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We consider Markov chains that obey the following general non-linear state space model: ®y4; =
F(®y, (P, Ug41)) where the function F is C! while « is typically discontinuous and {Uy, : k € Z~ ¢} is
an independent and identically distributed process. We assume that for all x, the random variable o (x, Uy)
admits a density py such that (x, w) — px(w) is lower semi-continuous.

We generalize and extend previous results that connect properties of the underlying deterministic control
model to provide conditions for the chain to be g-irreducible and aperiodic. By building on those results, we
show that if a rank condition on the controllability matrix is satisfied for all x, there is equivalence between
the existence of a globally attracting state for the control model and g-irreducibility of the Markov chain.
Additionally, under the same rank condition on the controllability matrix, we prove that there is equivalence
between the existence of a steadily attracting state and the ¢-irreducibility and aperiodicity of the chain. The
notion of steadily attracting state is new. We additionally derive practical conditions by showing that the
rank condition on the controllability matrix needs to be verified only at a globally attracting state (resp.
steadily attracting state) for the chain to be a p-irreducible 7'-chain (resp. ¢-irreducible aperiodic T -chain).

Those results hold under considerably weaker assumptions on the model than previous ones that would
require (x,u) — F(x,a(x,u)) to be C* (while it can be discontinuous here). Additionally the estab-
lishment of a necessary and sufficient condition on the control model for the g-irreducibility and ape-
riodicity without a structural assumption on the control set is novel — even for Markov chains where
(x,u) —~ F(x,a(x,u))is C®.

We illustrate that the conditions are easy to verify on a non-trivial and non-artificial example of Markov
chain arising in the context of adaptive stochastic search algorithms to optimize continuous functions in a
black-box scenario.

Keywords: aperiodicity; controllability matrix; deterministic control model; Evolution Strategies; globally
attracting state; irreducibility; Markov chains; T-chain

1. Introduction

Markov chain theory is widely applied for analyzing methods arising in different domains like
machine learning, time series analysis, statistics or optimization. Prior to establishing stability
properties like geometric ergodicity or using sample path theorems, one often needs to prove
basic standard properties such as g-irreducibility and aperiodicity (see, for instance, the Law of

1350-7265 © 2019 ISI/BS


http://www.bernoulli-society.org/index.php/publications/bernoulli-journal/bernoulli-journal
https://doi.org/10.3150/17-BEJ970
mailto:alexandre.chotard@gmail.com
mailto:anne.auger@inria.fr

Conditions for irreducibility and aperiodicity via underlying deterministic models 113

Large Numbers in [11], Theorem 17.0.1, or the aperiodic and geometric ergodic theorems [11],
Theorem 13.0.1 and 15.0.1). In addition, to prove the existence of an invariant probability distri-
bution or geometric ergodicity, it is often practical to use drift conditions that roughly speaking
state that outside a specific set, the conditional expected progress measured in terms of an appro-
priate non-negative potential function should be negative. The specific sets are typically so-called
small sets and they need to be identified in order to prove a drift condition.

Establishing ¢-irreducibility, aperiodicity and identifying small sets can turn out to be very
challenging. In the domain of time series analysis, this observation was already done and several
works developed tools to facilitate this task. This includes conditions on the model parameters
of specific time series (e.g., bilinear models [14] or nonlinear autoregressive time series [5]),
general conditions on the underlying deterministic control model [9], [11], Chapter 7, or on
small or petite sets [2,4]. One notable work in the latter direction is presented in [4] where
the equivalence between g-irreducibility, aperiodicity and the T -chain property with conditions
on reachable petite or small sets has been shown. Remarkably, these results hold under weak
conditions (at most weak-Feller) for bounded positive kernels. However, in practice it can be
difficult to show that a set is small or petite without having first shown that the Markov chain
is a T-chain. Hence these conditions, albeit weak, can turn out to be difficult to verify. Small
sets can be shown to exist using a rank condition on the controllability matrix as shown in [10],
Proposition 2.1, or Proposition 4.1 in this paper, and then the results obtained in [4] are similar
to the ones presented here.

For Markov chains following a non-linear state space model of the form

PCpt1 = G( Pk, Ug1), k € Z>o, ey

where G : X x U — X is C* with X C R" and & C R” open sets and {Uy : k € Z~} is an
independent identically distributed (i.i.d.) process, independent of ®(, some practical tools for
proving g-irreducibility, aperiodicity and identify that compact are small sets rely on investigat-
ing the underlying deterministic control model [11], Chapter 7, [9,10]. They connect structural
and stability properties of the deterministic control model to structural and stability aspects of
the associated Markov chains. In contrast to the works mentioned above [2,4], the particularly
attracting feature is that the tools entail manipulating deterministic sequences of possible paths
followed by the underlying deterministic algorithm and are thus relatively straightforward to
verify, at the cost of being constrained to the model (1) where in particular G is C*°.

The assumption that G is C* is quite restrictive for some nonlinear state space models. Par-
ticularly, many Markov chains arising in the context of adaptive randomized optimization al-
gorithms are associated to functions G that are discontinuous. Yet, we show in this paper that
most of the results presented in [11], Chapter 7, holding for chains following (1) generalize to
a broader model presented below — that naturally arises in the context of adaptive comparison-
based algorithms. More precisely, we consider Markov chains following the model

Dpq1 = F (P, (P, Urg1)), k € Z>o, 2

where for all k, ®; € X with X an open subset of R”, {Uy : k € Z~¢} is an i.i.d. process val-
ued in U an open subset of R, F : X x W — X is a C! function with ) an open subset
of R?, o : X x U — VW is a measurable function — that can typically be discontinuous — and



114 A. Chotard and A. Auger

for all x € &, the distribution p, of the random variable «(x, Uy) admits a density p,(-) such
that the function (x, w) — py(w) is lower semi-continuous with respect to both variables. In
the models (1) and (2), n, m, p belong to Z-¢. Note that (1) and (2) are linked via the relation
G(x,u) = F(x,a(x,u)), so discontinuities of @ may render G discontinuous, hence not satisfy-
ing the smooth condition of [11], while F itself can be C! or smooth. Remark that model (2) is
actually a strict generalization of (1): by setting «(x, u) = u in (2) we indeed recover (1) such
that we will talk about a single model — model (2) — that can reduce to (1) if «(x, u) = u.

Toy examples. To motivate the general model (2), consider first an additive random walk on R
defined by choosing for ®¢ an arbitrary distribution on R and for all k € Z>( by

D1 =P + U1, 3)

where {Uy : k € Z~} is an independent and identically distributed Gaussian process with each
Uy, distributed as a standard normal distribution, that is Uy ~ AN(0, 1) for all k. This Markov
chain follows the model (1) with G (x, u) = x 4+ u and hence model (2) with F(x, #) = x +u and
o(x,u) = u. The random variable o (x, U1) admits the density

p(w) = par(w) := le_n exp(—w?/2). 4)

We describe now a variation of this Markov chain where the update of @y is also additive
and more precisely F(x,w) = x + w. Consider indeed a simple (naive) iterative optimization
algorithm on R, aiming at minimizing an objective function f : R — R without using any deriva-
tives of f. The algorithm delivers at each iteration &, an estimate of the optimum of the function
encoded within the random variable ®;. The first estimate ®¢ is sampled from an arbitrary
distribution on R. To obtain the estimate &4 from &, two candidate solutions are sampled
around ®;

Pl =0 +U,,, fori=1,2,
where forall k > 1, {U ,é :i = 1, 2} are independent following each a normal distribution A/ (0, 1),
and {U; = (Ukl, U kz) 1k > 1} is an independent and identically distributed process. Those candi-
date solutions are evaluated on the objective function f and ranked according to their f values.

A permutation that contains the index of the ordered candidate solutions is extracted, that is, S
is a permutation of the set {1, 2} such that!

F(@x+ULY) = F(@r+UST): 5)

The new estimate of the solution corresponds to the best of the two sampled candidate solutions,
that is

S(1
DOpp1 =P + Uk—ifl)‘ (6)

IThe unicity of the permutation can be guaranteed by imposing that if f(®y + U Ii(}) )= f(Pr+U ,;S Jg)) then S(1) = 1.
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This algorithm is a simplification of some randomized adaptive optimization algorithms and
particularly of evolution strategies [7]. The update (6) loosely drives & towards better solutions.
This algorithm is not meant to be a good optimization algorithm but serves as illustration for our
general model. We will present more reasonable optimization algorithms in Section 5.

S _ (71 2 2 i
Remark that U, /" = (U, — UH])l{f(q)kJrUle)Sf(q)kJrUkzﬂ)} + Uy, ; and define the function

a:RxR?—> Ras

o, (!, u?)) = (! =)V o < paaryy + 07 )

S(1)

such that U, '|" = a(Py, (Uklﬂ, UlfH)). The update of @y then satisfies

Dpy1 = P + ot (P, (Ukl+lv Uk2+1)) = F(®r, a(Px, (Ukl+h Usz))), ®

where F(x, w) = x + w. Suppose that f(x) = x2, then the function « is discontinuous. (Indeed,
for u' and u? different such that f(x 4+ u') = f(x + u?), a small (continuous) change in u?
can lead to ar(x, (u', u?)) jumping from u' to u?.) Hence, using the modeling via (1), the corre-
sponding function G (x, u) = x + a(x,u) withu = (u', u?) is discontinuous and does not satisfy
the basic assumptions of the model such that the results presented in [11], Chapter 7, cannot be
directly applied.

For all x, the random variable «(x, U1) admits a density equal to

px(w) =2py(w) / Legw)? <2y PAC () du, ©)

where pn(u) = ﬁ exp(—u?/2) is the density of a standard normal distribution. The function
(x, w) — px(w) is continuous as a consequence of the Lebesgue dominated convergence theo-
rem and hence lower semi-continuous.

Those examples serve as illustration to the model underlying the paper. Yet g-irreducibility,
aperiodicity and identification of small sets for those Markov chains can be easily proven directly
considering the transition kernel

P(x,A)=/1A(F(x+w>)px(w>dw=/1A(y>px<x—y)dy. (10)

We will present in Section 5 a more complex example — where F is more complex and the density
is lower semi-continuous but not continuous — where the tools developed in the paper are needed
to easily prove g-irreducibility, aperiodicity and identify small sets.

As sketched on this toy example, the function «(-, -) for defining a Markov chain following
(2) naturally arises — in the context of randomized optimization — from the “selection” of the step
to update the state of the algorithm: in this simple example, we select the best step via (5). This
selection gives a discontinuous « function which leads to a discontinuous underlying G function.
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While the Markov chains in (3) and (8) look sensibly different, we will see that both chains
have the same underlying deterministic (control) model and consequently, the g-irreducibility
and aperiodicity of one chain implies the ¢-irreducibility and aperiodicity of the other one.

Summary of main contributions. Our first contribution is to generalize the definition of the de-
terministic control model associated to a Markov chain following (1) [9-11] to a Markov chain
following (2) by extending the definition of the control set to a set of open sets — indexed by the
initial conditions and time steps — where the extended lower semi-continuous densities p’;(~) are
strictly positive. Our first main result concerns the g-irreducibility: We prove that under a proper
controllability condition — formulated as a condition on the rank of the controllability matrix that
needs to be satisfied for every x — the existence of a globally attracting state for the underlying
deterministic control model is equivalent to the Markov chain being ¢-irreducible. This result
generalizes to our context Proposition 7.2.6 presented in [11]. It heavily relies on [10], Theo-
rem 2.1(iii), which can easily be transposed to our setting. We then establish a similar result for
the g-irreducibility and aperiodicity of the chain. We introduce the notion of steadily attracting
state (implying global attractivity) and we prove that under the same controllability condition,
the existence of a steadily attracting state is equivalent to the g-irreducibility and aperiodicity of
the chain. This improves previous results derived for model (1) where the control set is assumed
to be connected.

