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MULTI-REPRESENTATION ASSOCIATED TO THE NUMBERING OF A
SUBBASIS AND FORMAL INCLUSION RELATIONS
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ABSTRACT. We revisit Dieter Spreen’s notion of a representation associated to a numbered
basis equipped with a strong inclusion relation. We show that by relaxing his require-
ments, we obtain different classically considered representations as subcases, including
representations considered by Grubba, Weihrauch and Schréder. We show that the use of
an appropriate strong inclusion relation guarantees that the representation associated to
a computable metric space seen as a topological space always coincides with the Cauchy
representation. We also show how the use of a formal inclusion relation guarantees that
when defining multi-representations on a set and on one of its subsets, the obtained multi-
representations will be compatible, i.e. inclusion will be a computable map. The proposed
definitions are also more robust under change of equivalent bases.

1. INTRODUCTION

In order to study computability in areas of mathematics where mathematician freely define
very abstract objects, one has first to answer the question: how can a machine manipulate
an abstract object?

Turing, in his seminal paper [Tur37], gave a first approach to this problem, and he was
able to define computable functions of a computable real variable.

Kleene’s general solution is known as realizability: to represent abstract objects by
concrete descriptions, thanks to the use of semantic functions which give meaning to a priori
inert symbols. A function between abstract objects is then called computable if it can be
realized by a computable function on concrete objects.

In the Type Two theory of Effectivity (TTE), the considered set of concrete objects is
the Baire space NV, and the notion of computability is given by Turing machines that work
with infinite tapes. The semantic functions that map elements of the Baire space to abstract
objects are called representations, they were introduced by Kreitz and Weihrauch in [KW85].
This notion was extended by Schroder to multi-representations in his dissertation [Sch03].

One of the defining features of TTE is that the study of computable functions is always
related to the study of continuity, because, on the Baire space, a function is continuous if and
only if it is computable with respect to some oracle. Thanks to Schroder’s generalization of
Weihrauch’s notion of admissible representation [Sch02], this phenomenon extends to other
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topological spaces. One can then investigate in parallel computability and continuity, and
reductions between problems, or translations between representations, exist both in terms of
computable functions and in terms of continuous functions.

A celebrated theorem of Schroder [Sch03] characterizes those topological spaces that
admit admissible multi-representations as those whose sequentialization is the quotient
of countably based spaces (qcb-spaces). On such a space, there is a unique admissible
multi-representation, up to continuous translation.

However, when studying computability, representations are considered up to computable
translation.

One could of course ask to distinguish amongst admissible representations those that
are appropriate to study computability -and possibly call them “computably admissible”.

However, because qch-spaces can have continuously many auto-homeomorphisms, there
is no hope of distinguishing a single equivalence class of representation as the correct one to
study computability. Indeed, if p :C NN — X is an admissible representation of a topological
space X, which we know to be appropriate for studying computability, then for any auto-
homeomorphism © : X — X of X, © o p will be another representation of X which will have
exactly the same properties as p. The representation © o p is computably equivalent to p
exactly when © and its inverse are (p, p)-computable, and thus there can only be countably
many of these representations that are computably equivalent.

In practice, there is often a single correct choice of a representation on a set, but this
comes from the fact that we consider sets that have more intrinsic structure than just a
topology. For example, any permutation of N is an auto-homeomorphism of N for the discrete
topology, and thus there is no hope of fixing the correct representation of N using only
its topology. However, if we ask that addition should be computable, or that the order
relation should be decidable, etc, we may end up distinguishing a single representation as
the appropriate one. Such questions are linked to the study of computable model theory.

A possible way to equip a topological space X with an additional structure that will
permit to distinguish a single class of representations as “computably admissible”, and that
has been used in computable analysis since early work of Weihrauch [KW85, Wei87], is to
consider a numbered basis (B, ) associated to X, i.e. a countable basis B for the topology
of X together with a partial surjection S :C N — B. Note that the crucial point here is that
by fixing a numbering of a basis we are already choosing the desired notion of computability.
Fixing an abstract basis, as a set and not as a numbered set, would not be sufficient for
this purpose. This is a very natural way to proceed because, in practice, when working with
explicit topological spaces, there is often an obvious numbering of a basis that stands out as
the correct one to study computability.

In fact, one can easily remark that in many settings where authors have used numbered
bases, one might as well have considered only numbered subbases and obtained the same
results. Additionally, because it is important for us to be able to study computability on
non-Ty spaces (for instance to include at least all finite topological spaces in our field of
study), we will allow the use of multi-representations.

This gives the setting of the present study: a topological space equipped with a numbered
subbasis, on which we want to define a multi-representation.

However, even once a numbered subbasis has been fixed on a space, there still are several,
all seemingly natural, but sometimes non-equivalent, ways to define a multi-representation
associated to this numbered subbasis.
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In the present article, we consider a family of representations introduced by Spreen in
[Spr01], defined thanks to a strong inclusion relation.

In [Spr01], these representations are used in a context in which they are computably
equivalent to the more commonly used “standard representation” of Weihrauch.

Our purpose here is to show that in more general settings, representations defined
thanks to strong inclusion relations do not have to be equivalent to the standard representa-
tion of Weihrauch, and that they can in some cases be better behaved than this standard
representation.

Throughout, we fix a set X, and denote by (8, 8) a numbered subbasis for X. This is
simply a countable subset of P(X) equipped with a partial surjection 8 :C N — 9B.

There are two main approaches that authors have used to define a multi-representation
p:C NN = X associated to the numbered subbasis (%8, 3).

In each case the p-name of a point z of X is a sequence (uy,)nen of S-names of basic sets
which form a neighborhood basis of . But with this idea, there are two possible approaches:

e The sequence (up)nen is asked to contain S-names for sufficiently many basic sets so as
to define a neighborhood basis of x. This representation was first used by Weihrauch
in [Wei87]. It is particularly important since it was used by Schroder to prove the
characterization theorem of topological spaces that admit admissible multi-representations.
See [Sch01, Sch02|. Tt also appears in [KP22, Example 2.2].

e Or the sequence (uy)nen is asked to contain all the B-names for basic sets that contain
x. This was first used in [KW85] under the name standard representation. This is also
the definition of Weihrauch and Grubba [WG09|. This is now the common approach: see
[HR16, Sch21].

In Schréder’s dissertation [Sch03|, both approaches are used, depending on whether the focus
is solely continuity (first approach, see Section 3.1.2 in [Sch03], which deals with limit spaces
and limit bases), or also computability (second approach, see Section 4.3.6 in [Sch03]).

We thus define two multi-representations associated to the numbered subbasis (B, ).
They are denoted by préﬁn :C NNV = X and pglax :C NN = X, and are defined by:

min Vn € Im(f), n € dom(pB) &z € B(n),
rs (f) Sre {VB €B,ze€B=3Ing,..,n €N, ,B(f(nl)) n... ﬂﬂ(f(nk)) C B;

PE(f) 2 2 <= Im(f) = {n € dom(B), z € B(n)}.

