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Global linear convergence of Evolution Strategies with
recombination on scaling-invariant functions

Cheikh Toure, Anne Auger, Nikolaus Hansen'

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. Our methodology relies on
investigating the stability of a Markov chain associated to the algorithm. Our
stability study is crucially based on recent developments connecting the stability
of deterministic control models to the stability of associated Markov chains.

We investigate convergence on composites of strictly increasing functions
with continuously differentiable scaling-invariant functions with a global opti-
mum. 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 of
step-size adaptive ES with weighted recombination 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.
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1. Introduction

Evolution Strategies (ES) are stochastic numerical optimization algorithms
introduced in the 70’s [1, 2, 3, 4]. 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
solutions from a multivariate normal distribution parametrized by a mean vector
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 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 [5].

Among ESs, the covariance-matrix-adaptation ES (CMA-ES) [6, 7] is nowa-
days recognized as state-of-the-art to solve difficult numerical optimization prob-
lems that can typically be non-convex, non-linear, ill-conditioned, non-separable,
rugged or multi-modal. Adaptation of the full covariance matrix is crucial to
solve ill-conditioned, non-separable problems. Up to a multiplicative factor that
converges to zero, the covariance matrix becomes on strictly convex-quadratic
objective functions close to the inverse Hessian of the function [8].

The CMA-ES algorithm follows a (u/ iy, A)-ES algorithmic scheme where
from the offspring population of A candidate solutions sampled at each iteration
the p = 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 p [3]. 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 [9, 10, 11].
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 optimum [12]. 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
algorithms like Evolution Strategies, linear convergence (where the distance
to the optimum decreases geometrically) is the fastest possible convergence
[13, 14]. Gradient methods also converge linearly on strongly convex functions [15,
Theorem 2.1.15].

We have ample empirical evidence that adaptive Evolution Strategies con-
verge linearly on wide classes of functions [16, 17, 11, 18]. Yet, proving linear
convergence 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 [19, 20, 21, 22, 23, 24] or a scalar times a covariance matrix



with eigenvalues upper bounded and bounded away from zero [25]. 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 (u/ ., 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 [7] (however with a specific parameter
setting which leads to a reduced state-space) and in the xXNES algorithm [26].

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 formalized in [27] and previously used
in [19, 20]. The methodology is 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. 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 (p-irreducibility, Harris recurrence, positivity) is
key to obtain almost sure linear behavior of the algorithm [27]. The sign and
value of the convergence or divergence rate can however only be obtained from
elementary Monte Carlo simulations.

One main difficulty is to prove @-irreducibility, because the updates of mean
and step-size in the analyzed algorithms are coupled [28]. We solve this difficulty
by using recent tools that connect the stability of a deterministic control model
to the stability of an associated Markov chain [29]. Other stability properties
are established using standard Lyapunov drift conditions [30].

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
results of the paper. In Section 4, we present the methodology and the Markov
chain notions needed for obtaining the proofs. In Section 5 we establish different
stability properties on the og-normalized Markov chain. We prove the main
results in Section 6. In Section 7, we highlight previous works related to this
paper.

Notation
We denote by R the set of non-negative real numbers and by N the set of
non-negative integers. The Euclidean norm is denoted by || - ||. For € R™ and

p>0,B(x,p) ={y € R |z —y| < p} and B (z,p) is its closure.



For a set A, we denote by A¢ the complement of A. For a topological space
Z, we denote its Borel sigma-field by B(Z). For a signed measure v, we denote

for any real-valued function g, E,(g9) = [ g(z)v(dz). For a positive function h,

we denote by || - || the norm on signed measures on B(Z) defined for all signed
measure v as [|v][5 = supjg <y, [Ev(9)]. If (21, B(21),m) and (22, B(Z23),m2) are
two measure spaces, we denote by 7, X me the product measure on the product
measurable space (21 X 22, B(Z1) ® B(Z2)) where ® is the tensor product.

We denote by N the standard normal distribution. If x € R™ and C is a
covariance matrix of dimension m x m, we denote by A (z,C') the multivariate
normal distribution with mean x and covariance matrix C. If C is the identity
matrix, Ny, = N (0,C) denotes the standard multivariate normal distribution
in dimension m. We denote by pas,, its probability density function.

We denote by || - || the infinity norm on a space of bounded functions. For
a matrix 7', we denote by T'T the transpose of T. For p € N\ {0}, we denote an
element u of RP™ as u = (u!,...,u™) where u* € R? for i =1,...,m. If m =1,

we write that u = (u') = u'. For w € R™ and u € RP™, we denote >\~ w;u’ as
w ' u. For an objective function f : R™ — R and an element z € R", we denote
by Ly . the level set {y € R™; f(y) = f(2)}.

We refer to a non-zero linear function as a nontrivial linear function.

2. Algorithm framework and class of functions studied

We present in this section our step-size adaptive algorithm framework, the
assumptions on the algorithm and the function class considered. We also present
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/tw, N)-ES algorithm framework

We introduce the algorithm framework studied in this work, specifically, step-
size adaptive evolution strategies using weighted multi-recombination, referred
to as step-size adaptive (p/py, 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 {(Xy, o) ; k € N} where at iteration k, Xj € R™ is the incumbent
(the favorite solution) and the positive scalar oy, is the step-size. The incumbent
is also considered as a current estimate of the optimum. We fix positive integers
A and p such that p < A

Let (Xg,00) € R™ x (0,00) and U = {Ug41 = (U%H,...,U,;\H);k € N} be
a sequence of independent and identically distributed (i.i.d.) random inputs
independent from (Xg,00), where for all k € N, Upt1 = (Ut ..., Up,) is
composed of A independent random vectors following a standard multivariate
normal distribution N,,. Given (Xy,0}) for k € N, we consider the following
iterative update. First, we define A candidate solutions as

X1 =Xk +op Uy fori=1,..., A (1)



Second, we evaluate the candidate solutions on the objective function f. We
then denote an f-sorted permutation of (X}, 1,..., X3, ) as (XY, ..., Xp0)
such that

FXEN) < < F(RXD) (2)

and thereby define the indices i : A. To break possible ties, we require that
A< g:Aif f(X]i_H) = f(Xj4,) and i < j. The sorting indices i: X are also
used for the o-normalized difference vectors U}, ; in that

i\
Ui — Xit — Xk
k+1 or ‘
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
ap(z,u) = (ut, . u) € R™, (3)

with f(z +u'?) < ... < f(z +v*) and the above tie breaking. For \ = 2
and p = 1, the selection function has the simple expression ay(z, (u!,u?)) =
(u! = W) pun) < ety + 07

By definition, we have for k € N, a¢(Xk, 0xUp41) = (U}cUéi\l, .. 7(I;CUIQ“+’\1)
so that

af(“(ka Ok(/k-‘rl) ( 1:\ TED
LR R (UMY, U ) . 4
i k+1> » Y41 ( )

However, o is not a homogeneous function in general, because the indices 7 : A
in (4) depend on f and hence on «; and hence on oy.

The update of the state of the algorithm uses the objective function only
through the above selection function. This selection function is invariant to
strictly increasing transformations of the objective function as formalized in
the next lemma. Indeed, the selection is determined through the ranking of
candidate solutions in (2) which is the same when we optimize g o f instead of
f given g is strictly increasing. We talk about comparison-based algorithms in
this case.

Lemma 1. Let g be a function. Define f as f = @ o g where ¢ is strictly
increasing. Then oy = ay.

To update the mean vector Xy, we consider a weighted average of the pu < A
best solutions > ', wiX,i’_i‘l where w = (w1, ...,w,) 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 X1 is constructed by combining Xj, and >/, w; X/,



as

© ©
ch+1 = (1 — Zwi> Xk + Zle;CJil (5)

i=1 i=1
2 @

= Xp+ > wi (Xi) = Xp) = Xi + 03, D wiUf (6)
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 7. With the notable exception
of Natural Evolution Strategies ([26] and related works), all weights are positive.
In practice, Zle w; is often set to 1 such that the new mean vector is the
weighted average of the u best solutions. Proposition 3 describes (generally
weak) explicit conditions for the weights under which our results hold.

We write the step-size update in an abstract manner as

Tps1 = 03, T (Ugﬁl, . U,g‘rl) (7)

where I' : R™ — R\ {0} is a measurable function. This generic step-size
update is by construction scale-invariant, which is key for our analysis [27]. The
update of the mean vector and of the step-size are both functions of the f-sorted
sampled vectors (UL, ..., U,2L+>‘1)

Using (4), we rewrite the algorithm framework (6) and (7) for all k as:

I
Xk+1 = Xk + Zwi [CVf(Xk,O'kUk+1)]i = Xk + wTOéf(Xk,JkUk+1) (8)
i=1

X
Ok+1 = O'kr <C¥f( k;-o];kUk+1)>

(9)

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

2.2. Algorithms encompassed

The generic update in (7) or equivalently (9) encompasses the step-size update
of the cumulative step-size adaptation evolution strategy ((1/ftw, A)-CSA-ES)
[27, 6] with cumulation factor set to 1 where for d, > 0, w € R*\ {0} and
u=(u',...,ut) € R™

Ty (... u) = exp (;ﬂ (M - 1)) . (10)

The acronym CSA1 emphasizes that we only consider a particular case here:
in the original CSA algorithm, the sum in (10) is an exponentially fading
average of these sums from the past iterations with a smoothing factor of 1 — ¢, .
Equation (10) only holds when the cumulation factor ¢, is equal to 1, whereas



in practice, 1/¢, is between y/n/2 and n + 2 (see [7] for more details). The
damping parameter d, ~ 1 scales the change magnitude of log(oy).

Equation (10) increases the step-size if and only if the length of >4 | w; U},
is larger than the expected length of Y~ | w; U}, ; which is equal to [|w]| E [||N]]].
Since the function I'2g,; is not continuously differentiable (an assumption
needed in our analysis) we consider a version of the (u/pw,A)-CSAL-ES [31]
that compares the square length of > %' | w;U, ,zj_‘l to the expected square length
of >¥  w;U},; which is n|w||?. Hence, we analyze for d, > 0, w € R*\ {0}
and u = (ul,... ,u*) € R

12w |?
r Lot = i=1 - ) 11

Another step-size update encompassed with (4) is given by the Exponential
Natural Evolution Strategy (xNES) [26, 32, 27, 33] and defined for d, > 0,
w € R\ {0} and u = (ul,... u") € R™ as

1 a w; :
FXNES(ul,...,u") = exp d ||u’||2 -n . (12)
S \ 2 7 T | )

Both equations (11) and (12) correlate the step-size increment with the vector
lengths of the p best solutions. While (11) takes the squared norm of the
weighted sum of the vectors, (12) takes the weighted sum of squared norms.
Hence, correlations between the directions u® affect only (11). Both equations are
offset to become unbiased such that logoT is zero in expectation when u? ~ N,
for all 1 <4 < A, are i.i.d. random vectors.

2.3. Assumptions on the algorithm framework
We pose some assumptions on the algorithm (8) and (9) starting with
assumptions on the step-size update function I.

Al. The function I' : R™ — R\ {0} is continuously differentiable (C1).

A2. T is invariant under rotation in the following sense: for all n x n orthogonal
matrices T, for all u = (uy,...,u,) € R™, T'(Tus,...,Tu,) =T'(u).

A3. The function T' is lower-bounded by a constant mpr > 0, that is for all
x € R™ T'(z) > mp.

A4. logoTl is NV,,,-integrable, that is, /|log(I‘(u))|pNW (u)du < 0.

We can easily verify that Assumptions A1-A4 are satisfied for the (u/ gy, A)-
CSA1 and (p4/piw, A)-xNES updates given in (11) and (12). More precisely, the
following lemma holds.

Lemma 2. The step-size update function Tcsa1 defined in (11) satisfies Assump-
tions A1—A/. Endowed with non-negative weights w; > 0 for alli =1,..., u, the
step-size update function Tyngs defined in (12) satisfies Assumptions A1—A4.



