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Abstract Evolution Strategies (ES) are stochastic derivative-free optimization
algorithms whose most prominent representative, the CMA-ES algorithm, is widely
used to solve difficult numerical optimization problems. We provide the first
rigorous investigation of the linear convergence of step-size adaptive ES involving
a population and recombination, two ingredients crucially important in practice to
be robust to local irregularities or multimodality.

We investigate convergence of step-size adaptive ES with weighted recombination
on composites of strictly increasing functions with continuously differentiable
scaling-invariant functions with a global optimum. This function class includes
functions with non-convex sublevel sets and discontinuous functions. We prove the
existence of a constant r such that the logarithm of the distance to the optimum
divided by the number of iterations converges to r. The constant is given as an
expectation with respect to the stationary distribution of a Markov chain—its sign
allows to infer linear convergence or divergence of the ES and is found numerically.

Our main condition for convergence is the increase of the expected log step-size
on linear functions. In contrast to previous results, our condition is equivalent to
the almost sure geometric divergence of the step-size on linear functions.

Keywords Evolution Strategies; Linear Convergence; CMA-ES; Scaling-invariant
functions; Foster-Lyapunov drift conditions.

1 Introduction

Evolution Strategies (ES) are stochastic numerical optimization algorithms intro-
duced in the 70’s [54,55,60,61]. They aim at optimizing an objective function
f:R™ - R in a so-called zero-order black-box scenario where gradients are not
available and only comparisons between f-values of candidate solutions are used
to update the state of the algorithm. Evolution Strategies sample candidate so-
lutions from a multivariate normal distribution parametrized by a mean vector
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and a covariance matrix. The mean vector represents the incumbent or current
favorite solution while the covariance matrix determines the geometric shape of the
sampling probability distribution. In adaptive ES, not only the mean vector but
also a step-size or the covariance matrix is adapted in each iteration. Covariance
matrices can be seen as encoding a metric such that Evolution Strategies that
adapt a full covariance matrix are variable metric algorithms [64].

In the domain of Evolutionary Computation, the covariance-matrix-adaptation
ES (CMA-ES) [29,30] is nowadays recognized as state-of-the-art to solve difficult
numerical optimization problems that can typically be non-convex, non-linear,
ill-conditioned, non-separable, rugged or multi-modal® [18,23,24,32] [56, Fig. 20].
Other relevant algorithms to solve ill-structured, non-convex, multi-modal, non-
differentiable problems are also population based like Estimation of Distribution
algorithms notably AMaLGaM [17], Differential Evolution [22,(2], and Particle
Swarm Optimization (PSO) [17]. PSO methods however exploit separability and
are inefficient to solve non-separable ill-conditioned problems [37]. The CMA-
ES algorithm is based upon several maximum likelihood updates [31], can be
interpreted as a natural gradient descent [5,25,53] and has been tightly linked to
the EM-algorithm [7]. Adaptation of the full covariance matrix is crucial to solve
general ill-conditioned, non-separable problems. Up to a multiplicative factor that
converges to zero, the covariance matrix in CMA-ES becomes on strictly convex
quadratic objective functions close to the inverse Hessian of the function [27].

The CMA-ES algorithm follows a (p/pw, A)-ES algorithmic scheme where from
the offspring population of A candidate solutions sampled at each iteration the
1~ A/2 best solutions—the new parent population—are recombined as a weighted
sum to define the new mean vector of the multivariate normal distribution. On
a unimodal spherical function, the optimal step-size, i.e. the standard deviation
that should be used to sample each coordinate of the candidate solutions, depends
monotonously on yu [55]. Hence, increasing the population size makes the search less
local while preserving a close-to-optimal convergence rate per function evaluation
as long as A remains moderately large [8,9,30]. This remarkable theoretical property
implies robustness and partly explains why on many multi-modal test functions
increasing A empirically increases the probability to converge to the global opti-
mum [34]. The robustness when increasing A and the inherent parallel nature of
Evolution Strategies are two key features behind their success for tackling difficult
black-box optimization problems.

Convergence is a central question in optimization. For comparison-based algo-
rithms like ES, linear convergence (where the distance to the optimum decreases
geometrically) is the fastest possible convergence [13,65]. Gradient methods also
converge linearly on strongly convex functions [52, Theorem 2.1.15]. We have
ample empirical evidence that adaptive ESs converge linearly on wide classes of
functions [30,37,38,57]. Yet, establishing proofs is known to be difficult. So far,
linear convergence could be proven only for step-size adaptive algorithms where
the covariance matrix equals a scalar times the identity [11,13,39-12] or a scalar

1 The cmaes and the pycma Python modules that implement the algorithm are downloaded
more than 300,000 and 30,000 times per week, respectively, from PyPI as of March 2022.
Both modules implement the main ideas of CMA-ES [30] and further enhancements published
over the years, notably the rank-p update [35], a better setting for step-size damping and the
weights [34], an active covariance matrix update [14], and restart mechanisms with increasing
population size [12,28].


https://pypi.org/project/cmaes
https://pypi.org/project/cma
https://pepy.tech/project/cmaes
https://pepy.tech/project/cma
https://pypi.org
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times a covariance matrix with eigenvalues upper bounded and bounded away from
zero [2]. In addition, these proofs require the parent population size to be one.

In this context, we analyze here for the first time the linear convergence of a step-
size adaptive ES with a parent population size greater than one and recombination,
following a (p/pw, A)-ES framework. As a second novelty, we model the step-size
update by a generic function and thereby also encompass the step-size updates in
the CMA-ES algorithm [29] (however with a specific parameter setting which leads
to a reduced state-space) and in the xNES algorithm [25].

Our proofs hold on composites of strictly increasing functions with either
continuously differentiable scaling-invariant functions with a unique argmin or
nontrivial linear functions. This class of function includes discontinuous functions,
functions with infinite many critical points, and functions with non-convex sublevel
sets. It does not include functions with more than one (local or global) optimum.

In this paper, we use a methodology based on analyzing the stochastic process
defined as the difference between the mean vector and a reference point (often
the optimum of the problem), normalized by the step-size [14]. This construct
is a viable model of the underlying (translation and scale invariant) algorithm
when optimizing scaling-invariant functions, in which case the stochastic process
is also a Markov chain and here referred to as o-normalized Markov chain. This
chain is homogeneous as a consequence of three crucial invariance properties of the
ES algorithms: translation invariance, scale invariance, and invariance to strictly
increasing transformations of the objective function. Proving stability of the o-
normalized Markov chain (e-irreducibility, Harris recurrence, positivity) is key to
obtain almost sure linear behavior of the algorithm [14]. The sign and value of
the convergence or divergence rate can however only be obtained from elementary
Monte Carlo simulations. The technically challenging part in the proof methodology
is the stability analysis. It was not carried out by Auger and Hansen [14] who
presented the methodology and some algorithm classes that can be addressed by
the methodology but assumed stability of the algorithms without proof. We prove
in the following the stability for some algorithms belonging to the (p/pw, A)-ES
framework and thus formally prove linear behavior of these algorithms.

Relation to previous works: In contrast to our study, most theoretical analyses of
linear convergence concern the so-called (1+1)-ES where a single candidate solution
is sampled (A = 1) and the new mean is the best among the current mean and the
sampled solution and in addition the one-fifth success rule is used to adapt the
step-size [18,54]. Jagerskiipper established lower-bounds and upper-bounds on the
hitting time to reduce the distance to the optimum related to linear convergence
on spherical functions [39,42] and on some convex-quadratic functions [10,41].
Remarkably, these studies derive the dependency of the hitting time bounds on
dimension and condition number, an aspect which is not covered with our approach.
The underlying methodology used for the proofs was later unveiled as connected
to drift analysis where an overall Lyapunov function of the state of the algorithm
(mean and step-size) is used to prove upper and lower bounds on the hitting time
of an epsilon neighborhood of the optimum [1]. With this drift analysis, Akimoto
et al. provide lower and upper bounds on the hitting time of an e-ball pertaining
to linear convergence (coming as well with dependency in the dimension) for the
the (14-1)-ES with one-fifth success rule on spherical functions [1]. The analysis
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was later generalized for classes of functions including strongly convex functions
with Lipschitz gradient as well as positively homogeneous functions [2,51].

Using the same methodology as in this paper, the linear convergence of the
(1 + 1)-ES with step-size adapted via the one-fifth success rule is proven on increas-
ing transformations of C'! positively homogeneous functions p with a unique global
argmin and upper bounds on the degree of p and on the norm of the gradient
IVpll [13].

While most theoretical studies of linear convergence concern a (141)-ES, the
(1, ))-ES with self-adaptation has been analyzed on the sphere function [11] and
more recently an ODE method has been developed and applied to a (u/p, A)-ES
with a specific step-size adaptation concluding linear convergence on the sphere
function when the learning rate is small enough [4]. Our analysis holds for wider
classes of functions and does not impose a small learning rate. However it does not
allow to obtain the sign of the convergence rate.

A few studies attempt to analyze ES with covariance matrix adaptation: A
variant of CMA-ES modified to ensure a sufficient decrease globally converges
(but not provably linearly) [21]. Provided the eigenvalues of the covariance matrix
stay upper bounded and bounded away from zero (which is not the case in the
affine-invariant CMA-ES), a (141)-CMA-ES with any covariance matrix update
and proper step-size adaptation converges linearly [2]. When convergence occurs
on a twice continuously differentiable function for CMA-ES without step-size adap-
tation, the limit point is a local (or global) optimum [6].

This paper is organized as follows. We present in Section 2 the algorithm
framework, the assumptions on the algorithm and the class of objective functions
where the convergence analysis is carried out. In Section 3 we present the main
proof idea to prove a linear behavior and present the ensuing proof structure. In
Section 4, we present different Markov chain notions and tools needed for our
analysis. In Section 5, we establish different stability properties on the o-normalized
Markov chain. We state and prove the main results in Section 6. Notations are
summarized in Table 1.

2 Algorithm framework and class of functions studied

We present in this section the step-size adaptive algorithm framework analyzed,
the assumptions on the algorithm and the function class considered as well as
preliminary results. In the following, we consider an abstract measurable space
(2, F) and a probability measure P so that ({2, F, P) is a measure space.

2.1 The (u/pw, N)-ES algorithm framework

We introduce step-size adaptive evolution strategies with recombination, referred
to as step-size adaptive (u/pw,A\)-ES. Given a positive integer n and a function
f:R™ = R to be minimized, the sequence of states of the algorithm is represented
by {(Xk,or);k € N} where at iteration k, X;, € R" is the incumbent (the favorite
solution considered as current estimate of the optimum) and the positive scalar oy,
is the step-size. We fix positive integers A and p such that pu < \.
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Table 1: Notations

| - || is the Euclidean norm
|| * loo is the infinity norm on a space of bounded functions
[lvln = sup|4<p [Ev(g)| is for a positive function h the norm of the signed measure v
m1 X 7 is the product measure from two measure spaces (Z;,B(Z;),m;), ¢ = 1,2, on the
product measurable space (21 X Z2, B(Z1) ® B(Z2)) where ® is the tensor product
A€ is the complement of a set A
AT is the transpose of a matrix A
B (z,p) = {y € R";|lz — y|| < p} is the open ball around = € R™ with radius p > 0 and
B (z, p) is its closure
B(Z) is the Borel sigma-field of the topological space Z
E.(g9) = [ g(z)v(dz) for any real-valued function g and a signed measure v
L. ={y €R™; f(y) = f(2)} is the level set for an objective function f :R™ — R and
an element z € R™
N is the set of non-negative integers
N is the standard normal distribution
N, is the standard multivariate normal distribution in dimension m
N (z,C) is the multivariate normal distribution with mean x € R™ and covariance matrix C
DA, is the probability density function of Ny,
R4 is the set of non-negative real numbers
u = (ul,...,u™) € RP™ where u’ € RP for i = 1,...,m and p € N\ {0} and we
write u = (ul) = ul if m =1
wlu= Y7, wu for w € R™ and u € RP™

Let (Xo,00) € R" x (0,00) and U = {Upy1 = (U,%+1,..,,U,§‘+1);k € N} be a
sequence of independent and identically distributed (i.i.d.) random inputs indepen-
dent from (Xo,00), where for all k € N, Upy1 = (Upyq,-- .,U,i‘_,_l) is composed of A
independent random vectors following a standard multivariate normal distribution
Nn. Given (X}, o) for k € N, we consider the following iterative update. First, we
define A candidate solutions as

Xpp1 = Xp 4o, Ubyy fori=1,... A (1)

Second, we evaluate the candidate solutions on f. We then denote an f-sorted
permutation of (X]i_H, e ,Xl;\_H) as (X,%iﬁ‘l, e 7Xl/c\-:i->\1) such that

FIXEN) < -or < FOXRA (2)

and thereby define the indices i: X. To break possible ties, we require that i: A < j:\

if f(Xj41) = f(X{ ) and i < j. The sorting indices i: A are also used for the
) . A

o-normalized difference vectors Uy, in that U};j‘l = X"%kxk Accordingly, we

define the selection function ay of z € R" and u = (u',..., u) € R™ to yield the
sorted sequence of the difference vectors as

af(z,u):(ul:)‘,...,u“:A) e R"™, (3)
with f(z + u*) < .- < f(z + «™) and the above tie breaking. For A\ = 2

and g = 1, the selection function has the simple expression aj(z, (ul,u?)) =
(u! — u2)]l{f(z+u1)§f(z+u2)} + u®. By definition, for k € N, af(Xg, 04Ugs1) =
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(UkU,ij‘f\h o UkU,ﬁf;_A1> so that
af(Xg,06Ugt1) 1A A
arSealien) _ (i, o). (@

However, ay is not a homogeneous function in general, because the indices i: A in
(4) depend on f and hence on ay and hence on oy.

The update of the state of the algorithm uses the objective function only through
the above selection function which is invariant to strictly increasing transformations
of the objective function. Indeed, the selection is determined through the ranking
of candidate solutions in (2) which is the same when on go f or f given that g is
strictly increasing. We talk about comparison-based algorithms. Formally:

Lemma 1 Let f = pog where g : R™ = R and ¢ is strictly increasing. Then ay = ag.

