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Abstract

The effective sequence of unifomities on a set and its effective limit are
defined. We can then express some notion of computability of a sequence
of functions which have different jump points. As an example, a sequence
of uniformities on the set [0,1) is discussed.

1 Introduction

The standard notion of computability of a real number or of a sequence of real
numbers as well as that of the computability of a continuous function or of
a sequence of continuous functions is now generally agreed. There are many
references on this subject. We refer the reader to [9]; there is also [20] for a
quick read.

Very often, however, we compute values of a discontinuous function. We thus
expect that some class of discontinuous functions can be attributed a certain
kind of computability. In an attempt of computing a discontinuous function,
a problem arises in the computation of the value at a jump point (a point of
discontinuity). This is because it is not in general decidable if a real number is a
jump point, that is, the question “x = a?” is not decidable even for computable
z and a.

One method of dissolving this problem was proposed in [9] by Pour-El and
Richards and was succeeded by Washihara (cf. [13],[14],[15]) and others. It
was a functional analysis approach. In their treatment, a function is regarded
as computable as a point in some function space. This is sufficient in order to
draw a rough graph of the function, but does not supply us with information
when computing individual values.
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There are many ways of characterizing computation of a discontinuous func-
tion. We have proposed some approaches to this problem. One is to express the
value of a function at a jump point in terms of a recursive rational sequence ap-
proximating it with a “limiting recursive” modulus of convergence instead of a
recursive one (Yasugi, Brattka, Washihara:[16]). (A limiting recursive function
is obtained from a recursive function by taking the limit of values with respect
to a parameter. The notion of limiting recursive functions is due to Gold [2], and
has been utilized also in some works related to ours: cf. [8] and [3].) Another is
to change the topology of the domain of a function (Tsujii, Mori, Yasugi:[11]).
Under certain conditions, these two approaches are equivalent ([18]).

As for a sequence of functions with different jump points, we proposed an
approach, guided by an example of the system of Rademacher functions (Yasugi,
Washihara:[21]), in terms of a limiting recursive modulus of convergence. Let
{¢1(x)} be the sequence of Rademacher functions (cf., for example, [10]). In [21],
it was shown that {¢;(z)} has a “weak sequential computability,” that is, there
is a program which does the following job: input a computable sequence of real
numbers {z,,}, a recursive sequence of rational numbers can be constructed so
that it converges to {¢;(x,,)} with a limiting recursive modulus of convergence.

There is an alternative way of expressing a notion of computability of a
sequence of real functions which have different jump points, using the notion
of an “effective sequence of uniformities.” Here we propose the theory of “ef-
fective sequence of uniformities” and its “effective limit” (Section 3). Under a
certain condition, the “limit” of such an effective sequence is again an effective
uniformity (Section 3: Theorem 1).

Our theory of the effective uniform space can be seen in [11], [19], [18]. Some
examples of the effective sequence of uniformities are given in Section 3.

We will first give a brief account of some fundamental notions such as com-
putable real numbers and computable (continuous) functions (Section 2) for
the reader’s convenience. In Section 4, we present a special case of the the-
ory proposed in Section 3 (Section 4). There we confine ourselves to the real
numbers in the interval I = [0,1) and functions on it. The theory of an ef-
fective sequence of uniformities on I and its limit is developed. For the real
sequences from I, R-computability (computability in the Euclidean topology),
v-computability (computability with respect to the v-th uniformity in the se-
quence, v = 1,2,3,---) and w-computability (computability with respect to
the limit of the sequence) will be defined and their mutual relationship will be
worked out (Theorems 2 and 3).

In Section 5, an example of a function sequence whose uniform computability
property can be stated in the limit space (Theorem 4). This limit space is
topologically equivalent to the Fine-metric space.

In Section 6, other examples of the effective sequence of uniformities and
function sequences which are computable in the limit spaces will be taken up.
Some additional comments are attached at the end.

As a way of remark, we append a related subject, the diagonal-uniformity
(Section 7: Appendix).

We only list some references which have close relationship with the present



work.

We hope to modify our approach to a function sequence with points of
discontinuity defined on a metric space which has a computability structure (cf.
[7] and [17]). We would also like to investigate more applications of our theory.

