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Abstract. In this paper, we present a hyper-heuristic, based on Differential Evo-
lution, for solving constrained optimization problems. Differential Evolution has
been found to be a very effective and efficient optimization algorithm for contin-
uous search spaces, which motivated us to adopt it as our search engine for deal-
ing with constrained optimization problems. In our proposed hyper-heuristic, we
adopt twelve differential evolution models for our low-level heuristic. We also adopt
four selection mechanisms for choosing the low-level heuristic. The proposed ap-
proach is validated using a well-known benchmark for constrained evolutionary op-
timization. Results are compared with respect to those obtained by a state-of-the-
art constrained differential evolution algorithm (CDE) and another hyper-heuristic
that adopts a random descent selection mechanism. Our results indicate that our
proposed approach is a viable alternative for dealing with constrained optimization
problems.

1 Introduction

Heuristics have been a very effective tool for solving a wide variety of real-world
problems having a very large and little known search space. In its origins, research
on heuristics spent a great deal of efforts in designing generic heuristics that were
meant to be superior to the others in all classes of problems. This effort radically
switched after the publication of the No Free Lunch Theorems for search in the
1990s [16]. This work provided a mathematical proof of the impossibility to design
a heuristic that can be better than all the others in all classes of problems. This led
to a different type of research in which the focus switched to analyzing the strenghts
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and limitations of heuristics in particular classes of problems, aiming to identify the
cases in which a certain type of heuristic may be better than others. These studies
naturally led to the idea of combining the efforts of different heuristics into a sin-
gle scheme. The motivation here would be to compensate the weaknesses of one
heuristic with the strenghts of another one in a certain type of problem. From the
different research proposals in this direction, one of the most promising has been
that of the hyper-heuristics, in which the idea is to design an approach that uses
a control mechanism for selecting from among several possible low-level heuris-
tics. The main motivation of hyper-heuristics is to release the user from the burden
of selecting a particular heuristic for the problem at hand (something that tends to
be cumbersome). Although hyper-heuristics have been mainly used in combinato-
rial optimization problems [S] we adopt this same framework here for constrained
continuous optimization.

In this paper, we propose a new hyper-heuristic based on Differential Evolution
(DE) variants which is aimed to solve constrained optimization problems in which
the decision variables are real numbers. The main contribution of this work is a
new selection mechanism designed to coordinate the different Differential Evolution
models incorporated into the proposed hyper-heuristic.

The remainder of this paper is organized as follows. In Section 2] we provide a
short description of the Differential Evolution algorithm. In Section [3, we briefly
describe the origins of hyper-heuristics and their core idea. The previous related
work is discussed in Section 4 Our proposed approach is provided in Section
Our experimental results are presented in Section[6] Finally, Section [7] presents our
main conclusions and some possible paths for future research.

2 Differential Evolution

Differential Evolution (DE) was proposed in 1995 by Kenneth Price and Rainer
Storn in 1995 as a new heuristic for optimization of nonlinear and non-differentiable
functions [13]. In DE, the decision variables are assumed to be real numbers, and
new solutions are generated by combining a parent with other individuals. The main
DE algorithm can be defined based on the following concepts:

(i) The population:
vag = (Xi7g) l:O)l))NP_ 17 g:0717~~~7GmaX (1)

Xi,g = [x()axla e 7-xD71]T

where NP denotes the maximum number of vectors that make up the popula-
tion, g is the generation counter, Gyax 1S the maximum number of generations
and D is the number of decision variables of the problem.
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(ii)

(iii)

(iv)

Mutation operator:

Vi1 =X 6+ F (X —Xn6) ri#n#r i (2)

where ry, r, and r3 € [1,NP] are randomly selected vectors. F > 0 is a real
value that controls the amplification of the difference vector and x,, ¢ is the
base vector.

Crossover operator:

wo = JViigr it U(0,1) <Cror j = jrana 3)
G T X1 otherwise

where Cr € [0, 1] is the crossover constant which has to be determined by the
user and jiang is @ randomly chosen index € 1,2,...,D.
Selection operator:

o Jwign iff(wiger) < f(Xi6)
XiG+1 = {XLG otherwise @)

To decide whether or not a solution should become a member of generation
G+ 1, the vector u; 41 is compared to the vector x; ; if u; g1 yields a smaller
objective function value than x; g, then x; 1 takes the value u; 1 1; otherwise,
the old value is retained.

