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Abstract: Differential evolution (DE) is one of the most promising black-box numerical optimization
methods. However, DE algorithms suffer from the problem of control parameter settings. Various
adaptation methods have been proposed, with success history-based adaptation being the most
popular. However, hand-crafted designs are known to suffer from human perception bias. In this
study, our aim is to design automatically a parameter adaptation method for DE with the use of
the hyper-heuristic approach. In particular, we consider the adaptation of scaling factor F, which
is the most sensitive parameter of DE algorithms. In order to propose a flexible approach, a Taylor
series expansion is used to represent the dependence between the success rate of the algorithm
during its run and the scaling factor value. Moreover, two Taylor series are used for the mean
of the random distribution for sampling F and its standard deviation. Unlike most studies, the
Student’s ¢ distribution is applied, and the number of degrees of freedom is also tuned. As a tuning
method, another DE algorithm is used. The experiments performed on a recently proposed L-NTADE
algorithm and two benchmark sets, CEC 2017 and CEC 2022, show that there is a relatively simple
adaptation technique with the scaling factor changing between 0.4 and 0.6, which enables us to
achieve high performance in most scenarios. It is shown that the automatically designed heuristic
can be efficiently approximated by two simple equations, without a loss of efficiency.
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1. Introduction

Single-objective numerical optimization methods for black-box problems represent a
direction that is thoroughly studied in the evolutionary computation (EC) area. The reason
for this is that evolutionary algorithms do not require any specific information about
the target function except the possibility to calculate it, i.e., they are zero-order methods.
First attempts to solve such problems with evolutionary algorithms were made with the
classical Genetic Algorithm (GA), which searched the binary space [1]; however, later,
more efficient approaches were proposed, including simulated binary crossover [2], as well
as other nature-inspired methods, such as Particle Swarm Optimization [3]. However,
in recent years, most of the researchers’ attention is toward the differential evolution (DE)
algorithm [4].

The reasons for DE’s popularity are diverse and include simplicity in both understand-
ing and realization and high performance across many domains and applications [5-7].
The high performance of DE is due to its implicit adaptation to the function landscape,
which originates from the main idea—difference-based mutation. However, the perfor-
mance of DE comes with a drawback: the few parameters of the algorithm, namely, the
population size N, scaling factor F and crossover rate Cr, should be carefully tuned,
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and most of the research on DE is focused on determining the best possible ways of tuning
these parameters during the algorithm’s work [8].

This study focuses on finding a method for the automatic tuning of the most sensi-
tive parameter, scaling factor F. Today, the most popular adaptation technique is success
history-based adaptation (SHA), proposed 10 years ago in the SHADE algorithm [9]. How-
ever, despite the gradual improvements [10], there are possibilities to design even better
adaptation methods. This paper is a follow-up work to a recent study [11], where success
rate-based adaptation was proposed, and the surrogate-assisted search for Taylor series
coefficients for F, Cr and N was performed using the Efficient Global Optimization (EGO)
algorithm [12]. Here, a similar hyper-heuristic approach is considered; however, instead of
EGO, another differential evolution is applied on the upper level, and additional parameters
are introduced to increase the flexibility of the approach. In particular, the scale parameter
of Student’s t random distribution for sampling F values is also tuned, as well as the num-
ber of degrees of freedom. The experiments, performed with the L-NTADE algorithm [13]
on two sets of test problems taken from the Congress on Evolutionary Computation (CEC)
competition on numerical optimization 2017 [14] and CEC 2022 [15], demonstrated that the
new approach enables us to find simpler and more efficient adaptation techniques.

The main contributions of this study can be outlined as follows:

1.  Setting the lower and upper border for the Taylor series when tuning the curve
parameters for success rate-based scaling factor sampling improves flexibility and
allows for finding a simpler dependence;

2. The number of degrees of freedom, found by the proposed approach, places the
Student’s distribution between the usually applied normal and Cauchy distributions;

3. The DE algorithm applied instead of the EGO algorithm on the upper level is capable
of finding efficient solutions, despite the problem complexity and dimension;

4. The Friedman ranking procedure, used instead of the total standard score for heuristics
comparison during a search, is a good alternative with comparable performance
and does not require any baseline results;

5. The designed heuristic for scaling factor adaptation is simple and can be efficiently
applied to many other DE variants.

The rest of this paper is organized as follows. The next section describes the back-
ground studies; in the third section, the related works are discussed; in the fourth section,
the proposed approach is described; the fifth section contains the experiments and results;
and the sixth section contains the discussion, followed by the conclusion.

2. Background
2.1. Differential Evolution

The numerical optimization problem in a single-objective case consists of the search
space X C RP, real-valued function f: X — R and a set of bound constraints:

min f(x), (1)

subject to xp; < xj < xyp j = 1,..., D, where xy is the vector of the lower boundaries,
xyp is the vector of the upper boundaries and D is the problem dimension. As bound
constraints are easily satisfied, such problems are often called unconstrained. In this study,
the black-box scenario is considered, which means that there is no information about the
structure or properties of the function f(x), so that it can be multimodal, non-convex,
ill-conditioned, etc. The gradient is also not available.

Differential evolution starts by initializing a set of N D-dimensional vectors
xi = (Xi1,Xi2,---,Xp),i = 1,..., N randomly using uniform distribution within [xyp, ;, x,,;],
i=1,...,D.

