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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.  

Keywords—Differential Evolution, Fuzzy Means Clustering, 
Mutation, Crossover, Adaptive. 

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. 

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 
F and 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  ܵீ = { ܺீ : ݆ = 1,2, … , ܰܲ}  be the population at 
any generation	ܩ, NP denotes the size of population. 
Here,	 ܲீ denotes a	ܦ-dimensional vector as ܺீ =
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൛ݔଵ,ீ , ଶ,ீݔ , … . , ,ீݔ ൟ. 		 ܺீ  is generated using uniformly 
distributed random number ܺீ = 	 ܺ௪ +	൫ܺ௨ − ܺ௪൯∗  																																									(0,1)݀݊ܽݎ

b) Evolution: This is the second phase where mutation, 
crossover, and selection operations are performed. 

 
Mutation: During mutation, a mutant vector ܸீ  is 
generated for each target vector ܺீ  at generation ܩ	as 	 ܸீ = ܺଵீ 	+ ܨ	 ∗ (ܺଶீ 	− ܺଷீ)																											 					ܶݓ	ݕ݈݊݉݉ܿ	݀݁ݏݑ	݊݅ݐܽݐݑ݉	ݏ݁݅݃݁ݐܽݎݐݏ	݂	ܧܦ	݁ݎܽ: 

DE/rand/1/bin	൫ܸ = ܺௗଵ_௦ + ܨ ∗ (ܺௗଶ_௦ − ܺௗଷ_௦)൯ 
DE/current-to-best/1/bin ൫ܸ = ܺ௦௧_௦ + ܨ ∗ (ܺௗଶ_௦ − ܺௗଷ_௦)൯ 

 
Where ܨ is the scaling factor and the value of ܨ ranges 
between 0 to 1; 1ݎ, ,2ݎ 	3ݎ ∈ {1,2, … , ܰܲ} 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	 ܶீ =൛ݐଵ,ீ , ଶ,ீݐ , … . , ,ீݐ ൟ. Crossover is performed between the target 

vector ܺீ = ൛ݔଵ,ீ , ଶ,ீݔ , … . , ,ீݔ ൟ and mutant vector ܸீ =൛ݒଵ,ீ , ଶ,ீݒ , … . , ,ீݒ ൟ using a crossover probability ݎܥ whose 

value is between0	ݐ	1.	 ܶீ  is generated as															 		ݐ,ீ 	= ቊݒ,ீ ݊ܽݎ	݂݅							 ݀ 	≤ ,ீݔݎܥ  																								݁ݏ݅ݓݎℎ݁ݐ															
Where ݅ ∈ {1,2, … , 	ݎܥ	݀݊ܽ	{ܦ ∈ ሾ0,1ሿ. 
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: 

ܺீ ାଵ = ቊ ܶீ 							݂݅	݂൫ ܶீ ൯ ≤ 	݂൫ ܺீ ൯ܺீ  																																										݁ݏ݅ݓݎℎ݁ݐ																								
These three operations are repeated till a predefined 
termination criterion is satisfied 

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 c 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: 

1. Let ܲ = ,ଵ} ,ଶ …  } be the data set containing n
individuals, present in the search space. 

2. Fix c (number of clusters), where 2 ≤ c < n.  
3. Randomly initialize cluster center for c clusters fixed in 

step 2 represented as ܻ = ,ଵݕ} ,ଶݕ … ,  }. Create an initialݕ
membership matrix ܷ (where ‘ܷ =  ∗’ is the(ߤ)
fuzzy membership matrix for iteration 0) using a pseudo-
random initialization strategy. 

4. Calculate the fuzzy membership	ߤ using formula: ߤ = ଵ∑ (ௗೖ/ௗೖೕ)(మ/(షభ))ೕసభ    (1) 

where, 
• 	݀ = ‖ −  ‖ݕ
• 	݀ = ฮ −  ฮݕ
• m denotes the level of cluster fuzziness having a 

value between 0 and ∞. 
5. Calculate the fuzzy center using the following formula: ݕ = 	∑ ఓೖసభ∑ ఓೖసభ  , ∀݅ = 1,2,3……… ܿ      (2) 

where,  
  represents kth cluster center, and k: [1...c]	ݕ •

6. Calculate Objective function J(X, V) : ܬ(ܲ, ܻ) = 	∑ ∑ ୀଵߤ ฮ − ฮଶୀଵݕ      (3) 
Where, 
 '||pi – yj||' is the Euclidean distance between ith data 
and jth cluster center.  

