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Preface

Andrej Bauer!, Peter Hertling?, and Ker-I Ko3

! Faculty of Mathematics and Physics, University of Ljubljana, Slovenia
2 Fakultit fiir Informatik, Universitit der Bundeswehr Miinchen, Germany
3 Department of Computer Science, State University of New York at Stony Brook,
USA

The Sixth International Conference on Computability and Complexity in
Analysis, CCA 2009, took place on August 18 to 22, 2009, in Ljubljana, Slovenia.
It was the 15th event in a series of workshops, seminars and conferences on CCA.
For more information about CCA see http://cca-net.de.

The conference is concerned with Computable Analysis, the theory of com-
putability and complexity over real-valued data. Computability theory studies
the limitations and abilities of computers in principle. Computational complexity
theory provides a framework for understanding the cost of solving computational
problems, as measured by the requirement for resources such as time and space.
In particular, Computable Analysis supplies an algorithmic foundation for nu-
merical computation.

Scientists working in the area of computability and complexity over the real
numbers and over more general continuous data structures come from different
fields, such as theoretical computer science, domain theory, logic, constructive
mathematics, computer arithmetic, numerical mathematics and all branches of
analysis.

The conference program consisted of 4 invited talks, 2 tutorials of three talks
each, and 24 contributed talks. These proceedings contain the abstracts or ex-
tended abstracts of the invited talks, tutorials, and a selection of 22 contributed
articles. We thank all authors for their contributions, the program committee
members and the additional referees for their careful refereeing work, and the
organizing committee members for their work as well.

Andrej Bauer, Peter Hertling, Ker-I Ko (Eds.)
6th Int’l Conf. on Computability and Complexity in Analysis, 2009, pp. 1
http://drops.dagstuhl.de/opus/volltexte,/2009 /2249



Computability and Complexity of Julia Sets
(Invited Talk)

Mark Braverman
Microsoft Research New England, Cambridge, MA, USA

Studying dynamical systems is key to understanding a wide range of phenom-
ena ranging from planetary movement to climate patterns to market dynamics.
Various numerical tools have been developed to address specific questions about
dynamical systems, such as predicting the weather or planning the trajectory of
a satellite. However, the theory of computation behind these problems appears
to be very difficult to develop. In fact, little is known about computability of
even the most natural problems arising from dynamical systems.

In this talk I will survey the recent study of the computational properties
of dynamical systems that arise from iterating quadratic polynomials on the
complex plane. These give rise to the amazing variety of fractals known as Julia
sets, and are closely connected to the Mandelbrot set. Julia sets are perhaps the
most drawn objects in Mathematics due to their fascinating fractal structure.
The theory behind them is even more fascinating, and the dynamical systems
generating them are in many ways archetypal. I will present both positive and
negative results on the computability and complexity of Julia sets.

In conclusion of the talk I will discuss possible future directions and challenges
in the study of the computability and complexity of dynamical systems.

Andrej Bauer, Peter Hertling, Ker-I Ko (Eds.)
6th Int’l Conf. on Computability and Complexity in Analysis, 2009, pp. 3
http://drops.dagstuhl.de/opus/volltexte,/2009/2250



From Interval Computations to
Constraint-Related Set Computations:
Towards Faster Estimation of Statistics and
ODEs under Interval and p-Box Uncertainty
(Invited Talk)

Vladik Kreinovich

Department of Computer Science
University of Texas at El Paso, El Paso, TX 79968, USA
vladik@utep.edu

Abstract. Interval computations estimate the uncertainty of the result
of data processing in situations in which we only know the upper bounds
A on the measurement errors. In this case, based on the measurement
result 7, we can only conclude that the actual (unknown) value z of the
desired quantity is in the interval [z — A,z + A].

In interval computations, at each intermediate stage of the computation,
we have intervals of possible values of the corresponding quantities. As a
result, we often have bounds with excess width. To remedy this problem,
in our previous papers, we proposed an extension of interval technique
to set computations, where on each stage, in addition to intervals of
possible values of the quantities, we also keep sets of possible values
of pairs (triples, etc.). In this paper, we show that in several practical
problems, such as estimating statistics (variance, correlation, etc.) and
solutions to ordinary differential equations (ODEs) with given accuracy,
this new formalism enables us to find estimates in feasible (polynomial)
time.

1 Formulation of the Problem

Need for data processing. In many real-life situations, we are interested in the
value of a physical quantity y that is difficult or impossible to measure directly.
Examples of such quantities are the distance to a star and the amount of oil in
a given well. Since we cannot measure y directly, a natural idea is to measure
y indirectly. Specifically, we find some easier-to-measure quantities x1,..., %,
which are related to y by a known relation y = f(x1,...,x,); this relation may
be a simple functional transformation, or complex algorithm (e.g., for the amount
of oil, numerical solution to a partial differential equation). Then, to estimate

y, we first measure or estimate the values of the quantities x1, ..., z,, and then
we use the results 71,...,7, of these measurements (estimations) to compute
an estimate gy for y as y = f(Z1,...,%n)

Andrej Bauer, Peter Hertling, Ker-I Ko (Eds.)
6th Int’l Conf. on Computability and Complexity in Analysis, 2009, pp. 5-16
http://drops.dagstuhl.de/opus/volltexte/2009/2251



6 Vladik Kreinovich

Computing an estimate for y based on the results of direct measurements is
called data processing; data processing is the main reason why computers were
invented in the first place, and data processing is still one of the main uses of
computers as number crunching devices.

Measurement uncertainty: from probabilities to intervals. Measurement are never
100% accurate, so in reality, the actual value x; of i-th measured quantity can

differ from the measurement result z;. Because of these measurement errors

Ax; def Z; — x;, the result §y = f(Z4,...,%,) of data processing is, in general,

different from the actual value y = f(z1,...,2,) of the desired quantity y.

It is desirable to describe the error Ay def y — y of the result of data pro-
cessing. To do that, we must have some information about the errors of direct
measurements.

What do we know about the errors Ax; of direct measurements? First, the
manufacturer of the measuring instrument must supply us with an upper bound
A; on the measurement error. If no such upper bound is supplied, this means
that no accuracy is guaranteed, and the corresponding “measuring instrument”
is practically useless. In this case, once we performed a measurement and got
a measurement result Z;, we know that the actual (unknown) value z; of the
measured quantity belongs to the interval x; = [z;,T;], where z; = T; — A; and

In many practical situations, we not only know the interval [—A;, A;] of pos-
sible values of the measurement error; we also know the probability of different
values Az; within this interval. This knowledge underlies the traditional engi-
neering approach to estimating the error of indirect measurement, in which we
assume that we know the probability distributions for measurement errors Ax;.

In practice, we can determine the desired probabilities of different values
of Ax; by comparing the results of measuring with this instrument with the
results of measuring the same quantity by a standard (much more accurate)
measuring instrument. Since the standard measuring instrument is much more
accurate than the one use, the difference between these two measurement results
is practically equal to the measurement error; thus, the empirical distribution of
this difference is close to the desired probability distribution for measurement
error. There are two cases, however, when this determination is not done:

— First is the case of cutting-edge measurements, e.g., measurements in fun-
damental science. When we use the largest particle accelerator to measure
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the properties of elementary particles, there is no “standard” (much more
accurate) located nearby that we can use for calibration: our accelerator is
the best we have.

— The second case is the case of measurements in manufacturing. In principle,
every sensor can be thoroughly calibrated, but sensor calibration is so costly
— usually costing ten times more than the sensor itself — that manufacturers
rarely do it.

In both cases, we have no information about the probabilities of Ax;; the only
information we have is the upper bound on the measurement error.

In this case, after we performed a measurement and got a measurement
result z;, the only information that we have about the actual value z; of the
measured quantity is that it belongs to the interval x; = [z; — 4;,Z; + 4;]. In
such situations, the only information that we have about the (unknown) actual
value of y = f(x1,...,2,) is that y belongs to the range y = [y, Y] of the function
f over the box X7 X ... X X,: B

_ def
y =7y = f(x1,...,%) = {f(x1,...,zp) |1 EX1y..o Ty € Xp e

The process of computing this interval range based on the input intervals x;
is called interval computations; see, e.g., [4].

Outline. We start by recalling the basic techniques of interval computations and
their drawbacks, then we will describe the new set computation techniques and
describe a class of problems for which these techniques are efficient. Finally, we
talk about how we can extend these techniques to other types of uncertainty
(e.g., classes of probability distributions).

2 Interval Computations: Brief Reminder

Interval computations: main idea. Historically the first method for computing
the enclosure for the range is the method which is sometimes called “straight-
forward” interval computations. This method is based on the fact that inside
the computer, every algorithm consists of elementary operations (arithmetic op-
erations, min, max, etc.). For each elementary operation f(a,b), if we know the
intervals a and b for a and b, we can compute the exact range f(a,b). The
corresponding formulas form the so-called interval arithmetic:

la,a] + [b,0] = [a+b,a+b]; [a,a]—[bb]=[a—ba—Db;

[Qva] : [@75} = [min(g'b,gog,ﬁ ~b,6 '5),111&)((@'@,@ '576' baa' 5)]7
1/[a,a] = [1/@,1/a] if 0 £ [a,]; [a,@]/[b,b] = [a, @] - (1/[b, B)).
In straightforward interval computations, we repeat the computations forming
the program f step-by-step, replacing each operation with real numbers by the

corresponding operation of interval arithmetic. It is known that, as a result, we
get an enclosure Y O y for the desired range.
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From main idea to actual computer implementation. Not every real number can
be exactly implemented in a computer; thus, e.g., after implementing an oper-
ation of interval arithmetic, we must enclose the result [r~, "] in a computer-
representable interval: namely, we must round-off »~ to a smaller computer-
representable value r, and round-off v to a larger computer-representable value 7.

Sometimes, we get excess width. In some cases, the resulting enclosure is exact;
in other cases, the enclosure has excess width. The excess width is inevitable
since straightforward interval computations increase the computation time by
at most a factor of 4, while computing the exact range is, in general, NP-hard

1 n
(see, e.g., [5]), even for computing the population variance V = — - Z(mZ —7)?,
. i=1
where T = — Zl x; (see [3]).
=
If we get excess width, then we can use more sophisticated techniques to get
a better estimate, such as centered form, monotonicity, bisection, etc. (see, e.g.,
[4]). These methods usually decrease the excess width, but do not completely
eliminate it.

Reason for excess width. The main reason for excess width is that intermediate
results are dependent on each other, and straightforward interval computations
ignore this dependence. For example, the actual range of f(x) = x1 — 22 over
x; = [0,1] is y = [0,0.25]. Computing this f means that we first compute
7o := 2% and then subtract x5 from x;. According to straightforward interval
computations, we compute r = [0,1]? = [0, 1] and then x; —x2 = [0,1] —[0,1] =
[—1,1]. This excess width comes from the fact that the formula for interval
subtraction implicitly assumes that both a and b can take arbitrary values within
the corresponding intervals a and b, while in this case, the values of x1 and xo
are clearly not independent: x5 is uniquely determined by z1, as x5 = 2.

3 Constraint-Based Set Computations

Main idea. The main idea behind constraint-based set computations (see, e.g.,
[1]) is to remedy the above reason why interval computations lead to excess
width. Specifically, at every stage of the computations, in addition to keeping
the intervals x; of possible values of all intermediate quantities x;, we also keep
several sets:

— sets x;; of possible values of pairs (x;,x;);
— if needed, sets x;;;, of possible values of triples (z;,x;, zx); etc.

In the above example, instead of just keeping two intervals x; = x5 = [0, 1], we
would then also generate and keep the set x12 = {(z1,2%)|z1 € [0,1]}. Then,
the desired range is computed as the range of x1 — x5 over this set — which is
exactly [0,0.25].
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To the best of our knowledge, in interval computations context, the idea of
representing dependence in terms of sets of possible values of tuples was first
described by Shary; see, e.g., [6] and references therein.

How can we propagate this set uncertainty via arithmetic operations? Let us
describe this on the example of addition, when, in the computation of f, we use
two previously computed values x; and z; to compute a new value zj := x; + ;.
In this case, we set x;;, = {(@;, z; +z;) | (¥, 2;) € x45},

xjk = {(2j, 2 + ;) | (3, 25) € X35},
and for every [ # i, j, we take
Xp = (i + x5, 20) | (24, 25) € X4, (24, 71) € X1, (), 271) € X5}

From main idea to actual computer implementation. In interval computations,
we cannot represent an arbitrary interval inside the computer, we need an en-
closure. Similarly, we cannot represent an arbitrary set inside a computer, we
need an enclosure.

To describe such enclosures, we fix the number C' of granules (e.g., C' = 10).
We divide each interval x; into C' equal parts X;; thus each box x; x x; is divided
into C? subboxes X; x X;. We then describe each set x;; by listing all subboxes
X; x X; which have common elements with x;;; the union of such subboxes is
an enclosure for the desired set x;;.

This implementation enables us to implement all above arithmetic opera-
tions. For example, to implement x;, = {(z;, z; + x;) | (x;, ;) € x;;}, we take
all the subboxes X; x X; that form the set x;;; for each of these subboxes, we
enclosure the corresponding set of pairs {(z;, z; + ;) | (x;,2;) € X; x X} into
a set X; x (X; + X;). This set may have non-empty intersection with several
subboxes X,; x Xy; all these subboxes are added to the computed enclosure for
Xx- Once can easily see if we start with the exact range x;;, then the resulting
enclosure for x;; is an (1/C)-approximation to the actual set — and so when C
increases, we get more and more accurate representations of the desired set.

Similarly, to find an enclosure for

Xp = {(@; + x5, @) | (23, 25) € X45, (x5, 21) € X1, (2, 21) € x50},

we consider all the triples of subintervals (X;, X;, X;) for which X; x X; C x;;,
X; x X; C xy, and X; x X; C xj;; for each such triple, we compute the box
(X; + X;) x Xj; then, we add subboxes X}, x X; which intersect with this box
to the enclosure for xy;.

First example: computing the range of t—x. For f(xz) = z—x on [0, 1], the actual
range is [0,0], but straightforward interval computations lead to an enclosure
[0,1] —[0,1] = [—1, 1]. In straightforward interval computations, we have r; = x
with the exact interval range r; = [0,1], and we have ro = x with the exact
interval range x5 = [0, 1]. The variables 7y and r5 are dependent, but we ignore
this dependence.

In the new approach: we have ry = ro = [0, 1], and we also have rys:
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T2

1

For each small box, we have [—0.2,0.2], so the union is [—0.2,0.2].
If we divide into more pieces, we get an interval closer to 0.

Second example: computing the range of x — x2. In straightforward interval

computations, we have r; = & with the exact interval range interval ry = [0, 1],
and we have ro = 22 with the exact interval range x5 = [0,1]. The variables
r1 and ro are dependent, but we ignore this dependence and estimate rs as
[0,1] = [0,1] = [-1,1].

In the new approach: we have ry = ry = [0,1], and we also have ry5. First,
we divide the range [0,1] into 5 equal subintervals Ry. The union of the ranges
R? corresponding to these 5 subintervals Ry is [0, 1], so r2 = [0,1]. We divide
this interval rs into 5 equal sub-intervals [0,0.2], [0.2,0.4], etc. We now compute
the set ri2 as follows:

— for Ry = [0,0.2], we have R? = [0,0.04], so only sub-interval [0, 0.2] of the
interval ry is affected;

— for Ry = [0.2,0.4], we have R? = [0.04,0.16], so also only sub-interval [0, 0.2]
is affected;

— for Ry = [0.4,0.6], we have R? = [0.16,0.36], so two sub-intervals [0, 0.2]
and [0.2,0.4] are affected, etc.

T2
X
X | X
X
X | X
X | X | X
1

For each possible pair of small boxes R; x Ra, we have R; —Ro = [-0.2,0.2],
[0,0.4], or [0.2,0.6], so the union of R; — Ry is r3 = [-0.2,0.6].

If we divide into more and more pieces, we get the enclosure which is closer
and closer to the exact range [0,0.25].
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How to compute r;;. The above example is a good case to illustrate how we
compute the range ry3 for r3 = r; — ro. Indeed, since r3 = [—0.2,0.6], we divide
this range into 5 subintervals [—0.2, —0.04], [-0.04,0.12], [0.12,0.28], [0.28, 0.44],
[0.44,0.6).

For Ry = [0,0.2], the only possible Ry is [0,0.2], so Ry — Ry = [-0.2,0.2].

This covers [—0.2, —0.04], [—0.04,0.12], and [0.12,0.28].

— For Ry = [0.2,0.4], the only possible R is [0,0.2], so Ry — Ry = [0,0.4].
This interval covers [—0.04,0.12], [0.12,0.28], and [0.28, 0.44].

— For R; = [0.4,0.6], we have two possible Reo:

e for Ry = [0,0.2], we have Ry — Ry = [0.2,0.6]; this covers [0.12,0.28],
[0.28,0.44], and [0.44,0.6];

o for Ry =[0.2,0.4], we have R; — Ry = [0,0.4]; this covers [—0.04,0.12],
[0.12,0.28], and [0.28, 0.44].

For R; = [0.6,0.8], we have R? = [0.36,0.64], so three possible Ry: [0.2,0.4],
[0.4,0.6], and [0.6, 0.8], to the total of [0.2,0.8]. Here, [0.6,0.8] —[0.2,0.8] =
[—0.2,0.6], so all 5 subintervals are affected.

— Finally, for R; = [0.8,1.0], we have R? = [0.64,1.0], so two possible Ra:
[0.6,0.8] and [0.8,1.0], to the total of [0.6,1.0]. Here, [0.8,1.0] — [0.6,1.0] =
[—0.2,0.4], so the first 4 subintervals are affected.

T3

X X X X X

X X X X

1

Limitations of this approach. The main limitation of this approach is that when
we need an accuracy €, we must use ~ 1 / € granules; so, if we want to compute the
result with & digits of accuracy, i.e., with accuracy ¢ = 107*, we must consider
exponentially many boxes (~ 10%). In plain words, this method is only applicable
when we want to know the desired quantity with a given accuracy (e.g., 10%).

Cases when this approach is applicable. In practice, there are many problems
when it is sufficient to compute a quantity with a given accuracy: e.g., when
we detect an outlier, we usually do not need to know the variance with a high
accuracy, an accuracy of 10% is more than enough.

Let us describe the case when interval computations do not lead to the exact
range, but set computations do — of course, the range is “exact” modulo accuracy
of the actual computer implementations of these sets.
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Ezample: estimating variance under interval uncertainty. Suppose that we know

the intervals x1,...,x,, of possible values of x1,...,x,, and we need to compute
1 1 n n

the range of the variance V.= —-M —— -E?, where M o S 2?and E o > .
n n ; ;

=1 =1

This problem is important, e.g., in detecting outliers. Outliers are useful in
many application areas. For example, in medicine, to detect possible illnesses,
we analyze the healthy population, compute the averages E[z] and the standard
deviations o[x] of different characteristics x, and if for some person, the value of
a blood pressure, weight, body temperature, etc., is outside the corresponding 2-
or 3-sigma interval [E[z] — ko - o[z], E[z] + ko - o[z]], then we perform additional
tests to see if there is any hidden problem with this person’s health. Similarly,
in geophysics, when we look for rare minerals, we know the typical values for a
given area, and if at some location, the values of the geophysical characteristics
are outliers (i.e., they are outside the corresponding interval), then these area
are probably the most promising.

Traditional algorithms for detecting outliers assume that we know the exact
values z; of the corresponding characteristics but in practice, these values often
come from estimates or crude measurements. For example, most routine blood
pressure measurements performed at health fairs, in drugstores, at the dentist
office, etc., are very approximate, with accuracy 10 or more; their objective is
not to find the exact values of the corresponding characteristics but to make sure
that we do not miss a dangerous anomaly. When we estimate the mean and the
standard deviations based on these approximate measurements, we need to take
into account that these values are very approximate, i.e., that, in effect, instead
of the exact value x; (such as 110), we only know that the actual (unknown)
value of the blood pressure is somewhere within the interval [Z; — A;,Z; + A;] =
[110 — 10,110 + 10] = [100, 120].

In all these situations, we need to compute the range on the variance V under
the interval uncertainty on x;.

A natural way to to compute V' is to compute the intermediate sums My, def

k k
> 22 and E def > x;. We start with My = Ey = 0; once we know the pair
i=1 i=1

(My, Ey), we compute (My11, Exy1) = (M, +xi+1, Ei+2k41). Since the values
of M} and Ej only depend on z1,...,x; and do not depend on 1, we can
conclude that if (Mjy, Fy) is a possible value of the pair and zx11 is a possi-
ble value of this variable, then (M} + :ciH,Ek + Tk41) is a possible value of
(My41,Er41). So, the set po of possible values of (M, Ep) is the single point
(0,0); once we know the set py of possible values of (M, E)), we can compute

Pk+1 as

{(Mk + Z'Q,Ek + CU) | (M}ﬁEk) € Pk, T € Xk+1}.

For k = n, we will get the set p,, of possible values of (M, E); based on this set,

E
1
‘M- — B

1
we can then find the exact range of the variance V = — 5
n n
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What C should we choose to get the results with an accuracy ¢ - V? On each
step, we add the uncertainty of 1/C; to, after n steps, we add the inaccuracy of
n/C. Thus, to get the accuracy n/C = ¢, we must choose C' = n/e.

What is the running time of the resulting algorithm? We have n steps; on
each step, we need to analyze C combinations of subintervals for Ej,, My, and
Tp+1. Thus, overall, we need n - C? steps, i.e., n'/e3 steps. For fixed accuracy
C ~ n, so we need O(n*) steps — a polynomial time, and for ¢ = 1/10, the
coefficient at n* is still 10% — quite feasible.

For example, for n = 10 values and for the desired accuracy ¢ = 0.1, we need
10% - n* ~ 107 computational steps — “nothing” for a Gigaherz (10° operations
per second) processor on a usual PC. For n = 100 values and the same desired
accuracy, we need 10* - n* ~ 10'2 computational steps, i.e., 10% seconds (15
minutes) on a Gigaherz processor. For n = 1000, we need 10%° steps, i.e., 10°
computational steps — 12 days on a single processor or a few hours on a multi-
processor machine.

In comparison, the exponential time 2™ needed in the worst case for the exact
computation of the variance under interval uncertainty, is doable (21° ~ 102 step)
for n = 10, but becomes unrealistically astronomical (2!1%° ~ 103" steps) already
for n = 100.

Comment. When the accuracy increases € = 107%, we get an exponential increase
in running time — but this is OK since, as we have mentioned, the problem of
computing variance under interval uncertainty is, in general, NP-hard.

Other statistical characteristics. Similar algorithms can be presented for comput-
ing many other statistical characteristics. For example, for every integer d > 2,
1 n

the corresponding higher-order central moment Cy = — - Z(xl — E)d is a linear
i=1
. n -
combination of d moments M) S>> ad for j =1,...,d; thus, to find the exact

i=1
range for Cy, we can keep, for each k, the set of possible values of d-dimensional

A koo
tuples (M,El)7 e M,gd)), where M,ij) def >~ x!. For these computations, we need
i=1
n - C41 ~ nd*2 steps — still a polynomial time.

n n n
. . 1 1
Another example is covariance Cov = o E TitYi T o5 E T - E Yi-
i=1 i=1 i=1

To compute covariance, we need to keep the values of the triples (Covy, Xi, Y),

def & def & def &
where Covy = > x;y;, Xk = Y. ay,and Yy, = y;. At each step, to compute
i= i=1 =1

i=1 =

the range of

(Covit1, Xig1, Yir1) = (Covi + Tpg1 - Yrt1, Xk + Thp1, Y + Yrt1),

we must consider all possible combinations of subintervals for Covy, X, Yk,
ZTk+1, and yr41 — to the total of C®. Thus, we can compute covariance in time
n-C%~nS.
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Similarly, to compute correlation p = Cov/4/V, - V,, we can update, for each
k k

k, the values of (Ck, Xi, Vi, X2, ¥,?)), where X{* = 3 22 and V) = 37 42
= i=1

—~ -
are needed to compute the variances V; and V. The;e computations require
time n - C7 ~ n8.

Systems of ordinary differential equations (ODEs) under interval uncertainty. A
general system of ODEs has the form &; = f;(z1,...,2Zm,t), 1 <i < m. Interval
uncertainty usually means that the exact functions f; are unknown, we only
know the expressions of f; in terms of parameters, and we have interval bounds
on these parameters.

There are two types of interval uncertainty: we may have global parameters
whose values are the same for all moments ¢, and we may have noise-like pa-
rameters whose values may different at different moments of time — but always
within given intervals. In general, we have a system of the type

C.CZ‘ = fi(xl, N 7l‘m,t,a1, . 7ak,b1(t)7 . ,bl(t)),

where f; is a known function, and we know the intervals a; and b;(t) of possible
values of a; and b;(t).

FEzample. For example, the case of a differential inequality when we only know
the bounds L(xl, ooy xp,t) and f;(w1,...,20,t) on fi(x1,...,2,,t) can be de-
scribed as _

fi(l‘l, e ,.’En,t) + bl(t) . A(xl, L. ,$n7t>,

where ﬁ-(ml,...,aﬁn,t) def (f (15 20 0) + filw, .. m0,1))/2,

Azt 20, t) € (i@, @n,t) = £ (21,0, 20,1)) /2,
and by (t) = [1,1].

Solving systems of ordinary differential equations (ODEs) under interval uncer-
tainty. For the general system of ODEs, Euler’s equations take the form

.Z‘i(t + At) = JL‘Z(t) + At - f,’(ﬂ?l(t), S ,xm(t),t,al, RN bl(t), R bl(t))
Thus, if for every ¢, we keep the set of all possible values of a tuple

(Il(t), . ,Jim(t), A,y ... 7C(,k)7

then we can use the Euler’s equations to get the exact set of possible values of
this tuple at the next moment of time.

The reason for exactness is that the values x;(t) depend only on the previous
values b;(t — At), b;(t — 2At), etc., and not on the current values b;(t).

To predict the values z;(T) at a moment T, we need n = T'/At iterations.

To update the values, we need to consider all possible combinations of m+k+I
variables z1(t),...,xm(t),a1,...,ak,b1(t),...,bi(t); so, to predict the values at
moment 7' = n- At in the future for a given accuracy € > 0, we need the running
time n - C™TRFL  phHiFm+l This is is still polynomial in n.
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Additional advantage of our technique: possibility to take constraints into ac-
count. Traditional formulations of the interval computation problems assume
that we can have arbitrary tuples (z1,...,z,) as long as z; € x; for all 7. In
practice, we may have additional constraints on x;. For example, we may know
that x; are observations of a smoothly changing signal at consequent moments
of time; in this case, we know that |z; — z;41| < e for some small known & > 0.
Such constraints are easy to take into account in our approach.

For example, if know that x; = [—1, 1] for all < and we want to estimate the
value of a high-frequency Fourier coefficient f = 21 — zo + 23 — 24 + ... — oy,
then usual interval computations lead to an enclosure [—2n, 2n], while, for small
g, the actual range for the sum (z7 — z2) + (23 — x4) + ... where each of n
differences is bounded by e, is much narrower: [-n - e,n - €] (and for z; =i - €,
these bounds are actually attained).

Computation of f means computing the values f, = x;—za+...+(—=1)F 1.2,
for k =1,... At each stage, we keep the set sy of possible values of (fx, zx), and
use this set to find

skt = {(fu + (D" 21, 2pg1) | (fro 21) € s & |z — wpy| < €}

In this approach, when computing for, we take into account that the value xof
must be e-close to the value xj and thus, that we only add < e. Thus, our
approach leads to almost exact bounds — modulo implementation accuracy 1/C.

In this simplified example, the problem is linear, so we could use linear pro-
gramming to get the exact range, but set computations work for similar non-
linear problems as well.

Classes of probability distributions and p-boxes: a reminder. Often, in addition
to the interval x; of possible values of the inputs x;, we also have partial infor-
mation about the probabilities of different values x; € x;. An exact probabil-
ity distribution can be described, e.g., by its cumulative distribution function
F;(z) = Prob(z; < z). In these terms, a partial information means that instead
of a single cdf, we have a class F of possible cdfs.

A practically important particular case of this partial information is when, for
each z, instead of the exact value F(z), we know an interval F(z2) = [F(2), F(2)]
of possible values of F(z); such an “interval-valued” cdf is called a probability
boz, or a p-boz, for short; see, e.g., [2].

Propagating p-box uncertainty via computations: a problem. Once we know the
classes JF; of possible distributions for z;, and a data processing algorithms
f(z1,...,2,), we would like to know the class F of possible resulting distri-
butions for y = f(x1,...,2zn).

Idea. For problems like systems of ODES, it is sufficient to keep, and update,
for all ¢, the set of possible joint distributions for the tuple (x1(t),...,a1,...).
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From idea to computer implementation. We would like to estimate the values
with some accuracy € ~ 1/C and the probabilities with the similar accuracy
1/C. To describe a distribution with this uncertainty, we divide both the -
range and the probability (p-) range into C' granules, and then describe, for each
z-granule, which p-granules are covered. Thus, we enclose this set into a finite
union of p-boxes which assign, to each of z-granules, a finite union of p-granule
intervals.

A general class of distributions can be enclosed in the union of such p-boxes.
There are finitely many such assignments, so, for a fixed C, we get a finite
number of possible elements in the enclosure.

We know how to propagate uncertainty via simple operations with a finite
amount of p-boxes (see, e.g., [2]), so for ODEs we get a polynomial-time algo-
rithm for computing the resulting p-box for y.

For p-boxes, we need further improvements to make this method practical. For-
mally, the above method is polynomial-time. However, it is not yet practical
beyond very small values of C. Indeed, to describe a p-subbox, we need to at-
tach one of C' probability granules to each of C' z-granules; these are ~ C¢ such
attachments, so we need ~ C¢ subboxes. For C' = 10, we already get an unreal-
istic 1019 increase in computation time. (In contrast, for interval computations,
we need a feasible number C' = 10? of subboxes.)
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Semilattices, Domains, and Computability
(Invited Talk)

Dana Scott
Computer Science Department, Carnegie Mellon University, Pittsburgh, PA, USA

As everyone knows, one popular notion of Scott domain is defined as a
bounded complete algebraic cpo. These are closely related to algebraic lattices:
(i) A Scott domain becomes an algebraic lattice with the adjunction of an (iso-
lated) top element. (ii) Every non-empty Scott-closed subset of an algebraic
lattice is a Scott domain. Moreover, the isolated (= compact) elements of an
algebraic lattice form a semilattice (under join). This semilattice has a zero ele-
ment, and, provided the top element is isolated, it also has a unit element. The
algebraic lattice itself may be regarded as the ideal completion of the semilattice
of isolated elements. This is all well known. What is not so clear that is that
there is an easy-to-construct domain of countable semilattices giving isomorphic
copies of all countably based domains. This approach seems to have advantages
over both “information systems” or more abstract lattice formulations, and it
makes definitions of solutions to domain equations very elementary to justify.
The “domain of domains” also has an immediate computable structure.

Andrej Bauer, Peter Hertling, Ker-I Ko (Eds.)
6th Int’l Conf. on Computability and Complexity in Analysis, 2009, pp. 17
http://drops.dagstuhl.de/opus/volltexte,/2009 /2252



Computable Analysis of Differential Equations
(Invited Talk)

Ning Zhong
Department of Mathematical Sciences, University of Cincinnati, Cincinnati, OH, USA

In this talk, we discuss some algorithmic aspects of the local and global
existence theory for various ordinary and partial differential equations. We will
present a sample of results and give some idea of the motivation and general
philosophy underlying these results.

Andrej Bauer, Peter Hertling, Ker-I Ko (Eds.)
6th Int’l Conf. on Computability and Complexity in Analysis, 2009, pp. 19
http://drops.dagstuhl.de/opus/volltexte/2009/2253



Theory and Practice of Higher-type
Computation (Tutorial)

Martin Escardé
School of Computer Science, University of Birmingham, Birmingham B15 2TT, UK

In higher-type computation, established by Kleene and Kreisel in the late
1950’s (independently), one works with the data types obtained from the dis-
crete natural numbers by closing under finite products and function spaces. For
the theory of higher-type programming languages, it is natural to work with a
corresponding hierarchy, or type structure, of domains, identified by Ershov and
Scott in the late 1960’s (again independently). The Kleene—Kreisel and Ershov—
Scott hierarchies account for total and partial computation respectively.

In this tutorial I'll explain the theory and practice of higher-type computation
and programming languages, and develop old and new applications.

From a theoretical point of view, I'll present Kleene—Kreisel spaces and
Ershov—Scott domains, and relate the two. Moreover, I’ll discuss common gen-
eralizations, chiefly QCB spaces and equilogical spaces, which admit further
useful closure properties, and their relationship to TTE (Schroder, Simpson.
Scott, Bauer, Weihrauch and many others). I'll also present a natural higher-
type model of computation/programming language, namely PCF (Platek, Scott,
Plotkin).

From a practical point of view, I'll introduce a fragment of the language
Haskell as a faithful implementation of PCF. Moreover, I'll develop and run
several examples (and prove theorems about them), pertaining to (i) exhaustive
search of infinite sets in finite time (in particular Ulrich Berger’s algorithm and
generalizations), and (ii) computation with real numbers (in particular Alex
Simpson’s integration algorithm and generalizations).

Andrej Bauer, Peter Hertling, Ker-I Ko (Eds.)
6th Int’l Conf. on Computability and Complexity in Analysis, 2009, pp. 21
http://drops.dagstuhl.de/opus/volltexte,/2009 /2254



Computer Verified Exact Analysis (Tutorial)

Bas Spitters and Russell O’Connor

Department of Mathematics and Computer Science, Eindhoven University of
Technology, Eindhoven, The Netherlands

This tutorial will illustrate how to use the Coq proof assistant to implement
effective and provably correct computation for analysis. Coq provides a depen-
dently typed functional programming language that allows users to specify both
programs and formal proofs.

We will introduce dependent type theory and show how it can be used to
develop both mathematics and programming. We will show how to use dependent
type theory to implement constructive analysis. Specifically we will cover how
to implement effective real numbers and effective integration.

This work will be done using the Coq proof assistant. The tutorial will cover
how to use the Coq proof assistant. Attendees are encouraged to download and
install Coq 8.2 from http://coq.inria.fr/download and also download and
make the full system of C-CoRN from http://c-corn.cs.ru.nl/download.html
beforehand.

Andrej Bauer, Peter Hertling, Ker-I Ko (Eds.)
6th Int’l Conf. on Computability and Complexity in Analysis, 2009, pp. 23
http://drops.dagstuhl.de/opus/volltexte,/2009 /2255



Computing Conformal Maps onto Canonical Slit
Domains

Valentin V. Andreev! and Timothy H. McNicholl?

! Department of Mathematics
Lamar University
Beaumont, Texas 77710
andreev@math.lamar.edu

2 Department of Mathematics
Lamar University
Beaumont, Texas 77710
timothy.h.mcnicholl@gmail.com

Abstract. We extend the results of [2] by computing conformal maps
onto the canonical slit domains in Nehari [14]. Along the way, we demon-
strate the computability of solutions to Neuman problems.

1 Introduction

Let C denote the extended complex plane. A domain is an open connected
subset of C. A domain is degenerate if a component of its complement consists
of a single point. A domain is n-connected if its complement has precisely n
connected components and finitely connected if it is n-connected for some n.

In studying conformal mappings between domains in the extended complex
plane it is convenient for both theoretical and practical purposes to introduce the
so-called canonical domains and to study conformal maps of arbitrary domains
onto these canonical domains. If the domain is 1-connected and non-degenerate,
the canonical domain is the unit disk. In the case of doubly connected non-
degenerate domains, the canonical domain is the annulus {z € C: r; < |z]| < r2}.
The modulus of this annulus is 79 /7. It is well-known that annuli with different
moduli are not conformally equivalent (see, e.g., [14] p. 333). When considering
conformal mappings of domains with connectivity n > 3, it is convenient to
consider canonical domains with different geometric characteristics.

Paul Koebe [11] outlined an iteration method for finding the conformal map-
ping from an n-connected domain to a circular domain (a domain whose com-
plement consists of n disjoint closed disks). The convergence of his method was
proved by Gaier [6], and the computability by Andreev, Daniel, and McNicholl
[2]. The circular domains are the canonical domains in the recent constructions
of the Schwarz—Christoffel mappings for domains that are sufficiently separated
(see [3] and [5] and the refernces therein) and have been used as canonical do-
mains in aircraft engineering as early as 1928 [1] and later by Halsey [8]. For

Andrej Bauer, Peter Hertling, Ker-I Ko (Eds.)
6th Int’l Conf. on Computability and Complexity in Analysis, 2009, pp. 25-36
http://drops.dagstuhl.de/opus/volltexte/2009/2256
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numerous applications to nonlinear problems in mechanics see the monograph
[13]. An appealing property of the circular domains as canonical domains is that
recently there have been found explicit formulas for the Green’s function (and,
hence, for the Bergman kernel) for circular domains [10] and for the modified
Green’s function [4], which then is used to derive explicit formulas for confor-
mal maps of circular domains onto the canonical slit domains. The formula in
the latter paper contains infinite products which converge for domains that are
sufficiently separated. However, it is not known if they always converge.

Paul Koebe [12] introduced several of the canonical slit domains. There have
been demonstrated deep connections between the Dirichlet and Neumann prob-
lems in multiply connected domains and conformal slit mappings, potential the-
ory and extremal problems [14], [15], [16].

We define here the canonical slit domains presented in Nehari’s book [14].

The slit disk domain

Let D denote the unit disk centered at the origin. These domains are obtained
by removing finitely many arcs from D. Each of these arcs must be an arc of a
circle centered at the origin.

The slit annulus

These domains are obtained by removing finitely many arcs from an annulus
whose outer circle is dD. Again, each of these arcs must be an arc of a circle
centered at the origin.

The circular slit domain

These domains are obtained by removing from C one or more arcs. Again, each
of these arcs must be an arc of a circle centered at the origin.

The radial slit domain

These domains are obtained by removing from C one or more line segments
which do not pass through the origin. Each of these line segments, when extended
indefinitely in both directions, must yield a line that passes through the origin.

The parallel slit domain

These domains are obtained by removing from C one or more parallel line seg-
ments.

We will first show that one can compute the conformal mappings onto a slit
disk domain using a result of Max Schiffer [15]. We will then use the relations
described in Nehari [14] between the conformal maps onto these domains to
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compute the conformal mappings onto the slit annulus and circular slit domains.
We use the constructions in Schiffer’s monograph to compute the maps onto the
radial slit and parallel slit domain.

We will use Type-Two Effectivity [17] as our model of computation over
spaces whose cardinality is that of the reals. The naming systems we will use
are described in Section 3.1 of [2]. Since these are the only naming systems we
will use, we will suppress their mention. We will also talk about computations
on objects when it is clear that we are really talking about computations with
names of objects. We will write our proofs in a fairly informal style. In particular,
we will rely on the informal definitions in Section 3.1 or [2].

2 Background from complex and harmonic analysis

Let D be a Jordan domain with boundary curves I7,...,I},. For each z € D,
define w(z,I;, D) to be the value at z of the solution to the Dirichlet problem

with boundary data
1 C S Fj
0 otherwise

10 ={

The function w is called harmonic measure.
The normal derivative of u is denoted g—z and is defined to be

ou , @m’ 1
(axy =5y “)) FIORTI0]

when (z,y) is a positively oriented smooth Jordan curve. In this case, we also

define 5 5 o .
U v, u
===+ =yt)) ————.
= (G 0+ 57 0)
If v is a harmonic conjugate of u, then it follows from the Cauchy-Riemann
equations that

ou Ov

I = 25 and
dv _ Ou
on ~ 0s’

If w is harmonic, and if « is a boundary component of dom(u), then the period
of the conjugate of u about 7y is defined to be

1 Ju

— / —|dz|

21 ), On
where |dz| =4 |2/(t)|dt is the differential of arc length. To make sense of this
integral, we first use Schwarz Reflection to extend the domain of u to an open
set containing -y.

Let Gp denote the Green’s function of domain D. The following well-known
result will be useful and is Corollary II.2.6 of [7].
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Proposition 1. Suppose D is a Jordan domain with smooth boundary curves
Iy, ..., I,. Then,

1 0Gp(z,
w(e. ;D) =5 [ D

Suppose f is a conformal map of a domain D onto a domain D;, and
that v,7v; are boundary components of D, D; respectively. Suppose that when-
ever {z,}5% is a sequence of points in D such that lim, ,o d(zn,7vy) = 0,
lim, o0 d(f(2n),71) = 0. We say that f maps v to ;.

We will follow the convention of identifying a curve with its parameteriza-
tions.

3 A summary of previous results

The following three results, which are Theorems 5.2, 5.5, and 6.2 of [2], form
the cornerstone for our work. Intuitively, the first of these theorems states that
differentiation of harmonic functions is a computable operation.

Theorem 1 (Computable differentiation of harmonic functions). From
a name of a harmonic function, u, we may compute a name of u'|c.

The second of these results states, roughly speaking, that solving Dirichlet
problems (i.e. finding a harmonic function on a Jordan domain from the knowl-
edge of its values on the boundary of the domain) is a computable operation.

Theorem 2 (Computable Solution of Dirichlet Problems). Given a name
of a Jordan domain D and names of smooth v1,...,7v, and their derivatives, if
Y1, .-,V are the distinct boundary components of D, and if we are also given
a name of a continuous f : 0D — R, then we can compute a solution of the
corresponding Dirichlet problem. Furthermore, we can compute an extension of
this solution to D.

The third of these results demonstrates the computability of a matrix (known
as the Riemann matriz) whose components are the periods around the boundary
components of the harmonic conjugates of the harmonic measure functions.

Theorem 3 (Computability of the Riemann Matrix). Given the same ini-
tial data as in Theorem 2, we can compute a name of the period of the harmonic
conjugate of w(-, I, D) around I;.

4 Single-valued and multi-valued harmonic conjugates

Suppose u is a harmonic function with domain D. If D is 1-connected, then a
harmonic conjugate of u may be defined by the equation
¢ du

w0 = | gl (1)
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If D is multiply connected, then the right side of (1) may depend on the path
of integration. In this case, u is said to have a multi-valued harmonic conjugate.
Otherwise, u is said to have a single-valued harmonic conjugate. It follows that
if D is contained in the interior of one of its boundary components then u has
a single-valued harmonic conjugate if and only if its period around every other
boundary component is zero.

It is well-known that if D is finitely connected and bounded by smooth Jordan
curves, one of which contains D in its interior, then one can add a unique linear
combination of the harmonic measure functions of the boundary components of
D to u and obtain a function with a single-valued harmonic conjugate. Our first
goal is to show that this can be done effectively.

Lemma 1. Given a name of a harmonic function u defined on a finitely con-

nected domain, D, and names of the boundary components of D, v1,...,Vn, we
may compute by,...,b,_1 such that
n—1

u+ Y bw(, D) (2)
j=1

has a single-valued harmonic conjugate provided ~i,...,vn are smooth Jordan

curves, D is contained in the interior of v,, and we are also given names of
/ /
Yo In-

Proof. Let Ry ; be the period of w(-,~;, D) about 7.

We first want to compute the period of the conjugate of u about each .
Denote this period by py. To compute pg, we want 7, to be positively oriented.
This can be checked by using the winding number

|7

We can effectively search for a rational rectangle R such that R C C —
on which this winding number is non-zero. If this value is positive, we can in
addition discover a positive lower bound on it. If it is negative, then we can in
addition discover a negative upper bound on it. In the former case, we know
is positively oriented. Otherwise, it is negatively oriented in which case we can
reparameterize it positively. Hence, we will assume without loss of generality
that each 4 is positively oriented.

Now, let Ry ; be the period of w(-,v;, D) about 7. It is well-known that the
matrix (R j)k,j=1,..,n—1 is invertible. (See, e.g., Section 1.10 of [14].) To ensure
that the function in (2) has no conjugate period about v¢, k =1,...,n — 1, it
suffices to show that

Ri1bi+...+ Ry n—1bn—1 = —Di.

It now follows from the results in [18] that by,...,b,—1 can be computed from
the given information.
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5 The slit disk domain

The following lemma will be useful.

Lemma 2 (Conformal Reconfiguring Lemma). Given a name of a non-
degenerate domain D, a name of its boundary, and the number of its boundary
components, we can compute a domain D1, its boundary, a conformal map f
of D onto Dy, and smooth Jordan curves ~i,...,7v, and their derivatives such
that 1, . ..,7, are the boundary components of D1. Furthermore, 7, is a circle.
Furthermore, if we are in addition given a name of a boundary component v of
D we can ensure that f maps v to vy.

Proof. Follow the first n steps of the Koebe Construction (for details see Section
2 and Theorem 4.6 of [2]): let Dy 1,..., Dy denote the connected components
of the complement of D. At the first step with the help of a Riemann mapping,
map the complement of Dy conformally onto the unit disk D ;. It follows
from Theorem 5.1 of [9] that we can compute this map from the given data. The
boundary d; of Dy 1 is transformed into the unit circle §7. Dy o is mapped onto
Dy 5, 02 into 0y etc.. At step two map the complement of Dy, , onto the unit disk
using a Riemann mapping. The image of 6] under the second Riemann mapping
is an analytic curve. After n analogous steps the images 71, ..., v, of 41, ..., d,, are
analytic curves and 7, is a circle. The

Theorem 4. Given a name of a finitely connected, non-degenerate domain D,
a name of its boundary, a name of one of its boundary components, v, a name of
a point (o € D, and the number of boundary components of D, we can compute
a conformal mapping of D onto a slit disk domain that maps (o to 0 and v to
aD.

Proof. We first apply the Conformal Reconfiguring Lemma. Let f, D1,71,...,Vn
be thusly obtained. We may assume f maps v onto 7,. Let (1 = f({p). We can
now compute the center and radius of v,,. Label these £ and R respectively. Let
Dy, I1,...,I},,(2 be the images of Di,v1,...,7,, (1 under the inversion map
R2

20 S

Let G be the Green’s function of Ds. It follows from Theorem 2 that we can
compute G from the given information.

Let w;j(z) = w(z, I}, D2). Compute bi(¢),...,bp—1(¢) as in the proof of
Lemma 1 for the function G(-,(). Let

n—1

m(z,¢) = G(z,¢) + > _ b;(Qw; (Q).

j=1

It follows that m has no conjugate period about any of v1,...,v,_1. A fairly
straightforward calculation shows that m has a period of 1 about (. So, for all
20 € D2 — {CQ}, let

olea) = exp (-l i [ OHE D).

. on.
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Extend g to all of Dy by setting g({2) = 0. It follows that g is single-valued and
analytic. Note that g(¢{2) = 0.

A fairly straightforward calculation shows that g is the function in (A1.21)
of [15]. Hence, g is the conformal mapping of Dy onto a slit disk domain 2 that
maps (2 to 0 and I, to ID.

It now only remains to show that we can compute a name of g from the given
data. It suffices to show that from the given data and a name of a point z € Dy
we can compute a name of g(z) (see e.g. Theorem 3.3.15.2 of [17]).

When z # (5 (which, if true, will eventually be witnessed as we read the name
of z), we can through an effective search procedure discover a piecewise linear
path of integration contained in Dy — {(2}. If z is in a subbbasic neighborhood
of (5 whose closure is contained in Ds, we can compute a positive lower bound
on G(z,(2) and arrive at a subbasic neighborhood of 0 which will contain g(z).
In either case, the computed neighborhoods will converge to g(z) if the input
neighborhoods converge to z.

It is worth noting that in the case when D is a circular domain, one can
obtain explicit formulas for the slit-disk mapping function using the formulas
for the Green’s function and harmonic measure in [10].

6 Some immediate consequences of the slit disk result

Let ‘SD’ stand for ‘slit disk’, ‘CS’ for ‘circular slit’, etc.. We introduce some
notation for the conformal maps onto these domains. Fix a non-degenerate,
finitely connected domain D. Let {y, (1 € D, and let v1,...,7, be the boundary
components of D. We then let fsp(-; D, (o,;) denote the unique conformal map
of D onto a slit disk domain that maps ¢y to 0 and y; onto OID whose derivative
at (o is positive.

Let fos(+; D, Co,¢1) be the conformal map of D onto a circular slit domain
that maps (p to 0, (1 to oo, and whose residue at (7 is 1.

Let fps(;D,(1,0) be the conformal map of D onto a parallel slit domain
where all slits have angle 6 with the z-axis and whose Laurent expansion at (3

is of the form
1

z2=C

Let frs(-; D, o,¢1) be the conformal map of D onto a radial slit domain that
maps (o to 0, (1 to co, and whose residue at (7 is 1.

Let fsa(-;D,~;,7vk) be the conformal map of D onto a slit annulus domain
that maps 7; onto D and ;, onto the inner circle.

We omit any of these parameters when they are made clear by context.

Suppose we are given a name of a finitely connected, non-degenerate domain
D, a name of its boundary, and the number of its boundary components. It is
now required to show that we can compute these other canonical maps uniformly
in the parameters beyond the semicolon. In the case of fog and fga, this follows

talz—C)+bz—G) +....
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from the following identities which are proven in Section VIL.1 of [14].

. fSD 1;C1) fsp(z; o)
fos(260,C1) = o) Fon (o)

(

(
fSD(ZaC )

(2

fsa(z v, ) =

We now discuss the computation of fpg(-; D,(,0). Let (5, denote the real
and imaginary parts of ¢ respectively. It is shown on page 256 of [15] that

0
~ ¢ lo fsn(=: D¢, %)

10
fps(z;D,¢,0) = ~iac, log fsp(z; D, ¢, ;)
Yy

fPS(Z;D7<77T/2)

It then follows (as on page 257 of [15]) that
fPS(Z; Da <7 9) = ei9 [COS(Q)fPS(Z; D, (1 0) - iSin(e)fPS(Z; D, Ca 71—/2)]

Hence, we may compute fps(-; D, (,68) from the given data.
In order to compute the conformal mappings onto the other canonical do-
mains, we make a digression and consider the Neuman problem.

7 Digression: computing solutions to the Neuman
problem

Let D be a bounded domain with smooth boundary curves I7,...,I;,. Let f €
C(0D), and suppose [, fldz| = 0. The resulting Neuman problem is to find a
harmonic function u on D such that

%:fon@l) (3)

/ uldz| =0 (4)
aD

Such solutions exist (see, e.g. Appendix B of [7]). The condition 4 ensures they
are unique. Their computability will now be demonstrated by a well-known pro-
cedure (see e.g. proof of Theorem B.1 in [7]).

Theorem 5 (Computing solutions of Neuman problems). Given a name
of a bounded domain D, names of n smooth Jordan curves I, ..., I, which form
its boundary components as well as names of their derivatives, and a name of
f € C(OD) such that (3) holds, one can compute a name of the solution of the
resulting Neuman problem.
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Proof. There is already a well-known ‘procedure’ for finding solutions to Neuman
problems. The purpose of this proof is to explain this procedure and show that
it can be implemented on a digital computing device.

By using the winding number and a simple search procedure, we can deter-

mine which of I, ..., I}, contains D in its interior. Without loss of generality,
suppose I, is this curve.
As in the proof of Lemma 1, we can assume I, ..., I}, are positively oriented.

Let R; 1 be the period of the conjugate of wy about I';. As noted in the proof
of Lemma 1, the matrix (R; k) k=1,.. n—1 is invertible. So, we can now compute
the solution to the system of linear equations

Rj71b1+...+Rj7n,1bn,1:/ f\dz|j:1,...,n—1.
Iy

Let
n—1 8wk
=f— b, ——.
fi=Ff kzz:l rw

It follows that fFj fildz| =0if je{l,....,n—1}.

It is an easy consequence of Green’s Theorem that R;j = Ry ;. (See, e.g.,
Section 1.10 of [14].) It is also easy to show that for each j, the sum of the periods
of the harmonic conjugates of wi,...,w, is 0. (One first notes that the sum of
the harmonic measure functions is identically 1 on dD.) Since [} f|dz| = 0, it
now follows by a fairly straightforward calculation that [ I fildz| = 0.

We now wish to define a function g on dD. We do so by defining it on each
boundary component of D. When ¢ € I, we let

to
9(¢) = ; AT O)T5 () dt
where ¢y is such that I'j(t9) = ¢. Since [ I f1ldz| = 0, it follows that the choice
of to is irrelevant when ¢ = I';(0). Hence, g is well-defined.
It is now necessary to prove the following Lemma.

Lemma 3. g can be computed from the given data.

Proof. Let w; = w(-, I}, D).

Suppose we are given a name of a point ( € 9D as input. From our name
for a parametrization of I';, we can compute names of I'; as a closed subset of
the plane as well as a name of the open set C — I';. (See, e.g., Theorem 6.2.4.4
of [17].) We then scan these names and our name for ¢ until we find a rational
rectangle R and an index j such that ( € R, RN I} # 0, and RN I}, = () when
k # j. Hence, we now know ¢ € I';. Begin computing a name for the function h
defined by

w = [ @i,
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We now continue scanning our name for ¢ and our generated names for I';(0)
and h. Suppose that at some point in this process we discover disjoint rational
rectangles Ry, Ry such that ( € Ry and I(0) € Rs. So, we now know ¢ # I5(0).
Hence, there is exactly one value of ¢t for which I';(t) = ¢ and we can compute
this value. (See, e.g. Corollary 6.3.5 of [17].) Hence, we can now compute g(()
directly from the definition of g.

Suppose on the other hand that at some point in this process no such rational
rectangles have been discovered. We then search the portions of these names read
so far for R, [a1,b1], ..., [@m,bm], R1,-.., Rm, R, I, and I such that

L. ¢, I;(0) € R,

I'; maps [a;, b;] into Ry,

la,b] =ar U,[a:,b1] is a subinterval of (0,1),
RN R= 0,

h maps [0, a] into I7, and

6. h maps [b,1] into Is.

GU W

If this search fails, then we continue scanning. If it succeeds, then, although we
do not know yet if { = I;(0), we do know that any I'; preimage of ¢ lies in
[0,a] U [b,1]. Note that 0 € I; N I2. So, we can list, for each successful search
of this kind, I; U I as an interval that contains g(¢). We can also in the future
interleave listing of all rational intervals that contain Iy U Is.

We now show that this process generates a name for g(¢). Every interval
listed contains ¢(¢). So, we only need to show that every interval that contains
9(Q) is eventually listed. This is clearly true if ¢ # I;(0). Suppose ( = I;(0). It
follows that there will be infinitely many successful search of the kind described
above. It also follows that larger portions of these names are read, the diameter
of Iy U I, will tend to 0. It follows that a name of 0 = ¢(I7;(0)) is written on the
output tape.

We now compute the solution to the Dirichlet problem for D with boundary

data g. Call this solution v;. We now compute aq, ..., a,—1 such that
n—1
v =qf V1 + Z a;w;j
j=1

has a single-valued harmonic conjugate. Note that since w; is constant on each
curve of 0D, % = f1. Compute & € D. Let:

uy(20) = /:0 8(8_75)) |dz|

n—1
Uz = U1 + E bjw]‘
Jj=1

Since u; is a harmonic conjugate of —wv, it follows that the normal derivative of
uy on D is fi. It now follows that f is the normal derivative of us on 9D. We
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now complete our computation by setting

U= ug —/ usldz|.
r

If D is a bounded domain bounded by smooth Jordan curves I, ..., I, then
the Neuman function of D, Np, is defined by the following conditions.

1. z+— N(z,(¢) + log|z — ¢| is harmonic.
2. i}inzN(z7 ¢) = —2% on 0D where L is the length of 0D.

3. Jop N(z,¢)ldz| = 0.

Corollary 1. From names of D, I',..., I, I],..., I, as in Theorem 5, we
can compute a name of Np.

8 The radial slit domain

We conclude with the following.

Theorem 6. From a name of non-degnerate, finitely connected, domain D, a
name of its boundary, names of distinct (o, (1 € D, and the number of its bound-
ary components, we can compute a name of frs(+; D, Co,(1)-

Proof. Let u(z) = Np(z,¢0) — Np(z,¢1). It follows that u has a single-valued
harmonic conjugate. So, let
20 Qu

(z0) = - |dz|
¢o 3n

when zg # (o, (1. Let f = exp(—(u+ia)). Extend f to all of D by setting f({o) =
0 and f(¢1) = oo. It is shown in [15] (page 265, (A1.62)) that frs(-, D, o, (1) =
f. It only remains to demonstrate that we can compute f from the given data.

Suppose we are given the name of z € D as input. Scan the names of z, (o, (3.
If at some point, we discover disjoint rational rectangles R;, R, R3 such that
z € Ry, (o € Ry, and (1 € Rs, then we can compute u(z) and u(z) directly.
Suppose at some point we have not found such rectangles. If we have discovered
a rational rectangle R that contains z and (y, but not (;, we can compute a
positive lower bound on Np(z, (o) —Np(z, 1) and hence a neighborhood of 0 that
contains f(z). If we have discovered a rational rectangle R that contains z and
¢1 but not ¢y, we can compute a negative upper bound on Np(z,{y) — Np(z,(1)
and hence a neighborhood of co that contains f(z). By continuing this process
indefinitely, we generate a name of f(z).
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Abstract. We prove general theorems about unique existence of effec-
tive subalgebras of classical algebras. The theorems are consequences of
standard facts about completions of metric spaces within the framework
of constructive mathematics, suitably interpreted in realizability models.
We work with general realizability models rather than with a particu-
lar model of computation. Consequently, all the results are applicable in
various established schools of computability, such as type 1 and type 2
effectivity, domain representations, equilogical spaces, and others.

1 Introduction

Given an algebra, by which we mean a set with constants and operations, is there
a largest subalgebra which carries a computable structure, and is the structure
unique up to computable isomorphism? Without further assumptions the answer
is in general negative. For example, within the context of Recursive Mathematics
every computable subfield of reals may be properly extended to a subfield which
is again computable, and this remains true even if we require the subfields to be
effectively complete. However, as was proved by Moschovakis [I], by requiring
also that the strict linear order be semidecidable, we are left with only one
choice, namely the recursive reals. An analogous result for type 2 effectivity was
established by Hertling [2].

We show how these results, as well as others, can be seen as standard facts
about completions of metric spaces in the context of constructive mathematics,
suitably interpreted in realizability models. We prove two main theorems which
together give conditions under which an algebra A, equipped with a complete
metric d, has a unique effective subalgebra B that is effectively complete and for
which the relation d(z,y) < ¢ is semidecidable in 2,y € B and ¢ € Q.

Rather than choosing a specific model of computation, we work in a general
realizability model. Thus our results apply to established schools of computable
mathematics, such as type 1 and type 2 effectivity, domain representations, equi-
logical spaces, and others.
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38 Andrej Bauer and Jens Blanck

The outline of the extended abstract is as follows. Sections PHd] introduce
the necessary background, namely realizability models, algebras, and premetric
spaces. Section [5] states the main theorems, from which two specific important
cases are inferred in Section [ We conclude with a brief discussion of possible
further directions of research.

2 Assemblies and Realizability

Among the different kinds of realizability the most suitable one for our purposes
is relative realizability, because it subsumes type 1 and type 2 effectivity, domain
representations, equilogical spaces, and other standard models of computation,
see [3]. We review the basic definitions here and refer the readers to [4] for
background material on realizability.

A partial combinatory algebra (PCA) is a set A with a partial application
operatiorﬂ - such that there exist elements k,s € A satisfying k z y = = ancﬂ
szyz~(xz2)(y=z). APCA is a general model of computation which supports
encoding of pairs, natural numbers, recursion, partial recursive functions, etc.
An elementary sub-PCA is a subset B C A which is closed under application and
contains k and s suitable for A. For the rest of the discussion we fix a PCA A and
an elementary sub-PCA A# C A. The elements of A as “arbitrary” and those of
A# as “effective” data or programs, although the exact meaning of these words
depends on the particular choice of A and A#.

An assembly S = (S,lFg) is a set S together with a realizability relation
IFs € A x S, such that for every z € S there is at least one x € A for which
x ks . A realized map f : S — T between assemblies is a map f : S — T
between the underlying sets which is tracked by some £ € A#, which means that
whenever x IFg x therﬂ f x| and £ x IFp f(z). Note that we require maps to
be realized by the elements of the subalgebra A#. Assemblies and realized maps
form a category Asm. An assembly S is modest, or a modest set, if each realizer
realizes at most one element: for all r € A, z,y € S, if r IFg x and r IFg y then
T =y.

An assembly S is equivalent to a multi-valued representation dg : A — P(S)
via the correspondence x IFg @ <= z € dg(x). A modest set is equivalent to
a single-valued representation. Traditional schools of computable mathematics
typically use (single-valued) representations, for example:

— When A = A% = N is the first Kleene algebra, the modest sets are equivalent
to type 1 representations, or numbered sets, which are used in the study
of recursive mathematics. In this model “effective” means “computable by
(type 1) Turing machine”.

3 We write z y instead of z - y, and associate application to the left, z y z = (z y) =.

4 Kleene equality a ~ b means that if one side is defined then so is the other and they
are equal.

5 The expression ¢ | means “t is defined”.
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— When A = NV is the second Kleene algebra and A# the subalgebra of total
computable functions we get type 2 representations. In this case “effective”
means “computable by type 2 Turing machine”.

— The case A = A# = NN is the continuous version of type 2 effectivity in
which “effective” means “continuously realized”.

— When A is a universal Scott domain and A# its computable analogue, the
modest assemblies are equivalent to domain representations and computable
maps between them. Of course, “effective” is now interpreted in the sense of
domain representations.

— With Scott’s graph model A = Pw and its r.e. counterpart A# = RE we
obtain effective equilogical spaces [3].

Single-valued representations seem to be preferred to general assemblies, per-
haps because from a programmer’s perspective it makes little sense to use one
realizer for representing several things, although lately multi-valued type 2 rep-
resentations have turned out to be useful [5]. We use assemblies because they
contain the category of sets, which allows us to consider classical and effective
algebras in a single framework. Realizability toposes could be used instead, but
assemblies are easier to describe and work with.

2.1 The realizability interpretation of first-order logic

Assemblies supports an interpretation of first-order intuitionistic logic in which
a formula is deemed valid when there is an element r € A# witnessing it. The
interpretation is given in terms of a realizability relation r I+ ¢ which is read as
“r realizers ¢”, and is defined inductively on the structure of the sentence ¢:

always r I- T, and never r IF 1,

(p,q) IF ¢ A iff pl- ¢ and qlF [

— 0,0y IFp Ve iff vl ¢, and (1,x) IF ¢V 4 iffrH—wE
—riF¢p=vy iff forall qe A, if qlF ¢ then rql and rqlF %,

—rlFVeeS. o) iff forallac A, a€ S, if alkg a then ral and ral- ¢(a),
(a,r)IFJz€S.¢(x) iff for some a € S, alkg a and r I+ ¢(a),
riFa=>biff a =0.

A sentence ¢ is valid, written |= ¢, when there exists r € A% such that r IF ¢.
Note that r must be an element of the subalgebra A#. A formula with free
variables is valid when its universal closure is valid. Intuitionistic logic is sound
with respect to the realizability relation: if intuitionistic logic proves ¢ then ¢ is
valid.

(p,q) is the encoding of the pair whose components are p and q.

6
" 7 is the encoding of the natural number n.
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2.2 The role of double negation
Negation —¢ is defined as ¢ = L. This gives us

r - —¢ iff for all g € A, not qlF ¢,
r |- ——¢ iff there is q € A such that g I ¢.

A realizer r of a doubly negated formula —=—¢ does not carry any information
about the computational content of ¢, because we may replace it with any other.
Thus double negation is a way of erasing the constructive or computational
meaning of a formula.

A formula which is equivalent to its double negation is called ——-stable. Since
¢ = ——¢ is always intuitionistically provable, only the direction ——¢ = ¢ is
relevant. An important family of stable formulas are the negative ones, which
are those built from 1, T, =, =, A, =, V, and possibly other ——-stable primitive
relations. The realizers of a ——-stable formula ¢ are computationally irrelevant
in the sense that any information that can be computed with the help of a
realizer r |= ¢ can be computed without r, the extreme case of which is that r
itself can be computed from nothing, as long as it exists.

Amonoi: S — Tis——-stable when =Vz eT.(-~(x € S) = x € S), where
“r € S” is a shorthand for 3y € S.i(y) = . Up to isomorphism, such a mono
is a restriction of T to a subset S C T, and the realizability relation IFg is IFp
restricted to S. Thus the ——-stable monos of T correspond to subsets of T

A mono i : S — T is -—~-dense when = VyeT.--Jz€S.y = i(z). Such
a mono is always isomorphic to a mono ¢ : S — T such that S = T and 7 is
the identity map. Thus the —=—-dense monos play in Asm the role of reductions
between representations.

2.3 Semidecidable predicates

To illustrate how the realizability interpretation is used, and for later use, we
explain how to treat semidecidable predicates in Asm. We say that a mono
1: S — T, seen as a predicate on T, is semidecidable when

EVzeT.3fc{0,1}N.(z €8S < IneN.f(n)=1).

Here N is the modest set of natural numbers, cf. Section[3.2] and the exponential
{0,1}N is the modest set of those maps N — {0,1} which are tracked by an
element of A. Markov Principle, which is valid in Asm, states that a formula of the
form 3neN. f(n) = 1 is =—-stable. Therefore only ——-stable predicates can be
semidecidable. We assume without loss of generality that i : S — T is ~—-stable
and that ¢ is a subset inclusion. Validity of the above formula is then equivalent
to there being r € A# which works as follows: if x I 2 then, foralln € N, rx @]
and r x 7 € {0,1}, and furthermore, z € S if, and only if, r x m = 1 for some
n € N. The semidecidable predicates have the expected properties: decidable
predicates are semidecidable, and the semidecidable predicates are closed under
conjunctions and existential quantification over N.
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In type 1 effectivity our notion of semidecidability coincides with the usual
one, while in type 2 effectivity the notion is known as “r.e. open subset”. In
a purely topological model, such as the continuous version of type 2 effectivity
“semidecidable” means “topologically open”. The interpretation in Set is trivial
because there every subset is semidecidable (even decidable) thanks to the law
of excluded middle.

3 Algebras

A signature X for an algebra is given by a list of function symbols f1, ..., f;. Each
f; has an arity, which is a non-negative integer. The set Term(X') of terms over
X is built inductively from variables x,y, z,..., and terms f(¢y,...,t,), where
f is a function symbol with arity n and t1,...,%, are terms. We assume that a
standard Godel numbering "—7: N — {x} + Term(X) of terms is givenﬂ

A Y-algebra A in a category C with finite products is given by an object |.A|
called the carrier of A, and for each function symbol f with arity n a morphism
fA . |A|" — |A|, called an operation. Each term t € Term(X) whose free variables
are among 1, ..., determines a morphism |A[¥ — |A|: a variable z; is the
i-th projection, while a term f(¢y,...,t,) is the composition of fA with the the
morphisms determined by t1,...,t,. A subalgebra of A is a Y-algebra B with
a mono B — A such that the operations in A restrict to operations in B. We
write B < A when B is a subalgebra of A.

If C and D are categories with finite products and F' : C — D a functor which
preserves finite products then a Y-algebra A in C is mapped by F' to a X-algebra
F(A) in D, where |F(A)| = F(|A|) and fF(4) = F(f4). The mapping preserves
valid equations in A, and also reflects them if F' is faithful.

A (first-order) formula ¢ over X' is a formula in first-order logic with terms
over Y. If A is a Y-algebra in C, where C is either Set or Asm, then we may
interpret such a ¢ as a statement about A: the terms are interpreted according
to A, while the logic is interpreted either in the standard set-theoretic way, as
given by Tarski, or using the realizability interpretation from Section We
write A Ec ¢ when ¢ is valid when so interpreted. We refer to interpretations
in Set as “classical” and those in Asm as “effective”. More generally the adjec-
tives “classical” and “effective” are used distinguish between the two settings.
For example, a “classical algebra” is an algebra in Set, while an “effective al-
gebra” is one in Asm. Similarly, a (classical) space is “classically complete” if
the formula expressing completeness is valid in Set, and an (effective) space is
“effectively complete” if the same formula is valid in Asm. Note however that
the exact interpretation of “effective” depends on the choice of the underlying
computational model.

8 The special value "n = « signifies that n is not a valid G6del code. This is not neces-
sary for enumeration of all terms, but we do need it when we consider enumerations
of closed terms, of which there may be none.
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3.1 Subalgebras generated by subassemblies

Suppose A is classical X-algebra, and consider a subset C' C | A| of the carrier.
Then there exists the least subalgebra Z < A such that C' C |Z|, namely the
intersection of all subalgebras that contain C. We say that 7 is generated by C
and denote it by (C) 4.

Now let A be an effective X-algebra and C — |.A| a subassembly of |A|. There
exists the least effective subalgebra (C)4 < A containing C as a subassembly.
One way of proving this is to work in the internal language of the realizability
topos RT(A, A#), where (C)4 is the intersection of all subalgebras of A that
contain the assembly C, just like in Set. A special case is the initial subalgebra
(D) 4 which is generated by the empty subassembly. It is always modest, even if
A is not, and is effectively enumerated by a realized map e : N — {x} + (0} 4
which is essentially the composition of the Gédel numbering of the closed terms
over Y with their interpretation in A.

3.2 Algebras characterized by their universal properties

When a classical algebra is characterized up to isomorphism by a universal prop-
erty, we may use the property to identify the corresponding effective algebra. It
turns out that we usually get the generally accepted “correct” computability
structure:

— The natural numbers N are the initial commutative semiring with unit. In
Asm this is the modest set N = (N, IFy) where 7 IFy n for each n € N.

— The initial commutative ring in Set are the integers Z, while in Asm it is the
modest set Z = (Z,lFz) where, for each m,n € N and k € Z, (m,n) Ikz k
when k =m —n.

— The field of fractions over the integers in Set are the rationals Q. In Asm
it is the modest set Q = (Q,lFg) where, for all k,m,n € N and ¢ € Q,
(k,m,m) kg ¢ when ¢ = (k —m)/n.

— The reals R are the Cauchy-complete archimedean ordered field. The coun-
terpart in assemblies is the modest set R = (R,IFg) where x IFg 2 when
x € A represents a fast Cauchy sequenceﬂ of rational numbers converging
toz,and R = {z € R|3x€ A.x IFg z}. Depending on the PCA A the set R
could consist just of the computable reals, or all reals, or all reals computable
with respect to an oracle, etc.

