c—T) = max({(o)+1, £(T),
l(oxT) = max({(c), (7)), then the interpretation of a formula of level < n
(i.e. all variables are of level < n) is definable by a formula of level < n.

Our next aim will be to show that for HAS the resulting notion of
realizability is in fact equivalent to realizability as defined in 7.2.

8.18. DEFINITION. An Q-set X = (X, ~) is called canonically uniform if
Nzex Ex is inhabited. X is wuniform if it is isomorphic to a canonically
uniform set.

8.19. LEMMA. For uniform Q-sets X = (X, ~) interpretation of universal
and existential quantifiers may be simplified to

VeeX Fx = ﬂ Fz, JzeX Fx = U Fax;
zeX zeX

more precisely, ((,(Ex — Fz) < (), Fz) € Q, (U, (ExAFz) < |, Fr) €
Qx.

PROOF. It suffices to prove this for canonically uniform -sets, and then it
is easy: let n € [, Ez, and let m € (), (Ex — Fz), then Vz(men € Fx),
i.e. men € N, Fz, etc. O

8.20. DEFINITION. Let X = (X, ~) be an Q-set. X is canonically separated
if

(x ~y) inhabited = x =y.
X is canonically proto-effective if
FEx N Ey inhabited =z =y.

X is separated [proto-effective] if X' is isomorphic to a canonically separated
[canonically proto-effective] Q-set. X is [canonically] effective if X is [canon-
ically] separated and [canonically] effective. O

8.21. PROPOSITION. Let X = (X,~) be a uniform and Y = (Y,~') a
proto-effective 2-set. Then the uniformity principle

UP(X,)) VeeX JyeY A(z,y) — JyeYVeeX A(z,y)

is valid.
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Proof. Without loss of generality we may assume ) to be canonically proto-
effective. Let n € (,cx Jy € VA(z,y), so n € U ey (Ey A A(z,y)), then
VzeX3yeY (pon € Ey), i.e. n € Uyey By N[ \ex Alz,y). O

The following proposition is not needed in what follows but describes
the logical significance of separatedness:

8.22. PROPOSITION. An-set X = (X, ~) is separated iff Va, ye X (——x~y —

x~y) is valid.

Proof. It is easy to see that a canonically separated Q-set & satisfies Vo, ye X (-—z~y —
x~y). Conversely, assume Vi, yeX (——x~y — x~y) to be valid. We define

for z,y € X:

[x] :={2’ € X : 2/ ~ z inhabited},
[z] = [y] :=={n € IN : x ~ y inhabited},
X' ={[z] : x € X}.

Then X’ = (X', =) is canonically separated and isomorphic to X’ via the
Q-relations F on X x X and G on X x X/, defined by

F([z],y) = G(x,[y]) := {n € IN : y ~ x inhabited}.

We have to show that F,G are strict, total, functional and that their com-
position is the identity. This is mostly routine. For example, to see that F
is functional, observe that our hypothesis gives the existence of an n such
that

(1) Vm,m/'(m € Ex Am' € Ey A (3m”" (m" € z~y) — nep(m,m’) € (z~y)).

The functionality of F amounts to validity of V[x], v, v/ (F ([z], y) AF ([z],y") —
y~1y), ie.
(N () (Blz]AByAEy A{n €N : 3m(m €z ~y)}A
(2) [xleX’y,y'eX
{neN : Im(m ez ~y)} - y~y) e Q"
Since z ~ y and x ~ ¥’ inhabited implies y ~ 3’ inhabited, (2) readily
follows from (1). O

The following proposition, with a proof due to van Oosten, justifies the
terminology “uniform”.

8.23. PROPOSITION. An Q-set X = (X,~) is uniform iff X satisfies
UP(X,N).

Proof. One direction is a consequence of proposition 8.19. The other direc-
tion is proved as follows. Given X, consider the Q-set V = (Y, ~) defined
by

Y :={p(z,n) : n € Exz},
(x,n) ~ (y,m):={n : n€x~yAn=m}.
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We shall write (y,n) for p(y,n) in what follows. There is an -function
G : Y — X given by

G((z,n),2') == (x ~ ') A{n}.
G is surjective as an {2-function, i.e.

