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Abstract. Evolution strategies (ES) are effective optimizers in noisy
settings, where their selection mechanism provides an inherent strength
against uncertainty in the objective function. In the setting of multiplica-
tive noise, this paper analyzes the impact of two different noise formu-
lations on the selection mechanism of the (u/pw, A)-ES. In particular,
we compare a log-normal noise model with its first-order approximation
and show that their selection dynamics differ in the limit of large noise
strength. Using a step-size proportional to the distance to the optimum,
we relate the expected logarithmic progress to almost sure linear conver-
gence and analyze the resulting convergence rates. Although the models
differ in finite dimensions, we show that their asymptotic convergence
rates coincide as the dimension tends to infinity.

Keywords: Evolution Strategy - Multiplicative Noise - Linear Conver-
gence.

1 Introduction

Noise appears in many real-world optimization problems, arising from sources
such as measurement errors in physical experiments, randomness in simulation-
based evaluations, or stochastic effects in data-driven models. As a result, ob-
jective function evaluations are distorted and may produce a range of possible
fitness values. Several noise models have been proposed in the literature often
classified into additive and multiplicative noise. Let f(x) denote the noiseless
objective function and f(x,7n) one noisy instance of f where 1 denotes a one-
dimensional random variable. In the case of additive noise, f(z,n) = f(z) + 1,
i.e. the fluctuations are added independently of the current function value. The
noise is often modeled as a zero-mean Gaussian random variable with constant
variance, allowing the observed function value to be perturbed positively or
negatively. Since the noise amplitude remains constant while the true function
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value decreases during optimization, the signal-to-noise ratio deteriorates as the
optimum is approached.

In contrast, multiplicative noise, f (z,m) = f(x)n, scales with the value of
the objective function. Consequently, as the optimization process approaches the
optimum and f(x) decreases, the magnitude of the noise diminishes as well. This
property can preserve the relative scale between signal and noise throughout the
search. In our setting, we assume that f(z) > 0 and that the optimal objective
value is 0. Under these assumptions, the noise magnitude vanishes near the
optimum.

Evolution strategies (ES) have been shown to be a competitive choice in noisy
environments, as their selection mechanism provides an inherent robustness to
uncertainty in the objective function [4,16]. In the ES literature, the following
additive noise model, f(z) + .M (0,1), has been motivating theoretical studies
on noise where . > 0 denotes the noise strength and N'(0,1) a one-dimensional
standard normal distribution [3, 6, 14]. Subsequently, the authors introduce a
normalized noise strength o. = 5.d/R?, where d € N denotes the dimension
and R the distance from the optimal solution*. On the sphere function, it holds
f(z) = R? = ||z||?, which in turn leads to 6. = o.f(x)/d after rearranging. The
noise model can then be written as

f@)+ Zf@N 0,1 = f(@) (1+ SN 0.D). M

which coincides with a multiplicative noise model. Consequently, the correspond-
ing results [3,6,14] effectively describe a multiplicative noise setting, in which the
noise strength scales proportionally with the function value and thus vanishes
as the optimum is approached.

This scaling relies on the non-negativity of the noise realizations. However,
the noise model (1) admits negative fitness values with probability P(N(0,1) <
—o./d) > 0. For objective functions that are strictly non-negative, such as the
sphere, this implies arbitrary good candidate solutions can be observed, even
when the true function value is positive and corresponds to solutions far from
the noiseless optimum. This can be seen as a defect of the noise model rather
than a realistic modeling of a practical situation. Independently of the possibil-
ity of negative noisy evaluations, as shown in Section 3, infinite noise strength
in the noise model (1) does not lead to a uniform ranking of noisy samples.
This includes noise distributions with positive distributions, and is a property of
noise model (1). In the context of a (1+1)-ES, it has been shown that replacing
the normal distribution in the noise model (1) with a uniform distribution can
lead to non-convergence to the optimum on the sphere function [20]. Further-
more, the noise model (1) is a first-order approximation of the log-normal model
f(z) exp((oe/d)N(0,1)), for which non-negativity is guaranteed, and for which
infinite noise strength does lead to a uniform ranking of noisy samples.