2 Preliminaries

In the following, N, Z and R will denote respectively the set of natural numbers,
the set of integers and the set of real numbers. In general, p,l,m,n, k will be
used to denote elements of N or positive integers.
A real number z is called computable (R-computable) if
Vm > a(p).le —rm| < 1
> o
for a recursive function o and a recursive sequence of rational numbers {r,}.
This property will be expressed as x ~ (r,, a(p)), or, for short, z ~ (rp,, ).
These definitions can be extended to a computable sequence of real numbers.
A real (continuous) function f is computable (R-computable) if the following
(i) and (ii) hold.
(i) f preserves sequential computability, that is, for a computable {x,},
{f(zn)} is computable.
(il) f is effectively continuous with a recursive (:

Wk > fn, p)¥ay € [-nnl e — gl < o = 17(@) — )] < 55

This definition can be extended to a sequence of functions.

In computing values of a piecewise continuous function, for example, it is a
common practice to first compute the value at a jump point, and then compute
values on the open interval where the function is continuous. Such an action
corresponds to the mathematical notion of isolating the jump points with respect
to a given function. We were thus led to the uniform topology of the real line
induced from the Euclidean topology by isolating the jump points. (We have
employed the definition of uniformity as defined in [4].) For details of three
definitions below, see [11] and [18].

Let X be a non-empty set. A sequence {V,,}nen of maps from X to the
powerset of X, that is, V,, : X — P(X), is called a (countable) uniformity if it
satisfies some axioms, Axioms A; ~ As to be stated below. Let us note that, in
fact, A; and Az in [4] can be unified to A;&Az: N,V (z) = {z}. We will state
Axioms A3z ~ As in the form of effective uniformity.

Definition 2.1 (Effective uniformity:[11]) Let {V,} be as above. It is called
an effective uniformity if there are recursive functions aq, as and ag such that

(A1&As) Ny Vi(z) = {z};
(Effective Az) Vn,mVe € X.V,, (n,m)(x) € Vi(z) N Vi (2);



(Effective Ay) VnVr,y € X.x € Vo) (y) = y € Va(2);
(Effective As) VnVa,y,z € X.x € Vo) (y) ANy € Vaym)(2) = € Viu(2)

T = (X, {V.}, a1, a2, a3) is called an effective uniform topological space.

It is known that {V,(z)} forms a system of fundamental neighborhoods of
x for x € X.

Definition 2.2 (Effective convergence:[11]) A sequence {zy} from X is said
to effectively converge to x in X if there is a recursive function ~ satisfying

VnVk > v(n).x, € Vo(x).
This can be extended to effective convergence of a multiple sequence.

Definition 2.3 (Computability structure:[11]) Let S be a family of sequences
from X (multiple sequences included). S is called a computability structure if
the following C1~C3 hold.

C1: (Non-emptiness) S is nonempty.

C2: (Re-enumeration) If {zx} € & and « is a recursive function, then
{xo{(i)}i eS.

C3: (Limit) If {z;;} belongs to S, {x;} is a sequence from X, and {z}
converges to {x;} effectively as k tends to the infinity, then {z;} € S. (S is
closed with respect to effective convergence.)

In fact, C2 and C3 should be extended to multiple sequences.

A sequence belonging to S is called computable, and x € X is called com-
putable if {x,x,---} is computable.

Remark Applications of the effective uniform space to the computability prob-
lems of some discontinuous (in the Euclidean topology) real functions are seen
in [11], [12] and [18]. In the present article, we are interested in the computabil-
ity property of a function sequence whose functions have different jump points,
and, for that purpose, we need to work on a sequence of uniformities.

3 A sequence of uniformities

We will assume that v,n € N.

In our previous work [11], an effective uniformity, say {U,}, was associated
with a piecewise continuous (in the Euclidean topology) real function so that
its computability problem could be reduced to that of a continuous function
with respect to {U,}. Often, however, we have to deal with a sequence of
functions {f,} whose jump points vary according to v. In such a case, one
might associate a (an effective) uniformity {V;'},, to f, for each v. Then it
may not be possible to consider the function sequence {f,} with respect to one
uniformity. In analysis, it is important that a sequence of functions can be dealt
with in one space. Thus we would like to define the “limit” of such an effective



sequence of uniformities {V,Y'}, ,,, so that we can talk about the computability of
the function sequence { f,} in the “limit space.” In fact, the sequecne {W, .y}
defined by Wy, ,y =V, does the work under a certain condition, where (v, n)
denotes a standard recursive paring function. (Details will be presented later.)
We can then define the notion of computability of {f,} with respect to the
“limit uniformity” {W(, ,y}. What is important is that, in this way, we can
discuss the computability of {f,} as a function sequence while preserving the
information that f, is computable with respect to {V,*'},. We can make this
idea clear by considering the sequence of pairs {(f,,{V,'}n)}o.