We additionally derive practical conditions by showing that the rank conditions on the control-
lability matrix needs to be satisfied at a globally attracting state (resp. steadily attracting state)
only to imply the ¢-irreducibility and 7-chain property (resp. aperiodicity, ¢-irreducibility and
T -chain property) of the Markov chain under the existence of a globally attracting (resp. steadily
attracting) state. For the aperiodicity, our assumption of existence of a steadily attracting state is
significantly weaker than the one of asymptotic controllability of the deterministic model made
in [9], Proposition 3.2. We illustrate how to use the practical conditions on a nontrivial example
arising in stochastic optimization.

This paper is organized as follows. In Section 2, we introduce the Markov chain background
necessary for the paper. In Section 3, we define the deterministic control model associated to the
Markov chain and the different notions related to it. In Section 4, we present our main results
related to p-irreducibility and aperiodicity. In Section 5, we apply the results to the toy examples
presented in this Introduction and to a stochastic optimization algorithm.

Notations. We denote Z the set of integers, Zx>¢ the set of nonnegative integers {0, 1,2, ...} and
Z- the set of positive integers {1, 2, ...}. We denote R the set of nonnegative real numbers and
R. of positive real numbers. For n € Z-o, we denote R” the n-dimensional set of real numbers
and u°® the n-dimensional Lebesgue measure. The Borel sigma-field of a topological space X
is denoted ZA(X). For x € R" and ¢ > 0, B(x, ¢) denotes the open ball of center x and radius .
For A € #(X), we denote A€ the complement of A in X. For u a real vector of R", uT denotes
the transpose of u. For f and g real-valued functions, following the Bachmann-Landau notation,
g = o(f) denotes that g is a little-o of f.



Conditions for irreducibility and aperiodicity via underlying deterministic models 117
2. Background on Markov chains

In this paper, we consider the state-space X’ being an open subset of R” and equipped with its
Borel sigma-field Z(X). A kernel K is a function on (X, #(X)) such that K (-, A) is measurable
for all A and for each x € X', K (x, -) is a signed measure.

A kernel K is substochastic if it is nonnegative and satisfies K (x, X)) <1 forall x € X.Itis a
transition kernel if it satisfies K (x, X') =1 for all x € X'. Given a Markov chain ® = {®; : k €
Z=o}, we denote Pk ke Z0, its k-step transition kernel defined by

PK(x, A) =Pr(d; € A|Dp = x), xekX,AeBX). (11

We shall be concerned with the question of g-irreducibility, that is whether there exists a non-
trivial measure ¢ on (X)) such that for all A € B(X) with ¢(A) >0

Z Pk(x,A)>0, forallx e X.
k€Z>0

If such a ¢ exists, the chain is called ¢-irreducible. A @-irreducible Markov chain admits a
maximal irreducibility measure, ¥, which dominates any other irreducibility measure, meaning
for A € B(X), ¥ (A) =0 implies ¢(A) = 0 for any irreducibility measure ¢ (see [11], Theo-
rem 4.0.1, for more).

We also need the notion of 7'-chain defined in the following way. Let b be a probability distri-
bution on Zxg, and let K} denote the probability transition kernel defined by

Kp(x, A):= Y b)P(x,A),  xeX, AecBX). (12)
kEZzo

Let T be a substochastic transition kernel which satisfies
Kp(x,A)>T(x,A), forallx e X, A € B(X),

and such that T'(-, A) is a lower semi-continuous function for all A € Z(X). Then T is called
a continuous component of K. If a Markov chain ¢ admits a probability distribution b on Zx
such that Kj possesses a continuous component 7 satisfying 7 (x, X') > O for all x € X, then &
is called a T -chain.

A set C € A(X) is called petite if there exists b a probability distribution on Z>¢ and v, a
non-trivial measure on %(X’) such that

Kp(x, A) = vp(A), forallx e C, A € A(X).

The set C is then called a v -petite set.
Similarly, a set C € B(X) is called small if there exists k € Z~q and v a nontrivial measure
on (X)) such that

Pr(x, A) > (A),  forallx € C, A e BX). (13)



118 A. Chotard and A. Auger

The set C is then called a v;-small set. Note that a vg-small set is vs, -petite, where Jy is the Dirac
measure at k.

Last, we will derive conditions for a Markov chain following (2) to be aperiodic. We therefore
remind the definition of an aperiodic Markov chain. Suppose that & is a ¢-irreducible Markov
chain. Ford € Z~, let (D;)i=1... 4 € ,@(X)d be a sequence of disjoint sets. We call (D;)i=1,... 4
a d-cycle if:

(i) P(x,Djy1)=1forallx € D;j andi =0,...,d — 1 (mod d),
(i) <p((U§i=1 D;)) =0 for all g-irreducibility measure of ®.

If @ is g-irreducible, there exists a d-cycle with d € Z~¢ [11], Theorem 5.4.4. The largest d
for which there exists a d-cycle is called the period of ®. If the period of & is 1, then  is called
aperiodic.

For more on Markov chains theory, we refer to [11,12].

.....

3. Deterministic control model: Definitions and first results

From now on, we consider a Markov chain defined via (2). We pose the following basic assump-
tions on the initial condition ®q and the disturbance process U := {Uy : k € Z~¢}.

Al. (®g, U) are random variables on a probability space (2, F, Pg,);
A2. @ is independent of U;
A3. U is an independent and identically distributed process.

We additionally assume that

A4. For all x € X, the distribution p, of the random variable o (x, U1) admits a density p,(-),
such that the function (x, w) — py(w) is lower semi-continuous with respect to both variables;
A5. The function F: X x W — X is CL.

3.1. Deterministic control model (CM(F))

The attractive feature of the results presented in [11], Chapter 7, for Markov chains following
model (1) is that they entail manipulating deterministic trajectories of an underlying determin-
istic control model. The Markov chains considered in the present paper strictly generalize the
Markov chains following (1) by simply assuming that «(x, #) = u. We here generalize the under-
lying deterministic control model introduced for Markov chains following (1) to Markov chains
following (2).

We consider first the extended transition map function [10] S)’g ‘WK = X defined inductively
fork € Z>o,x € X and w= (wy, ..., wk) e Wk by

Syw) = F(S{ (wi, oo wimn), we), k€ Zo, .
Sg =X.

If the function F is C¥, then the function (x, w) S)’C‘ (w) is also C* with respect to both vari-
ables (Lemma A.2).
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The extended probability density is the function p’; defined inductively forall k € Z-, x € X
and w = (w1, ..., Wk) ekay

pyw) = py T wis weD Py,
(15)
Ppa(wi) = p(w).

Let Wy :=a(x, Uy) and Wy :=a(SK=1(W), ..., Wi_1), Uy) for all k € Z-, the extended prob-
ability function p]; is a probability density function of (Wi, Wa, ..., Wi). In the case where
o(x,u) =u, denoting p the lower semi-continuous density of U; the extended probability den-
sity reduces to pFw) = p(wy), ..., p(wg) (that is, in the case of a Markov chain that also fol-
lows (1)).

The function (x, w) p)’g (w) is lower semi-continuous as a consequence of the lower semi-
continuity of the function (x,w) — py(w) and of the continuity of the function (x,w)
F(x,w) (Lemma A.3). This implies that the set defined for all k € Z~ and for all x € X as

O% == {we W ptw) >0} (16)

is open. Remark that given that p)’g is a density, ﬁf is non-empty for all k € Z.

In the case of a Markov chain following (1) modeled via o (x, u) = u, the set @’(‘ is the k-fold
product ﬁfy where Oy is the open control set {x : p(x) > 0}.

The deterministic system

S i, . wign) = F(SEwi, - wi), wir), k €Zxo

for (wq, ..., Wk, wg+1) in the open set ﬁ)’f“ is the associated deterministic control model CM(F')
for Markov chains following (2). Given an initial condition x € &, the control model CM(F) is
characterized by F and the sets ﬁff for k € Z~¢. Remark that the control sequence (wy, ..., wi)
lies in the set ﬁ,’(‘ that depends on the initial condition x. In contrast when «/(x, #) = u, the control
sequence (wrq, ..., wy) lies in ﬁﬁ, which is independent of x. In analogy to this later case, the
sets 0% are termed control sets.

Example 1 (CM(F) for the toy examples). For the Markov chains defined via (3) and (8) and
the densities (4) and (9), CM(F) is defined by F(x, w) = x + w and the control sets ﬁfg that
equal R for all x € R and for all k.

Hence, since both examples share the same F and the same control sets ', we will see later
on that proving the g-irreducibility or aperiodicity for both Markov chains via the conditions we
derive in the paper is the same.

The extended transition map function and the extended probability density can be used to
express the transition kernel of ® in the following way

P¥(x, A) = / La(SEkw) pkwydw,  keZ-o, A e BX). (17)
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This expression will be useful in many proofs.

For a given initial point x € X, we will consider “deterministic paths” w — where w is in a
control set ﬁf — that bring to A € Z(X). We give more precisely the following definition of a
k-steps path from x to A.

Definition 3.1 (k-steps path). For x € X', A € #A(X) and k € Z~, we say that w € Wk is a
k-steps path from x to A if w € 0% and S¥(w) € A.

3.2. Accessibility, attracting and attainable states

Following [11], Chapter 7, for x € X and k € Z>( we define A]fF (x), the set of all states that can
be reached from x in k steps by CM(F), that is, Ag(x) :={x} and

AL (x) = [ SE(w)lw € 6F ).
The set of all points that can be reached from x is defined as

Arn) = | a5 .

kEZzO

If for all x € X', A4 (x) has nonempty interior, the deterministic control model CM(F) is said to
be forward accessible [8].

Example 2. For the Markov chains (3) and (8) with the common CM(F) model defined in
Example 1, Alr(x) =R and thus A (x) = R. Therefore, CM(F') is forward accessible.

We remind now the definition of a globally attracting state [11], Chapter 7. A point x* € X is
called globally attracting if for all y € X,

+o0 400

Feqem=( Jato. (18)

N=1k=N

As we show later on, the existence of a globally attracting state for CM(F) is linked to the ¢-
irreducibility of the associated Markov chain. We establish here a basic yet useful proposition
giving equivalent statements to the definition of a globally attracting state. This proposition will
be heavily used in the different proofs.

Proposition 3.1 (Characterization of globally attracting states). Suppose that ® follows
model (2) and that conditions A1-A4 hold. A point x* € X is a globally attracting state if and
only if one of the three following equivalent conditions holds:

(1) forally e X, x* € Ay (y),
(i) forall y € X and all open U € B(X) containing x*, there exists k € Z~¢ and a k-steps
path from y to U ,
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(iii) for all y € X, there exists a sequence {yy : k € Z~o} with yi € Ai(y) from which a
subsequence converging to x* can be extracted.

We will show that in our context, globally attracting states for CM(F) are equivalent to the
notion of reachable states for the associated Markov chain. We remind that a point x € & is
called reachable [11], 6.1.2, for a Markov chain if for every open set & € #(X) containing x

o
Z Pk(y,0)>0, Vyex?
k=1

The equivalence between globally attracting states and reachable states relies on the following
proposition.

Proposition 3.2. Suppose that ® follows model (2), that conditions A1-A4 hold and that the
function F is continuous. Then for all O € B(X) open set, x € X and k € Z~y, the following
statements are equivalent:

(i) there exists a k-steps path from x to O,
(i) P*(x,0)>0.

