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Chapter 1

Introduction

To study mathematical objects, especially those in analysis, from the point
of view of computability is called computable analysis or computability in
analysis. It includes applications of computability theory to analysis, and
applications of analysis to computability theory.

In this paper, we show effectivization of some fundamental theorems in
functional analysis and general topology. In other words, we show, for some
theorems, that the theorem obtained from the original theorem by replacing
some topological concepts with their computational counterparts holds as
well. It is not always possible to effectivize a theorem.

The fundamental theorems examined in this paper are the contraction
theorem, Dini’s theorem, and existence and uniqueness of Urysohn’s univer-
sal metric space. The contraction theorem is as follows:

If (M,d) is a complete metric space and f : M — M is a con-
traction, then there exists a unique fized point of f.

‘We show:

Let (M, d,S) be an effectively locally compact metric space. If f :
M — M is a computable contraction, then Fix f is a computable
point.

Dini’s theorem is as follows:

If a sequence of real-valued continuous functions on a compact
space converges pointwise monotonically to a continuous func-
tion, then the sequence converges uniformly to the function.

We show:



Let (M,d,S) be an effectively compact metric space. Let (f)
be a computable sequence of real-valued functions on M and f
a computable real-valued function on M. If f, converges point-
wise monotonically to f as n — oo, then f, converges effectively
uniformly to f.

Urysohn’s universal metric space is a separable metric space U such that

1. for any separable metric space X, there exists an isometric embedding
from X into U, and

2. for any xg,...,xs—1 € U and any «q,...,as—1 € R, if
(Vi, 3) lei — o] < dy (@i, 25) < o + ay,
then there exists y € U such that

(Vi) dy(xi,y) = .

It has already shown that Urysohn’s universal metric space exists and is
unique up to isometry. We show that Urysohn’s universal metric space is a
computable metric space and unique up to computable isometry.

1.1 Brief history of computable analysis

The concept of computability was established in 1930s. The first important
result on computability is Goédel’s First Incompleteness Theorem, which is
roughly:

If a formal system T is effective and consistent and contains nat-
ural number theory, then there exists a sentence that is neither
provable nor refutable in T

Here, effectiveness of a formal system is decidability of the set of all formal
proofs. Thus, Goédel’s First Incompleteness Theorem is considered one of
the origins of computability.

Soon after that, Turing has introduced a virtual machine, which cur-
rently called a Turing machine, as a model of computation. Many other
models of computation, such as Post system, lambda calculus, etc, are dis-
covered and equivalence of these models to each other was proved. Then,
Church proposed to define computability by using arbitrarily one of these
equivalent models.



This concept of computability is based on discrete domains, such as 3*,
N, etc. It is natural that one of the advanced topics is to construct a theory
on computability on continuous domains such as »“, N* R, etc. This is
the beginning of computable analysis.

One of the earliest important results in computable analysis is Rice’s
discovery of the real closed field of all computable real numbers.

Any real number is a limit of some sequence of rational numbers. Con-
sidering this fact, Rice defined computable real numbers as follows. A real
number x is computable if there exists a sequence of rational numbers, (r;,),
such that

1. (rp) can be generated computably, and
2. (rp) converges to x effectively.

And he proved that all computable real numbers form a real closed field.
The next epoch was Grzegorchik’s discovery of computable real func-
tions.
In analysis, we often use conditions of the form

(Ve > 0)(35 > 0)P(d,¢). (1.1)

Here, P satisfies that &' < d, ¢ < €/, and P(6,¢) imply P(¢’,¢’). The method
using this kind of conditions is often called “e-6 method”. For example, a
function f : I — R is uniformly continuous if

(Ve > 0)(36 > 0)(Va, 2" € I)[|lz —2/| < § = |f(z) — f(2")] <e]. (1.2)

In practice, we often show not only the existence of § for any e, but also
how to calculate a suitable § from . For example, to prove that the function
f:[0,1] — R, f(x) = 22, is uniformly continuous, we show that § = 2¢ is
sufficient.

Thus a question arises; whether we would obtain a stronger result by
replacing “Ved0” with “a suitable J is obtained from e by some calculation”
or not.

To answer to this question, we first formulate “to obtain § from e by
some calculation”. The condition (1.1) is equivalent to:

(3¢ : N — N)(Vn € N)P(1/2¢(™) 1/2"). (1.3)

It is natural that restriction of ¢ to recursive functions is considered a for-
mulation of “to obtain ¢ from & by some calculation”. I.e.,

(Fp : N — N, recursive) (vn € N)P(1/2¢) 1/2M). (1.4)



For example, effective uniform continuity is a straightforward effectiviza-
tion of uniform continuity. A function f : I — R is effectively uniformly
continuous if

(Jp : N — N, recursive)(Vn € N)(Vx, 2’ € I) (L5)
o —a') < 1/2°0) — |f(2) — f(a')] < 1/2"]. '

A function f: I — R is computable if

1. f maps any computable real to a computable real, and,

2. f is effectively uniformly computable.

Since then, the concept of computability is generalized to apply to more
spaces. Some of them are:

e Banach space with a computability structure (Pour-El & Richards
1983),

%

Computable metric space (Weihrauch 1993),

Fréchet space with a computability structure (Washihara 1995),

Effectively compact metric space (Mori & Tsujii & Yasugi 1997),

Effectively o-compact metric space (Yasugi & Mori & Tsujii 1999),

Effective uniform space. (Tsujii & Yasugi & Mori 2001).

1.2 Approaches to computable analysis

Currently, three major approaches to computable analysis are been studied.
They are called the aztomatic approach, the representation-based approach,
and the embedding-based approach. Most people believe that these three
approaches are essentially equivalent. The equivalence however has not yet
been totally proved. Ad hoc translation of theorems from one approach to
another has been performed.

In the axiomatic approach, some additional relation & is added to a
mathematical structure X and axioms which the appended relations satisfy
are stated. The additional relation S is often called computability structure.
The set of all computable sequence of points is often used. A function



f X — Y is defined to be computable if it preserves the computability
structure in some sense.
/

X—Y

SX [~ Sy

In the representation-based approach, first, choose some symbol spaces.
The set of all finite sequences of symbols with the discrete topology, denoted
by X*, the set of all w-sequences of symbols with the Cantor topology,
denoted by X“, and the Baire space N“ are often used. Computability of
functions from a symbol space to another is defined by using Turing machines
or similar virtual machinery. For a space X, define a partial surjective
function px : S — X, which acts as a decoder. A function f : X — Y
is defined to be computable if the following diagram commutes with some
computable function ¢ on some suitable symbol spaces:

s g
PX i PY
X—Y
f

In the embedding-based approach, first, choose some domains. CPQO’s
(complete partially ordered sets) are often used. Computability of functions
from a domain to another is defined by using continuity. For a space X,
define an injective function tx : X — D, which acts as an encoder. A
function f : X — Y is defined to be computable if the following diagram
commutes with some computable function ¢ on some suitable domains:

Di>D’
Lx Ly

X——>Y
f

Relationship between computable analysis and analysis without com-
putability appears clearly in the axiomatic approach since it is described
as traditional analysis with computability added. However, the axiomatic
approach is less powerful than the representation-based approach at present.

In this paper, we use mainly the axiomatic approach and the representation-
based approach in part.



1.3 Relations to constructive analysis

Constructive analysis is roughly a system obtained from classical analysis
by removing all unconstructive methods. Hence constructive analysis is
a proper subsystem of classical analysis, i.e., any theorem of constructive
analysis is a theorem of classical analysis but the converse does not hold.

Constructive recursive analysis is roughly a system obtained from con-
structive analysis by adding some axioms that mean “everything is com-
putable” in a sense. Hence constructive recursive analysis contradicts clas-
sical analysis, i.e., some theorem of constructive recursive analysis is a false
statement of classical analysis.

Although computable analysis is a part of classical analysis but con-
structive analysis and constructive recursive analysis are not, computable
analysis shares some tricks with constructive analysis and with constructive
recursive analysis. For example, the following two facts hold.

(%) There is no effective procedure to decide for any = € R whether z < a

or a < x even if a is a computable real number.

(¥%) Suppose a,b € R are computable and a < b. There exist effective
procedures P, P’ such that, for any input z € R, if P returns true,
then x < b, and if P’ returns true, then a < x.

This fact corresponds to the following fact on constructive analysis.
(#) “For any real number a and any real number z, it holds that z < a or
a < z” is not provable in constructive analysis.
(#8) “For any real numbers a,b with a < b and any real number z, it holds
that x < b or a < z” is provable even in constructive analysis.

However, there are some major differences between computable analysis
and constructive analysis.

e Computable analysis is based on classical logic.
Both constructive analysis and constructive recursive analysis ara based
on intuitionistic logic.

e In computable analysis, existence of uncomputable real numbers is
provable.

In constructive analysis, neither existence nor nonexistence of uncom-
putable real numbers is provable.

In constructive recursive analysis, nonexistence of uncomputable real
numbers is provable.



1.4 Structure of this paper

In Chapter 2, we summarize definitions of computability on the real line and
computability on metric spaces by the axiomatic approach. In Chapter 3,
we effectivize the contraction theorem. In Chapter 4, we effectivize Dini’s
theorem. In Chapter 5, we summarize definitions of computability on metric
spaces by the representation-based approach. In Chapter 6, we construct
a computable structure of Urysohn’s universal metric space and investigate
its properties.



