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Abstract— In this paper, a fuzzy C-means clustering
approach is suggested for segregating the initial
population of Differential Evolution (DE) on the basis of
the membership function. The proposed algorithm called
FCADE further incorporates adaptive crossover and
mutation strategies into the segregated population. Three
variants of FCADE are proposed and are applied to
selected CEC2005 benchmark problems. The results, when
compared with some of the well-known adaptive
algorithms indicates the competence of the strategies
proposed in the present study in enhancing the
performance of the DE algorithm.
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I. INTRODUCTION

Differential evolution (DE), first proposed by Storn and
Price[1] at Berkeley, is a simple yet powerful evolutionary
algorithm [2]-[10]. The DE family of algorithms has been
frequently adopted to tackle multi-objective, constrained,
dynamic, large-scale, and multimodal optimization problems.
DE variants have been achieving top ranks in various
competitions held under the IEEE Congress on Evolutionary
Computation (CEC) conference series (e.g., see
https://www3.ntu.edu.sg/home/epnsugan/index_files/).

One of the trends that attracted the attention of researchers
working in DE is embedding adaptive behavior into the DE
population and also on mutation and crossover strategies.

The concept of the adaptive population was first suggested by
Teo in ([22], [23]). Deng et al. [24] developed an improved
self-adaptive differential evolution algorithm with multiple
strategies (ISDEMS). In ISDEMS, the population is
dynamically divided into multiple sub populations according
to the fitness value of the individuals. Multiple strategies are
used to improve the diversity of the individuals, to avoid
premature convergence and to ensure efficiency in exchanging
information among subpopulations. In[25], authors have
proposed a DE variant called adaptive population topology
differential evolution algorithm (APTDE) for solving
unconstrained problems. The authors showed that their
method helps in avoiding premature convergence by updating
the population topology adaptively. Aalto and Lampinen [26]
proposed an adaptive mechanism population-based DE called
cumu-DE in which a probability mass function mechanism is
used for automatically adapting the population size.
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Selected references on adaptive crossover and mutation
strategies are as follows: Islam et al. [27] proposed a new
mutation strategy with binomial crossover and two adaptive
control parameters. In their work, a biased selection method is
introduced where the mutant vector undergoes crossover with
‘p’ top-ranked population vectors, rather than with a single
target vector. The authors validated the results on 25 CEC
2005 benchmark problems. Qin and Suganthan [4] proposed a
self-adaptive DE (SaDE). In SaDE, suitable learning strategy
and parameter settings are gradually self-adapted according to
the learning experience during the evolution. Brest et. al [28]
proposed an adaptive DE called jDE and tested its
applicability on benchmark test problems. Mallipeddi et. al
[29] developed a DE named EPSDE with an ensemble of
parameters and mutation and crossover strategies. Zhang [30]
proposed adaptive DE (JADE) with an optional external
archive and validated its performance on benchmark test
problems. Liu and Lampinen [41] proposed FADE, in which
they used fuzzy logic to develop adaptive control parameters
Fand Cr.

DE variant, FCADE, proposed in the present study has two
main features: Firstly, it follows the distribution of population
points on the basis of Fuzzy C-Means Clustering and
secondly, the operators crossover and mutation follows an
adaptive strategy. Three variants of FCADE

The rest of the paper is organized as follows: Section II
discussed the DE algorithm. The Proposed algorithm is
illustrated in Section III. Section IV presents experimental
results. Finally, conclusions are given in Section V.

II. DIFFERENTIAL EVOLUTION

DE works in two phases, the first phase is initialization and
the second phase is evolution. In the first phase, the population
is generated randomly and in the second phase, which is
evolution, the generated population goes through mutation,
crossover, and selection process which are repeated until
termination criteria are met. The main steps of DE are as
follows:

a) [Initialization: During initialization, a set of the
uniformly distributed population is generated as
follows:

Let S¢={X/:j=12,..,NP} be the population at
any generation G, NP denotes the size of population.
Here, P denotes a D-dimensional vector as X[ =



{xf;, x5, ....,x5 ;}. XF is generated using uniformly
distributed random number
XjG = Xiow + (Xupp - Xlow)
*rand(0,1)
b) Evolution: This is the second phase where mutation,
crossover, and selection operations are performed.

Mutation: During mutation, a mutant vector VjG is
generated for each target vector X jG at generation G as
V}‘G =X5 + F+ (X5 —X5)
Two commonly used mutation strategies of DE are:
DE/rand/1/bin

(V = Xrandl_pos +F* (Xrandz_pos - Xrand3_pos))
DE/current-to-best/1/bin

(V = Xbest,pos +F = (Xrandz,pos - rand3,pos))

Where F is the scaling factor and the value of F ranges
between 0 to 1; r1,72,r3 €{1,2,...,NP} are randomly
chosen vectors different from each other and also from the
target vector.

