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Abstract Differential evolution (DE) is a well-known evo-
lutionary algorithm which has been successfully applied in
many scientific and engineering fields. In most DE algo-
rithms, the base and difference vectors for mutation are
randomly selected from the current population. That is, the
useful population information cannot be fully exploited to
guide the search of DE through mutation. Furthermore, the
selection of parents in mutation has been verified to be critical
for the DE performance. Therefore, to alleviate this drawback
and improve the performance of DE, a novel DE algorithm
with a directional mutation based on cellular topology is
proposed in this study. This proposed algorithm is named
as Cellular Direction Information based DE (DE-CDI). In
DE-CDI, the cellular topology is employed first to define a
neighborhood for each individual of population and then the
direction information based on the neighborhood is incorpo-
rated into the mutation operator. In this way, DE-CDI not only
utilizes the neighborhood information to exploit the regions
of better individuals and accelerate convergence, but also
introduces the direction information to guide the search to the
promising area. To evaluate the performance of the proposed
method, DE-CDI is applied to the original DE algorithms, as
well as several advanced DE variants. Experimental results
demonstrate the high performance of DE-CDI for most DE
algorithms studied.
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1 Introduction

Differential evolution (DE), proposed by Storn and Price
(Storn and Price 1997; Storn et al. 2005), is a simple yet
efficient evolutionary algorithm for global numerical opti-
mization. It has many attractive characteristics, such as
ease to use, compact structure, robustness and speediness.
Recently, DE has been extended to handle large-scale, multi-
objective, constrained, dynamic and uncertain optimization
problems (Das and Suganthan 2011). Furthermore, DE has
been successfully applied to diverse domains of science
and engineering, such as pattern recognition (Das et al.
2008; Omran et al. 2005), chemical engineering (Wang and
Jang 2000; Lampinen 1999), engineering design (Joshi and
Sanderson 1999; Rogalsky et al. 1999), signal processing
(Das and Konar 2006), satellite communications (Wang and
Cai 2015) and so on.

In DE, two main factors significantly influence the per-
formance of DE: the control parameters (i.e., population size
NP, scaling factor F' and crossover rate Cr) and the evo-
lutionary operators (i.e., mutation, crossover and selection).
During the past decade, there are many enhanced DE variants
proposed in the literature. According to Neri and Tirronen
(2010), these advanced DE variants can be divided into two
categories: algorithms with additional components and algo-
rithms with a modified DE structure. In these DE variants,
modifications mostly focus on devising the new mutation
operators (Zhang and Sanderson 2009; Das et al. 2009; Wang
et al. 2014), employing the self-adaptive strategies for con-
trol parameters (Qin et al. 2009; Brest et al. 2006; Yang et al.
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2015), proposing the ensemble strategies (Qin et al. 2009;
Wang et al. 2011; Tang et al. 2015), developing the hybrid
DE with other optimization methods (Sun et al. 2005), etc.

In DE, the mutant vector, generated by the mutation oper-
ator, can be treated as a lead individual to explore the search
space and is constructed by adding a difference vector to a
base vector. However, these two vectors (i.e., the base and
difference vectors) in most DE variants are always randomly
selected from the current population. That is, the useful popu-
lation information cannot be fully utilized to guide the search
through mutation.

In order to alleviate this drawback and enhance the per-
formance of DE, a new DE algorithm with a directional
mutation based on cellular topology is proposed in this study,
which is named as Cellular Direction Information based
DE (DE-CDI). In DE-CDI, a cellular topology is employed
first to define a neighborhood for each individual of popu-
lation. Then, the neighbors of each individual are divided
into the superior and inferior groups according to their fit-
ness. Finally, the direction information is incorporated into
mutation by selecting two vectors from the superior and
inferior groups, respectively. Here, all the parents for muta-
tion are selected from the neighbors of the current vector.
In this way, DE-CDI not only utilizes the information of
neighboring individuals to exploit the regions of minima and
accelerate convergence, but also incorporates the direction
information of population to guide the search to the promis-
ing area. Therefore, the population information composed
by neighborhood and direction information can be simulta-
neously and fully utilized in DE-CDI to guide the search.

To evaluate the effectiveness of the proposed method, DE-
CDI is applied to six original DE algorithms, as well as
several advanced DE variants. With the analysis of the exten-
sive experiments on a set of benchmark functions, we can
clearly find that DE-CDI is able to improve the performance
of most DE algorithms studied.

The main contributions of this study include the following:

e Both neighborhood and direction information are fully
and simultaneously utilized in selecting parents for muta-
tion to guide the search of DE.

e DE-CDI provides a simple yet powerful approach for
improving the search ability of DE. In addition, DE-CDI
can be easily applied to other DE variants.

e The extensive experiments are carried out to show the
effectiveness of DE-CDI. The results demonstrate that
CDlI is able to enhance the performance of most DE algo-
rithms studied.

The rest of this paper is organized as follows: In Sect. 2,
the original DE is introduced. Section 3 briefly reviews some
related work. The proposed DE-CDI is presented in detail in
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Sect. 4. In Sect. 5, experimental results are reported. Finally,
the conclusions are drawn in Sect. 6.

2 DE

In this study, DE is for solving the numerical optimization
problem (Storn and Price 1997). Without loss of generality,
the optimization problem which is considered to be mini-
mized is f(X), X € RP, and D is the dimension of the
decision variables. DE evolves a population of vectors repre-
senting the candidate solutions. Every individual is denoted
as Xig = (x!G.x7 ..., xPg), where i = 1,2,..., NP,
NP is the population size and G is the current generation.

The DE algorithmic schemes can be classified using the
notation “DE/x/y/z”, where DE means differential evolution
algorithm, x means the method of selecting the parent that
constitutes the base vector, y means the number of differ-
ence vectors that are used to perturb x and z stands for the
crossover type employed.

2.1 Initialization

In DE, the initial population should cover the entire search
space as much as possible by uniformly randomizing indi-
viduals within the search space. Here, the jth parameter in
the ith individual is initialized as follows:

x] g =Lj+rand(0, 1) x (U; — L), (1)
where rand(0, 1) represents a uniformly distributed random
number within the range [0, 1], and L ; and U represent the
lower and upper bounds of the jth variable, respectively.
2.2 Mutation

DE employs the mutation strategy to generate a mutant vec-

tor V; g with respect to each individual X; . Here, several
widely used mutation strategies are listed as follows:

e DE/rand/1
Vic = Xr1,6 + F X (Xp2,6 — Xi3,6) (2)
e DE/rand/2

Vic = Xr1,6 + F x (Xy2,6 — Xr3,6)

+F X (Xra,6 — Xr5,G) 3)
e DE/best/1
Vi.c = Xvest,c + F x (Xr1,6 — X2,6) 4
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e DE/best/2

Viic = Xpest,c + F X (Xr1,6 — Xr2,6)
+F x (X;3,6 — Xra,6) (5)

e DE/current-to-best/1

Vi = Xig + F X (Xvest,c — Xi,G)
+F x (X1,6 — Xr2,6) (6)

e DE/rand-to-best/1

Vi = Xr1,6 + F X (Xvest,c — Xr1,6)
+F x (Xy2,6 — Xr3,6), @)

where F is called the mutation scaling factor, and the indices
rl, r2, r3, r4 and r5 are mutually exclusive integers ran-
domly generated within the range [1, NP], which are also
different from the index i. Xpegt, is the best individual vec-
tor at generation G. More details of them can be found in
Storn and Price (1997), Storn et al. (2005) and Das and Sug-
anthan (2011).

2.3 Crossover

The crossover operator is applied to each pair of X; g and
Vi.G to generate a trial vector U; . There are two kinds of
crossover scheme: binomial and exponential (Storn and Price
1997; Storn et al. 2005). The binomial crossover, as it is
widely used, is outlined as follows:

W U’JzG if rand(0, 1) < Cr or j = jrand @®)
66 xi{ g Otherwise,

where Cr € [0, 1] is called the crossover rate. jrang is a ran-

domly chosen integer in the range [1, D]. If uij’G is out of the

boundary, it will be reinitialized within the range [L;, U;].
2.4 Selection

The selection operator selects the better one from each pair
of X; ¢ and U; ¢ according to their fitness values for the next
generation. The selection operator is given as follows:

Uic
Xic

it f(Uig) < f(XiGc)
otherwise

XiG = [ ©)

3 Related work

This section briefly reviews some recently improved DE
variants that utilize the population information, especially

neighborhood and direction information, in the mutation
operators.

The neighborhood concepts are usually used to enhance
the performance of DE by the following ways: offspring
generation operator, structured population and local search
(Epitropakis et al. 2011). There are two main types of neigh-
borhood information: index-based and distance-based. For
the index-based neighborhood, the neighbors of each indi-
vidual do not necessary lie in the vicinity of its topological
region in the search space. Many DE variants utilize the
index-based neighborhood information with the structured
population. In these DE variants, the individuals for muta-
tion are selected according to a neighbor list constructed
from the population topologies. Two main canonical kinds
of structured population in DE is employed in literature,
i.e., cellular DE (cDE) (Noman and Iba 2011; Noroozi
et al. 2011; Dorronsoro and Bouvry 2010) and distributed
DE (dDE) (Weber et al. 2011, 2010; Neri et al. 2011).
In De Falco et al. (2014), the impact of several network
topologies on the performance of distributed differential
evolution was investigated. By using the ring topology, a
neighborhood-based mutation operator was proposed in Das
etal. (2009). In Omran et al. (2006), the self-adaptive DE was
enhanced using a ring neighborhood topology. In Omran et al.
(2009), by employing the concept of index neighborhoods,
the bare bones DE algorithm was proposed. To balance the
exploration and exploitation, an adaptive memetic DE was
proposed (Piotrowski 2013), where the ring topology was
used to construct the neighborhood of individuals for local
model. In Hu et al. (2014), the ring neighborhood topol-
ogy was employed to improve a memetic DE algorithm.
Recently, several population topologies, e.g. distributed, cel-
lular, ring, small-world, have been introduced in DE to
improve its performance (Dorronsoro and Bouvry 2011).
For the distance-based neighborhood, the individuals are
regarded as the neighbors of an individual when they locate
in the vicinity of its topological region in the search space. In
Epitropakis et al. (2011), a proximity-based DE framework
(ProDE) was proposed using an affinity matrix based on the
Euclidean distance to select the individuals for mutation. For
improving the performance of DE, the learning-enhanced
DE (LeDE) was proposed in Cai et al. (2012). In LeDE,
the neighbors of each individual were defined based on the
identified clusters. In Liang et al. (2014), a novel DE variant
that employed a modified Fitness Euclidean-distance Ratio
technique was proposed. In Sarkar et al. (2015), an effec-
tive new grouping strategy namely adaptive clustering and
reclustering was proposed based on Fuzzy c-means cluster-
ing technique and was integrated with a hybrid of crowding
niching technique and DE. To enhance the performance
on multi-modal problems, an ensemble crowding DE with
neighborhood mutation was proposed (Hui and Suganthan
2013).
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Due to that difference vectors in mutation of DE are
always constructed in a random manner, the direction con-
cept is incorporated into many DE variants to enhance the
exploration ability. In Wang and Xiang (2008), a new muta-
tion strategy, named as DE/rand/Amean, was proposed. In
this strategy, the population is partitioned into two groups
and the difference vector is constructed by randomly select-
ing the vectors from the two groups respectively. In Fan
and Lampinen (2003), a trigonometric mutation DE (TDE)
was proposed with a probabilistic triangle mutation strat-
egy that incorporates the direction information into DE.
Recently, anovel DE framework, DE with neighborhood and
direction information (NDi-DE), was proposed by design-
ing three types of direction information for mutation to
guide the search (Cai and Wang 2013). After that, adaptive
operator selection mechanism was introduced into NDi-DE
for different mutation strategies to dynamically balance the
exploration and exploitation (Cai et al. 2015). In Bi and
Xiao (2011), using the direction information with the current
best solution and the best previous solution of each individ-
ual, a classification-based self-adaptive DE was proposed.
In Iorio and Li (2006) and Liu et al. (2009), the direction
information was also employed to enhance the performance
of DE for the multi-objective optimization. In Zhang and
Yuen (2015), with a difference vector pool containing good
direction information, a directional mutation DE (DMDE)
was proposed to speed up the convergence of DE. Based a
distributed topology, a directional strategy was employed to
enhance convergence speed by using the direction informa-
tion in Gou et al. (2015).

