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Abstract

Noise is present in many real-world continuous optimization prob-
lems. Stochastic search algorithms such as Evolution Strategies (ESs)
have been proposed as effective search methods in such contexts. In
this paper, we provide a mathematical analysis of the convergence of
a (141)-ES on unimodal spherical objective functions in the presence
of noise. We prove for a multiplicative noise model that for a positive
expected value of the noisy objective function, convergence or diver-
gence happens depending on the infimum of the support of the noise.
Moreover, we investigate convergence rates and show that log-linear
convergence is preserved in presence of noise. This result is a strong
theoretical foundation of the robustness of ESs with respect to noise.

Keywords: Numerical optimization, Noisy optimization, Stochastic op-
timization algorithms, Evolution Strategies, Convergence, Convergence rates,
Markov chains, Borel-Cantelli Lemma.



1 Introduction

In many real-world optimization problems, objective functions are perturbed
by noise. Evolutionary Algorithms (EAs) have been proposed as effective
search methods in such contexts [1, 2, 3]. A noisy optimization problem is
a rather general optimization problem where for each point = of the search
space, we can observe f(x) perturbed by a random variable or in other words,
for a given x, we can observe a distribution of possible fitness values. In this
paper, we will investigate a certain class of noisy problems, which use the
so-called multiplicative noise, where the noiseless objective function f(z) is
perturbed by the multiplication with a noise term independent of x and thus
of f(z). The plain multiplicative-noisy objective function F reads

Flx) = f(x)§ (1)

The noise random variable, £, is sampled independently at each new evalu-
ation of a solution point. The multiplicative noise model is well established
[4]. For the remainder we will assume f > 0 and minimization. We will
conduct our subsequent analysis on an objective function g o F, where ¢ is a
strictly increasing mapping which can take on any values in R (in particular
also g(0) can take on any value in R). The noise model makes the assumption
that the dispersion of the noise (e.g. the variance, given it exists) decreases
when the optimum is approached, just as the gradient diminishes in many
optimization problems when approaching the optimum. The assumption is
realistic in particular as f might be stricly larger than zero, in which case the
noise does not entirely vanish at the optimum (but the subsequently analyzed
model is more restrictive as the minimal value of f is zero). Consequently,
such noise models are also used to benchmark robustness of EAs with respect
to noise [5, 6].

A typical goal in noisy optimization is to converge to the minimum of the
averaged value of the observed random variable. If the expected value of the
noise in Eq. 1 is positive, this means minimizing f. Using a different statistic
than the expected value as minimization goal might lead to different results
(see below).

The focus in this paper is continuous optimization (here minimization)
where f maps a continuous search space, i.e., an open subset of R? into R.
Evolution Strategies (ESs) are a class of EAs specifically designed for con-
tinuous optimization. In ESs a set of candidate solutions evolves by adding
Gaussian perturbations (mutations) to the current, optionally recombined



solutions and selecting some of the new solutions. In state-of-the-art ESs,
the mutation operator is adaptive and the parameters defining the underlying
probability distribution are evolving. In the case of a Gaussian mutation op-
erator those parameters are the step length (or step-size) giving the general
scale of the search, and a covariance matrix whose eigenvectors correspond to
the principal directions of the underlying ellipsoidal probability distribution.
Adaptive step-size algorithms are described in [7, 8, 9], and a state-of-the art
method for adapting the covariance matrix is presented in [10].

The fundamental characteristic of step-size adaptive ESs is that they
can constantly increase the precision, i.e., they can approach an optimum
with arbitrary precision and, ideally, the time needed to gain one order of
magnitude is independent of the initial precision, i.e., the logarithm of the
distance to the optimum decreases linearly. Formally, log-linear behavior
(convergence or divergence) means that there exists a non-zero constant value
¢ such that the distance to the optimum, d,,, at an iteration n satisfies

lim 2 In(d,) = c. ()
non

Convergence (resp. divergence) takes place if ¢ < 0 (resp. ¢ > 0). Log-linear
convergence has been theoretically investigated in the case of non-noisy ob-
jective functions. The results are twofold. First, for a fixed dimension d, con-
vergence of ESs cannot be faster than log-linear [11, 12]. Moreover, optimal
convergence rates are reached on spherical functions f(z) = g(||z||), where
g : [0, 00[— R is a strictly increasing function, z € R? and ||.|| denotes the eu-
clidean norm on R?, for an (artificial) adaptive step-size algorithm where the
step-size is set at each iteration proportionally to the distance to optimum
[11, 12]. An algorithm using this optimal adaptation rule is termed scale-
invariant algorithm!. Second, log-linear convergence of a realistic adaptation
scheme has been proven for self-adaptive ESs on the sphere function [13, 14].
Log-linear convergence can also be seen from another perspective and be
formalized differently as “the expected time needed to halve the distance to
the optimum is proportional to n”. Log-linear convergence formulated in
this manner has been proven for the (141)-ES using a 1/5-success rule on
spherical functions and certain ellipsoidal functions [15, 16].

!Scale invariant algorithms have a central place in the theory of evolution strategies.
They have been widely investigated in the case of progress rate theory that examines the
one-step expected progress towards the optimum in the limit of the dimension to infinity.



ESs in noisy environments have been studied by Arnold and Beyer for
multiplicative noise that writes

2

Fa) = el (14 25 0.0 3)
where o characterizes the “normalized” standard deviation of the noise, d is
the search space dimension and A(0, 1) is the noise random variable which
follows a Gaussian distribution with zero mean and standard deviation one
[4, 17, 18, 19, 20|. Under the assumption that d goes to infinity, Arnold
and Beyer derive a positive expected quality gain for the elitist (141)-ES
[20]. This implies a decrease of the expectation of the square distance to the
optimum.

However, given Eq. 1, where f > 0 and the noise random variable takes
values smaller than zero, we find a simple counterexample to the convergence
of the (141)-ES to the optimum of the noiseless part of the objective function.
Let f(x) = ||z||* and £ take three distinct values: 1+a, 1 and 1—a each with
probability 1/3, where a satisfies a > 1. For a given z € R? the objective
function F(z) takes 3 different values (1 + a)||z||?, ||z||?, (1 — a)||=|]* (each
with probability 1/3). The last term is strictly negative if x is not zero.
Therefore, once a negative objective function value is reached, the (14+1)-ES
will never accept solutions closer to the optimum since they will always have
a higher objective function value. Only solutions with noise values of 1 — a
and a larger value of ||z||*> have a lower objective function value F(z) and can
therefore be accepted. These solutions are likely to occur and consequently,
the (141)-ES will diverge log-linearly, i.e., the logarithm of the distance to
the optimum will increase linearly. And yet, the expectation of F equals the
noiseless part of the function ||z[|?.

Starting from the observation that even if the expectation of the noisy
function equals ||z]|* (where convergence is expected), divergence can be ob-
served, the question arises whether and when this example generalizes to
different settings. The objective of this paper is to address the question
of how the properties of the noise distribution relate to convergence or di-
vergence of the (1+41)-ES. The results will give particular insights into the
multiplicative noise model. The results presented here are an extension of
the results presented in [21].

The second question addressed, in case of convergence, is the actual con-
vergence rate on a noisy objective function. Is the log-linear convergence
rate of ESs preserved in the noisy case? A positive answer would be a strong
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support for the robustness of ESs in noisy environments. Those results are
not present in [21] and rely on the theory of Markov chains for continuous
state space.

The algorithm investigated in this paper is the scale-invariant (1+1)-ES
which is, in the case of the non-noisy spherical function, the ES allowing
to have the fastest convergence rate per fitness evaluation [19] (excluding
weighted recombination [22, 10, 23]). This paper is organized as follows:
in Sections 2.1 and 2.2, we present the mathematical formulation of the
objective function model and of the scale-invariant (1+1)-ES respectively.
In Section 3, we put our counterexample informally into a broader context
and present empirical results. In Section 4, we analyze the convergence of
the scale invariant (1+1)-ES. In Section 5, we find that the behavior of the
scale-invariant (141)-ES is log-linear when minimizing these noisy objective
functions. In Section 6 the results are discussed. Proofs are presented in the
appendix.

Preliminary notations

In this paper Z* denotes the set of non-negative integers {0,1,2,...}, Z} =
Z* U {-1} and N denotes the set of positive integers {1,2,...}. The unit
vector (1,0,...,0) € R?is denoted as e;. For aset A, z +— 14(z) denotes the
indicator function that is equal to one if x € A and zero otherwise. (€2, .4, 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,.4). For p € N, R? is equipped with the
Borel o-algebra denoted B(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, A, P), i.e. a
measurable function from €2 to R, then, for B C R, B € B(R), the indicator
function 1{yecpy maps Q to {0,1} and equals one if and only if X(w) € B
forwe O we Q— L ywen(w). N(a,b?) denotes a normal distribution
with mean a and variance b?. N (0, I) is the multivariate normal distribution
with mean (0,...,0) € R? and covariance matrix identity I,.



2 Mathematical model for the fitness func-
tion and for the (1+41)-ES

2.1 Fitness function model

The objective function investigated in [21] represents a sphere function per-
turbed by a multiplicative lower bounded noise. The noisy objective function
model investigated here generalizes this model in two respects. First, the
noiseless part of the function, originally the sphere function f(z) = ||z||?,
r € R% d € N, is replaced by a more general function f(z) = ||z||%, where
a > 0. Second, the function f is composed with a strictly increasing function
g : R — R, for example g(f) = tanh(f) + f/10 — 20. The investigated noisy
function model reads

F(z) = g ([l«]|¢) , (4)

where ¢ is a random variable modeling the noise, sampled independently at
each new evaluation of a point. We assume that the law of £, denoted L, has
a probability density function denoted p.. We also assume that the support
of pe is the range |mg, M| where —oo < mg < Mg < 400, and mg # 0.

Remark 1 In the case where g equals the identity and o = 2, the model
defined in Eq. 4 is the one used in [21] (with a change of notation for &).
However, in [21] we made an additional assumption on the expectation of
the noise stating that 0 < E(§) < 400. This assumption guarantees a finite
expectation of the noisy objective function and an agreement of the argmin?
of f with the argmin of the expected value of the noisy objective function.

