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Abstract

In this paper we study different approaches to computability over effectively enumerable topological spaces.
We introduce and investigate the notions of computable function, strongly-computable function and weakly-
computable function. Under natural assumptions on effectively enumerable topological spaces the notions
of computability and weakly-computability coincide.
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1 Introduction

In this paper we approach the problem of computability over effectively enumer-
able spaces. Since the class of effectively enumerable topological spaces contains
effective w-continuous domains, computable metric spaces, and abstract structures
with computably enumerable 3-theory as proper subclasses, computability over ef-
fectively enumerable spaces is crucial problem to investigate. We introduce and
study different natural approaches to computability based on well-known enumera-
tion operators [16]. These approaches lead to nonequivalent classes of computable
functions over effectively enumerable spaces. The paper is structured as follows.
In Section 2 we recall notion and properties of effectively enumerable spaces [11].
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In Section 3 we propose and study approaches to computability over effectively
enumerable spaces.

2 Basic notions and Definitions

Let (X, 7,v) be a topological space, where X is a non-empty set, 7% C 2X is a base
of the topology 7 and v : w — 7% is a numbering. Let D}, denote the k-th finite set
with respect to the standard numbering of the finite sets.

Definition 2.1 A topological space (X, 7,v) is effectively enumerable if the
following conditions hold.

(i) There exists a computable function g : w X w X w — w such that
viNvj = U vg(i,j,n).
necw

(ii) The set {i|lvi # 0} is computably enumerable.

Definition 2.2 An effectively enumerable topological space (X, 7,v) is strongly
effectively enumerable if there exists a computable function h : w X w — w such
that

X\ d(vi) = | vh(i, j).
JEW
Now we show that the topological spaces corresponding to computable metric
spaces likewise corresponding to effective w-continuous domains are proper natural

subclasses of effectively enumerable topological spaces.
For the definition of computable metric space we refer to [14,23,2].

Theorem 2.3 If M = (M,v,B,d) is a computable metric space then (M, 1q,v*) is
a strongly effectively enumerable topological space.

Proof. Let M = (M,v,B,d) be a computable metric space, where B C M is
countable and dense in M, v : w — B is a numbering, and d : M x M — R is
a distance function computable on (B,v). We use a computable representation of
the rational numbers (Q7, ), the standard pairing function ¢ : w x w — w, and
the inverse function (I,7) : w — w X w. Let 74 be topology induced by d, v* be a
numbering of the base of 74 such that v*(n) = B(vi(n), ur(n)), where B(z,y) is an
open ball with the center z and the radius y.

It is easy to see that

v'nNv*m = U{B(z,q)|r € B,q € Q",d(vi(n),z) + ¢ < d(vl(n), ur(n)) and
d(wl(m),z) + q < d(vi(m), pr(m))}
is an effectively open set. So,
v'nNv*m = U v*x(n,m, k) for a computable function x.
kew
Since v*n # () < pr(n) > 0, the set {n|v*n # 0} is effectively open. Finally, since
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M\ cl(v*n)M \ B(vi(n), ur(n)) =
U{B(x,q)|r € B,q € QT,d(vi(n),z) > ¢+ pr(n)}
is an effectively open set, we have
M\ cl(v*i) = U v*h(i,7) for a computable function h.
JEW

So, (M, 74,v*) is a strongly effectively enumerable topological space. O

The following proposition shows that the condition of computably enumerability
for the set {(4,j) | a(i)a(j)} considered in [23] is too restrictive in the case of metric
spaces.

Proposition 2.4 There exists a computable metric space (M, B,d) such that the
set {(i,7) | v*(i) = v*(j)} is not c.e.

Proof. In [9,10] it was constructed some computable closed set A C R that its
interior is not effectively open. We put X =R\ A and consider it as a computable
metric space since X is effectively open, B = X N Q. It is easy to see that

x € int(A) < Ja,b € BIry,ro € Q(Bx(a,r1) = Bx(b,r2) Al|lx —al <ri A
|z — b] > ra).

Hence, if the set {(i,7) | v*(i) = v*(j)} is c.e. for this space X, int(A) is effectively
open, a contradiction completes the proof. O

Now we compare effectively enumerable topological spaces with w-continuous
domains (c.f. [18,1,4]). First we recall well-known properties of w-continuous do-
mains.