4 DE-CDI

In this section, the proposed algorithm, i.e., DE-CDI, is
described in detail. First, the motivations of this study
are given. Second, two main components of CDI based
mutation, i.e., cellular topology-based neighborhood and
neighborhood-based directional mutation, are presented.
Third, the complete proposed framework of DE-CDI is
shown. Finally, the complexity of DE-CDI is discussed.

4.1 Motivations

As mentioned in Sect. 3, many attempts with neighborhood
or/and direction information of population are effective to
guide the search of DE. Furthermore, the selection of par-
ents in mutation has been verified to be critical for the DE
performance (Noman and Iba 2011; Noroozi et al. 2011; Dor-
ronsoro and Bouvry 2010; Weber etal. 2011, 2010; Nerietal.
2011; Das et al. 2009; Omran et al. 2006, 2009; Cai et al.
2012; Wang and Xiang 2008; Fan and Lampinen 2003; Cai
and Wang 2013; Bi and Xiao 2011). However, in most DE
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algorithms, on the one hand, the base and difference vectors
are always selected randomly or locally. That it, both neigh-
borhood and direction information are not simultaneously
and fully utilized during the evolutionary process of DE. On
the other hand, the individuals are often guided only with the
best individual of population, even if the best individual is far
away from the global optimum. By this way, the individuals
may be trapped in local optimum more frequently, especially
for the multimodal problems.

Based on these considerations, a directional mutation
based on cellular topology is introduced into the mutation
operator of DE to exploit the neighborhood and direction
information of population simultaneously. Thus, a simple and
effective framework, DE-CDI, is proposed. The primary idea
of DE-CDI is to incorporate cellular topology and direction
information into mutation to enhance the performance of DE.
In CDI-based mutation, there are two main components: cel-
lular topology-based neighborhood and neighborhood-based
directional mutation.

4.2 Cellular topology-based neighborhood

In order to define a neighborhood for each individual, the
cellular topology is introduced into the population. In the
neighborhood-based on cellular topology, the population
is spatially structured in a two-dimensional toroidal grid.
Each grid-point contains exactly one individual, and the
neighborhood of an individual is defined by the surround-
ing grid-points (Noman and Iba 2011). Here, the cellular
topology-based neighborhood is called Cn, where n indicates
the number of total individuals in the neighborhood (includ-
ing the current individual itself and its closest neighbors).
Figure 1 illustrates the concept with C9.

When employing Cn in DE-CDI, the population is struc-
tured in a regular grid of two dimensions and each individual
can only interact with its surrounding neighboring solutions
during the evolutionary process. As shown in Fig. 1, the indi-
vidual at the center position in the grid (i.e., X;) can generate
an offspring only with its eight closest neighbors (i.e., the
solid circles). That is, the interactions among individuals are

OO0O0OO0OO0O
OO0O0O0O0OO

Fig. 1 C9
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restricted to the closest ones, which will lead to slow diffu-
sion of information throughout the population.

In this way, the neighborhood information based on cel-
lular topology will be exploited fully to guide the search
of DE-CDI through selecting parents from the neighbors.
Although various neighborhood topologies, e.g., distributed,
ring or small-world topology, are proposed for DE (Dor-
ronsoro and Bouvry 2011), the cellular topology can obtain
the more attractive and robust results in our preliminary tests.
In the future work, the detailed comparisons of the DE-CDI
variants with other neighborhood topologies will be made.

4.3 Neighborhood based directional mutation

Based on the defined neighborhood with cellular topology,
direction information is introduced into mutation of DE by
selecting neighbors to construct difference vectors. The new
proposed mutation operator is named as neighborhood-based
directional mutation (NDM). In NDM, all the parents in
mutation are selected from the neighbors and the differ-
ence vectors are constructed by directing at a better neighbor
from a worse one. Concretely, according to the fitness of
the base vector, all of the neighbors are partitioned into the
superior and inferior groups, and the difference vectors are
constructed by randomly selecting two neighbors from the
superior and inferior groups respectively.

In order to illustrate how NDM works, a simple exam-
ple for DE/rand/1 with direction information based on C9
is shown in Fig. 2. As illustrated in Fig. 2, the base vector,
Xr1.G,1s randomly selected from the neighbors of X; ¢ first.
Then, based on the fitness of X, g, all the eight neighbors
of X; ¢ are partitioned into the superior and inferior groups.
Finally, the terminal point of the difference vector, X, g,
is randomly selected from the superior group, and the start
point, X,3 ¢, is randomly selected from the inferior group.
In this way, the direction information is incorporated into
mutation for guiding the search of DE to the promising area.

4.4 The framework of DE-CDI

The framework of DE-CDI is illustrated in Fig. 3. The
pseudo-code of DE-CDI with DE/rand/1 (named as DE-

Superior Group
</(X.6)

Inferior Group
> f(X,6)

YY) / Sl

| | 0 00
omeo =, (g% 90
\ ,‘,’
'YX X v \V e
[select %/e lect

iG :Xrl,G + Fx (sz,G . er,G)

Fig. 2 DE/rand/1 with direction information based on C9

Initialization

“4>| Elevate the fitness of every individual |

!

Cellular topology Neighborhood based

based neighborhood directional mutation

CDI based mutation

Crossover

Selection

Meet the end
condition?

Fig. 3 Flowchart of DE-CDI

CDI/rand/1) is also shown in Algorithm 1 where the dif-
ferences with respect to DE/rand/1 are highlighted with “x”.
It is clear that DE-CDI only affects the mutation operator and
it can be directly and easily applied to most DE algorithms.

When applying DE-CDI to the mutation operator that
employs the best individual (e.g., DE/best/1, DE/ current-
to-best/1 and DE/rand-to-best/1), the best neighbor of the
current individual will be served as the best individual for
mutation. That is, the best individual is refined in these
mutation operators. As for constructing the difference vec-
tor, when the base vector is the best or worst vector in the
neighborhood, two vectors will be randomly selected from
the neighborhood of the base vector and the difference vector
will be constructed by directing at the better vector from the
WOrse one.

4.5 The complexity of DE-CDI

Compared with the original DE algorithm, the additional
computation of DE-CDI depends on the selection of par-
ents for mutation, i.e., steps 5—7 in Algorithm 1. During one
generation, selecting individuals to construct difference vec-
tor based on Cn will take n — 1 times of comparison with
the base vector. Therefore, the additional computation of
DE-CDI is O(n). Since the complexity of the original DE
algorithm is O(Gpax X NP x D) where G,y is the max-
imal number of generation, the total complexity of DE-CDI
is O(Gmax X NP x max(D, n)).
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Algorithm 1 DE-CDI/rand/1

1: Generate the initial population P¢ and set G = 1;
2: Evaluate the fitness for each individual in P€;

3: While the terminated condition is not satisfied do
4:  For each individual X;; do

5: * Randomly select the base vector X, from the neighborhood
of Xi

6: * Partition all the neighbors of X; ¢ into the superior and inferior
groups by comparing their fitness with X; g;

7: * Randomly select X, and X3 from the superior and inferior
groups respectively;

8: Use Eq. (2) to generate a mutant vector;

9: Use Eq. (8) to generate a trial vector;

10: Use Eq. (9) to determine the survived vector;

11:  End For

12: SetG =G + 1,
13: End while

5 Experimental result and analysis

In order to evaluate the performance of DE-CDI, 25 bench-
mark functions from the CEC2005 special session on real-
parameter optimization (Suganthan et al. 2005) and three
real-world problems (Eshelman et al. 1997; Das and Sug-
anthan 2010) are used. In this section, the benchmark
functions are presented first. Then, the experimental setup
is given. Finally, the simulation results are analyzed and
discussed.

5.1 Benchmark functions

25 benchmark functions are used, denoted as F 1-F25, which
are from the special session on real-parameter optimization of
the 2005 IEEE Congress on Evolutionary Computation (CEC
2005) (Suganthan et al. 2005). According to Suganthan et al.
(2005), these functions can be categorized into four groups:
unimodal functions (F1-F5), basic multimodal functions
(F6-F12), expanded multimodal functions (F'13—F 14) and
hybrid composition functions (F15-F25). More details of
them can be found in Rogalsky et al. (1999).

5.2 Parameter settings

For a fair comparison, the same random initial population is
used to evaluate the performance of different algorithms. The
parameters are set as follows unless a change is mentioned:

Dimension of each function (D): 30 and 50.

Population size (NP): 100.

Mutation factor (F): 0.5.

Crossover factor (Cr): 0.9.

Number of neighbors (n): 13 (i.e., C13).

Maximum number of function evaluations (MNFEs):
10* x D.

e Number of runs (NumR): 25.
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In the experimental study, comparisons between six orig-
inal DE algorithms (i.e., DE/rand/1, DE/rand/2, DE/best/1,
DE/best/2, DE/current-to-best/1 and DE/ rand-to-best/1) and
their corresponding DE-CDI algorithms are made first. Then,
we compare the performance of DE-CDI with advanced DE
variants, i.e., CoDE (Wang et al. 2011), jDE (Brest et al.
2006), ODE (Rahnamayan et al. 2008) and SaDE (Qin et al.
2009). All the parameters of these DE variants are set as their
original papers except NP in CoDE and SaDE. For compar-
ing the algorithms with the same number of neighbors, e.g.,
n = 25 (C25) or 49 (C49), NP in CoDE and SaDE is set to
100. Simulations are carried out on an Intel Core i3 duo PC
with 3.30-GHz CPU and 4 GB RAM.

To show the significant differences among the competi-
tors, several nonparametric statistical tests (Garcia et al.
2009; Derrac et al. 2011) are also carried out by the KEEL
software (Alcald-Fdez et al. 2015). The results of single-
problem Wilcoxon signed-rank test at « = 0.05 (Garcia
et al. 2009; Derrac et al. 2011) are shown in the tables as
“+/ = /=", which means that DE-CDI wins, ties and loses
on the specific function when compared with its competitor.

5.3 Comparison with original DE algorithms

Six original DE mutation operators (see Eqs. 2—7) are used
here. The results for all the functions at 30D and 50D are
shown in Tables 1 and 2, respectively. The better values in
terms of mean solution error and standard deviation com-
pared between DE and its corresponding DE-CDI variants
are highlighted in boldface.

For the functions at 30D, the results of Table 1 show
that DE-CDI can provide significantly better results than
the corresponding original DE algorithms on most functions.
Specifically, for DE/best/1, DE-CDI exhibits substantial per-
formance improvements on 24 out of 25 functions. For
DE/current-to-best/1 and DE/rand-to-best/1, DE-CDI is sig-
nificantly better on 21 and 21 functions, respectively. For
DE/rand/2, DE-CDI can effectively enhance its exploitative
ability and yield significant improvements on 22 functions.
For DE/rand/1 and DE/best/2, DE-CDI is significantly better
on 11 and 9 functions, respectively.

For the functions at 50D, the results of Table 2 also show
that DE-CDI is consistently superior to most of the corre-
sponding DE algorithms. DE-CDI/best/1 is significantly bet-
ter than DE/best/1 on 22 functions, while DE-CDI/current-
to-best/1 and DE-CDI/rand-to-best/1 are significantly better
than their corresponding original DE algorithms on 21 and 21
functions, respectively. For DE/rand/1 and DE/rand/2, DE-
CDI significantly outperforms them on 10 and 22 functions,
respectively. For DE/best/2, DE-CDI is also significantly bet-
ter on 12 functions.
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Fig. 4 Convergence graphs of the original DE algorithm and the cor-
responding DE-CDI for the selected functions at 30D

Figures 4 and 5 also show that the convergence speed of
DE-CDI is better than the corresponding original DE algo-
rithms for most selected functions at 30D and 50D.

Furthermore, to show the significant differences between
DE-CDI and its corresponding DE algorithm, the multi-
problem Wilcoxon signed-rank test (Garcia et al. 2009;
Derrac et al. 2011) is also carried out on all the functions
at 30D and 50D. The results are shown in Tables 3 and 4,
respectively. For the functions at 30D, it is clear that DE-
CDI can obtain the higher R+ values than R— values in all
the cases. In addition, the p values in most cases are less
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Fig. 5 Convergence graphs of the original DE algorithm and the cor-
responding DE-CDI for the selected functions at 50D

than 0.05, which means that DE-CDI is significantly better
than most original DE algorithms overall. For the functions
at 50D, the similar results can also be obtained from Table 4.