To update the mean vector X}, we consider a weighted average of the y < X best
solutions Y _f | wiX,i:il where w = (w1, ..., wy) is a non-zero vector. With only
positive weights summing to one, this weighted average is situated in the convex
hull of the p best points. The next incumbent X}, is constructed by combining
X and Yo wiX}iﬁ_‘l

H H H
Xk+1= (1—Zwi> Xk+zwixlzc:.¢1:Xk+UkaiU]z:_\1 . (5)

i=1 i=1 i=1

Positive weights with small indices move the new mean vector towards the better
solutions, hence these weights should generally be large. In evolution strategies,
the weights are always non-increasing in ¢. With the notable exception of Natural
Evolution Strategies ([25] and related works), all weights are positive. In practice,
SF | wj is often set to 1 such that the new mean vector is the weighted average of
the p best solutions. Proposition 12 describes (generally weak) explicit conditions
for the weights under which our results hold. We write the step-size update in an
abstract manner as

‘A A
Thr :akF(U;H,...,U,g‘H) (6)

where I : R™ — R4\ {0} is a measurable function. This generic step-size update
is by construction scale-invariant, which is key for our analysis [14]. The update of
the mean vector and of the step-size are both functions of the f-sorted sampled
vectors (U,%;f‘l, ce U,‘;r ).

Using (4), we rewrite the algorithm framework (5) and (6) for all k as:

m
Xppy1 = Xp + Y w; [op (X, 03Upy1)], = Xp + 0 op(Xp, 0pUpi1)  (7)

i=1

af(Xi, 0xUgs1)
Ok+1 :Jkp<fo.—k+

(8)

with U = {Ug41 ; k € N} the sequence of identically distributed random inputs and
w € R¥\ {0}.
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2.2 Algorithms encompassed

The generic update in (6) or equivalently (8) encompasses the step-size update of the
cumulative step-size adaptation evolution strategy ((u/pw, A)-CSA-ES) [14,36] with
cumulation factor set to 1 where for dy > 0, w € R¥\{0} and u = (u',... u") € R™,

Mt
[sar(u',...,u") = exp <dlo— <||||§|E1[|Nn|||]_1>) . Y

The acronym CSA1 emphasizes that we only consider a particular case here: in

the original CSA algorithm, the sum in (9) is an exponentially fading average of

these sums from the past iterations with a smoothing factor of 1 — c¢;. Equation (9)

only holds when the cumulation factor ¢, is equal to 1, whereas in practice, 1/co

is between y/n/2 and n + 2 (see [29] for more details). The damping parameter
o ~ 1 scales the change magnitude of log(oy).

Equation (9) increases the step-size if and only if the length of Y ¢ | wiU,ii‘l
is larger than the expected length of > | wZ-U,i_H which is equal to ||w| E [|[Nz]|]-
Since the function I'3g4 is not continuously differentiable (an assumption needed in
our analysis) we consider a version of the (u/pw, A\)-CSA1-ES [10] that compares the
square length of 3"t w; UL}, to the expected square length of 2% | w; U}, which
is n|jw||?. Hence, we analyze for dy > 0, w € R*\ {0} and u = (u!,...,u") € R™:

1 (12w
I Louf) = =L - : 1
CSAl(u 3 , U ) exp (2dg-7’l ( ||1UH2 n ( 0)

Another step-size update encompassed with (4) is given by the Exponential
Natural Evolution Strategy (xNES) [14,25,53,58] and defined for dy > 0, w €
RA\ {0} and u = (u',...,uH) € R™ as

1 " w; ;
1 Y 7 2
I'ings(uy ..., u!) = exp <2dgn (; S ] (||u I n))) . (11)

Jj=1

Both equations (10) and (11) correlate the step-size increment with the vector
lengths of the u best solutions. While (10) takes the squared norm of the weighted
sum of the vectors, (11) takes the weighted sum of squared norms. Hence, cor-
relations between the directions u’ affect only (10). Both equations are offset to
become unbiased such that logo I" is zero in expectation when u’ ~ A/, for all
1 <i <\, are i.i.d. random vectors.

2.3 Assumptions on the algorithm framework

We pose some assumptions on the algorithm (7) and (8) starting with assumptions
on the step-size update function I".

Al. The function I : R™" — R\ {0} is continuously differentiable (C*).

A2. I' is inwariant under rotation in the following sense: for all n x n orthogonal
matrices T, for all w = (u1,...,uu) € R™, I'(Tu1,...,Tuy) = I'(u).

A3. The function I' is lower-bounded by a constant mp > 0, that is for all z € R"™*,
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A4. logoI' is Nyu-integrable, that is, /|10g(F(u))|pr (u)du < oo.

We can easily verify that Assumptions A1-A4 are satisfied for the (u/pw, \)-
CSA1 and (u/pw, A)-xNES updates given in (10) and (11). More precisely, the
following lemma holds.

Lemma 2 The step-size update function I'csa1 defined in (10) satisfies Assumptions
A1—A4. Endowed with non-negative weights w; > 0 for alli=1,..., u, the step-size
update function IT'yngs defined in (11) satisfies Assumptions A1—A4.

Proof. A1 and A4 are immediate to verify. For A2, the invariance under rota-
tion comes from the norm-preserving property of orthogonal matrices. For all

u = (ut,...,uy) € R™, TI'csai(u) > exp (—i) such that I'cga; satisfies A3.

Similarly I (u) = exp [ — 52— i wiog 1 Sk wi_||ut||?). Since all
Y £xNES P\ 20 557 oo, T T 2dom Zei=t T o] :
the weights are non-negative, 57— >"% | w;|u’|? > 0. And then — 51— 3% w; +

ﬁon B wglldt)? > _i Sk w;. Therefore I'ings(u) > exp (—i) which

does not depend on u, such that I'yngs satisfies A3.

Assumptions A1-A4 are also satisfied for a constant function I" equal to a
positive number. When the positive number is greater than 1, our main condition
for a linear behavior is satisfied, as we will see later on. Yet, the step-size of this
algorithm clearly diverges geometrically.

We formalize now the assumption on the source distribution used to sam-
ple candidate solutions, as it was already specified when defining the algorithm
framework.

A5, U={Uys, = (U,iﬂ, A U,;\_H) eR™ ke N}, see e.g. (1), is an i.i.d. sequence
that is also independent from (Xo,00), and for all natural integer k, Uy is an

independent sample of A standard multivariate normal distributions on R" at
time k + 1.

The last assumption is natural as evolution strategies use predominantly Gaus-
sian distributions®. Yet, we can replace the multivariate normal distribution by a
distribution with finite first and second moments and a probability density function

2
of the form x — G%g (%) where o > 0 and g : Ry — R, is C!, non-increasing
and submultiplicative in that there exists K > 0 such that for t € Ry and s € Ry,
g(t+s) < Kg(t)g(s) (such that Proposition 11 holds).

2.4 Assumptions on the objective function

Our main assumption on f to analyze the linear behavior of a step-size adaptive
(1/pw, X)-ES is that it is scaling-invariant. We remind that f is scaling-invariant [14]

2 In Evolution Strategies, Gaussian distributions are mainly used for convenience: they are
the natural choice to generate rotationally invariant random vectors. Several attempts have
been made to replace Gaussian distributions by Cauchy distributions [16,59, 68]. Yet, their
implementations are typically not rotational invariant and steep performance gains are observed
either in low dimensions or crucially based on the implicit exploitation of separability [33].
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Fig. 1: Level sets of scaling-invariant functions with respect to the red star z*.
A randomly generated scaling-invariant function from a “smoothly” randomly
perturbed sphere function.

with respect to a reference point z* if for all p > 0, z,y € R"
fla* +2) < fla* +y) — f(:v*+px)§f(x*+py). (12)

More precisely, we pose one of the following assumptions on f:

F1. The function f satisfies f = ¢ o g where ¢ is a strictly increasing function and
g is a O scaling-invariant function with respect to z* and has a unique global
argmin (that is x*).

F2. The function f satisfies f = ¢ o g where ¢ is a strictly increasing function and
g is a nontrivial linear function.

Assumption F1 is our core assumption for studying convergence: we assume
scaling invariance and continuous differentiability not on f but on g where f = pog
such that the function f can be discontinuous (we can include jumps in the function
via the function ¢). Because ES are comparison-based algorithms and thus the
selection function is identical on f or g o f (see Lemma 1), our analysis is invariant
if we carry it out on f or go f. Strictly increasing transformations of strictly
convex quadratic functions satisfy F1. Functions with non-convex sublevel sets can
satisfy F1 (see Figure 1). More generally, strictly increasing transformations of C'!
positively homogeneous functions with a unique global argmin satisfy F1. Recall
that a function p is positively homogeneous with degree o > 0 and with respect to
x* if for all z,y € R™, for all p > 0,

plp(z —a™)) = p*p(z — 2) . (13)

2.5 Preliminary results

If f is scaling-invariant with respect to z*, the composite of the selection function
ay with the translation (z,u) — (2* 4 z,u) is positively homogeneous with degree
1. If in addition f is a measurable function with Lebesgue negligible level sets,
then the explicit expression of the probability density function of af(z* 4 z,U1) is
known [19, Proposition 5.2] where Uy follows the distribution of A, . These results
are formalized in the next lemma.
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Lemma 3 If f is a scaling-invariant function with respect to x*, then the function
(z,u) = ap(z* + z,u) is positively homogeneous with degree 1. In other words, for all

2€R", 0>0andu= ul,...,uA) e R™, ay (¢* +oz,0u) = oay (2* + z,u).

If in addition f is a measurable function with Lebesgue negligible level sets and
Ui = (Ull, e Uf‘) is distributed according to Ny, then for all 2 € R™, the probability

density function pg of ap(z* + z,U1) exists and for all u = (ul,... ut) e R™M,

p—1

Al A - :
pl(u) = m(l — QL (u)MH H L orgaqui) < flar+2tuith) HPNn (u') (14)
=1 =1

where QL (w) = P (f (z* 4+ 2+ Np) < f (2% + 2 + w)).

Proof. We have that f(z* + z +u**) < --- < f(z* + z + v™) if and only if
f@* +o(z 4+ u') < - < f(z* + o(z + v*?)). Therefore ay(z* +o0z,0u) =

o (uw‘, . ,u“:)‘) = oay (z* + z,u). Equation (14) holds whenever f has Lebesgue

negligible level sets [19, Proposition 5.2]. O

On a linear function f, the selection function oy defined in (3) is independent
of the current state of the algorithm and is positively homogeneous with degree 1.
We provide a simple formalism and proof of this result while it is already known
and underlying previous works [1 1, 20].

Lemma 4 If f is an increasing transformation of a linear function, then for all z € R™
the function oy (z,-) does not depend on x and is positively homogeneous with degree 1. In

other words, for x € R", ¢ >0 and u = (u17...,u)‘) e R™, ay (z,0u) = oay (0,u).

Proof. By linearity f(z 4+ ou'?) < ... < f(z 4+ ou??) if and only if f(u'?) <... <

f(u/\:)‘). Therefore ay (z,0u) = o (ul:Ay e 7uu:>\) =oay (0,u). =

Let * be the linear function defined for all z € R™ as I*(z) = z1 and U; =
(Ull7 ceey Ul)‘) where U{,...,Up are i.i.d. with law A,. Define the step-size change

Ijl’i(near as
-I_‘l*i'near =TI (al* (07 Ul)) . (15)

We prove in the next proposition that for all nontrivial linear functions, the
step-size multiplicative factor of the algorithm (7) and (8) has at all iterations
the distribution of I}, ... This result derives from the rotation invariance of
the function I' (see Assumption A2) and of the probability density function
PN, U W exp (—Hu||2/2) The details of the proof are in Appendix A.

Proposition 1 (Invariance of the step-size multiplicative factor on linear functions)
Let f be an increasing transformation of a nontrivial linear function, i.e. satisfy F2.
Assume that {Uyy1 ; k € N} satisfies Assumption A5 and that I' satisfies Assumption
A2, i.e. I' is invariant under rotation. Then for all z € R™ and all natural integer k,
the step-size multiplicative factor I’ (af (2, Uk+1)) has the law of the step-size change
Iihear defined in (15).
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The proposition shows that on any (nontrivial) linear function the step-size
change factor is independent of X}, Z; and even o;. We can now state the result
which is at the origin of the methodology used in this paper, namely that on
scaling-invariant functions, {Z, = (X} — 2*) /o ; k € N} is a homogeneous Markov
chain. For this, we introduce the following function

n
z 4> 8w

Fy(z,v) = ')

for all (z,v) € R" x R™, (16)
which allows to write Zj1 1 as a deterministic function of Zj, and U, 1. The following
proposition establishes conditions under which {Z;;k € N} is a homogeneous
Markov chain that is defined with (16), independently of {(X,0%);k € N}. We
refer to {Zy;k € N} as the o-normalized chain. This is a particular case from a
more abstract algorithm framework [14, Proposition 4.1].

Proposition 2 Let f be a scaling invariant function with respect to x*. Define the
sequence {(Xg,o0k);k € N} as in (5) and (6). Then {Z = (X —2*)/or;k € N} is a
homogeneous Markov chain and for all natural integer k, the following equation holds

Zs1 = Fu (Zi,af (2" + Z, Ugt1)) (17)

where ay is defined in (3), Fy is defined in (16) and {Ugyq;k € N} is the sequence
of random inputs used to sample the candidate solutions in (1) corresponding to the
random input in (7) and (8).

Proof. The definition of the selection function ay allows to write (5) and (6)

" Xp—2* + M wifas (X ouU
as (7) and (8). We have Zy; = Xppi—z® _ Xe—e 430, w [os (Xr,0kUkia)]

i

Ok+1 Jkp(aﬂxlc:kkUHl))
u ‘[ﬂf(ka"kUlwrl)L N N
Zp+325, w;— _ oh . By Lemma 3, of( Xk, 0, Uks1) _ of(@*+Xp—a*,0,Uky1) _
F(‘*f( k %k k+1)> Ok Ok
Kk
Xp—z* .
Oéf(I* + ko_kw 7Uk+1). Then Zk-+1 = Fw (Zk7af (1}* + Zk, Uk+1)) and {Zk, k € N}
is a homogeneous Markov chain. O

Three invariances are key to obtain that {Zy = (X — 2*)/or;k € N} is
a homogeneous Markov chain: invariance to strictly increasing transformations
(stemming from the comparison-based property of ES), translation invariance, and
scale invariance [14, Proposition 4.1]. The last two invariances are satisfied with
the update we assume for mean and step-size.

3 Methodology and overview of the rest of the analysis

We present in this section the main idea behind the proof methodology used in
this paper, namely how the stability study of an underlying Markov chain leads to
convergence (or divergence) of the original algorithm. From there, we sketch the
different steps of the analysis and present an overview of the structure of the rest
of the mathematical analysis

We aim at proving linear convergence that can be visualized by looking at
the distance to the optimum: after an adaptation phase, we observe that the log
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distance to the optimum diverges to minus infinity with a graph that resembles
a straight line with random perturbations. The step-size converges to zero at the
same linear rate (see Figure 2). We call this constant the convergence rate of the
algorithm. Formally, in case of convergence, there exists r > 0 such that

[ X5 — 2] _

lim 1log = lim 1

Ok
log Tk — _ 18
et [Xo —a*|| koo k Bog (18)

where z* is the optimum of the function.

