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Abstract. No previous study has reported that differential evolution
(DE) is competitive with state-of-the-art black-box optimizers on a lim-
ited budget of evaluations (i.e., the expensive optimization scenario).
This is true even for surrogate-assisted DEs. The basic framework of DE
should be reconsidered to improve its performance substantially. In this
context, this paper revisits population models in DE on a limited bud-
get of evaluations. This paper analyzes the performance of DE with five
population models on the BBOB function set. Results demonstrate that
the traditional synchronous model is unsuitable for DE in most cases. In
contrast, the performance of DE can be significantly improved by using
the plus-selection model and the worst improvement model. Results also
demonstrate that DE with a suitable population model is competitive
with covariance matrix adaptation evolution strategy depending on the
number of evaluations and the dimensionality of a problem.

1 Introduction

Single-objective black-box numerical optimization involves finding a solution =
(x1,...,2,) " that minimizes a given objective function f : X — R. Here, X is the
n-dimensional solution space. Any explicit knowledge of f is unavailable.

This paper considers black-box optimization on a limited budget of evalua-
tions. Optimization with a small number of function evaluations (e.g., 100 x n
evaluations) is generally called ezpensive optimization. In contrast, this paper de-
notes optimization with a relatively large number of function evaluations (e.g.,
10000 x n evaluations) as cheap optimization. Some real-world problems require
a long computation time to evaluate a solution x by expensive computer simu-
lations [3,24] (e.g., CFD [6]). Also, expensive optimization frequently appears in
the filed of hyperparameter optimization of machine learning models [10].

In the evolutionary computation community, surrogate-assisted evolutionary
algorithms are representative approaches for expensive optimization [3,24]. In
general, surrogate-assisted evolutionary algorithms replace an expensive objec-
tive function with a cheap surrogate model. Then, the objective value of a new
solution is predicted by the surrogate model based on past solutions found during
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the search process. It is expected that surrogate-assisted evolutionary algorithms
can effectively reduce the number of evaluations by an actual objective function.
Covariance matrix adaptation evolution strategy (CMA-ES) is a variant of
evolution strategies (ES) for numerical optimization [13,19]. Surrogate-assisted
approaches have been intensively studied in the field of ES, especially CMA-ES
[4,14,26,33]. Surrogate-assisted CMA-ES has shown state-of-the-art performance
for expensive optimization. Even a non-surrogate-assisted CMA-ES performs
well for expensive optimization. Although Bayesian optimizers (e.g., EGO [25])
generally show good performance within a very small number of evaluations, a
non-surrogate-assisted CMA-ES performs well after that in most cases [32,36].
Similar to CMA-ES, differential evolution (DE) is a numerical optimizer [42].
The results in the annual IEEE CEC competitions have demonstrated that some
DEs are competitive with more complex optimizers for cheap optimization (e.g.,
[46]). However, the number of previous studies on DE algorithms for ezpensive
optimization is much smaller than that for cheap optimization. In contrast to
the ES community, as pointed out in [7], surrogate-assisted approaches have not
received much attention in the DE community. Also, a surrogate-assisted DE has
not been competitive even with a non-surrogate-assisted CMA-ES. Most previ-
ous studies “avoided” to compare DE with CMA-ES for expensive optimization.
Nevertheless, the simplicity of DE is still attractive in practice. The easy-to-
use property of DE is valuable for a non-expert user who just uses an evolutionary
algorithm as a black-box optimization tool. In this context, we want to substan-
tially improve the performance of DE for expensive optimization. To achieve this
goal while keeping the simplicity of DE, this paper revisits population models in
DE for expensive optimization. A population model determines how to update
the population for each iteration. The original DE [42] uses the synchronous
model, which updates all individuals in the population simultaneously by using
one-to-one survivor selection. In addition to the synchronous model, this paper
analyzes the performance of DE with the following four population models: the
asynchronous [8,53,54], (u + A) [37,49], worst improvement [1], and subset-to-
subset [12] models. Although some previous studies (e.g., [8]) investigated the
effect of population models in DE, such an analysis is only for cheap optimiza-
tion, not for expensive optimization. Thus, little is known about the influence of
the population model on the performance of DE for expensive optimization.
Our contributions in this paper are at least threefold:

1. We demonstrate that the performance of DE can be significantly improved
by replacing the traditional synchronous model with the (u + \) or worst
improvement models. This means that a more efficient surrogate-assisted DE
for expensive optimization could be designed by using the two models.