* Arnold et al. define the normalized noise strength as 0. = 5.d/(2R?). For simplicity,
the constant factor 2 is omitted here, since it does not influence the subsequent
analysis.
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The purpose of this paper is to theoretically study the differences and sim-
ilarities of both noise models and evaluate the impact of their differences in
the context of a (u/pw,A)-ES. Throughout this paper we primarily consider
the sphere function f(x) = ||x||? as the noiseless objective function. Therefore,
we will study the noisy sphere with multiplicative noise denoted in a generic
way as in (2), specified with a log-¢ multiplicative noise (3) and its first-order
approximation (4):

ol (2) ol exp (%€)  (3) lall? (1+%€) (@)

where 1 and £ are random variables sampled each time an evaluation is asked on
the objective function. To instantiate the noise models discussed above, & follows
a standard normal distribution in which case for (3) we talk about log-normal
multiplicative noise.

The paper is organized as follows. The next section introduces the (11/ tty, A)-
ES. Afterwards, the selection dynamics with respect to both noise models are
analyzed, with particular emphasis on the ranking of candidate solutions as the
noise strength tends to infinity. Section 4 investigates the convergence behavior
in a noisy setting. Using a step-size proportional to the distance to the optimum,
the expected logarithmic progress is related to almost sure linear convergence.
Furthermore, both noise models are connected through their common asymptotic
limit of the convergence rate as the dimension tends to infinity. Finally, Section 5
presents an experimental study comparing the resulting convergence rates for the
two noise models.

2 The (@/pw, A)-Evolution Strategy Optimizing the
Sphere with Multiplicative Noise

We consider the isotropic (p/ iy, A)-ES to minimize a d-dimensional noisy func-
tion f : R? x 2 — R, with £ denoting the sample space of the random
variable 7. In iteration ¢t > 0, given X; € R? representing the mean of the
Gaussian sampling distribution and o} its standard deviation, it samples A in-
dependent random vectors U}, ;, .., U, from the d-dimensional standard nor-
mal distribution N(0,1;), where 0 € R? is the zero vector and I; is the d-
dimensional identity matrix. The A € N candidate solutions X}, 1, .., Xt>‘+1, given
by X}, = X + oyU{, 1, with oy > 0, are then evaluated on the noisy objec-
tive function. The noise is sampled independently for each evaluation, yielding
f(XEqni), - f(XAq,mq). Here, niyq,...,m are independent random
variables drawn from a density denoted ppoise. The algorithm then ranks the
candidate solutions as

rs s(1 s(1 r s(A s(A
f(Xti1)777tJ(r1)) <...< f(XtJ(r1)777tJ(r1))7 (5)

where s(-) denotes the permutation of {1,...,A} that orders the offspring ac-
cording to their noisy objective function values. Let p € N, 0 < pu < A and
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wy > --- > w, denote some real-valued recombination weights. Various formu-
lations for these weights exist; an overview can be found in [17]. For now, the
weights are kept general and will be specified when required, in particular for
the experimental results presented in Section 5.

Finally, the state variables of the algorithm are updated. The mean vector
of the search distribution for the next iteration, X, is calculated as

/“L .
Xppr = Xe+oe > wUpLY. (6)

i=1

There exist several update mechanisms of the step size o;41. For now, we treat
it as an oracle; a specific adaptation mechanism will be introduced later. Given
X, =z and 0y = 0, we denote by oy o (Upy1, i4+1) the random vector containing
the pu best samples according to the objective function. We say that this vector
is composed of selected samples together with the noise associated as they are
selected to update the state-variables of the algorithm, i.e,

s(1 s(1 s s
Qoo (Urrminn) = (O i) (2D ) (7)
Given X; = z and 0; = 0, following the same line as in [19, Lemma 1]°, we derive

that the distribution of ag o (Uit1,m4+1) on the multiplicative noisy sphere (2)
follows