Crossover: After mutation, crossover is performed to
generate a new vector called the trial vector denoted as TjG =

{tf I tg e tg' ]-}. Crossover is performed between the target

G _ (.G G G G _
Vectoer = {xlrj,xz‘j, ....,xDJ-} and mutant vector V] =
{vf_ I vy j,....,vg_]-} using a crossover probability Cr whose

value is betweenO to 1. TjG is generated as
6 {vfj if rand; < Cr
A le] otherwise
Where i € {1,2,...,D} and Cr € [0,1].
Selection: During this operation, a comparison is done
between the target vector and trial vector according to their
fitness value. The one having better fitness survives to the
next generation. This operation is performed as:
= {0 = 1)
J X otherwise
These three operations are repeated till
termination criterion is satisfied

a predefined

III. PROPOSED ALGORITHM

Fuzzy C-means Algorithm: Fuzzy c-means is a special type of
clustering algorithm which is based on the fact that a
particular data point may belong to more than one group or
cluster. It was proposed by Dunn [37] in 1973 and was later
improved by Bezdek, J. C [38] in 1980.

Fuzzy ¢ means (FCM) algorithm works by assigning
membership to each individual in the population
corresponding to each cluster center on the basis of the
distance between the cluster center and the data point. Nearer
the data to the cluster center, higher will its membership value
for that cluster. Clearly, the summation of membership for
each data point should be equal to one. Every individual in the
population is bound to a cluster by means of a membership
function, representing the fuzzy behavior of the algorithm.
Fuzzy c-means algorithm steps:

—_—

Let P ={p,,p,, --Pn} be the data set containing n

individuals, present in the search space.

2. Fix ¢ (number of clusters), where 2 <c¢ <n.

3. Randomly initialize cluster center for c clusters fixed in
step 2 represented as Y = {y;,¥,, ..., ¥ }. Create an initial
membership matrix Uy (where ‘U = (U;j)nc’ is the
fuzzy membership matrix for iteration 0) using a pseudo-
random initialization strategy.

4. Calculate the fuzzy membership p; using formula:

1

i = (D

2§ (@i die) @/ m=1)
where,
o dy = llp: —yll
o dy =i -yl
e m denotes the level of cluster fuzziness having a
value between 0 and oo.
5. Calculate the fuzzy center using the following formula:

Yo = Z=tbili i =123 ¢ (2)

n
i=1Hki

where,
ey, represents k' cluster center, and k: [1...c]
6. Calculate Objective function J(X, V) :

JP,Y) = B B o -y )
Where,
lpi— yil|’is the Euclidean distance between i data
and j cluster center.
7. Repeat steps 4-6, until ||US™*1 — Ui || < B (‘B is the
termination criterion fixed to 1%*e®) or when the

minimum value of J (weighted Sum of Squared Error) is
achieved (1*e’®).

Fuzzy C-means Adaptive Differential Evolution: The main

steps of FACDE(s) are as follows:

a) Initialization: Same as that of classical DE.

b) Clustering: After the completion of step (a); cluster

centers are generated and membership matrix Up is
randomly initialized for each population member.
Individuals are then segregated into different clusters as
per their membership value, i.e. individual 7' with
maximum  membership value for cluster %
(i {Vke[1,2,....c] and Vi €[1,2,.....,n]}) is assigned to
that cluster.
The center of 'c' (number of clusters) clusters and the
membership value of each individual (X£) is updated
(using eq-2 and eq-1 respectively) for each generation G
until a stopping criteria as defined in step (7) is achieved.
Thus for each generation, individuals are reassigned to
different clusters depending upon updated membership
matrix US (membership matrix U for generation G).

¢) Mutation:

Mutation strategy for FCADE: In FCADE, the mutation
strategy for each individual is decided according to the
cluster to which the individual belongs. Two possibilities
considered here are expressed through the equation
below.



14
( (Xipos + F * (Bestsolyos — Xipos) + F (thalpos - thdzpos»

= if X is in best individual's cluster

k Xrandl_pos +F* (XramdzpoS otherwise

- Xrand3pos)
Mutation strategies for FCADELl: For FCADE]l mutation
strategy is designed by considering three possibilities (1) the
current individual's cluster is the same as that of the best
individual or (2) the difference between the membership value
of the individual for both the clusters (boundary point) is less
than the threshold value (107-15) or (3) if neither of the two
possibilities are met.
For FCADE 1, the strategy is expressed as:
%4

{Xipos +F* (BeStSOIpos - Xipos) +F* (thdlpas - thdzpas)

if X isin best individual's cluster
= Xipos +F* (Minpos - Xipos) + F * (thdlpos - thdz,,os)
if boundary point

k Xrandl,pos +F = (Xra.ndzpoS - Xrand3p05) otherwise

Mutation strategy for FCADE2: In FCADE2, mutation
strategies are again defined by considering three possibilities
(1) current individual's cluster is same as the best solution
individual's cluster or (2) difference between the optimization
cost of current individual and the best_solution is less than the
threshold value (10"-15) (3) neither of the two conditions are
met. This strategy is defined as:

Xipos +F (BeStSOIpos - Xipos) +F (thdlpos - thdzpos)
if X is in best individual's cluster

BeStSOlpos +Fx (thdlpos - thdz,,os)
if threshold condition holds

V(
|
:

l Xrandl_pos +F* (X‘randzpoS - Xrand3pos) otherwise
For the above three strategies, the following notations are used
:V: Mutant Vector; F: Scaling constant, randomly
generated between 0.2 to 0.8; X;;,,: Position vector of the
current individual.,Bestsoly, : Position vector of the member
with minimum objective function value present in the entire
population known as Bestsol; Min,, : Normalized value of
the position of best solutions in both the clusters; Xppqa1 pos:
Position vector of the random member present in the same
cluster as a current individual known as neighborl; Xppa2 pos:
Position vector of the random member present in the same
cluster as the current individual known as neighbor2;
Xrand1_pos: Position vector of a random member present in the
population known as rand1; X;.gn42 pos: Position vector of the
random member present in the population is known as rand2,;:
Position vector of the random member present in the
population is known as rand3.

d) Cross-over: Crossover strategy is same for all three
variants. The trial vector TF = {t{;,tf; ...,t5;} is

G .
generated as t; = { Ué” if rand; S ¢r
Xy otherwise
Cross-over rate(Cr) is updated as follows for each
generationG:
Cr

_ (CRu, where CRu= CRu+rand 0.1 If f(T) < f(X)
- { CRl, where CRl = CRl + rand = 0.1 Otherwise
where:
f(T): Objective function value for trial vector T.
f(X): Objective function value for current individual X.
CRI: Lower limit for Crossover rate set as 0.1.
CRu: Upper limit for Crossover rate - CRu = I- CRI

e) Selection: same as classical DE for all three variants

IV. EXPERIMENTAL SETTINGS AND NUMERICAL RESULTS

CEC 2005[39] benchmark functions have been used to
evaluate, validate and compare the performance of proposed
variants with each-other and also with nine selected
algorithms taken from literature. Overall 25 functions in 10
dimension (10D) and 30 dimension (30D) scenarios are
considered. These include 5 unimodal functions, 7 basic multi-
modal functions, 2 expanded multi-modal functions, 11 hybrid
composite functions. Fig. 1 illustrates how FCADE attanined
the optimum values in some functions

The maximum number of Function Evaluation (FE) is set to
D*10,000 i.e. 100000 for 10D and 300000 for 30D. All
algorithms were executed 25 times independently. The
population size for each algorithm is set to 100 individuals for
both 10D and 30D. FCADE algorithm and its variants
FCADE1 and FCADE?2 carry out fuzzy c-means clustering for
grouping/ regrouping of the population with a cluster size of 2
and exponent of membership Z of 2. The proposed variants
adopt an adaptive cross over-rate with the initial value of the
crossover rate as 0.1 that is updated for each generation. The
scaling factor for mutation is randomly generated between the
range [0.2, 0.8].

For the purpose of comparison nine algorithms selected from
literature include two basic variants of DE: DE/rand/1/bin[1],
and DE/current-to-best/1/bin[1]; four most frequently referred
adaptive variants of DE: jDE[28], SaDE[4], EPSDE[40],
JADE[30] and three contemporary variants of Particle Swarm
Optimization (PSO): APSO[31], CLPSO[31], OLPSO[31].
Table I shows mean error obtained through FCADE,
FACDEI1, FCADE2 algorithms. From Table [, it can be
observed that FCADE outperforms the other two algorithms
for 12 functions in 10D and 21 functions in 30D. FCADE
performed better in comparison to FCADE1 and FCADE2 in
terms of convergence also, which is visible from the graphs
depicted through Figure 2. For all the functions considered
here, the trend is similar however, only selected graphs are
presented because of page limitation.

Tables II and III provides a comparison of FCADE with other
nine algorithms for 10D and 30D problems respectively. From



the results, it can be observed that, for 10D problems, the
FCADE algorithm outperforms jDE in 16 functions, SaDE in
12 functions, EPSDE in 8 functions and is better than JADE in
10 functions. We also observe that FCADE outperforms all
the algorithms for the functions f18-f25, indicating the
competence of FCADE for hybrid composition functions.
From Table 3, it can be observed that, for 30D problems,
FCADE algorithm outperforms jDE in 13 functions, SaDE in
10 functions, EPSDE in 14 functions, JADE in 8 functions,
APSO in 20 functions, CLPSO in 18 functions, OLPSO in 22
functions, DE/rand/1/bin in 22 functions and beat DE/current-
to-best/1/bin in 21 functions. It is also observed that FCADE
outperforms all the algorithms for the functions f17, £21-24,
indicating the competency of FACDE for hybrid composition
functions in 30D as well.