2. We compare DE with the two models to CMA-ES and other optimizers. We
show that DE with a suitable population model performs better than or
similar to CMA-ES depending on the number of function evaluations and
the dimensionality of a problem. This is the first study to report such a
promising performance of DE for expensive optimization.



Algorithm 1: Synchronous model

1 Initialize P = {@1, ..., x,} randomly;

2 while The termination criteria are not met do
3 forie {1,...,u} do

4 L u; < generateTrialVector(P);

5

6

for i € {1,...,u} do
L if f(u;) < f(=x;) then x; + ug;

3. DE with the two models can be viewed as a base-line. Any surrogate-assisted
DE should outperform the two non-surrogate-assisted DEs. Some surrogate-
assisted DEs have been proposed (e.g., [30,34,51,56]). However, benchmark-
ing a surrogate-assisted DE has not been standardized in the DE community.
It is also difficult to accurately reproduce experimental results of most exist-
ing surrogate-assisted DEs since their source code is not available through
the Internet. Consequently, the progress is unclear. Our base-line addresses
this issue, facilitating a constructive development of a surrogate-assisted DE.

The rest of this paper is organized as follows. Section 2 explains the five
population models in DE. Section 3 describes the setting of our computational
experiments. Section 4 shows analysis results. Section 5 concludes this paper.

2 Five population models in DE

Here, we do not consider any method that aims to maintain the diversity in the
population, such as crowding DE [47], island /distributed models [8,52], and the
cellular topology [8,35]. These methods aim to prevent the premature conver-
gence of DE to find a good solution with a large number of function evaluations.
Thus, these methods are not suitable for expensive optimization, where DE needs
to quickly find a good solution with a small number of function evaluations.

We carefully surveyed the literature on population models that aim to ac-
celerate the convergence speed of DE. As a result, we found the following four
population models: the asynchronous model [8,53,54], the (u+ A) model [37,49],
the worst improvement model [1], and the subset-to-subset (STS) model [12].
Algorithms 1-5 show the overall procedure of the basic DE with the tradi-
tional synchronous model and the four population models. We extracted only the
population models from their corresponding original algorithms. For example,
the worst improvement model is derived from DE with generalized differential
(DEGD) [1], which consists of multiple components. In this study, we want to
focus only on the population model. For this reason, we generalized it so that
we can examine its effectiveness in an isolated manner. For the same reason, we
do not use any surrogate model and any parameter adaptation method for the
scale factor F' and the crossover rate C' [45]. Below, we explain the five models.
e Synchronous model (Algorithm 1)



The synchronous model is used in the original DE [42] and most recent DE
variants, including jDE [5], JADE [57], CoDE [50], and SHADE [43]. Here, we
explain the synchronous model and some basic operations in DE.

At the beginning of the search, the population P = {@1, ..., &, } is initialized
(line 1 in Algorithm 1), where p is the population size. For each i € {1,..., u}, x;
is the i-th individual in the population P. Here, x; is an n-dimensional solution
of a problem. For each j € {1,...,n}, x; ; is the j-th element of x;. According to
the DE terminology, we use the terms “individual” and “vector” synonymously.