Chapter 2

Axiomatic approach to
computable analysis

In this chapter, we summarize definitions used in the next two chapters. In
§2.1, we define computability on the real line. In §2.2, we define computabil-
ity on metric spaces by the axiomatic approach.

In this chapter and the next two chapters, we follow the terminology
and the notation in [20] except for some minor modifications. Especially,
we start natural numbers with 0. We refer to [14] for computability of reals
and real functions. We refer to [17] for Type 2 computability.

We abbreviate an w-sequence to a sequence, an w?-sequence to a double
sequence, an w’-sequence to a k-tuple sequence, etc. We often identify a
double sequence (., ) with a sequence (z;,) such that z,, , = , ny Where
{(m,n)) =m+ (m+ n)(m +n+ 1)/2. This identification is applicable to k-
tuple sequences by using a standard construction of tupling from a pairing,
() =nt, (01, 1) = (00 - oo s 1)-

We denote the corresponding projection functions by ﬂf, i.e., we define
E (s, .. ) = 1.

If ¢ : N — N is a recursive function, (z,(,)) is said to be an effectively
selected subsequence of (x,).

2.1 Computability in real line
In this section, we summarize definitions on computability in the real line.

Definition 1. A sequence of rational numbers, (r;,), is computable if there



exists recursive functions «, 3,7 : N — N such that
(VYn) r, =

Definition 2. A sequence of real numbers, (x,,), is computable if there exists
a computable double sequence of rational numbers, (r,), such that

1

(Vn)(Vk> |xn - Tnk| < 27

The following proposition is a useful fact in verifying computability of
some real numbers.

Proposition 1. For a sequence of real numbers (), the following two
conditions are equivalent:

o () is computable.

o There exist a computable sequence of rational numbers (ry,) and a re-
cursive function ¢ : N — N such that

2.2 Computability in metric spaces

In this section, we summarize definitions on computability in metric spaces.

Let (M,d) be a metric space. We write B(a,e) = {z € M | d(a,z) < €}
and B(a,e) = {z € M | d(a,z) < e}. A double sequence () is said to
converge to (z,) effectively in n and k as k — oo if there exists a recursive
function 1 : N2> — N such that, for any p,n, k € N, it holds that k > v(n, p)
implies d(zp k,z,) < 1/2P. A double sequence (z,, ) is said to converge to
(,) uniformly in n and exponentially in k as k — oo if for any n, k € N, it
holds d(xyk, z,) < 1/2F. A double sequence (7, ) is said to be an effective
Cauchy sequence as k — oo if there exists a recursive function ¢ : N> — N
such that, for any p,n,k, k" € N, it holds that p(n,p) < k < k' implies
d(xp g, Tp ) < 1/2P.

If (xy1) converges to (z,) uniformly in n and exponentially in k as
k — oo, then (z,}) converges to (x,) effectively in n and k as k — oo. If
(1) converges to (z,) effectively in n and k as k — oo, then there exists
an effectively selected subsequence (2, ;) of (z,, ;) such that (2, ,) converges
to (zy) uniformly in n and exponentie{lly in k as k — oo. 7



If (%) converges effectively, then (x,, 1) is an effective Cauchy sequence.
If an effective Cauchy sequence converges, it converges effectively. However
an effective Cauchy sequence does not always converge.

We summerize here the definitions we will use in this paper.

Definition 3 (Computability structure [13, Definition 5], [20, Defi-
nition 1.4] ). Let (M, d) be a metric space. A set S of sequences of points
on M is a computability structure on (M, d) if the following three conditions
hold.

1. (Metric aziom) If (xy,), (yn) € S, then (d(xpm, yn))m,n forms a com-
putable double sequence of reals.

2. (Subsequence aziom) If (z,) € S and (z},) is an effectively selected
subsequence of (x,,), then (2]) € S.

3. (Limit aziom) If (z, ) € S, (x],) € M¥, and (x,,) converges to (z},)
effectively in n and k as k — oo, then (z],) € S.

A sequence in S is said to be a computable sequence. A point x € M
is said to be a computable point if (z),, the sequence such that all of its
elements equal to x, is a computable sequence.

Mori, Tsujii, and Yasugi investigated effective total boundedness, an ef-
fective counterpart of total boundedness, and reached to effectively compact
metric spaces and effectively o-compact metric spaces [13][20]. An effectively
compact metric space is a complete and effectively totally bounded metric
space. An effectively o-compact metric space is roughly an effective union of
countably many effectively compact metric spaces. We introduce an effec-
tively locally compact metric space as an effectively o-compact metric space
with an additional condition.

Definition 4 (Effectively locally compact metric space). A metric
space with a computability structure (M,d,S) is an effectively locally com-
pact metric space if the following two conditions hold.

1. (Completeness) d is a complete metric.

2. There exist a sequence (K}) of compact subsets and a computable
double sequence (§;;) € S such that the following three conditions
holds.

(a) There exist computable functions  : (NV)?2 — N and p : (NN)2 —
N such that: for any k,i € NV, if (k[n),ipn)) converges expo-
nentially in n as n — oo, then B(lim, s Ekln) i[n] 1/20(k3)) C
Ky(k,3)-

10



(b) (Effective separability) {&k,; | i € N} = K}, for any k € N.

(¢) (Effective o-total boundedness) There exists a recursive function
o : N> — N such that Uico(hp) B(&ri» 1/2P) 2 Ky, for any k € N.

The definition of an effectively o-compact metric space [20, Definition 4.2]
contains the condition |, K = M instead of the condition 2a in Defini-
tion 4, which is the only difference between the two definitions. Since the
condition 2a implies (J, oy Kr = M, an effectively locally compact metric
space is an effectively o-compact metric space.

Yasugi, Mori, and Tsujii have defined a computable function from an
effectively o-compact metric space to R [20, Definition 4.3]. We adapt their
definition to apply to a function from an effectively locally compact metric
space to an effectively locally compact metric space.

Definition 5 (Computable function). Let (M,d,S) be an effectively
locally compact metric space with (Kj) and (§;). Let (M',d,S’) be a
metric space with a computability structure. A function f : M — M’ is
computable if the following two conditions hold.

1. (Sequential computability) For any (z,,) € S, it holds (f(z,,)) € S'.

2. (Effective uniform continuity) There exists a recursive function ® :
N2 — N such that for any k& € N and z,y € Ky, it holds that d(z,y) <
1/2%2) implies d'(f(x), f(y)) < 1/27.

The Euclidean line R with computable sequences of reals satisfies Defi-
nition 4. The computability of real functions by Definition 5 coincides with
the usual computability.

For a g-tuple of effectively locally compact metric spaces (M,d;,S1),
ooy (Mg, dg, Sy), construct (M, d,S) by:

M = My x -+ x My,

d((xla s xq)v (:LJD SUR) l‘;)) = max{dl(l'bx,l)a s 7dq(xf17l{1)}a
(@, e €8 <= @) eSiA- A @), €8,

Then (M, d,S) forms an effectively locally compact metric space, which we
call the product space of (Mi,d1,S1), ..., (Mg, dg,Sq). If (Mi,d1,S51), ...,
(My,dy, Sq) are effectively locally compact metric spaces with (K{k)), (§§k’i)),
P1, K1, 01y « -, (Kék)), (ﬁék’i)), Pqs K1, 04, respectively, then (M, d,S) is an

11



effectively locally compact metric space with (Kj), (§x,i), p, &, o defined by:

K = Ki”?(k)) TR, Ké”%(k))
féﬂg(k)»ﬂg(i)))

)

7l (k),md(s
s = (€TI0

p(p) = max{pi (7] x 1]) 0 ), ..., pg((w§ x 7) © ¥},
k() = (m1((m] x 1Y) 0 @), kg ((mg X 7G) © ©))),
o(k,p) = max{oy(7{(k),p), ..., 0q(mq(k),p)}

where 7], ..., 7 denote the projections.

Definition 6 (Effectively compact metric spaces). A metric space with
a computability structure (M,d,S) is an effectively compact metric space if
the following two conditions hold.

1. (Completeness) d is a complete metric.

2. There exist a sequence (§;) € S such that the following two conditions
hold.

(a) (Effective separability) {& | i € N} = M.
(b) (Effective total boundedness) There exists a recursive function
o : N — Nsuch that ;) B(&,1/2F) = M for any k € N.

If (M,d,S) is an effectively compact metric space with (&;), then it is
an effectively locally compact metric space with (M), and (&;)r,;. We con-
sider an effectively compact metric space a special case of effectively locally
compact metric spaces.

For a relation S € X1 x -+ X X;, x Y7 x --- x Y, and an m-tuple
(X1,.. .y xm) € Xy X -+ x X, the set {(y1,...,yn) € Y1 X -+ XY, |
(T1y. s Ty Y1, -+, Yn) € S} is denoted by S(x1,...,Tm).

We fix some standard tuple functions and corresponding projection func-
tions on N. (-,...,-) denotes the n-tuple function. (-)? denotes the corre-
sponding kth projection function. We often identify an n-tuple sequence
(xklw,kn) with its serialization (x(k’)?,,(kz)%)kGN

We use the terminology and the notation on computability of real num-
bers and of real functions that Pour-El and Richards have used in [14].