7. Repeat steps 4-6, until ฮܷ௧ାଵ − ܷ௧ฮ <  is the ’ߚ‘)	ߚ
termination criterion fixed to 1*e-8) or when the 
minimum value of J (weighted Sum of Squared Error) is 
achieved (1*e-8).  
 

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 U0 is 
randomly initialized for each population member. 
Individuals are then segregated into different clusters as 
per their membership value, i.e. individual 'i' with 
maximum membership value for cluster 'k' 
 is assigned to ({∀k∊[1,2,....c] and  ∀i ∊[1,2,.....,n]}	ߤ)
that cluster.  
The center of 'c' (number of clusters) clusters and the 
membership value of each individual ( ܺீ ) 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 UG (membership matrix U for generation G). 

c) 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.  



ܸ
= ۔ۖەۖ
൬ۓ ܺ௦ + ܨ ∗ ൫݈ݏݐݏ݁ܤ௦ − ܺ௦൯ + ܨ ∗ ቀܺௗଵೞ − ܺௗଶೞቁ൰																																																݂݅	ܺ	݅ݏ	݊݅	ݐݏܾ݁	ݏ′݈ܽݑ݀݅ݒ݅݀݊݅	ݎ݁ݐݏݑ݈ܿ		ܺௗଵ_௦ + ܨ ∗ ቀܺௗଶೞ − ܺௗଷೞቁ ݁ݏ݅ݓݎℎ݁ݐ							  

 
Mutation strategies for FCADE1: For FCADE1 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 (10^-15) or (3) if neither of the two 
possibilities are met.  
For FCADE 1, the strategy is expressed as:  ܸ
=
۔ۖۖەۖۖ
ۓ ܺ௦ + ܨ ∗ ൫݈ݏݐݏ݁ܤ௦ − ܺ௦൯ + ܨ ∗ ቀܺௗଵೞ − ܺௗଶೞቁ																																																݂݅	ܺ	݅ݏ	݊݅	ݐݏܾ݁	ݏ′݈ܽݑ݀݅ݒ݅݀݊݅	ݎ݁ݐݏݑ݈ܿܺ௦ + ܨ ∗ ൫݊݅ܯ௦ − ܺ௦൯ + ܨ ∗ ቀܺௗଵೞ − ܺௗଶೞቁ																																																																				݂݅	ܾݕݎܽ݀݊ݑ	ܺݐ݊݅ௗଵ_௦ + ܨ ∗ ቀܺௗଶೞ − ܺௗଷೞቁ ݁ݏ݅ݓݎℎ݁ݐ							

 

 
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: ܸ
=
۔ۖۖەۖۖ
ۓ ܺ௦ + ܨ ∗ ൫݈ݏݐݏ݁ܤ௦ − ܺ௦൯ + ܨ ∗ ቀܺௗଵೞ − ܺௗଶೞቁ																																																݂݅	ܺ	݅ݏ	݊݅	ݐݏܾ݁	ݏ′݈ܽݑ݀݅ݒ݅݀݊݅	ݏ݈ݏݐݏ݁ܤݎ݁ݐݏݑ݈ܿ + ܨ ∗ ቀܺ݊ℎ݀1ݏ − ܺ݊ℎ݀2ݏቁ																																																												݂݅	ݐℎݏ݁ݎℎ݈݀	݊݅ݐ݅݀݊ܿ		ℎܺݏ݈݀ௗଵ_௦ + ܨ ∗ ቀܺௗଶೞ − ܺௗଷೞቁ ݁ݏ݅ݓݎℎ݁ݐ					

 

 
For the above three strategies, the following notations are used 
:V:	Mutant	Vector;	 F:	Scaling	constant, randomly	 generated	between	0.2	to	0.8; 	 ܺ௦: Position vector of the 
current individual.,݈ݏݐݏ݁ܤ௦ : Position vector of the member 
with minimum objective function value present in the entire 
population known as ;݈ݏݐݏ݁ܤ	݊݅ܯ௦ : Normalized value of 
the position of best solutions in both the clusters; ܺௗଵ_௦: 
Position vector of the random member present in the same 
cluster as a current individual known as neighbor1; ܺௗଶ_௦: 
Position vector of the random member present in the same 
cluster as the current individual known as neighbor2; ܺௗଵ_௦: Position vector of a random member present in the  
population known as rand1; ܺௗଶ_௦: 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 ܶீ = 	 ൛ݐଵ,ீ , ଶ,ீݐ , … . , ,ீݐ ൟ is 

