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Abstract

This dissertation develops connections between algorithmic randomness and computable analysis.

In the first part, it is shown that computable randomness can be defined robustly on all computable
probability spaces, and that computable randomness is preserved by a.e. computable isomorphisms between
spaces. Further applications are also given.

In the second part, a number of almost-everywhere convergence theorems are looked at using computable
analysis and algorithmic randomness. These include various martingale convergence theorems and almost-
everywhere differentiability theorems. General conditions are given for when the rate of convergence is
computable and for when convergence takes place on the Schnorr random points. Examples are provided to
show that these almost-everywhere convergence theorems characterize Schnorr randomness.
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Introduction

Algorithmic randomness is a branch of computability theory which is concerned with the properties of
objects which behave randomly with respect to computable statistical tests. While there are many notions of
“computable statistical test”, and therefore many notions of randomness, the majority of the papers written
on algorithmic randomness have focused on infinite binary sequences 2" under the coin-flipping (or Lebesgue)
probability measure A. For example the recent monographs of Downey and Hirschfelt [3] and Nies [9] almost
entirely focus on (2, \).

However, a number of researchers have started to look at randomness on other spaces and other measures.
This includes work by Levin [8] on Martin-Lof randomness for other probability measures, as well as the
work by Fouché [4] on Martin-Lof random Brownian motion. Hoyrup and Rojas [7] have done much to give
a robust theory of Martin-Lo6f randomness on other spaces.

Parallel to this, a number of researchers have taken an interest in the computability of measure theory
and probability. This goes back to the constructive works of Sanin [11] and Bishop [1]. More recently, it was
discovered that many almost-everywhere theorems in analysis characterize the most common randomness
notions [12, 6, 10, 5, 2]. This is an exciting new direction connecting computable analysis and algorithmic
randomness.

This dissertation contributes to this direction. It is made up of two chapters. Each can be read indepen-
dently of the other.

The first chapter, “Computable randomness and betting for computable probability spaces”, gives a defi-
nition of computable randomness on other computable probability spaces. Unlike other common randomness
notions, it is not completely obvious how to define computable randomness on other spaces. I give a number
of examples showing that my definition is the correct one.

The second chapter, “Algorithmic randomness, martingales and differentiability”, gives new results in
the computability of a.e. convergence results. In particular, I show that under certain conditions, most
a.e. convergence theorems characterize Schnorr randomness. I also develop a general theory of measurable
functions and Schnorr randomness which I hope will be of use to other researchers.
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COMPUTABLE RANDOMNESS AND BETTING FOR COMPUTABLE PROBABILITY
SPACES

ABsTrRACT. Unlike Martin-Lof randomness and Schnorr randomness, computable randomness has not been
defined, except for a few ad hoc cases, outside of Cantor space. This paper offers such a definition (actually,
many equivalent definitions), and further, provides a general method for abstracting “bit-wise” definitions
of randomness from Cantor space to arbitrary computable probability spaces. This same method is also
applied to give machine characterizations of computable and Schnorr randomness for computable probability
spaces, extending the previous known results. This paper also addresses “Schnorr’s Critique” that gambling
characterizations of Martin-L6f randomness are not computable enough. The paper contains a new type of
randomness—endomorphism randomness—which the author hopes will shed light on the open question of
whether Kolmogorov-Loveland randomness is equivalent to Martin-Loéf randomness. It ends with ideas on
how to extend this work to layerwise-computable structures, non-computable probability spaces, computable
topological spaces, and measures defined by w-systems. It also ends with a possible definition of K-triviality
for computable probability spaces.
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1. INTRODUCTION

The subjects of measure theory and probability are filled with a number of theorems stating that some
property holds “almost everywhere” or “almost surely.” Informally, these theorems state that if one starts with
a random point, then the desired result is true. The field of algorithmic randomness has been very successful
in making this notion formal: by restricting oneself to computable tests for non-randomness, one can achieve
a measure-one set of points that behave as desired. The most prominent such notion of randomness is Martin-
Lof randomness. However, Schnorr [35] gave an argument—which is now known as Schnorr’s Critique—that
Martin-Lof randomness does not have a sufficiently computable characterization. He offered two weaker-
but-more-computable alternatives: Schnorr randomness and computable randomness. All three randomness
notions are interesting and robust, and further each has been closely linked to computable analysis (for
example [12, 18, 33, 38]).

Computable randomness, however, is the only one of the three that has not been defined for arbitrary
computable probability spaces. The usual definition is specifically for Cantor space (i.e. the space 2 of
infinite binary strings), or by analogy, spaces such as 3. Namely, a string = € 2 is said to be computably
random (in the fair-coin measure) if, roughly speaking, one cannot win arbitrarily large amounts of money
using a computable betting strategy to gamble on the bits of z. (See Section 2 for a formal definition.)

2010 Mathematics Subject Classification. 03D32,68Q30.
This work has been partially supported by NSF grant DMS1068829.
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COMPUTABLE RANDOMNESS AND BETTING 4

While it is customary to say a real = € [0,1] is computably random if its binary expansion is computably
random in 2¥, it was only recently shown [12] that this is the same as saying that, for example, the ternary
expansion of x is computably random in 3“. In other words, computable randomness is base invariant.

In this paper, I use a method for extending the “bit-wise” definitions of randomness on Cantor space to
arbitrary computable probability spaces. The method is based on previous methods given by Gacs [17] and
later Hoyrup and Rojas [22] of dividing a space into cells. However, to successfully extend a randomness
notion (such that the new definition agrees with the former on 2¢), one must show a property similar to
base invariance. I do this for computable randomness.

An outline of the paper is as follows. Section 2 defines computable randomness on 2¢; both for the fair-
coin measure and for other computable probability measures on Cantor space. Unlike previous treatments
(for example Bienvenu and Merkle [6]) T address the important pathological case where the measure may
have null open sets.

Section 3 gives background on computable analysis, computable probability spaces, and algorithmic ran-
domness.

Section 4 presents the concepts of an almost-everywhere decidable set (due to Hoyrup and Rojas [22]) and
an a.e. decidable cell decomposition (which is similar to work of Hoyrup and Rojas [22] and Gacs [17]). Recall
that the topology of 2 is generated by the collection of basic open sets of the form [¢]% = {x € 2¥ | 2 > o}
where x > ¢ means o is an initial segment of z. Further, any Borel measure p of 2¢ is determined by the
values p([¢]™). The main idea of this paper is that for a computable probability space (X, ) one can replace
the basic open sets of 2¢ (which are decidable) with an indexed family of “almost-everywhere decidable” sets
{A,}se2<» which behave in much that same way. I call each such indexed family a cell decomposition of the
space. This allows one to effortlessly transfer a definition from Cantor space to any computable probability
space.

Section 5 applies this method to computable randomness, giving a variety of equivalent definitions based
on martingales and other tests. More importantly, I show this definition is invariant under the choice of
cell decomposition. Similar to the base-invariance proof of Brattka, Miller and Nies [12, 37], my proof uses
computable analysis. However, their method does not apply here. (Their proof uses differentiability and
the fact that every atomless measure on [0, 1] is naturally equivalent to a measure on 2¢. The situation is
more complicated in the general case. One does not have differentiability, and one must consider absolutely-
continuous measures instead of mere atomless ones.)

Section 6 gives a machine characterization of computable and Schnorr randomness for computable prob-
ability spaces. This combines the machine characterizations of computable randomness and Schnorr ran-
domness (respectively, Mihailovi¢ [14, Thereom 7.1.25] and Downey, Griffiths, and LaForte [13]) with the
machine characterization of Martin-Lof randomness on arbitrary computable probability spaces (Gécs [16]
and Hoyrup and Rojas [22]).

Section 7 shows a correspondence between cell decompositions of a computable probability space (X, u)
and isomorphisms from (X, ) to Cantor space. I also show computable randomness is preserved by iso-
morphisms between computable probability spaces, giving yet another characterization of computable ran-
domness. However, unlike other notions of randomness, computable randomness is not preserved by mere
morphisms (almost-everywhere computable, measure-preserving maps).

Section 8 gives three equivalent methods to extend a randomness notion to all computable probability
measures. It also gives the conditions for when this new randomness notion agrees with the original one.

Section 9 asks how the method of this paper applies to Kolmogorov-Loveland randomness, another no-
tion of randomness defined by gambling. The result is that the natural extension of Kolmogorov-Loveland
randomness to arbitrary computable probability measures is Martin-Lof randomness. However, I do not
answer the important open question as to whether Kolmogorov-Loveland randomness and Martin-Lof ran-
domness are equivalent. Nonetheless, I do believe this answers Schnorr’s Critique, namely that Martin-Lof
randomness does have a natural definition in terms of computable betting strategies.

Section 10 explores a new notion of randomness in between Martin-Lof randomness and Kolmogorov-
Loveland randomness, possibly equal to both. It is called endomorphism randomness.

Last, in Section 11, I suggest ways to generalize the method of this paper to a larger class of isomor-
phisms and cell decompositions. I also suggest methods for extending computable randomness to a larger
class of probability spaces, including non-computable probability spaces, computable topological spaces, and
measures defined by m-systems. Drawing on Section 6, I suggest a possible definition of K-triviality for
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computable probability spaces. Finally, I ask what can be known about the interplay between randomness,
morphisms, and isomorphisms.

2. COMPUTABLE RANDOMNESS ON 2%

Before exploring computable randomness on arbitrary computable probability spaces, a useful intermedi-
ate step will be to consider computable probability measures on Cantor space.

We fix notation: 2<% is the space of finite binary strings; 2* is the space of infinite binary strings;
is the empty string; 0 < 7 and ¢ < x mean o is a proper initial segment of 7 € 2<% or z € 2¥; and
[0] ={x €2¥ | o < z} is a BASIC OPEN SET or CYLINDER SET. Also for o € 2<% (or x € 2¥), o(n) is the
nth digit of o (where ¢(0) is the “0th” digit) and o [ n = 0c(0)---o(n —1).

Typically, a MARTINGALE (on the fair-coin probability measure) is defined as a function M: 2<% — [0, c0)
such that the following property holds for each ¢ € 2<%: M(o) = 1(M(00) + M(o1)). Such a martingale
can be thought of as a betting strategy on coins flips: the gambler starts with the value M(g) as her capital
(where ¢ is the empty string) and bets on fair coin flips. Assuming the string o represents the sequence of
coin flips she has seen so far, M (00) is the resulting capital she has if the next flip comes up tails, and M (c1)
if heads. A martingale M is said to be COMPUTABLE if the value M (o) is uniformly computable from each
0.

A martingale M is said to SUCCEED on a string « € 2 if limsup,,_,. . M(x | n) = co (where z | n is
the first n bits of ), i.e. the gambler wins arbitrary large amounts of money using the martingale M while
betting on the sequence x of flips. By Kolmogorov’s theorem (see [14, Theorem 6.3.3]), such a martingale
can only succeed on a measure-zero set of points. A string x € 2 is said to be COMPUTABLY RANDOM (on
the fair-coin probability measure) if there does not exist a computable martingale M which succeeds on x.

Definition 2.1. A finite Borel measure y on 2¥ is a COMPUTABLE MEASURE if the measure pu([o]~) of each
basic open set is computable from o. Further, if ©(2¢) = 1, then we say p is a COMPUTABLE PROBABILITY
MEASURE (on 2¥) and (2“, ) is a COMPUTABLE PROBABILITY SPACE (on 2¢).

In this paper, measure always means a finite Borel measure. When convenient, I will drop the brackets
and write p(o) instead. By the Carathéodory extension theorem, one may uniquely represent a computable
measure as a computable function u: 2<% — [0, 00) such that

1(00) + p(ol) = p(o)

for all o € 2<¢. I will use often confuse a computable measure on 2¢ with its representation on 2<%,

The FAIR-COIN PROBABILITY MEASURE (or the LEBESGUE MEASURE on 2¢) is the measure A on 2¢,
defined by

o) =271l

where |o| is the length of o. (The Greek letter A will always be the fair-coin measure on 2%, except in a few
examples where it is the Lebesgue measure on [0, 1] or the uniform measure on 3%.)

One may easily generalize the definitions of martingale and computable randomness to a computable
probability measure pu. The key idea is that the fairness condition still holds, but is now “weighted” by wu.

Definition 2.2. If u is a computable probability measure on 2%, then a MARTINGALE M (with respect to
the measure p) is a partial function M: 2<% — [0, 00) such that the following two conditions hold:

(1) (Fairness condition) For all o € 2<%

M(o0)u(00) + M(o1)u(ol) = M(o)u(o).

(2) (Impossibility condition) M (o) is defined when p(o) > 0.
We say M is a COMPUTABLE MARTINGALE if M (o) is uniformly computable from o (assuming p(o) > 0).
Definition 2.3. Given a computable probability space (2, 1), a martingale M on (2¥,u) and z € 2¥, we
say M SUCCEEDS on z if and only if limsup,,_,., M(x | n) = co. Further, given x € 2¥, if x is not is any

measure-zero basic open set and there does not exist a computable martingale M on (2¢, u) which succeeds
on z, then we say z is COMPUTABLY RANDOM with respect to the measure p.

Remark 2.4. The above definitions have been given before by Bienvenu and Merkle [6], and Definition 2.2 is
an instance of the more general concept of martingale in probability theory (see for example Williams [40]).
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The impossibility condition of Definition 2.2 follows from the slogan in probability theory that a measure-
zero (or impossible) event can be ignored. A measure p such that every open set has measure greater than
zero is called a STRICTLY-POSITIVE measure. (Bienvenu and Merkle use the term “nowhere vanishing.”)
Hence, the impossibility condition is not necessary when p is strictly positive.

If (2%, p) is a strictly-positive probability space, then it is an easy folklore result that there is a bijection
between computable martingales M and computable measures v given by

v(0) = M(0)u(o) and M(0) = v(0)/u(0).
Even in the case where p is not strictly positive, the impossibility condition guarantees that these equations
can be used to define a computable measure from a computable martingale and vice-versa (under the con-
ditions that undefined - 0 = 0 and /0 = undefined for all z). Further, v is always computable from M.
Indeed, compute v(o) by recursion on the length of o as follows. Since u(e) = 1, v(e) is computable. To
compute, say, v(00) from v(o), use

M(c0)u(c0) if u(c0) >0
v(o0) =< v(o) — M(ol)pu(ol) if p(el) >0 .
0 otherwise

This is computable, since in the case that u(o) = pu(00) = u(ol) = 0, the bounds 0 < v(00) < v (o) “squeeze”
v(00) to 0. Conversely, M can be computed from v by waiting until u(o) > 0, else M (o) is never defined.

Remark 2.5. It is possible to eliminate the impossibility condition altogether by considering martingales
defined on the extended real numbers, i.e. M: 2<% — [0,00]. (Use the usual measure-theoretic convention
that co-0 = 0.) Consider the martingale My defined by My(o) = A(0)/u(o) where A is the fair-coin measure.
Since, A(c) > 0 for all o, we have that My is computable on the extended real numbers. Notice My(o) = oo
if and only if u(o) = 0, hence one can “forget” the infinite values to get a computable finite-valued martingale
M, as in Definition 2.2. For any x € 2¥, if My succeeds on x then either u(z [ n) = 0 for some n or M; ()
succeeds on x. In either case, x is not computably random. Conversely, if z € 2% is not computably random,
either Mj succeeds on x or there is some finite-valued martingale M as in Definition 2 which succeeds on
z. In the later case, N = M + M, is a martingale computable on the extended real numbers which also
succeeds on x. However, this paper will only use the finite-valued martingales as in Definition 2.2.

I leave as an open question whether computable randomness can be defined on non-strictly positive
measures without the impossibility condition and without infinite values.

Question 2.6. Let p be a computable probability measure on 2, and assume x is not computably random on
w. Is there necessary a computable martingale M : 2<% — [0, o) with respect to p which is total, finite-valued
and succeeds on x?

See Downey and Hirschfelt [14, Section 7.1] and Nies [32, Chapter 7| for more information on computable
randomness for (2, ).

3. COMPUTABLE PROBABILITY SPACES AND ALGORITHMIC RANDOMNESS

In this section I give some background on computable analysis, computable probability spaces, and algo-
rithmic randomness.

3.1. Computable analysis and computable probability spaces. Here I present computable Polish
spaces and computable probability spaces. For a more detailed exposition of the same material see Hoyrup
and Rojas [22]. This paper assumes some familiarity with basic computability theory and computable
analysis, as in Pour El and Richards [34], Weihrauch [39], or Brattka et al. [11].

Definition 3.1. A COMPUTABLE POLISH SPACE (or COMPUTABLE METRIC SPACE) is a triple (X, d, S) such
that

(1) X is a complete metric space with metric d: X x X — [0, 00).

(2) S ={ai}ien is a countable dense subset of X (the SIMPLE POINTS of X).

(3) The distance d(a;, a;) is computable uniformly from ¢ and j.
A point z € X is said to be COMPUTABLE if there is a computable CAUCHY-NAME h € N¥ for z, i.e. h is a
computable sequence of natural numbers such that d(a ), z) < 27k for all k.
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The BASIC OPEN BALLS are sets of the form B(a,7) = {z € X | d(z,a) < r} where a € S and r > 0
is rational. The %Y sets (EFFECTIVELY OPEN SETS) are computable unions of basic open balls; TI{ sets
(EFFECTIVELY CLOSED SETS) are the complements of 3{ sets; %9 sets are computable unions of I1{ sets; and
113 sets are computable intersections of ¥ sets. A function f: X — R is COMPUTABLE (-LY CONTINUOUS)
if for each X9 set U in R, the set f~1(U) is 39 in X (uniformly in U), or equivalently, there is an algorithm
which sends every Cauchy-name of z to a Cauchy-name of f(x). A function f: X — [0,00] is LOWER
SEMICOMPUTABLE if it is the supremum of a computable sequence of computable functions f,: X — [0, c0).

A real z is said to be LOWER (UPPER) SEMICOMPUTABLE if {q € Q| ¢ < x} (respectively {g € Q | ¢ > z})
is a c.e. set.

Definition 3.2. If X = (X,d,5) is a computable Polish space, then a Borel measure y is a COMPUTABLE
MEASURE on X if the value p(X) is computable, and for each X9 set U, the value u(U) is lower semicom-
putable uniformly from the code for U. A COMPUTABLE PROBABILITY SPACE is a pair (X, ) where X is a
computable Polish space, i is a computable measure on X', and (&) = 1.

While this definition of computable probability space may seem ad hoc, it turns out to be equivalent
to a number of other definitions. In particular, the computable probability measures on X are exactly the
computable points in the space of probability measures under the Prokhorov metric. Also, a probability
space is computable precisely if the integral operator is a computable operator on computable functions
f: X —=[0,1]. See Hoyrup and Rojas [22] and Schroder [36] for details.

I will often confuse a metric space or a probability space with its set of points, e.g. writing x € X or
x € (X, ) to mean that x € X where X = (X, d, S).

3.2. Algorithmic randomness. In this section I give background on algorithmic randomness. Namely, I
present three types of tests for Martin-Lo6f and Schnorr randomness. In Section 5, I will generalize these tests
to computable randomness, building off the work of Merkle, Mihailovi¢ and Slaman [28] (which is similar to
that of Downey, Griffiths and LaForte [13]). I also present Kurtz randomness.

Throughout this section, let (X, 1) be a computable probability space.

Definition 3.3. A MARTIN-LOF TEST (with respect to (X, u)) is a computable sequence of X9 sets (U,,)
such that p(U,) < 27" for all n. A SCHNORR TEST is a Martin-Lof test such that p(U,) is also uniformly
computable from n. We say x is COVERED BY the test (U,) if x € (,, Up.

Definition 3.4. We say x € X' is MARTIN-LOF RANDOM (with respect to (X, p)) if there is no Martin-Lof
test which covers x. We say x is SCHNORR RANDOM if there is no Schnorr test which covers x. We say x is
KURTZ RANDOM (or WEAK RANDOM) if z is not in any null IT{ set (or equivalently a null X9 set).

It is easy to see that for all computable probability spaces
Martin-L6f — Schnorr — Kurtz
It is also well-known (see [14, 32]) on (2, \) that
(3.1) Martin-Lof — Computable — Schnorr — Kurtz

In the next section, after defining computable randomness for computable probability spaces, I will show
(3.1) holds for all computable probability spaces.

In analysis it is common to adopt the slogan “anything that happens on a measure-zero set is negligible.” In
this paper it will be useful to adopt the slogan “anything that happens on a measure-zero X3 set is negligible,”
or in other words, “we do not care about points that are not Kurtz random.” (The reason for this choice
will become apparent and is due to the close relationship between Kurtz randomness and a.e. computability.
Section 7 contains more discussion.)

Next, I mention two other useful tests.

Definition 3.5. A VITALI TEST (or SOLOVAY TEST) is a sequence of XY sets (U,,) such that >, u(U,) < cc.
We say = is VITALI COVERED by (U,) if x € U, for infinitely many n. An INTEGRAL TEST is a lower
semicomputable function g: X — [0, o] such that [ gdu < oco.

Theorem 3.6. For x € X, the following are equivalent.

(1) x is Martin-Lof random (respectively Schnorr random,).
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(2) x is not Vitali covered by any Vitali test (respectively any Vitali test (Uy,) such that Y, u(Uy) is
computable).
(3) g(x) < oo for all integral tests g (respectively for all integral tests g such that [ gdu is computable).

Remark 3.7. The term Vitali test was coined recently by Nies. For a history of the tests for Schnorr
and Martin-Lof randomness see Downey and Hirschfelt [14]. The integral test characterization for Schnorr
randomness is due to Miyabe [30] and was also independently communicated to me by Hoyrup and Rojas.

I will give Vitali and integral test characterizations of computable randomness in Section 5.
There are also martingale characterizations of Martin-Lof and Schnorr randomness for 2¢, but they will
not be needed.

4. ALMOST-EVERYWHERE DECIDABLE CELL DECOMPOSITIONS

The main thesis of this paper is that “bit-wise” definitions of randomness for 2, such as computable
randomness, can be extended to arbitrary computable probability spaces by replacing the basic open sets
[0]™ on 2¥ with an indexed family {4, },eca<« of a.e. decidable sets. This is the thesis of Hoyrup and Rojas
[22]. My method is based off of theirs, although the presentation and definitions differ on a few key points.

Recall that a set A C X is DECIDABLE if both A and its complement X \ A are ¥ sets (equivalently A is
both X¢ and I1?). The intuitive idea is that from the code for any = € X, one may effectively decide if z is in
A or its complement. On 2, the cylinder sets [0]~ are decidable. Unfortunately, a space such as X = [0, 1]
has no non-trivial clopen sets, and therefore no non-trivial decidable sets. However, using the idea that null
measure sets can be ignored, we can use “almost-everywhere decidable sets” instead.

Definition 4.1 (Hoyrup and Rojas [22]). Let (X, 1) be a computable probability space. A pair U,V C X
is a u-A.E. DECIDABLE PAIR if

(1) U and V are both X9 sets,

(2) UNV =g, and

3) p(UUV)=1.
A set A is a u-A.E. DECIDABLE SET if there is a u-a.e. decidable pair U,V such that U C A C X \ V. The
code for the p-a.e. decidable set A is the pair of codes for the X sets U and V.

Hoyrup and Rojas [22] also required that UUV be dense for technical reasons. We will relax this condition,
working under the principle that one can safely ignore null open sets. They also use the terminology “almost
decidable set”.

Definition 4.1 is an effectivization of u-CONTINUITY SET, i.e. a set with p-null boundary. Notice, the set
X N (UUYV) includes the topological boundary, but since we do not require U UV to be dense, it may also
include null open sets.

Not every ¢ set is a.e. decidable; for example, take a dense open set with measure less than one. However,
any basic open ball B(a,r) is a.e. decidable provided that {z | d(a,z) = r} has null measure. (Again, if we
require the boundary to be nowhere dense, the situation is more subtle. See the discussion in Hoyrup and
Rojas [22].) Further, the closed ball B(a,r) is also a.e. decidable with the same code. Any two a.e. decidable
sets with the same code will be considered the same for our purposes. Hence, I will occasionally say = € A
(respectively © ¢ A), when I mean = € U (respectively « ¢ V') for the corresponding a.e. decidable pair
U, V).

Also notice that if A and B are a.e. decidable, then the Boolean operations X ~\~ A, AN B and AU B are
a.e. decidable with codes computable from the codes for A and B.

Definition 4.2 (Inspired by Hoyrup and Rojas [22]). Let (X, 1) be a computable probability space, and let
A = (A;) be a uniformly computable sequence of a.e. decidable sets. Let B be the closure of A under finite
Boolean combinations. We say A is an (A.E. DECIDABLE) GENERATOR of (X, p) if given a X9 set U C X
one can find (effectively from the code of U) a c.e. family {B;} of sets in B (where {B;} is possibly finite or
empty) such that U = 3, B; a.e.

Notice each generator generates the Borel sigma-algebra of X’ up to a p-null set. Hoyrup and Rojas [22]
show that not only does such a generator A exist for each (X, ), but it can be taken to be a basis of the
topology, hence they call A a “basis of almost decidable sets”. I will not require that A is a basis.
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Theorem 4.3 (Hoyrup and Rojas [22]). Let (X, u) be a computable probability space. There exists an
a.e. decidable generator A of (X, ). Further, A is computable from (X, ).

The main idea of the proof for Theorem 4.3 is to start with the collection of basic open balls centered at
simple points with rational radii. While, these may not have null boundary, a basic diagonalization argument
(similar to the proof of the Baire category theory, see [10]) can be used to calculate a set of radii approaching
zero for each simple point such that the resulting ball is a.e. decidable. Similar arguments have been given
by Bosserhoff [9] and Géacs [17]. The technique is related to Bishop’s theory of profiles [8, Section 6.4] and
to “derandomization” arguments (see Freer and Roy [15] for example).

From a generator we can decompose X into a.e. decidable cells. This is the indexed family {A,}sca<w
mentioned in the introduction.

Definition 4.4. Let A = (A;) be an a.e. decidable generator of (X, p). Recall each A; is coded by an
a.e. decidable pair (U;, V;) where U; C A; C X N\ V;. For o € 2¥ of length s define [0]4 = Ag(o) N A(f(l) N
<N A:(_Sfl) where for each i, A = U; and A} = V;. When possible, define = [ 4 n as the unique o of length
n such that « € [0] 4. Also when possible, define the A-NAME of z as the string name 4(z) = lim;, 00 [ 4 n.
A point without an A-name will be called an UNREPRESENTED POINT. Each [o] 4 will be called a CELL, and
the collection of {[o]4}sec2<~ well be called an (A.E. DECIDABLE) CELL DECOMPOSITION of (X, ).

The choice of notation allows one to quickly translate between Cantor space and the space (X, ). Gacs
[17] and others refer to the cell [z [ 4 n]4 as the n-CELL of x and writes it as ', (z).

Remark 4.5. There are two types of “bad points”, unrepresented points and points x € [0] 4 where p([o]4) =
0. The set of “bad points” is a null 9 set, so each “bad point” is not even Kurtz random! One may also go
further, and for each generator A compute another A’ such that [o]4 = [0]4’ a.e., but u([o]4) = 0 if and
only if [0] 4+ = @. Then all the “bad points” would be unrepresented points.

Example 4.6. Consider a computable measure p on 2¢. Let A; = {x € 2¥ | 2(¢) = 1} where x(4) is the ith
bit of . Then A = (A;) is a generator of (2¥, u). Further [o]4 = [0]F, © [a n =z [ n, and namey(x) = .
Call A the NATURAL GENERATOR of (2%, i), and {[0]~},e2<~ the NATURAL CELL DECOMPOSITION.

In this next proposition, recall that a set S C 2<% is PREFIX-FREE if there is no pair 7,0 € S such that
T<0.

Proposition 4.7. Let (X, 1) be a computable probability space with generator A and {[0]a}sec2<w the corre-
sponding cell decomposition. Then for each XY set U C X there is a c.e. set {o;} (computable from U) such
that U = \J;[0:]a a.e. Further, {o;} can be assumed to be prefiz-free and such that p([o;]4) > 0 for all .

Proof. Straight-forward from Definition 4.1. |

It is clear that a generator A is computable from its cell decomposition {[o]4},e2<~, namely let

4= | la
{o: o(i)=1}
Hence we will often confuse a generator and its cell decomposition writing both as A. Further, this next

proposition gives the criterion for when an indexed family {A, },c2<~ forms an a.e. decidable cell decompo-
sition.

Proposition 4.8. Let (X, ) be a computable probability space. Let A = {Ay}oea<w be a computably indexed
family of X9 sets such that

(1) forallo €2, Ay,oNAy1 =D and Ayo U Ay1 = Ay a.e.
(2) p(A:) =1, and
(3) for each X9 set U C X there is a c.e. set {o;} (computable from U) such that U = |J;[0;]4 a.e.

Then A is an a.e. decidable cell decomposition where [0]4 = Ay a.e. for all o0 € 2<%,
Proof. Straight-forward from Definition 4.1 and Definition 4.4. |

Each computable probability space (X, u) is uniquely represented by a cell decomposition A and the
values p([o]a)-



COMPUTABLE RANDOMNESS AND BETTING 10

The main difference between the method here and that of Gacs [17] and Hoyrup and Rojas [22] is that they
pick a canonical cell decomposition for each (X, u). Also they assume every point x € X is in some cell, and
that no two points have the same A-name. I, instead, work with all cell decompositions simultaneously and do
not require as strong of properties. This will allow me to give a correspondence between cell decompositions
and isomorphisms in Section 7.

5. COMPUTABLE RANDOMNESS ON COMPUTABLE PROBABILITY SPACES

In this section I define computable randomness on a computable probability space. As a first step, I have
already done this for spaces (2¢, u). The second step will be to define computable randomness with respect
to a particular cell decomposition of the space. Finally, the last step is Theorem 5.7, where I will show the
definition is invariant under the choice of cell decomposition.

There are two characterizations of computable randomness on (2¥, \) that use Martin-Lof tests. The first
was due to Downey, Griffiths, and LaForte [13]. However, I will use another due to Merkle, Mihailovié¢, and
Slaman [28].

Definition 5.1 (Merkle et al. [28]). On (2¥,\) a Martin-Lof test (U,,) is called a BOUNDED MARTIN-LOF
TEST if there is a computable measure v: 2<“ — [0, 00) such that for all n € N and o € 2<%
WU 1 [0]%) < 2770(0).
We say that the test (U,,) is BOUNDED BY the measure v.

Theorem 5.2 (Merkle et al. [28]). On (2¥,\), a string x € 2% is computably random if and only if x is not
covered by any bounded Martin-Ldf test.

The next theorem and definition give five equivalent tests for computable randomness (with respect to
a cell decomposition A). (I also give a machine characterization of computable randomness in Section 6.)
The integral test and Vitali cover test are new for computable randomness, although they are implicit in the
proof of Theorem 5.2.

Theorem 5.3. Let A be a cell decomposition of the computable probability space (X, u). If v € X is neither
an unrepresented point nor in a null cell, then the following are equivalent.

(1) (Martingale test) There is a computable martingale M : 2<% — [0,00) satisfying

M(00)u([o0]a) + M(c1)p([o1]a) = M(o)u([o].a)
M(o) is defined < p([o]a) >0
for all o € 2<% such that limsup,,_, . M(x [4 n) = 0.

(2) (Martingale test with savings property, see for example |14, Proposition 2.3.8]) There is a computable
martingale N: 2<% — [0,00) satisfying the conditions of (1) and a partial-computable “savings
function” f: 2<% — [0,00) satisfying

flo) <N(o) < f(o) +1
cX1 = flo)< f(7)
f(o) is defined <+ p(lo]a) >0

for all o,7 € 2<% such that lim,, oo N(x [4 n) = 0.
(3) (Integral test) There is a computable measure v: 2<% — [0, 00) and a lower semicomputable function

g: X — [0, 00] satisfying
| sdus<vo)
[o]a
for all o € 2<% such that g(z) = co.
(4) (Bounded Martin-Ldf test) There is a computable measure v: 2<% — [0,00) and a Martin-Lof test
(Un) satisfying

p(Un N]ola) < 27"(0).
for alln € N and o € 2<% such that (Uy,) covers .
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(5) (Vitali cover test) There is a computable measure v: 2<% — [0,00) and a Vitali cover (V;,) satisfying
Y uVanola) < v(o)

for alln € N and o € 2<% such that (V,,) Vitali covers x.

For (3) through (5), the measure v may be assumed to be a probability measure and satisfy the following
absolute-continuity condition,

(5.1) v(o) < hdu
[0]a
for some integrable function h.
Further, each test is uniformly computable from any other.

Definition 5.4. Let A be a cell decomposition of the space (X, u). Say x € X is COMPUTABLY RANDOM
(with respect to A) if x is neither an unrepresented point nor in a null cell, and « does not satisfy any of the
equivalent conditions (1-5) of Theorem 5.3.

Before proving the theorem, here is a technical lemma. It will be needed for the savings property in (2).

Lemma 5.5 (Technical lemma). Let (a,) be a sequence of positive real numbers. Define (b,) and (c,)
recursively as follows: by = ag, co = bg — 1,

Q.
bn+1 =cCp+ e (bn - Cn)

n

and ¢, 41 = max(¢p, byy1 — 1). If limsup,, a,, = oo, then lim, b, = oco.