Definition 3.1 (Effective sequence of uniformities) 1) Let {V,¥} be a sequence
of uniformities on a set X satisfying the following conditions (cf. Definition 2.1).
For each v, A1& A holds, that is, N, VY (x) = {z}.
In A3, A4 and As in Definition 2.1, the recursive functions aq, s and as
depend also on v. Thus, for example, effective A4 stands as follows.
Yv,nVa,y € X.x € V¥ (y) =y eVy(x).

az(vin)

Then {V;V}, », will be called an effective sequence of uniformities (on X).

(An expression such as as(v;n) is used here to emphasize that as(v;n)
concerns the vth uniformity in a sequence, although mathematically as(v,n)
will do just as well.)

2) The limit sequence of {Vy'}, denoted by {W, ,y}, is defined by W, ,,y =

VY. More precisely, define {W;} by W; = V:;((ll)), where 7 and 79 are recursive

inverse functions of a recursive pairing function (p, q) so that I = (w1 (1), m2(1)).

3) The limit sequence {W;}(= {W,n}) as defined above will be called
the effective limit of {V,V},, if, for Ag, further holds that there are recursive
functions g and ~ satisfying the following:

V1, va;n, mVx € X.V;((IZ1 ’;;",;:L’mm)) (x) TV (x) N V2 (x).

We will call this condition the sequential intersection property (of {V,'}).

Theorem 1 (Limit uniformity) The effective limit of the sequence {V;*}, de-
noted by {W, »y} (cf. 2) and 3) of Definition 3.1), is an effective uniformity on
X (cf. Definition 2.1). We can thus call {W, .y} the effective limit uniformity
of {V'}.

Proof A;&A, is obvious. Ay and As hold due to the conditions in 1) of
Definition 3.1. For example, A4 can be shown to hold as below.

Yo, nVa,y € X.x € Wiy asuin)) () = ¥ € Wiy ().
A3 holds due to the sequential intersection property:

W(’Y(Vl,l/%mm)ﬁ(lfl,l/2;n7m)>(x) < W(Vl,m}(x) N W(VQ,'VL2> ({E)



We will denote the space with the effective limit uniformity by
X = <X7 {W<V,n)}7 a, e, as, 3, 'Y> :

Theorem 1 guarantees that, under the sequential intersection property, there
is the effective limit uniformity of an effective sequence of uniformities.

We will list some examples of the effective sequence of uniformities on the
real line R with the sequential intersection property (cf. 3) of Definition 3.1).
We will later consider some function sequences defined on these uniform spaces
(Section 6).

Example 1 Let i represent an integer. Define {V;¥} on R as follows. VY (z) =
{i} for all n if = i for an ¢ where —v < i < v. Suppose = # i for any such i. Let
J¥ denote one of the open intervals (—oco, —v), (—v, —v+1), -+, (v—1,v), (v, 00).

1 .
—z—n,x+2—n) ifoxeJv
Corollary 1 The effective limit of {V} in Example 1 turns out to be topo-
logically equivalent to the amalgamated space in [11]. The amalgamated space is
the uniform space on R such that all the integers are isolated and each interval
between adjacent integers is assigned the usual interval topology.

V() =JYN(x

n

Example 2 For each v = 1,2,3,---, consider the computable sequence of real
numbers {gf,ﬂﬂ}, wherei € Z. If x = gﬁﬂw for some i, then define a sequence
of uniformities on R by VY (z) = {247} for all n. If z € JY = (37, Zt3n)
for some 4, then put

Y Y 1 1
Vy(z)=JiN(x— %t 2—n)
Example 3 Consider the interval Iy = [0, 1]. Define first a “v-decomposition”
of Iy, denoted by K7, v} where i; = 0,1, 2, as follows.

(1171'27'

v S 7 P, )2 1
(i1 iz, yin) = k=13k k=13_k+3_u]

ifig, -, ip_1,0, #1;

y D 7 P 7 1
K gy = ( k=135 Zk=13k + 37)

if41,-+,iy—1 # 1 and i, = 1;

_ ok
K&11i27"'7iu> - K(il,i2,~~~,iu>
if there exists a pr < v — 1 such that 41, --,4,—1 # 1 and i, = 1.
It is obvious that, for each v, the collection of K é/il i m’s forms a decom-
position of Iy, hence, for every x € I, there is a unique tuple (iy1,i2, - ,i,)

such that z € Ké’.

t1vizsenin) - NOW define a sequence of uniformities by
si2yedy

VY(z) = K, N (z 2%

(i1,32,710)

+50)

_2_n’x



v
(i1,d2,0,00) "

presuming that x € K
Example 4 Consider the interval I =[0,1). Put p, = v + 1.

k k+1 1 1
) )ﬁ(x + 5
Py Pv 2n

Vi (@) )

_2_n’x

ifa:e[%,%),fork:O,l,---,l/andneN.