generated as ݐ,ீ = ቊ				ݒ,	ீ ݊ܽݎ		݂݅										 ݀ ≤ ீ												,ݔݎܥ ݁ݏ݅ݓݎℎ݁ݐ								  

Cross-over rate(ݎܥ) is updated as follows for each 
generationG: ݎܥ= ൜,ݑܴܥ				ݓℎ݁݁ݎ	ݑܴܥ = ݑܴܥ + ݀݊ܽݎ ∗ (ܶ)݂	݂ܫ			0.1 < ݈ܴܥ	݁ݎℎ݁ݓ					,݈ܴܥ(ܺ)݂ = ݈ܴܥ + ݀݊ܽݎ ∗ ݁ݏ݅ݓݎℎ݁ݐܱ												0.1  

where: ݂(ܶ): Objective function value for trial vector T. ݂(ܺ):	Objective function value for current individual X. 
CRl:  Lower limit for Crossover rate set as 0.1. 
CRu: Upper limit for Crossover rate - CRu	= 1- CRl 

 
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 FCADE2 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, 
FACDE1, 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, f21-f24, 
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.  

TABLE I.  COMPARISON OF RESULTS OBTAINED FCADE, FCADE1, 
FCADE2  

Function
s 

10D 30D 

FCADE FCADE
1 

FCADE
2 

FCADE FCADE
1 

FCADE
2 

1 0.00E+0
0 

0.00E+0
0 

0.00E+0
0 

0.00E+0
0 

0.00E+0
0 

0.00E+0
0 

2 0.00E+0
0 

0.00E+0
0 

0.00E+0
0 

5.19E-07 6.60E-04 6.66E-04 

3 8.61E+0
3 

3.12E+0
4 

2.12E+0
4 

1.27E+0
5 

1.59E+0
5 

1.72E+0
5 

4 0.00E+0
0 

0.00E+0
0 

0.00E+0
0 

8.56E-04 7.37E-04 7.12E+0
0 

5 0.00E+0
0 

0.00E+0
0 

0.00E+0
0 

1.12E-01 1.35E+0
2 

4.79E+0
1 

6 8.35E-06 8.10E-02 2.04E-01 1.30E+0
1 

3.94E+0
8 

1.45E+0
8 

7 1.27E+0
3 

1.27E+0
3 

1.27E+0
3 

4.70E+0
3 

4.70E+0
3 

4.70E+0
3 

8 2.03E+0
1 

2.03E+0
1 

2.04E+0
1 

2.09E+0
1 

2.09E+0
1 

2.09E+0
1 

9 8.67E-01 1.19E+0
1 

1.37E+0
1 

0.00E+0
0 

3.99E+0
1 

4.00E+0
1 

10 1.32E+0
1 

1.92E+0
1 

1.96E+0
1 

3.26E+0
1 

1.12E+0
2 

1.37E+0
2 

11 1.57E+0
0 

1.21E+0
0 

1.58E+0
0 

1.13E+0
1 

2.41E+0
1 

2.06E+0
1 

12 6.15E+0
0 

3.23E+0
2 

2.21E+0
2 

3.33E+0
3 

4.69E+0
4 

7.98E+0
4 

13 1.91E+0
0 

1.59E+0
0 

1.55E+0
0 

3.33E+0
0 

1.32E+0
1 

1.34E+0
1 

14 3.25E+0
0 

2.74E+0
0 

2.76E+0
0 

1.22E+0
1 

1.25E+0
1 

1.24E+0
1 

15 2.51E+0
2 

1.82E+0
2 

2.02E+0
2 

3.40E+0
2 

4.37E+0
2 

3.63E+0
2 

16 1.09E+0
2 

1.19E+0
2 

1.18E+0
2 

7.77E+0
1 

2.51E+0
2 

2.73E+0
2 

17 1.51E+0
2 

1.43E+0
2 

1.38E+0
2 

1.10E+0
2 

3.06E+0
2 

2.86E+0
2 

18 4.14E+0
2 

6.36E+0
2 

6.48E+0
2 

9.04E+0
2 

9.43E+0
2 

9.28E+0
2 

19 4.52E+0
2 

6.96E+0
2 

6.34E+0
2 

9.04E+0
2 

9.23E+0
2 

9.16E+0
2 

20 4.64E+0
2 

6.74E+0
2 

6.03E+0
2 

9.04E+0
2 

9.34E+0
2 

9.25E+0
2 

21 5.00E+0
2 

5.46E+0
2 

6.35E+0
2 

5.00E+0
2 

5.55E+0
2 

6.13E+0
2 

22 7.76E+0
2 

7.74E+0
2 

7.76E+0
2 

8.63E+0
2 

9.06E+0
2 

9.10E+0
2 

23 5.78E+0
2 

7.32E+0
2 

7.16E+0
2 

5.34E+0
2 

7.54E+0
2 

7.24E+0
2 

24 2.00E+0
2 

2.65E+0
2 

2.00E+0
2 

2.00E+0
2 

4.42E+0
2 

3.65E+0
2 

25 2.00E+0
2 

2.00E+0
2 

2.43E+0
2 

1.63E+0
3 

1.63E+0
3 

1.63E+0
3 

function 1 function 4 function 8 

function 15 function 17 function 21 
Figure 1. Optimum attained for selected functions through FCADE 