Statistical Analysis: Friedman’s ranking test is applied to
analyze the performance of algorithms statistically for mean
error. Table IV shows the ranking of algorithms for 30D.
JADE got the best rank as it outperformed almost all the
algorithms including FACDE, which secured the second rank.

22 776E+0 | 7.74E+0 | 7.76E+0 | 8.63E+0 | 9.06E+0 | 9.10E+0
2 2 2 2 2 2

23 578E+0 | 7.32E+0 | 7.16E+0 | 5.34E+0 | 7.54E+0 | 7.24E+0
2 2 2 2 2 2

24 2.00E+0 | 2.65E+0 | 2.00E+0 | 2.00E+0 | 4.42E+0 | 3.65E+0
2 2 2 2 2 2

25 2.00E+0 | 2.00E+0 | 2.43E+0 | 1.63E+0 | 1.63E+0 | 1.63E+0
2 2 2 3 3 3

function 1 function 4 function 8

function 21

function 17
Figure 1. Optimum attained for selected functions through FCADE

function 15

TABLE L. COMPARISON OF RESULTS OBTAINED FCADE, FCADEI,
FCADE2
Function 10D 30D
s

FCADE FCADE FCADE FCADE FCADE FCADE
1 2 1 2

1 0.00E+0 0.00E+0 0.00E+0 0.00E+0 0.00E+0 0.00E+0
0 0 0 0 0 0

2 0.00E+0 0.00E+0 0.00E+0 5.19E-07 | 6.60E-04 | 6.66E-04

0 0 0

3 8.61E+0 3.12E+0 2.12E+0 1.27E+0 1.59E+0 1.72E+0
3 4 4 5 5 5

4 0.00E+0 0.00E+0 0.00E+0 8.56E-04 | 7.37E-04 7.12E+0
0 0 0 0

5 0.00E+0 0.00E+0 0.00E+0 1.12E-01 1.35E+0 4.79E+0
0 0 0 2 1

6 8.35E-06 | 8.10E-02 | 2.04E-01 1.30E+0 3.94E+0 1.45E+0
1 8 8

7 1.27E+0 1.27E+0 1.27E+0 4.70E+0 4.70E+0 4.70E+0
3 3 3 3 3 3

8 2.03E+0 2.03E+0 2.04E+0 2.09E+0 2.09E+0 2.09E+0
1 1 1 1 1 1

9 8.67E-01 1.19E+0 1.37E+0 0.00E+0 3.99E+0 4.00E+0
1 1 0 1 1

10 1.32E+0 1.92E+0 1.96E+0 3.26E+0 1.12E+0 1.37E+0
1 1 1 1 2 2

11 1.57E+0 1.21E+0 1.58E+0 1.13E+0 2.41E+0 2.06E+0
0 0 0 1 1 1

12 6.15E+0 3.23E+0 2.21E+0 3.33E+0 4.69E+0 7.98E+0
0 2 2 3 4 4

13 1.91E+0 1.59E+0 1.55E+0 3.33E+0 1.32E+0 1.34E+0
0 0 0 0 1 1

14 3.25E+0 2.74E+0 2.76E+0 1.22E+0 1.25E+0 1.24E+0
0 0 0 1 1 1

15 2.51E+0 1.82E+0 2.02E+0 3.40E+0 4.37E+0 3.63E+0
2 2 2 2 2 2

16 1.09E+0 1.19E+0 1.18E+0 7.7TE+0 2.51E+0 2.73E+0
2 2 2 1 2 2

17 1.51E+0 1.43E+0 1.38E+0 1.10E+0 3.06E+0 2.86E+0
2 2 2 2 2 2

18 4.14E+0 6.36E+0 6.48E+0 9.04E+0 9.43E+0 9.28E+0
2 2 2 2 2 2

19 4.52E+0 6.96E+0 6.34E+0 9.04E+0 9.23E+0 9.16E+0
2 2 2 2 2 2

20 4.64E+0 6.74E+0 6.03E+0 9.04E+0 9.34E+0 9.25E+0
2 2 2 2 2 2

21 5.00E+0 5.46E+0 6.35E+0 5.00E+0 5.55E+0 6.13E+0
2 2 2 2 2 2

TABLE II. COMPARISON OF RESULTS USING DIFFERENT
ALGORITHMS (10D)
Algorithm f1 2 f3
/

Function mean stdev mean stdev mean stdev
jDE 0.005+g 0.005+g 6.01E-17 | 1.30E-16 | 4.15E-05 | 2.05E-04
SaDE 0.005+g 0.005+g 0.005+g 0.005+g 148525 | 6.035.26
EPSDE 0.005+g 0.005+g 0.005+g 0.005+g 96525 | 17356
IADE 0.0015+g 0.0015+g 0.0015+g 0.0015+g 303526 | 2.655.26
FCADE 0.00E+0 0.00E+0 0.00E+0 0.00E+0 8.61E+0 5.78E+0