We consider a scaling invariant function with respect to z*. From Proposition 2,
we know that {Z; = (X — 2*) /oy ; k € N} is a homogeneous Markov chain where
{(Xg,0k); k € N} is the sequence of states of the step-size adaptive (u/pw,\)-ES
defined in (5) and (8) (see Proposition 2). We use this Markov chain to write the
log progress in the following way:

| Xptr1 — ™| | Zks1]] Okt1
lo =lo +lo 19
E M Xe =2 2Nz % o 19)
A
~log HHZIlIH +1og (I (ay (=" + Zi, Up11)))

where I' and ay are defined in (6) and in (3). This equation can now be used to
express the term whose limit we need to investigate:

k—1
1 X~ _ 1 | Xr41 — 2]
~log Tiri—— = — log — I~~~ 20
k08 X0 — 2| k; X — 2] 20)
1k—1 ||Z ” 1k—1
=2 log 2+ 2 “log (I 47U, .(21
kt:o g A kt:o g ( (C“f(ilc t,Ut+1))) (21)

This latter equation suggests that if we can apply a law of large numbers to
{Z ;k € N} and {(Zg,Ugy1) ; k € N}, the right-hand side of (21) converges when

k goes to infinity to /I[*:UlNNM [log (I" (erp (2" 4 2,U1)))] 7(dz) = Ex(Ry) where

Ry is defined as the expected change of the logarithm of the step-size for any state
z € R™ of the o-normalized chain as

Ry(2) = By [log (I (af (@™ +2,01)))] (22)
and 7 is the invariant measure of {Zj, ; k € N}. From there, we obtain the almost sure
_ *
convergence of % log % towards Ex (R ) expressed in (34) characterizing the
0—

asymptotic linear behavior of the algorithm. A similar equation can be established to
prove the convergence of 1/klog(oy/00). Convergence of the expected log-progress
can also be deduced from stability properties of {Z;;k > 0}.

The idea to apply an LLN to the chain {Z;;k > 0} to prove the asymptotic
linear behavior of the underlying algorithm is the key behind the asymptotic
almost sure linear behavior proof we provide. This seminal idea was introduced
for self-adaptive ES on the sphere function [15] and exploited to prove their linear
behavior [11] and generalized to a wider class of algorithms and functions [14].

Hence, in order to obtain a proof of the linear behavior of the studied algorithm
following the idea sketched above, we need to investigate now the stability of the
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(3/34, 11)-xNES on sphere N (3/3w,11)-CSA-ES on sphere o (3/3w, 11)-xNES on ellipsoid 10t (3/34, 11)-CSA-ES on ellipsoid
10 1

10t

1074 1074 1074

1074

10-9 10-° 1079 107°

1071 1071 10714 10-14

10-19 10-19 ia WA\ 10-19 10-101
0 250 500 750 0 200 400 600 0 20000 40000 60000 0 10000 20000
number of iterations number of iterations number of iterations number of iterations

Fig. 2: Four independent runs of (u/pw, A)-xNES and (p1/pw, A)-CSA1-ES (without
cumulation) as presented in Section 2.1 on the functions z — |z||? (first two figures)

and z — > 1" | 103%=r z? (last two figures). Illustration of || X || in blue and o, in
red where k is the number of iterations, u = 3, A = 11 and w; = 1/u. Initializations:
oo equals to 107! in two runs and 1 in the two other runs, Xy is the all-ones
vector in dimension 10.

chain {Z;;k € N} (and in turn {(Zj,Uk11);k € N}). In particular, we need to
prove that it satisfies the mathematical properties referred to informally as stability
properties (following a terminology by Meyn and Tweedie [50]) such that an LLN
can be applied. It is not a trivial task and it will occupy a large part of the rest of
the paper. While establishing stability properties to obtain an LLN we will prove
stronger properties that will allow to state convergence of the expected log progress
and a Central Limit Theorem. The outline of the remaining mathematical analysis
and the proof structure is as follows:

— In Section 4, we introduce different notions related to Markov chains, notably
the stability properties that we will prove like p-irreducibility, aperiodicity,
positivity, Harris-recurrence and geometric ergodicity. We also introduce the
different practical tools to prove that a Markov chain satisfies those properties.

— In Section 5, we establish those stability properties for the Markov chain
{Zy;k > 0} associated to a step-size adaptive (u/pw,A)-ES under the ap-
propriate conditions on the objective functions and the step-size adaptation
mechanism.

— In Section 6, we use those properties to prove the linear behavior of the studied
algorithms. In addition to the asymptotic almost sure linear behavior stemming
from the LLN, we establish convergence in terms of expected log progress and
a Central Limit Theorem. Our conditions for linear convergence are expressed
for an abstract step-size update. We investigate how those conditions translate
to the case of the CSA and xNES step-size updates.

4 Reminders on Markov chains and various tools

We consider a Markov chain {Zj ; k € N} on a measure space (Z,B(Z), P) where
Z in an open subset of R™, for all k € N its k-step transition kernel as P¥(z, A) =
P(Z, € AlZo==z) for z € Z, A € B(Z). We also denote P(z,A) and P.(A) as
P'(z, A). We remind different stability notions investigated later on to prove in
particular that {Zy ; k € N} satisfies an LLN, a central limit theorem and that for
some z € Z, Pk(z7 -) converges to a stationary distribution. We additionally present
different tools to be able to verify that a Markov chain satisfies those various
properties.
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4.1 Stability properties and practical drift conditions

If there exists a nontrivial measure ¢ on (Z,B(Z)) such that for all A € B(Z),
@(A) > 0 implies Y23°, P¥(z,4) > 0 for all z € Z, then the chain is called ¢-
irreducible. A p-irreducible Markov chain is Harris recurrent if for all A € B(Z)
with ¢(A) >0 and for all z € Z, P, (ng = o0) =1, where na = > 72 14, ca is the
occupation time of A.

A o-finite measure m on (Z,B(Z)) is an invariant measure for {Z;;k € N}

if for all A € B(Z), n(A4) = / m(dz)P(z, A). A Harris recurrent chain admits a
z

unique (up to constant multiples) invariant measure 7 (see [50, Theorem 10.0.1]).
A p-irreducible Markov chain admitting an invariant probability measure 7 is said
positive. A positive Harris-recurrent chain satisfies an LLN as reminded below.

Theorem 1 [50, Theorem 17.0.1] If {Zy; k € N} is a positive and Harris recurrent
chain with invariant probability measure w, then the LLN holds for any mw-integrable
function g, i.e. for any g with Ex(|g|) < oo, limg_, o % Zf:_ol 9(Z:) =Ex(g).

We will need the notion of aperiodicity. Assume that d is a positive integer and
{Z}; ; k € N} is a p-irreducible Markov chain defined on (2,B(Z)). Let (D;),_; 4 €

B(Z2)% be a sequence of disjoint sets. Then (Di);—1. 4 is called a d-cycle if
(i) P(2,D;11)=1forall z€ D; and i =0,...,d — 1 (mod d),

(&
(ii) A ((U?Zl Di) ) = 0 for all irreducibility measure A of {Z} ; k € N}.

If {Zy; k € N} is p-irreducible, there exists a d-cycle where d is a positive integer [50,
Theorem 5.4.4]. The largest d for which there exists a d-cycle is called the period
of {Zy ;k € N}. We then say that a p-irreducible Markov chain {Z; ;k € N} on
(2,B(2)) is aperiodic if it has a period of 1.

A set C € B(Z) is called small if there exists a positive integer k and a nontrivial
measure v, on B(Z) such that P¥(z, A) > v, (A) for all z € C, A € B(Z). We then
say that C is a vg-small set [50].

Given an extended-valued, non-negative and measurable function V : Z —
R4 U {oo} (called potential function), the drift operator is defined for all z € Z

as AV (z) = E[V(Z1)|Zo = 2] — V(2) = / V(y)P(z,dy) — V(2). A p-irreducible,

aperiodic Markov chain {7 ;k € N} deﬁied on (Z,B(Z)) satisfies a geometric
drift condition if there exist 0 < v < 1, b € R, a small set C and a potential
function V greater than 1, finite at some z9 € Z such that for all z € Z: AV (z) <
(v = 1)V(2) + bl (2), or equivalently if E[V(Z1)|Zo = 2] < vV (z) + blc(z). The
function V is called a geometric drift function and if {y € Z;V(y) < oo} = Z, we
say that {Z; ; k € N} is V-geometrically ergodic.

If a p-irreducible and aperiodic Markov chain is V-geometrically ergodic, then
it is positive and Harris recurrent [50, Theorem 13.0.1 and Theorem 9.1.8]. We
prove a geometric drift condition in Section 5.3, this in turn implies positivity and
Harris-recurrence property.

From a geometric drift condition follows a stronger result than an LLN, namely
a central limit theorem.

Theorem 2 [50, Theorem 17.0.1 and Theorem 16.0.1] Let {Zy ;k € N} be a -
irreducible aperiodic Markov chain on (Z,B(Z)) that is V -geometrically ergodic, with
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invariant probability measure 7. For any function g on Z that satisfies g> <V, the
central limit theorem holds for {Zy ;k € N} in the following sense. Define g = g —
Ex(g) and for all positive integer t, define St(g) = Z};;log(Zk). Then the constant
7?2 =Ex[(5(Z0))?] + 230 Ex[g(Z20)g(Zy)] is well defined, non-negative, finite and

.1
tllm gEW[(St (3))%] = ~°. Moreover if 2 > 0 then —~=S;(g) converges in distribution
—00

Vi
to N'(0,1) when t goes to oo, else if v> = 0 then %St(g) =0 a.s.

For a measurable function » > 1 on Z, a g-irreducible aperiodic Markov
chain {Zj ; k € N} defined on (Z,B(Z)) is positive Harris recurrent with invariant
probability measure 7 such that h is w-integrable if and only if there exist b € R, a
small set C' and an extended-valued non-negative function V' # oo such that

AV (z) < —h(z) + bl (2) (23)

for all z € Z [50, Theorem 14.0.1]. Recall that for a measurable function h > 1,

we say that a general Markov chain {Z;;k € N} is h-ergodic if there exists a

probability measure 7 such that klim | P*(z,-) — |5 = 0 for any initial condition
—00

z. The probability measure 7 is then called the invariant probability measure of
{Zy;k e N}. If h =1, we say that {Z; ; k € N} is ergodic.

A p-irreducible aperiodic Markov chain on Z that satisfies (23) is h-ergodic if
in addition {y € Z;V(y) < oo} = Z [50, Theorem 14.0.1].

Prior to establishing a drift condition, we need to identify small sets. Using
the notion of T-chain defined below, compact sets are small sets because for a
p-irreducible aperiodic T-chain, every compact set is a small set [50, Theorem 5.5.7
and Theorem 6.2.5].

The T-chain property calls for the notion of kernel: a kernel K is a function
on (Z,B(Z)) such that for all A € B(Z), K(.,A) is a measurable function and
for all z € Z, K(z,.) is a signed measure. A non-negative kernel K satisfying
K(z,Z) < 1for all z € Z is called substochastic. A substochastic kernel K satisfying
K(z,Z2) =1 for all z € Z is a transition probability kernel. Let b be a probability
distribution on N and denote by K, the probability transition kernel defined
as Kp(z,A) = 3322, b(k)P*(2,A) for all z € 2, A€ B(Z). If T is a substochastic
transition kernel such that T(., A) is lower semi-continuous for all A € B(Z)
and Kp(z,A) > T(z,A) for all z€ Z, A€ B(Z), then T is called a continuous
component of K. If a Markov chain {Zj ; k € N} admits a probability distribution
b on N such that K; has a continuous component T' that satisfies T'(z, Z) > 0 for
all z € Z, then {Z ;k € N} is called a T-chain.

4.2 Generalized law of large numbers

To apply an LLN for the convergence of the term Zi:ol log(I"(of (2 + Zy, Ugr1)))
in (21), we proceed in two steps. First we prove that if {Z;;k € N} is defined
as Zi11 = G(Zy,Ukyq1) where G : Z x R™ — Z is a measurable function and
{Uk+1;k € N} is a sequence of i.i.d. random vectors, then the ergodic properties of
{Zk ; k € N} are transferred to {Wy = (Zj,Ugi2); k € N}. Afterwards we apply a
generalized LLN recalled in the following theorem.
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Theorem 3 ([45, Theorem 1)) Assume that {Z}, ; k € N} is a homogeneous Markov
chain on an abstract measurable space (E, &) that is ergodic with invariant probabil-
ity measure w. For all measurable function g : E= — R such that for all s € N,
Ex(|9(Zs, Zs+1,...)|]) < oo and for any initial distribution A, the generalized LLN
holds as follows limy o0 £ 00 g (Zt, Ztsr,..) = Bx(9(Zs, Zst1,...)) Pa as.
where Py is the distribution of the process {Zy ;k € N} on (E®,E%).

Theorem 3 generalizes the case where the initial state is distributed under the
invariant measure [63, Theorems 3.5.7 and 3.5.8] to an arbitrary initial distribution.

If we have the generalized LLN for a chain {(Zy,Uki2);k € N} on R" x R™,
then an LLN for the chain {(Zy,Uyy1);k € N} is directly implied. We formalize
this statement in the next corollary.

Corollary 1 Assume that {Wy = (Zk,Uis2);k € N} is a homogeneous Markov
chain on R™ x R" that is ergodic with invariant probability measure w. Then the
LLN holds for {(Zy,Ugy1);k € N} in the following sense. Define the function T :
(R x R™)? = R"xR™ as T((z1,u3), (22,u4)) = (22,u3). If g : R" x R™ — R is such
that for all s € N, Ex(|g o T|(Ws, Ws41)) < 00, then limy_, 0 1 Zf:_ol 9(Ze,Usy1) =
Ex [(goT) (Ws, Wst1)].