Proof. Let (n;) be indices such that ¢,,, = b,, — 1 listed in order. By induction on n € [n;,n,+1 — 1] we have

Cn =0bpn, —1 and
An+41

bn+1 = bnl + —1.

n;
Since lim sup,, a,, = 0o, there exists some m > n; such b, —1 > b,,, — 1 = ¢,,,. The first such m is n;11. This
is also the first m such that a,, > a,,. Therefore (n;) is a infinite series, a,,,, > ay,, lim; a,, = oo, and
n,
by = bn; + —= -1
A,

We have that ¢,, > log(a,,) (natural logarithm) by the identity © — 1 > log(x) and by induction:

Ay,
Cnipa = b”iJrl —1= (bm - 1) + (Zlﬂ B 1)

A
> log(an,) + log (“) = log(an,,,) + 1.
Ap,

Hence lim; ¢,,, > lim; log(a,,) = 0o, and since ¢, is nondecreasing, lim,, b,, > lim,, ¢,, = oco. O

Proof of Theorem 5.3. (1) implies (2): The idea is to bet with the martingale M as usual, except at each
stage set some of the winnings aside into a savings account f(o) and bet only with the remaining capital.
Formally, define N and f recursively as follows. (One may assume M (o) > 0 for all o by adding 1 to M(0).)
Start with N(e) = M () and f(e) = N(¢) — 1. At o, for i = 0,1 let
. Mot
N(o) = 1(0) + 2D (N (o) — (o))

M(o)
and f(oi) = max(f(o), N(oi) — 1). By the technical lemma above, lim, N(z [4 n) = oo.

(2) implies (3): Let v(o) = N(o)u([o]a) and g(x) = sup, . f(z [4 s). Then f[U]Agdu < v(o) <
f[ﬂ]A(g + 1) du, which also shows v satisfies the absolute-continuity condition of formula (5.1). If N(e) is

scaled to be 1, then v is a probability measure.

(3) implies (1): Let M(o) = v(o)/u([o].a). Then M(x [4 k) > %, which converges to co.

): Let Uy, = {x | g(x) > 2"}. By Markov’s inequality, p(U, N[o]4) < f[U]A gdu <wv(o).
): Let V,, = U,.
)

cLetg=>",1v,. O
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In this next proposition, I show the standard randomness implications (as in formula (3.1)) still hold.

Proposition 5.6. Let (X, un) be a computable probability space. If x € X is Martin-Lof random, then x
is computably random (with respect to every cell decomposition A). If x € X is computably random (with
respect to a cell decomposition A), then x is Schnorr random, and hence Kurtz random.

Proof. The statement on Martin-Lof randomness follows from the bounded Martin-Lof test (Theorem 5.3 (4)).

For the last statement, assume x is not Schnorr random. If x is an unrepresented point or in a null cell,
then x is not computably random by Definition 5.4. Else, there is some Vitali cover (V) where >~ u(V;)
is computable and (V},) Vitali-covers x. Define v: 2<“ — [0,00) as v(0) = >, (Vo N [0]4). Then clearly,
w(VpNlola) < v(o) for all n and o. By the Vitali cover test (Theorem 5.3 (5)), it is enough to show that v
is a computable measure. It is straightforward to verify that v(c0)+v(ol) = v(o). As for the computability
of v; notice v(o) is lower semicomputable for each o since p is a computable probability measure (see
Definition 3.2). Then since v(e) = >, u(V;) is computable, v is a computable measure. O

Theorem 5.7. The definition for computable randomness does not depend on the choice of cell decomposi-
tion.

Proof. Before giving the details, here is the main idea. It suffices to convert a test with respect to one
cell decomposition A to another test which covers the same points, but is with respect to a different cell
decomposition B. In order to do this, take a bounding measure v with respect to A (which is really a measure
on 2¢) and transfer it to an actual measure 7 on X. Then transfer 7 back to a bounding measure x with
respect to B. In order to guarantee that this will work, we will assume v satisfies the absolute-continuity
condition of formula 5.1, which ensures that 7 exists and is absolutely continuous with respect to u.

Now I give the details. Assume x € X is not computably random with respect to the cell decomposition
A of the space. Let B be another cell decomposition. If x is an unrepresented point or in a null cell, then x
is not a Kurtz random point of (X, ), and by Proposition 5.6,  is not computably random with respect to
B.

So assume z is neither an unrepresented point nor in a null cell. By condition (4) of Theorem 5.3 there
is some Martin-Lof test (U, ) bounded by a probability measure v such that (U,) covers x. Further, v can
be assumed to satisfy the absolute-continuity condition in formula (5.1).

Claim. There is a computable probability measure 7 on X defined by 7([o].4) = v(o) which is absolutely
continuous with respect to u, i.e. every p-null set is a 7w-null set.

Proof of claim. This is basically the Carathéodory extension theorem. The collection {[o].4},e2<w is essen-
tially a semi-ring. A semi-ring contains &, is closed under intersections, and for each A, B in the semi-ring,
there are pairwise disjoint sets Cy, ..., (), in the semi-ring such that A~ B = C; U...UC,. To make this
collection a semi-ring which generates the Borel sigma-algebra, add every p-null set and every set which is
p-a.e. equal to [o] 4 for some o.

Define 7([o]4) = v(o) and 7(@) = 0 and similarly for the p-a.e. equivalent sets. (This is well defined since
if [0]4 = [T] 4 p-a.e. then by the absolute continuity condition, v(¢) = v(7), and similarly if u([o]4) = 0,
then v(o) = 0.) Now, it is enough to show 7 is a pre-measure, specifically that it satisfies countable additivity.
Assume for some pairwise disjoint family {A;} and some B, both in the semi-ring, that B = |J, A;. If B is
p-null, then each A; is as well. By the definition of 7 on p-null sets, we have 7(B) = 0= ) n(A;). If B
is not p-null, then B = [r] 4 p-a.e. for some 7 and each A; of positive y-measure is p-a.e. equal to [o;] 4 for
some o; = 7. For each k, let C), = [7]= \ Uf;ol [0:]7, which is a finite union of basic open sets in 2¢. Let Dy
be the same union as Cy but replacing each [¢]* with [o] 4. Then by the absolute continuity condition,

k—1 k—1
w(B) =Y m(A) =v(r) = > v(e0) =v(C) = | hdp
i=0 i=0 Dy

Since [7]4 = U,[0i]a p-a.e., the right-hand-side goes to zero as k — co. So 7 is a pre-measure and may be
extended to a measure by the Carathéodory extension theorem.

Similarly by approximation, 7 satisfies 7(A) < [ 4 hdp for all Borel sets A and hence is absolutely
continuous with respect to pu.

To see 7 is a computable probability measure on X, take a %¢ set U. By Proposition 4.7, there is a c.e.,
prefix-free set {o;} of finite strings such that U = | J,;[0;]4 p-a.e. (and so m-a.e. by absolute continuity). As
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this union is disjoint, 7(U) = >, 7([o:]a) = >, v(0;) p-a.e. and so w(U) is lower-semicomputable. Since
m(X) =1, 7 is a computable probability measure. This proves the claim. O

Let m be as in the claim. Since 7 is absolutely continuous with respect to u, any a.e. decidable set of p is
an a.e. decidable set of 7. In particular, the measures 7([7]5) are computable from 7. Now transfer 7w back
to a measure k: 2<% — [0, 00) using k(o) = 7([o]g). This is a computable probability measure since 7([o]g)
is computable.

Last, we show the Martin-Lof test (U, ) is bounded by & with respect to the cell decomposition B. To see
this, fix 7 € 2<“ and take the c.e., prefix-free set {o;} of finite strings such that [r]g = (J,;[0:]4 p-a.e. (and
so m-a.e.). Then k(1) = )", v(0;), and for each n,

w(Un N 7ls) = ZM(Un Nlojla) < Z 27"v(0s) = 27"K(7). 0

Theorem 5.3 is just a sample of the many equivalent definitions for computable randomness. I conjecture
that the other known characterizations of computable randomness, see for example Downey and Hirschfelt
[14, Section 7.1], can be extended to arbitrary computable Polish spaces using the techniques above. As
well, other test characterizations for Martin-Lof randomness can be extended to computable randomness
by “bounding the test” with a computable measure or martingale. (See Section 6 for an example using
machines.) Further, the proof of Theorem 5.7 shows that the bounding measure v can be assumed to be a
measure on X, instead of 2¢, under the additional condition that A is a cell decomposition for both (X, )
and (X,v). Similarly, we could modify the martingale test to assume M is a martingale on (X, ) (in the
sense of probability theory) with an appropriate filtration.

Actually, the above ideas can be used to show any L!-bounded a.e. computable martingale (in the sense of
probability theory) converges on computable randoms if the filtration converges to the Borel sigma-algebra
(or even a “computable” sigma-algebra) and the L!-bound is computable. This can be extended to (the
Schnorr layerwise-computable representatives of) L!-computable martingales as well. The proof is beyond
the scope of this paper and will be published separately.

In Section 11, I give ideas on how computable randomness can be defined on an even broader class of
spaces, and also on non-computable probability spaces. I end this section by showing that Definition 5.4 is
consistent with the usual definitions of computable randomness on 2¢, ¥*, and [0, 1].

Example 5.8. Consider a computable probability measure p on 2. It is easy to see that computable
randomness in the sense of Definition 5.4 with respect to the natural cell decomposition is equivalent to
computable randomness on 2“ as defined in Definition 2.3. Since Definition 5.4 is invariant under the choice
of cell decomposition (Theorem 5.7), the two definitions agree on (2, p).

Example 5.9. Consider a computable probability measure p on ¢ where ¥ = {ag,...,ar—1} is a finite
alphabet. It is natural to define a martingale M : £ — [0, 00) as one satisfying the fairness condition

M(oag)p(oag) + - - + M(oap—1)p(oar—1) = M(o)u(o)

for all o € X< (along with the impossibility condition from Definition 2.2). A little thought reveals that
by systematically grouping and upgrouping cylinder sets M can be turned into a binary martingale which
succeeds on the same points. For example, given a martingale M on 3“, one may first split [¢]~ into [¢0]~
and A, = [01]7 U [02]~. Define,
M(ol)p(ol) + M(02)p(o2)

pu([o1]= U fo2]?)

M(Ao) =

and notice the fairness condition is still satisfied,
M(00)u(00) + M(Ay)p(Ay) = M(o)pa(o).
In the next step, one may split A, into [¢1]~ and [¢2]~ to give
M(ol)u(ol) + M(02)p(02) = M(As) (Ao ).

This grouping and ungrouping of cylinder sets forms a (binary) cell decomposition A on (3%, ). If M was
first given the savings property, this new martingale succeeds on the same points. It follows that x € 3“ is
computably random in the natural sense if and only if it is computably random as in Definition 5.4.
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Example 5.10. Let ([0,1],\) be the space [0,1] with the Lebesgue measure. Let A; = {z € [0,1] |
the th binary digit of « is 1}. Then A = (A;) is a generator of ([0,1],\) and [o]4 = [0.0,0.0 +271°1) a.e. A
little thought reveals that = € ([0, 1], A) is computably random (in the sense of Definition 5.4) if and only if
the binary expansion of x is computably random in (2%, A) with the fair-coin measure. This is the standard
definition of computable randomness on ([0, 1], A). Further, using a base b other than binary gives a different
generator, for example let Ay, = {z € [0,1] | the ith b-ary digit of = is j} where 0 < j < b. Yet, the
computably random points remain the same. Hence computable randomness on ([0, 1], \) is base invariant
[12, 37] . (The proof of Theorem 5.7 has similarities to the proof of Brattka, Miller and Nies [12], but as
mentioned in the introduction, there are also key differences.) Also see Example 7.11.

More examples are given at the end of Section 7.

6. MACHINE CHARACTERIZATIONS OF COMPUTABLE AND SCHNORR RANDOMNESS

In this section I give machine characterizations of computable and Schnorr randomness for computable
probability spaces. This has already been done for Martin-Lof randomness.
Recall the following definition and fact.

Definition 6.1. A machine M is a partial-computable function M : 2<% — 2<% A machine is PREFIX-FREE
if dom M is prefix-free. The prefix-free Kolmogorov complexity of ¢ relative to a machine M is

Ky (o) =inf {|7] | 7 €2<¥ and M(r) =0} .
(There is a non-prefix-free version of complexity as well.)

Theorem 6.2 (Schnorr (see [14, Theorem 6.2.3])). A string x € (2¥, ) is Martin-Léf random if and only
if for all prefiz-free machines M,
(6.1) limsup (n — Ky (z [ n)) < oo.

n—oo

Schnorr’s theorem has been extended to both Schnorr and computable randomness.

Definition 6.3. For a machine M define the semimeasure meas;;: 2<% — [0, 00) as

meas) (o) = Z 217l

Te€dom M

M(r)zo
A machine M is a COMPUTABLE-MEASURE MACHINE if meas); (¢) is computable. A machine M is a BOUNDED
MACHINE if there is some computable-measure v such that measy; (o) < v(o) for all ¢ € 2<%,

Downey, Griffiths, and LaForte [13]| showed that € (2, A) is Schnorr random precisely if formula (6.1)

holds for all prefix-free, computable-measure machines. Mihailovi¢ (see [14, Thereom 7.1.25|) showed that
x € (2, ) is computably random precisely if formula (6.1) holds for all prefix-free, bounded machines.

Schnorr’s theorem was extended to all computable probability measures on Cantor space by Gacs [16].
Namely, replace formula (6.1) with
limsup (—log, pu([z [ n]™) — Kz | n)) < oo.

n— oo
If u([z | n]) = 0 for any n then we say this inequality is false. Hoyrup and Rojas [22] extended this to
any computable probability space. Here, I do the same for Schnorr and computable randomness (I include
Martin-Lof randomness for completeness).

Theorem 6.4. Let (X, u) be a computable probability space and x € X.
(1) = € X is Martin-Léf random precisely if

(6.2) limsup (—logy p([x T4 nla) — Ky Tan)) < oo.

n—oo

holds for all prefiz-free machines M. (Again, we say formula (6.2) is false if u([x | n]) =0 for any
(2) x € X is computably random precisely if formula (6.2) holds for all prefiz-free, computable-measure
machines M.
(3) x € X is Schnorr random precisely if formula (6.2) holds for all prefiz-free, bounded machines M.
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Further, (1) through (3) hold even if M is not assumed to be prefix-free, but only that measy(e) < 1.

Proof. Slightly modify the proofs of Theorems 6.2.3, 7.1.25, and 7.1.15 in Downey and Hirschfelt [14],
respectively. O

7. COMPUTABLE RANDOMNESS AND ISOMORPHISMS

In this section I give another piece of evidence that the definition of computable randomness in this paper
is robust, namely that the computably random points are preserved under isomorphisms between computable
probability spaces. 1 also show a one-to-one correspondence between cell decompositions of a computable
measure space and isomorphisms from that space to the Cantor space.

Definition 7.1. Let (X, p) and (), v) be computable probability spaces.

(1) A partial map T': X — ) is said to be PARTIAL COMPUTABLE if there is a partial-computable function
F: N¥ — N* which given a Cauchy-name for z € X returns the Cauchy-name for T'(z), and further,
the domain of T is maximal for this h, i.e. € dom(7T) if and only if for all a,b € N which are
Cauchy-names for x, then a,b € dom(F) and both F(a) and F(b) are Cauchy-names for the same
point in Y.

(2) A partial map T: (X,u) — Y is said to be A.E. COMPUTABLE if it is partial computable with a
measure-one domain.

(3) (Hoyrup and Rojas [22]) A partial map T: (X, pn) — (Y, v) is said to be an (A.E. COMPUTABLE)
MORPHISM if it is a.e. computable and measure preserving, i.e. u(T~1(A)) = v(A) for all measurable
ACY.

(4) (Hoyrup and Rojas [22]) A pair of partial maps T: (X, u) — (Y,v) and S: (Y, v) — (X, 1) are said
to be an (A.E. COMPUTABLE) ISOMORPHISM if both maps are (a.e. computable) morphisms such that
(SoT)(x) =z for prae. € X and (T o S)(y) =y for v-a.e. y € Y. We also say T: (X, u) = (V,v)
is an isomorphism if such an S exists.

Note that this definition of isomorphism differs slightly from that of Hoyrup and Rojas [22]. They require
that the domain must also be dense.

The definition of partial-computable map above basically says that the domain of T is determined by
its algorithm and not some artificial restriction on the domain. This next proposition shows that this is
equivalent to saying that the domain is T19.

Proposition 7.2. A partial map T: X — Y is partial computable if and only if the domain of T is a 119 set
and T is computable on its domain.

Proof. The proof of the first direction is straightforward. (For example, given F': N¥ — N“  then dom(F)
is TI9 in N* [39, Theorem 2.2.4]. Also, the set of X-Cauchy-names is I1] and the set of pairs (a, b) such that
a~y b (i.e. a and b are Cauchy-names for the same point in X) and h(a) %y h(b) is AJ.)

For the other direction, let D be the II3 domain. Then D =), U, where (U,) is a computable sequence
of 39 sets. Let F: N¥ — N“ be the partial-computable map from Cauchy-names to Cauchy-names that
computes T. Modify F'(a) to return an nth approximation only if a “looks like” a Cauchy-name for some
xz e U,. O

This next corollary says a.e. computable maps are defined on Kurtz randoms. Further, Kurtz randomness
can be characterized by a.e. computable maps, and a.e. computable maps are determined by their values on
Kurtz randoms. (For a different characterization of Kurtz randomness using a.e. computable funcitons, see
Hertling and Yongge [19].)

Corollary 7.3. Let (X, u) be a computable measure space and Y a computable Polish space. For x € X, x
is Kurtz random if and only if it is in the domain of every a.e. computable map T: (X, u) — Y. Further,
two a.e. computable maps are a.e. equal if and only if they agree on Kurtz randoms.

Proof. For the first part, if  is Kurtz random, it avoids all null 9 sets, and by Proposition 7.2 is in the
domain of every a.e. computable map. Conversely, z is not Kurtz random, it is in some null 9 set A. But
the partial map 7": (X, ) — Y with domain X ~\ A and T'(z) = 1 for x € X \ A is a.e. computable by
Proposition 7.2.

For the second part, let T, S: (X, ) — Y be a.e. computable maps that are a.e. equal. The set {z € X |
T(z) # S(x)} is a null Y set in X'. Conversely, if T'(x) = S(z) for all Kurtz randoms z, then T'= S a.e. [



COMPUTABLE RANDOMNESS AND BETTING 16

Remark 7.4 (Preimages of XY sets). The preimage of a ¥{ set under an computable map is still 9. Unfor-
tunately, the preimage of a X0 set under an partial computable map is not always %Y. However, it is equal to
the intersection of a ¥¢ set and the domain of the map. (We leave the details to the reader.) As an abuse of
notation, if T: X — ) is a partial-computable map and V C Y is X¥, we will define T71(V) to be a Y set
U C X such that for all z € X, x € UNdom(T') & T(x) € V. (We leave it to the reader to verify that such
a U can be computed uniformly from the codes for T and V'.) Also, if T': (X, u) — (¥,v) is a morphism, it
is easy to see that u(U) = v(V). We can similarly define the preimage of a 19,39, TI9 set to remain in the
same point class. Last, if B C ) is a.e. decidable with a.e. decidable pair (Vj, V1), then define T=1(B) to be
the a.e. decidable set A given by the pair (T—1(V), T-1(V1)).

This next proposition shows that for many common notions of randomness are preserved by morphisms,
and the set of randoms is preserved under isomorphisms.

Proposition 7.5. If T: (X,p) — (Y,v) is a morphism and x € X is Martin-Ldf random, then T(x) is
Martin-Léf random. The same is true of Kurtz and Schnorr randomness. Hence, if T is an isomorphism,
then x is Martin-Lof (respectively Kurtz, Schnorr) random if and only if T'(z) is.

Proof. Assume T'(z) is not Martin-Lof random in (Y,v). Then there is a Martin-Lof test (U,) in (Y,v)
which covers T'(x). Let V,, = T~1(U,,) for each n. By Remark 7.4 (V,,) is a Martin-Lof test in (X, ) which
covers z. Hence z is not Martin-Lof random in (X, u).

Kurtz and Schnorr randomness follow similarly, namely the inverse image of a test is still a test. O

(Bienvenu and Porter have pointed out to me the following partial converse to Proposition 7.5, which was
first proved by Shen—see [7]. If T: (X, ) — (V,v) is a morphism and y is Martin-Lof random for (Y, v),
then there is some x that is Martin-Lof random for (X, u) such that T'(xz) = y.)

In Corollary 9.7, we will see that computable randomness is not preserved by morphisms. However, just
looking at the previous proof gives a clue. There is another criterion to the tests for computable randomness
besides complexity and measure, namely the cell decompositions of the space. The “inverse image” of cell
decomposition may not be a cell decomposition.

However, if T" is an isomorphism the situation is much better. Indeed, these next three propositions show
a correspondence between isomorphisms and cell decompositions. We say two cell decompositions A and B
of a computable probability space (X, u) are almost-everywhere equal if [o]4 = [o]p a.e. for all ¢ € 2<%.
Recall, two isomorphisms are almost-everywhere equal if they are pointwise a.e. equal.

Proposition 7.6 (Isomorphisms to cell decompositions). If T: (X, pn) — (Y,v) is an isomorphism and B
is a cell decomposition of (V,v), then there is an a.e. unique cell decomposition A (which we will notate as
TY(B)) such that name4(x) = nameg(T(x)) for p-a.e. x. This cell decomposition A is given by [o]a =
T Y([o]g). In particular, every isomorphism T: (X, u) — (2¢,v) induces a cell decomposition A such that
namey(z) = T(z) for p-a.e. x.

Proof. We will show [0]4 = T~ !([o]g) defines a cell decomposition A. By Remark 7.4, T~!([o]g) is X9
uniformly from o. Clearly, u([e]a) = 1, [00]aN[ol]a = &, and [00]4 U [01]4 = [0]4 p-a.e. Finally, take a
30 set U C X. By Proposition 4.8, it is enough to show there is some c.e. set {o;} such that U = (J,[03] 4
p-a.e. Let S be the inverse isomorphism to 7. Then define V = S~1(U). By Remark 7.4, V is £ in ) and
T~ (V) =U p-a.e. By Proposition 4.7 there is some c.e. set {o;} such that V = J,[0;]5 v-a.e. and therefore
U=T'V)=U,T " (o:lg) = U,[0:] 4 p-a.e. Therefore, [0] 4 =T~ '([c]g) defines a cell decomposition A.

For p-a.e. z, z € dom(T)Ndom(name ). Then for all n, z € [z |4 nja = T ([x |4 n]s). By Remark 7.4,
T(x) € [z |4 n]p. Therefore nameg(T'(x)) = name4(x).

For Y = 2%, let B be the natural cell decomposition of (2¢,v), then [o]z = [o]™ for all o € 2<“. Therefore
for p-a.e. x, name4(x) = nameg(T(z)) = T(x).

To show the cell decomposition A is unique, assume A’ is another cell decomposition such that for u-a.e.
x, the A-name and A’-name of x are both the B name of T'(z). Then [o]4 = [0]4 p-a.e. forallo € 2<¥. O

Proposition 7.7 (Cell decompositions to isomorphisms). Let (X, u) be a computable probability space with
cell decomposition A. There is a unique computable probability space (2%, 1) such that namey: (X, pu) —
(2¥,14) is an isomorphism. Namely, pa(co) = p([o]a).
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Proof. If such a measure 4 exists, it must be unique. Indeed, since name4 is then measure-preserving, p.4
must satisfy pa(c) = p(name ' ([0]%)) = u([o]4), which uniquely defines fi.4.

It remains to show the map name4: (X, u) — (2%, u4) which maps z to its A-name is an isomorphism.
Clearly, p4 is a computable measure since p([o]4) is computable. The map namey which takes x to its
A-name is measure preserving for cylinder sets and therefore for all sets by approximation. The map from
x to x [ 4 n is a.e. computable. Indeed, wait for  to show up in one of the sets [0] 4 where |o| = n. Hence
the map from z to its A-name is also a.e. computable. So namey4 is a morphism. (As an extra verification,
clearly dom(namey) is a 13 measure-one set.)

The inverse of name 4 will be the map S from (a measure-one set of) A-names y € 2* to points x € X
such that name4(z) = y. The algorithm for S will be similar to the algorithm given by the proof of the Baire
category theorem (see [10]). Pick y € 2. We compute S(y) by a back-and-forth argument. Assume 7 < y.
Recall, [7] 4 is X§. We can enumerate a sequence of pairs (a;, k;) where each a; is a simple point of X and
each k; > |7| such that [7] 4 = U, B(a;,27%?). Further, by Proposition 4.7, we have that for each i, there is a
c.e. set {o%} such that B(a;, 27%) = ;[0}] 4 p-a.e. (We may assume || > |7] for all i, j.) Given y, compute
the Cauchy-name of S(y) as follows. Start with 4 = y [ 1. Then search for 0';» < y. If we find one, let
b1 = a; be the first approximation. Now continue with 75 = 0} and so on. This gives a Cauchy-name (b,,).
The algorithm will fail if at some stage it cannot find any o < y. But then y € [7]= U, U ; [07]%, which by
the definition of p4, is a p14-measure-zero set since [7]4 = |, U; [07]4 p-a.e. Hence S is a.e. computable.

By the back-and-forth algorithm, name4(S(y)) = y for all y € dom(S). To show S(namey(z)) = =
a.e., assume = € dom(namey). Consider the back-and-forth sequence created by the algorithm: [r,]4 2

B(b,,27%) D [1,41]4 D .... For all n, we have 7,, < name4(z), then x € [r,,] 4 for all n. So z = lim,, o b, =
S(name4()). Since S71([o]4) = S~ (name}'([0]%)) = [0]* pa-a.e., S is a measure-preserving map, and
hence a morphism. Therefore, name 4 is an isomorphism. O

These last two propositions show that there is a one-to-one correspondence between cell decompositions A
of a space (X, u) and isomorphisms of the form T': (X, u) — (2%, v). This next proposition shows a further
one-to-one correspondence between isomorphisms T': (X, u) — (Y, v) and S: (2¥, pa) — (2¥,vB).

Proposition 7.8 (Pairs of cell decompositions to isomorphisms). Let (X, u) and (Y, v) be computable prob-
ability spaces with cell decompositions A and B. Let 4 be as in Proposition 7.7, and similarly for vg. Then
for every isomorphism T: (X, pu) — (Y, v) there is an a.e. unique isomorphism S: (2¥,p4) — (2¥,vg) and
vice versa, such that S maps name(z) to nameg(T(z)) for p-a.e. x € X. In other words the following
diagram commutes for u-a.e. v € X.

name 4

(X, p) ———= (2%, pa)

|7 Js
(V,v) == (2¢,vp)

Further we have the following.

(1) If (X, p) equals (Y, v), then T is the identity isomorphism precisely when S is the isomorphism which
maps name_4(z) to nameg(x).

(2) Conversely, S is the identity isomorphism (and hence 4 equals vi) precisely when A =T-1(B) (as
in Proposition 7.6).

Proof. Given T, let S = name;‘1 o T o nameg, and similarly to get T from S. Then the diagram clearly
commutes. A.e. uniqueness follows since the maps are isomorphisms.

If A= T~YB) is induced by T, then by Proposition 7.6, name 4(x) = nameg(T(z)) which makes S the
identity map. But since S is an isomorphism, p 4 and vg must be the same measure.

The rest follows from “diagram chasing”. O

Now we can show computable randomness is preserved by isomorphisms.

Theorem 7.9. Isomorphisms preserve computable randomness. Namely, given an isomorphism T: (X, u) —
(V,v), then x € X is computably random if and only if T'(z) is.
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Proof. Assume T'(z) is not computably random. Fix an isomorphism T: (X, u) — (,v). Let B be a cell
decomposition of (Y,v). Take a bounded Martin-Lof test (U,) on (Y,r) with bounding measure k with
respect to B which covers T'(z). By Proposition 7.6 there is a cell decomposition A = T~1(B) on (X, 1) such
that [o]4 = T71([o]) for all 0 € 2<¥. Define V,, = T~1(U,,). Then (V,,) is a bounded Martin-L&f test on
(X, u) bounded by the same measure x with respect to A. Indeed,

1(Va N lo]a) =v(Un No]s) < 27"K(0).
Also, (V;,) covers z, hence z is not computably random. O
Using Theorem 7.9, we can explore computable randomness on various spaces.

Example 7.10 (Computably random vectors). Let ([0, 1]%, \) be the cube [0, 1]¢ with the Lebesgue measure.
The following is a natural isomorphism from ([0,1]¢,\) to (2*,\). First, represent (1, ...,z4) € [0,1]¢ by
the binary sequence of each component; then interleave the binary sequences. By Theorem 7.9, (x1,...,2q)
is computably random if and only if the sequence of interleaved binary sequences is computably random.
(This definition of computable randomness on [0, 1]¢ was proposed by Brattka, Miller and Nies [12].)

Example 7.11 (Base invariance). Let A3 be the uniform measure on 3*. Consider the natural isomorphism
To3: (2¥,A) — (3“, A3) which identifies the binary and ternary expansions of a real. This is an a.e. com-
putable isomorphism, so xz € [0,1] is computably random if and only if 75 3(z) is computably random. We
say a randomness notion (defined on (b, ) for all b > 2, see Example 5.9) is BASE INVARIANT if this
property holds for all base pairs by, bs.

Example 7.12 (Computably random closed set). Consider the space F(2*) of closed sets of 2¢. This space
has a topology called the Fell topology. The subspace F(2*) \ {@} can naturally be identified with trees on
{0,1} with no dead branches. Barmpalias et al. [3] gave a natural construction of these trees from ternary
strings in 3. Axon [2] showed the corresponding map T': 3% — F(2¥) \ {@} is a homeomorphism between
3% and the Fell topology restricted to F(2¢) \ {@}. Hence F(2¥)~\ {@} can be represented as a computable
Polish space, and the probability measure on F(2¢) \ {@} induced by T can be represented as a computable
probability measure. Since T is an a.e. computable isomorphism, the computably random closed sets of this
space are then the ones whose corresponding trees are constructed from computably random ternary strings
in 3%.

Example 7.13 (Computably random structures). The last example can be extended to a number of random
structures—infinite random graphs, Markov processes, random walks, random matrices, Galton-Watson
processes, etc. The main idea is as follows. Assume (2, P) is a computable probability space (the sample
space), X is the space of structures, and T': (2, P) — X is an a.e. computable map (a random structure). This
induces a measure p on X (the distribution of T). If, moreover, T is an a.e. computable isomorphism between
(Q, P) and (X, ), then the computably random structures of (X, ) are exactly the objects constructed from
computably random points in ({2, P).

In this next theorem, an ATOM (or POINT-MASS) is a point with positive measure. An ATOMLESS proba-
bility space is one without atoms.

Theorem 7.14 (Hoyrup and Rojas [22]). If (X, ) is an atomless computable probability space, then there
is a isomorphism T: (X, ) — (2%, X). Further, T is computable from (X, p).

Corollary 7.15. If (X, u) is an atomless computable probability space, then x € X is computably random if
and only if T(x) is computably random for any (and all) isomorphisms T: (X, ) — (2¥, A).

Proof. Follows from Theorems 7.9 and 7.14. O

Example 7.16 (Computably random Brownian motion). Consider the space C([0,1]) of continuous func-
tions from [0, 1] to R endowed with the Wiener probability measure W (i.e. the measure of Brownian motion).
The space C([0,1]) with the uniform norm is a computable Polish space (where the simple points are the
rational piecewise linear functions). The measure W is an atomless computable probability measure. Let
T: (2¥,\) = (C([0,1]), W) be the isomorphism from Theorem 7.9. (Kjos-Hanssen and Nerode [24] construct
a similar map ¢ directly for Brownian motion.) By Corollary 7.15, the computably random Brownian mo-
tions (i.e. the computably random points of (C([0,1]), W)) are exactly the forward image of the computable
random sequences under the map 7.
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Corollary 7.17. Given a measure (X, p) with cell decomposition A, x € X is computably random if and
only if name 4(z) is computadly random in (2¥, pa) where pa(o) = p([o]a).

Proof. Use Proposition 7.7 and Theorem 7.9. (Il

8. GENERALIZING RANDOMNESS TO COMPUTABLE PROBABILITY SPACES

In this section, I explain the general method of this paper which generalizes a randomness notion from
(2¥,\) to an arbitrary computable measure space.

Imagine we have an arbitrary randomness notion called X-RANDOMNESS defined on (2¢,A). (Here X is
a place-holder for a name like “Schnorr” or “computable”; it has no relation to being random relative to
an oracle.) The definition of X-random should either explicitly or implicitly assume we are working in the
fair-coin measure. The method can be reduced to three steps.

Step 1: Generalize X-randomness to computable probability measures on 2¢. This is self-explanatory,
although not always trivial.

Step 2: Generalize X-randomness to computable probability spaces. There are three equivalent
ways to do this for a computable probability space (X, u).

(1) Replace all instances of [o]= with [o]4, 2 [ n with & [4 n, etc. in the definition of X-random from
Step 1. Call this X*-random with respect to A. Then define € X to be X*-random on (X, p) if
it is X*-random with respect to all cell decompositions A (ignoring unrepresented points of A and
points in null cells —which are not even Kurtz random). (Compare with Definition 5.4.)

(2) Define z € X to be X*-random on (X, u) if for each cell decomposition .4, name 4(x) is X-random on
(2¥, pua), where py4 is given by pa(o) = u([o]4). (Compare with Corollary 7.17.)

(3) Define x € X to be X*-random on (X, ) if for all isomorphisms T': (X, x) — (2¥,v) we have that
T(x) is X-random on (2¢,v). (Compare with Theorem 7.9.)