After initialization, the main loop of the algorithm starts with the first operation called
the difference-based mutation. There are many known mutation strategies, such as rand/1,
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rand/2, best/1 and current-to-rand/1, but the most popular is the current-to-pbest/1
strategy:
ij = Xij + F X (Xppest,j — Xij + %r1,j — Xr2,f), )

where F is the scaling factor parameter, v; is the newly generated mutant vector, r1 and
12 are the uniformly randomly chosen indexes of the vectors in the range [1, N] and pbest
is chosen from the best p% of the individuals,i = 1,...,N,j = 1,...,D. Same as most
evolutionary algorithms, DE relies on two variation operations: mutation and crossover.
The crossover mixes the genetic information of the target vector x; and the newly generated
mutant vector v;; as a result, the trial vector u; is generated. The most popular scheme is
the binomial crossover, which works as follows:

v;j, ifrand(0,1) < Crorj= jrand 3)
Ui = .

K x;j, otherwise

where Cr is the crossover rate parameter, and jrand is a random index in [1, D] required
to make sure that at least one solution is taken from the mutant vector. The trial vector is
checked to be within the search boundaries; one of the popular methods to perform this is
called the midpoint target:

Xptxp .
7]2 l/, if Ui,j < xlb,]‘
) wax
Lli,]- = %”, if Ui,j > xub,]‘- (4)
Ui j, otherwise

After this step, the trial vector is evaluated using target function f(x) and compared
to the target vector x; in the selection step:

. {ui, if f(ui) < f(xi)
! X;, iff(ui) >f(xi)

At the end of the generation, some of the individuals may be replaced, and due to the
selection step, the average fitness either increases or stays the same.

: (5)

2.2. Parameter Adaptation in Differential Evolution

As mentioned in the Introduction, most of the works on DE are directed toward
parameter adaptation and control methods [8]. The reason for this is that DE is highly
sensitive to the F and Cr settings, and one of the earliest studies that considered this
problem was [16], where the authors proposed the jDE algorithm with the parameter values
adapted as follows:

Eoie random(F;, F,), if random(0,1) < 1y, ©)
v Fiy, otherwise ,

CRovr — random(0,1), if random(0,1) < 1o, 7)
bl CR;4, otherwise ,

where F; and F, are the lower and upper boundaries for F, and 7; and 1 control the
frequency of the F and Cr changes, usually set to 0.1. If the trial vector is better, then the
new parameter values are saved. The modifications of jDE have proven themselves to be
highly competitive, for example, jDE100 [17] and j2020 [18] demonstrated high efficiency
on bound-constrained test problems.

Despite the efficiency of jDE, nowadays, success history-based adaptation is one of
the widely used methods [9], based on the originally proposed JADE algorithm [19]. Here,
the working principle of SHA will be described.
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Success history-based adaptation tunes both the scaling factor F and crossover rate Cr.
At the initialization step, a set of H memory cells Mr ;, and Mc, , is created, each containing
a constant value, such as 0.5. The values in the memory cells are used to sample the F and
Cr values to be used in the mutation and crossover as follows:

F = randc(Mgy,0.1) ®)
Cr = randn(Mcy ,0.1)

where randc(m, s) is a Cauchy-distributed random value with location parameter m and
scale parameter s; randn(m,s) is a normally distributed random value with mean m and
standard deviation s. In the SHADE algorithm, if the sampled F < 0, then it is generated
again, and if F > 1, it is set to 1. The Cr value is simply truncated to a [0, 1] interval.
The index k of the memory cell to be used is generated randomly in [1, H]. Note that the
Cauchy distribution has “heavier tails”, i.e., it generates larger and smaller values more
often compared to normal distribution—this gives more diverse F values.

During every selection step, if the newly generated trial vector u; is better than x;,
then the F and Cr values are stored in Sy and Sc,, as well as the improvement value
Af = |f(x;) — f(u;)| stored in S5 ¢. At the end of the generation, the new values updating
the memory cells are calculated using the weighted Lehmer mean:

ISF| 2 IScr 2
nean E] 1 WiSEj B E] 1 w]SCr,j 9
wLF = 75 S MEANYLCr = g ©)
z‘ w:S ylSerlw.se,
=1 %joFj j=1 YjoCrj
Saf; . . .
where Wi = - Two values are calculated, i.e., one using Sr and another using Sc;.

k=1"Afk
The memory cell with index 4, iterated from 1 to H every generation, is updated as follows:

{Mp,k = O.S(Mp,k + meanwL,F) (10)

Mcr i = 0.5(Mcyx + meanyy,cr)

The SHA confirm and modify. Following highlights are same issue. method uses
biased parameter adaptation, i.e., in the Lehmer mean in the nominator, the successful
values are squared; thus, the mean is shifted toward larger values. In this study, the Lehmer
mean was modified by introducing an additional parameter pm:

L w;Sp) L2 wistry
meanqy,F = 71 meanyrLCr = —Ta- 1 7 (11)
Z‘SF‘ ,Spm 1 Z‘SCV SP”‘ 1
wj F,j J<Cr,j

Increasing the pm parameter leads to more skewed means toward larger values.
The standard setting in L-SHADE is pm = 2, and it is shown that increasing this value and
generating a larger F may lead to much better results in high-dimensional problems.

For the population size N, the third main parameter of DE, the following technique
was proposed in the L-SHADE algorithm [20]:

N,.i,, — N,
Ngy1 = round( min max

——————NFE 12
e ZOMENEE ) + N, 12)

where NFE is the current number of target function evaluations, NFE,,, is the total avail-
able computational resource, Nz and Ny, are the initial and final number of individuals
and g is the generation number. This method called linear population size reduction (LPSR)
has the main idea of spreading across the search space at the beginning and concentrating at
the end of the search. LPSR allows for achieving significant improvements in performance,
if the computational resource limit is known. In such a scenario, it makes sense to use a
broader search at the beginning and more concentrated effort at the end. That is, if the
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computational resource is running out, it is better to converge to at least some good solution
quickly with a small population rather than continuing a broad and slow search, hoping
to get to the global optimum. Although the usage of LPSR may seem to contradict the
global optimization setup, in a recent competition on global numerical optimization with
unlimited resources [21], it was shown that algorithms with LPSR have some of the best
performance characteristics.