The main DE variants are named using the following notation: DE/x/y/z, where x
represents the base vector to disturb, y is the number of pairs of vectors that are to be
disturbed and z is the type of recombination to be adopted [11]]. Algorithm[I7]shows
variant of DE called DE/rand/1/bin, which is the most popular in the specialized
literature. rand indicates that the base vector to be disturbed is chosen at random

and

bin means that binomial recombination is adopted.

Algorithm 1 Differential Evolution algorithm in its DE/rand/1/bin variant

G+0
Initialize P, g
while Termination criterion not satisfied do

for i+ {0,...,NP—1} do
Select ry, rp, r3 € {0,...,NP — 1} randomly, where r; # ry # r3
Select jiang € {0,...,D— 1} randomly
for j« {1,....D—1} do
ifU[0,1] <Cror j= junq then
| i %G+ F (3,76 = XrjG)
else
L "ij < XijG

if f(u;) < f (xiG) then
L Xi,G+1 < W

| G—G+1
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3 Hyper-Heuristics

The use of heuristics for the solution of high complexity problems has become very
popular in recent years, mainly because of their flexibility, efficacy and ease of use.
However, this popularity has simultaneously fostered the development of a wide
variety of heuristics. Such a diversity of methods makes it difficult to select one
for a particular problem. Additionally, there are very few studies that attempt to
identify the main advantages or disadvantages of a heuristic with respect to others,
in a particular problem (or class of problems).

The term hyper-heuristic was originally introduced by Cowling et al. [S] to refer
to approaches that operate at a higher level of abstraction than conventional heuris-
tics. Additionally, a hyper-heuristic is capable of identifying which low-level heuris-
tic needs to be used at a certain moment. In other words, hyper-heuristics operate
in the space of available heuristics while heuristics work directly on the space of
solutions of the problem [14]. Thus, a generic procedure for a hyper-heuristic is the
following [2]:

(i) Step 1. Start with a set H of heuristics each of which is applicable to a problem
state and transforms it into a new problem state.
(ii) Step 2. Let the initial problem state be Sp.
(iii) Step 3. From the state S; of the problem, find the most appropriate heuristic to
transform the problem to the next state (S;4).
(iv) Step 4. If the problem has been solved, stop. Otherwise, go to Step 3.

The main aim of hyper-heuristics is to provide a general framework that can of-
fer good quality solutions for a larger number of problems. This suggests that a
hyper-heuristic that has been developed for a particular problem could be easily ex-
tended to other domains by simply replacing the set of low-level heuristics and the
evaluation function [4]. There is, of course, a well-defined interface between the
hyper-heuristic and its low-level heuristics in order to achieve this objective. This
interface must consider the following aspects:

(i) The interface should be standard, that is, only one interface is required to com-
municate the hyper-heuristic to the set of heuristics; otherwise, it will require a
separate interface for each heuristic.

(ii) The interface should facilitate its portability to other domains. When requiring
to solve a new problem, the user only has to supply all the low-level heuristics
and the corresponding evaluation function.

4 Previous Related Work

Hyper-heuristics have been mainly used in combinatorial optimization, and their
use in continuous optimization problems is still rare (if we consider constrained
problems, then their use is even more scarce). The only previous related work
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that we found is the paper from Biazzini et al. [1]] in which they proposed a dis-
tributed hyper-heuristic for solving unconstrained continuous optimization prob-
lems. These authors adopted an island model and distributed several low-level
heuristics throughout the islands. The authors concluded that their proposed ap-
proach produced results that were more consistent than those obtained by any of the
low-level heuristics adopted, when considered in an independent manner. Biazzini
et al. [1] adopted six DE models, a particle swarm optimizer and a random sampling
algorithm. Each island was assigned a population of size NP and implemented the
following seven selection mechanisms:

(i) StatEq.- assigns a heuristic to each island at the beginning of the run and does
not change this assignment anymore.

(i) DynEq.- assigns a random heuristic to each island after each cycle, where one
cycle within an island represents the generation of one new solution using a
heuristic.

(iii) Tabu.- corresponds to an adaptation to the hyper-heuristic proposed in [3] and
it runs this algorithm on each of the islands that make up the hyper-heuristic.

(iv) SDigmo and DDigmo.- assigns a probability of selecting each heuristic based
on the performance of each of the algorithms so that, after that probability is
computed, a heuristic can be assigned to each of the nodes (islands).

