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Abstract

The strategy parameters of an Evolutionary Strategy (ES) govern the responsi-
bility for determining how it searches for improved solutions in the search space.
The values of the parameters are assigned at the start of the optimization process
and some of them are updated in each iteration. The values of the parameters
are determined by a set of formulas, which have empirically proved to work well.

A specific ES, called the Covariance Matriz Adaptation FEvolutionary Strategy
(CMA-ES) is equipped with a covariance matrix C' that adapt its sampling
distribution to the search space R" by means of information retrieved from
the evaluation process, allowing it to convergence faster to the optimum on
a large set of optimization problems than ordinary ESs. In each iteration the
distribution samples A offspring solutions and a ( pr )\) selection scheme selects
1 solutions with the most optimal objective fitness function value.

The recombination weights are a set of values that govern the responsibil-
ity of defining in each iteration the mean m of the sampling distribution from
the aforementioned set of p solutions. For each of the u solutions there is
a corresponding recombination weight value, which indicate the amount of
information used from the solution to which it is associated to construct the
mean m. Currently, these values are defined once at the beginning of the search
process and remain static during it. In this document, the possibility of making
them adaptive to the search space is investigated.

Three methods are proposed, allowing to make the recombination weights
adaptive to the search space by means of information retrieved from evaluation
of the offspring solutions that are sampled in each iteration. The designs have
been applied to both a CMA-ES with (i, A\)- and (u+ A)- selection scheme.
The performance of them have been compared with a canonical CMA-ES with a
corresponding selection scheme. This performance assessment has been done on
the Black Box Optimization Benchmark (BBOB). The results of the CMA-ESs
with the non-adaptive recombination schemes have been used as a baseline to
compare the results of the methods that we proposed.

The results show that on a set of problems with single objective functions all



algorithms obtain similar results. However, the results show that on multi-
modal functions the heuristics with adaptive recombination weights are able
to obtain better convergence results than the one with static recombination
weights. We have hypothesised that it was caused by that the offspring sampled
by heuristics with adaptive recombination weight have a higher variance. We
have conducted two additional experiments that measure how solutions are
sampled, that confirmed this hypothesis.
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Chapter 1

Introduction

Optimization heuristics equipped with self-adaptive distribution parameters
have the ability to adapt themselves to the search space. The Covariance Matriz
Adaptation Evolutionary Strategy also known as the (CMA-ES), proposed by
Hansen and Ostermeier in 1996 in [24], is an example of such an algorithm. It
belongs to the class of Fvolutionary Strategies (ES) [§]. It differs from ordinary
ESs in that is equipped with a covariance matriz to adapt the sampling
distribution to the search space. Empirical tests have shown that for some
problems, it is able to converge faster than ordinary ESs [24], to an optimum.

1.1 Problem Statement

In the following text, we discuss the problem statement. The CMA-ES is
equipped with multiple parameters that govern the responsibility of determin-
ing how it searches for improved solutions in the search space. Several of these
parameters have the ability to adapt themselves, while the others remain static.
The reader is referred to Chapter 3 for a technical description of the algorithm
and its parameters. Beyer and Hansen claimed in [12] that no single set of
parameter values exists that is able to yield optimal results on a large set of
problems. We consider it unlikely that such a set is found, because the set of
optimal parameters values is problem dependent and could also change during
the optimization process.

General rules have been developed that select the values of these parame-

ters, which have empirically proven to work well on a large set of problems, as
has been described for example in [23] and in [25]. Nevertheless, situations can
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arise where using these rules might yield sub-optimal performance convergence
results. Therefore, by making one of the parameters adaptive to the search
space that is currently static, we consider it possible that the convergence speed
can be improved for a subset of problems.

Currently, at the beginning of the optimization process, all so-called strat-
egy parameters are initialized. At the end of each iteration, only the ones that
are responsible for adapting the covariance matrix remain are updated. The
recombination weights also remain static. These weights govern the responsibil-
ity of defining the mean of the sampling distribution, which is later on used
to create new solutions. In this thesis we propose three adaptive recombina-
tion weighting schemes, that aim to make the original recombination weights
adaptive to the search space, similar as to the covariance matrix.

1.2 Document Structure

The structure of the thesis is as follows. In Chapter 2, elementary theory of
single objective optimization is described. The designs that we propose are
applied on the heuristic the CMA-ES. In Chapter 3, we provide a technical
description of the heuristic. Furthermore, we conducted a literature review
about recombination weighting schemes applied to the CMA-ES. Finally, we
elaborate the designs of the adaptive recombination weighting schemes.

Finally, in Chapter 4, we describe our experimental configuration, experi-
mental methodology, results and conclusions. Furthermore, we compare the
performance of the proof-of-concept that we have developed with that of a
regular CMA-ES on Black Box Optimization Benchmark (BBOB), which is
considered the standard for assessing the convergence speed or CPU time
of optimization algorithms on either a set of noisy- or non-noisy functions
[27, [18] (16l 4]. Finally, we have a general discussion about our findings.
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Chapter 2
Single Objective Optimization

In mathematical optimization we aim to find an optimal solution for one or
more so-called objective functions. These functions can be constrained or uncon-
strained. A distinction is made between single and multi objective optimization.
In the former, a single function is optimized and in the latter multiple ones are
optimized. A simple example of a single objective optimization problem is the
booking of a holiday that is as low priced as possible without exceeding certain
constraints. This means that the price of the holiday, is the objective function
that needs to be optimized. Furthermore, an example of an multi-objective
optimization problem is the cooking of a dinner for your friends for which the
price needs to be minimized and the healthiness need to be maximized. For
this problem, healthiness and price are the objective functions that needs to be
maximized and minimized respectively.

Optimization problems can be divided into sub-classed based on the domain of
the objective function that need to be optimized. Table lists an overview of
this. Optimization problems are a type of decision problems. The complexity
class NP is a class that describes certain decision problems. Problems that
belong to this class have an answer that is yes and solutions can determinis-
tically be verified. A problem is in NP-hard if every other problem in NP
can be reduced to this problem in polynomial time. A particular problem is
in NP-complete when it is both in NP-hard and in NP. Finally, a problem
that is solvable in polynomial time belongs to the complexity class P. Figure
illustrates two inclusions diagrams. One that illustrates the assumption
that P # NP and another one that assumes that P = NP.
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NP-Hard

NP-Hard

NP-Complete

P=NP=
NP-Complete

Complexity

Figure 2.1: An inclusion diagram of the complexity classes NP, NP-hard,
NP-complete and P. On the left the assumption that P # NP. On the right
the assumption that P = NP.

Next, we explain terminology used in the field of single objective optimization.
Problems that are solved in this field can be defined as the mapping from a
search space to an objective space f:S c R™ — R. Here, the variable n indicates
the dimensionality of the search space. An objective function value is associated
to each unique element in S.

A single objective function f is optimized by finding a global or local optimizer
of f. A solution x* = (x7,...,x), ®* €S is considered a global minimizer for
f, if and only if:

VeeS: f(x)>f(x").

A solution * = (x7,---,x}), x* € R" is considered a global mazimizer for f, if
and only if:

VeeS: f(x)<f(x).

Next, a solution & = (1,...,2,), & €S is considered a local minimizer for f,
if it holds that:

Je>0Vz eR": [z -&||<e=> f(x) > f(2).
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Sub-class Search-space Degree of non-

linearity
Linear Programming Rn linear
Quadratic Programming R™ quadratic
Non-linear programming R™ non-linear
Integer Programming 7 arbitrary
Integer Linear Programming zr linear
Mixed Integer Linear Programming R x Zn» linear
Mixed Integer Non-linear Programming R x Z"» non-linear
Continuous unconstrained Optimization R" non-linear

Table 2.1: An overview of different sub-classes of optimization problem. They
are divided into sub-classes based on the type of search space we are searching
for the optima.

Then, a solution & = (Z1,...,%,), & €S is considered a local maximizer for f,
if it holds that:

Je>0 Ve eR":||lx-&| <e= f(x) < f(&).

Constraints can be added to a problem and thereby restricting the possible set
of solutions that are deemed useful. They can be added by means of equality
and inequality constraints which are expressed respectively as g (x) > 0 and
h(x) = 0. Solutions that satisfy the constraints are called feasible and those
which do not satisfy the criteria are called infeasible. It holds for unconstrained
problems that S = R”.

2.1 Mathematical Preliminaries

In single objective optimization we start with an initial point and iteratively
search for a local optimum. Next, we describe the fundamental mathematical
theory behind mathematical optimization.

Theorem 2.1.1 ([34]) (Mean value theorem) Let f be differentiable on (a, b)

and continuous on [a, b] where a < b. Then, 3c € [a, b] such that f'(c) =
f(b)-f(a)
b-a :

We can rewrite the mean value theorem equation as the form:

f(b) = f(a) + f'(c)(b-a).
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In case it holds that:
0=f(b) = f(a)+ [ (c)(b-a),
then f(b) is the minimum in the interval [a, b].

Theorem 2.1.2 ([35]) (Taylor’s theorem). Assume that f is (n + 1)-times
differentiable, and P,(x) is the degree n Taylor approximation of f with centre
c. Then if x is any value, there exists some value b between x and ¢ such that

fr(b) nl
e

f(x) = Pu(x) +

In case n =0, then the Taylor’s theorem equals the mean value theorem:

fn+1(b) (LU _ c)n+1

f(x) = Py(x) +

(n+1)!
_ SO (D) 1
= Py(x) + m(w -c)
A+ L

(1)
= By(z) + f'(0)(x - c).

We will now explain how Taylor’s theorem and the CMA-ES are related. The
CMA-ES quadratically approximates functions, implying a Taylor expansion
where n = 2. Given the convex-quadratic objective function fg :x < %ZETH x,
where H expresses the Hessian matrix H € R™" [26]. Given the sampling
distribution N (m, C'). with mean m and covariance C. The matrices C' and
H are related by setting C = H~! on [y, which is equivalent to optimizing the
isotropic function fsphere = %a:Ta: = %Zi x? for C =1 and H = I. The previous
equalities means that on a convex-quadratic objective function, setting the
covariance matrix of the search distribution to the inverse Hessian matrix, is
equivalent to rescaling the ellipsoid function into a spherical one. Note, that we
assume that the optimal covariance matrix equals the inverse Hessian matrix,
up to a constant factor.

Next, we describe the necessary and sufficient conditions to guarantee the
existence of a local optimal solution for a differentiable and unconstrained
function. A necessary condition for a solution to be local optimal is that it
needs to be a stationary point, which is expressed as:
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Definition 1. (Stationary point). Given a differentiable function f: R ~ R.
Then a point x € R" is a stationary point of f if f'(z)=0.

Then, a sufficient condition to guarantee that a local optimal solution ex-
ists for a differentiable and unconstrained function is that Vf needs to be
positive semi-definite. Which is defined as follows.

Definition 2. (Positive semi-definite). A function for which holds f(0) =0
and f(x) >0 is called positive semi-definite.

Theorem 3. (Guarantee of a Local Optimal Point) Given an unconstrained
continuous function f a point x €S is a local optimal if and only if it holds
that V f () =0 and V2f (x) is positive (semi-)definite.

A technique known as the gradient descent method, allows to iteratively approx-
imate the maximum point by stepwise adding the gradient to an additional
point @y until one is converged to the optima. The reason that it works is
because the gradient vectors point in the direction of the maximum and are
perpendicular to the contour lines. Given the function f(z,y) = —(x? + y?),
then on the left hand of Figure 2.1, we see a plot of the function and on the
right hand side of it we see a contour plot combined with gradient vectors of
the same function represented. The gradient vectors are perpendicular to the
contour lines and point in the direction of the maximum.

Figure 2.1: On the left, a 2D plot of the inverse of the Sphere function. On
the right, a contour plot of the same function.
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Gradient-based search heuristics converge faster than stochastic-based heuristics.
However, the prior type of heuristics have certain disadvantages. Namely, the
fail to perform certain optimization tasks. Figure shows to plots of Ackley’s
and Rosenbrock’s function, that are two examples of functions that are difficult
to solve. Instead, a stochastic-based heuristic can be used to solve the problems
more optimal. In the following text we briefly discuss these heuristics.

UL
I
i

Figure 2.2: On the left A plot of Ackley’s function. On the right plot of
Rosenbrock’s.
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Chapter 3
The CMA-ES

This chapter is structured as follows. In Chapter 3.1, we provide an introduction
to Evolutionary Algorithms (EAs), the class of heuristics to which it belongs to.
Since the CMA-ES was proposed by Hansen in 1996 in [24] many improvements
have been made. In Chapter 3.2, we provide an excerpt of notable improvements
that have been made to the original CMA-ES. In Chapter 3.3, we provide a
technical explanation of the CMA-ES, by means of an algorithm in pseudo-code
and a description of each step. We aim to propose adaptive recombination
weighting schemes. In Chapter 3.4, is about our recombination weighting
schemes. In Chapter 3.4.1., we made a summary about existing research about
recombination weighting schemes of the CMA-ES. Based on this we were able
to make a decide which type of scheme we could use to make adaptive. Then
in Chapter 3.4.2., we propose three adaptive recombination weighting schemes.

3.1 Evolutionary Algorithms

EAs are a class of stochastic and nature-inspired optimization algorithms, which
can be utilized to solve single- or multi-objective optimization problems. Figure
Bl illustrates the class of EAs and its subclasses. The subclass to which an EA
belongs depends on the type of problem it is able to solve. For example, Ge-
netic Algorithms are typically applied to solving integer optimization problems
and Evolutionary Strategies (ESs) are mostly applied to solving real valued
optimization problems and in some cases to mixed-integer spaces. The subject
of the thesis, the CMA-ES, belongs to the sub-class of ESs.

EAs are optimization algorithms inspired by nature. ESs are conceptually
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Evolutionary Algorithms (EA)

Evolutionary Genetic Evolutionary Genetic
Strategies Algorithms || Programming || Programming
(ES) (GA) (EP) (GP)

Figure 3.1: An overview of subclasses of Evolutionary Algorithms.

inspired by repair genes, which repair genetically harmful parts from a set of
genes . In June 1964, an empirical test on a 2D joint plate in turbulent air
flow showed that a simple randomized heuristic was able to yield better results
than a univariate discrete gradient-oriented strategy. This heuristic was later
on used for other experiments such as the design of a 3D nozzle. The earlier
versions of the ES where not concerned with finding minima or maxima from a
given function like nowadays. Instead, they were designed as a set of rules by
using stepwise variable adjustments of driving a flexible system in an optimal
state [L1].

The simplest form of an ES is known as the (1+1)-ES, using only a sin-
gle parent and a single offspring. It resembles the concept of survival of the
fittest, in which the least fittest leaves the evolutionary pool and the most
optimal one is able to reproduce itself. Later on, Rechenberg proposed in his
dissertation two new types of ES, namely (1, A)- and (u + \)-ES. Here, pu and
A represent the number of parents and the offspring solutions that are sampled,
for which it holds that 1 < A < pu.

e The (u+ A)-ES selects the optimal solutions from both the set of parent
and offspring solutions, resulting in that a decrease in the quality of the
solutions is not permitted. Hence, the the optimal solution of the current
evolution cycle is at least as good as the optimal solution of the previous
evolution cycle. This configuration could lead to getting stuck in a local
optimum .

e The (u,\)- ES selects the set of optimal solutions only from the set of
offspring solutions. The parent solutions are discarded irrespective of their
quality. This permits the possibility of overcoming getting stuck in local
optima.
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An ES works from a high level as follows. It starts with an initial set of (parent)
solutions and iteratively searches for improvements. In the evolution cycle, the
set of parents solutions is used to sample another set of (offspring) solutions by
means of a sampling procedure. To each offspring solution, an objective function
value is assigned by evaluating them with an objective function. Thereafter,
a subset of solutions is selected to become the parents in the next cycle (or
iteration). Depending on the type of strategy used, the subset can be selected
from the offspring solutions or both the parent and the offspring solutions. At
the end of each iteration, information derived from evaluating the solutions is
used to update the parameters. This cycle is repeated until a desired solution is
found or a stopping criterion is reached. A pseudo-code description of a general
CMA-ES is given in Algorithm [I, We see that in contrast to ordinary ES, that
update their parameters at the beginning of each iteration, the CMA-ES does
this at the end.

Algorithm 1 A general Description of the CMA-ES

. Initialize strategy parameters, such as u, A, and C°
while until stopping criterion is reached do
Sample X\ offspring solutions from the p parent solutions
Evaluate the A\ solutions with the objective function f
Apply a (i, A) or a (u+ A) selection scheme to select the u solutions
that have the most optimal objective function values. They become the
parent solutions in the next iteration.
6: Update strategy parameters
7: end while
8 return optimal solution

3.2 Notable Developments of the CMA-ES

Since the CMA-ES was proposed by Hansen in 1996 in [24], much research
has been done to improve the algorithm, such as for example, reduce the
computation time [29] or extend the spectrum of problems that can be solved
by it as described in [33] 6], B2, 2§]. In the following text, we briefly describe
several of these notable developments.

The factorization of the covariance matrix C' is computationally expensive

25



and takes O (n3) computations. The so-called Cholesky-update for a (1 + 1)-
CMA-ES proposed by Igel et al. in [29], allows to perform the task in O (n?)
computations. The performance gain is realised by performing the computation
on the Cholesky factors, instead of performing the computing on the matrix
explicitly. This method has been generalized to (u/fiw, A)-CMA-ES in [33].

The original CMA-ES is a local search optimization algorithm, meaning that
only a portion of the space is searched for improvements. In contrast to local
search algorithms, global search algorithms explore a larger portion of the space,
resulting in that solutions can be found that could be better than the optimal
solutions of local search algorithms. In 2009, Hansen proposed in [I8] a variant
of the CMA-ES that uses two populations. Hence, the name Bl-population
CMA-ES. The performance of it has been assessed on BBOB. The results show
that it is able to solve between 20 and 24 of the 24 functions depending on the
dimension of the search space, which were 2, 3, 5, 10, 20 and 40.

A second global search variant of the CMA-ES, is the IPOP-CMA-ES pro-
posed by Auger and Hansen in [6]. It utilizes a restart method, that after each
restart increases the size of the population. The performance of it had been
assessed by comparing it to the original algorithm on both uni-modal and
multi-modal functions. The results show that both perform equally well on
uni-modal functions. However, the IPOP-CMA-ES outperforms the original
CMA-ES on multi-modal functions.

Situations arise where the evaluation of a single solution with an objective
function could take several hours or even longer [32]. In order to decrease
the computation time, a so-called meta-model can be constructed. The model
is constructed or trained by using data from the original objective function
as input. When the model is trained well enough, which is determined by
a pre-defined quality criterion, the model can than be used as a substitute
of the objective function. Techniques that can be used to construct such a
model are for example, Polynomial Models, Kriging Models, Artificial Neural
Networks or Support Vector Machines [30]. We refer the reader to multiple
surveys, describing developments in this area of research [30, 32], B31].

The original CMA-ES was developed to solve single objective problems. In 2007,
Igel et al. proposed in [28] two variants of the CMA-ES that can be applied to
solving multi objective optimization problems. The proposed algorithms differ
in that they utilize a different selection criterion. The performance of both
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has been assessed by comparing it to the NSGA-II which is described in [I5].
The results show that one of the proposed algorithms outperforms the NSGA-II.

The aforementioned developments are only a few examples of the vast im-
provements made to the original CMA-ES that was proposed in 1996. Having
summarized several notable improvements, we will now give a technical expla-

nation of the CMA-ES.

3.3 Technical Description

We will now provide a technical explanation of the CMA-ES. We will not derive
each equation in detail or explain each variable used in the process. We will
only limit ourselves to that what is important for the thesis. The reader is
referred to a tutorial of Hansen [I7] for an elaborate description of the inner
workings of the CMA-ES. In each iteration, a fixed number of parent solutions
is used to sample a fixed number of offspring solutions, which are expressed
respectively as A = 4+ |3-logn| and u = [%J Here, the variable n indicates
the dimension of the search space R™. Given the parameters of the sampling
distribution, at iteration g: the vector of mean values m ) € R™; the step-size
0@ € R; the covariance matrix C'(¥) € R™*" Then the following equation is
responsible for sampling a total of A solutions at iteration (g + 1):

w}(€9+1) =m9 + 5@ . N\, (07 C(g))

for £ = 1,...,\. Note that we have the following equalities, y, = BDz; ~

(0, C) and z; ~ (0, I). Here, indicates a n-dimensional multivariate nor-
(g+1) _
1: -

), the weighted mean is initialized as m(9 = 0 and its value

mal distribution. Given the set of u optimal solutions expressed as @

(9+1) (9+1)
T s Ty

at iteration (g + 1) is computed by means of the following expression:

mh = iwiwgiﬂ).
i=1

In the previous equation the variable w was used, indicating a set of recom-

bination weights. For each of the p optimal solutions there exists a single

recombination weight. It must hold for the sum of values of w that »%, w; =1

and the inequalities wy > wy > ... >w, > 0 must be satisfied. An example of a

method to calculate the values of the recombination weights is expressed as:

(A+1
w; =1In

)—ln(i) fori=1,..., p, (3.3.1)
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which has been formulated in Hansen [25].

We will now explain how the covariance matrix C is updated, which is later
on used to adapt the sampling distribution to the search space. The adaptive
recombination weights schemes that we propose in Chapter 3.4.2. is updated in
a similar fashion as C. The matrix is initialized as C(®) = I, where I represents
the identity matrix in R™*". The covariance matrix C' is updated by means of
the following equation:

rank-one-update rank—,u—update

A

CuD = (1-6) CD +eiplpl™ + (1-¢,) Z wiyls Myl

which consists of two parts: the rank-one- and rank-p-update. The rank-one-
update reads as follows:

C(g+1) _ (1 _ Cl) C(g) n C1p£g+1)p£g+1)T_

In the previous equation, the variable p. € R™ is a so-called evolution path, which
represents a sequence of solutions. It employs an exponential smoothing term
such that it gives a higher priority to more recent information. It is initialized
as pﬁo) =0 and is updated in iteration g by means of the following expression:

(9+1) (1 Cc) p(g) CWB(g)D(g) <z>(9+1)'

Here, the variable c. indicates the rate at which information that is stored in
p. decays. The adaptive recombination weighting schemes that we propose also
use the concept of an evolution path, in the sense that a variable is used to
store information from previous iterations. The rank-u-update reads as follows:

CUV=(1-c )C(g) fc szy(gﬂ)yl(gﬂ) .

3.4 Recombination Weights

In previous text, we provided an explanation of the general CMA-ES as de-
scribed in [25]. Equation is an example of a expression to determine the
values of w. These are initialized before the simulation of the problem. During
the optimization process they remain unchanged. Our objective is to propose
multiple designs that allow the weights adapt to the environment. First, we
start with a literature review, that summarizes existing studies in this field.
Finally, we propose our designs.
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3.4.1 Literature Review

The set of recombination weights w € R#, for which it holds that »i. w; = 1,
govern the responsibility of redefining the value of the weighted mean m(9)
from the u optimal solutions, in every iteration. In each iteration thereafter, the
new mean is used to create new solutions by means of the sampling procedure.
For each solution there exists one recombination weight. Each weight variable
indicates the amount of information extracted from the solution to which it
is related. The broad class of problems that can be solved by this algorithm
does not allow the existence of a single set of optimal recombination weights.
However, research has been done that investigates the existence of a set of
optimal recombination weights for a subset of problems or a specific variant of
ES. Next, we summarize several of these studies.

An analytical and empirical prove of the optimal values for the non-adaptive re-
combination weights of a (u, A\)-ES applied to the sphere function: f = Y7 22,
was given by Arnold in [I], where n indicates the dimensionality of the search
space. Beyer showed in [9], by means of the sphere model applied to a (1 + 1)-ES,
that the highest possible serial efficiency was 0.202. Arnold showed in his paper,
that with using rank-based weighted recombination, he was able to improve
the result of Beyer by a factor 2.5.

A variant on the sampling procedure called mirrored sampling generates \/2
independent and A\/2 dependent individuals, resulting in an improvement in
convergence speed as shown in [5], [13] . Unfortunately, applying both weighted
recombination and cumulative step-size adaptation together would cause a
bias towards smaller step-sizes, resulting in pre-mature convergence of the
algorithm. It happens because, when selecting both an individual and its mir-
rored counter-part they partially cancel each other out, causing a biases toward
smaller step-sizes.

Juan Chen et al. [14] compared different recombination configurations such as for
example: global and local intermediate recombination, weighted recombination,
selection of the single fittest solution, or no recombination. The configuration
that yields the most optimal convergence results is weighted recombination.
Furthermore, the one yielding the least favourable performance is the discrete
recombination operator. Each configuration used in the experiment, utilizes
a set of pre-defined recombination weights, that remained static during the
optimization process. Unfortunately, the report does not shed light on the usage
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of adaptive configurations. However, we are able to conclude that weighted
recombination is a configuration that can be used as inspiration for our designs.

3.4.2 Design of Adaptive Recombination Weights

We have concluded in the literature review, that weighted recombination is a
method that performs in general well. In the following text, multiple designs
are proposed, inspired by weighted recombination, to make them adaptive to
the search space, by means of information from the evaluation process. The
information obtained from evaluating the solutions, is used to define another
set of weights u € R#, which we name penalty weights. The method that we
use to select the values of the penalty weights is as follows. Solutions which
have a better objective function value are assigned a lower penalty value, and
those which are worse are assigned a higher penalty. We consider it probable
that values selected from a single iteration as susceptible to noise and thereby
negatively influencing the convergence. Therefore, the values are chosen from a
multiple iterations, which are exponentially smoothed to give a higher priority to
more recent information. The idea behind the smoothing is that it removes noise.

After having calculated the values of the penalties, they are then projected on
the original set of weights w, resulting in that when the variation of the fitness
values of the solutions becomes small, the adaptive weights are roughly equal
to the values of w. This happens for example, when the optimum is approached
and o becomes smaller, resulting in a minor variation of the population :I:ﬁj b,
Projecting the penalty weights on the original weights permits the algorithm
to adapt itself to the environment when the population has a relatively large
variation. Furthermore, it also allows to use the original set of weights when it

becomes harder to determine proper penalty weights.

Our design is based on three basic assumptions. The first assumption it that a
set of solutions is evaluated by means of one single arbitrary objective function
f (x) . Then the second assumption is that the p optimal solutions are identi-
fied, resulting in a set of objective values and ranked based on their objective
function value, expressed as f = (f1, fa, ..., f.). Finally, the third assumption
is that the optimizer is the null vector * = 0, x* € R®, but this does not imply
that f* = 0. After proposing the designs, we describe how the final assumption
can be resolved.

Having described the underlying assumptions, we elaborate our designs. Three

30



designs are proposed that each influence the adaptation of the weights with a
different magnitude. In our first design we use the squared objective function
values to define u. It results in that the adaptive weights have the highest
variation of all three designs. The values of the set of penalties u at iteration g
is expressed formally as:

w9 =

f2 (f17 f27 7f5)
In design number two, we take the absolute value from the objective function
fitness values, resulting in that values of the adaptive recombination weights
have a moderate variation. The values are specified formally by the following
expression:

ul? = Al 2l - 1Al -

Zfllle

The third and final design utilizes the square root on the objective function
values, resulting in that is has the lowest variation of recombination values of
all three proposals. The computation of u(9) is formally expressed :

0= g (VT Ve VB

After computing the values, they are then exponentially smoothed with in-
formation from previous iterations. The vector of penalties at iteration ¢ is
formally expressed as:
ulfy, = o ul® + (1-a) -l
where indicates « € [0, 1] the learning rate of the self-adaptive recombination
weights. Next, the resulting penalty vector is normalised in order to guarantee
that the entries sum up to one.

