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Abstract

We survey an area of recent development, relating dynamics to the-
oretical computer science. We discuss some aspects of the theoretical
simulation and computation of the long term behavior of dynamical sys-
tems. We will focus on the statistical limiting behavior and invariant
measures. We present a general method allowing the algorithmic approx-
imation at any given accuracy of invariant measures. The method can
be applied in many interesting cases, as we shall explain. On the other
hand, we exhibit some examples where the algorithmic approximation of
invariant measures is not possible. We also explain how it is possible to
compute the speed of convergence of ergodic averages (when the system is
known exactly) and how this entails the computation of arbitrarily good
approximations of points of the space having typical statistical behaviour
(a sort of constructive version of the pointwise ergodic theorem).
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1 Introduction

The advent of automated computation led to a series of great successes and
achievements in the study of many natural and social phenomena which are
modeled by dynamical systems. The use of computers and simulations allowed
to predict the behavior of many important models and, on the other hand,
led to the discovery of important general aspects of dynamics. This motivated
the huge amount of work that was made by hundreds of scientists to improve
practical simulation and computation techniques. It also motivated the study
of the theoretical limits of simulation and computation techniques, and the
theoretical understanding of related problems.

In this paper we shall focus on some of these theoretical aspects related to
rigorous computation and simulation of (discrete time) dynamical systems.

The simulation and investigation of dynamical systems started with what
we call the naive approach, in which the user just implements the dynamics
without taking rigorous account of numerical errors and rounding. Then the
user simply sees what happens on the screen.

Evidently, the sensitivity to initial conditions and the typical instability of
many interesting systems (to perturbations on initial conditions but also on the
map generating the dynamics) implies that what is beeing observed on the com-
puter screen could be completely unrelated to what was meant to be simulated.
In spite of this, the naive approach turns out to work almost unreasonably well
in many situations and it is even today the most commonly used approach in
simulations. The theoretical reasons of why this method works and what are
its limits, are in our opinion yet to be understood (some aspects have been
investigated in [39],[44],[30] [7, 8],[37] e.g.).

Opposite to the naive approach, there is the “absolutely rigorous” approach,
which will be the main theme of this paper. Here the user seeks for an algorithm
able to produce a description up to any desired precision of the object = which is



meant to be computed. In case such an algorithm exits, we say that the object
x is computable (suitable precise definitions will be given below).

For example, in this approach the constant e is a computable number because
there is an algorithm that is able to produce a rational approximation of e at
any given accuracy (for instance by finding the right m and calculating 1"

such that the error is smaller than requested).

In an “absolutely rigorous” simulation (computation), both the initial point
(or initial distribution) and the transition map are supposed to be computable,
and the question arises if interesting objects related to the dynamics (e.g. in-
variant sets or invariant measures) can be computed from the description of the
system (or perhaps by using some additional information).

In this paper we shall survey a number of results related to these computa-
tional aspects, some of which are updated with new information. We will see
that in many cases the objects of interest can indeed be computed, but there
are some subtleties, and cases where the interesting objects cannot be computed
from the description of the system, or cannot be computed at all. In other words,
these results provide theoretical limits to such computations. In particular, we
shall recall some examples where this non-computability phenomenon appears,
in the case of invariant measures and Julia sets.

Computing invariant measures. An important fact motivating the study
of the statistical properties of dynamical systems is that the pointwise long
term prediction of a chaotic system is not possible, whereas, in many cases, the
estimation or forecasting of averages and other long term statistical properties
is. This forecasting procedure, often corresponds in mathematical terms to
the computation of invariant measures or to the estimation of some of their
properties — measures contain information on the statistical behavior of the
system (X,T) and on the potential behavior of averages of observables along
typical trajectories of the system (see Section 3).

An invariant measure is a Borel probability measure p on X such that for
each measurable set A it holds that u(A) = u(T~1(A)). They represent equilib-
rium states, in the sense that probabilities of events do not change in time.

To rigorously compute an invariant measure means to find an algorithm
which is able to output a description of the measure (for example an approx-
imation of the measure made by a combination of delta measures placed on
“rational” points) up to any prescribed precision.

We remark that once an interesting invariant measure is computed, this in-
formation is useful for the computation of other dynamical properties: Lyapunov
exponents, entropy, escape rates, etc... For example, in dimension one, once an
ergodic invariant measure ;1 has been approximated, the Lyapunov exponent A,

can be estimated using the formula A, = fol log, T'dp, where T' denotes the
derivative of the map generating the dynamics. In higher dimensions, similar
techniques can be applied (see e.g. [22] for more examples of derivation of dy-
namical quantities from the computation of the invariant measure and similar
objects).



Before giving more details about the computation of invariant measures, we
remark that, since there are only countably many “algorithms” (computer pro-
grams), whatever we mean by “approximating a measure by an algorithm” would
imply that only countable many measures can be computed. In general, how-
ever, a dynamical system may have uncountably many invariant measures (usu-
ally an infinite dimensional set). So, a priori most of them will not be algorith-
mically describable. This is not a serious problem because we should put our
attention on the most meaningful ones. An important part of the theory of dy-
namical systems is indeed devoted to the understanding of physically relevant
invariant measures. Informally speaking, these are measures which represent
the asymptotic statistical behavior of many (positive Lebesgue measure) initial
conditions (see Section 3 for more details).

The existence and uniqueness of physical measures is a widely studied prob-
lem (see [51]), which has been solved for some important classes of dynamical
systems. These measures are some of the good candidates to be computed.
Other measures of particular interest in certain cases, as we shall see below, are
the maximal entropy ones.

The computation of interesting invariant measures (in more or less rigor-
ous ways) is the main goal of a significant part of the literature related to
computation in dynamics. An important role here is played by the transfer
operator induced by the dynamics. Indeed, the map T defining the dynam-
ics, induces a transition map L on the space of probability measures over X,
Ly : PM(X) — PM(X). Ly is called the transfer operator associated to T
(definition and basic results about this are recalled in Section 3). Invariant
measures are fixed points of this operator. The main part of the methods which
are used to compute invariant measures deals with suitable finite dimensional
approximations of this operator. In Section 3 we will review briefly some of
these methods, and give some references. We then consider the problem from
the abstract point of view mentioned above, and give some general results on
rigorous computability of the physical invariant measure. In particular we will
see that the transfer operator is computable up to any approximation in a gen-
eral context (see Thm 16). The corresponding invariant measure is computable,
provided we are able to give a description of a space of “regular” measures
where the physical invariant measure is the only invariant one (see Thm 17 and
following corollaries).

We will also show how the measure can be obtained from a description of
the system in a class of examples (piecewise expanding maps) by using the
Lasota-Yorke inequality.

