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Abstract

A uniform approach to computing with infinite objects like real numbers, tuples of these, compacts sets
and uniformly continuous maps is presented. In the work of Berger, it was shown how to extract cer-
tified algorithms working with the signed digit representation from constructive proofs. Berger and the
present author generalised this approach to complete metric spaces and showed how to deal with com-
pact sets. Here, we unify this work and lay the foundations for doing a similar thing for the much more
comprehensive class of compact Hausdorff spaces occurring in applications. The approach is of the same
computational power as Weihrauch’s Type-Two Theory of Effectivity.

Keywords: Computing; iterative function system; topology; compact set; inductive/co-inductive definition; program
extraction

1. Introduction

In investigations on exact computations with continuous objects such as the real numbers, objects
are usually represented by streams of finite data. This is true for theoretical studies in the Type-
Two Theory of Effectivity approach (cf. e.g. Weihrauch 2000) as well as for practical research,
where prevalently the signed digit representation is used (cf. Berger and Hou, 2008; Ciaffaglione
and Di Gianantonio, 2006; Marcial-Romero and Hotzel Escardo, 2007), but also others (Edalat
and Heckmann, 2002; Edalat and Stinderhauf, 1998; Tsuiki, 2002). Berger (2011) showed how to
use the method of program extraction from proofs to extract certified algorithms working with
the signed digit representation in a semi-constructive logic allowing inductive and co-inductive
definitions.

In order to generalise from the different finite objects used in the various stream representa-
tions, Berger and the present author (Berger and Spreen, 2016) used the abstract framework of
what was coined digit space, that is, a bounded complete non-empty metric space X enriched with
a finite set D of contractions on X, called digits, that cover the space, that is

X=U{d[X]|deD},

where d[X] ={d(x) | x € X }. Spaces of this kind were studied by Hutchinson in his basic theo-
retical work on self-similar sets (Hutchinson, 1981) and used later also by Scriven (2008) in the
context of exact real number computation.
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Digit spaces are compact and weakly hyperbolic, where the latter property means that for every
infinite sequence dy, d, . . . of digits the intersection (), .y do o - - - o d,[X] contains at most one
point (Edalat, 1996). Compactness, on the other hand, implies that each such intersection contains
at least a point. By this way, every stream of digits denotes a uniquely determined point in X.
Because of the covering property, it follows conversely that each point in X has such a code.

With respect to the operations of adding a digit d to the left side of a stream and applying a
map d in D to an element of X, respectively, the space of digit streams and X are algebras of the
same signature, and the coding map is a morphism respecting these operations.

A central aim of the joint research was to lay the foundation for computing with non-empty
compact sets and for extracting algorithms for such computations from mathematical proofs. It
is a familiar fact that the set of all non-empty compact subsets of a bounded complete metric
space is a bounded and complete space again with respect to the Hausdorff metric (Engelking,
1989; Munkres, 2000). However, as was shown in Berger and Spreen (2016), in general, there is
no finite set of contractions that covers the hyperspace. On the other hand, non-empty compact
subsets can be represented in a natural way by finitely branching infinite trees of digits. Moreover,
all characterisations in Berger and Spreen (2016) derived for the stream representation of the
elements of the digit space hold true for the tree representation of the non-empty compact subsets
of the space.

The goal of the investigation presented in this paper is to show that a uniform approach to
computing with continuous objects comprising the non-empty compact sets case can be obtained
by allowing the contractions of a digit space to be multi-ary. Points are then no longer represented
by digit streams but by finitely branching infinite trees, called D-trees. As we will see, not only a
uniform version of the results in Berger and Spreen (2016) can be derived but also an analogue
of Berger’s inductive co-inductive characterisation of the (constructively) uniformly continuous
endofunctions on the unit interval (Berger, 2011), which allows representing also such functions
as finitely branching infinite trees.

There is also a second objective which results from the observation that the essential proper-
ties needed in the approach pursued in Berger and Spreen (2016) are covering, compactness and
weak hyperbolicity. So, it seems that more generality is gained by starting from spaces with these
properties.

Besides the general framework and the hyperspace of non-empty compact subsets, the con-
struction of product spaces is presented. In both cases, it is investigated whether important
properties are inherited under the constructions. Moreover, to demonstrate the power of the
framework, several results from topology are derived that are relevant for applications.

It is well known that the product and the hyperspace construction are both functorial. Here,
we give proofs of the functoriality on the basis of the co-inductive characterisations of the
spaces involved, which means we use co-induction and/or a combination of induction and
co-induction.

In his seminal 1951 paper on spaces of subsets (Michael, 1951), Michael showed that compact
unions of compact sets are compact again. We give a non-topological proof of this result, based
on co-induction. Other results we derive in a similar way include the fact that singleton sets are
compact, as are direct images of compact sets under uniformly continuous functions. From the
proofs algorithms transforming tree representations of points x into tree representations of the
compact sets {x}, and tree representation of uniformly continuous functions f as well as tree rep-
resentations of compact sets K into tree representations of the compact sets f[K], respectively, can
be extracted.

The paper is organised as follows: Section 2 contains a short introduction to inductive and co-
inductive definitions and the proof methods they come equipped with. As a first application, finite
and finitely branching infinite trees are defined in Section 3. Digit spaces are iterated function sys-
tems. In Section 4, function systems with multi-ary functions are considered and essential results
derived.
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As said, the central aim of this paper is to present a uniform approach to computing with infi-
nite objects like real numbers and tuples or compact sets of such. In Section 5, we restrict our study
to the case of extended iterated function systems where the underlying space is a compact metric
space and the maps making up the function system are contractions. There are a vast number of
effectivity studies for metric spaces. Here, the aim is to show that what was obtained in Berger
and Spreen (2016) remains true in the more general case of multi-ary digit maps. A particular
consequence is the equivalence of the present approach with Weihrauch’s Type-Two Theory of
Effectivity (Weihrauch, 2000).

In Weihrauch’s approach, one has to deal with representations explicitly. Often this requires
involved codings that make it hard for the usual mathematician to follow the proof argument.
Proof extraction is an approach that avoids dealing with representations: the representations of
objects as well as the algorithms computing with them are automatically extracted from formal
proofs. Section 6 contains a short introduction. As is shown, the tree representation considered in
Section 4 results from the co-inductive characterisation of the space.

In Section 7, the equivalence between the property that every point of a digit space is the limit of
aregular Cauchy sequence of elements of a dense base and the co-inductive characterisation of the
space is derived in a constructive fashion. Via proof extraction computable translations between
the Cauchy representation used in Type-Two Theory of Effectivity and the tree representation can
be obtained.

In the following two sections, the construction of new spaces from given ones is considered. In
Section 8, products are examined. All properties of extended iterated function systems and digit
spaces, respectively, considered in this paper are inherited from the factor spaces to their product.

The hyperspace of non-empty compact subsets is studied in Section 9. All but one of the prop-
erties investigated are inherited to the hyperspace. Only for weak hyperbolicity this is still open
in the general case. If the underlying space is a metric one and all digits are contracting, also this
property holds.

As a consequence, in both cases, the equivalence result derived in Section 7 carries over to the
derived spaces. In Berger and Spreen (2016), separate proofs had to be given for digit spaces and
their hyperspaces. Particularly in the latter case, the proof was quite involved.

Section 10 contains a generalisation of Berger’s inductive co-inductive characterisation of the
uniformly continuous functions on the unit interval to the digit space case. On the basis of the
characterisation, it is shown that the function class is closed under composition.

The last two sections address applications of the framework to topology. In Section 11, the func-
toriality of the hyperspace construction and properties of continuous functions that map into the
hyperspace are derived. Section 12, finally, contains a co-inductive treatment of Michael’s result.

The paper finishes with a Conclusion.

2. Inductive and Co-inductive Definitions
Let X be a set and P(X) its powerset. An operator ®: P(X) — P(X) is monotoneifforall Y, Z C X,

if Y C Z, then ®(Y) C ®(2);

and a set Y C X is ®-closed (or a pre-fixed point of @) if &(Y) C Y. Since P(X) is a complete
lattice, ® has a least fixed point £ ® by the Knaster-Tarski Theorem. If P C X, we mostly write

P(x) £ o(P)(x),

instead of P= u®. u® can be defined to be the least ®-closed subset of X. Thus, we have the
induction principle stating that for every Y C X.

If®(Y)CYthenudCY
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For monotone operators ®, ¥: P(X) — P(X) define
POV :& (VY CX)D(Y) CW(Y).

It is easy to see that the operation 1 is monotone, that is, if ® € W, then u® < p\W. This allows
us to derive the following strengthening of the induction principle.

Lemma 2.1 (Strong Induction Principle Berger, 2011). Let ®: P(X) — P(X) be a monotone
operator. Then,

IfO(YNud)CY, then ud C Y.

Proof. Let W(Y) := ®(Y N pu®) and assume that W(Y) C Y. Then pW C Y, by the induction prin-
ciple. Since Y N u® C Y, we moreover have that ®(Y) 2 (Y N ud) = W(Y). Hence, u¥ < pud.
It follows that

nV =v(pv)=o(u¥Nud)=>o(uw).
Therefore, u® C W, again by induction, and whence u® C Y. O

Dual to inductive definitions are co-inductive definitions. A subseteq Y of X is called ®-co-
closed (or a post-fixed point of ®) if Y C &(Y). By duality, ® has a largest fixed point v® which
can be defined as the largest ®-co-closed subset of ®. So, we have the co-induction and the strong
co-induction principle, respectively, stating that for all Y C X.

IfYCZ ®(Y), then Y Cvd.
and
fYCP(YUvd), thenY Cvd.
Note that for P C X we also write
P(x) = ®(P)(x)
instead of P=v®.

Lemma 2.2 (Half-strong Co-induction Principle Berger, 2017). Let ®: P(X) — P(X) be a
monotone operator. Then,

ifYCO(Y)Uvd then Y Cvd.
Proof. Let ¥(Y):= ®(Y) U v®d. Then ¥ is monotone and pointwise larger than &. Hence,
v® C v, (1)
On the other hand
W=Vw¥)=0owWW)Uvd=>d(vW)
since vP = d(vP) € P(vW), by (1). Hence,
VW Cvd, (2)

by co-induction.
The premise of half-strong co-induction means Y € W(Y). Therefore, Y CvW¥, by co-
induction, from which we obtain with (2) that Y C v ®. O

The following examples are taken from Berger (2011).

Example 2.3. (natural numbers) Define ®: P(R) — P(R) by
O(Y):={0)U{y+1|yeY),
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Then un®=N={0,1,...}. The induction principle is logically equivalent to the usual zero-
successor-induction on N: if 0 € Yand (Vy e Y)(ye Y - y+1€Y), then (VyeN)ye Y.

Example 2.4. (signed digits and the interval [ — 1, 1]) Set:=[ — 1, 1] and for every signed digit
d e SD:={-1,0, 1} defineav,: I — I by

avy(x) ;== (x +d)/2.
Let I; :=range (av,). Then I; = [d/2 — 1/2,d/2 4 1/2] and [ is the union of the ;.
Define ®: P(I) — P(I) by
P(Z):={xel|(3deSD)Fye Z)x=av,(y) }

and let Cy:= v®. Then Cy CII. Since, moreover, I C ®(I), it follows with co-induction that also
I € Cy. Hence, Cy = 1. The point of this definition is that the proof of I € ®(Il) has an interesting
computational content: x € I must be given in such a way that it is possible to find d € SD so that
x € I;. This means that d/2 is a first approximation of x. The computational content of the proof
of I € Cy, roughly speaking, iterates the process of finding approximations to x ad infinitum, that

is, it computes a signed digit representation of x, that is, a stream ag : a; : - - - of signed digits with
X = avao(aval( . )) — Z a; - 2—(1-‘1-1)'
i>0
3. D-Trees

Let No := N\ {0} and N be the set of words of length n over Ny. Define Nj := |, oy Njj. The
empty word will be denoted by ( ) and concatenation by . We identify single-letter words with
the corresponding letter. Moreover, for S C NS andie NowesetixS:={ixs|seS}.

A tree is a subset of N that is closed under initial segments. We will consider trees the nodes
of which are labelled with elements of a fixed non-empty set D that comes equipped with an
outdegree ar: D — Nj.

The subsequent definition says when T' = (S, L) with S € Nj and L: S — D is a finite D-tree of
height n.

Definition 3.1.
o T'is a D-tree of height 0, if S={( )} and for some d € D, L({ )) = d;

o T is a D-tree of height n+ 1, if SC D" and there are d € D and D-trees Ty, . . ., Tara) of
height n such that

ar(d)
S={(nulixs,
i=1
L({))=d and L(ixs)=Ls),
for1 <i<ar(d) ands e S;. Wewrite T =[d;T1, . . ., Tar(a)] in this case.

Let ’7;5") be the set of all D-trees of height n and 7 := [ ,,cy 7;5").

Definition 3.2. For D-trees T and T’ of height n and n+ 1, respectively, we say that T is an
immediate prefix of T" and write T < T', if

e eithern=0,T={( )}, ()~ d),and T' = [d;T1, ..., Taxal
cor T=[&T,..., Tare)] and T =[dT},. .., T;/:\r(d)] so that e=d and T, <T,, for all
1 <v<ar(e).
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Let S C Nj be a tree. A labelling L: S — D is compatible if for all s € S,
{ieNg|(FBseS)sxieS}={1,...,ar(L(s))}.
Define the set 75’ of infinite D-trees by
5 :={(S,L) | Sis a tree with compatible labelling L }.

Since every node d has finite outdegree ar(d), every infinite D-tree is a finitely branching tree
with only infinite paths.
For T=(S,L) € T set

root(T) := L(( )),
subtree(T) := ((S1, L1), - - - » (Sar(z(( 1)> Lar(L(( 1))
where S;:={seNj |ixseS}and Li(s) :=L(i xs), for 1 <i<ar(L({ ))) and s € S;.
Theorem 3.3. Define the functor Ap: Set — Set by
Ap(X) = | J{d) x x*@,
deD
Then (T, root x subtree) is a terminal co-algebra of Ap.

The theorem is a consequence of general results on the existence of terminal co-algebras in
Adamek et al. (2019), Rutten (2000).

Definition 3.4. A relation RC T x T is a bisimulation if for T, T' € T}y with root(T) =e,
root(T') = d, subtree(T) = (T4, . . ., Tar(e)) and subtree(T") = (T, . . ., T;r(d))’

R(T,T)—>e=d A (V1< v <ar(e)) R(T,, T)).
Lemma 3.5. For T, T' € Ty, T=T if, and only if, there is a bisimulation RC T x T with
R(T, T").

The ‘only-if” part is obvious as the identity on 7,5 is a bisimulation. The ‘if” part is known as the
co-induction proof principle and holds as (7,5, root x subtree) is a terminal co-algebra (Addmek
et al., 2019; Rutten, 2000).

As we will see, each infinite D-tree T with root(T) =d and subtree(T) = (T, . . ., Tax(a)) is
uniquely determined by its finite initial segments T recursively defined by

TO = ()} () > d),

(1) g )
T = (1, T,

Lemma 3.6. ForeveryneN,

1. T™ is a D-tree of height n.
2. T < D),

Let Tp be the set of all infinite sequences (T)),en with T), € 7}5”) and T, < T,4+1. Then
(T™) e € Tp. Define G: T¥ — Tp by G(T) := (T™) 4en.
Next, let conversely (T)),en € Tp. Then To = ({( )}, { ) = dp) and T\, < T, 41, for v > 0. Since

Tyi1 € TgUH), there are dy; € Dand Q", .. ., Qlarldv+) o TISU) so that

d\f
Tyir = [do;QY, . .., Q1)

If v>0, similarly T, = [dU,Qv 1,...,Q<ar(d" ] w1th d, ED and Qv Pseves Q ar(d ) ET(U b,

As T, < Ty41, it follows that d, =d,;; and Q 1<QU , for 1<« <ar(d,). Let d:=d,.
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Then d, = d, for all v > 0. In addition, set Q%) := (Qf)’”)UGN, for 1 <k <ar(d). It follows that
Q%) € Tp. Set

hd((Ty)ven) :=d and  t1((Ty)yen) := (QY, ..., Q@)

Then (Tp, hd x tl) is a Ap-co-algebra. Now, co-recursively define F: Tp — 75 by

root(F((Ty)ven)) :==hd((T\)ven) and  subtree(F((T))ven)) :=tl((Ty)ven).

Then

F((Ty)verw)™ =T, (3)
for k € N. Moreover, it follows with the co-induction proof principle that F o G is the identity
onT5.

Proposition 3.7. 75 and Tp are isomorphic Ap-co-algebras.

In what follows we will mostly assume that D is finite, with one exception where in different
tree levels different labels may be used. However, for each level the set of labels used for nodes of
that level is finite. We will now extend the above consideration to this case.

Let D= (Dp)en be a family of finite sets, and D := | J, .y Da. For a tree S € Njj a labelling
L: S— Dis appropriate, if foralln € Nand alls € of length n, L(s) € D,,. Then

T3 :={(S,L)| Sis a tree with appropriate compatible labelling L }

is the set of infinite D-trees. Obviously, every infinite D-tree is an infinite D-tree with appropriate
labelling, and vice versa.

- —
For m € N let D™ := (Dyyt-n)nen- Set 7};" = (%‘zn))neN. Moreover, forn e Nand T=(S,L) €

7}3‘En> define

root,(T) := L({ )),
subtree,(T) := ((S1, L1), . . -, (Sar(rootn(T))a Lar(rootn(T))))>
where S;:={seNj|ixseS} and Li(s):=L(ixs), for 1<i<ar(root,(T)) and seS;. Then

root,(T) € D, and (S;, L;) € 7};‘2}”1).