_AQu o (ut )

pe ™ (u,m) = Dol Mletout2n < Slotour 20}
ll‘ . .
[ pnv () paoise (') (8)
1=1
where u = (ul,... ,u*) € (R)*, n = (nt,...,n*) € R*, pu is the density of a

d-dimensional standard normal distribution, pyeise the density followed by each
sampled noise random variable and ) the function defined as

Qa0 (1,1) = PNan (0,10 wmpnosee (12 + 00l < [lz + o N[Pv). (9)

3 When Both Models Differ: Noise Strength to Infinity

From a theoretical perspective, it is natural to assume that for o. — oo, the
noise drowns out any signal from the objective function, and that the noisy
ranking should converge to a uniform distribution over the A offspring. In the
absence of signal, selection does not change the sample distribution. Hence, the
joint distribution of the selected samples (7) should converge when o, goes to
oo to the distribution of the samples prior to selection. This property holds for
the log-¢ model, which can be seen in the inequality f(z1)n < f(x2)n2: indeed

5 See in particular the HAL version with proofs.
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assume two independent candidate solutions equal to x1 and xo, with associated
noise realizations 7; # 7. The following inequalities determining the best among
the two samples x; and x5 are equivalent:

f(z)m < f(z2)n2 & f(x1)exp (%fl) < f(x2) exp <%§2>

6 <&+ ilog (f(m)) & <& . (10)
Oe f(21) Ter00

In the limit of infinite noise strength, the ranking of x; and x5 is independent

of f(x1) and f(z2), and is entirely determined by the noise. The situation is

different for the first-order model. Indeed, in this case, assuming f(z1)¢; #

f(z2)&2, the ranking of 21 and x5 is determined via the following equivalent

inequalities:

flanm < feame & f) (1+56) < fea) (14 5 62)

& f(w1)61 < f(22)éa + d(f(@)a— f(z1))

el f(x1)é < f(x2)E2 - (11)

ag

The f-values of x1 and zo influence the ranking even when o, is infinite, so in
this model o, to infinity does not erase signal. Note that no particular assump-
tion was used here on either f or the distribution of £ (except avoiding events
where £ = & or f(z1)&1 = f(x2)&, by say assuming absolute continuity of
the distribution of ¢ with respect to the Lebesgue measure and f > 0)°. The
difference in ranking for o. to infinity between the two models is formalized in
the following proposition.

Proposition 1. Consider the two different noise models from (3) and (4) where
x — ||x||? is replaced by any f non-negative measurable function, applied to \
candidate solutions y := (y')ien..n) € (R with non-zero f-values. Assume
that the distribution of the noise £ is absolutely continuous with respect to the
Lebesgue measure, with density pe. Let sy denote the random permutation for
which the noisy ordering (5) holds, conditionally to X}, = y" for eachi € [1..\].
When o tends to infinity, in the log-§ model sz converges in distribution to a
random permutation s> which is independent of y and uniformly distributed on
the set of permutations &y. That is, for any s € &y, Pr(s® =s) =1/Al

In the case of the first-order model, s converges in distribution to a random
permutation 350, which is distributed as follows: for all s € Gy

Pr(sp = ) = Prey (F(rM)e® << fly@)e™)

Proof. Let s be a permutation of &,. In the log-£ model, the probability that
sge equals s is Prngg(f(ys(l))exp(oe/dfs(l)) < oo < fy*V) exp(o. /des V).