Rational transformations of the Riemann Sphere are another interesting class
where our methods can be applied. These complex dynamics are very well stud-
ied in the literature, and enormous attention has been addressed to the Julia sets
associated to them, which have emerged as the most studied examples of fractal
sets generated by a dynamical system. One of the reasons for their popularity is
the beauty of the computer-generated images of such sets. The algorithms used
to draw these pictures vary; the naive approach in this case works by iterating



the center of a pixel to determine if it lies in the Julia set. There exists also more
sophisticated algorithms (using classical complex analysis, see [45]) which work
quite well for many examples, but it is well known that in some particular cases
computation time will grow very rapidly with increase of the resolution. More-
over, there are examples, even in the family of quadratic polynomials, where no
satisfactory pictures of the Julia set exist.

In the rigorous approach, a set is computable if, roughly speaking, its image
can be generated by a computer with an arbitrary precision. Under this notion
of computability, the question arise if Julia sets are always computable. In a
series of papers ([5, 4, 12, 13]) it was shown that even though in many cases
(hyperbolic, parabolic) the Julia set is indeed computable, there exists quadratic
polynomials which are computable (again, in the sense that all the trajectories
can be approximated by an algorithm at any desired accuracy), and yet the
Julia set is not.

So we can not simulate the set of limits points on which the chaotic dynamics
takes place, but, what about the statistical distribution? In fact, it was shown
by Brolin and Luybich that there exists a unique invariant measure which maxi-
mizes entropy, and that this measure is supported on the Julia set. The question
of whether this measure can be computed has been recently solved in [6], where
it is proved that the Brolin-Lyubich measure is always computable. So that even
if we can not visualize the Julia set as a spatial object, we can approximate its
distribution at any finite precision. In Section 3.3 we shall briefly review the
mentioned results on uncomputability of Julia sets, and explain how our method
can be applied to show computability of the Brolin-Lyubich measure.

After such general statements one could conjecture that all computable dy-
namical systems should always have a computable invariant measure. We will
see that, perhaps surprisingly, this is not true. Not all computable systems (the
dynamics can be computed up to any prescribed approximation) have com-
putable invariant measures (see Section 3.4). The existence of such examples
reveals some subtleties in the computation of invariant measures.

Finally, to further motivate these results, we remark that from a technical
point of view, computability of the considered invariant measure is a requirement
in several results establishing connections between computation, probability,
randomness and pseudo-randomness (see Section 5 and e.g. [3, 24, 25, 26])

Computing the speed of convergence and pseudorandom points.

For several questions in ergodic theory the knowledge of the speed of conver-
gence to ergodic behavior is important to deduce other practical consequences.
In the computational framework, the question turns out to be the effective
estimation of the speed of convergence in the ergodic theorems'. From the
numerical-practical point of view this has been done in some classes of systems,
having a spectral gap for example. In this case a suitable approximation of the
transfer operator allows to compute the rate of decay of correlations [23][40] and
from this, other rates of convergence can be easily deduced.

1Find a N such that % > foT™ differs from [ fdp less than a given error for each n >,in
some sense.



Other classes of systems could be treated joining the above spectral ap-
proach, with combinatorial constructions (towers, see [41] e.g.), but the general
case need a different approach.

In [2] it was shown that much more in general, if the system can be described
effectively, then the rate of convergence in the pointwise ergodic theorem can be
effectively estimated (not only the asymptotical speed, but explicit estimates on
the error).

We give in section 4 a very short proof of a statement of this kind (see
Theorem 39 ) for ergodic systems, and show some consequences. Among these,
a constructive version of pointwise ergodic theorem. If the system is computable
(in some wide sense that will be described), then it is possible to compute
points having typical statistical behavior. Such points could hence be called
pseudorandom points of the system (see Section 5).

Since the computer can only handle computable initial conditions, any sim-
ulation can start only from these points. Pseudorandom initial conditions are
hence in principle the good points where to start a simulation.

We remark that it is widely believed that naive computer simulations very
often produce correct statistical behavior. The evidence is mostly heuristic.
Most arguments are based on the various “shadowing” results (see e.g. [35]
chapter 18). In this kind of approach (different from ours), it is possible to
prove that in a suitable system every pseudo-trajectory (as the ones which are
obtained in simulations with some computation error) is close to a real trajectory
of the system. However, even if we know that what we see in a simulation is near
to some real trajectory, we do not know if this real trajectory is typical in some
sense. Another limitation of this approach is that shadowing results hold only
in systems having some strong hyperbolicity, while many physically interesting
systems are not like this. In our approach we consider real trajectories instead
of “pseudo” ones and we ask if there exists computable points which behaves as
a typical point of the dynamics.

Acknowledgement 1 We would like to thank The Abdus Salam International
Centre for Theoretical Physics (Trieste, IT) for support and hospitality during
this research.

2 Computability on metric spaces

To have formal results and precise assumptions on the computability (up to any
given error) of continuous objects, we first need to introduce some concepts.
In particular, we shall introduce recursive versions of open and compact sets,
and characterize the functions which are well suited to operate with those sets
(computable functions). In this section, we try to explain this theory as simple
and self contained as possible. Other details and different approaches to the
subject can be found in the introductory texts [9] and [50].



2.1 Computability

The starting point of recursion theory was the introduction of a mathemat-
ical definition making precise the intuitive notions of algorithmic or effective
procedure on symbolic objects. Several different formalizations have been inde-
pendently proposed (by Church, Kleene, Turing, Post, Markov...) in the 30’s.
They all turned out to be be equivalent: they compute the same functions from
N to N. The class of functions thus defined is now called the class of recursive
functions. As an algorithm is allowed to run forever on an input, these functions
may be partial, i.e. not defined everywhere. The domain of a recursive function
is the set of inputs on which the algorithm eventually halts. A recursive function
whose domain is N is said to be total.

We now recall an important concept from recursion theory. A set £ C N
is said to be recursively enumerable (r.e.) if there is a (partial or total)
recursive function ¢ : N — N enumerating F, that is E = {¢(n) : n € N}. If
E # ), ¢ can be effectively converted into a total recursive function v which
enumerates the same set E.

2.2 Algorithms and uniform algorithms

Strictly speaking, recursive functions only work on natural numbers. However,
this can be extended to the objects (thought as “finite” objects) of any countable
collection, once a numbering of its elements has been chosen. We will use the
word algorithm instead of recursive function when the inputs or outputs are
interpreted as finite objects. The operative power of algorithms on the objects
of such a numbered set obviously depends on what can be effectively recovered
from their numbers.

More precisely, let X and Y be numbered sets such that the numbering of
X is injective (it is then a bijection between N and X). Then any recursive
function ¢ : N — N induces an algorithm A : X — Y. The particular case
X = N will be much used.

