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Convergence log-linéaire du scale-invariant
(1/ 14y, N)-ES et 11 optimaux pour la recombinaison a
poids égaux pour de grande tailles de population

Résumé : Les Stratégies d’Evolution (SE) sont des méthodes a base de populations
adaptées a la parallélisation. Dans ce rapport, on étudie le SE avec recombinaison,
(1/ phwy A)-ES, particulierement dans le cas de grandes tailles de population. Nous
prouvous théroriquement le comportement log-linéaire de I’algorithme lors de la min-
imization d’une fonction sphérique et identifions la vitesse de convergence relative a
cet algorithme comme étant I’espérance d’une certaine variable aléatoire. En utilisant
des échantillonnages de Monte-Carlo pour calculer les vitesses de convergence dans
le cas de poids égaux, nous déterminons les valeurs optimales de p et proposons une
nouvelle formule pour choisir 1 pour de treés grandes valeurs de A. Cette regle est
comparée avec des regles proposées précédemment dans d’autres études. Les calculs
numériques montrent aussi une dépendence de la vitesse de convergence en In(\) ce
qui rejoint des résultats théroriques précédentes.

Mots-clés : Stratégies d’Evolution, Optimisation Numérique, Convergence log-linéaire,
Recombinaison, Poids de recombinaison, Sélection
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1 Introduction

Evolution Strategies (ESs) are robust stochastic search methods [2, 4] for solving con-
tinuous optimization problems where the goal is to minimizeﬂ a real valued objective
function f defined on an open subset of R?, At each iteration of an ES, new solu-
tions are in general generated by adding Gaussian perturbations (mutations) to some
(optionally recombined) current ones. These Gaussian mutations are parameterized by
the step-size giving the general scale of the search, and the covariance matrix giving
the principal directions of the Gaussian distribution. In state-of-the art ESs, these pa-
rameters are adapted at each iteration [l [2} 4] 5]. We focus on isotropic ESs where
the step-size is adapted and the covariance matrix is kept equal to the identity matrix
1,; and therefore the search distribution is spherical. Adaptation in ESs allows them to
have a log-linear behavior (convergence or divergence) when minimizing spherical ob-
jective functions [[11} |13} 16} 8]]. Log-linear convergence (resp. divergence) means that
there exists a constant value ¢ < 0 called convergence rate (resp. ¢ > 0) such that the
distance to the optimum, d,,, at an iteration n satisfies lim,, % In(d,) = c. Spherical
objective functions are defined as

f(x) = g(ll]D), (1)

where g : [0,00[— R is a strictly increasing function, 2 € R and ||.|| denotes the
Euclidean norm on R?. Log-linear behavior holds also when minimizng spherical
functions perturbed by noise [12].

In this report, we investigate ESs with weighted recombination, denoted (gt/ iy, \)-
ES, and used in the state-of-the-art ES, the Covariance Matrix Adaptation-ES (CMA-
ES) [5]. The (u/tw, A)-ES is an ES which evolves a single solution. Let X,, be
the solution (the parent) at iteration n, A new solutions Y? (offspring) are then gen-
erated using independent Gaussian samplings of mean X,,. Then, the offspring are
evaluated, the i best offspring (Y%)\)lgig u are selected and the new solution X, ;1 is
obtained by recombining these selected offspring using recombination weights denoted
(wi)1<i<#, ie, Xpq1 = >0, inf{)‘ We will specifically study the (11/ iy, A)-
ES with large (offspring) population size A\ compared to the search space dimension
d, i.e., A > d. This is motivated by the increasing possibilities of parallelization
with the raise of the number of parallel machines, supercomputers and grids. ESs are
population-based methods and then are well suited for parallelization which consists in
distributing the number of evaluations A on the processes available. The performance
of the (p/ 1y, A)-ES as a function of X has been theoretically investigated [14] [16].
Under the approximation d — 400, the study in [14] investigated the (t/ fty, A)-
ES minimizing any spherical function and using an artificial step-size adaptation rule
termed scale-invariant which sets the step-size at each iteration proportionally to the
distance of the current solution to the optimum. The progress rate ¢ which measures
the one-step expected progress to the optimum verifies ¢ = O (u In (%)) [14]. This
suggests that, if p is chosen proportional to A, the progress rate of the (u/ iy, A)-ES
can be linear in p and in A. The study in [16] is based on a theoretical computations of
lower bounds for the convergence ratio which measures the convergence rate in proba-
bility of wide classes of ESs. It shows that the convergence ratio of the (f/fty, A)-ES
varies at best linearly with In(\) for sufficiently large A\ when minimizing any spher-

'Without loss of generality, the minimization of a real value function f is equivalent to the maximization
of —f.
2If 1 = 1, only the best offspring is taken and then the (f1/ 14, A)-ES is simply the (1, A)-ES.
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ical function [16]. This suggests that the bound found in [14] is not tight for finite
dimensions.

A natural question arising when using recombination is how to choose the number
of offspring p to be recombined. Studies based on computations of the progress rate
when the search space dimension goes to infinity suggest to use p = L%J [14] or

=13 [7 for two different choices of the (positive) weights (w’), _, <, CMA-ES
DN

which has been designed to work well on small population sizes uses 1 = [5] as a
default parameter. However, when using a large population size A, the convergence rate
A A

of some real-world algorithms tested in [15 9] using the rules u = |3 ] or p = | 5|
as recommended in [14} [7] is worse than the theoretical prediction of [16]. This is
due to the fact that the rules used in these tests for choosing p, are recommended by
the studies performed under the approximation (d — +o0) [14}[7] and thus under the
assumption A < d. For some values of A and d such that A > d, Beyer [18]] computed,
using some approximations permitted by the assumption (d — +00), optimal choices
for 1+ when minimizing spherical functions. However, no explicit rule for the choice
of 1 has been proposed when A > d. Performing experiments with A\ > d on a
(1/ pw, A)-ES using equal weights, the so-called self-adaptation rule for the step-size
and two variants for the covariance matrix adaptation, Teytaud [[LO] proposed to choose
1 equal to min{d, | |}.

Since it is in general difficult to appraise whether the effect observed when chang-
ing the setting of one parameter on a real algorithm is coming from the fact that the
setting of an other parameter may subsequently becomes sub-optimal, we want here to
identify independently of any real step-size or covariance matrix update rule the opti-
mal setting for p especially for lagre A. This optimal setting can be used to identify
a rule for choosing best optimal values p in real-world algorithms like CMA-ES. We
want also to verify whether an optimal choice for y allows to have a dependency of
the convergence rate in In()) and thus reach the lower bounds predicted by [16]. In
order to do so, we perform in this report a theoretical and numerical investigation of the
convergence and the optimal choice for 4 relative to the isotropic (1i/ fiy, A)-ES. We
focus on large population sizes. The objective functions investigated are the spherical
functions allowing ESs which do not use recombination to reach optimal convergence
rates [6, 18]]. In Section @ we present the mathematical formulation of the algorithm.
In Section 3] we identify the optimal step-size adaptation rule of the algorithm when
minimizing spherical functions. In Section 4] we theoretically prove the log-linear
convergence of the algorithm using the scale-invariant adaptation rule and identify its
convergence rate. In Section [5] using Monte-Carlo computations of the convergence
rate, optimal p values and optimal convergence rates are derived for some dimensions
and in the specific case of equal weights (w")1<;<,. A new rule for choosing s is pro-
posed based on our results. Proofs of theoretical results are presented in the appendix.

Preliminary Notations In this report ZT denotes the set of non-negative integers
{0,1,2,...}, N denotes the set of positive integers {1,2,...} and px and A are two
positive integers such that 1 < p < \. The recombination weights w?, 1 < i < y are
strictly positive constants which verify >°1 | w® = 1. The unit vector (1,0,...,0) €
R? is denoted as e;. (€2, A, P) is a probability space: 2 is a set, A a o-algebra defined
on this set and P a probability measure defined on (2, .A).

3The rule proposed in [7] where negative weights are allowed is rather ;z = X, but the study implies that
if the weights can be only positive the rule becomes p = L%J

RR n° 7275
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2 Mathematical Formulation of the Isotropic (1t/ iy, \)
Evolution Strategy Minimizing Spherical Functions

In this section we will introduce the mathematical formulation of the isotropic (gt/ tty, \)-
ES for minimizing a spherical function . Let Xy € R9 be the first solution randomly
chosen using a law absolutely continuous with respect to the Lebesgue measure. Let
o9 be a strictly positive variable (possibly) randomly chosen. Let (N;)ie[l’ Al,nez+» be
a sequence of random vectors defined on the probability space (€2, .A, P), independent
and identically distributed (i.i.d.) with common law the isotropic multivariate normal
distribution on R with mean (0, . . .,0) € R? and covariance matrix identity I, which
we will simply denote N(0, I). We assume that the sequence (N7, );c[1,],nez+ is in-
dependent of X. Let o,, be the step-size mutation at iteration n such that for all
(i,n) € [1,\] x Z*, 0, and N, are independent. An offspring Y’ wherei = 1,..., A
writes as Y!, := X,, + 0,,N?, and its objective function value is g(||'Y?]|) in our case
of minimization of spherical functions. Let Ni;A (Xp,0n) (1 <@ < p) denotes the
mutation vector relative to the i* best offspring according to its fitness value. As the
function ¢ is increasing, the vectors N%*(X,,, 0,,) (where, for all 7 in {1,...,u}, the
indices i: A are in {1, ..., A}) verify:

X0+ 0N (X 00) and

<...< HX” + O'nNﬁ:)\(Xnv Un)

X0+ 0uNEA (X, 0)

‘ < || X 4 0N ||V € {1, AN A, AT

)
Using the fact that 3% ; w® = 1, the new parent X, 11 = >4, w’Y%* can be
rewritten as:
m
Xpi1 = Xn+00 » w'NANXp,00). 3)

i=1
In the specific case where the scale-invariant rule is used for the adaptation of (¢, ) ,ez+,
i.e., o0, = 0||X,|| (with o > 0), the previous equation becomes:

N
Xpi1 =X + 0] Xn]| Y ' NIANXy, 0| X)) - (4)

i=1

Finally, o, is updated, i.e., 0,11 is computed independently of N?, 4y foralli € [1,A].
Throughout the remainder of this report, we will denote in a general context where
u € R s € Rand (N);e1,0,nez+ is a sequence of random vectors (i.i.d.) with
common law N(0, I;) and such that for all (i,n) € [1,\] x ZT, N¢ is independent
of u and s, N%*(u, s) the random vector which verifies where X,, and o,, are
respectively replaced by u and s. Forn = O andi € {1,..., u}, the notation N§*(u, s)
will be replaced by the notation N (u, s).

