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optimization methods.
To identify the fuzzy models, many approaches based on
the use of evolutionary algorithms have been reported in
literature [5]–[24]. A standard GA was used by Siarry and
Guely to optimize a Takagi-Sugeno type fuzzy rule base [5].
To identify the Takagi-Sugeno type fuzzy models for
nonlinear systems, another GA based modelling approaches
were reported by Wu and Yu [7], and Du and Zhang [8] in
the literature. Bagis [9] presented a study based on the use
of TS algorithm for the optimum determination of the
membership functions of the fuzzy rules that provide the
management of the spillway gates in a dam reservoir. The
results of the other study based on the use of TS algorithm
in the fuzzy rules for nonlinear system modelling was given
in [10]. For nonlinear system modelling and control, an
important study about evolutionary design of fuzzy rules
without any assumed rule base structure was presented by
Kang et al. [11]. A PSO based method to automatically
determine the fuzzy rule numbers and membership functions
was proposed by Chen [12]. Zhao et al. [15] proposed a
PSO based method for automatically extracting TakagiSugeno fuzzy model from input-output data. In the method
proposed by Chen et al. [17], a PSO algorithm with different
length of particles is used to design fuzzy rule base
automatically. The use of simulated annealing algorithm to
optimize the membership functions of Takagi-Sugeno type
rules was investigated by Guely et al. [18]. To learn the
Takagi-Sugeno fuzzy model parameters, Su and Yang [20]
proposed a DEA based modelling approach. In the study of
Habbi et al. [23], an ABC based approach to obtain the
structures and parameters of the Takagi-Sugeno type fuzzy
systems was reported. A performance comparison of the
Sugeno and Mamdani type fuzzy models optimized by the
ABC algorithm for nonlinear system modelling was
presented by Bagis and Konar [24]. In the study, the
performance of the ABC algorithm was tested for different
numbers of the fuzzy rules and it was shown that the
accuracy of the fuzzy models can be significantly improved
by using the ABC algorithm.
This paper presents the results of a fuzzy modelling

1Abstract—This paper presents the results of the nonlinear
system modelling approach based on the use of fuzzy rules
optimized by different population based optimization
algorithms. Fuzzy rule based models with different number of
the rules are used to describe the some nonlinear systems in the
literature. Firstly, parameters of the fuzzy models are
determined by the artificial bee colony (ABC) algorithm. To
demonstrate the efficiency of the ABC algorithm, its modelling
ability is compared with the other two powerful population
based algorithms, particle swarm optimization (PSO) and
differential evolution algorithm (DEA). Simulation results
show that a successful model performance with good
description ability in the modelling of nonlinear or complex
systems can be obtained by using one of the population based
algorithms in design of the fuzzy rule based models.

Index Terms—Artificial bee colony; fuzzy modelling;
nonlinear system modelling.

I. INTRODUCTION
An important problem in the design of fuzzy rule based
models is that the model parameters need to be optimally
determined for input-output data of the systems to be
considered. One possible way to overcome this difficulty is
to use an artificial intelligence based optimization algorithm
which can provide impressive solutions in many engineering
problems. The studies presented in literature have shown
that structure of the algorithm has an important role to
achieve the modelling of the highly nonlinear or complex
systems. By using population based heuristic algorithms
such as genetic algorithms (GAs), tabu search (TS),
simulated annealing (SA) algorithm, differential evolution
algorithm (DEA), particle swarm optimization (PSO),
artificial bee colony (ABC) algorithm, very effective and
accurate model performances can be rapidly found in a
systematic way relied on the intelligently search of the
solution space. Artificial bee colony (ABC) algorithm
presented by Karaboga [1]–[4] is one of these promising
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approach based on the use of ABC, PSO and DEA
algorithms for nonlinear system modelling. The
performances of the fuzzy models optimized are tested by
using different rule numbers for two nonlinear systems in
the literature. The simulation results obtained from the
algorithms based fuzzy models are compared with each
other and with other methods given in the literature.
The rest of paper is organized as follows: The next
section briefly presents the algorithms used in this study.
Definition of the optimized fuzzy rule base structure is given
in the following section. Simulation results, comparisons
and conclusions are presented in the subsequent sections.