Unfortunately, such universal characterizations are not always available.

Apart from first-order formulas over a signature 3 we shall also consider more
general first-order formulas which additionally refer to the natural numbers N,
the integers Z, and the rationals Q. We call them extended formulas over the
signature X. When they are interpreted in Set, the symbols N, Z, Q receive
their usual meaning, whereas in Asm we interpret them as the corresponding
assemblies N, Z, and Q, as described above. An extended formula may not refer

9 A sequence (an)n is fast Cauchy if |am — an| < 27 ™0™ for all m,n € N.
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directly to the real numbers because Propositions [T] and [2] fail for formulas that
refer to the reals. An extended formula over X' which is also negative is called
extended negative formula over X.

3.3 Transfer of algebras from sets to assemblies

Every set S may be represented as a constant assembly VS = (S,lFys) where
r kg z holds for allr € A and z € S. In other words, in V.S every realizer realizes
every element. Every function f : S — T between sets S and T is realized as a
map Vf : VS — VT, for example by the realizer skk. This gives us a full and
faithful embedding V : Set — Asm.

The functor V preserves finite limits, and finite products in particular. There-
fore, V maps a X-algebra A in Set to a X-algebra VA in Asm. The mapping
preserves and reflects equations because V is faithful. Even more, it preserves
all negative formulas:

Proposition 1. Let A be a X'-algebra in Set and ¢ an extended negative formula
over X. Then A Ese ¢ if, and only if, VA Easm ¢.

A ——-dense subalgebra B < A in Asm is a subalgebra for which the mono
|B| — |A] is =—-dense. We may assume that |B| = |A| and that the mono
|B] — |A| is the identity map.

Proposition 2. Let A be an effective X-algebra and B < A a ——-dense subal-
gebra. Then A and B satisfy the same extended negative formulas over X.

The proofs of both propositions are standard exercises in performing an in-
duction over the structure of ¢. The deeper reason for their truth is the fact that
sets are precisely the sheaves for the double negation topology on the realizability
topos RT(A, A¥).

4 Premetric spaces

A metric algebra is a X-algebra A whose carrier is a metric space and the op-
erations are continuous maps. A metric algebra is complete if its carrier is a
complete metric space. We face a difficulty when we try to transfer metric alge-
bras from sets to assemblies: V maps a metric d : S xS — R to the realized map
Vd: VS x VS — VR, which is not a metric anymore because its codomain VR
is not the object R of real numbers in Asm. To overcome the problem we use
a formulation of metric spaces which does not directly refer to real numbers, is
classically equivalent to the usual metric spacesm and is constructively accept-
able. Such a notion, namely premetric spaces, was defined by Fred Richman [6].
We use a slight variation:

10 We allow infinite distances but that is inessential.
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Definition 1. A premetric space (X, d) is a set X with a ternary relation d C
X x X xQ satisfying the following conditions, where we write d(x,y) < q instead
1. if ¢ <0 then not d(z,y) < q,

2. d(z,y) <0 if, and only if, x =y,

3. if d(z,y) < q then d(y,x) < g,

4. if d(z,y) < q and d(y,z) <r then d(x,z) < q+r,

5. d(z,y) < q if, and only if, d(z,y) <r for allr > q.

Richman’s definition also requires that for all x,y € X there is a rational ¢ > 0
such that d(z,y) < g. We omit the requirement because we do not need it, and
because it is the only axiom which is not a negative formula.

Every metric space (M, d) is a premetric space (M, d") with d’' = {(z,y,q) €
X x X xQ | d(z,y) < ¢}. Classically, the converse holds if we allow infinite
distanceﬁ because the metric d may be recovered from the premetric d’ as
d(z,y) = inf{qg € Q| d'(x,y) < ¢}. Constructively however the infimum need
not exist.

The basic theory of premetric spaces parallels that of metric spaces. The
notions of completeness, continuity, density, etc., are all easily expressed in terms
of the premetric. In fact, the whole theory is constructively valid (even without
choice), as was shown by Richman [6]. Despite our allowing infinite distances,
the following theorem still holds constructively, and is therefore valid both in
Set and Asm.

Proposition 3. Let X be a premetric space and e : X — Y its completion, i.e.,
an isometry with a dense image into a complete premetric space Y. Then every
locally uniformly contmuouﬁ f: X — Z to a complete premetric space Z has
a unique locally uniformly continuous extension f:Y — Z along e.

An easy consequence of the theorem is that any two completions of a premetric
space are isometrically isomorphic.

When a premetric space (X,d) is transferred from Set to Asm by V, the
relation d C X x X x Q is mapped to the mono Vd — VX x VX x VQ, which is
——-stable. The axioms for premetric structure are extended negative formulas,
so by Proposition [1| they are preserved. This proves the following proposition:

Proposition 4. If (X,d) is a classical premetric space then (VX,Vd) is an
effective premetric space. Furthermore, (X,d) and (VX,Vd) satisfy the same
extended negative formulas.

Moreover, V preserves the completeness property, which follows easily from
the observation that the exponential assembly (VX)N is isomorphic to V(XV):

Proposition 5. A classical premetric space (X, d) is classically complete if, and
only if, (VX,Vd) is effectively complete.

11 With Richman’s extra axiom the correspondence between metric and premetric
spaces is exact, classically.

12°A map is locally uniformly continuous if it is uniformly continuous on every closed
ball.
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4.1 Complete subalgebras

When A is a classical complete premetric X-algebra we may ask whether every
subalgebra B < A is contained in the least complete subalgebra B < A. The
premetric closure |B| in |.A| is an obvious candidate. For it to be a subalgebra,
each operation & : |B|" — |B| must extend to a map 5 : @n — |B|, which
it does by Theorem [3| as long as the operations on B are locally uniformly
continuous. We have proved the following proposition.

Proposition 6. Let A be a classical complete X -algebra. The closure @ of the
carrier of a subalgebra B < A is the least complete subalgebra of A containing
B, provided the operations on B are locally uniformly continuous.

The argument which proved Proposition [f] is constructively valid. Its inter-
pretation in Asm gives the following effective version.

Proposition 7. Let A be an eﬁectivﬂ complete X'-algebra. The effective clo-
sure |B| of the carrier of a subalgebra B < A is the least effective complete
subalgebra of A containing B, provided the operations on B are effectively locally
uniformly continuous.

We remark that the complete subalgebra B generated by B is modest if B is
modest, even if A is not.

5 Main Theorems

The results of the previous sections give us a method for finding canonical effec-
tive subalgebras of classical algebras. Let A be a classical premetric X-algebra.
In general there will be many effective subalgebras B < VA, each carving out
a different piece of A with its own effective structure. Our first theorem gives
conditions which severely cut down the number of possibilities. Define the rela-
tion d(z,y) < q for z,y € |A| and ¢ € Q by d(z,y) < ¢ < FreQ.d(z,y) <
rAr<gq.

Theorem 1. Suppose A is a classical premetric X-algebra in which the initial
subalgebra (D) 4 is classically dense. Up to isomorphism, there is at most one
effectively complete subalgebra B < VA on which the relation d(z,y) < q is
semidecidable.

We omit the proof, and just note that B, if it exists, is the effective completion
of the initial subalgebra (()v 4.

When the initial subalgebra ({}) 4 is not dense, Theorem [I| cannot be applied.
Quite often this can be fixed with a judicious addition of new constants and
operations. For example, the initial subring of the ring C[0,1] of continuous
real functions on the closed unit interval is the ring of integers (embedded as

13 To be precise, we are talking about an “effectively complete effectively premetric
effective X-algebra”.



46 Andrej Bauer and Jens Blanck

constant functions), which is not dense. If we adjoin the identity function and
1

the constant function 5 as primitive constants, the initial subalgebra will be the
ring of polynomials whose coefficients are dyadic rationaISE which is dense by
the (classical) Stone-Weierstrafl theorem.

Another way to deal with non-dense initial subalgebra is to replace (P) 4 in
Theorem [I] with a chosen dense subalgebra D < A, but then the statement is
that there is at most one effectively complete subalgebra of V.A containing VD
for which d(x,y) < ¢ is semidecidable.

The next theorem complements Theorem [1| by giving conditions for existence

of subalgebras.

Theorem 2. Let A be a classical complete premetric X-algebra. Suppose the
relation d(z,y) < q is semidecidable on (D)v.4 and the operations of (B)v.a
are effectively locally uniformly continuous. Then VA has an effective complete
subalgebra on which the relation d(x,y) < q is semidecidable.

Again, we omit the proof. We know from the previous theorem that the desired
subalgebra must be the completion of ((})v 4, from which a concrete represen-
tation can be computed: because ((}}v 4 is essentially represented by a Godel
numbering of closed terms, its completion is represented by sequences of (Gddel
codes of) closed terms that are fast Cauchy.

6 Applications

In this section we apply the results to two common scenarios.

6.1 Discrete premetric spaces

The simplest kind of complete premetric algebras are the discrete ones. Let A
be a classical X-algebra and define the discrete premetric on |A| by

dlz,y) <q <= (¢<1 = z=y),

which of course corresponds to the metric that takes on only values 0 and 1. In the
discrete premetric every set is complete and every map is uniformly continuous.
Therefore, half of the conditions in Theorems [I] and [2] are trivially satisfied.
Furthermore, a discrete premetric is semidecidable on B < VA if, and only if,
equality is semidecidable on B, because z = y <= d(z,y) < 1 and d(z,y) <
¢ < (¢ >1Vz=y). Thus we obtain the following result.

Proposition 8. Suppose A is a finitely generated classical X'-algebra. Up to iso-
morphism, there is at most one effective structure on A for which the operations
and the gemerators are effective, and equality is semidecidable. Furthermore, if
there is such an effective structure, it is isomorphic to the effective subalgebra
({a1,...,an})va of VA generated by the generators ay,...,an for A.

14 A dyadic rational is one of the form n/2F.
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More precisely, the first part of the proposition states that there is at most one
realizability relation IF4 on the set |A| which turns the classical algebra A into
an effective on such that equality is semidecidable. The second part gives an
explicit description of the effective structure, and also implies that the resulting
assembly is modest.

In the context of type 1 effectivity Proposition 8| was first proved by Mal’cev,
see [7] and [8, Theorem 4.1.2]. He actually considered two versions, one with gen-
eral recursive functions and another with partial recursive functions. Our result
corresponds to the partial recursive case because all partial recursive functions
are representable in a PCA.

6.2 The real numbers

The real numbers form a classical ordered field, and a classical complete pre-
metric space with the usual premetric d(z,y) < ¢ <= |z —y| < ¢ A
slight complication is division because it is a partial operation. The journal
version of this extended abstract will include a proper treatment of partial op-
erations. For now, we circumvent division by viewing the real numbers as a ring
R = (R,0,1, %, +,—, X) with a primitive constant % The initial subalgebra is
the ring of dyadic rationals, which is dense in R. The relation |z — y| < ¢ is
semidecidable, even decidable when x and y are dyadic rationals and ¢ a ratio-
nal. The operations are easily seen to be effectively locally uniformly continuous.
Thus the conditions of both main theorems are satisfied. Up to isomorphism
there is exactly one effectively complete effective subring R < VR on which
the relation d(z,y) < ¢ is semidecidable. We may replace semidecidability of
d(x,y) < g with semidecidability of the strict order relation z < y because
d(z,y) <q < —q<z—y<qand

T <y =
Jq,r€Q.3keN. (d(x,q) <27Fad(y,r) <27FAg+27F2 <)

The dyadic rationals have approximate division: for all k € N and dyadic ra-
tionals a and b # 0 there exists a dyadic rational ¢ such that d(a,bc) < 27F.
The completion of a premetric ring with approximate division is always a field,
constructively speaking. By putting all these observations together we get the
following result.

Proposition 9. Up to isomorphism, there is exactly one effectively complete ef-
fective subfield of the real numbers for which the strict linear order is is semide-
cidable.

When the proposition is specialized to type 2 effectivity it gives Hertling’s
result [2] about type 2 representations of reals, while the interpretation in type 1
effectivity corresponds to a result of Moschovakis [I].

15 This means that the operations and generators are realized by elements of A¥.
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7 Conclusion

The relation d on a premetric space (X, d) induces a uniform structure on X
whose (basic) entourages are E, = {(z,y) € X x X | d(z,y) < ¢}, for rational
q > 0. This suggests that one should look for a generalization to uniform spaces.
We would first need a suitable constructive treatment of uniform spaces and
their completions.

Another direction which might be worth investigating follows the work of
Blanck et al. [9] who formulated general results about stability of effective al-
gebras in type 1 effectivity. Their theorems do not translate into our settings
easily, because they assume a structure which is not metric, but rather like that
of sequential or limit spaces. Again, to incorporate such results we would require
a constructive theory of limit spaces and their completions.
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Abstract. We prove the correctness of a formalised realisability inter-
pretation of extensions of first-order theories by inductive and coinduc-
tive definitions in an untyped A-calculus with fixed-points. We illustrate
the use of this interpretation for program extraction by some simple ex-
amples in the area of exact real number computation and hint at further
non-trivial applications in computable analysis.

1 Introduction

This paper studies a realisability interpretation of an extension of first-order
predicate logic by least and greatest fixed points of strictly positive operators.
The main results are the Soundness Theorem for this interpretation and the
Adequacy Theorem for the realisers with respect to a call-by-name operational
semantics and a domain-theoretic denotational semantics. Both results together
imply the Program FExtraction Theorem stating that from a constructive proof
one can extract a program that is provably correct and terminating.

In order to get a flavour of the system we discuss some examples within the
first-order theory of real closed fields with the real numbers as intended model.
In the first example we define a set N of real numbers (inductively) as the least
set satisfying

N(0) AVz (N(z) — N(z + 1))

More formally, N:= pX{z |z =0V 3Iy(x =y+ 1A X(y))}, i.e. Nis the least
fized point of the operator mapping a set X to the set {z | z = 0V Jy(x =
y+ 1A X(y))}. Clearly, in the intended model N is the set of natural numbers.

For the second example, set I := [-1,1] = {# | =1 < z < 1}, SD :=
{0,1, -1}, and av;(z) := (x + i)/2. Define Cy (coinductively) as the largest set
of real numbers satisfying

Va (Co(z) — Fi € SD,y € I (z = av;(y) A Co(y)))

Formally, Cy := vX.{x | 3i € SD,y € I(x = av;(y) A X(y))}, i.e. Cy is the
greatest fized point of the operator mapping X to {x | 3. € SD,y € I(x =
av;(y) A X (y))}. Classically, one easily shows that Cy = I. Hence the coinductive
definition seems to be unnecessary. However, the point is that in order to prove
constructively Co(z) for & € I, one needs the extra assumption that there is a
rational Cauchy sequence converging to x, and the (coinductive) proof gives us

Andrej Bauer, Peter Hertling, Ker-I Ko (Eds.)
6th Int’l Conf. on Computability and Complexity in Analysis, 2009, pp. 49-60
http://drops.dagstuhl.de/opus/volltexte/2009/2258
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a (coiterative) program transforming the Cauchy sequence into a signed digit
representation of x.

Our third example extends the previous one to unary functions. Add a new
sort for real functions, and let I' denote the set of real functions mapping I to I.
Define a set of real functions by

Cp:=vFuG{g|3ieSD,fel (g=avio fAF(f))VVieSDG(goav;)}

One can show that C; coincides with the set of functions in I' that are (con-
structively) uniformly continuous on I. Moreover, a constructive proof of Cy(f)
contains a program that implements f as a non-wellfounded tree acting as a
(signed digit) stream transformer similar to the structures studied by Ghani,
Hancock and Pattinson [GHP06]. More precisely, this interpretation is the com-
putational content of a constructive proof the formula Vf (Cy(f) — Va (Co(z) —
Co(f(x)))), which is a special case of a constructive composition theorem for
analogous predicates C,, of n-ary functions. Details as well as concrete applica-
tions with extracted Haskell programs will be worked in a forthcoming publica-
tion.

The realisability interpretation we are going to study is related to interpreta-
tions given by Tatsuta [Tat98] and Miranda-Perea [MP05]. We try to point out
the main similarities and differences. Like Tatsuta, we use untyped programs
as realisers that allow for unrestricted recursion. The necessary termination
proof for extracted programs (which seems to be missing in Tatsuta’s paper)
is obtained by a general Adequacy Theorem relating the operational with a
(domain-theoretic) denotational semantics. Miranda extracts typed terms and
uses the more general “Mendler-style” (co)inductive definitions [Men91] which
extract strongly normalising terms in extensions of the second-order polymor-
phic A-calculus or stronger systems [Mat01,AMUOQ5]. Tatsuta studies realisabil-
ity with truth while we omit the “truth” component. From a practical point
of view the most important difference to Tatsuta’s interpretation is that we
treat quantifiers uniformly in the realisability interpretation (as Miranda-Perea
does): MrVz A(z) is defined as Vz (M r A(x)), but not Vo (M zr A(zx)), and
Mr 3z A(x) is defined as 3z (M r A(z)), but not mo (M) r A(71(M)). In general,
a realiser never depends on variables of the object language and does not produce
output in that language, i.e. the object language and the language of realisers
are kept strictly separate. Realisers are extracted exclusively from the “propo-
sitional skeleton” of a proof ignoring the first-order part which matters for the
correctness of the realisers only. This widens the scope of applications because
it is now possible to deal with abstract structures that are not necessarily “con-
structively” given. For example the real numbers in our examples above, were
treated abstractly (i.e. axiomatically) without assuming them to be constructed
in a particular way. The ignorance w.r.t. the first-order part can also be seen as a
special case of the interpretations studied by Schwichtenberg [Sch09] and Hernest
and Oliva [HO08] which allow for a fine control of the amount of computational
information extracted from proofs.

We state most of the results without proof. Full proofs will be given in an
extended version of this paper.
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2 Induction and coinduction

We fix a first-order language L. Terms, r,s,t ..., are built from constants, first-
order variables and function symbols as usual. Formulas, A, B,C' ..., are s = t,
P(t) where P is a predicate (predicates are defined below), AAB, AVB, A — B,
Vo A, dx A. A predicate is either a predicate constant P, or a predicate variable
X, or a comprehension term Axz.A (sometimes also written {x | A}) where A
is a formula and x is a vector of first-order variables, or an inductive predicate
uX.P, or a coinductive predicate v.X.P where P is a predicate of the same arity
as the predicate variable X and which is strictly positive in X, i.e. X does not
occur free in any premise of a subformula of P which is an implication. The
application, P(t), of a predicate P to a list of terms ¢ is a primitive syntactic
construct, except when P is a comprehension term, P = {x | A}, in which case
P(t) stands for Aft/z].

It will sometimes be convenient to write € P instead of P(x) and also
P C Q for Va (P(x) — Q(x)) and PN Q for {x | P(x) A Q(x)}, etc. We also
write {¢ | A} as an abbreviation for {z | Jy (x = tAA)} where z is a fresh variable
and y = FV(¢) N FV(A). Furthermore, we introduce operators @ := AX.P (or
P(X) := P), where P is strictly positive in X, and then write ¢(Q) for the
predicate P[Q/X] where the latter is the usual substitution of the predicate Q
for the predicate variable X. We also write y® and v® for 4 X.P and v X.P. For
convenience, we also write A(X) to distinguish a particular predicate variable
X in A, and A(P) for the substitution of every free occurrence of X in A by
P. A formula, predicate, or operator is called non-computational, if it contains
neither free predicate variables nor the propositional connective V. Otherwise it
is called computational.

The proof rules are the usual ones for intuitionistic predicate calculus with
equality. In addition, we have the axioms

Closure &(u®) C ud Induction @(Q)C Q — ud C Q
Coclosure v® C &(vd) Coinduction Q@ C ¢(Q) — Q C vP

In addition we allow any axioms expressible by non-computational formulas that
hold in the intended model. In particular, it is possible to add all classical non-
computational tautologies as axioms such as, for example, 3x A < —Vz —A for
non-computational A. We write I' - A if A is derivable from assumptions in I’
in this system. If A is derivable without assumptions we write - A, or even just
A. We define falsity as | := pX.X where X is a 0-ary predicate variable (i.e. a
propositional variable). From the induction axiom for L it follows immediately
1 — A for every formula A. The following basic facts are easy to prove.

Lemma 1. (o) If I'(X) F A(X), then I'(P) + A(P).

(b)) f ' d(X) CU(X), then ' u® C ¥ and I'-vd C V0.
(¢c) PCQ— P(P)CP(Q).

(d) o(ud) = p® and S(vP) = vd.
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3 Realisability

The realisers of formulas are terms of a LISP-like untyped A-calculus with pair-
ing, injections and recursion (which in Sect. 5 will however receive a call-by-name
operational semantics). Program-terms, M, N, K, L, R... (terms for short) are
variables x,y, z, ..., the constant (), and the composite terms (M, N), inl(M),
inr(M), Ae.M, m;(M) (i = 1,2), case M of {inl(z) — L; inr(y) — R}, (M N),
recx. M. The free variables of a term are defined as usual (the constructs Az,
recz and inl(xz) —, inr(z) — in a case term bind the variable z). The usual
conventions concerning bound variables apply.

Of particular interest are closed terms that are built exclusively from () by
pairing (-, ) and the injections inl(-) inr(-). We call these terms data and denote
them by d,e,.... Roughly speaking, data stand for themselves and will in any
reasonable denotational semantics coincide with their value. In Section 5 we
will study such a denotational and also an operational semantics for arbitrary
program terms and prove an Adequacy Theorem.

In order to formalise realisability we need a system that can talk about math-
ematical objects and realisers. Therefore we extend our first-order language £ to
a language r(£) by adding a new sort for program terms. All logical operations,
including inductive and coinductive definitions, are extended as well. All axioms
and rules for £, including closure, induction, coclosure and coinduction and the
rules for equality, are extended mutatis mutandis for r(£). In addition, we have
as extra axioms the equations

case inl(M) of{inl(z) — L; inr(y) — R} = L[M/x] similarly for inr(M),
mi((My, M3)) = M;, (Ae.M)N = M[N/z], recx.M = Mrecx.M/x]

The realisability interpretation assigns to every L-formula A a unary r(L)-
predicate r(A). Intuitively, for any program term M the r(L)-formula r(A)(M)
(sometimes also written M r A) states that M “realises” A. The definition of r(A)
is relative to a fixed one-to-one mapping from L-predicate variables X to r(L)-
predicate variables X with one extra argument place for program terms. The
definition of r(A) is such that if the formula A has the free predicate variables
X1,...,X,, then the predicate r(A) has the free predicate variables X1,..., X,.
Simultaneously with r(A4) we define a predicate r(P) for every predicate P,
where r(P) has one extra argument place for program terms. In the definitions
we take special care of non-computational formulas and predicates in order to
get optimised realisers. If A is non-computational, then r(A4) = {() | A}. If P is
non-computational, then r(P) = {((),z) | P(x)}. In all other cases:

r(P(t) = {z | x(P)(x, )} r(A— B)={f|f(r(A) Sr(B)}
r(AV B) = inl(r(A)) Uinl(r(B)) r(AAB) = (r(A),r(B))
r(Jy A) ={z | Iy (c(A)(x))} r(vy A) = {z | vy (c(A)(z))}
r(X) =X r({e | A}) ={(y,2) | r(A) ()}
r(uX.P) = pX.r(P) r(vX.P) = vX.r(P)

If one uses for operators ® = AX.P the notation r(®) := AX.r(P) one can
shorten the last two clauses to r(u®) = pr(®) and r(vP) = vr(P).
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We call a L-formula a data formula if it contains no free predicate vari-
ables and every subformula which is an implication or of the form v®(t) is
non-computational. We also define inductively a unary predicate Data by

Data = {()} Uinl(Data) U inr(Data) U (Data, Data)
Lemma 2 (Data formulas). r(A) C Data for every data formula A.

Proof. One shows more generally: if A is a formula such that every subfor-
mula which is an implication or of the form v@(t) is non-computational, then
r(A)(Data’) C Data, where r(A)(Data’) is obtained from r(A) by replacing

every n + l-ary r(L)-predicate variable X by the predicate Data’ := {(x,y) |
Data(z)}. The easy proof is by induction on the structure of A.

Theorem 1 (Soundness). From a closed derivation of a formula A one can
extract a program term M and a derivation of r(A)(M).

We prove the Soundness Theorem in the next chapter.
Let us see what we get when we apply realisability to our examples from the
Introduction. In the first example, r(N) is the least relation such that

r(N) = {(inl(()), 0)} U {(inr(n), z + 1) [ r(N)(n, )}

Hence, we have for a data d and z € R that drN(z) holds iff z is a natural
number and d = z := inr®(inl(()))), i.e. d is a unary representation of .

In the second example we first note that the formula SD(¢) is shorthand for
the formula i =0V i=1Vi= —1. Hence for suitable data d; (i € SD) we have
that r(Cyp) is the largest predicate such that

r(Co) = {({di, a),avi(y)) | i € SD, y € I, x(Co)(a, y)}

Hence, semantically, r(Co)(a,y) means that a = ag, a1, ... is an infinite stream
of digits a; € {0,1,—1} such that y = X227 0FY x q;.
In the third example we have

r(Cy) =vE . uG. {({d;,t),av;0 f) | i€ SD, fel', F(t, f)} U
{({to,t1,t-1), f) | Vi € SDG(t;, g o av;)}

One sees that a realiser of Ci(f) is a non-wellfounded tree with two kinds of
nodes: “writing nodes” labelled with (a representation of) a signed digit, which
means the algorithm writes that digit to the output without reading the input
stream, and “reading nodes” where the tree branches into three subtrees meaning
that the algorithm reads the first digit of the input stream and continuous with
the branch corresponding to the digit read and the tail of the input stream. Due
to the inner “ué” infinitely many writing nodes occur on each path through the
tree ensuring that in the limit an infinite output stream is produced.
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4 Proof of the Soundness Theorem

The main task in proving the Soundness Theorem (Thm. 1) is to define the
realisers of induction and coinduction and to prove their correctness.

We define program terms mapy 4, mapxp, Itsx x . p, and Coitgy x . p,
where X is a predicate variable, A is formula and P is a predicate, both strictly
positive in X. In Lemma 6 we will show that mapy p realises the monotonic-
ity of P w.r.t. X. The terms Itg, x . » and Coitg, x . » will be used to realise
induction and coinduction. In [MP05] the iterators and coiterators are given as
constants which expect map-terms as extra arguments, and the property stated
in Lemma 6 is an assumption in the Soundness Theorem.

Here, the terms mapy 4, map X Itsx x . p, and Coitgy x . p are defined by
recursion on the structure of A and P. We write M o N as an abbreviation for
Ar.M(N z) where z is fresh. mapy 4, = mapyp = AfAzr.x if X is not free in
A or P. Otherwise:

mapx p) = mMapyp

mapx anp = AfAz. (mapx 4 f (m1(z)), mapx pf (m2(2)))

mapy 4,5 = AfAT. case z of {inl(y) — mapy 4 fy; inr(z) — mapy p fz}

mapy 4_,p = AfAg.mapypfog

mapx (y|A} = Mapx 4
mapy x = Af-f

mapy ,yp = Af . Itaxy p(mapxpf)

mapy ,yp = Af . Coitixy p(mapypf)
Itax x . p = As.Tecg.somapy pg

Coithx x .p = As.recg. mapxpg o s

Lemma 3. (a) Itscx . ps = somapy p(Itac x . ps)
(b) Coitax x . ps = mapy p(Coitsy x . ps) o s

(c) mapyx ,ypg = mMapxpg o maPY,P(maPX,MY.Pg)
(d) mapy ,y.pd = maPY,P(mapx,yy.PQ) omapypg

Proof. Easy calculation using the equational axioms for the calculus.

Lemma 4 (Substitution). r(?)(r(Q)) = r(®(Q)) for every operator ¢ and
predicate Q.

Proof. Straightforward induction on the (syntactic) size of .

In the next lemmas we consider predicates in the language r(£) whose first
arguments range over predicate terms. The following definitions will be used:

Pof={lx,y) | (fz,y) eP} [xP:={(fz,y)|(z,y) €P}

Clearly, (Po f)og=Po(fog) and fx(g*P) = (f*g)*P. The rationale
for the first of the two definitions is that r(P C Q) = {f | r(P) C r(Q) o f}.
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and the Induction Axiom is an implication between inclusions of predicates. The
following easy lemma shows that the two definitions are adjoints. This will allow
us to treat induction and coinduction in a similar way.

Lemma 5 (Adjunction). Q CPof & fxQCP

Lemma 6 (Map). Let & be an operator in the language L. and X a fresh
predicate variable. Then mapx g x) realises the monotonicity of , that is

mapy ¢x) T (PCQ—o(P)C Q)

for all L-predicates P and Q. By the definition of realisability and the Adjunction
Lemma this is equivalent to each of the following two statements about arbitrary
r(L)-predicates P and Q of appropriate arity and all f:

(a) PC Qo f—r(P)(P)Cr(P)(Q)cmapy 4 x)f
(b) f+P CQ—mapxgx)f*r(®)(P) Cr(2)(Q)

Furthermore, setting in (a) P:= Qo f and in (b) Q:= f *P one obtains

(¢c) x(@)(Qo f) C r(P)(Q) c mapx 4(x)f
(d) mapy g(x)f *r(®)(P) Cr(®)(f *P)

Proof. We show a slight generalisation of (a). Let ¢ be an operator of n + 1 ar-
guments, and X,Y fresh predicate variables. Let @ = O, ..., 9, be predicates
in the language r(£). Then for all f, P, Q

PCQof—r(P)(P,Q) Cr(P)(Q, Q) omapyqx)f

The proof is by induction on the structure of #(X,Y"). In the proof we allow
ourselves to switch between (a) and (b) whenever convenient. We only carry out
in detail the difficult cases, namely when @ is defined by induction or coinduction.

Case (XY ) = pZ.8y(X,Y,Z). Then r(®)(X,Y) = pZ.x(d)(X,Y, 2).

Assume P C Qo f. Setting R :=r(®)(Q, Q) = 12 .x(Po)(Q, Q, Z), we have to
show pZ.r(®9)(P, Q,Z) C Romapy s(x,y)f- We induct on uZ.x(®0)(P, Q, 2).

Hence, we have to show r(®)(P, Q,R omapy ¢x,y)f) € Romapyx,y)f-

r(®0)(P,Q,Ro mapx,¢(X,Y)f)
ih.(c)
C  r(®)(P,Q,R)omapy4,(x,v,z)(MapPxqsx v f)

i.h.(a)
- r(0)(Q,Q,R)o maPX,qsg(X,Y,z)f omapyze,(x,vy,z) (mapX,qf'(X,Y)f)
L. 3 (¢)
=" 1(®)(Q,Q,R)o mapX,@(X,Y)f
= I'(@())(Q, Qv /,(,ZI‘(@O)('P7 Qv Z)) 0 mapX,@(X,Y)f
Fixe:d P.

HZ-T(@O)(Qa Q, Z) © mapX,@(X,Y)f

= Romapyxgx v/
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Case B(X,Y) = vZ.Py(X,Y,Z). Then r(®)(X,Y) = vZ.x(d)(X,Y,Z).
Obviously, it is now more convenient to show (b). Assume f*P C Q. Setting R :=
r(®)(P, Q) = vZ.r(®o)(P, Q,Z) we use coinduction to show mapy g(x y)f *

R CvZ.x(P)(Q, Q, Z). The proof is exactly dual to the inductive proof above
(using the i.h. in the form (d) and (b)).

Proof of the Soundness Theorem (Thm. 1). As usual, one shows by in-
duction on derivations the following more general statement: From a derivation
Biy,...,B, F A one can extract a program term M with free variables among
X1,..., 2y such that v(By)(z1),...,v(Bn)(x,) F r(A)(M). The only interesting
cases are induction and coinduction.

Induction. By the Substitution Lemma, we have

r(P(Q) € Q— pud C Q) ={f | Vs (r(®)(r(Q)) Cr(Qos — ur(®) Cr(Q)ofs)}
Hence, in order to show that It ) (=: M) realises induction, we assume
r(®)(r(Q)) Cr(Q)os

and show pr(®) C r(Q)olIt,,)s. We use induction on ur(®), which reduces the
problem to showing r(®)(r(Q) o It,,)s) C r(Q) o Ity (a)s.

Map Lemma (c)

r(®)(r(Q) o Tty (q))s < r(®)(r(Q)) o map,)(Ity(a)s)
assumption
- I‘(Q) o somap, ) (Ittp(a)s)

Lemma 3 (a)

r(Q)olt, s

Coinduction. Similar, using the Map Lemma (d) and Lemma 3 (b).

5 Semantics of program terms

Now we study a call-by-name operational semantics of program terms which al-
lows us to use the program terms extracted from a formal proof to compute data.
As an intermediate step we employ a domain-theoretic denotational semantics.
The denotational semantics is of independent interest since it directly reflects
the intuitive mathematical meaning of program terms.

By a domain a Scott-domain, i.e. an algebraic, countably based, bounded
complete, dcpo [GHKT03]. Note that every domain has a least element | w.r.t.
the domain ordering C. Let D be the least solution of the domain equation

D=14+D+D+DxD+[D— D]

where 1 is the one-point domain {()}, and +, x, [ — -] denote the usual domain
operations, separated sum, cartesian product, and continuous function space (of
course, the domain equation holds only “up to isomorphism”). Hence, every
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element of D is of exactly one of the following forms: L, (), inl(a), inr(a), (a,b),
abst(f), where a,b € D and f € [D — D]. It follows from standard facts in
domain theory that every program term M defines in a natural way a continuous
function [M] : DV& — D. For example, [Ax.M]¢ = abst(f) where f(a) =
[M]&[x — a] and [rec 2. M€ is the least fixed point of f. Furthermore, if [M]¢ =
abst(f), then [M N]¢ = f([N]¢), otherwise the result is L.

If Ax is a set of non-computational L-axioms we denote by r(Ax) the system
of r(£)-axioms consisting of the axioms in Ax together with the extra axioms
introduced in Sect. 3. If M is a model of Ax, then we denote by r(M) the obvious
expansion of M to a model of r(Ax) using the definition above of the value of
a program term. Again, it follows from standard results in domain theory that
r(M) satisfies the axioms for program terms and hence is indeed a model of
r(Ax). Note that in this model the interpretation of the predicate Data defined
in Sect. 3 is the least subset [Data] of D such that

[Data] = {()} Uinl([Data]) U inr([Data]) U ([Data], [Data])

Hence, if Data(M) is provable, then [M] € [Data].

Now we introduce the operational semantics of program terms. A closure is
a pair (M, n) where M is a program term and 7 is an environment, i.e. a finite
mapping from variables to closures, such that all free variables of M are in the
domain of 7. Note that this is an inductive definition on the meta-level. A value
is a closure (M,n) where M is an intro term, i.e. a term of the form (), or
inl(My), or inr(My), or (My, Ma), or A\x.My. We let ¢, ¢/, ... range over closures
and v,v’, ... range over values. We inductively define the relation ¢ — v (big-
step reduction):

n(x) — v

(z,m) — v
(M,n) — (inl(Mo), ") (Lynlz— (Mo, n)]) — v

(case M of {inl(z) — L; inr(y) = R},n) — v
(M, n) — (M1, Ms),n') — (Mi,n) — v
mi(M) — v
(M,n) — (A\x.Mo,n") (Mo, ' [x — (N,n)]) — v
(M N,n) —wv

(M,n[z — (recxz.M,n)]) — v
(recx. M,n) — v

v—r v

sim. inr(Mp).

Finally, in order to compute data we need a ‘print’ relation ¢ = d between
closures ¢ and data terms d.
c— (0,n) ¢ — (inl(M),n)  (M,n) =d
c=() ¢ = inl(d)
c — ((My, Mz),n)  (My,n) = da (Mz,n) = dy
c — <d1, d2>

sim. inr(M)
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The inductive definition of ¢ = d gives rise to an algorithm computing d from
c in a call-by-name fashion. It follows that whenever M — d, then in a call-
by-name language such as Haskell the evaluation of the program corresponding
will terminate with a result corresponding to d.

To every closure ¢ we assign a term ¢ by ‘flattening’, i.e. removing the struc-
ture provided by the nested environments: (M,n) = Mn(x)/z | x € dom(n)].

Lemma 7 (Correctness).

(a) If c — v, then € =T is provable.
(b) If c = d, then ¢ = d is provable.

Theorem 2 (Adequacy). If [M] = d, then (M,)) = d.

The proof of the Adequacy Theorem is uses a technique that has been used for
a similar purpose in [Win93] and [CS06]. It can be viewed as transformation of
Plotkin’s Adequacy Theorem for PCF [Plo77] to the untyped setting. To carry
out the proof, we first exploit the algebraicity of the domain D. Every element of
D is the directed supremum of compact elements, which are generated at some
finite stage in the construction of D. Let Dy be the set of compact elements of
D. There is a rank function rk(-) : Dy — N satisfying:

(rk1) The images of the injections inl(-),inr(-), and the pairing function (,-) are
compact iff their arguments are. Injections and pairing increase rank.

(rk2) If abst(f) is compact, then for every a € D, f(a) is compact with rk(f(a)) <
rk(abst(f)), and there exists a compact ag C a with rk(ag) < rk(abst(f))
and f(ao) = f(a).

These properties allow us to define for every compact a a set Cl(a) of closures,
by recursion on rk(a): Cl(L) is the set of all closures, otherwise

CI(() ={c|Tn(c—(0.m)}
Cl(inl(a)) = {c| I(M,n) € Cl(a) (¢ — (inl(M),n))}
Cl(inr(a)) = {c| I(M,n) € Cl(a) (¢ — (inr(M),n))}
Cl((a1,az2)) = {c | IM1, Ma,n ((M1,n) € Cl(ar) A (Mz2,n) € Cl(az) A

— ((M1, M3),n))}
Cl(abst(f)) = {c| Jz, M,n(c — (Az.M,n) AVa € Dy (rk(a) < rk(abst(f))
— V' € Cl(a) (M,n[z — ]) € Cl(f(a))))}

Alternatively, one could use Pitt’s method [Pit94] to define similar “candidate”
sets. Using (rk1) and (rk2) one can prove:

Lemma 8. (a) If a,b are compact with a C b, then Cl(a) 2 CI1(b).
(b) ¢ € Cl(a) iff there exists a value v with ¢ — v and v € Cl(a).
(c) If c € C1(d), where d is a data, then c = d.

In the following we write n € C1(§) if for all z € dom(n), &(z) is compact and

n(z) € CL(¢(x)).
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Lemma 9 (Approximation). If n € Cl(§) and a is compact with a C [M]E,
then (M,n) € Cl(a).

Proof. Let [M]"¢ denote the n-th stage in the definition of [M]¢. Hence, [M]°¢ =
1 and e.g. [Az.M]""1¢(a) = [M]™E[— al, e.t.c. Since the [M]"¢ form an in-
creasing chain in D with [M]€ as its supremum, it follows that if a is compact and
a C [M]¢, then a T [M]"€ for some n. Hence, it is enough to show by induction
on n that if n € C1(§) and a is compact with a C [M]™¢, then (M,n) € Cl(a).

Proof of the Adequacy Theorem (Thm. 2). Assume [M] = d for some data
d. Since d is compact, it follows, by the Approximation Lemma, (M, () € Cl(d).
Hence (M, )) = d, by Lemma 8 (c).

Theorem 3 (Program extraction). From a proof of a data formula A one
can extract a program term M with the property that (M,0) = d for some data
d provably realising A, i.e. v(A)(d) is provable.

Proof. By the Soundness Theorem, we obtain from a proof of A a program term
M and a proof of r(A)(M). By Lemma 2, Data(M) is provable and therefore true
in D, ie. [M] = d for some data d. By the Adequacy Theorem, (M, ()) = d,
and by Lemma 7, M = d is provable. It follows that r(A)(d) is provable.

6 Conclusion and further work

In this paper we laid the logical and semantical foundations for the extraction of
programs from proofs involving inductive and coinductive definitions. The main
results where the Soundness Theorem for a realisability interpretation stating
that the extracted program provably realises the proven formula, and the Ad-
equacy Theorem stating that for data formulas the realisers can be computed
into canonical form via a call-by-name operational semantics.

We restricted ourselves to simple examples illustrating the method. More sub-
stantial applications are to be published in forthcoming papers. Strictly speak-
ing our results do not apply to loc. cit. because there realisers are typed (with
Haskell or ML style polymorphic types) while our realisers are untyped. We
plan to recast our results with typed realisers, which will probably technically
more complicated, but will have the advantage that the category-theoretic jus-
tification of induction and coinduction can be used to “derive” the realisability
interpretation. Moreover, this will allow for a direct interpretation of realisers as
programs in a call-by-name typed programming language such as Haskell.

A major piece of work that remains to be done is to implement the re-
alisability interpretation in an interactive theorem prover and carry out case
studies. We expect this to tie in nicely with recent work on implementations
of inductive and coinductive definitions and proofs [CDGO06,Ber07], exact real
arithmetic [MREQ7,GNSW07,EH02,Sch09], realisability [BS07], and functional
interpretation [HOO08].
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Abstract. A summability theorem of Landau, which classically is a
simple consequence of the uniform boundedness theorem, is examined
constructively.

Edmund Landau (1877-1938) is known for many contributions to mathemat-

ics. In this paper we examine his summability theorem,

If p,q are conjugate exponents—positive integers such that % + é =
1—and if a = (an)n>1 is a sequence in C such that Y | a,x, con-
verges for each x = (mn)n>1 in the Banach space l,,, then a € [,

from the viewpoint of Bishop’s constructive mathematics (BISH)—that i

mathematics developed with intuitionistic logic and a suitable set-theoretic foun-

dation such as the Aczel-Rathjen-Myhill CST [1, 13].

The standard functional-analytic proof goes as follows. For each x = (xn)n>1

in [, and each k define

k
skp(x) = Z An Ty,

n=1

k Va /oy 1/p k 1/q
sk<x><(z|anw) (me) <(z|an|q) I,
n=1 n=1 n=1

from which it follows that s; is a bounded linear functional on /, with norm

k 1/q
llskll = (Z Ian|q> :
n=1

Then
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Also, the sequence (sx(x));s, converges in C and so is bounded. Applying the
uniform boundedness theorem to the sequence (si), , we now obtain M > 0
such that [[s;|| < M for each k. The partial sums of the series Y | |a,|? are
therefore bounded, so the series converges in R.

From a constructive viewpoint, there are two problems with this proof. First,
the uniform boundedness theorem in the form applied there is not the construc-
tive one. Secondly, boundedness of the partial sums of a series of positive terms
is not enough to ensure its convergence (see pages 60-64 of [5]). In fact, a Brouw-
erian example shows that Landau’s summability theorem in its classical form is
not constructively valid: under its hypotheses we cannot even prove, in general,
that a, — 0 as n — oco. To see this, take a as a binary sequence with at most
one term equal to 1, and consider the case p = ¢ = 2. The series Zzo:l AnTy
certainly converges for each x in ly. But if a,, — 0 as n — oo, we can find NV
such that a,, = 0 for all n > N; by testing ai,...,ay, we can decide whether
a, = 0 for all n or there exists n such that a,, = 1. Thus the statement

For each sequence a of complex numbers, if z:o:l anxy converges for all
X € lg, then a € l2

implies the essentially nonconstructive limited principle of omniscience,

LPO: For each binary sequence a, either a,, = 0 for all n or else there
exists n such that a,, = 1.

At this stage, it remains a possibility that, under the hypotheses of Lan-
dau’s theorem, the series Y | |a,|? has bounded partial sums. To explore this
possibility, we need some background information from constructive functional
analysis.

A linear functional ¢ on a normed space X is said to be normed (or
normable) if its norm

o]l = sup {ll¢(z) - € X, [lef < 1}

exists. Every linear functional on a finite-dimensional Banach space is normed;
but if the same holds for an infinite-dimensional Hilbert space, then we can prove
LPO. The following is the constructive version of the representation theorem
for I, spaces ([3], Chapter 7, Theorem (3.25)).

Theorem 1. If p,q are conjugate exponents, then a bounded linear functional
¢ on l, is normed if and only if there exists a (perforce unique) vector a €
such that ¢(x) = >_.7 | anxy for each x € l,, in which case ||¢|| = Iall, -

n=1
We shall also need the constructive uniform boundedness theorem:
Theorem 2. Let (Tn)n>1 be a sequence of bounded linear mappings from a Ba-

nach space X into a normed space Y, such that |T,|| — oo as n — oo. Then
there exists x € X such that the sequence (||T,,z)),,~, is unbounded.
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Proof. See [6] (Corollary 6.2.12) or [14].

The next result follows from Theorem 7 of [8]. We include the proof here
to clarify the role played by the uniform boundedness theorem in our work, is
a general one with a corollary classically equivalent to Landau’s summability
theorem.

Theorem 3. Let (Tn)n>1 be a sequence of bounded linear mappings of a sepa-
rable Banach space X into a normed space Y, converging pointwise to a linear
mapping T : X =Y. Then T is sequentially continuous.

Proof. Let (ar:n)n>1 be a sequence converging to 0 in X, and let ¢ > 0. By
Ishihara’s tricks [8] (Lemma 2), either ||[Tz,| < ¢ for all sufficiently large n
or else ||Tx,|| > /2 for infinitely many n. It suffices to rule out the latter
alternative. To that end, we may suppose that | Tz, | > /2 and ||z,| < 1/n for
each n. Then y, = ||z,]| " 2, is a unit vector such that ||Ty,| > ne/2. Since
T,x — Tx for each x € X, we can construct inductively a strictly increasing
sequence (ng),s, of positive integers such that [T, yxl| > ke/2 for each k.
Applying the uniform boundedness theorem, we obtain a unit vector y € X such
that the sequence (||75,yl|);>, is unbounded. This is absurd, since 75,y — Ty
as k — oo.

Corollary 1. Let p be a positive integer, and a a sequence of complex numbers
such that

f(x) = Z AnTp (1)

converges for each x € l,. Then f is a sequentially continuous linear functional
on lp.

Proof. Noting that
k
fk (X) = Z AnTn
n=1

defines a normed, and hence sequentially continuous, linear functional on X with

k 1/q
I ell = (Z |ak|q> ,

n=1

we apply Theorem 3 with X =1,,.

Observe that the linear functional f in this corollary is continuous/bounded
if and only the partial sums of the series >, |a;|? are bounded. Indeed, if f
has a bound ¢ > 0 and k is any positive integer, then, taking

-2 -2
x = (a; la1]72, ... al |ag oo)
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we obtain

k k
> lanl =D anwn = f(x)
n=1 n=1

k 1/p
P
<ol = (z )
n=1
k 1/p k 1/p
e (Z |an|m-1)) — (Z |an|‘J)
n=1 n=1

k 1/q k 1-1/p
(Z |an|q> = (Z |an|q> <ec.
n=1 n=1

Conversely, if ¢ is a positive number such that ¢? is a bound for the partial sums
of -7 | |an|?, then for each x € Iy and each k we have

k
Zanxn
n=1

k 1/q k 1/p
< (L) (Swr) <t
n=1 n=1

Since (by Corollary 1) f is sequentially continuous and

a, ‘anlq_2

and therefore

|f('1:17'1:27"'7xka0507"')| =

x = lim (z1,22,...,2%,0,0,...)
k—o0

in [, it follows that [f(x)| < c|[x[[,. Thus our suggestion that, under the hy-
potheses of Landau’s theorem, the series Y -, |a,|? has bounded partial sums
is equivalent to the corresponding linear functional, defined at (1), being contin-
uous. This equivalence, taken with work of Ishihara [7], suggests that we bring
into play the following notions.

We say that a subset S of N is pseudobounded if lim,,_,o, n"'s, = 0 for
each sequence (s, ),>1 in S. Following Ishihara [7], we consider the principle

BD-N  Ewvery inhabited, countable, pseudobounded subset of the set NT of
positive integers is bounded,

which holds in the intuitionistic and recursive models of BISH, but, being inde-
pendent of Heyting arithmetic [12], is not provable within BISH. In [7], Ishihara
proved that the statement ‘Every sequentially continuous linear mapping from a
separable metric space into a metric space is pointwise continuous’ is equivalent
to BD-N.

Our next result (whose proof has, unsurprisingly, some similarities to that of
Lemma 20 in [9]) belongs to constructive reverse mathematics, a relatively new
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field in which theorems are classified according to their equivalence, over some
formal or (in this case) informal system for constructive mathematics, to certain
principles such as BD-N. For more on this topic, see [10].

Theorem 4. The following statement is equivalent to BD-N.

(*) If p,q are conjugate exponents, and a is a sequence of complex numbers such
that

f(x)= Z Qn Ty,
n=1

converges for each x € l,, then > | |an|? has bounded partial sums.

Proof. The implication from BD-N to (*) is a consequence of Corollary 1 and
the result of Ishihara mentioned immediately before the statement of this propo-
sition. For the reverse implication, assume (*) and let

SE{Sl,SQ,...}

be an inhabited, countable, pseudobounded subset of N. Without loss of gener-
ality, we may assume that s; < so < ---. Setting

bl = \q/ S1, bn+1 = \q/ Sn4+1 — Sn,

we need only prove that 22021 bnxy, converges for each x € [,,: for then the partial
sums of the series >~ |b,|? are bounded, which implies the boundedness of
the set S. Accordingly, fix x € [,; we may assume that z,, > 0 for each n. Let
(ng) k>1 De a strictly increasing sequence of positive integers such that

i |zn]? < (2,;%)[) (2)

n=ng
for each k. Define
I ={ng,npg+1,...,np41 —1}.

Since S is pseudobounded, there exists x such that s,, , <k for all k¥ > k. For
k' >k > r we have

Ny I I
D buwal <D | D b | <D | oD Il [D fail”
ntn| X 1L X q % i
n=ng j=k \i€l; Jj=k il icl;
[ s [
ji+1 =1 ok
T
<Y ghh <2 <o
=k =k

It readily follows that the partial sums of > 7 | b,z;, form a Cauchy sequence,
and hence that the series converges in C.
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Perhaps the most significant aspect of Theorem 4 is this: in contrast to Ishi-
hara’s original result relating BD-N and the passage from sequential to point-
wise continuity, a result proved using a relatively strange space as the domain of
the sequentially continuous mapping, Theorem 4 uses one of the standard spaces
in functional analysis.

Our next result confirms that the use of the classical uniform boundedness
theorem in proving Landau’s theorem is not just a matter of convenience.

Proposition 1. Statement (*) of Theorem 4 is equivalent to the classical uni-
form boundedness theorem in the form

UBT., If (Tn)n>1 s a sequence of bounded linear mappings of a Banach space X
into a Banach space Y such that

{Thz:n>1}
is bounded for each x € X, then {||T,|| : N > 1} is bounded.

Proof. Ishihara [11] has shown that UBT, is equivalent to BD-N. The result
now follows from Theorem 4.

The question now arises: what can we say about Landau’s theorem without
assuming BD-N? The next three lemmas take some distance in the direction of
an answer.

Lemma 1. Let p, q be conjugate exponents, let a be a sequence of complex num-
bers such that Y " | anx, converges for each x in l,, and let ¢ : Nt — RT be
a strictly increasing mapping such that ¢(k) — oo as k — oco. Let ()\k)k>1 be an
increasing binary sequence such that if A\ = 1 — A\y_1, then there exists v > k
such that Y. _ |an|? > ¢(k). Then either \i, = 0 for all k or else there exists K
such that A\g = 1.

Proof. Let u be a unit vector in l;, set A\g = 0, and define a sequence (fk)k>1
of normed linear functionals on [, as follows. For each positive integer k if A\;, =
Ak_1, define

fe(x) =kY unan  (x€1)
n=1
and note that |fx|| = k. If Ay = 1 — A\g—1, then, choosing v > k such that
>y lan|” > k), define
fr(x) = Z antn, (X €E€I,)
n=1

and note that || fx| > (qb(k:))l/q. Clearly, || fx|| = oo as k — oo; so, by Theorem
2, there exists a unit vector x € I, such that |fy(x)| — oo as k — oo. Since
>0 | anTy converges, there exists K such that

k
> antn
n=1

|fe(x)] > 1+ (k> K). (3)
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Suppose that Ay = 1— A1 for some k > K. Then f(x) = 22:1 anxy, for some
v > k, which is absurd in view of (3). Hence A\, = Ak for all k > K, from which
the desired conclusion follows.

Lemma 2. Let p,q be conjugate exponents, let a be a sequence of complex num-
bers such that Y " | anx, converges for each x in l,, and let ¢ : Nt — R be
a strictly increasing mapping such that ¢(n) — oo as n — oco. Let ()‘k)k>1 be
an increasing binary sequence, and (nk)k>1 an increasing sequence of positive
integers, such that if A\, = 0, then Y% |an|? > ¢(k) — 1. Then there exists K
such that A\ = 1.

Proof. Again let u be a unit vector in [, and set A\g = 0. This time, for each x in
I, we define fi(x) =Y "% anz, if Ay =0, and fi(x) = kY o0  upzy if Ay = 1.
This produces a sequence (fg);>, of normed linear functionals on [, such that
|| fxll = oo as k — oo. Using Theorem 2, we produce a unit vector x in I, such
that | fz(x)| = oo as k — oo. Since Y | anz, converges, there exists K such
that (3) holds. If Ak =0, then fx(x) =%, a,x,, which is absurd in view of
our choice of K. Hence A\ = 1.

Lemma 3. Let p, q be conjugate exponents, let a be a sequence of complex num-
bers such that Y. | anx, converges for each x in l,, and let ¢ : NT — R*
be a strictly increasing mapping such that ¢(k) — oo as k — oco. Then either
S anl? < 6(k) for all k or else there exists k such that 35 _ an|? > ¢(k)—1.

Proof. Construct an increasing binary sequence (Ag) k>1 such that

J
A =0= V< (Z lan|* < QJ)(])) )

n=1
k
A =1— 1= Z |an|q > (,25(]43) — 1.

n=1
Now apply Lemma 1.

Proposition 2. Let p,q be conjugate exponents, let a be a sequence of complex
numbers such that Y ", a,x, converges for each x in l,, and let ¢ : NT — R+
be a strictly increasing mapping such that ¢p(k) — oo as k — oo. Then there
exists m > K such that Y " |an|* < ¢(m) for all m > 1.

Proof. In view of the previous lemma, we may suppose that there exists nj
such that >""L, |a,|? > ¢(n1) — 1. Setting A; = 0 and applying Lemma 3 to the

sequence (0,0,...,0,an, 11, 0n, 2, - ), we see that either Y3 an|? < ¢(m)
for all m > nq or else there exists ns > ny such that ZZ;MH lan|? > ¢(ng) —1.

In the first case we set \p, = 1 and n, = nq for all £ > 2; in the second we
set Ao = 0. Carrying on in this way, we construct an increasing binary sequence
(Ak)>1 and an increasing sequence (ny),, of positive integers such that

— if A1 = 0, then ngy > ng and S0 an|? > d(nge1) — 1

n=ng+1
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— if Agy1 =1 = Ag, then Y370 fan|? < ¢(m) for all m > ng, and n; = ny,
for all 7 > k.

Applying Lemma 2, we obtain the desired conclusion.

It follows for example, that, under the hypotheses of Landau’s theorem, for
each positive integer m there exists N such that

n

> " lai|? < log(log(- - (logn) -+ -))

i=N

m instances of “log”

for all n > N. This is a long way from showing that the partial sums of Y ;= |a;|*
are bounded, but it is progress of a kind.

We now have a constructive substitute for the convergence of a, to 0 in
Landau’s theorem.

Proposition 3. Let p, g be conjugate exponents, and let a be a sequence of com-
plex numbers such that the series >~ | anx, converges for eachx inl,. Then for

each € > 0 and each positive integer v there exists k such that Es’/:(kfl)y lan|? <
€.

Proof. Fix a unit vector u in [,. For each positive integer k, construct an in-
creasing binary sequence (Ay),, such that

Jv

A =0= ngk Z |an|q > g s
n=(j—1)v
Jv
M =1— X1 = Z |an|q < €.
n=(j—-1)v

Applying Lemma 2 with ¢(k) = 1 + %‘5, we see that there exists N such that

An = 1; whence Zﬁl/:(kq)y la,|? < & for some k < N.

Corollary 2. Let p, q be conjugate exponents, and let a be a sequence of complex
numbers such that the series Zzo:l anty converges for each x in l,. Then there
exists a sequence (nk)k>1 of positive integers such that for each k, np+k < npy1

and

Z lan|? < 27F.

n=ng+1

Proof. By Proposition 3, there exists n; such that |a,,|? < 27!. Having com-

puted ny, with the desired properties, apply Proposition 3 to the sequence (a,,)
ng41+k+1

to produce ng41 > ng + k such that > Jan|? < 27F71. This completes the
n=ng41+1

inductive construction of the sequence (ny);, -

n>ng+k
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The conclusion of Corollary 2 holds for any binary sequence with at most
one term equal to 1, and so is not enough to yield constructively the result that,
under the hypotheses of that corollary and with p =¢ =2, a,, - 0 as n — oco.

We conclude the paper by proving a constructive version of Landau’s summa-
bility theorem that is classically equivalent to the classical version but has
stronger hypotheses and conclusion than Corollary 1. For this we recall the
constructive least-upper-bound principle:

In order that an inhabited set S of real numbers that is bounded above
have a supremum, it is necessary and sufficient that S be order located,
in the sense that for all positive o, B with o < [, either B is an upper
bound for S or else there exists x € S such that © > « ([3], page 37,
Proposition (4.3)).

Theorem 5. Let p,q be conjugate exponents, and let a be a sequence of complex
numbers such that 210;1 an®y, converges for each x inl,. Then the following are
equivalent.

(i) The series > oo, |an|? is convergent.
(ii) For all o, B with 0 < a < (3, either Zi:l lan|? < B for all k or else there
exists k such that Y5 _ |an|? > a.

Proof. 1t is clear that if Y7 |a,|? converges, then (ii) holds. Conversely, as-
suming (ii), construct an increasing binary sequence (\y);, and an increasing
sequence (ng) k>0 of positive integers with ng = 0, such that

> if Ay =0, then ng > ng_1 and > 5 |a;|? > k, and
> if Ay =1, then ny = ngx_1 and >_7_, |a;|? < k+ 1 for all j.

To do so, first observe that either > 7_, [a;|? < 2 for all j or else there exists
ny > 1 such that ') |a;|? > 1. In the first case set A\; = ny = 1; in the second,
set Ay = 0. Now suppose we have found A;_; and ni_; with the applicable
properties. If Ay,_1 = 1, set Ay = 1 and np = ng—1. If \y—1 = 0, then by (ii),
either >7_, |a;|? < k+1 for all j, in which case we set \y = 1 and ny = nj_;
or else there exists ny such that > :* |a;|? > k. In the latter case, replacing
ny by a sufficiently large positive integer, we may assume that ny > ni_1; we
then set A\, = 0 to complete the inductive construction. Taking ¢(k) = k + 1
in Lemma 2, we obtain K such that Ax = 1. The partial sums of > .= |a;|?
are therefore bounded above by K + 1. It follows from (ii) and the constructive
least-upper-bound principle that > ;- |a;|? converges in R.

In view of the constructive least-upper-bound principle, it is curious that
condition (ii) is used to prove that the partial sums of > >~ |a,|? are bounded
before it is again invoked to prove that their supremum exists.



70

Josef Berger and Douglas Bridges

For related work within the framework of Weihrauch’s theory of Type Two

Effectivity [15], see [4]. For connections between that theory and Bishop-style
constructive mathematics, see [2].
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Separations of Non-monotonic Randomness
Notions

Laurent Bienvenu, Rupert Holzl, Thorsten Kriling, and Wolfgang Merkle

Institut fiir Informatik, Ruprecht-Karls-Universitit,
Heidelberg, Germany

Abstract. In the theory of algorithmic randomness, several notions of
random sequence are defined via a game-theoretic approach, and the
notions that received most attention are perhaps Martin-Lof randomness
and computable randomness. The latter notion was introduced by Schnorr
and is rather natural: an infinite binary sequence is computably random
if no total computable strategy succeeds on it by betting on bits in order.
However, computably random sequences can have properties that one
may consider to be incompatible with being random, in particular, there
are computably random sequences that are highly compressible. The
concept of Martin-Lof randomness is much better behaved in this and
other respects, on the other hand its definition in terms of martingales is
considerably less natural.

Muchnik, elaborating on ideas of Kolmogorov and Loveland, refined
Schnorr’s model by also allowing non-monotonic strategies, i.e. strategies
that do not bet on bits in order. The subsequent “non-monotonic” notion
of randomness, now called Kolmogorov-Loveland-randomness, has been
shown to be quite close to Martin-Lof randomness, but whether these
two classes coincide remains a fundamental open question.

In order to get a better understanding of non-monotonic randomness no-
tions, Miller and Nies introduced some interesting intermediate concepts,
where one only allows non-adaptive strategies, i.e., strategies that can still
bet non-monotonically, but such that the sequence of betting positions is
known in advance (and computable). Recently, these notions were shown
by Kastermans and Lempp to differ from Martin-Lo6f randomness. We
continue the study of the non-monotonic randomness notions introduced
by Miller and Nies and obtain results about the Kolmogorov complexities
of initial segments that may and may not occur for such sequences, where
these results then imply a complete classification of these randomness
notions by order of strength.

1 Introduction

Random sequences are the central object of study in algorithmic randomness and
have been investigated intensively over the last decade, which led to a wealth of
interesting results clarifying the relations between the various notions of random-
ness and revealing interesting interactions with notions such as computational
power [2,5,11].

Andrej Bauer, Peter Hertling, Ker-I Ko (Eds.)
6th Int’l Conf. on Computability and Complexity in Analysis, 2009, pp. 71-82
http://drops.dagstuhl.de/opus/volltexte/2009,/2260



72 Laurent Bienvenu, Rupert H6lzl, Thorsten Kréling, and Wolfgang Merkle

Intuitively speaking, a binary sequence is random if the bits of the sequence do
not have effectively detectable regularities. This idea can be formalized in terms
of betting strategies, that is, a sequence will be called random in case the capital
gained by successive bets on the bits of the sequence according to a fixed betting
strategy must remain bounded, with fair payoff and a fixed set of admissible
betting strategies understood.

The notions of random sequences that have received most attention are Martin-Lof
randomness and computable randomness. Here a sequence is called computably
random if no total computable betting strategy can achieve unbounded capital by
betting on the bits of the sequence in the natural order, a definition that indeed
is natural and suggests itself. However, computably random sequences may lack
certain properties associated with the intuitive understanding of randomness, for
example there are such sequences that are highly compressible, i.e., show a large
amount of redundancy, see Theorem 4 below. Martin-Lof randomness behaves
much better in this and other respects. Indeed, the Martin-Lof random sequences
can be characterized as the sequences that are incompressible in the sense that
all their initial segments have essentially maximal Kolmogorov complexity, and
in fact this holds for several versions of Kolmogorov complexity according to
celebrated results by Schnorr, by Levin and, recently, by Miller and Yu [2]. On the
other hand, it has been held against the concept of Martin-Lo6f randomness that
its definition involves effective approximations, i.e., a very powerful, hence rather
unnatural model of computation, and indeed the usual definition of Martin-Lof
randomness in terms of left-computable martingales, that is, in terms of betting
strategies where the gained capital can be effectively approximated from below,
is not very intuitive.

It can be shown that Martin-Lof randomness strictly implies computable ran-
domness. According to the preceding discussion the latter notion is too inclusive
while the former may be considered unnatural. Ideally, we would therefore like
to find a more natural characterization of ML-randomness; or, if that is im-
possible, we are alternatively interested in a notion that is close in strength
to ML-randomness, but has a more natural definition. One promising way of
achieving such a more natural characterization or definition could be to use
computable betting strategies that are more powerful than those used to define
computable randomness.

Muchnik [10] proposed to consider computable betting strategies that are non-
monotonic in the sense that the bets on the bits need not be done in the natural
order, but such that the bit to bet on next can be computed from the already
scanned bits. The corresponding notion of randomness is called Kolmogorov-
Loveland randomness because Kolmogorov and Loveland independently had
proposed concepts of randomness defined via non-monotonic selecting of bits.

Kolmogorov-Loveland randomness is implied by and in fact is quite close to
Martin-Lof randomness, see Theorem 14 below, but whether the two notions
are distinct is one of the major open problems of algorithmic randomness. In
order to get a better understanding of this open problem and of non-monotonic
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randomness in general, Miller and Nies [9] introduced restricted variants of
Kolmogorov-Loveland randomness, where the sequence of betting positions must
be non-adaptive, i.e., can be computed in advance without knowing the sequence
on which one bets.

The randomness notions mentioned so far are determined by two parameters that
correspond to the columns and rows, respectively, of the table in Figure 1. First,
the sequence of places that are scanned and on which bets may be placed, while
always being given effectively, can just be monotonic, can be equal to 7(0), 7(1), . ..
for a permutation or an injection 7w from N to N, or can be adaptive, i.e., the
next bit depends on the bits already scanned. Second, once the sequence of
scanned bits is determined, betting on these bits can be according to a betting
strategy where the corresponding martingale is total or partial computable, or
is left-computable. The known inclusions between the corresponding classes of
random sequences are shown in Figure 1, see Section 2 for technical details and
for the definitions of the class acronyms that occur in the figure.

‘ monotonic  permutation injection adaptive
total| TMR = TPR O TIR 2> KLR
Ul Ul Ul Il
partial| PMR DO PPR 2 PIR DO KLR
Ul Ul Ul Ul
left-computable| MLR = MLR = MLR = MLR

Fig. 1. Known class inclusions

The classes in the last row of the table in Figure 1 all coincide with the class
of Martin-Lo6f random sequences by the folklore result that left-computable
martingales always yield the concept of Martin-Lof randomness, no matter
whether the sequence of bits to bet on is monotonic or is determined adaptively,
because even in the latter, more powerful model one can uniformly in & enumerate
an open cover of measure at most 1/k for all the sequences on which some universal
martingale exceeds k. Furthermore, the classes in the first and second row of the
last column coincide with the class of Kolmogorov-Loveland random sequences,
because it can be shown that total and partial adaptive betting strategies yield
the same concept of random sequence [6]. Finally, it follows easily from results
of Buhrman et al. [1] that the class TMR of computably random sequences
coincides with the class TPR of sequences that are random with respect to total
permutation martingales, i.e., the ability to scan the bits of a sequence according
to a computable permutation does not increase the power of total martingales.

Concerning non-inclusions, it is well-known that it holds that

KLR C PMR C TMR.
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Furthermore, Kastermans and Lempp [3] have recently shown that the Martin-Lof
random sequences form a proper subclass of the class PIR of partial injective
random sequences, i.e., MLR C PIR.

Apart from trivial consequences of the definitions and the results just mentioned,
nothing has been known about the relations of the randomness notions between
computable randomness and Martin-L6f randomness in Figure 1. In what follows,
we investigate the six randomness notions that are shown in Figure 1 in the
range between PIR and TMR, i.e., between partial injective randomness as
introduced below and computable randomness. We obtain a complete picture of
the inclusion structure of these notions, more precisely we show that the notions
are mutually distinct and indeed are mutually incomparable with respect to set
theoretical inclusion, except for the inclusion relations that follow trivially by
definition and by the known relation TMR C TPR, see Figure 2 at the end of
this paper. Interestingly these separation results are obtained by investigating
the possible values of the Kolomogorov complexity of initial segments of random
sequences for the different strategy types, and for some randomness notions we
obtain essentially sharp bounds on how low these complexities can be.

Notation. We conclude the introduction by fixing some notation. The set of finite
strings (or finite binary sequences, or words) is denoted by 2<%, € being the
empty word. We denote the set of infinite binary sequences by 2“. Given two
finite strings w, w’, we write w C w’ if w is a prefix of w’. Given an element x
of 2¢ or 2<% z(i) denotes the i-th bit of x (where by convention there is a 0-th
bit and z(7) is undefined if x is a word of length less than i 4+ 1). If A € 2¥ and
X ={zp <z <x9<...}is asubset of N then A [ X is the finite or infinite
binary sequence A(xg)A(z1).... We abbreviate A [ {0,...,n — 1} by A | n (ie.,
the prefix of A of length n).

C and K denote plain and prefix-free Kolmogorov complexity, respectively [2,
5]. The function log designates the logarithm of base 2. An order is a function
h : N — N that is non-decreasing and tends to infinity.

2 Permutation and injection randomness

We now review the concept of martingale and betting strategy that are central for
the unpredictability approach to define notions of an infinite random sequence.

Definition 1. A martingale is a nonnegative, possibly partial, function d :
2<% — Q such that for all w € 2<%, d(w0) is defined if and only if d(wl) is, and
if these are defined, then so is d(w), and the relation 2d(w) = d(w0) + d(w1)
holds. A martingale succeeds on a sequence A € 2¥ if d(A | n) is defined for
all n, and limsup d(A | n) = +oo. We denote by Succ(d) the success set of d,
i.e., the set of sequences on which d succeeds.

Intuitively, a martingale represents the capital of a player who bets on the bits of
a sequence A € 2“ in order, where at every round she bets some amount of money
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on the value of the next bit of A. If her guess is correct, she doubles her stake. If
not, she loses her stake. The quantity d(w), with w a string of length n, represents
the capital of the player before the n-th round of the game (by convention there
is a 0-th round) when the first n bits revealed so far are those of w.

We say that a sequence A is computably random if no total computable
martingale succeeds on it. One can extend this in a natural way to partial
computable martingales: a sequence A is partial computably random if no
partial computable martingale succeeds on it. No matter whether we consider
partial or total computable martingales, this game model can be seen as too
restrictive by the discussion in the introduction. Indeed, one could allow the
player to bet on bits in any order she likes (as long as she can visit each bit at
most once). This leads us to extend the notion of martingale to the notion of
strategy.

Definition 2. A betting strategy is a pair b = (d,o) where d is a martingale
and o : 2<% — N is a function.