Proof. Al and A4 are immediate to verify. For A2, the invariance under ro-
tation comes from the norm-preserving property of orthogonal matrices. For

all u = (ui,...,u,) € R™, T'cgar(u) > exp (—ﬁ) such that I'cga1 satis-

Sy v .
fies A3. Similarly Tyngs(u) = exp <_i% + ﬁ S mnw”z)

Since all the weights are non-negative, 57— >"*  w;|[uf|? > 0. And then
—i b wi + —Qdin M wg||lut]? > —i S w;. Therefore Dyngs(u) >
exp (—i) which does not depend on u, such that I'yngs satisfies A3. O

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 sample
candidate solutions, as it was already specified when defining the algorithm
framework.

A5. U = {Uks1 = (Uliq,... Up,) € Rk € N}, see eg. (1), is an i.id.
sequence that is also independent from (Xy, o), and for all natural integer
k, Uk41 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
Gaussian distributions?. Yet, we can replace the multivariate normal distribution
by a distribution with finite first and second moments and a probability density

2
127} where ¢ > 0 and g : Ry — R, is C,

o2
non-increasing and submultiplicative in that there exists K > 0 such that for
teRy and s € Ry, g(t +s) < Kg(t)g(s) (such that Proposition 12 holds).

function of the form z +— Uig (

2.4. Assumptions on the objective function

We introduce in this section the assumptions needed on the objective func-
tion to prove the linear behavior of step-size adaptive (11/ iy, A)-ES. Our main
assumption is that the function is scaling-invariant. We remind that a function
f is scaling-invariant [27] with respect to a reference point z* if for all p > 0,
z,y € R”

Ja* +a) < @t +y) < [ +pa) < f +py).  (13)

We pose one of the following assumptions on f:

2In 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 [34, 35, 36]. 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 [37].



Figure 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.

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

F2. The function f satisfies f = ¢ o g where ¢ is a strictly increasing function
and ¢ 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 = @ o g 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 a > 0 and with respect to x* if for all z,y € R™, for all p > 0,

plp(x — 7)) = pp(z —a*) . (14)

2.5. Preliminary results

If f is scaling-invariant with respect to x*, the composite of the selection
function oy with the translation (z,u) — (z* + 2, u) is positively homogeneous
with degree 1. If in addition f is a measurable function with Lebesgue negligible
level sets, then [29, Proposition 5.2] gives the explicit expression of the probability
density function of ay(2*+z, Uy) where Uy follows the distribution of N, x. These
results are formalized in the next lemma.

Lemma 3. If f is a scaling-invariant function with respect to x*, then the
function (z,u) — ay(z* + z,u) is positively homogeneous with degree 1. In other



words, for all z € R™, 0 >0 and u = (ul, e ,u’\) € R™
af (2% + oz,0u) = ooy (2% + z,u).

If in addition f is a measurable function with Lebesgue negligible level sets
and Uy = (Ull, . .,Uf‘) is distributed according to Ny, then for all z € R",
the probability density function pl of ag(x* + z,Ur) exists and for all u =
(ul,... ,ut) € R,

Al =
pg(u): m( Qf(u” A— “H]lf(x +Z+ul)<f(x*+z+ul+1)HpN” )
’ =1 =1

(15)
where Q¥ (w) = P (f (z* + 2+ N,)

<f
Proof. We have that f( + 2 + ut?)
f* +o(ztul?) <o < fla* +o(z
o (ul‘)‘, . ,u‘”‘) =oay (z* + z,u).
Equation (15) is given by [29, Proposition 5.2] whenever f has Lebesgue
negligible level sets. O

(2" +z+w)).

<- f(z* + z + u™?) if and only if
+u )) Therefore ay (z* + 0z, 0u) =

On a linear function f, the selection function a defined in (3) is independent
of the current state of the algorithm and is positively homogeneous with degree
1. This result is underlying previous results [19, 38]. We provide here a simple
formalism and proof.

Lemma 4. If f is an increasing transformation of a linear function, then for all
x € R™ the function oy (z,-) does not depend on = and is positively homogeneous
with degree 1. In other words, for x € R™, 0 > 0 and u = (ul, e ,u>‘) € R™

af (z,0u) = oay (0,u).

Proof. By linearity f(z +ou'?) < ... < f(z + ou*?) if and only if f(u'?) <
- < f(uMN). Therefore ay (z,0u) = o (ul‘A, ... ,u“»‘) =oay (0,u). O

Let * be the linear function defined for all x € R"™ as {*(z) = z; and

Uy = (Uf,...,U}) where U},..., U} are iid. with law \,,. Define the step-size
change I'}; ... as

Tinear = F(al*(O’Ul))' (16)

We prove in the next proposition that for all nontrivial linear functions, the

step-size multiplicative factor of the algorithm (8) and (9) has at all iterations

the distribution of I'};, ... This result derives from the rotation invariance of

the function T' (see Assumption A2) and of the probability density function

PN, U W exp (—|lul[?/2). The details of the proof are in Appendix A.

10



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 {U11;k € N} satisfies Assumption A5 and that T
satisfies Assumption A2, i.e. T is invariant under rotation. Then for all z € R™
and all natural integer k, the step-size multiplicative factor I' (ap(z, Ugy1)) has
the law of the step-size change I}, ... defined in (16).

The proposition shows that on any (nontrivial) linear function the step-size
change factor is independent of X, Z) and even ;. 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 — z*)/oy ; k € N} is a homogeneous
Markov chain. (We specify later on why the stability of this chain is key for the
linear convergence of {(Xy, o) ; k € N}.) For this, we introduce the following
function

w
24D iy wivs

I'(v)

which allows to write Zx41 as a deterministic function of Z; and Ug4q. The
following proposition establishes conditions under which {Zy; k € N} is a homoge-
neous Markov chain that is defined with (17), independently of {( X, ox) ; k € N}.
We refer to {Zy; k € N} as the o-normalized chain. This is a particular case of
[27, Proposition 4.1] where a more abstract algorithm framework is assumed.

Fyu(z,v) = for all (z,v) € R" x R"™*, (17)

Proposition 2. Let f be a scaling invariant function with respect to x* and
{(Xk,0r); k € N} be the sequences defined in (6) and (7). Then {Z), = (X} —
z*)/ok; k € N} is a homogeneous Markov chain and for all natural integer k,
the following equation holds

Zis1 = Fo (Zy, a5 (2% + Zi, U1)) (18)

where ay is defined in (3), Fy, is defined in (17) and {Uys1;k € N} is the
sequence of random inputs used to sample the candidate solutions in (1) corre-
sponding to the random input in (8) and (9).

Proof. The definition of the selection function ay allows to write (6) and (7)
as (8) and (9). We then divide (8) by (9), it follows:

Xk+1 —x* _ Xk —z* + Z?:l wW; [Oéf(Xkao-kUk—O—l)L‘

A =
o Ok+1 ox T (M)
ok
laf (Xk,ouU ),
T Y w e Kere e,
T ( &t 06Uskt1)
ok
By Lemma 3, “f<X’v’;}’jUk+1> = af<f*+Xk;:*’f’kUk+1> = af(z* + =2 Upyy).
Then Zyy1 = Fy (Zi, o (2% + Zj, U+1)) and {Zx; k € N} is a homogeneous

Markov chain. ]

11
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Figure 2: Four independent runs of (u/pw, A)-xNES and (u/pw, A)-CSA1-ES (without cu-
mulation) as presented in Section 2.1 on the functions x ~ ||z||? (first two figures) and

Ty 1037= "=t 22 (last two figures). Illustration of || Xj|| in blue and oy, in red where k is
the number of 1terat10ns pu =3, A=11and w; = 1/u. Initializations: oo equals to 10711 in
two runs and 1 in the two other runs, Xg is the all-ones vector in dimension 10.

Three invariances are key to obtain that {Z; = (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 [27, Proposition 4.1]. The last two invariances are satisfied
with the update we assume for mean and step-size.

3. Main results

We present our main results that express the global linear convergence of
the algorithm presented in Section 2. Linear convergence can be visualized by
looking at the distance to the optimum: after an adaptation phase, we observe
that the log 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

[ Xk — =] 1. ok

lggo — log X0 =o' klggo - logg—0 —r (19)
where 2* is the optimum of the function. We prove (19) for f satisfying F1 while
our approach does not allow to prove the sign of the rate r. When (19) holds
and r is strictly negative, then the algorithm diverges linearly. We prove this
linear divergence for functions satisfying F2. In the sequel we talk about linear
behavior when (19) holds but the sign of the rate r is not specified. We can in a
straightforward manner simulate the convergence rate (and obtain its sign, see
for example Figure 2) as our theory shows consistency of the estimators, as is
discussed later.

3.1. Linear behavior

Our condition for the linear behavior is that the expected logarithm of the
step-size change function I" on a nontrivial linear function is positive. More
precisely, let us denote the expected change of the logarithm of the step-size for
any state z € R" of the o-normalized chain as

R (2) = Evyo,y [log (T (af (2" +2,U1)))] (20)
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By Proposition 1, when f satisfies F2, the expected change of the logarithm of
the step-size is constant and for all z,

Rf(Z) = Rf(_x*) =E [1Og ( ﬁnear)]
where T’}

Fnear 1S defined in (16). Our main result states that if the expected
logarithm of the step-size increases on nontrivial linear functions, in other words if
E [log (T} .0ac)] > 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 (T}, ...)]-

Theorem 1. Let f be a scaling-invariant function with respect to x*. As-
sume that f satisfies F1 (in which case x* is the global optimum) or F2. Let
{(Xk,01);k € N} be the sequence defined in (6) and (7) such that Assump-
tions A1—A5 are satisfied. Let {Z = (X —2*)/or; k € N} be the homoge-
neous Markov chain defined in Proposition 2. Define Ry as in (20). If the
expected logarithm of the step-size increases on nontrivial linear functions, i.e.
if Elog (T} ear)] > 0 where '}, is defined in (16), then {Zy; k € N} admits

linear
an invariant probability measure w such that Ry is m-integrable. And for all

(Xo0,00) € (R™"\ {z*}) x (0,00), linear behavior of Xy and oy, as in (19) holds
almost surely with

ol Xkt L ok

In addition, for all initial conditions (Xo,00) = (z,0) € R™ x (0,00), we have
linear behavior of the expected log-progress, with

[ Xht1 — w*ll]
1 Xk — 2|

= lim E, o {log ”’““} =E.(R;) . (22)
o U]C

k—o0

lim E.—.+ |log

k— o0

If f satisfies F2, then Ry is constant equal to Ex(Ry) = E [log (T} ,...)] >
0, and then both Xj and oy diverge to infinity with o divergence rate of
E [log (Iyear)]-

IfE-(Rys) <0, then X}, converges (linearly) to the global optimum x* with a
convergence rate of —Er(Ry) and the step-size converges to zero.

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 {Zj ; k € N}
for which we know little information. Indeed, in contrast to the analysis of
many Markov Chain Monte Carlo (MCMC) algorithms like the Metropolis
algorithm [39, 40] where the stationary distribution is known a priori (it is the
distribution we wish to simulate), here we do not know 7 and have to show
its existence. This explains the difficulties in actually proving the sign of the
convergence or divergence rate.

13



From a practical perspective, while we never know the optimum of a function
on a real problem, (19) suggests that we can track the evolution of the step-size
to define a termination criterion based on the tolerance of the x-values.

The almost sure linear behavior result in (21) derives from applying a Law of
Large Numbers (LLN) to {Z; ; k € N} and a generalized law of large numbers to
the chain {(Zy, Uk+2); k € N}. Our proof techniques are mostly about showing
that {Zy ; k € N} satisfies the right properties for a LLN to hold. Yet we actually
prove stronger properties than what is needed for a LLN and imply from there a
central limit theorem related to the expected logarithm of the step-size change.

3.2. Central limit theorem

The rate of convergence (or divergence) of a step-size adaptive (f/ iy, A)-
ES given in (21) is expressed as |[E;(Ry)| where 7 is the invariant probability
measure of the o-normalized Markov chain and R is defined in (20). Yet we
do not have an explicit expression for 7 and thus of E;(R;). However we can
approximate E.(R ) with Monte Carlo simulations. We present a central limit
theorem for the approximation of Er(Ry) as } 2;10 R¢(Zi) where {Z; k € N}
is the homogeneous Markov chain defined in Proposition 2.