(v) Pruner - initially uses the entire collection of available algorithms, but as the
search proceeds, it removes more and more algorithms from this set and does
not consider them anymore.

(vi) Scanner.- the algorithms are sorted based on the latest solutions they have
found so far and defines a minimum number of consecutive executions for each
heuristic in each island.

However, as mentioned above, the work of Biazzini et al. does not include a
constraint handling mechanism. This is precisely the issue that we address here:
how to design a hyper-heuristic for constrained continuous optimization using DE
variants as our low-level heuristics.

5 Our Proposed Approach

As indicated before, we propose here a new hyper-heuristic for constrained opti-
mization (in continuous search spaces), based on the use of different DE variants.
Table[Ilshows each of the DE variants used as low-level heuristics for our proposed
hyper-heuristic.

We adopted a selection mechanism that aims to incorporate some type of
knowledge for choosing the low-level heuristics to be applied at any given time. For
designing such a selection mechanism, it was necessary to identify some of the char-
acteristics of each of the DE variants. This led us to implement a random descent
mechanism [5] to identify the behaviors and characteristics of the different DE vari-
ants when applied to unconstrained optimization problems (a constraint-handling
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Table 1 Set of low-level heuristics used by our proposed hyper-heuristic

Models with Models with
exp recombination bin recombination
h DE/best/1/exp h7 DE/best/1/bin
hy DE/rand/1/exp hg DE/rand/1/bin

h3 DE/current-to-best/1/exp | hg DE/current-to-best/1/bin
hy DE/best/2/exp hyo DE/best/2/bin
hs DE/rand/2/exp hiy DE/rand/2/bin
he DE/current-to-rand/1/exp |h1p DE/current-to-rand/1/bin

mechanism is incorporated later on). Figure[Tlshows the behavior of the DE variants
adopted when using two different values of Cr. Here, we can observe that this pa-
rameter plays an important role on the performance of each DE variant. In fact, we
found out as well that the type of recombination that performed better was related
to the value of Cr that was adopted (i.e., for certain values of Cr, either the binary or
the exponential recombination performed better). Additionally, we found a correla-
tion between the type of recombination that was more effective and the number of
decision variables of the problem. Then, for certain combinations of these elements
(Cr value, recombination type, and dimensionality), we found out that a particular
DE variant performed better. All of these results were found in our experimental
study, but the details are omitted here due to space constraints.

250

200 [ JE——

Average improvement
Average improvement

1 2 3 4 5 6 7 8 9 10 " 12
Strategy DE Strategy DE

a) b)

Fig. 1 Total successful steps for each model when using: a) Cr = 0.2 and b) Cr = 0.8

Based on the experimental results previously indicated, our hyper-heuristic con-
sists of two phases. The first phase is responsible for selecting the type of recom-
bination to be adopted (either exp or bin). In order to do this, we randomly vary at
each generation g, the parameter Cr within the range [0, 1] and, depending on the
value of Cr that we adopt, and on the number of decision variables of the problem,
we select the type of recombination to be used. Once we have decided what type of
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recombination to use, the second phase consists in selecting the specific model to
be applied for generating the population Py .

For the second phase, we implemented two selection mechanisms. The first of
them is called Cr random, and, as its name indicates, it consists of randomly choos-
ing the DE variant to be used. The second mechanism uses a roulette wheel to
choose the DE variant to be adopted. The diagram shown in Fig. [2] indicates the
process for choosing the low-level heuristic to be applied.

HYPER-HEURISTIC X 1
? ¢ 3 CR < CRgy CR > CRyy
DOMAIN BARRER hi=7 =1
3 hy=12 hy=6
i 3 l l
HEURISTICS
@ @ @ ; CR random Roulette
f(X) : }”sel = rand(h;, hy) ‘ }hsel =roulette(h;,hy)

Fig. 2 Diagram that illustrates the selection mechanism of the proposed hyper-heuristic

When using a roulette wheel, a certain probability is assigned to each of the DE
variants, based on their performance during the search process, so that the probabil-
ity of selecting a certain DE variant is proportional to its performance. In order to
mitigate the well-known bias problems of the roulette wheel selection mechanism
(i.e., the worst individual may be selected several times [3]]), we implemented three
types of roulette wheel selection:

Original roulette (R1): this is the original algorithm proposed in [6].
Roulette with random init (R2): in this case, the initial position of the roulette
wheel is randomly selected.

e Roulette with permutation (R3): in this case, we create a permutation of the
positions of the roulette and then, we apply the original algorithm.