The following four definitions are introduced in [20] by Yasugi, Mori,
and Tsujii.

Definition 7. Let (M, d) be a metric space. A set S C M¥ is a computability
structure on (M, d) if the following three conditions hold.

12



L. If (xn), (yn) € S, then (d(xn,Yn’))nn forms a computable double se-
quence of real numbers.

2. If (z,) € S and 0 : N — N is a recursive function, then (z,(,)) € S.

3. If (xp 1) €S, (x],) € M¥, and (z,, ) converges to (x},) effectively in n
and k as k — oo, then (z]) € S.

An element of S is called a computable sequence in M.

Definition 8. A metric space with a computability structure (M,d,S) is
effectively totally bounded if there exists a computable sequence (¢;) € S and
a recursive function v : N — N such that

(%)
M={e[I€N} and (VieN)M=|]B(e,1/2).
=0

(M,d,S) is effectively compact if it is effectively totally bounded and d is a
complete metric.

Definition 9. Let (M, d,S) be a metric space with a computability struc-
ture. A subset K C M is an effectively compact subset of M if (K,d|x,S N K*)
forms an effectively compact metric space.

In other words, K is an effectively compact subset of (M, d,S) iff it is a
compact subset of (M, d) and there exists a computable sequence (¢;) € S
and a recursive function v : N — N such that

(%)
K={e|[l€N} and (VieN)K C | JB(e,1/2).
=0

Definition 10. Let (M,d,S) be an effectively compact metric space. A
sequence of functions (fy), fn : M — R, is computable if the following two
conditions hold.

1. (Sequential computability) 1If (x1) € S, then (f,(zk))n,x forms a com-
putable sequence of real numbers.

2. (Effective uniform continuity) There exists a recursive function « :
N? — N such that for any n,j € N and any z,y € M,

d(z,y) < = 17(@) ~ F)| < 5

2a(n,j)

13



A function f : M — Ris a computable function if (f)nen, the sequence whose
elements are always equal to f, is a computable sequence of functions.

The recursive function « in Definition 10 (2) is called an effective modulus
of continuity of (fy).

14



Chapter 3

Contraction Theorem

In this chapter, we introduce an effective version of the contraction theorem.

Let (X, d) be a metric space. A function f: X — X is called a contrac-
tion if there exists areal L with 0 < L < 1 such that d(f(z), f(y)) < Ld(z,y)
for any z,y € X. If (X,d) is a complete metric space and f : X — X is
a contraction, then there exists a unique fixed point of f. This theorem is
known as the contraction theorem and of wide application.

We will show in §3.1 that if the contraction is a computable function
on an effectively locally compact metric space, then the fixed point is a
computable point on the space.

Many facts on computability can be proved by using the effective contrac-
tion theorem. We will give an example in §3.2. The example is the result on
computability of self-similar sets by Kamo and Kawamura. Hutchinson [§]
proved a theorem on existence of self-similar sets and Hata [6] generalized it.
Kamo and Kawamura [10] added the viewpoint of computability to it. We
will rewrite Kamo and Kawamura’s proof by using the effective contraction
theorem.

3.1 Effective Contraction Theorem

We denote by Fix f the unique fixed point of a contraction f.
We use the following three lemmata in this section.

Lemma 1 (Effective completeness [20, Proposition 1.4]). Let (M,d,S)
be an effectively locally compact metric space. If a computable double se-
quence (xy 1) is an effective Cauchy sequence as k — oo, then there exists
a computable sequence (x,) such that (z, ) converges to (z,) as k — oo
effectively in n and k.

15



Lemma 2 (Effective density lemma [13, Proposition 1.2]). Let (M,d,S)
be an effectively locally compact metric space with (Ky) and (§;). For a se-
quence () € M*“, the following three conditions are equivalent.

1. (zy) is a computable sequence.

2. There exists a recursive function ¢ : N> — N2 such that (Ep(n,1y) con-
verges to () effectively inn and 1 asl — oo.

3. There exists a recursive function ¢ : N> — N2 such that (§p(n,1y) con-
verges to () uniformly in n and exponentially in I as n — oo.

Lemma 3 (Iteration). Let (M,d,S) be an effectively locally compact met-
ric space with (Ky) and (&;). If a € M is a computable point and f: M —
M is a computable function, then (f"(a))nen forms a computable sequence
of points.

Proof. Since d(&i,&r ) forms a computable quadruple sequence of reals,
there exists a recursive function a : N> — Q such that

(Vk)ia k/ail7l € N) |d(£k,i7£k",i/) (k,Z7k/ Z/ l)’

[\3‘}_1

Let x: (N))Y — N and p: (N?)Y — N be computable functions such that:
for any ¢ : N — N2 if (§4(n)) converges exponentially in n as n — oo, then
B(llmnﬂoo &P(”)’ 1/2p(tp)) - KH(SO)'

We use Lemma 2 (1 = &) twice. Since a is a computable point, there
exists a recursive function ¢’ : N — N? such that d(£,),a) < 1/2 for any
[ € N. Since f is sequentially computable, (f(&x,;)) forms a computable
double sequence. Thus there exists a recursive function ¢” : N> — N2 such
that d(Eg&”(kll f(gk z)) < 1/2l for any k,i,l € N.

Since f is effectively uniformly continuous, there exists a recursive func-
tion 1 : N> — N such that for any ¥ € N and z,y € K, it holds that
d(z,y) < 1/2900) implies d'(£(x), £(y)) < 1/27.

We define a recursive function ¢ : N> — N2 recursively with auxiliary
definitions of k,,p, € N and 6,, : N — N? as follows.

( 1) =¢'), 90(n+1l)290(9 (), 1+1),
= k(A € N. p(n,1)), = p(Al € N. ¢(n,1)),
0. (1) = p(n, max{w(k‘n + 1,14+ 1),pn).

It is straightforward from the definition that ¢ is recursive. We will show
by induction that ¢ is total and that (§,,,)) converges to (f"(a)) uniformly

16



in n and exponentially in [ as | — oo. It is trivial that ¢(0,1) is defined and
d(&p(0,),a) < 1/2! for any I € N. Tt remains to show that if (n, ) is defined
and d(Ep(ny, f(a)) < 1/2! for any | € N, then o(n + 1,1) is defined and
d(fcp(nﬂyl),fnﬂ(a)) < 1/2! for any [ € N. )

From the induction hypothesis, we obtain B(f"(a),1/2P*) C K . Fur-
thermore, we obtain

d(&p,.q), ["(a)) < !

gmax{t(kn+1,0+1),pn}
1

2pn

IN

Therefore, f"(a),&, 1) € K, -
Meanwhile, we obtain
n 1
(S, f"(@) = omax{th(kn+1,1+1),pn }
1
< —_—
— 2Y(kn+1,1+1)

It concludes that

d(Epinr1) (@) < A€o, yas1)s F Eonw) + d(f (o), F(™ (@)
1 1 1
= oottt T g
Due to Lemma 2 (8 =-1), this implies that (f"(a))nen forms a computable
sequence of points. O

We are now ready to introduce the main theorem.

Theorem 1 (Effective contraction theorem). Let (M,d,S) be an ef-
fectively locally compact metric space. If f : M — M is a computable
contraction, then Fix f is a computable point.

Proof. Let L be a real such that 0 < L < 1 and d(f(z), f(y)) < Ld(z,y)
for any z,y € M. We can assume without loss of generality that L is a
computable real since otherwise, we can use, instead of L, a computable
real L' with L < L' < 1.

We start with a computable point zy € M and construct a sequence (zy,)
by zp4+1 = f(zn). Note that (z,) converges to Fix f. Using Lemma 3, we
obtain from computability of zy and f that (x,) is a computable sequence.
By induction on n, we have d(z,, zp+1) < L"d(xo,x1). Hence

Lmd(xo, .fl)
1-L

A

d(Tp, Tpn) < for m < mn,
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which implies that (z,,) is an effective Cauchy sequence. Using Lemma 1,
we obtain that Fix f is a computable point. O

The following form of the effective contraction theorem is often more
convenient to check the computability of the fixed point.

Corollary 1. Let (M,d,S) be an effectively locally compact metric space
with (Ky) and (&4). If f: M — M is a contraction that maps () to a
computable sequence, then Fix f is a computable point.

Proof. 1t suffices to show that f is a computable function. From f being a
contraction, it follows immediately that f is effectively uniformly continuous.
What remains to show is that f is sequentially computable.

Let (z,) be a computable sequence. Using Lemma 2, we obtain there
exists a recursive function ¢ : N* — N? such that (£, 1)) converges to (zy,)
effectively in n and [ as [ — oo. Since (f(€p(n,))) 18 an effectively selected
subsequence of (f(&k,)), it holds that (f(§,(n,))) is a computable sequence.
Since f is a contraction, (f(€,(n,))) converges to (f(wy,)) effectively in n
and [ as | — oco. Due to Lemma 2, it follows that (f(zy)) is a computable
sequence. ]

3.2 Application

3.2.1 Computability of Self-similar Sets

We denote by ||-|| the Euclidean norm. For a nonempty subset S of R?, the
function dg : R? — [0, 400) is defined by dg(z) = infeg|lx — al|.

