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Abstract

Abstracting from a presentation of the density theorem for the hier-
archy Ct(p) of countable functionals over N given by Normann in [13],
we define two subcategories of limit spaces, the limit spaces with approx-
imations, and the limit spaces with general approximations, for both of
which a density theorem holds directly. We show that these categories are
cartesian closed, and we give examples of such limit spaces and of den-
sity theorems for hierarchies of functionals over them. Most of our main
proofs are within Bishop’s informal system of constructive mathematics
BISH. In a limit space with (general) approximations the approximation
functions are given beforehand as an internal part of the structure under
study. In this way limit spaces with (general) approximations form a con-
structive approach to abstract limit spaces, reflecting at the same time
the central idea of Normann’s Program of Internal Computability.

1 Introduction

In this paper we generalize Normann’s notion of the nth approximation of a
functional in the typed hierarchy Ct(p) over N, defining two subcategories of
the category of limit spaces Lim, the category Appr of limit spaces with approx-
imations, and the category Gappr of limit spaces with general approximations.
These limit spaces, which are studied here constructively, realize in a direct way
Normann’s notion of internal computability.

Normann formulated the distinction between internal and external com-
putability over a mathematical structure already in [12], and initiated, what
we call, a Program of Internal Computability in [13]-[16].

According to [12], “the internal concepts [of computability] must grow out
of the structure at hand, while external concepts may be inherited from com-
putability over superstructures via, for example, enumerations, domain repre-
sentations, or in other ways”. Normann’s motivation behind an internal ap-
proach in general computability is technical (see his results in [15]), conceptual
(an associate-free description of Ct(p)) and practical, since within a weaker
concept of computability (if an object is internally computable, then it is also
externally computable, but not necessarily the converse) “the weaker tools we



use to obtain a result, the more extra knowledge can be obtained from the pro-
cess of obtaining the result” ([14], p.305). Normann found suitable for his study
of internal computability over a mathematical structure the framework of limit
spaces. As he mentions in [13], p.474, he finds it “useful to see how far we
can get towards constructing an effective infrastructure on such spaces without
introducing superstructures and imposing external notions of computability on
the given structures ... One way to create a useful part of an infrastructure will
be to isolate a dense subset that in some way is effectively dense.”.

As we show in this paper, such dense sets are very direct to find in limit
spaces with (general) approximations!. Although Normann is working in a
classical framework, here we study these limit spaces within Bishop’s informal
system of constructive mathematics BISH (see [1]-[3]). When a proposition is
proved with the use of non-constructive methods we write that it is in CLASS,
the classical extension of BISH. In order to fix our notation and be self-contained
we include some necessary definitions and facts.

2 Basic definitions and facts

A limit space is a structure L = (X,lim), where X is an inhabited set, and
lim € X x XV is a relation satisfying the following conditions: (i) if z € X
and (x) denotes the constant sequence z, then lim(z, (x)), (ii) if S denotes the
set of all elements of the Baire space N which are strictly monotone, then?
Vaes(lim(z,z,) — lim(z,z4(,))), and (i) if + € X and 2, € XN then
Vaes3pes(lim(z, 24(3(ny))) — lim(z,z,). In the literature condition (iii) is
usually written as (iii)’ —(lim(x,2,)) = JaesVpes(-lim(z, To(s(n)))), but we
prefer to have the intuitionistically stronger condition (iii) right from the start?.
If Vo yex Ve, exy(lim(z, z,) — lim(y,z,) — @ = y), then the limit space has
the uniqueness property*. A limit space has the weak uniqueness property, if
Vi yex (lim(z,y) — x = y). One can show classically®, that there exists a limit
space with the weak uniqueness property which does not have the uniqueness
property.

A limit space induces a natural topology T, the Birkhoff-Baer topology,
according to which a set O C X is lim-open, if V,coV,, cxv(lim(z,z,) —
ev(zy,0)), where, if A C X, we define ev(zy,, A) > I Visn, (2, € 4). A
topological space (X, 7)) induces a limit space (X,limy), where lim(x, z,) ¢
Tn N z, and x, T, & denotes the convergence of x, to x w.r.t. the topology

Tiig

T. If L is a limit space, it is direct to see that lim(z,z,) — (z, x) ie.,

ILimit spaces, as special case of weak limit spaces, have also been studied within Type-2
Theory of Effectivity (see the work of Schroder [21] and [22]), but from a non-constructive
and an external computability point of view.

21f (xn)n € XN we write for simplicity lim(z, z,,) instead of lim(z, (z)n), and lim(z, z)
instead of lim(z, (z)). If it is necessary, we write lim, (z, z») to specify the convergence w.r.t.
n. Usually one finds the notation lim, z, = z instead of lim(z, ).

3Menni and Simpson in [10] also use (iii) instead of (iii)’ in the definition of a limit space.

4A limit space with the uniqueness property is what Kuratowski calls in [9] an L*-space.

5 All proofs not included here can be found in [18].



lim C limy;, . A limit space is called topological, if lim = limy, . It is also
direct that 7 C Tiim,. A topological space is called sequential, if T = Tiim.,-

A set ' C X is called lim-closed, if it is the complement of a lim-open
set, and in CLASS we have that F' is lim-closed iff V,exV, cxv(z, € F —
lim(z,z,) — = € F). One can show that if L is topological and the induced
topological space is 1st countable, the previous characterization of a lim-closed
set can be carried out in BISH. A similar remark holds for other classical results
within limit spaces.

A set D C X is called lim-dense, if V,ex34, cpv(lim(x,d,)), while a limit
space is called lim-separable, if there is a countable lim-dense subset of it. It is
direct to show in BISH that if D is a lim-dense set, then D is dense in (X, Tim),
while one can show in CLASS that if D is dense in (X, 7), then it is not generally
the case that D is lim7-denseS.