5 Note also that in an n*" order model, the inequality (11) would come to ¥/f(z1)é1 <
Y/ f(x2)&2: the relative variance of %/ f(z) flattens out with higher order models.
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By Lebesgue’s Dominated Convergence Theorem, using the same argument as
for inequalities (10), Pr(sje = s) tends to Pre (&M < ... < ¢W) which
equals 1/A! as the &' are i.i.d. Note that the inequalities hold in the limit in
distribution, as the event £5(V) = ¢5(+1) has negligible probability. By the same
reasoning, for the first-order model Pr(sj = s) tends to Prg~p2 (fly*M)esD <

o < F D), 0

The previous proposition highlights the difference in how both noise models
(3) and (4) rank candidates solutions. The probability p5 that the candidate
with i*" best noiseless f-value is ranked as j** best noisy value is estimated in
Figure 1 for different noise strength. With no noise (0. = 0), pj; = 1, and as o
increases, pfj decreases and spreads its mass to the neighbouring events. In the
case of the log-normal model, as predicted by Proposition 1, the probability mass
spreads to a uniform distribution. When ¢ follows a standard normal distribution,
the first-order model, relatively to the log-normal model, biases worse candidates
(in terms of noiseless f-values) to extreme (best and worst) noisy ranks, and best
candidates (for noiseless f) to middle noisy ranks: the influence of the function
values does not vanish with infinite o.. The magnitude of this bias depends on
the relative variations in f-values among the population: if o is small or the
dimension d is high, then as shown in Figure 2, the difference between the two
models is small. The opposite holds for large values of o, or large population
size A. This effect also depends on the steepness of f, and would for example be
magnified on the higher scaling sphere function ||z||*. In the case of the sphere
function ||z||? and for ¢ = 0.1, as shown in Figure 1, the difference in ranking
between the two models is important for noise levels o./d larger than 2.

In summary, we showed that the two models scale differently with o., and
that contrarily to what we may expect, in the first-order model, the influence of
the candidates’ f-values does not disappear even under infinite noise strength.
This is not the case for the log-£ model. When £ is normally distributed, as noisy
evaluations f(z)(1 + o./dN(0,1)) are likely to be negative for high o., it may
seem obvious that problems are bound to occur. However, we showed that the
difference in limit is not due to possible negative values: it exists irrespectively of
the choice of p¢, including if £ were a positive random variable. We can also infer
that the difference between the two models under high noise strength decreases
with smaller ¢ and in high dimension, which is helpful to estimate when the
first-order model is a good approximation to the log-¢ model. Additional simula-
tions on the convergence rate of the algorithm, presented in Section 5, illustrate
the resulting differences in convergence behavior between the two models. Be-
fore turning to these experiments, the next section investigates the convergence
mechanisms of the (p/pw, A)-ES with respect to both noise models.

4 Linear Convergence Bounds Associated to Both Models

Linear convergence plays a central role in optimization theory. It corresponds
to the convergence of many first-order methods including gradient descent on
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Fig. 1. Probability p7$ for six candidate solutions drawn from [le1 + oV |I>n, where
N ~ N(0,14). The noise 7 is modelled according to the log-normal (upper row) and
first-order (lower row) noise model. Each column depicts a different noise strength
0. € {1,5,20,10°}. The ranking is averaged through Monte Carlo simulations with
10° samples and parameters: d = 10,0 = 0.1. The intensity of color indicates the
probability that a candidate with true rank ¢ € {1,..,6} is ranked at position j €
{1, ..,6} after the noise is applied.

L-smooth and p-strongly convex objectives [12]. Although ES are stochastic and
gradient-free methods, they also exhibit linear convergence on broad classes of
functions [15]. Consider a function with global minimizer xz*. For a stochastic
algorithm generating a sequence of incumbents (X;);en, linear convergence can
be formalized by the existence of a constant CR > 0 such that

N E

lm -2t =P oR. 12
ot [ Xo — ¥ R (12)

This definition is consistent with empirical observations from single runs: after
a transient phase, that can be short if the parameters of the algorithm are well
adapted, the log-distance to the optimum decreases approximately linearly with
slope — CR when plotted on a logarithmic scale. Linear convergence is illustrated
in Figure 3 where single runs are displayed using a log scale. Runs associated
to a negative slope converge linearly and — CR is the limit of this slope for ¢ to
infinity.

Linear convergence of step-size adaptive evolution strategies has been proven
for several step-size adaptive algorithms [1,2,7,22]. In particular, this has been
proven for the (141)-ES with success rule adaptation on classes that include
p-strongly convex objectives as well as some non-convex functions [2].

