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Abstract: We revise and extend the foundation of computable topology in the frame-
work of Type-2 theory of effectivity, TTE, where continuity and computability on finite
and infinite sequences of symbols are defined canonically and transferred to abstract
sets by means of notations and representations. We start from a computable topo-
logical space, which is a Tp-space with a notation of a base such that intersection is
computable, and define a number of multi-representations of the points and of the open,
the closed and the compact sets and study their properties and relations. We study
computability of boolean operations. By merely requiring “provability” of suitable re-
lations (element, non-empty intersection, subset) we characterize in turn computability
on the points, the open sets (!), computability on the open sets, computability on the
closed sets, the compact sets(!), and computability on the compact sets. We study
modifications of the definition of a computable topological space that do not change
the derived computability concepts. We study subspaces and products and compare a
number of representations of the space of partial continuous functions. Since we are
operating mainly with the base elements, which can be considered as regions for points
(“pointless topology”), we study to which extent these regions can be filled with points
(completions). We conclude with some simple applications including Dini’s Theorem
as an example.
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1 Introduction

In the various publications considering computable topology as a foundation of
computable analysis the basic definitions as well as the terminology are partly
inconsistent so that the comparison of results is difficult. Furthermore, some
definitions are unwieldy or inappropriate [KW85, Wei87, Sch98, Wei00, Sch03,
GWO05, GSW07, BHWO08]. Repeatedly facts from computable topology have been
used in applications although they have never been proved or have not been
proved in sufficient generality. In this article we try to develop a core of com-
putable topology in a more uniform and general manner. It can be considered
as a careful revision of the corresponding parts in [Wei00].

We call the basic objects in this article computable topological spaces. Since
anyway various spaces have been called computable topological space in the
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literature (see the comments at the end of Section 3) and since the definition
in [Wei00] is not quite reasonable, we have decided to deviate from this source.
The results from this article show that the definition of a computable topological
space given here is appropriate for a foundation of computable topology.

Since in the literature often “local” abbreviations are used for the impor-
tant representations of the open, the closed and the compact sets and since
some names from [Wei00] should be changed, in this article we use short “lo-
cal” abbreviations leaving unchanged the symbols 6, ¢ and x mostly used for
representations of open, closed and compact sets, respectively.

Our work is based on the representation approach, TTE (Type-2 Theory of
Effectivity) [KW85, Wei00, BHWO08, Wei08], which has significant advantages
over other approaches for studying computability in Analysis [Wei00, Chapter 9]
[BC06]. Some significant results are Theorem 13, the characterizations of the
open and the compact sets and of computability on the points, the open sets
and the compact sets by merely requiring “provability” of suitable relations,
Theorem 22 on equivalent computable topological spaces, Lemma 23, expressing
that starting the theory with a subbase is equivalent to starting with a base,
Theorems 35-37 on completions of computable topological spaces under stronger
and stronger restrictions, and Theorem 41, a general computable version of Dini’s
theorem, as an application.

In Section 2 we summarize some technical details, in particular definitions
and facts from TTE [Wei00, Wei08].

In Section 3 we introduce computable topological spaces and a number of
multi-representations of points and of the open, the closed and the compact
sets . As an example we introduce computable predicate spaces and the derived
computable topological spaces.

In Section 4 we study computability of boolean operations w.r.t. the intro-
duced representations of subsets.

The definitions of the representations in Section 3 look reasonable but are
ad hoc. In Section 5 we characterize their equivalence classes and therefore the
computability concepts induced by them abstractly by a simple common prin-
ciple. We show that requiring “provability” of z € W, ANW # ) and KCW
(for points x, open sets W, closed sets A and compact sets K) suffices to define
the open and the compact sets (!) and computability on the points and on the
open, the closed and the compact sets. By Theorem 13 the objects introduced in
Definition 5, including the open and the compact sets, are particulary natural.

In Section 6 we study and compare the introduced representations in more
detail. We also introduce three further representations that are equivalent to the
inner representation of the open sets.

In Section 7 we show that the definition of a computable topological space
can be modified in various ways without changing the computability concepts.
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In particular we show that introducing computability via a subbase and via a
base are equivalent.

Subspaces and product spaces are considered in Section 8 and the space of
continuous functions in Section 9. The use of multi-representations allows to
represent the class of all (1) partial continuous functions. We introduce a number
of such multi-representations and compare them.

For all the representations considered so far, names are combined from names
of base sets U € [ (or names of predicates U € o for predicate spaces). Not much
is known about the points in such sets U. Therefore they can be considered
as “frames” or “regions” of points rather than sets (“pointless topology”). In
Section 10 we fill these regions as much as possible (“completion”) under the
following three conditions: the domain of the subbase notation of predicate spaces
is fixed, for a computable topological space the intersection of base elements
is computed by a fixed program, and for a computable topological space the
inclusion relation on (the names of) the open sets is fixed.

In Section 11 we show that a number of basic operations on points, sets and
functions are computable w.r.t. the introduced representations. A concise proof
a general computable version of Dini’s theorem confirms that the concepts in
this article are chosen appropriately.

2 Preliminaries

In this section we summarize some technical details, in particular definitions and
facts from TTE. We will use essentially the terminology from [Wei00, BHWO0S,
Wei08]. For more details the reader should consult these sources.

We will use the word “iff” as an abbreviation for the logical “if and only if”.
A multi-function from A to B is a triple f = (A, B,Ry) such that R;CAx B (the
graph of f). We will denote it by f : A = B. Its inverse is the multi-function
f7' = (B,A,R;"). For XCA let f[X] := {b € B| (3a € X)(a,b) € Ry},
dom(f) := f~[B], and range(f) := f[A]. For a € A let f(a) := f[{a}]. If for
every a € A, f(a) contains at most one element, f can be treated as a usual
partial function denoted by f: CA — B. In contrast to relational composition,
for multi-functions f : A = B and g : B = C define the composition g o f :
A= Cbyacdom(go f): < f(a)Cdom(g) and go f(a) := g[f(a)] [Weil8,
Section 3.

Let X be a finite alphabet such that 0,1 € X. By X* we denote the set of
finite words over X and by X the set of infinite sequences p : N — X over X,
p= (p(0)p(1)...). For a word w € X* let |w| be its length. Let X" be the set of
words of length n and let ¢ € X° be the empty word. For p € X¢ let p<! € X*
be the prefix of p of length ¢ € N. We write  C y if x is a prefix of y. We
use the “wrapping function” ¢ : X* — X* t(ajas...ax) := 110a10a20. .. ax011
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for coding words such that ¢(u) and ¢(v) cannot overlap properly. Let (i,j) :=
(i +7)(E+j+1)/2 + j be the bijective Cantor pairing function on N. We con-
sider standard functions for finite or countable tupling on X* and X“ denoted
by (-) [Wei00, Definition 2.1.7], in particular, (u1,...,un) = t(u1)...t(uy),
(u,p) = v(wp, (p,q) = (P(0)q(0)p(1)q(1)...) and (po,p1,...)(i,j) = pi(j) for
Uy Up, U2, ... € X" and p,q,po,p1,... € X¥. For u € X* and w € X* U X“ let
u < w iff ¢(u) is a subword of w. For w € X* let @ be the longest subword
v € 11X*11 of w (and the empty word if no such subword exists). Then for
U, wi,wy € X*, (u € wy Vu <K wy) <= u <K Ws.

Let Yp,...Y, e {X*, X¥}and Y = Y] x ... x Y. A function f: CY — Y
is computable (called Turing computable in [Wei08]) if for some Type-2 ma-
chine M, f is the function fp; computed by M. For computability theory see,
for example, [Rog67, Wei87, Coo04]. Informally, a Type-2 machine is a Turing
machine, which reads from input files (tapes) with finite or infinite inscription,
operates on work tapes and writes one-way to an output file (tape). For Yy = X*,
fu(y) = w, if M on input y halts with w on the output tape, and for Yy = X%,
fv = g, if M on input y computes forever and writes ¢ € X on the output
tape. The computable functions on X* and X“ are “essentially” closed under
composition (even under programming [Wei08]): the composition of computable
functions has a computable extension. For W, ZCY', the set W is called “recur-
sively enumerable in Z” if for some Type-2 machine M, M halts on input y iff
y € W (for all y € Z) (equivalently, if W = Z N dom(f) for some computable
function f: CY — XY*). If Z =Y, we omit “in Z”. For p € X* and a Type-2
machine M with (n + 1) input tapes let farp(y) == far(p,y) (farp is called the
function computed by M with “oracle” p).

On X* we consider the discrete topology and on X* the topology generated
by the base {wX* | w € X*} of open sets. Every computable function is con-
tinuous and every r.e. set is open. Furthermore, a function f : CY — Yj is
continuous iff for some Type-2 machine M and some oracle p € X%, fu, ex-
tends f. Finally, WCY is open iff for some Type-2 machine M with output set
X* and some oracle p, W = dom( farp)-

In TTE computability on finite or infinite sequences of symbols is transferred
to other sets by representations, where elements of X* or X are used as “con-
crete names” of abstract objects. We will need the more general concept of real-
ization via multi-representations. Here we give only the definitions, for a detailed
discussion see [Wei08, Section 6], see also [Sch03]. A multi-representation of a set
M is a surjective multi-function v : Y = M where Y € {X*, ¥“}. Examples are
the canonical (single-valued) notations vy : CX* — N and vg : CX* — Q of the
natural numbers and the rational numbers, respectively, and the (single-valued)
representation p : C X% — R of the real numbers [Wei00]. Mathematical exam-
ples of proper multi-representations will be given below. An instructive example
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is the multi-representation v of all people by their first names, for example,
v(PETER) is the set of all people with first name PETER.

For multi-representations v; : Y; = M; (i=0,...,n),let Y =Y} x ... x Y,
M=>Mx...xM,and v:Y = M, v(y1,.--,Yn) = 711(¥1) X ... X Yn(yn)-
A partial function h : CY — Yj realizes the multi-function f : M = M, if
f(x) Ny o h(y) # O whenever x € v(y) and f(x) # 0. This means that h(y) is
a name of some z € f(z) if y is a name of x € dom(f) . If f: C M — My is
single-valued, then h(y) is a name of f(z) if y is a name of x € dom(f). If only
the representations are single-valued, dg o h(y) € f(z) if d(y) = =.

The multi-function f is called (y1,...,Yn,Y0)-continuous (-computable) if
it has a continuous (computable) realization. If the multi-representations are
fixed, we occasionally say that f is relatively continuous (relatively computable).
The relatively continuous (computable) functions are closed under composition,
even more, they are closed under GOTO-programming with indirect addressing
[Wei08]. We will apply this result without further mentioning. Now we extend
the definition of y-r.e. sets [Wei00] to multi-representations:

Definition 1. With v; and ~ from above, a point x € M; is y;-computable iff
2 € v1(p) for some computable p € dom(~;), and a set SCM is (y1,...,7n)-T.€.
(-open) if there is an r.e. (open) set WCY such that (x € § <= y € W) for
all x,y such that x € v(y).

Therefore, SCM is (71, ..., Vn)-r.e. iff there is a Type-2 machine (with oracle for
the “open” case) that halts on input y € dom(vy) iff y is a name of some z € S.
Notice that yy~1[S] = S if S is y-open.

Finally, 71 < 40 (71 is reducible to vo) if M;CMy and the identity id :
M; — My is (71, 70)-computable This means that some computable function h
translates y;-names to yp-names, that is, v; (p) Cypoh(p). Continuous reducibility
Y1 <t 7o is defined accordingly by means of continuous functions. Computable
and continuous equivalence are defined canonically: 71 = 7 <= 71 < v A
Yo <mand 11 =t v <= 71 <t A Y <t 71 . Two multi-representations
induce the same computability (continuity) iff they are computably equivalent
(continuously equivalent). For XCM,, if X is qp-r.e. and v; < 7, then X is
~1-r.e., and if X is yg-open and v; <; g, then X is yj-open.

From 7 and 72 a multi-representation [y1,72] of the product M; x M;
is defined by [v1,72](y1,92) = m(y1) X 72(y2). Since (1,22) — (21,32) is
(71,72, [71, 72])-computable and (z1,x2) — x; is ([y1, Y2], vi)-computable, a mul-
ti-function is (71,72, v0)-computable iff it is ([y1,72],70)-computable. A set is
(71, 72)-open iff it is [y1,v2]-open etc. By the conjunction of two multi-represen-
tations v and ¢, defined by (v A d)(p,q) := v(p) N I(q), information from two
names is combined in a single name.