It is also trivial within BISH that if (X,1lim) and (Y, lim) are limit spaces’,
and im((z,v), (Tn,yn)) > lim(z, z,) A lim(y, y,), then (X x Y, lim) is a limit
space. Moreover, if (X, lim) and (Y,lim) are topological limit spaces (with the
uniqueness property), then (X x Y,1lim) is a topological limit space (with the
uniqueness property).

If (X,lim) and (Y,lim) are limit spaces, a function f: X — Y is called lim-
continuous, if VoexV, cxn(lim(z,z,) — Um(f(z), f(z,))). Clearly, a constant
function and the identity function are lim-continuous. Of course, lim-continuity
is closed under composition of functions. If ¥ C X then (Y, limy) is the rel-
ative limit space, where Vyey'V, cyw(limy (y,yn) 1> lim(y, y,)). The topology
Tiimy induced by the relative lim-relation includes the restriction ﬂim‘y of the
topology induced by the initial lim on Y, and if f : (X,lim) — (Y,lim) is
lim-continuous, then f: (X,lim) — (f(X),limyx)) is lim-continuous too.

Next proposition, the version of which for Hausdorff spaces is standard (see
e.g., [5], p.140), is within BISH, if we restrict to topological limit spaces inducing
a 1st countable topology, while it is within CLASS, if we pose no restrictions on
them. The importance of proving for limit spaces with the uniqueness property
facts that hold on Hausdorff spaces is due to the following simple fact within
BISH: if (X, Tiim) is a To-space, then (X, lim) has the uniqueness property, while
the converse doesn’t hold in general (see [4] p.485).

im *

Proposition 1. Suppose that (X,lim) is a limit space, (Y,lim) is a limit space
with the uniqueness property, D is a lim-dense subset of X, and f,g: X — Y
are lim-continuous functions. Then the following hold:

(i) If fip = g\p, then f =g.

(i) If f : (D,limp) — (Y,lim) is lim-continuous, then it has at most one lim-
continuous extension to X.

(iii) The set Z(f,g) ={x € X | f(x) = g(x)} is lim-closed.

(tv) The graph Gy of f is lim-closed in (X x Y,lim).

(v) If f is 1-1, then (X,lim) has the uniqueness property.

SE.g., the set of irrational numbers I is dense in (R, 7coc), but it is not lim-dense in
(R,lim7,, ), where Tcoc is the cocountable topology on R.
"For the sake of simplicity we use the same symbol for the limit relations on X and Y.



Proof. Straightforward. O

If (X,lim) is a limit space, A C X is called a lim-retract of X, if there is a lim-
continuous function 7 : X — A such that r(a) = a, for each a € A. Again we
get within limit spaces the standard extension property of topological retracts.

Proposition 2 (BISH). If (X,lim), (Y,lim) are limit spaces, A is a lim-retract
of X and f : (A, lim4) — (Y,lim) is lim-continuous, then f has a im-continuous
extension F : (X,lim) — (Y, lim).

Proof. If we define F = f or, then F is lim-continuous as a composition of
lim-continuous functions, and F'(a) = f(r(a)) = f(a), for each a € A. O

Proposition 3 (BISH). (i) If (X,lim) and (Y,lim) are limit spaces and f :
X =Y is lim-continuous, then f: (X, Tim) = (Y, Tim) s continuous.

(i) If (X,lim) is a limit space and (Y,lim) is a topological limit space, then the
converse to (i) holds.

Proof. (i) Suppose that Oy is openin Y, x € f~1(Oy) and z,, is a sequence in
X such that lim(x, z,,). Since f is lim-continuous we get im(f(x), f(x,)). Since
f(z) € Oy, ev(f(x,), Oy), therefore ev(z,, f~1(Oy)) i.e., f~1(Oy) is open.
(ii) Suppose that f : (X, Tim) — (Y, Tiim) is continuous, and that z € X, z,, €
XN such that lim(z,z,). We show that lim(f(z), f(z,)), which, since lim =
limy,  in Y, amounts to f(z,) Tiige f(z). Suppose that Oy is open in Y and
that f(x) € Oy; we show that ev(f(z,),Oy). Since z € f~1(Oy) € Tim, the
hypothesis lim(z, z,,) implies ev(z,, f~1(Oy)) i.e., ev(f(z,), Oy).

O

One can curry within BISH the proof of the following basic theorem?.

Theorem 4. If (X,lim) and (Y,lim) are limit spaces, then the following hold:
(i) If X =Y is the set of all lim-continuous functions f: X =Y and

Um(f, fr) > Vaex Ve, exy(lim(z, z,) = Um(f(z), fn(zn)))

then (X — Y, lim) is a limit space.
(ii) The space (X — Y,lim) has the weak uniqueness property iff (Y,lim) has it.
(iii) The space (X — Y,lim) has the uniqueness property iff (Y,lim) has it.

Clearly,the evaluation map w: (X = Y) x X — Y defined by (f,z) — f(x) is
lim-continuous.

Proposition 5 (CLASS). If (X,lim) is a limit space with the uniqueness prop-
erty, and X is a finite set, then lim(x, z,,) <> ev(zp, {x}). Moreover, if (Y,lim)
s a limit space, then any function f: X — Y is lim-continuous.

8The proof of a necessary lemma for case (i), which is Theorem 3 in [9] p.188, rests on the
principle of dependent choices on N, which is accepted in BISH (see [2] p. 75).