We can now deduce the following corollary.

Corollary 3.1. Suppose that ® follows model (2), that conditions A1-A4 hold and that the func-
tion F is continuous. Then x € X is globally attractive for CM(F) if and only if it is reachable
for the associated Markov chain.

We introduce now two new definitions to characterize some specific states of the underlying
deterministic control model. First of all, we have seen that a globally attracting state can be
approached via the control model arbitrarily close from any other point in the state space. We
introduce the notion of attainable state for states that can be visited in finite time from any other
point. That is x* € X is an attainable state if

x*eAr(y), forall y € X. (19)

This statement is actually equivalent to

e | Ao, forall y € X, (20)
k€Z>0

2 Another definition of reachability considers the sum from k equal O instead of 1. Both definitions are equivalent:
ZkeZ>0 Pk(y, 0) = Jx P(y.dz) ZkeZ>0 P¥(z, ©) with Tonelli’s theorem. So if ZkeZ>0 P¥(z,0) > Oforallz € X,

ZkeZ> o Pk (y, 0) > 0. The other implication is trivial, hence the equivalence between the two definitions.
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which turns out to be often more practical to use.> Comparing (19) and Proposition 3.1(i), we see
that an attainable state is globally attracting. We will show in Proposition 3.6 that the existence
of a globally attracting state under some conditions implies the existence of an attainable state.

Second, we introduce the notion of a steadily attracting state, whose existence as we will later
on show, is linked to the g-irreducibility and aperiodicity of the associated Markov chain. We say
that a point x* is a steadily attracting state if for any y € X and any open % € #(X) contain-
ing x*, there exists T € Z-¢ such that for all k > T there exists a k-steps path from y to 7. In
the next proposition we state some quite immediate relations between globally attracting states
and steadily attracting ones. Additionally, we provide a characterization of a steadily attracting
state.

Proposition 3.3. Suppose that ® follows model (2) and that conditions A1-A4 hold. The fol-
lowing statements hold.

(1) If x* € X is steadily attracting, then it is globally attracting.
(ii) A state x* € X is steadily attracting if and only if for all y € X there exists a sequence
{vk : k € Zso} with y, € A]_j_ (y), which converges to x*.
(iii) Assume F is CO. If there exists a steadily attracting state, then all globally attracting
states are steadily attracting.

Proposition A.5 also establishes that under a controllability condition, a globally attracting
state x* € X where we can come back in a and b steps with ged(a, b) = 1 is steadily attract-
ing (that is S%.(w,) = Sf* (wp) = x* for some w, € 0¢, and w;, € ﬁ;’*); and that if a steadily
attracting state exists, then such a globally attracting state necessarily exists.

An attainable state may also be steadily attracting under conditions stated in the following
proposition, which will be key to showing that the existence of a steadily attracting state is
necessary for the aperiodicity of the Markov chain.

Proposition 3.4. Suppose that ® follows model (2) and that conditions A1-A4 hold. Let x* € X
be an attainable state, and consider the set

E:={a € Z-o|3t0 € Zs0, ¥1 > 19, x* € A% (x")}. 1)

The following statements hold:

() E is not empty and for all (a, b) € E?, gcd(a, b) € E,
(i1) if gcd(E) =1, then x* is steadily attracting,
(iii) if ® is @-irreducible then there exists a d-cycle, where d = gcd(E).

Remark 1 (Control model and choice of density). For a Markov chain following model (2)
under conditions A1-AS5, the random variable «(x, U;) admits different densities which differ
on sets of null measure. Therefore, there is not a unique deterministic control model associated

3The equivalence can be easily seen. Indeed suppose that (19) holds. Let y € X’ and u € ﬁyl. Then x* e A+(S; (u)) C
Uk Z.o AI_“_ (y). The other implication is immediate.



Conditions for irreducibility and aperiodicity via underlying deterministic models 123

to a Markov chain following (2). The control sets {ﬁ’)’cC 1k € Z~o,x € X} and the sets {A’i(x) :
k € Z~o, x € X} may differ depending on the choice of the density for representing the Markov
chain.

However, under conditions A1-A4 and that F is C 0, the choice of a different lower semi-
continuous density does not affect whether a point x* € X is globally or steadily attracting.*
Note that while a globally (resp. steadily) attracting state for a lower semi-continuous density is
therefore globally (resp. steadily) attracting for any other density representing the same random
variable (even non-lower semi-continuous densities), the converse does not hold in general.

Attainable states may depend on the choice of density. However, under conditions A1-AS5 and
if there exists x* € X’ a globally attracting state, k € Z~( and w* € ﬁ’f* such that the controlla-
bility matrix C f* (w*) has rank n, then as a consequence of Proposition 3.6 the existence of an
attainable state is independent of the choice of density.

Remark 2. In Proposition A.5 in the Appendix, we show that under a controllability condition,
the existence of a steadily attracting state is equivalent to the existence of a globally attracting
state x* for which there exists paths of length a and b with gcd(a, b) = 1 leading from x™* to x*.
This result is particularly useful to obtain practical conditions to prove that a globally attracting
state is steadily attracting as stated in Lemma 5.1.

3.3. Controllability matrix and controllability condition

A central condition in many of our results is that the rank of the so-called controllability matrix
is n. This condition is a generalization of the controllability condition for linear state-space mod-
els [11]. In this section, we give some background on controllability matrices and derive some
first results related to the rank condition above. Our notations are borrowed from [10,11].

3.3.1. Controllability matrix: Definition and first properties

For an initial condition y € X’ and a sequence {wy € W : k € Z>o}, let {Ak, Bi : k € Z>0} denote
the matrices

oF
A=Ay, wi, ..., wey) = [a—} , (22)
X sk wis)
oF
By =Bi(y, wi, ..., wgq1) 1= ™ (23)
W (st wirn)

“Indeed, if x* is globally attracting then for all y € X’ and %+ open neighborhood of x* there exists w a k-steps path
from y to %+ for some k € Z- (; since p]{, is lower semi-continuous, for any other density ﬁ]“ equal almost everywhere
to pl;, for any 1 > 0 there exists a u € B(w, ) such that ﬁ]}‘ (u) > 0. By continuity of Si‘,, we may then have a u such

that Sf, (u) € %+ and ﬁ’;(u) > 0, which implies that x* is a globally attracting state for (py) yeXx - The same reasoning
applies for steadily attracting states.
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and let C ’y‘ =C ’y‘(wl, ..., wy) € R"™Pk denote the generalized controllability matrix (along the
sequence (wy, ..., Wk))
Cy(wi, ..., wi):=[Ag_1---A1Bo|--|Ax_1 By 2| Bi_1]. (24)

Remark that from (22) and (23), it follows immediately that for k € Z~¢
Br(y,wi, ..., wet1) = Br—1 (Sﬁ(wl), W, ..., Wkal),s
ArQswi, - i) = Aro1 (Sy(wn), wa, - wi),

and therefore, the controllability matrix satisfies for k € Z~¢

Ch(wi, ..., w) =[Ar1 - A BolCE'[S) (w) ] (w2, ... wp) ] (25)
Inductively, it follows that for i = 1,...,k, Céi_(l;ul wv)(w,-+1,...,wk) is a sub-matrix of
C ]y‘(wl, ..., Wg). Additionally, the generalized coﬁtrollability matrix C ]y‘ is the Jacobian matrix
of the function (w1, ..., wg) — S]y‘(wl, ..., wg), that is for wg € Wk
sk ask
Chwo)y=| =21 1—]| . (26)
Jw owy Wo

This formula is a consequence of the chain rule. We provide in the Appendix its derivation.

Remark 3. A central condition for our results will be that the rank of the controllability matrix
Ck(w) is n for some x € X, k € Z~o and w € O%. This condition is equivalent to S¥ being a
submersion at w, that is the differential of S¥ in w is surjective. This formulation was used in a
previous version of this work [3]. It is arguably a more intuitive formulation, in particular when
it is easier to manipulate directly the differential than the Jacobian matrix.

3.3.2. Accessibility and controllability condition

We show in the next proposition that under conditions A1-AS5, if the rank condition on the
controllability matrix is satisfied at a globally attracting state, it is satisfied at any x in X'.

Proposition 3.5. Suppose that ® follows model (2) and that conditions A1-AS hold. Let x* € X
be a globally attracting state. If there exists k € Z~ and w* € O f* such that rank C i‘* (W*) =n,
then for all x € X, there exists T € Z~g andu € ﬁ’XT for which rank(CxT (n)) =n.

In the next proposition, we show that from a globally attracting state where the rank condition
on the controllability matrix is satisfied, we can construct an attainable state. This proposition will
later on allow us to use Proposition 3.4 to prove that if for all x € X the rank condition is satisfied,
then the existence of a steadily attracting state is a necessary condition for the aperiodicity of the
Markov chain.
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Proposition 3.6. Suppose that ® follows model (2) and that conditions A1-AS hold. Let x* € X
and suppose there exists k € Z~.y and w* € ﬁf* for which rank Cf* (W*) =n.

(i) There exists % a neighborhood of x* such that for all x € U , there exists W € O% for
which Sk(w) = Sk, (w*).
(i) If x* is globally attracting, then Sf* (w*) is attainable.

When the Markov chain reduces to (1), that is a(x, u) = u, and F is C*°, the rank condition
holding for every x is equivalent to forward accessibility [8], Proposition 2.3. This results relies
on the inverse function theorem and Sard’s theorem and can be easily generalized to the following
proposition.

Proposition 3.7. Suppose that ® follows model (2) and that conditions A1-AS hold. If for all
x € X there exists k € Z~g and w € ﬁf such that rank(Cf(w)) = n, then CM(F) is forward
accessible.

Furthermore, if F is C*°, CM(F) is forward accessible if and only if for all x € X there exists
k € Z-o and w € O for which rank(C* (w)) = n.

Remark that the fact that the rank condition on the controllability matrix implies forward
accessibility still holds for F a C! function was already noted in [8].

4. Main results

4.1. T-chain and irreducibility

In this section, we state our main results on the p-irreducibility and T -chain property. On the one
hand, we generalize the result holding for a Markov chain following (1) with F being C*° that if
CM(F) is forward accessible, the associated Markov chain is g-irreducible if and only if CM(F')
admits a globally attracting state [11], Proposition 7.2.6. We prove more precisely that under the
conditions A1-AS5, if for all x, there exists k and w* € & f* such that rank(C f* w*)) =n (we
have seen that this condition implies forward accessibility), then the g-irreducibility of a chain
following (2) is equivalent to the existence of a globally attracting state.

‘We then derive a practical condition by showing that the existence of a globally attracting state
where the rank condition is satisfied implies that the associated Markov chain is a ¢-irreducible
T-chain and thus that every compact set is petite. That is, we only need to find a globally at-
tracting state and verify the rank condition at this state to prove the g-irreducibility and T'-chain
property.

Those results rely on the generalization to our context of [10], Theorem 2.1(iii). In particular,
we show that around a point x € X where the rank of the controllability matrix Cf (w) is n for
some k € Z~o and w € ﬁ’)’c‘, there exists an open small set containing x. More precisely we have
the following result.