0 0 0 0 3 3
Algorithm 4 f5 fo
/
Function mean stdev mean stdev mean stdev
jDE 2.36E-16 | 2.86E-16 | 2.40E-12 3.43E-12 8.37E-02 | 2.33E-01
SaDE 0.0%EH) 0.0%EH) L10E07 | 7.13E.08 1.3%E+1 0.0%EH)
0.00E+0 0.00E+0 0.00E+0 0.00E+0 0.00E+0 0.00E+0

EPSDE 0 0 0 0 0 0

JADE 0.00E+0 0.00E+0 0.00E+0 0.00E+0 6.39E-01 1.50E+0
0 0 0 0 0
0.00E+0 0.00E+0 0.00E+0 0.00E+0 8.35E- 2.95E-

FCADE 0 0 0 0 06 05
Algorithm 7 8 9

/

Function mean stdev mean stdev mean stdev
iDE 1.27E+(3) 0 28E13 2.04E+(1) 607E02 0.005+g 0.005+g
SaDE 171802 | 206802 | O | 6ip0y | OO0EY0 | 000EF0
EPSDE | 394602 | 34s8-02 | 'Y | 5003 | C00FD | 0-00E4
IADE 1.27E+(3) 098613 2.03E+(1) 070502 0.0015+3 0.0015+g
reapE | MR oogpas | 2O | g ep0z | seE0-01 | 880E01
Algorithm f10 f11 f12

/

Function mean stdev mean stdev mean stdev
‘DE 1.17E+0 2.46E+0 5.39E+0 1.71E+0 5.82E+0 2.68E+0
] 1 0 0 0 1 2




SaDE 6.71E+0 1.66E+0 4.50E+0 1.74E+0 2.51E+0 9.14E+0
4 0 0 0 0 3 2
EPSDE 3.30E+0 9 59E-01 4.16E+0 3.21E+0 5.00E+0 7.07E+0
0 0 0 0 0
IADE 3A81E+g o 13501 4A16E+g 2 39R01 6A23E+(l) 2A68E+(2)
FCADE 1.32E+0 9.13E+0 1.57E+0 1.47E+0 6.14E+0 1.09E+0
1 0 0 0 0 1
Algorithm f13 f14 f15
/
Function mean stdev mean stdev mean stdev
iDE 425801 | a43e02 | 0 pq0p0r | 2FTERY | SOSERD
SaDE 612802 | 9.09E02 | *WED | agspr | SOET0 | 132E
EPSDE | 413801 | 1osgor | TOSET0 | gaipgy | SIE0 | TR
JADE 352601 | 653602 | 2T | aa0mr | A0 LI0ER
FCADE 1.91E+0 379E-01 3.25E+0 328E-01 2.51E+0 1.94E+0
0 0 2 2
Algorithm f16 f17 f18
/
Function mean stdev mean stdev mean stdev
DE 1.10E+0 6.73E+0 1.30E+0 1.03E+0 5.40E+0 2.55E+0
] 2 0 2 1 2 2
SaDE 9.65E+0 7.57E+0 1.13E+0 8.66E+0 7.60E+0 1.38E+0
4 1 0 2 0 2 2
EPSDE 9.76E+0 4.40E+0 1.21E+0 6.28E+0 6.37E+0 3.03E+0
1 0 2 0 2 2
9.67E+0 5.72E+0 1.03E+0 6.26E+0 6.99E+0 2.31E+0
JADE
1 0 2 0 2 2
FCADE 1.09E+0 2.02E+0 1.50E+0 1.93E+0 4.14E+0 2.16E+0
2 1 2 1 2 2
Algorithm f19 20 21
/
Function mean stdev mean stdev mean stdev
‘DE 5.80E+0 2.53E+0 6.80E+0 2.18E+0 5.28E+0 1.10E+0
] 2 2 2 2 2 2
SaDE 7.80E+0 1.00E+0 7.60E+0 1.38E+0 5.04E+0 1.74E+0
2 2 2 2 2 2 2
5.82E+0 3.11E+0 5.62E+0 2.96E+0 4.80E+0 6.10E+0
EPSDE 2 2 2 2 2 0
JADE 6.82E+0 2.19E+0 6.60E+0 2.29E+0 5.16E+0 2.15E+0
2 2 2 2 2 2
4.52E+0 2.45E+0 4.64E+0 2.47E+0 5.00E+0 1.74E-
FCADE 2 2 2 2 4 13
Algorithm 22 23 24
/
Function mean stdev mean stdev mean stdev
‘DE 7.63E+0 3.62E+0 6.14E+0 1.38E+0 2.00E+0 0.00E+0
] 2 0 2 2 2 0
SaDE 7.23E+0 1.27E+0 7.26E+0 1.70E+0 2.00E+0 0.00E+0
2 2 2 2 2 0
EPSDE 7.70E+0 1.90E+0 2.13E+0 6.01E+0 2.00E+0 0.00E+0
2 1 2 1 2 0
JADE 7.49E+0 4.72E+0 7.39E+0 1.63E+0 2.00E+0 0.00E+0
2 0 2 2 2 0
FCADE 7.75E+0 2.63E+0 5.78E+0 8.90E+0 2.00E+0 0.00E+0
2 1 2 1 2 0
Algorithm 25 Overall Comparison (f1-f25)
/
Function mean stdev win"+" loss"-" ne:‘u:t :al
iDE 1-7435+0 4-632)15*0 "e" ngn nyn
SaDE 3 -7525+0 2-4%E+0 "on ngy ngn
EPSDE 4.4 12E+0 2»050E+0 ngn "an ngn
JADE 1.73E+0 5.73E+0 "o" ngn e
3 0
FCADE 2.002E+0 0.0(:)E+0