Note that there always exists a translation pjg'

on Baire space.

Both approaches highlighted above are particular cases of a more general definition based
on a strong inclusion relation, corresponding respectively to the coarsest and finest reflexive
strong inclusion relations.

The idea of replacing set inclusion by a formal relation which need not be extensional
can be traced back to Schreiber and Weihrauch in [WS81|. It is now commonly used in the
theory of domain representation [SHTO0S].

The use of a formal inclusion relation in relation with numbered bases was initiated by
Dieter Spreen in [Spr98|, in terms of strong inclusion relations.

Definition 1.1 [Spr98, Definition 2.3]. Let B be a subset of P(X), and f:C N — B a
numbering of 8. Let C be a binary relation on dom(S3). We say that C is a strong inclusion

relation for (9B, B) if the following hold:

ax L pgﬁn, witnessed by the identity realizer
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(1) The relation C is transitive;
(2) Vbl,bz S dom(ﬁ), b1Cbhy — ﬁ(bl) C B(bg)

The general definition of the multi-representation associated to a numbered subbasis
based on a strong inclusion is the following:
e A sequence (up)nen of S-names constitutes a p-name of x if it contains sufficiently many
basic sets, but sufficiently many with respect to the strong inclusion.
More precisely, consider a numbered subbasis (B, ).
We denote by (B, 3) the numbered basis induced by (3B, 8): B it the set of all finite

intersections of elements of B, and  is the naturally associated numbering: the B—name of
an intersection By N ... N B, encodes B-names for By, ...,B,.
When the basis (B, 5) is equipped with a strong inclusion relation C, we define a

multi-representation p[% :C NN = X by:

{vln € Im(f), by € dom(B) &z € B(by),

-
p5(f) 2z — vby € dom(B), z € B(b1) = by € Im(f), b2Chby

Let X be a set equipped with a numbered subbasis (B, ), and suppose that the induced
numbered basis (B, 3) admits a strong inclusion relation C. When z is a point of X, a

subset A C dom(f) is called a strong neighborhood basis for x if and only if
Vb e A, x € B(b);
Vb € dom(B), x € B(b) = by € A, boChy.

Thus the p%—name of a point x is a list of B—names that forms a strong neighborhood basis
of .

Note that in general, not all points of X need to have a strong neighborhood basis with
respect to a strong inclusion relation C. The formula given above for p% correctly defines a
multi-representation if and only if every point admits a strong neighborhood basis, otherwise
it is not surjective. Thus in the present article, we will always suppose that all points admit
strong neighborhood bases. Two natural conditions are sufficient for all points to admit
strong neighborhood bases:

e If C is a reflexive relation. Reflexive strong inclusions induce equivalence relations, this is
often useful, see [Rau23|.

e If the basis is a strong basis in the sense of Spreen [Spr98|: if for every two B—names a and
b of basic sets that intersect, and any z in their intersection, there is a B—name c of a set
that contain x and for which cia and cib.

The definition of p% generalizes the two previous definitions:

e When we take the strong inclusion to be the actual inclusion relation, i.e. by Chy <=
B (b1) C B (be), p% is exactly pgin. Note that this is the coarsest strong inclusion relation.

e When we take the strong inclusion to be equality, i.e. bjCby <= b = bo, p% is exactly
pjg™*. Note that equality is the finest reflexive strong inclusion relation.

Note that for every strong inclusion relation C with respect to which all points admit strong

neighborhood bases, we have p?a" < p% < pgli“, the identity on Baire space being a realizer
for both translations.
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The central idea of the present article can be summarized as follows.

Let (B, 3) be a numbered basis for a set X.

The correct definition of the representation associated to 8 will often involve giving more
information about points than simply listing names for a neighborhood basis. For instance
in a metric space, we want the name of a point = to give us access to open balls with small
radii that contain a x -if x is isolated, a neighborhood basis could contain only balls that are
explicitly given with big radii, and we would have to be able to guess that x is isolated to
make use of this name.

There is a certain amount of “additional information” required to define the correct
representation. It is precisely determined by an appropriate choice of a strong inclusion
relation.

The solution devised by Kreitz and Weihrauch in [KW85] is to systematically provide
the maximal amount of information that the basis can provide, giving all names of balls that
contain a given point x. This corresponds to systematically using the finest reflexive strong
inclusion relation.

Using a strong inclusion relation different from the finest one gives a precise quantification
of the information that the basis should provide, offering a better understanding of the
representation at hand. Again, in metric spaces, it is clear that the correct amount of
information required to manipulate a point x is to have balls with arbitrarily small radii that
contain x be given. Listing all the balls with rational radii that contain x obviously involves
listing much more than what is actually necessary.

And the main problem that arises with the Kreitz-Weihrauch method, where the maximal
amount of information is systematically given, is that as soon as one tries to use non
computably enumerable bases, this amount of information becomes too important, and no
point has a computable name. For instance, when trying to use as a basis of the topology
of R the set of open intervals with computable reals as endpoints, the representation p3*
has no computable point. But for every reasonable notion of “computable equivalence” of
bases, the basis that uses rational intervals is equivalent to the one that uses intervals with
computable reals as endpoints -just like classically the basis consisting of all open intervals is
equivalent to the one where rational intervals are used.

Quantifying more precisely the amount of information a basis is supposed to provide,
thanks to a strong inclusion relation, allows to avoid this caveat.

This article is organized around five main topics, which correspond respectively to
Sections 3, 4, 5, 6 and 7.
min max

Firstly, we show that in any situation, all multi-representations PE™" Ps and p% are
admissible for the topology generated by the basis 5. They can thus be used interchangeably
when focusing on continuity.

Then, we discuss what happens when considering the multi-representations associated
to a set X and to a subset A of X, and investigate whether we can guarantee that the
embedding A — X will be computable.

We then focus on metric spaces, and on the problem of defining, thanks to a numbering
of open balls, a representation that is equivalent to the Cauchy representation.

We then consider semi-decidable strong inclusions. We render explicit the benefit of using
a c.e. strong inclusion relation. We also note that when a basis B is equipped with a partial
numbering 5, it is always possible to totalize 8 while preserving the representations pg‘in,
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max

Ps and ,0[%, but it might not be possible to preserve the fact that dom(3) was equipped
with a semi-decidable strong inclusion.

Finally, we study different notions of equivalence of bases. We give examples of bases
that one would naturally expect to be equivalent, but which yield different representations
M. We describe a notion of representation-equivalent bases which guarantees that two
bases yield equivalent representations.

Acknowledgements. I thank Mathieu Hoyrup for a careful reading of the present
article. I would also like to thank Vasco Brattka for helpful discussions, and Andrej Bauer
for relevant references. Finally, I thank the anonymous referee for many valuable comments
and suggestions.

2. PRELIMINARIES

2.1. Multi-representations: translation and admissibility.

Definition 2.1. A multi-representation [Sch03| of a set X is a partial multi-function:
p:C NN = X such that every point of X is the image of some point in dom(p).