Proposition 4.1. Suppose that ® follows model (2) and that conditions A1-AS5 are satisfied.
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(i) Let x € X, if rank C)’C‘(w) =n for some k € Z~y and w € ﬁf, then there exists ¢ > 0, and
open sets U, and ¥ containing x and S)]CC (w) respectively, such that

Py, A) = cp (AN YY),  forally e U, A e BX). (27)

That is, U, is a vi-small set where v : A — cu=(A N ).
(i) If furthermore F is C*°, and if for some x € X, there exists k € Z~q, ¢ > 0 and ¥ an open
set such that

PR(x, A) = cul™®ANY),  forall Ae B(X), (28)

then rank C)]C‘ (W) =n for some w € ﬁf, a k-steps path from x to V.

The proof of this proposition is very similar to the proof of [10], Theorem 2.1. We present it in
the Appendix where we additionally highlight the differences to the proof of [10], Theorem 2.1.
Note that if F is C* and (28) holds for some x € X, then by Proposition 4.1(i) and (ii), (28)
holds for all y in an open neighborhood of x and ¥ a possibly smaller open set.

We deduce from Proposition 4.1 that if for all x € X there exists k € Z.pand w € ﬁfj for which
rank(C )]C‘ (w)) = n, the state-space may be written as the union of open small sets and hence @ is a
T -chain (see [11], Proposition 6.2.3, Proposition 6.2.4). This result is formalized in the following
corollary, which can be seen as a generalization to our model of [11], Proposition 7.1.5.

Corollary 4.1. Suppose that ® follows model (2) and that conditions A1-AS5 are satisfied. Sup-
pose that for all x € X, rank(C)]f (w)) =n for some k € Z~o and w € ﬁf. Then X can be written
as the union of open small sets and thus ® is a T -chain.

Proof. Under the conditions of the corollary, the conditions of Proposition 4.1(i) are satisfied for
all x € X. Hence, for all x € X, there exists %, an open vi-small set containing x. A vg-small
set is a v, -petite set (with a a Dirac distribution at k), hence, according to [11], Proposition 6.2.3,
K, possesses a continuous component 7y nontrivial on all of %, and so in particular non trivial
at x. Hence, according to [11], Proposition 6.2.4, ® is a T-chain. O

To prove the equivalence between ¢-irreducibility and the existence of a globally attracting
state, we first characterize the support of the maximal irreducibility measure in terms of globally
attracting states. More precisely, the following holds.

Proposition 4.2. Suppose that ® is a -irreducible Markov chain following model (2), with
the maximal irreducibility measure, that A1-A4 hold and that F is C 0. Then

supp ¥ = {x* € X|x* is globally attracting}. (29)

Furthermore, let x* € X be globally attracting, then

supp ¥ = A4 (x*). (30)

We are now ready to state our result generalizing [11], Proposition 7.2.6, to our model.
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Theorem 4.1. Suppose that ® follows model (2) and that conditions A1-AS are satisfied. Sup-
pose that for all x € X, there exists k € 7~ and W € ﬁf such that rank Cif (w) =n. Then ® is
g-irreducible if and only if a globally attracting state exists.

Proof. Suppose that for all x € X there exists k € Z~ and w € &% such that rank C¥(w) = n. If
® is a gp-irreducible chain, then by Proposition 4.2 any point of its support is globally attracting.
Since ¢ is not trivial, its support is not empty and so there exists a globally attracting state.
Conversely, suppose that there exists x* a globally attracting point, which is also reachable
by Corollary 3.1. By hypothesis, according to Corollary 4.1, ® is a T-chain and so by [11],
Proposition 6.2.1, ® is ¢-irreducible, which concludes the proof. O

As discussed above, in the particular case of a(x,u) = u and F is C*, the similar result
derived in [11], Proposition 7.2.6, states that if CM(F) is forward accessible, the associated
Markov chain is ¢-irreducible if and only if CM(F) admits a globally attracting state. In the
more general context of bounded positive kernels, the existence of an open reachable’ petite
set is equivalent to the Markov chain being a ¢-irreducible T -chain for which compact sets are
petite [4], Theorem 2.4.

From Proposition 3.5, we know that if the rank condition on the controllability matrix is satis-
fied at a globally attracting state, it is satisfied for all x € X'. Hence, we can deduce the practical
condition that if there exists a globally attracting state where the rank condition on the control-
lability matrix is satisfied, then the associated Markov chain is a g-irreducible T -chain and thus
every compact set is petite.

Theorem 4.2 (Practical Condition for ¢-irreducibility). Suppose that ® follows model (2)
and that conditions A1-AS are satisfied. If there exists x* a globally attracting state, and if
rank C)’C‘* (W*) = n for some k € Z~( and w* € ﬁf*, then ® is a @-irreducible T -chain, and thus
every compact set is petite.

Proof. Suppose there exists x* a globally attracting state, k € Z~o and w* € ﬁi‘* such that
rank Cf* (w*) = n. By Proposition 3.5 for all x € X there exists 7 € Z-¢ and w € &, for which
rank C%(w) = n. According to Corollary 4.1, ® is a T'-chain and according to Theorem 4.1, ® is
@-irreducible. Hence, according to [11], Theorem 6.2.5, every compact set is petite. (]

4.2. Aperiodicity

We show now that the results of the previous section can be transposed to prove g-irreducibility
and aperiodicity of a Markov chain if we replace the condition of the existence of a globally
attracting state by the existence of a steadily attracting state.

We first state the equivalence between the existence of a steadily attracting state and the
p-irreducibility and aperiodicity of the associated Markov chain.

SAsetAe AB(X) is said reachable if for all x € X there exists some k € Z- ¢ for which Pk(x, A) > 0.
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Theorem 4.3. Consider a Markov chain ® following the model (2) for which conditions A1-AS
are satisfied. If for all x € X, there exists k € Z~ and w € ﬁ)]c‘ for which rank(C)]g (W)) =n, then
® is a p-irreducible aperiodic Markov chain if and only if there exists a steadily attracting state.

A related result proving a necessary and sufficient condition for a chain to be aperiodic has
been derived for Markov chains following (1) under the assumption that the control set Oy =
{u e U|p(u) > 0} is connected. More precisely, it has been shown that if there exists x* a globally
attracting state, then & is aperiodic if and only if A4 (x*) is connected [11], Proposition 7.2.5,
7.3.4, Theorem 7.3.5. Note that the condition that &y is connected is critical: if a Markov chain
has a non-connected set Oy, then the equivalence that A4 (x*) is connected if and only if the
Markov chain is aperiodic does not hold anymore. A trivial (albeit artificial) example is to take an
i.i.d. sequence of random variables {Uy : k € Z~o} with non-connected support (—2, —1)U (1, 2),
and to consider it as our Markov chain of interest ®; = Uy. Then A’i(x) =(-2,—-1)u(,?2) for
all k € Z~o, and so A4 (x) is not connected for any x € R but the Markov chain is aperiodic.

In the general context of a bounded positive weak-Feller transition kernel Q, if there exists
B a v,-small set (i.e., Q%(x, A) > v,(A) for all x € B and A € #A(X)) and neighborhood of a
reachable point x* such that Q”(x*, B) > 0 for some b € Z- for which gcd(a, b) = 1, then Q
is a g-irreducible aperiodic T'-chain; and a slightly weaker form of the converse holds [4], Theo-
rem 2,6. In our more limited context, this can be shown using Theorem 4.3 and Proposition A.5.

Similarly to Theorem 4.2, we now deduce the following practical condition to prove the ape-
riodicity of a Markov chain.

Theorem 4.4 (Practical condition for ¢-irreducibility and aperiodicity). Consider a Markov
chain ® following the model (2) for which conditions A1-AS are satisfied. If there exists x* € X
a steadily attracting state, k € Z~q and w* € ﬁf* such that rank(C)]C‘* (W*)) = n, then ® is an
aperiodic @-irreducible T -chain, and every compact set is small.

We give here an outline of how the existence of steadily attracting state implies the aperiodicity
of the Markov chain while the full proofs the theorems can be found in the Appendix.

Proposition 4.1(i) allows to construct a set %/ which is a neighborhood of x* and a non-
trivial measure py such that if a point y € X' can reach % with a z-steps path, then the kernel
P'*t*(y,.) dominates the measure 4. Since x* is steadily attractive, % can be reached from
any point y € X’ for all time ¢ > t,. Hence, ZteZ>0 P'**(y,.) dominates p1y for all y € X,
implying that (t is an irreducibility measure.

Now consider (D;);=1,...q4 a d-cycle. Since py is an irreducibility measure, there exists D;
such that 14 (D;) > 0, and with the fact that P'*¥(y, -) dominates 1 for all > ty, we deduce
that D; can be reached with positive probability from all y € X’ in ¢ steps with any ¢ > t,. By
definition of the d-cycle, the Markov chain steps with probability one from a set of the cycle
to the next, and so for any m € Z~( the Markov chain goes in md + 1 steps from D; to D;y|
with probability one. This contradicts that D; can be reached from anywhere (including itself) in
md + 1 steps for m large enough, unless d = 1 meaning the Markov chain is aperiodic.

Theorem 4.4 is a generalization of Proposition 3.2 in [9] where a Markov chain following (1)
with G being C* is g-irreducible and aperiodic if the control model is forward accessible and
asymptotically controllable, that is if there exists x* € X such that for all y € X there exists
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a sequence {wy : k € Z-o} with wy € Oy such that the sequence {Sf(wl, co W) k€ Zso)
converges to x*. This latter condition of asymptotic controllability implies the existence of a
steadily attracting state (as can easily be seen from Proposition 3.3), and is in fact quite stronger:
for x* € X a steadily attracting state and any y € X there exists a sequence {Wi : k € Z~}
with wy € 0 ﬁ( such that {S)]CC (W) : k € Z~} converges to x*, while in the context of asymptotic
controllability wi; would be restricted to (W, u) with u € Oy. Remark that hence asymptotic
controllability forces for any & > 0 the existence of y € X and u € Oy such that ||S)1, u)—yl <
¢.% This is a restriction on the possible models that can be considered which is not imposed if
we consider the condition of the existence of a steadily attracting state. Indeed take an additive
random walk on R with increment distribution with a support of the type (—oo, a) U (a, +00)
with a > 0. It is not difficult to prove that the associated control model is not asymptotically
controllable while every x € R is steadily attractive and the chain is g-irreducible.

5. Applications

In this section, we illustrate how to use the different conditions we have derived to prove ¢-
irreducibility, aperiodicity and that compact are small sets for three examples of Markov chains.
We consider first the toy examples presented in Section 1 and then turn to a more complex
example where it would be very intricate — if not impossible — to prove g-irreducibility and
aperiodicity by hand. Before to tackle those examples, we summarize the methodology ensuing
the results we have developed.

Methodology. The following steps need to be followed to apply Theorem 4.2 to prove that a
Markov chain is a ¢-irreducible T-chain (and thus that compact sets are petite).

(1) Identify that the Markov chain follows model (2): exhibit the function F and either iden-
tify explicitly « or argue on its existence.
(i1) Identify the density p,(-) of a(x, Uy) forall x € X.
(iii) Show that conditions A1 to A5 are satisfied. Particularly prove that F is C! and (x, w)
px(w) is lower semi-continuous.
(iv) Prove that there exists a globally attracting state x™*.
(v) Show that there exists k and w € ﬁf such that rank C i‘* w*)=n.

Similarly, to apply Theorem 4.4 to prove that the chain is a g-irreducible aperiodic T -chain and
that compact are small sets, we need to replace step (iv) above by proving that there exists a
steadily attracting state. We highlight in Lemma 5.1 two practical conditions to facilitate the
proof of existence of a steadily attracting state. Note also that to prove the existence of a globally
(or steadily) attracting state, it is practical to have identified the control sets @’C‘, yet it might be
enough to only know ﬁ; (see the proof of Proposition 5.3).