For instance, the set Q of rational numbers can be injectively numbered
Q = {q9,q,-..} in an effective way: the number i of a rational a/b can be
computed from a and b, and vice versa. We fix such a numbering: from now on
the rational number with number ¢ will be denoted by g;.

Now, let us consider computability notions on the set R of real numbers.

Definition 2 Let x be a real number. We say that:
e z is lower semi-computable if the set {i € N: ¢; <z} is r.e.
e 1 is upper semi-computable if the set {i € N:¢q; >z} is r.e.
e z is computable if it is lower and upper semi-computable.

It is worth noticing that a real number is computable if and only if there
exists an algorithmic enumeration of a sequence of rational numbers converging
exponentially fast to . That is:



Proposition 3 A real number is computable if there is an algorithm A : N —
Q such that |A(n) — x| < 27" for all n.

We remark that the notion of computable real number was already intro-
duced (in a different but equivalent way) by Turing in [47].

Uniformity. Algorithms can be used to define computability notions on many
classes of mathematical objects. The precise definitions will be particular to
each class of objects, but they will always follow the following scheme:

An object O is computable if there is an algorithm
A: X —>Y

which computes O in some way.

Each computability notion comes with a uniform version. Let (O;);en be a
sequence of computable objects:

O; is computable uniformly in ¢ if there is an algorithm
A:Nx X =Y

such that for all 7, A; := A(i,-) : X — Y computes O;.

For instance, the elements of a sequence of real numbers (z;);en are uniformly
computable if there is a algorithm A : Nx N — @ such that |A(7,n) —x;| <277
for all 7, n.

In other words a set of objects is computable uniformly with respect to some
index if they can be computed with a “single” algorithm starting from the value
of the index.

In each particular case, the computability notion may take a particular name:
computable, recursive, effective, r.e., etc. so the term “computable” used above
shall be replaced.

2.3 Computable metric spaces

A computable metric space is a metric space with an additional structure allow-
ing to interpret input and output of algorithms as points of the metric space.
This is done in the following way: there is a dense subset (called ideal points)
such that each point of the set is identified with a natural number. The choice of
this set is compatible with the metric, in the sense that the distance between two
such points is computable up to any precision by an algorithm getting the names
of the points as input. Using these simple assumptions many constructions on
metric spaces can be implemented by algorithms.

Definition 4 A computable metric space (CMS) is a triple X = (X,d, S),
where



(i) (X,d) is a separable metric space.

(W) S = {si}tien is a dense, numbered, subset of X called the set of ideal
points.

(11i) The distances between ideal points d(s;, s;) are all computable, uniformly
ini,j (thereis an algorithm A : N> — Q such that |A(i, j,n) —d(si, sj)| <
27m),

Point (iii) says that the information that can be recovered from the numbers
of the numbered set S is their mutual distances.

The algorithms involved in the following definitions (up to Definition 9) are
assumed to be total.

Definition 5 We say that in a metric space (X, d), a sequence of points (xp)neN
converges recursively to a point x if there is an algorithm D : Q — N such that
d(zn,x) <€ for alln > D(e).

Definition 6 A point x € X is said to be computable if there is an algorithm
AN — S such that (A(n))nen converges recursively to x.

We define the set of ideal balls to be B := {B(s;,q;) : s, € 5,0 < ¢; € Q}
where B(z,r) = {y € X : d(z,y) < r} is an open ball. We fix a numbering
B = {By, By, ...} which makes the number of a ball effectively computable from
its center and radius and vice versa. B is a countable basis of the topology.

Definition 7 (Effective open sets) We say that an open set U is effective if
there is an algorithm A : N — B such that U = J,, A(n).

Observe that an algorithm which diverges on each input n enumerates the
empty set, which is then an effective open set. Sequences of uniformly effective
open sets are naturally defined. Moreover, if (U;);en is a sequence of uniformly
effective open sets, then | J; U; is an effective open set.

Definition 8 (Effective Gs-set) An effective Gs-set is an intersection of a
sequence of uniformly effective open sets.

Obviously, an uniform intersection of effective Gs-sets is also an effective
G's-set.

Let (X,Sx = {sf¥,s5,..},dx) and (Y,Sy = {s,sY,..},dy) be com-
putable metric spaces. Let also BiX and BiY be enumerations of the ideal balls
in X and Y. A computable function X — Y is a function whose behavior can
be computed by an algorithm up to any precision. For this it is sufficient that
the pre-image of each ideal ball can be effectively enumerated by an algorithm.

Definition 9 (Computable Functions) A function T : X — Y is com-
putable if T~1(BY) is an effective open set, uniformly in i. That is, there is
an algorithm A : N x N — B¥ such that T-Y(B}Y) = ,, A(i,n) for all i.

A function T : X — Y is computable on D C X if there are uniformly
effective open sets U; such that T~Y(BY)N D = U; N D.



Remark 10 Intuitively, a function T is computable (on some domain D) if
there is a computer program which computes T'(x) (for x € D) in the following
sense: on input € > 0, the program, along its Tun, asks the user for approzi-
mations of x, and eventually halts and outputs an ideal point s € Y satisfying
d(T(z),s) < €. This idea can be formalized, using for example the notion of
oracle computation. The resulting notion coincides with the one given in the
previous definitions.

Recursive compactness is an assumption which will be needed in the follow-
ing. Roughly, a compact set is recursively compact if the fact that it is covered
by a finite collection of ideal balls can be tested algorithmically (for equivalence
with the e-net approach and other properties of recursively compact set see [27]).

Definition 11 A set K C X is recursively compact if it is compact and
there is a recursive function ¢ : N* — N such that ¢ (i1, ... ,1i,) halts if and only
if (Biy,...,Bi,) is a covering of K.

3 Computability of invariant measures

3.1 Invariant measures and statistical properties

Let X be a metric space, T : X — X a Borel measurable map and pu a 7T-
invariant Borel probability measure. A set A is called T-invariant if T-1(A) =
A (mod 0). The system (X, T, u) is said to be ergodic if each T-invariant set
has total or null measure. In such systems the famous Birkhoff ergodic theorem
says that time averages computed along u-typical orbits coincides with space
average with respect to p. More precisely, for any f € L'(X, i) it holds

F(x
lim S”T() = /fdu, (1)

n—oo

for y almost each x, where Sf = f+ foT + ...+ foT" L.

This shows that in an ergodic system, the statistical behavior of observables,
under typical realizations of the system is given by the average of the observable
made with the invariant measure.

We say that a point x belongs to the basin of attraction of an invariant
measure g if (1) holds at x for each bounded continuous f. In case X is a
manifold (possibly with boundary), a physical measure is an invariant measure
whose basin of attraction has positive Lebesgue measure (for more details and a
general survey see [51]). Computation of such measures will be the main subject
of the first part of this section.