The description of (1) is a bit vague, but when done correctly it is the most useful definition. The definition
given by (1) should be equivalent to that given by (2) because (1) is essentially about A-names. To see that
(2) and (3) give the same definition, use Propositions 7.6 and 7.7, which show that isomorphisms to 2% are
maps to A-names and vice versa.

Step 3: Verify that the new definition is consistent with the original. It may be that on (2%, ))
the class of X*-random points is strictly smaller that the class of the original X-random points. There are
three equivalent techniques to show that X*-randomness on 2% is equivalent to X-randomness. The three
techniques are related to the three definitions from Step 2.

(1) Show the definition of X*-randomness is invariant under the choice of cell decomposition. (Compare
with Theorem 5.7.)
(2) Show that for every two cell decompositions A and B, the A-name of x is X-random on (2%, p4) if
and only if the B-name is X-random on (2, ug). (Compare with Corollary 7.17.)
(3) Show that X-randomness is invariant under all isomorphisms from (2, i) to (2¥,v). (Compare with
Theorem 7.9.)
Again, these three approaches are equivalent. Assuming the definition is stated correctly, (1) and (2) say
the same thing.
To see that (3) implies (2), assume X-randomness is invariant under isomorphisms on 2¥. Consider two
cell decompositions A and B of the same space (X, ). By Proposition 7.8 (1), there is an isomorphism
S: (2% pa) — (2¥, ug) which maps A-names to B-names, i.e. this diagram commutes.

(X,M) % (2w>/L.A)

/76'/77@6- \LS

(2w7MB)

Since S preserves X-randomness, name4(z) is X-random on (2%, u4) if and only if and only if nameg(x) is
X-random on (2%, ug).
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To see that (2) implies (3), assume that (2) holds. Consider an isomorphism S: (2¥,u) — (2¢,v).
Let (X, k) be any space isomorphic to (2, ). Then (X, k) is also isomorphic to (2¢,v). So there are
isomorphisms T} and 75 such that this diagram commutes.

(X,K) — (2¢, 1)

By Proposition 7.6 there are two cell decompositions .4 and B on (X, k) such that 77 = namey4 and (2¥, p) =
(2¥,k.4). The same holds for B and v. Then we have this commutative diagram.

(X, k) _fnamea (2¥,kA)

% ls

(ZW,HB)

Consider any X-random y € (2¥,5.4). It is the A-name of some z € (X, k), in other words y = name_4(z).
By (2), we also have that nameg(z) is X-random. So S preserves X-randomness.

Notice that Step 3 implies that some randomness notions cannot be generalized without making the set of
randoms smaller. This is because they are not invariant under isomorphisms between computable probability
measures on 2. Yet, even when the X*-randoms are a proper subclass of the X-randoms, the X* randoms
are an interesting class of randomness. In particular we have the following.

Proposition 8.1. X*-randomness is invariant under isomorphisms.

In some sense the X*-randoms are the largest such subclass of the X-randoms. (One must be careful how
to say this, since X-randomness is only defined on measures (2%, 11).)

Proof. Let T: (X,u) — (),v) be an isomorphism and let = € (X, u) be X*-random. Let B be a arbitrary
cell decomposition of (Y,v). Since B is arbitrary, it is enough to show that namep(7T(z)) is X-random in
(2¥,vB). By Proposition 7.6 and Proposition 7.8 (2) we have a cell decomposition A on (X, p) such that
(2¥, pa) = (2¢,vg) and the following diagram commutes.

5 |

(X, 1) == (2, 1)
(V,v) —/E (2% vp)
Since z € (X, p) is X*-random, name4(x) is X-random in (2, u4) = (2¥,vg). Since the diagram commutes,
nameg (T (z)) is also X-random in (2¢,v). Since B is arbitrary, « is X-random. O

In the case that (X, ) is an atomless computable probability measure, we could instead define x € X to
be X*-random if T(x) is random for all isomorphisms T: (X, u) — (2, X). We can then skip Step 1, and
in Step 3 it is enough to check that X-randomness is invariant under automorphisms of (2¥,\). Similarly,
X*_randomness would be invariant under isomorphisms.

9. BETTING STRATEGIES AND KOLMOGOROV-LOVELAND RANDOMNESS

In the next two sections I consider how the method of Section 8 can be applied to Kolmogorov-Loveland
randomness, which is also defined through a betting strategy on the bits of the string.

Call a betting strategy on bits NONMONOTONIC if the gambler can decide at each stage which coin flip to
bet on. For example, maybe the gambler first bets on the 5th bit. If it is 0, then he bets on the 3rd bit; if it is
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1, he bets on the 8th bit. (Here, and throughout this paper we still assume the gambler cannot bet more than
what is in his capital, i.e. he cannot take on debt.) A string z € 2¢ is KOLMOGOROV-LOVELAND RANDOM
or NONMONOTONICALLY RANDOM (in (2, ))) if there is no computable nonmonotonic betting strategy on
the bits of the string which succeeds on x.

Indeed, this gives a lot more freedom to the gambler and leads to a strictly stronger notion than computable
randomness. While it is easy to show that every Martin-Lo6f random is Kolmogorov-Loveland random, the
converse is a difficult open question.

Question 9.1. Is Kolmogorov-Loveland randomness the same as Martin-Lof randomness?

On one hand, there are a number of results that show Kolmogorov-Loveland randomness is very similar
to Martin-Lof randomness. On the other hand, it is not even known if Kolmogorov-Loveland randomness is
base invariant, and it is commonly thought that Kolmogorov-Loveland randomness is strictly weaker than
Martin-Lof randomness. For the most recent results on Kolmogorov-Loveland randomness see [14, Section
7.5], [32, Section 7.6], and [5, 23, 29].

In this section I will ask what type of randomness one gets by applying the method of Section 8 to
Kolmogorov-Loveland randomness. The result is Martin-Lof randomness. However, this does not prove that
Kolmogorov-Loveland randomness is the same as Martin-Lof randomness, since I leave as an open question
whether Kolmogorov-Loveland randomness (naturally extended to all computable probability measures on
2¢) is invariant under isomorphisms. The presentation of this section follows the three-step method of
Section 8.

9.1. Step 1: Generalize to other computable probability measures p on 2¢. Kolmogorov-Loveland
randomness can be naturally extended to computable probability measures on 2. Namely, bet as usual, but
adjust the payoffs to be fair. For example, if the gambler wagers 1 unit of money to bet that z(4) =1 (i.e.
the 4th bit is 1) after seeing that z(2) = 1 and z(6) = 0, then if he wins, the fair payoff is

(2(4) = 0| 2(2) = 1,2(6) = 0)
p(@@) =1 2(2) = La(6) = 0)°

where u(A | B) = u(A N B)/u(B) represents the conditional probability of A given B. If the gambler loses,
he loses his unit of money.

(Note, we could also allow the gambler to bet on a bit he has already seen. Indeed, he will not win
any money. This would, however, introduce “partial randomness” since the gambler could delay betting on
a new bit. Nonetheless, Merkle [27] showed that partial Kolmogorov-Loveland randomness is the same as
Kolmogorov-Loveland randomness.)

As with computable randomness, we must address division by zero. The gambler is not allowed to bet on
a bit if it has probability zero of occurring (conditioned on the information already known). Instead we just
declare the elements of such null cylinder sets to be not random.

9.2. Step 2: Generalize Kolmogorov-Loveland randomness to computable probability measures.
Pick a computable probability measure (X, u) with generator A = (A,,). Following the second step of the
method in Section 8, the gambler bets on the bits of the A-name of z. A little thought reveals that what the
gambler is doing when she bets that the nth bit of the A-name is 1 is betting that € A,,. For any generator
A, if we add more a.e. decidable sets to A, it is still a generator. Further, since we are not necessary betting
on all the sets in A, we do not even need to assume A4 is anything more than a collection of a.e. decidable
sets. (This is the key difference between computable randomness.)

Hence, we may think of the betting strategy as follows. The gambler chooses some a.e. decidable set A
and bets that © € A (or x has property A). (Again, the gambler must know that p(A) > 0 before betting
on it.) Then if she wins, she gets a fair payout, and if she loses, she loses her bet. Call such a strategy a
COMPUTABLE BETTING STRATEGY. Call the resulting randomness BETTING RANDOMNESS. (A more formal
definition is given in Remark 9.4.)

I argue that betting randomness is the most general randomness notion that can be described by a finitary
fair-game betting scenario with a “computable betting strategy.” Indeed, consider these three basic properties
of such a game:
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(1) The gambler must be able determine (almost surely) some property of x that she is betting on, and
this determination must be made with only the information about x that she has gained during the
game.

(2) A bookmaker must be able to determine (almost surely) if this property holds of = or not.

(3) If the gambler wins, the bookmaker must be able to determine (almost surely) the fair payoff amount.

The only way to satisfy (2) is if the property is a.e. decidable. Then (3) follows since a.e. decidable sets have
finite descriptions and their measures are computable. To satisfy (1), the gambler must be able to compute
the a.e. decidable set only knowing the results of her previous bets. This is exactly the computable betting
strategy defined above.t

Now recall Schnorr’s Critique that Martin-Lof randomness does not have a “computable-enough” defini-
tion. The definition Schnorr had in mind was a betting scenario. In particular, Schnorr gave a martingale
characterization of Martin-Lof randomness that is the same as that of computable randomness, except
the martingales are only lower semicomputable [35] (see also [14, 32]). If Martin-Lof randomness equals
Kolmogorov-Loveland randomness, then some believe that this will give a negative answer to Schnorr’s Cri-
tique; namely, we will have found a computable betting strategy that describes Martin-Loéf randomness.
While, there is some debate as to what Schnorr meant by his critique (and whether he still agrees with it),
we think the following is a worthwhile question.

Can Martin-Lif randomness be characterized using a finitary fair-game betting scenario with
a “computable betting strategy’?

The answer turns out to be yes. As this next theorem shows, betting randomness is equivalent to Martin-
Lof randomness. Hitchcock and Lutz [21] defined a generalization of martingales (as in the type used to
define computable randomness on 2¢) called martingale processes. In the terminology of this paper, a
MARTINGALE PROCESS is basically a computable betting strategy on 2“ with the fair-coin measure which
bets on decidable sets (i.e. finite unions of basic open sets). Merkle, Mihailovi¢ and Slaman [28] showed that
Martin-Lof randomness is equivalent to the randomness characterized by martingale processes. The proof of
this next theorem is basically the Merkle et al. proof.?

Theorem 9.2. Betting randomness and Martin-Léf randomness are the same.

Proof. Fix a computable probability space (X, ). To show Martin-Lof randomness implies betting ran-
domness, we use a standard argument which was employed by Hitchcock and Lutz [21] for martingale
processes. Assume x € X is not betting random. Namely, there is some computable betting strategy B
which succeeds on z. Without loss of generality, the starting capital of B may be assumed to be 1. Let
U, = {z € X | B wins at least 2" on x}. Each U, is uniformly %9 in n, and by a standard result in mar-
tingale theory pu(U,) < C27™ where C' = 1 is the starting capital.®> Hence (U,) is a Martin-Lof test which
covers z, and x is not Martin-Lof random.

For the converse, the argument is basically the Merkle, Mihailovi¢ and Slaman [28] proof for martingale
processes.

First, let use prove a fact. Assume a gambler starts with a capital of 1 and U C X is some X! set such
that p(U) < 1/2. Then there is a computable way that the gambler can bet on an unknown x € X such
that he doubles his capital (to 2) if z € U (actually, some X set a.e. equal to U). The strategy is as follows.
Choose a cell decomposition A of (X, p). Since U is XY, by Proposition 4.7 there is a c.e., prefix-free set
{o:} of finite strings such that U = |J,[0;] 4 a.e. We may assume ([o;]4) > 0 for all i. To start, the gambler
bets on the set [0g].4 with a wager such that if he wins, his capital is 2. If he wins, he is done. If he loses,
then he bets on the set [01] .4, and so on. Since the set {o;} may be finite, the gambler may not have a set to

n the three properties we did not consider the possibility of betting on a collection of three or more pair-wise disjoint events
simultaneously. This is not an issue since one may break up the betting and bet on each event individually (see Example 5.9).
There is also a more general possibility of having a computable or a.e. computable wager function over the space X. This can be
made formal using the martingales in probability theory, but it turns out that it does not change the randomness characterized
by such a strategy. By an unpublished result of Ed Dean [personal communication]|, any L!-bounded layerwise-computable
martingale converges on Martin-Lof randomness (which, as we will see, is equivalent to betting randomness).

2Dovvney and Hirschfelt [14, footnote on p. 269] also remark that the Merkle et al. result gives a possible answer to Schnorr’s
critique.

3This follows from Kolmogorov’s inequality (proved by Ville, see [14, Theorem 6.3.3 and Lemma 6.3.15 (ii)]) which is a
straight-forward application of Doob’s submartingale inequality (see for example [40, Section 16.4]).
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bet on at certain stages. This is not an issue, since he may just bet on the whole space. This is functionally
equivalent to not betting at all since he wins no money.

The only difficulty now is showing that his capital remains nonnegative. Merkle et al. leave this an exercise
for the reader; I give an intuitive argument. It is well-known in probability theory that in a betting strategy
one can combine bets for the same effect. (Formally, this is the martingale stopping theorem—see [40].)
Hence instead of separately betting on [ 4, ..., [0k]4 the gambler will have the same capital as if he just
bet on the union [p]4 U...U [0k]4. In the later case, the proper wager would be.

#looJaV.. . Ulorla)
(X N ([oolaU ... Ulokla)) =

The inequality follows from

1([oo]a U .. Ulorla) < 1/2 < (X ~ ([oo]aU... U[ow]a)).

Hence the gambler never wagers (and so loses) more than his starting capital of 1.

Now, assume z € X is not Martin-Lof random. Let (Ug) be a Martin-Lof test which covers z. We
may assume (U,,) is decreasing. The betting strategy will be as follows which bets on some z € X. Since
w(Uy) < 1/2 we can start with the computable betting strategy above which will reach a capital of 2 if
x € U;. (Recall, we are not actually betting on Uy, but the a.e. equal set | J;[0;] 4. This is not an issue, since
the difference is a null £9 set. If x is in the difference, then x is not computably random, and so not betting
random.)

Now, if the capital of 2 is never reached then x ¢ U; and z is random. However, if the capital of 2 is
reached (in a finite number of steps) then we know that = € [o] 4 for some o = o; (and no other). Further,
by the assumptions in the above construction, u([o]4) > 27* for some k. Then we can repeat the first step,
but now we bet that x € Uyy; and attempt to double our capital to 4. Since u(Ugt1 | [0]a) < 1/2, the
capital will remain positive.

Continuing this strategy for capitals of 8,16, 32, ... we have a computable betting strategy. If this strategy
succeeds on z, then x € Uy for infinitely many k. Hence x is covered by (Uy) and is not Martin-Lof
random. O

Remark 9.3. Since there is a universal Martin-Lof test (Uy), there is a universal computable betting strategy.
(The null X set of exceptions can be handled by being more careful. Choose A to be basis for the topology,
and combine the null cells [o] 4 with non-null cells [7]4.) However, note that this universal strategy is very
different from that of Kolmogorov-Loveland randomness. This is the motivation for the next section.

It is also possible to characterize Martin-Lof randomness by computable randomness. First I give a more
formal definition of computable betting strategy.

Remark 9.4. Represent a computable betting strategy as follows. There is a computably indexed family
of a.e. decidable sets {A, },c2<w. These represent the sets being bet on after the wins/loses characterized
by o € 2<“. From this, we have a computably indexed family {B,},c2<~ defined recursively by B. = X,
B,1 = B, N A, and B,y = B, N (X ~\ A,). This represents the known information after the wins/loses
characterized by o € 2<%, It is easy to see that B, N B,1 = @ and B,oU B,1 = B, a.e. Then a computable
betting strategy can be represented as a partial computable martingale M : 2<% — [0, 00) such that

M(00)1(Boo) + M(o1)u(Bor) = M(o)u(B,)

and M (o) is defined if and only if p(Byo) > 0. Again, M(o) represents the capital after a state of o
wins/losses. Say the strategy SUCCEEDS on z if there is some strictly-increasing chain g < 01 < 02 < ...
from 2<% such that limsup,,_,., M(0,) = oo and = € B,, for all n. Then x € X is betting random if there
does not exists some {A, }yc2<w and M as above which succeed on z.

Lemma 9.5. Fiz a computable probability space (X,u). For each computable betting strategy there is a
computable probability measure v on 2¥, a morphism T: (X, n) — (2¥,v), and a computable martingale M
on (2¥,v) such that if this betting strategy succeeds on x, then the martingale M succeeds on T(xz). Hence
T(z) is not computably random on (2%,v).

Proof. Fix a computable betting strategy. Let M: 2<% — [0,00) and {B, },c2<~ be the as in Remark 9.4.
Then define (2¢,v) by v(o) = u(B,). Also, let T'(z) map x to the y € 2 such that x € By, for all n. Then



COMPUTABLE RANDOMNESS AND BETTING 24

T is a morphism, M also represents a martingale on (2*,v), and if the betting strategy succeeds on z then
M succeeds on T'(x). O

We now have the following characterizations of Martin-Lo6f randomness.

Corollary 9.6. For a computable probability space (X, u), the following are equivalent for x € X.

(1) x is Martin-Lof random.

(2) No computable betting strategy succeeds on x (i.e. x is betting random).

(3) For all isomorphisms T: (X, pu) — (2¥,v), T(x) is “Kolmogorov-Loveland random” on (2¥,v) (i.e.
the randomness from Section 9.1).

(4) For all morphisms T: (X,u) = (2¢,v), T(x) is computably random on (2,v).

Proof. The equivalence of (1) and (2) is Theorem 9.2. (1) implies both (3) and (4) since morphisms preserve
Martin-Lof randomness (Proposition 7.5).

(4) implies (2): Use Lemma 9.5. Assume z is not betting random. Then there is some morphism T" such
that T'(z) is not computable random.

(3) implies (2): Recall that the definition of betting randomness came from applying the method of
Section 8 to Kolmogorov-Loveland randomness. By method (3) of Step 2 in Section 8, z is betting random
if and only if (3) holds. (An alternate proof would be to modify Lemma 9.5.) O

Corollary 9.7. Computable randomness is not preserved under morphisms. (See comments after Proposi-

tion 7.5.)

Proof. Tt is well-known that there is an x € 2* which is computably random on (2*,\) but not Martin-Lof
random (see [14, 32]). Then by Corollary 9.6, there is some morphism T such that T'(x) is not computably
random. ]

Corollary 9.7 was also proved by Bienvenu and Porter [7].

9.3. Step 3: Is the new definition consistent with the former? To show that Martin-L6f randomness
equals Kolmogorov-Loveland randomness, we would need to show that “Kolmogorov-Loveland randomness”
for all computable probability measures on Cantor space (as in Section 9.1) is preserved by isomorphisms.
However, it is not even known if Kolmogorov-Loveland randomness on (2%, ) is base invariant (see Exam-
ples 5.10 and 7.11), so I leave this as an open question.

Question 9.8. Is Kolmogorov-Loveland randomness, as in Section 9.1, preserved under isomorphisms?

10. ENDOMORPHISM RANDOMNESS

The generalization of Kolmogorov-Loveland randomness given in the last section was, in some respects,
not very satisfying. In particular, the definition of Kolmogorov-Loveland randomness on (2¥,\) assumes
each event being bet on is independent of all the previous events, and further has conditional probability
1/2. Therefore, at the “end” of the gambling session, regardless of how much the gambler has won or lost,
he knows what z is up to a measure-zero set (where x is the string being bet on). This is in contrast to the
universal betting strategy given in the proof of Theorem 9.2 (see Remark 9.3), which only narrows x down
to a positive measure set when x is Martin-Lof random.

In this section, I now give a new type of randomness which behaves more like Kolmogorov-Loveland
randomness. This randomness notion can be defined using both morphisms and betting strategies.

Definition 10.1. Let (X, u) be a computable probability space. An ENDOMORPHISM on (X, 1) is a morphism
from (X, ) to itself. Say x € X' is ENDOMORPHISM RANDOM if for all endomorphisms T: (X, p) — (X, p),
we have that T'(z) is computably random.

Notice the above definition is the same as that given in Corollary 9.6 (4), except that “morphism” is
replaced with “endomorphism”.
If the space is atomless, we have an alternate characterization.

Proposition 10.2. Let (X, u) be a computable probability space with no atoms. Then x € X is endomor-
phism random if and only if for all morphisms T: (X, u) — (2¢,A), T'(x) is computably random.
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Proof. Use that there is an isomorphism from (X, p) to (2“,A) (Theorem 7.14) and that isomorphisms
preserve computable randomness (Theorem 7.9). O

Also, we can define endomorphism randomness using computable betting strategies as in the previous
section.

Definition 10.3. Let (X, 1) be an atomless computable probability space. Consider a computable betting
strategy B. Let { Ay }oca<w, {Bs}oeca<w be as in Remark 9.4. Call the betting strategy B BALANCED if it only
bets on events with conditional probability %, conditioned on B, (the information known by the gambler at
after the wins/loses given by o). In other words, u(A, | By) = 1/2. Call the betting strategy B EXHAUSTIVE
if u(B,, ) — 0 for any strictly increasing chain og < o1 < .... In other words the measure of the information
known about x approaches 0.

Theorem 10.4. Let (X,pn) be an atomless computable probability space and x € X. The following are
equivalent.

(1) x is endomorphism random.
(2) There does not exist a balanced computable betting strategy which succeeds on x.
(3) There does not exist an exhaustive computable betting strategy which succeeds on x.

Proof. (3) implies (2) since balanced betting strategies are exhaustive. For (2) implies (1), assume z is
not endomorphism random. Then there is some morphism 7: (X, u) — (2“,A) such that T(z) is not
computably random. Hence there is a computable martingale M which succeeds on T(x). We can also
assume this martingale is rational valued, so it is clear what bit is being bet on. This martingale on (2%, \)
can be pulled back to a computable betting strategy on (X, ) (use the proof of Lemma 9.5, except in
reverse). This betting strategy is balanced since M is a balanced “dyadic” martingale.

For (1) implies (3), assume there is some computable, exhaustive betting strategy which succeeds on x.
Then from this strategy we can construct a morphism S: (X, pu) — ([0,1], ) recursively as follows. Each
B, will be mapped to an open interval (a, b) of length p(B,). First, map S(B.) = (0,1). For the recursion
step, assume S(B,) = (a,b) of length u(B,). Set S(Byo) = (a,a + 1(Bso)) and S(By1) = (a + u(Byo), b).
This function S is well-defined and computable since the betting strategy is exhaustive. Also, S is clearly
measure-preserving, so it is a morphism. Then using the usual isomorphism from ([0, 1], A) to (2¢,)), we
can assume S is a morphism to (2¥; ). Moreover, the set of images S(B,) describes a cell decomposition A
of (2¥,)\), and the betting strategy can be pushed forward to give a martingale on (2¢, \) with respect to A
(similar to the proof of Lemma 9.5). O

Now we can relate endomorphism randomness to Kolmogorov-Loveland randomness.
Corollary 10.5. On (2¥,)), endomorphism randoms are Kolmogorov-Loveland randoms.

Proof. Every nonmonotonic, computable betting strategy on bits is a balanced betting strategy. Hence every
Kolmogorov-Loveland random is endomorphism random. O

Corollary 10.6. Let (X, ) be a computable probability space with no atoms. Then x € X is endomorphism
random if and only if for all morphisms T: (X, u) — (29, N), T(z) is Kolmogorov-Loveland random.

Proof. If x is endomorphism random on (2¥, ), then so is T(x). By Corollary 10.5, T(x) is Kolmogorov-
Loveland random. If T'(x) is Kolmogorov-Loveland random for all morphisms T': (X, u) — (2%, ), then
T'(z) is computably random for all such T'. Therefore, x is endomorphism random.

Corollary 10.7. Computable randomness is not preserved by endomorphisms.
Proof. It is well-known that there exists a computable random = € (2¢, A) which is not Kolmogorov-Loveland
random (see [14, 32]). Then z is not endomorphism random, and is not preserved by some endomorphism. [

Also, clearly each betting random (i.e. each Martin-Lof random) is an endomorphism random.

I will add one more randomness notion. Say z € 2* is AUTOMORPHISM RANDOM (on (2¢,))) if for all
automorphisms T': (2°,A) — (2¥, ), T(z) is Kolmogorov-Loveland random. It is clear that on (2¢,\) we
have.

(10.1) Martin-L6f — Endomorphism

— Automorphism — Kolmogorov-Loveland
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We now have a more refined version of Question 9.1.

Question 10.8. Do any of the implications in formula (10.1) reverse?

11. FURTHER DIRECTIONS

Throughout this paper I was working with a.e. computable objects: a.e. decidable sets, a.e. decidable cell
decompositions, a.e. computable morphisms, and Kurtz randomness—which as I showed, can be defined by
a.e. computability. Recall a.e. decidable sets are only sets of p-continuity, and a.e. computable morphisms
are only a.e. continuous maps.

The “next level” is to consider the computable Polish spaces of measurable sets and measurable maps.
The a.e. decidable sets and a.e. computable maps are dense in these spaces. Hence, in the definitions, one
may replace a.e. decidable sets, a.e. decidable cell decompositions, a.e. computable morphisms, and Kurtz
randomness with effectively measurable sets, decompositions into effectively measurable cells, effectively
measurable measure-preserving maps, and Schnorr randomness. (This is closely related to the work of
Pathak, Simpson and Rojas [33]; Miyabe [30]; Hoyrup and Rojas [personal communication|; and the author
on “Schnorr layerwise-computability” and convergence for Schnorr randomness.) Indeed, the results of this
paper remain true, even with those changes. However, some proofs change and I will give the results in a
later paper.

An even more general extension would be to ignore the metric space structure all together. Any standard
probability space space can be described uniquely by the measures of an intersection-closed class of sets, or a
m-system, which generates the sigma-algebra of the measure. From this, one can obtain a cell decomposition.
In the case of a computable probability space (Definition 3.2), each a.e. decidable generator closed under
intersections is a w-system. The definition of computable randomness on such a general space would be the
analog of the definition in this paper.

In particular, this would allow one to define computable randomness on effective topological spaces with
measure [20]. In this case the m-system is the topological basis. This also allows one to define Schnorr,
Martin-Lof, and weak-2 randomness as well, namely replace, say, ¥ sets in the definition with effective
unions of sets in the m-system. This agrees with most definitions of, say, Martin-Lof randomness in the
literature.’

Using mw-systems also allows one to define “abstract” measure spaces without points. The computable
randoms then become “abstract points” given by generic ultrafilters on the Boolean algebra of measurable
sets a la Solovay forcing.

Another possible generalization is to non-computable probability spaces (on computable Polish spaces).
This has been done by Levin [25] and extended by others (see [17, 4]) for Martin-Lof randomness in a
natural way using UNIFORM TESTS which are total computable functions from measures to tests. Possibly a
similar approach would work for computable randomness. For example, on 2¢, a uniform test for computable
randomness would be a total computable map p — v where v is the bounding measure for u. This map
is enough to define a uniform martingale test for each p given by v(o)/u(o). (I showed in Section 2 that
this martingale is uniformly computable.) Uniform tests for Schnorr and computable randomness have been
used by Miyabe [31].

Also, what other applications for a.e. decidable sets are there in effective probability theory? The method
of Section 8 basically allows one to treat every computable probability space as the Cantor space. It is already
known that the indicator functions of a.e. decidable sets can be used to define L!-computable functions [30].

However, when it comes to defining classes of points, the method of Section 8 is specifically for defining
random points since such a definition must be a subclass of the Kurtz randoms. Under certain circumstances,
however, one may be able to use related methods to generalize other definitions. For example, is the following
a generalization of K-triviality to arbitrary computable probability spaces? Let K = Kj,; where M is a

4Recently7 and independently of my work, Tomislav Petrovic has claimed that there are two balanced betting strategies on
(2%, A) such that if a real z is not Martin-Lof random, then at least one of the two strategies succeeds on z. In particular,
Petrovic’s result, which is in preparation, would imply that endomorphism randomness equals Martin-Lof randomness. Further,
via the proof of Theorem 10.4, this result would extend to every atomless computable probability space.

5There are some authors [2, 20] that define Martin-Lof randomness via open covers, even for non-regular topological spaces.
This will not necessarily produce a measure-one set of random points, where as my method will. All these methods agree for
spaces with an effective regularity condition.
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universal prefix-free machine. Recall, a string « € 2 is K-TRIVIAL (on (2¢,))) if there is some b such that
Vn K(x [n) < K(n)+b

where K(n) = K(0™) and 0™ is the string of 0’s of length n. Taking a clue from Section 6, call a point
x € (X, u) K-TRIVIAL if there is some cell decomposition A and some b such that for all n,

K(z an) < K(=logu([z [ n]a)) +b.
(Here we assume K (00) = 00.) Does the A-name or Cauchy-name of z satisfy the other nice degree theoretic
properties of K-triviality, such as being low-for-(X, i)-random? (Here I say a Turing degree d is low-for-
(X, p)-random if when used as an oracle, d does not change the class of Martin-Lof randoms in (X, ). Say
a point x € (X, p) is low-for-(X, p)-random if its Turing degree is.)

If it is a robust definition, how does it relate to the definition of Melnikov and Nies [26] generalizing K-
triviality to computable Polish spaces (as opposed to probability spaces)? I conjecture that their definition
is equivalent to being low-for-(X, y)-random on every computable probability measure p of X.

Last, isomorphisms and morphisms offer a useful tool to classify randomness notions. One may ask what
randomness notions (defined for all computable probability measures on 2¢) are invariant under morphisms
or isomorphisms? By Proposition 7.5, Martin-Lo6f, Schnorr, and Kurtz randomness are invariant under
morphisms. (This can easily be extended to n-randomness, weak n-randomness, and difference randomness.
See [14, 32] for definitions.) However, by Proposition 9.6 (4), there is no randomness notion between Martin-
Lo6f randomness and computable randomness that is invariant under morphisms. Is there such a randomness
notion between Schnorr randomness and Martin-Lof randomness? Further, by Theorem 7.9 computable
randomness is invariant under isomorphisms. André Nies pointed out to me that this is not true of partial
computable randomness since it it not invariant under permutations [5]. In general what can be said of full-
measure, isomorphism-invariant sets of a computable probability space (X, 1)? The notions of randomness
connected to computable analysis will most likely be the ones that are invariant under isomorphisms.®
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ALGORITHMIC RANDOMNESS, MARTINGALES AND DIFFERENTIABILITY

ABsTRACT. In this paper, a number of almost-everywhere convergence theorems are looked at using com-
putable analysis and algorithmic randomness. These include various martingale convergence theorems and
almost-everywhere differentiability theorems. General conditions are given for when the rate of convergence
is computable and for when convergence takes place on the Schnorr random points. Examples are provided
to show that these almost-everywhere convergence theorems characterize Schnorr randomness.
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1. INTRODUCTION
The subjects of analysis and probability contain many convergence theorems of the following form.

A.E. Convergence Theorem. If a sequence of functions (fn)nen satisfies some property P, then (f,)
converges to some integrable function f almost everywhere as n — oo. (Alternatively, (fr)r>o converges to
fasr—0.)

Consider the following closely related examples.

Example 1.1. (Lebesgue differentiation theorem) If g: [0,1] — R is integrable, then % f;f: 9(y) dy — g(x)

for almost every z as r — 0.

Example 1.2. (Lebesgue’s theorem) If f: [0,1] — R is a function of bounded variation function, then f is

getr)—g(a=r)

differentiable almost everywhere. (In this case, f,.(x) = o

Example 1.3. (Doob’s martingale convergence theorem) If (M,,) is a martingale and || M, |11 < oo, then
M,, converges almost everywhere to an integrable function.

Example 1.4. (Ergodic theorem) If g is integrable, and T is a measure preserving transformation, then
LN ien 9(T*(z)) converges almost everywhere. If T is ergodic, then + 3, g(T*(z)) — [g(x) dz for
almost every = as n — oo.

For all the above theorems, it is natural to ask the following computability questions:
Question 1. Is the rate of convergence effective (in the parameters of the theorem)?

It is well known what it means for a sequence of functions to converge effectively in normed spaces like L?
and L2. A similar characterization can be given for almost everywhere convergence: a sequence of functions
(fn) converges to f with a effective rate of almost everywhere convergence if given € > 0 and § > 0, we can
compute some m € N such that |f,,(z) — f(x)| < & for all n > m and all x except on a set of size less than .

Some a.e. convergence theorems have effective rates of convergence. For example, Avigad, Gerhardy, and
Towsner [2] showed that the rate of almost everywhere convergence in the ergodic theorem is computable
from T and g when T is ergodic. I will show a similar result for the Lebesgue differentiation theorem.

However, not all the theorems have computable rates of convergence. This is the case for Lebesgue’s
theorem, Doob’s martingale convergence theorem, and the ergodic theorem (in the nonergodic setting).
However, when certain additional conditions are assumed, one can then compute a rate of convergence.

Question 2. If the rate of convergence is not effective, what are additional conditions that guarantee an
effective rate of convergence.

For example, Avigad et al. [2] showed that the rate of convergence in the ergodic theorem is computable
from g, T and the limit g*. (Note, it is not trivial to compute the rate of convergence from the limit of a
series. For example, it is easy to construct a computable sequence of constant functions which converge to 0,
but do not do so effectively.) In the L2-case, Avigad et al. [2] showed the rate of convergence is computable
from g, T, and the L?-norm of g.

