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Analysis of the (u/ 7, A)-o-Self-Adaptation
Evolution Strategy with Repair by Projection
Applied to a Conically Constrained Problem

Patrick Spettel and Hans-Georg Beyer

Abstract—A theoretical performance analysis of the (u/pr, \)-
o-Self-Adaptation Evolution Strategy (cSA-ES) is presented
considering a conically constrained problem. Infeasible offspring
are repaired using projection onto the boundary of the feasi-
bility region. Closed-form approximations are used for the one-
generation progress of the evolution strategy. Approximate de-
terministic evolution equations are formulated for analyzing the
strategy’s dynamics. By iterating the evolution equations with the
approximate one-generation expressions, the evolution strategy’s
dynamics can be predicted. The derived theoretical results are
compared to experiments for assessing the approximation quality.
It is shown that in the steady state the (;//1, A)-cSA-ES exhibits
a performance as if the ES were optimizing a sphere model.
Unlike the non-recombinative (1, \)-ES, the parental steady state
behavior does not evolve on the cone boundary but stays away
from the boundary to a certain extent.

Index Terms—Evolution strategies, repair by projection, con-
ically constrained problem, intermediate recombination.

I. INTRODUCTION

URRENT research in evolution strategies (ESs) includes
the design and analysis of evolution strategies applied
to constrained optimization problems. It is of particular in-
terest to gain a deep understanding of evolution strategies
on such problems. The insights gained from theory can help
to provide guidance in applying evolution strategies to real
world constrained problems. First, theory can show what
kind of problems are suitably solved by evolution strategies.
Moreover, theoretical investigations can guide the design of
ES algorithms (for an example, see [1]). Furthermore, it is
possible to provide optimal parameter settings based on the
theoretically derived suggestions.
The aim of this work to derive (approximate) closed-
form expressions for describing the behavior (one-generation
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behavior, evolution dynamics, steady state behavior) of the
()1, A)-o-Self-Adaptation ES applied to a specific conically
constrained problem. The outcomes are useful for algorithm
design because the considered problem models the situation of
an optimum lying on the constraint boundary. The algorithm
needs to adapt the mutation strength to reach the optimum
while it has to avoid premature convergence.

Arnold has analyzed a (1, \)-ES with constraint handling
by resampling for a single linear constraint [2]. This has
been extended in [3] with the analysis of repair by projection
for a single linear constraint. This repair approach has been
compared with an approach that reflects infeasible points into
the feasible region and an approach that truncates infeasible
points in [4]. Another idea for constraint handling based on
augmented Lagrangian constraint handling has been presented
in [5] for a (1 + 1)-ES. There, a single linear inequality
constraint with the sphere model is considered. For this, the
one-generation behavior was analyzed.

A multi-recombinative variant of this algorithm has been
presented in [6] for a single linear constraint and multiple
linear constraints in [7]. Markov chains have been used in
both cases for a theoretical investigation.

A conically constrained problem is considered in [8]. A very
specific case of this problem, in which the objective function
gradient coincides with the axis of the conic constraint, is
investigated in [9]. For both problem variants, a (1, \)-ES
with cumulative step size adaptation (CSA) is considered, in
which infeasible offspring are discarded until feasible ones are
obtained. In those papers, the one-generation behavior and the
steady state behavior are investigated by numerical integration
of expected value expressions. The same very specific problem
has been investigated in [10] with repair by projection for
infeasible offspring. Closed-form approximate expressions for
the one-generation behavior, the evolution dynamics, and the
steady state behavior have been derived. A remarkable result
has been shown. The (1, A)-o-Self-Adaptation ES with repair
by projection applied to the very specific conically constrained
problem converges towards the optimizer as if a sphere were
to be optimized. This paper extends that work to the multi-
recombinative variant, the (u/pr, A)-o-Self-Adaptation ES,
which is particularly interesting to analyze for the com-
parison to the non-recombinative variant. A further interest
in the multi-recombinative variant is to understand whether
the advantages of the multi-recombinative ES applied to the

xxxx—xxxX (© xxxx IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.



2 IEEE TRANSACTIONS ON EVOLUTIONARY COMPUTATION, VOL. XX, NO. X, MONTH XXXX

unconstrained sphere model [11, Chapter 6] apply to the coni-
cally constrained problem as well. In particular, (approximate)
closed-form expressions for describing the one-generation and
the multi-generation behavior are derived and compared to real
ES simulations. The results are discussed with a particular
emphasis on the connection to the unconstrained sphere model.

The rest of the paper is organized as follows. The opti-
mization problem is described in Section II. This is followed
by a presentation of the algorithm under consideration in
Section III. Next, the theoretical results are presented. First,
the dynamical systems analysis approach is briefly recapped
in Section IV-A. Then, the algorithm’s behavior from one
generation to the next (microscopic behavior) is investigated
in Section IV-B. This is followed by the multi-generation
behavior (macroscopic behavior) in Section IV-C. Closed-form
approximations under asymptotic assumptions are derived for
the microscopic behavior. They are then used in deterministic
evolution equations. These evolution equations are iterated
in order to predict the mean value dynamics of the ES.
The approximations are compared to simulations. Finally, the
insights gained are discussed in Section V. In particular, the
differences and similarities of the (1,A)-ES and the multi-
recombinative variant are discussed.

II. OPTIMIZATION PROBLEM

The optimization problem under consideration is

f(x) = 1 — min! (1)
N

s.t. z%—{Zx% >0 (2)
k=2

and z1 > 0 3)

where x = (71,...,75)T € RY and ¢ > 0. This formulation
results in a feasible region that is a so-called second order
cone.

The distance x from 0 in x-direction (direction of the cone
axis e) and the distance r from the cone’s axis e; suffices to
describe the state of the ES in the search space. This is denoted
as the (z,r)”-space in the following. Moreover, note that due
to the isotropy of the mutations used in the ES, the coordinate
system can w.l.0.g. be rotated. Let X be an individual in
the search space with & = (X); and 7 = VZQ’ZQ(?{)%.
Due to the isotropic mutations in the ES, the coordinate
system can be rotated around the cone axis e; such that e,
points to (X)2. . That is, in this rotated coordinate system,
X = (7,70,...,0)T.

Fig. 1 visualizes the optimization problem. The feasible
region comprises the region inside and on the cone. It is
horizontally hatched. Its boundary is described by the equation
r = ZL  which follows from Equation (2). One arrives at
the equation of the projection line by deriving the equation
for the shortest distance to the cone boundary. It is referred
to Appendix A for the details. Solving Equation (A.54) for
the distance from the cone axis results in r = —v/&x; +
q (\/E + \/LE) as the equation for the projection line. A parent
x and an offspring X with the mutation &z are visualized as

r
r=— §:1:+q<\/f+ﬁ)

)T

(¢,9r

(0,07

Fig. 1. The conically constrained optimization problem in N dimensions
shown in the (z,r)T-space. The feasible region comprises the region inside
and on the cone. It is horizontally hatched.

well. The values ¢ and ¢, denote the x; and r values after the
projection step.

III. ALGORITHM

A (u/pr, X)-o-Self-Adaptation ES is applied to the opti-
mization problem described in Section II. Algorithm 1 shows
the pseudo code!. First, parameters are initialized (lines 1
to 2). After that, the generation loop is entered. A offspring are
generated in lines 6 to 15. A log-normal distribution is used
for every offspring to compute its mutation strength &; by
mutating the parental mutation strength (%) (line 7). Using
this determined mutation strength, the offspring’s parameter
vector is sampled from a multivariate normal distribution with
mean x(9) and standard deviation &; (line 8). Then, in lines 9
to 11, the offspring is repaired by J?rojection, if necessary
(isFeasible(x) = z1 > 0 A a3 — &>, _, ¥7 > 0). This means
that for infeasible offspring, the optimization problem

% = arg min||x’ — x||?
x/

N
stoa)’ - fo%Q >0 “4)
k=2

rp >0

must be solved where x is the individual to be projected. For
this, a helper function

% = projectOntoCone(x) (5)

is introduced that returns x of (4). A derivation for a closed-
form solution to this projection optimization problem (4)
is presented in the supplementary material in Appendix A.
29, ) g, d;, {q), and (g,) (lines 4, 5, 13, 14, 19,
and 20) are values used in the theoretical analysis. They can
be removed in practical implementations of the ES. Table I
gives an overview of their definitions. The offspring’s fitness is
computed in line 12. The next generation’s parental individual
x(@+1) (line 17) and the next generation’s mutation strength
o0t (line 18) are updated next. The parental parameter

l(x)k denotes the k-th element of a vector X. X, is the order statistic
notation. It denotes the m-th best (according to fitness) of A elements.
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symbol explanation

z(9) first component of the parent (gen. g)

r(9) distance from the cone axis of the parent (gen. g)

q [-th offspring’s first component after repair

q; [-th offspring’s parameter vector after repair

(@) {ar) | 20y amins || St (@ )|
TABLE I

DEFINITION OF SYMBOLS

vector for the next generation is set to the mean of the
parameter vectors of the p best offspring. Similarly, the
parental mutation strength for the next generation is set to
the mean of the mutation strengths of the p best offspring.
If the parental parameter vector for the next generation is not
feasible, it is projected onto the cone (lines 21 to 23). Note
that this repair step is not needed in the real implementation
of the algorithm. Since the conical problem is convex, the
intermediate recombination of the p best feasible individuals
is feasible as well. However, in the iteration of the evolution
equations in Section IV-C, the (z,7)T can get infeasible due
to the approximations used. Finally, the generation counter
is updated, which completes one iteration of the generational
loop.

Algorithm 1 Pseudo-code of the (u/ iy, A)-o-Self-Adaptation
ES with repair by projection applied to the conically con-
strained problem.

1: Initialize x(©, 0@ 7, A, 1
2: g« 0

3: repeat

z9) = (x(9));

5 Ve (x()3
6 for [ < 1 to A do

7: g U(g)eTN(O’l)
8

9

e

r@) =

X x(@) 4 'JVZN(O, I
if not isFeasible(X;) then

10: X; < projectOntoCone(X;) > see (4), (5)
11: end if

12: fre f&x) =X

13: N = (X1)1

14: q 1= =X

15: end for N

16: Sort offspring according to f; in ascending order

I ; LS Xmaa

18 oot L Zm L T

19: (q) = (X(g“))

200 (gr) =/ Tpop(x0t)2

21 if not isFeasible(x(9™1)) then

22: x(0+1) + projectOntoCone(x(9t1)) > see (4), (5)
23: end if

24: g+—g+1
25: until termination criteria are met

Fig. 2 shows an example of the z- and r-dynamics that are
a result of running Algorithm 1 (solid line). The closed-form
approximation iterative system (dotted line) (to be derived in

N =1000,¢ = 20,2 = 100,7© = 1030,
) — - —3.r=_1
. ol® = 0.0001, A = 10,p = 3,7 = A
100 F
10710 |
10—20
10730 |
10740
10750 | T
0 20000 40000 60000 80000 100000
g
) real run
iterated by approx. - - - -
N =1000,¢ = 20,2 = 100,70 =103,
0) — — — 9 1
N ol =0.0001,A =10, =3,7= %
100 C
10710 |
10720 |
10730 ¢
10740 |
10750 | T

0 20000 40000 60000 80000 100000

g
. real run ——
iterated by approx. - - - -

Fig. 2. Comparison of the z- and r-dynamics of a real (3/37,10)-ES run
(solid line) with the iteration of the closed-form approximation of the iterative
system (dotted line).

the following sections) is shown in comparison. The prediction
does not coincide completely with the real run. The ES reaches
the steady state later than predicted. The approximations that
are derived in this work result in deviations in the transient
phase of the ES. However, our main focus is in the steady
state. There, the predicted slope of the x and r dynamics is
very similar to the one of the real run.

IV. THEORETICAL ANALYSIS
A. The Dynamical Systems Approach

The (z,7)”-representation described in Section II is used
for the analysis of the (uu/ur, A)-ES (Algorithm 1). The aim is
to predict the evolution dynamics of the (p/pr, A)-ES. To this
end, the dynamical systems method described in [11] is used.
For the case here, the three random variables for x, r, and
o describe the state of the system. A Markov process can be
used for modeling the transitions between states from one time
step to the next. It is often not possible to derive closed-form
expressions for the transition densities. Therefore, approximate
equations are aimed for. Evolution equations can be stated by
making use of the local expected change functions (y;, ¢, 1)

2+ — (@) _ <pm(x(g), r9), U(g)) + Ez(m(g)7 r9), 0(9))

(6)

pla+) — (9 _ (9), T(g)7g(9)) + 6T(I(Q)’T(g),g(g))

or(x
(7
g(g)).

®)

ot = 59 4 o@D 9 G e (209 9)
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Fig. 3. Graph visualizing the dependencies between the different derivations
for the microscopic aspects. An arrow from A to B indicates that A is required
for B.

The progress rates are defined as
(pi(x(g)w(g)’ 0(9)) — E[x(g) — plg+1) |x(9),r(9),a(g)] 9)
(29 7D 59y .= B[r@) —pl9+D) | 29 (9 5] (10)

They model the expected change in the parameter space from
one generation to the next. As a formal decomposition into
expected value and fluctuations, the random variables ¢, €,
and ¢, represent the stochastic part. There are no assumptions
about those variables except that E[e,;] = 0, E[e,] = 0, and
Ele,] = 0 holds. For more details regarding this approach, it
is referred to [11, Chapter 7].
In what follows, the normalizations

. No,
Pu = gy (11)
* L NSOT
Pr = ) (12)
and N
« . VO
oF = ) (13)

will be used. For the change of the mutation strength from one
generation to the next, a slightly different progress measure
will be applied. It is the so-called self-adaptation response
(SAR). Its definition [11, Chapter 7, Eq. 7.31] reads

+1) _
ol — o) x(g)’r(m’o_(g)]

o’(g)

(14
€z = 0, ¢, =0, and ¢, = 0 is assumed in Equations (6)
to (8) for the analysis in this work leading to so-called
deterministic evolution equations. That is, the mean-value
behavior is simulated with those equations. With the goal
of arriving at approximate deterministic evolution equations,
approximate expressions for the functions ¢, ¢,, and ¥ need
to be derived first.

$(z@, 1@ 50y — E [

B. The Microscopic Aspects

The microscopic aspects describe the behavior of the evo-
lution strategy from one generation to the next. They are
expressed by the functions introduced in Section IV-A (Equa-
tions (9), (10), and (14)).

In the following analyses, two cases are treated separately.
It turns out that if the parental individual is in the vicinity

of the cone boundary?, the offspring feasibility probability
tends to 0 for asymptotic considerations (N — oo) (refer to
Section V for a discussion about this). This case is denoted
as the “infeasible” case using subscripts “iyfeas”” in the deriva-
tions for the quantities that are derived separately for both
cases. The opposite case of an offspring being feasible with
overwhelming probability (intuitively this means “being far
away” from the cone boundary) is denoted as the “feasible”
case using subscripts “feas” in the derivations for the quantities
that are derived separately for both cases. The local progress
measures and the SAR are derived separately for the case
of being at the cone boundary and for the opposite case. In
order to have one approximate closed-form expression, they
are combined by weighting with the feasibility probability. It is
referred to [10, Sec. 3.1.2.1.2.8, pp. 44-49] for further details.
There, the feasibility probability has been derived as

1 (9)
Proas (29,19 5@)) ~ @ { <$ _ r)] (15)

0'(9) \/E

where 7 is the expected value of the r normal approximation
and ® is the cumulative distribution function of the stan-
dard normal variate. The asymptotic feasibility probability
correspondence to [9, Eq. (11)] can be shown. In order to
simplify the theoretical analysis, the distribution of the 7
component is approximated by a normal distribution A/ (7, 02).
The supplementary material (Appendix B) presents a detailed
derivation of this approximation.

Fig. 3 shows a dependency graph of the different derivations
for the microscopic aspects. Some of those derivations are pre-
sented in the appendix and cross-referenced where necessary
in the following sections. Note especially that the cumulative
distribution function of an offspring’s z-value after projection
Pg(q) (with its variants Py, (q) and Pg, .. (¢) for the two
cases considered) is required for the derivations of the progress
rates and the SAR. Approximate closed-form expressions are
derived in the appendix (see Equations (D.90) to (D.119)). As
a result, the errors introduced in those approximations have an
impact for the derivations that depend on them. Concerning the
approximation error, it has been shown in [10, Sec. 3.1.2.1.2,
pp- 21-39] that for larger values of £, the approximation error
gets smaller.