(9)7 1 )

smth — o / ’ u’smth, i

i=1 usmth, %

u

Having calculated the penalties, it is projected on p by means of the following
expression:

'l.U pgf[??t’h z/wj
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fori=p, (u-1),...,1 and for j =1, 2,...,u. Finally, the resulting vector is
normalized in order to guarantee that the entries of the new weights sum up to
one, which is expressed as:

1
w' = w'.
1 w/
i=1 W;

We mentioned in our assumptions that the optimum should be located at the
null vector. This implies that the algorithm is biased towards this point. It is
caused by using the absolute value function. This bias can be resolved by, after
obtaining the objective function values, ranking them and then assigning a
value depending on their rank. Here, the solution with the lowest rank is the
most optimal one, and the one with the highest ranking is the least optimal
one. Therefore, the higher the ranking, the higher the penalty value assigned.
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Chapter 4

Experiments

In this chapter, we discuss the experiments that we have conducted to assess
the performance of the adaptive recombination weighting schemes that we
proposed in Chapter 3.4.2. In Chapter 4.1, we explain the configuration of the
experiments that we performed on BBOB. In Chapter 4.2, we elaborate the
results from the BBOB experiments. Here, we will see that schemes that we
proposed work well on multi-modal functions. In Chapter 4.3, we investigate
why these results are obtained. In Chapter 4.4, we describe subjects for future
research. Finally, we conclude in Chapter 4.5.

4.1 BBOB Experimental Configuration

We will next elaborate the experimental configuration used to test the per-
formance of our designs. We utilized the Black Box Optimization Benchmark
also known as BBOB to measure the performance. It consists of two sets of
single objective optimization functions, one with and the other without noise,
which are described respectively in [22] and in [21]. In this field of science, the
benchmark is considered to be the standard of measuring the performance of
these type of heuristics. An excerpt of examples where it also has been applied
are in [20] 2, [7, 20, B, 4]. The benchmark allows to define an custom-made
configuration to assess the performance. However, we have decided to use the
configuration described in [19], because it is the most recent version of the
configuration used by others in this field of science.

We have decided to assess the performance on the set of non-noise func-
tions, consisting of 24 single objective functions with a separable, uni-modal,
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multi-modal or a weak global structure, or a combination of them [21I]. The
motivation for using this set over the one with noise, is because the functions
are relatively easier to solve, which also allows to draw conclusions more easily.
The functions needed to be solved on a search space with a dimensionality
of 2, 3, 5, 10, 20 and 40. The heuristics, use 15 trials per function for each
different dimensionality to reach fiarget = fopt + Af. Where fops and Af indicate
the optimal function value for each trial and the precision which is defined as
the difference between the smallest function value and fop, respectively. In
this context, it holds that Af = 108. Next, we introduce the measure called
expected running time or ERT, which estimates the expected running time to
reach fiarget- Then, the success rate is expressed as p;, indicating the number
of successful trials. When p, is non-zero, the measure is expressed as follows:

1- s
ERT (ftarget) = RTS + b

_ psRTs+ (1 -ps)RTys
Ps ’

RTUS

where RTg and RTyg indicate the denote the average number of function eval-
uations for successful and unsuccessful trials, respectively.

The methods that we have proposed are tested on both a (1, ) and a (pu+ \)
strategy. In our design, we introduced a new parameter « indicating the rate
at which information decays. The tests are conducted for ten different values
of a for each of the six variants. The value of « is equal to % fori=1,2,...,10.
Table 4.1] lists these 10 different values and categorises each of the six different
variants in a (p, A) or (p + \) strategy. Figure [4.1] illustrates how we are going
to test the performance of all different possible configurations as displayed in[4.1]

The experimental results from this group is displayed in Appendix A in
until ??. We have limited ourselves to presenting only the empirical cumulative
distributions of the performance. We have omitted all the other results due to
space restrictions and that the figures that we have included show sufficient
information to make our point clear.

Having compared the performance of the different configurations of each variant,
we selected the best of each variant and compared the best from the (u, A)-ESs
with a (u, \)-CMA-ES and (u, \)-ESs a (u+ A)- CMA-ES.
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Cy/Fy
Cy/Fy
ClO/Fl() Bl/El C’*/F*
By E; B*|E*
F——> * %
A*/D*
Al/Dl BlO/El T
AQ/DQ
AlO/Dlo

Figure 4.1: An illustration of how the algorithm with the optimal parameters
are selected. First, the algorithm with the optimal « is selected for series A, B
and C. Then, the optimal one from each series, defined as A*, B* and C* are
than compared with the CMA-ES, denoted as {. Then, the optimal algorithm
is selected which is represented as ** in the diagram.
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(n+A)-ES (11, \)-ES =21 =

Ay By Ch D, E, Fy 0.5

Ay B, Cy D, E, I 0.25

As Bs Cs D Es Fy 0.125

Ay B, C, D, E, F 0.0625

As Bs Cs Ds Es E 0.03125

Ag Bg Cs Dy Eg g 0.015625
Aq B; Cy Dy E; E 0.0019531
Ag Bsg Cy Dy Eg Ey 0.0039063
Ag By Cy Dy Ey Ey 0.0078125
A Big Cho Dy Ei Fio 0.00097656

Table 4.1: An overview of the different choices of « for our proposed designs
used in the experiment. The entries in the table expressed in boldface are
considered the optimal ones and are compared with each other and a variant
of the original CMA-ES.

4.2 Experimental Results

We will now discuss the performance of the set of (u, \)-strategies. The perfor-
mance of them on all figures plotted on a log scale is presented in Appendix
A in Figure [A.57] Then, Figures [A.58 until [A.99 show the empirical cumula-
tive distributions of the performance of this set. In Figure we see that
on function 7, 13 and 16 algorithm A; is significantly faster than the others
(excluding the best algorithm provided by the developers of the benchmark).
This also holds for function 13. On function 11 and 14 it it slightly faster in
the beginning. However, when the dimensionality of the search space increase
it will perform similar as to the others. Looking at the results of function 1, 2,
5,7,8,9,10, 11, 12, 14, 21 and 22 we see that the functions perform similar.
There is not a notable difference in performance as with functions 7, 13 and 16.

We continue with discussing the performance of the set of (u, \)-strategies.
In Appendix A in Figure 7?7, the performance of the set on all functions is
presented on a log scale. Then, Figures until show the empirical
cumulative distributions of the performance of this set. In Figure ?? we see
for the vast majority of functions that the our designs perform similar as the
CMA-ES. However, we see on function 7 Ej4 that until dimension 10 it is faster
than the others (excluding the best algorithm provided by the developers of
the benchmark), however when the dimensionality increases its performance
becomes worse than the others. Furthermore, we see that Dj is performs even
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better than the most optimal algorithm, which was provided by the benchmark,
until dimension 5. When looking at the empirical cumulative distributions we
see frequently see that at least one of our designs is faster the original CMA-ES.
For functions 1, 2, 5, 8,9, 10, 11, 12, 13, 14, 21 and 22 the algorithms performs
similar. Only the algorithm provided by the benchmark is faster.

In general, the designs that we proposed scale well when the dimensional-
ity of the search space increases. Because, we decided not to increase the size of
the number of parents and offspring produced the algorithms where not able to
solve a function in all caes. For the (u, \)-ESs, it holds that for all dimensions
13 out of 24 functions were solved. For the class of (u+ A)-ESs, it holds that
14 out of 24 functions were solved. The functions on which the their was a
clear performance difference are the set of multi-modal functions. In most cases,
the algorithms performed similar on the set of uni-modal functions. Based on
our conclusion that CMA-ES with adaptive recombination weights perform
better on multi-modal functions, we have decided to perform two additional
experiments that would explain why that is the case, which is done in Chapter

4.3l

4.3 Additional Experiment: Explanation of the
Performance

In the previous paragraph, we assessed the performance of our proposed designs.
The results show that adaptive recombination weights are able to reach an
optimum faster than the original CMA-ES on the functions 15, 16, 17 and 18
described in [21I]. All of them are multi-modal functions. We hypothesised that
is was caused that the heuristics with adaptive weights have a higher variance.
We have decided to conduct two additional experiments that would verify if
this hypothesis is true.

In the first experiment, we measured the variance of the solutions sampled by
the mean. The tests where conducted on functions 15, 16, 17 and 18 described
in [2I] on a 2D search space. The data that we had collected were the average
values of data collected over 15 trials. Appendix B shows a sequence of 2D-plots,
representing the x-and y-values of the mean and the solutions that are sampled
in the search space for each iteration of function 15. We have limited ourselves
to only presenting the result of a single function due to space restrictions and
because the results give a clear picture of what happens in the other sequences.
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In the second experiment, we measured the population variance as described
in [I0]. Tt is expressed as:

Var{y) = % i (Yo~ ().

where y defined as the offspring produced. Furthermore, the variable (y) is
defined as the average of the offspring population, which is expressed as:

<y>:l iym

:u m=1

We conducted the experiment on the same functions as in the previous exper-
iment. The data was also collected as the average of 15 trials. In Appendix
C, we see the results of this experiment with function 15. The results of this
experiment shows that the variance of the designs is higher than that of CMA-
ES. The results of the two experiments show that the hypothesis is true, which
means that the performance improvement is indeed caused by a higher variance
of the population.

4.4 Future Work

We are restricted by time and thus limited to what could have researched and
tested. In the following text we suggest multiple ideas for future research.

e The different designs that have been compared with each other, used all
the default configuration settings of the canonical CMA-ES. Therefore,
our first suggestion is to conduct experiments with non-default parameter
settings, such as for example using a lower or higher value for the number
of parent and offspring solutions that created in each iteration.

e The designs that we have proposed were tested with the canonical CMA-
ES. Many variants have been proposed of the CMA-ES, such as described
in Chapter [3.2] Another suggestion for further research is to compare the
performance of our designs with that of those variants. It would allow us
to get a better view of the value of our contributions.

e We measured the variation of the objective fitness function values of
the offspring solution during the optimization process. We noted that
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the value that we measured during the process varied much. It might
be a good idea to adapt the parameters to this, such as lowering the
number of solutions created when the variation is low and increase the
number of solutions created when it is high. By decreasing the value of
the parameter when the variation is low, leads to that fewer offspring
are sampled when it is less needed, because the low variation suggest
that a saturation is reached about what more can be discovered in this
area of the search space. Then, by increasing the number of offspring
produced when the variation is high, has objective analyse the area of
the search space in more detail, because the high variation suggests that
no saturation is reached about what can be discovered more in this area
of the search space.

e Based on the measurements of the variation of objective function fitness
value values we would also like to suggest to adapt the parameters (such
as ¢, Cq, C1, ) that are responsible for specifying the rate at which
information is decayed, to this information. When a high variation is
measured, the information that is stored is more susceptible to noise.
This should especially hold for information from less recent iterations.

4.5 Conclusions

The canonical CMA-ES is a heuristic that can be applied to solve single ob-
jective optimization problems. Multiple strategy parameters determine how
it searches for improvements. Several of these parameters are self-adaptive,
while the others remain unchanged. The covariance matrix is one example of
parameters that is updated at the end of each iteration. It does so by using
information collected from evaluation of solutions.

The weighted mean is one example of parameters that remains unchanged
during the updating process. The weighting scheme governs the the responsi-
bility of defining in each evolution cycle a new mean value. It is then used by
the sampling procedure to define new solutions. The mean is defined as the
weighted average of a number of optimal solutions. For each optimal solution
there exists one weight value, that specifies the amount of information that is
used from that solution to define the mean. We considered making the weights
adaptive to search space, instead of keeping them static, it might be possible
to obtain a performance gain. So, the objective of this thesis was to design a
method that allows this.
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Multiple designs have been proposed to make an adaptive recombination
weighting scheme. It is done by defining an additional set of weights, so-called
penalty weights. As with the original set of weights, there is one penalty weight
value for each solution. The values of these weights are defined by assigning a
penalty for solutions with a lower objective function value. After computing
the penalty weights, a computation is performed on the original set of weights
to design the new final set of recombination weights. This computation takes
into account that when there the variation between the solutions is too low, to
be relevant, the original set of recombination weights are used.

We have performed an elaborate test on BBOB (Black Box Optimization
Benchmark). First, for each different design we tested 10 different configura-
tions. We did this for both a (i, A)- and (i + \)-strategy. Then we selected the
optimal configuration from each design for each different type of strategy and
compared it with the canonical CMA-ES with the same type of strategy (thus
(p, A)- or (i, A)-ES). The results show that in general the canonical CMA-ES
performs better. However, as discussed in Chapter [£.2] the designs that we
proposed performed very well on multi-model objective functions. We hypoth-
esized that it was caused by that the variance of the recombination weights
of our designs must be higher. In order to find out what caused these results,
we decided to conduct two additional experiments, the first one measured the
variance of the population sampled by the mean and in the second experiment
we measured the variance of the population. The results seem to confirm our
hypothesis.
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search spaces with a dimensionality of 40.

43



separable fcts moderate fcts

£ 1055794200 2 10755%0D 2
g & :
9] 9]
o8t 308 B 7
B @
S 0.6 S 0.6 ] ¢
s} =} 1]
2 < | *
2 0.4} 4 2 0.4} yix 2
Y Y i
s g s ' 1
o 9 o /i
= 0.2+ 3 // = 0.2 y 5 6.
5 -4 5 ¥
g 7 "8 “ Z
& N 3 & W s
005 2 3 4 5 6 71 8 0015354 5 6 7 8
loa10 of (# f-evals / dimension) loa10 of (# f-evals / dimension)
ill-conditioned fcts multi-modal fcts
£ 10%634,40' = 21905 5405 =
o B3 o
T o8 o 008
o o
3 B2 E
p 0.6 f b p 0.6
o o
$ / 8
2 /3 ©2
20.4 [/ hes 204
5 LAe——— 5
5 N N
£0.2 s 4 5 802
I} =S \9 s O
Q ‘f—‘ Qo
S w EF5L
0 1 2 3 4 5 6 71 8 0
loal0 of (# f-evals / dimension) loal0 of (# f-evals / dimension)
weakly structured multi-modal fcts all functions
4 1'0>f1—5,40—D g ) 1'0_f1-21 70D =
g g :
- -
2 0.8} &0.8r ¢
é 0.6} ;D -0 -§ 0.6 el 2
2 ? 2 ~ >
2 0.4f 4 2 0.4 3‘3 6
c g c " g
o ;
£02p £0.2 » »
= | ¢ e 1
& J 9 & Ipre—2 9
001534 5 6 7 8 Q"‘% 1 2 3 4 5 6 71 8
loa10 of (# f-evals / dimension) loa10 of (# f-evals / dimension)

Figure A.2: Expected running time (ERT in number of function evaluations)
divided by the respective best ERT measured during BBOB-2009 for the
different configurations of the implementation A. Measured for all functions on
search spaces with a dimensionality of 40.

44



separable fcts

moderate fcts

£ L05717,46.0 T 21068570 D
by FEA b
gos go.sf R
2 / 8 %
Pk
£06 4 £06 )
S o S f
© © ]
S 1] S |
2 0.4} ‘g 2 0.4} ]
5 5 /
5 4 s 7
£ 0.2f D £0.2f g
o ( S v/,,,
s ¥ s 7
O D= a ot
=554 5 6 7 8 "% T3 s 5 6 7 8
loa10 of (# f-evals / dimension) loa10 of (# f-evals / dimension)
ill-conditioned fcts multi-modal fcts
£ 10%634,40' = 21905 5405 =
o o C1
[OR: D08 ?
o o
8 8 é
p P
506 506 /
- -
Q (9] 6
fe C
20.4 2 0.4 2
Y Y
o o ¢és
g s /-
£0.2 s 202 L — .
=3 ?;__/ o ] A ’;;?’@I’}'/{(— A :
8o ” | B o e 2
o 0= H i H i i q7 a 0.0 H H H H H H G8
0 1 2 3 4 5 6 7 8 0 1 2 3 4 5 6 7 8
loal0 of (# f-evals / dimension) loal0 of (# f-evals / dimension)
weakly structured multi-modal fcts all functions
21057005 SR G YW =
© ©
o 5 o
k] @ 0.8
gos .+ Sos|
8 1 8
pa . e, pa
506 F-S—eeb s 506
- 1 -
Q 6 19)
fe E/_'| e
2 0.4} A s 204l
Y Y
[} 0 10 o
8 = S 7
5 0.2} c[;r‘ 5 0.2} . >
o ¢ o £
S 9 2 b
3 a ° 7
& b 4 —q o
01535 % 5 6 7 8 %% 1 7 3 4 5 6 7 8

loa10 of (# f-evals / dimension)

l0oa10 of (# f-evals / dimension)

Figure A.3: Expected running time (ERT in number of function evaluations)
divided by the respective best ERT measured during BBOB-2009 for the
different configurations of the implementation A. Measured for all functions on
search spaces with a dimensionality of 40.

45



separable fcts moderate fcts

Iy
o
Iy
o

[f10-14,40-D N f6-9,40-D
cf(/
1)

s
1]
>

o
©
;
o
©

TSNy
P

4 4

© ‘©

aQ a

© @

< o

8 8

+ ‘ ;

5081 506 4

© gﬁ © |

c 7 c ¢

2 0.41 2 0.4} d

‘G G &

g b 5 -‘

go2 » ;4/ " £02 7/7

: A © g A
o | 4 a

0'00 1 2 3 4 5 6 7 8 0'00 1 2 3 4 5 6 7 8
loa10 of (# f-evals / dimension) loa10 of (# f-evals / dimension)
ill-conditioned fcts multi-modal fcts

=
=)
=
=]

f20-24,40-D bes f15-19,40-D bes

o

[*)
—
&

o
oo
S
=

?ﬁg
:

roportion of function+target pairs

o o
> o
\
j\%f\'\ﬂ

Pr]oportlon of function+target pairs
o o
> o)
—

ey
0.2 2 d 0.2 PN o7
e ! 7 7N
Vg‘"&‘“ 1C ﬁ/}gj \Dns
" On,v},fa*f’f w EATE po "
o 1 2 3 4 5 6 7 8 o 1 2 3 4 5 6 7 8
loal0 of (# f-evals / dimension) loal0 of (# f-evals / dimension)
weakly structured multi-modal fcts all functions
2100 = 2 LOMETETI0D =
© ©
o 2 Q 3
- -
“g’., 0.8} s ué., 0.8} s
4‘3 7 S 2
-E 0.6 AT AP VNS o S ; 0.6
506; 7= S 6 5 /3/—_\4_5,,‘6—:{,‘: 4
I s O /9 o 7
2 g ol
2 0.4} Fad s 204 © o
s (// 9 5 g 1
c Vs c ¥
go2f w £0.2 o s
= A s 8 -z 8
Q ) 2 oy
& 0.0L = L U o SR 1
0 1 2 3 4 5 6 7 8 0 1 2 3 4 5 6 7 8
loa10 of (# f-evals / dimension) l0oa10 of (# f-evals / dimension)

Figure A.4: Expected running time (ERT in number of function evaluations)
divided by the respective best ERT measured during BBOB-2009 for the
different configurations of the implementation A. Measured for all functions on
search spaces with a dimensionality of 40.

46



separable fcts

moderate fcts

£ 100714,40'6 e 2105400 Be
b 2 2
% 0.8} ety g 0.8}
5 £ 2 5 8
Losl Ly s Lo6l 1
= ¥ 2 NEeET
5 7 0 IF"\_ 5
g g ¢
:c:) 0.4+ / 1 :c:) 0.4+ o 9
3 ) 8 S & 6
o Yol 5 o i 7
% (ﬁ’ g -2
Q-0 =T 9 & i "

0'60 1 2 3 4 5 6 7 8 0'00 1 2 3 4 5 6 7 8

loa10 of (# f-evals / dimension) loa10 of (# f-evals / dimension)
ill-conditioned fcts multi-modal fcts
£ L0r50734,46:0 Be £ 105 15,a0 Be
2 pEs o E1
0.8 $0.8
E / E1 E E9
+ +
[JE4
.5 0.6 .g 0.6
O 6 O
5 5
= 0.4 E9 = 0.4
° seEy °
5 F \»e5 5
g0:2 B £02 P ON
3 BT \7 72 R ol
[ = _Q c-A-SEV
gLl ; ; ; ; ; E2 "a 0.0 ; ; ; ; E
0 1 2 3 4 5 6 7 8 0 1 2 3 4 5 6 7 8

weakly structured multi-modal fcts

loal0 of (# f-evals / dimension)

loal0 of (# f-evals / dimension)

all functions

S
Iy
=)

oy
o

= |f1-5,40-D s 2 f1-24,40-D s

© ©

o o 10

© © 0.8

g.,0.8» 508 g

8 8 s

pa prCEpa p

g 0.6+ § N S 0.6+ / 2

© © 2 SFm=ra H—oEs

C e ‘4‘4\_\

2 0.4} FA- S 2 0.4} or Nots

k) : [0) k] ﬂ 7

5 7 5 /

£ 0.2} ﬁé“ ] £0.2 gl .

g m i - P c® & °

£ 00 5 L egotegd O Mo
0 1 2 3 4 5 6 7 8 0 1 2 3 4 5 6 7 8

loa10 of (# f-evals / dimension)

l0oa10 of (# f-evals / dimension)

Figure A.5: Expected running time (ERT in number of function evaluations)
divided by the respective best ERT measured during BBOB-2009 for the
different configurations of the implementation A. Measured for all functions on
search spaces with a dimensionality of 40.

47



separable fcts

moderate fcts

£ L.0F512,20:0 £ L0 5a0D Be
o o 6
k] @ 0.8
gos g 08|
8 8 i
p p 1
506) 506 Do
) ) e LT
g 2 & 8
2 0.41 2 0.4} 4
Y Y
o o D
g g Q; 5
5 0.2t /3‘4( 0.2 : 2
[} o 3
g [P 5 ~

o090 a0 £ 0.0 o 2

o1 2 3 4 5 6 7 8 0 1 2 3 4 5 6 7 8

=
=)

loa10 of (# f-evals / dimension)

ill-conditioned fcts

loa10 of (# f-evals / dimension)

multi-modal fcts

=
=]

£ +7[120724,40-D Be £ 7[f15719,40-D Be
gos gos
S f“ S
+ +
£0.6 YE2 506
< 0.4 ;5 204
o R = EETAY o
Py
S Vj; g\/\:m S
£ 0.2¢ : 2h £ 0.2 e
U Ly /
g = - S . P
o oS 7 g PO
A <A i i i i i 9 a0 ; ;

0 1 2 3

weakly structured multi-modal fcts

v 1.0

4 5 6 7 8
loal0 of (# f-evals / dimension)

0 1 2 3 4 5 6 7

loal0 of (# f-evals / dimension)

all functions

oy
o

£ 1O T ¢ L .

o 5 o

Zos} © 0.8}

o oY

© 25

i i

S 0.6¢ VoA~ 4 506}

B P 6 O

5 p S

'% 0.4+ - /}j’j“""'“y 1 ““c:) 0.4+

C J‘ 8 c

0.2} I 20.2 et

g | > 8 &

3 n o e

& 0.0t 9 & qo—%F 8
0 1 2 3 4 5 6 7 8 0 1 2 3 4 5 6 71 8

loa10 of (# f-evals / dimension)

l0oa10 of (# f-evals / dimension)

Figure A.6: Expected running time (ERT in number of function evaluations)
divided by the respective best ERT measured during BBOB-2009 for the
different configurations of the implementation A. Measured for all functions on
search spaces with a dimensionality of 40.

48



5 1 Sphere 2 Ellipsoid separable - 3 Rastrigin sep. 4 Skew Rastrigin-Bueche separ

4
v
v % /A 5 5 = ‘/A
g BT —g e z
A B W/ﬁ-ﬂ 4 - B o 5
G- #’ﬂa @ g a3 LV‘ BB (4] &
2 3 3
1 2 2
1
1 1
0
arget DFf: 1e-§ Okarget i 16:8 Otarget Df: Te:§ Otarget Df: Te:§
2 3 5 10 20 2 3 5 0 20 20 2 3 B 0 20 a0 20 3 5 10 20 a0
5 5 Linear slope c 6 Attractive sector < 7 Step-ellipsoid a 8 Rosenbrock original S
E’E = ¢ B o B ﬁ 3 bjy‘fj
-
o S
85 B G
1 3 . vy s e
E’ i o4
2
1
1 1
0
arget Df: 1e-8 Ofarget DF: 16:8 Okarget Df: 16:8 Ofarget Bf: 16:8
2 3 5 10 20 40 23 5 10 20 40 23 5 10 20 40 23 5 10 20
a 9 Rosenbrock rotated a 10 Ellipsoid 11 Discus 4 12 Bent cigar

A

it

>
w"
ﬁ
&
N
“

3 L, gy S
T . - o v T 4 /B =
= - =
2 2 3 P et 1 2
1 1 1
1
Okarget Df: 16:8 Obarget Df: 168 arget Df- Te:g Obarget Df: 1618
23 5 10 20 a0 2 3 5 10 20 40 27 3 5 10 20 40 23 H 10 20 40
< 13 Sharp ridge 2 14 Sum of different powers s 15 Rastrigin 16 Weierstrass
4 =) S 5 A
= ‘ppu— L B Bl
Yo Ele—s & B & 4 iy & Iy
K= 2 3fEp4S
R =255
2 2
1
: 1 1
Okarget DF: Te:8 Obarget Df: 1618 Obarget Df: 1e:8 Olarget Df: 1e:8
2 3 5 10 20 a0 2 3 5 10 20 20 2 3 B 0 20 a0 20 3 5 10 20 20
. 17 Schaffer F7, condition 10 18 Schaffer F7, condition 1000 19 Griewank-Rosenbrock F8F2 20 Schwefel x*sin(x)

7
S—ﬁ/g {ospo =R 6
Aji-aaze.magmmzzms@ Gl B B B
2 I L S R p— N
3 3 fed
3
2
1
0|

3
2 2 2
1 1 1
Okarget Df: Te:g 1 OkargetDf: 1e-g arget Df: le:g Okarget Df: 1e:8
2 3 5 10 20 a0 2 3 5 10 20 40 2 3 5 10 20 40 23 5 10 20 40
. 21 Gallagher 101 peaks e 22 Gallagher 21 peaks . 23 Katsuuras 7 24 Lunacek bi-Rastrigin
ﬁ £
= 5 5
B A=Y 5 ey
& =&} <7
C 5 © 5N
S O s <)
, T R
2
2
2
1
N 1
Obarget DF: Te:8 Okarget DF: Te:8 Olarget Df-1e:g Obarget BF: 1e-8
2 3 5 10 20 20 2 3 5 10 20 40 2 3 5 10 20 40 2 3 5 10 20 40

Figure A.7: Expected running time (ERT in number of f-evaluations as log;
value), divided by dimension for target function value 108 versus dimension.
Slanted grid lines indicate quadratic scaling with the dimension. Different
symbols correspond to different algorithms given in the legend of f; and foy.
Light symbols give the maximum number of function evaluations from the
longest trial divided by dimension. Black stars indicate a statistically better
result compared to all other algorithms with p < 0.01 and Bonferroni correction
number of dimensions (six). Legend: o:Al, v:A2, :A3, 0:A4, A:A5, ©:A6,
AT, O:A8, 0:A9, <:A10 19



separable fcts moderate fcts

LrOEEE T L\'A/‘kf}'- i 21085
© R © VS
" P 5 :
g0} ﬁff‘/ o8 :
8 [ 8 ]
+ ';ﬂ + &
food  f S
0 a © /
c c 0
204l j;ﬂ 204 e 4
S £ , © /5
S s A
£0.2 /( 0 50,2 &
5] i , O /Jf
Q 7} { Q A
9 & ., £ s
o o ;
0'00 1 2 3 4 5 6 7 8 0'00 1 2 3 4 5 6 7 8
loa10 of (# f-evals / dimension) l0a10 of (# f-evals / dimension)
ill-conditioned fcts multi-modal fcts
2 L0 a2 R CER TP X)) = =
© © S8
o g noooQ ﬁ\ W\ ors
gos i E gos L%: A\on
o] M F8 i) / EFA
t | : /
5 0.6 & G 5 0.6 ﬂ ;
204 p n 204 /V/; 2
5] 5] /
5 J \ - / \ .
g 0.2 441 $1o g 0.2 /Jm)/ \ 9
2 10
& rg-z%%’/y & = &
a 0.0l i i i i i i f7 a 0.0 i i i H H H £6
0 1 2 3 4 5 6 7 8 0 1 2 3 4 5 6 7 8
loa10 of (# f-evals / dimension) loa10 of (# f-evals / dimension)
weakly structured multi-modal fcts all functions
210653450 2 L0
© ©
Q Q
gos8 508
8 8
+ +
.S 0.6+ .g 0.6
© ©
C C
E‘ 0.4} ::: 0.4} -
S} P ) 1
c & c {i
2 0.2+ ?l"‘/ ;cé 0.2 S //./
§. P,Vf 2 A
e = e [
o o
0'00 1 2 3 4 5 6 7 8 0'00 1 2 3 4 5 6 7 8
loa10 of (# f-evals / dimension) l0oa10 of (# f-evals / dimension)

Figure A.8: Bootstrapped empirical cumulative distribution of the number
of objective function evaluations divided by dimension (FEvals/DIM) for 50
targets in 10-8-2] for all functions and subgroups in 2-D. The “best 2009” line
corresponds to the best ERT observed during BBOB 2009 for each single target.