TABLE II.  COMPARISON OF RESULTS USING DIFFERENT 
ALGORITHMS (10D) 

Algorithm
/ 

Function 

f1 f2 f3 

mean stdev mean stdev mean stdev 

jDE 
0.00E+0

0 
0.00E+0

0 
6.01E-17 1.30E-16 4.15E-05 2.05E-04 

SaDE 
0.00E+0

0 
0.00E+0

0 
0.00E+0

0 
0.00E+0

0 
1.48E-25 6.03E-26 

EPSDE 
0.00E+0

0 
0.00E+0

0 
0.00E+0

0 
0.00E+0

0 
6.96E-25 1.73E-26 

JADE 
0.00E+0

0 
0.00E+0

0 
0.00E+0

0 
0.00E+0

0 
3.93E-26 2.65E-26 

FCADE 0.00E+0
0 

0.00E+0
0 

0.00E+0
0 

0.00E+0
0 

8.61E+0
3 

5.78E+0
3 

Algorithm
/ 

Function 

f4 f5 f6 

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 
0.00E+0

0 
0.00E+0

0 
1.10E-07 7.13E-08 

1.30E+1
0 

0.00E+0
0 

EPSDE 
0.00E+0

0 
0.00E+0

0 
0.00E+0

0 
0.00E+0

0 
0.00E+0

0 
0.00E+0

0 

JADE 
0.00E+0

0 
0.00E+0

0 
0.00E+0

0 
0.00E+0

0 
6.39E-01 

1.50E+0
0 

FCADE 
0.00E+0

0 
0.00E+0

0 
0.00E+0

0 
0.00E+0

0 
8.35E-

06 
2.95E-

05 

Algorithm
/ 

Function 

f7 f8 f9 

mean stdev mean stdev mean stdev 

jDE 
1.27E+0

3 
9.28E-13 

2.04E+0
1 

6.07E-02 
0.00E+0

0 
0.00E+0

0 

SaDE 1.71E-02 2.06E-02 
2.04E+0

1 
6.71E-02 

0.00E+0
0 

0.00E+0
0 

EPSDE 3.94E-02 3.48E-02 
2.04E+0

1 
5.00E-03 

0.00E+0
0 

0.00E+0
0 

JADE 
1.27E+0

3 
9.28E-13 

2.03E+0
1 

9.70E-02 
0.00E+0

0 
0.00E+0

0 

FCADE 
1.27E+0

3 
9.28E-13 2.03E+0

1 
8.62E-02 8.6E0-01 8.80E-01 

Algorithm
/ 

Function 

f10 f11 f12 

mean stdev mean stdev mean stdev 

jDE 
1.17E+0

1 
2.46E+0

0 
5.39E+0

0 
1.71E+0

0 
5.82E+0

1 
2.68E+0

2 



SaDE 
6.71E+0

0 
1.66E+0

0 
4.50E+0

0 
1.74E+0

0 
2.51E+0

3 
9.14E+0

2 

EPSDE 
3.30E+0

0 
9.59E-01 

4.16E+0
0 

3.21E+0
0 

5.00E+0
0 

7.07E+0
0 

JADE 
3.81E+0

0 
9.13E-01 

4.16E+0
0 

7.39E-01 
6.23E+0

1 
2.68E+0

2 

FCADE 
1.32E+0

1 
9.13E+0

0 
1.57E+0

0 
1.47E+0

0 
6.14E+0

0 
1.09E+0

1 

Algorithm
/ 

Function 

f13 f14 f15 

mean stdev mean stdev mean stdev 

jDE 4.25E-01 4.43E-02 
3.31E+0

0 
1.70E-01 

2.27E+0
1 

8.08E+0
1 

SaDE 6.12E-02 9.09E-02 
3.08E+0

0 
2.65E-01 

5.05E+0
1 

1.32E+0
2 

EPSDE 4.13E-01 1.08E-01 
3.08E+0

0 
8.31E-02 

8.53E+0
1 

1.49E+0
2 