1) Derivation of the x Progress Rate: From the definition
of the progress rate (Equation (9)) and the pseudo-code of the
ES (Algorithm 1, lines 4 and 19),

goz(m(g),r(g),a(g)) = 29 _ E[x(gﬂ) |x(9),r(g), 0(9)] (16)
=29 —E[(q) |29, r9) )] (17)

2Refer to the bottom-most subplot of Fig. 8 for a visualization of the
algorithm’s distance to the cone boundary in the steady state. It is further
discussed in Section V (see Equations (44) and (45) and the respective
descriptions).
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N =406 =129 =1,7@ = 1,7 =1/V2N

—35

(1,10) exp.
(2/27,10) exp. = - -
(3/37,10) exp. -----

(1,10) approx.  +
(2/21,10) approx. X
(3/31,10) approx. *

N =1000,¢ = 1,29 = 1,79 = 1,7 = 1//2N

~10 |

0 2 4 6 8 10 12 14 16 18 20
s@*

(1,10) exp.
(2/27,10) exp. = - -
(3/31,10) exp. -----

(1,10) approx.  +
(2/27,10) approx.  x
(3/31,10) approx.  *

Fig. 4. Comparison of the x progress rate approximation with simulations.

follows. An approximation is derived in the supplementary
material (Appendix E) resulting in

(9)
x T *
RS pfeas(x(9)7r(9)’J(g))ma(g) /i
+1- pfeas(x(g)’T(g),U(g))]
N (9 9)*?
N (o vE e (18)
1+¢ 2(9) N
ol9)*2
+£\/g<r(>g)‘f(g)*%/m e
1+¢ 2l €14 29
where ¢,/ = el’?\ is the so-called generalized progress

coefficient [11, Eq. (75.112), p- 172]. Its definition is stated in
the supplementary material (Equation (C.67)). The derivation
for the approximation makes use of the r normal approxima-
tion and assumes sufficiently small 7 (such that o; ~ 0(9)),
N — oo, and c@" < N.

2) Derivation of the r Progress Rate: From the definition
of the progress rate (Equation (10)) and the pseudo-code of
the ES (Algorithm 1, lines 5 and 20), it follows that

(29 79 59y = 9 _ B[+ | 29 19 5] (19)
— o) _ E[(g) | 29 p9) J(g)]_ (20)

N =406 =129 =179 = 1,7 = 1/V2N

ol
(1,10) exp. ——

(2/27,10) exp. = - -

(3/31,10) exp. -----

(1,10) approx. +
(2/2r,10) approx. X
(3/31,10) approx. *

N =1000,¢ = 1,29 = 1,70 = 1,7 = 1//2N

40

20 R

o
L ¥ K
,\*_._*-_ag’-_‘%_ T mxm X X X R e e o

—20

—40 |

—60

—80

0 2 4 6 8 10 12 14 16 18 20
o@*

(1,10) exp.
(2/27,10) exp. = - -
(3/31,10) exp. = ----

(1,10) approx.  +
(2/27,10) approx.  x
(3/31,10) approx.  *

Fig. 5. Comparison of the r progress rate approximation with simulations.

An approximation is derived in the supplementary material
(Appendix E) leading to

©F A Progs (29,79 YN [ 1 —

21

QD; infeas
x(1-—
(-

where the r normal approximation has been used. Further-
more, the derivation assumes sufficiently small 7 (such that
o~ 0(9)), N — 00, and variances of different random vari-
ables are assumed to tend to zero (it is referred to Appendix E
for those details).

3) Derivation of the SAR: The derivation for an approx-
imation of the SAR starting from the expected value in
Equation (14) is presented in the supplementary material
(Appendix F). It results in

1
par? {(2 " ej;;)] [l Pa(a9), 119, 00)]
x (22)
a9 Cu/p,A

JItéE

In that derivation, it has been assumed that N — oo, 0(9)*2 <K
N, and terms of a Taylor expansion (around O for functions
with N in the denominator) that are higher than linear order
in 0(@" have been neglected.

X
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N =40, =1,29 = 1,70 = 1,7 =1/V2N

0.05

—0.05 +
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(1,10) exp.
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(3/37,10) exp. -----

(1,10) approx. +
(2/27,10) approx. X
(3/3r,10) approx. *
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—0.002
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—0.006

—0.008

—0.01

o
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(2/27,10) exp. = - - (2/27,10) approx. — x
(3/37,10) exp. ----- (3/3r,10) approx.  x

Fig. 6. Comparison of the SAR approximation with simulations. The rather
large deviations of the theory from the simulations for larger values of o@*
are due to the linear approximation of the SAR function. Refer to the second
paragraph of Section V for a discussion.

Figs. 4 to 6 show plots comparing the derived closed-
form approximation for ¢}, ¢y, and 1, respectively, with
one-generation experiments. The pluses, crosses, and stars
have been calculated by evaluating Equation (18) with Equa-
tions (15), (C.66), and (C.73), Equation (21) with Equa-
tions (15) and (C.73), and Equation (22) with Equation (15),
respectively. The solid, dashed, and dotted lines have been
generated by one-generation experiments. For this, the gen-
erational loop has been run 10° times for a fixed parental
individual and constant parameters. The experimentally deter-
mined values for %, ¢7, and 1 from those 10° runs have been
averaged. As the standard deviation is relatively small for 10°
runs, it is not shown. Further figures showing comparisons for
additional configurations are provided in the supplementary
material (Figs. 11 to 19 in Appendix I). The appropriate
scaling of the mutation strength allows an arbitrary choice of
2(9) for the one-generation experiments due to the symmetry
of the problem. It is w.l.o.g. set to 1. The plots in the main
text only show the case of the parental individual being on the
cone boundary with ¢ = 1. Hence, r(9) = x(g)/\/f = 1. The
plots in the supplementary material additionally show a case
of being almost near the cone’s axis and a case between the
cone axis and the cone boundary.

C. The Evolution Dynamics in the Deterministic Approxima-
tion

1) The Evolution Equations: With the derived progress
rates o and ¢ and the SAR 1) from Section IV-B, the approx-

imated deterministic evolution equations can be iterated. By
doing this, the dynamics can be predicted. The predictions by
the approximations are compared to real runs of the ES. Using
Equations (6) to (8) together with Equations (11) to (13), the
evolution equations read

(9) (9" (@*
(9+1) _ (o) _ T 7Pz (9 [q1_¥=
T P i T (1 N (23)

(9)*
— (9) _ P
r (1 I ) (24)

o0t = 59 1 5@ y(9) = 59 (1 + W)) . (25)

(9)*
rlotl) — (o) _ rDer

Fig. 7 shows the mean value dynamics of the (3/31,10)-
ES applied to the conically constrained problem for N =
1000, £ = 1, and 7 = ﬁ Additional figures for more
configurations are provided in the supplementary material
(Figs. 20 to 25 in Appendix I). The lines for the real runs
have been generated by averaging 100 real runs of the ES.
The fluctuations of those runs are visualized by the shaded
areas. As the standard deviation around the mean can result
in negative values, those show the range of the minimal and
maximal values reached in the 100 runs. This allows using a
logarithmic scale. Note that for the ¢* plot, the visualization
of the fluctuations has been clipped. The lines for the iteration
by approximation have been computed by iterating the mean
value iterative system with the derived approximations in
Section IV-B for <p§f’)*, @59)*, and 1(9). Note that due to the
approximations used it is possible that the iteration of the mean
value iterative system yields infeasible (2(9), ()7 in some
generation g. If this situation has occurred, the corresponding
(2(9) )T have been projected back. Then, in the following
iterations, the projected values have been used. This is what
is indicated by the repair step in lines 21 to 23 of Algorithm 1
that is only needed for the iteration of the mean value iterative
system.

The steady state is reached by the ES (solid line) later
than predicted (dotted line). This can be seen in the first
three subplots of Fig. 7. The slope of the lines coincides well
between the prediction and the ES. But the lines are shifted
for some number of generations. The same can be observed
in the fourth subplot of Fig. 7 where the o* steady state value
is attained later by the ES (solid line) than predicted (dotted
line).

2) The ES in the Steady State: The state of the (u/pr, A)-
ES on the conically constrained problem is completely de-
scribed by (2(9),7(9) g7 (assuming constant exogenous
parameters). For sufficiently large g, the ES transitions into a
steady state, in which it can be described by two quantities,
the normalized mutation strength o* and the ratio r/x. As it
turns out, in the steady state the ES moves in the vicinity of
the boundary. Therefore, x and r are dependent and the ratio
r/x suffices. This results in two conditions for the ES in the
steady state.

The first condition is regarding the mutation strength. On
average, the normalized mutation strength should be constant
in this steady state. That is, in the steady state the expectation
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Fig. 7. Mean value dynamics closed-form approximation and real-run
comparison of the (3/37,10)-ES with repair by projection applied to the
conically constrained problem (N = 1000).

of the normalized mutation strength o}, is constant for large
time scales

o*, = lim o@" (26)
g—o0
Hence, for sufficiently large g, 0@" = og@tD" = or

Requiring this condition, a steady state condition can be
derived. To this end, Equation (25) is normalized yielding

(9+1) g(g+1)* @ gl@)*
T o r'Yo
- 1 <g>) . 27
- — (1+v @7)
Setting (9" = ¢+ 1" results in
Fla+1) — p(9) (1 n z/}(g)) _ (28)
Inserting Equation (24) yields the steady state condition
(9)*
ro @ 29
5= (29)

The second condition for the ES in the steady state is that
it moves in the vicinity of the cone boundary. This can be
observed in real ES runs (see the third rows in Figs. 20 to 25
in the supplementary material Appendix I). Hence, for the
derivation of analytical approximations for the steady state,
the condition Pg,s = 0 is assumed similar to the (1,\)
case. However, in contrast to the (1, A) case, the assumption
% = 1 is too crude. There exists a distance from the
cone boundary for some parameter configurations that cannot
be neglected (this can for example be seen in the third
row of Fig. 22 in the supplementary material Appendix I).
Considering the distance ratio 7(9)/2(9), one observes that
this ratio approaches a steady state value. This results in the

diti
condition RO

2@ z(e+D
for sufficiently large values of g. Using the progress rates
(Equations (9) to (12)), this can be written as

Pres
Tss s (1* N)
e (1)
(125

(30)

which implies

907“:5 = SDII/’:S (32)
With the assumption P, = 0, use of the infeasible case
approximations (Equation (C.73) and Equation (E.279)) for

treating Equation (32) further, yields
T ssinfeas”

Tss w;ss' fi
N(1-= 1— infeas
( VErss ( N )
(33)

Now, by distributing /N over the terms in the bracket on the

left-hand side and then solving for the fraction \/%T , one

gets?

(34)

Zss
&rss

3Note that the quantity
the cone boundary.

is a more formal notion of the vicinity of
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Considering Equation (32) for Equation (29) results in

% = —1/155.

Assuming Pg,s = 0, the approximations for the infeasible case
can be used. Insertion of Eunation (34) into Equation (C.73)

. . 1428 .
with the assumption % +62*N2 ~ % for N — oo yields
14 50—

(35)

oz’
SD* ~ N 17 1+ 0—:52 USSCM/H7>‘ uN
ves T4 ¢ uN VI+E Ze
(36)
N o* 2 U*C/ A
~——— (114 = 4 SRR (37)
rre (- (i) +
N o* 2 o* Cp./uA
= Ly LA (38)
1+§< 2MN> VITE

In the step from Equation (36) to Equation (37), it has been

assumed that ~ 1 for N > 02‘82 and a Taylor

expansion (neglecting the quadratic and higher order terms)

has been applied to /1 + 'LNQ . With Equation (38), the steady
state equation Equation (29) reads for the asymptotic case of

N —
*
O’SSCN/IIH)\

1 ok 2
_ SS +
1+£< 2,uN> Ny1+¢
1 gr.c
_ 2 1,1 ssCp/p,A
- (z*ew—m)'

Solving this quadratic equation yields the steady state normal-
ized mutation strength (as the mutation strength is positive, the
positive root is taken)

Oas =V 1+ Epc, un [(1 — N72)+
212N (% —l—ellt”l)\)

(39)

1—-N72)2 4
( ) K Ci/uA
(40)
Fig. 8 shows plots of the steady state computations. The
derived closed-form approximation has been compared to real
ES runs. The values for visualizing the approximations have
been calculated as follows. The steady state o, value has
been computed by evaluating Equation (40). This value was
then inserted into the derived approximations for the progress
measures to obtain the values for ¢ and ¢y . The values
from experiments have been determined by computing the
averages of the particular values in real ES runs. For this,
the ES was run for 400N generations and the particular values
have been averaged over these generations. This procedure was
repeated 100 times and those 100 times have been averaged
to compute the particular steady state values.

V. RESULTS AND CONCLUSIONS

A (u/pr, N)-ES applied to a conically constrained problem
has been theoretically analyzed.

Approximate expressions for the local progress measures
and the SAR have been derived for asymptotic considerations.

V= -1
A—IUUU,T—‘/W

(1,10) exp. —+— (1,10) approx. —B—
(2/27,10) exp. —%— (2/27,10) approx. —o—
(3/31,10) exp. —*— (3/37,10) approx. —4&—

_ _ 1
Nfl()()[),‘rfﬁ

0 L L L L L L L L L
0 10 20 30 40 50 60 70 8 90 100

(1,10) exp. —+— (1,10) approx. —8—
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(3/37,10) exp. —*%— (3/37,10) approx. —&—
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£
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3/37,10) exp. —»— (3/37,10) approx. —&—
— -1
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£rss
1.35
1.3
1.25

1.15

13
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(2/27,10) exp. —%— (2/27,10) approx. —o—
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(1,10) approx. —B—

Fig. 8. Steady state closed-form approximation and real-run comparison of the
(p/per, N)-ES with repair by projection applied to the conically constrained
problem.
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Comparison with numerical one-generation experiments shows
the approximation quality. As can be seen in Fig. 4 and
Fig. 5, the derived approximations for the x and r progress
rates coincide well with the experiments, in particular for
higher dimensions (N = 1000). In the transition from the
feasible to the infeasible case, the weighting with the offspring
feasibility probability does not fit well in all the cases. This
can be seen in the supplementary material (Figs. 11 to 16 in
Appendix I). The middle row in these figures always shows
a case between the feasible and the infeasible case. However,
the deviation in these cases does not affect the steady state
considerations because the ES moves in the vicinity of the
cone boundary in the steady state. The approximation for the
SAR corresponds well to the experiments for small values of
o(@” 1t deviates for larger values of o), Again, for higher
N, the approximation quality fits better as can be seen in
Fig. 6. This behavior is inherent in the SAR approximation.
First, N > 0@ has been assumed in deriving the SAR
approximation. Second, quadratic and higher order terms have
been neglected. Therefore, the SAR approximation is linear
and hence necessarily deviates for large values of @),

The approximate expressions for the local progress mea-
sures and the SAR derived for the (u/pr, A)-ES generalize
the results obtained for the (1, A)-ES. Considering p = 1
for Equation (C.66) and Equation (C.73) immediately results
in [10, Eq. (3.120), p. 41] and [10, Eq. (3.149), p. 44],
respectively, for the x progress rate. For the r progress rate, it
is similar. Setting ¢ = 1 in Equation (21) results in [10, Eq.
(3.221), p. 57] for the feasible case and in [10, Eq. (3.209),
p- 56] for the infeasible case (after applying the definition of
©*). The same holds for . It only differs in the progress
coefficients. It can easily be verified that Equation (22) with
1 =1 corresponds to [10, Eq. (3.281), p. 69].

For the macroscopic behavior, the local expected progress
functions have been iterated to predict the mean value dynam-
ics of the ES and analytic steady state expressions have been
derived.

For the evolution dynamics, in Fig. 7 the rate of convergence
from the prediction is very similar to the one exhibited by
the real ES run. However, the theory predicts an earlier
transitioning into the steady state (see the fourth subplot of
Fig. 7 showing the o* dynamics).

The analytic steady state analysis resulted in a very inter-
esting conclusion. It turns out that the astonishing result from
the (1, \) case (see the derivations leading to [10, Eq. (3.308),
p- 87]) extends to the multi-recombinative ES. One recognizes
the equations for the sphere model in (40) (see [12, Eq. (4.11),
p- 35]), i.e., Equation (40) can be written as

* _/ *
Oss = 1+ fasssphere
where o

sssphere denotes the steady state mutation strength
value for the (u/pr, A)-cSA-ES applied to the sphere model.
This means that in the steady state the (u/ur, A\)-0SA-ES
with repair by projection applied to the conically constrained
problem with the objective function gradient in direction of
the x;-axis moves towards the optimal value as if a sphere
would be optimized. Additionally, the rate at which the ES
approaches this optimal value is the same as if a sphere were

(41)

to be optimized, independently of the value of £. The (%) and

(@) dynamics are proportional to exp (—%* g) in the steady
state. This follows from the definition of the progress rates ¢
and 7. Consequently, linear convergence order with a con-
vergence rate of %* is implied. This means that the conically
constrained problem with the objective function gradient in
direction of the x;-axis has been turned into a sphere model
by applying the projection as the repair method. The behavior
with other objective function gradient directions still needs
to be investigated. However, the behavior is achieved by a
/14 ¢ times larger mutation strength (41). That is, the ES
performs larger search steps in the search space. These larger
mutation steps are automatically realized by the self-adaptation
as can be seen in (40).

