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Abstract
In this article we present the framework of layerwise computability. We explain the origin
of this notion, its main features and properties, and we illustrate it with several concrete
examples: decomposition of measures, random closed sets, Brownian motion.
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Introduction

Algorithmic randomness lies at the intersection of computability theory and probability theory.
These two fields follow very different approaches. In computability theory, one is interested
in the properties of individual sets or sequences, their computation power or their information
content. In probability theory, individual objects are in a sense irrelevant: what happens at
one point does not matter, only what happens at most points taken as a whole is important.
1

Algorithmic randomness was born from the friction between these two fields, providing a way
to apprehend the whole via individual objects: a single algorithmically random sequence has
the typical properties of almost all sequences.
The fundamental difference between the two fields comes with incompatibilities between
their respective concepts, which often hinders the development of algorithmic randomness. The
motivation for the introduction and development of layerwise computability was to reconcile
the two approaches by providing a notion that fits with both of them.
Let us illustrate one of the main incompatibilities between computability theory and probability theory. In order to carry out the study of algorithmically random sequences, one is
naturally lead to manipulate concepts from computability theory such as a Turing functional,
which is a computable function from sequences to sequences, and concepts from measure and
probability theory such as a measurable function or an L1 function. There are two important
differences between the two classes of functions:
• Computable functions are continuous while measurable functions are usually discontinuous,
• Computable functions are well-defined at each point while L1 functions are ill-defined
at single points as they are actually equivalence classes of functions, and the value of a
measurable function at a single point is irrelevant as long as that point has measure 0.
In the study of algorithmically random sequences one often has to consider the particular
values of functions at single random sequences, but which class of functions is relevant? The
class of computable functions is too small (only continuous functions), the class of measurable
functions is not adapted (they are not well-defined at single points). A new class of functions is
needed. Layerwise computable functions are a compromise between the two classes: they can
be discontinuous, and they have definite values at each random point. Observe that the usual
effective versions of measurable function or Borel measurable function are not appropriate as,
in the first case they are not well-defined at single points and in the second case they are not
well-behaved w.r.t. random sequences (for instance they do not preserve randomness when they
preserve measure).
Let us now come to the definition. A partial function f : 2ω → 2ω is layerwise computable
if it is defined at each Martin-Löf random sequence and if the value f (x) can be uniformly
computed from x and any upper bound on the randomness deficiency of x. So on the set MLn of
random points whose randomness deficiency is bounded by n, f is a usual computable function.
The main idea is that while the randomness deficiency of x can only be approximated from
below given x, knowing an upper bound on it usually gives much information about x, making
possible many algorithmic tasks that cannot be performed without this additional information.
There are good reasons to say that this is the appropriate class of functions that fill the
gap between computability theory and measure theory. First layerwise computable functions
are well-defined at each random sequence. Secondly, in the same way as the functions that
are computable relative to some oracle are the continuous functions, the functions that are
layerwise computable relative to some oracle are exactly the Borel measurable functions (this
is Lusin’s theorem). Therefore they are the right effective version of measurable functions that
behave well w.r.t. algorithmic randomness. We will see through many examples that layerwise
computability helps in the study of algorithmically random sequences.
In this article we present the notion of layerwise computable function, giving the basic
properties that make this notion useful and illustrating it with several concrete examples.
Let us first show in more detail how layerwise computability interacts nicely with computability theory on the one hand and probability and measure theory on the other hand.
2

1.1

Layerwise computability vs. computability

In many respects, layerwise computable functions behave like computable functions, and in
many results computability assumptions can be relaxed to layerwise computability.
• Randomness preservation: If f is a measure-preserving layerwise computable function,
then the image by f of the set of random points is exactly the set of random points.
• Pushforward measure: If f is layerwise computable, then the image of the measure is
computable.
• Composition: If f and g are layerwise computable and g is measure-preserving, then f ◦ g
is layerwise computable (here we need an additional assumption on g, unneeded when f
is a plain computable function).
• Reducibility: If f is layerwise computable, then f (x) is truth-table reducible to x for each
random x.
• Integration: the integral of a layerwise computable non-negative real-valued function is
left-c.e., and it is computable when the function is bounded.
• Uniqueness: two layerwise computable functions that coincide almost everywhere coincide
on every random point.
• Inverse: the inverse of a one-to-one layerwise computable function is layerwise computable
(the analog result for computable functions only holds on effectively compact spaces, while
this result holds on any complete computable metric space).