A. Artificial Bee Colony (ABC) Algorithm
Artificial bee colony (ABC) algorithm presented by
Karaboga simulates the intelligent foraging behaviours of
honey bee swarm [1]–[4]. In this population based algorithm
honey bees are categorized by three groups of bees:
employed, onlooker, and scout bees. Each solution in the
search space is defined by the parameters which specify the
position of a food source. Employed bees determine the
food sources (possible solutions) and their neighbourhoods
(new solutions). On the other hand, onlooker bees evaluate
the nectar amounts (qualities of the solutions- fitness value)
of the food sources. Thus, by using this information, the
selection of the new possible food sources is provided. The
qualities of the solutions during the search procedure are
improved by using the main control parameters of the
algorithm such as colony size, maximum cycles, and limit
value (predetermined number of cycles).
In general, a mathematical description that represents the
position of the new possible food sources with more quality
in the position i. In here, k is the number of food sources
randomly determined, and j is the number of the
optimization parameters. Thus, V is a new possible solution
in the neighbourhood of the old solution X . The parameters
of X and X can be defined as the current and neighbour
solutions, respectively









c2  r2  G - xi  k  ,

(2)

xi  k  1  xi  k   vi  k  1 .

(3)

C. Differential Evolution Algorithm (DEA)
In DEA that is a population based heuristic method
presented by Storn and Price [26], [27], the differences
between the solutions are used for the production of the new
possible solutions. The improvement of the solutions is
accomplished by using crossover, mutation, and selection
operations [20]. The mutation operator rather than crossover
operation has an effective role in the performance of the
algorithm. For new solutions, differences between the
vectors defining possible solutions are multiplied by some
coefficients called as scaling factor (F). In such an operation
for ith solution can be given as the following

II. THE ALGORITHMS USED IN THE STUDY

Vij  X ij  rand  -1,1  X ij - X kj .



vi  k  1  wi  vi  c1  r1  Pi - xi  k  





xi  x1  F x2 - x3 ,

(4)

where F is the scaling factor in the range of [0,1], x1, x2, and
x3 are randomly chosen solution vectors.
The control parameters of the algorithms used in this
study are set as follows: For the ABC algorithm, colony
size = 30, limit value = (colony size/2) × (optimized
parameter number); for the PSO method, population
size = 30, cognitive and social parameters, c1 = c2 = 2,
inertia weight factor, w = (maximum iterationiteration)/(maximum iteration); for the DEA, population
size = 30, crossover rate = 0.9, scaling factor(F) = 0.8. Each
modelling study was repeated for 30 times at least, and, the
best values obtained from these studies are noted in the
tables.
III. FUZZY RULE BASE STRUCTURE USED IN THE STUDY
In this study, the fuzzy rule base structure presented by
Bagis [10] is employed. According to fuzzy model structure
given in Fig. 1, in order to characterize the triangular type
membership functions (MFs) of the input variables, three
numerical values are used by the fuzzy reasoning
mechanism. The output values are defined by singleton
values. The parameter matrix representing the membership
functions and rules, and a fuzzy rule base with two rules for
a sample system that have two inputs and one output are
presented in Fig. 1. Apart from the parameters of the input
and output membership functions, the parameter matrix has
an adjustment parameter (p11, p12 etc.) for each input MFs.
Thus, for a system with two inputs and one output, 9
numerical values are used to define a fuzzy rule.
In this study, following reasoning mechanism is used to
obtain the final y* value [10]

(1)

B. Particle Swarm Optimization (PSO)
In PSO algorithm based on the use of a population that
consists of a set of particles, solution diversity and
improvement of the solution quality is achieved by
modifying the positions and velocities of the particles [15],
[17], [25]. For the particles and collective swarm, best
values and global best values are saved by the PSO, and in
case of necessity they are used.
In obtaining the new position and velocity values for the
particles, the definitions given in (2) and (3) are used. In
these equations, i is the particle index; v and x are the
velocity and position of the particle, respectively; w is the
inertia weight; P and G are the best position values obtained
by the particle and swarm, respectively; c1 and c2 are the
positive constants defined as the cognitive and social
parameters; and r1 and r2 are the random values in the
interval [0, 1]:

y* 

r

i 1i  yi ,
r
i 1i

(5)

where r is number of fuzzy rules, i is a weighted value
calculated for ith rule as in
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i  1i  x1k   pi1  2i  x2k   pi 2 ,

maximum cycle of 1000. On the other hand, the MSE values
of the ABC and PSO based fuzzy models with 10 rules in
1000 cycle are found as 0.0201, and 0.7604, respectively.
The test values of these rule structures in the ABC, DEA,
and PSO are 0.6785, 1.1610, and 0.9030, respectively.
Similarly, after 30 runs of the ABC, DEA, and PSO
approaches, the standard deviation values are noted as
0.0309, 0.3658, and 3.7544, respectively again. These
results point out the effectiveness of the ABC and DEA
algorithms to optimize the parameters of the fuzzy models
for a hard nonlinear modelling problem. This fact is clearly
seen from Fig. 2 that presents the outputs of the ABC, DEA,
and PSO based fuzzy models with 10 rules and the original
(measured) bandwidth values.