The figure for the steady state (Fig. 8) allows for a compar-
ison of the (1, 10)-ES, the (2/2;, 10)-ES, and the (3/3,10)-
ES. The mutation strength o, and —z— ratio approximations
come close to the ones determinecﬁo}sfs experiments. For the
steady state progress rates, the approximations are not that
good. The deviations are particularly high for small values of
&. The reason for this is that in the derivations for Pg(q), £
has been assumed to be sufficiently large. Despite that, the
figure gives insights. For the considered ESs, one can observe
that the strategies with intermediate recombination exhibit
faster progress in the steady state. The difference between the
(2/21,10)-ES and the (3/3;,10)-ES is marginal, which is also
predicted by the theory as derived in the following. Based on
Equation (38), one can compute the maximal = progress in
the steady state under the assumption N > oZ,. Computing
the first derivative with respect to o, of Equation (38) yields

d *
* _ CH/I%)‘ _ Uss (42)

dog, 7re T VTN u(VIF P
Setting Equation (42) to zero and solving for o, results in
the mutation strength

(}fa =V 1+ fﬂcu/u,)\

with which the maximal z progress in the steady state is

obtained. Further, by insertion of Equation (43) into Equa-

tion (38), the maximal x progress follows as ¢ . (1, A) =

[ Ci/ oA
2

(43)

. Assuming it is achieved by the ES, ¢%_(2,10) ~

1.61 and ¢} (3,10) ~ 1.70 follow, which are relatively close

to each other. In contrast to that, ¢ (1,10) ~ 1.18.
Insertion of Equation (43) into Equation (34) yields

14+¢
\/Erss L+ ( N )p’ci/p,)\
T - (1+8) ,, 2 (44)
o L RV

This gives insights about the deviation of the parental centroid
from the cone boundary. Assuming (1]-;6)/103 T in Equa-
tion (44) to be sufficiently small, a Taylor expansion around
0 for (1]\%5) uci Ju,x Can be applied. Together with subsequent
cutoff after the linear term, it results in

2

1 ke
\/ETSS ~ 1 + ( +€) N/HJ (1 —M)

Tss N 2

As can be seen, in the case without recombination (u = 1),
the parental centroid moves on the cone boundary. However,

(45)
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with recombination (x> 1), the centroid leaves this boundary
and moves into the interior of the cone. The deviation from
the cone boundary increases quadratically with p. With these
observations, it can now be formally shown that the asymp-
totical offspring feasibility probability Pra(2(9),7(9), 5(9)) ~

<I>[ 1 (ﬂffﬂ = @[L (ﬂ MLQ))] tends to

o) \ E c@* \r@VE
zero in the steady state movement near the cone boundary. For

N — oo with §/N < 1 and u/N < 1, (VErss)/mes ~ 1.
Further, 7 > (9 follows from Equation (B.62). Hence, the
feasibility probability tends to O for the steady state movement
of the ES near the cone boundary assuming N — oo with
N> o@F,

The theory developed allows further to compute the optimal
value 7 for the learning parameter 7. Requiring that the steady
state mutation strength o, from (40) attains ¢}, from (43),
one gets

!
Lt Epcu/pn = V1 +Euey/un [(1 - N72)+
272N (% + ei’i)

2
SLTVITRN

(1-Nr2)2 4

(46)
Solving Equation (46) for 7 yields the optimal learning pa-
rameter

2

1 PCu/
/ 2 1 1,1
2N HCwux — 2 7 Cun

T, A) = ; (47)

which equals the optimal learning parameter of the sphere
model (cf. [12, Eq. (4.116), p. 71]). For A — oo (A/N < 1)
with /X = const., one has 7 ~ ——, which has been used

V2N’
in the simulations as an approximation to the optimal value*.
For N = 1000, one has ﬁ ~ 0.022 and 7(1,10) ~ 0.017,
7(2,10) ~ 0.021, and 7(3,10) ~ 0.022. Hence, already for
A = 10, -2 approximates the optimal learning parameter

) V2N
relatively well.

Let us finally outline research goals to be addressed in the
future. Investigations concerning the more general conically
constrained problem (« # 0) are interesting to pursue further.
In addition, the analysis and comparison of different o control
methods is a topic for future work. It is of interest to analyze
the ES with CSA and Meta-ESs instead of self-adaptation for
adapting 0. A comparison between the different approaches
may give insights for practical recommendations of their
application. As another research direction, it is of interest to
investigate and compare different repair methods. Truncation
and reflection are two examples. In the truncation approach,
an infeasible offspring is repaired by the intersection of its
mutation vector and the cone. For the reflection, infeasible
offspring are mirrored into the feasible region about the cone
boundary.

41t is also referred to [11, Sec. 6.3], where investigations for the uncon-
strained sphere model regarding A — oo (A/N < 1) with /X = const. are
described.
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SUPPLEMENTARY MATERIAL

APPENDIX

APPENDIX A
DERIVATION OF CLOSED-FORM EXPRESSIONS FOR THE PROJECTION

In this section, a geometrical approach for the projection of points that are outside of the feasible region onto the cone
boundary is described'. Fig. 9 shows a visualization of the 2D-plane spanned by an offspring X and the x; coordinate axis.
The equation for the cone boundary is a direct consequence of the problem definition (Equation (2)). The projected vector is
indicated by x;. The unit vectors ey, ex, ey, and eg are introduced. They are unit vectors in the direction of the z; axis, X
vector, ¥ = (0,35, ...,2x)7 vector, and the cone boundary, respectively. The projection line is indicated by the dashed line.
It indicates the shortest Euclidean distance from X to the cone boundary. The goal is to compute the parameter vector after
projection xy1. By inspecting Fig. 9 one can see that the projected vector xp; can be expressed as

TX% & if eIX > 0
X — (exX)ez i ecx' (A48)
0 otherwise.
From Equation (2), the equation of the cone boundary % follows. Using this, the vector ez can be expressed as a linear
combination of the vectors e; and ey. After normalization (such that ||eg|| = 1) this writes
e + PN
o= — V& (A.49)

1
A1+ 3
The unit vectors e; = (1,0, ... ,O)T and ex = H% are known. The vector ey is a unit vector in direction of X in the dimensions

2to N, ie.,

e = (0,(X)a, ..., X)) /|I¥. (A.50)
Inserting Equation (A.50) into Equation (A.49) results in

(X)2 ) / fi4
ee= (1 ) (A.51)
( CVEIRIN xf ][]
Using Equation (A.51) it follows that

elx = <(§)1+ ()3 + erH )/\/:
= (o0 + ) /1 ¢ A5
( +5 |>/\/: (GorvE+IEl) /VE+T.

'Note that the same closed-form projection equations can also be derived using the KKT conditions for minimizing the Lagrangian

NZ

1 N 1
L(g,rn, ) = Sl = 2 + 5 (a - 21)* = A€llenl 2 - ¢2).
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cone boundary %

Fig. 9. 2D-plane spanned by an offspring X and the x1 coordinate axis. Vectors introduced for expressing the projection onto the feasible region of Fig. 1
are visualized. The vectors e, ex, ey, and eg are unit vectors of the corresponding vectors. The dashed line indicates the orthogonal projection of X onto
the cone boundary.

Use of Equations (A.48), (A.51), and (A.52) yields for the case eg x>0

xi1 = (el%)es

ol (e BE -+ (R ()2 N\ (A53)
‘1+;(< NI )(1’¢§||f||""’¢z||f|)'

The first vector component of xyy writes

USRS S (PO €) b ket .95 2 W S re |
q = (xm)1 1Jré(( )1+ NG > £+1<( )ﬁﬁ)' (A.54)

The k-th vector component of xp; for k € {2,..., N} writes

(e Y G0 & (GO 1)
e = 57 (00 + 72) iy = 5 (G + ) - (459

And the projected distance from the cone axis ||ry|| writes

el = | S =3 (5 (24 1)) g
qr = ||T11|| = X)) = Pa— — - X)i.
P S \NEFLAVER] € (A.56)
3 (%) VY
(5 (g ¢) ) el
§+1 Ve €
Note that in terms of the (x,7)7 representation, the offspring X can be expressed as (elx,el%)” = ((X)1,||¥||)”. This is

exactly what is expected. The first component is the value in direction of the cone axis. The second component is the distance
from the cone axis.
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APPENDIX B
DERIVATION OF THE NORMAL APPROXIMATION FOR THE OFFSPRING DENSITY IN 7 DIRECTION

The density of an offspring in 7 direction before projection can be derived from Algorithm 1 (Lines 7 and 8). Remember
that an individual can be uniquely described by its distance x from 0 in direction of the cone axis and the distance r from
the cone axis. In addition, due to the symmetry of the% problem, the coordinate system can w.l.o.g. be rotated such that an

individual in the (z,7)7-space, (’fl, 7= \/2:,1:[:2 %i) is (#1,7,0,...,0)T in the rotated coordinate system. The offspring’s

distance from the cone’s axis, ¥ = 4/ Zgﬂ %2, is distributed according to a non-central x distribution with N — 1 degrees
of freedom. Under the assumption &; ~ o@, &y =70 4 5@z ~ N r(g),g(g)2 and ¥, = 0 Wz, ~ N (070(9)2) for
k € {3,..., N}, it is the (positive) square root of a sum of squared normally distributed random variables.

It is the goal of this section to derive a normal approximation for 7*. From the considerations explained in the previous
paragraph, it follows that the distance from the cone’s axis of the offspring is

r(9)2 + 20(9) (g )22 + olg Z + a'(g) Z 2 (B57)

=<
Il

2 2 . - . .
Now, 209 7(9) 25 45(9) 22 and o9 Z,JLS 2% are replaced with normally distributed expressions with mean values and standard
deviations of the corresponding expressions. With the moments of the i.i.d. variables according to a standard normal distribution

2k, B[zx] = 0, and E[2]] = 1, the expected values E [20(9)7“(9)2'2 + 0(9)223} =0@” and E [0(9)2 PO z,ﬂ = 0(9)2(N —-2)
follow. The variances are computed as

Var [20(9)7“(9)2'2 n U(g)%@}

. [(2(,(9),49)22 n 0(9)225)2} _E {QJ@T@ZQ n U(gﬂzg} ?

(B.58)
—E [40@27,(5;)223 +40@H9),3 ¢ U<g>423} _g@?
— 4@ @7 1 350" _ ;@ _ 450207 L onp@)?
and
2 N 4 N 4 N 2
Var |o(9) Z zf] =gl ZVar [222] =gl ZE [zf] —-E [222]
=3 =3 =3 (B.59)

N
=" > 2= 200" (N - 2)
=3

where the moments of the i.i.d. variables according to a standard normal distribution z; E[27] = 1, E[2}] =0, and E[z}] = 3
were used.
With these results, the normal approximation follows as

¥ \/T<g>2 + N(0@? 46@*r@? 4 26@*) 4 N (0@ (N —2),200)* (N — 2))

(B.60)
\/74(0)2 + g‘(‘]) —1)+ \/40((1 )2 4 20‘(!])4(N — 1)N(0,1).
Substitution of the normalized quantity o@” ( N vields after simplification
Ok 1 25(9)* \/1 y oo )
rar i+ T (1- =) |1+ 1). B.61
rv~¢+N( . - 1+o<9)*2< Vo ®.61)

L= (1-4)
1_‘_5(9)*2 (1_ 1
expression can be obtained by Taylor expansion of the square root at 0 and cutoff after the linear term

(9)*? 1 oW |1+ 2 (1- %)
v r@ 142 1-— — (9) N 1).
FRT \/ + ( ~ )T 1_’_0@*2 (- N(0,1)

o

2o5(9)*

As the expression =7 N(0,1) — 0 with N — oo (0@ < o0), a further asymptotically simplified

(B.62)

2|~

T
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Consequently, the mean of the asymptotic normal approximation of 7 is ©* and its standard deviation is o,

(r) 1¢ r—T 1 1/r—7\2 (B.63)
(1) = — = exp | —= . .

b Or Or vV 27T0'T P 2 (oF

It is referred to [13, Sec. 3.1.2.1.2.2, pp. 22-29] for approximation quality investigations. In particular, Fig. 3.3 in that work
shows plots comparing the density of the normal approximation to the exact density.
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APPENDIX C
DERIVATION OF THE 2 PROGRESS RATE

From the definition of the progress rate (Equation (9)) and the pseudo-code of the ES (Algorithm 1, lines 4 and 19),

(pr(x(g)’r(g)’ J(g)) — 29 _ E[x(gﬂ) |x(g), r9) J(9)] (C.64)
= 2@ _ E[(q) | J15(9)7 T(g)’ g(g)] (C.65)
follows. Therefore, E[(¢)] := E[(q) | 2(9), (%) 5(9)] needs to be derived to proceed further. The derivation of an approximation

for it is presented in detail in Appendix D. It makes use of the  normal approximation and assumes sufficiently small 7 (such
that o; ~ 0(9)), N — o0, and (9" < N. In addition, the needed and derived approximation of Pq gets better for larger
values of &.

A. The Approximate x Progress Rate in the case that the probability of feasible offspring tends to 1

Using the result from Equation (D.134), the normalized x progress rate for the feasible case ¢, f.,, can be formulated as

* N (x(g) - E[<q>feas]) ~ N (’r(g) B x(g) + O-(g)c//«/l’w)\) _ r(g) *

Pafeas — 7(9) ~ ) - ﬁa g Cuf -

(C.66)

where ¢/, \ = ei’fj\ is the so-called generalized progress coefficient [14, Eq. (5.112), p. 172]. It is defined as,

- t=o0 at1,2
6335 = (\//\T)tljﬂ (2) /t et (B 1 — ®(t)]#~dt. (C.67)
Y8 =—00

B. The Approximate x Progress Rate in the case that the probability of feasible offspring tends to 0
Similarly, for the infeasible case, the progress rate ¢, ... can be calculated from Equation (D.168):

. N (I’(g) - E[<q>infeas])
Prinfeas — 2(9) o
_ N (148 g
= (15 — Bl o

_ N @) 429 — 29 \JEF ¢ 5
Nx@){ 1+¢ _1+§+1+£(\/‘m>%/w} (C.70)

This can further be simplified using o, of the normal approximation (Equation (B.62)) together with o-normalization yielding

* —
Pzinfeas —

\[T() o(9)*? L1 () U(g)“ 1o@? 142921 -
1+§ z(9) N N 2(9) N2 g N2 g4 g<g>*2(1_

N r(9) c@* ) 5@ 114 20
271_’_5 1_\/537((])\/1—‘,-7 T‘i‘gﬁ N* 1+EWCH/M’A . (C72)

From Equation (C.71) to Equation (C.72), + has been neglected compared to 1 as N — co. It can be rewritten further yielding

*2 (g)
« N \/ET(Q) 0'(9) \[ \f’f’ (9)* 11+ g
Pzinfeas — 1 _|_€ 1- 2(9) 1+ N + 1 +§ e o Cuf A 1+ EW (C.73)

)
N CH/M] (C.71)
~)

C. The Approximate x Progress Rate - Combination Using the Single Offspring Feasibility Probability

Similarly to [13, Sec. 3.1.2.1.2.8, pp. 44-49], the feasible and infeasible cases can be combined using the single offspring
feasibility probability

SO; ~ Pfeas (x(g)’ T(g)7 U(g))Weras + [1 - ijeas (x(g)’ ,,,(g)7 U(g))]gpl‘i*nfeas (C74)
9, N JVEr® o(9)*?
— Preag(29, 10 >7U<g>)@g<g> Cujur + [1 = Preas(29, 79 g(9))] Tl R
(C.75)
o(g)*2
VEVED (e 1 L e
1+é 29 Cu/p, 1y e
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APPENDIX D
DERIVATION OF E[(q)]

With Lines 13, 17, and 19 of Algorithm 1,

Ellg)] := E[( ) Ifc(g) ©,0(9] (D.76)
Z Gmix | 29 ‘-")] (D.77)
== Z E [qm; A2, (), g<g>} (D.78)

K m=1

follows, where ¢y,.» := (Xn:1)1 denotes the x-value after (possible) projection of the m-th best offspring. It is the next step
to derive the expected value of this quantity:

Elgm:] = Elgm. | 29,79 9] 0.79)
gq=o00
= / o qPqpix (Q) dg (D.80)
q:
= Al . o
B / IO i = e @l = Pola)T Po(a)]" ™ da. (D.81)
q= : !