In this paper I will give similar results for Lebesgue’s theorem, Doob’s martingale convergence theorem,
and others. All the results follow the pattern in this observationﬂ

1t is important to note that Observation 1 is not itself a theorem or metatheorem. Indeed, there are (contrived) cases where
it fails to hold—let f, be some computable sequence of constant functions converging to zero with a noncomputable rate of
convergence.
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Observation 1. For most a.e. convergence theorems, a rate of almost everywhere convergence is computable
from the sequence (fy,), the limit f, and the bounds inf, || fu|lL1, sup,, || fnllL:-

In many cases, such as in the ergodic theorem, inf, || f,||z1 and sup, ||fn]L: are computable from the
sequence (f,) and the limit f, and therefore they are not explicitly needed. In other cases, such as the
Lebesgue differentiation theorem, all three extra conditions are naturally computable from the parameters
of the theorem (which is why the rate of convergence in the Lebesgue differentiation theorem is computable
without additional assumptions). Further, if we work in L? instead of L', we do not need the limit f, just
its L?-norm || f]| 2.

Question 3. At which points does the sequence converge (under various computability conditions)?

For example, if we consider the Lebesgue differentiation theorem, we can ask at which x does % f;f: fly)dy
converge for all f computable in the L'-norm. Notice the set of such x is measure one, since there are only
countably-many f computable in the L'-norm.

This question was first asked by Pathak [39] using the tools of algorithmic randomness. Algorithmic
randomness classifies measure-one sets of points that behave randomly with respect to “computable tests”.
Pathak showed that convergence happens on all Martin-Lo6f random x. She left it as an open question whether
this could be strengthened to a larger class of points. In this paper, I will show that it can be strengthened
to Schnorr randomness, and that this is the best possible. In other words, the Lebesgue differentiation
theorem characterizes Schnorr randomness. This same result was independently and concurrently discovered
by Pathak, Rojas, and Simpson [40].

Similar investigations have been made into randomness and the ergodic theorem [50, 37, 25], 2T, 16}, 3 [17],
randomness and Lebesgue’s theorem [10] [8 [18], and randomness and martingale convergence [47]. In this
paper, I expand on these results, specifically looking at Schnorr randomness. Indeed, I ask this converse to
Question 3.

Question 4. Which conditions guarantee convergence on Schnorr randoms?

It turns out the answers to Questions 1 and 2 provide an answer, when using this informal observation—
which will be made formal in Lemma [3.19

Observation 2. FEffective a.e. convergence implies convergence on Schnorr randoms.

This will allow us to “kill two birds with one stone”, by focusing on questions in computable analysis
(Questions 1 and 2), we can answer questions in algorithmic randomness (Questions 3 and 4) for free.
However, to show that one cannot strengthen Schnorr randomness to a larger class of random points, we
will need an example for each theorem showing that if x is not Schnorr random, then there are computable
parameters for which convergence does not happen on z. I provide a number of such examples.

1.1. Summary of results. The results of this paper are diverse and the paper is organized by the tools and
lemmas needed to prove the theorems. Table[I]is a summary of all the known convergence theorems which
characterize Schnorr randomness. The first column is a short description of the convergence theorem. The
second column is a reference to the result showing that the sequence in question converges on all Schnorr
randoms. The third column is a reference to the result showing that if a point is not Schnorr random,
then there exists such a sequence which fails to converge on that point. If a cell is blank, that direction is
subsumed by a stronger result in another row. A “?” means this direction is still an open question (and so
that row may not really be a characterization of Schnorr randomness). Some of the results are due to others,
or were independently discovered. I provide footnotes in these cases.

Table 1: Characterizations of Schnorr randomness by a.e. convergence
theorems. (See Section for an explanation of this table.)

Convergence of martingales: M,, - Mo,

(M,,) is L'-comp.; Mo is L'-comp.; sup,, || Mx||1 is computable
(M,,) is uniformly integrable, L'-comp.; Mo is L*-computable
(M,,) is nonnegative, singular (M., = 0), L'-computable

(My) is nonnegative, singular (Mo, = 0), computable Thm.
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Cor.

(M,,) is L*-computable; sup,, || My||12 = ||Msol||12 is computable
(My,) is nonneg., unif. int., dyadic, computable; ||Mo |12 is computable

Convergence of super/submartingales: M, — M

Thm

2

(M,,) is L'-comp., super/submart.; lim,, || M, || .1 is comp.; Ms, is L'-comp.

(M) is nonnegative, L'-comp., supermart.; Moo is L -comp.
(My,) is nonnegative, L'-comp., supermart.; Mo, =0
(M,,) is nonneg., L'-comp., submart.; Mo is L*-comp.; sup,, || Mx|/11 is comp.

Convergence of reverse martingales: M_,, — M_~

Thm.
Thm.

12.9
12.6

(M_,,) is L*-computable; M_, is L'-computable
(M_,,) is L*-computable; |M_||.2 is L?-computable
(M_,) is bounded, a.e. computable; M, is computable constant

Lebesgue differentiation theorem: fB(z‘T) fy) dy/A(B(z,7)) = f(z)

L[11.2

L[11.2

Cor.

f is L*-computable
f is L2-computable
f is bounded, L'-computable

Lebesgue density theorem: A(A N B(z,r))/A(B(z,7)) — 1a(x)

Thm.

Thm

|

40, 18]

A is effectively measurable
A is effectively closed; A(A) is computable

Differentiability of functions f (with derivative D f and total variation V(f))

. 1

f is comp. on dense set, bounded var.; Df is L*-comp.; V(f) is comp.

f is comp., bounded variation; Df is L*-comp.; V(f) is comp.

f is absolutely continuous; Df is L-comp.

f is computable, absolutely continuous; ||Df||;2 is computable

f is increasing, effectively absolutely continuous, comp.; ||Df]|z2 is comp.
f is increasing, Lipschitz, effectively absolutely continuous

Cor. 2.

f is computable, increasing, singular (Df =0 a.e.) Cor. [12.15
f is comp. on dense set, increasing, singular, only contains jumps Cor. [12.12
v(B(z,7))/A(B(z,1) = % (z) for signed measures v

v is computable; % is L'-comp.; ||v||rv is comp. Thm.

v is absolutely continuous, computable, positive; Z—i’\ is L'-comp. Cor. Cor. [12.4
v is continuous, singular (% = 0 a.e.), computable, positive Cor. [12.14
v is atomic, singular (Z—;’\ = 0 a.e.), computable, positive Cor. [12.11

Ergodic theorem: %Z,Kn foTm — f*

f is L*-comp.; T is effectively measurable; f* is L'-comp. Thm. |10.

f is L?-comp.; T is effectively measurable; || f*||2 is comp. Thm. [10.2

f is a.e. comp.; T is a.e. comp., ergodic [21]
Monotone convergence thm: Convergence of (fr) increasing

(fn) is L*-comp.; || fn|| 11 is computable Prop. 8.2

(fn) is L2-comp.; || fn|| 12 is computable Prop. (8.2

2See Problem

3This was independently discovered by this author and by Pathak, Rojas, and Simpson [40].

32

4While neither paper makes this explicit, the example function f they each give for the Lebesgue differentiation theorem is

0,1 valued and therefore the indicator function of some effectively measurable set A.

5This result is a direct corollary of the effective Lebesgue differentiation theorem (Thm.[4.10] [40]) that was noticed by this

author and Freer, Kjos-Hanssen, Nies, and Stephan [18].

SThis also follows from the Lipschitz result of Freer, Kjos-Hanssen, Nies, and Stephan [18] in the next line.
"Theorem is a summary of the results from [2] 2] 22| with a few gaps filled in.
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(fn) is computable; || fn|/z2 is computable Thm. [12.28}
pn — f for test functions, dyadic averages, trigonometric polynomials

n, is fast Cauchy sequence of test functions in L' (or in measure) Prop. [3.18, [40E|

©n, is fast Cauchy sequence of test functions converging to 0 in L? Thm. [12.18
) are dyadic averages; f is L*-computable Prop. 4.6 Thm. [12.6,
on(f) are trig. polynomials (from Fejér kernel); f is L*(T — C)-comp. Cor. |4.22 ?

SLLN, de Finetti’s thm: Convergence of =37, _ X for integrable random variables (X,)

(X,) is L'-comp., exchangeable (de Finetti’s theorem) Cor. [11.10

(X,) is L'-computable, i.i.d. (strong law of large numbers) Cor. [11.6 Cor. [12.17

1.2. A comment on the martingale results. A significant portion of this paper concerns martingales.
Informally, martingales are formalizations of gambling strategies—a martingale (M, ) is a sequence of random
variables representing the capital of a gambling strategy at time n. They are widely used in probability theory
and analysis, as well as in algorithmic randomness. In algorithmic randomness, martingales can be used to
characterizes a number of randomness notions, including Schnorr randomness, computable randomness, and
Martin-Lof randomness (see [12, [38]). However, there is a difference between how martingales are treated in
algorithmic randomness and how they are used in probability theory and analysis.

For one, in algorithmic randomness, the martingales are (usually) gambling strategies on coin flips. Such
martingales, which I will call dyadic martingales, are a specific instance of the more general martingales used
in probability theory. By considering, this larger class of martingales, we can ask new questions that could
not be asked of dyadic martingales.

Another difference is that algorithmic randomness is more concerned with success than convergence. We
say that a martingale (M,,) succeeds on x if limsup,, M, (z) = oo, that is the strategy M,, wins arbitrar-
ily large amounts of money on z. Of the three most common randomness notions—Schnorr randomness,
computable randomness, and Martin-L&f randomness—only computable randomness has a well-known char-
acterization in terms of martingale convergence instead of martingale successm

For example, consider the following three characterization of Schnorr randomness. The characterization
in (2) is the classical martingale characterization of Schnorr randomness and (3) and (4) are new character-
izations which follow from results in this paper (Theorem Corollary and Theorem(12.6). (Note, in
(3) and (4) we could replace convergence with success and the characterization would still hold.)

Example 1.5. Recall, a computable dyadic martingale is a computable function M : 2<% — R such that
1M(00) + M (01) = M (o). Use the notation M, (z) = M(z | n). The following are equivalent.

(1) = € 2% is Schnorr random (on the fair-coin measure).

(2) (Classical) For all nonnegative computable dyadic martingales (M,,) and all computable unbounded
functions h: N — N, we have that M, (z) < h(n) for all but finitely-many n.

(3) (New) For all nonnegative, computable dyadic martingales (M,,) such that lim,, M, is L'-computable,
we have that M, (z) converges.

(4) (New) For all nonnegative, computable dyadic martingales (M,,) such that sup,, ||M,|r2 is com-
putable, we have that M, (z) converges.

However, the results in this paper go far beyond giving a new dyadic martingale characterization of Schnorr
randomness. Not only does algorithmic randomness provide us with new tools to study computable analysis;
computable analysis also provides us new tools to study algorithmic randomness. Martingales are one such

8This is closely related to the Schnorr integral tests of Miyabe [34].

9This is also a theorem of Pathak, Ro jas, and Simpson [40] where the test functions are rational polynomials and convergence
isin L!.

10T here are not-widely-known published results, which when combined, give a martingale-convergence characterization of
Martin-Lof randomness. Takahashi [47] showed that Doob’s upcrossing inequality implies that computable martingales (that
is, martingales in the more general sense of probability theory where (M) is a computable sequence of computable functions)
converge on Martin-Lof randoms. Edward Dean [personal communication], independently, showed that layerwise-computable
martingales converge on Martin-Lof randoms. Merkle, Mihalovig, and Slaman [33] gave an example of a computable martingale
(in the more general sense of probability theory) which only converges on Martin-L6f randoms.
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tool. This paper makes significant use of martingales to prove results. One particular type of martingale not
previously used in algorithmic randomness is the backwards martingale. To demonstrate their usefulness
in algorithmic randomness, I use backwards martingales to prove a new variation of Kuéera’s theorem in
Corollary for every Schnorr random 2 € 2 and for every closed set C' of positive computable measure,
C contains some y which equals z, except that finitely many bits are permuted.

1.3. A comment on measurable functions in computable analysis. There is an inherent challenge
when working with measurable functions in a computable setting. Measurable functions are not continuous
and therefore it is difficult to describe them as maps in a computable manner. Moreover, a single function
is best thought of as an equivalence class (under a.e. equivalence). It is challenging to talk about the value
f(z) when f is an equivalence class (an important issue when asking about which points an a.e. convergence
theorem holds!).

Some authors have taken the easy approach and restricted their attention to computable functions or
a.e. computable functions. However, in this paper, I will try to express the theorems in full generality. In
order to do this, I will need a clear theory of effectively measurable functions. The space of measurable
functions (modulo a.e. equivalence) is naturally described as a computable metric space under a suitable
metric which characterizes convergence in measure. The class of effectively measurable functions includes
the real-valued functions computable in the L'-norm as well as other functions (which may not even be
integrable or real-valued).

In order to talk about the valuation of functions, each effectively measurable function f will have a
representative f This representative is well-defined (and well-behaved) on Schnorr random points. This
representative approach is adapted from Pathak [39] (and is also used in Pathak, Rojas, and Simpson [40]).
The same ideas are implicit in the reverse mathematics of the dominated convergence theorem [58 [IJ.

Other computable approaches to measurable sets and functions include [43] @, 311, 20, (6l B35l 15 24
34]. These approaches are essentially the same as either the metric space approach or the representative
approach used in this paper. The biggest difference is that some representative approaches—e.g. layerwise
computability [24]—only define f on the Martin-Lof random points. However, it is possible to uniquely
extend each such f to the Schnorr random points.

My hope is that Section [3| (on effectively measurable functions) not only serves the needs of this paper,
but is of use to other researchers in the field.

1.4. Outline of the paper. In Section [2] I give background on computable analysis and Schnorr random-
ness.

In Section [3] I present a theory of measurable functions, integrable functions, and measurable sets. This
also includes the important Lemma [3.19] that effective a.e. convergence implies convergence on Schnorr
randoms. Most of the proofs have been moved to Appendix [A]

In Section [4 I prove an effective version of the Lebesgue differentiation theorem and discuss many of its
corollaries. The proof relies on Kolmogorov’s inequality for dyadic martingales.

In Section [f] I give a computable presentation of martingale theory, which will be needed for most of the
rest of this paper.

In Section[6] I prove an effective version of the Lévy 0-1 law, which is a simpler version of Doob’s martingale
convergence theorem and an analog to the Lebesgue differentiation theorem.

In Section [7} I prove an effective version of the martingale convergence theorem. I also give another
version for square integrable martingales.

In Section[8] I prove an effective version of the submartingale and supermartingale convergence theorems.
I also give another version for square integrable martingales.

In Section[9] I return to differentiability, using effective martingale convergence to prove more differentia-
bility results that extend the Lebesgue differentiation theorem and Lebesgue’s theorem.

In Section [I0] I survey some results in ergodic theory, filling in gaps in the published literature.

In Section [T} I discuss backwards martingales and some of their applications, including a variation of
Kucera’s theorem, the strong law of large numbers, and de Finetti’s theorem. I also, compare them with
ergodic averages.

I intend to follow up this paper with a sequel, exploring martingale convergence and differentiability when
the limit is not computable. Such cases characterize computable randomness, Martin-Lo6f randomness, and
weak-2 randomness.
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2. BACKGROUND

In this section I give the necessary background in computable analysis, effective measure theory, effective
probability theory, and Schnorr randomness.

2.1. Notation. Let 2<¢ be the space of finite binary strings, 2 be the space of infinite binary strings,
D string e the empty string, ¢ < 7 and ¢ < z mean o is a proper initial segment of 7 € 2<% or z € 2N,
[0] = {z € 2V | 0 < z}. Also for 0 € 2<% (or x € 2V), let o(n) be the nth digit of o (where o(0) is the “Oth”
digit) and o [ n=0(0)---0(n —1). A set of strings {0, 01,...} is prefix free if the no string in the set is a
prefix of another (equivalently, the collection {[oo], [01], ...} is pair-wise disjoint).

2.2. Computable analysis. Here I present some basics of computable analysis. For additional information
on the basics see Pour El and Richards [41], Weihrauch [52], or Brattka et al. [7]. I assume the reader has
some familiarity with basic computability theory on N, 2N and NN as in [46]. It would also help to have
some familiarity with the theory of computation on the reals.

Definition 2.1. Fix an enumeration of the rationals Q = {¢;}ien (such that addition and multiplication
are computable). A real z € R is COMPUTABLE if there is a computable function h: N — N such that for all
m > n, we have |qp(m) — qr(n)| < 27" and @ = limy, 00 Gh(n)-

This can be generalized to an arbitrary complete metric space.

Definition 2.2. A COMPUTABLE (POLISH) METRIC SPACE is a triple X = (X, d, S) such that

(1) X is a complete metric space with metric d: X x X — [0, c0).

(2) S ={a;}ien is a countable dense subset of X (the SIMPLE POINTS of X) .

(3) The distance d(a;, a;) is computable uniformly from ¢ and j.
A point x € X is said to be COMPUTABLE if there is a computable function h: N — N such that for all
m > n, we have d(ap(m), anm)) < 27" and & = lim, o apn). The sequence (ap(y,)) is the CAUCHY-NAME
for x.

Example 2.3. For the differentiability results, I will be using two spaces. The first is the unit cube [0, 1]%
with the usual Euclidean distance. The second is the unit torus T¢ := (R/Z)%, which will be identified
as the half open unit cube [0,1)? with the Euclidean metric that wraps around each edge, i.e. given x =
(xlv s vl'd)ay = (ylv v 7yd) € [Oa 1)d7

J 1/2

_ 2

(e, y) = (Z(mm{|xi—yi|,1—|xi—yi|}) ) .
i=1

The simple points of T¢ and [0, 1]¢ are taken to be vectors with rational components. A little thought reveals

that a vector = € [0,1]¢ (or z € T¢) is computable if and only if each coordinate is a computable real.

On a computable metric space X = (X, .5, d), the BASIC OPEN BALLS are sets of the form B(a,r) = {z €
X | d(z,a) < r} where a € S and r > 0 is rational. The X! sets (EFFECTIVELY OPEN SETS) are computable
unions of basic open balls; I1{ sets (EFFECTIVELY CLOSED SETS) are the complements of ¥{ sets. A function
f: X — R is COMPUTABLE (or EFFECTIVELY CONTINUOUS) if for each %Y set U in R, the set f~1(U) is
¢ in X (uniformly in U), or equivalently, there is an algorithm which sends every Cauchy-name of x to a
Cauchy-name of f(x) (see [52]). A function f: X — [0, c0] is LOWER SEMICOMPUTABLE if it is the supremum
of a computable sequence of computable functions f,: X — [0, c0).

A real z is said to be LOWER (UPPER) SEMICOMPUTABLE if it is the supremum (resp. infimum) of a
computable sequence of rationals.

Definition 2.4. If X = (X,d, S) is a computable metric space, then a Borel measure p is a COMPUTABLE
MEASURE on X if [ gdp is computable uniformly from g for all computable g: X — [0,1]. A COMPUTABLE
PROBABILITY SPACE is a pair (X, ) where X is a computable metric space, p is a computable measure on
X, and pu(X) = 1.
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There are a number of other equivalent definitions of computable measure, including the following char-
acterization.

Proposition 2.5 ([45] 26]). A measure p on a computable metric space X = (X, d, S) is computable if and
only if the value p(X) is computable, and for each effectively open set U C X, the measure u(U) is lower
semicomputable uniformly from U.

Moreover, the computable probability measures on X are exactly the computable points in the space of
probability measures under the Prokhorov metric.

I will often blur the distinction between a metric space—or a probability space—with its set of points,
e.g. writing z € X or z € (X, i) to mean that x € X where X = (X,d, 5).

Example 2.6. The manifolds [0, 1]¢ and T¢ can be endowed with the LEBESGUE MEASURE A. (The Lebesgue
measure on T¢ is just the Lebesgue measure on [0,1)¢.) Both are computable probability measures, and
further (T4, ) is translation-invariant. Similarly, on 2 let A be the FAIR-COIN MEASURE, i.e. the measure
such that \([o]) = 2~I°I.

Definition 2.7. Let X = (X, S, d) be a computable metric space.

(1) (X,+,-)is a COMPUTABLE (TOPOLOGICAL) VECTOR SPACE if X is a vector space and with computable
vector addition + and scalar multiplication - operations.

(2) (X,|]]l,+,) is a COMPUTABLE BANACH SPACE if (X,+,-) is a computable vector space and the
metric d comes from a computable norm ||-|.
3) |14, (), +,+,) is @ COMPUTABLE HILBERT SPACE if (X, ||-|| 4, ) is a computable Banach space with

computable inner product (-, -).

(4) (X,A,V) is a COMPUTABLE (TOPOLOGICAL) LATTICE if X is a lattice with computable meet A and
join V operations.

(5) (X,A,V,=, L, T)is a COMPUTABLE (TOPOLOGICAL) BOOLEAN ALGEBRA if X is a Boolean algebra
with computable meet A, join V, and complement — operations and computable bottom 1 and top
T elements.

Remark 2.8. There are a number of natural Banach spaces that are not computable, for example the space
of signed Borel measures on [0,1]. This is because they have no countable dense subset. However, we may
still represent these spaces using a weaker topology as will be done in Section [9-1]

2.3. Schnorr randomness.

Definition 2.9. Let (X, ) be a computable probability space. A SCHNORR TEST (U,,) is a computable
sequence of effectively open sets U,, such that pu(U,) < 27" for all n and u(U,) is uniformly computable in
n. For any x € X, say x is COVERED by (Uy) if € (), U,. Say x € X is SCHNORR RANDOM if z is not
covered by any Schnorr test.

Remark 2.10. We may assume a Schnorr test (U,,) is decreasing by taking an intersection. Similarly, we may
also replace 27" by any computable sequence that decreases to 0 by taking a subsequence (see [12] [38]).

Example 2.11. Let y1,...,yq4 € [0,1] (resp. T). For each 1 < i < d, let ; be some binary expansion
of y;. It is easy to see that (y1,...,yq) is Schnorr random on ([0,1]%,\) (resp. on (T? \)) if and only if
1D Dz, € 2V is Schnorr random on (2N, A). (Recall, x1 @ x5 is the join operation on 2N defined by
(1 ® x2)(2n) := z1(n) and (z1 B 22)(2n + 1) := x2(n).)

3. FUNCTIONS AND CONVERGENCE IN MEASURE THEORY

This section provides background on measurable functions and convergence. It is quite important to the
results in this paper. (For example, the frequently used Lemma is the only fact the reader will need to
know about Schnorr randomness in Sections [4] through [I1])

As mentioned in the introduction, there is a need for two approaches to working with measurable functions
(and sets)H

LA third approach may come to mind: use Borel measurable functions and sets, ignoring a.e. equivalence. The difficulty
with this approach is that even effectively open sets may not have a computable measure. The situation becomes more complex
as one moves up the Borel hierarchy.
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se equivalence classes of almost-everywhere equivalent objects.
1) U wal l f almost it ivalent object
se specific functions and sets that are defined and unique up to some specific measure-one se
2) U ; ti d sets that defined and uni t ' t
(which will turn out to be the set of Schnorr random points).

Table [2 compares the two approaches (in the setting of L'-computable functions).

Equivalence classes Specific functions

f an L'-limit of fast Cauchy sequences f a pointwise limit of fast Cauchy sequences
f unique a.e. f unique on Schnorr randoms
f computable in the L'-norm f “computable” on Schnorr randoms

TABLE 2. The two approaches to the computability of L' functions.

Besides giving definitions and basic facts, the main result of this section is Lemma [3.19] that a.e. con-
vergence implies convergence on Schnorr randoms. (This fact has been hinted at in some of the work on
convergence for Schnorr randoms, including Pathak, Rojas, and Simpson [40]. It was also known to Hoyrup
and Rojas [personal communication| independently of this author.)

3.1. Integrable functions, measurable functions, and measurable sets. Let us start with real-valued
functions on the space (2, \).

Proposition 3.1. On (2, )\) the following hold.

(1) (Functions) Consider the following spaces (of a.e. equivalence classes [f]~) of Borel measurable
functions. Let the TEST FUNCTIONS T be those of the form

k—1
(31) (p:ZCi]_[m] (0’0,...,0]@,1 €2<w;60,...,ck,1 EQ)
=0

Also consider the lattice given by
fAg=min(f,g) and fVg=max(fg).

(a) The MEASURABLE FUNCTIONS L°(2Y,\) with the metri™)|

dmeas(f7 g) = /mln{|f _g|71} dA
form a computable metric space, a computable vector space, and a computable lattice
(LO(QNa )‘)7 Ta dmeaSa +7 X mina ma’X)'

(b) The INTEGRABLE FUNCTIONS L1(2Y, \) with norm

11 = [ 1712
form a computable Banach space and a computable lattice
(L2 0), T, 1l y1 » +, -, min, max).

(c) The SQUARE INTEGRABLE FUNCTIONS L2(2N, \) with inner product and norm

1/2
<f,g>:/f,gdA, 1l = (/|f|2d>\>

form a computable Hilbert space and a computable lattice
2 oN :
(L=2°,0), T, Il 2 » O 2, +, -, min, max).
12As we shall see, this metric characterizes convergence in measure. It is equivalent to the Ky-Fan metric dxr(f,g) :=

inf{e > 0|u({z | |f — g| >¢) <e}. (Indeed, (L°(2Y,\), T, dkF, +, -, min, max) is also a computable metric space, a computable
vector space, and a computable lattice with the same computable points as (L°(2N, ), T, dmeas)-)
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(2) (Set spaces) Consider the following space (of a.e. equivalence classes [A]~.) of Borel measurable sets.
Let the TEST SETS T be those of the form

k—1
C= U [0i] (prefiv-free oq, ..., 061 € 2).
i=0

(d) The MEASURABLE SETS B(2Y, \) with metric
d(A,B) = AM(AAB)
form a computable metric space and a computable Boolean algebra
(B(2Y, ), T,d,u,n, - @, 2%).
Proof. straightforward. O

Definition 3.2. The computable points of each of the above spaces are, respectively, called the EFFEC-
TIVELY MEASURABLE FUNCTIONS (LY, ), the L'-COMPUTABLE FUNCTIONS (Ll ), the L?-COMPUTABLE

comp comp

FUNCTIONS (L2, ), and the EFFECTIVELY MEASURABLE sets.

comp
We may also consider measurable functions taking values in other computable metric spaces Y = (Y, S, dy).

Proposition 3.3. Let Y = (Y, .5, dy) be a computable metric space. The space of measurable functions from
(2YX) to Y = (Y, S, dy) is a computable metric space under the metric

o) [ minti 1) 0
and TEST FUNCTIONS of the form
o(x) = ¢ily,,) when x € [oy] (prefiz-free oo, ..., 0h—1 € 2°¥;cq, ..., cp—1 € 5).
The computable points in this space are called EFFECTIVELY MEASURABLE FUNCTIONS.
Proof. straightforward. O

Remark 3.4. The space of measurable sets and the space of 0, 1-valued measurable functions (Proposition
with Y = {0,1}) are the same space. (More specifically, the map A — 14 is a bijective isometry where test
sets are mapped to test functions.)

The above definitions extend to any computable probability space (X, ). The only thing that changes is
the choice of test functions. This requires a technical lemma.

Lemma 3.5 (Bosserhoff [6], Hoyrup and Rojas [26]). For any computable metric space X = (X, S,d) with
computable probability measure u, there is a computable sequence of pairs {(a;,r;)}ien (@i € S, r; € R)
representing a family of balls Basis(X, u) = {B(a;, r;)}ien-
(1) Each B(a;,r;) has a p-null boundary. (Hence p(B(a;,1;)) is computable uniformly from i.)
(2) Basis(X,u) is an effective basis of X, i.e. for every effectively open set U, there is a computable se-
quence (iy) of indices computable uniformly from (each name for) U such that U = |Ji—y B(ai,, i, )-

Since the choice of basis is not unique, let Basis(X, 1) denote a fixed choice of basis for each space (X, u).

Definition 3.6. Say that C' C X is a CELL of Basis(X,pu) if C = Ain...NA NBfN...N By for
Ay,... Ay, By,..., By € Basis(X,u). (Notice, using the enumeration of Basis(X, ) that each cell is coded
by some o € 2<%.)

Proposition 3.7. The measure of each cell of Basis(X, ) is computable from its code o.

Proof. See Appendix O

Definition 3.8. On (X, i), the spaces of real-valued functions L°(X, 1), L' (X, i), L?(X, i) as well as the
space of measurable sets and the space of Y-valued measurable functions are defined as before, except that
cylinder sets [0;] are replaced with cells C; of Basis(X, ). Replace the requirement that {og,...,0r_1} is
prefix-free with the requirement that {Cy, ..., Ck_1} is pairwise-disjoint.

Remark 3.9. For the real-valued computable metric spaces LY, L', L?, a number of other test functions have
been used in the literature. The resulting computable metric spaces are equivalent.
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(1) On (X, u): functions as in Definition (for any choice of Basis(X, ).

(2) On (X,pu): any computable family A = {,}nen of bounded computable functions, such that
pn: X — R is computable uniformly in n, there is a bound C), uniformly computable in n such
that [|on(2)|le < C, for all n, and {p,} is dense in L'(X, p).

(3) On (X, u): the set € of bounded computable Lipschitz functions in [20, Section 2|.

(4) On effectively compact (X, u1): any computable family A = {¢, }nen of computable functions which
is dense in C(X).

(5) On effectively compact (X, pu): the “polynomials” in [57) [59] closed under pointwise multiplication
and addition. (This family is dense in C(X) by the Stone-Weierstrass theorem).

) On (2%, \): the test functions in equation

) On ([0,1]¢,\): polynomials with rational coefficients.

) On ([0,1]¢,\), (T?, \): dyadic functions of the form

k—1
o= Z ¢ilp, (¢ € Q,D; is a dyadic set)
i=0
where the DYADIC SETS are those of the form

|:i1 ’i1+1> |:id id+1>

—, X X | =, .

2n’ 2n 2n’ 2n

3.2. Effective modes of convergence. In measure theoretic probability, there are various modes of con-

vergence for measurable functions. I have already mentioned convergence in the L'-, L?-norms and the
metric do,eqs-

Definition 3.10. Let (f;) be a sequence of measurable Y-valued functions and f a measurable Y-valued
function.

(1) The sequence f; converges to f ALMOST UNIFORMLY if there is a RATE OF ALMOST-UNIFORM CON-
VERGENCE n(e,€9) such that for all e1,e5 > 0,

o({:

(2) The sequence f; converges to f IN MEASURE if there is a RATE OF CONVERGENCE IN MEASURE
n(e1,e2) such that for all 1,2 > 0,

Vi zn(er,e2) p({z|dy(fi(z), f(2)) > e1}) < ea.

These definition can be extended to continuously-indexed sequences (i.e. functions (f,),so with » — 0)
in the usual manner.

i>n(e1,e2)

sup  dy(fi(z), f(x)) > 51}> < g,.

Fact 3.11. Conwvergence in measure is the same as convergence in the metric dmeqs-

Proof. 1 give an effective version in Proposition m (For a similar proof with the Ky-Fan metric, see
[13].) |

Fact 3.12 (Egorov’s theorem, see [I3]). On a probability space, almost uniform convergence and almost
everywhere convergence are the same (assuming (fy) is a discretely-indexed sequence of measurable functions
taking values in a complete separable metric space).

Fact 3.13 (Modes of convergence, see [13]). On a probability space, the following implications (and their
transitive closures) hold between the modes of convergence. (Note, L? and L' only apply to real-valued
functions. The dotted arrow represents convergence on some subsequence.)

L? almost ~ Egorov almost
i —
uniform everywhere

|
N/

measure
(dmeas)
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The goal of this section is to give the effective analog of the above chart.

Definition 3.14. Let (f;) and f be uniformly effectively measurable. Then f; — f EFFECTIVELY ALMOST
UNIFORMLY, EFFECTIVELY IN MEASURE, or EFFECTIVELY IN dpeqs if the respective rate of convergence is
computable.

Further if real-valued (f;) and f are uniformly L!-computable (resp. L?-computable), then f; — f EF-
FECTIVELY IN THE L'-NORM (resp. EFFECTIVELY IN THE L2-NORM) if the corresponding rate of convergence
is computable.

Proposition 3.15 (Modes of effective convergence). On a computable probability space (X, p), the following
implications are effective—in that a rate of convergence for the latter is computable from the former. (L
and L? only apply to real-valued functions.)

eff. L? eff. almost Q
1 uniform
eff. L i

\ o

Eﬁ dmeas AE—

Schnorr

eff. conv in
measure

(1) The dotted arrow represents that if f; — f with a geometric rate of convergence in the metric dmeas,
e.9. Yj > i dmeas(fj, f) < 27%, then fi — f effectively almost uniformly.
(2) For the arrow going to “Schnorr”, see Lemmal[3.19 below.

Proof. See Appendix O

Rather than use the term “effectively almost uniformly”, we will use the more common term EFFECTIVELY
ALMOST EVERYWHERE (or EFFECTIVELY A.E.). This is justified by Egorov’s theorem (Fact [3.12)).
The following limit properties are also useful.

Proposition 3.16. Let (f,) and f be uniformly effectively measurable real-valued functions.
(1) If fr. — [ effectively a.e.. and g, — g effectively a.e.., then f, + g, — [+ g effectively a.e..
(2) If fi — f7 effectively a.e.. (j € {0,...,k —1}), and g is computable with a uniform modulus of
continuity, then g(f0, ..., f*=1) = g(f°,..., f*71) effectively a.e..
(3) (Squeeze theorem) Assume fn, < gn < hy, a.e. and that f, — g effectively a.e.. and h,, — g effectively
a.e.., then g, — g effectively a.e.