In [22], it was shown that adding tournament or rank-based selection strategies to
sample the indexes of individuals for further mutation may be beneficial. The exponential
rank-based selection was implemented by selecting an individual depending on its fitness

in a sorted array, with the ranks assigned as follows:
—kp-i

rank; =e N, (13)

where kp is the parameter controlling the pressure, and i is the individual number. Larger
ranks are assigned to better individuals, and a discrete distribution is used for selection.

The L-SHADE algorithm has become very popular among DE methods, and most of
the prize-winning algorithms since 2014 are its variants and modifications, including jSO
with specific adaptation rules [23], L-SHADE-RSP with selective pressure [24], DB-LSHADE
with distance-based adaptation [25] and a recently proposed L-NTADE [13], which also
relies on SHA and LPSR. There are other techniques, for example, the jDE algorithm [16]
and its modifications, such as j100 [17] and j2020 [18], that have shown competitive results,
but they are not as popular as SHADE. Nevertheless, in [11,26], it was shown that more
efficient adaptation techniques can be proposed.

Other modifications of modern DE include the Gaussian-Cauchy mutation [27], mod-
ifications for binary search space [28], population regeneration in the case of premature
convergence [29] and using an ensemble of mutation and crossover operators [30].

2.3. L-NTADE Algorithm

As a baseline approach, here the recently proposed L-NTADE algorithm [13] is con-
sidered. The main idea of L-NTADE is to diverge from the relatively general scheme of
modern DE, where a single population is present, with an optional external archive of
inferior solutions. Unlike these methods, L-NTADE uses two populations, one containing

the best N individuals in xfap found throughout the search and another containing the
latest improved solutions in x/*, i = 1,2, ...N. The mutation strategy used in L-NTADE is
a modification of the current-to-pbest called r-new-to-ptop/n/t, with individuals taken
from the top and newest populations as follows:

to to
vij = XY+ Fx (xplig = 315) + F o (xf5Y — xgl), (14)

where r1 and r3 are random indexes, sampled with uniform distribution, and 72 is sampled

with rank-based selective pressure, with ranks assigned as rank; = e#, wherein kp is
a parameter. More detailed research on the effects of selective pressure in DE is given
in [22]. The pbest index is chosen from the p% best solutions from the top population. Note
that unlike current-to-pbest, the basic solution is not the same as in the first difference,
i.e., index r1 is different from i—in this sense, r-new-to-ptop/n/t is more similar to the
rand /1 mutation.

The crossover step in L-NTADE is unchanged, i.e., the classical binomial crossover is
applied, whereas the selection step is changed significantly:

u;, if f(u;) < f(xmew

e S S A )
Xne, Af f(ui) > f(x1")

where nc is iterated from 1 to N. The newly generated trial vector is compared not to

the target vector x; but to the basic vector x,1, which was chosen randomly. Moreover,
a different individual with index nc is replaced as a result. This gives the effect of a
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continuous update of the newest individuals’ population. At the same time, to preserve the
best solutions, the top population is updated in the following order. All the successful trial
vectors u; are stored into a temporary population x/"?, and at the end of the generation,
a joined set of x'"F and x'7 is formed, sorted by fitness, and the best N individuals are
chosen to stay in x/°P. The population size control in L-NTADE is realized using the LPSR
method, with both the newest and top population reducing the size in the same way:.

2.4. Hyper-Heuristic Approach

The development of meta-heuristic approaches nowadays is mainly performed by
researchers manually, i.e., new ideas are proposed, implemented and tested. However,
the idea of automating this process has been discussed in the literature for several years.
In particular, the so-called hyper-heuristic approach (HH) is considered [31], when some
method, such as, for example, genetic programming (GP), is used to design new operators
or even entire algorithms. There exist generative hyper-heuristics and selection hyper-
heuristics, with the last used to configure a meta-heuristic algorithm. The generative hyper-
heuristics are sometimes referred to as the automated design of algorithms (ADAs) or
genetic improvement (GI) [32]. With modern computational capabilities, the HH approach
opens possibilities of discovering new algorithmic ideas in an automated manner, thus
significantly moving the whole field further. More details on the application of HH are
given in the next section.

3. Related Work

Differential evolution is a highly competitive numerical optimizer, which has proven
its efficiency across a variety of applications. Moreover, in the last 10 years, competitions on
numerical optimization have been won by DE or its hybrids with other methods, such as CMA-
ES (for example, the LSHADE-SPACMA performed well on the CEC 2017 benchmark) [33].
However, despite all these achievements, there is still room for further improvement. Suc-
cess history adaptation, proposed in SHADE, is a method, which has proven its efficiency,
delivering significant improvements.

One of the ways to propose new ideas for parameter adaptation is to use automated
search methods. An attempt to create a new parameter adaptation technique with the
hyper-heuristic approach was made in [26], where genetic programming for symbolic
regression was used to create equations for adapting F and Cr in DE. In particular, it was
shown that it is possible to develop relatively simple and yet efficient methods, which are
significantly different from success history-based adaptation.

The experiments with the L-NTADE algorithm, aimed at designing new adaptation
techniques for an algorithm, whose general scheme is different from L-SHADE, were
performed in [34]. In particular, it was found that the success rate, i.e., the number of
improvements in the current generation divided by the population size (SR = %), is
an important source of information for parameter adaptation. This value was included
in the study where GP was used [26]; the connection was less obvious there. It is worth
mentioning that the success rate SR is rarely used in evolutionary computation for parame-
ter adaptation.