For a strategy b = (d, o), the term o is called the scan rule. For a string w,
o(w) represents the position of the next bit to be visited if the player has read
the sequence of bits w during the previous moves. And as before, d specifies
how much money is bet at each move. Formally, given an A € 2, we define by
induction a sequence of positions ng,ni,... by

{no = a(e),
ng+1 = o (A(ng)A(ny) ... A(ng)) for all k >0

and we say that b = (d, o) succeeds on A if the n; are all defined and pairwise
distinct (i.e., no bit is visited twice) and

limsup d (A(ng)...A(ng)) = +oo

k—+oo

Here again, a betting strategy b = (d, o) can be total or partial. In fact, its
partiality can be due either to the partiality of d or to the partiality of o. We
say that a sequence is Kolmogorov-Loveland random if no total computable
betting strategy succeeds on it. As noted in [8], the concept of Kolmogorov-
Loveland randomness remains the same if one replaces “total computable” by
“partial computable” in the definition.

Kolmogorov-Loveland randomness is implied by Martin-Lof randomness and
whether the two notions can be separated is one of the most important open
problems on algorithmic randomness. As we discussed above, Miller and Nies [9]
proposed to look at intermediate notions of randomness, where the power of
non-monotonic betting strategies is limited. In the definition of a betting strategy,
the scan rule is adaptive, i.e., the position of the next visited bit depends on the
bits previously seen. It is interesting to look at non-adaptive games.
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Definition 3. In the above definition of a strategy, when o(w) only depends
on the length of w for all w (i.e., the decision of which bit should be chosen at
each move is independent of the values of the bits seen in previous moves), we
identify o with the (injective) function m: N — N, where for all n w(n) is the
value of o on words of length n (w(n) indicates the position of the bit visited
during the n-th move), and we say that b = (d, ) is an injection strategy. If
moreover T is bijective, we say that b is a permutation strategy. If m is the
identity, the strategy b = (d, ) is said to be monotonic, and can clearly be
identified with the martingale d.

All this gives a number of possible non-adaptive, non-monotonic, randomness
notions: one can consider either monotonic, permutation, or injection strategies,
and either total computable or partial computable ones. This gives a total of six
randomness classes, which we denote by

TMR, TPR, TIR, PMR, PPR, and PIR, (1)

where the first letter indicates whether we consider total (T) or partial (P) strate-
gies, and the second indicates whether we look at monotonic (M), permutation (P)
or injection (I) strategies. For example, the class TMR is the class of computably
random sequences, while the class PIR is the class of sequences A such that
no partial injection strategy succeeds on A. Recall in this connection that the
known inclusions between the six classes in (1) and the classes KLR and MLR
of Kolmogorov-Loveland random and Martin-Lo6f random sequences have been
shown in Figure 1 above.

3 Randomness notions based on total computable
strategies

We begin our study by the randomness notions arising from the game model
where strategies are total computable. As we will see, in this model, it is possible
to construct sequences that are random and yet have very low Kolmogorov
complexity (i.e. all their initial segments are of low Kolmogorov complexity). We
will see in the next section that this is no longer the case when we allow partial
computable strategies in the model.

3.1 Sequences in TMR and TPR may have low complexity
The following theorem is a first illustration of the phenomenon we just described.

Theorem 4 (Lathrop and Lutz [4], Muchnik [10]). For every computable
order h, there is a sequence A € TMR such that, for alln € N,

C(ATn | n)<h(n)+0O().
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Proof (Idea). Defeating one total computable martingale is easy and can be
done computably, i.e., for every total computable martingale d there exists a
sequence A, uniformly computable in d, such that A ¢ Succ(d). Indeed, given a
martingale d. For any given w, one has either d(w0) < d(w) or d(wl) < d(w).
Thus, one can easily construct a computable sequence A by setting A [ 0 = ¢
and by induction, having defined A | n, we choose A [ n+1 = (A | n)i where
i € {0,1} is such that d((A [ n)i) < d(A | n). This can of course be done
computably since d is total computable, and by construction of A, d(A | n) is
non-increasing, meaning in particular that d does not succeed against A.

Defeating a finite number of total computable martingales is equally easy. Indeed,
given a finite number dq, ..., d; of such martingales, their sum D =d; + ...+ d
is itself a total computable martingale (this follows directly from the definition).
Thus, we can construct as above a computable sequence A that defeats D. And
since D > d; for all 1 < i < k, this implies that A defeats all the d;. Note that
this argument would work just as well if we had taken D to be any weighted sum
aydy + ... 4+ agdy, with positive rational constants a.

We now need to deal with the general case where we have to defeat all total com-
putable martingales simultaneously. What we do is simply add total martingales
one by one: we start by diagonalizing against the first total martingale d;, then
(maybe after a long time) we may introduce the second martingale ds, with a
small coefficient ay (to ensure that introducing ds does not cost us too much)
and then consider the martingale d; + aads. Much later we can introduce the
third martingale d3 with an even smaller coefficient a3, and diagonalize against
dy +aads +asds, and so on. So in each step of the construction we have to consider
just a finite number of martingales, and if we add the martingales sufficiently
slowly, it is easy to see than we can keep the complexity low (indeed, as long
as we know what martingales we are diagonalizing against, the construction is
computable; note however that the sequence as a whole will not be computable
since whenever we add a martingale we need to store some information, consisting
of its code, when it was added and with which coefficient). O

It turns out that, perhaps surprisingly, the classes TMR and TPR coincide.
This fact was stated explicitely in Merkle et al [8], but is easily derived from the
ideas introduced in Buhrman et al [1]. We present the main ideas of their proof
as we will later need them. We shall prove:

Theorem 5. Let b = (d, ) be a total computable permutation strategy. There
exists a total computable martingale d such that Succ(b) C Succ(d).

This theorem states that total permutation strategies are no more powerful than
total monotonic strategies, which obviously entails TMR = TPR. Before we
can prove it, we first need a definition.

Definition 6. Let b = (d, 7) be a total injective strategy. Let w € 2<%. We can
run the strategy b on w as if it were an element of 2, stopping the game when b
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asks to bet on a bit of position outside w. This game is of course finite (for a
given w) since at most |w| bets can be made. We define b(w) to be the capital
of b at the end of this game. Formally: B(w) =d (wﬂ(o) .. .wﬂ(N_l)) where N is
the smallest integer such that m(N) > |w].

Note that if b = (d,7) is a total computable injection martingale, b is total
computable. If b was itself a monotonic martingale, Theorem 5 would be proven.
This is however not the case in general. The trick is, given a betting strategy b and
a word w, to look at the expected value of b on w, i.e., look at the mathematical
expectation of b(w’) for large enough extensions w’ of w. Specifically, given a
total betting strategy b = (d, 7) and a word w of length n, we take an integer M
large enough to have

7([0,...,.M =1))N[0,...,n—1]=x(N)N[0,...,n —1]

(i.e. the strategy b will never bet on a bit of position less than n after the M-th
move), and define:

1 2000

Avy(w) = oM E b(w")
wCw’
lw'|=M

Proposition 7 (Buhrman et al [1], Kastermans-Lempp [3]).

(i) The quantity Avy(w) (defined above) is well-defined i.e. does not depend
on M as long as it satisfies the required condition.
(i) For a total injective strategy b, Avy is a martingale.
(iii) For a given injective strategy b and a given word w of length n, Avy(w) can
be computed if we know the set m1(N)N[0,...,n — 1]. In particular, if b is a
total computable permutation strategy, then Avy is total computable.

As Buhrman et al. [1] explained, it is not true in general that if a total computable
injective strategy b succeeds on a sequence A, then Av, also succeeds on A.
However, this can be dealt with using the well-known “saving trick”. Suppose we
are given a martingale d with initial capital, say, 1. Consider the variant d’ of d
that does the following: when run on a given sequence A, d’ initially plays exactly
as d. If at some stage of the game d’ reaches a capital of 2 or more, it then puts
half of its capital on a “bank account”, which will never be used again. From that
point on, d’ bets half of what d does, i.e. starts behaving like d/2 (plus the saved
capital). If later in the game the “non-saved” part of its capital reaches 2 or more,
then half of it is placed on the bank account and then d’ starts behaving like d/4,
and so on. For every martingale d’ that behaves as above (i.e. saves half of its
capital as soon as it exceeds twice its starting capital), we say that d’ has the
“saving property”.

Lemma 8. Let b= (d,m) be a total injective strategy such that d has the saving
property. Let d' = Avy. Then Succ(b) C Suce(d’).
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Now the proof of Theorem 5 is as follows. Let b = (d, 7) be a total computable
permutation strategy. By the above discussion, let d’ be the saving version of d,
so that Succ(d) C Succ(d'). Setting b’ = (d’, 7), we have Succ(b) C Succ(d'). By
Proposition 7 and Lemma 8, d” = Avy is a total computable martingale, and

Succ(b) C Suce(b’) C Succ(d”)
as wanted. O

3.2 Understanding the strength of injective strategies: the class
TIR

While the class of computably random sequences (i.e. the class TMR) is closed
under computable permutations of the bits, we now see that this result does not
extend to computable injections. To wit, the following theorem is true.

Theorem 9. Let A € 2¥. Let {ny}ren be a computable sequence of integers such
that ngy1 > 2ny for all k. Suppose that A is such that:

C(A | ng | k) <log(nk)— 3log(log(ng))

for infinitely many k. Then A ¢ TIR
As an immediate corollary, we get the following.

Corollary 10. If for a sequence A we have for alln that C(A [ n | n) < logn—
4loglogn + O(1), then A ¢ TIR.

The lower bound on Kolmogorov complexity given in Theorem 9 is quite tight,
as witnessed by the following theorem.

Theorem 11. For every computable order h there is a sequence A € TIR
such that C(A | n | n) < log(n) + h(n) + O(1) (in particular, C(A | n) <
2log(n) + h(n) + O(1)).

4 Randomness notions based on partial computable
strategies

We now turn our attention to the second line of Figure 1, i.e., to those randomness
notions that are based on partial computable betting strategies.
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4.1 The class PMR: partial computable martingales are stronger
than total ones

We have seen in the previous section that some sequences in TIR (and a fortiori
TPR and TMR) may be of very low complexity, namely logarithmic. This is not
the case anymore when one allows partial computable strategies, even monotonic
ones.

Theorem 12 (Merkle [7]). If C(A | n) = O(logn) then A ¢ PMR.

By this theorem, together with Theorem 4, we immediately see that the class
PMR is strictly contained in TMR. However, the next theorem, proven by
An. A. Muchnik, shows that allowing slightly super-logarithmic growth of the
Kolmogorov complexity is enough to construct a sequence in PMR.

Theorem 13 (Muchnik et al. [10]). For every computable order h there is a
sequence A € PMR such that, for alln € N,

C(A I n | n)<h(n)log(n)+ O(1).

4.2 The class PPR

In the case of total strategies, allowing permutation gives no real additional
power, as TMR = TPR. Very surprisingly, Muchnik showed that in the case of
partial computable strategies, permutation strategies are a real improvement over
monotonic ones. To wit, the following theorem (quite a contrast to Theorem 13!)
holds.

Theorem 14 (Muchnik [10]). If there is a computable order h such that for
all n we have K(A [ n) <n — h(n) — O(1), then A ¢ PPR.

Note that the proof used by Muchnik in [10] works if we replace K by C in the
above statement. So we now know that any sequence in PPR must have infinitely
many initial segments of high Kolmogorov complexity. The following theorem
shows that some sequences in PPR also have infinitely many initial segments of
very low complexity.

Theorem 15. For every computable order h there is a sequence A € PPR, such
that there are infinitely many n where C(A [n | n) < h(n).

Furthermore, if we have an infinite computable set S C N, we can choose the
infinitely many lengths n such that they all are contained in S.

The proof of this theorem requires the following “totalization” technique.

Proposition 16. Let b = (d,7) be a partial computable permutation strategy
(resp. injective strategy). Let C be an effectively closed subset of 2¥. Suppose that b
1s total on every element of C. Then there exists a total computable permutation
strategy (resp. injective strategy) b’ such that Succ(b) N C = Succ(V') NC.



Separations of Non-monotonic Randomness Notions 81

Proof (of Theorem 15, sketch). Like for Theorem 4, we proceed by diagonal-
ization against all partial permutation martingales, “transforming” them into
total monotonic martingales in order to carry out the construction. Suppose
that during the construction we have constructed an initial segment w of our
infinite sequence by diagonalization against a weighted sum of total monotonic
martingales a1dy + . .. + aidy (say that the value of this sum at w is less than 2).
Suppose that we now want to add a new partial permutation martingale D. There
are two cases:

1. Either there exists an extension v of w such that D diverges on v, and such
that the value of a1dy + ...+ apdy still does not exceed 2 at v. In that case,
we choose v as an initial segment of our sequence, as it both defeats D (no
matter how we further extend v later) and keeps ady + ... + axdy low.

2. Or, if we are not in the first case, then D is total on the set T' of sequences v
such that aydy + ...+ aidi has value less than 2 at v and at all its prefixes.
Notice that T is a computable tree, and thus defines an effectively closed
set C. By Proposition 16, we can therefore replace D by a total permutation
strategy. Then, by Theorem 5, we can additionally make D monotonic. The
martingale diy; we obtain can now be added to the other ones, with a
coefficient a1 sufficiently small to ensure that aydy +. ..+ apdy + g r1dk11
has value less than 2 at w, and go on with the diagonalization.

Here again, if we wait for a long time before introducing a new strategy, we can
keep the Kolmogorov complexity low. However, we cannot keep it low all the
time as in the above case 1, the string v cannot be found effectively (we cannot
check that a strategy diverges on a string), and in particular it may have high
Kolmogorov complexity. a

Now that we have assembled all our tools, we can easily prove the desired results.
Theorem 17. The following statements hold.

1. PPR ¢ TIR
2. TIR ¢ PMR
3. PMR ¢ PPR

From these results it easily follows that in Figure 2 no inclusion holds except
those indicated and those implied by transitivity.

Proof. 1. Choose a computable sequence {ny} fulfilling the requirements of
Theorem 9 such that C(k) < loglog ny, for all k. The members of this set then
form a computable set S. Use Theorem 15 to construct a sequence A € PPR
such that C(A | n | n) < loglogn at infinitely many places in S. We then
have for infinitely many k

C(A I'nk [ k) < C(A [ ng) < C(A T ng | ng) +2loglogny < 3loglog ng,

so A cannot be in TIR according to Theorem 9.
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monotonic  permutation injection
total] TMR = TPR 2 TIR
Ut Ut Ut
partial| PMR DO PPR 2 PIR

Fig. 2. Assembled class inclusion results

Follows immediately from Theorems 11 and 12.
Follows immediately from Theorems 13 and 14. a

Note: An extended version of this paper (with full proofs of theorems) can be
found at http://arxiv.org/pdf/0907.2324.
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Abstract. In this paper we study a reducibility that has been intro-
duced by Klaus Weihrauch or, more precisely, a natural extension of this
reducibility for multi-valued functions on represented spaces. We call
the corresponding equivalence classes Weihrauch degrees and we show
that the corresponding partial order induces a lower semi-lattice with
the disjoint union of multi-valued functions as greatest lower bound op-
eration. We show that parallelization is a closure operator for this semi-
lattice and the parallelized Weihrauch degrees even form a lattice with
the product of multi-valued functions as greatest lower bound opera-
tion. We show that the Medvedev lattice and hence the Turing upper
semi-lattice can both be embedded into the parallelized Weihrauch lat-
tice in a natural way. The importance of Weihrauch degrees is based on
the fact that multi-valued functions on represented spaces can be con-
sidered as realizers of mathematical theorems in a very natural way and
studying the Weihrauch reductions between theorems in this sense means
to ask which theorems can be transformed continuously or computably
into each other. This allows a new purely topological or computational
approach to metamathematics that sheds new light on the nature of the-
orems. As crucial corner points of this classification scheme we study the
limited principle of omniscience LPO, the lesser limited principle of omni-
science LLPO and their parallelizations. We show that parallelized LLPO
is equivalent to Weak Konig’s Lemma and hence to the Hahn-Banach
Theorem in this new and very strong sense. We call a multi-valued func-
tion weakly computable if it is reducible to the Weihrauch degree of
parallelized LLPO and we present a new proof that the class of weakly
computable operations is closed under composition. This proof is based
on a computational version of Kleene’s ternary logic. Moreover, we char-
acterize weakly computable operations on computable metric spaces as
operations that admit upper semi-computable compact-valued selectors
and we show that any single-valued weakly computable operation is al-
ready computable in the ordinary sense.

* This project has been supported by the Italian Ministero degli Affari Esteri and the
National Research Foundation of South Africa (NRF)

Andrej Bauer, Peter Hertling, Ker-I Ko (Eds.)
6th Int’l Conf. on Computability and Complexity in Analysis, 2009, pp. 83-94
http://drops.dagstuhl.de/opus/volltexte/2009/2261



84 Vasco Brattka and Guido Gherardi
1 Introduction

The purpose of this paper is to propose a new computational approach to meta-
mathematics that is based on the classification of mathematical theorems ac-
cording to their computational content. Such an approach started with a clas-
sification of the Weihrauch degree of the Hahn-Banach Theorem in [1] and the
intention here is to lay some careful foundations for further studies. In a following
paper [2] we analyze certain choice principles and we present a case study with
a classification on many theorems from analysis. This paper is only an extended
abstract, but a full version with all definitions and proofs is available for the
interested reader [3].

Essentially, the idea is to ask which theorems can be continuously or even
computably transferred into each other. In order to give a meaningful interpreta-
tion to this idea we consider mathematical theorems as multi-valued operations
F : X =2 Y that map certain input data X into certain output data Y. Such
a perspective is very natural, since many theorems in mathematics are actually
II, theorems, hence they have the logical form

Vee X)FyeY) (z,y) € A

and one can just consider F' : X == Y as a realizer or multi-valued Skolem
function for this statement.

The appropriate technical tool to study whether two such potentially partial
multi-valued functions FF :C X = Y and G :C X = Y can be continuously
or computably transferred into each other is Weihrauch reducibility. This is a
reducibility that has been introduced by Klaus Weihrauch around 1990 in two
unpublished papers [4,5] and since then it has been studied by several others
(see for instance [6-11,1,2,12]).

Originally, this reducibility has been introduced for single-valued functions
on Baire space. Basically, the idea is to say that F is strongly Weihrauch reducible
to G, in symbols F' <qw G, if there are computable (or alternatively continuous)
functions H and K such that

F=HoGoK.

Thus, K acts as an input modification and H acts as an output modification.
We will mainly consider the computable version of this reduction here since
the positive reduction results are stronger. For negative results the topological
version of the reduction is stronger and indeed reductions typically fail for con-
tinuity reasons. However, such topological results can usually be derived from
computational results by relativization.

It turns out that the strong version of Weihrauch reducibility is slightly too
strong for many purposes, since it distinguishes too many functions. For instance
the identity cannot be reduced to a constant function in this way, since there is
no way to feed the input through a constant function. This is the reason why
the more important reducibility is the one where we say that F' is Weihrauch
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reducible to G, in symbols F' <w G, if there are computable functions H and K
such that
F=Ho(id,GoK).

Thus, the difference is that the input is fed through to the outer function H
independently of G.

Weihrauch [4,5] has already studied an extended version of his reducibility
to sets F and G of functions on Baire space and F is called Weihrauch reducible
to G, in symbols F <w G, if there are computable functions H and K such that

(VG € G)(3F € F) F = H(id, GK).

Here () : N¥ x N¥ — NN denotes a computable standard pairing function [13].
That is, any function G € G computes some function F' € F and the computation
is performed uniformly with two fixed computable H and K. This extension of
Weihrauch reducibility is related to ordinary Weihrauch reducibility exactly as
Medvedev reducibility is related to Turing reducibility.

We use this concept to extend Weihrauch reducibility even further to multi-
valued operations f :C X = Y on represented spaces X and Y. Roughly speak-
ing, such an f is Weihrauch reducible to an analogous g, in symbols f <y g,
if the set of realizers of f is reducible to the set of realizers of g in the above
mentioned sense of Weihrauch reducibility for sets, i.e.

{F:FF f}<w{G:GF g}

Here a single-valued F' on Baire space is called a realizer of f, in symbols F' - f,
if F' computes a name F(p) of some output value in f(x), given some name p of
x. This generalization of Weihrauch reducibility was introduced for single-valued
functions in [10] and for multi-valued functions in [1]. We call the corresponding
equivalence classes Weihrauch degrees.

Compared to strong Weihrauch reducibility, the ordinary version of Weih-
rauch reducibility has exactly the right degree of precision, it distinguishes ex-
actly what should be distinguished computationally, but not more. Among all
functions (with at least one computable point in the domain) the computable
ones form the least degree. For the continuous version of Weihrauch reducibility
exactly the continuous functions form the least degree (among all functions with
non-empty domain).

2 Products, sums and parallelization

In this section we briefly summarize some of our results on some basic properties
of Weihrauch reducibility and of Weihrauch degrees. In particular we investigate
the product operation f x g and the direct sum f @ g of multi-valued operations
and we show that both operations are monotone with respect to Weihrauch
reducibility. While the product preserves single-valuedness, the disjoint union
does not and hence it requires multi-valuedness in order to be meaningful. Among
other things the partial order on Weihrauch degrees induces a lower semi-lattice
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with direct sums as greatest lower bounds. While the product operation is just
the ordinary product operation of multi-valued functions, we define the direct
sum as follows. For any two sets Y, Z we define the direct sum or disjoint union
by Y& Z:= ({0} xY)U ({1} x Z).

Definition 1 (Direct sum). Let f :C X = Y and ¢ :C U = V be multi-
valued maps on represented spaces. Then the direct sum of these maps f @ g :C
X xU=Y @V isdefined by (f @ g)(z,u) := ({0} x f(z)) U ({1} x g(u)) for all
(z,u) € dom(f & g) := dom(f) x dom(g).

The first observation is that product and sum are both monotone operations
in the sense that

—f<wgand f'<wg = fx f'<wygxg and f® f <wgDg'.

This monotonicity result guarantees that we can safely extend the product
and direct sum operation to Weihrauch degrees. Other common properties of
products and sums are that they are both associative and commutative on de-
grees. The identity is a neutral element with respect to products. An important
difference between product and sum is that functions are not necessarily idem-
potent with respect to products, i.e. there are f such that fZw f x f, while
idempotency is always given for sums. A crucial property of sums is that they
yield the greatest lower bound with respect to Weihrauch reducibility.

Proposition 1 (Greatest lower bound). Let f and g be multi-valued func-
tions on represented spaces. Then f @ g is the greatest lower bound of f and
g with respect to Weihrauch reducibility <sy and strong Weihrauch reducibility

SSW-

Is there any multi-valued map that plays the role of a neutral element with
respect to the sum operation? Naturally, this would have to be a multi-valued
function with an empty set of realizers. One should note that this is not the
nowhere defined function f :C X = Y, since {F : F F f} is the set of all
function F :C NN — NN, If we accept the Axiom of Choice, then clearly, a
function without realizers does not exist and hence we add an extra object 0 to
our structure with {F : F' 0} = (). Weihrauch reducibility can straightforwardly
be extended to multi-valued functions enriched by 0, just by using @ as the set
of realizers of 0. We denote the Weihrauch degree of 0 by 0. We assume that
we have a fixed underlying set of represented spaces R and we also assume that
this set includes (NV,id) and that R is closed under products and direct sums.

Definition 2 (Set of Weihrauch degrees). Let W denote the set that con-
tains the degree 0 and all Weihrauch degrees of all multi-valued operations
f:C X = Y with at least one computable point in dom(f) and with repre-
sented spaces X,Y € R. By 1 we denote the degree of the computable functions
in W.

In the following theorem we collect all the structural properties of Weihrauch
degrees that we have studied so far.
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Theorem 1 (Weihrauch degrees). The space (W, <w) of Weihrauch degrees
is a lower semi-lattice with least element 1 and greatest element 0 and with &
as the greatest lower bound operation. In particular, (W, ®) is an idempotent
monoid with neutral element 0. Moreover, (W, X) is a monoid with neutral ele-
ment 1.

An important operation on functions is parallelization f, which means to
take countably many copies of the function f in parallel, i.e.

~

f(xo, 21,22, ..) == f(20) X fl21) X fl202) X ..t
This operation forms a closure operator with respect to Weihrauch reducibility.

Proposition 2 (Parallelization). Let f and g be multi-valued functions on
represented spaces. Then

1. f<wf (extensive)
2. f<wg= f<wyg (increasing)
3. f=wf (idempotent)

An analogous result holds for strong Weihrauch reducibility.

The fact that Weihrauch reducibility is a closure operator allows us to define
a parallelized version of Weihrauch reducibility.

Definition 3 (Parallel reducibility). Let f and g be multi-valued operations
on represented spaces. Then we say that f is parallely Weihrauch reducible to g,
in symbols f < g, if f<wg. We say that f is parallely Weihrauch equivalent
to g, in symbols f=g g, if f < g and g < f holds. We call the corresponding
equivalence classes parallel Weihrauch degrees.

Parallel reducibility is compatible with products and sums in the following
sense:

—

- fXgEstXgandf@ggst@/g\Est@g'

Moreover, parallel Weihrauch degrees are idempotent with respect to products,
i.e. f=sw f X f. The idempotency of parallel Weihrauch degrees has the conse-
quence that the product actually is the least upper bound operation for parallel
Weihrauch degrees>.

Proposition 3 (Least upper bound). Let f and g be multi-valued functions
on represented spaces. Then f X g is the least upper bound of f and g with respect
to parallel Weihrauch reducibility <w%-

3 Independently, Arno Pauly [12] has recently proved that another operation on func-
tions that takes direct sums on the input and output side yields a supremum even
in the non-parallelized case. He has also proved that the corresponding upper semi-
lattice is distributive.
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The parallelized Weihrauch degrees together with their partial order even
form a lattice with the product as least upper bound operation. By W we denote
the set of parallel Weihrauch degrees, which is defined as W but using parallel
Weihrauch reducibility. As a corollary of our results we obtain that the parallel
Weihrauch degrees of multi-valued functions form a lattice.

Theorem 2 (Parallel Weihrauch degrees). The space (17\}\, <) of parallel
Weihrauch degrees is a lattice with least element 1 and greatest element 0, with
© as the greatest lower bound operation and with x as the least upper bound
operation. In particular, W, ®) and W, x) are idempotent monoids with neutral
elements 0 and 1, respectively.

3 Embedding of Turing degrees and Medvedev degrees

Now we mention that the Medvedev lattice can be embedded into the Weihrauch
lattice such that least upper bounds and greatest lower bounds are preserved.
This embedding only requires total and continuous multi-valued operations on
Baire space. As a consequence, we obtain that Turing degrees can be embedded
such that least upper bounds are preserved and this embedding only requires
total and continuous single-valued functions on Baire space.

We recall that a set A C NV is said to be Medvedev reducible to B C NV, in
symbols A <y B, if there exists a computable F :C NN — NN with B C dom(F)
and F(B) C A. In fact, Turing reducibility is a special case, since p € NV is said
to be Turing reducible to ¢ € N, in symbols p <t ¢, if {p} <um {q} (see [14]).

Now we associate to any ¢ € NY the constant function Cq NY 5 NV p—gq
for all p € NN, In the next step we associate a multi-valued function to any
non-empty A C NN by ¢4 : NN = NV p s A for all p € NN. Then c4 has
a computable realizer if and only if A contains a computable member. To the
empty set ) € NV we associate cy := 0, the special “multi-valued function”
without realizer. We note that the function c4 is parallelizable, i.e. c4 =w CA.
Our main result of this section is now the following theorem.

Theorem 3 (Embedding of Medvedev degrees). Let A, B C NY. Then
A<uB <= cqa<wes.

It is clear that a corresponding embedding of Turing degrees follows, i.e.
p<trq <= cp<wecg. Now we want to show that our embedding of the
Medvedev lattice preserves also greatest lower and least upper bounds. For sets
A,B C NY one usually defines A® B := {(p,q) : p € Aand q € B} and
A® B := 04U 1B. The reader should note that product and sum are just
swapped compared to the way we use these operations. Now one can easily show
the following result.

Proposition 4. Let A,B C NV, Then capp =sw caXcs and coop =sw cADCB.

We mention that this result implies that our embedding of the Medvedev
lattice preserves least upper bounds and greatest lower bounds.



Weihrauch Degrees and Omniscience Principles 89

Corollary 1 (Embedding of the Medvedev lattice). The Medvedev lattice
is embeddable into the parallel Weihrauch lattice (restricted to total and con-
tinuous multi-valued functions on Baire space and 0) with an embedding that
preserves least upper bounds and greatest lower bounds.

We also formulate the analogous result for Turing degrees.

Corollary 2 (Embedding of the Turing upper semi-lattice). The upper
semi-lattice of Turing degrees is embeddable into the parallel Weihrauch lattice
(restricted to total and continuous single-valued functions on Baire space) with
an embedding that preserves least upper bounds.

Using these results some structural properties of the parallel Weihrauch lat-
tice can be transferred from the Turing uppers semi-lattice and the Medvedev
lattice. This observation also gives raise to plenty of further research questions.

4 Omniscience principles

In this section we study the the limited principle of omniscience LPO and
the lesser limited principle of ommniscience LLPO in the upper semi-lattice of
Weihrauch reducibility. Such a study has also already been initiated by Weihrauch
[5]. The principles themselves have originally been introduced by Brouwer and
Bishop in constructive mathematics [15, 16]. Roughly speaking, LPO corresponds
to the law of the excluded middle (A vV —A) and LLPO to de Morgan’s law
-(AANB) < (—=AV -B), both restricted to simple existential statements.
More precisely, they are stated as follows:

Definition 4 (Omniscience principles). We define:

0if (3n € N) p(n) =0
. . N =
LPO:N" =N, LPO(p) = { 1 otherwise ’
0if (Vn € N) p(2n) =0

— M N
LLPO:C N = N, LLPO(p) > {1 if (YneN)p2n+1)=0"

where dom(LLPO) := {p € NV : p(k) # 0 for at most one k}.

One should notice that the definition of LLPO implies that LLPO(0Y) =
{0,1}. The two principles LPO and LLPO have already been studied in com-
putable analysis [4-7]. For instance, it is well-known that LPO is reducible to

any other discontinuous single-valued function on Baire space (see Lemma 8.2.6
in [13]).

Proposition 5. Let F':C NN — NN be discontinuous. Then we obtain LPO < w F,
relatively to some oracle.

While LPO is the “simplest” single-valued discontinuous function, its par-
allelization LPO is at the other end of the spectrum, it is complete among all
2J-measurable functions with respect to the Borel hierarchy.
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Similarly, as LPO is complete for the class of limit computable operations,
we will show that LLPO is also complete for a very natural class of operations

that we will call weakly computable. For technical simplicity by LLPO we actually

mean f (Vn) pr(2n)
- 0if (Vn) pr(2n) =0
LLPO(po, p1, ) (k) > { Lif (Vn) pe(2n+1) =0

One benefit of this understanding of LLPO is that it is composable with itself
and the next observation is that the composition of LLPO with itself is strongly
below itself. Roughly speaking this is because LLPO is defined only in terms of
universal quantifiers and two consecutive universal quantifiers can be absorbed
in one.

Lemma 1. E-P\O o E—P\O <sw E-P\O

Using the NAND op/era\tion and Kleene’s ternary logic we can show another
interesting property of LLPO, namely that it has some quasi-continuity property
although it is discontinuous and we will exploit this property for our main result
in this section. This result can also be interpreted as a completeness result for
parallelized LLPO.

Theorem 4 (Completeness of parallelized LLPO). For any computable func
tion F :C {0,1} — {0,1} there exists a computable function G :C {0,1}N —
{0,1}Y such that F o LLPO = LLPO o G.

If we combine the results showed so far, then we obtain that the multi-

valued operations below LLPO are closed under composition. This has first been
observed in [1], where it was expressed in terms of Weak Kénig’s Lemma (see
also Corollary 3).

Proposition 6 (Composition). Let f :C X =Y and g :CY = Z be multi-
valued operations on represented spaces. Then

fSWEP\O cmdggwﬁP\O:>gof§wﬁP\O.

The same holds true with respect to some oracle (i.e. we can replace Weihrauch
reducibility by its continuous counterpart in all occurrences here).

We believe that this result justifies to give a new name to the operations
below LLPO.

Definition 5 (Weakly computable). A function f :C X = Y on represented
spaces X, Y is called weakly computable, if f <y LLPO. Similarly, such a function
is called weakly continuous, if f <w LLPO holds with respect to some oracle.

One main goal of this section is to show the following theorem on the om-
niscience principles. This theorem completely characterizes the relation of the
omniscience principles and their parallelizations with respect to Weihrauch re-
ducibility.
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Theorem 5 (Omniscience principles). LLPO <y LPO |w LLPO < LPO. All
negative results also hold true with respect to some arbitrary oracle.

Note that the proof even shows the strong reduction LLPO <gw LPO. A dif-
ferent direct proof of LPO £y LLPO is presented in Theorem 4.2 in [5].

Since any discontinuous single-valued function is already above LPO, it is
clear that no such single-valued function can be below LLPO. In other words, the
parallel Weihrauch degree of LLPO has no single-valued member. In particular,
this means that multi-valuedness does not appear accidentally in our theory,
but in some sense it is unavoidable. Indeed we will show in Corollary 4 that any
single-valued weakly computable function is already computable in the ordinary
sense.

This has surprising algorithmic consequences. Any “algorithm” that uses
weakly computable operations such as z < 0 or z > 0 leads to a computable
result, as long as the result is uniquely determined, i.e. single-valued. And this is
so, although these operations are typically discontinuous and non-computable.

5 Compact choice and Weak Ko6nig’s Lemma

In this section we will show that the parallel version of LLPO is equivalent to
Weak Kénig’s Lemma. We first formalize Weak Kénig’s Lemma for this purpose.
We recall that a binary tree is a subset T C {0, 1}* that is closed under the prefix
relation, i.e. if w € T and v C w, then v € T. We use some standard bijective
enumeration (w,)nen of all the binary words. By Tr we denote the set of all
binary trees and we use a representation d, of Tr that is defined by

ore(p) =T : <= xr(wn) = p(n),

where x7 : {0,1}* — {0,1} denotes the characteristic function of the binary
tree T. The classical statement of Konig’s Lemma is that any infinite binary
tree has an infinite path. An infinite path of T is a sequence p € {0,1}", such
that p[n] € T for all n € N. Here p[n] = p(0)...p(n— 1) is the prefix of p of length
n. By [T] the set of infinite paths of T is denoted. Now we can formalize Weak
Ko6nig’s Lemma as follows.

Definition 6 (Weak Koénig’s Lemma). We define a multi-valued operation
WKL :C Tr = {0, 1}, T~ [T] with dom(WKL) = {T' C {0,1}* : T is an infinite
binary tree}.

Weak K6nig’s Lemma has already been studied in this form in [1]. Our main

result here is that the parallel version of LLPO is strongly equivalent to Weak
Konig’s Lemma. For the proof we use Weak Kdénig’s Lemma itself.

Theorem 6 (Weak Kénig’s Lemma). WKL =.w LLPO.

In [1] it has been proved that the Hahn-Banach Theorem HBT has the same

Weihrauch degree as WKL and hence the same Weihrauch degree as LLPO. We
formulate this as a corollary without exactly specifying HBT (the reader is re-
ferred to [1] for details).
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Corollary 3. HBT =w WKL =w EP\O

Another equivalence that has been proved in [1] is that all the aforemen-
tioned theorems are equivalent to compact choice in rich spaces. We will use this
observation and we adapt the formulation to our context.

Definition 7 (Compact choice). Let X be a computable metric space. The
multi-valued operation Cy(x) :C K_(X) = X, 4 — A with dom(Cy(x)) :=
{AC X : A+#0(} is called compact choice of X.

Here K_(X) denotes the set of compact subsets of X, which is equipped
with the negative information representation x_ (here a name of a compact set
K is a list of all finite open rational covers of K, see [17] for details). In some
sense, WKL is compact choice for the Cantor space {0,1} and, in fact, in [1]
it has been proved that compact choice for a large class of computable metric
space is equivalent to Cx (40,137 =w WKL. Using this result we mention a slightly
different result here adapted to our operations.

Theorem 7 (Compact choice). Let X be a computable metric space. Then
Ci(x) <sw LLPO. If X is rich, i.e. if there is a computable embedding v : {0, 1} —
X, then CIC(X) =sW m

The characterization of LLPO as compact choice allows us to derive a char-
acterization of weakly computable operations. Now we are prepared to show
the characterization of weakly computable operations. We say that a function
s:C X — K_(Y) is a selector of a function f:C X =Y, if dom(s) = dom(f)
and s(z) C f(z) for all x € dom(f). Continuous functions s :C X — K_(Y") are
also called upper semi-continuous.

Theorem 8 (Selection). Let X be a represented space and let Y be a com-
putable metric space. A function f:C X =Y is weakly computable if and only
if f admits a computable selector s :C X — K_(Y).

It is known that for computable metric spaces (Y, dy') the singleton operation
Y - K_(Y),y — {y} that maps a point to the corresponding singleton set is
(0y, k—)—computable and it admits a (k_,dy)—computable right inverse (see
for instance Lemma 6.4 in [18]). Thus we obtain the following corollary of the
Selection Theorem 8.

Corollary 4 (Weakly computability). Let X be a represented space and 'Y
a computable metric space. Any weakly computable single-valued operation f :C
X — 'Y is computable.

Similarly, it follows that any weakly continuous single-valued function is al-
ready continuous in the ordinary sense.
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6 Conclusions

In this paper we have studied Weihrauch reducibility of multi-valued functions
on represented spaces. Among other things, we have proved that Weihrauch de-
grees form a lower semi-lattice with the direct sum operation as greatest lower
bound operation. Moreover, we have studied parallelization as closure operator
and we have shown that the parallelized Weihrauch degrees even form a lattice
with the product as least upper bound operation. The Medvedev lattice and
the upper semi-lattice of Turing degrees can be embedded into the parallelige\d
Weihrauch lattice. Moreover, we have proved that the parallelized versions LPO
and LLPO of the limited principle of omniscience and the lesser limited prin-
ciple of omniscience, respectively, play a crucial role in our lattice. While LPO
is complete for the class of limit computable operations, we have shown that

LLPO can be used to define a meaningful class of weakly computable operations
that is closed under composition. Single-valued weakly computable operations
are already computable in the ordinary sense. This fact could be related to con-
servativeness properties of WKLg in reverse mathematics [19,20] and to known
uniqueness properties in constructive mathematics [21-24].

In a forthcoming paper [2] we discuss the classification of the Weihrauch de-
gree of many theorems from analysis, such as the Intermediate Value Theorem,
the Baire Category Theorem, the Banach Inverse Mapping Theorem and many
others. It turns out that certain choice principles are crucial cornerstones for that
classification and we believe that our classification sheds new light on the com-
putational properties of these theorems. In particular, our classification seems to
be in a well-defined sense finer than other known classifications in constructive
and reverse mathematics.
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1 Introduction

The purpose of this paper is to propose a new approach to classify mathematical
theorems according to their computational content and according to their logical
complexity?>.

1.1 Realizability of theorems and Weihrauch reducibility

The basic idea is to interpret theorems, which are typically IIo—theorems of the
form

(Ve e X)Fy eY)(x,y) € A,

as operations FF :C X =Y,z — {y € Y : (x,y) € A} that map certain input
data X into certain output data Y. In other words, we are representing theorems
by their realizers or multi-valued Skolem functions, which is a very natural ap-
proach for many typical theorems. For instance, the Intermediate Value Theorem
states that

(Vf €Cl0,1], f(0) - f(1) <0)(3z € [0,1]) f(z) =0
and hence it is natural to consider the partial multi-valued operation
IVT :C C[0,1] = [0,1], f — {z € [0,1] : f(z) =0}

with dom(IVT) := {f € C[0,1] : f(0)- f(1) < 0} as a representative of this theo-
rem. It follows from the Intermediate Value Theorem itself that this operation is
well-defined. The goal of our study is to understand the computational content
of theorems like the Intermediate Value Theorem and to analyze how they com-
pare to other theorems. In order to understand the relation of two theorems T'
and T” to each other we will ask the question whether a realizer G of T” can be
computably or continuously transformed into a realizer F' of T. In other words,
we consider theorems as points in a space (represented by their realizers) and we
study whether these points can be computably or continuously transferred into
each other. This study is carried out entirely in the domain of classical logic and
using tools from topology, computability theory and computable analysis [17].

In fact the technical tool to express the relation of realizers to each other is a
reducibility that Weihrauch introduced in the 1990s in two unpublished papers
[15,16] and which since then has been studied by several others (see for instance
[11,2,3,12,10,6, 13]). Basically, the idea is to say that a single-valued function
F is Weihrauch reducible to G, in symbols F <y G, if there are computable
function H and K such that

F = H(id, GK).

Here K can be considered as an input adaption and H as an output adaption.
The output adaption has direct access to the input, since in many cases the input

3 This paper is only an extended abstract, but a full version with all definitions and
proofs is available for the interested reader [7].
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cannot be looped through G. Here and in the following ( ) denotes suitable
finite or infinite tupling functions. This reducibility can be extended to sets
of functions and to multi-valued functions on represented spaces. The resulting
structure has been studied in [6] and among other things it has been proved that
parallelization is a closure operator for Weihrauch reducibility. To parallelize a
multi-valued function F' just means to consider

~

F(po,p1,p2,-..) := (F(po) x F(p1) x F(p2) x ...),

i.e. to take countably many instances of F' in parallel.

1.2 Effective choice and boundedness principles

A characterization of the Weihrauch degree of theorems is typically achieved by
showing that the degree is identical to the degree of some other known principle.
We have identified certain choice principles that turned out to be crucial corner-
stones in our classification. These principles are co-finite choice, discrete choice,
interval choice, compact choice, closed choice, and are exposed in Sect. 3.

Often it is more convenient to consider these choice principles as bounded-
ness principles and in particular the principles of interval choice have equivalent
boundedness versions. In Sect. 3 we will present some boundedness principles
that correspond to the above mentioned choice principles.

In Sect. 3 we will show the equivalence of certain choice and boundedness
principles and we will compare them to omniscience principles. Omniscience
principles have been introduced by Brouwer and Bishop [1, 9] as non-acceptable
principles in the intuitionistic framework of constructive analysis.

— (LPO) For any sequence p € NY there exists an n € N such that p(n) =0 or
p(n) # 0 for all n € N.

— (LLPO) For any sequence p € N such that p(k) # 0 for at most one k € N,
it follows p(2n) =0 for all n € N or p(2n + 1) =0 for all n € N.

The abbreviations stand for limited principle of omniscience and lesser lim-
ited principle of omniscience. The realizers of these statements correspond to
discontinuous operations of different degree of discontinuity [16].

The parallelizations LPO and LLPO turned out to be particularly important

cornerstones in our classification scheme, since LPO is a X9—complete operation
in the effective Borel hierarchy [3], i.e. it is complete among all limit computable

operations with respect to Weihrauch reducibility and similarly LLPO is complete
among all weakly computable operations [10, 6]. Limit computable operations are
exactly the effectively 39-measurable operations and these are exactly those
operations that can be computed on a Turing machine that is allowed to revise
its output. We have defined weakly computable operations exactly by the above
mentioned completeness property in [6]. In Sect. 3 we will show how the choice
and boundedness principles are related to the omniscience principles and their
parallelizations.

Figure 1 illustrates the relation between the choice principles and other re-
sults discussed in this paper.
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Fig. 1. Constructive, computable and reverse mathematics

1.3 Theorems in functional analysis

As a case study we analyze a number of theorems from analysis and functional
analysis and we classify their Weihrauch degree. In particular, we will consider
in Sections 4, 5, 6 and 7 the following theorems:

(BCTy) Given a sequence (A;);en of closed nowhere dense subsets of a com-
plete separable metric space X, there exists a point € X \ |, . Ai (Baire
Category Theorem).

(BCT) Given a sequence (A;);en of closed subsets of a complete separable
metric space X with X = U;’io A;, there is some n € N such that A, is
somewhere dense (Baire Category Theorem).

(IMT) Any bijective linear bounded operator T : X — Y on separable
Banach spaces X and Y has a bounded inverse 7! : Y — X (Banach
Inverse Mapping Theorem).

(OMT) Any surjective linear bounded operator T : X — Y on separable
Banach spaces X and Y is open, i.e. T(U) is open for any open U C X
(Open Mapping Theorem).

(CGT) Any linear operator T : X — Y with a closed graph(T) C X x Y is
bounded (Closed Graph Theorem).

(UBT) Any sequence (7;);en of linear bounded operators that is pointwise
bounded, i.e. such that sup{||T;z|| : ¢ € N} exists for all € X, is uniformly
bounded, i.e. sup{||T;|| : ¢ € N} exists (Uniform Boundedness Theorem).

1€EN
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(HBT) Any bounded linear functional f : ¥ — R, defined on some closed
subspace Y of a Banach space X has a bounded linear extension g : X — R
with the same norm ||g|| = || f|| (Hahn-Banach Theorem).

— (IVT) For any continuous function f : [0,1] — R with f(0) - f(1) < 0 there
exists a x € [0,1] with f(z) = 0 (Intermediate Value Theorem).

— (BFT) Any continuous function f : [0,1]™ — [0,1]™ has a fixed point x €
[0,1]™, i.e. f(z) = = (Brouwer Fixed Point Theorem).

— (BWT) Any sequence (z;);en of numbers in [0, 1]™ has a convergent subse-
quence (Bolzano-Weierstra$ Theorem).

— (WAT) For any continuous function f : [0,1] — R and any n € N there exists
a rational polynomial p € Q[z] such that || f —pl| = sup,cp 1 |f(z) —p(z)| <
27" (Weierstrafl Approximation Theorem).

— (WKL) Any infinite binary tree has an infinite path (Weak K&nig’s Lemma).

The Baire Category Theorem is an example of a theorem for which it mat-
ters which version is realized. In the formulation BCTy it leads to a continuous
and even computable realizer, whereas the version BCT is discontinuous. The
realizers of the given theorems are operations of different degree of discontinuity
and our aim is classify the computational Weihrauch degree of these results.
The benefit of such a classification is that practically all purely computability
theoretic questions of interest about a theorem in computable analysis can be
answered by such a classification. Typical questions are:

1. Is the theorem uniformly computable, i.e. can we compute the output infor-
mation y € Y uniformly from the input information x € X?

2. Is the theorem non-uniformly computable, i.e. does there exist a computable
output information y € Y for any computable input information z € X?

3. If there is no uniform solution, is there a uniform computation of a certain
effective Borel complexity?

4. If there is no non-uniform computable solution, is there always a non-uniform
result of a certain arithmetical complexity or Turing degree?

Answers to questions of this type can be derived from the classification of
the Weihrauch degree of a theorem. In the diagram of Fig. 1 we summarize
some of our results. The arrows in the diagram are pointing into the direction of
computations and implicit logical implications and hence in the inverse direction
of the corresponding reductions. No arrow in the diagram can be inverted and
no arrows can be added (except those that follow by transitivity).

In Sect. 7 we provide a number of metatheorems that allow to determine
upper bounds of the Weihrauch degree of many theorems straightforwardly, just
because of the mere topological form of the statement. For instance, any classical
result of the form

Vee X)FyeY)(z,y) €A

with a co-c.e. closed A C X XY and a co-c.e. compact Y has a realizer that is
reducible to compact choice Ck. The table in Fig. 2 summarizes the topological
types of metatheorems and the corresponding version of computability. We il-
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metatheorem  computability unique case
open computable computable
compact weakly computable computable

locally compact limit computable non-uniformly computable

Fig. 2. Types of metatheorems, choice and computability

lustrate that these metatheorems are useful and we show that one directly gets
upper bounds for theorems such as the Brouwer Fixed Point Theorem and the
Peano Existence Theorem for the initial value problem of ordinary differential
equations.

2 Weihrauch reducibility, omniscience principles and
weak computability

In this section we briefly recall some definitions from [6] on Weihrauch reducibil-
ity. We assume that the reader has some basic familiarity with concepts from
computable analysis and otherwise we refer the reader for all undefined concepts
to [17]. In a first step we define Weihrauch reducibility for sets of functions on
Baire space, as it was already considered by Weihrauch [15, 16].

Definition 1 (Weihrauch reducibility). Let F and G be sets of functions of
type f :C NN — NN. We say that F is Weihrauch reducible to G, in symbols
F <w G, if there are computable functions H, K :C N¥ — NN such that

(VG € G)(3F € F) F = H(id, GK).

Analogously, we define F < w G using the equation F' = HGK and in this case
we say that F is strongly Weihrauch reducible to G.

We denote the induced equivalence relations by =w and =gw, respectively.

In the next step we define the concept of a realizer of a multi-valued function
as it is used in computable analysis [17]. We recall that a representation dx :C
NN — X of a set X is a surjective (and potentially partial) map. In general, the
inclusion symbol “C” indicates partiality in this paper. In this situation we say
that (X, dx) is a represented space.

Definition 2 (Realizer). Let (X,dx) and (Y, dy) be represented spaces and
let f:C X = Y be a multi-valued function. Then F :C N¥ — NN is called
realizer of f with respect to (dx,dy), in symbols F = f, if

dy F(p) € fox(p)
for all p € dom(fdx).

Usually, we do not mention the representations explicitly since they will be
clear from the context. A multi-valued function f :C X = Y on represented
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spaces is called continuous or computable, if it has a continuous or computable
realizer, respectively. Using reducibility for sets and the concept of a realizer we
can now define Weihrauch reducibility for multi-valued functions.

Definition 3 (Realizer reducibility). Let f and g be multi-valued functions
on represented spaces. Then f is said to be Weihrauch reducible to g, in symbols
f<wg, if and only if {F : F + f} <w{G : G F g}. Analogously, we define
f <sw g with the help of <. w on sets.

That is, f <w ¢ holds if any realizer of g computes some realizer of f with
some fixed uniform translations H and K. It is clear that Weihrauch reducibil-
ity and its strong version form preorders, i.e. both relations are reflexive and
transitive.

One can show that the product of multi-valued functions f x g and the
direct sum f @ g are both monotone operations with respect to strong and
ordinary Weihrauch reducibility and hence both operations can be extended
to Weihrauch degrees. This turns the structure of partially ordered Weihrauch
degrees into a lower-semi lattice with the direct sum operation as greatest lower
bound operation. It turns out that a very important operation on this lower semi-
lattice is parallelization, which can be understood as countably infinite product
operation.

Definition 4 (Parallelization). Let f :C X ==Y be a multi-valued function.
Then we define the parallelization f :C XN = YN of f by

f(xi)iEN = So f(iliz)

for all (z;);eny € XN,

‘We mention that parallelization acts as a closure operator with respect to
Weihrauch reducibility.

3 Choice and boundedness principles

In this section we study choice principles and boundedness principles. Both types
of principles are closely related to each other and they are also related to the
omniscience principles mentioned earlier. In some sense most of the boundedness
principles are just variants of the choice principles that are more convenient for
some applications.

By A(X) or A_(X) we denote the set of closed subsets of a metric space
X. The index “—” indicates that we assume that the hyperspace A_(X) is
equipped with the lower Fell topology and a corresponding negative information
representation ¢_ (see [8] for details). All choice principles are restrictions of
the multi-valued choice map

Choice :C A_(X) = X, A— A,
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which is defined for non-empty closed sets A C X and maps any such set in a
multi-valued way to the set of its members. That is, the input is a non-empty
closed set A € A_(X) and the output is one of the (possibly many) points
x € A. We can define restrictions of the choice map by specifying the respective
domains and ranges.

Definition 5 (Choice principles). We define multi-valued operations as re-
strictions of the respective choice maps as follows:

1. CGp:C A_(N) =2 N, dom(Cf) := {A C N: A co-finite}.

2. Cy:CA_(N) = N, dom(Cy) := {ACN: A#0}.

3. C:CA_[0,1] = [0,1], dom(C)) :={[a,d] : 0 < a <b <1}

4. ;7 :C A_[0,1] = [0,1], dom(C,7) :={[a,b] : 0 < a < b <1}

5. Ck :C A_(]0,1]) = [0, 1], dom(Ck) := {K C [0,1] : K # 0 compact}.
6. CA:CA_(R ) = R, dom(Cp) :={A CR: A # 0 closed}.

We refer to these operations as co-finite choice, discrete choice, interval choice,
proper interval choice, compact choice and closed choice, respectively.

For practical purposes it is often more convenient to handle these choice
principles in form of the closely related boundedness principles that we define
now.

Definition 6 (Boundedness principles). We define the following multi-val-
ued operations:

1. BE: Re = R,z +— [z, 00).

2. BI:CRe xRs = R, (z,y) — [z,y], dom(B)) :={(z,y) : z < y}.
3. BT :C R xRy =R, (z,y) — [x,y], dom(B,™) := {(

4. BT :CR. xR = R, (w,y) = [z,9], dom(B/ 1) := {(z

5. B: R - R,z — x.

Proposition 1 (Discrete choice). BF =sw Cr =w Cy.
Proposition 2 (Interval choice). B =.w C, B =sw C;~, B/T <.w Ca.

We recall that it is known that B is equivalent to C : A +— cf4, dom(C) =
A_(N) (which can be considered as countable closed choice).

Proposition 3 (Countable closed choice). B=w C=w LPO.

‘We have identified two chains of choice principles that are related in the given
way.

Corollary 1 (Choice hierarchies). We obtain

1. LLPO<w G~ <w C| <w Ck =w LLPO <w Ca.

2. LPO <w Cny <w B| <w Ca<w C WLPO

3. LLPO <w LPO, G <w CN, C<w B|+
Corollary 2 (Countable ch01ce prlnc1ples) We obtain the followmg two
equivalence classes: @ =w C| =w C| =w CK <w LPO= =w CN =w CA
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4 Discrete Choice and the Baire Category Theorem

In this section we want to classify the Weihrauch degree of the Baire Category
Theorem and some core theorems from functional analysis such as the Banach
Inverse Mapping Theorem, the Open Mapping Theorem, the Closed Graph The-
orem and the Uniform Boundedness Theorem.

Theorem 1 (Baire Category Theorem). Let X be a non-empty complete
computable metric space. Then BCT x =w Cy.

Theorem 2 (Banach Inverse Mapping Theorem). Let X, Y be computable
Banach spaces. Then IMT x y <w Cy=w IMTy, ¢,.

Theorem 3 (Open Mapping Theorem). Let X, Y be computable Banach
spaces. Then OMT x y <y Cy=w OMTy, 4, .

Theorem 4 (Closed Graph Theorem). Let X, Y be computable Banach spa-
ces. Then CGTxy <w Cy=w CGTy, ¢,

Theorem 5 (Uniform Boundedness Theorem). Let X,Y be computable
Banach spaces different from {0}. Then UBT x y =w Cy.

A common feature of all the theorems discussed in this section that are
equivalent to Cy are:

1. They are discontinuous and hence non-computable (since Cy is s0).

2. They admit non-uniform computable solutions (since Cy has a realizer that
maps computable inputs to computable outputs).

3. They have A9-complete sequential counterexamples (since (/:\NEW C, any
realizer maps some computable sequence to some A9-complete sequence in
the arithmetical hierarchy).

All the properties mentioned here are degree theoretic properties and any
theorem equivalent to Cy will be of the same category.
5 Interval Choice and the Intermediate Value Theorem

Theorem 6 (Intermediate Value Theorem). IVT =.w C,.

We list some common features of all theorems that are equivalent to C,.

—_

. They are discontinuous and hence non-computable (since C; is so).

2. They admit non-uniform computable solutions (since C; has a realizer that
maps computable inputs to computable outputs).

3. They are uniformly computable under all classical conditions where the so-
lution is uniquely determined (since C; is weakly computable).

4. They have limit computable sequential counterexamples of any basis type

(since C; =w WKL).

By a basis type we mean any set B C NV that forms a basis for IT{ subsets
of Cantor space {0, 1}V, such as the set of low points.
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6 Compact Choice and the Hahn-Banach Theorem

Theorem 7 (Hahn-Banach Theorem). HBT =y Ck.

Common features of all theorems equivalent to Ck are:

1. They are discontinuous and hence non-computable (since Ck is so).
2. They are uniformly computable under all classical conditions where the so-
lution is uniquely determined (since Ck is weakly computable).

3. They have limit computable counterexamples of any basis type (since we
have that Cx =w WKL).

7 Metatheorems and Applications

In this section we want to discuss a number of metatheorems that allow some
conclusions on the status of theorems merely regarding the logical form of these
theorems. Essentially, we are trying to identify the computational status of I1o—
theorems, i.e. theorems of the form

(va € X)Ey € V) (2,9) € 4,
where depending on the properties of Y and A automatically certain computable
versions of realizers of these theorems exist. In many cases this allows to get some
upper bound on the Weihrauch degree of the corresponding theorem straight-

forwardly.

Theorem 8 (Open Metatheorem). Let X,Y be computable metric spaces
and let U C X XY be c.e. open. If

(Vx e X)(Fy e Y)(x,y) €U,
then R: X =Y, e —{yeY :(z,y) € U} is computable.
Corollary 3 (Weierstrafl Approximation Theorem). WAT =y id.

The next metatheorem is a similar observation for co-c.e. closed predicates
and co-c.e. compact Y.

Theorem 9 (Compact Metatheorem). Let X,Y be computable metric spac-
es and let Y be co-c.e. compact and A C X XY co-c.e. closed. If

(Vz e X)(Fy € Y)(x,y) € A,
then R: X =Y,z = {y €Y : (x,y) € A} is weakly computable, i.e. R <y Ck.

Corollary 4 (Brouwer Fixed Point Theorem). BFT <y WKL.



Effective Choice and Boundedness Principles 105

Many other theorems of analysis that have to do with the solution of equa-
tions in compact spaces fall into the same category. This applies for instance to
the Schauder Fixed Point Theorem and also to the Intermediate Value Theorem.
Sometimes it is not immediately clear that a theorem is of this form. In case of
the Peano Existence Theorem for solutions of initial value problems of ordinary
differential equations it is easy to see that it can be reduced to the Schauder
Fixed Point Theorem (see [14]). Another example of this type is the Hahn-
Banach Theorem. As it is usually formulated, is not of the form of an equation
with a solution in a compact space. However, using the Banach-Alaoglu The-
orem, it can be brought into this form (see [4,10]). Whenever a theorem that
falls under the Compact Metatheorem has a unique solution, then that solution
is automatically computable by Corollary 8.8 in [6].

Thus, under all (perhaps purely classical) conditions under which the Brouw-
er Fixed Point Theorem, the Intermediate Valued Theorem, the Hahn-Banach
Theorem or the Peano Existence Theorem have unique solutions, they are al-
ready automatically fully computable.

Theorem 10 (Locally Compact Metatheorem). Let X,Y be computable
metric spaces, let Y be effectively locally compact and let A C X XY be co-c.e.
closed. If

(Vo € X)(3y € Y)(z,y) € A,

then R: X =Y,z —{y €Y : (x,y) € A} satisfies R<w C(y), where C 4y is
defined like C4 with Y instead of R. In particular, R is limit computable.

Corollary 5. Let X be a computable metric space and let Y be an effectively
locally compact metric space. If f : X — Y is a function with a co-c.e. closed
graph graph(f) = {(z,y) € X xY : f(x) = y}, then f is limit computable.
In particular, the inverse g~' : X — Y of any computable bijective function
g:Y — X is limit computable.
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Abstract. In this note we discuss the information needed to compute
the homology groups of a topological space. We argue that the natural
class of spaces to consider are the compact absolute neighbourhood re-
tracts, since for these spaces the homology groups are finite. We show
that we need to specify both a function which defines a retraction from
a neighbourhood of the space in the Hilbert cube to the space itself,
and a sufficiently fine over-approximation of the set. However, neither
the retraction itself, nor a description of an approximation of the set in
the Hausdorff metric, is sufficient to compute the homology groups. We
express the conditions in the language of computable analysis, which is
a powerful framework for studying computability in topology and geom-
etry, and use cubical homology to perform the computations.

Keywords: computability, homology, compact absolute neighbourhood re-
tract

1 Introduction

Homology theory is one of the cornerstones of algebraic topology. The first ho-
mology theory, simplicial homology, was developed to provide invariants of a
topological space (expressed as a simplicial complex) which could be more easily
computed than the homotopy invariants. Other homology theories, most notably
singular homology, were developed which extended the simplicial homology to
arbitrary topological spaces, topological pairs and continuous functions. For an
introduction to homology theory, see [ES52], [Mun84], [Mas91] or [Spa81]. How-
ever, while the simplicial homology can be easily computed by purely algebraic
means, it is not clear precisely what information is needed about a space in order
to compute its homology groups using a digital computer. The purpose of this
article is to discuss the computability of homology for general metric spaces.
As is standard in computability theory, we use Turing machines as the under-
lying computational model. We consider different representations of the input
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sets and/or functions in terms of symbols over some alphabet. Since the class of
compact subsets of a (infinite) separable metric space has continuum cardinality,
we need to represent these sets by streams of data, yielding successively better
approximations to the set.

Since homology groups are well defined (by the Eilenburg-Steenrod ax-
ioms [ES45]) and finite for the class of compact absolute neighbourhood retracts,
we restrict attention to these spaces. A natural way of describing a compact ab-
solute neighbourhood retract is to specify a neighbourhood retraction onto the
set. However, we shall see that this information itself is not quite sufficient to
compute the homology; we also need to give a bounding set for the set which is
a subset of the domain of the retraction.

The original approach to homology theory via simplicial complexes is well-
suited to the computation of the homology of a topological space when an explicit
construction of the space is known. However, it is less-well suited for the compu-
tation of the homology of an arbitrary continuous function, unless a homotopic
simplicial map can easily be constructed. Further, the relative simplicity of inter-
val methods for rigorous evaluation of continuous functions suggests the devel-
opment of a homology theory based on cubical complexes. The first algorithms
for the computation of cubical homology were developed in [KMS98,KMW99];
see [KMMO4] for a self-contained exposition. More advanced algorithms have
since been developed [MMPO5,MPZO8,MB09]. The computational homology
package CHomP [KMP]| contains implementations of the computation of the
homology of simplicial and cubical complexes by Kalies, Mrozek and Pilarczyk.

The main results of this paper are that the homology of a general compact
separable metric space X cannot be computable from a name of X as a compact
set, and neither can the homology of a compact absolute neighbourhood retract
X be computed from a name of a neighbourhood retraction r» : U — X. How-
ever, the homology can be computed given both pieces of data; this is equivalent
to a name of r and a single bound on X.

2 Preliminaries

In this section we review the main concepts and results from the theory of re-
tracts, homology theory, computational cubical homology and computable anal-
ysis that we require.

2.1 Theory of retracts

Let E be a metrisable space. Recall that if X C F, then a function r : £ — X
is a retraction if r|x = idx. If U is an open neighbourhood of X in E and
r : U — X is such that r|x = idx, then r is a neighbourhood retraction.
We say X is a neighbourhood retract if there exists a neighbourhood retraction
r:U— X.If X C E, we denote the embedding of X in F asi : X — FE; note
that r|x = r o4. We say that r : U — X is a weak (neighbourhood) retraction
if r|x ~ id|x, i.e. 7 is homotopic to the identity of X.



Computability of Homology for Compact Absolute Neighbourhood Retracts 109

Recall that the Hilbert cube is the countably infinite product space [—1, 4+1]°°.
We can give a metric by

d(z,y) = (i (xk ;:%)2 )1/2'

k=1

The relative interior of the Hilbert cube is the subset (—1,+1)%°, which is not
locally-compact.
A countable base for the Hilbert cube is given by open sets of the form

I x Iy x - I x [-1,41] x - -

with each I; of the form (a;,b;), (a;, +1], [-1,b;) or [-1,+1] for a;,b; € Q. The
closures of these sets have the form

[a1,b1] X -+ X [ak, bg] x [-1,4+1] x - -

with a;,b; € Qand —1 < a; <b; < +1fori=1,...,k. A countable base for the
relative interior of the Hilbert cube is given by the sets

(a1,b1) X oee X (ak,bk) X (—1,+1) X oo

with a;,b; € Qand —1<a; <b; <+lfori=1,... k.

A space X is an absolute neighbourhood retract if, whenever it embeds as a
closed subset of a normal space Y, there is an open neighbourhood U of X in Y
and a retraction 7 : U — X. It can be shown that a separable metric space is
an absolute neighbourhood retract if, and only if, it embeds as a neighbourhood
retract in the Hilbert cube. We can therefore consider absolute neighbourhood
retracts as subsets of the Hilbert cube. A space is a Fuclidean neighbourhood

retract if it embeds as a neighbourhood retract in Euclidean space R? for some
d.

2.2 Homology Theory

Recall that a topological pair is a pair (X, A) where X is a topological space and
A is a subset of X. By a slight abuse of notation, we will sometimes write X for
the pair (X,0). A map of pairs f : (X, A) — (Y, B) is a continuous function
f:X — Y such that f(A) C B.

Recall that a graded abelian group G is a sequence (Gq)gio of abelian groups.
A homomorphism ¢ between graded abelian groups G and H is a sequence of
group homomorphisms ¢, : G, — H,. A graded abelian group G is finite if
each G, is finite, and G4 = {e} for all but finitely many g.

Recall that a (finite or infinite) sequence of (graded) group homomorphisms

: Pk
s G 2 G P Gy —

is ezact if im(¢g) = ker(¢gy1) for all k.
There are a large number of homology theories, each with different properties.
However, they all satisfy the following axioms.
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Axioms 1 (Eilenberg-Steenrod) A homology theory consists of a covariant
functor H, from (a full subcategory of) the category of topological pairs to the
category of graded abelian groups, and a natural transformation 0. of degree —1
from H.(X, A) to H.(A) satisfying Azioms (i) to (iv) below.

In other words, Hy(X,A) is an abelian group for ¢ = 0,1,..., if f :
(X,A) — (Y, B) then Hy(f) : Hy(X,A) — H,(Y,B), H.(g9o f) = H.(g) o
H,.(f) and 64 : Hy(X,A) — H,_1(A).

1. Homotopy: If fo, f1: (X, A) — (Y, B) are homotopic, then
H.(fo) = Hi(f1) : H(X, A) — H.(Y, B).

2. Exactness: Each pair (X, A) induces a long exact sequence in homology, via
the inclusions i : A — X and j : X — (X, A) by

e Hy(A) 25 Hy(X) 25 Hy(X, A) 25 Hy_(A) — -+

3. Excision: If (X, A) is a pair and U is a subset of X such that U C A°, then
the inclusion map i : (X \U, A\ U) — (X, A) induces an isomorphism in
homology

it H( X \U,A\U) = H.(X, A).

4. Dimension: If P is a one-point space, then
0ifq#0

Hy(P) = .
Z if g =0.

It is well-known that the homology of a compact absolute neighbourhood
retract is uniquely determined by the axioms. For the homology of simplicial set
is determined by the axioms, and can be effectively computed from the axioms
(though the computation is usually performed in practice using the simplicial
homology theory). Additionally, any compact absolute neighbourhood retract is
dominated by a finite simplicial complex, allowing computation of the homology.
That any compact absolute neighbourhood retract has the homotopy type of a
finite simplicial complex was a long-standing open conjecture, finally proved by
West [Wes77]. We shall use a similar technique to relate the homology of a
compact absolute neighbourhood retract to that of a finite cubical complex.

Recall that a single-valued function f : X — Y is a selection of a multi-
valued function F : X = Y if f(z) € F(x) for all x € X. Tt is not difficult to
show that if F' : X =2 Y is convex-valued and fy, f1 are two continuous selec-
tions of F', then fo and f; are homotopic. We say that F': (X, A) = (Y, B) is a
multivalued map of pairs if F': X = Y and F(a) C B for all a € A. Hence if
F:(X,A) = (Y, B) is a multivalued map of pairs with convex values, then any
continuous selections fo, f1 : (X, A) — (Y, B) are homotopic, and so have the
same homology. We can therefore speak of the homology of a multivalued map.
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2.3 Computational Homology

The computational homology approach begins with the computation of the ho-
mology of cubical sets which are essentially finite unions of cubes in Euclidean
space.

The following definition is modified from [KMMO04, Definitions 2.1,3,9].

Definition 2 (Cubical Set). An elementary interval is a closed interval I C R
of the form I = [k, k] or I = [k, k + 1] for some k € Z. An elementary cube
Q C R? is a finite product of elementary intervals Q = I} x Iy x --+ x Ig.
An elementary cubical chain is a formal sum of oriented elementary cubes. The
boundary 0Q of an elementary cube Q is the formal sum of the elementary cubes
of dimension dim(Q) — 1 with the natural orientation.

An elementary cubical complex Q is a set of elementary cubes Q such that
if Q € Q, then any elementary cube which is a subset of Q) is also an element of
Q.

A cubical complex is a set X of the form X = {s;(Q) | Q € Q} where Q
is an elementary cubical complex and s;(x) = /2! is a scaling transformation.
A cubical complex X' is a refinement of X if Q = | J{Q' € X'|Q" C Q} for all
QeX.

The support |X| of a cubical complex X is the union of all elementary cubes
of X. A set X is cubical if there is a cubical complex X such that X = |X|.

Definition 3 (Cubical Map). Let X and Y be cubical complexes. A cubical
function is a multivalued function F : X =Y such that F(Q1 N Q2) = F(Q1)N
F(Q2). A cubical function is convex if |F(Q)| is convex for all Q € X.

The support |F| of a cubical function F is the lower-semicontinuous multi-
valued map |F| : |X| = |Y| defined by |F|(z) = |F(Q)| for z € relint(Q). We
say that a multivalued map F : X — Y is cubical if there are cubical complezes
X and Y with X = |X|, Y = |Y|, and a cubical function F : X = Y such that
F=|F|.

The following theorem asserts that cubical homology is effectively computable.

Theorem 4.

1. Let (X, A) be cubical complezes. Then the cubical homology H.(|X|,|A|) is
effectively computable given X and A.

2. Let F : (X, A) — (¥,B) be a convex cubical function. Then the cubical
homology H.(|F|) is effectively computable given F.

Note that the cubical homology theory is essentially a combinatorial theory (for
cubical complexes and convex cubical functions) which induces a topological
theory on the supports. It is possible to show that the homology of a cubical
set (or map) does not depend on the cubical complex (or function) used for the
representation. However, the cubical theory is only defined on the special classes
of cubical sets and cubical maps. To extend the theory to arbitrary sets and
maps, we need to reduce to the cubical theory. The main results of this paper
involve showing that these reductions can be performed effectively.
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2.4 Computability Theory

In this section we give an overview of computability in analysis, following the
type-two effectivity theory of [Wei00].