While the above studies consider concrete step-size mechanisms, a specific
(artificial) step-size update plays a central role in the theory of ES, namely an
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Fig. 2. Probability p7$ for six candidate solutions drawn from [le1 + oV |I>n, where
N ~ N(0,14), for o € {0.01,0.1,1}. The noise 1 is modelled according to the first-
order noise model. The ranking is averaged through Monte Carlo simulations with 10°
samples and parameters: o. = 10° and d = 10.

update where the step-size is proportional to the distance to the optimum

op = o || Xy —z”, (13)

with o > 0. It enforces scale invariance by normalizing the step size with the dis-
tance to the optimum. Although this rule uses information that is only available
in a theoretical setting, it captures the scale-invariant nature of the algorithm.
In particular, many practical step-size adaptation mechanisms aim to maintain
a roughly constant ratio between the step size and the distance to the opti-
mum |8, 15]. This property is the underlying idea of approaches that analyze
the convergence of Evolution Strategies by investigating the stability of under-
lying Markov chains [10]. The above rule idealizes this behavior by keeping the
normalized step size o0¢/||X: — *|| = o constant. Proofs of the linear conver-
gence of ES with step-size proportional to the optimum on spherical functions
are simpler to establish and the associated convergence rate is a function of the
proportionality constant o [19,21]. In the case of the noisy sphere with multi-
plicative noise, the proof works in the same way as without noise. We sketch the
proof idea and refer to previous work for more precise mathematical arguments.
We assume without loss of generality x* = 0. First, we express the log-distance
to the optimum divided by ¢ as an empirical sum. For o, following Eq. (13):

15 + ol X | S0, willp |
([ Xkl

(14)

Ly 1%l _ 1 QX 1S
1 %ol AP

We denote e; = (1, 0,...,0) as the first unit vector. Using the rotational invari-
ance of the Gaussian distribution and of the sphere function, and the scale in-
variance of the sphere function, the distribution of the random variable In(|| X +

ol| Xk S8 ||/||Xk||) is the same as the distribution of In |le; +0 Y1 | w;

U,:ill )|| Here, the selection permutation s., is determined by ranking the can-
didate solutions {e; +oUj} 41,4 =1,..., A} sampled from e;, on the noisy sphere

=1 szk
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e 0/d=0.32 =
0e/d =10.0 = 0:ld =2.0 =
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Fig. 3. Single runs displaying the linear convergence (or divergence) of a (u/ptw, A)-ES,
with g =5 and A = 10, on the noisy sphere with step-size proportional to the distance
to the optimum. The log-normal model is displayed with solid lines while the first-order
model is displayed with dotted lines. Different noise strength o. € {0, 1,2,4, 8,16, 100}
are considered and the algorithm is initialized with logarithmic weights w; = In((A +
1)/2) —In(¢) and (ws,...,w,) [17]. On the y-axis, in log-scale, the noiseless objective
function of the recombined individual is presented while the z-axis displays the number
of iterations. The convergence rate corresponds to the slopes of the single runs shown in
the background. The slope of the thick lines corresponds to the estimated convergence
rate G(o) for both noise models computed using Monte Carlo integration with 10°
samples.

f(x,m) = ||z]|?>n, i.e. the permutation s., is determined by

eq (1) eq (1) er () er (A
ler + oU PP Y << ey + 0T Py .

We can thus rewrite (14) as
o NXell a1

In
HiXoll ~t Z

The random variables {Y; = In|le; + o> 1, w;U, ;:1(1)” k € N} are i.i.d. [19].
Hence, when ¢ goes to infinity, the RHS of (15) converges by the Law of Large
Numbers to the expected value of Y. Overall we obtain the asymptotic limit

& +azwz v (15)

oot Xl

= E(Yo)