3.1.1 The transfer operator

A function T between metric spaces naturally induces a function Lp between
probability measure spaces. This function Ly is linear and is called transfer

10



operator (associated to T'). Measures which are invariant for T" are fixed points
of LT-

Let us consider a computable metric space X and a measurable function
T : X — X. Let us also consider the space PM(X) of Borel probability
measures on X.

Let us define the linear function Ly : PM(X) — PM(X) by duality in the
following way: if 4 € PM(X) then Ly (p) is such that

/deT(u):/fonu

for each bounded continuous f.

The computation of invariant measures (and many other dynamical quanti-
ties) very often is done by computing the fixed points (and some other spectral
information) of this operator in a suitable function space. The most applied
and studied strategy is to find a suitable finite dimensional approximation of
Lt (restricted to a suitable function space) so reducing the problem to the
computation of the corresponding relevant eigenvectors of a finite matrix.

An example of this is done by discretizing the space X by a partition A; and
replacing the system by a (finite state) Markov Chain with transition probabil-
ities
m(Az N AJ)

where m is the Lebesgue measure on X (see e.g. [21][22][40]). Then, taking
finer and finer partitions it is possible to obtain in some cases that the finite
dimensional model will converge to the real one (and its natural invariant mea-
sure to the physical measure of the original system). In some cases there is an
estimation for this speed of convergence (see eg. [22] for a discussion), but a
rigorous bound on the error (and then a real rigorous computation) is known
only in a few cases (piecewise expanding or expanding maps, see [40],[29]).

Similar approaches consists of applying a kind of Faedo-Galerkin approxi-
mation to the transfer operator by considering a complete Hilbert base of the
function space and truncating the operator to the action on the first elements
(see [49] ).

Another approach is to consider a perturbation of the system by a small
noise. The resulting transfer operator has a kernel. This operator can then
be approximated by a finite dimensional one (again by the Faedo-Galerkin
method for instance) and the relevant eigenvectors can be thus calculated (see
e.g. [18][17]). This method is useful in cases where it is possible to prove that
the physical measure of the original system can be obtained as the limit when
the size of the noise tends to zero (this happens, for example, for uniformly
hyperbolic systems).

Variations on the method of partitions are given in [19, 20], while in [43]
a different method, fastly converging, based on periodic points is exploited for
piecewise analytic Markov maps. Another strategy to face the problem of com-
putation of invariant measures consist in following the way the measure p can be

P, =

11



constructed and check that each step can be realized in an effective way. In some
interesting examples we can obtain the physical measure as limit of iterates of
the Lebesgue measure p = lim,,_,o, L% (m) (recall that m is the Lebesgue mea-
sure). To prove computability of 1 the main point is to explicitly estimate the
speed of convergence to the limit. This sometimes can be done using techniques
related to decay of correlations ([25]).

Concluding, if the goal is to rigorously compute an invariant measure, most
of the results in modern literature are partial. Indeed, besides of being applied to
restricted classes of systems, they usually need additional information in order
to compute the measure. For example, the calculation of the finite dimensional
approximations is often not done Turing-rigorously, or the rate of convergence
of the approximations is computed up to some constants (depending on the
system) which are not estimated.

In the remaining part of this section we present some general results, mainly
from [27] and [6], and explain how they can be applied to rigorously compute
invariant measures. These results have the advantage of being simple and quite
general with all the needed assumptions made explicit. On the other hand, they
are not well suited for a complexity (in time or space) analysis, so it is not clear
if they can be implemented and used in practice.

The rigorous framework in which they are proved, however, allows to see
them as a study about the theoretical limits of (Turing-)rigorous computation
of invariant measures and, in fact, also negative results can be obtained. In
particular, we present examples of computable systems having no computable
invariant measures.

3.2 Computability of measures

In this section we explain precisely what we mean by computing a measure,
namely to have an algorithm able to approximate the measure by “simple mea-
sures” up to any desired accuracy.

Let us consider the space PM (X)) of Borel probability measures over X. Let
Co(X) be the set of real-valued bounded continuous functions on X. We recall
the notion of weak convergence of measures:

Definition 12 p,, is said to be weakly convergent to p if [fdp, — [fdu
for each f € Co(X).

Let us introduce the Wasserstein-Kantorovich distance between measures.
Let p1; and p9 be two probability measures on X and consider:

Wilpy, pg) = sup ‘/fdlh - /fdlh

fel1-Lip(X)

where 1-Lip(X) is the space of functions on X having Lipschitz constant less
than one. The distance W7 has the following useful properties

Proposition 13 (see [1] Prop 7.1.5)

12



1. W7 is a distance and if X is bounded, separable and complete, then PM (X)
with this distance is a separable and complete metric space.

2. If X is bounded, a sequence is convergent in the W1 metric if and only if
it is convergent for the weak topology.

3. If X is compact then PM(X) is compact with this metric.

Item (1) has an effective version: PM(X) inherits the computable metric
structure of X. Indeed, given the set Sx of ideal points of X we can naturally
define a set of ideal points Spys(x) in PM(X) by considering finite rational
convex combinations of the Dirac measures d, supported on ideal points s € Sx.
This is a dense subset of PM(X). The proof of the following proposition can
be found in ([33]).

Proposition 14 If X is bounded, then (PM(X), W1, Spu(x)) i5 a computable
metric space.

A measure p is then computable if there is a sequence j,, € Spys(x) con-
verging recursively fast to p in the W7 metric (and hence in the weak topology).

3.3 Computable invariant “regular” measures

Here we describe a general method to compute invariant measures, that can be
applied in several situations. We start by illustrating the method in its simplest
form, namely to show that

Proposition 15 If a computable system T : X — X is uniquely ergodic, then
its invariant measure is computable.

Proof. The method is based on the following very simple and well-known fact:
the singleton set {zo} is recursively compact if and only if its unique element
xo is a computable point. The idea is then to show that the set {u} C PM(X),
where p is the unique invariant measure, is recursively compact. This is done in
the following way: first we observe that the set of probability measures PM (X)
is recursively compact (since X is). Second we observe that the set PMp(X)®
of probability measures which are NOT invariant under T is recursively open
(here it is essential that T is an everywhere computable map). Finally we use
the general fact that a recursively compact set minus a recursively open set
is always recursively compact. In our case: PM(X) — PMp(X)® = {u} is
recursively compact, as was to be shown. m

The obstructions to extend this idea to more general situations come from
two main facts: (i) when the map T is not everywhere computable and then the
set PMp(X) of invariant measures is not (recursively) compact anymore and
(ii) when the map T is not uniquely ergodic, the set PM7(X) is not a singleton,
and it therefore does not need to contain computable points (even if recursively
compact).
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To overcome these difficulties, we essentially need to find a different re-
cursively compact condition which would allow us to separate a distinguished
invariant measure from the rest, while making use of T only on its domain of
computability.