Note that, extentionally, a partial multi-function: p :C NY¥ = X is nothing but a
total function to the power-set of X: p : N¥ — P(X). The domain of p in this case is
{f e NN, p(f) # 0}. But in terms of the way one uses a multi-representation, it should not
be seen as a function to P(X). For instance, the preimage of a subset A C X by p is not
defined as {f € N, p(f) = A}, but as p~1(A) = {f e NN, p(f)n A # 0}.

For f € NN if x € p(f), then f is a p-name of x.

Definition 2.2. A partial function H :C X == Y between multi-represented sets (X, p;) and
(Y, p2) is called (p1, p2)-computable if there exists a computable function! F:C NN — NN
defined at least on all f € dom(p;) for which p;(f) Ndom(H) # 0 such that

Vo € dom(H), Vf € dom(p1), x € p1(f) = H(x) € p2(F(f)).

This definition has a very simple interpretation: the multi-function H is (p1,p2)-
computable if there is a computable map which, when given a name for a point x, produces
a name for the image of x by H.

When H :C X — Y is a partial function between represented spaces (X, p1) and
(Y, p2), any partial function F :C NN — NN which satisfies the condition written in the
above definition is called a realizer for H. A function is computable if and only if it has a
computable realizer.

Definition 2.3. If p; and ps are multi-representations of a set X, we say that py translates
to pa, denoted by p1 < po, if the identity idx of X is (p1,p2)-computable. The multi-
representations p; and py are called equivalent if each one translates to the other, this is
denoted by p1 = po.

The fact that p; translates to py can be interpreted as meaning that the p;-name of a
point in X provides more information on this point than a ps-name would. Note that for
representations, p; < po if and only if there exists a computable h :C NN — NN so that

10r “computable functional” in the sense of Kleene [Kle52] or Grzegorczyk [Grzb5], see [Wei00].
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p2 o h = p1, while for multi-representations, p; < po if and only if there exists a computable
h:C NN — NN 5o that p; C pa o h, ie. for all z € dom(py), p1(z) C p2 o h(x).
We also have a notion of continuous reduction:

Definition 2.4. If p; and py are multi-representations of a set X, we say that p; continuously
translates to po if the identity idx of X admits a continuous realizer. This is denoted by
p1 <; p2, where the subscript ¢ stands for topological.

The multi-representations p; and ps are continuously equivalent when each one continu-
ously translates to the other. This is denoted by p1 =¢ po.

When X is equipped with a multi-representation p :C NN — X we can naturally equip
X with a topology, the final topology 7, of the multi-representation. The topology 7, is
defined as follows [Sch03, p. 53]: a set A is open in X if and only if A = p(p~1(A4)) and
p~1(A) is open in the Baire space topology (more precisely: open in the topology on dom(p)
induced by the topology of Baire space).

Note that when p is a function, A = p(p~!(A)) is automatically satisfied, since p is
surjective. Generalizing this to multi-functions, we have render explicit this condition.

In this paper, as we focus on second countable topological spaces, the topology of each
space we consider is determined by converging sequences, and thus by the limit space induced
by the topology. However, when working with multi-representations, we need the notion of
sequentially continuous multi-representation even when focusing solely on second countable
spaces.

Definition 2.5 [Sch03, Section 2.4.4]. A multi-function F': X =2 Y is called sequentially
continuous if for every sequence (z,) € X N that converges to a point ., every sequence
(yn) € YN with y, € F(x,) for all n, and every yoo € F(2o0), (yn) converges to yoo.

The reason why we need this definition even in a sequential setting is the following.
Consider the degenerate multi-function F : N¥ = NN which maps every point to NN, The
preimage of any open set by F'is open in Baire space, and the preimage of any closed set is
closed (thus F' is both lower and upper semi-continuous). However, there is no continuous
translation between F' (seen as a multi-representation) to the usual identity representation
of Baire space. This comes from the fact that while F' is in a sense continuous, the final
topology of F' is still coarser than the Baire space topology. This cannot happens for single
valued functions: a function F': NN — NN is continuous if and only if the final topology of F'
is finer than the topology of Baire space.

Definition 2.6 [Sch03]. Let (X, 7) be a sequential topological space. A multi-representation
p :C NN = X of (X,7T) is called admissible if it is a maximal sequentially continuous
multi-representation: p is sequentially continuous, and for any sequentially continuous
multi-representation ¢ :C NN = X of X we have ¢ <; p.

Note that the following lemma guarantees that when we consider a Ty-space, the above
supremum can be taken only over continuous representations.

Lemma 2.7 ([Sch03, Lemma 2.4.6]). If a multi-function F: X =Y towards a Ty space is
sequentially continuous, it is in fact a single valued function.

2.2. Sierpinski representation of open sets. Associated to every multi-represented space
(X, p) is a representation of the open sets of the final topology of p, called the Sierpiriski
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representation [Sch03], denoted by [p — pgai] as in [Sch03]. See also [Paul6]. Note that even
when p is a multi-representation, [p — pai] remains an actual representation.

This representation is defined as follows: [p — pei](p) = O if and only if p encodes a
pair (n,q), where n € N and ¢ € N¥, and n is the code of a Type 2 Turing machine which,
when run on input f € dom(p) using ¢ as an oracle, will stop if and only if p(f) € O. For
more details, see [Sch03].

A subset of X is called c.e. open if it is a computable point of the Sierpinski representation.
In other words, it is simply a p-semi-decidable set.

2.3. Numberings. A numbering of a set X is a partial surjection v :C N — X. This can
equivalently be seen as a representation whose domain is a subset of the set of constant
sequences, and thus the notion of computable function and the order < defined in the previous
section can also be applied to numberings.

We say that X is v-computably enumerable if there is a c.e. subset A of N such that
X =v(A). This is one of several possible notions that formalize the idea of being “effectively
countable”, and probably the more commonly considered one.

Supposing that a numbering v has domain N, or has a c.e. domain, in particular implies
that the numbered set is v-computably enumerable. Applied to numbered bases, this gives a
notion of effective second countability.

2.4. Basis induced by a subbasis and induced strong inclusion. Fix a set X, and
denote by (B, 8) a numbered subbasis for X. The induced numbered basis is a pair (B, 5):
B is the set of finite intersections of elements of B, and 3 is a numbering defined as follows.
Denote by A the standard numbering of finite subsets of N. Then put:

dom(B) = {n € N, A, C dom(B)};

Vn € dom(B), B(n)= () B
Bep(An)
When (%8, ) is equlpped with a strong inclusion C this strong inclusion can naturally
be extended to (B, 3), as follows:

Vni,no € dom(ﬁ),nling < Vke A, IpeA,, pCk.

One easily check that this extension preserves the conditions of being a strong inclusion
relation, and that if C was reflexive, the extension remains reflexive.