Let ¢1,...,0m : R? — R? be contractions. Then there exists a unique
nonempty compact subset X of R? such that
X =@1(X)U - Upm(X). (3.1)

Hutchinson [8] first proved this theorem by using the contraction theo-
rem on the space of nonempty compact subsets of a Euclidean space with
the Hausdorff metric. Hata [6] generalized the theorem. Kamo and Kawa-
mura [10] added the viewpoint of computability; they have shown that if
all of ¢1,...,¢m are computable, then the unique solution X of the equa-
tion (3.1) satisfies that dy is a computable function. We will rewrite Kamo
and Kawamura’s proof by using the effective contraction theorem.

Let KC(RY) denote the set of all nonempty compact subsets of R?. A
complete metric on IC(R?) known as the Hausdorff metric dy is defined by:

dy(K, L) = max{sup inf ||a — b]|, sup inf ||b — a|}.
acK bel beL a€K
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Lemma 4. For any K,L € K(R?) and x € RY, it holds |dx(z) — dy ()| <
du(K,L).

Proof. Some manipulation of sup’s and inf’s yields that

dye(x) — dp(x) = sup inf (|l — al — ||z - b]))
beL a€K
< inf ||b —
< sup inf [|b - af
By exchanging K and L, we obtain also that
d —d < inf|la — b||.
dp(7) = die(z) < sup infla —b]

Therefore, |dy (x) — dy(x)] < du(K, L). O

We denote by Su a set of sequences over I(R?) such that (K,) € Su
iff (df,) is a computable sequence of functions. We define &, = {K ¢
K(RY) | K € B(0,k+1)}. We call K € K(R?) a rational finite set if K is a
finite set of rational points. Let (Zj;)r; be an effective enumeration of all
rational finite sets in IC(RY) such that (Zj;); is an effective enumeration of
all rational finite sets in Ky for each k.

Lemma 5. If (K,,) and (Ly,) are effectively selected subsequences of (Ej;),
then (supyeg, dr, (@))m.n forms a computable double sequence of reals.

The proof is straightforward from the effectiveness of enumeration of
(Ek.i)-

Proposition 2. (K(R?),dy,Su) is an effectively locally compact metric
space with (&) and ().

Proof. 1t is a well-known property of the Hausdorff metric that (IC(R?), dg)
is a complete metric space.

Next, we verify that Sy is a computability structure on (IC(R?), dg).
Lemma 5 implies that if (K,),(L,) € S, then (du(Kpm, Lyn))mn forms a
computable sequence of reals, i.e., the metric axiom holds. Checking the
subsequence axiom is straightforward from the properties of computable
real-valued functions on R?. Lemma 4 implies that if (K, ;) converges to
(Kn) effectively in n and k as k — oo, then (dg, ) uniformly converges to
(dk,) effectively in n and k as k — oo. Hence the limit axiom holds.

Finally, we verify that (JC(R?),dy, Sp) is an effectively locally compact
metric space with (8;) and (Zj ;). It follows immediately from the definition
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that {5, | i € N} = 8. It follows from the effectiveness of enumeration of
(Ek,;) and denseness of (Zj;) in R that there exists a recursive function
¥ : N? — N such that for any k, it holds Uiy kp) B(Ek,i,1/27) 2 K. Since
K C B(0,k+1) and dy (K, K') < 1 imply K’ C B(0, k+2), we have for any
i € NN and k € N, if (Zk,s15)) converges exponentially in j as j — oo and
lim; o0 gk,i[j] € Rp, then B(limj_,oo Ek,i[j]v 1) C Riy1- ]

The following lemma is used in the proof of Hutchinson and Hata’s The-
orem. Refer to [8] or [6] for detail.

Lemma 6. For ¢1,...,¢m : RT — R?, define ® : K(RY) — K(R?) by:
O(X) = pr(X) U Upm(X). (32)
If all of ¢1,...,pm are contractions, then ® is a contraction on KC(R?).

In addition, we will use the following lemma.

Lemma 7. For ¢1,...,0m : RT — RY, define @ : L(R?) — K(RY) by (3.2)
in Lemma 6. If all of ©1,...,om are computable functions, then ® maps
(Ek,i) to a computable sequence.

Proof. Since Zj; is a finite set, so is ®(Z,;). Thus

oz, y(@) =min (| {llei(@) =z, lom(a) —2ll}.  (33)

aEEk,i

The right-hand side is the minimum of the values of finitely many com-
putable functions and the minimization is uniform on k& and i. There-
fore (dg(z, ,)) is a computable sequence of functions, i.e., (®(Ek,;)) is com-
putable. O

Now we prove the result on computability of self-similar sets by using
the effective contraction theorem. Let ¢1,...,on : R? — R? be computable
contractions. Define ® : IC(R?) — K(R?) by (3.2) in Lemma 6. By using
Lemmata 6 and 7, we obtain that Fix ® is a computable point on K(R?),
i.e., the unique compact nonempty solution X of the equation (3.1) satisfies
that dy is a computable function.

Theorem 2 (Kamo and Kawamura). Let 1, ..., ¢n : RT — RY be com-
putable contractions. Then there exists a unique nonempty compact subset X
of RY such that

X =p1(X) U+ Upm(X).

For such an X, it holds that dx is a computable function.
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Consider an extension of Hutchinson and Hata’s Theorem to systems of
fixed-point equations [1]. During this consideration, we implicitly declare the
index j ranging over 1,...,p and we omit the phrase “for any j =1,...,p”.

Let Pj1ly ey @jlmﬂv ceey Piply - 790jpmjp : R? — RY be contractions.
Let each K; C R? be a compact subset. Then there exists a unique p-tuple
(X1,...,X,) of nonempty compact subsets of R? such that

Xj = K;jU(pj11(X1) U -Upjim;, (X1))U- U (@1 (Xp) U - Upjpm,, (Xp))-
We effectivize also this extended theorem.

Theorem 3. Let ©ji1,---,Pjims1s -5 Piply - s Pipmy, : R — R be com-
putable contractions. Let K; C RY be a compact subset such that K; is
empty or dKj 18 a computable function. Then there exists a unique p-tuple
(X1,...,X,) of nonempty compact subsets of RY such that

Xj = K;U(pjun(X1)U- - - U@jim;, (X1))U- - U@jpr (Xp) U - - U@jpmy, (Xp))-
For such a p-tuple (X1,...,Xp), each de is a computable function.

The proof is analogous to that for Theorem 2. Use K(R?)” instead of
KC(RY) as an effectively locally compact space. Use the defining formula
O(Xy,...,Xp) = (21(Xq,.... Xp), ..., 0p(X1,..., Xp)),

Q;(Xq,...,Xp)
= K; U (pjn(X1) U- - Ugjim;, (X1)) U U (@51 (Xp) U=+ U @jpm, (Xp))
instead of (3.2) in Lemmata 6 and 7 to construct a computable contraction ®

on RP. The important intermediate result corresponding to (3.3) in the proof
of Lemma 7 is that

dq>j (Eky i - rZkepip) (z)

Zmin(SjU U Alleii(@ =zl lejimg (a) — 2|}
aeEkl,il
Ueu U Alleim(@) = ol Ipioms,(a) = l1})
CLEEkpyip
if K; =
where S; = 0 B .(Z)’
{dg, ()} otherwise.

Note that Theorem 2 is a special case of Theorem 3 with p = 1 and
K =0.

21



Chapter 4

Dini’s Theorem

If a sequence of real-valued continuous functions on a compact space con-
verges pointwise monotonically to a continuous function, then the sequence
converges uniformly to the function. It is called Dini’s theorem and one of
the fundamental theorems in functional analysis and general topology.
From the viewpoint of computability, the question arises: whether we
can effectivize Dini’s theorem, in other words, whether there is a theorem
which is a Dini’s theorem with some topological concepts replaced by their
computational counterparts. In this chapter, we show a positive answer to
this question in the case of metric spaces, more precisely, the theorem that
if a computable sequence of real-valued functions on an effectively compact
metric space converges pointwise monotonically to a computable function,
then the sequence converges effectively uniformly to the function.
Meanwhile, if a computable sequence of real numbers converges mono-
tonically to a computable real number, then the sequence converges effec-
tively to the real number. It is called the monotonic convergence theorem
[14]. The main theorem in this chapter is not only an effectivization of Dini’s
theorem but also an extension of the monotonic convergence theorem to
real-valued continuous functions on effectively compact metric spaces. The
monotonic convergence theorem is considered a special case of our theorem
on C({0}), the space of all real-valued continuous functions on a singleton.

4.1 Covers

First, we show two propositions with no assumptions on computability.

Proposition 3. Let (M,d) be a metric space. Let K C M be a nonempty
compact subset with (e;) € M*“ and v : N — N such that K = {e; | | € N}
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and (Vi) K C UZL(ZO) Ble;,1/2%). Then, for any finite sequence of open balls
(B(zk, k) k=0,...m, the following holds:

K c | B(ar,m) < 3i) (VI <~(i)) 3k < m) d(a, e) + 2l < rp.
k=0

Proof. (<=) Suppose y € K. Then, (31 < ~(3)) d(y,e;) < 1/2°. Tt follows
that

1 1
(3)(3 <)@k < m) [dly.e) < o A dlpe) + o <ri] .
This implies (3k < m) d(y,z) < 7%, ie., y € Upey B(zg, r%). This shows
K C UZZ:O B(xk,rk).
(=) We will prove the contraposition. The negation of the conclusion
is:
1
(Vi)(3 < ~(2))(Vk <m) d(xg,e) + 5 > 1.