Theorem 2. (Central limit theorem for the expected log step-size) Let f be
a scaling-invariant function with respect to x* that satisfies F1 or F2. Let
{(Xk,0%); k € N} be the sequence defined in (6) and (7) such that Assumptions
A1—A5 are satisfied. If the expected logarithm of the step-size increases on
nontrivial linear functions, i.e. if Elog (I} ...)] > 0 where T}, .. is defined
in (16), then the Markov chain {Zy, = (Xy, — 2*)/ok ; k € N} admits an invariant
probability measure w. Define Ry as in (20) and for all positive integer t, define

Si(Ry) = };_:10 R¢(Zy). Then the constant v* defined as

Ex |(Rs(Z0) = Ex(Rp))*| +2 ) Ex [(Ry(Z0) = Ex(Ry)) (R (Z1) = Ex(R)))]
k=1

1
is well defined, non-negative, finite and tlim zE,r [(St(Rf) - tIE,T(Rf))2 =2,
hade el
If v% > 0, then the central limit theorem holds in the sense that for any initial
t (1
condition 2o, \| — <tSt(Rf) — E,T(Rf)) converges in distribution to N'(0,1).
Y

St(Ry) —tEx(Ry)
Vi

3.3. Sufficient conditions for the linear behavior of (u/ iy, \)-CSAI-ES and
(1/ pw, A)-2NES

Theorems 1 and 2 hold for an abstract step-size update function I' that satisfies
Assumptions A1—A4. For the step-size update functions of the (u/py, A)-CSA1-
ES and the (p/ 4w, A)-xXNES defined in (11) and (12), 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

=0 a.s.

If v =0, then lim
t—o0o

14



order statistics N'VA, ..., N#* of a sample of A standard normal distributions
N .. N defined such as N1 < N2A <0 < NAA,

Proposition 3 (Necessary and sufficient condition for step-size increase
on nontrivial linear functions). For the (u/,uw, \)-CSA-ES without cumu-

lation, E [log (Fcsa1)inear)] = ﬁ <]E {( i1 T ) ] - 1>. Therefore,

the expected logarithm of the step-size increases on nom‘rwzal linear functions if
and only if

<Z Hll‘l’j”N“) >1. (23)
=1

For the (1) i, N)-zNES without covariance matriz adaptation, if w; > 0 for

all i =1,...,p, Eflog (Txngs)finear)] = 307 ( i [(Ni:A)Q} B 1>'

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

ZZ o [/\/“)]>1. (24)

In addition, this latter equation is satisfied if A, u and w are set such that
A>3, u<A and wy > wg > -+ > w, > 0.

The positivity of E [log (T'};,..,)] is the main assumption for our main results.
In this context, Proposition 3 gives more practical and concrete ways to obtain the
conclusion of Theorems 1 and 2 for the (p/w, A)-CSAL-ES and (11/ iy, A)-xNES.
In the case where 1 = 1, (23) and (24) are equivalent and yield the equation

E [(N”‘)Q} > 1. The latter is satisfied if A > 3 and p = 1, which is the linear

divergence condition on linear functions of the (1, A\)-CSA1-ES in [38].
Conditions similar to (23) had already been derived for the so-called mutative
self-adaptation of the step-size [41].

4. Introduction of the methodology and reminders on Markov chains

We sketch in this section the main steps of our methodology and introduce
definitions and tools stemming from Markov chain theory that are needed in the
rest of the paper.

If f is scaling-invariant with respect to z*, {Zy = (X — 2*)/or; k € N} is a
homogeneous Markov chain where {(X},01);k € N} is the sequence of states of
the step-size adaptive (11/ iy, A)-ES defined in (6) and (9) (see Proposition 2).
Since Xy — x* = o2y, it follows that

| Xpi1 — 2| | Z1 ] Tk+1
log—————=1lo t+lo »
= B TAl % e ()
Z
—1 [ Z41 | +log (T' (aey (2% + Zk, Ug41)))

12l
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where I" and o are defined in (7) and in (3). We deduce from the previous
equation the following one

X 1 1 X1 — 7]
l - — log ——MM— 26
°8 Xy — 2] kZ"g 1% — ] (26)
t=0
k—1
1 Z
*% 10 |||tZ+ﬁ” E log(I'(ap(z* + Zt, Upt1))) - (27)

This latter equation suggests that if we can apply a law of large num-
bers to {Z;k € N} and {(Zk,Uk+1); k € N}, the right-hand side converges

) /EUINNM log (T (af(z* + 2,Un)))]n(dz) = E(Rs) where Ry is defined

in (20) and 7 is the invariant meabure of {Z) ; k € N}. From there, we obtain
Xk — 27|
[ Xo — 2|
(21) translating the asymptotic hnear behavior of the algorithm.

This is the main idea behind the asymptotic linear behavior proof we provide
in the paper. This idea was introduced in [42] in the context of a self-adaptation
evolution strategy on the sphere function, exploited in [19] and generalized to a
wider class of algorithms and functions in [27]. We therefore see that we need to
investigate under which conditions {Zj ; k € N} and {(Zx, Uk+1) ; k € N} satisfy
a LLN.

Similarly the proof idea for (22) goes as follows. Let us first define for 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*(2,A) = P(Zy € A|Zy = 2)

for 2 € Z, A € B(Z). We also denote P(z,A) and P,(A) as P!(z, A).
If we take the expectation under Zy = z in (9), then

the almost sure convergence of — log towards E (R ) expressed in

E. [1og %22 | . flog (T (a* + 20, Vi) = [ P anRs0)

With (25) we have that

||Xk+1—x*||] [ ||Zk+1} [ 0k+1}
E, |log——| =E, |lo + E, [lo 28
[ & Xk — 2] VA & on (28)

= [ Py ton(yl) — [ Py ool
+ / P*(z,dy)R¢(y). (29)

If P*(z,.) converges to 7 assuming all the limits can be taken, then the
right-hand side converges to E.(Ry) as the two first integrals cancel each other
such that

. ||Xk+1 - 36*” . Ok+1
lim E. o |log it == 1 = i E, . |1 =E.(Ry),
Jim B [og Ll = i e [l 7252 | < ()
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i.e. (22) is satisfied. To prove that P¥(z,.) converges to m we prove the h-
ergodicity of {Zj ; k € N}, a notion formally defined later on.

We remind in the rest of this part different notions on Markov chains that
we investigate later on to prove in particular that {Zy ; k € N} satisfies a LLN, a
central limit theorem and that for some z € Z, P¥(z,-) converges to a stationary
distribution. Following the terminology of [30], we refer in an informal way to
those properties as stability properties.

4.1. Stability notions and practical drift conditions

The first stability notion to be verified is the so-called @-irreducibility. If
there exists a nontrivial measure ¢ on (Z,B(Z)) such that for all A € B(Z2),
©(A) > 0 implies > 7o | PF(z, A) > 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 ¢(A4) > 0 and for all z € Z, P, (na =00) =1, where ng = > 7o Lz,ca is
the occupation time of A.

A o-finite measure 7 on (Z,B(Z2)) is an invariant measure for {Zy; k € N} if

for all A € B(Z), n(4) = / 7w(dz)P(z, A). A Harris recurrent chain admits a
z

unique (up to constant multiples) invariant measure 7 (see [30, Theorem 10.0.1]).
A p-irreducible Markov chain admitting an invariant probability measure 7 is
said positive. A positive Harris-recurrent chain satisfies a LLN as reminded
below.

Theorem 3. [30, 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
m-integrable function g, i.e. for any g with Ex(|g|) < 0o, limg—e0 1 Zf;ol 9(Z) =

Er(g)-

We prove positivity and Harris-recurrence using Foster-Lyapunov drift condi-
tions. Before introducing those conditions we need the notion of aperiodicity.
Assume that d is a positive integer and {Z ; k € N} is a ¢-irreducible Markov
chain defined on (Z,B(2)). Let (D;),_, € B(Z)? be a sequence of disjoint
sets. Then (D;),_, ,is called a d-cycle if

,,,,,

(i) P(z,Di41)=1forall z€ D; and i =0,...,d — 1 (mod d),
(ii) A ((Uzd:1 Di)c) = 0 for all irreducibility measure A of {Z ; k € N}.

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

A set C € B(Z2) 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 2 € C, A €
B(Z). We then say that C is a vy-small set [30].
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Given an extended-valued, non-negative and measurable function V : Z —
Ry U{oo} (called potential function), the drift operator is defined for all z € Z
as

AV(:) =EV(Z)IZ0 =~ V() = [ V)Pdy) - V()
z
A @-irreducible, aperiodic Markov chain {Zj;k € N} defined 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 2y € Z such that for
all z € Z:
AV(2) < (v =)V (2) +blo(2)

or equivalently if E [V(Z1)|Zo = z] <4V (2) +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 ¢-irreducible and aperiodic Markov chain is V-geometrically ergodic,
then it is positive and Harris recurrent [30, 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 a LLN, namely
a central limit theorem.

A~~~

Theorem 4. [30, Theorem 17.0.1 and Theorem 16.0.1] Let {Z ; k € N} be a -
irreducible aperiodic Markov chain on (Z,B(Z2)) that is V-geometrically ergodic,
with invariant probability measure w. 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 — Er(g) and for all positive integer t, define S¢(g) = 22;10 9(Zk).
Then the constant v* = E[(§(Z0))?] + 2> pe ) Ex[5(Z20)3(Z1)] is well defined,

1
non-negative, finite and tlim ;]EW[(St(g))Q} = ~2. Moreover if ¥ > 0 then
—00

\/1725}@) converges in distribution to N'(0,1) when t goes to oo, else if v> =0

then %St(g) =0 a.s.

For a measurable function h > 1 on Z, [30, Theorem 14.0.1] states that
a @-irreducible aperiodic Markov chain {Z;k € N} defined on (Z,B(Z2)) is
positive Harris recurrent with invariant probability measure 7w such that h is
m-integrable if and only if there exist b € R, a small set C' and an extended-valued
non-negative function V' # oo such that for all z € Z:

AV(2) < —h(2) + ble(z). (30)

Recall that for a measurable function h > 1, we say that a general Markov
chain {Zy ; k € N} is h-ergodic if there exists a probability measure 7 such that
kl'l)ngo | P*(z,-) — 7|l = 0 for any initial condition z. The probability measure 7
is then called the invariant probability measure of {Zy ; k € N}. If h = 1, we say
that {Zy ; k € N} is ergodic.

With [30, Theorem 14.0.1], a ¢-irreducible aperiodic Markov chain on Z that
satisfies (30) is h-ergodic if in addition {y € Z;V(y) < oo} = Z.
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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 as a direct
consequence of [30, Theorem 5.5.7 and Theorem 6.2.5] stating that for a ¢-
irreducible aperiodic T-chain, every compact set is a small set.

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) <1 for all z € Z is called substochastic. A substochastic kernel K
satisfying K(z,Z) = 1 for all z € Z is a transition probability kernel. Let b
be a probability distribution on N and denote by Kj the probability transition
kernel defined as Kj(z,4) = > o b(k)P*(z,A) forall 2 € Z, A€ B(Z). If T
is a substochastic transition kernel such that 7'(., 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 7' 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 a LLN for the convergence of the term %Zf;ol log(T'(aup (z* +
Zy,Ui41))) in (27), we proceed in two steps. First we prove that if {Z; ; k € N}
is defined as Zp11 = G(Zg,Uks1) 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 {Z}; k € N} are transferred to {Wy, = (Zk, Up12) ; k € N}.
Afterwards we apply a generalized LLN introduced in [43] and recalled in the
following theorem.

Theorem 5. [/3, Theorem 1] Assume that {Zy;k € N} is a homogeneous
Markov chain on an abstract measurable space (E, £) that is ergodic with invariant
probability measure w. For all measurable function g : E*° — R such that for
all s € N, Ex(|g(Zs, Zs41,...)|) < oo and for any initial distribution A, the
generalized LLN holds as follows

g(Zt,Zt+1,...) :]E»n—(g(ZS,ZS+17...)) PA a.s.

where Py is the distribution of the process {Zy ; k € N} on (E*, ).