1.2

Layerwise computability vs. measure and probability

Layerwise computability interacts nicely with notions from measure and probability theory.
Layerwise computable functions can be seen as an effective version of measurable functions,
while the computable functions are an effective version of the continuous ones, a much smaller
class.
• Effective measurability: There exist several equivalent definitions of effectively measurable
set or function, based on approximations in measure by simple sets or functions. It happens then that a set or function is effectively measurable iff it coincides almost everywhere
with a layerwise computable function (uniquely defined on the random points).
• Measurability: A function is continuous iff it is computable relative to some oracle. A
function is measurable iff it is layerwise computable relative to some oracle (both the
notion of randomness and the machine computing the function must be relativized). This
is essentially Lusin’s theorem.
• Almost everywhere convergence: If a sequence of layerwise computable functions converges
effectively almost everywhere, then it converges uniformly on each MLn . The limit is
layerwise computable and the speed of convergence is layerwise computable.
• L1 -computability: A real-valued function is a computable element of the L1 -space iff
it coincides almost everywhere with a layerwise computable function and its integral is
computable.
• Probabilistic computation: A function f is layerwise computable iff it is computable by a
probabilistic machine (given x and , the machine computes f (x) for x in a set of measure
> 1 − ).
3

1.3

Advantages of the notion

In studying the interaction of algorithmic randomness with probability theory, one is often led
to mix techniques and objects from computability theory and measure theory. However, these
two fields offer very different and often incompatible perspectives. One is therefore often forced
to thoroughly rework arguments and results provided by probability and measure theory to
make them fit in the computability theory framework. It is desirable to have the possibility of
directly applying established results without reproving them. This situation is evidence that
notions are lacking.
The framework of layerwise computability offers an economic way of proving new results
with minimal effort. Often the results proved in particular situations with ad hoc arguments
elaborated on proofs of classical theorems are just instantiations of more general, structural
results.
Layerwise computability is not an artificial, technical notion as it naturally enters the scene
in many situations arising from the friction between computability and measure:
• The inverse of a one-to-one computable function defined on a measure one set is often not
computable but always layerwise computable.
• A lower semicomputable function with computable expectation is always layerwise computable.
• Measurable functions appearing in proofs of classical results are usually discontinuous
hence not computable, but often layerwise computable.
In this article we try to illustrate these assertions by concrete examples. Our goal is to
convince the reader that this notion is natural, useful, and that having this tool available can
help saving a lot of time and energy in the development of new results. We will show how
it appears naturally in concrete situations such as the study of random closed sets, Brownian
motion and decomposition of measures.
A goal of the paper is also to give a flavor of the kind of arguments used to prove the
results. They are usually rather short and based on topological considerations rather than
calculations and ad hoc technical arguments. In particular, compactness arguments prove to be
very powerful. We provide proof sketches and give precise references for the detailed proofs.
The article is organized as follows. In Section 2 we present the definitions and fundamental
properties of layerwise computability. In Section 3 we present a situation where it appears naturally as the answer to the problem of recovering a probability distribution from the observation
of a sample, which is not a computable task but in many situations a layerwise computable task.
In Section 4 we present investigations about the different ways encountered in the literature of
defining classes of random objects other than binary sequences, with a general result stating
their equivalence together with illustrations of this result in the cases of random closed sets and
of Brownian motion. In each case we will see that several representations of random objects
that are computably very different are actually layerwise computably equivalent.

2
2.1

Layerwise computability
Martin-Löf randomness

Martin-Löf’s notion of randomness, originally defined on the Cantor space 2ω of infinite binary
sequences [ML66], can be extended to other topological spaces in a straightforward way. In a
topological space X with a countable basis numbered in some way B0 , B1 , . . ., an effective open
4

S
set is a union i∈We Bi where We is a c.e. subset of N. Given a computable Borel probability
measure µ over X, a Martin-Löf µ-test is, exactly as on the Cantor space, a sequence of uniformly
effectively
open sets Un such that µ(Un ) < 2−n . A sequence x is Martin-Löf µ-random if
T
x∈
/ n Un for each test (Un )n∈N . We denote by MLµ the set of Martin-Löf µ-random sequences.
When the topological space is metrizable with a suitable computable structure based on the
choice of a countable dense set called simple points, and once the right notion of computable
measure has been defined, the existence of an optimal test can be shown: a test (Unµ )n∈N such
that for every test (Vn )n∈N , there exists a constant c such that Vn+c ⊆ Unµ for all n. All the
details about effective topological spaces and computable metric spaces can be found in [Wei00]
and about Martin-Löf randomness on general spaces in [HW98, Gác05, HR09c].