Proof. Suppose that lim(z,z,) and z,, is not eventually the constant sequence
x. Hence, there is some a € S such that z,(,) # z, for each n, and lim(z, 24(,))-
Using the infinite pigeonhole principle® we get an element 2’ € (X \ {z}) ap-
pearing infinitely many times, or, in other words, there is some § € S such
that z,(g(n)) = 2', for each n. Since lim(xz, 24 (g(n))) and im(z’, 4 (g(n))), the
uniqueness property of (X, lim) implies that 2’ = x, which is absurd. Moreover,
if f: X — Y is any function, and lim(x, x,,) i.e., 2, is eventually z, then f(z,)
is eventually f(z), and we get lim(f(x), f(x,)). O

3 Limit spaces with Approximations

Scarpellini introduced limit spaces in computability at higher types in [19],
while Hyland in [6] showed that Scarpellini’s hierarchy is identical to Kleene’s
hierarchy of countable functionals over N.

In [13], p.470, Normann presented this hierarchy using limit spaces and
the corresponding density theorem using the notion of the nth approximation
of a functional, for each n € N. Here we generalize Normann’s presentation by
defining two new subcategories of limit spaces, the limit spaces with approxima-
tions, and the limit spaces with general approximations. As Scott’s information
systems have the approximation objects (formal neighborhoods) as primitive
notions, forming a constructive counterpart to abstract algebraic domains, the
approximation functions in a limit space with approximations are given before-
hand too.

A limit space with approzimations is a structure A = (X, lim, (Appr,,)nen)
such that (X,lim) is a limit space, and, for each n € N the approximation
functions Appr,, : X — X satisfy the following properties:

(i) Appr,, is lim-continuous.

(i) Appr,, (Appr,, () = APPI iy (n,m)(2), for each z € X.

(iii) D,, = Appr,,(X) = {Appr,, (z) | z € X} is an inhabited finite set.
(iv) lim(x, z,,) — lim(x, Appr,,(,)), for each x € X and z,, € X,

Condition (ii) can also be written as the conjunction of the following two clauses:
(ila) n <m — Appr, (Appr,,(z)) = Appr, (z),

(llb) m<n— Apprn (Appl"m (I)) = Apprm(x)7

which express a natural compatibility between the approximations; the approx-
imation of a bigger approximation is the initial one (iia), while the bigger ap-
proximation of a smaller one cannot add new information to it (iib). Of course,
condition (ii) implies

(iic) Appr,(Appr,(z)) = Appr,(z).

9A proof that the infinite pigeonhole principle is equivalent to the limited principle of
omniscience over Veldman’s very weak system BIM can be found in [17].



A direct consequence of condition (ii) is the following:
(ild) n<m — D, C D,,,

since, if y € Appr,,(X), there exists some x € X such that y = Appr,,(z),
therefore y = Appr,,(Appr, (z)) ie., y € Appr,,(X). It is direct from (iid)
that the set B = {D,, | n € N} is a countable filter base on X, since by their
definition D,, are inhabited'®, and D,, N D,, = Dryin(n,m)-

If a structure A satisfies condition (iic) (iii) and (iv), but not necessarily
conditions (i) and (ii), then we call it a limit space with general approzimations.
A significant property of limit spaces with (general) approximations, and a
central reason for their study, is that a density theorem holds for them in a
direct way.

Proposition 6 (density theorem, BISH). If A is a limit space with (general)
approzimations and x € X, then lim(z, Appr,, (z)). Moreover, the set

D:UDn

neN
is an enumerable dense subset of (X, Tiim)-

Proof. By condition (iv), considering the constant sequence (x), we get directly
lim(z, z) — lim(z, Appr,,(z)) i.e., D is a lim-dense subset of X. Therefore, by
a remark of section 2 we have that D is a dense subset of (X, Tim). Of course,
D is enumerable as a countable union of finite sets. O

Note that in the previous proof we only used conditions (iii) and (iv) of limit
spaces with approximations. A limit space which is not lim-separable, like
(X, limg;), where X is an uncountable set, and limg; is the limit relation gener-
ating the discrete topology on X, cannot be a limit space with approximations.
A special extension theorem holds also directly for the limit spaces with
approximations; for each function f defined on D there is a sequence of lim-
continuous functions which extend uniformly arbitrary big “parts” of f.

Proposition 7 (extension theorem, BISH). If A is a limit space with approxi-
mations, then each set Dy, is a lim-retract of X. If (Y,lim) is a limit space, any
lim-continuous function f,, : (Dp,limp, ) — (Y,lim) has a lim-continuous ex-
tension Fy, : (X, lim) — (Y,lim). If f : (D,limp) — (Y,lim) s lim-continuous,
then there is a sequence (Fy,), of lim-continuous functions F,, : X — Y such
that Fy\p, = fip, and FnHIDn = Fu\p, , for each n.

Proof. Since each function Appr,, : (X,lim) — (X, lim) is lim-continuous, each
function Appr,, : (X,lim) — (D,,limp ) is lim-continuous too. Since any
a € Appr,,(X) has the form Appr,, (), for some x € X, we get that Appr,, (a) =
Appr,, (Appr,,(z)) = a. By Proposition 2 we get that a lim-continuous function

10 Although in [1], p.124, the elements of a filter are defined to be non-void, we prefer to
consider them as inhabited sets.



fn i (Dp,limp, ) — (Y,lim) has a lim-continuous extension F. By (i) fn = fip,,
is extended to a lim-continuous function F,, : X — Y, and since by (iid) D,, C
D,,+1 we get that F7z+1\Dn = Fy|p,, for each n. O

Note that in the previous proof we used not only condition (iic), but also condi-
tion (i) of our definition and condition (iid), therefore A cannot be a limit space
with general approximations. Since D,, is finite we know classically (Proposi-
tion 5) that any function f : (Dy,limp, ) — (Y,lim) is lim-continuous, therefore
it is extendable to X. The extension theorem, though, is independent from the
cardinalities of D,,.

Remark 8 (BISH). There exists a limit space with approximations which does
not have the uniqueness property.