Let Set” be the w-fold product of the category Set with itself: objects are infinite sequences of
sets (Xy)nen and morphisms infinite sequences of functions (f, : X,, = Yy)nen with component-
wise composition.

Theorem 3.8. Define the functor Ap,: Set” — Set® by

(Ap e = (| {d) x XD )nen.
deD,,

ﬁ
Then (7};‘), (root, x subtree,),cN) is a terminal co-algebra of A,

The set of all infinite D-trees comes equipped with a canonical metric:

ifT="T,

0
7y —
oI, T)= {2_ min{al TW AT} otherwise.

Obviously, 8(T, T') <1, for all T,T' € 7%‘)", ie. (7’5",8) is bounded. By definition, the metric
topology on 7}‘)" is generated by the collection of all balls Bs(T, 27") of radius 27" around T.
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Proposition 3.9. (7%’,9) is complete.

Proof. Let (T;)ien be aregular Cauchy sequence in 7};" .Then 8(T,, T;,) < 27", forall m > n. Thus,
Tﬁ,:' ) — Tﬁln), for all m > n. In particular, we have that TE,") = T;Tl. By Lemma 3.6, T,(;_fl < Til'_l:il).
Moreover, T e 7%”). Therefore, (T")yen € Tp. Let T:= F((T),cn). Then T e 7% In addi-
tion, T has appropriate labelling. Hence, T € ’7};". By (3), T = Tﬁn) = T,(ﬁ ), for all m > n, which
means that §(Ty,, T) < 27", for all m > n. Thus, (T})iey converges to T. O

Since there are only finitely many D-trees of height n with appropriate labelling, for every nat-

ural number 7, and, on the other hand, every infinite D-tree has an initial segment of height #,
(T3, 8) is also totally bounded.

Theorem 3.10. (’TE‘)", 8) is compact.
Corollary 3.11. (7};", 8) is separable.

Proof. Consider the countable family of coverings C, :={Bs(x,27") | x € X} with n €N and
apply compactness to obtain a countable dense set of points. O

4. Extended Iterated Function Systems

In the remainder of this paper X is a Hausdorff space and D a finite set of continuous self-maps
on X.

Definition 4.1. (X, D) is an iterated function system (IFS) if X is a non-empty Hausdorff space
and D a finite set of unary self-maps d: X — X.

For our aims we will extend this notion by allowing the maps d to be of any positive finite arity

ar(d).

Definition 4.2. An extended IFS (X, D) consists of a non-empty Hausdorff space X and a finite set
D of continuous maps d: X4 — X of positive finite arity ar(d).

Definition 4.3. An extended IFS (X, D) is covering if
X:U{range(d)|deD},

where range (d) := d[x@).

In the context of iterated function systems the notion self-similar is used instead. We think,
however, that in a topological context the above notion is more appropriate.
Covering extended IFS can be characterised co-inductively. Define Cx C X by

Cx(x) = (@ € D)1, - - - Yaria) €X) x =d(y1, - - Yar(@y) A (V1 <1 <ar(d)) Cx (i)
Lemma 4.4. Let (X, D) be covering. Then X = Cy.
Proof. By definition, Cx C X. The converse inclusion follows with co-induction. Observe to this

end that because of the covering property the defining right-hand side in the definition of Cx
remains true when Cy is replaced by X. O

Note that in general, d and y, ..., yar(g) are not uniquely determined by x. So, there is no
canonical way to turn (X, D) into a Ap-co-algebra. Moreover, bear in mind that the lemma holds
only classically: there is no way, in general, to compute d and y1, ..., Yar(d)-

Each finite D-tree T defines a continuous map fr: X*) — X of arity ar(T):
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o If T ={d}, for some d € D, then ar(T) = ar(d) and fr =d.
« U T=[dTy,. .., Toa), then ar(T) = Y2 ar(T) and fr = d o (fry x - -+ X fr,,)-

The next result follows by induction on .

Lemma 4.5. Let (X, D) be covering. Then for every n € N,
X:U{range(fT) | TGTIS") ).

Obviously, by increasing n one obtains finer coverings. So, one can use finite D-trees as a road
map to find elements of X. Can we therefore use infinite D-trees as their exact addresses?

Lemma 4.6. Let (X, D) be an extended IFS so that X is compact. Then, for any T € T,

ﬂneN range (frum) # 9.

Proof. By induction it follows that for every T' € 7§ and each n € N, range (f(+1)) € range (fro).
Moreover, range fT(n) # (), as X is not empty. Since X is compact, the same holds for xar(T™)

Hence, fruml Xar(T )], as continuous image of a compact set, is compact as well and thus
closed, since X is Hausdorff. Thus, every finite intersection of members of the family of
sets {range (frx)}nen is non-empty and, therefore, by the finite intersection property, also

(nen range (frey) is non-empty.

If X is a metric space and all maps in D are contracting, the above intersection will also contain
at most one element. However, this need not hold in general.

Definition 4.7. An extended IFS (X, D) is

1. compact if X is compact,
2. weakly hyperbolic, if for all T € T3, II(),en range (fron) [l <1

Proposition 4.8. Let (X, D) be compact and weakly hyperbolic. Then for all T € T,

I, .y, range (Fron)ll = 1.

We denote the uniquely determined element in (), range (frw) by [T]. [ - 1: 75 — X is
called the coding map.

Corollary 4.9. Let (X,D) be compact as well as weakly hyperbolic, and T € T with T =
[d;Tl, ey Tar(d)]- Then

[T =d([T1],. ... [Tar@D-
Proof. By definition, {[T]} =),y range (fye). Thus,
=, , range (fron)

frf d _ X oo X
ﬂn>l [ range (fTin 1) range (f-1)

ar(d)

od[ m | range (fT(n_l)) X -+ X range (me(d)l

=d| ﬂ | range T(n ) X - X ﬂ , range T(n(d)l))]
= {d([[Tl]]> s [Tar@ D}

from which the statement follows. O
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In what follows we mostly deal with extended IFS that are covering, compact and weakly

hyperbolic.

Definition 4.10. A topological digit space (X, D) is a compact, covering and weakly hyperbolic
extended IFS.

The next question to be addressed is whether every element of X can be coded in the above
way. We start with a technical result.

Lemma 4.11. Let (X, D) be covering. Then for all n € N, all D-trees S € ’7;5") and all x € range (fs)
there is a D-tree T € TD(”H) with x € range (fr) so that S < T.

Proof. We prove the statement by induction on n. If n =0, S = {e}, for some e € D. Otherwise,
S=1[&S1,...,Su(@]. Since x € range (fs), it follows that there is some y € X, say y=
V15« - > Yar(e))> so that x = e(y). If n =0, y, € X, for 1 <« < ar(e). Otherwise, y, € range (fs, ).

Let us first consider the case that n = 0. As (X, D) is covering, there is some d, € D and with
Y« € range (d), foreach 1 <« <ar(e). Set T:=[e;dy, . . ., dar(e)]- Then T € 7MW 5o that § < T and
x € range (fr).

If n > 0, it follows by the induction hypothesis that for each 1 < x < ar(e) there exists T € 7};")
such that y, e range (fr,) and S¢ < Ty. Let T:=[e;T1,. .., Tar(e)]- Then T € ’7}5"“). Moreover,
S < T and x € range (fr). 0

With the Axiom of Dependent Choice, it now follows that for every x € X there is a sequence
(Ty)ven € Tp with x € range (fr,), from which in turn we obtain with Proposition 3.7 that there
exists a D-tree T € 7,5 with x € range (fz), for every n € N.

Lemma 4.12. Let (X, D) be a topological digit space. For alln € N, every S € 7}5") and all x € X with
x € range (fs) there is some T € T} so that TM =S and x = [T].
It follows that [ - ] is onto.

Theorem 4.13. Let (X, D) be a topological digit space. Then the following four statements hold:

(1) [-1: T — X is onto and uniformly continuous.

(2) The topology on X is equivalent to the quotient topology induced by [ - .
(3) X is metrisable.

(4) X is separable.

Proof.

(1) Onto-ness is a consequence of what has just been said. Moreover, because of com-
pactness we only need to prove continuity. We show that for each T € 73’ and every open set O in
the Hausdorff topology on X with [T] € O there is some number m such that range (f7um) € O.

Since O is open, its complement is closed and hence compact. Moreover,

ﬂn range (frm) N (X \ 0) =,

as (1), range (frw) = {[T]} and [T] € O. Because of the compactness of X there is thus some
m € N so that also

range (f7on) N (X\ 0) =0

Hence, range (f7o») € O, which implies that for all S € Bs(T,27™), [S] € O.
(2) As a continuous map on a compact Hausdorff space, [ - ] is a closed. Continuous closed
maps are well known to be quotient maps (cf. Willard, 1970, Theorem 9.2).
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(3) X is Hausdorff and, by statement (1), the continuous image of a compact metric space.
As consequence of Urysohn’s metrisation theorem, it is therefore metrisable (cf. Willard, 1970,

Corollary 23.2).
(4) As a consequence of Corollary 3.11, as continuous images of separable spaces are separable
(cf. Willard, 1970, Theorem 16.4a). OJ

Corollary 4.14 (Edalat, 1996). Let (X, D) be a topological digit space, and T € T5’. Then for any

xeX,
: (ar(T™M))y _
Lim fron (x )=1[T1,
where for n > 0, 2 = (x,...,x) (n times).

By Theorem 4.13(4), X is separable. As we will see, several dense subsets of X can be
constructed. Let to this end x € X and define

QR = sy | se T3 ).

Lemma 4.15. Let (X, D) be a topological digit space. Moreover, let z € X. Then Qg) is dense in X.

Proof. Let O be open in the topology on X and z € X. Then there are T € 75 and m € N so that
Fron [X¥T™)] € 0. In particular, it follows that fym) (z@*T")) € O. Note that T™ e T, [

As follows from the second statement of the preceding theorem, X is homeomorph to a quo-
tient of 7. In the classical setting of IFS with all maps in D being unary, Kameyama (2000)
showed how the equivalence classes are generated by the kneading invariant of the system. As a
consequence, the topology on X is determined by the kneading invariant of the system.

Theorem 4.13(3) shows that no generality is lost if we restrict our considerations to topological
digit spaces (X, D) such that X is a metric space. The central problem of the research in Kameyama
(2000) was the question whether the metrisation result can be improved in such a way that the
maps in D will be contracting as well. Kameyama gave an example showing that this is not the
case in general. However, important function classes have been found since this study allowing
such a choice, that is, if the maps in D are chosen from one of these classes then there is a metric
that as well generates the given topology on X and turns the maps in D into contractions. (See
Barnsley et al., 2014 for further hints.)

Definition 4.16. A digit space (X, D) is a compact covering extended IFS such that X is a metric
space, say with metric p, and all maps in D are contracting, where powers of X are endowed with
the maximum metric.

Every digit space is in particular a topological digit space. The maps in D will also be called digit
maps, or simply digits. As X is compact and the metric p is continuous, we have that X is bounded,
that is, there is a number M € N, the bound of X, so that for all x, y, € X, p(x,y) <M. Letg <1
be the maximum of the contraction factors of the digit maps. Then for all d € D and %, y € X*@,
p(d(x),d®)) < q- p(x, ). It follows that every digit space is weakly hyperbolic.

5. Computable Digit Spaces

The aim of the research in Berger (2011), Berger and Hou (2008), Berger and Spreen (2016),
and the present paper is to provide a logic-based approach to computing with continuous data.
The generally accepted approach to compute with such data is Weihrauch’s Type-Two Theory of
Effectivity (Weihrauch, 2000). In this section, the equivalence of both approaches will be derived.
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To this end we restrict our considerations to digit spaces. This is the case generally used in applica-
tion. Moreover, metric spaces have a well-developed computability theory. We need to adapt the
notions and proofs presented in Berger and Spreen (2016) to the case of multi-ary digit functions.

Definition 5.1. (Brattka and Presser 2003) Let (X, p) be a metric space with countable dense
subspace Q, say
Q= {u0> ug, .. -}’

the elements of which are called basic elements. Then (X, p, Q) is computable if the two sets

{(,v,NeQxQxQ|p(uv)<r}
{(v,r)eQxQxQ|p(u,v)>r}

are effectively enumerable, i.e. the function L(u,v) € Q2. p(u,v) is computable.

Note that usually computability is defined on the natural numbers or the set of finite words
over some finite alphabet. Computability in a more abstract setting is then reduced to this case by
using appropriate coding functions. In what follows we will work with finite objects such as basic
elements, tuples as well as finite sets of basic elements, digits or D-trees directly as in the above
definition and leave it to the reader to make statements precise, if wanted. By doing so, we will
identify a digit d with the letter d, as we did already in the preceding sections.

Definition 5.2. Let (X, p, Q), (X', p’, Q') be metric spaces with countable dense subspaces Q and
Q, respectively. A map h: X' — X is

(1) Uniformly continuous if there is a map ¢ : Q4 — Q, called modulus of continuity, such
that for all e € Q. and X,y € X', whenever p(%, y) < ¢ (&) then p'(h(X), h(})) < &.

(2) Computable if it has a computable modulus of continuity and there is a procedure Gy, which
given i € Q' and n € N computes a basic element v € Q with p'(h(i), v) < 27",

It is readily seen that the set of computable maps on X is closed under composition.

Definition 5.3. Let (X, D) be a digit space such that the underlying metric space (X, p) has a count-
able dense subset Q with respect to which it is computable. (X, D, Q) is said to be a computable digit
space if, in addition, all digits d € D are computable.

As will be shown in Section 8, each power of a computable digit space is a computable digit
space again.
Let

Ag(ff :={x € X | there is a procedure that given n ¢ N
computes a basic element u € Q with p(x, u) <27"}.

We have seen that besides Q computable digit spaces possess other canonical dense subspaces

Qg), for z € A;ff, generated by the digit maps. We want to show that Q and Qg) are effectively
equivalent in the sense that given u € Q and n € N a finite D-tree S € 7} can be computed so that

o(u, fs(z(ar(s)))) < 27", and that similarly there is a computable function ¢ : N x 75 — Q with
p(fs(Z ), p(n,8) <277,
forallneNand Se ’7;5*. To achieve this, some additional conditions have to hold.

Definition 5.4. An extended IFS (X, D) is well covering if every element of X is contained in the
interior int ( range (d)) of range (d), for some d € D.

Lemma 5.5 (Berger and Spreen, 2016). Let (X, D) be a well-covering digit space. Then there exists
e € Q4 such that for every x € X there exists d € D with B, (x, €) C range (d).
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Each such ¢ € Q4 will be called well-covering number. Note that in the proof one only uses that
the sets range (d) are closed; the d are just indices. Obviously, if ¢ is a well-covering number, then
every ¢’ € Q4 with ¢’ < ¢ is a well-covering number as well.

Definition 5.6. Let (X, D, Q) be a computable digit space. We call (X, D, Q)
(1) decidable if for u € Q, 0 € Q4 and d € D it can be decided whether B, (u, 0) C range (d);

(2) constructively dense if there is a procedure that, given 6 € Q, d € D and u € range (d) N Q,
computes a v € QD with p(u, d(V)) < 6.

Lemma 5.7. Let (X, D, Q) be a well-covering, decidable and constructively dense computable digit
space and z € Agf Then, for every u € Q and n € N, a finite D-tree S can effectively be found such
that p(u,fg(z(ar(s)))) <27"

Proof. Let M be abound of X and g < 1 the maximum of the contraction factors of the digit maps.
Moreover, let € be a well-covering number for (X, D) and set

j(n):=min{ieN|qg -M<27"}. (4)

For k e Nand v € Q, let H(k, v) be the following recursive procedure:

Use the decidability of (X, D, Q) to find some e € D with B, (v, ¢) C range (e). If k=0, output e.
Otherwise, let

0:=q" M/j(n+1)
and use computable density to find some V' € Q@ such that p(v, e(v')) < 6. Output the D-tree
[eH(k—1,v)),...,H(k—1, v;r(e))].
Let T := H(k, v). We show by induction on k that
P, fr(@* ) < (1 + k/j(n + 1)) - ¢° - M.
If k =0, we have that T =, for some e € D. Hence,
pr, ez ) <M<1-q°- M.

If k> 0, there are e D, V € Q¥ and T, ..., Taxe) € T4 with T =H(k — 1,v,), for 1 <« <
ar(e), so that T=[&;T, . . ., Tar(e)] and p(v, e(v)) < qk -M/j(n+ 1). Then,
P fr (@) < p(v, V) + ple(@), fr(z )
= p(v,e(@)) + p(e(@), e(fr, 2T, . fr,(, (23T y))

<q* - M/j(n+1) +q- max p(v., fr, ()

<q" M/jin+1)+q- L+ (k= 1D)/jtn+1) -

= (14 k/j(n+1) - q*
With S := H(j(n + 1), u) we thus have that p(u, fs(z®))) <277, O
Lemma 5.8. Let (X, D, Q) be a computable digit space and z € A?;. Then there is a procedure H',
which given S € T} and n € N, produces a basic element v € Q so that p(fs(z(ar(s))), y) <27,
Proof. Since z € AST, there is a procedure F which on input #n € N computes a basic element u € Q

with p(z, u) < 27". Now, define H’ to be the following recursive procedure:
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Oninput n, if S = d, first apply the procedure F on input n + 1, say the output is u € Q, and then

apply G4 to u@ (@) and n + 1. Otherwise, assume that T = [T}, . . ., Tar(e)] and that the results of
applying H' on input T, and n + 1, for each 1 <k < ar(e), are uy, . . ., Uyr(e) € Q. Then output the
result of applying G, to input (u1, . . ., Uar(e)) and n + 1. O

Summing up we obtain the following result.

