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Introduction

Information theory has a wide range of applications. In this thesis, we
focus on two different machine learning problems, for which information
theoretical insight was useful.

The first one is regression of a function f : X — Y. We are given a
sequence (z;) and we want to predict the f(x;) knowing the f(z;) for j < .
We use techniques inspired by the Minimum Description Length principle
to obtain a quick and robust algorithm for online regression.

The second one is black box optimization. Black-box optimization con-
sists in finding the minimum of a function f when the only information we
have about f is a “black box” returning f. Our goal is to find the min-
imum of f using as few calls of the black box as possible. We transform
this optimization problem into an optimization problem over a family © of
probability distributions, and by exploiting its Riemannian manifold struc-
ture [ANO7], we introduce a black-box optimization algorithm that does not
depend on arbitrary user choices.

1 Regression

Density estimation and text prediction can be seen as general regression
problems. Indeed, density estimation on X is regression of a random func-
tion from a singleton to X, and text prediction with alphabet A is regression
of a function from N to A, with sample points coming in order.

This remark led us to generalize a well-known text compression algo-
rithm, Context Tree Weighting (CTW), to general regression problems, and
therefore also to density estimation. The CTW algorithm computes the
Bayesian mixture of all visible Markov models for prediction.

The generalized CTW algorithm computes a similar Bayesian mixture,
but on regression models using specialized submodels on partitions of Dy.

The idea of using trees for regression is not new. We give the essential
characteristics of the general CTW algorithm below:

e The main motivation for the generalized CTW algorithm is the min-
mmum description length principle: we want the shortest description
of the data. More precisely, the prediction of f(x;) is a probability



Figure 1: A Markov model for text prediction on {c,d} (Figure 3.1). Each
leaf s contains a local model for characters occuring after the context s

[0,1)

Figure 2: A Markov model for regression on [0,1). Each leaf [a,b) contains
a local model for regression on [a,b).

distribution P on Y, and the loss is —In P(f(z;)) (this point of view
will be developed in part I). MDL-driven histogram models for density
estimation have been studied in [KMO7].

In several other methods where Y = R, the prediction for f(z;) is a
real number, and the loss incurred is the square of the error, this cor-
responds to the log loss, where the prediction is a Gaussian probability
distribution around f(x;) with fixed variance.

e CTW is robust: it computes the Bayesian mixture of a very large num-
ber of models, and consequently, performs at least as well as the best
of these models (up to a constant independent of the data). More-
over, since CTW performs model averaging and not model selection
(as in [Aka09]), a small variation in the previous data cannot lead to
a large variation in the predictions (unless the local models are not
continuous).

e The tradeoff for this robustness is that to compute the average over
all the models, the tree has to be fixed in advance (for example, by
splitting the interval corresponding to a given node in two equal parts,
we obtain a Bayesian mixture on all dyadic partition models). This
is different from CART or random forests [BFOS84], [HTF01] [RG11],
since the trees built by these algorithms are allowed to depend on the
data.

e Contrarily to kernel methods for density estimation, or lasso and ridge
regression for regression [HTFO01], CTW is an online model,and conse-



quently, it has to run fast: the running time for one data point is the
depth of the tree multiplied by the time complexity of the models at
the nodes.

e CTW is not a model by itself, it is a way of combining models. It
is close to Hierarchical Mixtures of Experts [HTF01], but the main
difference with the latter is that CTW treats all nodes the same way.

2 Black-Box optimization: Gradient descents

A common approach for black-box optimization, shared for example by
CMA-ES [Han11] and xNES [GSY"10], is the maintaining of a probability
distribution P, according to which new points are sampled, and updating P;
according to the sampled points at time t.

A simple way of updating P; is a gradient descent on some space of
probability distributions (we will be specifically interested in Gaussian dis-
tributions), parametrized by some O (e.g. mean and covariance matrix for
Gaussians). We try to minimize Ep,(f), thus yielding the update:

OEp,, (f)
0t+5t — gt — 5t ot 1
a0 (1)
. 8EP ¢ (f)
However, there is a fundamental problem: =0 depends on the

parametrization 6 — Py.

As a simple example, suppose we are tring to minimize f : (z,y) — 22 +
y%. The gradient update is (z,y)"*% = (z,y)! — 6t(2z, 2y). Now, we change
the parametrization by setting x’ = ﬁx. We have f(2',y) = 10%(2')% +42,
so the new gradient update reads: (2/,y)*% = (a/,y)t — 6t(2.1002',2y),
which corresponds to (z, )% = (z,y)" — 6t(2.103x, 2), a different update.

In general, for any given time step dt, by simply changing the parametriza-
tion, it is possible to reach any point of the half space g—g < 0, so gradient
descents are not well defined.

A possible way of solving this problem is to endow © with a metric

oF
6 — 1(0), and the gradient update then reads 6719 = 6 — 5t1~1(9) 299” 2

This point of view will be developed at the beginning of part III.

The Fisher metric is a metric that appears naturally when considering
probability distributions. The gradient associated with the Fisher metric is
called the natural gradient, and the study of spaces of probability distribu-
tions endowed with this metric (so they are Riemannian manifolds) is called
Information Geometry [ANOT].

As shown in [OAAH11], both CMA-ES and xNES can be described as
natural gradient descents, for different parametrizations. Following [OAAH11],

10



instead of applying a pure gradient method, we used this Riemannian man-
ifold structure to define a fully parametrization-invariant algorithm that
follows geodesics.

3 Contributions

The contributions of this thesis can be separated in two parts: the first
one concerns the generalization of the Context Tree Weighting algorithm,
and the second one concerns black-box optimization. They are the following:

Generalization of the Context Tree Weighting algorithm. The
Context Tree Weighting algorithm efficiently computes a Bayesian combi-
nation of all visible Markov models for text compression. We generalize
this idea to regression and density estimation, replacing the set of visible
Markov models by (for example) the set of dyadic partitions of [0, 1], which
correspond to the same tree structure. The framework developed here also
recovers several algorithms derived from the original CTW algorithm such
as Context Tree Switching [VNHB11], Adaptive Context Tree Weighting
[OHSS12], or Partition Tree Weighting [VWBG12].

Edgewise context tree algorithms. Suppose that we are regressing
a function on [0,1) but we mostly saw points in [0,0.5). If the predictions
on [0,0.5) are good, the posterior of the model “split [0,1) into [0,0.5)
and [0.5,1) will be much greater than the posterior of the model “use the
local expert on [0,1)”. In particular, a new point falling in [0.5,1) will be
predicted with the local expert for [0.5,1), but this model will not have
enough observations to issue a meaningful prediction.

The edgewise versions of the context tree algorithms address this by al-
lowing models of the form “Use the local expert on [0,0.5) if the data falls
there, and use the local expert on [0, 1) if the data falls into [0.5,1)”, with
the same algorithmic complexity as the non edgewise versions. The edge-
wise context tree weighting algorithm can even be described as a Bayesian
combination similar to the regular CTW case (Theorem 4.41).

Switch behaves better than Bayes in Context Trees. We prove
that in a 1-dimensional regression case, the Context Tree Switching algo-
rithm offers better performance that the Context Tree Weighting algorithm.
More precisely, for any Lipschitz regression function:

e The loss of the CTS and edgewise CTS algorithms at time ¢ is less than
—tInt 4+ O(t).! This bound holds for a larger class of sample points
with the edgewise version of the algorithm (Corollaries 5.14 and 5.18).

! Negative losses are an artifact due to the continuous setting, with densities instead
of actual probabilities. “Loss L” has to be read as “—Ine 4 L bits are needed to encode
the data with precision £”.
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e The loss of the CTW algorithm at time ¢ is at least —tInt+ %t Inlnt+
O(t) (Corollary 5.20).2

More generally, under the same assumptions, any Bayesian combina-
tion of any unions of experts incurs the same loss (Corollary 5.21).

A fully parametrization-invariant black-box optimization algo-
rithm. As shown in [OAAH11], xNES [GSY"10] and CMA-ES [Hanl1]
can be seen as natural gradient descents in G, the space of Gaussian dis-
tributions in dimenstion d endowed with the Fisher metric, using different
parametrizations. Although the use of the natural gradient ensures that
they are equal at first order, in general, different parametrizations for Gy
yield different algorithms. We introduce GIGO, which follows the geodesics
of G4 and is consequently fully parametrization-invariant.

Application of Noether’s Theorem to the geodesics of the space
of Gaussians. Noether’s theorem roughly states that if a system has sym-
metries, then there are invariants attached to these symmetries. It can be
directly applied to computing the geodesics of G4. While a closed form of
these geodesics has been known for more than twenty years [Eri87, CO91],
Noether’s theorem provides enough invariants to obtain a system of first
order differential equations satisfied by the geodesics of G4. *

A description of xNES as a “Blockwise GIGO” algorithm. We
show that contrary to previous intuition ([DSG*11], Figure 6), xNES does
not follow the geodesics of G4 (Proposition 9.13). However, we can give
an almost intrinsic description of xXNES as “Blockwise GIGO” (Proposition
9.10): if we write G4 = R? x P; and split the gradient accordingly, then the
xNES update follows the geodesics of these two spaces separately.

4 Thesis outline

The first part (Chapters 1 to 3) is an introduction focusing on the Mini-
mum Description Length principle, and recalling the Context Tree Weight-
ing [WST95] algorithm, which will be generalized in part II, and the Fisher
metric, which will be used in part I11. This part mostly comes from the notes
of the first three talks of a series given by Yann Ollivier, the full notes can
be found at www.lri.fr/~bensadon.

Chapter 4 introduces a formal way of handling sequential prediction,
experts %, and presents switch distributions. These tools are then used
to generalize the Context Tree Weighting (CTW) and the Context Tree
Switching (CTS) algorithm.

2See footnote 1.

3Theorem 8.13 gives equation (4) from [CO91], the integration constants being the
Noether invariants.

4Experts can be seen as a generalization of Prequential Forecasting Systems [Daw84].

12
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Chapter 5 compares the performance of the Context Tree Weighting and
the Context Tree Switching algorithms on a simple regression problem. In
Chapter 6, numerical experiments are conducted.

The next part led to [Benl5]. Chapter 7 presents the IGO framework
[OAAH11], that can be used to describe several state of the art black-box
optimization algorithms such as xNES [GSY'10] and CMA-ES [Han11]’;
and introduces Geodesic IGO, a fully parametrization-invariant algorithm.
The geodesics of G4 the space of Gaussians in dimension d, needed for the
practical implementation of the GIGO algorithm, are computed in Chapter
8.

Chapter 9 introduces two possible modifications of GIGO (twisted GIGO
and blockwise GIGO) to allow it to incorporate different learning rates for
the mean and the covariance.

Finally, GIGO is compared with pure rank-y CMA-ES and xNES in
Chapter 10.

5 Actually, only pure rank-i CMA-ES can be described in the IGO framework

13



Notation

We introduce here some general notation that we will use throughout this
document.

e |z| is the “size” of z. Its exact signification depends on the type of =
(length of a string, cardinal of a set, norm of a vector... ).

o If Ais a set, A* denotes the set of finite words on A.

o [[", ...and > ... when m < n denote respectively an empty prod-

uct, which is 1, and an empty sum, which is 0.

e We usually denote the nodes of a tree T by character strings. In the
binary case, for example, the root will be €, and the children of s are
obtained by appending 0 or 1 to s. We will use prefix or suffix notation
according to the context.

We simply refer to the set of the children of a given node whenever
possible.

o If T is a tree, we denote by T the maximal subtree of T with root s.

e Vectors (and strings) will be noted either with bold letters (e.g. z)
if we are not interested in their length, or with a superscript index
(e.g. 2" = (21,22, -, 2n))- 2" = (Zn, Znt1s - Zm—1, 2m) denotes the
substring of z from index n to index m. If no zg is defined, 2% := @.

e For any set X, for any = € X, for any k € NU {oo}, ¥ is the vector
(or string) of length k containing only x.

e For any set X, for I,J € XN, we write I ~,, J if I; = J; for i > n.

14



Part 1

Information theoretic
preliminaries
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Chapter 1

Kolmogorov complexity

Most of the ideas discussed here can be found in [LV08].

1.1 Motivation for Kolmogorov complexity

When faced with the sequence 2 4 6 8 10 12 z, anybody would expect x to
be 14. However, one could argue that the sequence 2 4 6 8 10 12 14 does
not exist “more” than 2 4 6 8 10 12 13, or 2 4 6 8 10 12 0: there seems to
be no reason for picking 14 instead of anything else. There is an answer to
this argument: 2 4 6 8 10 12 14 is “simpler” than other sequences, in the
sense that it has a shorter description.

This can be seen as a variant of Occam’s razor, which states that for a
given phenomenon, the simplest explanation should be preferred. This prin-
ciple has been formalized in the 60s by Solomonoff [Sol64] and Kolmogorov
[Kol65]. As we will soon see, the Kolmogorov complezity of an object is
essentially the length of its shortest description, where “description of z”
means “algorithm that can generate z”, measured in bytes. However, in
practice, finding the shortest description of an object is difficult.

Kolmogorov complexity provides a reasonable justification for “induc-
tive reasoning”, which corresponds to trying to find short descriptions for
sequences of observations. The general idea is that any regularity, or struc-
ture, detected in the data can be used to compress it.

This criterion can also be used for prediction: given a sequence x1, ..., Zp, (?7)

choose the z,41 such that the sequence z1, ..., 541 has the shortest descrip-
tion, or in other words, such that x, 1 “compresses best” with the previous
x; . For example, given the sequence 00000007, 0 should be predicted, be-
cause 00000000 is simpler than 0000000z for any other x.

As a more sophisticated example, given a sequence 1, y1, L2, Y2, L3, Y3, T4, ---

if we find a simple f such that f(x;) = y;, we should predict f(z4) as the
next element of the sequence. With this kind of relationship, it is only nec-

16
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essary to know the z;, and f to be able to write the full sequence. If we
also have z;11 = g(z;), then only zo,f and g have to be known: somebody
who has understood how the sequence (1,1;2,4;3,9;4,16;...) is made will
be able to describe it very efficiently.

Any better understanding of the data can therefore be used to find struc-
ture in the data, and consequently to compress it better: comprehension and
compression are essentially the same thing. This is the Minimum Descrip-
tion Length (MDL) principle [Ris78].

In the sequence (1,1;2,4;3,9;4,16;...), f was very simple, but the more
data we have, the more complicated f can reasonably be: if you have to
learn by heart two sentences 1, ¥, where x is in English, and y; is x; in
German, and you do not know German, you should just learn y;. If you
have to learn by heart a very long sequence of sentences such that x; is a
sentence in English and y; is its translation in German, then you should
learn German. In other words, the more data we have, the more interesting
it is to find regularity in them.

The identity between comprehension and compression is probably even
clearer when we consider text encoding: with a naive encoding, a simple
text in English is around 5 bits for each character (26 letters, space, dot),
whereas the best compression algorithms manage around 3 bits per charac-
ter. However, by removing random letters from a text and having people
try to read it, the actual information has been estimated at around 1 bit per
character ([Shab1] estimates the entropy between .6 and 1.3 bit per charac-
ter).

1.2 Formal Definition

Let us now define the Kolmogorov complexity formally:

Definition 1.1. The Kolmogorov complezity of x a sequence of Os and 1s
is by definition the length of the shortest program on a Universal Turing
machine' that prints x. It is measured in bits.”

The two propositions below must be seen as a sanity check for our defi-
nition of Kolmogorov complexity. Their proofs can be found in [LV0S§].

Proposition 1.2 (Kolmogorov complexity is well-defined). The Kolmogorov
complezity of © does not depend on the Turing machine, up to a constant
which does not depend on x (but does depend on the two Turing machines).

Sketch of the proof. if Py prints x for the Turing machine 77, then if I1s is
an interpreter for language 1 in language 2, I1o :: P; prints x for the Turing
machine Ty, and therefore Ko(x) < Kj(x) + length(/12) O

"Your favorite programming language, for example.
20r any multiple of bits.

17



In other words, if P is the shortest zipped program that prints x in your
favourite programming language, you can think about the Kolmogorov com-
plexity of x as the size (as a file on your computer) of P (we compress the
program to reduce differences from alphabet and syntax between program-
ming languages).

Since Kolmogorov complexity is defined up to an additive constant, all
inequalities concerning Kolmogorov complexity are only true up to an ad-
ditive constant. Consequently, we write K ()< f(z) for K(z) < f(z) + a,
where a does not depend on z:

Notation 1.3. Let X be a set, and let f, g be two applications from X to
R.

We write f*< g if there exists a € R such that for all x € X, f(z) <
9(z) +a.

If the objects we are interested in are not sequences of 0 and 1 (pictures,
for example), they have to be encoded.

Proposition 1.4. the Kolmogorov complexity of x does not depend on the
encoding of x, up to a constant which does not depend on x (but does depend
on the two encodings).

Sketch of the proof. Let f,g be two encodings of z. We have K(g(x)) <
K(f(z)) + K(go f~1) (instead of encoding g(x), encode f(x), and the map
go f~1. max (K(g ofH,K(fo g_l)) is the constant). O

In other words, the Kolmogorov complexity of a picture will not change
if you decide to put the most significant bytes for your pixels on the right
instead of the left.

Notice that the constants for these two propositions are usually reason-
ably small (the order of magnitude should not exceed the megabyte, while
it is possible to work with gigabytes of data).

1.3 Kolmogorov complexity is not computable

Kolmogorov complexity is not computable. Even worse, it is never possible
to prove that the Kolmogorov complexity of an object is large.

An intuitive reason for the former fact is that to find the Kolmogorov
complexity of z, we should run all possible programs in parallel, and choose
the shortest program that outputs x, but we do not know when we have
to stop: There may be a short program still running that will eventually
output z. In other words, it is possible to have a program of length K (x)
that outputs x, but it is not possible to be sure that it is the shortest one.
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Theorem 1.5 (Chaitin’s incompleteness theorem). There exists a constant
L3 such that it is not possible to prove the statement K(x) > L for any x.

Sketch of the proof. For some L, write a program that tries to prove a state-
ment of the form K(x) > L (by enumerating all possible proofs). When a
proof of K(x) > L for some z is found, print z and stop.

If there exists = such that a proof of K(x) > L exists, then the program
will stop and print some xg, but if L has been chosen largen enough, the
length of the program is less than L, and describes zg. Therefore, K (zp) <
L. contradiction. O]

This theorem is proved in [Cha71] and can be linked to Berry’s paradox:
“The smallest number that cannot be described in less than 13 words”
“The [first x found] that cannot be described in less than [L] bits”.

Corollary 1.6. Kolmogorov complezity is not computable.

Proof. Between 1 and 21!, there must be at least one integer ng with Kol-
mogorov complexity greater that L (since there are only 2X+! — 1 programs
of length L or less). If there was a program that could output the Kol-
mogorov complexity of its input, we could prove that K(ng) > L, which
contradicts Chaitin’s theorem.

O

As a possible solution to this problem, we could define Ky(x), the length
of the smallest program that outputs x in less than t instructions, but we
lose some theoretical properties of Kolmogorov complexity (Proposition 1.2
and 1.4 have to be adapted to limited time but they are weaker, see [LV0§],
Section 7. For example, Proposition 1.2 becomes K;1og, 1,1(7) < Ky 2(7)+c).

3reasonably small, around 1Mb
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Chapter 2

From Kolmogorov
Complexity to Machine
Learning

Because of Chaitin’s theorem, the best we can do is finding upper bounds
on Kolmogorov complexity. First, we introduce prefiz-free Kolmogorov com-
plexity and prove Kraft’s inequality, and state Shannon encoding theorem.
Finally, we give classical upper bounds on Kolmogorov complexity, firstly
for integers, then for other strings.

2.1 Prefix-free Complexity, Kraft’s Inequality

If we simply decide to encode an integer by its binary decomposition, then,
we do not know for example if the string ”710” is the code for 2, or the code
for 1 followed by the code for 0.

Similarly, given a Turing machine, and two programs P; and P, there
is nothing that prevents the concatenation P, P, from defining another pro-
gram that might have nothing to do with P; or Ps.

This leads us to the following (not formal) definition:

Definition 2.1. A set of strings S is said to be prefix-free is no element of
S is a prefix of another.

A code is said to be prefix-free if no codeword is a prefix of another (or
equivalently, if the set of codewords is prefiz-free).

We then adapt the definition of Kolmogorov complexity by forcing the
set of programs to be prefix-free (hence the name prefiz-free Kolmogorov
complexity!).

! «gelf-delimited” is sometimes used instead of prefix-free.
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It is clear now that if we receive a message encoded with a prefix-free
code, we can decode it unambiguously letter by letter, while we are reading
it, and if a Turing machine is given two programs P; and P;, their concate-
nation will not be ambiguous.

With programming languages, for example, working with prefix-free
complexity does not change anything, since the set of compiling programs
is prefix free (the compiler is able to stop when the program is finished).

However, being prefix-free is a strong constraint: a short codeword for-
bids many longer words. More accurately, we have the following result:

Proposition 2.2 (Kraft’s inequality). Let S C {0,1}* be the set of prefiz-
free set of strings, and let S € S. We have

> okl (2.1)
seS

Sketch of the proof. We construct an application ¢ from S to the set of
binary trees: for S € S, ¢(S) is the smallest full binary tree 7' such that all
elements of s are leaves of T'. Such a tree always exists: start with a deep
enough tree?, and close nodes until each pair of “sibling leaves” contain
either an element of S or a node that has at least one element of s as its
children. No internal node can correspond to an element of S, because it
would then be the prefix of another element of s.
So finally, we have:

okl Y akl=g (2.2)

ses sleaves of ¢(S)
O

For the general proof, see Theorem 1.11.1 in [LVO08].

2.2 Classical lower bounds for Kolmogorov com-
plexity

2.2.1 Coding integers
Now, let us go back to integers:

Proposition 2.3. Let n be an integer. We have

K(n)"< logy n + 2log, logy n. (2.3)

*We overlook the “infinite S” case, for example, S = {0, 10,110, 1110, ...}, but the idea
behind a more rigorous proof would be the same.
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Proof, and a bit further. Let n be an integer, and let us denote by b its
binary expansion, and by [ the length of its binary expansion (i.e. [ =
[loga(n + 1)] ~ logy ).

Consider the following prefix codes (if ¢ is a code, we will denote by ¢(n)
the codeword used for n):

c1: Encode n as a sequence of n ones, followed by zero. Complexity n.

co: Encode n as ¢i(l) :: b, with [ and b as above. To decode, simply
count the number k of ones before the first zero. The k bits following
it are the binary expansion of n. Complexity 2logy n.

c3: Encode n as co(l) :: b. To decode, count the number ki of ones
before the first zero, the ko bits following it are the binary expansion of
[, and the [ bits after these are the binary expansion of n. Complexity
logy n + 2logy logy n, which is what we wanted.

We can define a prefix-free code ¢; by setting ¢;(n) = ¢;—1(l) :: b. The
complexity improves, but we get a constant term for small integers,
and anyway, all the corresponding bounds are still equivalent to logy n
as n — oo.

It is easy to see that the codes above satisfy ¢, (1) = n + 1: for small
integers, it would be better to stop the encoding once a number of
length one (i.e. one or zero) is written. Formally, this can be done the
following way: consider ¢ 1 defined recursively as follows :

Coo,1(N) = Coo1(l —1) 102 0, (2.4)
Co0,1(1) = 0. (2.5)

It is easy to see that ¢ 1(n) begins with 0 for all n, i.e, coo1 = 0 2 €0 2.

We can now set ¢oo(0) = 0 and coo(n) = oo 2(n + 1).

The codes ¢y and c3 are similar to Elias gamma and delta (respectively)
coding. cs is called Elias omega coding [Eli75]. O

2.2.2 (Generic bounds

We also have the following bounds:

1.

A simple program that prints x is simply print(z). The length of
this program is the length of the function print, plus the length of x,
but it is also necessary to provide the length of x to know when the
print function stops reading its input (because we are working with
prefix-free Kolmogorov complexity). Consequently

K(2)"< || + K(|2]). (2.6)
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By counting arguments, some strings x have a Kolmogorov complex-
ity larger than |z|. These strings are called random strings by Kol-
mogorov. The justification for this terminology is that a string that
cannot be compressed is a string with no regularities.

2. The Kolmogorov complexity of = is the length of x compressed with
the best compressor for x. Consequently, we can try to approximate
it with any standard compressor, like zip, and we have:

K (x)"< |zip(z)| + [unzip_program|. (2.7)

This property has been used to define the following distance between two ob-
max (K (z)[y), K(y|z))
max (K (z), K(y))
algorithms, the authors of [CV] have been able to cluster data (MIDI files,
texts...) almost as anyone would expected (the MIDI files were clustered

jects: d(z,y) =

. By using distance-based clustering

together, with subclusters essentially corresponding to the composer, for ex-
ample). In the same article, the Universal Declaration of Human Rights in
different languages has been used to build a satisfying language tree.

3. If we have some finite set E such that © € E, then we can simply
enumerate all the elements of F. In that case, an  can be described
as “the n'" element of E. For this, we need K (F) bits to describe E,
and [log, |E|] bits to identify z in E:

K(2)'< K(E) + [logy | E]. (2.8)
4. More generally,

Theorem 2.4. If i is a probability distribution on a set X, andx € X,
we have

K (2)"< K (1) — logs (). (2.9)

For example, if y is uniform, we find equation (2.8). Another simple
case is the i.i.d. case, which will be discussed later. This inequality is
the most important one for machine learning, because a probability
distribution g such that K (u) — logy(u(z)) is small can be thought of
as a “good” description of z, and we can expect it to predict upcoming
terms well. The proof of this inequality consists in noting that coding
x with —log, pu(x) bits satisfies Kraft’s inequality.

2.3 Probability distributions and coding: Shan-
non encoding theorem

Let X be a countable alphabet, and suppose we are trying to encode effi-
ciently a random sequence of characters (x;) € XV, such that P(z,|z"!) is
known:
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For all n, we are trying to find the codelength L minimizing

E(L") = Y P(a")L(z"), (2.10)

xn EA?’L

under the constraint given by Kraft’s inequality:

> 2t < (2.11)
xnEAn
The solution of this optimization problem is L(z) := —log, P(x), and

from now on, we will identify codelengths functions L with probability dis-
tributions 27F.

Definition 2.5. Let X be a countable alphabet, let p and v be probability
distributions on X, and let (x;) be a sequence of i.i.d random wvariables
following p.

The quantity H(u) = — Z w(x)logy p(x) is called entropy of w. It is

zeX
the expected number of bits needed to encode an x sampled according to p

when using .
. v(z) | )
The quantity KL(u||v) = Z v(z)log, (2) is called Kullback-Leibler
w(x
zeX
divergence from v to p. It is the expected additional number of bits needed
to encode if x is sampled according to v, and we are using p instead of v.

The Kullback-Leibler divergence is always positive. In particular, the
entropy of a probability distribution y is the minimal expected number of
bits to encode an x sampled according to .

Proposition 2.6. The Kullback—Leibler divergence is positive:
Let X be a countable alphabet, and let i1, v be two probability distributions
on X. We have:

KL(ullv) 20 (2.12)
Proof.
= v(x)lo v(z)
KL = 3 o)l £ (2.13)
o v(x v(z) =
()0 o
O

In all this section, we have been suggesting to encode any x with — log, ()
bits for some u, without checking that —logy u(z) is an integer. We now
justify this apparent oversight.
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2.3.1 Non integer codelengths do not matter: Arithmetic
coding

The idea behind (2.9) is that for a given set F, if I think some elements are
more likely to appear than others, they should be encoded with fewer bits.
For example, if in the set {A, B,C, D}, we have P(A) = 0.5, P(B) = 0.25,
and P(C) = P(D) = 0.125, instead of using a uniform code (two bits for
each character), it is better to encode for example® A with 1, B with 01, C
with 001 and D with 000.

In the first example, the expected length with the uniform code is 2 bits
per character, while it is 1.75 bits per character for the other.

In general, it can be checked that the expected length is minimal if the
length of the code word for x is —logs(u(x)). If we have a code satisfying
this property, then (2.9) follows immediately (encode p, and then use the
code corresponding to p to encode x).

However, if we stick to encoding one symbol after another approxima-
tions have to be made, because we can only have integer codelengths. For
example, consider we have: P(A) = 0.4, P(B) = P(C) = P(D) = P(E) =
0.15. The — log, P(x) are not integers: we have to assign close integer code-
lengths. We describe two possible ways of doing this:

e Sort all symbols by descending frequency, cut when the cumulative
frequency is closest to 0.5. The codes for the symbols on the left
(resp. right) start with 0 (resp. 1). Repeat until all symbols have
been separated. This is Shannon-Fano coding ([Fan61], similar to the
code introduced in the end of the proof of Theorem 9 in [Sha48]).

e Build a binary tree the following way: Start with leave nodes cor-
responding to the symbols, with a weight equal to their probability.
Then, take the two nodes without parents with lowest weight, and
create a parent node for them, and assign it the sum of its children’s
wieght. Repeat until only one node remains. Then, code each symbol
with the sequence of moves from the root to the leaf (0 corresponds
to taking the left child, for example). This is Huffman coding [Huf52],
which is better than Shannon-Fano coding.

On the example above, we can find the following codes (notice that
some conventions are needed to obtain well-defined algorithms from what is
described above: for Shannon-Fano, what to do when there are two possible
cuts, and for Huffman, which node is the left child and which node is the
right child):

3We do not care about the code, we care about the length of the code words for the
different elements of X.
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Theoretical Shannon—Fano | Huffman
optimal length code code
A ~ 1.322 00 0
B ~ 2.737 01 100
C ~ 2.737 10 101
D ~ 2.737 110 110
E ~ 2.737 111 111
Length expectation ~ 2.17 2.3 2.2

As we can see, neither Shannon-Fano coding nor Huffman coding reach
the optimal bound.

However, if instead of encoding each symbol separately, we encode the
whole message (2.9) can actually be achieved up to a constant number of bits
for the whole message® by describing a simplification of arithmetic coding
[Ris76]:

The idea behind arithmetic coding is to encode the whole message as
a number in the interval [0, 1], determined as follow: consider we have the
message (71,...,zy) € X (here, to make things easier, we fix N). We
start with the full interval, and we partition it in # X subintervals, each one
corresponding to some x € X and of length our expected probability to see
x, given the characters we have already seen, and we repeat until the whole
message is read. We are left with an subinterval Iy of [0, 1], and we can
send the binary expansion of any number in Iy (so we choose the shortest
one).

0 A .6 B .8 C 1
| 3 % |
0 AA 36 AB 48 AC 6
: i 3 !

3 ABA 432 ABB .456 ABC .43

Figure 2.1: Arithmetic coding of a word starting with ABB, with P(A) =
0.6, P(B) =0.2, P(C)=0.2

4Since all the inequalities were already up to an additive constant, this does not matter
at all.



Algorithm 2.7 (End of the proof of (2.9): A simplification of arithmetic

coding). We are given an ordered set X, and for xi,...,xn,y € X, we de-

note by p(ylzy, ..., z,) our expected probability to see y after having observed
5

L1yeeey Ly

Goal: Encode the whole message in one number 0 < x < 1.

Encoding algorithm
Part 1: Encode the message as an interval.
1=1
I=10,1]
while x; 11 # END do
Partition I into subintervals (I;)zcx such that:
r<y = I <1, length(I;) = length(I)p(x|z1, ..., zi-1)
Observe x;
I=1,
i=1+1
end while
return I

Part 2: pick a number in the interval I.

We can find a binary representation for any real number x € [0,1], by
+oo

a

writing © = 22—2, with a; € {0,1}. Now, for a given interval I, pick the
1

number x; € I which has the shortest binary representation.” The message

will be encoded as xj.

Decoding algorithm. x; received.
1=1
I=10,1]

5 A simple particular case is the case where i does not depend on past observations (i.e.
w(ylzi,...,zn) =: p(y)) and can therefore be identified with a probability distribution on
X

S1f I, J are intervals, we write I < J forVe € I, Vy € J, < y.

"We call length of the representation (a1, ..., Gn, ...) the number min{n € N,Vk > n,a; =
0}. If length(I) # 0, I necessarily contains number with a finite representation.
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while not termination criterion® do
Partition I into subintervals (I;)zcx as in the encoding algorithm.
x; < the only y such that xy € I,

I=1,
i=14+1
end while

Arithmetic coding allows to find a code such that the length of the code
word for & = (21, ..., xn) 18 >y —logy (u(mi|@1, ..o wiz1)) = Doy — logy (p(@ilan, ..., xi—1),
which is what we wanted.

However, arithmetic cannot be implemented like this, because of prob-
lems of finite precision: if the message is too long, the intervals of the parti-
tion might become undistinguishable. It is possible to give an online version
of this algorithm which solves this problem: the encoder sends a bit once
he knows it (he can send the n-th bit if I contains no multiple of 27"). In
that case, he does not have to worry about the n first digits of the bounds
of the intervals of the partition anymore, which solves the problem of finite
precision. In the case 0.5 remains in the interval, the encoder can remember
that if the first bit is 0, then the second is 1, and conversely, thus working
in [.25,.75] instead of [0, 1] (and the process can be repeated).

Arithmetic coding ensures that we can focus on codelengths, instead of
actual codes.

2.4 Model selection and Kolmogorov complexity

The term — log,(p(z)) in Theorem 2.4 is essentially the cost of encoding the
data with the help of the model, whereas K () can be seen as a penalty for
complicated models (which, in machine learning, prevents overfitting: if the
data is “more compressed”, including the cost of the model and the decoder,
the description is better).

As a basic example, if y is the Dirac distribution at z, K(u) = K(z): in

8There are several possibilities for the termination criterion:

e We can have an END symbol, to mark the end of the message (in that case, stop
when END has been decoded).

e We can give the length N of the message first (in that case, stop when N characters
have been decoded)

e The message sent by the encoder can be slightly modified as follows. We decide that
a sequence of bits (ai, ..., an) represents the interval I, of all numbers of which the
binary expansion starts with (a1, ...,a,). Now, the message a sent by the encoder
is the shortest non ambiguous message, in the sense that I, is contained in I, but
is not contained in any of the subintervals I, corresponding to I (where I is the
interval obtained at the end of the first part of the encoding algorithm).
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that case, all the complexiy is in the model, and the encoding of the data is
completely free.

More interestingly, if we are trying to fit the data z1,...,x, to an i.i.d.
Gaussian model (which corresponds to the description: “this is Gaussian
noise” ), with mean m and fixed variance o2, the term — log,(u(x)) is equal
to >_.(x; —m)? up to additive constants, and the m we should select is the
solution to this least square problem, which happens to be the sample mean
(if we neglect K (m), which corresponds to finding the maximum likelihood
estimate).

In general, K(u) is difficult to evaluate. There exists two classical ap-
proximation, yielding different results:

e K(u) can be approximated by the number of parameters in p. This
gives the Akaike Information Criterion (AIC) [Aka73].

e K (u) can also be approximated by half the number of parameters in y
multiplied by the logarithm of the number of observations. This gives
the Bayesian Information Criterion (BIC) [Sch78]. The reason for this
approximation will be given in Section 3.1.3.