In the following, we present a general result which sets the requirements in
order to accomplish this task. It will be convenient to spell the principle in a
more equation solving way, namely as an abstract theorem allowing the compu-
tation of isolated fixed points (see [27] Corollary 2.4.3) of maps computable on
a suitable subset.

This result will be then applied to the transfer operator, and invariant mea-
sures will be found as fixed points that can be somehow distinguished by means
of analytic or dynamical properties (as being physical or absolutely continuous,
for example).

It will be therefore necessary to consider a space where the transfer opera-
tor is computable (this space hopefully will contain the distinguished invariant
measure).

We remark that if T is not continuous then Ly is not necessarily continu-
ous (this can be realized by applying Lt to some delta measure placed near a
discontinuity point) and hence not computable. Still, we have that Ly is con-
tinuous (and its modulus of continuity is computable) at all measures p which
are “far enough” from the discontinuity set D. This is technically expressed by
the condition pu(D) = 0.

Proposition 16 Let X be a computable metric space and T : X — X be a
function which is computable on X \ D. Then Ly is computable on the set of
measures

PMp(X):={pe€ PM(X): u(D)=0}. (2)

From a practical point of view, this proposition provides sufficient conditions
to rigorously approximate the transfer operator by an algorithm.

The above tools allow us to ensure the computability of L on a large class
of measures and obtain in a way similar to Proposition 15:

Theorem 17 ([27], Theorem 3.2) Let X be a computable metric space and
T a function which is computable on X \ D. Suppose there is a recursively
compact set of probability measures V. C PM(X) such that for every p € V,
w(D) = 0 holds. Then every invariant measure isolated in V is computable.
Moreover the theorem is uniform: there is an algorithm which takes as inputs
finite descriptions of T,V and an ideal ball in M (X) which isolates® an invariant
measure u, and outputs a finite description of .

Remark 18 Notice that there is no computability condition on the set D. We
also remark that unless T is uniquely ergodic, invariant measures are never
isolated in PM (X)), so the task is to find a (recursively compact) condition that
only a single invariant measure would satisfy.

2If the invariant measure is unique in V the isolating ball is not necessary.
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Clearly, Proposition 15 is now a trivial corollary of Theorem 17. As already
said, the main difficulty in the application of Theorem 17 is the requirement that
the invariant measure we are trying to compute be isolated in V. In general the
space of invariant measures of a given dynamical system could be very large (an
infinite dimensional convex subset of PM (X)) but there is often some kind of
particular regularity that can be exploited to characterize a particular invariant
measure, isolating it from the rest. For example, let us consider the following
Seminorm:

u(B(z, 7))
lully = sup .
z€X,r>0 r
If @ and K are computable and X is recursively compact then

Vo = {p € PM(X) : [|p|, < K} (3)
is recursively compact ([27]). This implies

Proposition 19 Let X be recursively compact and T be computable on X \ D,
with dimy (D) < co. Then any invariant measure isolated in Vo x with a >
dimpg (D) is computable. Once again, this is uniform in T, o, K.

We recall that in the above proposition dimg denotes the Hausdorff dimen-
sion of a set. The above general proposition allow us to obtain as a corollary
the computability of many systems having absolutely continuous invariant mea-
sures. For example, let us consider maps on the interval.

Proposition 20 Let X = [0,1], T be computable on X \ D, with dimg(D) < 1
and suppose (X, T) has a unique absolutely continuous invariant measure p with
bounded density, then p is computable (starting from T and a bound for the L™
norm of the invariant density).

Similar results hold for maps on manifolds (again see [27]).

3.3.1 Computing the measure from a description of the system in
the class of piecewise expanding maps

As it is well known, interesting examples of systems having a unique absolutely
continuous invariant measure (with bounded density as required) are topologi-
cally transitive piecewise expanding maps on the interval or expanding maps on
manifolds.

We show how to find a bound for the invariant density on piecewise expand-
ing maps. This implies that the invariant measure can be calculated starting
from a description of T'.

Definition 21 A nonsingular function T : ([0,1],m) — ([0,1],m) is said to be
piecewise expanding if’

3For the sake of simplicity we will consider the simplest setting in which we can work
and give precise estimations. Such a class was generalized in several ways. We then warn
the reader that in the current literature, by piecewise expanding maps it is meant something
slightly more general than the definition we give here.
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1. There is a finite set of points di = 0,dy, ...,d,, = 1 such that T)q, 4., is
C? and can be extended to a C*map on [d;,d; i1

2. inf(T") > 1 on the set where it is defined.
3. T is topologically mizing.

It is now well known that such maps have an unique ergodic invariant mea-
sure with bounded variation density.

Such a density is also the unique fixed point of the (Perron Frobenius )
operator® L : L'[0,1] — L*[0, 1] defined by

2) = f)
[Lf)(x) ye;z”y)'

We now show how to find a bound for such a density, starting from the
description of the system, and then compute the associated invariant measure.

The following proposition was proved in the celebrated paper [38] (Thm. 1
and its proof) and it is now called Lasota-Yorke inequality. We give a precise
statement where the constants are explicited.

Proposition 22 Let T be a piecewise expanding map. Let f be of bounded
variation in [0,1] and let denote its variation by Var(f). Let dy, ...,d, be the
discontinuity points of T.

A= 16[0,1]—11{151,...,dn}T/(x)' Then
Var(Lf) < 24Var(f) + Bl|flh
where »
_ “76[071]*81{1}101 ..... dn}(|m|) 5

inf + min(di — di+1) '

! |7
2€0,1]—{d1,..dn} L&)
The following is an elementary fact about the behavior of real sequences

Lemma 23 If a real sequence a, is such that an+1 < la, +k for somel <
1,k >0, then

sup(a,) < max(ao, m)

Proposition 24 If [ is the density of the physical measure of a piecewise
expanding map T as above and A > 2. Then

Var(f) < T

where B is defined as above.

4A system is said to be topologically mixing if, given sets A and B, there exists an integer
N, such that, for all n > N, one has f*(A)N B # 0.

5Note that this operator corresponds to the above cited transfer operator acting on densities
instead of measures.
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Proof. (sketch) The topological mixing assumption implies that the map has
only one invariant physical measures (see [48]). Let us use the above results iter-
ating the constant density corresponding to the Lebesgue measure. Proposition
22 and Lemma 23 give that the variation of the iterates is bounded by %.
Suppose that the limit measure has density f. By compactness of uniformly
bounded variation functions in L', the above properties give a bound on the
variation of f (see [38] proof of Thm. 1). m
The following is a trivial consequence of the fact that

1 £llee < Var(f) +/de.

T B
Corollary 25 In the above situation ||f||ee < 755 + 1.

The bound on the density of the invariant measure, together with Corollary
20 gives the following uniform result on the computation of invariant measures
of such maps.