Proof. If X is a finite set of more than two elements and lim = X x XN, we define
Appr,,(z) = z, for each n € N. Trivially, the approximations functions Appr,,
are lim-continuous, and satisfy condition (ii). By definition, Appr,, (X) is a finite
set, and condition (iv) also follows trivially. Since any sequence converges to
any point of X, this limit space doesn’t have the uniqueness property. O

The next two results express that the categories Appr and Gappr are cartesian
closed (the morphisms are the lim-continuous functions, and the terminal object
is excluded).

Proposition 9 (BISH). If (X,lim, (Appr,, )nen) and (Y,lim, (Appr,, )nen) are
limit spaces with (general) approximations, and if we define on X XY

Appr,,(z,y) := (Appr, (x), Appr,(y)),

for each n, then (X XY, lim, (Appr,, )nen) is a limit space with (general) approz-
imations, where lim is the already defined lim-relation on X X Y.

Proof. Continuity of Appr,, on X xY is reduced to the continuity of the approx-
imation functions on X and Y. Condition (ii) (or (iic) follows directly by the
definition of Appr,, (z,y) and the corresponding properties on X and Y. The
range Appr, (X xY') is finite as a subset of the finite set Appr,, (X) x Appr,,(Y),
while condition (iv) follows directly from the definition of lim on X x Y and the
corresponding properties on X and Y. O

Theorem 10 (BISH). If (X,lim, (Appr, )nen) and (Y,lim, (Appr,, )nen) are
limit spaces with (general) approzimations, and if we define, for each n and
fexX—-Y,

f = Appr, (f),
Appr,, (f)(x) := Appr, (f(Appr,(x))),

for each x € X, then (X — Y,lim, (Appr,,)nen) is a limit space with (general)
approximations, where lim is the already defined lim-relation on X — Y.



Proof. (i) If n € N, we need to show that limg (f, fx) — limy(Appr,, (f), Appr, (fx)).
where, by definition, the hypothesis amounts to

Vaex o, cxn (lim(e, ) - lim(f(2), fu(wi),
and the conclusion to
Voex Vayexs (im(z, zx) — Um(Appr,, (f)(2), Appry, (fi) (2r)))-

We fix z € X and z; € X" such that lim(z,zx). Since the corresponding
approximation function Appr, on X is lim-continuous, we get

lim(z, z),) — lim(Appr, (), Appr, (z4))-

If we apply the definition of lim(f, fx) on @’ = Appr,,(x) and =’y = Appr,,(zx),
we get
lim(f (Appry, (2)), fr(Appry (21)))-

Since the corresponding approximation function Appr,, on Y is continuous, we
get
lim(Appr, (f(Appr, (2))), Appr, (fi(Appr, (zx)))) ¢

< lim(Appr, (f)(2), Appr, (fi(2r)))-
(ii) It suffices to show that
Vaex (Appr, (Appr,, (f))(2) = APPLwmin(n,m) () ().

If we fix some =z € X, then

Appr, (Appr,, (£))(x) " Appr, (Appr,, (/) (Appr, (2)))
def Appr,, (Appr,, (f(Appr,, (Appr, (7)))))
Y Appr, (Appr,, (f (APPT1min(n,m) (7))))
‘w APDPTin(n,m) (f (APPTmin(n,m) (7))

def
:e Apprmin(n,m) (f)(.’l)),

where equality W is justified by the condition (ii) of a limit space with approx-

imations on X, and equality ) 4 justified by the condition (ii) on Y11

111f we had used conditions (iia) and (iib) instead of (ii), then (iia) in X — Y requires (iia)
in X and (iib) in Y, while (iib) in X — Y requires (iib) in X and (iia) in Y.



Condition (iic) alone is satisfied in the same way i.e.,

Appr,,(Appr, (f))(z) = Appr, (Appr, (f)(Appr,(2)))
= Appr,, (Appr, (f(Appr, (Appr,(z)))))
= Appr,, (Appr, (f(Appr,(2))))
= Appr, (f(Appr, (2)))
(f)(=)
(iii) First we show that if Appr,,(Y) in inhabited, then Appr, (X — Y) is also
inhabited. If y € Y, then for the constant function § we have that

Appr,, (9)(z) = Appr,, (J(Appr,,(z)))
= Appr,, (v).

= Appr,,

Hence,
Appr, (§) = Appr, (1)

i.e., the nth approximation of a constant function g is the constant function
Appr,,(y). If y inhabits Appr, (Y), then the constant function Appr, (§) =

Appr,, (y) = § inhabits Appr, (X — Y). Le., in this case the nth approximation
of ¢ is identical to it.

To prove the finiteness of Appr,, (X — Y') we show that the nth-approximation
of a function in the function limit space acts equally on its input and on the
nth-approximation of it i.e.,

(v) Appr, (f)(Appr,(z)) = Appr, (f)(z),
Appr,, (f)(Appr,,(x)) = Appr, (f(Appr, (Appr,(z))))
= Appr, (f(Appr, (x)))
= Appr,, (f)(z).

Now it is obvious why Appr, (X — Y) = {Appr,(f) | f € X - Y} is a
finite set: because of (v) the function Appr, (f) : X — Y is determined by its
restriction

Apprn(f)‘Apprn(X) : Appr,,(X) — Appr, (V)
ie.,
Appr,, (f)|appr, (x) = APPT,,(9)|Appr, (x) — Appr, (f) = Appr,(9).