Theorem 5 generalizes [44, Theorems 3.5.7 and 3.5.8]. Indeed in [44, Theorems
3.5.7 and 3.5.8], the generalized LLN holds only if the initial state is distributed
under the invariant measure, whereas in [43, Theorem 1], the initial distribution
considered can be anything.

If we have the generalized LLN for a chain {(Z, Uk12);k € N} on R® x R™,
then a LLN for the chain {(Zx, Uk+1) ; k € N} is directly implied. We formalize
this statement in the next corollary.

Corollary 1. Assume that {Wy = (Z,Ugt2) ; k € N} is a homogeneous Markov
chain on R™ x R™ that is ergodic with invariant probability measure w. Then
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the LLN holds for {(Zy,Uk+1);k € N} in the following sense. Define the
function T : (R® x R™)? — R™ x R™ as T((21,us), (22,us)) = (22,u3). If
g:R" x R™ — R is such that for all s € N, Ex(|go T| (W5, Ws41)) < 00, then
limy, o0 7 % Zt 0 Q(Zt, Ui1) = Ex [(g o T) (Ws, Wyi1)].

Proof. We have limy,_, oo + T Z
thanks to Theorem 5. For ¢t € N, (

T) (Wi, Weg) = Er[(goT) (Ws, Weta)]
T) (Wt, Wt+1) =g (Zt+17 Ut+2). Therefore

Eﬂ' [(g °© T) (Wsa Ws—i—l)] = 11 %

o

k—
1
(Zt+laUt+2 = 11 %go Zt,Ut+1

O

We formulate now that for a Markov chain following a non-linear state space
model of the form Zj1 = G(Zk, Uk41) with G measurable and {Uj41;k € N}
ii.d., then p-irreducibility, aperiodicity and V-geometric ergodicity of Zj are
transferred to {Wjy, = (Zk, Ug42) ; k € N}. We provide a proof of this result in
Appendix B for the sake of completeness.

Proposition 4. Let {Z;k € N} be a Markov chain on (£,B(Z)) defined as
Zi+1 = G(Zy,Ugy1) where G : 2 x R™ — Z is a measurable function and

{Ug+1;k € N} is a sequence of i.i.d. random vectors with probability measure V.
Consider {Wy, = (Zk, Uky2) ; k > 0}, then it is a Markov chain on B(Z) @ B(R™)
which inherits properties of {Zi ; k € N} in the following sense:

o Ifp (resp. m) is an irreducibility (resp. invariant) measure of {Zy ; k € N},
then ¢ X W (resp. ™ x U) is an irreducibility (resp. invariant) measure of
{Wg;k e N}.

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

o If C is a small set for {Zy;k € N}, then C x R™ is a small set for
{Wk ik e N}.

o If{Zy;k € N} satisfies a drift condition
AV (z) < =Bh(z) + ble(z) forallz € Z, (31)
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 € N} satisfies the following
drift condition for all (z,u) € Z x R™ :
AV (z,u) < —Bh(z,u) + bloxen (2,u) (32)

where V : (z,u) — V(2) and h : (z,u) — h(z).
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Remark that the drift condition in (31) includes the geometric drift condition
by taking h =V, the drift condition for h-ergodicity by dividing the equation
by 8 and assuming that h > 1, for positivity and Harris recurrence by taking
h =1/3, 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

Proving that a Markov chain is a p-irreducible aperiodic T-chain can some-
times be immediate. In our case however, it is difficult to establish those
properties “by hand”. We thus resort to tools connecting those properties to
stability notions of the underlying control model [30, Chapter 13] [29]. We remind
here the different notions needed and refer to [29] for more details. Assume that
Z is an open subset of R"™. We consider a Markov chain that takes the following
form

Zyy1 = F (Zy, a0 (Zk, Ug41)) , (33)

where Zy € Z and for all natural integer k, F : ZxR™ — Z and o : Z x R™ —
R"™" are measurable functions, U = {UkJr]_ eER™: 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 C1.

We recall the deterministic control model related to (33) denoted by CM(F)
[29]. It is based on the notion of extended transition map function [45], defined
recursively for all z € Z as S? = z, and for all k € N\{0}, S¥ : R"** — Z such
that for all w = (wy, ..., w;) € R™F

Sk(w)=F (Sf_l (w1, ..., We—1), W)

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, Un)
and Wi, = a (S’f‘l(Wl, ce s Wie—1), Uk). Then the probability density function
of (Wi, Wa,...,W}) denoted by p* is what is called the extended probability
function. It is defined inductively for all £ € N\{0}, w = (wy,...,wy) € R™*

by pi(wi) = pz(wi) and pi(w) = pE=" (wi, .., Wh—1) P14y, ) (Wh). For
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all k € N\ {0} and for all z € Z, the control sets are finally defined as OF =
{w € R™F . pF(w) > O} . The control sets are open sets since F' is continuous
and the functions (z, w) + p*(w) are lower semi-continuous (see [29] for more
details).

The deterministic control model CM(F’) is defined recursively for all k €
N\ {0}, z € Z and (wy,...,wr1) € O as

SMHL (wy, ... wpp1) = F (SiC (wi,. .., wg) ,’UJk+1)

For z € Z, A € B(Z) and k € N\{0}, we say that w € R"* is a k-steps
path from z to 4 if w € OF and S¥(w) € A. We introduce for z € Z and k € N
the set of all states reachable from z in k steps by CM(F), denoted by A% (z)
and defined as A9 (2) = {z} and A% (2) = {S¥(w); w € OF}.

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

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

the Jacobian matrix of (w1, ..., wx) = S¥ (w1, ..., wy) and denoted by Ck(w).
ask ask
Namely, C¥(w) = [ 252 (w) .| 255 (w)]

If Fis C!, 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 (33)
is a p-irreducible aperiodic T-chain, as reminded in the next theorem.

Theorem 6. [29, Theorem /.4: Practical condition to be a @-irreducible aperi-
odic T-chain.] Consider a Markov chain {Z ; k € N} following the model (33)
for which the conditions B1—B5 are satisfied. If there exist a steadily attract-
ing state z € Z, k € N\{0} and w € OF such that rank (C¥(w)) = n, then
{Zy; k € N} is a p-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 {Zy, ; k € N} following the model (33) 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™* . If there evists
w € R"™F sych that rank(C*(W)) = n, then the rank condition in Theorem 6 is
satisfied, i.e. there exists w € O such that rank(C¥(w)) = n.

Proof. The function w + S¥(w) is C! thanks to [29, Lemma 6.1]. Then by
openness of the set of matrices of full rank, there exists an open neighborhood
Vg of W such that for all w € Vg, rank(C¥(w)) = n. By density of OF, the
non-empty set Vg N (’)’; contains an element w. O

If 2 is steadily attracting, then 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 (33). We state this
result in the next lemma.
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Lemma 6. Consider a Markov chain {Zy;k € N} on R™ following the model
(33) for which the conditions B1—B5 are satisfied. Assume that there exist a
steadily attracting state z € R™ such that Ol is dense in R™ and w € O} with
rank (C1(w)) = n. Assume also that {Z, ;k € N} is a positive Harris recurrent
chain with invariant probability measure w. Then there exists 0 < € < 1 such that
7(R™\ B (z,€)) > 0.

Proof. A ¢-irreducible Markov chain admits a maximal irreducibility measure
¢ dominating any other irreducibility measure [30, Theorem 4.0.1]. In other
words, for a measurable set A, ¥(A) = 0 induces that ¢(A) = 0 for any
irreducibility measure ¢. Thanks to [30, Theorem 10.4.9], 7 is equivalent to
the maximal irreducibility measure 1. Since z is steadily attracting, then
thanks to [29, Proposition 3.3] and [29, Proposition 4.2], supp ¢ = A, (z) =
Usen {9%5(w);w € OF }. We have rank (C1(w)) = n, therefore the function
F(z,) is not constant. Along with the density of Ol, we obtain that there exists
e > 0 and a vector v € supp ¥ such that ||z — v|| = 2¢e. 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. O

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

The goal of this section is to prove stability properties of the o-normalized
Markov chain associated to the step-size adaptative (u/piy, A)-ES defined in
Proposition 2, on a function f that is the 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—Ab 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 {Z ; k € N},
we need to establish the ¢-irreducibility and aperiodicity as well as identify some
small sets such that drift conditions can be used. Establishing those properties
can be relatively immediate for some ES algorithms (see [19, 20]). Yet for the
algorithms considered here, establishing (-irreducibility turns out to be tricky
because the step-size change is a deterministic function of the random input used
to update the mean. We hence use the tools developed in [29] and reminded
in Section 4.3 using the underlying deterministic control model. The chain
investigated satisfies Zy11 = Fyy (Zk, oy (2% + Zy, Uk41)) and therefore fits the
model (33). We prove next that the necessary assumptions needed to use the
tools developed in [29] are satisfied if f satisfies F1 or F2. This result relies on
[29, Proposition 5.2] ensuring that if f is a continuous scaling-invariant function
with Lebesgue negligible level sets, then for all z € R™, the random variable
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af(z* + 2,U7) admits a probability density function pf such that (z,u) — pf(u)
is lower semi-continuous, i.e. B4 is satisfied.

Proposition 5. Let f be scaling-invariant with respect to x* 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 (u/p,, \)-ES defined as in Proposition 2
satisfying

Ziyp1 = Fo (Zy, o (2* + Zi, Uit1))

Then model (33) follows. In addition, if Assumption Al is satisfied, then F, is
C' and thus B5 is satisfied. If Assumption A5 is satisfied, then Assumptions
B1—B/ are satisfied and the probability density function of the random variable
af(z* + 2,Uk1) denoted by pl and defined in (15) satisfies (z,u) — pf(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 (18) that {Z;k € N} is a homogeneous Markov chain
following model (33). By (17), F,, is of class C! (B5 is satisfied) if A1 is satisfied
(T : R™ — R, \ {0} is C1). If A5 is satisfied, then B1—-B3 are also satisfied.

With [29, Proposition 5.2], for all z € R”, ag(2* + 2, Ug41) has a probability
density function p? such that (z,u) — pd(u) is lower semi-continuous, and defined
for all z € R” and v € R™ as in (15). With Lemma 1, oy = a4 and then B4
holds.

A nontrivial linear function is a continuous scaling-invariant function with
Lebesgue negligible level sets. Also [46, Proposition 4.2] implies that f still
has Lebesgue negligible level sets in the case where it is a C'! scaling-invariant
function with a unique global argmin. O

We show in the following lemma the density of a control set for strictly in-
creasing 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 6 and for the application of Lemma 5.

Lemma 7. Let f be a scaling-invariant function defined as pog where ¢ is strictly
increasing and g is a continuous scaling-invariant function with Lebesgue negligi-
ble level sets. Assume that {Zy ; k € N} is the o-normalized Markov chain asso-
ciated to a step-size adaptive (u/pw, N)-ES as defined in Proposition 2 such that
A5 is satisfied. Then for all z € R™, the control set O} = {v € R™; pf(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 5, we obtain that for all z € R™, pf is defined as in (15).
In addition, f has Lebesgue negligible level sets (see [46, Proposition 4.2] and
Lemma 1). Therefore p/ > 0 almost everywhere. Hence we have that O} is
dense in R™". O

24



According to Theorem 6, to ensure that {Z; k € N} is a -irreducible
aperiodic T-chain, we prove in the following 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 6. Let f be a scaling-invariant function defined as @ og 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 (pu/pw, A)-ES as defined in Proposition 2 such
that Assumptions A1 and A5 are satisfied. Then 0 is a steadily attracting state
of CM(Fy,).

Especially, if f satisfies F1 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 € Ai(z) ;keN }
that converges to 0. We construct the sequence recursively as follows.

We define zp = z and fix a natural integer k. We define zj41 iteratively
as follows. We set 7, = —ﬁ (wizk, ..., wy2k), then z, + w' iy = 2 —
W S w?z, = 0. By continuity of F,,, and density of Oik thanks to Lemma 7,
there exists v, € O, such that || Fy (2, vi) | = | Fu (2, vk) — Fu (26, ) | < 3757
Define 241 = Fy(2k, vx). Then the sequence (2x ),y converges to 0. Now let us
show that z;, € A% (2) for all k € N.