2.2

Randomness deficiency

In 2ω endowed with the uniform measure, some sequences are Martin-Löf random, some are
not. But even among the random sequences, some of them can be qualified as less random than
others. For instance, a random sequence starting with 1,000,000 zeroes is less random than the
same sequence from which the 1,000,000 first bits have been removed.
Among the random sequences, the degree of randomness can be measured. The randomness
deficiency of a sequence is a positive number which measures the regularity of the sequence: the
larger the deficiency is, the more regular and therefore the less random the sequence is.
There are several ways of quantifying the randomness deficiency. They are not equivalent,
but all of them are close to each other. Each notion of test for which an optimal test exists
induces a notion of randomness deficiency. For our purposes, the choice of the particular measure
of randomness deficiency is not important and nothing in the theory depends on this choice.
Via Martin-Löf tests. Given an optimal Martin-Löf µ-test Un , a sequence x is random iff
there exists n such that x ∈
/ Un . The minimal such n is a measure of randomness deficiency.
Via Kolmogorov complexity. A sequence x ∈ 2ω is Martin-Löf random if and only if its
prefixes are compressible only by a bounded amount of bits. This is Levin-Schnorr theorem
[Lev73, Sch73]. The maximal number of bits gained by compressing the prefixes of x is a
measure of the randomness deficiency.
More precisely, x is random iff there exists c such that for all n, K(xn ) ≥ n − c. More
generally if µ is a computable probability measure over 2ω , then x is Martin-Löf µ-random if
there exists c such that for all n, K(xn ) ≥ − log µ[xn ] − c. The minimal such c is a measure of
randomness deficiency. Note that here K is either prefix complexity or monotone complexity.
Each one induces a measure of randomness deficiency. They are not equal, but related and both
acceptable in the sense below.
Via integral tests. Another type
R of randomness test is given by a left-c.e. nonnegative function t : 2ω → [0, +∞] such that t dµ ≤ 1. There exists an optimal test, i.e. a test tµ such
that for every test t0 there exists a constant c such that t0 ≤ ctµ . An element x is Martin-Löf
µ-random iff tµ (x) is finite. The value tµ (x), or its logarithm, provides a measure of randomness
deficiency.
Equivalence. All the usual measures of randomness deficiency are interchangeable for our
purpose because they are related in the following way. Given two such notions of deficiency
d(x) and d0 (x), there exists a computable increasing function φ : [0, +∞) → [0, +∞) such that
d0 ≤ φ ◦ d (and symmetrically). In particular, from any upper bound on d(x) an upper bound
5

on d0 (x) can be computed, and vice-versa. We will say that a measure of randomness deficiency
is acceptable if it is related in that way to the canonical ones presented above. We refer to
[LV93] for other measures of randomness deficiency and their relationship. For investigations
on the difference between universality and optimality, and its consequences in terms of layerwise
computability, one can consult [Miy11, HS14].

2.3

Layerwise computability

We fix a computable probability measure µ over 2ω and an acceptable measure of randomness
deficiency, which is a left-c.e. function dµ : 2ω → [0, +∞] such that x ∈ 2ω is Martin-Löf µrandom if and only if dµ (x) < +∞. Given a Martin-Löf µ-random sequence x, one can only
compute approximations of dµ (x) from below, but no upper bound on it can be computed. The
fundamental idea behind the notion of layerwise computability is that having such an upper
bound provides much additional information about x that can be used to perform algorithmic
tasks that would be impossible without this information (this idea had been exploited earlier
by Davie [Dav01, Dav04]).
Definition 2.1. A function f : 2ω → 2ω is µ-layerwise computable if there is a Turing
functional that given x ∈ MLµ and an upper bound on dµ (x) as inputs, computes f (x).
The name of the notion comes from the following alternative definition. Let
MLµn = {x ∈ 2ω : dµ (x) ≤ n},
be the set of Martin-Löf µ-random sequences whose deficiency is bounded by n, S
so that the
µ
set of Martin-Löf µ-random sequences can be decomposed into “layers” ML = n MLµn . A
function f is then µ-layerwise computable if it is computable on each layer MLµn , uniformly in
n.
As dµ is left-c.e., MLµn is an effective closed set (or Π01 -set), i.e. the complement of an effective
open set, uniformly in n.
Computability notions often admit a topological characterization. For instance, a function is
computable if and only if the pre-image of each basic open set is an effective open set, uniformly.
A similar characterization exists for layerwise computability.
Proposition 2.1. A function f : 2ω → 2ω is µ-layerwise computable if and only if the pre-image
of every basic open set is an effective open set on each MLµn , uniformly.
This means that there exist uniformly effectively open sets Ui,n such that f −1 (Bi ) ∩ MLµn =
Ui,n ∩ MLµn . We say that f −1 (Bi ) is µ-layerwise effective open. This notion has a more intuitive
characterization: A is µ-layerwise effective open if and only if there
exists uniformly effectively
S
closed sets Ai with uniformly computable measures such that i Ai coincides with A on MLµ .
We give some useful examples of layerwise computable functions:
• If A is an effective open set or an effective closed set and µ(A) is computable, then the
characteristic function 1A : 2ω → {0, 1} is µ-layerwise computable. We say that A is
µ-layerwise decidable.
R
• More generally if f : 2ω → [0, +∞] is left-c.e. and f dµ is computable, then f is µlayerwise computable.
• Given aPrandom sequence x over {−1, 1} w.r.t. the uniform measure, the random harmonic
series n xnn converges to a finite number with probability 1. It is actually finite for each
Martin-Löf random x, and the function mapping x to the sum is layerwise computable,
though not computable even on set of measure one (because not continuous on a set of
measure one). This example is due to Bienvenu (personal communication).
6

We have given the definition on the Cantor space but it extends directly to any computable
metric space X. Instead of manipulating x ∈ X directly as on the Cantor space, a Turing
functional works on a name of x, i.e. a binary sequence that encodes a sequence of simple points
converging fast to x.
The notions were introduced in [HR09a, HR09b] where more details can be found.
Extensions to other notions of randomness. The notion of a layerwise computable function is based on Martin-Löf’s notion of randomness which has the nice property of admitting
an optimal randomness test which in turn provides a notion of randomness deficiency. However
layerwise computability can also be defined for other notions of randomness for which there
is no randomness deficiency available, such as Schnorr randomness. In that case, some (nonoptimal) randomness test is fixed and provides a measure of randomness deficiency. Schnorr
layerwise computability is often useful as it is stronger than Martin-Löf layerwise computability
and closer to concepts from computable analysis [Miy13].