Proof. We have limy,_, o £ Zf;ol (goT) (Wi, Wig1) =Ex [(goT) (Ws, Ws41)] thanks
to Theorem 3. For ¢t € N, (g o T) (Wi, Wiq1) = g (Zi+41,Ut+2). Therefore

k—1 -1
.1 .1
Ex[(goT)(Ws, Wes1)] = lim = > 9(Zu+1,Utr2) = lim - > 9(Zt,Urs1). O
t=0 t=0

We formulate now that for a Markov chain following a non-linear state space
model of the form Zy 1 = G(Zy, Ugy1) with G measurable and {Uy; ; k € N} i.i.d.,
then p-irreducibility, aperiodicity and V-geometric ergodicity of Zj are transferred
to {Wy = (Zk,Uk12) ; k € N}. We provide a proof of this result in Appendix B for
the sake of completeness.

Proposition 3 Let {Z},;k € N} be a Markov chain on (Z,B(Z)) defined as Zy1 =
G(Zy,Uy1) where G : Z x R™ — Z is a measurable function and {Ugy1;k € N}
is a sequence of i.i.d. random vectors with probability measure W. Consider {W), =
(Zk,Ugy2); k > 0}, then it is a Markov chain on B(Z)QB(R™) which inherits properties
of {Zy, ; k € N} in the following sense:

— If ¢ (resp. 7) is an irreducibility (resp. invariant) measure of {Zy, ; k € N}, then
@ X W (resp. T X ¥) is an irreducibility (resp. invariant) measure of {Wy, ; k € N}.

— The set of integers d such that there exists a d-cycle for {Zy ;k € N} is equal to
the set of integers d such that there exists a d—cycle for {Wy, ; k € N}. In particular
{Zy;k € N} and {Wy ;k € N} have the same period. Therefore {Z}, ;k € N} is
aperiodic if and only if {Wy ; k € N} is aperiodic.

— If C is a small set for {Z; ; k € N}, then C x R™ is a small set for {W}, ; k € N}.

— If{Zy ; k € N} satisfies a drift condition

AV (2) < —=Bh(z) + ble(z) forall z € Z, (24)

where V' is a potential function, 0 < 8 < 1, h > 0 is a measurable function
and C C Z is a measurable set, then {Wy;k € I\NT} satisfies the following drift
condition for all (z,u) € Z x R™ : AV (z,u) < —Bh(z,u) + bloyrm (2,u), where
Vi(z,u) = V(2) and h: (z,u) — h(2).
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Remark that the drift condition in (24) includes the geometric drift condition
by taking h =V, the drift condition for h-ergodicity by dividing the equation by 3
and assuming that h > 1, for positivity and Harris recurrence by taking h = 1/4,
and for Harris recurrence by taking h = 0. This is obtained assuming that V' and
C satisfy the proper assumptions for the drift to hold.

4.3 p-irreducibility, aperiodicity and T-chain property via deterministic control
models

For the Markov chain considered, it is difficult to establish p-irreducible, aperiodicity
and the T-chain property “by hand”. We thus resort to tools connecting those
properties to stability properties of the underlying control model [50, Chapter 13]
[19]. Assume that Z is an open subset of R". We consider a Markov chain that
takes the following form

Zy1 = F (Zy, o (Zy, Upy1)), (25)

where Zy € Z and for all natural integer k, F : ZxR™ — Z and a: Z xR 5 R
are measurable functions, U = {Uk+1 ER™ ke N} is a sequence of i.i.d. random

vectors. We consider the following assumptions on the model:

B1. (Zy,U) are random variables on a probability space ({2, F, Pz,) .

B2. Zj is independent of U.

B3. U is an independent and identically distributed process.

B4. For all z € Z, the random variable a(z,U;) admits a probability density function
denoted by p., such that the function (z,u) + p.(u) is lower semi-continuous.

B5. The function F : Z x R™ — Z is C'.

We recall the deterministic control model related to (25) denoted by CM(F) [19].

It is based on the notion of extended transition map function [419], defined recursively
for all z € Z as SO = z, and for all k € N\{0}, S¥ : R™* — Z such that for all
w = (w1,...,wg) € R"“k, Sf(w) =F (S?‘l (wi,...,wE_1) ,wk) . Assume in the

following that Assumptions B1—B4 are satisfied and that F is continuous.

Let us define the process W for all k € N\ {0} and z € Z as W1 = a(z, U1)
and W), = « (Sffl(Wl,...,Wk_l), Uk). Then the probability density function
of (W1, Wa,...,W,,) denoted by p% is what is called the extended probability
function. It is defined inductively for all ¥k € N\{0}, w = (w1,...,wg) € R7#k
by pi(w1) = p-(w1) and p(w) = p§~! (Wi, Wem1) Pgh=14, ey (Wk)- For
all k € N\ {0} and for all z € Z, the control sets are finally defined as OF =

{w e R™F . pk(w) > O}. The control sets are open sets since F' is continuous

and the functions (z,w) — p¥(w) are lower semi-continuous (see [19] for more
details).

The deterministic control model CM(F) is defined recursively for allk € N, 2z € Z
and (w1,...,wry1) € OkF1 as ghH1 (wi,...,wg11) =F (SiC (wi,...,wg) 7wk+1) .

For z € Z, A € B(Z) and k € N\{0}, we say that w € R is a k-steps path
from z to A if w € O and $¥(w) € A. We introduce for z € Z and k € N the set
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of all states reachable from z in k steps by CM(F), denoted by A% (z) and defined
as A% (z) = {2} and A% (2) = {s§(w); w e o’;}.

A point z € Z is a steadily attracting state if for all y € Z, there exists a
sequence {yk € A% (y)|[k e N\ {0}} that converges to z.

The controllability matrix is defined for k € N\ {0}, z € Z and w € R™* as the

Jacobian matrix of (w1,...,wy) — S¥ (w1,...,wy) and denoted by C¥(w). Namely,
k _ |osk ask
C(w) = [955 (w)] .. | 355 (w)]

If F is C1, the existence of a steadily attracting state z and a full-rank condition
on a controllability matrix of z imply that a Markov chain following (25) is a
p-irreducible aperiodic T-chain, as reminded in the next theorem.

Theorem 4 [19, Theorem 4.4: Practical condition to be a @-irreducible aperiodic
T-chain.] Consider a Markov chain {Zy ;k € N} following the model (25) for which
the conditions B1—BS5 are satisfied. If there exist a steadily attracting state z € Z,

k € N\{0} and w € OF such that rank (Cf(w)) = n, then {Zy;k € N} is a ¢-

irreducible aperiodic T-chain, and every compact set is a small set.

The next lemma allows to loosen the full-rank condition stated above if the
control set OF is dense in R™¥,

Lemma 5 Consider a Markov chain {Z} ; k € N} following the model (25) for which
the conditions B1—B5 are satisfied. Assume that there exist a positive integer k and
z € Z such that the control set OF is dense in R™F . If there exists w € R™F such
that rank(C¥(W)) = n, then the rank condition in Theorem j is satisfied, i.e. there
exists w € OF such that rank(CF (w)) = n.

Proof. The function w s S¥(w) is C* [19, Lemma 6.1]. Since the set of full rank
matrices is open, there exists an open neighborhood Vg of w such that for all
w € Vg, rank(CF (w)) = n. By density of OF, the non-empty set Vg N OF contains
an element w. O

If z is steadily attracting, there exists under mild assumptions an open set
outside of a ball centered at z, with positive measure with respect to the invariant
probability measure of a chain following the model (25) as stated next.

Lemma 6 Consider a Markov chain {Zy ;k € N} on R™ following the model (25) for
which the conditions B1—B5 are satisfied. Assume that there exist a steadily attracting
state z € R™ such that O is dense in R™ and w € O} with rank (C’; (w)) =n. Assume
also that {Zy ; k € N} is a positive Harris recurrent chain with invariant probability
measure w. Then there exists 0 < € < 1 such that #(R™ \ B (z,¢€)) > 0.

Proof. A p-irreducible Markov chain admits a maximal irreducibility measure
dominating any other irreducibility measure [50, Theorem 4.0.1]. In other words,
for a measurable set A, (A) = 0 induces that ¢(A) = 0 for any irreducibility
measure . The measure 7 is equivalent to the maximal irreducibility measure
¥ [50, Theorem 10.4.9]. Since z is steadily attracting, the supp v = A4 (z) =

Uken {Sﬁ(w) cweOF } [19, Propositions 3.3 and 4.2]. We have rank (C?(w)) = n,

therefore the function F(z,-) is not constant. Along with the density of O}, we
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obtain that there exists ¢ > 0 and a vector v € supp 9 such that ||z — v|| = 2e.
By definition of the support, it follows that every open neighborhood of v has a
positive measure with respect to 7. Since R™ \ B (z,¢€) is an open neighborhood of
v, the result of the lemma follows. [

5 Stability of the o-normalized Markov chain {Zj ; k € N}

Assuming that f is a strictly increasing transformation of either a C* scaling-
invariant function with a unique global argmin or a nontrivial linear function,
we prove that if Assumptions A1—Ab5 are satisfied and the expected logarithm
of the step-size increases on nontrivial linear functions, then the o-normalized
Markov chain is a ¢-irreducible aperiodic T-chain that is geometrically ergodic. In
particular, it is positive and Harris recurrent.

5.1 Irreducibility, aperiodicity and T-chain property of the o-normalized Markov
chain

Prior to establishing Harris recurrence and positivity of the chain {Zj ;k € N},
we need to establish the p-irreducibility and aperiodicity as well as identify some
small sets such that drift conditions can be used. Since the step-size change is a
deterministic function of the random input used to update the mean, we use the
tools reminded in Section 4.3 to establish these properties. The chain investigated
satisfies Zy 1 = Fu (Zk, ay (=¥ + Zy, Uk+1)) and therefore fits the model (25). We
prove next that the necessary assumptions needed to use the tools are satisfied if
f satisfies F1 or F2 because if f is a continuous scaling-invariant function with
Lebesgue negligible level sets, then for all z € R™, the random variable o (z* 42, U1)
admits a probability density function p! such that (z,u) — pZ(u) is lower semi-
continuous [19, Proposition 5.2], i.e. B4 is satisfied.

Proposition 4 Let f be scaling-invariant with respect to z* defined as ¢ o g where ¢
is strictly increasing and g is a continuous scaling-invariant function with Lebesgue
negligible level sets. Let {Zy ;k € N} be a o-normalized Markov chain associated to
the step-size adaptive (p/pw,\)-ES defined as in Proposition 2 satisfying Zyy1 =
Fy (Zk, ay (=¥ + Zy, Uk+1)) . Then model (25) follows. In addition, if Assumption A1
is satisfied, then Fy is C1 and thus B5 is satisfied. If Assumption A5 is satisfied, then
Assumptions B1— B4 are satisfied and the probability density function of the random
variable ag (z* + z,Up41) denoted by p!l and defined in (14) satisfies (z,u) — o (u) is
lower semi-continuous

In particular, if f satisfies F1 or F2, the assumption above on f holds such that the
conclusions above are valid.

Proof. Tt follows from (17) that {Z;;k € N} is a homogeneous Markov chain
following model (25). By (16), F, is of class C' (B5 is satisfied) if A1l is satisfied
(I :R™ — R4\ {0} is O1). If A5 is satisfied, then B1-B3 are also satisfied.

For all z € R", ag(z* + 2, Ui 1) has a probability density function p? such that
(z,u) = p(u) is lower semi-continuous [19, Proposition 5.2], and defined for all
z € R™ and v € R™ as in (14). With Lemma 1, oy = oy and then B4 holds.
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A nontrivial linear function is a continuous scaling-invariant function with
Lebesgue negligible level sets. Also f still has Lebesgue negligible level sets in the
case where it is a C'' scaling-invariant function with a unique global argmin [66,
Proposition 4.2]. O

We show in the following lemma the density of a control set for strictly increasing
transformations of continuous scaling-invariant functions with Lebesgue negligible
level sets, especially for functions f that satisfy F1 or F2. This is useful for
Proposition 5 and for the application of Lemma 5.

Lemma 7 Let f be a scaling-invariant function defined as ¢ o g where @ is strictly
increasing and g is a continuous scaling-invariant function with Lebesgue negligible
level sets. Assume that {Z} ; k € N} is the o-normalized Markov chain associated to a
step-size adaptive (1) pw, N)-ES as defined in Proposition 2 such that A5 is satisfied.

Then for all z € R™, the control set O = {1} c R, pg (v) > 0} is dense in R™.

In particular, if f satisfies F1 or F2, the assumption above on f holds and thus the
conclusions above are valid.

Proof. By Proposition 4, we obtain that for all 2 € R", p£ is defined as in (14). In
addition, ay = oy (see Lemma 1). Therefore p£ = p? > 0 almost everywhere. Hence

we have that O} is dense in R, O

Thanks to Theorem 4, to ensure that {Z ; k € N} is a ¢-irreducible aperiodic
T-chain, we prove that 0 is a steadily attracting state and that there exists w € Of
such that rank (C&(w)) = n. We start with the steady attractivity in the next
proposition.

Proposition 5 Let f be a scaling-invariant function defined as pog where @ is strictly
increasing and g is a continuous scaling-invariant function with Lebesgue negligible
level sets. Assume that {Zy ; k € N} is the o-normalized Markov chain associated to a
step-size adaptive () pw, N)-ES as defined in Proposition 2 such that Assumptions A1
and A5 are satisfied. Then O is a steadily attracting state of CM(Fy ). Especially, if f
satisfies F'1 or F2, the assumption above on f holds and thus the conclusions above are
valid.

Proof. We fix z € R" and prove that there exists a sequence {zk S Aﬁ_(z) ik e N}
that converges to 0. We construct the sequence recursively as follows.

We define zg = z and fix a natural integer k. We define zj, iteratively as follows.
We set 0, = fw (w1zg, ..., wyzy) , then z+w ' o, = Zk*W DD w?z, = 0. By
continuity of Fy, and density of O;k_ thanks to Lemma 7, there exists v € O;k such
that ||Fw(zk,vk)|\ = HFw(Zk;,Uk) — Fw<zk>7~1k)” < 2’“% Define k41 = Fw(zk7vk)-
Then the sequence (Zk)keN converges to 0. Now let us show that z;, € A’i(z) for
all k € N. Since AY (z) = {2}, then 20 = 2z € A (). We fix again a natural integer
k and assume that z;, € A% (2). It is then enough to prove that zj,, € Ai"'l(z).

Recall that for all u € R™#(F+1), Alf'l(z) = {Sf"'l(u);u € O§+1}, SEHl(n) =
k+1

k K
Fu (Sf (ulw--»uk):uk-i-l)apg’ u) =pl (ul,---,Uk)pg;;(uh”_wuk)(uk+1)7Oz =

{u e R+ pf’k+1(u) > 0}. Therefore by construction, pf’k+1(vo, V) =
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pﬁ’k(vo, ce, vk_l)pgk (vg) > 0, hence (vo,...,vg) € OF*1 Finally, zka1 = Fuw(zk,vk) =
S (v, .. up) € Alf'l(z).
O

The next proposition ensures that the steadily attracting state 0 satisfies also
the adequate full-rank condition on a controllability matrix of 0.