In an attempt to further explore the possible influence of SR and derive the important
dependencies, in [11], the surrogate-assisted approach was proposed. In particular, a 10th-
order Taylor series expansion was used to allow for a flexible tuning of the curve, which
uses SR to determine the mean value for sampling F. It was shown that it is possible to
find such curves and that the efficiency of DE can be greatly improved. However, this
method had several disadvantages. First of all, as a higher-level optimizer, which searches
for Taylor series coefficients, the surrogate-assisted method Efficient Global Optimization
(EGO) was applied [12]. Although this is a well-performing method, which allowed for
finding interesting solutions, it is not very suitable for this particular problem. The main
reason is that the evaluation of a set of Taylor series parameters, determining the parameter
adaptation technique, is a noisy function, i.e., it requires running an algorithm, which uses
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random values. The total standard score, used as the target function in [11], is not very
suitable for Kriging approximation. Considering these drawbacks, a new approach was
developed, which will be described in the next section.

4. Proposed Approach
4.1. Scaling Factor Sampling

The two main ideas of this study are to change the optimization tool, used on the
upper level, and to replace the solution evaluation method. The hyper-heuristic approach
may use any optimization tool, for example, genetic programming, to search for parameter
adaptation techniques directly or EGO to tune the Taylor series parameters. In particular,
in this study, the success rate parameter is used as a source of information for tuning the
scaling factor parameter F. The success rate is calculated every generation as follows:

NS

SR = N (16)
where NS is the number of successful replacements in the selection operation. The main
idea of [11] was to use a Taylor series to approximate the dependence between SR and
location parameter MF (mean F) for F sampling. The Taylor polynomials are used as func-
tion approximations using derivatives; however, as here the true dependence is unknown,
the coefficients can be derived via computational experiments. The Taylor expansion is
used due to the flexibility of the polynomials. The method consists of calculating the
raw value MF, and then normalizing it to a [0, 1] interval and scaling it. The first step is

performed as follows:
11

MF; = cpg + Y Cmi(SR — cmyp)’ (17)
=2
wherec,,;,i =0,1,...,11 are the coefficients to be found, and MF; is a raw, non-normalized
value. To perform the normalization, i.e., scale to the [0,1] range, the minimum and
maximum values are used:

(MFr - MFr,min)

MFE; = ,
° (MPr,max - MFr,min)

(18)

where MF, i, and MF, ;;qx are found by searching (via lattice search with step 0.001) in
SR € [0,1], and MF; is a scaled value. After this, an additional step is proposed in this
study. To allow for a more flexible adaptation, the lower and upper boundaries for the
fitted curve should also be tuned and not just set to [0, 1]. To perform this, the final MF
value is calculated as follows:

MF = MFs(cmu — 1) + Cm s 19)

where c,,; and ¢, are the lower and upper boundaries for MF. That is, if, say, c,,; = 0.1
and ¢y, = 0.7, then the MF curve, which depends on the success rate SR, will be in the
range [0.1,0.7]. This results in a pair of additional parameters added to those that should
be optimized. The MF value is then used in Student’s t distribution instead of a Cauchy or
normal one:

F = randt(MF, SF, cpor), (20)

where randt(m,s,v) is a Student’s t-distributed random value with a location parameter 1,
scale parameter s and number of degrees of freedom v; cp,r is another tuned parameter;
and SF is a scale parameter (cF). The reason to use Student’s distribution is that it is a
more general distribution, which is capable of becoming a Cauchy distribution when v =1
and a normal distribution when v — oo (v > 30 is enough in practice). When v is small,
the t distribution is heavy-tailed, i.e., more similar to Cauchy. Modern C++ libraries allow
for setting v to an arbitrary positive floating-point value, thus allowing us to tune the
distribution arbitrarily. Also, note that sampling F is performed with the following rules:
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while F < 0, it is sampled again, and if F > 1, it is set to 1. Figure 1 shows the comparison
of the normal, Cauchy and Student’s distribution.

0.4 - —— Cauchy PDF
Student's PDF
—— Normal PDF
0.3 A
0.2 A
0.1
0.0 —/ . . k
-6 —4 -2 0 2 4 6

Figure 1. Comparison of normal, Student’s (v = 3) and Cauchy distributions.

To allow for even greater flexibility for the approach, the scale parameter SF is also
tuned in the same way as MF. That is, another set of coefficients is used to determine the
dependence of SF on the success rate SR. For clarity, we provide below the equations to
calculate SF.

11 .
SF =cs1+ 2 Cs,i(sR - CS,O)Z (21)
i=2
(SFr - SFr min)
SF = : 7 22
° (SFr,max - SFr,min) ( )
SF = SFy(csu — ¢51) + Cs 1, (23)

Equations (16)—(18) are the same as (12)—(14), but for a different parameter, and the
resulting MF and SF values are used in (15). The search for SF, ,;;, and SR; ;;ax for nor-
malization is performed in the same manner, i.e., with a lattice search with a step value of
0.001. It is important to tune the scale parameter, i.e., the width of the distribution, as it
significantly influences the distribution of the sampled F values.

Thus, setting 12 parameters for a Taylor series curve plus two more for lower and
upper boundaries gives a total of 14 ¢;; values for MF. Another 14 are used to set SF
and one more to tune the number of degrees of freedom cp,r. This gives a total of
29 numeric values, which should be set in order to determine the adaptation method
in a 29-dimensional search space. The search for the optimal set of 29 parameters is de-
scribed in Section 4.2, where each set of values corresponds to a specific adaptation heuristic,
which is evaluated. The search itself is performed by another DE algorithm, L-SRDE.