5.4 Comparison with advanced DE algorithms

In order to evaluate the effectiveness of DE-CDI for the
advanced DE variants, four DE variants are used, i.e., CoDE
(Wang et al. 2011), jDE (Brest et al. 2006), ODE (Rahna-
mayan et al. 2008) and SaDE (Qin et al. 2009). The results

Table 3 Results of the multi-problem Wilcoxon’s test for DE-CDI versus the original DE algorithm for all the functions at 30D

Algorithm +/=/- R+ R— p value o = 0.05 a=0.1
DE-CDI/rand/1 vs DE/rand/1 11/10/4 228 97 7.58E—02 = +
DE-CDUl/rand/2 vs DE/rand/2 22/3/0 315 10 3.60E—05 + +
DE-CDI/best/1 vs DE/best/1 22/2/1 318 7 2.70E—05 + +
DE-CDI/best/2 vs DE/best/2 9/11/5 200.5 124.5 3.00E-01 = =
DE-CDI/current-to-best/1 vs DE/current-to-best/1 217212 319 6 2.40E—05 + +
DE-CDI/rand-to-best/1 vs DE/rand-to-best/1 21/3/1 295 5 3.20E—-05 + +
Table 4 Results of the multi-problem Wilcoxon’s test for DE-CDI versus the original DE algorithm for all the functions at 50D

Algorithm +/=/- R+ R— p value o = 0.05 a=0.1
DE-CDI/rand/1 vs DE/rand/1 10/5/10 161.5 138.5 7.32E—01 = =
DE-CDUl/rand/2 vs DE/rand/2 22/3/0 323.5 1.5 1.30E—-05 + +
DE-CDI/best/1 vs DE/best/1 23/1/1 298 2 2.10E—05 + +
DE-CDI/best/2 vs DE/best/2 12/9/4 221 79 4.11E-02 + +
DE-CDI/current-to-best/1 vs DE/current-to-best/1 22/1/2 296 4 2.80E—05 + +
DE-CDU/rand-to-best/1 vs DE/rand-to-best/1 22/2/1 296 4 2.80E—05 + +

@ Springer
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Fig. 6 Convergence graphs of the advanced DE variants and the cor-
responding DE-CDI for the selected functions at 30D

for the functions at 30D and 50D are presented in Tables 5
and 6, respectively.

In Table 5, it is obvious that DE-CDI exhibits significant
improvements for most advanced DE variants. Specifically,
for the DE variants with ensemble strategies, CoDE-CDI is
significantly better than CoDE on 22 functions, while SaDE-
CDI significantly outperforms SaDE on five functions. For
jDE, DE-CDI significantly outperforms it on eight functions
and is outperformed by it on two functions. For ODE, DE-
CDlI is significantly better on nine functions and is worse on
two functions.

For the functions at 50D in Table 6, DE-CDI also signif-
icantly improves the performance of most DE variants. For
CoDE and SaDE, DE-CDI is significantly better on 22 and
7 functions, respectively. For jDE, DE-CDI is significantly
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Fig. 7 Convergence graphs of the advanced DE variants and the cor-
responding DE-CDI for the selected functions at 50D

better on five functions. For ODE, DE-CDI can obtain the
significant better results on six functions.

From Figs. 6 and 7, it is clear that DE-CDI is better than
the advanced DE variants in terms of the convergence speed
for most selected functions at 30D and 50D.

Furthermore, the multi-problem Wilcoxon signed rank
tests at @ = 0.05 and o = 0.1 are employed to show the
significant differences between DE-CDI and its correspond-
ing DE variant, and the results are shown in Tables 7 and 8.
It is obvious that DE-CDI can obtain the higher R+ values
than R— values in most cases. These results indicate that DE-
CDI is able to improve the performance of most advanced
DE variants overall.

Summarily, the results of Tables 5, 6, 7 and 8 indicate that
DE-CDI can also bring the beneficial to most advanced DE
variants studied.

Table 7 Results of the multi-problem Wilcoxon’s test for DE-CDI versus the advanced DE algorithm for all the functions at 30D

Algorithm +/=/- R+ R— p value o = 0.05 a=0.1
CoDE-CDI vs CoDE 22/3/0 320 5 1.60E—05 + +
jDE-CDI vs jDE 8/15/2 197 128 3.30E—-01 = =
ODE-CDI vs ODE 9/14/2 269.5 55.5 3.71E-03 + +
SaDE-CDI vs SaDE 5/15/5 166.5 133.5 6.27E—01 = =
Table 8 Results of the multi-problem Wilcoxon’s test for DE-CDI versus the advanced DE algorithm for all the functions at 50D

Algorithm +/=/- R+ R— p value o = 0.05 a=0.1
CoDE-CDI vs CoDE 22/3/0 323.5 1.5 1.10E—05 + +
jDE-CDI vs jDE 5/16/4 166 134 6.35E—01 = =
ODE-CDI vs ODE 6/14/5 190 110 247E—-01 = =
SaDE-CDI vs SaDE 7/13/5 246.5 78.5 2.30E-02 + +

@ Springer



Cellular direction information based differential evolution...

8/91/1

100—21¢'T T00+260°C
0002000 200+200°C
$00—3S1°¢€ T00+2p¢’S
000+92C'6 0012506
0002000 200+200°S
100+961'¢ T00+°€6'8
000+21S°T 200+250°6
100+926'C T00+3L6'8
100+309°L TO0+SE’1
100+3L6°S 100+92S°8
100+3%€°€ T00+3CI ¥
100—99%°¢ 100+20¢"1
100—20S"L 000+2¢0°¢
€00+956°1 €00+°¥9'1
000+996'6 1001961
100+969°C 100+ 1t
100+98C°T 100+26+'C
20025y 100+201°C
€00—219°L €00—°¥6'¢
000+9S€°C 000+18°T
100+26°C 100+265°¢
C00—219°C T00—2CET
S00+26L"T SO0H21t'Y
900—2¢t"L S00—2L0'1
8702681 8C0—2661

100—3LT'T 200+260°C
0002000 200+200'C
€00—299°1 TO0+2F¢'S
100+3TET T002L6'8
10042009 T00+9CI'S
100+96S°€ T00+216'8
1001989 T00+278'8
100+296'C T00+286'8
T00+3€6°T T00+3LT"9
T00+369°T T00+9€L’S
100+311°9 200340t
100—30°% 100+99T°T
100—9S2°9 000+261°¢
€00+96€°C €00+3L9°1
000+92€°¢ 000+218°8
T00+2TT'T TO0+RLL'E
000+986°S 100+9LY'T
700—20¢"L 100+260°C
200—290°T €00—2°88°L
100+9CF'C 100+209°¢
100+30'% 100+2+0°¢
£00—360°T 900—200"%
$00+2969°6 S00+3€0°C
TI0—3pST C10—210°T
8C0—°0€"C 8T0—SY'C

1/€/1e

000+3€H"T T00+391°CT
900—9326'+ T00+200°C
$00—30L'€ TO0+3pE'S
000+269°6 2700+920°6
0002000 200+200"S
T00—3LLT 700129076
100—3%L"T T00+290°6
100—9€0°C T00+290°6
T00H3LET TOOHRIET
000-+308°L T00+9386°'T
100+966°€ T00+926°¢
T00—31€T T00+92€'T
100—985°9 000+21L'8
$00+968'T S00+991°1
000+39€°T T00+3pb°¢
T00+9€TT TO0+8LT
000+216°T TO0HRIL'T
700—20%'9 100+°60°C
T00—956°6 100—21SC
000+34T°S 100+99L°T
700+30T°¢ £00+9¢T'T
700+959°S £00+209°C
900+3€€'E LOOTITH'T
200+96'1 T00+9358°9
600—359'% 800—3S0°T

+
+
+
+
+
+
+
+
+
+
+
+

+
+
+
+
+
+
+

000+988°L TO0HRLET
S00—2¢6'L TO01200C
$00—21Sy T00+31¢’S
100+9€T T T00+3CH'6
$00—¢0°'T 200+200°S
100—360'¥ T00+2L0'6
100—99t"t TO0+3L0'6
100—3L1°€ TOO+3L0'6
100+29€°1 20021
100+20%"1 T00+281°C
$00—€$°6 200+200%
100—98€T 100+¢¢’]
000+2+0"T 000+°€L’8
$00+968°C S00+20¢"1
000+3t¥'T 100+9CS°¢
100+256°'T 20012661
000+380F 000+920T°L
200—20%'¥ 100+°01°C
000+9¢8°T 000+986'C
100496579 T00+9°8C'1
T00+9CI°S €00+266'¢
£00+6€°€ Y00+t 1
9001266 LOO+LT Y
£00129S°C £00120€"L
¥00—2L6'1 ¥00—9°CET

1/11/¢1

T00+3€T°T T00+97ST
0002000 200+200C
T00+9C8°C T00+250°L
100+21S°T T00+29€°6
T00+9€T ¢ T00+2ESL
100+9C1°9 T00+296'8
100+321°9 TO0+250°6
10019509 TO0+2€0°6
200+939T°T TO0+3SL'T
100+369°% T00+36€°T
100+3LE'S TOO+HTI Y
100—96$°9 100+21C°1
100—958°6 000+36LE
€00+961'F €00+I€T°S
000+91€°S T00+216C
100+201°C 100+3CF'6
T00+988°T T00+3SL'9
700—96S°S 100+201°C
000+93€€'9 000+995°€
L00+308°€ LOOHITH'T
T00+3€E'S €00+6LT
100—965"9 100—201°S
SO0+RIL'T SO0+9€S'E
T00—3LT°L TO0—99S°T
100+3S6'Y 100+3CL’1

+

100+219°T £00+2°89°1
100—9ST°6 T00+°00°C
200120S°C T00t+¥6'L
100+3LEY T00+216'6
200t21S$C C00t+21¥9
100+9€H'C T00+21T°6
100+3€4°C T00+20C'6
100+3LE"€ TOOH20C 6
T00+98¢'T T00+2S¢T
T00+9€¢ T T00+2E1T
100+986'L 200290t
100—999°S 100+961"1
0002061 000+261°9
$00+9ST°T #00+9€0
000-+32E°S T00+€€T
100+9S€1 T00+250°1
100+346°T 100+9€T'8
T00—262'L 1001260°C
200+276°T £00+3LY'S
S00+21S"T ¥00+280°S
20012809 £001280°C
100—3CI'T T00—°¥C'C
$00+2b¢°¢ $00+296'¢
€10—°LTL TI0—261"]
000+2t'¢ 000+2L6'

6/€1/€

100—216°T T001260°C
0002000 200+200°C
T00—381'T TO0+PE'S
100+26C'1 T00+266'8
1002009 T00+2C1°S
100+260°S T00+208'8
100+92L°€ T00+286'8
1001209t T00+206'8
100+219°C 100+988°S
100+3ST°T 100+9€S°S
100+99L°9 TO0+3%0't
100—9€8°T 100+9C¢’1
100—939€°9 000+9298°C
£00+9¢0°8 €00+9CI't
00012099 100+201°¢
100+9CI°C 100+3¢'y
000+20¢°L 100+9+8°C
700—21€°S 100+260°CT
C00—3LT TO0—2E¥'C
100+9ST°C 100+3LTE
20019891 T00+268C
S00—3LI"T 900—2IT’S
$00+2€T°9 S00+26¢1
CI0—2¢EST €10—°59°6
820—26%'1 8C0—=¥6'1

+

100+9C8°S T00+21TT
0002000 200+200'C
€00—97S"8 TO0+E'S
100+9CC'T 20019568
0002000 200+200°S
100+91Ly T00+9C8'8
100210 T00+206'8
100+266'C T00+266'8
100+262°1 100+5T°9
100+210°€ 1001389
100+950°S 2001290t
100—2399°S T00+3LT'T
100—217'8 000+21¥°¢
€00+201°€ €00+%9°1
000+3L0°S T00+H€S'T
100+3%€T T00+21¥'¥
000+2¢L’8 T00+920°¢
700—9€T'9 100+201°C
200—390°T €00—9268"9
000361 T00—¢€H'9
T00+3ST°L T00+3TE Y
0T0—361°T TT0—98¥'L
$00+296'F S00+9320°T
0T0—3L0°T 0C0—26S5°T
8C0—°pS"T 8T0—26L'L

(=/=/H

NS
sed
ved
£ed
wed
1zd
0zd
61d
81d
Lid
91d
SE
vl
€1d
(48!
114
01d
6d
8d
Ld
9d
s
bl
€d
w
14