It is a straightforward practice to show that the sequence of uniformities in
each of Examples 1~4 is an effective one.
In Examples 1~3, define § and « in 3) of Definition 3.1 by

B(v1,ve;n,m) = max(n,m); vy(v1,v2;n,m) = max(vy, va).
In Example 4, define
6(V17V2;n7m) = max(n,m); 7(”17V2;n7m) = Pvy X Puy-

Then {V'} satisfies the sequential intersection property.

For Examples 1 and 2, for each v, the computable sequences with respect
to {V.Y} (v-computable sequences) can be defined following Section 6 in [11]; for
Examples 3 and 4, they can be defined similarly to those in Section 4 below.
We will return to some of these examples in Section 6.

In the next section, we will present a model example of an effective sequence
of uniformities.

4 A sequence of uniformities on / = [0,1)

We will subsequently present a special example of an effective sequence of uni-
formities, denoted by {U!}, with which one can prove some interesting inter-
relations between the computability problem with respect to {U}},, for each v
and the computability problem with respect to the effective limit uniformity. In
Section 5, we will also give an example which indicates the following fact. The
index v represents the “size of the mesh” of a function f which is continuous
with respect to {U}},, that is, v plays the role of a parameter expressing the
distance of two adjacent points of discontinuity of f (in the Euclidean topology).
Put I =[0,1). This is the domain of our discourse in Sections 4 and 5. We
assume that v,k € N and 0 < k£ < 2¥ — 1. We introduce an example of the
effective sequence of uniformities {Uy;} and its effective limit {Z, ,y} on I.

Definition 4.1 (Neighborhoods and uniformity) Define subintervals of I, de-
noted by Iy, and a sequence of maps U : I — P(I) as follows.

1 1
2%7 %), Ul(x) =1 N (x

n

1
+—) if zelj.

Y = -
k [ 2n’m on



Lemma 1 1) {UY} is a decreasing sequence with respect to v, that is, U¥ ™1 (z) C
UY (z).
2) {U}} is a decreasing sequence with respect to n, that is, Uy, (x) C
3) z € Ul(y) if and only if y € UY(x) (symmetry).
4) Itz e Uy (y),y € Uy 1(2), then x € U}/(2) (transitivity).

Proposition 4.1 (Effective sequence) 1) {U}} forms an effective sequence of
uniformities on I (cf. 1) of Definition 3.1).

2) Put Z; = U:;((ll)). {Z;} is the effective limit of {UY} (cf. 3) of Definition
3.1). We will write {Z;} as {Z, n)}-

Proof 1) A1&As: N, UY(z) = {z} is obvious.
As, A4, As follow from 2), 3) and 4) of Lemma 1, that is, for each v, take

a1 (v;n,m) = max(n,m); az(v;n) =n; as(v;n) =n+ 1.
2) For 3 and « in 3) of Definition 3.1, put
B(vi,ve5n, m) = max(v1,va); y(vi,v2;n,m) = max(n,m).

Then U075 () € U (2) 0 UZ2 ().

y(vi,v25m,m)

Definition 4.2 (v-computability) Let v be an arbitrary (but fixed) natural
number. In the following, 1 will denote a finite sequence of indices, which is
possibly empty. pi will denote a finite sequence (of natural numbers) p followed
by 1.

1) A (multiple) sequence {a,;} is called a v-sequence if, for each p, there
exists a k =k, < 2" — 1 such that {a,;}; C I}.

2) A multiple sequence of rational numbers {r,;} is called a recursive v-
sequence if it is recursive and is a v-sequence.

3) {aumi} converges v-effectively to {x,m} with respect to ¢ if there is a
recursive function o so that i > a(u, m,p) implies aumi € U} (2um). We write
this property as

Tpum v <ap,mi7 Ct(,LL, mvp»

or, for short, ,m ~ (@umi, ).
4) A sequence of real numbers {z,,} is called v-computable if there are a
recursive v-sequence {r,m,;} and a recursive function « as in 3) such that

Tum v <rpmi7 O‘(/Ja mvp» .

5) A real number z is called v-computable if the sequence {z,z,---} is
v-computable.

Corollary 2 For each v, the family of v-computable sequences from I is a
computability structure with respect to {UY}, (cf. Definition 2.3). (Let us
denote this structure by C,.)