4.2. Evaluating Designed Heuristics

The evaluation of the designed heuristic is an important step for determining its effi-
ciency, and the evaluation method significantly influences the search for better heuristics.
In [11], the idea was to apply statistical tests to evaluate the efficiency of an algorithm with
a designed heuristic with a single numeric value. In particular, the baseline results were
obtained, i.e., the L-NTADE algorithm was tested with success history parameter adapta-
tion, and then the new results were compared to it. The comparison involved applying the
Mann-Whitney statistical test to every function so that the best found target function values
were compared. There are 51 independent runs in the CEC 2017 competition benchmark,
so comparing two samples of 51 values allowed for using normal approximation (with
tie-breaking) for the Mann-Whitney U statistics. That is, for every test function out of 30,
the standard Z score was calculated. The total score Z7 was determined as follows:
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=

where j is the function number. Such a metric gave an averaged evaluation of the adaptation
technique, i.e., if two algorithms perform the same on the function, Z i will be close to 0,
but if the heuristic performed better, then Z i >0, and Z]- > 2.58 corresponds to a statistical
significance level of p = 0.01.

Although such an approach has shown that it is capable of finding efficient solu-
tions, evaluating an adaptation technique across a variety of test functions with a single
value creates a bottleneck, i.e., limits the amount of information that the upper-level op-
timizer receives from testing a newly designed heuristic. In order to overcome this, here,
instead of Mann-Whitney tests and the EGO algorithm for optimization, the usage of
Friedman ranking and another differential evolution algorithm for tuning coefficients c is
proposed. The Friedman ranking is used in the Friedman statistical test to compare not a
pair (like in the Mann—-Whitney test) but a set of conditions, under which the experiments
were performed.

One of the advantages of the classical DE algorithm is that it does not require exact
fitness values to work. That is, the selection step only needs to determine if the newly
generated individual is better than the target individual with index i. In other words,
if there is a method to compare a pair (or rank a population) of solutions, then DE is able to
work with this information. Hence, the idea is to use simplified DE to tune the coefficients
of the heuristic ¢, ¢s and cp,r. The main steps can be described as follows.

1.  Initialize the population x“*"

2. Pass the parameters c to the L-NTADE algorithm and run it for every set of coefficients.

3. Collect a set of results, i.e., a tensor with dimensions (N, 30,51).

4 Rank the solutions using Friedman ranking; for this, perform independent ranking
for every function and sum the ranks.

5. Begin the main loop of DE and use ranks as fitness values; store N new solutions in
the trial population x".

6.  Evaluate new individuals in x!" by running the L-NTADE algorithms with the corre-
sponding tuning parameters.

7. Join together the results of the current population x
ranking again to the tensor of size (2 x N, 30,51).

8.  If the rank of the trial individual with index i is better than the rank of the target
individual, then perform the replacement.

of 29-dimensional vectors randomly, with N individuals.

" and x'" and apply Friedman

In this manner, the DE algorithm is applied without evaluating the fitness as a single
value but rather ranking the best performing heuristics higher. A similar approach using
Friedman ranking was used to evaluate the solutions of GP in [26]. That is, there is no
single fitness value on the upper optimization level, while the lower level uses the target
function value from the benchmark set as fitness. The flow chart of the proposed method is
shown in Figure 2.

The particular DE used on the upper level here was similar to the L-SHADE algorithm
but with several important features for parameter tuning. First, the adaptation of Cr was
not performed, and Cr was sampled with normal distribution with parameters m = 0.9
and o = 0.1. The scaling factor was set as F = randc(5R0‘25, 0.1), i.e., it depended on the
success rate as a 4th-order root. The mutation parameter pbest = 0.3, and the r1 index in
the current-to-pbest mutation strategy was sampled using exponential rank-based selective

pressure with ranks assigned as rank; = e . The archive set and the linear population size
reduction were also used. This algorithm will be further referred to as L-SRDE (success
rate-based DE with LPSR). The exact parameters of all the methods and results are given in
the next section.
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Figure 2. Flow chart of the proposed approach.

5. Experimental Setup and Results
5.1. Benchmark Functions and Parameters

The experiments in this study are divided into two phases. In the training phase,
the coefficients c are searched by L-SRDE, and in the test phase, the performance of the
found dependencies between the success rate SR and distribution parameters MF, SF and
v is evaluated on different benchmarks.

The two benchmarks used here are the Congress on Evolutionary Computation 2017
single-objective bound-constrained numerical optimization benchmark [14] and the CEC
2022 benchmark [15]. The former has 30 test functions, and according to the competition
rules, there should be 51 independent runs made for every function. The dimensions
are D = 10, 30, 50 and 100, and the available computational resource is limited by the
NFE ;. = 10,000D evaluations. In the CEC 2022 benchmark, there are 12 test functions
and 30 independent runs, the dimensions are D = 10 and D = 20 and the computational
resource is bigger and set to 2 x 10° and 1 x 10°, respectively.

The CEC 2017 and CEC 2022 benchmarks have different evaluation metrics. In partic-
ular, in CEC 2017, the measure of algorithm efficiency is simply the best found function
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value, whereas in CEC 2022 the number of evaluations is also considered. If an algorithm
was able to find the solution (with tolerance level 1 x 10~8), then the number of evaluations
it took on this run is recorded. The algorithms are then compared via the convergence
speed and best found value at the same time [35].

In the training phase, the CEC 2017 benchmark is used as it has more diverse functions
and a smaller resource, i.e., faster evaluation. The 30-dimensional problems are used, as in
the 10D case most of the test functions appear to be too simple for the available resource,
and the difference between the parameter adaptation methods is small. The ranking of
the solutions during the training phase was performed with the criteria from CEC 2022,
i.e., both the convergence speed and best function value were considered.