JADE 3.52E-01 6.53E-02 
2.76E+0

0 
2.40E-01 

4.05E+0
1 

1.10E+0
2 

FCADE 
1.91E+0

0 
3.79E-01 

3.25E+0
0 

3.28E-01 
2.51E+0

2 
1.94E+0

2 

Algorithm
/ 

Function 

f16 f17 f18 

mean stdev mean stdev mean stdev 

jDE 
1.10E+0

2 
6.73E+0

0 
1.30E+0

2 
1.03E+0

1 
5.40E+0

2 
2.55E+0

2 

SaDE 
9.65E+0

1 
7.57E+0

0 
1.13E+0

2 
8.66E+0

0 
7.60E+0

2 
1.38E+0

2 

EPSDE 
9.76E+0

1 
4.40E+0

0 
1.21E+0

2 
6.28E+0

0 
6.37E+0

2 
3.03E+0

2 

JADE 
9.67E+0

1 
5.72E+0

0 
1.03E+0

2 
6.26E+0

0 
6.99E+0

2 
2.31E+0

2 

FCADE 
1.09E+0

2 
2.02E+0

1 
1.50E+0

2 
1.93E+0

1 
4.14E+0

2 
2.16E+0

2 

Algorithm
/ 

Function 

f19 f20 f21 

mean stdev mean stdev mean stdev 

jDE 
5.80E+0

2 
2.53E+0

2 
6.80E+0

2 
2.18E+0

2 
5.28E+0

2 
1.10E+0

2 

SaDE 
7.80E+0

2 
1.00E+0

2 
7.60E+0

2 
1.38E+0

2 
5.04E+0

2 
1.74E+0

2 

EPSDE 
5.82E+0

2 
3.11E+0

2 
5.62E+0

2 
2.96E+0

2 
4.80E+0

2 
6.10E+0

0 

JADE 
6.82E+0

2 
2.19E+0

2 
6.60E+0

2 
2.29E+0

2 
5.16E+0

2 
2.15E+0

2 

FCADE 
4.52E+0

2 
2.45E+0

2 
4.64E+0

2 
2.47E+0

2 
5.00E+0

4 
1.74E-

13 

Algorithm
/ 

Function 

f22 f23 f24 

mean stdev mean stdev mean stdev 

jDE 
7.63E+0

2 
3.62E+0

0 
6.14E+0

2 
1.38E+0

2 
2.00E+0

2 
0.00E+0

0 

SaDE 
7.23E+0

2 
1.27E+0

2 
7.26E+0

2 
1.70E+0

2 
2.00E+0

2 
0.00E+0

0 

EPSDE 
7.70E+0

2 
1.90E+0

1 
2.13E+0

2 
6.01E+0

1 
2.00E+0

2 
0.00E+0

0 

JADE 
7.49E+0

2 
4.72E+0

0 
7.39E+0

2 
1.63E+0

2 
2.00E+0

2 
0.00E+0

0 

FCADE 7.75E+0
2 

2.63E+0
1 

5.78E+0
2 

8.90E+0
1 

2.00E+0
2 

0.00E+0
0 

Algorithm
/ 
Function 

f25 Overall Comparison (f1-f25) 

mean stdev win"+" loss"-" 
neutral 

"=" 

jDE 
1.74E+0

3 
4.63E+0

0 
"16" "6" "3" 

SaDE 
3.75E+0

2 
2.49E+0

0 
"12" "9" "4" 

EPSDE 
4.41E+0

2 
2.05E+0

0 
"8" "12" "5" 

JADE 
1.73E+0

3 
5.73E+0

0 
"10" "8" "7" 

FCADE 
2.00E+0

2 
0.00E+0

0 
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Figure 2. Convergence graph (10D) of benchmark functions (F1-F5) 
using FCADE, FCADE1 and FCADE2 

TABLE III.  COMPARISON OF RESULTS USING DIFFERENT 
ALGORITHMS (30D) 