Since AY (z) = {2z}, then zy = z € A% (z). We fix again a natural integer k
and assume that z; € A% (2). It is then enough to prove that zj € AX1(2).
Recall in the following order that for all u € R*#(*+1),

At (z) = {Sk“( );ue Ot}
Sk+1(u) ( (ul,...,uk),uk+1)
fk+1(u) (ul""’uk)pgf(ul,...,uk)(uk+1)
(’)’Zerl = {u e R+ pg’kﬂ(u) > O}.
Therefore by construction, pl**+1(vy,...,v;) = pf*(vo, ... ,vk,l)pfk (v) > 0,
hence (vg,...,v) € OFFL Finally, zpr1 = Ful(zr,ve) = SE 1 (vg,...,v) €
Ai+1(z).
]

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

Proposition 7. Let f be a scaling-invariant function defined as @ og 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 (p/py, \)-ES as defined in Proposition 2 such
that Assumptions A1 and A5 are satisfied. Then there exists w € O} such that
rank (C} (w)) = n.
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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) = g—f%(O) has a full rank, with S} : v €
R™ +— F,(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™ — > w;h; € R™. Then S} = /T and then DS} (h) = Dl(h)ﬁ +
I(R)D(%)(h). Since [(0) = 0, it follows that DS} (0) = ﬁ and finally we obtain

that DS3(0) is surjective. O

By applying Propositions 5, 6 and 7 along with Theorem 6, we directly deduce
that the o-normalized Markov chain associated to a step-size adaptive (u/ i, A)-
ES is a p-irreducible aperiodic T-chain. More formally, the next proposition
holds.

Proposition 8. 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 {Z ; k € N} is the o-normalized Markov chain
associated to a step-size adaptive (pu/pw, A)-ES as defined in Proposition 2 such
that Assumptions A1 and A5 are satisfied. Then {Zy ; k € N} is a p-irreducible
aperiodic T-chain, and every compact set is a small set.

In particular, if  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
investigate the distribution of {Zy ; k € N} outside of a compact set (small set).
Intuitively, when Zj is very large, i.e. Xy —x* large compared to the step-size oy,
the algorithm sees the function f in a small neighborhood from X — 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
factor I (ap(2* + z,U1)) converges in distribution® towards the step-size change
on nontrivial linear functions I}, defined in (16).

To do so we derive in Proposition 9 an intermediate result that requires to
introduce a specific nontrivial linear function IJ defined as follows.

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

The Portmanteau lemma [47] ensures that {Y}, <y converges in distribution to Y if and
only if for all bounded and continuous function ¢,

Jim E[p(Ye)] = Efp(Y)] . (34)
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We consider a scaling-invariant function f with respect to its unique global
argmin x*. Then the function f :  — f(z* + z) — f(2*) is C! scaling-invariant
with respect to 0 which is the unique global argmin. Thanks to [46, Corollary 4.1
and Proposition 4.10], there exists a vector in the closed unit ball zg €eB(0,1)
whose f-level set is included in the closed unit ball, that is Ef’zg CcB(0,1) and
such that for all z € £ el the scalar product between z and the gradient of
f at o* + z satisfies 2" Vf(2* + 2z) > 0. In addition, any half-line of origin 0
intersects the level set £ el at a unique point. We denote for all z # 0 by ¢/ the

unique scalar of (0, 1] such that t{ = belongs to the level set L 4 C B(0,1).

Z 1=

We finally define for all z # 0, the nontrivial linear function I/ for all w € R™ as

z

H(w)=w' Vf (z +t§”||>. (35)
z

We state below the intermediate result that when ||z|| goes to oo, the selection

random vector aif(z* + z, Uy ) has asymptotically the distribution of the selection

random vector on the linear function 1. According to Lemma 4, the latter does

not depend on the current location and is equal to the distribution of «s (0, Uy).

Proposition 9. Let f be a C scaling-invariant function with a unique global
argmin. Then for all p : R™ — R continuous and bounded,

§

im o) (pL ()~ p () du =0
Z||— 00

where 1 is defined as in (35). In other words, the selection random vectors

ap(x* + z,Ur) and a,r(0,Ur) have asymptotically the same distribution when

lIz|l goes to oo.

Proof idea. We sketch the proof idea and refer to Appendix C for the full proof.
Note beforehand that af(z* +2,U1) = af(z,Ur) 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 thanks to [46, Proposition 4.11] a
positive number ¢ ¢ such that for all element z of the compact set Ef,z[{ +B(0,205),

2TV f(z) > 0. In particular this result produces a compact neighborhood of the

level set £ oo where V f does not vanish. This helps to establish the limit of
320

E [p(cs(z,U1))] when ||z]| goes to co. We do it in a similar fashion than in [20],

by exploiting the uniform continuity of a function that we obtain thanks to its

continuity on the compact set (Ef A4t B(0, 5f)) x [0,d¢]. O

Thanks to Proposition 9 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 I'}; defined in (16).

linear

Theorem 7. Let f be a scaling-invariant function satisfying F1. Assume
that {Uk+1;k € N} satisfies Assumption A5, T is continuous and satisfies
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Assumption A2, i.e. T is invariant under rotation. Then for all natural integer
k, T (aj(x* + z,Ugs1)) converges in distribution to T, ... defined in (16), when
Iz|l = oo.

Proof. Let ¢ : T(R™) — R be a continuous and bounded function. It is enough
to prove that lim. o0 Evymn,y [ (T (e (2% 4 2,U1)))] = E[p (Tiyeq,)] and
apply the Portmanteau lemma.
s
By Propositions 9, | 1”1m o (T(uw)) (pg(u) —pZ (u)) du = 0. Therefore
z

Exde el

i By [0 (T (0 (0" + 2, U0)] = Buyeai [ (T (s (0 + . 0)))] =

[zl =00

0. With Propostiion 1, Ey, wnr, [<p (I‘ (azﬁ(x* + z, U1)))} =E[p (Miear)) O

5.8. Geometric ergodicity of the o-normalized Markov chain

The convergence in distribution of the step-size multiplicative factor while
optimizing a function f that satisfies F1, proven in Theorem 7, 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 {Zy ; 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 10. 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], A)-ES defined as in Proposition 2. We assume that T is
continuous and Assumptions A2, A8 and A5 are satisfied. Then for all a > 0,

E (| Z1]*] Zo = 2] E[[ ! ]a}

*
l|z[|—o0 ||z||a Flinear

where I'f .. s the random variable defined in (16) that represents the step-size
change on any nontrivial linear function.

T *
Proof. Let z # 0. Since Zy = Fy, (Zo, oy (x* + Zy,Ur)) = Z“F('C’jf&ifzﬁj’ﬁ“,
then

«
w'ay(z*+2,U;) .
ll=ll

2
Tol +

Elalio=d [ _ L ]

|1 I (ap(z* +2,U7))" I (ap(z* +2,U7))"

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

(6%
”—z” + ﬁwTaf(x* —|—z7U1)H - 1‘
I (ap(a* +2,U1))"

(36)
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converges almost surely towards 0 when ||z|| goes to oo, and is bounded (when

lz]| > 1) by the integrable random variable H(H”mw Then it follows by
r

the dominated convergence theorem that

E[I1Z1]*Zo = 2] { 1 ] _
—E ~| =0
lzll—o0 ER T (ap(z* + 2,01))

(37)

1
Since z — — is continuous and bounded on I' (R"*) C [mr, 00), then for f
x

1
satisfying F1, Theorem 7 implies that lim E = | exists and
e P llz]| o0 |:F(Oéf<$*+Z,U1)) }
1

is equal to E [ﬁ] Starting from (37) and using Proposition 1 to replace

linear

E [m by E {ﬁ}, the same conclusion holds for f satisfying

linear
F2. Thereby limy |00 E [[| Z1]|%|Z0 = 2] /||2]|® = E [ 1 O

el
We introduce the next two lemmas, that allow to go from Proposition 10 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 Assump-
tion A4. Then u— log (I (ap(x* + z,u))) is Nypx-integrable with

M Ew. 1 T (W,
Egron,y [log (T (ag(a* 4+ 2, U1))]) < Wil (08 0 T (7))

< O (38)

Proof. With (15), we have C~9'E [Jlog (T (af(e* + 2, U1)))]] g/R llog o T (1)

Y pn, (v)dv = E[logo'| (Ny,)], and A4 says that log oI is N, ,-integrable.
U

The next lemma states that if the expected logarithm of the step-size change
is positive, then we can find a > 0 such that the limit in Proposition 10 is strictly
smaller than 1. This is the key lemma to have the condition in the main results

expressed as E [log (I’ ...)] > 0, instead of E [

linear ;]a} < 1 for a positive « as

(T

linear

was done in [20].

Lemma 9. Assume that T satisfies Assumptions A3 and A4. IfE [log (T, 0ar)] >
0, then there exists 0 < o < 1 such that E [ﬁ] < 1, where I'f, ... s defined
linear
in (16).
is integrable. For a > 0, ﬁ =
linear
) + o(«). Then the random variable

Proof. Lemma 8 ensures that log (I'},...)

= 1— alog (T}

linear

exp [—alog (T}

linear)]

Ala) = (ﬁ — 1+ alog (Fl*incar)) /o depending on the parameter « con-

linear

verges almost surely towards 0 when « goes to 0.
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Let v € R™ and a € (0,1). Define the function ¢, : ¢ — Tlu)e =
u C

exp(—clog(T'(u))) on [0,a]. By the mean value theorem, there exists ¢, o €

(0, &) such that (ﬁ - 1) Ja= ¢ (cua) =— log(F(u))W. In addition,

F(u)% < ﬁ thanks to Assumption A3, and ﬁ = exp (—cy o log(mr)) <
r r

exp (Jlog(mr)|). Therefore |A(a)| < (1+ exp (|log(mr)])) |log (T¥iear)|- The

latter is integrable thanks to Assumption A4, and does not depend on «. Then

by the dominated convergence theorem, E [A(«)] converges to 0 when « goes to

0 or equivalently E {[ ]a} =1— o [log (I'f; car)] + 0(). Hence there exists

1
Tx

linear

0 < a < 1 small enough such that E [ﬁ] <1. O

linear

We now have enough material to state and prove the desired geometric
ergodicity of the o-normalized Markov chain in the following theorem.

Theorem 8. (Geometric ergodicity) Let [ be a scaling-invariant function that
satisfies F1 or F2. Let {Z) ;k € N} be the o-normalized Markov chain associ-
ated to a step-size adaptive (u/w, \)-ES defined as in Proposition 2 such that
Assumptions A1—A5 are satisfied. Assume that E [log (I'f;, ..r)] > 0 where TF ..
is defined in (16).

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
m and is Harris recurrent.

Proof. Propositions 8 shows that {Zy ; k € N} is a ¢-irreducible aperiodic T-
chain. Therefore using [30, Theorem 5.5.7 and Theorem 6.2.5], every compact
set is a small set. Since we assume that E [log (I}, ...)] > 0, by Lemma 9, there

linear
exists 0 < a < 1 such that E [ ]a} < 1. Consider the function V : 2z +— 1+

1
T
1

linear
|2|*. By Proposition 10, lim E[||Z1|*|Zo = 2] /||2]|* = E | s |- Since

[lz||—o0 finear
E[V(Z1)|Zo =2]/V(z) = (L+E][|Z1]|%|Z0 = 2]) / (1 + ||2]|%), then it follows

linear

Denote v = % (1 + E {[F*%D < 1. There exists r > 0 such that for all

linear]
I2ll > r
E[V(Z0)Z0 = 2] [V (2) < 7. (39)

In addition, since |[z+w "oy (2* + 2, U1) || < || z||+||w|||U1 || then E [V (Z1)| Zo = 2]

E Uq|)”
< E[(J2] + [w][[U1])*]/me. Since the function z s LU= *ﬁ”” 7
. r
vV (z) is continuous on the compact B (0,7), it is bounded on that compact.
Denote by b € R, an upper bound. We have proven that for all z € B (0,r),
E[V(Z1)|Zy = z] < vV (2) + b. This result, along with (39), show that for all
z € R, E[V(Z1)|Z = 2] < 4V(2) + b]lm(z). Therefore {Z;k € N} is
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V-geometrically ergodic. Then thanks to [30, Theorem 15.0.1], {Zy; k € N} is
positive and Harris recurrent with invariant probability measure 7. O

6. Proofs of the main results

We present in this section the proofs of the main results stated in Section 3
namely Theorems 1, 2 and Proposition 3. Before establishing those main results,
we need to prove the integrability of z — log ||z|| and Ry defined in (20), with
respect to the invariant probability measure of the Markov chain {Z ; k € N}
whose existence is established in Theorem 8.