The parameters for L-SRDE were described above, except for the initial population
size, which was set to Ny;zx = 25. The number of function evaluations given to L-SRDE
was set to 1000, i.e., there were 1000 heuristics evaluated. The L-NTADE algorithm had
the following settings: the initial size of both populations Ny, = 20D; mutation strategy
parameter pb = 0.3; memory size for SHA H = 5; initial memory values Mr, = 0.3,
Mcy, = 1.0and r = 1,2,..., H; adaptation bias for the scaling factor in the weighted
Lehmer mean pm = 4; and selective pressure for the 12 index kp = 3. These settings
were determined in [13] and later used in [11]. When sampling F was replaced by the
heuristic, the Cr tuning was still performed by SHA. The search range for ¢ values was set
as follows: c,, ; € [—10,10], ¢,y € [0,1], ciuu € [0,1],¢5; € [—10,10],¢5; € [0,1], 5 € [0,1],
cpor € [0.1,10] and i = 1,2,...,12. Note that ¢, ; and ¢y, are only named lower and
upper for convenience, and in fact, it is possible that ¢, ; > ¢y, ,—this will result in flipping
the curve.

The L-SRDE algorithm with Friedman ranking was implemented in Python 3.9, and L-
NTADE was written in C++. L-NTADE ran on an OpenMPI-powered cluster of eight AMD
Ryzen 3700 PRO processors using Ubuntu Linux 20.04. The python code automatically ran
the L-NTADE algorithm and collected the results. The post-processing was also performed
in Python 3.9.

5.2. Numerical Results

The training phase resulted in 1000 different heuristics evaluated, and each of them
was saved independently. The eight best found heuristics and the corresponding curves
are shown in Figure 3, and Table 1 contains the lower and upper ¢ values and number of
degrees of freedom v, as well as the NFE number at which the heuristic was found.

1.0

s MF best
= SF best

0.0

0.0 0.2 0.4 0.6 0.8 1.0

SR

Figure 3. Curves for parameter adaptation designed by EGO for Taylor series, best found function
values used in ranking.
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Table 1. Parameters of eight best heuristics.
Rank NFE CDoF Cim,1 Cimu Cs 1 Cs,u
1 637 3.635 0.400 0.662 0.013 0.187
2 625 3.369 0.402 0.619 0.008 0.182
3 640 3.453 0.398 0.636 0.018 0.119
4 613 3.353 0.416 0.652 0.030 0.270
5 652 3.543 0.385 0.625 0.013 0.097
6 432 2.981 0.414 0.650 0.043 0.252
7 463 3.472 0.413 0.662 0.013 0.243
8 582 3.197 0.431 0.615 0.031 0.189

As can be seen from Figure 3, the best curves found by L-SRDE are relatively simple,
i.e, they all start from around 0.4, and when SR = 0.2, then it reaches 0.6. This is similar to
some of the known recommendations about setting F, for example, in [36], quote, “A DE
control parameter study by Gamperle et al. (2002) explored DE’s performance on two of
the same test functions that Zaharie used and concluded that F < 0.4 was not useful. In Ali
and Torn (2000), C-Si clusters were optimized with F never falling below F = 0.4”, end
quote [37-39]. Thus, the heuristically found parameters are in line with the observations of
DE behavior.

As for the spread parameter SF, its values are smaller than the mostly used SF = 0.1.
Moreover, there is a dependence between SF and the success rate SR: if the success rate
is small, then SF is close to the 0.01-0.05 range, and it increases with an SR up to 0.2.
The number of degrees of freedom v in Student’s t-distribution is equal to 3, which places it
in between the Cauchy distribution (v = 1) and normal distribution (v > 30). The difference
between the best eight heuristics is rather small.

As each set of parameters was described by a vector of the results of the tested heuristic
on a set of benchmark functions, it is not possible to plot a convergence curve, like for a
classical single-objective optimization problem. However, it is possible to rank all the tested
heuristics, and Figure 4 shows the ranks of 1000 evaluated heuristics, compared together
with the Friedman ranking in the order in which they were evaluated.

1000

800 A

600

Rank

400 A

200 +

0 200 400 600 800 1000
Heuristic evaluation

Figure 4. Ranks of the evaluated heuristics

From Figure 4, it can be seen that after 600 evaluations, some of the best heuristics
were found, and the rest of the time the algorithm was trying to improve these solutions.

Introducing many hyperparameters into the algorithm may be inefficient, as tuning
them is challenging. Such a large number was needed only to allow for significant flexibility
of the search, as at the beginning of the experiment we had no knowledge on what the
found curves should look like. As Figure 5 shows, the dependence appeared to be relatively
simple (represented by two simple equations, which were hand-tuned), so there is no need
to use 29 parameters after the learning process.
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Figure 5. Approximation of best found curves, applied in L-NTADE-AHF.

The MF values in Figure 5 are approximated by a hyperbolic tangent function, and the
SF values are approximated with a quadratic function. A version of L-NTADE with these
equations was additionally tested on both benchmarks (denoted as L-NTADE-AHEF, L-
NTADE with approximated heuristic F sampling, and the number of degrees of freedom
was set to 3, in accordance with Table 1).

The best heuristic was tested on the whole CEC 2017 benchmark and compared to
several alternative approaches. The results are shown in Table 2. For comparison, the
Mann-Whitney statistical test was used, and each cell in the table contains the number of
wins/ties/losses out of 30 test functions, as well as total standard score Zr.

Table 2. Mann-Whitney tests of L-NTADE with designed heuristic against alternative approaches,
CEC 2017 benchmark, number of wins/ties/losses and total standard score.