VyeYdreX.G(y, x),
ie.

) Ey(y,n) = | (ExzAG((y,n),2)) € Q.

(y,n)ey zeX
Let H : Y — N be the surjective Q-function

H((x,n),m):={n : n=m}.
Then

VeeX Jye) IneN (G(y,z) A H(y,n))
is valid. If we assume UP(X, ), it follows that

IneN VeeX JyeY(G(y,x) A H(y,n))
is valid, which means that for some n € IN
(1) m (Ex — U (x ~2'))

zeX a'eX,neEx’
is inhabited. Let now Z := (Z,~), Z := {z€X : neFEx}, ~' the restriction
of ~ to Z. Clearly F defined by F(z,z') := (z ~ 2’) is an injection of Z

into X'; and the formula (1) states that this injection is also a surjection,
hence Z and X are isomorphic. O

8.24. PROPOSITION. The Q-powerset of a separated Q-set X = (X, ~) is
uniform.

Proof. Let X be canonically separated, and let )V : X — Q be an element of
the Q-powerset P(&X') of X', then Ak.pok realizes Repl(Y); n € Str()) means

n € Nex(z €Y — Ex).
By restricting attention to “normal” ) we can construct uniform realizers
for Fy. Let us call Y normal if

m € Y(x) = p1m € Ex.
For normal Y, Am.pim € Str(}), and so always
P(Ak.pok, Am.pim) € E(Y).

To show 2-isomorphism of P(X") with the subset of normal elements, observe
that if we map arbitrary Y to ®()) with ®(Y)(z) := {p(n,m) : n € Y(x) A
m € Ex}, we have that ) =p(x) ®()) is inhabited:

(N@eYeared))) e

reX
If n € Str()), k € (x € V), then nek € Ex, and p(k, nek) € ®())(x), etc. O
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8.25. PrROPOSITION. For HAS the realizability as defined above is equiv-
alent to rn as defined in 7.2.

Proof. This result is now obtainable as a corollary to the preceding propo-
sitions. As to the second-order quantifiers, we may restrict attention to the
normal elements of the Q-powerset of A/. Let

'(X) = {p(p(z,9),y) : p(z,y) € X},
"(X) :={p(z,y) : p(P(2,9),y) € X}.

®’ corresponds as operation on binary relations to ® above, ®” is its inverse.

Let rn be defined as for HAS-formulas as in 7.2 relative to an assignment
X — X* for second-order variables; and let rn’ be the realizability notion
as defined in this section, relative to an assignment X — X° of normal
binary relations to the second-order variables (i.e. xrn' Xt : =z € [Xt] :=
X°(x,t); zxn’ A := z € [A]). Then for all formulas A of HAS there are
da,Wa such that

crnA(Xy, ..., Xn) = arn A(Xq, ., X)) X0, .. XS ¥ X, X,
o A(X1, ..., Xp) = parn A(Xy, ..., X)) X7, ..., X5/D"X0, .. "XE],

where X1,..., X, is a complete list of the second-order variables free in A.
O

8.26. LEMMA. For Q-sets X = (X,~), Y = (Y,~'), ) separated, the
elements of the Q-functionset X — ) may be represented by functions
f: X—>Y.