Remark 2.8. In the present article, we often consider a numbered subbasis (8, 5) which
induces a basis (B, 3), and a strong inclusion relation C for (B, 3) -and not for (B, 3).
The reason for this is as follows. As shown above, every strong inclusion relation for (98, 3)
induces a strong inclusion relation on (S%, B) However, not every strong inclusion for (S%, B)
needs to come from a strong inclusion of (28, 3). In particular, the “set inclusion strong
relation” 7’L1C7’L2 <= [(n1) C B(n2) on (B, 3) does not induce the set inclusion strong
relation on (B, 3). And the relation n1Cng <= f(n1) C B(ny) for (B, B) does not have to
be induced by a strong inclusion of (B, 3).

Our setting is thus made more general by allowing any strong inclusion relation on
(%, B), and not only those that come from strong inclusions of the subbasis.
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2.5. Computable topological spaces. We now introduce here the notion of “computable
topological space” that was introduced by Weihrauch and Grubba in [WG09]. It is a special
case of a definition of Bauer: |Bau00, Definition 5.4.2|.

We want to note here that the term “computable topological space” is not an appropriate
name for this notion, since it is a notion of computable basis, and not the definition of a
computable topological space. Furthermore, it is only one amongst several possible notions
of computable basis, and not the most general one one can think of. For instance it does not
apply to all non-computably separable computable metric spaces.

Denote by W; = dom(ip;) the usual numbering of r.e. subsets of N.

Definition 2.9 [WG09|. A “computable topological space” is a triple (X, B, §), where X is
a set, B is a topological basis on X that makes of it a Ty space, and 5 : N — B is a total
surjective numbering of B, for which there exists a computable function f : N2 — N of such
that for any 4, j in N:

By NBG = |J Bk).

keWy (i)

Note that the requirement that 5 be total can be read as imposing that (X, B, 3) be
computably second countable. This is a requirement one might want to do away with.

A possible better name for the notion above would be that of a Lacombe basis. In
particular, if we do not ask 8 to be total, and if we do not suppose that X will be Tp, then
the conditions imposed on the basis are exactly the necessary and sufficient conditions in
order for the Lacombe sets® to form a computable topology: so that finite intersection and
computable unions be computable.

Associated to a “computable topological space” is a representation of open sets:

pes,p)(f) = U B(n).

(In the above, if f = 0%, then it is a name of the empty set.)

The condition of Definition 2.9 are sufficient in order for finite intersections and countable
unions to be computable for py g), and, again, removing the condition that X be Tj and
that 8 be total, we obtain necessary and sufficient conditions.

The representation PR has been up to now often associated to the above definition
of a computable basis. One of the purposes of this article is to show that the notion
of “computable topological space” described above, while very relevant to the study of the
associated representation p(g g) of open sets, is not relevant to the study of the representations
prﬁn1n7 pl’é’lax
Definition 2.9 are useful in showing that pgﬁn, I

and p% associated to a numbered basis. In particular, none of the conditions of

X and p% are admissible representations
(or admissible multi-representations, if we allow non Ty-spaces).

2.6. Computable metric spaces. The following is the common definition for computable
metric spaces.

2Lacombe sets are computable union of basic open sets, this name goes back to Lachlan [Lac64] and
Moschovakis [Mos64].
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Definition 2.10 [Wei03, BP03|. A computable metric space (CMS) is a quadruple (X, A, v, d),
where (X, d) is a metric space, A is a countable and dense subset of X, v: N — A is a total
numbering of A, and such that the metric d: A x A — R, is (v X v, cg)-computable.

The following older definition is in fact more general. It can be seen as the generalization
of Moschovakis’ notion of a recursive metric space, that comes from [Mos64] and which
concerns only countable spaces, to a Type 2 setting. (Indeed, not every recursive metric
space in the sense of [Mos64| is a computable metric space.)

Definition 2.11 [Her96]. A non-necessarily effectively separable computable metric space is
a quadruple (X, A, v, d), where (X, d) is a metric space, A is a countable and dense subset of
X, v :C N — Ais a partial numbering of A, and such that the metricd: A x A — R, is
(v X v, cg)-computable.

The existence of constructively non separable metric spaces has been known for a
long time. In [Sli72], Slisenko constructs, in the context of countable numbered sets, a non-
computably separable metric space which cannot be embedded in a computably separable one.
A more conceptual proof of this result was given by Weihrauch in [Weil3|: any CMS satisfies
a strong form of effective regularity, known as SCTs, and non-separable computable metric
spaces, while always computably regular (CTj3), do not have to be strongly regular. But
because SCTj is a property inherited by subsets, the example of a non-computably separable
metric space that satisfies CTg but not SCT3 [Weil3, Example 5.4| is a non-computably
separable metric space that does not embed into a CMS.

Non-computably separable spaces naturally arise, see the author’s paper [Rau21|, which
motivated the present note. Note also that, when applying the Schroder Metrization theorem
[Sch98, Weil3] to a represented space, one builds a computable metric, but there is no
guarantee that the resulting space will indeed be computably separable, and an actual
computable metric space.

Denote by cg the usual numbering of Q, which is total. Associated to a (non-necessarily
effectively separable) computable metric space (X, A, v, d) is a numbering /5 of open balls
centered at points of A:

dom(B) = {(n,m) € N, n € dom(v), cg(m) > 0},
V(n,m) € dom(B), B({n,m)) = B(v(n), cg(m)).

Note that when v is total, 8 has a recursive domain, we can then suppose that it is total.
The are two natural strong inclusion relations on metric spaces:

(n1,m1)Cng,ma) <= d(v(n1),v(n2)) + cg(m) < cg(ma);

(n1,m1)C(ng, ma) <= d(v(n1),v(n2)) + cg(mi) < cg(ma).

The first one has the advantage of being semi-decidable, the second one of being reflexive,
both have found use in the literature [WS81, Spr98|. But in fact, these two different
relations induce the same notion of strong neighborhood basis, and thus they can be studied

interchangeably when studying the representation p%.
Metric spaces come equipped with the Cauchy representation pogy:
dom(pcay) = {p € dom(¥)Y, Vi > 7,
d(v(p(i),v(p()) <277, 3z e X, x= lim v(p(i))}

i——+00
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Vp € dom(pcau), pPoau(p) = lim v(p(i)).

i——+00

3. ADMISSIBILITY THEOREM

min ,max

In this section, we prove that all multi-representations pjg"™", pig** and p% are admissible.

Proposition 3.1. For any numbered set (B, 3) of subsets of a set X, and any strong inclusion

min max

relation C for (B, B), the three multi-representations P, P
continuous translations.

and ,0% are equivalent modulo

Proof. As remarked in the introduction, we always have pjg®* < ,0[% < pgli“.We thus prove
that pgﬁn <y pglax.