But then

|Appr, (X = Y)| < |Apprn(Y)Apprn(X)‘.
(iv) If we fix f € X — Y and f, € (X — Y)Y we show that lim,(f, f,) —
lim,, (f, Appr,,(f)), where the hypothesis, by definition, amounts to

Voex Vo, exu(lim(z, z,) = Tm(f(2), f(zn)))



and the conclusion to

Voex Vo, exu(lim(z, z,) — lim(f(2), Appr, (fn)(zn)))-

We fix € X and z,, € X" such that lim(x,z,). By condition (iv) on X we
get that lim(x, z,) — lim(x, Appr,, (z,)), while by the definition of lim(f, f,,)
on z and the sequence Appr,,(z,) we have that lim(f(z), f»(Appr, (z,))). By
condition (iv) on Y we get that

lim(f(z), Appr,,(fn(Appr, (24)))) < lim(f(z), Appr,(fn)(zn))-
O
Note that the category Gappr is cartesian closed, since in the proof of condition

(iii) we used only condition (iic) on X. Next result is proved similarly, and
explains why the functions Appr,, in the arrow case are defined as above.

Proposition 11 (BISH). If (X,lim, (Appr,, )nen) is a limit space with approz-
imations and (Y,lim) is a limit space, and if for each n we define on X —Y

f = Appr,/(f) and Appr,'(f)(z) := f(Appr,(z)),

then (X — Y, lim, (Appr,, )nen) is a limit space with approzimation functions
satisfying conditions (i), (i) and (iv), where lim is the already defined lim-
relation on X — Y.

Although (X — Y,lim, (Appr,’)nen) satisfies condition (v), what we conclude
is that [Appr, (X — Y)| < |YAPPY(X)| therefore, we cannot form a cartesian
closed category of limit spaces using the approximation functions Appr,,’.

4 Examples

The prime example of a hierarchy of limit spaces with approximations, on which
the definition of Appr was actually based, is the hierarchy Cty(p) of countable
functionals over N. If our type system is ¢« = N | p — o, then we define the
following hierarchy of limit spaces:

CH() = (N, lim)

Ct(p — o) := (Ct(p) — Ct(o), lim),

p—o

where 7g; is the discrete topology on N, and lim,_,, is defined as in the case of
a function limit space. To each limit space (Ct(p),lim,) the following approxi-
mation functions are added:

Appr, ,(m) = min(n, m),
while if F' € Ct(p — o) and f € Ct(p) we define
F = Appr,, , ,,(F),
Appr,, , . (F)(f) = Appr,, ,(F(Appr, ,(f)))

10



Corollary 12 (BISH). The structure A, = (Ct(p),lim,, (Appr,, ,)nen) is a
limit space with approximations, for each p. Moreover, there exists an enumer-
able dense subset D, in (Ct(p), Tiim,), for each p.

Proof. In case p = ¢ it is direct that (Ct(:),lim,, (Appr,, ,)nen) is a limit space
with approximations: Appr,, is lim,,-continuous i.e., lim,, (m, m;) implies that
limr, (Appr,,(m), Appr,,(m;)), since the hypothesis amounts to the sequence m;
being eventually the constant sequence m, therefore the sequence Appr,, (m;) is
eventually the constant sequence Appr,, (m). Condition (ii) holds automatically,
while for condition (iii) we see that Appr, (N) = {0,1,...,n}. Condition (iv) is
written as limy,, (m, m;) — limy,, (m, Appr;(m;)). Since the premiss says that
the sequence my is after some index ly constantly m, then for I > max(ly, m)
we get that the sequence Appr;(m;) is constantly m. The fact that (Ct(p —
o), lim, 5, (ApPpr,, ,_,;)nen) is a limit space with approximations is a direct
consequence of Theorem 10. Moreover, as a consequence of Proposition 6 we
get that the set D, = U,y Appr,(Ct(p)) is an enumerable dense subset of
(Ct(p), Tiim,, ), for each p. O

Although for our next example we could work with any compact subset of N,
which is the body of a fan on N, we work with the simplest such subset, the
Cantor space C = 2. As it is well-known, the family

B(a(k)) ={peC|pk) =a(k)} ={peC|alk) <},

where © < o means that the sequence o extends u € 2<N and @(k) is the k-
initial segment of ¢, is a countable base of a topology 7 on C. The space (C,T)
is a T}, compact space with a countable base of clopen sets, and without isolated
points'2. Consequently, we have that

1171’11(01, 0) > Vi3no Vnsne (an (k) = a(k))
for each a € C and «,, € CN. We define the approximation functions Appr,, :

C —C by
a = Appr, (a),
N Joa(@) ,ifi<n
AppI‘n(Oé)(Z> - { 0 , if 4 >n
i.e.,
Appr,, (o) =a@(n+1) %0,
where 0 denotes the constant sequence 0, and u * o denotes the concatenation
of the finite sequence u and the infinite sequence a.

Proposition 13 (BISH). The structure A = (C,limy, (Appr,, )nen) s a limit
space with approximations.

12 As shown by Brouwer, these properties characterize the topological space (C,T).
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Proof. (i) We fix some k € N and we show that lim, (o, a,) implies that
lim,, (Appry,(e), Appry(ay)). If we take ng the index for which all sequences
Qu, for n > ng, have the same (k + 1)-initial segment with «, then for all such
n, by the definition of Appr,,, we get that Appr,(a) = Appry(ay,), and then the
conclusion lim,,(Appry, («), Appry (ay,)) follows automatically.

(ii) We consider first n < m. We have that

Appr, (Appr,, (a)) = Appr,,(a)(n +1) 0
=a(m+1)*0(n+1)%0
=a(n+1)x0

= Appr, (a).