3 Optimal Step-size Adaptation Rule When Minimiz-
ing Spherical Functions
The (log-linear) convergence rate of the isotropic scale-invariant (g/ iy, A)-ES mini-

mizing any spherical function and satisfying the recurrence relation (@) is, as will be
shown in Section[d] the function V that we will introduce in the following definition.

RR n° 7275
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Definition 1 Let e; denotes the unit vector (1,0,...,0) € R% Foro > 0, let Z(c) be
the random variable defined as 7(0) := |le1 + o i w'N**(e1, 0)|| where the ran-
dom variables N“*(ey, o) are obtained similarly to (2) but with n = 0 and (X,,, 0,,)
replaced by (e1,0). We introduce the function V as the function mapping [0, +oo| into

R as follows:
] . (5)

Fig. 1| (top, left) represents numerical computations of the function V in some specific
settings. In the following proposition, we show that V is well defined and we study its
properties. Note that in the following, the notation V will be sometimes replaced by
V,, when we need to stress the dependence of V on p.

V(o) :==FE[InZ(o)] = E |In|le; + aiwiNM(el, o)

i=1

Proposition 1 The function V introduced in (5 has the following properties:
(i) V is well defined for d > 1, and continuous for d > 2, on [0, +o0.
(ii) Ford > 2, limy— 1o V(o) = +00.
(i) Ifp < 3, ford>2 36 > 0suchthat V(5) < 0.
iv) Ifp < %,ford > 2, 3 0opt > 0 such that inf (5>, V(o) = V(oopt) < 0.

V) Ford > 2and A > 2, if p < A/2, 3 (0opt, ftopt) Such that V,u(,pt(o—opt) =
inf{gzoﬂug)\/g} V#(O') < 0.

Proof: see page[2§]

Summary of the proof A basic step in the proof of (i) and (ii) is to write V as the
sumof VF (o) := FE [ln+ Z(0)] and V™ (o) := E [In~ Z(0)]. Then, for (i), integrands
in these quantities are upper bounded by quantities which do not depend on ¢ and the
result follows by the Lebesgue dominated convergence theorem for continuity. For
(ii), we show that V(o) is lower bounded by an expectation of a given random variable
which depends on 0. We show using the Monotone convergence theorem that this lower
bound converges to infinity when o goes to infinity and then the result follows. For
proving (iii), we prove before, using the concept of uniform integrability of a family of
random variables that d V (%) (0" > 0 fixed) converges to a certain limit depending
on o* when d goes to +o00. Using the fact that this limit can be negative for a given
o we prove our claim. (iv) is proven using (i), (ii) and (iii) and the intermediate value
theorem. (v) follows easily from (iv).

An important point that we can see from this proposition is that, given A > 2
and d > 2, and under the condition ; < A/2, 1 and o can be chosen such that the
relative convergence rate V is optimal (v). We conducted numerical computations of
V in the case where d = 10, A = 10 and equal weights (w")1<;<,, . The cases with
p# = 1,2 and 5 are represented in Fig. [I] (top, left). It can be seen that the curves
are in conformity with (i), (iii), (iv) and (v) of Proposition [I} In particular, for each
11, there exists a o, realizing the minimum of V and we can see that the optimal g
(among the represented p values 1,2 and 5) is 2. In the following theorem, we will see
that the optimal value of V is also the optimal convergence rate in expectation that can

RR n° 7275
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Figure 1: Top, left: Plots of the normalized convergence rate d X V“(%) where V,
(= V) is defined in as a function of o* > 0 with d = 10, A = 10, v’ = i, Vi=
1 ,iwand p € {1,2,5}. The plots were obtained doing Monte-Carlo estimations
of V using 10° samples. Other curves: Optimal convergence rate (d x \/'#(U:;’ipt )
associated to different choices of 1 and pop realizing the minimum of (o*, ) —
VM(%), as a function of \ for dimensions 2, 5, 10, 30, 100.

P

be reached by the (1/f1.,, A)-ES minimizing a spherical function and using any step-

size adaptation rule (o,,),>0, or more precisely, the smallest value of %E [ln ll;?%]
3)

that can be reached by the sequence (X,,),>0 satisfying the recurrence relation (
This optimal value corresponds also to the smallest value of %E {111 %] that can be

reached by the isotropic scale-invariant (1/f,,, A)-ES minimizing a spherical function,
i.e., where (Xn)nzo satisfies the recurrence relation (EI) with 0 = 0.

Theorem 1 Let (X,,),,>0 be the sequence of random vectors satisfying the recurrence
relation (3) and relative to the 11/, \)-ES minimizing any spherical function ().

RR n° 7275
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Then, for A\ > 2 and d > 2, we have

[1Xon]|
[1Xol

%E iin i > V(0opt) (©)

where 0o is given in Propositionas Oopt = argmin {U>O}V(O‘) and V(o) corre-

sponds to %E [ln ( Ilg(( H )} Sora (] i, N)-ES using the specific scale-invariant adap-
tation rule with oy, = 0opt|| Xy || and minimizing any spherical function (I).

Proof: see page |33

Summary of the proof The first step for proving the theorem is to remark that:

IIXk+1lq
E{ln
[1X k]
Xy -
=F|E |In ZA( | k,O'k) .
TR+ TR 2 NE R T H

By the isotropy of the norm function and of the multivariate normal distribution, the

term HXR‘H in the previous equation can be replaced by e;. Then F [ln ”ﬁg’z*ﬁ”] =

E [V (HXHI )] where E [V (Hg‘(—’;‘l)] is, by Proposition lower bounded by V(op:).
The result follows from summing such inequalities from k =0to k =n — 1.

This theorem states that the artificial scale-invariant adaptation rule with the spe-
cific setting 0,, = 0opt|| Xy || is the rule which allows to obtain the best convergence
rate of the (4/ 4, A)-ES when minimizing spherical functions. The relative conver-
gence rate is then a tight lower bound that can be reached in this context. Then, for our
study on minimization of spherical functions, we will use the (11/f1,,, A)-ES with the
artificial scale-invariant adaptation rule, i.e., with o,, = || X,,|| where o is a strictly
positive constant. In the specific case where o equals o,,;, the convergence rate is
optimal.

4 Log-Linear Behavior of the Scale-invariant (;//i,,, A)-
ES Minimizing Spherical Functions

Log-linear convergence of ESs can be in general shown using the application of differ-
ent Law of Large Numbers (LLN) such as LLN for independent or orthogonal random
variables or LLN for Markov chains. Log-linear behavior has been shown for ESs
which do not use recombination [[11} 16} [13} 8]]. The key idea of the proof is stated in
the following proposition.

Proposition 2 Let o > 0 and let (X,,),, be the sequence of random vectors satisfying
the recurrence relation (4| (I) We introduce the sequence of random variables (Zy,)nc7+

by 7, = H = +oY b, w'NEA (HX 0o H where N2 (m,a) are obtained

similarly to (2) but with replacing (X,,, 0,,) by ( XA ) Then for n > 0, we have

11X, 1=
—1In = — InZy a.s. @)
IXol —n 2 InZ

RR n° 7275
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Proof: see page[36]

Using the isotropy of the norm function and of the multivariate normal distribution, the
terms In Zj, appearing in the right hand side of the previous equation are independent
identically distributed with a common expectation V(o) which we have proved to be
finite in Proposition[I] The following theorem is then obtained by the application of the
LLN for independent identically distributed random variables with a finite expectation
to the right hand side of the previous equation.

Theorem 2 (Log-linear Behavior of the Scale-invariant (1/ ., \)-ES) The scale-invariant
(1) phaw, N)-ES defined in (E]) and minimizing any spherical function converges (or
diverges) log-linearly in the sense that for o > 0 the sequence (X,,),, of random vec-

tors given by the recurrence relation () verifies

1
lim —In|X,| =V 8
Jim = In[X, | = V() ®)

almost surely, where V refers to the quantity defined in (D).
Proof: see page[36]

Theorem establishes that, provided that V is non zero, the convergence of the scale-
invariant (u/p, \)-ES minimizing any spherical objective function given in (1)) is log-
linear. This theorem also provides the convergence (or divergence) rate V(o) of the
sequence (In (|| X, ])),,: If V(o) < 0, the distance to the optimum, (||X,||)»>0, con-
verges log-linearly to zero and if V(o) > 0, the algorithm diverges log-linearly. From
Proposition [I} we know that, for all d > 2, for all A > 2 and all © > 1 with the
condition p < A/2, there exists o > 0 such that V(o) < 0 and therefore the algorithm
converges. Moreover, by the same proposition, we know that for any d, A > 2 there is
an optimal choice of (o, 1) such that the optimal convergence rate is reached.

A practical interest of this result is that if someone chooses the optimal value of
1 and is able to tune the adaptation rule of his algorithm such that the quantity ”;—“H
is (after an adaptation time) stable around the optimal value for o, a convergence rate
close to the optimal convergence rate can be obtained at least for spherical functions.
This can be useful especially for choosing 1+ when the population size X is large.

The goal is then to compute those optimal values (i.e., ftopt and o,p¢) depending on
A and d. Fortunately, another important point of Theorem [2]is that the convergence rate
is expressed in terms of the expectation of a given random variable (see Definition [T]).
Therefore, the convergence rate V can be numerically computed using Monte-Carlo
simulations. Numerical computations allowing to derive optimal convergence rate val-
ues and relative optimal values of 1 will be investigated in the following section.

5 Numerical Experiments

In this section, we numerically compute, for a fixed dimension and A, values of u
leading to optimal convergence rates. We compare the convergence rate associated
to those optimal p with the ones obtained with previous choices of 1 (proportional
to [A/2], ...). We also investigate how the optimal convergence rate depends on the
population size A in particular for A > d. The context of our numerical study is

RR n° 7275
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the specific (p/pw, A)-ES with intermediate recombination, i.e., with equal weights
wt = %, (i =1,..., ) which is simply denoted (p/ s, \)-ES.