2.4

No randomness ex nihilo and compactness

A famous result first discovered by Shen (unpublished) states that measure-preserving computable functions not only preserve randomness, but also do not create randomness: every
random element has a random pre-image. This result is sometimes called the no randomness
ex nihilo principle. The precise result is as follows.
Theorem 2.1 (No randomness ex nihilo on Cantor space). Let f : 2ω → 2ω be a computable
function pushing a computable measure µ to a computable measure ν. A sequence y is MartinLöf ν-random (if and) only if y = f (x) for some Martin-Löf µ-random x.
Proof. This result is simple to prove. Start from an optimal Martin-Löf µ-test Un , let Pn =
2ω \Un . Pn are uniformly Π01 sets and so are their images f (Pn ). As f pushes µ to ν, ν(f (Pn )) ≥
µ(Pn ) ≥ 1 − 2−n , so the sets 2ω \ f (Pn ) form a Martin-Löf ν-test. As a result, if x is Martin-Löf
ν-random, then x ∈ f (Pn ) for some n, so x is the image of a Martin-Löf µ-random sequence.
This result is simple but extremely powerful. An analog of this result holds on other spaces,
unfortunately for a long time it had been explicitly stated on the Cantor space only. Moreover
the general result was not known for a long time on non-compact compact spaces, where the
argument cannot be directly applied (on non-compact spaces, the image of a Π01 set is not Π01
in general). As a consequence, many results on random objects other than binary sequences
have overcomplicated proofs which can be simplified by using a generalization, which we present
now, of Theorem 2.1 to other spaces.
The notion of Π01 set exists on any effective topological space: it is the complement of an
effective union of basic open sets. However in order to extend the result from the Cantor space
to other spaces, one has to observe that the relevant notion is not that of a Π01 set but that
of an effectively compact set. A compact set A is effectively compact if one can computably
enumerate the finite sets of basic open sets whose union cover A. We know by definition that
the sets MLµn are Π01 sets. On complete metric space, they are actually more than that, as stated
by the following result (Theorem 2 in [HR09b]).
Theorem 2.2 (Effective compactness). Let (X, d) be a complete computable metric space and
µ a computable probability measure. The sets MLµn are effectively compact, uniformly in n.
Proof sketch. It is well-known that if A is an effective open set, then µ(A) = 1 implies MLµ ⊆ A.
A careful analysis of the proof shows that a “layerwise” version also holds: given an index of
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an effective open set A, one can compute c ∈ N such that for all n, if µ(A) > 1 − 2−n−c , then
MLµn ⊆ A.
Now given an index of an effective open set U , we want to show that the condition MLµn ⊆ U
is c.e. Applying the previous observation to A = U ∪ Unµ gives a constant c. One has
µ(A) > 1 − 2−n−c =⇒ MLµn ⊆ A
=⇒ A = X
=⇒ µ(A) = 1 > 1 − 2−n−c ,
so MLµn ⊆ U ⇐⇒ MLµn ⊆ A ⇐⇒ µ(A) > 1 − 2−n−c which is a c.e. condition as the measure
of an effective open set is left-c.e.
While the image of a Π01 set by a computable function is not Π01 in general, the image of an
effectively compact set is always effectively compact. Moreover in a computable metric space,
the complement of an effective compact set is an effective open set. As a result, the argument in
Theorem 2.1 directly extends to any complete computable metric space. Moreover the function
can be assumed to be layerwise computable only. We then have the following result (Proposition
5 in [HR09b]).
Theorem 2.3. Let (X, d) and (Y, d0 ) be computable metric spaces. Assume that (X, d) is
complete. Let µ be a computable probability measure over X and f : X → Y a µ-layerwise
computable function.
• The push-forward measure ν = µ ◦ f −1 is computable.
• An element y ∈ Y is Martin-Löf ν-random if and only if y = f (x) for some Martin-Löf
µ-random x.
• If f is moreover one-to-one, then its inverse is ν-layerwise computable.
The third point shows that layerwise computability is stable under taking the inverse, which
is not true of plain computability when the space is not compact.
This result is often useful to prove that two ways of defining a notion of randomness are
equivalent, by finding a computable measure-preserving function between two classes of objects.
Section 4 is devoted to this application.

3

Recovering a distribution from a sample

We now present results showing how layerwise computability appears naturally.