6Indeed for ¢ € Z-( large enough, the convergence of Sf, (W) to x* forces S;, (wg) and S;'H(wk, u) to be contained

within the same ball of radius /2, and so x := Si, (wy) is at distance at most & from S} (u).
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5.1. Toy examples

We consider the two examples introduced in Section 1. For those Markov chains, ¢-irreducibility
can be proven directly. Indeed, it follows from the expression of the transition kernel in (10) that
for all A with strictly positive Lebesgue measure, for all x, P(x, A) > 0. It is also relatively
straightforward to prove aperiodicity and that compact are small sets by minoring (10) for all x
in a compact C by [, mincec px(x — y)dy.

Yet in order to illustrate how to use the conditions derived in the paper, we show how Theo-
rem 4.4 can be applied to show @-irreducibility, aperiodicity and that every compact set is small.
The function F associated to the chains defined in (3) and (8) equals F(x, w) = x + w and it
is thus C*°. Additionally, we have seen that both chains share the same control model CM(F)
which is additionally forward accessible (see Example 2). Thus according to Proposition 3.7, the
rank condition on the controllability matrix is satisfied for all x € R. Hence in order to show the
@-irreducibility, aperiodicity, and that compact sets are small sets, according to Theorem 4.3 or
Theorem 4.4, it remains to prove the existence of a steadily attracting state. We actually prove in
the next proposition that every x in R is steadily attracting.

Proposition 5.1. Consider the control model CM(F') defined in Example 1 associated to the
Markov chains defined in (3) and (8). Then every x € R is steadily attracting for CM(F).

Proof. Since ﬁ)’c‘ =R¥ and S]yc (W) =y + w; + -+ + wg, for all x and all initial condition y, for
all k > 1, the vector W = (0, ..., 0, y —x) € Rk = &% satisfies S¥ (W) = x. This implies that x is a
steadily attracting state. Remark that we have shown a stronger condition than steady attractivity
because we have shown that we can exactly hit x in k steps for any k > 1. ]

Consequently, the assumptions of Theorem 4.3 are satisfied for the Markov chains defined in
(3) and (8) and thus the chains are g-irreducible, aperiodic T-chains and every compact set is
small. According to Proposition 4.2, we also know that the support of the maximal irreducibility
measure equals R.

We have illustrated how the tools developed in the paper unify the study of ¢-irreducibility,
aperiodicity and the identification that compact are small sets for the two Markov chains (3) and
(8) whose model defined via (1) is sensibly different with an associated G which is C* for (3)
and discontinuous for (8).

5.2. A step-size adaptive randomized algorithm optimizing
scaling-invariant functions

We consider now a Markov chain stemming from an adaptive stochastic algorithm aiming at
optimizing continuous optimization problems. Proving the stability of the chain is important be-
cause it implies the linear convergence (or divergence) of the underlying optimization algorithm
which is generally difficult to prove for this type of algorithms. This example is not artificial:
showing the g-irreducibility, aperiodicity and that compact sets are small sets by hand without
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the results of the current paper seems to be very arduous and actually motivated the development
of the theory of this paper.

We consider a step-size adaptive stochastic search algorithm optimizing an objective function
f :R" — R. The algorithm pertains to the class of so-called Evolution Strategies (ES) algorithms
[16] that date back to the 70’s. The algorithm is however related to information geometry: It was
recently derived from taking the natural gradient of a joint objective function defined on the
Riemannian manifold formed by the family of Gaussian distributions [6,13]. More precisely,
let Xg € R" and let {Uy : k € Z~¢} be an i.i.d. sequence of random vectors where each Uy is
composed of A € Z~( components Uy = (Ul, e, UkA) € R" with {U,i :i=1,...,A}1ii.d. and
following each a standard multivariate normal distribution A/(0, I,}) where I,, denotes the identity
matrix of size n. Given (Xj,ox) € R" x R. the current state of the algorithm, A candidate
solutions centered on X are sampled using the vector Ujy1,1.e. fori =1,..., A

Xe+oxUl @31

where oy called the step-size of the algorithm corresponds to the overall standard deviation of
ok Uy - Those solutions are ranked according to their f-values. More precisely, let S be the
permutation of A elements such that
X S X S(2) . X S(H) 32

FXk+oUy) = f(Xi+orUgyy) <o < f (X +okURY)- (32)
To break the possible ties and have an uniquely defined permutation S, we can simply consider
the natural order, that is, if for instance A =2 and f(Xx + ox Uk1+1) = f(Xk + ox Uk2+1), then
S(1) =1 and S(2) = 2. The new estimate of the optimum Xy is formed by taking a weighted
average of the (> 1) best directions (typically u = A/2), that is

Xiy1 = Xk + okkm Z Bi ,;Sf]) (33)

i=1

where the sequence of weights {8; : 1 <i < u} sums to 1 (typically gy > --- > B,), and k;, > 0
is called a learning rate. The step-size is adapted according to

am—okexp( (Zﬁl (w81 - ))) (34)

where k, > 0 is a learning rate for the step-size. The equations (33) and (34) correspond to the
xNES algorithm with covariance matrix restricted to akzln [6].
Consider a scaling-invariant function with respect to x*, that is for all p > 0, x, y € R”

fFO<f & [ +px—x%))<fx*+p(y—x"). (35)

Examples of scaling-invariant functions include f(x) = |lx — x*|| for any arbitrary norm on R".
It also includes non continuous functions, functions with non-convex sublevel sets. We assume
w.l.g. that x* = 0. On this class of functions, Z := {Z; = Xy /oy : k € Z>o} is a homogeneous
Markov chain that can be defined independently of the Markov chain (X, ox) in the following
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manner [1], Proposition 4.1. Given Z; € R", sample A candidate solutions centered on Z; using
a vector Ugy1,1.e. for 1 <i <A

Zi + Uli-i-]’ (36)

where similarly as for the chain (X, ox), {Ux : k € Z>¢} are i.i.d. and each Uy is a vector of A
i.i.d. components following each a standard multivariate normal distribution. Those A solutions
are evaluated and ranked according to their f-values Similarly to (32), the permutation S con-
taining the order of the solutions is extracted. This permutation can be uniquely defined if we
break the ties as explained below (32). The update of Z; then reads

Zk +km Y1y Bi U,i(il)
Zi+1 = - m SO . 37)
exp(53 Qi Bi(IULT 17 —n)))
Let us now define the vector of selected steps as Wiy = (U,:S JS), e U,i:’f )) € R"™ and for
zeR", weR™ (withw = (w', ..., wh))
Z+k ’.L_ sw!
Fangs(z, w) = m izt B : (38)

exp(52 (X1, Bi(lw![|> — n)))
such that

Ziy1 = Fxnes(Zi, Wiq1).

The writing of the explicit function « such that Wy = a(Zy, Ur+1) is quite tedious in the
general case. For the sake of simplicity, we only give it when = 1 and A = 2. In this case

_ 72 2
Wir1 = (Uk+1 Uk+1)1{f(zk+U,j+l)5f(zk+U,§+l)} + Ui (39
that is for all z € R” and u = (u', u?) € R*
1 2 2
oz, )= (' = u ) fruty < ety T
The function « is typically discontinuous (similarly to the function « in (8)). Consider indeed
a function f with level sets that are Lebesgue negligible, then if f(z +u') =--- = f(z + u*)
while the {u : 1 <i < A} are all distincts, an arbitrarily small change in u! can lead to a different

ranking and so to a non continuous change in «(z, ). In the next proposition, we derive p,(w) a
density of Wy conditional to Z; = z.

Proposition 5.2. Let f : R" — R be an objective function whose level sets are Lebesgue negli-
gible. Let A € Zi—g and (. € Z~o with ;u < A. Let us define if © = 1

pew) =1(1= 0 )" prr(w) (40)
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with w € R", Q;(w) =Pr(f(z+N) < f(z + w)) with N following a standard multivariate

normal distribution in dimension n and pn(u) = (\/217),, exp(—ulu/2) its density. If 1 > 1

Al -
Pa(w) = s ety pieany (1 = of (W) " par(wh)---par(w), @1

where w = (w', ..., w*) e R*™ . Then p.(w) is a density associated to o(z, Uy) (also a density
of Wiy conditionally that Zy = z).

Assume the objective function f is continuous, it is not difficult to see that if u = 1, then
(z, w) — p,(w) is continuous (and thus lower-semi continuous) and if p > 1 it is lower semi-
continuous.

The stability of the homogeneous Markov chain Z is one key to prove the linear convergence
of the algorithm defined in (33) and (34) as stated in the next theorem.

Theorem 5.1 (Theorem 5.2 in [1]). Let f be a scaling-invariant function with respect
to 0. Assume that the Markov chain Z defined in (36) and (37) is ¢-irreducible, Harris-
recurrent and positive with invariant probability measure w. Assume that E;[|In]|z]|]] < oo
and E [f | Zf‘zl Bi (Jlw! ||2 —n)|p;(w)dw] < 0o, then the XNES algorithm defined in (33) and
(34) converges (or diverges) linearly almost surely, that is for all Xo, o¢

P .01 R a P2
im —-In——=1im -In—=F,~; Z,Bl(”w || —n)pz(w)dw . 42)
i=1

k—ook || Xoll  k—ock oy

Linear convergence happens if the convergence rate E,~ [f Zf‘zl Bi (lw'||? —n)p.(w) dw] is
strictly negative. Given that this rate depends on the unknown invariant probability distribution r,
we are often not able to prove the strict negativity. However, it is fairly easy to simulate precisely
this convergence rate such that not knowing the sign is generally not problematic. The proof of
this theorem relies on applying a Law of Large Numbers to the chain Z. Hence, the stability
properties that need to be shown correspond to the assumptions needed for Z to satisfy a Law of
Large Numbers. Positivity and Harris recurrence are typically proven by using Foster—Lyapunov
drift conditions, that state the negativity of a drift function outside a small set. It is thus important
to identify small sets for the chain. Irreducibility and aperiodicity are also needed because we
typically establish a geometric drift and use the geometric ergodic theorem for ¢-irreducible
aperiodic chains [11], Theorem 15.0.1.

We will now explain how to use Theorem 4.4 to prove that Z is a ¢-irreducible aperiodic
T -chain and compact sets are small sets for the chain. Remark first that assumption A1-A3 are
satisfied following from the construction and definition of the algorithm, A4 is satisfied as it
has been discussed above and the function FxNgs being C!, the assumption AS is satisfied. The
control sets ﬁ’zl for z € R" are defined as {w € R"*|p,(w) > 0} that is for u =1, @] =R" and
for u > 1, ﬁ; ={weR™|f(z4+w") <--- < f(z+ wH)}. We prove in the next proposition that
the null vector is a steadily attracting state for CM(FxNES)-
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Proposition 5.3. Let f :R" — R be continuous with Lebesgue negligible level sets. Then 0 is
steadily attracting for CM(FxNES)-

Proof. We first assume that ;> 1 and prove that for all ¢ > 0, for all y € R", there exists a
1-step path from y to B(0, ). (This latter property implies that O is globally attracting and is
actually stronger as the time step to reach the neighborhood of 0 is independent of the initial
point y.) Let y € R", since limyy||— +00 FxNES (Y, w) = 0, there exists » > 0 such that if |w| > r
then Fyngs(y, w) € B(0, ¢). Let us choose u € R™ such that each u’ satisfies ||u’|| > r and
additionally f(y+u') # f(y+u/) foralli # j (we can find such an u because we have assumed
that all the level sets of f are Lebesgue negligible). Let wy = a(y, u), then wy, € ﬁé and ||lwy |l >
r such that S)l, (wy) € B(0, ). Hence, wy, is a 1-step path from y to B(0, ¢).