With a powerful enough oracle, the inclusion can be decided on dom(f) (i.e. the relation
R defined by nRm <= f(n) C B(m)). Also, a powerful enough oracle can enumerate
dom(/). With such an oracle, we can, given the pgli“-name of a point z, enumerate in parallel
all names of balls that contain a ball that contains x, this will precisely give a pi**-name of

T. []

Theorem 3.2. For any numbered set (B, 3) of subsets of a set X, and any strong inclusion
relation C for (B, B) for which points have strong neighborhood bases, the three multi-

representations pgm, pgax

by B (as a subbasis).

and p% are admissible with respect to the topology of X generated

Proof. This is an immediate corollary of the previous result, together with the theorem of
Schroder which states that pg™ is always admissible. See in particular in [Sch03]: Proposition
3.1.6, for the case of limit spaces, and Lemma 3.1.10 for the transfer of this result to topological
spaces. L]

Note that in cases where the topology generated by (B, 3) satisfies the Ty axiom, and

pg’in, pglax and p% are representations instead of multi-representations, the above result

follows from classical results of Weihrauch [WK87, Wei00| who shows that P is admissible.
And in fact, one can also deduce Theorem 3.2 from Weihrauch’s result, together with the
following lemma, suggested to us by an anonymous referee. Recall that on a topological
space (X, 7)), we define an equivalence relation ~ by:

a~b <<= VYOeT,aceO <= beO.

The quotient X/ ~, that comes equipped with the quotient topology, is called the Kolmogorov
quotient of (X, T).

Lemma 3.3. Let (X, p) be a multi-represented space with final topology T. Consider the
Kolmogorov quotient X/ ~ of X, and the quotient representation p. Then p is admissible if
and only if p is.

Proof. Suppose first that p is admissible.

Let 7 be any sequentially continuous multi-representation of X. Because the quotient
map X END'S / ~ is sequentially continuous, ¢ o 7 is a sequentially continuous multi-function
whose codomain is Ty, by Lemma 2.7, ¢ o 7 is actually single valued. It is a continuous
representation of X/ ~, and thus go 7 <; p, i.e. there is a continuous function h so that
goToh=pondom(p).
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This indicates that for every = € dom(p), every y € 7 o h(x) and every z in p(z), y ~ z.
But by definition of the final topology of p, if y ~ z and z € p(z), then y € p(z). And thus
7o h(z) C p(x) for every x, which indicates that 7o h <; p.

Conversely, if p is admissible, p is also admissible. Indeed, let 7 :C NN — X/ ~ be
a continuous representation of X/ ~. Then ¢~! o 7 is a sequentially continuous multi-
representation of X. By admissibility of p, ¢71 o7 <; p. And qoqg lo7 <; qop, ie.
T <t . L]

4. COMPATIBILITY OF THE MULTI-REPRESENTATIONS OF A SET AND OF A SUBSET

If (X, p) is a multi-represented set, and if A is a subset of X, we naturally define a multi-
representation p4 of A, the restriction of p to A, by the following:

dom(pj4) = {f € dom(p), p(f) N A # 0};

Vf € dom(pa), pja(f) = p(f) N A.

Proposition 4.1. If A is a subset of X and p is a multi-representation of X, then the
embedding A — X is always (p|a, p)-computable, and the identity on Baire space is a realizer.

Proof. Immediate. []

We now consider a numbered subbasis (98, §) for X equipped with a strong inclusion

relation C. We thus have three multi-representations pgﬁn, pg™* and p% of X.
We can now consider a numbered subbasis (2, «) for A, defined by restriction of (B, 3):

dom(a) = dom(p);
Vn € dom(fB), a(n) = AN B(n).
In fact, (A, «) iso naturally equipped with the same strong inclusion relation as . Indeed,
the condition nCm = «a(n) C a(m) is always valid, since
Vn,m € dom(B), nCm = B(n) C (m) = ANpB(n) C AN B(m).

(Note that the new C remains reflexive, and points still admit strong neighborhood bases, if
this was the case for the original C.)

min m

We then have three multi-representations of A: pg'™", pi'®* and pg.

Both p#* and pS are well behaved with respect to the inclusion A < X, but p™" is

not. This is what we show now.
Proposition 4.2. We have: pp!™* = (pj™)a and pg = (p%)m.

o =

Proof. Left to the reader. []

Corollary 4.3. The embedding A — X is always (pg™, p§j'®*)-computable and (pg,p%)—
computable.

Proof. By Proposition 4.1. []
Proposition 4.4. The embedding A — X is not always (pglin,pgﬁn)-computable.

The proof of this proposition uses a construction that appears in Section 5.1 and is
postponed to this section.
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Corollary 4.5. It is not always the case that p™i* = (pgﬁn)m.

o =

Proof. This follows by Proposition 4.1. []

5. METRIC SPACES AND THE CAUCHY REPRESENTATION

Recall from Section 2.6 that on a non-computably separable computable metric space, we

have four representations: pglax, prﬁmn, p% (where C is the strong inclusion that comes from

the metric) and pcgy, the Cauchy representation.
In this section, we establish the following result:

Theorem 5.1. The following reductions hold on any computable metric space:

m min

_ _ c
Pgax = PCau = Pg < Pg s
and < can sometimes be strict.

The following reductions hold on any non-computably separable computable metric space:

min

¢
P53 < peau = pg < g
and each < can sometimes be strict.

Note that the positive statements about computable metric spaces in the above can be
gathered from [KW85, Wei87, Wei00, Spr01].

5.1. The “sufficiently many basic sets” approach and metric spaces. Let (X, A,v,d)
be a non-necessarily computably separable computable metric space, and denote by 3 the
numbering of open balls with rational radii associated to (X, A, v, d).

Proposition 5.2. We have pogy < pgﬁn.

Proof. The pcg, name of a point x is a sequence (of names) of points (uy,)nen that converges
towards z at exponential speed. A sequence of names for the balls (B(uy,27"))pen is then a
P -name of . []

It was already remarked by Weihrauch in [Wei87, Section 3.4, Therorem 18| that the
existence of isolated point could be a problem for the representation P We show:

Proposition 5.3. The representation pgﬁn does not have to be equivalent to the Cauchy
representation of X, even if X is computably separable.

The idea is the following. We build a computable metric space which is discrete in some
places and not discrete in others. For a point x which is isolated, if n is a name of a ball
B(x,r) which contains only z, i.e. B(z,r) = {z}, then (n,n,n,n,...) is a pgﬁn—name for x.
However, to construct a Cauchy name for x starting from this pgﬁn—name, one has to be able
to computably understand that z is isolated, and that the ball B(z,r) determines 2 uniquely.
We choose a space where this is not possible.

Note that this example is precisely based upon a case where the strong inclusion relation
is different from the actual inclusion relation. Indeed, with the notations above, we have:

e For any m such that x € 3(m), then B(n) C S(m).
e It is not true that for any m such that € §(m), then nCm. Indeed, this fails if m is a
name for B(x,r/2) (i.e. a name where the radius ezplicitly given is r/2).
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Proof. We take a certain subset of R. Denote by K the halting set: K = {n € N, p,(n) |}.
Consider the union
A= JIn-1/2,n+1/20U (] {n}.
nek n¢K
Thus A is discrete in some places and not discrete in others. A admits a dense and computable
sequence: the set of natural numbers, together with the set of rationals in [n — 1/2,n + 1/2],
for each n in K, which is a r.e. set because K is.