By choosing an [ for each i, we obtain a function 7/ : N — N such that

. 1
(Vi)(Vk <m) d(zk,eqy) + o > rg.
Since K is sequentially compact, there exists a subsequence (e, (g(;))) that
converges to a point in K. Let y be the limit. A simple manipulation of
limits yields (Vk < m) d(zg,y) > rg, ie, y & Upeo B(xk, ). This shows
K ¢ U'leo B(.’L’k,?“k)- O

Proposition 4. Let (M,d) be a separable metric space with a dense, at
most countable subset {e; | | € N}. Let a be a real number such that a > 1.
Let (g;) be a sequence of positive real numbers converging to 0. Then,

B(z,r)= | J  Ble,e).
1,ieN,
d(z,e)+ae; <r

Proof. Comparison of the distance between the centers with the difference
between the radii yields B(z,r) D B(ey, ¢;) if d(z, e;) +ae; < r. This implies
B($7 T) ) Ul,iEN, d(z,er)+ae;<r B(el’ 67;).

Suppose y € B(z,r). There exists an ¢; such that d(z,y) < r—(a + 1)g;.
Furthermore, there exists an e; such that d(y,e;) < &;. From these two
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inequalities as well as d(x, ;) < d(z,y)+d(y, e;), we obtain d(z, e;)+ae; < r.
Therefore y € Uy jen, o B(ey, €;). This shows

x,e1)tag; <r

B(z,r) C U Ble, ).
1,ieN,
d(z,e;)taeg; <r

O

Next, we show two lemmata. Lemma 8 is on a consequence of effective
compactness. Lemma 9 is on another characterization of computable real-
valued functions.

Lemma 8. Let (M,d,S) be a metric space with a computability structure.
For any effectively compact subset K of M and any computable double se-
quence (B(Zyk,Tnk)) of open balls in M, there exists a recursive partial
function a : N = N such that a(n) is defined and K C Ug(:%) B(Zy ks Tn k)
holds if K C Upeg B(@n ks Tn k), and a(n) is undefined otherwise.

Proof. We choose a computable sequence (e;) and a recursive function = :
N — N such that K = {e |l € N} and (¥i) K c ;") B(e;,1/21). By
applying Proposition 3 to each finite sequence (B(xy k, 7n k))k=0,...,m for n =
0,1,2,..., we obtain

" 1
K C |J Blani,ran) <= @)V <y(0) Gk < m) dlzng, ) + 5 < o
k=0

It is clear that the right-hand side is recursively enumerable in n and m.
Therefore, there exists a primitive recursive predicate ¢ on N? such that
(3i")p(n,m,") iff K C Uj—oB(@nk,Tnk). Hence, we can construct o by

a(n) = (min{m’ | p(n, (M), (m')3)})7. O
Lemma 8 corresponds to “5£ange < 6Haine—Borel|’C*” shown by Brattka

and Presser in [2]. The proof here is essentially the same as that in [2] with
some correction for a minor error.

Lemma 9. Let (M, d,S) be an effectively compact metric space. Let (¢;) € S
be dense in M. For any sequence (fy) of real-valued functions on M, the
following two conditions are equivalent.

1. (fn) is a computable sequence of functions.
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2. There exists a recursively enumerable set S C N x Q x QT x N x N
such that

(Vn € N)(Ve € Q)(vr € Q)

ife=re+r)=|J Bla,1/2).
(L,i)eS(n,c,r)

Proof. [(1)=(2)]. Let a : N> — N be an effective modulus of continuity of
(fn)- Let SC N xQx Q" x N x N be the set defined by

(n,e,r i) €S
. . . 1 1
<~ (FGeN)|i=a(n,j) A c—r<fn(el)—§ A fn(el)+§ <c+r|.
Since « is a recursive function and (f,(e;)) is a computable double sequence
of real numbers, it follows immediately from the definition of S that S is a

recursively enumerable set.
Let (I,i) € S(n,c,r). Then we have, for some j € N,

fu(B(er,1/2) = fa(B(e, 1/29))
C (fuler) = 1/2j7 faler) + 1/2j)

C(c—r,c+r).

Therefore, B(e;,1/2%) C f,1((c —r, c+)). Thisshows f, 1 ((c—7,c+7)) D
U(l,i)GS(n,c,T) B(€l7 1/22)

Suppose = € f,1((c—7r, c+71)), ie., |falx) —c| < r. Then, for some
j € N, it holds that 2/2/ < r —|f,(x) — c|. For such a j, there exists an
e; such that d(z,e;) < 1/209). Hence |fy(e;) — fa(z)| < 1/27. By using
fuler) = 1/27 < fo(z), we obtain

Fulet) + g7 < Fal@) + o5 < fula) 47— |fal@) — | S et

Analogously, by using f,(e;)+1/27 > f.(x), we obtain f,,(e;) —1/27 > c—r.
The conjunction of the obtained two inequalities implies (n, ¢, r, 1, a(n,j)) €
S. Therefore, z € B(e;,1/2%) for some (I,i) € S(n,c,r). This shows
f;l((c —r,c+ T)) - U(l,i)eS(n,c,r) B(€l7 1/21)
[(2)=(1)] (Sequential computability). Suppose (x;) € S. From (2), we
obtain
1

1 .
| frn(zp) — | < 5 = 3D (F) |(n,c,1/27,1,i) € S A d(zk, e) < AR
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Hence {(n,k,j,¢) € Nx N x N x Q | |fu(zx) — c| < 1/27} is a recursively
enumerable set. Meanwhile, (Vn)(Vk)(Vj)(3c € Q) | fu(xr) — c| < 1/27 holds
since QQ is dense in R. Therefore, there exists a computable triple sequence
of rational numbers (¢, x ;) such that (Vn)(Vk)(V4) | fa(zk) — cnki] < 1/27,
i.e., (fn(zk))nk is a computable double sequence of real numbers.
(Effective uniform continuity). Using Proposition 4, we obtain that

Ble;,1/2) = U Bley,1/27).
i’ €N,
d(er ey )+2/27 <121

It is clear that d(e;, ey) +2/ 2" <1 /2! is a recursively enumerable predicate
of 1,4,I',#'. Tt is also clear that (VI)(V4)(3')(3i) d(ey, ep) + 2/2 < 1/2!
holds. Hence there exist recursive functions o, p : N> — N such that for any
[,7 €N,

{(1,i,I',i') e Nx Nx Nx N | d(e;, ep) +2/2" < 1/2}
= {(l7 2‘70-(177:7 k),p(l,'l,k)) ‘ k e N}'

Therefore, for any [,7 € N,

B(er,1/2') = | Bleainy, 1/2°9) (4.1)
k=0
and 9 1
(Vk) d(er, eq(1,ik) + So(Lik) < 5 (4.2)

Since S is a recursively enumerable set, so is {(n, j,[,i,¢) € Nx N x N x
Nx Q| (n,e 1/27% 1,4) € S}. Meanwhile, since

M= [ £ (e = 1/27, e 1/271)),
ceQ

it holds 4
M= U Ble, 1/2).

c€Q (1,i)€S(n,c,1/23+1)

Hence (Vn)(V4)(30)(3i)(3c € Q) (n,c,1/29711,i) € S. Therefore, there
exist recursive functions o/, p' : N> — N and a computable triple sequence
of rational numbers (¢, ;) such that for any n,j € N,

{(n,7,1,i,¢) ENXxNxNxNxQ]| (n,c1/27 1,i) € S}
= {(naja U/(nvjv k)vp,<n7ja k)acn,j,k) ‘ k€ N}
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Thus, for any n,j € N,
M = U Blegs(n k), 1/27 30) (4.3)

and
(Vk)  Fu(Bleorinjiny 1/27 ) € (enji — 1/21, con+1/27F1). (4.4)

From (4.1) and (4.3), we obtain

o ' (n.7 2 2
M = U B(€o(or(n. (5)2).0! (s (0 1/20( n,3,(k)3)0'( (001 (R)3)y

1

Application of Lemma 8 yields that there exists a recursive function = :
N? — N such that

(1.5)
M= U )3).0' (1n,5,(k)3) 1/2‘0 vjv(k)%),p'(n,j,(k)f)V(k)g))‘

Let o : N> — N be a recursive function defined by

a(n,j) = Jax plo "(n, 4, (k)3), ' (n, 4, (k)3), (K)3).

Suppose points z,y € M satisfy d(z,y) < 1/2%07). Then there exists some
k < ~(n,j) such that

1
A, €01 (0300 (0509008 < ST 9D g DD

With such an index k,

A, €qr(n,5,()2))
< A€ (n,5,(1)2) Co (0" (mr (1)), (mod, (B, (K)2))

+ AT, (0 (n,5,(K)2) 0 (., (K)2), (K)Z))
1
< d(€o1(nj,(k)2) Colo! (ng,(k)2).p (n.(0)2),(K)3)) T op(0” (15, (k)2), (3, (k)2 ), (k)3)
1
S SIa ) 29 )7 (e R 9B
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Furthermore,

A, €or(nj,k)2) < AT, €010 5, 1)2)) + AT, Y)

1 1 1
2 A ) 290 g, (D) g D) | 2m)
1

= 9 (i)

Therefore, z,y € B(egl( (k)2)> 1/2p/(”’j’(’“)?)). With (4.4), this implies

n7j7
Fn(@), fa(y) € (e gz = V2T e +1/27).