6.1. Integrabilities with respect to the invariant probability measure

For a scaling-invariant function f that satisfies F1 or F2, the limit in Theo-
rem 1 is expressed as E.(Ry) where the function Ry is defined as in (20) and =
is a probability measure. Therefore the 7-integrability of the function z — R (%)
is necessary to obtain Theorem 1. In the following, we present a result stronger
than its m-integrability, that is the boundedness of R under some assumptions.

Proposition 11. Let f be a continuous scaling-invariant function with Lebesque
negligible level sets. Let {(Xy,o1); k € N} be the sequence defined in (6) and (7)
such that Assumptions A4 and A5 are satisfied. Then z — |Ry|(2) is bounded
by ﬁEWNNw [llogoT'| (W)], where the function z — Ry(z) is defined as
in (20).

If in addition f satisfies F1 or F2, Assumptions A1—AS8 are satisfied and
E [log (T} 0..)] > 0 where T, is defined in (16), then

linear linear

E(Ryl) = / Ry(2)| m(d) < o0

that is z — Ry (z) is m-integrable where  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 (' (af(2* + z,u))) is Npa-

|
integrable with E [|log (T (ay(z* + 2, U1)))|] < %H)'EWNNW [[logoT'| (W)].

(A

Then |R| is bounded since |R;(z)| < ﬁEWNNW [logoT| (W)] for all z €
R™. If in addition Assumptions A1—A3 are satisfied and E [log (I'},,...)] > 0,
Theorem 8 ensures that {Zy ; k € N} is a positive Harris recurrent chain with

invariant probability measure m. Hence the integrability with respect to =. [

We prove in the next proposition the m-integrability of the function z —
log ||z||, where 7 is the invariant probability measure of the o-normalized chain,
under some assumptions.

Proposition 12. Let f satisfy F1 or F2 and {Z ; k € N} be the Markov chain
defined as in Proposition 2 such that Assumptions A1—A5 are satisfied. Assume
that E [log (T'%,0ar)] > 0 where T, ... is defined in (16). Then {Zy;k € N} has
an invariant probability measure ™ and z — log ||z|| is w-integrable.
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Proof. Theorem 8 ensures that {Zj;k € N} is V-geometrically ergodic with
invariant probability measure 7, where V : z € R" — 1+ ||z||* € R;. We

define for all z € R”, g(z) = O‘;)f!t)! [log ||]|| . Based on [48, Theorem 1], the

m-integrability of g is obtained if there exist a set A with 7(A) > 0 such that

/ g(z)m(dz) < oo, and a measurable function h with hl 4c > g1 4o such that:
A

1. /C P(z,dy)h(y) < h(z) — g(z),Vz € A®

2. sup [ P(z,dy)h(y) < oo.
z€A J Ac

For z € B(0,1) and v € R™, denote ¢(z,v) as

1
©(z,v) = PN, <v - W (w12, ... ,w#z)) Lywrop<t -

We prove in a first time that HliHm / |log ||wTv||| o(z,v)dv < co. We have
z||—0

" 1 w|?||z]? 2w )Tz
(271-) M/2S0(Z7U) = exp < (—||’U||2 _ || || || || + ( ) )) ]lHu;TvH§1

2 ol Tl

U( e Bl 2w vl
< 2 yep? - Ly
<o (; (-t = R + )t

1 w221 | 2z
=exp| = —||v||2— + 1y, (40)
<2< w7 Jwlz) ) hereist
< (2m)" 2 exp (1/|w]|?) ¢(0, ).

Since v ’log ||wTU||‘ (0, v) is Lebesgue integrable, it follows by the dominated

convergence theorem that z — [ |log HwTv||| ©(z,v)dw is continuous on B (0, 1)

and lim /|log||wTv|||g0(z,v)dv < oo. In addition, lim g¢(z) = co. Then
ll=l—0 llzl—0

there exists €; € (0,1) such that for z € B (0,¢;) :

/‘log ||wTvH| o(z,v)dv + 2Ewp,, [[logol'| (W)] < g(2). (41)

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

00, then / g(z)m(dz) < oo. We define now the function h for all z € R™ as

A
h(z) = 2g(2)1 g¢(2). Then hlge > g1 gc.
It remains to verify the items 1 and 2 from above to obtain the m-integrability

of g. To do so, we give in the following an upper bound of K (z) = / P(z,dy)h(y)
Ac
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A—u)!
for all z € R™. We have K(z) = _A=n) E, []1 B 6)(Zl)log“Z1||] Then

Al
— |
K(z) < —M/ logw f(v)dv. With (15), we obtain
AL T o <T () (v)
th A=p)! ;
at L < pn,,- Then K(z llog(T'(v))| pav,,, (v)dv+

/| e )|log||z+wTv|||pNW (v)dv.
z4w "vl||<T'(v

We split the latter integral between the events {|z + w'v|| < min(1,T(v))}
and the events {1 < ||z 4+ w v|| <T(v)}. Then

K(z) < |10g|\z+w vH|pr(U)dv+
lz4wT v||<min(1,I'(v))

/ log(T'(v))par,, (v)dv +/|log(1"(v))|p/\/w(v)dv. Hence
T'(v)>1

K(2) £ 2Bw-,, [logoT| ()]~ [ log ||+ v][p,, (v)dv. With

lz+wTv||<1

a translation v — v — W (wiz,...,w,z) within the last integrand, we obtain:
K(z) <2Ew~n,, [|logol'| (W /ylog [|w v||‘ o(z,v) (42)

Equations (41) and (42) show that for z € A° =B (0, ¢), / P(z,dy)h(y) <

9(z) = h(z) — g(z). Therefore the item 1 follows.
With (40), it follows that there exist ¢; > 0 and ¢z > 0 such that for ||z|| > ¢;
and v € R™, p(z,v) < cap(0,v). Thanks to the dominated convergence theorem,

lim / |log ||wTv||| ©(z,v)dv = 0. Therefore that integral is bounded outside

ll2]l—o0
of a compact. In addition, z — /|10g ||u)TvH| ©(z,v)dv is continuous and is

bounded on any compact included in A. Then along with (42) it follows that

sup P(z,dy)h(y) < co. Hence the item 2 is also satisfied, which ends the
z€A J Ae
integrability proof of z — log || z]|. O

6.2. Proof of Theorem 1

We start by proving (21). Theorem 8 ensures that {Z ; k € N} is a positive
Harris recurrent chain with invariant probability measure 7. With (25), we have
that

X =2 1, %] <%>
og —m—mmm— *10 + 10 _—
ElXo—ar ~ & B2l 5\ oo

1 — A
EZ ||||2+1|| Z]Og ¥+ Zs, Uiy1)))
t=

1
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where I" and oy are defined in (7) and in (3).
Since z +— log ||z|| is m-integrable, Theorem 3 ensures that the LLN holds

with g e § 55470 tog 4 = [t (121 w2) ~ [ 1og (J=1) m(dz) = 0.

Let us consider the chain {Wy = (Zi,Uk42);k € N}. Then thanks to
Proposition 4, {Wj, = (Zk, Uk+2) ; k € N} is geometrically ergodic with invariant
probability measure m x N,,,. Define the function g for ((z1,u3), (22,u4)) €
(R™ x R"’\)Q as g ((z1,us), (z2,uq)) = log(T'(as(z* + 22,u3))). We have by
Proposition 11 that for all natural integer t,

Al
Erxrun (lg(We, Wipa)|) < WEYAJNW [

logoT'| (V)] < o0 .

By Theorem 5 or Corollary 1, for any initial distribution, £ 51—01 log(T(arp(x* +
Zy,Ui41))) converges almost surely towards Exxar,, (9(W1, W3)) =E-(Ry).
Let us prove now (22). Equations (28) and (29) show that for all z € R”

X1 — *||] { ||Zk+1} { akﬂ
E, |log ———— lo +E, |lo
& —a7]] % 2] & o

_ / PR(s, dy) log(]) — / P* (2, dy) log([ly])
+/Pk(z7dy)7€f(y).

Define h on R™ as h(z) = 1 + |log ||z]|| for all z € R™ which is 7-integrable
thanks to Proposition 12. Then z + log ||z|| is w-integrable, and by [30, Theorem
14.0.1], for z € {y e R"; V(y) < o0} = R, klim |P¥(2,-) = 7|, = 0. Then

— 00

tim [ Py log(lyl) =t [ PGy log(lyl) = [ los(lule(ay)

k— o0

In addition, |R | /h is bounded, then klim / (2, dy)Rs(y /Rf
—00

E-(Ry), and finally (22) follows:

[ Xki1 — || Thy1]
kli}l’I;OEx o {log Xe — 2] kILI{:OET .+ |log o =E.(Ry).

We also note that if f satisfies F2, then thanks to Proposition 1, for all
z € R", R¢(z) = E[log (I, car)], hence Ry is constant. Then E. (Ry) =

linear

Ry(z)m(dz) = E[log (Tfpear)]- If in addition E [log (I'};,...)] > 0, we obtain

that || Xg| and o both diverge to oo when k goes to co.

6.3. Proof of Theorem 2

Thanks to Proposition 11, |R| is bounded. And then there exists a pos-
itive constant K large enough such that Rfc < KV where V is the geomet-
ric drift function of {Zj;k € N} given by Theorem 8. Then KV remains
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a geometric drift function. Thanks to Theorem 4, the constant « defined as

Er [(Ry(Z0) = Bx(Rp))’ |42 5272, B (R (Z0) — Ba(Ry)) (Ry(Zi) — Ex(Ry))

is well defined, non-negative, finite and tlgglo %Eﬂ [(St(Rf) - tE,r(Rf))ﬂ =42
Moreover if 42 > 0, then the CLT holds for any zy as follows

. 1 S
;gaxm%zﬁm»4&mm§4:[m7? /du,

Which can be rephrased as r (S¢(Ryf) —tE(Ry)) converges in distribution to
N(0,1) when t — co. And if y = 0, then lim;_,o0 (S¢(Rf) —tE(R;))/Vt =0 a.s.

6.4. Proof of Proposition 3

We first prove the statement related to the (p/py,A)-CSA1-ES. Then we
show the condition regarding (u/pw, A)-xNES. And finally we prove the general
practical condition that allows to obtain (24).

If m is a positive integer and u = (ul, e 7um) € R™ we denote u; =
(u},...m’f) and u_; = (u£17...,uT1) where u' | = (uéw.., n) for i =
1,...,m. Define the nontrivial linear function I* such that I*(z) = a; for x € R”,

and denote by e; the unit vector (1,...,0).
Part 1. Tt is enough to prove that Ey, . [log (Tesar (aux(e1,Uq)))] has

the same sign than E [(Z Wi \f: A) } — 1, and apply Theorem 1. We have:

=1 fJw]]
Ev,~n,s [log (Tesar (ous (e1,Uh)))] =
W (Evymnoy [I1324 1 wi (aus (e1,Un)); [?] = [[w]|*n) .Therefore it is enough
to show that
2

i+(e1,U1));

(Z ”w” >2 -1 (43)

Recall that the probability density function of ay«(e1,Uy) is ple*1 defined for all

- n
u€R™ as pl (u) = 2 (1= QL (w)) ™ T L uiyevr iy [ [ o (w

Denote A =Ey, [HZZ 1 Tl (= (eq, Ul))i||2} . It follows that

2

p—1
Wi * ,\

= (u# " 1 I*(ud)<I* (uitt

A—p)! P ]1_[1 {1 (ud)<ix( )}

2

. j i ¢ Wi i o2 HANA— [
H (w)du = 7||U1 +||§:m”vt1|| PN > uf)
j=1 i=1

7;
,_.