Lemma 2.5 For an w-continuous domain D = (D,{b;}icw, C) the following prop-
erties hold.

(i) If a < x then there exists n € w such that a < b, < x.

(ii) (D,7,v) is a Ty-space, where T is generated by the base 7 = {U,, } U {0}
and the numbering v : w — 7% is defined as follows: v0 = 0, vk = Uy, _, =
{z|bg—1 < x}, k> 0.

Definition 2.6 An w-continuous domain D = (D, {b;}icy,,C) is called weakly
effective if {< n,m > |b, < by, } is computably enumerable.

Theorem 2.7 FEvery weakly effective w-continuous domain is an effectively enu-
merable topological space.

Proof. Let D = (D, {b;}icw,C) be a weakly effective w-continuous domain. The
topology 7 is generated by the base 7* = {U,, |n € w}U{0}, where U, = {z]a < z},
and v : w — 7" is the standard numbering. We show now that

Up, VU, = | J s,
bs>>bn7bm
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If z € Uy, for bs > by, by, then, by definition, z > bs. So, x € Uy, NUy,,. Suppose
x € Up, NUp,,. By definition, z > b, and > by,. So, there exist s; and sz such
that x > bs, > b, and = > bs, > by,

Since {b;|b; < x} is directed, there exists bs >> by, by, such that x € Up,. By
weak effectiveness, the set {n|Us, # 0} is computably enumerable. O

The following results show that the effectively enumerable spaces enlarge the ef-

fective w-continuous domains and the computable metric spaces. We consider struc-
tures with topologies induced by 3-formulas. Suppose A = (A, 09) = (A,op, #) is
an abstract structure, where A contains more than one element, op is a countable
set of basic predicates.
The topology 7'5‘ is formed by the base which is the set of subsets definable by
existential formulas with positive occurrences of predicates from og. The following
proposition is straightforward from the definition of effectively enumerable topolog-
ical space.

Theorem 2.8 [11] The topological space (X, Tffl) s effectively enumerable if and
only if Th3(X) is computable enumerable.

As the example of a structure which is an effectively enumerable space we con-
sider the set of continuous functions C(R). Let us note that C(R) does not belong
to the metric spaces and to the w-continuous domains as well.

We consider the structure C(R) = (C(R), P, ..., Pi2,#), where the predicates
Py, ..., Py are interpreted for every f, g € C(R) as follows.

The first group formalises relations between infimum and sumpemum of two func-
tions on [0, 1]:

C(R) E Pi(f,g) < sup fljo,1) <supglp,i;
C(R) & Pa(f,g) < sup fljo,y < inf gljo 13
C(R) = P5(f,g) < sup flo,1) > inf gl 1;
C(R) & Pu(f,g) < inf fljo1) > inf gl 1)

The second group formalises properties of operations on C(R).

C(R) = Ps(f,g,h) < f(x)+ g(x) < h(z); for every z € [0, 1];
C(R) = Pﬁ(f Jh) < f(z)-g(x) < h(x) for every x € [0, 1];
C(R) = Pr(f,g,h) < f(x)+ g(x) > h(z) for every x € [0, 1];

CR)  Ps(f,g,h) < f(z)-g(z) > h(z) for every z € [0, 1].
The third group formalises relations between functions f and Az.x.

C(R) = Po(f) « f(x) > x; for every x € [0, 1];

C(R) = Pio(f) < f(x) < x for every = € [0, 1].

The fourth group formalises relations between a function i and the composition of
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functions f and g.

C(R) |= Pu(f,g,h) = f(g(x)) < h(z) for every z € [0, 1]
C(R) = Pi2(f,9,h) < f(g(x)) > h(z) for every € [0,1].
We recall the notion of compact open topology 7., on C'(X,Y). Let (X, «) and

(Y, 3) be topological spaces,  C X be a compact set, and O C ) be an open set.
Then subbase of the compact open topology is defined by sets of the type

U5 ={f € C(X,Y)|f(K) CO}.