Theorem 26 Suppose a piecewise expanding map T and its first and second
derivatives are computable on [0,1]—{dx, ..., d, }. Suppose that also its extension
to the closed intervalls [d;,d;+1] are computable. Then, the physical measure
can be computed starting from a description of the system (the points d; and the
programs computing the map and its derivatives).

Proof. (sketch) Since ' and 1" are computable on each interval [d;, d;1+1] we
can compute a number A such that 1 < A < inf(T”) (see [27] Proposition 3) If
we consider the iterate TVinstead of T the associated invariant density will be
the same as the one of T', and if AV > 2, then TV will satisfy all the assumptions
needed on Proposition 24. In the same way it is possible to compute an upper

bound for the related %. Then we have a bound on the density and we can

apply Corollary 20 to compute the invariant measure. m

3.3.2 Unbounded densities and non uniformly hyperbolic maps

The above results ensure computability of some absolutely continuous invariant
measure with bounded density. If we are interested in situations where the
density is unbounded, we can consider a new norm, “killing” singularities.

Let us hence consider a computable function f: X — R and

f(@)pu(B(z,7))
el o= sup ————"——.
zeX,r>0 r

If @ and K are computable and X is recursively compact then
Vox ={pn€ PM(X) : ||ull;, < K} (4)

is recursively compact, and Proposition 19 also hold for the seminorm |.[[; .

If f is such that f(x) = 0 when lim,_,o “(Br(izr)) = oo this can let the norm be
finite when the density diverges.
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As an example, where this can be applied, let us consider the Manneville
Pomeau type maps on the unit interval. These are maps of the type x —
x + x*(mod 1).

When 1 < z < 2 the dynamics has a unique absolutely continuous invariant
measure f,. This measure has a density e.(z) which diverges at the origin.
Moreover, e, (x) < 2~**1 and is bounded elsewhere (see [34] Section 10 and [48]
Section 3 e.g.). If we consider the norm ||.||,, with f(z) = 2?2 we have that
|12 ||,y 1s finite for each such z. It follows that for each such z the measure 4,
is computable.

3.3.3 Julia sets and the Brolin-Lyubich measure

Here we explain how our method can be applied to compute the measure of
maximal entropy (or Brolin-Lyubich measure) associated to rational maps of
the Riemann Sphere.

It is interesting to say that this measure is supported on the Julia set (asso-
ciated to the rational map) which may happen to be uncomputable!

For sake of completeness we now attempt to briefly introduce computability
notions for invariant compact sets, and the main results on Julia sets.

Let K be a compact subset of the plane. Informally speaking, in order to
draw the set K on a computer screen we need a program which is able to decide,
given some precision e, if pixel p has to be colored or not. By representing pixel
p by a ball B(p,¢) where (p,¢) € Q?, the question one would like to answer is:
does B(p,¢) intersects K 7 The following definition captures exactly this idea:

Definition 27 A compact set K C R? is said to be computable if there is an
algorithm A such that, upon input (p,€):

e halts and outputs “yes” if K N B(p,¢€) # 0,

e halts and outputs “no” if K N B(p,¢) =0,
e run forever otherwise.

We remark that if a compact set is computable under the definition above,
then it is recursively compact in the sense of Definition 11. The converse is
however false.

The question of whether Julia sets are computable under this definition
has been completely solved in a series of papers by Binder, Braverman and
Yampolsky. See [4, 5, 12, 13, 14]. Here we review some of their results. For
simplicity, we give the definition of the Julia set only for quadratic polynomials.
Consider a quadratic polynomial

P.(z)=2*+c:C—C.

Obviously, there exists a number M such that if |z| > M, then the iterates
of z under P will uniformly scape to co. The filled Julia set is the compact
set defined by:

K.={z€ C:sup|P}(z)| < oco}.
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That is, the set of points whose orbit remains bounded. For the filled Julia
set one has the following result:

Theorem 28 ([14]) The filled Julia set K. of a computable quadratic polyno-
mials P. is always computable.

The Julia set can now be defined by:

Jo = aKca

where 0(A) denotes the boundary of A. The Julia set is the repeller of the
dynamical system generated by P.. For all but finitely many points, the limit of
the n-th preimages P, "(z) coincides with the Julia set J.. The dynamics of P,
on the set J. is chaotic, again rendering numerical simulation of individual orbits
impractical. Yet Julia sets are among the most drawn mathematical objects,
and countless programs have been written for visualizing them.

In spite of this, the following result was shown in [12].

Theorem 29 There exist computable quadratic polynomials P.(z) = 2% + ¢
such that the Julia set J. is not computable.

This phenomenon of non-computability is rather subtle and rare. For a
detailed exposition, the reader is referred to the monograph [13].

Thus, we cannot accurately simulate the set of limit points of the preimages
(P.)~™(2), but what about their statistical distribution? The question makes
sense, as for all z # oo and every continuous test function 1, the following holds

5 X ) = [var

n— o0
we(Pe) ™" (2)

where A is the Brolin-Lyubich probability measure [15, 42] supported on the Julia
set J.. We can thus ask whether the the Brolin-Lyubich measure is computable.
Even if J. = Supp(\) is not a computable set, the answer does not a priori have
to be negative. In fact, the following result holds:

Theorem 30 ([6]) The Brolin-Lyubich measure of computable quadratic poly-
nomial is always computable.

This result essentially follows from Theorem 17 as well. The difficulty is once
again to find a recursively compact condition which characterizes Brolin-Lyubich
measure. This measure happens to be singular with respect to Lebesgue, so that
the absolute continuity argument does not apply. The key property allowing the
application of Theorem 17 in this case is balance: a probability measure u on C
is said to be balanced with respect to a rational function R (of degree at least
2), if for every set A C C on which R is injective, we have:

u(R(A)) = d- p(A),
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where d denotes the degree of R.

Computation of the Brolin-Lyubich measure is then reduced to show that for
probability measures, being balanced is a recursively compact condition. The
proof of this fact is not very difficult, but it does require to overcome some
problems like the fact that the function p — p(A) is not computable. For more
details the interested reader is referred to ([6]).

3.4 Computable systems without computable invariant mea-
sures

We have seen several techniques to establish the computability of many impor-
tant invariant measures. This raises naturally the following question: does a
computable system necessarily have a computable invariant measure? What
about ergodic physical measures?

The following is an easy example o a simple system for which the last answer
is negative, showing that the general question of computing invariant measures
has some subtlety.

Let us consider a system on the unit interval given as follows. Let 7 € (0,1)
be a lower semi-computable real number which is not computable. There is a
computable sequence of rational numbers 7; such that sup, 7, = 7. For each i
consider T;(z) = max(x, 7;) and

T(z)=> 27'Ti(x).

i>1

The functions T; are uniformly computable so T is also computable.