Hence |f(z) — f(y)| < 1/27. This shows that « is an effective modulus of
continuity of (f,). O

The condition (2) in Lemma 9 is equivalent to dg-computability defined
by Weihrauch in [18]. Lemma 9 shows that for a real-valued function on
an effectively compact metric space, computability defined by Mori, Tsujii,
and Yasugi in [13] and used in this paper is equivalent to dg-computability.

4.2 Effective Dini’s Theorem

Now we are ready to show the effective Dini’s theorem.

Theorem 4. Let (M,d,S) be an effectively compact metric space. Let (fy,)
be a computable sequence of real-valued functions on M and f a computable
real-valued function on M. If f, converges pointwise monotonically to f as
n — 00, then f, converges effectively uniformly to f.

Proof. Let (e;) be a computable sequence dense in M.

Let Ujn = (fn— )71 ((=1/27,1/27)). Since f,, converges pointwise to f,
it holds that (Vj) M = (J,;~, Ujn. Due to Lemma 9, there exists a recursively
enumerable set S C N* such that (V5)(Vn) Uj,, = Ua.nesiny Blen 1/2%).
From these two equalities, we obtain

i) M= |J B(e1/2).
(n,i,1)€S(J)
This implies (V4) S(j) # 0. Therefore, there exist recursive functions 6, p, o :
N2 — N such that S = {(4,0(j, k), p(4,k),0(j, k)) | j,k € N}. Using these
functions, we can rewrite the formula above as follows:

(i) M= Ble(jp), 1/2°00).
J=0

28



Since M itself is a compact subset of M, application of Lemma 8 yields that
there exists a recursive total function 3 : N — N such that

B(7)
(V]) M = U B(ea(j,k)> 1/2p(]7k))'
k=0

Since B(ea(j’k),l/Zp(j’k)) C Ujgjk), this implies (Vj) M = Ug(:]()) Ujo(,k)-
Since f,, converges monotonically to f, it holds that Uj, C Uj, if n < n'.
Let @ : N — N be a recursive function defined by a(j) = maxy<g;) 0(J, k)-
We have (Vj)(Vn > a(j)) M = Uj, which is equivalent to:

(¥7)(¥n > a(i))(vx € M) |ala) ~ F(@)] < 5.

Thus f,, converges effectively uniformly to f as n — oo. O
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Chapter 5

Representation-based
approach to computable
analysis

In this chapter, we summarize definitions used in the next chapter. In
§5.1, we define computability on metric spaces by the representation-based
approach. In §5.2, we show some examples.

5.1 Computability in computable metric space

We denote a standard effective enumeration of rational numbers by vg.
Definition 11. (X,dx, A,v4) is a computable metric space if:
1. (X,dx) is a metric space,
2. A is a dense subset of (X, dx),
3. v4 is an enumeration of A, i.e. a surjection from N to A, and,
4. the set {(i,],k,1) : vo(k) < dx(va(i),va(j)) < vg(l)} is recursively
enumerable.

A computable metric space defined above is a computable metric space
such that D- is recursively enumerable in [18].

Definition 12. Let (X,dx,A,v4) be a computable metric space. The
Cauchy representation dx :C N¥ — X is defined by

ox(p) =z = (Vi)(Vj > 1) d(v(p[i]), v(plj])) < % and lim v(p[i]) = .

1—00
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A point x € X is computable if there exists a recursive sequence p € N¥
such that dx(p) = =.

The Cauchy representation is the representation d3 in Definition 2.4 in
[18]. It is also the normed Cauchy representation in [11][17].

For a computable metric space (X,dx,A,v4), we can construct a com-
putable function px :C N¥ x N¥ — N* such that for any p,q € dom(dx), it
holds that or(px(p,q)) = dx(dx(p),0x(q)). In other words, we can trans-
late the metric dy to a computable function px by using dx. Throughout
this chapter and the following chapter, px denotes such a function.

Definition 13. Let (X,dx, A,v4) and (Y,dy, B,vp) be computable met-
ric spaces. A function f : X — Y is computable if there exists a com-
putable function F': N¥ — N¢ such that for any p € dom(dy), it holds that

dy (F(p)) = f(dx(p)).

Computability defined above is equivalent to d5-computability in Defini-
tion 3.1 in [18].

We often abbreviate v4(n) as n?, vio f as f4, 6x(p) as pX, and §x o F
as FX. We use abbreviations n?, f@, pR and F® as well.

5.2 Examples

The real line R a computable metric space (R, dr, Q,vq) where dr(z,y) =
|z — y|. Computability of a real number defined by Definition def2:comp.real
coincides with that by Definition 2 in §2.1.

Similarly, a Euclidean space R is considered a computable metric space
(R™, dgn,Q™, vgn) with the Euclidean metric dgn, the set of all rational
points Q™ and the enumeration vgn ({(i1,...,0)) = (1g(i1), ..., vo(in)).

The function space C]0, 1], all continuous real-valued functions on [0, 1],
with the max norm || f|| = max,¢(o1]|f(x)| forms a computable metric space
with the set of all polynomial functions with rational coefficients as the dense
subset and an effective enumeration of the dense subset.

31



Chapter 6

Urysohn’s universal metric
space

Urysohn [16] proved that there exists a separable metric space U such that

1. for any separable metric space X, there exists an isometric embedding
from X into U, and

2. for any xg,...,rs_1 € U and any «q,...,as_1 € R, if
(Vi,4) lai — aj| < dy (i, x5) < o+ ay,
then there exists y € U such that

(Vi) dy(xi,y) = .

Urysohn also proved that such a space U is unique up to isometry. U is
called Urysohn’s universal metric space.

In this chapter, we investigate Urysohn’s universal metric space from the
point of view of computability.

6.1 Computability

6.1.1 Construction of U,

We follow Urysohn’s construction of Uy (Chap. III in [16]) verifying com-
putability of each step.

Let (@) be an effective enumeration of all finite sequences of positive
rational numbers such that len @,, < n.

32



We define dy,(7,7) inductively on max{s,j}. In the nth step of the
induction, we first define dy,(n,n) = 0. Next, we define dy,(n,j) for j <n

as follows. Let (r(()n), ooy 1) = Qn. We test the condition

'y sp—1
/ (n) _ (n) / (n) (n)
(\V/k, k < Sn) |7’]C Tk,/ ’ S dUO(kJ k ) S Tk; + Tk;/ ) (A)
and then define
don (. ) = Jmim{dua G R) + r k< s} if (A) holds,
n,j) =
Lokt max{dy, (k, k') : k, k' <n} otherwise.
Finally, we define dy,(j,n) = dy,(n, j) for j < n.

It is clear that there exists a recursive function pg : N x N — N such that
dy, = po.

Urysohn proved that (N, dy,) forms a metric space (§10 in [16]). As [16]
is written in French and there is no English translation so far as we know,
we outline the proof here.

Positivity, identity, and symmetry are trivial. We prove the triangle
inequality dy, (i,7) + duy, (j, k) > dy, (i, k) by induction on max{s, j, k}. It is
sufficient to show that

(Vi, g,k <n) du,(i,J) + due (4, k) = du, (i, k)
implies
du, (i, n) + duy (n, §) = duy (4, §),
dy,(n, 1) + dy, (i, 7) > dy,(n, 7)

for i,j < m. In the case the condition (A) holds for n, there exist some
ko, k{ < sy such that

dUO (TL, Z) - dUO (Z’ ko) + TIE:)L)’ dUO (n7.]) = dUO (.77 k(')) + r/(cz)v
Thus we have
duq (i,m) + duy (0, 5) = du, (i, ko) + du, (. k) + iy + 7

> du, (is ko) + duy (7, ko) + du (ko ko)
> du, (i, 7).
We also have
duy (1, 0) + duy (i, §) = du, (i, ko) + du (i, 5) +
> dy, (ko, j) + T‘](CZ)
> min (dyy (k. ) + ;")
= dy,(n,1).
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The case the condition (A) does not hold for n is trivial.

Theorem 5. There exists a recursive function v : (N x N)* — N such that

for any mg,...,ms—1 € N and any ng, ...,ns—1 € N, if

(Vi,j <s) |n®—n9 <dyy(mi,my) <ni®+n,°, (6.1)
then

(VZ < 3) dUo(mivfy(m07n07'”7m5—17n5—1)) :nl(@

Proof. For mg,...,ms—1 € N and ng,...,ns—1 € N satisfying (6.1), we
define vy(mg, ng, ..., ms—1,ns_1) as follows.