Proposition 6 Let f be a scaling-invariant function defined as pog where ¢ is strictly
increasing and g is a continuous scaling-invariant function with Lebesgue negligible
level sets. Assume that {Zy ; k € N} is the o-normalized Markov chain associated to a
step-size adaptive (u/pw, N)-ES as defined in Proposition 2 such that Assumptions Al
and A5 are satisfied. Then there exists w € O} such that rank (C& (w)) =n.

In particular, if [ satisfies F1 or F2, the assumption above on f holds and thus the
conclusions above are valid.

Proof. Lemma 5 along with the density of the control set O} in Lemma 7 ensure
that it is enough to prove the existence of v € R™ such that rank (C’&(v)) = n.
Let us show that the matrix C§(0) = gf‘j) (0) has a full rank, with S§ : v € R™ s
Fu(0,v) € R™. This is equivalent to showing that the differential DS§(0) : R™* — R"
of S§ at 0 is surjective. Denote by [ the linear function h € R™" + S°!_ w;h; € R™.
Then S§ = I/I" and then DSG(h) = DU(h) pigy + U(h)D($)(h). Since 1(0) = 0, it

follows that DS§(0) = % and finally we obtain that DS§(0) is surjective. O

By applying Propositions 4, 5 and 6 along with Theorem 4, we directly deduce
that the o-normalized Markov chain associated to a step-size adaptive (p/pw, A)-ES
is a ¢-irreducible aperiodic T-chain. More formally, the next proposition holds.

Proposition 7 Let f be a scaling-invariant function defined as po g where ¢ is strictly
increasing and g is a continuous scaling-invariant function with Lebesgue negligible
level sets. Assume that {Zy ; k € N} is the o-normalized Markov chain associated to a
step-size adaptive () pw, N)-ES as defined in Proposition 2 such that Assumptions A1
and A5 are satisfied. Then {Z ; k € N} is a p-irreducible aperiodic T-chain, and every
compact set is a small set.

In particular, if f satisfies F1 or F2, the assumption above on f holds and thus the
conclusions above are valid.

5.2 Convergence in distribution of the step-size multiplicative factor

In order to prove that {Zj;k € N} satisfies a geometric drift condition, we in-
vestigate the distribution of {Z;;k € N} outside of a compact set (small set).
Intuitively, when Z;, is very large, i.e. X}, — 2* large compared to the step-size oy,
the algorithm sees the function f in a small neighborhood from Xj, — z* where
f resembles a linear function (this holds under regularity conditions on the level
sets of f). Formally we prove that for all z € R", the step-size multiplicative
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factor I (af (z* + =, Ul)) converges in distribution® towards the step-size change
on nontrivial linear functions I7j,.,, defined in (15).

To do so we derive in Proposition 8 an intermediate result that requires to
introduce a specific nontrivial linear function lf defined as follows.

We consider a scaling-invariant function f with respect to its unique global
argmin z*. Then the function f : z — f(z* 4+ z) — f(2*) is C! scaling-invariant
with respect to 0 which is the unique global argmin. There exists a vector in the
closed unit ball zg € B(0,1) whose f-level set is included in the closed unit ball,
that is £f,zg' C B(0,1) and such that for all z € Ef',zg" the scalar product between

z and the gradient of f at z* + z satisfies z' Vf(z* + z) > 0 [66, Corollary 4.1 and
Proposition 4.10]. In addition, any half-line of origin 0 intersects the level set £ Fad
I

at a unique point. We denote for all z # 0 by t£ the unique scalar of (0, 1] such
that tfHE—H belongs to the level set E}; .+ CB(0,1). We finally define for all z # 0,
170

the nontrivial linear function lf for all w € R™ as

1Bl

We state below the intermediate result that when | z|| goes to co, the selection
random vector ay(z* + z,U1) has asymptotically the distribution of the selection

Hw)=w' vy (x +t£i) . (26)

random vector on the linear function If. According to Lemma 4, the latter does
not depend on the current location and is equal to the distribution of Qs (0,Uy).

Proposition 8 Let f be a C' scaling-invariant function with a unique global argmin.
f
For all ¢ : R™ — R continuous and bounded, lim, |, [ ¢(u) (p£ (u) — pl; (u)) du =

0 where 14 is defined as in (26). In other words, the selection random vectors o (x* +
z,U1) and oy (0,Ur) have asymptotically the same distribution when ||z|| goes to co.

Proof idea. We sketch the proof idea and refer to Appendix C for the full proof.
Note beforehand that a¢(z* 4 z,U1) = o¢f—(z7 U1) so that we assume without loss of
generality that 2* = 0 and f(0) =0.If f is a C! scaling-invariant function with
a unique global argmin, we can construct a positive number §; such that for all
element z of the compact set Ef’z(,; +1B(0,26;), 2TV f(z) > 0 [66, Proposition 4.11].
In particular, this result produces a compact neighborhood of the level set £ £l
where V f does not vanish. This helps to establish the limit of E [¢(af(z,U1))] when
|z]| goes to co. We prove it by exploiting the uniform continuity of a function that

we obtain thanks to its continuity on the compact set (ﬁf T+ B(O,éf)) x [0, 4]
320
[13].

Thanks to Proposition 8 and Proposition 1, we can finally state in the next
theorem the convergence in distribution of the step-size multiplicative factor for f
satisfying F1 towards I7;,.,, defined in (15).

3 Recall that a sequence of real-valued random variables {Y} ren converges in distribution
to a random variable Y if limp_, o Fy, () = Fy () for all continuity point = of Fy, where Fy,
and Fy are respectively the cumulative distribution functions of Y and Y.

The Portmanteau lemma [16] ensures that {Y} },cy converges in distribution to Y if and only
if for all bounded and continuous function ¢, limy_, o E [¢(Y%)] = E [¢(Y)].
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Theorem 5 Let f be a scaling-invariant function satisfying F1. Assume that {Uky1 3k €
N} satisfies Assumption A5, I is continuous and satisfies Assumption A2, i.e. I is
invariant under rotation. Then for all natural integer k, I (af(w* + z, Uk+1)) converges
in distribution to I, ., defined in (15), when ||z|| — oco.

Proof. Let ¢ : '(R™) — R be continuous and bounded. It is enough to prove that
lim Ey,n,, [¢ (I (af(z* +2,U1)))] =E [¢ (Ifinear) ] and apply the Portman-

Izl =00

f
teau lemma. By Proposition 8, lim o (I'(uw)) (pf(u) —pk (u)) du = 0. Then

l|z]l—o0

I IHIEOOEUWN“ [0 (I (af (2" + 2,01)))] ~Evy onv,n [‘P (F( lf(ac + z, Ul)))] =0.

With Proposition 1, Ey, v/, [90 (F< lf z* +2,U1) )} ¢ (Iinear)]- 0

5.3 Geometric ergodicity of the o-normalized Markov chain

The convergence in distribution of the step-size multiplicative factor while optimiz-
ing a function f that satisfies F1, proven in Theorem 5, allows us to control the
behavior of the o-normalized chain when its norm goes to co. More specifically, we
use it to show the geometric ergodicity of {Zj ; k € N} defined as in Proposition 2
for f satisfying F1 or F2. Beforehand, let us show the following proposition, which
is a first step towards the construction of a geometric drift function.

Proposition 9 Let f be a scaling-invariant function that satisfies F1 or F2 and
{Zy;k € N} be the o-normalized Markov chain associated to a step-size adaptive
(1) w, N)-ES defined as in Proposition 2. We assume that I' is continuous and As-

sumptions A2, A3 and A5 are satisfied. Then for all o > 0, hmHzH—) EllZ0I” | Zo=2] _

=M
{[ ]a} where I car 8 the random variable defined in (15) that represents the
llnc'lr

step-size change on any nontrivial linear function.

. _ * _ Zotw ay(z*+Zo,Ur)
Proof. Let z # 0. Since Z; = Fy (Zo,af (" + Zo, Ul)) = (af(:z*+ZU,U1)) , then
- w! a (z*42,Uq)
mrt— I

I"(af(:v*-&-z,Ul))a

|-

E[|Z1]%1Z0 = 2] /|2|*~E [1/T (ay(z* +2,U1))"] = E ‘

The function I' is lower bounded by m > 0 thanks to Assumption A3. In addition,
HwTaf (z* + 2,U1) || < ||w||||U1]]. Then the term
Z

converges almost surely towards 0 when ||z|| goes to oo, and is bounded (when
|lz|| > 1) by the integrable random variable % Then it follows by the
dominated convergence theorem that

—w af(:c +2,U1)

—1‘/F (ap(z* + 2, Ul)) (27)

Jim ENZ1Z0 = 2 [l ~E [T (og " +2.00)7] =0, (28)
Since z — 1/z% is continuous and bounded on I' (R™) C [m, 00), then for f
satisfying F1, Theorem 5 implies that lim E [1/I" (o (2" + 2, Ul))a] exists and

[zl =00
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is equal to E [1/[[}}ear]”]- Starting from (28) and using Proposition 1 to replace
] by E {ﬁ], the same conclusion holds for f satisfying F2.

linear

1
E |:F(ozf(w*+z,U1))oZ
Thereby lim.) o0 E[IZ1]|%|Z0 = 2] /I|2|* = E [[F;] . 0

linear]
We introduce the next two lemmas, that allow to go from Proposition 9 to a
formulation with the multiplicative log-step-size factor.

Lemma 8 Let f be a continuous scaling-invariant function with respect to x* with
Lebesgue negligible level sets, let z € R™. Assume that I' satisfies Assumption Aj. Then
u — log (F (af (z* + 2, u))) is Npx-integrable with

N Ew, on,, [[logo I'| (W71)]

! (29)

Evy N [[log (I (ap (2 +2,01)))[] <

Proof. With (14), we have ASM'E [|log (I (ay(z* + 2,U1)))|] < /Rn logo I'| (v)

[1/2, pn, (v')dv = E[|logo I'| (Nny)], and A4 says that logo I is Np,-integrable.
O

The next lemma states that if the expected logarithm of the step-size change
is positive, then we can find o > 0 such that the limit in Proposition 9 is strictly
smaller than 1. This is the key lemma to have the condition in the main results
expressed as E [log (ITicar)] > 0, instead of E [1/[I7car]¥] < 1 for a positive a [13].

Lemma 9 Assume that I' satisfies Assumptions A3 and A4. If E[log (ITear)] > 0,
then there exists 0 < a < 1 such that E {uﬂ%} < 1, where I}, eay s defined in (15).

* I
linear

Proof. Lemma 8 ensures that log (ITi,ea,) 1S integrable. For a > 0, [F% =

lincar]

exp [—alog (Ifipear)] = 1 — @log (ITihear) + o(«). Then the random variable A(a) =

ﬁ — 14 alog (IThear) ) /o depending on the parameter o converges almost

linear

surely towards 0 when a goes to 0.
Let u € R™ and a € (0,1). Define ¢y : ¢ —

e = exp(—clog(I(u))) on 0.,

By the mean value theorem, there exists cy,o € (0, ) such that (ﬁ - 1) Jo =

oy lcun) = flog(F(u))W. In addition, F(u)lcuﬂ < mciﬂ thanks to As-
r

sumption A3, and ﬁ = exp (—cu,alog(mr)) < exp(|log(mr)|). Therefore

|[A(a)] < (1 +exp (\log(l;np)\)) [log (INf,ear)|- The latter is integrable thanks to As-
sumption A4, and does not depend on «. Then by the dominated convergence
theorem, E [A(a)] converges to 0 when a goes to 0 or equivalently E [m} =
1 — aE [log (IVpear)] + o(c). Hence there exists 0 < a < 1 small enough such that
E|gelys] <1 O

lincar]

We now have enough material to state and prove the desired geometric ergodicity
of the o-normalized Markov chain in the following theorem.
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Theorem 6 (Geometric ergodicity) Let f be a scaling-invariant function that satisfies
F1 or F2. Let {Zy ; k € N} be the o-normalized Markov chain associated to a step-size
adaptive (f1/pw, N)-ES defined as in Proposition 2 such that Assumptions A1—A5 are
satisfied. Assume that E[log (ITihear)] > 0 where IV, en, 5 defined in (15).

Then there exists 0 < a < 1 such that the function V : z — 1+ ||z]|* is a
geometric drift function for the Markov chain {Zy ;k € N}. Therefore {Zy ;k € N}
is V-geometrically ergodic, admits an invariant probability measure ™ and is Harris
recurrent.

Proof. Propositions 7 shows that {Z ;k € N} is a ¢-irreducible aperiodic T-chain.
With [50, Theorem 5.5.7 and Theorem 6.2.5], every compact set is a small set. Since

E [log (IThear)] > 0, by Lemma 9 there exists 0 < a < 1 such that E [ﬁ} <1l
linear

Define V : 2z — 1+ ||z]|* By Proposition 9, 1”1m E[1Z1]|%Z0 = 2] /|12]|* =
o0

||z]|—
E [1/[linear]*]. Since E[V(Z1)|Zo = 2]/V(2) = (1 + E[| Z11|*| Z0 = 2]) / (1 + [|2]|),
lim oo B [V(Z0)| Z0 = 2] /V(2) = E[1/[Finear)®] - Lety = 3 (1+E [ =] ) <
1. There exists r > 0 such that for all ||z|| > r

E[V(Z1)|Zo = 2] /V(2) < 7. (30)

In addition, since ||z + wTaf (z* 4+ 2,U1) || < ||2|| + [lw||[|U1]] then E[V(Z1)|Zo = 2]
< E[(Ill + lwll|U2])*] /mT-. Since = = E[(||z]| + [[w][[|U1])*] /mF — AV (2) is
continuous on the compact B (0,7), it is bounded on that compact. Denote by
b € Ry an upper bound. We have proven that for all z € B (0,7), E [V (Z1)|Zo = 2] <
7V (z) +b. This result, along with (30), show that for all z € R*, E[V(Z1)|Zo = 2] <
vV (z) +b]lm(z). Therefore {Zj, ; k € N} is V-geometrically ergodic. Then thanks
to [50, Theorem 15.0.1], {Zy; k € N} is positive and Harris recurrent with invariant
probability measure . O

6 Main results: linear behavior as a consequence of the stability and
integrability

We are now almost ready to establish the main results of the paper. Yet we first
prove in the next section the integrability of z — log ||z|| and Ry defined in (22),
with respect to the invariant probability measure of the Markov chain {Zj ; k € N}
whose existence is proven in Theorem 6. We state and prove in Section 6.2 the linear
behavior of the studied class of algorithms for an abstract step-size update satisfying
A1-A4 on scaling invariant functions. We provide in Section 6.3 a Central Limit
Theorem for approximating the convergence rate. We investigate in Section 6.4
how the CSA-ES and xNES satisfy the required conditions for a linear behavior
providing sufficient conditions expressed in terms of parameters of the algorithms.