Further, in all cases the rates of convergence for the latter are computable from the former (in (2) use the
modulus of continuity for g). Indeed, we do not need to assume the functions are effectively measurable, just
that the rates of convergence are computable. The same results hold for continuous convergence, e.g. f. — f
asr — 0.

3.3. Convergence on Schnorr randoms. Now we define representatives for each (equivalence class of an)
effectively measurable function. The proofs are in Appendix [A-4]
Recall that Cauchy-names are computable sequences of test functions with a geometric rate of convergence.

Definition 3.17. Let f: (X, ) — Y be effectively measurable with Cauchy-name (¢,,) in the metric deqs-
Define
fz) =

~ lim,, 00 @n(x) if the limit exists
undefined otherwise '

If A is an effectively measurable set (and therefore 14: (X, u) — {0,1} is effectively measurable), then define
A as
reA & l1yx)=1
These definitions are justified as follows. Similar versions of this proposition are in Pathak [39] (L!-

computable functions and Martin-Loéf randomness) and Pathak, Rojas, and Simpson [40] (L!-computable
functions and Schnorr randomness).
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Proposition 3.18. Suppose f: (X, u) = Y is effectively measurable with Cauchy-name () (in the metric
dmeas, Lt-norm, or L*-norm,).

(1) (Ezistence) The limit lim,_,o @n(x) exists on all Schnorr randoms .

(2) (Uniqueness) Given another Cauchy-name (,,) for f,

lim ¢, (z) = lim ¢,(z) (on Schnorr random x).
n—oo n—oo

In Theorem [12.19] I show that Schnorr randomness is the best possible for the previous theorem.
This next lemma is quite useful and for much of the paper is the only fact about Schnorr randomness
needed.

Lemma 3.19 (Convergence Lemma). Suppose that (fi) and f are uniformly effectively measurable. If

fe = f  (effectively a.e.)
then B B
fe(x) = f(x) (for all Schnorr random x).
3.4. Properties of effectively measurable functions. The proofs are in Appendix[A.5]

Proposition 3.20. The following implications hold for real-valued functions (and all the computations are
uniform,).
(1) fel?,, =felLl,, = feclL® (The converses do not hold in general.)

comp comp comp”

(2) IfO< f<1,then fel?, & f€Lly,< el
(3) f€Llppmp & (f €LY, and ||f|[Lr is computable).

(4) feL?,,, < (f€Ld,,, and ||f|[L> is computable).

(5) If f € Liomp then [ fdp is computable.

(6) If B is effectively measurable, then u(B) is computable.

(7) If0<g<1,g€Ll and f € L} then g- f € L}

comp’ comp’ comp”

Proposition 3.21 (Effective Lusin’s theorem). Given an effectively measurable f: (X,u) — Y, and some
rational € > 0, there are an effectively closed set K of computable measure u(K) > 1 — e and a computable
function g: K — Y such that g = f I K on Schnorr randoms. (Further, g and K are computable uniformly
from e and any name for f.) Moreover, if Y =R, then g: K — Y can be extended (uniformly from its name)

to a total computable function g: X — Y such that g = f [ K on Schnorr randoms.

Proposition 3.22 (Effective inner/outer regularity). Given A C (X,pu) effectively measurable, and some
rational € > 0, there are an effectively open set U and an effectively closed set C both of computable measure
such that C C A C U for Schnorr randoms, and such that u(U) — u(C) < e. (The sets U,C and their
measures p(U), u(C) are uniformly computable from e and any name for A.)

This next result is the converse to the effective Lusin’s theorem and shows that the representative func-
tions of this paper are the same as the Schnorr layerwise computable functions of Miyabe [34], which are
an extension of the layerwise computable functions of Hoyrup and Rojas [24]. Miyabe [34], proved the
corresponding result for L'-computable functions.

Proposition 3.23 (Schnorr layerwise computability). Consider a (pointwise-defined) measurable function
f: X = Y that is SCHNORR LAYERWISE COMPUTABLE, that is, there is a computable sequence (C,) of
effectively closed sets of computable measure pu(Cy) < 27", such that f | C,, is computable on C,, uniformly
inn. Then there is an effectively measurable g: (X, pu) = Y such that g = f on Schnorr randoms.

In this next proposition, an ALMOST-EVERYWHERE COMPUTABLE FUNCTION f: (X, u) — Y is a partial
computable function whose domain is measure one. (Here I mean “domain” to mean the points x for which the
underlying computation computes a name for f(z) from a name for z. To avoid ambiguity, I could alternately
define an almost-everywhere computable function as a function f: A C X — Y which is computable on a
measure-one 119 set A. See [42] for more discussion.)

Proposition 3.24 (Examples of effectively measurable functions and sets). All of these functions f: X — Y
and sets A C X are effectively measurable, and f = f and A = A on Schnorr randoms.
(1) Test functions and test sets as in Propositions and and in Definition .
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(2) Computable functions and decidable sets (i.e., computable 0,1-valued functions).

(3) Almost-everywhere computable functions f: (X, u) = Y and almost-everywhere decidable sets (i.e., al-
most everywhere computable 0,1-valued functions).

(4) Nonnegative lower semicomputable functions f: X — R with a computable integral, effectively open
sets U C X of computable measure, and effectively closed sets C C X of computable measure.

Recall that for a measurable function f: (X, ) — Y, the PUSH-FORWARD MEASURE of p along f (denoted
psf) is the measure on Y defined by [ du.f = [ ¢ o fdu for bounded computable ¢.

Proposition 3.25 (Push-forward measures). If f: (X,u) — Y is effectively measurable, then the push-
forward measure (Y, p. f) is a computable probability space (uniformly from (X, pn), Y, and f).

Proposition 3.26 (Preservation of Schnorr randomness). If f: (X, u) = Y s effectively measurable and x

is Schnorr random, then f(z) is Schnorr random on (Y, p. f).

Proposition 3.27 (Composition and tuples).
(1) (Composition) Given f: (X,u) = Y and g: (Y, psf) = Z effectively measurable, the composition
go f is effectively measurable (uniformly from f and g) and
f/<\>/g = fo g (on Schnorr randoms).
(2) (Tuples) Given fn: (X,u) = Y, effectively measurable (uniformly in n), the tuples
(an"wfkfl): (X,,LL) _>YO XX Ykrfl

and

(fn)neN: (Xu :u) - H Yn
neN
are effectively measurable (uniformly from (f,)) and

(foy s fo—1) = (fo, R fk_l) and  (fi)ien = (ﬁ)iEN (on Schnorr randoms).
These two combinations, along with the results about computable functions in Proposition [3.:24] can be
used to prove a number of useful facts.
Proposition 3.28 (Combinations of measurable functions).

(1) (Computable pointwise operations). All computable pointwise operations, including vector, lattice,
and Boolean algebra operations preserve effective measurability. Moreover, given f,g: (X,u) — R
and A, B C (X, n) effectively measurable, we have

f¥o=Ff+9 af=af, fg=F7
min(f,g) = min(7,3), max(f.g) = max(£.9), |/ =|]]
X)

—_~— ~ ~

AUB=AUB, ANB=ANB, Ac=A4¢, X=

on Schnorr randoms, and

=0

f<gae < [f<3 (on Schnorr randoms)
ACBae & A C B (on Schnorr randoms).
(2) (Inverse image) Given f: (X,u) — Y and B C (Y,pu.f) effectively measurable then f~1(B) is

effectively measurable and f~'(B) = f~*(B) on Schnorr randoms.

(3) (Rotations) Given f: (T% \) — R effectively measurable, and a computable vector t € T, then
h(z) == f(x —t) is effectively measurable and h(z) = f(x —t) on Schnorr randoms.

(4) (Indicator functions) Given A C (X, ), A is effectively measurable if and only if La: (X, u) = R is
effectively measurable (equivalently, L*-computable by Proposition @) and z € A if and only
if 1a(z) = 1 on Schnorr randoms. (Notice the codomain of 14 is R here rather than {0,1} as in

Definition[3.17)

Proposition 3.29. The following implications hold for real-valued functions (and all the computations are
uniform).
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(1) If f e Lcomp and A is effectively measurable, then fA fdp is computable.

(2) If X is effectively compact (see [36])—as is [0,1]¢, T, and 2V —and g: X — R is computable, then g
is L*-computable (since it has computable bounds).

(3) If f: (X, ) =Y is effectively measurable and g € L, (Y, i f) (resp. L2, (Y, s f)), then go f €

Liomp<X :u) (7’68]) Lcomp(X’ M))

Proposition 3.30. Given a measurable map f: (X, u) = Y, the following are equivalent.

(1) f is effectively measurable.
(2) The push-forward measure (Y, p«f) is computable and one (or all) of the following “pull-back” maps
are computable:
(a) (L' functions) g € L*(Y, pof) — gof
(b) (L? functions) g € L*(Y, s f) + g f
H

° (Y, s )
(¢) (Measurable sets) B C (Y, psf) I

e Lt
€ LAY, s f)
'(B)c (X H)

4. DIFFERENTIABILITY

In this section I present effective versions of the Lebesgue differentiation theorem and its corollaries.

4.1. The dyadic Lebesgue differentiation theorem. Before considering the full Lebesgue differentiation
theorem, let us consider the simpler dyadic version on the fair-coin measure (2, \). This will contain most
of the work for the version on [0, 1].

Fact 4.1 (Dyadic Lebesgue differentiation theorem). Given f € L'(2N,)),

fem —f@lA
Nz | K]) PR

(A-a.e. x € 2M).

In particular

Jiwrng £ 4
A([z Tk]) Fooo

f@) (A-a.e xe2M).

As a helpful notation, I will write

/\([ [k])

Notice f*) e L*(2V, ) and that f*) is constant on each cylinder set [o] where o € 25" (k' > k). Further,
we can use f*) to approximate f in the L'-norm as follows.

f® (@) =

Fact 4.2 (Lebesgue approximation theorem). Given f € L'(2V,)\),
oLy
As we will see, Facts and are both instances of the more general Lévy 0-1 law (Fact .

Proposition 4.3 (Effective Lebesgue approximation theorem). Suppose we are given f € L 2N ).

Then

comp(

) —> f (effectively).

Proof. We compute the rate of convergence k(e). Pick a rational ¢ > 0. Let ¢ be a simple function
approximating f such that || f — ¢||;. < e/2. By the definition of simple function, there is some £’ such that
¢ is constant on all cylinder sets [0] where o € 2% (k > k). In particular, o*) = o (k > k). Let k() = &'
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Then for k > k(e),

(Rl I TR Hw(k) -1 |
. fdA
=l + “0
ocEe2k
|sO fIdA
<|f- 90||L1+U€Z2kW
= 2||f —¢ll. <e. 0

Recall the following dyadic version of Kolmogorov’s inequality.

Fact 4.4 (Dyadic Kolmogorov’s inequality, see [12]). Let M: 2<¢“ — [0,00) be a nonnegative DYADIC MAR-
TINGALE on the (2V,\), that is 1M (c0) + M (01) = M (o) for all ¢ € 2<%. Then for all e > 0

V({rer M(Gar)

€
As a special case we have the following.

sup M (x fk)ze}) <

k>0

Lemma 4.5. Given nonnegative f € L'(2Y,)),

A <{x e 2V | sup f(k)(x) > 5}) < m

k>0 €
Proof. Let M(o f[a] fdX/A([o]). This is a nonnegative dyadic martingale since f is nonnegative. Apply
Kolmogorov’s 1nequahty noting that ) (x) = M(z [ k) and ||f|| .. = [ fd\ = M(Dstring)-
Now we have the effective version of Proposition O

Proposition 4.6 (Effective dyadic Lebesgue differentiation theorem). Given f € L

f[zrk] |f(y) — f(z)| dA(y)
Az T K]) '

Then gr — 0 a.e. as k — oo with an effective rate k(5,€) of a.e. convergence. Hence f*) — f effectively
a.e. as k — oo.
Further,

JA), let

comp(

gr(@) = |f — f(2)|P(z) =

S 1 @) = F(@) d\(y)
NI P

Hence, f®)(z) = f(z) on Schnorr randoms x as k — oo.

0 (on Schnorr random x).

Proof. Pick § > 0 and € > 0. By Proposition from f we can effectively find some k' € N such that

Hf — . < %. Let k(0,¢) = k’. Then for any k > k' and all z € 2V we have
f[zm] |f(y) — f(z)] dA(y)
L)
S @) = 190W)| dAw) fp |75 ) = 190 @)| axy)
< +
@) N TR) T
o |[f0@ - 5@ dxw)
Az T k])

= |7 19 @) 1 04 [ 19 @) - 5021,

To bound the last line, use Lemma [4.5] for the first term,
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sup

, 2| f - f*
A({x 7= 19" (@) 6}) sH“,
E>k 2 €

and use Markov’s inequality (Fact for the last term,
-]
sup 1)) - 1) 2 5} ) = T

A ({x
>k

Putting them together (see Fact , we have

s =],
A ({x sup gg(x) > 5}) <4 = 4.

k>k/ €
Since g > 0, this shows that gx(x) — 0 effectively a.e.
To show convergence on Schnorr randoms, we substitute f(z) with f(x) in inequality 1) Then we have
for all Schnorr randoms =,

0< |7 F@)

v

’(k)

N ™

‘<k>($) - )f | + ‘f(’“')(x) - J?(x)"

(k)(:c) +

(The other instances of f act as equivalence classes and do not require the tilde). Let hy = ‘ f—f (k")
‘f(k/)(x) — f(m)’ Since we showed hy — 0 effectively a.e., we have that hy(z) — 0 on Schnorr randoms z
V@) + 19 @) - Flo)| for
Schnorr randoms. (For example, for any f and k we have f(®) = f(*) since f*) is a computable function.)

k) . _
Hence both ‘f - f(ac)‘ () = 0 and f*)(z) — f(z) on Schnorr randoms = as k — co. O

by Lemma |3.19] By the results in Section we have that ﬁk(m) = ‘f — f&)

4.2. The Lebesgue differentiation theorem. Now I wish to prove an effective version of the Lebesgue
differentiation theorem. To simplify the geometry I will use the unit torus T¢ (identified with [0,1)?) and the
Lebesgue measure A. The argument for [0,1]? is similar. First, recall the Lebesgue differentiation theorem.
Here A, f(x) is the average of f over the ball B(z,r),

fB(w,r) f(y) dy
Arfl@) = A B(z,r))

Fact 4.7 (Lebesgue differentiation theorem, see [49]). Given an integrable function f on (T, \),

ot 1) — £ dy

A(B(z, 1)) =0 (QaezeT)

(4.2) Arlf = f(@)] (z)

In particular,

A, f(x) — f(x) (A-ae xzeT?).

The points x for which the limit holds are the LEBESGUE POINTS of f.

If, instead of averaging over balls, we averaged over dyadic sets, the Lebesgue differentiation theorem
would be the dyadic Lebesgue differentiation theorem of Fact [£.1] However, the full Lebesgue differentiation
theorem is a geometric theorem. The theorem concerns the simultaneous convergence of overlapping balls
(or cubes). Moreover, if the balls or cubes were replaced by, say, ellipses or rectangles of arbitrary aspect
ratio, the theorem would not hold. The main idea behind any proof of the Lebesgue differentiation theorem
is to restrict one’s attention to a disjoint set of cubes (or balls). The classical proof does this through Vitali’s
covering lemma (see [49]). Here I use an alternate method of Morayne and Solecki [35], which uses martingale
theory and a useful geometric lemma.

Ift = (t1,...,tq) € T and Q C T, define t + Q = {t + z | z € Q}, i.e. Q rotated in each ith coordinate
by t;. Let By denote the set of dyadic cubes of measure (2_’“)(1. Define B, = {t+Q | Q € By}, i.e. translate
the dyadic cubes by the vector t € T¢. Let I}(z) be the unique element of B that contains z. The next fact
and lemma show that it is enough to consider convergence along dyadic cubes and finitely many shifts.
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Fact 4.8 (Morayne and Solecki [35, Lemma 2|). Let z € T¢. Consider a cube Q = x + (—6,6)% such that
0<6<27%/3. Then Q C Use— 10,174 Ti(2).

Proof sketch. The main idea is that any interval of length 2§ where § < 27%/3 must either be contained in
a dyadic interval of length 27%, or in a dyadic interval shifted by 27%/3 in either direction as this picture
shows.

2—k

2~k 2 3

]

T
]
T

Then notice a dyadic interval of length 27% shifted by 27%/3 is also a (different) dyadic interval of length
2% shifted by 1/3. O

Lemma 4.9. Let x € T¢ and f € L' (T% \) (such that f is pointwise defined at x). Then the following are
equivalent.

(1) Arlf = f(2)| (z) — 0 (i.-e., x is a Lebesgue point of f).
2) 3t Josio [F8) — F(@)|dy — 0 for Qs(a) = o + (~5.8)".
(3) ﬁ fQi fly) — f(z)|dy — 0 for any sequence of cubes Qo 2 Q1 2 ... where (), Q; = {x} (the
sequence need not be computable).
4) 5t o ) — Sl dy —— 0 for all t € {~4,0, )"
(1) through (4) also hold when T¢ is replaced by [0, 1]<.

Proof. We will show (4) implies (2) implies (1). The other equivalences are standard results that follow
similarly. Their proofs are left to the reader.

For (2) implies (1), pick r > 0 and let § = r. Then A(B(xz,r)) = A(Qs)/C for some constant C' depending
only on the dimension d, and

B fB(m,T) If(y) — f(z)|dy <cC. an |f(y) — f(z)|dy
- \B(z,1)) = Q) '

For (2) implies (1), pick § > 0 and let k& be such that 27%/3 > § > 27571 /3. Then \(Qs(z)) > A(I}(x))/34
for all t € {—%, 0, %}d. Therefore, by Lemma

S lfw) = @)l dy
Jos@ f (W) = f(@)dy _ el o) T

(4.3) Arlf = f(@)] (x)

(44) YORE) B NCRE)
I ) = f@ldy ity 1) = F(@) dy
< A (I (x)) /34 =3t ) A (I (x)) - U

te{—$.0.4} te{-}.0.4}

Theorem 4.10 (Effective Lebesgue differentiation theorem). Given f € L, (T% \),
B fB(w,T) |f(y) — f(z)|dy
a A(B(z,7)) r—0
with an effective rate of a.e. convergence r(6,¢). Hence A, f — [ effectively a.e.
r—
Further,

Arlf = f(@)] (2) (A\-a.e. x € T?)

Arlf = f(@)] () P 0 (on Schnorr random x).
rT—r

Hence, all Schnorr randoms are Lebesgue points of ]7 and A, f(x) —0> f(x) on Schnorr randoms x. These
r—

statements also hold when T? is replaced by [0, 1]%.
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Proof. Combining inequalities (4.3) and (4.4) in the proof of Lemma we have for 27%/3 > r > 2-(k+1) /3

h
that f]t($)|f(y)7f(x)|dy
0<Alf = f@)(x)<C- Y : A (IE(z))
te{—2,0,1} r

for some constant C' depending only on the dimension of d. Using Proposition with f(y —t) in place of

f(y), we have that
f[,tc(x) [f(y) — f(2)|dy 0
A (I} (x)) k—o00

with an effective rate of a.e. convergence for each ¢ € {—%, 0, %}d Hence, by the squeeze theorem (Proposi-
tlonh' A lf— f(2)] (2) — 0 with an effective rate of a.e. convergence. The result for Schnorr ran-
r—r

domness follows by a similar argument. (Note that if h(y) := f(y—1t) for a computable ¢, then E(y) = f(yft)
by Proposition

For [0,1]%, just use the same argument (as for T?), but also adjust for the error near the boundary (which
is straightforward, although somewhat tedious). (Il

Remark 4.11. Setting aside computational concerns, this proof of the Lebesgue differentiation theorem is very
similar to the standard proof. The key differences are that this proof uses Lemmal[£.9to handle the geometric
concerns while the standard proof uses the Vitali covering lemma, and we use Kolmogorov’s inequality to
show convergence, while the standard proof uses the Hardy-Littlewood maximal lemma. The effective proof
of Pathak et al. [40] indeed follows the usual proof. For another method to handle the geometry see Brattka
et al. [§].

4.3. Corollaries to the Lebesgue differentiation theorem. From the effective Lebesgue differentiation
theorem (Theorem , we have the following corollaries. Note that all of these have “dyadic” versions on
2N as well.
Let A be a measurable set on and x € [0,1]%. We say z is a POINT OF DENSITY of A if
A(AN B(xz,r))
A(B(z,r)) r—0

Then we have the following well-known corollary to the Lebesgue differentiation theorem.

1.

Fact 4.12 (Lebesgue density theorem). Let A be a measurable set. Almost every x € A is a point of density.

Corollary 4.13 (Effective Lebesgue density theorem). Let A be an effectively measurable set in [0,1]7.
Every Schnorr random in A is a point of density.

Proof. Assume z is in A and is Schnorr random. By Definition 14(z) = 1. The rest follows from the
Lebesgue differentiation theorem (Theorem [4.10) applied to 1 4. O

For the next application of the Lebesgue density theorem, if A, B are subsets of R then denote A+ B :=
{r+y]|z€Aye B}, and similarly for A — B.

Fact 4.14 (Steinhaus, see [48]). Let A and B be measurable subsets of R with positive Lebesgue measure and
let x and y be points of density of A and B, respectively. Then A+ B contains an open neighborhood around
x +y. Therefore, if A has positive Lebesgue measure, then A — A contains an open neighborhood around 0.

Corollary 4.15. Let A, B C [0,1]¢ be effectively measurable with positive measure. If x € A and Yy € B are
Schnorr randoms, then there is an open neighborhood in A+ B around x + y.

Proof. By the effective Lebesgue density theorem (Corollary , z and y are points of density. Apply

Steinhaus’ theorem (Fact [4.14)). O
A function h: [0,1] — R is said to be ABSOLUTELY CONTINUOUS if it is of the form F'(z) = [ f(y) dy+F(0)

for some integrable function f. It is clear that absolute continuity implies continuity. We have yet another
corollary to the Lebesgue differentiation theorem.

Fact 4.16 (Lebesgue, see [49]). An absolutely continuous function F is differentiable a.e. with derivative
d

LF=fa.e

dx
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We say F is EFFECTIVELY ABSOLUTELY CONTINUOUS if the derivative f is L!-computable. (This is
equivalent to being a computable point in the Banach space (AC[0,1], ||| ) where |F|| s = |f(O)|+] f]l 51
See [I8].) If F is effectively absolutely continuous, then it is computable (by the computability of integration).
However, not every computable and absolutely continuous function is effectively absolutely continuous. This
follows from this next corollary combined with the example of Brattka, Miller, and Nies [§] of a computable
absolutely continuous function which is only differentiable on Martin-Lof randoms (which are a proper subset
of the Schnorr randoms).

Corollary 4.17. Assume z € [0,1] is Schnorr random and F is effectively absolutely continuous, hence
F(x) = fom f(y)dy + F(0) for all z for some L*-computable f. Then F is differentiable at z with derivative

%Fh:z = f(2).
Proof. 1t suffices to show
Flett) - F() _ LI 0dy 5

ti tl 1—>00

for any decreasing sequence ¢; — 07 (and the same for any increasing sequence t; — 07). Letting Q; = [z, t;],
this becomes

Jo, f)dy 7
z )
)\(Q,L) i—00
which follows from the stronger result
Jo, [f(w) = f(2)| dy 0
By item (3) in Lemma this is equivalent to z being a Lebesgue point of f—which z is by the effective
Lebesgue differentiation theorem (Theorem [4.10)). O

Variations of Corollary are given in Corollary Theorem and Corollary Further, in
Section [T2], I will give an example showing that Corollary characterizes Schnorr randomness.
Related to absolutely continuous functions is the following theorem about Radon-Nikodym derivatives.

Fact 4.18 (Radon-Nikodym, see [49]). Let p1 be a probability measure on [0,1]%. If pu is absolutely continuous
with respect to A (i.e. AN(A) = 0 implies u(A) = 0 for all Borel-measurable A), then there is a A-a.e.

unique integrable function d—’;, called the RADON-NIKODYM DERIVATIVE or DENSITY, such that for all Borel-
measurable sets A,
(W= [ Y
= | —(x)dz.
K L dX

Fact 4.19 (See [49]). Let p be a probability measure on [0,1]? that is absolutely continuous with respect to

A. Then (Bl.r))
w(B(x,r dp
—_— —— —(z A-a.e. ).
A(B(z,r)) r—0 d)\( ) )
Given a computable measure p, absolutely continuous with respect to A, say that g is COMPUTABLY
NORMABLE relative to A if and only if g—’; € Liymp(N). (See [28, 27| for an equivalent characterization of
computably normable using norms.)

Corollary 4.20. Let p be a computable probability measure on [0,1]? that is absolutely continuous with
respect to \, and computably normable relative to X. Then

p(B(z,r)) dp
W o 5(95) (on A-Schnorr random x).

Proof. Since p is computably normable relative to A, we have Z—‘; € Liomp

(A). So then

d —
M(B(l‘,?")) _ fB(z,r) 7&(‘2;) dzx dﬁ(x)
ANB(z,7))  MNB(z,r)) r—0 d\
on Schnorr randoms z by the effective Lebesgue differentiation theorem (Theorem [4.10)). O
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An extension of Corollary to signed measures is given in Theorem In Section [I2] I will give an
example showing that Corollary characterizes Schnorr randomness.

I end this section with an application to effective harmonic analysis. Rescale T to be [0,27) and here 4
will denote /—1. Let f € L*(T — C) be a complex-valued integrable function on T. Let {f(j)};ez be the
complex-valued FOURIER COEFFICIENTS of f, that is

)= 5= [ 50 ar

Then f can be approximated by the following complex-valued trigonometric polynomials o,,(f) (arising from
the Fejér kernel)

1 . a £l ijT
on(f)(x) = > fh)e
n+1 .

k=0j=—k
We have the following theorem of Lebesgue. (Note the definition of Lebesgue point naturally extends to

complex-valued functions.)
Fact 4.21 (Lebesgue, see [30]). If x € T is a Lebesgue point of f, then o, (f)(z) = f(z) as n — .

To given an effective version, note that f is computable in L'(T — C) (with a suitable choice of test
functions) if and only if both its real and imaginary parts are computable in L!(T — R). It is worth noting
that f (j) is computable in C uniformly from f and j (use the facts in Proposition and that e~ is
bounded and computable), and that o, (f) is a computable complex-valued function uniformly in f and n.

Corollary 4.22. If f € L.,,,,(T = C) and x is Schnorr random, then o, (f)(x) — f(z) as n — oo.

Proof. By the effective Lebesgue differentiation theorem (Theorem 4.10|) = is a Lebesgue point of both the
real and imaginary parts of f. Therefore x is also a Lebesgue point of f. The rest of the corollary follows
from Fact [£211 O

5. MARTINGALES IN COMPUTABLE ANALYSIS

The remainder of this paper is devoted to the effective convergence properties of martingales and appli-
cations thereof. This section develops the theory of martingales in computable analysis.

So far, we have only used dyadic martingales on 2V, i.e. functions M: 2<% — R that satisfy M (c0) +
1M(o1) = M(0). As motivation, one may represent a dyadic martingale as a sequence of functions, M, (z) =
M(z | n) for z € 2V. This alternate notation is the common one used in probability theory and it allows
for a much more general class of martingales. We will define what it means for a martingale in this more
general sense to be computable.

Throughout this section, fix an arbitrary computable probability space (X, u).

5.1. Conditional expectation. An important concept in probability theory is that of conditional expec-
tation. Recall that a o-algebra is a collection of sets closed under complement, countable intersection and
countable union. The collection B of Borel sets is a o-algebra. We will only consider sub-g-algebras of B, and
we will only consider them up to p-a.e. equivalence. (Two o-algebras F,G are pu-A.E. EQUIVALENT if every
A € F is u-a.e. equivalent to some B € G, and vice versa. For example, a o-algebra with only measure 0 and
measure 1 sets is equivalent to the trivial o-algebra {&, X}.) Hence every o-algebra should be understood
as a collection of equivalence classes of measurable sets.

An important type of c-algebra is one generated by a finite partition P = {Qo,...,Qr—1} of X (ie.
Uf;ol Qi = X p-a.e.). Given such a finite partition P, and given f € L'(X, i), the CONDITIONAL EXPECTA-
TION E[f | P] € L' (X, i) is defined by

k-1 fdx
EUI¢L=§:€ZQ0-1@~

i=0

We may leave E[f | P](x) undefined when = € @Q; and p(Q;) = 0, as we only wish to define E[f | P] as an
a.e. equivalence class. Notice that E[f | P] is a step function constant on each @;, and so I will sometimes
abuse notation and write E[f | P](Q;) := ﬁ /. 0: f dp where convenient. Below, and throughout the paper,

E[f | P](z) will mean § where g = E[f | P].
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Proposition 5.1. Let P = {Qo,...,Qr-1} be a finite partition of X into effectively measurable sets, and
let f be an L'-computable function. Then the following hold.

(1) E[f | P] is L*-computable uniformly from (the names for) f and P.
(2) The value E[f | P](Q:) is computable from f and Q;.
(3) E[f | Pl(z) =E[f | P](Q;) assuming x € Q; and = is Schnorr random.

Proof. Ttems (1) and (2) are straightforward. For (3), assume z is Schnorr random and z € Q;. Then,
w(Qi) > 0. By Definition 1Q = 1. Moreover, 1¢,(x) = 0 for j # i (since, by Proposition
QZ N Qj Q, NQ; = &= @) Then, by Proposition we have

_ _k71fijd:c __ _fQifdx_ '
E[f\P](x)—gm'l@(x)—m—E[f|73](Qz)~ U

The definition of conditional expectation can be extended to any o-algebra. The CONDITION EXPECTATION
E[f | F] is the a.e. unique function E[f | F] € L'(X, ) such that [, E[f | F](z)du(z) = [, fdu for all
measurable A € F. (Alternately, E[f | F] can be defined directly using the Radon-leodym derivative.) If
F is the o-algebra generated by a partition P, then E[f | F] = E[f | P] u-a.e. The following facts about
conditional expectation will be used quite often (sometimes without reference).

Fact 5.2 (See [14, 54]). Assume f,g, fn € LY(X, ), and F, Fi, Fo are o-algebras.
(1) E[f | F] is F-measurable.

(@) [EIf | F] () dx = [ f(x)ds

(3) If f is F-measurable, then E[f | F] = f a.e.

(4) (Tower pmperty) If 71 C Fy (as o-algebras), then E[E[f | Fo] | Fi] = E[f | F1] a-e.

(5) If [|g(z)f(z)|dx < co and g is F-measurable, then Elgf | F] =g -E[f | F] a.e.

(6) (Lmeamty) E[af+g | Fl=aE[f | F]+E[g | F] a.e.

(7) If f < g ae., thenE[f | F]<E[g | F] a-e.

(8) (Conditional Jensen’s inequality) |E[f | F]| < E[|f|| F] a.e. (or replace |- | with any convex func-

tion).
(9) If F1 C F2 (as o-algebras), then |[E[f | Filll 2 < |ELf | Folll o < |Ifll;2 (also for the L?-norm).
(10) (Conditional Fatou’s lemma) E[limsup,,_,.. fn | F] > limsup,,_, . E[f. | F] if there is some g € L'
such that f, > g for all n.

5.2. L'-computable martingales. A FILTRATION (Fg) is a chain of o-algebras Fo C F; C .... We say a
filtration (Fj) CONVERGES to the o-algebra F, written Fj, T Foo, when Foo = o (IJ, Fi). One example of
a filtration is a chain of increasingly fine partitions. The only filtration we will use by name is the filtration
generated by the chain of partitions (By) where, on 2N, By = {[7] | |7| = k}, and on T? or [0,1]%, By is the
set of dyadic cubes with side length 27%. Tt is clear that By, 1 B, where B is the Borel o-algebra.

A MARTINGALE adapted to a filtration (Fy) is a sequence of integrable functions (Mj) such that My, is
Fir-measurable and

(51) E [Mk—i-l ‘ .Fk] = Mk a.e.

Assuming the filtration (Fj) is given by a sequence of partitions (Py), then My is constant on all Q € Py.
We then may write M (Q) for My (z) where x € Q .

Example 5.3. Every dyadic martingale M: 2¥ — R is equivalent to a martingale (M}) on (2N, )\) with
respect to the filtration (By), and vice versa, under the translation My(z) = M(z [ k). It is easy to see
condition (|5.1)) is equivalent to

M(a0)u(00) + M(o1)pu(ol) = M(o)u(0).

In algorithmic randomness, it is customary to assume the martingales are non-negative. We do not make
that assumption here.

Martingales are useful for their well-behaved convergence properties. Also, they have a natural interpre-
tation in terms of gambling. In general, F is the information known to the gambler at time k, and My, is
the capital of the gambler at time k following a betting strategy given by M.
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It is not necessary to refer to a specific filtration when talking about martingales. Any martingale (M})
is also a martingale with respect to the filtration (Fj) where

k
Fr=0(My,...,M}) =0 <U {M7'(A)|Ae B})
1=0

i.e. the minimal o-algebra with respect to which My, ..., M}, are measurable. (In the definition of o(My, ..., M),
it is sufficient to replace B with any countable generator of B.) Hence (M) is a martingale (with respect
to some filtration) if and only if E[Myy; | Mo, ..., Mg] = My (where E[Mg11 | Mo, ..., M| is defined as
E[Mp11 [ o(Mo, ..., My))).

We say a martingale (Mj) is an L'-COMPUTABLE MARTINGALE if (Mj) is a computable sequence of
L'-computable functions.