(6)

where k is input data number, 1i  x1k  and 2i  x2k  are
membership values for x1k and x2k inputs.

a)

TABLE I. MINIMUM MSE VALUES FOR DIFFERENT FUZZY RULE
BASED MODELS OBTAINED BY USING ALGORITHMS.
ABC
DEA
PSO
R
Maximum
Maximum
Maximum
u
Data
Cycle
Cycle
Cycle
l
set
e
1000
1500
1000
1500
1000
1500
Train 0.2173 0.2040 0.2003 0.2443 1.0981 0.6270
2
Test
1.5582 0.2998 0.8684 0.4530 2.8340 0.7517
Train 0.0744 0.0561 0.1170 0.0484 0.6700 0.4917
3
Test
0.0726 0.6040 0.0885 0.2989 1.1581 1.0742
Train 0.0314 0.0313 0.0255 0.0060 0.5849 0.4572
4
Test
0.0114 0.0992 0.2201 0.0377 0.5208 1.0353
Train 0.0562 0.0300 0.0145 0.0092 0.5591 0.5053
5
Test
0.2053 0.3637 0.4965 0.0273 0.4913 0.7076
Train 0.0201 0.0204 0.0044 0.0102 0.7604 1.1331
10
Test
0.6785 0.1139 1.1610 0.9833 0.9030 0.8608

(b)
Fig. 1. Parameter matrix for defining the membership functions and
rules(a); A sample fuzzy rule base with 2 rules (b).

To evaluate the performance of the fuzzy models, the
performance index used in this study is the mean squared
error (MSE) as given in the literature.
IV. SIMULATION RESULTS
In this paper, two numerical modelling problems given in
the literature are used to investigate the performance of the
algorithms for identification of the fuzzy models: an antenna
modelling problem and Box-Jenkins gas furnace problem.
For this aim, three algorithms are tested by using different
number of rules such as 2, 3, 4, 5, and 10, and different
maximum cycles (1000, 1500 etc.). This paper presents the
best results of these studies for colony size of 30. The results
obtained from the ABC based fuzzy models are compared
with those obtained DEA and PSO based fuzzy models. In
the simulations, the Matlab programming package and Intel
Pentium 2800MHz computers are used [28], [29].
A. Antenna Modelling Problem
The essential of this problem given in the literature is to
estimate the bandwidth of a rectangular microstrip antenna
(MSA) by using a measured data set [24], [30], [31], [32].
According to literature, determination of the measured
bandwidth (BWme) parameter can be achieved by using three
parameters in the geometry of a rectangular MSA: the ratio
(h/λd) between the thickness of the dielectric substrate (h)
and wavelength in the substrate (λd) in the MSA, antenna
width (W), and dielectric loss tangent (tanδ). Therefore, the
fuzzy rule based models that have three inputs and one
output are used in this study. In such a case, the number of
optimized parameters is 13 for a rule. In the obtaining of the
fuzzy models based on the use of the algorithms, while the
training data number is 27, test data number is 6 as used in
the literature. Normalization intervals for the variables of
inputs (h/λd, W, tanδ) and output (BWme) are selected as
[0.005, 0.25], [5, 25], [0.0005, 0.0025], and [0.5, 25],
respectively.
The minimum MSE values obtained for different fuzzy
models with different rule sizes are presented in Table I.
From this table, it is shown that the minimum MSE value is
obtained from DEA based 10-rules fuzzy model as 0.0044 in

Fig. 2. The outputs of the fuzzy models and measured bandwidth (·······
Measured BW; ··· PSO model, mse = 0.7604; ——— ABC model,
mse = 0.0201;  DEA model, mse = 0.0044).

For optimized fuzzy models, the variation of iteration (or
cycle)-MSE during the first 250 iterations of 1000 iterations
are graphically given in Fig. 3. And a comparison of the
ABC, DEA, and PSO based fuzzy models and the other
approaches in the literature are presented in Table II.