6.1 Integrabilities with respect to the invariant probability measure
For a scaling-invariant function f that satisfies F1 or F2, the limit in Theorem 7

is expressed as Ex(R;) where the function Ry is defined as in (22) and = is a
probability measure. Therefore the m-integrability of the function z — R¢(z) is
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necessary to obtain Theorem 7. In the following, we present a result stronger than
its m-integrability, that is the boundedness of Ry under some assumptions.

Proposition 10 Let f be a continuous scaling-invariant function with Lebesgue negli-
gible level sets. Let {(X,o1); k € N} be the sequence defined in (5) and (6) such that
Assumptions A4 and A5 are satisfied. Then the function z — |Rf‘ (%) is bounded by
ﬁﬂfwwvw [logo I'| (W)], where the function z — Ry(z) is defined as in (22).

If in addition the following holds: (i) f satisfies F1 or F2, (ii) Assumptions A1—A8
are satisfied and (iii) the expected log step-size change satisfies E [log (ITcar)] > 0 where
Iear 8 defined in (15), then Eﬂ(|Rf}) =/ |Rf(z)| m(dz) < oo that is z — Ry¢(z) is
mw-integrable where m is the invariant probability measure of {Zy ; k € N} defined as in
Proposition 2.

Proof. Lemma 8 shows that for all z € R", z — log (I' (af(z* 4 z,u))) is Ny»-

integrable with E Hlog (F (af(x* + z, Ul))) H < WEWNNW [[logo I'| (W)].
Then |Rf{ is bounded since {Rf (z)] < ﬁEWNNW [logoI') (W)] for all z € R™.
If in addition Assumptions A1—A3 are satisfied and E [log (I{j,ear)] > 0, Theorem
6 ensures that {Zj;k € N} is a positive Harris recurrent chain with invariant

probability measure «. Hence the integrability with respect to =. O

We prove in the following the w-integrability of z — log||z||, where = is the
invariant probability measure of the o-normalized chain, under some assumptions.

Proposition 11 Let f satisfy F1 or F2 and {Zy, ; k € N} be the Markov chain de-
fined as in Proposition 2 such that Assumptions A1—A5 are satisfied. Assume that
E [log (It ear)] > 0 where IT,cq, s defined in (15). Then {Zy ; k € N} has an invariant
probability measure m and z — log||z|| is w-integrable.

Proof. Theorem 6 ensures that {Z, ; k € N} is V-geometrically ergodic with invariant
probability measure 7, where V : z € R” — 1+||2]|* € R4+. We define for all z € R",

g(z) = ()‘Z_A’f)! [log||z|||. The m-integrability of g is obtained if there exist a set

A with m(A) > 0 such that / g(z)m(dz) < oo, and a measurable function h
A

with A1l gc > g1 gc such that (i) / P(z,dy)h(y) < h(z) —g(z),Vz € A® and (ii)
Ac

sup/ P(z,dy)h(y) < oo [67, Theorem 1]. For z € B(0,1) and v € R™, denote
zEA c

¢(2,v) as ¢(2,v) = pn,, (v - W (wiz,.. .,wuz)) LjjyTy<1 - We prove in a first

time that Hl'hm /’10g|\wTv|| o(z,v)dv < co. We have (21)"/2p(z,v) which is
z||—0

2w v) "z

2 2
equal to exp (% (—HUH2 — H"h‘lwl‘llf” + S )) L}y 7 y|)<1 Which is smaller than

12 20w o]z

2
exp (% (_Hsz _ HwHHwHZ + A )) Ly 7v<1 Which is smaller than

V(e wlPlE? L 20z
e’“’(§<‘““” T e ) ) Berer
1

< @m)% exp <W) #(0,0). (31)
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Since v — ‘log ||wTvH‘ ©(0,v) is Lebesgue integrable, it follows by the dominated

¢(z,v)dv is continuous on B (0, 1)

convergence theorem that z — /‘logHwTvH

o(z,v)dv < co. In addition, H1}‘m g(z) = co. Then there
z||—0

and lim / ’log llw o
llzll—0
exists €1 € (0,1) such that for z € B (0,¢e1) :

.
[ st

We define €2 from Lemma 6 and denote e = min(e1, e2). Define A = R™\ B (0, €).
Then from Lemma 6 it follows that m(4) > 0. Note also that A° = B(0,¢).
In addition, g is dominated by the w-integrable function V around oo, then

o(z,v)dv + 2Ew ., [llogel (W)] < g(2). (32)

np

g(z)m(dz) < oco. We define now the function h for all z € R™ as h(z) =

A
29(2z)1 gc(2). Then hl e > gl 4c. It remains to verify the items 1 and 2 from
above to obtain the m-integrability of g. We give in the following an upper bound

A—p)!
Of K(Z) :/A P(Z,dy)h(y) _ _( )\|M) Ez |:]1B(O,6) (Zl)log ‘|Z1Hi| We have K(Z) S

(A=)t / Iz +w o] ¢ : A —p)!
oA log *——~—pz (v)dv. With (14), ol < o
A ST oli<re) I'(v) =(v) (1), =7—»= P

Then K(z) < / log(I"(v)) | pac,, (v)dv + /
[z4w T || <T'(v)

We split the latter integral between the events {Hz +w v < min(1, F(v))} and the

log|lz +w ' v||| pu;,, (v)dv.

events {1 <lz+wo] < F(v)}. Then K(z) < /

‘log Iz 4w o
2+ T ol| <min(1,1'(»))

pa, (0)dv + / log(I'(4))px,, (v)dv + / log(I'(v))| pav,, (v)dv. Hence K(2) <

I(v)>1
2Ew ., [logol’| (W)] - log |z +w " v|lpyr,, (v)dv. With a translation
24w Tv|[<1
v — W (w1z,...,wuz) within the last integrand, we obtain:

K(2) < 2Bwe,, [logor| (W) + [ floglu ol e(zv)av. (33)

Equations (32) and (33) show that for z € A° = B(0,¢), / P(z,dy)h(y) <
A

g(z) = h(2) — g(z). Therefore the item 1 follows. With (31), it follows that there

exist ¢; > 0 and ¢z > 0 such that for ||z|]| > ¢1 and v € R”, p(z,v) < c2¢(0,v).

Thanks to the dominated convergence theorem, | 1H1m / ’10g HwTvH
Z||F—>00

0. Therefore that integral is bounded outside of a compact. In addition, z

[ ozl

A. Then along with (33) it follows that sup/ P(z,dy)h(y) < co. Hence the item
z€A J Ac
2 is also satisfied, which ends the integrability proof of z — log ||z|. O

w(z,v)dv =

©(z,v)dv is continuous and is bounded on any compact included in
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6.2 Linear behavior for an abstract step-size update

We are now ready to establish the linear behavior of the (u/pw, A)-ES. Our condition
for the linear behavior stemming from the drift condition for geometric ergodicity
established in Theorem 6 is that the expected logarithm of the step-size change
function I' on a nontrivial linear function is positive. By Proposition 1, when
f satisfies F2, the expected change of the logarithm of the step-size is constant
and for all z, Ry(z) = Ry(—a*) = E[log (IT{pear)] Where I}, is defined in (15).
Our main result states that if the expected logarithm of the step-size increases
on nontrivial linear functions, i.e. if E [log (I3} ear)] > 0, then almost sure linear
behavior holds on functions satisfying F1 or F2. If f satisfies F2, then almost sure
linear divergence holds with a divergence rate of E [log (I7},c,,)]- More precisely
the following results hold.

Theorem 7 Let f be a scaling-invariant function with respect to x*. Assume that f
satisfies F1 (in which case x* is the global optimum) or F2. Let {(Xy,or); k € N}
be the sequence defined in (5) and (6) such that Assumptions Al—Ab5 are satisfied.
Let {Z), = (X — %) /o ; k € N} be the o-normalized Markov chain (Proposition 2).
If the expected logarithm of the step-size increases on nontrivial linear functions, i.e.
if Elog (INfear)] > 0 where ITicar is defined in (15), then {Zy;k € N} admits an
invariant probability measure w such that Ry defined in (22) is mw-integrable. And for all
(Xo0,00) € (R™\ {z*}) x (0,00), linear behavior of X}, and oy, as in (18) holds almost
surely with

.1 X — " .1 o
klgr;o P log m = kl;néo % log J—]g =Er(Ry) . (34)
In addition, for all initial conditions (Xo,00) = (z,0) € R™ x (0,00), we have linear
behavior of the expected log-progress, with

1 Xkt1 — ﬂ”}

lim ]Ew,az* log X, — 2]

k—o0

. Ok+1
= lim E, .+ |log—=| =Er(R¢) . 35
[ SCV R
If f satisfies F2, then Ry is constant equal to Bx(Ry) = E[log (I{jhear)] > 0, and
then both X}, and oy, diverge to infinity with a divergence rate of E[log (Iipear)]-
If Ex(Rf) < 0, then X}, converges (linearly) to the global optimum z* with a
convergence rate of —Ex (Rf) and the step-size converges to zero.

Proof. Theorem 6 ensures that {Zj;k € N} is a positive Harris recurrent chain
with invariant probability measure 7. We start from (21). Since z — log]||z]| is 7-
integrable, Theorem 1 ensures that the LLN holds with limj,_, o, % Zf;ol log Hffztﬁ I —
J1o8 ) n(ds) - [ 1og (1) () =0,

Let us consider the chain {Wy = (Zj,Uk12);k € N}. Then thanks to Proposi-
tion 3, {Wy = (Zg, Ugy2) ; k € N} is geometrically ergodic with invariant probability

2

measure ™ X M, . Define the function g for ((z1,us), (22,u4)) € (R" X R"’\) as
g ((21,u3), (22,u4)) = log(I'(ay(z* + 22,u3))). We have by Proposition 10 that for
all natural integer ¢, Erxnr, , (lg(We, Wit1)]) < ﬁEwaM [[logo I'| (V)] < oo.
By Theorem 3 or Corollary 1, for any initial distribution, %Ef;ol log(I"(af(z* +
Zt,Uty1))) converges almost surely towards Eqya,, (g(W1, W2)) = Ex(Ry).
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Let us prove now (35). Equation (19) implies that for all z € R™

X1 — o*] 1Zsal -
E, |log ————— | =, |] E. |1
8 X — o] AT R

_ / PFHL(5, dy) log((ly) — / P¥ (2, dy) log(lyl))
+ / P (2, dy)R ().

Define h on R™ as h(z) = 1+ [log||2]|| for all 2 € R™ which is w-integrable thanks
to Proposition 11. Then z + log ||z|| is m-integrable, and for z € {y € R™; V(y) < 0o} =

R”, lim ||P*(z, )=l = 0[50, Theorem 14.0.1]. Then lim /PkJrl(z,dy)log(HyH) =
k—o0 k—o0

im P*(z,dy)log(|ly]|) = og(|ly||)m(dy). In addition, |R 1s bounded, then
li F(z,dy)1 1 dy). In additi #| /b is bounded, th

k—o0
klim /Pk(z,dy)Rf(y) = /Rf(y)ﬂ(dy) = Ex(Ry), and finally (35) follows. We
—00
also note that if f satisfies F2, then thanks to Proposition 1, for all 2 € R",
R (z) = E[log (IThear)], hence Ry is constant. Then Ex (Ry) = /Rf(z)ﬁ(dz) =

E [log (ITinear) ] If in addition E [log (I7,car)] > 0, we obtain that || X[ and oy,
both diverge to co when k goes to co. O

The result that both the step-size and log distance converge (resp. diverge)
to the optimum (resp. to co) at the same rate is noteworthy and directly follows
from our theory. In addition, we provide the exact expression of the rate. Yet it is
expressed using the stationary distribution of the Markov chain {Z ; k € N} for
which we know little information. From a practical perspective, while we never
know the optimum of a function on a real problem, (34) suggests that we can
track the evolution of the step-size to define a termination criterion based on the
tolerance of the x-values.

6.3 Central Limit Theorem

The rate of convergence (or divergence) of a step-size adaptive (u/pw, A)-ES given
in (34) is expressed as [Ex(Ry)| where = is the invariant probability measure of
the g-normalized Markov chain and Ry is defined in (22). Yet we do not have
an explicit expression for = and thus of Ex(Rs). However, we can approximate
Ex(Ry) with Monte Carlo simulations. We present a central limit theorem for the
approximation of Er(Ry) as + ZZ_:l() R ¢(Zy,) where {Zy; k € N} is the homogeneous
Markov chain defined in Proposition 2.

Theorem 8 (Central limit theorem for the expected logarithm of the step-size) Let f be
a scaling-invariant function with respect to x* that satisfies F1 or F2. Let {(Xy,01) ;k €
N} be the sequence defined in (5) and (6) such that Assumptions A1—A5 are satisfied.
If the expected logarithm of the step-size increases on nontrivial linear functions, i.e. if
E [log (IThear)] > 0 where I, car s defined in (15), then {Zy, = (Xy — x*) /oy ; k € N}
is a Markov chain admitting an invariant probability measure w. Define Ry as in (22)
and for all positive integer t, define St(Ry) = Z_:lo R¢(Zy). Then the constant ~2
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defined as

o0
2 .
Ex [(Ry(Z0) ~ Ex(Rp))*] +2 3 Ex [(Ry(Z0) ~ Ex(Ry)) (Ry(Zk) — Ex(Ry))] is
k=1
. . . 1 2 2
well defined, non-negative, finite and tlgr()l(J ;]EW [(St(Rf) - tETr(Rf)) } =~°.
If 72 > 0, then the central limit theorem holds in the sense that for any initial
condition zo, /% (%St(Rf) —Er (Rf)) converges in distribution to N'(0,1). Ify* =
Y
St('Rf) — tEn—(Rf)
Vi

0, then lim =0 a.s.
t—o0
Proof. Thanks to Proposition 10, ’R f| is bounded. And then there exists a positive
constant K large enough such that ’R? < KV where V is the geometric drift func-
tion of {Z ; k € N} given by Theorem 6. Then K V remains a geometric drift func-
tion. Thanks to Theorem 2, the constant v defined as Ex [(Rf (Zo) — Eﬂ(Rf))Q} +
2302 1 Ex [(Rf(Z0) —Ex(Ry)) (Rp(Z)) — Ex(Ry))] is well defined, non-negative,
finite and lim 1IE,r [(St(Rf) fﬂEw(Rf))Q} = 2. Moreover if 42 > 0, then the
t—oo t
CLT holds for any zo as follows lim¢—oe Pz, ((t*yQ)_% (5:(Ry) — tEx(Ry)) < z) =

z
1 —u2/2 . 1
——e du. Which can be rephrased as —— (S:(R¢) —tEx (R con-
/_OO V2T P \/WQ( i f) ( f))

verges in distribution to A/(0,1) when ¢t — co. And if v = 0, then limy ;o0 (St (Rf) —
tEx(Ry))/Vt=0 as.