Since V is expressed in terms of expectation of a random variable, we can perform a
Monte-Carlo simulation of the normalized convergence rate dx V , ("7) where ¢* > 0
is called normalized step-size. The values computed are then relative to the scale-

invariant (u/p, A)-ES with o, = % IX;.|| and minimizing a spherical function. Our
experimental procedure relies on finding the minimal value of (¢*, ) — d x V,, <"7>
for 4 in a range firange and for values of o* taken in a range orange. The minimal

Topt

value, denoted d x V Lopt ( = ) , 1s the normalized optimal convergence rate. However,

we will also call ‘normalized optimal convergence rate’ the minimal value of o* —
dxV, (%) for p fixed which we denote d x V,, (Uzl” ) The difference should be
clear within the context.

As a first experiment, we tooK firange = {2%:k € Z*and 2F < %} and Orange =
In(p + 1) *x In(A\) = [0 : 0.1 : 3]. We experimented discrete values of A from A = 5 to
A = 10° with a number of Monte-Carlo samplings decreasing as a function of \ from
10* to 500. These first computations show that for the values of A and d tested, the
approximation

*

i dxV, (%) ~ a(\, d) In%(p) + b\, d) In(p) + c(N,d)  (9)
g Orange

is reliable (for > 1) and we determined numerically the coefficients a(\, d), b(\, d)
and c¢(\, d). Using these quadratic approximations, we performed a second serie of
tests where the values of 1 were taken around the optimal value of the polynomial
approximation, orange = m * In(pt + 1) * In(X) * [0 : 0.1 : 3] (with m < 2) and using
more Monte-Carlo samplings.

In Fig. ] (left), we plotted the normalized optimal convergence rate values and
the optimal normalized convergence rates relative to the rule ;1 = min{ L%J ,d} from
[LO] as a function of A\ and for different dimensions. It can be seen that the optimal
convergence rate is, for A sufficiently large, linear as a function of In(X). This result
is in agreement with the results in [16]. This figure shows also that the rule y =
min{[%] ,d} provides convergence rates very close to optimal ones. The curves in
Fig. ] (left) are smooth. However, to obtain the exact optimal values of y (denoted
Hopt), we would need a very large number of Monte-Carlo samplings and (in parallel)
a very small discretisation in o* that is not affordable. Therefore, we plotted in Fig. [2]
(right), the ranges of y values giving the optimal convergence rate up to a precision of
0.2, as a function of A\ and for dimensions d = 2,10, 30 and 100. Those ranges are
called 0.2-confidence intervals in p in the sequel. In the same graph, we plotted values
of y computed as the argmin of the polynomial approximation (9) that we denote /i4p,.
It can be seen that py, values are in the 0.2-confidence interval in p. However, the
values ¢ = min{[%],d} for A = 10* and d € {10, 30,100}, are not in the 0.2-
confidence interval in p. In FigureE], we compare, for dimensions 2, 5, 10, 30 and 100,
optimal convergence rates for different choices of 11, namely p = 1, [ 3] ([14]), | 3]
([, min{ L%J,d} ([10]) and the optimal rule (i.e., yop values). We observe, for all
the dimensions tested, that for /2 equal |4 | and | 3 |, the convergences rate do not scale
linearly in In(\) and are then sub-optimal. For s« = 1 and min{| % |, d}, the scaling is
linear in In()) and close to the optimal convergence rate for 11 = min{[% ], d} for all
the dimensions tested.
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Dimensions 2, 10, 30 and 100 Dimensions 2, 10, 30 and 100 —- precision0.2
0]
120 =—se—d=2 s
—&—d=10

d=30
100 =p=d=100

80

401

Normalized convergence rate

_a0F ——Hopt 201

—»— p=min{d,[A/4}

10° 10° 10* 10° -0

Figure 2: Left: Plots of the normalized optimal convergence rate d x V., (U‘:’jpt)

where V(= V) is defined in (5) and optimal convergence rate d x V,, (U‘Ef‘) relative

to the rule ¢ = min{|% |, d}, as a function of A (log-scale for ) for dimensions 2,
10, 30 and 100 (from top to bottom). Right: Plots of the values 1, (solid lines with
markers) giving the optimal y relative to the quadratic approximation (9) together with
extremity of range of p values (shown with markers) giving convergence rates up to a
precision of 0.2 from the optimal numerical value. The dimensions represented are 2,
10, 30 and 100 (from bottom to top).

Dimensions 2, 5, 10, 30 and 100 Dimensions 2, 5, 10, 30 and 100

—B—d=2

4.5-——d=5

1 1.5 2, 3
In(In(lambda)) In?(In(lambda))

Figure 3: Plots of the logarithm of the argmin p values (denoted (i) of the quadratic
approximation in @ as a function of In(In(\)) (left) (In*(In(\)) (right)) for dimen-
sions 2, 5, 10, 30 and 100.

Fig. 2| (right) suggests also that the values of 1, vary as a function of In(\). Some
preliminary plots, lead us to make the hypothesis that ;5 values varies as a function
of In®@)(\) where a(d) depends on the dimension. To check this hypothesis, we
plotted In(zp,) as a function of In(Iln(\)) as represented in Fig. [3| (left). This figure
suggests that In /5, ) could vary as a function of In*(In()\)) which has been confirmed
by Fig.[3|(right). This suggests that a good setting of  for A large is such that In (g ) =
a(d) In”(In(X)) 4+ B(d) where a(d), 3(d) > 0 are some constants that have to be tuned
for each dimension.
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6 Conclusion

In this report, we have developed a complementary theoretical/numerical approach in
order to investigate the isotropic (/t,,, A)-ES minimizing spherical functions. First,
we have shown the log-linear convergence of this algorithm (provided good choice of
parameters) with a scale-invariant adaptation rule for the step-size and we have ex-
pressed the convergence rate as the expectation of a given random variable. Second,
thanks to the expression of the convergence rate, we have numerically computed, using
Monte-Carlo simulations, optimal values for the choice of ;2 and 7= and their relative
optimal convergence rates. We have investigated in particular large values of A\. Our
results suggest that the optimal x4 is monotonously increasing in A as opposed to the
rule o = min{| 4], d} proposed in [10] but that however this latter rule gives a con-
vergence rate close to the optimal one. We have confirmed as well that for the rules
i = 2] and %], the convergence rate does not scale linearly in In()\) and is thus
sub-optimal.
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Appendix

We provide in the appendix the proofs of the theorems stated in the core of the report.
The proofs often require intermediate results. These intermediate results are organized
in lemmas and propositions that are stated and proven in the following section, before
to tackle the proofs of the main results.

Useful Definitions and Preliminary Results

Further definitions and notations We recall here that Z* denotes the set of non-
negative integers {0, 1,2, ...} and N denotes the set of positive integers {1,2,...}. We
recall that e; is the unit vector (1,0,...,0) € R% For u, A € Nsuchthat 1 < p < ),
Py = (/\%'u)' is the number of permutations of ;. elements among a set of A elements
Foraset A, z — 1 4(z) denotes the indicator function that is equal to one if z € A and
zero otherwise. (2, A, P) is a probability space: ) is a set, A a o-algebra defined on
this set and P a probability measure defined on (€2, A). For p € N, R? is equipped with
the Borel o-algebra denoted 28 (R?). For a subset S C RP, B(S) will denote the Borel
o-algebra on S. If X is a random variable defined on (2,4, P), i.e., a measurable
function from € to R, then, for B C R, B € B(R), the indicator function 1x¢p;
maps 2 to {0,1} and equals one if and only if X(w) € Bforw € Q: w € Q —
Liw:x(w)eB} (W). N(a,b?) denotes a normal distribution with mean ¢ and variance b*.
N(0,C) denotes the multivariate normal distribution with mean (0, ...,0) € R¢ and
covariance matrix C'. We recall that the identity matrix is denoted .

Definition 2
For a given u € R and s > 0 fixed, we introduce the map h{u’s} : R? — R such that,
fora € R4, we have

hiu,sy(@) = [Ju+ sal|. (10)
Let (N;)ie[l,/\],nez+ be a sequence of random vectors defined on (2, A, P), i.i.d. with
common law N (0,1;) and independent of u. For all n > 0, We define the vector

(NLMu, 8), ..., NEXu, s)) as the random vector containing yu different elements
from the set {N%,, i € [1,\]} and verifying

hiusy (NEM(u,8)) <0< hyusy (NB(u, 5)) and
Busy (NEXMu, 8)) < hyysy (N (u,8)) Vi € {1, AN {10A, o e d} . (1D

Forn > 0, we define the random vector M, (u, s) as the recombination of the y vectors

N u, s), 1 <1 < pusing the weights w', i = 1,..., p, i.e.,
ILL . .
M, (u,s) := ZwlNif‘(u, s). (12)
i=1

Remark 1 The relation is then a specific case of where (u, s) is replaced by
(X, 0n). Moreover, using the previous definition, the relations and (E]) will be
respectively replaced in the sequel by

Xn+1 = Xn + UnMn(Xn; Un) (13)
and

X7L+1 - Xn + O'HXnHMn(Xna U||X7l||) . (14)
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Forn = 0, we respectively replace in the sequel, the notations Ni, NEA(i=1,...,))
and My by the notations N*, N“* (i = 1,..., \) and M.

The probability density function of the random vector
(NT M, ), ..., N (u, 8),..., NFA(u, 5))

introduced in (where the notation (N'(u,s),...,N**(u,s),...,N¥(u,s))
replace the notation (N}J", ., NiMu, 8), ..., NE (u, s)) in ) is given in the
following lemma.

Lemma 1 For fixed u € R? and s a positive constant, let hgu,sy be the map introduced

in (@) The probability density function of the random vector (Nl:)‘(u, ), ..., NEA (u, s))
selected according to hyy s as introduced in is the function py, sy mapping R#d
into Rt:

1 1 EL
p{%s}(x ,...,l"u): R 2 'P)\X

N

(2m)%
1 A—
Ly @< <hpy (@)} (z', .. a") PAH [hyy ey (3%) < hyysy (N)]

where N is an independent random vector following N'(0, 1).