After the initialization of P, the following steps (lines 2—6 in Algorithm 1)
are repeatedly performed until a termination condition is satisfied. For each
i € {1,...,u}, a trial vector (child) u; is generated (lines 34 in Algorithm 1). In
this operation, first, a mutant vector v; is generated by applying a differential
mutation to some individuals in P. Table 1 shows seven representative mutation
strategies in DE. The scale factor F' controls the magnitude of the mutation.
Parent indices rq, rg, ... are randomly selected from {1, ..., u} \ {¢} such that they
differ from each other. In Table 1, @pest is the best individual in P. For each
i€ {1,...,u}, Tpbest is randomly selected from the top max(|pu],2) individuals
in P, where p € [0, 1] controls the greediness of current-to-pbest/1 [57] and rand-
to-pbest/1 [55]. Also, &, and &,, in current-to-pbest/1 and rand-to-pbest/1 are
randomly selected from the union of P and an external archive A.

After the mutant vector v; has been generated, a trial vector u; is generated
by applying crossover to x; and v;. In this study, we use binomial crossover [42]:
Ui j = {Ui,j if dj < C or j = jrand ’ (1)

x;; otherwise

where ¢; is randomly selected from [0, 1], and jiana is randomly selected from
{1,...,n}. The crossover rate C in (1) controls the number of inherited elements
from the target vector x; to the trial vector u;.

After the p trial vectors have been generated, all individuals are updated
simultaneously (lines 5-6 in Algorithm 1). If f(u;) < f(=;) for eachi € {1, ..., u},
x; is replaced with u;. The individuals that were worse than the trial vectors are
stored in the external archive A. When | A| exceeds a pre-defined size, randomly
selected individuals are deleted to keep the archive size constant.

e Asynchronous model (Algorithm 2)

In contrast to the synchronous model, individuals in the population are up-
dated in an asynchronous manner. Thus, immediately after the trial vector u
has been generated, x; can be replaced with w (lines 4-5 in Algorithm 2). It is
difficult to find out the first study that proposed the asynchronous model in DE
since such an idea is general. In fact, some previous studies did not explicitly
describe that they dealt with the asynchronous model (e.g., [53]). While DE with
the asynchronous model can immediately use a new superior individual for the
search, DE with the synchronous model needs to “wait” by the next iteration.
For this reason, the asynchronous model is generally faster than the synchronous
model in terms of the convergence speed of the population [7,8].

e (11 + A) model (Algorithm 3)



Table 1: Seven representative mutation strategies for DE.

Strategies Definitions

rand/1 Vi =Ty + F (Try — Trg)

rand/2 Vi =Ty + Fi (Try — :z:,.3) + Fi (xr, — m,v5)
best/1 Vi 1= Thest + Fi (@r; — @ry)

best/2 Vi = Tpest + Fi (@r] — Try) + Fi (Trg — @ry)

current-to-best/1  v; := @; + F; (Tpest — i) + Fi () — mr2)

current-to-pbest/1 v; := @; + Fi (Tpbest — ®i) + Fi (®r] — &ry)

rand-to-pbest/1 v, :

T + F; (zpbest - mrl) + F; (mrg - irg)

Algorithm 2: Asynchronous model

1 Initialize P = {@1, ..., 2, } randomly;
2 while The termination criteria are not met do

3 for i€ {1,...,u} do
4 u < generateTrialVector(P);
5 if f(u) < f(x;) then x; + u;

The elitist (1 + ) model is general in the field of evolutionary algorithms,
including genetic algorithm and ES. For each iteration, a set of A trial vectors
Q = {uy,...,u)} are generated (lines 3-5 in Algorithm 3). For each w, the target
vector is randomly selected from the population. Then, the best p individuals
in P U Q survive to the next iteration (line 6 in Algorithm 3). Unlike other
evolutionary algorithms, the (¢ + A) model has not received much attention in
the DE community. Only a few previous studies (e.g., [37,39,49]) considered the
(u + A) model. As pointed out in [37], the synchronous model may discard a
trial vector that performs worse than its parent but performs better than other
individuals in the population. The (x + ) model addresses such an issue.

e Worst improvement model (Algorithm 4)

In the worst improvement model [1], only A worst individuals can generate
trial vectors (lines 3-5 in Algorithm 4). Then, the A individuals and their A trial
vectors are compared as in the synchronous model (lines 6-7 in Algorithm 4).