Definition 4.3 (w-computability) 1) A sequence {a};},ui C I is called a
{v}-sequence if {a},; },.i is a v-sequence for each v.

2) A sequence {r};},,; of rational numbers from [ is called a recursive
{v}-sequence if it is recursive and is a {v}-sequence.

(In this case, k& = k, in 1) of Definition 4.2 can be effectively found by
cheking “rj; € I}/?”, and hence the sequence {kj;} is recursive.)
3) A {v}-sequence {aj},,;} is said to converge w-effectively to {xm} (with
respect to 1) if there is a recursive function « such that

VUV UYmYpVi > a(v; p,m, p).ag,; € Uy (Tum)-
This fact will be expressed by
Tum Zw <a/uuni7 Oé(V; 22 m7p)>

or simply x,m ~., <azmi, a> .
4) A sequence {z,m} is called w-computable if there are a recursive {v}-
sequence {r,,;} and a recursive function « as in 3) above, that is,

xum zw <rz,mi7 a(u;u,m,p)> .

5) A real number z is called w-computable if the sequence {z,z,---} is
w-computable.

Lemma 2 A recursive sequence of rational numbers, say {¢;}, regarded as a se-

quence of real numbers, is w-computable, since we can obtain an approximating
v v o __ . y

sequence {r%;} by r%; = g; for all v and .

Theorem 2 (w-computability structure) w-computable sequences form a com-
putability structure with respect to {Z;} (cf. Definition 2.3).

Proof C1 is guaranteed by Lemma 2. C2 is obvious.

C3: Suppose {2, } is w-computable, that is, there is a recursive {v }-sequence
{ry.;} and a recursive a satisfying z;,, >~ (r],,;, @). Suppose also that {z;} C I
and {z;,} converges w-effectively to it, that is, there is a recursive v satisfying
X ~y (Tim,7y). Define

v o_ ,rl/
Qip = Tiy(vil,p+1)a(vil,y (vil,p+1),p+1)

{41, }p is a recursive {v}-sequence, and the following hold:

dp € U11;+1(xlv(1/;l,p+1))vxlv(val,zﬂrl) € Uzl;+1(xl)'

From this, by virtue of 4) and 2) of Lemma 1, follows Vs > p.qj, € U}/ (1), that
is, {z1} is w-computable with a recursive {v}-sequence {qj,} and the identity
function as a modulus of convergence.



Theorem 3 (R-computability, v-computability and w-computability) 1) If
{Zum} is w-computable, then it is v-computable for all v.

2) For each v, if {x,,} is v-computable, then it is R-computable, hence by
1), an w-computable sequence is R-computable.

3) For one real number x € I, R-computability, w-computability and v-
computability (for each fixed v) are mutually equivalent.

4) For each v, there is a sequence {z,,}, which is R-computable but is not
v-computable.

5) For each vq,vy where vy < vo, there is a sequence {x,,} which is ;-
computable but not vo- computable.

6) If 1 < vy and {a,,} is va-computable, then it is v4-computable.

Proof 1) is obvious from the definitions (cf. Definitions 4.2 and 4.3).

2) is obvious from the definition (cf. 4) of Definition 4.2).

3) The facts that an w-computable real number is v-computable for each
v and a v computable real number is R-computable follow from 1) and 2) as
special cases.

To finish up the equivalences, let us note that each rational number is both
R- and w-computable (c¢f. Lemma 2). Suppose then that z is irrational and
R-computable with z ~ (gm,a) (cf. Section 2). We will show that z is w-
computable. Then the equivalences follow.

Since x is irrational, for each v, there is a unique k£ = k, < 2 — 1 such
that © € IY, or £ <z < EtL. {k,} can be effectively determined. With this
{k,}, we will construct a recursive {v}-sequence {t;} and a recursive J such
that = ~,, (t%,4). (We will omit the v in k, for the simplicity of notations.)

Construction of ¢} is given below:

k+1

= ir 2 < <hrl
p = Qa(p+v) ! v = o (p+v) o’

1 k
= lapr) T 5pqy I o) < 5
k+1 1 . k+1
= o — 2p+1/ lf _21/ S Qa(p+,,).
{ty} is recursive. We will show that it is a {v}-sequence, and that it converges
w-effectively to x, that is,

v k .
1. pr>—il,,1

v +1.
2. 1, <55

3. o -8 < 5.

We then have that = is w-computable (cf. 4) of Definition 4.3).
Proof of 1~3.

Case where ¢o(p40) < 2ﬁu(< x).