Equation (D.80) follows directly from the definition of expectation where

Pgpnin (Q) = Pgum:x (q ‘ x(g)) ,r(g)’ U(g))

indicates the probability density function of the m-th best (offspring with m-th smallest g value) offspring’s ¢ value. The
random variable () denotes the random x values after projection. The step to Equation (D.81) follows from the calculation of
Pa.n.x (@) Because the objective function (Equation (1)) is defined to return an individual’s x value, p,,, , (¢) is the probability
density function of the m-th smallest ¢ value among A values. This calculation is well-known in order statistics (see, e.g., [15]).
A short derivation is presented here for the case under consideration. A single offspring’s ¢ value has a probability density
of pg(q). In order for this particular ¢ value to be the m-th smallest, there must be (A — m) offspring greater than that, and
(m — 1) offspring smaller. This results in the density pQ( )1 = Po(q)]}™[Pg(q)]™ ! where Pg(q) = Pr[Q < q|. Because

the number of such combinations is )\(m 11 = m one obtains
Al
= 1 — Po(q)) ™ [Po(q))™ L. D.82
Pgunin (4) O )i = 1)!29@(61)[ ()] " [Po(q)] (D.82)
Insertion of Equation (D.81) into Equation (D.78) results in
UIEEDS / el - Rl R (@) 05
q)| = — p - q q .
um_l Lo PO = m)i(m = P e N
_ A - 1—PQ A [Po()]™ !
— (JP . (D.84)
o q=0 ol mzzjl m)l(m —1)!
The identity
® m—1 A—m 1-P
Pm 11 - P 1 Ap—1 -1
= 1-2)"""d D.85
m =11 —m)! (A—u—l)!(ufl)!/o FT 2 d (D-85)

m=1
stated in [14, Eq. (5.14), p. 147] allows expressing the sum in Equation (D.84) as an integral. Application of Equation (D.85)
to Equation (D.84) and expressing the fraction using the binomial coefficient yields

A g=00 z=1-Pq(a) \ L L

Bl =0-w()) [ e [ AF(1 2y dd D.356)
M q=0 2=0

To proceed further, z = 1 — Pg(y) is substituted in the inner integral. This implies y = Pél(l —z) and dz = —pg(y). The

upper and lower bounds for the substituted integral follow as y, = P 'M—1+Pylg)) =qand y, = Py 11 —-0) = oo,
respectively. Therefore, one obtains

— () (2) [ avata [ ol o)l (—pa) dyda D87)
— (- (2) [ ane@ [ palilt - Po)P T Pa(u) dyda. (D.38)
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Changing the order of integration, one finally gets

El(g)] = (- p) (A) / T peWl - Pol) " Po(y) ! / " pola) dady. (D.89)

H =0 q=0

P5(q) and pg(g) need to be derived next. To this end, Pr[Q < ¢ is calculated by integration. This results in Py(q) =
Pr[@ < q]. Using this, pg(g) follows by computing its derivative. The integral can be written as

/ / pra(x,r)drde

(D.90)
/ / p1.1(z,7)drde.
—VE&x+(VE+1/VE)q

Taking a look at Fig. 1, the integral is calculated as follows. First, the whole area above the x-axis up to = g, is calculated.
Then, the area enclosed by the projection line and the vertical line at « = ¢ is subtracted from it. The function pq,1(z,7) :=
pr;(z, 7| 2(9) () 5(9)) denotes the joint probability density function of a single descendant before projection. Note that this
density includes the log-normal mutation of ¢(9). Due to difficulties analytically handling the integral further in this exact
form, assuming 7 sufficiently small simplifies the analysis considerably. More formally, with &; ~ ¢(9) the mutation of ¢(9)
can be neglected in the analysis. In particular, it allows writing p1.1(z, ) & py(2)p, (), where p,(x) is the z-density before
projection and p,.(r) is the normal approximation of the r-density before projection (Equation (B.63)). Note that they are
independent because the mutations in the different dimensions are independent of each other. p,.(x) follows from the offspring
generation in Algorithm 1 (Line 8). Every component of the offspring’s parameter vector X is independently and identically
distributed according to a normal random variable. With &; ~ @),

1 x — x(9) 1 1 (z—2@\"
pz(z) &~ U(g)¢( ) ) = (@) exp l—2 <g(g) ) (D.91)

follows. Now,

/ / Pz (x)pr(r) drde
/ / Do (2)pr(r) dr dz
r=— e+ (VE+1/VE)a

-/ z_oo e /  pdrds
oo

=1 (D.93)

r=q r=00
—/ P (T) [/ pr(r) dr] dx
T=—00 r=—V&z+(VE+1/vE)q
=4 1 1 (2 — 2@\
%/z:_oo Varow P [_2< (9 ) ] de
= 1 WO
B /x:foo V2ro(9) P [_2 < o9 ) 1 (D-94)

x /T:oo L 1<TF>2 dr b d
Xp | —= T .
r=—VEr+(VE+1/VE)q V 2Ty 2\ or

follows. Expressing the integrals where possible using the cumulative distribution function of the standard normal distribution

(D.92)
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®(-), Equation (D.94) can be turned into

q—z@

Polq) ~ @ (gu)
- /g:__qoo Varo@ [ % (33;5)(9)) ] (D.95)
« {1 ( Ve + (VE+ 1/@)61_7«)} N,

Or
q—z@ q—z9
:‘I)< o )“I’< o@ )

v=a 1 1 /2 — 2@\ 2
" /xz_oo Varo@ T l_z (a<g>) ] (D.96)
o (—@H (VE+1/vE)q - ) .
Or

Equation (D.96) can further be simplified and then upper bounded yielding

r=q 1 [ 1 T — (L'(g) 27
Py(q) = /wz?oo mexp 3 (0(9)) (D97)
. <\/§x + (\/EUJr 1/vV&a— f) da
=00 1 I 1 T — 1‘(9) 7
= /I:,OO Vare TP | T2 (U(-"’) ] (D.98)
o (—\/Ea: + (\/EU+ 1/vV8)q — 7“) d
o[ L1/8a- 29 —7/\/€ (D.99)

Vo + o2/

The step from Equation (D.97) to Equation (D.98) is justified because the expression inside the integral is non-negative.
Therefore, an increase in the upper bound of the integral results in an increase of the result of evaluating the integral. While
the integral in Equation (D.97) has an upper bound of ¢ and a closed form solution is not apparent, the integral in Equation (D.98)
has an upper bound of oo and can be solved analytically. To this end, the identity

/Ze U P(at +b) = fq)(ﬂiﬁ) (D.100)

which has been derived and proven in [14, Equation A.10], can be used with the substitution ¢ :=
one arrives at Equation (D.99).

It turns out that this upper bound is a satisfactory approximation for Pgy(q) (see [13, Sec. 3.1.2.1.2, pp. 21-39] for more
details). By taking a close look at Equation (D.97), one can see that the expression can be further simplified under certain

conditions. Normalization of ¢, and multiplication of the argument to ®(-) by 1?? in Equation (D.97) results in

e 1 [ 1 (2 — 2@\
i~ [ o (52
o 2 )
z=—c0 V2M0 i ? (D.101)
(et 100~/ VE
79/ (N V)
/x:q 1 ! (x—x(9)>
 o@ 2 )
w=—c0 V2M0Y i 7 (D.102)

o (N Ve + (14 1O/ v/ WW@) du

T
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Assuming N+/€ — oo, one observes that

o <N¢g—r?‘b+(1+§;r&> - mﬁﬁ) ol e (”2) r%)_r%)_ﬁ 50 (D.103)
= z< <1+2>q—jg (D.104)
— g< <1+2>q—;g (D.105)
— 0< g - % (D.106)
— % < g (D.107)
— 7‘\(]/5 <1 (D.108)

From Equation (D.104) to Equation (D.105), = < q that follows from the bounds of the integration, has been used. The resulting
condition (Equation (D.108)) means that the simplification can be used if the probability of generating feasible offspring is
high. This can be seen in the following way. The probability for a particular value g to be feasible is given by

T=q/VE _F _F
Pr [\/5% < |q\] - / pr(F) i ~ @ (q/\@r> ) <N‘W§r) . (D.109)
=0 oy o-;fr(g)
It is the integration from the cone axis up to the cone boundary at the given value ¢q. For N — oo, it follows that
o (NUVE-TY oy oy UVE—T (D.110)
O';f’l"(g) a';'j'r'(g)
— g/ JE—TF>0 (D.111)
— q/\E>T (D.112)
= g>TF/¢ (D.113)
= s <1 (D.114)
q
Under this condition, Equation (D.101) can be simplified in the asymptotic case N — oo to
— 2@
PQ(q)mp(q = ) for ¢ > F/E. (D.115)
o \¢
These derivations lead to the Py(q) and pg(g) approximations used in the further derivations:
—z@
ROESE (qa(f))  for g > /& (D.116)
Polg) = _
141 — gzl —
Pop(q) =0 | BT ZTVE - erise. (D.117)
Vo' +a2/¢
Taking the derivative with respect to ¢ yields
1 71(7("?3”)2
— 2\ o0 f 7 D.118
preas(q) ma(g) € , ror q > T\/E ( )
(1+1/¢)
innfeas(q) = 2—
O o0+ o7 /¢
2
| 1 (a+1/99 =20 —r/VE (B4
X —=exp | —= ,
vem | 2 00 + 02 /¢
otherwise.

It is referred to [13, Sec. 3.1.2.1.2, pp. 21-39] for more details in the presented analysis and for investigations regarding the
quality of the approximations.
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A. Derivation of E[(q)],4s
For treating the feasible case, insertion of Equations (D.116) and (D.118) into Equation (D.89) yields

Elldeal * 0= 0(}) [ porea )l = Py )P+~ 1Py (1

=y (D.120)
X / 4PQfeas (@) dg dy
q=0
Yy=00 1 y=al@ 2 _ (9 A—p—1
:(A_”)(A)/ \/21<g>6 H(t) [1_®(y <j>g>]
—= g
1 Jymrve v ETe (D.121)

_o@N\NTHTY pa=y 1 a=e@)?
- {(I) (Hﬂ / TR L 2( 7 ) dgdy.
o9 g=rvE V2mo(9)

For solving the inner integral, ¢ := ( > @ is substituted. It implies ¢ = 09t +(9) and dg = o(9) d¢. The lower bound follows

with o-normalization, assuming N — oo, N > a*(g), and knowing that 2(9) > 74/€ holds for the feasible case. It reads

f\/gf 2(9) _ N f\/gf 2(9)

h=—o T ow o =%
The application of the substitution results in
= O
/q 'L () d
q e q
q=rvE V2mol9)
_y— 2(9)
f_v/ e <9>t+x<g>)7l e 3 g0t (D.122)
t=—— o0 2mo(9)
Y= "D(g) 7y73;(9)
tem3dt + 29 /t L g (D.123)
= ol e x e . .
vV 27‘(‘ t=—o00 t=—00 vV 271'

The integral in the second summand in Equation (D.123) can be expressed using the cumulative distribution function of the
normal distribution ®(-). The integral in the first summand in Equation (D.123) can be solved using the identity

z 2 1
/ te 2t dt = —e7 2% (D.124)

derived in [14, Eq. (A.16), p. 331]. Hence, one obtains

9=y 1 ey pEril ’ — 2@ 1 -1 2

/ §———e ( o (@ ) dg ~ 29 ® <y (x) >—a<9> e < o(@ ) : (D.125)
q=FE \/2770'(9) o\9

Equation (D.125) can now be inserted into Equation (D.121) yielding

A Yy=00 1 1 y=al® _ »(9) s
E[(@)feas) = (A = 11) (u)/ e Voo @ (57) {1 —¢ (y C,(Zf) )]
y=r
y—z@\1* y — 2
X @ g - x(g)@ dy
(&) o (@) D.126
A y=00 1 -1 (yfw(w )2 y— x(g) B ® :
—(A=p) / —e o) 1-®
/~L y:?x/g \/%U(g) U(g)
_ @\ 1*! YEEO,
y [q, <H>} o L () dy.

o'(g)

The first term in Equation (D.126) can be simplified by using Py, (v) = ® (y (:)g) . It yields

—00 y—z(9 A—p—
(Au)<)\)/y L 75( <q(>)> {1@(7":”(9))} '
1Y) y=F\E v/ 270 (9) o9

N NS L )
y—r7 O F N

A\ Y=
= x(g)()\ - ,u) ( ) / preas (y)[l - PQfeas(y)])\_u_l [PQfeas <y)]ﬂ dy (D127)
/) Jy=ryE

=7
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This can be rewritten resulting in

0= 10() / y_;mfeas(ym — P P [Paps )" dy

=7

Al y=o0
= “B(g) ()‘ - N) ()\ — ,U/)'M' / _\/Epreas(y)[l - PQfeas(y)])\iﬂil[PQfeas(y)}'u dy (D.128)
il
Al y=o0
— 2@ 1-P A—(pt1)
Sy ey (e y gy /Mpreas(y” Qfeas (V)] (D.129)

X [PQ g ()] D~ dy.

Now, by comparing the expression inside the integral with Equation (D.82), one observes that this is exactly the probability
density function of the (u + 1)-th best offspring. Because in this section the case under consideration is the feasible case, in
the limit the whole mass is in pg,,. and no mass in py, ... Hence, integration over all values of ¢ equals 1. This reads

A—(p+1)

Al y=
TG, P~ P

Y=o
- ‘ (D.130)
x [PQfeas(y)](MJrl) ' dy - x(g) / preu~(H+1);>\ (y) dy = l’(g).

=1

(9)

The second term in Equation (D.126) can be simplified by solving the integral using substitution. The substitution —¢ := y;f’;)

is performed. It implies y = —o(9t +2(9) and dy = —o(9) dt. The lower bound follows with g-normalization, assuming N —
00, N > 09 and knowing that z(9) > 7\/€ holds for the feasible case. It reads ¢, = —F\/f(_gf(g) =I5t i(_gf(g) ~ 00.
Similarly, the upper bound follows with o-normalization and assuming N — oo and N > o*@) as t, = limy o0 _y;(‘;”)(g) =
limy 00 —157 *yj_f)(g) = A limy o0 (—y + 29)) ~ —o0. The integral after substitution reads

A—p—1

y=o0 (5= @ e
() [ e ) [-e ()]
n y=FvE 27o(9) o)

NN o i (=22)
] g
g\: e

A\ — A t=—c0 141,2
- _g<g>(%r)§‘ﬂ<ﬂ)(_1)/=w e B(—t)PE D (=) de (D.131)
@ A= (A [T e A—p—1 -1 (9)
T <u> [P = e bt = —o ey (D.132)

From Equation (D.131) to Equation (D.132) the fact that taking the negative of an integral can be expressed by exchanging
the lower and upper bounds and the identity 1 — ®(—t) = ®(t) have been used. In Equation (D.132), the progress coefficient
Cu/p, defined in [14, Eq. (6.102), p. 247] appears. It is defined as

A—p (A [=2 .
Cufpn 1= QW” (u) /t:_oo e U [®)PHL — @(1)]P L de. (D.133)

Insertion of Equation (D.130) and Equation (D.132) into Equation (D.126) results in

E[(@)gegs) = 29 — 09,00 (D.134)
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B. Derivation of E[{q)]

infeas

For treating the infeasible case, insertion of Equations (D.117) and (D.119) into Equation (D.89) yields

y=rV¢
E[<q>infeas] ~ (/\ - ,U,) <:> / innfeas (y)[l - PQinfeas(y)]/\7H71[PQinfeas(y)]#71

y= _ (D.135)
q=y
X/ quinfeas(q) dqdy
q=0
DL = Pingeas 01N [Poipgeas )"
mefeas Qinfeas Y Qinfeas Y
y=
=y 1+1 1 1{(1+1 @) — 7/ i (D-136)
o [y [ o | L (O 1/0a 29 —F/VEY |
4=0 o2 4 g2jc | V2T 2 o2 4 o2/¢
For solving the inner integral in Equation (D.136), the substitution
Vo @ +o2/¢
is used. It follows that
1 2
R — (9) 2 (9) L 7
q o +oZ/Et+ 2 47 f) (D.138)
w7 / Ve
and
Vo + a2/
dg = ——————dt. (D.139)

(1+1/¢)

Using the normalized a(g)*, O @ for N — oo, and o9 <« N (derived from Equation (B.62)), t can be expressed as

(14+1/&)q—29 —7/C

t= : f (D.140)
a(@)*2p(9)? + a(@)*2p(9)?
\/ RE NZE
— 2@ _F
 (41/gg-a) ) VE o
V@0 4 0 0?2
— 2@ _F
~ NVE (1+1/§)qg—= 7/VE (D.142)
\/gg<g>*2r<g>2 + 002 ()?
(14+1/8€q —7/\E
= N¢ { 0(9)*7“(9) = : (D.143)

The lower bound in the transformed integral therefore follows assuming & > 1, N — oo, using oo > 7 =~ r@ > 0, and
knowing that 0 < 29 < 0o as

B (1+1/6)0 -9 —7/\/€
t _N\/E[ T T } (D.144)
—7/VE
= N\/¢ [U(g)* NS } (D.145)
o[ —r/VE
~N {U(Q)T(g)} (D.146)
<0

~ 0. (D.147)
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The transformed integral writes

2

/q:yq (1+1/¢) 1 exp _1 (1+1/£)q_x(g)_77/\/€ dq

e U+1/9y—0) —7/vE

I AV Ay 1 <4/(>2 2 @ 4~ >1;t2 (D.148)
/t:ﬂ)O 15170 o9 +o2/ft+a +7“/\/g me dt.