If n > m we have that

Appr, (Appr,, (o)) = Appr,, () (n +1) 0
=a(m+1)*0(n+1)%0
=a(m+1)%0
= Appr,, (@).
(iii) For each n the set Appr,,(C) is finite, since it is equipollent to the finite set
of the nodes of the Cantor tree 2<V of length n + 1.
(iv) We fix a € C, a,, € CY and we show that lim(«, o) — lim(a, Appr,, (@),
where the conclusion amounts to Vi3, Vi>n, (Appr, (a,)(k) = a(k)). We fix
some k € N. For that k£ we know by the definition of the premiss that

Fno (k) Inzno (k) (n (k) = a(k)).
We define ng = max(ng(k), k) and we consider some n > ng. Then
Appr,, (o) = (a)(n 4+ 1) %0 = (@n(0), ..., an(k), ..., an(n)) x0,
hence Appr,, () (k) = a(k). O

Proposition 6 guarantees that the set D = (J, .y Appr, (C) is an enumerable
dense subset of C, a fact already known, of course, by the study of the initial
topology 7 on C. What our general study of Appr adds is that, if our type
system is ¢ = C | p — o, and if we define the following hierarchy of limit spaces

C() = (C,li71’n),

Clp— o) = (C(p) = C(0), li_r>n),
p—o
and supply these spaces with the approximation functions Appr, , as defined

n,t
above, and the arrow functions Appr we get directly the following corol-
lary:

n,p—o)
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Corollary 14 (BISH). The structure A, = (C(p),lim,, (Appr,, ,)nen) is a limit
space with approximations, for each p. Moreover, there exists an enumerable
dense subset D, in (C(p), Tim,), for each p.

Note that we can prove similarly to Proposition 13 that the Baire space N can be
seen as a limit space with approximations, except that Appr, (A) is countable,
and hence the density theorem cannot be applied directly in the hierarchy over
N (enumerability of the dense set is lost, but not its existence, since density
relies only on conditions (iii) and (iv)). It is direct to see classically that the
topological space (C,T) is sequential, although by the metrizability of C this is
a special case of Remark 18.

Next we use the notion of a limit space with general approximations to
describe a compact metric space X. This is a natural step from C, since every
such space X is the quotient of C. Actually we are going to use a lemma proved
within BISH in [3], p.105, in order to define the approximation functions on the
limit space generated by the metric structure of X. This lemma is necessary to
show constructively the existence of a uniform quotient map from C onto X.

Following [3], p.28, if (X,d) is a metric space, a set Y C X is called an e-
approximation to X, if Voex 3 ey (d(z,y) < €). A metric space (X, d) is totally
bounded, if for each ¢ > 0 there exists some Y C X such that Y is a finite
e-approximation to X, while it is compact, if it is complete and totally bounded.

Lemma 15 (BISH). If (X,d) is an inhabited compact metric space and r €
(0, %], there exist sequences (xy)yco<n and v € S such that, for each n > 1, we
have that

(i) {xy | |u| = v(n)} is an r™-approzimation to X.

n—2

(”) |u| = ’7(71) — vw€2<N(d(xu7Iu*w) < Tl—'r‘ )
(i) Jul = v(n) = d(z,2u) < "=t =t -

= Fpeoan(Jusrw| =y 4+1) A d@, Tuww) < r").
(i) Jul =v(n) = Juxw| <Y+ 1) = Tysw = Ty

Note that u * w denotes the concatenation of the finite sequences wu,w, and
that the proof of the above lemma uses for the definition of - the principle of
dependent choices on N. The next proposition and the subsequent corollary are
in BISH, if there is a way to decide whether x € Appr,,(X) or not.

Proposition 16. If (X,d) is an inhabited compact metric space, limg is the
limit relation induced by its metric d, and Appr, : X — X is defined, for each
n, by

_ Lmin {uc2<N|z,EAppr, (X) A d(z,z,)<r"} Zfil' ¢ Apprn(X)
Appr,, (z) { - . if 2 € Appr,, (X)),

where < is any fived total ordering on 2<N, and

Appr,, (X) = {zu | [u] = v(n)}

13



and the sequences (x,)yca<n and v € S are determined in Lemma 15, then the
structure A = (X,limg, (Appr,, )nen) @ a limit space with general approxima-
tions.

Proof. The property Appr,, (Appr, (z)) = Appr, (z) follows automatically by
the definition of Appr, (z). The fact that Appr,(X) is finite follows by the
finiteness of the set of nodes in 2<N of fixed length v(n). Finally we show that
limg(z, z,) — limg(x, Appr, (2,)). The premiss is Veso3n, Vnsn, (d(z, 2,) <
€), while the conclusion amounts to Ves03n,Vi>n, (d(x, Appr, (z,)) < €). We
fix some ¢ > 0, and by the unfolding of the premiss we find ng(5) such that
d(x,z,) < §, for each n > no(5). Also, there is some n; such that ™ < §, for
each n > n;y. For each n > max(ng(5),n1) we have that

d(x,Appr,,(z,)) < d(x,2,) + d(zn, Appr,, (z,))

€

< = n
2+r

<e+e
2 2

O

Thus, if our type system is « = X | p — o, and if we define the following
hierarchy of limit spaces over a fixed inhabited compact metric space (X, d)

X() = (X, li(rin)7

X(p— 0) = (X(p) = X(0), lim),

p—o

and add to these spaces the approximation functions Appr,, , as defined above,
and the arrow functions Appr,, , ,,, we get directly by the fact that Gappr is
cartesian closed the following corollary.

Corollary 17. The structure A, = (X (p),lim,, (Appr,, ,)nen) is a limit space
with general approximations, for each p. Moreover, there exists an enumerable
dense subset D, in (X (p), Tim,), for each p.

Of course, we could use a type system where the base types are determined by
more than one compact metric spaces and have a result similar to Corollary 17.

Remark 18 (CLASS). A metric space (X,d) is a sequential space.