20



separable fcts moderate fcts

H
o
4

Iy
o

55D 7 f6-9,3-D [E
} )

o
[ee]
Q
R
—
3

Proportion of function+target pairs
<)
S
B
e
—
Proportion of function+target pairs
o
>

o
N
"\‘
oo
23

o
©
=

=

o
o

o
o

i o
@

f
% ;

v b

o
[N)
3

2 3 4 5 6 7 8 1 2 3 4 5 6 7 8
loa10 of (# f-evals / dimension) loa10 of (# f-evals / dimension)

f10-14,3D 7" 7~ =N f15-19,3D ar il
/‘{ F1 5 F3

- ‘ 74 Wes

10

3

g
o

=
(=]

=
o
i

sl

o
)
o
)

=

o
o

Proportion of function+target pairs
o
N
<=
Proportion of function+target pairs
o
N

o
o
‘3

F
E

=4

8

dlo (Flo -
w}fgj (F7

e bes L o
1 2 3 4 5 6 7 8 0 1 2 3 4 5 6 7 8

loa10 of (# f-evals / dimension) loa10 of (# f-evals / dimension)

F2.

o
[N]

o
N
%

s
/! 5
:
b

F1

1

1

E

o
(=]
o

=
[=}

=
=}

f20-24,3-D ; bes

o
o)
o
o)

o
o
o
o

)

o©
»
o©
>

(7

=}
N}
\YJ
o
N

/

|

|
1

|

I

Proportion of function+target pairs
Proportion of function+target pairs

o
(=]

o

-
S
o
3

o

2 3 4 5 6 7 1 2 3 4 5 6 7 8
loal0 of (# f-evals / dimension) loal0 of (# f-evals / dimension)
Figure A.9: Bootstrapped empirical cumulative distribution of the number
of objective function evaluations divided by dimension (FEvals/DIM) for 50
targets in 10[-8-2] for all functions and subgroups in 3-D. The “best 2009” line
corresponds to the best ERT observed during BBOB 2009 for each single target.

51



separable fcts moderate fcts

E ST
2 155D = 2 10REgEs T =
o " s Q 4 10
— SES- — i
g8 o e 508} { o
8 ,.,.4@.—%\@1 8 s E}Ia
+ = +
5 0.6 5 0.6+ ¢ 4
t—)' F9 t {' 7
504 @ e 804 i
° p w © 4/ 3
5 4 5 / |
£0.2 % M5 0.2 y 3 \ s
i
§_ 'r’yﬁé F10 §_ _I‘,}"fz{ 1OF9
a 00 /‘3/ H H H H H 7oa 0.0 et i\s
0 1 2 3 4 5 6 7 8 0 1 2 3 4 5 6 7 8
loa10 of (# f-evals / dimension) loa10 of (# f-evals / dimension)
2 L0r6145D 7" N 1051950
Q & f Q
© b ©
S 0.8 5 ) 0.8
s 7 S
P2 / p
o 06 Bl o 06
O Lo 0
5 %) 5
20.4 o] = 0.4
Y— 10} Y
o ’ 5]
c / c
£0.2 Z/ £0.2 4
o ; o 2
g s e ’
a —_— ; ; ; ; a ‘ ‘ ‘ ‘ ‘ ‘ s
0'-00 1 2 3 4 5 6 7 0'00 1 2 3 4 5 6 7 8
loa10 of (# f-evals / dimension) loa10 of (# f-evals / dimension)
210563450 = 210ET5IED
© : ©
Q q 4 Q
-+ H -
gos v m 08
Il ©
¥ v¥ p-
5 0.6 SN _S 0.6 (iﬁv‘
© s O G
c \ c |
20.4 fo 2 0.4 Eﬁ
Y b b
o xm 5] /
: 5 {
£02 " £ 02 -
P £3 [
& _fa \7 S o
a 0.0 : . . . . : 2 aig.0= y y 4
0 1 2 3 4 5 6 7 8 0 1 2 3 4 5 6 7 8
loal0 of (# f-evals / dimension) loal0 of (# f-evals / dimension)

Figure A.10: Bootstrapped empirical cumulative distribution of the number
of objective function evaluations divided by dimension (FEvals/DIM) for 50
targets in 10[-8-2] for all functions and subgroups in 5-D. The “best 2009” line
corresponds to the best ERT observed during BBOB 2009 for each single target.

52



separable fcts moderate fcts

Iy
[=)
Iy
o

£ V510D b= 2 HU81910-D ‘ =
© ©
o Fl0 Q
- -
gos8 s 508
g oo /‘A o B
506 g;‘ﬂ’ 506 ’ o
: ] \\: : | e
c ] = /
20.4 g R 2 0.44 | ;
Y B Y— [ \
° X 6 © 10
5 s 5 4 X
£ 0.2 f’ 5 0.2F l'# B
g_ [_':\ F1 8_ A'Z/ 9
02-*0'0 S5 r’ i H H H i F4 g 0.0 »:// 3
0 1 2 3 4 5 6 7 8 0 1 2 3 4 5 6 7 8
loa10 of (# f-evals / dimension) loa10 of (# f-evals / dimension)
£1.06674,10D I N“ 2106575 10D %
@© (: ©
[} E \ F1 Q
Tos | ‘\ Tos
o V v o
s ‘. \ o 8
+ s | +
506 |a» 506
© @,3 \ s 0 =
C | \‘ c
20.4 4 Hoes 2 0.4 »
Y H \\ Y
=] iog-
& ] ‘\ S P N
L WA L k10 -2 A
£0.2 7 = P
g £ b S g ,
DE 0-O=6 i £7 ne_—gi/: £9
o 1 2 3 4 5 6 7 8 o 1 2 3 4 5 6 7 8
loa10 of (# f-evals / dimension) loa10 of (# f-evals / dimension)
£ L0r50734,16:0 = LOR57 10D =
Q : 1o 2
) P )
“E’, 0.8 s GEJ’ 0.8 /V 8
JE ///@F2 ‘E \/ﬁ:—;-,-,g '
5 0.6 ; FiFa _S 0.6 /A;‘j 5 10
E’ P e~ F7 E d 5
2 0.4 w204 V)
5 N ] \
F8 j) 6
5 5 4 \m
g0.2 w202 7 ]
g s 8 & ;
o o il
oot R ;
o 1 2 3 4 5 6 7 8 o 1 2 3 4 5 6 7 8
loal0 of (# f-evals / dimension) loal0 of (# f-evals / dimension)
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Figure A.17: Bootstrapped empirical cumulative distribution of the number
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Figure A.18: Bootstrapped empirical cumulative distribution of the number
of objective function evaluations divided by dimension (FEvals/DIM) for 50
targets in 10082 for all functions and subgroups in 10-D. The “best 2009”
line corresponds to the best ERT observed during BBOB 2009 for each single
target.
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Figure A.19: Bootstrapped empirical cumulative distribution of the number
of objective function evaluations divided by dimension (FEvals/DIM) for 50
targets in 10082 for all functions and subgroups in 20-D. The “best 2009”
line corresponds to the best ERT observed during BBOB 2009 for each single
target.
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Figure A.20: Bootstrapped empirical cumulative distribution of the number
of objective function evaluations divided by dimension (FEvals/DIM) for 50
targets in 10082 for all functions and subgroups in 40-D. The “best 2009”
line corresponds to the best ERT observed during BBOB 2009 for each single
target.
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Afopt |lel 1e0 le-1 le-2 le-3 le-5 le-7 #succ
f1 1.8 5.7 5.7 6.2 6.2 6.2 6.2 [15/15
A4 5.00y 4.5 9.0 145 19¢s) 29 39 15/15
B3 6.0 5.3 9.0 12 16 245 326 15/15
C4 4.96 4.6 10 123 16 24 (4 324 15/15
cmaes+7.9s  5.4e 10@) 13 17 255 33 15/15
Afopt [lel 1e0 le-1 le-2 le-3 le-5 le-7 #succ
f2 16 19 25 25 26 28 29 [15/15
A4 110 170 15¢) 184 19 20 223 15/15
B3 7.00 200 20() 210 22(3) 22(3) 23 ) 15/15
C4 11 20a2) 19 21 222 2202 233) 15/15
cmaes+ 8.7any  17a2 19¢7 21 21 22(2) 23 15/15
Afopt [lel 1e0 le-1 le-2 le-3 le-5 le-7 #succ
f3 15 271 445 446 450 454 464 [15/15
A4 6.56)  5.96) 1T7q9) 19¢29) 1900 19¢20) 1924 12/15
B3 19¢) 17 s 6867) 67110 6767 67 (94) 65(72) 4/15
C4 5.43 1761 2536) 25(s2) 256) 25s1) 24 (20 21/35
cmaes+8922) 1200 331 334 3363) 3323 32(s3) 8/15
Afopt [1lel 1e0 le-1 le-2 le-3 le-5 le-7 #succ
fa 22 344 459 496 523 544 566 |15/15
A4 60 193) 1415 3260 303) 2840 27 (26) 2631 9/15
B3 592 17 (299 66(71) 62(122) H8(3s) 56(72) H4(35) 5/15
C4 5.9020 12 4526) 42 (53 40(43) 39¢72) 451 5/15
cmaes-H67 6s7) 15a9) H8(73) 54 (73 51(rs) 49(s6) 4850 6/15
Figure A.21: Bootstrapped empirical cumulative distribution of the number

of objective function evaluations divided by dimension (FEvals/DIM) for 50
targets in 100-%-2] for all functions and subgroups in 2-D. The “best 2009” line
corresponds to the best ERT observed during BBOB 2009 for each single target.
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Afopt |lel 1e0 le-1 le-2 le-3 le-5 le-7 #succ
f5 3.7 4.4 4.4 4.4 4.4 4.4 44 [15/15
A4 8.1 9.40) 10p) 104 103 10 102 15/15
B3 9.3 1l 11 11 11 11 11 15/15
C4 6.52) 8.2x 8.6 8.6(1) 8.6 8.63 8.6 |15/15
cmaes+7.92 10 11w 11w 11w 11 11 15/15
Afopt [lel 1e0 le-1 le-2 le-3 le-5 le-7 #succ
fé 13 23 41 54 67 95 124 [15/15
A4 2.00) 3.206  3.20) 3.6(1) 3.508 4.00n 4.lon [15/15
B3 2.0 2.9 2.5¢1) 2. 700 2706 2.607 2.60.5 15/15
C4 2.4(3) 2.8 2.4 2809 2.Tw0s 2703 2.60e [15/15
cmaes+2.1m 2.5 2.4 2.504 2.605 2.704 2.504 15/15
Afopt [lel 1e0 le-1 le-2 le-3 le-5 le-7 #succ
f7 3.2 21 60 193 217 217 241 |15/15
A4 4.5 2.72) 3.7 1.509 1.40s 1.40.0 1.50.0 15/15
B3 5.7() 2.5¢) 6.001y 3.7 4.6 4.64) 4.2 15/15
C4 4.8 4.9¢) 5.302) 2.9 4.6) 4.6¢) 4.2) 15/15
cmaes+4.7 @) 3.80.6 6.3 2.7w) 3.4 3.4 3.1 15/15
Afopt [1lel 1e0 le-1 le-2 le-3 le-5 le-7 #succ
8 5.4 12 37 46 86 94 112 [15/15
A4 3.53) 7.1 6.36) 6.7 4.2 5.0 4.8(3) 15/15
B3 4.1 8Tay  6.2w 7.4 4.3 4.7 2 4.5 15/15
C4 3.6(4) 8.2(21) 6.3 6.6 4.22) 4.82) 4.4 15/15
cmaes+4.1¢) 9.0¢s) 6.2 6.8 4.3(2) 4.7 ) 4.4 15/15

Figure A.22:

Bootstrapped empirical cumulative distribution of the number

of objective function evaluations divided by dimension (FEvals/DIM) for 50
targets in 100-%-2] for all functions and subgroups in 2-D. The “best 2009” line
corresponds to the best ERT observed during BBOB 2009 for each single target.
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Afopt |lel 1e0 le-1 le-2 le-3 le-5 le-7 #succ
f9 1 18 30 44 68 81 92 [15/15
A4 3.7 0.840.6 2.90) 4.6(3) 3.82) 4.10) 4.4 15/15
B3 6.5¢6) 1.3 2.9 4.0(2) 3.3 3.81) 3.900.6) 15/15
C4 3.62) 1.409 3.6(3 4.6(2) 4008 4.1ws 4307 [15/15
cmaes—+6.0¢2) 1.70 3.9 4.7 4.0 4.0 4.1 15/15
Afopt [lel 1e0 le-1 le-2 le-3 le-5 le-7 #succ
f10 30 46 54 61 68 82 98 [15/15
A4 6.4 6.7 7.7 7.3 7.009 6.70) 6.30.5) 15/15
B3 6.4) 9.1 102 8.902  8.4w 7.60s 6909 [15/15
C4 6.1 7.4 9.3 8.9(2) 8309 T7.6() 6.91) 15/15
cmaes+6.97) 8.5 8.9 8.3 7.80s 1.1 6.50n [15/15
Afopt [lel 1e0 le-1 le-2 le-3 le-5 le-7 #succ
f11 35 45 50 62 67 81 97 |15/15
A4 4.84) 7.2 790 710 T.lo9 6.80s 6.20s [15/15
B3 4.4 7.9) 8.83) 8.3 8.1m 7.40s 6.7T09 [15/15
C4 4.2 ) 8.1 10¢2) 8.6 8.600.6) 7.8w0s5  T7.006 15/15
cmaes-+H4.5¢) 8.2 9.1 8.5¢2) 8.3 7.5 6.9 15/15
Afopt [1lel 1e0 le-1 le-2 le-3 le-5 le-7  #succ
f12 35 46 75 94 105 153 195 [15/15
A4 12(s) 16 13amn 13 123 10(14) 9.0ay [15/15
B3 10a7 16¢14) 13w 129 125 9.46)  8.6as [15/15
C4 4.7 s 7.3 8.6z 9.0 89uy T7.9nm 7.2 |15/15
cmaes+ 7.0any 1206 100 1020 9.4(19 8.0as T.4w [15/15

Figure A.23: Bootstrapped empirical cumulative distribution of the number
of objective function evaluations divided by dimension (FEvals/DIM) for 50
targets in 100-%-2] for all functions and subgroups in 2-D. The “best 2009” line
corresponds to the best ERT observed during BBOB 2009 for each single target.
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Afopt |lel 1e0 le-1 le-2 le-3 le-5 le-7 #succ
f13 23 35 46 60 71 95 122 [15/15
A4 5.0¢) 6.7 6.9 6.9 7.00s) 7.109*26.90.5*2 15/15
B3 5.9a2 10 10¢s) 10¢a) 10¢s) 10¢2) 9.3 15/15
C4 4.0 1l 10¢) 8.8 10¢2) 10¢2) 9.1 15/15
cmaes-+H7.9s) 8.5¢) 10¢) 9.5 8.82) 9.4z 8.7 15/15
Afopt [lel 1e0 le-1 le-2 le-3 le-5 le-7 #succ
f14 1.4 7.4 16 24 38 67 90 [15/15
A4 2.5@2) 2.2z 2.7 4.3¢2) 4.7@2) 6.1 6.60.0 [15/15
B3 2.2(3) 2.5 2.7 3.6(2 4.42) 6.1 6.7e) 15/15
C4 3.1 2.8(3) 2.8(2 3.7 4.32) 6.1 7.009 [15/15
cmaes+4.9u1 3.1 3.1 3.6¢2) 4.6(2) 5.8 6.7 15/15
Afopt [lel 1e0 le-1 le-2 le-3 le-5 le-7 #succ
f15 37 291 1033 1066 1113 1231 1412 | 5/5
A4 2.86) 3.603 6.4 6.3 6.0 5.5 49ay  [12/15
B3 3.207 109 8.4(7) 8.2(7) 7.8(7 7.1 6.3 10/15
C4 9.0¢2 8.0¢2 71any 690y  6.701n 6.1 5.3a0) [19/28
cmaes+H.3q) 3.7 3.5 3.4 3.3 3.0 2.7 13/15
Afopt [1lel 1e0 le-1 le-2 le-3 le-5 le-7 #succ
f16 9.1 50 174 326 358 409 538 [15/15
A4 3.2¢2) 1305 4.4 2.8(2) 3.8(2 3.5 2.8(5) 15/15
B3 2.22) 25(43) 1222 8.0¢s) 8.1an 8.9¢9 8.9a5) 13/15
C4 2.4 27 (45) 127 7.3a5) 7.4a3) 7.86) 6.4 15/15
cmaes+3.7w©.s) 221 1529 9.2(9 10@s3) 11 8.3a0 |14/15

Figure A.24: Bootstrapped empirical cumulative distribution of the number
of objective function evaluations divided by dimension (FEvals/DIM) for 50
targets in 100-%-2] for all functions and subgroups in 2-D. The “best 2009” line
corresponds to the best ERT observed during BBOB 2009 for each single target.
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Afopt |lel 1e0 le-1 le-2 le-3 le-5 le-7 #succ
f17 2.7 61 133 275 396 1086 1657 | 5/5
A4 785 10¢7 5.6 3.360 3.2 4.1 4.0 14/15
B3 64 (92) 1633) 1120 6.401  5.4a0  10an 6.6(7) 8/15
C4 16:1) 8.9 6.5(9 3.6(5 4.86) 4.7 3.1 12/15
cmaes—+ 2902 32(25) 1824 9.1 7.1 4.5¢s) 3.0 12/15
Afopt [lel 1e0 le-1 le-2 le-3 le-b  1le-7  #succ
f18 19 134 666 1249 1708 2438 2858 [15/15
A4 3.6 12 3.8 4.302)* 3.3*2 6.4015*25.7(3)*2 10/15
B3 101 (339) 58160y  Hd(ay) 191 a158) 00 00 oo 2e/, 0/15
C4 23031y 200ass)  8bso) 199162y 145044y 00 oo 2e/ | 0/15
cmaes+202us)  151a2ey 449 304 6266 00 oo 2e/ | 0/15
Afopt [lel 1e0 le-1 le-2 le-3 le-5 le-7 #succ
f19 1 1 26 216 227 252 276 |15/15
A4 1.50) 6.6(4) 2.307n 1200 153 20s) 19@1) 14/15
B3 1905 5Hlase)  15en 11aa 11as) 103 9.2 [15/15
C4 262 1lag 9.3 30 5.1 5.1 4.9(9) 4.74 [15/15
cmaes+2.1¢) 9.1 4.8 1l 11as) 1016y 9.3 |14/15
Afopt [1lel 1e0 le-1 le-2 le-3 le-5 le-7 #succ
20 3.7 61 365 366 366 370 375 [15/15
A4 2.5a)  14a9 10¢0) 10a2) 10¢) 10a2) 104y 15/15
B3 2.2 3l 1523 15¢9) 156 15¢26) 150 11/15
C4 3.5@  19as 1213 127 12 123 1202 13/15
cmaes+H2.5a)  29ae) 132 1428 1420 14s) 1414 12/15
Figure A.25: Bootstrapped empirical cumulative distribution of the number

of objective function evaluations divided by dimension (FEvals/DIM) for 50
targets in 100-%-2] for all functions and subgroups in 2-D. The “best 2009” line
corresponds to the best ERT observed during BBOB 2009 for each single target.
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Afopt |lel 1e0 le-1 le-2 le-3 le-5 le-7 #succ
f21 1.7 51 174 276 290 324 330 [15/15
A4 2.2 52124 35(5) 231 22(s) 2025 1932 10/15
B3 2.50) 4T@osy 430 27 (35) 2627 23 (as) 2321 9/15
C4 4.7Tasy 8Ta1o0 52(35) 33 s8) 31 28 3) 2830 8/15
cmaes+1.60.6) 90are) 50(s0) 32(39) 307 27 27 39) 8/15
Afopt [lel 1e0 le-1 le-2 le-3 le-5 le-7 #succ
f22 5.1 27 168 218 249 289 306 [15/15
A4 1536 97 (99) 26(58) 2020 181 1624 152 13/15
B3 24 (120 42 s0) 123 9.0 8.0¢24) 7. 1) 6.8(10) 13/15
C4 46 (160 6001 1232 102 8.5en  Tdaz T.2e |14/15
cmaes—+ 191 62170 106 8.23 7.319 6.5 6.205) 13/15
Afopt [lel 1e0 le-1 le-2 le-3 le-5 le-7 #succ
23 7.8 193 234 263 299 348 379 [15/15
A4 1.5a) 9.0z 61sm 62(s2) 94 (54) 47 (59) 44 (54 9/15
B3 1.207 3.0 3.6 3.5 3.3 3.1 3.1 15/15
C4 2.00s5 4.9 10a 9.0a9) 8.123) 7.3 6.9 15/15
cmaes—+2.2) 6.6¢3) 5.93) 5.6¢6) 5.1 4.7 4.5¢s) 15/15
Afopt [1lel 1e0 le-1 le-2 le-3 le-5 le-7 #succ
f24 18 857 8515 23399 24113 24721 24721 pH/15
A4 1.54 5.0 2.9 00 00 00 oo 2e4 (0/15
B3 9.0¢0) 5.700  3.7w 2.8¢2) 2.7 2.7 2.7 2/15
C4 1007 5.4 8.0a2) 00 00 00 o0 9714 0/15
cmaes—+ 5.6a7 6.1a0) 8.3 3.0 3.0w) 2.9¢2) 2.9 2/15

Figure A.26: Bootstrapped empirical cumulative distribution of the number
of objective function evaluations divided by dimension (FEvals/DIM) for 50
targets in 100-%-2] for all functions and subgroups in 2-D. The “best 2009” line
corresponds to the best ERT observed during BBOB 2009 for each single target.
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Afopt |lel 1e0 le-1 le-2 le-3 le-5 le-7 #succ
f1 3.6 8.0 8.0 8.0 8.0 8.0 8.0 [15/15
A4 4.3 6.0 120 18&¢s) 26¢s) 37 487 15/15
B3 444 533 1l 164 21 30() 406 15/15
C4 443 5.0 945 14 205 29 39 15/15
cmaes+4.6  6.7@ 1l 16¢7 21 30¢s) 39¢s) 15/15
Afopt [lel 1e0 le-1 le-2 le-3 le-5 le-7 #succ
f2 38 42 43 44 45 47 48  [15/15
A4 137 16¢) 170 19, 19¢) 212 22(2) 15/15
B3 947 13 17w 194 20¢s) 212 22 15/15
C4 9.1 1b@m 18 19¢) 202 20¢2) 21 15/15
cmaes+10¢r) 14 17 202 20 21 22 15/15
Afopt [lel 1e0 le-1 le-2 le-3 le-5 le-7 #succ
f3 38 822 830 835 842 847 853 [15/15
A4 633 18ue) 6811y  67Tws) 67 (93 67 68 661 5/15
B3 2869 43¢0y 149012y 149066y  147@ery 1470200 14653 | 2/15
C4 24 (7 35@s)  108a200  107@1s)  106¢s) 106234y 105052 3/15
cmaes+{5las2y  28@e)  161lws)  160(rsy 15912y 158aze) 157 (ss) 2/15
Afopt [1lel 1e0 le-1 le-2 le-3 le-5 le-7 #succ
f4 40 808 866 921 952 1015 1044 [15/15
A4 600y 32020 38859y 365302 35309) 331y 322(665) 1/15
B3 112 56¢n o0 00 00 00 oo 2ey 0/15
C4 80wusy 66@2 o0 00 00 00 oo 1e/ 0/15
cmaes—+60aes)  T8ss) 00 00 00 00 oo le/ 0/15

Figure A.27: Bootstrapped empirical cumulative distribution of the number
of objective function evaluations divided by dimension (FEvals/DIM) for 50
targets in 100-%-2] for all functions and subgroups in 3-D. The “best 2009” line
corresponds to the best ERT observed during BBOB 2009 for each single target.
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Afopt |lel 1e0 le-1 le-2 le-3 le-5 le-7 #succ
5 6.6 6.6 6.6 6.6 6.6 6.6 6.6 [15/15
A4 7.3 10 10¢2) 10¢s) 10¢2) 10¢2) 10¢s) 15/15
B3 6.4 8.8 9.0¢2 9.1 9.1 9.1 9.1 15/15
C4 7.3c@ 10w 10 10¢a 10¢s) 10¢a 10¢s) 15/15
cmaes+H8.5w 12 133 13 13 13a7 132 15/15
Afopt [lel 1e0 le-1 le-2 le-3 le-5 le-7 #succ
fé 34 56 90 117 149 215 265 |15/15
A4 2.1 3.0 2808 3.lao 3206 3203 34dos [15/15
B3 1.409 2.10s 2.10n 2205 2.10s 2.1os 2.103 15/15
C4 1.8¢2 2.10 2.108 2.10s 2.006 2.003 2.002 [15/15
cmaes+1.9q) 2.62) 2309 240 2.30n  2.10s 2.2 15/15
Afopt [lel 1e0 le-1 le-2 le-3 le-5 le-7 #succ
f7 11 65 342 464 482 482 535 |15/15
A4 1.80) 1.80) 1.2¢ 1.10s) 1.405 1.4@ 1.30s [15/15
B3 2.6¢2) 4.0¢) 3.5@) 3.7 6.9 6.903) 6.303) 10/15
C4 1.6 1.8 2.9¢ 2.9 5.4 5.4(14) 4.9 12/15
cmaes+2.1¢) 2.82) 2.9@) 3.1 3.9 3.9a3) 3.6 12/15
Afopt [1lel 1e0 le-1 le-2 le-3 le-5 le-7 #succ
8 27 45 152 179 188 198 208 |15/15
A4 2.4(2) 4.7 2.8 3.20) 3.5 4.0¢2) 4.301) 15/15
B3 1.90) 6.1 3.2¢2) 3.6(4) 3.8(3) 4.1 4.3 15/15
C4 2.3 5.901s) 3.1 3409 3.6 3.909 4.lwe [15/15
cmaes+?2.1¢) 4.8 2.9@) 3.4(2 3.5¢2) 3.8 4.02 15/15