3.1

Class of measures

We consider the following situation. One is given a coin and has to compute its bias by repeatedly tossing it. The underlying probability measure is a Bernoulli measure. Basic probability
theory gives estimates on the convergence of the frequencies of heads and tails, from which one
can derive a probabilistic algorithm to compute the bias up to any precision with arbitrarily
large probability. More precisely there is an algorithm that takes a random sequence x and
some  > 0 as inputs and computes the frequency of 1’s in x for all x in a set of measure at
least 1 − . From this one can derive that the function mapping a random sequence to the
corresponding Bernoulli measure is layerwise computable: for  = 2−n then the algorithm will
compute a correct output for every x whose deficiency is at most n.
8

The proof is not difficult but rather technical, and very specific to the case of Bernoulli measures. The calculations of the estimates are useful to obtain an efficient algorithm, that runs
in polynomial time. However if one is only interested in computability rather than complexity
there is an alternative simple argument to prove the layerwise computability of the mapping,
which is applicable to other classes of measures, more general than the class of Bernoulli measures. Bienvenu and Monin [BM12] even identified the classes of measures for which such an
algorithm exists.
Observe that if such an algorithm exists for a class C of measures, then two different measures
µ, ν ∈ C must be effectively orthogonal in the sense that they do not share random sequences:
indeed, for each µ ∈ C the algorithm computes µ given any µ-random sequence, so a sequence
cannot be at the same time µ-random and ν-random for distinct µ, ν ∈ C .
We then assume that C contains pairwise effectively orthogonal measures. We say that x
is C -random if x is µ-random for some µ ∈ C . This notion of randomness comes with a notion
of deficiency: the C -deficiency of x is defined as dC (x) = inf µ∈C dµ (x). Observe that if x is
µ-random, then dC (x) = dµ (x) and dν (x) = +∞ for all ν ∈ C \ {µ}. More on randomness for
classes for measures can be found in [BGH+ 11].
Theorem 3.1. Let C be a class of probability measures over 2ω . The following statements are
equivalent:
• C is contained in an effectively compact class of pairwise effectively orthogonal measures,
• The function that for every µ ∈ C maps each µ-random x to µ is layerwise computable:
µ can be uniformly computed from x and any upper bound on dC (x) = dµ (x).
Proof sketch. Assume that C is an effectively compact
class of pairwise effectively orthogonal
T
µ
measures. One can show that the sets Un = µ∈C Un form a randomness test w.r.t. every
measure in C . As the measures in C are effectively orthogonal, if x ∈ 2ω \ Un , then {µ : x ∈
2ω \ Unµ } is a singleton, containing the measure making x random. That set is Π01 in x and n,
uniformly, so its element is computable in x and n, uniformly.
Conversely, if there is a layerwise computable function φ mapping random sequences to
their corresponding measures, then one can show that the class of measures D = {µ : ∀n, µ({x :
φ(x, n) = µ}) ≥ 1 − 2−n } is an effectively compact class of effectively orthogonal measures
containing C (see [BM12] for a detailed proof).
The class of Bernoulli measures is an example of effectively compact class of effectively
orthogonal measures. For Bernoulli measures, it is intuitive that the measure can be computed
in some way by reading the sequence and progressively approximating the frequency of 1’s in
it. However, in order to prove Theorem 3.1 one does not need to enter into such details and the
short argument is very abstract.

3.2

Decomposition of measures

We now consider a close but different situation. This time we are given a sequence that is
random w.r.t. a particular measure, and that measure can be decomposed as a combination
of measures in a certain class. Several theorems state the existence and uniqueness of such a
decomposition, a famous example being De Finetti’s theorem, which we present now.
De Finetti’s theorem. A measure µ over 2ω can be equivalently presented as a sequence
Xi of {0, 1}-valued random variables. The measure µ([w]) of a cylinder w = w0 . . . wn is then
given by the probability that X0 = w0 , X1 = w1 , . . . and Xn = wn . The sequence Xi is said to
9

be exchangeable if for every finite sequence a0 , . . . , an ∈ {0, 1} of bits and every finite sequence
i0 , . . . , in ∈ N of pairwise distinct positions, the probability that Xi0 = a0 , Xi1 = ai1 , . . . and
Xin = an does not depend on the positions i0 , . . . , in . For instance every Bernoulli measure
corresponds to an exchangeable sequence of random variables, but the notion is more general.
µ +µ
For instance if µp and µq are two Bernoulli measures, then the average p 2 q is not a Bernoulli
measure but does correspond to an exchangeable sequence of random variables. More generally,
given a probability
measure ν over [0, 1], the combination µ of Bernoulli measures given by
R
µ([w]) = µp [w] dν(p) corresponds to an exchangeable sequence of random variables.
De Finetti’s theorem states that every exchangeable sequence of random variables can be
(uniquely) decomposed as a combination of Bernoulli measures, for some measure ν over [0, 1].
Intuitively, the process of generating a binary sequence distributed according to µ can be decomposed as follows: first generate a random number p ∈ [0, 1] distributed according to ν, then
generate a binary sequence using a coin with bias p.
The question is then: having observed the outcome, i.e. the infinite binary sequence, can one
recover the bias p? The answer is positive and actually holds in much more general situations.
ω
Theorem 3.2. Let C be a class of pairwise effectively orthogonal
R measures over 2 , and ν
a computable probability measure supported on C . Let µ([w]) = η([w]) dν(η). The following
holds:

• A sequence x is µ-random if and only if it is η-random for some ν-random measure η.
• The function mapping µ-random x to the ν-random measure η such that x is η-random is
µ-layerwise computable.
Proof sketch. Here we use the integral tests mentioned in Section 2.2 as a measure
R of randomness
deficiency. Let f (x) = inf η tν (η)tη (x). The decomposition of µ directly gives f dµ ≤ 1, so f is
a µ-test and f ≤ ctµ for some constant c.
As a result, if x is µ-random, then x is η-random for some ν-random measure η. Moreover
there is a positive constant c0 such that if n is an upper bound on the deficiency tµ (x), then c0 n
is an upper bound on the deficiency tη (x).
So given x and n ≥ tµ (x), the corresponding measure η is the unique measure such that
tη (x) ≤ c0 n, so {η} is Π01 in x and n, uniformly, hence η is computable in x and n, uniformly.
If one takes the class of Bernoulli measures for C , then one gets the case of De Finetti’s
theorem. Whatever ν is, the frequency of 1’s in the sequence is µ-layerwise computable. In that
case, if one starts with a computable measure µ, a simple compactness argument shows that
the measure ν over the class of Bernoulli measures (or equivalently over [0, 1]) is computable.
This was generalized by Freer and Roy [FR09] to other spaces than the Cantor space.
Ergodic decomposition. Another interesting case of decomposition of measures is when µ
is a shift-invariant probability measure, which means that the probability that a sequence starts
with w is the same as the probability that the shifted sequence (obtained by removing the first
bit of the sequence) starts with w. Formally it means that µ([w]) = µ([0w]) + µ([1w]) for all w.
The ergodic decomposition theorem states that every shift-invariant measure can be uniquely
decomposed as a combination of other shift-invariant measures, that in turn cannot be decomposed further. Those shift-invariant measures that have no non-trivial decomposition into other
shift-invariant measures are called the ergodic measures. Two different ergodic measures are
always effectively orthogonal, so Theorem 3.2 can be applied to the class C of ergodic shiftinvariant measures. This time, the computability of µ does not imply the computability of ν,
which must be assumed [Hoy13].
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4

Representations of random objects

4.1

Different representations may induce the same notion of randomness

We have seen that the notion of a Martin-Löf random element can be defined on many spaces
endowed with a probability measure, by simply reproducing the original notion developed on
the Cantor space.
Another common way to define an algorithmic notion of randomness for a class of objects
is to encode them into infinite binary sequences and then export the notion of Martin-Löf
randomness from the Cantor space to the space under consideration. The choice of the particular
representation is an important issue as each particular representation induces its own notion of
randomness.
However it often happens that different representations that are far from being computably
equivalent actually induce the same notion of randomness. We give here a result explaining
this phenomenon in a large number of situations, and whose proof is elementary. This result
also shows that in these cases, representations that are far from being computably equivalent
are actually layerwise computably equivalent. In particular they are computably equivalent at
each random element.
We assume that the strongest representation of the objects is derived from a complete computable metric on the space of objects. An object is then represented by successive approximations in the underlying metric.
Formally, we consider a complete computable metric space (X, d), i.e. a separable complete
metric space with a distinguished dense sequence (si )i∈N such that the real numbers d(si , sj ) are
uniformly computable. The metric d induces a first representation, the Cauchy representation:
a point x is represented by any sequence of natural numbers i0 , i1 , . . . such that d(sin , x) < 2−n .
We then consider several cases for the weaker representation.
Metric representations. Here we assume that the weaker representation is derived from
a weaker metric. Let then d0 be another metric on X that is effectively weaker than d: as a
function from X × X to R it is computable. This is equivalent to saying that (X, d0 ) is another
computable metric space (with the same countable dense set) such that the identity from (X, d)
to (X, d0 ) is computable.
Representing a point x ∈ X by approximations in the metric d provides at least as much
information about x as giving approximations of x in the metric d0 , and possibly more.
Now we assume that (X, d) is endowed with a computable Borel probability measure µ
(which is automatically computable on the space (X, d0 )). As d0 is weaker than d, there are less
Martin-Löf tests in (X, d0 ) than in (X, d) so there might be strictly more Martin-Löf random
points in (X, d0 ) than in (X, d). It is not the case.
Theorem 4.1. Let (X, d) be a complete computable metric space, µ a computable probability
measure and d0 a metric that is effectively weaker than d.
• The Martin-Löf random points of (X, d, µ) are the same as the Martin-Löf random points
of (X, d0 , µ).
• Moreover, mapping x ∈ (X, d0 ) to x ∈ (X, d) is µ-layerwise computable.
Proof. The identity f from (X, d) to (X, d0 ) is computable, one-to-one and preserves µ. As
(X, d) is complete we can apply Theorem 2.3.
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Other representations. We now consider the more general case. We still have the Cauchy
representation δC : 2ω → X derived from the computable metric d. We then assume another
representation, i.e. a surjective partial function δ : 2ω → X, and we say that x is δ-Martin-Löf
random if it has a δ-name that is Martin-Löf random w.r.t. the uniform measure λ (λ is the
canonical measure over 2ω , but any other measure can be chosen instead).
Observe that we have a notion of randomness derived from δ which makes no reference to
any measure over X. Actually it is a notion of randomness for the measure µ defined as the
push-forward of λ under δ: µ(A) = λ(δ −1 (A)) for all Borel sets A (here we have to assume that
δ is Borel).
We can now compare δ-randomness with Martin-Löf randomness in the space (X, d, µ). For
this we have to assume that µ is computable.
Observe that if δ as a function from 2N to X is computable, then obviously the two randomness notions coincide. So we are interested in the situation when δ is not computable. We still
have to assume some effectivity. Often, δ is “semicomputable” in some sense. We do not give
a general definition, but give a result that illustrates the idea when the space X is the Cantor
space. We then give an example in the next section.
We say that δ : 2N → 2N is c.e. if there is a Turing machine that on oracle x ∈ 2N enumerates
δ(x), as a subset of N.
Theorem 4.2. Let µ a computable probability measure over 2N and δ : 2N → 2N a c.e. map
that pushes the uniform measure λ to µ.
• The Martin-Löf random points of (2N , µ) are exactly the δ-random points (i.e. the images
of Martin-Löf random points by (δ, λ) by δ).
• Moreover, δ is λ-layerwise computable.
Proof. Given n, the set Un = δ −1 ({x ∈ 2N : xn = 1}) is an effective open set. Moreover, λ(Un ) =
µ({x ∈ 2N : xn = 1}) is computable, so Un is λ-layerwise computable. As this is uniform in n, δ
is λ-layerwise computable so Theorem 2.3 applies.
Observe that for an arbitrary x, δ(x) is not computable relative to x, but only c.e. relative
to x. However, assuming that the push-forward measure of δ is computable implies that when x
is Martin-Löf random, δ(x) is computable relative to x.
In the situations described by Theorem 4.1 and 4.2, several representations of the same objects that give more or less information about them induce the same notion of randomness, and
the representations are actually computably equivalent on the random elements, in a layerwise
fashion.
We now illustrate the preceding results to two classes of objects: closed subsets of 2ω and
continuous real-valued functions over [0, 1].