Last, we mention the general form of Kolmogorov’s inequality (compared with Fact which extends
Markov’s inequality (Fact . We will use it quite often.

Fact 5.4 (Kolmogorov’s inequality, see [54]). For a martingale (My), and n,m € N,

M| 11
u({m EX’ maX] | My ()] 25}) < w

ke[n,m €

6. THE LEVY 0-1 LAW AND UNIFORMLY INTEGRABLE MARTINGALES

6.1. Some martingale convergence theorems. Assume in this section that (X, u) is a computable prob-
ability space. Consider the following class of martingales.

Example 6.1. If f € L1(X,u) and (F) is a filtration, then E [f | F¢] is a martingale on (Fy) by Fact
. In the case that X = 2N, T? [0,1]%, then the sequence f*) from the Section is equal to E[f | B].

Fact 6.2 (Lévy 0-1 law, see [14, 54]). Given a filtration (Fy) such that Fy t Foo and f € L', then
E[f [ Fl PR E[f | Fs] (L' and a.e.).
c— 00

Therefore, if [ is Foo-measurable, then E[f | Fs| = [ a.e. and
E[f | Fi] —= (L' and a.e.).
—00

In this section I give an effective version of the Lévy 0-1 law.

Theorem 6.3 (Effective Lévy 0-1 law). Let (Fi) be any filtration with limit Fs. Assume f € Ly,
E[f | Fi] is L*-computable uniformly in k, and E[f | Fs] € L Then

comp*

E[f | Fk - E(f | Foo] (effectively L* and effectively a.e.).
— 00
Hence, by Lemma[3.19,
E[f | Fi] (2) = E[f | Fool (2) (on Schnorr random z).
—00

To prove this theorem, we will rely on the following characterization of martingales which converge in
the L'-norm. A martingale (M},) is called UNIFORMLY-INTEGRABLE if it satisfies either of the following
equivalent conditions.

Fact 6.4 (see [14]). If (My) is a martingale on the filtration (Fy) the following are equivalent.

(1) (My) converges in the L*-norm.
(2) There exists f € L' such that My, = E[f | Fi] a.e. for all k.
(3) The sequence of functions (My) is uniformly integrable, i.e.

| M| dji —— 0.
C—o00

S
gp~/{z€X| | M (2)|>C}

(Condition is will not be used in this paper.) By the Lévy 0-1 law, every uniformly-integrable martingale
has a limit. By Fact the effective Lévy 0-1 law (Theorem follows from the next lemma.
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1

Lemma 6.5. Assume (My) is a uniformly-integrable, L'-computable martingale with limit My, € Liomp-

Then
M;, — My, (effectively L' and effectively a.e.).
— 00

Hence, by Lemma|3.19, My(z) —— Mao(2) for Schnorr randoms z.

k—o0

1
Proof. Since we know that, My kL—> M, and since M., M}, are uniformly L'-computable, we can find
c— 00

a subsequence (Mkj) such that for all j > ¢ we have ||Mkj — My, < 27% The subsequence converges
effectively in L' and a.e. (Proposition [3.15)).
First, we show convergence in the L'-norm. Fix i. Notice that Ny := (My — My,) is a martingale for
k > k;. (This is easy to verify using conditional expectation facts (Facts and the fact that My, is
5.2

F,-measurable.) The L'-norm of the martingale (N}) is nondecreasing (Facts[5.2)) and hence for any j > i,

It

(6.1) max ]||Mk — My, || < ||My, — My, ||, <27

kE[ki k;
Since i and j are arbitrary, this shows (M,,) is effectively Cauchy in the L!'-norm.

To show effective a.e. convergence, again fix ¢ and use Kolmogorov’s inequality (Fact|5.4)) on the martingale
Nk = (Mk — Mk7) to get

. My, — My, .

o —i/2 H k; killpt —i/2

(6.2) I ({x kerfllf?ﬁi] | My (x) — Mg, (x)] > 2 }) < —miz <2 .

Since i and j are arbitrary, this shows (M,,) is effectively a.e. Cauchy. |

Remark 6.6. Notice in the case that X = 2N T9 [0,1]% and My = f*) (as in Section , then Lemma
follows from the effective Lebesgue approximation theorem (Proposition (L' convergence) and the
effective dyadic Lebesgue differentiation theorem (Proposition (a.e. convergence).

If the martingale is L?-computable and L?-BOUNDED, i.e. supy, || My ;2 < oo, then it is sufficient to know
the L2-bound instead of the limit. (This is not true of the L' case.)

Fact 6.7 (See [14]). Assume (My) is an L*-bounded martingale. Then (My) is uniformly-integrable, has a
limit My, in the L?>-norm (and L*-norm), and supy, | M|z = || Mso|| 12 -

Corollary 6.8. Assume (My) is an L?-computable martingale with limit Mo, and with computable L*-bound
b=supy |Mg||;2 = |Msl|/z2. Then

M;, — My (eff. L2 eff. L', eff. a.e.).
— 00
Therefore, My, is L?- and L'-computable (uniformly from (M) and b), and Mk(z) - Moo(z) for
—00
Schnorr randoms z.

Proof. The space of L2-functions is a Hilbert space and the conditional expectation f — E[f | F] is a
projection onto the space of F-measurable functions [I4]. Therefore, by the Pythagorean theorem, for k > j,

2 2 2 2
1M, — Ml = [ Millze — 1172 < 6% = [M]17 -

Since the L2-bound b is finite and computable, this implies effective convergence in the L?-norm and hence
in the L'-norm as well. Hence the limit is L'- and L?-computable (uniformly from (M) and b). Since (M)
converges in L', the martingale is uniformly-integrable (Fact . The rest follows from Lemma ]

This gives the following variation of Corollary

Corollary 6.9. Let F': [0,1] — R be a computable function which is also absolutely-continuous with deriva-
tive f = L F. Assume that || f|| 2 is computable. Then f is L?-computable (uniformly from F and || f|12),
F s effectively absolutely continuous, and F' is differentiable on Schnorr randoms.
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Proof. For any non-dyadic real z € [0,1], let 2 [ n denote the binary expansion of z truncated at the nth
bit and let 0.z | n denote the corresponding dyadic rational. Then

d F(@2" . — F(0.

4 pie) = lim (27" 4+ 0.z [ n) (Ox[n).

dx n—oo 2—n

The term under the limit is an L?-computable martingale as follows. If f is the derivative of F, then
F2" +0.(z [ n) = FO.(x [ n)) _ S £ 97

9-n - 9-n
where f(")(z) is the martingale defined in Section (see Example [6.1)).

1
F and n since it is a test function. We know f(™ L f (Fact .
n—oo

=" (x)

Each (") is L2-computable from

Since || f]|z2 is computable, by

Corollary the derivative f is L2-computable and F is effectively absolutely continuous. The rest follows
by Corollary .17} O

In Section I will give examples showing that the theorems of this section characterize Schnorr ran-
domness.

7. MORE MARTINGALE CONVERGENCE RESULTS

7.1. Martingale convergence results. A martingale (M) is said to be L'-BOUNDED if sup,, | M| ;. < oc.
The Lévy 0-1 Law above is a special case of the following theorem.

Fact 7.1 (Doob’s martingale convergence theorem, see [14, [54]). If (My,) is an L*-bounded martingale, then
My, converges pointwise a.e. and in measure to an integrable function.

Example 7.2. If a martingale is uniformly-integrable or nonnegative then it is L'-bounded. Indeed, given
a uniformly-integrable martingale (M}), there is some f € L! such that My = E[f | Fx] (Fact and
ELf | Felll oo < NIl (Facts[5.2). For a nonnegative martingale (Mjy), we have (using Facts that

Ml = [ Mo = [ B Foldu= [ Mo =10

While martingale convergence in general is not effective, it can be under certain circumstances. We have
already seen the case when the martingale is uniformly-integrable.

Unlike uniform integrability, being merely L!-bounded only implies pointwise convergence, not conver-
gence in the L'-norm.

Example 7.3. Consider a doubling strategy, whereby the gambler bets all his capital on at each stage until
he loses. The limit of his capital is almost-surely zero, but the martingale is nonnegative, so the L'-norm
stays constant and does not converge in the L!-norm.

Now I consider the case when (M) is a nonnegative singular supermartingale. A SUPERMARTINGALE
(Mpy) is an ADAPTED PROCESS, i.e. M}, is Fj-measurable such that E[My,q | Fx] < My, for all k. (A suB-
MARTINGALE (M) is the same except E[My11 | Fi] > Mj.) Notice, every martingale is a supermartingale
(and submartingale). A supermartingale (M}) is SINGULAR if My (z) = 0 a.e.

Lemma 7.4. Let M be a nonnegative L' -computable singular supermartingale. Then Mj, ;——% 0 effectively
— 00

a.e., and hence (by Lemma|3.1 Mk(z) P 0 for all Schnorr randoms z.
—00

Proof. By Fact My, = 0 in measure. Hence we can effectively find a subsequence (k;) such that

—00
(My,) converges rapidly the metric dy,eqs (Fact , namely
dimeas(My,;,0) = [[min {| My, |, 1}|, < 27y,
Fix i. Since My, is nonnegative, it follows by Markov’s inequality (Fact [A.2]) that

(7.1) u({x |0 < My, (z) < 1}) <1—270FD,
=:C;
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The set C; in o(My,), and hence C; € Fy, for any filtration (Fj) to which (M}) is adapted. For k > k;
let Ny := 1¢, M. The following calculation shows that (Ny) k>k, 18 still a supermartingale adapted to (Fr):

E [1C,iMk+l | .Fk] = leE[Mk+1 | ]:]g} S 1Cij a.e.

(Intuitively what makes Ny a supermartingale is that on C;, the process (Ny) behaves as the supermartingale
(M), and on the complement of C;, the process (Nj) is the constant zero supermartingale.) The L'-norms
of nonnegative supermartingales decrease, and therefore for all k£ > k;,

I1e, Millpx < 1o, Myl 2 < min(My,, 1)]] . < 270D,

Kolmogorov’s inequality (Fact also holds for nonnegative supermartingales, and therefore for j > 4

n({s

Call this set A;. Then

u({s

As i and j are arbitrary, My — 0 effectively a.e. (]

) 9—(i+1) )
—(i+1)/2 —(i+1)/2
whax o, () My (z) > 2 }) < s <2 .

o Mylo) > 272 L) < (4 4+ (1= u(©) < 27
clki,kj

Our goal, however, is to show any martingale converges effectively a.e. if the L'-bound and the limit are
known. To prove this, I will use two complimentary martingale decompositions. In this next decomposition,
M ,j denotes the nonnegative part of the martingale decomposition, whereas [Mj]" will mean max(Mj, 0)—
and similarly for M, and [M]~. (Whereas (M,") is a martingale, ([M}]") is only a submartingale.) Also,
for a martingale N = (Ny), denote | N||,,1 = supy, || Nkl 11

Fact 7.5 (Krickeberg Decomposition, see [9, Chapter V, Section 4]). Let (M) be an L*-bounded martingale
with respect to the filtration (Fy). Then there are two nonnegative martingales (M;") and (M, ) such that
such that M = M,j — M, a.e. for all k, and || M|, = 1M 1My = ||M,;"||L1 + HM,C_HL1 for
all k. Further, this decomposition is a.e. unique; M, = sup,, E[[M,]* | F] a.e.; M,” = sup,, E[[M,]~ | F]
a.e.; limg_ oo M,:r = [limy, My|* a.e.; and limy_,oo M,~ = [limy, M)~ a.e.

Fact 7.6 (Uniformly Integrable/Singular Decomposition, see [9 Chapter V, Section 4]). Let (My) be an
L-bounded martingale with respect to the filtration (Fy) and let Mo, = lim,, M,,. Then there is a uniformly-
integrable martingale (M) and a singular martingale (M;) such that My = M§ + M a.e. for all k.
Further, this decomposition is a.e. unique; M*" = E[My | Fi] a.e.; Mg = E[My — M | Fi] a.e.; and
M|l pp = ||Mi3||M1 + HMﬁlHMl'

Remark 7.7. To make the decompositions computable, we need the filtration to be computable. The filtration
(Fi) can be represented by the sequence of operators f — E[f | Fi] from L' to L'. Say that (F) is
COMPUTABLE if f + E[f | %] is a computable operator from L' to L! uniformly in k. If (Py) is a computable
chain of computable partitions, where Pyi1 is a refinement of Py, then the corresponding filtration is
computable. Assuming the filtration (F) is computable, the above decompositions are computable using
the L'-bound || M|, and the limit M, respectively, as follows.

Proposition 7.8 (Effective Krickeberg decomposition). Let (My) be an L'-computable martingale with
respect to a computable filtration (Fi). Then the Krickeberg decomposition (M,!), (M ) is computable from
(My), (Fi), and the L*-bound | M || ;1. Further, the limits limy_, oo M," = [Mso])™ and limy,_, oo M, = [Mo]™
are L'-computable from the limit M.

Proof. We wish to compute M, = sup,, E[[M,]* | F¢] and M, = sup,, E[[M,,]~ | Fi]. Note that E[[M,]" |
Fi] is L'-computable from n, k, and (F), since the filtration is computable. To show each supremum is
L'-computable, fix € > 0 and k. Then choose n > k such that

|[EIM]| Fal o+ ([EIM] ™ | Fi

g > IMllar —
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Since M," > E[[M,,]T | F] and M,” > E[[M,]~ | F] for all n, we have
M = E[Ma]T | Fll[ o+ Mg = E[Ma]™ [ R,
= Ml + 1M oo = ([EOMI | il + [EOM) | )
< Ml = |[EIMa]* | Fol + E[[Ma]™ | Fill| 0 <e

Hence M, lj and M, are L'-computable uniformly in k.
To compute the limits, just use that fact that [M.]* and [My ]~ are L'-computable from M. O

Proposition 7.9 (Effective Uniformly Integrable/Singular Decomposition). Let (M},) be an L'-computable
martingale with respect to a computable filtration (Fx). Then the decomposition (M), (M}) is computable
from (My,), (Fi), and the limit M. Further, the L'-bound |M*||,;, = || M|y — HM‘“ = ||M|ln —
|Moo |1 is computable from || M|, .

Oy

Proof. Since the filtration is computable, M = E[M, | F] is computable in the L!'-norm uniformly from
My, k, and (Fy). Then Mg = M), — M{** is computable in the L'-norm. To compute || M*]|,,, just use that

MY = || Myl ;1 is computable. O
A7)y = 1Mol p

In the martingale convergence results so far, there have been no computability requirements on the
filtration (Fj). We can continue to work without specifying the computability of the filtration. The trick is
to approximate M by a different martingale whose filtration is given by a chain of partitions.

Proposition 7.10. Let M be an L'-computable martingale (resp. supermartingale, submartingale). There
is a computable martingale (resp. supermartingale, submartingale) N adapted to a computable chain of
computable partitions (Py) such that for all k, Py, C o(Mo,...,My) and |[Ny — M|/, < 27k If M is
nonnegative, then so is N. Further, if M is a martingale or nonnegative submartingale, then sup,, || M, || =
sup,, || NnllL:-

Proof. The main idea is to take each o-algebra in the canonical filtration Fy, = o(My, ..., M) and approx-
imate it with a finite sub-o-algebra, i.e. a partition Py C Fj.

For each k, let Ty: (X,u) — R**l be the map Ty = (Mo,..., My). Recall that o(My,..., M) =
o(Tx) = o({T;;*(B) | B € C}) where o(C) is generates the Borel sigma algebra on the push forward
measure space (RF1 11, T}). Recall that p,T) is computable (Proposition and therefore we can take
C = Basis(R*! 11, T},) as in Lemma Let {BF}; be a computable enumeration of Basis(R**1 u,Ty).
Then by Proposition {T, ! (Bf)}lk is a computable double sequence of effectively measurable sets which
generates o(Mo, ..., My). That is, if QF = {T;7'(BE),..., T, (BF,)}, then 0(QF) 1t o(My,..., My).

71— 00

By the Lévy 0-1 law (Fact , E[M | QF L—1> M. Since each E[M}, | Q¥] is L'-computable from i
1—> 00

and k, find some 45, such that |E[M} | ka] — MkHL1 < 27k, Define Py, = ka and Ny, = E[M}, | Pi].
If M is a supermartingale, then N is as well. Indeed, by two applications of the tower property (Facts|[5.2),

E[NkJrl ‘ Pk] = E[E[Mk+1 | Pk+1] | Pk] (deﬁnition of Nk+1)

= E[My11 | Pi] (tower property)

=E[E[Mj+1 | o(Mo, ..., My)] | Pkl (tower property)

< E[Mj, | Py (M is a supermartingale)

= Ny (definition of Ny).
If M is a martingale, or submartingale, the same argument works.

In general, ||Ngllp: = ||E[Mk | Prlllrr < ||Mg||rr which is just a property of conditional expectation

(Facts[5.2). Moreover, ||| Mg||r1 — [|[Ngl 21| < |[My — Ng|z1. If M is a martingale or nonnegative submartin-
gale, then || M| is increasing and hence sup,, | Ng || = sup,, || Mk||x- O

Theorem 7.11. Let M be an L*-computable martingale with computable L' -bound || M| ,,1 and L*-computable

limit M,,. Then My ;—> Mo effectively a.e., and hence, by Lemma |3.19, My(2) ;—> Moo (z) for all
—00 — 0

Schnorr randoms z.
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Proof. Let N be as in Proposition [7.10} Since |Ny — M|, < 27% for all k, (N — My,) - 0 effectively
a.e. It follows that M —> M. effectively a.e. if and only if Vg —> M, effectively a e

Since N is a martmgale Wlth respect to a computable sequence of partltlons N is effectively decomposable
(Proposition into a uniformly integrable part N* and a singular part N*. We know N m Mo
converges effectively a.e. by the effective Lévy 0-1 law (Theorem [6.3)).

Since | M||,;: is computable, then so is |[N°||,,1. Therefore, N° can be effectively decomposed (Propo-
sition into two nonnegative L!'-computable singular martingales N°* and N°~. By Lemma
N —— 0 and N;~ —— 0 effectively a.e.

k—o0 k—o0

Putting this all together we have that Nj, = N¥¢ + NJ& — N7~ k—> M effectively a.e. O
—00

In Section I show that Lemma (and hence Theorem [7.11)) characterizes Schnorr randomness.

8. SUBMARTINGALES AND SUPERMARTINGALES

Recall from the previous section, a sequence (Xj) of integrable functions is a submartingale (resp.
supermartingale) adapted to a filtration (F,) if Xy is Fj-measurable for all k, and E[Xy41 | Fr] > Xi
(resp. E[Xp11 | Fi] < Xj) for all k.

It can be show that L!'-computable, nonnegative submartingales and supermartingales converge effectively
a.e. when their L'-bounds and limits are known. The proofs are different for each.

Theorem 8.1. Let (X,,) be a nonnegative L*-computable supermartmgale whose limit Xo is L' -computable.
Then X,, —— Xo effectively a.e. and, by Lemma |3.19, X, (z) — Xoo(2) on Schnorr randoms .
n— oo

(Instead assuming X,, is nonnegative, we may assume that X, > Z for some integrable function Z.)

Proof. As in the proof of Theorem we may use Proposition to assume, without loss of generality,
that X, is adapted to a computable filtration. By the fact that (X,,) is a supermartingale, the fact that X,
is nonnegative (or bounded from below by an integrable function Z), and the conditional Fatou’s theorem
(Facts [5.2), we have

Then we have a nonnegative, L!-computable supermartingale Y,, = X,, — E[X., | F,,] which converges to 0
a.e. But Y,, converges to 0 effectively a.e. by Lemma Also E[X o, | F,] converges effectively a.e. by the
effective Lévy 0-1 law. Putting them together completes the proof. ([l

For the submartingale case, I first use an effective version of the monotone convergence theorem.

Proposition 8.2 (Effective monotone convergence theorem). Assume f, is an nondecreasing sequence of
L!-computable functions. Also assume sup,, | fr] | \ is finite and computable. Then f, — —sup, fn effectively

in the L'-norm and effectively a.e. By Lemma |3 fn — sup,, fn (or equivalently sup,, fn = sup,, fn) on
Schnorr randoms.

Proof. Find a subsequence (ny) such that (sup,, [|fallz1) — | faell2 < 277 Fix k. By monotonicity, || f, —
foullor < 27% for all n > nyg. Also, by monotonicity, Markov’s inequality, and the monotone convergence

theorem,
H ({Sup [fr = fril > 2k/2}> = u ({ <Supfn> — frn > 2’*“/2})
n n
[ supy, frn — fallre
- 2—k/2
_ sup || fnllpr — Hfﬂk:HLl o—k/2
o 9—k/2 :
Since k is arbitrary, this gives effective convergence in L' and effective a.e. convergence. O

I also use an effective version of Doob’s decomposition theorem.
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Fact 8.3 (Doob decomposition, see [54]). Let (X,,) be a submartingale with respect to (F,). Then there is a
martingale (M,) with respect to (F,) and a PREDICTABLE PROCESS A, (i.e. An41 is Fp, measurable) such
that Ag =0 and X,, = M,, + A,,. Moreover, this decomposition is a.e. unique; Apt1 — Ap = E[ X1 — X |
Fnl; and A, is nondecreasing.

Proposition 8.4 (Effective Doob Decomposition). If (X,,) is an L*-computable submartingale and (F,,) is
a computable filtration, then the Doob decomposition is effective.

Proof. Tt is enough that E[X,, 11 — X, | Fy] is L'-computable from the parameters. ]

Theorem 8.5. Let (X,,) be a nonnegative, L' -computable submartingale such that the L*-bound sup,, || Xy || 1
is computable and the limit X, is L'-computable. Then X,, —— X effectively a.e. and X, (x) —

n—oo n— oo

Xoo(x) on Schnorr randoms .

Proof. With out loss of generality, the filtration (F,,) is one of partitions (Proposition the same argu-
ment holds for submartingales). Then decompose X,, = M,, + A,, as in the effective Doob decomposition
(Proposition . Notice that 0 < A,, < X,, using induction on the formula for A,,, hence both (M,,)
and (A,) are nonnegative. Recall, also that ||A,]|;. is nondecreasing in n since (M,) is a martingale, and
[|An |1 is nondecreasing since (Aj) is nondecreasing. Hence

sup [ Xallpr = sup (1Mol s + [ All,) = (sup MnnLl) T (sup ||An||L1)

Since each term is lower semicomputable and sup,, || X, is computable, both sup,, || M,,|| ;. and sup,, ||An]| ;.
are computable.

Moreover, let Xoo, Moo, A be the limits of (X,,), (M,), (4,), respectively. Clearly, Xoo = Moo + Aco.
Notice X is L'-computable by assumption, and A, is L'-computable by the effective monotone convergence
theorem (Proposition . Hence My, is L'-computable. Therefore, the convergence of (M,) and (4,)
is effective a.e. using the effective convergence theorem for martingales (Theorem and the effective
monotone convergence theorem (Proposition . Convergence on Schnorr randoms follows similarly. ]

In Section I will show these theorems characterize Schnorr randomness.
These theorems are both require a lower bound and are not as general as they could be. We leave the
following open problem.

Problem 8.6. Let (X,,) be a nonnegative, L!-computable submartingale (or supermartingale) such that the
L'-bounds sup,, || X,||;: and inf, || X,| ;. are computable and the limit X, is L'-computable. Does (X,,)
converge to X, effectively a.e.? What if || X,,||1: is computable? What if the rate of convergence of | X, ||
is computable?

9. MORE DIFFERENTIABILITY RESULTS

In this section we will explore some more differentiability-type results. The results follow from Sections [f]
and[7] In some cases, we only sketch the details.

9.1. Signed measures and Radon-Nikodym derivatives. Signed measures are (informally) measures
that may assign positive or negative mass to sets. A signed measure v has a total variation norm ||v||,,
that represents the sum of both the positive and negative mass. If u is a positive measure on [0,1]¢ (i.e. a
measure that gives nonnegative mass to every set), then |ul|;, = p([0,1]%). We will only consider finite
signed measures, i.e. where |||, < co. The (finite) signed measures can be characterized by the Riesz
representation theorem as follows. We will use this as our definition of SIGNED MEASURE.

Fact 9.1 (Riesz representation theorem, see [49]). There is a one-to-one correspondence between (finite)
signed measures v on [0,1]¢ and bounded linear functionals T: C([0,1]%) — R, namely each T is the in-
tegration map f — [ fdv of a signed measure v. Further, ||v||p is equal to the operator norm ||T| :=

supsec o)) [THI/ 11l -
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Definition 9.2. A signed measure v is said to be COMPUTABLE if the corresponding functional 7}, is com-
putable (i.e. [ fdv is computable uniformly from f )E

Remark 9.3. If T, is positive (i.e. T,(f) > 0 when f > 0), then v is a POSITIVE MEASURE and |[v||;, =
T,(1j0,1)¢), which is computable from T,. A little thought reveals that the positive, computable signed
measures are precisely the computable measures of Definition Similarly, the positive, computable signed
measures with norm one are precisely the computable probability measures.

Recall that A denotes the Lebesgue measure. In this next fact, which extends Fact [4.19] v-a.e. means
outside a measurable set C' such that v(B) = 0 for all measurable B C C.

Fact 9.4 (Radon-Nikodym theorem and decomposition, see [49]). Given a signed measure v on [0,1]%, there
is a A-a.e. unique, A-integrable function f and a v-a.e. unique, A-null set D such that for all measurable sets
A,

V(A) = / Fdr+ V(AN D).
A
The function f is the RADON-NIKODYM DERIVATIVE dv/dA.

Fact 9.5 (See [49]). Let v be a signed measure on [0,1]¢. Then
B

v(B(z, 7)) dv

A B(z,r)) r—0 dA

When v is a nonnegative absolutely continuous measure, Fact [0.5] is equivalent to Fact which is a

version of the Lebesgue differentiation theorem (Fact . An effective version of Fact will be given in
Theorem [9.12] but first consider the “singular” case where dv/dX = 0.

() (A-a.e. x).

Lemma 9.6. If u is a positive measure on [0,1]? such that du/d\ = 0 then

w(B(x,r))
NBz,r)) o0 "

effectively a.e. and for all A-Schnorr randoms x.

Proof sketch. Without loss of generality we may work on (T?, \). By modifying the argument in Lemma
it is enough to show on A-Schnorr randoms z that

(I ()
A

for all t € {—%,O7 %}d However, u(I},(x)) may not be computable, which happens when the boundary of
the cube I},(z) has positive mass. To handle this, replace If(z) by I/**(x) (that is the dyadic cube shifted
by ¢ + s that contains z) for some computable vector s € [0, 1]%, such that u(I;"*(z)) is computable for all
keNandallte {f%, 0, %}d. One can show, by a diagonalization argument, that there is such an s.

Fix such an s. It is enough to show that

p(I." ()

NI () T

We have M} (x) := p(I57%(x))/A(I}7°(x)) is a nonnegative, singular, L'-computable martingale for each
te {f%, 0, %}d. The statement of the lemma follows from Lemma ]

To effectivize Fact 0.5 in its full generality, I will use two decompositions, which are analogies to the
martingale decompositions in Section [7}

131 general, the norm |[|v||py, is only lower semicomputable, so the space of signed measures is not a computable Banach
space. The representation I am using implicitly uses the weak-* topology (or topology of pointwise convergence) on the space
of bounded linear functionals of C([0,1]). That is the minimal topology for which each T, is continuous. The unit ball in this
topology is metrizable and one could alternately use this fact to classify the computable signed measures as the computable
points in the corresponding computable metric space.
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Fact 9.7 (Lebesgue decomposition, see [13]). Given a signed measure v on [0,1]%, there is a unique
decomposition of v into two signed measures Vq. and vs (the absolutely continuous part and the singu-
lar part, respectively) such that v = V4o + Vs; Vae(A) = fA(duac/d/\) d\; and dvs/d\ = 0. Further,
[Vl py = IVacllpy + 1vsllpy 5 if £ and D are as in the Radon-Nikodym theorem (Fact[9.4)), then dva./d\ = f

and for all measurable A,

VQS(A):/Afd)\ and vs(A) =v(AND).

Recall, the notation [f]* = max{f,0} and [f]” = max{—f,0}.

Fact 9.8 (Jordan decomposition, see [13]). Given a signed measure v on [0,1]¢, there is a unique decom-
position of v into two signed measures vt and v~ such that v = vt —v™, |Vl = v ey + 1V 7y

Further dv™t /d\ = [dv/d\]T, dv™ /dX = [dv/d\]~. .
Denote |v| = v + v~. The Jordan decomposition is related to the Hahn Decomposition.

Fact 9.9 (Hahn decomposition, see [13]). Given a signed measure v on [0,1]%, there is a unique partition of
[0,1]¢ into measurable sets N, P such that vt (A) = v(ANP) and v~ = v(ANN).

Here are effective versions of the Lebesgue and Jordan decompositions.

Proposition 9.10 (Effective Lebesgue decomposition). Let v be a computable signed measure on [0,1]% such
that dv/dX is L*-computable. Then the Lebesgue decomposition Vg, vs is computable. Further, ||Vac|lqy, and
lvs|| v, are computable from |[v|| -

Proof. Tt is easy to see that v, defined by v,.(4) = [ 4 [ d\, is a computable signed measure where f is the
L'-computable Radon-Nikodym derivative. Then define v, 1= v — vqe.
Notice ||Vacllpy = [ £l 15 50 [|Vsllpy = W]y = Vacllpy is computable when ||v|| ;. is computable. [

Let v be a computable signed measure on [0,1]¢ such that ||V is computable. Then the Lebesgue de-
composition v, v~ is computable. Further, if dv/d) is L'-computable, then the Radon-Nikodym derivatives
dvT Jd\ = [dv/d\]" and dv= /d)\ = [dv/dN]~ are L'-computable. (Further, P and N are effectively measur-
able in the probability measure |v|/||v|Tv.)

Proof. The proof is very similar to Proposition [7.8 Using the total variation of v, the Riesz representa-
tion, and the fact that computable functions are dense in C([0,1]?), we can effectively find a computable
function f: [0,1]¢ — [—1,1] such that ||v||zy — [ fdv < e for any . This function approximates the Hahn
decomposition 1p — 1. Notice for any computable ¢: [0,1]? — [0, 1], we have by nonnegativity,

[ewt = [o-intar = [onrart — [o-(tar = o111 av
and similarly [pdv™ > [ —¢ - [f]”dv. Then we have

'/@df—/w[f]*civ +‘/s@dv‘—/—sﬁ-[f]‘dv
—[e-a-nat - [o-qspart
< [a-nat - [aspat 122y

:/d|u\f/fd1/§5.

Hence v and v~ are computable from ||v||7y and v. Moreover, this shows that 1p — 1y is L!-computable
in |v|/||v|lrv and therefore P and N are effectively measurable.
If dv/d) is L'-computable, then so are [dv/d\]" and [dv/d)\]~ (Proposition . O

Theorem 9.12. If v is a computable signed measure such that ||v||rv is computable and dv/d\ is L*-

computable, then
V(B(xv T)) dv .
XB(z,1) o dh (effectively a.e.)
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and N
B
v(B(z,r)) dv
A(B(z,r)) r—0 dA
Proof. By the effective decompositions (Propositions and |9.11) decompose v into v = v+, +v +v;
(the order of the decompositions does not matter). Then

() (on Schnorr random x).

I/:_(B(JJ,’I“)) V;(B(],‘7r))
A(B(z,r)) r—0 0 and AB(z,r)) r—0 0 (dae.)
and
V;rc(B(x,T)) dv + VJC(B(.T,T)) v~
XB(z,7)) r—0 [dJ and NB(.r) 150 [dJ (M-a.e.).
Apply Lemma [9.6] and Corollary [£:20] respectively. .

Remark 9.13. An alternate proof would be to prove the following stronger version of Fact [0.5] Since signed
measures form a vector space, denote a - v for the signed measure given by scaling v by a € R. Also by |v|
we mean the positive measure v + v~. One can show that
v — (@) - A| (B(a.r))

AB(@,) 0
We could decompose this effectively into [v — 9% (z) - A| = |vae — % (2) - A| + v + v The first term can
be handled by the same proof as the effective Lebesgue differentiation theorem (Theorem [4.10), and the last
terms can be handled using Lemma [9.6]

0 (Mae.).

In Section I give some examples which show the theorems of this section characterize Schnorr ran-
domness.

9.2. Functions of bounded variation. A function f: [0,1] — R is of BOUNDED VARIATION if there is
some bound b such that for all finite sequences 0 = ag < ay < ... < ar = 1 we have

Z |f(aiv1) — flar)| < b
i<k

The smallest such b is the TOTAL VARIATION (NORM) of f and is written V(f). We have the following fact.

Fact 9.14 (See [13]). FEvery function on [0,1] of bounded variation is differentiable almost-everywhere, and
the derivative is integrable.

Since every absolutely continuous function is of bounded variation, Fact implies Fact [£.16]

There are a number of approaches to represent functions of bounded variation and their differentiability
using computable analysis. The simplest approach is to only consider computable functions of bounded
variation [8]. However, not all bounded variation functions are continuous.

The most general approach is to consider functions defined on a computably enumerable, countable, dense
subset of [0,1]. Then instead of differentiability we will consider pseudo-differentiability. This approach has
been used in both constructive mathematics [B [10] and computable analysis [32] [8, 29].

Definition 9.15. Let {a,}nen be a uniformly computable dense sequence of distinct reals in [0, 1] with
ap =0 and a3 = 1. Let f: {an}tnen — R be a function. We say f is COMPUTABLE if f(a,) is uniformly
computable from n. Define the TOTAL VARIATION of f as follows where the supremum is over finite sequences
Upg < .. < ap, I {an}nen.