7 2
Hﬂ{umz“}HW H N
j=1 j=1 j=1
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If we expand the integrand, the first term gives E {( w’H./\/' ”) } as

i=1 Jjw

it is the 1-D version of Ey, {HZi‘_l Ton (ags(e1,Un)),;

E[( i=1 Tl

o _
fHZz 1 T4 1” PN >uf) TS ]l{u <uﬂ+1}HPN u})pw, o (uly)du.
j=1

2
} . Denote B =

) } and C = B — A. Tt follows that =20 is equal to

Then C' = f A il NV > uky [T= ]l{uj<u{+1} 1=, par () duy
I w;

mefw i=1 Hu}”u 1H H] 1PN 1(U p)du_y.
The first integral equals 1 as it is the integral of a probability density function.

The second integral is equal to E {H SR T Wi I } where Wy, ..., W, are i.id.
random variables of law A, _1. Then the law of > %' | W, is ./\/ Then

i=1 Tl
2
[H i1 Tl ] =n — 1. Hence Ey, [HZZ 1 ”w” (ayx (e, Un)), } -
E [( i1 \Iw\lNl ) } =n — 1, which induces (43) and ends this part.
Part 2. For the second item, we show that Ey, ., [log (Txngs (aq«(e1,U1)))]
has the same sign than > /", ﬁﬂi {(NM)Q} —1, and apply Theorem 1. We
=1
have By, o, , [log (Dxngs (aux (€1, Un)))] =

m St wi (Buyen,y [ (cus (e1,U1)); Hz} —n). Then it is enough to

14

show: sz Ev,~Ns [” (O‘l*(elle) sz |:NZ)\ :| sz

=1

Denote A = 3% | w;Eu, i, [[| (cus(e1,U1)); || } . It follows

Al " ; N _ont
4= m /szHu ”2(1 - Qle1 (uu))A g H ]l{l*(uj)<l*(uj+l)}
Y=l

j=1
: ] Al ¢ in2 S i o2
[T ) = 2 [ (S w3 wi ]
j=1 K i=1 i=1

A—p p—1 Iz ok
P(J\/’>u’f) H]l{u{@{“}HpN(“jl)Hpr
j=1 j=1 j

Therefore if we expand the integrand, the integral of the first term of the integrand
A=)l & . ,
is equal to ( ) E w;E {(}\/“\)2] . Denote B = Y1 | w;E [(/\f“)‘)z] and

Al
Fo- /szuu PPV > )

i=1

C = A — B. Then
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p—1 Iz
H ]l{u{<u{+l} HPN(U{)pNn_l (ul)du.
j=1 j=1

_ Al —_— i
Then C = - (>\ )1 H]l{u <u]+1}P(/\/'>u jl;[lpj\/(ul)dtu

/ Z w;||ut ]2 ]:[pj\/’n L (ul)du_;. The first integral is equal to 1 as it
R(r—Dp

is the 1ntegra1 of a probablhty density function. The second integral is equal to
C LW [[NVooa]?] = (n— 1) X w;. We finally have that

p p
ZUMIEUWNM [[[ (cu=(ex, Un)) sz { (V) } =(n-1) sz
i=1

i=1

Part 3. If (Xy,..., X)) is distributed according to (N**,..., N**) | then
X1 <+ <X, and then — X <--- < —Xj. Therefore (—X,,...,—X1) is also
distributed according to (Nl:)‘ ) N’\ ’\) Assume that A > 3 and u > % We
show the results in two parts.

Part 3.1. First we assume that w; = --- = w,, = l In this case, we have to

prove that: 1 < 3¢, s B [(Ni”\)Q] =Lls [(N“\) } Since N'1* <
1

- < NN s equivalent to —NAA < ... < Nl’\, then (N1, . N2 has

the distribution of (—A**, ..., —A"**) . And then for i =1,..., A, (Ni:’\)2 has

the distribution of (N)"”l:A)Q. It follows that:

Se [y ~23 [0+ 3 o]

i=p+1

Moreover,

Z ()] = ZEW} | 1)

meaning that we lose the selection effect of the order statistics when we do the
above summation. Equations (44) and (45) ensure that

QZE[N“ |+ Z]E[N” T=a . (46)
i=pt1
Foranyj € {u+1,....,.A—p}andanyic {1...,pu}, N} < NTA < NAFIZEA
Therefore if N7* > 0, (j\/jﬁ)‘)2 < (/\//\H*M)Q’ and if N7 < 0, (Nj:A)2
(V)2
Since (J\/A“*“‘)2 has the distribution of (Ni‘)‘)z, it follows that for all

je{pn+1,... ) —pu}andie {1...,u}: (./\/j”\)2 < (./\/”‘)2 , and it is straight-
forward to see that the we do not have almost sure equality. It then follows that
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forall je {u+1,....,. A —p}t*andie {1...,u}: E[(J\/j”\)Q] <E[(Ni’)‘)2}.
Therefore for all j € {pu+1,..., A — p}:

E (V)] < ;i:xa [Nk (47)

With (47) and (46), we have A = 25 | E [(/\/l‘*) } Y [(/\/l’*)z} <

2NN E (W) + 252 0 B (V)] = 2T E (V)] Finally it
follows that

iéﬂa ()] > 1, (48)

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

E[W)] B[V > - > B[V (49)

Let i € {1,...,u—1}. We have that N%* < NHLA < NAFLI=0 Then if
NHEA > (N¢+1:,\)2 < (NA+1—i:A)2 and if A+ <0, (A/'i+1:A)2 < (.N'i:A)Q.
Since (N/\'H_i:)‘)Q and (Ni”\)2 have the same distribution, it follows that
(NV+12)2 < (A53)? | Therefore (49) holds.

To prove the general case, we use the Chebyshev’s sum inequality which
states that if ay > a2 > --- > a, and by > by > --- > b, then

1 & 1 & 1 &
p;akbkz (M;ak> (u;bk> (50)

Therefore we apply the Chebyshev s sum inequality on w; > --- > w, and
E [(N”‘) ] [(./\/'2 ) } [ (NHR) } It follows that

DNER (;iwj) (155 lov]).

Therefore, > 1, ZuwiE [(N“‘)ﬂ > %Zﬁ;l E {(N’ ) } And the first case
in (48) ensures that > % i [(./\/'“‘)2} > iZf:I E [(N“‘) ] > 1.

i=1 Z}—1w1

4Note that the set {u + 1,..., A — p} is not empty since 1 < p < %
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7. Relation to previous works

We discuss in this section the positioning of our work with respect to previous
studies establishing the convergence of Evolution Strategies.

Most theoretical analyses of linear convergence concern the so-called (141)-
ES where a single candidate solution is sampled (A = 1). 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 [2, 49]. Jagerskiipper
established lower-bounds and upper-bounds related to linear convergence on
spherical functions [21, 22] and on some convex-quadratic functions [23, 24]. The
underlying methodology used for the proof is to a great extent hidden within the
algorithm analysis but was later unveiled as connected to drift analysis where
an overall Lyapunov function of the state of the algorithm (mean and step-size)
is found [50]. This Lyapunov function is shown to satisfy drift conditions from
which upper and lower bounds of the hitting time of an epsilon neighborhood
of the optimum can be derived. This analysis technique was recently used to
provide a simple analysis of the hitting time pertaining to linear convergence
of the (141)-ES with one-fifth success rule on spherical functions [50]. It was
generalized for classes of functions including strongly convex functions with
Lipschitz gradient as well as positively homogeneous functions [51, 25].

In [20], the linear convergence of a (1 + 1)-ES is proven on increasing transfor-
mations 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 |Vp|.
The methodology in [20] is similar to ours, as it consists in applying a LLN to
ergodic Markov chains.

A few studies attempt to analyze ES with a covariance matrix adaptation:
Diouane et al. [52] prove the convergence (but not linear convergence) of a variant
of CMA-ES where the algorithm is modified to ensure a sufficient decrease and the
convergence proof relies on this modification; an abstract covariance adaptation
is included in the linear convergence analysis in [25] provided the eigenvalues stay
upper bounded and bounded away from zero (hence the affine-invariant update
of the original algorithm is not included). In addition, Akimoto et al. prove
that when convergence occurs on a twice continuously differentiable function
for CMA-ES without step-size adaptation, the limit point is a local (or global)
optimum [53].

On the condition of step-size increase on linear functions. Our main condition
for the linear behavior proven in Theorem 1 is that “the logarithm of the step-
size increases on linear functions”, formally, stated as E [log (I'};,..,)] > 0 where

fnear 1S the step-size change on nontrivial linear functions. 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 func-
tion, i.e. satisfy F2. Let {(Xy,ox);k € N} be the sequence defined in (6) and (7).
Assume that {Uk11; k € N} satisfies Assumption A5 and that T' satisfies Assump-
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tions A2 and A4, i.e. T is invariant under rotation and logoT is N, -integrable.

1 Ok
Then lim - log 2% = E [log (Thpen)]-
en k:ggo & og %0 [ Og( lmear)]

Proof. We have i log 7k = k t 0 o og Z- . With (16) and Proposition 1, 041 =

ot T (g« (0,Upy1)) where l* 1s the linear function defined as *(z) = x; for x € R™.

Therefore %1og 2k = i t D (log ol o ay+) (0, Us41) . Using Assumption A3 and

Lemma 8, we have that the function u — (logol' o ag+) (0,u) is Ny x-integrable.
Then by the LLN applied to the i.i.d. sequence {Ug41;k € N} 7 log Z& & converges
almost surely to E [log (I'}, ...)]- O

We find in the literature a different condition for the (1 + 1)-ES [20, 50] and
the (1, \) self-adaptive ES [19], that is “the step-size increases on linear functions”.
That condition is formally stated as the existence of 5 > 0 such that E [%} <

linear

1. With the concavity of the logarithm, we have thanks to Jensen’s inequality

that log (IE [F* 1 E}) > E [log (ﬁ)} = —BE[log (T}, c..)]- Therefore if

linear linear

E [ﬁ} < 1, then E [log (T};,.c.,)] > 0. Thereby our condition “the logarithm

of the step-size increases on linear functions” is tighter than the traditional
condition “the step-size increases on linear functions”.

Previous results on CSA-ES. For the (p/piw, A)-CSA-ES algorithm without
cumulation, our main condition in Proposition 3 for the linear behavior is
formulated based on A, u, the weights w and the order statistics of the standard

normal distribution. It reads E [(ZZ 1 ”w”/\/ A) ] > 1. For p = 1, this

condition is satisfied when A > 3, thanks to Proposition 3.
In [38], the linear divergence of both the incumbent and the step-size is

obtained in a (1, A) scenario without cumulation on linear functions whenever

. . ]E[(le)\)’z]71 . .
A > 3, with a divergence rate equal to ——-———. This result is therefore

incorporated in Proposition 3. Note that we haveasimultaneously 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.

While our framework does not include cumulation by a path for the step-size
update via CSA [6], cumulation is encompassed in [38] and linear divergence of
the step-size holds on linear functions for the (1, \)-CSA-ES. The key aspect
consists in applying a LLN to the cumulation path. Linear divergence is only
proven for the step-size as it requires the application of the LLN to a more
complex Markov chain to prove it for the mean [38].

8. Conclusion and discussion

We have proven the asymptotic linear behavior of step-size adaptive (p/ iy, )-
ESs on composites of strictly increasing functions with continuously differentiable
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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) [26] and the Cumulative
Step-size Adaptation (CSA) [7] without cumulation.

Our methodology leans on investigating the stability of the o-normalized
homogeneous Markov chain to be able to apply a 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 (see previous section)
provide bounds on the convergence rate but not its exact expression. Bounds are
often expressed depending on dimension or population size which are relevant
parameters in practice.

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, for example x — Z?Zl \/m . However, we also believe that smooth level
sets are not a necessary condition for convergence—we consistently observe
convergence on  — y -, |x;| 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.

In contrast, the approach used in [25] allows to handle functions that are
not scaling-invariant. This approach requires a drift condition to hold on the
whole state-space while our methodology requires that the drift condition only
holds outside of a small set which means here when the step-size is much smaller
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 (u/puw, A)-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
@ =1, Chotard et al. obtain linear divergence of the step-size on linear functions
also with cumulation [38]. 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
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extended with the cumulative evolution path and this remains an open challenge.