2.5 Possible approximations of Kolmogorov com-
plexity

Now, even with these upper bounds, in practice, it is difficult to find good
programs for the data.
As an introduction to the next chapter, we give some heuristics:

e Usual compression techniques (like zip) can yield good results (as in
[CV], for example).

e Minimum description length techniques ([Ris78], [Gru07] for exam-
ple): starting from naive generative models to obtain more complex
ones: for example, if we have to predict sequences of 0 and 1, and
we initially have two experts, one always predicting 0 and the other
predicting always 1, we can use a mixture of experts: use the first
experts with probability p, and the second with probability 1 — p, and
we can obtain all Bernoulli distributions. More interestingly, we can
also automatically obtain strategies of the form “after having observed
xi, use expert k to predict x;y1”, thus obtaining Markov models.

e Auto-encoders can also be used: they are hourglass shaped neural
networks (fewer nodes in the intermediate layer), trained to output
exactly the input. In that case, the intermediate layer is a compressed
form of the data, and the encoder and decoder are given by the net-
work.
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e The model class of Turing machine is very large. For example, if we
restrict ourselves to finite automata, we can compute the restricted
Kolmogorov complexity, and if we restrict ourselves to visible Markov
models we can even use Kolmogorov complexity for prediction.
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Chapter 3

Universal probability
distributions

The equivalence between coding and probability distribution, combined with
Occam’s razor is probably the main reason for defining Kolmogorov com-
plexity: Kolmogorov complexity gives the length of the “best” coding (ac-
cording to Occam’s razor), so the probability distribution it defines must be
the “best” predictor or generative model.

More precisely, we can define the following probability distributions on
X* (All finite sequences of elements of X. These distributions are defined
up to a normalization constant for programs that do not end), that should
be usable for any problem [Sol64].

Pi(z) = 27 K@), (3.1)

PQ((I?) = Z 27‘p|]lpoutputsxa (3‘2)
all deterministic programs

Py(z) = Z 27IPl P(p outputs z:), (3.3)

all random programs

Py(x) = S 2 k), (3.4)
probability distributions

where a program is any string of bits to be read by a universal Turing ma-
chine, and a random program is a program that has access to a stream of
random bits (in particular, a deterministic program is a random program),
and |u| is the Kolmogorov complexity of p, i.e., the length of the shortest
program computing p (if p is not computable, then its Kolmogorov com-
plexity is infinite, and g does not contribute to P4: the sum is in practice
restricted to computable probability distributions). For example, P, is the
output of a program written at random (the bits composing the program
are random, but the program is deterministic), and Ps is the output of a
random program written at random.
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Notice that P;(z) can be rewritten as > .. 271°1§(x): Py is to P} what
P5 is to P, (the Diracs are the “deterministic probability distributions”).

Since Kolmogorov complexity is defined only up to an additive constant,
the probability distributions above are only defined up to a multiplicative
constant. This leads us to the following definition:

Definition 3.1. Let P and P’ be two probability distributions on a set X.
P and P’ are said to be equivalent if there exists two constants m and M
such that:

mP < P' < MP (3.5)
Proposition 3.2 (proved in [ZL70]). P1, P2, Ps and Py are equivalent.

Consequently, we can pick any of these probability distributions (which
are called Solomonoff universal prior) as a predictor. We choose Pj:

Z/»L 2_|#|,LL(JZ‘17 ey ‘rk-i-l)

P ) een D= 3.6
w(Tpt1|Tg, 1) Z,u,z’ 2=l (2, ..., g, ) (30
2 M, ) pla s w) (3.7)

ZM 2=l (2, ..., ) ‘
_ > wuu(xkﬂ\xlwka)’ (3.8)

Zy, wH

where w, = 2_|“|u(:c1, ..., T}) can be seen as a Bayseian posterior on the
probability distributions (we had the prior 2"“'). In particular, the posterior
weights depend on the data.

However, as we have seen, the Kolmogorov complexity and therefore Py
are not computable.

We have to replace Kolmogorov complexity by something simpler: we
choose a family of probability distibutions F, and restrict ourselves to this
family. The distribution we obtain is therefore Pr := Z 2kl .

HEF
We now give some possible families:

e 7 = {u}. One simple model that explains past data can be good
enough, and the computation cost is small (depending on ).

o F = {p1,....,un}: as seen in equation (3.8), we obtain a Bayesian
combination.

o F = {up,0 € O}: this case will be studied below. As a simple example,
we can take © = [0, 1], and pup is Bernoulli, with parameter 6.
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In that case, we have

Pr= Z 2_K(0)Mg. (3.9)
0O

Notice that the right side of equation (3.9) is only a countable sum: if 6 is
not computable, then K(f) = 400, and the corresponding term does not
contribute to the sum.

There exist different techniques for approximating Pr in the parametric
case (see for example [Gru07)):

1. Encoding the best 6y to encode the data. In that case, Y, o 2K )y,
is approximated by the largest term of the sum. Since we encode first
a 0 € O, and then the data, with the probability distribution Py, these
codes are called two-part codes.

2. We can replace the penalization for a complex 6 by a continuous
Bayesian prior ¢ on ©. In that case, ) ,.¢o 2 K(©) e is approximated
by

/ a(6)pe- (3.10)
o

As we will see later, there exists a prior (called Jeffreys’ prior) with
good theoretical properties with respect to this construction.

3. Normalized maximum likelihood techniques (will not be discussed here)

4. We can make online predictions in the following way: use a default
prior for z1, and to predict (or encode) xy, we use past data to choose
the best pp.! With this method, the parameter @ is defined implicitly
in the data: there is no need to use bits to describe it.

We also introduce the definition of prequential models [Daw84]. Al-
though we will not use it directly, it will be an important inspiration for the
definition of “experts” in Section 4.1:

Definition 3.3. A generative model P is said to be prequential (contraction
of predictive-sequential, see [Gru07]) if ZP(xl,...,xk,x) = P(x1,...,x))

x
(i.e. different time horizons are compatible).

A predictive model Q is said to be prequential if the equivalent gen-
erative model is prequential, or equivalently, if Q(xp41,xk|T1,...s Tp—1) =
Q(xps1|T1, ooy i) Q2| 21, ooy T—1) (i-€. predicting two symbols simultane-
ously and predicting them one after the other are the same thing, hence the
name “predictive-sequential”)

'Here, “the best” does not necessarily mean the maximum likelihood estimator: if a
symbol does not appear, then it will be predicted with probability 0, and we do not want
this. A possible solution is to add fictional points of data before the message, which will
also yield the prior on z¢. For example, when encoding the results of a game of heads or
tails, it is possible to add before the first point a head, and a tail, each with weight 1/2.
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It can be checked that the Bayesian model and the online model are
prequential, whereas the two others are not.

Notice that prequential models really correspond to one probability dis-
tribution on X"™. The reason why two-part codes and NML codes are not
prequential is that for any fixed k, they correspond to a probability distriu-
tion P, on the set of sequences of symbols of length k, but for ¥’ # k, Py
and Py are not necessarily related.

We now study the first of these techniques: two-part codes.

3.1 Two-part codes

Our strategy is to use the best code 0y in our family (FPy). Since the decoder
cannot know which Py we are using to encode our data, we need to send 6,
first.

Since 6y is a real parameter, we would almost surely need an infinite
number of bits to encode it exactly: we will encode some 6 “close” to 6y
instead.

Suppose for example that 6y € [0,1]. If we use only its k first binary
digits for #, then we have |6 — | < 27F.

Consequently, let us define the precision of the encoding of some 6 €
[0,1] with g := 2—numberofbitstoencoded (g we immediately have the bound
‘(9 - 90‘ < 6).

We recall the bound (2.9): for any probability distribution pu,

K(2) < K(n) - logy(u(x)), (3.11)

which corresponds to coding pu, and then, using an optimal code with respect
to u to encode the data.

Here, increasing the precision (or equivalently, reducing ¢) increases the
likelihood of the data (and consequently — log,(u(z)) decreases), but K (u)
increases: we can suppose that there exists some optimal precision €*. Let
us compute it.

3.1.1 Optimal precision

In the ideal case (infinite precision), we encode the data z1, ..., z,, by sending
0* := argmaxypg(x1, ..., vk ), and then, the data encoded with the probability
distribution pg«.

The codelength corresponding to a given e is:

() := —logg e — logy(ug(x)), (3.12)

where |0 — 6*| < e (i.e. we encode 0, which takes —log, € bits, and then, we
encode x using pg, which takes — logy(pg(x)) bits).
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With a second order Taylor expansion around #*, we find:

(0—0")+—75 (= 1ogs po(x))

I() = — logy e—log, po-(x)+ "

00 2

(3.13)

where the derivatives are taken at 8 = 6*.
The first order term is equal to zero, since by definition, ug« is the
probability distribution minimizing — logy ug(z). If we approximate 6 — 6*

by ¢ and write J(0*) := 88—;2(— In pp(x)) (which is positive), we find:

J(6°) €
n2 2°

l(e) = —logy(ug+(x)) — logy € + (3.14)

Differentiating with respect to €, we find % = ﬁ (—% + 6J(0*)). If we

. .. di .
denote by £* the optimal precision, we must have -[.—c+ = 0, i.e.

S (3.15)
which, by plugging (3.15) into (3.14), yields the following codelength:

1
1(e%) ~ —logy e~ () + B logy J(6) + cst. (3.16)

Essentially, the idea is that if § — 6* < £*, and if we denote by x the
data, the difference between Py(x) and Py«(z) is not significant enough to
justify using more bits to improve the precision of 6. Another possible way
to look at this is that we cannot distinguins 6 from 6*, in the sense that it
is hard to tell if the data have been sampled from one distribution or the
other.

3.1.2 The i.i.d. case: confidence intervals and Fisher infor-
mation

Let us now consider the i.i.d. case: all the z; are sampled from the same

probability distribution, and we have —logy pg(z) = >, —logy ag(z;). In
n g2

that case, J(0) = 25 In ag(x;), so it is roughly proportional to n, and
i=1

€* is therefore proportional to %: we find the classical confidence interval.

Moreover, if the x; really follow ay, then
82
Epa(J(0) = nEypn ((992 (—In 049(:5))) =:nl(0), (3.17)

where I(0) is the so-called Fisher information [Fis22]. We will often use the
following approximation

J(0) ~ nl(6). (3.18)
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With this, we can rewrite equation (3.15) for the i.i.d. case, and we find that
the optimal ¢ is approximately equal to:

11
* (3.19)

1
vV /I1(6%)
By simply studying the optimal precision to use for a parameter from

a coding perspective, we managed to recover confidence intervals and the
Fisher information.

3.1.3 Link with model selection

Now that we have the optimal precision and the corresponding codelength,
we can also solve certain model selections problems.

Consider for example you are playing heads or tails n times, but at
the middle of the game, the coin (i.e. the parameter of Bernoulli’s law) is
changed. You are given the choice to encode a single 6, or 8; which will be
used for the first half of the data, and 65 which will be used for the second
half.

Let us compute the codelengths corresponding to these two models. If
we denote by x all the data, by x1 the first half of the data, and by xo the
second half of the data, we find, by combining equations (3.16) and (3.18):

1 1
Iy = —logy pe(z) + 3 log, 1(0) + B logy(n) + cst, (3.20)

1 1 1 1
ly = —logy pig, (x1) — logy pg, (z2) + B log, I(61) + B logy I(62) + B logy(n/2) + B logy(n/2) + cst
(3.21)

2
= —logy p1g, 0, () + 5 logy(n) + O(1). (3.22)

It is easy to see that for a model with k£ parameters, we would have:

k
l = —logy po, .0, () + 5 logy(n) + O(1). (3.23)

Asymptotically, we obtain the Bayesian information criterion, which is
often used. It could be interesting to use the non-asymptotic equation (3.21)
instead, but the Fisher information is usually hard to compute.

It is also interesting to notice that using two-part codes automatically
makes the corresponding coding suboptimal, since it reserves several code-
words for the same symbol: coding 6; followed by = coded with Py, yields
a different code than 6, followed by = coded with Fp,, but these two codes
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are codes for z. A solution to this problem is to set Py(z) = 0 if there exists
0’ such that Py (z) > Py(z) , and renormalize. Then, for a given x, only the
best estimator can be used to encode z. This yields the normalized maxi-
mum likelihood distribution (if we denote by 6(x) the maximum likelihood
estimator for z, NML(z) = Fo (@) )

Another way to look at this problem is the following: consider as an
example the simple case © = {1,2}. The encoding of 6 corresponds to a prior
g on O (for example, using one bit to distinguish P; from P, corresponds to
the uniform prior ¢(1) = ¢(2) = 0.5).

The two-part code corresponds to using max(g(1) Py, ¢(2)Pz2) as our “prob-
ability distribution” to encode the data, but its integral is not equal to
1: we lose [, min(q(1)Pi(x),q(2)P2(z))dz, which makes the codelengths
longer. Consequently, it is more interesting to directly use the mixture
q(1)P1 4+ q(2) P> to encode the data when it is possible, because all code-
words will then be shorter. We are thus naturally led to Bayesian models.

3.2 Bayesian models, Jeffreys’ prior

3.2.1 Motivation
We need a reasonable default prior ¢ for the probability distribution (3.10):

PESS() = /e 4(0) 1o ). (3.24)

A naive choice for a default prior is “the uniform prior” (i.e. ¢(f) = cst).

Sadly, the uniform prior on a family of probability distributions can be
ill-defined.

Consider for example B the family of Bernoulli distributions.

If Py is the Bernoulli distribtion of parameter 8, and (g is the Bernoulli
distribtion of parameter 019 then {Py,0 € [0,1]} = {Qq,0 € [0,1]} = B,
but most of the time, the uniform prior on the family (Qp) will select a
Bernoulli distribution with a parameter close to 0 (6 is picked uniformly in
[0,1], so 61 < 0.1 with probability 0.1 > .97).

This shows that a uniform prior depends not only on our family of prob-
ability distributions, but also on its parametrization, which is an arbitrary
choice of the user.

Any reasonable default prior should be invariant by reparametrization
of the family {Fy,0 € ©} (else, there would be as many possible priors as
there are parametrizations), and Jeffreys’ prior [Jef61], constructed below,
does have this property.
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3.2.2 Construction

Consider we are sending a message of length n with a two-part code.

Equation (3.19) (about the optimal coding precision) shows that when
coding a given message with a two-part code, only a finite number of ele-
ments of © will actually be used in the first part of the coding, each 03 being
used for all § € I ; and it also shows that the length of Iy is ﬁ L

V1)

The fact that all elements of I are encoded the same way means that
we will not distinguish different 6 in the same [, and in practice, we will
only use the m different 6;, corresponding to each interval.

Consequently, a reasonable procedure to pick a 6 would be to start by
picking some k € [1,m], and then, pick 6 € I} uniformly.

It is easy to see that the probability distribution ¢, corresponding to this
procedure is given by the density:

an(0) = Kny/1(0k(o)); (3.25)

where K, is a normalization constant, and k() is defined by the relation
0el k(0)-

Now, if n — oo, it can be proved” that (g,) converges to the probability
distribution ¢ given by the density:

q(0) = K\/1(9), (3.26)

where K is a normalization constant.® Also notice that sometimes (for ex-
ample with the family of Gaussian distributions on R), Jeffreys’ prior cannot
be normalized, and consequently, cannot be used.

We now have a reasonable default prior, and we are going to use it to
predict the next element of a sequence of zeros and ones.

3.2.3 Example: the Krichevsky—Trofimov estimator
We introduce the following notation:

Notation 3.4. We denote by Py the Bernoulli distribution of parameter 0,
and we define B := {Py,0 € [0,1]}.

Suppose we are trying to learn a frenquency on the alphabet X = {¢, d}.
For example, given the message ccc, we want P(z4 = c).
A first approach is using the maximum likelihood (ML) estimator:
Yo 1=  numberof cinthe past

pML _ _ - . (3.27
(nt1 = clz1, ., 2n) n number of observations ( )

2The important idea is that 0r6) — 0 when n — oo, since the length of all the intervals
I tends to 0.
3In dimension larger than 1, (3.26) becomes ¢(0) = K+/det I(6).
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This has two drawbacks: ML assigns the probability 0 to any letter that has
not been seen yet (which is a major problem when designing codes, since
probability 0 corresponds to infinite codelength), and is undefined for the
first letter.

Let us now consider the Bayesian approach with Jeffreys’ prior.

Lemma 3.5. The Fisher metric on B is given by

1
and Jeffreys’ prior is given by
1 1
0) = ———— 3.29
90) = 7 =) (3-29)
Proof. 1t is a straightforward calculation. We have Py(0) = 1—60, Py(1) = 6,
2 n _ 2 n _ .
0?2 laepf( ) — (17(%)2 and 6#@(1) = 9—21. Finally:
82 In PQ(O) 82 In P@( )
1) = ——FF—F, ——n b .
0= =g o)~ T ) (3.30)
1
1-— — 31
( )2( ) + 029 (3.31)
1 1
_ il .32
1-9 + 7 (3.32)
1
— m, (3-33)

and we have the Fisher information. The only difficulty to compute Jeffreys’
prior is the normalization constant, which is

! do
K ::/ A 3.34
0 0(1—0) (3.34)
and the substition # = sin® u yields
K- /”/2 2 sin u cos udu . (3.35)
Vsin? ucos? u
O
We have therefore, by using Jeffreys’ prior in (3.10):
1
preffeys gz, e ) = / ———Py(x1, ooy Tn) Py(Tpat|xe, ..., xp)d0.
(Tnt1lz ) NI ) 0 (71 )Py (zny1|z1 )
(3.36)

This is actually easy to compute, thanks to the following proposition
(proved for example in [Fin97]):
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Proposition 3.6. Let o, 8 > 0. If ¢(f) o< 82~ 1(1 — 0)5~1, then

a+ 3 La=c

Bayes _ —
P (Tpy1 = |21, ..., T) P Sr— (3.37)
where
pBaves(g) — / 4(0)By ()0 (3.38)
©

1s the Bayesian prediction with Bernoulli distributions and the prior ¢ on
the parameter 0 of the distributions.

In other words, using such a prior is equivalent to using ML, with fic-
tional observations (c occuring o times and d occuring 3 times).*

In particular, for Jeffreys’ prior, we have a = g = %, SO

DD I - B % + number of ¢ in the past
n+1 1+ number of observations
(3.39)

% +x
l+z+y
This estimator is called “Krichevsky—Trofimov estimator” (KT, [KT81]),
and it can be proved ([WST95],[VNHBI11]) that, when using it instead of
knowing the “real” 6, no more than 1 + % log(n) bits are wasted.
We can also define the generative model corresponding to Jeffreys’ prior.

It is easy to prove (by induction on the total number of symbols) that the

probability assigned to any given sequence (1, ..., Tqo1p) With a zeros and b

ones is equal to

PJeffreyS(xm_l = c]xl, ,xn) =

Consequently, we introduce the following notation: KT (z,y) :=

S C1
PJ(CL, b) — (H0<i<a(l + 2)) (H0<i<b(l + 2)) _ H KT(Z,O) H KT(a,j),
[Tocicarp(@+1) 0<i<a 0<j<b
(3.40)
with the convention that the empty product is equal to 1 (i.e. P;(0,0) = 1).
In particular, we can see that the probability of a sequence (x1, ..., 2y,)
depends only on the number of ¢ and d in (z1, ..., z,), and not on the order,
and Pj satisfies the relations, Py(a + 1,b) = Pj(a,b)KT(a,b) and Pj(a,b+
1) = Py(a,b)(1 — KT(a,b)).
It is also useful to remark that P;(0,0) = 1 and P;(1,0) = P;(0,1) = 3.

In practice, Jeffreys’ prior is not efficient when the optimal 6 is on the
boundary: for instance, when encoding text, most punctuation symbols

“Distributions satisfying ¢(8) o< 8~ 1(1 — 8)#~! are called beta distributions. The sim-
plification in this proposition is due to the fact that if we have a beta prior for a Bernoulli
distribution, then the posterior will also be a beta distribution. The beta distributions
are called conjugate priors to Bernoulli distributions.
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are always followed by a space. The corresponding new prior for Bernoulli

distributions is given by
1 1 1
—q+ 6o+ -9 3.41
2Q+ 1 o+ 100 (3.41)

where ¢ is Jeffreys’ prior on B, and ¢; is the Dirac distribution at ¢. This
new prior is called a “zero-redundancy estimator” [RK05].

3.3 Context tree weighting

In this section, we quickly present context tree weighting, a Bayesian text
prediction model combining all visible Markov models of any finite order,
see [WST95] and [Wil94] for more information. In part II, we describe this
algorithm and prove its fundamental property”® in a more elegant way (Sec-
tion 4.3.4.3 in particular), and we extend it to other applications.

We start by showing a simple way to describe one visible Markov model.

3.3.1 Markov models and full binary trees

Learning a frequency on the alphabet X = {¢,d} corresponds to restricting
ourselves to the family of Bernoulli distributions, which can be thought of
as the family of Markov models of order 0.

Still working on the alphabet {c,d}, we are going to present the context
tree weighting algorithm, which uses the family of all visible Markov models.

Notice in particular that we can use Markov models of variable order,
for example: “if the last symbol was ¢, predict ¢ with probability 0.7, if the
last symbol was d, then look at the next-to-last symbol: if it was a ¢ then
predict ¢ with probability 0.5, else predict ¢ with probability 0.3.”

A Markov model can be described by a full® binary tree the following
way:

0.5 0.3

Figure 3.1: Tree corresponding to the example above

For a given tree, the contexts we are interested in are the leaves of
the tree: with the example above, the leaf labeled 0.7 corresponds to the
context “c?”, the leaf 0.5 corresponds to the context “cd?” and the leaf 0.3

°It does compute the advertised Bayesian mixture.
5All nodes have either 0 or 2 children.
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corresponds to “dd?” (notice in particular that contexts are read backwards
in the tree).

Suppose for now that we have such a tree. It is easy to see that there
is exactly one context appearing in the tree and corresponding to a suffix
of the past observations: we output ¢ with probability equal to the value of
the leaf corresponding to this context.

Our model can therefore be decomposed as a finite full binary tree T
(the structure of the tree), and the ordered set 07 := (65) of the labels on
the leaves, and we will try to estimate it online.

Now that we are able to describe efficiently a Markov model, we can go
back to our main problem: prediction using universal probability distribu-
tions on all visible Markov models.

3.3.2 Prediction for the family of visible Markov models

The distribution we would like to use for prediction is (3.4), with © =
{(T,07), T finite binary tree, O € [0, 1]rumberof leavesof T .

Pr = Z 2 KOy,
=

where pg is given by the previous subsection. K(6) remains problematic,
but we can decompose 3, 27X into >, 27K () > 0p 2-K(01) and then:

e A full binary tree T can be described by as many bits as it has nodes,
by labelling internal nodes by 1 and leaves by 0, and read breadth-first
(our example would give the code 10100).

e We can use Jeffreys’ prior for 6.

With these new approximations, we have:

P]: — Z 2—#nodes(T) /[ desl dasl

T full binary trees

(3.42)
where 6; denotes the parameter of the i-th leaf. (3.42) can be interpreted as
a double mixture over the full binary trees and over the parameter values.

Now, we have to compute (3.42). This sum has an infinite number of
terms (and even if we restrict ourselves to a finite depth D, the number is
still exponential in D). However, it is possible to compute it efficiently and
exactly.

3.3.3 Computing the prediction

The general idea is to maintain the tree of all observed contexts, and each
node s will weight the choices “using s as a context”, and “splitting s into
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the subonctexts cs and ds” by using information from deeper nodes (more
precisely, the number of times a ¢ or a d has been written in a given context).

3.3.3.1 Bounded depth

Here, we restrict ourselves to Markov models of depths at most D. For
simplicity, we will not try to predict the D first symbols.

Notice that in that case, the cost to describe a tree can be modified:
since a node at depth D is automatically a leaf, it is no longer necessary to
use bits to describe them. If we denote by Tp the complete binary tree of
depth D, and by np(T) the number of nodes at depths less than D of a tree
T, then the probability distribution corresponding to this model is

dé dé
Pr = 2—”D<T>/ 51 il Pirios
g Tsubtr%ofTD o #1eavest) 11/Bs, (1= 0,) /05, (1 — 0s,) ()
(3.43)

Notation 3.7. We will denote each node by the suffix corresponding to it
(for example, the root is €, the node labeled 0.7 in Figure 3.1 is ¢, etc. .. ),
and at each node s, we will maintain two numbers cs and ds, respectively the
number of times a ¢ and a d have been observed after the context s (starting
the count at x1). Notice that we have the relation cs = c15 + Cos."

Now, let us look at equation (3.43) more closely. The goal of the following
lemma and its corollary is to write equation (3.43) in a way that will allow
to compute it efficiently.

Firstly, we can see that

Lemma 3.8. If cs(k) and ds(k) are respectively the number of times a c
and a d have been observed after the context s from x1 to xy, we have:

P(T,(gsz_))(:(}l, vy :L'n) = H QES(H)(l — Qs)ds(n), (344)

sleavesof T

. . :[LI =cC
Proof. By induction. P(T,(Gsi))(xl) = QST%LII)(I_QST(Lxl))111:d7 where s7(x)
is the only leaf of T' corresponding to a suffix of x, which is what we want.

Now,

P(T,(Gsi))(xlﬂ veuy .CCkJrl) :P(Ty(g%)) (a?kJrl‘l'l, cony a?k)P(T7(95i))(x1, veey a:k)

s (i R | R AR

sp(Lzy...z1)
sleavesof T

"Unless s is a prefix of the word we are reading. In practice, as we will see in the next
section, this problem can be solved by adding a new character § indicating the beginning
of the message: cs = cos + 15 + cgs is always true.
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and since for all s for A € {c,d}, As(k+1) = As(k)+ s, =als—sp(Lay.ap)
we find

Py, (@1, i) = [ 06FD (1 = 0% ¢, (3.45)

sleavesof T

which is what we wanted. O

Consequently, the integral in (3.43) can be computed with Proposition
3.6:

Corollary 3.9. We have:

dés, dos,
P 9,)(®1, .y Tn) = Pj(cy,dy
/[071}#1%%5@) m/0s: (1 —05,) m/05,(1 —6y,) e ) uleagOfT ( )
(3.46)

Proof. 1t is a consequence of Lemma 3.8 and of the fact that Pj(a,b) is the
probability of seeing a sequence containing respectively a and b times the
letters ¢ and d with Jeffreys’ prior. O

Equation 3.43 can therefore be rewritten:

Pr(zi,nan)= > 270 T Prley,du). (3.47)

T subtree of Tp u leaves of T’

Under this form, Pr can be computed recursively, starting by its leaves,
by the following lemma:

Lemma 3.10. If we assign to each node s the following probability:

PJ(CSads) if ’3’ =D

Ps = ; 4
{ $Ps(cs,ds) + $PP% if |s| <D (3.48)

then, for any node s, P® satsifies:

P = > 2o I Prleu, du). (3.49)

T subtree of Tp withroot s u leavesof T’

Notice that by definition, s is automatically a suffix of all the u in the equa-
tion above.
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Proof. By induction. If |s| = D, it is clearly true. Suppose now that (3.49)
holds for all nodes deeper than s. We have, by definition:

1 1
P* =2 Py(cs,ds) + §P65Pds

1 1
— - E —np(T)
—2PJ(657ds)+2 27"p | | PJ(CUadu)

T subtree of Tp with root cs u leavesof T’

* Z 9~ no(T) H Pj(cy,dy)

T subtree of Tp with root ds u leavesof T’

The first term corresponds to the subtree composed only of the root, and
the second term corresponds to all other subtrees, described by the part on
the left of the root and the part of the right of the root. In other words:

PS = 2_1PJ(CS,dS)+ Z 2—1—TlD(T)_nD(TI) H PJ(CU7dU)7
T subtree of T with root cs w leavesof T or T
T’ subtree of T withroot ds
(3.50)
which is what we want.
O

As an immediate corollary, we have:

Pf = > 2@ I Prlew, du), (3.51)

T subtree of Tp withroot e u leavesof T’

which is exactly equation (3.47).
Let us now consider the general case.

3.3.3.2 Generalization

The method presented above has two shortcomings: the fact that we cannot
predict the first D symbols, and the bounded depth.

The first one can be solved by adding a “beginning of the message”
character §. The corresponding trees are then ternary, and since undefined
symbols can only occur at the beginning of a word, any suffix starting with
§ is a leaf.

Now, to work with unbounded depth, we simply maintain the tree T, of
all suffixes seen up to time n (i.e: all factors of the word §, x1, ..., p—1, Tp.
T, is therefore exactly of depth n+ 1), and, at each node s of T,, the counts
Cs, dg, and §.
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To compute the corresponding distribution, we replace the P* in (3.48)
by:

1 . .
s ._ 5 if sisaleafof T},
P { %PJ(Cmds) + %PCSPdSP§S else, (352)
with the convention that P = 1 if A\s has never appeared yet (for A =
¢,d, ), and we use P¢ again as our probability distribution.
It can be proved that this algorithm achieves entropy (i.e. optimal cod-
ing length) for arbitrary-depth tree sources (Theorem 3 in [Wil94]).

We can now describe the actual algorithm.

3.3.4 Algorithm

Suppose that we have Pr,(zp|z1,...,2n—1), with the corresponding tree
T,,—1 (the tree containing all suffixes in 1, ..., z,_1).

When we read x,,, we update T;,_1 by adding to it the suffix correspond-
ing to the branch (z1,...,z,). We add at most n nodes. Now, we compute
the new P?. Since the only modified P* are those corresponding to a suffix
of (z1,...,xy,), the complexity is O(n).

We can therefore read P(z1,...,x,) at the root. Now, add the node

X1, ..oy Tp, € to compute P(zq, ..., 2y, ¢) at the root (the computation is again
PF,n+l(x1:-~~:xn+1)
Pr pn(r1,..,Tn)

O(n)), and the prediction is Pr p11(pt1|T1, ..o, Tn) =

The complexity of this algorithm is O(n?), whereas the bounded version
has complexity O(nD), where, n is the length of the data we are compressing
and D is the depth bound. However, if the data is “sufficiently random”,
the complexity of the unbounded version is only O(nlogyn) when coded
properly®, which makes it usable in general.

8The algorithm described here is always O(n?), but it can be improved by using the
fact that some points are “equivalent” (for example, we can stop going deeper in the tree
once we find a suffix that has appeared only once).
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Part 11

Expert Trees
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The Context Tree Weighting algorithm, detailed in Section 4.3.1, is a
well-known online text compression algorithm which computes a very large
Bayesian mixture of models with a suitable prior (all finite visible Markovian
models) efficiently by starting with complex models (i.e. models using a
long context for the current data point), and recursively comparing them
to (just) simpler models, up to the root of the tree, which will give the
final prediction. In other words, each node of the context tree computes the
(Bayesian) weight of the options “being open” (i.e. using more sophisticated
experts) or “being closed”.

This general idea can actually be applied to a much larger class of prob-
lems including regression, and density estimation: in Chapter 4, we give an
adequate formal context to define a generic Context Tree Weighting algo-
rithm: we define experts, which are entities that make predictions, and we
give different ways of combining them.

Moreover, it has been noted in [vEGdR12] that Bayesian mixtures have a
lot of “intertia”: complex experts need a long time to estimate their param-
eters correctly, so by design, they make poor predictions in the beginning,
which hurts their Bayesian posterior. The Bayesian mixture starts using
them again only once their new predictions offset their slow start.

This issue is adressed (still in [VEGdR12]) by introducing Switch distri-
butions:

e From a predictive point of view, at each step, the switch distribution
takes a small part of the posterior and redistributes it, thus allowing
complex models to quickly become relevant once they start making
good predictions.

e From a generative point of view, while a regular Bayesian mixture
corresponds to an average on the different models in it, the switch
distribution is an average on sequences of models. In particular, we
can expect that sequences with models of increasing complexity to
perform very well.

Since the Context Tree Weighting algorithms contain infinitely many
models of arbitrary complexity, it seems reasonable to try to use Switch
distribution in context trees. It is not possible to compute the switch distri-
bution corresponding to all finite visible Markovian models, but it is possible
to use switch distributions locally at each node, for the open/closed choice.

This approach has been tried for text compression in [VNHB11], with
promising results. However, the switch distributions considered in [VNHB11]
switch infinitely many times with probability one, while we expect that the
most interesting sequences on a given node are of the form “closed until time
n (so that the more specialized experts get enough data), open afterwards”
(with possibly n = 00). Consequently, we try using the distributions in
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[VEGdR12], which give a strictly positive wieght to any of these sequences
instead.

Chapter 5 is a proof of concept for using these switch distributions in
context trees: we show that in the case where local experts are fitting a
Gaussian with variable mean and variance, the Context Tree Swiching algo-
rithm outperforms the Context Tree Weighting algorithm on any Lipschitz
function, in the sense that it assigns a higher probability to the actually
observed data (i.e. the comparison criterion is the log-loss).

Finally, these results are illustrated by numerical experiments in Chapter
6.

49



Chapter 4

Expert trees: a formal
context

We begin by giving a formal context which will enable us to describe the
generalized context tree weighting and context tree switching algorithms
easily.

Experts are a generalization of Prequential Forecasting Systems intro-
duced in [Daw84], that allow for an elegant expression of the Context Tree
Weighting algorithm.

The general idea is that we have the choice between a “simple” expert,
and two (or more) more complex experts, each of these experts making
recursively the same choice. For example, in the text compression setting, as
seen in Section 3.3, an expert chooses between directly making its prediction
and asking an expert with longer context, while in the regression setting,
one could choose between a local expert on [0, 1) and two experts, on [0,0.5)
and [0.5,1).

We will consider explicitly three different problems to illustrate the def-
initions:

e Text compression: We are trying to predict the character =, € X

knowing the previous characters "1 € X*.

e Density estimation: We are trying to predict where the point z,, € X
will appear, knowing the previous points 2"~

e Regression: Given some unknown, possibly noisy function f: X — Y,
we are trying to predict f(z,), knowing the (xy, f(x)) for k < n.!

In Section 4.1, we give a formal definition of experts, and in Section
4.2, we define basic operations to build new experts from existing ones.
In particular, the Switching combination of experts is defined in Section

1 As seen in part I, we do note care about the “existence” of such a function, we are
simply trying to compress the data using different models.
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4.2.3. Finally, we define Expert Trees in Section 4.3, which allows for the
description of a generic context tree weighting/switching algorithm.

4.1 Experts

Keeping in mind that a prediction is a probability distribution (as seen
in part I), we define experts as applications matching previous data to a
prediction:

Definition 4.1. An expert from X to'Y is an application £ from a subset
D of (X xY)* x X to probability distributions on a non empty subset T of
Y.

D is called the domain of £, and is noted Dom(&).