Figure A.28: Bootstrapped empirical cumulative distribution of the number
of objective function evaluations divided by dimension (FEvals/DIM) for 50
targets in 100-%-2] for all functions and subgroups in 3-D. The “best 2009” line
corresponds to the best ERT observed during BBOB 2009 for each single target.
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Afopt |lel 1e0 le-1 le-2 le-3 le-5 le-7 #succ
f9 21 65 127 149 159 169 178  [15/15
A4 0.6609 1.903) 2.6(3) 3.4(2) 3.7 4.3¢2) 4.609 [15/15
B3 0.750.8 2.6 2.7 3.22) 3.5@2) 3.9) 4.201) 15/15
C4 0.910.9 2.3w 2.6(3 3.1 3.3 3.809 4.00e [15/15
cmaes+0.78w0.s) 1.3 2.1 2.9 3.20s8 3.609 3.907n 15/15
Afopt [lel 1e0 le-1 le-2 le-3 le-5 le-7 #succ
f10 114 152 168 180 194 218 242 |15/15
A4 3.9 4.10)  4.3040 4.306 4.3040 4304 4308 [15/15
B3 3.7 4.5¢2) 5.006) 4.909 4.90s 4.T0s 450 [15/15
C4 4.22) 4.32) 5.008) 4.90s 4.806 4.604 4503 [15/15
cmaes+H3.5) 44000 4.5 4506 45049 4305 4.30s [15/15
Afopt [lel 1e0 le-1 le-2 le-3 le-5 le-7 #succ
f11 67 105 227 263 277 302 327 |15/15
A4 7.22) 6.52 3.30n 3.los* 3.200* 3.302 3.40s [15/15
B3 6.7n 8.1 4309 3906 4.009 3903 380y [15/15
C4 5.8(5) 7.3 4209 4.00n 4.000 4009 3902 [15/15
cmaes+H.6) 7.0¢2) 3.906 3.703 3.70a 3.603  3.603 15/15
Afopt [1lel 1e0 le-1 le-2 le-3 le-5 le-7 #succ
f12 65 168 338 401 445 696 790 [15/15
A4 9.0 6.5() 5.4) 5.4 5.5) 4.43) 4.42) 15/15
B3 7.602) 7.8 6.2 6.2 6.0 4.73) 4.7 15/15
C4 1120 8810 6.3 6.1 6.0¢s) 4.5 4.4 15/15
cmaes-+10qo) 8.2x10 5.4 5.4 5.4 4.23) 4.3 15/15

Figure A.29: Bootstrapped empirical cumulative distribution of the number
of objective function evaluations divided by dimension (FEvals/DIM) for 50
targets in 100-%-2] for all functions and subgroups in 3-D. The “best 2009” line
corresponds to the best ERT observed during BBOB 2009 for each single target.
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Afopt |lel 1e0 le-1 le-2 le-3 le-5 le-7 #succ
f13 49 85 108 136 215 281 365 |15/15
A4 4.33) 4.9 5.0¢2 5.5 4.4 4.40s 4.506) 15/15
B3 5.0¢s) 7.4 6.9¢2) 6.2(2) 5.1 5.1 4908 [15/15
C4 6.3 5.56) 6.4 6.7 5.8(5) 5.56) 5.4 15/15
cmaes+5.9w 7.1 7.4 6.7 5.109 5.607n 5.3 15/15
Afopt [lel 1e0 le-1 le-2 le-3 le-5 le-7 #succ
f14 2.2 17 28 43 71 110 194 [15/15
A4 2.6(7) 1.90s) 3.10n 4.1 4.50) 6.3(1) 5.20s [15/15
B3 3.4¢2) 2.3 2.90.0 3.00s 3.709 6.9 5.600.7) 15/15
C4 2.6¢) 2.2(2) 3.302 3.6 3.90) 6.6(2) 5.6 [15/15
cmaes+?2.4) 2.1 3.1q 3.4(2 3.6 5.5 5.600.7) 15/15
Afopt [lel 1e0 le-1 le-2 le-3 le-5 le-7 #succ
f15 121 1372 6285 8282 8429 8787 9041 [15/15
A4 1.7 2.8(2) 5.6(7) 4.3(7) 4.2 4.0 3.9 7/15
B3 59w 1l 4119) 3139 309) 29¢m) 28 25) 1/15
C4 20(72) 10¢19) 9.1asy  6.9a2) 6.8 6.5(s) 6.4 4/15
cmaes+ 2.6¢) 6.3(9) 4.9 3.7 3.73) 3.5 3.4 6/15
Afopt [1lel 1e0 le-1 le-2 le-3 le-5 le-7 #succ
f16 41 319 582 789 1864 3204 3361 [15/15
A4 1.6 4.85 4.2 6.9¢01y 3.1 2.6(3) 2.5 13/15
B3 2.Tasy  T4as 1l 119 5.8 4.53) 6.2 8/15
C4 2.87 5.6(5) 5.620) 85any 4.5 4.1 5.0 10/15
cmaes+2.40e6 8.0an  10cs) 11as) 5.1w 3.8 4.5) 11/15

Figure A.30: Bootstrapped empirical cumulative distribution of the number
of objective function evaluations divided by dimension (FEvals/DIM) for 50
targets in 100-%-2] for all functions and subgroups in 3-D. The “best 2009” line
corresponds to the best ERT observed during BBOB 2009 for each single target.
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Afopt |lel 1e0 le-1 le-2 le-3 le-5 le-7 #succ
f17 3.6 78 282 491 1134 2347 3469 [15/15
A4 5.4 D09 24s1) 150 8.0 12 13a6) 7/15
B3 16) 315 17 ss) 19¢20) 87w 325 7335 1/15
C4 1962 420400 207 26(38) 192 5142 oo 2e4 0/15
cmaes—+17.0) 48 (142) 41 (43 4343 2843 5247 oo ey 0/15
Afopt [lel 1e0 le-1 le-2 le-3 le-5 le-7 #succ
f18 40 145 1289 3084 3523 4738 5527 [15/15
A4 155 1109 11es 10 117 18as) 23¢9 3/15
B3 11163y Hlaos)y  23as) 267 102a16)  7699) 65109 1/15
C4 24525y 101221y Hlwe 127 7s) 00 00 0o Jey4 0/15
cmaes-+H176s0) 85ary 390 3824 112¢6s) 00 0o Je4 0/15
Afopt [lel 1e0 le-1 le-2 le-3 le-5 le-7 #succ
f19 1 1 109 6764 7367 7399 7441 [15/15
A4 2.5 46 65s7) 3.6 4.8) 4.8 4.8 9/15
B3 2.50) 67 (38) 24 56) 7.8c20 11 1109 11an 4/15
C4 1.7y  60¢se) 59(119) 5.6 10as) 106) 10a3) 5/15
cmaes—+{2.5) 92 (243) 486) 55m  17en 1722 1725 3/15
Afopt [1lel 1e0 le-1 le-2 le-3 le-5 le-7 #succ
20 8.3 385 2291 2398 2481 2573 2776 [15/15
A4 1.3 7.1  12a9 1419) 1419 13a7) 1203 6/15
B3 1400 1l 3844y 37 (25 3635) 34 (42) 32(45) 2/15
C4 1.407 10 10¢) 10as) 9.306) 9.009 8.402 | 6/15
cmaes+1.2u)  10a0) 1947 183y 18as) 17y 16¢s) 4/15
Figure A.31: Bootstrapped empirical cumulative distribution of the number

of objective function evaluations divided by dimension (FEvals/DIM) for 50
targets in 100-%-2] for all functions and subgroups in 3-D. The “best 2009” line
corresponds to the best ERT observed during BBOB 2009 for each single target.
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Afopt |lel 1e0 le-1 le-2 le-3 le-5 le-7 #succ
f21 5.9 184 425 439 458 469 482 |15/15
A4 2.8 28q9 3325 33(33) 31a9 3138 30¢s3) 9/15
B3 10¢2) H8(68) 6001) H8(131) 55(98) 54 (32) 53(s3) 6/15
C4 112 34 (38) 32 3s) 3120 3023 29 s6) 2852 8/15
cmaes-+H13@37) 711z 79 98) 77 67) T4 (a9) 7251 70(s3) 5/15
Afopt [lel 1e0 le-1 le-2 le-3 le-5 le-7 #succ
f22 18 170 354 362 384 401 414 |15/15
A4 60c0s) 340 25(62) 24 a7 23 (a9 22 () 22(59) 11/15
B3 55 (23) 3524 22(33) 22s) 21 s 2010 2020 11/15
C4 53amy 34 23 1) 237 2222 21 ¢ 21ss) 11/15
cmaes+221wo2y 49130y 343 337 31a2) 302 29(39) 10/15
Afopt [lel 1e0 le-1 le-2 le-3 le-5 le-7 #succ
23 2.6 407 906 1215 2214 2293 2393 [15/15
A4 2.4  3des 465 (389) 00 00 &) oo 3ef | 0/15
B3 3.7) 2.4(2) 12a1) 1120 59»  58a0 5.7 [13/15
C4 5.0¢) 1.4 5.7010) 5.1 3.2(5) 3.2(3) 3.1 15/15
cmaes+6.1w 1.8 5.8(9) 4.50 2.6 2.6 2.5 15/15
Afopt [1lel 1e0 le-1 le-2 le-3 le-5 le-7 #succ
f24 97 10391 1.0e5  3.6e5  3.6e5  3.6e5  3.6e5 [2/15
A4 2.43) 3.2¢2) 00 00 00 1% oo 3ef [0/15
B3 14 1412 00 00 00 00 oo 2e [0/15
C4 1233 3.5 00 00 00 0 oo lej [0/15
cmaes+ 8.4s) 3.0¢) 00 00 00 00 oo 2e4 0/15
Figure A.32: Bootstrapped empirical cumulative distribution of the number

of objective function evaluations divided by dimension (FEvals/DIM) for 50
targets in 100-%-2] for all functions and subgroups in 3-D. The “best 2009” line
corresponds to the best ERT observed during BBOB 2009 for each single target.
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Afopt |lel 1e0 le-1 le-2 le-3 le-5 le-7 #succ
f1 11 12 12 12 12 12 12 [15/15
A4 3.9 9.4 17 25 32 485 635 15/15
B3 3. 70y 8.6 153 213 275 38 49s) 15/15
C4 3.2 8.4 132 202 253 373) 47 4 15/15
cmaes+3.3@2 7.6 13 18 23 34 44 4 15/15
Afopt [lel 1e0 le-1 le-2 le-3 le-5 le-7 #succ
f2 83 87 88 89 90 92 94 [15/15
A4 13 150 17 182 19 21 222 15/15
B3 13 17 19) 20¢3) 210 22(2) 233) 15/15
C4 124 17w 202 200 21 220 23(0.9) 15/15
cmaes+{12s) 17 192 202 202 21 222 15/15
Afopt [lel 1e0 le-1 le-2 le-3 le-5 le-7 #succ
f3 716 1622 1637 1642 1646 1650 1654 [15/15
A4 1.50) 50w 364319y 363@rm  3062@e) 3611y 361 wses) 1/15
B3 25@0y 172245 o0 00 00 00 o0 he/ 0/15
C4 144 500 oo 00 00 00 00 Hey 0/15
cmaes-+13@s) 981100 305@ssy 304w 304905 303wus3  302e79) 1/15
Afopt [1lel 1e0 le-1 le-2 le-3 le-b le-7 #succ
f4 809 1633 1688 1758 1817 1886 1903 [15/15
A4 3.60) 00* oo* o0* o0* 00* oo 4ef* | 0/15
B3 37 (am 00 1% 00 00 00 oo He 0/15
C4 26(s1) 00 00 00 00 00 o0 He 0/15
cmaes+29ess) 00 00 00 00 00 o0 be4 | 0/15

Figure A.33: Bootstrapped empirical cumulative distribution of the number
of objective function evaluations divided by dimension (FEvals/DIM) for 50
targets in 100-%-2] for all functions and subgroups in 5-D. The “best 2009” line
corresponds to the best ERT observed during BBOB 2009 for each single target.
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Afopt |lel 1e0 le-1 le-2 le-3 le-5 le-7 #succ
f5 10 10 10 10 10 10 10 [15/15
A4 772  10¢) 102 10¢2) 10¢s) 10 10e) 15/15
B3 6.9 8.83) 9.0¢3) 9.0¢3) 9.2(3 9.2(2 9.2(2 15/15
C4 7.5 9.2 9.4(2 9.4 9.42 9.4 9.4e [15/15
cmaes+7.92 10 10¢2) 10¢2) 10¢2) 10¢s) 10¢s) 15/15
Afopt [lel 1e0 le-1 le-2 le-3 le-5 le-7 #succ
fé 114 214 281 404 580 1038 1332 [15/15
A4 1.9¢) 2206 2508 240 2003 1.602 1.602 [15/15
B3 140y 1ldeos 1.607n 14don  1.203  0.9201 0.9301 [15/15
C4 1400 1506 1.703 1l.4eos  1.201  0.9102 0.8901 [15/15
cmaes+1.205 1.30s 1.504 1.403 1.202 0.8601) 0.870.1) 15/15
Afopt [lel 1e0 le-1 le-2 le-3 le-5 le-7 #succ
f7 24 324 1171 1451 1572 1572 1597 |15/15
A4 2.4 1.2¢3 1.0¢.0 1.0a.0* 1.00e* 1.009* 1.1w* 15/15
B3 2.7  24e) 34w 10 9.1n 9.1 9.0¢s) 6/15
C4 2.4 2.6 3.7 3.9 5.6x10) 5.6¢) 5.5@) 8/15
cmaes-+H2.6¢2) 4.0 5.7 9.0a1y  64se) 64 (32) 63(73) 1/15
Afopt [1lel 1e0 le-1 le-2 le-3 le-5 le-7 #succ
8 73 273 336 372 391 410 422 [15/15
A4 3.5 3.9 4.609 4.82 4909 5.207 5D 15/15
B3 2.7 4.10) 4.7 4.8) 4.9 5.1 5.30s |15/15
C4 2.300 4.1 4.7 4.82) 4905 5.1l 5.4 15/15
cmaes+2.40s 4.3 4.6(s) 4.7 ) 4.7 2 4.9 5.1¢) 15/15

Figure A.34: Bootstrapped empirical cumulative distribution of the number
of objective function evaluations divided by dimension (FEvals/DIM) for 50
targets in 100-%-2] for all functions and subgroups in 5-D. The “best 2009” line
corresponds to the best ERT observed during BBOB 2009 for each single target.
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Afopt |lel 1e0 le-1 le-2 le-3 le-5 le-7 #succ
f9 35 127 214 263 300 335 369 [15/15
A4 3.0 5.5 5.5 5.305 bB.1ao 5.30s H.4we 15/15
B3 2.205 8.6 7.1 6.7 6.34) 6.2(3) 6.0(4) 15/15
C4 2.109 8.9a¢ 7.3 6.8(s) 6.4 6.2(6) 6.1 15/15
cmaes+2.407n  8.Day 7.0 6.5 6.1 5.9 5.7 15/15
Afopt [lel 1e0 le-1 le-2 le-3 le-5 le-7 #succ
f10 349 500 574 607 626 829 880 |15/15
A4 3500 280 2.T0y 2.T0s 2.803n 2.302 240 [15/15
B3 3.1 3.009 3.001 3.003 3.dlon 2502 250 [15/15
C4 2.60s 2906 2.706 2.907n 3.004 2.402 2402 [15/15
cmaes+3.0) 3.1e0s 2902 2903 2902 2402 2.401) 15/15
Afopt [lel 1e0 le-1 le-2 le-3 le-5 le-7 #succ
f11 143 202 763 977 1177 1467 1673 [15/15
A4 104 8.4(1) 2.403 1903 1.T02 1.502 1.401 [15/15
B3 6.6(6) 8.3 2.708 2305 2.002 1.702 1.601y [15/15
C4 7.0 8.8(3) 2904 2502 210y 1801y 1.701n [15/15
cmaes-+ 6.5 7.70) 2607 2203 1902 1.702 1501 [15/15
Afopt [1lel 1e0 le-1 le-2 le-3 le-5 le-7 #succ
f12 108 268 371 413 461 1303 1494 [15/15
A4 9.3¢s) 6.4 6.83) 7.0 7.2 3.3 3.30) 15/15
B3 6.3(s) 6.7 7.2 7.6(3) 7.6(3) 3.4 3.4 15/15
C4 7.4 5.8(3) 5.8 6.1 6.4 2.9 2.8(2) 15/15
cmaes+H.9wu) 4.8 5.2 5.7 5.9 2.7 2.7 15/15

Figure A.35:
of objective function evaluations divided by dimension (FEvals/DIM) for 50
targets in 100-%-2] for all functions and subgroups in 5-D. The “best 2009” line
corresponds to the best ERT observed during BBOB 2009 for each single target.
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Afopt |lel 1e0 le-1 le-2 le-3 le-5 le-7 #succ
f13 132 195 250 319 1310 1752 2255 [15/15
A4 3.6(2) 4.3 5.2(1) 5.0c0 1.402 1.502 1.402 15/15
B3 5.4) 7.0 6.02) 6.1 1.80) 1.905  2.001 [15/15
C4 5.0 6.32 5.9 5.7w) 1.804 1.802 1.802 [15/15
cmaes+4.1) 6.4 6.0¢) 5.42 1.50s 1.502 1.503 [15/15
Afopt [lel 1e0 le-1 le-2 le-3 le-5 le-7 #succ
f14 10 41 58 90 139 251 476  |15/15
A4 1.50) 2.2(1) 3.909 4.4 4.90) 5201 4306 [15/15
B3 1.5 1.909 2.9 2.90s8 3.206 5.5 4.80.4) 15/15
C4 1.1 1.9 2.9 3.00s 3.809 5.00s 4.60n [15/15
cmaes—+1.7¢@) 2109 2.6 3.00s 3.00mn 5205 4.205 15/15
Afopt [lel 1e0 le-1 le-2 le-3 le-5 le-7 #succ
f15 011 9310 19369 19743 20073 20769 21359 |14/15
A4 4.73  4.46)*2 34 34 (16) 336 3223 31en 1/15
B3 42 (23) 70(112) 00 1% 00 00 o0 He 0/15
C4 50¢61) 00 00 00 00 00 o0 e/ 0/15
cmaes+42s1) 6263 00 00 00 00 oo bed 0/15
Afopt [1lel 1e0 le-1 le-2 le-3 le-5 le-7 #succ
f16 120 612 2662 10163 10449 11644 12095 [15/15
A4 2.1 4.2 3.0 1.1 1.1 1.3 1.2¢* 14/15
B3 3.404) 7.006) 1303 1304 1905 17 o0 Jey 0/15
C4 2206 14 9.4 7770 420 3828 oo Jey 0/15
cmaes+0.700.6) 6.0 8.2(16) 3.2(6) 7919 3519 34m 1/15

Figure A.36: Bootstrapped empirical cumulative distribution of the number
of objective function evaluations divided by dimension (FEvals/DIM) for 50
targets in 100-%-2] for all functions and subgroups in 5-D. The “best 2009” line
corresponds to the best ERT observed during BBOB 2009 for each single target.
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Afopt |lel 1e0 le-1 le-2 le-3 le-5 le-7 #succ
f17 5.2 215 899 2861 3669 6351 7934 [15/15
A4 3.5) 1.206 1.801 0.681)*3 1.8w*3 245 42 66) 2/15
B3 245 1505 141s) 2514 (%) %) 0o Jey 0/15
C4 20¢7) 39(s4) 137 32(39) 110(14s) 00 oo Je/ 0/15
cmaes+96) 3323 2123 2414 105¢ss) 1% 0o ey 0/15
Afopt [lel 1e0 le-1 le-2 le-3 le-5 le-7 #succ
f18 103 378 3968 8451 9280 10905 12469 [15/15
A4 2.7 5.305 1.5 3.5 T.4000 21as) 5960 1/15
B3 106174 6470  Hle) 00 00 00 o0 bef | 0/15
C4 14217y 105047 432 00 00 1% o0 Hey 0/15
cmaes+ 4741 65(133) 895 15@rn  681s0) o0 oo bef | 0/15
Afopt [lel 1e0 le-1 le-2 le-3 le-5 le-7  #succ
f19 1 1 242 1.0e5 1.2e5 1.2e5 1.2e5 [15/15
A4 1.6y 2110G251)  30052632) 00 ) 00 o0 bef | 0/15
B3 23w 511169 136236) 6.9 6.0 6.05) 5.9a9 1/15
C4 1.9¢2 30211 224 (413 00 00 00 oo bef | 0/15
cmaes+2.9@) 242143 96 (109) 00 00 1% 00 Hey4 0/15
Afopt [1lel 1e0 le-1 le-2 le-3 le-5 le-7 #succ
20 16 851 38111 51362 54470 54861 55313 [14/15
A4 1.5¢@ 1205 143 11 1009 10am 1005 1/15
B3 1.707n 13ae 00 00 00 00 oo 2e/ 0/15
C4 1.509 9.2 8.1uy 6.0 5.6 5.6 5.6 1/15
cmaes+H1.70  1bas 00 00 00 00 oo 2e/ 0/15

Figure A.37: Bootstrapped empirical cumulative distribution of the number
of objective function evaluations divided by dimension (FEvals/DIM) for 50
targets in 100-%-2] for all functions and subgroups in 5-D. The “best 2009” line
corresponds to the best ERT observed during BBOB 2009 for each single target.
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Afopt |lel 1e0 le-1 le-2 le-3 le-5 le-7 #succ
f21 41 1157 1674 1692 1705 1729 1757 |14/15
A4 6.1:6 2442 20(23) 20(22) 20(25) 20q5) 20a9) 7/15
B3 1707 82(ss) 56(s5) 56(106) 5525 5D (s8) 54 (ss) 3/15
C4 1424 20@s) 17 28 17 42 176 1735 176 7/15
cmaes-+H16¢2s) 336 27 (26) 27 (54) 27 30) 27 (29 26(46) 5/15

Afopt [lel 1e0 le-1 le-2 le-3 le-5 le-7 #succ
f22 71 386 938 980 1008 1040 1068 [14/15
A4 5377 64 (s2) 51(se) 4987 47 114 4677 4524 6/15
B3 554 59137 4029 39¢60) 38(76) 37 @n 3619 6/15
C4 7.607 37w 2325 221 21a7 21 (35 20¢n 8/15
cmaes—+H16s2) 38(16) 2333 2213 2132 210 204 8/15
Afopt [lel 1e0 le-1 le-2 le-3 le-5 le-7 #succ
23 3.0 518 14249 27890 31654 33030 34256 |15/15
A4 1.8 107 (101) 00 00 00 00 o0 ey 0/15
B3 2.0(0.5) 2.401) 4.3 5.7 5.2(5) 5.0(7) 4.8 4/15
C4 2.7 2.4 1.8(2 4.0 3.6 3.53) 3.4 5/15
cmaes+2.0¢) 1.905 1.5 2.8 2.5 2.4 2.4 6/15
Afopt [1lel 1e0 le-1 le-2 le-3 le-5 le-7 #succ
f24 1622 2.2edb  6.4e6  9.6e6  9.6e6  1.3e7 1.3e7 3/15
A4 1624 1% 1% 1% 00 00 oo bef 0/15
B3 2820 00 00 00 00 00 oo bej 0/15
C4 3644 00 00 00 00 00 oo bej 0/15
cmaes+H 222 2.9 00 00 00 00 oo Je4 (0/15

Figure A.38: Bootstrapped empirical cumulative distribution of the number
of objective function evaluations divided by dimension (FEvals/DIM) for 50
targets in 100-%-2] for all functions and subgroups in 5-D. The “best 2009” line
corresponds to the best ERT observed during BBOB 2009 for each single target.
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Afopt |lel 1e0 le-1 le-2 le-3 le-5 le-7 #succ
f1 22 23 23 23 23 23 23 [15/15
A4 4.7 143 244 32(s) 416 60¢s) 796) 15/15
B3 4.0y 1l 17 252 31 453 604 15/15
C4 4.00) 1l 172 24 (2 303 443 583) 15/15
cmaes+4.12 10 16 21" 272 382 49w [15/15
Afopt [lel 1e0 le-1 le-2 le-3 le-5 le-7 #succ
f2 187 190 191 191 193 194 195 [15/15
A4 233) 24s) 26(2) 273 283 30¢2) 3203 15/15
B3 22(s) 264 30 31 32 343 352 15/15
C4 19 246 285 300 31w 33 34 15/15
cmaes—+20¢s) 233 264 281 290.8) 30¢0.9) 310 15/15
Afopt [lel 1e0 le-1 le-2 le-3 le-5 le-7 #succ
f3 1739 3600 3609 3636 3642 3646 3651 [15/15
A4 91 112 %) 00 %) 00 00 oo lebs | 0/15
B3 838540 00 ) 00 ) 00 oo led | 0/15
C4 R02(761) 00 00 00 00 00 oo led | 0/15
cmaes+233 14 00 00 00 00 00 oo les | 0/15
Afopt [1lel 1e0 le-1 le-2 le-3 le-5 le-7 #succ
f4 2234 3626 3660 3695 3707 3744 28767 12/15
A4 18¢7)*3 1) 00 00 ) 00 oo les | 0/15
B3 00 00 ) 00 o) ) oo les5 | 0/15
C4 00 00 00 00 ) 00 oo leb | 0/15
cmaes+320221) 00 00 00 00 00 oo les | 0/15

Figure A.39: Bootstrapped empirical cumulative distribution of the number
of objective function evaluations divided by dimension (FEvals/DIM) for 50
targets in 100-%-2] for all functions and subgroups in 10-D. The “best 2009”
line corresponds to the best ERT observed during BBOB 2009 for each single

target.
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Afopt |lel 1e0 le-1 le-2 le-3 le-5 le-7 #succ
f5 20 20 20 20 20 20 20 [15/15
A4 6.52 8.1un  8.20 8.2y  8.2p 8.2  8.209 [15/15
B3 7.3¢2) 8.6(2) 8.83) 8.8(2) 8.83) 8.8(2) 8.83) 15/15
C4 7.1 8.6(1) 8.7 8.7 8.7 8.7w 8.7 15/15
cmaes+7.2() 8.4 8.6(1) 8.6¢2) 8.6(2) 8.6(1) 8.60.0) [15/15
Afopt [lel 1e0 le-1 le-2 le-3 le-5 le-7 #succ
fé 412 623 826 1039 1292 1841 2370 [15/15
A4 4.02) 4.80s 5.4 5.4(1) 5.1 4708 4705 [15/15
B3 1204 1505 1.704 1.703 1.803 1.701n 1.802 [15/15
C4 1.30s 1.50s 1.603 1.703 1.702 1.602 1.70s [15/15
cmaes+1.202 1.30s5 1.402 1.503 1.502 1.401 1.502* 15/15
Afopt [lel 1e0 le-1 le-2 le-3 le-5 le-7 #succ
f7 172 1611 4195 5099 5141 5141 5389 [15/15
A4 2.2 2.1 2.32*% 2.56*% 2.83»*2 2.80)*2 2.7w 14/15
B3 1.600.99 D.4e) 24 (22) 00 00 1%} oo leq 0/15
C4 2.3 5.89) 25(16) 00 00 00 oo e/ 0/15
cmaes+1.404 3.0 1420 3869) 00 00 oo le4 0/15
Afopt [1lel 1e0 le-1 le-2 le-3 le-5 le-7 #succ
8 326 921 1114 1217 1267 1315 1343 [15/15
A4 3.2¢2) 6.6¢6) 6.3) 6.3 6.3x) 6.4 6.7 15/15
B3 2.8008)  6.3¢) 6.2(2) 6.0 6.0¢2) 6.1 6.34) 15/15
C4 3.1 4.1 4.22) 4.2 4.308) 4.509 4.6 15/15
cmaes-+2.4.) 4.3 4.4 4.4a) 4.4 4.50) 4.6(1) 15/15

Figure A.40: Bootstrapped empirical cumulative distribution of the number
of objective function evaluations divided by dimension (FEvals/DIM) for 50
targets in 100-%-2] for all functions and subgroups in 10-D. The “best 2009”
line corresponds to the best ERT observed during BBOB 2009 for each single

target.
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Bootstrapped empirical cumulative distribution of the number

of objective function evaluations divided by dimension (FEvals/DIM) for 50
targets in 100-%-2] for all functions and subgroups in 10-D. The “best 2009”
line corresponds to the best ERT observed during BBOB 2009 for each single

target.