The usual metric of R remains computable when restricted to the set of rationals in A.
Thus A is a computable metric space. Denote by S the numbering of open intervals of A
induced by that of R: if v is a numbering of open intervals of R that have rational endpoints,
put

B(n) =~(n) N A.
In this setting, for n ¢ K, denote by m a y-name of the basic set |n — 1/4,n + 1/4].

Then the constant sequence (m,m,m,m...) constitutes a valid pﬂmi“—name of n. Suppose

there is a Type-2 machine T' that on input the p?in—name of a point of A transforms it in
a poay-name of this point. Then we can enumerate numbers n for which the pog,-name
produced by T when given as input a constant sequence as above gives a precision better
than 1/4. This gives precisely an enumeration of K¢. This is a contradiction. []

We finally use the construction above to prove Proposition 4.4.

Proof of Proposition 4.4. In the construction that appears above in the proof of Proposition
5.3, we build a metric space A equipped with a numbered basis with numbering 5 and where
pg‘i“ L pcau- The constructed set is a subset of R, and it is easy to see that in this case the
Cauchy numbering pcg, on A is the restriction of the Cauchy numbering on R, which is
itself equivalent to p™™, where v denotes the numbering of open intervals of R with rational

v . .
min min

endpoints. And thus we have: pg™ £ pcau, pCau = (P5'")|4, and thus pgﬁn £ (pfynin)‘A.
Finally this directly implies that the embedding A < R is not (pgﬁn, pgﬁn)—computable. ]

5.2. The representation associated to “all names of basic sets” and non-computably
separable metric spaces. Let (X, A,v,d) denote again a non-necessarily computably
separable computable metric space, and denote by S the numbering of open balls with
rational radii associated to (X, A, v, d).

max

Proposition 5.4. We have PE* < pcau-

Proof. This is very simple: a p**-name contains names of balls of arbitrarily small radius.

Given a P -name of a point z, a blind search in this name for a 27" good-approximation
of x will always terminate. []

The following is well known: it shows that the definition of computable topological space
as introduced in [WG09| (see Definition 2.9) is coherent with the definition of computable
metric space as used since |Wei03|. It is for instance recalled in [Sch21, Example 9.4.16].

Proposition 5.5. As soon as (X, A,v,d) has a dense and computable sequence, for the
numbering B of open balls given by rational radii and centers in the dense sequence, one also

has PCau = p?ax'



Vol. 21:3 MULTI-REPRESENTATION ASSOCIATED TO A NUMBERED SUBBASIS 29:15

Note however, as we will discuss in Section 7, that the above proposition holds only for
certain choices of a numbering of open balls.

Finally, if (X, A, v, d) does not have a dense and computable sequence, it does not have
to have a computably enumerable basis of open balls. In this case, we have:

Proposition 5.6. If § is the natural numbering of open balls with rational radii in a non-
computably separable computable metric space, it is possible that pcay £ pglax. And it is
possible that pglax defines no computable point.

Proof. We give a very simple example. Consider the set K¢ the complement of the halting
set, which is not r.e.. The numbering of K¢ is the numbering induced by the identity on N.
Take the usual metric of N, d(i,j) = |i — j|, and the associated numbering § of balls with
rational radii and centers in K°.

In this setting, no point of K has admits a computable pg**-name.

Indeed, a computable enumeration of all balls centered at points in K¢ that contain
a given point x gives in particular an enumeration of the set of all their centers, which is
exactly K¢. []

5.3. The strong inclusion approach in metric spaces. Let (X, A,v,d) be a non-
necessarily computably separable computable metric space. Let 5 be the numbering of balls
with rational radii induced by v. Denote by C the strong inclusion of 8 induced by the
metric, which comes from the relation on balls parametrized by pair (point-radius) defined
by )
(xa Tl)g(ya TZ) — d(a:,y) + 711 <ro.

We have already defined the Cauchy representation on X and the representation p% induced
by the numbering of the basis and the strong inclusion relation. As noted before, we can
equivalently replace < by < in the definition of C above.

Proposition 5.7. The equivalence pogy = p% holds.

Proof. Denote by t,, a cg-name of 27". The map n + ¢,, can be supposed computable. If p
is a pogy-name for a point xz, then ¢ defined by

q(n) = (p(n), tn)
defines a p%-name of . This name is given as a computable function of p.

Conversely, suppose that ¢ is a p[%—name of . Denote by fst and snd the two halves of
the inverse of the pairing function used to define the numbering /3 of balls in (X, A, v,d).
Then the following p gives a pog,-name for point x:

p(n) = fst(q(ui, snd(q(i)) < 27"71))).
In words: p(n) is defined as the center of the first ball of radius less than 27" found in the
name g of z. The fact that this application of the p-operator produces a total function comes

exactly from the hypothesis that p%—names give arbitrarily precise information with respect

to the strong inclusion: in the p%—name of x appear balls given by arbitrarily small radii.

[
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6. SEMI-DECIDABLE STRONG INCLUSION

In this section we consider semi-decidable strong inclusion relations.

6.1. Semi-decidable strong inclusion and c.e. open sets. One of the purposes of using
strong inclusion relations is to be able to replace set inclusion by a semi-decidable relation.
This plays a crucial role in many applications: [Her96, Spr98, DM23|.

Here we highlight what seems to us to be the most important benefit of having access to
a semi-decidable strong inclusion relation C: basic open sets are c.e. open with respect to

the representation p%. The following is essentially contained in [SprO1, Lemma 8|, we are
simply extending it to non-T( spaces.

Proposition 6.1. Let (B, 3) be a numbered subbasis for X, and let C be a strong inclusion
for ([;’,B) Suppose that C is semi-decidable. Suppose also that every point of X admits a
strong neighborhood basis.

Then the basic open sets are uniformly c.e. open sets with respect to the multi-
representation p%, .e.:

B < [pg = peil-

Proof. All we have to show is that there is a Type-2 Turing machine that, on input the
p-name of a point = and the S-name by of a basic set B, will stop if and only if z € B. But

notice that, by definition of p%, x € B if and only if any p[%—name of x contains a name

by € dom(p) with by Cbp. Since we suppose - semi-decidable, the condition “containing a
name b; € dom(f) with b;Cbhy” is also semi-decidable. ]

We will now show that the result of this proposition is not true in general: we give
an example of a numbered basis (B, 3), which defines a representation p™, and yet the

elements of B are not c.e. open for prﬁnm.

Example 6.2. Let (X, v) be a numbered set on which equality is not semi-decidable. (For
example: the set of c.e. subsets of N with numbering W, the computable reals with their
numbering.) Consider a numbering 8 :C N — P(X) given by dom(5) = dom(v) and
Vn € dom(B), f(n) = {r(n)}. Then we get a representation pgﬁn of X. The pgm—name of a
point x of X is a sequence that contains one or more v-names for x. But since equality is
not semi-decidable for v, membership in singletons cannot be semi-decidable.