Since, by Weierstrass Theorem [21], Q[z] is dense in C(R), the base 7, of the

topology 7., and its numbering are defined as follows:

o

(i) The base 7, is the finite intersections of the following sets

1 1
Ug;f; ={flp— - < fllay <p+ ﬁ}’ where b € Q,p € Q[z] and deg(p) = n.

(ii) The numbering v : w — 7* is standard.

Proposition 2.9 On the structure C = (C(R), Py,..., Pi2,#) the compact open
topology Te—o coincides with Tg.

Proof. C). It is easy to see that, for 1 < i < 12 the sets {f|C(R) = P;(f)} and
projections of them belong to 7._,. By induction, ’Tg R C e,

2). By definition, it is sufficient to show that the relations f|j 5 > gl(q,) and flap) <
9la,p) are F-definable. Note that Wy = {x[x(0) < a and x(1) > b} C C[0,1] is
J-definable set in the language {P;, #}i<12. Since,

Fliag) < 9llay) = IX € Wap3h(fox <h<gox),
the relations f|i,4 > 9lia,p) and fliap) < 9lja,p) are I-definable. O
Theorem 2.10 The topological space (C(R), T.—o, V) is effectively enumerable.
Proof. Existence of a computable function ¢ : w X w X w — w, such that
viNnvj = U vg(i, j,n),
new

follows from the definition of v. By quantifier elimination on R, the set {i|vi # (0}
ic computably enumerable. Indeed, by Weierstrass Theorem [21], existence of g €

C(R) such that g € J,c; Uﬁiﬂ’f{; is equivalent to existence of m € w and polynomial
p € Q[z] of degree m such that p € (J,;¢; USJ,(Z By quantifier elimination on R, we
can effectively check this property.d O

We recall the notion of specialisation order on Ty-spaces.

Definition 2.11 Let (X,7) be a Tp-space. A binary relation < on X is called
specialisation orderif y <z «— y € cl({z}).
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Remark 2.12 Let us note that every partial continuous function f on a Ty-space
is monotone on dom f with respect to the specialisation order.

We recall the notion of core-compact topological space.

Definition 2.13 A topological space (X, 7) is said to be core-compact iff the lattice
O(X) of the open subsets is continuous.

It is well-known that locally compact spaces and continuous domains are core-
compact [8]. Below we slightly modify the definition of strong inclusion. Let < be
the specialisation order. Denote § = {z € X|y < 2} = [\, cp: Bk-

Definition 2.14 Let (X, 7,v) be an effectively enumerable core-compact Tp-space,
where X is a non-empty set, 7 C 2% is a base of the topology 7 and a : w — 7 is
a numbering. Let E C w? be a computably enumerable relation. We say that E is
compact-like strong inclusion (abbreviated as clsi ) if the following conditions hold.

E 1). If kEm, then Nycp, as < am.

E2). an = U, 5, am for every n, m € w where E' = {< n,m >€ w?|3k(Dy, =

E3). If(jc jaj=2={y € X[z <y}forz € amand J Cw, then kEm for a finite
Dy C J.

E 4). If kEn and for all j € Dy [;Ej and Dy = J Dy, then sEn.

JEDy
5). If sEn and sEm, then 3k (kE'n A kE'm A sEk).

The basic examples are Euclidian spaces (R™, 7), where the topology 7 is formed
by the base which is the set of balls B(p,r) with p € Q™ and r € QT. It is easy
to see that (\ycp, as < am if and only if cl(\asep,s) € am. Put kEm =
cl(Nsep, @) € am. By decidability of Th(R), the properties (E1) — (E5) hold.

3 Computability on Effectively Enumerable Topologi-
cal Spaces

Now we introduce notions of computable function over effectively enumerable topo-
logical spaces based on the well-known definition of enumeration operator.

Definition 3.1 [16] A function I'c : P(w) — P(w) is called enumeration opera-
tor if

I'.(A) =B« B={j|Fic(i,j) € We, D; C A},
where W, is the e-th computably enumerable set, and D; is the i-th finite set.
Definition 3.2 Let X = (X, 7,a) be an effectively enumerable topological space
and Y = (Y, A, 8) be an effectively enumerable Ty-space.

A partial function ' : X — Y is called computable if there exists an enumeration
operator I'e : P(w) — P(w) such that, for every x € X,
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(i) If € dom(F) then
I.({i € wlx € ai}) = {j € w|F(x) € Bj}.