Let X be a finite alphabet, such as the binary digits {0,1} or the ASCII
character set. By X* we mean the set of finite words on X, and by X the set
of infinite sequences. We say a function n :C X*/¥ x ... x */@ — ¥*/v ig
computable if it can be evaluated by a Turing machine. The set of computable
functions is closed under composition.

We will sometimes need a computable tupling operation 7 (X*)¥ — X¢|
denoted (wy,wa,...) — (w1, wa,...).

Let M be a set. A notation of M is a partial surjective function v :C X* —
M. A representation of M is a partial surjective function § :C X% — M. A
d-name of x € M is an element p € X% such that d(p) = x.

If &g, ..., 0k are representations of My, ..., M} respectively, then a function
f i M x--- x My — M,y is computable if there is a computable function
n:C XY X x XY — X% guch that f(61(p1),...,0k(pk)) = do(n(p1,-..,0k))
whenever the left-hand side is defined. If the representations of My, . .., My being
used are clear from the context, we simply say that f is (effectively) computable.

If M is a topological space, we are interested in representations which are
compatible with the topological structure. A computable topological space is a
tuple (M, 7,0,v) where o is a sub-base for a Ty topology 7 on M, and v is a
notation of 7. The standard representation of (M, 7,0, v) is the representation §
of M defined by

0wy, wa,ws,...) =2 <= {v(w)]|ieN}={Ie€o|zel}

In other words, p encodes a list of all sub-basic sets I containing x. By the Tj
hypothesis on (M, 7), this p encodes a unique element of M.

If M is the Hilbert cube and v is an encoding of the standard basis set f3,
then the standard arithmetical operations +, —, X and + are computable with
respect to the standard representation.

Given a locally-compact Hausdorff space X and a base 8 for X with notation
v we can construct representations for open and compact subsets of X as follows:

1. A f.-name of an open subset U of X encodes a list of all I € 3 such that
IcU.

2. A ks-name of a compact subset C of X encodes a list of all tuples
(Ji,...,Jx) € B* such that C ¢ U, J;.

3. A k-name of a compact subset C of X encodes a list of all tuples
(J1,. .., Jx) € B* such that C c Ur_, J; and J;NC £ for all i = 1,... k.

These are standard representations with respect to the Scott topology on open
sets, and the (upper) Vietoris topology on compact sets. We can also construct
representations for continuous functions:.

4. Let U be an open subset of X, and f: U — Y a continuous function. A
~v-name of f encodes a list of all pairs (I, J) € Bx x By such that I C U and
f(I) cJ.
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Note that a y-name of f implicitly contains a 6.-name of dom(f). This is a stan-
dard representation with respect to the compact-open topology on continuous
functions.

3 Computability of Homology Groups

In this section we present the main results on computability and uncomputability
of homology groups. We first show that homology is uncomputable with respect
to certain representations of the space, and then find conditions under which
homology is computable.

3.1 Uncomputability of homology

We now show that the homology cannot be computed from a x-name of X, nor
from a ~-name of a neighbourhood retract » : U — X alone. These results
are strong, in the sense that there is no space for which the homology can be
computed from the given data.

Theorem 5. Let X be a compact absolute neighbourhood retract. The homol-
ogy function H, is discontinuous at X in the Vietoris topology, and hence is
uncomputable.

Proof. It suffices to construct a sequence of compact absolute neighbourhood
retracts X,, such that X,, — X in the Vietoris topology, but H,(X,,) does not
converge to H,(X). Let x; be a sequence of points such that each z; ¢ X but
lim, soo T; = Too € X. Let X,, = X U U?2n+1 xz;. Then each X, is an absolute
neighbourhood retract and X,, — X in the Vietoris topology on compact sets,
but Hy(X,,) = Ho(X) ® Z"™, so the homology does not converge.

Theorem 6. Let X C R*® be a compact absolute neighbourhood retract. The
homology of X cannot be computed from a v-name of a neighbourhood retraction
r:U — R® with r(U) = X.

Proof. Let p € X be a y-name of r encoding a sequence (I, Jy) of basic open
sets such that r([) C Jx. Let U’ be an open ball cl(U’") Ncl(U) = 0, let 2’ € U’
and 1’ : U" — {2'}. Let p’ be a y-name of ' encoding a sequence (I}, J;) such
that +/(I}) C Jj.

Take U = UUU’, X = X U X’ and define # : U — X by #(a) = r(a) if
a € U and #(a) = r'(a) if a € U’. Then # is a retraction from U to X. We can
construct names of 7 by taking an arbitrarily long prefix of a name of 7, and

then splicing in a name of r’. For n € N, define (I, x, jnk) = (Ig, Jx) for k <n,

and (Int2j-1, Jnt2i-1) = ntjs Jnti)s Unt2jy Jnvaj) = (Intj, Jnyy) for j € N
Let p,, be the encoding of the sequence (f,”, jni) Then for all n € N, p,, is an
encoding of 7, but lim,,_,~ P, = p, which is a name of r. This means that given
the name p of r, at no point can we deduce p is a name of r» and not 7, and so

at no point can we deduce Hy(X).
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We note that while the first result is due to an argument that the homology
is discontinuous, for the second we needed to consider the details of the repre-
sentation. This suggests that the homology can “almost” be computed from a
name of a neighbourhood retraction. In the next section we shall see that this is
indeed the case.

3.2 Homology of Euclidean neighbourhood retracts

To give an idea of the general method, we first prove effective computability of
H,.(X) for a Euclidean neighbourhood retract X.

Theorem 7. Let X be a compact Euclidean neighbourhood retract. Then H,.(X)
can be effectively computed from a ~v-name of a retraction v : U — X with U
an open subset of R?, and from a k-name of X as a compact subset of R%.

Proof (Proof (Sketch)). From the ks-name of X and a f.-name of U we can
effectively compute a cubical set C' such that X € C° and C C U. Since r(C) =
X C C°, every point z of C has a basic open neighbourhood I such that f(I) C J
with J C C. From a y-name of r, we can therefore compute a convex-valued
cubical map R : C' = C such that r(x) € R(z) for all z. Since C' is a cubical set
and R is a cubical map, H,(C) and H,.(R) can be computed using Theorem 4.

Let ¢ : X — C be the embedding of X in C, and p : C — X be the
restriction of r to C. Then poi = idx, so H.(po i) = idy, (x). Hence H.(p) is
surjective and H.,(¢) is injective. Since iop = r|¢, the cubical map R is an over-
approximation to i o p, so H,(iop) = H.(R). Then H.(X) = H.(p)(H.(C)) =
H.(i)(H«(p)(H«(C))) = Hy(iop)(H.(C)) = H.(R)(H.(C)), so can be effectively
computed.

The presentation of H,.(X) is as a subgroup of H,(C) for which we have an
explicit presentation. The subgroup is the image of H,(C') under the homo-
morphism H,(R). Notice that H,(R) is a projection on H,(C), since H,(R) =
H.(iop)=H.(io(poi)op) =H.(iopoiop)=H.(iop)* = H.(R)>.

3.3 Computation of homology for compact absolute neighbourhood
retracts

Lemma 8. Let (X, A) be a pair of compact absolute neighbourhood retracts em-
bedded in the Hilbert cube. Then given ks-names of X and A, and y-names
of rx : Ux — X and ry : Uy — A, it is possible to effectively compute
a pair (X, A) of cubical sets, and maps of pairs i : (X,A) — (X, A) and
p: (X, A) — (X, A) such that poi ~idx 4.

Proof. By the effective Urysohn lemma [WeiOl], we can construct a function
¢ : Ux —> [0,1] such that ¢(z) = 1 on a small neighbourhood of A4, and ¢(z) = 0
outside Us. We define ¢ : Ux — X by ¢(x) = rx(¢p(z)ra(z) + (1 — é(x))z). It
is straightforward to verify that ¢ maps a small neighbourhood V4 of A in Uy



Computability of Homology for Compact Absolute Neighbourhood Retracts 115

to A, that ¢g|x is homotopic to the identity, and that we can compute a y-name
of q.

Since X C Uy, and using the topology of the Hilbert cube, we can effectively
compute a cubical subset X of R? such that X € X° x (=1,41)> and X x
[-1,41]* C Ux. Further, we can ensure that X has a cubical subset A such
that A C A° x (=1,+1)° and A x [-1,+1]® C Vj.

We take i : (X, A) — (X, A) as i(z) = m(x), which is clearly computable,
and p : (X,A) — (X, A) by p(z) = ¢(z,0,...). Since ¢ is homotopic to the
identity on (X, A), we find poi ~idx a4 by the homotopy extension theorem.

Lemma 9. Let (X, A) and (Y, B) be cubical sets, and f : (X, A) — (Y°, B°).
Then given a y-name of f, it is possible to effectively compute a convex cubical
map F : (X,A) — (Y, B) such that f is a selector of F.

Proof. Given a y-name of f, we list all pairs (I,.J) such that f(I) C J, that
JcYeand JC B°ifINA # (). We eventually obtain an open cover of X by
such sets I. By refining X if necessary, we can assume that each cell Q of X lies
in some I with corresponding .J. We define F(Q) = {Q' € K(Y) | JN Q' # 0}.
It is easy to verify that |F| is the required convex cubical map.

We can now compute the homology of an arbitrary topological pair.

Theorem 10. Let (X, A) be a pair of compact absolute neighbourhood retracts
embedded in the Hilbert cube. Then the homology H.(X,A) can be effectively
computed from k~-names of X and A, and y-names of rx and r4.

Proof. Let i : (X,A) — (X, A) and p : (X,A) — (X, A) be as given by
Lemma 8, so that poi ~ idx 4. Then H,(poi) = idy, (x a) so H.(p) is surjective,
and H, (i) is injective, and hence H, (X, A) ~ H,(iop)(H.(X, A)). By Lemma 9
we can effectively compute a cubical map P : (X, A) = (X, A) such that iopis a
selection of P. Since iop is a selection of P, H,(iop) = H,(P). The result follows
since we can compute the homology of H, (X, A) and H,(P) by Theorem 4.

We now consider the computation of the homology of a map of pairs.

Theorem 11. Let (X, A) and (Y,B) be compact absolute neighbourhood re-
tracts, equipped with the information needed to compute the homology. Let
f i (X;A) — (Y,B) be a map of pairs. Then the homology H.(f) can be
computed from a ~y-name of f.

Proof. From Lemma 8, the approximate projection p : (X, 4) — (X, A) can be
effectively computed, as can the approximate embedding i : (Y,B) — (Y, B).
Then iy g o fopxa : (X,A) — (Y,B) can be effectively computed. We
can therefore compute a cubical map f : (X,fl) — (?,B) which is an
over-approximation to iy,p o f o px a. The homology of f is then given by
H.(f) = H.(py.p) o H.(f), since H,(pyp) is a projection of H,(Y,B) onto
H, (Y, B) considered as a subgroup of H, (Y, B).
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4 Conclusions

In this paper, we have considered the information required to compute the ho-
mology groups of compact absolute neighbourhood retracts. We have shown that
the homology can be computed given a bound for the set, and the name of a
neighbourhood retract from a subset of the Hilbert cube to the space. The deriva-
tions use standard homotopy arguments to reduce the problem to a problem of
computing cubical homology.

An interesting question for further research is whether the requirements that
X be a compact absolute neighbourhood retract can be weakened. If X is not
compact, then the homology groups are not finite, but X still has the homotopy
type of a (now infinite) simplicial complex. If X is not an absolute neighbourhood
retract, then it cannot be embedded in Euclidean space or the Hilbert cube as
a neighbourhood retract, and so a different representation of X is required.

An alternative approach would be to reduce the problem to the problem of
computing simplicial homology. However, since existing numerical approaches
work better with interval arithmetic and cubical sets, the cubical approach is
closer to existing implementations.
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Abstract. We investigate a hierarchy of representations of topologi-
cal spaces by measurable functions that extends the traditional notion
of admissible representations common to computable analysis. Specific
instances of these representations already occur in the literature (for ex-
ample, the naive Cauchy representation of the reals and the “jump” of a
representation), and have been used in investigating the computational
properties of discontinuous functions. Our main contribution is the inte-
gration of a recently developing descriptive set theory for non-metrizable
spaces that allows many previous results to generalize to arbitrary count-
ably based Ty topological spaces. In addition, for a class of topological
spaces that include the reals (with the Euclidean topology) and the power
set of w (with the Scott-topology), we give a complete characterization
of the functions that are (topologically) realizable with respect to the
level of the representations of the domain and codomain spaces.

1 Introduction

In this paper, we introduce and investigate the topological properties of a hi-
erarchy of representations of topological spaces, which we call X9-admissible
representations. A partial function p:C w* — X is called a XY-admissible
representation (1 < a < wp) of the topological space X if and only if p is
39 -measurable and every X9-measurable partial function to X is continuously
reducible to p (see Definition 4). As X9-measurable functions are exactly the
continuous functions, a ¢-admissible representation is the same as the tradi-
tional notion of an “admissible” representation common to computable analysis
(see [12] and [9]). A well known example of a 39-admissible representation is the
naive Cauchy representation of the reals [4], and examples of representations in
the finite levels of the hierarchy can be obtained iteratively by taking the “jump”
of a representation [14]. These representations have been used in investigating
the computational properties of discontinuous functions (see [3], [14], and [5]).
Whereas previous results have focused on metrizable spaces and finite lev-
els of the hierarchy, in this paper we will investigate these representations for
arbitrary countably based Ty spaces and all countable levels of the hierarchy. Per-
haps one reason that previous research has been restricted to metrizable spaces

Andrej Bauer, Peter Hertling, Ker-I Ko (Eds.)
6th Int’l Conf. on Computability and Complexity in Analysis, 2009, pp. 119-130
http://drops.dagstuhl.de/opus/volltexte/2009/2264
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is that the classical definition of the Borel hierarchy behaves rather poorly on
non-metrizable spaces. Since the domain of a 3%-admissible representation is a
metrizable space, we can use the classical definition of the Borel hierarchy in
defining these representations, even for arbitrary topological spaces. However,
to better understand their properties, a slight modification of the definition of
the Borel hierarchy is needed for non-metrizable spaces. It turns out that the
correct definition is the one that has only recently been used by Tang [11] in
studying P(w) and more extensively studied by Selivanov (see [10] for a survey).
Using this modification, it can be shown that the Borel complexity of a subset
of a countably based Ty space is exactly determined by the complexity of the
preimage of the set under a X{-admissible representation (see Corollary 3 be-
low). Similar properties hold for higher levels of the hierarchy, and this regularity
allows us to easily characterize the types of functions that are topologically re-
alizable with respect to these representations. In particular, we give a complete
characterization for a class of topological spaces that include the reals and P(w)
(see Theorem 9), and have also extended some important realizability results by
Brattka [3] and Ziegler [14] to all countably based Tp-spaces (see Theorem 8).

A final result worth mentioning is that, given a representation p: C w* — X
of a set X, if there is a sequential topology 7 on X that makes p a £9-admissible
representation, then both 7 and « are uniquely determined (see Corollary 4).
Thus, XY-admissible representations provide a useful means of characterizing
representations that cannot be interpretted as being admissible in the usual
(continuous) sense.

We will define the Borel hierarchy for arbitrary topological spaces and review
its basic properties in the next section. In Section 3 we will investigate some basic
properties of X2-measurable functions between topological spaces. We prove that
39 _admissible representations exist for all countable ordinals @ and all countably
based T spaces in Section 4, and further investigate their properties in Section 5.
Section 6 investigates which functions between topological spaces are realizable
with respect to XU-admissible representations, and we conclude in Section 7.
Several proofs have been omitted due to a lack of space. They can be obtained
by contacting the first author.

2 The Borel Hierarchy

In this section we define the Borel hierarchy on arbitrary topological spaces
and introduce some basic properties. We will use a definition of the Borel hi-
erarchy that differs from the classical definition (e.g., the definition in [7]) on
non-metrizable spaces, but is more suitable for general topological spaces.

We let wq denote the least uncountable ordinal, w the set of natural numbers
(or the first infinite ordinal), and for sets A and B we let A\ B denote the subset
of A of elements not in B.

Definition 1. Let X be a topological space. For each ordinal o (1 < a < wy)
we define X2 (X) inductively as follows.
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~

39(X) is the set of all open subsets of X.
2. For a> 1, 39(X) is the set of all subsets A of X which can be expressed in
the form
A= U Bi\ B,
S

where for each i, B; and B are in E% (X) for some B; < a.

We define TIZ(X) = {X \ A|A € £9(X)}, AY(X) = B%(X) NnIT%(X), and
B(X> = U1§a<w1 23<X) o

The above definition of the Borel hierarchy is equivalent to the definition that
was used by Tang [11] in studying descriptive set theory on P(w) (the power
set of the natural numbers with the Scott-topology), and more systematically
investigated by Selivanov (see [10] for a survey of results and an extensive list of
references).

The classical definition of the Borel hierarchy (which requires B; = X for all
i in the second clause of Definition 1) is not suitable for non-metrizable spaces.
For example, consider the Sierpinski space S = {L, T} (where {T} is open, but
{L} is not). If we used the classical definition then X9, (S) is the set of open
subsets of S and 29, ,,(S) is the closed subsets, so 9, {(S) € 29, ,(S) (for
0 < n < w). The Borel hierarchy defined in Definition 1 is equivalent to the
classical definition for all metrizable spaces, and behaves as we expect it should
even for non-metrizable spaces.

In the following, X and Y will denote arbitrary topological spaces, unless
stated otherwise. The following results are easily proven, and can also be found
in [10].

Proposition 1. For each a (1 < a < wy),

1. 39(X) is closed under countable unions and finite intersections,
2. IIY (X) is closed under countable intersections and finite unions,
3. AY(X) is closed under finite unions, finite intersections, and complementa-
tion.
O

Proposition 2. If 8 < a then X%(X) UTIY(X) C A (X).

Proposition 3. For a > 2, each A € X2(X) can be expressed in the form
A = ;e Bi, where for each i, B is in H%i (X) for some B; < . |

Proposition 4. If X is a metrizable space, then every A € X9(X) is equal to
a countable union of closed sets. O

Proposition 5. If X is a subspace of Y, then 2(X) = {ANX|A € X%(Y)}
and IS (X) ={ANX|AeII(Y)}. O

A topological space X is called a Tp-space if every singleton set {z} C X is
locally closed, i.e. {z} is equal to the intersection of an open set and a closed
set. Tp is a separation axiom proposed by Aull and Thron [2] that is strictly
between the Ty and T axioms.



122 Matthew de Brecht and Akihiro Yamamoto

Proposition 6. For any first-countable topological space X,

1. Every singleton set {x} C X is in TI3(
2. Every singleton set {z} C X is in AY(
3. Every singleton set {x} C X is in IT9(
4. Every singleton set {x} C X is in A{(

) <= X is a Ty-space,

) <= X is a Tp-space,
) <= X is a Ty-space,
)

X
X
X
X) <= X is a discrete space.

3 Eg-measurable functions

In this section we will investigate some basic properties of X% -measurable func-
tions. Below, we will write f: C X — Y to indicate that f is a partial function
from X to Y. The domain of definition of f will be denoted dom(f). We say
that f:C X — Y is continuous if and only if for every open U C Y, there is
open V C X such that f=3(U) = V Ndom(f). In other words, f:C X — Y is
continuous if and only if the total function f:dom(f) — Y is continuous with
respect to the subspace topology on dom(f).

Definition 2. A function f: X — Y is X%-measurable if and only if for every
open U C Y, f~YU) € £%(X). A partial function f:C X — Y is said to be
30 measurable if and only if for every open U C Y, there is A € X9 (X) such
that f~1(U) = Andom(f). O

X — Y is £%-measurable if and only

Equivalently, a partial function f:
€ (dom(f)), where dom(f) is given the

if for every open U C Y, f~1(U)
relative topology.

For any fixed o > 1, the X%-measurable functions are not closed under
composition. To characterize how composition behaves, we will need ordinal
addition. Addition on ordinals is defined recursively as follows:

-
20

«

L.at+0=«
2. a+ (8+1) = (a+ B) + 1 = the successor of o + 3.
3. a+ A =limgcy(a + B) for limit ordinal .

Note that ordinal addition is non-commutative. For example, 1+ w = w # w+ 1.
Also note that if & < 3, then there is a unique ordinal v such that a4+ v = .

Composing with continuous functions does not change the level of a function.
For that reason it would have been more convenient for our purposes to define
the Borel Hierarchy so that open sets and continuous functions were of level 0
(the additive identity for ordinals). To simplify the statement of some of the
following theorems and proofs, we will often make use of the following “hat”
notation, so that we can treat the Borel Hierarchy as if we defined the open sets
to be at level 0.

Definition 3. For 0 < a<wi, definea=a+1lifa<w and @ =a if a > w.
O



30-Admissible Representations (Extended Abstract) 123

Note that a < f <— a < 3 and cﬂ\ﬂ = a + (8 hold for any countable
ordinals « and .

Lemma 1. Let X and Y be countably based Ty spaces. If f:C X =Y s Eg—
measurable (0 < a < wy) and A € 2%(}/) 0 < B < wy), then f71(A) €

Egﬁ\ﬁ(dom(f)). O

Theorem 1. Let X, Y, and Z be countably based Ty spaces, f:C X —Y a Eg—
measurable function (0 < a < wyi), and ¢:CY — Z a E%-measumble function

O0<B<wi) Thengo f:C X — Z is E(;m—measumble. O

In particular, if f is X9-measurable and g is X°-measurable, then due to
the non-commutativity of ordinal addition, g o f is X0-measurable but f o g is
> ,;-measurable (assuming the compositions make sense).

The following is due to Wadge (this is Theorem 22.10 in [7]). We let w®
denote the Baire space.

Proposition 7 (Wadge). If B C w¥ is in B(w*)\II%(w*”) (0 < o < wy), then
for any A € % (w*) there is continuous total f:w*” — w* such that A = f~1(B).
O

We will need the following generalization of Wadge’s results that characterize
reductions using measurable functions.

Theorem 2. For 0 < a < w; and 0 < f < wy, if B € B(w¥) \ H%(ww), then
for any A € Egi\ﬁ(w“) there exists a £%-measurable total function f:w* — w®
such that A = f~1(B). O

4 Existence of Eg-admissible representations

The goal of this section is to show that every countably based Ty space has a 0 -
admissible representation for 1 < o < wy (Theorem 3 below). We also show the
complexity of converting between representations of different levels (Theorem 4),
and consider representations of representations of a space (Corollary 2), which
is a generalization of Ziegler’s “jump” of a representation [14].

Definition 4. A XY-admissible representation of a topological space X is a
30 -measurable partial function p: C w* — X such that for every X0 -measurable
partial function f:C w¥ — X, there exists continuous g: C w* — w* such that
f=poy. 0

Note that the above definition implies that XY-admissible representations
are always surjective. Clearly, a X%-admissible representation is equivalent to
what is usually called an “admissible representation” in the computable analy-
sis literature (see, e.g., [12] and [9]). The above definition applies to arbitrary
topological spaces, but most of our results will focus on countably based spaces.

We let S denote the Sierpinski space, which has only two points T and L,
and where {T} is open but {_L} is not open.
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Proposition 8. Let A € 3 (w*)\IIY (w*) and define p: w* — S so that p(y) =
Tifye Aand p(y) = L ify & A. Then p is a X2 -admissible representation for
S.

Proof. Tt is clear that p is £9-measurable. Let f: C w* — S be a £ -measurable
partial function. Then f=1({T}) € X% (dom(f)), so there is B € X% (w*) such
that f=1({T}) = BNdom(f). From Proposition 7 there is continuous g: w* — w®
such that g~1(A) = B. Then for all y € dom(f), f(y) =T <= g(y) € A <—
p(g9(y)) = T. Hence, by restricting the domain of g if necessary, f = pog. O

Corollary 1. For 0 < a < wy and 0 < B < wy, if payp:C W = S is a

E(%\ﬁ-admissible representation of S and pg:C w¥ = S is a E%-admissible
(a3

representation of S, then there exists a £%-measurable function f:C w* — w¥

such that pat+p =pgo f.

Proof. Immediate from Theorem 2 and Proposition 8. a

Proposition 9. If X is a subspace of Y and p: C w* — Y is a X0 -admissible
representation of Y, then px:C w¥ — X defined as the restriction of p to
dom(px) = p~1(X), is a X% -admissible representation of X . O

Proposition 10. If {X;};c. and {Y;}icw are all countably based Ty-spaces, and
for each i fi: C X; — Y; is 0 -measurable (1 < a < wy), then f<:C [[X; —
[1Y: is X% -measurable, where [ X; and [[Y; are given the product topologies
and f¥ is defined so that f*(£)(i) = fi(£(3)). O

For the following proposition, let ¢: w* — (w*)*¥ be a homeomorphism.

Proposition 11. Let X; be a countably based Ty space and p;: C w* — X; a
30 -admissible representation for X; (i € w). Then p* o ¢ is a X -admissible
representation for [ X;.

Proof. The proof that p* o ¢ is $2-measurable follows from Proposition 10.
Let f:C w* — J]X; be a X%-measurable partial function. By the 30-
admissibility of p;: C w¥ — X;, for i € w there is continuous g;: C w* — w* such
that m; o f = p; o ¢g;, where m;: [[ X; — X is the i-th projection. Since 7; is a
total function, we must have that dom(f) = dom(m; o f) C dom(g;) for all i € w.
Define g: C w* — (w*)* so that g(£)(i) = g;(£). Then dom(f) C dom(g) and

p(9(€)) (i) = pi(9(&)(2)) = pi(gi (&) = mi(f(£)) = F(E) (),

so f = p* og. Define h: C w® — w® as h = ¢! o g. Clearly, h is continuous and
f=pYog=pYogpoh. ad
Since every countably based Ty space is homeomorphic to a subspace of S¥,

we obtain the following.

Theorem 3. For every countably based Ty space X and every a (1 < a < wy),
there exists a 2 -admissible representation of X. O
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The following can be proved for X = §“ by using representations obtained
from Proposition 11 and applying Corollary 1 in parallel. Subspaces of S“ are
handled by restricting the functions as necessary.

Theorem 4 (Reductions between representations). Let X be a countably

based Ty-space. For 0 < oo < wy and 0 < B < wi, if patg:C w* = X is a

EO/QJ—admissible representation of X and pg:C w¥ — X is a E%—admissible
(0%

representation of X, then there exists a E%—measumble function f: C w* — w¥
such that pat+p =pgo f. O

Corollary 2 (Representations of representations). Let X be a countably
based Ty space, pg: C w* = X a E%—admissible representation of X, and pq: C

w*® — dom(pg) a E2-admissible representation of dom(pg), (0 < a < wy, 0 <
B <wi). Then pgope: Cw*” — X isa E()/Jr\ﬂ-admissible representation of X .
@

Proof. First note that pgop, is E()/Q—measurable by Theorem 1. Let p: C w* —
(o7
X be a EO/JF\B-admissible representation of X. By Theorem 4, there is a E%—
«@

measurable f: C w* — w* such that p = pg o f. We can assume without loss
of generality that range(f) C dom(pg), and so by the X2-admissibility of p,
there is a continuous ¢: C w* — w* such that f = p, o g. It follows that g is a
continuous reduction of p to pg o py, thus pg o p, is Eh—admissible. a

Let /: C w* — w* be a X3-admissible representation of w*”. By the above
theorem, if p:C w* — X is a E%—admissible representation (1 < 8 < w) of a
countably based T} space X, then poi/ is a E% 1-admissible representation of X.
This corresponds to Ziegler’s “jump” of a representation [14]. However, it should
be noted that if p is j-admissible for 8 > w, then p o/ is still Xj-measurable

and thus not E%+1—admissible.

5 Properties of X?-admissible representations

The main purpose of this section is to relate the Borel complexity of a subset of a
space with the complexity of the preimage of the subset under a XY-admissible
representation. These results will be useful in the following section where we
characterize the functions that are realizable with respect to these representa-
tions.

Many of the following results are heavily dependent on the following propo-
sition by J. Saint Raymond (Lemma 17 in [8]). Although the original statement
of the result was in terms of metrizable spaces, it is easy to verify that the ar-
guments in the proof hold for more general spaces when we define the Borel
hierarchy according to Definition 1.

Proposition 12 (Saint-Raymond [8]). Let ¢: X — Y be an open continuous
surjective total function with Polish fibers (i.e. ¢~ (y) is Polish for eachy € Y ),
where X is a separable metric space and Y is a countably based Ty topological
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space. Then for every A CY and 1 < a < wy, A € Z0(Y) if and only if
¢~ (A) € Zg(X). 0

Since every countably based Ty space has a X{-admissible representation that
is open and has Polish fibers (see Corollary 15 and Proposition 16 in [4]), we
find that the Borel hierarchy is preserved under X{-admissible representations
of countably based T spaces.

Corollary 3. Let X be a countably based Ty space and p: C w* — X a X9-
admissible representation of X. Then for 1 < a < wy, A € (X)) if and only if
p~1(A) € 3 (dom(p)). o

Our next goal is to generalize Corollary 3 to some 3?-admissible represen-
tations. Let w* have as a base set wU{oco} and the topology so that U is open if
and only if either co € U or else U is cofinite (i.e., for some m < w, n € U for all
n > m). Note that w* is the one-point compactification of w with the discrete
topology, hence the notation (which should not be confused with the set of finite
strings of natural numbers).

Lemma 2. Let p: C w¥ — w* be Eg—admissible (1 <a<wp) Then S Cw* is
open if and only if p~1(S) € X2 (dom(p)). O

Definition 5. Let X be an arbitrary topological space. A subset A C X is se-
quentially open if and only if for every sequence {x;}ic. that converges to x € A,
there is some m such that x,, € A for alln > m. X is a sequential space if and
only if all sequentially open subsets of X are open. a

Note that all countably based spaces are sequential spaces (see Theorem
1.6.14 in [6]).

Theorem 5. Let X be a sequential Ty space and p: C w* — X be X0 -admissible
(1 <a<wy). ThenU C X is open if and only if p~2(U) € E%(dom(p)).

Proof. 1f U is open then p~1(U) € X2 (dom(p)) holds because p is 32-measurable.

Assume that p=1(U) € X (dom(p)) and let {x; };c., be a sequence converging
to x € U. Define f:w* — X so that f(n) = x, and f(co) = z. Then f is
clearly continuous. If § is a £?-admissible representation of w*, then fod is X0-
measurable, so by the XY -admissibility of p there is continuous g: C w® — w®
such that fod = pog. Since g is continuous, 6~ *(f~1(U)) = g 1 (p~}(V)) €
39 (dom(8)). Tt follows that f~1(U) is open by Lemma 2. Since oo € f~1(U),
there is m < w such that n € f~1(U) for all n > m. Therefore, z,, € U for all
n > m. Since {z; };ie,, and its limit x € U were arbitrary, U is sequentially open,
hence open because X is a sequential space. a

The rest of this section extends Theorem 5 to the entire hierarchy for a special
class of topological spaces.

Lemma 3. Let p: C w” — w® be a £%-admissible representation of w* (0 <
a<wy) For0<f<w and ACw¥, A€ E%(w‘*’) if and only if p~t(A)

%0 (dom(p).

o ml
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Lemma 4. Let X be a zero-dimensional Polish space and p: C w* — X a X2-
admissible representation of X (0 < a < wy). For 0 < f < wy, A € 2%(X) if

and only if p~1(A) € ng(dom(p)).
Proof. For the non-trivial part of the lemma, we can assume that X is a closed
subset of w* (see Theorem 7.8 in [7]) and p: C w* — X is the restriction of
a X2-admissible representation p’: C w” — w* of w* as in Proposition 9 (i.e.,
dom(p) = (p')"1(X), and p = p'|aom(p))- It follows from these assumptions that
dom(p) € IIY(w*) because X is a closed subset of w* and p’ is X%-measurable.
The case 8 = 0 is the statement of Theorem 5, so assume > 1 and A C X
is such that p=1(A) € Eg/@(dom(p)). By Proposition 5 there is B € Efm(w“’)

such that p~'(A) = B N dom(p). Since @ < a + 3 and dom(p) € % (w*),
p YA e Z%Qi(w‘”). Since (p')"1(A) = p~1(A), it follows from Lemma 3 that

Ae E%(w“) and hence 4 € E%(X). O

Definition 6. We will say that a space X has a Polish representation if and
only if there is a XV-admissible representation p:C w® — X of X such that
dom(p) with the subspace topology is a (zero-dimensional) Polish space.

In particular, the real numbers with the Euclidean topology and P(w) with
the Scott-topology have Polish representations (an admissible representation of
the reals with closed domain of definition is given in [13], and the representation
0:w* — P(w) defined as §(§) = {n — 1|3j(&(j) = n # 0)} is total and can be
shown to be admissible).

Theorem 6. Let X be a countably based Ty space with a Polish representation
and p:C w¥ — X a Eg-admissible representation of X (0 < a < wy). For
0<B<w, A€ 2%()() if and only if p~1(A) € Egm(dom(p)).

Proof. For the non-trivial part of the proof, let §: C w* — X be X%-admissible
such that dom(d) is Polish. Let §": C w* — dom(8) be a X£2-admissible represen-
tation of dom(d). Since §od’ is B2 -measurable, there is continuous f: C w* — w®
such that d o8’ = po f.

Assume A C X issuch that p~1(A) € Eh(dam(p)). Then (§")71(571(4)) =

tp~1(A) € ESﬁ?(dom(é’)) because f is continuous (here we are using

the fact that dom(8') C dom(f)). It follows from Lemma 4 that §—1(A) €
E%(dom(d)), hence A € E%(X) from Corollary 3. O

6 Realizability Theorems

In this section we will investigate which functions are realizable with respect to
39 admissible representations. We only consider topological realizability, and
do not consider computational issues.
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Definition 7. Let X and Y be arbitrary topological spaces, and f: X — Y a
function. We say that f is (23,2%>—realizable by a Zg—measumble function if
there is a X9 -admissible representation px of X and a E%-admissible represen-
tation py of Y and a Eg—measumble partial function g: C w* — w* such that
fopx =pyog. If a continuous such g exists, then we say that f is (39, E%>—
continuously realizable. O

Lemma 5. Let X be an arbitrary topological space, and p:C w* — X be a
30 _admissible representation of X (1 < a < wi). Then X is a Ty-space.

Proof. Exactly like Schréder’s proof for £¢-admissible representations (Theorem
13 in [9]). a

Lemma 6. For1 < < a <wi, a function from the discrete two point space 2
to the Sierpinski space S is (X9, Eoﬁ>—continu0usly realizable if and only if it is
a constant function. O

Note that the following theorem does not assume that X and Y are countably
based.

Theorem 7. Let X and Y be any topological spaces such that X has a 39-
admissible representation and Y has a 205—admissible representation, where 1 <
B < a < wi. Then a function from X toY is <23,2%>—contmu0u51y realizable
if and only if it is a constant function. a

Statement (3) in the following is a topological generalization of Brattka’s
extention [3] of the Kreitz-Weihrauch Representation Theorem [12] to all count-
ably based Tj-spaces and all countable ordinals. Statements (1) and (2) are
generalizations of some results by Ziegler [14].

Theorem 8. Let X and Y be countably based Ty spaces, f: X — Y a total
function, and 1 < a < w1.

1. f is (X9, %) -continuously realizable if and only if f is X° -measurable,

2. f is (2%, 3% -continuously realizable if and only if f is continuous,

3. fis (29, 20)-realizable by a X -measurable function if and only if f is 32 -
measurable.

Proof. The “if” part of (1) and (2) immediately follow from the definition of
admissibility. For (3), assume f is X-measurable. From statement (1) it fol-
lows that f is (X9, 39)-continuously realizable, and by Theorem 4 there is a
39 -measurable reduction of any 3 representation of Y to a X9-admissible rep-
resentation of Y. Composing the two produces a X0-measurable function that
(9, 29)-realizes f.

The proof of the “only if” parts are similar for all three statements, so we only
prove (1). Let px be a X¢-admissible representation of X, py a X9-admissible
representation of Y, and assume g: C w* — w® is continuous such that fopx =
py ©g. Let U C Y be open. Then p' (f~1(U)) = g~ (p3 (U)) € £ (dom(px))
because py is X0-measurable, g is continuous, and dom(px) C dom(g). By
Corollary 3, it follows that f~1(U) € X9(X), hence f is £%-measurable (for
statement (2), use Theorem 5 instead of Corollary 3). O
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The following shows that, assuming that a representation of a set is admissible
at some level with respect to some topology on the set, then the level of the
representation and any corresponding sequential topology on the set is uniquely
determined. Note, however, that it is easy to construct representations of a set
that are not admissible at any level with respect to any topology on the set.

Corollary 4. Let X be a set with at least two elements, and let p: C w* — X
be an arbitrary function. If T and ' are two topologies on X such that p is X0 -
admissible (1 < o < wy) with respect to T, and p is Xy-admissible (1 < f < wy)
with respect to ', then o = . If in addition T and 7' are sequential topologies
then 7 =T1'. O

Finally, we give a complete characterization for the case that X has a Polish
representation (recall that ordinal addition is non-commutative). Note that a
generalization of Theorem 6 to all countably based Ty-spaces would allow us to
drop the “Polish representation” restriction on X.

Theorem 9. Let X and Y be countably based Ty spaces, and further assume X
has a Polish representation. For any total function f: X — Y and any countable
ordinals o, B and vy, there exists a Eg—measumble g: C w¥ — wY that <2%, E%)—

realizes f if and only if:

1. a>~v+ B and f is a constant function, or
2. a<y+Band fisa Eg—measumble function, where n is (the unique ordinal)
such that o +n =~ + B.
O

7 Conclusion

We have introduced and investigated the basic properties of a hierarchy of rep-
resentations of topological spaces. 9 -admissible representations provide a well-
behaved topological interpretation of representations that can not be interpret-
ted as admissible in the traditional (continuous) sense (see Corollary 4). These
representations are also significant for better understanding the computational
properties of discontinuous functions, which has been investigated for metric
spaces in [3], [14], and [5].

The first open problem is to generalize Theorem 6 to all countably based Tp-
spaces. One difficulty in generalizing Saint-Raymond’s result (Proposition 12) is
that the fibers of $0-admissible representations are not Polish in general.

A second open problem is to classify precisely which topological spaces have
39 _admissible representations. An attractive conjecture is that they are exactly
the spaces with 3%-admissible representations, which were completely classified
by Schréder [9].

Finally, a further refinement of the hierarchy would be useful, particularly be-
tween the continuous and X9 representations. One interesting class of functions
are the AJ-functions (i.e., preimages of open sets are A9, or, equivalently, preim-
ages of X9 sets are X9), which are closed under composition. Wadge reducibility
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and game semantics for these functions have been investigated by Andretta [1].
Note that a 39-admissible representation of a discrete space can be interpretted
as a “AY-admissible” representation, and, because they are closed under compo-
sition, a AJ-admissible representation can at best only determine the topology
of the represented set up to AY-isomorphism (i.e., a bijection that along with
its inverse is a A3-function).
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Abstract. We extract a quantitative variant of uniqueness from
the usual hypotheses of the implicit functions theorem. This leads
not only to an a priori proof of continuity, but also to an alternative,
fully constructive existence proof.

1 Introduction

To show the differentiability of an implicit function one often relies on its continu-
ity. The latter is mostly seen as a by-product of the not uncommon construction
of the implicit function as the limit of a uniformly convergent sequence of con-
tinuous functions. We now show that the continuity of the implicit function is
prior to its existence, and thus independent of any particular construction. More
specifically, we deduce the continuity from a quantitative strengthening of the
uniqueness, which in turn follows from the hypotheses one needs to impose on
the equation the implicit function is expected to satisfy. The same quantitative
strengthening of uniqueness enables us to ultimately give an alternative existence
proof for implicit functions that is fully constructive in Bishop’s sense.

We use ideas from [6], which loc.cit. have only been spelled out in the case
of implicit functions with values in R. The existence proof given in [6] therefore
can rely on reasoning by monotonicity, whereas in the general case—treated
in this paper—of implicit functions with values in R™ we need to employ an
extreme value argument. Similar considerations in related contexts can be found
in Sections 3.3 and 3.4 of [10] during the course of the proof of the theorem
on implicit functions via the inverse mapping theorem and Banach’s fixed point
theorem, respectively. We refer to [11, 20] for the implicit function theorem and
the open mapping theorem in computable analysis & la Weihrauch [19].

The predecessor [18] of the present paper essentially contains the same ma-
terial as far as uniqueness and continuity of the implicit function are concerned.
When it comes to proving existence, however, it follows the intrinsically classical
argument that a continuous function on a compact set attains its minimum. This

Andrej Bauer, Peter Hertling, Ker-I Ko (Eds.)
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argument fails being practicable constructively, unless one adds the hypothesis
that there quantitatively is at most one point at which the minimum can be
attained. In fact, there is a heuristic principle valid [17] even in Bishop-style
constructive mathematics without countable choice: if a continuous function on
a complete metric space has approximate roots and in a quantitative manner at
most one root, then it actually has a root. We may refer to [17] for more on this,
including the principle’s history with references.

As a matter of fact, however, in the case of implicit functions the required ad-
ditional hypothesis is contained in the quantitative variant of uniqueness which
we find at our disposal anyway. Therefore, we only need to prove that for ev-
ery parameter the given equation admits approximate solutions. Altogether we
achieve the existence of an exact solution at every parameter and then, by the
principle of unique choice, the existence of an implicit function: as the one and
only function which assigns to every parameter the solution uniquely determined
by this parameter.

The present paper as a whole is conceived in the realm of Bishop’s construc-
tive mathematics [4, 5, 7, 8]. Compared with the—so-called classical—customary
way of doing mathematics, the principal characteristic of the framework created
by Bishop is the exclusive use of intuitionistic logic, which allows one to view
Bishop’s setting as a generalisation of classical mathematics [13]. Moreover, we
follow [14] in doing constructive mathematics & la Bishop without countable
choice, also inasmuch as we understand real numbers as located Dedekind cuts.
In particular, the so-called cotransitivity property “if z < y, then x < z or
z < y” amounts to say that the Dedekind cut z is located whenever z,y are
rational numbers, and follows by approximation in the general case.

Avoiding countable choice is further indispensable, because we want our work
to be expressible in constructive Zermelo-Fraenkel set theory (CZF) as begun
in [1]: countable choice does not belong to CZF. Details on this and on CZF
in general can be found in [2,12]. We will, however, use the principle of unique
choice, sometimes called the principle of non—choice. By the functions—as—graphs
paradigm common to set theory, unique choice is trivially in CZF.

2 Preliminaries

We first recall that in Bishop’s setting every differentiable function comes with a
continuous derivative [5, Chapter 2, Section 5]. In other words, for Bishop every
differentiable function is by definition continuously differentiable. We nonethe-
less keep speaking of continously differentiable functions, also to facilitate any
reading by a classically trained person. Note in this context that in Bishop’s
framework continuity means uniform continuity on every compact (that is, to-
tally bounded and complete) subset of the domain; see [15] for a discussion of
this.

Secondly, although in the work of Bishop and of his followers there barely is
any talk of (partial or total) differentiability for functions of several real vari-
ables, we do not develop this concept in the present paper either. According to
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our opinion it is in order to take this for granted: the task of checking the classical
route as far as necessary can indeed be performed in a relatively straightforward
way, and is sometimes simplified by Bishop’s assumption of the automatic con-
tinuity of the derivative.

For the lack of appropriate references in the constructive literature we next
transfer two facts from real analysis. With Theorem 5.4 and Theorem 6.8 of [5,
Chapter 2] at hand the standard proofs indeed go through constructively. (For
instance, the proofs of Satz 5 and of its Corollar given in [9, I, §6] require only
one addendum to the proof of the Hilfssatz: for all K, L € R with L > 0 the
implication “if K2 < KL, then K < L” is also constructively valid. To verify
this, assume that K2 < K L; it suffices to prove that K < L + ¢ for every £ > 0.
For each £ > 0 either 0 < K or K < ¢. In the former case, multiplying K2 < KL
by 1/K > 0 yields K < L; in the latter case we have K < L+ ¢ because L > 0.)

Lemma 1. Letg: W — R"™ be a continuously differentiable mapping on an open
set W C R™, and c¢,d € W. If the line segment between ¢ and d lies entirely in
W, then

1
9(d) — g(c) = ( / Dyfe+t(d — c))dt) (d—0).
0
Corollary 2. Under the hypotheses of Lemma 1 we have

lg(d) — g(c)|l < ts%pl] [Dg(c+t(d—c))dt]| - |d—c| .
€10,

While Lemma 5.5 of [5, Chapter 2] is an approximative alternative of Rolle’s
theorem, our next lemma is a strong variant of the contrapositive.

Lemma 3. Let h : [c,d] — R be continuously differentiable, and assume that
there is v > 0 such that h'(x) > r for all x € [c,d]. Furthermore assume that
¢ < d. Then h(c) < h(d).

Proof. Assume that h(d) — h(c) < @. By the mean value theorem [5, Theo-

rem 5.6] there exists £ € [c, d] such that

Then

W(€)(d = ¢) = (h(d) = h(c)) > r(d = ¢) = (h(d) = h(c))

Hence we get a contradiction, and thus h(d) — h(c) > 0. O
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The last lemma in this section is an approximative substitute for the classical
result that if a differentiable function attains its minimum at a point in the
interior of a compact set, then the gradient of that function vanishes at this
point.

Lemma 4. Let W C R™ be an open neighbourhood of [0,1]" and h : W — R a
continuously differentiable function. If there is a point £ € [0,1]™ and s > 0 such
that

h(z) > h(€) + s (1)

for all x € 0[0,1]™, then for every e > 0 there exists y € [0,1]" such that
IVA(y)l| <e.

Proof. For convenience we will use the supremum norm on R™ throughout this
proof. Choose N € N such that for z,y € [0,1]", if ||y — z|| < 27" then both

3

IVh(z) = VR(y)|l < §

2
and
Ihx) = hy)| < 5 - (3)
Let _ '
G = {(;}V;"V) :(il,...,in)eN"}ﬁ[O,l]".

For any x € G and ¢ < n, let xzi denote the point 2427~ e;—i.e. the neighbouring
point of z in G in the positive/negative direction of the i*" coordinate. For any
xz € Gand i < n fix )\;i € {-1,0,1} and Avi € {-1,0,1}, such that

h 3e
P 9—(N+1) ;
zi=0= 3xi($+ e)<47
Oh
AT =12 (42 Ny < -2
? XT; 2
Ooh _ €
)\;’i =1= aixl(x +2 (N+1)€i) > 5,
h 3e
To= — o~ (N+D)e,
A =0= &Ti(x ei)| < 1
oh €
T, 7 (Z‘ € ) > 27
Oh €
- =1 — 2~ (N4, _c
A = oz, (x e;) < 5

Notice that if A}, = —1 then for all y € [z, 2]

oh 5
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and therefore, by Lemma 3,

Similarly, when A, , = —1, we obtain

oh €

> —

oz, W) > 1
for all y € [x;, z], and then
Furthermore notice that, by continuity and (2),

h
if A7, €{0,1} and A, € {0,1}, then -(z)| <e. (6)

Next, because of (3), we can find xzg € G such that |h(zg) — h(§)] < s. If there
exists ¢ such that )\:O ;=1 (or A, ;=—1),set 71 = (z0)f (or 21 = (0); ), for
which h(zo) > h(z1). Contmulng this construction we will, because of (4), never
visit the same point twice and never reach a point in 9[0,1]" N G. Therefore,
we eventually reach a point z,, € (0,1)" NG for which both )\;m.ﬂ; # —1 and

As,.i 7 —1forall 1 <i<n. By (6) this implies that ||Vh(z,,)|| <e. O

3 Uniqueness and Continuity

Situation. Let U C R™ and V' C R™ be open neighbourhoods of a € R™ and
b € R™, respectively, with m,n > 1. We denote the coordinates on R™ and R™
by x = (x1,...,2,) and y = (yl, -y Ym), respectively, and endow R™ x R™ with
the norm ||(x, y)H = ||lz||+|lyll- The Jacobian of a partially differentiable function
F:UxV —=R™ at (z,y) € U XV is written as

oF oF >

oF oF
DF ) = (5 @) G @) o G @) €™, T8 ) R

or oy
Finally, let F: U xV — R™ be a continuously differentiable function such that
8133 (a,b) is invertible; in particular v > 0 where

oF

5y @)

Lemma 5. For every A € ]|1,4+00] there are compact neighbourhoods Uy C U
and Vx CV of a and b, respectively, such that for all xz € Uy und y,y" € Vy:

ly =yl <A-v-||F(z,y) = F (2,9 - (7)

Proof. By replacing F' with 85 (a,b)"" - F, we may assume that aF , (a,b) is the
unit matrix and therefore v = 1. Now c0n51der

G:UxV—=>R™, (r,y)—y—F(x,y).
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Since G is continuously differentiable with % (a,b) = 0, there are compact
neighbourhoods Uy C U and V) C V of a and b, respectively, such that V) is
convex and

% @ <1-172 (5)

for all (z,y) € Uy x V). Then, for all x € Uy and y,y" € V), we have

ly =l <ty — G (z,9) = (v = Gz, ¥y + |G (z,y) = G (z,9)|
<|F (z,y) = F(z,y )|+ (1 =1/0) - ly =¥/

by (8) and Corollary 2; whence (7) holds with v = 1. O

Throughout the following A € |1,400[ is arbitrary and Uy, Vy are as in Lemma
5.

Equation (7) implies, for fixed € Uy, that y € V) and ¢y € V) lie close
together, whenever F' is small at (x,y) and (z,y’). Therefore (7) can be seen as
a quantitative way to express that any y with ' (z,y) = 0 is uniquely determined
by x.

This can be made more precise. We say that a function H : S — R on a
metric space S with H > 0 has uniformly at most one root [16] if

V6 >03e>0Vy,y €S (dy,y) =6 = Hy)=eVH(Y)>¢).
If H has uniformly at most one root, then H has at most one root [3]: i.e.,
Vy.y' €S (y#y = H(y)>0VH(y)>0).

If H has at most one root, then its root—if it exists at all—is uniquely deter-
mined:
Vy,yy € S (H(y) =0 NH (Y )=0=y=1vy').

Corollary 6. For each x € Uy the function
H:Vy—>R, y—= [|F(x,y)
has uniformly at most one root; in particular, for all y,y' € Vy,
F(z,y) =0AF(z,9)=0=y=1y".

Theorem 7. Every function f : Uy — Vx with F (z, f (x)) = 0 for all x € U,
18 continuous.

Proof. Consider € > 0 arbitrary. Since F' is uniformly continuous on the compact
set Uy x V), there exists § > 0 such that

IF (z.y) = F (' )| < (A -w) e

whenever (z,y),(2',y") € Ux x V) are such that ||z —2'|| + |ly—¢|| < ¢. In
particular, )
1F(z, fEN < (A-v)" e
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for all z, 2" € Uy with || — 2’| < § (recall that F(z/, f(2’)) = 0). Using this and
(7) we get

1f(@) = @ < A-v - |F(z, f(2) = Fa, f()]

=A-v-||Fz, f(2)]
<e
for all x,2’ € Uy with ||z — 2’| < §. Hence f is uniformly continuous. O

This proof’s heuristic can be explained as follows. If x and z’ are close, then
F (z, f(2')) is close to F (', f(2')) = 0, and therefore close to F' (z, f(x)) = 0;
Equation (7) now implies that f(x) and f(z') are close.

Following the standard argument, one can now easily show that every f as
in Theorem 7 is differentiable in the interior of UY{ with uniformly continuous

derivative oF oF
Df(z)=— o (z, f (z))7"- o & f (@)

Note that the quantitative version (7) of uniqueness was sufficient to prove con-
tinuity, which therefore only depends on differentiability inasmuch as this is
needed to prove (7).

4 Existence

Last, we present an alternative approach to the existence of the implicit function,
which is—just as the proof of continuity—based on the quantitative version (7)
of uniqueness, but again requires involving the partial derivative of the given
equation. An additional ingredient is the following result, for whose validity in
Bishop-style constructive mathematics without choice we refer to [17, Theorem
5]:

Theorem 8. Let S be a complete metric space and H : S — R uniformly con-
tinuous. Ifinf H = 0 and H has uniformly at most one root, then there is yg € S
with H (yg) = 0.

Note that inf H = 0 means that H > 0 and that H has approximate roots.
From now on we also assume that F(a,b) = 0. (An assumption that has not
been used so far.)

Theorem 9. There are compact neighbourhoods Ug C Uy and V/\O CVy ofa and
b, respectively, such that there is a function f: UY — V) with F (z, f (x)) =0
for all z € UY.

As a by-product of Corollary 6, there is exactly one f, which by Theorem 7 is
continuous.
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Proof. Using Corollary 6 and the principle of unique choice, we only need to find
compact neighbourhoods UY and VY of a and b, respectively, with U x VY C
Uy x Vj, such that for every z € UY there exists y € V with F (z,y) = 0. We
may also assume that (a,b) = (0,0). Setting (x,y") = (0,0) in (7), we get

[yl < A-v-[[F(0,y) )
for all y € Uy, since F (0,0) = 0. We can now find r, s > 0, such that

]m

U;\) = [77‘3 +T]n ) V)(\) = [757+5

completely lie in Uy and V), respectively. By choosing r, s small enough, we may

assume that
oF

5y @[ <ve (10)

for all (z,y) € UY x V. Since F is uniformly continuous on the compact set
UY x V| by making r sufficiently small, we may further assume that

Ave ||F($,y) 7F(£L’l,y)” < 5/3
for all (z,y), (z',y) € UY x V. If we now substitute 2’ = 0, we get
Av|[F(z,y) = F(0,y) < s/3 (11)
for all (z,y) € UY x V; if we also substitute y = 0, we get
A ||F (2,0)] < /3 (12)

for all z € UY. (If we were only interested in getting (12), it would suffice to
point out that F' (_,0) is continuous at 0 and that F(0,0) = 0.) Equations (9)
and (11) imply that

25/3 < A-v-||F (2, (13)

for all z € U and y € 9V, ie. ||ly|| = s. Now consider z € UY arbitrary, but
fixed. The function ,
h:V =R, y=|F(z,y)

is differentiable with continuous derivative

Vh(y) =2 F(0.0) 5 (@) (14)

By (12) and (13) we have
A2 h(0) 4+ 5%/3< A% h(y)
for all y € OVY; whence by virtue of Lemma 4

inf || VA (y)] = 0.
yeVy

In view of (10) and (14) this 1mphes
inf I r, =0.
yevy 1 (z, y)ll

By Corollary 6 and Theorem 8, we achieve y € V) with F (z,y) = 0. a
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Abstract. We consider the uniform BSS model of computation where
the machines can perform additions, multiplications, and tests of the
form x > 0. The oracle machines can also check whether a tuple of real
numbers belongs to a given oracle set O or not. We construct oracles
such that the classes P and DNP relative to these oracles are equal or
not equal.

1 Introduction

The uniform BSS model of computation was introduced in [Blum et al. 1989).
The BSS machines can perform labelled instructions of the form Z; := Z; + Z,
Zy =Ly — Ly, Ly = 4 - Ly, Zj = ¢, if Z; > 0 then goto l; else goto I,
Zy, =2y, Iy =1, I; :=I; + 1, and if I; = 1), then goto l1 else goto lo. Each

assignment of an input (z1,...,2,) € U;>; IR’ to the registers of a machine
M is realized by Z; = z1;...;Zy = xp; L1 == n;...; Iy, = n. Moreover,
oracle machines can execute if (Z1,...,2Z5,) € O then goto l; else goto ls for
some oracle O C IR*™. The non-deterministic machines are able to guess an
arbitrary number of arbitrary elements y1, ..., ¥, € IR in one step after the input
and to assign the guesses to Zi,11,...,25,+m- A (digital) non-deterministic
BSS machine M accepts an input (z1,...,2,) € R if there is some guessed

sequence (y1,...,Ym) € R and (y1,...,ym) € {0,1}°°, respectively, such that
M outputs 1 on input (z1,...,x,) for the guesses yi,...,ym. Let Pr, DNPR,
and NPRr be the classes of problems recognized by deterministic, digital non-
deterministic, and non-deterministic machines, respectively, in polynomial time.
Let P]%, DNP](]%7 and NP% are the corresponding classes for one given oracle O.
We have P € DNPRr C NP and P C DNP{ C NPQ.

In [Baker et al. 1975] and [Emerson 1994] for Turing machines and the BSS
model, respectively, oracles were defined in order to get the equality of relativized
versions of P(r) and NP (). Such a universal oracle O can be defined by O =
U;>1 Wi where Wy = 0 and

Wi ={(1,...,1,@,Code(M)) € R’ |
——

tx

M is a non-deterministic machine using |J,_, W, as oracle & M(z) |'}.

j<i

Thus, we get the following.
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6th Int’l Conf. on Computability and Complexity in Analysis, 2009, pp. 141-148
http://drops.dagstuhl.de/opus/volltexte,/2009 /2266



142 Christine Gafiner

Proposition 1. There is an oracle O such that P$, = DNPS = NPgQ.

In [Emerson 1994] Emerson presented also an oracle Q such that P]% # NPD%.
Emerson’s proof technique also allows to separate relativized versions of DNPRr
and NPR by a diagonalization procedure in the following way. Let U C IR™
be a set of codes u representing all pairs that contain a polynomial p,, and the
program P, of a digital non-deterministic oracle BSS machine. Let A% be the
machine using an oracle B C IR™ and performing only p,(n) instructions of
P, on inputs of size n. Let the oracle Q1 = J,~; Wi be defined in stages. Let
Vo = 0. -

Stage i > 1:

Let

K,={ueU|(VBCR™)

(NB does not use any r > i in a query on input u)},

Wi =Uk<i Vi,
V; ={(+1,u)|ueK; & N does not accept u}.
The defined sequence of codes, K1, Ko,..., covers the set of all digital non-

deterministic oracle machines recognizing problems in DNP% for some B. Con-
sequently we get L; = {y | (3n € INT)((n,y) € Q1)} ¢ DNPI%I. On the other
hand, we have Ly € NPH%1 since a non-deterministic BSS machine can guess each
integer in one step.

Proposition 2. There is an oracle Q such that DNPZ # NP,

Moreover, by analogy with [GaBner 2009] it is also possible to show DNP% =+
NPZ and DNP® £ NP&.

It remains to show that there are also oracles such that the classes Pr and
DNPR relative to these oracles are not equal. For the computation over struc-
tures of enumerable signature, a method to separate relativized classes of prob-
lems recognized by deterministic and digital non-deterministic machines, respec-
tively, goes back to T. Baker, J. Gill, and R. Solovay [Baker et al. 1975]. In order
to obtain the inequality between relativized versions of Pr and DNPg for oracle
machines over the ordered ring R = (IR;0, 1; 4, —, -; >), we can use the enumer-
ability of all polynomials p : IN — IN and all programs of deterministic oracle
machines and diagonalization techniques by analogy with [Baker et al. 1975].
Let i € INT be the code of the pair containing the i*" polynomial p; and the i*®
program P; of a deterministic oracle machine using only the machine constants
0 and 1. If NP is the machine which uses an oracle B C IR™ and performs only
p;i(n) instructions of P; on inputs of size n, then the definition of the oracle
Qs = U,;>; Wi is possible in stages as in [Baker et al. 1975]. Let V5 = @ and
mo = 0. -

Stage 7 > 1: Let n; be any integer such that n; > m;_; and p;(n;) +n; < 2™,
Moreover, let
W, = Uj<i Vj7
Vi ={x c{0,1}" | NV rejects (0,...,0) € R™
& x is not queried by NV on input (0,...,0) € R™},

)
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m; = 2™,

For Ly = {y | (3i € N")(y € R™ & Vi # 0)}, we get Lo € DNPS? \ PR2.

Proposition 3. For BSS machines using only the constants 0 and 1, there is
an oracle Q such that P% #* DNP,%

This method as well as Emerson’s method fail if we want to construct an ora-
cle such that the relativized versions of Pr and DNPR are not equal. We cannot
enumerate the programs of all deterministic BSS machines, and the digital non-
deterministic machines cannot guess any integer in one step. A discussion about
the possibilities to transfer the ideas of [Baker et al. 1975] and [Emerson 1994]
was done in [Gafiner 2008] for several types of groups. This discussion gives also
insights which constructions can be used for which types of rings. In the next
section we want to show that it is still possible to use diagonalization techniques
for separating the classes Pr and DNPR relative to an oracle. Our construction
requires to consider a sequence of sequences of sets of machines and consequently
a new recursive definition in every stage of a recursive definition. Techniques of
this kind are often used if more natural decision problems having special prop-
erties are not known. For models of computation over algebraic structures, a
summary of papers where these techniques have been applied is given, for in-
stance, in [Biirgisser 1999]. In the last section we derive a suitable oracle from
the Real Knapsack Problem such that the resulting relativized versions of P
and DNPR are also not equal. This construction is possible without using the
powerful diagonalization techniques.

2 The Separation of Relativized Versions of Pr and
DNPRr by Diagonalization Techniques

Now let us consider again the BSS machines over (IR;IR;+, —,; >) where any
real number can be a machine constant. Since we also want to define an oracle

QS g UiZl IN™

recursively, we will at first define a suitable sequence ((/C; ;);>1)i>1 of sequences
containing all deterministic oracle BSS machines working in polynomial time.
For any oracle B C IR™, any deterministic oracle BSS machine N/B:¢tr:¢k g
determined by its machine constants ¢y, . . ., ¢ and a program P which is encoded
by a tuple in {0, 1}°°. Let every character of the program P, including the indices
j € {1,...,k} of the constants c;, be unambiguously translated into a finite
sequence in {0,1}° and let the oracle queries be encoded independently of the
used oracle B by taking the same sequence of characters 0 and 1 as code for all
oracle queries. Consequently, the set Prog of all programs of oracle machines and
the set poly of all polynomial functions of IN into IN are enumerable. We will
take the positive integers in order

— to enumerate all (p1, P1), (p2, P2), (p3, P3), - .. € poly x Prog,
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— to characterize the behavior of all oracle machines on special inputs of size
n1,Na,... by additional numbers Nepa, (%, c1, ..., cE;) which are dependent
only on the following properties:

e The machines perform p;(n;) instructions on inputs of size n;.
e The machines use only the reals ci, ..., cg, as machine constants.
e The inputs belong to {0}~ ! x {N € N | N > Ngpar(i,c1,...,¢x,)}

The Definition of the Machine /\/iB’Cl""’Ck". Any i € INT is the number of
a pair (p;, P;) € poly x Prog which determines a class of deterministic oracle

machines {J\/;B’Cl""’cki | BCIR™ & c1,...,ck, € R} by the following.

(a) The BSS machine j\/iB’cl""’ck"' performs the instructions of the program P;.
Bici,...,ch, ) B,c1,..sCk,
(b) If N, % queries an oracle, then N " uses the oracle B.

(¢) The only constants ofNﬁ’Cl""’ck'i are ci,...,c, encoded by 1,... k; in the

3

code of P;.
(d) The number of the instructions of P; carried out by A@B’cl""’ck" 18 simulta-
neously counted by N;.B’cl"”’cki by means of an additional index register.

e) For any input in IR™, the machine /\/’-B’Cl"”’cki halts after at most p;(n
1
steps of the execution of P;. (The bound p;(n) can be computed by using
index registers.)

(f) If the output of P; is reached in this time, then J\/iB’Cl"”’ck"' outputs the value

determined by P;, B, and ci,...,cxk,. If the output instruction of P; is not
reached in this time, then ./\/Z.B’Cl’”"ck’i rejects the input.

Then, for any oracle B C IR™ and any problem P € P5 there are an i > 1 and

. B,ci,..sck, .
constants ¢, ..., ¢k, such that the machine N i decides P.
. . B,ciy.escr, .
Let us now characterize the behavior of N i on inputs of the form
; . B,c1,..rck,
(0,...,0,2) € IN™. The value of any register computed by N i on these

inputs can be described by some term of the form (1). We are especially interested
in oracles B C IN*°.

The Definition of the Number Ny, (4, ¢1,. .., ¢, ). We consider the sequence
(f1, f2y-- -, fs) containing all polynomials fi € R|x] whose values fr(x) can be
described by the terms of the following form

opi(ng)  gpi(ng)

DO D g e (1)

G=0  j1,eerrji; =0

where any o, . € Z N [—21”1'(”1'),27’1'("1')]. Let Nenar(i,¢1,...,cr,;) be the
Cantor number of (1, ..., fhs, V1, .-, Vs, 4, (1, V) given by

p = code(f) € NT if fr € Qlx], (2)
pr =0 if fr & Qlz], (3)
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vp = lim sgn(fi (7)), (4)

4 = min m {neIN|Va(fr(x) =0V fe(z) =1=n>2)}, (5)
degree{Fi) 21

p =min (| {neN|(VzeN)(fi(z) e N=n>ux)}, (6)

v = min ﬂ {n e IN| fr(n) < 2™}. (7)
k=1 s

Remark 1. Here, sgn(z) = 1 iff x > 0, sgn(z) = —1 iff < 0, and sgn(0) = 0.
Because of the following lemma (cp. [Gafiner 2009]), the minimum of the set in
(6) exists.

Lemma 1. For any polynomial p € R[z]\ Q[z], there is only a finite number of
rational numbers q € Q satisfying p(q) € Q.

The Definition of K;; and the Constants C;,C;2,.... For i > 1, let
Ni1,N;2,... be an enumeration of the set

{Nchar(i,cl,...,cki) ‘ Cly...,Ck; € IR}

such that N; j 41 > Ny j. Fori,j > 1, let

B,c1,...,Ck, .
Kij={N; "% | BCR™ & Nij = Nenar(i,C1,- -, ch) }-

Moreover, let C;y = N; 1 and, for j > 2, let C; ; = maX{ZCM*l,Ni’j}.
Since C; ; > N; ; > max{y, i/, v}, we have the following properties.

(i) By (5), N ; is greater than any zero of the corresponding function f; if
degree(f) > 1. Therefore, by (4) we have

v = sgn(fi(Ni ;) = sgn(fx(Ci 5))-

(ii) If an oracle machine M € K;; computes a positive integer N on input
x € {0}~ x {C;;}, then, by (6) there is a k < s such that py # 0 and
N = f,(C; ;). In this case, fr € Q[z] follows from (3). That means because
of (2) that N is uniquely determined by p; and, consequently, by N; ;.

(iii) A consequence of (7) is that M € K; ; cannot compute the positive integers
Cij+1,Cij42,... on input & € {0}t x {C;,;} within p;(n;) steps since
these numbers are greater than 26+ .

(iv) Property (5) implies also that M € K; j computes an integer N € {0,1} on
input & € {0} ! x {C; ;} only if there is a k < s such that degree(fx) = 0
and consequently fi(z) =0 for all z € IR or fi(z) =1 for all z € R.
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In the following construction, for any B and any ,j > 1, let ICEJ- be the subset
of K; ; given by

B _ B,c1,...,Ck;
K =1{N;

Niaj = NChar(ia Cly... ,Cki)}.

The Construction of Qs. Let mg = 0. We construct the set Qs in stages.
Stage i > 1: Let n; be an integer such that n; > m;_1, p;(n;) < 2™~ ! and
pi(n;) +n; < 2. Let V; o = 0. Stage j > 1:

Wij=Up<i Vi UUj<j Vi,
Vij ={z e {0, 1} 1 x {Ci;} | BM € K179) (M rejects (0,...,0,Cy ;)

& x is not queried by M on input (0,...,0,C; ;) € IN")}.

Moreover, let V; = Uj>1 Vij and m; = 2™,
Finally, let Q3 = U;>, V, and

Lo = U{0ns - ot V) € {0,117 IN | V1 ({0,170 x {N}) £ 0)}.
i>1

The contents of the registers of any /\/iB’cl """ “i can be described by (1) if the
input has the form (0,...,0,z) € R™. For any B C IN®°, the value N;; and
the oracle B determine the computation path of any machine J\/;B’Cl""’ck"' €
Iij traversed by the input (0,...,0,C; ;) € IN" uniquely since (i) and (ii)
hold. By (i), the result of a test of the form f;(C; ;) > 0 follows from sgn(vy).
The question (fi, (Ci;), ..., fi,(Ci;)) € B? is answered no if one of the values
fir(Cij)s ..o, fi, (Ci ;) is not in IN. If the values are in IN, then, by (ii), the answer
results from the values p;,, ..., p;, which are given by IV; ;.

. Wi j1C1seeesCh; i,j
Thus, the computation paths covered by N ™’ = ICF; 7 and by
j\/iQ;;,Cl,...,Cki E ICZQS’

.J
on (0,...,0,C; ;) € IN" are even the same since we have also the following
properties.
— By (iii), any @ € {0,1}" ! x {C j+1,Ci j12,...} is not queried.
— The length of the tuples in the oracle queries is less than 2"¢ and consequently
less than n;41 by definition of n;44.

— The machines NV, ™’ i and /\/Z»Q3 % o not query the tuples in Vi
Moreover, for all i,j > 1, p;(n;) < 2"~! and (iv) imply that V; ; contains

a tuple in {0,1}™ 71 x {C; ;} if a machine in ICF;” and, hence, any machine
W

N,

A= /CIA;7 and, consequently, any machine J\/;Qs ki g IC%3 reject
(0,...,0,C; ;) € R™. That implies Lg ¢ PD%S and therefore the following.

Lemma 2. L3 € DNP2® \ P22
Proposition 4. There is an oracle Q such that Pﬂ% #* DNP%.

Clyeeny
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3 An Oracle Derived from the Knapsack Problem

The Real Knapsack Problem

KPR = U{(xl,...,xn) eR" | (3(aa,...,a,) € {0,1}") Zalxl =1}

n=1

was introduced in [Blum et al. 1989] and studied, for instance, in [Koiran 1994]
and [Meer 1992]. KPR belongs to DNP since, for an input (z1,...,z,) € R> a
digital non-deterministic machine can guess any sequence (aq,...,a,) € {0,1}"
and compute a1z + - - - + apTy,. It is not known whether KPr € P holds.