In [Wei00] representations 7% : £¢ — F are introduced for a,b € {,w}.
F** is the set of all partial functions f : CX* — X* F*“ is the set of all partial
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functions f: CX* — X F“* is the set of all partial functions f: CX¥ — X*
with open domain and F** is the set of all partial functions f : C X% — X* with
Gs-domain (a Gs-set is a countable intersection of open sets). While F** and
F*“ consist of all continuous partial functions, every continuous partial function
f:CXY — X* has an extension in F“*  and every continuous partial function
f:CX¥ — X% has an extension in F““. Each representation 7% satisfies the
“utm-theorem” and the “smn-theorem” [Wei0O, Theorem 2.3.13]: the function
U:CYXvx X — 50 Upzx) = n;b(z) is computable, for every computable
function f : C X% x X% — X there is a computable function r : X% — X such
that f(p,x) = 0, (2).

For multi-representations v; : £% = M; and 72 : X* = My, a,b € {x,w},
a multi-representation [y; = 2] of the (y1,72)-continuous multi-functions f :
My = M is defined by: f € [y1 = 72](p) <= n5® := n(p) realizes f w.r.t.
(71,72) [Wei08]. The restriction of [y; = 72] to the single-valued functions is
called [y1 —p 72| [Wei08] or [y1 — Y2]ser [Wei0O0]. The restriction of [y —p 2]
to the total (71,72)-continuous functions is called [y1 — 72] ([Sch02, Wei08],
for single-valued representations [KW85, Wei00, Sch02]). The generalization of
utm- and the smn-theorem from the 7% to represented sets is the type con-
version theorem, [Wei00, Theorem 3.3.15] for single-valued representations and
total functions and [Wei08, Theorem 33]) as the most general version.

Furthermore, in this article we will use the following canonical notations and
representations of finite and of countable subsets and apply Lemma 3 without
further mentioning.

Definition 2. For notations u : CX* — M and representations v : CX“ — Y
define notations and representations of finite and countable subsets as follows
(where w € X*, q,po,p1,-.. € X% and ag,ay,... € X):

{ (Vv < w)v € dom(u),
W= {u(v) [v<w};
Vv<<qv€dom()
W ={u(v) [v<q};

{
{ (3n)( 3p1, .., Pn € dom(y))
{

1) = W e =

’ny(Q):W:<:’> q_ 7p17"°7pn>7 (3)

W= {7(p1), .., 7(pn)};
(Vi)(a; = 0 = p; € dom(y)),

W = {~(py) | a: = 0}. )

v (aopo, a1p1,...) =W : <=

If a; # 0 for all i, then v**{agpo, a1p1, - -.) = 0.
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Lemma 3. For notations v and notations or representations (3,7,

Ut

dom(p®) is recursive if dom(u) is recursive,
B (w) = p(w),

(z,y) — {x,y} is (v,7,7®)-computable,

7 <A® <y, where A (w) = {y(w)},

B% <A® and 65 <y if <7,

~ o~ o~~~
=] ~
NN N )

3 Computable Topological Spaces

In this section we introduce computable topological spaces as the basic concept
for the computable topology presented in this article. We define explicitly multi-
representations of points and of open, closed and compact sets, which induce
computability on these classes of objects.

A topology 7 on a set X is a set of subsets of X, the set of open sets, that is
closed under union and finite intersection. We denote the closure of a set ACX by
A. A base is a subset of 3C7 such that every U € 7 is a union of base sets. (X, 7)
is a Ty-space if the points can be identified by their neighborhoods, that is, for
all z,y € X such that z # y, there is some W € 7 such that (x € W A y & W)
or (x g W A ye W) [Engd9].

Definition 4 (computable topological space). An effective topological
space is a 4-tuple X = (X, 7,3,v) such that (X,7) is a topological Tj-space
and v : CX* — [ is a notation of a base § of 7. X is a computable topological
space if dom(v) is recursive and

v(u)Nv(v) = U{I/(w) | (u,v,w) € S} for all u,v € dom(v) (10)

for some r.e. set SC(dom(v))3.

Since the base 3 has a notation it must be countable. Ty-spaces with count-
able base are called second countable [Eng89]. By (10) the intersection of two
base elements can be computed (is (v, v, #)-computable, see Definition 5). For
every effective topological space there is some not necessarily r.e. set S such
that (10).

Ezample 1 (computable topological spaces).

1. (real line) Define R := (R, 7g,[,v) such that 7g is the real line topology
and v is a canonical notation of the set of all open intervals with rational
endpoints.

2. (lower real line) Define Rc := (R, 7<, f<,v<) such that v (w) := (vg;00).
The representation ¢ for R is called p< in [Wei00]. Then 7« = {(z;00) |
x < oo} {0, R},
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3. (Sierpinski space) Define Si := ({L, T}, 7si,Osi,vsi) such that vg;(0) =
{L,T}and vs;i(1) = {T}.

4. Define X = (NU{-1,-2,}, 7, 3,v) where 3 is the set of all {n}, {i >n|i¢€
N}uU{-1} and {i > n |i € N} U{-2} for n € N, and v is some canonical
notation of 3.

Further examples can be found in [Wei00]. See also Lemma 9 below. For the
topological space (X,7) a set KCX is compact iff for every set aCr such that
KCJa there is some finite o/ Car such that KC|Ja'. Some authors such as
Bourbaki and Engelking [Bou66, Eng89] use the term ”quasi-compact” instead,
and reserve the term ”compact” for topological spaces that are Hausdorff and
7 quasi-compact”. Since every open set is a union of base elements, it suffices to
consider only subsets from the base (3, that is, a set K is compact iff for every
set aC such that KC|J« there is some finite o/ Ca such that KC|Ja'. For a
compact set K we will consider the set of all finite unions B of base elements
such that KCB.

We define explicitly several multi-representations of points and of classes of
subsets. We will use the notations (¢ and (v of the finite unions and finite
intersections of base sets, respectively, see (1). As usually we assume (0 := X

and (J0 := 0.

Definition 5. Let X = (X, 7, 3,v) be an effective topological space.

1. Define a representation §* : C X« — X of the points, a representation
T : C X« — 71 of the set of open sets, a representation ™ : C X¥ — A
of the set of closed sets, a multi-representation J of the powerset, and a
multi-representation x : X = K of the set of compact subsets of X as

follows:
r=06"(p) <= VWweX)(w<p & zcv(w))), (11)
B . w <K p= w € dom(v),
w=00) = L T ()

—
A=yt (p): =
B e y(p) : =
K ek(p): =

Vwe X (wkp <= Anv(w) #0), (13)
(Vwe X" (w<p < Bnv(w)#0), (14)
Vw e V%) (w <KL p — KQU VB (w)). (15)

For avoiding accumulation of indices in this article we abbreviate:
§:=0%, 0:=0T, = .
2. Define a representation 6~ : C X — X of the points, a representation
0~ : C X% — 7 of the set of open sets, and a representation ¢~ : CX*¥ — A
of the set of closed sets by
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5 (p)=x: = 07(p) = X\ {a}, (16)
0= (p) = X\v(b), (17)
Y= (p) = X\07(p). (18)

Notice that names in Definitions 2 and 5 must not be “polluted” by words
w ¢ dom(v) since implicitly w € dom(v) if w <« p € dom(d), w € dom(v) if
w < p € dom(7)) and w € dom(|Jv™) = dom(v®) if w < p € dom(x). If dom(v)
is recursive, these conditions can be checked easily.

A §t-name of a point z is a list of all names of all of its basic neighborhoods,
while a 0~ -name is a list of base elements exhausting the complement of {97}
Therefore, § = §1 is the “inner representation” supplying positive information
and §~ is the “outer representation” supplying negative information. A +-name
of an open set W is a list of base elements exhausting W, while a #~-name is
a list of all names of all basic sets intersecting its complement. Thus, § = 07 is
the “inner representation” supplying positive information and 6~ is the “outer
representation” supplying negative information. For the closed sets, 1 = 1™ (the
complement of ) is the “inner representation” and ¢~ (the complement of )
is the “outer representation” . Finally, K € k(q) iff ¢ is a list of all names of all
finite unions of base elements that cover K. k is the “cover representation” of
the compact sets.

Lemma 6.

1. § is well-defined (single-valued).

2. 1 is well-defined (single-valued).

3. dom(y) = dom(¢)) and B € ¢(p) < B =1(p).

4. For q € dom(k) define K, :== N{Uv™(w) | w < ¢}. Then

K, € k(q) and KCK, forall K € k(q).

5. 07 is well-defined (single-valued).

Proof: 1. ¢ is well-defined (single-valued) since for the Ty-space X,
{v]zev()}={v]|yer()} implies x = y.
2. Suppose ¥(p) = A # B = 1/(q). Then w.l.o.g. z € A and x ¢ B for some
x € X. Since B is closed, its complement B¢ is open, hence x € VCB¢ for some
V € 3. Then ANV # () and BNV = (), hence p # q. Therefore, v is single-valued.
3. For every open set U,

BNU=( <= BCU°® <= BCU° +— BnNU=. (19)

Therefore, B € {E(p)7<:> (w<p < Bnvw)#0) < (w<p =
Bnuv(w) #0) <= B=1(p).
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4. Suppose g € dom(x). Then Ky € k(q) for some compact set Ky. For every
K € r(q), KCUv®(w) for all w such that w < ¢, hence KCK,. Therefore,
Un(a)CK,.

Suppose K,C|J{v(v) | v € I}. Then KoCk(q)CK,CU{v(v) | v € I}.
Since Ky is compact, KoC | J{v(v) | v € F} for some finite set FCI. There is
some u such that J{v(v) | v € F} = Jv™(u). Since KoCJv*(u) and K, €
k(q), u < g, hence K,C|Jv®(u) by the definition of K, and so K,C |J{v(v) |
v € F}, which is a finite subcover of K,. Therefore, K, is compact. For all
w € dom(Jv®), K,CUrv®(w) = K, CUr®w) = v < ¢ = K,CUv®(w).
Therefore, K, € x(q).

5. Suppose {x} = {y} Then by (19), z € v(u) <= {z}Nv(u) #0 —
{z}nvu) #0 <= {yInv) #0 < {y}nv(u) #0 < y € v(u), hence
x = y. Therefore, §~ is single-valued. O

By Lemma 6.3, ¢ can be defined by means of {E and vice versa. If A €
¥(p), then ¢(p) = {BCX | A = B}. In particular, A € 9(p) since A =
A. A is the greatest set in ¢ (p). The saturation of a set ACX is defined by
sat(A) := (U € 7| ACU} [GHK™03]. For compact sets K, sat(K) = {U« |
aCf, « finite, KC|Ja}. By Lemma 6.4 if K € x(q) then x(q) = {L € K|
sat(K) = sat(L)}. In particular, sat(K) = K, € £(q), sat(K) is the greatest set
in #(g). The restriction of k to the saturated compact sets sets is a single-valued
representation.

In general, positive information cannot be found from negative information
and vice versa.

Theorem 7. In general, (6 £: 67, 6~ £:6), (0% 0, 07 £ 0),
and (Y Le ™, YT L ).

Proof: It suffices to consider the computable topological space R from Exam-
ple 1.2. Suppose, 6 <; 6~. Then there are a Type-2 machine M and an “oracle”
q € X% such that §(p) = 6~ o far(p, ¢) for all p € dom(d). Let §(p) = 0. Started
on input (p,q) there are some time ¢ and some word w such that the machine
has written L(w) somewhere on its output tape in ¢ steps. In t steps the ma-
chine M has read at most some prefix vi(u) of p. There is some r € X such
that x := d(ve(u)r) > vo(w). Also on input (ve(u)r,q) the machine M will
write ¢(w) in ¢ steps somewhere on its output tape. By the definition of §,
(—00; ] N (vg(w); 00) = {2} Nv<(w) = 0, hence = < vg(w). Contradiction.
Statements 2, 3 and 4 can be shown in the same way, Statements 5 and 6
follow from Statements 3 and 4. O

An important class of computable topological spaces can be constructed from
very simple assumptions. Let X be a set with a countable set o of predicates
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UCX (the “atomic predicates”). We may say “z has property U” if z € U. We
assume that each point of X can be identified by its atomic predicates, see (20).
For handling atomic predicates concretely we consider a notation A : CX* — o
assigning names to them.

Definition 8 (predicate space).
1. An effective predicate space is a triple Z = (X, 0, \) such that 0C2% \is a
notation of o and

Ve,yeX)(z=y <= {Uco|zecU}={Uco|yecU}). (20)

Z is called computable predicate space if dom(X) is recursive.
2. Define the representation dz of X by

r=90z(p) <= (VweXM(w<kKp < z € \w)), (21)

3. Let T(Z) = (X, 7, B, v») where (3 is the set of finite intersections of sets
from o, vy == (A" : CX* — B, (see (1)) and 7 is the set of all unions of
subsets from f).

Since the set 8 of the finite intersections of sets in o is closed under intersection,
it is a base of the topology 7x. Since vy (¢(u)e(us) ... t(ur)) = Au1) N A(ug) N
...N A(ug), vy can be called the notation by formal finite intersection.