V(f)= sup Z | flait1) — fas)

ang<...<an i<k
Let « € (0,1). Then define the PSEUDO-DERIVATIVE of f at x as
- . f(b) — f(a)
9.1 D = 1 —_r -~
©-1) A N

where the limit is over all a,b € {ay, }nen such that @ < x < b. Say f is PSEUDO-DIFFERENTIABLE at z if the
limit converges.
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Proposition 9.16. All functions f as in Deﬁnition such that V(f) < oo are pseudo-differentiable for
a.e. x € (0,1), and the derivative is an integrable function.

Proof. Just extend f to a total bounded variation function g by setting

g(z) _ {f(x) HARS {an}neN .

lim f(z) (a € {an}nen) otherwise
a—x—
(This limit exists since V(f) < oo.) Then apply Fact O

Consider these examples of functions of bounded variation.

Example 9.17. Assume g: [0,1] — R is a computable (and hence continuous) function of bounded variation.
Assume {ay, }nen is as in Definition Let f = g | {an}nen (i-e. the restriction of g to {ay,}nen). Then
fi{an}tnen — R is computable (as in Definition and of bounded variation. Moreover, V(f) = V(g)
and the derivative % g is equal to Df for all z € (0,1).

Conversely, assume f: {ap}neny — R is a computable function of bounded variation with a continuous
extension g and that V(f) is computable. Assume that f can be extended to a continuous function g: [0,1] —
R (i.e. f =g | {an}nen). Then g is a computable function (uniformly computable from V(f) and f). (The
modulus of continuity is computable from the variation. See Lu and Weihrauch [32].)

Remark 9.18. One could also consider L'-computable functions of bounded variation, as well as functions
of the form f(z) = v(]0, z]) for some computable signed measure v. However, it requires some care to work
with these types of functions and I will not do so here.

Theorem 9.19. Let f: {an}nen — R be computable (as in Definition [9.15). Assume V(f) is computable
(and hence finite) and the derivative F := Df is L*-computable. Then f is pseudo-differentiable on all
Schnorr randoms. Further

f(b) — f(a)

b—a (b—a)—0

F (a,b€ {an}nen, a <z <D).

converges effectively a.e., and Df (x) = F(z) on Schnorr randoms .

Proof sketch. Follow the arguments of Section Replace the norm |[|v||,, with the total variation norm
V(f); positive measures with increasing functions; the Radon-Nikodym derivative with the pseudo-derivative;
absolutely continuous measures with absolutely continuous functions; singular measures with functions of
derivative zero; and the Lebesgue/Jordan decompositions with their corresponding versions for functions of
bounded variation. See [29] for an effective version of the Jordan decomposition for functions of bounded
variation. (]

Corollary 9.20. Let g: [0,1] — R be a computable function of bounded variation. Assume V(g) is com-
putable and the derivative G := %g is L'-computable. Then g is differentiable on all Schnorr randoms.
Further the derivative converges effectively a.e. to G, and %gh:z = G(z) on Schnorr randoms z.

Proof. Use Theorem and Example [0.17] O

In Section I give some examples which show the theorems of this section characterize Schnorr ran-
domness.

10. THE ERGODIC THEOREM

There has been a great deal of interest in the effectivity of the ergodic theorems, both in terms of rates
of convergence and randomness. In this section, I briefly summarize the results for Schnorr randomness.

Fact 10.1 (See [51]). Let (X, u,T) be a measure-preserving system. Define A, f = L3, foT. Let Inv(T)
be the o-algebra of T-invariant sets. Then A, f — f* :=E[f | Inv(T)] a.e. and in the L*-norm. If f is L2,
then convergence is in the L*-norm as well. If Inv(T) is TRIVIAL (E[f | Znv(T)] = [ fdu for all f), then
the system is said to be ERGODIC and A, f — f* = [ fdp.

This next theorem is a combination of results from a number of authors. I use techniques from this paper
to fill in a few gaps not explicitly in the literature.
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Theorem 10.2. Let (X, u,T) be a measure preserving system where (X, ) is a computable probability space
and T: (X, pu) = (X, p) is an effectively measurable measure-preserving map.

(1) If f is L'*-computable and the limit f* is L'-computable, then A, f — f* both effectively in L' and
effectively a.e. Hence vaf(z) — }v*(z) on Schnorr randoms z. In particular, the system is ergodic
or if E[ - | Znv(T)] is a computable operator on L' — L1, then f* is L'-computable and the results
in the preceding sentence hold.

(2) If f is L?-computable and || f*| ;2 is computable, then f* is L*-computable and A, f — f* effectively
in the L?-norm, the L'-norm, and effectively a.e. Hence E,Tf(z) — }v*(z) on Schnorr randoms z.
In particular, if the system is ergodic or if E[ - | Znv(T)] is a computable operator on L?> — L2, then
| f*|| 2 is computable and the results in the preceding sentence hold.

(Hoyrup [23] mentions that E[ - | Znv(T)] is a computable operator on L* — L' if and only if the ergodic
decomposition x v+ i, is effectively measurable (layerwise computable). The same is true of L?.)

Proof. The first sentence of (1) follows from Avigad, Gerhardy, Towsner [2] and Galatolo, Hoyrup, Rojas
[22] in the case that the system is ergodicE The Galatolo et al. proof also holds in the non-ergodic case by
replacing [ fdu with the L'-computable limit f* [personal communication with Hoyrup and Rojas|. The
first sentence of (2) follows from Avigad, Gerhardy, Towsner [2].

The part about Schnorr randomness follows from Lemma (see also [211, [40]). O

A Martin-Lof random version of this next corollary can be found in Bienvenu, Day, Hoyrup, Mezhirov,
and Shen [3]. The proof is the same. It is a generalization of Kuc¢era’s theorem.

Corollary 10.3. Assume T is an effectively measurable, ergodic, measure preserving action on (X, u) and
A is an effectively measurable set. Then for all Schnorr randoms x, there are infinitely-many k such that
TF(z) € A.

Proof. By Theorem Ly hen lg(fk(x)) — p(A) > 0. Hence, there are infinitely many k such that
T*(z) € A. O

Corollary 10.4 (Kucera’s theorem for Schnorr randomness). If C C 2N is a closed set of positive measure
and x € 2N is Schnorr random, then some tail of x is in C.

Proof. In the previous result, let T be the left shift map (T'(0x) = T'(1x) = x) and let A = C. O

11. BACKWARDS MARTINGALES AND THEIR APPLICATIONS

In this section, I discuss backwards martingales. Unlike “forward martingales” and ergodic averages,
backwards martingales have not before been used before in algorithmic randomness. However, like forward
martingales and ergodic averages, they are a powerful tool.

The definition of martingale can be extended to any linearly ordered (or partially ordered) index set I.
Namely, (F;);c; is a FILTRATION if F; C F; for any i < j, and (M;);.; is a MARTINGALE adapted to (F);c;
if each M, is F;-measurable and E[M; | F;] = M, for any ¢ < j. If the index set I is the nonpositive
integers, then we say M is a BACKWARDS (or REVERSE) MARTINGALE, often written (M_g) to denote that
the martingale is backwards. As opposed to “forward martingales”, backwards martingales always converge
a.e. and in the L'-norm.

Fact 11.1 (See [14]). Let (M_y) be a backwards martingale adapted to the filtration (F_i) and let F_o =
N F—k- Then M_j, — M_o =E[M_q | F_oo] both in L' and a.e.

We have the following analog of Theorem [6.5] and Corollary [6.8]

Theorem 11.2. Fiz a computable probability space (X, ).
(1) If (M_y) is an L'-computable backwards martingale, and the limit M_, is L'-computable, then

M_), — M_., converges effectively in the L'-norm and effectively a.e. Hence, M_k(z) — M_oo(z)
on Schnorr randoms z.

L5For Avigad et al. the measure preserving map 7T is “computable” if the corresponding operator f +— f oT is a computable
from L2 to L?. By Proposition this is the same as effectively measurable.

While the Galatolo et al. result is for a.e. computable T', the proof works for effectively measurable T" by the fact that if f
is L'- or L2-computable, then so is f o T' (uniformly from f and T') (Proposition .
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(2) If (M_y,) is an L*-computable backwards martingale, and |M_ | 2 = infg |M_g||12 is computable,
then M_;, — M_. converges effectively in the L?-norm and effectively a.e. Hence, M_o, is L?-
computable, and M_y(z) = M_x(z) on Schnorr randoms z.

Proof. In the L' case, the proof is basically the same as that of Lemma Since the limit is known, there
is an effectively convergent subsequence. Further, since the inequalities and only apply to finite
intervals of indices, they remain true for backwards martingales.
In the L2-case the argument resembles Corollary For any k € N, M_, = E[M_j | F—]- By the
Pythagorean theorem,
Mo = M_col[ 2 = [M_gll Lo = Mool > -

So M_;, = M__, effectively in L2. The rest follows from the L'-case. O

Remark 11.3. Theorem is analogous to both the effective ergodic theorem (Theorem and the
effective Lévy 0-1 law (Theorem [6.3)), as seen in Table 3] Note that all three theorems can be viewed as
taking place on structured probability spaces. The ergodic theorems takes place in a measure preserving
system (X, pu,T) with T effectively measurable, and the martingale theorems take place in a FILTERED
PROBABILITY SPACE (X, 11, (F,,)), where (F,,) is a computable filtration (Remark [7.7). In such a computable
system, a.e. convergence is computable when f +— E[f | §] is a computable operator for the limit o-algebra

Gg.

Ergodic averages Backwards martingales Lévy 0-1 law

Space (X, 1, T) (X, 1, (F=n)) (X, 1, (Fn))
Averages 5 g fOTE E[f [ Foy] E[f | Fal

Limit E[f | Zno(T)] E[f | F-so] E[f | Fool

Limit o-algebra Znuv(T) Fso Feo

“Nicest” system ergodic system F_oo is trivial Foo is Borel o-alg.

TABLE 3. Comparison of three convergence theorems.

Backwards martingales are quite useful. I will give three applications. The first application is a variation
of Kucera’s theorem for Schnorr randomness (Corollary [10.4). However, this version does not follow directly
from the ergodic theoretic Corollary [10.3]

Corollary 11.4. On (2V,)), assume A is effectively measurable and \(A) > 0. Then for all Schnorr random

x € 2V, there is some Schnorr random y € A such that y is a permutation of finitely-many bits of z. In
particular, if A is an effectively closed set of computable positive measure, then y € A.

Proof. Let F_,, be the sigma-algebra of sets invariant under permutations of the first n bits. Notice that
F_o2F-12...and that E[14 | F_,] = 5 > 14 0T where T: 2% — 2N ranges over permutations of bits
which permute only the first n bits. Hence E[14 | F_,,] is an L'-computable backwards martingale. Further,
F_oo =, F—n is trivial (i.e. all sets in F_,, are measure one or measure zero). Let x be Schnorr random.

By Theorem [I1.2]
1 ~ ~
> 15(T(@) = E[La | Fonl(@) —— ElLa | Focl(@) = MA) > 0.
T
Therefore, £, 3.1 7(T(x)) > 0 for some n, and, moreover, T'(z) € A for some T which permutes the first n
bits. O

Before giving the next two examples, recall the probabilistic mindset. For the remainder of this section
we fix a computable probability space (Q,P) as our sample space. We are not concerned with what this
space is. A measurable function X : (2,P) — R is called a RANDOM VARIABLE. Recall its DISTRIBUTION (or
PUSH-FORWARD PROBABILITY MEASURE) Py is a probability measure on R defined by

(11.1) /so dPx = E[p(X)]
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for any bounded continuous ¢: R — R. (This equation then extends to all ¢ € L'(R,Px).) Given a sequence
of random variables X = (X;);en, the joint distribution of X is the probability measure Px on RY given by
the equation

/(p dIPX = ]E[(p(Xo, e ,Xd_l)]

for any bounded continuous ¢: RY — R depending only on the first d coordinates.. In other words, one may
just think of (Q,P) as (RN, Px). Then X; just becomes the ith coordinate of RNE A sequence X = (X;) is
INDEPENDENT AND IDENTICALLY DISTRIBUTED (I.I.D.) if the joint distribution Px is the product measure
P i=p®p®--- where u = Px,. Equivalently, for all bounded continuous functions ¢: R? — R,

(11.2) E[p(Xo, -, Xa_1)] = /Lpdud.

Fact 11.5 (Strong law of large numbers, see [14]). Let (X;) be a sequence of i.i.d. integrable random variables
with partial sums Sy = Zf:_ol X;. Then Si/k — E[Xo] a.e. (and in the L*-norm).

Corollary 11.6 (Effective strong law of large numbers). Let (X;) be sequence of i.i.d. L*-computable random
variables with partial sums Sy = Zi:ol X;. Then S/k — E[Xo] effectively a.e. and effectively in the L'-
norm. Hence, Sy(w)/k — E[X,] on Schnorr randoms w.

Proof. 1t is known that M_j := Si/k is a backwards martingale adapted to the filtration F_x = o(Sk, Sg+1,...) =
o(Sk, Xi+1, Xkt2,...) [14, Example 5.61|. (F_g is the o-algebra of sets invariant under permuting Xy, ..., Xx_1.)
Clearly (M_j,) is L'-computable. By the strong law of large numbers, we know (M_;) converges to E[X],
and the expectation is a computable real number. Hence by Theorem Sk/k — E[Xy] effectively in the
L'-norm and effectively a.e. Hence, by Lemma Sj/k — E[X,] on Schnorr randoms. O

Remark 11.7. Taking (2, P) = (2V,)\) and X;(z) = z(i), the previous corollary implies that all Schnorr
randoms z have an equal density of 1s and Os—a fact which is well known. In Section[I2] I use an extension
of this fact to show that the strong law of large numbers characterizes Schnorr randomness. Corollary
could also be proved using the effective ergodic theorem (Theorem . Indeed, this is another similarity
between backwards martingales and ergodic averages.

Now, I consider de Finetti’s theorem. A sequence of random variables X = (X;) is EXCHANGEABLE if the
joint distribution of (Xo,..., Xq_1) is the same as that of (X,(),..., Xs(4—1)) for any permutation o. In
other words, the joint distribution Px is unchanged by permuting coordinates. De Finetti’s theorem says
that every exchangeable sequence is a convex combination of i.i.d. sequences.

Fact 11.8 (de Finetti’s theorem, see [I4,[19]). Every exchangeable sequence of random variables X = (X;) is
i.1.d. conditioned on some random measure . That is there is a (2, P)-measurable random map p: w —
where 1., is a probability measure on R, such that for any bounded continuous function p: R4 — R,

(11.3) Blo(Xor- . Xa) |1 @) = [ odid (P )

where B[ - | ] is conditioning on the least o-algebra for which the map w v i, is measurable. This random
measure w — i, called the DIRECTING MEASURE, is P-a.s. unique.
Moreover, the following a.e. convergence theorems hold. For every f € Ll(Rd,]P’XO),

k—1
1

(11.4) LY F(Xu(w) = E[(X0) [ 1] (@) (P-ae.w)

i=0
This can be extended to all f € L*(RY,Px, . x, ,) as follows.

1

(15) A = gy TS Xota) = B Koo Xa) 1) (P
where the average is over all ﬁ many injections o: {0,...,d—1} = {0,...,k —1}.

16This intuition also holds in computable probability. A probability measure p on RN is computable if and only if there is
a sequence X = (X;) of uniformly effectively measurable (even a.e. computable) random variables on (2N, \) such that u = Px
[45) (6]
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First, note the connection with the strong law of large numbers. If X = (X;) is i.i.d., then w — p,, is
constant. Therefore, the strong law of large numbers follows from equation ([11.4]) using f(x) = z. Second,
note the similarity between equations (11.5)) and the ergodic theorem.

Theorem 11.9 (Computable de Finetti’s theorem (Freer, Roy [19])). If X = (X;) is a sequence of exchange-
able random variables with computable distribution Py, then the distribution P, of the directing measure
is computable from Px and vice versa.

We now can show this effective a.e. convergence theorem.

Corollary 11.10. Let X = (X;) be a uniformly computable sequence of effectively measurable, exchangeable

random variables with directing measure . Then for all f € Liomp(]Rd,PXO,_“’del),

Ap(f) = E[f(Xo, ..., Xa-1) | 4]

both effectively a.e. and effectively in L'. Hence, for all Schnorr random w,

A(Nw) = E[f(Xo, -, Xa-1) | 1] ()
where
Z;(f) = m Z f(jza(Oﬁ e 7Xa(d71))'

Proof. Since X = (X;) is uniformly effectively measurable, the distribution Py is computable (Propo-
sitions and . Then by Theorem [11.9} the distribution P, is also computable. Also, for any
[ € LYRY Py, .. x, ), we have M_j = Ay(f) is a backwards martingale [I4, Chapter 5].

Let ¢: R? — R be a bounded computable function. Then M_j = A;(p) is an L?-computable backwards
martingale. By Theorem it is enough to compute the (square of the) L2-norm of the limit

2
cq. ((13)
IE[p(Xor- ., Xar) | e p ™ _-/</¢duw) 1P (w)

"8 (fow)

This last integral is computable since v ( Ik cpdu)2 is a computable map.
Hence we have proved the result for bounded computable : RY — R. For fe Lt (Rd,PXOW’del),

comp
take some ¢ which approximates f in the L'-norm, then

IE [p(Xo, - Xa1) [ W] = E[f(Xo, ... Xa—1) | 1]l 10, py
= H]E[((pi f)(X07"'aXd—l) | :Ll‘]”Ll(Q,P)
< e = HHXo, .-, Xa-ll 1 a,p)

Since the last term is uniformly computable, we can compute the limit E [f(Xo,...,Xq—1) | ] in the L1-
norm. By Theorem this completes the proof.
]

Example 11.11 (Pélya’s urn). Counsider an urn with one black ball and one red ball. At each stage k we
take a ball from the urn, then return that ball to the urn along with another ball of the same color. Let X},
be the color of the kth ball drawn (0 for red, 1 for black). It turns out the sequence of random variables
(Xg) is exchangeable. Let Sy = Zf:_ol X;. By de Finetti’s theorem the average Sy /k converges a.s., meaning
that the ratio of red balls to black balls approaches a limit a.s. Now suppose, Pélya’s Urn is modeled on a
computer such that the random variables (X}) are a.e. computable with respect to a uniformly distributed
random real z € [0,1]. Then if 2 is Schnorr random, the simulation of Pélya’s urn is guaranteed to converge
to a fixed ratio of red and black balls.

Remark 11.12. There are other computable aspects of the ergodic theorem that could be explored for de
Finetti’s theorem. For one, the map w — p,, is a form of ergodic decomposition. Hoyrup [23] has a number
of results about the computability of the ergodic decomposition. In particular, I suspect that the the map
T +— U, is effectively measurable. I also suspect Schnorr random points w satisfy the following “typicalness”
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property (similar to [21I]) for de Finetti’s theorem: for all bounded continuous (not necessarily computable)
functions ¢: R? — [0, 1], we have

lim A () (w) = / o dfit.
k—oo

Pursuing this, however, would take me too far afield.

12. CHARACTERIZING SCHNORR RANDOMNESS

In this section, I show that most of the effective a.e. convergence theorems in this paper are optimal in
that Schnorr randomness cannot be strengthened to another form of randomness. In other words, combined
with the effective a.e. convergence theorems in this paper, these examples characterize Schnorr randomness.
See Table [I] in the introduction for how to match these examples to the corresponding a.e. convergence
theorem(s).

12.1. Monotone convergence, the Lebesgue differentiation theorem, absolutely continuous func-
tions and measures, and uniformly integrable martingales.

Example 12.1. Fix (X,u) and let (U,,) be a Schnorr test. Consider the following function f. By Re-
mark we may assume (U,,) is decreasing, and also assume u(U, ) < 272" by taking a subsequence. Let
f=>, 1u,. The following calculation shows that f € L?

comp *

m—1 0o 0o 0o
TR SEVH I D OLT S S LTS SpTCals
n=0 L2 n=m L2 n=m n=m

(o9}

S Z 9 — 2—m+1
=m

Clearly, f(x) = oo if x is covered by (U,,).

This example is similar to the Schnorr integral tests of Miyabe [34]. This example will allow me to
characterize Schnorr randomness using the monotone convergence theorem, the Lebesgue differentiation
theorem, differentiation of absolutely continuous functions, differentiation of absolutely continuous measures,
and convergence of uniformly integrable martingales.

Theorem 12.2 (Example of monotone convergence). Let (U,) be a Schnorr test on (X,u). There is an
increasing sequence of bounded computable functions (f,) such that sup,, ||fullzz = oo and sup,, frn(z) = oo
for all x covered by (U,,).

Proof. Let f =73 1y, be as in Example Define g,, = >, ,, 1v,- We can find a computable f,, < g,
such that ||gn — fnllz2z < 27™ and sup,, f, = sup,, g» = f. Namely, by effective inner regularity (Proposition
3.22) find a closed set C,, C U, of computable measure such that (U — Cy) < 2~*+1. Then, using the

effective Tietze extension theorem [53] we can find a computable function hj < 1y, such that hy = 0 on Uf
and hy =1 on Cg. Then f, = Z,Kn h,, is as desired. O

Theorem 12.3 (Example of Lebesgue differentiation theorem). For any Schnorr test (U;) on ([0,1]%,\),
there is an f € L2, ([0,1]%,\) such that y [ dX — oo for all z covered by (U;). (This holds

comp

1
A(B(z,r)) fB(z,r
as well for T and for the dyadic version on 2N.)

Proof. Take the L?-computable f from Example Let x be covered by (U;). Then for each k, there

is some 1y such that B(z,r;) C Ug. Since (Uy) is decreasing, f(y) > k for all y € B(x,r;). Hence,
1 SN 1 —

W fB(I,T‘) fd)\ > k. Hence hmbupr_m W fB(m,T’) fdA = Q. ([l

Theorem 12.4 (Example of absolutely continuous measure). Let (U,) be a Schnorr test on ([0,1]%, X). There

is an absolutely continuous, positive measure p with L?-computable derivative a8 sych that MEET) o

dax AB(z1r) 0
for all z covered by (Uy,).

Proof. Take the L2-computable f from Example let 1 be defined by u(A) = [, fdX. The rest of the
proof is the same as the previous one. O
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Theorem 12.5 (Example of absolutely continuous function). Let (U,) be a Schnorr test on ([0,1],A).
There is an increasing, absolutely continuous, computable function F with L?-computable derivative such
that %Fb:z = o0 for all z covered by (Uy,).

Proof. Take the L2-computable f from Example Let F(z) = [, f(t)dt. Then F is computable,

increasing, and absolutely continuous. By the same argument as in Theorem %F |z=> = oo for all z
covered by (Up).

Theorem 12.6 (Example of a dyadic uniformly integrable martingale). Let (U,,) be a Schnorr test on (2N, ).
There is a nonnegative, computable, dyadic, uniformly integrable, martingale (My) with limit M, € L%omp
(and hence in L},,,,) such that My (x) — oo on all z covered by (U,).

Proof. Take the L?-computable f from Example Then let My = f*) = E[f | Bi] as in Example
This is a computable, dyadic martingale with limit M., = f. If = is covered by (U,) then My(z) — oo by
the same argument as Theorem O

In this next theorem, = € (X, u) is KURTZ RANDOM if it is not in any %9 null set. Every Kurtz random is
Schnorr random. All a.e. computable functions f are defined on Kurtz randoms, since the the domain of f
is a measure one IIJ set. Further, no Kurtz randoms are on the boundary of a ball in Basis(X, 11), since the
set of boundaries is a 39 null set. Therefore for each decomposition of X into finitely many cells, a Kurtz
random z is in the interior of one of the cells. See Rute [42], for more discussion.

Theorem 12.7 (Example of a uniformly integrable martingale). Fiz (X, ). Let (Uy,) be a Schnorr test. From
(U,) we can construct an a.e. computable, uniformly integrable, L?-computable (and hence L'-computable)
martingale (My) with limit Mo € L2, (and hence in L}, ) such that My(x) diverges for all Kurtz random
x covered by Uy,. (Since My, is a.e. computable, it is well-defined on Kurtz randoms.)

Proof. The idea is the same as the previous proof, except that one needs a “canonical filtration” for the space
(X, p). Recall the collection Basis(X, p) from Lemma which has an enumeration {B;}. Let Py be the
partition generated by {By,...,Br}. This generates a filtration o(Py) of X such that o(Py) 1 B(X) (the
Borel g-algebra).

Now let f be as in Example Let My = E[f | Pi] although we will define it in an a.e. computable
manner as follows. To compute M (x), just find the atom @ € Py that x is in, and then computing
ﬁ /. 0 fdu. This can be done for almost every x, namely all x in the interior of some @) € Py with positive
measure (all Kurtz randoms « have this property).

If z is Kurtz random and covered by (U,), then take the intersection of the first N many sets U,
that contain x. There is a ball B(x,r) in the intersection (since we are assuming the U, are decreasing).
Since Basis(X, p) is an effective basis, there is a computable sequence of sets {Q;} from |J, Py such that
B(z,r) = U, Qi p-a.e. If x is Kurtz random, then = € Q for some Q = Q; € P, for some k. Then we have
for all £ > k,

My(x) =E[f | Pe](z) Z E[N - 1q | P](z) = N - 1o(x) = N.
Hence My (x) oo O

12.2. Singular martingales, functions of bounded variation, and measures. Consider these two
examples of nonnegative, dyadic, singular martingales (the limit is zero) corresponding to a Schnorr test
(Up). The main idea is to bet when it looks like z is in another U,, and then to “bet away” the money back
down to zero. One puts all its mass (bets all its money) on a countable set of points. The other puts its
mass on a measure-zero set, without atoms.

Example 12.8 (Singular “atomic” martingale). Let (U,) be a Schnorr test on (2V,)\). Assume (U,) is
decreasing, and assume p(U,) < 27", Effectively partition U,, = J,,[0}%] (that is, a prefix-free representation
of Uy,). Let (0;); be a reordering of (07 ), m. If x is covered by (U,,) then x € [o;] for infinitely-many 7.

For each i, create a martingale as follows. For each i, let a; be the “midpoint” of [0;] (that is a; = ¢;100...).
Let b; = A(0;)/+/A(U,) for the n such that ¢; C U,. Then define a computable dyadic martingale M) as
the one that puts all its money on the point a; and has starting capital b;. That is, for each 7 € 2<%, define

MO (7) = {bi/)‘(ﬂ if a; € [7]

0 otherwise -
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It is easy to verify each M) is a computable, nonnegative, singular, dyadic martingale. Define M =
M (1), This is also a nonnegative, singular, dyadic martingale, and M is finite and computable since
S =3 AU/ VAU, <3°,27% and 3, b; is computable. If z is covered by (U,) then for every
n we have some i such that 2 € o; C U, and M(o;) > M9 (a;) = b;/N0;) = 1//NU,) > 2""/2. Hence
lim sup;, My (z) = 0.

This first example allows us to characterize Schnorr randomness by singular martingales, atomic measures,
and bounded variation functions consisting only of jumps.

Theorem 12.9 (Example of singular martingale). Let (U,) be a Schnorr test. There is a nonnegative,
computable, singular, dyadic martingale (My) such that limsup, My (z) = oo for all x covered by U,,.

Proof. Use the martingale in Example (or in Example [12.13| below). O

On ([0, 1]4, \) redefine Iy (z) to be the OPEN DYADIC SET containing z (in the absolutely continuous case,
it did not much matter if I (z) was open or half-open). Define Ij(z) as the corresponding closed set.

Lemma 12.10. Let pu be a computable positive measure on ﬁ. There is a corresponding computable positive
measure v on [0,1]% such that v(I(z)) < p(x | dk) < v(Ix(x)) for all vectors x with no dyadic rational
coordinates.

Proof. Let T: 2N — [0,1] be the (usual) computable map T'(x) = (yo,---,Ya—1) where y; = 0.z(i)z(d +
i)x(2d + 1) .. .. in particular, T~ (Ix(z)) & [z | dk] & T~'(Ix(x)). That is, the first d bits of 2 correspond

to the first bit of each coordinate in (z1,...,24). Define v as the push-forward measure of p along T, hence
v(Ii(z)) < p(z | dk) < v(Ir(z)). By Proposition [3.25, v is computable. O

Theorem 12.11 (Example of atomic, singular measure). Let (U,) be a Schnorr test on ([0,1]%,\). There

is an atomic, singular positive measure v such that limsup, % = oo for all z covered by (U,,).

Proof. Let (V,,) be a test on (2Y,\) which covers the points in 2V corresponding to the points that (U,)
covers in 2V, (Partition each U, into closed dyadic sets and replace each with the corresponding basic open
set [0].)

Let 1 be the computable positive measure on 2V associated with the martingale M in Example That
is, (o) = M(o)\(o). Notice that p is atomic. Let v be the computable positive measure on [0,1]? as in
Lemma v is still atomic. Without loss of generality, we assume in Examplethat lim sup;, Mgx(z) =
oo for the x covered by U,,. (Just require the o; to be of length dk for some k.) Then by Lemma[12.10], for all
x covered by (U,). We have limsup,, v(Ix(x))/A(Ix(x)) > limsup, My(x) = oo. By an geometric argument

similar to the proof of Lemma we have limsup,._,, % = 00. O

Theorem 12.12 (Example of bounded variation function with jumps). Let (U,) be a Schnorr test on
([0,1],N\). There is a nondecreasing function F' and a computable sequence of pairs of reals (a;, b;) such that
F(x) =3, <, bi (F only consists of jumps), V(F) = 3_;b; is computable, and d%F|Z:z does not exist for
all z covered by (Uy,).

Proof. Let a;,b; be from Example (except a; is now the corresponding real in [0,1]). Let v be the
measure from the previous example. Notice that each a; is an atom of v with weight b;. Hence, F(x) =
> a,<x bi = ([0, z]). By the previous proof, the derivative of F' does not exist at z covered by (U,). O

Now for the second example martingale.

Example 12.13 (Singular “continuous” martingale). Define o; and b; the same as in Example But
now, we want to put the mass on a set of points in [¢]. Define N as follows. If |7| < |o| then bet all the
money on o.

NO() bi/A(T) fT=<0
T) = .
0 otherwise
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If 7 is incomparable with ¢ then N (1) = 0. If 7 = o, then bet that the even bits are all 1s, ignoring the
odd bits. That is,

N (r0) = 0 |7| is even
| NO(7) 7| is odd

NO(r1) 2-NW(7) |7 is even
1) = . .
N@ (1) |7] is odd

This nonnegative dyadic martingale will almost surely converge to 0 and is therefore singular. Define M =
M (1), As before, M is computable. If z is covered by (Un), by the same argument as in Example
we have lim sup,, My (z) = oc.

Theorem 12.14. Let (U,,) be a Schnorr test on ([0,1]%,X). There is a continuous, singular, positive measure

w such that limsup,._,, ‘;ggz:g% = oo for all z covered by (Uy).

Proof. Follow the proof of Theorem [12.11] except use Example to get a continuous measure. O

Theorem 12.15. Let (U,,) be a Schnorr test on ([0,1],X). There is a continuous, nondecreasing function
F with zero derivative almost surely such that d%F|m:Z does not ezist for all z covered by (Uy,).

Proof. Let F(z) = v([0,z]) where v is the measure in Theorem [12.14] Therefore, the derivative of F' does
not exist for all z covered by (U,). O

12.3. Backwards martingales, the strong law of large numbers, de Finetti’s theorem, and the
ergodic theorem. Schnorr proved the following fact (which has been extended by Gécs, Hoyrup, and
Rojas), that shows each non-Schnorr random can fail to satisfy the law of large numbers.

Proposition 12.16 (Schnorr [44, Theorem 12.1|; Gacs, Hoyrup, Rojas [21]). If (U,) is a Schnorr test, then
there is an a.e. computable measure preserving transformation p: 2N — 2N such that for all x not covered by

(Un), if y = (), then limsupy, + 3., y(i) > 3.

This fact will allow us to use the strong law of large numbers, de Finetti’s theorem, backwards martingale
convergence, and the ergodic theorem to characterize Schnorr randomness on (2%, \).

Corollary 12.17. If (U,) is a Schnorr test on (2Y,\), then the following hold.

(1) There is a computable i.i.d. sequence of i.i.d. 0, 1-valued random variables (X;) such that + >
diverges for all x covered by (U,).

(2) There is a computable exchangeable sequence of a.e. computable random variables (X;) and a bounded
computable 1: R — R, such that + >, ¥(X;(x)) diverges for all x covered by (U,).

(3) There is a bounded a.e. computable backwards martingale (M_y) with a constant, computable limit
M_ o such that M_j(z) diverges for all x covered by (Uy,).

(4) (Gdcs, Hoyrup, Rojas [21]) There is a bounded a.e. computable function f: 2% — R and an a.e. com-
putable, ergodic, measure preserving T': 28 — 2N such that £ >, . f(T™(x)) diverges for all x covered

by (Un)-

Proof. Take ¢ as in Proposition Slightly modify ¢ so that %Zl <1 ¢(n)(7) diverges on all z covered
by (Uy,). (Just swap the Os and 1s whenever £ >, _, ¢(n)(i) > £ or < 2.)

For (1) and (2), let X, (z) be the nth bit of p(z). This sequence is i.i.d. (and therefore exchangeable).
For (2), also let 9 be the identity map.

For (3), let M_y = % > j<k X from (1). Recall from Corollary this is a backwards martingale with
limit 3.