T is called the target of £, and is noted Tar(E).

If X is a singleton®, we will identify X x Y with Y, and we will simply
write “an expert on 'Y ”.

This is a generalization of Prequential Forecasting Systems [Daw84], in
the sense that Prequential Forecasting Systems are experts with domain
(X x Y)* x X and target Y. *

Intuitively:
e £(z)(2') is the probability assigned to 2’ after having seen z.

e An expert issues a prediction only if the previous data falls in its
domain 4, and the prediction is conditioned on the new data falling in
its target (“if y is in my target, then I think it follows the probability
distribution p”).

For formal simplicity, we will only consider the cases Y discrete, or Y

continuous but the probability distribution issued by the experts have a

density (and in that case, £(x)(y) is the density at y). This leads us to the
following notation:

Notation 4.2. Let X, Y be two sets. If € is an expert from X to Y,
z,7 = (X',y') € (X xY)*, we write:

&(2'|z) = 1T E(z - (2<"), 2)) (). (4.1)
1<i<|Z/|
(z - (z')"~1,2})eDom(E)
y;€Tar(€)

2This will happen for text compression and denstiy estimation.

3 Specialists ([FSSW97], [KAW12]) could also be seen as experts with target Y (the
specialist being awake iff the previous data falls in its domain). However, the main point
of defining specialists is the combined prediction of a bunch of specialists (a specialist that
is asleep issues the same prediction as the average of the awake specialists), whereas the
experts defined here are not penalized for predictions that are out of their domain.

4 Notice that there is nothing in the definition preventing an expert from using data
outside of its domain.
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Moreover, if v € X,y €Y, z,2 € (X xY)*, we also write:
E((y,2)|(z,2)) = E((x,y,2)|2) (4.2)

The following proposition justifies using £(z'|z) for £(z)(2'):
Proposition 4.3. If £ is an expert from X to Y, z,2',2" € (X xY)*, we

have:
E(Z -2"\z) = E(Z'|2)E(2" |z - Z). (4.3)
In particular, if £(z|9) # 0,
E(z -2/ |@)
z) = —~— 2 4.4
e(la) = ", (44)
Proof. Immediate consequence of the definition of £(z’|z). O

By definition, if y € Y \ Tar(€), then £(y|x) = 1. In particular, £(.|x) is
not a probability distribution on Y restricted to Tar(£). This is the reason
the target of an expert has to be defined explicitly.

Moreover, by equation (4.4), an expert £ that never issues a zero prob-
ability can also be defined by specifying £(z|@) for z € D x T instead of
E(ylz, x) (or equivalently £((z,y)|z)) for all (z,z) € Dom(£), y € Tar(E).

Finally, in the particular case of an expert £ on a set X, with Tar(£) = X
and Dom(&) = X*, £(.|@) is a probabilistic source (as defined in [Gru07])
on X. Indeed, we can easily check that:

e Forall x € X*, 3 v E(xy|9) =3 cx EX|D)E(y|x) = E(x|2)
o £(]@) =1,

4.1.1 General properties

In this section, we define a "no peeking out” condition, ensuring that an
expert only uses data in its domain and target, and a compatibility condi-
tion between experts. These two conditions will be necessary for the good
implementation of the expert tree algorithms.

We say that an expert does not peek out if it only watches its domain:
it updates its predictions only after making one.

Notation 4.4. Ifz = (21,...,2,) € A" and S C A*, we define:
zNA:= (2" €8). (4.5)

If € is an expert from X to y with domain D and target T and z =
(1, Y1), s (Tn,yn)) € (X X Y)™, we define zNE as the subword of z con-
taining only the (x;,y;) for which € has been used. In other words:

zNE=zN(DxT)= ((z;,y:)|(z~",2;) € D,y; € T) (4.6)
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Definition 4.5 (No peeking out). Let £ be an expert from X to Y with
domain D and target T. We say £ does not peek out iff:

E(z|@) =E(zN E|D), (4.7)
forallz e (X xY)*

This condition will be used to ensure that the Context Tree Weighting
predictions can be computed in a reasonable time.

The compatibility condition will be used to define infinite depth expert
tree algorithms.

Definition 4.6 (Compatible experts). Let X, Y be two sets, and let &, &
be two experts from X to Y with same domain and same target. We say
they are compatible if

£1(9) = &(2) (4.8)

as applications X —'Y.
If T is an expert tree, we say that the experts in T are compatible if for
any internal node s, we have: e E:(D) = E€5(2).

We now define several operations allowing us to create new experts from
existing ones.

4.2 Operations with experts

In this section, we define the mixture of experts, the bayesian and switch
combination of experts, the restriction of an expert, and the union of experts.

4.2.1 Fixed mixtures

The fixed mixture of n experts consists in averaging the prediction of these
experts with fixed coefficients:

Definition 4.7. Let (a1, ...,an) € R} \ {0, ..., 0}.

The fized mizture of n density experts on X with same domain D and
target T with coefficients oy, ..., ap, with is the expert with domain D and
target T defined by:

mix((@€)iet,.n)(7|2) == Z%ai Y ki), (4.9)

for 2 = (2',y), (z,2') e D,y €T.

Notice however that for y € T%, mix((a;&;)i=1,..»)(y|x) is not equal to

Z-lai > @:&i(y|x) in general.
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4.2.2 Bayesian combinations

Definition 4.8. Let &1,...,&, be n experts from X to Y with the same
domain D and target T such that for all z € (X x Y)*, there exists i €
{1,...,n} such that &(z|@) # 0.

The Bayesian combination of &1, ..., &, is the expert with domain D and
target T' defined by:

noy . 2 Ci(2|9)Ei(2z) 3 Ei(z 2 |9)

Bayes(&1, ..., &) (7 |2) SNACE) O (4.10)

for 2 =(2,y), (z,2') e D,y €T.

Under the same assumptions, we also define the Bayesian combination
of &1, ..., &, with prior w, ..., w, as:

Bayes (€1,1). .. (Ex,1) () = 2 %‘géf?% ),

and the Bayesian combination of (&€, wg)eco as

Bayes (6, woleo) (212) 1= 1PN

(4.11)

As an immediate consequence of the definition, we have:
Proposition 4.9. For all A € R*, we have
Bayes((&;, Aw;)) = Bayes((&;, w;)) (4.13)
An important property of the Bayesian combination is that from a gen-
erative point of view, it is simply a sum:
Proposition 4.10. We have, for all z,z' € (X x Y)*:
> wili(z|9)Ei(2|z)
>iwiki(zl@)

Bayes((E1,w1), ..., (En,wy))(2|2) = (4.14)

In particular, if the w; sum to one:
Bayes((;,w;))(z|2) = Y wi&i(z|2) (4.15)
Proof. By definition, we have:

|z'|

Bayes((E1,w1), .-, (En, wn)) (2 |2) = H Bayes((E1,w1), ..., (En, wy)) 24|z - 2'<F)
k=

1 (4.16)

U S g 7o) ‘
. Zl ’wigi(Z-Z,IQ)

S, wiki(@lo) (4.18)
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Bayes((gl, wl), (Bayes((c‘:g, U)Q), (53, wg)), 11)273)) = Bayes((c‘:l, wl), (52, w273w7

which is what we wanted. OJ

Corollary 4.11. For any three experts &1, E2, E3 with same domain D and
target T', and four weights w1, wa, w3, wa 3, we have:

w2

2 + w3
(4.19)

Proof. Immediate consequence of (4.15). O

Corollary 4.12. Let &, ...,E, be n experts with the same domain D and
target t such that for all z € (X x Y)*, there exists i € {1,...,n} such that
&i(z|@) # 0.

If the & do not peek out, then Bayes;(&;) do not peek out.

Proof. Immediate with (4.15). O

Following the specialist framework, a more general Bayesian combina-
tion could be defined by removing the condition that all the experts in the
combination must have the same domain.

4.2.3 Switching

The Bayesian combination penalizes models with many parameters too harshly,

because these parameters need to be estimated:

Consider that we are trying to predict a text actually generated with a
(non degenerate) Markov model of order 2 using B, a Bayesian combination
of the experts & and &, using visible Markov models of respective order
1 and 2. At the beginning, & will not have enough data to have a good
estimate of its parameters, and will be inferior to £;. At some point tg, &
will start being better than &1, but its posterior weight at this time ws(tg)
will be much smaller than wi(tg), so B will still behave like &1, until some
time ¢1, when ws catches up with wy (this is the “catch-up phenomenon” in
[VEGdR12]).

Switching, which has been introduced in [vEGdR12], and also discussed
in [KdRO08] and [vE10], remedies this drawback: from a generative point of
view, Bayes consists in choosing one model, and sticking with it, whereas
Switch allows switching (hence the name) between models, and the posterior
weights remain quick to compute.

4.2.3.1 Definition

We start with a concise way of writing sequences of experts:
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Notation 4.13. Given n experts &1,...,E, with same domain D and target
T, and I = (i1, ...,i,...) € [1,n]", we denote by Er the expert using &;, for
its k-th prediction:

51(29‘2795) = gid,(z)(y‘zvx) (420)
forallyeT, (z,x) € D, where ¢(z) := 1+ |zN (D x T)|

We define the switching combination of n experts as a Bayesian combi-
nation on sequences of experts:

Definition 4.14. Let &1,...,E, be experts with same domain D and target
T, and let ju be a probability distribution on {1,...,n}N. We define the expert
Switch, (&1, ..., En) by:

Switch,, (1, ..., &) (2]9) = Z w(IEr(z|@) = Bayes;(Er, u(1))(z]9),
Ie{1,..,n}N
(4.21)

forallze D xT.
More generally, we have:

Switchy (€1, .., E)(Z|2) = > pll]z)Er(2]2), (4.22)
Ie{l,..n}N
p(1)Er(z|2) , . . .
where u(I|z) := 1s the Bayesian posterior weight
Ulz) > ety 1(J)Es(z]2)
after z of I.

Proof. Direct application of Proposition 4.10. O

Notice that in particular, if u(I) = 0 for all non constant sequences I,
then Switch, (&1, ...,&,) is simply a Bayesian combination of the (&;). Of
course, for most probability distributions p, it is impossible to compute the
posterior weights corresponding to (4.21).

However, under certain conditions on u, the predictions of the switch
experts can be computed in a reasonable time.

4.2.3.2 Computing some switch distributions: The forward algo-
rithm

This section follows [KdRO08] and [vEGdR12].

The most important condition for some switch distributions to be com-
puted exactly is that the posterior weight of each expert at time n + 1 must
only depend of the weights at time n.

We start by describing a probability distribution on “switch parameters”:
sequences (ti,ki)im{17._.7m} corresponding to sequences of experts starting
with k1, and switching at the ¢; to the expert k; ; we then pull this probability
distribution back to actual sequences of experts:
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Definition 4.15. Let = = {&,...,E,} be a set of experts with domain D
and target T'.
We call set of switch parameters on = the set:

O={{t" kK" <m< oo, k" ="t eN" 0=t <ty <..}.> (4.23)

We now define a surjective map from © to sequences of experts ¢ : © — =N

by: ¢(0) := (61(0), p2(6),...), and:

On (", E™) = & (4.24)

sup{i€{1,....,m}[t;<n} "

Any probability distribution ™ on © defines a probability distribution on ZN

by
T (A) = m(¢7(A)), (4.25)
for A c =N,
In other words, ¢ sends the switch parameters (t"*, k") to the sequence

using k; for ¢ €]t1,ta], ko for t €]ta,t3] and so on. We now describe the
actual prior that we will use, introduced in [vVEGdR12].

Definition 4.16. The switch prior 7gwitch S the following distribution on
switch parameters:

m

Tswiteh (7 k™) = mar (m)mic (k) [ [ e (tilts >t )7 (i), (4.26)
1=2

where wyr 15 geometric with rate 8, mx is an arbitrary probability distribution
on =, and 7 is an arbitrary probability distribution on N*.

As described in [KdRO08] and [vEGdR12], this probability distribution
can be computed by using a hidden Markov model with the following pa-
rameters:

o =={&,...,& } aset of experts with domain D and target 7.

A probability distribution wz on Z (or on {1, ...,n}, by identifying &;
and 7).

e Freezing probabilities (7, )nen: a sequence of probability distributions
on {0,1}. By abuse of notation, we will write 7, := 7,(1) the proba-
bility of freezing at time n.

e Switching probabilities (o,,)nen+: a sequence of probability distribu-
tions on {0,1}. By abuse of notation, we will write o, := 0,(1) the
probability of switching at time n.

and, the forward algorithm, described for example in [KdR08] computes
the predictions for a HMM (Theorem 3 in [KdRO0S]).

’[KdRO08] and [vEGdR12] only consider the case m < oc.
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Figure 4.1: The unfolded switch HMM, with two experts, with w; := wz(&;)
(see also Figure 12 in [KdR08])

w1
w2

FROZEN

UNFROZEN

w2

o8



Algorithm 1 Forward algorithm from time n to time n + 1, for the switch

HMM
1. Observe z, and compute posterior weights at time n.

for all £ € = % € {u, f} do
w(E,%,n) + w(&,*,n)E (22" 1)
end for
2. Forward propagation of the weights
while Dom(w) # {(€,x,n+ 1)|€ € Z,* € {u, f}} do
Pick u € Dom(w) such that u is not the descendent of any v € Dom(w).
for all v children of v do
if v ¢ Dom(w) then
initalize w(v) < 0.
end if
w(v) + wv) + w(u)P(u — v)
end for
Dom(w) < Dom(w) \ {u}
end while

Renormalize w.

3. Predict zp41: Prorward(Zn+1) = fe= w(E,x,n+ 1)E(zp+1/|2™)
*c{u,

This algorithm actually computes 7§, described in (4.26).
Theorem 4.17. Let = = {&1,...,E,} a set of experts, and let
® W =TK

e Forallmn, 7, =10

wr(n)

e For all n, o, = m

Then Algorithm 1 for the switch HMM defined by wz, (1,) and oy, computes
the predictions from the switch distribution defined by my; geometric with
rate 0, mg and 7. In other words:

H PForward(zi‘Z<i) = Z ﬂ—SWitCh(G) [d)(g)(zn‘@)] ) (427)

=1 0cO

where ¢ is from Definition /.15 (in particular, ¢(0) is an expert).
In particular, Switchzs (&1, .., En)(2™|@) can be computed in O(nmt),

where t is the mazimal computing time for the likelihoods Ex(z;|2<") (knowing
the state of & before i).

See Appendix A.7 in [vEGdR12] (Theorem 14) for the proof.

If 6 € (0,1), Supp(7mx) = Z and Supp(7n,) = n, 7§, has the intersting
property that any sequence I that is constant for large n is given a positive
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weight. Consequently, the weight of all the sequences of experts using for
example &; after the time n can be uniformly bounded by some h = h(n) >
0.

This property leads to a bound for the posterior weight of given sequences
that is uniform on z.

Lemma 4.18. Let &y, ..., &, be m experts from X toY with same domain
D and target T.

Let pi be a probability distribution on {1,...m}~, and for all T € {1,...,n}Y,

R u(1)Er(z|2)

z € (X xY)*, let us write p(I|z) := S et n(E @2)
weight after having seen z of the expert £ in Switch, (€1, ...,Em).

Letn €N, and let I € {1,...,m}".

If there exists h(n) such that for all J € {1,...m}N, J ~, I = u(J) >
h(n), then, for all z such that ¢(z) =1+ |zN (D xT)| < n

the posterior

max _ u(J|z) = h(n). (4.28)

6

Proof. The idea behind this proof is that one of the &; for J ~, I makes
the best possible predictions, and consequently, its posterior weight will be
greater than its prior weight. More precisely:

Let z =2V € (X x V)V

For 1 <i < ¢(z) — 1, we write d(i) = inf{j € N|@#(2/) =i+ 1} the index
of the i-th point predicted by the &, and fi(z) := argmax;Ex(2q( )\zd(l b
the index of the best expert at local time k. © Notice that by deﬁmtlon of the
d(i) the & issue a prediction for z4(;, i.e. yqu) € T and (zd(i)*l,xd(i)) e D.

Let us now define the sequence J* (depending on z) by:

o J' = fi(z) if i < ¢(z)
o J=1ifi> ¢(a).

By definition, J* ~y, I, so J* ~, I. Moreover, for all J € {1, wom}Y) we
have:
P(z)—1

H E1(zagay|2707) (4.29)

(z) 1 (z)—
H &1,z (Za 2" D7) H 127071y = £5. (z]@),
=1 i=1

(4.30)

5 We recall that I ~, J < Vk > n, I = Ji.
If the maximum is attained by several experts, choose the smallest index, for example.
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since EJ* (zd(i) ’Zd(i)_l) = SJ*

fg(zd(i)—1) (zd(i) |Zd(i)_1) = 5J; (Zd(z‘) |zd(i)—1).

Consequently, we have:

u(J*)Es+(2|2)

w(J*|z) = 4.31
i > geqt,.. oy 1(J)Es(2]D) (4.31)
w(J*)E - (2|2) p(J*) .
St BER D)~ S e i) M)
(4.32)
which is what we wanted. O

4.2.4 Restriction

This simple operation consists in restricting the domain of an expert to a
smaller set:

Definition 4.19. If D' C D, the restriction to D' of an expert £ from X
to' Y with domain D is the expert & p, with domain D’ defined by:

Ep(x,ylz) = E(x, yl2) (4.33)

for all (z,z) € D', forally €Y.

4.2.5 Union

There are two different kinds of union for experts: a domain union (uniting
two experts with disjoint domains), and a target union (uniting two experts
with disjoint targets):

Suppose that we have two experts for regression: £1, an expert on [0, 0.5),
and &, an expert on [0.5,1). It is straightforward to define an expert £ U&>
on [0,1) that will use either & or &£, depending on where z falls. This is
the domain union.

However, if we have two density estimation experts & and &, respec-
tively on [0,0.5) and on [0.5,1), we need a way to weight each of these
experts in order to obtain a density on [0,1). This is the target union.

Defining the former is straightforward, but for the latter (which we want
to use for density estimation), another expert has to be added: we need to
choose if we will be using & or & for the next prediction.

4.2.5.1 Domain union

Given two different experts £ and & with disjoint domains D1 and Ds, it
is straightforward to obtain a single expert with target D; U Dy by using
either & or &, depending on where the data falls:
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Definition 4.20. If &1,...E, are experts with same target T and disjoint
domains D;, then the union of the (&), noted \J;_, &, is the expert with
domain | J; D; and target T' defined by:

(U gl)(y|z¢ l‘) = Z gi(z/|za w)l(z,a:)eDom(Si) (434)
=1 =1

for (z,x)e D,yeT.

An interesting property of the domain union is that if the experts do not
peek out, it is essentialy a product:

Lemma 4.21. Let &1,...,En be m experts from X to'Y with target T', with
respective disjoint domains D1, ..., D,. We have:

Ué’i(z”]z) = H&(z"[z), (4.35)

foranyz e (X xY)*, 2" e (X xY)".

Proof. Let us write z, = (xy, yx) for all k, and D = J; D;. We have:

Usarzn= ] UéSlalz- 2 (4.36)
‘ (z* zli:l,lyl)GD ‘

= 1(z~zl—1,x)eDom(5i)gi(Zl|z'Zlil)' (437)
i=1

Il
P
-

Since the &; have disjoint domains, all the sums above have exactly one term.
Consequently, if we regroup all of these terms according to the expert used:

Ué’i(z"]z) =11 11 Ei(z)z-27h (4.38)

=1
z* zl_l,xeDom(Ei)
yZET

~ L&, (4.39)
which is what we wanted. O

4.2.5.2 Target union

Given two density experts £ and & with respective targets T and 15, we
need some way to weight them to renormalize the density.
To do so, we introduce a particular class of experts.
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Definition 4.22. Let X, Y be two sets. If £ is an expert from X to Y, and
Y =A{y1,...,yn} is finite, we call £ a choice expert. If X is clear from the
context, we will simply write “a choice expert on Y ”.

From a formal point of view, this definition is not necessary: writing
that an expert is a choice expert is the statement that it will be used in a
union of experts (in particular, they are only used for generation, not for
prediction).

We are now able to define the target union of two or more experts:

Definition 4.23. If &1, ...&, are experts with same domain D, and if C is
a choice expert on {1, ...,E,}, then the union of the (&;) with choice expert
C, noted J¢ ;—, & is the expert with domain D and target \J; T; defined by:

n

( U )(y|z, ) ZC &ilz, x)Ei(ylz, )1, e, (4.40)

C,i=1

for (z,x) e D,y e Ty U...UT,.

The presence of an expert in the subscript of U indicates if the union is
a domain union or a target union: £ U &, is a domain union, and & Ug &
is a target union.

4.2.5.3 Properties

Although these two unions are different, they have similar properties.

We write them only for the target union (for the domain union, invert
the target and the domain situations, and remove the choice experts).

By definition, U is commutative. It is also associative in the following
sense:

Proposition 4.24. Let &,E9,E3 be three X -experts, let C1 (resp. C') be a
choice expert between £ and Ey (resp. between £ Ue, E2 and E3). Then:

(51 Ue, 52) Uer €3 = U(gl, &, 53), (4.41)
C

where C is the choice expert between 1, & and & defined by C(&1|z,x) =
C'(&1 Ue, &z, x)Ci(E1|zy ), C(E|z, ) = C'(E1 Ue, 2|z, 2)C1(E2|z, ) and
C(&lz,x) = C'(&3)z, x).
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Proof. Let z,z € D, y € T1 UT, UT5. We have:

(&1 Ue, &2) Uer E3(ylz, x) = C' (&1 Ue, E2|z,x)E1 Ue, Ea(ylz, )1 (5 pyeryums

(4.42)
+C'(&slz, x)E3(y|2, )11y ey (4.43)
= C,(gl UC1 52|Za x)cl(gl |Za x)gl (y|z, x)l(z,ac)ETl

(4.44)
+ C/(gl Uc, 82‘Z7 (L‘)CI((C/‘Q’Z, l’)gg(y’Z, w)l(z,x)ETg
(4.45)
+Cl<g3|z7m)g3(y|z7$)1(z,:p)€T37 (446)
which is what we wanted. O

There is a form of distributive property of the union over the Bayesian
combination.
The following lemma is merely a technical tool:

Lemma 4.25. If & and & are two experts with domain D and respective
targets T and Ty, with Th N1y, = &, and if C is a choice expert between &
and &y, then we have:

(&1 U £)(2|2) = E1(2|2)Ex (2 |z) 11 Clarg(z)|z -2'<7), (4.47)
z 'z’§i1€<Dl§7(1T1UT2)

with arg((z,y)) = & if y € T1 and arg((z,y)) = & if y € Ta, for any
z,7 € (X xY)*.

Proof. Let us write 2’ = ((x1, 1), (22, y2), ...)-

(&1 Ue &)(22) =[] (C(Erlz- 2<)E1 (2|22 y,er, + C(Ealz - 2/<)Ex(]|2- 2 ) 1yen,)
z* z’gilegDzi?Tl UTy)

~ I el G [ CEln a2
1<i<n 1<i<n
z°2z/ST€DxXTy 7 2/SIeDXTy

=&(2)e(2z) [ Clarg(z)lz-2")

1<i<n
z " z/@er(TluTQ)

and the distributive property is the following:

Proposition 4.26 (Concatenation and Bayes). If & are experts with target
T and domain D and E! are experts with target T' and domain D, with
TNT =@, and the w;, w, are positive numbers, then for any expert C:

Bayes; (£, w;)) Ue Bayes; (€], w})) = Bayes; ;((& Uc £, wiw}))  (4.48)
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Proof. Let z = ((x1,y1), .-, (Tn,Yn)), and let us write By := Bayes,((&;, w;))
and By := Bayes;((&], w})).
By lemma 4.25, we have:

By Uc By(2|@) =B1(z|@)Ba(z|@) [  Clarg(zr)lzh)

1<k<n

ZkeDx(TUT’)
:Zwi i(z|2) Zw £(2|@) H C(arg(z,)|z<F).
[ 1<k<n
keDx(TUT!)
and
Bayes; ;((& Uc 5’-,wi sz E UCS ) (z|@)

—szwé’ z|9)E;(2|2) H C(arg(z,)|z<%).

1<k<n
zkeDx(TuT!)

O]

And as a consequence of the description of Switch as a Bayesian combi-
nation, this proposition extends to switch:

Corollary 4.27 (Concatenation and Switch). If & are experts with target
T and domain D and E! are experts with target T' and domain D, with
TNT =@, and if p and i’ are probability distributions on {1,...,n}Y, then
for any expert C with domain D and target {Switch,((&;)), SwitchL((gé))}.'

Switch,, ((€:)) Ue Switch), (7)) = Bayes; ;(Er U &y, u(D)p'(J)),  (4.49)
Proof. By Proposition 4.26,

Switch,, ((€;)) Ue Switchy, ((€7)) = Bayes; (£1, u(I)) Ue Bayes ; (£, 14/ (J))
(4.50)

= Bayes; ;(Er U &y, p(I)p/(J)) (4.51)

O

4.3 Expert trees

We can now describe the different algorithms that we will be using. The
general idea is always the same: we build a tree such that each node s
corresponds to an expert &, deeper experts being more specialized, and,
starting from the bottom of the tree we recursively choose if we are using
the children of a node, or the node itself.

More precisely:
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Definition 4.28. Let X, Y be two sets. We call expert tree from X to Y
a rooted tree T with root € such that

e Fach node s of T has a finite number of children. The set of the
children of s is denoted by c(s).

e Fach node s contains an expert E5 from X to Y.
e Dom(€s) = Usee(s) Dom(&r)

We call weighted expert tree an expert tree T with a probability distri-
bution ps on {0,131 at each non-leaf node s.

Intuitively, & is the local expert, and us corresponds to the prior prob-
ability of opening the node s (i.e. with prior probability >/, _; us(1), the
“tree expert” at s uses the “tree experts” at the children of s instead of the
local expert at s).

Notation 4.29. If T is an expert tree, and if S is the set of leaves of T,
we denote by Ep the expert:
Uses Es (452)

If T = (Ty) is a sequence of expert trees, we denote by E the expert
using &1, at time k.

As seen in Section 3.3, the CTW algorith recursively computes a Bayesian
posterior at each node, finally yielding the prediction corresponding to the
Bayesian combination of all the &r.

If we replace the Bayesian combination by a switching combination, we
obtain another algorithm, Context Tree Switching [VNHB11], but it is not
a switching combination of all the &, because Switch (£, Switch(&2,E3))
cannot be written Switch(&1, &2, E3) in general. Consequently, we introduce
Switching patterns, that can be though of as data-dependent trees. A switch-
ing pattern assigns to each node s a sequence in I, € {0, I}N to each node,
and (Is), indicates whether s is open (1) or closed (0) at time n. The pre-
diction corresponding to the switching pattern is the prediction using the
resulting tree.

Definition 4.30. Let T be an expert tree. We call switching pattern on T
an application matching each internal node s of T to I, € {0, 1},

If T is an expert tree from X toY, and T = (Is) a switching pattern
on T, for any node s of T, we define the expert £z by: Dom(Ers) =
Dom(&s) =: D, Tar(Ezs) = Tar(&E) =T, and

o Ers(ylz" ) = 1(1,),=0& (W[=", 2) + 11y, =1 U Ert(yl2", z),
tec(s)
for all (2",z) € D, for ally € T, where k = k(s,2") := 1+ [{z]1 <
k< n,(z<F 2) € D,y € T}, if s is not a leaf of T.
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o Er,s(yl2" x) == E(y|2", @) otherwise.
We define the weight wr of a switching pattern T as:

wz = H NS(IS) (453)

seT
snot a leaf of T

4.3.1 Context Tree Weighting

Context tree weighting has been introduced in [WST95] for text compres-
sion.

Let T be a finite weighted expert tree, such that for any internal node s
of T, ps(0%°) + us(1%°) = 1. We write ws := us(0°°).

We denote by T the set of subtrees of T with root s such that each node
t of the subtree has either 0 or ¢(¢) children.

We define the weight of T' € T as

wr 1= H (1 —ws) H W (4.54)

q internal nodes of T’ qleavesof T'
gnot aleaf of T

It can be checked that ) o wr = 1.

Definition 4.31. We define the Context Tree Weighting algorithm corre-
sponding to the finite weighted expert tree T as:

CTWr := Bayespcr (&7, wr) (4.55)

The interesting point here is that this gigantic Bayesian combination can
be computed “locally”, starting from the bottom nodes, and going up to the
root.

Theorem 4.32. Let T be a weighted expert tree with ws = ps(0°) =
1 — ps(1°°). For each node s of T, we define the expert CTWy as follows:
The target of CTWy is Tar(&s), its domain is Dom(&;), and

CTW, = Bayes | (£, ws),( | CTW;,1-w,) |, (4.56)
Cs,tec(s)

if s is an internal node of T, and
CTW; =& (4.57)

if s is a leaf of T.
With these notations, we have:

CTW, = Bayespcr. (é7,wr), (4.58)
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or equivalently:
CTWS = BayeSI switching pattern on Tg (81,87 wI) 5 (459)

where, if T = (1), wz = [ hodesor T Ms(Ls)-
In particular,

CTW, = CTWr (4.60)

Proof. By induction on the nodes, starting from the leaves.
If s is a leaf, there is nothing to prove (the two experts are Eg,)).
Now, let s be an internal node such that the hypothesis is true for all
descendents of s, and let {t1,...,t,} = c(s). By induction and lemma 4.26,
we have:

U CTW,, = U Bayesrer; (Er,wr)

i=1 i=1
=Bayesyer;, (€ U ... U&r,, wry...wr,,)
Tn€Tip
1
=Bayes rer. | &7, wr
T#{s} 1 — ws

The theorem then easily follows from Corollary 4.11 and the fact that
DTeT, mA{sy W =1 — ws.

For the equivalence between (4.58) and (4.59), just remark that the only
switching patterns Z with non-zero weight are constant switching patterns,
so &1,s = Er, where T is the subtree of T corresponding to the switching
pattern Z, and wz = wr, so the two Bayesian combinations are exactly the
same. O

In the case of text compression, the original Context Tree Weighting
algorithm uses Krichefsky—Trofimov estimators as local experts. Other ex-
perts can be used, as in [OHSS12], which uses “discounted” KT estimators
(more weight on recent observations). Conditional NML [RR07] could also
be a possibility.

It is also possible to recover the more recent Partition Tree Weighting
algorithm [VWBG12] at fixed time horizon. We give more details about this
in Section 4.3.4.3.

There are several more conditions for CTW to be implemented efficiently,
they will be discussed in Section 4.3.4.

4.3.2 Context Tree Switching

[VNHBI11] introduced a version of context tree switching, using a switch in-
spired by [vVEGdR12]. We will define a more general algorithm, by replacing
the Bayesian combination in context tree weighting (4.56) by a switch.
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Definition 4.33. Let T be a finite weighted expert tree. For each node s of
T, we define the expert CTS; as follows: The target of CTSg is Tar(Es), its
domain is Dom(&;s), and:

CTS, = Switch,, [ &, [ J CTS; |, (4.61)
tec(s)

if s is an internal node of T, and
CTSs = & (4.62)

if s is a leaf of T.
We write
CTSt = CTS.. (4.63)

As for the context tree weighting algorithm, an unbounded depth context
tree switching algorithm can be defined.

This algorithm does not generalize Definition 4.31 in the sense that Con-
text Tree Switching will not actually be a switch combination of context
trees. Actually, CTS is not even a Bayesian combination of switching pat-
terns. However, it is still possible to obtain theoretical guarantees.

4.3.2.1 Properties
As an immediate consequence of the definition of the switch, we have:

Lemma 4.34. Let X, Y be two sets, Let p be a probability distribution on
{0, 13N let &, &1 be two experts, and let £ = Switch, (€0, £1). There exists
an expert £ from X to'Y such that

&= Bayes((&), ]{30), (51, k‘l), (5/, 1- k‘o - k‘l)), (4.64)
where ko = u(0°) and ki = p(1°°).
Proof. (4.64) is exactly the definition of switch if
1
/ —_—
e e D DN C ) (4.65)
T€{0,13M\{(0>),(1%)}
O
and therefore:

Corollary 4.35. Let 0 € R, let p be a probability distribution on {0,1}N
such that min(p(0%°), u(1%°)) > 4, let &, &1 be two experts, and let & =
Switchy, (€, £1). We have:

E(z|2) = = (&Eo(z|9) + &1(2]9)) (4.66)

NGRS

forallz e (X xY)*
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0 corresponds to the freezing probability at t = 0 in [vEGdR12] (hence
the factor %
Finally,

Theorem 4.36. Let T be a finite weighted expert tree, let s be a node of T,
and let T be the set of subtrees of T with root s. There exists an expert £
on Tar(&;) such that

CTS, = Bayes ((Er,wy(T))rer, (€1 = Y wy(T))) (4.67)
where, if 05 := min(us(0°°), pus(1°°)):

wi(T)= ][  ba (4.68)
qeT
gnotaleaf of T

In particular:

CTS,(2@) > ) w(T)Er(2/@), (4.69)
TeTs

Proof. We give the proof in the binary case, the generalization is straight-
forward. We denote the children of s by s0 and sl1.

By induction on |s|. If |s|] = D, then 7, = {s}, and we do have
CTSs(x|@) = Es(x|@) = %Ss(xw), which is what we wanted.

Now, let s such that 0 < |s| < D — 1, and suppose that for all ¢ longer
than s, CTSy([@) 2 > rer, w(T)Er(2|2).

By Lemma 4.34, there exists £ such that:

CTS, = Switch, (€5, CTSs U CTS,1) (4.70)

— Bayes <(5s, %), (CTS U CTS,1, %), (&,1- 93)> (4.71)

Now, by induction, let &) and & be such that:

CTSu0 = Bayes ((€r,wao(T)rer, (€01 = D wa(T))) . (472)

CTS,; = Bayes ((gT, wt (T))rerss (€, 1= wsl(T))) . (4.73)
We have, by Lemma 4.26:

CTS4UCTS,1 = Bayes | (&7 U &, weo(T)wa1 (T')) rety » (€71 = Y weo(T)wa (T') |
T/EI]TSl TGTE‘O
T'e€Ta
(4.74)

where £ contains all the other terms.
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Now, by combining equations (4.71) and (4.74), and using Lemma 4.26,
we obtain:

_ 68 68 / " '98
CTSS = Bayes (53, 3), (ST U ST/7 EwSO(T)wsl(T )) TeTo s (8 s 1-— 5 - Z

T eTs1 77:/6677%0

sl

(4.75)

which is what we wanted. O
In particular, CTSs(z|@) > ICTW(z|@) if the product [, .iiprefixes O

converges to [, and we have [ > 0 in any of the following cases:

e T is finite.

o min(ys(0%°), 1s(1%°)) > (1 — 2|;|‘;‘ ). This is the case if the probability
9—d
az

of starting unfrozen for a node at depth d is less than (with prior

opening weight 1).

e We are given a sequence of positive numbers (u;) such that » u; con-
verges. Let N; be the number of nodes opened at time t. The prob-
ability of starting unfrozen for a node s is then a4 uqy(s), where (ay)
sums to one.