Let s’ = max{mo,...,ms_1} + 1. Let nj be some appropriate natural
number such that n%Q = min;<(dy, (k, m;) +n;?) for each k < s’. We have

n;n_Q = n;© since dy, (mi, my) +np@ > n;@ for all i < s and dy, (mg, myr) +

ni/Q =n;Qif i/ = i. In other words,
{(mo, TL()Q), Ceey (ms_l, ns_lQ)} Q {(O, noQ), ceey (Sl — 1, ns’—lQ)}-
We have, for some i < s,

d(k, 1) + nf,% = d(k, 1) + d(k, m;) + n;2
(

> min(d(l,m;) +n %) = ngQ.
S
Thus 7j% —n},% < d(k,1). Similarly, we obtain n},% —nj® < d(k,1). We also
have, for some i,j < s,

nﬁgQ + n;Q = dy, (k, m;) + dy, (I, m;) + ;@ + an
> du, (k, mi) + du, (I, my) + du, (mi, m;)
> dy, (k, l).

Therefore,
(Vk, 1< ) k2 = n® < dy, (kD) < np.2 + ) (6.2)
Define v : N — N by
~v(mo,ng, ..., ms—1,ns—1) = min{N : Qn = (nE)Q, cey Mg

It is clear that v is a recursive total function. From the definition of dy, as
well as (6.2), we obtain

du, (k,y(mo,no, ..., Ms—1,n5-1)) =N} °,

34



and particularly

dUO (mia 7(m07 noy,...,Ms—1, nsfl)) = niQ-

6.1.2 Construction of U from U,

Let (U, dy) be a completion of (N, d,). We denote the inclusion by vg. We
denote by Uy the image of the inclusion of N into U. Then (U, dy, Uy, vy,)
is a computable metric space.

We state three propositions without proofs here. The proofs are te-
dious but straightforward. We use Propositions 5, 6, and 7 in the proof
of Lemma 10 below. We also use Proposition 6 in the proof of Theorem 6
below.

Proposition 5. There exists a computable function ©1 :C N¥ x N¥ — N
such that if p,q € dom(dr) and p® < ¢&, then p® < ©,%(p, q) < ¢~.

Proposition 6. There exists a computable function O :C N x N x (N¥)* —
N such that if k% <12 and py,...,ps_1 € dom(dRr), then the following hold.

o (k,l,po,...,ps—1) € dom(6s).
o IfOy(k,l,po,...,ps—1) > s, then (Vi < s) p;® > kQ.
o IfOy(k,l,po,...,ps_1) =io < s, then p;,® < 19.

Proposition 7. There ezists a computable function ©3 :C N x (N¥)* — N*
such that if k® > 0 and po, ... ,ps—1 € dom(ér), then the following hold.

e O3(k,po,...,ps—1) is defined and is a permutation of (0,...,s—1).

o Let (ng,...,ns—1) = Os(k,po,...,ps—1). Then, for any i,j < s, if
i <j, then pp,® + k@ > pan.

Lemma 10. There exists a computable function I'7 :C N x (N¥ x N¥)* — N
such that for any k € N, any po, . ..,ps—1 € dom(dy), and any qo, . ..,qs—1 €
dOm((SR), Zf

k>0 and (Yi,j<s) |a® — ¢ <du(mY,pY) <a® + ¢, (6.3)
then

(VZ < S) qiR - kQ < dU(piU) FlUO(k;7p05 qo, - - -y Ps—1, QS—l)) < QiR + kQ
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Proof. We show existence of a computable function I} by constructing a pro-
cedure that computes I'1 (k, po, o, - - -, Ps—1, qs—1) for a given number k € N,
given sequences py, . .., ps—1 € dom(dy), and given sequences qq, .. .,qs—1 €
dom(dg). Throughout this proof, we suppose (6.3) and write k2 as e,
pZ-U as x;, and qiR as «;.

Let 1,2 : N — N be recursive functions such that ¢1%(k) = k¢/5 and
©22(k) = 2kQ/5. Define s’ € N and 0,0’ :C {0,...,5 —1} — {0,...,s — 1}
by the following algorithm using the function @5 in Proposition 6.

a(0) := 0;
s =1
for 7 from 1 to s — 1 do

J= @2(901(]{:)’ 902(]{7)7 pU(pa(O)api)7 s PU(pa(s’—1)7pi))§
if j < s’ then

o'(i) := j;
else

o(s') = i;

s =35+ 1;

fi
od

It is easy to verify that 1 < s’ < s, dom(c’) = {0,...,s — 1} \ range(o),
and range(o’) C dom(o). It is also easy to verify

&

| =

(VZ,] € range(a)vi ?é ]) dU(p’va]) >

. 2
(Vi € dom(c”)) dy(psi, por(iy) < i

Let ¢/ = ¢/(15s' +5). By using the function @3 in Proposition 7, we can
find a permutation (g, ...,ty_1) of (0,...,s —1) such that for any i,j < s,
if i < j, then a, s,y +€" > ag(s,). Wehave (Vi,j < 8') du(2o(1,), To(t;)) > €/5.
We write 24,y as j and g, as aj.

We can effectively find m;,n; € N, for each i < ', such that

dy(}, mP%) < ¢,
o} + 3ie’ < n? < ol + (3i+1)e'.

)

Finding each m; is straightforward. In finding each n;, we use the function

©1 in Proposition 5. We write miU0 as a; and ni@ as ;.
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We will verify |5; — B;| < dy(ai, a;) < Bi+5;. Without loss of generality,
we can assume ¢ < j. We have

B — B < o —

We also have

Bi — B;

We also have

Bi + Bj

Let m’ = y(mg, no, -

ab+(3j —3i+ 1)
<@Bs+1) —€& ¢
< d(x;,x;) —d(z}, a;)
<d(a;,a;).

- d(x;,aj)

<aj—aj+(3i—3j+1)

<loj— o] - —¢

< d(z},x}) — d(z}, a;)

17

S d(ai, aj).

- d(x;,aj)

> a4 af + (3i + 3j)e’
>a;+a;+e +¢

> d(x}, ) + d(a}, ;) + d(a}, aj)
> d(a;, a;).

. my_1,ng_1) and b =m'". As an application of

Theorem 5, we obtain dy(a;,b) = ;. Thus we have

dy (), b) < dy(a;,b) + dy(x}, a;)

We also have

dU (.11,

< B + 4
< af+ (3i+2)
< af+ (38 + 1)

1
—E.

<ozg—|—5

b) > dy(a;,b) — dy (), a;)
> ﬂz — 6/
> aj + (3 — 1)’

/ /
> — €

19

/
>Oé7:_ 55.
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Define I (k, po,qo, - - -, Ps—1,9s—1) = m'. We are now ready to complete
the proof. In the case i € range(o), we have already done. In the case
i € dom(o”’), let j = o’(i). We have

2
dU(.CIZZ',.%'j) < 38.
We have a triangle inequality
dy (z,b) — dy(zi, 2;5) < dy(zi,b) < dy(zj,b) + dy(zi, ;).

Since j € dom(o), we have

1 1
aj— €< dy(z;,b) < aj; + =€

From the condition (6.3), we obtain
ay — dU(IL’Z’,.Tj) S Oéj S (67 + dU(a:i,a;j).
From these four inequalities, we obtain «; — ¢ < dy(z4,b) < a; + €. d

Theorem 6. There exists a computable function I' :C (N¥ x N¥)* — N«
such that for any po,...,ps—1 € dom(dy) and any qo,...,qs—1 € dom(dgr),
if

(Vi,j <s) g — ¢ < du(p¥,p;¥) < " + ¢, (6.4)

then
(Vi<s) du¥, Y (po,qos - Ps—1,05-1)) = ¢

Proof. We show existence of a computable function I' by constructing
a procedure that computes I'(po,qo,...,Ps—1,9s—1) for given sequences
Pos---,Ps—1 € dom(dy) and given sequences qo,...,qs—1 € dom(dR).
Throughout this proof, we suppose (6.4) and write pi¥ as z; and ¢ as «;.

Define p’ € dom(dy) by the following algorithm with the function ©
in Proposition 5, the function @5 in Proposition 6, and the function 17 in
Lemma 10.

Let Sp be a subset of {0,...,s — 1} such that
(Vi & S0)(3j" € So) du(p;V,py") <1,
(¥5.5', € So) du(p;”,py") > 0;
By using ©1, find a natural number kg such that
0 < ko < min({dy (p;¥, ") : 4, 5" € So} U{1});
P'[0] := I1(kos Pjos Gos - - s Pjur_y» By—,) Where {jo, ..., js—1} = So;
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for ¢ from 1 to oo do
Let S; be a subset of {0,...,s — 1} such that
Si 2 Si1,
(Vi & Sit1)(35’ € Sit1) du(p;¥,pp¥) <1/27,
(V55" € Six1) du(p;¥,py¥) > 0
By using 64, find a natural number k; such that
0 < k@ < min({du(p,,py¥) : 5,7’ € Si} U {1/21});
p/[i] = Fl (ki,pjo, Qjos - - ’pjs/717qjs’71’p/[i - 1], (ki)i’eN) where
{Jo, - ds—1} = Si;
od
Note that (k;);en denotes a sequence repeating k; forever, namely a sequence
such that the ¢’-th element is k; whatever the index ' is
It follows immediately from this algorithm that dy (p[i]"°, pli + 1]V°) <
1201, Hence if i < j, then dy (p[i)”°, p[j]™) < 1/2°. Hence p € 6y. Thus
let y = pY.
If j € U2, Si, then
Gio)(¥i > i) ¢ — o < dulp,” 1" < " 4 o
Hence dy(zj,y) = aj. If j & U2, Si, then z; = x; and a; = oy for some
7 e U2y Si- Hence dy(xj,y) = du(zj,y) = ayr = aj.
Defining I"(po, qo, - - -, Ps—1,qs—1) = p’, we complete the proof. O

6.2 Computable isometric embedding

6.2.1 Embedding of a computable metric space into U

Urysohn proved that for any separable metric space X, there exists an iso-
metric embedding from X to U. We show that for any computable metric
space X, there exists an isometric computable embedding from X to U.
Define pg : NxN — N¥ by pa(m,n) = px((m)en, (n)ien). Here, (n);en
denotes a sequence such that the i-th element is n whatever the index ¢ is.
Note that ps®(i,5) = dx (i4, j4).
Define (u,) € (N¥)“ by

ug = (0)ien,
up = I(uo, pa(0,n), ... tup—1,pa(n—1,n)) ifn>1.