(ii) If & dom(F) then, for ally € Y

({8117 € Te(Ax)} # ({Bili € By},

JEW JEW
where A, = {i € w|z € i} and B, = {j € w|y € Fj}.

Theorem 3.3 Let X = (X, 7,«) be an effectively enumerable topological space and
Y = (Y, \, ) be an effectively enumerable To-space. For a total function F : X —Y
the following are equivalent.
(i) F is computable;
(ii) There ewists a computable function h : w X w — w such that F~Y(3j) =
Uie(,u Oéh(’i, ])

Proof. Let F: X — Y be computable. By definition, we have T ({ilz € ai}) =
{j|F(z) € Bj}. Since X is effectively enumerable, there exists a computable function
H :w X w — w such that

m ol = U aH (k,s).

ieDk SEw
So,
z € F7Y(Bj) « F(z) € Bj < Ik (D C {ilz € ai} Ac(k,j) € W) <
\/ T E Qi \/ dsxz € aH(k,s) <
c(k.j)EWe c(kj)EWe
x € U aH(k,s) <z € U ah(j,m)
c(k,j)EWe,s€w mew
for a computable function h: w X w — w.
Now suppose F~1(3j) = Uico @h(i,j). Then, there exists e such that, for A, =
{z|x € ai},
Te(Ay) = {j[3sh(j, ) € A} = {jle € F1(8))} = {j|F(x) € Bj}.
O
Proposition 3.4 Let X = (X, 7,a) be an effectively enumerable topological space
and Y = (Y, A\, B) be an effectively enumerable Ty-space.

(i) If F: X — Y is a computable function, then F is continuous at every points
of dom F'.

(ii) A total function F : X — Y is computable if and only if F is effectively
continuous.

Proof. The first claim is straightforward form Definition 3.2. The second claim is
based on Theorem 3.3. ]
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Definition 3.5 Let X = (X, 7, ) be an effectively enumerable topological space
and ) = (Y, A, B) be an effectively enumerable Ty-space.

A partial function F' : X — Y is called strongly computable if there exists an
enumeration operator I, : P(w) — P(w) such that

(i) If € domF, then I'c(A;) = Bp(y), where A, = {i € w|z € ai}, By = {j €
wly € Bj}.
(ii) If x € domF and T'.(A,) = J, then ({Bi|j € J} £ § for every y € Y.

Remark 3.6 Let us note that the notion of strongly computability is invariant
under computably equivalent numberings of topologies bases.

Now we compare our notion of strongly computability with strongly (p%, o5 )-
computability for ' : X — Y, where X and Y are computable metric spaces,
and p%, py- are Cauchy-representations of them. For the definitions of Cauchy-
representation and strongly (pS, p§-)-computability we refer to [23].

Theorem 3.7 Let X = (X, )\, Bx,dx) and Y = (Y, 3, By, dy) be computable met-
ric spaces and (X, 7x,a*), (Y, 1y, 5*) be corresponding them effectively enumerable
topological spaces. For every total function F : X — Y, the following are equivalent.

(i) F is strongly (p%, p§ )-computable;

(ii) F is strongly computable as a function from one effectively enumerable topo-
logical space to another (c.f. Definition 3.5).

Proof. It is easy to see that there exists an effective procedure which given a
Cauchy-representation p% (z) produces A, = {i|z € a*i} as well as there exists
an effective procedure which given A, produces a Cauchy-representation pS () for
every z € X. By Definition 3.5 and the definition of (p, p§)-computability, both
computabilities coincide, details are routine. |

Theorem 3.8 For total functions the notions of computability and strongly com-
putability coincide.

Remark 3.9 Below in the case of total functions we use notation ”computable”
for both computable and strongly computable functions.

Let (N, 7,v), be a To—space, where N is the natural numbers, 7 is the discrete
topology and v is its numbering defined as follows:

v0=0;vn+1={n}.

Proposition 3.10 For (N, 7,v), the class of partial strongly computable functions
coincides with the partial recursive functions.