However, these conditions essentially amounts to preventing the algo-
rithm from switching, which is not satisfying. In Chapter 5, we will show
that in a particular case, CTS does behave better than CTW.

To do so, we will need the following lemma.

Lemma 4.37. Let T be a (possibly infinite) weighted expert tree, and let
ng € N. Let T := (Zs) be a switching pattern on T such that for all s,
T, = 0%° or I, € {010 < k < n} (i.e. the expert uses Es for the first k
points, and then switches to the children of s).

For all s € T, we have:

CTSr, (22') > h(no) TDlez (z]2), (4.76)
for all z,2' € (X x Y)* such that ¢(2z') := 1+ |2z’ N E| < ng,” where:
e h(ng) == inf{us(J)|s € T, (J ~pi1 1%0r J = 0>)},°
e T|s is the restriction of T to Ts,

e T,|Z is the tree obtained by removing the descendents of all the nodes
t such that T; = 0> from Ts.

8We recall that by definition, £r(.|z) = Eiyim (-|2)-
9 We recall that I ~, J < Vk >n, I = Ji.
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Proof. If T|Z is infinite, then h(ng)(TsM)| = 0 and there is nothing to
prove.'” We now suppose that T|Z is finite, and we proceed by induc-
tion on s, starting with the leaves of T|Z.

Preliminary computation.

Let s € T|Z, let k € [0,n0] U {oo} such that T, = (0¥1°°).

Let us denote T' = Tar(s), D = Dom(&), and let t1,...,t.) be an
enumeration of the children of s. Let z € (X x Y)* such that ¢(z) < no.
We have, for all n, for all 2" = (z1,...,2,) € (X x Y)™

CTS.(2"|z) = Switchy, (&, |J CTS)(2"|2) (4.77)
tec(s)

n
= Z MS(IS|Z)H 113¢(z.zl):058(yl|z-zl_l,xl)+1 oytee )= U CTSi(y|z- 271, ay)
I=1

Ise{0,1}N tec(s)
(4.78)

The first ¢(z) — 1 terms of I are not used in the product above, so we
regroup all the terms corresponding to sequences ending as Z:

n
CTSs(2"|2) > Z ”S(IS|Z)H 1IS¢><z.zl>:O€S(yl’Z'Zl_lam)+1Is¢(z.zl):1 U CTS: | (wilz- 2~ )
Ise{0,1}N =11 tec(s)
Ts~g(z)Ts
(4.79)
T
I— 1—
> max ps(Lelz) | (1. yane(ulz- 27 a) + 1y ysn | U CTS | (uilz- 251 )
Is~ (g Ts =11 tec(s)
(4.80)
Now, by Lemma 4.18, max us(Is]z) = h(ng), so
Ise{o, 1}
Ts~g(a) s
n
CTS,(2" n0) || | Lo ony<slslz- 271 a) + 1y sn | U CTS: | (uilz-21 ) |
=1 tec(s)
(4.81)

n

2] TT | U orse | (il = m)

1 l=m+1 \tec(s)

> h(no)

e

l

(4.82)

91 (ng) cannot be equal to 1, since {J € {0, 1}"| (J ~p41 1°° orJ = 0°°)} contains at
least two elements.
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where m := max(sup{l|1 <1< n,¢(z-2') < k},0)

ﬁ[ (yi|z- 2"~ ,xl)} ( U CTst) (2 Y,

tec(s)

~
—_

(4.83)

where we define 20 := @ and H?:l f(1) :=1, for any f. So finally, we have:

CTSs (2" H[ (y]z- 21~ ,xl)} H CTS: (2™ z . 2™)

=1 tec(s)
(4.84)

by lemma 4.21.

Actual induction.
If s is a leaf of T|Z, then by definition, & = oo, so we have m = n, and:

CTS,(2"|z) > H [53 ylz- 2~ ,:L'l)] (4.85)
=1

h(no)€s(2"|2) = h(no)&x)s(2"|2) (4.86)

by definition of £7/;. This is what we wanted.

If s is any non-leaf node (of T|Z) such that (4.76) is true for all descen-
dents of s, then k # oo by definition of T|Z (so k < ng). Now, by defintion
of m:

e cither ¢(z) > k, and then m = 0, s0 2" = 0, and ¢(z - 2™) = ¢(z) < ng
e or ¢(z) < k, and then, by definition of m, ¢(z-2™) < k < ny

In both cases ¢(z - 2"™) < no, so by induction, and using the definition of
51'\3:

CTS,(2"[2) > hino) [ ] [Ens(ulz- =~ )| | TT ) D) TT &=z =)
=1 tec(s) tec(s)
(4.87)
> h(no) [T |Ezsulz- 2L an)| | T o) 20 | &xe | (74072 2m)
=1 tec(s) tec(s)
(4.88)
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by Lemma 4.21 again, so finally:

(o) TDlEr (2™2) E7s (2T |z 2™) (4.89)
(no)/T=Ble (2" |2) (4.90)

This is what we wanted.

4.3.3 Edgewise context tree algorithms

Since we cannot always control where our data falls, it is possible to have
a lot of points on the left of the tree, and almost none on the right. If we
open the root, we will predict better on the left, but we will not have enough
points on the right, while if we close the root, we will not be able to use
enough the information we have on the left. This problem can be solved if
instead of opening or closing nodes, we open and close vertices. This leads
us to the following definition:
We can now define the edgewise context tree switching algorithm'!:

Definition 4.38. We call edgewise weighted expert tree an expert tree T
such that a probability distribution pis_; on {0, 1} is associated to each edge
s —t.

Intuitively, £ has the same role as in a weighted expert tree, but instead
of controlling the status (open/closed) of a node s, ps—; controls the status
of the verter s — t.

The edgewise context tree switching algorithm can now be defined:

Definition 4.39. Let T be a finite edgewise weighted expert tree. For each
s € T, we define the edgewise context tree switching expert ECTSg as follows:
The target of ECTS; is Tar(&;), its domain is Dom(Es), and:

ECTS, = | J Switchy, ., (ECTS,, (&) pom(e,)) (4.91)
tec(s)

s s is an internal node of T, and
ECTS; = & (4.92)

otherwise.
We write
ECTSt := ECTS.. (4.93)

1YWe have seen that the context tree weighting algorithm is a frozen context tree switch-
ing algorithm (Section 4.3.2.1). Similarly, the edgewise context tree weighting algorithm
is simply a frozen edgewise context tree switching, i.e. a context tree switching algorithm
such that for all sT and ¢ € ¢(s), ps—¢(0° +1° =1).
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In the case that for all s € T and t € c(s), ps—t(0%°) + ps—(1°°) =
1, which is of particular interest, we will use the denomination “edgewise
context tree weighting” (ECTW ).

As for regular context tree switching, we will study this algorithm by us-
ing edgewise switching patterns, which are a straightforward generalization:
instead of opening or closing nodes, we open or close edges, and we use the
deepest expert with the right domain that can be attained with open edges.
In other words, I;_,; controls whether we use the father £ (0) or the child
(“:t (1)

Definition 4.40. Let T be an expert tree. We call edgewise switching
pattern on T an application T matching each edge s — t to Ts_y € {0, 1}N.

If T is an expert tree from X toY, and L = (Zs—¢) an edgewise switching
pattern on T, for any node s of T, we define the expert £z s by: Dom(Ez s) =
Dom(&) =: D, Tar(Ezs) = Tar(&s) =: T, and

e &rs(ylza) = | |J & | (ylz2)
tec(s)

for all (z,z) € D, for ally € T, where

gIs—)t (y|z7 $) = 1(Isﬁt)¢t(z):0(gs)|Dom(€t)(y|z7 $) + 1(I§Ht)¢t(z>:1517t(y‘z7 x))

with ¢¢(2") == 1+ {zx]1 < k < n, (2<%, 21) € Dom(&),yr € T}, if s
is not a leaf of T.

o E15(ylz, x) == Es(y|z, x) otherwise.

We will write £7 == €7, where € is the root of T.
We define the weight wz of a switching pattern I as:

wr =[] tsse(Zos). (4.94)
ol

4.3.3.1 Edgewise Context Tree Weighting as a Bayesian combi-
nation

Edgewise context tree weighting behaves just as regular context tree weight-
ing, except that now, a node can activate separately its children.

Theorem 4.41. Let T be an edgewise weighted expert tree with wg_¢ :=
ts—t(0°) = 1 — s (1%°). For each node s of T, we define the edgewise
context tree weighting expert ECTWg as follows: The target of ECTWj is
Tar(&s), its domain is Dom(&s), and

ECTW, = | Bayes ((€.)pom(e) ws—t), (ECTS;, 1 — wesr)),  (4.95)
tec(s)
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if s is an internal node of T, and
ECTW, =&, (4.96)

if s is a leaf of T.

With these notations, we have:

ECTW; = BayeSIedgewise switching pattern on T (gI,Sv wZ) > (497)
where, if T = (Isﬁt); wz = Htéef‘) ,us%t(Isat)'

Sketch of the proof. The general idea is the same as in Theorem 4.32, but
the terms appearing in the equations are more complicated.

For simplicity, we suppose that T is a binary tree, and we proceed by
induction on s starting with the leaves. If s is a leaf, there is nothing to
prove.

Suppose s is an internal node of T such that (4.95) holds for all descen-
dents of s, and let us write ¢(s) = {t1,t2}.

We have, by Lemma 4.26:

ECTW, = | ] Bayes (((€:)pom(e,)» wst), (BECTSy, 1 — weyy))  (4.98)

tee(s)
= Bayes |:((gs)|Dom(8t1) U (€s)Dom(y, )» Ws—ty Ws—t, ) (4.99)
(E5)ipom(s,) U ECTWey, wysg, (1 — wyssey ), (4.100)
ECTWy, U (£s)ipom(és, s (1 — Wansty ) Wersts, (4.101)
+ ECTW;, UECTWy,, (1 — ws s, )(1 — wsst,) (4.102)

And by induction, these four terms are Bayesian combinations corre-
sponding respectively to switching patterns such that: Zg_yy, = Ty, = 0%,
Tst, = 0% and Ty, = 1°, Ty yy, = 1° and sy, = 0°°, and Zsyy, =
Tsyt, = 1°°, with their respective weights.

O

4.3.3.2 General properties of ECTS

We also have an analogous of Lemma 4.37 and its corollary, where the switch-
ing patterns are replaced by edgewise switching patterns:

Lemma 4.42. Let T be a (possibly infinite) weighted expert tree, and let
ng € N. Let T := (Zs—¢) be an edgewise switching pattern on T such that
forall s, t, Tyt = 0° or Ty € {0¥1°)0 < k < ng}.
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For all s € T|T such that s is not a leaf of T|Z,'? we have:
ECTST, (z]2') > h(ng) =T (2|2'), (4.103)
for all z,2' € (X x Y)* such that ¢5(2') := 1+ |2’ N E| < no,'® where:
e h(ng) == inf{us ¢ (J)|s € T,t € c(s), (J ~ngs1 1 orJ = 0%)}, 1
e T|s is the restriction of T to Ts,

e T|Z is the tree obtained by removing the descendents of all the nodes
t such that Zs_,y = 0°° from T, where s is the father of t.

e Nedge(T) :=|T| — 1 is the number of edges of T.

Proof. The proof is essentially the same as the proof of Lemma 4.37:

We work by induction on 7T |Z.

If T,|Z is infinite, then h(no)! T+l = 0 and there is nothing to prove.'
We now suppose that Ts|Z is finite, and we proceed by induction on s, start-
ing with the nodes of T;|Z whose only children are leaves.

Preliminary computation.

Let s be a non-leaf node of T|Z.

Let us denote 7' = Tar(&s), D = Dom(&s), and let 11, ...,¢), ) be an
enumeration of the children of s. Let z € (X x Y)* such that ¢5(z) < no.
We have, for all n, for all 2" = (z1,...,2,) € (X X Y)™

ECTS,(z"|z) = | ] Switchy, ., (ECTS;, (£)jpom(e,) | (2"2) (4.104)
tec(s)
= [ switchy, ., (BCTS;, (€2)pom(e) ) =[] S (4.105)
tec(s) tec(s)

by Lemma 4.21.
Let k = k(t) € [0,n0] U {oo} such that Zs_,; = (0¥1%°). Now, by Defini-
tion 4.14, for all t € ¢(s), we have:

n

Sy = Z ,Ufs%t s%t| H |:1I(9_>t) (gs)\Dom(&g)(y”Z ) Zl_la 'Tl) +1;
]s—>t€{071}N =1

-1
(s) (2 - zl)zlECTSt(y”Z 2 m)

(4.106)

12Technically, it is possible to take any s € T but we are not interested in what happens
elsewhere.

13We recall that by definition, £r(.|z) = Eiyim (-|2)-

14 We recall that I ~, J & Vk >n, I = Ji.

51h(ng) cannot be equal to 1, since {J € {0, 1} (J ~py1 1% orJ = 0°°)} contains at
least two elements.
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The first ¢¢(z) — 1 terms of I are not used in the product above, so we
regroup all the terms corresponding to sequences ending as Z:

n
St = Z frs—t(Is—t|z Hlilz(sﬁ»t)(bt(z'zl)0<gs>|Dom(St)(yl‘z'Zl_lyxl)+1I(S_>t)¢t(z.zz)IECTSt<yl’Z'zl_17xl>]

IsﬁtE{O,l}N =1
Isst~ g, (2)Ls—t

(4.107)

=

= max Hs—st (Isﬁt|z)
Is_ype{0,1}N
I.5~>tN¢t (Z)Is%t

-1 -1
|:1I(s—>t)¢t<z.Zl)=0(85)|D0m(5t)(yl|Z'Z ,fﬁl)+12(8%)%(2.Zl):lECTSt(yl!Z'Z ,l‘z)}

o~
Il

1
(4.108)
Now, by Lemma 4.18, max ts—t(Is—t|z) = h(ng), so

Is¢€{0,1}
Is—t~p, (z)Ts—t

. :0(85)|D0m(8t)(yl|z ’ Zl717 xl) + 1Is~>t¢t(z . zl)=1ECTSt<yl’z ) Zlilv xl) )

(4.109)

n

H[ 5)Dom(e) (41]Z - 21 1,3?1)} [T ECTSi(wlz 2", @)
=1 l=m+1

(4.110)

where m = m(t) := max(0,sup{l]1 < I < n,¢(z-2") < k}), since by

definition of the Zs .4, IS_% ) = Oiff L <m
t(z 2z

> h(no) [(58)|D0m(gt)(zm\z)] ECTS; (2™ ™|z - 2™), (4.111)

Where we define 2° := @ and H?:l f(l) :=1, for any f.
In particular, if Z,_,; = 0°°, we have: k(t) = 0o, so m = n, and:

S = Switch,, ., (BCTSy, (£:) pom(en)(2"12) > h(n0)(E:)pom(es) (2"12) = h(no)ex, ., ("]2).
(4.112)

by definition of &7, ...

Actual induction.
If all the children of s in T;|Z are leaves (i.e. Zs—,; = 0% for all ¢ € ¢(s)),
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then by (4.112),

BCTS, (") = ] 8> b)) [T (€)ponen(-"12) (1.113)
tec(s) tec(s)
> h(”O)nedgE(Ts‘I) U (55)|Dom(€t) (Zn|z)
tec(s)
(4.114)

by lemma 4.21,

> h(ng)"t=TDE (2"[2) = h(ng) =T D Ex (2" [2)
(4.115)

and (4.103) holds.
Now, if s is any non-leaf node (of T|Z) such that (4.103) is true for all
the children ¢ of s satisfying Zs_,; # 0°°, we have, from equation (4.105):

ECTS,(z"z)= ][ S [[ S (4.116)
tec(s) tec(s)
L5t #0%° Ts5t=0>°

If ¢ is such that Zs_,; # 0°°, then k() # oo by definition of T|Z (so
k(t) < ng). So, by definition of m, ¢(z-2") < k(t) < ng
Consequently, by induction, using (4.111):

S0 > h(no) [(£)pom(ey) (2"]2)] ECTS, (2™ |z 2m) (4.117)
> h(no) [(€5)pom(en) (27[2)] h(ng) eteeTHR e (2 H 1Rz 2m) - (4.118)
> h(no) =TI ES) pome,) (27 2)Eq (212 2™) (4.119)

> h(ng) e Tt e (2™2)Ex, (27" 7 2) = h(ng) et T EL | (2"]2),
(4.120)

by definition of &7, ,,.
So by injecting (4.112) and (4.120) in (4.116):

ECTS,(z"lz)= [ S [[ S (4.121)
tec(s) tec(s)
Ts¢7#0° Zs—5t=0°
> I (hnoyees™Dtier  (:"2)) T (h(no)er .(="12))
tec(s) tec(s)
Ts¢7#0° Zs—=0°
(4.122)

and since neqge(Ts|Z) = c(s)] + X tects) Nedge(TtT),

Ts5t#

|C(5)|+Z tec(s) Medge TtII)
ECTS;(2"|2) = h(no) 7 Sidee I €z (z"[2) = h(ng) et TT €z...,(="12).
tec(s) tec(s)
(4.123)
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We conclude with Lemma 4.21 and the definition of £75(2"[2) = Uye(s) €7, (2"]2).
O

4.3.4 Practical use

For all these expert tree algorithms to be implemented properly, it is nec-
essary to make sure that new data points only affects the experts in one
branch of the tree: this is exactly the no peeking-out condition.

We only defined our algorithms on finite expert trees. As for the original
CTW algorithm, it is possible to define unbounded depth algorithms on
expert trees if the union involved at the nodes of the tree are domain unions.
We do this in the following section.

4.3.4.1 Infinite depth algorithms

For an infinite depth CTW1'¢ algorithm to be defined, we need that for all
z € (X xY)*, there exists a weighted expert tree T such that for all T such
that T is a subtree of T, CTSt(z|@) = CTSt/ (z|9).

This condition is satisfied if the experts in T are compatible.

Moreover, we want to prevent two different points from corresponding
to the same infinite branch of the tree.

This leads us to the following definition:

Definition 4.43. We say that an expert tree T is a proper expert tree if:
e The experts in T are compatible.
e The experts in T do not peek out.

e limy o sup{|Dom(&;)|, |s| = k} = 0 (i.e. the domains shrink when
depth increases)!”

Now, suppose we are trying to compute CTWr(y,|2" !, x,,) under the
following conditions:

e T is a full expert tree with depth D “large”.
e T is proper.
e The x; are pairwise distinct.

e We define sy as the first node (in terms of depth) satisfying z,, €
Dom(&,) and Vk < n, i, ¢ Dom(Es,) (“D large” in the first condition
means “sqg exists”).

16We only describe the CTW algorithm here for simplicity, but the remarks in this
section are also valid for the other expert tree algorithms.

7 This condition is mostly useful for regression and density estimation. It can be applied
to text compression with alphabet A by setting {z € A*|z = z"; 2"~ I*IF1m = 5} .= |A4|I~2].
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In that case have CTW, (2|27 1) = CTWy,(2,]9) (no peeking out),
and since the experts in T are compatible, CTWg,(2,|9) = Es,(2n|9) (if
nothing has been seen in the context s yet, then a simple proof by induction
yields CTW4(2) = &,(2)). In particular, CTW, (2,]2" 1) does not depend
on D for D large: the only nodes of the tree for which computations are
needed are the nodes that have already been visited at least once.

Notice however that for practical implementation of the infinite depth
algorithm, it is necessary to store z, at the node sq. If another point z,,
with m > n is such that z,, € Dom(&s,), then z, has to be moved to the
first node not also used for z,,. The algorithm is described in the Appendix.

Definition 4.44. Let T be a (not necessarily finite) proper weighted expert
tree.

We define the Context Tree Weighting expert corresponding to T by:
Tar(CTWr) = Tar(CTWr, ), Dom(CTWr) = Dom(CTWr,) N D, and:

CTWr(z,|2" 1) = Jim CTWr,, (zn|2™ 1), (4.124)
—00

where Tp is the subtree of T obtained by removing all nodes at depth > D,
and D = {(x1,11)s oy (Tns Yn)s Tnp1 € (X x Y)* x X|VE, K € {1,....,n+
1},3s € T, (x € Dom(&;) and zr ¢ Dom(Es))}.

In the infinite case, we restrict the domain to make sure that the Bayesian
posteriors can still be normalized. Indeed, (z",z,4+1) € D ensures that
only a finite number of experts will have to be considered to compute the
prediction CTWr(yn+1|2n, Tnt1). On [0, 1], if T is proper and if the z; are
i.i.d following a probability distribution with bounded density, ™ € D with
probability one, because of the condition lim_,, sup{|Dom(&;s)|, |s| = k} =
0.

4.3.4.1.1 Properties Lemmas 4.37 and 4.42, stating that the Context
Tree Switching algorithms do “better” than given sequences of trees can be
generalized to the infinite case. More precisely, we have:

Lemma 4.45. Let T be a proper infinite weighted expert tree. Let T := (Z)
be a switching pattern on T such that:

o forall s, Ty € {0°°,01°°,001°°}.
o There exists D € N such that for all s such that |s| = D, Ty = 0.
For all s € T, we have:

2D+1

CTSt,(22) = h*" ~'&7,(2]9), (4.125)

for all z € (X x Y)*, where Z|s is the restriction of T to Ts, and h =
inf{us(J)|t € T,(J ~31°orJ =0%)}.
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Proof. Direct application of Lemma 4.37 with ng = 2, noting that a binary
tree with maximal depth D has 2P°+1 — 1 nodes. O

Lemma 4.46. Let T be a proper infinite edgewise weighted expert tree. Let
T := (Zs—t) be a switching pattern on T such that:

o for all s, Ts—y € {0°°,01°°,001°°}.

o There exists D € N such that for all s such that |s| = D, for all
t € c(s), Zs—t = 0.

For all s € T, we have:
ECTSr, (z|2) > h2” """ 2¢7,(2]2), (4.126)

for all z € (X x Y)*, where I|s is the restriction of T to Ts, and h =
inf{psp (J)|t € T,t' € c(t),(J ~31®0orJ =0%)}.

Proof. Direct application of Lemma 4.42 with ng = 2, noting that a binary
tree with maximal depth D has 2°%! — 2 edges, and that the depth of T,|Z
is D+1—|s| O

We now give some example of experts that could be used for expert tree
algorithms in different situations.

4.3.4.2 Density estimation

The algorithms above have been described only for experts that can work
with domain union. It is not the case for density estimation experts, which
need target union. The algorithms can be adapted by adding at each node
s a choice expert Cs for the union at s.

It is however harder to define an unbounded CTW algorithm for den-
sity estimation, since contrarily to the domain union case, the sequence
(CTWr,, ) pen is not constant at infinity.

To give more intuition on Context Tree Weighting applied to density
estimation, we give an example with one point:

Logarithmic singularity with only one point. Consider the fol-
lowing weighted expert tree for density on [0, 1]: each node s of T has two
children: s0 and s1, for each s, & is the uniform density expert with target

the set of numbers whose binary expansion start with s, wgs = % for all s, and

[{ke{1,...,n}|xrEDom(Es0)}| if
{ke{1,...,n}|xreDom(Es)}

{k € {1,...,n}|z), € Dom(&)} # @, and Cs(Ex|2™) = 3 otherwise.
Then we have:

the choice experts Cs are defined by: Cs(Esplz™) =

Proposition 4.47. The density ¢,, output by the CTWr algorithm with
T described above after having observed one single point ro = 2121 a;27"
(with a; = 0 or 1) satisfies:
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ue (D bi27") = %inf{i, a; # bi}, (4.127)

where b; = 0 or 1.
In particular, we have ¢o(x) = —|loga(z)].

Proof. By definition of &, we have z¢ € Tar(&s) iff s is a prefix of (a1, ag, ...).
Now, let z 1=, 027" € [0,1] \ {zo}.

CTWr(x|xo) = Bayesp(Er, wr)(x|zg) (4.128)
ngT .’L‘0|@)
= x|z 4.129
ZZTUJTET e Er(z|zo) (4.129)
= wrér(z|r), (4.130)
T

since E7(z9|@) = 1 and thus ), wrélr(zo|@) =Y pwr = 1.
We now regroup the trees according to the leaf containing xg. Let us
denote by fz,(T") the leaf of T' such that zg € Dom(Ey, (1)):

CTWT ’$0 Z Z ’LUTgT(I‘|.Z‘0). (4.131)

If f:vo(T) = A1,y..-yQn, then gT(IL‘|$0) = 2n1inf{i,ai¢bi}>n- Indeed, the
choice expert ensures that &r(z|zo) = &y, (1)(z|20) if x € Dom(Ey, (7)) and
Er(z|xo) = 0 otherwise.

Moreover, Ep(zo|@) = 1 for all T. So we have:

CTWT(x]xO) = Z 2n1inf{i,ai;£bi}>n Z wT. (4.132)

n=0 T
f.rO (T)=ay,..., an

But forn € N, ) wr = garr, since {1 foo(T) = a1, ..., an}
sz (T)= a1 ,,,,, an,
can be characterized exactly by “ the nodes €;a1; a1, as9;...; a1, ...,a,—1 are

open, and az, ..., a, is closed”.

So finally,
CTWT(x‘xO Z 11nf{z a; #bi}>n (4133)
n=0
1. ..
= §1nf{z, a; # b}, (4.134)
which is what we wanted. O
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This proposition allows us to actually compute an unbounded CTW
algorithm for T (specifically with uniform density experts, though): we just
have to plug a logarithmic singularity once we reach an interval containing
only one data point.

We have not used in practice though.

4.3.4.3 Text compression

The original CTW algorithm on {0, 1} can be described in the expert tree
framework:

e T is an expert tree from {*} to {0,1}.
e wy, =1/2 for all s.

e Each node s has three children: Os and 1s, and a special symbol §s
corresponding to the beginning of the word.

e Tar(&s) = {0,1}, and Dom(E&s) = {(*,91), ..., (*, yn), *|s isasuffix of §°y"}.

_ [{kly* = €Dom(£.) =i} +1/2
= [{klyF TeDom(ENHHFL

e &, uses a Krichevsky-Trofimov estimator: Es(i|y™)

and Definition 4.44 can be used directly for the infinite depth CTW algo-
rithm.

It is also possible to recover the Partition Tree Weighting algorithm at
fixed time horizon n = 2K this time, each node s has two children, s0 and
s1 (notice the suffix notation), and

Dom(&,) = U ({x} x {0,1})" x {*}.%
The K bits binary expansion of n starts with s

(4.135)
In other words the left children of & are used for the first half of the points
seen by &, and the right children are used for the second half.
4.3.4.4 Regression

Let us consider f : [0,1) — R. Given x; € [0, 1), we try to predict f(x;). An
expert tree framework for this problem could be for example:

e T is an expert tree from [0,1) to R
e wy, =1/2 for all s.

e Dom(&) =10,1), Tar(&E) =Y.

18«K bits binary expansion” means that we complete the binary expansion of n with
zeroes on the left.
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Each node s has two children: sO and s1.

If Dom(&;) = [a, b[, then Dom(Esp = [a, 2[) and Dom(Eyy = [“E2, b]).

Tar(&s) = R.

Es can be any local regression expert on Dom(&;) (examples of local
regression experts will be given in Section 5.1).

The generalization from f : X — Y is straightforward.

We have not been able to find a general theorem showing that context
tree switching behaves better than context tree weighting if we are using a
version of CTS that actually switches often. However, as we are now going
to show, CTS behaves better than CTW on a reasonable regression problem.
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Chapter 5

Comparing CTS and CTW

for regression

In this chapter, we are trying to predict the behavior of an unknown function
f:[0,1] - R. We show that in the noiseless case (i.e., we observe exactly
the f(x;)), with local experts fitting a Gaussian with unknown mean and
variance to the data, infinite-depth CTS is better than infinite-depth CTW
in the sense that its cumulated log-loss is smaller.

5.1 Local experts

In this section, we define the experts that will be used in the context tree to
give an estimate of some function f on a fized set A C R. These experts use
respectively a fixed Gaussian, a Gaussian with fixed variance and variable
mean, and a Gaussian with variable mean and variance, which is the expert
we will use for the comparison between CTW and CTS.

Information about conjugate priors can be found in [Fin97].

5.1.1 The fixed domain condition

Most of the time, we think of a local regression expert £ from X to Y as
attached to a subset D of X: & will issue a prediction for z, if and only
if z, € D. In that case, we say that &£ is a fired domain expert. More
precisely:

Definition 5.1 (Fixed domain). Let £ be an expert from X to Y with
domain D and target T'. We say that the domain of € is fixed if there exists
A C X such that D = (X x Y)* x A. In other words, a prediction is issued
if and only if the last x seen is in A.

In that case we will often abuse the definition of the “domain” and write
that A is the domain of £.
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We will define fixed domain experts below, but the generalization is
straightforward.

5.1.2 Blind experts

We first define an expert with fixed mean and fixed precision (inverse of
variance).

Definition 5.2. Let d € N, p,7 € R and D C R%. We call blind expert
with domain D, mean p and precision T the fixred domain expert £ defined

by: Dom(€) = (Rg x R)* x D, Tar(€) =R, and

E((a,y)lz) = \/“2%” (5.1)

forallx e D, yeR

This expert is not useful by itself, but it will be a building block for the
more refined Gaussian expert and Normal-Gamma, expert.

5.1.3 Gaussian experts

Gaussian experts try to fit a Gaussian with unknown mean, but fixed pre-
cision 7 to the data.

Definition 5.3. Let d,t,70 € N, D C R%, and T C R, g, A € R. We call
Gaussian expert with domain D, regularization po, A and precision o (or
with variance %0) the expert noted £ defined by: Dom(€) = (R x R)*D,
Tar(€) =R, and:

\/ m0(n—pg)?
5@:&/”’”2 &, (z|2)d 5.2
(@lo)= VA | Yo oo (2l @)dp (5:2)

forz € (RT x R)* x D x R, where £, 5, is the blind expert with domain D,
mean [ and precision T.
In other words, &€ is a Bayesian combination of blind experts with weights:

o (e )2
wy, = ﬁ%e_/\w.
& = Bayes, (&, wp)), (5.3)

Remark. The regularization can be interpreted as Jeffreys’ prior (which
is uniform on p) with additional A observations at pg.

The predictions are actually simple to compute:
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Proposition 5.4 (Computing predictions (conjugate prior)). Let d,n € N,
po, A, 0 € R, and let D C R. For all z € (D x R)", if 4.7+ denotes
the Gaussian expert with domain (R x R)* x D, regularization pg, A\ and
precision Ty, we have:

Eunrn(12) = Ersgins 5 - (19), (5.4)

= . 1 m g .
where T = — " y; is the sample mean, and:

1

SMOA,TO("x) = N(Mﬂa m

). (5.5)
forx e D.

5.1.4 Normal-Gamma experts

Normal-Gamma experts try to fit a Gaussian with unknown mean and vari-
ance to the data. These are the experts we will use in the expert tree.

Definition 5.5. Let d,t € N, D Cc R%, pup € R, \, o, B > 0. We call
Normal-Gamma expert with domain D, with reqularization pg, A, «, B the
expert € satisfying: Dom(E) = (R? x R)* x D, Tar(€) = R, and:

VA Ar(p—pg)?
&(2|@) = / / B Eur(z|@)drdy  (5.6)
wtr D(a)v2m
forz € D xR, where &, ; is the blind expert with domain D, mean p and
PTecision T.
In other words, £ is a Bayesian combination of blind experts with weights
[e% AT(p— )2

& = Bayes,, . ((Eurswp,r)), (5.7)
where &, + is the blind expert with domain D,, mean j and precision T.
Consequently, £ is also a Bayesian combination of Gaussian experts with

weights w,; = % (Gamma distribution on T):

&= BayeST((guo,A,Ta wr)), (5.8)

where &, \ 7 s the Gaussian expert with domain D, precision T, and regu-
larizaton ug, \.

Remark. If A = 2, the regularization can be interpreted as Jeffreys’
prior with additional « observations at ug + §/a and « observations at

to — B/

We have the following well-known propositions:
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Proposition 5.6 (Conjugate prior). Let d,n,m € N, pg, \, a, 5 € R,
D c R. Let Ep g ra,p be the Normal-Gamma expert with domain D and
target R with regularization pg, A, a, B. For all z € (D x R)", we have:

EDsaf(12) = Ep smpins 1o o o4 4varty) 4 oo (19) - (5.9)
where § == L3 y; is the sample mean, and Var(y) := I (y; — §)? is

the sample variance.

Proposition 5.7 (Computing predictions). Let d,t € N, D C R%, o, A, a,
B € R, let Ep ug.ra,p be a Normal-Gamma expert on D with regularization
o, A, a, B, and let z = (z,y) € D x R. We have:

BA+1)

), (5.10)

ED o ra5(29) = t2a(ylpo,
where to (.|, 0%) is the Student distribution with o degrees of freedom, with
mean p and variance o2 (i.e. Va,to(z|p, 0?) = toa (1)),

From now on, we suppose that ug = 0, without loss of generality.

It is easy to check that all the experts defined in this section do not
peek out (the blind experts do not peek-out since their prediction is inde-
pendent of the data, and the other experts are Bayesian combinations of
blind experts)!, so they can be used for expert tree algorithms. Since we
want to use infinite depth expert trees, we also have to ensure the experts
are compatible. This is the objective of the next section.

5.2 Regularization in expert trees

We consider an infinite depth weighted expert tree T for regression on the
interval [0, 1], as defined in Section 4.3, with a Normal-Gamma expert &, at
each node s.

We are interested in the relation between the hyperparameters of the the
different &s.

Since we want to use an infinite depth expert tree, the different experts
we use have to be compatible. In other words, £s(.|x) must not depend on
s (if x € Dom(&s)). Since we know (Proposition 5.7) that Ep , 1.q,8(y|2) =

toa (Y| 1o, B (iirl) ), we must have the following condition:

Condition 5.8. We say that S satisfies condition 5.8 if S is a set of Normal-
Gamma experts, and:

e 110(E) = cst (we fix it to zero without loss of generality).

1This argument also holds for the non fixed domain versions of the experts.
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o 04(5) = cst
. % = cst =: B(S)
for&eS.

Proposition 5.9. Let S be a set of Normal-Gamma experts. S satisfies
Condition 5.8 iff for all £,E' € S, £ and &' are compatible.

In particular, an expert tree containing Normal-Gamma experts is a
proper tree iff it satisfies Condition 5.8.

Proof. Let £,&" € S, with respective regularizations (po, A, o, ), (16, N, o/, B').