Algorithm [T8] shows the pseudocode of the proposed selection mechanism. Here,
mechanism refers to the selection mechanism and Cry,; is a parameter indicating
the probability of selecting a DE variant either with binomial or with exponential
recombination. The parameter Cr,; is calculated based on the equation (), so that
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the percentage of selection of DE variants with either exponential or binomial re-
combination is determined based on their performance on the problem being solved.

Total success of variants with binomial recombination

Cree = -
sel Total success of all variants

S12. success;

®)

Cr. sel =
2?: | success; + 21-127 success;

Algorithm 2 Selection mechanism proposed

Input: mechanism
Output: selected heuristic
switch mechanism do
case RANDOM
| heuristicye; <— rand(hy,h2)
case Cr RANDOM
Cr«U(0,1)
if Cr > Cry,; then
/* DE variants with exponential
recombination */
heuristicg, < rand(hy,hg)

else
/+* DE variants with binomial recombination
x/
| heuristicy, < rand(hy,hy2)
case ROULETTE
Cr+U(0,1)

if Cr > Cry,; then
‘ Select strategies with exponential recombination using a

roulette-wheel
else
Select strategies with binomial recombination using a

roulette-wheel

Finally, Algorithm[T9]shows the pseudocode of the proposed hyper-heuristic. The
control parameters of the proposed algorithm are the following:

Gmax: maximum number of generations.

NP: number of individuals in the population.

Cr: DE’s crossover constant.

mechanism: type of selection mechanism adopted for the low-level heuristics
incorporated within the hyper-heuristic.

It is important to note that at the beginning of the search process we do not have
information about the performance of each low-level heuristic. Therefore, we re-
quire an initial training stage, which consists of the implementation of a maximum
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number of generations in which we use the random descent selection mechanism
proposed in [3] to initialize the expected values (EVs) for each of the DE variants
adopted, according to the following equation:

success;

EV,= i=1,2,...,12 (6)

% 2}2 success

Algorithm 3 Our proposed hyper-heuristic
Input: NP, Gpax, Cr, mechanism
G+0
Initialize P, g
if mechanism is Cr_.RANDOM or RULETTE then
/+ Training stage */
Gaux 0
while Gy < Gpro0r do
/* Apply mechanism random descent * /
selection.mechanism()
repeat
apply_heuristic (heuristicg,)
G+ G+1
Gaux — Gaux +1
until not being able to improve the previous solution;

| Initialize the expected value of each low-level heuristic
while Termination criterion not satisfied do
selection.mechanism/()
if mechanism DESCENT then
repeat
apply_heuristic (heuristicg,)
G+—G+1
until not improve the previous solution;
else
apply_heuristic (heuristicg;)
L G+~ G+1

5.1 Handling Constraints

Differential Evolution was designed for solving unconstrained optimization prob-
lems. Thus, it is necessary to incorporate to it a constraint-handling scheme for
dealing with constrained optimization problems. One of the most popular constraint-
handling techniques used with evolutionary algorithms has been Stochastic Ranking
(SR) [12]]. SR adopts a rank selection mechanism that tries to balance the influence
of considering either the objective function value or the degree of violation of the
constraints (a parameter called Py is adopted for this sake). SR has been successfully
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incorporated into DE before. For example, showed that when embedding SR
into DE, this constraint-handling mechanism can provide information to the mu-
tation operator about the most appropriate direction of movement. This produces,
indeed, a speed up in the convergence of the algorithm. Figure [3] shows two hypo-
thetical examples for the search directions to be considered: a) the movement of an
infeasible point to the feasible region, and b) the movement of a feasible point to the
infeasible region. This illustrates that it is possible to guide the search in such a way
that we can generate new solutions either closer or farther away from the feasible
region .# (corresponding to cases a) and b) in Figure 3] respectively).

o
T, 7 X2 |

vg(x P

| Vi =X, +F (X, —Xpy)

\ i = X, ry —Xny

\ L

' Xy
\ -
\\ °
\
F X X L4
\
\
[ 4 N
N
X, .
e X;
S~ m Posible solutions
. T u
X1 X1
a) b)

Fig. 3 Example of the two types search direction: a) towards the feasible region .% b) towards
the infeasible region

Stochastic Ranking sorts the individuals in the population, and the rank of each
individual (i.e., its position in the sorted list) is used to guide the search in a specific
direction. In order to select the search direction, we adopt a probabilistic value that
regulates the type of movements performed (either to move a solution into the feasi-
ble region or towards the infeasible region) and its use aims to explore the boundary
between the feasible and the infeasible region. We experimentally found that this
probabilistic value provided good results when set with the same value used by the
Py parameter of SR.