Proposition 5.9. Let (X, D, Q) be a well-covering, decidable and constructively dense computable

digit space. Then, for each z € A;{f, the topological bases Q and Qg) are effectively equivalent.

Next, we will consider the set of computable elements of a digit space. Usually an element of
some abstract space is considered computable when it has a computable representative. Elements
of an IFS are represented by infinite D-trees.

Definition 5.10. Let (X, D) be an extended IFS. A D-tree T € T3 is said to be computable if its
associated sequence (T™),en of finite D-trees is computable.

An element x of an IFS (X, D) is computable if there is a computable tree T' € 75 with [T] = x.
We denote the set of all computable elements of X by X,.

Let (X, D) be a digit space and x € X be computable. Moreover, let this be witnessed by T e
7. Then we have for any z € A;ff and n € N that p(x, frm) (zar(T(n)))) < g" - M, where g < 1 is the
maximum of the contraction factors of the digit maps and M a bound of X. Assume that (X, D, Q)
is computable. Then it follows with Lemma 5.8 that, for any given n € N, we can compute a basic
element v € Q with p(fyu1) (z(ar(Tg(nH))))), v) < 27"~ Here, the function j is as in (4). It follows
that p(x, v) < 27", This shows that X, C Ag(ff. The converse implication will be a consequence of
Theorem 7.2 derived in Section 7 in a constructive fashion. To this end a further condition is
needed.

Definition 5.11. 2 A computable digit space (X, D, Q) has approximable choice if for every d €
D there is an effective procedure A(0, u). vz: Q4+ x int (range (d)) N Q — Q@) sych that for all
0e Q+.’

(1) For all u € int ( range (d)) N Q and all e Q4. ,o(vz, vﬁ) < max{0, 6}.

(2) One can compute 0’ € Q4 such that for all u, v’ € int (range (d)) N Q, if p(u, u') < 0’ then
p(vfl, VZ’) <6.

(3) For all u € int (range (d)) N Q there is some y € d~' [{u}] with p(y,V]) < 6.

Obviously, every computable digit space with approximable choice is constructively dense.

Proposition 5.12. Let (X, D, Q) be a well covering and decidable computable digit space with
approximable choice. Then X, = A4

Proposition 5.13. Let (X, D, Qx) and (Y, E, Qy) be computable digit spaces such that (Y, E,

Qy) is decidable and well covering. Then a map f : X**¥) — Y is computable if, and only if, there is

a computable map ¢ : Q1+ — Q4 and a procedure H so that for any ¢ € Q and every i € Q;}r(f), H

outputs a v € Qy with f[B,, (i1, £ (¢))] € Byy (v, €).

Proof. Assume that f: X — Y is computable. Then f has a computable modulus of continuity
¢: Q4 — Q4. Moreover, let ¢, ¢’ € Q4 such that ¢ is a well-covering number of (Y, E, Qy). Set
§:=1¢(¢'/2) and, without restriction, suppose that ¢’ < €. Then for # € Q™ use decidability to
pick some e € E with B, (f(#), ¢’) C range (e). Since e is computable, we can effectively find some
v € Qy with py(f(u), v) < &¢’/2. Then it follows for X € B, (i1, 8) that py(f(x), f(i1)) < &’/2. Hence,
Py (f(X), v) < py (F(X), f (@) + py (f(u), v) < &'.
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For the converse implication let ¢ € Q4 and x € X™. Set § := £ (¢/2). Because of the density of
Qx there is some i € QY with px (%, it) < §/2. Then we have for X € X" with px(x,%") < §/2 that
X, %" € B,y (11, 8), which implies that f(X), f(x") € B,y (v, £/2), i.e., py(f(X), f(X")) <e.

Since we have in addition that for any n € Nand all # € QY a v € Qy with

fIBpx (1, £ 27"))] S Bpy (v,277)

can effectively be found, which in particular means that py(f(u), v) < 27", it follows that f is
computable. O

Thus, the computable maps between decidable and well-covering computable digit spaces are
exactly the maps that are uniformly continuous in a constructive sense.

Definition 5.14. For f: X*) — X, a map f': range (f) — X*) is a right inverse of f, if f o ' is
the identity on range (f).

Proposition 5.15. A computable digit space (X, D, Q) has approximable choice if, and only if, every
d € D has a computable right inverse.

Proof. Assume that (X, D, Q) has approximable choice, and let d € D and x € range (d). Because
of density there is some u,, € Q N int ( range (d)) with p(x, uy,) <27, forall m € N.

Use approximable choice to pick the function A(9, u).v). For 8, :=27"~*, pick ' € Q. accord-
ing to approximable choice, part (2). Let N, > 0 such that p(x, up,) < 6’/3, for m > N,,. Without
restriction let N, be such that N, > N;, for all i < n. Set v,, := vf{’j\,n. By approximable choice, part
(3), there is some z,, € d~! [{un, }] with p(z,, v,) < 6,. Because of the assumption on N, we have
that p(un,,, un,) <6’, for m > n. Hence, p(viu, v4) < 0. It follows that p(zm, z4) < 36, <27
Thus, (z4)nen is a regular Cauchy sequence. Since xa@ | p) is complete, it converges to some
Yy € XD, As d is continuous, we obtain that

d(yu,) = lim d(zp) = lim u, =x.

Now, let x’ € range (d) with p(x, x') < 6'/3 as well as u; € QN int (range (d)) with p(x', u],,) <
27", for m € N. Moreover, let N}, > 0 such that p(x’, u,,,) < 6'/3, for m > N},. Without restriction

assume that Nj, > N, for all i < n. Finally, let v}, := v and z, € d_l[{uN’/q}] with p(z),v,) <

u;\];‘
On. Then p(uy,, u;\,’g) <6’ and hence p(vy,V),) <6,. It follows that p(z,,z,) < 36, and thus
P> Y(ay,)) < 9 < 277

For x = x/, we obtain that y(,,,) = y( ), i.e., y does not depend on the choice of the approximat-
ing sequence (uy,)men- Define d’(x) := y. By what we have just shown, d’ is uniformly continuous
with computable modulus of continuity. Moreover, since p(d'(x), v,) < p(d'(x), z4) + p(2n, Vi) <
40, = 27", it follows that d’ is also computable.

Conversely, let d’ be a right inverse of d. For 6 € Q4 let

m@):=min{meN|27" L6 }.

Since d’ is computable, we can compute for any given u € Q N int (range (d)) and n € N a basic
element v, € Q"D so that p(d' (1), v,) < 27" Set vft = Vim(p)+2- It remains to verify the conditions
in Definition 5.11:

(1) Let 6,6 € Q.. Without restriction let § > 6. Then
PO V) < p(vh, d () + p(d (), V) <27 < p,

(2) As d’ has a computable modulus of continuity, for given 6 € Q4 we can computea 6’ € Q4
such that for u, ¥’ € QN int ( range (d)), if p(u, ') < 6’ then p(d'(u), d'(1/)) < 6/2, from which it
follows that ,o(vﬁ, vﬁ,) <0.

(3) is obvious: choose y := d'(u). O
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In Type-Two Theory of Effectivity, an element x € X is defined to be computable, if it is con-
tained in Ag(ff. So, it follows that both computability notions coincide. In the present approach,
elements of X are represented by infinite D-trees T, and/or the corresponding sequences (T") ,exy
of initial segments. Similarly, in Type-Two Theory of Effectivity, an element x is represented
by an infinite sequence (u,),ey of basic elements with p(x, u,) <27". The resulting repre-
sentation is called Cauchy representation pc. As follows from the results in this section, one
can computably pass from an infinite stream T : T :... of finite D-trees to an infinite
sequence (uy,)yen of basic elements so that p([T], u,) < 27", and vice versa. This means that
there are computable translations between both representations as summarised by the next
result.

Theorem 5.16. Let (X, D, Q) be a well-covering and decidable computable digit space with approx-
imable choice. Then there are computable operators F: T — Q” and G: Q” — T such that for
T e TS andw e dom (G),?

pc(E(D)) =[T] and [Gw)] = pc(w).

6. Extracting Digital Trees from Co-inductive Proofs

In this section, we recast the theory of topological digit spaces in a constructive setting with the
aim to extract programs that provide effective representations of certain objects or transforma-
tions between different representations. As one of the main results on this basis, we will obtain
effective transformations between the Cauchy representation of digit spaces and the digital tree
representation showing that the two representations are effectively equivalent. The method of
program extraction is based on a version of realisability, and the main constructive definition and
proof principles will be induction and co-induction. The advantage of the constructive approach
lies in the fact that proofs can be carried out in a representation-free way. Constructive logic
and the Soundness Theorem guarantee automatically that proofs are witnessed by effective and
provably correct transformations on the level of representations.

Regarding the theory of realisability and its applications to constructive analysis, we refer the
reader to Schwichtenberg and Wainer (2012), Berger and Seisenberger (2010), and Berger (2011).
Here, we only recall main facts. We largely follow the exposition in Berger and Spreen (2016).
The logic used is many-sorted first-order logic extended by the formation of inductive and co-
inductive predicates. Note that although the logic is based on intuitionistic logic a fair amount of
classical logic is available. For example, any disjunction-free formula that is classically true may be
admitted as an axiom (Berger and Tsuiki, 2021).

Realisability assigns to each formula A an unary predicate R(A) to be thought of as the set
of realisers of A. Instead of R(A)(a) one often writes ar A (“a realises A”). The realiser a can
be typed or untyped, but for the understanding of what follows, details about the nature of
realisers are irrelevant. It suffices to think of them as being (idealised, but executable) functional
programs or (Oracle-)Turing machines. The crucial clauses of realisability for the propositional
connectives are

cr(AVB):=3a)(c=(0,a) AarA) Vv (3b)(c=(1,b) AbrB)
fr(A— B):=(Va)(arA — f(a)rB)
cr(AAB):=polc)rAApi(c)rB

crl:=1.

Hence, an implication is realised by a function and a conjunction by a pair (accessed by left and
right projections, po( - ), p1(-)).
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Quantifiers are treated uniformly in this version of realisability:
ar (Vx) A(x) :=(Vx)ar A(x)
ar(Ax) A(x) :=3x)ar A(x).
By this way, variables x are allowed to range over abstract mathematical objects without pre-
scribed computational meaning. Therefore, the usual interpretation of ar (Vx) A(x) to mean
(Vx) a(x) r A(x) makes no sense as one would use the abstract object x as input to the
program a. R B
For atomic formulas P(t), where P is a predicate and t are terms, realisability is defined in terms
of a chosen predicate P with one extra argument place, that is,
ar P(t) := P(a, 1). (5)

The choice of the predicate P allows to fine tune the computational content of proofs.

So far, only first-order logic has been covered. Next, we explain how inductive and co-
inductive definitions are realised. An inductively defined predicate P is defined as the least fixed
point of a monotone predicate transformer ®(X, X), that is, the formula (Vx)(X(x) — Y(x)) —
(VX)(D(X, Xx) - D(Y, X)), with free predicate variables X and Y, must be provable. Then one has
the closure axiom

(VX)(®(P, X) — P(X))
as well as the induction schema

(VX)(D(A, X) = A(X)) — (VX)(P(x) — A(X))

for every predicate A defined by some formula A(X) as A(X) <> A(x). Realisability for P is defined
as in (5) by defining P inductively via the operator ®(X, a, X), where ® is obtained from ® by
replacing every occurrence of the form ar X(x) in the expression obtained by unravelling the
formula a r ®(X, X) according to the definition of ®, by X(a, X), for a fresh predicate variable X.
Then one has the closure axiom

(Va,X)(ar ®(P,%) — P(a, X))
as well as the induction schema:
(Va,%)(ar ®(A, %) — ar ARX)) = (Va,%)(P(a, X) = ar A®X)).

Dually, ® also gives rise to a co-inductively defined predicate Q defined as the greatest fixed
point of ®. Hence, one has the co-closure axiom

(VX)(Q(x) = ®(Q, X))
and the co-induction schema:
(VX)(A(X) — (A, X)) — (VX)(AR) - Q(X)).

Realisability for Q is defined by defining Q co-inductively by the same operator ® as above, hence,
the co-closure axiom

(Va,%)(Q(a, X) > ar ®(Q, X))
and the co-induction schema:
(Va,X)(ar AX) = ar ®(A, X)) > (Va,X)(ar AX) = Q(a, X))
The basis of program extraction from proofs is the Soundness Theorem.

Theorem 6.1 (Soundness Theorem Berger, 2010; Berger and Seisenberger, 2012). From a
constructive proof of a formula A from assumptions Bi,...,B, one can extract a program
M(ai, . .., an) such that M(ay, . . ., a,) t A is provable from the assumptions ay ¥ By, . . ., a, t By,.
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If one wants to apply this theorem to obtain a program realising formula A one must
provide terms Kj, ..., K}, realising the assumptions By, ..., B,. Then it follows that the term
M(Ky, ..., K,) realises A.

That realisers do actually compute witnesses is shown in Berger (2010) and Berger and
Seisenberger (2010) by a Computational Witness Theorem that relates the denotational definition
of realisability with a lazy operational semantics.

There is an important class of formulas where realisers do not matter: A formula B is non-
computational if

(Va)(ar B <> B).

Non-computational formulas can simplify program extraction of realisers dramatically. We will,
however, not go into further details here and refer the reader to Berger and Spreen (2016).

In formalising the theory of topological digit spaces, the real number set and the underlying
space X are regarded as a sort. All arithmetic constants and functions we wish to talk about as
well as the metric p, in case X is a metric space, are admitted as constant or function symbols.
The predicates =, < and < are considered as non-computational. Furthermore, all true non-
computational statements about real number as well as the axioms of a metric space are admitted
as axioms.

In order to be able to deal with the hyperspace of non-empty compact sets, which will
be studied in Section 9, a powersort P(x) is added for every sort x, equipped with a non-
computational element-hood relation €, as well as a function sort s — ¢ for any two sorts s and
t, equipped with an application operation and operations such as composition. In addition, for
every non-computational formula A(x) the comprehension axiom

(Fu)(Vx)(x € u < A(x))

is added. (A(x) may contain other free variables than x.) This is an example of a non-
computational formula we wish to accept as true. Again, we refer to Berger and Spreen (2016)
for further details and examples.

In Lemma 4.4, a co-inductive characterisation for covering extended IFS was derived.
Classically, this is rather uninteresting, but, constructively, it is significant, since, as we will see
next, from a constructive proof of Cx(x) one can extract a D-tree T € T3 so that [T] = x.

Theorem 6.2. Let (X, D) be a topological digit space. Then the realisers of a statement Cx(x) are
exactly the D-trees T € Ty representing x, that is

Tr(Cx(x)) < [T] =x.
In particular, from a constructive proof of Cx(x) one can extract an infinite D-tree representation
of x.
Proof. By the realisability definition above the predicate T r Cx(x) is defined co-inductively as
[Ty, . .., Tar(a)] ¥ Cx(x) = ©)
@yts - s Yar@ €EX)x=d(y1s . . -5 Yara)) A (Y1 <k <ar(d)) Te r Cx(yie).

This allows us to show the ‘if” part by co-induction. That means we have to show that the impli-
cation from left to right in (6) holds if the relation - r - is replaced by the relation [ - ] = -. This,
however, is consequence of Corollary 4.9.

For the converse implication it is sufficient to show that

(Vne N)(VT € T5)(Vx € X) (T r Cx(x) = x € range (fym)),

which we do by induction on n. Assume that T r Cx(x). Then T = [d;T1, . . ., Tayg)] and there are
V1> > Yar(d) € X so that x=d(y1, . . ., Yar(a)) and T, r Cx(y,), for 1 <« < ar(d). It follows that
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x € range (d). Thus, the case n =0 is true. If n > 0, it follows by the induction hypothesis that
Vi € range (f-1). Hence, x € range (frm). O

7. Equivalence with the Cauchy Representation

As pointed out above, we will now derive the equivalence between the Cauchy representation
used in Type-Two Theory of Effectivity and the tree representation introduced here in a construc-
tive fashion. Formalised in many-sorted first-order logic extended by the formation of inductive
and co-inductive predicates, the proofs allow the extraction of programs computing translations
between the two representations. The method of proof extraction is based on a version of real-
isability. As said, the advantage of the constructive approach lies in the fact that proofs can be
carried out in a representation-free way.
Let (X, D, Q) be a computable digit space and let the predicate Ay C X be defined by:

Ax(x):& (VneN)QueQ) plx, u) <27 "

A realiser of Ax(x) is a regular Cauchy sequence in X converging to x and a realiser of Cx(x) is a
D-tree T € T3 such that x = [T].

Theorem 7.1. Let (X, D, Q) be a computable digit space. Then Cx C Ax.

Proof. Fix z € AT, Because of Lemma 5.8 it suffices to show that
(¥n e N)(¥x € X)(Cx(x) > @ue Q) plo,u) < M- q"),

which will be done by induction on n. If n=0, let u be any element in Q([f). For n+1,
assume Cx(x). Then there are d € D and y1,. .., yar) € X with Cx(y,), for 1 <« <ar(d), so

that x=d(y1, . .., Yar(@))- By induction hypothesis, there exist vy, ..., vay(g) € Qg) such that for
all 1<k <ar(d), p(yi, vie) <M -q". Set u:=d(vy,...,Var(a))- Then ue Qg) and p(x,u)<q-
max, Py, Vi) <M - q"+1. O

Theorem 7.2. Let (X,D,Q) be a well covering and decidable computable digit space with
approximable choice. Then Ax C Cyx.