Afopt |lel 1e0 le-1 le-2 le-3 le-5 le-7 #succ
f13 387 596 797 1014 4587 6208 7779 |15/15
A4 2.80.3 4.8 5000 4.70s 1.203 1.302 1.302 [15/15
B3 4.0 7.5¢) 8.0¢7) 6.8¢) 1.8 2.4 3.3 15/15
C4 2.4 6.7 10¢) 8.7 2.2 3.2(1) 3.6 15/15
cmaes+2.9wu) 4.6(3) 8.9 7.86) 2.3 2.4 2.5¢2) 15/15
Afopt [lel 1e0 le-1 le-2 le-3 le-5 le-7 #succ
f14 37 98 133 205 392 687 4305 [15/15
A4 1.50) 3.003 4.209 5.les 4.80mn 5bee ldon [15/15
B3 1.106 2.306 3.204 3.601 3.40s5 5.30s 1.5(0.2) 15/15
C4 1.209 2308 3.10e 3.4on  3.4e0s  5len  1.5ez [15/15
cmaes+1.206 2.1w0s 2.7T02 2.902 3.00s 4.806 1.401) 15/15
Afopt [lel 1e0 le-1 le-2 le-3 le-5 le-7 #succ
f15 AT74 39246 73643 74669 75790 77814 79834 [12/15
A4 36s3) 00 00 %) 00 00 oo lebs | 0/15
B3 13118 00 00 00 00 00 oo led | 0/15
C4 141 (227) 00 00 00 00 00 oo led | 0/15
cmaes+ 469 00 00 00 00 00 oo les | 0/15
Afopt [1lel 1e0 le-1 le-2 le-3 le-5 le-7 #succ
f16 425 7029 15779 45669 51151 65798 71570 [15/15
A4 100(s4) 22(25) 1830 8.8a1 130 100 2009 1/15
B3 0.55005)123.9m 629 00 00 1% oo Te4 0/15
C4 2003 322 o0 00 00 00 oo 7e4 0/15
cmaes+ 0.500.3)2.0) 183 10a1) 00 00 oo Ge4 | 0/15
Figure A.42: Bootstrapped empirical cumulative distribution of the number

of objective function evaluations divided by dimension (FEvals/DIM) for 50
targets in 100-%-2] for all functions and subgroups in 10-D. The “best 2009”
line corresponds to the best ERT observed during BBOB 2009 for each single

target.
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Afopt |lel 1e0 le-1 le-2 le-3 le-5 le-7  #tsucc
17 26 429 2203 6329 9851 20190 26503 15/15
A4 1.7 1.500.5) 0.640.2*3 1.902*35.69*3 332 oo ledh 0/15

B3 2.3y 90@ro0) 123207 00 00 00 oo 8e 0/15
C4 252 925 268 (415) 00 00 00 oo 8¢/ | 0/15
cmaes+1.51)  62ws) 506 185018 00 00 oo 7e | 0/15
Afopt [lel 1e0 le-1 le-2 le-3 le-5 le-7  #tsucc
f18 238 836 7012 15928 27536 37234 42708 [15/15
A4 1.40.5) 4.502*22.15* 7.66)*% 2624 00 oo 1edh 0/15
B3 9897 208227 00 00 00 00 oo ledh 0/15
C4 12430 284 (152) 00 00 00 1% oo leh | 0/15
cmaes+ 540y 3392 00 00 00 00 oo leh | 0/15
Afopt [lel 1e0 le-1 le-2 le-3 le-5 le-7  #succ
f19 1 1 10609  9.8¢5 1.4e6 1.4e6 1.4e6 [15/15
A4 2.7 00 00 00 00 00 oo le5 | 0/15

B3 2.5(2) 8626(1331) 132(181) o0 o0 o0 o0 ]65 0/15
C4 2.5(2) 1532(950) 62(52) (6,¢] o0 (0¢] oo led 0/15
cmaes+2.3) 2485 651) 2940 00 00 00 oo ledh 0/15

Afopt [1lel 1e0 le-1 le-2 le-3 le-5 le-7 #succ
20 32 15426 5.5e5  5.7eb  5.7e5  5.8e5  5.9e5 [15/15
A4 2.4 175 00 1% 1% 00 oo le5 | 0/15
B3 1.8 1425 00 00 00 00 oo bef | 0/15
C4 1.40s 1042 00 00 00 00 o0 Hey 0/15
cmaesH1.60s 384 00 00 00 00 oo 4e4 | 0/15

Figure A.43: Bootstrapped empirical cumulative distribution of the number
of objective function evaluations divided by dimension (FEvals/DIM) for 50
targets in 100-%-2] for all functions and subgroups in 10-D. The “best 2009”
line corresponds to the best ERT observed during BBOB 2009 for each single
target.
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Afopt |lel 1e0 le-1 le-2 le-3 le-5 le-7 #succ
f21 130 2236 4392 4487 4618 5074 11329 8/15
A4 10815y  27w6n  4Tes) 466y 4560 4l 18ay  @/15
B3 1464 2831) 54 179) H537) 51(7e) 47 (66) 21 (40) 3/15
C4 14488y 4076 H&(60) 57 sm) 5601 51 2316) 3/15
cmaes+132¢i0y 425 54 (46) 53 42) 52(79) 47 (7s) 21 3/15

Afopt [lel 1e0 le-1 le-2 le-3 le-5 le-7  #succ
f22 98 2839 6353 6620 6798 8296 10351 (6/15
A4 138(239) 19¢9) 137 1314 13019 10as) 8.39) 7/15
B3 218269) 1300 8.7 0 8.4 8.2(25) 6.8a1)  D.5) 8/15
C4 137 279 1443 7.8a1y 7.5an T.3as 6.1 4.99 [9/15
cmaes+114@sss)y 1209 8.1 7805  T7.7aep 6.3a2 5.ley B/15
Afopt [lel 1e0 le-1 le-2 le-3 le-5 le-7 #succ
f23 2.8 915 16425 1.8¢5  2.0e5 2.1e5  2.1e5 [15/15
A4 2.8 00 00 co*4 oco*4 co*4 oo 1e5*4 0/15
B3 2.0 2.3¢9) 109 00 00 00 oo ledh 0/15
C4 2.9 1.0 25(34) 00 00 00 oo leb | 0/15
cmaes—+?2.7 ) 1.4¢) 207 00 00 00 oo 7e4 | 0/15
Afopt [1lel 1e0 le-1 le-2 le-3 le-b le-7 #succ
f24 98761 1.0e6  7.5e7  T7.5e7  T7.5e7  7.5e7 7.5e7 |1/15
A4 ) 00 00 00 00 00 oo le5 [0/15
B3 147 () () 00 00 00 oo le5 0/15
C4 00 00 00 &) 00 00 oo le5 [0/15
cmaes- oo 00 00 00 00 00 oo les 0/15

Figure A.44: Bootstrapped empirical cumulative distribution of the number
of objective function evaluations divided by dimension (FEvals/DIM) for 50
targets in 100-%-2] for all functions and subgroups in 10-D. The “best 2009”
line corresponds to the best ERT observed during BBOB 2009 for each single
target.
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Afopt |lel 1e0 le-1 le-2 le-3 le-5 le-7 #succ
f1 43 43 43 43 43 43 43 [15/15
A4 6.8(2) 14 212 292 363 51 66¢3) 15/15
B3 7.30) 153 23(3) 31 392 55(3) 71 15/15
C4 772 15w 23w 302 382 533 68(3) 15/15
cmaes+6.0e  120s* 1823 24@*% 3003 42¢2** 54ert 15/15
Afopt [lel 1e0 le-1 le-2 le-3 le-5 le-7 #succ
f2 385 386 387 388 390 391 393 |15/15
A4 385 465 5241 552 57 59 602 15/15
B3 399 48 s) 534 567 575 601 61 15/15
C4 38 486) 54 (4 56(3) 572 592 602 15/15
cmaes+32 ) 3952 46" 48 »*2  50x»*  52m** 530t 15/15
Afopt [lel 1e0 le-1 le-2 le-3 le-5 le-7 #succ
f3 5066 7626 7635 7637 7643 7646 7651 [15/15

A4 ) 00 00 00 00 00 o0 2e¢5 | 0/15
B3 00 00 00 00 00 00 oo 2e5 | 0/15
C4 00 00 00 00 00 00 oo 2e5 | 0/15
cmaes—+ oo o0 00 00 00 00 oo 2e5 | 0/15
Afopt [1lel 1e0 le-1 le-2 le-3 le-5 le-7 #succ
f4 4722 7628 7666 7686 7700 7758 1.4e5 9/15
A4 ) 00 00 00 00 00 oo 2e5 |0/15
B3 00 00 00 00 00 00 oo 2e¢5 |0/15
C4 00 00 00 00 00 00 oo 2e5 |0/15
cmaes—+ oo o0 00 00 00 00 oo 2e5 0/15

Figure A.45: Bootstrapped empirical cumulative distribution of the number
of objective function evaluations divided by dimension (FEvals/DIM) for 50
targets in 100-%-2] for all functions and subgroups in 20-D. The “best 2009”
line corresponds to the best ERT observed during BBOB 2009 for each single
target.
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Afopt |lel 1e0 le-1 le-2 le-3 le-5 le-7 #succ
f5 41 41 41 41 41 41 41  [15/15
A4 7.8 8.81) 8.8¢1.0) 8.8(2) 8.8(1) 8.8(1) 8.8¢2) 15/15
B3 6.801) 8.1 8.4 8.6(2 8.6(2 8.6a.00 8.6 15/15
C4 812 9.5 10 10a) 10w 10 10 15/15
cmaes+8.2x) 9.307n 108 10¢0.7) 10¢0.8) 10¢0.6) 10¢) 15/15
Afopt [lel 1e0 le-1 le-2 le-3 le-5 le-7 #succ
fé 1296 2343 3413 4255 5220 6728 8409 [15/15
A4 1504 1303 1.302 1l.4deos 1.4es  1.502 1.60s [15/15
B3 1.6y 142 1l4o2  14os  1.502 1.80s3 1.904 [15/15
C4 1.604 143 1l.do2 14doy  1.4dez  1.601 1.80s [15/15
cmaesHL.10.)*2 0.980.1)*0.990.1*2.00.2*2 1.103* 1.303 1.403 15/15
Afopt [lel 1e0 le-1 le-2 le-3 le-5 le-7 #succ
f7 1351 4274 9503 16523 16524 16524 16969 [15/15
A4 11 s 00 %) %) 1) 00 oo 3ey 0/15
B3 7.6¢n 00 1) 1) 1) 00 oo Jed 0/15
C4 2.7 ) 00 00 00 00 oo jef | 0/15
cmaes+Hb6s) 00 00 00 00 00 oo Je4 | 0/15
Afopt [1lel 1e0 le-1 le-2 le-3 le-5 le-7 #succ
8 2039 3871 4040 4148 4219 4371 4484 [15/15
A4 4203  H.809 6.2008 6.3 6.3x) 6.3 6.3 15/15
B3 4.1 4.2 4.609 4.7 4.8 4.9 4.90) 15/15
C4 4.2 6.1 6.53) 6.50.3 6.6 6.6(3) 6.6 15/15
cmaes+3.7q) 3.909 4.3 4.4 4.5 4.50) 4.60.6) 15/15

Figure A.46: Bootstrapped empirical cumulative distribution of the number
of objective function evaluations divided by dimension (FEvals/DIM) for 50
targets in 100-%-2] for all functions and subgroups in 20-D. The “best 2009”
line corresponds to the best ERT observed during BBOB 2009 for each single

target.
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Afopt |lel 1e0 le-1 le-2 le-3 le-5 le-7 #succ
f9 1716 3102 3277 3379 3455 3594 3727 [15/15
A4 4.02) 5.60.6) 6.0¢2) 6.12) 6.201) 6.20.9 6.30s [15/15
B3 4.50) 6.2(4) 6.53) 6.6(4) 6.7 6.7 6.7 15/15
C4 4.7w) 5.608 6.006 6.1on 6208 6206 6.20s [15/15
cmaes+3.80n 4.80s5 5H.leos 5.204 5.30n 5.30s5 5.307 15/15
Afopt [lel 1e0 le-1 le-2 le-3 le-5 le-7 #succ
f10 7413 8661 10735 13641 14920 17073 17476 [15/15
A4 2.003 2.1 19015 1.601 1501 1300 1ldon [15/15
B3 1.902 2103 1.902 1.601n 1.501  1.4en  14den [15/15
C4 2.002 2203 1902 1.601 1501 1ldeoo 1ldon [15/15
cmaes+1.804 1.901n 1.701ny 1.400*2 1.300*3 1.200** 1.20.0** 15/15
Afopt [lel 1e0 le-1 le-2 le-3 le-5 le-7 #succ
f11 1002 2228 6278 8586 9762 12285 14831 [15/15
A4 8409 bdon 2302 1801 1.801n 1.601n 1ldon [15/15
B3 8.70mn  5.bos 2303 1902 1801 1.601n 1ldon [15/15
C4 8.8 5907 2402 1902 1.801 1.600 1.4oo [15/15
cmaes+8.3) 5.106 2.102 1.700*2 1.601)*2 1.40.*3 1.200.0*3 15/15
Afopt [1lel 1e0 le-1 le-2 le-3 le-5 le-7 #succ
f12 1042 1938 2740 3156 4140 12407 13827 [15/15
A4 2.101) 1.9¢ 3.2 4.00) 3.708 1.704 1.8w0s [15/15
B3 3.61 3.9 3.9 4.43) 4.1 1.704 1.8 15/15
C4 3.6(4) 4.7 ) 5.1w 5.3 4.7 1.907n  2.009 [15/15
cmaes+2.20.2 2.8 3.4 3.9 3.52 1.60n 1.T0e [15/15

Figure A.47: Bootstrapped empirical cumulative distribution of the number
of objective function evaluations divided by dimension (FEvals/DIM) for 50
targets in 100-%-2] for all functions and subgroups in 20-D. The “best 2009”
line corresponds to the best ERT observed during BBOB 2009 for each single

target.

89



Afopt |lel 1e0 le-1 le-2 le-3 le-5 le-7 #succ
f13 652 2021 2751 3507 18749 24455 30201 [15/15
A4 6.0 6.5() 8.4 9.0 5.7a2 1laa 29(35) 3/15
B3 5.1 10¢9) 10as) 12¢9) 4.0 6.1 16012 5/15
C4 5.9 720 1l 1641 4.6 81lasy 17an 5/15
cmaes—+2.20.5*2 7.2as 9.3 1524 4.7 7.2 10¢2) 7/15
Afopt [lel 1e0 le-1 le-2 le-3 le-5 le-7 #succ
f14 75 239 304 451 932 1648 15661 (15/15
A4 1.60) 2305 3202 3.80s 3.60y 6.40s ldon [15/15
B3 1.90) 2.505  3.50s5 4.007n 3.T02 6.80) 1402 [15/15
C4 1.508 2.los 3.los 3706 3.70s5 6.40s 1ldon [15/15
cmaes+1.6() 2.003 2.704 3.300 3.204 6.006 1.20.1)*2 15/15
Afopt [lel 1e0 le-1 le-2 le-3 le-5 le-7 #succ
f15 | 30378  1.5e5 3.1eb 3.2ed 3.2ed  4.5ed 4.6e5 [15/15
A4 ) ) 00 00 00 ) o0 2e¢5 | 0/15
B3 00 00 00 00 00 00 oo 2e5 | 0/15
C4 00 00 00 00 00 ) oo 2e5 | 0/15
cmaes—+ oo 00 00 00 00 00 o0 2e¢5 | 0/15
Afopt [1lel 1e0 le-1 le-2 le-3 le-5 le-7 #succ
f16 1384 27265 77015  1.4ed5  1.9e5  2.0eb 2.2e5 [15/15
A4 0.9502 1044 00 ) 00 00 oo 2¢5 | 0/15
B3 0.430.2 20a6 00 00 00 00 oo 2e5 | 0/15
C4 0.450.2) 16¢9) 00 00 00 00 oo 2e5 | 0/15
cmaes+0.810.1 2.2 00 00 00 00 oo 2e5 | 0/15

Figure A.48: Bootstrapped empirical cumulative distribution of the number
of objective function evaluations divided by dimension (FEvals/DIM) for 50
targets in 100-%-2] for all functions and subgroups in 20-D. The “best 2009”
line corresponds to the best ERT observed during BBOB 2009 for each single

target.
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Afopt |lel 1e0 le-1 le-2 le-3  1le-b le-7  #succ
f17 63 1030 4005 12242 30677 56288 80472 |15/15
A4 1.20.8 32609 00 00 00 00 oo 2edH 0/15
B3 1.300) 463 @se) 00 00 00 () oo 2e5 | 0/15
C4 1.20.9) 152902 00 00 00 00 oo 2e5 | 0/15
cmaes+1.4we  204wuse) 221 (202 00 00 00 oo 2e5 | 0/15
Afopt [lel 1e0 le-1 le-2 le-3 le-5 le-7  #succ
f18 621 3972 19561 28555 67569 1.3e5  1.5e5 [15/15
A4 206540 723 (629 00 ) 00 () oo 2¢5 | 0/15
B3 148153 ) 00 00 00 00 oo 2¢5 | 0/15
C4 157 232) 00 00 00 00 o0 oo 2e5 | 0/15
cmaes+H108 260 15671 00 00 00 00 oo 2e5 | 0/15
Afopt [lel 1e0 le-1 le-2 le-3 le-5 le-7  #succ
f19 1 1 3.4eb  4.7¢6  6.2¢6 6.7e¢6  6.7¢6 |15/15
A4 2.1 2.1ed 101 00 00 00 00 oo 2e¢5 | 0/15
B3 1.7 1.7€4 (3eq) 8.0 00 00 00 oo 2e5H 0/15
C4 2.5 8319 s436) 00 00 0 00 oo 2e5 | 0/15
cmaes+2.81) 6721 6716 00 00 00 00 oo 2e5 | 0/15
Afopt [1lel 1e0 le-1 le-2 le-3 le-b le-7 #succ
20 82 46150 3.1e6  5.5e6  5.5e6  5.6e6 5.6e6 |14/15
A4 2.3 00 00 %) 1) 00 oo 1eb 0/15
B3 2.3m 00 00 00 00 00 oo 1eh 0/15
C4 2.3 00 00 00 00 00 oo les | 0/15
cmaes+2.005 00 00 00 00 00 oo 9e/ 0/15

Figure A.49: Bootstrapped empirical cumulative distribution of the number
of objective function evaluations divided by dimension (FEvals/DIM) for 50
targets in 100-%-2] for all functions and subgroups in 20-D. The “best 2009”
line corresponds to the best ERT observed during BBOB 2009 for each single
target.
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Afopt |lel 1e0 le-1 le-2 le-3 le-5 le-7 #succ
f21 561 6541 14103 14318 14643 15567 17589 |15/15
A4 109@es)  Hd(se) 3629 3549) 3D3) 33a2) 2929 3/15
B3 80a1sy  60¢ss) 39¢s2) 3944 38 26) 3646) 32¢61) 3/15
C4 9515 3736 23014) 23(28) 22 29) 211 19¢7 4/15
cmaes+ 90assy  35¢m) 211 21cen 21 26) 20011 17012 4/15
Afopt [lel 1e0 le-1 le-2 le-3 le-5 le-7 #succ
f22 467 5580 23491 24163 24948 26847  1.3e5 [12/15
A4 52 7) 2955 309 30¢mn 2930 27 27 5.3 2/15
B3 43 a1 41 6250 6173 5963) 5581 11 1/15
C4 42128y DD 6245) 61 59 s4) 55 (s3) 11as) 1/15
cmaes+H49assy 463 651300  63s6) 6102y D70 1114 1/15
Afopt [lel 1e0 le-1 le-2 le-3 le-5 le-7 #succ
f23 3.2 1614 67457  3.7e5  4.9e5  8.1leb  8.4eb [15/15
A4 1.9 0.990.4) 12020 ) 00 ) oo le5 | 0/15
B3 1.5m 2.607 295 &) 00 &) oo leb5 | 0/15
C4 1.205 1.5 9.2014 00 00 00 oo 2e5 | 0/15
cmaesH1.2@) 1.602  1baz 00 00 00 o0 8e4 | 0/15
Afopt [1lel 1e0 le-1 le-2 le-3 le-5 le-7 #succ
f24 | 1.3e6  7.5e6  5.2e7  5.2e7T  5.2e7  5.2e7 5.2e7 B/15
A4 ) 00 00 00 00 00 oo 2e5 |0/15
B3 00 &) 00 00 00 00 oo 2e¢5 |0/15
C4 00 00 00 00 00 00 oo 2e5 |0/15
cmaes—+ oo 00 00 00 00 00 o0 2e5 |0/15

Figure A.50: Bootstrapped empirical cumulative distribution of the number
of objective function evaluations divided by dimension (FEvals/DIM) for 50
targets in 100-%-2] for all functions and subgroups in 20-D. The “best 2009”
line corresponds to the best ERT observed during BBOB 2009 for each single

target.

92



Afopt |lel 1e0 le-1 le-2 le-3 le-5 le-7 #succ
f1 83 83 83 83 83 83 83 B0/30
A4 9.3y 17 250.7) 32 390 54 2) 703 15/15
B3 100 182 2600 34 420 582 T4(2) 15/15
C4 100.9) 17 252 32(2) 401 563) Tl 15/15
cmaes+ 8.1a) 1403 213 272** 33 460** 590* 15/15
Afopt [lel 1e0 le-1 le-2 le-3 le-b le-7 #succ
f2 796 797 799 799 800 802 804 [15/15
A4 639 795 897 9610 1007 105¢s) 107 ) 15/15
B3 63 79 887 942 100¢s) 104 1072 15/15
C4 6312 79(10) 88(10) 96(7) 100¢s) 105¢2) 107 15/15
cmaes+bH7 ) 706)*2 81 876" 922 97 99w** [15/15
Afopt [lel 1e0 le-1 le-2 le-3 le-5 le-7 #succ
f3 15526 15602 15612 15641 15646 15651 15656 [15/15
A4 ) ) 00 ) 00 ) o 4e5 | 0/15
B3 00 00 00 00 00 00 00 Jed 0/15
C4 00 00 00 00 00 o0 oo 4e5 | 0/15
cmaes—+ oo 00 00 00 00 00 o 4e5 | 0/15
Afopt [1lel 1e0 le-1 le-2 le-3 le-5 le-7 #succ
f4 15536 15601 15659 15678 15703 15733  2.8¢5 [9/15
A4 ) ) ) ) 00 ) oo 4e5 (0/15
B3 00 00 00 00 00 00 oo 4e5 (0/15
C4 00 o0 00 o0 00 00 oo 4e5  0/15
cmaes—+ oo 00 00 00 00 00 o0 4e5 (0/15
Figure A.51: Bootstrapped empirical cumulative distribution of the number

of objective function evaluations divided by dimension (FEvals/DIM) for 50
targets in 100-%-2] for all functions and subgroups in 40-D. The “best 2009”
line corresponds to the best ERT observed during BBOB 2009 for each single

target.
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Afopt |lel 1e0 le-1 le-2 le-3 le-5 le-7 #succ
f5 98 116 120 121 121 121 121 [15/15
A4 7.40) 7109 7.1 710 T1we T.1ao 7.1l 15/15
B3 7.30.9 7.5 7.30) 7308 7.3 7.30.9  7.309 15/15
C4 71w 6.90s 6.706 6.70s 6.7T0n 6.70s 6.70e [15/15
cmaes+6.70e6 6.603 6.T07n 6.Ton 6.70s 6.706 6.70s [15/15
Afopt [lel 1e0 le-1 le-2 le-3 le-5 le-7 #succ
fé 3507 5523 7168 9470 11538 15007 19222 [15/15
A4 1.60s 1.702 1.801n 1.802 1.802 2.202 2.60s [15/15
B3 1.803 1.802 2.003 2.004 2.102 2.404 2.70s [15/15
C4 1.703 1.702 1.803 1.803 2.003 2.303 2.60s [15/15
cmaesHL.30.2* 1.403* 1.502* 1.502*2 1.60.0*2 1.903 2.20.4 15/15

Afopt [lel 1e0 le-1 le-2 le-3 le-5 le-7 #succ
f7 10698 17839 41037 66294 66294 66294 68145 [15/15
A4 116114 1% 00 1% 00 00 o0 2e¢5 | 0/15
B3 66 92) ) 00 00 00 00 oo led | 0/15
C4 68 (40 00 00 00 00 00 oo 2e5 | 0/15
cmaes+410¢ss) 00 00 00 00 00 oo 4e5 | 0/15

Afopt [1lel 1e0 le-1 le-2 le-3 le-5 le-7 #succ
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Figure A.52: Bootstrapped empirical cumulative distribution of the number
of objective function evaluations divided by dimension (FEvals/DIM) for 50
targets in 100-%-2] for all functions and subgroups in 40-D. The “best 2009”
line corresponds to the best ERT observed during BBOB 2009 for each single
target.
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Figure A.53: Bootstrapped empirical cumulative distribution of the number
of objective function evaluations divided by dimension (FEvals/DIM) for 50
targets in 100-%-2] for all functions and subgroups in 40-D. The “best 2009”
line corresponds to the best ERT observed during BBOB 2009 for each single

target.
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Figure A.54: Bootstrapped empirical cumulative distribution of the number
of objective function evaluations divided by dimension (FEvals/DIM) for 50
targets in 100-%-2] for all functions and subgroups in 40-D. The “best 2009”
line corresponds to the best ERT observed during BBOB 2009 for each single

target.
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Figure A.55: Bootstrapped empirical cumulative distribution of the number

of objective function evaluations divided by dimension (FEvals/DIM) for 50
targets in 100-%-2] for all functions and subgroups in 40-D. The “best 2009”
line corresponds to the best ERT observed during BBOB 2009 for each single

target.
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Figure A.56: Bootstrapped empirical cumulative distribution of the number
of objective function evaluations divided by dimension (FEvals/DIM) for 50
targets in 100-%-2] for all functions and subgroups in 40-D. The “best 2009”
line corresponds to the best ERT observed during BBOB 2009 for each single

target.
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Figure A.57: Expected running time (ERT in number of f-evaluations
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dimension. Slanted grid lines indicate quadratic scaling with the dimension.
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Figure A.60: Bootstrapped empirical cumulative distribution of the number
of objective function evaluations divided by dimension (FEvals/DIM) for 50
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Figure A.61: Bootstrapped empirical cumulative distribution of the number
of objective function evaluations divided by dimension (FEvals/DIM) for 50
targets in 10082 for all functions and subgroups in 10-D. The “best 2009”
line corresponds to the best ERT observed during BBOB 2009 for each single
target.
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Figure A.62: Bootstrapped empirical cumulative distribution of the number
of objective function evaluations divided by dimension (FEvals/DIM) for 50
targets in 10082 for all functions and subgroups in 20-D. The “best 2009”
line corresponds to the best ERT observed during BBOB 2009 for each single
target.
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Figure A.63: Bootstrapped empirical cumulative distribution of the number
of objective function evaluations divided by dimension (FEvals/DIM) for 50
targets in 10082 for all functions and subgroups in 40-D. The “best 2009”
line corresponds to the best ERT observed during BBOB 2009 for each single
target.
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A fopt|1el 1e0 le-1 le-2 le-3 le-5 le-7 #succ
f2 16 19 25 25 26 28 29 [15/15
D3 |12a0 17 176 18 196, 21 22, 15/15
E4 130 189 15 19 20¢s) 21w 23 15/15
Fo6 1210 199 17 19 19 213 23 15/15
cmaesl1ay) 180 17 1810 20¢) 21 229 15/15
A fopt|1el 1e0 le-1 le-2 le-3 le-5 le-7 #succ
f3 15 271 445 446 450 454 464 [15/15
D3 2.2z 7.5  15as) 15¢s) 1504 157 1414 13/15
E4 6.0a3) 1504 1920 22(38) 2109 2126) 2106 12/15
Fo6 5.2(2) 5.63 15ae 153 153y 1502 15299 12/15
cmaes| 10w 8.4 207 20¢s) 2020 2030) 209 11/15
A fopt|1el 1e0 le-1 le-2 le-3 le-5 le-7 #succ
fa 22 344 459 496 523 544 566 [15/15
D3 |6.50) 12an 50(s2) 47 (126) 44 46 43(s8) 41 36) 7/15
E4 2.2 5.912) 235 27 (49) 26(29) 25(s) 2421 10/15
Fo6 3.99 1lw 22 (29) 20(39) 19as) 199 18 11/15
cmaes2.21y  10¢) 40(ss) 37 (30 35 26) 34 45 3322 8/15