Algorithm/ 
f1 
 

f2 
 

f3 
 

Function mean stdev mean stdev mean stdev 

jDE 0.00E+00 
0.00E+

00 
2.46E-

06 
5.67E-

06 
1.52E+

05 
8.32E+0

4 

SaDE 0.00E+00 
0.00E+

00 
8.26E-

18 
2.48E-

17 
4.89E+

04 
2.53E+0

4 

EPSDE 0.00E+00 
0.00E+

00 
4.23E-

26 
4.07E-

26 
8.74E+

05 
3.28E+0

6 

JADE 0.00E+00 
0.00E+

00 
1.70E-

28 
1.74E-

28 
1.23E+

04 
9.75E+0

3 

APSO 7.01E-14 
2.45E-

14 
9.97E-

13 
1.79E-

12 
3.96E+

05 
1.59E+0

5 

CLPSO 5.68E-14 
0.00E+

00 
8.79E+

02 
1.79E+

02 
1.67E+

07 
4.66E+0

6 

OLPSO 0.00E+00 
0.00E+

00 
1.50E+

01 
1.23E+

01 
1.46E+

07 
5.33E+0

6 

DE/rnd/1/bin 2.45E-05 
3.48E-

05 
5.50E-

05 
1.28E-

02 
2.89E+

05 
1.94E+0

5 
DE/current-
to-best/1/bin 

2.45E-05 
3.48E-

05 
6.30E-

08 
1.29E-

07 
1.89E+

05 
1.04E+0

5 

FCADE 0.00E+00 
0.00E+

00 
5.19E-

07 
4.06E-

07 
1.26E+

05 
5.04E+0

4 

Algorithm/ 
f4 
 

f5 
 

f6 
 

Function mean stdev mean stdev mean stdev 

jDE 2.11E-02 
2.66E-

02 
3.56E+

02 
4.45E+

02 
2.43E+

01 
2.67E+0

1 

SaDE 1.69E-02 
2.88E-

02 
8.85E+

02 
5.63E+

02 
3.96E+

10 
3.80E-

05 

EPSDE 3.49E+02 
2.23E+

03 
1.40E+

03 
7.12E+

02 
6.38E-

01 
1.49E+0

0 

JADE 1.23E-10 
2.51E-

10 
3.00E-

02 
8.68E-

02 
7.65E+

00 
2.52E+0

1 

APSO 7.23E+01 
6.02E+

01 
5.85E+

03 
1.45E+

03 
6.94E+

00 
1.68E+0

1 

CLPSO 6.61E+03 
1.14E+

03 
3.86E+

03 
5.32E+

02 
5.10E+

00 
5.43E+0

0 

OLPSO 2.26E+03 
9.70E+

02 
3.28E+

03 
5.54E+

02 
2.63E+

01 
2.50E+0

1 

DE/rnd/1/bin 5.04E-01 
8.59E-

01 
1.27E+

03 
2.84E+

02 
2.78E+

01 
1.02E+0

1 
DE/current-
to-best/1/bin 

1.07E-02 
2.78E-

02 
5.76E+

02 
1.25E+

02 
9.27E+

00 
8.28E+0

0 

FCADE 8.56E-04 
5.16E-

04 
1.12E-

01 
1.29E-

01 
1.29E+

01 
3.32E+0

0 

Algorithm/ 
f7 
 

f8 
 

f9 

Function mean stdev mean stdev mean stdev 

jDE 4.70E+03 
1.86E-

12 
2.09E+

01 
4.70E-

02 
0.00E+

00 
0.00E+0

0 

SaDE 1.47E-02 
1.27E-

02 
2.09E+

01 
3.81E-

02 
0.00E+

00 
0.00E+0

0 

EPSDE 1.77E-02 
1.34E-

02 
2.09E+

01 
5.81E-

02 
3.98E-

02 
1.99E-

01 

JADE 4.70E+03 
1.86E-

12 
2.09E+

01 
1.95E-

01 
0.00E+

00 
0.00E+0

0 

APSO 4.70E+03 
2.34E-

04 
2.00E+

01 
2.97E-

02 
1.48E-

13 
5.90E-

14 

CLPSO 4.70E+03 
6.78E-

12 
2.09E+

01 
5.46E-

02 
1.08E-

11 
1.02E-

11 

OLPSO 4.70E+03 
1.61E-

12 
2.09E+

01 
6.90E-

02 
0.00E+

00 
0.00E+0

0 

DE/rnd/1/bin 9.66E-01 
9.66E-

01 
2.09E+

01 
6.25E-

02 
4.37E+

01 
9.73E+0

0 
DE/current-
to-best/1/bin 

8.43E-01 
9.14E-

02 
2.09E+

01 
5.01E-

02 
2.35E+

01 
8.37E+0

0 

FCADE 4.70E+03 
0.00E+

00 
2.09E+

01 
4.23E-

02 
0.00E+

00 
0.00E+0

0 

Algorithm/ f10 f11 f12 

   