Proof. Let (N%);c(1,5) be A independent samplings of (0, I5). For fixed v € R? and
s > 0, we recall that hy, 4 : R? — R is the map introduced in by hiusy(a) =
||lu + sal| for all a in R?. We are going to compute the probability density function of
the random vector (N'*(u, s),..., N (u, s),...,N#?*(u, s)). The random vector
(N (u,s),...,N*(u, s),...,NFA(u, s)) verify:

sy (NP2 (w1, 8)) <o < ) (NFRA (0, 8)) o < gy s (N# 2 (uy8)) . (15)

The number of possibilities for the choice of the indexes 1 : A,...,u : A (i.e., for
the choice of the elements having the p least values according to the function h) is

Py = ﬁ Let (A',..., A") € B(R*). As the variables (N%);c(1 5 play the
same role, we have:

P{N" e AL, N e Al NFA e AF) = PYP(EyNE; N E3)  (16)

with _ A
By = [, (N e A1)} |

By = {h{u,s}<N1) < h{u,s}(NQ) <...< h{u,s}(Nu)} )
and
The probability P(F; N Es N E3) can be rewritten as:

P(E1NE>NEj3)

=B~y (L EinEnEs ]

= Epne,oney [Bpnesr,onoy L nganesy INT, - NPT )
= Ene,oney Uy X Bpnerr,onoy [Lsanesy INT, ., NF |
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For a given (N, ..., N¥ u, s), we define the quantity H(N!, ... , N v, s) as
H(N',... ,N* u,s) == PYEu+ nvy [Limane N .. NA]
By (I6) and (I7), one can write:
P{N'"* e A", .. N** € A"} = Epnr ey [Dgeyy x HINT, L NP, s))]

Moreover, we have:

1
HINT, ... N¥,u,8) = Pf]l{h{u,s}(Nl)sh{u,s}(N’?)..Agh{u,s}(N“)}

P)\iﬂ {h{u:S}(NH) < h{u,s}(N)|NH7yﬂ} s

where N is an independent random vector following N(0, I;). Finally, we get:
oo, NF)Y € /(
O

Thanks to the isotropy of the standard d-dimensional normal distribution A/ (0, I),
we can state the following important lemma that will be also used in several results.

P {(N' Al x . ox A} =

1 g Els
e 2 H(z',... 2" u,s) | dot ... da".
(2m) >

Lemma 2 Let u be a fixed vector in R? such that ||u|| = 1 and let s be a positive
constant. Let M (u, s) be the random vector introduced in . Then for allt € R, we

have
E (eMlutsM@a)D) =  (illertsMiena) (18)

and consequently, for o > 0, the random variables Z(c) = ||e; + cM(ey, 0)|| intro-
duced in Deﬁnition[[ﬂand lw + oM (u, o)|| follow the same distribution.

Proof. Let u € R? be fixed verifying ||u|| = 1 and let s be a positive constant.
Let M(u,s) = S5 w'N%*(u, s) be the random vector introduced in (12) obtained
by the recombination of the vectors N%*(u, s) which has been selected according
to the criterion Ay, ;1 as expressed in . Let also M(e1, s) be the random vec-
tor obtained relatively to hye, 3. Let N be an independent random vector following
N(0, I). According to Lemma the probability density function of the random vec-
tor (N**(u, s),...,N#*(u, 5)) introduced in (11) is:

2
1 =g 1270

(27r)%d

p{uys}(xl,...,x“) = e 2 Pﬁf

1 A—
L@ hin @} (@ @) P [ g () < ey (N)]

for (x!,...,2#) € R, In the expression of D{u,s}» let us give interest to the quantity

P A—p [h{ms} (55”) < h{u,s} (N)]

4Note that the expression of Z is reformulated here using the random vector M introduced in the ap-

pendix (T2).
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where 2* is fixed. Let R be an orthogonal matrix such that R (u) = e;. Since R is an
orthogonal matrix, ||R(y)|| = ||y|| for all y € RY. Then |lu + sN|| = ||R (u + sN)||
almost surely. Besides || R (u + sN)|| = |le; + sR (N)|| but since N follows the dis-
tribution A/ (0, I4) which is spherical, R (IN) has the same law, i.e., (0, I;) and thus
|lw + sN|| (with u fixed) and |le; + sN|| have the same distribution which gives

P2 [hga,sy (39) < gy (N)] = PR [hguy (@) < hiey sy (N)]
Consequently, we have

M 2
1 e

e 2 Pix
(2r)5 A

1 A
]l{h{urs}(xl)g...gh{u‘s}(zﬂ)} (@', @) P [husy () < Pgey,sy (N)]

p{ms}(xl, oty =

The random vectors ||u + sM(u, s)|| and ||e; + sM(eq, s)|| have the same distribution
if their characteristic functions are identical:

> {eit(HqusM(u,s)H)} :/ oit(J|uts Z'Ii;lwimiu)p{u?s}(dfl, atydat . dat
Rpd

Again, we use the fact that R (||u + st||) = [le; + sR(t)||. We get

E {eit(HqusM(u,s)H)} :/ eit(||el+s ;1%1”j3(””i)||)p{u7s}(x1,...,x”)dﬂcl L dxt,
Rrd

with p{uﬁs}(xl, ..., x") rewritten as
1 L 1
p{u,s}<x yees @) = ]l{h{el,s}(R(-fl))f-~~§h{e1.s)(R(m“))} (l‘ Yo ,x”)
1 o E
Pl X P by (RG@) < ey ) (N)]
(2m) 2

Then, we apply the change of variables s = R(x%) for all 1 < i < p. The quantity

H i) 2 B L2
et st

e 3 dx'...dz" is then replaced by e~ 3 ds'...ds" as the rotation
(using R) of a p independent random vectors following the spherical distribution of
N(0, I) results in p independent random vectors having the same N (0, I;) distribu-
tion. Moreover, for each i € {1,..., uu}, hie, s} (R(2")) = hye, s} (s) such that we
get

s

Plu,s} (ml, ... ,x“) = p{el’s}(sl, s, 8.

Consequently, for all u € R? fixed with ||u|| = 1 and for any positive constant s,
B {etllursMuall - g {eit(letsMensl))
O

Proposition 3 Let (X,,),>0 be the sequence defined by . Then for any x* € R,
foralln >0, ||X,, — x*|| > 0 almost surely.
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Proof.  Without loss of generality, we suppose that x* = (0,...,0) € R% Note also
that we will use the equivalent from of the recurrence relation , i.e., the recurrence
relation (13) which uses the vector M introduced in (I2)). We will show inductively
that, for all n > 0, || X,,|| > 0 almost surely :

1) The vector X is randomly sampled using a law absolutely continuous w.r.t the
Lebesgue measure. Therefore P(|| X[l > 0) = 1.

2) Suppose that P(||X,,|| > 0) = 1 for n > 0. We have:

P([[ X1l > 0) = P([Xnsall > 0N [|Xn|[ = 0) + P([Xpsall > 0N [[Xnll > 0).

As P(||Xp11]l > 0N |X,|| = 0) < P(||X,|| = 0) and P(]|X,,|| = 0) = 0 (inductive
hypothesis), we get

P(||Xp1ll > 0)

= P([Xp41] > 0N [ X[ > 0)

= P([|Xn 1]l > O[[| Xl > 0)P([|[Xn[| > 0)

= P([|Xn1]l > 0[[[ Xy > 0) (19)
= P(|Xy + 0nMy, (Xp, 00) || > O|HX | >0)

o X
+ =——-M,, ( n H > 0log, | X > O)
H 1Xnll 1 Xal Xl ||X [

1 o 1 Xn On X On
By Lemma we know that the distribution of H X T I\XnHM” (HXnH’ I\Xn\I)H

conditionally to X,, and o, fixed is equal to that of Hel + H;{—"HM <e1, H;—”H) H Then,
we have:

o X
+ ——_M, ( n H > 01X, > O)
HIIX I 11Xl 1%l IIXnH

P( M (eh In
HX I 1 Xl

—1-p(

We know that, Vs > 0, P(|le;+sM(eq, s)|| = 0) = 0 as the variable ||e; +sM(ey, s)||
is absolutely continuous w.r.t. the Lebesgue measure. This gives that, condition-
nally to up, := 2 fixed, P (|lex + upnM (e1,uy) || = OJu,) = 0. Consequently
P(||X,+1]| > 0) = 1 and then for all n > 0, || X,,|| > 0 almost surely. O

” > 0o, X > o)

o
M(el, n )H = 0|on, || Xnll >O> )
||X l Xl

Computation of the Limit of the Normalized Convergence Rate

An important step in the proof Proposition[I[(iii), is the computation of the limit limg_. o, dx
A <"7) where V is introduced in and o* > 0. First, we will need the following Def-

inition.
Definition 3 Let:

e o* be a strictly positive constant,

* hq : R? — R be a sequence of maps (d > 1) defined by hy(z) =
Vo € R? with o* > 0 fixed,
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o N',...,N* N be u+1 random vectors independent and identically distributed
with N'(0, I4) as a common law, and,

We define the sequences of random variables {Ad(Nl, oo, NHE %) }d>1
and {Hd(Nl, oo NHY U*)}d>1 as the following:

Ag(NY, ... N* %)

1+—Zw (NY) r
(7 ) {53 (53 iﬁ) 2 > w%vk§§<N”»<N*»},

Jj=2 1<i<k<p Jj=2

and

Ha(NY, . N# %) o= Pty < <ha iy} B [ oniey <oy INF]

The sequence of functions (hg)g>1 introduced in Definition [3| verify the following
result:

Lemma 3 Let o* be a strictly positive constant. Let N be a random vector following
the distribution N (0, I). Then, the sequence (hq)q>1 introduced in Definition[3]verify
the following equation

lim d(hqe(N)—1) = U*N1+ (@ (20)

d—-+oo

Proof. Let o™ > 0 be fixed. Let L, denotes the sequence of random variables defined,
ford > 1, by:

Lim T, + 0

er + %ZH = \/1 + %wl + (%*)2 Z?:l 22, we have:

As, for a given z € RY, 7o

d(ha(N) 1) =d((1+ La)¥ — 1) .
By the LLN of independent identically distributed random variables, we have
= E((N1)*) =1