By Proposition 5.7, £(@) = = — tga(ym(),ﬁ(gj\rl)), and £'(@) = = —
Oy

t2a’(y’M67 a N
Since two student distributions are equal iff they have same mean and

variance, and same number of degrees of freedom, £ and £’ are compatible
iff:

® 1o = f1g

e a=da

o BOA+1) _ B'(N+1)
a\ - o’ N

This is exactly condition 5.8.
O

Consequently, the most important question when regularizing is: “how
should A (or ) change with |s| (or more precisely, with Dom(&s)) ?”. This
issue will be adressed in Section 5.2.1 below.

We will only consider the cases A = K|Dom(&)|", with K > 0,h > 0.
In particular, A = O(1) and § = O(1) uniformly on the whole tree.

5.2.1 Choosing the regularization

We are interested in the “best” choice of regularization among the A(&;) =
K|Dom(&)|" for the Normal-Gamma experts in an expert tree satisfying
Condition 5.8 for regression. To do so, we will study a very simple case:
regression for f : z +— z on [0,1], and sample points z; such that at time
t = 2% each expert at depth K has seen exactly one point.

We show that in this case, the best choice is A\(£5) o |Dom(&)|?.

Notation 5.10. We denote by (un)nen the sequence defined by: uy = 0,
and for all k,m, if 0 < m < 2%, Ugk |y = 22721'11.

If 0 < m < 28, we write Iy = [2%, mTj;l)
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Notice in particular that the (u,) are such that ugr_,, is the second point
in I ,, and the first point in any I, containing uor ., with &' > k.

We now use these (uy,) to study the behaviour of the CTW algorithm in
an expert tree satisfying Condition 5.8.

Let t = 2K v, = (un, f(un)) = (un,uy), and let us consider an expert £
at depth k, with £ < K. In particular, |Dom(&)| = 2%, and t, = 2% is the
number of data points actually seen by £. By Lemma A.9, we have:
1+ 1In27

—lnS(vtIQ):(a+tk/2)ln%(tk,)\)+ 5

1
tr + Inty, — §ln)\ —alnf+0O(1),
(5.11)

. Zu~ om uzz 2 ]
with V(ty, A) = 725 + 25 PO (L) Var, cpome) (i) (with
also t;, = [{w; € Dom(E)}|).

Now, since In 5 = In A + O(1), the average cost of a point is:

Ll neto) = (2 1 12Vt N + 2T L LoV o,
ty ty 2 bkt g 2 23
(5.12)
« 1.1
= (- + /2 Vo(tr, N) = (5 +a) A+ 0(1) (5.13)
k k
O Vet ) — o) + T vt A) + 0(1)
t 2,
(5.14)
=: B(tr, \) + O(1). (5.15)
Lemma 5.11. We have, if A = O(1): t;, > 1:
InVo(tg, A) = max[In XA — Intg, —2k1n 2] + O(1) ifty > 1, (5.16)
In Vo (tk, A) =In A+ O(1) ifty, =1 (5.17)

where %(tk, )\) = t;f—iﬁ-/\ + tk{\‘rk ZEt]Z_’_)\(g) + (tkt_lf_)\> VaruiEDom(S) (ul)
Proof. We have, for any a,b,c > 0, In(max(a,b,c)) < In(a + b+ ¢) <
In(3max(a,b,c)) = In(max(a,b,c)) + In3. In particular In(a + b+ ¢) =
In(max(a, b, c)) + O(1) = max(In(a, b, c)) + O(1).

We now apply this to the three terms in Vp(t + A):

26 BA = ln(i) +In B

Tk A+ Dte(1+ ) t <(A+1)(1+/\/tk)

> =In\—1Int; + O(1).
(5.18)
Since for all 4, u; € [0,1], we have }°, cpome) u? < t, so:

m( A 2uebom(e) ) <In (m) =1InA—Int; + O(1).

tp + A te + A t%(l—i—%)?

(5.19)
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If ¢, = 1, Var,, cpom(e,)(#:) = 0 and the lemma follows.
If ¢, > 1, suppose without loss of generality that Dom(E) = [0, 2%), SO
that {u; € Dom(&;)} = {5x|m € [0, 2K=k _1]}. Let us consider the (2% u;),

and let us write A = 257F=1 Their average is @ = %, SO

A
1
VaruieDom(Ei)(zKui) = T‘f'l Z (m - A/2)2 (520)
m=0
1 & A&
=——Y m’ -2 m+(A+1)A%4  (5.21)
A + 1 m=0 2 m=0
A(2A+1 AZ AZ
_ <6> s (5.22)
A2 A

1 K 9—2k—2 9—k—K-1
So VaruieDom(Si)(ui) = 227varui€D0m(5i) (2%u;) = 12 + 6 . Since

k < K, we finally have: In Var,,cpom(e,)(ui) = —2kIn2 + O(1), and

2
tr 1
In Var, cpom(e)(#i) = In(———=) + In Var, cpom(e;) (%
(tk+/\> ;€Dom(€) (Ui) ((1+%)2) ;€Dom (&) (Ui)
5.24)
— 2kIn2+ O(1). (5.25)
The lemma follows ]

Plugging ¢t = 1 in (5.14) immediately yields a O(1) average loss, for
any regularization. As we will see, this worse than what we can obtain with
tp > 1:

e Suppose A(¢) = ", with h > 2. Then Vj(t,\) = —2kIn2 + O(1).
In particular, h gb(tk,ﬁ) is decreasing on (2,+00). Intuitively,
increasing h over 2 increases the cost for each expert (—In\ term),
but does not improve their performance (—In Vj term).

e Suppose A(g) = &", with h < 2. In that case, In\A — Int), = (—kh —
K+k)ln2=—(K+k(h—1))In2. Let us study how the average loss
of £ varies with its depth k.

—For k(3—h) > K,InA\—Int; > —2kIn2, so In Vj(tx, \) = In A—Intg.
In particular, (5.14) yields:

—% mEW2) = (A —mey) (5.26)
k
-1
= B (K 4 k(- 1) l2 4 0(1).  (5.21)
k
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The dominant term is therefore —(K + k(h — 1)) In2 (if it is not also
in the O(1)). In particular:

— Itis decreasing in k if 2 > h > 1, so the optimal choice is k = 3%

and the loss is (up to terms of lesser order) —1(K + K2=})In2 =
h—1 h h=1 _ 2-1
— It is increasing in k if h < 1, so the optimal choice is k = 0, and
the loss is (up to terms of lesser order) —%Kln2 = —% Int.

—For k(3—h) < K,In\—Inty < —2kIn2, so In Vy(tx, \) = —2kIn 2.

In this case, we show that the best loss is achieved for k£ close to K

(ie. k= %), and then, as seen before, the loss is —% Intif h>1,

and —% Int otherwise.
Indeed, (5.14) yields

1/2 tr — 1
Ot \) = O”; /2(Cokn2 + khin2) — —2kln2  (5.28)
k k
2k 2k
= [—k +h = (@t 1/2)(2 - h)kt] In2) (5.29)
2k
= [—k R (1= (- 1/2)(2 - h))] In2, (5.30)
SO
I do(ty, ) 2k ok
2 dk =—-1+ ; (1—(a—|—1/2)(2—h))—|—kzt (1—-(a+1/2)(2—h))In2
(5.31)
2k
=-1+ ?(cst « k1n 2+ cst) (5.32)
1
But since k < % < K, we have 2k L t3h =: t'=" with v = 1—ﬁ >
0;and kln2 < KIn2 =1Int. So
1 do(te, A) Int
— A< —. .
e S 1+ cst W (5.33)

dé(te,N)
Consequently, for ¢ large enough ==~

is negative on [0, %), so the

optimal k is %, with an average loss of —% Int.

So finally, the best regularization for a linear function with a balanced
sequence of sample points is A(¢) o [Dom(€)|%. This is the regularization
we will use from now on.

At first glance, it would have seemed reasonable to choose a regular-
ization proportional to A(¢) o &, because it is the only regularization that
could be described as virtual points seen by the whole tree.
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However, since we suppose we are regressing Lipschitz functions, we
know that the variation of f in an interval of size € is of order ¢, so a better
regularization would ensure that the expected deviation of & after having
seen on point is of order €. Since the variance is roughly proportional to
A(g), we must have A\(¢) = €2. We expect that in general, if we are regressing
a h-Holder function, the best regularization is A(g) = 2.

5.3 Regret bounds in the noiseless case

We are now going to prove that for an infinite binary weighted expert tree T
satisfying Condition 5.8, if the sequence of sample points (z;) is sufficiently
well-behaved:

e The loss of the context tree weighting algorithm corresponding to T
(and more generally, of any Bayesian combination of Normal-Gamma
experts) is greater than —tInt + 3tInlnt + O(t)

e The loss of the context tree switching algorithm corresponding to T is
lower than —tIn¢+4 O(t).> Using the edgewise version of the algorithm
broadens the class of functions for which the bound holds.

The idea behind the proofs is always the following: to generate the image
f(x;) of a new point z;, CTS can use the deepest expert that has seen x;
and at least one other data point (provided the expert is not “too deep”:
the cost of specifying the tree must not be too high), whereas CTW cannot
(from a generative point of view, CTW consists in choosing a given tree,
and using it to generate the data).

5.3.1 CTS

The expert trees we use to achieve the bound for CTS and ECTS are “well-
behaved” infinite binary trees. More precisely:

Definition 5.12. Let I C R be an interval, and let T be an expert tree with
Dom(&;) =1.
We say that T is n-balanced if:

e Fach node of T has exactly n children.
e For all s € T, the domain of s has is fixed.
e For all s € T, Dom(E&s) is an interval.

e For all s € T and for all t,t € c(s), |Dom(&)| = [Dom(&y)|

2Under a condition on the switching that is satisfied by the Switch prior from Definition
4.16.
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In particular, a n-balanced tree is infinite.

The bound we obtained for non edgewise CTS holds only in a simple
case: we choose a sequence of sample points such that at time 2%, each
expert at depth K has seen exactly one data point.

Theorem 5.13 (Lower bound for CTS regret). Let (uy,) be as in Notation
5.10.
Let Ky € RT, let f be a Ky-Lipschitz function on [0,1], and let t € N.
Let T be a proper 2-balanced weighted expert tree such that Domé&, = [0, 1]
and h = inf{u(J)|t € T,(J ~31®orJ =0%)} > 0.

If for any expert &, for any (21, z2) € Tar(&,)N, we have:
—Iné&s(z1|12) < C(f) (5.34)
and,
—In&(22]21) < C(f) — [s]In2 =: L, (5.35)
then,
—InCTSt(v!|@) < —tInt 4+ O(t), (5.36)

where for all n, vy, = (Up, f(uy))

Proof. Let K such that t € (251, 2K],

Let Z be a switching pattern on T such that Z, = (001°°) for |s| < K —2
and Z, = (0°) for |s| = K — 1.

By Lemma 4.45, we have:

—InCTSt(v!|2) < —Iné&z(v!|@) — (2K —1)Inh = —InE7(v!|@) + O(1).
(5.37)
By definition of Z., we have

5[(01‘110) = SE(’L)1|’U0). (5.38)

Now, by Lemma A.6, for all k& > 0, for all 0 < m < 2F, Ugk 1y 18 ab

least the third point in all of the Iy, such that &’ < k and ugk,,, €
2k+m—1)

Ii my, and it is the second point in I, ,,, so we have Ez(vor 4, [V
2k+m*1), where s(k, m) is the node of T satisfying Dom(&s) =

2k+m71)

gs(k,m) (U2k+m‘v
I;,m- Finally, if to is the index of the first point in Iy 1, Eg(km) (Vak |V
Es(;m) (Vak 1 |V1y), since the experts do not peek out.

Since by construction, |s(k,m)| = k, we have EI(U2k+m’U2k+m_l) _

gs(k,m) (U2k+m ‘Uto ) < L.

95



Consequently, we have (up to the term corresponding to vy, which is a
constant):

K-2
—InCTSr(v'|2) < ~Iné&r(v'@) + O(t) = > 2" Ly + (t — 28" )Lg_1 + O(t)
k=0
(5.39)
K-2
<-I2) 2%k —(t— 2" (K - 1)In2+ O(t)
k=0
(5.40)

and by applying Corollary A.2, we find:
—InCTSt(v'|@) < —tInt + O(t), (5.41)
which is what we wanted. O

Corollary 5.14. Let Ky € R*, let f be a Ky-Lipschitz function on [0, 1],
let (up) be as in Notation 5.10.

Let T be a 2-balanced weighted expert tree with Dom&. = [0, 1], satisfying
Condition 5.8 with \(€s) = |Dom(Es)|%, and such that there exists h > 0 such
that for any node s of T, min(us(01°°), us(0°°)) = h.

We have:

—InCTST(v!|2) < —tInt + O(t). (5.42)

where for all n, vy, = (Up, f(uy))

Proof. By Proposition 5.9, a weighted expert tree satisfying Condition 5.8
is a proper tree, and by Lemma A.10, the Normal-Gamma experts satisfy
conditions of Theorem 5.13. O

As discussed at the beginning of 4.3.3, the problem with CTS (or at least
with the proof of Theorem 5.13) is that the data points have to alternate
exactly between the left and right, for all experts.

Edgewise CTS offers the same guaranteed performance on a larger class
of functions.

5.3.2 ECTS

For ECTS to work properly, we need sequences with “low discrepancy”.
More precisely,

Definition 5.15. Let Iy be a bounded interval of R. Let (xy)nen € I(I)\I. Let
K >1.

For any interval I C Iy, for any t € R, let Ny(I) := [{k|]1l < k < t,xy €
I}| be the number of points of (xy) having falled in I before time t.
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e We say that (x,) is well K-balanced if for any interval I C Iy, for
any t €N

U(WJ < Ny(I) < max(1, K|It). (5.43)

e We say that (x,) is upper well K-balanced if for any interval I C Iy,
foranyteN
Ny(I) < max(1, K|I]t). (5.44)

We say that (x,,) is well balanced (resp. upper well balanced) if there
exists K such that (xy,) is well K-balanced (resp. upper well K -balanced).

Remark 5.16. Let (u,) € [0,1]N defined by ug = 0, and for all k,m, if
0<m <28 ug,, = 22",2;"11 (Notation 5.10). (uy) is well 4-balanced.

Proof. For t € (25=1 2K], there are less points in a given I than for t = 2K
and for t = 2% the distance between a point and its closest neighbor is QLK,
so if |I] < 2%(, I contains at most one point, and if |I| > QLK, I contains
at most 25|T| + 1 < 2% 25K|I| < 2% 2t|1|, so (uy) is upper well 4-balanced.
Conversely, for ¢ € [2525+1) there are more points in a given I than for
t = 2% and there are |25]|I|| elements of u, in the adherence I of I, so
there are at least [25|1||/2 > |2%|1|/4] in I, so (uy,) is well 4-balanced. [

Theorem 5.17 (Lower bound for ECTS). Let Ky € RY, let f be a K-
lipschitz function on [0,1].

Let T be an proper infinite 2-balanced edgewise weighted expert tree such
that Dom&, = [0,1] and h := inf{us—(J)|s € T,t € ¢(s), (J ~9 1% o0rJ = 0>°)} >
0.

If for all s € T, for any (z;) € Dom(&)N, the local experts satisfy:

1
— alnﬁs(zl, oo 2| 21 ey Z0) S CO(f,m) — |s|In2 =2 L), (5.45)

for all n € N, m € N*. Then, for any well balanced sequence (x;) €
(Dom& )N we have:

—InECTSt (2! |@) < —tInt 4+ O(t), (5.46)

where zp, = (T, f(Tn))-

Proof. Let K € N such that t € (2K-1,2K] let (z,,) € [0,1]N. Let A such
that (z,,) is well A-balanced, and let Z = Z(x) be an edgewise switching
pattern such that for any s € T, and t € ¢(s)

o Ty, =0%if |s| = K — 1.

o 7, . = 01 otherwise.
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In other words, to predict z,,, 7 tries to use the deepest expert (at maximum
depth K — 1) that has seen at least one other data point before z,, (Lemma
A.3 in the Appendix).

By Lemma 4.46 applied to the root of T, we have:

—InECTSt(2!@) < —In&z(2!|@) — (25T —2)Inh = — In&7(2H@) + O(t).

(5.47)
If we denote by s, the node corresponding to the expert used at time n,
we have:
t t t
~In&z(2"2) = — Zlné’sn(a:nm"*l) = — Z In&,, (xn,|z"1)— Z In &, (x| 1).
n=1 \Sn’r;é—l |sn’r::}1(—l
(5.48)

By Lemma A.3, s, satisfies z,, € Dom(E;,), "1 N Dom(&s,) # @ and
either |s,| = K — 1 or 2" N Dom(&;,) = @, where t,, is the child of s,
containing x,.

In particular, for any s € T: if |s| = K — 1 and n > n(s) where n(s) :=
inf{i € N||z; € Dom(&;)|} is the index of the first point of x belonging to
Dom(&s), then x,, € Dom(&s,) < s, = s.

If we regroup the terms corresponding to the same experts in the second
sum, we see that:

t

— Y &, (mala" ) == > &) (5.49)
\sn?::é'—l ‘S‘SZEI?_I

because if |s| = K — 1, every point falling in Dom(&y) after ¢(s) is predicted
with &,

(5.50)
== > & N Dom(E,)|z"®) N Dom(&,))
seT
|s|l=K—1
(5.51)
because the local experts do not peek out (By hypothesis: T is a proper
tree),
5.52)
== > W& N Dom(E,)|zy)), (5.53)
\ \SET
s|=K—-1

by definition of t(s).
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So by hypothesis (5.45), we have:

Z In&s, (zp|z"™ 1 Z In &( t(s)‘HtﬂDom( Es)|we(s)) Z nsLig 11 =ng—1Lk_11
seT se™T
\sn| K |s|=K [s|=K—1
(5.54)

where n, = |2/t 0 Dom(&,)| is the number of times & has been used,

and nxg_1 = > ser Ny is the number of times an expert at depth K — 1
|s|l=K—1

has been used.

Now, let us consider the term

t t
= ) W&, (zpla" ) == ) &, (za]2" " NDom(E,,)). (5.55)
\5n7\1<211(71 \sn’ln<211{71

The s, in this sum satisfy: z,, € Dom(&s,), 2! N Dom(&;,) # @, and
2" ' NDom(&,) = @, where t, is the child of s,, containing z,.

In particular, since 2! N Dom(&;,) = @, if we denote by t/, € T the
child of s, that is not ¢,, we have: 2"~ N Dom(&,,) = "1 N Dom(&y ).

Now, by Proposition A.4, 2”1 N Dom(&;,) = @ implies 1 < 2”71 N
Dom(&y ) < A%, so by hypothesis (5.45), if we write Ly, := max; ;<2 Lnm:’

t t K-2
— Y &, (zla" 'NDom(&,)) < Y. Ly, = Y nLg, (5.56)
|Sn7\1<:é'—1 \sn’\n<:;'—l k=0

where ng = |{sn, |sn| = k}| is the number of times an expert at depth k has
been used.
So finally, if we regroup the two sums:

t t K-1
—Iné&7(2'@) = - Z In&,, (|2 ) — Z Iné&, (x,|z"~ ng Ly

\snr<:ll<—1 |sn7\l=:;1(_1 k=0

(5.57)

But any given node s € T satisfying |s| < K — 1 can appear only once
in the sum (5.56) (after a node appears in the sum, its two children contain
at least one data point, and the condition 2"~ N Dom(&;,) = @ cannot be
satisfied anymore), so we must have ny < 2F for all k < K — 2.

Since k +— Ly, is decreasing and > ng = t is fixed, Zk:o ny Ly is clearly
maximal for nj, = 2% for all k < K —1: If one of the ny, say ko, is smaller than

330 by definition, Lx_1,1 from (5.45) is smaller than Lx_1
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2’“, we must have ng_; > 251, Therefore, ng_q < NK—1—1;ng, < ng,+1;
yields a larger sum. Consequently, up to the first point, we have

K-2
—~InECTSr(2'|2) < ~In&r(2'@) + O(t) < > 2°Li + (t — 25" )Lk 1 + O(t)
k=0
(5.58)

K-2
<-m2) k2P —(t—2F")(K —1)In2+ 0(t)
k=0

(5.59)
< —tlnt+ O(t), (5.60)

by Corollary A.2, which is what we wanted.
O

Corollary 5.18. Let Ky € RT. Let f be a Kjp-Lipschitz function on
[0,1]. Let K € N, and t = 2K. Let T be an infinite 2-balanced edge-
wise weighted expert tree with Domé&. = [0,1], satisfying Condition 5.8
with M\(&) = |Dom(&)|?, and such that h := inf{us (J)|s € T,t €
c(s),(J ~2 1®0rJ = 0°)} >0 .* Then, we have:

— InECTSt(2!|2) < —tInt + O(t), (5.61)
for any well balanced sequence (x;) € (Dom&. )N, where z, := (Tn, f(74)).

Proof. By Proposition 5.9 Condition 5.8 ensures that T is a proper tree,
and by Lemma A.11, the Normal-Gamma experts satisfy the condition of
Theorem 5.17. O

5.3.3 CTW

It is possible to obtain a lower bound on the loss of any Context Tree
Weighting algorithm, also holding on Bayesian combination of histograms,
provided the observed is only upper well balanced (we only need to prevent
deep experts from seeing “too many” data points).

The bound for the Context Tree Weighting algorithm, and the Bayesian
histograms follows from the theorem below:

Theorem 5.19 (Average loss). Let Ky € R, let f be a Ky-Lipschitz func-
tion on [0, 1].

Let § be a set of Normal-Gamma experts satisfying condition 5.8, with
A(&) = |Dom(&)|? and € — |Dom(&)| bounded on S.

We have, for any £ € S, for any upper well balanced sequence (xy,):

“We recall that this condition is achieved by the switch distribution from [vEGdR12].
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- t—lnc‘f( @) > —Int + flnlnt—i—O( ), (5.62)
&

uniformly on S, where z; = (x4, f(x¢)), and te := |z'NDom(E)| is the number
of points predicted by the expert £.

Proof. We write € := |Dom(F)|. Since Normal-Gamma experts do not peek
out, we have by Lemma A.12:

Lete) = tlgg(zt A Dom(€)|@) > (1 — tlg) Ine— %lntg +0(1) = b.(te) + O(1)
(5.63)

dée _ Ine 1 _ 2lne—tg. :
We have 3= = e T ¢e is increasing on [1,21ne] (if non

empty) and decreasing on [21Ine, oo), so its minimum on any segment [1, a]
is attained either at 1 or at a.

Since (zy,) is upper well balanced, there exists K such that t¢ < max(1, Ket).
So we have:

¢e(te) = min(¢-(1), pe(max(1, Ket))) = min(0, ¢ (K1t)) (5.64)

We are therefore interested in the minimum value of ¢ — ¢.(Ket). We
have

1
1 lne
If we set u = we find:

_lt’

In(ulnt) —Int

1 1 1 1
ng(Kst)—Elnuf§lnt+§1nlntf§lntf ulnt +0(1)
(5.67)
1 1 1 In(ulnt)
—1 —Inl 1 —_— - 1 .
nt+2 nlnt+ = nu+Ku % ol O(1) (5.68)
Inxz/x < 1/e for all z > 0, so
be(Ket) > 1t+111t+11 + ! +O0(1) (5.69)
>—Int+-Inlnt+ = In — :
SRe 2 2 T K
We then see that 3 Inu+ 72— > $In 2 + 3 = O(1).
So finally tlgé'( 2|@) > —Int+1Inlnt+O(1), which is what we wanted.

O]
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Corollary 5.20 (Lower bound on regret for Context Tree Weighting). Let
Ky e RT, let f be a Ky-Lipschitz function on [0,1].

Let T be a proper (possibly infinite) weighted expert tree with Dom&, =
[0,1] and such that for all s € T, Dom(&s) is an interval, with A\(Es) =
|Dom(&s)|?. We have, for any upper well balanced sequence (zy,):

1
—InCTWr(2'|2) = —tInt + tinint + O(t), (5.70)

where z, = (xg, f(xg)).

Proof. By definition, we have CTW = Bayes(Er, wr), so — In CTWr(2|2) >
— maxr In & (2t D).
Now, for any T', Er = U, jeatof T €s+ 50 by Lemma 4.21, we have:

@)= ][] &9, (5.71)
sleaf of T'
SO
—In&r (@) = Z —In&(2'@). (5.72)
sleaf of T’
Now, by Theorem 5.19:
1
—Inér(dle) = Y —te, Int+ Ste, Inlnt + Ote,), (5.73)
sleaf of T

where O(tg,) does not depend on the experts, and, since ) te, =t,

1
—Iné&r(Z|@) > —tint + §tlnlnt + O(t). (5.74)
So finally,
—InCTWr(2'|2) > mj@xlnET( @) > ~tint + tlnlnt+0( ), (5.75)

which is what we wanted. O

Notice in particular that we use intervals of size Int/t even if f is con-
stant®, because the regularisation is €2: going deeper allows the Normal-
Gamma experts to have less added artificial variance.

More generally, since Theorem 5.19 bounds uniformly the loss of individ-
ual Normal-Gamma experts, we have the following, stronger result, which

applies in particular to Bayesian histograms.

>The optimal u = % in the proof of Theorem 5.19 is constant.
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Corollary 5.21 (Lower bound on regret for Bayesian histograms). Let Ky €
R*, let f be a Ky-Lipschitz function on [0,1].

Let H be a (possibly infinite) Bayesian combination of (possibly count-
able) unions of Normal-Gamma experts satisfying condition 5.8 with A(£) =
|Dom(&)|?, and with DomH = [0, 1].

We have, for any upper well balanced sequence (xy,):

1
—InH( @) = —tlnt+§tlnlnt+0(t), (5.76)

where z, = (zg, f(xg)).
In particular, (5.76) holds if H is an histogram or a Bayesian combina-
tion of histograms.

Proof. Same proof as Corollary 5.20. O

This bound does not hold when using time-dependent histograms (for
example, with /3 bins): using more complex histograms when more data
is available is exactly the switch strategy. The advantage of CTS is that it
simultaneously considers many different sequences of histograms, so one of
them uses the “right” bin size.
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Chapter 6

Numerical experiments

We conclude this part with some numerical experiments, to test some of the
new algorithms described here. In particular, we are interested in knowing
if CTS is also better than CTW for “reasonably small” .

We used finite binary trees for the experiments (depth 17 for regression,
30 for text compression). The weighting algorithms used equal to %, and
the switch algorithms used correspond to Definition 4.16, with 7x uniform,
freezing rate 6 = %, and the probability distribution 7, : n +> 71:% — }ln—fl on
N*.

The details specific to the application are given in the corresponding
parts.

6.1 Regression

In order to illustrate the results in Section 5.3, we test the CTW and CTW
algorithms, and their edge counterparts with Normal-Gamma experts on
several test functions. The regularization for the experts was a = .5, A(e) =
€2, and B = %H

The choice of the log-loss could seem unorthodox, but it is quite natural
in the MDL context: we want to minimize the description length of the
data, which is —In P(2"). Moreover, minimizing the log-loss amounts to
minimizing the square error, assuming Gaussian noise with fixed variance.

Since the (z;) are real numbers, P is usually a probability density on R,
so strictly speaking, —In P(2™) is not the number of bits needed to encode
2z, (which is infinite). What we are interested in is encoding the z; up to

a precision €. And in that case, the cost of encoding z; as “a point in an
interval I of size ” is: — ln/P(z)dz ~—Ine —InP(z).
I

We use some classical test functions from [MAJT98]].

As we can see, in the noiselesse case, the edgewise versions of the algo-
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Figure 6.1: Regression functions list

Constant | x — 0 “CTW-friendly” setting.
LargeConstant | z — 10° Since CTW has to learn the constant at each step,
we can expect CTS to be much better than CTW here
SteepLinear | z — 100x
SteepLinearConstant | = — 100z 4+ 10°

Blocks | z +— Z hiK(x —xj) Should behave like Constant for CTW.
K(x) = Hsfg(z). xj, h; in Figure 6.2

Bumps xHZth(x_xj) K(z) = (1+ |z)~*. zj,hj,w; in Figure 6.2

wij
2.1m
Doppl — 1 —x)si
oppler | z z(1—x) bln(x n .05)
Wave | z +—.5 + .2 cos(4mx) + .1 cos(24nz)
Additive noise on f | z —f(z) +¢ E(e)=0.
Multiplicative noise on f | z —f(z) + ef(x) E(e) = 0. The fact that Normal-Gamma experts adapt

their variance should be put to use in this case.

Figure 6.2: Complement to Figure 6.1: Parameters for the Blocks and
Bumps functions

Blocks and Bumps, z; 1 A3 15 .23 25 40 .44 .65 .76 .78 .81
Blocks, h; 4 -5 3 -4 5 —-42 21 43 -31 51 —-4.2
Bumps, h; 4 5 3 4 5 42 21 43 3.1 5.1 4.2
Bumps, w; | .005 .005 .006 .01 .01 .03 .01 .01 .005 .008 .005

rithm are systematically superior to the non edgewise versions (except for
the CTW algorithms on SteepLinearConstant), and switching is systemati-
cally superior to weighting (except for a tie on the non edgewise versions on
SteepLinearConstant), which confirms our intuition.

However, the performance of the switching algorithms on LargeCon-
stant and SteepLinearConstant is surprising: we would have expected a
performance similar to the Constant and SteepLinear functions, since Switch
should have paid the price of fixing the constant only once.

The second set of experiments consisted in comparing these algorithms
on noisy functions with an oracle (in the noiseless case for density, the loss
incurred by an oracle would be —oo: we know f(x) so for any e, the cost
of encoding f(x) up to ¢ is zero. Intuitively, the “density of a Dirac” is
infinite).

In the noisy case, the differences between the algorithms are smaller.
In particular, the difference between the edgewise and the non edgewise
version of an algorithm is extremely small, with a very slight edge for the
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Figure 6.3: Complement to Figure 6.1: Graphs of the functions. From left

to right
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CTW CTS ECTW | ECTS
Constant | —12.207 | —12.848 | —12.551 | —13.160
LargeConstant 8.184 6.586 7.729 6.271
SteepLinear | —4.955 | —6.375 | —5.266 | —6.450
SteepLinearConstant | 6.586 6.586 7,730 6.272
Blocks | —11.205 | —11.925 | —11.560 | —12.239
Bumps | —9.710 | —10.427 | —9.931 | —10.559
Doppler | —9.286 | —10.051 | —9.424 | —10.062
Wave | —10.172 | —10.987 | —10.343 | —11.030
Figure 6.4: Average loss in bits after 2.10° points in the noiseless case.
Average on ten runs.
CTW CTS | ECTW | ECTS Oracle
AddDoppler | —1.992 | —2.024 | —1.991 | —2.020 | — logQ(é) ~ —2.322
AddWave | —2.032 | —2.047 | —2.032 | —2.044 | — logQ(&) ~ —2.322
MultDoppler | —4.198 | —4.296 | —4.196 | —4.279 —4.788
MultWave | —3.091 | —3.113 | —3.089 | —3.109 —3.403

Figure 6.5: Average loss in bits after 2.10° points in the noisy case. Average
on ten runs. For additive and multiplicative noise, £ ~ Unif[—.1, .1].
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non edgewise algorithms'. CTS remains consistently better than CTW,
though, and the average performance of the algorithms is not very far from
the oracle.

!The samples have very small variance, so the difference is actually significant for CTS
and ECTS.
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6.2 Text Compression

We test different algorithms on the Calgary corpus, with KT estimators at
the leaves. We expect the results of the “new” algorithms to be comparable
with those of CTS described in [VNHBI11], since the only difference is the
choice of the switch distribution. This point of view is developed in Section
6.2.1.

Figure 6.6: Performance of different expert tree algorithms at depth 30
on the Calgary corpus. The results of CTW,g and CTSyg are taken from
[VNHBI11] (non enhanced versions with depth 48). In bold: best perfor-
mance among the first four algorithms.)

bib | bookl | book2 | geo | news | objl | obj2 | paperl | paper2 | paper3 | paperd | paperb | paper6 | pic | progec | progl | progp | trans

CTW | 2.30 | 2.40 2.26 | 5.02 | 2.85 | 4.64 | 3.30 | 2.86 2.61 2.98 3.50 3.73 3.00 | 0.91 | 3.01 | 2.16 | 2.25 | 2.15

CTS | 232 | 241 2.25 | 5.01 | 2.85 | 4.57 | 3.34 2.88 2.62 3.00 3.52 3.75 3.02 091 | 3.02 | 2.15 | 2.26 | 2.17

ECTW | 2.38 | 2.42 2.29 | 5.06 | 2.90 | 4.67 | 3.33 2.95 2.67 3.07 3.61 3.83 3.09 091 | 3.11 | 2.21 | 2.33 | 2.25

ECTS | 241 | 2.43 2.28 | 5.05 | 3.00 | 4.64 | 4.63 2.97 2.69 3.09 3.63 3.86 3.12 | 0.90 | 3.13 | 2.28 | 2.35 | 2.28

CTWyg | 2.25 | 2.31 212 | 5.01 | 2.78 | 4.63 | 3.19 2.84 2.59 2.97 3.50 3.73 2.99 0.90 | 3.00 | 2.11 | 2.24 | 2.09
CTSys, from

[VNHB11] | 2.23 | 2.32 2.10 | 5.05 | 2.77 | 4.70 | 3.16 2.78 2.56 2.95 3.48 3.70 2.93 091 | 294 | 2.05 | 2.12 | 1.95

As we can see, most of the time, vanilla CTW gives the best performance,
although our version of CTS is always very close (never more than .02 bits
per byte in favor of CTW). Interestingly, there is apparently no correlation
between the files where our implementation of CTS is better than CTW and
the files where CTS from [VNHBI11] is better than CTW.

6.2.1 CTS in [VNHB11]

As discussed before, a Context Tree Switching algorithm, using different
switch distributions, had already been defined in [VNHB11].

The Markov model corresponding to these distributions was the one
described in Section 4.2.3 with two differences:

e The switch in [VNHB11]| never freezes.

e The switching probabilities (o;) are allowed to depend on the global
time T of the algorithm.?

It was noticed that choosing oy = 1 (so ¢ is the “local” time) for the
Es gave poor empirical performance, contrary to o; = % (where T'(t,s) =
min{u € N||z* N Dom(&;)| > t} is the global time, if the data are the (z;)).
Moreover, a theoretical bound on CTS regret was obtained. We believe that

an intuitive reason for this is the following:

2In particular, these experts do not satisfy the “no peeking out condition”. However,
the CTS update is still easy to compute, since the global time is the same for all experts
by definition.

108




For context trees, the situation is very similar to the one described in
the introduction of [VEGdR12], comparing a Markov model of order 1 and a
Markov model of order 2 for text compression: we can expect that at some
point, any given node will have enough information to “open”?, and once it
is open (i.e. once the local experts at its children nodes have enough data to
predict well), it should stay open (the children nodes should continue being
better than their father).

However, the typical sequence predicted by a switch distribution that

does not freeze with a switching rate oy = + switches infinitely many times

(since >, 1 diverges). Choosing oy = = iflstead of oy = 1 allows for less
frequent switching when t is large in deep nodes, which could partly explain
the improved performance.