Proof. The theorem is derived by co-induction. Hence, assume Ax(x). We have to find d € D
and y1,. .., Yar(d) € X so that x =d(y1, . .., Yara)) and Ax(yc), for 1 <« <ar(d). Let ¢ € Q4 be
a well-covering number. Using Ax(x), pick & € Q such that p(x, &t) < ¢/2. Pick d € D such that
B, (i, ¢) C range (d). Then x € B, (i1, €).

By Proposition 5.15, d has a computable right inverse d’. Set y := d'(x). Since d’ has a com-
putable modulus of continuity, we can, given n € N, compute a number k(n) so that for x’,x” €
range (d), if p(x', x") < 27k then p(d'(¥), d' (x")) < 27" L. Using assumption Ax(x) again, we
find u € Q such that p(x, u) < 275" _ It follows that p(d'(x), d' (1)) < 27" L. By the computabil-
ity of d’ we can moreover compute a basic element v € Q@ with p(d'(u),v) <2~"1. Hence,
P V) <2 " Let y= (1, . > Yar(a) and V= (V1, . .., Var(g)) then we have that p(y,, v) <27",
for 1 < k < ar(d), which shows that Ax(y,). O

8. Products

In this and the following section, we study how canonical IFS structures can be introduced on
spaces obtained by the usual constructions of new spaces from given ones, and whether the
properties examined so far are inherited in these cases. We start with the product construction.
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Let Xj, . .., X, be non-empty topological spaces and X; x - - - x X,, endowed with the product
topology. As is well known, X; x --- x X,, is Hausdorff, exactly if X; is Hausdorff, for each
1 < i< n; and analogously for compactness by Tychonov’s Theorem (Willard, 1970).

Now, assume that (X;, Dy), ..., (Xy, Dy) are extended IFS. Without restriction suppose that
all d € |J_,| D; have the same arity, say sp. Otherwise, let sp := max {ar(d) | d € | J\_, D; } and

replace d € D; by d defined by
d(xy, . . . s Xsp) = d(X1, . . ., Xar(d))>

for xi, ..., x5, € X;.
We will introduce an IFS structure on X, X;. For (di, . ..,d,) € X, D; define

(dy, .. odp): (XL XD — XL X
by
(diy .o da) (D), P APy =
(dy (xﬁ”,...,x1 D), da(D, L 20,
for (xil), ) NN ¢ (SD), oAby e X1, Xj, and let
D*:={(di,....dn) | (d1,...,dn) € X1 Di}.
Proposition 8.1. Let (Xi,D1),...,(Xy, Dy) be extended IFS. Then also (X}_; X;,D*) is an

extended IFS. Moreover, the following statements hold:

(1) If (Xi, D;) is compact, for all 1 < i< n, sois (X, X;, D™).
(2) If (Xi, D;) is covering, for all 1 < i < n, sois (X, X;, DX).
(3) If (Xi, D;) is well-covering, for all 1 < i< n, sois (X, X;, D*).

Proof.

(1) follows with Tychonov’s Theorem.
(2) As is ensued by the definition of (dy, . . ., dn),

n

range ((dy, .. .,dy)) = X range (d;). ?)
i=1
Hence,
U{range(<d1" : "dVl)) | (d1>' . ~)dn) S ><:’l=1 Dl}
= J XL, range (d) | (dr,....dn) € X[, D;)
n
=X U{range(di)|d,'eDi}
i=1
n
= X Xi.
i=1
(3) follows similarly as int ( X I, range (d;)) = X, int ( range (d;)). O

When dealing with a tuple x via the extended IFS (X ?:1 X, D™), X is considered as a structure-
less object, not as a composed one. We will now investigate how from a tree representing x we can
access the components of X.
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For 1 < i< n define the map Prgn) : Tpx = Tp, co-recursively by

root( Pr ([(dy, . . ., dn)iThs - . ., Tepl)) i=d;

subtree( Pr™ ([(dy, . . ., d)sTi, . . ., Tspl)) := (PE (Th), . . ., Pr™ (Tp)).
Similarly, define Cons'™: X, TS — Tg by
root( Cons™ ([dis T, ..., TOY, .. [dsT™, .., TO) = (dy, ..., dy)

> Ssp > < Sp

subtree( Cons™ ([dl;Til), . Ts(ll))], R [dn;TYl), R Ts(g)])) =
( Cons™ (T%l), e Ti")), ..., Cons™ (TS(II)), e Ts(g))).

Proposition 8.2. Let (X1, D), ..., (X, Dy) be extended IFS. Then for every infinite D*-tree T €
T

DX B
T = Cons™ (Pr\” (T), ..., P (T)).
Proof. Apply the co-induction proof principle. O

This result allows us to study the inheritability of weak hyperbolicity of extended IFS to their
product.

Lemma8.3. ForallmeNandall T € 7;5‘;,

n
range (from) = X range (f, m (T)<m>)'
i=1 '
Proof. We proof the statement by induction on m. Let T = [(d1, . .., dn);T1, . . ., Tsp .
In case m=0, we have that T = {{dy,...,d,)} and Prl(-") (1) = {d;}. Hence, fro =
(di,...,d,) and fprgn) o = d;. As seen in (7), the statement thus holds in this case.

Now, suppose that m > 0. Then
Jrom ={di, ..., dn) o (fromn X+ X frm)
1 SD
and
fpr§”> (rym =di© (fprg”) (Ty)m—1 X" Xfprg”) (TSD)(’”*D)'

Therefore, it follows with the induction hypothesis that

sp
range (from) = (d1, . .., dy)[ X range (fT_(m—n)]
i=1 '
sp n
={d1,....dy)[ X X range (fprgn) (Ti)(m—l))]
i=1 j=1 !
n SD
= >< djl >< range (fPrJgn) (T,-)mfl)]
j=1 i=1
n
= X range (_fPr](n) (rym-1)- 0
j=1
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As a consequence of the preceding lemma, we obtain for T € 7 that

n n
M range (frm) = () X range (o0 ) = X () 1ange (o0 1y

m>1 m>1 i=l i=l m>1
form which the subsequent results immediately follow.

Proposition 8.4. Let (X1, D1),...,(Xy, Dy) be extended IFS. Then the following two statements
hold:

(1) If (Xi, D;) is weakly hyperbolic, for 1 <i<n, sois (X, Xj, D*).
(2) If (Xi, D;) is both, compact and weakly hyperbolzc, for1 <i<n, then

[T =[P (D,..., [P (T)]).

Let us sum up what we have obtained so far in this section.

Theorem 8.5. Let (X1, D1),...,(Xy, Dy) be topological digit spaces. Then (X, X;,D*) is a
topological digit space as well.

For the remainder of this section we will restrict our investigations to the special case of digit
spaces.

Proposition 8.6. For 1 <i<n, let (X;, D;) be a digit space with metric p;. Then the following
statements hold:

(1) (X, Xi, D) is a digit space with respect to the maximum metric p.

(2) If for each 1 < i< n, Q; is a countable dense subset of X; so that (X;, pi, Q;) is computable,
then X1, Q; is a countable dense subset of X! X; with (X[, Xj, p, X, Q;) being
computable as well.

(3) If for every 1 <i<mn, (X;,D;,Q;) is a computable digit space, then so is (X, X;, D*,
X ?:1 Qz)

Proof. (1) As we have already seen, (X, X;, D*) is a compact covering extended IFS. It remains
to show that all maps in D* are contractive.

For 1 <i<n, let g; be the contraction factor of d;, and be q their maximum. For 1 <j < sp, let

x(/) ) e XL, Xi with 70 = (xY), e xg)) and similarly for}(j). Then

plids, ., dg) GO, 7)), (dy, L d) GO, 56
= p((d, (x(l) ce X D)) S dy (x(l) L (SD)))’
(dy (y(ll)’-~~’y(f[’)) G, y5P))
= max pi(d; ( (1) o (SD)) d; (y(l) o ’yiSD)))
<qi-maxp(( o), 050 )
<q'rzna‘1XI?aXPJ(xz L)
Zq'ry_alxmam(xl )

=q-p(GY, .., 30, G0, .50
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(2) As is well known, X, Q; is a countable dense subset of X, and obviously (X _; Xi,
P> X iy Qi) is a computable metric space.

(3) It remains to verify that all digits in D* are computable. For 1 <i<#, let k; be a com-
putable modulus of continuity for digit d; and set k(0) := min { k;(6) | 1 < i<n}, where 6 € Q.

Moreover, for 1 <j < sp, let 0, 70 e x i, Qi with 1) = (uY), s un ) and similarly for 0. If
we assume that

o@D, .. ube)y, GO, 50y < k(9)
then we obtain for all 1 <i < n that
Pl ul ), D)) < Ki(6).
Hence,
pildi, . u ), diY, L)) <,
forall 1 <i< n. Thus,
o((dy, ..., dn) @D, G0, (dy, L d) GV, L TER)) 6.

By our assumption there is a procedure G() for each 1 < i< n and d € Dj, such that for any

given il € QiD and meN, GS) computes a basic element v € Q,- with p;(d(1), v) < 27™.
Now, let (dy, . ..,dy) € D* andlet G4, g4,y be the procedure that operates as follows:

Given me Nand u(V, ..., 500 e x| Q; with u¥) = (u(lj), s ui{)) For each 1 <i < n, apply
Gg,-) to (ul(l), ces ul(-sD ) and m, and let v; be the corresponding output. Then output (vl, e V)
It follows that
p(dy ... dn) @D, TSP, (v, )
= (@, i), A, S, (s v)
= max pi(di(u”, .., uESD)), i)

<27m O

Proposition 8.7. Let (X1, D1, Q1), ..., (Xu, Dy, Qn) be decidable computable digit spaces. Then
(XL, Xi» D*, X, Q) is decidable as well.
Proof. Note that forie€ X, Q;withit=(uy,...,u,) and 0 € Q4,

n

Bp(a,é)z >< Bpi(ui: 9)
i=1

With (7) we therefore obtain that for (dy,...,d,) € D*,
B, (i1, 0) C range ((d1, . . ., dn)) < (Y1 < i< n) B, (u,0) C range (d;),

from which the statement follows. ]

Proposition 8.8. Let (X1, D1, Q1),. .., Xy, Dy, Qn) be computable digit spaces having approx-
imable choice. Then also (X, X;, D™, X, Q;) has approximable choice.

Proof. For 1 <i< n and d € D;, let A(0, u). d 9 : Q4 x int (range (d)) N Q; — QfD be the effec-
tive procedure ex1st1ng for d, as (Xj, D;, Q;) has approx1mable choice. Then for (dy, . . .,d,) € D*,
define the procedure
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A0, (ug, ..., uy)). v?ul ) Q4 x int (range ((d1,...,dn))) N X1, Qi — (XL, Q)P

,,,,,

as follows:
For 1 <i<n,let9/ =: (vgl), e vl(-SD)). Then set

v?ul """" u) = ((v(l) v (V(ISD), VD),

It remains to verify the conditions in Definition 5.11.

(1) By our assumption we have for 1 <i<n and e Q4 that ,ol(d 9 dlv .) < max{6, o).
Therefore,

()

'O(V?ul,...,u,,)’v?ul u)) maxmax,o(v ,v?))<max{9,9~},

,,,,,, j=1 i=1

where (v(l) ~(SD)) = .
(2)Let (uy,...,uy), (ul, ..., u,) €int (range ((d1, ..., dy))) N X L; Qi. As follows from our

supposition, some 6/ € Q4 can be computed for each 1 <i<n, so that, if p;j(u;, u;) < 6] then

p(%0 9 di 0/) <0.Setf :=min{6]|1< } and assume that p((u1, ..., up), (U}, ..., u),)) <
0. Then we have that piuj, u}) < 6}, for all 1 <i < n, and therefore that
0 0 SO n d; 9 dif
PVt i) Vi . un))—rjnatlxr?:axpz(v vi ) =max p(tv,, M) <.
Here (V\V, ..., V) .= dirf

u;’

(3) By our assumption, for every 1 <i < n, given u; € int (range (d;)) N Q;, there is some ; €
di_l[{ui}] so that p(¥;, divzi) <#.

Let j;i = (}/1(1), e Jyz('SD)) and set ((}’(1) PN ))/511)): cee ( (SD)) R ’yg”SD )) Then
I/E (dl, RS dn>_1[{(ul) ce e un)}] and

n S .
,0()’, V(ul u ))=1‘¥l:alxp(yi) d’vzi) <0. 0

.....

As a consequence of Theorems 7.1 and 7.2, we now obtain that the equivalence between the
Cauchy representation used in Type-Two Theory of Effectivity and the tree representation used
in the present approach holds in a constructive fashion also in case of products of computable
digit spaces. Recall that for x € X, X;,

n
AX?:I x,X) & (VneN)Fue X Q) px,u)<27"
i=1

and C XC><, 1 Xi is given by

n

Cyr x,®=0,....d) eD)F,. ... 75 € X Xi)
i=1

Xx={di,....dr)J1,. .., ¥sp) A (V1 <k <sp) Cx:;lxi@)-

By the above-mentioned two results, we obtain the following consequence which permits to
extract computable translations between the realisers resulting from the two definitions.

Theorem 8.9. Let (X1, Dy, Q1),. .., (X, Dn, Qu) be a well covering and decidable computable digit
spaces with approximable choice. Then Ayn x,=Cyn x,.
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9. The Hyperspace of Non-empty Compact Subsets
In many applications, e.g. in mathematical economics, one needs to deal with multi-valued func-
tions that when considered as set-valued maps have compact sets as values. In this section, we will
study how spaces of compact sets fit into the framework developed so far.

For a topological space X with topology 7, let (X) be the set of all non-empty compact subsets
of X, endowed with the Vietoris Topology tv (also called the finite topology), that is, the topology
generated by the sets

(UsVi, ..., V) :={KeKX)|[KSUANI<k <m)KNV, #0)}

with U, Vi, ..., V, € 7. The following facts are well known (Klein and Thompson, 1984; Michael,
1951).

Theorem 9.1. Let (X, t) and (Y, n) be topological spaces, and f: X — Y. Then the following
statements hold:

(1) If Q is dense in (X, 1), then the set Qi (x) of all non-empty finite subsets of Q is dense in
(K(X), Tv). Moreover, if Q is countable, so is Qi (x).

(2) (K(X), ty) is Hausdorff if, and only if, (X, t) is Hausdorff.

(3) (K(X), tv) is a compact Hausdorff space if, and only if, (X, t) is a compact Hausdorff space.

(4) If f is continuous, so is the map K € KC(X) + f[K] with respect to the Vietoris topologies on
K(X) and IC(Y).

(5) The operation of taking the union of two compact sets is continuous with respect to the Vietoris

topology.

In case of the first statement, the elements of Oy (x) will be called basic subsets. For compact
Hausdorff spaces X and Y, and continuous f: X — Y define K(f): K(X) — K(Y) by K(f)(K) :=
fIK], for K € K(X). Then K is an endo-functor on the category of compact Hausdorff spaces and
continuous maps.

Next, assume that (X, D) is a compact extended IFS. For r > 0 and pairwise distinct dy, . . ., d, €

Ddefine [dy, ..., d,]: XL_; K(X*)) — K(X) by
[ dr (K K)-Ud

Since the d, are continuous, the sets d, [K, ] are compact and so is their finite union. As follows
from the definition,

range ([dy, ..., d,]) ={K € K(X) | GK, ..., K, e KXO) K = ] Ke A
k=1

(V1 <k <r) K, € K(range (d,)) }.

Let m be the cardinality of D. If (dy, ..., d;) € D" such that the d, are pairwise distinct, then
r < m. Hence, there are at most ) ., m* such maps. Set

K(D):={ld,...,ds]|d1,...,dr € D pairwise distinct with r > 0 }.

Note that according to Definition 4.2, in an extended IES (X, D) the maps d € D have to be of
type X _ X In case of the maps [d}, . .., dy,] thisis only true if di, . . ., d,, are unary.

Proposition 9.2. Let (X, D) be a compact IFS. Then (K(X), K(D)) is a compact extended IFS.
Moreover, the following statements hold:

(1) If (X, D) is covering, so is (K(X), K(D)).
(2) If (X, D) is well-covering, so is (K(X), K(D)).
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Proof.

(1) It suffices to show that
K&x) < | {range (d) | d € K(D) ). (8)

Let Ke K(X), E:={deD|KNrange(d)#0}, say E={e;,...,e}, and for de€E, K;:=
d- KN range (d)]. As compact sets, K and d[X] are closed, whence K} is closed as well and thus
compact.

Since (X, D) is covering, it follows for x € K that there is some d € E with x € range (d) N K.
Hence, x € |, g d[Ky]. This shows that K=[ey, ..., e](K,, ..., Ke,), which means that K is
contained in the right hand side of (8).

(2) We need to show that for every K € K(X) there is some d € (D) and some O € 7y so that
K € O Crange (d).

Let K€ K(X) and E:={d e D|int(range (d)) NK # @}, say E={ey, ..., e;}. Then, we have
that

;
K e [ U int (range (e, )); int (range (e)), . . ., int (range (e,))].
k=1
It remains to show that

r

|: U int (range (e, )); int (range (e;)), . . ., int (range (er))i| Crange ([e1, . . ., e/]).

k=1
Letto thisend K’ € [ U;zl int (range (e, )); int (range (e1)), . . ., int (range (e,))] and for 1<« <r,
set K := e, '[K' Nrange (ec)]. Then K # . Moreover, since K’ C | J._, int (range (e)), we
have that K = [ey, ..., e](K], ..., K}). Thus, K’ € range ([ey, . . ., e/]). O

Similar to the product case, when dealing with a compact set K via the extended IFS
(K(X), K(D)), K is dealt with as an abstract object, not as a set of other objects. We will now
study how from a tree representing K we can access elements of K. Note that we are assuming that
all digits d € D have arity 1.