Proof. 1t suffices to prove that Ty, € 7. By definition O € Ty, if and only if
Veex Vs, exv(limg(x, z,) = ev(z,, O)). In order to show that O is in the metric
topology we fix some x € O and we prove the existence of some n € N such that
B(z,1) C O. If the converse is the case i.e., if FeeoVnIyen (@, 1)y ¢ O), then
by the appropriate choice principle we get a sequence x,, such that x,, € B(z, %),
and x,, ¢ O, for each n. But then limg4(z, z,), while z,, is always outside O. O

Kisyriski’s theorem (proved in [8]) suffices to prove that all limit spaces in the
above (or mixed) hierarchies are topological, since all of them satisfy the unique-
ness property (Theorem 4(iii)).
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Theorem 19 (Kisyniski 1960 (CLASS)). If a limit space satisfies the uniqueness
property, then it is topological.

Of course, there are topological limit spaces, like the trivial limit space (X, X x
XM, which do not have the uniqueness property. Note that Hyland in [6], p.59,
proved that if a limit space induces a Hausdorff space, then it is topological; a
result, because of a remark in Section 2, weaker than Kisynski’s theorem and of
a much simpler proof. This shows that the transition of a result on a Hausdorff
space to a limit space with the uniqueness property is not in general trivial. Next
simple corollary of Kisynski’s theorem is proved (directly) also in [4], p.484.

Corollary 20 (CLASS). (i) If f : (X, Timx) — (Y, Tiimy ) is continuous and
(Y,limy ) has the uniqueness property, then f : (X,limyx) — (Y,limy) is lim-
continuous.

(i1) If (X,1im) is a limit space and (Y,limy) has the uniqueness property, then
C(X,Y)=X =Y, where C(X,Y) denotes the set of continuous functions from
X toY w.r.t. the topologies induced by the corresponding limits.

Proof. (i) By Kisynski’s theorem the limit space (Y, limy ) is topological, there-
fore by Proposition 3(ii) f is also lim-continuous.
(ii) This is derived directly from (i) and Proposition 3(i). O

Of course, part (ii) of the previous corollary applies to each function space
appearing in the above hierarchies of limit spaces. Next proposition reveals
the similarities between the induced topology of an abstract limit space with
approximations and the topology of Cantor space.

Proposition 21. If (X, lim, (Appr,, )nen) s a limit space with approzimations
satisfying the uniqueness property, then the following hold:

(i) (CLASS) The set Z(Appr,,,e) = {x € X | Appr,,(z) = e} is lim-clopen, for
each n € N and e € Appr,, (X).

(i) (CLASS) If X is a compact metric space and lim, (Appr,, )nen are defined
as above, then the functions Appr,, are not in general lim-continuous.

(ii) (BISH) The sets of the form Z(Appr,,e) form a countable basis for a
topology Tz on X which is included in Tim -

(iv) (CLASS) The topological space (X,Tz) is T1 and 2nd countable.

Proof. (i) Since Appr,, is lim-continuous, and so is the function é : X — X
with the constant value e, we get by Proposition 1(iii) that Z(Appr,,e) =
Z(Appr,,, é) is lim-closed. To prove that Z(Appr,,,e) is a lim-open set we fix
some x € Appr,(X) and some z,, C X such that lim(z,x,,), and we show
that eventually Appr,, (2,,) = Appr,, () = e. Of course, if Appr,, (X) = {e}, we
get directly what we want. Suppose next that Appr,, (X) = {e1,...,€;-1,¢; =
€,€i+1,---,¢k}, and also that the sequence Appr,, (z,,) is not eventually constant
e i.e., there are infinite terms of Appr,, (z,,) other than e. By the infinite pi-
geonhole principle there exists e; # e, and o € S such that Appr,, (za(m)) = €j,
for each m, which implies lim(ej, Appr,, (%4 (m))). On the other hand, the lim-
continuity of Appr,, implies lim(Appr,,(x), Appr,,(%.,)) < lim(e, Appr,, (z.m)),
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while by condition (ii) of limit spaces we get lim(e, Appr,, (Z4(m))). The unique-
ness property of the limit space implies that e; = e, which is absurd.

(ii) It is clear that Z(Appr,,e) # 0, since by its definition e € Appr, (X) +
Jrex (Appr, (v) =€) = Jpex(x € Z(Appr,,, e)). Also, if {e} C Appr, (X), then
Z(Appr,,,e) € X. Since (i) rests on the lim-continuity of the approximation
functions Appr,,, if that was the case for these functions in the case of a compact
metric space, then (i) would hold. But there are compact metric spaces, like
the connected unit interval [0, 1], which have no non-trivial clopen sets.

(iii) It is clear that each x € X is in Z(Appr,,, Appr,,(x)), for each n. Next we
show that if x € Z(Appr,,, e,) N Z(Appr,,, €m), then

Z(Apprn, en) n Z(Apprm, em) - Z(Apprmax(n,m)a emax(n,m))'

We suppose that n < m, and we show that Z(Appr,,,en) C Z(Appr,,,e,). By
our hypothesis Appr, (z) = e, and Appr,,(z) = e,. Next we suppose that
Appr,, (y) = e, and we show that Appr,, (y) = en:

Appr,,(y) = Appr,,(Appr,,(y))
= Appr,,(em)
= Appr,,(Appr,,(z))
= Appr,, ()

=e,.

The family of all sets of the form Z(Appr,,, e) is countable, as a countable union
of finite sets. Since each set Z(Appr,, e) is lim-open, the topology Tz having
them as a basis is included in Tyj,.

(iv) Consider x € X and some y € X \ {z}. Since = # y, there exists
n € N such that Appr,(z) # Appr,(y); if Vn(Appr,(z) = Appr,(y)), then
lim(x, Appr,,(z)), lim(y, Appr,,(v)), and the uniqueness property of X imply
z =1y. Thus, y € Z(Appr,, Appr,,(y)) C (X \ {z}). The 2nd countability of T
is due to the countability of the base (Z(Appr,,,€))n,e- O

One could ask if Ti;m € 7z. For example, in the base case we have that n €
Apprn+l(X) a‘nd

Z(Apprn+17n) = {33 eN | Apprn—i—l(x) = TL}
={x € N|min(n+1,z) =n}

= {n}.
A result of Hyland shows that this is not the case.