Therefore, we have limy_, 1o Lg = 0 almost surely. This gives, using the previous
. 1
equation and the fact that (1 4+ y)z ~ 1+ %y that

1 d
lim d(hg(N)—1 lim d((14Lg)2 —1 li —L
Jim d(he(N)—1) = lim (1+La)?—1) = Jm o La
* - N2 *\2
= lim O'*N1+ (U ) ZJ*I J :O'*Nl + (U )
d—+00 2 d 2
5The notation N; where [ € {1,...,d} denotes here (and in the proof of the Lemma) the 1th variable

of the random vector N.
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*

In order to compute the limit, when d goes to infinity, of the quantity V ("7) we will
write this quantity as the expectation of the family of random variables A; and Hy
which has been introduced in Definition [3| and then prove their uniform integrability.
After this step, we can compute the limit of V <"7), when d goes to infinity.
Proposition 4 Let:

e 0" be a strictly positive constant,

e NL ... N# N be u+1 random vectors independent and identically distributed
with N (0, I3) as a common law, and,

o hg :R? — R be the sequence of maps (d > 1) introduced in Deﬁnition

. {Ad(Nl, U\ 0*)}d>1 and {Hd(Nl, o, NH, O'*)}d>1 be the sequences
of random variables introduced in Definition 3] a

Therefore, the function V defined in () verify:

*

d
cixV(%{>::E{§m(AAN4V“,N“¢ﬁ»}b(Nﬂ‘”gN%aﬂ}. 1)
Moreover, the family {%1n (Aq(N*,... N ¢*)) Hy (N',... N¥ o*) }ysy 1S uni-

formly integrable.

Before to prove the proposition, we recall the following result which is a part of the
L"-convergence theorem stated in [3} p. 165].

Theorem 3 (L"-convergence theorem) Let (U,,),>0 a sequence of random variables
such that fR |Un|"™ < 4o00. Then the following affirmations are equivalent:

i) lim,, o fR |U, — U =0 (U, converges to U in the sense of the norm L")

ii) U,, converges in probability to U and lim,, _, f]R U, |" = f]R [U|" < 4o0.

This theorem will be used in the following proof of the proposition.
Proof. Let us rewrite V(o(d)) in H using o(d) = Z-:

d
o\ Py
dxv(d)‘@mwﬂ

d o* 1 o Zit: et 2 B
/}R .3 In(|le; + 7 szxzuz)e* 5 P2 H [hg (z#) < hg (N)]
* i=1

ﬂ{hd(ml)g...ghd(zﬂ)} (l‘l, ey J,“u) d.l?l coodxt .

In the remainder of this proof, the positive quantities ¢*, A and p are fixed. Let
{Hq} 4>1 be the sequence of measurable functions, which verify, for d > 1, Hy :
(RY)# x RT +— R such that:

Hd(.’ltl7 co,xt 0'*) = P;\i ]l{hd(zl)g...ghd(m“)} (331, e ,J]”) pAH [hd (x“) < hg (N)] .
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The probability of any event is upper bounded by 1. Therefore, the functions H; are
upper bounded by P4 and d x V(%) can be rewritten as

o* 1

(e

*

o M
?Z

H )2
S
i=1
> 2 Hy(z!,... z", 0")dzt ... dat.

Let us now remark that, for (z,...,z*) € R*%, we have
x M 2 « M 2
a 7.1 o 7 7
61+E;wx = 1+d;w(x)11
o\ 2 [ I a d 'I
(%) | (ZW)?) +2 30wty |
If':l =2 1<i<k<p =2 J

where, fora € {1,...,pu}and b € {1,...,d}, the variable (z%); denotes the b*" vari-
able of the vector . For (N!,... , N#) € R% and o* > 0, let us define the sequences
of random variables { Aq(N*, ... N*, a*)}d21 and {Hg(N*, ... N#, U*)}dzl’ by

1+—*Zw N°) r
() {Z (i i>?>+2 2 wiw’“iNi)j(N’c)j},

1<i<k<p j=2

and

Hy(NY, ... ,NH, o%):= Pf\tﬂ{hd(Nl)g...ghd(Nu)}E)ﬁ# [ﬂ{hd(N“)Shd(N)}|Nu] :

Therefore, we have

o.*
x V ]

Let (K4)4>1 be the sequence of random variables defined as

gln (Aa(N',... ,N* ¢%)) Hy (Nl,.‘.,N“,a*)} .

d
Kq (N',...,N¥ o%) := 51n (Aa(N',... )N* 0%)) Hg (N',... N* o%)

such that we have d x V ("7) = F (Ky). Let K}' and K, be respectively the positive

and negative part of the function K4 such that Ky = KJr K7 . We have to show
that the families of positive random variables (K )4>1 and (K )a>1 are uniformly
integrable. First, we give interest to the family (K;)dzl Using the fact that:

* the sequence of random variables (H,)4>1 is upper bounded by PY,

« In* ( +30, ) <o (1+|ZM ) < [ SF a2t < SO |2 (for any
z!, ..., x" € Rsuchthat ¢ | z’ >—1)
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e 0<w <1Vie{l,...,u},

we get
(K)a
Py <N
<520t ) N+
i=1 i=1 \j=1 1<i<k<p j=1

[ M ) (*)2
§7 20 ;|N|1+ 7

(N¥)2
d
<NZ‘>§>+ > D ()T + (N

1<i<k<p j=1

(s

[

o EZ(Z 5) e 3 S }

(0")? N NN
(zw);) +QZZ<N1>?>]

P LN
<5 |20 N+ 4 )
i=1 Jj= =1 j=1
s

i * : ) 3(0*)2 - d 7\2
<Py|o Z;|N‘1+ 2 Z(N)j

i=1 \j=1

>

i=1

—

(22)

According to the last inequality, we have to show that, for each: = 1,.. ., u, the fami-
d

. : N2
lies |(N*)1| and <#) are uniformly integrable. For fixed i € {1,..., u},
d>1

1. the family |N?| contains a unique integrable random variable therefore it is uni-
formly integrable.
. S0 (N3
2. The random variable | &==;——= ] converges almost surely (by the Law of
d
Large Numbers) and therefore in probability to 1. Moreover, the sequence of

.. S (N2 o
positive real values F {%} = 1 converges to F [|1|] which gives, by
S (ND3 ’
Theorem that (%]) converges to 1 in the sense of the norm L'.
d

. (S (N2 - o
Finally, the family | ==— converges in L~ therefore it is uniformly
d>1
integrable.

Consequently, the upper bound in the last inequality is uniformly integrable which
implies that the family ((K))4>1 is uniformly integrable. Let us now give interest to
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the family ((K); )4>2. We have

n
(K); < %dln— (Ag(N', ..., N* 0%))

PH _ ( ( " wi(Ni)1)2
<Pl (1o B ™)y
2 ||Z¢:1 U}ZNZH {21:1 (N#)1 < }

. . d
_ P (1—( éL—luﬂ(Nz)l)2> ]]1 .
2 U e ) | SR o)

d 23)

Py 1
Thﬂ { 1— (S wiNi))? | 1{Eé;lwi<N"’>1<0}
>0, wine[*

1

1— ( i wi(Ni)l)z ]I{Zle wi'(Ni)1<0}
132, wine]®

< 4P

- — 1
Let us show that the family (Gg)g>2 := 1 5 o) ]I{Z‘i‘zlwf‘(Ni)Ko}
DT

is uniformly integrable. This amounts to show, that the family

4
1 1
oL emn) | HEL o)
o e

EG)=| E

1

d>1

is uniformly bounded. In the beginning, let us remark that the random variable "% w'N’
follows the distribution wN (0, I;) with w := I, (w")2. We recall here that N is
a random vector following (0, ). For d > 2, E (G3) can be rewritten as:

1
1 _ w2(NL)? LN, <0y
T w? N2

AR

— w7 | IiNn<oy | =SB || — '
) TR

E(G}) =E

e

Changing to spherical coordinates (for d > 2), we get:

1 5001 \*? 1 ER Wa_,
2\ __ s d—2 _ 52 _ 3
E(G3) = Wi /0 (sin(G)) sin®"*(0) df = Wi /0 sinz"“(6) df Ty,
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Suppose now that % is an integer. Then Jp > 1suchthatd = 2p. Aslim,,_., /nW,, =

\/7/2 then

i Wg_z ~ i Wpo ~ i V2p =2 limpy_oo VP —2Wp_2 _
d—oo Wgq_g  p—=oo Wop_o  p—oo /p—2 limy_,o0 v/2p — 2Wop_o '

If % is odd, then % is an integer and W%_Q < Wa_1_, and we have also
2

hm;—Q_\f

d—oo Wy_o

Then for d > do, E(G%) < @ Consequently, the family {F(G?)}4>aq, is uni-
formly bounded which means that the family (K™ )4>q, is uniformly integrable and
therefore the family

d

{f In (Aq(N',...,N¥ o)) Hq (N',... N*¥, a*)}
2 d>1

is uniformly integrable. O

The following proposition holds as a consequence of Proposition 4]

Proposition 5 Ler V be the function introduced in ([B). Let o* be a strictly positive
constant. We have:

o* S , (0%)2 N,
lim dV( ):U*Zle [NHN', N9+ 2= (W) @4)
i=1 1=1

d——+o00

where, for N1, ... N¥ N, u+ 1 independent random variables following the standard
normal distribution N(0, I)E] we have:

H(l\ll7 . ,N#) = ,Pﬁf ]I{NIS...SN“}E)\_# [E{N}LSN}|N#] .

Proof of Proposition

We recall here that the multivariate normal distribution on R¢ with mean (0, ...,0)
and covariance matrix the identity I is simply denoted N (0, I;). By Proposition
we have

. d
dxV <%> - E b In (Ag(N',...,N* o*)) Hy (N, .. .,N“,a*)} ,

where the families (Aq(N*, ..., N#, 0%))
troduced in Defintion [3|and the family

and (Hq (N',... N# o)) _, arein-

d>1 d>1

{@ In (Ag(N', ... N¥# 0%)) Hg (N', ..., N#, a*)}
2 d>1

is uniformly integrable. Therefore, we have

. o . d « X
dllrgodxv<7> =F nggo§1n(Ad(N1,...,Nﬂ,a ))Hg (N', ... ,N¥ o )} .