I
— E %
= \E <ln ||€1 +o wiU ||1|61+0'U1|27]1<‘..<|61+0‘UA|27]>‘>

i=1

o
= //ln ller + o szu’H pZ‘il”;‘Oise(u, v)dudy (16)
i=1

=G(o)

where the density of the selected steps psel noise jg given by (8). In the previous
equation, we identify the right-hand- 81de as the asymptotic convergence rate
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— CR from (12). This convergence rate depends on ¢ and on the noise model
and we denote it G(o). Only when G(o) < 0 the algorithm converges linearly
while it diverges when G(o) > 0. We introduce two notations to denote the
convergence rate as a function of o for the log-normal noise model and the first-
order model with normal noise:

— when 7 ~ exp (%N), the function in the RHS of (16) is denoted o >
GLN(O')

— when n ~ (1+ %N, the function in the RHS of (16) is denoted o +~»
G¥O(0).

The difference between both functions and thus between both models is illus-
trated and discussed in Section 5.

In (16), we express the asymptotic linear convergence typically almost surely.
Yet G(o) also corresponds to the log-progress of the ES with step-size propor-
tional to the distance to the optimum. Assuming at each iteration oy = o] X4||
the log-progress of the (p/py, A)-ES equals

G(0) = E(ln || X¢pa[]) — E(n [ X)),

which connects the analysis of a step-size proportional to the optimum with the
progress rate theory [9,11,18].

4.1 Asymptotic Estimate of the Convergence Rate: both Models
converge to the same Limit

The scale-invariant step-size also enables an asymptotic analysis of the function
G in the limit for the dimension d to infinity: when scaling the noise strength
o./d and step-size ¢/d inversely proportional to d, the following theorem shows
that dG(o/d) converges to the same limit for the two noise models.

Theorem 1. Let o,0. > 0 and d € Z~q denote the scale-invariant step-size,
noise strength and dimension, respectively. Let Z; denote the random variable
IL .
Zg:=Aln|le; + Oz:wiUZ ]‘||€1+UU1H2T]1§---§H€1+0U>‘H27]>‘ R

and suppose that the family z)flmndom variables (Z4)q is uniformly integrable.
Let GMN and GFO denote the convergence-rate functions corresponding to the log-
normal and first-order noise models, respectively. Then their asymptotic limits
coincide, i.e.,

lim d-G"N (g) — lim d-GFO (E)

d—o00 d d—o0 d
o2 & 9 2.0 - i
=2 N W+ —T N wEWE. 17
P3O Y. (D

Here, N denotes the i'" order statistic of X independent standard normal dis-
tributions, that is, the i smallest value among N'*,... N, with N* ~ N(0,1)
independently.
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Proof. Let U := (U");en..\ be a vector of A i.i.d. d-dimensional multivariate
standard normal random vectors, and £ := (ﬁ “Jier..a] be A i.id. standard normal
random variables. Let X, W[Ij , and WU, ; denote respectively the random
variables ||61 +o/dY M w U2 =1, |ler + (J/d)UiHQexp(aeﬁi/d) and |le; +
(0/d)U|?(1 + 0.£/d). When we do not need to specify the underlying noise
model, we use Wy ¢ for either WU%\Ié, or Ww i We are interested in the random
variable Z; = AdIn(v/1+ Xy) HA ! 1w, (i <Wyit1 cir1» Whose expected value
according to Eq. (16) is dG(o/d).
We derive the limits of the different terms of Z; when d — oo. First,

g - i d g " i ?
Xd:2EZI’LUZU1+; EzlwlUk

2 H

“w d
dXd:2UZwiUf+%Z Zw (U +22 Z w;w;ULU]

i=1 k=1 \i=1 i=1 j=i+1

As d goes to infinity, by the law of large numbers Zk:l (Ui)?/d and 22:1 Uil /d
for i # j converges almost surely to respectively 1 and 0, so dX4 converges al-
most surely to Xoo := 20 Y 5 w;Ul + 02> w?. By Taylor expansion of In,

dIn(y/1+ X4) converges almost surely to Xoo /2. Slmllarly,

d 2
1
W5N1:<1+22U1+ZZQUE> (1+‘Z;g+o(d2))
0_ d
d(W[%f\IL 1):20U1+0—55 FZ <>d%>020U1+a€§+02