Based on the previous discussion, we modified the selection operator of DE using
the following criteria:

e If the two solutions being compared are feasible, the one with the best objective
function value is chosen.
e Otherwise, we choose the solution with the lowest degree of constraint violation.

Algorithm2Qlshows the process carried out to generate, from the current population
P; G, the new population P, g1 {. The objective function is denoted by f and the
degree of constraint violation is denoted by ¢. Here, ¢ is given by:
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(7)

where g; (x) correspond to the inequality constraints and /4 (x) denote the equality

constraints of the problem.

Algorithm 4 Pseudocode of our proposed DE approach for constrained opti-

mization

Input: strategy of DE to use
Result: generation G + 1
begin

fori«+ {1,...,NP} do
if U(0,1) < Py then

ri <—rand(1, o)

else

| < rand(1, o)

/* Mutation

order to obtain u;
/* Selection

L XiG+1 < W

else
L XiG+1 < XiG

else

L XiG+1 < W

else
L XiG+1 < XiG

Apply Stochastic Ranking to rank the population P, g
/* Selecting vectors to disturb
/+* To the infeasible region

ry <—rand(a+ 1,NP)

/* To the feasible region
ri < rand(a+ 1,NP)

Select vector r3 according to the DE strategy to be used:

VG =XkGr3 + F (XeGr1 —Xk62)
/* Recombination
Apply recombination operator according to the DE strategy adopted in

if ¢(u;) = ¢(x; ) =0 then
if f(u;) < f(x;) then

if ¢(u;) < ¢(x; ) then

*/

*/

*/

*/

«/
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6 Results

In order to validate the performance of our proposed approach, we adopted several
standard test functions from the specialized literature on evolutionary constrained
optimization [12]]. Our results were compared with respect to those generated by
the approach called CDE (Constrained Differential Evolution) [10] which is repre-
sentative of the state-of-the-art on DE-based constrained optimization. Additionally,
we also compared results with respect to the hyper-heuristic with a random descent
mechanism proposed in [3]. The hardware and software platform adopted for our
experiments, as well as the parameters adopted are the following:

(i) PC configuration:
System: Linux Ubuntu 10.04
CPU: Intel Pentium Dual Core Inside T2080 (1.73 GHz)
RAM: 1024 MB
Programming Language: C (gcc 4.4.3 compiler)
(ii) Parameters:
Maximum number of generations: Gyax = 6000
Population size: NP = 50
F :U(0.3,0.9) each generation
Cr:U(0,1) each generation
Py :0.50 for g06 and g/1, and 0.45 for the remaining test problems

From the parameters adopted, it can be seen that all the approaches perform 300,000
objective function evaluations. Our experimental study comprised 100 independent
runs per algorithm per problem. In Tables 2] 3] and 4] we show the results obtained
by the CDE algorithm, the random descent mechanism and our proposed approach,
using the three roulette-wheel selection mechanisms previously indicated (R1 corre-
sponds to the original roulette-wheel, R2 corresponds to roulette-wheel with random
initial position and R3 corresponds to the roulette-wheel with permutation). From
these results, it can be noticed that not all the approaches required the maximum
number of generations to reach the best known result. That is the reason why in Ta-
ble[3l we show the average number of generations in which the algorithm converges
as well as the minimum number of generations that each algorithm required to find
the best known solution for each test problem.

6.1 Analysis of Results

From the results presented in Tables 2] BlandBl we can see that the selection mech-
anism based on a roulette-wheel with random initial position (R2) obtained good
results in most of the test problems. These results also indicate that the algorithm
CDE obtained very poor results in the test problems g03, g05, g10 and gi3. We
can also observe that the hyper-heuristic approaches were unable to solve g/7 in a
proper way, which is not the case of the CDE algorithm.
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Table 2 Statistics with respect to the f(x) obtained by CDE and the random descent mecha-
nism. U corresponds to the mean values, o to the standard deviation and M to the best solution
found in each case. BKS indicates the best known solution for each test problem. We show in
boldface those cases in which an approach reached the best known solution for that particular
test problem.