1. Since 0 < & — Go(ptv) < QP%, it follows that

k 1,
o < T <lap+v) T 3ppy = lp:



2. Since o (pyr) < kit follows that

v
1 k 1 k+1

tp = qa(p+l/) + _2p+_1/ < 2_11 + 2p+1/ < 21/

3. o —ty] = |z = (qaptr) T 357)

1 1 1 1
S |(E - Qa(p+l/)| + op+v < 2p+v + op+v S 2_;0

The last inequality holds presuming that v > 1.

Other cases are similarly treated.

4) Let a be a recursive injection whose image is not recursive.

Define y,, = 57 if m = a(l); = 0 if there is no [ such that m = a(l). The
sequence {yn,} is known to be R-computable (cf. [9]). Next define z,, by

1 ym
Then {z,,} is R-computable. z,, = 5= — 5+ < 5 if there is an [ such that
m = a(l), and = 2L otherwise. In the former case, x,,, € I and in the latter

case T, € I7.
Suppose there were a recursive v-sequence {¢m;} which v-effectively con-
verges to {T,, } (cf. Definition 4.2). Then the following equivalences hold.
1

< Ym == for some [ < m € a(N);

{qmi}i - Ig = Ty < ol

2v
1
2—V<—>ym:0<—>m¢a(N).
Since {gm;} is a recursive v-sequence, it can be determined in which of I} or
I7 it is contained by checking ¢,,1, hence it would be recursively determined
whether m € a(N) or not for every m, contradicting non-recursiveness of a(IN).
So, {Zm } cannot be v-computable.

5) Define {y,,} as above for v, and then {x,,} defined below will do:

{qmi}i - 111/ Ty =

1 Ym
T = = — =

T Que T o

6) Immediate from the definition.

5 w-computability of a function sequence

As for the computability problem of a function sequence with respect to an
effective limit uniformity, the Rademacher function sequence is a typical exam-
ple. We will thus explain how the uniform computability of this function system
can be treated in {Z;} (cf. Proposition 4.1). The Rademacher function system
(among various piecewise continuous functions) has mathematical significance,
since it is a subsystem of the Walsh function system, which plays an important
role in analysis.
Other examples will be given later.



Definition 5.1 (w-uniform computability of a function sequence) Let {f,} be
a sequence of real functions on I.

1) (w-sequential computability) {f.} is called w-sequentially computable if,
for every w-computable sequence from I (cf. 4) of Definition 4.3), say {zm},
{fn(zm)} is an R-computable (double) sequence.

2) (Effective w-uniform continuity) {f,} is called w-uniformly continuous
if there are recursive functions § and € such that

1
VPV € IVY € Z(5(n.p),e(n.p)) (T)-]fu(2) = fu(y)] < 5.

op

3) (w-uniform computability) {f,} is called w-uniformly computable (with
respect to {Z;}) if it is w-sequentially computable and is effectively w-uniformly
continuous.

The vth Rademacher function ¢, (x), v =0,1,2,3,- -, is defined as follows.

po(x) =1, 2€]0,1)

1, e [E, 21;51)
z) = ;
¢V( ) { _]-a T e [%7’2—}:17 27;:2)

where v >1and i=0,1,2,---,2""1 — 1.
The sequence {¢, ()} is called the Rademacher function system.

Note To each ¢,, the effective uniform space {U}},, is associated, and the size

of the mesh is QL

As has been explained in Introduction, Yasugi and Washihara [21] have
shown that the function system {¢,} is endowed with some kind of compu-
tational attributes. Here in this article, we will show that the computability
problem of the function sequence {¢,} can be treated in the effective limit {Z;}
(cf. Proposition 4.1).

Proposition 5.1 (w-sequential computability of {¢,}) The Rademacher func-
tions system {¢,} is w-sequentially computable with respect to {Z;}.

Proof Let {z,,} be an w-computable sequence from I: x,, ~, (¢4, a) (cf. 4) of
Definition 4.3). We show that {¢,(zm)} is an R-computable double sequence
of real numbers. From the assumption follows that, for all ¢ > «a(v;m,p),
Qi € Up(zm). There is (classically) a k = kymp such that Uy (zm,) = I} N
(T — %,xm + 2%), hence, in particular, Uno(vimp) € IY. Recall that {q;}
is a v-sequence, and hence the k = k,,,, in fact does not depend on p. Since
{qu;La(u;m,l)} is a recursive sequence of rational numbers, k = k,,,1 above can in
fact be computed by examining the inequalities

k41
2 = Dnawmy) < 5o




and hence {k,,1} is a recursive sequence of integers. By definition, ¢, (x,,) =
oy (q;’na(wml)), and hence, to evaluate ¢, (z., ), it suffices to compute ¢, (q;’na(wml))
(=1 or = —1). This value can be determined according as k,,1 is even or odd.