This property is also probably the reason why our implementation of
CTS and CTS from [VNHB11] behave differently: the latter is better suited
for models that change over time (as suggested by Theorem 3 in [VNHB11]),
while the former should be better on a fixed model. More investigation is

needed to confirm this intuition.

3Supposing that the best model is not the local expert E,.
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Part 111

Geodesic Information
Geometric Optimization
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Consider an objective function f: X — R to be minimized. We suppose
we have absolutely no knowledge about f: the only thing we can do is ask
for its value at any point x € X (black-box optimization) and that the
evaluation of f is a costly operation. We are going to study algorithms that
can be described in the IGO framework (see [OAAH11]).

We consider the following optimization procedure:

We choose (Py)geco a family of probability distributions (which will be
given a Riemannian manifold structure, following [ANO7]) on X and an ini-
tial probability distribution Pyp. Now, we replace f by F: ©® — R (for
example F'(0) = E;p,[f(z)]), and we optimize F' by gradient descent, cor-
responding to the gradient flow:

det

S = ~VoBen [f@). (6.1)

However, because of the gradient, this equation depends entirely on the
parametrization we chose for ©, which is disturbing: we do not want to have
two different updates, because we chose different parameters to represent the
objects with which we are working. Moreover, in the case of a function with
several local minima, changing the parametrization can change the attained
optimum (see [MP14], for example). That is why invariance is a design
principle behind IGO. More precisely, we want invariance with respect to
monotone transformations of f and invariance under reparametrization of
O.

The IGO framework uses the geometry of the family ©, which is given
by the Fisher metric to provide a differential equation on # with the desired
properties, but because of the discretization of time needed to obtain an
explicit algorithm, we lose invariance under reparametrization of #: two
IGO algorithms applied to the same function to be optimized, but with
different parametrizations, coincide only at first order in the step size. A
possible solution to this problem is geodesic IGO (GIGO), introduced here
(see also IGO-Maximum Likelihoodin [OAAH11], for example.): the initial
direction of the update at each step of the algorithm remains the same as in
1GO, but instead of moving straight for the chosen parametrization, we use
the Riemannian manifold structure of our family of probability distributions
(see [ANOT]) by following its geodesics.

Finding the geodesics of a Riemannian manifold is not always easy, but
Noether’s theorem will allow us to obtain quantities that are preserved along
the geodesics, thus allowing, in the case of Gaussian distributions, one to
obtain a first order differential equation satisfied by the geodesics, which
makes their computation easier.

Although the geodesic IGO algorithm is not, strictly speaking, parametrization-
invariant when no closed form for the geodesics is known, it is possible to
compute them at arbitrary precision without increasing the numbers of ob-
jective function calls.
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Chapter 7 consists in preliminaries: we recall the IGO algorithm, in-
troduced in [OAAH11], and we describe particular cases of the xXNES and
CMA-ES updates as IGO updates.

Chapter 8 focuses on Noether’s theorem: in Section 8.1, after a reminder
about Riemannian geometry, we state Noether’s theorem, which will be our
main tool to compute the GIGO update for Gaussian distributions. In
Section 8.2, we consider Gaussian distributions with a covariance matrix
proportional to the identity matrix: this space is isometric to the hyperbolic
space, and the geodesics of the latter are known. Finally, in Section 8.3, we
consider the general Gaussian case, and we use Noether’s theorem to obtain
two different sets of equations to compute the GIGO update. The equations
are known (see [Eri87, CO91, ITW11]), but the connection with Noether’s
theorem has not been mentioned. We then give the explicit solution for
these equations, from [CO91].

In chapter 9, we introduce two possible slight modifications of the IGO al-
gorithm to incorporate the direction-dependent learning rates used in CMA-
ES and xNES. We then compare these different algorithms and prove that
while xNES is not GIGO in general, it can be described as “Blockwise
GIGO?”, thus recovering xNES from abstract principles.

Finally, Chapter 10 presents numerical experiments, which suggest that
when using GIGO with Gaussian distributions, the step size must be chosen
carefully.

4 Another interesting point is that Noether’s theorem shortcuts the tedious computation
of the Christoffel symbols.
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Chapter 7

The 1GO framework

In this section, we recall what the IGO framework is and we define the
geodesic IGO update. Consider again Equation (6.1):

dot

E = —V@EmNPg [f(.fU)]

As we just saw:

e The gradient depends on the parametrization of our space of proba-

bility distributions (see 7.3 for an example).
e The equation is not invariant under monotone transformations of f.

For example, the optimization for 10f moves ten times faster than the
optimization for f.

In this section, we recall how IGO deals with this (see [OAAH11] for a
better presentation).

7.1 Invariance under Reparametrization of 0: Fisher
Metric

In order to achieve invariance under reparametrization of 6, it is possible
to turn our family of probability distributions into a Riemannian manifold
(this is the main topic of information geometry; see [AN07]), which allows
us to use a canonical, parametrization-invariant gradient (called the natural
gradient). The first brick in this construction is the differential Kullback—
Leibler divergence:

Definition 7.1. Let P, Q) be two probability distributions on X. The Kullback—
Leibler divergence of @ from P is defined by:

KL@QIP) = [ 1n<§?,§j§>d@<x>. (7.1)
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It is the immediate generalization of the Kullback—Leibler divergence in
Definition 2.5, and by definition, it does not depend on the parametrization.
It is not symmetrical, but if for all x, the application 6 + Py(z) is C?, then
a second-order expansion yields:

1
KL(PasaollPo) = 5 3 1 (0)d6,00; + o(dls®), (72)
4,J
where:
o [ O Py(z) Oln Py(x) L 0% 1n Py(z)

This is enough to endow the family (FPy)gco with a Riemannian manifold
structure: a Riemannian manifold M is a differentiable manifold, which can
be seen as pieces of R" glued together, with a metric . The metric at x is a
symmetric positive-definite quadratic form on the tangent space of M at x:
it indicates how expensive it is to move in a given direction on the manifold.
We will think of the updates of the algorithms that we will be studying as
paths on M.

The matrix I(0) is called the “Fisher information matrix”, and the metric
it defines is called the “Fisher metric”.

Given a metric, it is possible to define a gradient attached to this metric;
the key property of the gradient is that for any smooth function f:

fle+h) = f(x)+ Zhigi +o([|nl) = f(z) + (h, V(x)) + o(l|A]), (7.4)

where (x,y) = x' Iy is the dot product in metric I. Therefore, in order to
keep the property of Equation (7.4), we must have Vf = I_l%.

We have therefore the following gradient (called the “natural gradient”;
see [ANO7]):

0
06’
and since the Kullback—Leibler divergence does not depend on the parametriza-
tion, neither does the natural gradient.

Later in this paper, we will study families of Gaussian distributions. The
following proposition gives the Fisher metric for these families.

Vo =171(0) (7.5)

Proposition 7.2. Let (Py)gco be a family of normal probability distribu-
tions: Py = N(u(0),3(0)).
If 1 and ¥ are C', the Fisher metric is given by:
ot _,op 1 L, 0X 0%
I :(0) = Y —+—tr (X ==X — |.
IO =30 a5, T2 \E 50T o

(7.6)
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Proof: This is a non-trivial calculation. See [SSUSCUS81] or [PF86] for
more details.

As we will often be working with Gaussian distributions, we introduce
the following notation:

Notation 7.3. Gy is the manifold of Gaussian distributions in dimension d,
equipped with the Fisher metric. Gy is the manifold of Gaussian distributions
in dimension d, with the covariance matriz proportional to identity in the
canonical basis of R, equipped with the Fisher metric.

7.2 1GO Flow, IGO Algorithm

In IGO [OAAH11], invariance with respect to monotone transformations is
achieved by replacing f by the following transform; we set:

0(x) = Pop, (f(2') < f()), (7.7)

a non-increasing function w: [0;1] — R is chosen (the selection scheme),
and finally, Wef () = w(q(x)) (this definition has to be slightly changed if
the probability of a tie is not zero, see [OAAH11] for more details). By
performing a gradient descent on F,..p, [ngi (x)], we obtain the “IGO flow”:

det

dt:@{éwgmﬁumyiéwgmwﬁmum%mmy (7.8)

Notice that the function we are optimizing is E,.p, [W(ft ()] and not

E,~p, [Waf (x)] (the second function is constant and always equal to fol w).
In particular, the function for which we are performing the gradient descent
changes at each step, although their optimum (a Dirac at the minimum of
f) does not: the IGO flow is not a gradient flow; it is simply a vector flow
given by the gradient of interrelated functions.

For practical implementation, the integral in (7.8) has to be approxi-
mated. For the integral itself, the Monte-Carlo method is used; N values
(1, ..., zn) are sampled from the distribution Py, and the integral becomes:

N

1 -

% 2 Wi(@i) Vo ln Py(z:) (7.9)
i=1

and we approximate %ng(wl) = +w(q(x;)) by ; = %w(%), where

rk(z;) = {7, f(z;) < f(z4)}]: it can be proven (see [OAAH11]) that imy_,oc Nw; =
W;?t (x;) (here again, we are assuming that there are no ties).

We now have an algorithm that can be used in practice if the Fisher
information matrix is known.
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Definition 7.4. The IGO update associated with parametrization 6, sample
size N, step size 0t and selection scheme w is given by the following update

rule:
N

1n Py
ot — ot 4 51! E: n9% (7.10)

We call IGO speed the vector I-1(8%) SN | wi%g(w.

Notice that one could start directly with the w; rather than w, as we
will do later.

Replacing f by its expected value under a probability distribution Py and
optimizing over 6 using the natural gradient have already been discussed.
For example, in the case of a function f defined on {0,1}", IGO with the
Bernoulli distributions yields the algorithm, PBIL[BC95]. Another similar
approach (stochastic relaxation) is given in [MMP11]. For a continuous func-
tion, as we will see later, the IGO framework recovers several known ranked-
based natural gradient algorithms, such as pure rank-; CMA-ES [KMH 03],
xNES or SNES (Separable Natural Evolution Strategies) [WSG*14]. See
[Hual3] or [AMSO08] for other, not necessarily gradient-based, optimization
algorithms on manifolds.

7.3 Geodesic IGO

Although the IGO flow associated with a family of probability distributions
is intrinsic (it only depends on the family itself, not the parametrization
we choose for it), the IGO update is not. However, the difference between
two steps of IGO that differ only by the parametrization is only O(dt?),
whereas the different between two vanilla gradient descents with different
parametrizations is O(dt).

Intuitively, the reason for this difference is that two IGO algorithms start
at the same point and follow “straight lines” with the same initial speed,
but the definition of “straight lines” changes with the parametrization.

For instance, in the case of Gaussian distributions, let us consider two
different IGO updates with Gaussian distributions in dimension one, the first
one with parametrization (u,o) and the second one with parametrization
(u,c == 0?). We suppose that the IGO speed for the first algorithm is
(f1,6). The corresponding IGO speed in the second parametrization is given
by the identity ¢ = 206. Therefore, the first algorithm gives the standard
deviation opew,1 = 0old + 0to and the variance cpew,1 = (Unew71)2 = Cold +
20t001a0 + 0t262 = Cpew,2 + 0t252.

The geodesics of a Riemannian manifold are the generalization of the
notion of a straight line: they are curves that locally minimize length. In
particular, given two points a and b on the Riemannian manifold M, the
shortest path from a to b is always a geodesic (the converse is not true,
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though). The notion will be explained precisely in Section 8.1, but let us
define the geodesic IGO algorithm, which follows the geodesics of the mani-
fold instead of following the straight lines for an arbitrary parametrization.

Definition 7.5 (GIGO). The geodesic IGO update (GIGO) associated with
sample size N, step size 6t and selection scheme w is given by the following
update rule:

01 = expy: (Y 6t) (7.11)
where: N
_ “ Jln Pg (mz)
Yy =110 g ————" 12

is the IGO speed and expy: is the exponential of the Riemannian manifold
©. Namely, expy: (Y t) is the endpoint of the geodesic of © starting at 0°,
with initial speed Y, after a time 6t. By definition, this update does not
depend on the parametrization 6.

Notice that while the GIGO update is compatible with the IGO flow (in
the sense that when dt — 0 and N — oo, a parameter §° updated according
to the GIGO algorithm is a solution of Equation (7.8), the equation defining
the IGO flow), it not necessarily an IGO update. More precisely, the GIGO
update is an IGO update if and only if the geodesics of © are straight lines
for some parametrization (by Beltrami’s theorem, this is equivalent to ©
having constant curvature).

This is a particular case of a retraction [AMS08]: a map from the tangent
bundle of a manifold to the manifold itself satisfying a rigidity condition.
Arguably, the Riemannian exponential is the most natural retraction, since
it depends only on the Riemannian manifold itself and not on any decom-
position. However, in general, the geodesics are difficult to compute.

In the next section, we will state Noether’s theorem, which will be our
main tool to compute the GIGO update for Gaussian distributions.

7.4 Comparable pre-existing algorithms

In this section, we recall the xXNES and pure rank-p CMA-ES, and we de-
scribe them in the IGO framework, thus allowing a reasonable comparison
with the GIGO algorithms.

7.4.1 xNES

We recall a restriction of the xNES algorithm, introduced in [GSY10] (this
restriction is sufficient to describe the numerical experiments in [GSY110]).
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Definition 7.6 (xNES algorithm). The tNES algorithm with sample size
N, weights w; and learning rates n, and nx, updates the parameters | € R?,
A € My(R) with the following rule: At each step, N points z1,...,xN are
sampled from the distribution N (u, AAT). Without loss of generality, we
assume f(z1) < ... < f(xn). The parameter is updated according to:

=+ nuAGy,

A+ Aexp(nxGar/2),

where, setting z; = A~ (x; — p):

N
G, = E w324,
i1

N

Gy = Zwi(ziziT —1I).

=1

The more general version decomposes the matrix A as o B, where det B =
1, and uses two different learning rates for o and for B. We gave the version
where these two learning rates are equal (in particular, for the default pa-
rameters in [GSY"10], these two learning rates are equal). This restriction
of the xINES algorithm can be described in the IGO framework, provided
all of the learning rates are equal (most of the elements of the proof can be
found in [GSY*10] (the proposition below essentially states that xNES is a
natural gradient update) or in [OAAH11)):

Proposition 7.7 (xNES as IGO). The NES algorithm with sample size N,
weights w; and learning rates 1, = 15, = 6t coincides with the IGO algorithm
with sample size N, weights w;, step size 0t and in which, given the current
position (ug, At), the set of Gaussians is parametrized by:

T
¢Mt,At : (57 M) =N (Nt + A, (At eXp(;M)> <At exp(iM)) ) R

with § € R™ and M € Sym(R™).
The parameters maintained by the algorithm are (u, A), and the x; are
sampled from N (u, AAT).

Proof. Let us compute the IGO update in the parametrization ¢, 4,: we
have §* = 0, M = 0, and by using Proposition 7.2, we can see that for
this parametrization, the Fisher information matrix at (0,0) is the identity
matrix. The IGO update is therefore,

(6, M)+ = (5, M)t + 6tY5(5, M) + 6tYas (8, M) = 6tY5(5, M) + 6tYas (8, M),
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where:

N
Y5(8, M) = w;VsIn(p(x;|(5, M))

i=1

and:
N

Yar(8, M) = " wiVas In(p(ai] (5, M)).
=1

Since tr(M) = log(det(exp(M))), we have:
d 1 1 1 )
In Ps () = ~5 In(27)—In(det A)—§ tr M—§|| exp(—iM)A (x—p—Ad)||*,

and a straightforward computation yields:

N
Ys5(0, M) = Zwizi =Gy,
=1
and:
1 N
_ (T _
Y (8, M) = 5 ;wz(zzzi — 1) =Gy

Therefore, the IGO update is:
8(t + 6t) = 8(t) + 0tG,,
M (t + ot) = M(t) + 6tGr,
or, in terms of mean and covariance matrix:
p(t + 0t) = u(t) + 5tA(t)G,

A(t + ot) = A(t) exp(6tGar/2),

| Y(t 4 6t) = A(t) exp(5tGar) A(t)T.

This is the xNES update. O

7.4.2 Pure Rank-;y CMA-ES

We now recall the pure rank-p CMA-ES algorithm. The general CMA-ES
algorithm is described in [Hanll].
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Definition 7.8 (Pure rank-p CMA-ES algorithm). The pure rank-u CMA-
ES algorithm with sample size N, weights w; and learning rates 1, and nx,
is defined by the following update rule: At each step, N points x1,...,ZN
are sampled from the distribution N'(u,X). Without loss of generality, we
assume f(z1) < ... < f(xn). The parameter is updated according to:

N
= Y wile — p),
i=1

N

S e St > wil(w - )@ - )T - 9.
=1

The pure rank-u CMA-ES can also be described in the IGO framework;
see, for example, [ANOK10].

Proposition 7.9 (Pure rank-y CMA-ES as IGO). The pure rank-u CMA-
ES algorithm with sample size N, weights w; and learning rates 1, = nx = ot
coincides with the IGO algorithm with sample size N, weights w;, step size
0t and the parametrization (u, ).
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Chapter 8

Using Noether’s theorem to
compute geodesics

8.1 Riemannian Geometry, Noether’s Theorem

The goal of this section is to state Noether’s theorem. See [AVWS89] for the
proofs and [Bou07] or [JLJ98] for a more detailed presentation. Noether’s
theorem states that if a system has symmetries, then there are invariants
attached to these symmetries. Firstly, we need some definitions.

Definition 8.1 (Motion in a Lagrangian system). Let M be a differentiable
manifold, T M the set of tangent vectors on M (a tangent vector is identified
by the point at which it is tangent and a vector in the tangent space) and
L TM — R
(g,v) — L(g,v)
function (in general, it could depend on t). A “motion in the Lagrangian
system (M, L) from x toy” is map v: [to,t1] — M, such that:

a differentiable function called the Lagrangian

e (to) =
e (1) =y
e v is a local extremum of the functional:
t1
() = [ L(v(1),¥(t))dt, (8.1)
to

among all curves c: [ty,t1] — M, such that c(to) =z, and c(t1) = y.

For example, when (M, g) is a Riemannian manifold, the length of a
curve v between (tg) and ~y(¢1) is:

t VG0, )t (8.2)

The curves that follow the shortest path between two points x,y € M
are therefore the minima v of the functional (8.2), such that v(tp) = x and
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v(t1) = y, and the corresponding Lagrangian function is (g, v) — 1/g(v,v).
However, any curve following the shortest trajectory will have minimum
length. For example, if v, : [a,b] — M is a curve of the shortest path, so is
y2 it + y1(t?): these two curves define the same trajectory in M, but they
do not travel along this trajectory at the same speed. This leads us to the
following definition:

Definition 8.2 (Geodesics). Let I be an interval of R and (M,g) be a
Riemannian manifold. A curve v : I — M is called a geodesic if for all
to,t1 € I, Vjto,t] % @ motion in the Lagrangian system (M, L) from ~(to)
to y(t1), where:
t1
£ = [ a0 (83)
0
It can be shown (see [Bou07]) that geodesics are curves that locally
minimize length, with constant velocity, in the sense that w = 0.
In particular, given a starting point and a starting speed, the geodesic is
unique. This motivates the definition of the exponential of a Riemannian
manifold.

Definition 8.3. Let (M, g) be a Riemannian manifold. We call the expo-
nential of M the application:

exp : TM — M

such that for any x € M, if v is the geodesic of M satisfying v(0) = x and
7' (0) = v, then exp,(v) = y(1).

In order to find an extremal of a functional, the most commonly-used
result is called the “Euler-Lagrange equations” (see [AVW89], for example);
a motion v in the Lagrangian system (M, £) must satisfy:

iy~ < (g’g(%t))) = 0. (8.4)

By applying this equation with the Lagrangian given by (8.3), it is possible
to show that the geodesics of a Riemannian manifold follow the “geodesic
equations”:

iF +Thi'a) =0, (8.5)

where the ) 5 3 3
Ik — 2k gji gii 995 8.6
i~ 9Y ( 9qi - dg;  Oq (8.6)

are called “Christoffel symbols” of the metric g. However, these coefficients
are tedious (and sometimes difficult) to compute, and (8.5) is a second order
differential equation. Noether’s theorem will give us a first order equation
to compute the geodesics.
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Definition 8.4. Let h: M — M, a diffeomorphism. We say that the La-
grangian system (M, L) admits the symmetry h if for any (q,v) € TM,

£ (h(q),dh(v)) = L(g, v), (8.7)

where dh is the differential of h.
If M is clear in the context, we will sometimes say that L is invariant
under h.

An example will be given in the proof of Theorem 8.13.
We can now state Noether’s theorem (see, for example, [AVW89]).

Theorem 8.5 (Noether’s Theorem). If the Lagrangian system (M,L) ad-
mits the one-parameter group of symmetries h®: M — M, s € R, then the
following quantity remains constant during motions in the system (M, L).

Namely,
.30 = 5o (S0 ) 55)

does not depend on t if vy is a motion in (M, L).

Now, we are going to apply this theorem to our problem: computing the
geodesics of Riemannian manifolds of Gaussian distributions.

8.2 GIGO in Gy

If we force the covariance matrix to be either diagonal or proportional to the
identity matrix, the geodesics have a simple expression that we give below.
In the former case, the manifold we are considering is (G1)?, and in the
latter case, it is Ga-

The geodesics of (G1)¢ are given by:

Proposition 8.6. Let M be a Riemannian manifold; let d € N; let ® be the
Riemannian exponential of M%; and let ¢ be the Riemannian exponential of
M. We have:

D(ay,neizn) (V15 s 00)) = (D21 (V1)1 Py (0)) (8.9)

In particular, knowing the geodesics of Gi1 is enough to compute the
geodesics of (G1)%.

This is true, because a block of the product metric does not depend on
variables of the other blocks.

Consequently, a GIGO update with a diagonal covariance matrix with
the sample (z;) is equivalent to d separate one-dimensional GIGO updates
using the same samples. Moreover, G; = @1, the geodesics of which are
given below.

We will show that G4 and the “hyperbolic space”, of which the geodesics
are known, are isometric.
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8.2.1 Preliminaries: Poincaré Half-Plane, Hyperbolic Space

In dimension two, the hyperbolic space is called the “hyperbolic plane” or
the Poincaré half-plane. We recall its definition:

Definition 8.7 (Poincaré half-plane). We call the “Poincaré half-plane”
the Riemannian manifold:

H={(z,y) €R? y >0},

da?+dy?
y?

with the metric ds® =

We also recall the expression of its geodesics (see, for example, [GHLO04]):

Proposition 8.8 (Geodesics of the Poincaré half-plane). The geodesics of
the Poincaré half-plane are exactly the:

t—= (R(2(1)), S(2(1))) ,
where:
aie’t + b

)= g i (8.10)
with ad —bc =1 and v > 0.

The geodesics are half-circles perpendicular to the line y = 0 and vertical
lines, as shown in Figure 8.1 below.

7

Figure 8.1: Geodesics of the Poincaré half-plane.

The generalization to the higher dimension is the following:

Definition 8.9 (Hyperbolic space). We call the “hyperbolic space of dimen-
sion n” the Riemannian manifold:

Hp = {(x1,....,zpn_1,y) € R",y > 0},

. . dz?+..+dz? +dy?
with the metric ds®> = —L e 1y

the matrix Diag(y—g) ).

(or equivalently, the metric given by
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The Lagrangian for the geodesics is invariant under all translations along
the x;, so by Noether’s theorem, its geodesics stay in a plane containing the
direction y and the initial speed . The induced metric on this plane is the
metric of the Poincaré half-plane. The geodesics are therefore given by the
following proposition:

Proposition 8.10 (Geodesics of the hyperbolic space). Ify: t — (x1(t), ..., xn—1(t), y(t)) =
(z(t),y(t)) is a geodesic of Hy, then there exists a,b,c,d € R, such that
ad —bc=1, and v > 0, such that

a(t) = o(0) + rep (1), y(t) = S(ye(t)), with Z(t) = R(e(t)) and:

aie’* +b

_ 8.11
cie’t +d ( )

Ye(t) ==

8.2.2 Computing the GIGO Update in G,

If we want to implement the GIGO algorithm in G4, we need to compute
the natural gradient in Gq and to be able to compute the Riemannian ex-
ponential of Gg.

Using Proposition 7.2, we can compute the metric of G4 in the parametriza-
tion (u, o) — N (u,0I). We find:

5 0 ... 0
0 (8.12)
. &0
0o ... 0

Since this matrix is diagonal, it is easy to invert, and we immediately
have the natural gradient and, consequently, the IGO speed.

Proposition 8.11. In Gy, the IGO speed Y is given by:

Y, = Zw(:z — ), (8.13)

Y, = Z W ((x" - M;Zéxi —H ;) . (8.14)

Proof. We recall the IGO speed is defined by Y = I-1(6%) Zf\il wi%g(“).

Since P, ,(z) = (210?%)~/? exp(—w), we have:

202
Ol P, ,(x)
aILL =T /’L7
0ln P, ,(x) d (z—wl(z—p
ittt A .
0o o o3
The result follows. O
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The metric defined by Equation (8.12) is not exactly the metric of the hy-
perbolic space, but with the substitution p + f’ the metric becomes 2dI
which is proportional to the metric of the hyperbolic space and, therefore,
defines the same geodesics.

Theorem 8.12 (Geodesics of Gq). If v: t = N(u(t),o(t)?I) is a geodesic
of Gg, then there exists a,b,c,d € R, such that ad —bc =1, and v > 0, such
that:

pu(t) = p(0) + Nlluoll (1), o(t) =S(e(t)), with #(t) = R(yc(t)) and
aie’t + b
cievt +d’

telt) = (8.15)

Now, in order to implement the corresponding GIGO algorithm, we only
need to be able to find the coefficients a, b, ¢, d, v corresponding to an initial
position (ug,00) and an initial speed (ji9,d0). This is a tedious but easy
computation, the result of which is given in Proposition B.5.

The pseudocode of GIGO in Gy is also given in the Appendix: it is
obtained by concatenating Algorithms 3 and 9 (Proposition B.5 and the
pseudocode in the Appendix allow the metric to be slightly modified; see
Section 9.1.1).

8.3 GIGO in Gy

8.3.1 Obtaining a First Order Differential Equation for the
Geodesics of Gy

In the case where both the covariance matrix and the mean can vary freely,
the equations of the geodesics have been computed in [Eri87] and [CO91].
However, these articles start with the equations of the geodesics obtained
with the Christoffel symbols, then partially integrate them . These equations
are in fact a consequence of Noether’s theorem and can be found directly.

Theorem 8.13. Let v : t — N(u,Xt) be a geodesic of Gq. Then, the
following quantities do not depend on t:

Ju =% fu, (8.16)

Iy = 57 (fupf + 0. (8.17)

Proof. This is a direct application of Noether’s theorem, with suitable groups
of diffeomorphisms. By Proposition 7.2, the Lagrangian associated with the
geodesics of Gy is:

. 1 ) )
L, S, %) = pl' S+ 3 tr(Xu~lynh). (8.18)
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Its derivative is:
oc [
20
Let us show that this Lagrangian is invariant under affine changes of
basis (thus illustrating Definition 8.4).
The general form of an affine change of basis is ¢4 @ (1, X) — (Ap +
po, ALAT), with pg € R? and A € GLg4(R).
We have:

(h, H) v 2475 h + tr(HE’liJE’l)] . (8.19)

L£(6p0.4(1 D), dy a1, 5)) =An (ASAT) At

5 tr (ABAT(AnAT) T ADAT (454T) ),
(5.20)

and since Tu = A and A AT = AV AT we find easily that:
L(Gpo, A1 B), dyug,a (i1, 2)) = L, 2, o, 2), (8.21)
or in other words: £ is invariant under ¢, 4 for any uo € R4, A € GL4(R).
In order to use Noether’s theorem, we also need one-parameter groups
of transformations. We choose the following:

1. Translations of the mean vector. For any i € [1,d], let hJ: (u, X) —

(14 se;, X), where e; is the i-th basis vector. We have di; ls=0 = (€;,0),
so by Noether’s theorem,

oL
%(ei, 0) =278 te; = 27271
remains constant for all i. The fact that J,, is an invariant immediately

follows.

2. Linear base changes. For any i,j € [1,d], let hf ; : (1, 3) — (exp(sEjj)u, exp(sEij) X exp(sEj;)),
where E;; is the matrix with a one at position (7,j) and zeros else-
where. We have:

S

d]jj ls=0 = (Eijp, Eij X + XEji).
Therefore, by Noether’s theorem, we then obtain the following invari-
ants:
Jij ::gg(Eij,u, Eij¥+YE};) (8.22)
=20 TS B+ tr((By S + XE;)S71un ) (8.23)
=2 (X' Eyp 4+ tr(Ey RS + tr(Ej2TY) (8.24)
=2(J,u")ij + 2(271%),5, (8.25)

and the coefficients of Jx, in (8.17) are the (J;;/2).
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O

This leads us to first order equations satisfied by the geodesics mentioned
in [Eri87, CO91, ITW11].

Theorem 8.14 (GIGO-X). t — N (u, X¢) is a geodesic of Gg if and only
if it e and Xt — X4 satisfy the equations:

fry = Xy dy (8.26)
3= (Je — Juut) = Sy — fupl (8.27)
where:
JM = Ealﬂ[b
and:

S (/loﬂg + S0) :

Proof: This is an immediate consequence of Proposition 8.13.

These equations can be solved analytically (see [CO91]); however, usu-
ally, that is not the case, and they have to be solved numerically, for example
with the Euler method (the corresponding algorithm, which we call GIGO-X,
is described in the Appendix). The goal of the remainder of the subsection
is to show that having to use the Euler method is fine.

To avoid confusion, we will call the step size of the GIGO algorithm (0t
in Proposition 7.5) “GIGO step size” and the step size of the Euler method
(inside a step of the GIGO algorithm) “Euler step size”.

Having to solve our equations numerically brings two problems:

The first one is a theoretical problem: the main reason to study GIGO
is its invariance under reparametrization of 8, and we lose this invariance
property when we use the Euler method. However, GIGO can get arbitrarily
close to invariance by decreasing the Euler step size. In other words, the
difference between two different IGO algorithms is O(6t?), and the difference
between two different implementations of the GIGO algorithm is O(h?),
where h is the Euler step size; it is easier to reduce the latter. Still, without
a closed form for the geodesics of G4, the GIGO update is rather expensive
to compute, but it can be argued that most of the computation time will
still be the computation of the objective function f.

The second problem is purely numerical: we cannot guarantee that the
covariance matrix remains positive-definite along the Euler method. Here,
apart from finding a closed form for the geodesics, we have two solutions.

We can enforce this a posteriori: if the covariance matrix we find is not
positive-definite after a GIGO step, we repeat the failed GIGO step with a
reduced Euler step size (in our implementation, we divided it by four; see
Algorithm 4 in the Appendix.).

The other solution is to obtain differential equations on a square root of
the covariance matrix (any matrix A, such that ¥ = AAT).
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Theorem 8.15 (GIGO-A). If p : t — p and A : t — Ay satisfy the
equations:

1 = A AL T, (8.28)
.1
A, = 5(JE — T Ay, (8.29)
where:
Ju = (AgHAG o
and:

Js = (Ag)TAG jiopg + Ao AT + ApAf),
then t = N (ug, Ay AT) is a geodesic of Gg.

Proof. This is a simple rewriting of Theorem 8.14: if we write ¥ := AAT,
we find that J, and Jy, are the same as in Theorem 8.14, and we have:

fo=%Jy,
and:
. . . 1 1
¥ = (AAT 4 AAT) = 5o - T T AAT 5AAT(JE — T
1 T\T 1 T 1 T 1 T\1T
:§(JE_JALN ) 2‘1‘52“2_*]## )252(112_*]## )‘1‘5[2(*]2_']#/‘ )]

By Theorem 8.14, ¥(Jx — JuuT) is symmetric (since 3 has to be sym-
metric). Therefore, we have ¥ = X(Jx — J,ul), and the result follows. O

Notice that Theorem 8.15 gives an equivalence, whereas Theorem 8.14
does not. The reason is that the square root of a symmetric positive-definite
matrix is not unique. Still, it is canonical; see the discussion in Section 8.4.

As for Theorem 8.14, we can solve Equations (8.28) and (8.29) numer-
ically, and we obtain another algorithm (Algorithm 5 in the Appendix; we
will call it GIGO-A), with a behavior similar to the previous one (with Equa-
tions (8.26) and (8.27)). For both of them, numerical problems can arise
when the covariance matrix is almost singular.

We have not managed to find any example where one of these two al-
gorithms converged to the minimum of the objective function, whereas the
other did not, and their behavior is almost the same.

More interestingly, the performances of these two algorithms are also the
same as the performances of the exact GIGO algorithm, using the equations
of Section 8.3.2.

Notice that even though GIGO-A directly maintains a square root of
the covariance matrix, which makes sampling new points easier (to sample
a point from N (p,X), a square root of ¥ is needed), both GIGO-X and
GIGO-A still have to invert the covariance matrix (or its square root) at
each step, which is as costly as the decomposition, so one of these algorithms
is roughly as expensive to compute as the other.
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8.3.2 Explicit Form of the Geodesics of G, (from [CO91])

We now give the exact geodesics of G4: the following results are a rewriting
of Theorem 3.1 and its first corollary in [CO91].

Theorem 8.16. Let (i, Xo) € Tr(0,1)Ga- The geodesic of G4 starting from
N(0,1) with initial speed (fi9,%0) is given by:

e sG .
eXpN(OJ)(suo, s¥0) =N <2R(s)sh(2)G uo,R(s)R(s)T> , (8.30)
where exp is the Riemannian exponential of Gg, G is any matriz satisfying:

G? = 3§ + 2410/t » (8.31)

AT
R(s) = ((ch(SQG) — zoGSh(SZG’)> ) (8.32)

and G~ is a pseudo-inverse of G

In [CO91], the existence of G (as a square root of 3.2+ 2fiofid ) is proven.
Notice that, anyway, in the expansions of (8.30) and (8.32), only even powers
of G appear.

Additionally, since, for all A € GL4(R), for all yy € R%, the application:

¢ : Gd — Gd

N(1%) > N(Ap+ po, ASAT) (8.33)

preserves the geodesics, we find the general expression for the geodesics of
Gq.

d : y
Corollary 8.17. Let up € R*, A € GL4(R) and (fu0,%0) € TN(go,AoAg)Gd'
The geodesic of Gy starting from N (p, X) with initial speed (fuo, Xo) is given
by:

expN(u07AoAg)(sﬂo, $30) = N (1, AL AT), (8.34)

with:
1 = 240R()sh( S )G Aq Yo + o, (3.35)
A1 = AgR(s), (8.36)

where exp is the Riemannian exponential of Gy, G is any matriz satisfying:

G? = Ay (B0%g " S + 240/l ) (Ag YT (8.37)

“\T
R(s) = ((ch<f> - 455045V 6 () ) S )
and G~ is a pseudo-inverse of G.
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It should be noted that the final values for mean and covariance do not
depend on the choice of G as a square root of:

Ay (2030 'S0 + 2h0/ ) (Ag )T

The reason for this is that ch(G) is a Taylor series in G2, and so are sh(G)G~
and G~ sh(G).