Use of Equation (D.124) for the first summand and the cumulative distribution function of the standard normal distribution
®(-) for the second and third summands, this can further be rewritten resulting in

e UF1/8)y—a(D —7/vE

/* Vo2 M(Wﬂm +r/\/> - “adt
t=—00

r 2
:7,/0(9)24_02/5 1 exp 1 (+1/gy -2 —7/VE
(1+1/8) Vor 2 /0(9)24_0%/&
ol g | A1y~ 7/ VE
Targt Iy

o)+ 02 /¢ (D.149)

:PQinfeas

(1+1/&)y— a9 —7/\/E

P dt.
(1“‘1/5 r/\[ 0(9)2+gg/g
:PQinfeas

Insertion of Equation (D.149) back into Equation (D.136) leads to

y=Tv&
E[<q>infeas] ~ (>\ - M) <:) /:0 innfeas,(y)[1 - PQinfeas (y)])\*#«*l [PQinfeas (y)}#«*l

2
o) Vo’ +a2/ 1 L(arygy a9 - mve) |

exp |—=

(1+1/§) Vor 2 [o@? + 62 /¢

1 (9)
+ g - d
(1+ 1/5)1j /y——opqmms(””;A Y

=1

X

(D.150)

T/f innt'eas(/,,+1);)\ dy :

=1

(1+1/5

The second and third summands are the result of the same argument as the one leading to Equation (D.130). For solving the
integral in the first summand,

(+1/8)y — 2@ —r/VE _

Vo0’ + 02/
v= g (Voo +aafet a4/ VE) (D.152)

Vo +02/¢
dy— VT T g (D.153)

(1+1/¢)

—t (D.151)

is substituted. It follows that

and
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Using the normalized a(g)*, oy o@ for N — oo, and o@" < N (derived from Equation (B.62)), ¢ can be expressed as

(1+1/8)g = o9 —r/VE

t=— (D.154)
o(@)*2p(9)2 o(9)*2p(9)2
vzt TN
141 — 2@ _F
(1 +1/8q—29 —7/VE (D.155)
V@0 4 507 ?
— 2@ _F
_ _NVE 1+1/6)g—= 7/VE (D.156)

VEr @ @? 4 o0 0)?

1+1/8)q—29 —7/\/E
N\f{ SO Ve } (D.157)

The lower bound in the transformed integral therefore follows assuming & > 1, N — oo, using co > 7 ~ (9 > 0, and
knowing that 0 < 29 < 0o as

_ (1+1/60 -2 —7/\/€

tr=—-Ny/¢€ [ SO T } (D.158)
_ —al9) — f/f
__NE [ TN = } (D.159)
N —xl9) _ r/\f
~ N [U(g)r(g)} (D.160)

<0

~ c0. (D.161)

Similarly, the upper bound follows with the same assumptions and using the fact that the case under consideration is the
infeasible case, i.e., (9 < 7\/€

— 2@ _
N\/{ 1+1/¢) T*\f T r/\f] (D.162)
o@ @) VET 1
7€ — 2(9)
- [ o) () ] (D169
>0
~ —00. (D.164)
The transformed integral writes
A y=rve A—p—1 p—1
(>‘ - N) L innfeas(y)[l - PQinfeas (y)] [PQinfeas (y)}
y=
2
Vo +o2/¢ el g
N i LR, Y [RRV T VN | g,
A+1/0 Var oo 1 oe
t==eo )\) 1 1,42 U(g)2+02/§
= - A —1)—=e 2" [1 - (—t) P o(—t) e (D.165)
[ om0 (C)engme - aeop e S
0'(9)2 + 02/5 A — A t=o0
\/ r 1% _1fye Ap—1 -1
= - U [@O)THAT L = @) de.
(1 4 1/{) (\/ﬂ)lﬂ (/t) /t:_ooe [ ( )] [ ( )] (D166)
=Cu/uA
Insertion of Equation (D.166) into Equation (D.150) finally yields
29 r 00 + 02 /¢
E[@)infeas) = + - i (D.167)

(1+1/8)  VE(L+1/S) (1+1/¢)

1i€( @ +7/V/€) - %mcu/w- (D.168)
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APPENDIX E
DERIVATION OF THE 7 PROGRESS RATE

From the definition of the progress rate (Equation (10)) and the pseudo-code of the ES (Algorithm 1, Lines 5 and 20) it
follows that

o (29 19 50y = pl) _EplotD) | 2(9) p(9) 5(9)] (E.169)
— o) _ E[(g) |$(0) r(9) (0)] (E.170)

The computation E[(g,.) | 2(9), (%), 5(9)] requires the evaluation of the square root of a sum of squares. This is because (g,
is the distance from the cone axis after centroid computation. Therefore, the computation of E[(g,)|z(9),7(9) o(9)] is not
analogous to the computation of the x progress rate. For the computation of the r progress rate, two cases are distinguished.
First, the case of “being far” from the cone boundary is considered (feasible offspring with overwhelming probability). Second,
the case of “being on” the cone boundary is considered (infeasible offspring with overwhelming probability). Both cases are
then combined with the single offspring feasibility probability. The feasible case is similar to the sphere model because the
projection can be ignored. For the infeasible case, a geometric approach is pursued.

A. The Approximate r Progress Rate in the case that the probability of feasible offspring tends to 1

For the case that the probability for infeasible offspring is negligible, generated offspring do not need to be repaired. The
mutation vectors are therefore not altered. Hence, from Lines 7 to 8 of Algorithm 1,

Kmx = X9 + FpaZinia (E.171)
follows directly. Now, 7 is assumed to be small such that &; ~ (%) for I € {1,...,\}. Hence,
Kmor ~ x99 409Dz, (E.172)
and subsequently .
&) = x0 o0 1 > Zma (E.173)
m=1

can be written. With this,

1

<q'r>feas = <%>

( k—‘y—U(‘]); Z(Zm;)\)k>

m=1

(V)

N w 2 (E.174)
= Z —|— Z (20’ g) (g) Z Zm)\ > + Z < Z Z'rrL;)\)k)

k=2 k=2 =1 m=1

=()?

follows for the distance from the cone axis (¥) of (X). To proceed with Equation (E.174), it is assumed that the deviation of
the expression under the square root from its mean is small. This allows the use of a Taylor expansion
~E 1 (2 -E[#?])?

EW] (E[(#)2])**

Taking the expected value, the second summand vanishes and Equation (E.175) writes

1 Var [(¥)?
E [ <%>2} — VE[(M?] - 7% (E.176)
8(E[(12)
Assuming that the quadratic term Var [(?)2] and the higher order terms are negligible, the approximation writes
E [ <¢>2} ~ VE[(M2]. (E.177)
Reinsertion of Equation (E.174) into the approximation (Equation (E.177)) results in
E[(7)]
N N 1 N (9)? 4 ’
~ ) ( (x(@)? + > [ 2090x6),= > E[(Zm:n) B[ D @ma)k (E.178)
k=2 k=2 M m=1 k=2 K m=1

—r(9)?2
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As selection is done in direction of the cone axis, the (z,,.5)r for k € {2,..., N} are selectively neutral (because they are
perpendicular to the cone axis). Hence, (2z,.x)r ~ N(0,1) and consequently

E[(Zm:2)k] =0 (E.179)

)2

holds. The expression Zk 9 Ly E {( e (Zmn) ’“)2} can be rewritten by expanding the squared sum term. It writes

m=1

N (9)? g ? C,<g>2 g
> o E (Z(zm;x)k> = ZZZE Zuni ) e (Zpip ) k] (E.180)

2
k=2 K k=2m=1p=1
o N

=73 ZZE Zmp )i
k=2

K m=1

Z Z Z:: E[(Zma)k(Zpn ) k]

2m=1

7&

a<9) (E.181)

It is important to note that the second summand in Equation (E.181) vanishes. The random variables (z,,,»)x for k € {2.N}
are isotropically distributed in the 2..N subspace due to the selective neutrality of the i.i.d. normally distributed mutations in
this subspace. Hence, the cross terms written explicitly as the second summand of Equation (E.181), are immediately zero.
Consequently, for fixed m and p with m # p,

N
Y El@n)k o)k = B [(Zma)3 v (2p:0)2..8]
k=2

=E [(Zm§>\)§.N} E [(ZP;A)Q..N] =0
holds. With Equation (E.179) and Equation (E.182), Equation (E.178) simplifies to

Z (Zm:x) 1 (E.183)
k=2

(E.182)

E[(F)] ~

m=1

Again, because selection is done in the x; direction, the expression E {Zgzz(zm; A)%J is the expected value of the sum of
N — 1 standard normally distributed random variables. It is therefore the expected value of a x-distributed random variable
with N — 1 degrees of freedom. Hence,

N
sz 1— -1 (E.184)

k=2

holds which implies

~ 2 U(Q)Q
Bl{ar) ] = B[P 24 [r(9" + ——=(N —1) (E.185)
(9) U(g)*2
=r 1+ e (N-1) (E.186)
(9)*?
~ () g E.187
~ N (E.187)
With this result, the normalized r progress rate for the feasible case can be formulated as
N(T(g) - E[<q7">feas])
Prieas — T(g) (E188)
o@*?

~N|1-1/1+ (E.189)

uN

In order to justify the approximation in (E.177), it is shown that the fluctuations of ()2 around its mean value are small.

This is done by showing that % tends to zero for N — oo and assuming that the quadratic term dominates the sum

of all the terms of higher than quadratic order in Equation (E.176). The starting point of the calculation of Var [(%}2] is the
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term under the square root of Equation (E.178). Use of stochastic independence of the different components for k& € {2..N}
(because selection is done in x1-direction) results in

2
1 & 1 &
Var [{ ZVar <2a<9> v > (Zmin) ) + <a<9> Z(zm;A)k> (E.190)
m=1 m=1
1 H
x(‘7) - Z (Zm:x )k
’um:l

I " 2
l Z (zm;)\)k> ) (0(9)/111 Z (Zm;)\)k>

m=1 m=1

2
o
= ZVar + Var <J(-‘7)1 Z (zm;A)k>
1

m=1

(E.191)
+2Cov <20(9) (x(g))k

=

—:A =:B
By the properties of the variance calculation and the independence due to the selection in x;-direction, Equation (E.191) can
be rewritten to

2
p p
41
Var | 240(9)2 x@)y, 21 Z Var [(zm:a )] + o 9)* —; Var (Z(ZW'J‘)k> +2Cov [A, B]. (E.192)
I

k=2 m=1 m=1

Again, because selection only depends on the z;-direction, the random variables (z,,.»); for k& € {2..N} are isotropically
distributed in the 2..N subspace. Because the projection does not have an influence for the “feasible” case under consideration,
the (z,.»)x are i.i.d. standard normal random variables. Consequently, Var [(z,.»)x] = 1 holds and

Ll 4o(9)?

2 21
40(9) (x@)@ > Var (2o )i] = .

(x(@))?. (E.193)

m=1

0(9)4ﬁvar [(25@:1(Zm;/\)k)z} can be derived by writing the cross terms explicitly

S0 1 " ? ot B
7 avar D @mi] | = o Var P CERY NI (E.194)
m=1 m=1p=1

a(g>4

= ZVar zm,\

P (E.195)
Z Z Var Zm >\ Zp7)\)k]
m=1 p=1
o
Var [(zm;a)i] = 2 because (zm;2); is x* distributed with one degree of freedom. Var[(zm)k(zpa)e] =

E [(Zm\)2] E [(zp2)] —E [(Zm:x)i)” E [(zp;,\)k]2 = 1. Those observations follow with the same arguments that the (Zn,.) )
are i.i.d. standard normal random variables and therefore E [(2y,;0)7] = 1 and E [(zy,;1)x] = 0. Hence,

2 4
a1 H 90(a)? L o@? pp—1) o
ol9) EVar (;(zm;k)o == + i =5 (1+ p). (E.196)
Using the abbreviations A and B introduced in Equation (E.191), the covariance term can be written as
Cov[A,B] =E[AB] — E[A]EB] (E.197)
@) (x®), 1 ; wly 2
=FK 209 — Zm)\ 9)— Zrn;)\ k
( ’u m=1 > < K 7nZ:1( )
) (E.198)
p p
1 1
_E (20(9) (X(g))kf Z(z7n;>\)k> E (U(g) Z(%;A)k)
H m=1 K m=1

Equation (E.198) can be rewritten using linearity of expectation yielding

Iz 3 n m 2
COV[AaB]ZQU(g)3(X(g))k%E (Z(%m\)k) _20(g)3(x(g))kiZE[(Zm;A)k]E (Z(Zm;)\)k> . (E.199)

m=1
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E [(Zm:2)x] = 0 is used again and hence the second term on the right-hand side in Equation (E.199) is zero, i.e.,

%E[(zm;,\)k]E (Z(zm;x)k) — 0. (E.200)

m=1

3
249 (X(g))’C

For the first term on the right-hand side of Equation (E.199), the sum is rewritten to

I 3 N nooop
(zum) B ST T o SE T T
m=1 m=1 m=1 p=1
pFEM
e (E.201)
303D Zma )k (Zp )k (20

m=1 p=1 s=1
pEm o7y

Because the projection does not have an influence for the “feasible” case under consideration and selection is done along the
x1-direction, the (z,,)), are i.i.d. standard normal random variables. Additionally, using linearity of expectation, calculating
the expected value of Equation (E.201) results in

E (Z (Zm;k)k> = Z E [(Zm;k)i] +3 Z Z E [(Zm;k)i] E [(Zp;/\)k]

m=1

(E.202)

All three terms in Equation (E.202) are zero due to the moments of the standard normal distribution. Consequently,

3
n
E (Z (zm;A)k> =0 (E.203)
m=1
follows and therefore with Equation (E.200) and Equation (E.203) one obtains
Cov [A, B] = 0. (E.204)

With these results, insertion of Equation (E.193), Equation (E.196), and Equation (E.204) into Equation (E.192) results in

N 2 4
40(9) @N =1
Var [(1?] & | 3 T x@), | + Ty ( , )1+ ) (E.205)
— M H
4o (9)? 0(9)4(]\7 —1)
= m e (1+p) (E.206)
*2 x4
_ 4o * ) N o(9) 7«(9)4(]\7 —1)(14p) E.207)
N2y N3 : :
For the expected value,
B [(7)?] ~ RO (E.208)

follows directly from the derivations leading to Equation (E.187) for N — oo with N > ¢(9) ", Therefore, with Equation (E.207)
and Equation (E.208) one obtains

Var [ | 400 "r@" | oo (v 1)1+ ) \/ 100" @ (N - (14 p)

~ = + :
E [(7)? 2, ()4 4,3p(9)% N2 N4p3
[(7)?] N2pr(9 N4p3rl H H (E.209)

o’ . e @2 (14 p)
Ny Np? 7

*2
where in the last step N > 1 has been assumed. Hence, (E.209) tends to zero for N — oo with N > o
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Fig. 10. Visualization of the geometrical approach for deriving ;.. for the multi-recombinative ES applied to the conically constrained problem.

B. The Approximate r Progress Rate in the case that the probability of feasible offspring tends to 0

For the case that the probability of feasible offspring tends to 0, the aim is to relate the r progress rate to the x progress
rate. It has also been done in this way for the (1, A) case in Section IV-B2. Here, a geometrical approach is pursued that
is visualized in Fig. 10. The visualization shows the 2..N space of the conically constrained problem. That is, the view in
direction of the cone axis (z; direction) is shown. The z; direction can be imagined “coming out” of the paper perpendicular
to e2 and e, . For this constellation, the optimal value can be imagined being directly “on the paper”. The origin is indicated
as 0 and the coordinate axes in the 2../NV space are indicated as e; and es. . The coordinate system is rotated such that
the distance from the cone axis of the parental individual corresponds to the parental parameter vector’s value in the second
dimension, i.e., x(9) = (:c(g), r9.0,..., 0)”. The parental individual is therefore located at the position indicated by r(@.
The solid half circle indicates the cone boundary at z; = z(9). As the case under consideration is the one in which the
probability of feasible offspring tends to 0, the parental individual is assumed to be on the cone boundary?. The mutation
Vector O x(Zm;x)2.. v indicates the mutation vector in the 2..N space leading to the m-th best offspring before projection
Tp:x. This mutation vector can be decomposed into vectors in direction of e; and ez n. The lengths of those vectors are
indicated as ) (Zm;x)2 and |[Fm:x(Zm:x)s.. N ||, respectively. The value in direction of the cone boundary of the m-th best
offspring after projection (xg; y)1 is assumed such that the dashed half circle indicates the cone boundary corresponding to
(xg; 4)1. As the dashed half circle is drawn smaller than the solid half circle, it is assumed that the m-th best offspring after
projection rfln; y has a smaller value in direction of x; than the parental individual. The m-th best offspring under consideration
is considered infeasible. Hence, it is projected onto the cone boundary. Its decomposition into vectors along the e, and es.
axes are indicated as (x?n; 4)2 and hg; » respectively. The centroid of the best 1 offspring after projection has to be computed
for the calculation of the r progress rate. This centroid is indicated as (rH> with its decompositions in es and es.  directions
((xM)3) and (h'), respectively.