Ali [1] demonstrated that a better individual is rarely replaced with its trial
vector. In other words, the better the individual x; (i € {1, ..., u}) is, the more
difficult it is to generate u; such that f(wu;) < f(x;). In contrast, a worse indi-
vidual is frequently replaced with its trial vector. Based on this observation, Ali
proposed the worst improvement model that allows only the A\ worst individu-
als to generate their A trial vectors. The number of function evaluations could
possibly be reduced by not generating the remaining p — A trial vectors that are
unlikely to outperform their u — A\ parent individuals.

e Subset-to-subset (STS) model (Algorithm 5)



Algorithm 3: (u + A) model

1 Initialize P = {@1, ..., x,} randomly;
2 while The termination criteria are not met do
3 Q + 0
for i € {1,...,A} do
L u < generateTrialVector(P), Q <+ Q U {u};

P < Select the u best individuals from the union P U Q;

(<2

Algorithm 4: Worst improvement model

1 Initialize P = {@1, ..., x,} randomly;
2 while The termination criteria are not met do

3 K <« Select indices of the A\ worst individuals in P;
4 for i € K do

5 L u; < generateTrialVector(P);

6 for i € K do

7 L if f(u;) < f(z;) then x; + uy;

The aim of the STS model [12] is the same as that of the (1 + A) model. The
STS model uses the index-based ring topology. In the STS model, y individuals
and p trial vectors are grouped based on their indices and the subset size s > 2.
After p trial vectors have been generated (lines 4-5 in Algorithm 5), an index ¢
is randomly selected from {1, ..., u} (line 6 in Algorithm 5), where i determines
the start position on the index-based ring topology. First, [ is set to s or the size
of the remaining individuals (line 8 in Algorithm 5). Then, a set of [ individuals
and [ trial vectors are stored into X based on the index-based ring topology
(line 9 in Algorithm 5). In Algorithm 5, the function “modulo(a,b)” returns the
remainder of the division of a by b. Finally, the [ best individuals in X survive
to the next iteration (lines 10-11 in Algorithm 5).

For example, suppose that 4t = 5, s = 2, and ¢ = 3. In this case, 5+5 individu-
als are grouped as follows: {x3, x4, us, us}, {xs5, 1, us, w1 }, and {x2, us}. When
f(xs) = 0.3, f(xg) = 0.1, f(uz) = 0.4, and f(us) = 0.2, x4 and w4 survive to
the next iteration as follows: 3 := x4 and x4 := u4. Notice that u4 cannot
survive to the next iteration in the synchronous model since f(u4) > f(x4).

3 Experimental setup

We performed all experiments using the COCO software [16]. The source code
used in our experiments is available at https://github.com/ryojitanabe/de_
expensiveopt. We used the 24 BBOB noiseless functions f1, ..., fo4 [18], which
are grouped into the following five categories: separable functions (f1,..., f5),
functions with low or moderate conditioning (fs, .., fo), functions with high
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Algorithm 5: STS model

1 Initialize P = {@1, ..., x,} randomly;

2 h+ u/s; // 1f modulo(u,s) #0, h<+ u/s+1
3 while The termination criteria are not met do

4 forie {1,..,u} do

5 L u; <+ generateTrialVector(P);

6

7

8

9

i < Randomly select an index from {1, ..., u};
for j € {1,...,h} do

< min{p — ((j — 1) X s), sk;

K + {modulo(i, ), ..., modulo(: + 1 — 1, u) },
X + {xylk € K}U{ui|k € K};

10 for k € K do

11 L T + arg r;{ln{f(:v)}, X+ X \{zr};

12 | i< modulo(i + s, u1);

conditioning and unimodal (fi9, ..., f14), multimodal functions with adequate
global structure (f1s5, ..., f19), and multimodal functions with weak global struc-
ture (fa0, ..., f24). The dimensionality n of the functions was set to 2,3, 5, 10, 20,
and 40. For each function, 15 runs were performed. These settings adhere to
the procedure in COCO. According to the expensive optimization scenario in
COCO, the maximum number of function evaluations was set to 100 x n.