2.2 The (141)-ES minimizing Eq. 4

Let (Np)nez+, be a sequence of random vectors defined on (9, A, P), inde-
pendent and identically distributed (i.i.d.) with common law the isotropic
multivariate normal distribution on R? denoted by AN(0, ;). The density
function of NV (0, I) is a d-dimensional function denoted pyr. Let (&n)nez; be
a sequence of random variables defined on (€2, A, P) i.i.d. with common law
L¢ introduced in the previous section. We also assume that the sequences
(N3 nez+ and (5n)nez_+1 are independent implying in particular that for each
n € Z", N, and &, are independent. In the sequel we might omit to indicate

2The argmin of a function z — h(z) is defined as {y|h(y) = min, h(z)}.
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the definition domain of the indexes n that should be clear within the context
and denote for instance (N,,), instead of (N,,)nez+.

The (1+1)-ES is a simple algorithm evolving a unique solution that is
a vector of R? which is also called parent. The sequence of solutions (or
parents) generated is a sequence of random vectors denoted (X,,), defined
on (2, A, P). The sequence of noise associated with the sequence of parents
is denoted (O,,),. Both (X,,),, and (O,), obey a recurrence relation that we
describe first step-by-step.

Let Xy € R? be the first sampled parent. We assume that [|Xg| > 0
almost surely and that Xg, (NV,), and (&,), are independent. The objective
function value associated with Xy equals ¢(||Xo||*¢_1) and the selected noise
Op = & 1. For this initialization step, the law of the random variable O,
equals L¢, however as it will become clear later, for the other iterations
(n > 1), O, has different laws.

We assume now that (Xj)o<r<n—1 and (O)o<k<n—1 are given and we de-
scribe how the next iterates X,, and O,, are generated. First, the vector X,,
is perturbed by the addition of N, scaled by a strictly positive real number
called step-size o, to create a new candidate solution called offspring that
writes X,, +0,N,,. Because N (0, I;) is a spherical distribution, the algorithm
is called isotropic ES.

The efficiency of an isotropic ES is closely related to the adaptation
scheme of the step-sizes mutation sequence (,,),. On an isotropic unimodal
function the optimal adaptation scheme of the sequence (o,), of an isotropic
ES is given, according to [11, 12], by the (artificial) scale invariant adap-
tation rule in which the step-size is set proportionally to the distance to
the optimum, i.e., o, = 0| X,| (we assume here that the optimum is in
(0,...,0) € RY) where o is a strictly positive constant. The simplicity of
this step-size update rule renders the analysis easier to carry out than for
real step-size adaptation schemes [14]. Therefore the scale-invariant (1+1)-
ES is usually a good choice for the first theoretical investigations and is the
algorithm we will investigate in the sequel.

The fitness function value associated with the offspring X,, + o, NV,, equals
g(|1Xy + 02N, [|*En). This offspring will become the new parent if and only
its fitness value is smaller than the one of its parent X,,.

Adding up the different steps, we can write the recurrence relations



obeyed by (X,,), and (O,,),. First X, satisfies

. _{xnwuxnywn if g (|[ X0+ oIV "€0) < g (1Xall*0n)
n+1l —

X, otherwise,

()

and the accepted noise O, of the new parent X,,,; obeys:

) < g (IXall*0n)

o {gn if g ([ X0 + ol XallA -

O,, otherwise .

Since g preserves the ordering, it can be dropped in the acceptance condition
in Egs. 5 and 6 and we can write equivalently

Xp + ol Xal| N if ‘Xn"’"U”XnHNn En < [[Xul|*On
Xn+1 - . (7)
X, otherwise ,
and for the accepted noise
Xt oK 60 < X120 .

nIf
On+1 = {§

O,, otherwise .

3 Motivation: convergence or divergence?

In this section, the counterexample informally described in the introduction
is put into a broader context and sustained with some empirical results.

3.1 Elementary remarks on the noise model

We consider the noise model defined in Eq. 1, where f > 0. In this case,
if £(£) > 0, the argmin of the expected value of F(z) equals the argmin of
f(z). The support of the noise random variable £ admits m¢ as infimum.
Therefore, because f is non-negative, mef(x) is the infimum of the values
that can be reached by the noisy fitness function for different instantiations
of the random variable £ for a given z.

Fig. 1 depicts a cut of f(z) = ||z]|* and m¢f(z) for me equals 0.5 and
—0.5. The sign of m,¢ determines whether mg f(x) is decreasing or increasing:
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Figure 1: Dashed Lines: one dimensional cut of f(z) = ||z]|*> along one

arbitrary unit vector. Solid (bent) lines: greatest lower bound of F(x), i.e.,
me f(x) for me = 0.5 (left) and me = —0.5 (right). For a given z, the noisy-
objective function can, in particular, take any value between the dashed
curve and the solid curve. Given a fitness according to the solid horizontal
line, only values below this line are accepted as new parents. Thus, on the
left graph, 6 represents an upper bound for ||X,|| and on the right graph, A
represents a lower bound for || X,,||, prohibiting convergence to x = 0.

for mg > 0, mef(z) is convex and converges to +oo for ||z|| — oo, and for
me < 0, mef(x) is concave and converges to —oo for ||z|| — oco. Minimizing
me f(x) in the case of me < 0 means that ||z| is diverging to +oo which is
the opposite of the desired behavior when minimizing the non-noisy function
f(z) = ||z||*>. Referring to the example sketched in the introduction, ||x||?
and (1 — a)||z|* for a = 1.5 are the curves represented in Fig. 1, right.

3.2 Experimental observations

We investigate now numerically how the infimum of the noise values might
affect the convergence. For this purpose we use a (141)-ES and a (1,5)-ES
both with scale-invariant adaptation scheme for the step-size.

We investigate the function F(z) = ||x||2¢ when the noise ¢ is uniformly
distributed in the ranges [0.5,1.5] and [—0.5, 2.5] respectively denoted Ujg 5 1.5)
and U_gs525. This latter noise corresponds to the concave lower bound
—0.5||«||? plotted in Fig. 1. In Figure 2, the result of 10 independent runs of
the (14+1)-ES (10 lower curves of each graph) in dimension d = 10 are plot-



50 10 50
10

Distance to optimum
Distance to optimum
Distance to optimum

-
Lot

—20 ) 0
0 5000 10000 0 5000 10000 10 0 2000 4000 6000 8000 10000
function evaluations function evaluations function evaluations

=
o
P
S

Figure 2: Distance to the optimum (in log-scale) versus number of evalua-
tions. Ten independent runs for the scale-invariant (1+1)-ES (10 lower curves
of each graphs) and (1,5)-ES (10 upper curves of each graph) with d = 10
and 0 = 1/d. Left: f(z) = ||z[*>. Middle: f(z) = ||z[|*Ujps15-. Right:
f(@) = |2[*Ulos.25).

ted for the non-noisy sphere (left), ||z||*Upo5,1.5 (middle) and ||z||*Ui_o.5.2.5
(right). In both noisy cases the expected value of the function equals ||z||?
since E(Uj5,1.5) = E(U—05,25) = 1, however, we observe a drastic difference
between the two cases: the algorithm converges to the optimum for the noise
Ujo.5,1.5) whereas the distance to the optimum increases (log)-linearly for the
noise with infimum —0.5. Comparing the left and middle figures, we can also
conclude as expected, that the presence of noise slows down the convergence
(here by a factor of about five). We conducted the same experiments for a
(1,5)-ES (10 upper curves of each graph) and observe the same two behav-
iors, convergence on ||z|?Up 515 (middle) and divergence on ||z|?U_g.5 2.5
(right). However, contrary to what we will prove for the (1+1)-ES, we do
not state that “mg = 07 is a limit value between convergence and divergence
in the case of a (1,A)-ES. Indeed convergence and divergence depends on the
intrinsic properties of the noise, on A and o as well [19].

Last, we investigate numerically the (14+1)-ES where ¢ is normally dis-
tributed with expectation one and in particular unbounded. This corresponds
to the case investigated in [20]. We display results for a standard deviation of
the Gaussian noise of 0.1, 2 and 10 in Fig. 3. Within the given time horizon
we observe convergence when the standard deviation of the noise equals 0.1
and divergence in the last two cases.
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Figure 3: Ten independent runs for the scale-invariant (14-1)-ES with a nor-
mally distributed noise: on f(z) = ||z||>NV'(1,0?) with 0. equals 0.1 (left), 2
(middle) and 10 (right) for d = 10 and o = 1/d.

4 Theoretical analysis of convergence

In this section we provide a mathematical analysis of the results observed
experimentally for the scale-invariant (1+1)-ES and for the fitness function
model Eq. 4. We prove that convergence or divergence of the (14+1)-ES is
solely determined by the infimum of the support of the noise m, (given finite
me # 0) and mg = 0 is the limit case between convergence and divergence.
One important consequence of this result is that for any positive expected
value of the noisy function, for the same algorithm, divergence and conver-
gence can be observed, depending on the infimum of the noise distribution.

4.1 Positive lower bound: the convergent case

In this section, the infimum of the noise m is strictly positive.

Theorem 1 (Almost sure convergence) The (1+1)-ES minimizing the
noisy sphere (Eq. 4) defined in Eq. 5 converges if me > 0, in the sense
that, the sequences (F(X,,))n and (|| X, ||)n converge respectively to a random
variable I > ¢(0) and 0 almost surely. If in addition, the function g is
continuous in 0, the limit | equals g(0).

Proof: see page 27
As for the proof of [21, Proposition 1], the proof of this theorem is based
on the use of the Borel-Cantelli Lemma that we remind on page 27. The dif-

ference between the result in [21, Proposition 1] and the result of Theorem 1
is that the limit value of the sequence (F(X,,)), is zero in [21, Proposition 1],
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however, it depends here on the properties of the function g in the neighbor-
hood of zero.