Figure A.64: Bootstrapped empirical cumulative distribution of the number
of objective function evaluations divided by dimension (FEvals/DIM) for 50
targets in 100-%-2] for all functions and subgroups in 2-D. The “best 2009” line
corresponds to the best ERT observed during BBOB 2009 for each single target.
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A fopt|lel 1e0 le-1 le-2 le-3 le-5 le-7 #succ
f5 3.7 4.4 4.4 4.4 4.4 4.4 44 |15/15
D3 89w 1l@ 11 11 11 11 11 15/15
E4 7.5(2) 9.1y 10¢ 102 10¢3) 10¢) 10 15/15
F6 913 124 13w 13 13¢5 13w 13¢5 15/15
cmaes|7.7@3 1l 12 124 12 12 12 15/15
A fopt|1el 1e0 le-1 le-2 le-3 le-5 le-7 #succ
fé 13 23 41 54 67 95 124 |15/15
D3  3.06 3.6 3.5@3) 4.201) 4509 4309 4206 [15/15
E4 1.7 3.2¢2 3.3 3.8a.00 4.00s 4.20) 4.000.8) 15/15
F6 1.7w 3.8(2) 3.506 3.7 4108 4308 44don [15/15
cmaes2.2s) 3.4 3.4 3.7w) 4.0 4.2 4307 [15/15
A fopt|1el 1e0 le-1 le-2 le-3 le-5 le-7 #succ
f7 3.2 21 60 193 217 217 241 [15/15
D3  3.36 2.8(6) 3.7 1.80) 1.70m  1.70n 1.80mn [15/15
E4 4.0¢s) 2.3 2.4 1.2¢ 1.30n 1.304 1.3 15/15
Fo6 5.1 2.6 3.42 2.1 2.0 2.0 1.90) 15/15
cmaes|4.4) 6.2(s) 1015y 3.6012) 3.4(2 3.4 4.5s) 13/15
A fopt|1el 1e0 le-1 le-2 le-3 le-5 le-7 #succ
8 5.4 12 37 46 86 94 112 [15/15
D3 (3.3 8.8(24) 6.9¢10) 8.4 5.0s) 5.6¢2) 5.4 15/15
E4 4.5 13 7.5 8. 7w 5.42) 6.209 5.9 15/15
Fo6 3.2(2) 7.810) 5.5 7.1 4.50) 5.2 5.0¢) 15/15
cmaes3.12) 8.36) 7.9¢) 8.6¢6) 5.20) 6.0 5.9(0.8) 15/15

Figure A.65:

Bootstrapped empirical cumulative distribution of the number
of objective function evaluations divided by dimension (FEvals/DIM) for 50
targets in 100-%-2] for all functions and subgroups in 2-D. The “best 2009” line
corresponds to the best ERT observed during BBOB 2009 for each single target.
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A fopt|lel 1e0 le-1 le-2 le-3 le-5 le-7 #succ
f9 1 18 30 44 68 81 92 [15/15
D3 5.2 1.10) 4.1 5.7 4.6(2) 4.80) 5.02) 15/15
E4 5.6¢3) 1.4 3.5 5.53) 4.6(1) 5.2() 5.4¢2 15/15
F6 6.5 1.00s 4.0@) 5.3 4.60s) 4.709 5.00e [15/15
cmaes|7.0¢) 1.7w) 5.8@3) 6.8¢2) 5.3 5.4q 5.5 15/15
A fopt|1el 1e0 le-1 le-2 le-3 le-5 le-7 #succ
f10 30 46 54 61 68 82 98 [15/15
D3 (7.7 7.36) 7.4 7.2 6.80s 6.607 6.3 15/15
E4 7.1 7.3 7.5 7. 7.7 7.50) 7409  6.90 15/15
Fo6 8.2 9.0¢2 8.6(2) 8.2 7.90) 7.6(2) 7.0 15/15
cmaes6.8) 8.0 9.2(3 8.7 8.33) 7.7 7.1 15/15
A fopt|1el 1e0 le-1 le-2 le-3 le-5 le-7 #succ
f11 35 45 50 62 67 81 97  |15/15
D3 4.6 5.9 7.4 6.8(2 7.0 6.507 6.30.9 15/15
E4 5.9 6.33) 7.90) 7.3 7.20) 6.805  6.D0.7) 15/15
Fo6 6.21) 81w 8.2 7.6(2) 7.601) 7.1 6.60.0) [15/15
cmaes|d.6) 7.7 8.3 7.801.0) 7.601) 7208  6.609 15/15
A fopt|1el 1e0 le-1 le-2 le-3 le-5 le-7 #succ
f12 35 46 75 94 105 153 195 [15/15
D3 6.3 140 1301 12(0.8) 1204 10a2) 8.8un [15/15
E4 9.1a5) 1247 10¢25 8.83 8.7Tay 7.1 6.4.10) 15/15
Fo6 7.56) 1107 10¢) 10ay 10¢s) 8212 7.5 15/15
cmaes8.9¢) 13a5) 12a7 11 119 9.30s 8.3 15/15

Figure A.66: Bootstrapped empirical cumulative distribution of the number
of objective function evaluations divided by dimension (FEvals/DIM) for 50
targets in 100-%-2] for all functions and subgroups in 2-D. The “best 2009” line
corresponds to the best ERT observed during BBOB 2009 for each single target.
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A fopt|lel 1e0 le-1 le-2 le-3 le-5 le-7 #succ
f13 23 35 46 60 71 95 122 |15/15
D3  16.2¢m 7.1 6.6(3) 6.9 6.81) 7.0a.0) 6.8(1) 15/15
E4 3.4 6.1 6.6(2) 6.7 6.7 6.909 6.8 15/15
Fo6 5.9 6.4 6.7e) 6.82) 6.9 6.809 6.90) 15/15
cmaesb.0e) 8.3 8.2 7.3 7.5 7.0¢2 7400 |15/15
A fopt|1el 1e0 le-1 le-2 le-3 le-5 le-7 #succ
f14 1.4 7.4 16 24 38 67 90 [15/15
D3 3.7 2.53) 3.0¢2) 3.8(3) 4.51) 5.80.6  6.60.0 15/15
E4 2.0 2.3 2.407 5.0 4.8z 5.4 6.3 15/15
Fo6 2.4 2.3 2.9 4.90) 5.4 6.305  6.909 [15/15
cmaes4.6¢1) 2.7 2.8 4.2 5.2@3) 6.3 7409 |15/15
A fopt|1el 1e0 le-1 le-2 le-3 le-5 le-7 #succ
f15 37 291 1033 1066 1113 1231 1412 | 5/5
D3 2.8 2.4 3.1 3.2 3.1 2.9 2.6 15/15
E4 |1.40n 3.8 4.1 6.0 5.8 5.3a0) 4.7 13/15
F6 10.97w 4.9ay 2.900 3.4 3.3 3.0 2.7 14/15
cmaes|l.1@) 4.9 5.2(5) 5.86) 6.3 5.7 5.0 13/15
A fopt|1el 1e0 le-1 le-2 le-3 le-5 le-7 #succ
f16 9.1 50 174 326 358 409 538 |15/15
D3 3.9 8910  3.60) 2.4 3.1 2.9 2.3 15/15
E4 3.2 8.4(15) 4.1 2.9¢) 2.9 2.803) 2.3w) 15/15
Fo6 3.6¢1 2033 7.56) 4.1 4.1ay 3.8 3.0 15/15
cmaes|3.4) 7.5an 5.7 5.9@) 5.530) 5.0a2) 3.9¢) 14/15

Figure A.67: Bootstrapped empirical cumulative distribution of the number
of objective function evaluations divided by dimension (FEvals/DIM) for 50
targets in 100-%-2] for all functions and subgroups in 2-D. The “best 2009” line
corresponds to the best ERT observed during BBOB 2009 for each single target.
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A fopt|lel 1e0 le-1 le-2 le-3 le-5 le-7 #succ
f17 2.7 61 133 275 396 1086 1657 | 5/5
D3 10517 10¢7 6.5100  95.31) 3.9 4.4 5.1 12/15
E4 24137 3.3 2.207n 2.2 2.3 3.9 4.1 13/15
F6 5.1 1109 5.6a2  3.31) 3.2 4.7 5.0 14/15
cmaes|100asss) 15a7) 8.1ay  5.0w 4.0 3.70.0 5.7 10/15
A fopt|1el 1e0 le-1 le-2 le-3 le-5 le-7 #succ
f18 19 134 666 1249 1708 2438 2858 |15/15
D3 39w 133 4.87 3.1 3.9 8.3 8.7Ta2) 8/15
E4 2067 131 3.2 2.5¢2) 3.4 6.2 5.5 12/15
Fo6 2.40) 7.000) 2.8 1.9¢) 1.5¢) 8.3 1014 7/15
cmaes|77.6) 225 8.1 4.6 3.9¢) 1618y 2535) 3/15
A fopt|1el 1e0 le-1 le-2 le-3 le-5 le-7 #succ
f19 1 1 26 216 227 252 276 [15/15
D3 [1.9¢ 6.06) 4.7 6.4¢2) 1200 1307 14s) 15/15
E4 1.9 8.2(s) T.Tasy 3Tes) 61118 118166 10811 7/15
F6  1.70 1242 15w 174 27 22 31 (3 28s1) 13/15
cmaes 1.8z  10¢m 22(44) 7.6013) 7.6z 100 9.4x [15/15
A fopt|1el 1e0 le-1 le-2 le-3 le-5 le-7 #succ
f20 | 3.7 61 365 366 366 370 375 [15/15
D3 34w  1l4das 16(14) 17w 176 174 17a3) 14/15
E4 2.6 10¢2 103 11 1206 1220 12 14/15
Fo6 2.8(2) 12012 176 186) 18as) 18an 1814 14/15
cmaes3.82) 26(24) 22(23) 22(15) 2223 25(28) 2524 11/15

Figure A.68: Bootstrapped empirical cumulative distribution of the number
of objective function evaluations divided by dimension (FEvals/DIM) for 50
targets in 100-%-2] for all functions and subgroups in 2-D. The “best 2009” line
corresponds to the best ERT observed during BBOB 2009 for each single target.
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A fopt|lel 1e0 le-1 le-2 le-3 le-5 le-7 #succ

f21 | 1.7 51 174 276 290 324 330 [15/15
D3 [1.93 60 3731 24 (23 2227 2047 20as) 11/15
E4 4.514) 4005 17 6 110 1247 11 1104 13/15
F6 12.300 659 39(28) 29(s6) 2862) 2526) 25(39) 10/15
cmaes3.4w.4)  98asn 4329 3536) 331 304 29(s3) 9/15

A fopt|1el 1e0 le-1 le-2 le-3 le-5 le-7 #succ

f22 5.1 27 168 218 249 289 306 [15/15
D3 133) 58152 19as) 18as) 16(s) 1429 1422) 12/15
E4 2950 93(s3) 17as) 1320 1223 11 10¢) 14/15

Fo6 T9@sny 13013 29am 22(s8) 20¢25) 1705 1626 12/15
cmaes| 11s) 8301 14as) 1103 100 8.8 8.41s) 13/15
A fopt|1el 1e0 le-1 le-2 le-3 le-5 le-7 #succ
f23 | 7.8 193 234 263 299 348 379 [15/15
D3 [3.1e)  13¢9 54 (42) 6045) 53 (62) 46100 43114 10/15
E4 273 14 163234y  145208) 162218y  140a36) 128219 5/15
F6 [2.207 460 172203y  18940) 166286y 1440590 132019 5/15
cmaes2.3@) 9.12) 1323 1220 11a7 10 9.3 15/15
A fopt|1el 1e0 le-1 le-2 le-3 le-b le-7 #succ
f24 18 857 8515 23399 24113 24721 24721 /15
D3 3.9 4.3) 6.8a7n  12a3) 123 115 11a2) 1/15
E4 5.8 3.4 6.9a3 1243 12a1) 11as) 11 1/15
F6 1.506 3.0 5.8 00 1% 00 oo 2ef [0/15
cmaes 2.0 3.9(9 4.5 2.0 1.9 1.9 1.90) 5/15

Figure A.69: Bootstrapped empirical cumulative distribution of the number
of objective function evaluations divided by dimension (FEvals/DIM) for 50
targets in 100-%-2] for all functions and subgroups in 2-D. The “best 2009” line
corresponds to the best ERT observed during BBOB 2009 for each single target.
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A fopt|lel 1e0 le-1 le-2 le-3 le-5 le-7 #succ
f1 3.6 8.0 8.0 8.0 8.0 8.0 8.0 [15/15
D3 4.3 5.4(2) 11 19 25(3) 386 51 15/15
E4 U4.1s 4.8 12 18 25 ) 406 H4(s) 15/15
Fo6 5.2 5.9¢) 13¢5 19¢s) 257 39 52(10) 15/15
cmaesh. 7 ) 6.5 120 19¢) 2610 3702 51 15/15
A fopt|1el 1e0 le-1 le-2 le-3 le-5 le-7 #succ
f2 38 42 43 44 45 47 48  |15/15
D3 12w 15@2) 17 182 19 20 21 15/15
E4 144 15w 16 172 18 202 22(3) 15/15
F6 [11¢x 14 172 18 192 21 222 15/15
cmaes| 12) 16 18 19¢s) 19¢s) 212 222 15/15
A fopt|1el 1e0 le-1 le-2 le-3 le-5 le-7 #succ
f3 38 822 830 835 842 847 853 |15/15
D3 [Tlge 162 1130w 1120000 111z 111lee  110asn 3/15
E4 5.812 8.4py 62 62103 62118 61 (149 6173 5/15
Fo6 5.43  6.8@. 1080y 10701 106asy  106ass)  105as2) 3/15
cmaeso72) 1222 82(35) 81 (63) 81 (152) 807 80(114) 4/15
A fopt|1el 1e0 le-1 le-2 le-3 le-b le-7 #succ
f4 40 808 866 921 952 1015 1044 |15/15
D3 30aq 2817 811 T6s5) T4 (16 69 66) 67 (73 4/15
E4 [1lao 2627 36039y 338wuse) 32732y 307ws2y 2990y 1/15
F6  [70a9 27 21 188282y  177arny  171laisy  161aaey 156204 2/15
cmaes| 9.2:1) 3861 00 00 00 00 oo 2e/ 0/15

Figure A.70: Bootstrapped empirical cumulative distribution of the number
of objective function evaluations divided by dimension (FEvals/DIM) for 50
targets in 100-%-2] for all functions and subgroups in 3-D. The “best 2009” line
corresponds to the best ERT observed during BBOB 2009 for each single target.
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A fopt|lel 1e0 le-1 le-2 le-3 le-5 le-7 #succ
5 6.6 6.6 6.6 6.6 6.6 6.6 6.6 [15/15
D3 |7.00 100 10¢s) 10¢s) 10¢s) 10¢s) 10¢s) 15/15
E4 7.009  8.601) 8.9 8.9 8.9 8.9 8.9 15/15
Fo6 7.1 10¢) 10 10¢2) 104 10¢4 10¢2) 15/15
cmaes6.9¢2 10 11 11w 11 11w 11 15/15
A fopt|1el 1e0 le-1 le-2 le-3 le-5 le-7 #succ
fé 34 56 90 117 149 215 265 [15/15
D3 |1.90) 2.81) 2900 3.1os 320 3.006) 3.205 [15/15
E4  |1.8¢ 3.0 3.1 3206 3209 34os  350s [15/15
F6 |2.20 3.3@ 3.1 3.7w) 3.70s  3.606 3.70n [15/15
cmaes{l.8) 2.70) 2.808 3.208 3.1on 3.003 3.1z 15/15
A fopt|1el 1e0 le-1 le-2 le-3 le-5 le-7 #succ
f7 11 65 342 464 482 482 535 [15/15
D3  2.1q 1.6 1.00) 1.409 1.9 1.9¢) 1.90) 15/15
E4 1.8¢2 1.10sy 0.890) 1.1 1.3 1.3 1.4 15/15
Fo6 2.4 2.60) 1.5¢0.7) 1.6¢2 1.9¢ 1.9¢) 1.9 15/15
cmaes|2.6() 4.39) 1.82 1.82) 3.2 3.2 2.9 14/15
A fopt|1el 1e0 le-1 le-2 le-3 le-5 le-7 #succ
8 27 45 152 179 188 198 208 [15/15
D3 R2.1u 6.6(7) 3.9 4.1 4.301) 4.72) 5.0 15/15
E4 2.56) 5.3 3.409 3.6 3.90) 44090  4.70.0 15/15
Fo6 3.0¢2 5.8 3.206 3.5¢ 3.7 4.1 4.50) 15/15
cmaes2.22) 7.7 4.4 4.8 4.9 5.3 5.50.0 [15/15

Figure A.71:

Bootstrapped empirical cumulative distribution of the number
of objective function evaluations divided by dimension (FEvals/DIM) for 50
targets in 100-%-2] for all functions and subgroups in 3-D. The “best 2009” line
corresponds to the best ERT observed during BBOB 2009 for each single target.
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A fopt|lel 1e0 le-1 le-2 le-3 le-5 le-7 #succ
f9 21 65 127 149 159 169 178 |15/15
D3 |0.8409 2.8 3.4 4.0(2) 4.32) 4.82) 5.2(2) 15/15
E4 0.86¢1) 3.1 3.4 3.8 4.109 4.60s 5H.1lomn 15/15
Fo6 0.95¢@ 3.9 4.1 4.5 4.7 5.2 5.51) 15/15
cmaes0.76w.5 3.7@) 4.5 5.0¢2) 5.2 5.6¢2) 5.90) 15/15
A fopt|1el 1e0 le-1 le-2 le-3 le-5 le-7 #succ
f10 114 152 168 180 194 218 242 15/15
D3 4.4 4.4 4706 4809 4708 4.606 4.60n [15/15
E4 520 4805 4.T0s 4706 470+  4.606  4.60e6 [15/15
Fo6 5.009  4.509 4.50n 4.60s 4.50s5 4.509 4.603 [15/15
cmaes3.92) 4.6(1) 4.8(1) 4.T0s 4.T0s) 4.60n 4.50s [15/15
A fopt|1el 1e0 le-1 le-2 le-3 le-5 le-7 #succ
f11 67 105 227 263 277 302 327 [15/15
D3  6.6¢ 7.20) 3.705  3.503  3.50s 350  3.60sn [15/15
E4 6.4 7.0 3.705 3403  3dosn  35os  3.60sn [15/15
Fo6 7.1 6.5 3.404 3.30e6 3303 3401 350 [15/15
cmaesd. D) 6.42 3.406 3.30n 3.306 3.403 3.30s 15/15
A fopt|1el 1e0 le-1 le-2 le-3 le-5 le-7 #succ
f12 65 168 338 401 445 696 790 |15/15
D3 8.4(7) 6.4 4.6 4.6 4.7 4 3.7 3.80) 15/15
E4 8.9 7.6(s) 5.4 5.1 5.2(s) 4.1 4.1 15/15
Fo6 112 8.8(7 6.2 6.00) 5.9 4.53) 4.5 15/15
cmaes 7.1 7.7 6.1 6.2 6.1 4.8 4.85) 15/15

Figure A.72:
of objective function evaluations divided by dimension (FEvals/DIM) for 50
targets in 100-%-2] for all functions and subgroups in 3-D. The “best 2009” line
corresponds to the best ERT observed during BBOB 2009 for each single target.
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A fopt|lel 1e0 le-1 le-2 le-3 le-5 le-7 #succ
f13 49 85 108 136 215 281 365 [15/15
D3 3.6¢1) 5.4 5.7 5.6(2) 4.207 4.4os 4.5(0.6) 15/15
E4  4.70 5.43) 5.8(3) 5.7 4.7 4508 4304 [15/15
F6 3.6 6.1 6.1 5.7q) 4.30.9 4.3 4.30.3) 15/15
cmaes|4.4) 5.0 6.3 6.4 4609 4.80n  4.507n [15/15
A fopt|1el 1e0 le-1 le-2 le-3 le-5 le-7 #succ
f14 2.2 17 28 43 71 110 194 |15/15
D3  2.60 2.407 3.7 4.007 4.1 6.20  5.5ws  [15/15
E4 2.2 1.9¢2 3.2¢2) 4.301 4405  6.009 D205 15/15
Fo6 2.8(5 2.1 3.9 4.6(2) 4.50) 6.1 5.200 [15/15
cmaes2.8¢s) 2.1q 3.1 3.80.0 4.2 6.3 5.40s [15/15
A fopt|1el 1e0 le-1 le-2 le-3 le-5 le-7 #succ
f15 121 1372 6285 8282 8429 8787 9041 [15/15
D3 1924 4.2(7) 4.2 3.212) 3.2 3.0(3) 3.0¢) 8/15
E4 1.106 5.3 4.0 3.1 3.0 2.9 2.8 9/15
Fo6 1.406 2.9 6.0 4.6(2) 4.5 4.3 4.2 6/15
cmaes21 ) 3.8 4.7 3.6¢s) 3.5 3.4 3.3 7/15
A fopt|1el 1e0 le-1 le-2 le-3 le-5 le-7 #succ
f16 41 319 582 789 1864 3204 3361 [15/15
D3 120 4.0(9) 2.7 2.2 1.004 0.63¢ 0.6302 [15/15
E4 0.862  5.5¢zs) 3.8 3.1 1.504 1.1oe 1.1 15/15
Fo6 1.5 3.8 3.6 3.6 1.5¢2 0972  0.960) [15/15
cmaes| 0.7407 3.5 3.1 5.3@3) 3.3) 2.0 1.9 14/15

Figure A.73: Bootstrapped empirical cumulative distribution of the number
of objective function evaluations divided by dimension (FEvals/DIM) for 50
targets in 100-%-2] for all functions and subgroups in 3-D. The “best 2009” line
corresponds to the best ERT observed during BBOB 2009 for each single target.
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A fopt|lel 1e0 le-1 le-2 le-3 le-5 le-7 #succ
f17 3.6 78 282 491 1134 2347 3469 [15/15
D3 6l 33(106) 10 11a7 5.3asy 7.9a4 1las 7/15
E4 23y 36106 2030 25(63) 11as) 27 (35) 57 (26) 2/15
F6  [37as2 14 6s) 123 13a1 83w 10043 2507 4/15
cmaes 4.8a6 36192 15a 8.8 5.600.9 15 20a1) 5/15
A fopt|1el 1e0 le-1 le-2 le-3 le-5 le-7 #succ
f18 40 145 1289 3084 3523 4738 5527 [15/15
D3 2l 10¢) 29 28(98) 2536) 2631) 22(27) 3/15
E4 |14 17 9.0y 6.815 6.0 10ay 11 5/15
Fo6 1.9¢) 4.30) 21@o 150y 1823 41 (60 36 (o8) 2/15
cmaes20s) 25(104) 17y 81w  16a9 457 oo ey 0/15
A fopt|1el 1e0 le-1 le-2 le-3 le-5 le-7 #succ
f19 1 1 109 6764 7367 7399 7441 [15/15
D3  22¢  89ur 112¢129) 6.4 8.1  10a2 10a5) 5/15
E4 2.1 78128 128 s9) 65(63) 59(79) 5950 5961y 1/15
F6  1.7ws 57w 57 (29 8.6 10 11a0) 10an 5/15
cmaes .90  30q2 84 (163) 4.9¢) 6.8s) 6.8¢) 6.810 6/15
A fopt|1el 1e0 le-1 le-2 le-3 le-5 le-7 #succ
f20 | 8.3 385 2291 2398 2481 2573 2776 [15/15
D3 1.7 5.6(0) 11194 10690 10384 99102) 92117 1/15
E4 1.4 4.4 36(44) 3520 3432 32(44) 300 3/15
F6 1.3 5.2 56(96) 5331 5163 5067 46(7s) 2/15
cmaes .81 1lay 3450 337 3259 3128 2830 3/15

Figure A.74: Bootstrapped empirical cumulative distribution of the number
of objective function evaluations divided by dimension (FEvals/DIM) for 50
targets in 100-%-2] for all functions and subgroups in 3-D. The “best 2009” line
corresponds to the best ERT observed during BBOB 2009 for each single target.
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A fopt|lel 1e0 le-1 le-2 le-3 le-5 le-7 #succ
f21 5.9 184 425 439 458 469 482  [15/15
D3 364 51(se6) 59(39) 57 35) D5 (49) 53a12) 5259 7/15
E4 13¢s1) 3665) 2969) 2813) 27 (23) 27 (11) 20634 10/15
Fo6 3.0 44 44 34 4356) 41 1) 40s7) 397 8/15
cmaes| 13) 99102) 91am 88(83) 85(132) 8317 8164 5/15
A fopt|1el 1e0 le-1 le-2 le-3 le-5 le-7 #succ
f22 18 170 354 362 384 401 414  15/15
D3 TTe0s)  24as) 140 143 1329 1207 12019 13/15
E4 19009  36¢s9) 23(s3) 23(53) 22 (a9) 21 21019 12/15
F6 12289 38 (a8) 27 (35) 27 (53 26 1) 25(32) 24 (s0) 11/15
cmaes213se) 47 69 342n 3338 310 3059 29y 10/15
A fopt|1el 1e0 le-1 le-2 le-3 le-5 le-7 #succ
f23 | 2.6 407 906 1215 2214 2293 2393 |15/15
D3 4.8 460 7025 53 (74) 2934 28(33) 27 19 5/15
E4 6.0 373 469604y 35009y 192237y 18592 178169) 1/15
F6 |3.6¢2c 503 485y 3602@ss) 19940y 192235 184 (226) 1/15
cmaes3.22) 8.00) 16xs 12 6.6 6.50) 6.3 14/15
A fopt|1el 1e0 le-1 le-2 le-3 le-5 le-7 #succ
f24 97 10391 1.0eb 3.6e5 3.6e5 3.6eb 3.6e5 2/15
D3 16.0¢s 1.5 00 1% 00 00 oo 3e4 (0/15
E4 190 3.53) 00 00 00 00 oo 3e4 (0/15
F6 [1.40. 1.7 00 1% 00 00 oo 3e4 (0/15
cmaes3.2(7 1.20) 3.8 00 00 00 oo Je4 0/15

Figure A.75:

Bootstrapped empirical cumulative distribution of the number
of objective function evaluations divided by dimension (FEvals/DIM) for 50
targets in 100-%-2] for all functions and subgroups in 3-D. The “best 2009” line
corresponds to the best ERT observed during BBOB 2009 for each single target.
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A fopt|lel 1e0 le-1 le-2 le-3 le-5 le-7 #succ
f1 11 12 12 12 12 12 12 [15/15
D3 (3.3 8.9¢s) 17 25¢s) 33 485 64 s) 15/15
E4 3.3 8.8 21 29¢s) 40s) 58 781 15/15
Fo6 3.5¢@ 10 17 255 344 50¢) 65s) 15/15
cmaes3.1) 8.3 16 223 28 3) 42 ) 56)* 15/15
A fopt|1el 1e0 le-1 le-2 le-3 le-5 le-7 #succ
f2 83 87 88 89 90 92 94  |15/15
D3 123 152 16 170 19 202 220 15/15
E4 170 192 20¢2) 21 222 243) 26(2) 15/15
Fo6 14 16¢0.5) 17y 182 19¢z) 213 233 15/15
cmaes| 12) 15 18w 190 20 212 22 15/15
A fopt|1el 1e0 le-1 le-2 le-3 le-5 le-7 #succ
f3 | 716 1622 1637 1642 1646 1650 1654 [15/15
D3 3.0 36 00 00 00 00 00 4e4 0/15
E4 2.3 59mo0y 210@ss5) 20959 20909 208159 208199 2/15
Fo6 292 960 430736y 4296y 428@s1y 427 0sy 426372 1/15
cmaes2.03)  48u2 oo 00 00 00 oo 3e/ 0/15
A fopt|1el 1e0 le-1 le-2 le-3 le-5 le-7 #succ
f4 809 1633 1688 1758 1817 1886 1903 [15/15
D3 2.8 362(s20) 00 00 00 00 00 Je4 0/15
E4 2.59 203 17) 00 00 00 00 00 Hey 0/15
F6 3.4 1130 00 %) 00 00 00 Je 0/15
cmaes|2.6(1) 00 00 00 00 00 oo Je4 | 0/15