6.4 Sufficient conditions for the linear behavior of the (u/pw, A\)-CSA1-ES and the
(}L//,Lw, )‘)'XNES

Theorems 7 and 8 hold for an abstract step-size update function I' that satisfies
Assumptions A1—A4. For the step-size update functions of the (u/pw, A)-CSA1-
ES and the (u/pw,A)-xNES defined in (10) and (11), sufficient and necessary
conditions to obtain a step-size increase on linear functions are presented in
the next proposition. They are expressed using the weights and the p best order
statistics N1, ., N#2 of a sample of A standard normal distributions N, ..., N
defined such as N < N2 <o < NN,

Proposition 12 (Necessary and sufficient condition for step-size increase on
nontrivial linear functions) For the (u/pw, \)-CSA-ES algorithm without cumu-

N2
lation, E [log ((I'csa1)finear)] = ﬁ (]E {( o ﬁj\/’li)‘) } — 1>, Therefore, the

=1 [Jw]]

expected logarithm of the step-size increases on nontrivial linear functions if and only if

E[( b wiNi:*)2}>1.

=1 JJw]]
For the (j1/ pw, N)-zNES without covariance matriz adaptation, if w; > 0 for all i =
2
_ 1 w; DN
L...,p, Eflog ((I'xNES)finear)] = 3d.7 (Zé‘zl ﬁﬂi [(/\ﬁ ) } - 1>. Therefore

the expected logarithm of the step-size increases on montrivial linear functions if and
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N2
only if Y, %E [(/\/'“)‘> } > 1.In addition, this latter equation is satisfied if

j=1 Wj

A, poand w aresetsuchthat/\23,u<% and wy > wz > -+ > wy > 0.

Proof. We first prove the statement related to the (u/pw, A\)-CSA1-ES. Then we
show the condition regarding the (p/pw, A)-xNES. Finally we prove the general
practical condition that allows to obtain the condition regarding the xNES algo-
rithm.

If m is a positive integer and u = (ul,...,um) € R™ we denote u; =
(u%,...,u’ln) and u—y = (uly,...,u”) where ul g = (u%,,u}l) fori=1,...,m.
Define the nontrivial linear function {* such that I*(z) = x1 for z € R", and denote
by e1 the unit vector (1,...,0).

Part 1. We prove that Ey, n,, [log (I'csai (s (e1,U1)))] has the same sign

than E [( i A A) ] — 1, and apply Theorem 7. We have

=1 Twl

2do ||w]|*nEu, w7, [log (Tesan (e (e1,U1)))] =
(Ev,mny [ 20 wi (g (e1,Un)); 1°] — [lw]|®n) . Therefore it is enough to show

i le\ (ay«(e1,Un)); 2] —n=FE [(ZZ 1 HwH ) ] — 1. Recall that

the probability density function of ag«(e1,U1) is pe1 deﬁned for all w € R™ as
p—1

phy (u) = ool - QL () T 1 (uz)<z*(ul+1)}HpN ().

i=1 i=1
Denote A = EU1~NM [||Zf:1 T (aus (en, Ul))iHQ} . It follows that
2

that E {

p—1 Iz
A= — Qe W) T Ve cwny<a uirnyy [ v, (@) dus

Jj=1 Jj=1

PN >u)y H L cuity Hp/\/(ul)

ol

) } and C = B — A. Then A52'C equals

(e m] u)’

:/ s

n
H (u’ ;) du. We expand the integrand, the first term is E {(Z

Wy 7
T

i=1 HwH

Denote B = E {(

i=1 HwH
\ Iz

fHEz 1 lenu 1H P N>“1) HH {u <ua+1}HPN U1)I’Nn 1(u 1)du

Jj=1

A—
Then C'= |.. == M),P(./\/'>u1) “H {u <u1+1}HJ o (ud)duy

-

is the integral of a probability density function. The second integral is equal to

[|| e H';’; Wl||2} where Wi,..., W, are i.i.d. random variables of law Np_1.

SR ﬁuilu szlp/\/ml(u_l)du,l. The first integral equals 1 as it

Then the law of Y ¢, H“’T‘”Wi is Mj,—1. Then E [H w

i=1 ol

2] B E[( =1 o]

} — 1. Hence

v~y {HZL (e (ex, Uh); ) ] — n — 1, which

ends this part.
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Part 2. For the second item, we show that Ey, /., , [log (Iknes (oux(e1,U1)))]

N2
has the same sign than Y %, ﬁ [(/\/’”‘) } — 1, and apply Theorem 7. We
17

have By, ~ ., [log (D (u (e1,Ur)))] = , o
S Sy S wi (Buyan,y [l (aus(e1,U1)), II?] = n) . Then it is enough to show:
o

Zwi (EU1~NM [H (ag«(e1,Un)); ||2} —n) = Xu:wiﬂf‘l {(Ni:)‘)? - iwi. Denote
i=1 i=1

i=1
A=Y0 wiBy ony [ (e (e, Un); |12] - Tt follows A = 207 [ 370 willu’||2(1-
Qél (u’“‘))A_IL H:l 1{1*(uj)<l*(uj+1)} H;Lfl pNn (UJ)dU Wthh iS equal to

A=p
- M)lf( = 1wzHu1”2+Z 1“’1““ 1l ) (N>uu) HM ‘1 {u <u7+1}

i on(u H PNy (u 1) du. Then after expansion, the integral of the first term

Jj=1
& N2 " N2
of the integrand equals (A '“)‘ Zle [(N“)‘) } Denote B = ZwiE [(Nu,\) ]
i=1 i=1
and ¢ =4 = B. Then ()\ M /szﬂu P (PN > uk )M+
p—1 N -1
H ]l{u <u1+1} HPN(U1)p/\/'n 1(u 1)du Then C = W H ]l{u§<u{+1}

P(N>u )‘ #HpN dul/ Zwluu 1” Hp_/\[n L u? 1 du 1. The first

integral equals 1 as it is the integral of a probablhty den51ty function. The second
one equals >¥ | w;E [|INVp-1]?] = (n — 1) 3t w;. We finally have that

S 0B [ ot e, 00 ) = iy i | (V)] = (0= D B

Part 3. If (X1,..., X)) is distributed according to (./\/1»‘, . 7J\/'>‘:>‘) ,then X; <

- < X and then — X, <--- < —Xj. Therefore (—X},...,—X1) is also distributed

according to (/\/’1:)‘, . ,j\/'/\»‘) . Assume that A > 3 and u > % We show the results
in two parts.

Part 3.1. First we assume that w; = =wy = % In this case, we have to prove
that: 1 < Y ¢ 12“1. y [/\/’“‘ } {(/\/'“\)}.Since/\/'l:)‘g...g
NN s equivalent to —NAA < ... < /\/'1 A then (Nl A .,/\/"\:)‘) has the distri-

bution of (—N)‘:A, e —le)‘) .And thenfori=1,... ), (/\/M‘)2 has the distribu-
tion of (N)‘_H'l:)‘)Q. It follows that: 23:1 E {(NH‘)Q} =2%" E [(N“‘) 2} +
Z;‘;:Jrl E [(./\/’i:)‘)Q} . Moreover, Zi\:l E {(Ni:)‘)z} = Z?:l E [(J\/'Z)Q} = )\, mean-

ing that we lose the selection effect of the order statistics when we do the above
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summation. Both equations above ensure that
H 2 A—p N
2} E [(N*) ]+ S E [(N*) ] = (36)
i=1 i=p+1
For any j € {u+1,...,A—pu} and any i € {1...,u}, N¥* < NTA < N AFLIZEA
. N2 N2 _ N2
Therefore if N7 > 0, (./\/]:)‘) < (/\/')"H*“)‘) , and if N7 < 0, (Nj:)‘) <
) 2 \ ) 2 ) 2
(/\/’1' ) . Since (/\/ Tl-i ) has the distribution of (/\/'1' ) , it follows that

. 2 . 2
forall j € {u+1,.... A —pu} and i € {1...,u} : (NM) < (N“) , and it is

straightforward to see that the we do not have almost sure equality. It then follows

N2 N2
that forall j € {u+1,...,A—p} andie {1...,u} : E {(N“) ] <E [(N“) ] .
Therefore for all j € {u+1,..., A — u}:

E {(N“)Q] Xi: [(Nmﬂ (37)

With (37) and (36), we have A = 2 Y% { N” } SAH R [(Nmﬂ <

i=p+1

250, B [(NM)Z} + Ay [(N ) } = Ay {(N ) } . Finally it

follows that

iim {(NM)Q} > 1. (38)

Part 3.2. Now we fall back to the general assumption where wy > --- > wy,. Let
us prove beforehand that:

N s

Let i € {1,...,u—1}. We have that N** < N7H1A < NAFI= Then if APFEA >
. 2 . 2 . . 2 . 2
0, (M) < (W) and if AT <0, (M) < (W)L Since

N2 N2 , 2
(N’\Jrl_“’\) and (NM) have the same distribution, it follows that (N”l:A) <

N2
(N “)‘) . Therefore (39) holds.

To prove the general case, we use the Chebyshev’s sum inequality which
states that if a1 > a2 > -~ > ay and by > ba > -+ > by, then 370 | agby, >

(% - ak) (ﬁ - bk). By applying Chebyshev’s sum inequality on w; >

- > wy, and E {(N“)Q} > E [(/\/“)1 > ... >E [(NW)Q}, it. follows
that 1S w;E {(wﬂ > (A5, w) < » {(Nm) D Therefore,

4 Note that the set {g+1,..., A — pu} is not empty since 1 < p < %
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W wi | [(N“\)z] > L é‘zlE {(/\/i:)‘)Q} And the first case in (38) en-

=13 w 1
sures that Y /'  —<—F [(/\/iv\)T S 1y | [(NM)Q} -1
=1 Wy = b Lei=1 :

O

The positivity of E [log (ITipear)] 1S the main assumption for our main results. In
this context, Proposition 12 gives more practical and concrete ways to obtain the
conclusion of Theorems 7 and 8 for the (u/pw, A)-CSA1-ES and (p1/pw, A)-xNES.
In the case where = 1, the two conditions given in the previous proposition for

2
CSA and xNES are equivalent and yield the equation E {(N 1:)‘) } > 1. The latter

is satisfied if A > 3 and p = 1, which is the linear divergence condition on linear
functions of the (1, X)-CSAI-ES [20]. Conditions similar to the one given for CSA
in the previous proposition had already been derived for the so-called mutative
self-adaptation of the step-size [20].

7 Conclusion and discussion

We have proven the asymptotic linear behavior of step-size adaptive (u/pw, \)-
ESs on composites of strictly increasing functions with continuously differentiable
scaling-invariant functions. The step-size update has been modeled as an abstract
function of the random input multiplied by the current step-size. Two well-known
step-size adaptation mechanisms are included in this model, namely derived from
the Exponential Natural Evolution Strategy (xNES) [25] and the Cumulative
Step-size Adaptation (CSA) [29] without cumulation.

Our main condition for the linear behavior proven in Theorem 7 reads “the
logarithm of the step-size increases on linear functions”, formally, stated as
E [log (ITf,ear)] > 0 where I7;,.,. is the step-size change on nontrivial linear func-
tions. This condition is equivalent to the geometric divergence of the step-size on
nontrivial linear functions, as shown by the next lemma.

Lemma 10 Let f be an increasing transformation of a nontrivial linear function, i.e.
satisfy F2. Let {(X, o) ; k € N} be the sequence defined in (5) and (6). Assume that
{Uk+1; k € N} satisfies Assumption A5 and that I’ satisfies Assumptions A2 and A4,

i.e. I' is invariant under rotation and logo I' is Ny -integrable. Then lim = log Ik —
k—oo k oo

E [1Og (Flfnear)} .

Proof. We have %log b= %Zi:ol log U;tl. With (15) and Proposition 1, ory1 =
ot I' (= (0,Ugr1)) where I* is the linear function defined as I*(z) = z;1 for z € R”.
Therefore # log == + 1]5:01 (logol’ o ayx) (0,U¢41) . Using Assumption A3 and
Lemma 8, we have that the function v — (logoI' o ay+) (0,u) is N, -integrable.
Then by the LLN applied to the i.i.d. sequence {Uy 1 ;k € N}, +log 2k converges

almost surely to E [log (I7f,car)]- -

Geometric divergence of the step-size on a linear function is also the main condi-
tion when analyzing the deterministic flow of the IGO algorithm [3]. For the (141)-
ES and the (1, \) self-adaptive ES, a different condition than E [log (I}j,ear)] > 0 has
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been used to characterize the step-size increase on linear functions: there exists 5 > 0

such that E [F* L [,} < 1[11,13]. With the concavity of the logarithm and Jensen’s
linear
inequality, we have that log (IE [1‘* L ﬁ}) >E [log (F* LR )} = —BE [log (IThear)]-

linear linear

Therefore E [ﬁ} < 1 implies E [log (I}iear)] > 0 and our condition that “the

linear

logarithm of the step-size increases on linear functions” is tighter than the previously
used.

Our main condition for the linear behavior of the (u/pw, A)-CSA-ES algorithm
without cumulation is formulated based on A, pu, the weights w and the order

N2
statistics of the standard normal distribution as ]E[(Z“ c /\/’”‘) } > 1, see

i=1 lw]]

Proposition 12. For g = 1, this condition is satisfied when X\ > 3.

The linear divergence of both the incumbent and the step-size was proven
for a (1,))-ES without cumulation on linear functions whenever A > 3 with a
divergence rate equal to % [20]. Proposition 12 extends this result to
values of i > 1. Note that our results cover both, linear divergence on strictly
increasing transformations of nontrivial linear functions and linear behavior on
strictly increasing transformations of C'! scaling-invariant functions with a unique
global argmin.