FCADE  eseees FCADEl em= = FCADE2
100
g 0.01
is
£ 0.000001
L
= 1E-10
1E-14
Iteration
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Figure 2. Convergence graph (10D) of benchmark functions (F1-F5)
using FCADE, FCADE!1 and FCADE2

TABLE IIL COMPARISON OF RESULTS USING DIFFERENT
ALGORITHMS (30D)
Algorithm/ fl 2 f3
Function mean stdev mean stdev mean stdev
iDE 0.00E+00 0.00];:); 2.4(1)66E— 5.67(])56— 1.52];:); 8.32E+2
SaDE 0.00E+00 0.00];:); 8.2168E— 2.48]157— 4.89];:)2 2.53E+2
EPSDE 0.00E+00 OAOOIEZ)B 4%36E- 4.0756- &74];2;; 3A28E+(6)
JADE 0.00E4+00 OAOOIEZ)B IAZ(;E- 1.74§S- 123];2;‘ 9A75E+(3)
APSO 7 01E-14 245]154; 9A‘i73E- 1.79]152- 396];2;; 1A59E+(5)
CLPSO 5 68E-14 0.00];:)8 8.7092E+ 1.79123); 1.67];:); 4.66E+g
OLPSO 0.00E+00 0.00];:)8 1.5001E+ 1.23123)4; 1.46];:); 5.33E+g
DE/rnd/1/bin 2 45E-05 3.48(];:5— S.f)(;E— 1.28(])52— 2.89];:); 1.94E+(5)
DE/current; 2 45E-05 3.48E- 6.30E- 1.29E- 1.89E+ | 1.04E+0
to-best/1/bin 05 08 07 05 5
FCADE 0.00E--00 0.00];2]—; 5A})97E- 4.06(])57- 126];2;; 5A04E+g
Algorithm/ B 5 f6
Function mean stdev mean stdev mean stdev
iDE 2 11B-02 266(];22- 3.56]::); 4.45]::); 243];2;; 2A67E+(l)
SaDE 1.69E-02 2.88(];:2— 8.85]::); 5.63]::); 3.96]?8 3.80(])55—
EPSDE 3 49E+02 2.23];:)43- 1.40123)-%3— 7. 12123); 6.38(];:1— 1.49E+g
JADE 1.23E-10 2.51]15(; 3.00(])52— 8.68(])52— 7.65];:); 2.52E+(;
APSO 723E+01 602];2;; 5.85]::); 1.45]::;; 694];2)8 1A68E+(l)
CLPSO 6.61E+03 1A14];2)J; 3.86]::); 5.32]::); 510];2)8 5A43E+g
OLPSO 2 26E+03 970];2); 3.28]::); 5.54]::); 263];2;; 2A50E+(l)
DE/md/1/bin 5 04E-01 8.59(];:1— 1.27123)4; 2.84]::); 2.78];:;; 1.02E+(;
DE/curran— 1.07E-02 2.78E- 5.76E+ 1.25E+ 9.27E+ | 8.28E+0
to-best/1/bin 02 02 02 00 0
FCADE $.56E-04 5.16(];2‘; 1.120E1- 1.290E1- 1.29];:;; 3.32E+g
Algorithm/ f7 3 I
Function mean stdev mean stdev mean stdev
iDE 4705403 186]122- 2.09]::;; 4.70(])52- OAOOIEZ)B 0A00E+g
SaDE L 47E-02 127(];22- 2.09]::;; 3.81(])52- OAOOIEZ)B 0A00E+g
EPSDE L 77E-02 134(];22- 2.09]::)4; 5.81(])52- 398(];22- 1.99(])51-
JADE 4705403 1.86]152— 2.09]::)4; 1.95(])51— 0.00];:)8 0.00E+g
APSO 4705403 2.34(];:‘; 2.00]::)—%1— 2.97(])52— 1.48]153— 5.90]154;
CLPSO 470E+03 6.78]152— 2.09]::)—%1— 5.46(])52— 1.08]151— 1.02]151—
OLPSO 4705403 1A611122- 2.09]::;; 6.90(])52- OAOOIEZ)B 0A00E+g
DE/rnd/1/bin 9 66E-01 966(];21- 2.09]::;; 6.25(])52- 437];2;; 9A73E+g
DE/current; 3 43E-01 9.14E- 2.09E+ 5.01E- 2.35E+ | 8.37E+0
to-best/1/bin 02 01 02 01 0
FCADE 4705403 0.00];:)8 2.09]::)4; 4.23(])52— 0.00];:)8 0.00E+g
Algorithm/ f10 fl1 f12