Algorithm 10D 30D 50D 100D
L-NTADE-HHEF vs. 11/15/4 17/8/5 15/7/8 17/4/9
LSHADE-SPACMA [33] (31.38) (93.37) (60.70) (64.55)
L-NTADE-HHEF vs. 9/14/7 20/9/1 23/7/0 26/0/4
iSO [23] (14.94) (147.01) (192.86) (184.63)
L-NTADE-HHEF vs. 4/16/10 16/11/3 23/6/1 24/3/3
EBOwithCMAR [40] (—39.75) (102.60) (162.33) (174.57)
L-NTADE-HHEF vs. 8/18/4 20/9/1 23/7/0 25/2/3
L-SHADE-RSP [24] (11.62) (138.18) (183.07) (172.99)
L-NTADE-HHEF vs. 12/7/11 23/4/3 30/0/0 29/0/1
NL-SHADE-RSP [41] (11.54) (176.22) (259.17) (246.89)
L-NTADE-HHF vs. 7/19/4 23/7/0 28/2/0 27/2/1
NL-SHADE-LBC [42] (12.74) (183.84) (239.78) (225.46)
L-NTADE-HHF vs. 11/12/7 17/12/1 23/7/0 26/2/2
L-NTADE [13] (27.52) (105.74) (157.15) (182.49)
L-NTADE-HHEF vs. 4/26/0 13/16/1 22/8/0 28/1/1
L-NTADE ¢ [11] (20.20) (64.65) (135.34) (191.34)
L-NTADE-HHEF vs. 0/30/0 1/29/0 3/27/0 1/29/0

L-NTADE-AHF (2.29) (9.79) (3.03) (3.11)

As Table 2 demonstrates, the proposed heuristic, applied to L-NTADE, is capable of
outperforming the alternative approaches in almost all cases. The L-NTADE-HHF (hyper-
heuristic-based F sampling) is better than standard L-NTADE, and the gap in performance
increases as the dimension grows. Compared to L-SHADE-RSP, the second best approach
from the CEC 2018 competition, L-NTADE-HHF performs similar or better in the 10D case
and almost always better in the 100D case. In 10D, the only algorithm that outperformed L-
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NTADE-HHF is the EBOwWithCMAR approach, but it fails in high-dimensional cases. Also,
the comparison to the L-NTADE,r algorithm from [11] shows that the newly designed
heuristics are more efficient. Table 3 contains the Friedman ranking of the same algorithms.

Table 3. Friedman ranking of L-NTADE with designed heuristic against alternative approaches, CEC

2017 benchmark.
Algorithm 10D 30D 50D 100D Total
LSHADE-SPACMA [33] 171.12 167.56 137.75 121.96 598.39
jSO [23] 166.36 177.38 183.68 190.26 717.69
EBOwithCMAR [40] 141.15 164.69 172.70 180.51 659.04
L-SHADE-RSP [24] 163.95 171.30 171.71 172.28 679.25
NL-SHADE-RSP [41] 177.54 246.55 285.47 284.82 994.38
NL-SHADE-LBC [42] 165.00 228.15 250.02 247.88 891.05
L-NTADE [13] 17591 151.82 147.98 152.27 627.99
L-NTADE r [11] 168.70 126.46 126.62 135.35 557.13
L-NTADE-HHF 160.41 106.62 86.60 81.94 435.57
L-NTADE-AHF 159.86 109.47 87.48 82.71 439.52

The comparison in Table 3 shows a similar picture: in the lower-dimensional case,
the L-NTADE-HHEF is comparable to other algorithms, but for 50D and 100D, the new
algorithm is always better. As for the comparison between L-NTADE-HHF and L-NTADE-
AHF with the approximation of the heuristic, the results of these methods are very similar.

Table 4 contains the comparison with the alternative approaches on the CEC 2022
benchmark using the Mann-Whitney tests, and Table 5 contains the Friedman ranking.

For the CEC 2022 benchmark, the top 3 best methods were chosen for comparison,
as well as some other algorithms.

Table 4. Mann-Whitney tests of L-NTADE-HHF against the competition top 3, and other approaches,
CEC 2022, number of wins/ties/losses and total standard score.

Algorithm 10D 20D
L-NTADE-HHF vs. APGSK-IMODE [43] 8/2/2 (40.45) 7/1/4(26.02)
L-NTADE-HHF vs. MLS-LSHADE [44] 8/1/3 (30.45) 5/1/6 (—0.06)
L-NTADE-HHEF vs. MadDE [45] 8/2/2(39.81) 7/1/4 (22.51)
L-NTADE-HHF vs. EA4eigN100 [46] 6/2/4 (4.32) 6/1/5 (4.93)
L-NTADE-HHF vs. NL-SHADE-RSP-MID [47] 5/4/3 (9.61) 5/2/5(10.61)
L-NTADE-HHF vs. L-SHADE-RSP [24] 7/3/2(29.80) 5/3/4 (9.54)
L-NTADE-HHF vs. NL-SHADE-RSP [41] 7/2/3(25.57) 5/3/4(9.80)
L-NTADE-HHF vs. NL-SHADE-LBC [42] 8/3/1 (36.95) 4/5/3 (13.44)
L-NTADE-HHF vs. L-NTADE [13] 6/5/1 (28.68) 3/5/4(2.61)
L-NTADE-HHF vs. L-NTADE yr [11] 3/7/2(3.79) 4/5/3 (6.67)

L-NTADE-HHF vs. L-NTADE-AHF 1/11/0 (7.74) 2/6/4 (—7.54)

Table 4 shows that L-NTADE-HHF is better than most state-of-the-art algorithms
and is comparable to EA4eigN100, L-NTADEr and L-NTADE (in the 20D case). However,
the comparison with the Friedman ranking has shown that EA4eigN100, the winner of the
CEC 2022 competition, performs better in both the 10D case and 20D case, but L-NTADE-
HHEF is still second, considering the total ranking. These results show that the designed
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heuristic is applicable not only to CEC 2017, where the training was performed, but also
CEC 2022, where different functions and different computational resources are used. Same
as before, the results of L-NTADE-HHF and L-NTADE-AHF are very close, which means
that the approximation is working well, and can be used in other algorithms.

Table 5. Friedman ranking of L-NTADE with designed heuristic against alternative approaches, CEC
2022 benchmark.