Proposition 22 (CLASS). (i) Ct(k) is not 1st countable, for each k > 1.

(i) If (X,lim, (Appr,,),) is a limit space with approximations, then Tz C Tim.-
(153) If (X, lim, (Appr,,)») is a limit space with approzimations, then the converse
to condition (iv) of the definition of a limit space with approximations i.e.,
lim(z, Appr,,(z,)) — lim(x, z,,), does not hold in general.
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Proof. (i) See [6] p.64, or [11] p.54.
(ii) If the two topologies were equal, then Ct(k) would be 2nd countable, some-
thing which contradicts (i).
(iii) We show that the converse to condition (iv) implies that T, C Tz ie.,
for each lim-open set O and x € O there is some Z(Appr,,e) such that x €
Z(Appr,,,e) C O. If this is not the case, there is a sequence y, C X such
that Appr, (yn) = Appr,,(z) and y,, ¢ O, for each n. Since lim(x, Appr,,(z)) <
lim(z, Appr,, (y»)), the converse implication would imply that lim(z, y,, ), there-
fore y,, would be eventually in O, which is absurd.

O

5 Future work

Our aim was to show that Normann’s notion of the nth approximation of a
countable functional is fruitful and also compatible to a general constructive
point of view.

A natural question is whether limit spaces with general approximations can
include separable, non-compact metric spaces, since Lemma 15 is extended
within BISH to a separable metric space and the Baire space N instead of
C. In that way the study of the hierarchy Ctgr(p) of functionals over R would be
similar to that of Cty(p) (the two hierarchies have a different treatment in [13]).

In a forthcoming work we show that there is a strong connection between
Normann’s notion of a probabilisitic projection, introduced in [14], and a limit
space with general approximations. Namely, if we add the property of positivity
to Normann’s notion of probabilistic projection, and it is easy to see that the
probabilistic projections proved by Normann to exist are actually positive, we
show that a positive probabilistic selection induces a limit space with general
approximations.

Although there are constructive approaches to external computability at
higher types (see e.g., the theory of computable functionals TCF in [20]), we
find equally interesting the development of a constructive approach to internal
computability. That combines an as much as possible constructive reconstruc-
tion of the theory of limit spaces with a possible parallel interpretation of Godel’s
T, typed p-recursion and the Kleene schemes.

I would like to thank one of the reviewers for his instructive comments and
suggestions.

References

[1] E. Bishop and D. Bridges: Constructive Analysis, Springer-Verlag, 1985.

[2] D. Bridges and S. Reeves: Constructive Mathematics in Theory and Pro-
gramming Practice, Philosophia Mathematica (3), Vol.7, 1999, 65-104.

17



[3]

[4]

[11]

[12]

[13]

[14]

D. Bridges and F. Richman: Varieties of Constructive Mathematics, Cam-
bridge University Press, 1987.

R. M. Dudley: On sequential convergence, Trans. Amer. Math. Soc. 112,
1964, 483-507.

J. Dugundji: Topology, Universal Book Stall, New Delhi, 1990.

M. Hyland: Recursion Theory on the Countable Functionals, Dissertation,
Oxford, 1975.

M. Hyland: Filter spaces and continuous functionals, Annals of Mathemat-
ical Logic 16, 1979, 101-143.

J. Kisynski: Convergence du Type L, Colloquium Mathematicum 7, 1960,
205-211.

K. Kuratowski: Topology, Vol. I, Academic Press, 1966.

M. Menni and A. Simpson: Topological and Limit-space subcategories of
Countably based Equilogical Spaces, Math. Struct. in Comp. Science 12
(6), 2002, 739-770.

D. Normann: Recursion on the Countable Functionals, Springer-Verlag,
LNM 811, 1980.

D. Normann: External and Internal algorithms on the continuous function-
als, in G. Metakides (ed.) Patras Logic Symposion, North-Holland Publish-
ing Company, 1982, 137-44.

D. Normann: Internal Density Theorems for Hierarchies of Continuous
Functionals, in A. Beckmann, C. Dimitrakopoulos, and B. Léwe (Eds.)
CiE 2008, LNCS 5028, 2008, 467-475.

D. Normann: Experiments on an Internal Approach to Typed Algorithms
in Analysis, in S. B. Cooper and A. Sorbi (Eds.): Computability in context:
computation and logic in the real world, Imperial College Press, 2011, 297-
327.

D. Normann: Banach spaces as data types, Logical Methods in Computer
Science, Vol. 7(2:11), 2011, 1-20.

D. Normann: The Continuous Functionals as Limit Spaces, in U. Berger, H.
Diener, P. Schuster and M. Seisenberger (Eds.): Logic, Construction, Com-
putation, Ontos Heusenstamm, Ontos Mathematical Logic 3, 2012, 353-379.

I. Petrakis: Constructive combinatorics of Dickson’s lemma, preprint, 2013.
I. Petrakis: Limit spaces in computability at higher types, preprint, 2013.

B. Scarpellini: A model for barrecursion of higher types, Compositio Math-
ematica, 23 (1), 1971, 123-53.

H. Schwichtenberg and S. Wainer: Proofs and Computations, Cambridge
University Press, 2012.

M. Schroder: Admissible Representations of Limit Spaces, in J. Blanck, V.
Brattka, P. Hertling (Eds.): CCA 2000, LNCS 2064, 2001, 273-95.

M. Schréder: On the Relationship between Filter Spaces and Weak Limit
Spaces, Journal of Universal Computer Science, vol. 14, no. 6, 2008, 996-
1015.

18