4.2 Negative greatest lower bound: the non conver-
gent cases

We investigate here the case where mg < 0. Negative noise values can be
sampled and will be sampled as stated in the following Lemma:

Lemma 1 Consider the sequences (X,), and (O,), defined respectively in
Eq. 5 and Eq. 6. There exists ny > 0 such that, for all n > ny, O, < 0.
Moreover, if me > —o0 then || X,|| > A = ||X,,]| (|0”1|

Ime|

1
)a > 0 almost surely.
Proof: see page 31

Note that the lower bound A given in this lemma is represented in Figure 1
for @« = 2. As a consequence of this lemma, for n > nq, all accepted fitness
values are smaller than ¢(0) and associated with a negative noise value. This
also means for a new solution, that, given a negative noise value and therefore
the situation of its potential acceptance, solutions further away from the
optimum produce better fitness values and are more likely to be accepted.

4.2.1 Divergence case

In the case where mg¢ < 0 is finite, we have the following result:

Theorem 2 (Almost sure divergence) The (1+1)-ES minimizing the noisy
sphere (Eq. 4) defined in Eq. 5 diverges if me < 0 and me > —oo, in the
sense that the sequence (||X,||), diverges to +o0o almost surely.

Proof: see page 32
The proof of this theorem heavily relies on the fact that m, is finite. In

the case where m¢ = —o0, a weaker result can be derived though as presented
in the next section.
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4.2.2 Negative expected quality gain

We now investigate the case where the infimum of the support of the noise
me can equal —oo, i.e., —0o < mg < 0.

Theorem 3 Consider the sequences (Oy), and (X,,), defined by the recur-
rence relations Eq. 5 and Eq. 6 for the minimization of the objective func-
tion defined in Eq. 4. If me¢ < 0 then, for n > ny (where ny is defined
in Lemma 1), the sequence of the expectations of the distances to the op-
timum of the non noisy objective function is increasing in the sense that

E (5l X0, 00,60) = 1. Therefore, forn > ny, B(IXa12) = E(|X,, ) >

0, and the sequence (E(||X,|[)?). cannot converge to zero.
Proof: see page 33
Comparison with previous results Theorem 3 includes the particular

case of Gaussian noise where mg = —o0o. Therefore, the algorithm cannot
converge in the L? norm in the case of Gaussian noise. This result implies a

negative expected quality gain F (1 — ”’f;;*ﬁ! 1X,, ) (see definition in [4]), op-
posed to the result of Arnold and Beyer [20] that derived a positive expected
quality gain for the objective function model defined in Eq. 3. Theorem 3
proves that the approximations used in [20] do not hold in finite dimensional
search spaces.

The results in [20] are presented with numerical experiments that seem
to backup the positive expected quality gain. But, for m¢ < 0, a run of the
(14+1)-ES exhibits two entirely different phases: an initial transient phase
(before n; in Lemma 1) and a final stationary phase. During the transient
phase all noise value realisations are positive and convergence can be ob-
served (as in Figure 3, left). The final stationary phase begins after the
first negative noise value has been sampled. In the stationary phase the
strategy diverges® (as in Figure 3, right) for any o > 0. In case of nor-
malized Gaussian noise [4], the behavior switches from the transient to the
stationary phase when & = 22<A/(0,1) + 1 is negative for the first time.
The length of the transient phase follows a geometric distribution with mean

3More precisely, the strategy diverges, if the sequence O,, admits a stable distribution
(see below), which needs yet to be shown. If, in contrast, O,, diverges to infinity, the
update of X, will stall and neither divergence nor convergence will occur.
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P& < 0)™t = CDEx(—d/(207))7! €]2,00[, where CDF) denotes the cu-
mulative distribution function of the standard normal distribution. Most of
the experiments in [20] have been conducted with ¢ < 2 and d > 40. For
such a configuration, the probability that a negative fitness value is sampled
is smaller than 10723, Therefore, the probability to leave the transient phase
before n; time steps is smaller than 1 — (1 — 10723)™ ~ n;10723, i.e. even
after 10! time steps the probability is as low as 1073, Consequently, the
transient convergence is observed in such a setting. In contrast, for ¢ = 2
and d = 10, the probability to remain in the transient phase even for only
1000 time steps is smaller than 1%.

5 Log-linear behavior for lower bounded noise

It is generally observed in the case of optimization with Evolution Strategies
(ES) and theoretically proven in the case of minimization of non-noisy sphere
functions, using either the artificial scale-invariant adaptation rule [13, 11, 12]
or the real self-adaptation rule [13, 14], that ESs converge (or diverge) log-
linearly in the sense of Eq. 2. In Fig. 2, we have observed log-linear behavior
for the (1+1)-ES minimizing a noisy spherical function. The goal of this
section is to prove this log-linear behavior when the noise is lower bounded,
Le., mg > —o0.

The main ingredient used in previous studies to prove log-linear behavior
is the law of large numbers (LLN): the LLN for independent random variables
in [13, 11], the LLN for orthogonal random variables in [12] and the LLN for
Markov chains in [14]. In our case, the correlation between the variables in
Eqgs. 5 and 6 suggests the use of the LLN for Markov chains.

5.1 Motivations

Log-linear behavior means that, after an adaptation time, the sequence
(In]|X,]),,, where (||X,]),, is defined in Eq. 5, increases or decreases linearly
with the number of iterations. This suggests that one has to investigate the
sequence (In (|[X,]|)),. The following proposition is the first step for proving
log-linear behavior. It expresses the term & In ([|X,||/[|Xo[|) as the sum of n
random variables divided by n. The same idea has been previously used in
13, 14, 11, 12].

14



Lemma 2 Let (X,,), be the sequence of random vectors valued in RY satis-
fying the recurrence relation (5). Then, for all n > 1, the equality
1) (9)

Xa ||) H
In + oN;1 o
rl<||><o|| Z ( | e ey
Proof: see page 35

holds almost surely.

The previous lemma suggests the use of a LLN for proving the convergence
of the right hand side of Eq. 9. However, we are not going to apply directly
the LLN to the right hand side but will first exploit the invariance under
rotation of the multivariate normal distribution to simplify the right hand
side. This will be done at the price of losing the almost sure equality.

As we will see below, invariance under rotation implies that the sequence
(On)n is a Markov chain. A Markov chain (®,,), taking values in R?, p € N,
is entirely characterized by its initial law, i.e., the law of ®y and its transition
kernel Ps(.,.) where for all x € RP, Pg(x,.) is a probability measure and for
all A € B(RP), Pg(.,A) is a non-negative measurable function on R? and for
all z € RP, for all A € B(RP)

P@(QJ,A) = P((I)l S A|q)0 = .’]7) .

The sequence of random variables (O,,), defined in Eq. 8 can be written in
a more compact manner as

Ont1 =0, + (6 — O )1{|| +oNn [|*6n<On} (10)

TXnl

where Oy follows the law L;. The following proposition states that O, is a
Markov chain, derives its transition kernel and shows a more convenient way
to generate a sequence following the same distribution as O,,.

Proposition 1 The sequence (O,,), is a Markov chain with the same initial
law and transition kernel as the Markov chain (Z,), defined as

Zni1 = Zn + (& = Zn)1{ertoN|oen<n) (11)

where Zy is distributed according to Le.
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For alln € Z%, O,, and Z, €lmg, M¢], their common initial law is L
and their transition kernel P(.,.) satisfies for all z €|me, Me[, for all A €
B(Jme, Mel),

P(z,A) = Pi(z,A) 4+ 0,(A) Ps(2) (12)
where Py(z, A) equals P ({& € A} N{lle1 + oNo||*¢o < 2}), 0. is the Dirac
measure centered at z and Py(z) = P (|le; + oNy||%&o > 2).

Proof: see page 36

We now define the function F(Z,,N,,&,) as In(|le1 + 0N, 1jje, +on o< 20 ]])
corresponding to the inner part of the right hand side of Eq. 9 where steps are
sampled from e; and O,, is replaced by Z,. The following lemma makes the
connection between the term Whose limit we want to investigate (= In [|X,||)

and the sample average + >0 F(Zy,, N, &):

Lemma 3 Forn > 1, the following equation holds in distribution

1 HXn||> 1 =
Sl (2m) = 2N R(Z, N , 13
nn(HXoH 2 F B Nins) )

where F' s defined as

F(Znu-/\/’mfn) =In (Hel + O-an{“el+Uanla§n<Zn}||) (14>

Proof: see page 37

Consequently, if the right-hand side of Eq. 13 converges almost surely to
a finite value 7, then +1In|[|X,|| will also converge (in probability) to v. In
Proposition 1, we have established that (Z,), is a Markov chain. Besides,
Eq. 13 expresses Z,, .1 as a function of (Z,,, N,,,&,) where (N,,), and (&), are
independent sequences. Therefore, (Z,,, N,,,&,) is also a Markov chain. The
sample average % Z;(l) F(Zy, Ni., &) converges to a constant v if the law of
large numbers (LLN) holds for the Markov chain (Z,,, Ny, &,)n. If in addition
v # 0, then log-linear behavior holds in probability for the sequence (||X,||)x
given in Eq. 5. We now understand that we need to establish a LLN for the
Markov chain (Z,,,N,,&,), in order to conclude the log-linear convergence
of (|[Xu|)n. This is what we will do in the next section.
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5.2 Stability

We have argued that log-linear behavior will follow from establishing a LLN
for (Z,,, Ny, &), however since (N, &,) is independent of Z,,, we will see that
the properties needed to establish a LLN for the Markov chain (Z,,, N}, &)
follow from the properties needed to establish a LLN for the chain (Z,),.
The chain (Z,,), satisfies a LLN if certain so-called stability criteria can be
proven. Before investigating stability criteria for the chain (Z,),, we recall
some definitions and results about ¢-irreducible Markov Chains that are used
in the sequel. We refer to Meyn and Tweedie [24] for a complete presentation
of this theory.