Lemma9. Let Z = (X,0,\) be an effective predicate space.
1. T(Z) is an effective topological space, which is computable if Z is computable

(that is, if dom(\) is recursive).

2. Let §y be the inner representation of points for T(Z)). Then §y = dz.

3. for every representation vy of a subset of YCX, {(z,U) €Y xo |z €U} is
(vo, A)-re. iff {(x, V) €Y x Bx | x € V} is (y0,vn)-T-e.

Proof: 1. Obviously, 3, is a base of the topology 7, on X and vy is a notation
of By that has recursive domain if A has recursive domain. If x # y, then by (20)
there is some U € o such that (x e U Ay ¢ U)or (x €U Ay € U). Since 0Cry,
(X, 7a) is a Ty-space. Condition (10) holds for S := {(u,v, u?) | u,v € dom(vy)}.

2. There is a machine M that on input p lists all ¢(¢(v1) ... t(vg)) such that
v1,...,0 << p. Then the function fj; translates dz to &x. There is another
machine N that on input ¢ lists all ¢(u) such that u < v < ¢ for some v € X*.
Then fy translates 0y to dz.

3. From a machine M, which halts on input (p,u) iff v(p) € A(u), we can
construct a machine N that halts on input (p,v) iff yo(p) € va(v) and and vice
versa. O

Roughly speaking, a dz-name of a point is a list of all of its atomic predicates
while a dy-name is a list of all finite intersections of such sets. Obviously, the
two representations are equivalent.
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Ezample 2. Define Z := (R,0,\) by Aw) := (vg(w);vg(w) + 1) and o :=
range(A). Then Z is a computable predicate space and T(Z) = (R, 7r, Ox, Vx)
is a computable topological space. The spaces T(Z) and R from Definition 1 are

equivalent (Definition 21).
A representation v : C X¥ — X of a topological space (X, 7) is called ad-

missible (with respect to 7) if it is continuous and 7" <; « for every continuous
function v/ : C X¥¥ — X [KW85, Wei00, Sch02, Sch03]. The representation
d is admissible [Wei00, Section 3.2] w.r.t. the topology 7. Also all the other
(single-valued) representations in Definition 5 are admissible w.r.t. appropriate
topologies [Sch03].

In the literature a number of variants of Definitions 4 and 8 have been in-
troduced. In [Wei00, Section 3.2] an effective topological space corresponds to
our effective predicate space, and for a computable topological space {(u,v) |
A(u) = A(v)} must be r.e. (as a consequence dom(r) must be r.e., c.f. Theo-
rem 24) and 0y is our dz. The results in this article show that the condition
“{(u,v) | AMu) = A(v)} is r.e.” is unnecessarily strong for a general foundation.
Variants of Definition 4 are used, for example, in [KW85, GW05, GSW07]. In
[GWO05], v must have recursive domain. In [GSWO07], the base must have com-
putable intersection (10). Sometimes U must be non-empty for U € o or U € .

Representations from Definition 5 have been studied for various topologi-
cal spaces under various names, for example in [KW85, KW87, WK87, Zho96,
BW99, Wei00, Zie02, ZB04, Zie04, BP03, Sch03, Wei03, GW05] the correspon-
dences of names being obvious, and have been used in many applications. The
representations ¢~ (which has no application so far) and 1; or special cases of
them have not been considered before. As an application of {bv consider our multi-
representation k that is the Tp-version of the cover representation k. [Wei0O0,
Definition 5.2.4] (equivalent to - [Wei00, Definition 5.2.1]). Then the multi-
representation 1 A k is our Ty-version of 1< A ks [Wei00, Lemma 5.2.10]) that
is equivalent to the minimal cover representation kK.,. [Wei00, Definition 5.2.4,
Lemma 5.2.5]. See also Theorem 38.4 and 6. In [KW98, KWO03], starting from
more general concepts Kalantari and Welch arrive at special computable topo-
logical spaces, which they study in detail.

In this section, computability on a computable predicate space T via T(Z) is
a special case of computability on a computable topological space. In Section 7
we show that equivalently, computability on a computable topological space can
be considered as a special case of computability on a computable predicate space
Z via T(Z).

In the following we will assume tacitly that &, 9,1/),15, Kk,07,0” and v~ are
the representations from Definition 5 for the effective topological space X =
(X, 7,0,v). If not assumed differently, X = (X, 7,5,v) will be a computable
topological space since only very few results on computability remain valid for
general effective topological spaces.
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4 Boolean Operations

We will consider computability of union and intersection not only on pairs but
on sets of sets. The following observations will be used repeatedly.

Lemma 10.

L. v<Ur®<o,

2. w € dom(v™) if w is a prefiz of p for some p € dom(d).
3. S[wx¥] = v (w) for all w € dom(v®).

We summarize some computability results on union and intersection for com-
putable topological spaces. By (10), intersection is (v, v, #)-computable. We apply
this axiom in the proof.

Theorem 11 (union and intersection).
1. Finite intersection on open sets is (v, 0)-computable and (0%, 0)-computable.
2. Union on open sets is (0°%,0)-computable.
3. On closed sets, finite union is (¢ )%, ¢ ™)-computable and intersection is
((p7)°, 9™ )-computable.
4. On the at most countable collections B of closed sets, the function B +— w
is ((¢)5, 9)-computable.
5. On the compact sets finite union is (k', k)-computable.

6. The function (K,A) — K N A for compact K and closed A is (k,¥™,k)-
computable.

Proof: 1. For ¢ = (1k7p17~--,pk>a

ﬂ@fs(q) = U{I/(”Ul) N...nv(vg) |v1 < p1,. .. 06 < Pt

and
k
ﬂ v(v;) = U{V(u) | u € dom(v), (FF_qus) (Vi (wii1,vi,u;) € S Au=ug)}.

=1

There is a machine M that on input (1¥,py,...,pr) € dom(6%) writes all ¢(u),
for which there are v1 < p1,...,vx < px and ug,...,ur € dom(v) such that
(wi—1,vi,u;) € S for i =1,...,k and u = ug). Remember that S is r.e. Then
N6%(q) = 0o far(q) for all ¢ € dom(0%).

Since v < 6, and hence v® < 6% by Lemma 10, intersection is also (v, )-
computable.

2. There is a Machine M that on input ¢ = {agpo, a1p1, - - .) lists all ¢(v) such
that for some ¢, a; = 0 and ¢(v) is a subword p; (and writes 11 from time to
time). Then fys realizes union.

3. This follows from 1. and 2 by (18).



1394 Weihrauch K., Grubba T.: Elementary Computable Topology

4. ForeveryU € B,UNUJB#0 «— UnNUB#0 «— 3AcBUNA#.
There is a machine that on input ¢ = {(agpg, a1p1, .. .) lists all ¢(v) such that for
some 4, a; = 0 and ¢(v) is a subword p; (and writes 11 from time to time). Then
far realizes the function B — (JB.

5. Suppose K; € k(p;) for 1 < i < k. Then K; U...U K CJv®(w) iff
K;CUv®(w) for 1 <i <k iff w < p; for 1 <14 < k. There is a machine M that
on input (1%, pq,...,px) lists all +(v) such that v < p; for all 1 < i < k (and
writes 11 from time to time). Then fj; realizes finite union on the compact sets.

6. Observe that for sets A, B, KCX, K N ACB <= KCBUX\ A. For
showing that he set K N A is compact, assume K N AC [ a for some aCr. Then
KC|JaU(X\ A) (an open cover) and hence KC|Jo' U{X \ A} for some finite
o/ Cay, therefore K N ACJ o .

For K € k(p), ¢ € dom(¢p~) and u € dom(J ™), K Ny~ (q)CUv™(u) =
KCU @) Ublg) = KCUrw) UUr@) | v < ¢f <> (G C
QOKCUr* ) uUrB(w) <= (Bw C q)KCUv*(aw) <= (Bw C q)ud < p
(for C and u see Section 1). There is a machine M that on input (p, ¢) prints all
words @ such that uw < p for some w C ¢ (and writes 11 from time to time).
Then fy; realizes intersection of a compact and a closed set. O

By Theorem 11.6, (K, A) — A for ACK is (k,¢, k)-computable. A num-
ber of corollaries can be derived easily in combination with Lemma 10 and
Lemma 3, in particular for binary union and intersection. For example, union
(U, V) = UUV is (v,v,Jr™) computable by (7) and (v, v, 8)-computable
by Lemma 10.1. By definition, complementation is (6,1 ~) computable on the
open sets and (1), #)-computable on the closed sets. Some negative results are
summarized in the following theorem.

Theorem 12.

1. In general complementation of open sets is not (0,)-continuous and not
(0~ ,v¢™)-continuous.

2. In general complementation of closed sets is not (¥ ~,07)-continuous and
not (1, 0)-continuous.

3. In general for no representations 11,19 of the closed sets intersection is
(11,9, v)-continuous.

Proof: 1.,2. This follows from Theorem 7

3. For the computable real line (Example 1.1) there are no (!) representa-
tions 11,19 of the closed sets such that intersection is (1,12, )-continuous
[Wei00, DWWO07]. O
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5 Abstract Characterizations of Computability

In Section 3 we have defined explicitly some representations of the points and of
spaces of subsets. In this section we characterize their equivalence classes without
defining representatives. Since two multi-representations induce the same kind of
computability on a set iff they are equivalent, we characterize the computability
concepts induced by these representations.

Theorem 13. Let X = (X, 7, 3,v) be a computable topological space.
1. For every representation vy of a subset Y CX,
{(z,U)eY x|z eU}is (y,v)-re. < ~v<34.
2. For every representation v of a subset T C2X,
{(x, W) e X xT |x € W} is (§,7)-1re. < v<80.
3. For every representation v of a set B of closed sets,
ANV £074s (v,v)-re. <= <.
4. For every multi-representation y of a subset SC2X
ANV £07 is (7,v)-re. = v <.
5. For every multi-representation v of a subset LC2X,
{(K,\W)e Lx1|KCW}is (y,0)-re < v<k.
6. For every multi-representation v of a set of compact sets,
“KCV7is (v, JvS)-re. = v <k,

The statements remain true for effective topological spaces if “-open” is substi-
tuted for “r.e.” and “<.” is substituted for “<” (the topological version of the
theorem,).

Proof: 1. Suppose “x € U” is (v,v)-r.e. Then there is some Type-2 machine
M that halts on input (p,u) € dom(y) x dom(v) iff v(p) € v(u). Let N be a
Type-2 machine that on input p successively for all (u,n) € dom(r) x N runs
the machine M on input (p,u) and writes 11 if the computation does not halt
in n steps, and writes ¢(u) otherwise. Then for p € dom(y) and u € dom(v),
fn(p) has the subword ¢(u) iff M halts on input (p,u) € dom(y) x dom(v) iff
~(p) € v(u). Therefore, y(p) = § o fy(p) for all p € dom(~), hence v < 6.

On the other hand, suppose that there is a computable function f: CX“ —
X¢ such that y(p) = d o f(p) for all p € dom(y). Let M be a Type-2 machine,
which on input (p, u) € X% x X* computes f(p) and halts as soon as ¢(u) has been
detected as a subword of f(p). Then M halts on input (p, u) € dom(vy) x dom(v)
iff v(p) € v(u), hence “x € U” is (v, v)-r.e.

2. Suppose, “x € W” is (J,7)-r.e. Then there is an r.e. set RCY* x X* such
that 0(p) € v(¢) <= (P, q) € U{uX¥ x vX¥ | (u,v) € R} for all p € dom(J)
and ¢ € dom(y). Therefore, v(¢) = U{d[uX*] | (Fv)(q € vE A (u,v) € R)}
for every g € dom(v). Since 6[uX*] = 0 if u ¢ dom(v*) and §[uX“] = N{v(v) |
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v < u} = (v*(u) otherwise, §[uX*] = fo f(u) for some computable function f
by Theorem 11.1. Therefore, y(q) = {0 o f(u) | (v)(¢ € vZ¥ A (u,v) € R)}.
There is a machine M that on input ¢ lists all words w € dom(v) such that
w < f(u) and ¢ € vE for some (u,v) € R. Then fj translates v to 6.

Next, we show that “z € W” is (§, 0)-r.e. For p € dom(d) and g € dom(6),

d(p) €0(q) — (Fw, w <K q)d(p) €ev(w) <= (Fuw)(w <K gAhw <K p).

There is a Type-2 machine M that halts on input (p, q) iff there is some w such
that w < ¢ and w < p. This machine halts on input (p,q) € dom(d) x dom(h)
iff 6(p) € 6(q). Therefore, “x € W” is (9, 0)-r.e.

Finally for W € range(y), “c € W” is (4,7)-r.e. if v < 6, since “z € W” is
(6,0)-r.e.