Let Ey = @, let 71,7,... be a sequence of transcendental numbers such
that 7,41 is transcendental over E; =q¢ E;—1(7;), and let the oracle Q4 and the
decision problem L, be given.

A, :{(Ul7~. ’UQn) S {0 U}Zn |U€ Z\{O} & 21 1”1—7”)}'
Q= U;:O:l{(sgnﬂvl‘), - ossgn(fvanl), Zle v;T;) € R ! [(v1,...,09) € Ap}.

Ly =22 {(0,...,0,7) € R | (3(vy,...,09,) € An)(r = 327" v;mi) ).

Let us assume that the BSS machine M decides L4 by using the oracle Q4
within a time bounded by a polynomial p and that M has only the constants
c1,... ¢ Let Fy = U2y Ei. Fori =1,...,k, let F; = F;_y and d; = 1 if ¢; €
F;_q1,let F; = F;_1(¢;) and d; = oo if ¢; is not algebraic over F;_1, and let F; =
F;_1[c;] if there is an irreducible polynomial p; € F;_1[x] of degree d; > 2 with
pi(¢;) = 0. The value of any register computed by M on input (0,...,0,z) € R™
can be described by some term of the form >, . opom) ajl,__.dk,jcjl ek
where o, ... j,.; € Z and, consequently, by a polynomial of the form

g;(z) = 7 35;

. — . . am Mig 41... ik
Ty = > BNy Mg 150k, T1 Tio C{ clyc

my,.mi <mg

2:0( m)
-0 rj+127 where

js<min{ds,jo}

for some ig, mq, jo, and 2y ot ek € Z and AR VAN [ I # 0 for

certain my,...,m; ,ji,...,jp- Thus, for the inputs of the form (0,...,0,z) €
IR™, a non-trivial oracle query (z1,...,%s,¢;(x)) € Q47 (where degree(g;) > 1)
can only be answered yes if ¢;(z) = Zf 1 U;T; is satisfied for some (vy,...,v5,,) €

A,:. Thus, we get the following.

Lemma 3. Let n > ig, (0,...,0,0i041,..-,V2n) € Ap, and x = sz

i=ig+1 ViTi-
For vy #0, vj41 = -+ - = vay, = 0, a non-trivial oracle query (z1,...,zs,q;(x)) €
Q47 can be answered yes on inputs of the form (0,...,0,x) only if s > 2n and

(Zig41s- -+ 2s) = (sgn(vig+1]), - - -,sgn(lu)), 0, ..., 0).
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Let ng be an even positive integer such that ng > 2ig and p(2no + 1) < 273
Let P be the computation path of M described for inputs (0,...,0,x) of size
2ng + 1 uniquely by conditions of the form

(gj,l(x)a~~~,gj,s_7~($)) ¢Q4 (J gt/) and fl(x) >0a"'aft(x) >0

where g; 1,...,9;s, are polynomials, degree(g; ;) > 0, and each f; is defined by
some equation of the form f;(x) = 2™ + an].,lx"i_l + -+ a1x + ag.

Let 7 > 0 be transcendental over F}, and greater than all zeros of fi,..., f;.
Then, (0,...,0,7) € R?" !\ L, traverses the path P. If 95,1(T)s - j,s,—1(T) €
{0,1}, then the polynomials g;1,...,gj,s,—1 are constant. Since we have |G| <
2% for

G= Uj<p(2n0+1) {(gj,i0+1(.’£), v 1 95,2n0 (@)) |
Gjiio+1s - - -5 Jj,2n, are constant functions},
there is some (0,...,0,z0) € R*" with zq = Z?Z?OH w;T; satisfying

a) (0,...,O,w¢0+1,...,w2n0) € Ang and Wan, 7£ O,

b) zo > max({r} U U]'<vp<<zﬁﬁ1) {z | gj,s(x) € {0,1} & degree(yg;,s) > 1}),
C) (Sgn(|wi0+1‘)7 s ngn( W2ng D) g G.

a) implies that (0,...,0,20) € Ls. Moreover, we have f;(xg) > 0 by b). There-
fore, by Lemma 3 and c), P is also traversed by (0, ...,0,z¢) € R*" ", Hence,
we get the following.

Lemma 4. Ly € DNPR* \ P2+

Proposition 5. There is an oracle @ which can be derived from KPR such that
P2 4 DNPZ.
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Curves That Must Be Retraced

Xiaoyang Gu' § *, Jack H. Lutz' § 1, and Elvira Mayordomo? 1

! Department of Computer Science, Iowa State University, Ames, IA 50011, USA.
Email: {xiaoyang,lutz}@Qcs.iastate.edu
2 Departamento de Informética e Ingenieria de Sistemas, Universidad de Zaragoza,
50018 Zaragoza, Spain. Email: elvira@unizar.es

Abstract. We exhibit a polynomial time computable plane curve T’
that has finite length, does not intersect itself, and is smooth except
at one endpoint, but has the following property. For every computable
parametrization f of I' and every positive integer m, there is some
positive-length subcurve of I' that f retraces at least m times. In con-
trast, every computable curve of finite length that does not intersect
itself has a constant-speed (hence non-retracing) parametrization that is
computable relative to the halting problem.

1 Introduction

A curve is a mathematical model of the path of a particle undergoing contin-
uous motion. Specifically, in a Euclidean space R", a curve is the range I" of
a continuous function f : [a,b] — R™ for some a < b. The function f, called
a parametrization of I', clearly contains more information than the pointset I,
namely, the precise manner in which the particle “traces” the points f(t) € I’
as t, which is often considered a time parameter, varies from a to b. When the
particle’s motion is algorithmically governed, the parametrization must be com-
putable (as a function on the reals; see below).

This paper shows that the geometry of a curve I may force every computable
parametrization f of I" to retrace various parts of its path (i.e., “go back and
forth along I'”) many times, even when I is an efficiently computable, smooth,
finite-length curve that does not intersect itself. In fact, our main theorem ex-
hibits a plane curve I' C R? with the following properties.

1. T is simple, i.e., it does not intersect itself.

 Research supported in part by National Science Foundation Grant 0830479.

§ Research supported in part by National Science Foundation Grants 0344187,
0652569, and 0728806.

¥ Research supported in part by the Spanish Ministry of Education and Science (MEC)
and the European Regional Development Fund (ERDF) under project TIN2005-
08832-C03-02.

T Part of this author’s research was performed during a visit at Iowa State University,
supported by Spanish Government (Secretaria de Estado de Universidades e Investi-
gacién del Ministerio de Educacién y Ciencia) grant for research stays PR2007-0368.

Andrej Bauer, Peter Hertling, Ker-I Ko (Eds.)
6th Int’l Conf. on Computability and Complexity in Analysis, 2009, pp. 149-160
http://drops.dagstuhl.de/opus/volltexte/2009 /2267



150 Xiaoyang Gu, Jack H. Lutz, and Elvira Mayordomo

2. T is rectifiable, i.e., it has finite length.

3. T is smooth except at one endpoint, i.e., I' has a tangent at every interior
point and a 1-sided tangent at one endpoint, and these tangents vary con-
tinuously along T'.

4. T is polynomial time computable in the strong sense that there is a polynomial
time computable position function 3 : [0,1] — R? such that the velocity
function ¥ = 5 and the acceleration function @ = ¢’ are polynomial time
computable; the total distance traversed by § is finite; and § parametrizes
T, i.e., range(s) =T.

5. T must be retraced in the sense that every parametrization f : [a,b] — R? of
T that is computable in any amount of time has the following property. For
every positive integer m, there exist disjoint, closed subintervals Iy,..., I,
of [a,b] such that the curve Iy = f(Ip) has positive length and f(I;) = I}
for all 1 <4 < m. (Hence f retraces Iy at least m times.)

The terms “computable” and “polynomial time computable” in properties
and [5| above refer to the “bit-computability” model of computation on re-
als formulated in the 1950s by Grzegorczyk [9] and Lacombe [I7], extended to
feasible computability in the 1980s by Ko and Friedman [I3] and Kreitz and
Weihrauch [16], and exposited in the recent paper by Braverman and Cook [4]
and the monographs [200T4122/5]. As will be shown here, condition also implies
that the pointset I' is polynomial time computable in the sense of Brattka and
Weihrauch [2]. (See also [223/4].)

A fundamental and useful theorem of classical analysis states that every sim-
ple, rectifiable curve I" has a normalized constant-speed parametrization, which
is a one-to-one parametrization f : [0,1] — R™ of I' with the property that
£([0,¢]) has arclength ¢L for all 0 < ¢ < 1, where L is the length of I". (A simple,
rectifiable curve I" has exactly two such parametrizations, one in each direction,
and standard terminology calls either of these the normalized constant-speed
parametrization f : [0,1] — R™ of I'. The constant-speed parametrization is
also called the parametrization by arclength when it is reformulated as a func-
tion f : [0,L] — R™ that moves with constant speed 1 along I'.) Since the
constant-speed parametrization does not retrace any part of the curve, our main
theorem implies that this classical theorem is not entirely constructive. Even
when a simple, rectifiable curve has an efficiently computable parametrization,
the constant-speed parametrization need not be computable.

In addition to our main theorem, we prove that every simple, rectifiable curve
I' in R™ with a computable parametrization has the following two properties.

I. The length of I' is lower semicomputable.
II. The constant-speed parametrization of I' is computable relative to the
length of I

These two things are not hard to prove if the computable parametrization
is one-to-one, (in fact, they follow from results of Miiller and Zhao [I9] in this
case) but our results hold even when the computable parametrization retraces
portions of the curve many times.

Taken together, [[| and [[] have the following two consequences.



Curves That Must Be Retraced 151

1. The curve I' of our main theorem has a finite length that is lower semi-
computable but not computable. (The existence of polynomial-time com-
putable curves with this property was first proven by Ko [15].)

2. Every simple, rectifiable curve I' in R™ with a computable parametriza-
tion has a constant-speed parametrization that is A9-computable, i.e., com-
putable relative to the halting problem. Hence, the existence of a constant-
speed parametrization, while not entirely constructive, is constructive rela-
tive to the halting problem.

2 Length, Computability, and Complexity of Curves

In this section we summarize basic terminology and facts about curves. As we use
the terms here, a curve is the range I" of a continuous function f : [a,b] — R™ for
some a < b. The function f is called a parametrization of I'. Each curve clearly
has infinitely many parametrizations.

A curve is simple if it has a parametrization that is one-to-one, i.e., the curve
“does not intersect itself”. The length of a simple curve I" is defined as follows.
Let f : [a,b] 'S' R™ be a one-to-one parametrization of I'. For each disection £
of [a,b], i.e., each tuple £ = (o, ..., tm) with a =tg <t; < ... < t,, = b, define
the f-t-approximate length of I" to be

Then the length of I is
£(r) = sup LL(D),
T

where the supremum is taken over all dissections ¢ of [a,b]. It is easy to show
that £(I") does not depend on the choice of the one-to-one parametrization f,
i.e. that the length is an intrinsic property of the pointset I".

In sections [ and [f] of this paper we use a more general notion of length,
namely, the 1-dimensional Hausdorff measure H!(I"), which is defined for every
set I' C R™. We refer the reader to [7] for the definition of H!(I"). It is well
known that H!(I") = L£(I') holds for every simple curve I'.

A curve I is rectifiable, or has finite length if £L(I") < co. In sections [4] and
we use the notation RC for the set of all rectifiable simple curves.
Definition. Let f : [a,b] — R™ be continuous.

1. For m € Z*, f has m-fold retracing if there exist disjoint, closed subintervals
Iy, ..., I, of [a,b] such that the curve Iy = f(Iy) has positive length and

2. f is non-retracing if f does not have 1-fold retracing.

3. f has bounded retracing if there exists m € ZT such that f does not have
m-fold retracing.

4. f has unbounded retracing if f does not have bounded retracing, i.e., if f has
m-fold retracing for all m € Z™.
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We now review the notions of computability and complexity of a real-valued
function. An oracle for a real number ¢ is any function O; : N — Q with the
property that |O;(s) —t| < 27° holds for all s € N. A function f : [a,b] — R™ is
computable if there is an oracle Turing machine M with the following property.
For every t € [a,b] and every precision parameter r € N, if M is given r as
input and any oracle O; for t as its oracle, then M outputs a rational point
MO (r) € Q" such that |[M©(r) — f(t)] < 27". A function f : [a,b] — R" is
computable in polynomial time if there is an oracle machine M that does this in
time polynomial in r + [, where [ is the maximum length of the query responses
provided by the oracle.

An oracle for a function f : [a,b] — R™ is any function Oy : ([a,b]NQ) xN —
Q™ with the property that |Of(q,r) — f(g)] <277 holds for all ¢ € [a,b]NQ and
r € N. A decision problem A is Turing reducible to a function f : [a,b] — R,
and we write A <7 f, if there is an oracle Turing machine M such that, for
every oracle Oy for f, M7 decides A. It is easy to see that, if f is computable,
then A <7 f if and only if A is decidable.

A curve is computable if it has a parametrization f : [a,b] — R", where
a,b € Q and f is computable. A curve is computable in polynomial time if it
has a parametrization that is computable in polynomial time.

3 An Efficiently Computable Curve That Must Be
Retraced

This section presents our main theorem, which is the existence of a smooth, rec-
tifiable, simple plane curve I' that is parametrizable in polynomial time but not
computably parametrizable in any amount of time without unbounded retrac-
ing. Intuitively, our curve I' has, for each n € N, a section of the form illustrated
in Figure The height h(n) is positive, and the halting problem K is encoded
into the width w(n). Oversimplifying a bit, w(n) is 2~ 7)) where 7(n) is the
number of steps executed by the nth Turing machine on input n. Thus w(n) is 0
if n € K, and w(n) is so small as to be “indistinguishable” from 0 if n ¢ K. The
smallness of w(n) implies that we can efficiently compute a parametrization that
is retracing when w(n) is 0. However, as we show in Lemma a nonretrac-
ing parametrization must have a vertical component that distinguishes the case
w(n) = 0 from the case w(n) > 0, and hence must solve the halting problem. It
follows that no nonretracing parametrization is computable.

We now give a precise construction of the curve I, followed by a brief discus-
sion of how the construction achieves the intuition that we have just described.
The rest of the section is devoted to proving that I" has the desired properties.

Construction 3.1 (1) For each a,b € R with a < b, define the functions
@a,bafa,b : [a,b] — R by
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and
et = | Fom® Fastse
a,b = .ra
goa%b’b(t) zf%bgtgb.

(2) For each a,b € R with a < b and each positive integer n, define the function
Yabm : [a,b] = R by

Pa,dy (t) ifa <t <dy
wa,bm(t) = .
a1, () ifdiog <t < d;,

where
P + 5b n b—a
- i
' 6 6n
for 0 <i <n. (See Figure )
(8) Fiz a standard enumeration My, M, ... of (deterministic) Turing machines

that take positive integer inputs. For each positive integer n, let T7(n) denote
the number of steps executed by M, on input n. It is well known that the
diagonal halting problem

K={neZ" |7(n)<oo}

s undecidable.
(4) Define the horizontal and vertical acceleration functions a,,a, : [0,1] = R
as follows. For each n € N, let

n
t, = / e Fdr=1—e"",
0

noting that to = 0 and that t,, converges monotonically to 1 asn — co. Also,
for each n € 7, let

— tn—l + 4tn + 6tn - tn—l
t, = 5 ly = - 5
noting that these are symmetric about t,, and that t} <t . ..
(i) For0<t<1, let

wity = { TG () <<
’ 0 if no such n exists,

where 27°° = 0.
(ii) For0<t<1, let
(Zy(t) = wtn—l,tmn(t)v

where n is the unique positive integer such that t,,_1 <t < t,.
(i1i) Let a,(1) = 0.
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(5) Define the horizontal and vertical velocity and position functions vy, vy, Sz, Sy :
[0,1] = R by

vAt)z/O a.(0)do, vy(t):/O ay(0)db,
sult) = /0 va(6)d8, s, (t) = /O v, (6)db.

(6) Define the vector acceleration, velocity, and position functions d, v, §: [0,1] —
R2 by

(7) Let T' = range(3s).

Intuitively, a particle at rest at time ¢ = a and moving with acceleration given
by the function ¢, moves forward, with velocity increasing to a maximum
at time ¢t = QTH’ and then decreasing back to 0 at time ¢ = b. The vertical
acceleration function a,, together with the initial conditions v,(0) = s,(0) =0
implied by , thus causes a particle to move generally upward (i.e., s,(tog) <
sy(t1) < ---), coming to momentary rests at times ¢i,t9,%3,.... Between two
consecutive such stopping times t,,_1 and ¢, the particle’s vertical acceleration
is controlled by the function )¢, _, ;. ». This function causes the particle’s vertical
motion to do the following between times ¢, _; and ¢,.

(i) From time ¢,_; to time %, move upward from elevation s, (t,—1) to
elevation sy ().

(ii) From time % to time t,,, make n round trips to a lower elevation
s € (sy(tn—1), 5y(tn))-

In the meantime, the horizontal acceleration function a,, together with the initial
conditions v,(0) = s,(0) = 0 implied by (), ensure that the particle remains
on or near the y-axis. The deviations from the y-axis are simply described: The
particle moves to the right from time % through the completion of the n
round trips described in above and then moves to the y-axis between times t,,
and Gt_% The amount of lateral motion here is regulated by the coefficient
2~ (nt7(n)) 1f 7(n) = oo, then there is no lateral motion, and the n round trips
in are retracings of the particle’s path. If 7(n) < oo, then these n round
trips are “forward” motion along a curvy part of I'. In fact, I' contains points
of arbitrarily high curvature, but the particle’s motion is kinematically realistic
in the sense that the acceleration vector @(t) is polynomial time computable,
hence continuous and bounded on the interval [0, 1]. Figure illustrates the
path of the particle from time ¢,_1 to ¢,+1 with n = 1 and hypothetical (model
dependent!) values 7(1) = 1 and 7(2) = 2.

The rest of this section is devoted to proving the following theorem concerning
the curve T'.
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Fig. 3.3. Example of 3(¢) from t( to ta

Theorem 3.2. (main theorem). Let d, v, 8, and T be as in Construction .

1. The functions d,v, and S are Lipschitz and computable in polynomial time,

hence continuous and bounded.
2. The total length, including retracings, of the parametrization s of T' is finite

and computable in polynomial time.
8. The curve T' is simple, rectifiable, and smooth except at one endpoint.

4. Every computable parametrization f : [a,b] — R? of T' has unbounded re-

tracing.

For the remainder of this section, we use the notation of Construction [3.1
The following two observations facilitate our analysis of the curve I'. The

proofs are routine calculations.

Observation 3.3 For all n € Z7T, if we write

th—1+ 5tn A —tp—1
dm =
i 6 ' 6n
and ; ;
(n) _ d(n) n — ln—1
€ it o

for all 0 < i < n, then

tnoy <ty <di’ <el” <dV <M< <d <M <t <th <t

Observation 3.4 For all a,b € R with a < b,

bt N3
/ / %,b(e)dadtzu.
o Ja 8
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We now proceed with a quantitative analysis of the geometry of I'. We begin
with the horizontal component of §.

Lemma 3.5 1. Forallt € [0,1] — U, cx(t 1)), va(t) = s.(t) = 0.

n

2. Foralln € K and t € (t,,,t,) , vg(t) > 0.

n?

3. Foralln € K and t € (t,,t}), v, (t) <O0.
4. Foralln € Z*, s,(ty) = poo il o=(ntr(m),
5. s.(1)=0.

The following lemma analyzes the vertical component of 5. We use the nota-
tion of Observation with the additional proviso that d,(ln) =t,.

Lemma 3.6 1. Foralln € Z* andt € (tn_l,dén)), vy (t) > 0.
2. ForallneZ,0<i<n, andt€ (dz(-n),egn)), vy (t) < 0.

ForallneZ*,0<i<n,andte (egn),dgi)l), vy(t) > 0.

ForallneZt,0<i<mn, andt € {egn), dz(n),t”}, vy (t) = 0.
Foralln € ZT and 0 <i < mn, sy(dgn)) = sy(dé”)).
Foralln € ZT and 0 <i < n, sy(e(.n)) = sy(eé”)).

3

For alln € N, s,(t,) = 5%(e—1)° S 1

6387 i=1 37" .
For alln e Z™, sy(eén)) = 5 (tn) — Tpire)

5 5 123n38me3n -
— 5(e=1)”
sy(1) = 6387 (e3—1)

© %0 RS G e

By Lemmas 3.5 and [3.6] we see that § parametrizes a curve from 5(0) = (0, 0)
— 5%(e—1)>

to 5(1) = (0, We‘&lm)'
It is clear from Observation [3.3] and Lemmas B.5 and B.6] that the curve I’

does not intersect itself. We thus have the following.

Corollary 3.7 T' is a simple curve from §(0) = (0,0) to 5(1) = (0, %)

Lemma 3.8 The functions d, v, and § are Lipschitz, hence continuous, on [0, 1].

Since every Lipschitz parametrization has finite total length [I], and since the
length of a curve cannot exceed the total length of any of its parametrizations,
we immediately have the following.

Corollary 3.9 The total length, including retracings, of the parametrization §
1s finite. Hence the curve T' is rectifiable.

Lemma 3.10 The curve T is smooth except at the endpoint §(1).

Lemma 3.11 The functions a, v, and § are computable in polynomial time. The
total length including retracings, of s is computable in polynomial time.



158 Xiaoyang Gu, Jack H. Lutz, and Elvira Mayordomo

Definition. A modulus of uniform continuity for a function f : [a,b] — R™ is a
function h : N x N such that, for all s,¢ € [a,b] and r € N,

ls—t| <27 = |f(s) — f(t)| <27

It is well known (e.g., see [14]) that every computable function f : [a,b] — R™
has a modulus of uniform continuity that is computable.

Lemma 3.12 Let f : [a,b] — R? be a parametrization of T. If f has bounded
retracing and a computable modulus of uniform continuity, then K <t f,, where
fy 15 the vertical component of f.

4 Lower Semicomputability of Length

In this section we prove that every computable curve I' has a lower semicom-
putable length. Our proof is somewhat involved, because our result holds even
if every computable parametrization of I is retracing.

Construction 4.1 Let f : [0,1] — R™ be a computable function. Given an
oracle Turing machine M that computes f and a computable modulus m : N —
N of the uniform continuity of f, the (M, m)-cautious polygonal approzimator
of range(f) is the function marm @ N — {polygonal paths} computed by the
following algorithm.

input r € N;
S:={}; // S may be a multi-set
for i:=0 to 2™(") do

a; =27

use M to compute x; with

|$i _ f(al)| < 2—(T+m(r)+l);

add z; to S;

output a longest path inside a minimum spanning tree of S.

Definition. Let (X,d) be a metric space. Let I' C X and € > 0. Let

r(e) = {p e X

inf d(p,p') <
Jnf d(p,p') < 6}
be the Minkowski sausage of I' with radius e.
Let dp : P(X) x P(X) — R be such that for all I, I'; € P(X)
dH(Fl,FQ)Zin{E |F1 QFQ(G) and FQ gFl(E)}

Note that dy is the Hausdorff distance function.
Let £(X) be the set of nonempty compact subsets of X. Then (K(X),dy) is
a metric space [6].
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Theorem 4.2. (Frink [§], Michael [18]). Let (X,d) be a compact metric space.
Then (K(X),dn) is a compact metric space.

Definition. Let RC be the set of all simple rectifiable curves in R”.

Theorem 4.3. ([21] page 55). Let I' € RC. Let {I',}nen C RC be a sequence of
rectifiable curves such that li_>m du(I,,I") = 0. Then HY(I") < lirginf?—ll(f'n).

This theorem has the following consequence.

Theorem 4.4. Let I' € RC. For all € > 0, there exists § > 0 such that for all
I'" e RC, if du(I[,T") < 6§, then HY(I'") > HY(I') —e.

Theorem 4.5. Let I' € RC such that I' = ([0, 1]), where v is a continuous
function. (Note that v may not be one-one.) Let S(a) = {v(a;) | a; € a} for all
dissection a. Let {a,}nen be a sequence of dissections of I' such that

lim mesh(a,) = 0.

n—oo

Then
lim HY(LMST(a,)) = H' (),

n—oo

where LM ST (a) is the longest path inside the Minimum Euclidean Spanning
Tree of S(a).

This result implies that when the sampling density is high, the number of
leaves in the minimum spanning tree is asymptotically smaller than the total
number of nodes.

We now have the machinery to prove the main result of this section.

Theorem 4.6. Let v :[0,1] — R™ be computable such that I' = ([0, 1]) € RC.
Then HY(I') is lower semicomputable.

5 AJ-Computability of the Constant-Speed
Parametrization

In this section we prove that every computable curve I' has a constant speed
parametrization that is A9-computable.

Theorem 5.1. Let I' = 4*([0,1]) € RC. (v* may not be one-one.) Let | =
HY(I") and Oy be an oracle such that for alln € N, |Oy(n) —1| <27™. Let f be a
computation of v* with modulus m. Let v be the constant speed parametrization
of I'. Then vy is computable with oracle O;.

Corollary 5.2 Let I' be a curve with the property described in property 5 of
Theorem . Then the length of I' — HY(I") is not computable.

Acknowledgment. We thank anonymous referees for their valuable com-
ments.
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Effective Dispersion in Computable Metric
Spaces

Zvonko lljazovié

University of Zagreb, Croatia

Abstract. We investigate the relationship between computable metric
spaces (X, d, o) and (X, d, B), where (X, d) is a given metric space. In the
case of Euclidean space, a and (8 are equivalent up to isometry, which
does not hold in general. We introduce the notion of effectively dispersed
metric space. This notion is essential in the proof of the main result of
this paper: (X, d, «) is effectively totally bounded if and only if (X, d, 8)
is effectively totally bounded, i.e. the property that a computable metric
space is effectively totally bounded (and in particular effectively com-
pact) depends only on the underlying metric space.

1 Introduction

Let k € IN, k > 1. We say that a function f : IN¥ — @ is recursive if there exist

recursive functions a, b, ¢ : IN¥ — IN such that f(z) = (—1)°*) b(ax()xll, Vo € N,

A function f : IN®* — IR is said to be recursive if there exists a recursive
function F : N*©1 — @ such that |f(x) — F(z,i)| < 277, Vo € IN*, Vi € IN.

A tuple (X,d,a) is said to be a computable metric space if (X,d) is a
metric space and « : IN — X is a sequence dense in (X, d) such that the function
IN? = IR, (i,5) — d(a(i),a(j)) is recursive. We say that « is an effective
separating sequence in (X,d) (cf. [3]). If (X,d,«) is a computable metric
space, then a sequence (z;) in X is said to be recursive in (X,d, «) if there
exists a recursive function F' : IN> — IN such that d(z;, apgry) < 2% Vi,k e N
and a point @ € X is said to be recursive in (X, d, «) if the constant sequence
a,a,... is recursive. For example, if ¢ : IN — @ is a recursive surjection, then
(R,d, q) is a computable metric space, where d is the Euclidean metric on R. A
sequence (z;) is recursive in this computable metric space if and only if (z;) is a
recursive sequence of real numbers and a € IR is a recursive point in this space
if and only if @ is a recursive number.

Let (X,d) be a metric space and let S be a nonempty set whose elements
are sequences in X. We say that S is a computability structure on (X, d) (cf.
[3]) if the following three properties hold:

(i) if (z;), (y;) € S, then the function IN* — IR, (i, j) ~ d(z;,y;) is recursive;

(ii) if (zi)iew € S, then (z4¢;))iew € S for any recursive function f: IN — IN;

(iii) if (ys) is a sequence in X such that d(y;, zp@ k) < 2% Vi, k € IN, where
:IN? - N is a recursive function and (z;) € S, then (y;) € S.

Andrej Bauer, Peter Hertling, Ker-I Ko (Eds.)
6th Int’l Conf. on Computability and Complexity in Analysis, 2009, pp. 161-172
http://drops.dagstuhl.de/opus/volltexte/2009/2268
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Let (X, d) be a metric space. If « is an effective separating sequence in (X, d),
then the set S, of all recursive sequences in (X, d, «) is an example of a com-
putability structure on (X, d). Suppose now that o and (3 are effective separating
sequences in (X, d). We say that « is equivalent to 3, a ~ f3, if a is a recursive
sequence in (X, d, ). It follows easily that o ~ f if and only if S, = S;.

A closed subset S of a computable metric space (X, d, «) is said to be recur-
sively enumerable if {i € IN | ;NS # (0} is an r.e. set, where (I;) is some effective
enumeration of all open rational balls in (X, d, ), co-recursively enumerable if
X\ S = UienIf@), where f: IN — IN is a recursive function and recursive if it
is both r.e. and co-r.e. ([1]). It is not hard to see that if o ~ 8, then S is r.e.
(co-r.e.) in (X, d, @) if and only if S is r.e. (co-r.e.) in (X, d, 5) and consequently
S is recursive in (X, d, @) if and only if S is recursive in (X,d, ). Hence the
notions of recursive enumerability, co-recursive enumerability and recursiveness
of a set are examples of notions which depend only on the induced computability
structure and not on particular o which induces that structure.

If « and B are effective separating sequences in a metric space (X, d), then
a and § need not be equivalent. For example, if ¢ € IR is a nonrecursive number
and (a;) a recursive sequence of real numbers dense in (IR, d), where d is the
Euclidean metric, then (a; + ¢) is an effective separating sequence in (IR, d), ¢ is
a recursive point in (IR, d, (a; + ¢)) and ¢ is not recursive in (IR, d, («;)). Hence
(a;) and (o + ¢) are not equivalent.

Let (X,d, (e;)) be a computable metric space and f an isometry of (X, d).
By an isometry of (X,d) we mean a surjective map f : X — X such that
d(f(z), fy) = d(z,y), Vz,y € X. Then (X,d,(f(a;))) is also a computable
metric space and in general the sequences («;) and (f(«a;)) are not equivalent by
the previous example. Note that f “maps” the computability structure induced
by (c;) on the computability structure induced by (f(«;)), i-e.

Sty = {(f (@) | (z:) € S(an}-

In particular, if A is the set of all recursive points in (X, d, (a;)) and B the set
of all recursive points in (X, d, (f(«;))), then f(A4) = B.

We say that effective separating sequences («;) and (5;) in a metric space
(X,d) are equivalent up to isometry if (a;) ~ (f(5;)) for some isometry f of
(X, d). It is easy to see that this relation is an equivalence relation on the set of
all effective separating sequences in (X, d).

If (X, d, «) is a computable metric space, then clearly the metric space (X, d)
is totally bounded if and only if for each k € IN there exists m € IN such that
X = Up<i<cmB(a;,27%). Here B(x,r) for x € X and r > 0 denotes the open
ball of radius r centered at x. We say that a computable metric space (X, d, «)
is effectively totally bounded if there exists a recursive function f: IN — IN
such that

Fk)
X =|JB(a;,27),
i=0

vk € IN ([3]).
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Exzample 1. If S is a recursive nonempty compact subset of IR"™, then there exists
a recursive sequence (x;) in S and a recursive function f : IN — IN such that
S C Up<i< i) B(@i,27%), Vk € IN ([4]) and therefore (S,d, (z;)) is an effectively
totally bounded computable metric space, where d is the Euclidean metric on S.

Ezxample 2. Let w : IN — @ be a recursive sequence which converges to a non-
recursive number v € IR and such that w(0) = 0, w(i) < w(i + 1), Vi € IN. Tt
is easy to construct a recursive sequence of rational numbers a which is dense
in [0,7]. Then the tuple ([0,7],d,«) is a computable metric space, where d is
the Euclidean metric on [0,7]. Suppose that ([0,7],d,«) is effectively totally
bounded. Then [0,7] = Uogigf(k)B(aiﬂ_k), Vk € IN, for some recursive func-
tion f: IN — IN. If h: IN — Q is defined by h(k) = max{a; | 0 < i < f(k)},
k € IN, then h is a recursive function and |y — h(k)| < 27%, Vk € IN which con-
tradicts the fact that v is a nonrecursive number. Hence the computable metric
space ([0,7],d, ) is not effectively totally bounded, although the metric space
([0,7], d) is totally bounded.

It is not hard to check that if « and § are equivalent effective separating
sequences in a metric space (X, d), then (X,d, «) is effectively totally bounded
if and only if (X,d, ) is effectively totally bounded. Furthermore, if f is an
isometry of (X,d) and («;) an effective separating sequence, then (X,d, (o))
is effectively totally bounded if and only if (X,d, (f(c;))) is effectively totally
bounded. This follows immediately from the fact that f(B(z,r)) = B(f(x),r),
Ve € X, Vr > 0. Therefore, if @ and g are effective separating sequences equiv-
alent up to isometry, then (X, d, «) is effectively totally bounded if and only if
(X,d, B) is effectively totally bounded.

There exist totally bounded metric spaces with effective separating sequences
nonequivalent up to isometry (Section 2). Nevertheless, the equivalence

(X,d, a) effectively totally bounded < (X,d, ) effectively totally bounded
(1)
holds in general and that is the main result of this paper which will be proved in
Section 3 where we introduce the notion of effectively dispersed metric space. In
Section 2 we also prove that each two effective separating sequence in Euclidean
space IR" are equivalent up to isometry.

2 Isometries and computability structures

Let n > 1 and let d be the Euclidean metric on IR". The main step in proving
that every two effective separating sequences in (IR",d) are equivalent up to
isometry is the following proposition.

Proposition 1. Letayg,...,a, be recursive points in IR™ which are geometrically
independent (i.e. a1 — ag,...,a, — ag are linearly independent vectors) and let
(x;) be a sequence in R"™ such that (d(x;,ar))ic 18 a recursive sequence of real
numbers for each k € {0,...,n}. Then (x;) is a recursive sequence.
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Proposition 1 is essentially a consequence of the fact that we can compute each
component of x; by certain formula which involves addition, subtraction, mul-
tiplication and division of numbers d(z;,aop),...,d(z;,a,) and components of
the points ag, ..., ay. It follows from Proposition 1 that for geometrically inde-
pendent recursive points ag, ..., a, in IR" and x € IN the following implication
holds:

the numbers d(zx, ap), . ..,d(x, a,) are recursive = the point z is recursive.
(2)
However, in a general computable metric space it is not possible to find n € N
and recursive points ag, . .., a, such that the implication (2) holds. This shows
the following example.

Ezample 3. Let p be the metric on IR? given by p((z1,41), (€2, y2)) = max{|zs —
z1], |ly2 — 1|} If (o) is a recursive dense sequence in IR?, then (IR?,p, (o)) is
a computable metric space and the induced computability structure coincides
with the usual computability structure on IR?. Suppose (xo,%0),. .., (Tx, &)
are any recursive points in IR% Let M > 0 be some upper bound of the set
{lzols|yols - - - |z&|, lyx|}- Let a,b € IR be such that a > 3M, |b|] < M and such
that a is a recursive, and b a nonrecursive number. Then p((a,b), (xo,¥0)), - -
p((a,b), (zk,yx)) are recursive numbers, but (a,b) is a nonrecursive point.

The following corollary is an immediate consequence of Proposition 1.

Corollary 1. Suppose (R",d,«) is a computable metric space, f : R" — IR"
an isometry and ag, . . . , an, recursive points in (IR", d, a) which are geometrically
independent and such that f(ag),..., f(an) are recursive points in R™ in the
usual sense. Then f o« is a recursive sequence in the usual sense.

The next step in proving that every two effective separating sequences in
(R",d) are equivalent up to isometry is the following lemma.

Lemma 1. Let ag,...,a, be geometrically independent points in R™ such that
d(a;,a;) is a recursive number for all i,j € {0,...,n}. Then there exists an
isometry f: IR"™ — IR"™ such that f(ag),..., f(an) are recursive points.

The idea in the proof of Lemma 1 is to find an isometry f : IR" — IR" such
that f(a()):(O,...,O), f(al) S {(tl,...,ti,O,...70) |t17...,ti € R, tl#O},
Vi € {1,...,n} and then to show that the points f(ag),..., f(a,) are recursive.

Proposition 2. Let (a;) be an effective separating sequence in IR"™. Then there
exists an isometry f : R™ — R"™ such that (f(y)) is a recursive sequence in
R".

Proof. Let ig,...,i, € IN be such that «;,,...,q;, are geometrically indepen-
dent points. By Lemma 1 there exists an isometry f : IR™ — IR" such that
f(aiy),- .., f(a;,) are recursive points. The claim of the theorem now follows

from Corollary 1. ad
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Note the following: if (x;) and (y;) are recursive dense sequences in IR",
then (z;) and (y;) are equivalent as effective separating sequences. This and
Proposition 2 imply the following.

Theorem 1. If a and 8 are effective separating sequences in (IR",d), then «
and B are equivalent up to isometry.

Euclidean space IR" is not totally bounded, but each open (or closed) ball
in IR"™ is totally bounded. We say that a computable metric space (X, d, ) can
be exhausted effectively by totally bounded balls if there exists £ € X
and a recursive function F : IN> — IN such that

F(k,m)
B(Em) < |J Blei,27"),
=0

Vk,m € IN. It is clear that if such a function F exists for one £ € X, then
it exists for each £ € X. It is obvious that each effectively totally bounded
computable metric space can be exhausted effectively by totally bounded balls.
Furthermore, if « is some recursive dense sequence in IR", then (IR", d, &) can be
exhausted effectively by totally bounded balls. It is easy to conclude from this
and Theorem 1 that any computable metric space of the form (IR",d, «) can be
exhausted effectively by totally bounded balls.

In the contrast to the fact that the equivalence (1) holds in general, which
will be proved later, the equivalence

(X,d,«) can be exhausted effectively by totally bounded balls

)
(X,d, B) can be exhausted effectively by totally bounded balls

does not hold in general, as the following example shows.

Ezample 4. Let the number v be as in Example 2. It is easy to construct a
recursive sequence of rational numbers o’ which is dense in (—o0,7]. Let d be
the Euclidean metric on (—o0,0] and let (x;) be some recursive sequence of
real numbers which is dense in (—o00,0]. Then the computable metric space
({—00,0],d, (z;)) can be exhausted effectively by totally bounded balls. On the
other hand, if @ : IN — (—00,0] is defined by a(i) = &'(i) — v, then « is an
effective separating sequence in ((—o00,0],d) and the computable metric space
({(—00,0],d, «) cannot be exhausted effectively by totally bounded balls which
can be deduced from the fact that 0 is not a recursive point in this space.

The previous example also shows that effective separating sequences in a
metric space (X, d) need not be equivalent up to isometry. The following two ex-
amples show that effective separating sequences in (X, d) need not be equivalent
up to isometry even when (X, d) is totally bounded.
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Ezample 5. Let ([0,7],d, ) be the computable metric space of Example 2. Let

o : IN — R be defined by o/(2i) = agi), o264+ 1) = —a;i), i € IN and
let o” : IN = [0,] be defined by o(i) = o/(i) + 7. Then o is an effective
separating sequence in ([0,7],d). Since the point 7 is recursive in ([0,7], d, a”),
but not in ([0, 7], d, «), and since 3 is a fixed point of each isometry of ([0, ], d)
(namely the only isometries are the identity and the map t — v — ¢, ¢ € [0,7]),

we conclude that effective separating sequences o and o are not equivalent.

Ezample 6. Let S be the unit circle in IR? and let d be the Euclidean metric
on S. Since S is a recursive set, there exists a recursive sequence (z;) in S
such that (S,d, (z;)) is an effectively totally bounded computable metric space
(Example 1). Let f : IR? — IR? be a rotation with the center (0,0) such that
f(1,0) is a nonrecursive point. Then (f(x;)) is an effective separating sequence
in (S,d) nonequivalent to (z;). Let A = {x; | i € N} U {f(a;) | i € IN}, let
T ={(z,y) € S|z <0or (z,y) € A} and let d be the Euclidean metric on
T. Then (z;) and (y;) are effective separating sequences in (T,d’) and it follows
easily that they are not equivalent up to isometry in this metric space.

3 Effective dispersion

Let (X, d) be a metric space. A nonempty subset S of X is said to be r—dense
in (X,d), where r € R, r > 0, if X = UsesB(s,7). Note that a set S is dense
in (X,d) if and only if S is r—dense in (X, d) for all r > 0. We say that a finite
sequence X, . .., Tn of points in X is r—dense in (X, d) if the set {zg,...,x,} is
r—dense in (X, d). Hence (X, d) is totally bounded if and only if for each ¢ > 0
there exists a finite sequence of points in X which is e—dense in (X, d).

Let s € IR. A nonempty subset S of X is said to be s—dispersed in (X, d)
if d(z,y) > s, Vo,y € S, x # y. A finite sequence xy,...,x, of points in X
is said to be s—dispersed in (X,d) if d(z;,z;) > s, Vi,j € {0,...,n}, i # j.
Note that if zg, ..., , is an s-dispersed finite sequence, then {zg,...,x,} is an
s—dispersed set, while converse does not hold in general.

Proposition 3. Let (X,d) be a totally bounded metric space and let s > 0.
Then the set A = {k € IN | there exists a finite sequence x1,...,x, which is
s—dispersed in (X,d)} is finite.

Proof. Let yo,...,y, be an §—dense finite sequence in (X,d). Suppose that
a finite sequence x1,...,x; is s—dispersed. For each i € {1,... k} let j; €
{0,...,p} be such that x; € B(y;,,5). If 4,4 € {1,...,k}, i # ¢, then j; # ju
since d(x;,x;) > s. Therefore we have an injection {1,...,k} — {0,...,p},
hence k < p. This shows that A is finite. ad

Let (X,d) be a totally bounded metric space. If S C X, S # ), and s > 0,
then, by Proposition 3, the set {k € IN | there exists a finite sequence z1,...,zk
of points in S which is s—dispersed in (X, d)} is finite. We denote the maximum
of this set by p(S,s). If zg,...,x, is a finite sequence in X, then we will write
p(xo,. .., Tn;s) instead of p({zo,...,zn}, ).
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Ezample 7. With the Euclidean metric on [0, 3] we have p([0,1],s) = 1if s > 1,
1,3<s,

p([0,1],s) =2if s € [1,1) and p(0,1,3;5) = 2,1 <5< 3,
3,0<s<1.

Suppose (X,d) is a totally bounded metric space, s > 0 and n = p(X, 3).
Then there exists a finite sequence o, ...,r,_1 which is §—dispersed in (X, d)
and such that the finite sequence a,zq,...,2,_1 is not 5—dispersed for each
a € X. Therefore for each a € X there exists ¢ € {0,...,n — 1} such that
d(a,z;) < s. Hence the finite sequence xy, ..., z,—1 is s—dense.

Now, let o and 3 be effective separating sequences in (X, d) such that the
computable metric space (X, d, «) is effectively totally bounded. In order to prove
that (X, d, 8) is also effectively totally bounded, it would be enough to prove that
for each k € IN we can effectively find the number p(X,27%). Namely, in that case
for any k € IN we can effectively find ¢4, ...,%, € IN such that the finite sequence
Biys .-y B, is 2= F+D _dispersed, where n = p(X,2~*+1)) and then this finite
sequence of points (and consequently the finite sequence By, ..., Bmax{is,...in})
must be 2~%—dense. However, the number p(X,27%) cannot be found effectively
in general, as the following example shows.

Ezample 8. Let (\;) be a recursive sequence of real numbers such that A\; > 0,
Vi € IN and such that the set {i € IN | A; = 0} is not recursive ([2]). We may
assume \; < 479 Vi € N. Let t; =47+ )\;,i € N, X = {t; | i € N} U {0}
and let d be the Euclidean metric on X. Then (X, d, (¢;)) is an effectively totally
bounded computable metric space. Let ¢ € IN. It is straightforward to check that
p(X,47%) =i+ 1if \; =0 and p(X,47%) = i+2if \; > 0. Therefore the function
IN — IN, i — p(X,27%) is not recursive.

Although p(X,27%) cannot be found effectively in general, we are going to prove
that for k € IN we can effectively find numbers a; € (0,27%) N Q and p(X, az,)
and this will imply that (X, d, 3) if effectively totally bounded.

Suppose (X, d) is a totally bounded metric space, S C X, S # 0 and s > 0.
It is immediate from the definition of the number p(S, s) that there exists r > 0
such that p(S,s) = p(S, s + 2r). Here, of course, r depends on S and s. In the
following lemma we claim that s and r can be chosen so that p(S, s) = p(S, s+2r)
holds whenever S is in certain family of subsets of X.

Lemma 2. Let (X,d) be a totally bounded metric space and let sg > 0. Then
there exists ro > 0 such that for each r € (0,r9) and each finite sequence
xo,...,&p which is r—dense in (X,d) there exists s € [sp,80 + 1) N Q and
mi,...,my €{0,...,p} such that the finite sequence Ty, ,. .., Tm, is (s+2r)—
dispersed, d(z;,z;) # s, Vi,j € {0,...,p} and p(xo,...,xp;s) =n.

Proof. Let n = p(X, so) and y1, . . ., Y, be a finite sequence which is sp—dispersed
in (X,d). Since d(y;,y;) > so, Vi,j € {1,...,n}, i # j, there exists ro > 0 such
that

d(yi,yj) > 5o + 5719, Vl,j c {1, - ,n}, 7 75 j
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Let r € (0,79) and let xo,...,z, be an r—dense sequence in (X,d). For i €
{1,...,n} let m; € {0,...,p} be such that y; € B(xm,,r). If 4,5 € {1,...,n},
i # 7, then

d(Yi, y5) < d(Yi, Tm,) + d( Ty, ) + d(@my 5 y5) < 20 4+ d(Zm,, Ty
and therefore
d(Zm;, Tm;) > S0 + 37, (3)

Vi,j € {1,...,n}, ¢ # j. Let s € [so,s0 + 7) N Q be such that d(z;,z;) # s,
Vi,j €{0,...,p}. From (3) we get that d(xp,, 2m,) > s+ 2r, Vi,j € {1,...,n},
i # j, hence the finite sequence %, , ..., %Tm, is s+ 2r—dispersed. This implies
p(zo, ..., zp;s) > n. On the other hand

p(zo, .., xpis) < p(X,5) < p(X, 50) = n.
Therefore p(xo, ..., zp;s) =n. O

The next lemma provides conditions under which equality p(X, s+2r) = card(T)
holds, where T'C X and s,r > 0.

Lemma 3. Let (X,d) be a totally bounded metric space, r,s > 0 and let S be an
r—dense subset of X such that there exists a finite nonempty subset T of S which
is s+2r dispersed and such that p(S, s) = card(T). Then p(X, s+2r) = card(T).

Proof. Certainly p(X, s+ 2r) > card(T). On the other hand, let x1,...,z, be
an (s + 2r)—dispersed sequence in (X, d). For each i € {1,...,n} let y; € S be
such that d(x;,y;) <r. For alli,j € {1,...,n}, i # j, we have

s+ 2r <d(xg, ;) < d(xg, ys) +d(yi, y;) + d(yy, x5) < d(yi, y;) + 2r

which implies s < d(y;,y;). Hence y1,...,y, is an s—dispersed sequence and
therefore p(S, s) > n, i.e. card(T") > n. We conclude that card(T") > p(X, s+ 2r)
and it follows p(X, s + 2r) = card(T). O

Lemma 3, together with Lemma 2, gives the idea how to compute the number
p(X,s+2r), s,r > 0. The next step is to include effectiveness into consideration.
We first state the following lemma.

Lemma 4. Let F : IN* — R be a recursive function. Let S be the set of all

(k,n,1,p) € N* such that F(i,j,n,1) # 0, Vi,j € {0,...,k} and such that
card{(i,j) € {0,...,k} x{0,...,k} | F(¢,4,n,1) > 0} = p.

Then S is a recursively enumerable set.

Let 0 : IN?> - IN and 7 : IN — IN be some fixed recursive functions with
the following property: {(c(4,0),...,0(5,1n(j))) | 7 € IN} is the set of all finite
sequences in IN, i.e. the set {(ag,...,an) | n € IN, ag,...,a, € IN}. Such
functions, for instance, can be defined using the Cantor pairing function. We are
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going to use the following notation: (j); instead of o(j,i) and j instead of 1(j).

Hence
{((Gos-- -5 ()7) [ € N}

is the set of all finite sequences in IN.

Suppose (X,d) is a metric space, (7;) a sequence in X such that the func-
tion IN* — IR, (4,5) + d(7i,7;) is recursive and (s,) a recursive sequence of
real numbers. Then the function IN? — IN, (k,n) — p(70, - -, 7k; Sn) need not
be recursive and we see this similarly as in Example 8. However, we have the
following lemma.

Lemma 5. Let (X,d) be a metric space, (7;) a sequence in X such that the
function N? — R, (i,7) — d(vi,7;) is recursive and (s,) a recursive sequence
of real numbers.

(i) The set

S ={(k,n,p) € N3 | d(vi, V) # Sn, V3,5 €{0,...,k}, p(0,---,Vk; Sn) = P}

is recursively enumerable.

(i) The set
T = {(I,n) € IN? | the finite sequence VWyos -+ -»V(1); 15 Sn — dispersed}
is recursively enumerable.
Proof. (i) We apply Lemma 4 to the function F : N* — IR defined by
F(i,7,n,1) = d(vi, ;) — $n,
i,4,n,l € IN and we get that the set
{(k,n,l,p) € N4 | d(7vi,vj) # sn, Vi,7 €{0,...,k}, p(h0,.-- 7% Sn) = D}

is r.e. which implies that S is r.e.

(i) Let F : IN* — IR be given by F (4, j,n,1) = d(Y):> V), ) —5n- Let T' be the
set associated to F' as in Lemma 4, hence T" = {(k,n,l,p) € N* | d(ywyvwy,) #
Sn, Vi,j € {0,...,k} and p(Y(1)es--->Y(1)ei Sn) = p}. Then for all [,n € IN we
have (I,n) € T if and only if

d(’}/(l)i, /-Y(l)j) # Sn,Vi,j S {O, - ,Z}, p(’}/(l)o, . ,’Y(l)f; Sn) =1 +1
and this holds if and only if (I,n,1,I + 1) € T". Therefore T is r.e. ad

A totally bounded metric space (X, d) is said to be effectively dispersed
if there exists a recursive function a : IN — @ such that a(i) € (0,27%), Vi € IN
and such that the function IN — IN, i — p(X, a(i)) is recursive.

Theorem 2. Let (X,d,«) be an effectively totally bounded computable metric
space. Then (X, d) is effectively dispersed.
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Proof (Sketch). Let f : IN — IN be a recursive function such that ao,..., sy
is a 2% —dense sequence for each k € IN. Let ¢ : IN — @ be some fixed recursive
function whose image is @ N (0, co0).

Let 4 € IN. Let sg be some positive number such that so < 27¢. By Lemma 2
there exist k,n,l € IN such that so +3-27F <277 ¢, € [sg,50 + 27F) and such
that the following holds:

A1)g» - - - (1) 18 (gn 4+ 2-27%) — dispersed finite sequence, (4)

d(ai, a5) # qn, Vi, 5 € {0,..., f(k)}, plao, ..., apm);qn) = I+1, (5)
and

{Dos -+ (7} € {0, F(R)}- (6)

Since (4) and (5) are r.e. relations (Lemma 5) and (6) is recursive, we can express
n, k and [ recursively in i. The claim of the theorem follows from

p(X,qn+2-27%) =1+1,
and this equality can be deduced from Lemma 3. a

Theorem 3. Let (X,d,a) be a computable metric space such that (X,d) is ef-
fectively dispersed. Then (X,d, ) is effectively totally bounded.

The idea in the proof of Theorem 3 is that for a given i € IN we effectively
find i1,...,4, € IN such that the finite sequence a,,...,q;, is s—dispersed,
where s € (0,270+)) N Q and n = p(X, s). Then the finite sequence of points
@iy, ..., q;, must be 27 —dense which shows that (X, d,a) is effectively totally
bounded.

Let (X,d, «) be a computable metric space. Theorem 2 and Theorem 3 give
the following equivalence:

(X,d, a) is effectively totally bounded < (X, d) is effectively dispersed .

Corollary 2. Let a and B be effective separating sequences in a metric space
(X,d). Then (X,d,«) is effectively totally bounded if and only if (X,d, ) is
effectively totally bounded.

A computable metric space (X,d, «) is said to be effectively compact if
(X, d,a) is effectively totally bounded and (X,d) is compact (cf. [3]). If o and
B are effective separating sequences in a metric space (X, d), then, by Corollary
2, (X,d, «) is effectively compact if and only if (X, d, 8) is effectively compact.
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Abstract. It has been shown (see [10]), that there are strongly MARTIN-
LOF-e-random w-words that behave in terms of complexity like random
w-words. That is, in particular, the a priori complexity of these e-random
w-words is bounded from below and above by linear functions with the
same slope €. In this paper we will study the set of these w-words in
terms of HAUSDORFF measure and dimension.

Additionally we find upper bounds on a priori complexity, monotone
and simple complexity for a certain class of w-power languages.

1 Introduction

The present paper is a continuation of [10] where it has been shown that
oscillation-free e-random sequences exist, for every computable €, 0 < & < 1.
To this end two methods were developed. The first one, by diluting random
sequences, led to a method for a general “construction” of e-random sequences
from random sequences whereas the second one exhibited e-random sequences as
maximally complex sequences in certain computably definable sets of sequences
(w-languages).

Here we address mainly two questions. The first one is about the Hausdorff
dimension and the Hausdorff measure of the set of oscillation-free e-random
sequences. As every random sequence is also e-random the set of e-random se-
quences has Hausdorff dimension 1. We prove a result analogous to Ryabko’s
estimate of the dimension of the set of sequences of a certain asymptotic rel-
ative complexity (cf. [6,9]). We show that the set of oscillation-free e-random
sequences has Hausdorff dimension ¢ and infinite e-dimensional Hausdorff mea-
sure.

The second problem we address is the one of obtaining oscillation-free
e-random sequences in so-called w-power languages. Here we generalise the re-
sults for w-powers of regular languages obtained in [10] to more general classes
of w-powers of computably enumerable languages.

2 Notation and Preliminary Results

In this section we briefly recall the concepts of HAUSDORFF measure and com-
plexity of finite and infinite words used in this paper. For more detailed infor-
mation the reader is referred to the textbooks [2] and [4]. In the following X is
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a finite alphabet with cardinality |X| = r. By X* we denote the set (monoid)
of words on X, including the empty word e, and X is the set of infinite words
(w-words) over X. For w € X* and n € X* U X% let w - n be their concatena-
tion. We extend this concatenation in the obvious way to subsets W C X* and
B C X*UX¥. For a language W let W* := J,,cy W™ be the submonoid of X*
generated by W, and by W« := {wq - - - wy, - - - | w, € W\{e}} we denote the sub-
set of X formed by concatenating words of W. We call V/w :={v|w-v € V}
the left derivative of V' by w. Furthermore |w| is the length of the word w € X*
and (V) := min{|v| | v € V} denotes the length of the shortest word contained
in V. For a set B C X* U X% the set of all finite prefixes of strings in B is
pref(B), we abbreviate w € pref({n}) by w C 5. By £[0..n] we denote the
prefix of £ € X* U X* of length n.

A real number « is right-computable (left-computable) if and only if there
is a computable sequence «;, i € IN, of rational numbers with a; > ;11 (a; <
a;y1) for all ¢ € IN and lim; oo ; = . A number « is called computable if
and only if « is left- and right-computable. A function f : X* — IR is called
right-computable (left-computable) if and only if there is a computable function
h: X* x IN — IR such that lim;_, o h(w,t) = f(w), for every w € X*, and h is
decreasing (increasing) with respect to ¢.

A language V' C X* is called a code provided every w € V* has a unique
factorisation w = vy ... v, withv; €V (1 <i<n).Ife¢ V and for all v,w € V
the relation v C w implies v = w then V is called prefiz code.

It is useful to consider the set X“ as a metric space (Cantor space) (X%, p)
of all w-words over the alphabet X where the metric is p is defined as follows

p(&,n) = inf{r‘lw‘ |lwC EAwEn}

The open (and simultaneously closed) balls in (X¥, p) are the sets of the form
w - X*, where w € X*. The diameter of these balls is d(w - X) = r~|*l. The
closure of a set F' C X% in (X¥, p) is the set C(F) := {¢ | pref(§) C pref(F)}.

We define HAUSDORFF measure and HAUSDORFF dimension for subsets of
(X¥, p). For every language FF C X“ and every 0 < ¢ <1 the equation

L.(F) := lim inf{z rElP | FCV XY ALV) > n}

n—oo
veV

defines the e-dimensional HAUSDORFF measure of F. The measure L is the
usual LEBESGUE measure. The following property of the HAUSDORFF measure
is well-known.

Corollary 1. Let FF C X“. If L.(F) < oo then for every 6 > 0 il holds
Leys(F) =0 and if 0 < L.(F) then for every 6 > 0 it holds L._s(F) = co.

The HAUSDORFF dimension of F' is defined as follows
dim F = sup{e | L. (F) = oo Ve =0} = inf{e | L.(F) = 0}

Next we introduce the complexities used in this paper. Consider a semi-
measure m on X*, that is, a function m : X* — IR which satisfies m(¢) < 1 and
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m(w) > > x m(wz), for w € X*. If m(w) = > x m(wz) the function m is
called a measure. In [13] Levin proved the existence of a universal left-computable
semi-measure M, that is, a left-computable semi-measure which satisfies

dey Yw € X m(w) < ¢ - M(w), (1)

for all left-computable semi-measures m. Then the a priori complexity is defined
as KA(w) = |—log, M(w)] (cf. [4,11]).

For the definition of the monotone complexity Km we refer the reader to [4,
12]. Here we need only the following property.

Corollary 2 ([4]). Let p be a computable measure on X*. Then there is a
constant c,, such that
Km(w) < —log p(w) + ¢,

holds for all w € X*.

Plain (cf. [4]) or simple (cf. [11]) program size complexity defines the complexity
of a finite string to be the length of a shortest program which prints the string.
Let ¢ : X* — X™* be a partial computable function. The complexity of a word
w € X* with respect to ¢ is defined as

K, (w) :==inf{|n| | 7 € X" A p(7) = w}. (2)

It is well-known that there is an optimal partial computable function U, that is,
a function satisfying

e ,Vw(w € X* — Ky (w) < Ky (w) +¢yp) (3)

for every partial computable function . In the sequel we fix an optimal function
i1 and denote the complexity with respect to this function by KS.

The complexity of an infinite word £ is a function mapping natural numbers
n to the complexity of the n-length prefix of &.

Definition 1. Let £ € X¥.

1. The function KS(&[-]) : IN — IN is called plain or simple complexity of €.
2. The function Km(&[-]) : IN — IN is called monotone complexity of &.
3. The function KA(E[]) : IN — IN is called a priori complexity of €.

We follow here, except for the monotone complexity, the notation of Uspensky
and Shen in [11]. In [1] strongly MARTIN-LOF-e-random w-words were introduced
as follows.

Definition 2. A computably enumerable set V C X* x IN is referred to as a
strong MARTIN-LOF-e-test provided

1. Yi(Vigr - X® CV; - X¥), where Vi == {v | (v,i) € V} and
2. ViVCO(C C V; AC s prefiz code — Y., o™=l < r77).

An w-word £ € X% 1is called strongly MARTIN-LOF-e-random if and only if
¢ Niew Vi - X© for all strong MARTIN-LOF-¢-tests.
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We mention the following equivalence between strong MARTIN-LOF-e-tests and
a priori complexity.

Lemma 1 ([1]). Let 0<e<1 be a computable number. Then an
w-word &€ X“ is strongly MARTIN-LOF-e-random if and only if
KA(£]0..n]) >ae. e-n—0O(1).

Ryabko showed in [6] the following result on the set of w-words having a bounded
asymptotic lower complexity (see also [7]).

Theorem 1 ([6]).

dim{§|§€X“’/\lirgianA(iEW<5}:a

Depending on the e-dimensional measure of an w-language we obtain a lower
bound on the complexity of the most complex w-words in that w-language.

Theorem 2 ([5]). Let FF C X% and Lc(F) > 0. Then for all ¢ > —logL.(F)
there is a & € F such that KA(£[0..n]) >4 -1 —c.

w-words which, analogously to random w-words, satisfy also a linear upper bound
for a priori complexity are referred to as oscillation-free.

Definition 3 ([10]). An w-word £ is called oscillation-free strongly MARTIN-
LOF-e-random if and only if £ is strongly MARTIN-LOF-e-random and there is
a constant ¢ such that KA(£[0..n]) <e-n+ ¢ holds.

3 The Measure of the Set of e-random Sequences

We start with mappings that preserve some properties of the measure of a lan-
guage and the behaviour of the complexity-function of an w-word.

Definition 4. A computable function ¢ : X* — X* is called dilution function
provided ¢ 1is prefiz-monotone, one-to-one and |p(w)| = |p(w')| for all w,w'" €
X™. A function g : IN — IN s called modulus-function for ¢ provided |p(w)| =
g(Jw]) for every w € X*.

Every dilution function ¢ defines a mapping @ : X¥ — X% in the following
way: pref(p(£)) = pref(¢(pref(£))). The following is an example of a dilution
function.

Ezample 1. Dilution functions can be defined inductively by inserting a fixed
string in front of every letter. Let X = {0,1}. Then ¢(e) := e and p(wz) =
w(w)0z for every w € X* and « € X defines a dilution function with %—modulus.

In this paper we are interested in the following dilution functions.

Definition 5. Let e with 0 < € < 1 be a computable real. A computable function
g is called e-modulus if and only if there is a constant ¢ such that |e-g(n)—n| < ¢,
for all n € IN.
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The mapping g(n) := [2] is an example for an e-modulus. If ¢ is a dilution
function with e-modulus then for every w € X* holds

—c< e fp(w)| —[w| <e.

We obtain our first result on the relation of the measure of a language and its
image.

Lemma 2. Let F C X%, 0 < € < 1 computable and ¢ : X* — X* a dilution
function with e-modulus g : IN — IN. There are constants c1,co > 0, such that

¢1 - L(F) < Lo(@(F)) < ¢s - L(F).

Proof. The first inequality is shown as follows. Let W C X* cover ®(F), that is,
B(F) CW - X% and let [(W) > n. For every w € W we define v,, as the unique
word with ¢(vy) C w C ¢(vy,z), for some 2 € X. Since ¢ has an e-modulus, we
have the following;:

vy —c<e-|w| <|vgpx|+c= vy +14¢

Then the set V = {v,, | w € W} covers F. Now we obtain a bound of the
e-dimensional measure of p(F') by the 1-dimensional measure of F:

E r—s-|'w\ > § : T—|vw|—1—c > 7“_1_0 § :r—|'u\

weWw weW veV

>r_1_c~inf{2r_|”| FCV-X‘“/\Z(V)>5~n—c—1}
veV

Taking the limit n — oo we get our intended inequality L.(®(F)) > ¢; - L(F).
To prove the second inequality we consider a set V' with minimum length
I(V) > n that covers F. Now the set W = {¢(v) | v € V} covers g(F) and we

can estimate

Sl s e el

veV weWw

> inf{ > B((F) CW XY ALW) > g(n) - C}
weWw

Again, the limit n — oo yields the announced inequality.

Since the constants ¢; and c¢o in Lemma 2 are positive, the following equivalence
of the 1-dimensional measure of F' and the e-dimensional measure of p(F') holds
true.

Corollary 3. Let FF C X“, 0 < e <1 computable and ¢ : X* — X* a dilution
function with e-modulus g : IN — IN. The measures L(F) and L.(@(F)) are
simultaneously zero, positive or infinite, respectively.
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To derive our main theorem we still need the following result from [10]. It
states that the a priori complexity of the ¢ - n-length prefix of an w-word and
the n-length prefix of its image differ not too much.

Corollary 4 ([10]). Let e, 0 < e < 1, be a computable number. Then there is
a dilution function ¢ : X* — X* with strictly increasing e-modulus g such that

IKA(®(£)[0..n]) — KA(£[0..€ - n])| < O(1) for all £ € X¥ and all n € IN.

If the w-word £ is chosen to be random then () is an oscillation-free MARTIN-
LOF-e-random w-word.

As every (1-)random w-word is also strongly ML-e-random the HAUSDORFF
dimension of the set of all strongly ML-e-random w-words is 1. Theorem 1 shows
that the HAUSDORFF dimension of the set of all oscillation-free strongly M ARTIN-
LOF-e-random w-words is bounded from above by . The next theorem calculates
its HAUSDORFF dimension and the corresponding measure.

Theorem 3. Let 0 < ¢ < 1 computable. The set F. of all oscillation-free
strongly MARTIN-LOF-e-random sequences has HAUSDORFF dimension € and
infinite e-dimensional measure.

Proof. Theorem 1 implies dim F. < ¢, since KA(£[0..n]) < e - n + ¢ for every
¢ € F.. On the other hand, let ¢ be a dilution function with e-modulus and F}
the set of all (1-)random sequences. Then, according to Corollary 4, B(F}) C Fr.
Since F) has positive, finite 1-dimensional measure, $(F;) has positive, finite
e-dimensional measure. Thus e = dim@(F;) < dim F..

To show that the e-dimensional measure of F. is infinite, we find an infinite
family of pairwise disjoint subsets of F; for which the e-dimensional measure of
every set of the family is bounded from below by the same positive constant.
Let a,b € X, a# band k: IN — IN. For every w € X* and = € X the function
©; is defined as follows: p;(e) = e and

' _ gpi(w)ak““")m Sif Jw| #£ 4
pilwe) = {sﬁi(w)bk(w)x Al jw| =1

Here the function k is to be defined in a way that all ¢; become computable
functions with e-modulus. Since ¢ < 1, the set K := {i | k(i) > 0} is infinite.
Moreover for all 4,5 € K, i # j, the sets ;(X“) and %;(X*) are disjoint.
Lemma 2 shows that there is a constant ¢ > 0 such that L.(g;(F1)) > ¢ for
every i € IN. Now we obtain

Le(F) 2 Le(|J #i(F1)) = ) Le(9:(F1)) = o0.

ieK ieK
4 Complexity Bounds for w-power Languages

In [8] for certain w-power languages a necessary and sufficient condition to be
of non-null a-dimensional Hausdorff measure was derived. In this respect, for a
language V' C X*, the a-residue of V' derived by w, the value ZvGV/w relvl,
plays a special role.
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Theorem 4 ([8]). Let V. C X* be a prefivx code and ), r=elvl = 1. Then
a =dim V¥, and, moreover IL,(V*) > 0 if and only if the a-residues of V' are
bounded from abowve.

Thus in view of Theorem 2 such V* contain sequences ¢ having a linear lower
complexity bound a-n — c. It is interesting now to observe that bounding the a-
residues of V' from below yields a linear upper bound of slope « on the complexity
of w-words in the closure C(V¥).

Lemma 3. Let V C X* be a computably enumerable prefix code. Let o be right-
computable such that ), r=ll = ¢ <1 and the a-residues of V derived by
w € pref(V) are bounded from below. Then there is a constant ¢ such that for
every £ € C(VY)

KA(£[0..n]) <a-n+c.

Proof. In the same way as in the proof of Lemma 3.9 of [10] we construct a
left-computable semi-measure p such that p(w) > c¢-r~* 1"l and use Eq. (1).
We have only to ensure that the construction works also in the case a < 1. The
construction is as follows.

0 ,if w ¢ pref(V*)
) e vl if w € pref(V)
ﬂ(w) =3 —elwl ifw e v (4)
M(U)'M(U) ,ifw:u-vwithueV-V*/\Uepref(v)\v

Since V is a prefix code, the decomposition in the last line of the construction
is unique. The equation u(w) = > .y p(wz) for every w € pref(V) \ V fol-
lows directly from the second case of the construction. For w € V we have the
inequality

> plwa) = p(w) - >0 > el = pw) -y e = p(w) - a < p(w) (5)

rzeX zeX xveV veV

The inductive construction in the last line yields the inequality in the remaining
cases. To show that pu is left-computable we successively approximate the value
wu(w) from below. Let V; be the set of the first 7 elements in the enumeration of
V and o; the ith approximation of o from the right. We start with (%) (w):=0
and u(j)(e) =1 for j > 0. Suppose that the jth approximation ;) for all words
shorter than w is already computed. If there is a v € V; with w = v-w', W’ # e,
then p) (w) = p@ (v) - u) (w'). Otherwise pt) (w) = Zvevj/\w;v reslvl

Let ¢ips := inf {ZUGV/U) ol | w e pref(V)}. Since 4 is a left-computable

semi-measure, the following inequality holds true.

M(w) - ¢, > p(w) = r=olvh N ekl > pmalel g
veV/w

Taking the negative logarithm on both sides of the inequality we obtain KA (w) <
a - |w| + log C% for every w € pref(V*).
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The following example shows, that in Lemma 3 we cannot omit the condition
that the a-residues are bounded from below. To this end we use a computable
prefix code constructed in Example (6.4) of [7].

Ezample 2. Let X={0,1} and consider W := (J;op0""' - 1 - X*F1. 04iF3,
The language W is a prefix code. Its w-power, W% satisfies a = dim W« =
dim C(W*) = 3 and Lo (W*) = Lo (C(W¥)). For every w € (J; e 0771 - 1+ X
we have W/w = {0*""3}. Thus 35, iy, rrelvl = pme(4943) and, consequently,

inf{ZvGW/w TﬁaVI’Ul ‘ w e pref(W)} = 0
Now, in Eq. (6.13) and Proposition 6.15 of [7] it is shown that
SUP¢cw e limsupn—wo W > % > % = dim W¥.

In connection with Theorem 4 our Lemma 3 yields a sufficient condition for
w-powers to contain oscillation-free a-random w-words.

Corollary 5. Let V C X* be a computably enumerable prefix code and o right-
computable such that ), r=ll = 1 and the a-residues of V derived by w €
pref(V) are bounded from above and below. Then there is an oscillation-free
ML-a-random w-word in V¥.

The results of Section 3.2 of [10] show that Corollary 5 is valid for prefix codes
which are regular languages. The subsequent example verifies that there are also
non-regular prefix codes which satisfy the hypotheses of Corollary 5.