4.2

Random closed sets

A way of obtaining a notion of Martin-Löf random closed subset of 2ω is to fix a representation
of closed sets by infinite sequences over a finite alphabet and to label a closed set as random if
it has a name that is Martin-Löf random w.r.t. the uniform measure (or possibly another fixed
Bernoulli measure). Again the notion of random closed set depends on the representation and
on the measure on the space of names.
Mainly two representations have been proposed in the literature, in [BBC+ 07] and [Kjo09].
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The hit-or-miss representation. In [BBC+ 07] a non-empty closed set C ⊆ 2ω is represented
by the tree without dead ends consisting of all the finite strings having an extension in C. This
tree is encoded as an infinite sequence over the alphabet 3 = {0, 1, 2} and 3ω is endowed with
the uniform measure. Hence a name of a closed set C tells which cylinders hit (intersect) C
and which ones miss (are disjoint from) C, so the induced topology is called the hit-or-miss
topology. This representation is equivalent to the one derived from the Hausdorff metric (with
for instance the clopen sets as a dense countable subset), which is complete.
The induced measure is as follows: given that C intersects [w], the probability that C
intersects only one of [w0] and [w1] is 1/3, the probability that C intersects both is also 1/3.
The miss representation. In [Kjo09] a closed set C is represented by any set S of finite
strings such that C is the set of infinite sequences having all their prefixes in S. Such a set S is
encoded as an infinite sequence over 2 = {0, 1} and 2ω is endowed with a Bernoulli measure with
parameter p ∈ [0, 1]. The topology induced by this representation is called the miss topology:
a representation of C tells which cylinders miss C, but does not tell which ones hit C. This
representation can also be seen as the generation of a tree by a Galton-Watson process and this
time the tree does have dead ends.
The induced measure on the trees is as follows: given that w belongs to the tree, w0 and
w1 belong to the tree with probability p, independently. The induced measure on the closed
set is then determined by the following conditions: the probability that C is non-empty is 0 if
p ≤ 1/2 and (2p − 1)/p2 if p > 1/2, and given that C intersects [w], the probability that C
intersects ony one of [w0] and [w1] is 1 − p and the probability that C intersects both is 2p − 1.
Comparison. The two representations are topologically and computably very different, as the
first one gives much more information about the closed set than the second one. However for
p = 2/3 they induce the same measure (restricted to the non-empty closed sets) and the same
notion of randomness. This equivalence has been proved in [DK09, Axo10], but the framework
of layerwise computability provides the much simpler argument of Theorem 4.2.
Theorem 4.3. The two notions of random closed set coincide for non-empty closed sets. Moreover, a hit-or-miss representation of a non-empty random closed set can be computed from a
miss representation in a layerwise computable way.
Proof. The miss representation is “semicomputable”: given S, one can enumerate the complement of the closed set represented by S. As the induced measure µ1 is computable and coincides
with the measure µ2 restricted to the non-empty closed sets, the miss representation is actually
layerwise computable and induces the same notion of randomness.
In particular, given a random miss representation, i.e. a tree with dead ends, it is layerwise
decidable whether a node in the tree eventually dies.