5.2.1 Basics about Markov chains and definitions

Given a Markov chain (®,,),, C RP, with transition kernel Pg(.,.), the weakest
stability criterion is the so-called ¢-irreducibility: a chain (®,,),, is irreducible
with respect to a measure o if:

V(z,A) € R” x B(RP),p(A) > 0,3 ng > 0 such that Py°(z, A) >0, (15)

where Py°(z, A) equals P(®,, € A|®y = z). Another equivalent defini-
tion for the p-irreducibility of the Markov chain (®,,), is: Vz € RP.VA €
B(RP) such that (A) > 0, P(1a < 4+o00|®y = z) > 0 where, 74 is the
hitting time of ®, on A, i.e.,

74 = min{n > 1 such that ¢, € A}.

If the last term of Eq. 15 is equal to one, the chain is recurrent. A -
irreducible chain (®,,), is Harris recurrent if:

VA € B(R”) such that p(A) > 0; P,(na = 00) = 1,2 € RP|

where 74 is the occupation time of A defined as 94 = 2211 L{o,cay}-
A chain (®,,),, which is Harris-recurrent admits an invariant measure, i.e., a
measure 7 on B(RP) satisfying:

T(A) = / Po(, A)dr(z), A € B(RP).
RP
If in addition this measure is a probability measure, the chain is called posi-
tive. Positive, Harris-recurrent chains satisfy the Strong law of large numbers

(LLN) as stated in [24, Theorem 17.0.1] and recalled here.
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Theorem 4 (LLN for Harris positive chains) Suppose that (®,), is a
positive Harris chain with invariant probability measure w, then the LLN
holds for any function G satisfying ©(|G|) = [ |G(z)|dn(z) < oo, i.e.,

lim ~ ZG@k = 7(G). (16)

n—oo M

To show Harris-recurrence or positivity, it is possible to make use of practical
drift conditions. However, here, those stability criteria will be implied from
a stronger property called uniform ergodicity. A Markov chain (,,), is said
to be uniformly ergodic if it is positive Harris-recurrent and

lim sup, g, | Pi(z,.) — 7()] = 0,
where 7 is the invariant probability measure and [[v|| = sup,. ,<;| [ g(x)dv ()]

is the so-called total variation norm. Uniform ergodicity can be shown using
the following theorem which is derived from a specific case of [24, Theo-
rem 16.2.1, Theorem 16.2.4].

Theorem 5 (Condition for uniform ergodicity) Suppose that there ez-
ists a finite non-trivial measure v on B(RP) such that a Markov chain (®,),,
satisfies Py(x,A) > v(A) for all v € R? and A € B(RP). Then (P,), is

uniformly ergodic and thus positive and Harris-recurrent.

5.2.2 Stability

In the following, we study the Markov chain (Z,, N, &,)n. Its stability will
follow from the use of Theorem 5 and consequently the LLN given in The-
orem 4 will hold for (Z,, Ny, &,)n. Since (N, &,) is independent of Z,, the
stability of (Z,,, Ny, &) will follow almost immediately from the stability of
Z, that we will investigate separately. The transition kernel of (Z,),, verifies
the following minorization condition:

Proposition 2 (Doeblin or minorization condition) Let m¢ # 0, and
the non-trivial measure v be defined as

- /Rd/ 1{||el+0'tHo‘u<m€}(U t)pN< )pg(u)dudt '
Then, Vz €]me, M¢[,YA € B(Jme, M[) we have Pi(z,A) > v(A).
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Proof: see page 41

The following corollary holds as a direct consequence of the application
of Theorem 5 using the result of Proposition 2.

Corollary 1 If m¢ # 0, the chain (Z,), is positive Harris recurrent.
Proof: see page 42

From the previous corollary, we know that (Z,), admits an invariant
probability measure. We will denote this measure as p. Let vy be the
probability measure defined on B(R?) associated with a multivariate normal
distribution, i.e. for all A € B(R?), vy(A) = [, pnv(z)dz. Then for all
n €7, PN, € A) = vy (A) for A € B(R?Y). In the same way let v¢ be the
probability measure defined on B(R) associated with the noise distribution,
ie. forall Ae B(R), ve(A) = [, pe(x)de.

Corollary 2 If mg # 0, the chain (Z,, Ny, &n)n is positive Harris recurrent
admitting the product measure p1 @ Vnr @ Ve as invariant measure.

Proof: see page 42

We are now ready to state the main result of this section.

Theorem 6 The (1+1)-ES defined in Eq. 5 (and Eq. 6) minimizing the
noisy sphere (Eq. 4) converges almost surely to zero if me > 0 and diverges
almost surely to infinity when —oo < mg < 0. For mg # 0, let v be defined
as

vim [ B (nller+ oA gessasipeanzal) dn) (1"

where p is the invariant probability measure of the Markov chain (Z,),
(Eq. 11). Then ~ is well defined, finite and the algorithm converges (or
diverges) log-linearly in the sense that:

1
—In X, — (18)

holds in probability. Moreover, the convergence (or divergence) rate 7 is
strictly negative if me > 0 and strictly positive if me < 0.
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Proof: see page 42

The convergence rate v depends on ¢. The following proposition estab-
lishes that the mapping o — ~y(o) is continuous.

Proposition 3 The mapping o — (o) is continuous on |0, +o0|.

Proof: see page 46

6 Discussion

In this paper, we have developed a rigorous theory of convergence for the
(14-1)-ES together with convergence rates in noisy environments. Note that
other rigorous theoretical studies exist, however restricted to a discrete and
finite search space [25, 26]. We have analyzed the (1+1)-ES on a class of
unimodal and spherical noisy fitness functions. For this class, where the
noise is multiplicative, we have proven rigorously that even when the expected
fitness value is a positive function with a unique minimum, convergence and
divergence can happen. The result is largely independent of the type of
noise distribution and the limit between convergence and divergence is only
determined by the sign of the greatest lower bound of the support of the
noise distribution—after a first negative noise value is observed, the (1+1)-
ES cannot converge to the optimum. Previously obtained approximative
results that suggest convergence with Gaussian noise do not hold in finite
dimensional search spaces.

Though the proofs were carried out for the (1+1)-ES, i.e., an elitist evo-
lution strategy, the underlying mechanism suggests that similar results hold
for other algorithms. For a negative greatest lower bound of the noise dis-
tribution, the same divergent behavior is foreseeable for elitist algorithms in
general. We have seen with numerical simulations that the qualitative result
was the same also for non elitist selection (comma selection). However, the
limit case between convergence and divergence will be different, less easy to
specify and it will depend on strategy parameters. In particular, divergence
with comma selection can happen even when the lower bound of the noise
support is positive, and convergence can happen even when it is negative.

Another variant of the (141)-ES for noisy optimization is the (1+1)-ES
with reevaluation of the fitness of the parent, investigated in [27]. Arnold
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[4] conjectures that the best policy is to reevaluate the parent not in each
iteration. In any case, the (141)-ES with reevaluation loses its monotonicity
of the fitness value of the parent. Behavior and analysis of the (141)-ES
with reevaluation is closer to the (1,A)-ES than to the (141)-ES without
reevaluation and less intricate, in particular if the parent is evaluated in each
iteration.

The divergent behavior of the (141)-ES for example on the classical noise
model

F(x) = f(z)(1+ o N(0,1)) (19)

comes as a surprise. Whether the divergent behavior can be easily observed
in a simulation depends on the setting of the parameter o.. For o. > 0.5 the
observation can be made easily (see Section 4.2.2 and Figure 3). We believe
that this observation must have been made before by other researchers, but
that it has been ignored due to the lack of a reasonable explanation and in
view of the fact that for smaller o, it could not be reproduced. This paper
explains the observation of divergence in a rigorous way.

The practical relevance of our analysis is limited for the following reasons.

1. The investigated (141)-ES lacks a realistic step-size adaptation proce-
dure. From the view point of choosing such a procedure the present
analysis investigates the best case scenario. Our justification for this
limitation is twofold. First, our knowledge on the functioning of step-
size adaptation procedures for the (1+1)-ES in the presence of noise is
rather limited and would deserve a considerable amount of empirical or
theoretical research on its own. Second, the best case scenario provides
a useful comparison for the evaluation of step-size adaptation proce-
dures to be developed. The rigorous analysis of the (1+1)-ES with
step-size adaptation will be more involved and therefore left to future
work.

2. Only spherical functions have been considered and for any sequence
converging to the optimum the noise level converges to zero. This scale-
invariance property is essential for proving log-linear convergence, but
not necessarily realistic in practice.

3. The (141)-ES is not the most promising strategy to be applied in noisy
environments. Non-elitist comma strategies are more advisable [4] and
also covariance matrix adaptation (CMA) is most likely advantageous
even under noisy conditions [28, 29].
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Our results reveal a potential limitation of the formulation of noisy ob-
jective functions. We feel that the observed divergence should primarily
be interpreted as deficiency of a multiplicative noise model with negative
greatest lower bound and give two reasons. First, we do not believe that in
practice worse solutions (in terms of their expected fitness value) tend to pro-
duce exceptionally good fitness values with a higher probability than better
solutions. Second, the underlying mechanism of divergence is not limited to
the (1+1)-ES but applies to any elitist algorithm.

Consequently, our result suggests an implication for the construction of
benchmark functions as for example the typical noisy benchmark Eq. 19. We
suggest to replace the typical model by

F(x) = f(z)exp(aeN(0,1)) (20)

For small (positive) values of o, both models are very similar and they align
for o — 0, e.g. in the common analytical approach with o, o 1/d and
d — oo. For larger o, the new model seems more realistic because better
solutions also potentially deliver the best fitness values.

One important reason for the success of stochastic search algorithms like
evolution strategies is their fast convergence rate to the optimum (log-linear
convergence) empirically observed even on non-convex and rugged fitness
functions. Log-linear convergence is the lower bound for rank-based search
algorithms like ESs even in the non-noisy case [30]. In this paper, we have
proven that log-linear convergence (and divergence) for the (141)-ES are
preserved in the presence of noise. The class of functions considered includes
non-convex, non-differentiable and non-smooth functions even when the noise
is set to a non-zero constant. This remarkable result shows the robustness of
ESs in the presence of noise for the first time rigorously.
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Appendix

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

Further notations The set of strictly negative real numbers is denoted
R* and the set of strictly positive real numbers R7. The offspring sampled
at iteration n is denoted 5(”, ie., )N(n = X,, + 0,NV,,. The smallest o-algebra
on 2 such that a random variable X defined on (€2, .4, P) is measurable with
respect to this o-algebra is denoted o (X), of course o(X) C A. In a similar
way, the smallest o-algebra such that X7, ..., X, are measurable with respect
to the o-algebra is denoted o (X7, ..., X,). In the sequel we will sometimes
abbreviate “almost surely” by “a.s.”.