Proof. Suppose f : N — N is strongly computable. Since the specialisation order
on N coincides with the equality on N, there exists an enumeration operator I', :
P(w) — P(w) such that
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n+lele(D)—Jx(z+1€DAflx)=n).
Suppose D is finite. Note that if x & domf, then for all y € Y,

({8117 € Te(Au)}  {u}-

JjEWw

Hence, f(z) =n < 3D (D is finite Ao =1€ DAn+1eTl.(D)),ie., fis a par-
tial recursive function.

Suppose f is a partial recursive function. Put I'.(4) = {f(x) + 1|z + 1 € A}. Tt is
easy to see that I'.(A) is a required enumeration operator. a

Theorem 3.11 For partial functions, the strongly computable functions is a proper
subclass of the computable functions.

Proof. Let us consider To—space (N,7,v). It is easy to see that a computable
function is representable as 1\ hy for some partial recursive functions hi, he whereas
the strongly computable functions coincide with the partial recursive functions. O

Definition 3.12 Let X = (X, 7, «) be an effectively enumerable topological space
and Y = (Y, A, 3) be an effectively enumerable Ty-space.

A partial function F' : X — Y is called weakly computable if there exists an
enumeration operator I'; : P(w) — P(w) such that, for every = € X,

(i) If z € dom(F), then
Te(A;) =J and () B; = F(x)
JjeJ
(ii) If x & dom(F'), then
Ie(A;) = J and ﬂ Bj # y for any y € Y.
jeJ

Proposition 3.13 The computable functions is a proper subclass of weakly com-
putable functions.

Let us consider the real numbers with two topologies g and 74, where 7g is the
standard topology and 74 is defined as follows. We fix a se t A which is open but
not effectively open. The topology 74 is induced by the base

7x ={(a,b)]a, b € Q} U{(a,b) N Ala, b € Q} U {(—00,+00)}.
We take f =id: (R, m,a) — (R, 7a,0), where 3 is defined as follows.
B(2n) =an;B(2n+1) = ANan.

Since preimage of A is not effectively open, f is not computable whereas f is weakly
computable. Indeed, it is easy to see that I'.(Y) = 2Y = {2m|m € Y} is a
corresponding enumeration operator.
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Theorem 3.14 Let X = (X, 7,a) be an effectively enumerable topological space
and Y = (Y, \,3) be an effectively enumerable core-compact Ty-space endowed by
some clsi-relation E C w?. A partial function F : X — Y is computable if and only
if F' is weakly computable.

Proof. If F' is computable it is easy to see that the corresponding operator I',
satisfy the conditions of Definition 3.12.

Let F' be a weakly computable function and I'e be a corresponding enumeration
operator. We construct a new enumeration operator I'.s as follows.

m e T (A) & meTl(A)VIkIs|Ds C AN Dy CTe(Ds) ANkEm)].

By the properties (E1) and (E3) of the clsi-relation E it follows that

(Meyli € Ter(A)} = (el € Te(A)}.

Hence,
if x € domF, then am € F(z) < m € I'v(Ay),
whereas,
if x ¢ domF, then ﬂ{aﬂj €l (Ay)} # Z for any z € Y.
So, F' is computable. |

4 Conclusion and Related work

We investigated computability over effectively enumerable topological spaces which
contain computable metric spaces and effective w-continuous domains as proper
subclasses. It has been shown that computability over effectively enumerable topo-
logical spaces corresponds to effective continuity. There has been a considerable
interest in computability theory in the question of whether computable maps are
continuous with respect to natural topologies. Myhill and Shepherdson [15] have
shown that every computable operator on the set of partial recursive functions is
effectively continuous and vice versa. Kreisel, Lacombe and Shoenfield [13] have
proven analogous results for the total recursive functions. These results have been
generalised to effectively given Scott domains [6,17,22], recursive metric spaces [14],
separable countable Tp-spaces with a witness for noninclusion [20]. It was shown
that in general the correspondence between computability and effective continuity
does not hold [7,13,24]. For historical remarks we refer to [19].

The main advantages of the class of effectively enumerable topological spaces
are the following:

e The class of effectively enumerable topological spaces is not restricted to countable
spaces.

e The class of effectively enumerable topological spaces contains computable metric
spaces, w-continuous domains.

e Different notions of computability of partial functions is formalised and investi-
gated.
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e For total functions, computability is equivalent to effective continuity.
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