It is then a trivial matter to show that {¢,(z,)} is a computable sequence of
real numbers.

Theorem 4 (Uniform w-computability of {¢,}) The function system {¢,} is
w-uniformly computable with respect to {Z;}.

Proof w-sequential computability has been proved in Proposition 5.1. The
effective w-uniform continuity follows from the fact that ¢, (z) = ¢, (y) holds
when y € U}/ (z).

Note The effective limit uniform space (I,{Z;}) is topologically equivalent
with the space (I,{U}}) (called diagonal-space: cf. Section 7 below), which
is in turn topologically equivalent with the Fine-metric space. The effective
uniform computability of {¢,} holds in the Fine-metric space (cf. [5],[6]). The
virtue of the treatment in (I, {Z;}) is that it preserves the information on the
mesh of each function in the system.

Example (Brattka’s example: [1]) u(z) will denote the binary representation
of x with infinitely many 0’s.
Let f: I — R be defined as follows.

> oo (€ mod 2)2771"'72};0(7”*4')
if /_]/(a’/‘) — Onoléoonl 1[10n2 L.
i—1
S (6 mod 2)2 ™ 2o (M)
if p(z) = 0mo1foQnr1fignz ... 14mQw

fz) =

where ng > 0,n; > 0 for ¢ > 0 and [; > 0 for all ¢ > 0.

Brattka showed that the function f is “Fine-computable” but is “not locally
uniformly Fine-computable.” f can be approximated by the function sequence
{¢v} defined below. Each ¢, is continuous in I}/, and jumps at 2%, kE<2V—1.
So, ¢, is continuous in the uniform space {UY}. In our language, {¢,} is an
“w-computable” sequence of functions and f is an “w-computable” function.

) = {0 if 0<z<3
A= U i L<ae<l
—1)¢ voi (28 (@142 .

CE T T fimghse<iog
1=1,2,...,v—

J(x) = i

ov(@) " if 1— gty <z<l-o
LD if 1-L<z<l

o 1
For each v, the “mesh” of ¢, is 5.



6 Other examples

Here we will take up Examples 3 and 2 in Section 3.

Example 3 It is easy to show that the sequence of uniformities in Example 3
is an effective sequence of uniformities. The notions of the v-computability and
the w-computability of sequences from Iy with respect to {V,'} can be defined
similarly to those in Definitions 4.2 and 4.3, replacing I} by Ké/il,m,iu)'

Define next a function sequence {7,} as follows. Suppose x € Kooy

Y(x) =0 if d1,-0 i1 £ 1,0, =1

’y,,(x):l if dq,ee,i, #F L
(@) =7 (x)(=0) if Jpu<v—1liy,-,iu—1#1,0,=1

Each v, is uniformly continuous with respect to {V,Y' },,. It is also sequentially
computable and is effectively uniformly continuous with respect to {V,},. In
fact, the function sequence {7,} is uniformly w-computable with respect to
Wi} ={ V:;((ll)) }. These facts can be shown similarly to the proofs of Proposition
5.1 and Theorem 4.

The pointwise limit, that is, lim, v, (z) for each z, exists. Let us denote this
limit by ¢(x). It is obvious that ¢(x) is the characteristic function of the Cantor
set. Since {v,(x)} pointwise approximates ¢(z), in a way, we can identify the
Cantor set with the function sequence {~,}.

We can sum up the result above as follows.

Proposition 6.1 (Computability of {7,}) The sequence of functions {v,},
which pointwise approximates (in the Euclidean topology, classically) the Cantor
ternary set, is uniformly computable in the effective limit (Io, {W;}).

Note The function ¢(z) is not continuous with respect to {W;}, and hence the
convergence is not uniform.

Remark In the space L2[0, 1], a set such as the Cantor set is negligible, and
hence there is no way of discussing its approximation (or the approximation
of its characteristic function) with a computable sequence of functions in the
functional space approach to computability.

Example 2 Consider the function sequence 7,(x) defined on R as follows.
T(z) = tan(2¥z) if 2 € JY; = 0 if ¢ = 2847, {7,(2)} is not uniformly
computable in the effective limit, but is “locally uniformly computable.” (The
notions of locally uniform computability and computability in an effective uni-
form space and related examples are also mentioned in [12].) The “mesh” of

T,(x) is 3.




7 Appendix: Diagonal uniformity

As was notified in Note of Section 5, we will show that {Z;} in Section 4 is
equivalent to “diagonal-uniformity” {U}.