1d5-4do

HdO-1dN

1dD-4ded

ddoD-1dN

1/524/1dD-9d

1/5°q/4d-1AN

1/puel/IdD-4d

I/puel/d-1AN

uonoun,g

@ 0g 1 suonouny ay) [[e uo gQ-IAN pue I[dD-dd Aq paurelqo sanfea I01d 1s9q 9y} JO UONRIAIP PIEPUE]S PUB UBIIN 6 BL

pringer

As



J. Liao et al.

LIT1/9

100—30LC T00+°€1'C
900—211°€ T00+200°C
700—986°'T T00+36¢°S
100+2€T°T T00+209'6
§00—26€"1 TO0+200'S
100+3¢H'¢ T00+211°6
100321t T00+290°6
100+39t°C TO0+3LI'6
100926 T00+9¢'1
100+96£°9 100+920'8
100+200°C 200+296°¢€
100—98€°¢ 100+67°C
000+11°C 000+3L6°S
€00+98%°6 ¥00+91°1
100+92¢'T 100+920°€
100+3T6°€ T00+208°L
100+3TT°T 100+20%"F
700—°89°¢ 100+RI1'C
€00—3¥1°S €00—2LI'C
100+9381°C T00+938€ Y
T00+21L°E €00+3F1'T
T00+9SL'E T00+C6'Y
S00+99L°S 900+98€°C
000+291°T 000+26¢"1
LT0—29%"T LTO—20¥"1

100—960°¢ T00+9¢1'C
900—211°€ T00+200°C
100+200°L T00+9¢S°S
100496271 T00+96S°6
§00—280° T00+200'S
100+2¢8% 200126076
100+3%S°€ TOOH3LI'6
100+36€ ¥ TO0+201"6
T00-3CT°E T00+3TT°L
100+3%%° 1 100+68°S
100+9€99 TO0+39L°€
100—936Ly 100+929T°C
000+3+C'T 000+2L6°S
#00+990°T #00+81°1
000+9L8'L T00+L9C
100+99$°C 100+210°6
100+216°T T00+2€9°9
700—96¢°¢ 100+211°C
€00—96S¥ €00—9L0"C
£001206' £00+29C'1
T00+9¢L’E €00+1PT
100+299°C T00+2€9°T
S00+39T°T SO00+20€°€
S00—3L6°T S00—2€0°€
[T0—9CL'E€ TI0—20SL

£/2/0C

000+9384°C T00+20€°CT
900—230T°C 700+200°C
700+99T°CT 700+979'8
000+93T€°€ T00+26T°6
T00+98S°T T00+9S8°L
100—9268°8 TO0+2LI"6
100—39%°6 T00+3LI'6
100—3Lp"8 TOOHILT'6
100+260°T T00+210°€
100+20T°T T00+2¥9°C
10012199 TO0+9L°€
T00—961°T T00+20€°C
000+20%T 100+9€CC
$00+211°9 S00+20€°9
000-+3%S°T T00+99L°9
TO0+9€TT TO0+EL'E
000+2Ly'y T00+9TE 'L
200—28T°S 100+211°C
T00—2$8°9 T00—96¢€"T
100+9T8°C 100+9€€°S
200+31EY €00+I€T°S
£€00+308°€ $00+2%1°C
LO0+30L'T LOO+218Y
€00+9S6°'T £00+29+'8
800—9S8°¢ 800—216'6

+
+
+
+
+
+
+
+
+
+

+

+
+
+
+
+
+
+

100+20LC 200+991°¢
€00—°1LT T00+200C
T00+2¢S°T 2001C9°6
100+210°T T00+2LS'6
2001298°1 200+20%"6
000+209°C 200+29T°6
000+218°C T00+2LT'6
000+2tS°€ T00+2LT6
100+318°1 TO0+98C'€
100+3LS"T T00+268C
T00+3LT°L T001269°€
100—9¢°T 100+21€C
000+93L0°€ T100+200C
S00+9€€°T S00+2609
00049961 10049589
T00+9L°T TO0+RLOY
100+360°T T00+9€6°C
200—280°¢ 100t2I1'C
000+2L9°¢ 000+936¢°S
200t2€0°C T00+ST'Y
€002 1 ¥00+2L0'1
€00+9€8°L Y00+2€T9
LO0T2L6'C 800+96L'T
€00198L'9 001305t
€00—°98'8 £00—°€T'L

1/€/1e

700+260°S T00+9€8°8
700+980°C £00+30T'T
200+9361°¢ 700+269°6
T00+311°C €00+210°T
700+98S°€ 7002048
100+261°C £00+220°L
100+96S°T £00+2€0°T
100+9328°T £00+920°1
100+306°L T00+9€8°T
100+9386°€ T00+20S°T
100+3¥6°€ T00+268°¢
100—316°9 100+240°C
000+3LL'T 000+96L°6
$00+99L°T $00+205°C
000+2¢6't 100+986°S
100+96Ly TO0+20€°T
100+36%°C TO013LIT
200—219'% 100+RI1'C
100+329°T 000+2L8°6
800+3CI'T LO0+396°C
€00+30'T £00+340°L
€00126S°T €00+279'1
S00+296°C 900+3+0°'T
T00—938L'S TO0—CL'T
200+956'F TO0+ILL'T

+
+
+
+
+

+ 4+ + + + + + o+

+
+
+

100+2¢8°T €00+208°T
100+21¥°C €00+°9C'1
T00+RLOT €00+RLI'T
100+9€9°C €00+11°T
TO0+RLE'T €00+2¢T']
100+9C1°¢ €00+210'1
100+218°C €00+260°1
100+986°¢ €00+2+0'1
100+981°8 2001+296'C
100+99L°6 TO0+3¥S°€
100+998°L T00+269°S
100—26£9 100+91°C
000+9SS°L T00+2+9°C
S00+39S°T S00+F1°S
000-+98T°S T00+HIET°S
100+3Ly'S TO0HRITH
100+981'% T00+9C8C
200—9¢H°€ T00+211°C
700+20¢°¢ €00+96¢°L
800+2€T"8 60012051
£€001262T°C Y00+26¢°1
£001266'1 £00129T°C
LOOH¥ES LOOT88'L
£€0012€9°S ¥00+205"1
€0019¢8°C €00+2¢L'L

11/v1/0

100—9CF'S T00+°61°C
900—211°¢ T00+200°C
T00+98C T T00+259°S
000+9¢¢°L T00+229°6
§00—9ST'1 T00+200°S
100+9CC T T00+2t1'6
100+986°C TOO+3LE'6
1001219t T00+20C°6
000+°SL'8 100+206'S
100+93S1°T 100+986°S
100+99$°9 TO0+2LL'E
100—3%€C 100+362°C
000+9ZST 000+216°S
€00+36S"L €00+3SL6
000498579 10042089
T00+H2LY T T00+1¥°L
100+981°T T00+°LI'S
700—206°¢ 100+211°C
C00—2€ST C00—28C'1
T00+9CE'T T00+96S7|
200t220Y €00+20T°€
100+21T°C 100+26L'1
$00+260'6 S00+26£°C
900—2¢¥'1 900—°9C'1
8C0—°¥8°¢ 8TO—2LY'L

T00—3LY"E TO0+HTT
900—211°€ T00+200°C
100+9€L'6 TO0+2LY'S
100+362°T T00+21S°6
100+21¢°8 T00+24T'S
100+989°€ T00+261°6
100+969°€ T00+9281°6
20012621 T00+2¢6'8
10012681 100219
100+98€°1 100+296°S
100+98%°8 TO0+3FS°€
100—21L°S 100+992°C
000+209°T 000+°€9°9
€00+9¢€9 €00+16°L
100+390°T T00+3¥6°¢
100+90°C 100+9¢8°L
100+9L0°C 100+299°L
200—200'% 100+211°C
200—391°T €00—98I°L
100+299°T 100+40°C
700+39¢°¢ £00+99¢°T
1009668 T00—2IT°L
$00+96€°S S00+96¢€T
0T0—DIT'8 010—268V
8C0—2€S Y 8CO—29C°6

(=/=/H

NS
sed
ved
£ed
wed
1zd
0zd
61d
81d
Lid
91d
sid
pld
€ld
(48!
114
01d
6d
8d
Ld
94
s
bl
€d
w
14

1d5-4do

HdO-1dN

1dd>-4ded

ddod-1aN

1As24/1dD-3d

[As°q/dd-1AN

[/Puel/IAD-4d

I/puel/gd-1aN

uonoun,g

@06 e suonouny ay) [[e uo g-IAN pPue [dD-dd Aq paurelqo sanfea JOLd 1s9q 9y} JO UONBIAIP PIepue)s pue Ued]y (] dqeL

pringer

Qs



Cellular direction information based differential evolution...

Table 11 Results of the

multi-problem Wilcoxon’s test
for DE-CDI versus NDi-DE for

all the functions at 30D

Table 12 Results of the

multi-problem Wilcoxon’s test
for DE-CDI versus NDi-DE for

all the functions at 50D

Algorithm +/=/— R+ R— p value a=005 «ao=0.1
DE-CDI/rand/1 vs NDi-DE/rand/1 ~ 3/13/9 133 192 1.00e+4-00 = =
DE-CDI/best/1 vs NDi-DE/best/1 13/11/1 182 118 353E-01 = =
CoDE-CDI vs NDi-CoDE 21/3/1 2855 145 6.70E-05  + +
ODE-CDI vs NDi-ODE 1/16/8 101.5 1985  1.00e+00 = =
Algorithm +/=/- R+ R— p value a=0.05 o=0.1
DE-CDI/rand/1 vs NDi-DE/rand/1 ~ 0/14/11 63.5 261.5  1.00e400 — -
DE-CDI/best/1 vs NDi-DE/best/1 21/3/1 298 2 1.70E-05  + +
CoDE-CDI vs NDi-CoDE 20/2/3 271.5 535 3.11E-03 + +
ODE-CDI vs NDi-ODE 6/12/7 134 166 1.00e+4-00 = =

Table 13 Average computational time (in seconds) used by all the DE algorithms and their corresponding NDi-DE and DE-CDI variants

Function 30D 50D
DE NDi-DE DE-CDI Ratiol Ratio2 DE NDi-DE DE-CDI Ratiol Ratio2

F1 3.588 33.821 3.995 1.113 8.466 16.257 80.813 16.685 1.026 4.843
F2 3.915 19.148 4.625 1.181 4.140 13.785 48.880 13.941 1.011 3.506
F3 3.988 15.287 4.525 1.135 3.378 13.042 45.801 13.341 1.023 3.433
F4 4.026 15.816 4.660 1.157 3.394 13.724 44.463 13.947 1.016 3.188
F5 2.578 15.026 2.925 1.135 5.137 7.408 39.327 7.565 1.021 5.199
F6 6.252 26.721 6.604 1.056 4.046 17.615 76.757 17.908 1.017 4.286
F7 4.422 19.706 4.893 1.107 4.027 13.868 62.276 14.243 1.027 4.372
F8 4.454 21.863 4.868 1.093 4.491 13.553 42.533 13.945 1.029 3.050
F9 4.356 18.362 4.761 1.093 3.857 13.594 57.956 13.757 1.012 4.213
F10 4.339 16.962 4.782 1.102 3.547 13.532 54.141 13.758 1.017 3.935
F11 102.666 115.593 103.142 1.005 1.121 218.216 322.655 218.815 1.003 1.475
F12 95.387 114.472 97.527 1.022 1.174 331.804 489.458 332.436 1.002 1.472
F13 7.472 21.570 7.514 1.006 2.871 25.926 71.932 26.241 1.012 2.741
Fl14 13.579 28.485 13.592 1.001 2.096 42.778 69.282 42.982 1.005 1.612
F15 230.323 250.545 232.197 1.008 1.079 689.966 742.986 694.158 1.006 1.070
Fl16 230.438 244.753 232.187 1.008 1.054 692.254 728.524 694.030 1.003 1.050
F17 230.900 242.120 232.484 1.007 1.041 691.545 716.976 694.295 1.004 1.033
F18 230.669 244.085 232.834 1.009 1.048 695.526 727.576 696.387 1.001 1.045
F19 230.852 244.428 232.819 1.009 1.050 693.948 731.694 696.132 1.003 1.051
F20 230.554 244.043 232.650 1.009 1.049 692.988 729.835 693.007 1.000 1.053
F21 254.672 270.637 256.856 1.009 1.054 759.837 802.121 760.931 1.001 1.054
F22 257.338 270.045 260.303 1.012 1.037 769.463 795.093 770.067 1.001 1.032
F23 256.583 273.930 258.809 1.009 1.058 763.027 803.024 769.837 1.009 1.043
F24 160.112 179.249 161.538 1.009 1.110 496.938 547.394 497.288 1.001 1.101
F25 161.033 172.423 161.877 1.005 1.065 497.525 532.460 499.864 1.005 1.065
Avg. 109.380 124.764 110.519 1.010 1.129 327.925 374.558 329.022 1.003 1.138