Figure 1: The map T.

The system ([0, 1],7") is hence a computable dynamical system. T is non-
decreasing, and T'(z) > x if and only if z < 7.

This system has a physical ergodic invariant measure which is §,, the Dirac
measure placed on 7. The measure is physical because 7 attracts all the interval
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at its left. Since 7 is not computable then ., is not computable. We remark
that coherently with the previous theorems 4§, is not isolated.

It is easy to prove, by a simple dichotomy argument, that a computable
function from [0, 1] to itself must have a computable fixed point. Hence it is not
possible to construct a system over the interval having no computable invariant
measure at all (we always have the § over the fixed point). With some more
work one can construct such an example on the circle. Indeed the following can
be established

Proposition 31 There is a computable, continuous map T on the circle having
no computable invariant probability measure.

For the description of the system and for applications to reverse mathematics
see [27] (Proposition 12).

4 Computing the speed of ergodic convergence

As recalled before, the Birkhoff ergodic theorem tells that, if the system is
ergodic, there is a full measure set of points for which the averages of the values
of the observable f along its trajectory (time averages) coincides with the spatial
average of the observable f. Similar results can be obtained for the convergence
in the L? norm, and others. Many, more refined results are linked to the speed
of convergence of this limit. And the question naturally arise, if there is a
possibility to compute this speed of convergence in a sense similar to Definition
5.

In the paper [2] some abstract results imply that in a computable ergodic
dynamical system, the speed of convergence of such averages can be algorithmi-
cally estimated. On the other hand it is also shown that there are non ergodic
systems where this kind of estimations are not possible. In [28] a very short
proof of this result for ergodic systems was given. We present the precise result
(Theorem 39) with its proof in this section.

4.0.1 Convergence of random variables

We first make precise what is meant by “compute the speed of convergence” in
a pointwise a.e. convergent sequence.

Definition 32 A random variable on (X, ) is a measurable function f :
X =R

Definition 33 Random variables f,, effectively converge in probability to
fif for each e > 0, p{x : |fn(z)— f(x)] < €} converges effectively to 1, uniformly
in €. That is, there is a computable function n(e, §) such that for alln > n(e,d),

M{|fn_f|26}<5

Definition 34 Random variables f,, effectively converge almost surely to
fif fr, = supgs,, [fi — f| effectively converge in probability to 0.
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Definition 35 A computable probability space is a pair (X, u) where X
1s a computable metric space and p a computable Borel probability measure on
X.

Let Y be a computable metric space. A function f: (X,pu) — Y is almost
everywhere computable (a.e. computable for short) if it is computable on
an effective G-set of measure one, denoted by domf and called the domain of
computability of f.

A morphism of computable probability spaces f : (X,u) — (Y,v) is a
morphism of probability spaces which is a.e. computable.

Remark 36 A sequence of functions f, is uniformly a.e. computable if the
functions are uniformly computable on their respective domains, which are umni-
formly effective Gg-sets. Observe that in this case, intersecting all the domains
provides an effective Gs-set on which all f,, are computable. In the following we
will apply this principle to the iterates f, =T" of an a.e. computable function
T: X — X, which are uniformly a.e. computable.

Remark 37 The space L*(X,pu) (resp. L*(X,u)) can be made a computable
metric space, choosing some dense set of bounded computable functions as ideal
elements. We say that an integrable function f : X — R is L'(X, u)-computable
if its equivalence class is a computable element of the computable metric space
LY(X, ). Of course, if f = g p-a.e., then f is L*(X,u)-computable if and
only if g is. Basic operations on L*(X,p), such as addition, multiplication by
a scalar, min, max etc. are computable. Moreover, if T : X — X preserves p
and T is a.e. computable, then f — foT (from L* to L') is computable (see

[32]).

Let us call (X,u,T) a computable ergodic system if (X, u) is a com-
putable probability space where T is a measure preserving morphism and (X, u, T')
is ergodic. Let ||f|| denote the L! norm or the L? norm.

Proposition 38 Let (X, u,T) be a computable ergodic system. Let f be a com-
putable element of L'(X, ) (resp. L*(X,u)).

The L' convergence (resp. L? convergence) of the Birkhoff averages A, =
(f+foT + ...+ foT" 1) /n is effective. That is: there is an algorithm
n : Q — N such that for each m > n(e), ||A,, — [ fdul|| < €. Moreover the
algorithm depends effectively on T, p, f.

Proof. Replacing f with f — [ fdu, we can assume that [ fdu = 0. The
sequence ||A,|| is computable ( see Remark 37 ) and converges to 0 by the
ergodic theorems.

Given p € N, we write m € N as m = np + k with 0 < k < p. Then

22



n—1
1 7 n
Apprr = p—" (;pApoTp + kA o TP )
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IRl
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Let € > 0. We can compute some p = p(e) such that ||4,|| < €¢/2. Then we
can compute some n(e) > 2||f||. The function m(e) := n(e)p(e) is computable
and for all m > mf(e), |[|[An|| <e. m
4.1 Effective almost sure convergence

Now we use the above result to find a computable estimation for the a.s. speed
of convergence.

Theorem 39 Let (X,pu,T) be a computable ergodic system. If f is L'(X, p)-
computable, then the a.s. convergence is effective. Moreover, the rate of con-
vergence can be computed as above starting from T, u, f.

This will be proved by the following

Proposition 40 If f is L*(X, u)-computable as above, and ||f||s is bounded,
then the almost-sure convergence is effective (uniformly in f and a bound on
flloo and on T, 1 ).

To prove this we will use the well known Maximal ergodic theorem:

Lemma 41 (Maximal ergodic theorem) For f € L'(X,u) and § > 0,
1
p({sup|45] > 83) < 1]l

The idea is simple: compute some p such that ||A£H1 is small, apply the

maximal ergodic theorem to g := A;: , and then there is ng, that can be com-

puted, such that A7 is close to AY for n > ng.

Proof of Proposition 40. Let ¢, > 0. Compute p such that HA]J;H < de/2.
Applying the maximal ergodic theorem to g := A:{: gives:

p({sup|A7] > 0/2}) < e (5)
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Now, AZ is not far from Af: expanding AY, one can check that
uol™ —u
Ay = a4

where u = (p—1)f +(p—2)fo T+ ...+ fo TP ||ul|oc < P[] so0 if
n>ng > 4(p—1)||fl|s/d, then ||AZ — Al || < §/2. As aresult, if |AL(z)] > §
for some n > ng, then |A9(x)| > §/2. From (5), we then derive

u({ sup 1AL] > 5}) <e.

n>ngo
As ng can be computed from § and €, we get the result. m

Remark 42 This result applies uniformly to a uniform sequence of computable
L>(X, ) observables f,.