For our practical implementation, we actually used these Taylor series
instead of the expression of the corollary.

8.4 Using a Square Root of the Covariance Matrix

The IGO framework (on G4, for example) emphasizes the Riemannian man-
ifold structure on G4. All of the algorithms studied here (including GIGO,
which is not strictly speaking an IGO algorithm) define a trajectory in Gq
(a new point for each step), and to go from a point 6 to the next one ('),
we follow some curve v : [0,6t] = Gg4, with v(0) = 6, v(6t) = 6" and 5(0)
given by the natural gradient (¥(0) = Zfil WV Py(x;) € TyGy).

To be compatible with this point of view, an algorithm giving an update
rule for a square root (any matrix A such that ¥ = AAT: since we do not
force A to be symmetric, the decomposition is not unique) of the covariance
matrix A has to satisfy the following condition: for a given initial speed, the
covariance matrix X' after one step must depend only on ¢ and not on
the square root A’ chosen for .

The xNES algorithm does satisfy this condition: consider two xNES
algorithms, with the same learning rates, respectively, at (i, A}) and (p, Ab),
with A} (A)T = AL(AL)T (i.e., they define the same Xf), using the same
samples x; to compute the natural gradient update , then we will have
Eﬁ”t = ZEJF&. Using the definitions of Section 9.2, we have just shown that
what we will call the “xNES trajectory” is well defined.

It is also important to notice that, in order to be well defined, a natural
gradient algorithm updating a square root of the covariance matrix has to
specify more conditions than simply following the natural gradient.

The reason for this is that the natural gradient is a vector tangent to Gg:
it lives in a space of dimension d(d + 3)/2 (the dimension of G,4), whereas
the vector (u, A) lives in a space of dimension d(d + 1) (the dimension of
R™ x GLy(R)), which is too large: there exists infinitely many applications
t — Ay, such that a given curve 7 : t — N (u,X;) can be written (t) =
N (ug, AyAT). This is why Theorem 8.15 is simply an implication, whereas
Theorem 8.14 is an equivalence.

More precisely, let us consider A in GL4(R) and v4, v/4 two infinitesimal
updates of A. Since ¥ = AA” the infinitesimal update of ¥ corresponding
to va (resp. v/y) is vy = Avh +vaAT (resp. vk = AVT + o/, AT).
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It is now easy to see that vy and v/, define the same direction for ¥ (i.e.,
vy, = v%) if and only if AMT + M AT = 0, where M = vy — v/;. This is
equivalent to A~ M antisymmetric.

For any A € My(R), let us denote by T4 the space of the matrices
M, such that A='M is antisymmetric or, in other words, Ty = {u €
My(R), Au? + uAT = 0}. Having a subspace S, in direct sum with Ty
for all A is sufficient (but not necessary) to have a well-defined update rule.
Namely, consider the (linear) application:

gbA : Md(R) — Sd(R)
VA — AUZ;-FUAAT’

sending an infinitesimal update of A to the corresponding update of X. It
is not bijective, but as we have seen before, Ker ¢4 = T4, and therefore, if
we have, for some Uy,

My(R) =Us @ Ta, (8.39)

then ¢ 4|y, is an isomorphism. Let vy, be an infinitesimal update of ¥. We
choose the following update of A corresponding to vy:

va = (palu) ™ (vg). (8.40)

Any Uy, such that Uy @ Ty = My(R), is a reasonable choice to pick vy

for a given vy. The choice Sa = {u € My(R), Aul — uAT = 0} has an
interesting additional property; it is the orthogonal of T'4 for the norm:

H'I}AH% = Tr(szflvA) = Tr((AilvA)TAflvA). (8.41)

and consequently, it can be defined without referring to the parametrization,
which makes it a canonical choice. To prove this, remark that Ty = {M €
My(R), A=t M antisymmetric} and S4 = {M € My(R), A~*M symmetric}
and that if M is symmetric and N is antisymmetric, then

d d
TI‘(MTN> = Z MmN = men” + Z mij(ni; +mnj) = 0. (8.42)
ij=1 i=1 1<i<j<d

Let us now show that this is the choice made by xNES and GIGO-A
(which are well-defined algorithms updating a square root of the covariance
matrix).
Proposition 8.18. Let A € M, (R). The vy given by the xNES and GIGO-
A algorithms lies in Sq = {u € Mg(R), Au” —uAT =0} = S4.
Proof. For xNES, let us write %(0) = (v,,vs) and va = $AGy. We
have A~lvy = Gy, and therefore, forcing M (and Gp) to be symmet-
ric in xNES is equivalent to A~lvy = (A71v4)?, which can be rewritten as
Avl = vy AT, For GIGO-A, Equation (8.27) shows that Sy(Jx — J,uf ) is
symmetric, and with phis fact in mind, Equation (8.29) shows that we have
A’L)£ = A AT (va is Ap). d
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Chapter 9

Blockwise GIGO, twisted
GIGO

9.1 Decoupling the step size

9.1.1 Twisting the Metric

As we can see, the IGO framework does not allow one to recover the learning
rates for xNES and pure rank-y CMA-ES, which is a problem, since usually,
the covariance learning rate is set much smaller than the mean learning rate
(see either [Hanl1] or [GSY110]).

A way to recover these learning rates is to incorporate them directly into
the metric (see also blockwise GIGO, in Section 9.1.2). More precisely:

Definition 9.1 (Twisted Fisher metric). Let 1,75, € R, and let (Pp)oco
be a family of normal probability distributions: Py = N (u(0),3(0)), with u
and ¥ C'. We call the “(n,,ns)-twisted Fisher metric” the metric defined
by:

L i (s me)(0) = p_

All of the remainder of this section is simply a rewriting of the work
in Chapter 7 with the twisted Fisher metric instead of the regular Fisher
metric. We will use the term “twisted geodesic” instead of “geodesic for the
twisted metric”.

This approach seems to be somewhat arbitrary: arguably, the mean and
the covariance play a “different role” in the definition of a Gaussian (only the
covariance can affect diversity, for example), but we lack a reasonable intrin-
sic characterization that would make this choice of twisting more natural.
This construction can be slightly generalized (see the Appendix).
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The IGO flow and the IGO algorithms can be modified to take into
account the twisting of the metric; the (7, nx)-twisted IGO flow reads:

a _

dt

The only difference with (7.8) is that I~1(6) has been replaced by I (1, 7s)~1(0).
This leads us to the twisted IGO algorithms.

= I(nu,ns)” / W), (2)VgIn Py(z) Py (dz). (9.2)

Definition 9.2. The (1, nx)-twisted IGO algorithm associated with parametriza-
tion 0, sample size N, step size 6t and selection scheme w is given by the
following update rule:

N 9lnPy(xy)
0t+5t 9t + 5t_[ 77;“772 Z 9 7

Definition 9.3. The (n,,ns)-twisted geodesic IGO algorithm associated
with sample size N, step size 6t and selection scheme w s given by the
following update rule:

09t — expy: (Y 6t) (9.3)
where:
Oln Py(x;
Y = I(nuns)” (Gt)z zag( ) (9.4)
=1

By definition, the twisted geodesic IGO algorithm does not depend on the
parametrization (but it does depend on n,, and ns).

There is some redundancy between 6t, 77, and 7x: the only values actu-
ally appearing in the equations are 6tn, and dtny. More formally:

Proposition 9.4. Let k,d, N € N, n,,nx,6t, A1, 2 € R and w: [0;1] — R.

The (0, nx)-twisted IGO algorithm with sample size N, step size 0t and
selection scheme w coincides with the (Ainu, AMnx)-twisted IGO algorithm
with sample size N, step size X\odt and selection scheme ﬁw. The same
1s true for geodesic IGO.

In order to obtain the twisted algorithms, the Fisher metric in IGO has
to be replaced by the metric from Definition 9.1. In practice, the equations
found by twisting the metric are exactly the equations without twisting, ex-
cept that we have “forced” the learning rates 7, 7y to appear by multiplying
the increments of u and X by 7, and 7s.

We can now describe pure rank-pg CMA-ES and xNES with separate
learning rates as twisted IGO algorithms:
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Proposition 9.5 (xNES as IGO). The zNES algorithm with sample size
N, weights w; and learning rates n,,n, = np = 1y coincides with the
Z—‘t‘, 1= -twisted 1GO algorithm with sample size N, weights w;, step size ot
and in which, given the current position (i, A¢), the set of Gaussians is

parametrized by:

(6, M) > N (ut A, <At exp(;M)> <At exp(;M)>T> ,

with 6 € R™ and M € Sym(R™).
The parameters maintained by the algorithm are (u, A), and the x; are
sampled from N (u, AAT).

Proposition 9.6 (Pure rank-y CMA-ES as IGO). The pure rank-u CMA-
ES algorithm with sample size N, weights w; and learning rates m, and
Ny, coincides with the (g—j, %)—th’sted IGO algorithm with sample size N,

weights w;, step size 6t and the parametrization (p, ).

The proofs of these two statements are an easy rewriting of their non-
twisted counterparts: one can return to the non-twisted metric (up to a 7y

Vo
Norias
We give the equations of the twisted geodesics of G4 in the Appendix.

factor) by changing u to

9.1.2 Blockwise GIGO, an almost intrinsic description of
xNES

Although xNES is not GIGO, it is possible to define a family of algorithms
extending GIGO and including xNES, by decomposing our family of prob-
ability distributions as a product and by following the restricted geodesics
simultaneously.

Definition 9.7 (Splitting). Let © be a Riemannian manifold. A splitting of
© is n manifolds O1, ..., 0, and a diffeomorphism © = ©1 X ... X O,. If for
allx € ©, for all 1 <1 < j < n, we also have T; ;M L T; .M as subspaces
of TuM (see Notation 9.8), then the splitting is said to be compatible with
the Riemannian structure. If the Riemannian manifold is not ambiguous,
we will simply write a “compatible splitting”.

We now give some notation, and we define the blockwise GIGO update:

Notation 9.8. Let © be a Riemannian manifold, ©1,...,0, a splitting of
0,0=(61,..,0,) €0,Y €Ty® and 1 < i< n.

e We denote by ©g; the Riemannian manifold
{91} X ... X {Qi_l} X @Z X {9i+1} X ... X {Qn},

with the metric induced from ©. There is a canonical isomorphism of
vector spaces Ty© = ®7_TOy ;. Moreover, if the splitting is compati-
ble, it is an isomorphism of Fuclidean spaces.
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e We denote by ®g; the exponential at 0 of the manifold Oy;.

Definition 9.9 (Blockwise GIGO update). Let O, ...,0,, be a compatible
splitting. The blockwise GIGO algorithm in © with splitting ©1, ...,0, as-
sociated with sample size N, step sizes 6t1, ..., 0t, and selection scheme w is
given by the following update rule:

0« (91700 gltotny (9.5)
where: N
_ R alnpg(l‘i)
Yy =17 4pt ———— .
( >;w T (96)
L = Byu 1 (514 V), (9.7)

with Yy, the T©Og j,-component of Y. This update only depends on the splitting
(and not on the parametrization inside each Oy).

The compatibility condition ensures that the natural gradient of Weft
(defined in Section 7.2) in the whole manifold © really is the sum of the
gradients of this same function in the submanifolds ©;. A practical conse-
quence is that the Yy in Equation (9.7) can be computed simply by taking
the natural gradient in O:

N
_ R 8IHP €T;
Vo= 10 3o I, (9.5)
=1

where I, is the metric of ©y.

Since blockwise GIGO only depends on the splitting (and the tunable
parameters: sample size, step sizes and selection scheme), it can be thought
of as almost parametrization-invariant.

Notice that blockwise GIGO updates and twisted GIGO updates are two
different things: firstly, blockwise GIGO can be defined on any manifold with
a compatible splitting, whereas twisted GIGO (and twisted IGO) are only
defined for Gaussians. However, even in G4(n,, nx.), with the splitting (u, ),
these two algorithms are different: for instance, if 77, = nx, and 6t = 1, then
the twisted GIGO is the regular GIGO algorithm, whereas blockwise GIGO
is not (actually, we will prove that it is the xNES algorithm). The only
thing blockwise GIGO and twisted GIGO have in common is that they are
compatible with the (7, nx)-twisted IGO flow Equation (9.2): a parameter
6t following these updates with 6t — 0 and N — oo is a solution of Equation
(9.2).

We now have a new description of the xNES algorithm:

Proposition 9.10 (xNES is a Blockwise GIGO algorithm). The Blockwise
GIGO algorithm in Gg with splitting ® : N'(u, X)) — (u, X)), sample size N,
step sizes 0t,, Oty and selection scheme w coincides with the tNES algorithm
with sample size N, weights w; and learning rates 1, = 0t,, 1, = np = Jtx.
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Proof. Firstly, notice that the splitting (u, 3) is compatible, by Proposition
7.2.

Now, let us compute the Blockwise GIGO update: we have G4 = R%x Py,
where Py is the space of real positive-definite matrices of dimension d. We
have @gt’l = (Rd X {Zt}) — Gy, @91&72 = ({,U,t} X Pd) — Gg. The induced
metric on Oy ; is the Euclidean metric, so we have:

p— ph 4 6t Y),.

Since we have already shown (using the notation in Definition 7.6) that
Y, = AG,, (in the proof of Proposition 7.7), we find:

o pt + 0t1AG,,.
On Oyt 5, we have the following Lagrangian for the geodesics:
) 1 . )
L(Z,%) = 5tr(zz—lzz—l).
By applying Noether’s theorem, we find that
Jy = PIREDY!

is invariant along the geodesics of Oy: 9, so they are defined by the equa-
tion ¥ = NJy = 225120 (and therefore, any update preserving the in-
variant Jy, will satisfy this first-order differential equation and follow the
geodesics of Oyt 5). The xNES update for the covariance matrix is given
by A(t) = Agexp(tGpr/2). Therefore, we have X(t) = Agexp(tGar)AL,
St) = (AgHT exp(—tGar)Agt, X(t) = Agexp(tGhr)Gar AL and, finally,
SHON(t) = (AgHTG AL = £y '%0. Therefore, xNES preserves Jx;, and
therefore, xNES follows the geodesics of Oyt o (notice that we had already
proven this in Proposition 9.13, since we are looking at the geodesics of Gy
with a fixed mean). O

Although blockwise GIGO is somewhat “less natural” than GIGO, it
can be easier to compute for some splittings (as we have just seen), and in
the case of the Gaussian distributions, the mean-covariance splitting seems
reasonable.

9.2 Trajectories of Different IGO Steps

As we have seen, two different IGO algorithms (or an IGO algorithm and
the GIGO algorithm) coincide at first order in §t when 6t — 0. In this
section, we study the differences between pure rank-p CMA-ES, xXNES and
GIGO by looking at the second order in ¢, and in particular, we show that
xNES and GIGO do not coincide in the general case.

137



We view the updates done by one step of the algorithms as paths on the
manifold Gg, from (u(t), X(t)) to (u(t + 0t), X(t + 0t)), where 6t is the time
step of our algorithms, seen as IGO algorithms. More formally:

Definition 9.11. 1. We call the GIGO update trajectory the application:
Taico: (1, 2, vy, vs) — ((515 — expN(u,AAT)(cstnuvu, 5tnzvg)> .

(exp is the exponential of the Riemannian manifold G4(n,,ns))

2. We call the tNES update trajectory the application:
Tings: (1, 2, v, v5) > (68— N (p + tnyuv,, Aexp[ng(StA_lvg(A_l)T]AT)) ,

with AAT = . The application above does not depend on the choice
of a square root A.

3. We call the CMA-ES update trajectory the application:
Tomac: (p, 3, v, 05) — (5t — N (p+ dtnuoy, AAT + 5tngvg)) )

These applications map the set of tangent vectors to Gg (T'Gy) to the
curves in Gg(ny,nx).

We will also use the following notation: pgico := ¢u o Ta1co, UxNES =
¢poTings, pema = ¢poToma, Yaico = ¢z oTqico, XxNEs = ¢z 0 TiNES
and Ycma = ¢x o Toma, where ¢, (resp. ¢x) extracts the p-component
(resp. the ¥-component) of a curve.

In particular, ITm(¢,) C R? and Im(¢x) C Py, where Py (the set of real
Sygzmetric positive-definite matrices of dimension d) is seen as a subset of
R4,

For instance, Tgigo(, X, vy, vs)(dt) gives the position (mean and co-
variance matrix) of the GIGO algorithm after a step of size 6t, while ugico
and Y qiqo give, respectively, the mean component and the covariance com-
ponent of this position.

This formulation ensures that the trajectories we are comparing had the
same initial position and the same initial speed, which is the case provided
the sampled points (the values directly sampled from AN (p,X), not from
N(0,7) and transformed) are the same.

Different IGO algorithms coincide at first order in §t. The following
proposition gives the second order expansion of the trajectories of the algo-
rithms.

Proposition 9.12 (Second derivatives of the trajectories). We have:

pcico (i, 2, vy, vs)"(0) = nunsvs Sy v,
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MxNES(M: 27 U/M UE)”(O) = ,U’CMA(M7 Z)7 U/u UE)//(O) = 07

EGIGO(/-% 27 Ups UE)”(O) = 77%”22_1“2 - nuUEUuUZa

Sangs (1, 3, v, v5)"(0) = 15vs T oy,

ECMA(M? 27 ’Up,, UE)”(O) - O

Proof. We can immediately see that the second derivatives of uxNgs, poMA
and Ycyma are zero. Next, we have:

YngEs (i, 2, v, v8)(t) = Aexp[tA_lngvg(A_l)T]AT
12
= AAT + tnsus, + 577%U§;(A_1)TA_1UE + o(tz)
t?
=X + tnyvs + 577%11227102 + 0(t2).

The expression of XunNgs (1, 2, vy, vs)”(0) follows.

Now, for GIGO, let us consider the geodesic starting at (o, >o) with ini-
tial speed (1,v,, svs). By writing J,(0) = J,(t), we find fu(t) = 2(£) S5 fio-
We then easily have ji(0) = 20261,&0. In other words:

HGIGO (#7 3, Vs UE)”(O) = 77“772122261’0“.

Finally, by using Theorem 8.14 and differentiating, we find:

S =ne3(Js — Juu) — nsSJ 0,

. 1 Ny . . B
Yo = nxdo—2 120 — *MOM% = 77%0220 11)2 — ngnuvuvg.
ns um
O]

In order to interpret these results, we will look at what happens in di-
mension one. In higher dimensions, we can suppose that the algorithms
exhibit a similar behavior, but an exact interpretation is more difficult for
GIGO in Gg.

e In [GSY"10], it has been noted that xNES converges to quadratic
minima slower than CMA-ES and that it is less subject to premature
convergence. That fact can be explained by observing that the mean
update is exactly the same for CMA-ES and xNES, whereas xNES
tends to have a higher variance (Proposition 9.12 shows this at order
two, and it is easy to see that in dimension one, for any u, 3, v,, vs,
we have Yungs (1, 2, vy, v5) > Xema (1, X, vy, vs)).
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e At order two, GIGO moves the mean faster than xNES and CMA-
ES if the standard deviation is increasing and more slowly if it is
decreasing. This seems to be a reasonable behavior (if the covariance
is decreasing, then the algorithm is presumably close to a minimum,
and it should not leave the area too quickly). This remark holds only
for isolated steps, because we do not take into account the evolution

of the variance.
e The geodesics of G are half-circles (see Figure 9.1 below; we recall that

G is the Poincaré half-plane). Consequently, if the mean is supposed
to move (which always happens), then ¢ — 0 when 6t — oco. For
example, a step whose initial speed has no component on the standard
deviation will always decrease it. See also Proposition 10.1, about the

optimization of a linear function.
e For the same reason, for a given initial speed, the update of u always

stays bounded as a function of §t: it is not possible to make one step
of the GIGO algorithm go further than a fixed point by increasing dt.
Still, the geodesic followed by GIGO changes at each step, so the mean
of the overall algorithm is not bounded.

450-

ot Y
et-‘rdt

Figure 9.1: One step of the geodesic IGO (GIGO) update.

We now show that xXNES follows the geodesics of Gy if the mean is fixed,
but that xNES and GIGO do not coincide otherwise.

Proposition 9.13 (xNES is not GIGO in the general case). Let u,v, €
Rd, A € GLg, vy € My.

Then, the GIGO and zNES updates starting at N (p,X) with initial
speeds v, and vy, follow the same trajectory if and only if the mean remains
constant. In other words:

Taico(p, 2, v, vs) = Tanes (i, 2, vy, vs) if and only if v, = 0.

Proof. 1f v, = 0, then we can compute the GIGO update by using Theorem
8.14: since J, = 0, g = 0, and p remains constant. Now, we have Jy, =
»13: thisis enough information to compute the update. Since this quantity
is also preserved by the xNES algorithm (see, for example, the proof of
Proposition 9.10), the two updates coincide.
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If U 7é 07 then Z])(NES (/L, E’ Vs UZ)”(O)_EGIGO (/'67 27 Vs UE)”(O) = UuUEUuUE #
0 and, in particular, Tgigo (i, 2, vy, vs) # Tines (@, 2, vy, vs). O
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Chapter 10

Numerical experiments

We conclude this part with some numerical experiments to compare the be-
havior of GIGO, xNES and pure rank-p CMA-ES (we give the pseudocodes
for these algorithms in the Appendix). We made two series of tests. The
first one is a performance test, using classical benchmark functions and the
settings from [GSY"10]. The goal of the second series of tests is to illus-
trate the computations in Section 9.2 by plotting the trajectories (standard
deviation versus mean) of these three algorithms in dimension one.
The source code is available at https://www.lri.fr/~bensadon.

10.1 Benchmarking

For the first series of experiments, presented in Figure 10.1, we used the
following parameters, taken from [GSY"10] (we recall that xNES and pure
rank-y1 CMA-ES are seen as IGO algorithms):

e Varying dimension.

e Sample size: |4+ 310(ggd)g. " log(i
. . o max(0,log(2+1)—log(z 1
e Weights: w; = E;yzlmax(O,lcfg(%—&-l)—log(j) -

¢ 1GO step size and learning rates: 0t = 1,7, = 1,7z

_ 33+log(d)
5 avd -
e Initial position: 6° = N(zg,I), where z( is a random point of the

circle with center zero, and radius 10.

e Euler method for GIGO: Number of steps: 100. We used the GIGO-A
variant of the algorithm. No significant difference was noticed with
GIGO-X or with the exact GIGO algorithm. The only advantage of
having an explicit solution of the geodesic equations is that the update
is quicker to compute.

e We chose not to use the exact expression of the geodesics for this
benchmarking to show that having to use the Euler method is fine.
However, we did run the tests, and the results are basically the same
as GIGO-A.
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We plot the median number of runs to achieve target fitness (10~8). Each
algorithm has been tested in dimension 2, 4, 8, 16, 32 and 64: a missing
point means that all runs converged prematurely.

10.1.1 Failed Runs

In Figure 10.1, a point is plotted even if only one run was successful. Below
is the list of the settings for which at least one run converged prematurely.

e Only one run reached the optimum for the cigar-tablet function with

CMA-ES in dimension eight.
e Seven runs (out of 24) reached the optimum for the Rosenbrock func-

tion with CMA-ES in dimension 16.
e About half of the runs reached the optimum for the sphere function

with CMA-ES in dimension four.
For the following settings, all runs converged prematurely.

e GIGO did not find the optimum of the Rosenbrock function in any
dimension.

e CMA-ES did not find the optimum of the Rosenbrock function in
dimension 2, 4, 32 and 64.

e All of the runs converged prematurely for the cigar-tablet function in
dimension two with CMA-ES, for the sphere function in dimension
two for all algorithms and for the Rosenbrock function in dimension
two and four for all algorithms.
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104

103

102

Figure 10.1:

Dimension d From 2 to 64
Sample size N 4+ 3log(d)

. N max(0,log(%+1)—log() 1
Weights (Wil N | SN Smax(olog(3 1) los) N
IGO step size ot 1
Mean Ny 1
learning rate

. 3 3+log(d)
Covariance s 5 avd
learning rate
Euler step-size h 0.01(100 steps)
(for GIGO only)

GIGO implementation GIGO-A
Sphere function 3 a2

Cigar-tablet

z e 2?4+ 0 1042 + 10822

Rosenbrock x> S 100(22 — 2i401)? 4 (25— 1))
x-axis Dimension
y-axis Number of function calls

to reach fitness 1078.

Cigar-tablet

CMA
GIGO
xNES ——

2 4 8 16 32 64

10°

10*

103

102

Sphere Rosenbrock
TOMA CCMA
GIGO xNES ——
xNES ——
- . 105 .
- . 101 .
- . 103 .
1 1 1 1 1 | 102 1 1 1 I I
2 4 8 16 32 64 4 8 16 32 64

Median number of function calls to reach 10~% fitness on 24

runs for: sphere function, cigar-tablet function and Rosenbrock function.
Initial position #° = A (xq, I), with ¢ uniformly distributed on the circle of
center zero and radius 10. We recall that the “CMA-ES” algorithm here is
using the so-called pure rank-p CMA-ES update.

10.1.2 Discussion

As the last item in Section 10.1.1 shows, all of the algorithms converge
prematurely in a low dimension, probably because the covariance learning
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rate has been set too high (or because the sample size is too small). This is
different from the results in [GSY10].

This remark aside, as noted in [GSY110], the xNES algorithm shows
more robustness than CMA-ES and GIGO: it is the only algorithm able to
find the minimum of the Rosenbrock function in high dimensions. However,
its convergence is consistently slower.

In terms of performance, when both of them work, pure rank-y CMA-
ES (or equivalently, IGO in the parametrization (u,)) and GIGO are ex-
tremely close (GIGO is usually a bit better). An advantage of GIGO is
that it is theoretically defined for any ét, )y, whereas the covariance matrix
maintained by CMA-ES (not only pure rank-u CMA-ES) can stop being
positive definite if nydt > 1. However, in that case, the GIGO algorithm is
prone to premature convergence (remember Figure 9.1 and see Proposition
10.1 below), and in practice, the learning rates are much smaller.

10.2 Plotting Trajectories in G,

We want the second series of experiments to illustrate the remarks about the
trajectories of the algorithms in Section 9.2, so we decided to take a large
sample size to limit randomness, and we chose a fixed starting point for the
same reason. We use the weights below because of the property of quantile
improvement proven in [AO13]: the 1/4-quantile will improve at each step.
The parameters we used were the following:

e Sample size: A = 5,000
e Dimension one only.
[ J Weights: w = 41q<1/4 (w, = 4-1i<1,250)

¢ 1GO step size and learning rates: 7, = 1,75, = %%\%@

ot.

e Initial position: #° = N(10,1)

e Dots are placed at t = 0, 1, 2... (except for the graph ot = 1.5, for
which there is a dot for each step).

= 1.8, varying

Figures 10.2-10.6 show the optimization of z — 2, and Figures 10.7—
10.9 show the optimization of z +— —x.
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Figure 10.2: Trajectories of GIGO, CMA and xNES optimizing = + 22 in
dimension one with dt = 0.01, sample size 5000, weights w; = 4.1;<1250 and
learning rates 1, = 1, 7y = 1.8. One dot every 100 steps. All algorithms
exhibit a similar behavior

4

GIGO ——
CMA
xNES —=— ]|

3.5

3

2.5

o 2

1.5

1

0.5

4.5

GIGO ———

3.5 F

Figure 10.4: Trajectories of GIGO, CMA and xNES optimizing = + 2?2 in
dimension one with dt = 0.1, sample size 5000, weights w; = 4.1;<1250 and
learning rates 7, = 1, 7, = 1.8. One dot every 10 steps. All algorithms
exhibit a similar behavior, and differences start to appear. It cannot be

seen on the graph, but the algorithm closest to zero after 400 steps is CMA
(~ 1.10716 followed by xNES (~ 6.10716) and GIGO (~ 2.1071%).
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Figure 10.3: Trajectories of GIGO, CMA and xNES optimizing = + z2
in dimension one with dt = 0.5, sample size 5000, weights w; = 4.1;<1250
and learning rates 1, = 1, nx = 1.8. One dot every two steps. Stronger
differences. Notice that after one step, the lowest mean is still GIGO (~ 8.5,
whereas xNES is around 8.75), but from the second step, GIGO has the
highest mean, because of the lower variance.

5

GIGO ——
CMA

Figure 10.5: Trajectories of GIGO, CMA and xNES optimizing = + 2
in dimension one with 6t = 1, sample size 5000, weights w; = 4.1;<1250
and learning rates 7, = 1,7y =1.8. One dot per step. The CMA-ES
algorithm fails here, because at the fourth step, the covariance matrix is
not positive definite anymore (it is easy to see that the CMA-ES update
is always defined if dtny; < 1, but this is not the case here). Furthermore,
notice (see also Proposition 10.1) that at the first step, GIGO decreases the

variance, whereas the o-component of the IGO speed is positive.
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Figure 10.6: Trajectories of GIGO, CMA and xNES optimizing x + 22 in
dimension one with dt = 1.5, sample size 5000, weights w; = 4.1;<1250 and
learning rates 1, = 1, nx. = 1.8. One dot per step. Same as dt = 1 for CMA.
GIGO converges prematurely.
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Figure 10.7: Trajectories of GIGO, CMA and xNES optimizing = — —z in
dimension one with dt = 0.01, sample size 5000, weights w; = 4.1;<1250 and
learning rates 1, = 1, 5, = 1.8. One dot every 100 steps. Almost the same
for all algorithms.
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Figure 10.8: Trajectories of GIGO, CMA and xNES optimizing x — —z in
dimension one with dt = 0.1, sample size 5000, weights w; = 4.1;<1250 and
learning rates 7, = 1, 5, = 1.8. One dot every 10 steps. It is not obvious
on the graph, but xNES is faster than CMA, which is faster than GIGO.
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Figure 10.9: Trajectories of GIGO, CMA and xNES optimizing = — —z in
dimension one with 6¢ = 1, sample size 5,000, weights w; = 4.1;<1,250 and
learning rates 1, = 1, 7, = 1.8. One dot per step. GIGO converges, for the
reasons discussed earlier.
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Figures 10.5, 10.6 and 10.9 show that when 6t > 1, GIGO reduces the
covariance, even at the first step. More generally, when using the GIGO
algorithm in Gy for the optimization of a linear function, there exists a
critical step size 0te (depending on the learning rates 7,7, and on the
weights w; ), above which, GIGO will converge, and we can compute its value
when the weights are of the form 14«4, (for go > 0.5, the discussion is not
relevant, because in that case, even the IGO flow converges prematurely.

Compare with the critical 6t of the smoothed cross entropy method and
IGO-ML in [OAAH11]).

Proposition 10.1. Letd € N, k, n,, 1, € RY ; let w = k.14<qy; and let

g : RT - R
T = —T1

Let pi,, be the first coordinate of the mean, and let o2 be the variance
(at step n) maintained by the (1, n,)-twisted geodesic IGO algorithm in Gy
associated with selection scheme w, sample size co ' and step size §t, when
optimizing g.

There exists Ote., such that:

o if 8t > Otor, (0y) converges to zero with exponential speed and (fin,)

converges.
o if 0t = Oter, (0p) remains constant and (uy) tends to oo with linear
speed.

e if 0 < 0t < bter, both (o4,) and py, tend to oo with exponential speed.

The proof and the expression of dt., can be found in the Appendix.
In the case corresponding to k =4, n =1, ¢ = 1/4, n, = 1, n, = 1.8,
we find:
Oter =~ 0.84. (10.1)

Tt has been proven in [OAAH11] that IGO algorithms are consistent with the IGO
flow, i.e., they get closer and closer to the IGO flow as sample size tends to infinity. In
other words:

. L 0lnPy(x:) & ¥

2 g = Vo || W Polde)

Sample size oo means that we replace the IGO speed in the GIGO update by its limit for
large N. In particular, it is deterministic.
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Conclusion

1 Summary

In this thesis, we introduced two different algorithms, generic Context Tree
Weighting and GIGO, motivated respectively by minimum description length
considerations and invariance principles.

1.1 Expert Trees

By defining a new formal context, we generalized the Context Tree Weight-
ing and Context Tree Switching algorithms, obtained an elegant proof of the
property of the former, and introduced edgewise versions of these algorithms.
As for the original CTW, the new algorithms introduced here consider si-
multaneously a large quantity of models explaining the data, and, for the
generalized CTW, computes Bayesian posteiors efficiently.

We also investigated the behavior of context tree switching algorithms,
using different switch distributions than the ones used in [VNHBI11], and
showed that for regression, the corresponding Context Tree Switching algo-
rithms achieve better performance than Context Tree Weighting or Bayesian
histograms on a specific sequence.

1.2 GIGO

We introduced GIGO, a fully parametrization-invariant black-box optimiza-
tion algorithm, and, thanks to Noether’s theorem, we obtained first order
equations for the geodesics of Gg.

Moreover, we described xNES as a “blockwise GIGO” algorithm, giving
it an almost intrinsic description.

2 Future directions

The following questions are still open:

GIGO on other manifolds. We only studied GIGO on G4. Geodesics
are usually hard to compute, except in some cases, such as the manifold of
Bernoulli distributions. However, in that case the length of the geodesics
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is finite, so definition problems arise. Noether’s theorem could be useful to
obtain equations for computing GIGO updates on other manifolds.

Stochastic IGO. (mentioned in [OAAH11]) The IGO algorithm can
be seen as a stochastic process 0% = 9 + 5t X%, where X% is computed
from N random samples of f(z;). Because of computation time considera-
tions, it is natural to take N o dt (we want the same number of calls of the
objective function f to go from 6! to :+7).

The stochastic differential equation obtained when §t — 0, with N o< 0t
should be easier to study theoretically than the actual IGO update.

From experts to specialists. In order to recover the specialists frame-
work, it is necessary to define a Bayesian combination for experts with do-
mains that are not necessarily identical. It cannot be done directly since by
definition, experts are not penalized when data falls outside of their domain,
so it seems necessary to define a “domain extension” for experts.

Parameters of the switch distribution in expert trees. Our nu-
merical tests were conducted with generic settings for the switch distribu-
tions in the expert trees. Putting more prior mass on sequences starting
closed and opening at some time (i.e. of the form 0"1%°, n € [0, 00)) might
yield better results, since this seems to be the “reasonable behaviour”. This
remark can be extended to switch distributions out of expert trees: more
prior mass should be put to sequences that go from simple models to more
complex (in the sense that they have more parameters to estimate) ones.
Experiments are needed to confirm or infirm this intuition.