3. Let Z := (B,0,)\) where X is a notation of a family of subsets of B such
that Mw) := {4 € B| ANv(w) # 0}. Then Z is a computable predicate space.
Let T(Z) := (B, 7, Bx, V) be the associated computable topological space. Then
0z = ¢ by (21,13) and 0z = ) by Lemma 9. By Theorem 13.1 applied to T'(Z)
and Lemma 9.3, v(p) Nv(u) isre. <= ~(p) € Mu) isre. <= ~(p) €
va(u) isre. <= y<d) <= v <.

4. Suppose A € ¢(p). Then ANv(w) # 0 < w < p. There is a machine
that halts on input (p,w) iff w < p. Therefore, “ANV # (" is ({Z;, v)-r.e. If
v <9, then “ANV #£ 07 is (y,v)-re. .

On the other hand assume that “A NV # (7 is (v, v)-r.e. . Then there is a
machine M that halts on input (p,w) (p € dom(y), w € dom(v)) iff ANv(w) # 0
for some (and thus for all) A € v(p). There is another machine N that lists all
w € dom(v) such that M halts on input (p,w). Then fy translates v to 1:/;

5. Suppose “KCV” is (v, 0)-r.e. Then there is a machine M that halts on
input (p,q) € dom(vy) x dom(6) iff KC0(q) for all K € v(p). Let KCJ,o; v(u).
There is some ¢ € X* such that I = {u | u < ¢}. Since K C#(q), the machine M
halts on input (p,q) and reads at most a finite prefix u of ¢. Since ¢(v) has odd
length for all v € X*, there is some w € X*11 such that |Jv™(u) = Jv®(uw).
Then ¢’ := uwl® € dom(#) and M that halts on input (p,q’), hence KC0(q').
Now, 0(¢') = U,er v(u) for some finite I'CI. Therefore, K is compact. We
conclude that v is a multi-representation of compact sets.

There is a machine N that on input p € dom(y) writes a list of all +(u) such
that v € dom{J»®) and M on input (p,u1¥) halts in at most |u| steps. Then
K € ko fn(P) if K € v(p). Therefore, v < k.

We show that “KCW?” is (k,0)-r.e. For K € k(p) and W = 0(q), KCW iff
there is some u < p such that v <« ¢ for all v < u. There is a machine that
halts on input (p, ¢) iff this condition is true. Therefore, “KCW?” is (k, 6)-r.e. If
v < K, then “KCW?” is (v, 6)-r.e. (see Section 2).

6. By easy arguments for compact sets K, “KCV” is (y,Jv™)-r.e. iff
“KCW? is (v,60)-r.e. Apply Theorem 13.5.
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The continuous versions of the statements can be proved similarly using
Type-2 machines with an oracle r € X* on an additional input tape. o

Let F be a class of multi-representations and let v € F be such that v/ <~
for all 4/ € F. Then « can be called complete in F' (more precisely, <-complete).
Since translation cannot gain the amount and the quality of information con-
tained in names, a complete multi-representation can also be called the (up to
equivalence) “poorest” representation in F.

While a complete representation is unique only up to equivalence, the induced
computability concept is the same for all multi-representations complete in F.

Let v : C X¥ — X be a multi-representation. If YCX is ~-r.e., then there
is a Type-2 machine M that halts on input p € dom(y) iff p is a y-name of
some y € Y. A computation halting on input p can be interpreted as a proof
of “y € Y” for all y € v(p) and the machine M machine can be interpreted
as a “proof system” for Y. Correspondingly, if YCX is y-open, then there are
a Type-2 machine M and an “oracle” ¢ € X* such that for p € dom(vy), the
machine M halts on input (gq,p) iff p is a y-name of some y € Y. In this case,
(M, p) is our “oracle proof system”. In our context the basic principle underlying
the concept of “proof” is finiteness. If a Type-2 machine halts, it can read only
a finite portion of its input. Therefore, a finite amount of information suffices to
obtain a positive answer.

Theorem 13.1 can be formulated as follows. The representation § is complete
in the class of all representations « of points such that the element relation
“x e U” (x € X, U € 8) becomes provable (precisely, (7, v)-r.e.). Provability of
the element relation “x € U” does not define § but only the equivalence class
of this representation, that is, the computability concept on X induced by it
(remember: two multi-representations are equivalent iff they induce the same
concept of computability). The other five statements from Theorem 13. can be
interpreted accordingly.

The following observation is noteworthy: while in 1., 3., 4. and 6. computabil-
ity concepts on the given sets (points, closed sets, all sets, compact sets) are
characterized by provability, in 2. the open sets and in 5. the compact sets are
characterized simultaneously. Thus provability of “z € W” (for points z) is char-
acteristic for the open sets W and provability of “KCW?” (for open sets W) is
characteristic for the compact sets. By the topological version of the theorem,
the open sets are the biggest class of sets W such that “x € W” is §-open and
the compact sets are the biggest class of sets K such that “KCW?” is 6-open.

In summary, for a computable topological space by requiring provability we
can define in turn computability on the points, the open sets, computability
on the open sets, the compact sets and computability on the compact sets.
Roughly speaking, merely the idea of finiteness suffices to define these concepts
for computable topological spaces.
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Corollary 14. For points =, open sets W, closed sets A and compact sets K,

“ee W7is(0,0)-r.e., (22)
“KCW 7 is (k,0)-r.e., (23)
CANW 207 4s (,0)-r.e., (24)
“KNA=0"1is (k, 07 )-r.e. (25)

Proof: (22) Let v := 6 in Theorem 13.2.

(23) Let v := & in Theorem 13.5.

(24) ¥(p) N O(q) # 0 iff (Fw < q)¥(p) Nv(w) # B. Apply Theorem 13.3.
(25)Observe that x(p) Ny~ (¢) = 0 iff kK(p)CH(q). Apply (23). O

Theorem 13.1 generalizes [Wei00, Theorem 3.2.10]. The conclusion “W is
open iff W is d-open” from Theorem 13.2 is the fact that 7 is the final topology
of the admissible representation 6 [KW85, Wei00].

6 Some Additions

Every singleton set {z} is compact. The representation x can be considered as
an extension of §.

Lemma 15. Define ec : X — K by ec(x) := {x}. Then ec is (0, k)-computable
and ect is (k,8)-computable.

Proof: There is a machine that on input p € X* lists all ¢(v), v € dom(v®),
such that u < p and v < v. Then fj; realizes ec. On the other hand there is
a machine N that on input ¢ lists all ¢(u) such that v € dom(v) and t(u) < g.
Then fx realizes ec™?. a

Although in a Tj-space singletons {«} may not be closed (see Examples 1.2
and 1.3), the representations ¢ and ¥~ of the closed sets can be considered as
extensions of the representations § and 6~ of points, respectively.

Lemma16. Define cl : X — A by cl(x) := @ Then cl is injective, cl is
(8,%)-computable and (5=, )-computable, and cI™* is (1, 8)-computable and
(=, 67 )-computable.

Proof: In the proof of Lemma 6.5 we have shown that cl is injective. For all
we T {z} Nv(w) # 0 < 2 € v(w), hence ¥(p) = {z} < 6(p) = =
Therefore, the identity realizes cl and ¢1™! w.r.t. § and v.

By definition, clo 6~ (p) = X \ 8(p) = ¥~ (p) for p € dom(cl). Therefore cl is
(6=, 4~ )-computable and cl™' is (1), )-computable. O
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Notice that (X,7) is a Ti-space [Eng89] iff all sets {z} (x € X) are closed
(that is, {x} = {2} ). We show that for a T}-space the multi-representation & is
single-valued. In general, however, k may be properly multi-valued, but still the
sets k(g) have a simple structure. In contrast to T-spaces [Eng89], for T;-spaces
compact sets may be not closed and the intersection of compact sets may be not
compact.

Theorem 17.
1. There is a computable topological space such that k is not single-valued.
2. For computable topological spaces that are Ty, the multi-representation k is
single-valued.
3. There is a computable topological space that is Ti with compact subsets,
which are not closed, and with two compact sets, the intersection of which is
not compact.

Proof: 1. In Example 1.2, KCR is compact iff K has a minimum or K =
(which is the only closed compact set), and for non-empty sets, K1, Ko € k(p)
for some p iff K; and K5 have the same minimum. Therefore, x is not single-
valued.

2. Suppose, K, LCX are compact such that K # L. Then w.lo.g. x € K\ L
for some z € X. Since 7 is a Tj-topology for every y € L there is some U, € 3
such that y € U, and = ¢ U,. Since L is compact and LC UyeL Uy, there is
some finite set F'CL such that LC UyeF U,. Therefore, we have a finite cover of
L with base elements that does not cover K, since (Yy)z ¢ U,. Since K and L
have different sets of finite covers, they cannot have the same x-name.

3. In Example 1.4, NU {—1} and NU {—2} are non-closed compact sets, the
intersection N of which is not compact. In particular, the space is not T5. |

By Theorem 13.2 the relation € W is (4, 0)-r.e. Therefore, a 6-name of an
open set W contains the information how to verify by a machine §(q) € W iff
d(q) € W. There are various equivalent other ways to encode this information.
First, we prove a more general lemma. Let p and dg; be the inner representations
of the points of the lower real line R. and Sierpinski space Si, respectively
(Example 1). For WCX define the characteristic functions cffy, : X — R and
effy © X — Si = {L,T} by cffy(z) = 0 and cffi(z) = L if 2 ¢ W and
cfyy (z) =1 and cfyp(z) = T if x € W.

Definition 18. Let v : CX* — X be a representation. Define representations
Ggom, HE/f and 031 of the v-open sets as follows:

057" (p) =W = 77! [W] = dom(1;") N dom(v), (26)
Hgf(p) =W <= n," is a (v, p<)-realization of s (27)
Gii(p) =W <= n;" is a (v, ds;)-realization of 3. (28)
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dom — f — pSi
Lemma 19. 970 = 93/ = 97 .

By the utm-theorem for 7%, there is a machine M, that on input (p, ¢) com-
putes 72%(q) (a € {w,*} ). By definition: #3°™ (p) = W iff the machine M, halts
on input (p, ) iff y(q) € W (for all ¢ € dom(v)); 65" (p) = W iff the machine M,
with input (p,q), ¢ € dom(y), computes a list of all rational numbers ¢ < 0 if
~v(q) ¢ W and a list of all rational numbers ¢ < 1 if y(q) € W; 931(]9) =W iff
the machine M, with input (p,q), ¢ € dom(vy), writes some r € dom(dg;) such
that (1) < r iff v(¢) € W. In the first case v(q) € W is detected by halting,
in the second case by writing some (code of a) rational number > 0, and in the
last case by writing ¢(1) as a subword.

Proof: 0,‘30"‘ < Bfrf: The representation p’ of the real numbers, defined by
p'(q) = =z iff ¢ = v(uo)e(ur)e(uz)... such that vg(u;) < vg(ui+1) and z =
sup, vg(u;) is equivalent to p~ [Wei00]. By the utm-theorem there is a machine
N that on input (p,q) computes 7,;*(g). There is a machine M that on input
(p, q) simulates the machine N on input (p, ¢). For the ith step of N it writes ¢(ug)
for some ug with vg(ug) = 0. If the machine N halts, the machine M continues
writing ¢(uq) such that vg(ui) = 1 forever. Then for all (p,q), p' o fm(p,q) €
{0,1} and 1" (q) exists iff p'o fas(p,q) = 1. Let h: CX¥ — X* be a translation
of p’ to p<. Since (p,q) — ho fy(p,q) is computable, by the smn-theorem
there is a computable function r : ¥ — X“ such that ho fi(p,q) = nf(‘;)(q).
Suppose, #3°™(p) = W. Then for all ¢ € dom(y), p< o Ny (@) € {0,1} and
p<onii(q) =1 < n2*(q) exists < 7(g) € W <= cfyy o9(q) = 1.
Therefore, O,Cyf or(p)=W.

Bf’yf < H,Syi: There is a machine that on input (p,q) simulates a machine N
computing 7% (g) writing ¢(0) after every step of V. As soon as some subword
t(v) has occurred in the output of N such that vg(v) > 0 M continues writing
(1) forever. By the method used above a computable translation from Gf{f to 021
can be found.

051 < @9°™: There is a machine that on input (p,q) simulates a machine
N computing 7% (q) and halts as soon as the subword (1) has occurred in the
output of V. Continue as in the first case. |

Applied to our admissible representation § we obtain three representations
of the open sets that are equivalent to 6.

Theorem 20. For the inner representations 0 and 0 of the points and the open
sets, respectively, for a computable topological space X,

— pdom _— pef — pSi

Proof: By Lemma 19 it suffices to prove § = Ggom.
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6 < 6§°™: By Theorem 13.2 “z € W” is (§,0)-r.e. Therefore, there is a
machine M that on input (p, ¢), p € dom(6) and g € dom(J), halts iff 6(¢q) € 6(p).
By the smn-theorem there is a computable function r : Y — X“ such that
J31(p,@) = 1%, (a). Therefore, 3(q) € 6(p) iff g € dom(y)), hence 6(p) —
05" o r(p).