BKS | CDE R. descent
[ u c M | u c M

g01| -15.000 -13.93461 1.23x10° -14.99999 | -11.25425 2.64x10°  -12.000
g02] -0.803619 |-0.8033878 6.83 x 1075 -0.8033884 [ -0.784641 3.27 x 1072 -0.7930787
03| -1.000 0.24616  9.50x 1072 -1.000 21000 5.13%x107°  -1.000
204 -30665.539 | -30665.539 .00 x 10° -30665.539 |-30665.539 0.00 x 10° -30665.539
05| 5126.498 5315.60 3.01 x 10> 5126.498 | 5195.899 2.20x 10> 5126.500
06| -6961.814 | -6961.814 0.00 x 109 -6961.814 | -7229.388 1.41 x10° -7818.326
207(24.3062091 | 24.78596 3.12 x 107! 24.3062091| 24.31361 6.98 x 1072 2430623
08| -0.095825 | -0.09583 1.11x 1073 -0.095826 | -0.095825 0.00 x 10° -0.095825
09| 680.6301 680.630  0.00x 10°  680.630 680.6301 0.00 x 10°  680.6301
10| 7049.250 |7090.50762 3.99 x 102 7085.876 | 7094.163 8.22x 10!  7049.396
gll 0.750 0.750 0.00 x 10° 0.750 0.9505711 9.51 x 1072 1.000
gl2| -1.000 -1.000 0.00 x 10° -1.000 -1.000 0.00 x 10° -1.000
g13| 0.053950 0.80852 1.87x 107! 0.2476 0.3678503 1.64 x 101 0.4394295

Table 3 Statistics with respect to the f(x) values obtained for a random choice of Cr and for
R1. u corresponds to the mean values, ¢ to the standard deviation and M to the best solution
found in each case. BKS indicates the best known solution for each test problem. We show in
boldface those cases in which an approach reached the best known solution for that particular
test problem.

BKS | Cr random R1
| u c M u c M

g01| -15.000 |-11.82917 2.72x 100 -12.000 |-14.81745 2.72x10°  -15.000
202 -0.803619 |-0.8009026 6.16 x 1073 -0.8036145]-0.8015735 4.63 x 1073 -0.803613
203 -1.000 [-0.9999999 3.09 x 10~% -0.9999999(-0.9999997 7.55 x 10~ -0.9999999
204 |-30665.539 |-30665.539 0.00 x 10° -30665.539-30665.539 0.00 x 10° -30665.539
05| 5126.498 | 5171.077 1.42x 102 5126498 | 5170.813 1.42x10®> 5126.498
06| -6961.814 | -6961.814 0.00 x 109 -6961.814 | -6961.814 0.00 x 10° -6961.814
20724.3062091| 24.30722 7.70 x 1073 24.306210 | 24.30708 3.42x 10~* 24.30705
208 -0.095825 | -0.095825 0.00 x 10 -0.095825 | -0.095825 0.00 x 10° -0.095825
g09| 680.6301 | 680.6301 0.00 x 10 680.6301 | 680.6301 0.00x 10°  680.6301
gl0| 7049.250 | 7103.163 8.81 x 101 7049.63 | 7104.965 8.83x 10" 7049.783
gll 0.750 0.8992142 1.19x 107! 1.000 0.901635 1.18 x 107! 1.000
gl2| -1.000 -1.000 0.00 x 10° -1.000 -1.000 0.00 % 10° -1.000
g13| 0.053950 [0.3227286 2.22 x 107! 0.4388694 | 0.3071761 1.98 x 10~! 0.4388515

On the other hand, Table [5] shows that the selection mechanism based on a
roulette-wheel with random initial position (R2) required a lower number of iter-
ations than the others in ten of the thirteen test problems adopted. This mechanism
also had the lowest average number of generations in seven of the test problems
adopted. This confirms that this selection mechanism had the best overall perfor-
mance from all the approaches that were compared in our experimental study.
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Table 4 Statistics with respect to the f(x) values obtained for R2 and R3. pt corresponds to
the mean values, ¢ to the standard deviation and M to the best solution found in each case.
BKS indicates the best known solution for each test problem. We show in boldface those
cases in which an approach reached the best known solution for that particular test problem.