Technically, our results rely on proving y-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, X)-ES with self-adaptation [19] or for the (1+1)-ES
with one-fifth success rule [20]. With the tools developed in [29], proving -
irreducibility, aperiodicity and a T-chain property is much easier, illustrating
how useful the connection between stability of Markov chains with stability
of deterministic control models can be. Positivity and Harris-recurrence are
proven using Foster-Lyapunov drift conditions [30]. We prove a drift condition for
geometric ergodicity that implies positivity and Harris-recurrence. It relies on the
convergence in distribution of the step-size change towards the step-size change
on a linear function when Z; = z goes to infinity. 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 12 to obtain the 7m-integrability of the function z +— log || z||.

We have developed generic results to facilitate further studies of similar
Markov chains. More specifically, applying a 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 {(Zy, Ux12); k € N} and prove that
stability properties from {Zy; k > 0} are transferred to {(Zj, Ui+2) ; 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 lin-
ear function. Let us remark beforehand that the random variable a¢(z, Uz) does
not depend on z thanks to Lemma 4. Let ¢ : ['(R™) — R be a continuous and
bounded function, it is then enough to prove that E¢, war,, [¢ (I'(af(z,Ur)))] =
Ev,~n s [© (T(ay«(0,U7)))] - Denote by ey the unit vector (1,0, ...,0), then for
all z € R, I*(z) = e{ z. Denote by &; the o-normalized gradient of f at some
point. Then there exists K > 0 such that for all x € R", f(z) = Ké; . And
by the Gram-Schmidt process, there exist (e, ..., e,) and (éa,...,€,) such that
(e1,€2,...,e,) and (€1, €, ..., E,) are orthonormal bases. Denote by T' the linear
function defined as T'(e;) = é; for i = 1,...,n. Then T is an orthogonal matrix.
For all z € R™,

&1 T(x) = el z, and |T(z) = ||]. (A1)
Denote A = Ey,~n,, [¢ (T(af(z,U1)))]. We do a change of variable u
(T(u'),...,T(u")) and incorporate the results of (A.1): %A = [ (T(u))
]lélT(uQ—ul)>O,.‘.7€17(u”—u“'—1)>0P (élTNn > élTU”)/\_HPML (Ul) - DA, (u)
dutoodut = [ (T (T, oo TW)) Ly ety oo e (it >0

P (e] N, > efu“)/\_upj\/n (T(uh)...pa, (T(u?))dut ... du*, thanks to the fact
that ef A}, ~ é] N, ~ N(0,1). Since ' and pyr, are invariant under rotation, it
follows that Ey, v, [ (D(ap(z,U1))] = Eyy e, Le (T(aqx (0, Ur)))]-
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B. Proof of Proposition 4

We have Zj;11 = G(Zk,Ug+1) and Ugy3 is independent from {W; ;¢ <
therefore {W},;k € N} is a Markov chain on B(Z) ® B(R™). Let (A, B)
B(Z) x B(R™) and (z,u) € Z x R™. Then by independence

k},
€

P((Zt+1, Ut+3) € Ax B‘(Zt7 Ut+2) = (Z,U,)) = P(Zt+1 € A‘Zt = Z)P(Ut+3 S B) .

For (A,B) € B(Z) x B(R™), for (z,u) € Z x R™, Y27 P*((2,u), A x B) =
U(B) Y52, P*(z, A). Therefore > 7 | P*((z,u),-) is a product measure.

Let ¢ be an irreducible measure of {Z;,; k € N} and let E € B(Z) @ B(R™).
By definition of a product measure,

(0 x W) (B) = [ o(E") (@)
> PH((zu),E) = /ZPk(z,E'U)\Iz(dv)
k=1 k=1

where EV = {z € Z;(z,v) € E}.

If 02, P*((z,u), E) = 0, then 0 = Y77, P*(z, EV) for almost all v and
then @(EvY) =0 for almost all v. Then (p x ¥) (E) = /go(E”)\I/(dv) = 0, hence
the (p x W)-irreducibility of {W ; k € N}.

Let us show that = x U is an invariant probability measure of {W} ; k € N}

when 7 is an invariant measure of {Z ; k € N}. Assume that (4, B) € B(Z) x
B(R™). Then

/P((Zl,Ug) € A x B|(Zo,Us) = (2,u)) (r x ©) (d(z,u)) =
/ P. (71 € A)W(B)r(d=)¥(du) = U(B)r(A) = (7 x U)(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(2) ® B(R™)).
Define for i = 1,...,d, D; = {z € Z|I3u e R™;(z,u) € D;} and let us prove
that (ﬁl) is a d-cycle of {Z ; k € N}.

i=1,....d

Let z € D; and i = 0,...,d — 1 (mod d). There exists u € R™ such
that (Z,’U,) € D;. Then 1 = P((Z,’U,),DH_1) = P((Zl,Ug) S Di+1|ZO = Z) <

P (Zl € 5i+1|Z0 = z) Thereforer P (Z1 S 5i+1|Z0 = z) =1.
If A is an irreducible measure of {Zj ; k € N}, then we have proven above that
AX WU is an irreducible measure of {W}, ; k € N}. Then0 = (A x ¥) ((Ule DZ-) )

Fori=1,....d, (AxU)(D;) = /A(Df)\l/(dv) < /A(f)i)\lf(dv) = A(D;).
Then A (UL, Di) = S, A(Dy) > (A x ¥) (UL, D). Hence A (UL, D’i)c)
= 0 and finally we have a d-cycle for {Z} ; k € N}.
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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 {7}, ; k € N}. Then there exists a positive
integer k and a nontrivial measure v, on B(Z) such that P¥(z, A) > v, (A) for all
2€C, A€ B(2). If (z,u) € C xR™ and FE € B(Z) ® B(R™), P*((z,u),E) >
(vg X ¥) (F) 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 9

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 9, that asymptotically links I' (ay(z* + 2,U1)) to the random

variable T’ (al ! (z, Ul)) where the nontrivial linear function lf depends on z, Vf,

and is introduced in (35). Since af(z* + 2,U1) = a (2, Ur), we assume without
loss of generality that * = 0 and f(0) =

The next lemma is our fist step towards understanding the asymptotic behav-
ior of ay (2, Uy) for a C! scaling-invariant function f with a unique global argmin.
For ¢ : R™ — R continuous and bounded, we approximate E [p(af(z,Uy))] by
using the explicit definition of p/ in (15), and observing the integrals in the

balls B (0 \/H ) such that the f-values we consider are relatively close to the

f-values of H ”z €Ly -

Lemma 11. Let f be a C' scaling-invariant function with a unique global
argmin. Then for all ¢ : R™ — R continuous and bounded:

A—p
lim / o f of of A, (w)dw
2]l =00 |uu<\/|\z ( Jwll <y/TT=1 f( T >>f(“5"z+ﬁ“”>
I
——p(u 1 g ", g PNn(Ui)du
/\ w)! H { ( Fret et >>f<||zzuz+||zzuuz>}£[1
- [ etwpl@au=o,
n !
Proof. For z € R", define A(z ‘fcp )Pl (w)du — ﬁ f\IUHS T o(u)

P (f(Z + N, ) > f(Z + UH)))\ g H ]lf (z4uitl)> f(z4u?) Hf:l PN, (ul)du - It fol-

lows that A(z) =

f\|u|\>\/r¢( u)P (f(z + Ny) >f(Z+u“)))‘7”

(Au

H?:1 ]lf(z+ui+1)>f(z+ui) H?:l PN, (ul)du .
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Then A(=) < 225 1lloe S o o727 T o () = 2 o]l
Sy 157 PN (00 = 2ol (1= P (1Nl < VI ) -

Then by scaling-invariance with a multiplication by tf /||z||,
ot ot A

o) )
el o0 Jjup < /771 121 il 11 [I=l]
H 1 /. ) HPN
= (z+ “)f( i) i

/ =0. (C.1)
) > 7 (e + ) -

P, (w)dw =
ot u)

In addition, P ( ( -|-
fnwnsm]lf( > (
fﬂw”>\/‘|7 (n TR H“’)>f<||fuz+ntfu >pN"(w)dw si-r (HN"H = ||z\|)

Hence (C.1) along with the dominated convergence theorem proves the lemma.
O

Proof of Proposition 9. Let ¢ : R™ — R be continuous and bounded. Using
Lemma 11, it is enough to prove that

A—p
lim / / 1 /.0 o4 P, (w)dw
I12ll=o0 ||u|<\/|z|< llwll <y/T=] f(ﬁu”ﬁ >>f(uzuz+uzu““>

p—1 .
SD(U) 1 +f of of o DN, (Ul)du
il;[l f<H;”Z+sz"u1’+1)>f(||zz\\z+szuul) £[1
A—p)! y
= )\lu) /‘P(U)pzz (u)du = 0.

Let us define the function g on the compact set (ﬁf 4T B(0, 6f)) x [0,d7]
as follows. For (z,p) € (Ef 2 —|—B(O,5f)> x (0,67], g(z, p) equals

A—p
/|u||<1 </|w|<1 L)V (et plaun 47 it ) =) > 0 PN (w>dw>
=V =V

p—1
(@ [T 2 —u) TV f (wttd plui 78 (ui ui+1) (it —ui)) ) >oHpN )du
i=1 i=1

with 72(vl,v?) € (0,1) defined thanks to the mean value theorem by f(x +
o) — f(o +thpot) = thp(v? — ) TVS (2 -+ thp(v! + 700, 0?) (0% — 01)).
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Andforz e L; s+ B(0,0¢), g(z,0) equals

/W(U)P((Nn —u")'Vf(z ) H Lyt —ui) T f(z) >0 HPN

Remark that g (tf HZH’O) = %/gp(u)pg (u)du. Then using Lemma 11,

limy .| 500 9 (téc”—z”, ﬁ) - M /(p(u)pg(u)du = 0. Therefore it is enough to
prove that g is uniformly continuous in order to obtain that

w (|z1||igloo/<p(u)p£(“)d“ /@(u)pl} (u)du>

For (z, p) € (/:f ; +B(o,5f)) % (0,], for u € B(0,1/,/p), w € B(0,1/+/p),
vf (a:—l—tfp(u“—i—Tp(u” w)(w—u“))) # 0 since z+tf p(u" +70 (u*, w)(w—ut)) €
Ef’zg +B(0,25). Then the set

{weR™ (w—u")'Vf(z+tlplu + 72w, w)(w—ut))) =0}

is Lebesgue negligible. In addition, the function y +— 1, is continuous on
R\ {0}, therefore it follows that for almost all w, the function

(£E7p, )’_>]l\|w|\<f (w— uH)TVf(x+t£p(u“+Tr(u/‘ w) (w— uu)))p./\/n(w)

is continuous and bounded by the integrable function pa;,. Then by the domi-
nated convergence theorem, for almost all u, the function (x, p) —

]]' w||< L /
” "ﬁ< llwll<

is continuous. The same tools allows to say that for almost all u, the function

A—p
. 1(w u“)TVf(:c+t£p(u%‘+T (ut,w)(w— uu)))>0pNn(w)dw>
NG

pn—1 . .
(@,2) = Lyuy< 2t TTimy Lt i) T (atad plui-4r2 (ui i) (i1 —ui))) > o 18 COBID-
uous. Therefore we can conclude that g is continuous on (E [ B(0,9 f)) X

(0,0¢], and for all = € Ef’zg +B(0,05), lim,_, g(z, p) exists, and is equal to:

p—1
/g%ﬂuuu \% (U) H ]]‘(u’i+1—ui)TVf(z+t:,’:p(ui+7'£(ui,ui+1)(ui+1—ui)))>0

(o

HpN" (u")du = g(z,0).

A—p
) 1<w—u~>TVf(z+t£p<u~+75(uu,wxw—w)))>opNn(U’)dw)
N
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Finally g is continuous on the compact (ﬁf AT B(0, Sf)) x [0, é¢]; it is thereby

uniformly continuous on that compact. O
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