Proof.Let F': X x Y — ) be an arbitrary element of the 2-exponent, for
which E'F is inhabited. Then for certain k, &

k€ Npex(Br = Uyey Fry),
K € ﬂxeX,y,y’eY(ny A ny/ —Y ~ y/)

By the second statement, it readily follows in combination with separated-
ness, that

Fzy inhabited, Fxy' inhabited = y =/,

and from the first statement that for all z with Ez inhabited, there is a y
such that Fzy is inhabited; so let f be the function defined for x with Ex
inhabited, such that F(x, fz) is inhabited. O

8.27. LEMMA. For separated [effective] J = (Y,~') the Q-function set
(X,~) = (Y,~)) is separated [effective].

Proof. By the preceding lemma we may represent (there is a little checking
to do, but we leave this to the reader) the elements of the exponent by the
isomorphic (X —Y,~) with

(f =~ g) inhabited = f =g,
f=f:={m:VyeYV¥ne Ey(men € E(fy))},
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or combined into a single definition:
fmg:={m: f=gAVyeYV¥nec Ey(men € E(fy))}.

The separatedness has been built into the definition; as to proto-effectiveness,
suppose F f N Eg inhabited, then for some m

Yy € YVn € Ey(men € E(fy) N E(gy));

by the proto-effectivity of ) it follows that Yy € Y (fy = gy), i.e. f=g¢. O

REMARK. The fact that X — ) is separated for separated ) is also easily
seen to hold for logical reasons (cf. 8.20): ——f = g +» = =Vz(fzr = gz) —

Va(fx=gx) < f=g.

8.28. PROPOSITION. The structure of functional w-sets generated from N
is isomorphic to HEO as defined in 3.3.

Proof. Induction on the type structure. O

The following is immediate:

8.29. PROPOSITION. For all function types o generated from type 0 in
HAH, the realizability interpretation validates a uniformity principle:

VXPO527 A(X, 2) — VX TOA(X, 7).

8.30. Generalization to other kinds of realizability

In the preceding section we have already indicated how the generalizations
of realizabilities to second-order logic follow a pattern. If we combine this
with the “truth-value semantics” idea introduced in the preceding section
and used extensively above, we are led to consider other choices for €2 and
Q*.

EXAMPLES. (a) If we want to generalize rnt-realizability, we take

ot = {(X,p) : X CIN,pcC {0}},
Q= L(X,p) € Q : X inhabited, 0 € p}.

. . t
The crucial operations we have to define are A™¢ —mmt (™

(X,p) ™ (Y,q) = ((XAY,{0:0€pA0Eq}),
(X,p) =™ (YV,q) = (X = Y),{0:0ep—0e€q}),
ﬂgr,nety(zy’py) = (myEY Zy, myEY Py)-

N.B. We do not really need to define an operation A™!, since in a second-
order context we can define (7.3) operation A’ in terms of the other opera-
tions, producing objects (X, p) A’ (Y, q) isomorphic to (X, p) A™ (Y, q).
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(b) For modified realizability we can put

Q= (X,Y): X CY CN,0evY),
Qmme = {(X,Y) € Q : X inhabited}.

mrn

™" is defined component-wise, and for —™™ we take

(X,Y) =™ (X, Y) = (X = V)N (X = Y), X =Y.

(In order to guarantee that 0 always occurs in the second component we
must choose our gédelnumbering of the partial recursive functions such that
Az.0=0.)

(c) For LifschitzLifschitz, V. realizability another idea is needed, a refor-
mulation of the original definition which makes LifschitzLifschitz, V. realiz-
ability fit the general pattern (7).

8.31. Notes

The proper definition of realizability for higher-order logic emerged from the
study of special toposes ((?), (?), (?), Grayson(?, 7, 7)). Aczel(?) described
a less far-reaching common generalization of HeytingHeyting, A.-valued and
realizability semantics. The higher-order extension of rln-realizability is due
to (7). By means of this extension he shows that the following principle RP
(Richman’sRichman, F. Principle)

VXUYYUX cYVXNY =0 — InVa(z € X =z =n))

(where VX ¢, 3Y¢ are quantifiers ranging over decidable subsets of IN) is false
in the “LifschitzLifschitz, V. topos” and true in Eff, that is to say false in the
higher-order extension of LifschitzLifschitz, V. realizability and true in the
realizability interpretation for higher-order logic described in the preceding
section. More information on the LifschitzLifschitz, V. topos Lif is given in

(7).