6The standard normal distribution is the normal distribution with mean zero and variance of one.
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Then we have to compute limg_.oc 4 In (Ag(N',...,N# 0%)) Hq (N,...,N* 0%).
Step 1: Computation of limg .o %1In (Aq(N*,... ,N¥ 0%)):

We define the sequences {Us(N', ..., N# %)}, {Va(N',...,N# %)} and
{Wa(N*, ... ) N¥, 0%)} | as follows: - -

and

(N%);(NF);

=
Z
Z
5
I
[\]
/N
a9
N—
]
gﬁ
g
Eal
M o

The sequence {Ad(Nl7 oo, NE %) } 4> introduced in Deﬁnitionis such that

Ag(NY, ... NH %) —1=
Ug(N L NP %) + Vg (N L N %) + Wy (NE L NP o),
Note that A4(N?, ..., IN# o*) — 1 converges almost surely to zero when d converges
to infinity as:
o limg oo Ug(NL ... NF %) = 20* limg_ o, <=1 Zl(Nl)l

, : S (N2 .
o Vie{l,...,u}, limg_. o “==5— = 1 (by the LLN for independent random
variables). Then limy o V4(IN', ... N# o%) = 0.
* 121 <icne, wiw” Z?:l(Ni)j(Nk)ﬂ <2 Z}izl(Ni)? which gives that
limg— oo Wa(NL, ... Nt o) = 0

=0.

We have In(1 + =) ~ x when & — 0. Therefore,

lim gln (Aq(N',...,N* ¢%)) = lim d (Aa(N',... N¥0%)—1) .

d—oo d—oo 2

Moreover, we have

: d 1 * * i i
Jim SUg(N',. N 0%) =0 ZwZ(N)l,

d—oo 2 2

O,*Q“ _ C-l,INiz U*QH -
lim glVd(Nl,...,N“,a*) = (o) Z(wl)Q lim (ZJ_ ( )J> = (o) Z(wz) ,

Therefore, we have

3 d * * - i %
dlingogln(Ad(N17...,N“,a ) =0 Z;w (N%),
% i d i
+ (U )2 i(wz)Q + (0_*)2 { lim Zl§i<k§uw wk Zj:l(N )j(Nk)j} )
i=1

2 d— oo d

RR n° 7275



Log-linear Convergence and Optimal p for the Scale-invariant (pi/ iy, A)-ES 26

*

Step 2: Computation of lim,_.. Hy (N',...,N* ¢*) : First, we notice that the
random variable Hy(N?, ... IN#, ¢*) introduced in Deﬁntion can be rewritten as
Hy(NY, ... ,N*, %)
= P {diha(ND) - 11<...<dlha N0 -1} B [Lapg ) 1 <aa -1y IN"] -

Using the result of Lemma 3|giving the limit of the quantities d {hq — 1}, together with
the (almost sure) continuity of the indicator function and the dominated convergence
theorem, we have:

lim Hy(N',... ,N¥* ¢*) = H(N?, ..., N*)

d— oo

almost surely where the random variable H is defined as:

H(N', ... ,NH) = P’;]l{(Nl)lg...g(Nu)l}E/\_” [ﬂ{(N#)lgN}‘(NM)l] ’

where N is defined as a random variable following the distribution N(0, 1).
As the limit random variable H(N', ... N*) depends only on ((N')1,..., (N#)),
one can write:

lim Hy (N',...,N*, 0%) = H((N")1,...,(N#)1). (25)

d—oo

L i 2
Note that G 1)ﬁ et l@n] g ((#)1,..., (#)1) is the probability density func-
T) 2

tion relative to the y random variables (N'*); ..., (N#?); representing the j first
order statistics among A random variables (IN?);. In fact, this quantity can be seen as an
analogue to the probability density function p (given in Lemma|l) and relative to the
vector (N1, N#* . N#4). This implies that £ [H (N')q,..., (N#);)] =
1.

Collecting the results obtained in Step 1 and Step 2, one gets

g

dlggodxv(d)

=F {o* Zwi(Ni)l + (U;) Z(wi)Q} H ((Nl)h...,(N“)l)]
) wiwk d_l i i k j .

+()E Hdlln; Tosicngu o 355 (N, (N }H((N >1,...,<Nﬂ>1)} |
(26)

In the last equation, let us prove that

E(A p)
i d iy .
— B Hdlggc D <ick<py W wkCle—l(N )](Nk)j} H ((Nl)l, o (N“)Q} =0.
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We have
E(A )
. Y 1<i<k<p wiwk Z?: (Ni)j(Nk)j ”
:JE&EH I }H«N% (N h)}

= lim E Hzlgmg” wiwk(Ni)l(Nk)l} H((N1>1,...,(N/L)1):|

d—oo d
wiwk S iy (NEY
erhlgoE HZl<i<k<u dZJ:2(N )i(N )J}H ((Nl)l,...,(N“h)} )

But we have

E {Z1gi<k§u wiwk Z?:2 (Ni)j (Nk)j
d

H((NY)y,..., (N“)l)}

Z w' w Z [(Ni)j(Nk>jH ((Nl)la"'7(NH)1)]

1<1,<k<p,

d
= LEHOL )] Y et BN BN, =0,
1<i<k<p j=2
as E[(N);] =0, Vie{1,...,u}, j € {1,...,d}. Consequently, we get
E(\,p) = lim E {{lei@kfﬂwiwk(Ni)l(Nk)l}H((Nl)l,...,(N“)l)} .

d—oo d

) wiwk (N, (NF
The random variable Lisicisy - ARICAINS| ((N")1,...,(N*)1) converges al-

most surely to 0 when d goes to infinity. Moreover, as H ((Nl)l, L (NH)y) < PR,
it is upper bounded by the random variable P§' 31 <; <, w'w (N’)l(Nk) . Then,
by the dominated convergence Theorem, we have

_ wiwk (NY), (NF),
E(\ 1) = {hm {Zl§1<k§# : (N)1(N) }H((Nl)l,...,(N“)l)} —0.

d— oo

Finally, (26) simplifies to

o* 12 ) ) o* 2 H )
dllrrgo dxV <g> = {J* Z;wl(NZﬁ + ( 2) Z(wl)Q} H ((Nl)l, ce, (N”)1)] )

and consequently

hrnde( >7a ZwEl/\u (o )Qi(wi)% (27)

where Ef(X, p) := E [N'H(N', ..., N#)]| with
H(Nl, oo, NHY = PKL]I{N1§___SN;L}E)\_“ []I{N*‘SN}lNH] .

where N', ..., N# N are u + 1 independent random variables following the standard
normal distribution in dimension 1. O
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Proof of Proposition [I] (stated page [6)

Let o be a positive constant. Let w’, i = 1,...,u be u positive constants sum-
ming to one. We recall that the random vector M(ej,0) = S5, w'N% is ob-
tained by recombining the random vectors N**(e;, o) selected according to hie, 0}
(defined in ) as expressed in . In the following, the function hye, ,} will
be simply denoted h,. By Lemma [l the probability density function of the vector
(N**(e1,0),...,N#*(eq,0)) is given by the function py, 1, that we will simply
denote in the following p and which we rewrite as a non-negative function defined in
R#4 x RY in the following way:

1 Yo let?
pat,... 2t 0) = ——ge” TTE H@E! a0,
(2m) >
where the function H is given by
H(z!,... 2", 0)
= PX X U, (1) <ho (o). <ho (@)} (15 @) PA7H {hg(2#) < ho(N)|2#}

(28)
where N is an independent random vector following A/ (0, ;). We define the quantities

V(o) := E[In" (|le1 + cM(e1,0)]|)] (29)

and
V(o) := E [In*(|ley + oM(e1,0)][)] - (30)

The quantities V™~ and V™ exist but could be infinite. We suppose that A and  are
fixed and are such that A € Nand p € N with pp < A

Proof of (i)
Let D be the subset of R#? containing the elements (z',...,2*) € R such that,
for o > 0, |ler + o>l wia?|| # 0. Let k™, k™ : D x [0,+00[ be defined for

(xt,..., 2%, 0)in D x [0, +oo[ by
EY(zt,... z"0) =

1 +
(27 )wd/2 In (

H(z',..., 2", 0),

o
e1+o E w'z*
i=1

§ :‘; (B
_ i=1
e 2

k(2 ... 2" 0) =
1 _ koo Dy )
Wln el—|—O'Zwlxl (& 2 H(l‘ ,...,.’17”70'),
=1

where the function H is defined in (28). The functions k™ and k~ are well defined on
D x [0, +oo[ and the quantities V™~ and V* introduced in and can be rewritten
as

V(o) = k(b ... 2", o) dat .. dat,
R;Ld
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and
V+(cr):/ Ef(2t, ... 2", 0)dat .. dxt.
R~ud

We are going to show that the quantities V™ (o) and VT (o) are well defined for all
o positive and are continuous with respect to this variable. The proof rely on the
Lebesgue Dominated Convergence Theorem for Continuity. In the beginning, let us
remark that, for almost all (z,..., 2#) € D, the map o — H(z!,..., 2", o) is con-
tinuous on [0, +-o0o[ thanks to the Lebesgue Dominated Convergence Theorem for Con-
tinuity. Therefore, for almost all (z!,..., z#) € D, the maps o — k= (z!,... 2" o)
and o — kT (x!,..., 2", o) are continuous on [0, +oo[. Moreover, we have for all
(zt,...,2",0)inD x [0, +oo[, H(z!,... 2", o) < PX.

Case of V*:

Let S > 0, we then have for almost all (z!,..., 2#) in D and all (o) € [0, 5],

H 202
_ 3 et
e 2

Py ; EZ‘ ll=*11
Tomudyz I (1 + azw lz II>

(27r)
i § NER
Mw Zwllx le”

k+(1 o )< ,Pﬁf 1+
x,...,x",0 S Sz n

2

31
; e Gb
< WUZ o= =
i, — L=t
= yd/2 4 Z [*lle
L2
TS Y el
As for almost all (x!,...,2") € D, the map o — kT (z!,..., 2#, o) is continuous on
[0, S] and that the norm of a random vector following the distribution N(0, I,;) has a fi-
. 2412
nite expectation (i.e., [, |lz|le” I < +oo)then (zh, ... z#) — S| szer*iH 2

has a finite expectation on D, and consequently, thanks to the Lebesgue Dominated
Convergence Theorem for Continuity, we can state that V+(0) is well defined, finite
and continuous on every set [0, S] and consequently well defined, finite and continuous
on [0, +o0.