In general, the best parameter setting in EAs depends on the allowed budget
of evaluations [9,38,41,44]. Although parameter studies on DE have been well
performed for cheap optimization (e.g., [5,11,58]), little is known about a suitable
parameter setting for expensive optimization. Thus, it is unclear how to set
control parameters in DE. We try to address this issue by “hand-tuning” and
“automated algorithm configuration”.

We performed “hand-tuning” to select p, the mutation strategy, and some
parameters (i.e., A and s) in the five population models. We mainly used the
Sphere function f(z) = i, 2? for benchmarking. As a result, we set u to
layInn|, and a, = 13. The population was initialized using Latin hypercube
sampling. We used rand-to-pbest/1 in Table 1. As in [57], we set the parameters
of rand-to-pbest/1 as follows: p = 0.05 and |A| = p. As in the standard setting
in DE for cheap optimization, we set F' and C' to 0.5 and 0.9, respectively. These
settings were suitable for most population models. In the (u + \) and worst
improvement models, we set A to 1. We also set s in the STS model to 2.

We performed “automatic algorithm configuration” using SMAC [22], which
is a surrogate-model based configurator. We used the latest version of SMAC
(version 2.10.03) downloaded from the authors’ website. We set the cost function
in SMAC (i.e., the estimated performance of a configuration) to the error value
|f(xPF) — f(x*)|, where " is the best-so-far solution found by DE, and x* is
the optimal solution of a training problem. We used the 28 CEC2013 functions
[28] with n € {2,5,10,20,40} as the training problems. For each run of DE, the



Table 2: Parameters tuned by SMAC, where p = max{|a,Inn|,6}, |[A] = |aarcp],
A = max{|arp], 1}, and s = max{|asu],2}.

a, Strategy P Qare F C  ay Qg
Range [5,20] See Table 1  [0,1] [0,3] [0,1] [0,1] [0,1] [0,0.2]
Default 10 rand/1 0.05 1.0 05 05 0 0
Synchronous 9.27 rand-to-pbest/1 0.17 0.58 0.51 0.52 - -
Asynchronous 9.09 rand-to-pbest/1 0.29 1.81 0.50 0.62 - -
(e +X) 9.50 rand-to-pbest/1 0.34 1.96 0.53 0.65 0.64 -
Worst improvement 7.33 rand-to-pbest/1 0.89 1.62 0.58 0.75 0.22 -
STS 5.44 rand-to-pbest/1 0.36 1.95 0.61 0.61 - 0.18

maximum number of function evaluations was set to 100 x n. For each run of
SMAC, the maximum number of configuration evaluations was set to 5000. For
each population model, five independent SMAC runs were performed. Then, we
evaluated the performance of DE with the five configurations found by SMAC
on the CEC2013 set with n € {2, 5,10, 20,40}. Finally, we selected the best one
from the five configurations based on their average rankings by the Friedman
test. Table 2 shows the range of each parameter, the default configuration, and
the best configuration for each model. Interestingly, all configurations include
rand-to-pbest/1. For all configurations, F' and C' values are relatively similar.

4 Results

This section analyzes the performance of DE with the five population models.
We mainly discuss our results based on the anytime performance of optimizers,
rather than the end-of-the-run results exactly at 100 x n evaluations. For the
sake of simplicity, we refer to “a DE with a population model” as “a population
model”. We also use the following abbreviations in Figures 1, 2, and 3: the syn-
chronous (Syn), asynchronous (Asy), (# + A) (Plus), worst improvement (WT),
and subset-to-subset (STS) models. Section 4.1 demonstrates the performance
of the five population models with the hand-tuned parameters. Section 4.2 ex-
amines the effect of automatic algorithm configuration in the population models.
Section 4.3 compares two population models to CMA-ES and other optimizers.