Bgom < 0: By (26) for p € dom(#§°™) and ¢ € dom(4), d(q) € 0™ (p) iff
n*(q) exists. There is a machine M that halts on input (p, q) iff 75" (q) exists.
Therefore, “z € W” is (4,609°™)-r.e. By Theorem 13.2, #f°m < 6. O

For the special case of R™ and for computable metric spaces the theorem has
been proved in [BW99] and [BPO03], respectively.

7 Inessential Modifications

The Definition 4 of a computable topological space X = (X,7,3,v) can be
modified in various ways without changing the induced computability concepts
on points and subsets.

If the Typ-condition is violated, then there are points z # y such that {U €
BlxzeU}={U€p|ye U} that is,  and y can not be distinguished by
their neighborhoods. By (11), § becomes a multi-representation. After identifying
such points we obtain a representation of a Ty-space. (Formally they are called
equivalent and the space must be factorized.) Notice that by (20) in Definition
8 the topology of a computable predicate space is Tp.

The notation v of the base 3 induces the various computability concepts on
points and open, closed and quasi-compact sets by means of Definitions 5. In
applications these concepts should be invariant under “inessential changes” of
the base (8 and its notation v.

Definition 21. The computable topological spaces X = (X, 7,8,v) and X' =
(X, 7,0 ,V) are equivalent iff v < 6" and v/ < 6.

As an example of equivalent topological spaces consider the real line and
canonical notations v and v’ of the open intervals the endpoints of which are
binary fractions or ternary fractions, respectively. The computability concepts
introduced in Definition 5 can be called “computationally robust” since they
are the same for equivalent topological spaces. Usually, non-robust concepts
[BW99, Wei00, BP03] have only few applications.

Theorem 22 (robustness). Let X = (X,7,8,v) and X' = (X,1,8,V) be
computable topological spaces.

1. v<l <= § <6 <= 0<90.

2. X and X' are equivalent < 6=¢§ < 0=40".
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3. If §' <4, then

0<0, ¢ <o, <, K <k, (0) <0797 <), 6 <(8).
4. If X and X' are equivalent, then v = ~' for each naming system ~ from
Definition 5, where v is the representation for X' corresponding to .

Proof: 1. Suppose v < #'. Then [¢',v] < [¢/,0]. Since 0" < ', by “<=" in
Theorem 13.2 for X', z € U (U € 71) is [§,6']-r.e. Therefore z € U (U € )
is [¢/,v]-r.e. By Theorem 13.1, §' < §. Suppose §' < §. Since § =0, z € W is
(0,0)-r.e. by Theorem 13.2, hence (¢’,0)-r.e. By “=" in Theorem 13.2, § < ¢'.
Suppose 6 < 0'. Then v < ¢’ since v < 0.

2. Immediately from 1.

3. Suppose ¢’ < 6.
“g < 9" This follows from 1.
“p" < 1p”: By Corollary 14, ANV # ( (A closed and V open) is (¢, 6')-r.e.
Since v < 0, ANV # () (A closed and V € ) is (¢, v)-r.e. Therefore, ¢’ <
by Theorem 13.3
“@Z’ < 75[?”: From the case above by Lemma 6.3.
“§' < k”: By Theorem 11, [ Jv® < 6, hence |Jv™ < ¢ by 1. By Corollary 14,
KCW (for quasi-compact K and open W) is (x',0')-r.e., hence (x',|Jv™)-r.e.
(for quasi-compact K and finite unions of base elements). Therefore, v’ < k by
Theorem 13.2.
The remaining statements follow immediately from Definition 5.

4. This follows from 3. O

By Lemma 9, for a computable predicate space Z = (X, 0, ) the space
T(Z) = (X, 71,08x,vx) where vy(e(ur)...e(ug)) = Mugp) N ... N A ug) and 7 is
the topology generated by the subbase ¢ is a computable topological space such
that 6z = 0. If o is not only a subbase but a base of 7, Y := (X, 7,0,\) is an
effective topological space, which may be computable.

For the topology 7 we have the basis 3y with notation v, (defined via formal
intersections of subbase elements) and the basis o with notation .

Lemma23. LetY = (X, 7,0,)\) be an effective topological space such that Z =
(X, 0,) is a computable predicate space. Then T(Z) = (X, 7,0Bx,v)) and Y are
equivalent iff Y is a computable topological space.

Proof: Straightforward, apply Theorem 11. O

In this article we start from a computable topological space X = (X, 7, 3, v)
as the most general space for introducing computability and consider a com-
putable predicate space Z = (X, 0, ) via T(Z) = (X, 7, B\, v») as a special case
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(Lemma 9) where vy(e(u1)...t(ug)) = Alur) N ... N AMuyg) is the notation of
“formal intersections” of subbase elements.

By Lemma 23 we could equivalently start from a computable predicate space
Z = (X,0,)) as the most general space for introducing computability via the
space T(Z) = (X, 1,x,vx) and consider a computable topological space X =
(X, 7, 8,v) as the special predicate space Z = (X, 3,v) for which 3 is a base of a
topology with computable intersection (10). Roughly speaking, the approach via
a base and the approach via a subbase to computable topology are equivalent.

For a computable topological space X = (X, 7,8, v), the notation v must
have a recursive domain. Admitting a recursively enumerable domain is no gen-
eralization.

Theorem 24 (r.e. domain). Let X' = (X, 7,0,v") be an effective topological
space such that dom(v') is r.e. and (10) is true for some r.e. set S'C(dom(v'))3.
Then there is a notation v : CX* — [ such that v = v, X = (X, 7,5,v) is a
computable topological space and for each representation v from Definition 5 for

X, v =7/, where v is the naming system defined for X' correspondingly.

Proof: If dom(v') is recursive, then define v := /. Otherwise, there is a com-
putable injective function h : X* — X* such that dom(v’) = range(h). Define
v(u) := v'oh(u). Then v has recursive domain and v = v’ since h =1 : CX* — X*
is computable. Let (u,v,w) € § <= (h(u), h(v), h(w)) € S’. Then S is an r.e.
set such that (10) is true. Therefore, X is a computable topological space.

For the representations in Definition 5 the unprimed versions can be trans-
lated easily to equivalent primed ones by means of the function h and primed
versions can be translated to equivalent unprimed ones by means of the func-
tion A1, O

If the set of non-empty base elements is r.e., the empty base elements can be
ignored.

Lemma25. Let X = (X,7,08,v) be a computable topological space such that
B :={U € 8| U # 0} is v-r.e. Then there is a notation v’ of 3 such that
X'=(X,7,0,v') is a computable topological space equivalent to X.

Proof: There is a computable function g : C X* — X* with recursive domain B
such that g[B] = {u | v(u) # 0}. Define v/ := v o g. With S from (10) let

Shi= {0, w) | (9(u), g(v), g(w')) € S)}.

Then v/ (v) NV (V) = U{V' (@) | (v/,v",w") € S'}, hence X’ is a computable
topological space.

Since v/ (u') = vog(u') for allw’ € B = dom(v'), v/ < . There is a machine M
that on input u writes all ' € B such that g(u’) = u (and writes 11 from time to
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time). If v(u) = @, then M writes 11 repeatedly, hence 6o fa;(u) = 0. If v(u) # 0,
then M writes words v such that g(u’) = u, hence v'(v') = v o g(v') = v(u).
Therefore, ¢ o far(u) = v/ (u') = v(u). We obtain v < ¢’. In summary, X and X'
are equivalent. O

8 Subspaces and Products

We consider restrictions and products of effective topological spaces. Let X =
(X, 7,08,v) be an effective topological space. For BCX define the restriction
Xp = (B,78,08,v5) of X to B by dom(vg) := dom(v), vg(w) := v(w) N B,
Bp = range(vg) and 75 := {WNB | W € 7}. Let dg, 05, ... , g be the
representations for Xp from Definition 5. For a multi-function f : X = Y and
ZCY define f|? : X = Z by f|?(z) := f(z)NZ for all z € X.

Lemma 26.

1. Xpg is an effective topological space, which is computable if X is computable,
6p = 6|,

Op(p) =0(p) N B for all p € dom(fp) = dom(6),

Y5 (p) =v~(p) N B for all p € dom(¢pz) = dom(yy™),

Y| = [ for C:={CCB | C closed in X}.

kp|% = k|* for £L:= {KCB | K compact in X}.

S S A o o

Proof: 1. Straightforward.
2. For z € B, z € v(w) < =z € vp(w), see (11).
3. Straightforward.
4. ¢p(p)=B\0p(p) =B
5. For CCB, vg(w)NC #
(13).
6. Similar to 5., see (15). O

\ (6(p) N B) = B\ 6(p) = BN¢~(p).
) —= v(w)NBNC #0 < v(w)NC # 0, see

For i = 1,2 let X; = (X;, 7, B:, vi) be effective topological spaces with rep-
resentations d;, 6;, ... ,3; from Definition 5. Define the product X = (X; x
X5,7,3,7) of X; and X, such that dom(7) = ((uy,us) | uy € dom(vy), us €
dom(v2)}, T{uy, us) = vy (uy) X va(us), B = range(¥) and 7 is the product topol-
ogy generated by (3. Let 6, 0, ... , 7 be the representations for X from Defini-
tion 5.

Lemma 27.

1. X is an effective topological space, which is computable if X1 and Xo are
computable.

2. g = [(51, (52]
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3. (x1,22) — (21, x2) is (§1, 02, 6)-computable, the projections (x1,x2) — x; are
(8, 6;)-computable.

4. For open sets, the product (Wi, Ws) +— Wy x Wy is (01, 04,0)-computable.
Furthermore, the product is (07,05 ,0 )-computable if “Uy # 07 is vi-r.e.
and Uy # 07 is vy-r.e.

5. For open sets, the projection W s pr,[W] is (0, 01)-computable if “Uy # 07
1S Va-T.e.

6. For closed sets, the product (Ay, As) — Ay x Ag is (Y1,)2,1)-computable

and (Y1 ,%5 ,% )-computable.
7. For compact sets, (K1, Ks3) — K x Ki is (ki, ke, R)-computable and the
projection K s pr,[K]| is (R, k1)-computable.

Proof: 1. There are sets S; and Ss such that (10) for X; and X3, respectively.
Let E = {(<U1,UQ>, <’U1,’Uz>, <w1, w2>) | (ul,vl,wl) S Sl, (UQ,’UQ, 1U2) S SQ} The
set S satisfies (10) for X. It is r.e. if S; and S are r.e.

2. From a list of all pairs (u1,us) such that (z1,22) € v1(u1) X vo(ug) a list
of all u; such that 21 € vy(u;) and a list of all uy such that 2o € va(uz) can be
computed and vice versa.

3. Immediate or from 2.

4. Straightforward.

5. Straightforward.

6. Use: A1 x Ay ﬂ§<U1,UQ> =+ ) = AN Vl(ul) =+ 0 A Aa N V2<u2> #* .

7. First, we show that K| x K5 is compact. Suppose, K1 x K>C Uiel U, xV;
(Ui € B1, Vi € Ba). Suppose, x € Ky. For I, :=={i € [ |z € U;}, KoClU,c;, Vis
hence K;C Uier V; for some finite set J,CI,CI, since K5 is compact. For W, :=
ﬂieJm Ui, KiC€U,ex, Wa, hence K;1C U,er We for some finite set FCK; since
K is compact. Therefore,

K1 X KoCUyep Wa X KoCUer Uies, Wa X Vi€Uer Uiy, Ui X Vi,
which is a finite subcover. If in the above consideration the finitely many finite
sets J, are called Fi,..., F,, then

K1 x KoC ;e Ui x V;, iff there are finite sets I, ..., F,,CI such that (29)
(Vj < n) K,C UieFj V; and K;C Ujgn W; (where Wj := ﬂieFj U).

(The condition W; # () is not necessary and has been omitted). Define a multi-
representation v of a set of compact subsets of X1 x X5 by v(p1, p2) := {K1 x K> |
K1 € k1(p1), Ko € Ka(p2)}. Theorem 13.6 it suffices to show that KCU is
(v, U7"™)-r.e.

Therefore, we need a machine that halts on input ({p1,p2),w) iff for all
Ky € rki(p1) and Ky € ka(p2), K1 x K2C ;¢ Ui x V;, where v (w) = {U; x
Vi, ooy Unx Vi }. By (29), we need a machine M that halts on input ((p1, p2), w)
iff there are sets Fi,..., F,,C{1,...,m} such that
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(Vi <n) K2CU,ep, Vi and KiCU, <, Niep, Us-
There is such a machine, since from Fi,..., F,,C{1l,...,m} for each j < n a
U v&-name of Uier, Vi and a 61-name of |J; ., ;e , Ui can be computed (Theo-
rem 11) and since KoCW is (k2, |Jv5)-1.e. (apply Theorem 13.6 to v := Kk := k)
and K1CW is (k1,61)-r.e. (apply Theorem 13.5 to v := Kk := K1).
Computability of the projection on compact sets follows from the more gen-
eral Theorem 38.6 below. g

The generalization to finite products is straightforward.