Case of V.

Let us now give interest to the quantity V™~ (o). We have

o
E=(zt, ..., 2" 0) < 777 B ( 61—|—O'Zw1‘

The right hand-side of the last mequahty is equal to 0if (3°5_; w'z®); > 0. The study
of the function o — |[le;+0 3% | w'z’||? shows that, for ( .., ") € R*¥ such that

2 H ‘17 2
) 67§ iy 1) )
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(i w'a')y
i=1

1S5 e

(32 w'z®)y < 0, this function is lower bounded, for d > 2, by 1 —
This gives, for d > 2

k= (2t ..., 2", 0)

2 L i
Py ln<1—( “1wz)1>6_§;1w2

2

L5 ooy (2 27)

T 2(2m)md/2 [ 325y wiat|?
P [ () S
< e In” | 1-— i3 | € 2
2(2m)H | Zi:l |
(33)
We have already seen that, for almostall (z*, ..., 2#) € D,themap o — k= (z!,..., 2", 0)

is continuous on [0, 4+o00[. In order to apply the Lebesgue Dominated Convergence
Theorem for Continuity, we have to check that the upper bound (which is independent
of o) given in has a finite expectation. Let N (0, C) be a random vector following
the distribution A/(0, C') and let N1 (0, C) its first coordinate. We recall that if C' = I,
the random vector N (0, C') is simply denoted N. We have:

" ii\2 B2
[ e (1 )

— B dx* ... dx"
D 2(2m)Hd/? I wizd|? o

L H 2 B 2|2
S/ L In™ (1— ( 1wx)1>eL Lo dat

— - dz* ...
e 2(2) 172 DETEE ’

e (4 (N0 () 1))
IN(O, 32, (w2 Ta) P

s (1 ey
2 (32im (w')?) N2
1 (Nl)QH
=P{E|-In" [1- . (34
A {2 ( IN][?
The last expectation can be rewritten as:

1. (N1 (0,1)*\] 1 (@D e
Eﬂzm G‘nNmJ@W)]‘m%wmA;m (1- o) e

Changing to spherical coordinates (with d > 2) we obtain after partial integration

1 (Ny)?
E{Qm Q ”Nw)}

/+°O/ In~ (1 — cos (0)) “1e=F gind ~2() drdf,

“w
pE

8Wd ,2(5-1
where forn € Z1T, W,, = Oﬂ/ 2 sin™ 6 d6 is the classical Wallis integral and for z €

C such that Re(z) > 0,T'(2) = 0+°° e~ “u*"Ldu is the Gamma function. The last
equation can be rewritten as:

1 n_ _ (NI)Q - 1 T - _COS2 Sind,Q
E{Zl (1 IINIIQH _SWM/O I~ (1 ) (6)do,
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which,in turn writes as:

L n- — (N1)2 S : n- (sin sin?~2
E{zl (1 HNHz)} = 2Wd-2/o In~ (sin(d)) (9)do, (35)

and finally, we get

1 (ND)*\] 1 (7 L2 g
ELln (1— ||N||2>} _Wd2/0 ln<(sin(6‘)) >bln 2(0)de

1 /g . d—32 Wd—é
< sin®"2(0)df = —=.
= Wa-2 Jy () Wa—2
w,
The quantity de :% is finite (with d > 2). Then the right hand-side of |i is finite

and using the Lebesque dominated convergence theorem for continuity, one can state
that the quantity V~ (o) is well defined, finite and continuous with respect to o when
d>2.

V(o) < +ocoford =1

Letd = 1 andlet N',...,N# N be p + 1 random variables i.i.d. with common law
N(0,1). We have:

V*(a):/ k™ (2, ... 2" o)dat .. da
R~

2 dz' ... dz"

1 o > iy 1eH?
1% - Q.0 —
SP)\TW)Wan <‘1+a§1wm >e
1=

In~ (’1 + azﬂ:wiNi )
i=1
=PIE {m* (‘1 +awNm with w := (i(w%)é >0.

=1

(37)
—PIE

After a change of variables y = cw, the integrand in V~ (o) will be dominated by

_1
f/% M for (y,0) €]—2,0]x [0, 400 which has a finite expectation and therefore

V(o) < +o0o for all o positive. O

Proposition needed for proving (ii) and (iii)

In order to prove (ii) and (iii) of Proposition|[I] we will need the following proposition.

Proposition 6 For d > 2, the function V introduced in (3)) is lower bounded by the
strictly negative bound c(d) given by

% sin~2(0) do
—Pﬁffo sin”™2(0) ifd =2

d) := T
C( ) p 1 W% d—-2) .
— PX —1 ifd > 3.

2d—2) \ Wi
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Proof. Foro > 0,let V(o) and V™ (o) be the positive quantities defined respectively
in and (29). We have V(o) = V¥ (o) — V~ (o) where V¥ and V™ are finite for
all 0 > 0 and all d > 1 by (i) of Proposition [I] Taking from the proof of (i) of
Proposition the first inequality of , and integrating over R#?, one can write:

_ 1. (N;)?
<PLE =1 1———1
V7 (o) < P§ {2 n ( N

PApll,- (Ny)*
==F|-1 1-—
2 {2 ' ( RN
where N is an independent random vector following AV (0, I3) and N7 is its first coor-

dinate. The relation (33) taken from the proof of (i) of Proposition|[I] gives, due to the
fact that In(¢) < ¢t — 1 for ¢t > 1, and assuming that d > 3:

Pyl (% 1
P (L)
V(o) < 1 Wd2/0 n S0 (0) sin®”=(0) df

< 2(6?52)“%—2/075 <<s1nl(9))2 — 1) sin?~%(0) do

Py 1 /g . Ld—2) < d—2
= sin?2 f) — sin 0)) do
2(d —2) Wa—2 Jg ( ©) ( ))

_ P (M
N 2(d —2) Wy_o ’

Note that the upper bound of the last inequality is positive as the sequence (W) g>0 is a
W1

decreasing sequence. Moreover, as limg_, 4 o Wd\/a = \/f ,we have limg_, 4 oo Wy

Wl(d—2) . . .
v/2 and then 5 is upper bounded. For d = 2, we get, replacing in (36) d by 2
and Wy by 3:
Pyo[E
V7 (o) < —)‘/ sinfé(Q) df < +o0.
T Jo

For d > 2, let ¢(d) be the strictly negative quantity given by

T .1
B uJo2 sin~2(0)do

preo if d =2
o(d) = T
PV S (L T N R
Aod—2) \ Wa_o -
Then we have:
V7 (o) < —¢(d) < +00, Vd > 2 (38
Then, using the fact that V() = V¥ (o) — V= (o), we get V(o) > ¢(d) for all d > 2.

O
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Proof of (ii)
Let us recall the expression of VT (o) introduced in . We have:

1
V¥ (o) = /RM (2m)nd/2 I (

where the function H is given by:

- >H($1,...,x“,a) det ... dzt

H(z',... 2", 0) =
PR X U ihy (21 <hy (@), <ho i)y (215 t) PP {hg (a#) < hg(N) ]2, 5"} .

with N is an independent random vector following A'(0, I;) and h,(a) = |le1 + oal|, Va €
R?. We remark that, for all a;,as € R? and for o > 0,if (a1); < (az2)1, |[|a1]| < ||as]|
then h,(a1) < hy(ag). Therefore, H is lower bounded as the following:

H a2
x
Ll

T Y eiggetp) (25 7)
PPl <IN A (@)1 < Naleh} Do iy, <oy} (250 2) -

H(z',... 2", 0) > Ple”

Let J be the function, independent of ¢, and mapping R*? into R* defined as

L u Yo let?
J(x*, .. at) = Ple 2 X

1 n 1 N
Loy wiaiza) (8 2) Loy <o (@00 2")
P Jlat | < INT A @)1 < NuaF s o, <ainy ) (21-0027)

Then we have

1
+ > +
Vie) 2 /Rud S@myurz (

A sufficient condition for the convergence of V* (o) to infinity is that the right hand
side of the last equation converges to infinity when o goes to infinity. We are going
to prove this fact using the monotone convergence Theorem. A simple study of the
function g(o) = |le; + oy||? (for a given y € R fixed) shows that, for ¢ > oo =
fuzﬁ, the function g is increasing as a function of 0. Note that if ||y|| > 1, then

2
A >J(x1,...,x“) dat ... dzt.

0o < 1and consequently Vy € R such that ||y|| > 1 g is increasing on [1, +oo[. Using
these ideas, we conclude that the integrand of the right hand side of the last equation is
increasing as a function of ¢ when ¢ > 1. Moreover, the limit of this integrand when o
goes to infinity is +o00.Then, according to the monotone convergence theorem, the right
hand side of the last equation converges to infinity if o goes to infinity. Consequently,
the left hand side of the same equation, i.e., V* (o), goes to +0o when o goes to
infinity. Now, by , we have that for d > 2, =V~ (o) > —c(d), where V™~ is
defined in and ¢(d) depends only on d and do not depend on o. Then, using the
fact that V(o) = VT (o) — V~ (o) we have:

1 + i

The limit of the left hand side of the previous equation is 400 when ¢ goes to infinity.
Therefore V(o) goes to +o0o when o goes to infinity. O

2
>J(m1,...,x”)dx1...dx“.
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A Result needed for proving (iii)

A result needed to prove (iii) of Proposition|[I]is stated in the following lemma.