Then, dy (um?, u,Y) = dx(m?,n4). Tt is trivial that (u,) is a computable
sequence of sequences, i.e., (up[i])n icn forms a recursive double sequence of
natural numbers.
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Define I : N* — N¥ by I(p) = (up[itg)li + 1])ien. It is clear that I is a
computable function.
Suppose p € dom(dx). If i < 7, then

dy(I(p)[i)™°, I(p)[j]™°)
= dy (upjig[i + 1], Up(j42) 7 + 1]%)

< dy (upfi o[+ 17 wpfi0)”) + du(upfisa) w497

+ du (upjj2) + 1]U07up[j+2]U>
1 1 1

S 91 T 92 T g
1 1 1 1

S it Tz Tgie T g0

Hence p € dom(dx) implies I(p) € dom(dys).
Suppose p,q € dom(dx). We have
dur (upfi[i + 117 ugpj o[ +17°)
< dy (upfira)” ugfjr2)”)

+ dy (i) [i + 17 i) + du (g i + 17, uggi oY)

1
. A . A
< dx(pli + 217, aly +217) + 51 + 5
— dx(p*,q") as i,j — 00.
We also have
du (upjirg i + 1]U07“q[j+2] [ +1%)
> dU(up[i+2]U> uq[j+2]U)
= dy (g i+ 117, 519" = o (g [+ 17, wggi1”)
U\Up[i+2][? » Upli+2] U\Uqlj+2] 17 » Halj+2]
oA e oA 1 1
2 dx(pli+2]%ali +2]7) - 57 — o5
—dx (", q") as i,j — 00.
Thus

v

ljm dU(’u,p[i+2] [Z + 1 ,Uq[j+2] [j + 1]UO) - dX(va qX)'

1,j—00

Hence, p, q € dom(8x) implies dyy(I(p)V, I(q)V) = dx (%, ¢%).
Defining + : X — U by «(p™X) = IY(p), we obtain the following theorem.

Theorem 7. For any computable metric space (X,dx,A,va), there exists
a computable, isometric function ¢ : X — U.
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6.3 Computable uniqueness

6.3.1 Uniqueness of U

We follow Joiner’s “back and forth” method (Theorem 2 in [9]) verifying its
effectiveness.

Lemma 11. Let p' : NxN — N and+' : (NxN)* — N be recursive functions.
Suppose p’Q forms a metric on N. Suppose for any mg,...,ms—1 € N and
any ng,...,Ns—1 € N: /Lf

Vi, j < s) ]niQ — an] < p'@(mi,mj) <n @+ an,

then

Q( Q

(V’L < S) pl mi7’yl(@(m07n07 o 7ms—17n5—1>) =n;=.

Then, there exists a recursive, bijective function ¢ : N — N such that for
any m,m’ € N, it holds that dy,(m,m’) = p'%(p(m), e(m’)).

Proof. Let pp : N x N — N be a recursive function such that dy, = poL. We
define (\;) and () by the following algorithm.

Ao = 0; Ay :=0;
for i from 1 to oo do
if 7 is odd then
A= min(N\ {A}, ..., N _1});
A = 7()‘07 p/()‘{)v /\é)a ce A, P,(/\g—lv )‘;));

)\i = mln(N\ {)\0, e 7)\1'—1});
)‘; = ’7’()\6, pO()‘Oa )\Z)a DRI Afi—l’ pO()‘ifla )\2))7

od

And then we define ¢ by p(\;) = AL

This is not precisely an algorithm because it never terminates. We can
however modify this to be an algorithm by inserting some commands to stop
just after p(n) is determined for a given n.

It is clear that ¢ is a recursive function. It is straightforward to show
that ¢ is an isometric bijection between (N, dy,) and (N, p/ Q). O
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6.3.2 Construction of U] in U’

Lemma 12. Let (U',dy, A',var) be a computable metric space. Let I" :C
(N x N¥)* — N¥ be a computable function such that for any po,...,ps—1 €
dom(dy) and any qq,. .., qs—1 € dom(dg), if

4

(Vi,j <s) | — ¢ <dw®.p;"") <™ + ¢,

then
. / U’
(Vl< 8) dU’(piU 7F/ (pan()v"°7ps—17QS—1)) ZQiR-

Then, there exist a dense subset Uy C U’ with an enumeration vy, : N — Ug,
a computable function A" : N — N¥  and recursive functions p' : N x N — N
and v : (N x N)* — N such that the following three conditions hold.

1. It holds that I/U(l) = 6U’ (e} /1/.
2. For any m,m’ €N, it holds that p/®(m,m') = dy (vyy (m), vy (m')).
3. For any myg,...,ms—1 € N and any ng, ...,ns—1 € N, if
(Vi,j <) @ —n2 < dp(vyg (ma), vy (mg) < ni® + 0@,
then

(Vi <s) dur(vyg(mi), ¥ (vyg (mo), mo, - -, vy (ms—1),ms1)) = 1%

Sketch of the proof. We use the symbols @), and r}* defined in §6.1.1. Denote
the value of the standard effective pairing function of m and n by (m,n).
We assume m < (m,n).

We define p’ and A’ inductively as follows.

We define p'(0,0) = 707 where "0 denotes the natural number such that
707 = 0. We define A’(0) = (0);en.

In the case m = 2n + 1, we first define p’(m,m) = T07. Nest, test the
condition

(VK < sn) et — e < o Ok, ) < (M 4l (A7)

and then let

5(m) B min{p%(j, k) + r,(cn) :k < sp} if (&%) holds,
T max{p @k, k) : kK < m)} otherwise.
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for 5 < m. Using Bj(-m), we define p'(m,j) and p/(j,m) for each j by

o' %m, j) = o2, m) = ﬁ](-n). Finally, we define

A'(m) = L(A'(0), p'(m,0),..., A (m), o (m,m —1)).

In the case m = 2(n, k) + 2, we first define p'(m, m) = 707 Next, find

rational numbers ﬂ](-m) for j < m, and a computable sequence ¢/, € dg such
that

(5.9 <m) 18" =871 < 5005 < B+

(vj <m) 18 — %] < du vy (), var(n) < B + g%,
R 1
G < ok

To find them, we use a trick similar to that used in the proof of Theo-
rem 6. Using Bj(m), we define p/(m, j) and p(j,m) for each j by p/Q(m,j) =
p’Q(j, m) = ﬂ](.n). Finally, we define

A'(m) = L(A'(0), 0/ (m,0),...., A4 (m —1),p (m,m —1), (n)ien, ¢.)-

From the case m = 2n + 1, we obtain that the condition 3 holds. From
the case m = 2(n, k) + 2, we obtain that U} is dense in U’.

We construct 4/ similarly to the construction of v in the proof of Theo-
rem 5. O

6.3.3 Uniqueness of U

Theorem 8. Let (U',dyr, A',var) be a computable metric space. Let I :C
(N x N¥)* — N¥ be a computable function such that for any po,...,ps—1 €
dom(éU/) and any qo, - --,qs—1 € dom(éR); Zf

!

Vi,j<s) |a® —¢% <dp (¥, p;V") <@ + ¢F,

then U’
(VZ < 8) dU’(piU 7F/ (p07QO7 s 7ps—1>QS—1)) = QiR-

Then, there exists a computable, isometric, bijective function n:U' — U.

Proof. 1t follows immediately from Lemma 11 and Lemma 12. O
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Chapter 7

Conclusion

Some of the theorems in functional analysis or in general topology hold
with some topological concepts replaced by corresponding computational
concepts.

We have shown that counterparts in computable analysis of some fun-
damental theorems, the contraction theorem, Dini’s theorem, and existence
and uniqueness of Urysohn’s universal metric space, hold. Furthermore, we
have shown that not only these theorems are straightforward effectivization
of the original theorems but also their proofs are straightforward effectiviza-
tion of the original proofs.

In the cases of the contraction theorem and Dini’s theorem, the proof of
the computable counterpart shown in this paper is considered the original
theorem for the non-computable theorem with verification of each step of the
proof preserving computability. In the case of Urysohn’s universal metric
space, we need some modification in addition to verification of each step
of the proof preserving computability. The modification, however, does not
change the structure of the proof so much.

This straightforward effectivization will be useful in effectivication of
applications of these theorems.
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