6.2. Semi-decidability of the strong inclusion and “totalization of a numbered
basis”. In this section, we show that the obvious “totalization” of the numbering of a basis
cannot always be achieved while preserving semi-decidability of a strong inclusion relation.

Suppose that we start with a partially numbered basis (B, 5 :C N — B). We can totalize
the numbering 3: we define a numbering 3, with dom(3) = N, by

Vn € dom(f), B(n) = B(n);
Vn ¢ dom(B), B(n) = 0.
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If (B, ) was equipped with a strong inclusion relation C, we can naturally extend it,
and define a strong inclusion é/ for B as follows:

nC'm (n,m € dom(B) &nCm) or n = m.

o

oo . / .
Note that if C was reflexive, C remains so.

There are several other possibilities to define C , one could for instance say that nglm
when n ¢ dom(5) and m € dom(f3), this also yields a strong inclusion relation.

It is immediate to see that, whatever the chosen extension Ql of é, we get p% = pﬁg .
Indeed, names of the empty set never play a role in the definition of the representation
generated by a basis.

Consider as a basis for the topology of R the set B of open balls with computable reals
as center and rational radii. It is equipped with the numbering 3 given by

dom(B) = {(n,m), n € dom(cr), cg(m) > 0},

V(n,m) € dom(f), B((n,m)) =Jcr(n) — cq(m), cr(n) + cq(m)]
where cg is the usual numbering of computable reals and cg is any usual total numbering of
Q. We have the semi-decidable strong inclusion given by

(n1,m1)C(ng, ma) <= |er(n1) — cr(na)| + cg(mi) < cg(ma).

Proposition 6.3. For any of the totalizations of B described above, the resulting numbered
basis cannot be equipped with a semi-decidable strong inclusion that extends C.

Proof. Consider a f-name n for B(0,1) =] — 1,1[. Suppose that él is a semi-decidable
extension of C to N. For i € N, let b; be the code of a Turing machine defined as follows:
on input k, run ¢;(k), if it stops output 0. Thus if ¢ € Tot, b; is a cg-name of 0, otherwise
b; ¢ dom(cg). Denote by n, a cg-name of 2. Then (b;,n,) is a B-name of B(0,2) when
i € Tot, and a name of the empty set otherwise. And then a program semi-deciding for él
would semi-decide membership in Tot. []

7. EQUIVALENCE OF BASES

In this section, we restrict our attention to numbered bases, instead of numbered subbases.
But subbases are equivalent when the bases they generate are equivalent, and the same
relation holds for notion of effective equivalence.

7.1. Representation pglax and equivalence of bases. We first note that the representation

pglax is badly behaved with respect to equivalence of bases: bases that “should be” equivalent
can give non-equivalent representations. We first show this by an example that uses a
non-computably enumerable basis, and then modify it so that it uses only computably
enumerable bases.

The example used here is that of open balls of R given either by rational radii/center or
by computable reals for their radii and center, and a totalized version of this last basis, which
fills every gap with the empty set. In the following section, we present several notions of
equivalence of bases, the first two bases considered here are equivalent according to all these
definitions, and the “totalized basis” is also representation-equivalent and Nogina equivalent
to the other two, but it fails to be Lacombe equivalent to them.
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Denote by cg the usual numbering of QQ, which is total.
Denote by cr the Cauchy numbering of R..
Denote by Bg the set of open intervals of R with rational endpoints.
Define g :C N — Bg by
dom(fBg) = {(n,m), cg(m) > 0};

Bo((n,m)) = B(cg(n), co(m)).
The domain of B is easily seen to be recursive, and we can thus in fact suppose that g is
defined on all of N.
Denote by Br the set of open intervals of R with computable reals as endpoints.
Define g :C N — Bp by
dom(Br) = {(n,m), cr(m) > 0};

Br((n,m)) = B(cr(n), cr(m)).
Finally, we use a totalization of Sg, denoted by Sg, by adding the empty set to Bgr and
changing the numbering as follows:

dom(BR) =N;
Vn € dom(SR), ~Rgn) = fBr(n),
vn € dOm(/BR), ,BR(H) = @
We then have:

Proposition 7.1. The representations pg=* and pg‘(;" are not equivalent.

Proof. This follows from the following strong fact: there is no pg%ax—computable point. This
follows immediately from the fact that there does not exist a computable enumeration of all

computable reals. L]
Proposition 7.2. We have pg™ = pg;:"‘, and thus pg‘RaX and p?@a" are not equivalent, even
though Br is a total numbering.

Proof. The identity of Baire space is a realizer for both directions. []

However, it is very easy to check that for the natural strong inclusion C on R, that
comes from the metric of R, we have:

Proposition 7.3. The representations p%R, p% and p%@ are equivalent.
R

7.2. Representation-equivalent subbases. The notion of topological space of Definition
2.9 naturally comes with a notion of equivalence of bases:

Definition 7.4. Two numbered bases (81, 51) and (Bq, 52) are called Lacombe equivalent if
there is a program that takes as input the 8i-name of a basic open set B; and outputs the
name of a fa-computable sequence (By,),>2 of basic open sets such that

Bl = U B’na
n>2

and a program that does the converse operation, with the roles of (B1, 1) and (B2, 82)
reversed.
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Recall that associated to a Lacombe basis (%81, 81) is a representation of open sets: the
name of an open set O is a sequence (b;);cny € dom(S;) such that

0 =Jsib:)
i>0
Definition 7.4 gives the correct notion of equivalence of basis with respect to this
representation by the following easy proposition:

Proposition 7.5. The numbered bases (B1,51) and (B2, B2) induce equivalent representa-
tions of open sets if and only if (B1, 1) and (B, f2) are Lacombe equivalent.

Other notions of equivalence of bases can be appropriate, we quote one to illustrate the
variety of possible definitions of equivalence of bases. The following notion is appropriate to
a notion of effective basis that was first described by Nogina [Nog66| for numbered sets and
used in the context of Type 2 computability in [GKP16].

Definition 7.6. Suppose that (X, p) is a second countable represented space. Two numbered
bases (81, 81) and (Bo, f2) are called Nogina equivalent if there is a program that takes as
input the Bi-name of a basic open set By and the p-name of a point x in By and outputs
the fo-name of a basic open sets By such that x € By C Bj, and a program that does the
converse operation, with the roles of (%1, 51) and (B3, f2) reversed.

In this case, one can also define a certain naturally associated representation of open sets,
and show that two numbered bases define equivalent representations of open sets exactly
when they are Nogina equivalent [Rau23|.

However, neither of these notions of equivalence of bases is appropriate to the study of

the multi-representations p™, pglli“ and p%l associated to a numbered subbasis (By, 1, C).