Function mean stdev mean stdev mean stdev
iDE 5 75E401 9,22];:):; 2.81];:;; 1.56];:)8 4,64];:)4; 5,43E+(3)
SaDE 3.98E+01 1 31];:)-*1- 1.86];:)41- 7.63];:); 1,39%-%5- 2,25E+2
EPSDE 5.36E+01 3,03];:)4; 3.56];:;; 3.88];:)8 3,58];:); 7,05E+(3)
JADE 2 73E+01 4.92]:3;(; 254];3;; 199];3)45 6.33]:3); 4.42E+(§
APSO 1.50E+02 6.25EOJI 278];:)4; 3A16]§)45 1.27E0:r‘ 1.70E+2
CLPSO 1.14E+02 I.SOEOJI 270];:)4; 1 71];3)45 2.81E0:r‘ 6.59E+(§
OLPSO L10E+02 3,12];:)4; 2.55];:;; 2.95];:)8 1,33123):1 6,95E+(3)
DE/tnd/1/bin 1.56E+02 4,57];:)-*1- 3.26];:)41- 1.10];:)41- 8,43];:); 6,25E+2
E){Eéz:;rle/rétl;l 1.96E+02 2.17];3;; 3A17]EZ;I 760];3)46 9.84%: 6.23E+(§
FCADE 3.26F+01 9.561;])-:]— 1.13];:]-;— 2.75];:]-; 3.331;]); 2.34E+g
Algorithny/ f13 f14
Function mean stdev mean stdev mean stdev
iDE L70E+00 1,16(])51— 1.29];:;; 2.61(];:1— 4,04];:); giS,lEJr
SaDE 3.96E+00 3,89(])51- 1.28];:)41- 2.74(];:1— 4,13];:); 3,34E+(1)
EPSDE 1.94E+00 1,46331— 1.35]?)41- 2.09(];:1— 2,12]::); 1,98E+(1)
JADE 143E+00 1.2051- 122];3)4; 322(];31- 3.48]:3); 9.18E+(1)
APSO 1 54E400 4.05(])51- 130];3)4; 524(];31- 3.48%; 1.50E+(2)
CLPSO 1.66E-400 5.6851- 129];3)4; 172(];31- 1.06%; 5.34E+(1)
OLPSO 1.92E+00 3,28(])51- 1 31];:;; 2.57(];:1— 2,50];:); 9,21E+(1)
DE/tnd/1/bin 451400 2,27];:)-*(; 1.33];:)41- 3.48(];:1— 4,84];:); 2,15E+(1)
g]-ib/z:tr/rlc/r;tl—n 3.52E+00 2,27];:):; 1.35];:;; 3.48(];:1— 3,84];:); 5,14E+(1)
FCADE 3.33E+00 2.00E04(r) 1.22];:]-;— 3.47:;:1- 3.40E0; 9.40E+(1)

Algorithny/ f1e f17

Function mean stdev mean stdev mean stdev
iDE 9.12E+01 6.75]:3;; 1A47]EZ); 645];3)4; 9.04]:3); 728(];31-
SaDE 533E401 8,59];:):; 6.46];:;; 2.45];:;; 8,43];:); 5,63E+(1)
EPSDE 1.22E+02 9,19];:)4; 1.69];:); 1.02];:); 8,20];:); 3,35E+8
JADE 6.30E+01 7,25];:)-*1- 1.45];:); 1.33];:); 9,05%—; l,l7E+g
APSO 3.22E+02 1,41];3); 3.12]?); 1.32]?); 9,45]::); 2,19E+(1)
CLPSO 1.88E+02 3 11];3;; 24()];3); 389];3)4; 9.12]:3); 1.35E+g
OLPSO 132E402 3.74]:3;; 1A89]EZ); 325];3)4; 9.10]:3); 1.82E+g
DE/md/1/bin 2 8OE+02 1 13%4; 3.09];:); 1.57];:;; 9,13];:); 8.43(];:1—
g}iﬁz:;rle/rtl)tl-n 2.23E+02 1.64E0; 235];:); 158];:); 9.50E0; 2.11E+(1)
FCADE 777E+01 3.62EOJI 1.10];:]-; 6.02]:‘,]—;— 9.04E0; 704(];31-
Algorithm/fu f19 20 21
nction