Ezample 3. Let X = {0,1} and consider the Lukasiewicz language L defined by
the identity L = 0U 1- L2 This language is a prefix code and Kuich [3] showed
that >, o 271wl = 1. Thus the language V defined by V = 00U 11 - V2 is also

a prefix code and satisfies ) 2-zlwl =1, By induction one shows that for

v € pref(V) we have V/v = w' - V¥ for suitable k € IN and |w’| < 1. Therefore
the a-residues of V' derived by v € pref (V') are bounded from above and below.

For the monotone complexity Km a result similar to Lemma 3 can be obtained
for a smaller class of w-languages. We start with an auxiliary result.

Proposition 1. 1. If V is computably enumerable and ) r=ll =1 then
« s left-computable.

2. If V is computably enumerable, o is right-computable and ), ., roelvl =1
then V is computable.

Proof. The proof of part 1 is obvious. To prove part 2 we present an algorithm
to decide whether a word w is in V' or not.

Let V; be the set of the first j elements in the enumeration of V' and «; the
jth approximation of « from the right.

Input w
7j:=0
repeat
j=73+1

if w € V; then accept and exit
s —aj|w| —a|v|
until r—% +Zv€vjr v >1
reject
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If w ¢ V then the repeat until loop terminates as soon as Zuevj il >

— oyl — pafw] —ay v ‘
1—pr Wl >1—7r because Zuevj r="l — 1 for j — oo.
Now we can prove our result on monotone complexity.

Lemma 4. Let V C X* be a computably enumerable prefix code. If o is right-
computable such that ) r=ll =1 and the a-residues of V derived by w €
pref (V) are bounded from below then there is a constant ¢ such that for every
gec(vy)

Km(£[0..n)) <a-n-+c.

Proof. Because of Proposition 1 we can assume that o is a computable real
number and V' is computable. We use Eq. (4) to construct p as in the proof of
Lemma 3. Since a = 1, equality holds in Eq. (5). Thus p is a measure and for
every v € V* the number p(v) is computable. Since V is a computable prefix
code, for every w € X* we can compute the unique decomposition w = v - w’
with v € V* and w’ ¢ V - X*. Now

ww) =p)- (1= 3 el
v’ eV AwlZvv’

shows that u is right-computable. If w’ ¢ pref (V) then the last factor is zero.
Again let ciyp := inf {ZUEV/w rreltl ) w e pref(V)}. In view of Corollary 2
we get the bound
Km(w) < —log p(w) + ¢, < a- Jw| + ¢, — 10g cing

for every w € pref(V*).

5 Plain Complexity

In this section we prove results analogous to Lemma 3 for the complexity KS.
First we derive a preparatory result. A similar lemma, for length-conditional
plain description complexity, is known from [7, 13].

Lemma 5. Let W C X* be computably enumerable, €, 0 < € < 1, be a com-
putable real number and let |W N Xl\ <c-retl for some constant ¢ > 0 and all
l € IN. Then

3C(C e NAVw(w € W — KS(w) < e - |w| + C))

Proof. Let X = {0,1,...,r — 1} consist of r letters. Since ¢ is computable,
g(n) := [Z] is a computable function. Define a partial computable function
w: X* — X* as follows.

©(0%1v) := the vth word of length g(|v|) — k in the enumeration of W . (6)
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Here we interpret a word v € X™ as a number between 0 and 7™ — 1.
As W has at most < (o) words of length [, this enumeration process yields
{p(0F1v) : v € X"} D WNX'assoonasn > e-(lo+g(n)—k) = e-g(n)—e-(k—lo).
Hence, KS(w) < e - |w|+ O(1) for all w € W.

In order to apply Lemma 5 to languages V satisfying the conditions of Lemma 3
we show that a positive lower bound to the a-residues of V' implies the upper
bound |pref(V*) N X!| < ¢-r*! for some constant ¢ > 0 and all [ € IN.

Lemma 6. Let V C X* be a code, ), r=elvl <1 and Zvev/w rrell > ¢ >

0 for all w € pref(V). Then |pref(V*) N X!| < c-r®! for some constant ¢ > 0
and all | € IN.

Proof. First observe that w € V* if and only if w € V! for some I < |w|. Thus
pref(V*) N X! = pref(V!) n X'
Let a := Y, ., 2"l Since V' is a code, we have a! = Y, i rell =

—al —
E|w|:l,w€pref(V*)<T Of ’ ZveVl/w r MU') ]
Now, Vl/w D VIiZtetl oy’ O (V/w' - V=% where w = vy - -+ v;, 1 - w' with
v; € V and v’ € pref(V).
Thus, 3,y 7 > 30y r7 a7l > -l e > -l and we

obtain a! > r=*!. |pref(V*) N X!| - ¢ - a! what proves our assertion.

Now, the fact that pref(V*) is computably enumerable if only V' is computably
enumerable yields our result.

Lemma 7. LetV C X* be a computably enumerable code, o be right-computable
and Y cy rrell = o < 1. If inf{Zvev/w el | w e pref(V)} > 0 then

there is a constant ¢ such that

KS(£[0..n]) < a-n+ ¢ for every £ € C(VY).
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Abstract. We define the computability of probability distributions on
the real line as well as that of distribution functions. Mutual relation-
ships between the computability notion of a probability distribution and
that of the corresponding distribution function are discussed. It is car-
ried out through attempts to effectivize some classical fundamental the-
orems concerning probability distributions. We then define the effective
convergence of probability distributions as an effectivization of the clas-
sical vague convergence. For distribution functions, computability and
effective convergence are naturally defined as real functions. A weaker
effective convergence is also defined as an effectivization of pointwise
convergence.

1 Introduction

In this article, we investigate computability aspects of probability distributions
on the real line R in relation to their distribution functions. We will proceed as
follows.

In Section 2, we briefly review some elementary notions of computability
on the real line and some fundamentals of the classical theory of probability
distributions on the real line.

In Section 3, we define the computability of probability distributions as well
as that of distribution functions. Our central interest is the relation between
those two computabilities. Meanwhile, we prove that the “vague sequential com-
putability” is equivalent to the “weak sequential computability” for probability
distributions.

In Section 4, we consider mutual relationships between effective convergence
of probability distributions and that of distribution functions. If we restrict our-
selves to the case where a probability distribution has a bounded density func-
tion, then the corresponding distribution function becomes effectively uniformly
continuous, and we can prove the equivalence of the two effective convergences.
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In the general case, we need to define notions of computability and effective
convergence for bounded monotonically increasing right continuous functions.
Such a function may be discontinuous at most countably many points.

Computability of the probability distribution has been treated by many
authors. For example, Weihrauch ([10]) and Schréder and Simpson ([9]) have
treated computability of probability distributions on the unit interval from the
stand point of the representation theory. We develop a theory along the Pour-El
and Richards line.

2 Preliminaries

Here, we briefly review the introductory part of the computability theory on
the real line developed by Pour-El and Richards [6] as well as some basics of
probability distributions on the real line. A sequence of rational numbers {r,} is
said to be recursive if there exist recursive functions o, 8 and  such that r,, =
(71)7(")%. A sequence of real numbers {z,, ,} is said to converge effectively
to {x,, } if there exists a recursive function a(m, k) such that n > a(m.k) implies
[T — Tm| < 27F. A sequence of real numbers {z,,} is said to be computable
if there exists a recursive double sequence of rational numbers, which converges
effectively to {x,}.

We adopt the definition of computability of continuous real functions by
Pour-El and Richards in Chapter 0 of [6].

A sequence of (real) functions { f,,, } is said to be computable, if it is (i) sequen-
tially computable, that is, {fn(2,)} is computable for all computable sequences
of reals {z,}, and (ii) effectively continuous, that is, there exists a recursive
function a(m,n, k) such that z,y € [-n,n] and |z —y| < 27¢("™F) imply
|[fm(z) = fin(y)] < 27%. a(m,n, k) is called an effective modulus of continuity of
{fm}-

A sequence of (real) functions { f,,} is said to be uniformly computable, if it
is (i) sequentially computable and (ii) effectively uniformly continuous, that is,
there exists a recursive function a(m, k) such that |z — y| < 27(™F) implies

|fm(x) - fm(y)\ < 2k,

For a probability distribution p on the real line R, its distribution function
F is defined by F(z) = p((—o0,z]). Such a distribution function is characterized
by the following three properties: (i) monotonically increasing; (ii) right con-
tinuous; (iii) F(00) = limy_yo0 Fi(z) = 1 and F(—o0) = lim,,_o F(z) = 0. A
distribution function may be discontinuous, but the set of discontinuous points
is at most countable.

It is well known that the above correspondence between probability distri-
butions and distribution functions is one to one and onto.

In the following we denote the integral with respect to a probability distri-

bution g, [, f(x)p(dz), with p(f).

Let {un} be a sequence of probability distributions on R and let p be a
probability distribution on R with corresponding distribution functions {F,}
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and F respectively. Convergence of {u,} to p is defined to be the convergence
of {un(f)} to u(f) for all continuous functions with compact support. This
convergence is called vague convergence and is equivalent to each of the following
convergences.

Weak convergence: {pn(f)} converges to p(f) for all bounded continuous
functions f on R.

Convergence of distribution functions: {F,(x)} converges to F(x) at every
continuous point x of F(x).

We refer the reader to [1], [3], [4] and [7] for details of fundamentals of
probability theory.

Since we adopt the notion of computability of functions by Pour-El and
Richards, we will plan to confine ourselves to continuous distribution functions.
A sufficient condition for continuity of a distribution function is the following.

Definition 1. (Absolute continuity of probability distributions) A probability
distribution p is said to be absolutely continuous if there exists a nonnegative
integrable function &(x) which satisfies that u(A) = [, &(x)dx for all measurable
set A C R.

The function £ is called a density (function) of p. We also say that the
corresponding distribution function F has a density &.

Remark 1. If p is absolutely continuous, then the corresponding distribution
function F is continuous, and equalities u([a, b]) = u((a,b]) = u([a, b)) = u((a, b))
= F(b) — F(a) hold.

3 Computability of probability distributions

In this section, we define the computability of probability distributions on R and
discuss its relation to the computability of distribution function.

Let {f.} be a sequence of continuous functions with compact support. We
say that {f,} is a computable sequence of functions with compact support if
it is a computable sequence of functions in the sense of Pour-El and Richards
and furthermore there exists a recursive function K (n) such that f,(z) = 0 if
|z| > K(n).

We obtain the following lemma.

Lemma 1. A computable sequence of functions with compact support is uni-
formly computable.

Proof Let {fn} be a computable sequence of functions with compact support
with respect to recursive functions a(m,n, k) and K(m).

Define B(m, k) = a(m, K(m),k + 1) and assume that |z — y| < 278(m:k).,

If both z and y are in [—K (m), K(m)], then it holds that |f.,(z) — fi(v)] <
2~ (k+1); otherwise, one of them, say, x is in [~ K (m), K(m)] and the other, say,
y is not in [—K(m),K(m)]. Then y < —K(m) < x or y > K(m) > z and
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|z + K(m)| < 27P0mF) or |2 — K(m)| < 278k accordingly. So, |fm(z) —

fn@| = fm(@) = fn(£K(m))] < 27%, since frn(y) = fn(£K(m)) = 0. This
proves that { f,,} is effectively uniformly continuous with respect to 8(m, k). O

Definition 2. (Computability of probability distributions) We say that a se-
quence of probability distributions {um} is computable if it satisfies the following
vague sequential computability: {p,(fn)} is computable for all computable se-
quence of functions with compact support {fn}.

Remark 2. If we regard the integral u(f) as a function on the set of all bounded
continuous functions Cp(R) with sup-norm || ||, Definition 2 only asserts sequen-
tial computability. For a probability distribution u, it holds that |u(f) — u(g)| <
w(lf —gl) < ||If — g]|- This makes p(f) effectively uniformly continuous as a
function on Cp(R).

Let a and b with a < b be computable numbers. For a computable function

f on the interval [a,b], its definite integral f; f(z)dz is a computable number
(cf. [6]). We can generalize this fact as follows.

Proposition 1. Let {a;} and {by,} be computable sequences of reals with a,, <
b, for each m, and let {f,} be a computable sequence of functions on R. Then,

{f::: fn(x)dz} is a computable (double) sequence of real numbers.

This proposition yields that, if a sequence of distributions has a computable
sequence of density functions, then it is computable and the corresponding se-
quence of distribution functions is also computable.

We frequently use the following Lemma.

Lemma 2. (Monotone convergence [6]) Let {xy 1} be a computable sequence
of reals which converges monotonically to {x,} as k tends to infinity for each n.
Then {xzn} is computable if and only if the convergence is effective.

We say that a sequence of functions {f,} is effectively bounded if there
exists a recursive function B(n) such that |f,(z)] < 2B for each n,z € R.
We give some examples of probability distributions which have bounded density
(Example 1).

Proposition 2. If {u,,} is vaguely sequentially computable, then it is weakly
sequentially computable, that is, {pm(fn)} is a computable sequence for all ef-
fectively bounded computable sequence of functions {f,}.

Proof. Let {f,} be an effectively bounded computable sequence of functions
with an effective bound B(n), and define g,(z) by:
if < —0—-1
x+0)+1 —4-1<z< 4
if —f<x</t
—(x—0)+1if L<x<l+1
0 if x>0+1.

_— o

ge(x) =
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ge

0
—4—-1 -/ £ +1

It is obvious that {g,} is a computable sequences of functions with compact
support.

Since g; T 1 pointwise, p,,(g¢) T 1 as £ tends to infinity by the bounded
convergence theorem for each m, where T means monotonically increasing con-
vergence. Moreover, {um,(g¢)} is a computable sequence of reals by vague se-
quential computability of {,,} and the limit 1 is a computable number. So,
the convergence of pi,,(ge) to 1 is effective by Monotone Convergence Lemma 2.
Therefore, we obtain a recursive function N (m, k) such that pi,,, ([—¢—1, £+1]¢) <
1 — ptm(ge) <27 if £ = N(m, k), where A® denotes the complement of the set
A.

On the other hand, {um(fnge)} is a computable triple sequence of reals and
|Mm(fn) - /Jm(fngf+1)| = |j}_5_175+1]c(1 - gZ+1) fn /Jm(dx”
<280 ([0 —1,0+1])9) < 27F

if £ > N(m,B(n)+ k). This means that {p,(fnge)} converges effectively to
{ttm (frn)}. Hence {pm(frn)} is a computable sequence of reals. O

Proposition 3. For a sequentially computable sequence of distribution func-
tions {F,,}, effective continuity implies effective uniform continuity.

Proof. By sequential computability of {F,,}, {F.(n)} and {F,,(—n)} are
computable sequences of reals. Since, F,,,’s are distribution functions, F,,(n) 11
and F,,(—n) | 0 as n tends to infinity for each m. By Lemma 2, there exists a
recursive function N(m, k) such that 1 — F,,,(z) < 1 — F,,(N(m,k)) < 27% for
x> N(m,k) and F,(z) < F(—N(m, k)) < 27% for x < —N(m, k).

On the other hand, effective continuity of {F,,} implies that there exists a
recursive function a(m,n, k) such that x,y € [-n,n] and |z — y| < 27 a(mnk)
imply | Fon () — Fn(y)] < 2°*.

If we put B(m,k) = a(m,N(m,k + 2),k + 2) and assume that |z — y| <
2-B8(m:k) “then the following four cases are possible.

The first case: Both = and y are in [-N(m, k4 2), N(m, k+2)]. In this case,
[Fon(2) — F(y)] < 2~ 42,

The second case: Both x and y are in (N (m, k+2), 00). In this case, |Fp,(z) —
Fn)] < 1 = Fun(@)| + 1 = Fu(y)] < 2 51,

The third case: Both z and y are in (—oo, —N (m, k+2)). In this case, |Fp, (z)—
Fun(y)] < [Fn(@)] + [Frn(y)] < 2~ 4D,

The last case: One is in [-N(k + 2), N(k + 2)] and the other is not. Suppose
x < —N(k+2) <y, then

Fun(®) = P ()] < |Fon(@)] + [Fon (=N (k + 2))| + [Fon (=N (k +2)) = P (1)
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<327 <97k,
Therefore, we have shown that {F,,} is effectively uniformly continuous with
respect to B(m, k). O

Theorem 1. If a sequence of distribution functions {F},} is sequentially com-
putable, then the corresponding sequence of distributions {f,,} is computable.

Proof. We prove that u(f) is computable if f is a computable function with
compact support. For such a function f, there exists an integer m such that
f(z) =0if |z| = m.

Put
gp(x) = f(_m + 2_p)X[—m,—m+2*P] (-T) ’

1 F(E+1)27P) X (ga-v (04 1)) ()
Then, ,U(gp) = f[,m,m] gp,u(dcc)

=30 fem 4 (C 4 1)27P) (F(—m 4 (0 +1)27P) — F(—m + £277))
form a computable sequence of reals by sequential computability of F'.

By Lemma 1, f is uniformly computable. So, there exists a recursive function
a(k) such that | f(z)— f(y)| < 27% if jz—y| < 27**). We note that {g,} converges
effectively uniformly to f. More precisely, if p > a(k), then ||f — g,|| < 27*.

Therefore, for the above a, p > a(k + 1) implies

u(f) = 1(gp)l <IIf = gpll <27,

This proves the effective convergence of {u(g,)} to p(f), and hence, u(f) is

computable. The proof goes through for a sequence {F,,}. a

If a probability distribution has a bounded density £ with a bound M, then
the corresponding distribution function F satisfies |F'(b)— F(a)| = | fj &(x)dx| <
M]|b — al. So, we obtain the following lemma.

Lemma 3. If a sequence of densities of probability distributions is effectively
bounded, then the corresponding sequence of distribution functions is effectively
uniformly continuous.

From the lemma above follows that, if a sequence of probability distributions
has an effectively bounded sequence of densities, then uniform computability of
the corresponding sequence of distribution functions is equivalent to sequential
computability.

In the rest of this section, we assume the existence of bounded densities.

Proposition 4. Let {y,} be a computable sequence of probability distributions
which has effectively bounded densities. Then the corresponding sequence of dis-
tribution functions {F,,} is sequentially computable.

Proof. We prove that a single distribution function F' is uniformly com-
putable if the corresponding probability distribution u is computable and there
exists an integer M such that |(z)] < M for all z, where & is a density of p.

By Lemma 3, F is effectively uniformly continuous.
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We prove that F(c) is computable if ¢ is computable. First, we define the
functions {g,} by

1
1 if z<e¢ g
n
gn(@) =% —n(z—c)+1if c<z<c+1
: 1
0 if rTZc+ o 0 %
c c—l—%

Then, {g,} is a computable sequence and the following classical properties hold:

{gn} is monotonically decreasing, that is m < n implies g, (z) > gn(x) for
all .

F(e) < pulgn) < Fle+ 1),

F(c) = limy,_, 0 pt(gn) holds by the bounded convergence theorem.

On the other hand, {u(g,)} is a computable sequence of reals by the assump-
tion and Proposition 2.

We obtain 0 < u(g,) — F(c) = fCCJr% gn(2)€(x)dr < M.

Therefore, the convergence of u(gy,) to F(c) is effective, and hence F(c) is
computable.

This proof is also valid for a sequence {c,}. The entire argument can be
extended to a sequence {jm, }. O

We obtain the following theorem by Theorem 1, Lemma 3 and Proposition
4.

Theorem 2. If a sequence of distributions {u,} has effectively bounded den-
sities, then the computability of {u,} is equivalent to the uniform computability
of the corresponding sequence of distribution functions.

Ezample 1. In this example, pu denotes a probability distribution on R, F' de-
notes the corresponding distribution function and £ denotes the corresponding
density.

(1) Uniform distribution on [0, 1]:

0if <0
£(r) = xpoy(z); Fle)=qzif 0<z<1.
1if z>1
&(x) is bounded, but not continuous. On the other hand, F'(x) is continuous

and indeed uniformly computable. ) ,
(2) Gaussian distribution: £(z) = ——e~2% | F(z) = \/% I e Y dy.

Va2r
(3) Exponential distribution: {(x) = e %, F(z) =1—e 7.
In (2) and (3), both £ and F' are computable. O

Ezample 2. (Translated Unit Distribution) The translated unit distribution o,
is defined by

su(4) = {

The corresponding distribution function is

1if ce A
0 otherwise *
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F(x) = Xje,00) () = {(1) Ez ; 3 '

The translated unit distribution is computable if ¢ is a computable number.
Its distribution function is not continuous. O

4 Convergence of probability distributions and
distribution functions

We define effective convergence of probability distributions as an effectivization
of classical vague convergence of probability distributions.

Definition 3. (Effective convergence of a sequence of probability distribu-
tions)

A sequence of probability distributions {um,} is said to effectively converge to a
probability distribution p if {pm(fn)} converges effectively to {u(fn)} for any
computable sequence of functions with compact support {f,}.

It is well known that the set of all uniformly computable functions on a closed
interval [a, b] is dense in the set of all continuous functions on [a, b] for any pair of
computable numbers a and b with a < b. So, effective convergence of a sequence
of probability distributions implies classical vague convergence.

The following proposition follows immediately.

Proposition 5. If a computable sequence of probability distributions {u,} ef-
fectively converges to a probability distribution w, then u is computable.

Proposition 6. Let {u,} be a computable sequence of probability distributions
and let p be a computable probability distribution. If {u,} converges effectively
to w, then {um} effectively weakly converges to p, that is, {pm(fn)} converges
effectively to {u(fn)} for all effectively bounded computable sequence of functions

{fn}-

Proof. We prove that {u,(f)} converges effectively to {u(f)} for a bounded
computable function f. For such f, there exists an integer M which satisfies that
|f(x)| < 2M for all x.

Let us take a computable sequence of functions {g,} with compact support
which is defined in the proof of Proposition 2. Then, we obtain a recursive
function N (k) which satisfies that u([—¢,¢]°) < 1 — u(ge—1) < 27F for £ >
N (k). Moreover, by effective convergence of {pm(g¢)} to {1(ge)}, there exists a
recursive function a(¢, k) such that m > a(¢, k) implies | (g¢) — p(ge)| < 27F.

Therefore, we obtain 1 — pu(gn)) < 27" and m > (N (k), k) implies |1 —
tm (N ()] < N (9n (k) — 1(gn )|+ 11— mlgn )| < 2-27F.

On the other hand, since {fgs} is a computable sequence of functions with
compact support, {um(fge)} converges effectively to {u(fge)}. So, there exists
a recursive function 3(¢, k) such that |, (fge) — u(f ge)| < 27F for m > B(¢, k).

Therefore, m > B(N(k), k) implies i (fgn) — n(fanw))| < 275
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If we take j = k+ M +2 and assume m > max{a(N(j),J), B(N(j), )}, then

|l () = p(f)]
< Npm (f) = pm(Fan)) + lm (Fang)) — m(fane))]
+Hu(f) = ulfang)l
<2M(1 = pm(gn ) + lm (Fane)) — 1(fang)] + 2M (1 = ulan()))
< 9.9 (k+2) + 9—(k+2) + o—(k+2) _ 2’*“.

This proves the effective convergence of {p,(f)} to u(f). O

Definition 4. (Effective pointwise convergence of functions)

A sequence of functions {F,,} is said to converge effectively pointwise to
a function F if {F,,(x,)} converges effectively to {F(x,)} for all computable
sequence {x,}.

By definition, the following proposition holds.

Proposition 7. For a computable sequence of functions {Fy,}, if it converge
effectively pointwise to a function F, then F is sequentially computable.

By Lemma 3, the existence of density of F' implies the effective uniform
continuity of F. So, we obtain the following proposition.

Proposition 8. Let us consider a sequentially computable sequence of distribu-
tion functions {F,,} and a distribution function F. If {F,,} converges effectively
pointwise to F, then the sequence of corresponding probability distributions { iy, }
converges effectively to p.

Proof. We follow the classical proof and prove that p,,(f) converges effec-
tively to u(f) for a computable function with compact support f. By Lemma
1, f is uniformly computable. So, there exists a recursive function «(k), which
is an effective modulus of uniform continuity of f. We also obtain an integer N
such that f(z) = 0 if |z| > 2V and an integer B such that |f(z)| < 28 for all z.

Define f,(z) = Z?Ziwul FE27")X((-1)2-n 2 ().
Then, Mm(fn) = 23:32N27L+1 f(j2_”)(Fm(j2_") - Fm((] - 1)2_n))

Non

and () = 2 n g FG27)(F(j27) = F((j = 1)27) hold,

We note that each of the right-hand sides of the last two equations forms a
computable sequence of reals.

By the definitions of f,, and «, |f(z) — far)(z)| = |f(z) — f(j27®)| < 27k
if € ((j —1)27k) j2-a)],
Hence7 we obtain ‘.um(foc(k)) - ,um(f)‘ < 27k and |M(foc(k)) - :u(f)| < 27k,

By effective pointwise convergence of {F,,} to F, there exists a recursive
function B(k,n,j) such that m > B(k,n,j) implies

|Fn(5277") = F(j27™) < 27",

Define k = N +1+ B+ a(k+3) + k+ 3 and

v(k) = max{B(k, a(k + 3),0),..., Bk, a(k + 3),2N+12a(k+3))1
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Assume m > (k). Then,

L (f) — n(f)]
< pm (fare3)) — p(fa@r)| + [0(fass) — p(f)]
Hpm (fakrs)) — #m (f)]

Noa(k+3) ) . '
< T2 s o (G20 | By (j2- 003 - F(jamol))

H G2 F((G - 1)2700) — P((G - 1272 H)|}
+2.27(+3)
g 2(2N+12(1(k+3))232—]; +9. 2—(k,+3) < 2_k.

This proves the effective convergence of {1, (f)} to u(f). O

Proposition 9. Let us consider a computable sequence of probability distribu-
tions {m} and a computable probability distribution p with a bounded density.
If {um} converges effectively to p, then the sequence of the corresponding dis-
tribution functions {F,,} converges effectively pointwise to F, the distribution
function corresponding to u.

Proof. We prove that {F),,(c)} converges effectively to F'(c) if ¢ is computable.
Let us define h,,(x) by

1 if:céc—%
ho(z) ={ —n(z—c)if c—L<z<e
0 if x>c¢
1 1
hoy gn Gn — hn
0 } 0
c—% c c—|—% c—% c c—i—%

It holds that hy,(2) < X(—oo,q(®) < gn(x), where g, is the function defined
in the proof of Proposition 4. Hence, we obtain u(h,) < F(c¢) < u(g,) and
,Um(hn) < Fm(c) < ,Um(gn)-

Meanwhile, {g,} and {h,} are effectively bounded computable sequences
of functions if ¢ is a computable real. Hence, by Proposition 6, {um,(h,)} and
{tm(gn)} converge effectively to p(h,) and u(g,) respectively as m tends to
infinity. So, there exists a recursive function «(n,k) such that m > a(n,k)
implies |1 (hy) — p(hn)| < 277 and | (g,) — p(gn)| < 275
Hence, m > a(n,k) implies pu(h,) — 27% < pim(hn) < Fu(c) < pim(gn) <
1(gn) + 27k,

On the other hand,
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0 ifxéc—%

_Jn@—-c+1 if c—%gxgc

gn(@) = hn(2) = —n(x —c)+1if céxéc—i—%'
0 ifx}c—i—%

If we take an integer M such that 2 is a bound of a density of g, then
w(gn — hpn) < % If we put N = 28M+2 ‘then yu(gn — hy) < 27 %D, Hence,
we obtain p(hy) > F(c) — 2=% D and u(gy) < F(c) + 2= *+D . Therefore,
m > a(N,k + 1) implies |F,,(c) — F(c)| < 27*.

This proves the effective convergence of {F,,(c)} to F(c).

The argument above can be modified to a computable sequence of real num-
bers {c, }. O

In the case where p has a bounded density and {u,,} has effectively bounded
densities, we obtain the following theorem from Propositions 4, 8 and 9.

Theorem 3. Let us consider a computable sequence of probability distributions
{pm} with effectively bounded densities and a computable distribution p with
a bounded density. We denote their distribution functions with {F,,} and F
respectively. Then, {pm} converges effectively to p if and only if {F,,,} converges
effectively pointwise to F.

In the following examples, ., and u denote probability distributions, &,, and
¢ denote the corresponding densities (if they exist) and F),, and F denote the
corresponding distribution functions.

Ezample 3. Let p,, be the Gaussian distribution with mean % and variance

ﬁ and p be the Gaussian distribution with mean 0 and variance 1, that is,

VmFT  _mEl (132 1,2
gm(x) = WJ’;}L@ S (=) and g(x) = \/%e 3 .

{&mn} is computable and converges effectively to €. It also holds that |&,,(x)|,
|€(x)] < 1. So, the assumption of Theorem 3 holds. By virtue of the properties of
the densities, the effective convergence of {u,} to u and that of {F,,} to F are
the consequences of Effective Dominated Convergence Theorem (see [5]). O

Example 4. Let &, be defined as follows.

0 if 2< -1
1 . 1 1
Trt; if —L<a<lt
Em(z) = {1 if L<orgl—1L
R )R B 130 P g R
0 if 2>1+2L

{&mn} is a computable sequence with compact support, and {u,,} converges
effectively to the uniform distribution on [0, 1] (cf. Example 1(1)). Although the
density of the uniform distribution is not continuous, it is still bounded. So, the
assumption of Theorem 3 holds.

By the inequality | fR f(@)&m(x)dx — f]R f(x)f[o,l] (z)dz| < || f[|, we can prove
the effective convergence of {u,}, and hence of {F,,}. O
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Ezample 5. Let &, be defined as follows.

mé—%
n2x+n if —1<x<0
—n?z+nif 0<z< ’

0 ifx}%

3=

gn(x) =

1
n

{pn} converges effectively to the unit distribution dy, which does not have a
density. This is a case to which Theorem 3 cannot be applied. Indeed, F,(0) = %
but F(0) = 1. So, {F,,(0)} does not converge to F(0) = 1. O
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Abstract. We investigate the degree of discontinuity of several solution
concepts from non-cooperative game theory. While the consideration of
Nash equilibria forms the core of our work, also pure and correlated
equilibria are dealt with. Formally, we restrict the treatment to two player
games, but results and proofs extend to the n-player case. As a side
result, the degree of discontinuity of solving systems of linear inequalities
is settled.

Keywords. Game Theory, Computable Analysis, Nash Equilibrium,
Discontinuity

1 Introduction

Both for applications and theoretical considerations, the algorithmic task of
computing Nash equilibria from certain representations of games is of immense
importance. A natural mathematical formulation of game theory uses the real
numbers for payoffs and for mixed strategies, while classical models for algo-
rithms require a restriction to countable sets. By imposing suitable restrictions
and modifications to obtain countable problems, the complexity of computing
a Nash equilibrium for a normal form game was proven to be PPAD-complete
(1), [20).

Here we will use another approach: Instead of limiting the problem, we will
extend the theory of computation. While the TTE-framework ([3]) is perfectly
capable of formulating the task of computing Nash equilibria from normal form
games, we will see that even the most trivial cases are discontinuous, and hence
not computable.

To gain a deeper understanding of the problem, its degree of discontinuity will
be studied. Mirroring an approach in the study of game theory using classical
computational complexity, we will also examine other solution concepts such
as correlated equilibria. While correlated equilibria seem to be computationally
easier than Nash equilibria', we will prove that both concepts share a degree

L In [4] several decision problems regarding Nash equilibria and correlated equilibria
were compared, most of them turned out to be NP-hard for Nash equilibria and to
be in P for correlated equilibria.

Andrej Bauer, Peter Hertling, Ker-I Ko (Eds.)
6th Int’l Conf. on Computability and Complexity in Analysis, 2009, pp. 197-208
http://drops.dagstuhl.de/opus/volltexte/2009 /2271
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of discontinuity. Limitation to pure strategies yields a strictly less discontinuous
problem, the classical problem can be solved by a cubic algorithm?.

Due to space restrictions, most of the proofs are omitted here. A more com-
prehensive version including proofs is [10].

2 Preliminaries

2.1 Game Theory

An n x m bi-matrix game is simply given by two n x m real valued matrices
A and B. Two players simultaneously pick an index, row player chooses an
i €{1,2,...,n} and column player chooses an j € {1,2,...,m}. Row player gets
A;j as a reward, column player gets B;;. We consider several solution concepts
defined as equilibria, where no player has an incentive to change her strategy
unilaterally.

Definition 1. A pure equilibrium for a n x m bi-matriz game (A, B) is a pair
(i,5) € {1,...,n} x {1,...,m} satisfying A;; > Awj for all k € {1,...,n} and
B;; > By foralll € {1,...,m}.

As pure equilibria do not exist for all games, a more general notion is intro-
duced. If both players can randomize independently over their actions, one is led

to the definition of an m-mixed strategy as an m-dimensional real valued vector
m

s with non-negative coefficients and > s; = 1. The set of m-mixed strategies

Jj=1

will be denoted by S™.

Definition 2. A Nash equilibrium for an n x m bi-matriz game (A, B) is a pair
(#,9) € S™ x 8™ satisfying 2T Ay > xT Ag for all x € S™ and 2T By > 37 By
for ally € S™.

If (z,9) is a Nash equilibrium, again neither of the players can improve her
payoff by changing her mixed strategy unilaterally. A famous result by JOHN
NasH ([7]) established that Nash equilibria in bi-matrix games always exist.
By identifying a pure strategy with the mixed strategy that puts weight 1 on
it, pure equilibria can be considered a special case of Nash equilibria. An even
more general solution concept can be obtained by allowing the individual player’s
randomization processes to be correlated ([8]).

Definition 3. A correlated equilibrium for a n x m bi-matrix game is a real

n m
valued n x m matriz C with non-negative entries and », > C;j =1 so that
i=1j=1

Z AijCij > Z A;Cyj
j=1 j=1

2 There are, however, several interesting hardness results for finding pure equilibria in
games ([5], [6]), originating in other representations or requiring additional proper-
ties.
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holds for all i,1 € {1,2,...,n} and

Z B;;Ci; > Z B C;
i=1 i—1

holds for all j,k € {1,2,...,m}.

Given a Nash equilibrium (z,y), a correlated equilibrium can be constructed
as Cj; = x;y;, while each correlated equilibrium of this form can be obtained
from a Nash equilibrium, allowing us to consider Nash equilibria as special cases
of correlated equilibria. Thus, finding a correlated equilibrium has to be easier
than finding a Nash equilibrium, as we just presented a reduction.

Another way of creating an easier problem consists in a restriction of the
games used. A zero-sum game is a bi-matrix game of the form (4, —A).

2.2 Representing Games

In order to consider games as inputs to Type-2-Machines, they have to be coded
into infinite sequences. The choice of the countable alphabet used is irrelevant
for the theory, to simplify proofs we will use either {0,1} or N, depending on
the context. The degrees of discontinuity we study are those of the realizations,
that is of functions turning names of instances into names of solutions. Since all
occurring representations will be admissible, topological properties carry over
between sets of games and sets of names for games, etc.

As games in normal form are pairs of real matrices, and (possible) equilibria
pairs of real vectors (or again real matrices), one can quickly derive suitable rep-
resentations by using product and coproduct representations ([3], [9]), starting
from any representation of the real numbers.

The standard representation p of the real numbers is chosen for various rea-
sons; it is admissible and provides a convincing class of computable functions, in
contrast to some of the alternatives ([3], [11]). Additionally, as demonstrated in
[12], the representation p is equivalent to the representation naturally arising for
the results of repeated physical measurements. For defining p, we fix a bijection
v: N — Q with v(0) = 0, so that all the usual operations on Q are computable
w.r.t. v.

Definition 4. Let p(w) = x € R hold for w € N¥, if |v(w(i)) — x| < 27% holds
for alli e N.

Definition 5. Let w be a I'-name for the bi-matriz game (A, B), if

1. w=0"1"0ws, when (A, B) is an n x m game

we = (w®, wP), where { ) denotes the usual pairing function
a __ a a a a

W = <wgl, cowly wly, o wd )

W’ = (Wiy, .. Why, Wigy .o, Why)

plwg;) = Aij
. p(w)) = By

Representations for pure, Nash and correlated equilibria can be derived in
the same fashion. Detailed definitions are omitted here.

S i o e
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2.3 Comparing Discontinuity

As games can have multiple equilibria, we do not consider a function assigning an
equilibrium to each game, but rather a multi-valued function. We will identify
a multi-valued functions with the set of its choice functions. To compare the
discontinuity of such sets, Type-2-Reducibility as studied in e.g. ([14], [15], [16],
[17], [25], [18], [9]) is used, as well as the Level of a function (or a set of functions),
introduced in [17].

We use the following definition of Type-2-Reducibility:

Definition 6. Let A, B be multi-valued functions. Then A <5 B holds, iff there
are continuous partial functions F, G with w — F(w,g(G(w))) € A for each
geB.

As demonstrated in [9] (for suprema) and [13] (for infima), <5 induces a com-
pletely distributive complete lattice. We use [P, ] en to denote the supremum of
a countable family (P,)nen. This allows to consider the degree of discontinuity
of finding equilibria in any game as the supremum of the degrees of discontinuity
of finding equilibria in games with fixed size.

As the Level will play only a minor role in our considerations, we refer to [9]
for definitions.

3 Single Player Games and Pure Equilibria

From the perspective of game theory, single player games are trivial: The acting
player chooses whatever action is best for her. As a discrete computation prob-
lem, this amounts to finding a maximum in a list of integers, a task that can be
solved in linear time or logarithmic space. As the problem posed over the reals
is discontinuous, we will study the problems 1PURE,, and 1PURE of finding pure
equilibria in single player games with n actions and without fixed game sizes. It
shall be noted that single player games can be identified with n x 1 bi-matrix
games, justifying their inclusion.

As every n x 1 bi-matrix game has a pure equilibrium, and C;; > 0 can
only hold in a correlated equilibrium C, if the entry A;; is maximal in A (and
thus (i, 1) is a pure equilibrium), finding pure, Nash and correlated equilibria is
equivalent for single player games, so the restriction to pure equilibria does not
invoke any loss of generality.

The degree of discontinuity of 1PURE,, turns out to be equivalent to an-
other family of problems, M LPQO,,, introduced in [14] as generalizations of the
lesser limited principle of omniscience (LPO) studied in constructive mathemat-
ics ([19)).

Definition 7. A function f : {(p1,...,pn) € N | 3i < n p; = N} —
{1,2,...,n} s in MLPO,, if it fulfills pg = OV for all valid
(p17p27"'7p71)'

P1,D2,+++,Pn)

Theorem 1. M LPO,, =5 1PURE,,
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In the next step, we extend the scope of consideration to finding pure equilib-
ria in arbitrary bi-matrix games. The relevant problems are PURE,,,,, where the
size of the game is restricted to n x m, and the general case denoted by PURE.
For obtaining results, reducibility to M LPO,, shall be expressed by a partition

property:

Lemma 1. Let H be a multi-valued function defined on a strongly zero-
dimensional metrisable space® X. Then H <o MLPO,, holds, iff there are n

n .
closed sets A;, i <n with X = |J Ai, so that for each i < n, there is an f* € H
i=1
so that f"'Ai is continuous.

Theorem 2. PURE,,, <o MLPO,,m,-

Proof. Given an n X m bi-matrix game (A, B), the condition for the pair (4, 5)
to be a pure equilibrium is A;; > Ag; and By; > By for all k < n, | < m.
This implies that the set P = {(A, B) | (,4) is an equilibrium of (A, B)} C
R™ x R™™ is closed. Due to the admissibility of I', the set of corresponding
names for the games is also closed. As the set of n x m bi-matrix games which

have a pure strategy equilibrium is the union |J P¥ | an application of

i<n,j<m
Lemma 1 yields the claim.

Corollary 1. 1PURE =, PURE.

Proof. As both problems are the respective limits, considering Theorems 1 and
2 is sufficient.

The same reasoning used to establish the equivalence of finding pure strate-
gies in 1 player games and in 2 player games can directly be extended to any
finite number of players. While Nash and correlated equilibria have the same
degree of discontinuity as pure equilibria in single player games, we will continue
to show that a higher degree of discontinuity emerges in the two player case.

4 Nash and correlated equilibria in bi-matrix games

We will now consider Nash and correlated equilibria in bi-matrix games. The
problems CORRy,,,, and NASH,,,,, are the fixed size versions, CORR and NASH the
general problems. An additional dimension of the problem is whether the games
are zero-sum, yielding the problems ZCORR,,, ZNASH,,,,, and the corresponding
general problems. Straight-forward reasoning yields the reductions:

ZCORRy <2 CORRpyn <92 NASH,.,  ZCORRy,ym <o ZNASH,., <o NASH,,

3 Examples for such spaces are {0,1}" and N" with their standard topologies. A brief
characterization of strongly zero-dimensional metrisable spaces can be found in [9],
for details we refer to [17] and [20].
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4.1 The discontinuity of robust division

Similar to M L PO,, being representative of the kind of discontinuity we face when
searching for pure equilibria, we will start with considering division, which will
turn out to be typical for correlated and Nash equilibria. Computing ¢ given
two real numbers a, b # 0 is continuous, of course. However, testing whether
b # 0 is not. A robust variant of division, which accepts division by zero and
returns an arbitrary value, is not continuous anymore:

Definition 8. Let RD1v be the set of functions d defined on
{(0) [0S p(w) < plo)} satisfying pld(u,)) = 2623 for p(v) > 0.

While Lev(RD1v) = 2 establishes robust division as an only slightly discon-
tinuous problem, the following result shows that robust division introduces a
new kind of discontinuity not present in finding pure equilibria.

Theorem 3. RD1V £5 PURE.

We will now use modifications of the game matching pennies as a gadget to
implement divisions in a game.

A= (g 2) B=—-A MP(a,b) = (A,B)
If both @ > 0 and b > 0, the unique correlated equilibrium is obtained from the
unique Nash equilibrium z =y = (GLH), 43)- fa=0,b>0, then (z,y) is an
equilibrium, iff y = (1,0), and for a > 0, b = 0 we have y = (0, 1).

Theorem 4. RD1v <9 ZCORR2y

Proof. Given a pair of p-names for real numbers a, b with 0 < a < b, a name
for the game M P(a,b — a) can be computed. A correlated equilibrium C' of
MP(a,b— a) has the form:

c_ (cncz) _ xy z(1—vy)
Ca1 Cag 1-2)y(1-—=x)(1-19)
Thus, one can obtain c¢11 + co1 =y = % for b > 0.

Theorem 4 in conjunction with Theorem 3 implies ZCORRgy %2 PURE, so
even the simplest case of finding mixed strategies is not reducible to finding pure
strategies. The problem RDIV itself cannot capture the discontinuity of finding
Nash equilibria, due to Lev(ZNASHa3) = 4 (s. Subsection 5.2), compelling us to
derive a sequence of problems with increasing level from RD1v.



Discontinuity of Equilibria 203

4.2 Products of Problems and Products of Games

The product of functions can be considered as computing all of them in parallel.
This will allow us to specify exactly the degree of discontinuity of problems
solvable by multiple robust divisions, once we defined products for multi-valued
functions. The following definitions and results on the products of multi-valued
functions and their discontinuity extend corresponding results from [18].

Definition 9. For functions f : X =Y, g: U =V, define (f,9) : (X xU) —
(< V) thngh {1 )(z.) = /). Defn )= J and {7 =

Definition 10. For relations P, Q, define (P,Q) = {{f,g9) | f € P,g € Q}.
Define (P) = P and (P)"! = (P, (P)™).

[P, Q] <2 (P,Q) holds, but the converse is false in general. If f <5 g holds,
then also (f,h) <5 (g,h). As () is associative, it can be extended to any finite
number of arguments in the standard way. There is a useful distributive law for
[ 1 and () which we will state as (P, [Q;]ien) =2 [{P, Qi) ]ien-

For games, our notion of a product will be inspired by the model of playing
two independent games at once. This will allow us to establish a link between
products of relations and products of games. We will use [ ] to denote a bijection
between {1,2,...,n} x {1,2,...,m} and {1,2,...,nm} for suitable n, m.

Definition 11. Given an nq x my bi-matriz game (A', B') and an ny x ma
bi-matriz game (A2, B?), we define the (ning) X (mimsz) product game (A, B)
through A[ Ay + ALy, and B[i1;i2][j17j2] = Bj,;, + B},

i1,42][j1,52] = “Yiigy 22 i1J1 122"

The product of two games is a constant-sum game, iff both games are constant-
sum®. If (z!,y') is an equilibrium (either pure or Nash) of (4!, B'), and (22, y?)
is an equilibrium of (A2, B?), then (z,y) is an equilibrium (of the same type) of
the product game where z(;,;,) = @} 22, and Ypn,m,) = Yo, Ym,- Conversely, if
(z,y) is an equilibrium of the product game, an equilibrium (z!,y') for (A!, B!)

n m
can be obtained through z} = i x[; k) and y]l = i y[j,1> analogously an equi-
k=1 =1
librium (22,y?) for (A2, B?) can be computed. Analogous statements hold for
correlated equilibria.
As the product game can be computed from the constituent games, we can use
the properties of the products of games to obtain the following results regarding
the problem of finding equilibria:

Theorem 5. Let GAME € {PURE,ZCORR,ZNASH, CORR,NASH}. Then
<GAMEnm, GAMEM> <9 GAME(nk),(ml)-

Theorem 6. Let GAME € {PURE,ZCORR,ZNASH, CORR,NASH}. Then
(GAME)™ =5 GAME for alln € N.

4 As equilibria finding for constant-sum games is trivially equivalent to equilibria find-
ing for zero-sum games, this is sufficient for our purposes.
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The present paper contains two results interpretable as counterparts to The-
orem b, as they allow to reduce finding equilibria for a large game to finding equi-
libria in several smaller games; for mixed strategies, this will be a consequence
of the main result presented in Subsection 4.3, the corresponding statement for
pure strategies is given in the next theorem:

Theorem 7. 1PURE,+1 <o (M LPO2)™.

As we have identified MLPOs (or 1PUREs) as the basic building stone in
the degree of discontinuity of finding pure strategies, the following theorem will
establish the missing link in the relationship between finding pure strategies and
multiple robust divisions:

Theorem 8. M LPQO, <5 RDIV.
To sum up the results established sofar, we have:

[(1PURE2)"|nen =2 1PURE =; PURE <3 [(RDI1V)"],cny <o ZCORR

4.3 Problems reducible to [{rDiv)™]|,en

The goal of this subsection is to present a way of designing reductions to
[(RDIV)™],,en, and, in particular, to present a reduction from NAsH. This equiv-
alently can be considered as the task to design algorithms for a Type-2-Machine
capable of making a finite number of independent queries to an oracle for RDIV.
Due to Theorems 7, 8 also oracle calls to M LPQO,, are permitted.

We will start by providing a technical lemma similar to Lemma 1. Using the
lemma, we can prove that the Fourier-Motzkin-algorithm ([21]) for solving sys-
tems of linear inequalities can be executed using continuous (even computable)
operations and oracle calls to RD1v.

Lemma 2. Let F be a multi-valued function defined on a strongly zero-
dimensional metrisable space X. Then F <y [(RDIV)"|,en holds, iff there are

k
k closed sets A;, i < k with X = |J A;, so that for each i < k, there is a
i=1
multi-valued function G* <y [(RDIV)"],en with dom(G?) = X, so that for each
g' € G there is an f' € F with fliAi = g‘iAi.

Definition 12. The problem BLININEQ,,,, asks for a p™-name of a vector v
of reals, so that Av < b holds in addition to 0 < v < 1, given a p"™-name for
a matriz A and a p"-name for a vector b, provided that a solution exists. For
simplicity, we assume that Av < b always contains 0 < v < 1. BLININEQ is the
problem without fized values n, m.

Theorem 9. BLININEQ <5 [(RD1V)?].cn.
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Proof. As BLININEQ is expressible as a supremum, it suffices to prove
BLININEQ,,,, <2 [(RDI1V)?#].cn for all n, m € N. For this, we use induction over
m. The case m = 0 is trivial, so we assume BLININEQy,(;,,—1) <2 [(RDIV)*].cn.
For each K C {1,...,n}, abbreviate K¢ := {1,...,n} \ K. The set Dx =
{(A,b) | Vk € K a1 > 0AVI € K€ a;; < 0} is closed, and the union
U Dy covers the domain of BLININEQ,,,,,. So due to Lemma 2, it is suf-
KC{1,...,n}
ficient to show that BLININEQ,,,,, restricted to D is reducible to [(RDIV)*] ey
for arbitrary K C {1,...,n}. In the next step we assume K to be fixed. With the
same argument we can assume |ar1| > |a(g41)1| by renumbering the inequalities
for each fixed sequence of increasing first coefficients.
m
Now we rewrite the given inequalities as ag1v1 < by — > agv; for k € K
i=2
m
and —b; + Y ajv; < —ajiv1 for j € K. For each pair k € K, j € K¢, the
i=2

corresponding inequalities can be multiplied by —a;; respective ay;, and then
contracted to:

m m
ag1(—b; + Zajﬂ%) < —aj1(by — Zakﬂh‘)
i—2 i—2

Every solution to the newly created system of linear inequalities can be extended
to a solution to the original system by choosing a suitable value for v;. Due to
the induction assumption, such a solution can be obtained by making oracle calls
to [(RDIV)#] ,en.

To obtain a solution for v1, we would like to call

m m
v1 = max(0, min(1, opl(RDIV(|b172 a1;v;], la11]), op2(|RDIV(b272 az;vil, az1l), - ..
i=2 1=2

with op; = min for i € K and op; = max else. As the |ax1| are ordered as a
decreasing sequence, values that arise arbitrary as result of a division by zero
occur deeper inside the nested structure than significant values. While they can
influence the actual value for vy that is chosen, it still satisfies all inequalities, if
this is possible. However, the expression above contains nested calls to RD1V in
form of the v;, 2 < i < n.

To solve the problem, one replaces vo with the corresponding sequence used
to compute it, then v3, and so on. By moving the max and min operators outside,
and unifying all divisions, terms of the form RD1v(P, Q) remain, where P is a
polynomial in a;;, b; whose degree does not exceed 2n, and @ is a polynomial in
a;; whose degree does not exceed n. These can be evaluated by allowed oracle
calls, and the max and min operators are continuous.

As the problem BLININEQ is of considerable interest on its own, we shall
note that the converse statement to Theorem 9 is also true:

Theorem 10. [(RD1v)*].cny <2 BLININEQ.
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By adapting [22, Algorithm 3.4] and applying Lemma 2 and Theorem 9 we
proceed to prove the main theorem of this subsection. Again, the reasoning
directly extends to more than two players.

Theorem 11. NASH <5 [(RD1V)?] .cn.

Proof. By the same reasoning as above, since NASH is the supremum
[NASHpm |n.men, it suffices to show NASH,,,,, <o [(RDIV)*].cn for arbitrary
n,m € N.

By the best response condition ([22, Proposition 3.1]), a pair of mixed strate-
gies (z,y) is a Nash equilibrium of a game if each pure strategy played with
positive probability in z (in y) is a best response against y (against x). This
condition can be formalized by noting that the following set is the set of games
and their Nash equilibria with support in I, J:

{(A,B,z,y) | j,keJl¢J («"B)j=(2"B)r> @By =0ipel

GI,J = q¢ 1 (Ay)i = (Ay)p, > (Ay)q x4 = 0}

The set GA[’J is closed, and so is its projection G,y = {(4, B) | 3z,y (4, B,z,y) €
Gra}

As every game has a Nash equilibrium, the sets G ; cover the domain of
NasH, so we can apply Lemma 2. To recover the Nash equilibrium (z,y) from
1, J the corresponding system of linear inequalities has to be solved, which is
reducible to [(RDIV)?]|,.cn as established in Theorem 9.

Corollary 2. ZCORR =5 CORR =5 ZNASH =3 NASH =5 [(RD1V)"]eN.

The same technique applied in the proof of Theorem 9 can also be used to
show that Gaussian Elimination can be reduced to [(RD1V)"],cn. This shows
that the reduction of Gaussian Elimination to the rank of a matrix given in [23]
is strict, taking into consideration Corollary 4.

5 Additional Results

5.1 Nash and Sep

To shed further light on the degree of discontinuity of NASH, we will compare it
to the problem Sep studied in [24].

Definition 13. f € Sep holds, iff f is a function from
{(p,q) € N x N | vn,m € N p(n) # q(m)}

to NN satisfying f(p(n)) =0 and f(q(n)) =1 for alln € N.

The problem Sep was shown to be equivalent to finding an infinite path in an
infinite binary tree and extending a linear functional from a subspace of a Banach
space to the complete space following the Hahn-Banach Theorem. Sep can be
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reduced to {C}}, which is defined through Ci(p)(n) = 1, iff there is an i € N
with p(i) = n and Ci(p)(n) = 0 else. The function C; has been introduced in
[16]. In [25, Theorem 5.5], it was proven that a function is Zg—measurable, iff it
is reducible to Cj.

In [24], {cf} %2 Sep was shown, which can directly to extended to prove
{f} %2 Sep for all discontinuous functions f. In the following, we will prove
that Nash is strictly reducible to Sep, thereby obtaining a lower bound for Sep.
For this aim, we need the level of Sep.

Theorem 12. Lev?(Sep) does not exist.

Due to the behaviour of the level under formation of products ([18]) and
suprema ([9], [17]), we know Lev?(NASH) = w, where w is the smallest infinite
ordinal. This is sufficient to establish Sep €2 NAsH by [9, Theorem 5.7].

Theorem 13. RD1v <5 Sep.
Theorem 14. (Sep, Sep) =2 Sep.
Corollary 3. NASH <5 Sep.

Corollary 4. {f} %2 NASH for all discontinuous functions f.

5.2 The Level of Nashys

The simplest non-trivial bi-matrix games, 2 x 2 games, have already been in-
vestigated from a constructive point of view in [26]. Among other results, [26]
contains the constructive analogue to the reduction M LPQO; <9 NASHs2, and
the constructive analogue to determine a subset of Lo(INASHa2) \ £1(NASH22),
that is the set where Nash equilibria are continuous. We will produce the TTE-
counterpart by investigating the Level of NASHs.

Theorem 15. Lev(NASHy3) = 4.
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Towards the Complexity of Riemann Mappings
(Extended Abstract)

Robert Rettinger!

Department of Mathematics and Computer Science
University of Hagen, Germany

Abstract. We show that under reasonable assumptions there exist Rie-
mann mappings which are as hard as tally §-P even in the non-uniform
case. More precisely, we show that under a widely accepted conjecture
from numerical mathematics there exist single domains with simple, i.e.
polynomial time computable, smooth boundary whose Riemann map-
ping is polynomial time computable if and only if tally §-P equals P.
Additionally, we give similar results without any assumptions using tally
UP instead of §-P and show that Riemann mappings of domains with
polynomial time computable analytic boundaries are polynomial time
computable.

1 Introduction

In this paper we will prove lower bounds on the complexity of Riemann map-
pings, i.e. conformal mappings of a simply connected domain onto D. Though
the existence of such mappings is well known, computability results or even com-
plexity results were unknown for a long time. Despite the fact that constructive
proof methods were known for the problem (see [Hen86))) before, a characteriza-
tion of those domains which have computable Riemann mappings was proven not
before [Her99]. In a recent paper, Binder, Braverman and Yampolsky [BBY07]
gave sharp bounds on the complexity of the corresponing functor, i.e. the func-
tor which maps domains to their Riemann mappings: This functor is §-P com-
plete. (Actually the authors showed that this functor is §-P hard and belongs to
PSPACE. Using similar techniques, however, even a sharp upper bound of §-P
can be proven (see [Ret08al).)

Using the proof techniques of [BBY07] it is not hard to show that this functor
remains §-P complete even if we restrict the class of domains to those domains
which have analytic boundaries. On the other hand, the Riemann mapping of any
domain with polynomial time computable analytic boundary can be computed
in polynomial time as we will show in Section 4. This underlines that hardness
of the functor does not necessarily imply hardness of the mappings themselves
and raises the question on the complexity of Riemann mappings in general. In
Section 5 we will prove, however, that even the complexity of a single Riemann
mapping can be as hard as tally §-P under reasonable assumptions. Furthermore
we will give a new proof on the (uniform) lower bound of Riemann mappings.

Andrej Bauer, Peter Hertling, Ker-I Ko (Eds.)
6th Int’l Conf. on Computability and Complexity in Analysis, 2009, pp. 209-220
http://drops.dagstuhl.de/opus/volltexte/2009/2272
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Our proofs in the non-uniform case will heavily depend on this proof. Besides,
this new proof might be of some interest itself as we will use only potential
theoretic techniques. Some basic notations of complex analysis, complexity and
Type-2 theory are given in the following section.

2 Preliminaries

We denote the set of natural, integer, rational, dyadic, real and complex numbers
by N, Z, Q, Y, R and C, respectively. Here, a dyadic number is a number of
the form i/27 with i and j integers. As we quite often use the symbol i as
an index, we denote the imaginary unit v/—1 by i instead. The imaginary and
real part of a complex number z are denoted by $(z) and R(z), respectively.
We identify C and R x R in the usual sense and denote the distance between
two numbers z, 2’ by d(z,z') = |z — 2’| and the (Hausdorfl)-distance between
two sets M, N by d(M,N) = sup{d(z’,N),d(z",M)|z' € M,z"” € N}, where
d(z, M) = d(M, z) = inf{d(z,2')|z’ € M}. Furthermore let D, (%) denote the
open disc of radius € with center zg. To simplify notation we use D, := D.(0)
and D = D;.

For an open subset G of C, a function f : G — C is called holomorphic iff its
complex derivative f’ exists throughout G. A holomorphic function f is called
conformal on A iff |f/(z)] > 0 for all z € A. If f is conformal throughout its
domain we simply say that f is conformal.

Beside functions we allow also multi-functions, denoted by f :C M = N
and f: M = N for partial and total multi-function, respectively. We will use
both notations f(z) = y and f(z) > y to denote that y belongs to the image
of x under a multi-function f. Furthermore, for a function (or multi-function)
f:€C G — G and H C G we denote the restriction of f to H by f|x.

Before turning to Type-2 objects, we will recall some notions of discrete
complexity theory. For more details see e.g. [DKO00] or [Sip97]. We denote by
FP and P the class of polynomial time computable functions f : X* — X* and
polynomial time decidable languages L C X*, respectively. (X denotes here and
later on a finite alphabet.) Restricting the alphabet X' to a single symbol, say 0,
leads to tally functions and sets. The corresponding classes will be denoted by
the subscript 1, i.e. FP, Py, etc.

Beside we will also need the classes P and UP. §P denotes the class of
functions h : XY* — X* so that there exists some L € P and polynomial p
with h(u) = {v € 2* | |v| = p(|u]) A (u,v) € L}| for all w € X*. UP denotes
the class of languages L so that there exist L € P and polynomials p with
L={ve X Fulul <p(v]) A(u,v) € L} and %\ L = {v € 2*|Vu.(u,v) & L},
where Jlu denotes as usual the fact that there exists exactly one wu.

The usual notation of separating complexity classes (or classes in general) is
to simply ask for a language, which belongs to the first but not to the second
class. Another notion used in literature is separation almost everywhere which
can be expressed by the related notion of immune languages (see [DK00]). We will
need in this paper a stronger separation notion than the usual one provides. On
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the other hand we do not need the full power of almost everywhere separation.
We will therefore introduce next a kind of separation, which lies between the
usual separation and almost everywhere separation. We define this for function
classes over the alphabet {0} only.

Definition 1. Let X = {0}. Then a function f : X* — X* is called selectively
separable by a function s : N — N from a class K iff for every g € K, g: X* —
X* there exists some i € N so that g(05() £ f(05()).

Furthermore we say that we can separate two classes K1 and Ko selectively
(K1 #set K2) iff for every strictly monotone time constructible function s : N —
N there exists a function f : X* — X* in Ky which is selectively separable by s
from Ky or vice versa.

Next, let X** denote the set (£*)¥", i.e. the set of total functions f : 2* —
X*. We fix some standard tuple function (-) on (X**)" mapping products to
20,

To give a natural notion of complexity we extend the Type-2-Turing machine
model by allowing some kind of indirect access to the input tapes. Formally
we realize this by a new definition of representations and the usage of oracle
machines, where oracles are elements of X** i.e. functions rather than languages.
Queries to the oracle are here answered by the function value of the string on the
oracle tape. An oracle Turing machine M computes a function f; :C X** — X**
in the following sense: fys(«) is defined to be g iff for each w € X* the machine
M together with the oracle « outputs S(w). For fixed o we can define the
time complexity as usually. We denote the class of such functions of polynomial
time complexity (independently of a) by FP,. In a similar way even relative
computations with respect to some oracles can be defined. Details can be found
in [Ret08a).

To introduce complexity on more general Type-2 objects we fix a set of stan-
dard representations, i.e. surjective functions v :C X* — M or v :C J** - M
onto the represented set M, next. A (multi)function g :C M — N is then called
polynomially time computable if there exists a polynomially time computable re-
alization, i.e. a function f :C A — B for some A, B € X** so that fovy; =vyog
on dom(vys) where vy and vy denote the standard representation of M, N, re-
spectively. We will denote the corresponding complexity class again by FP,.

Dyadics will be given by their dual representation, denoting the decimal
point by ., i.e. vy (w.0) = V(W) + Vauu (v) - 2711 and vy (—w.v) = —(Vguu (w) +
Vauar (V) - 2"”') for w,v € {0,1}*, w[0] # 0, where vg,,, denotes the dual nota-
tion of natural numbers. Complex dyadics are represented by pairs of dyadics:
vy ({do, d1)) = vy(do) + ivy(dy) for all do,d; € dom(vy).

A real number z is represented as a sequence of dyadics, which converges
fast to =, i.e. vr(f) = = < Yw € T vy (f(w)) — x| < 271l for all f € X**.
Finally, by identifying C and R x R, we get our standard representation of C by
Ve = VRxR-

Now let G, G’ be subsets of C. Then the standard representation v4 :C
X** — A of a subclass A of Cont(G,G') = {g : G — G’ | g continuous} is
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defined by
gevs(f) e Vze VQ[%](G).VH € dom(wy).|f((n, 2)) — g(vy(2))] <277

for all g € A, f € X**. The main point of this representation is that we can
evaluate functions. For domains there are several different representations. We
will use the following representation based on the distance to the boundary.

The representation v :C X** = (25\{C}) is defined via a modified distance
function. For f : dom(my) X dom(vypy) — dom(vg) let vSe(f) = A C Ciff
3/4 - d(vy(2)) — 270 < |ug(f(n, 2))| < d(vyp(2)) for all n € dom(vy) and
all z € I/{[%](A), where d(z) := inf, coq |2 — 2/|.

Let A be a represented set. Then we say that a function f :C A — R™ belongs
to #P., iff there exists a polynomial p and a polynomial time computable function
g :C AxX* = R, sothat f(a) = 3 cxwm 9(a,w) for all a € dom(f) (as
usually n denotes the length of the input of finite length).

3 Riemann mappings

In this section we will summarize some central results on Riemann mappings.

Theorem 1. Let G be a bounded simply connected domain. Then for every z €
G and ¢ € [0;27] there exists a unique conformal mapping fé’¢ : G — D so that

F&%(2) = 0 and the argument of (f5%)(2) is ¢.

We will denote these Riemann mappings usually in the way of the above
theorem where we omit ¢ and/or z if ¢ = 0 and/or z = 0, or if these parameters
are uniquely determined by the context. If G is a Jordan domain, the Riemann
mapping continues topologically onto the boundary (see [Pom92] for details).
If the boundary v of G is even analytic, the Riemann mapping continues even
holomorphically, which can be easily seen by the reflection principle.

To simplify things, we will restrict ourselves in the sequel to the class of
simply connected domains which are contained in the disk D45 and contain the
disk D3/5. This class of simply connected domains will be denoted by G in the
sequel. For more general classes of simply connected domains the ideas given
below can be easily adapted as long as the domains are bounded. This can for
example be achieved by the usual square root transformation (see e.g. [Hen86]).
Alternatively, the osculation method can be used to reduce the domain. This
method converges fast as long as the domain is far away from the unit disc (with
respect to the Hausdorff distance). Furthermore we will compute the Riemann
mapping on a fixed compact subset of its domain. We can then get the full
Riemann mapping by continuation (see e.g. [Ret08b]).

Theorem 2 ([BBYO07],see also [Ret08a]). There exists a function F,,, :C
GxDyyp =D, Fe FPEP*, mapping each simply connected domain G € G and
point z € Dy to fo(z).
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If we restrict the above function to boundaries, which can be computed in
time bounded by a fixed polynomial, then the Riemann mapping can be com-
puted by polynomially time bounded machines with access to a fP-oracle.

The proof of the above theorem shows that slight changes in the shape of the
domain G will only slightly change the Riemann mapping. We will use this fact
e.g. to give a polynomial upper bound for the Riemann mapping for analytic
boundaries in Section 4 below.

Corollary 1. There exists a polynomial p so that for all G,G' € G we have:
The Riemann mappings [ and g of G and G’, respectively, determined by f(0) =
g(0) = 0 and f'(0) > 0, ¢'(0) > 0 differ by at most 27" on z € Dy, i.c.
|f(2) — g(2)| < 27", if the Hausdorff distance of G and G’ is at most 27P("),

4 Analytic Boundaries

In this section we will show that for any simply connected Jordan domain G with
analytic, polynomial time computable boundary, the Riemann mapping from G
is always computable in polynomial time. To prove this we will use a technique
based on the Bergman kernel function and orthonormal polynomials.

For given G € G and ¢ € N let in the sequel p; denote the i-th orthonormal
polynomial, determined by the sequence 1, z, 22, ... and the Gram-Schmidt
algorithm, using the inner product (-,-) defined by

()= [ /G f(2)g()dady

for all f,g € L*(G,C), where L?(G,C) denotes the space of square integrable
complex functions on G (see e.g. [Gai87]).

Lemma 1. Let G € G be a Jordan domain with its boundary given by a polyno-
mial time computable conformal mapping 6 : U — D of an open neighborhood U
of OD. Then the sequence pg, p1 ,-.. of orthonormal polynomials is computable
in polynomial time.

Notice that orthonormal polynomials can be computed efficiently even in
other cases, e.g. in the case of Schwarz-Christoffel mappings. However, it is not
known, if the polynomials in this case can be used to compute the Riemann
mapping efficiently.

Once we have these orthonormal polynomials for a domain G € G, we can
build a fast algorithm to compute the Riemann mapping upon a well known
relation of the Riemann mapping and the Bergmann kernel K : G x G — R (see
e.g. [Neh52]).

Theorem 3. Let G € G be a Jordan domain with its boundary given by a poly-
nomial time computable conformal mapping 6 : U — D of an open neighborhood
U of OD. Then fg is computable in polynomial time, where fg denotes the
uniquely determined Riemann mapping with fc(0) =0 and f;(0) > 0.
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Proof: We have the well know relation between the Bergmann kernel

function and fg
7

K(0,0)

Furthermore the Bergmann kernel function can be expressed by means of the
orthonormal polynomials pg, p1, ... of G via K(z,0) = Z;io p;(0) - pj(z), where
the convergence is uniformly on any compact subset of G. Approximating the
Bergmann kernel function by K,, (n € N), where K,(z,0) = Z;:Ol p;(0) - pj(2)
gives us the the Bieberach polynomials ¢; (¢ € N), determined by ¢;(z) =

n  JTKi—1(2,0)d¢ .
Zj:() W for ¢ < N.

By Lemma 1, the Bieberach polynomials can be computed in polynomial
time. Notice, as the sequence K;(0,0) converge to K(0,0) # 0, the K;(0,0) are
bounded away from 0 by a constant for all but finitely many ’s. Furthermore
we know that for analytic boundaries there exists M > 0 and ¢ € (0;1) so that
|fa(2) — ¢i(2)| < M - ¢ for all z in say Dy, and all i € N (see [Gai87]). Thus
we can compute fg in polynomial time on Dy /5. As continuation of holomorphic
mappings can be done in polynomial time (see e.g. [Miil93]) and the fact that
fc can be continued to a whole neighborhood of G by the reflection principle,
proves that fo can be computed in polynomial time throughout G.

Ja(z) = L K(2,0).

O

5 Towards lower bounds

In this section we will first give a new proof for the lower bound on Riemann
mappings in the uniform case first shown in [BBY07]. Afterwards we will turn
to the non-uniform case. Our proof of the following theorem will use only basic
ideas of potential theory.

Theorem 4 ([BBYO07]). If F : G — D with F(G) = f5(0) is computable in
polynomial time, then every function in §P, is computable in polynomial time.
Especially we have that if F' is computable in polynomial time then P = FP.

FEven for restrictions of F' to those domains G € G whose boundaries are
analytic or polygons, this result holds, i.e. if this restrictions are computable in
polynomial time then {P, = FP,.

Proof: The second statement follows from the first one by suitable ap-
proximations of general domains by the restricted ones using Corollary 1 above.

To prove the first statement, notice that f;(0) = e™*, where w is the solution
of the Dirichlet problem with boundary values z — log,(|z]) for z € 0G. We will
thus code the behavior of a Turing machine M into such a boundary value
problem. In contrast to the construction in [BBY07] we will use the slit map
rather than the crescent map, which simplifies things further. Nevertheless, using
the ideas below, even the construction of the domains in [BBY07] could be used
to prove the above result with potential theoretic ideas only.
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Our construction will be based on the slit map (see [Hen86], Chapter 16). Let
therefore, for given p € (0;1), S(p) denote the straight line from —1 to —p and
furthermore, by D, the set D,. Then a conformal mapping h, : D, — D with
h,(0) = 0 is given by h,(z) = (sp(2) =1+ 2)/(sp(2) +1 —2) for all z € D\ S,,
where we use the abbreviation s,(z) = \/(1 +p(2)(1+ %z) Furthermore for

h},(0) we have h;,(0) = (117”)2 (see [Hen'4]).
P
The main point of giving this map explicitly is that we can easily compute
|77, (0)| and thus log |A/,(0)].

Claim. There exists a mapping h : (1/2;1) — R with h(p) = h},(0) for all p €
(1/2;1), which is computable in time O(n?). Furthermore there exist constants
co, €1, 2 > 0, s0 that ¢o - (1 — p)? < h,(0) =1 < ¢1 - (1 —p)? and |log, (h},(0)] >
c2 - (1= p)? for all p > 3/4.