Lemma 4 Fori € {1,...,)\}, let N“}(0, 1) be the i*" order statistics among X inde-
pendent random variables following the distribution N'(0,1). Then E (N*(0,1)) <0
fori < %

Proof. The probability distribution function of N%*(0, 1) is given by:

P, (@) = (i_l)?(!A_i)Mx)i_l(l — §(x)) \/12?6—%062 7

where ¢ is the cumulative distribution function of N(0, 1). Then E (N**(0, 1)) writes

E (N*}0,1)) = /

—00

0 +o0o
TpNia(o,1)(T)dr + / TpNia(o,1)(T)d .
0

Using the change of variables in the integral over R~ u = —x and using the fact that
o(—u) =1 — ¢(u), we get

+o00 Foo
E (N%}(0,1)) = _/ upNi:A(o,n(—U)dqu/ wpiao,1) (@) de
0 0

R

+oo
_/0 ToDI0 =) Vo

where g(a) = a*~*(1 — a)*~* — (1 — a)""(a)*~* for a € [3,1]. Let us show that
g(a) <0Va € [1,1]. We have g(a) = a1 (1 —a)}* (1 - (ﬁ)A’ZiH). Asa>1

then -2~ > 1 which implies that (;2-)*~2*! > 1 (as i < p < 3). Consequently

1—a = 1—a
g(a) < 0fora > L. Therefore, in the last equation of the computation of £ (N“‘),

2° :
g(¢(x)) < 0as ¢(x) > 1 when x is positive. Therefore, £ (N“*(0,1)) < 0 for

. A

Proof of (iii)

In this proof, we suppose that p < % In order to show that 3 ¢ > 0 such that
V(o) < 0, we suppose that Vo > 0, V(o) > 0. This particularly implies that Vo* > 0
and ¥d > 1, dV () > 0. Therefore limg . oo dV (%) > 0. On the other hand we

have by (24):

* M *\2 M
) o , ) Cad) ,
lim dV (7) =0 'E (N"2(0,1 ‘)?
Jim V) = e ENTOD) 55 ) )
where, fori € {1,..., A}, N is the i*” order statistics among ) independent random

variables following the distribution of N(0, 1). By Lemma we have E (N“*(0,1)) <
Dast < p < % Therefore, there exists values of o* such that the right hand-
side of previous equation is strictly negative. This means that there exists o* >
0 such that limg_, 4o, dV (%) < 0 which is in contradiction with our hypothesis.
Consequently, 3 & > 0 such that V() < 0. O
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Proof of (iv)

Letu < % By Proposition@ (ii) and (iii) of the Proposition, we know that lim,_. o, V(o) =
+o0, that V is lower bounded by ¢(d) < 0 and that 3 & > 0 such that V() < 0.
Therefore, as o — V(o) is continuous ((i) of the Proposition), we have:

V([0, +o0]) = [ngiIOlV(O'), lim V(o)[= [minV(o), +00[C [c(d), +0]

o—+00 >0
As V(0) = 0 and min,>o V(o) < V(&) < 0 then

min V(o) =min V(o) = V(oept) <0

a>0 a>0

with o,p; 1= argmingso V(o). |

Proof of (v)

By (iv) of the proposition, for d, A > 2, there exists for every p such that u < \/2,
an optimal value of o, op: (1), such that V(o,p (1)) = ming~o V(o (n)). Let us now
look for the minimal value that can be reached by V on the set {o > 0; u < A/2. Then,
it can be defined as: ming,~q,,<x/23 V(o, ) = min {V(o(1),...,V(c(A/2)} =. As
the set {V(co(1),...,V(c(A/2))} is finite then we can state that there exists ((Topt, ftopt)
such that

V(Uoptv /Lopt) =arg {U>(¥/ii£)\/2} V(O’, ,u) .

Proof of Theorem|I] (stated page

Proof. The increase (or decrease) of the distance to the optimum at an iteration n can
be measured by the quantity M which writes, according to (3) and lb as

X |l
[ Xt H Tn ( H
Xl 1Xanll ([ Xal ”XnH ||X |
This implies that
o X o
i (1% l) = (10D = (|75 + ™o (e )|
1Xanll ([ Xal X" [1 X ]
Thanks to Lemma [2]and Proposition[I] we have
HXn-I-l”)
E (ln( |o(Xy,00)
(Xl
:E(ln( e1+ —— (eh H |‘7 X 707))
HX || ||X | e (39)
> nf B (In([le; + oM (e, 0)[]))
= V(0oopt)

"It is possible to divide by || Xy,|| thanks to Propositionwith x* = (0,...,0) € R4,
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Now, let us remark that in the specific scale-invariant adaptation rule with o, =
Topt || X ||, we have:

Xn
B (i (M5eh) 100, 0) = B (e + 00 1,000 | (X,
= B ([ -+ 7oy M (e1,0000)[) = Vi(oops)

This means that the best distance decrease in expectation is given when using o,, =
0opt || Xr || Taking the expectation in (39), we get

b (1 (220)) > Vi)

Summing such inequalities from O to n and dividing by n, we get

1 ( (HXnH))
—FE(In > V(oopt, 0) .
D)) ) = Vieen )

Proof of Proposition 2| (stated page
At each iteration n, the recurrence relation (3) and the relation (I2) gives
[Xnt1ll = [[Xn + o[ Xn My (Xy, 0| X [|) |-
The result obtained in Proposition 3] was shown for a more general algorithm than the

one investigated here. Therefore, by this proposition, we can state that for all n > 0,
|X. || > 0 almost surely and we can write

X, X
X || = ”X"“H n UMn( n ,a> H a.s.
Xl Xz

Taking the logarithm of the previous equation, we get

In (]| X)) = In ([| X)) -I—ln(H”X i M, <X T )H)

and after summing such equalities we obtain

) - 1%l = 3 (| X on (X0 ) 0
k=0

Proof of Theorem 2| (stated page [9)

in order to prove the Theorem, we will make use of the following Proposition:

Proposition 7 Let (X,,),, be the sequence of random vectors defined in (E]), let o be
a positive constant and let M be the random vector introduced in (17_7]) (withn = 0,
ie, M = M©). Then the random variables Z,, introduced in Proposition |2| are
independent and follow the same distribution as the variable Z(c) = |le;+ocM(e1, 0)||
(introduced in Lemma 2| and Definition[l)) or any ||u + cM(u, o) || such that |Ju| = 1.
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Proof. Let o be a positive constant. Let (X,,),cz+ be the sequence of random
vectors defined in (4) and (0,)),,cz+ the associated sequence of positive random vari-
ables such that o,, = o||X,,| for all n > 0. By Proposition 3] || X, || > 0 almost
surely such that the random variable |\x T is well defined. Note that the norm of the

random variable =T x n is one. Therefore, at an iteration n, we can apply Lemmal for

Hm + oMy (3
xn)>

» 18 fixed:

nll?

E (e o (X,)) = E (e“H T +oMn (a7 )

—E <e“ (Xn)> .

o'(Xn))) -E eit( e1+oM(eq,o)

(40)

e1+oM(ey,o)

Therefore E (e“Z") =F (E (e”Z" ) . There-

fore, for all n > 0, the variables Z,, and Hel + oM (ey,0) H follow the same distribu-

tion. This is also valid when replacing e; by any vector unit vector .

For showing the independence of (Z,,),cz+, we will prove that for all n, for all ¢, €
R,...,tn €R, E (efo%0 . ¢itnZn) = F (eitoZO) . E (%), We will proceed by
1nduct1on and suppose that for alltg € R,... t,—1 € R,wehave E (e'fo%0 . ¢itn—1Zn-1) =
E (efo%0) . E (e'n-1%n-1) and prove that foralltg €R,...,t, €R

E (e . citnZe) = F (0% P (itZr).

Let ¢, be the g-algebra o (Xg, Mo, XV My, ..., X1 M, ;,X,)andlettq,...,t, €
R™*+1. Then, E(eitoZo .. eitnZn) = B(E(et0%0 .. eitn?Z |§ ). Since eitoZo . eitn-1Zn-1
is bounded and (,,-measurable [17, p88, j]

E(eitOZO . eitnzn |<‘n) — eitOZO L. eitnflzn—lE(eithn

Cn) - (41)

Besides, E(e'"%"|(,) = E (e“”H%“‘”M"(H%H’”)H Kn) The variable Z,, de-

pends only on X,, and M,, with M,, depending only on X,, and the variables IN?,
which do not depend on (Xo, Mo, X M;,...,X®=1 M,_;). Therefore, we
have

B (e eone (),

_E (eitnllm’iﬁHMn(

B3

X ’U)Hle(Xn)) _

Moreover, we know from (40} that
E (eith H’;ﬁ-ﬁ-aM (Hxn I ,U) H |0_ )) - B (eithelJrJM(el,U)H) )

Injecting this in (#I]), we obtain

B (0% . itnZn|(,) = eitBo | gitn-1Zni g (eitn|\cl+oM(C1,a)H) . 42)
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We take now the expectation of both sides of the previous equation and obtain

E (% . ¢itin) = (eitOZO L eftn1Zna (eitn||01+aM(C1,J)||>> . 43)
As E (e“" ||el+"M||) is a constant value, previous equation becomes

E (0% . gitnn) = B (¢0%0  eitniZnt) B (eitn|\e1+oM(e1,a)H) .44

Moreover by induction hypothesis we know that
E (eftoZo  eitn-1Zn-1) = F (efto%0) | F (e''n-1%n-1) which thus imply that

B (%, i) = B (¢t0) L (citr-1Z0o1) B (eitnllertoMEenol)

To finish the proof, we have to prove that E (e“"”el*"M(el’”)”) =F (e“"z" ) Using
again the first part of this proof, we know that ||e; + oM(e1, 0)| and Z,, follow the
same distribution such that E (eit»%) = E (eitnllertoM(er.o)ll) njecting this result
in the previous equation, we obtain the following equation

E (e'o%0 . elnPn) = E (e0%0) L E (eftn1Pnt) B () (45)
which achieves to prove the independence of (Z,,),cz+- O
Proof of the Theorem

The variables In(Z,,) where (Z,,),, is introduced in Proposition [2} are identically dis-
tributed, independent (Proposition [7), and have a finite expectation (Proposition [I)).
Therefore, the LLN for independent identically distributed random variables with a
finite expectation applies for the sequence (In(Z;)), in the sense that the quantity

L3 hiIn (H”))E—ZH + oMy, (”))é—:‘l,a) H) converges almost surely to V(o) when n

goes to infinity. Then, by Proposition , we have % In < Ill‘;((;‘ N ) converges almost surely

to V(o) when n goes to infinity. O
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