Definition 9.3. The relation S € T} is a derived tree of T € ,é"(D) (short: S € T) is co-inductively
defined by

[d:S1] €0[ldy, ..., d)sTh, ..., T )= A1 <k <r)d=dc AS; €T,
Lemma 9.4. Let (X, D) be a compact IFS. Then for alln € Nand T € T¢ ),

(n) (n)
FronXE D) = J{ fyon [XTE] | S €T ).

Proof. We use induction on n. Assume that T = [[d,, ..., d,};T1, ..., T;]. For n =0, we have that
TO =1[dy,...,d,]and {S© |S€dT}={d,,...,d,}. So the statement holds in this case. For n >
0, we obtain with the induction hypothesis that

.
(n) (n—1)
Froo T = (] di[fy0n (X))

k=1

=Udd U o )

k=1 Sced Ty
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r
=U U d/c[fsw—l)[Xar(s(“n_l))]]

k=1S8,€dTy

— ar(S™M)
fs(n) [X ]

SedT ]

Theorem 9.5. Let (X, D) be a topological digit space with unary digits only, and (K(X), KC(D)) be
weakly hyperbolic. Then, for every T € T (D),

[TI={[S]ISeaT}.
Proof. Let S € 9T. Then it follows with the preceding lemma that for every n € N,

[ST € fsm (X" C frm (xarTy.

Moreover, by Corollary 4.14, we have that [T] = lim,,—, oo f7m (X (ar(T(n)))). Now, let U be an open
neighbourhood of [T] in X. Then [U;X] is an open neighbourhood of [ T] in K(X). Hence, there

is some 7 € N so that fm) (X(ar(T(m)))) C U, for all m > n, which implies that [S] € U. Thus,
[STe({Uer|ITICU}.

Obviously, [TI € {U et |[T] S U}. To show the converse inclusion, assume that there
issome xe(\{Uet|[T] < U}\I[T]. Since compact Hausdorff spaces are regular (Willard,
1970), there exist disjoint open sets V, W € v with x € V and [T] € W. So, x ¢ W and thus x ¢
N {Uet|[T] S U}, acontradiction. It follows that [S] € [T].

Note that for each n € N, fr (X(ar(T(n)))) € frm [IC(X)‘“(T(”))] and therefore

(T (7™
Froo K@) | frm )T
— | U ®) | K € KE0™T ) € fr (XD,

Now, conversely, let x € [T]. According to the definition, {[T]} € frm [IC(X)*“(T("))], for all
neN, thatis, [T] € frm (X(ar(T(n)))), by what we have just seen. Thus, x € fyu) [Xar(s(”))], for some
S € dT. Observe that for each such tree S the sequence (fg) [Xar(S(K))])KGN is decreasing.

It follows that for every n € N there is a finite D-tree N of height n with x € fy[X*™)] and
N =8, for some S € 3 T. With respect to the prefix relation the set of these finite D-trees N is a

finitely branching infinite tree. By Konig’s Lemma it must have an infinite path, which in our case
is a sequence (N;),eN of initial subtrees of derived trees of T such that Nj, < N4 1. In other words,

there is some S € TS with N, = S for all n. Hence, x € Muen fs [Xar(g(”’)]’ that is, x = [S].
It remains to verify that S € 3 T. Set

Ri={(N,M) € T x T, | (Yn € N)@L, € IM) N® =L }.

Then (S, T) € R. We use co-induction to show that, if (N, M) € R, then N € 0 M.
Define ®: P(Tp x T,“é(D)) — P(T} x T,"C’(D)) by
OW) :={(&N'],[[dr,....d ;M1 ..., M) | Al <k <r)d=dc AN, T) e W}

Then N € M, exactly if (N, M) € v®. We need to prove that R € O(R).

Let (N, M) € R with N=[d;N'] and M =[[d;,...,d,;Ti,..., T,]. Then there are L, € M
with N = Lﬁf’), for all n € N. It follows that for all n, root(L,) =root(N) =d. Since L, € oM
and the d,...,d, are pairwise distinct, there is exactly one k €{1,...,r} with d=d, and
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subtree(L,) € OM,, for all n. Let L), = subtree(L,+1). Then L), € dM,. and
L™ = subtree(L, ;)™ = N'™,

where the last equation holds as Li:fll) = N1 This shows that (N’, M,) € R. Hence, (N, M) €
O(R). O

Besides covering and well covering, there are further central properties of which it will be
important to know if they are also inherited from (X, D) to (K(X), K(D)). Unfortunately, in case
of weak hyperbolicity, this has to remain an open problem in the general case.

If, however, X is a metric space and all digit maps are contracting, then K(X) is also a metric
space with respect to the Hausdorff metric, py, given by

pu(K,K') :=inf{e > 0K SB,(K,e) AK' CB,(K, &)}

with B, (K, ¢) :={xe X | (3yeK) p(x, y) <&}, and the maps in (D) are contracting. The con-
traction factor even remains the same. The topology induced by the Hausdorft metric is equivalent
to the Vietoris topology. So, in this case, which is also the prevalent case in applications, both IFS
are weakly hyperbolic. As we know from Theorem 4.13, the assumption that X comes equipped
with a metric from which the topology on X is induced, is not a restriction.

Finally in this section, let us study how computability properties are inherited to the hyper-
space.

Lemma 9.6. Let (X, Q) be a computable metric space. Then (KC(X), Qic(x)) is computable as well.

Proof. Since (X, Q) is computable, there is a program P which on input (1, v, ) € Q x Q x Q ter-
minates its computation after finitely many steps and outputs ACCEPT, if p(u, v) < r. Otherwise,
the computation does not terminate. Let Px be the following program:

Given (U, V,r) € Qi) x Qoo X Q, say with U= {uy,...,upn} and V={vi,...v,}, pro-
ceed as follows

(0) Seti:=1and go to (1).

(1) Simultaneously start the computation of P on inputs (u;, v, 7), ..., (Uj, vy, 7). If one of these
computations halts after finitely many steps with ACCEPT, halt. Then if i < m, increase i
by 1 and go to (1); otherwise output ACCEPT.

It follows that if pg(U, V) <r, then Px(U, V,r) halts after finitely many steps with out-
put ACCEPT. Otherwise the computation does not terminate. The second requirement in
Definition 5.1 can be dealt with analogously. O

Proposition 9.7. Let (X,D,Q) be a computable digit space with only unary digits. Then
(K(X), K(D), Qx(x)) is a computable digit space as well.

Proof. Let[dy,...,d,] € K(D). As we have seen, the domain of this map is the space K(X)", which
has r-tuples (Uy, . . ., Uy) as basic elements with U, a basic subset of KC(X).

Every digit d, (1 <Kk <r) has a computable modulus of continuity k.. For 0 € Q+, let
k(@) :=min{k.(0)|1<k < r} Moreover, let U, V be basic elements of the domain, say U=
(U1, ..., Uy) and similarly for V, such that PH(Uy, Vi) < k(). Then we have for each « and every
u € Uy that there is some v € V, with p(u, v) < k(6) and hence p(d, (1), d,(v)) < 6. Conversely,
there is some u € U, with p(u, v) < k(@), for each ve V. Again it follows that p(d, (1), di (v)) < 6.
This shows that py([dy, . .. ,d,](f]), [dy,...,d ]( ) <6.

Next, we have to show that there is a procedure G, with d=[d, . .., d;], which given a basic
element U of the domain of d and n € N computes some V € K(Q) with py([dy, ..., dr](f]), V) <
27", By assumption, for every 1 <« <, there are procedures G, that given ue€ Q and ne N
compute a basic element v € Q so that p(d, (u), v) < 27". G; proceeds as follows:
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Given neN and f]:(U(l),...,U(V)) with U%) a basic subset of K(X), say U =

{ug'c), R usﬁk)}, do: For each 1 <« < r, and every 1 <t < my, use G4, to compute vf’c) € Q such

that p(d, (u), v*)) < 27", Then output the set V of all v with 1 <t <myeand 1 <k <r.
As is readily verified, p([dy, . . ., d,J(U), V) <27". ]

Inheritability of decidability is an immediate consequence of the subsequent technical lemma.

Lemma 9.8. Let (X, D) be a digit space. Then for any finite subset U C X, [d, . . ., d,] € K(D), and
0 € Qy, B, (U, 0) Crange ([dy,. . .,d,]) if, and only if,

(1) VueU)(31 <« <r)B,y(u,0) Crange (d,) and
(2) (V1<k <r)(3uecU)B,(u,0) Crange (d).

Proof. Let U = {uy, ..., uy}. For the ‘if” part assume that K € B, (U, #). Then there is some ratio-
nal number 6’ < 0 with py(U,K) <0'.For 1 <o <nletKy :={ye K| p(uy,y) <0'}. Then K,
is non-empty and compact. Moreover, K = ngl K. By our assumption thereis some 1 <«y <7
so that B, (uy,0) C range (d,, ). Hence, there is some non-empty compact K/, C X¥(de) with
Ky =dy, [K]]. Because of our second assumption, every 1 <« < r is among the x, with this
property. Thus, K € range ([d, . . ., d]).

In case of the ‘only-if’ part, we show the contrapositive. First, assume that there is some
1 < ko < so that for every 1 <o <, B,(uy,0) € range (dy,). Let y» € B,(us,0) \ range (dy,)
andset K:={y, |1 <o <n}. Then K € B, (U, 0), but K € range ([dy, . . ., d;]).

Next, assume that there is some 1 < 09 < # such that forall 1 <« <1, B, (ug,,0) & range (d).
Let z, € B, (ugy, 0) \ range (d ), and for K € B, (U, ), set

K :=KU{z.|1<k<r).
Then K’ € B, (U, 0), but K’ & range ([d1, . . ., d,]). O

Proposition 9.9. Let (X, D, Q) be a computable digit space with only unary digits. If (X, D, Q) is
decidable, so is (K(X), K(D), Qi (x))-

We have seen so far that (K(X), (D), Qxx)) is a well covering, decidable computable digit
space, if also (X, D, Q) is a space of this type and all d € D are unary.

Proposition 9.10. Let (X, D, Q) be a well covering and decidable computable digit space with only
unary digits. If (X, D, Q) has approximable choice, then also (JC(X), IC(D), Qx(x)) has approximable

choice.
Proof. Let deK(D) with d=[d),...,d;] and U € Q(x)Nint(range(d)) with U=
{ut,...,u,}. Then there is some meN so that B,,(U,27™") Crange (d). As we have just

seen, (C(X), K(D), Qi (x)) is decidable. Therefore, a number m with this property can effectively
be found. For 1 <« < rset

Uc ={ueU]|By(u, 2—m=1y c range (d) }.

Then Uy is non-empty, by Lemma 9.8(2), and U= J;,_, U, by Lemma 9.8(1). By using the
decidability of (X, D, Q), Uy can be computed from U and d.

Now, for 1 <k < r, use approximable choice to pick the function A(6, u). v, and for § € Q
set

V?]K :={v§|ueU,(},

and V?, = (V%l, U Vf]r). We have to verify Conditions 5.11(1)-(3).
(1) For 0’ € Q. we have to show that py(V?, Vf]) < max{0, 0'}, that is, we need to verify that
forl <« <r, pH(Vf, Vf/) < max{60, '}, which is obvious, as forall u € U, p(vﬁ, vg/) < max{6, 0'}.
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(2) For 1<k <r, pick 0,; according to approximable choice, part (2) and let 6':=
min{f],...,0/,27"73}.

For U’ € Qk(x) Nint (range (d)) assume that pg(U,U’) <6’ and let ue U. Then there
is some u' € U" with p(u,u’) <6’. Moreover, by Lemma 9.8(1), there is some 1<« <r
so that B,(u,27™) Crange(d.) and hence also B,(u, 27m=1) Crange (d,), that is, ue
Ue. Since 6’ <27™73, it follows that B,(u/,27" 1) C B, (u,27™) C range (d), that is v’ €
U,.. Consequently, p(vfl,vﬁ,) < 6. By symmetry we obtain that pH(VgK, Vg;) <6 and thus
,oH(Vf], Vf],) <6.

(3) By approximable choice, part (3), there is some ZZ € d;l [{u}] with p(z‘z, VZ) < 6, for each
ueUcand 1 <k <r. Set Z%K = zf, | u € Uy }. Then we have that pH(ZGK, V@K) < 0, and hence
for 2§, := (24, ..., Z{; ) that pu(Z{, V) < 6. O

Just as in the product case, we now obtain that the equivalence between the Cauchy repre-
sentation used in Type-Two Theory of Effectivity and the tree representation used in the present
approach holds in a constructive fashion also in case of the space of all non-empty compact sub-

sets of a computable digit space. Note again that we need to assume that all maps in D are unary.
Remember that for K € K(X),

Ao (K) & (Vne N)@AU € Qxx) ou(K, U) <27"
and Cx(x) € K(X) is given by
Cr)(K) = @ldy, . . ., d,] € KD)EKy, ... ., Ky € K(X))
K= [dI) LR ) dr](Kl» .. )Kr) /\ (Vl < K < r) C’C(X)(KK)

The following result is again a consequence of Theorems 7.1 and 7.2. It allows to extract
computable translations between the realisers resulting from the two definitions.

Theorem 9.11. Let (X,D,Q) be a well covering and decidable computable digit space with
approximable choice and only unary digits. Then Axcx) = Cx(x).

10. Uniformly Continuous Functions
In Berger (2011), working in a constructive setting, Berger presented a co-inductive induc-
tive characterisation of the uniformly continuous functions f: [ — 1, 1] — [ — 1, 1] and showed
how it can be used to extract tree representations of such functions. Here, we will lift the
characterisation to the general framework of computable digit spaces.

Assume that (X,D) is an extended IFS. For f: X" — X, me Ny and 1<i<m, define
f(i,m): Xn+m—1 s Xm™ bY

f(i’M)(xla e s Xi—HL YV s Yo Xitls - - - :xm) = (Xl, v ’xifl’f(yl’ te ’yn)’xi+1’ T ,Xm).
If f has a right inverse f/, set

f/(i’m)(xla B ,xm) = (xI) R axifl)f/(xi)) xi+1) R ,xm)-

Then £/ is a right inverse of £,
Now, assume (Y, E) to be a further extended IFS, define F(X,Y):={f: X" - Y |m >0} to
be the set of all maps from X to Y of some arity m > 0, and for m € Nand F C F(X, Y), set

F™ = (f e F(X, Y) | ar(f) = m ).
Moreover, let the operator %Y : P(F(X, Y)) — (P(F(X, Y)) — P(F(X, Y))) be given by

XY (E)G) :={f | (Fe€E)3fis. .. fae €F)f=eo(fi X - -+ X far(e)) V
@1 <i<ar(f))(Vd e D) f o d* ) ¢ G}.
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Obviously, ®*Y(F) is monotone in G, for all F € F(X, Y). Thus, 7XY (F) := u®*Y(F) exists.
It follows that 7Y (F) is the smallest subset G of F(X, Y) such that

(W) IfecEandfi, ..., far(e) € F, theneo (fi X -+ - X far(e)) € G.
(R) If h e F(X, Y) and 1 <i < ar(h) so that h o d*3") ¢ G, foralld € D, then h € G.

Since %Y is monotone as well, also Crxy) :=vJ XY exists. Observe that if h € Cr(x,y), then
range (h) C range (e), for some e € E, since

Crex.y) = 1G9 (Crixv))(G) = XY (Crex. 1)) (Crx.v))-

Note that we will suppress the superscripts in case the spaces X, Y are clear from the context.

For i € N let R; be a letter with ar(R;) := ||D||. Then a realiser for a map h € Cp(x,y) extracted
from the definition of Cg(x y) by following the exposition in Section 6 is an infinite (E,),en-tree,
for some family (E,),eN of finite subsets of EU { R; | i € N }, such that

o each node is either a

writing node labelled with a digit e € E and ar(e) immediate subtrees, or a

reading node labelled with R; and || D|| immediate subtrees;

o each path has infinitely many writing nodes.

Writing nodes correspond to (inverted) Rule (W), respectively, the left part in the disjunction
defining ®*Y (F)(G). The label e € E realises the existential quantifier. Reading notes correspond
to (inverted) Rule (R). The index i of R; realises the existential quantifier in the right part of the
disjunction. Digit d € D is the root of the tree realising the ith argument. The condition that every
path has infinitely many writing notes reflects the co-inductive nature of the definition of Cp(x y),
that is, the fact that the greatest fixed point of ®*Y is taken with respect to the first argument F.
It particularly implies that between two writing nodes on a path there may only be finitely many
reading notes, which reflects the inductive part in the definition of Cg(x y), that is, the fact that
the least fixed point of ®*Y is taken with respect to the second argument G.

The interpretation of such a tree as a tree transformer is easy. Given ar(h) trees T, ..., Torp) €
T as inputs, run through the tree and output a tree in 7’ as follows:

(1) Ata writing node [e;S1, . . ., Sar(e)] output e and continue with the subtrees Sy, . . ., Sar(e)-
(2) Ata reading node [Ri§(5:1)de p] continue with S:i, where d is the root of Tj, and replace T;
by its ar(d) immediate subtrees.

Next, we show that the predicates Cp(x,y) are closed under composition. We will need the
following lemma.

Lemma 10.1. Let (X, D) be an extended IFS. If f € C(x.y), then f o d"*)) € Cy(x vy, foralld € D
and 1 <i<ar(f).