Algorithm 10D 20D Total
APGSK-IMODE [43] 99.73 104.65 204.38
MLS-LSHADE [44] 83.25 63.17 146.42
MadDE [45] 104.92 102.62 207.53
EA4eigN100 [46] 52.73 65.55 118.28
NL-SHADE-RSP-MID [47] 73.28 84.95 158.23
L-SHADE-RSP [24] 83.58 73.85 157.43
NL-SHADE-RSP [41] 104.52 98.07 202.58
NL-SHADE-LBC [42] 72.00 71.40 143.40
L-NTADE [13] 81.12 71.20 152.32
L-NTADEpr [11] 62.03 68.05 130.08
L-NTADE-HHF 58.40 69.92 128.32
L-NTADE-AHF 60.43 62.58 123.02

The presented results demonstrate that the hyper-heuristic approach allowed for
finding an efficient parameter adaptation technique, which was able to perform well
not only on the set of functions, where the training was performed, i.e., 30-dimensional
problems from CEC 2017, but also for different dimensions and a different benchmark, CEC
2022. The overall performance of L-NTADE-HHEF is higher than most of the algorithms,
and the designed heuristic can be efficiently approximated with relatively simple equations.
In the next section, the obtained results and their meaning is discussed in more detail.

6. Discussion

The heuristic for parameter adaptation based on the success rate, found by the L-SRDE
algorithm, is relatively simple and straightforward. If the success rate is low, then F should
be close to 0.4, and if the success rate is at least 20%, then F should be sampled with
a mean of around 0.6. Also, for low success rates, the sampling should be performed
with smaller variance, while an increased success rate requires larger variance. For a
better understanding of the reasons of the high performance of such a simple method
compared to success history adaptation with memory cells and weighted mean, it is worth
considering the distributions that are used. For this purpose, in Figure 6, the histograms
of six distributions are built, three for the case of a low SR (MF = 0.4 and SF = 0.02) and
three for a high SR (MF = 0.65 and SF = 0.1). The sample size was 1 x 10° points, and the
same procedure as for generating F was used, i.e., while F < 0, it is sampled again, and if
F > 1,itis set to 1.

In Figure 6, in the case of small variance, all three distributions, i.e., normal, Student’s
and Cauchy, are very compact, i.e., they generate F values close to 0.4. However, it can be
seen that the Cauchy distribution has heavier tails, which results in a peak at F = 1.0—there
is a certain percent of F values, which are larger than 1 and clipped back. Although Cauchy
gives more diverse F values, it is not clear if a peak at F = 1.0 is a useful thing. In the
case when the SR is relatively high, the hyper-heuristic approach proposes increasing the
variance. For example, with MF = 0.65 and SF = 0.1, the normal distribution is much
wider, but it still does not reach 0.1 very often. The learned Student’s distribution with
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v = 3 encounters clipping at F = 1.0 but not as often as it happens with Cauchy distribution.
At the same time, Student’s distribution is able to also generate small F values quite often.

Normal (m=0.4,0=0.02) Normal (m=0.65,0=0.1)
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Figure 6. Histograms of sampling F values with various distributions.

Considering the above, it can be concluded that the hyper-heuristic approach was able
to find such distribution parameters that the clipping does not happen very often, but the
distribution is still wide enough. The fact that the variance changes with the success rate is
new and has not been considered in most studies, where it was usually fixed to 0.1 as a
small value. The hyper-heuristics have shown that smaller variances can be beneficial,
especially if the algorithm is stuck. That is, if the success rate is high, a more wide search
with arbitrary F values is allowed, but if the algorithm hits a local optimum, then smaller F
values are better. The idea of depending on the success rate was discussed in [11]; the usage
of a mutation strategy similar to current-to-pbest makes the algorithm go faster toward
one of the p% best individuals (exploitation and faster convergence) when the SR is high
and switch to exploration, when the second difference between individuals with indexes r1
and r2 is more important, if the success rate is low.

The proposed approach is a universal tool for tuning algorithms, designing new
adaptation techniques and searching for dependencies between parameters based on
extensive experiments. The only drawback is the computational effort required to use
such a method. The usage of the Taylor series was dictated by the flexibility, but any other
approximation method can be used. Further studies on DE and hyper-heuristics may
include the following;:

1.  Proposing more flexible methods to control the random distribution of F values and
tuning them;

2. Reducing the found heuristic to a set of simple rules and equations without many
parameters of Taylor series;

3. Applying the new heuristic to other DE-based algorithms and replacing the success
history adaptation;

4. Determining the dependence of the Cr parameter on some of the values present in the
DE algorithm.
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7. Conclusions

In this study, the hyper-heuristic approach was used to generate new parameter
adaptation methods for the scaling factor parameter in differential evolution. The training
phase resulted in a relatively simple adaptation method, which relies on the success rate
value. The comparison of the L-NTADE algorithm with the new heuristic has shown that it
is able to outperform alternative approaches on two sets of benchmark problems, and the
efficiency of the modification increases in higher dimensions. The hyper-heuristic approach
described in this study can be applied to other evolutionary computation methods to search
for parameter adaptation procedures. One of the drawbacks of this study is that here only
symmetrical distributions were considered for sampling the scaling factor values, but it
is possible that skewed distributions may give better results. The skewed distributions
have not been used in differential evolution, to the best of our knowledge, and it can be a
direction of further studies.
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Abbreviations

The following abbreviations are used in this manuscript:

GA Genetic Algorithms

GP Genetic Programming

EC Evolutionary Computation

DE Differential Evolution

EGO Efficient Global Optimization

CEC Congress on Evolutionary Computation
SHADE Success History Adaptive Differential Evolution
LPSR Linear Population Size Reduction

LBC Linear Bias Change

RSP Rank-based Selective Pressure

HHF Hyper-Heuristic Generation of Scaling Factor F

L-NTADE Linear Population Size Reduction-Newest and Top Adaptive Differential Evolution
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