Now, showing that a path from y to B(0, ¢) exists for all # > 1 is easy: take w € ﬁ;_l, and
denote y = S;’l (w); by the previous reasoning, wy is a 1-step path from y to B(0, €). Therefore,
(w, wy) is a t-steps path from y to B(0, ¢), and so 0 is steadily attracting.

In the case where © = 1, the proof is even simpler as we do not need to care for finding a step
that derives from a vector o € R™ that does not result in solutions on the same f-level sets. We
omit the details than can be easily deduced from the previous case. ]

In the previous proof, we have shown that any neighborhood of 0 can be reached via a 1-step
path from any starting point. This directly implies that O is steadily attracting. More generally, if
we can reach any neighborhood of x* in T steps from any initial point x — that is 7 is independent
of the initial point x — then x* is steadily attracting.

Another practical result to prove that a state x™ is steadily attracting holding under a con-
trollability condition is first to prove that the point is globally attracting and then to show that
there exists w € O, that allows to stay in x*, that is such that S}, (w) = x*. Those two practical
conditions to prove that a state x* is steadily attractive are formalized in the following lemma.

Lemma 5.1 (Practical Conditions for a Steadily Attracting State). Suppose that conditions
A1-A4 hold, and that F is continuous. Let x* € X, the following holds:

() If for all %+ neighborhood of x*, there exists T € Z~q such that for any y € X there
exists a T -steps path from y to U+, then x* is steadily attracting.

(ii) Suppose that assumption AS holds and that for all x € X there exists k € Z~o and w € ﬁf
for which rank C i‘ (w) =n. If x* is globally attracting and if there exists w* € ﬁ’; that allows to
stay in x*, that is such that S;* (W*) = x*, then x* is steadily attracting.

The proof of the second point is not completely straightforward and is presented in the Ap-
pendix as a consequence of Proposition A.5.

We have now seen that O is a steadily attracting state. We will prove that the rank condition is
satisfied in 0. We prove more precisely the following proposition.

Proposition 5.4. Let f :R" — R be continuous with Lebesgue negligible level sets, then there
exists W* in ﬁ’g such that rank C& (W*) equals n, that is the rank condition is satisfied at the
steadily attracting state 0.
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Proof. We prove that there exists w* € ﬁ& such that Cé (w*) has rank n. Let wo = (0, ...,0) €
R, we will first prove that C(l) (wo) has rank n, i.e. the differential of w — S(l)(w) =
Fings (0, w) at wo is surjective. Let h = (h;);=1,...,, € R"*, then

,,,,,

Km Z:i 1,31' j
52 (i Bi(llhill> = n)))

_SO(Wo)—i-/cmexp( )(Zﬂ, ,) (1+o(lInll))-

Hence, DS& (wo)(h) = ki, exp(%“) Zf‘zl Bih; which is a surjective linear map, which implies
that the rank of Cé (wp) is n. The point wg is not in ﬁé, but since w — Sé(w) is C!, there
exists Y4, an open neighborhood of wg such that for all v € %5, Cé (v) has rank n. Finally since
Py N ﬁ& is not empty (since f has Lebesgue negligible level sets, we can find u distinct points
arbitrarily close to zero with different f-values, the ranked vectors will belong to ﬁé), there
exists w* € ﬁ& such that Cé (w*) has rank n. O

So(wo +h) =

The two previous lemmas prove that 0 is a steadily attracting state where the rank condition
on the controllability matrix is satisfied. Hence, according to Theorem 4.3, the Markov chain Z
defined in (37) is an aperiodic g-irreducible T-chain and every compact set is small.

Appendix
Regularity lemmas

We state two simple lemmas whose results are often used. The first one is given without any
proof.

Lemma A.2. Suppose that the function (x, w) +— F(x,w) is C™ for m € Z>y, then for all k €
Z0, the function (x, W) — Sf(w) defined in (14) is C™.

Lemma A.3. Suppose that the function p : (x, w) — py(w) is lower semi-continuous and the
function (x,w) — F(x,w) is continuous, then for all k € Z~ the function (x,w) > p'; (w)
defined in (15) is lower semi-continuous.

Proof. According to Lemma A.2, the function (x, w) > S)lf (w) is continuous, and by hypoth-
esis, the function p is lower semi-continuous. Now suppose that the function (x, w) — p'; (w)
is lower semi-continuous. The function (x, w, u) — p Sk(w) (u) is lower semi-continuous as the
composition of a continuous and a lower semi-continuous function. So by (15) the function
(x,w,u) — p’ﬁl (w, u) is lower semi-continuous as the product of two non-negative lower semi-
continuous functions (see, for instance, [15], Proposition B.1). O
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Proof of Proposition 3.1

It is immediate that if x* € X is globally attractive then (i) holds. Indeed for all y € X, (18)
implies that x* € | J;{25 AL (y) C A4 ().

We now show that (i) implies (ii). Suppose that (i) holds, take y € X, % an open set con-
taining x*, and u € ﬁyl. Since from (i), x* € A4 (S!(u)), there exists z € A+(S; (1)) such that
z € % . Either z € A(JF(S; ) = {S)I, (u)}, then u is a 1-step path from y to % or z € A’i(S)l, (u))
for k > O but then there exists w € ﬁ”s‘l(u) such that z = S,scl(u) (w) = S;‘,Jrl (u, w) and thus (u, w)
is a k + 1 path from y to % . ’ “

We now show that (ii) implies (iii). Suppose that (ii) holds, hence there exists k; € Z~o and
w1 a ki -steps path from y to B(x*, 1). Let y; denote Sf,l (w1). Inductively for ¢ € Z- o there exists
ky+1 and w41 a k,1-steps path from y, to B(x*, 1/(t 4+ 1)), and we define y; as Sf,:“ (Wk+1)-
We then have y, € A]fﬁ+"'+k’ (y) with k; >0 fori =1,...,t, 50 {y; : t € Z~p} is a subsequence
of a sequence of ]_[l-ez>0 AiL(y). Finally, y; € B(x*, 1/t) so this subsequence converges to x*.

Finally, we show that (iii) implies that x* is a globally attracting state. Suppose that (iii)
holds, that is for all y € X there exists {y; : k € Z-o} a sequence with y; € A’_i(y) from which
we can extract a subsequence converging to x*. Since y; € Aﬁ (y) C U?ik A"+(y), and that for

any k € Z~, the state x* is the limit of a subsequence of {y; :i >k}, we have x* € Uizk Aﬁr )
for any k € Z~¢, and so (18) holds for all y € X.

Proof of Proposition 3.2

Letx € X, 0 € (X) be an open set, k € Z~o and w € ﬁ,’(‘ be a k-steps path from x to . From
the continuity of SJIC‘ (by Lemma A.2) there exists 11 > 0 such that for all u € B(w, 1), S)Ig (w) e
0. Since w € ﬁ)’f, po = pl; (w) > 0 and from the lower semi-continuity of p’; (by Lemma A.3),
there exists 17, > 0 such that for all u € B(w, 12), p’; (w) > po/2. Hence,

P(x,0) = /ﬁk 1o(S (W) pk ) du

> / 2o du> 0.
B(w,min(y;,m)) 2

Conversely, for any x € X, k € Z.g and A € B(X)
P = [ 1a(stan)bwau

and therefore if P¥(x, A) > 0, then there exists u such that p’; (u) > 0 and Sf (u) € A that is,
there exists a k-steps path from x to A.

Proof of Corollary 3.1

Let x* be a reachable point. Then for all y € X and & € Z(X) open containing x*, there exists
k € Z~ such that Pk(y, 0) > 0. Hence from Proposition 3.2 there exists a k-steps from y to &,
and from Proposition 3.1, x* is globally attracting.
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Conversely, let x* be globally attracting. From Proposition 3.1, for all y € X and & open
neighborhood of x*, there exists k € Z-( and a k-steps path from y to &. From Proposition 3.2,
we have Pk(y, 0) > 0, and so x™ is reachable.

Proof of Proposition 3.3

Let x* be a steadily attracting state, then from Proposition 3.1(ii), we immediately find that x* is
globally attracting.

We now prove (ii). Suppose that x* is steadily attracting, and let y € X'. We will construct a se-
quence (Yx)kez., With y, € Alj_ (v) converging to x*. There exists (7;);cz_, a strictly increasing
sequence of integers such that for all # > T;, there exists a 7-steps path from y to B(x*, 1/i). For
any k € Z~, we construct the sequence yi in the following way. If k < T7, let y; be any point
of Al_j_ (). Else for the largest i € Z-¢ such that 7; <k, there exists wy a k-steps path from y
to B(x*,1/i). Let yp = S;‘ (wi). Then {yy : k € Z~o} with y € Al_i(y) is a sequence converging
to x*.

Now suppose that for all y € & there exists a sequence {yi : k € Z~o} with y; € A’i(y) which
converges to x*, and take % a neighborhood of x*. There exists T such that for all k > T,
vk € % . Since y; € Ai(y), there exists wy € ﬁ;‘ such that S;f(wk) = yx € % . Hence, wy is a
k-steps path from y to % . Since such a wy exists for all k > T, this proves that x* is steadily
attracting.

We now prove (iii). Suppose that x* is steadily attracting and that y* is globally attracting.
Then for %+ an open neighborhood of y*, there exists k € Z.o and w € ﬁf* such that S)’C‘* (w) €
%y+. By Lemma A.2 and A.3, the function x — pX is lower semi-continuous and the function
X Sf(w) is continuous, so since %+ is open there exists & > 0 such that for all x € B(x*, ¢),
w e 0% and S¥(w) € %,+. And as x* is steadily attracting, for all z € X there exists T € Z- such
that for all # > T there exists u; € &! for which S!(u;) € B(x*, ¢). Therefore, Sé‘”‘ (W, W) € Uy
for all r > T, that is y* is steadily attracting.

Proof of Proposition 3.4

We first prove (i). Since x* is attainable, according to (20), there exists a € Z-¢ and w, € 0%,
such that x* = S§¢.(w,). Hence for all t > 0, x* = S;*L (Wa, ..., Wu) € A"j‘ﬁ(x*), meaning a € E
and so E is not empty.

Take (a, b) € E%, and denote d the greatest common divisor of a and b. There exists (¢4, fp) €
Z>o such that for all t > t,, x* € Afﬁ(x*) and for ¢t > 15, x* € Al_f(x*). To show that d € E, we
will show that there exists ko € Zxo such that for all # > 0, there exists (c1, ¢2) € Z2>o for which

(ko +1t)d = acy + bes. (43)

Indeed if this holds as x* € A% (x*) and x* € AZTD) (x*), x* @ AfoFDIHAlatbD (x)

Since d divides a and b, x* € ALTTP

x*e Alt(x*),ie.d e E.

It remains to show (43). According to Bézout’s identity there exists (u,v) € 72 for which
au +bv=d. If u or v is zero, then d equals b or a and so d € E. Else, w.l.o.g. suppose that
v <0andu > 0. Take k > —va/d and t € Z>o. We will write kb 4 td as a positive sum of a

*) for some p € Zs>o. Hence, for all r > ko + p,
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and b. As aresult of Euclidian division of # by a/d there exists ¢ € Z>p and s € {0, ..., a/d — 1}
such that td = ag + sd, and so kb 4+ td = kb + gqa + sd. Furthermore sd = s(au + bv) so
kb +td = (k + sv)b + (g + su)a, with the coefficients k + sv and g + su positive. Hence for all
t>0, (kb/d +1t)d = (k + sv)b + (¢ + su)a and hence we have proven (43) with ¢ = ¢q + su,
cr =k + sv.