Proof. Up to minor modifications, the result follows as the corresponding (Berger, 2011, Lemma
4.1). We include the proof for completeness reasons. Let d € D. Moreover, set

Fi={fo dlar() |f € Craxyy Al <i<ar(f) ).

We use strong co-induction to prove that F C Cp(x,y). That is, we derive F C J(F U Cp(x,v)). In
other words, we show that Cr(x,y) C G, where

G:={feFX,Y)|(VI1<i<ar(f))f od™ ) e 7(FUCpuy)) }-
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Since Crx,y) = J(Crx,v)), it suffices to prove J(Cp(x,y)) € G, which will be done by strong
induction on J(Cr(x,y)), i.e. we show ®(Cpx,v))(GN J(Crx,y))) € G. We have to verify
Rules (W) and (R).

(W) Lete€ Eand fi, . . ., far(r) € Cr(x,v). We must show that eo (f; X - - - X far(e)) € G, i.e. for

mi= Zar(e) ar(f,) and all 1 < i< m we have to prove that eo (f; X - - - X fur(e)) 0 d*™ € J(FU

k=1
Crex,y))- Let mj:=max {1<n<ar(e) | Y ,_; ar(fy) <i}and i :=i— m;. Then

(i X+ X fare) 0 d™ = fi X -+ X fini1 X (i 0 dT™) X fr 1 X - X far(e)-

By definition of F, we have that f,,,, o dimi) ¢ F. Since J(F U Cr(x,y)) is closed under Rule (W), it
therefore follows that e o (fi X - - - X far(e)) € G.

(R) Let heF(X,Y) and 1<i <ar(h). Assume that for all & €D, hod@aM) cGn
J(Crx,y))- We must show that h e G, i.e. for all 1 <i<ar(h) we have to demonstrate that
hod® M) ¢ 7(FU Cpex y)).

Hereto, let 1 <i<ar(h). In case i=1, we obtain from our assumption that ho dthar(h) ¢
J(Cp(x,y)) and hence by the monotonicity of 7, that ho dbarh) ¢ 7(FU Cruxy)) fi#7,
then we have that for all d’ € D, d'0* 1) o glarh) — glhar(h) o g(ar) Therefore, since by our
assumption, h o d'"¥") ¢ G, for all d’ € D, we have that for all d’ € D, h o d3h) o g/'"ar(h) ¢
J(FUCrx,y)). As J(FU Crx,y)) is closed under Rule (R), it follows that h o dbarh) ¢ 7(FU
Crx.v))- O

Proposition 10.2. Let (X, D), (Y, E), and (Z, C) be extended IFS. If f € Cp(y,z) and gc € Cp(x,v),
for1 <k <ar(f), thenfo(g x--- X gar(f)) € Crx,2).

Proof. The proof is a modification of the proof of Berger (2011, Proposition 4.2). It proceeds by
co-induction. Set

F:={fo(g1 x X&) | f€Cry,z) A&L - &ar(f) € Crex,y) }-
Then we show that F € J%4(F), that is, we show Cr(v,z) € G, where
G:= {f € ]F(Y> Z) | (Vgl, ce ’gar(f) € (CF(X,Y))fO (gl X X gar(f)) € jX’Z(F) }

Since Cp(y,z) = J Y.z (Cr(y,z)) it suffices to show J Y.z (Cr(y,z)) € G. Hence, by the inductive def-
inition of 7 ¥*¢ (Cr(y,z)), it is sufficient to demonstrate that oV (Cr(y,2)(G) C G, that is, we have
to show that Rules (W) and (R) hold.

(W) Assume that c € Cand fi, . . ., far(c) € Cr(y,z). We need to show that co (fi X - - - X far(e) €

G. For 1 <k <ar(c) assume that g%'(), . ,gi’r‘(}) € Cr(x,y). Then we must prove that co (f; x
-+ X far(e)) © il) X ooe X gi?(r;c)()))) € JXZ(F). Because JX4(F) is closed under Rule (W), it suf-

fices to demonstrate that for each 1 <« < ar(c), f o i'() X oo X gi'r(()fx)) € F, which holds by the

definition of F.
(R) Let f F(”)(Y, Z) and 1 < i< n. Suppose, as induction hypothesis, that for all ec E, f o
" e G. We have to show that f € G, i.e. Cpxy) € HY, where

HY = {geF(X, V)| (Vg1,....gn € Crixr)gi =g — fo (g X --- x gu) € TH4(F)] ).

Since Cr(x,y) = JX’Y((CF(X,Y)), it suffices to show that jX’Y(CF(X,y)) < H®, which we do by side
induction, that is, we show that

" (Croey)HY) € HY.

https://doi.org/10.1017/50960129521000116 Published online by Cambridge University Press


https://doi.org/10.1017/S0960129521000116

176 D. Spreen

(Wide) Lete € Eand g1, ..., gn> 81> - - - ,g;r(e) € Crx,y)sothatgi=eo (g x -+ x g;r(e)). Then

folgx - xgn)=fo(gx-xgi1x(eo(g X Xgupy)) Xgt+ X Xgn)
=fo(e™ o(g x X g1 Xg X X g XGitl X X gn))
=(foe™)o(g x - xg1xg X - X Ghe) X Gitl X - X &n).
By the main induction hypothesis, f o e € G and hence
(foe(i’n))o(gl X oo X giig X g X - xg;r(e) X git1 ><~~~xg,,)er’Z(F).

Therefore, e o (g] x - - x g,)) € H?.

(Rsige) Let g € Cp(x,y) and 1 <j < ar(g). Suppose that foralld e D, g o diar@®) ¢ HO We have
to show that g€ H () Assume to this end that hy, . .., h, € Crx,y) with h; = g. We must derive
that fo(hy x -+ x hy) € JY4(F). Let m:=) "_ ar(h,) and j:=j+ Zf(_:ll ar(h,). Because
JXZ(F) is closed under Rule (R), it suffices to show that for all d € D, (fo(hy x---xhy))o
dl-m ¢ JXZ(F), which is the case as the ith element of (h] X - - - X h,) o dd-m isgo dir®) and
go diar@) ¢ Cr(x,y) by Lemma 10.1. ]

Lemma 10.3. Let (X, D) be an extended IFS. Then the following statements hold:

(1) Letidy : X — X be the identity on X. Then idy € Cg(x x).
(2) Foranyne Ny and 1 <i<n, let pr(")'

i
Then pr!”) e (C](F'?X X

(3) Forn=> 0, let diagggl) : X — X" be given by diag(") (x) := x". Then diagg(") € Crx xm)-

X" — X be the projection onto the ith component.

Proof. For all statements the proof proceeds by co-induction.

(1) We show that {idyx} € J({idx}). Because of Rule (R) it suffices to show that for all d € D,
idy o d € J({idx}). By Rule (W) we have that for d € D, do (idx x - - - x idy ) € J({idx}). Since
do(idyx x --- x idy ) =idyx o d, we are done.

(2) Since for d € D,

+ar(d ar(d 1
do(prl(-n ard) Prgia§;>3)1 )= prl(n) o d®m,
it follows in the same way that
{pr;m)|m>0/\1<j<m}§j({pr](.m)|m>0/\1§j§m}).
(3) Let d € D and note that for x1, . . ., Xar(q) € X,

(d,...,d) o(diagg?) X oo X diagﬁ?) N s Xar(d) = (ds -,d>(x§")’ e >x$()d))

= (d(xl, ey xar(d)), ey d(xl, e ,xar(d)))
= (diagy) 0 d)(x1, . . ., Xar(a))-

Thus, (d,...,d) o ( diagg?) X - X diagé?) )= diaggq) o d, from which the statement follows as in
Case (1). ]

In the above case of the nth power of a given space X, the projections were treated as
n-ary maps. Let us now consider the general case of the product of spaces. Let to this end
(X1, D1), ..., (X, Dy,) be extended IFS, and let prgn) : szl Xj — X again denote the projection
onto the ith component. Then we have for (di, ..., d,) € D* that
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prl(.”) o {di,...,dy)=d;io( prl(-n) X oo X prl(.") ) (sp-times),
which leads to the next result.

Lemma 10.4. Let (Xy,Dy),. .., (X,, D,) be extended IFS. Then prﬁ") € (CI(Fl()x” 5. X,),forl <i<n
j=1 i

Proposition 10.5. Let (X, D) and (Y, E) be extended IFS. Moreovet, for m € N, let
ev: FM(X, V) x X" > Y
with ev (f, x) := f(x) be the evaluation map. Then

ev [CYY y) x CF] S Cy.

Proof. The statement is derived by co-induction. Let the operator W: P(Y) — P(Y) be defined
by

V(L) :={y|(Fe€E)3y1,---»Yare) EL) y=ey1, -, Yar(e)) }-
Then Cy = vW. Set

Z:={yeY|3f €Cruy)@x1,... X €Cx)y=f(x1,.. ., Xar(p)) }-
We need to show that Z C W(Z). Let to this end

Gi={f eF( V)| fICY1cw(2)).

Then we have to verify that Cp(x,y) € G. Since Cp(x,y) = J(Cr(x,y)), it is equivalent to prove
that 7 (Cg(x,v)) € G. By the inductive definition of J(Cpx,y)), it suffices in addition to derive
that ®(Cr(x,y))(G) C G, that is, we need to show that

(W) Ifec Eand (f1, . . ., far(e) € Cr(x,v), then eo (f1 X -+ X fare) € G.
(R) If f e F"(X, Y) and 1 < i < ar(f) so that f o d*™ € G, foralld € D, then f € G.
(W) Let e€E, fL, o far(e) € ((__?F(X)Y), and X, € (C;l(r(fk), for 1<« <ar(e). Then f,(x) € Z.
Hence, e(fl (x1), . .. afar(e)(xar(e))) eV (2). '
(R) Letf e F")(X, Y) and 1 < i < mwith f o d*™ € G, foralld € D. Let xy, ..., X,y € Cx. Then
there is some d; € D and some X} € C;g(di) so that x; = d;(x]). It follows that

f(-xl) “e )xm) =f(-x1’ e Xi—1s dl(}:)’ Xitls e o - a-xm)

= (_fO d(i)m))(xla ce Xi—1s ‘;:) Xit1s -« - ,xm) € \IJ(Z) ]

For n € Ny, let the set n:={0,...,n — 1} be endowed with the discrete topology. Moreover,
for i e n, let g;: n— n map n constantly onto i. Then (n, {g1,...,gn—1}) is a covering IFS with
n=C,.

Corollary 10.6. Let (X, D) be an IFS. Then C](Fl()n x= C%.

Proof. As a consequence of the preceding proposition, we have that CI(FI()E,X) C C%. The converse

inclusion follows by co-induction. We show that FO (n,Cx) C JED (n, Cx)).

Let feIF(l)(ﬂ, Cx) and i€ n. Then there are d; € D and x; € Cx so that f(i) = d;(x;). Set
hi(a) = x;, for a € n. Then h; € FV(n, Cy). Moreover, f o g; = d; o h;. As JED(n, Cy)) is closed
under Rule (W), we obtain that d; o h; € 7(F)(n, Cx)). Hence, fogie JED(n, Cy)), for all
i € n. With Rule (R), we therefore obtain that f € j(F(l)(Q, Cx)). L]
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Observe the difference between Cy» and C¥. In the first case, the digits operate on all com-
ponents simultaneously, whereas in the other case they do this in an uncoordinated way and
approximate the single components just as needed.

Proposition 10.7. Let (X, D), (Y1, E1), and (Y3, E;) be extended IFS. Then for f € Cpxy,) and
8 € Crexyy) f X g € Crixyixva)-

Proof. Without loss of generality, we assume that all maps in E; U E; have the same arity, say m.
The proof of the statement proceeds by co-induction. Let

F:={f xglf€Crxy) gECruxy,}
Then we must show that F € JXY1xY2(F). Set
A:={feFX, Y1) | (Vg€ Crx,y,)) f x g€ TN (F)}.

We show that Cgxy,) CA. Since Cpxy,) =T 1 (Crx,y,)), it suffices to prove that
JXn (Crx,y,)) € A. By induction we show that XN (Crx,y)))(A) € A, which means that we
have to verify Rules (W) and (R).

(Wmain) Let e € Ey and fi, ..., fm € Crx,y,). We need to demonstrate that e; o (f; x - -+ x
fm) €A. To this end, we have to show that for all g€ Cpxy,), (e10(fi X - X fm)) X g€
JXYN(F), Let

B(h)={geF(X,Y2)|hxge JXNxYa(Fy .

For h:=ej o (fi x - -+ X fi) we prove that Cp(x,v,) € B(h), for which it suffices to demonstrate
that

®*"2(Cr(x,v,))(B(h)) < B(h), (10)

which is done by side induction.
(Wside) Let ez € E; and g1, . . ., gm € Cr(x,v,). We need to show that

(e10(fi X -+ X fm) X (e20(g1 X -+ X g)) € T XYYy,
We have that
(ero(fi x - X fm)) x (e20(g1 X -+ X gm)) = (e1,e2) o ((f1 X g1) X -+ - X (fm X gm))>
where (e, e2) € EX and fi X g1,...,fm X gm € F. Hence, (e1 0 (fi X -+ X fin)) X (e20(g1 X - -+ %
gm)) € TXY1*Y2(F), by Rule (W).

(Rside) Let g € F(X, Y3) and 1 <i < ar(g) so thatg o dar@®) e B(h), for all d € D. Then h x (go
dar@)y ¢ 7XV1xY2(F) Leth:=h x g. Then ar(h) = ar(h) + ar(g). For j := ar(h) + i we therefore
have that & o d02"W+21@) — | x (g o d2"&®))_ Tt follows that h o dGar(W+2r@) ¢ FXV1xY2 for q]]
d € D, from which we obtain by Rule (R) that h € JXVxY2 Hence, g € B(h). This proves (10).

(Rmain) It remains to verify Rule (R) in the main induction. Let f € A and 1 < i < ar(f) such that
foralld € D, f o d®*) € A. Thus, (f 0 d®*) x g € F¥V1*Y2(F), for all d € Dand g € Cp(x.vy).-
Set hg :=f x g. Then ar(hg) = ar(f) + ar(g) and for all d € D,

ilg ° d(i,ar(f)Jrar(g)) — (fo d(i,ar(f))) X g.
Since (f o dar(f))y x geJ XYixYa(R) by our assumption, we obtain with Rule (R) that }_zg €
JXYXY2(F) Thus, f € A. O

Let eIFS be the category with extended IFS (X, D) as objects, and for two objects (X;, D;)
and (X3, D3), Crx,,x,) as set of morphisms from (Xj, D;) to (X3, D,). Then it follows that

]—[?:1 (Xi, Dj) := (X1 x X3, D*) with canonical projection prgz), for i=1,2, is the categorical
product of (X1, D1) and (X3, D3).
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Let (Y1, Dy) and (Y3, D>) be further objects in eIFS and f; € Cp(x, v,), for i=1,2. Set h; :=

fio( prl(.z) X -0 X prgz) ) (ar(f;)-times). Then h; € Cp(x, xx,,v;)- Hence, h1 X hy € Cp(x, xx,,v; x v3)-
Define theaction of [Jon f1, 2 by [ [ (f1,/2) := h1 X hy. Then[]: eIFS x eIFS — elIFS is a functor,
showing that the product construction presented in Section 8 is functorial.

As we have already seen, in the framework of computable digit spaces computability is the
appropriate requirement for a map between such spaces to be considered uniformly continuous,
constructively. We will now show that the above co-inductive-inductively defined function class
captures exactly these functions. Let

CX,Y)={feFXY)|f computable }.

Proposition 10.8. Let (X, D, Qx) and (Y, E, Qy) be computable digit spaces so that (Y, E, Qy) is
decidable and well covering with approximable choice. Then C(X,Y) C Cg(x.y).

Proof. We show the statement by co-induction, that is, we prove that
CX,Y) S J(CX,Y)).
Let ey € Q4 be a well-covering number for Y and set

Vi={(n)y)eY xY|py(py) <ey/2}.
Moreover, let Mx be a bound of X and gx < 1 the maximum of the contraction factors of the
d € D. Let x € X" denote the m-tuple (xi, . . ., X;), and similarly for X’ and 7. Define

U;(m) ={X) e X x XM [ (V1 <k <m)px(xe, x,) < in" -Mx },

and set

Ci™ = (feC™ X, )| U™ < (f x ) [V] ).

Since every f € C"(X,Y) comes equipped with a computable modulus of continuity, an ic
N™ can be computed for each such f so that f eC-igm). Therefore, it suffices to show that
C;(m) C J(C(X,Y)), for all m and every 7 € N™, which will be done by induction on i:=
max {i, | 1<k <m}.

For i =0 we have that Uf(m) = X™ x X™. Therefore, it follows for f € C"™ and i € Q) that

1

fIX™ € B,y (f(i1), ey/2). Since f is computable, a basic element v € Qy can be found with
py (f(i1), v) < ey/2. Use decidability to pick some e € E with B, (v, ey) C range (). Then f[X"] C
B,y (v, ey) C range (e).

Note that by Proposition 5.15, digit e has a computable right inverse ¢'. For 1 <k < ar(e), set
g =pr@@ o ¢ o f. Then g, is computable, that is, g, € C"(X, Y). Since f =eo (g X - - - X
Zar(e))> We therefore obtain with Rule (W) that f € J(C(X, Y)).