4.3

Brownian motion

There are many different ways of constructing, defining, and representing Brownian motion.
Each one of them induces a representation of paths and the different representations may or
may not be computably reducible to each other.
In any case, one has to choose a way of representing objects and a measure over the set of
objects.
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Wiener measure and uniform distance. One approach to define Brownian motion is to
declare that a path is a continuous function, i.e. an element of the set C [0, 1] of continuous
real-valued functions over [0, 1], and to endow C [0, 1] with a probability measure called the
Wiener measure.
The Wiener measure over C [0, 1] is defined as the unique measure having normal conditional expectations with certain parameters: the value of f (t) given f (t0 ), . . . , f (tn ) is normally
distributed with parameters depending on t0 , . . . , tn , t.
The usual way of representing a continuous function f ∈ C [0, 1] is to give the needed
information in order to evaluate f at any real number. This is done by giving the values of
f on the dyadic rationals together with a modulus of uniform continuity for f (i.e. a function
giving, for each  > 0, some δ > 0 such that |x − y| < δ implies |f (x) − f (y)| < ). This is also
equivalent to endowing C [0, 1] with the uniform distance
d∞ (f, g) = max |f (x) − g(x)|
x∈[0,1]

which makes it a complete computable metric space (taking for instance the rational piecewise
affine functions as countable dense subset).
One then has to prove that W is a computable measure, this is done in [Fou00a]. The notion
of a Martin-Löf W -random function then comes for for free, using the definition of Martin-Löf
test presented in Section 2.1.
Wiener measure and values on the rationals. Another way to represent a function
f ∈ C [0, 1] is to give the values of f on the dyadic rationals, but no information about its
modulus of continuity. Formally it can be done by identifying f ∈ C [0, 1] with the sequence
f (dn ) of values of f on the dyadic rationals, where (dn )n∈N is an effective enumeration of the
set D of dyadic rationals in [0, 1]. In this way, C [0, 1] is homeomorphic to a subset of RN and
inherits the metric over RN :
dD (f, g) = sup 2−n
n

|f (dn ) − g(dn )|
1 + |f (dn ) − g(dn )|

The metric dD is strictly weaker than d∞ . Approximating f ∈ C [0, 1] in the metric dD gives
no information about the modulus of continuity of f , hence cannot be used in general to give
approximations of f in the uniform metric. In other words, the identity from (C [0, 1], dD ) to
(C [0, 1], d∞ ) is far from being computable (while its inverse is). However as a direct application
of Theorem 4.1, for random functions the two types of approximations give the same information,
in a layerwise computable way.
Corollary 4.1. The Martin-Löf W -random elements of (C [0, 1], d∞ ) are exactly the MartinLöf W -random elements of (C [0, 1], dD ). Moreover, the function mapping f ∈ (C [0, 1], dD ) to
f ∈ (C [0, 1], d∞ ) is W -layerwise computable.
The equivalence is proved in [Fou00b] without using layerwise computability, and the layerwise computability of the mapping is proved in [DF13]. Note that the result is much more
general as it remains true when replacing W with any other (computable) measure over C [0, 1]
and dD with any computable metric over C [0, 1].
Franklin-Wiener series. Another way of defining Brownian motion is to consider it as the
limit of discrete-time random walks.
A path is obtained by summing up a linear combination with random coefficients of triangular functions located at dyadic rationals. A path is then determined by a sequence of random,
normally distributed, coefficients.
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In this way we get another possible representation of paths by giving the sequence of coefficients, encoded in an element of 2ω , and declaring a path random if it has a random encoding.
This is the approach taken by Fouché in [Fou00b].
Classical theorems state that almost surely the series converge to a continuous function and
that the induced measure over C [0, 1] is precisely the Wiener measure.
It is not difficult to see that giving the coefficients of the series is equivalent to giving the
values of the limit function at the dyadic rationals: the value of f at some dyadic rational d
can be computed from a finite number of coefficients using some formula, and reciprocally each
coefficient can be computed from the values of f on a finite set of dyadic rationals using another
formula.
As a result the Franklin-Wiener representation is computably equivalent to the representation derived from the metric dD . From this we conclude that again we obtain the same notion
of randomness.
We mention the original definition of algorithmically random path due to Asarin and
Prokovskii [AP86] using Kolmogorov complexity, which was proved to be equivalent to the
definitions presented here by Fouché [Fou00a].
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Klaus Ambos-Spies, Benedikt Löwe, and Wolfgang Merkle, editors, Mathematical
15

Theory and Computational Practice, 5th Conference on Computability in Europe,
CiE 2009, Heidelberg, Germany, July 19-24, 2009. Proceedings, volume 5635 of
Lecture Notes in Computer Science, pages 144–153. Springer, 2009.
[Fou00a]
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