We assume now that F' is polynomial time computable and L € §P, \ F Pk,
L : A — RT for some represented space A. In a first step we will reduce L to
a problem in §P. Let M be a polynomial time computable Turing machine and
q be a polynomial, so that on every input a € A, n € N and w € X* with
|w| = q(n), M stops in exactly q(n) steps, outputs ops(a,n,w) € Y and fulfills

L(a) — Y omla,nw) <27

weXa(n)

For given input a € A and a precision 27", we are thus asked to compute L(a) up
to this precision. As we have to add up at most 29(") values, we have to compute
each of the elements of the above sum up to precision 2~ (*+4(") only. This can
be done by an addition of 29" integers of at most n + g(n) bits each with an
appropriate shift afterwards. As this shift is polynomial time computable, we can,
by a standard manipulation of M, give a Turing machine N and a polynomial p
with the following properties:

1. N stops on input @ € A, n € N and every w € XP(™) in at most p(n) steps
with output oy (a,n,w) € {0,1} and

2. L(a) can be computed from L(a,n) = > wespm On(a,n,w) in polynomial
time for every a € A and n € N.

Let some a € A, n € N with n > 2 be given. We construct, using the slit map
above, some G, € G so that for fg, , with fa,  (2) = F(Gan,2) we have

a,n

L(a,n) = [log,(fz, ,(0))/log, (K} _5-(0))],

where m is polynomially bounded in n and will be chosen later on. Thus, if F' is
polynomial time computable, clearly L is polynomial time computable too. We
will give here a slightly more general result than necessary by introducing an
additional parameter . We will need this general result in the proof of Theorems
5 and 6 later on. For given v € XP(™ and ¢ € (0;2n) let ¢5 := 2~ (") .
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(Vawar (10) — 2P0, The values ¢S of all such v are in the interval [0;¢] and for
different u,v € XP™ we have |¢, — ¢ | > € -27P(") . Now let

—1 g
GZ,TL = U € R D1—2*""s .

vexp(n)
on(a,n,v)=1

Notice that for fixed e € YN (0;1), the function H : A x N — G with H(a,n) =
Ge , for all a € A, n € N, is polynomial time computable. By the above discus-

a,n
sion it remains to show that we can compute L(a,n) efficiently from fj. (0),
because then L can be computed in polynomial time in contradiction to our
assumption.

Claim. Let ¢ € (0;27), n € N be given and m.(n) = [4 - p(n) + log(1/¢) +
log(cz)]+15. Then L(a,n) = [log.(fg. (0))/log. (R _,_...u(0))] for alln € N.

As we consider a fixed n € N in the sequel we will write m. instead of
me(n), for short. The main work in showing the above equation is, to bound
the cross terms introduced to the Riemann mapping when combining the dif-
ferent slit maps. To this end we will use the relation between the Brownian
motion and potentials as already considered in the last section. Let therefore,
for given G € G, z € G and Z C 0G, pg(Z|z) denote the probability to end
up in Z when we start in z. To be more precise, let for z € G, BL(z) denote
the Brownian motion process, which starts in z. Furthermore let T be the first
time BL(z) hits the boundary G. Then for given continuous or piecewise con-
stant and bounded values v(z) € R (for boundary points € dG) we know that
f:G = R, f(z) = E(v(BL(2))), is the unique solution to the corresponding
Dirichlet problem (where E(X) denotes the expectation of the random variable
X). Furthermore pg(Z|z) is the expectation pe(Z|z) = E(xz(BEL(2))). To sim-
plify things we will in addition use the notation pg(Z|z ~ Z’) meaning the
probability to end up in Z C 0G, starting in z € G and visiting at least once a
point in Z' C G.

A main tool in bounding the probabilities is the Poisson formula

1 1—z2
u(z) = Py /amv(y) ) mdy

which gives an explicit solution to the Dirichlet problem if G = D. Unfortunately,
however, G5, is likely to be not D (unless L(n,a) = 0). By the following result
we can nevertheless use Poissons formula, where we use the abbreviation 0,,, =

a]D) N ]D)Q—mE (—1)

Claim. For all z € S;_s-m. we have

1 1
Om, = . . dy > —.
Pp(Om.]2) = 5 /aD X0, () e R
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Let u : G5, — R be the solution of the Dirichlet problem with boundary

values v(z) = log(|z|) for x € OGS

a,n’

will bound the difference of «(0) and L(n,a) - |log, (7} _5-m.(0))| accordingly.

Notice that ﬁ(n, a) is the number of slits in G7, ,,. Each slit, say at angle ¢ = ¢,
taken alone, adds a value log, (R} _,_...(0)) to ug. However, not every path in
the Brownian motion, which ends at the slit €/?-Sy-m. on (e/?-Dy-m. ), will also
end there on G, ,, because it might hit another slit in between. (As log, (1) =0
only the hits of slits are counted.) To simplify things we will use the abbreviation
Sy =€ Sy-m. and Dy =D\ Sy in the sequel.

As pas , (Z]z ~ Z') < pgz  (Z'|2) - sup,icz pae (Z]2) for all 2,2" € G,
and Z, Z' C G, ,,, we can bound the difference [u(0) — L(n,a)-log,(h,_y_m.(0))|
by the sum of the probabilities to miss a slit Sy: in G ,,, because of hitting a

slit Sge first. For given z € Sye we have

especially we have fi,. (0) = e—w(0) We

1|22

EE

41
C (Saelz) < 2. .
pe;, (Sesl2) < 55— /(mXamE(y)

As 1 —|z]2 < 27metl —272me < 9=metl and |z — |2 > ((1/71) - (e -27P(M) — 2.
27me))2 > 2723 for all z € Sy and @ € Opy,, we get

4
pe;, (Seclz) < 5+ (2.7 9-me+1y . (9=met1l /(. 9= (2p(M)+3))).

Furthermore we have pge (Sg,|0) < 4 - 27 - 27™=*1 thus giving

22p(n) . 9—2(me=5) , 9—me+1

7 /
‘U(O) - L(?’l, U)) . loge(h’172*ms (0))| < (E . 2—2(p(n)+3))
Notice that by the above cross-terms the probability to hit a slit is decreased,
i.e. u(0) > L(n,a)-log, (W) _5-m.(0)). As [log (R] 5. (0))] > c2-27%™= we get

L(n,a) + 1/2 > u(0)/ 108, (W) _y-n. (0)) > L(n, a)

which proves the theorem. O

The previous theorem states that we cannot compute the Riemann mappings
for all G in a uniform way. As shown in Section 4, this does not mean that the
Riemann mapping for each G € G cannot be computed in polynomial time. This
raises the question, wether there exists a single domain G in G, which is poly-
nomial time computable, but the Riemann mapping fg of G is not polynomial
time computable under reasonable assumptions. We restrict ourselves to com-
puting this map on a small neighborhood of 0 and we will answer this question
affirmative under the following conditions:

1. 1fUP1 #sel FP1 or
2. if 4Py #4e FP; and in addition Conjecture 1 on the existence of Schwarz-
Christoffel mappings holds.
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Notice that any such result is involved with tally classes, i.e. classes of languages
in {0}* rather than languages over alphabets with more symbols. This stems from
the fact that we can compute the Riemann mapping on any compact subset of
G, say to precision 27", by asking a single question to a §P oracle. (Actually we
need a polynomial number of such queries. However, these can be coded into a
single query of a modified oracle.)

We will start to prove the existence of the domain G under the first condition.

Theorem 5. If UPy #4, F'Py then there exists a polynomial time computable
domain G € G, so that fg is not polynomial time computable.

Proof: Let L be a function in U P, which is selectively separated from
FPy. L is obviously a function in P with values in {0,1}. Thus we can use all
the notations of the proof of Theorem 4 also here. Notice, however that we start
already with some function in §P and thus we do not have to reduce to such
a function first. So we use L instead of L here and furthermore the parameter
a used in the proof of Theorem 4 does not appear here. Especially, let N be a
Turing machine and p be a polynomial with the following properties:

1. N stops on input w and every v € XD in at most p(|w|) steps with output
on(w,v) € {0,1} and
2. L(w) = Zvez‘pﬂw\) ON(wa ’U)

for every w € X*.

The main idea of the proof is as follows. Using the techniques of the proof of
Theorem 4 above, we construct a domain G € G in steps ¢, where we determine
in each step a domain G;, a conformal mapping f; : G; — D and a natural
number n; so that (1) we can compute L(0™) from f (0) in polynomial time
and (2) G; differs from Gy, (in the Hausdorff metric) by at most 2=+,

Thus, by defining the n; large enough, we can ensure that there existsa G € G
with dp (G, G) < 272 and the difference of f{,(0) and f¢ (0) is small enough,
so that we can still compute L(0™) from f((0) in polynomial time. To this end
we have simply to ensure that n;;1 > ¢(n;), where the polynomial is given
by Corollary 1. Once we have constructed G;, f; and n; with this property we
proceed in step i+1 as follows: First we find some n;_ ; so that we can compute f;
in polynomial time for all inputs of length at least nj, ;. Then we choose n;1; to
be the maximum of ¢(n;) and n;_,. Following the idea of the proof of Theorem
4 we can compute a domain G7117:+1 so that L(0™+') can be computed from

fél (0) in polynomial time. If we finally fix G;41 to be G;41 = fi_l(G}”H)
andl?i_i'_]_ = fG}u-H o fi, we can still compute the value L(0™+* from f; ,(0) in
polynomial time: Simply divide f{,;(0) by f{(0) to get fé;;iﬂ (0). As f/(0) can
be computed in polynomial time by choice of nj,,, we are done. Notice that
we can define nj,, because f; is a composition of Riemann mappings fg for
slit-maps G’ as L(0™) € {0, 1} for all 1.

O
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Using the ideas of the previous proof, we can also show the existence of G in
the second case. Before giving this result we need to specify the conjecture on
the existence of efficient algorithms for Schwarz-Christoffel mappings.

We will consider polygons given by the list of their vertices, which we assume
to be complex dyadics. Furthermore we restrict ourselves to polygons which are
the boundary of some domain in G. Let Polygon be the set of the polygons
restricted in such a way. Furthermore we introduce a standard representation
YPolygon :C X* — Polygon by simply taking (dy,...,d,) to be a Y Polygon™
name for a polygon 7, iff the d;’s are names of the complex dyadic vertices of ~y
in counter clockwise order. Finally we will not distinguish between polygons ~y
and the corresponding domains with boundary 7, which we denote by I(v).

By the well known Schwarz-Christoffel formula (see e.g. [DT02]), f, is deter-
mined by

f,y_l(z) =C- /02(1 —x/2,)* N

where zj, are the images f,(w;) of the vertices w; of v, aym are the interior angles
of v and C' is a positive real number. We can compute the integral above quite
efficiently once we know C' and zi,...,2z,. The determination of these parameters
is called the parameter problem of the Schwarz-Christoffel mapping. The usual
way to solve this problem in numerics is to consider the non-linear system com-
posed of the side-length conditions and a transformation to get an unconstrained
system, i.e. to get rid of the condition on the ordering of the vertices and images
of the vertices. Then this system of equations is solved by well known methods.
There exist however examples, where this leads to local solutions which are not
solutions for the Schwarz-Christoffel parameter problem. We do not know wether
these methods are applicable to our problem. Notice however that in contrast
to the general parameter problem, the polygons used in the proof below, can be
chosen up to some degree, thus probably simplifying the problem.

There are other methods to solve the parameter problem, for example by
deriving conditions on the so called cross ratios (see [DV98]). This seemingly
leads to equations, which might be solvable efficiently in general.

Unfortunately, however, there does not exist an analysis of these methods,
which can be translated to the rigorous definition of complexity we need. Thus
we will give here the result we need, and which is claimed in a much stronger
sense in numerical analysis, as a conjecture.

Conjecture 1. There exists a polynomial p and a computable function Fs¢ :

Polygon x D — N x D so that for each v € Polygon there exist n, so that

Fsc(v,2) = (ny, f71(2)) for all z € D, and Fs¢ is computable in time O(n - p).
Here f. denotes the Riemann mapping with f,(0) = 0 and f.(0) > 0.

Using a similar proof technique as in the first case we can show the existence
of the domain G also in the second case:

Theorem 6. There exists a polynomial time computable (Jordan) domain G €
G, so that fg is not polynomial time computable if 1Py #se; F'P1 and Conjecture
1 holds.
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6 Remarks

We have proved lower bounds on the complexity of Riemann mappings even
in the computational case. As shown, a proof that the parameter problem of
Schwarz Christoffel mappings is polynomial time computable, which is undoubt-
edly interesting on its own, would improve upon the bound we have given. An-
other interesting question is, wether it is possible to prove such a result for more
general separation assumptions than the selective separation we have used.

Finally, a more general connection between orhtonormal polynomials and fg
for domains with non-analytic boundaries would be interesting. (Such results
exist, but the corresponding speed of convergence for the Bieberach polynomials
is too slow to be reasonable applicable, see e.g. [Gai87].)

For domains with analytic boundaries, a polynomial time algorithm for the
Riemann mapping can be also deduced differently, by different relation of the
Riemann mapping and orthonormal polynomials via a theorem by Carlemann
(see [Gai87] for more details).
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Abstract. In mathematics curves are defined as the images of continu-
ous real functions defined on closed intervals and these continuous func-
tions are called parameterizations of the corresponding curves. If only
simple curves of finite lengths are considered, then parameterizations can
be restricted to the injective continuous functions or even to the continu-
ous length-normalized parameterizations. In addition, a plane curve can
also be considered as a connected one-dimensional compact subset of
points. By corresponding effectivizations, we will introduce in this paper
four versions of computable curves and show that they are all different.
More interestingly, we show also that four classes of computable curves
cover even different sets of points.

Keywords: Computable Curve, Simple Curve, Rectifiable Curve, Point
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1 Introduction

In computable analysis, we are mainly interested in the computability over var-
ious continuous structures. One realistic approach to this kind of computability
is the Turing-machine-based bit model (see [7,11,2]). In this model, real num-
bers are represented by effectively convergent sequences of rational numbers and
these sequences are called names of the real numbers. Here a sequence (x,,) con-
verges effectively means that |z, — 2,41] < 27" for all n. A real number z is
computable if it has a computable name. Furthermore, a real function f is com-
putable if there is a Turing machine which transfers each name of a real number
x in the domain of f into a name of f(z). By the same principle, computability
of other mathematical objects can be defined by introducing proper “naming
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systems”. For example, the computability of subsets of the Euclidean space [1],
of semi-continuous functions [12], of functional spaces [13] are all defined in this
way. All these computability of mathematical objects are achieved by a kind of
“effectivization” of the classic mathematic definitions.

Particularly, we can introduce the computability of curves in this way too. We
consider the plane curves in this paper only. The curves of higher dimensions
can be discussed in essentially the same way. Notice that, there are different
mathematical approaches to define curves. For example, a curve can be defined as
a connected and one-dimensional compact subset. Based on this approach we can
define the computable curves by means of the computability of compact subsets
of Euclidean space ([1]). Physically, a curve records the trace of a particle motion.
If the particle moves according to some algorithmically definable laws, its trace
should be regarded as computable. In mathematical terms, a curve is the range
of a continuous function defined on a closed interval and this function is called a
parametrization of the curve. If a curve has a computable parametrization, then
it should be naturally considered as a computable curve (see e.g., [4,5]).

However, the parametrization of a curve may have various extra properties,
particulary if we consider the curves which do not intersect itself and have finite
length. Normally, a parameterization of a plane curve C' is just a continuous
function f : [0,1] — R2. This paramaterization possibly traces some segment of
the curve several times. That is, the parameterization f retraces the curve, or it
is retraceable. If a curve does not intersect itself, then, by a classic theorem in
analysis, it has always an injective parameterization (with possibly exemption at
the endpoints of the interval). In addition, if C has a finite length, then it has even
an arc-length normalized parameterization. Here a parametrization f is called
arc-length normalized, if the curve-segment f([0,¢]) has a length proportional to
the parameter ¢, for any ¢ € [0,1].

In this paper we will introduce four versions of computable curves by ef-
fectivizing above four mathematical approaches to the curves. We will see that
these four versions of computability about curves are all different. The differ-
ence of the computability of curves introduced by computable parameterizations
and computable injective parameterizations was already shown by Gu, Lutz and
Mayordomo in a recent paper [5]. The separations of four versions of computable
curves shown in this paper hold actually in a more stronger sense. Namely, the
point sets covered by four classes of computable curves are also different. In
other words, different versions of computable curves can be separated by points
and then they are “point-separable” (see definition in Section 4).

Our paper is organized as follows. In Section 2 we will briefly recall some
basic notions related to curves, give the precise definition of computable curves
and then show some basic properties of computable curves. In Section 3, we
show a technical lemma which will be used in the proof of the main theorem.
In Section 4 we prove our main results that four classes of computable curves in
different sense are point-separable.
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2 Computable Curves

In mathematics, a plane curve is defined as a subset C' C R? which is the range
of a continuous function f : [0;1] — R?, i.e., C = range(f). This continuous
function f is then called a parametrization of C. Here we use w.l.o.g. the unit
interval [0,1] instead of more general closed intervals of the form [a,b]. Obvi-
ously, any curve has infinitely many parameterizations. Geometrically, a curve
records the path of a particle movement on the plane. If the particle never visit
one position more than once, in other words, if the curve does not intersect itself
(with possible exemption of end points), then the curve is called simple. A classi-
cal mathematical theorem asserts that, any simple curve has a parameterization
f :[0;1] — R? which is injective on [0;1). If a curve C has an injective param-
eterization f (meaning injective on the interval [0;1)) and fulfills in addition
f£(0) = f(1), then the curve C' is called closed.

For the simple curves, their lengths can be defined by approximation of the
lengths of polygons which converges to the curves according to Jordan [6]. More
precisely, Let C be a simple curve and let f : [0; 1] — R? be an injective contin-
uous parameterization of C'. The length L of the curve C' is then defined by

L:= supz |f(ai) — flaiz1)]-
i=0

where |f(a;) — f(a;+1)] is the length of the straight line connecting the points
f(a;) and f(a;+1) and the supremum is taken over all possible partitions 0 =
ag < a3 < ... < ap = 1. The length of a curve C' is denoted by I(C) := L. A
curve of a finite length is traditionally called rectifiable. Not every curve has a
finite length. Some curves can even fill whole space like Peano curves (see e.g.
[3]). In this paper we are mainly interested in the simple rectifiable curves.

It is well known in analysis that every simple, rectifiable curve has also a
length-normalized parameterization. Here a length-normalized (or simply nor-
malized) parameterization of a curve C' is an injective continuous function f :
[0,1] — R? such that the curve segment f([0,¢]) has the length ¢ - I(C) for
all t € [0,1]. Thus, a simple rectifiable curve can have three different kind of
parameterizations—continuous, injective continuous and normalized. In addi-
tion, a curve can also be defined as a connected one-dimensional compact point
set. By effectivizing these approaches to curves, we can introduce four different
versions of computable curves.

Remember that a real function f : [0;1] — R is computable if there is a
Turing machine M which transfers any name of = € [0,1] to a name of f(z).
Equivalently, f is computable iff there is a computable sequence (pn)nen of
computable rational polygon functions which converges uniformly and effectively
to f (see [10]). Naturally, a function f : [0;1] — R™ is computable if all of its
component functions are computable, or equivalently, if there is a Turing machine
M which transfers any name of = € [0, 1] into a tuple (a1, - ,a,) of names of
fi(x), -, fn(x) respectively, where f(x) = (fi(x), -, fn(z)). In this case, we
simply say that M computes the function f.
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Now we call define the computable curves as follows.

Definition 1. Let C be a simple plane curve.

1. C is called K-computable if there is a computable sequence (Qy,) of finite
sets of rational neighborhoods such that

cclJQuanddy (|JQu, €) <27 (1)

for all n € N, where dg denotes the Hausdorff distance.

2. C is called R-computable if there is a computable function f : [0;1] — R?
such that range(f) = C.

3. C is called M-computable if there is a computable function f : [0;1] — R?
which is injective on [0;1) such that range(f) = C.

4. C'is called N-computable if C' has a computable parameterization f : [0;1] —
R? such that the length of the curve segment f([0,t]) is equal to t - 1(C) for
all t € 10,1].

In the item 1 of the definition, the finite sets @, of rational neighborhoods
are also called compact covers of the curve C'. The second part of the condition
(1) means that the maximal distance from C' to bordering of the compact cover
@, is bounded by 27", In this paper, an e-neighborhood V. (a,b) of a point with
Cartesian coordinates (a,b) means the rectangle bounded by the lines z = a+¢
and y = b £ e. A neighborhood V.(a,b) is called rational if a,b and ¢ are all
rational numbers. The letter K of the K-computability comes from the German
word Kompakt (compact) due to the compact coverings.

In the item 2, the letter R stands for Retracable because the parametrization
f of a R-computable curve C' can retrace the curve C. Namely, there could be
some disjoint subintervals Iy, Iy C [0, 1] such that f(I1) = f(I3). In this case, f
traces some pieces of C' more than once, or f is retraceable.

If the paramaterization of a curve C is injective, then C' records the move-
ment of a particle with a monotone direction. The letter M in M-computability
stands for Monotonically directed movement. Notice that, in this paper, we call
a parameterization f : [0, 1] — R? injective even if it is only injective on [0; 1) and
does not exclude the possible case f(0) = f(1). This should not cause essential
confusions.

Finally, if a parameterization f : [0,1] — R? satisfies the condition that
the length of the curve segment f([0,¢]) is proportional to ¢, then it is called
arc-length normalized. Thus, N-computability stands for Normalized parame-
terization.

It is well know that not every curve has a finite length. For example, the
famous Peano curve can even fill the two-dimensional plan (see e.g., Peano [9])
and has an infinite length. From the definition 1, an N-computable curve has
always a finite length. However, the next theorem shows that an M-computable
curve does not necessarily have an finite length any more. This distinguishes the
N-computability from other three versions of computability immediately.
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Theorem 1. There is an M-computable curve C which has an infinite length.

Proof. (Sketch) We can construct firstly a computable sequence (p,,) of rational
polygons such that distance between p,, and p,+1 is bounded by 27" and p,+1
has doubled length of p,, by introducing many small zigzags, for all n. Then, the
limit p := lim p,, is a curve of infinite length. Corresponding to each polygon p,
we can define a computable injective function f, : [0,1] — R? as a parameter-
ization of p,, and in addition, we can require that |f,(t) — fn+1(t)] < 27™ is
satisfied for all n € N and ¢ € [0,1]. Therefore, the limit function f := lim f,
is an injective computable parameterization of the curve p and hence p is an
M-computable curve with an infinite length.

Although a computable curve may have an infinite length, computable rec-
tifiable curves seem more interesting and more important. In this paper we will
mainly focus only on the computable curves of finite length and we denote by
Ck,Cpgr,Cy and Cy the classes of all K-, R-, M- and N-computable rectifi-
able curves, respectively. By definition, it is straightforward that we have the
following relationship between these four versions of computable curves.

Theorem 2. Cy C Cy C Cr C Cg.

Actually we will see that all these four versions of computability of curves
are different and hence all the subset relations above are proper.

In the paper [5], Gu, Lutz and Mayordomo have shown that any rectifiable
R-computable curve has a left computable length, where a real number z is left
computable or computably enumerable (c.e. for short) if there is an increasing
computable sequence (z,,) of rational numbers which converges to x. This can
be strengthen further to the K-computable curves as follows.

Theorem 3. Any rectifiable K-computable curve has a left computable length.

Proof. (Sketch) If C is a rectifiable K-computable curve, then there is a com-
putable sequence (Q,,) of rational compact covers of C such that dg (| Qn, C) <
27" and Q,, consists of rational neighborhoods. In each cover | JQ,, we can find
the shortest polygon which straight through the whole area. This polygon is
called a “diameter polygon” of the cover @,. The length [,, of this polygon is a
lower bound of the length of C' (possible with the error < 27"+ because of the
endpoints). Since C has a finite length [, the limit [ = lim1,, is left computable
because I,, — 2~ <[ for all n.

By Theorems 2 and 3, any rectifiable R-, M- and N-computable curve has left
computable length. Ko [8] constructed “monster curve” which is M-computable
(even in polynomial time) with a non-computable length. The fact that the
length of an M-computable curve is not necessarily computable follows also
from the next result.

Theorem 4. If C is a K-computable curve with a computable length, then C
must be N -computable.
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Proof. Suppose that C' is K-computable whose length [ is a computable real
number. Then there is a computable sequence (Q,,) of rational compact covers
of C' and a computable sequence (l,,) of rational numbers which converges to [
effectively. Let g, be the length of the “diameter polygon” of the area |J Q.
For each n € N, we can find a sufficiently large index s,, such that |gs, —ls, | <
27", Such an index s,, exists because both sequences (gs) and (I5) converge to
the same limit [(C). Suppose that p, is a rational “diameter polygon” of the
area |JQ,, and let f, be the length-normalized parameterization of p,,. Then
(fn) is a computable sequence of computable functions which converges effec-
tively to a computable function f. This limit function f is a length normalized
parameterization of C. Therefore, the curve C is N-computable.

Notice that, if we consider only the curves of computable length, then the
K-, R-, M- and N-computability of curves are equivalent. Now let C' be an M-
computable rectifiable curve which is not N-computable (by Theorem 8). This
curve C is of course K-computable (Theorem 2). By the Theorem 4, C' does not
have a computable length. In fact, by a direct construction, we can show that
even an N-computable curve may have a non-computable length.

Theorem 5. There is an N-computable curve with a non-computable length.

Proof. (Sketch) Let I be a left computable but not computable real number.
There is an increasing computable sequence (I,,) of rational numbers which con-
verges to [. Construct a computable sequence (p,) of rational polygons such
that the distance between p,, and p,,; is bounded by 2"tV and I, = U(pn)
for all n. Then we can choose a normalize computable parameterization f,
of p, such that |f,(t) — fnt1(t)] < 27" for each n. Therefore the limit curve
p = limp, has a computable normalized parameterization f := lim f, and
hence is N-computable. The length of the N-computable curve p is [ which is
not computable.

3 A Technical Lemma

In this section we will show a technical lemma which will be used for the proofs
of our main results in section 4. Remember that our goal is to separate the
classes of curves by points covered by the curves. That is, we are interested in
the points which are covered by curves from one class of curves but cannot be
covered by any curves from another class of curves.

The next lemma shows a simple fact related to two curves which separates a
curve from another one by a small neighborhood as long as the first curve is not
a part of the second.

Lemma 1. Let C and C' be two rectifiable, non-closed simple curves and let
g : [0;1] — R? be a parametrization of C'. If we have C' NU, # 0 for all
points z € C' and all open neighborhoods U, of z, then there exists an interval

[a;b] C [0;1] such that g([a;b]) = C.
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Proof. Suppose that C, C’ are rectifiable, non-closed simple curves. If C'NU, #
for any point z € C' and any open neighborhood U, of z, then C' must be a part
of C’, i.e., C C C'. Otherwise, by the compactness of C’, we can find a point z in
C\C’ which has a positive distance from C’ and hence some open neighborhood
of z is disjointed from C' which contradicts the hypothesis.

Because C’ is a rectifiable simple curve, there exists an one-to-one param-
eterization f : [0;1] — C’. This parameterization f must be injective since C’
is non-closed. Therefore the inverse function f~! exists which is also continuous
and maps particularly two end points of C' to u,v € [0; 1]. Suppose w.l.o.g. that
u < v. Then we have f([u;v]) = C.

Let h : [0;1] — [0;1] be a continuous function defined by h := f~1 o g. Since
f([0;1]) = C C C" = ¢(]0;1]), we have [u;v] C h([0;1]). By the continuity of h,
there exist a € h=!(u) and b € h™!(v) such that h([a;b]) = [u;v] (We suppose
w.l.o.g that a < b). This implies immediately that g([a;b]) = C.

By Lemma 1, if a curve C is not contained completely in another curve C”,
then there exist a point z in C' and a small neighborhood U, around z such
that U is totally disjoint from the curve C’. Particularly, if C is longer than
C’, then C cannot be completely contained in C’. If in addition C' is a rational
polygon and C” is a computable curve, then such a point z and the corresponding
neighborhood U, can be effectively found. That is, we have the following lemma.

Lemma 2. Let C be a rational polygon and let C' be a computable curve. If the
curve C is not contained completely in the curve C', then we can effectively find a
rational point z on C' and a rational neighborhood U, of z such that C'NU, = (.

4 Point-Separability

This section will prove our main results that the four versions of computable
curves introduced in the Definition 1 are different. More interestingly, we will
see that four classes of computable curves cover even different point sets in the
plane.

The difference between the R-computable curve and M-computable curve
follows from a recent result of Gu, Lutz and Mayordomo [5]. They actually show
that there is a polynomial time computable curve I' which does not have any in-
jective computable parametrization. In other words, any computable parametriza-
tion f of T' must be retraced in the sense that f(I;) = f([2) for some disjoint
subintervals I, Is C [0;1]. Thus, T' is R-computable but not M-computable.

Our main theorem shows actually even more. Namely, the four classes Cg,
Cgr, Cp; and Cy of computable curves are not only different, they cover also
different sets of points in the plane. More precisely, they are all “point-separable”
in the following sense.

Definition 2. Let C and C; be classes of curves.

1. A point x is called a C-point if it is a point of some curve C in the class C.
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2. The classes C and Cy are called point-separable if the sets of C-points and
Cq-points are different.

Remember that a function f : [0,1] — R? is computable if there is a Turing
machine which computes f. Let (M,) be an effective enumeration of all Turing
machines M,, which compute the (possibly partial) functions ¢, : [0,1] — R2.
Then (¢y,,) is an effective enumeration of functions including all total computable
functions from [0,1] to R2.

Theorem 6. There exists a K-computable curve C' and a point z on C such
that z does not belong to any R-computable curve C'. In other words, the classes
Ck and Cg are point-separable.

Proof. (Sketch) We are going to construct a K-computable curve C' and a point
z which satisfy the condition mention in the theorem. By Definition 1, the
K-computability of the curve C requires a computable sequence of finite sets
(compact covers) of rational neighborhoods which approximates the curve C' ef-
fectively. Such kind of compact covers can be easily constructed from rational
polygons. Therefore, we need only to construct a computable sequence (p,,) of
rational polygons which converges effectively to the curve C.

If C’ is an R-computable curve, then C’ has a computable parameterization
©; : [0,1] — R2, for some 4, which is computed by the Turing machine M;. De-
note this curve simply by C;. For the technical simplicity, let C; be an empty
set (curve) if M; does not compute a total computable function. Therefore (C;)
is an effective enumeration of all R-computable curves. Thus, it suffices to con-
struct the K-computable curve C and a point z on C' which satisfy the following
requirements:

R; : If C; has a finite length, then point z does not belong to C;

To satisfy a single requirement R;, we choose a straight line segment of the
constructed polygon C. For simplicity, consider just the line segment J which
connects the points (0, 0) and (1, 0). Simulate the computation of M; to sufficient
precision. If M; computes a parameterization of the curve C; which is not very
close to J, then, by Lemma 1, we can find a point z on J and a neighborhood V'
of z such that C; NV = . If, on the other hand, C; looks very close to .J, then
we have to look at more closely how the function ¢; possibly traces the segment
J.

For any ¢ € [0,1] and € < I(J)/2, we say that ¢; has a (g, €)-sweep if the
function p; approximately traces from (g, 0) to (¢+¢,0), back to (¢g,0) and finally
passes (q + ¢€,0) forwardly again. As a parameterization of the curve C;, p; can
retrace some segment of C; several times. However, it is impossible, for a fixed e,
that it has (g, €)-sweep for all ¢ € [0,1]. If at some stage we find that ¢; cannot
have a (g, €)-sweep, then replace the linear segment from (g, 0) to (¢ + 2¢,0) by
the polygon which connects the points (g,0), (¢ + ¢,0), (¢,9) and (g + 2¢,0) in
the given order. Where § > 0 is a rational number which should be small enough
to guarantee the K-computability of the constructed curve. After this change,
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the constructed new polygon C' is different enough from C; so that we can apply
the Lemma 1 again to find a point z on C' and a neighborhood V such that
Ci N V = @

In both cases, we have a neighborhood V such that every point in this neigh-
borhood and in C satisfies the requirement R;. Then, we can consider the seg-
ment of C' in the neighborhood V to satisfy other requirements R; for j > i.
Formally we need a finite injury priority construction

Theorem 6 separates the K-computability from R-computability. In [5] it is
shown that the R-computability and M-computability are different too, that is,
there is an R-computable curve which does not have any injective computable
parameterization at all. This can also be followed from our next more strong
result.

Theorem 7. There exists an R-computable curve C and a point z on C such
that z does not belong to any M -computable curves C’'. That is, the classes Cr
and Cy; are point-separable.

Proof. (Sketch) We are going to construct an R-computable curve C' and a point
z on C which satisfy all the requirements

R; : If p; is an injective parameterization of C;, then z is not on C;.

where (¢;) is a computable enumeration of all (possibly partial) computable
functions ¢; : [0,1] — R2. The construction uses again the finite injury priority
method. We explain the rough idea how to satisfy a single requirement R; only.

Take a linear segment of the constructed polygon C. For simplicity, consider
just the line segment J from the point (0,0) to (1,0) with a parameterization
¢ which sweeps between these points. That is, ¢ goes from (0,0) to (1,0) first,
then back to (0,0) and finally goes through (1,0) again. This is allowed because
we want to construct an R-computable curve C.

Simulate the computation of M; which computes the function ¢; to sufficient
precision. If y; is an injective parameterization of C;, then consider the following
cases:

Case 1. C; is not close to J at all, then we are done by the Lemma 1.

Case 2. C; closely passes the segment J only once. In this case, alter the
segment J by a Z-sweep of height § which is a polygon connecting the points
(0,0), (1,0), (0,—6) and (1,0) in the given order. Where 6 > 0 is a sufficiently
small rational number. Then the Lemma 1 can be applied.

Case 3. C; is close to J and also has Z-sweeps near J. Suppose that the
minimal height of all these Z-sweeps is € > 0. Then replace the segment J by a
Z-sweep of a height ¢ such that § < ¢/2. After that we can apply the Lemma 1.

In all three cases, according to Lemma 1, we can fine a z on C and a neighbor-
hood V of z such that C; NV = (). Thus, the segment of C' in the neighborhood
V can be used to satisfy other requirements R; for j > ¢. The priority technique
guarantees that all requirements can be satisfied simultaneously.
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Finally, we want show the difference between M- and IN-computability of
curves.

Theorem 8. There exists an M -computable curve C and a point z on C such
that z does not belong to any N-computable curves C'. That is, the classes Cyy
and Cpy are point-separable.

Proof. (Sketch) We use priority technique again to construct an M-computable
curve C' and a point z on C such that the following requirements are satisfied

R; : If p; is a length-normalized parameterization of C;, then z is not on Cj.

Suppose that C; is an N-computable curve and ¢; is a length-normalized
parameterization of C;. Choose a linear segment J of already constructed curve
C'. For simplicity, let J be the line segment connecting the points (0,0) and (1, 0).
Compute @; to sufficient precision. If C; is not close to the segment J, then we
can apply the Lemma 1 directly. Otherwise, suppose that C; is very close to
the segment J. That is, there are t1, ¢ € [0, 1] such that the segment @;([t1, t2])
almost coincides with J. Then compute the middle point o;((t1 + t2)/2) of the
segment ¢;([t1,t2]) and check if it is close to the middle point of J. If it is not
the case, then ¢; is not length-normalized and we are done. Otherwise, double
the length of the first half of the segment J (i.e. the part from (0,0) to (1/2,0))
by introducing small zigzags. This makes the new segment different enough from
the curve C; and hence we can apply the Lemma 1 to find a point on C and
a neighborhood V of z such that V N C; = (). Therefore, the standard priority
construction works.

Notice that an N-computable curve has a computable parameterization which
traces the curve in one direction and with a constant speed. Thus, Theorem 8
shows that some curve describes the computable particle motion in one direction
but the speed of the motion cannot be constant.

Remark: In the proofs of above three theorems, we always choose a linear
segment J which connects the points (0,0) and (1,0). This choice may help
reader to understand how a new polygon should be constructed. However, there
is a drawback for this choice of J that we cannot see how to guarantee that the
constructed curve has a finite length. So in more formal constructions, we should
choose the segment J with much short length so that the new curve increases
the length only in a very small portion. This guarantees that the constructed
curve is rectifiable.
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Abstract. We introduce the notion of quasi-zero-dimensionality as a
substitute for the notion of zero-dimensionality, motivated by the fact
that the latter behaves badly in the realm of qcb-spaces. We prove
that the category QZ of quasi-zero-dimensional qcho-spaces is cartesian
closed. Prominent examples of spaces in QZ are the spaces in the sequen-
tial hierarchy of the Kleene-Kreisel continuous functionals. Moreover, we
characterise some types of closed subsets of QZ-spaces in terms of their
ability to allow extendability of continuous functions. These results are
related to an open problem in Computable Analysis.

Keywords: Computable Analysis, Qcb-spaces, Extendability

1 Introduction

The category QCB of quotients of countably based spaces [15] has excellent
closure properties. For example, it is cartesian closed, in contrast to the category
Top of all topological spaces (see [1,12]). This means that QCB allows us to form
products and functions space with the usual transposing properties. Qcb-spaces
are known to form exactly the class of topological spaces which can be handled
appropriately by the representation based approach to Computable Analysis,
the Type Two Model of Effectivity, TTE ([16]).

Unfortunately, exponentiation in QCB behaves badly in terms of preservation
of classical topological notions like regularity, normality and zero-dimensionality.
For example, the function space N®) formed in QCB is neither zero-dimensional
nor normal (see [13]) despite the fact that both the exponent NN and the basis
N are even zero-dimensional Polish spaces. In [14] the notion of a quasi-normal
qcb-space is introduced as a substitute for normality in the realm of qcb-spaces
(see Section 2.7). This notion has the advantage of being preserved by expo-
nentiation in QCB. Moreover, quasi-normal gcb-spaces admit a Tietze-Urysohn
Extension Theorem for continuous real-valued functions defined on functionally
closed subspaces.

In an analogous way, we introduce the notion of a quasi-zero-dimensional
qcb-space (see Section 3). The category QZ of quasi-zero-dimensional gcb-spaces
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turns out to be an exponential ideal of QCB. In Section 4 we investigate ex-
tendability of continuous functions that have as codomain either a quasi-zero-
dimensional qcb-space or the real numbers. We prove that a subspace X of a
QZ-space Y admits continuous extendability of all continuous functions from X
to N if, and only if, X is in closed in the zero-dimensional reflection of Y. Analo-
gously, we characterise functionally closed subspaces of a quasi-normal qcb-space
as those subspaces that admit continuous extendability of all continuous real-
valued functions defined on them.

In Section 5 we discuss the relationship of our results with an open problem
in Computable Analysis. The problem is whether two hierarchies of functionals
over the reals coincide (see [2]).

Since this is an extended abstract, most proofs are omitted.

2 Preliminaries

We repeat some notions and basic facts about sequential spaces, qcb-spaces,
pseudobases, and quasi-normal spaces. Moreover, we remind the reader of the
definition of the completely regular reflection and of the zero-dimensional reflec-
tion of a sequential space.

2.1 Notations

We use sans-serif letters like X,Y etc. to denote topological spaces. We write
O(X) for the topology of a topological space X and A(X) for the family of closed
sets of X. In abuse of notation, we will denote the carrier set of a space X by the
same symbol X.

We use the following symbols for relevant topological spaces: R for the space
of real numbers endowed with the Euclidean topology, I for the unit interval [0, 1]
endowed with the Euclidean subspace topology, N for the discrete topological
space of natural numbers {0,1,2, ...}, J for the one-point compactification of N
with carrier set NU{oo}, and the the sans-serif letter 2 for the two-point discrete
space with points 0 and 1.

2.2 Sequential spaces, sequential coreflections

A subset A of a topological space X is called sequentially closed, if A contains
any limit of any convergent sequence of points in A. Complements of sequentially
closed sets are called sequentially open. For a given topology 7, we denote the
topology of sequentially open sets by seq(7). Spaces such that every sequentially
open set is open are called sequential. The sequential coreflection (or sequential-
isation) seq(X) of X is the topological space that carries the topology seq(O(X))
consisting of all sequentially open sets of X. The operator seq is idempotent. Im-
portantly, a function between two sequential spaces is topologically continuous
if, and only if, it is sequentially continuous.
For more details about the theory of sequential spaces we refer to [3,17].
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2.3 Qcb-spaces

A qgcb-space [15] is a topological guotient of a countably-based topological space.
Qcbg-spaces, i.e. qcb-spaces that satisfy the Typ-property, are well-established to
be exactly the class of sequential spaces which can be handled by the Type Two
Model of Effectivity.

Qcb-spaces are hereditarily Lindelof (i.e. any open cover of any subset has a
countable subcover) and sequential. The category QCB of qcb-spaces as objects
and of continuous functions as morphisms is cartesian closed. Moreover, QCB
has all countable limits and all countable colimits. For two qcb-spaces A and B
we denote by A x B their product, by A + B their coproduct, and by B” their
function space formed in QCB.

More information can be found in [1,11,12,15].

2.4 Pseudobases and pseudo-open decompositions

Given a topological space X, we say that a family A of subsets of X is a pseudo-
open decomposition of a subset M, if M = |J.A holds and for every sequence
(y)n that converges to some element z,, € M there is some set B € A and
some ng € N such that {z,,2.|n > no} € B C M holds. Clearly, a set has a
pseudo-open decomposition if, and only if, it is sequentially open.

A (sequential) pseudobase for X is a family B of subsets such that every
open set has a pseudo-open decomposition into members of B. Any base of
topological space is a pseudobase, but not vice versa. Pseudobases characterise
qcb-spaces: a sequential space is a qcb-space if, and only if, it has a countable
pseudobase. Any countably pseudobased space is hereditarily Lindeldf and its
sequential coreflection is a qcb-space. In this paper we will only deal with spaces
having a countable pseudobase. More information can be found in [4,12,15].

2.5 Completely regular reflections, functionally open sets

Let X be a sequential space. The completely reqular reflection of X is defined to
carry the topology that is induced by the base

B:={h7'(0,1]| h: X = T is continuous} .

We denote this topological space by R(X). It has the property that every real-
valued function f on X is continuous w.r.t. the original topology O(X) if, and
only if, f is continuous w.r.t. the topology O(R(X)). If R(X) is a Tp-space then
R(X) is a Tychonoff space.

A subset U of X is called functionally open, if there is a continuous function h
from X to the unit interval I = [0, 1] such that h=1{0} = X\ A. Complements of
functionally open sets are called functionally closed. A common term for “func-
tionally closed set” is zero-set, and for “functionally open set” is cozero-set. We
denote the family of functionally open sets of X by FO(X) and the family of func-
tionally closed sets by FA(X). If X is a hereditarily Lindelof space then FO(X)
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forms the topology of the completely regular reflection R(X). Otherwise FO(X)
need not be a topology.

Regularity, normality and perfect normality' are equivalent for hereditarily
Lindelof spaces, thus for countably pseudobased spaces and for qcb-spaces.

2.6 Zero-dimensional spaces, zero-dimensional reflections

A zero-dimensional space is a topological space that has a base consisting of
clopen (= closed and open) sets. Any zero-dimensional Ty-space is regular. Zero-
dimensional hereditarily Lindel6f spaces X are even strongly zero-dimensional,
meaning that any pair of disjoint closed sets A, B can be separated by a clopen set
C (i.e. A C C C X\B). Strongly zero-dimensional Tp-spaces are zero-dimensional
and normal.

Let X be a sequential space. The zero-dimensional reflection of X is defined
to be the space that carries the topology induced by the base

B:={h {1} | h: X — 2 is continuous} .

We denote this space by Z(X). Clearly, Z(X) is zero-dimensional. If X is heredi-
tarily Lindel6f then the zero-dimensional reflection Z(X) is hereditarily Lindelof
as well and thus strongly zero-dimensional (see [3]).

2.7 Quasi-normal spaces and the category QN

A quasi-normal space is defined to be the sequential coreflection of some normal
space [14]. The category of quasi-normal gcb-spaces, which is denoted by QN,
is cartesian closed and inherits finite products and exponentials from its super-
category QCB. This is not the case for the category of normal gcb-spaces. Any
continuous function f: X — R from a functionally closed subspace X of a space
Y € QN can be extended to a continuous function F': Y — R. Details can be
found in [14].

3 Quasi-zero-dimensional Qcb-Spaces

In this section we introduce and investigate the notion of a quasi-zero-
dimensional gcb-space.

The category QCB of qcb-spaces is known to be cartesian closed. However,
forming function spaces in QCB does not preserve classical topological notions
like regularity, normality and zero-dimensionality. For example, the function
space NO) formed in QCB is neither zero-dimensional nor normal (see [13)),

1 A normal space is a Ti-space such that for a pair of disjoint closed sets (A, B) there
exists a pair of disjoint open sets (U, V) such that A C U and B C V. A perfectly
normal space is a Ti-space in which every closed sets is functionally closed. Note
that some authors omit the 7T1-condition.
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although both N and NY are zero-dimensional and normal. Hence the final topol-
ogy of the natural TTE-representation on N (NN), which is equal to the topology
of N(NN), is not zero-dimensional. By contrast, the compact-open topology on
N is even strongly zero-dimensional.

This fact motivates the introduction of an appropriate substitute for the
property of zero-dimensionality in the realm of gcb-spaces. We use the same
idea as in [14], where the notion of quasi-normality is defined as a replacement
for normality. The idea behind the following definition is the fact that finite
products and function spaces in the category QCB are constructed as the se-
quential coreflection of their counterparts in classical topology, which enjoy the
property of preserving zero-dimensionality.

Definition 1. A qcb-space X is called quasi-zero-dimensional, if X is the se-
quential coreflection of a zero-dimensional Ty-space.

So a qcb-space is quasi-zero-dimensional if, and only if, its convergence rela-
tion is induced by some zero-dimensional Ty-topology. Clearly, any quasi-zero-
dimensional space is hereditarily disconnected. Simple examples of quasi-zero-
dimensional spaces are zero-dimensional separable metrisable spaces, because
they are equal to their own sequentialisation. By QZ we denote the full subcat-
egory of QCB that are quasi-zero-dimensional spaces.

Recall that a quasi-normal space is defined to be the sequential coreflection of
a normal space (see [14]). Since zero-dimensional hereditarily Lindelof Tp-spaces
are normal, we have:

Lemma 1. Any QZ-space is a QN-space (and thus a Hausdorff space).

3.1 Characterisation of quasi-zero-dimensionality

We will give now several characterisations of QZ-spaces. They are analogous to
characterisations of quasi-normality given in [14, Section 3.2]. We begin with the
following observation.

Lemma 2. A gcby-space X is quasi-zero-dimensional if, and only if, it is the
sequential coreflection of its zero-dimensional reflection Z(X).

For the second characterisation, we define two families of (respectively, closed
and open) subsets of a topological space X by

ZA(X) := {h~"{oo} | h: X = J continuous}, ZO(X) := {X\ A| A € ZA(X)}.

Here J denotes the one-point compactification of N. Obviously, every set in
ZA(X) is closed in the zero-dimensional reflection of X. We will sometimes use
the term Z-closed for the members of ZA(X) and Z-open for members of ZO(X).
In general, ZO(X) is not a topology, unless X is hereditarily Lindelof.

Lemma 3. Let X be a hereditarily Lindeldf space. Then ZO(X) is the family of
all open sets of Z(X). Dually, ZA(X) is the family of all closed sets of Z(X).
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Obviously, every Z-closed in a quasi-zero-dimensional space is functionally
closed, because J is homeomorphic to the closed subspace {0,27"|n € N} of L.
It is not known for which QZ-spaces the converse is true as well.

Definition 2. We say that a qcb-space X has Normann’s property, if X € QZ
and every functionally closed set of X is closed in the zero-dimensional reflection

Z(X) of X (i.e. FAX) = ZA(X)).

Clearly, zero-dimensional spaces have Normann’s property.
Lemma 3 implies the following reformulation of Lemma 2.

Corollary 1. A gcbg-space X is quasi-zero-dimensional if, and only if, its con-
vergence relation is induced by the topology ZO(X).

We now work towards a characterisation of quasi-zero-dimensionality in terms
of pseudobases. Recall that gcb-spaces are known to be those sequential spaces
that have a countable pseudobase (see Section 2.4). We start with the following
separation lemma for disjoint Z-closed subsets.

Lemma 4. Let X be a hereditarily Lindeldf space, and let A, B be disjoint closed
subsets of Z(X). Then there is a continuous function h: X — J with h=1{occ} = A
and B C h=1{0}.

This lemma is instrumental in proving the following lemma about sequen-
tially open sets that are Gs-sets in the zero-dimensional reflection of a QZ-space.

Lemma 5. Let X be a gcb-space equipped with a countable pseudobase consisting
of sets in ZA(X). Then every sequentially open set V- € O(X) that is a Gs-set in
Z(X) is open in Z(X). Dually, every sequentially closed set A € A(X) that is an
Fo-set in Z(X) is closed in Z(X).

Now we are ready to characterise quasi-zero-dimensional qcb-spaces in terms
of properties of pseudobases.

Proposition 1. A gcbg-space X is quasi-zero-dimensional if, and only if, it has
a countable pseudobase consisting of sets in ZA(X).

Note that quasi-normal qcb-spaces are characterised via countable pseu-
dobases consisting of functionally closed sets (see [14, Proposition 4]).

A continuous function e: X — Y between sequential spaces X,Y is said to
reflect convergent sequences, if, for any sequence (2, ), in X and any point z, €
X, (zp)n converges to xo, in X whenever (e(z,,)), converges to e(z) in Y.

Proposition 2. A gcb-space X is quasi-zero-dimensional if, and only if, there
are a qcb-space Z and a continuous injection e: X — 27 that reflects convergent
sequences.
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3.2 Constructing quasi-zero-dimensional spaces

The category QZ of quasi-zero-dimensional qcb-spaces enjoys excellent closure
properties. Like quasi-normality, quasi-zero-dimensionality is preserved by form-
ing (i) countable products, (ii) subspaces, (iii) countable coproducts, and (iv)
function spaces in the category QCB of qcb-spaces. So QZ inherits the cartesian-
closed structure of QCB. In fact QZ is an exponential ideal of QCB.

Theorem 1. The category QZ of quasi-zero-dimensional qcb-spaces is cartesian
closed. Moreover, it has all countable limits, all countable colimits and is an
exponential ideal of QCB.

Proof. Similar to the proof of Theorem 6 in [14]. Alternatively, one can apply
Proposition 2.

Obviously, all zero-dimensional metric spaces are in QZ. Theorem 1 implies
that all Kleene-Kreisel spaces [5] of the form N belong to QZ. Furthermore, for
all k € N the space N(k) of Kleene-Kreisel continuous functional of order k (see
[7,8,10]) is a quasi-zero-dimensional space. The hierarchy (N(k))j is recursively
defined by the formula N(0) := N and N(k + 1) := NN} On the other hand,
the Euclidean space R is not quasi-zero-dimensional by being connected.

Remark 1. One can show that there is a cartesian closed embedding of QZ into
the cartesian closed category ko0dim considered by G. Lukdcs in [9]. This cate-
gory is itself equivalent to a full reflective sub-ccc of the category of Hausdorff
k-spaces.

4 Extendability of continuous functions

In this section we investigate extendability of continuous functions defined on
subspaces of quasi-zero-dimensional spaces. Moreover, we classify subspaces in
terms of their ability to admit extendability of continuous functions.

4.1 A transitivity property for Z-closed sets

It is well-known that the subspace operator on topological spaces has the fol-
lowing transitivity property: Any closed subset of a closed subspace is closed in
the original space, whereas the analogous statement for functionally closed sets
is false in general (see [3, 2.1.B]).

In [14], it is shown that functionally closed sets in quasi-normal qcb-spaces do
have the transitivity property. Recall that functionally closed sets of a QN-space
Y are exactly the closed sets of the completely regular reflection of Y.

In Proposition 1 and Lemma 3 we have seen that Z-closed sets play a sim-
ilar role for QZ-spaces as functionally closed sets do for QN-spaces. Validity of
the transitivity property for Z-closed sets is related to extendability of continu-
ous functions with zero-dimensional codomains as follows: Let X be a Z-closed
subspace of a sequential space Y. If any continuous function from X to J (the
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one-point compactification of N) is extendable onto Y, then any closed subset
A of Z(X) is also closed in Z(Y): Choose continuous functions f: X — J and
g: Y = J with f~'{oc} = A, g7 '{oc} = X and extend f to a continuous func-
tion F': Y — J. Then the function h: Y — J defined by h(y) := min{F(y), g(y)}
is a continuous function witnessing that A is closed in ZA(Y).

Fortunately, the transitivity property for Z-closed sets is valid in the realm of
QZ-spaces (see Proposition 3). So the zero-dimensional reflection of any Z-closed
subspace is a subspace of the zero-dimensional reflection of its QZ-superspace.

Proposition 3. Let Y € QZ. Let X be a subspace of Y with X € ZA(Y). Then
every set that is closed in Z(X) is closed in Z(Y). Moreover, Z(X) is a topological
subspace of Z(Y).

4.2 Extendability of continuous functions into QZ-spaces

In this section we work towards showing that, for any zero-dimensional Polish
space B, any continuous B-valued function defined on a Z-closed subspace of a
QZ-space is continuously extendable. We start by showing that clopens of Z-
closed subspaces extend to clopens of the whole space, provided that the latter
isin QZ.

Lemma 6. Let Y € QZ, and let X be a subspace of Y with X € ZA(Y). Then
for every set D that is clopen in X there is a clopen C' in' Y with D = C N X.

Proof. By Proposition 3, both D and X \ D are closed sets in Z(Y). By strong
zero-dimensionality of Z(Y), there is a clopen set C' in Y with D C C C X\ D.
Clearly, CNX=D. O

Lemma 6 can be reformulated by stating that any continuous function from
a Z-closed subset into the two-point discrete space 2 has a continuous extension.

We now investigate the full subcategory ZEXT of QCB consisting of those
quasi-zero-dimenional qcb-spaces Z € QZ that have the following property: For
all spaces Y € QZ, for all Z-closed subspaces X of Y and for all continuous
functions f: X — Z there exists a continuous function F': Y — Z extending f.
Lemma 6 states that 2 is an object of ZEXT.

Given two qcb-spaces Y, B, we say that a subspace X of Y admits a continuous
extension operator for B, if there exists a continuous function E: BX — BY
satisfying F(f)(x) = f(x) for all z € X and all continuous functions f: X — B.
Cartesian closedness of QZ (see Theorem 1) yields the following characterisation
of the objects in ZEXT.

Proposition 4. A space Z € QZ is an object of ZEXT if, and only if, any Z-
closed subspace X of any space Y € QZ admits a continuous extension operator

E:7*X - ZY forZ.

The category ZEXT enjoys excellent closure properties.
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Proposition 5.

1. If A,B € ZEXT, then A x B € ZEXT.

2. If B € ZEXT and A € QCB, then BA € ZEXT.

3. If A,B € ZEXT, then A+ B € ZEXT.

4. If B € ZEXT and A is a QCB-retract of B, then A € ZEXT.

5. If B € ZEXT and A is a Z-open subspace of B, then A € ZEXT.

In the category of sequential spaces and hence in QCB the discrete space N is
homeomorphic to the function space 22" by [2, Proposition 3]. Moreover, by [6,
Theorem 7.8] every zero-dimensional Polish space is homeomorphic to a closed
subset of the Baire space NY. In turn, this closed subspace is a retract of NN by
[2, Proposition 2]. We obtain by Proposition 5 and Lemma 6:

Ezample 1. The following spaces are objects of ZEXT:

a) the discrete space N,

b) the Baire space NV,

c¢) any zero-dimensional Polish space,

d) the one-point compactification J of N,

(e) for any k € N the space N(k) of all Kleene-Kreisel continuous functionals of
order k (see Section 3.2).

(
(
(

4.3 Subspaces that admit continuous extendability

Now we study under which conditions a subspace admits continuous extendabil-
ity of continuous functions. We start with the following simple observation.

Lemma 7. Let Y € QZ and let X be a subspace of Y such that for every subset
D C X that is clopen in X there exists a clopen C inY with D = CNX. Then X
is sequentially closed.

We have already seen that the property of X being closed in ZA(Y) is suf-
ficient to guarantee extendability of all continuous N-valued functions defined
on X. We show that this condition is also necessary.

Lemma 8. Let X be a subspace of a Y € QZ. If every continuous function
h: X —= N can be extended to a continuous function H: Y — N, then X € ZA(Y).

We obtain as an easy consequence:

Corollary 2. Let A be a retract of a space Y € QZ. Then A is homeomorphic
to a Z-closed subspace of Y.

Lemma 8 generalises to all non-compact QZ-spaces replacing N as codomain
space.

Proposition 6. Let Z € QZ such that Z is not compact. Let X be a subspace of
a space Y € QZ such that every continuous function f: X — Z can be extended
to a continuous function F: Y — Z. Then X € ZA(Y).
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Proposition 6 is a consequence of Lemma 8 and the following equivalence.
Lemma 9. A space X € QZ is not compact if, and only if, N is a retract of X.

We do not know whether Lemma 8 is valid for the two-point discrete space 2
replacing N. However, the (possibly) stronger condition on a subspace X to admit
a continuous extension operator for the continuous functions with codomain 2
is enough to ensure that X is Z-closed.

Proposition 7. LetY € QZ. Let X be a subspace of Y that admits a continuous
extension operator E: 2% — 2Y. Then X € ZA(Y).

With the help of Propositions 2, 5 and 7 one can prove:

Proposition 8. A qcb-space X is an object of ZEXT if, and only if, there is a
qcb-space Z such that X is a retract of 27.

We summerise some of the above results in a characterisation theorem for
sets that are closed in the zero-dimensional reflection.

Theorem 2 (Characterisation of Z-closed subsets). Let Y be a quasi-zero-
dimensional qcb-space, and let X be a subspace of Y. Then the following state-
ments are equivalent:

(a) The set X is closed in the zero-dimensional reflection Z(Y) of Y.

(b) The set is Z-closed (i.e. X € ZA(Y)).

(c) The subspace X admits a continuous extension operator E: 2% — 2Y.

(d) The subspace X admits a continuous extension operator E: N* — NY,

(e) Any continuous function f: X — N can be extended to a continuous function
F:Y—=N.

(f) There is a mon-compact quasi-zero-dimensional gcb-space Z such that any

continuous function f: X — Z can be extended to a continuous function
F:Y—>Z.

4.4 Characterisation of functionally closed subsets

In this section we present a characterisation of all functionally closed subsets of
quasi-normal spaces that is similar to Theorem 2.

In [14] it is shown that real-valued functions defined on a functionally closed
subspace can be extended to the whole space, provided the latter is a quasi-
normal qcb-space. We remark that cartesian closedness of QN implies the fol-
lowing uniform versions of this extendability result.

Proposition 9. Let X be a functionally closed subspace of a space Y € QN.
Then X admits continuous extension operators FEy: IX — 1Y and Er: RX — RY.

Now we investigate under which condition a subspace admits continuous
extendability of continuous real-valued functions. We begin with the following
simple observation which is analogous to Lemma 7.
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Lemma 10. Let Y € QN. Let X be a QCB-subspace of Y such that every con-
tinuous function f: X — I can be extended to a continuous function F:Y — L.
Then X is sequentially closed.

The fact that every qcb-space is hereditarily Lindel6f implies the following
observation.

Lemma 11. Let Y € QN. Let X be a QCB-subspace of Y such that every con-
tinuous function f: X — R can be extended to a continuous function F: Y — R.
Then X € FA(Y).

We obtain the following corollary which parallels Corollary 2.

Corollary 3. Let A be a retract of a space Y € QN. Then A is homeomorphic
to a functionally closed subspace of Y.

We do not know whether non-uniform extendability of all continuous func-
tions on X into the unit interval I = [0, 1] implies that X is functionally closed.
However, if X admits a continuous extension operator for I as codomain, then X
must be functionally closed (cf. Proposition 7).

Proposition 10. Let Y be a quasi-normal qcb-space. Let X be a QCB-subspace
of Y that admits a continuous extension operator E: X — IY. Then X € FA(Y).

‘We summerise the above results in a characterisation theorem for subsets of
quasi-normal gcb-spaces that are closed in the completely regular reflection.

Theorem 3 (Characterisation of functionally closed subsets). Let Y be
a quasi-normal gcb-space, and let X be a QCB-subspace of Y. Then the following
statements are equivalent:

(a) The set X is functionally closed in Y (i.e. X € FA(Y)).

(b) The set X is closed the completely regular reflection R(Y) of Y.

(c) The subspace X admits a continuous extension operator E: 1% — TV,
(d) The subspace X admits a continuous extension operator E: R* — RY.

(e) Any continuous function f: X — R can be extended to a continuous function
F:Y >R,

5 Discussion

We have seen that the category QZ of quasi-zero-dimensional qcb-spaces and the
category QN of quasi-normal qgcb-spaces enjoy several similarities, for example
they are exponential ideals of QCB. Both classes of topological spaces possess a
distinguished family of closed subsets (Z-closed subsets in the case of QZ and
functionally closed subsets in the case of QN) with following property: either class
is characterised by the existence of a countable pseudobase consisting of sets in
the respective family of closed subsets. Functionally closed subspaces of QN-
spaces are characterised as those subspaces that admit continuous extendability
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of real-valued functions, while Z-closed subsets are exactly the class of sets which
allow to extend continuous functions that have a Kleene-Kreisel space of the form
NZ as codomain.

It is not known whether every QZ-space Y has Normann’s property (i.e. every
functionally closed set in Y is Z-closed). This question is related to an open
problem in Computable Analysis, namely whether or not two natural hierarchies
of continuous functionals over the reals (called the intensional hierarchy and the
extensional hierarchy, see [2]) coincide. D. Normann [10] proved that the two
hierarchies agree if, and only if, for all £ > 2 the space N(k) of Kleene-Kreisel
continuous functionals of type k (see Section 3.2) has Normann’s property.

Acknowledgement

I would like to thank the anonymous referees for their valuable suggestions.

References

1. Battenfeld, I., Schréder, M., and Simpson, A.: A Convenient Category of Domains.
Electronic Notes in Theoretical Computer Science 172 (2007) 69-99

2. Bauer, A., Escardé, M., and Simpson, A.: Comparing Functional Paradigms for
Exact Real-number Computation. in Proc. I[CALP ’02, Lecture Notes in Computer
Science 2380 (2002) 488-500

3. Engelking, R.: General Topology. Heldermann, Berlin (1989)

4. Escardd6, M., Lawson, J., Simpson, A.: Comparing Cartesian-closed Categories of
Core Compactly Generated Spaces. Topology and its Applications 143 (2004)
105-145

5. Escardé, M.: Exhausible Sets in Higher-type Computation, Logical Methods in
Computer Science 4(3:3) (2009) 1-37

6. Kelchris, A.: Classical Descriptive Set Theory. Springer, Berlin (1995)

7. Kleene, S.E.: Countable Functionals. In Constructivity in Mathematics, North-
Holland (1959) 81-100

8. Kreisel, G.: Interpretation of Analysis by means of Functionals of Finite Type. In
Constructivity in Mathematics, North-Holland (1959) 101-128

9. Lukécs, G.: A Cartesian Closed Category of Zero-dimensional Spaces. Unpublished
Note

10. Normann, D.: Comparing Hierarchies of Total Functionals. Logical Methods in
Computer Science 1(2:4) (2005) 1-28

11. Schréder, M.: Extended Admissibility. Theoretical Computer Science 284 (2002)
519-538

12. Schréder, M.: Admissible Representations for Continuous Computations. PhD
Thesis, Fachbereich Informatik, FernUniversitidt Hagen (2002)

13. Schréder, M.: The sequential topology on N s not regular. Accepted for publi-
cation in Mathematical Structures in Computer Science (2009)

14. Schréder, M.: An Effective Tietze-Urysohn Theorem for QCB-Spaces. Journal of
Universal Computer Science 15(6) (2009) 1317-1336

15. Simpson, A.: Towards a Convenient Category of Topological Domains. In: Pro-
ceedings of thirteenth ALGI Workshop, RIMS, Kyoto University (2003)

16. Weihrauch, K.: Computable Analysis. Springer, Berlin (2000)

17. Willard, S.: General Topology. Addison-Wesley, Reading (1970)



Random Iteration Algorithm for Graph-Directed
Sets

Yoshiki Tsujii!, Takakazu Mori!, Mariko Yasugi?, and Hideki Tsuiki®

! Faculty of Science, Kyoto Sangyo University
tsujiiy,morita@cc.kyoto-su.ac.jp
2 Kyoto Sangyo University
yasugi@cc.kyoto-su.ac. jp
Graduate School of Human and Environmental Studies, Kyoto University
tsuiki@i.h.kyoto-u.ac. jp

Abstract. A random iteration algorithm for graph-directed sets is de-
fined and discussed. Similarly to the Barnsley-Elton’s theorem, it is
shown that almost all sequences obtained by this algorithm reflect a
probability measure which is invariant with respect to the system of
contractions with probabilities.

1 Introduction

The motif of this article is the random iteration algorithm for a family of graph-
directed sets. According to Barnsley [1], the random iteration algorithm can be
used to picture a fractal defined by a finite number of contractions. Our interest
is to extend this idea to graph-directed sets (cf. [7], [8], [9], [10]).

Our present interest was originally motivated by the work of Brattka [4], in
which Brattka presented an example of a “Fine-computable” function which is
not “locally uniformly Fine-computable.” The graph of Brattka’s function can
be characterized as a graph-directed set, and in [10] we have depicted graphs of
some graph-directed sets by using a deterministic algorithm.

The random iteration algorithm is an alternative for picturing some invariant
sets. Let us briefly explain this algorithm according to Barnsley and Elton (cf.
11, 2], [6]).

Let {S1,52,...,Sk} be a family of contractions on RZ. Let (p1,p2, -, DK
be a system of probabilities assigned to {Si,Sa,...,Sk}, where p; > 0 (i =
1,...,K) and Zfil p; = 1. Choose x(0) € R? and choose randomly, recur-
sively and independently z(t) € {Si(x(t — 1)), Se(z(t — 1)),..., Sk (z(t — 1))},
where the probability for the event x(t) = S;(z(t — 1)) is p;. The sequence
{z(0),2(1),...,2(n),...} “converges to” the invariant set with respect to {51, Sa,
..., SK}. Moreover, the density of points in this sequence reflects a measure
which is invariant with respect to {S1,S52,...,Sk} and (p1,p2,...,pK) in the
sense of Theorem 2 (Barnsley and Elton). Let us give an example.

Ezample 1 (Koch Curve). The Koch curve is invariant for Sy, Sa, S3, Sy, where
S; maps the whole triangle to a smaller triangle for ¢ = 1,2,3,4 (cf. Fig. 1).

Andrej Bauer, Peter Hertling, Ker-I Ko (Eds.)
6th Int’l Conf. on Computability and Complexity in Analysis, 2009, pp. 245-256
http://drops.dagstuhl.de/opus/volltexte/2009/2275
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Let (3/7,1/7,2/7,1/7) be a system of probabilities assigned to {57, S2, 53,54}
Starting with x(0) = (0,0), we obtained the figure after 4000 times loop.

So Ss3
S1 Sy
(0,0) (1,0)
J‘..;I:‘L\z
A%y i 4: o~y
ok dued Lnd e
;;;.~ ¢
P W
A it
o 2 & .
Pty “’{4‘« prns LS PN
k £ ¢ RO
A0S s P o SO R

Fig. 1. Koch curve drawn with the random iteration algorithm.

In Section 2, we review the theory of graph-directed sets, and then explain
the random iteration algorithm for graph-directed sets. In Section 3, we prove
the Barnsley-Elton theorem for graph-directed sets (Theorems 3-5 and Corollary
1). At the end, another random iteration algorithm is proposed and some results
thereof are previewed; details will be developed later.

We might note that I. Werner has investigated a random iteration algorithm
for a family of graph-directed sets in a different approach in [11].

2 Random iteration algorithm for graph-directed sets

Graph-directed sets are defined as follows ([3], [5] and [9]). Let K > 2. Let
V ={1,...,K} be a set of vertices, and let Ej; be a set of edges from vertex
[ to vertex k. Put E = {Ej }kicv. Assume that UX By, # 0 for each k,
although some of Ej;’s may be empty. Let Elkj be the set of sequences of k
edges (e1,ea,...,e) which is a directed path from vertex j to vertex i. We say
that the graph is transitive if, for any 4, j, there is a positive integer p such that
Egj is non-empty.

Definition 1 (Graph-directed sets). Let (V, E) be a transitive directed graph.
For each e € Ey, let S, be a contraction on a compact space. A K-tuple of non-
empty compact sets (F1, Fy, ..., Fr) is called a family of graph-directed sets if it
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satisfies

||
T Cw

U =1,...,K).
cby,

If we put
{Se ee Ek,l} = {Slkl 1= 1,...,nkl} (k‘,l = 1,...,K),
the definition above can be stated in the following form.

Definition 2. Put

{SHymy {sPy o {SH ey
S= ... . e .
{SF {S]2Y sy {SFR
where each Sfl is a contraction on a compact space, ng; > 0 and leil nE >

0 (k=1,...,K). Assume that the matriz {ni}tri=1,.  x is irreducible. A K-
tuple of sets (Fi,...,Fk) is called a family of graph-directed sets for S if

Fy=UM2 SFY(F) U U2 SER(Fr) (k=1,...,K).
We have the following theorem.

Theorem 1. ([3], [5], [7], [8], [9]) Let K > 2 and let S be as above. Then there
is a unique K-tuple of non-empty compact graph-directed sets (F,..., Fr).

We explain the random iteration algorithm with an example.

Ezample 2. Let T; (i = 1,2,3,4) be a contraction, which is the similarity (dila-
tion) that maps the whole square X = [0, 1] x [0, 1] to the corresponding square
in Fig. 2. Consider a pair of graph-directed sets (A, B) defined by

A= S{H(A) U S (B) U S(B),
B =S (A)u S (A)u ST (B).