Function mean stdev mean stdev mean stdev 

jDE 5.75E+01 
9.22E+

00 
2.81E+

01 
1.56E+

00 
4.64E+

03 
5.43E+0

3 

SaDE 3.98E+01 
1.31E+

01 
1.86E+

01 
7.63E+

00 
1.39E+

05 
2.25E+0

4 

EPSDE 5.36E+01 
3.03E+

01 
3.56E+

01 
3.88E+

00 
3.58E+

04 
7.05E+0

3 

JADE 2.73E+01 
4.92E+

00 
2.54E+

01 
1.99E+

00 
6.33E+

03 
4.42E+0

3 

APSO 1.50E+02 
6.25E+

01 
2.78E+

01 
3.16E+

00 
1.27E+

04 
1.70E+0

4 

CLPSO 1.14E+02 
1.50E+

01 
2.70E+

01 
1.71E+

00 
2.81E+

04 
6.59E+0

3 

OLPSO 1.10E+02 
3.12E+

01 
2.55E+

01 
2.95E+

00 
1.33E+

04 
6.95E+0

3 

DE/rnd/1/bin 1.56E+02 
4.57E+

01 
3.26E+

01 
1.10E+

01 
8.43E+

04 
6.25E+0

4 

DE/current-
to-best/1/bin 

1.96E+02 
2.17E+

01 
3.17E+

01 
7.60E+

00 
9.84E+

04 
6.23E+0

3 

FCADE 3.26E+01 
9.56E+

00 
1.13E+

01 
2.75E+

00 
3.33E+

03 
2.34E+0

3 

Algorithm/ 
f13 

 
f14 

 
f15 

 

Function mean stdev mean stdev mean stdev 

jDE 1.70E+00 
1.16E-

01 
1.29E+

01 
2.61E-

01 
4.04E+

02 
8.8.1E+
01 

SaDE 3.96E+00 
3.89E-

01 
1.28E+

01 
2.74E-

01 
4.13E+

02 
3.34E+0

1 

EPSDE 1.94E+00 
1.46E-

01 
1.35E+

01 
2.09E-

01 
2.12E+

02 
1.98E+0

1 

JADE 1.43E+00 
1.20E-

01 
1.22E+

01 
3.22E-

01 
3.48E+

02 
9.18E+0

1 

APSO 1.54E+00 
4.05E-

01 
1.30E+

01 
5.24E-

01 
3.48E+

02 
1.50E+0

2 

CLPSO 1.66E+00 
5.68E-

01 
1.29E+

01 
1.72E-

01 
1.06E+

02 
5.34E+0

1 

OLPSO 1.92E+00 
3.28E-

01 
1.31E+

01 
2.57E-

01 
2.50E+

02 
9.21E+0

1 

DE/rnd/1/bin 4.51E+00 
2.27E+

00 
1.33E+

01 
3.48E-

01 
4.84E+

02 
2.15E+0

1 
DE/current-
to-best/1/bin 

3.52E+00 
2.27E+

00 
1.35E+

01 
3.48E-

01 
3.84E+

02 
5.14E+0

1 

FCADE 3.33E+00 
2.00E+

00 
1.22E+

01 
3.47E-

01 
3.40E+

02 
9.40E+0

1 

Algorithm/ 
f16 

 
f17 

 
f18 

 