9 Further work

9.1. Realizability for set-theory

It is also possible to define rn-realizability, or the abstract version r-realizability
for the language of set theory. The definition is straightforward except for
the fact that we have to build in extensionality.

The problem becomes clear if we try to extend the definition of rn-
realizability given in 7.2 to intuitionistic third-order arithmetic HAS? (vari-
ables X2, Y2 ...) in which we can also quantify over PP(IN), and with full
impredicative comprehension and extensionality

EXT VX2Yle X2PAY =27 - 7' € X?)
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where X! = Y1 :=Vz(z € X ++ 2 € Y). If we take as clauses zrn X2(Y'!) :=
X*2(y* 2), 2rn VX2 A(X?) = VX*?(xrn A(X?), etc., we discover that
there is no problem in proving soundness except for the axiom EXT; this
imposes a restriction on the sets over which the “starred variables” X*2
should range.

Some authors, e.g. (?), solve the problem in the case of set theory
by first giving a realizability interpretation for a set theory without the
extensionality axiom, combined with an interpretation of the theory with
extensionality into set theory without extensionality. Others such as (?7)
build the extensionality into the definition of realizability.

The earliest paper defining realizability for set theory is (7). Other
papers using realizability for set theory are: (7), Friedman and Scedrov(?,
?), McCarty(?, ?), (?), and the series of papers by KhakhanyanKhakhanyan,
V. Kh..

9.2. Comparison with functional interpretations

Another type of interpretation which is in certain respects analogous to
(modified) realizability, but in other respects quite different, is the so-called
Dialectica interpretation devised by (7). There is also a modification due
to (7). As we have seen, modified realizability associates to formulas A of
HA® F-free formulas of the form Ay, (z?) (7 a new variable not free in
A), expressing “x? modified-realizes A”. The Dialectica- and DillerDiller,
J.—NahmNahm, W. interpretation on the other hand associate with A for-
mulas Vy" Ap(z?,y”) and Vy" Apn(x7,y") respectively, 0,7 depending on
the logical structure of A alone, Ap, Apy quantifier-free; we may read
VyTAp(x?,y7), Yy Apn (27, y") as “z? D-interprets A”and “x? DN-interprets
A” respectively.

For a soundness proof for the Dialectica interpretation, the prime for-
mulas of the theory considered have to be decidable with a decision function
of the appropriate type; for the DillerDiller, J.-NahmNahm, W. interpreta-
tion this is not necessary. For theories with decidable prime formulas (e.g.
I-HAY) the DillerDiller, J.-NahmNahm, W. interpretation is equivalent to
the Dialectica interpretation. For background information the reader may
consult the commentary to (?) in (?), and the relevant chapter elsewhere in
this volume.

SteinStein, M. has constructed a whole sequence of interpretations inter-
mediate between the DN-interpretation and modified realizability; see the
papers by SteinStein, M., and (?).

9.3. Formulas-as-types realizability

In the formulas-as-types paradigm, formulas (representing propositions) are
regarded as determined by (identified with) the set of their proofs. The
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idea is illustrated by taking a natural deduction formulation of intuitionistic
predicate logic, and writing the deductions as terms in a typed lambda-
calculus.

Normalization of the deductions suggests equations between the terms
of such a calculus (in particular beta-conversion) and “t proves A” for com-
pound A then behaves like an abstract realizability notion. Of particular
interest is the realizability obtained by stripping the proof-terms of their
types. With combinators instead of lambda-abstraction, such a realizability
is already used in Staples(?, 7). (?) uses this concept for an elegant version
of Girard’sGirard, J.-Y. proof of the normalization theorem for second-order
intuitionistic logic. For another version of the proof see (?).