9 The Space of Continuous Functions

In this section let X; = (X;,7i, 0i,v): (i = 1,2) be effective topological spaces
with representations d;, 0;, ... ,1; from Definition 5. A partial function f : C
X1 — Xo is continuous iff for every W € 79, f~1[W] is open in dom(f), that is,
f71W] =V ndom(f) for some V € 71. The following conditions are equivalent:

f is continuous, (30)

(Vo € dom(f),W € )(f(x) e W = (FV en)(x €V A f[V]CW)), (31)
(32)

(33)

flelsaom(s) (C)]Cf[C] for every CCdom(f),

f has a continuous (91, d2)-realization.

The equivalences of (30), (31) and (32) are well-known [Eng89]. The equivalence
of (30) and (33) is the “main theorem” for admissible representations [Wei00,
Theorem 3.2.11], since for an effective topological space X = (X,7,,v) the
representation 9§ is admissible w.r.t. the topology 7. We use these characteriza-
tions to define a number of multi-representations of the set of partial continuous
functions f : € X7 — X5. We use properly multi-valued representations since
in many applications specifying the domains of functions explicitly is difficult
or unnecessary and many computability results can already be proved with-
out explicit information about the domains of the functions. The names of our
multi-representations do not fix the domains (Theorem 29.2). The applications,
for example in Section 11, strongly justify using multi-representations.

Definition 28. Define multi-representations of the set CP (X7, X3) of all partial
continuous functions f : CX; — X5 as follows:

1. f€081(p): <= fobilq) = 6202 (q) for all ¢ € dom(f 0 4),

2. fe 6—2)(19) t= [02(q)] = 01 01 (q) N dom(f) for all ¢ € dom(6s),
3. fe€ 5—3)(1)) t= [T r(v)] = 01 o (v) Ndom(f) for all v € dom(sy),
— { (w < p = (u € dom(1), v € dom(e))w = (u,v))

Lreu: and f~[12(0)] = Uy )21 (w) N dom( ),
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5. f € 85(p) s <= FIC] =t 0y (q) if CCdom(f) and T = v (q),
6. f€ds(p): <= [f[K]E raon*(q)if KCdom(f) and K € k1(q),
= = vy 01" (q1,q2) exists, x € U and f[U]CW
T fehnp) e {lf:c—él (a1), W = O(qo) and f(z) € W,
= = vy 01" (q1,v) exists, z € U and f[U]CV
8 fedsp):— {lfx = 6u(q1), V = (v) and f(z) € V.

For the multi-representation 5_1> we will use the name [§; — d2] from [Wei00,
Wei08], see Section 2. If we call p a program of ngb, then in 1. a name p is a
program for computing f w.r.t. (§1, d2), in 2. a name p is a program for computing
W f~1[W] for open W w.r.t. (62,0;), etc. By Lemma 6.3, f € &5 (p) iff p is a
program for computing C' +— f[C] for CCdom(f) w.r.t. (7:[;1, {52)

Theorem 29. Let Xl,X&be computable topological spaces.
1. The multi-functions 6;, i = 1,...,8, are multi- representations of the set
CP(X1, X2) of all partial continuous functions f : CX; — Xo such that

— - - — —
615(525(53_5 55_56§57§(58 (34)

2. For 1 <z<8andeverypedom(g)) gEg;( ) iffeg;(p) and g is a
restriction of f.

3. For1 < i <6 and every p € dom(g{), flz) = g(x) if f,g9 € g:(p) and
x € dom(f) Ndom(g)

4. For1 <i<4 and everyp € dom(?) there is some fip € (5 (p) such that for
every f: CX1 — Xo, f€ 5 (p) = f 25 a restmctwn of flp

5. In geneml Theorem 29.3 is not true for 57 and 58, 57 £ 51, 58 £ 51,
(58 £ 57 and Theorem 29.4 is not true for (55 and 56

By Theorem 29.2 the classes (5,» (p) are closei under restriction. By Theo-
rem 29.4 for 1 < i < 4 every non-empty class J; (p) contains a functio_)n with
maximal domain. By Theorem 29.3 for 1 < i < 6 the restriction of §; to a
class of continuous functions with fixed domain is single-valued. Single-valued
representations of classes of partial functions can also_) be obtained by adding in-
formation about the domains to names, for example §; A6 and §; A (or equiv-
alent ones) as a representation of the continuous functions with open domains
and with closed domains, respectively, [Her99, Wei01, WZ07]. The separation of
evaluation information from domain information is in particular meaningful if
(names of) the domains of the considered functions are not known. Theorem 38
shows that for many results the domain information of continuous functions is
not needed. _ _

For the representations 07 and dg, which are derived from the continuity
characterization (31), function values are no longer defined uniquely (if they
exist) by names, see Example 3.
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Proof: 1. By the main theorem for admissible representations [Wei00, Theorem
3.2.11] a function f :C X; — X5 is continuous iff it has a continuous (41, d2)-
realization h : C X% — X“. Since every continuous function h : CX“ — X has
an extension 73 (for some p € X) and since every extension of a realization is
a realization, the function f: C X; — X5 is continuous iff, for some p, 77 is a

(01, 02)-realization, that is, iff f € 5_1>(p) Therefore, (5_1> is a multi-representation
of CP(X7, )ﬁ)g)

If f € ds(p), then for all z € dom(f) and all V' € 5 there is some T €
71 such that x € T and f[T]CV, hence, f is continuous. Since in general
@)nge(fy)grange((?) if v < 0, from (34) we can conclude that the multi-functions
0;,1=1,...,8, are multi-representations of the set CP(X7, X3). We prove (34).

6—; < 6—4>: By Theorem 11 and Lemma 10 there is a computable function
hy : CX* — X% such that §; [wX*] = N v (w) = 6 0hy(w) for all w € dom ().
By the utm-theorem for n““ there is a machine M that computes the function

(P, q) — 3% (q)-

There is a machine N that on input p € dom(d;) writes all ¢(u, v) for which
there are w; € dom(!*), wy € dom(v) such that M on input (p,w;1%) writes
wg in at most |wi| steps, u < hi(wy), and v K ws. (We also force N to write
11 from time_) to time in order to produce a result in X .)

Let f € 61(p). Then for v € dom(vz) and x € dom(f),

z € [ a(v)]

= [f(z) € va(v)

< (3w, € dom(*))(Fwy € dom(vF))(z € §;[w1 2], on input (p,w;1%)

the machine M writes ws in at most |w;| steps and v < ws)

<= (Fw; € dom(¥))(3ws € dom(vF))(3u < hy(wy))

(x € v1(u), on input (p,w11%) the machine M writes wo
in at most |w;| steps and v < wo)

— (Fu)(z € vi(u) A {u,v) < fn(p))

= zeU{n(u) | (u,v) < fn(p)}-

_, Therefore, )] = U{ri(v) | <u7_v>> <<JN(p)} N dom(f), hence f €
d4 o fn(p). This shows that fy translates d; to ds.

(5_4> < 6_;: There is a machine M that on input (p,q), p,q € 2", lists all
u € X* such that v < g and (u,v) < p for some v € X*. Let f € d4(p). Then
for x € dom(f) and ¢ € dom(6s),

z e f702(q)]

(Fv < gz e fHra(v)]

(Fv < @)(Fu)((u,v) <p A z €rvq(u))
(Fu)(z € vi(u) AN u < fu(p,q))
x€brofru(pq).

By the smn-theorem there is some computable function g : X¥* — X such
that far(p,q) = 15, (). Then f~1[02(q)] = 61 o nito) (g) N dom(f), hence f €

1117y
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— — —
02 0 g(p). Therefore, g translates d4 to dz.

6_2) < 5_3): By the utm-theorem for n*“ and the smn-theorem for n*“, there
is a computable function g : ¥ — X* such that ny(.(v)1*) = nj (v).

Let f € d5(p). Since v(v) = Oa(u(v)1%), F~"[va(v)] = [H2(e(v)1¥)] =
01 0m (1(v)1¥)Ndom(f) = 61 ong(p)( v)Ndom(f), hence f € d30g(p). Therefore,
g trglslates 6—; to 6—;;

d3 < 81: There is a machine M that on input (p,q) € (X)? prints all ¢(v),
v € dom(vy), such that for some u € dom(v1), v < ¢ and u < 7;“(v) (apply
the utm—thegr)em).

Let f € d3(p) and = = 61(q) € dom(f). Then
€ v2(v)
x € [ ra(v)]
x €60y 0n (v)
(Fu)(w € () A u< ()
(Fu)(u<qg N un(v)
v fM (pv Q),
hence f(z) = dz 0 far(p, q). By the smn-theorem there is a computable function
g : XY — X% such that fy(p,q) = Ne(y(@). Since f o d1(q) = 02 on‘;&’))(q),
fe (51 og(p ) Therefore, (5—3> < 6_{

54 < 65 Suppose f € 54( ). Let CCdom(f) and C = 9;1(gq). Then

va(v) N fIC]# 0
)N FICT#0
€C) f(x) € v2(v)
€ C)a € fHra(v)] = Un,nycp v1(u) N dom(f)
€ C)(Fu) ((u,v) < p A z € vi(u))
w) ({u,v) <p A CNuy(u) #0)
u) ((u,v) K p A u<q).
There is a machine M that on input (p, q) lists all ¢(v) such that for some

, ({u,v) < p A u < q). By the smn-theorem there is a computable function
r: XY — X% such that fa(p,q) = n‘;’(“;)(q). Then f[C] = 9 0 nf(“;)(q), hence,

— — —
f € 05 or(p). Therefore, r translates d4 to d5.

— = —

05 < &1: Suppose f € J5(p). Let @ € dom(f) and 2 = d1(g). Then
{z}Cdom(f) and {z} = ¢1(q), hence f[{z}] = ¥21;“(q) and v < 9 (q) <=
() N fl{z}] #0 <= wa(v)N f[{x}]_);é ) = f(z) € v(v). Therefore,
f(z) = 02 0¥ (q). We conclude, f € 6;(p), hence the identity translates ds
to (5_1>

— — —

d2 < Jg: Suppose f € d2(p) and K € ki(g). Then f[K]CUwy°(v) <=
KCf'Jvs*(v)]. By Lemma 10, |J3°(v) = 62 o h(v) for some computable
function h, hence f~1[J zxgs(v)} = 01 ony® o h(v). There is a machine that on

input (p, ¢) lists all ¢(v), v € dom(yg ), such that there is some w < ¢ such that

=
\_/

Mﬂﬂﬂ

va(v
T
T
T

MMM

3
3
(3
(3
3

e
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u <L 0¥ o h(v) for all u < w. Then fy realizes (f, K) — f[K].

— — . . 1 —
06 < 01:In Lemma 15 let by realize ec; and let ho realize ecy ™. If f € d6(p),

then ec; ' o Ny o ecy realizes x +— f(z). There is a computable function g such
— —
that n;”é)(q) = ecg1 ong* oeci(q). Then g translates dg to Ji.

6_; < E;: There is a machine M that on input (p, (¢1,q2)) € (X“)? searches
for some u € dom(v;) such that u < g1, u < 7;“(g2) (apply the utm-theorem),
and writes u 1_f> the search was successful.

Let f € 62(p). Let z = 1(q1) € dom(f) and f(z) € W = 62(g2). Then
x € fH02(q2)] = 61 0 nE*¥(g2) N dom(f), hence u < q1 and u < 7%“(qz) for
some u € dom(ry). Therefore, u := far(p, {(q1,q2)) exists. Since v < ¢ and
u <L 18¥(q2), € vi(u) and vy (u)CO 0 7% (g2)), hence flv1(u)]SOa(qz).

By the smn-theorem for n“* there is a computable function r : X — X* such

Wk

that far(p, (q1,92)) = M(p) (q1,q2). Then f € 5_7>or(p). Therefore, r translates 5_;
to 5_7)

— —
07 < dg: This follows from vy < 5.

2. Let f € 5_1)(17) and let g be a restriction of f. Then god;(q) = d20m5“(q) for
all for all g € dom(g o d1), hence g €_>5_1)(pl> Therefore for i =1,...,8, g € Z(p)
if f€0;(p)andg rcsir}icts f, since 61 < 6;.