The same limit holds for d(ngogl —1). For i # j, the event that Wy ¢ = Wy ¢
is negligible, so the indicator Ly converges almost surely to 1yi_ vy,
where Y denotes 20U} + 0. £

It follows that Z; converges almost surely to A!X /2 Hl 1 Lyicyitr. As-

suming that the family (Z4)4 is uniformly integrable, then

o " 2 & -
lim G (3) = \E ((U;wiU{ +% ;uf) ];[1 nyidi“)

Since U* and &° are i.i.d. and normally distributed, U? and Y are a bivariate
normal, and thus E(U?|Y?) = ¢Y* with ¢ = Cov(U?,Y?)/Var(Y*). The covariance
Cov(U%, Y?) is 20 and the variance Var(Y?) equals 402 + 02, so

vi i <Wyi gi

A—1 A—1
E Ul H ]].Y]<Y]+1 = ]E ]E Ul‘Y’L H ]].Y]<YJ+1
j=1 Jj=1
20

_ == TEDN
© M(402 +U§)]E(Y )
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where Y is the i*"-order statistic of the A i.i.d. normal variables (Y?);. Using

that Y ~ /402 + 02N(0,1), E(Y*) = /402 + 02E(N%*), which concludes

the proof. ad

We have assumed the uniform integrability of the family of random variables
(Z4)a as it is typically technical to prove this property. Yet the formal proof
should follow the same steps as [19, Proposition 4].

The theorem connects both noise models through their common asymptotic
limit. In particular, the result of Theorem 1 recovers and extends the result
previously derived in [5]. Here, Arnold and Beyer combined the progress rate
theory with the first-order multiplicative noise model to obtain the asymptotic
limit. The equivalence of the two follows from the fact that, as d tends to infinity
exp(o./d-N') admits the first-order Taylor approximation (1+o./d-N+0O(1/d?))
so that both models coincide to first-order in 1/d.

Theorem 1 further shows that, under a scale-invariant step-size o, the con-
vergence rate decays as 1/d when the dimension d tends to infinity. Moreover,
for large but finite dimensions, we derive a quantitative bound whose accuracy
will be assessed through simulations in the next section. In the limit for d to
infinity, this bound converges to a function that is quadratic in o for fixed noise
strength o.. Since the quadratic term is non-negative, any potential negativity
of the limit expression stems from the linear term involving the expected order
statistics E(N%*). The effect of the noise strength appears through the factor
20/y/4 + 02 /02, which reduces the influence of the linear term and therefore
also the convergence rate.

5 Experimental Results

This section complements the theoretical findings of the previous section by
illustrating them through Monte Carlo integration to approximate the expected
value G(o). For all subsequent experiments, we use logarithmic weights with
w; =In((A+1)/2) —1In(z) and (wy,...,w,) [17], and fix the selection parameters
to u =5 and A = 10.

Two parameters are of primary interest. First, for fixed dimension d, we study
the effect of increasing noise strength on the convergence rate of the algorithm.
This aspect is directly related to (16), since linear convergence requires the rate
G(o) to be strictly negative. Secondly, in light of Theorem 1, we fix the noise
strength o. and investigate how the normalized convergence rates dG(o/d) of
both noise models approach their common asymptotic limit as the dimension d
increases. While Proposition 1 and Theorem 1 describe the differences and sim-
ilarities of both models in an asymptotic setting, this section also aims to show
when these effects start to occur.