(?,?7) study completeness questions for such realizabilities. More specif-
ically, one is interested in completeness results of the following type: for all
formulas A of a certain formal system S, Fg A iff Fp Jz(zrA) where T is a
suitable formal system (intuitionistic or classical logic), and r the abstract
version of realizability studied.

“Formulas-as-types” has also been a leading idea in the formulation of
various typed theories, such as the theories of Martin-Lof(?, ?7), permit-
ting to absorb logical operations into type-forming operations (implication
is subsumed under function-type formation, universal quantification under
formation products of dependent types, etc.). In the proof-theoretic inves-
tigations of Martin-Lof’sMartin-Lof, P. type theories by de Swaen(?, ?, 7)
realizability plays an important role.

9.4. Completeness questions for realizabilities

(?) gave an example of a classically valid, but not intuitionistically prov-
able formula of propositional logic, such that all its arithmetical substitution
examples are (classically) realizable; this result was improved by (?), who
showed that the example also worked for rf- and mrf-realizability (in the
latter case the substitution instances were provably realizable even intuition-
istically). See also (7). On the other hand, (?) proved that the principle
“Every formula for which all arithmetical substitution instances are realiz-
able, is provable in intuitionistic propositional logic” is consistent with HAS
(but not with HAS + M).

KleeneKleene, S.C. also showed that the class of formulas of predicate
logic which are realizable under substitution is not recursive (for rn, rf, mrn).
Similar questions have been studied at length in a series of papers by Plisko-
Plisko, V.E.. A typical result of this kind is the following. Let R [AR] be
the class of all formulas A(Py,..., P,) of predicate logic such that all arith-
metical substitution instances (i.e. formulas A(Py,..., P¥) with Pf,... P}
arithmetical) are rn-realizable [such that VX ... X, A(X1,...,X,) is n-
realizable as defined for HAS].

(?) showed that AR is a complete IIi-set, and that AR C R; R is also
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not arithmetical as shown in (?).

Van Oosten(?), adapting a method originally due to de JonghJongh,
D.H.J. de, gave a semantical proof of a result earlier established by proof-
theoretic means by D. LeivantLeivant, D.: if all arithmetical substitution
instances of a formula of predicate logic are provable in HA, the formula it-
self is a theorem of intuitionistic predicate logic( “maximality of intuitionistic
arithmetic”). The method uses a realizability in which rn-realizability and
Beth-semantics are combined. His proof also yields the following complete-
ness result for realizability. Let HA™ be an extension of HA obtained by
adding to the language primitive constants e (application), k, s (combina-
tors), with axioms saying that (IN,e, k,s) is a partial combinatory algebra.
Define r-realizability for HA™ relative to this combinatory algebra. Then a
predicate formula A is provable in intuitionistic predicate logic iff all arith-
metical instances of A are provably realizable in HA™.

A different sort of completeness result has been obtained by (7). He
defined a modified realizability for predicate logic with a set-theoretic hier-
archy as models for the finite-type functionals. All formula of predicate logic
is realizable by an element of this hierarchy iff it is classically provable; but
if we require that the realizing functionals are invariant under permutations
of the basic domains, we obtain precisely the intuitionistically provable for-
mulas. Inspection shows that the “modified” aspect of Lauchli’sLauchli, H.
construction is not really relevant. A modern recasting of Lauchli’sLauchli,
H. result, linking it with the category-theoretic interpretation of logic, was
given by (?). See also (7).

9.5. Realizability for subsystems of intuitionistic arithmetic

(?) considers realizability for primitive recursive arithmetic, using primi-
tive recursive functions instead of partial recursive functions. In particular
the clauses for — and V require modification. This is achieved using levels,
which are provided by the Grzegorczyk hierarchy for the primitive recursive
functions. In (?) the same idea is applied to obtain a realizability for HA,
using so-called < gg-recursive functions instead of general recursive func-
tions. (The < gp—recursive functions are precisely the functions provably
recursive in HA and PA.) This permits reproving a number of metamathe-
matical results for HA by realizability methods. The technique also applies
to elementary analysis and finite-type arithmetic.