For (4), Gacs, Hoyrup, and Rojas [2I] showed that ¢ can be constructed to have an a.e. computable
inverse. Set T = p o0 o ¢~ ! where o is the left shift map, and set f to be the first bit of ¢(z). Then
Ly en f(T™()) is equal to 4 > j<k Xk which diverges. O

i<k Xi(2)
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12.4. Convergence of test functions to 0.

Theorem 12.18. Let (U,) be a Schnorr test in (2V,X). There is a computable sequence (¢,,) of dyadic test
functions, such that ||on|lL2 < 27™ but imsup,, ¢n(x) = 0o on all x covered by (U,).

Proof. By Remark [2.10) E we may assume that A\(U,) < 2-("+2) We may also computably break up (U,,)
into a disjoint union of dyadic intervals U,, = J,,[o7;]. (For each n, the set {o},} be infinite or finite—it is
enough to know it is computably enumerable uniformly in n.) Then

>° (VVATD) - Mem) = 3 (1/VAT)) - AU) < 1

n,m
and the sum is computable. Renumber {o;}; = {0nm}n,m using a computable pairing function. Ef-
fectively partition the double sequence (0;); into finite sequences (ojk), Ti(k)+1,---»Ti(k+1)—1) such that

; k()r(kl) (1/\/ ) (0;) < 27% where i codes the pair (n,m) (break up the [o;] into smaller intervals if

needed).
Let ¢ = ;(k[),_(kl (1/4/A . By the pigeonhole principle, if z is covered by (U,,) then for each
n, pr(z) > n for infinitely many k O

Theorem 12.19. Let (U,) be a Schnorr test on (X, u). There is a computable sequence () of test functions,
such that ||¢nll2 < 27" but limsup,, pn(x) = 0o on all Kurtz random x covered by (Uy,).

Proof. The proof is the same as the previous one. Just replace dyadic intervals [o] with finite Boolean
combinations of Basis(X, ) from Lemma (Also, make the sets slightly larger to cover their measure-
zero boundaries.) O

Theorem 12.20. Let (U,) be a Schnorr test on (X, u). There is a computable sequence (fx) of computable
functions such that || fi|| 2 < 27F but limsupy fx(z) = oo on all z covered by (U,).

Proof. Take the test functions (¢y) from the previous two theorems. Approximate them with computable
functions fi as follows. For each [o] in ¢ (or the corresponding finite Boolean combination B of basis
elements), find a computable function h, such that on h, =1 on [o] and ||k, — 15|12 is sufficiently small.
This can be done by defining h, = 1 on [o] (or in the other case, on the closure B which has the same
measure), using effective outer regularity (Proposition to find an open set V' 2 [o] of similar measure,
defining h, = 0 on V¢ and then using the effective Tietze extension theorem [53] to extend this to a
computable function. O

Theorem 12.21. Let (U,,) be a Schnorr test on ([0,1]%,\). There is a computable sequence (py,) of rational
polynomials such that ||py| 2 < 27% but limsupy, px(x) = o0 on all x covered by (Uy,).

Proof. Take the computable functions (f,,) in the last theorem. Effectively approximate (f,,) by polynomials
using the effective Weierstrass approximation theorem [4I]. Since they are close in the uniform norm, they
are close in the L?-norm. O

APPENDIX A. PROOFS FROM SECTION [
A.1. Useful facts. The following set of calculations are straightforward, but useful.
Fact A.1. If f < g (a.e.), then
p{f >e} < pfg > e}
Also

p{fi+ fo > e+ e} <p{fi > e} + p{fo > e}
and

M{Zfi >Z€z} < Zﬂ{fi > i}

Also, recall Markov’s inequality and a useful variation for the metric d,,eqs-
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Fact A.2 (Markov’s inequality, see [48]). Assume f is an integrable function and € > 0. Then

ple 1712 e < Mler

Also given Y-valued measurable functions f and g and 0 < e <1,

plz | dy(f,g9) > e} = p{z | min{dy(f,g),1} > e} < dm%(f,g)

A.2. Integrable functions, measurable functions, and measurable sets.
Restatement of Proposition The measure of each cell of Basis(X, 1) is computable from its code o.

Proof. GivenacellC = AiN...NANB{N...NBy§, (where Ay,... Ay, Bi,..., By € Basis(X, u), that is balls of
null boundary), then C'is in between the effectively open and effectively closed sets A1N...NAp NBi'N...NBy
and A;N...NANB{N...N Bj which have the same measure. Since the measure of effectively open sets
is lower semicomputable and closed sets is upper semicomputable (Proposition , the measure of C' is
computable (uniformly from its code o). O

Proposition A.3. Let A be a set formed by combining elements of Basis(X, u) using finitely-many connec-
tives Boolean connectives U, N,¢ as well as the closure operator. Then u(A) is computable from (the code for)

A.

Proof. A finite Boolean combination can be decomposed into a finite union of pairwise disjoint cells (basically
disjunctive normal form). Since the boundaries of the cells have measure zero, the closure operator does not
effect the measure. O

A.3. Effective modes of convergence.

Restatement of Proposition (Modes of effective convergence). On a computable probability
space (X, 1), the following implications are effective—in that a rate of convergence for the latter is computable
from the former. (L* and L* only apply to real-valued functions.)

eff. L? eff. almost Q
1 uniform
eff. L i

\ 0

eﬁ Ameas

Schnorr

eff. conv in
measure

(1) The dotted arrow represents that if f; — [ with a geometric rate of convergence in the metric dpeqs,
e.9. Vj > i dmeas(fj, [) < 27%, then fi — f effectively almost uniformly.
(2) For the arrow going to “Schnorr”, see Lemma ,

PT‘OOf. (L2 — Ll — dmeas): USG that dmeas(fiaf) S Hf’L - f”Ll S ||fl - fHLZ'

(dmeas — measure): Assume n(e) is a rate of convergence in the metric dpeqs. 1 claim m(eq,e2) = n(eiez)
is a rate of convergence in measure (assuming 0 < € < 1). Indeed, for i > n(e1€2), dmeas(fi, f) < €162 and
by Markov’s inequality (Fact ,

pldy(fi, f) > e} <

(Measure — dieqs): Let m(e1,£2) be a rate of convergence in measure. I claim that n(e) = m(e/2,¢/2)
is a rate of convergence in the metric do,eqs. Indeed, for ¢ > m(e/2,e/2) we have that

dmeas(fi7f) = /mln{dY(fzvf)a]-}dN § ,LL{dY(fz,f) > 8/2} +€/2 § 5/2+€/2

(Almost uniform — measure): A rate of effective almost uniform convergence n(ei,e2) is also a rate of
convergence in measure since if ¢ > n(ey,e2),

dmeas(fiyf) €1€2

€1 €1

IN

= &9.

/i{dY(fi,f)>€1}<M{ sup dY(fiaf)>51}-

iZn(El,Eg)
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(1): Assume Vj > i dpeas(fj, f) < 27% Based on this rate of convergence in the metric dyeqs, the

E1E2

(2+v2)?
of almost uniform converge. Indeed, if n = —log, (ﬁ), by Facts and and the fact that
>iso 2742 — 2 1+ \/2 we have

rate of convergence in measure is n(ey,e3) > —logy(e162). I claim n(ey,e2) = —log, ( ) is a rate

7 {S;lp dy(fi,f) > 61} <pu ZdY(fzaf) > €1

i>n

2—i/2
<Z {dY fz+naf) 2+\/§'€1}

i>0
meas fz—i—nyf 2 (z+n
<Y TEE TS T
i>0 2+f "el i>0 2+f €1
_(2+v?) 22_1/2 2+f) L O
2”61 2neq

i>0

Restatement of Proposition Let (fn) and f be uniformly effectively measurable real-valued func-
tions.

(1) If fr. — [ effectively a.e.. and g, — g effectively a.e.., then f, + g, — [ + g effectively a.e..
(2) If fi — f7 effectively a.e.. (j € {0,...,k —1}), and g is computable with a uniform modulus of
continuity, then g(f0, ..., f*=1) = g(f°,..., f*=1) effectively a.e..
(3) (Squeeze theorem) Assume fn, < gn < hy, a.e. and that f, — g effectively a.c.. and h,, — g effectively
e.., then g, — g effectively a.e.

Further, in all cases the rates of convergence for the latter are computable from the former (in (2) use the
modulus of continuity for g). Indeed, we do not need to assume the functions are effectively measurable, just
that the rates of convergence are computable. The same results hold for continuous convergence, e.g. f. — f
asr — 0.

Proof. (1): Assume f; — f and g; — g with rates n(e1,e2) and n’(e1,3), respectively, of a.e.. convergence.

I claim m(eq,e2) = max {n (5, %), (5, %) } is a rate of almost uniform convergence for f; +g; — f + g.

Indeed, if m = m(e;, e2) then

u{sgp |(fi +9i) = (f +9)] >€1} <u{(s;1p | fi —f|> + sup |gi —gl) >61}
€1 €1 Sp)]
< R — P — < = = = .
_u{isilgfl f|>2}+u{is;1£|gl g>2}_2+2 €2

(2): Assume f/ — f7 with a rate of a.c. convergence n(e1,¢2). Also assume g: R¥ — R is a continuous
function with a computable modulus of continuity 6(e), that is for all zg,...,zx—1,%0,...,yk—1 € R.

k—1
Yolwy -yl <8e) = lgl@rwy) —glyr, ) < e
j=0
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Fix e1,e20 > 0. Let m = max;j« nj(‘s(zl),%). Then

u{sgp lg(f2 - Y =g Y] > 61}

Zsup 1] = 7] > 6(e1)

i>m

M,—/H

i<k
. o(e
< u{sup |f£—f|>(k1)}
i<k izm
€2
< - = &2.
Jj<k k

(3): Assume f,, < g, < hy ae. and f; — g and h; — g with computable rates of a.e.. convergence. Let
a rate of a.e.. convergence for f; — g be n(e1,e2). By part (2), a rate of a.e.. convergence n’(e1,eq) for
(hi — f;) — 0 is computable. We claim that g; — g with a rate of m(e1,e2) = max {n(%, ),n'(3, %)}
Indeed, for n = n(ey,e2), we have

wdsupli—al > e} <ufsow (18— al+ = ) > 1}

i>m

€1
<u{sup|fi—g|>2}+u{sup( fz)>} 5+5 £2.
i>m

i>m

As for continuous convergence, the proofs are the same. |
A.4. Convergence on Schnorr randomness.

Remark A.4. A SOLOVAY TEST FOR SCHNORR RANDOMNESS (U, ) is a computable sequence of effectively
open sets U, such that the sum ) u(U,) is finite and computable. (This follows when p(U,,) is computable
uniformly from n and p(U,) < 2™ or any other sequence with a finite sum.) If z € U, for infinitely-many n,
then say n is SOLOVAY COVERED by (U,,). Then « is Schnorr random if and only if it is not Solovay-covered
by any Solovay test for Schnorr randomness [I1} 2I]. (This is an effective version of the Borel-Cantelli
lemma.)

Lemma A.5. Suppose (v,) is a computable sequence of test functions which converge effectively a.e. to
f:+ X pu =Y.

(1) (Ezistence) The limit lim,_,o @n(x) exists on all Schnorr randoms .

(2) (Uniqueness) Given another sequence of test functions (¢y,) converging effectively a.e. to f,

lim ¢,(z) = lim ¢,(z) (on Schnorr random x).
n—oQ n—oo

Proof. First we show existence by showing that ¢, (z) is Cauchy for Schnorr randoms z. The main idea
is to break up the indices into finite intervals. Since the rate of effectively a.e. convergence is computable,
effectively choose ny so that

,u{ sup dy(@n, Pn,) > 2(}”1)} < 9~ (k+1),
n>ng

Our Solovay test for Schnorr randomness is

U = {x max  dy(pn(z), Pn, () > 2—(k+1)} .

nE[Nk,Ngy1]
Each set is effectively open uniformly in k. (As a technicality, let = only range over the interiors of the cells
in ¢,. This guarantees that Uy, is effectively open. It is also sufficient for our purposes since the boundary
of each cell is a measure zero effectively closed set and therefore cannot contain Schnorr randoms.) This is
a Solovay test since p(Uy) is computable and by our choice of ny,

w(Ug) < M{ sup dy(on, @n,) > 2—(k+1)} < 9= (k+1),

n>n
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Now, let « be Schnorr random (and hence is not on the boundary of any cell). We have that = is in
at most finitely many Uy. Hence for some kg large enough, for all k& > k¢ and all n € [ng, ng,1] we have
dy (n (), pn, (2)) < 27FFD Tt follows that for all k > ko and for all n > ny that

dY((pn(x)ﬂpnk (x)) < 22_(j+1) < 2=k,

Jjzk
Hence ¢, (z) is Cauchy.
For uniqueness, take (¢,) and (¢,,) and interleave them, ¢g, 1, p1,%1, . ... It is easy to see this sequence
still has an effectively rate of a.e. convergence. Hence it converges on Schnorr randoms and each subsequence
must converge to the same value. (Il

Restatement of Proposition Suppose f: (X,pu) = Y is effectively measurable with Cauchy-name
(on) (in the metric dmeqs, L*-norm, or L*-norm,).

(1) (Ezistence) The limit lim,_,o @n(x) exists on all Schnorr randoms .

(2) (Uniqueness) Given another Cauchy-name (¢y,) for f,

lim ¢pp(z) = lim ¢,(z) (on Schnorr random x).
n—oo n—oo

Proof. A Cauchy-name has an effective rate of a.e. convergence by Proposition [3.15|and the rest follows from
Lemma [A5] (Il

Restatement of Lemma (Convergence Lemma). Suppose that (fi) and f are uniformly effectively
measurable. If
fe = f  (effectively a.e.)
then B B
fe(x) = f(x) (for all Schnorr random x).

Proof. First, I will approximate (f;) with a sequence of test functions (;) which converges effectively a.e.
to f, and then show that (f) is close to (1) on Schnorr randoms.

For each k, let (¢F), en be a Cauchy-name for f;. Since a rate of a.e. convergence of (¢F),,cn is computable
from k, effectively choose (ny i)k icn so that

u{ sup dy(oh, ok, ) > 2‘(’“““)} < g~ (ktitD),

n>ng,;
Consider the sequence v = go,’fbk o+ 1 will show that v ;——» f effectively a.e. as follows . Choose ¢ and §.
’ —00

Since f, — f effectively a.e., we can effectively choose k' such that
€ )
u{sup dy (fi, f) > 2} <3
k>k
Let k(e,6) = max{—2logy e, —2log, 6,k'}. Then > ;. 5 2~ (k1) = 9=k(9) < min{e/2,6/2}

u{ sup dy(cpfik,oyf)>€}<

k>k(e,8)

S {0 > 24} sup dthn) > 5}

E>k(e,s) k2k!

< Z 2~ (k+1) +g < 4.

k>k(e,8)

Hence, 95 (z) = f(z) on Schnorr randoms.
To show convergence of fj, consider the Solovay test

U;m = {x

(Again, as in Lemma use the convention that x only ranges over the interiors of the cells.) This is a
Solovay test since each u(Uy ;) is computable from %, and since

Z ZN(Uk,i) < Z 22—(k+i+1) —9.
ki ki

IHax dy(on (), on,. () > 2—(k+i+1)} .

neng, i, Mg, it1]



RANDOMNESS, MARTINGALES AND DIFFERENTIABILITY 75

Now, let 2 be Schnorr random (and hence not on the boundary of any cell). We have that z is in at most
finitely many Uy, ;. Hence for some k¢ large enough, for all k > ko, for all ¢ > 0, and for all n € [ng;, Nk i+1]
we have dy () (2), ¢y, (7)) < 2~ (k+i+1) Tt follows that for all k > ko and for all n > ny o that

dy (¢ (@), Yx(2)) = dy(ph(@), ), , (@) < Y 27D <ok,

i>0
Hence dy(f (), ¥r(z)) < 27%. Therefore, limy, fr(z) = limy, ¢y (z) = f(2). O
A.5. Properties of effectively measurable functions.

Restatement of Proposition m The following implications hold for real-valued functions (and all the
computations are uniform,).

(1) fe Lcomp = f €Ll é feLlyn, (The converses do not hold in general.)

If B is effectively measurable, then ,u(B) 18 computable.
If0<g<1,gelLl and f € L} then g- f € L}

Proof. (1): Use that [|f — ¢l z2 2 [|f —¢llz1 = dmeas(f; #)-

(2): In this case, |[f —¢l7: < [If = ¢ller = dineas(f, ) < |If = @llze-

(3): Given f effectively measurable, break up max{f,0} = 3y fn where f,, = min{max{f,n},n+1}—n
and similarly for min{—f,0}. By (2), f. is L*-computable from n. Use || f||: to approximate f in L' with
finite sums of (f,,).

(4): Same as (4).

(5): Use [ fdu = || max{f,0}|z1 + || min{f,0}| ;1 and that L' is a computable lattice.

(6):

(7):

)
)
)
) If f € Lcomp then ffdu is computable.
)
)

comp’ comp’ comp*

Use pu(B) = (BA@) d(B, @) and that @ is effectively measurable.
by (2) and

lg-f=v-el <llg- (f =)l +1I(g =) - @l
<If =l +llg =l - ollse-
Approximate f with a test function ¢ and then approximate g with . O

Use that g € L!

comp

Restatement of Proposition (Effective Lusin’s theorem). Given an effectively measurable
f: X,u) = Y, and some rational € > 0, there is an effectively closed set K of computable measure
w(K) > 1—¢ and a computable function g: K — Y such that g = f I K on Schnorr randoms. (Fur-
ther, g and K are computable uniformly from ¢ and any name for f.) Moreover, if Y =R, then g: K — Y
can be extended (uniformly from its name) to a total computable function g: X — Y such that g = ]? | K on
Schnorr randoms.

Proof. Let (p,) be the Cauchy-name for f in the metric dyeqs. Let (Ux) be the Solovay test for Schnorr
randomness from Lemma[A75] that is
Ug={z| max ]dY(%(I),%k () >27"}

nEng,ngy1

for some computable sequence (ny). Again, we ignore the boundaries of the cells corresponding to ¢,, for
n € [ng,ngr1). Recall, u(Uy) is computable from k and p(Uy) < 27%. To handle the boundaries, we can
find an effectively open set Vj of computable measure (V) < 27% such that Vj, covers the boundaries of
the cells corresponding to ¢, for n € [ng, ng+1].

Let

K U U, UV
k>2—log, €
Then
1—p(K) < Z p(Up UVg) < Z 2.27F <¢

k>2—log, € k>2—log, €
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and p(K) is computable (the measure of every finite union is computable, and the measure of the remaining
tail can be made arbitrarily small).

As in the proof of Lemma [A-] it follows that for all # € K and all k > 2 —log, ¢, that z € Uy, and is not
on the boundaries of the relevant cells. Therefore

dy(pn (), pn, () < Y 270D <27k,
J=k

Use this to compute the value of g(x) := lim,, ¢, (z) for € K. If  is Schnorr random this is equal to f(z).
If Y = R, then by the effective Tietze extension theorem [53], we can extend g to a total computable
function. 0

Restatement of Proposition (Effective inner/outer regularity). Given A C (X,pu) effectively
measurable, and some rational € > 0, there is an effectively open set U and an effectively closed set C' both
of computable measure such that C C A C U for Schnorr randoms such that p(U) — u(C) < e. (The sets
U, C and their measures u(U), u(C) are uniformly computable from € and any name for A.)

Proof. From the effective Lusin’s theorem (Proposition , we can choose an effectively closed K of
computable measure p(K) > 1 — e and a computable function g: K — {0,1} such that 1NA | C =g on
Schnorr randoms. Then let C = {x € K | g(z) =1} and U = X\ {z € K | g(x) = 0}. These are effectively
closed and open. Then C' C A C U for Schnorr randoms since , and pu(U) — u(C) =1 — pu(K) < e.

The measures p(C) and u(U) are computable as follows. From a name for g, we can enumerate a sequence
of balls {B?} and {le} from Basis(X, ut) such that if z € B? and x € K then f(x) = 0 and similarly for B}.
Notice U, BY U, B} covers K.

Let V = K¢ and enumerate a sequence of balls {A;} from Basis(X, p) such that V = (J; A; and hence
X =U; B} UlU,; Bj UU, Ax. Find a finite subsequence of these balls such that

wBYU...UB)UBIU...UBLUA;U...UA,,) ~ 1.
Then p(C) ~ p((BtU...UBL) N (A1U...UA)) and p(U) = 1 —p((BYU...UBY)\ (A1 U...UA,)). O

Restatement of Proposition (Schnorr layerwise computability). Consider a (pointwise-defined)
measurable function f: X — Y that is SCHNORR LAYERWISE COMPUTABLE, that is, there is a computable
sequence (Cy,) of effectively closed sets of computable measure u(Cy) < 27", such that f | C,, is computable
on C,, uniformly in n. Then there is an effectively measurable g: (X, u) — Y such that g = f on Schnorr
randoms.

Proof. Fix e > 0. Choose C,, such that x(C,,) > 1—¢. From a name for f [ C,,, we can enumerate a sequence
of balls {B;}; from Basis(X, 1) and values ¢; for which if 2 € B; and = € C,, then dy(f(z),¢;) < e. Note
that {B;}; covers Cp,, so we can compute a subsequence By, ..., By_1 such that u(By,...,Br_1) > 1 — 2e.

Let ¢ be the test function made from all cells of By,...,Bx_1 (except the cell B§U ... U By_,). Use
the approximations ¢; to determine the value of ¢ on each cell. Then dy(p(z), f(z)) < & unless « ¢ C,, or
x ¢ BoU...UBg_1. Therefore,

dmeas(‘?: f) <e+ (1 - H(Cn)) + (1 - M(BO u...u Bk—l)) < de.

Hence, f is almost-everywhere equal to an effectively measurable function g with Cauchy name . More-
over, @, (x) = f(x) for all z in all but finitely-many C,,. This is true of all Schnorr randoms z, since (CY)
forms a Solovay test for Schnorr randomness. O

Restatement of Proposition (Examples of effectively measurable functions and sets). All
of these functions f: X = Y and sets A C X are effectively measurable, and f = f and A = A on Schnorr
randoms.

(1) Test functions and test sets as in Propositions and and in Definition .

(2) Computable functions and decidable sets (i.e., computable 0,1-valued functions).

(3) Almost-everywhere computable functions f: (X, u) = Y and almost-everywhere decidable sets (i.e., al-
most everywhere computable 0,1-valued functions).

(4) Nonnegative lower semicomputable functions f: X — R with a computable integral, effectively open
sets U C X of computable measure, and effectively closed sets C' C X of computable measure.
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Proof. (1): This is obvious from the definition of effectively measurable and of f

(2): See (3).

(3): We will show that almost-everywhere computable functions are Schnorr layerwise computable. From
a name for f from n, we can enumerate a sequence of balls {B'}; from Basis(X, u) and values ¢} for which
if x € B} then dy(f(x),c;) < 27" Moreover, u(lJ; Bf*) = 1. Choose €. For each n, find a subsequence
(BY,- - Biiny_y) such that p(By U...UBp ;) > 1—¢/2" Then let C. = ,(By U...UBj_1)-

I will show that C. is an effectively closed set of computable measure p(C.) > 1 — 2¢ such that f is
computable on C.. It is clearly effectively closed. It has computable measure since u(ﬂn<m(§g U...uU

EZ(n)q)) is computable and

—=n —-=n —=n —=n
w(Ce) — ( () Bsu...u Bk(n)1)> <>y (1 —uw(ByU... uBk(n)fl)) <N e2m=e/2m
m>n m>n m>n

Similarly, 1 —p(C:) <3, (1— w(ByU. .. UEZ(H)_I)) <3, €/2" < 2e. Finally, f is computable on C. since
for any n and z in C. we can wait until z € B} for some ¢, and we know that f(x) is within 27" of .

(4): Let f = supg, where (g,) is a computable sequence of computable functions. Then ||f — g,||r: =
| f—gn dpp and from monotonicity we can compute an effective rate of a.e. convergence of g, to f. Therefore f
is effectively measurable and f = lim,, g,, = lim,, g, = f. For effectively open U of computable measure, just
use f = 1y which is lower semi computable. The same for effectively closed C of computable measure. [

Restatement of Proposition (Push-forward measures). Iff: (X, u) — Y is effectively measur-
able, then the push-forward measure (Y, u.f) is a computable probability space (uniformly from (X,u), Y,

and f).

Proof. Tt is enough to compute [ @ du. f = [ po f dp uniformly from a computable function ¢: Y — [0,1]. By
the effective Lusin’s theorem (Proposition ) fis Schnorr layerwise computable. Since ¢ is a computable
function, we have that ¢ o fis Schnorr layerwise (since from the definition of Schnorr layerwise computable,
the composition of a computable function with a Schnorr layerwise computable function is still Schnorr
layerwise computable). By Proposition @ o f is effectively measurable. Since ¢ o f is effectively
measurable and bounded, the integral [ ¢ o fdu is computable (Proposition . |

Restatement of Proposition (Preservation of Schnorr randomness). If f: (X,u) — Y is
effectively measurable and x is Schnorr random, then f(x) is Schnorr random on (Y, p. f).

Proof. Assume not. Let (U,) be a (Y, ., f)-Schnorr test which covers f(x). Let g = > 1y,. Then g is a
lower semicomputable function and hence g = sup,, ¢, for a computable sequence of computable functions.
We can also assume that 0 < <pn/_§\/n. By the same argument as in the previous proof, ¢, o f is effectively
measurable uniformly in n and ¢, o f = ¢, 0 fon (X, p)-Schnorr randoms x.

Moreover, we can show that ¢, 0 f — go f effectively in measure since dieas(©n o f, 90 f) = dmeas(@n, 9) <
llg — @nllzr which is computable since [ gdu.f =Y, p«f(Uy,) is computable and [ ¢, du., f is computable
since ¢,, is computable and bounded. Restricting to a subsequence (nj) we have that ¢,, o f — go f

converges effectively a.e. By Lemma |3.19] (¢n, © f)(z) must converge (to something in R) since x is Schnorr
random. However, limy (@, o f)(z) = co ¢ R. O

Restatement of Proposition (Composition and tuples).

(1) (Composition) Given f: (X;u) = Y and g: (Y, u.f) — Z effectively measurable, the composition
go f is effectively measurable (uniformly from f and g) and

P ~

fog=/fog (on Schnorr randoms).
(2) (Tuples) Given f,: (X, u) = Y, effectively measurable (uniformly in n), the tuples
(foa“'afk—l):(Xnu)_)YOX"'XYk—l

and

(fn)neN: (Xa IU/) — H Yn

neN
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are effectively measurable (uniformly from (f,)) and

(fo,i‘.\jk,l) = (ﬁ), .. .,ﬁ,l) and (?;)\1—;\1 = (ﬁ-)ieN (on Schnorr randoms).

Proof. (1): Consider f and g with Cauchy-names, (p,) and (¢, ). First we show that ¢, o f is effectively
measurable uniformly in f and v,,. Fix ¢ > 0. We can effectively choose some small ¢’ > 0 such that all but
a small p-measure of x are more than ¢’ from the boundary of the cells which make up v,,. Then choose
©m such that u{dy(pm, f) > €'} <e. Outside of this bad set, we have the ¢, (z) and f(x) are in the same
cell of 1, (x), and hence 1, © @, — ¥, 0 f = 0. Hence dpeas(@m, f) < . Therefore, 1, o o, m Yp o f
effectively a.e. and therefore 1, o f is effectively measurable uniformly from f and v,. (This required that
¥y, 0, 18 a test function. To ensure this, one may need to slightly modify ¢, to avoid hitting the boundary
of the cells in 1),,.) By Lemma m = lim,,, ¥y, © @, = Yy, © fon Schnorr randoms.

Next, we show that g o f is effectively measurable uniformly in f and g. This is straightforward since
d'meas(g o fa ’l/}n S f) = dmeas(ga ’[[}n) MOI‘GOVGI‘, by Lemma .g_g_n/f - hmn 1/}77. o f - hmn ’l][}n © f: 50 fOIl
Schnorr randoms z (since f(z) is Schnorr random).

(2): I just do the infinite case. Let Y = [], oy Y, with metric dy = 3, 27" Y min{dy,,1}. For
each n, let (pJ, )jen be the Cauchy-name for f, in the metric dmeqs. Then approximate f = (f,)nen with

Uk = (92" )nen. Then
dmeas (f, V1) / dy(f ) dp =Y 27"+ / min {dy, (o2 "), 1} du < 27",
neN
Therefore f is effectively measurable and (f;)ien = lim;_ (@f)ieN = (ﬁ‘)ieN- O

Restatement of Proposition (Combinations of measurable functions).

(1) (Computable pointwise operations). All computable pointwise operations, including vector, lattice,
and Boolean algebra operations preserve effective measurability. Moreover, given f,g: (X,u) — R
and A, B C (X, ) effectively measurable, we have

f+rg=Ff+3 af=af fg=F3
min(f,g) = min(f.g), max(f.g) = max(f,9), |f| = \ﬂ
AUB=AUB, ANB=ANB, Ac=4° X=X
on Schnorr randoms, and
f<gae & fg g (on Schnorr randoms)
ACBae <« ACB (on Schnorr randoms).

(2) (Inverse image) Given f: (X,u) — Y and B C (Y,pu.f) effectively measurable then f~1(B) is
effectively measurable and f~1(B) = f~Y(B) on Schnorr randoms.

(3) (Rotations) Given f: (T4, \) — R effectively measurable, and a computable vector t € T¢, then
h(z) == f(x — t) is effectively measurable and h(z) = f(x —t) on Schnorr randoms.

(4) (Indicator functions) Given A C (X, ), A is effectively measurable if and only if 1o+ (X, ) — R is
eﬁectwely measurable (equivalently, L'-computable by Proposition (@) and x € A if and only
if 1a(z) = 1 on Schnorr randoms. (Notice the codomain of 1, is R here rather than {0,1} as in
Definition [3.17)

Proof. (1): This is a direct apphcatlon of Propositions and [3.27] - Also if f < g a.e., then g — f =
max{g — f,0} a.e., and g — f =g- f max{g f,0} = max{g f 0} > 0 on Schnorr randoms. Similarly
for A C B.

(2): Use that 15-1(g)y = 1p o f. The rest follows from Proposition

(3) Let g(z) := = —t. Then g is computable and measure preserving, that is \.g = A. Hence, h = fog,
and h = f o g by Propositions [3 n and |3 -

(4): Consider the computable inclusion map i: {0,1} = R. We have (14: (X,u) > R) =io(1a: (X, ) —
{0,1}). By Proposition [3.27} if A is effectively measurable then 14: (X, ) — R is. For the other direction,
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if 14: (X, u) = R is effectively measurable, then consider the partial computable map g: R — {0,1} which
sends 0 — 0 and 1 — 1. This maps is almost-everywhere computable on (R, p.14) (which only has mass on
0 and 1). Now, (14: (X,u) = {0,1}) =go (14: (X,u) — R). The rest follows from Proposition O

Restatement of Proposition The following implications hold for real-valued functions (and all the
computations are uniform).

(1) If f € Liomp and A is effectively measurable, then fA fdu is computable.
(2) If X is effectively compact (see [36])—as is [0,1]¢, T, and 2V —and g: X — R is computable, then g
is L'-computable (since it has computable bounds).

(3) If f: (X, p) = Y is effectively measurable and g € L,,,.,(Y, s f) (resp. L2, (Y, i f)), then go f €

Proof. (1): By Proposition [3.28 , 14 € L}, Then use .

(2): By Proposition [3.24] ¢ is effectively measurable. Since X is effectively compact, max,ex g(z) and
mingex g(z) are computable from g [36]. Now apply Proposition [3.20](2).

(3): By Proposition [3.27|g o f € L?,,,,, and moreover ||g o f||p1(v,u,5) = g1z, (similarly for L?).

Apply Proposition (13- O
Restatement of Proposition Given a measurable map f: (X, u) — Y, the following are equivalent.

(1) f is effectively measurable.
(2) The push-forward measure (Y, p« f) is computable and one (or all) of the following “pull-back” maps
are computable:
(a) (L' functions) g € LY (Y, pof) — go f € LYY, psf).
(b) (L? functions) g € L*(Y, uf) — go f € L*(Y, u.f).
(c) (Measurable sets) B C (Y, u.f) — f~1(B) C (X, u).

Proof. (1) = (2) follows from Propositions [3.25] [3.27] [3.28] and [3.29]

For the other direction, assume (2)(a) or (2)(b). Then B + 1p + 1go f + f~}(B) is a chain of
computable operators (using Proposition [3.28[4), and therefore (2)(c) holds.

For (2)(c) = (1), fixe > 0. Since (Y, . f) is computable, effectively choose finitely many balls By, ..., Bix_1
of radius at most £/2 from Basis(Y, p. f) such that p. f(BoU---UBg_1) > 1—¢/2. Let Cp,...,Cok_; be the
cells formed by combining the elements of By, ..., By_1. Let Cy denote the cell B§N---N Bj_; which is the
only cell without a diameter bounded by €/2. For ¢ > 1, effectively choose a point y; inside the cell C; (by
choosing the center of the lowest indexed ball B; for which C; C B;). Let A; = f~!(C;). By assumption,
these are effectively measurable. Define ¢: (X, u) — Y as the effectively measurable function which has value
y; on A; for i > 1 and 0 otherwise. Notice on A; (1 <i < 2F — 1), that ¢ and f both take values in C;.

dneas (1) = / max {dy(f,¢), 1} du

2k _1

o)+ Y [ dutre)du

k

IN

1
n(A;) <e.
1

IA
I

_|_

N ™

.
Il

Hence f is effectively measurable. O
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