Function mean stdev mean stdev mean stdev 

jDE 9.12E+01 
6.75E+

01 
1.47E+

02 
6.45E+

01 
9.04E+

02 
7.28E-

01 

SaDE 5.33E+01 
8.59E+

00 
6.46E+

01 
2.45E+

01 
8.43E+

02 
5.63E+0

1 

EPSDE 1.22E+02 
9.19E+

01 
1.69E+

02 
1.02E+

02 
8.20E+

02 
3.35E+0

0 

JADE 6.30E+01 
7.25E+

01 
1.45E+

02 
1.33E+

02 
9.05E+

02 
1.17E+0

0 

APSO 3.22E+02 
1.41E+

02 
3.12E+

02 
1.32E+

02 
9.45E+

02 
2.19E+0

1 

CLPSO 1.88E+02 
3.11E+

01 
2.40E+

02 
3.89E+

01 
9.12E+

02 
1.35E+0

0 

OLPSO 1.32E+02 
3.74E+

01 
1.89E+

02 
3.25E+

01 
9.10E+

02 
1.82E+0

0 

DE/rnd/1/bin 2.82E+02 
1.13E+

01 
3.09E+

02 
1.57E+

01 
9.13E+

02 
8.43E-

01 

DE/current-
to-best/1/bin 

2.23E+02 
1.64E+

02 
2.35E+

02 
1.58E+

02 
9.50E+

02 
2.11E+0

1 

FCADE 7.77E+01 
3.62E+

01 
1.10E+

02 
6.02E+

01 
9.04E+

02 
7.04E-

01 

Algorithm/fu
nction 

f19 
  

f20 
  

f21 
  

  mean stdev mean stdev mean stdev 



jDE 9.04E+02 
1.30E+

00 
9.04E+

02 
8.17E-

01 
5.00E+

02 
1.16E-

13 

SaDE 8.58E+02 
5.70E+

01 
8.59E+

02 
5.76E+

01 
5.00E+

02 
1.16E-

13 

EPSDE 8.21E+02 
3.35E+

00 
8.22E+

02 
4.17E+

00 
8.33E+

02 
1.00E+0

2 

JADE 9.04E+02 
1.01E+

00 
9.05E+

02 
1.32E+

00 
5.12E+

04 
5.99E+0

1 

APSO 9.45E+02 
5.63E+

01 
9.36E+

02 
4.18E+

01 
7.66E+

02 
3.23E+0

2 

CLPSO 9.13E+02 
1.12E+

00 
9.13E+

02 
1.28E+

00 
5.00E+

02 
4.14E-

13 

OLPSO 9.07E+02 
2.03E+

01 
9.07E+

02 
2.03E+

01 
5.00E+

02 
2.86E-

13 

DE/rnd/1/bin 9.20E+02 
1.22E+

00 
9.13E+

02 
1.16E+

00 
5.81E+

02 
2.62E+0

1 

DE/current-
to-best/1/bin 

9.52E+02 
2.11E+

01 
9.41E+

02 
2.93E+

01 
8.32E+

02 
2.62E+0

2 

FCADE 9.04E+02 
1.09E+

00 
9.04E+

02 
9.37E-

01 
5.00E+

02 
1.16E-

13 

Algorithm/ 
f22 
  

f23 
  

f24 
  

Function mean stdev mean stdev mean stdev 

jDE 8.75E+02 
2.00E+

01 
5.34E+

02 
2.56E-

04 
2.00E+

02 
0.00E+0

0 

SaDE 9.19E+02 
1.19E+

01 
5.34E+

02 
1.42E-

04 
2.00E+

02 
0.00E+0

0 

EPSDE 5.07E+02 
7.26E+

00 
8.58E+

02 
6.82E+

01 
2.13E+

02 
1.52E+0

0 

JADE 8.68E+02 
1.62E+

01 
5.34E+

02 
2.19E-

04 
2.00E+

02 
0.00E+0

0 

APSO 1.02E+03 
5.65E+

01 
9.11E+

02 
3.04E+

02 
3.45E+

02 
3.76E+0

2 

CLPSO 9.63E+02 
1.36E+

01 
5.34E+

02 
1.39E-

04 
2.00E+

02 
6.19E-

13 

OLPSO 9.43E+02 
1.35E+

01 
5.34E+

02 
3.59E-

04 
2.00E+

02 
2.89E-

14 

DE/rnd/1/bin 9.64E+02 
1.14E+

01 
6.21E+

02 
3.06E+

01 
3.14E+

02 
3.22E+0

1 

DE/current-
to-best/1/bin 

9.34E+02 
4.15E+

01 
8.60E+

02 
2.88E+

02 
3.05E+

02 
3.56E+0

1 

FCADE 8.63E+02 
8.78E+

00 
5.34E+

02 
3.75E-

04 
2.00E+

02 
6.74E-

13 

Algorithm 
f25 
  

  
  
  
  
  
  
  
  
  
  
  

Overall Comparison (f1-f25)   

function mean stdev win"+" loss"-" 
neutral 

"=" 

jDE 1.63E+03 
4.00E+

00 
"13" "1" "11" 

SaDE 2.17E+02 
1.19E+

00 
"10" "9" "6" 

EPSDE 2.13E+02 
2.55E+

00 
"14" "9" "2" 

JADE 1.63E+03 
4.50E+

00 
"8" "8" "9" 

APSO 1.70E+03 
1.74E+

01 
"20" "4" "1" 

CLPSO 1.65E+03 
3.77E+

00 
"18" "3" "4" 

OLPSO 1.64E+03 
5.59E+

00 
"16" "2" "7" 

DE/rnd/1/bin 9.86E+02 
2.18E+

01 
"22" "2" "1" 

DE/current-
to-best/1/bin 

9.68E+02 
1.31E+

01 
"21" "3" "1" 

FCADE 1.63E+03 
4.67E+

00 

  
  
  

 

TABLE IV.  FRIEDMEN RANKING OF LISTED ALGORITHMS 
(30D) 

Algorithm Mean Rank 

FCADE 3.88 

jDE 4.88 

SaDE 4 

EPSDE 4.92 

JADE 3.34 

APSO 7.22 

CLPSO 6.12 

OLPSO 5.76 

DE/rand 7.76 

DE/best 7.12 

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, FCADE1 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: 

• 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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