4.1 Comparison of the five population models

Figure 1 shows results of the five population models with the hand-tuned param-
eters on all 24 BBOB functions with n € {2,3,5,10,20,40}. In Figure 1, “best
2009” is a wirtual algorithm portfolio that consists of the performance data of
31 algorithms participating in the GECCO BBOB 2009 workshop [17].

Figure 1 shows the bootstrapped empirical cumulative distribution (ECDF)
of the number of function evaluations (FEvals) divided by n (FEvals/n) for
31 targets for all 24 BBOB functions. We used the COCO software with the
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Fig. 1: Results of the five population models with the hand-tuned parameters. For each
abbreviation (Syn, Asy, Plus, WI, and STS), see the beginning of Section 4.

“--expensive” option to generate all ECDF figures in this paper. Although
the target error values are usually in {102,...,10~8}, they are adjusted based on
“best 2009”. In ECDF figures, the vertical axis indicates the proportion of target
error values reached by an optimizer within specified function evaluations. For
example, in Figure 1 (e), the synchronous model reaches about 20 percent of
all 31 target error values within 10 x n evaluations on all 24 BBOB functions
with n = 20 in all 15 runs. For more details of ECDF, see [15]. In addition to
ECDF, we analyzed the performance of the population models based on average
run-time with the rank-sum test (p = 0.05), but the results are consistent with
the ECDF figures in most cases. For this reason, we show only ECDF figures.
Figure 1 shows that the (u + A) and worst improvement models show a
good performance on any dimensional problems. Although the (1 + A) model
performs slightly worse than the worst improvement model exactly at 100 x n
evaluations, it performs better than the worst improvement model at the early
stage, especially for n € {20,40}. The asynchronous model performs better than
the synchronous model. This is consistent with the results in previous studies
(e.g., [7,8]). The asynchronous model is also competitive with the (z+ A) model
for n = 40. Compared to the STS model, the asynchronous model has the
advantage that it does not require any parameter such as the subset size s.
Overall, we can say that the choice of a population model significantly in-
fluences the performance of DE for expensive optimization. The (u + A) and
worst improvement models are the best when using the hand-tuned parameters.
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Fig. 2: Results of the five population models with automatically-tuned parameters.
The prefix “T-” means that the model uses the automatically-tuned parameters.

In contrast, the traditional synchronous model performs the worst in the five
population models for all dimensions. Based on these observations, we do not
recommend the use of the synchronous model for expensive optimization.

4.2 Effect of automatic algorithm configuration

This section investigates the effect of automatic algorithm configuration in the
population models. Figure 2 shows results of the five population models with
the automatically-tuned parameters. For details of the parameters, see Table 2.

Except for the STS model, the hand-tuned parameters are more suitable
than the automatically-tuned parameters for n € {2,3,5,10}. In contrast, all
the five models with the automatically-tuned parameters outperform those with
the hand-tuned parameters for n = 40. The reason is discussed in Section 4.3.
Although the (1 + A) model with the automatically-tuned parameters performs
the best exactly at 100 X n evaluations for n € {20,40}, that with the hand-tuned
parameters shows a good performance at the early stage.

In summary, we can obtain almost the same conclusion in Section 4.1 even
when using the automatically-tuned parameters. For example, the synchronous
model performs poorly even when using the automatically-tuned parameters.



4.3 Comparison to other optimizers

The results in Section 4.1 and 4.2 show that the worst improvement model with
the hand-tuned parameters (WI) and the (1 + A) model with the automatically-
tuned parameters (T-Plus) perform the best in the five population models for
n < 10 and n > 20, respectively. Here, we compare the two best population
models with the following six optimizers. We downloaded the performance data
of the six optimizers from the COCO data archive.

e SMAC-BBOB [23] is a Bayesian optimizer. Although the original version of SMAC
[22] is an algorithm configurator as explained in Section 3, this version of SMAC
(SMAC-BBOB) is a numerical optimizer. SMAC-BBOB is similar to EGO [25].