The following technical lemma will be useful for several proofs.

Lemma 4 The sequence (X,,),, introduced in Eq. 5 satisfies: for everyn >0,
IIX.|| # 0 almost surely.

Proof The result is proved by induction. The first parent is chosen ran-
domly with P(||Xy|| = 0) = 0. Suppose that P(||X,| = 0) = 0. As the
offspring X,, is obtained by adding to X, a random vector admitting an
absolutely continuous distribution with respect to the Lebesgue measure
then P(||X,|| = 0) = 0. By induction hypothesis, P(||X,| # 0) = 1,
P(|Xsz1]] = 0) = P(||Xps1ll = 0N ||X,]| # 0). Besides, the probability
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P([|[Xps1] = 0N [|X,]| # 0) equals the sum of the probability of the event
A = (| Xpssll = 0) N (X0l # 0) N (X, is accepted) and the probability of
the event B := (||[Xng1 | = 0) N (||X,]| # 0)N (X, is not accepted). Moreover,
A= (IX,]| = 0)N(||X,]| # 0) and thus P(A) = 0. Also, the event (||Xp41| =
0) N (X, is not accepted) equals the event (||X,|| = 0)N (X, is not accepted)
which implies that B = (||X,|| = 0) N (|X,]| # 0) N (X, is not accepted) is
the empty set and thus P(B) = 0. Since we have seen that P(||X,,41]] =0) =
P(A) + P(B), we thus obtain that P(||X,1]| =0) = 0. O

Proofs of Theorem 1 and Theorem 2 heavily rely on the second Borel-
Cantelli Lemma that we recall below. But first, we need to introduce the
following formal definition of ‘infinitely often (i.o.)”:

Definition 1 Let g, be some statement, e.g. |a, —a| > €. We say (g, i.0.) if
for alln, 3 m > n such that q,, is true. Similarly, for a sequence of events E,,
in_a probability space, (K, i.0.) equals {wlw € E;, i.0.} = Np>o Umzn By =
lim E,.

Given this definition, the second Borel-Cantelli Lemma (BCL) states that:

Lemma 5 Let (E,),>0 be a sequence of events in some probability space. If
the events E, are independent and verify Y -, P(E,) = +oc then P(lim E,,) =
1. -

Proof of Theorem 1 (stated page 11)

Before to be able to prove Theorem 1, we need to establish three technical
lemmas.

Lemma 6 Lett € R and let hy be the mapping from R? to R defined for all
r € RY as hy(z) = E(el=+oNI) where N is distributed as N'(0,1;). Then,

for all vectors uy, us with ||uy|| = [|us|| = 1, he(ur) = hi(uz) and thus without
loss of generality, for all u, ||ul| =1,
() = BN = ot [ ettt g
(2m)4/2 Jpa
where ey is the vector (1,0,...,0).
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Proof This result is a consequence of the fact that the standard d-dimensional

normal distribution N is spherical (isotropic). Let z € R? and [jz]| = 1,
hi(x) = BE(e*+NI) Let R be an orthogonal matrix such that Rz = e;.
Since R is an orthogonal matrix, ||Ry| = [ly|| for all y € R? and therefore

|lz+oN|| = ||R(x+0oN)| almost surely. Besides || R(z+cN)|| = ||e;+o RN
but since A is spherical, RN has the same law as A/ and thus ||z + o ]|
and |le; + oN|| have the same distribution. Therefore they admit the same
characteristic function, i.e. E(eletoNily = p(eitlertoNl), O

Lemma 7 Let (X,,), be the sequence of random vectors in R? defined in Eq. 5
and (Ny,)n be the relative sequence of independent random vectors following

the same distribution N(0, 1) used to define the sequence (X,,),, as shown in
Eq. 5. Then the variables Y, := H‘&—z” + a./\an, forn >0, are independent
and follow the same distribution asY := ||e; + oN(0,1;)]|, where e; is the

vector (1,0,...,0).

Proof For showing the independence of (Y},),ez+, we will prove that for
all n, for all ty € R, ... t, € R, E(e0Yo ¢itn¥n) = p(eio¥o)  p(eitndn),
We will proceed by induction and suppose that for all {5 € R,....t,_1 € R
E(etoYo | eitn—1¥n-1) = F(et0Y0)  F(eftn-1Yn-1) and prove that for all ¢y €
R,...;t, € R

E(eoYo | eltn¥n) = B(e0¥0) B,

Let ¢, be the o-algebra o (X, No, X1, N1, ..., Xy 1, Noo1, X)), let o, ..., t, €
R™™! then the following holds E(e®0Yo . ¢itn¥n) = F(E(ef0Yo ¢itnYn|()).
Since efoYo | ¢itn-1Yn-1 js hounded and (,-measurable [31, p88, j]

E(eMoYo et ¥n|(,) = efo¥o | eltn-tIn-1 Beitn¥n|( ) (21)

Besides, E(el"Y»|(,) = FE (eith%wN"“Kn). By independence of N,
E <eit"||ﬁ+wv"”|§n> = hy, (X,/|| Xnl|l) where hy, is defined in Lemma 6.

Since the norm of the vector X,,/||X,|| is 1 we know from Lemma 6 that
- Xn .
E <€”"|| e o | ]Cn> = E(eitnlleitoNIly Tnjecting this in Eq. 21, we obtain

E(e’itoyb o eitnYn|Cn> _ eitoYo o eitn,1Yn71E(eitn“61+0N||) (22)
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We will now use again Lemma 6 to prove that E(enlleitoNl) = p(eitn¥n):
We start by the right hand side of the equation and decompose it using the
conditional expectation with respect to o(X,,) and obtain that

() = BB (IR liox,))] (23)

Moreover, by independence of NV,,, F (eit"HH?iZH”N"H ]a’(Xn)) = hy, (X, /|IXnl])-

Using again Lemma 6 we have that E(eY") = E(ele1toN) | Injecting this
result in Eq. 22, we obtain the following equation

E(eoYo | eltn¥n|(,) = eloYo | gltn-1¥n-1 (el ¥n) (24)
We take now the expectation of both sides of the previous equation and obtain
E(eoYo | eitn¥n) = [(eitoYo  eitn-1Yn-1) P(citn¥n) - Moreover by induction

hypothesis we know that E(ef0Yo . eitn-1¥n-1) = F(eito¥0)  [(eltn-1¥n-1)
which thus imply that

E(eftoYo | eitn¥n) = B(e0Y0) | B(efn-1Yn-1) B(efn¥n)

which achieves to prove the independence of (Y},)nez+- (]

Lemma 8 If m¢ > 0, the following points hold:

1. The sequence (||X,||)n is upper bounded by 0 = || Xo|| (2—2) " >0.

2. Let € >0 and 3 > 1 such that fme € supp(§). Forn > 0, the event

Eo= ({H o

verifies E, C {||Xns1||*Ons1 < €}.

o €

< s} 0 60 < 6}

3. Forn > 1, the events E, are independent.

Note that the upper bound # given in this lemma is represented in Figure 1
for a = 2.
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Proof 1. For n > 0, F(X,) < F(Xp), ie., g([|X,]|“On) < g(||Xo||*O0)
which implies that || X,||*O, < [[Xo||*Op as g is increasing. Since O,, > my,

IXall*me < [1Xal[*On < [|Xol|*Op which gives that X, | < |[Xol| ()

[e3

2. First, the event F,, is well defined as we can divide by [|X,,|| thanks to
Lemma 4 stating that ||X,|| # 0 almost surely. Let ¢ > 0 and 5 > 1 such
that |me, fme] C supp(€) (with fme < M if Mg < +00). For n > 0, the
event F, implies for the offspring X,, = X,, + o||X,,||V;, created at iteration
n,

X
L —i—a/\/n
1|

F(%) =g (1%l

(03 o €
fn) < g (0 26m500‘ﬁm£) .

The right hand side of this last term equals g(§) such that F(X,) <
g (%) < gle). If this offspring is accepted then F(X,41) < g(e), otherwise
the fitness is already smaller than g(e¢) and we have also F(X,,11) < g(e)
which implies that ||X,11]|“Ons1 < €.