Figure A.76: Bootstrapped empirical cumulative distribution of the number
of objective function evaluations divided by dimension (FEvals/DIM) for 50
targets in 100-%-2] for all functions and subgroups in 5-D. The “best 2009” line
corresponds to the best ERT observed during BBOB 2009 for each single target.
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A fopt|lel 1e0 le-1 le-2 le-3 le-5 le-7 #succ
f5 10 10 10 10 10 10 10 [15/15
D3 6.9 8.6(2 8.9 8.9 8.9 8.9 8.9 15/15
E4 7.1 9.1 9.3¢2) 9.3¢2) 9.33) 9.3¢2) 9.3¢2) 15/15
F6 6.9 9.0 9.3 9.3¢2) 9.3¢2) 9.3 9.3(2 15/15
cmaes8. 1) 10 100 11 1106 1105 112 15/15
A fopt|1el 1e0 le-1 le-2 le-3 le-5 le-7 #succ
fé 114 214 281 404 580 1038 1332 [15/15
D3 [1.607n 2.00s 2406 2205 1903 1503 150 [15/15
E4 3.3 3.5¢2) 3.8(2) 3.7 3.00s 2405 2504 [15/15
Fo6 21w 2508 2908 2.705 2.4 1.90.1) 1.80s [15/15
cmaes|l.60s 1.704 1.905 1.803 1.602 1.202* 1.202*2 15/15
A fopt|1el 1e0 le-1 le-2 le-3 le-5 le-7 #succ
f7 24 324 1171 1451 1572 1572 1597 [15/15
D3 2.4 1.7 2.5@3) 2.2(3) 2.0e3) 2.0¢) 2.4 14/15
E4 2.7 1.9 0.900.4 0.981.0 1.009 1.0 1.20.9) 15/15
Fo6 2.6(2 1.10s 1.4 1.3¢2 1.40) 1.4 1.50s [15/15
cmaes2.9@) 2202 3.3 4.8 5.9 5.9 5.83) 11/15
A fopt|1el 1e0 le-1 le-2 le-3 le-5 le-7 #succ
8 73 273 336 372 391 410 422 [15/15
D3  [3.6¢ 4.6¢0) 5.2 5.5) 5.6¢2) 5.81) 6.1 15/15
E4 3.9 3.9 4.606 4.8 5.0(0.8) 5405  D.8wm 15/15
Fo6 3.1w 3.8 4.6¢3) 4.83) 4.9 5.3 5.7 15/15
cmaes2.403 3.0 4.1 4.309 4.50s8 4.80s 5.00s) 15/15

Figure A.77:

Bootstrapped empirical cumulative distribution of the number
of objective function evaluations divided by dimension (FEvals/DIM) for 50
targets in 100-%-2] for all functions and subgroups in 5-D. The “best 2009” line
corresponds to the best ERT observed during BBOB 2009 for each single target.
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A fopt|lel 1e0 le-1 le-2 le-3 le-5 le-7 #succ
f9 35 127 214 263 300 335 369 [15/15
D3 2.9¢ 7.7 6.8(6) 6.5@3) 6.2 6.207 6.1 15/15
E4 340 8.1 7.0 6.7 6.4 6.5 6.66) 15/15
F6 2.7 6.8 6.4 6.109 5.93 6.0 6.0 15/15
cmaes2.60s  7.3¢2 6.6¢3) 6.3 6.0¢2) 6.0¢2) 5.907n [15/15
A fopt|1el 1e0 le-1 le-2 le-3 le-5 le-7 #succ
f10 | 349 500 D74 607 626 829 880 [15/15
D3 3309 2809 2.802 2802 2903 240 2502 [15/15
E4 430 3.300 3.doy  3les 3206 2.703m  2.802 [15/15
Fo6 3.30m  2.804 2.Tosn 2.Toz 2.802 2.402 2.40s [15/15
cmaes3.2() 2.90.6) 2.900.3) 2902  3.002 2402  2.501 15/15
A fopt|1el 1e0 le-1 le-2 le-3 le-5 le-7 #succ
f11 143 202 763 977 1177 1467 1673 |15/15
D3 [10¢ 7.90) 2302 1.802 1.601 140y 1.4doyn [15/15
E4  |14¢ 112 3.000 2503 2.1on  1.901n 1.801n [15/15
F6  [12¢ 9.4 2.605 2203 1903 1.702 1.602 [15/15
cmaes 6.5@)* 6.8 2.10s5 1.802 1.602 1.401 1.300 15/15
A fopt|1el 1e0 le-1 le-2 le-3 le-5 le-7 #succ
f12 108 268 371 413 461 1303 1494 [15/15
D3 8.2 7.5 8.1 8.6 8.7 3.9 3.9¢2) 15/15
E4 8.43) 6.4 6.8 7.3 7.5 3.4¢2) 3.4¢2) 15/15
F6 10 7.4 6.9 7.2 7.2(5 3.2¢2) 3.1 15/15
cmaes 8.0 6.86) 7.6 8.1 8.4 3.8 3.9 15/15

Figure A.78: Bootstrapped empirical cumulative distribution of the number
of objective function evaluations divided by dimension (FEvals/DIM) for 50
targets in 100-%-2] for all functions and subgroups in 5-D. The “best 2009” line
corresponds to the best ERT observed during BBOB 2009 for each single target.

120



A fopt|lel 1e0 le-1 le-2 le-3 le-5 le-7 #succ
f13 132 195 250 319 1310 1752 2255 [15/15
D3  |3.6c.0 4.82) 5.0 4.7 1.403 1.501n 1.402 15/15
E4 3.6¢1) 4.509 5.0 5.0 1.500.3) 1.500.9 1.500.2) 15/15
F6 |3.400 4.7 5.6 5.3 1.6  1.502  1.502 [15/15
cmaes3.42) 4.9 5.3¢2) 5.5¢2) 1.6005  2.70.3) 2.3) 15/15
A fopt|1el 1e0 le-1 le-2 le-3 le-5 le-7 #succ
f14 10 41 58 90 139 251 476  [15/15
D3 1.4 2.3(1) 3.81) 4.009  4.505 5leos 44desn [15/15
E4 1.4 1.8 3.9 4.9 5.0 5.50.7) 4.40.0) 15/15
Fo6 1.5¢2 1.9 3.7 4.3 4807  5.60s 4306 [15/15
cmaes{l.3) 2.1 3.5 3.606 4.407n 5.009 4.203 15/15
A fopt|1el 1e0 le-1 le-2 le-3 le-5 le-7 #succ
f15 | 511 9310 19369 19743 20073 20769 21359 |14/15
D3 |4.6¢m 1504 33@n 3361 321) 3120 3020 1/15
E4 4.8 140 00 00 00 00 oo He/ 0/15
F6 2.8 82m 17w 169 164 1620 1505 2/15
cmaes3.0¢) 5.0 269 26(35) 25(26) 24 (23 24 (39) 1/15
A fopt|1el 1e0 le-1 le-2 le-3 le-5 le-7 #succ
fi6 | 120 612 2662 10163 10449 11644 12095 [15/15
D3 |1.5¢ 2.2 1.5  0.790¢ 0.781) 0.780s 1.009 [14/15
E4 2.5 331 1435 6.8x19) 6.6 6.0¢9) 5.8a0) 7/15
Fo6 1.4¢ 4.7 4.2a13) 1.7 1.8¢2) 1.7 1.7¢ 13/15
cmaesl.0q) 16as) 1210 3.9) 4.4 6.216) 6.0 7/15

Figure A.79: Bootstrapped empirical cumulative distribution of the number
of objective function evaluations divided by dimension (FEvals/DIM) for 50
targets in 100-%-2] for all functions and subgroups in 5-D. The “best 2009” line
corresponds to the best ERT observed during BBOB 2009 for each single target.
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A fopt|lel 1e0 le-1 le-2 le-3 le-b le-7 #succ

f17 | 5.2 215 899 2861 3669 6351 7934 |15/15
D3 2.5 8.3(29) 7.3a5 3.5 5.8(8) 111¢4s) 00 Hey 0/15
E4 3.3 1.20s8 0.7101) 0.660.1) 1.6 9.3 4392 2/15
F6 3.2 1.205  0.6702 1.2¢) 2.6(3) 352) o0 Hey 0/15
cmaes3.1) 1654 2527 8.0¢9) 10¢14 110¢93) 00 Hey 0/15
A fopt|1el 1e0 le-1 le-2 le-3 le-5 le-7  #£succ

f18 | 103 378 3968 8451 9280 10905 12469 [15/15
D3  |1.20s5  5.8@2 1.8¢2) 2.8wy  1lan ) oo bef | 0/15
E4 1.300.9 4.221) 1.0 1.100.9 2.202 3233) o0 Hey 0/15
F6  1.1we 1.60s  3.207 1.8 3.3 64 (a8 oo bef | 0/15
cmaes/1.30s 21w 1723 181y 36(44) 00 oo e | 0/15
A fopt|1el 1e0 le-1 le-2 le-3 le-5 le-7  #succ

f19 1 1 242 1.0e5 1.2e5 1.2e5 1.2e5 [15/15
D3 2305  2966@77s) ) 00 00 00 oo e | 0/15
E4 2.2 4568 (1e4) () 00 00 00 oo e | 0/15
Fo6 2.4 3006 (s692) 00 00 00 00 oo bef | 0/15
cmaes2.8)  1280as79) 260422 o0 00 00 oo be4 | 0/15
A fopt|1el 1e0 le-1 le-2 le-3 le-5 le-7 #succ

20 16 851 38111 51362 54470 54861 55313 (14/15
D3  [1.206 11 1413) 10 10as) 9.5 9.4 1/15
E4 1.307n 10¢) 9.5010 7.0 6.6 6.6 13a7n 1/15
Fo6 1.408 5.6  18@y 1443 1302 13an 1310 1/15
cmaes|l.30.6 215 00 00 00 00 o0 Se 0/15

Figure A.80: Bootstrapped empirical cumulative distribution of the number
of objective function evaluations divided by dimension (FEvals/DIM) for 50
targets in 100-%-2] for all functions and subgroups in 5-D. The “best 2009” line
corresponds to the best ERT observed during BBOB 2009 for each single target.
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A fopt|lel 1e0 le-1 le-2 le-3 le-5 le-7 #succ

f21 41 1157 1674 1692 1705 1729 1757 [14/15
D3 [17a1s 69103) 07 (s8) 66(3s) 66144 65@61) 6475 3/15
E4 8.4 315 28(72) 28(19) 27 (22 2719 27 (28) 6/15
F6 7.020 260 221s) 22 36) 2220 2219 21 (36) 7/15
cmaes 3.2 624 4362 4347 4280 42 (42 41 (36 4/15

A fopt|1el 1e0 le-1 le-2 le-3 le-5 le-7 #succ
f22 71 386 938 980 1008 1040 1068 [14/15
D3 1.2y 32000  28ua 27 38 26 20) 25(73) 2542 8/15
E4 226 57 1) 41 45 395) 3827 37 60 3619 7/15
Fo6 17amn 55 (92) 3840) 377 36s) 35 (49) 3449 7/15
cmaes|109arr) 95 (154) 51 (am) 49(95) 48 s6) 4663 4554 6/15
A fopt|1el 1e0 le-1 le-2 le-3 le-5 le-7 #succ
f23 | 3.0 518 14249 27890 31654 33030 34256 [15/15
D3 2.0 109090 00 &) 00 &) o0 bef | 0/15
E4  2.1w 7021330 00 &) 00 &) o0 bef | 0/15
Fo6 2.00.6 100a12) 00 00 00 00 00 Hey 0/15
cmaesl.9aq) 7.003*3 3.6*% 4.500*3 4.0*% 3.8 3.T»** | 5/15
A fopt|1el 1e0 le-1 le-2 le-3 le-5 le-7 #succ
f24 | 1622 2.2eb 6.4e6  9.6e6  9.6e6 1.3e7 1.3e7 [3/15
D3 14y 1% 00 1% 00 00 o0 bef [0/15
E4  [13ay 00 00 00 00 00 o0 Jef [0/15
F6 10 00 00 00 00 00 oo bef [0/15
cmaes| 4.0 1.100 o0 00 00 00 oo e4  0/15

Figure A.81: Bootstrapped empirical cumulative distribution of the number
of objective function evaluations divided by dimension (FEvals/DIM) for 50
targets in 100-%-2] for all functions and subgroups in 5-D. The “best 2009” line
corresponds to the best ERT observed during BBOB 2009 for each single target.
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A fopt|lel 1e0 le-1 le-2 le-3 le-5 le-7 #succ
f1 22 23 23 23 23 23 23 15/15
D3  |4.8¢ 143 23(3) 31 41 59(s) 775 15/15
E4 |4.5¢ 176 287 402 H2s) 76(12) 100¢6) 15/15
F6 4.2 16w 243 354 433 65¢6) 85¢6) 15/15
cmaes4.0qy 11 1723  25w*3 32wt 44@w*? 58)*4 15/15
A fopt|1el 1e0 le-1 le-2 le-3 le-5 le-7 #succ
f2 187 190 191 191 193 194 195 |15/15
D3 23 25(3) 273 282 29 31 333) 15/15
E4 29 30 31 33 342 37 39 15/15
Fo6 24 (4 253 26(3) 283 293 31 33 15/15
cmaes19w* 24 ) 264 28(2) 292 302 31 15/15
A fopt|1el 1e0 le-1 le-2 le-3 le-5 le-7 #succ
f3 1739 3600 3609 3636 3642 3646 3651 [15/15
D3 50¢62) 00 00 00 00 1% oo led 0/15
E4 oo 00 00 00 00 00 oo le5 | 0/15
F6 41246 00 00 00 00 00 oo le5 | 0/15
cmaes| 144 00 00 00 00 00 o Ge4 | 0/15
A fopt|1el 1e0 le-1 le-2 le-3 le-b le-7 #succ
f4 2234 3626 3660 3695 3707 3744 28767 [12/15
D3 306 00 00 00 00 1% oo led 0/15
E4  199a1e 00 () () 00 00 oo le5 | 0/15
Fo6 42 (73 00 00 00 00 00 oo le5 | 0/15
cmaes| 4250 00 00 00 00 00 oo 7e4 | 0/15

Figure A.82:

target.

Bootstrapped empirical cumulative distribution of the number
of objective function evaluations divided by dimension (FEvals/DIM) for 50
targets in 100-%-2] for all functions and subgroups in 10-D. The “best 2009”
line corresponds to the best ERT observed during BBOB 2009 for each single
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A fopt|lel 1e0 le-1 le-2 le-3 le-5 le-7 #succ
f5 20 20 20 20 20 20 20 [15/15
D3 [7.1e 8.3 8.7 8.7 8.7 8.7 8.7 15/15
E4 7208 8.4 8.7 8.7w0mn 8.70.8) 8.7 8.7(1) 15/15
Fo6 7207 8.5 8.8 8.82) 8.82) 8.8 8.8(2) 15/15
cmaes|7.90.9 9.3 10 10¢0.9 100 10 10 15/15
A fopt|1el 1e0 le-1 le-2 le-3 le-5 le-7 #succ
fé 412 623 826 1039 1292 1841 2370 [15/15
D3 4.5) 46 5le  52m 5len 470  4.8a0 [15/15
E4 oo 00 00 00 00 00 oo le5 | 0/15
F6  [1030asm  2256176) 00 00 00 00 oo le5 | 0/15
cmaes 1.60.5*3 1.705™31. 704" 1.808* 1.805** 1.70.2** 1.6(0.2**15/15
A fopt|1el 1e0 le-1 le-2 le-3 le-5 le-7 #succ
f7 172 1611 4195 5099 5141 5141 5389 [15/15
D3 220 0.890.1) 2.9w 2.7 2.7) 2.7 2.63) 14/15
E4 3.8¢2) 0.9605 0.6102 0.670w.4 0.71w4 0.71ws 0.810.s 15/15
Fo6 2506 0.9906 1.4 1.4 1.6¢2 1.6¢2 1.8¢2) 15/15
cmaesl.509 2.9 1203 00 00 00 oo 2e4 0/15
A fopt|1el 1e0 le-1 le-2 le-3 le-5 le-7 #succ
8 326 921 1114 1217 1267 1315 1343 [15/15
D3  3.20) 5.43) 5.43) 5.43) 5.5¢2) 5.70s5 5.9 15/15
E4 4.5 5.005 5.dlws 5200 5306  5.606  5.90n [15/15
Fo6 3.406 5.0 5.10e 5.1 5.2(2) 5.4s) 5.70a [15/15

cmaes2.62)

Figure A.83:

4.9 5.0 4.901) 4.9 5.0¢3) 5.2¢2 15/15

Bootstrapped empirical cumulative distribution of the number

of objective function evaluations divided by dimension (FEvals/DIM) for 50
targets in 100-%-2] for all functions and subgroups in 10-D. The “best 2009”
line corresponds to the best ERT observed during BBOB 2009 for each single

target.
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A fopt|lel 1e0 le-1 le-2 le-3 le-5 le-7 #succ
f9 200 648 857 993 1065 1138 1185 [15/15
D3  [2.606 6.5 6.2¢2) 5.8) 5.82) 5.8(2) 6.0 15/15
E4  3.80) 6.5() 6.2(2) 6.00mn 5906 6.10s 6403 [15/15
F6 3.10n 5.6 5406 5304 5304 5305  5.60s [15/15
cmaesl.90.4* 5.40) 5.30s 5.007n 4.907n 5.00e 5H.1lws) 15/15
A fopt|1el 1e0 le-1 le-2 le-3 le-5 le-7 #succ
f10 | 1835 2172 2455 2728 2802 4543 4739 [15/15
D3 2205 2.10s 2.003 1902 1903 1301y 1302 [15/15
E4 2903 2.603 2402 2201 2302 1502 1.602 [15/15
Fo6 2602 2302 2202 2002 2.102 1.40.1) 1401y [15/15
cmaesl.904 2.10s 2.001 1.900 1.901n 1.300 1.301 15/15
A fopt|1el 1e0 le-1 le-2 le-3 le-5 le-7 #succ
f11 266 1041 2602 2954 3338 4092 4843 [15/15
D3 230 6.10 2.502 2301y 2.1z  1.802 1.6y [15/15
E4  |40@) 10(0.9) 4303 3.903 3502 3.003 2.602 [15/15
Fo6 31l 8lws 3.30n 3.001n 280 2401 2.1eo [15/15
cmaes12*4 3.80.3* 1.70.1)** 1.60.0** 1.50.)** 1.30.0** 1.2(0.1)*% 15/15
A fopt|1el 1e0 le-1 le-2 le-3 le-5 le-7 #succ
f12 515 896 1240 1390 1569 3660 5154 |15/15
D3 3203 4.6¢ 5.1 5.43) 5.5(1) 3.006 2500 [15/15
E4 5.4 6.3 6.5 6.7 6.83) 3.7 3.00.7 15/15
Fo6 3.7 4.9 5.6(1) 6.0¢s) 6.1 3.40s 2.8 15/15
cmaes3.0¢) 3.6(2 4.32) 4.6 4.82) 2.7 2.20.6) 15/15

Figure A.84:

target.

Bootstrapped empirical cumulative distribution of the number
of objective function evaluations divided by dimension (FEvals/DIM) for 50
targets in 100-%-2] for all functions and subgroups in 10-D. The “best 2009”
line corresponds to the best ERT observed during BBOB 2009 for each single
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A fopt|lel 1e0 le-1 le-2 le-3 le-5 le-7 #succ

f13 | 387 596 797 1014 4587 6208 7779 |15/15
D3  [2.603 4.6 5.2¢) 4.82) 1.204 1302 1l.4dos [15/15
E4 3309 4.8 5.2¢2) 4.90) 1.30s 1303  1.503 [15/15
Fo6 2.807n 4.7 5.6(2) 5.1 1.30s  1.304 1.30s [15/15
cmaes|3.22) 5.3¢2) 5.3¢2) 5.601) 1.4(0.3 1.6(0.3) 1.40s) 15/15

A fopt|1el 1e0 le-1 le-2 le-3 le-5 le-7 #succ

f14 37 98 133 205 392 687 4305 [15/15
D3  [1.207n 2.8 4407  5deoe  4.60s)  5.60s 1.4deon [15/15
E4 1309 3.80) 5.6(1) 7.0 5908  6.504 1.601 [15/15
Fo6 1.207n  3.00s 4.8 5.5 5204  5.90.5) 1401y [15/15
cmaes.30s)  2.306 3.309° 3.7T0n*? 3.7T06*? 5.005* 1.301n [15/15
A fopt|1el 1e0 le-1 le-2 le-3 le-5 le-7 #succ

f15 4774 39246 73643 74669 75790 77814 79834 [12/15
D3 68ars 00 00 00 00 1% oo 1eh 0/15
E4 oo 00 00 00 00 00 oo leb | 0/15
F6 |oo &) 00 ) ) 00 oo leb | 0/15
cmaes| 3.92*3 oo 00 00 00 00 oo 7e4 0/15
A fopt|1el 1e0 le-1 le-2 le-3 le-5 le-7 #succ

f16 425 7029 15779 45669 51151 65798 71570 [15/15
D3 146118y 6232 27 27 3342) 00 1% oo leh 0/15
E4 [1606a1ss) oo 00 1) 1) 1) oo led 0/15
Fo6 374usry D70 89 o7 00 00 00 oo led 0/15
cmaes| 0.680.3 0.120.0*2.10.6*2 2.55 2.83*3 19un*3 18as*3 1/15

Figure A.85: Bootstrapped empirical cumulative distribution of the number
of objective function evaluations divided by dimension (FEvals/DIM) for 50
targets in 100-%-2] for all functions and subgroups in 10-D. The “best 2009”
line corresponds to the best ERT observed during BBOB 2009 for each single
target.
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A fopt|lel 1e0 le-1 le-2 le-3 le-5 le-7  #£succ

f17 26 429 2203 6329 9851 20190 26503 |15/15
D3 [1.3w 1.505  0.7402 4.4 5.6  34s) oo le5 | 0/15
E4 1.6 2.0 0.970.3 1.3 2.2 00 oo le5 | 0/15
Fo6 1.8¢2 1.508  0.7603 1.2 3.1 70s) oo le5 | 0/15
cmaes|l.4o.9 240.4 15¢s) 1620 66(96) 00 oo le5 | 0/15
A fopt|1el 1e0 le-1 le-2 le-3 le-5 le-7 #succ

f18 | 238 836 7012 15928 27536 37234 42708 [15/15
D3 1.3¢0.3) 1.5¢0.3) 0.340.1) 2904 4.9 %) oo 1ed 0/15
E4 1.7 2.2(0.5) 1.0¢2) 1.5 2.6 00 oo ledh 0/15
F6 1.202 1.70.m 1.4 4.4 6.5 3872 oo le5 | 0/15
cmaes|1.30) 3860 1702 00 00 00 oo les | 0/15
A fopt|1el 1e0 le-1 le-2 le-3 le-5 le-7 #succ

f19 1 1 10609  9.8e5 1.4e6 1.4e6 1.4e6 [15/15
D3  |2.30 00 1% 00 00 1% oo led 0/15
E4 2.2 ) 00 00 00 00 oo led 0/15
F6 2.3 00 %) 00 00 00 oo led 0/15
cmaes|2.9) 2.4e4 (992180 00 00 00 oo lesh | 0/15
A fopt|1el 1e0 le-1 le-2 le-3 le-5 le-7 #succ

20 32 15426 5.5eb 5.7ed 5.7eb 5.8ed 5.9e5 [15/15
D3 1.6 9.4 00 00 1% 00 oo 1ed 0/15
E4 2.0@ () 00 00 00 00 oo led 0/15
Fo6 1.6¢0.7 00 00 00 00 00 oo 1eb 0/15
cmaes|1.8(1) 00 00 00 00 00 o0 e 0/15

Figure A.86: Bootstrapped empirical cumulative distribution of the number
of objective function evaluations divided by dimension (FEvals/DIM) for 50
targets in 100-%-2] for all functions and subgroups in 10-D. The “best 2009”
line corresponds to the best ERT observed during BBOB 2009 for each single

target.