Orinfeas € be computed by geometric considerations with the help of Fig. 10. Note that (g, = [|{r')|| holds. Hence,

infeas

Prinfeas — T(g) - E[||<rn>|” (E210)

2An asymptotic expression for the feasibility probability has been derived as Heas(:c(g),r(g),a(g)) ~ & [5(19) (”\(/? —'Fﬂ =
(9)

N (9) 7 PN . _
P [W (r(zyf\/g — Trs))] (see [13, Sec. 3.1.2.1.2.8, pp. 44-49]). Note that for the case that the parental individual is on the cone boundary, r(9) = ITE

holds. Further, 7 > r(9) follows from Equation (B.62). Hence, the feasibility probability tends to O for the case of the parental individual being on the cone
boundary for N — oo with N > o,
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follows and E[|[(r'!)||] needs to be derived. By Pythagoras’ theorem,

B[] = E N ())? + |<hH>||2] E211)

follows. With the assumption that the expression under the square root deviates only slightly from its mean, a Taylor expansion
can be used. The idea is the same as for the derivation leading to Equation (E.177) and results in

B = B [y + 0 ] =y [y ? + ] + - ©212)
~ \/E [(Gm)2) + (1B ] (E213)
- JE [((c)2)*] + E [[1Bm)] (E214)

where the last step follows from linearity of expectation. To proceed further, E {<(XH)2>2:| and E [\ |(h1h)| \2} need to be derived.

For E {((XH)2>2}, 2
E [<(xﬂ)2>2} —E (1 ZH:(XEM)2> (E215)

“

m=1

can be written by expanding the notation for the centroid computation. By the intercept theorem,

(X2 79+ T (Zmn)2 '
follows (see Fig. 10). This implies
L (79 + Frnir (2o
(Xg;)\)2 _ H m,)\”( J\( 7)\)2) (E217)

[[Fmall

||rg1 A || can be expressed in a different way by using the projection equation (see Equation (A.56)) from Appendix A yielding

(X701
el = — (E.218)
m; \/E
[|¥m;x|| can be written in terms of the parental individual and the mutation as
Hi:m;AH = ||T(g)e2 + a/m;>\(zm;>\)2-.N|‘- (E.219)
Insertion of Equation (E.218) and Equation (E.219) into Equation (E.217) results in
(XH ) = (ng\)l(r(g) + Tmia(Zm;n)2) (E.220)
AT VElr@es + 3 maEma)e. ‘
Inserting Equation (E.220) into Equation (E.215) yields
(r(9) 2
T' + Um )\(Zm )\) )
E { <, } (E.221)
()2) Z \f||7“(‘7)92 + Omia(Zmia)2. N ||

In order to proceed further, sufficiently small 7 is assumed such that &,,.\ ~ (9 holds. Additionally, o9 is assumed to be
sufficiently small as well. These assumptions allow writing

9 4+ Fr(Zmn)2 = 19 4 09 (2,,0)2 = 719 (E.222)

For simplifying the expression ||r(9)ey + Tmx(Zm:x)2. N ||, note that (z,,.x)2. v corresponds to (z)s. n because selection is
done in the z; direction. This allows writing

ol9)*?

Hr(g)eg + Fma(Zma)2. N || =~ Hr(g)eg + a(g)(z)guNH =7~ 9 (E.223)

where the last step follows from the normal approximation of the distribution of a single offspring’s distance from the cone
axis 7* (see Equation (B.62)).
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Consideration of Equation (E.222) and Equation (E.223) for Equation (E.221) results in

E [<(x“)2>2} ~5|[1 zﬂ: rt? (E.224)
H o= fr(gM /1 o
r 2
m

B[ — = (E.225)
VE 1+ 2 H ngl

_E {(x _ (E.226)
\/E 1+ 0'(9)

For B [||(h)|°]

M| =B (; > h%> (E227)

m=1
T .
=D IDBLIL HEUN (E.228)
K m=1p=1
! IL 1 - II II
= E Z E |:hm,A hm )\i| E Z E |:hm;)\ hp )\:| (E.229)
m=1 m=1 p=1

can be written by expanding the notation for the centroid computation. The second summand in Equation (E.229) vanishes.
Note that the h,,. and hy, ) vectors for particular m and p are in the 3..N space. Because selection is done in z; direction, they
are statistically independent. Additionally, every direction for those vectors is equally probable because the 3..N is spherical
(assuming the distortion through the projection is negligible). As a result, for fixed m and p,

B [hg;ATth] —F {hg;ﬂ E[h1,] =0 (E.230)

holds. Consequently, these considerations result in

Whn M iiE[ } 1;:1*3 (Bl 1?] (E231)

2 2
I K

Thus, E [\ Ihy), /\||2} needs to be derived to proceed. By the intercept theorem,

h!! Fone .

sl 119 (a3, v 232,
Hrm;)\H [Tl
follows (see Fig. 10). With this and consideration of Equation (E.218),
2
(XPn- >1||’&m;k(zm;A)3..N‘|
E[|[h),,\ [l = E 2 = (E.233)
VE|[Emall

can be written. In order to simplify Equation (E.233), it is assumed that the deviation of |[Gn.x(Zm:\)s..~||> and |[Fp.a|[?
from their mean values is negligible. This allows replacing those random variable expressions with their mean values yielding

T2 byfs
E[[hL, %) ~ El<xrvgx>1E[lané;F(gmA>3]N||]] .
_ (Xg;x)% E[||Fm:x (Zm:a)3. N7
_El £ E[lr@es +Fma(zmn)2.nl] | (E.235)

It can be seen as follows that the fluctuations tend to zero in relation to the mean value for asymptotic considerations.

Var [|[Fmx (Zm:x )3~ 2] = Var

N
> a-“%m(zm@)%] (E.236)

k=3
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can be derived. Assuming again that the o mutation can be neglected, we have &\ ~ o(9). The random variables (Zm;a) g for
k € {2..N} are isotropically distributed in the 2..N subspace due to the selective neutrality of the i.i.d. normally distributed
mutations in this subspace. The sum of the mutations is assumed to be x? distributed and it follows that

Var [[[Fma(Zmn)s. v|[2] & 2091 (N — 2) (E.237)

holds. With the same arguments, )
E (|5 (Zmr)s. ] = 0@ (N - 2) (E.238)

follows. With Equation (E.237) and Equation (E.238), it can now be shown that the standard deviation in relation to the
expected value tends to zero for N — oo:

4
VVar [[GmaEmn)s NP V2090 (N=2) 2 230
E [[[GmA(Zm;x)s..n][?] o@*(N —2) N—_2 :

Var[||r(9ex+&m;x (Zmn)2. N2 .. . : ~ i
In order to show the same for \/Emw;):;f;i (2@0??&‘ L it is again assumed that &,,., =~ ¢(9) and that the selection
has no influence on the 2..N components. Hence, use of the calculation leading to Equation (B.58) and Equation (B.59) results

m

40@) 2 (o) ) 200" 1 @* (N — 1)

- 2 ()2 4
Var[||[r9es + Fma (Zma )2, v ||2] & 4697197 4 250 (N —1) = N7 i (E.240)
Note that with the same assumptions used for deriving Equation (E.240),
(9)*?
Ellr®es + T (@min )2, ] ~ B?] ~ (@ (1 + ) S (E.241)

*2
follows for N — oo with N > ¢(9)"" using the normal approximation of the distribution of a single offspring’s distance from
the cone axis 7 (see Equation (B.62)). With Equation (E.240) and Equation (E.241), we can now write

VVar[[[r9es + & @)z NP \/4N2g<g>*2r<g>4 + 200" @ (N —1) \/4g<g>*2 20(9)**

— ~ +
E[”T(g)eQ +O-'m;>\(z'm;>\)2..N||2] N47‘(9)4 N2 N3 (E242)
AN 20(9)"”
N N

where in the second to last step N > 1 has been assumed. This result shows that for N — oo with N > a(g)*z, the
fluctuations around the mean are negligible.

Now 7 is assumed to be sufficiently small such that &,y ~ o(9). Moreover, because selection is done in the 1 direction,
the z,,.» components from 2 to N are all standard normally distributed. With these observations,

_(XH./\)% 0—(9)2(]\[ —2)
E[|nl, |~ E | E.243
[H m,)\|| ] 3 E[”T(g)eQ+U(g)(z)2”]\]||2] ( )

[0} 0@ (N — 2
—E ; . E(W] ) (E.244)
g | Kot o (N —2) E.245
- f 2 o(g)*2 (E. )
r(9) (1+ al )

can be derived where the last step follows from the normal approximation of the distribution of a single offspring’s distance
from the cone axis 7 (see Equation (B.62)). Insertion of Equation (E.245) into Equation (E.231) yields

I I Y2 (9)2 N —2)
B[y ]~ LS p [ Zma)i o E.246
[110™)°] DI b s = (E246)
11 o@*(N -2 <1 e - 2)
= s %2 - E (XnL; ) (E247)
(MT@? (1+0<§; ) uﬂ; [Gemon )]
11 c@*N -2 .
= Geoap ooy | BUGNDL (E.248)
HE (1+T)
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Insertion of Equation (E.226) and Equation (E.248) into Equation (E.214) results in

2
By~ | SUCD] (11 o N =) ) gy "
e~ | R iy P (£.249)
e (11 0ty Ny
~ 5(1+ o(a)* 2) + 1€ 1(9)2 <1+ U(q)*z) E[{(xT)7)] (E.250)

where in the last step it has been assumed that the deviation of ((x!!);) from its mean is negligible. More formally, {(x'!))
can be written as the sum of its expected value and a stochastic term

(x™)1) = BL{(x™)1)] + €(am)y)- (E251)

This stochastic term €(xm),) is assumed to be negligible which leads to

E[(x")1)"] ~ E[{(x™")1)]*. (E.252)

Note that the x; value after projection corresponds to q.
A condition for the justification of the approximation in Equation (E.252) is derived in the following. The idea is to show

that W tends to zero for N — oo, which means that the fluctuations relative to the expected value are negligible.

The variance Var [((x'");)] = Var [(q) can be calculated as

infeas}

Var [(@)iness) = B [(@fitas] = B [(@) i) (E253)

according to the Konig-Huygens’ theorem. The first addend can be written as

2
1 & 1 &
2
E |:<q>infeas:| =E (/L Z qu\infeas) =2 Z ZE [qm;Ainfeas qp?‘infeas} ’ (E254)
m=1

K m=1p=1

where the square of the sum has been rewritten and linearity of expectation has been applied in the last step. Since the ¢ values
are positive due to the formulation of the problem and smaller ¢ values are considered better w.r.t. fitness, Equation (E.254)
can be bounded above using the worst ¢ values

E [<q>ﬁlfeas} <E [qi;AinfeaJ : (E.255)

An approximation for E [qi; /\infw] has already be derived in Equation (G.384) as

~

(09 +02/¢) o o + o2 /¢ (29 +7/VE)? E256
Bl Aineas) = We?f—n,rw (@ +7/\/€)el;, N (S VIS e

For E [<q>infeas}2, insertion of Equation (D.168) into Equation (E.252) with subsequent calculation of the square and rewriting
results in

E[<(XH)1>]2 = E[<q>infeas]2
o
g o \ o(9)? o2 z9) 4+ 7 2
= <(U() 08 e k Al /52(93(-")%/%5)@/#,”—( D +7/VE) ) (E.258)

A VAV _
(1+1/g)2 /A (1+1/6)? (1+1/¢)?
With Equation (E.253) and Equation (E.255), one obtains

2
Var [<q>infcas] =B {qli)\infeas} —E [<q>infeas] (E.259)
2 2 9
(@97 +2)E) 1 0 > ol9)” + or/ﬁ
T+ (e(u—l)A - Cu/W) + W (@ +7//¢) (cw A€, A) (E.260)

g(g)’k?r(g)2 0 ) og@* r9)\/1+1/¢€ \/ 01 E 961
N2(1+1/§) ( (p=1),A u/p,z\) + ( 1/5) +T/ ( Cufp,A [L 1), )\) (E.261)
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From Equation (E.260) to Equatlon (E.261), the observation o, ~ (¥ for N — oo from Equation (B.62) has been used and
the normalization ¢(@)" = ”<q N has been applied. Considering the expected value of (g) Equation (9) and Equation (11)

yield

infeas®

E [<(XH)1>] =E [<q>infeas] = x(g) (1 - (p:i]i{lffe%) - (E'262)

With the assumption of constant normalized progress in the steady state and the assumption of N > 7. . for N — oo,
E [(@)infeas] = ©'9). Hence, for showing that the fluctuation around E [((x™);)] is relatively small for the asymptotic case, the

quotient W is considered for N — co. Using Equation (E.261) and Equation (E.262), one can write

Var [((xT))] < Al ( 0.2 )+ o' T(Q)m 2(9) +7//€) (c JuA — )
E[((x")1)] N2(1+ 1/)a@? \ DA T az N(1+ 1/¢)? x(9)2 WA = G
(E.263)
By Equation (B.62), 7 ~ (9 for N — oo. In addition, it is assumed that the ES has transitioned into the steady state and
therefore \/E; ~ 1 holds by the arguments of Section V. Using these observations, Equation (E.263) results in

E[GD]  ~ \ NP0+ 178 \“U NO+I/RVE T NO+ 1/2RVEE e
(E.264)
For constant ;1 and ), the progress coefficients are constant. Hence, Equation (E.264) tends to zero in the steady state for
N — 0o with N¢ > o@7,
Due to Equation (9) and Equation (11),

Var [((x11);)] L*Q ( 0,2 ci/u /\) . < 205,\/1+1/€ n orV/1+1/€ ) (Cu/u,A (01 )

B [(())] = B (@] = 212 (1 - i) (8265
holds and an approximation for ¢}, ... has already been derived as Equation (C.73). Because
B[] = B[ )infeas (E.260)

the approximation derived in Appendix H (Equation (H.398)%) can be used. In order to simplify Equation (E.250) further, an
additional assumption is made. It is assumed that

E[(x"))] = E[((x")1)
In order to derive a condition for which the assumption in Equation (E.267) is justified, Equations (E.252), (E.266),
and (E.267) are investigated further. By Equations (E.266) and (H.398), one has

@ 4 52 1
Bl = Blhe] = (e [1 4]

2. (E.267)

e . 2 (E.268)
00 1 o2 ) (&9 1 7/VE)

_v- T ) LTINS
Grjge 2 IV G T )

Insertion of Equation (D.168) into Equation (E.252) with subsequent calculation of the square and rewriting results in
E{(x")1)]* = E(0)ingeas)”

2
~ Liﬁ ( '+ 7/ \[) mcu/m} (E.269)

_ (@402
- (S

P (E.270)
ol9)" + a7 /¢ (29 +7/\/€)?
_ —2 (9) L 7 M TIVS) )
T 2 N Qe+ SR )
Companson of Equation (E.268) with Equation (E. 270) reveals that only the first term dlffers For N — oo, one has o, ~
r(9) " by Equation (B.62). Together with ¢(9) = (9) 2 ) (?))N , this yields
0(9) g(g) %
(07 1 02/6) o@)? +( (@) 22" ) /¢ ( (9) 22" ) e o -
~ = =r9) .
(1+1/¢)? (1+1/§) (1+1/§) N2(141/¢€)

3Note that for the infeasible case only the second summand of Equation (H.398) is relevant.
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Hence, for N2(1 + 1/£) > 0(9)*2, Equation (E.268) and Equation (E.270) are approximately equal, which justifies
Equation (E.267).
As it has already been assumed that E[((XH)1>2] ~ E[((x1)1)]?,

E[((x1);)]? 11 o@*(N -2
Bl ~ m ne (;;,(1(+ m)32> E[((x)1)? (E272)
N r N
2 (9)2 _
_ E([<<x>>1) (1 . iW) (E.273)
E(1+ 5 I
_ Bl |1 d@ (N —2) (B.274)
| 4 g2 I N2
\/E " N ”(% for N— o0
Il *2
- _ELED)] 47 (E.275)
VE1 4+ 22” N
E [<q>infea<] 1 + U(IZ)\;Q
: ] E.276
VE 14 29 20

9) _ E [<q>infeas}

Prinfeas ~ T’( \/g (E277)
(9) —

_ (9 T Pzinfeas

— o) _ (E.278)
Ve
Normalization of ¢, and ¢, yields
(9) *
* ~ _ x o Pzinfeas

Prinfeas ~ N1 \/ET(Q) (1 N (E.279)

where an approximation for ¢}, . - has already been derived as Equation (C.73).