Ratiol means the value that the cost of DE-CDI is divided by that of the original DE algorithm. Ratio2 means defined as the value that the cost of

NDi-DE is divided by that of the DE-CDI

@ Springer



J. Liao et al.

100+990'6 TO0+96LT  —  100+26L°8T00+29TT —  T0036'C T00+36S€  TO0HPT'S €00+266'7  —  TO0+H2S6'Y €00+9667  —  T00+90T'E £00+H3TT'L cd
100—996'C 100—999°C —  TO0—oPL'9 T00—2E6'9 —  TOO—II9TTO0—TET  £00HLSTHO0HR6ST  —  €00+HRILTHO0HRLLT —  TOO+IS9'S €00+309°C v
S00+H2€0H S00HR0E'L  —  SO0+ALET S00+989°S  —  S00HI6LL SO00HRLP'Y  900--2SS'L LOOHTTY  —  900+96T'6 LOOHIE]T —  900+HIEE'E LOO-+HITH'T el
P00—2€C'E Y00—3TSY —  $00—P8THO0—ITT —  900—3€H'L S00—3L0T  €00+30€'T €00+316'8 —  €00+3T9'T #00+3PI'T  —  T00+H36HT T00+358°9 [
8T0—3SL°1 8T0—3ES'T = 8TO—2bL'18T0—HTT = 8T0—9681 8T0—366'T 900—3S6'1 900—36S' T —  S00—3LET S00—3LOT —  600—3S9"H 800—3S0°T 14
AAONA? le(o) el 1aD-4do FACONA° d4ae0Nd 1aD>-4aed uondun,y
I € z z € I yuey
or'l 087 081 61 8LT 0€'1 AdV

(=/=/+)
0/€1/zl Il - P1/01/1 TULI0 - NS
000--266'1 200+260'C  +  100+9L0°9 €000 1T —  TOOH9E1'TTO0+3TST  100—3SH'T TO0+H0I1T  —  000+908°€ T00+9STT  —  100—3LT°T T00+260'C Szd
0002000 T00+300C =  TO0+98TT CO0+HALI'T  —  000--200°0 TOO+300'T  000+300°0 TO0+200T =  100—989'1 200+200C — 0002000 TO0+200C ved
T00H°0€T T00+2KT’8 = 100+1T°9 €00+H361°T  —  TO0+H9TST TOOH3S0'L  $00—216'T TOOH3PES  —  000+3SI'T TO0HISE'S  —  $00—30LT TO0-+3HE’S €7d
100+21L°TT00+28€'6 =  1004999'9 €00+9S0'T  —  100+21S°T TO0+29€'6  000+9t'L TOOH3SH'6  —  000+959'8 €00+920°'T  —  000+3TH9 T00-+3S€E°6 e
T00--310°€ T00+3L6'9  +  TOOHALY'T €00+H3EI'T  —  TOOHIET'E TOOH3ESL  000+300°0 T00+200°S =  TO0—0%'6 TO0+H300'S  —  000+200°0 T00+300'S Izd
1004+98€°S T00+3v0'6 =  100+98E+ €00+9€0'T  —  1004+921'9 T00+996'S  000+360°T TO0+H301'6  —  000+3S8°€ Z00+307'6  —  000-+30b"T T00+960°6 0zd
1004+969°€ T00+961°6 = 100+3S€°€ €00+3C0'T  —  1004+921'9 T00+3S0°6  000+98€°1 T00+201'6  —  000+308+ T00+36E6  —  000-+301'T 200+260°6 61
100+9€2° T00+210'6 = 100+201°S €00+°€0'T  —  1004350°9 TO0+3€0'6  T004+31TTT00+390°6 +  000+36T°€ T00+20r'6 —  000+38Z T TO0+360'6 81d
200401 TO0H9%'T = TO0+98T'T TOOHALI'E  —  TOO+H39TT T00+3SL'T 10049651 T00+219C =  100+98€°1 T00+40€  —  100+3S1°T 200+35S°C L1d
TO0-+H3LET TO0H206'T =  TOO+0€'T T00+H209°€  —  100+369'% TO0+36ET 10043011 T00+9T€T =  100+9€H'1 T00+969T  —  100+320°1 T00+362°C 91d
1004+916'S T00+3T€F = TOO+HISTT TOO+H2IE9  —  100+3LE'S TO0+H3TIF 00042000 T00+H00F =  000+306'8 TOO+3L0Y —  100+9TS+ T00+996°€ S1d
100—20€9 T00F3LI'T  +  100—208'% 100+20TT =  100—3659 100+21T'T  100—36€'1 100+3v€'T = 100—96¥'1 100+3v€T =  100—3%6'T 100+31€1 vId
0003651 000+2€0r =  000+361% 100+3LET  —  100—358'6 000+96L°€  100—3LY'8 100+3PL'T —  000+3SI°T 100+3L0C —  T100—3h6°8 10049891 €1d
€00+35H'S €00+HESE = PO0HE9 Y S00+9€9T  —  €00+H361+ €00+E1'S  $00+3T0'8 SO0+30F'E  —  $00+3LL'O S00+990°S  —  $00+3L9'8 S00-+30L°C Tid
000-987°€ 100+999'C = 000+3PLT T00+3SS'T +  000+21S°S [00+216T  000+3LT'T 100+9S6'€ =  000+3ST'T 100+356'€ = 000+2r1'T 100+3L6°€ 114
100+986°'T T00+3bL'L +  100+9S0°9 T00+980C —  100+201°C 100+3T+'6  1004+350°T TO0+201'T = 100+21L°1 TO0+HEHFT  —  000+36T'6 TO0+350°T o014
100H361°T T00+30€'S  +  100+9€H'€ T00+H20ET  — 1009881 1004+35L°9  1004+320°1 TO0+266'T =  100+9S0°T TO0+HAI1'T  —  100+980°T T00+216'1 6d
T00—2%S'S 1004201 = TO0—2L8¥ 100+960T = TO0—36S'S 100+201'C  200—2€6'7 100+960T = TO0—b€'9 [00+960T = TO0—21+'9 100+260C 8d
T00—3LI'€ T00—296'C +  TOO+HIE9H €00+301'T  —  00043€E€9 000+99S°E€  00—9€9'8 €00—3SHT —  000+98E1 000+38ES  —  S00—3H6°E SO0—269'E JE|
000--3L°T T00—2LS'6  +  800+°0ST 800+%8'T  —  L004208°€ LOOHIY' T  100—97T'L 100+988°T —  €00+99%°€ €00+999°C  —  100--3€9°T 10042191 9d
T00--99L°9 €00+216'T  +  €00+H981°TH00+910'T  —  TOOHIEE'S €00+96LT  TOOHI61°E €00+6'T  —  TOOHIES'L €00+981'S  —  TOO-HISET £00+21C'T Sd
P00—391°T S00—2IS'E  +  TO0+998°L TO0+H9L69 —  100—36S°9 100—201'S  100+31€°6 T00+H91°C  —  €00+3STT H00+3IST  —  T00-+3S8°E T00+9LS'S d
P00--8L'T POOHIH'T  +  LOOHRI0T LOOHIEH'E  —  SO0+21LT SO0H9ESE  S00+908°S 900+9€0T  —  L00+H96T T LOOHILLY —  SO0-HTH 900492501 €d
ST0—99L°TSTO—9TT  +  €00+209% ¥00+9CI'T  —  TOO—3LT'LTO0—39ST  000+3SL'9 100+3TET  —  €00+HIELT €00+H9CLL  —  000--3LE'T 000+98E (]
LTO—36V'Y LTO—9P'T  +  €00+99T°T €00+98LT  — 10049567 100+9TLT  600—9S0°T 600—3L8T —  [00—96T+H 100—9€S'6 —  E€10—9€ES'8 TI0—98'T 14
1/599/AAINGD 1/899/AaINd 1/S29/1dD-Ad T/PURyAQINGD T/PURyAAING Z/PuRy/IaD-9d uonoun,

@ 0€ e suonouny Ay} e uo [D-dd Pue FANAO ‘AAINd £q paureiqo sonfeA Jo1Id 159q Y} JO UOTIBIAID pIepue)s pue uedJy I d[qeL

pringer

Qs



Cellular direction information based differential evolution...

CO'0 = PIe1sa) &:a.uuﬁvﬁw_m UOXOJ[IM U0 paseq [dD-HA wﬂ_—vcoamo.ﬁoo Ay} Yam UQH&QEOO UM SISO[ pue SaI) ‘Suim .HOHEOQEOO A} Je suonouny Jo oquunu Yy g, ,

J[qe) AU} UI UMOYS OS[e I® 159} UBWIPALL] Aq (AYV) Sonjea Junjues oSeroAe oy ],

4 € T C € I Auey
[4%¢ 144 L1 01'¢C 86C [43! NIV

=/ =/+)
6/91/0 8/91/1 - L1/9/C 81/S/C - NS
100—210°€ C00+201'C  —  100—°¢I'TT00+t360C — TO00—IIETTO0+t360°C 000+9€1'9TO0+3CET —  000+98T'8 COO+HHT  —  000+3€HT TO0+9T°T ged
000+200°0 200+200C = 000+°00°0 C00+200C =  0001200°0 T00+200C 000+200°0 CO0+200C = 900—2I88CO0+200C = 900—9°C6't T00+200°C vd
10012908 200+20S'S =  +00—996'C C00+3YE'S =  +$00—2SI'€ T00T3FE'S  $O0—EP'E TOOHHES +  $00—3S9°€ TOOHHE'S +  $00—90L°E TOO+¥E'S €cd
100+9€0°T TO0+2¢I'6  —  T00+980°'T TO0+260'6 =  000+9CT6 TOOT3S0'6  000+FL'6 TOOTIEHF'6  —  100+%0'T TO0+H3FS6  —  0001969°6 T00+320°6 ccd
100+900°9 C00+9CI'S = 000+°00°0 T00+200'S =  000+°000 TO0+200°S  000+°00°0 TOO+300'S = 900—°¢T9 TO0+200'S = 000+2000 C00+200"S Icd
100+°L6'€ T00+968'8 = T00+°16CC00+3L6'8 =  T00+96°¢ TO0+9¢6'8  100—998°€ C00+°80'6 —  100—9SS+ 200+980'6  —  T00—3LL'T T00+390°6 0cd
100+20S°€ T00+9€6'8 = 100+906C 200+996'8§ = 000+31S'T T00+9S0°6  100—93SS+ C00+980'6 —  100—98C+ 200+°80'6 —  T00—3bL'T T00+390°6 614
100+°78'% TO0+99L'8 =  T00+98%'¢ TO0+3C6'S =  T00+9C6'C TO0+2L6'S  100—906'€ C00+980'6 —  100—9CCH 200+9L0'6  —  T00—9€0°CT T00+390°6 81d
100+928°L TO0+H3CTTT = TO0+9IL'8TO0+H20¢T = T00+909°L TOOH3SET  100+98S°T C00+9EST  —  100+960C 200+9L9C  —  TO0HILE'T TOOHIIET L1d
100+92€°€ TO0H3LT'9 = TO0+9S8'LTO0H3SI'T = T00+9L6'S 100+9CS8  100+9S0°C C00+9LTC  —  100+9€9T 200+ —  000+208°L T00+386°T 914
100+200C 200+340t = T00+99L% TOO+H3CEy = T00+H9YE'€ TOOHTI'y  100+98¢+ C00+988'C =  100+9S6°C 200+988'C =  100+°66'€ C00+9C6°E SId
100—°P€°€ T00+38TT = T00—=YI'¢ 100+30€T = T00—29%°¢ T00+30¢T  T00—98S'T T00+°CE'T = T100—99TT 100+°€EC'T —  T100—21¢T 100+9C€'T 1d
000+9€6'T 000+266'€  —  000+9LTC000+999°L —  T00—20SL 000+2€0°€ T100—26¢°L 000+31C°6 —  T100—°LTL000+30€6 —  T00—98S9 000+31L’S eld
€00+H3PL'T €00+2EHFT = €00+30LT €00+°F€T = €00+3S6°T €00+3Y9'T  $00+266'T S00+39Y'T  —  $00+°T6'T S00+H319'T  —  $00+968°T S00+9T°T [qE!
000+30T°L T00+200'T = T00+2P0'T 000+9€€8 +  0001396°6 T00+SH' T 000+3CH' T TO0+ITS'E = 000+°ST'T 100+30S°C = 000+°9¢°T T00+3tt'¢ 11d
100+20€C 100+3STY = T00+9CT'¥ 100+3C6y = T00+969°C 100+¥I't  100+3LTT C00+9C0C —  000+°LLL TO0HSLOC —  TOOHIET'T TO0+H38LT 01d
100+296'T 100+2¥0tY  —  TO00+9CLTI00+3LSL  —  T00H38TT T00+H364'C  000+HTIE€T T00+29€'T  +  000+€HT T00+20¥'T  +  000+316°T T00+TL'T 64
200—0L°L T00+260C = T00—9€6'S 100+201'C =  TO0—SSH'¥ 100+201°C  TOO—2¢9°S T00+260C = TO0—98L€ T00+360C = TO0—20%'9 100+360°C 8d
€00—969°¢ €00—°8S'T = €00—38%'T #00—296C = €00—219°L €00—=¥6'C  000+°19°T 000+3C9'C —  000+3L0F 000+20S°'S —  TO0—9356°6 T00—21SC Ld
00+3TH'¢€ €00+206'9  —  T00+T99€T 100+9S6°€  —  000+3SECT 000+2TI8'T  100+990°L CO0+RT0C  —  100+26C°L TO0+39%'C  —  000+9HT°S T00+99L°C 94
HAOWd» HAOWd 1dD>-4do HAODNA> HAoDNd 1dD-4doD uonosung