3. Suppose f,g € 01(p) and = = d1(q) € dom(f) Ndom(g). Then f(x) = g(x)
since f o d1(q) = d2 00y (q) = g © 61(g). Therefore for i =1,...,6, f(z) = g(z)
if f,ge Z(p) and = € dom(f) Ndom(g) since E} < 5_1;

4. Define f;;, by graph(fi,) = U{graph(f) | f € d;(p)}. By 3. the function
fip is well-defined.

i = 1: Suppose x = d1(q) € dom(f1,). Then z € dom(f) for some f € 5_1>(p)
Since f1,081(q) = f 0 61(q) = 52 0 13 (), fup € 51 (p).

i = 2: Suppose = §1(q) € dom(f2p). Then & € dom(f) for some f € 5_2)(p)
We obtain z € f3,'[02(q)] <= fap(2) € 62(q) <= [(x) € ba(q)
< x €00 (q)Ndom(f) <= = €0y 0ny“(q) Ndom(fap).

Therefore, fa, € (5—2>(p)

i = 3: Replace 03(q) by v2(q) and n*“ by n*¥ in “ = 27,

i = 4: Similar to the case “i = 2”.

5. See Example 3. |

Ezample3. 1. Let X3 = Xo = (X, 7, 5,v) be a computable topological space
such that X has at least two elements. There is a machine M that on input
(g1, q2) writes some u such that u < ¢; and diverges if no such word u exists.
Then fy = ny* for some p € X%,

Let ¢ € X and f.(x) := ¢ for all x € X. Suppose (see Definition 28.7)
z=0(q1), W =0(q2) and fc(x) € W. Then n;"(g1,g2) = u for some u such
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that z € v(u) and f.[v(u)] = {c} = {fe(x)}CW. Therefore, f. € 5—7>(p)

Forc,d € X, c #d, fe, [ € 5—7>(p) but f.(¢) = ¢ # d = fq(c). Therefore
Theorem 29.3 is false for 7.

— = — — = - =
Since §7 < dg, Theorem 29.3 is false also for dg. If 57 < §; or dg < d1, then
— — — — —=
Theorem 29.3 must be false also for d;. Therefore d7 £ 6; and dg £ 6.
. For showing 5_8> £ 5—7> consider the computable topological space R for the
real line from Example 1. We may assume that the basis # contains only
intervals of length < 1. For ¢ € N define f;CR — R by dom(f;) := (-1;1)
and fi(z) := 3i + x. Let (a;b) + ¢ := (a + ¢;b + ¢). There is a machine
M that on input (¢,v) such that —1 < p(q) < 1 and v € dom(v) searches
some i € N such that v(v) N (3i — 1;3i + 1) # 0 and writes some u such
that © < ¢ and v(u)C(—1;1) N (v(v) — 37). Notice that there is at most one
number i. Suppose f; o p(¢) € v(v). Then on input (g,v) the machine M
finds ¢ = j and some u such that p(q) € v(u)C(—1;1) N (v(v) — 3j), hence
filv(@)]Cf;lv(v) — 3j] = v(v). There is some p € ¢ such that fa(g,v) =
ny* (g, v) if far(g,v) exists. Therefore, f; € 5—8>(p) for all ¢ € N.

Suppose (5_8) < 6_7) Then there is some p € X* such that f; € 6_7)(p) for all
i€ N. Let p(q1) =2 =0 and O2(q2) = W = ;o {(30 —27%3i +277)}. Let
i € N. Since f; € 5_7)(p) and fi(r) € W. Then u := 7/*(q1, g2) exists such
that 0 € v1(u) and f;[v(u)]CW. Therefore, the length of v(u) N (—1;1) is
less than 2 - 27 Since 0 € v (u), v1(u) must have length 0. Contradiction.

. Let X = (X, 7,0,v) be a computable topological space such that there are
u,v € dom(v) and ¢,d € X such that ¢ € v(u), d € v(v) and v(u)Nv(v) = 0.
Let f., fa and feq be the restriction of the identity on X to {c}, {d} and
{¢, d}, respectively. There is a machine that on input ¢ € X* copies ¢ to the
output tape but halts as soon as it has detected ¢(u) and ¢(v) as ﬂlbwords
of g. There is some p € X such that fi; = n;“. Then f., fa € J5(p) but

fea & 5—5>(p) Therefore, the condition in Theorem 29.4 is violated for 6_5>

A similar example violates the condition in Theorem 29.4 for 5—(;.

Some of the equivalences in Theorem 29.1 have been proved in [Sch03] for

slightly less general spaces. For the case of semi-computable metric spaces the
equivalence of d; and d4 has been proved in [Wei93]. The function eval : (f, z) —

A
fx) is (_5)1,51,62)—computable, even more, we can characterize the equivalence

class of §1 = [61 — 02] as follows:

Theorem 30. For every multi-representation v : X = F of a set F' of partial
functions f: C X7 — Xo,

eval : (f,x) — f(x) is (v, 01, 02)-computable <= v < [61 — 2] .
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Proof: We apply the more general result [Wei08, Corollary 34]. For every multi-
representation ' of a class F’ of multi-functions f : X; = X5, the apply multi-
function is (v',d1, d2)-computable iff 4/ < [§; = J3]. Since v is such a multi-
representation, the apply function is (v, 1, d2)-computable iff v < [§; = 2.
Since « is a multi-representation of partial functions and [§; — d2] is the re-
striction of [§; = d2] to the (single-valued) partial functions [Wei08], v < [0; =
52] <— 7 < [(51 —p (52] O

Compare this result with Theorem 13, which is of similar type. In accordance
vgth Thg)rem 29.5, in general evaluation (f,z) — f(z) is not computable for
d7 and ds. The reason is shown in Example 3: in general for z € dom(f) and
f € ds(p), the value f(x) is not defined uniquely by the name p of f (Theo-
rem 29.3). We only mention that some of the above statements of Theorem 29
remain true for effective topological spaces and that all the statements remain
true for effective topological spaces if “<” (reducible) is replaced by “<;” (con-
tinuously reducible), (use oracles for dom(v) and S in Definition 4).

10 Where are the Points?

In our approach we have started from a computable topological space X :=
(X,7,5,v), that is, a set of points, a topology on it and a notation of a base
such that for some r.e. set S, v(u)Nv(v) = J{v(w) | (u,v,w) € S} (Definition 4).
However, the only information about X we have used is the set .S, which contains
some, but not all, Boolean information about the sets v(v). Similarly we can a
consider an effective predicate space Z := (X,0,\) where the only concrete
information is dom(\). Finally, we can assume that the full Boolean information
on the topology is given.

In all these cases the elements U € (3 can be interpreted as “regions for points”
(see pointless topology, locales [Joh82, Joh83]). Given an abstract notation v : C
2* — 3 we can ask in which way the regions can be filled by points. The answer
depends on the axioms for 8 and v.

Definition 31. Let Z := (X, 0, \) be an effective predicate space and let X :=
(X, 7,8,v) be an effective topological space.
1. LCX™* realizes Z if L = dom(A).
2. SCdom(v)? realizes intersection for X if
v(u)Nv(v) = H{rw) | (u,v,w) € S} for all u,v € dom(v),
3. Q realizes inclusion (on the topology) for X if
Q ={(u,D) | u € dom(v), DCdom(v), v(u)C|Jv[D]}.

Lemma 32. Let Q realize inclusion for the spaces X := (X, 7,03,v) and
X' = (X', 7,8 ,V). If S realizes intersection for X, then S realizes intersection
for X'.
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Proof: Obviously, dom(v) = dom(?’) and for all u,v € dom(v), v(u)Cv(v) <~
V' (u)Cv'(v) (choose D = {v}). Then v(w)Cr(u) Nv(v) = V' (w)Cv' (u) N (v),
hence | J{V'(w) | (u,v,w) € S}Cv'(u) Nv/(v). On the other hand,

V(S (u) Nv'(v) = v(t)Cr(u) Nv(v) = v(t)C U{r(w) | (u,v,w) € S} =
V() CU{V (w) | (u,v,w) € S}, hence v/ (u)Nv/' (v) S U{V' (w) | (u,v,w) € S}. O

From the set S inclusion on the base cannot be defined, since after deleting
some points in X the set S still realizes intersection but the inclusion order
on the base may have changed. For filling the regions v(w) with points we will
consider three cases:

(1) only dom(]) is fixed in T(Z) (Definition 8),
(2) a fixed set S for realizing intersection, and
(3) a fixed set @ for realizing inclusion.

Definition 33.
1. For effective topological spaces X := (X, 7, 8,v) and
X' :=(X',7,0,v) a function f: X — X’ embeds X into X’ if dom (') =
dom(v), f is injective and v(w) = f~1[v/(w)] for all w € dom(v). If some f
embeds X into X', we write X < X'.
2. An effective topological space X' is called complete in a class T of effective
topological spaces if X’ € 7 and X < X’ for all X € 7.

Roughly speaking, X < X’ means that X can be obtained from X’ by deleting
some points from the regions and renaming the remaining points. In 1. we refrain
from further generalizations, for example, from changing dom(v). Obviously, <
is a preorder on the class of all effective topological spaces.

Proposition 34.
1. In Definition 33 the embedding f : X — X' is (6,8")-computable and its
inverse is (&', 6)-computable.
2. If S realizes intersection for X' and X < X', then S realizes intersection
for X.

Proof: 1. For every z € X, z € v(w) < f(x) € V'(w). By (11) the identity
on X¥ realizes f as well as f~1.
2. By assumption, v/(u) N/ (v) = J{v'(w) | (u,v,w) € S'}. Apply f~. O

First we consider the spaces T'(Z) where Z is an effective predicate space
(Definition 8).

Theorem 35. For LCX* define the effective predicate space Zy, = (Z1,,01, A1)
by Zp = 2F, dom(\p) = L and A\p(u) := {ACL | u € A}, Then T(Zr)
is complete in the class Ty, of all spaces Ty (Z) such that Z = (Z,0,)\) is an
effective predicate space with L = dom()\).
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Proof: First we show (20) for Zy,. Let A, B € Z such that {U € o, | A€ U} =
{U€o,|BeU}. Then{ue L|Acvy(u)} ={ueL|B € wvy(u)}, hence
{ueL|ue A} ={ue L|ue B}, that is, A = B. Therefore, Zy, is an effective
predicate space.

Let Z = (Z,0,\) be an effective predicate space with L = dom(A). Define
f:Z—Zyby f(x) :={ue L |z e Au)} Then f(z) = fly) = {ueLl|xe
Muy={uel|lyeXNuw}={Uco|zecU}={Uco|yeclU} = z=y,
hence f is injective. Since x € f* Ar(w)] <= f(z) € At(v) <= u €
f(z) <= z € Mu), AM(u) = f~1AL(u)] and hence vy(v) = f~ vy, (v)] for
v € dom(v®). Therefore, 7(Z) < T(Zz). O

Notice that (X1, o0p) is a Scott domain [Sco76]. For a computable topological
space X a set S that realizes intersection was the only concrete information we
have used so far.

Theorem 36. For SC(X*)3 let Tg be the class of all effective topological spaces
X := (X, 1,08,v) such that S realizes intersection for X. If Tg # 0, then there is
some space Xg that is complete in Tg.

Proof: Let SC(X*)3 such that 7g # . Since an effective topological space is a
To-space with countable base, its cardinality is at most 2%, the cardinality of
the real numbers. Therefore, every effective topological space X can be obtained
from an effective topological space on a subset of the real numbers X’CR by
bijective renaming. Formally,

(VX € T5)(IX' € Ts) (X'CR A X <X’ A X/ < X). (35)

Let D := pr,(S) be the first projection of S and let {X; | i € I}, X; :=
(X, 75, Bi, i), be the set of all effective topological spaces on the set of real
numbers in 7g. By assumption I # (). Define the disjoint union X of the sets X;
and a notation v of subsets of it by dom(v) := D and

X ={@,z)|iel,ze X;}, viw):={(,z) e X |z e€v(w)}.

Since S realizes intersection for every X;, v(u) Nv(v) = {(i,z) | = € v;(u) N

vi()} ={@,2) | Gw)((w,v,w) € S A z € vi(w))} = Hrv(w) | (u,v,w) € 5},
v is a notation of a base of a topology 7 on X, which, however, may not be Tj.
We define an equivalence relation = on X by

(i,2) = (,y) <= {ueD|[(,z) ev(w)} ={ueD|(y) cv(u)}

and factorize.
Define Xg := X/=. Since (j,y) € v(u) if (4,z) € v(u) and (4,2) = (J,v),
v(u) is a union of full equivalence classes. For u € D define vg(u) := v(u)/= =
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{(#,2)/= | (i,z) € v(u)}. Finally, let S5 := range(vg) and let 75 be the topology
generated by Bg. By the definitions, (i,2)/= € vg(u) < z € v;(u). We show
that Xg = (Xg, s, 8s,vs) is complete in Tg.

Since {u | (1,2)/= € vs(@)} = {u | (jy)/= € vs(w)} < {u] (,2) €
VW)t = {u | (,9) € W)} = (,2) = (ry) <> (i2)/= = (j.y)/=, the
smallest topology 7g containing (g, is a Ty-topology.