Our methodology leans on investigating the stability of the o-normalized
homogeneous Markov chain to be able to apply an LLN and obtain the limit
of the log-distance to the optimum divided by the iteration index. Then we obtain
an exact expression of the rate of convergence or divergence as an expectation
with respect to the stationary distribution of the o-normalized chain. This is an
elegant feature of our analysis. Other approaches [1,2,39—12] provide bounds on the
convergence rate but not its exact expression with the advantage that the bounds
are often expressed depending on dimension or population size and thus describe
the scaling of the algorithm with respect to relevant parameters.

The class of scaling-invariant functions is, as far as we can see, the largest
class to which our methodology can conceivably be applied—because on any wider
class of functions, a selection function for the o-normalized Markov chain can
not anymore reflect the selection operation in the underlying chain. We require
additionally that the objective function is a strictly increasing transformation of
either a continuously differentiable function with a unique global argmin or a
nontrivial linear function. Many non-convex functions with non-convex sublevel
sets are included.

The implied requirement of smooth level sets is instrumental for our analysis.
We believe that there exist unimodal functions with non-smooth level sets on which
scale invariant ESs can not converge to the global optimum with probability one
independently of the initial conditions, for example z — > 1" | \/m . However,
smooth level sets are not a necessary condition for convergence—we consistently
observe convergence on z — Y ., |z;| for smaller values of n and understand
the reason why ESs succeed on the one-norm but fail on the 1/2-norm function.
Capturing this distinction in a rigorous analysis of the Markov chain remains an
open challenge.

A broader function class has been analyzed by requiring a drift condition
to hold on the whole state-space [2] while our methodology requires the drift
condition to only hold outside of a small set (when the step-size is much smaller
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than the distance to the optimum). Hence in our approach, it suffices to control
the behavior in the limit when the step-size normalized by the distance to the
optimum approaches zero.

A major limitation of our current analysis is the omission of cumulation that is
used in the (p/pw, \)-CSA-ES to adapt the step-size (we have set the cumulation
parameter to 1, see Section 2.2). In case of a parent population of size p = 1,
Chotard et al. obtain linear divergence of the step-size on linear functions also with
cumulation [20]. However, no proof of linear behavior exists, to our knowledge, on
functions whose level sets are not affine subspaces. While we consider cumulation
a crucial component in practice, proving the drift condition for the stability of the
Markov chain is much harder when the state space is extended with the cumulative
evolution path and this remains an open challenge.

Technically, our results rely on proving ¢-irreducibility, positivity and Harris-
recurrence of the o-normalized Markov chain. The ¢-irreducibility is difficult to
prove directly for the class of algorithms studied in this paper while it is relatively
easy to prove for the (1,\)-ES with self-adaptation [11] or for the (1+1)-ES with
one-fifth success rule [13]. We circumvented the problem by looking at the stability
of an underlying deterministic control model and exploit its connection to the
stability of Markov chains [19]. Positivity and Harris-recurrence are proven using
Foster-Lyapunov drift conditions [50]. We prove a drift condition for geometric
ergodicity that implies positivity and Harris-recurrence. The main ingredient for
obtaining the drift condition is the convergence in distribution of the step-size
change towards the step-size change on a linear function when Z;, = 2 goes to
infinity. It implies that the drift condition holds for Z;, = z outside a compact set.
We also prove in Lemma 6 the existence of non-negligible sets with respect to the
invariant probability measure 7, outside of a neighborhood of a steadily attracting
state. This is used in Proposition 11 to obtain the m-integrability of the function
z — log ||z

We have developed generic results to facilitate further studies of similar Markov
chains. More specifically, applying an LLN to the o-normalized chain is not enough
to conclude linear convergence. We introduce the technique to apply the generalized
LLN to an abstract chain {(Zj,Uk42); k € N} and prove that stability properties
from {Z;;k > 0} are transferred to {(Zy,Uri2);k € N}.
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A Proof of Proposition 1

With Lemma 1, we assume without loss of generality that f is a nontrivial linear function.
Let us remark beforehand that the random variable af(z,U;) does not depend on z thanks
to Lemma 4. Let ¢ : I'(R™") — R be a continuous and bounded function, it is then enough
to prove that By, ~nr,, [¢ (I(af(2,U1)))] = Eu,~n,, Lo (I'(cux (0,U1)))] . Denote by e; the
unit vector (1,0,...,0), then for all z € R"™, I*(z) = elT:L‘. Denote by é; the o-normalized
gradient of f at some point. Then there exists K > 0 such that for all z € R", f(z) =
Ké;rx. And by the Gram-Schmidt process, there exist (e2,...,en) and (€2, ..., €éy) such that
(e1,€2,...,en) and (€1, €2,...,€én) are orthonormal bases. Denote by T the linear function
defined as T'(e;) = &; for 4 = 1,...,n. Then T is an orthogonal matrix. For all z € R", &] T'(z) =
e] z, and ||T(z)|| = ||z||. Denote A = Ey, a7, , [¢ (I'(af(z,U1)))] . We do a change of variable

— 1
ur (T(ul),...,T(ut)). Then %A = [ (I'(uv) Ilé;"(zﬂ—ul) > 0,87 (uk—ub=1) >0
P (e] Ny > é?u”)/\iupj\/n (). opar, (ut)dul L odut = [ (T (T(ul),...,T(WH)))
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A—
LT (w2 u1) > 0,007 (ub—ui—1) > 0P (eT N > el wt) ™ ppe (T(uh)) ..oy, (T(ut))dul . ..
du#, thanks to the fact that e] N ~ & Ny, ~ N(0,1). Since I" and pyy, are invariant under
votation, Ev, <y [ (Mg (2, U1)))] = Egryatyy o (N (0, U1))]

B Proof of Proposition 3

We have Zy 11 = G(Zk,Ug+1) and U3 is independent from {Wy ;¢ < k}, then {W}, ; k € N} is
a Markov chain on B(Z)®B(R™). Let (A, B) € B(Z)xB(R™) and (z,u) € ZxR™. Then by inde-
pendence P ((Zi41,Uiy3) € A X B|(Zs,Uy2) = (2,u)) = P (Zi41 € A|Zy = 2) P (Ut € B).
For (A, B) € B(Z2)xBR™), for (z,u) € ZxR™, 3°7° | P*((2,u), AxB) = ¥(B) 332, P*(z, A).
Therefore Y7 ; P¥((z,u),) is a product measure.

Let ¢ be an irreducible measure of {Zy ;k € N} and let E € B(Z) ® B(R™). By defini-

tion of a product measure, (p X ¥) (E) = /ap(E”)lP(dv) and thus > 22, P*((z,u), E) =

/ZPk(z,E“)W(dv) where EV = {z € Z;(z,v) € E}. If 332, P*((z,u),E) = 0, then
k=1

0=>33°, Pk(z, EV) for almost all v and then ¢(EV) = 0 for almost all v. Then (¢ x ¥) (E) =
/Lp(E”)W(dv) = 0, hence the (¢ x ¥)-irreducibility of {W}, ; k € N}.

Let us show that m X ¥ is an invariant probability measure of {Wjy;k € N} when
m is an invariant measure of {Z;k € N}. Assume that (A4, B) € B(Z) x B(R™). Then
[ P((Z1,U3) € A x B|(Zo,Uz2) = (z,u)) (mx¥) (d(z,u)) = /Pz (Z1 € A)¥(B)n(dz)¥(du) =
¥ (B)m(A) = (m x ¥)(A x B). Hence 7 x ¥ is an invariant probability of {W}, ; k € N}. Assume
that {Wj ;k € N} has a d-cycle (D;);_; 4 € (B(Z)® B(R™))4. Define for i = 1,...,d, D; =
{z € Z|3u € R™; (2,u) € D;} and let us prove that (52) is a d-cycle of {Zy ; k € N}.

i=1,...,

Let 2 € Dy and i = 0,...,d — 1 (mod d). There exists u € R™ such that (z,u) € D;.
Then 1 = P((z,u), Dis1) = P ((Z1,Us) € Diy1|Z0 = 2) < P (Zl € Diy1]Z0 = z) Thereforer
P (Zl (S 5i+1|ZO = z) =1.

If A is an irreducible measure of {Z;k € N}, then we have proven above that A x

c
¥ is an irreducible measure of {Wj;k € N}. Then 0 = (A X ¥) ((Uft:1 Di) > For i =

1,...,d, (Ax W) (D;) = /A(D;’)W(dv) < /A(ﬁi)w(dv) = A(D;). Then /1(U;?:1 f),-) =

Zle A(D;) > (Ax W) (U?:l Di>. Hence A ((U?:I 51)C> = 0 and finally we have a d-cycle
for {Z ; k € N}. Similarly we can show that if {Z ;k € N} has a d-cycle, then {W}, ;k € N}
also has a d-cycle. Now assume that C is a small set of {Zy ;k € N}. Then there exists a
positive integer k and a nontrivial measure vy on B(Z) such that PF(z, A) > v (A) for all
z2€C, A€ B(2).If (z,u) € CxR™ and E € B(Z)®BR™), P*((z,u), E) > (v, x ¥) (E) and
therefore C x R™ is a small set of {W}, ; k € N}. The drift condition for {W}, ; k € N} follows
directly from the drift condition for {Z ; k € N}.

C Proof of Proposition 8

To prove the convergence in distribution of the step-size multiplicative factor for a function f
that satisfies F1 or F2, we use the intermediate result given by Proposition 8, that asymptotically

links I" (af(z* 4+ 2,U1)) to the random variable I" (Oélf (=, U1)> where the nontrivial linear

function I depends on z, V£, and is introduced in (26). Since ay(z* + 2,U1) = af(z, Uy), we
assume without loss of generality that z* = 0 and f(0) = 0.

The next lemma is our fist step towards understanding the asymptotic behavior of as (2, U1)
for a C! scaling-invariant function f with a unique global argmin. For ¢ : R™* — R continuous
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and bounded, we approximate E [p(af(z,U1))] by using the explicit definition of pf in (14),

and observing the integrals in the balls B (0, ||z||>, such that the f-values we consider are
f

relatively close to the f-values of ﬁz €Ly

Lemma 11 Let f be a C! scaling-invariant function with a unique global argmin assumed
to be in 0 such that f(O) = 0. For (z,w,v) € (R™)3, define the function h : (z,w,v) >

1 v I o . Then for all ¢ : R™ — R continuous and bounded:
e ) > 1 15 u Y
A—p
. iz
2} o0 fu 1<y (ot 727 A w0 o, (w)dw)
o) T Az, ui™ ud) T pa, (uf)du — [ (u)p! (u)du = 0.

Proof. For z € R™ and u € R™", define A(z) = f(u)du - f\|u|\< Tl cp(u)pg(u)du .

Al Iz i — A —
Then A(2) < xZimlelloe Sy g Tz P (094w = 25519 lo0 Jyy 5 /o PN ()0 =
2lellos (1= P (INaull < VI=T))-
Then by scaling-invariance with a multiplication by ¢ /|||, im0 f\luHS El p(u)
AT (A~ p)
(E[h(z, Nn,ut))H 1_[1 h(z,uttt, ub) HpNn(u’)du - T/¢(u)p£(u)du = 0. Also,
K3
= Iz _
E[h(z, Np, ut)] — f\|w||<\/\|7 (z,w,u )pN (w)dw = f‘|w“> =1 h(z,w,w*)ps, (w)dw <1
(HNn” < VI=| ) Hence along with the dominated convergence theorem, the lemma is

proven. O

We are now ready to prove the proposition.

Let ¢ : R — R be continuous and bounded. Using Lemma 11, it is enough to prove that
A—p

i W

TR O = [P = L CRTAT TO (w)dfw) )

Hf:_ll h(z, w1 w1 par, (ub)du— M J o(u)p (u)du = 0. We define the function g on

the compact (Lf,z({ +]B(0,5f)) x [0,6¢] as, for (z,p) € (Lf,zg +B(O,5f)) % (0,d¢], g(x,p) =

A—p
fuungﬁ (f\|w| % Lo(w,um,z) > 0PN, (W )dw) w(u) Z Iy ]19(u1+1,u17x) >Opr(u)du with
O(w,v,z) = (w—0v)TVf (ac +tf p(v+ 78 (v, w)(w — v))) and 75 (v!,v?) € (0,1) defined thanks

to the mean value theorem by f(x+t£pv ) — f(:v+t£pv ) = tf:@(v ,vl,z). For x € l:f F+
&)

f‘ﬂ ( _uu)va( ) > ) H ]1(u1+17u1)TVf(z)>0pNﬂu( u)du

B(0,0,), g(x,0)
Note that g ( £i, O) = M /go(u)pzz (u)du. With Lemma 11, lim ;|| 00 9 (tfi L) -

Qop)t “) / (u)p (u)du = 0. Therefore it is enough to prove that g is uniformly continu-

ous in order to obtain that (’\7,“)!

. f i .
lim o0 [ (w)pl (w)du — [ @(u)ps (u)du | is equal to
. 500 9 (t;ﬁ, ﬁ) g (tf HZH ,O) which is equal to 0.
For (z,p) € (ﬁf S +B(0,5f)) x (0,05], for v € B(0,1/y/p), w € B(0,1//p), Vf(x +
<0

L p(ut 7L (ut, w)(w—u“))) # 0'since z+t5 p(ub+7£ (uH, w) (w—ut)) € Ef,z[f +B(0,267). Then

the set {w € R™; 0(w,u,xz) = 0} is Lebesgue negligible. In addition the function y — 1, ¢
is continuous on R\ {0}, therefore for almost all w, (z, p, u*) — ”w”< 1 ﬂg(w wk,z) PN, (W) s

continuous and bounded by the integrable function pas,, . Then by dormnatlon for almost all u,
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A—p
(z, p) — ]lHuHSﬁ (f\lwllﬁﬁ Lo(w,ur,z)> 0PN, (w)dw) is continuous. Similarly (z, p) —

ﬂHuH<i Hf;ll Lo(ui+1 ui,z) >0 Is continuous for almost all u. Therefore g is continuous on
<5 ut,
(L:f - + B(0, (5f)) x (0,d], and for all z € Lif 2 +B(0,d5), lim,_0 g(z, p) exists and equals

1 A—p

e
lim 1 1 o(u Tpopitl 4i / 1y DA, (w)dw D du
/pqo lull< 25 # )izl a0 | fyye o (w,u,2)>0 PAG, (W) N (1)

which is equal to g(z,0). Finally g is continuous on the compact (Cf g+ B(0, 5f)) x [0,6¢];
120

it is thereby uniformly continuous on that compact.
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