We now extend this to L*(X, u)-computable functions, using the density of
L®(X, p) in LY(X, ).

Proof of Theorem 39. Let ¢, > 0. For M € N, let us consider f}, €
L (X, p) defined as

fy o { M) if §@)>0
M max(f,~M) if f(x) <0,
Compute M such that ||f — fi/]l1 < de. Applying Proposition 40 to f},

gives some ng such that p({sup,>,, |A£’,”| > d}) < e. Applying Lemma 41 to

= f— fu gives p({sup, |A7fle| > 6}) < e Asaresult, u({sup,>,, |AL| >
20}) < 2. m

Remark 43 We remark that a bounded a.e. computable function, as defined
in Definition 35 is a computable element of L'(X,p) (see [32]). Conversely,
if f is a computable element of L' (X, i) then there is a sequence of uniformly
computable functions f, that effectively converge p-a.e. to f.

5 Computing pseudorandom points, construc-
tive ergodic theorem

In this section we show how the previous results on computation of invariant
measures and speed of convergence allow to compute points which are statisti-
cally typical for the dynamics. Let X again be a computable metric space and
w1 a computable probability measure on it. Suppose X is complete.

Points satisfying the above recalled pointwise ergodic theorem for an observ-
able f, will be called typical for f .

Points which are typical for each f which is continuous with compact support
are called typical for the measure p ( and for the dynamics).
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The set of computable points in X (see Definition 6) being countable, is a
very small (invariant) set, compared to the whole space. For this reason, a com-
putable point could rarely be expected to be typical for the dynamics, as defined
before. More precisely, the Birkhoff ergodic theorem and other theorems which
hold for a full measure set, cannot help to decide if there exist a computable
point which is typical for the dynamics.

A number of theoretical questions arise naturally from all these facts. Due to
the importance of forecasting and simulation of a dynamical system’s behavior,
these questions also have some practical motivation.

Problem 44 Since simulations can only start with computable initial condi-
tions, given some typical statistical behavior of a dynamical system, is there
some computable initial condition realizing this behavior? How to choose such
points?

Such points could be called pseudorandom points, and a result showing its
existence and their computability from the description of the system could be
seen as a constructive version of the pointwise ergodic theorem.

Meaningful simulations, showing typical behaviors of the dynamics can be
performed only if computable, pseudorandom initial conditions exist. Com-
putable points are the only points we can use when we perform a simulation or
some explicit computation on a computer.

Based on a sort of effective Borel-Cantelli lemma, in [25] the above problem
was solved affirmatively for a class of systems which satisfies certain technical
assumptions which includes systems whose decay of correlation is faster than
C'log?(time). Using the results on the estimation of the rate of convergence
given in the previous section, it is possible to remove these technical assumptions
on the speed of decay of correlations. It is also worth to remark that the result
is uniform also in 7" and p (the pseudorandom points will be calculated from a
description of the system).

The following result ([25], Theorem 2 or [28]) shows that from a sequence
fn which converges effectively a.s. to f and from its speed of convergence, it is
possible to compute points x; for which f,(z;) — f(x;).

Theorem 45 Let X be a complete metric space. Let f,, f be uniformly a.e.
computable random variables. If f, effectively converges almost surely to f then
the set {x : f,(x) = f(x)} contains a sequence of uniformly computable points
which is dense in Supp(u). Moreover, the effective sequence found above depends
algorithmically on f,, and on the function n(J,¢€) giving the rate of convergence

Since by the results of the previous section n(J, €) can be calculated starting
from T, p and f, we can directly apply the above Theorem to compute typical
points for the dynamics. Indeed, the following holds (see [28] for the details)

Theorem 46 If (X, u,T) is a computable ergodic system and f is L*(X, u) and
a.e. computable, then there is a uniform sequence x; of computable points which
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1s dense on the support of p such that for each i

i -3 (1" (@i)) = [

n—oomn,

Moreover this sequence can be computed starting from a description of T, p and

f

The uniformity in f of the above result together with the existence of a
r.e. collection of computable observables which is dense in the space of com-
pactly supported continuous functions, imply the following (see again [28] for
the details)

Theorem 47 If (X, u,T) is a computable ergodic system then there is a uni-
form sequence x,, of computable points which is dense on the support of u such
that for each n, x, is typical for p. Moreover this sequence can be computed
starting from a description of T and w.

In particular, for the classes of systems where the interesting invariant mea-
sure can be computed by the description of the system (see Section 3.3.1, The-
orem 26), we obtain that in turn the pseudorandom points can be computed
starting from a description of the system alone.

Corollary 48 Fach piecevise expanding map, with computable derivatives, as
in the assumptions of Theorem 26 has a sequence of pseudorandom points which
s dense in the support of the measure. Moreover this sequence can be computed
starting from the description of the system.

These two statements can be seen as constructive/effective versions of the
ergodic theorem.

6 Conclusions and directions

In this article we have reviewed some recent results about the rigorous computa-
tion of invariant measures, invariant sets and typical points. Here, the sentence
rigorous computation means “computable (up to any required precision) by a
Turing Machine”. Thus, this can be seen as a theoretical study of which infinite
objects in dynamics can be arbitrarily well approximated by a modern com-
puter (in an absolute sense), and which cannot. In this line, we presented some
general principles and techniques that allow the computation of the relevant
objects in several different situations. On the other hand, we also presented
some examples in which the computation of the relevant objects is not possible
at all, setting some theoretical limits to the abilities of computers when used to
simulate dynamical systems.

The examples of the second kind, however, seem to be rather rare. An
important question is therefore whether this phenomenon of non-computability
is robust or prevalent in any sense, or if it is rather exceptional. For example,
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one could ask whether the non-computability is destroyed by small changes
in the dynamics or whether the non-computability occurs with small or null
probability.

Besides, in this article we have not considered the efficiency (and therefore
the feasibility) of any of the algorithms we have developed. An important (and
more difficult) remaining task is therefore the development of a resource bounded
version of the study presented in this paper. In the case of Julia sets, for
instance, it has been shown in [10, 46, 11] that hyperbolic Julia sets, as well
as some Julia sets with parabolics, are computable in polynomial time. On the
other hand, in [5] it was shown that there exists computable Siegel quadratic
Julia sets whose time complexity is arbitrarily high.

For the purpose of computing the invariant measure form the description of
the system, in section 3.3.1 we had to give explicit estimations on the constants
in the Lasota Yorke inequality. This step is important also when techiques
different from ours are used (see [40] e.g.). Similar estimations could be done
in other classes of systems, following the way the Lasota Yorke inequality is
proved in each class (although, sometimes this is not a completely trivial task
and requires the “effectivization” of some step in the proof). A more general
method to have an estimation for the constants or other ways to get information
on the regularity of the invariant measure would be useful.
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