We now prove (ii). If gcd(E) = 1, then 1 € E, that is, there exists 7y € Z~¢ such that for
all t > 1g, x* € Ai(x*). Since x* is attainable, for all y € X there exists f; € Z~q such that
x*e Ai(y), and so for all t >ty + 11, x* € A;(y). Therefore for all % neighborhood of x*
and for all t > 1y + #; there exists w € ﬁ; such that S; (w) = x* € %, meaning x* is steadily
attracting.

We finally prove (iii). Let d := gcd(E) and fori =0, ...,d — 1 take D; :=J
Then:

rd-+i ;%
eng AT ),

o for all y € Al (x¥), P(y,Afl(x*)) =1, so for i =0,...,d — 1 and y € Dy,

P(y, Dit1 moda) =1.
o take y € A! (x*). Since x* is attainable there exists #y € Z¢ such that x* Aﬁ‘g(y), SO

x* e AT (x*) and x* € AT (x*) for all r > 0, ice. fo + i € E. As d = ged(E), this
implies that i = kjd — t for some k| € Z-.(. By the same reasoning if y € Ai(x*) for some
J € Z>p, then for some k2 € Z~¢, j = kpd — to also. Therefore i — j is a multiple of d,
which implies that the sets (D;);—o....4—1 are disjoint sets.

o Uy D = Ay (x*). Since for all k € Zg, P*(x*, A1 (x*)¢) =0, (U= Di)°) =0 for
all ¢ irreducibility measure.

Hence, (D;)i=o,...a—1 is a d-cycle.

.....

Derivation of (26):

By chainrule, fori =1,...,k—1,

ol [ 5]
Wi Jawy,wy LOX Jesttwp L 0Wi

dsk—1
o]
Wi J(wy,..owit)

.....

,,,,,

,,,,,
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and so

.....

Proof of Proposition 3.5

The matrix C)’C‘* (w*) has rank n and thus with the expression of the matrix given in (26), we can
find iy, ..., i, such that

ask, — ask,
det [---] #£0.
Bwil Bwin w

Since the function (x, w) — S)]f (w) is a C! function (by Lemma A.2), there exists Ay w+) a
neighborhood of (x*, w*) such that for all (x, W) € A{y* wr)

9 Sk aSk
det[ =[] "} £0.
ow;, ow;, w

Let ri > 0 and r > 0 such that B(x*,r;) x B(W*",r2) C A(x* wr). Since x* is a globally
attracting state, for all y € X according to Proposition 3.1 there exists #y € Z~o and ug a ty-steps
path from y to B(x*,r1). Since (Sy (1p), W¥) € A{y+ w+), the matrix CE,O( )(W*) has rank n.

y ("o

Hence, taking T = to + k and u = (ugy, w*), according to (25) the matrix C; (u) also has rank n.

Proof of Proposition 3.6

This result is a consequence of the implicit function theorem. Take x* € X, k € Z~o and w* €
ﬁf* for which the controllability matrix C)’j* (w*) has rank n. We first prove that there exists %
a neighborhood of x* such that for all y € %, there exists u € ﬁ;‘ such that Sf, (w) = Sf* (w*).
Since for all m € Z the function (x, w) — pJ'(w) is lower semi-continuous (as a consequence
of Lemma A.3), there exists & an open neighborhood of (x*, w*) such that for all (x,w) € 7,
p]; (w) > 0. Since rank(C )];* (W*)) = n, using the expression of the controllability matrix given

in (26) (where w; are coordinates rather than vectors), there exists integers (i, ..., i) such that
ask. — ask
det[ R :| #0.
Jw;, ow;, |+
Assume that i; = kp —n +1,...,i, = kp (which can be imposed by considering a com-
position of S)’C‘ with a function permuting the variables). The partial differential of the C!
function (x, wy, ..., wgp) > S’;(wl,...,wkp) with respect t0 (Wkp—n41, ..., Wkp) 1S invert-
ible at (x*, w*), so according to the implicit function theorem applied to this function re-
stricted to &, there exists % and #* open neighborhoods of respectively (x*, w7, ..., w,fpfn)

and (w,fp_nﬂ,...,w,fp) such that % x ¥ C O, and a C' function g : % — ¥ such that

S)]j(wl,...,wkp_n,g(x,wl,...,wkp_n)) = Sf*(w*) for all (x,wi,..., Wkp—n) € %, which
proves our first point by taking %+ = {x € X|(x, w1, ..., Wkp—n) € % }.
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Now suppose that x* is globally attracting. Then according to Proposition 3.1(ii), forall z € X
there exists ty € Z~g and v € ﬁ?’ such that Séo (V) € %,+. And so there exists u € ﬁ’;,o( ) such
z (V

that S (v, u) = Sk, (w*).

Proof of Proposition 3.7

Let x* € X such that there exists k € Z.g and w* = (w’l“,...,w,j‘p) IS ﬁf* such that

rank(Cf* (w*)) = n, and let us prove that Aﬁ(x*) contains an open set (which would imply
the forward accessibility of the control model, given that the condition holds for all x* € X).

Since rank(Cf* (w*)) = n, following (26) there exists integers {i, ..., i, } such that
Sk, sk,
det|: S . x] #0.
8w,~l awin w

Assume that i{ = kp —n + 1,...,i, = kp (which can be imposed by considering the
composition of Sf* with a function permuting the variables), let G denote the C! func-
tion (ui,...,u,) € O +— Sf*(wT,...,w,fp_n,ul,...,un) with & the set {(ui,...,u,) €
R*[(wf, ..., wzp_n, Ui,...,Uy) € ﬁf*} (which is open since ﬁi‘* is open). Then the Jacobian
determinant of G is non-zero, and according to the inverse function theorem applied to G there
exists  C ¢ and ¥ open neighborhoods of respectively (w/tp—n IRTEEES w,’(“p) and Sf* (w*), such

that G is a bijection from % to #'. Therefore ¥ C A]_i (x*) which hence has nonempty interior.

Suppose now that F is C* and that the control model is forward accessible. Then, for all
x € X, Ay (x) is not Lebesgue negligible. Since Y .7 pEP(AK (x)) > uP (AL (x)) > 0,
there exists k € Z-( such that /,LLeb(A (x)) > 0 (k # 0 because A" 2 (x) = {x} is Lebesgue neg-
ligible). Let N)lf denote the set {w € ﬁ)’ﬂw is a critical point of Sf} (i.e. we fo if and only if
rank(C)’c‘ (w)) < n). According to Lemma A.2 the function S)’C‘ is C*°, so we can apply Sard’s the-
orem [17], Theorem I1.3.1, to S)]f. which implies that the image of its critical points is Lebesgue
negligible, i.e. £t (SK(N)) = 0. Since P (S¥(N¥)) < (A% (x)) and AKX (x) = S¥(6F),
Nk is a strict subset of & meaning there exists w € 0% for which rank(C¥ (w)) =n.

Proof of Proposition 4.1

In order to prove the proposition, we use the following lemma, which is identical to [10],
Lemma 3.0, with the exception that the function G is here assumed to be C! instead of C*°,
and that R” has in some places been replaced with Z7. These changes do not impact the proof
of the lemma. Variable names have also been changed for consistency with the notations used in
this article.

Lemma A4 ([10], Lemma 3. 0) Let 21 C R", 7/1 C R™ and 7/1 C R" be open sets and let
G:(x,w,w) € 2] x 7/1 X ”//1 >z € 2 be aCl function such that the matrix 3G /0w has
rank n at some (xg, Wg, Wo) € Z1 X W1 X W1 Then
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(i) there exists an open set & x WxWcC A Wl X Wl containing (xo, Wg, Wo) such that
for all x € & the measure v(x, -) defined by

v(x,-):Ae%(%)H/~ /A 14(G(x, W, W) d d
wJwW

is equivalent to Lebesgue measure on an open set Zy.

(ii) there exists ¢ > 0 and open sets Uy, and %ngo’w(’) containing xo and G(xq, Wy, Wo) re-

spectively, such that for all x € " and A € B(Z1)
v(x,A) > Clq/Xo (x)MLeb(A N 4//)65)11)0,12)0)).

The proof of Proposition 4.1 (i) differs from the proof in [10], Theorem 2.1, in (44) where the
equation holds for y € Bs(xp, §) (instead of for all y € X). This does not impact the rest of the
proof. The detailed proof is given below. The proof of [10], Theorem 2.1, uses Sard’s theorem
to show that weak stochastic controllability implies that for all x € X, there exists k € Z~ ¢ and
we o f such that the rank of C f (w) is n. We use here the same idea to show (ii), with a slight
precision to show that w may be taken in the open set ¥ of (28).

We are now ready to start the core of the proof of Proposition 4.1. Suppose that the control-
lability matrix C)’jo (wo) has rank n for some xg € X, k € Z~¢ and wg € ﬁ)’jo. Since the function
(x,w) — p’; (w) is lower semi-continuous (as a consequence of Lemma A.3) and that p’;O (wp) >

0, there exists pg > 0 and &, such that p’; (w) > po for all (x, w) € B(xg, 5) x B(wg, §). Hence,

PA(y, A) = /ﬁﬁ 14 (S];(W))p’;(w) dw

(44)
> po/ 14(Sy(w))dw  forall y € B(xo, 8).
B(wyg,d)

Since rank(C i‘o (wo)) = n, we can extract a sequence of n integers (i, ..., i) for which
sk ask
det|: *0 |...|ﬁ} #0.
8w,‘1 awin wo

Hence, we can apply Lemma A.4 to the measure v(y, A) = fB(wo 5 lA(Sf,(W)) dw by ap-

propriately defining G in terms of S)lf (separating w € B(wo, §) into W = (wj,, ..., w;,) and
w equal to the other coordinates, and defining G : (x, W, W) — Sf (w) which ensures that
3G /dW(xg, Wo, Wo) has rank n). This shows the existence of open sets %, and ”fo)vo containing
xo and S)’C‘O (wg) respectively, and a constant ¢ > 0 such that

/( ) 14(S5(w)) dw > cly, MUL(ANTR0)  forally e X. (45)
B(wo,

Combining (44) and (45) shows that for all y in the open set %, N B(xo, ),

PX(y, A) > cpou P (AN YN0,
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which shows (i).

Now suppose that F is C*°, hence according to Lemma A.2 the function (x, w) > Sf (w) is
also C* for all k € Z~(. Take k € Z~¢, ¢ > 0 and ¥ € Z(X) an open set for which (28) holds.
Let N denote the set of critical values of Sf, i.e.

N = {Sﬁ(w) e X|lwe ﬁf and rank(Cf(w)) < n}

By Sard’s theorem, P (N) = 0. Hence, with (28) for A = ¥ \N, P¥(x, ¥ \N) > cu®(#\N N
V) = cu P (¥) > 0. Hence, there exists w € ﬁ’)’j such that Sf (w) € 7\N (otherwise we would
have P¥(x, ¥ \N) = 0). And since ng (w) ¢ N, the controllability matrix C§ (w) has rank n.

Proof of Proposition 4.2

We first prove that a point x* of the support of ¢ is globally attracting. By definition of the
support, there exists N a closed set containing x* with full ¥ -measure (i.e., ¥ (N¢) = 0). Let
7% be an open neighborhood of x*, then 1 (%) > 0 (otherwise the closed set N\% would have
full 1-measure without containing x*, so x* would not be in the support of ¢ which is a con-
tradiction). This imply that for all y € X, ZkeZ>0 P*(y, %) > 0, and so by Proposition 3.2 that
there exists k € Z~..p and w € ﬁf a k-steps path from y to % . Therefore by Proposition 3.1, x*
is globally attracting.