In particular, Lacombe equivalent bases can yield non-equivalent representations of points.
We now describe the notion of equivalence of bases appropriate to the study of the
representations p%l.
When A is a set, denote by A* the set of (empty or) finite sequences of elements of A.
If C, is a strong inclusion relation on dom(3), we extend Cq to dom(1)* by

(b1, 0y b)) S (B, o B) = Vi <m, 35 <, b;Cib)

Definition 7.7. Consider two numbered bases (B, f1, gl) and (Ba, B2, Qg) of a set X
equipped with strong inclusion relations. We say that (%81, 01, Ql) is representation coarser
than (Bs, B2, Cy) if there exists a computable function f :C dom(f2)* — dom(B;)* defined
at least on all sequences (b1, ...,by) € dom(f2)* such that Sa2(b1) N ... N Ba(by) # 0, and such

that:
e For all sequence (b1, ...,b,) € dom(B2)*, if f((b1,...,bn)) = (di1,...,dm), then Fa(b1) N ...N

B2(bn) C Br(dr) N ... N Bi(dm)?.
e For all z in X and d in dom(f;) with x € 51(d), for any sequence (b;);eny € dom(S2) that
defines a strong basis of neighborhood of z, there exists k € N such that for all n > k,

F((br, .oy by))Crd.

We say that (81, 51, gl) and (Ba, P, QQ) are representation-equivalent if each one is repre-
sentation coarser than the other.

3In case f((b1,...,by)) is just the empty sequence, we use the convention that an empty intersection
gives X.
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The second condition written above says that as the sequence (b1, ba, ...) closes in on a
point, the sequence of images by f should also produce a strong neighborhood basis of this
point.

We also introduce a more restrictive notion of equivalence of bases, which implies
equivalence of the associated representations, and which is more natural to work with:

Definition 7.8. Consider two numbered bases (81, (1, gl) and (Ba, B2, Qz) of a set X

equipped with strong inclusion relations. We say that (81, 51, gl) is uniformly representation

coarser than (B, Be, o) if there exists a computable function f :C dom(82)* — dom(f;)*

defined at least on all sequences (by, ..., b,) € dom(B2)* such that B2(b1) N ... N Ba2(by) # 0,

and such that:

e For all sequence (b1, ...,b,) € dom(B2)*, if f((b1,...,0n)) = (d1,...,dm), then Ba(by) N ... N
B2(bn) C Bi(d1) N ... N Br(dm).

e For all z in X and d in dom(f31) with = € $1(d), there exists (b1, ..., b,) in dom(f2), with
x € PB2(b1) N...N Ba(by), and such that

V(b ..., b)) € dom(B2)*, (b, ..., 0,)Ca(b1, .., bn) = f((b], ..., 0}))C1d.

We say that (%81, 81, Ql) and (Ba, P, gg) are uniformly representation-equivalent if each
one is uniformly representation coarser than the other.

One checks that the uniform version is more restrictive that the general notion of
representation-equivalence.

Lemma 7.9. Let (B, 51,<1) and (Ba, B2, Co) be two numbered bases of a set X. If
(B4, 51, gl) is uniformly representation coarser than (Ba, Po, QQ), then it is also representa-
tion coarser than (Ba, B2, Qg) If (B1, 81, 1) and (B, Ba, o) are uniformly representation-
equivalent, then they are also representation-equivalent.

It is easy to see that (B, 81, C;) being representation coarser than (B, B2, Cs) does
imply that the topology generated by 25 as subbasis is coarser than the topology generated
by the subbasis B2 (in terms of classical mathematics).

The following lemma shows why we have the correct notion of equivalence of bases.

Lemma 7.10. Let (%81, 31, Ql) and (Ba, B2, gg) be two numbered bases of a set X. Then

pﬁ; < pﬁ11 = (B1,61,C1) is effectively coarser than (Ba,B2,Co);

C2 — 1

P, = p b1

Proof. The second equivalence is a direct consequence of the first one, we thus focus on the
first one.

Suppose first that (B, 51, C - 1) is effectively coarser than (Bg, 52, ég), and thus that we
have a function f as in Definition 7.7.

— (B1,61,C1) and (B,B2,Co) are representation-equivalent.

Given the pﬁ 2-name of a point z, we show how to compute a pﬁ !-name of it.

Simply apply the function f along all initial segments of the pﬁ2 -name of x, and output
the concatenation of all the results. The fact that f produces oversets implies that z does
belong to all produced basic open sets. The second condition on f guarantees that we indeed
construct a strong neighborhood basis of x.

Suppose now that ,0 pﬁ1
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By a classical characterization of Type 2 computable functions in terms of isotone®
functions [Sch02], this implies that there is a computable isotone function f :C dom(f2)* —
dom(f1)* that testifies for the relation p%; < p%ll. This function f is defined at least on

all sequences (b1, ...,b,) € dom(B2)* such that S2(b1) N ... N Ba2(by,) # 0, because any such

sequence is the beginning of the p%Q—name of some point.

Note first that for any sequence (by,...,b,) € dom(B2)*, if f((b1,....,bn)) = (d1,....,d),
then Sa(b1) N...N Pa(by) C Bi1(d1) N...N Bi(dy,). Indeed suppose that this is not the case. It
means that there is a point = € S2(b1) N ... N Ba(by) \ (B1(d1) N ...N S1(dm)). The sequence

(b1, ...,by) could be completed to a p%Q—name of x, however f cannot map a sequence that

starts with (by,...,b,) to a p%l-name of x. This is a contradiction, and thus the desired
inclusion holds.

Finally, f applied along a strong neighborhood basis (with respect to (Ba, B2, Co)) of a
point z will always produce a strong neighborhood basis of z (with respect to (B1, 81, C1)).
This guarantees that the last condition of Definition 7.7 is satisfied. []

The reason why we introduce the uniform version of representation-equivalence is twofold:

e [t has a nice interpretation in metric spaces, and it is in general easier to understand, see
the example below.

e [t is unclear whether two bases can be representation-equivalent while not being uniformly
representation-equivalent. We thus ask:

Problem 7.11. Can two subbases (B1, 81, C1) and (Ba, o, Qg) of a set X be representation-
equivalent while not being uniformly representation-equivalent?

Example 7.12. Suppose we are set in a separable metric space (X, d). There are many
possible numberings of open balls: for any numbering v of a dense subset A C X, and any
numbering ¢ :C N — T C R of a set of positive real numbers that has 0 as an accumulation
point, the numbering

B((n,m)) = B(v(n), c(m))

is a numbering of a basis for the topology of X.

For two such numberings 81 and (s, the condition of uniform representation-equivalence
with respect to the strong inclusion of metric spaces says that there is an algorithm that,
given a finite intersection By N ... N B, of balls given by fi-names, covers it by a finite
intersection Bf N ...N B}, 2 By N...N By, of balls given by fa-names, and, additionally, that
when the minimal radius appearing in the first intersection By N ... N By, goes to 0, then the
minimal radius appearing in Bj N ... N By, should go to 0 as well.

The condition of representation-equivalence only asks of this algorithm that along each
sequence (b;);en of f1-names which defines a sequence of balls with arbitrarily small radii,
the corresponding sequence of S3-names should also encode small radii, but the dependence
does not have to be uniform in the radii anymore.

4A function [+ A® — B is called isotone if it is increasing for the prefix relation: if u is a prefix of v,
then f(u) is a prefix of f(v).
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