Here, each S¥ is defined as Si! = Ty, 512 = 11,532 = Ty, S?' = Ty, 8% =
and S7% =

Let x1(0) and z3(0) be arbitrary points in X and choose randomly, recursively
and independently

1(t+1) € {8 (21(1)), S (22(t)), 557 (22 (1))},
wa(t +1) € {87 (w1(1)), 55" (21.(1)), 572 (w2(1)) }-
(2(t))

The probabilities for selecting {S11 (21 (t)), S12(wa(t)), S3%(w2(t))} as 1 (t+1)
and {S7" (1()), S5 (x1(t)), S7*(w2(t))} as w2 (t+1) are (pi*, p1°,p3%) = (1/2,1/4,
1/4) and (p3',p3t,p3?) = (1/4,1/2,1/4), respectively. Starting with z1(0) =
(0,0) and z2(0) = (0,0), we obtained the pair of figures (A’, B’) in Fig. 2 after
10000 times loop.

2

)

)
)
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(0,1)

T3 Ty

(0,0) (1,0)

Fig. 2. An example of random iteration algorithm for graph-directed sets.

We will subsequently show that there is a unique pair of probability measures
(141, p2) on the pair of graph-directed sets (A, B) in Example 2 which satisfies

p=pitpro (S~ +Zp pz o (S}%)7!

uz—Zp pa o (8P 4+ p? pg o (ST

. 1 n—1 B

Jim 3 ) = | f@dm @)
. 1 n—1 B

dm 3210 = [ 5@t

for almost all sequences {(x1(t),z2(t)) : t = 0,1,...}, and for any continuous
real function f on X. In fact, for a unique probability measure i on X x X, it
holds that for any (z1(0),z2(0)) € X x X,

lim — Zf x1(t), z2(t)) = / flxy,xo)din(z1,22) ace.
XxX

for any continuous real function f on X x X. The measures u; and s are the
marginal distributions of the measure i on X x X.

Now, we state our random iteration algorithm for a family of graph-directed
sets. Let X be a non-empty compact set in R? such that Sfl(X) C X, for
k,l=1,...,K,i=1,...,ny. A closed sphere B(0,7) in R? with a sufficiently
large 7 > 0 such that S¥(B(0,r)) C B(0,r) for any k, 1,7 is an example of X. For
k=1,...,K, let (p§',....pE ....pt", ... piE ) be a system of probabilities
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assigned to {S¥1, ... ,Sﬁil co, SREC ,S,’ijK}, where pfl >0 (i = 1,...,np1)
forl=1,...,K and 33/ S pht = 1.

Choose (z1(0),...,2x(0)) € XX, and choose randomly, recursively and in-
dependently

zp(t+1) € {SF(xy(t) : 1=1,...,K for which ng; >0andi=1,...,nu},

for k = 1,..., K. The probability for the event zj(t+1) = SF(x;(t)) is p}'. This
produces a sequence of K-tuples of points {(z1(t),...,xx(t)):t=0,1,...}.

3 Invariant probability measure

Barnsley and Elton have shown the following.

Theorem 2. (Barnsley and Elton: [1], [2], [6]) Let Y be a complete metric
space. Let {T1,...,Tn} be a family of Lipschitz maps on'Y . Let (p1,...,pn) be
a system of probabilities assigned to {T1,..., Ty}, where p; >0 (i =1,...,N)
and Zivzl p; = 1. Suppose there exists 0 < r < 1 such that

N
[TdTiw), Ti(z)7 < d(y,2)

i=1

fory,zeY.

Choose y(0) € Y and choose randomly, recursively and independently, y(t) €
{Th(y(t — 1)),...,Tn(y(t — 1))}, where the probability for the event {y(t) =
Ti(y(t — 1))} 4s p;. Then the following hold.

(1) There is a unique invariant probability measure i associated with transition

probability p(y, B) = 3.y pile(Ti(y)), that is, u(B) = [ ply, B)du(y) for
all Borel set B.

(2) Let P be a probability [1.2, P; on [[;=, Ji, where P, = (p1,...,pn) and
Ji={1,...,N}. It holds that for any y(0) €Y,

. 1 n—1 B
Jm 2 w0) = [ f)iuto) Poae

for all continuous function f:Y — R.

Let us note that p is an invariant probability measure if and only if 4 = M ()
for the Markov operator

N
M(v) = ZpiyoTi_l.
i=1

By applying Barnsley and Elton’s theorem, we show the uniqueness of an
invariant probability measure of a random iteration algorithm for a family of
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graph-directed sets. Recall that X is a non-empty compact set in R¢ such that
SH(X) c X for k,l =1,...,K,i=1,...,ng. Put X, = X for k = 1,..., K,
and define XX = X; x --- Xg. Define a metric d on X¥ by

d((z1,.. ., 2x), (Y1, -, yk)) = Max{|zx —yk| : k =1,..., K},

where |z — yi| denotes the d-dimensional Euclidean metric.

Put I, = {(lk,lk) DNk, > 0, 1 <5 < nklk} C {17,K} x N for k =
1,...,K. Put further I = I; x --- x Ix. For S¥ : X — X, where k = 1,..., K
and (1,) € I, let SF : XX — X, be defined by Sk (z1,...,xx) = SF(x;).

For ((ll,il),...,(lK,iK)) S I, a transformation T((l1,i1),-<-,(lk,i1<)) : XK —
XX ig defined by
. (Qll Kl
T((l1,i1),--~7(lk,i1<))(xl? e ,:L’K) = (Si1 (.’tl, e ,SL’K), .. '7SiK ((El, e ,xK))

= (53" (@n,), -+ S (@1,c))

with the associated probability

11 Kl
P((1y,i1),. Ik ik)) = pill e 'piKK

We apply Barnsley and Elton’s theorem to Y = XX and
T =A{T (i), cire)y - ((ls01), - (Ukyi)) € T}

with probabilities piht - - - png . Let L be the set of functions as defined below.

L={f:X¥ 5 R:
[f(z1,.. ., 2x) — f(y1,. - uk)| S Max{|zx —yx| : k =1,...,K}},

where |z — yi| denotes the d-dimensional Euclidean metric.
Let P(XX) be the space of normalized Borel measures on X*. The Hutchin-
son metric dy of P(XX) is defined by

dH(u,z/):Sup{/fdu—/fdzx:feL}.

It is well known that (P(XX), dg) is a compact space. (See Barnsley [1].)
Let us define a Markov operator M : P(X¥) — P(X¥), and prove a theorem
which claims the existence of a certain measure.

Definition 3. The Markov operator associated with
T= {T((lhil),---,(ll,il)) : ((llv il)v cey (lKa ZK)) € I}
is a transformation M : P(XX) — P(XX) defined by

K
M(v) = > LI Piv e (T i icinn) ™
((ll,il),...,(lx,iK))EI k=1
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Theorem 3. There exists a unique probability measure i on XX such that ji =
M(@).

Proof (Proof1: Application of Barnsley and Elton’s criterion). Recall that, for
((ll,i1)7 ey (ZK,iK)) S L

Iy Kl
T((l1,i1),---,(l1<,ik))(xlv . ,.’EK) = (Szll (:L’ll), ey SiK K({EZK)).
Let s be the maximum of the contraction ratios of {SF}. Note that s < 1.

Recall that d((z1,...,2K), (Y1,---,ykx)) = Max{|zr, —yx| : & = 1,...,K},
where |z — yx| denotes the d-dimensional Euclidean metric. Then it holds that

ATty ir)sin i) (@155 TK)), T i), (e vine)) Y15 -+ -5 YE)))
= d((Sillll (xll)’ IR Siif(lK (le))v (Szllll (yh)v R SiIIilK (ylx)))

= Max{|S}" (z1,) = SE (i), -, [SE S (i) — SE ()}
< SMaX{lel — Y, ‘7 IERE] |‘rlK - ylx|}
< sMax{|z1 —y1l,..., |ltx — ykl}- (1)

The Barnsley and Elton’s condition holds if d(T;(z),T;(y)) < sd(z,y) for an
s < 1. From (1) above this criterion is satisfied, and so we can apply the Barnsley
and Elton’s theorem and obtain the desired measure. ad

Proof (Proof2: Direct proof). Notice that, for f € L,

‘f(T((z1 i) (ac i) (@15 ) = LT i)y (e sine ) YL - - - 7?/K))’
= S22 @) SIS @) = FSE )5 SIS ()|
< Max{| S/ (z1,) = SH wi)s-- 1SE (@) = SE ()1}

< SMaX{|.’El1 — Y, |7 ceey |$lK — Yix ‘}

< sMax{|z1 —wl,..., |lvx — ykl}.

Define

f(l‘lv""iEK):Sil Z szlkf T((l1,1 .7(lK,iK))('1:17"'7xK))'

((Zhil),...,(l}(,i}())el k=1

Then

f(a:l,...,xK) f(yl,...,yK)‘

<s7 Z HpklkSMaXﬂxl*y1|7~--,\$K*yK|}
((I1521)5-- (I sirc))ET k=1

S Max{|x1 - y1|a RS |mK - yK|}’
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since Z((ll)“)’ ir))el Hk 1pkl" = 1. Tt therefore follows that f € L. If we

put L = {f(x1,...,2x) : f € L}, then L C L holds.
By the definition,

iy (M), M(v)) = Sup] / FAM () - / JaM(v):feL)

SC T D SR 1

(1101 ) ii ) ET k=1
f(T((zl,il),.w(zK,iK))(51317---7 rg))dp(r, ..., TK)
SR
((ll,il),...,(lK,iK))GIk? 1

STyt @1, o)A@, o) f € L
—sup /le,..., Ydp(z,. .. wx)

/fxl, ., dy(xl,...,xK)):fef/}
§Sup{s(/f(acl,...7xK)du(x1,...,xK)

—/f(gcl,...ﬂsK)du(ml,...,UCK)) ifeL}
=sdy(p,v).

Therefore the Markov operator M is a contraction map on P(X*). This
implies that there is a unique invariant probability measure i in P(X%). a

Barnsley and Elton’s theorem for random iterated algorithms can be ex-
tended to a family of graph-directed sets.

Theorem 4. Let i be the unique invariant probability measure claimed in The-
orem 8. Then for any (z1(0),...,2x(0)) € XX,

n—1
lim lZf(:rl(t)v;xK(t)):/ f(xla'"7xK)dﬁ(xla"'axK) a.c.
t=0 XK

for all continuous function f : X¥ = R.

Proof. We apply (2) of Barnsley and Elton’s theorem to T((11,i1), (L vize)) OD

XX with probabilities Hk 1 pkl". O
Corollary 1. (1) For the marginal distributions fi1, ..., [k, it holds that
K ny
P = ZZP fir o (SFH~
=1 1i=1

fork=1,....K.
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(2) For any (21(0),...,7x(0)) € XX,
=
nh_)rr;<> - ;g(xk(t)) = /Xg(:v)duk(x) a.e.
for all continuous function g: X - R and fork=1,... K.

Proof. Proof of (1). Note that for a family of Borel sets Ay,..., Ax in X, it
holds that

(Tt 1) (i)~ (A1 X -+ X Ag)
:{({El, ) : Stkklk(‘rl,...,l'[()EAk,kzl,...7K}
K
(§kb)
k=1

So we have

(Tt i) soos (s ine))) (X X e X KXoy X Ap X Xy -+ x X)) = (Skl") LA,

because (Sfjl])*l(Xj) = X% Recall that X; = X for all [. Note that ji = M(f1).
Then it holds that

ﬂk(A):[L(XlX"'XX}C,1XAXX]€+1~--XXK)
:M(ﬁ)(XlxxXk 1XAXXk+1'~~XXK)

Hp’J

((I1,81),--, (UK ik )T j=1
/TL((T((zl,il),...,(zK i) (Xa X X Xy X A X Xjpq -+ x X))

_ Z H Sklk 1(A))

((I1,81),-.,(Ik,ik))ET j=1

SR SR C U | SR

(lk ’L;‘)le Jj#k (l ZJ)EI
— Z pk:l;c Sklk) (A))

(I sik)€lR
= > i ((SE) T (A)).

(I sik) €k

This proves the assertion (1).

Proof of (2). Define f(z1,...,2x) = g(x). Then by virtue of Theorem 4, it
holds that
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n—1 n—1
Tim S o) = Tm S Fn (), wx(0)
t=0 t=0

= Kf(gcl,...7mK)d/](a:1,...,xK) a.e.
X

— [ s@ydgs(a),
X
We thus have

limy, o0 = Zt o 9(xk(t) = [x 9(@)dik(z) a.e.

for all continuous function g : X — R and k=1, ..., K.
This proves the assertion (2).
O

Theorem 5. Let i be the unique probability measure in Theorem 3, and let
[1, ..., fixg be the marginal distributions of fi. Then form =1,..., K, the support
of firm 18 Fr, where (Fy, ..., Fi) is the family of graph-directed sets in Theorem
1.

Proof. The proof is analogous to that of Theorem 2 in Section 9.6 of [1].
Let A denote the support of fi. Notice that

T ix),e (e ine)) (FL X o X Fie) € Fyo X X Fie

for any ((I1,41),...,(Ik,ix)) € I. It follows that {T(«, i,),....(1x,ix)) } Testricted
on F; X -+ X Fi defines a random iteration algorithm Wlth the probabilities
Hszl pf}f’“ . Let ¥ be an invariant probability measure for the restricted random
iteration algorithm, and this 7 is an invariant probability measure for the random
iteration algorithm on X Since fi is unique, fi = ©. It follows that A C F} x
- X Fk, and so the support of ji,, is included in F,,.

For m = 1,..., K, let X, be the set of sequences {(I1,%1;...,;ln,in;...) :
ny, 1, >0, 1<i,<mny, _,, for n=1,...}, where lp =m

For each point a € F,,, there is a (not necessarily unique) sequence in X,
such that

ae S;’fll o Sf;lg 0.0t (X1,)

in n

holds for all n. Let O be an open set in X which contains a. By the fact that
Sfl is a contraction, there is a positive integer n such that

S o Gl oo gin 1t (X, ) € O.

Note that, fi, (S 0 S22 00 81" (X,)) > [T/—y p ™" > 0. It holds that
fm(0) > 0, and so F), is included in the support of fi,. ad
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Remark 1. In the above proofs we have not used the 1ndependence of choosing
{S}fl ey Sff{l"} or the productivity of the probabilities Hk 1 pkl’“ So we can
formulate the random iteration algorithm so that the probablhty of choosing
{Slllll,.. SKIK} can be expressed as P, i;...1x,ix), Which is not restricted to
11,

the independent case of p; * ... pf{Kl % . Theorems 3, 4 and 5 hold for thus modified
random iteration algorlthm

Remark 2. We propose a variation of this algorithm which changes only one
coordinate X}, on each step. Let {q1,...,qx} be a probability, that is, g > 0
for k =1,...,K and Z,If:lqk =1.Fork =1,... K, let (p’fl,...,pﬁil,...,
phE L mﬁf}() be a system of probabilities defined in Section 2.

Choose (21(0),...,2x(0)) € X¥. Next choose randomly k(1) e {1,...,K},
with probability g1y, and then choose randomly Sk(l (24(0)) for i =1,...,K
with ngqy > 0 and 1 < ¢ < ngqy;, with probability pk( " Let xk(l)(l) =
Sf(l)l( 1(0)) and x;(1) = z;(0) for j # k(1). Continue this procedure recursively
and independently.

So we have

eyt +1) = SEV @y (1)),
xj(t +1) =a;(t) for j # k(t + 1),

with probability Qk(t+1)pf(t+1)l7 where k(t+1) =1,...,K, 1 =1,...,K with
N+ > 0 and 1 <4 < ngqqy-

This produces a sequence of K-tuples of points {(z1(t),...,zx(t)) : t =
0,1,...}. We then have the following results.

(1) There exists a unique probability measure i on X* such that i = M(j),
where M is the associated Markov operator.

(2) Let fi1,..., ix be the marginal distributions of . Then for m = 1,... K,
the support of fi,, is Fy,, where (F1,..., Fik) is the family of graph-directed
sets in Theorem 1.

(3) For any (z1(0),...,2x(0)) € XX,

n—1
lim lZf(avl(t),...,:nK(t)):/ flz, ..., xx)di(z,...,2K5) ae.
n—oo N = XK

for all continuous function f: X¥ — R.
(4) (i) For the marginal distributions fi1, ..., fix, it holds that

K np

=)D piio (S1)”

=1 =1

fork=1,... K.
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(ii) For any (x1(0),...,zx(0)) € XK,

1
tim 3 g(en(t) = [ gle)din(o) ac
for all continuous function g : X - R and for k =1,..., K.
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Computable Separation in Topology,
from Ty to T3

Klaus Weihrauch

University of Hagen, Universitatsstr. 1, 58097 Hagen, Germany,
klaus.weihrauch@fernuni-hagen.de

Abstract. This article continues the study of computable elementary
topology started in [7]. We introduce a number of computable versions
of the topological Ty to T3 separation axioms and solve their logical
relation completely. In particular, it turns out that computable T} is
equivalent to computable T5. The strongest axiom SCT5 is used in [2] to
construct a computable metric.

1 Preliminaries

We use the representation approach to computable analysis [6] as the basis for
our investigation. In particular, we use the terminology and concepts introduced
in [7] (which can be considered as a revision and extension of parts from [6]).

Let X* and X“ be the sets of the finite and infinite sequences, respectively, of
symbols from a finite alphabet X'. A function mapping finite or infinite sequences
of symbols from X is computable, if it can be computed by a Type-2 machine,
that is, a Turing machine with finite or infinite input and output tapes. On X*
and X“ we use canonical tupling functions (-) that are computable and have
computable inverses. Computability on finite or infinite sequences of symbols is
transferred to other sets by representations, where elements of X* or X* are used
as “concrete names” of abstract objects. For representations v; : CY; — M; we
consider the product representation defined by [v1,72](p, ¢) := (71(p1), Y2(p2)).
Let Y =Y1x...xY,, M=M x...xM,and v:Y = M, v(y1,...,yn) =
Y1(y1) X ... X yn(yn)- A partial function h : CY — Y} realizes the multi-function
f:M = My if y90h(y) € f(x) whenever z = v(y) and f(z) exists. This means
that h(y) is a name of some z € f(z) if y is a name of x € dom(f). The function
f is (7,70)-computable, if it has a computable realization.

We will consider computable topological spaces as defined in [7]. Various
similar definitions have been used, see, for example, [4, 3, 5] and the refer-
ences in [7]. In particular, the definition in [6] is slightly different. A computable
topological space is a 4-tuple X = (X, 7, 8,v) such that (X,7) is a topological
To-space, v : C X* — [ is a notation of a base 8 of 7, dom(v) is recursive and
v(u)Nrvw) = Hr(w) | (u,v,w) € S} for all u,v € dom(v) for some r.e. set
SC(dom(v))3.

For the points, the open sets and the closed sets we use the representations
0, 6 and ¥~ that are defined as follows. For p € X* and z € X, 6(p) = z iff p is

Andrej Bauer, Peter Hertling, Ker-I Ko (Eds.)
6th Int’l Conf. on Computability and Complexity in Analysis, 2009, pp. 257-268
http://drops.dagstuhl.de/opus/volltexte/2009/2276



258 Klaus Weihrauch

a list of all u € dom(v) such that x € v(u), 6(p) is the union of all v(u) where u
is listed by p, and ¥~ (p) := X \ 6(p).

2 Axioms of Computable Separation

For a topological space X = (X, 7) with set A of closed sets we consider the
following classical separation properties:

Definition 1 (separation axioms).

To:(Ve,ye X, a£y) @AW en) (e e WAygW)V(xgW Ay eW))),
Ti:Vo,ye X, e #y) AW er) (e e WAy g W),

To:(Ve,ye X, #y)3U,Ven)(UNV=0AzeUAyeV),

Ts: (Vee X,VAe Az g A)BU,Ver)(UNV =0AzecUANACV),
Ty: (VA,Be A, ANB=0)3U,Ver)(UNV =0AACU A BCV).

Fori=0,1,2,3, we call X = (X, 7) a T;-space iff T; is true.

For the four axioms, To = Ty = Ty and Tg + T3 = T3, where all the
implications are proper [1]. Th-spaces are called Hausdor(f spaces and Ts-spaces
are called regular. (Many authors, for example [1], call a space T3-space or regular
iff Ty + T3.) We mention that (X,7) is a Ty-space, iff all sets {z} (x € X)
are closed [1]. For computable topological spaces X = (X, 7, 3,v), which are
countably based Ty-spaces (also called second countable), Tz = T».

We introduce computable versions CT; of the conditions T; by requiring that
the existing open neighborhoods can be computed. For the points we compute
basic neighborhoods.

Definition 2 (axioms of computable separation). For: € {0,1,2,3} define
conditions CT; as follows.
CTy : The multi-function to is (8,0, v)-computable where tg maps each
(x,y) € X2 such that x # y to some U € B such that
(xeUandy ¢U) or (x ¢U andy € U). (1)
CTy : The multi-function ty is (6,0, v)-computable, where t; maps each
(x,y) € X? such that x # y to some U € 3 such that x € U and y ¢ U.

CTs : The multi-function to is (6,0, [v, v])-computable, where to maps each
(x,y) € X? such that x # y to some (U,V) € 3% such that
UNV=0,z€U andy€eV.

CTs : The multi-function ts is (6,9, [v, 0])-computable, where t3 maps each
(z,A) such that x € X, ACX closed, and x & A to some
(U, V)e B xT suchthat UNV =0, z €U and ACV.

Obviously, CT; implies T;. We introduce some further computable T;-conditions.
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Definition 3 (further axioms of computable separation)
There is an r.e. set HCdom(v) x dom(v) such that
(2)

WCTO :
(Vz,y,  # y)B(u,v) € H)(x € v(u) N yev(v)) and
v(u)Nv(v) =10
(V(u,v)eH){ (32) v(u) = {z}Cr(v) 3)
Vv Fy)v(v) = {ytcr(u).

SCTy : The multi-function t§ is (6,9, [vn, v])-computable where t§ maps
each (x,y) € X? such that x # y to some (k,U) € N x 3 such that

(k=1,2c€Uandy¢U) or (k=2,2¢U andye€U)

There is an r.e. set HCdom(vy) X dom(v) x dom(v) such that

CTj :
(Va,y, © # y)B(w,u,v) € H)(z € v(u) A yev(v)) and (4)
v(w) N o(v) = 0
(V(’w,u,v)GH){VVN( ) =1A(Fz)v(u) = {z}Cr(v) ()
Von(w) =24 (3Fy)v(v) = {y}Cr(u).
CT) : Thereis an r.e. set H € X* x X* such that
(Vz,y, z #y)3(u,v) € H)(z e v(u) Ay € v(v)) and (6)
viw)Nv(v) =0
(¥(u,v) € H) {\/ (E(ng I/(ug l {z}Cv(v). (7)
CTY,: There is an r.e. set H € X* x X* such that
(Vr,y, z #y)3(u,v) € H)(z e v(u) Ny € v(v)) and (8)
viu)Nv(v) =0
(¥, v) € H) { v (Gz) v(u) = {2} = v(v). ©)
SCTy : There is an r.e. set H € X* x X* such that
(Vx,y, z #y)(F(u,v) € H)(x € v(u) Ay €v(v)) and (10)
(11)

(V(u,v) € Hyv(u)Nv(v) =10.
CT5 . The multi-function t5 is (3, v, [v, ¥~ ])-computable where t maps
each (x,W) € X x 8 such that x € W to some (U, B) such that

U e p, BCX is closed and x € UCBCW.

WCT; : The multi-function t§ is (8, v, v)-computable where t§ maps
each (z,W) € X x 8 such that x € W to some U such that

Uepandxc UCUCW.

SCT3: There are an r.e. set RCdom(v) x dom(v) and a computable function
r: CX* x X% — X% such that for all u,w € dom(v),

U{y (u,w) € R},

( u, )GR:> V( )Y or(u, w)Cr(w).
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CTj, CT} and CT} are versions of CTy, CT; and CTsy, respectively, where
base sets are used instead of points (see Theorem 1 below). Similarly, SCTj3 is
a pointless version of C'T4. In contrast to CTy, in SCT the separating function
gives immediate information about the direction of the separation. Also in CTY,
some information about the direction of the separation is included while no such
information is given in its weak version WCT(. The strong version SCT5 results
from CT) by excluding the case (3z)v(u) = {z} = v(v). Notice that SCTs
results also from WCTy, CT{ and CT} by excluding the corresponding cases.
The following examples illustrate the definitions. Further examples can be found
in Section 4.

Ezample 1. 1. Consider the computable real line R := (R, g, 8,v) such that
Tr is the real line topology and v is a canonical notation of the set of all
open intervals with rational endpoints. R is SCT3 (easy proof).

2. (T but not WCTy) Consider the computable lower real line
R = (R,7<,f<,v<), defined by ve(w) := (vg;o0), which is Ty but not
Ti. Suppose R is WC'Tj. Since for any two base elements U, V', U is not a
singleton and U NV # (), H = () by (3). But H # () by (2).

3. (T1 but not Ty or WCTy) Let X = (N,7,8,v) such that 7 = ( is the
set of cofinite subsets of N and v is a canonical notation of v. Then X
is a computable topological space. It is T} since singletons {z} are closed.
Suppose X is WCTy. Since the intersection of base elements cannot be empty
and singletons are not open the set H in (3) must be empty. But then (2)
cannot be true. The space is not Ty since the intersection of any two non-
empty open set is not empty.

By the next lemma the above computable separation axioms are robust,
that is, they do not depend on the notation v of the base explicitly but only
on the computability concept on the points induced by it. Call the computable
topological spaces X = (X, 7, 3,v) and X = (X, 7, 3,7) equivalent, iff 6 =6 [7,
Definition 21 and Theorem 22].

Lemma 1. 1. Fori € {0,1,2,3} let CT; be the condition obtained from CT;
and let SCT be the condition obtained from SCT, by replacing B and v by
T and 0, respectively. Then CT; <= CT; and SCTy < SCT,.

2. Let X = (X, 1,B,V) be a computable topological space equivalent to X =
(X, 7,B,v). Then each separation axiom from Definitions 2 and 3 for X is
equivalent to the corresponding axiom for X.

The proofs are straightforward. In particular, apply [7, Theorem 22] by which
“equivalence” is equivalent to (v < 6 and v < 0).

3 Implications

In this section we prove the implications between the separation properties, in
the next section we give counterexamples for the proper ones.
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Theorem 1.

1. SCT3 — CT3 — SCTy — CTy — CTy — WCTQ,
2. CT3 <— CTé — WC(CTs3,

3. CTy, <— CT) — CT\ — CTj,

4. CTy <— SCT, — CT(;,

The proofs of SCTy = CT} and CT;y = SCTs need some care. They
are based on the observation that a realizing machine needs only finitely many
steps for finding an appropriate base element for the result. We omit the details
(approximately 2 pages).

Surprisingly, computable T3-spaces are exactly computable T5. We add some
further interesting results. Let “D” be the axiom stating that the topological
space is discrete.

Theorem 2. For computable topological spaces,

if {x} is not open for all x € X then WCTy = SCTy,
SCTs if Ty and {(u,v) | v(u)Nv(v) = 0} is r.e.,
SCTy <= (z#y is(5,0)-r.e.),

CT3 = SCTj if the set {w € X* | v(w) # 0} is r.e.

D —= WCTj;

Grds Codo =

We include only the proof of 4. For the terminology see [7].
Proof: Since finite intersection is computable, there is a computable function g
such that (™ (w) = o g(w). Therefore, the set {w € * | N v5(w) # 0} is r.e.
There is a machine M such that fj, realizes the multi-function ¢5. If z = §(p) €
v(w) then for some u; € dom(v) and ¢ € dom(¢™), faur(p,w) = (u1,q) = t(u1)q
such that

z € v(uy) S (g)Criw). (14)

For computing ¢(u;) some prefix ug € dom ()N X*11 of p suffices. Since §(p) €
v(w) we may assume w < ug. Since x € §[ugl1X%] = N v/S(ug), N (uo) # 0.
We will compute (v (uo) N v(u1) as a union J{v(u) | u € L} of base sets and
add all these (u,w) to R.

There is a machine N that works on input (u,w) as follows:
(S1) If u,w € dom(v), v(u) # 0 and v(w) # 0 then
(S2) N searches for words ug € dom(v®)NX*11 and u; € dom(v) such that w <
uo, M on input (ugl®,w) writes ¢(uy) in at most |ug| steps and u < g(uge(uq)),
(S3) and then writes all words ¢(v) for which there are words us,ug such that
ugug € dom(v), Nv™(ugug) # 0, the machine M on input (uguzl®,w) writes
t(uq)ug in at most |ugus| steps and v < 11ug. (In order to guarantee an infinite
output, N writes 11 from time to time.)
(S4) If (1) is false or the search in (2) is not successful then N computes forever
without writing. Let r := fy and R := dom(fn). Then RCdom(v) x dom(v)
and R is r.e. We must prove correctness.
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We show (12): Suppose z = d(p) € v(w). Then for some u1,q, far(p,w) =
t(u1)q, hence for some prefix ug C p such that w < ug and ug € X*11 (since we
my assume that p has the subword 11 infinitely often), M on input (upl?,w)
writes ¢(u1) in at most |ug| steps. Since x € N v*(ug) and = € v(u;) by (14),
x € 0o g(upt(ur)), hence z € v(u) for some u < g(ugt(u1)). Therefore, there is
some u such that z € v(u) and the machine N on input (u,w) will find some
words such that (S2) is true. Therefore z € v(u) for some (u,w) € R, hence “2”
is true in (12).

On the other hand, suppose (u,w) € R and x € v(u) for some x. Then on
input (u,w) the machine N finds words ug, uy such that the conditions in (S2)
above are true. Since u < g(ugt(uy)) and w < ug, € v(u)Cv®(up)Cr(w).
Therefore, “C” is true in (12).

For showing (13) suppose (u,w) € R and = € v(u) for some z again. Then
on input (u,w) the machine N finds words ug,u; such that the conditions in
(S2) above are true. Since x € (™ (ug), = 5(upp’) for some p’ € *. Since
x € v(w), fu(uep’,w) = (ui,q) = t(u1)q for some g € X* such that (14).
Suppose v < ¢. Then for some us, uz such that ugus € dom((v*), the machine
M on input (ugus1¥,w) writes t(ug)us in at most |ugug| steps and v < ¢t(uq )us,
therefore, v <« r(u,w). By (14),

v(w)*C(q) = U{v(v) | v < ¢} S U{v(v) [v € r(u,w)} = 0 o r(u, w).

This proves ¥~ o r(u, w)Cr(w) in(13).

Finally let v be some word such that ¢(v) is listed by the machine N on input
(u,w), that is, v < 7(u,w). Then there are words us, u3 such that v (uguz) #
(), the machine M on input (ugu2l®,w) writes ¢(u1)us in at most |ugus| steps
and v < 1lug. Since v (ugug) # 0 and w < g, there is some p’ such that
d(upuap’) € v(w) and far(uguap’, w) = t(ug)ugq’ for some ¢'. By (14) v(ui) N
O(usq’) = 0. Since v(u)Cr(uy) (by v < g(ugt(ui)) in (S2)) and v(v)CO(uszq’)
(since v < ug), v(u) Nv(v) = 0.

Since this is true for all v < r(u, w), v(u) N@or(u,w) =0, hence v(u)CYP~ o
r(u, w).

Therefore, we have also proved (13). a

4 Counterexamples

A topological space is discrete iff every singleton {z} is open iff every subset
BCX is open. A discrete space is T; for ¢ = 0,...,4. Let “D” be the axiom
stating that the topological space is discrete. Counterexamples show that the
implications in Theorem 1.1 are proper. Since this is an extended abstract we
include only two of them.
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Theorem 3. For computable topological spaces,

Ty &= WCTy by Example 1.2;
T, &= WCT, by FExample 1.3;
D &= WCTj by Example 2;
D+ WCTy = CTy by FExample 3;
D+ CTy &= CT, by FExample 4;
D+ CTy &= SCT, by Example 5;

WCT;3 + CTy #= SCTy by Example 5;
T4+ SCTy = WCT3 by Fxample 7;

SCTy 7= T} by Example 6;
CT3 %= SCTj by Example 8.
In the following examples let (a;)ien, (b;)ien, -+, (€i)ien be injective families

with pairwise disjoint ranges and let {0,1,...,7}CX.
Ezample 2. (D but not WCTp) Omitted. O

Ezample 3. (D + WCTy but not CTp) Let ACN be some non-r.e. set. Let X :=
{ai,b; | i € N} and let 7 be the discrete topology on X. Below we will define
sets B,C, DCN such that {A, B,C, D} is a partition of N. Define a notation v
of a basis S of the topology as follows.

‘ 01 02 0'3 0912 0'13 023

i€ AUD| {a;} {b;} O O 0 0
1€B {a;} {ai, b} {b;} {a;} 0 {b;}
i€C |ai,bi} {bi} {ai} {bi} {ai} 0

Since v(0°k)Nw(0m) = v(0°%km), v(u)Nv(v) = vog(u, v) for some computable
function g. Therefore X := (X, 7,3,v) is a computable topological space. Let
H = {(0%,071) | i,j € N; k,l € {1,2}; (i # jVk #[}. Then H satisfies (2) and
(3) for the space X. Therefore, X is a WCTy-space.

We show that X is not SCTy.

Let I,r € X* such that vy(I) = 1 and vy(r) = 2. We assume w.l.o.g. that vy
is injective. For i € N let

S; = {(1,01), (r,0%3), (1,0°12), (r,0°23)},
T; = {(r,02), (1,0%3), (r,0"12), (1,0°13)}.

Suppose, the function f:C X« x X« — X* realizes the separation function ¢
for X. If 6(p) = a; and 6(q) = b; then

S;if ieB
ﬂn@e{nﬁiec (15)

since v(u) must be either {a;} or {b;} if f(p,q) = (w, u). Notice that S;NT; = 0.
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For all i € N define p;,q; € X by p; := ¢(0°1)¢(0°1)¢(01) ... and ¢; =
¢(0%2)¢(0%2)1(0°2) .. .. Let F be the set of all computable functions f : C X% x
XY@ — 3* such that f(p;,q;) exists for all i € A. Consider f € F. Then [’ : i+
f(pi»qi) is computable such that ACdom(f’). Since A is not r.e. and dom(f")
is r.e., dom(f’) \ A is infinite. Since F is countable, there is a bijective function
g : E — F for some ECN such that ¢ € dom(g}) \ A for all i € E (g; := g(i)).
Then ANE = ().

For each i € E we put ¢ to B or C' in such a way that g; does not realize the
separating function t§ for SCT).

B:={ic E|gi(pi,a) € Si},
C:={ie E|gipiq) € Si},

and D := N\ (AUBUC). Since ANE =0, E=BUC and BNC = 0,
{A, B,C, D} is a partition of N.

Suppose some computable function f realizes t§. Since for i € A,0(p;) = a;
and §(q;) = bi, f(pi,q:) exists for all i € A, hence f = g; for some i € E.

If i € B then g;(pi, ¢;) € Si, hence by (15) the function g; does not realize ¢§.
If i € C then g;(p;,q;) € S;, hence not in T; since S; N T; = 0. By (15) the
function g; does not realize t§.

From this contradiction we conclude that X is not SCTy. By Theorem 1 X
is not CTj. O

Ezample 4. (D and CTy but not C'T7) Omitted. O

Ezample 5. (D and CT, but not SCT,) Let ACN be an r.e. set with non-r.e.
complement. Define a notation v by
v(011) := {a;}, v(0°2) := {a;} for i € A,
v(011) := {a;}, v(072) := {b;} for i ¢ A
for all ¢ € N. Then v is a notation of a base § of a topology (the discrete topology)
7 on a subset X CN such that X = (X, 7, 5, v) is a computable topological space.
The space X is T; for ¢« = 0,...,4 since it is discrete. It is C'I; but not
SCTy: The set H := {(0%,071) | i,j € N, k,l € {1,2}} satisfies CT}. Therefore,
the space is CT,. Suppose SCTs. Let H be the r.e. set for SCTy. By (10),
i ¢ A = (0'1,0'2) € H and by (11), i € A = (0°1,02) ¢ H. Since H is
r.e., the complement of A must be r.e. (contradiction). Notice that x # y is not

(0,0)-r.e., see Theorem 2.3. It can be shown easily that X is WCTs. |
Ezample 6. (SCT> but not T3) Omitted. O
Ezample 7. (T4 and SCT, but not WCT3) Omitted. o

Ezample 8. (CTs but not SCT3) Define a notation I of the open rational inter-
vals by I(u,v) := (vg(u); vg(v))CR. Let R.CR be the set of (p-) computable real
numbers. There is a computable function g : X* — X* such that R.CJ;cn 1 o
g(0") and ",y length(I o g(0")) < 1 [6, Theorem 4.2.8]. Let z := inf{a €
Q | [a:1]CSU;en 0 9(0")}. Then 0 < z < 1, z is ps-computable and not p-
computable, hence not p.-computable [6]. Furthermore for all k, z & I o g(0%).
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Let X := R.U{z}. Define a notation v of subsets of X by v(0v) := I(v)NX
and v(1v) := I(v) N (—o00;2)NX (v € dom(I)).Then S := range(v) is a base of a
topology 7 such that X := (X, 7, 8,v) is a computable topological space. Notice
that for < z, z € clsx((z;2) N X). Let § be the inner representation for the
points of X.

Proposition 1: The multi-function h : £ = a mapping each x € X such that
x < z to some a € Q such that x < a < z is (J, vg)-computable.

Proof 1: If < z and = € Tog(0%), then sup Iog(0¥) < z, since z £ inf Tog(0¥)
(since x < z), z ¢ Tog(0%) and 2 # sup Tog(0) (since z € Q). There is a machine
M that on input p searches for some k € N such that 0g(0*) < p and writes
some u such that vg(u) = sup I o g(0%). Let 6(p) = = < z. Since x € R,., there is
some k such that @ € I o g(0%), hence 0g(0*) < p. We obtain vg o fas(p) < 2.
Therefore, the multi-function h is (4, vg)-computable.

Proposition 2: The multi-function f : (x,U) =V mapping each (z, (a;b)) €
X x range(I) such that © € (a;b) to some (c;d) € range(I) such that z €
(¢;d)Cle; d]C(a;b) is (4, I, T)-computable.

Proof 2: Every é-name of x lists arbitrarily short rational intervals contain-
ing x. Search for a sufficiently short interval (¢;d).

We show that t; from Definition 3 is computable. Suppose z € W € S.
If W = v(0w) = I(w) N X for some w then W' := I(w). f W = v(lw) =
I(w) N (—o0; z) N X for some w then by means of h find some e € Q such that
x<e<zandlet W :=I(w)N(—o0;e). Then z € W' N XCW. By means of f
from z and (a;b) := W’ find (c;d) € range(I) such that = € (¢;d)C[e; d]C(a; b).
Then x € (¢;d) N XCle;d] NaCWV.

From a, b, ¢ and d some u and ¢ can be computed such that v(u) = (¢;d)N X
and ¢~ (¢) = [¢;d]NX. Then x € v(u)C¢~ (¢)CW. Therefore, tj is (6, v, [v,¥7])-
computable.

Suppose, X is SC'T5. Let R be the r.e. set for SCT3 from Definition 3. There is
some w such that v(w) = (0; 2)NX. Suppose (u,w) € R. Then v(u)Cv(w), hence
for some a,b € Q such that a < b < z, v(u) = (a;0) N X or v(u) = (a;2) N X. If
v(u) = (a;2) N X, then z € clsx(v(u)), but clsx (v(u))Crv(w) = (0;z) by SCTs,
hence z € v(w) = (0;z) (contradiction). Therefore, sup v(u) = (a;b) for some
rational numbers a, b such that a < b < z.

The function U — supU for all U = (a;z) € 8 such that z < z is (v, 1g)-
computable. Since R is r.e., the number y := sup{supv(u) | (u,w) € R} is
p<-computable such that y < z. Since (0;2) = v(w) = U(u,w)eR v(u), for every
x < z there is some (u,w) € R such that < supv(u). Therefore, y = z, hence z
is p<-computable. Contradiction. Therefore, X is not SCT3. Notice that U #
is not v-r.e. |

Further results can be obtained in combination with the positive results from
Theorem 1. Figure 1 visualizes the interplay between the computable versions of
T; for i = 0,1,2,3 from Definitions 2 and 3 we have proved. “A — B” means
A = B, “A #/— B” means that we have constructed a computable topological
space for which A A =B, and A 7& B” means that we have constructed a
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computable topological space for which (AAC)A—B. Remember that SCTy <=

CTy < CT), CT; < CT} < CTy < CT}, and CT3 < CTj.

WCT3 T3

T To D
T4 T4 \\\\

SCT3 =——= CT3 <—T’ SCTy =——= CTy =——= CTy =——=WCTy
4

Fig. 1. The relation between computable To-, T1-, T>- and T3-separation.

5 Further Results

For a computable topological space X = (X, 7,3,v) and BCX the subspace
Xp = (B,78,08,vE) of X to B is the computable topological space defined by
dom(vg) := dom(v), vp(w) := v(w) N B. The separation axioms from Defini-
tions 2 and 3 are invariant under restriction to subspaces.

Theorem 4. If a computable topological space satisfies some separation aziom
from Definitions 2 and 3 then each subspace satisfies this axiom.

Proof: Straightforward. m]

The product of two T;-spaces is a T;-space for ¢ = 0, 1,2, 3. This is no longer
true for some of the computable separation axioms. By definition for the product

X; x Xy = X = (X1 x Xo,7,3,7) of two computable topological spaces X; =
(X1,71,B1,v1) and Xo = (Xo, 72, B2, v2), U{ur, u2) = vi(u1) X va(us).

Ezxample 9. The space X from Example 5 is CTy but not SCTs. Let R be the
computable real line from Example 1.1. We show that the product X x R is not
WCT,. Suppose, X x R is WCTy. Since every base element of X x R has the
form v(u) x (a;b) (a,b € Q, a < b) no singleton {(z,y)} (x € X, y € R) is open.
By Theorem 2.1, X x R is SCT5. By Theorem 1 the relation (x,2') # (y,y’) is
([0, pl, [6, p])-r.e. where ¢ is the inner representation of the points of X. There is a
machine M that halts on input ((p,p’), {(g,p’)) for p, ¢ € dom(d) and p’ € dom(p)
iff 5(p) # 6(q). There is a computable element p’ € dom(p). Therefore, there is
a machine N that halts on input (p,q) iff §(p) # 6(q), hence x # y is (4, 0)-r.e.
By Theorem 1, X must be SCT5. But X is not SCT5.

Theorem 5. 1. The SCT-, WCT3-, CT3- and SCTs-spaces are closed under
product.
2. The WCTy-, CTy- and CTy-spaces are not closed under product.



Computable Separation 267

Proof: 1. Suppose, X; and Xy are SCTy. By Theorem 1, z; # y; is (d;,0;)-
r.e. for i = 1,2, hence (z1,22) # (y1,92) is ([01, 2], [01, I2])-1.€., hence again by
Theorem 1, X; x Xy is SCT5.

Suppose, X; and Xy are WCTs. Let (z1,22) € Wi x Wa. From z; and W;
we can find U; € B; such that x; € U;CU;CW,; (for i = 1,2). Then (z1,z2) €
U1 X Ungl X U2 = U1 X Uzgwl X WQ.

Suppose, X; and X, are CT4. We consider computability w.r.t. v;, d;, ¥, , 7,

6 and ¢ . Suppose (z1,22) € (W1, W) € B1 X Ba. From ((1,z2), (W1, W2)) we
can compute 1, x2, W1 and Ws. Using t5 for X3 and Xo we can compute (U;, B;)
such hat U; € 8; B;CX; is closed and z; € U;CB;CW,; (i = 1,2). Observe that
(1‘1,332) € Uy x UyCBy X BoCWy x Wy, Form (Ul,Bl) and (UQ,BQ) we can
compute ((u1,uz), (B1, B2)).

Suppose, X; and Xy are SCT3. For X; (i = 1,2) let R; be the r.e. set and let
r; be the computable function for SCT3 from Definition 3. There is a computable

function h such that ¢, (p1) x ¥y (p2) =¥ (p1,p2). Let

R := {((u1,u1), (w1, wa)) | (u1,w1) € Ry A (uz, w2) € Ra},

F({u1, u1), (wy,ws)) := h(ry(uy,wy), r2(uz, ws)) .

A straightforward calculation shows that R is the r.e. set and 7 be the computable
function for SCT3 from Definition 3 for the product X; x Xs.

2. In Example 9, the spaces X and R are C'T,, CTy and W CTy. Their product
X x R, however, is not W Ty, hence not CTy and not CT5. O
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Real Computation with Least Discrete Advice:
A Complexity Theory of Nonuniform
Computability

Martin Ziegler*

Technische Universitat Darmstadt

Abstract. It is folklore particularly in numerical and computer sciences
that, instead of solving some general problem f : A — B, additional
structural information about the input z € A (that is any kind of promise
that x belongs to a certain subset A" C A) should be taken advantage
of. Some examples from real number computation show that such dis-
crete advice can even make the difference between computability and
uncomputability. We turn this into a both topological and combinato-
rial complexity theory of information, investigating for several practical
problems how much advice is necessary and sufficient to render them
computable.

Specifically, finding a nontrivial solution to a homogeneous linear equa-
tion A -« = 0 for a given singular real n X n-matrix A is possible when
knowing rank(A) € {0,1,...,n—1}; and we show this to be best possible.
Similarly, diagonalizing (i.e. finding a basis of eigenvectors of) a given
real symmetric n X n-matrix A is possible when knowing the number of
distinct eigenvalues: an integer between 1 and n (the latter corresponding
to the nondegenerate case). And again we show that n—fold (i.e. roughly
log n bits of) additional information is indeed necessary in order to ren-
der this problem (continuous and) computable; whereas finding some
single eigenvector of A requires and suffices with ©(logn)—fold advice.

1 Introduction

Recursive Analysis, that is Turing’s [Turi36] theory of rational approximations
with prescribable error bounds, is generally considered a very realistic model of
real number computation [BrCo06]. Much research has been spent in ‘effectiviz-
ing’ classical mathematical theorems, that is replacing mere existence claims

i) “for all x, there exists some y such that ...” with
ii) “for all computable x, there exists some computable y such that ...”

Cf. e.g. the Intermediate Value Theorem in classical analysis [Weih00, THEO-
REM 6.3.8.1] or the Krein-Milman Theorem from convex geometry [GeNe94].

* Supported by DFG grant Zi1009/2-1. The author wishes to thank a very
carful reviewer for helpful comments. For the full version of this work see
arxiv.org/abs/0811.3782

Andrej Bauer, Peter Hertling, Ker-I Ko (Eds.)
6th Int’l Conf. on Computability and Complexity in Analysis, 2009, pp. 269-280
http://drops.dagstuhl.de/opus/volltexte/2009/2277
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Note that Claim ii) is non-uniform: it asserts y to be computable whenever z is;
yet, there may be no way of converting a Turing machine M computing x into a
machine N computing y [Weih00, SECTION 9.6]. In fact, computing a function
f : x — y is significantly limited by the sometimes so-called Main Theorem, re-
quiring that any such f be necessarily continuous: because finite approximations
to the argument x do not allow to determine the value f(z) up to absolute error
smaller than the ‘gap’ limsup,_,, f(¢) — liminf;,, f(¢) in case z is a point of
discontinuity of f. In particular any non-constant discrete-valued function on
the reals is uncomputable—for information-theoretic (as opposed to recursion-
theoretic) reasons. Thus, Recursive Analysis is sometimes criticized as a purely
mathematical theory, rendering uncomputable even functions as simple as Gauf}’
staircase [Koep01].

1.1 Motivating Examples

On the other hand many applications do provide, in addition to approximations
to the continuous argument z, also certain promise or discrete ‘advice’; e.g.
whether x is integral or not. And such additional information does render many
otherwise uncomputable problems computable:

Example 1. The Gauf staircase is discontinuous, hence uncomputable. Re-
stricted to integers, however, it is simply the identity, thus computable. And
restricted to non-integers, it is computable as well; cf. [Weih00, EXERCISE 4.3.2].
Thus, one bit of additional advice (“integer or not”) suffices to make | - | : R — Z
computable.

Also many problems in analysis involving compact (hence bounded) sets are
discontinuous unless provided with some integer bound; compare e.g. [Weih00,
SECTION 5.2]. For a more involved illustration from computational linear alge-
bra, we report from [ZiBr04, SECTION 3.5] the following

Example 2. Given a real symmetric d X d matriz A (in form of approxima-
tions A, € Q¥4 with |[A — A,| < 27"), it is generally impossible, for lack of
continuity and even in the multivalued sense, to compute (approximations to)
any eigenvector of A.

However when providing, in addition to A itself, the number of distinct eigenval-
ues (i.e. not counting multiplicities) of A, finding the entire spectral resolution
(i.e. an orthogonal basis of eigenvectors) becomes computable.

1.2 Complexity Measure of Non-Uniform Computability

We are primarily interested in problems over real Euclidean spaces R¢, d €
N. Yet for reasons of general applicability to arbitrary spaces U of continuum
cardinality, we borrow from Weihrauch’s TTE framework [Weih00, SECTION 3]
the concept of so-called representations, that is, encodings of all elements u € U
as infinite binary strings; and a realizer of a function f : U — V maps encodings
of u € U to encodings of f(u) € V. A notation is basically a representation of a
merely countable set.
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Definition 3. a) A function f :C A — B between topological spaces A and B
is k-wise continuous if there exists a covering (equivalently: a partition) A
of dom(f) = Upea D with Card(A) = k such that f|p is continuous for
each D € A. Call €&(f) := inf{k : f is k-wise continuous} the cardinal of
discontinuity of f.

b) A function f :C A — B between represented spaces (A,«) and (B, ) is
(a, B)—computable with k-wise advice if there exists an alt most countable
partition A of Card(A) = k and a notation § of A such that the mapping fa :
(a,D) — f(a) is (a, 6, B)—computable on dom(fa) := {(a,D) :a € D € A}.
Call€.(f) = C(f, o, B) ;== min{k : f is (a, B)—computable with k-wise advise}
the complexity of non-uniform («, 8)-computability of f.

¢) A function f :C A — B is nonuniformly (a, 8)-computable if, for every
a—computable a € dom(f), f(a) is B-computable.

So continuous functions are exactly the 1-wise continuous ones; and computabil-
ity is equivalent to (weak or strong) computability with 1-wise advice. Also we
have, as an extension of the Main Theorem of Recursive Analysis, the following
immediate

Observation 4. If «, 8 are admissible representations in the sense of [Weih00,
DEFINITION 3.2.7], then every k-wise («, 3)—computable function is k-wise con-
tinuous (but not vice versa); that is € (f) < €.(f) holds.

More precisely, every k-wise («, 8)-computable possibly multivalued function
f :C A = B has a k-wise continuous («, 8)-realizer in the sense of [Weih00,
DEFINITION 3.1.3.4].

The above examples illustrate some interesting discontinuous functions to be
computable with k-wise advice for some k € N. Specifically Example 2, diagonal-
ization of real symmetric n X n—matrices is n—wise computable; and Theorem 20
below will show this value n to be optimal.

Remark 5. We advertise Computability with Finite Advice as a generalization
of classical Recursive Analysis:

a) It constitutes a hybrid approach to both discrete and continuous computation.
b) It complements Type-2 oracle computation: In the discrete realm, every func-
tion f : N — N becomes computable when employing an appropriate oracle;
whereas in the Type-2 case, exactly the continuous functions f : R — R are
computable relative to some oracle. On the other hand, 2-wise advice can make
a continuous function computable which without advice has unbounded degree of
uncomputability; see Proposition 6d).

¢) Discrete advice avoids a common major point of criticism against Recursive
Analysis, namely that it denounces even simplest discontinuous functions as un-
computable;

d) and such kind of advice is very practical: In applications additional discrete
information about the input is often actually available and should be used. For
instance a given real matriz may be known to be non-degenerate (as is often ex-
ploited in numerics) or, slightly more generally, to have k eigenvalues coincide
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for some known k € N.

e) The topology of the members of the collection A from Definition 3 can usu-
ally be chosen not too wild: compare the examples considered below. In practice,
we consider the discrete advice to arise with the input itself. For instance the
band-width of a given matrix A may be known as 8 because A comes from a
finite element triangular grid approach. Hence the collection A need not even be
explicit (since it is usually far from unique, anyway; compare Remark 11), nor
required effective in any sense.

1.3 Related Work, in particular Kolmogorov Complexity

Several approaches have been pursued in literature to make also discontinuous
functions accessible for computability investigations.

Exact Geometric Computation considers the arguments x as exact rational num-
bers [LPY05].

Special encodings of discontinuous functions motivated by spaces in Functional
Analysis, are treated e.g. in [ZhWe03]; however these do not admit eval-
uation.

Weakened notions of computability may refer to stronger models of computation
[ChHo099]; provide more information on (e.g. the binary encoding of, rather
than rational approximations with error bounds to) the argument 2 [Mori02,MTY05];
or expect less information on (e.g. no error bounds for approximations to)
the value f(z) [WeZh00].

A taxonomy of discontinuous functions, namely their degrees of Borel measura-

bility, is investigated in [Brat05,Zie07a,Zie07b]:
Specifically, a function f :C A — B is continuous (=X;—measurable) iff,
for every closed T' C B, its preimage f~![T] is closed in dom(f) C A; and
f is computable iff this mapping T' +— f~![T] on closed sets is (¢, )~
computable. A degree relaxation, f is called Ys—measurable iff, for every
closed T C B, f~1[T] is an Fs-set.

Wadge degrees of discontinuity are an (immense) refinement of the above, namely
with respect to so-called Wadge reducibility; cf. e.g. [Weih00, SECTION 8.2].

Levels of discontinuity are studied in [HeWe94,Her96a,Her96b]:

Take the set Xy C dom(f) of points of discontinuity of f; then the set
X1 C Xj of points of discontinuity of f|x, and so on: the least index k for
which X}, is empty is f’s level of discontinuity.

Our approach superficially resembles the third and last ones above. A minor
difference, they correspond to ordinal measures whereas the size of the partition
considered in Definition 3 is a cardinal. As a major difference we now establish
these measures as logically largely independent:

Proposition 6. a) There exists a 2-wise computable function f : [0,1] —
{0, 1} which is not measurable nor on any level of discontinuity.

b) There exists a Ax—measurable function f :[0,1] — [0, 1] with is not k-wise
continuous for any finite k.
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¢) If f is on the k-th level of discontinuity, it is (k + 1)-wise continuous.

d) There exists a continuous, 2-wise computable function f :C [0,1] — [0,1]
which is not computable, even relative to any prescribed oracle.

e) BEvery k-wise computable function is nonuniformly computable; whereas there
are nonuniformly computable functions not k-wise computable for any k € N.

Conditions where nonuniform computability does imply (even) 1-wise computabil-
ity have been devised in [Brat99]. Further related research includes

Computational Complexity of real functions; see e.g. [Ko91] and [Weih00, SEC-
TION 7]. Note, however, that Definition 3 refers to a purely information-
theoretic notion of complexity of a function and is therefore more in the
spirit of

Information-based Complexity in the sense of [TWWS&8]. There, on the other
hand, inputs are considered as real number entities given exactly; whereas
we consider approximations to real inputs enhanced with discrete advice.

Finite Continuity is being studied for Darboux Functions in [MaPa02,Marc07]. It
amounts to d-wise continuity for some d € N according to Definition 3a).

Kolmogorov Complexity has been investigated for finite strings and, asymptoti-
cally, for infinite ones; cf. e.g. [LiVi97, SECTION 2.5] and [Stai99]. Also a kind
of advice is part of that theory in form of conditional complexity [LiVi97,
DEFINITION 2.1.2].

We quote from [LiVi97, EXERCISE 2.3.4abe] the following

Fact 7. An infinite string & = (0n)new € X% is computable (e.g. printed onto a
one-way output tape by some so-called Type-2 or monotone machine; cf. [Weih00,Schm02])

a) iff its initial segments G1., := (071, ..0,) have Kolmogorov complezity O(1)
conditionally to n, i.e., iff C(G1.n|n) is bounded by some ¢ = ¢(g) € N
independent of n.

b) Equivalently: the uniform complexity C,(G1.,) := C(G1.n;n) in the sense of
[LiVi97, EXERCISE 2.3.3] (that is the complexity of the function {1,...,n} >
i+ o; from [LiVi97, EXERCISE 2.1.12] but additionally relativized to the size
n of the domain) is bounded by some c for infinitely many n.

Definition 8. a) For 6 € X%, write C(5) := sup,, C(G1.n|n) and C(G|7) =
sup,, C’(&l;n|n, ?), where the Kolmogorov complezity conditional to an infinite
string is defined literally as for a finite one [LiVi97, DEFINITION 2.1.1].

b) Similarly, let Cy(5|7) = sup,, Cy(51:0|7).
¢) For a represented space (A, o) and a € A, write C(a) := inf{C(3) : a(d) =
a} and Cy(a) :=inf{Cy(d) : a(d) = a}.

Note that we purposely do not consider some normalized form like C(71.,|n)/n
in order to establish the following

Proposition 9. A function F :C X% — X% is computable with finite advice
iff the Kolmogorov complezity C,(F(5)|5) is bounded by some c independent of
& € dom(F).
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2 Complexity of Nonuniform Computability

Lemma 10. a) Let f : A — B be d-wise continuous (computable) and A’ C A.
Then the restriction f|ar is again d-wise continuous (computable).

b) Let f : A — B be d-wise continuous (computable) and g : B — C be k-
wise continuous (computable). Then go f : A — C is d - k-wise continuous
(computable).

¢) If f : A — B is («a, B)—computable with d-wise advice and &' < « and B < 3,
then f is also (o/, B")—computable with d-wise advice.

A minimum size partition A of dom(f) to make f computable on each D € A
need not be unique: Alternative to Example 1, we

Remark 11. Given a p—name of x € R and indicating whether x| € Z is even
or odd suffices to compute |x]:

Suppose | x| = 2k € 2Z (the odd case proceeds analogously). Then x € [2k, 2k +
1). Conversely, x € [2k — 1,2k + 2), together with the promise |x| € 2Z, implies
|z| = 2k. Hence, given (q,) € Q with |t — q,| < 27", k :== 2+ |q1/2 + ]
(calculated in exact rational arithmetic) will yield the answer. O

2.1 Witness of k-wise Discontinuity

Recall that the partition A in Definition 3 need not satisfy any (e.g. topological
regularity) conditions. The following notion turns out as useful in lower bounding
the cardinality of such a partition:

Definition 12. a) A d-dimensional flag F in a topological Hausdorff space X
is a collection

z, (zn), , (wan)n‘mv (xn,m,f)n,m,za N € . nd)nl,...,nd

of a point and of (multi-)sequences’ in X such that, for each (possibly empty)
multi-index n € N* (0 < k < d), it holds xp = lim Trm-

m— 00

b) F is uniform if furthermore, again for each n € N* (0 < k < d) and for each

1<l<d—k, it holds xp = lim Zp,. . ;-

m—r oo N——

£ times
¢) For f:C X =Y and x € dom(f) a witness of discontinuity of f at x is a
sequence x, € dom(f) such that lim, o f(x,) exists but differs from f(x).
d) For f :C X — Y, a witness of d-wise discontinuity of f is a uniform d-
dimensional flag F in dom(f) such that, for each k = 0,1,...,d — 1 and
for each n € Nf and for each 1 < ¢ < d-—k, (a:ﬂm ______ m)m is a witness of

——

£ times

discontinuity of f at xs.

T The generally more appropriate concept is that of a Moore-Smith sequence or net.
However, being interested in second countable spaces, we may and shall restrict to
ordinary sequences. Similarly, the Hausdorff condition is invoked for mere conve-
nience.
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Observe that, since d is finite, we may always (although not effectively) proceed
from a flag to a uniform one by iteratively taking appropriate subsequences. In
fact, sub(multi)sequences of d-flags and of witnesses of discontinuity are again
d-flags and witnesses of discontinuity.

Lemma 13. Let X,Y be Hausdorff, f : X — Y a function, and suppose there
exists a witness of d-wise discontinuity of f. Then € (f) > d.

2.2 First Example: Matrix Rank

Observe that for an N x M-matrix A and d := min(N, M), rank(A) is an integer
between 0 and d; and knowing this number makes rank trivially computable.
Conversely, such (d + 1)—fold information is necessary by Lemma 13 and

RNXM

Example 14. Consider the space of rectangular matrices and let d :=

min(N, M). For i € {0,1,...,d} write

E = i
T Z((Oa 7Oa‘ 1 ,707 PR 0 ,) ®(07 aoa 1 707 ?\ 0 ,))
Jj=1 j-th n-th j-th m-th
X =0, Xoyoomi = FEi/ni + Ex/ng + -+ + E;j/n;

has im Xy,  nim,...m = Xny,.. n;, hence constitutes a uniform d-dimensional

m— 00
flag. Moreover, rank(E;) = ¢ = rank(X,, . n,) # i+ ¢ =rank(Xn,, . nim,....m)
——

bi

£ times

shows it is a witness of d-wise discontinuity of rank : RN>*M — 0. 1,... d}. O

3 Multivalued Functions, i.e. Relations

Many applications involve functions which are ‘non-deterministic’ in the sense
that, for a given input argument x, several values y are acceptable as output;
recall e.g. Ttems i) and ii) in Section 1. Also in linear algebra, given a singular
matrix A, we want to find some (say normed) vector v such that A-v = 0. This
is reflected by relaxing the mapping f : * — y to be not a function but a relation
(also called multivalued function); writing f : X = Y instead of f : X — 2Y'\ {0}
to indicate that for an input € X, any output y € f(x) is acceptable. Many
practical problems have been shown computable as multivalued functions but
admit no computable single-valued so-called selection; cf. e.g. [Weih00, EXER-
CISE 5.1.13], [ZiBr04, LEMMA 12 or PROPOSITION 17]. On the other hand, even
relations often lack computability merely for reasons of continuity—and appro-
priate additional discrete advice renders them computable, recall Example 2.

3.1 Dis-/Continuity for Multivalued Mappings

Like single-valued computable functions (recall the Main Theorem), also com-
putable relations satisfy certain topological conditions. However for such multi-
valued mappings, literature knows a variety of easily confusable notions [ScNe07].
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Hemicontinuity for instance is not necessary for real computability. It may be
tempting to regard computing a multivalued mapping f as the task of calculat-
ing, given x, the set-value f(z) [Spre08]. In our example applications, however,
one wants to capture that a machine is permitted, given z, to ‘nondeterminis-
tically’ choose and output some value y € f(x). Note that this coincides with
[Weih00, DEFINITION 3.1.3]. In particular we do not insist that, upon input z,
all y € f(x) occur as output for some nondeterministic choice—as required in
[Brat03, SECTION 7]. Instead, let us generalize Definition 12 as follows:

Definition 15. Fiz some possibly multivalued mapping f :C X =Y and write
dom(f):={x € X : f(z) # 0}. Call f continuous at x € X if there is some y €
f(z) such that for every open neighbourhood V' of y there exists a neighbourhood
U of x such that f(z2) NV # 0 for all z € U.

For ordinary (i.e. single-valued) functions f, dom(f) amounts to the usual no-
tion; and such f is obviously continuous (at ) iff it is continuous (at z) in
the original sense. Indeed, Lemma 18a) below is an immediate extension of the
Main Theorem of Recursive Analysis, showing that any computable multivalued
mapping is necessarily continuous.

Lemma 10a) literally applies also to multivalued mappings f : A = B. We
failed to similarly fully generalize Lemma 10b); but already the following partial
generalization turns out as useful:

Lemma 16. a) Let f : A — B be single-valued and g : B = C multivalued. If f
is d-wise continuous (computable) and g is k-wise continuous (computable),
then go f : A= C is d - k-wise continuous (computable).

b) Let f : A = B and g : B = C be multivalued. If f is d-wise continuous
(computable) and g is continuous (computable), then go f : A = C is again
d-wise continuous (computable).

Definition 17. a) For x € dom(f), a witness of discontinuity of f at x is a
sequence (x,) € dom(f) converging to x such that, for every y € f(x) there
is some open neighbourhood V' of y disjoint from f(xy) for infinitely many
n € N.

b) A uniform d-dimensional flag F in X is a witness of d-wise discontinuity of
f if. for each 0 < k < d and for each i € N* and for each 1 < ¢ < d—Fk and
for each y € f(xz), (m,—l,m _____ m)m is a witness of discontinuity of f at xs.

£ times

If multivalued f admits a witness of discontinuity at x, then f is not continuous.
Conversely, if X is first-countable, discontinuity of f at x yields the existence of
a witness of discontinuity at z. Also, witnesses of 1-wise discontinuity coincide
with witnesses of discontinuity; and they generalize the definition from the single-
valued case. Lemma 18 below extends Lemma 13 in showing that a witness of
d-wise discontinuity of f inhibits d-wise computability.
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Lemma 18. Let (A, a) and (B, ) be effective metric spacest with corresponding
Cauchy representations and f :C A = B a possibly multivalued mapping.

a) If f admits a witness of discontinuity, then it is not («, 8)—continuous.
b) If f admits a witness of d-wise discontinuity, f is not d-wise («, ) —continuous.

4 Applications to Effective Linear Algebra

Based on Lemma 13b), we now determine the complexity of non-uniform com-
putability for several concrete standard problems in linear algebra and in par-
ticular of Example 2. But first consider the problem of solving a system of linear
equations; more precisely of finding a nonzero vector in the kernel of a given
singular matrix. It is for mere notational convenience that we formulate for the
case of real matrices: complex ones work just as well.

Theorem 19. Fiz n,m € N, d := min(n,m — 1), and consider the space R"*™
of n X m matrices, considered as linear mappings from R™ to R™. Then the
multivalued mapping

LinEq: A +— kernel(A)\{0}, dom(LinEq) := {4 € R™™ : rank(A) < d}
is well-defined and has complexity €;(LinEq) = €.(LinEq, p"*™, p™) =d + 1.
Concerning diagonalization of symmetric real matrices, we can prove

Theorem 20. Fiz d € N and consider the space R() of real symmetric d X d
matrices. Then the multivalued mapping

Diag : R() 5 A - {('wl7 ..., wq) basis of R? of eigenvectors to A}
has complezity € (Diag) = € ( Diag, p(g>,ded) =d.
The lack of continuity of the mapping Diag is closely related to inputs with
degenerate eigenvalues [ZiBr04, EXAMPLE 18]. In fact our below proof yields a
witness of d-wise discontinuity by constructing an iterated sequence of symmetry
breakings in the sense of Mathematical Physics. On the other hand even in the
non-degenerate case, Diag is inherently multivalued since any permutation of a
basis constitutes again a basis.

4.1 Finding Some Eigenvector

Instead of computing an entire basis of eigenvectors, we now turn to the problem
of determining just one arbitrary eigenvector to a given real symmetric matrix.
This turns out to be considerably less ‘complex’:

tCf. [Weih00, SECTION 8.1] for a formal definition and imagine Euclidean spaces R*
as major examples and focus of interest for our purpose.
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Theorem 21. For a real symmetric n X n-matriz A, consider the quantity
m = min{dimkernel(A —Xid): A€ o(A)} € {1,...,n} .

Given d := |logam| € {0,1,...,|logyan|} and a p(2) —-name of A, one can p"—
compute (i.e. effectively find) some eigenvector of A.

The proof employs the following tool about computability of finite multi-sets.

Lemma 22. Let (z1,...,x,) denote an n-tuple of real numbers and consider
the induced partition T := {{1 <i<n:iz=uwx4:1<j< n} of the index
set {1,...,n} =: [n] according to the equivalence relation i = j & z; = ;.

Furthermore let m := min { Card(I) : I € Z}.
a) Consider I C [n] with 1 < Card(I) < 2m. Then the following implies I € T:
xi#x; forall i€l andall je[n]\I . (1)

b) Suppose k € N is such that k < m < 2k. Then there exists I € T with k <
Card(I) < 2k satisfying (1). Conversely every I C [n] with k < Card(I) < 2k
satisfying (1) has I € T.

¢) Given a p®—name of (x1,...,x,) and given k € N with k < m < 2k, one
can computably find some I € L.
d) Given a p"—name of (x1,...,xy,) and given Card(Z), one can compute L.

Claim c) can be considered a weakening of Claim d) which had been established
in [ZiBr04, PROPOSITION 20].

Proof (Theorem 21). Compute according to [ZiBr04, PROPOSITION 17] some
(p"name of an) n-tuple of eigenvalues (A1,...,\,) of A, repeated according
to their multiplicities. Now due to [ZiBr04, THEOREM 11], (some eigenvector
in) the eigenspace kernel(A — \;id) can be computably found when knowing
rank(A — \;id) (recall Theorem 19), that is the multiplicity of A; in the multi-
set (A1, ..., A,). To this end we apply Lemma 22c), observing k := 2¢ < m < 2k
since d = |log, m|. O

Theorem 23. The multivalued mapping

EVec, : RG) 5 A4 {w eigenvector of A}

has complezity €, (EVec,) = €. ( EVec,, p(g)7p") = |logyn] + 1.

5 Conclusion and Perspectives

We claim that a major source of criticism against Recursive Analysis misses
the point: Although computable functions f are necessarily continuous when
given approximations to the argument x only, most practical f’s do become
computable when providing in addition some discrete information about x. Such
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‘advice’ usually consists of some very natural and mathematically explicit integer
value from a bounded range (e.g. the rank of the matrix under consideration)
and is readily available in practical applications.

We have then turned this observation into a complexity theory, investigat-
ing the minimum size (=cardinal) of the range this discrete information comes
from. And we have devised mathematical tools and used them to determine this
quantity for several simple and natural problems from linear algebra: calculat-
ing the rank of a given matrix, solving a system of linear equalities, diagonal-
izing a symmetric matrix, and finding some eigenvector to a given symmetric
matrix. The latter three are inherently multivalued. And they exhibit a con-
siderable difference in complexity: for input matrices of format n x n, usually
discrete advice of order ©(n) is necessary and sufficient; whereas some single
eigenvector can be found using only ©(logn)—fold advice: namely the quantity
| log, min { dimkernel(4 — Aid) : A € o(A)}|. The algorithm exploits this data
based on some combinatorial considerations—which nicely complement the heav-
ily analytical and topological arguments usually dominant in proofs in Recursive
Analysis.
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