BKS | R2 | R3
[ u [ M u c M

g01| -15.000 -15.000 0.00x 10°  -15.000 | -14.8200 2.72x10°  -15.000
202 -0.803619 |-0.8014436 4.67 x 1073 -0.8014834|-0.8014504 5.91 x 1073 -0.8036136
g03| -1.000 {-0.9999997 7.05 x 107 -0.9999999]-0.9999996 1.04 x 10° -0.9999999
204 [-30665.539 |-30665.539 0.00 x 10° -30665.539(-30665.539 0.00 x 10° -30665.539
g05| 5126.498 | 5171.097 1.42x 10> 5126498 | 5171.311 1.43x 10" 5170.288
206 -6961.814 | -6961.814 0.00 x 10° -6961.814 | -6961.814 0.00 x 10° -6961.814
207 (24.3062091 | 24.30649 7.54 x 107 24.30627 | 24.30705 3.31x10"3  24.307
208 -0.095825 | -0.095825 0.00 x 10° -0.095825 | -0.095825 0.00 x 10° -0.095825
209| 680.6301 | 680.6301 0.00 x 10° 680.6301 | 680.6301 1.00x 107> 680.6301
g10| 7049.250 | 7103.024 8.82x 10> 7049.556 | 7106.478 8.92x 10!  7049.664
gll] 0.750 0.8997895 1.18 x 107! 1.000 0.9016549 1.18 x 107! 1.000
gl2| -1.000 -1.000  0.00x 10°  -1.000 -1.000  0.00 x 10° -1.000
g13] 0.053950 |0.3132858 2.13 x 107! 0.4388565 | 0.3144292 2.11 x 107! 0.4388585

Table 5 Average and minimum number of generations required for each algorithm to reach
the best known solution to each of the test problems adopted.

CDE

R1
| u min

u min

R2
u min

R3
u min

Cr random
u min

R. Desc.
u min

g01| 614.88 543 | 725.93 714 | 727.84 563 | 722.37 763 | 549.32 541 | 720.14 701
202 |5843.77 5954 [5963.33 5934]5960.73 59795939.29 5954 5950.26 5907 [5975.90 5995
£034134.24 3152(5719.55 4217]5693.44 4218|5650.55 4174 |5682.42 3128 5598.37 3505
04| 67533 476 | 87234 758 | 887.19 738 | 867.98 749 | 510.26 449 | 868.86 719
205 3456.54 1652 [4395.93 1786 |4293.48 3059 |4448.92 1411|3855.19 1346 [4316.96 1613
g06[1162.60 154 [1100.83 435 | 931.24 423 | 1092.50 445 |1070.48 291 [ 96539 496
207 [5945.12 4130 5973.51 5726 |5762.79 5834|5766.33 5730|5903.23 4976 [ 6783.88 5757
08| 16575 98 | 21459 100 | 163.16 97 | 161.65 97 | 161.61 78 | 162.18 102
£092621.86 1068 [3878.70 1481]3520.84 1581|3518.51 1374|2393.24 1028 (3417.16 1384
£105954.63 5921[5920.25 5975]5921.15 5985|5943.33 4895 |5875.74 4987 [5907.12 4989
gll| 536.14 367 | 457.28 302 | 401.55 302 | 417.25 302 | 166.14 230 | 391.43 466
gl2]201.72 163 | 15895 134 | 16348 119 | 161.76 129 | 159.32 119 | 172.54 132
g13|4119.88 4003 |4577.57 3876 |5184.46 2529|5007.46 3906 |5208.23 2258 |5136.14 3111

7 Conclusions and Future Work

We have proposed here a new hyper-heuristic for solving constrained optimization
problems. The proposed approach uses as its low-level heuristics a set of twelve
differential evolution variants. Additionally, the selection mechanism of differential
evolution was modified in order to make it able to handle constraints (stochastic
ranking was adopted for this sake).

The results obtained by our proposed approach are very promising, since they are
better than those produced by a state-of-the-art DE-based evolutionary optimization
approach (CDE). This indicates that the mechanism adopted by our hyper-heuristic
is working in a proper way.
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As part of our future work, we aim to improve the selection mechanism of our
hyper-heuristic. In order to achieve that, it is required to perform a more in-depth
study of the different DE variants adopted here, so that we can understand in a better
way how they work when dealing with constrained optimization problems. We are
also interested in adding to our hyper-heuristic other low-level heuristics such as
particle swarm optimization [9] and evolution strategies [[13], since we believe that
such approaches perform search movements that could complement those produced
by differential evolution. Evidently, the goal of adding more heuristics would be to
improve the performance of our hyper-heuristic.
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