ponunuod I dqel,

pringer

As



J. Liao et al.

Table 15 Results of the

multi-problem Wilcoxon’s test Algorithm (0 2) 3) Algorithm M @ 3)

between DMDE, cDMDE and DE-CDVrand/2 (1)  — 315.0°  2745°  DE-CDIbest/l (1)  — 319.0° 92,0

DE-CDI for all the functions at

30D DMDE/rand/2 (2) 10.0°  — 5.0 DMDE/best/1 (2) 6.0 - 4.0b
cDMDE/rand/2 (3)  25.5®  295.0°  — cDMDE/best/1(3) 233.0°  321.0
CoDE-CDI (1) - 295.0°  293.0*  ODE-CDI (1) - 242.5*  185.0
DMCODE (2) 3000 — 42.0° DMODE (2) 82.5P — 157.5
¢DMCoDE (3) 32.0° 25800 — c¢DMODE (3) 115.0 142.5

Upper diagonal of level significance o = 0.9, lower diagonal level of significance o = 0.95
2 The method in the row improves the method of the column
b The method in the column improves the method of the row

5.5 Comparison with NDi-DE

For investigating the effectiveness of DE-CDI with both
neighborhood and direction information, a DE framework,
i.e., NDi-DE (Cai and Wang 2013), is considered. Two orig-
inal DE algorithms, i.e., DE/rand/1 and DE/best/1, and two
advanced DE variants, i.e., CoDE and ODE, are used here
for comparison. The results for all the functions at 30D and
50D are shown in Tables 9 and 10, respectively.

In Table 9, we can find that DE-CDI can obtain the com-
parable results to NDi-DE for the functions at 30D. For
DE/rand/1 and DE/best/1, DE-CDI is significantly better than
NDi-DE on 3 and 13 functions, respectively. For CoDE and
ODE, DE-CDI can obtain the significant better results on 21
and 1 functions, respectively.

For the functions at 50D, the results of Table 10 show that
DE-CDI consistently perform as well as NDi-DE. Specifi-
cally, for DE/rand/1 and DE/best/1, DE-CDI is significantly
better than NDi-DE on 0 and 21 functions, respectively. For
CoDE and ODE, DE-CDI significantly outperforms NDi-DE
on 20 and 6 functions, respectively.

Furthermore, the multi-problem Wilcoxon signed rank
tests at « = 0.05 and o = 0.1 are carried out between DE-
CDI and NDi-DE. Tables 11 and 12 present the results for
functions at 30D and 50D, respectively. For the functions
at 30D, it is clear that DE-CDI can obtain the higher R+
values than R— values in the cases of DE/best/1 and CoDE,
while the lower R+ values than R— values in DE/rand/1 and
ODE. In addition, the p values in the case of CoDE are less
than 0.05, which means that DE-CDI is significantly better
than NDi-DE overall. For the functions at 50D, the results
of the multi-problem Wilcoxon signed rank tests show that
DE-CDI is significantly better than NDi-DE in the cases of
DE/best/1 and CoDE and is outperformed by it in the case of
DE/rand/1.

As discussed in Sect. 4.5, the complexity of DE-CDI is
O (Gmax X NP x max(D, n)). In Cai and Wang (2013), the
complexity of NDi-DE is O(Gmax X NP x NP x D) . To
show the efficiency of DE-CDI, DE-CDI is compared with

@ Springer

NDi-DE in terms of the average runtime on all the functions
at 30D and 50D. The results are shown in Table 13. In Table
13, the runtime value for each function means the average
overhead of all the DE algorithms considered in this study on
the corresponding function. In Table 13, the value of Ratiol
means the cost of DE-CDI is divided by that of the original
DE algorithm, and the value of Ratio2 means the cost of NDi-
DE is divided by that of DE-CDI. The last column “Avg.”
means the average value for all the functions.

From Table 13, it is clear that the Ratiol values are close
to 1 for all the functions at 30D and 50 D. It indicates that the
additional computational cost of DE-CDI is trivial in all the
cases when compared with the original DE algorithms. When
compared with NDi-DE, the Ratio2 values are higher than
2 for most of F1-F 14, which means that DE-CDI is more
efficient than NDi-DE for these functions. For the functions
F15-F25, most Ratio2 values are lower than 1.1. Different
from F'1-F'14, the evaluations of F'15—F?25 are costly. Thus,
the overhead of additional computational cost of NDi-DE
becomes trivial, which has been verified in Cai and Wang
(2013).

Overall, compared with NDi-DE, on the one hand, DE-
CDI does not need to select the type of direction information
and the scaling factor for different mutation operators. On the
other hand, the results in Tables 9, 10, 11, 12 and 13 clearly
show that DE-CDI can obtain the better or comparable results
to NDi-DE with low complexity.

5.6 Comparison with DMDE

In order to further show the high performance of DE-CDI,
a recently proposed DE variant with a directional mutation
operator (DMDE) (Zhang and Yuen 2015), is considered for
comparison. In DMDE, a pool of difference vectors between
the child and the parent individuals is calculated when the
fitness is improved at a generation, and the difference vectors
are randomly selected and incorporated into the mutation
operator (Zhang and Yuen 2015). In addition, to deeply study
the effectiveness of DE-CDI with different implementations



Cellular direction information based differential evolution...

100+3b6°C 100+36S°€ + 100+998°T 100+3L9°T + 200+2+0'T 200+2CC = 100+37L'8 TO0+3T8'T TO0+30T'E €00+3TTT + TO0+390Y €00+30TH + TOOHISET €00+3S0°S + 200+990°S £00+969°S d
T00—219°T T00—3TET + €00—3PT'H €00—3TLT + 100—266°C 100—2LS'T — T00—3T9'8 100—380' TO0+ISY'S €£00+309°T + €00+3LLT H00HIBI'T + €00+3SS'T $00+ITY'T + €00+266C #00+LS'T v
S00+36L°T S00H3TH + S00+H36LT S00+3L0E + S00+0€€ 009909 = S00+966'C S00+299°9 900+IEE'E LO0HITH'T + 900+36T'8 LO0+IL0'Y + 900+391'8 LOOHALE Y = LOO+HEH T LOO+HYT'S [
900—3€H"L S00—3L0T + 800—3HE"L 800—38S'S + #00—38E"L #00—79'S = $00—2+8'T ¥00—36E£'C 0036 T T00+3S8'9 + €00+3LTT £00+3TT'L + €00+3T9°T $00+300°T + €00+2€0°T #00+LI'T 4!
870—968'T 8T0—266'T = 8T0—3€9'C 8T0—3S9'€ — 8T0—280°C 8T0—29L'T = 8T0—3CH T 8T0—298'T 600—3S9"+ 800—3S0'T + S00—3166 +00—31C9 + +00—3H0"F €00—3H0°C + +00—20€'9 €00—200'€ 4
1aD-4d0 AIA-4d0 T140-4d0 HAO 1aD-4doD A1a-4doD TTdD-dd0D z(¢(%) uonoung