Conversely, let x* € X be a globally attracting point. Suppose that x* ¢ supp ¢ then there
exists N a closed set of full {r-measure such that x* ¢ N. Then its complementary N€¢ is an
open set containing x* with null-y-measure. By Corollary 3.1 it is reachable, and so any open
neighborhood of x* has positive ¢ measure, which is in contradiction with the set N¢ previously
defined. Therefore, x* € supp .

We now prove that suppy C A4 (x*) for x* € X’ a globally attracting state. Take y* € X
a globally attracting state, by Proposition 3.1, y* € A4 (x*) which implies that the set {z* €
X|z* is globally attracting} is included in A (x*) which itself as we have shown equals supp ¥r.

Finally, we prove that A (x*) C supp ¥ by showing thatany y € A (x*) is globally attracting.
Indeed if this holds, then A (x*) C {z* € X|z* is globally attracting} which with (29) concludes
the proof.

Take ¥ an open neighbourhood of y and w* € ﬁ,’f* such that S)]C‘* (W*) = y. By continuity
of F, SK(w*) € ¥ for all x in an open neighborhood of x*, %,+. By lower semi-continuity of
the function (x, w) > p’; (w), w* e ﬁ’)’c‘ for all x € %+ (and taking a smaller %, if necessary).
And x* being globally attracting, for all z € X" there exists T € Z~o and u; € @T for which
SZT (u;) € %+, and so SZT‘H‘ (uz, w*) € ¥. Since this holds for all z and ¥ neighborhood of y, y
is globally attracting.

Proof of Theorem 4.3

Assume that for all x € X, there exists k € Z-o and w € ﬁ)’(‘ for which rank C)’C‘(w) =n, and
assume that x* is steadily attracting; we will prove that ® is ¢-irreducible and aperiodic. By hy-

pothesis there exists k € Zo and w* € ﬁfc‘* such that rank(C )]g* (W*)) = n. According to Proposi-

tion 4.1(i), there exists ¢ > 0 and open sets %+ and VXXY* containing respectively x* and S)](‘* (W*)
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and such that
PRy, A) =M (AN YY) forall y € %, A € B(X). (46)

Forall y € X and t € Z-(, we may develop P'tk(y, A) as
P (y, A) = /X P'(y.dz)P*(z, A)
> A/ P'(y,dz)P*(z, A) (47)
> fZ/ P (y,d2)ep™® (AN YY) = P'(y, Uy el (AN #Y).

As x* is globally attractive, by Corollary 3.1 x* is also reachable. Hence for all y € X, there
exists a t € Z-q such that P'(y, %,+) > 0, and therefore by (47) the measure ¢ : A — uLeb(A N
”i/xvl*) is an irreducibility measure.

Since the Markov chain & is g-irreducible, according to [11], Theorem 5.4.4, there exists
d € Z~o and disjoint sets (D;)i=o,...d—1 € A(X)? such that:

(a) forx € D;, P(x, Di+1 moda)=1,1=0,...,d —1 (mod d);
() o2y Di)*) =0.

Note that (b) is usually stated with respect to the maximal irreducibility measure, which im-
plies (b) for any irreducibility measure. Point (b) applied to ¢ implies the existence of i €
{0,...,d — 1} for which @(D;) > 0, that is, u®(D; N ”//X‘Z*) > 0. Also since x™* is steadily
attracting, for all y € X there exists #y € Z~¢ such that for all ¢+ > 1y, there exists a ¢-steps
path from y to %+ and so by Proposition 3.2 P(y, %,+) > 0. Together with (47), we obtain
P'**(y, D) > P'(y, %) e P (D; N ”VXVZ*) > 0 for all r > tg. Hence for y € D; and for m large
enough, P™Md+1(y D;) > 0, which with (a) and the fact that the D; are disjoints sets implies
d =1, that is, ® is aperiodic.

Now suppose that no steadily attracting state exists, we will show that @ is not irreducible
and aperiodic. If no globally attracting state exists, then by Theorem 4.1 the Markov chain is
not irreducible. Otherwise let x* denote a globally attracting state, and take k € Z-.o and w* €
ﬁ’f* for which rank C)’C‘* (w*) = n. Then according to Proposition 3.6, the point y* := Sf* (w*)
is attainable, and according to Theorem 4.2, ® is g-irreducible. Since y* is attainable yet not
steadily attracting, by Proposition 3.4, the set

E = {a € Z~o|3ty € Z>p, Yt > 1o, y*e Aﬁ‘i(y*)}

has a gcd larger than 1, and there exists a d-cycle with d := gcd(E) > 1. Hence, the period of
the Markov chain is at least d, and so ® is not aperiodic.

Proof of Theorem 4.4

Suppose that x* is a steadily attracting point, and there exists k € Z-o and w* € ﬁf* for which
rank C i‘* (w*) = n. Then according to Proposition 3.5, for all x € X there exists ¢ € Z~o and
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w € 0" for which rank C%(w) = n. According to Theorem 4.3, ® is therefore a p-irreducible
and aperiodic Markov chain, and by Theorem 4.2, it is a T-chain for which compact sets are
petite. Finally, according to [11], Theorem 5.5.7, since @ is irreducible and aperiodic, every
petite set is small.

Proof of Proposition 5.2

LetU; = U 11, LU 1)‘) € R™ with each U { following a standard multivariate normal distribution
and {Uf ;1 <i <A}iid. Let Wy =a(z, Uy), let p satisfying 1 < u < A, w#* € R" and C(w")
denote the event { f (z + w) < f(z + Uf), foralli =p+1,...,A}. The following holds

A—p
Pr(C(w")) = ( / 1f(z+wﬂ)§f(z+w)PN(w)dw) = (-0l ()™ @8

Let &;, for A € Z-( denote the set of permutation with A elements. For o € &;_,, let C, (w")

denote the event C, (w") ={f(z + w") < f(z + U{HU(I)) <. < fz+ U{Ho()ﬁm)}. Since
the level sets of f are Lebesgue negligible,

Pr(C(w“)):Pr( U c(,(wl*)>= > Pr(Co(w")) = — w)!Pr(Cr(wh)),  (49)

0eGyp 0€G—p
where I denotes the identity permutation. Let x; e R", ..., x,, € R" and let denote for x, y € R",
x <yfor ([x]y <[yh,...,[x]n <[y]n) where [x]; is the ith coordinate of the vector x.

Pr(Wl1 <X{,..., Wlu qu)

= Z Pr({Uf(l)§x1,...,Uf(M)fxﬂ}ﬂ{f(z+Uf(1))<--~<f(z+Uf()“))})

(TEG)L

=MPr({U] <x1,.... U] <x, )0 {f(z+U}) <+ < fF(z+U])}).

By cutting the event {f(z + U}) <--- < fe+ UM} into {f(z + U}) <--- < fz+ UM} N
{fz4+U}") <+ < f(z+ U})} we find that

Pr(Wl1 le,...,Wffxﬂ)
:)\!/‘lwlsxl "'lwﬂfxp.1f(Z+wl)<“-<f(Z+w“)
x 1 ey PV (W) - par(w?) dw! - dw?
frwh) << f(z+wh) PN PN

ZM/lefx] o lursn dp )<< fru

X Pr(CI(w"))pN(wl) o par(wh) dw'. - dwh.
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Using (48) and (49), we find

Pr(Wl1 §x1,...,W1’L §xu)

Al X1 X
N ()"_—/*L)' [oo o [oo 1f(z+wl)<“'<f(2+wl‘)
X (1 - Q{(w”)))‘—upN(wl) .. P/\/(wu)dwl e dwt,

where in the previous equation, the integrals between —oo and the vector x; stand for
ffggl e ffgg” where [x;]; denotes the jth coordinate of the vector x;. We directly deduce the
expression of the density for 4 > 1 and p < A given in (41). When p = A, then the density of
wk ..., Wl)‘) equals pN(wl) -« par(w?) that can also be written as

Mg ty<os ferumy PA (1) - par(w?)

which is the expression in (41) for © = A (by using that the levels sets of f are Lebesgue negligi-
ble, and so that with probability 1, one of the A! possible strict orderings of the {w; :i =1,..., A}
according to f(z 4+ w') occurs).

In the case where u = 1, the indicator lf(z+w|)<,,,<f(z+wﬂ) reduces to 1 and we deduce the
expression in (40).

Proof of Lemma 5.1

The proof of Lemma 5.1(ii) is a direct consequence of the following proposition.

Proposition A.5. Suppose that assumptions A1-AS hold and that for all x € X there exists
k € Z-o and w* € ﬁf* such that rank C)];* (W*) = n. Then there exists a steadily attracting state
if and only if there exists a globally attracting state x* € X, (a, b) € Z2>0 with ged(a, b) =1,
W, € O and wy, € ﬁf* such that S%.(W,) = Si’* (wp) = x*.

Proof. Suppose that x* is a steadily attracting state. Under the conditions of Proposition A.5,
there exists k € Z. o and w* € ﬁf* for which rank Cf* (w*), so by Proposition 3.6, y* := S)’C‘* (w*)
is attainable and there exists ;= a neighborhood of x* such that for all x € ¥4« there exists
w € 0% for which S¥(w) = y*. Since x* is steadily attracting, there exists T € Z~¢ such that
for all r > T there is a f-steps path from y* to ¥+, which can be completed by a k-steps path
to y*. So for all > T there exists w € O'F* for which Stv;"k(w) = y*, which proves the first
implication by choosing ¢; > T and t, > T such that gcd(t; + k, 1, + k) = 1.

Now let x* be a globally attracting state, k € Z-o and w* € ﬁfc‘* for which rank Cf* (W*) =n.
Then by Proposition 3.6 y* := S )];* (W*) is an attainable point, and there exists #;+ a neighborhood
of x* such that for all x € ¥, there exists w € ﬁ’)]f for which Sf (w) = y*. Suppose that there
exists (a, b) € Z2>0, w, and Wy, such as stated in Proposition A.5. We prove that y* is steadily
attracting using Proposition 3.4, by showing that the set £ in (21) has two elements a and b with
ged(a, b) = 1.

By Bézout’s identity, there exists (c,d) € Z* such that ca 4+ db = 1. Suppose without
loss of generality that d < 0 (and so ¢ > 0). By lower semi-continuity of the function x
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D% (Wq, ..., W,) and continuity of the function x — S¢%(wg, ..., w,) for all & > O there exists
g, > 0 such that if x € B(x*, g,), then (Wq,...,W,) € 0% and S (wy, ..., W,) € B(x*, ¢).
We choose ¢ small enough to ensure that B(x*, &) C ¥;+. Since x* is globally attracting, there
exists t € Z-¢ and u € ﬁ;* such that S;*(u) € B(x*,&,), and so Sii““(u, Wa, ..o, Wy) € Vir.

Hence, there exists w € 0% such that S;;"C“+k(u, W, ..., Wg, W) = y*. Since the

STE (w,wy, e W)
path ¢ +ca + k-steps path (u, wg, ..., Ws, W) can be retaken infinitely many times, t +ca+k € E.
The same reasoning holds for —db, and so t — db + k € E (the same ¢ can be obtained by taking
a r-steps path u ensuring that Sf,* (u) € B(x*, min(e,, &p)). Finally, since (t + ca + k) — (t —

db +k) =1, gcd(E) =1 and so by Proposition 3.4 y* is steadily attracting. ]
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