Now, assume that i > 0 and let f € lem). Then (f x f)"L[V] D Uf(m). Choose 1 <j < m such

that i; > 0. We want to apply Rule (R). Therefore, we have to show that for all d € D, f o d¥™ €
J(C(X,Y)). Since d € D is a contraction, there is some £ < i; so that

(dx d) MUY 2{(27) € X x X | (V1 < o <ar(d)) px(z,25) < g5 - M ).
For1 <« <ar(d)+m—1set

P i ifl1<k <jorar(d)+j<«k <ar(d)+ m,
e ifj <k <ar(d) 4.

Let k:=max {kell1<k<ar(d)+m—1}. Then k <i. Moreover, we have that (dom x
dimy=1 U™ 2 U Hence, (f 0 d0 x f o d0m) 1 V] 2 URDT Y, from which it

follows with the induction hypothesis that f o dvm e 7(C(X, Y)). ]
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Proposition 10.9. Let (X, D, Qx) and (Y, E, Qy) be decidable and well-covering computable digit
spaces with approximable choice. Then Cy(x,y) € C(X, Y).

Proof. Since computable digit spaces with approximable choice are constructively dense,
Proposition 5.9 permits to derive the assertion for the dense subspaces Q(z) and Q%Z), respec-
tively, instead of Qx and Qy. To simplify notation we write Qp instead of Q(Z) and similarly for

Q(z ) Letze Qx and z’ € Qy be fixed for the rest of the proof.
Now, let Mx and My, respectively, be bounds of X and Y, and gx, gy < 1 be the maximum of
the contraction factors of the d € D and/or e € E. For j € N, set

={(y) €Y x Y| py(n.y) <dy-My}.
Moreover, let
U™ = (% %) € X™ x X" | (V1 <k < m) px (e, X,) < g - Mx }
and define

={feFX,Y)|@ieN) U™ c(f x /' Vj]A
v e Q5 ")@v e Qp) (Fi) v € V).

Then we have to show that Cg(x,y) € Gj, for all j € N. We proceed by induction on j.
The case j = 0 is obvious, as V; =Y x Y and hence for i := 0, (f x f) "' [V;] 2 Ui(ar(f)), for every

feF(X,Y).In addition, (f(1),v) € Vj, for any ue Q ar(f) and v € Q.

Now, assume that j > 0. We show by side induction that J(Cp(x,y)) € G;. Note here that
Crx,v) = J (Cr(x,v))- By the inductive definition of 7 (Cr(x,y)) it therefore suffices to show that
®(Crx,v))(G)) € Gj, that is, we need to show that

(W) Ifec Eand fi, . . ., fare) € Cr(x,v), theneo (fi X - - X far(e)) € Gj.
R) Iff e F(X, Y) and 1 < k < ar(f) so that f o d*¥) € G;, for all d € D, then f € G;.

(W) Let ec E and fi, .. ., far(e) € Cr(x,v). As a digit map, e in particular has a computable

modulus of continuity. Thus, we can effectively find some £ € N so that (e x e)"}[Vj] 2 Vzr(e).
Since e is a contraction, it follows that ¢ <j. By the main induction hypothesis f, € G,
for 1 <« <ar(e). Thus, we are given ij,..., i) €N so that Ui(:r(f")) C (fe x f)"H[Ve), for
1 < k < ar(e). Furthermore, for each such « and every u, € QD ), we can effectively find some
Ve € Qe with (fe (th), i) € V. Let T:=max{i |1 <k <ar(e)} and n:= Zar(e) ar(f,). Then

Ul-(ar(fk)) - Ui(jr(fk)), for 1 <« < ar(e), and

(eo (fi X -+ X far(e) X (€0 (fi X -+ - X far@))U™]

(ar(far(e)))
—(ex E)o((fi x f1) X - - % (fare) xﬁr(e)))[uff‘(ﬁ” x o))
(ar(far(e))
= (e x O x MU x X (fatey % far) UL ")
C(ex o[V
=7
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Moreover, we have that

((eo (i X -+ X far@))(W1, . . . » Uar(e) ) €(V1» - - - > Var(e)))
= (e(fi(t1)s - - > far(e) (Hhar(e)))> €(V1s - - 5 Var(e)))
€ (e x o[V
cV
Note that by definition, e(v1, . . ., Var(e)) € Q. Thus, we have that e o (fi X - - - X far(e)) € Gj.

(R) Let f e F(X,Y) and 1 < i< ar(f) so that f o d“()) € G;, for all d € D. Then, for every
d € D, we are given some £; € N with ((fo dtar()y x (fo d(i’ar(f))))[Uézr(d)ﬂr(f)fl)] CVj. By
Proposition 5.15, each d € D has a computable right inverse d’. Thus, some ry €N can
effectively be found with (d' x d/)’l[Uézr(d))] ) Ur(;). Define 7:=max{ry|deD} and 7:=
min {r > 7| q% <ex/(2Mx) }, where ex is a well-covering number for X.

Now, let x = (x1, . . . ,xar(f)) e X*(). Then By (xi q§( - Myx) € B,y (xi, £x/2). By Theorem 7.1,
we can therefore compute a basic element u € B,,_(xi, £x/2). Use decidability to pick somed € D
with B, (4, ex) C range (ci). Then B, (x;, q; - Mx) C range (ci). Let d~/(xi) =(z1,... ,Ear(a)). As
r> 1, We moreover have that U;(l) C U%) and hence that

~ A~ ~ - Z.
d'[By,(xid - M) S { (21, .2, 5) | (V1 <k <ar(@) px(ee 2) <d§ - My ). (11)

Define k := max{¢7, 7}. We will show that (f x f )[U,Ear(f))] C V;. Let to this end (%, 2) € U]((ar(f))

with x = (x1, . . . » Xar(f)) and similarly for z. Then z; € B, (x;, qg( - Mx) C range (d~). With (11) and
the assumption it follows that

(F x NGZ) = ((f x )0 (@™ 5 d¥™) o (44" x d'™™)) (G 2)
c ((f Xf) ° (;l(i,m) % a(i,m)))[Uézr(d)-i-ar(f)—l)] C ‘/]

It remains to verify the second requirement in the definition of Gj. Let to this end u € Q;l)r(f)
with = (uy, ..., Uar(f))- Then there is some d € D and there are wy, . .., War(g) € Qp such that

ui=d(wi, . .., War(q)). By our assumption, there is some v € Qg with

((fo A DYy, wi, W, . War(d)> Uit1s - - > Uar(f))» V) € V.

Whence, (f (1), v) € V}. This shows that f € G;.

Now, let Crx,y) and pe Q4. Then some je N can be computed with q’Y -My < p. The
above proof shows how for given j € N some i € N can effectively be obtained so that, whenever

%, X e X with px (%, X') < ¢ - Mx then py(f(%), f(X)) < ¢y - My < p, which shows that f has
a computable modulus of continuity. Similarly, it follows that f satisfies the second requirement
for computability. O

Summing up we obtain the following result.

Theorem 10.10. Let (X, D, Qx) and (Y, E, Qy) be decidable and well-covering computable digit
spaces with approximable choice. Then

Crx,y)=CX,Y).
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11. Compact-Valued Functions

After having discussed how to obtain co-inductive characterisations of product and hyperspaces,
as well as of uniformly continuous functions, which are the usual morphisms in the category of
compact Hausdorff spaces, we will now investigate compact-valued maps in this framework.

A central goal is to derive the functoriality of the compact hyperspace construction within the
scope of co-inductive characterisations of spaces and morphisms. That is, we show that for maps
f € Crx,v), K(f) € Crice,ic(y)), where for compact sets K, K(f)(K) := f[K]. Classically, this is
a well known fact. However, the proofs given here are new, and, as has already been pointed
out, algorithms computing the action of the functor on morphisms can be extracted in case that
the underlying IFS are covering, compact and weakly hyperbolic; similarly in the other cases
considered in this section.

In a first step, we will show that the continuous image of a compact set is compact again. As
follows from the definition, the algorithm evaluating a function in C(x,y) on a given tuple of
inputs uses the information coming with the components of the input tuple only in as much as it
is needed, and also by dealing with each input component separately, not in parallel. This property
seems to be too weak to be able to lift the function to the hyperspace of non-empty compact sets.
The problem is that in the hyperspace, the compact sets are approximated by iterating digit maps
that operate on the hyperspace. By doing so, the elements of the hyperspace are considered as
abstract objects, not as sets of points or tuples of such. The internal structure is invisible to the IFS
on the hyperspace.

In the subsequent Proposition, we get around the problem by dealing with compact sets that are
cubes, but without such information being available it is not clear how to proceed. In the general
case, we therefore restrict ourselves to unary maps. Multi-ary maps f : X" — Y are then subsumed
by using the IFS (X", D*) instead of (X, D).

Proposition 11.1. Let (X, D), (Y, E) be compact IFS, f € Cp(x,y) and Ki, . . ., Kyr(r) € Cic(x). Then
fIKy x - -+ % Kar(f)] S (C]C(y).

Proof. For the co-inductive proof, we need to derive a stronger statement. Let to this end
fis- .- fk € Cpxy) and define

k k
Ui | @ =U s @}
i=1

i=1
forX e x¥_ X0, Set

M(X, V) :={ U filk> 1AM <j<K)f € Craon) ).

In general, the maps in M(X, Y) will be multi-valued. For such maps 4#: X = Y and K € K(X),
h[K]:=J{h(x)|xeK}.
Let

H:={g[Ki x -+ x Kar(g)] | § e M(X, Y) A K7, . . ., Kar(g) € Cico) -
We will show that H € Cx(y). For Z C K(Y) define
Qn)(Z):={MCY|(3de K(D)EM, ..., My 5 € Z)M=dM,,...,M,3)}.
Then Cx(y) = vQx(v). Hence, we must prove that H € Qx(y)(H). For g € M(X, Y) let
H(g) :={g[Ky x -+ X Kar(g)] | K1, . - ., Kar(g) € Cic(x) }-

We first show that for all f € Cp(x,y), H(f) € Qc(v)(H).
Since Cp(x,y) = JX’Y((CF(X,y)) = ,uCDX’Y(CF(X,y)), we can use induction to this aim. Set

G:={feFX,Y)|H(f) S Qk)(H) },
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then we need derive that

&x,y(Crix,n)(G) € G.
We have to consider the two cases:
(W) Ifee Eand h € Cy(x,y), then H(e o h) C Qc(y)(H).

(R) Iff e F(X, Y) and 1 < i < ar(f) so that for all d € D, H(f o d**)) C Qyc(y)(H), then H(f) C
Qv (H).

(W) Assume that e € Eand h € Cp(x,y), and let K, . . ., Kyny € Cxc(x). Then we need to prove
that (eo h)[Ky x - - - x Ky € Qv (H).
We have that

(eo W)[Ky x -+ X Kyl = e[A[Ky x -+ - X Ky |1 = [e] (MK X -+ - X Ky ])-

Since, h € Cp(x,y) and K1, . . ., Koy € Cie(x), it follows that h[Ky x - - - x Kyy(my| € H. Therefore,
(eoh)[Ky x - - - x Kar(my] € Qc(v) (H).

(R) Let feF(X,Y) and 1<i<ar(f) so that for all deD, H(f od®))C Qxy)(H).
Moreover, for 1 <« <ar(f), let K € Ci(x). Then there exist dy,...,d, € D and Ny,...,N; €
Ckx) so that K; = [dy, ..., d;](N1, . . ., N;). It follows that

f[Kl Xoeee XKar(f)]
=f[Ky x -+ xKji_1 X [d1,...,d:]J(N1, ..., Ny) X K1 X -+ X Kar(f)]

r
=fIKy x ... x Kimy x (| de[Nie]) x Kigq x -+ + Kaggp)]

k=1

r
= Uf[K1 X oo X Ki—l X dK[NK] X Ki+1 X .- 'Kar(f)]

.
= U (fo d,(f’ar(f)))[Kl X oo X Kimp X N X Kipp X+ X Koyl

k=1

Since d,. € D, for 1 < k <, it follows with our assumption that there are e(K) R egf) € E and
M¥), . MY € H such that

(fo d/((i,ar(f)))[Kl X oo X Kifl X NK X KiJrl X oo X Kar(f)]
= [, . e, M),
Thus,
-
U (fod,((i’ar(f)))[Kl X - X Kiog X Ne X Kigp X -+ X Kar(f) U U (1) M(K) )
k=1 k=1o0,=1

Note that the maps eak with 1 <« <r and 1 <o, < n, need not be pairwise distinct. Let
e1,...,ee € E be pairwise distinct so that {er,...,ec} =, l{e(K) .. ,enk)} Then

U U WM =ler, . e (L, L),

k=1o0,=1
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where for 1<:¢<4¥, L, '=U{M((,'f() 1<k <rAl<L o, gn,(/\eg)zet} Since M((,'i)z
hgf()[ arih‘”) M[(K U“)] for some h ) e M(X, Y) and ML(K k) Cr(x), we have

K0

ar(h%))
L= |J ®O X X #Ee (12)
1<k <, 1<k <1, e =1
1< o < e 1< o <
K=K (e,) K(e$)=K(e)

It follows that L, € H and thus f[K; X - - - X Kyy(p)] € Qx(v)(H).

Observe that because of the possibility that the e((,'f() are not pairwise distinct and in particular
Line (12) we have to consider multi-valued maps in this proof.
Finally, we let g € M(X,Y). It remains to show that H(g) C Qi (y)(H). Let to this end

fis- oo fx € Crixyy withg =fi U Ufk, andKa'Z € Cxx), for 1 <k < kand 1 <oy <ar(fy).
As we have just seen, f; [K K) X K;'r{g )] € Qic(y) (H). Hence, there are e(l'(), . ,es';) €E
and ng)) . ,Mﬁf) € H, for 1 <« < k, with
SR s KEG 1=, ey, M),
Again the e(K) with 1 <« <kand 1 < <7 need not be pa1rw1se distinct. By proceeding as in
the previous proof step, we can ﬁnd pairwise distinct el, R ee €Eand Ly,...,Ls € H so that
{e’l,...,ee}_{et'()|1<K<k/\1 « <1 }and
k
(1) (k) (x) (r)
gIK! X Koo 1= U JelK - x K]
= U [, e, . M)
k=1
=[e},....e,](L1,..., L),
showing that g[K\" x - - x K¥ 1€ Qic(yy(H) O
g g ar(f) ’C(Y) :

For the subsequent technical lemma, we extend the union taking operation to compact-
valued maps. For Hausdorff spaces X, Y, Z such that Z is compact, and maps f: X — K(Z) and
g Y= K(Z)definefUg: X x Y — K(Z) by

(fUQx y):=f(x) Ug(y).
Lemma 11.2. Let (X, D), (Y, E) be compact IFS and
F:={U K@) [k=1A (V1 gigk)ﬁeq(;(’x,y) }.
Then JXEOK)(F) is closed under union.
Proof. Let
= {f e F(K(X), K(V)) | (vg € TOXNE)) fu g e FHORN(E) ).
We will prove by induction that 7 K(X)”C(Y)(F ) C A, that is, we have to show that
e OE(E) @A) C A,

which in turn means that we have to verify Rules (W) and (R).
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(Wmain) Let e € C(E) with e=[es,...,¢], for e, ..., e € E. Moreover, let fi, ..., f, € F. We
must demonstrate that eo (f; x --- x f;) € A. To this end, we have to show that for all g€
TROKN () &0 (fy x --- x f) Ug € TEOWKN(F) For h € F(K(X), K(Y)) set

B(h) :={g € F(K(X), K(Y)) | hUg € FFOXM(F) ).

Let h:=eo (fi X --- x f;). We prove that JKXOKY)(F) C B(h), that is, we have to demonstrate
that

®FOKD) (B (B(h)) < B(h), (13)

which is done by side induction.
(Wiige) Let e € K(E), say e=[e,...,e.] with €, ..., e, € E. Furthermore, let g1,...,g; € F.
Y 1 s 1 s & &
We need to show that

(@o(fi X - Xf))U(@o(g x - x g)) € TN (R,
Note that e = KC(e;) U - - - U K(e,) and analogously for e. Then
(éo(fl Xxfr))u(éo(gl X"'ng))z
K(er)ofiU---UK(er)ofy UK(e]) og1 U+ - UK(el) o gs.

LetR::{(jl,jz)|lgjlgr/\lgjzgs/\ejlzej/.2 }. Then we have that

K(er)ofiU---UK(e)ofy UK(e)) ogi U-- - UK(e]) o gs
:[ei17---)eikyeik+17---,ejk/,e;k/+l,...,e;e]O((ﬁ'l Ugil)x...x(ﬁkugik)x
ﬁk+1 X Xfik/ Xgik/_H Xowe Xgig)>

wherelSkék/Sﬂandil,...,ig,i’l,...,i;ceNsothat

R= {(ib lll)) e (ika I;C)})
(Lo \pr? [R] = (i, - i),
.\ prs? [R] = {iggts - - - e}

/ / . . g
It follows that e;,...,e;, Citpr v > Cip> €, e e o> € ATE pairwise distinct and

S Ugins e fie Ui firrr -+ o fiy Gigoyo - - 8ig €F. Thus,  (eo(fi x -+ x f;))U(eo (g1 x
- x gy) € JROKD(E) by Rule (W).

(Reige) Let g € F(K(X), K(Y)) and 1 <i<ar(g) so that go&®2"®) e B(h), for all & e K(E).
Then hU (go gliar@)y ¢ 7RO (F). Set hi=h U g. Obviously, ar(fl) =ar(h) 4 ar(g). For j:=
ar(h) + i, we therefore have that B o glar®) — (go elar@)) 1t follows that B o glarh) ¢
TRXKN)(F), for all ¢ € K(E), from which we obtain with Rule (R) that i € JXCKT) () Hence,
g € B(h). This proves (13).