mean stdev mean stdev mean stdev




Algorithm Mean Rank
FCADE 3.88
jDE 4.88
SaDE 4
EPSDE 4.92
JADE 3.34
APSO 722
CLPSO 6.12
OLPSO 5.76
DE/rand 7.76
DE/best 7.12

iDE 9 04E+02 1 30];:); 9,04]::); 8.17(])51— 5.00];:); 1,16]153—
SaDE 8.58E+02 5 70];:)41- 8 59]::)-%2- 5,76]::)-%1- 5.00];:); 1,16]153—
EPSDE 821E+02 3 35];3;5 8.22%; 4.17];3;(; 833];3); 1 00E+(2)
JADE 0 04E-+02 1 01];3;5 9.05%; 1.32%4(; 512];3;‘ 5A99E+(l)
APSO 0 45E-H02 5 63];3;; 9.36%; 4.18%41 766];3); 3A23E+(2)
CLPSO 9 13E+02 1 12];:)8 9,13]::); 1.28%4(; 5.00];:); 4.14]153—
OLPSO 9 07E+02 2 03];:;; 9,07]::); 2,03]::)4; 5.00];:); 2.86]153—
DEfmd/1/bin | 92080z | 122 | O3B LIGE 1 SEIEL 262640
E)]_Egzlsl;rle/rl;tl-n 0 52402 2.1 1134; 9.41%; 2.93];3;; 832];3); 2A62E+(2)
FCADE 9 04E+02 1 09];:)8 9,04]::); 9.37(])51— 5.00];]]*2- 1.161121;
Algorithm/ | 22 f23 24
Function mean stdev mean stdev mean stdev
iDE 8.75E+02 2 00];:)41- 5 34]::)-%2- 2.56(])54; 2.00];:); 0.00E+(0)
SaDE 9 19E+02 1 19]?)41- 5,34%; 1,42&; 2.00]3; 0.00E+(0)
EPSDE 5.07E+02 7 26];3;5 8 58%; 6.82];3;; 2A13]§); 1A52E+(())
JADE 3.68E+02 1 62];3;; 5.34%; 2.19&; 200];3); 0A00E+(())
APSO 1L.02E+03 5 65];3;; 9.1 1];:); 3.04]::); 345];3); 3A76E+(2)
CLPSO 9 63E+02 1 36];:;; 5,34]::); 1,39(])54; 2.00];:); 6.19]153—
OLPSO 9 43E+02 1 35];:)41- 5,34]::); 3.59(])54; 2.00];:); 2.89]154;
DE/md/1/bin 9 64E+02 1 14];3;; 6.21%; 3.06];3;; 3A14l;3); 3A22E+(l)
gl-ilizlsltr;rle/rlljtl-n 0 34F+02 4 15];3;; 8.60]::); 2.88]::); 305];3); 3A56E+(1)
FCADE 8.63E+02 8 78]1]]:)— 5.34]1?)-;— 3.750E‘; 2.00]1]]*2- 6.74]121;
Algorithm f25 Overall Comparison (f1-f25)
function mean stdev win"+" loss"-" n(iu:t ‘1:al
JDE Lee03 | A0 "3 gu "
SaDE 2176402 | ! 19%8 "10" "9 "6"
EPSDE 23Ev02 | 2P nan | o "
JADE 1.63E+03 4‘50%8 "g" g "o"
APSO 170803 | T nor | "
CLPSO 16503 | 7T ngr | g
OLPSO 16ag03 | > "6" " "7
DE/rnd/1/bin 9.86E+02 21 S%JI "22" A "
E)%zzaiﬁ;} 9.68E+02 13 l];:;; 21" "3 "
FCADE 1.63E+03 | OTE
00
TABLE IV. FRIEDMEN RANKING OF LISTED ALGORITHMS

(30D)

V. CONCLUSION

The present study shows the implementation of Fuzzy C-
means clustering for segregating the initial population of DE
into different clusters which are further acted upon by
adaptive crossover and cluster-specific mutation strategies.
Three variants named FCADE, FCADEI and FCADE2 are
proposed which differ from each other on the basis of
mutation strategies. Some conclusions that can be drawn from
the present study are:

(1]

(2]
(3]

(4]

(3]

(6]

(71

(8]

(9]

Validation of the proposed variants on CEC 2005
benchmark problems, indicated FCADE to be the
best performing variant in terms of solution quality as
well as convergence. It also indicates that perhaps the
incusion of three possibilities during mutation is not
very effective.

Further, comparison of FCADE with other
algortihms indicates that FCADE is more suitable for
composite functions.

Statistical analysis in terms of mean error indicates
that although FCADE is suitable for composite
functions, its performance can be further improved.
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