3. For n > 1, the event FE, is a function of the random variables Y,,,&,,
| X0, §. We have seen in Lemma 7 that (Y},),>0 are independent and a
similar proof leads to the conclusion that (Y, &, ), are independent. Also for
n > 1,Y,, &, are independent of Xy, &. Therefore (E,),>; are independent.
O

Proof of Theorem 1: Let (U,),cz+ be the sequence defined for n > 0
as U, = ||X,|*O,. Then, for n > 0, F(X,,) = ¢(U,). The sequence
(9(Up))nez+ is decreasing and lower bounded by ¢(0) as, for n > 0, g(U,,) >
g(|IX,||*me) > ¢(0). Therefore, it converges almost surely to a random vari-
able that we denote [ and which verifies [(w) > ¢(0) Vw € Q. Moreover, the
sequence (U, )nez+ is positive and is decreasing as the sequence (g(Uy,))nez+
is decreasing and g is an increasing map. Therefore it converges to a positive
random variable almost surely. Let us show that the limit of the sequence
(Un)nez+ is zero. Let € > 0, we have to show that 3 ng > 0 such that
U, < € for n > ngy. Since the sequence (Up,)nez+ is decreasing, we only
have to show that 3 ng > 0 such that U,, < e. Let > 1 and such that
me, Bme] C supp(§). In Lemma 8, we have defined the event E,,, shown that
it is included in the event {U,41 < €} and proved that the events (E,),>;
are independent. Moreover, P(E,) = P(|le; + o\, ||* < s ) (6 < Bme)
(where 6 is the random variable defined in Lemma 8) is a strictly positive con-
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stant for alln > 1. Then Y% P(E,) = +oo. This gives by BCL (Lemma 5)
that P(lim E,) = 1. Therefore P(lim {U,,; <¢€}) = 1. Since (U,), is de-
creasing, Ing such that Vn > ng, U,y1 < e. Therefore the sequence (U,),
converges to zero. Consequently, the sequence (||X,||), converges to zero as

we have
0 < mel|Xp||* < U, = 01X

Finally, if g is continuous then the limit [ of the sequence g(U,,) equals g(0). O

Proof of Lemma 1 (stated page 12)

Let us show that 3 pyg > 0 such that §,, < 0 almost surely. We are going to
show this statement by contradiction. Suppose that Vp > 0,§, > 0. Then,
we have M, = %ZZ: lie,<oy = 0, for all n > 0. Therefore M, goes to
zero when n goes to infinity. However, by the law of large numbers (LLN)
for independent random variables, M,, converges to P(§, < 0) when n goes
to infinity. As the limit of M, is unique, this implies that P( < 0) = 0
which is not true since mg < 0. Consequently, there exits py > 0 such that
&po < 0. Now, we define n; as ny := 1+ min{p € Z* such that &, < 0}. The
offspring where the first negative noise has been sampled will be selected
since it has a smaller fitness value than all the other individuals (that have
a positive fitness value). Therefore O,,, < 0 which implies that F(X,,) =
g (IXn, I*Ony) < g(0). Let n > ny. The sequence (F(X,)), is decreasing
such that F(X,) < F(X,,) < ¢(0). This implies that O, < 0, otherwise
F(X,) = g(IIXn]|*Op) > g(0) which can not hold, i.e. we have shown that
after the first individual with a negative fitness has been accepted, all other
accepted individuals have a negative fitness.

Let us show now that the sequence (||X,,||)n>n, is lower bounded. Because
of the '+’ selection, we have:

Vi 2 ny, F(Xn) = g ([Xa]|O0n) < F(Xn,) = g (X0, [[*On,) -
As the map g is increasing and the noise is lower bounded by m¢, we have:

Vn > ny, ”Xn”ami < X [|%On < [1X0, [|“Ony

1

|O"1‘> “ for all n > n. ]

Ime|

which gives [|Xo|| > [|Xo, | (
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Proof of Theorem 2 (stated page 12)

The proof of Theorem 2 requires the following lemma.

Lemma 9 Assume that me < 0. Consider the random variable ny and the
quantz’ty A defined in Lemma 1. Let m < ||X,,]|*On, < 0 and > 1 such
that = € supp(§) NR*. Forn > ny, the event F), defined by

e I CEE )

verifies Fy, C (|| Xpn41]|*Ong1 < m).

Proof Let (U,) be the sequence defined as U, := [|X,]|*O,,. By Lemma 1,
dn; >0, A > 0such that U, < 0 and [|X,|| > A Vn > n;. We consider
n > ny, then [|X,| > A. For all y € R ||yl # 0, the reverse triangle
inequality implies?

Y
T —o|[Nalll - (25)
H Iyl
Let 3 > 1 such that mg € supp(§)NR* . Suppose that we have [1—c|| N, |||* >

% and &, g — < 0, then with Eq. 25 we have

X, (6 + Dm] [me]

A%lme| B

) < g(m)

and thus F(X,,41) < F(X,) < g(m). This implies that U1 = || Xps1[|*Ops1 <
m. Consequently, we have shown that for n > ng, the event F), is included
in the event {U,+; < m}. O

| = IXal[* L= N [l[*[€a] = A® > |m].

Therefore, the offspring X,, is such that

f(f(n)Zg(

4The reverse triangle inequality states that for all z,y in RY, |||z|| — ||y|l] < ||z — v]|-
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Proof of Theorem 2: Let n > n; (ny defined in Lemma 1). We will
show that the sequence (||X,||), diverges to +oo. First, we show that
U, = [|X,]|*O,, diverges to —oo. This is equivalent to show that, for any
m < 0, 3n > ny such that U, < m. Similarly to the proof of Theorem 1, the
Borel-Cantelli Lemma implies that we have P(F), i.0.) = 1 (the event F,, be-
ing defined in Lemma 9) therefore Lemma 9 gives that P(U,,4+1 < mi.o.) = 1.
Since U, is decreasing, U,, converges to —oo. For all n > ny, 0 > O,, > m,
then m¢||X,[|* < U, = | X,]|*O,, for n > ny. Consequently (||X,]||), con-
verges to 400 almost surely. O]

Proof of Theorem 3 (stated page 13)

Note that the case —oo < mg < 0 leads to a divergence of the algorithm
as already stated in Theorem 2. Now we investigate the more general result
where —oo < mg < 0. By Lemma 1, 3 n; > 0 such that O, < 0 for all
n > np almost surely. For n > 0, and thanks to Lemma 4 which allows to
divide by || X,||* almost surely, the acceptance event (see Eq. 7 and Eq. 8)

writes as
(07

Xn
STL < ||Xn||a0n a.sS. .

Xl
that can be simplified into

X + o,

(07

X
— oM, & <O,
H [1Xa ]

For n > 0, we have:

X1
E( | X0, O, 60 ) = B (1{H XN || €n>0n} |Xn70n;§n)

11X, ]2 TXn ]

I Pl ey + oA o
||)<’VL||2 {”H%ZHJ’_UNNH £n<on} >y nysn

As the multivariate normal distribution is isotropic, we get

Xl
E ( HXnH2 ‘Xna Ona&n =F (1{He1+o'_/\/'n||a§n>0n} ’Onafn)

+ E (|ler + 0N Lijes +on €0 <0n} | Ons &n)
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Let NV,1 denote the first coordinate of the variable N,,. The quantity ||e; +
o N, |I? equals 1 + 20N, 1 + 02|V, ]|? and we have

X1
E <W | Xna O’m gn =1+ U2E (HNn||21{||el+canHa§n<On} | Onv gn)
+E (20_/\/-11,11{Hel+aj\/n||a€n<0n} ’ On7 gn)
In the sequel, we suppose that n > n;. Therefore, we have O, < 0. Thus, in

the last equation, the event (||e; + o N, [|" &, < O,,) is equivalent to the event
(&, < 0N ey + oNL||? > A(O,,&,)) where A (O, &,) is defined as A (O,,,&,) =
2

(‘E:")E. Therefore, we get

[ X1 ||
1+ 021{£n<0}E (HNn||21{1—&-20/\[”,1—&—02H/\/'n||2>A(O",§n)} | Ona fn)
+ 2014, <0} E (N1 L1200 1 102 [N |25 AOnin)} | Onis €n)

NOW, we will show that M(On, fn) =F (le1{||61+UNnH2>A(On,§n)} | On, §n> Z
0. The quantity M(O,,&,) can be rewritten as

M(On, fn) = /Rd 1‘11{||61+Ux||2>A(Om§n)}(:L‘)pj\[(il')d.% . (26)

Let O, and &, be fixed and let (xy,...,24) € R4, If 2y is such that
r1 < 0and 1+ 20z, + o?||z]|* > A(O,, &)

then

d

1+ 20(—x;) + o? <($1)2 + Z(%)Q) > 1+ 20z, + ||z]]* > A(Op, &)

=2

Let B (O,,&,, ) denote the quantity A(O”’g");;_UZHMP. Then
B (On, &, (21,29 ... ,24)) = B(On, &0, (—21, 29 ..., 24)) (27)
and we have
if 11 < Othen 1y >B(0, 0, (21,00

..... zq))} < 1{—:81>B(On7§na(—$17$27--~7$d))}' <28>
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The quantity M (O,,&,) can be rewritten as

/d 1|:/ xll{mlgo}l{”elJar2>A(On7£n)}($)p(l’1)d131:| p(IQ) . p(xd)dxg . .d.ﬁ(]d
RA=ILJR

+/d [/ xll{x120}1{||01+crx2>A(On,§n)}(x)p(xl)d'r1:| p(x2).. .p(wa)dzs. . dzg.
Ri-1 LJR

where p(y) = \/%7 exp(—yQ—Q) is the density of a normal distribution with mean

zero and standard deviation 1 (we have py(z) = p(z1)...p(z4)). Applying
a change of variables in the second term (u; = —x1,uy = Z9,...,uq = xg4),
and using Eq. 27, one gets that M (O, &,) equals

/d {/ 0011{m<0}1{x1>3(on,§n,x)}(@P(%)d%] p(z2).. .p(za)dzs. . dzg

rRi-1 [JR

—I—/d {/ _ull{u1<0}1{u1>B(On,§n,u)}(u>p(u1)du1:| puz) ... p(ua)dusy ... dug .
rRi-1 [JR

This gives M(O,,,&,) =

/R . [ /R 211z <o) (Lwr> B0 0.} (¥) = 11> B(0n 60,00} (7)) P(21)dy

p(z2). . .p(xg)dxs ... dxgy.

By Eq. 28, one has xll{mlgo} (1{ZI>B(On,£n,z)}(x) — 1{7$1>B(On7£n,m)}(l.)) Z 0
for all z € R%. Consequently M(O,,&,) > 0 which implies that

E Mp{ 0) >1VYn>
HXnH2 s nagn - n_nl'

Proof of Lemma 2 (stated page 14)

Taking the norm in Eq. 7, we have for £ > 0

[ Xps1ll = 1Kk + Ol Xp NG L5t oli%5 NG 2 €6 <On X2}
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Lemma 4 states that & > 0, ||Xy|| # 0 almost surely. Then the previous
equation can be rewritten as

X
Xl = Xl 757 + oG as
%] {

| o+ Hagk<ok}

Taking the logarithm of the previous equation, one has for k£ > 0

X
(| Xps1])) = (|| Xe)) + In (Hm +a/vk1{ \) a.s.