128



A fopt|lel 1e0 le-1 le-2 le-3 le-5 le-7 #succ
f21 130 2236 4392 4487 4618 5074 11329 [8/15
D3 20710 507 99111y 97 (150 94 (94 86(72) 392) 2/15
E4 63(248) H3(98) 6413 6295 6173 55(39) 256) 3/15
F6  |133@ss) 4623 64 (106) 6263) 61 (46 55 6s) 2550 3/15
cmaes 66199 57 (70) 87 (132) 85 (116) 82(100) 7521 34s5) 2/15
A fopt|1el 1e0 le-1 le-2 le-3 le-5 le-7 #succ
f22 98 2839 6353 6620 6798 8296 10351 6/15
D3 1740.6) 20¢21) 9.3¢s) 8.90s) 8.7 7.208) 5.8¢10) 9/15
E4 446057 29 20 36) 191 181 15a3) 1228) 6/15
F6  [14922) 2002) 11ay 1140 10a9) 85a1ny  6.9s B/15
cmaes 23073) 1410 8.9us 8.6 8.4 6.912) 5.6 8/15
A fopt|1el 1e0 le-1 le-2 le-3 le-5 le-7 #succ
f23 2.8 915 16425 1.8¢5  2.0e5  2.1e5  2.1eb [15/15
D3 [1.309 1582421 00 00 00 00 oo le5 | 0/15
E4 19w 00 00 00 00 00 oo le5 | 0/15
Fo6 1.707 1560142 00 00 00 00 oo le5 | 0/15
cmaes2.1) 12(6* 406" o0 00 00 oo les | 0/15
A fopt|1el 1e0 le-1 le-2 le-3 le-5 le-7 #succ
f24 | 98761 1.0e6 7.5e7 7.5e7 7.5e7 7.5e7 7.5e7 [1/15
D3 |oo 00 00 00 00 00 oo le5 0/15
E4 |oo 00 &) ) ) 00 oo le5 0/15
F6 00 00 00 00 00 00 oo le5 0/15
cmaes0.700)** oo 00 00 00 00 oo lesh 0/15

Figure A.87: Bootstrapped empirical cumulative distribution of the number
of objective function evaluations divided by dimension (FEvals/DIM) for 50
targets in 100-%-2] for all functions and subgroups in 10-D. The “best 2009”
line corresponds to the best ERT observed during BBOB 2009 for each single

target.
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A fopt|lel 1e0 le-1 le-2 le-3 le-5 le-7 #succ
f1 43 43 43 43 43 43 43 15/15
D3  [10a.0 19¢s) 292 392 51 71 91 15/15
E4 [10@ 225 35 495 62(3) 88&6) 116¢s) 15/15
Fo6 8.0 20 31 471 (4 53 T64) 99¢s) 15/15
cmaes 6.4  1309** 190)**  250**  32@* 4454 57@2)* 15/15
A fopt|1el 1e0 le-1 le-2 le-3 le-5 le-7 #succ
f2 385 386 387 388 390 391 393 [15/15
D3 442 45() 47 2 48 492 522 542 15/15
E4 593 602 621 633 652 682 7001 15/15
Fo6 49 502 52(2) 532 541 56(2) 59s) 15/15
cmaes32m*3 392 44 463" 47022 481)*2 500n*3 15/15
A fopt|1el 1e0 le-1 le-2 le-3 le-5 le-7 #succ
f3 | 5066 7626 7635 7637 7643 7646 7651 [15/15
D3 |oo 00 00 00 00 00 oo 2ed 0/15
E4 oo 00 00 00 00 00 oo 2eH 0/15
F6 |oo 00 00 ) ) 00 oo 2eH 0/15
cmaes| 0o 00 00 00 00 00 oo 2e5 | 0/15
A fopt|1el 1e0 le-1 le-2 le-3 le-5 le-7 #succ
fa | 4722 7628 7666 7686 7700 7758 1.4e5 9/15
D3 |oo 00 00 00 00 00 oo 2¢5 |0/15
E4 oo 00 00 00 ) ) oo 2e5 |0/15
F6 00 00 00 00 00 00 oo 2e5 |0/15
cmaes| 0o 00 00 00 00 00 oo 2e5 |0/15
Figure A.88: Bootstrapped empirical cumulative distribution of the number

of objective function evaluations divided by dimension (FEvals/DIM) for 50
targets in 100-%-2] for all functions and subgroups in 20-D. The “best 2009”
line corresponds to the best ERT observed during BBOB 2009 for each single

target.
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A fopt|lel 1e0 le-1 le-2 le-3 le-5 le-7 #succ
f5 41 41 41 41 41 41 41  [15/15
D3 |7.4q) 9.10 91000  9.1ws 9100 9.1 9.1 15/15
E4 7.6a.0 890 9.0 9.0 9.0 9.0¢0.9) 9.0 15/15
F6 [7.1w 8.4 8.5 8.5¢2) 8.5¢2 8.5¢2) 8.5 15/15
cmaes8.1¢) 9109 9409 9505  9.504  9.50mn 9.5(0.6) 15/15
A fopt|1el 1e0 le-1 le-2 le-3 le-5 le-7 #succ
fé 1296 2343 3413 4255 5220 6728 8409 [15/15
D3 |oo 00 00 00 00 00 oo 2eH 0/15
E4 oo 00 00 00 00 00 oo led 0/15
F6 |oo 00 ) ) ) ) oo 2eH 0/15
cmaesl.40.3** 1.201)** 1.10** 1.10** 1.100** 1.201** 1.20.1)** 15/15
A fopt|1el 1e0 le-1 le-2 le-3 le-5 le-7 #succ
f7 | 1351 4274 9503 16523 16524 16524 16969 [15/15
D3 |1.505 1.70) 3.4 3.0» 3.0» 3.0» 3.1a0 [15/15
E4 2.50.5) 3.1 2.1 1bas) 2316 2337 38100 4/15
Fo6 1.6(0.5) 2.7 3.9 3.7 3.86) 3.80s  D.1w 15/15
cmaes0.961)*2139124) 12913 00 00 00 00 4e/ 0/15
A fopt|1el 1e0 le-1 le-2 le-3 le-5 le-7 #succ
8 2039 3871 4040 4148 4219 4371 4484 [15/15
D3 4.50) 5.8(2) 6.1 6.2(4) 6.3(4) 6.4 6.50.0 [15/15
E4 5.1 5.8(3) 6.23) 6.4 6.5¢2) 6.602) 6.8(3) 15/15
F6 |4.90 5.007n  Ddon 5.5 5.6(2) 5.7 5.80s [15/15
cmaes3.6) 4.307 4.603 4.7@ 4.7 2 4.806 4.83* [15/15

Figure A.89: Bootstrapped empirical cumulative distribution of the number
of objective function evaluations divided by dimension (FEvals/DIM) for 50
targets in 100-%-2] for all functions and subgroups in 20-D. The “best 2009”
line corresponds to the best ERT observed during BBOB 2009 for each single

target.
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A fopt|lel 1e0 le-1 le-2 le-3 le-5 le-7 #succ
f9 1716 3102 3277 3379 3455 3594 3727 [15/15
D3 4.7 6.0 6.4 6.6¢2) 6.7 6.7 0.4 6.8(4) 15/15
E4 5.00.8) 5.9¢) 6.3¢2) 6.50.4)  6.6(0.9) 6.8(2) 7.0¢2) 15/15
Fo6 5.0 5.8(2) 6.2¢2) 6.3¢2) 6.4 6.5¢2) 6.60.0) [15/15
cmaes3.90.4 5.1 5.502 5.60s5 5.6 5.6 5.6)* 15/15
A fopt|1el 1e0 le-1 le-2 le-3 le-5 le-7 #succ
f10 | 7413 8661 10735 13641 14920 17073 17476 |15/15
D3 2302  2.00n  1.701n  1l4den 1300 1201 1201 [15/15
E4  3lo2 2701y 2201 1801 1700 1501y 1.601y [15/15
Fo6 2602  2.30.1) 1.90.1) 1.5¢00.1) 1.40.1) 1.30.1) 1.3y [15/15
cmaesl.60.1)** 1.80.2*2 1.60.1)* 1.301* 1.200*2 1.100*3 1.10.0*3 15/15

A fopt|1el 1e0 le-1 le-2 le-3 le-5 le-7 #succ
f11 | 1002 2228 6278 8586 9762 12285 14831 [15/15
D3 |28 1303 470 3502 3.lon 2501 2201 [15/15

E4 7327 330 123 8.8(3) 7.82) 6.3 5.3 15/15
Fo6 37 17 0.9 6.103 4.502 4102 3301y 280y [15/15
cmaes{100.6)*4 4.905** 1.900** 1.50.0** 1.30.** 1.20.00** 1.00.0)** 15/15
A fopt|1el 1e0 le-1 le-2 le-3 le-5 le-7 #succ

f12 | 1042 1938 2740 3156 4140 12407 13827 [15/15
D3 4.5¢) 4.9) 5.2(3) 5.6(3) 5.1 2202 2205 [15/15
E4 6.5 6.1 5.9 6.1 5.5 2408  2.40s [15/15
F6 4.0 4.2 4.7 5.1 4.6(2) 2.10s5 2204 [15/15
cmaes2.20.3*2 3.0 3.52 3.8 3.5 1.500* 1.603* [15/15

Figure A.90: Bootstrapped empirical cumulative distribution of the number
of objective function evaluations divided by dimension (FEvals/DIM) for 50
targets in 100-%-2] for all functions and subgroups in 20-D. The “best 2009”
line corresponds to the best ERT observed during BBOB 2009 for each single
target.
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A fopt|lel 1e0 le-1 le-2 le-3 le-5 le-7 #succ

f13 | 652 2021 2751 3507 18749 24455 30201 (15/15
D3 4305 4.1 5.8(3) 4.9¢2) 1.206) 1304 1304 [15/15
E4 4.80.4 4.4 4.2 5.0¢2 1.0003 1.102 1.203 15/15
F6 |4.20s 4.7 4.4 4.7 3 1.0007 1204 1.20s [15/15
cmaesd. 1z 4.2 21 36) 30(76) 8.8(10) 7.2(m 6.0 10/15

A fopt|1el 1e0 le-1 le-2 le-3 le-5 le-7 #succ

f14 75 239 304 451 932 1648 15661 (15/15
D3 [1.9¢ 3.20s8  5.007 7.5¢) 6.90) 8200 1301 [15/15
E4 2.0 4.209 6.70) 11 9.20) 100.9) 1.6 [15/15
Fo6 2.0¢) 3.40.9  5.Dw.9 8.4(2) 7.6(0.8) 8.8wn  1.4dwoo [15/15
cmaesl.7q) 2.1079*2 3.006™ 3.700** 3.809* 5.90.6* 1.20.1)** [15/15
A fopt|1el 1e0 le-1 le-2 le-3 le-5 le-7 #succ

f15 | 30378 1.5e5 3.1eb 3.2eb 3.2e5 4.5eH 4.6e5 [15/15
D3 |oo 00 00 00 00 00 oo 2ed 0/15
E4 oo 00 00 00 00 00 oo 2eH 0/15
F6 |oo 00 00 ) ) 00 oo 2eH 0/15
cmaes| 0o 00 00 00 00 00 oo 2e5 | 0/15
A fopt|1el 1e0 le-1 le-2 le-3 le-b le-7 #succ

f16 1384 27265 77015 1.4e5 1.9¢5  2.0e5  2.2e5 [15/15
D3 202567 ) ) &) &) 00 oo 2e¢5 | 0/15
E4 |oo 00 ) ) ) 00 oo 2e5 | 0/15
F6 00 00 00 00 00 00 oo 2e5 | 0/15
cmaes 0.440.1*0.860.1* 2.4 1935** oo 00 oo 2e5 | 0/15

Figure A.91: Bootstrapped empirical cumulative distribution of the number
of objective function evaluations divided by dimension (FEvals/DIM) for 50
targets in 100-%-2] for all functions and subgroups in 20-D. The “best 2009”
line corresponds to the best ERT observed during BBOB 2009 for each single
target.
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A fopt|lel 1e0 le-1 le-2 le-3 le-5 le-7  #succ
f17 63 1030 4005 12242 30677 56288 80472 [15/15
D3 1.3a.0 1.70.5) 1.10.2 0.590.1)* 3.8 00 oo 2ed 0/15
E4 1.209 13ay 4.6¢0.6) 2.23) 2.1 00 oo 2edH 0/15
F6 1.3¢2 1.80.6) 1.20.9) 0.7702 4.4 00 oo 2e5 | 0/15
cmaes|l.4) 1507 20(25) 51(7e) 00 00 oo 2e5 | 0/15
A fopt|1el 1e0 le-1 le-2 le-3 le-5 le-7 #succ
f18 | 621 3972 19561 28555 67569  1.3e5  1.5e5 [15/15
D3 [1.90s 1.103  0.440.1)* 3.604 1203 00 o0 2e¢5 | 0/15
E4 2.8(3) 2.0 0.820.2) 1.301.0 3.1 00 oo 2edH 0/15
Fo6 1.8c0.4) 1.4¢0.2) 091w 3.5w 42 36) 00 oo 2e5 | 0/15
cmaesl.0w.5* 26s) 3120 00 00 00 o0 2e5 | 0/15
A fopt|1el 1e0 le-1 le-2 le-3 le-5 le-7 #succ
f19 1 1 3.4e5 4.7e6 6.2e6 6.7e6 6.7¢6 [15/15
D3 1.9 00 1% 00 00 1% oo 2edH 0/15
E4 2.5¢@ 00 00 00 00 00 oo 2ed 0/15
Fo6 1.9¢s 00 %) 00 00 00 oo 2ed 0/15
cmaes(l.7 ) 7.6e4 (7t 00 00 00 oo 2e5 | 0/15
A fopt|1el 1e0 le-1 le-2 le-3 le-b le-7 #succ
20 82 46150  3.1e6 5.5e6 5.5eb 5.6e6 5.6e6 [14/15
D3 2.9 00 1% 00 00 1% oo 2eb 0/15
E4 11 00 00 00 00 00 oo 2eH 0/15
Fo6 3.82) 00 00 00 00 00 oo 2e5 0/15
cmaes| 1.70s oo 00 00 00 00 o les | 0/15

Figure A.92:

target.

Bootstrapped empirical cumulative distribution of the number
of objective function evaluations divided by dimension (FEvals/DIM) for 50
targets in 100-%-2] for all functions and subgroups in 20-D. The “best 2009”
line corresponds to the best ERT observed during BBOB 2009 for each single
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A fopt|lel 1e0 le-1 le-2 le-3 le-5 le-7 #succ
f21 561 6541 14103 14318 14643 15567 17589 |15/15
D3 61ss) 37 (19 363s) 352) 350 33a6) 29(33) 3/15
E4  [155ass) 596s) 66s5) 65 46) 64 (145 60(s6) 53(76) 2/15
Fo6 37 (s0) 4969) 333) 3330 32(50) 30(74) 27 27) 3/15
cmaes 912 47 80 3136 310 3032 2850 25(15) 3/15
A fopt|1el 1e0 le-1 le-2 le-3 le-5 le-7 #succ
f22 | 467 5580 23491 24163 24948 26847 1.3e5 [12/15
D3 88&63) 4041 7971 T (58) 75 45) 70159 148 1/15
E4 429 35019 77 (63) 75(100) 73 (s4) 6767 13016 1/15
F6 15wy 26 s3) 227 214 21 20 19ar 3.8 3/15
cmaes H2(33) 39¢61) 62(44) 61103 59101 5563 11as 1/15
A fopt|1el 1e0 le-1 le-2 le-3 le-b le-7 F#succ
23 3.2 1614 67457  3.7ed  4.9ed5  8.1ed 8.4e5 [15/15
D3  |1.6¢ 00 00 1% 00 1% oo 2eH 0/15
E4 2.7 00 00 00 %) 00 oo 2e5 | 0/15
F6  10.900s o0 00 00 1% 00 oo 2ed 0/15
cmaes|1.9) 33us*t 8.Tu0** oo 00 00 oo 2e5 | 0/15
A fopt|1el 1e0 le-1 le-2 le-3 le-5 le-7 #succ
f24 | 1.3e6 7.5e6 5.2e7 5.2e7 5.2e7 5.2e7 5.2e7 13/15
D3 |oo 00 00 00 00 00 oo 2¢5 |0/15
E4 |oo 00 00 00 ) ) oo 2e5 |0/15
F6 00 00 00 00 00 00 oo 2e5 |0/15
cmaes| 0o 00 00 00 00 00 oo 2e5 |0/15
Figure A.93: Bootstrapped empirical cumulative distribution of the number

of objective function evaluations divided by dimension (FEvals/DIM) for 50
targets in 100-%-2] for all functions and subgroups in 20-D. The “best 2009”
line corresponds to the best ERT observed during BBOB 2009 for each single

target.
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A fopt|lel 1e0 le-1 le-2 le-3 le-5 le-7 #succ
f1 83 83 83 83 83 83 83  30/30
D3 9.5 17q) 241) 322 391 55(3) 702 15/15
E4 |11 199 282 361 452 632 803) 15/15
F6  [10¢ 182 25(2) 332 412 57w 722 15/15
cmaes 8.4.0 14083 2113 26@2** 332** 450)** 560)** 15/15
A fopt|1el 1e0 le-1 le-2 le-3 le-5 le-7 #succ
f2 796 797 799 799 800 802 804 [15/15
D3 63 T2 772 80 83 862 88 15/15
E4 843 852 862 87w 882 902 922 15/15
Fo6 T3 794 82(2) 842 852 87 891 15/15
cmaesD84)* 69s) 77 81 859 89¢s) 90¢2) 15/15
A fopt|1el 1e0 le-1 le-2 le-3 le-5 le-7 #succ
f3 | 15526 15602 15612 15641 15646 15651 15656 [15/15
D3 |0 00 00 00 00 00 00 Jed 0/15
E4 oo 00 00 00 00 00 00 Jed 0/15
F6 oo o0 o0 o0 00 00 oo je5 | 0/15
cmaes| 0o 00 00 00 00 00 oo 4e5 | 0/15
A fopt|1el 1e0 le-1 le-2 le-3 le-5 le-7 #succ
f4 | 15536 15601 15659 15678 15703 15733 2.8¢5 9/15
D3 | 00 00 00 00 00 oo 4e5  |0/15
E4 |oo 00 00 00 ) ) oo 4e5  |0/15
F6 oo ) ) ) 00 ) oo je5 0/15
cmaes| 0o 00 00 00 00 00 oo 4e5  |0/15
Figure A.94: Bootstrapped empirical cumulative distribution of the number

of objective function evaluations divided by dimension (FEvals/DIM) for 50
targets in 100-%-2] for all functions and subgroups in 40-D. The “best 2009”
line corresponds to the best ERT observed during BBOB 2009 for each single

target.
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A fopt|lel 1e0 le-1 le-2 le-3 le-5 le-7 #succ
f5 98 116 120 121 121 121 121 |15/15
D3  |6.8we6  6.704 6.606  6.606  6.60.7 6.6¢0.7) 6.6(0.6) 15/15
E4 6.7¢1) 6.60.00 6.605  6.601 6.6(0.6) 6.6(0.8) 6.6(1) 15/15
F6 6.6 6.3 6.307 6.3 6.3 6.30n7 6.30s [15/15
cmaes|7.10s  6.504 6.50s  6.606 6.60s5 6.604 6.603 [15/15
A fopt|1el 1e0 le-1 le-2 le-3 le-5 le-7 #succ
fé 3507 5523 7168 9470 11538 15007 19222 [15/15
D3 9.1 7. 7w 7.56) 7.0 6.7) 6.6¢2) 6.3 15/15
E4 oo 00 00 00 00 00 oo 2eH 0/15
F6 oo o0 o0 o0 00 00 oo je5 | 0/15
cmaesl.4©0.3** 1.403** 1.402** 1.302** 1.401)** 1.401** 1.401** 15/15
A fopt|1el 1e0 le-1 le-2 le-3 le-5 le-7 #succ
f7 | 10698 17839 41037 66294 66294 66294 68145 [15/15
D3 0.470.1) o0 00 %) 1) 00 oo 2¢5 | 0/15
E4 0.640.1) o0 00 00 00 00 oo 2e¢5 | 0/15
Fo6 0.5500.6) 177353 00 00 00 ) oo 2e5 | 0/15
cmaes21 29 00 00 00 00 00 oo les | 0/15
A fopt|1el 1e0 le-1 le-2 le-3 le-5 le-7 #succ
8 7080 10655 11012 11265 11430 11701 11969 [15/15
D3 6.706 6.8 7.0 7.0e) 7.00) 7.1 7.1 15/15
E4 |7.009 7.7s 7.9 7.9¢) 7.9 7.96) 7.9 15/15
Fo6 6.8(1) 6.4 6.5 6.63) 6.63) 6.7 6.70s [15/15
cmaes6.90.s) 6.8 6.9 7.0 7003  7.0@ 6.9 15/15

Figure A.95:

target.

Bootstrapped empirical cumulative distribution of the number
of objective function evaluations divided by dimension (FEvals/DIM) for 50
targets in 100-%-2] for all functions and subgroups in 40-D. The “best 2009”
line corresponds to the best ERT observed during BBOB 2009 for each single
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A fopt|lel 1e0 le-1 le-2 le-3 le-5 le-7 #succ
f9 6122 12982 13300 13496 13651 13909 14142 [15/15
D3 [7.90n 5.8 6.00.4) 6.1 6.103  6.204 6.2 15/15
E4 7909 5402 5.6 5.7 5.703 5803 5902 [15/15
F6 [7.80s 5.403 5.6 5.7 5.704 5.803 5.80y [15/15
cmaes|7.90.4) 5.53) 5.70.2) 5.80.2) 5.802 5.8 5.8(2) 15/15
A fopt|1el 1e0 le-1 le-2 le-3 le-5 le-7 #succ
f10 | 25890 30368 36796 51579 56007 65128 70824 [15/15
D3 1902 1801y 1.601n 1.201 1.200 1.10o 0.9900 [15/15
E4 260y  2201n 1901 14eo 1300 1lleo 1.000 [15/15
Fo6 2202  2.00.2 1.70.1 1.30.1) 1.200.0) 1.1¢0.0 1.0000) [15/15
cmaesl.60.n* 1.701y 1.60n 1.2¢00.1 1.2¢00.1 1.1c00.0 1.0¢0.0) 15/15
A fopt|1el 1e0 le-1 le-2 le-3 le-5 le-7 #succ
f11 2368 4855 11681 25315 29749 38949 48211 [15/15
D3 30(0.6) 1503 6.20.0  2.900 2501 1.900 1.600 [15/15
E4 oo 00 00 00 00 00 oo 2e¢5 | 0/15
F6  |1116assmy 5H44(rso)y 220248y 104 (06) 89 se) 68(76) 5501 2/15
cmaes| 120.n* 6.705* 3.001** 1.50.01.30.0**1.10.0** 0.90(040)1‘5/15
A fopt|1el 1e0 le-1 le-2 le-3 le-5 le-7 #succ
f12 | 4169 7452 9174 10751 13146 22758 25192 [15/15
D3 1201 1.7 2.1 2308 2309 1804 1904 [15/15
E4 1.4¢.0 1.8 2.40.8) 2.50) 2.500.9) 2005 2.1 15/15
Fo6 1.5 2.0 2.5@) 2.6(2 2.6() 2.00n  2.1wes [15/15
cmaesl.00.0*2 1.507n 2.00s 2.2 2.206 1.704 1.90s5 15/15

Figure A.96: Bootstrapped empirical cumulative distribution of the number
of objective function evaluations divided by dimension (FEvals/DIM) for 50
targets in 100-%-2] for all functions and subgroups in 40-D. The “best 2009”
line corresponds to the best ERT observed during BBOB 2009 for each single

target.
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A fopt|lel 1e0 le-1 le-2 le-3 le-5 le-7 #succ
f13 | 2029 6916 8734 11861 71936 98467  1.2e5 [15/15
D3 3.2 4.8¢5) 6.4 5.5  0.9907n 1.1los 1.304 [15/15
E4 2.6¢0.2) 4.4 6.3 5.9¢2) 0.960sy 1.507 1.30.s5 15/15
F6  2.00.2 4.7 6.4 5.6 0.9507n 1400 1.8 14/15
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Figure A.97: Bootstrapped empirical cumulative distribution of the number
of objective function evaluations divided by dimension (FEvals/DIM) for 50
targets in 100-%-2] for all functions and subgroups in 40-D. The “best 2009”
line corresponds to the best ERT observed during BBOB 2009 for each single

target.
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Figure A.98: Bootstrapped empirical cumulative distribution of the number
of objective function evaluations divided by dimension (FEvals/DIM) for 50
targets in 100-%-2] for all functions and subgroups in 40-D. The “best 2009”
line corresponds to the best ERT observed during BBOB 2009 for each single
target.
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Figure A.99: Bootstrapped empirical cumulative distribution of the number
of objective function evaluations divided by dimension (FEvals/DIM) for 50
targets in 100-%-2] for all functions and subgroups in 40-D. The “best 2009”
line corresponds to the best ERT observed during BBOB 2009 for each single
target.

141



Appendix B

Parent-Offspring Sampling

Variance Results
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Figure B.1: 2D plot of the variance of mean and offspring solutions. The

picture shows the results at step 1.
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Figure B.2: 2D plot of the variance of mean and offspring solutions. The
picture shows the results at step 2.
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Figure B.3: 2D plot of the variance of mean and offspring solutions. The
picture shows the results at step 3.
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Figure B.4: 2D plot of the variance of mean and offspring solutions. The
picture shows the results at step 4.
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Figure B.5: 2D plot of the variance of mean and offspring solutions. The
picture shows the results at step 5.
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Figure B.6: 2D plot of the variance of mean and offspring solutions. The
picture shows the results at step 6.
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Figure B.7: 2D plot of the variance of mean and offspring solutions. The
picture shows the results at step 7.
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Figure B.8: 2D plot of the variance of mean and offspring solutions. The
picture shows the results at step 8.
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Figure B.9: 2D plot of the variance of mean and offspring solutions. The
picture shows the results at step 9.
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Figure B.10: 2D plot of the variance of mean and offspring solutions. The
picture shows the results at step 10.
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Figure B.11: 2D plot of the variance of mean and offspring solutions. The
picture shows the results at step 11.
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Figure B.12: 2D plot of the variance of mean and offspring solutions. The
picture shows the results at step 12.
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Figure B.13: 2D plot of the variance of mean and offspring solutions. The
picture shows the results at step 13.
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Figure B.14: 2D plot of the variance of mean and offspring solutions. The

picture shows the results at step 14.
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Figure B.15: 2D plot of the variance of mean and offspring solutions. The
picture shows the results at step 16.
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Figure B.16: 2D plot of the variance of mean and offspring solutions. The
picture shows the results at step 17.

157



o
01
P oo
or %

)
Py
L 01 + mean cmaes
% : O offspring cmaes
o _ C%O o + meanA
3 : O offspring A
ol _02 T B
a : + meanB
f_c; O offspring B
o mean C
§ 0.3 offspring C
&
> : :

04} .................. Ohiviieiins ...............

oo
0
1 OO SO O N —
o
_06 | | | L ]
-1.5 -1.4 -1.3 -1.2 -1.1 -1

Variance of X-values at step (18)

Figure B.17: 2D plot of the variance of mean and offspring solutions. The
picture shows the results at step 18.
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Figure B.18: 2D plot of the variance of mean and offspring solutions. The
picture shows the results at step 19.
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Figure B.19: 2D plot of the variance of mean and offspring solutions. The
picture shows the results at step 20.
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Figure B.20: 2D plot of the variance of mean and offspring solutions. The
picture shows the results at step 21.
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Figure B.21: 2D plot of the variance of mean and offspring solutions. The
picture shows the results at step 22.
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Figure B.22: 2D plot of the variance of mean and offspring solutions. The
picture shows the results at step 23.
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Figure B.23: 2D plot of the variance of mean and offspring solutions. The
picture shows the results at step 24.
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Figure B.24: 2D plot of the variance of mean and offspring solutions. The
picture shows the results at step 25.
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Appendix C

Population Variance Results
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Figure C.1: 2D plot of the population variance at step 1.



Variance of Y-values at step (2)
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Figure C.2: 2D plot of the population variance at step 2.
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Variance of Y-values at step (3)
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Figure C.3: 2D plot of the population variance
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Variance of Y-values at step (4)
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Figure C.4: 2D plot of the population variance at step 4.
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Variance of Y-values at step (5)
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Figure C.5: 2D plot of the population variance at step 5.
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Variance of Y-values at step (6)
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Figure C.6: 2D plot of the population variance at step 6.
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Variance of Y-values at step (7)
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Figure C.7: 2D plot of the population variance at step 7.
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Variance of Y-values at step (8)
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Figure C.8: 2D plot of the population variance at step 8.
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Variance of Y-values at step (9)
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Figure C.9: 2D plot of the population variance at step 9.
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Variance of Y-values at step (10)
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Figure C.10: 2D plot of the population variance at step 10.
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Variance of Y-values at step (11)
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Figure C.11: 2D plot of the population variance at step 11.
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Variance of Y-values at step (12)

% Variance CMAES ¢ Variance A O Variance B Variance C

Q.45 b ..............................................

035 e

03 PPN .................... S T PPN
025 O P P S PN

02+

01 b Do P

0.05

| i i i
0.1 0.15 0.2 0.25 0.3 0.35 0.4
Variance of X-values at step (12)

Figure C.12: 2D plot of the population variance at step 12.
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Variance of Y-values at step (13)
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Figure C.13: 2D plot of the population variance at step 13.
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Variance of Y-values at step (14)
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Figure C.14: 2D plot of the population variance at step 14.
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Variance of Y-values at step (15)
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Figure C.15: 2D plot of the population variance at step 15.

180



\ariance of Y-values at step (16)
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Figure C.16: 2D plot of the population variance at step 16.
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\ariance of Y-values at step (17)
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Figure C.17: 2D plot of the population variance at step 17.
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Variance of Y-values at step (18)
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Figure C.18: 2D plot of the population variance at step 18.
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\ariance of Y-values at step (19)
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Figure C.19: 2D plot of the population variance at step 19.
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\ariance of Y-values at step (20)
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Figure C.20: 2D plot of the population variance at step 20.
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Variance of Y-values at step (21)
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21: 2D plot of the population variance at step 21.
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Variance of Y-values at step (22)
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Figure C.22: 2D plot of the population variance at step 22.
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Figure C.23: 2D plot of the population variance at step 23.
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Variance of Y-values at step (24)
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Figure C.24: 2D plot of the population variance at step 24.
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Figure C.25: 2D plot of the population variance at step 25.
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Variance of Y-values at step (26)
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Figure C.26: 2D plot of the population variance at step 26.
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