I 4 14 € I 14 € 4 quey

0¢'1 861 08¢ 06T 0¢'1 8L'¢ 9T 8TT AV

1/€/1C 0/8/L1 vI/11/0 - 1/2/ce 0T/S/0 T -(=/=/H)Nns

000+301'F T00+360°T + T00+3€9°€ €00+3SH'T + 100+88°€ £00+ES'T = 100+9¢°€ €00+21S'T TOOHIET'T T00+HTS'T + 100+209'F £00+79'T — 100+388°€ €00+LS'T = T00+LE'S £00+9S' T std
€00—99L°T T00+200°T + TOOHITET TOOHIHL'E + TO0+ST'T T00+H76'6 = TOOHLL'T TOOH2E8'8 000+300°0 T00+300°C + T00+€1'8 £00+20T T — TO0+38S'T £00++40'T = TOO+21S'T £00+280'T ved
T00+9T9°T TO0+3Lb'9 + TOOHITLT TOOHIEY'8 + TO0+8T T £00-+CI'T = TOOHTI'T €00+3L0'T TOO+ITYT T00+3S0°L + 100+29C'9 £00+20T' T — 100+3F9°L €00-+91'T — TOO+TH T €00+TT'T €td
T00H96L°T TO0HILT'6 + T00-H36T°E TOOHIGL'6 + 100+36L°E €00+920 T — 100+26+C T00+986'6 T00+ITST T00+39E6 + 100+208°S €00+270'T = 100+28C°S €00+3S0'T = 100+2+L9 €00+290'T d
200+395°C 200+3ST9 + T00+36S°T T00+H3T9°L + TOO+201°T €00+01° T = 200+989'T £00+920°T TOOHIET'E TO0HIES'L + 100+3L1°9 €00+3LT'T — 200+HIST'T €00+3F1'T = TOO+IL'T €00+90'T 12
100+359°9 200+378'8 + 100+99€°€ TO0+3FE'6 + 100+980°C 20042066 — 100+3CT ¥ TO0+EL'6 L00+ITL'9 T00+396°8 + 100+34T '€ €00+320'T — 100+20T°€ T00+216'6 = 100+301'% 200+216'6 ocd
100+326°9 T00+38L'8 + T00+36I°E T00+39T7°6 + 100+26L°T €00+200°T — 100+3CI'¥ T00+39L'6 L00+ITL'9 T00+3S0°6 + 100+950°€ €00+320'T — 100+201°C C00+218'6 = 100+31€°¢ T00+988°6 61d
100+9378'9 T00+3LS'8 + 100+309'T T00+3SE'6 + 100+259°€ 200+216°6 — 100+319°C TO0+36L'6 L00+3S0°9 T00+3€0°6 + 100+96€C €00+€0'T — 100+9€9°C T00+926'6 = 100+981°¢ T00+9€8°6 814
200+360°T TO0HILLT + T00+9TL'T TO0HALTT = TO0+209'T C00+991°C = 200+29% 1 T00+3SE'T TO0+I9TT TO0HISLT + TO0+HILY T T00+3C9'E = TOO+FE T T00+ITS'T = C00-+21€°T T00+9TT'€ L1d
100+36T°€ 100+3p€'8 + T00+HILL'T T00+F1°C = T00+298'T T00+206'C = TO0+381'C T00+209'C L00+369'F T00+I6E'T + TOO+A19'T TOO+SH'E = TOO+91°T T00+99$T = T00+2HT' T T00+916'C 91d
100+368'9 T00+3L6°€ + 100+98€°L TO0+ALT'F = 100+99'8 T00+269% = 100+31T'8 TO0+6S ¥ LO0+ILE'S TOOHITL'Y + 100+9€6°S TO0+T8'S = T00+368°6 TO0+LO'S + 100+9T8'S T00+959°S S1d
100—20€°S 100+2¢ 1T = 100—211+ 100+9CI'T = 100—29% ¥ [00+3ST'T = 100—26L+ [00+3ST'T 100—2659 100+21T° T = 100—2988+% 100+9CC’ T — 100—9SE¥ 100+20T' T = 100—¥¢ ¥ [00+381°1 vId
100—258°8 000+2¥$°€ = 100—2%F'L 000+21$'€ = 100—3CS'6 000+296'€ — 100—260°L 000+3ST°€ T00—3$8'6 000+6LE + 000+210°€ 100+380T — 000+2ELT 000+2F1°6 = 000+356'T 000+FL'L €14
$00+360°T $00+0L°L + $00+200°C Y0029+ = 00+EHT #00+L89 = $00+3LI'T ¥00+206'S €00+HI6L'H €00+IEL'S + $00+3SE'S SO0+HILS T — $00+HIIL Y S00+290'T = +00+¥6y S00+11°1 Tid
000+2€0°S 100+2¥1°C — 000+20L'T 100+9CT T = 000+26£°C 100255 T — 000+988°T 100+20€°T 000+21S°S 100+916C — 000+9CL'T 100+29t°C — 000+38E°€ 100+3€E°T = 000+21C 100+9CT'T R
100+380°T 100+30F°S + T00-H3EI°T T00+3SH'9 + 100+25$°€ T00+270'T — 100+208°T 100+208°8 T00+301°T 100+3TH'6 + 100+209°€ T00+20°C — 100+211% 200+C9'T = 100+298°€ T00+209'I ord
000+319°6 T00+358'F + T00+3SE T T00+39°S + 1002951 100-+3LL'9 = 100+7S'T 100+2LS'9 T00+388°T T00+3SL'9 + 100+LH'C T00+H26T T — 100+35S°C TO0+H21T'T — 100+209°C T00+290' T 64
200—201°S 100+960°C = T00—98S'S 100+260°C = T00—9CS+H 100+960C = T00—3C8'E 100+260°C T00—65'S 100+201'C = TO0—3C6'Y 100+260°C = TOO—SE'S 100+301°C = TO0O—EL'S 100+960°C 81
100+300°C T00+39Z°T + T00+399°€ £00+368°T + T00+20S ¥ €00+266'€ — TO0H2TS € €00+20LE 000+IEE9 000+39S°€ + TO0H9L ¥ €00+258°S — TO0+H91'S €00+28'€ = TO0+28F'S €00+959°€ L4
900+98€°T 900+3F0°T + 900123989 900+3€8°€ + 800-+81°C 800+29L°C — 800+€T T 800+3LE T LOO+308°E LOOHITH'T + 600+290'T 600-+249'T — 800+3LE '€ 800+201'F = 800+215°C 800+20%'€ 94
T00+39€H €00+H€T°T + TO0HITS'S £00+H3€0H + €00+9ZL T £00+9C1'8 — €00+30% T €00+9L6'9 TOOHIEE'S €00+H36L'T + €00+981'C +00+30€'T — €00+3SL'T €00+39%'6 = £00-+9S1°C £00+9+0°6 cd
€00—93L6'8 €00—3ST'E + T00+30L'S T00+30S°T + TO0+EL'6 £00+9CE T — T00+HISLY T00+999°L T00—36S°9 T00—0T'S + £00+3¢H'C €00+349'T — TO0+3SH'S T00+390'% = TO0+3L6'E TO0+H9F'T v
S00+31TH S00+H38LE + S00+H3ST'L SO0+ITL9 + 9009989 LOOHEE T — 900+3GL°S 900+316'9 SO0+HILLT SO0+IES'E + LO0+HHST LOOHILL Y — LOOHIFT'T LOOHI8S'T = L0O+9€E T LOO+TS'T [
T00+H3IH°T 1002199 + T00+3SS8 TO0HISL'6 + £00+980°€ £00+98E9 — €00+2KS T €00+HKTH TOO—ILT'L TOO—I9S'T + £00+9¢H'9 +00+39L'T — €00+386'C €00+381'9 = €00+98LE £00+3LED 4
100+3b6°T 000+3L9°6 + TO0HIST'T TOOHIES'T + €00+360'T £00+95ST — TO0+A10'6 €00+3T8'T L00+3S6'Y L00+ITL'T + €00+3TH 7 €00+99L°6 — €00+36L T €00-+SE+ = €00+969'T £00+30L'E 4
1/189Q-01-puel/[AD-HA  1/3$2Q-0-puel/JIA-dd 1/599-01-puey/ TTHD-HA 1/189q-01-puel/g( 1/4829/1AD-4A 1/4820/d1d-3A 1/A82q/ TTHD-AA 1/482q/4d uonoun,

@0€ e suonouny ay} [[e uo [qD-dd PUt YIA-9d “TTID-dd ‘A [BUISHO Aq paurelqo sanjea J01d 153 3y} JO UONBIAID pIBPUL)S pUe UBS]N 9T I[qEL

pringer

As



J. Liao et al.

9[qe} AY) UT UMOYS OS] Ik 1S9} UBWPALL] AQ (AYV) Son[eA Juruel oa5eIoAe oy ],

1 € C ¥ 1 [4 € 14 Auey

(44 0sC (Urd 98°C 9Tl 0ec 6'C (453 AV

wuvile YIET/8 1/1e/e - 0/€/7C 0/9/61 0/S1/01 - (=/=/+)Nns

T00—21€T T001260°C + 0012061 TOO+LY'C — 100—>+8'1 T00+260C = 100—21$'C T00+260'C 000+3€H T TO0+29I°T + 000+31L'9 TOO+3HH'T + 00093589 TOOHIEH'T + 000+2L9°6 TOO+29S°T scd
000+200°0 T00+200C = 000+200°0 200+200'C = 00012000 €00+200'C = 000+200°0 C00+200'C 900—326'F T00+200°C + S00—98°S T00+200'C + $00—3LS'T TO0+200'T + ¥00—21S°€ T00+200C ¥ed
$00—2S1°¢ TO0+H3t¢'S = 100+990°8 C00+20S'S = +00—216C C00+3FE'S = $00—20S "¢ TOOHHE'S P00—0LE TOOHIHE'S + $00—30L'E TOOHIE'S + $00—20¢ '€ TOO+3HE'S = 00—y CO0+FE'S €ad
000+23CC°6 C00+250°6 = [00+261'1 T00+2¥0'6 = 000+200'8 TOO+E1'6 = [00+291 I T00+260'6 00012696 T00+220°6 + 000+291°8 TO0H+CT°6 + 000+2€0°6 TO09%°6 + 100+€0T TOO+FS 6 ccd
0002000 200+200°S = 000+200°0 C00+200°S = 100+200"9 TOO+3CI'S = 00042000 Z00+200'S 0002000 T00+200°S + S00—3ZEY T001200°S + Y00—201°T T00+200°S + +00—=F1'C TO0+200"S 1cd
100+36%°€ T0013¢6'8 = 100+216'C TO01T2L6'8 = 100+¢8Y TO0T29L'8 = 0001361 TO0+350'6 TO0—3LL'T T00+290°6 + T00—6Z°C T00+3L0'6 + 100—2=10"¢ T00+280°6 = 100—20C¥ 00+80'6 0cd
000+21S°T 2Z00+3S0°6 — 0002651 T00+2S0°6 — 100+261"¢€ TO0+2€6'8 = 100—3LI'8 T00+270'6 T00—3PL T T00+2390°6 + T00—3IET T00H3L0°6 + 100—2LT'€ TO0T80°6 = 100—21€¥ TO0+80°6 61d
100+9C6°C Z00+L6'8 = 000211 TZ00+350°6 = 100+956'¢ T00+268'8 = 100+201'C Z00+210°6 L00—3€0°C T00+290°6 + L00—39I'€ TOO+3L0'6 + 100—30€"€ TO0+380'6 = 100—°¢9°C T00+280°6 81d
100+309°L TOOHISET = 100+381°6 COO+LY' T = 100+3S1°L T00+21H'T = 100+30S°L T00+39ST T00+ILE'T TOOHITET + 100+399°T TO0+0S°T + 100+961°1 TO0+6ST = 100+3€S°T TO0+2¥9T L1d
100+9L6°S 100+92S°8 = 100+2°88°9 TO0+2L0'T = 100+°89°C 100+3%C9 = 10019689 100+920°6 000+208°L T00+386'T + 1002081 200+H3+HT°C + 100+3S11 T00+292°C = 100+340°T T00+36TC 914
100+3%¢°€ T00+9CT'y = 100+2€1°8 T00+926'€ = 100+98S+ TO0+8C+ = 100+21¢°¢ TO0+3CI'H 100+266°€ T00+3T6°€ + €00—200°€ 200+200"F + T00—20ST C00+200Y = TO0—2L9'T TO0+200"t STd
100—29%°€ T00-H20€T + 100—0SC 100+9€E'T = T00—201F T00+38T'T + 100—3C6'C 100+3CE T T00—IE'T T00+9CET + 100—26%"1 100+°€€ T = 100—9S+"T 100+€€ T = [00—98% 1 100+9€€°T 4L}
T00—20S°L 000+2€0°€ + 000+20ST 000+°CS'S = 000+368°T 000+376°€ + 000+215°C 000+261'9 T00—38E'9 000+3TL'8 + T00—3CS'L 0001386 = T00—286'6 000+¢H'6 = 100—°1¢'L 000+°8°6 €ld
€00+9S6°T €00+279'T = €00+3I8'T €00+30E'T + €00+9L°¢ €00+H3¢6'T = €00+ T €00+9LTT $00+368°T S00H9T'T + $00+F1°C SO0+FS'T = +00+9S6°T S00+9TS'T = $00+F¥'C SO0+6ST cld
0001296'6 100+3SH' T — 100+201°T 100+261°T = 000+21T°6 100+2S1T = 000+9€€’6 000+9CT'6 000+29¢°T 100+FF'€ = 000+270T 100+3FS°€ = 100—2€8°6 100+26F'€ = 100—299°6 100+215°€ [RE}
100+269°C 100+27 1'% = 100+3STH 100+2€S°S = 100+261'1 100+298°¢ = 100+299% 100+260°S T00+HIETT TOOHIVL'T + 100+3CTT TO0266'T = 100+3F€ T TO0+RLO'C = 100+21S°T TO0H2LOT 014
100+98Z°T 100+26%°C + T00+30€°T 100+9SE°E + 100+39Z°C T00+3SLT + 100+266'C 100+268°L 000+216°T T00+21LT = 000+3L9°T T00+3T9°T + 000+26LT T00+39LT = 000+3+S'T 100+99L°T 6d
200—2Sty T00+201°C = TO0—36T'9 100+260°C + TO0—20S'S 100+°60'C = T00—288¥ 100+201'C T00—20t"9 100+260'C = T00—3CTH 100+360CT = T00—8EC ¥ 100+201'C = TOO—6¥'S 100+260C 84
€00—219°L €00—3%6'¢ = €00—2LT¥ €00—38Y T — €00—299°¢ €00—2LL'T = €00—3LT'€ €00—281'T TO0—356°6 T100—21S'T + 000+6Z°T 000+356'9 + 000+36L°C 100+3LT'T + 000+°1C°S 100+9CLT Ld
000+9S€°C 000318 + $#00—9389°L S00—3E'S + 100+299°C 100+3LI'S = [00+39%'C [00+26¢°S 000+3FT°S T00+9L°C + T00HTE L TOOHIEL'T + 10012669 TO0H3H6°C + 100+2L99 TOO+0t't 94
1d5-94do d1d-4do T195-4dO 4do 1dd-94ded A1d-g4ded TT4D-4doD d4d0D uonoung

peanunuod 9y IqeL,

pringer

Qs



Cellular direction information based differential evolution...