Definition 7.1 (Diagonal sequence) The sequence {U}'}(= {Z (5 }) will be
called the diagonal sequence of {U}}, and will be denoted by {U,}. A sequence
of real numbers {z,,} C I is called diagonal-computable if it is effectively ap-
proximated by a recursive sequence of rational numbers with respect to {U,}.

Lemma 3 1) For any n and any z € I, U,(z) = I} for some k. So,
y € Up(x) < Uply) = I = Uy(x).
2) Upti(z) C Up(x).

Proposition 7.1 (Diagonal sequence and limit) The sequence {U,} forms an
effective uniformity which is topologically effectively equivalent to the effective
limit {Z;} (cf. Proposition 4.1).

Proof We use Lemma 3.

A1& Ay is obvious. For Az, m = max(ni,n2) will do. For A4 and As, put
m =n. {U,} thus forms an effective uniformity.

As for the effective equivalence, notice that {U,} is a subsequence of {U}}.
For the converse, put ng = max(v,n). Then UY(x) D Uy, (z).

Definition 7.2 (Diagonal uniformity) The sequence of diagonals {U,} as in
Definition 7.1 will be called the diagonal-uniformity determined by {UY} or
{Zwny}, and the space (I,{U,}) will be called the diagonal space determined

by {Uy}.

Definition 7.3 (Diagonal-computability) A sequence of real numbers {z,,} C
I is diagonal-computable if there is a recursive sequence {gpmy} of rational num-
bers which converges to {z, } effectively with respect to {U,} in a manner that,
for a recursive function v and for k > v(m,p), ¢mr € Up(zy). We will write
this property as

Tm =D <kaa’7> .

The definition can be extended to a multiple sequence.

Proposition 7.2 (Diagonal computability structure) The family of diagonal-
computable sequences of real numbers, say R, forms a computability structure
for (I,{U,}) (cf. C1~C3 of Definition 2.3).

Proof C1 and C2 are obvious. For C3, suppose that {z;,} € R is repre-
sented by Tim ~p (Qmp,y), and that {z;, } effectively converges to {z;} with
a recursive modulus of convergence €. In particular, gy~ ,m,p) € Up(Tim) and

Tie(l,p) S Up(l‘l).



If we put 715 = Gie(1,p)y(1,e(1,p),p)> then {7y} is a recursive sequence of rational
numbers satisfying ri, € Up(2ic(1p)). On the other hand, since ;. ) € Up(x1),
Up(1c1,py) = Up(x1) by 1) of Lemma 3. So, ry, € Up(2ic1,p)) = Up(a1).

Put next n(l,p) = p. If ¢ > p, then by 2) of Lemma 3, 1, € Ug(z;) C Up(ay).
It thus follows that x; ~p (rip,n), or {z;} € R.

Theorem 5 (Diagonal-computability and w-computability) A sequence {z,,} C
I is diagonal-computable if and only if it is w-computable (cf. Definitions 7.3
and 4.3).

Proof Suppose {z,,} is diagonal-computable. Then there are recursive {gmp}
and «y such that z,, ~p (¢mk,7) (cf. Definition 7.3). Define r},; = Gm~(m.v)+is
and put a(v;m,p) = y(m,v +p). {r4,} is a recursive {v}-sequence and « is a
recursive function. Suppose j = a(v;m,p) + 1. Then

v o _ v v _
"mj = Tma(vim,p)+l = T"my(m,v+p)+1 = Imy(m,v)+v(m,v+p)+i

+
= Qm~(m,v+p)+y(m,v)+l € U:Jr;;l))(xm) C Ug(xm)
by Lemma 1, and so x,, >, <T;’nj, a>.

Suppose conversely, that {z,,} is w-computable: z,, =, (rZ., «), where
{ry.,} is a recursive {v}-sequence. Put g, = r5,,. Then ¢y, € Up(zm) = I},
for some appropriate k. Put §(m,p) = a(p;m,p) + p, and suppose i > 3(m, p).
Then i = a(p;m,p) + j + p for some j. So, ¢mi = Tma(pmp)+itp € Up(zm) C

UP(zy) (cf. 1) of Lemma 1), that is, 2, ~p (gmi, 5)-

Note Yasugi, Tsujii and Mori [19] showed that the metric induced from an
effective uniformity by a general construction preserves effective convergence,
while left it open if it preserves sequential computability. The metric obtained
from the uniformity {U, } by the general construction method indeed preserves
sequential computability. The resulting metric induces the same system of fun-
damental neighborhoods as the one that is induced from the Fine metric.
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