(Rmain) It remains to verify Rule (R) in the main induction. Let f € F(X(X), K(Y)) and
1 <i<ar(f) such that for all d € K(D), f o d) e A. Thus, (f o d¥)) U g e FFORD)(F),
forallg e JEXKD)(F). Set h :=fUg. Then ar(izg) =ar(f) + ar(g) and for all d € K(D),

g o Fliar(hg)) _ (f o 60Dy U g.

Since (f o c_i(i’ar(f))) UgeJ KELX)(F), by our assumption, we obtain with Rule (R) that fzg €
JRXKDN)(F). Thus, f € A. O
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Theorem 11.3. Let (X, D), (Y, E) be compact IFS. Then for all f € (C](Fl()x’y),

K(f) € Cracenir)-
Proof. Again we need to derive a stronger statement. Let
Fi={UL, K(f) [k=1AV1<i<k) fie Chlyy ).
We will show that F C Cy(icx),k(v))- By using co-induction it is sufficient to prove that F C

j’C(X)JC(Y)(F)_
Set

B:={f € F(X,Y) | ar(f) = 1 > K(f) € FKOKXM(F) ),

Then we show first that Cp(x y) € B. Because Cp(x,y) =J X’Y(CF(X,y)), we only need to derive
that J X’Y((CF(X,y)) C B. To achieve this we use induction, that is, we show CDX’Y((C]F(X,y))(B) CB.
Hereto we have to verify the following two rules:

(W) IfecEandh e (C]}r(x,y), theneoh € B.
(R) Iff e F(X, Y) and 1 < i < ar(f) such that for all d € D, f o d*2")) € B, then f € B.

(W) We have that K(eo h) =K(e) o K(h) = [e] o K(h). Now, assume that ar(e o h) =1, then
also ar(h) = 1. Since K(h) € F and [e] € K(E), it follows with Rule (W) for J*OXT)(F) that
[e] o K(h) € TFEOKRT(E), Thus, eo h € B.

(R) Let f e F(X,Y) and 1 <i<ar(f) sothatforallde D, f o diarf)) ¢ B, Suppose that ar(f o
dar())) = 1. Then ar(f) =1 and hence i = 1. Moreover, K(f o d) € JEEKLEY)(F). Now, let d €
K(D) withd = [d;, ..., ds]. Note that [dy, ..., ds] =K(d;) U- - - UK(d;). It follows that

K(f)oldy,....d]l =K o (| K@) =] K()ok(d)=JK(fodo).
k=1

k=1 k=1

By our assumption, f o d, € B. Hence, K(f o d) € TRQOKY)(E), for all 1 <k <s, as a conse-
quence of which we obtain with Lemma 11.2 that U2=1 K(fodc)eJ KLY (F). This shows
that K(f) o d € JFXRN(F), for all d € K(D). By Rule (R) for XXM (F), we thus have that
K(f) e JRXKY)(F), which means that f € B.

Finally, let fi,...,fx € (C[(B}()X’n. Then fi,...,fy € B and hence K(f)) € JREOKD (), for
1 <j< k. With Lemma 11.2 we therefore have that also UJ]'(:1 K(f) € JKXKD)(F), which shows
that F € JECOXM(F), O

The simplest compact sets are the singleton sets of points of the underlying space.
Lemma 11.4. Let (X, D) be a compact IFS. Then { {x} | x € Cx } € Cxx).

Proof. Let Z:={{x}|x € Cx }. The statement will be derived by co-induction. To this end, we
have to show that Z C Qjcx)(Z).
Let x € X. Since x € Cy, there are d € D and y € Cx with x = d(y). Then {y} € Z and

[d](iyh) = dl{y}] = {d(y)} = {x}. O
Define n: Cx — Cj(x) by letting

n(x) := {x}.
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Proposition 11.5. Let (X, D) be a compact IFS. Then n € Cp(x x(x))-

Proof. Again we use co-induction to derive the statement: We show that {n} € 7 X”C(X)({r;}). Note
that for any d € D, [d] € (D). Moreover, [d] o =nod. By Rule (W) we have that [d]on €
TEEX (), ie., n o d € TXKD((n}). Therefore, n € TN ((n}), by Rule (R). O

We have already introduced the union taking operation for compact-valued maps.

Theorem 11.6. Let (X, D), (Y, E) be extended IFS and (Z, C) be a compact IFS. Then, for f €
Crxk(zy and g € Crey k), f U8 € Cracxy k(2))-
Proof. The proof of this result essentially follows the lines of the proof of Lemma 11.2. However,
now we use strong co-induction. Let
A:={fUgIf €Cruxin A& €Cryk )
Then we need to show that A € JX*YX @) (4 U Crxxy,kz))- Set
B:={feF(X,K(2))| (Vg € Cry.kz)) fUg € TVKO(AU Crixxy i) }-

We show that Crx,xc(z)) € B. Since Crx k(z)) = jX”C(Z)(CF(XJC(Z))), it suffices to prove that
T (Cpex (2)) S B. By induction we show that ®XX2)(Cpy i (2)))(B) € B, which means
that we have to verify Rules (W) and (R).

(Wmain) Let ce K(C) with ¢c=[cy,...,¢], for ci,...,c, € C. Moreover, let fi,...,fr €
Cr(x,k(2))- We must demonstrate that co (f; X - - - x f;) € B. To this end, we have to show that for
all g € Cr(y ez, (€o (fi x - - f,)) Ug € TX¥VRE(AU Cpexxy ic(z))- For h e F(X, K(Z)) set

H(h):={g eF(Y,K(2)) | hUg e TXVXO (AU Cpixnyizy) )-
Leth:=co(fi x --- X f). We prove that Cg(y x(z)) € H(h), for which it suffices to demonstrate
that
" (Cry ko (2)) (H(R)) € H(h), (14)

which is done by side induction.
(Wsige) Let ¢ € K(C), say ¢=|[c],...,c;] with ¢,...,c; € C. Furthermore, let g,...,g €
Cr(y,k(z))- We need to show that

Eo(fi x - xf)UEo(gx - xg)) € TTEEAUUCrny k).
Note again that ¢ = K(c;) U - - - U K(c,), and analogously for ¢. Then

(Co(fi x - Xfr))U(Co(gr x -+ Xg))=
K(e1)ofiU---UK(c,)off UK()) og1 U---UK(c) 0 gs.

As in the proof of Lemma 11.2 it follows that there are pairwise distinct ¢, ..., ¢}/, ¢

/! /! /! / / :
i G € {c1,.. .5 e )5 ... ¢} so that (up to some reshuffling of arguments)

K(e1)ofiU---UK(e,)ofy UK(C)) 0ogr U+ UK(CcL) o gs
=[c§/1,...,c;2]o((ﬁ1 Ugi) X -+ x ,»kUg;k) X fipr X X fig X Gy X000 X giy)-

Then [cﬁi,...,c?i] €K, fyVYgp--ofi Vg €A, and  fi oo fi &y 8 €
Crxxv.k(z)), where we identify maps f: X" — Z with f o (pr(1n+1) X +er X pr,({’H) ): X" XY —
Z, and similarly for maps g: Y" — Z. Thus, (co(fi x -+ Xf))U(@Co(g X+ xg)) €
JHIRD (AU Crxxy k(2) by Rule (W).

Note that the remaining proof steps are essentially the same as in the proof of Lemma 11.2. We
include them only for completeness reasons.

(Rgige) Let g e F(Y,K(Z)) and 1 <i<ar(g) so that goe®®) e B(h), for all e € E. Then
hU(go ear@)y ¢ FXXY.K2)(Fy Crixxv.k(z))- Let h:=hUg. Then ar(h) = ar(h) + ar(g). For
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j:=ar(h)+ i we therefore have that h o ear®) = py (g 0 3@ Tt follows that h o ebarh) ¢
TXVKO(FU Crixxyiczy), for all e€E, from which we obtain by Rule (R) that he
JXXK@) (Fy Crxxv,k(2))- Hence, g € B(h). This proves (14).

(Rmain) It remains to verify Rule (R) in the main induction. Let f € A and 1 <i < ar(f) such
that for all d € D, f o d**()) € A. Thus, (f o dW )y g e JXVRE(FU Crexyy iz for all
g € Cr(y x(2))- Set hy :=f Ug. Then ar( =ar(f) + ar(g) and foralld € D,

g 0 d0r) = (£ 6 gy U g,

Since (fo dtar())y Uge TJXXK@) (Fy Crxxv,c(z)) by our assumption, we obtain with
Rule (R) that iy € 7V RE(FU Crixxy,ic(z))- Thus, f € A. O

Since the identity on any extended IFS is in Cp(x x), by Lemma 10.3(1), it follows in particular
that the binary operation of taking unions is in Cric(x) < k(x),K(X))-
Corollary 11.7. Let (X, D) be a compact IFS. Then the following two statements hold:

(1) Cxx) is closed under taking finite unions, that is, for all K, M C X,
K,M e Cxxy=KUM e Cky).

(2) U e Crixcoxkx),K(x))-

The first statement follows from the second one by Proposition 10.5.

12. Michael’s Theorem

In his seminal 1951 paper on spaces of subsets (Michael, 1951), Michael showed that the union
of all sets in a compact set of compact sets is compact again. We will reprove this result in a
non-topological way by using only the co-inductive characterisations of the spaces involved.

The difficulty we have to overcome herewith is that, as we have seen in Section 9, in general the
canonical maps in K?(D) are no longer of type KC3(X)" — K?(X), even if all maps in D are unary.
Thus, (K?(X), K£?(D)) will not be an extended IFS any more.

Let [[d\",...,dP),...,[d",...,d"]] e KXD)and Ky, ..., K, € K*(X). Then we have

Ut dPh AN K

_UU [, ..., dN[K,]
_UU{Un L dORD)E,LK9) e Ky )
_UU{UG—I dOROT (&Y, . KY) eKy )

= U U J (a1 1KY € pri) (K] )

k=1o0,=1
—U U UK@EDprle) (K, 1],
k=1 o0,=1
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Now, letey, . .., en € D be pairwise distinct so that
(Kle)s . Klem)} = 1K) |1 <o Sre A<k <),
Moreover, set
M, = {prd) [Ke] [ K@) = K(e) A1 <o <re A<k <n),

for 1 <t < m.Then

U U €@ pr§) (KD = K(e)IM.] = [K(er), . . ., K(en) (M, . .., M)

k=1 o0,=1 =1

Let us summarise what we have just seen.

Lemma 12.1. Let (X, D) be an IFS. Then, given [[d\", ..., d"],...,[d", ..., d"]] € K2(D),
we can compute ey, . ..,en €D so that when given in addition K,,...,K, e K2(X), we can
furthermore define My, . . ., M, € K*(X) such that

Uta,....d01, . @, AN K = IKens - - K(em)] (M, ., M),

This gives us a hint on how to deal with unions over compact collections of compact sets.
. U .
For K, Ml € K2(X), we write K =M, , if

Ux=m
Moreover, we set Kp := { C(d) | d € D }. Note that (X2(X), K(Kp)) is a compact IFS, and let

Q?(2):={Kek*X)|(3d,...,d, €D)
@AMy, ..., My e 2)K2[K(d)), ..., Kd)M,, ..., M)},
for Z C K?(X). We define (C;CZ(X) = vQ?.

Lemma 12.2. Let (X, D) be a compact covering IFS. Then K2(X) = C;CZ(X)‘

Proof. We have that C;CZ x) C K%(X) by definition. For the converse inclusion note that it follows
as in the proof of Proposition 9.2(1) that

K2(X) = U { range (o_i) | de K2(D) }.

Therefore, if K € K(X), then there is some [[d\",...,d"], ..., [d",...,d"]] € K2(D) and
there are Ki,..., K, € K3(X) so that K=[[d\",...,d"],...,[d",...,d"1K,...,K,).
Because of Lemma 12.1 we can now compute ey, . . ., e, € D and define M, ..., M, € KC2(X) so
that K = [K(e1), . . ., K(em)|(My, . . ., M,). Thus, K € 4 (K2(X)). With co-induction it follows
that KC2(X) € C;@(xy O
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Letdy,...,ss € D and note that

U K@), ... K@i, ..., My = U K(d) M ]

ny U 4, M1 =

=[dy, ..., d]J(( M, ..., [ My).

It follows that [KC(d}), . . . , K(ds)] respects =~ and can hence be lifted to the quotient ICZ(X)/g. We
denote the lifted map by [[C(d)), . . ., K(ds)]* and set

K*(Kp) :={[K(d1),...,K(d:)]*|s>0Ady,...,dseD}.

Lemma 12.3. Let (X, D) be a compact covering IFS. Then also (ICZ(X)/g, K*(Kp)) is a compact

covering IFS. Moreover, (CI@(X)/U =C (X)/_
Proof. ICZ = is a topological space with the quotient topology. Since | J{K} =K, for every
Ke KX U IC2 (X) — K(X) is an onto map, which is well known, to be continuous (Kleln and

Thompson, 1984, Corollary 7.2.4). Since X is compact, also }C(X), K2(X) and K2(X) / = are com-
pact. Moreover, K(X) and K?(X) are Hausdorff spaces. Thus, ] is a closed mapping and, as a
consequence, the Vietoris topology on K(X) is equivalent to the quotient topology with respect to

U (Willard, 1970, Theorem 9.2). It follows that the quotient topology on K2(X)/ = is Hausdorff.

By Lemma 12.1, (K*(X)/ g, K*(Kp)) is covering. The remaining statement follows with co-
induction.
LetK e (C]CZ(X)/U Then there are dy, . ..,ds € Dand My, . .., M € K2(X), so that

[Kly = [K(d), ..., K@) (Mily, ..., [Mi]u) = [[K(d1), . . ., K(do)](M, . ..., M)]u.

Hence, K 2 [K(dy), . . ., K(ds)](Mj, . . ., M), which shows that C reo0,2 € Chagn /2.

verse inclusion follows similarly. O

The con-

Assume that (K(X)/ g, K*(Kp)) is weakly hyperbolic. Then it follows that from each K*(Kp)-

. . . U . .
tree representing an equivalence class in K?(X)/= one obtains a K(ICp)-tree representing the
same class by stripping off the “«” decoration. This also shows that JC(Kp)-trees witnessing that

/
KECICZ(X)

representations are also common in Weihrauch’s Type-Two Theory of Effectivity.

do not only represent K but all sets in the g—equivalence class of K. Such multi-

Proposition 12.4. Let (X, D) be a compact covering IFS. Then { | JK|K € (C;CZ(X) } € Cxeo-

Proof. Let K e C|
so that

Then there are (constructively) dy,...,d; € D and My, ..., M; e C/

K2(X) K2(X)
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Ur=JK@),.... K@My, ..., M)=1[d,....d](|JMi,...,[ M),
where the last equality holds by (15). It follows that

{UKIKeCly )} S Qe UK K € Chy ) D

With co-induction we therefore obtain that { [ JK | K € (C;Cz ) } € Cxx)- O

This is a constructive version of Michael’s Theorem: If all IFS involved are weakly hyperbolic,
given a ICp-tree representing K we can compute a K(D)-tree representing | J K.

The next results even allows the extraction of an algorithm for the computation of union as an
operation from K2(X) to K(X).

Theorem 12.5. Let (X, D) be a compact covering IFS. Then | J € Crgc2(x).c(x))-

Proof. We again use co-induction and show that {{J} € J ’CZ(X)”C(X)({U}). Let to this end
di,...,ds € D. As we have seen in the preceding proof,

[dl,...,ds]o(Ux~~xU):Uo[IC(dl),...,IC(dS)].

By Rule (W) forj’cz(x)’lc(x) wehaveforalldy,...,d; € Dthat[d),...,dJo(|Ux---xJ)e
TREOKX (D). Thus, U o[K(dy), . . ., K(ds)] € TE®KX (), for all dy, . . ., ds € D, from
which it follows with Rule (R) that | € jKZ(X)”C(X)({U}). O

13. Conclusion

In this paper, a uniform framework for computing with infinite objects like real numbers, compact
sets, tuples of such and uniformly continuous maps is presented. It combines and extends the
approaches developed in a series of papers by Berger and co-authors (Berger, 2010, 2011; Berger
and Hou, 2008; Berger and Seisenberger, 2010; Berger and Spreen, 2016). In particular, it allows to
deal with compact-valued maps and their selection functions. Maps of this kind abundantly occur
in applied mathematics. They are studied in set-valued analysis (Aubin and Cellina, 1984; Aubin
and Frankowska, 1990) and have applications in areas such as optimal control and mathematical
economics, to mention a few. In addition, they are used to model non-determinism.

The framework is based on covering extended iterated function systems, where the underlying
spaces are compact metric spaces and the contraction maps in the function systems are allowed to
be multi-ary, or, more generally, weakly hyperbolic compact covering extended iterated function
systems operating on Hausdorff spaces with, not necessarily unary, maps in the function system.
Because of the covering condition co-inductive characterisations of the functions systems can be
given. Results with computational content are then derived by constructively reasoning on the
basis of these characterisations. Realisability facilitates the extraction of algorithms from the cor-
responding proofs. In so doing, points of the spaces are represented by finitely branching infinite
trees. The computational power of the approach is that of Type-Two Theory of Effectivity.

Acknowledgements. The author is grateful to the anonymous referees for their careful reading of the manuscript and
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Notes

1 Thatis for X = (x1,...,x,) and y = (y1, . . ., yn), p(X, ¥) = max { p(xy, ) | 1 < v < n}. Note that we use the same notation
for the metric and its associated maximum metric.

2 This definition slightly differs from the one given in Berger and Spreen (2016).

3 We use the notation f: X — Y to denote partial maps f from X to Y with dom (f) as its domain of definition.
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