C. The Approximate r Progress Rate - Combination Using the Single Offspring Feasibility Probability
Similarly to the x progress rate, the feasible and infeasible cases can be combined using the single offspring feasibility
probability yielding
()0: ~ Pfeas(‘r(g)7 r(g)ﬂ O—(g))sof‘)fkeas + [1 - PfCaS (x(g)a T(g)v J(g))]<pT;1feas (E280)

o(9)*?

uN

~ Pfeas(m(g),r(g),o(g))N 1—4/1+

(E.281)

\/gr(g)

+ [1 = Proas(2'9, 79 g N [ 1~ o (1 _ Pointes



36 IEEE TRANSACTIONS ON EVOLUTIONARY COMPUTATION, VOL. XX, NO. X, MONTH XXXX

APPENDIX F
DERIVATION OF THE SAR

From the definition of the SAR (Equation (14)) and the pseudo-code of the ES (Algorithm 1, Line 18) it follows that

[5(g+1) _
$a® 10 o0y~ [7 )(g) o x(g)yr(g),o*(g)} (F:282)
ag
i lzu 5 — o9
=1 9m;A
- (M ) x(9)7r(g)70(9) (F.283)
0‘(9)
_1 H F A fo—(g)
w2t m; (9) p(9) 5(9)
I ~
s [o—m y—o® x(g>7r(g>7a(g>} (F.285)
Iqu:1 0‘(9)
1 14 /o':oo (O__O.(g))
S —— | ps,,.,(0)do (F.286)
/"Lrnz::l =0 0'(9) A

where ps, , (0) := D&, (0] 2(9) (9 5(9)) denotes the probability density function of the m-th best offspring’s mutation
strength. Note that &, is not obtained by direct selection. It is the o value of the individual with the m-th best objective
function value among the A offspring. Its probability density function can be derived as follows. A random sample o from the

conditional distribution density
11 1 (In(c/c@)\’
Po(0 | U(!J)) = — exp [_ <n(a/0)> (F.287)

2T O 2 T

is considered. In order for this o to be selected, the corresponding offspring’s ¢ value has to be the m-th best value among
all the X\ offspring. This is the case if (A — m) offspring have a greater projected value, and (m — 1) offspring have a
smaller projected value. The projected ¢ density for a given mutation strength is given by pgo(q | O ON o). As there are
)\( 2;_11) = W different possibilities for one offspring being the m-th best among A descendants, it must be multiplied
by this factor. Integrating over all possible ¢ values yields

Al a=ee
Pomia (0) :p"<”|a(g>>(A m)!(m — 1)! / 0 palal«?,r%)0) (F.288)
x [1 = Po(a))* ™ [Po(q)]™ " da.
This result can now be inserted into Equation (F.286) resulting in
@), p(9) 5(0)) o —ol¥ ()
a0 = 157 7T (T ) i)
7= (F.289)
= L, Pelale . r . )t = oo Pola) " dado
(A =m)!(m —1)!
0=00 /5 _ 5(9)
:/ ((g)) po(o|c@)
=0 7 (F.290)
Al /Q=OO ( ) H 1_PQ )\ m[PQ( )] m—1 :
X — po(q| ' dg do.
u o pele o) ) m)lm —1)!

Use of Equation (D.85) with subsequent expression of the fraction using the binomial coefficient, one can rewrite Equa-
tion (F.290) to get

0= /5 _ 5(9)
¢(x(g)7r(g)7o’(g)) = / ( 0(9) ) p0(0'|0'(g))

=0
oo

AN o= 2=1-Po(q)
X (A — u)( ) / polq| @, r9), a)/ AP = 2)P L dzdg do.
q z

2 =0 =0

(F.291)
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To proceed further, z = 1 — Pg(y) is substituted in the inner integral. This implies y = P, (1~ 2) and dz = —pg(y). The
upper and lower bounds for the substituted integral follow as y, = P "M =1+ Pylq)) =qand y, = Py 11 -0) = oo,
respectively. Therefore, one obtains

7= (5 —gl9) A
v @,0) = [* T (TTE a0 - ()

=0
q=00
X / po(ql a9, r9 o) (F.292)

q=0

y=q

< [ Pol) Pa) ™ (-pov) dydgdo

y=00

=00 —_ o A
(@, r9) 59)) = /J (U U(Z) )pa(a |09 (A = p) (M)

=0
gq=o0

/ polq| 2@, r@ o) (F.293)
q=0

X
< [ bt = Poly) Pl dydgdo.

=q

Changing the order of the two inner-most integrals one finally gets

P9 D), 50)) /"ZOo ("_U(g)) po(o | 0@\ — 1) (2)

=0 o‘(g)
Yy=00
<[ palu)t = Polw Po(w) (F294
y:
X /qjypcz(qIw(g),r(g),a)dqdyda
q=0
o=00 _ ~(9)
1p(fc(g)7T(g)ﬁ(g)):/U:O (U 0(;‘) >pa(0|g(g))
A Y=o e _ F.295
x (A—u)<u) [ ratlt = PP pa) (F295)
.

x Po(y| 29,79 o) dydo.

Due to difficulties in analytically solving Equation (F.295), an approximate solution is derived. To this end, the approach used
in [14, Sec. 7.3.2.4] is followed. For this, Equation (F.295) is written as

Bz @ 5l0)) / T o)pe(o|0@) do E29)
o=0
7=00 @) 2
= / f(O') 1 l exp l_l (ln(a/ag)> ] do (F.297)
o=0 2nT O 2 T

with

o(@) —o (F.298)
Po(y|2'9,r9 o) dy.

o= (T Y o= (3) [ ettt - ot o

Now, 7 is assumed to be small. Therefore, Equation (F.297) can be expanded into a Taylor series at 7 = 0. Further, as 7 is
small, the probability mass of the log-normally distributed values is concentrated around (%), Therefore, f(c) can be expanded
into a Taylor series at o = o9, After further calculation (it is referred to [14, Sec. 7.3.2.4] for all the details) one obtains

2 2 2

@) 1) 5} — (5@ 4 g0 Of T @20 o+ F.299

(' 9 ol9) = f(o )+20 ol 59" 373 _(q)—i— (). (F.299)

To proceed further, the expressions f(o(9)), % W’ and % . need to be evaluated. Because f(o(9)) = U(g;(_g‘)’(g) X
o=cg o=c(g

=0,
f@¥)y=0 (F.300)
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immediately follows. For % , one derives with the product rule

o=0(9)

% = ﬁ(k — ) (2) /yi;oo pQ(y)[l — PQ(Q)]/\_“_l[PQ(y)]”_lPQ(y | x(g), r(g), o) dy

(T 0= () [ patls - ot o 300

0
% 5o Poly|2®),r9, ) dy.

Therefore, it follows that

of 1 AN\ Y= L -
90 lo—o) E(A"@ (u> / . po(W)[1 = Po)* Po(y)]* !
_ -
% PQ(y | x(9)7 T(g)’ a(g)) dy
=Pq(y) 302
o9 — 5@ A y=00 o - .
* ((g>>(’\_ﬂ)< )/ pQW)[L = Po(y) ™" [Py
(o 1) y=0
—_———
=0
o @) (9)
X %PQ(Z/“C y T 7U)dy o9
1 A
T ol (A= n)! 1 —1)!
ol ( yzgg+ M((p+1)—1) .
8 / Po()[1 — Po(y)] WD [Py(y))# D" dy
=0
1 u=oo .
- U(g)/y—o Pagenya ) ¥ (F.304)
=1
- (F.305)
(j‘(!])

Computing the derivative with respect to o of Equation (F.301) using the product rule for the second summand results in

S = <A—-u><k>llfaapQ<yn1—-fb<ynA”wa<ynﬂ1

0-(9) W -0

< L Poy|a® 19 gy ay

Fag 0o m(3) [, et et gt

5 (F.306)
% %pQ(y ‘ x(g)’r(g), o) dy

o — U(!J) Y=00
() 0 (G) [, rewait ot rou

K/ Jy=0
2

X WPQ(yM(g),r(g),a) dy.

This implies

o1 = 20=0(2) [ et - Pl ol
902 lo=c(9) o(9) 1) Jy=o ) (F.307)
v (9) ,.(9)
x L Poyla® 19 )ay

The Pg(q) and pg(g) approximations Equations (D.116) to (D.119) are used to proceed further. Two cases (being feasible
with overwhelming probability and being infeasible with overwhelming probability) have been distinguished in the derivation
of the Pg and pg approximations. Therefore, those two cases are treated separately for Equation (F.307).
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A. The Approximate SAR in the case that the probability of feasible offspring tends to 1

In order to treat Equation (F.307) further for the feasible case, a%PQfeas(y | 2(9), 7(9) &) needs to be derived. Insertion of
Equation (D.116) into Equation (F.307) and subsequent application of the chain rule results in

0 o — z(@
@ @ e (Y

g L Qteas ¥ | 227,777, 0) 6U<I>< . ) (F308)

e _ 2@
¢(y - )(1) <y = ) (F.309)

_1(e==) @)
_ L, (=) <y v > (E310)

V2T o

Insertion of Equations (D.116), (D.118), and (F.310) into Equation (F.307) yields

02 freas _i(/\_ ) A /y:oo L _y_x(g) 1 6_%<y;z,;()g)>2
007 lo—otw = 0@ " \) e 0@ \T o) (ot

NN Rl _ NP
y—x y—x
fee(en)] ()]
y—z'9)

‘= is substituted. It implies y = —0@t + 29 and dy = —o(@ dt. The lower bound
follows with o-normalization, assuming N — co, N > U*(g), and knowing that (@ > 74/€ holds for the feasible case. It

(F311)

For solving this integral, —t :=

reads
tl = — = — ~ o0
o) o*(9) r(9)
Similarly, the upper bound
t, = lim I (y —x(9)> = —00
v Y—+00 U*(g)’f‘(g)

follows. Hence, the transformed integral reads

82ffeas _ _i()\ _ u) (A) /t——oo t;@_%tz
90? lo=ot o0 1) Jimo  (v21) 09 (F312)
x [1—® (=)} d (—t))* dt.

This integral can further be rewritten by making use of the fact that taking the negative of an integral is equivalent to exchanging
the lower and upper bounds. Further, the identity ®(¢) = 1 — ®(—t) is used. The resulting expression reads

a2ffeas 2 A t=o0 1 _242
2 = T()‘ - :u’) t72€ 2
oo o=c(9) o\9 19 t=—o00 (\/277) o(9) (F.313)
<[@ @O - @ @) dt

_ 2 Ao <A)/t_oot SR L - @ () de
o@? (am) T\ Jim oo ‘ [ () [ (®) ' (F.314)

—e ;1
T,

In Equation (F.314), one of the so-called generalized progress coefficients (see Equation (G.366)) appears. Therefore,

afoeas 2 1,1
e EEATE (F315)
follows. Insertion of Equation (F.315) into Equation (F.299) yields the SAR for the feasible case
2 72 2 2 72 1
s 20+ — 1+ T (@) 1,1:7(1 21’1): 2(Z4ell). F316
Weas + 5 + 50 U(g)2e/‘7/\ 5 +2e, ) {5 +e,) ( )

B. The Approximate SAR in the case that the probability of feasible offspring tends to 0

In order to treat Equation (F.307) further for the infeasible case, a%PQinfeas(y | 2@ o) o) needs to be derived. To this end,
Equation (D.117) is simplified further using v/1+z ~ 1+ % + O(a?)

*2
c@?N c@?N @
Foogfl4+ —— ~ 1+ =1+ E317
r(9)? 2r(9)? 2N ( )




40

(which is a justified approximation if 0(9)*2 < N) and for N = oo

o ~ g,

(see Equation (B.62)) yielding

PQinfeas(q | x(g)7 r(g)’ U) ~ ¢

o./1+ %
and
innfeas (q ‘ x(g)) ,r(g)’ 0)
d
= @PQinfeas(q)
]_+l ]_+l — (g),ﬂ ]_+ o’ N 2
1 € 1 g)4— 7% VE 2 ()2
N — xp | —=
Vm O P 2 o4/1+ %

Insertion of Equation (F.319) into Equation (F.307) and subsequent application of the chain rule results in

r(9) 2N

0
il (9) (9) ~
aO.PQinfeas(y|‘r T ’U) Oo o 1+%
1 r(9)
_ 9% (+)y-a -2 oy
do o\ /1+1 2r(@)E /14 1
1 r(9)
(1+g)y*$(g)f\/§ oN

o\/1+ ¢ 2r(0)E\ 1+ ¢
r(9)

y N
o2\ 1+ ¢ 2r@9/E\ 1+ ¢

1 . ()_7.(9)
_ 1 exp 1 <1+§)y v Ve oN
V2r 2 o\ J1+1 2r(9) /€, /1+ 1
1 . ()77‘(9)
<1+§)y x\9 TE N

>< — f—
o2\ 1+ ¢ 2r(9 V&, /1 + ¢
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(F.318)

(F319)

(F.320)
(F321)

(F.322)

(F.323)

(F.324)

(F.325)

(F.326)
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Insertion of Equations (F.319), (F.322), and (F.326) into Equation (F.307) yields

1
= S0 (N) [T e
002 lo=gte) o9 a w) Jy—o V2r o9

) (1 + %> y— x(g) r(9) (1 + 0.(9)2
X exp 5

(1+l)y_x(g)_ﬂ(1
x |1—-@ ¢ Ve

0'(9) /1—‘,—%
(1—|—%)y—x(9)— ') (1—|—
X [P

(@) N) p=l
g 2
V& 2@ (F327)
o, /14 %
1 () 2
1 1 (1+E>y—x(g)—% o N
X ——exp |—= -
Vor 2 o9 /1-}-% 2r(9) /€ 1—1—%
1 (g o(9)? 2
[ (e ()
=€exp | —3 (9 1+%

r(9)
) _(1+%)yfx(g)—\/§

N
— dy.
£ 2r(9) /€, /1 + %

For solving this integral,

1 () o@D N
(+d)y-a@ - (1r55d)
o@,/1+ % .

(F.328)
is substituted. It further implies

a 141/¢

—_———— F.329
dy o@\/1+1/¢ (F329)
d @ d

=——dt

Y V1+1/¢

(F.330)
Expressing ¢ with normalized o

(9) 5(9)* .
(9) = *—%—— one obtains

Ve

(F.331)
o@*r(9) /1+%
1), — <>J<9>( L)
BN () it U
0’(9)*1"(9) 1+%

(9) (9)*2,.(9)2 N
¢ = N(l—i—%)y—x(g) — (1+ BT )

(F.332)
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For N — oo, the integration bounds after substitution follow as ¢; = co and ¢, = —oco. The transformed integral reads
azfinfeas 2 A =00 1 _ 142 A—p—1 p—1
002 lo=ola) _ﬁ()‘_“) [ /t:OO /7271_6 T 1=@ ()] (@ (—1)]
1 iy " ON (F.333)
X e 2 9 T dt
V2 o 2r(9) /€, /1 + :
2 A— A t=eo 2 o _
- () et e s
o@)” (V2r) K Jt=—co
781’1
=el'l
2 N
A— A t=eo 1, L _
2t () [ e et e
(v2m) B Ji=—cc
=Cu/p, A
2 ol 2 N .
- 2 — . . — ——C%u/puA
0(9)2 A 5 (9) r(9) JE /1 +g w/t (F.335)

From Equation (F.333) to Equation (F.334) the fact that taking the negative of an integral can be expressed by exchanging the
lower and upper bounds, and the identity ®(¢) = 1 — ®(—t) have been used. Two of the generalized progress coefficients (see
Equation (G.366)) appear and have been inserted into Equation (F.335). Insertion of Equation (F.335) into Equation (F.299)
yields the SAR for the infeasible case

2 72 0 2 2 N
Yintews & 0+ -+ 507 | =g = o =ty (F336)
o(9) o 9 /E 1+ %
7—2 1.1 2NU(g)C#/H7)\
-z (1 20— (F337)
1 g(g)*c
2 1,1 1w/ 1A
= - N — —— F.338
T (2 +e,) e > ( )
C. The Approximate SAR Progress Rate - Combination Using the Single Offspring Feasibility Probability
Both cases are combined into
w ~ Pfeas(x(g)a T(g)7 U(g))wfeas + [1 - Pfeas(w(g)a T(g)7 U(g))]winfeas (F.339)
1 1 O'(g)*C A
= Preas (29,79 5(9)) [72 (2 + 6;1)\)] + [1 = Preas(z'9, 79 (9] [7'2 (2 + e;l)\ T~ ATe i/g )] (F.340)
2L @) ) oy T Culr F341
=T §+6H7A 7[1*Pfeas($ , T s 0 )]ﬁ ( . )
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APPENDIX G
DERIVATION OF E [quix} AND E [q?n,,\}

E {qu;)\} can be derived similarly to the (1, \) case as done for deriving E [qu;)\} (see [13, Sec. 3.1.2.2, pp. 49-56]):

gr=00
Elg; ] i= B} 0 [ 29,09, 619)] = / @ P, (0) gy (G.342)
qr=0
The density
Par i (@) = Py, (a0 | 219,79, 0(9)) (G.343)

indicates the probability density function of the m-th best (offspring with m-th smallest ¢ value) offspring’s ¢, value. The
derivation is analogous to the (1, \) case with the additional consideration for the order statistics (m-th best instead of best as
done for the multi-recombinative x progress rate (Equation (D.82))). It yields

P8 = (= Ly 70 @ 811 = PolaP " Pa(a)]™ ! da (G344)

Insertion of Equation (G.344) into Equation (G.342) results in

qr=00 )\[ q=00
E 2 . :/ 2 : / ) YUr
[QTNL,)J =0 qr ()\ . m)‘(m _ 1)' =0 vaQr (q q ) (G345)
x [1 = Po(a))* ™ [Po(q)]™ " dg dg,-

By changing the order of integration, Equation (G.345) can be rewritten to

Al q=00 qr=00
Elg} .. = 2 ) dg,
(97 in] Ol = 1) /q_o Uqr_o 4 PQ.Q.-(4,9r) dg
=:12(q)
X [1 = Po(q)* ™ [Po(q)]™ " dg.