e 1mm-CMA [2] is a surrogate-assisted CMA-ES with local meta-models [4].

e CMAES_ Hutter [23] is a CMA-ES with the default parameters.

e texp_liao [29] is a CMA-ES with automatically-tuned parameters for expen-
sive optimization as in Section 4.2. The irace tool [31] was used for tuning.

e R-SHADE-10e2 [44] is a SHADE [43] with automatically-tuned parameters for
expensive optimization as in Section 4.2. SHADE is one of the state-of-the-art
adaptive DE algorithms. R-SHADE-10e2 uses the synchronous model.

e DE-scipy [48] is DE from the Python SciPy library (https://www.scipy.
org/). DE-scipy can be viewed as a DE used by a non-expert user. DE-scipy
uses the asynchronous model.

Figure 3 shows results of the two population models and the six optimizers.
For n = 40, only the data of texp_liao, CMAES Hutter, and DE-scipy were
available. Unsurprisingly, SMAC-BBOB and 1lmm-CMA perform the best at around
10 x n and 100 x n evaluations, respectively. We wanted to know how poorly the
two population models perform compared to SMAC-BBOB and 1mm-CMA.

As seen from Figure 3, the (1 + A) and worst improvement models perform
significantly better than R-SHADE-10e2 and DE-scipy for any n. This result
provides important information to design an efficient DE, i.e., the basic DE with
a suitable population model can outperform even SHADE. Our results indicate
that the default version of DE-scipy is unsuitable for expensive optimization.

The (+ A) and worst improvement models perform significantly better than
CMAES Hutter and texp-liao for n € {2,3,5}. The worst improvement model
performs better than CMAES Hutter and texp_liao until 100 x n evaluations and
performs similar to CMAES Hutter and texp_-liao exactly at 100 x n evaluations.
Although the two models perform significantly worse than texp_liao for n €
{20,40}, they have a better performance than CMAES Hutter at the early stage.
The (u+A) model is also competitive with CMAES_Hutter at 100 x n evaluations.

The (u+ ) model in this section and texp-liao use the automatically-tuned
parameters for expensive optimization. Interestingly, both optimizers perform
well for high-dimensional functions (n > 20), but they perform poorly for low-
dimensional functions (n < 10). This unintuitive observation may come from the
difficulty in finding a parameter set with a good scalability to n. As reported in
[40], automatically-tuned parameters are likely to fit for hard-to-solve training
problems. Here, parameters in the (+ A) model were tuned on the 28 CEC2013
functions with n € {2,5, 10, 20,40}, and parameters in texp_-liao were tuned on
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Fig. 3: Results of the two population models (WI and T-Plus) and the six optimizers.

the 19 SOCO functions [20] with n € {5, 10,20,40}. It seems that parameters in
the two optimizers fit only for high-dimensional functions. Although addressing
this issue is beyond the scope of this paper, an in-depth analysis is needed.

5 Conclusion

We analyzed the performance of the five population models in DE for expensive
optimization on the 24 BBOB functions. The traditional synchronous model
performs the worst in most cases. In contrast, the worst improvement and (p +
A) models are suitable for DE on a limited budget of evaluations. The worst
improvement model with the hand-tuned parameters and the (114 ) model with
the automatically-tuned parameters perform significantly better than CMA-ES
for n € {2,3,5} and are competitive with CMA-ES for n = 10. In summary,
our results demonstrated that DE with a suitable population model performs
better than or similar to CMA-ES depending on the number of evaluations and
dimensionality of a problem. This is the first study to report such a promising
performance of DE for expensive optimization. DE with the two models should
be a base-line for benchmarking new surrogate-assisted DE algorithms.

We believe that the poor performance of DE for n € {20,40} compared to
CMA-ES can be addressed by using an efficient parameter adaptation method
for F and C [45]. It is promising to design a surrogate-assisted DE with the worst
improvement and (u + A) models. It is also promising to design an algorithm
portfolio [21,27,36] that consists of DE, CMA-ES, and Bayesian optimizers.
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