Testing expert tree algorithms on real data, with more refined
experts. The expert tree algorithms introduced in part II are a general
framework for expert aggregation, and as such, they could be used in a
large variety of situations. It would be interesting to study their perfor-
mance with more sophisticated experts at the leaves.
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Appendix A

Expert Trees

Lemma A.1 (Useful computation). Let K € N. We have:

K-1
> kb = K25 + 0(25). (A1)
k=0
Proof.
K—1 K-1 K-2 0
k2P = (K —1)) 2F =) oF— ok (A.2)
k=0 k=0 k=0 k=0
(K- -1 -ft-n-..-2'-1) (A.3)
KoK —oF _ K41 -(2ft-n—..—(2'-1) (A.4)
= K25 + 0(25), (A.5)
O
Corollary A.2. Let K € N, let t € (2K-1 257,
We have:
K-2
2> k2" + (t— 2K 1) (K - 1)In2 = tlnt + O(t) (A.6)
k=0

Proof. We have, by Lemma A.1 (since O(t) = O(2K) = O(2K-1)):

K-2
2 kb4 (-2 (K -1)m2=2""1(K - 1)In2+ (t - 28 ) (K - 1)In2+ O()
k=0

(A.
= (K —1)In2+ O(%) (A.
A

7)
8)
= tlnt+ O(t), (A.9)

which is what we wanted. O

153



Lemma A.3. Let X, Y be two sets, Let T be an infinite binary edgewise
weighted expert tree from X to 'Y such that for all s € T, the domain of &
is fived', and Tar(E) =Y. Let x = (x1,x2,...) € XV, let (y1,42,...) € YN,
let z = (zg,yr) for all k € N*, and let T = Z(x) be an edgewise switching
pattern such that for any s € T, and t € c(s)

[ s_ng:OOOZf‘S‘:K—l
o 7T, ., = 01°° otherwise.

Then, to predict y,, E7 tries to use the deepest expert that has seen at
least one other data point before x,.

In other words, for all n > 1, E7(z,]z" 1) = 5S(xn)(zn|z”_l), where
s(z") € T is defined by: z, € Dom(E(zn)), "N Dom(&y(,ny) # 9, and
either |s(z™)| = K — 1 or 2"~ 1 N Dom(Ey(zny) = &, where t(z") is the child
of s(x™) containing x,.

Proof. Firstly, we recall that by Definition 4.40:

EIsat (y’Z7 ZC) = 1(Zsﬁt)¢t(z):0(88)|Dom(€t) (y‘Z, H?) + 1(Isat)¢t(z>:lgl’,t(y‘z7 .’13),
where ¢;(2") = [{zk|1 < k < n,z; € Dom(&)}|, if we use the fixed domain
convention, and the fact that Dom(&) =Y.

Let n € N and let us write s = s(a™).

Now, let s’ € T such that |s'| < |s| (in particular, || < K), and
xn € Dom(Ey) (i.e. s is a descendent of s); and let ¢ be the child of s’ such
that z,, € Dom(&y).

By definition of s(z™),z"~! N Dom(&(zny) # @. Consequently, ,, is at
least the second point in Dom(&y). Since Zy_p = 01°°, (ZSI_>t/)1+|xn—lﬂDom(5t,)‘ =
1, 50 E7.(@p|2" ) = Ezp (wp]2™ ).

We have just show that for any ascendent s’ of s, we have €7 g (v, |2 1) =
Ez v (zn]a™ 1), where ¢’ is the child of s which is also an ascendent of s (or
s itself). Consequently, &7 = &7 = E7 4(zn)-

Moreover, either "1 N Dom(&(2")) = @ or |s(2")] = K — 1. In
both cases, (Is(zn)—n(xn))1+\:v"*1ﬂDom(5t(wn))| = 0, so gI,s(xn)(xn’xnil) =
Es(an) (@n|z™ 1), which concludes the proof.

A.1 Balanced sequences

Proposition A.4. Let K > 1. If (z;) is well K-balanced, and I, J are
two intervals such that |I| = |J|, then the first point in I appears before the
K? + 1-st point in J. In other words, if t; is the index of the first point in
I:

il <i<traelJ} <K? (A.10)

S0 formally, Dom(&;) = (X x Y))* x D for some D, but we will write Dom(&;s) = D;.
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Proof. Let Nj(t) be the number of points in J at time t. We prove that
Ny(t) > K? implies Ny(t) > 1.
By definition, N;(t) < K|J|t, so Ny(t) > K? implies K? < K|J|t =
K|I|t (since Ny(t) > 1), so 1 < +|I|t and therefore 1 < [#|I[t] < Ny(2).
U

A.1.1 Specific sequence achieveing the bound in Section 5.3.1

We recall that (uy,)nen is the sequence defined by: up = 0, and for all k,m,

if0<m<2k, u2k+m:227,§—f11.
If 0 < m < 2%, we write I, = [J¢, )
Lemma A.5. Let k, k' € N, 0 <m < 2F, 0 <m/ < 2F.
Uiy € Ty iff M/ = |2V~ - 1(2m + 1)J.
Proof.
n 2m +1
Uk 4y € Tjy & m' = max{n € N, ok < W} (A.11)
& m' = max{n € N,;n < 28 F1(2m + 1)}, (A.12)
which is what we wanted. O

and
Lemma A.6. We have, for all k >0, 0 < m < 2k:

1. Ugk,y, is the second point in Iy pm: [{K', m'|2¥ +m/ < 2k+m,u2k/+m, €
Tem} =1

2. Ugky,, 15 al least the third pomt in Iyp_1\my2)- {&, /‘Qk/ +m' <
2k 4 My Ugk! 4 s € kal,Lm/2J}|

Proof. Firstly notice that for all k for all 0 < m < k, I m = Igt12m U
Ii+1,2m+1. Consequently, if & > 0, Iim C Ir_1 m/2)-

2 is therefore a consequence of 1 applied to Iy_q, /2] (the second point
I Iy 1 |my2) WaS Ugk—14 |1 /2]5 SO Ugk .y, IS at least the third).

Now, we can see that {ug} U {ugw |k < k,0<m' < 2K} = {5£10 <
n < 2%} (by induction: The odd n are by definition the ugr-1,,,, and the
even n come frome the previous uyw ., ,). Since Iy ,, is exactly of length = 5%

Jr
there is exactly one of the (YN K<k 0o<m< 2K in Iy .-
Finally, for m’ < m, ugk,y = 2;’,?:1 < ks SO Ugk |y ¢ Iym, which
concludes the proof. ]
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A.2 Loss of Normal-Gamma experts

This section contains various bounds on the loss incurred by Normal-Gamma
experts. They are used in section 5.3.

Lemma A.7 (General loss for a Normal-Gamma expert). Let d € N, D €
R%, N, a, BE€R, D CRY, and let ED oA a,8 be a Normal-Gamma expert on
D with regularization o, A, o, 8. We have:

I Ep s (2]2) = (a+t/2) In( ) CInT(at/2)+(a+/2) In VO+% ln(t—i—)\)—% In A+ In(2m)+InT (o),
(A13)
where Vi = ZB:rJrZ/\yf - (%‘%\7)2
Proof.

BV 1 _pr _Arlu—ug)®
ED0xa, (Z|®)=/ e e 2 P, (y)drdp (A14)
’ uwdr D(a)V2m K

B ﬂ/\tJrl ott/2-1/2 BT / o /\72”2 . Z(yi—uhdudT
D(a)v2m

W
(A.15)
_ ﬁa\/xt . 7_04+25/271/26767'[7_(17_7 (A16)
I'a)V2m s
A7p2

where I, = fu e~ 3 e 5 ZWi-m*qy. Now,

2 .
I = / %2 -3 Lwimm?qy = e~ MR- L’ (A.17)
u (t+ N7

so we have:

o . 2 .
Ep,0a,6(29) = ( )ﬁfjﬁ okt/21=pr TR (R (R g
I'a)\/ 27 t+ ) Jr
(A.18)
2 Uy
= Ba\/X Ta+t/271€_<6+%(?+yf _(E—y)\l)z)))TdT
T(a)v2r' \/(t+ A) =
(A.19)
— 5“;& Fott/2-1,—EAVor 4 (A.20)
P(@Var /) -
_ BV (o +1/2) (A1)
D(a)v2r /(+ A) (B2 )att/2y0 4/ '
The lemma. follows. =

156



We also add a useful decomposition of Vj:

Lemma A.8 (Another form of Vy). Let t € N, B, A > 0, (y;) € R, We
have:

L2439 (Sw\ 28 A D2 t 1\’
Vo = - = Tiaoaeea ey ) Vel

t+ A t+ A
(A.22)
Proof.
20+ y;  (Xwi)'_ 28 IO NS D V1 W D D1 S G NN
t+ A t+ A t+ A t+XA  (t+ N2t (t+N)? ¢ t+ A t

(A.23)

23 A S y? t\?
= L i A.24
s v S g MG D) (A.24)
O

We can extract the important terms under Condition 5.8 in the loss of
the Normal-Gamma experts computed in Lemma A.T7:

Lemma A.9 (Loss of Normal-Gamma experts satisfying Condition 5.8).
Lett € R, let S be a set of Normal-Gamma experts satisfying Condition
5.8 such that X\ is bounded on S. We have, for all z* = (z,y)* such that
2t € Dom(&)t:

1+1In27

_InE(2) = (a-+t/2) In Vot t—I—lnt—% InA—aln f+0(1), (A.25)

2
uniformly on S, where A\, «, B are the parameters of £, and Vy = 26;2)\ vi _
()
Proof. By Lemma A.7:
t+ A

~In&(2'@) = (a+t/2) In(

1 1 t
)—InT(a+t/2)+(a+t/2) In Vg—i—§ ln(t+)\)—§ In /\+§ In(2m)+InT(a)—aln j.

(A.26)
By Stirling’s formula:

(a+1/2) 1n(t+2A) (a4 4/2) = (a+ /2 ()~ (0t %)ln(a F1/2) + (a+1/2) + O(1)
(A.27)
—(a+ /2 SR e 4 S+ 1/2) 4 0(1)
(A.28)
= (a+t/2)((1+ %) -1+ 27a) +o(1/t)) +t/2 + %ln(a +t/2) +0(1)
(A.29)
— 2+ %mt +0(1). (A.30)
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Since « is a constant, we can conclude. O

Lemma A.10 (Uniform upper bound on the empirical average cost of a
point under condition 5.8). Lett € R, let S be a set of Normal-Gamma ex-
perts satisfying Condition 5.8 with \() = |Dom(E)|?, such that X is bounded
on S. We have, for all f: I — R K-Lipschitz, for all z* = (z,y)! such that
2! € Dom(€)t:

T In&(z2, ..., 2t|z1) < In|Dom(E)| + O(1), (A.31)

uniformly on S, where zy, 1= (Tn, f(zy)).

Proof. Let £ € S, and let us write € = |Tar(€)|. By Lemma A.7, if we write
Vo = 2843 f(w:)? (Zf(:vi))z_
0 t+A t+x /¢

—In&(z2,...,2e|21) = (a+t/2) ln(t + /\) —InT(a+1t/2) + (a+t/2) InVi(t)
(A.32)
~(at1/2) m%) +InT(a+1/2) - (a+ 1/2)In Vp(1)
(A.33)
+ 1ln(t—i— A) — 1ln/\—i— E111(27r) +InT(a) —alnp
2 2 2
(A.34)
- 1ln(l +A) + 1111)\ - 1111(277) —InT(a) + alnp
2 2 2
(A.35)
—di+do+ ;m(ii) 4! . L in(2m) (A.36)
=do+d; + O(t), (A.37)

where di = (a+t/2) In(*52)~InT(a+t/2)— (a+1/2) In(3F2) +In T (a+1/2),
and dp = (a+1t/2)In Vp(t) — (a+1/2) In Vp(1). We have, by Stirling formula,

dy = (a+ /2 () (a4 1/2) (D) “mD(a+ ¢/2) + mD(a + 1/2)
(A.38)
= (@ +1/2)n(} :i) (ot (t—1)/2)In(a + /2) + O(1) (A.39)
_ % (m(iii) (o + t/2)) +0(t) = O(1). (A.40)
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and

do = (o + £/2) In Vo(t) — (a + 1/2) In Vo(1) (A.41)
— (@ /2) Vo) — (@ +1/2) InVo(t) + (a + %)ln%(t) ~(a+1/2)In V(1)

(A.42)

= t;1 In Vo(t) + (a—l—%)(ano(t) —1n V(1)) (A.43)

Now, since |I| = ¢, and f is K-Lipschitz, Var(f(z;)) < (K$)?, and
A = €2, so:

28 1> fwi)?

t) = 2 ; A.44
W)= o3 A e Ty ) Vat@) (A-44)
o 28 2 1 Zf(%‘)2 2
ey T i e gy V@) (AdS)
B2 1 9 t L K?
<edb—— 4+ — — ) —). A4
Consequently In Vj(f) < 2Ine + cst.
Moreover
_ 28 1 f(zo)®
%(1)_1+/\+)\1+)\ L+ A (A.-47)
2B
> ¢? . A4
() (A.48)
Therefore, we have:
InVy(t) —InVp(1) < O(1) (A.49)

Consequently, we have di < O(t) and dgp < (¢t — 1)lne + O(¢), and
therefore,
—In&(zg,...,2z¢|z1) < (t—1)Ine + O(2), (A.50)

which is what we wanted. O
More generally, we have:

Lemma A.11 (Uniform upper bound on the empirical average cost of a
point under condition 5.8, with an arbitrary number of previous points).
Let t,u € R, let S be a set of Normal-Gamma experts satisfying Condition
5.8 with \(£) = |Dom(€)|?, such that X is bounded on S. We have, for
all f : I — R K-Lipschitz, for all 2! € (Dom(€) x R), for all (2')* €
(Dom(&) x R)" with u > 1:

- %lng(zt\(z')u) < In|[Dom(€)|+ O(1) + O(%ulnu), (A.51)
uniformly on S, where z, := (xp, f(xy,)) and 2}, := (2, f(z))).

n’ n
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Proof. Let £ € S, and let us write ¢ = |Dom(€)|. By Lemma A.7, if we
284 fzi)® _ (Zf(l’i))Q.
t+A =S

write Vy =

—lnS(zt\(z')“):(a+(t+u)/2)ln(t+u+>\)—lnF(a+(t+u)/2)+(a+(t+u)/2)an0(t+u)

(A.52)
—(a+u/2)ln(u—;)\)—I—InF(a—l—u/Z)—(a+u/2)an0(u)

(A.53)
—i—%ln(t—f—u—i—)\)—%ln)\—kt+uln(27r)+lnf( )—alnp

(A.54)
—%ln(u—l—)\)—i—%ln)\—%ln(ZTr)—lnF(a)—}—alnB

(A.55)
:d1+dg+;ln(t21§)\) tglln(%r) (A.56)
=dp +d1 + O(t), (A.57)

where d; = (a+ (t+u)/2) ln(%)—lnf(a—l—(t—{—u)/% (a+u/2) ln(%)
InT(a+u/2), and dyp = (a+ (t+u)/2) In Vo(t +u) — (o +u/2) In Vy(u). We
have, by Stirling formula,

dy = (a+(t+u)/2)1n(”g“) - (a+u/2)ln(u—;)\

)—InT'(a+ (t+u)/2) + InT(a+ u/2)

(A.58)
= (a+ (t+u)/2)In (;;ﬁ;:fu) — (@ +u/2)In <2“a++/\u) +O(t)
(A.59)
u t+u+ A U+ A
:2(1n<2a+t+u> —n <2a+u>)+0(t) (A.60)
= g(ln (1 + 20::3@&) —1In (1 + ;\a_—|—23>) +O(t) (A.61)
(i -y o) vo
—0(t). (A.63)
and
do = (o + (t+u)/2) In Vo (t +u) — (a +u/2) In Vo (u) (A.64)
= (a+ (t+u)/2)InVo(t +u) — (o +u/2) In Vot +u) + (o + %)ano(t—l—u) ~ (a +u/2) InVo(u)
(A.65)
_ %ln%(t—l—u)—l—(a—&-%)(ln%(t—i—u) — InVp(u)) (A.66)
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Now, since |I| = ¢, and f is K-Lipschitz, Var(f(z;)) < (K5)? for any
(7;), and \ = €2, so for any T

€Iy 2
W) = 75+ A ZTfi L (P Var (1) (A.67)
xT; 2
:UQM;iAY+¥TiAZ¥1; ()" Var(f (1)) (A.68)
2

Consequently In V5 (7T) < 2Ine + cst for any 7.

Moreover
Vo(u) = jf . i . Zi*zl +f<;c> + () Vargicu(f() - (AT0)
> ff}\ (A.71)
> N .
>¥uiA;fl, (A.73)
so InVp(u) > 2Ine — In(u) + cst and finally
InVp(t +u) —InVo(u) < In(u) + O(1) (A.74)

Consequently, we have d; < O(t) and dp < tlne + O(t) + O(ulnu), and
therefore,
—In&(Z|(Z)") < tlne + O(t) + O(ulnw), (A.75)

which is what we wanted. O

Lemma A.12 (Uniform lower bound on the average loss at interval size
e with n observations under condition 5.8). Let S be a set of Normal-
Gamma experts satisfying Condition 5.8 such that A\(£) = |Dom(€)|* and
E — |Dom(€)| is bounded on S. We have, for any € € S, for any (z") €
(Dom(&) x R)™

»

_ 1 1 1
L,.:= E<5’(z”|®) > (1- ﬁ) In |[Dom(&)| — ilnn +0(1), (A.76)
where O(1) is uniform on S.

Proof. Let £ € S, and let ¢ := [Dom(€)|. By Lemma A.9, we have:

1+In27

—In&(z"|9) = (a+n/2)InVy + 5

1
n+Inn — iln/\—alnB—I—O(l),
(A.77)
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2 .
where, if z = (zg,yx), Vo = w;gyi — (%}_&)2 > nQ—f)\, and by Condition

5.8, we have: o = cst, 3 = Be? + 0(¢?), so In3 = 2Ine + O(1).
Consequently:

1 « 24 1 «
—= "Z) > (— — —In\—— :
nlng(z |®)/(n—|—1/2)lnn+/\ 2nln/\ nln,@—i—O(l) (A.78)
> (g +1/2)(2lne —Inn) — 1 Ine—2%Ine + 0(1)
“'n n n ’
(A.79)
which is what we wanted. O
A.3 Pseudocode for CTW
Notation for the algorithm below:
The latest data point is x,, the previous data is 2"~ ! = (z,y)" !, and

we want to predict f(x,).

Each node s of the tree contains, in addition to the expert £s: two weights
ws € [0,1] the posterior weights for closing the node s,ns € N (initialized
to the prior weight), the number of data points that have already fallen in
Dom(&;), and x5 € s (useful only if ng = 1, the exact value of the data point
in Dom(&s).
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Algorithm 2 Infinite depth CTW algorithm for regression: computing
E(yn|2" 1, z,), and updating the tree

Current node: s. < ¢, buffer node sp.
Temporary variables: z € R, P, € R
Final probability density at y,, P € R
1. Reach the deepest node that is relevant for x,, with at least one observation.
while ns, > 1 do
Ns, — Ns, + 1
Sc < t(xn), where t(zn) is the child of s. such that z, € Dom(&(y,,))
end while
2. Separate the two observations by going deeper into the tree
T 4 T,
Sp < Sec
while s, = s. do
N, = 2
sp — t(x), where t(z) is the child of s. such that € Dom(&,;(4))
5c + t(2n), where t(x,) is the child of s. such that x, € Dom(&(,,))
end while
Ng, = 1; Ts, =
ns, = 1; s, = Tn
3. Updating the weights, starting from the leaves
P & (ynlz" "t )
while s. # ¢ do
sc « father(s.)
Py+ P
P = ws Es (ynlz"Han) + (1 — ws, ) P

ws‘gsc (yn‘zn_ly

Bayesian update of ws: ws “n)

end while
return P

The generalization to other algorithms (edgewise or using switch) is
straightforward.
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Appendix B

Geodesic 1GO

Proof of Proposition 10.1. Let us first consider the case k = 1.

When optimizing a linear function, the non-twisted IGO flow in G4 with
the selection function w : ¢ — 14<q, is known [OAAH11], and in particular,
we have:

B 5(%)0
it = po + alg) " (B.1)
oy = ogexp(a(qo)t), (B.2)

where, if we denote by N a random vector following a standard normal
distribution and F the cumulative distribution of a standard normal distri-
bution,

aand) = 5 ( [" 7 @Pau-w) (B.:3)
and:
B(q0) = E(N 1< r1(g0))- (B.4)

In particular, a := 04(%, 1) 2 0.107 and § := B(%) ~ —0.319.
With a minor modification of the proof in [OAAH11], we find that the
(M, N )-twisted IGO flow is given by:

e = o + 290 5 eepmua(ao)t), (B.5)
a(QO)

o = oo exp(nea(qo)t), (B.6)
Notice that Equation (B.5) shows that the assertions about the conver-
gence of (0,) immediately imply the assertions about the convergence of

(in)-
Let us now consider a step of the GIGO algorithm: The twisted IGO

speed is Y = (n,B00,ns000), with acg > 0 (i.e., the variance should be
increased: this is where we need gy < 0.5).
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Proposition B.5 shows that the covariance at the end of the step is (using
the same notation):

die" — ¢ eVt (d? 4 %)

0(8t) = o (O3 g) = 7O o &

=:0(0)f(dt), (B.7)
and it is easy to see that f only depends on §t (and on ¢gp). In other words,
f(t) will be the same at each step of the algorithm. The existence of dt,
easily follows (furthermore, recall Figure 8.1 in Section 8.2.1), and dt., is
the positive solution of f(z) = 1.

After a quick computation, we find:

Vi4+u?+1

exp(vdte) = . B.8
pdte) = AE (B:8)
where:
u:z,/niué, (B.9)
2nn, o
and:

Mo
vi= \/773042 + 5762 (B.10)

Finally, for w = k.14<4,, Proposition 9.4 shows that:

11 (Vita2+1
Stor — ~—n | Y2 (B.11)
kv V1i+u? -1
O

B.1 Generalization of the Twisted Fisher Metric

The following definition is a more general way to introduce the twisted Fisher
metric.

Definition B.1. Let (0, g) be a Riemannian manifold, (©1, gle,), ---, (On, gle,,),
a splitting (as defined in Section 9.1.2) of © compatible with the metric g.

We call (n1,...,mn)-twisted metric on (O, g) for the splitting O, ...,0,
éhe metric g on © defined by ¢'le, = ig\@i for1<i<n, and ©; L ©; for
1% 7.

Proposition B.2. The (1,,nx)-twisted metric on G4 with the Fisher metric
for the splitting N'(p, X) — (i, X) coincides with the (0, ns)-twisted Fisher
metric from Definition 9.1.

Proof. 1t is easy to see that the (1,,nx)-twisted Fisher metric satisfies the
condition in Definition B.1. O
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B.2 Twisted Geodesics

The following theorem can be used to compute the twisted geodesics from
the non twisted geodesics. It is a simple calculation.

Theorem B.3. Let n,,n1s € R, pug € RY, Ay € GL4(R), and (,[LD,EO) €
Tn(wo.a0ag) Ga- Let

h Gd — Gd

R TR (B12)

We denote by ¢ (resp. 1) the Riemannian exponential of Gy (resp. Gg with
the (0, ns)-twisted Fisher metric) at N'( Z—guo, Ao ALY (resp. N (o, AgAT)).
We have:

Wit o) = ho ¢(\/§ﬂ0,20) (B.13)

Proof. Let us denote by: <% IO> the Fisher metric in the parametriza-
P
tion p,3, and consider the following parametrization of Gg: (fi, %) —
VIS ~

The Riemannian exponential at N (uo, AOAOT) in this parametrization is:
ho o (dh(u, AgAL))™? (B.14)

However, in this parametrization, the Fisher metric reads:

=1, 0
um H B15
( : 12) , (B.15)

which is proportional to the (1,,7nx)-twisted Fisher metric up to a factor
n%' Consequently, the Christoffel symbols are the same as the Christof-
fel symbols of the (7,,nx)-twisted Fisher metric, and so are the geodesics.

Therefore, we have:
Y =ho¢o (dh(uy, AgAL)) 7L, (B.16)
which is what we wanted. O

For the remainder of this section, we fix 77, and 75; G4 is endowed with
the (1, nx)-twisted Fisher metric, and Gy is endowed with the induced
metric. The proofs of the propositions below are a simple rewriting of their
non-twisted counterparts that can be found in Sections 8.2 and 8.3 and can
be seen as corollaries of Theorem B.3.
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Theorem B.4. If y: t — N (u(t),o(t)2I) is a twisted geodesic of Gy, then
there exists a,b,c,d € R, such that ad —bc =1, and v > 0, such that

p(t) = 1(0) 4 2 i 7(0), 0(6) = S(c(0), with 7(8) = Rioc(t)) and:
aiet + b
cieVt +d’

Ye(t) = (B.17)

Proposition B.5. Let n € N, v, € R", vy, 7y, 0o, 00 € R, with o9 > 0.

2nny )\%U%Jrvcgr 1 vy Vg
Let Uy 1= ||’UH||, )\: 7770' V= 5 5 MO :X and SO = W

2
a4 ’UO’O

1 1
[/ MZ+S2-S0 1\ 2 o V/ME+S2+5S, 2
Let ¢ := (020 and d := % .

Let 1c(t) = o0 %55
Then:
v
Vit N (Mo AT ROC(D) %wc(t))) (B.18)
"

is the twisted geodesic off@n satisfying v(0) = (po,00) and ¥(0) = (vu, vs).
The regular geodesics of Gy, are obtained with 1, = 1, = 1.

Theorem B.6. Let v : t — N(u, X¢) be a twisted geodesic of G4. Then,
the following quantities are invariant:

1 4.
Jo=—% " u, (B.19)
Um
L o1
Iy =37 (—fup; +—X4). (B.20)
Um )

Theorem B.7. If u:t+— pp and 3 : t — X satisfy the equations:

f = Np2edy, (B.21)
¥ = neX(Jy — JthT) =Xty — Ziﬂt/ltT, (B.22)
where: .
Ju = nTLEo Ho,
and:

(1. 1.
Jy =3g" <uouoT + Eo) :
um ne
then t — N (u, Xt) is a twisted geodesic of Gg.

Theorem B.8. If y:t— pu; and A :t— Ay satisfy the equations:

i = n,AAT T, (B.23)
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Ai = "2 (s = Tl )" A (B.24)

where:
Ju = —(Ag) T Ay o
ym

and:
_ .1 1 . 1 .
Iy = (AgD)T A (—fopd + —AgAT + — Ao AD),
Um Ny Uy

then t = N (ug, A AT) is a twisted geodesic of Gg.

B.3 Pseudocodes

B.3.1 For All Algorithms

All studied algorithms have a common part, given here:

Variables: y, Y (or A such that ¥ = AAT).

List of parameters: f: R — R, step size 0t, learning rates Ny, 15, Sample
size A\, weights (wi)ie[l,)\], N number of steps for the Euler method, r Euler
step size reduction factor (for GIGO-X only).

Algorithm 3 For all algorithms.
= o
if The algorithm updates ¥ directly then
3« E()
Find some A, such that ¥ = AAT
else {The algorithm updates a square root A of ¥}
A Ao
¥ =AA"
end if
while NOT (Termination criterion) do
for i=1to A do
Zi ~ ./\/‘(07 I)
xi =Azi + 1
end for
Compute the IGO initial speed, and update the mean and the covariance (the updates
are Algorithms 4 to 8).
end while

Notice that we always need a square root A of ¥ to sample the x;, but
the decomposition ¥ = AAT is not unique. Two different decompositions
will give two algorithms, such that one is a modification of the other as a
stochastic process: same law (the z; are abstractly sampled from N (u, X)),
but different trajectories (for given z;, different choices for the square root
will give different z;). For GIGO-3, since we have to invert the covariance
matrix, we used the Cholesky decomposition (A lower triangular. The the
other implementation directly maintains a square root of ). Usually, in
CMA-ES, the square root of ¥ (¥ = AAT, A symmetric) is used.
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B.3.2 Updates

When describing the different updates, p, 3, A, the x; and the z; are those
defined in Algorithm 3.

For Algorithm 4 (GIGO-X), when the covariance matrix after one step is
not positive-definite, we compute the update again, with a step size divided
by r for the Euler method (we have no reason to recommend any particular
value of r, the only constraint is r > 1).

Algorithm 4 GIGO Update, one step, updating the covariance matrix.
1. Compute the IGO speed:
A

vy =A E wW; Z;
i—1

vy = Aiwi (zzzzT - I) AT,
i=1

2. Compute the Noether invariants:
Ju Zflvu,
s X7 (v p + vs).

3. Solve numerically the equations of the geodesics:
Unhappy <« true
Mo < p
Eo — X
k=0
while Unhappy do
M= fo
Y+ Yo
h « 6t/ (NrF)
for i =1 to Nrv* do
Wt ot hnu 3,
Y S+ heXS(Js — Ju")
end for
if ¥ positive-definite then
Unhappy < false
end if
k+—k+1
end while
return p, X
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Algorithm 5 GIGO Update, one step, updating a square root of the co-

variance matrix.
1. Compute the IGO speed:
A

vy = Azwizia
i=1
A
vy = AZwi (zzzZT — I) AT,

i=1

2. Compute the Noether invariants:
Ju X,
Iy E_I(Uut,u, —+ Uz}).

3. Solve numerically the equations of the geodesics:
h + 6t/N

fori=1to N do
p 4 pu+ b AATJ,
h T\T
A+— A+ 5172(]2 — Jup ) A
end for
return pu, A

Algorithm 6 Exact GIGO, one step. Not exactly our implementation; see
the discussion after Corollary 8.17.
1. Compute the IGO speed:
A

vy =A E Wi Zi,
i=1

A
Uy = AZwi (ziziT — I) AT,
i=1
2. Learning rates
A /77—E
um
B Ap
U = N AUy
VY < N2Us

3. Intermediate computations.
G2 A7 (WZ(A*)TA*U2 + 2%@5) (A™HT

Cy ch(%)

Cy + sh(%)G_l

T
R« ((c1 - A—IUZ(A*)TCQ)*)
4. Actual update
W At 2ARC’2A_1UH
A+ AR

5. Return to the “real” p

m
M
SRY

return pu, A
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Algorithm 7 xNES update, one step.

1. Compute G, and Gar (equivalent to the computation of the IGO speed):
A

GH = Zw,zl
i=1
A
— T
Gy = ;wz (zzzz I)

2. Actual update:
B+ nuAGy
A+ A+ Aexp(nsGur/2)

return pu, A

Algorithm 8 pure rank-; CMA-ES update, one step

1. Computation of the IGO speed:
A

Up = Z:wt(xt — K
vy = iwq ((9[:Z — ) (zi — )" — Z)

=1
2. Actual update:

M= vy
VX + [3K%>)
return p, X

Algorithm 9 GIGO in @d, one step.

1. Compute the IGO speed:
- 2 (@) (@wi—p) o
Y. = ;wz(fﬂz *;Uf) ; Yo = ;wi (T - 5)

2. Better parametrization:

A= Ldm
No

Ur 1= UJHYM” j Vo =N Yo

3. Find a, b, ¢,d, v corresponding to u, o, fi,6:

_jvE 42
= p
Vo Ur
So = 5 0= 3
va vo
.o VIR +ME =S o VS§+ MG+ So
= D=
c:=VC ; di= vD
4. Actual Update:
die?® — ¢

= 0—
cievdt +d

Y,
poi=p 4 AR(2) HY#H ;0= (2)
i

return u, o
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Applications of Information Theory to Machine Learning

Summary: We study two differ-
ent topics, using insight from infor-
mation theory in both cases: — Con-
text Tree Weighting is a text com-
pression algorithm that efficiently
computes the Bayesian combination
of all visible Markov models: we
build a “context tree”, with deeper
nodes corresponding to more com-
plex models, and the mixture is com-
puted recursively, starting with the
leaves. We extend this idea to a
more general context, also encom-
passing density estimation and re-
gression; and we investigate the ben-
efits of replacing regular Bayesian
inference with switch distributions,
which put a prior on sequences of
models instead of models. — In-
formation Geometric Optimization
(IGO) is a general framework for
black box optimization that recov-
ers several state of the art algo-
rithms, such as CMA-ES and xNES.

The initial problem is transferred
to a Riemannian manifold, yielding
parametrization-invariant first order
differential equation. However, since
in practice, time is discretized, this
invariance only holds up to first or-
der. We introduce the Geodesic IGO
(GIGO) update, which uses this Rie-
mannian manifold structure to define
a fully parametrization invariant al-
gorithm. Thanks to Noether’s the-
orem, we obtain a first order dif-
ferential equation satisfied by the
geodesics of the statistical manifold
of Gaussians, thus allowing to com-
pute the corresponding GIGO up-
date. Finally, we show that while
GIGO and xNES are different in gen-
eral, it is possible to define a new “al-
most parametrization-invariant” al-
gorithm, Blockwise GIGO, that re-
covers xNES from abstract princi-
ples.

Keywords: MDL, Switching, Prediction, Black-box optimization, Rie-

mannian geometry
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Résumé: On considere ici deux sujets
différents, en utilisant des idées issues de la
théorie de l'information:

— Context Tree Weighting est un algo-
rithme de compression de texte qui calcule
exactement une prédiction Bayésienne qui
considere tous les modeles markoviens visi-
bles: on construit un “arbre de contextes”,
dont les nceuds profonds correspondent aux
modeles complexes, et la prédiction est cal-
culée récursivement a partir des feuilles. On
étend cette idée a un contexte plus général
qui comprend également ’estimation de
densité et la régression, puis on montre qu’il
est intéressant de remplacer les mixtures
Bayésiennes par du “switch”, ce qui revient
a considérer a priori des suites de modeles
plutot que de simples modeles.

— Information Geometric Optimization
(IGO) est un cadre général permettant de
décrire plusieurs algorithmes d’optimisation
CMA-ES et

xNES. On transorme le probleme

boite noire, par exemple
ini-

tial en un probleme d’optimisation d’une

Mots clés: MDL, Switching, Prediction, Optimisation boite noire, Géométrie

riemannienne

Université Paris-Saclay

fonction lisse sur une variété Riemanni-
enne, ce qui permet d’obtenir une équation
différentielle du premier ordre invariante
par reparamétrage. En pratique, il faut
discrétiser cette équation, et l'invariance
n’est plus valable qu’au premier ordre.
On définit l’algorithme IGO géodésique
(GIGO), qui utilise la structure de variété
Riemannienne mentionnée ci-dessus pour
obtenir un algorithme totalement invariant
par reparamétrage. Grace au théoreme de
Noether, on obtient facilement une équation
différentielle du premier ordre satisfaite par
les géodésiques de la variété statistique des
gaussiennes, ce qui permet d’implémenter
GIGO. On montre enfin que xNES et GIGO
sont différents dans le cas général, mais qu’il
est possible de définir un nouvel algorithme
presque invariant par reparamétrage, GIGO
par blocs, qui correspond exactement a

xNES dans le cas Gaussien.
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