(G.346)

Note that I5(q) is very similar to I(q) from from [13, Sec. 3.1.2.2, pp. 49-56]. It only differs in that I5(q) contains ¢2 and I(q)
contains ¢,. As already done for I(q), I2(q) is expressed in terms of the values before projection. Because g2 represents the
squared distance from the cone’s axis after projection, it only takes values in the interval [0, (z/1/£)?] for z € R,z > 0. This is
because all individuals that happen to be generated outside the cone are projected onto the cone boundary. The integral in I5(q)
is therefore split into two summands. The first summand represents the case of immediately feasible offspring individuals. The
second summand represents the case of projected offspring individuals. All points that lie on the projection line for a given
value of ¢ are projected to g/+/€. This writes

=q/VE

I(g) dg = / p1(¢,7) diedg
7=0
2 T=q/VE
q o (G.347)
+|—= pQ(q dq—/ p1;1(q,7) drdg
(x/f) (Q() =0 @)
= dPine

With the same arguments and assumptions leading to [13, Eq. (3.206), page 56], the approximation

E[¢? | ~

Trm;x infeas

E[07 01 teas) (G.348)

|

can be derived for the case that the m-th best offspring is infeasible with high probability. For the case that the m-th best
offspring is feasible almost surely, the complete probability mass lies inside the cone. Consequently, the second summand in
Equation (G.347) vanishes. Additionally, the integral in the first summand yields the second (non-central) moment 72 + o2
because the bounds indicate the integration over the whole feasible region for the given area dq. In the feasible case, I2(q)
therefore reads

Inteas (@) = P2 (q) (7% + 7). (G.349)
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By insertion of Iag,s(q) as I>(gq) into Equation (G.346), use of Pg, . from Equation (D.116), and use of p,(z) =
9)

2
1 (z—a :
exp 75( — ) one obtains

1
V2mro(9)

X = 1 (=)
()\ — m)!(m — 1)! q=0 ,/27“7(9)
1

_ N1 _ N1
q— q—x
x [1-@( =) )} [@( =) )] dg (G.350)

— 4o (G.351)

E[qgm;)\feas] ~ (f2 + 0'7%)

In the last step the fact that the integral over the whole probability density function of the m-th order statistic yields 1 has
been used. Both can be combined with the (approximate) feasibility probability

E[q?m;)\} ~ Pfeas(x(g)7 r(g)7 U(g))E[Cﬁm;)\feaJ + [1 — Preas (x(g)’ T(g)> U(g))]E[q3m2)\infeas]' (G.352)

Because E[qu;A | =~ %E[qﬁl;/\mfeas] (see Equation (G.348)) holds, E[q72m>‘infeas] needs to be determined next. For

infeas

Equation (G.348), E[qfn; )\infeas] is derived and finally combined with an approximation for the feasibility probability. E[qfn; N
writes* -
Bl = ey [ ©pe(@ll = Pal@) " Pe@)]™ " dg (G.353)
AT N —m)lm = 1) Jyy © < ' '

Use of Equations (D.116) and (D.118) yields for the feasible case

Al q=o° 1 ,l(q—w(f’))Z
E[qfn§>\feas] ~ l. l/ q2 € ’ -
()\ — m)(m — 1) a=7VE \/27(0‘(9) (G354)
g—az@\]" " g—a@\1" "
poe(5)] RO
The substitution
g—a (G.355)
ole) ’
is used. It follows that
q=—to'9 4 29 (G.356)
and
dg = -9 dt. (G.357)
Using normalized quantities, ¢ can be expressed as
_ —N(g—=21)
Assuming N — oo yields for the upper bound ¢,, = —oco. For the lower bound it follows that
_N(7/E = 29
t = M (G.359)
(@) r(9)
N [(7F/E @
= (r(g) W) (G.360)

Because 7 ~ r(g)\/l + "(QT)*Z (Equation (B.62)), for N — oo and 0(9)*2 < N, 7€ ~ r9 /€ < 29 follows. The last
inequality follows from the fact that the parental individual is feasible (ensured by projection). Hence, it follows that for

N — o0
N (29 7€
= —— [ — (G.361)
g(g) r(g) r(g)
>0
~ oo (G.362)
“Note that here only E[q?n )\infeas] is necessary. In order to have an expression for the whole E[qfn - the derivations for the feasible and infeasible cases

are presented here for completeness.
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holds. Applying the substitution results in

Al f——°° >
El2 . l~— / —o@t 4 29)2e— 3¢
(97737 eas] O —m)l(m— 1) Var J,_ =) (G.363)

x[1 - ‘P(—t)]km [@(—1)]" " dt

Al 1 = 2 2 1,2
_ (9)°42 (9)$,(9) (9) -5t
= o\ttt =209tV + e 2
A=m)l(m—-1'v27 Jie_ o ( ) (G.364)
< [ @)1 - @)™ dt
=g’ ||~ 20@a@l @ (G.365)

where the generalized progress coefficients have been used. Those are defined in [14, Eq. (5.112), p. 172]. They are defined
because those integrals cannot be solved analytically for large A and large p. The generalized progress coefficients are defined
as

t=o00
W (VAT_)Z“ (2) /t e 100) VR ) G T2 (G.366)
Y3 =—00

Use of Equations (D.117) and (D.119) yields for the infeasible case
Al (1+1/¢) 1
O —m)l(m — 1)! ECy

(1+1/£) —T/\f
a‘(g) + o /5

El¢?, 5. . ]~

4m i Ainfeas

X exp

o (G.367)
(1+1/6)g— a9 —7/VE
o(9)? +02/¢
m—1
(1+1/8)q— 29 —7/\/€ dg.
0'(9)24»()'2/5

X [1—®

The substitution

(1+1/8q— 29 — Ve

Vo0? + o2/

1 402/t t+x<9>+r/\/> (G.369)

= ¢ (G.368)

is used. It follows that

= 1+1/§ (
and
o@)? 4 o

=178

(G.370)

Using the normalized o, o, ~ o9 for N — oo, and c@* <« N (derived from Equation (B.62)), ¢ can be expressed as

(1+1/8)g— 29 — 7/ VE

t=— (G.371)
o(9)*2p(9)2 o(9)*2p(9)2
\/ N2 + N2€
41 — 2l _F
__ (+1/ge—a —r/VE G
V€@ 0 4 o070
_ 2@ _F
e | 08 —at) ) VE a7

\/,gg@)*%(g)? + o021 (0)?

(1+1/8)q —7/\E
= N /¢ { a<g>*r(9> = ) (G.374)
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The lower bound in the transformed integral therefore follows assuming & > 1, N — oo, using oo > 7 =~ r@ > 0, and
knowing that 0 < 29 < 0o as

B 14+1/6)0 - 29 —7/\/€

= —NVE [ o) ) JEFT } (G375
B v/

— N E [a@)*r(g) ~ J (G.376)

9 &
~_N {M} (G.377)
(@) r(9)
<0
~ 0. (G.378)

Similarly, the upper bound follows with the same assumptions and using the fact that the case under consideration is the
infeasible case, i.e., (9 < 7\/€

— (9 —
N\/»{ (14+1/¢) 7’;[ T r/f] (G.379)
o(9) r(g),/g +1
7€ — p9)
_ e (G.380)
0‘(9) 'r(g)
>0
~ —00. (G.381)
Actually applying the substitution leads to
Al
El¢? .. ~ —
(%5 ngeas) O —m)!(m — 1)
= 1 ( \/27 2
. o £ o2/et a0 45 )] (6.382)
L. e /¢ Ve
1 142 A—m m—1
X e 2" [1—-&(—t P (—t dt
e H - (P [ ()]
Al
(A =m)!(m—1)!
t=o00 1 < \/27 2
X | — o'(g) + o2/t —+ x(g) +7r >:| (G383)
[ o v Ve
1 _ 142 A—m m—1
X e 2" [ (¢ 1-d(¢ dt
e e - )
(9)? 2 \/0(9)24—02/5
o + oy r
- 1+ 1/5)46) I (R Y3 TNV
(G.384)
L @9+ r/VE?
(1+1/8)>
Both can be combined with the (approximate) feasibility probability
E[quﬂ ~ Pfeas(x(g)7 r(g)7 U(g))E[QEn;)\feas] + [1 — Preas (x(g)’ T(g)> U(g))]E[QEn;)\infeas]' (G.385)
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APPENDIX H
DERIVATION OF E [(¢?)]

E [(¢*)] =

1 & 1 &
== qiml ==Y E[g.,] (H.386)
M m=1 M m=1

follows by expanding the notation for the centroid computation and linearity of expectation. An approximation for E [qfn; /\}
has been derived in Appendix G as Equation (G.385) together with Equation (G.365) and Equation (G.384). Using
Equations (G.365), (G.384), and (G.385),

1 & 1 &
py Z RS DD [Pfeas 29,19, 0 9)Elgn \ ]
1=1 m=1 (H387)
+ [1 - Pfeas(x(g)v T(g)7 U(g))]E[qfn;)\infeas]:|
% Preas (29, 7(9), 6(9) ( (9)? l Z 2 A]
(9) . ( - 01 (9)2
_20'9)];9) ;z:l (m—1) +$9
@7 +02/6) [1
+ 1_ Peas x(g)vr(g)ao—(g) <(U L - 60’2 (H388)
[ fi ( )] (1 ¥ 1/5)2 L mz::l (m—1),A
yo* + 02/5 1 &
SV TRy @) p 2 JON!
(A + 176 VO [ 2 o
L @9+ rNEP)
(1+1/¢)?

can be written.
An expression for i -1 (m 1), can be derived using the definition of the generalized progress coefficients (Equa-
tion (G.366)). By this deﬁnmon

m

1 ¢ L& [A=(m=-1)( A
;Z%’s D2 uz{ \(/ﬂ )(m1>
m=1 o m=1 (H.389)
></ 22 (B ()]} [1 — ()™ 1] dt
t=—00
follows. Rewriting this results in

IRSE LA (5%, e s [P — o))t
— Clm_ 1y = — = te”2 dt. (H.390)
1% 7;::1 (m=DA"yor Jy 7; (A —=m)!(m —1)!

Substituting s := —t and using the identity ®(—s) = 1 — ®(s) yields further

n 1A 7 N [ = ()@ (s) !
0,2 _ 2,—358
DR vl M D s iy Ea (H.391)

Now, with the same arguments that were used to get from Equation (D.84) to Equation (D.89),

h = -
)\ Y=o o _ S=Y
St a=0-n()) [ swn-ewprrwep [ Rewaa a)
y=—00 S=—00
can be derived. Use of the first identity of [14, Eq. (A.17), p. 331]
x
/ 272 qt = V21 ®(z) — ze Y (H.393)

— 00
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results in ®(y) — yd(y) for the inner integral. Consequently,
“w

LSt = 0= () [T e - e e @) - vol) dy (H.394)
A\ [r=e
—0-n(2) [ st - e e a
H y=—o00
Cow N R (H.395)
- 03 R L U

follows. For the first summand, the same arguments leading to Equation (D.130) reveal that it is the integration over the
density of the (u + 1)-th order statistic of independently standard normally distributed variables. Hence, it integrates to 1. By
substituting s := —y, the second summand is recognized as one of the generalized progress coefficients (Equation (G.366)).
Thus, one gets

1 &
=Y el = 1te (H.396)
H m=1
Analogously, .
1
i Z (2\ = Cp/p (H.397)

can be derived. Reinsertion of these results into Equation (H.388) yields

1 & 2 2
2 Z (@2 \] & Preas (219, 79), 09)) <g<g> {1 +ebd } —20920¢, | + 2@ )

=

09”1 02/)

+ [1 - Pfeas(x(g)v r(g)’ U(g))] <( (1 + 1/5)2 {1 + elltj,l)\} (H.398)

o0? + o2 /¢

- (29 +7/VE)?
(ESV3EE. >

9 47 c
( + /\/g) u/u,)\JF (1+1/€)2
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APPENDIX I
ADDITIONAL PLOTS COMPARING DERIVED APPROXIMATIONS WITH EXPERIMENTS

Figs. 11 to 19 show plots comparing the derived closed-form approximation for ¢7, ¢, and %, respectively, with one-
generation experiments. The pluses, crosses, and stars have been calculated by evaluating Equation (18) with Equations (15),
(C.66), and (C.73), Equation (21) with Equations (15) and (C.73), and Equation (22) with Equation (15), respectively. The
solid, dashed, and dotted lines have been generated by one-generation experiments. For this, the generational loop has been
run 10° times for a fixed parental individual and constant parameters. The experimentally determined values for ¢%, ¢, and ¢
from those 10° runs have been averaged. The top row in every set of 3 x 2 plots shows the case that the parental individual is
near the cone axis (note that here the feasible case dominates). The bottom row in every set of 3 x 2 plots shows the case that
the parental individual is in the vicinity of the cone boundary (note that here the infeasible case dominates). And the middle
row shows a case in between.

Figs. 20 to 25 show the mean value dynamics of the (3/3;,10)-ES applied to the conically constrained problem with
different parameters as indicated in the title of the subplots. The plots are organized into three rows and two columns. The
first two rows show the x (first row, first column), r (first row, second column), o (second row, first column), and ¢* (second
row, second column) dynamics. The third row shows x and r converted into each other by /€. The third row shows that
after some initial phase, the ES transitions into a steady state. In this steady state, the ES moves near the cone boundary. This
becomes clear in the plots because the equation for the cone boundary is r = x/+/€ or equivalently 2 = r/£. Furthermore, in
this steady state, the normalized mutation strength is constant on average. The lines for the real runs have been generated by
averaging 100 real runs of the ES. The fluctuations of those runs are visualized by the shaded areas. As the standard deviation
around the mean can result in negative values, those show the range of the minimal and maximal values reached in the 100
runs. This allows using a logarithmic scale. Note that for the ¢* plot, the visualization of the fluctuations has been clipped.
The lines for the iteration with one-generation experiments have been determined by iterating the mean value iterative system

with one-generation experiments for goggg )*, 9959 )*, and 1)(9). The lines for the iteration by approximation have been computed

by iterating the mean value iterative system with the derived approximations in Section IV-B for <p§;7>*, cpﬁg)*, and 1(9). Note
that due to the approximations used it is possible that in a generation g the iteration of the mean value iterative system yields
infeasible (x(g), r(g))T. In such cases, the particular (x(g), r(g))T values have been projected back and projected values used
in the further iterations.
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Fig. 21. Mean value dynamics closed-form approximation and real-run comparison of the (3/3r, 10)-ES with repair by projection applied to the conically
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Fig. 22. Mean value dynamics closed-form approximation and real-run comparison of the (3/3r, 10)-ES with repair by projection applied to the conically
constrained problem. (Part 3)
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Fig. 24. Mean value dynamics closed-form approximation and real-run comparison of the (3/3r, 10)-ES with repair by projection applied to the conically
constrained problem. (Part 5)
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Fig. 25. Mean value dynamics closed-form approximation and real-run comparison of the (3/3r, 10)-ES with repair by projection applied to the conically
constrained problem. (Part 6)

REFERENCES FOR THE APPENDICES

[13] P. Spettel and H.-G. Beyer, “Technical report: Analysis of the (1, \)-o-self-adaptation evolution strategy with repair by projection applied
to a conically constrained problem,” Vorarlberg University of Applied Sciences, Tech. Rep. TR-SAESCONE-18, 2018. [Online]. Available:
https://www.thv.at/fileadmin/user_upload/fhv/files/forschung/ppe/working-papers/Analysis_onecommalambdasigmaSA-ES_Projection_Cone_TR.pdf

[14] H.-G. Beyer, The Theory of Evolution Strategies, ser. Natural Computing Series. Springer, 2001.

[15] B. Arnold, N. Balakrishnan, and H. Nagaraja, A First Course in Order Statistics, ser. Wiley Series in Probability and Statistics. Wiley, 1992.