5.1 Convergence Rate with Increasing Noise Strength

We present our experimental findings in Figure 4. Starting with the left plot, the
convergence rates G*N (o) and GFO (o) are shown for different constant adapta-
tion parameters ¢ and increasing noise strength o.. Particular attention is given
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Fig. 4. Convergence rates of a (u/pw, A)-ES, with 4 = 5 and A = 10, using a step-
size proportional to the distance to the optimum. The log-normal model is shown
with solid lines and the first-order model with dashed lines. Monte Carlo integration
is used to obtain the plots with 10° samples for each data point. Left: G*N(¢) and
GY¥°(0) for d = 10 and o. € {0,1,2,4,8,64,256}. Right: Normalized convergence
rates dG™ (o /d) and dG¥° (0 /d) for 0. = 4 and d € {2, 8, 32, 64,256}. The black curve
shows the asymptotic limit as d — oo (Eq. (17)).

to the convergence window, i.e., the region where G is strictly negative. As a
first observation, the convergence window of the log-normal model is consistently
larger than that of the first-order model, and the difference between the two in-
creases with growing noise strength. Both convergence rates eventually saturate,
approaching their respective limit curves, for increasing noise strength, close to
o./d = 6.4. Here, the experiments indicate that the algorithm diverges for both
noise models, even for very small values of o.

The differences between both convergence rates can be attributed to the
skewed selection mechanism that arises as the noise strength to dimension ratio
0. /d increases, for which the first-order approximation of exp((o./d)/N') becomes
increasingly inaccurate and the selection converges towards its limit distribution.
However, for o./d = 0.8, which can be seen as a reasonable noise strength to
dimension ratio, a significant difference in the convergence window is observed,
where the first-order model exhibits almost no convergence, while the log-normal
model converges over a wide range of ¢ values. This further highlights that,
even at lower noise levels, the differences in ranking influence the convergence
capabilities of the algorithm considerably. An additional distinction is observed
between the noiseless and noisy cases. While the shapes are largely similar,
especially for small o, the noiseless curve shows a convex shape and requires a
considerably smaller o to achieve linear convergence.

5.2 Convergence Rate with Increasing Dimension

The right plot of Figure 4 illustrates the result from Theorem 1. The noise level
is kept constant while the dimension increases. For d = 2 and d = 8 the be-
havior differs significantly from the asymptotic limit. This can be attributed
to the choice of selection variables, 4 and A, and the effect of the weighted



14 A. Jungeilges, A. Chotard, A. Auger

recombination. As the noise strength to dimension ratio o./d decays, the dif-
ference in convergence rates diminishes, reflecting that the corresponding noise
terms become increasingly similar, as highlighted in the proof of Theorem 1.
For d = 32, the first-order model already provides a good approximation of the
log-normal model. Moreover, both models approach the asymptotic convergence
rate, presented in (17), and indicated by the black curve. A detailed analysis
of the asymptotic convergence rate as a function of noise strength and selection
parameters can be found in [5].

6 Conclusion

In this work, we analyzed the impact of multiplicative noise on the selection
mechanism and convergence behavior of the (u/py, A)-ES on the noisy sphere
function. Two noise models were considered: the log-£ noise model and its first-
order approximation. The main results of this paper, Proposition 1 and Theorem
1, capture the differences and similarities of both models in terms of their induced
noisy ranking of candidate solutions and their shared asymptotic limit of the
convergence rate as the dimension tends to infinity.

While Proposition 1 investigates the selection for noise strength to infin-
ity, the results of Section 3 are by no means restricted to an asymptotic noise
strength. For finite dimension and various noise strenghts, Section 5 and Figure 4
highlighted the differences in convergence rate that arise for both models. While
increasing noise strength reduces convergence, the first-order model exhibitis
earlier divergence and slower convergence compared to the log-normal model.
Although the first-order model provides a suitable approximation in higher di-
mensions, our results indicate that the log-£ model is recommended for modeling
noisy environments in a multiplicative setting.

This work leaves open several directions for future research. In particular,
numerical simulations of the function G for large enough o. do not allow to
observe a convergence window. A theoretical proof of whether (or not) there
exists an optimal step-size o such that G(o) < 0 for any finite noise strength
o. would help clarify the situation. Furthermore, this work relies on an ideal-
ized algorithm design through the use of a scale-invariant step-size. Extending
the analysis to practically relevant step-size adaptation mechanisms, especially
within the well-established theoretical framework using Markov Chains [13], re-
mains an important direction for future work.
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