Since (i,2)/= € vs(u) Nvg(v) <= z € v;(u) Ny (v) = (Bw)((u,v,w) €
S A zey(w) <= Fw)((u,v,w) €S AN (4,2)/= € vg(w)) <= (i,z)/= €
Hrs(w) | (u,v,w) € S}, Xg € Ts.

It remains to show X < Xg for every X = (X, 7,3,v) € Tg. Since X < X;
for some ¢ € I by (35), it suffices to show X; < Xg.

Define f : X; — Xg by f(z) := (i,z)/=. For z,y € X;, f(z) = f(y) =
(h2))= = (by)/= = (2) = (iy) = (Vu)((i2) € v(u) <> (iy) €
v(u)) = (Vu)(z € v;(u) <= y € v;(u)) = = =y, therefore, the function f
is injective. Finally, x € v;(w) <= (i,z) € v(w) <= (i,2)/= € vg(w) <=
f(z) € vs(w), hence v;(w) = f~!{vs(w)]. Therefore, X; < Xg. O

For a topology 7, FCT is a filter of open setsif F £ 0,0 ¢ F,UNV € F if
UVeFandV e FifU € F,and UCV € 7 [Eng89]. The filter F' is completely
prime if for every aCr with | Ja € F, U € F for some U € «. The space is sober
if every completely prime filter is the set of open neighborhoods of a unique
point [Stin00]. Sobriety of X is precisely a condition that forces the lattice of
open subsets of X to determine X up to homeomorphism.

For a point € X of an effective topological space X = (X, 7, 3,v) by (11),
p € X% is a d-name of x if it is a list of the set H := {u € dom(v) | z € v(u)}.
The set H has the properties

H#0, 0¢v[H], (36)

(Vu,v € H)(Fw € H) v(w)Cr(u) Nv(v), (37)
(VDCdom(v)) ((Ju € H)v(uw)CUv[D] = (Fw e D)w € H), (38)
(Vu,v € dom(v)) (u € H A v(u)Cr(v)) = v € H). (39)

By (36) and (37), Fg :={U € 7| (3v € H)v(v)CU} is a filter and v[H] is
a filter base [Eng89]. (39), which follows already from (38), is a normalization
axiom for the filter base and induces H = v~'v[H]. By (38), Fj is a completely
prime filter, which is the set of open neighborhoods of the point x. The point x
is defined uniquely by the set H since X is a Tp-space. There may be, however,
completely prime filters that are not neighborhood filters of a point. Sobrification
adds points for all these completely prime filters such that the inclusion relation
on the open sets remains unchanged. We will consider the class of all effective
topological spaces X which have a common set () realizing inclusion.
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Theorem 37. For QCX* x 2" let To be the class of all effective topological
spaces X := (X,7,8,v) such that X # 0 and Q realizes inclusion for X. If
To # 0, then there is some effective topological space X that is complete in Tq.

Proof: First, observe that for every effective topological spaces X := (X, 7, 5,v)
such that X € Ty, dom(v) is the first projection of Q. Since T # (0 there is
some effective topological space X := (X, 7, 3,v) € Tg such that X # (). Let

Xo := {HCdom(v) | (36)-(39)},
dom(vp) := dom(v),
vo(u) :={H € Xo |ue€ H} forall u € dom(v).

Let [y := range(vg), let 79 be the topology generated by Gy and let X :=
(Xo, 70, Bo, Vo). Notice that H € vy(u) <= uw € H < v(u) € v[H]| (the last
“«<=" by (39)).

Xy is a To-space: For H,H' € Xo, {u | H € vy(u)} = {u | H € ny(u)} <=
{u|ue H ={u|ue H} < H = H' Therefore, X, is an effective
topological space.

We show that for all u € dom(v) and DCdom(v),

v(w)C|JvID] <= ww)<| JwlD]. (40)

Suppose v(u)C|Jv[D] and H € vy(u). Since u € H, w € H for some w € D
by (38). Therefore, H € vy(w) for some w € D, hence H € |Jv[D]. This
proves “==". On the other hand, suppose vy(u)C|Jwp[D] and = € X. Let
H, :={u e dom(v) | z € v(u)}. Then H; € Xpg and z € v(u) = u € H, =
H, ev(u) = weD)H, € y(w) = (Gw e D)we Hy, = Gwe D)z €
v(w) = z € [Jv[D]. This proves “~==".

Since @ realizes inclusion for X, by (40) @ realizes inclusion for Xq. Since
there is some z € X, H, # () and H, € X, hence X # 0. Therefore, X, € Tg.

We show X < Xj. Define f: X — Xo by f(z) := Hy = {u | z € v(u)}. Since
X is a Ty-space, f is injective. Since z € f~1{yp(w)] <= f(z) € n(w) =
H, € np(w) <= we H, < z cv(w), flyy(w) = v(w) for all w € dom(v).
Therefore, X < Xj.

We show that X is complete in 7g. Above we have constructed Xo from
some arbitrary X € 7g via (36 - 39). Since from X only the set ) was needed
to define X, Xy remains unchanged if in the above proof X is replaced by any
other X’ € 7g. Therefore, X’ < X for all X’ € 7. O

The space X constructed above is sober. The constructions in Theorems 35,
36 and 37 are various kinds of completion, where Theorem 37 presents “effective”
sobrification.
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11 Examples of Computable Operators

A variety of operations on points, sets and functions are computable w.r.t. the
representations from Definition 5. We give some additional examples.

Theorem 38.

1. eval: (f,x) — f(x) is ([01 —p O2], 01, 62)-computable.

2. For f:CX1—>Xoandg:CXy— X3, (f,9)—gof
is ([01 —p 2], [02 —p 3], [01 —p I3])-computable.

3. The multi-function (f,W) =T mapping every continuous function f :C
X7 — X5 and every open set WC X5 to some open set TCX, such that
F7H W] =T Nndom(f) is ([61 —p b2, 02, 601)-computable.

4. The function (f,C) — f[C] for CCdom(f) is ([61 — 82), 1, U2) - com-
putable.

5. The function (f,A) — f[A] for closed ACdom(f) is ([01 —p 0a],41,2) -
computable.

6. The function (f, K) — f[K] for compact KCdom(f)
is ([61 —p 02], K1, K2)-computable.

Proof: 1. By Theorem 30 or as follows: The function h, h(p,q) = 15*(q), is

computable. Suppose (f,z) € dom(eval), that is, z € dorrif)7 fe 6_1)(;0) and
x = d1(q). By Definition 281, eval(f,z) = d20h(p, q). Since d1 = [01 —p d2], eval
is ([61 —p 92], 61, d2)-computable.

2. Suppose, f € [01 = 2](p1), g € [62 —p I5](p2), © = 01(q) and y = da(r).
By 1. there are computable functions fi2 and fo3 such that f(x) = da0 f12(p1,9)
and g(y) = 03 o faz(pe,r). Setting y := f(z) and r := f12(p1,q) we obtain
(gof)(x) = d50 faz(p2, f12(p1,9)) = I3 on‘,;’(“;hpz)(q) for some computable function
h. Therefore, compoi‘i;cion is computable.

3. Suppose, f € d1(p) angW = 05(q). By Theorem 29 thg)e is a computable
function h such that f € &3 o h(p). By the definition of 82, f~1W] = 6; o
Mt )(q) N dom(f). By the utm-theorem for n““ there is a computable function

H such that H(p,q) = ;¢ (q). Then H realizes (f,W) — f~'[W].

4. Suppose, f € 5_1)(17) algl Ce Jl(q). By Theorem 29 tlf}re is a computable
function h such that f € 03 o h(p). By the definition of d3 for v € dom(vz),
)N FICI#0 < [fr@]NC£0 < 6 oMy NC # 0 =
(Fu)(u < Th(p) (v) A u < q). There is a computable function H such that
H(p,q) is a list of all ¢(v), v € dom(r), such that u < ¢ and u < ;¢ (v) for

some u. Then f[C] € 1y 0 H(p, q), therefore, H realizes (f,C) — f[C].
5. This follows from 4. above.
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6. By Definition 28.6, f € dg(p), K € k1(q) and KCdom(f) implies f[K] €
k2015 (q). By the utm-theorem for n““ the function h, h(p,q) = 15 (q), is com-
putable. Therefore, (f, K) — f[K] is (¢, k1, k2)-computable. By Theorem 28,
the operation is ([01 —p 02|, K1, K2)-computable. O

As a simple application let v := zz A k. Then ~y generalizes the (equivalence
class of the) minimal cover representation k. of the compact subsets of R
in [KW87, BW99][Wei00, Definition 5.2.4] and of a computable metric space
in [BP03] . From Theorem 38.4 and 6 we conclude that (f, K) — f[K] for
compact K Cdom(f) is ([61 —p 02],71,72)-computable. As shown in [Wei08] the
relatively computable functions are not only closed under simple composition
but more generally under flowchart programming. Thus Theorem 38.2 can be
generalized to operators defined by flowcharts. As another example we consider
Dini’s Theorem.

Theorem 39 (Dini). Let (fn)nen be a monotonically increasing sequence of
real-valued functions on a compact space that converges pointwise to a continuous
function. Then the convergence is uniform.

The first effective version of Dini’s theorem has been proved by Kamo [KamO05].
He works in the terminology introduced by Pour-El and Richards [PERS9]
using the definitions of an “effectively compact metric space” and of “com-
putable sequence of computable functions” introduced by Mori, Tsujii and Ya-
sugi [MTY97, YMT99]. His theorem is formulated as follows.

Theorem 40 (effective Dini, Kamo’s version). Let (M,d,S) be an effec-
tively compact metric space. Let (gn,) be a computable sequence of real-valued
functions on M and f a computable real-valued function on M. If g, converges
pointwise monotonically to f as n — oo, then g, converges effectively uniformly

to f.

Roughly speaking, on a compact metric space with natural computability
assumptions on compactness and sequences of real-valued functions, there is a
computable modulus of convergence. Here we prove as a more effective version
that for the more general computable topological spaces the modulus of con-
vergence can be computed from the functions and from the compact subset, see
[GWO05] for a preliminary version.

Let p< be the lower representation of the real numbers (Example 1). It suf-
fices to prove the theorem for an increasing sequence of real functions converg-
ing to 0 pointwise. It suffices to consider only (9, p<)-continuous (lower semi-
continuous) functions.
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Theorem 41 (computable Dini). The multi-valued operator D mapping each
triple ((fn)nen, K, k) such that

(Vn) frn: CX = R s (6, p<)-continuous,
K is compact and k € N,
(Vn) KCdom(f,),

(Vn) (Ve € K) fu(2) < fosa(2),
(Vo € K) Slipfn(w) =0

to some j € N such that (Vo € K) 27% < fi(z) is ([§ —p p<]®, K, N, n)-
computable.

Proof: Let p. be the inner representation of points let k. be the representa-
tion of the compact subsets for the lower real line Re = (R, 7, f<,v<) from
Example 1. By Dini’s theorem, sup,,cyinfzex fn(x) = 0. Since inf,cx fn(z) =
inf £, [K],

supinf f,[K] =0 A (¥n)inf f,[K] <inf f,+1[K].

neN
By Theorem 38, (f, K) — f[K]is [0 —, p<], K, k< )-computable. Since L + inf L
is (k<, p<)-computable, (f,K) — inf f[K] is [0 —, p<],~, p<)-computable.
Therefore, ((fn)nen, K) — (inf f[K])nen is ([0 —p p<]¥, &, p)-computable. Fi-
nally, the multi-function & : ((z,,)n, k) =2 j such that 27% < z; for nondecreasing
sequences (&), with supz, = 01is (p, vy, vn)-computable. The multi-function
D is obtained by composition from the above computable multi-functions. There-
fore, D is computable. O

By type conversion [Wei08, Theorem 35] the multifunction ((fp)nen, K) =2 m
where m : N — N is a modulus of uniform convergence is ([0 —, p<]“, K, [vn —
vn| computable. The upper bound 0 can be replaced by an upper semicontinuous
function g, which then is a further argument of D.

12 Final Remarks

In this article we have laid merely a basis for a general computable topology.
From here an immense number of further fields can be studied. A next step
could be the search for §-computable points in a computable topological space.
In Example 2 there are a recursive set LCY™* realizing Z, an r.e. set S realiz-
ing intersection and an r.e. set @ realizing inclusion for T(Z). If we delete the
computable real numbers from R, still L, S and @ are realizers. Therefore it is
meaningful to search for computable points in the complete spaces for recursive
sets L and for r.e. sets S and @ found in Theorems 35-37, see also [GSWO7].
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For the complete space T7,(Z) from in Theorems 35 the answer is simple: an ele-

ment A € Z; = 2% is §-computable iff it is an r.e. subset of L. Other next steps
could be the study of computable separation and the investigation of computably
locally compact spaces started already in [XGO7].

In applications usually there are fixed representation for the sets. Of course,
in this case one can simply say “r.e.” or “computable” and omit the unwieldy

prefixes such as “([y — d],¢)-".
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