Table 17 Results of the multi-problem Wilcoxon’s test between original DE, DE-CELL, DE-DIR and DE-CDI for all the functions at 30D

Algorithm 1) ®) 3) ) Algorithm 1) ®)) 3) “)
DE/best/1 (1) - 193.0 295.02 7.0P DE/rand-to-best/1 (1) - 313.5% 1.0 5.0
DE-CELL/best/1 (2)  107.0 - 318.0°0  4.0° DE-CELL/rand-to-best/1 (2) ~ 11.5° - 4.0° 3.00
DE-DIR/best/1 (3) 5.0 7.0P - 5.0 DE-DIR/rand-to-best/1 (3) 299.02 296.00 - 7.0
DE-CDI/best/1 (4) 318.08  296.0°  320.0° DE-CDV/rand-to-best/1 (4) 295.08  297.0°  293.0°

CoDE (1) - 39.5P 18.5° 5.0° ODE (1) - 117.0 117.0 55.5P
CoDE-CELL (2) 285.5% - 50.5° 1.5 ODE-CELL (2) 183.0 - 170.0 115.5
CoDE-DIR (3) 306.58  249.5* — 13.0°  ODE-DIR (3) 208.0 155.0 - 140.5
CoDE-CDI (4) 320.0°0 298.5* 31200 - ODE-CDI (4) 269.5 184.5 159.5 -

Upper diagonal of level significance o = 0.9, lower diagonal level of significance « = 0.95

4 The method in the row improves the method of the column
>The method in the column improves the method of the row

O000000O 0000000 0000000 0000000
0000000 [oXe)el JeJoXe) Ce00000 0000000
[oJeJeX XeXoJe©) [ofe) X X JOXO) Ce00000 0000000
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[eJe)oX JeJeoJe) [o¥oy X I JoXe) Ce00000 0000000
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Fig. 8 Cellular topology-based neighborhood with different number
of neighbors

of directional mutation, an improved DMDE with cellular
topology, named cDMDE, is also presented here. In cDMDE,
the cellular topology is incorporated into the population of
DMDE. In this section, four DE algorithms, i.e., DE/rand/2
and DE/best/1, CoDE and ODE, are used. The results for all
the functions at 30D are shown in Table 14. Furthermore, the
results of the multi-problem Wilcoxon signed rank tests are
also presented in Table 15.

In Table 14, it is clear that DE-CDI can obtain the better
results than DMDE in all the cases. For DE/rand/2, DE-
CDl is significantly better than DMDE on 22 functions. For
DE/best/1, DE-CDI is significantly better than DMDE on
22 functions, while is outperformed by it on one function.
For CoDE and ODE, DE-CDI can obtain the significant bet-
ter results than DMDE on 18 and 8 functions, respectively.
From the results of Friedman test, DE-CDI obtains the bet-
ter average ranking values than DMDE in all the cases. The
results of the multi-problem Wilcoxon signed rank tests in
Table 15 also show that DE-CDI obtains the higher R+ val-
ues than R— values in all the cases, when compared with
DMDE. These results clearly indicate that DE-CDI is more
effective than DMDE to enhance the performance of DE.

When compared with cDMDE, on the one hand, DE-
CDI is consistently superior to it in most cases, except for
DE/best/1. On the other hand, it is interesting to find that
cDMDE can obtain the better results than DMDE in all the
cases. Therefore, it is clear that the neighborhood information
benefits DMDE. Furthermore, the effectiveness of DE-CDI
is also demonstrated when it is implemented with different
directional mutation operators.

5.7 Benefit of CDI components

In DE-CDI, the CDI-based mutation operator is composed
by cellular topology-based neighborhood and neighborhood-
based directional mutation. The experimental results pre-
sented above have shown that DE-CDI is effective for
improving the performance of DE. In this section, to identify
the benefit of these two components, two DE-CDI variants
are considered: DE-CELL that only incorporates the cellu-
lar topology-based neighborhood into DE and DE-DIR that
only introduces the neighborhood-based directional muta-
tion into DE. In DE-CELL, all the individuals for mutation
are selected from the neighborhood of the current individual.
In DE-DIR, based on the randomly selected base vector, the
whole population is partitioned into the superior and infe-
rior groups and the difference vector is constructed as that in
DE-CDI. Four DE algorithms, DE/best/1, DE/rand-to-best/1,
CoDE and ODE, are used for comparison. The results for the
functions at 30D are shown in Table 16.

From Table 16, both DE-CELL and DE-DIR perform
worse than the corresponding original DE algorithm in two
cases, while DE-CDI can obtain significantly better results
than DE in all the cases. Specifically, for DE/best/1, DE-
CELL and DE-DIR are significantly outperformed by the
original DE algorithm on 2 and 20 functions, respectively,
while DE-CDI is significantly better than the original DE
algorithm on 22 functions. For DE/rand-to-best/1, DE-CELL
and DE-DIR are significantly better on zero and 17 func-
tions, respectively, while DE-CDI is significantly better on
21 functions. For CoDE and ODE, all the DE-CDI variants
are significantly better on most functions. From the results
of Friedman test (Garcia et al. 2009; Derrac et al. 2011), DE-
CDI obtains the best average ranking values in all the cases.
In addition, both DE-CELL and DE-DIR perform better than
the advanced DE algorithms overall.

To further show the advantage of combining the neigh-
borhood and direction information in DE-CDI, the multi-

@ Springer
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Cellular direction information based differential evolution...

Table 19 Results of the
multi-problem Wilcoxon’s test

for DE/rand/1 versus DE-CDI
with different type of cellular
topology on all the functions at
30D DE-CDI with C13 vs DE/rand/1

Algorithm +/=/- R+ R— p value a = 0.05 a=0.1
DE-CDI with C5 vs DE/rand/1 2/10/13 67 233 1.00e+-00 = -
DE-CDI with C9 vs DE/rand/1 13/10/2 248 52 4.59E-03 + +
15/8/2 283 17 1.29E—-04  + +
DE-CDI with C25 vs DE/rand/1 13/9/3 252 73 1.51E-02  + +
DE-CDI with C49 vs DE/rand/1 11/14/0 250.5 74.5 1.47E-02  + +

problem Wilcoxon signed rank tests are also carried out and
the results are presented in Table 17. It can be found that
DE-CDI obtains the higher R4 values than R— values in all
the cases. According to the multi-problem Wilcoxon signed
rank test at « = 0.05, DE-CDI is significantly better than
DE-CELL and DE-DIR overall in most cases. These results
clearly show that DE-CDI is better than the corresponding
DE-CELL and DE-DIR overall.

From the results in Tables 16 and 17, we can obtain some
interesting observations. First, both the neighborhood infor-
mation and direction information are beneficial to enhancing
the performance of most DE algorithms studied. Second,
compared with the DE algorithm only with single informa-
tion (i.e., neighborhood or direction information), DE-CDI
can utilize the population information more effectively to
guide the search.

5.8 Parameter study

In DE-CDI, there is a control parameter (i.e., n in Cn) that
decides the neighborhood size of each individual. To test
the influence of the neighborhood size on the performance
of DE-CDI, the experiment studies with different n values
are carried out. DE/rand/1 is employed for comparison here.
Different number of neighbors, i.e., n = 5, 9, 13, 25 and
49, are considered. Figure 8 illustrates the cellular topology
based neighborhood with different number of neighbors. The
results are shown in Tables 18 and 19.

From Table 18, it is clear that DE-CDI with different n
values is better than DE/rand/1 in all the cases except n = 5.
In the cases of n = 9, 13, 25 and 49, DE-CDI is significantly
better than DE/rand/1 on 13, 15, 13 and 11 functions, respec-
tively, and is worse on 2, 2, 3 and zero functions, respectively.
In addition, DE-CDI/rand/1 with different n values can obtain
better average ranking value than DE/rand/1. According to
the results of Table 19, in the cases of n = 9, 13, 25 and
49, DE-CDI obtains the higher R+ values than R— values.
It indicates that DE-CDI with different n values significantly
outperforms DE/rand/1 overall. Furthermore, DE-CDI with
n = 13 and n = 9 obtains the best and second best results.
In the case of n = 5, DE-CDI obtains the worst results. The
reason may lie in that the neighborhood size (e.g., n = 5) for
each individual is too small to be partitioned into the superior

and inferior groups, and the direction information cannot be
utilized effectively to construct the difference vector.

According to the results in Tables 18 and 19, DE-CDI
with n = 13 is a good choice for the benchmark functions in
this study. In order to choose the appropriate neighborhood
size for DE-CDI, adaptive or self-adaptive parameter control
techniques (e.g., Zhang and Sanderson 2009; Qin et al. 2009;
Islam et al. 2012) will be studied in the future work.

5.9 Application to real-world problems

In order to test the effectiveness of DE-CDI on real-world
problems, three problems are selected from Eshelman et al.
(1997) and Das and Suganthan (2010). The first two problems
are from the CEC 2011 competition on testing EA on real-
world numerical optimization problems (Das and Suganthan
2010). One is parameter estimation for frequency modulated
sound waves (FMP) and the other is spread spectrum radar
poly phase code design (SRP). FMP is a highly complex
multi-modal problem with strong epistasis and SRP is with
numerous local optima and has proven to be an NP-hard prob-
lem (Das and Suganthan 2010). The last problem is systems
of linear equations problem (LEP) which has proven to be
quite difficult for the optimizers (Suganthan et al. 2005). For
each problem, MNFE:s is set to 150,000 (Das and Suganthan
2010). Table 20 presents the results.

As Table 20 shows, it is clear that DE-CDI can obtain the
better results than the corresponding DE algorithm in most
cases. Specifically, for LEP and SRP, DE-CDI is better than
the corresponding DE algorithms in 10 out of 12 cases. For
FMP, DE-CDI is better than the corresponding DE algorithms
in seven cases.

In sum, the results of Table 20 indicate that DE-CDI is
able to enhance the performance of DE on the real-world
problems considered.

6 Conclusions

In this study, a simple and effective framework, DE with
cellular direction information (DE-CDI), has been presented
for numerical optimization. In DE-CDI, the cellular topol-
ogy is employed to define a neighborhood for each individual
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DE-CDI

DE

DE-CDI

DE

DE-CDI

DE

2.22¢+000 4.05e—001

2.44e+000 1.16e—001

1.77e4-000 4.97e+000
7.09¢+000 4.84e+000

4.92e—001 2.46e+000
1.38e4-001 1.86e+000
1.34e4-001 5.39¢+000
3.61e+000 5.40e+000
9.60e+000 6.64e+000
1.41e4001 4.09¢+000

1.73e—012 8.13e—012
5.53e+000 2.91e+000

9.47e—005 3.99¢—005

1.06e—009 5.85e—010

DE/rand/1

2.42e+000 9.51e—002

2.46e+4-000 1.07e—001

3.36e—002 9.16e—003

DE/rand/2
DE/best/1

1.43e+000 1.32e—001

1.51e+000 1.98e—001

1.10e+001 6.03e+000
9.51e—001 3.10e+000

2.12e+000 4.38e+000
6.07¢+000 6.33e+000
1.34e+000 1.65e+000

9.70e—001 2.37e+000
6.01e—006 1.02e—005

8.11e+000 6.39¢+000

0.00e+000 0.00e+000
4.57e—001 1.72e4000

2.42¢+000 1.13e—001

2.45e4000 1.16e—001

DE/best/2

2.12e+000 1.76e—001

2.44e+4-000 1.32e—001

1.70e—011 5.90e—011
8.42¢—008 2.91e—007

DE/rand-to-best/1

1.50e+000 2.68e—001

1.76e+000 5.51e—001

8.12e—001 1.24e+000

2.32e+002 4.08e+001

DE/current-to-best/1
CoDE

JADE

jDE

2.14e+000 1.12e—001

2.16e+000 8.30e—002

7.09¢+001 1.45e+001

1.39¢+000 1.60e—001

1.49e+-000 1.95e—001

1.84e+4-000 4.30e+000
9.24¢—003 3.09¢—002

7.44e+4-000 7.24e+000
9.61e—001 3.33e4-000

4.60e—001 2.30e+000
1.90e—001 2.94e—001
3.87e+4-000 6.63e+-000
2.45e+000 4.96e+000
1.87e+000 1.75e+000

0.00e+-000 0.00e+-000

0.00e+-000 0.00e+-000
4.67e—007 1.56e—006

1.99¢+000 9.41e—002

2.00e4-000 8.83e—002

1.23e—011 2.11e—011

1.87e+000 2.43e—001

2.00e+000 2.51e—001

1.72e+4-000 1.84e+-000
2.93e—008 2.29¢—008

2.52¢—003 6.30e—003
6.52e—008 5.19e—008

MDE_pBX
ODE

1.24e+000 1.58e—001

1.19¢+000 1.89¢—001

1.93e+000 8.29¢—002

1.90e+000 8.01e—002

1.23e+000 2.24e+000

1.23e+001 3.12e+000

3.51e+001 1.11e4-001

SaDE

and the direction information is introduced into the mutation
operator by constructing difference vector with the neigh-
bors. In this way, the neighborhood and direction information
can be simultaneously and effectively utilized to guide the
search of DE. According to the extensive experimental study,
it is obvious that DE-CDI is able to enhance the performance
of most DE algorithms considered.

In the future, adaptive or self-adaptive methods for choos-
ing number of neighbors in the cellular topology-based
neighborhood will be investigated first. Then, the applica-
tion of DE-CDI to other real-world problems will be studied.
Finally, DE-CDI will also be extended to the multi-objective
and large-scale optimization problems.
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