(29)

For n > 1, we sum the equations (29) from 0 to n — 1 and divide by n, one

gets
1 uxnu) 1= (meu)
—ln( = — In
n \Xol] D Xl

k=0

S (e
et |1 Xkl ‘ {HH%W\@H £k<ok}

Ity o] |"ee<on }

).

Proof of Proposition 1 (stated page 15)

Let (®,,), be a sequence of random variables and (¢,), a filtration adapted
to the sequence®. Let us remind that (®,),, is a Markov chain with transition
kernel () and initial law £ if (1) for all n, ®,, is ¢,, measurable; (2) the random
variable @, follows the law £; (3) for all measurable and bounded function
e E(f((I)n+1)|tn) = Qf(q)n)

Let us take the filtration ¢, = (X0, No, &, .., Na—1,&n—1). Then both
O, and Z,, are t,-measurable. Also Oy and Z, are distributed as L such
that (1) and (2) are satisfied.

Let f be a measurable and bounded function on R we want to show
that E(f(On11)[tn) = Pf(O,) and E(f(Zp41)|tn) = Pf(Z,) where P is the
transition kernel given in Proposition 1. Let f be a measurable function,
then

E(f(On41)ltn) = E(f((& — On)l{\\%+w\fn\\a§n<0n} + On)ltn)

5t,, are o-algebra such that ¢,, C tn4+1 and ¢, is t,-measurable.
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Since N, and &, are independent, the previous equation writes

E(f(Oni1)ltn) = S(Xa/[IXnll, On)

where S(u,v) = E(f((& — v)1{jjuton,|jeg. <ot + v)). Using now the isotropy
of N,, we have S(u,v) = S(ey,v) for all v (same proof as Lemma 6). Let
define Q(v) = S(e1,v) = E(f((§&n — v)1{jje,1on,|jeen<v} + V). We then have
E(f(Ops1)|tn) = Q(O,). Using the same argument we immediately obtain
E(f(Zp+1)|tn) = Q(Z,). The function ) can be simplified into

Q) = E(f(&)1jertonfotn<v}) + () E(L{jer+on|oen>v})

It remains now to compute P f(z) where P is given in Proposition 1. By defi-

nition, Pf(z) = [ f(«')P(z,d2') = [ f(a)Pi(z, d2) +-f (2) E(Ljo +oifocoa)-
Besides, Pl(x A) = (lA(ﬁo)l{He1+g/\/0|| §0<z}) and thus [ f(2/)Py(z,dz’) =
E(f(&)1{jjes+orpllego<a})- Thus Q(v) = Pf(v) which achieves the proof of
(3). O

Proof of Lemma 3 (stated page 16)

Step 1: Let us define the sequences ()f(\;)n and (5;)” in the following way:

Xot1 = X, + 0] X0 || M,y (XN, 1 (30)

{1 22 +0 M (o) N[ %60 <On}

With 5(\6 Xo and where Mn()f(\;) is an orthogonal matrix that sends e; on

IIXnH In the same way,

—_—~— — —~

+0, (31)

Ongr = (60 — O >1{n Xn_ 16 M (X )Nol|*€n<On}

I1Xn |
with a) = (y. We are now going to prove
(i) for all n, (5(71, 5;) and (X, O,) have the same law;
(ii) for all n, X, and X, have the same law;

(iii) for all n, Z,, = O,, almost surely.
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Proof of (i): We will proceed by induction. Since (Xo, Og) = (Xo,0p), (i)
is true for n = 0. Assume now that (Xn,O ) and (X,,0,) have the same
distribution. Let us prove that ()z;:, 6,:1) and (X,,4+1, On41) have the same
distribution, i.e. let us prove that for t € R4 ¢’ € R, E(e”'me“/a’:) =
E(etXn+1¢Ont1) where the . denotes the usual scalar product in R%.  Ac-
cording to Eq. 30, and Eq. 31

—— — Xn
B(et X t05) _ (e (Ko o1 KoM (Ko )N L 224+ M (KON |60 <O })

o 5101 Xa AN l|oEn <O
it/ On+(En=On) I 5+ M (K)o §n<on}> (32)

Using t, = (X0, No, &0y - -, Nn—1,&n1),

(¢S ity (E (e (Kt [ M () N | 225 +0 M (KON |60 <On})

1) N Xn . < « N
it Ot (€= 22+ M (KN | £n<on}‘tn>> (33)

Since (}f(\;, 5;) is t,-measurable, the right-hand side of the previous equation
equals

E (eit.ﬂeit@E (eit.(amMnonnl{“ Ray HoM MG <0n)
R o - X )N |%6n <O
it (En=Om) M52 +o M OGN, | 5”<O”}\tn)> (34)

Since &, and N,, are independent of ¢,,, we have that

; o < Xn < ae <O
E <ezt.(o||Xn||Mn(Xn)/\/’n1{lieraM(Xn)anl £n<On})

1Xn |

X" lea n )/Nn n n X X O.
ot En= O U5y 4o M ()N |60 <0 }Itn) = 70(Xn, M(X4), 05) (35)

with ~o(u, A, 0) = B <eit.(a||u||ANn1{||ﬁJraANn||a5n<o})€it’(£nfo)1{||m+aANn||a§n<o}>.

By the isotropy of the distribution of N, vo(u, 4,0) = vo(u, I4,0) for all
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ueR 0 € R and any orthogonal matrix A and thus Vo(Xm M(X ), (f)vn) =
%(Xn, 1,0, ). We have thus proven that

B! Xl Onet) = B( e Oy (X, 1, On)
Using the same fastidious technique we can show that
E(eit‘Xn-H eitlon+1) = E<€it'Xn€itlonfyO (XTH [d7 On)) :

By induction hypothesis, (X, O,,) and (Xn, O, n) have the same law and there-
fore B (e XneiOnng (X, Iy, 0,)) = E(e™ Xn @it/ On.y 0(X, Ig, O,,)) which in turn
implies that

E<€it.meit’6;:) _ E<€it-Xn+1eit/On+1) .

Proof of (ii): We will show that E(e!Xn+1) = F(et-Xn+1),

E(eitAXnJrl) _ E(E(€Zt(xn+0||xn||Mn(Xn)Nn1{|| é"u +UM(Xn)Nn||a§n<On})| ))

Since X,, is t,,-measurable,

. T it.(o]|Xn n (X )Nn X" o n)Nn n n
E(ezt.Xn+1) — E(ezt.XnE( t( HX (1M (X )N 1{” 1Xn ”+ M(X )N H 13 <O } |tn))

(36)
Since &, and N,, are independent of ¢,,, we have that

] X, Xn g n “En _— — -~
E(en.(auxnuMn(Xn) WIS+ M (X )N|*€n <O })ltn) — (X, M(X,),On)

where y(u, A, 0) = E(¢ AN Hpg teAN6<o)) By the isotropy of the
distribution of N, v(u, A,0) = v(u,I,0) for all u € R% o € R and any
orthogonal matrix A and thus v(X,, M(X,), On) = v(Xn, Iz, Oy). Injecting
this in Eq. 36 we obtain that

E(e"Xn+1) = B(e" X”fy(Xn,Id,O ) - (37)

Using (i) in the previous equation we obtain

E(eit.xn+1) — E(eit'X"’V(Xm Id7 On)) . (38)
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We will now compute E(e®*m+1). From the definition of X,, we have

B Xne1) = (et tolXal Nl e +oNall € <0.)

and conditioning with respect to ¢,, we obtain

E(eitXn) = B(B(et ool Xal Nl +oAul"en<0u gy (30
_ E( it. XnE( it. (o || Xn [N ]| HXn|I+0N 1%€n <On}) ‘t )) (4())

Moreover, since N,, and &, are independent of ¢,, we obtain
E( it (o||Xn || Nn 1{” HXnH +oNp || <On}) ’t )) _ ’}/(Xn ]—d On)

and thus '

E(" ) = B(e" (X, Ig,0y)) (41)
From Eq. 41 and Eq. 38, we thus have that E(eit'X”“) = F(et¥n+1),
Proof of (iii): We will show by recurrence that Z,, = O,, almost surely. Since

Op = Oy = Z (iii) is true for n = 0. We assume now that Z,, = O,, almost
surely. Let us simplify the notation for M (X ) that we now write M,,. Since

M,, is an orthogonal matrix® || < T oM.N,|| = HMT(H;( ” Dl
= HMTH;"” + oMM, N, | = HMTII?II + oN,|. Since M, is orthogonal
MT = M1 and since M,e, = Xn/HXnH, we have that M,:f”?‘” =e;. We
can thus simplify HMEH};"H + oN,,|| into ||e; + o, |. Therefore

Ont1 = (&n = ) {ller+oNs|*¢n<On} T O

and thus by induction hypothesis

On—H - (gn - Zn)1{||e1+a/\an°‘§n<Zn} + Zn

which in turn imply that 5,:1 = Zp41 almost surely.
Step 2: Applying Lemma 2 to the sequence (X,,),, we obtain

LIl 1“
Rl ﬁko (‘ X, D "

6An orthogonal matrix M satisfies MT M = I; and thus M~ = M7T. Moreover for all
z € RY, [|[Ma]| = [|]].

1{||H§ﬁ+0MkaHa£k<évk}
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where we have dropped the dependence in }f(vk in the matrix Mj, for notation

_ T Xk

convenience. As for (iii) ”X ”
o MpNy)|| = |ler + oNk||, and thus Eq. 42 becomes

IXall
IXol

1
—In
n

3I'—

Z nfler + 0Ny, ongjoge<ai} |
k=

almost surely. Since by Step 1 (iii), we have that 5; = 7, almost surely, we
obtain that

IXall _
- Zln ler + oNE e tonifoer <z | (43)
no X i

almost surely. By Step 1 (ii), we have that HX\;H and ||X,,|| follow the same
law and thus

n—1
N
HXOH Zln”m +O-Nkl{“el+a'_/\fk||a§k<zk}|| (44)
"3
holds in distribution. .