(?) uses rn- and rnt-realizability in a study of intuitionistic arithmetic
with ¥j-induction, I¥;. Wehmeier shows that whenever - VYn3mA(n, m)
then there is a primitive recursive ¢(z) such that YnA(n,t(n)). (?) use a
version of rnt-realizability for a language of arithmetic extended with infinite
disjunctions in a study of the intuitionistic counterpart IS} of Buss’s system
S3 ((?)), and of I¥; just mentioned. The authors obtain a new proof of the
fact, established in (?) by mrt-realizability, that whenever - Vn3mA(n, m)
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in 18, then - VnA(n,t(n)) where ¢(x) is polynomial-time computable in z.
They also sketch another proof of Wehmeier’s result.

9.6. Combining realizability with classical logic

Lifschitz(?, ?) considered an extension of classical arithmetic with an ad-
ditional predicate K(x), “z is computable”. The result is a combination of
classical arithmetic and realizability. It is to be noted that in the category
Eff we can obtain something similar by considering side by side A/ and AIN.

9.7. Medvedev’sMedvedev, Yu. T. calculus of finite problems

The calculus of finite problems as formulated by MedvedevMedvedev, Yu.
T., is somewhat reminiscent of, but actually diverges rather far from recur-
sive realizability. See the papers by MedvedevMedvedev, Yu. T., and by

(7).

9.8. Applications to Computer Science

For some examples, see (?), (?) (realizability modeling of the theory of
constructions), (?) (slash relations for type theory) and the papers by Tat-
sutaTatsuta, M. (program synthesis by “realizability-cum-truth”). Within
the effective topos one can find models for strong polymorphic type theories;
see e.g. (7).

In (?) program-extraction from classical proofs of statements VnimA(n, m),
A quantifier-free, is studied. Two methods are compared; one method is
based on normalization of classical proofs formalized in a calculus of natural
deduction, the other method uses modified realizability. The two methods
yield terms t;(x),t2(x) respectively such that ¥nA(n,t;(n)) (i = 1,2) and
for all numerals n, t1(n) = t2(n). An ingredient in the second method is the
combination of the Gédel-Gentzen translation ((?, 2.3)) with the Friedman-
Dragalin A-translation ((?, 3.5)); by this combination a classical proof of
Vn3m A(n,m), A quantifier-free, can be transformed into an intuitionistic
proof of the same statement.

Interesting applications of the second method are given in (7). One of
the examples concerns the following special case of Higman’s lemma:

If 21,y are two number-theoretic functions, we can find n < m
such that z'n < z'm and y'n < y'm.

This fact is easily proved classically. Applying the program extraction via
modified realizability, one obtains an algorithm which is in suitable cases
quadratically faster than “brute—force” search. The syntactic definition of
modified realizability and of the Friedman-Dragalin translation are used in a
variant which helps keeping the complexity of the extracted program (term)
down.
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Abbreviations in the references

AML = Annals of Mathematical Logic.

AMS Transl. = American Mathematical Society Translations, Series 2.
APAL = Annals of Pure and Applied Logic.

Archiv = Archiv fiir mathematische Logik und Grundlagenforschung.
Doklady = Doklady Akademii Nauk SSSR.

Izv.Akad. Nauk = Izvestiya Akademii Nauk SSSR. Seriya Matematicheskaya.
JSL = The Journal of Symbolic Logic.

LMPS = Logic, Methodology and Philosophy of Science.

Math. Izv. = Mathematics of the USSR, Izvestiya.

SM = Soviet Mathematics. Doklady.

ZLGM = Zeitschrift fiir Logik und Grundlagen der Mathematik

Zapiski = Zapiski Nauchnykh Seminarov Leningradskogo Otdeleniya Matematich-
eskogo Instituta imeni V. A. Steklova Akademii Nauk SSSR (LOMI).
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