Proof of Proposition 2 (stated page 18)
Let us show that v : B(Jme, Me[) — RT U {+00} defined as

- /Rd/ () 1gjer+ot|eucme} (t; 1) P () pe (u)dudt

is a finite measure. First, we have v()) = 0. Second, if E; and E, are
two disjoint sets then v(FE; U Ey) = v(E;) + v(E>) as the function 1g,yp, is
identically equal to 1, + 15, when E; N Ey = (). Third,

Mg
ome M) = [ [ Uosoeemer (O pe(u)dudt < 1.

mg

Now, if m¢ = 0, the indicator function 1{||el+gt||au<mf}(u, t) equals zero for
any t € R? and u €]0, M¢[ almost surely. Therefore, v is identically equal to
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zero. However, if m¢ # 0, then, for A € B(Jm¢, M) with a strictly positive
Lebesgue measure, the set

A = {(u,t) € (Jmg, M¢[NA) x R? such that [e; + ot[|u < me}

has a strictly positive measure with respect to the Lebesgue measure defined
on B(R¥x]mg, M¢[). This implies that v is not identically equal to zero if
and only if mg # 0. Moreover, for t € RY, (u, 2) €]mg, M¢[?

ller + ot||%u < me = |je; + ot]|“u < 2

which gives that Vz €|mg, M[, VA € B(me, Me[), Pi(z, A) > v(A). O

Proof of Corollary 1 (stated page 19)

By Proposition 2, the condition of Theorem 5 is satisfied for (Z,,),, and thus
it is positive and Harris recurrent. 0]

Proof of Corollary 2 (stated page 19)

The product measure v @ vy ® v¢ where v is given in Proposition 2 is a
minorization measure for the Markov chain (Z,,N,,&,), and the product
measure g @ vy ® Ve is an invariant probability measure for (Z,, Ny, &, ).
Therefore (Z,, Ny, &)y is positive Harris recurrent. O

Proof of Theorem 6 (stated page 19)

To establish the proof of Theorem 6, we need the following two lemma.

Lemma 10 Suppose that mg # 0. The quantity v defined as

vim [ B @l + oAb s ansposszal) dn) (4

where s the invariant probability measure of (Z,), is well defined and
finite.
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Proof Letg:R?xR: xRXxR — R be defined for (z,0,y,2) in R x R x
R x R by

g9(x,0,y,2) = |le1 + Lijje,roafoy<=} (@, Y, 2)ox]| .
Then the quantity v corresponds to integrating the function In(g) with re-
spect to the variables x, y and z. We notice that

g((z1, 9, ... xq),0,y,2) = g((x1, €222, ..., €4Tq),0,Y, 2)

for all (eg,...,€q) in {—1,+1}%! and (x1,29,...,24) in RL Therefore, we
can restrict the integration with respect to the variable x to the domain
D = R*x]0, —i—oo[d_l, more precisely the quantity v can be rewritten as

277 (2m)i2 / / / 9w, 0,9, 2)) e F pely)dedydn(=)

where (1 is the invariant probability measure of the Markov chain (Z,),. We
introduce v as:

7:#/p/ / “In* [g(e, 0,y 2)) e~ F pely)dedydp(z)  (46)

me me

and v~ as:

”_:W/ / / "™ [g(e, 0,y 2)) e F pey)dedydp(z)  (47)

D mg mg

such that ¥ = v* —~~. The quantities v+ and 7~ are well defined but could
be infinite. Using spherical coordinates (with d > 2) we obtain after partial
integration

V_ZG) W 2r Waal (9) /M/ /

In~ [h(r,0,0,y,2)]r* e smd 2(0)pe(y) dr dOdydp(z), (48)

%:(1)3 1 /*°°/ Mﬁ/
2) Wil (%) Jo 0 Jme Jme

,,,

In" [h(r,0,0,y,2)] r" te” = sin® 2 (0)pe (y) dr dOdydu(z), (49)
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where we have used the classical Wallis integral W, o = foﬂ/ sin?"20 df and
the surface area of the d-dimensional unit ball Sy = 2rx%2/T'(£) where I'()
denotes the Gamma function defined as I'(z fo e tdt and where h
is the positive function defined on R* x [0, 7r] x RT xR x R by

h(r,0,0,9,2) = | 1{jarctjoyesy (1 0,4, 2)or — ||

For (r,0,0,y,2) in RT x [0,7] x R x R x R, we have

In*(h(r,0,0,y,2)) <In"(1+o0r) < or (50)
and

In" (h(r,0,0,y,2)) <In" (sin(d)). (51)
This gives
g +o0
7 < (%) ﬁg(g)/o rie='7 dr < 400,

and

1 oo 2
v < (§> w F — / / In~ (sin(h)) rte= = sin®2(0) dr df
a—2T (%)

1 2 / P /’5 s
<|(=] ———~ r 2dr sin?2(0) df < 400 .
(2> Waal (2) J: ,

For the remaining case d = 1, we have

22
T2 < H00,

T < L/ |x|e‘édx _ 20 xe
o vV 21 R vV 2T R+
For ~~, after a change of variables (v = ox), we get

etk Mo 0 MeIn (114 Ty gjayeny (0,9, 2)0)
e / / / ( {[1+vloy<z} )ps(y)dvdydu(?«*)
-2

[

ez [Me Me 1n (|14 v
— /2/ Ml{llﬂa%z}(v,y,z)pg(y)dvdydu(z)

< [ / [ eyt

[

= dv < +00.
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Lemma 11 Suppose that mg # 0. Then the quantity y defined in Lemma 10
is such that v < 0 if mg > 0 and v > 0 if me < 0.

Proof Let (a,),>0 be a sequence of i.i.d. random vectors in R? distributed
as N (0,1;). Let also (b,),>0 be a sequence of i.i.d. random variables with
law L¢. We consider (7},),ez+ a Markov chain with transition kernel P (the
transition kernel of (Z,),,) and initial distribution 4, the invariant probability
measure of (Z,),. By definition of the invariant measure, for all n, the law
of T}, is u. As for Z,, the chain (7},), obeys the following induction relation:

b, if |le; + oa,||*b, < T,

Tir = e+ oo (52)
T, otherwise,

and Ty distributed as u. We also construct a sequence of random variables

(M,,)nen, in the following manner

n @ f n ab’l’b < TTL)
M- {||e1+oa [ it fler + o (53)

1 otherwise ,

The sequence (M,), satisfies B, .., [In(M,1)] = 7, where the notation
E,. v ve reminds the different distribution of the random variables defining
M,,. We also define the sequence of random variables (W,,),en as Wyyq =

Tn
M4 lel. Then, for n > 1, we have

n a_n f n abn <T’I’L’
W {||e1+aa I8 i ey + oa| 54

1 otherwise .

Besides, if m¢ > 0, b, > 0, and then 7, > 0 for all n > 0. Consequently,
W, <1 for all n € N. Since W,y = Mn+1T;—:1, we have that In(W, 1) =
In(M,41) + In(Ty41) — In(75,). Therefore

By we IM(Wait)] = By we I(Mni1)] + Eu[In(Toi1)] — Eu[In(T5)] -
Since E,[In(T,4+1)] = E,[In(7T},)], we have
( n+1)] Eu ANGIZS [ln(Wn+1>]

abn
= By e {ln (Hel + oay|| T_) 1{||e1+oan||“§g<1}}

V= By [In
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The right hand-side of the last equation is strictly negative as the events
<||61 + UanHO‘;—: < 1) have a strictly positive measure and thus v < 0 if
me > 0.

Consider now the case where m¢ < 0. Similarly to the proof of Lemma 1,
there exists ng > 0 such that T,, < 0 for all n > ngy. This implies in particular
that the support of the p is embedded in |mg, 0] and thus that for all n > 0,
T, < 0. As in the previous case we have

B e [In(Wyp1)] = Ep vy e In(M,41)] + E,u[ln(_Tn-i-l)] - Eu[ln(_Tn)] .

and thus v = E, . ve In(M11)] = Euvpr e In(Wyi1)]. Therefore

abn
7= Byt 1 (e + 000l ) Lpnogpon] - 69)

which is strictly positive since the events (Hel + oa, |l > 1) have a strictly
positive measure. O

Proof of Theorem 6: The almost sure convergence or divergence was
already given in Theorem 1 and Theorem 2. Now, we investigate the conver-
gence (or divergence) rate.

Corollary 2 states that (Z,,N,,&,), is positive and Harris recurrent,
moreover, Lemma 10 states that v is well defined and finite. Therefore,
we can apply the LLN for Markov chains (Theorem 4), in the sense that the
right hand side of Eq. 13 converges almost surely to 7. Consequently the
left-hand side of Eq. 13, the sequence (+In [|X,]|),, converges in distribution
to 7. As 7 is a constant, the convergence of the sequence + In(||X,||), to v
holds also in probability. Finally, by Lemma 11, we have v < 0 if m¢ > 0
and v > 0 if m¢e < 0. U

Proof of Proposition 3 (stated page 20)

The convergence (or divergence) rate 7 defined in Lemma 10 can be rewrit-
ten, according to the proof of Lemma 10, as v = 7 — 4~ where v© and
~~ are positive finite quantities respectively defined in Equations 46, 49 and
Equations 47, 48 which have been given in the proof of Lemma 10. The
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continuity with respect to ¢ is shown using the Lebesgue dominated conver-
gence theorem (for continuity) on every range |0, M| and then for the whole
10, +00] thanks to the inequalities given in Eq. 50 and Eq. 51. This gives the
result for d > 1.

For the case d = 1, the integrand in " is continuous with respect to o f02r
almost all (x,y, z) in Rx|mg, M¢[x|mg, M| and is dominated by \/%S:ce_%
for (z,0,y,z) € RTx]0,S]x[0, +o0[x]mg, Mc[x]me, M| which gives the con-
tinuity of 4+ with respect to o by the Lebesgue dominated convergence the-
orem. For ~~, aqd after the change of variables v = ox, the integrand will be
dominated by %M for (v, 0,y, 2) €]—2,0]x]0, +00[X|me, Me[x|me, M|
and the continuity of v~ with respect to o follows from the dominated con-
vergence theorem. ([l
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