Fig. 3. Iteration-MSE variation of the algorithm based fuzzy models for
antenna problem (first 250 iterations of 1000 iterations) (——— ABC,
mse = 0.0201; ······· DEA, mse = 0.0044;  PSO, mse = 0.7604).

10

ELEKTRONIKA IR ELEKTROTECHNIKA, ISSN 1392-1215, VOL. 22, NO. 5, 2016
As shown in Fig. 3, for the first 100 iteration, the MSE
performances of the DEA and PSO based fuzzy models with
10 rules are better than those obtained by the ABC based
model. On the other hand, PSO based model does not
exhibit a significant improvement after the first 25
iterations. In using the ABC algorithm, the improvement in
the model performance is slow but continual during the
cycles. When the all of the values in Table I and Table II are
investigated, we can say that the DEA and ABC based fuzzy
models have a satisfying qualification to define the
nonlinear bandwidth estimation problem.

Fig. 4. The outputs of the original and fuzzy models with 10 rules for BoxJenkins problem (·· PSO model, —— ABC model,  DEA model).

TABLE II. COMPARISON OF OUR STUDY AND THE OTHER
METHODS IN THE LITERATURE FOR ANTENNA PROBLEM.
Fuzzy Model
Rule
Learning
MSE
Type
Number
Algorithm
5.7481
FAM [30]
18
TSA
e-004
2
PSO
0.7537
2
GA
1.0744
Sugeno [32]
2
DEA
1.6355
10
PSO
0.1693
4
0.0442
Sugeno [24]
10
ABC
0.0207
Mamdani [24]
10
0.0452
10
ABC
0.0201
Our Study
10
DEA
0.0044
4
PSO
0.4572

Fig. 5. Iteration-MSE variation of the algorithm based fuzzy models for
Box-Jenkins problem (first 150 iterations of 1500 iterations) (——— ABC,
mse=0.1385; ······· DEA, mse=0.1278;  PSO, mse=0.1542).

B. Box-Jenkins Gas Furnace Problem
In this subsection, Box-Jenkins gas furnace problem that
consists of a data set including input-output measurements
of 296 pairs is used to obtain a fuzzy rule based model [10],
[11], [24], [33]–[43]. The process has a single input u(t) (gas
flow rate) and a single output y(t) (CO2 concentration). In
this study, the inputs of the optimized fuzzy models are used
as u(t-4), and y(t-1), and the output of the models is
accepted as y(t). The normalization intervals of the inputs
and output are selected as [-3, 3], [44, 62], and [44, 62],
respectively. The results including the minimum MSE
values for the optimized fuzzy models are given in Table III.

TABLE IV. COMPARISON OF OUR STUDY AND THE OTHER
METHODS IN THE LITERATURE FOR BOX-JENKINS PROBLEM.
Method
Rule Number
MSE
Box and Jenkins [33]
---0.202
Tong [34]
19
0.469
Pedrycz [35]
81
0.320
Xu and Lu [36]
25
0.328
Sugeno and Tanaka [37]
2
0.068
Sugeno and Yasukawa [38]
6
0.190
Wang and Langari [39]
5
0.158
Kim et al. [40]
2
0.055
Kang et al. [11]
5
0.161
36
0.153
Evsukoff et al. [41]
90
0.090
Bagis [10]
4
0.148
Cetin [32]
5
0.174
Zhao et al. [15]
3
0.1275
Su et al. [22]
4
0.1256
Habbi et al. [23]
5
0.0789
5
0.1325
Sugeno
Bagis and
10
0.1164
Konar [24]
Mamdani
10
0.1202
ABC
0.1385
Our Study
DEA
10
0.1278
PSO
0.1542

TABLE III. MINIMUM MSE VALUES OBTAINED BY DIFFERENT
FUZZY MODELS FOR BOX-JENKINS PROBLEM.
ABC
DEA
PSO
Maximum Cycle
Maximum Cycle
Maximum Cycle
Rule
2
3
4
5
10

1000
0.1937
0.1518
0.1610
0.1471
0.1460

1500
0.1837
0.1647
0.1504
0.1471
0.1385

1000
0.1608
0.1428
0.1384
0.1290
0.1326

1500
0.1614
0.1438
0.1331
0.1352
0.1278

1000
0.1645
0.1669
0.1570
0.1620
0.1596

1500
0.1692
0.1659
0.1692
0.1594
0.1542

As shown from this table, minimum MSE values in the
use of 10 rules and 1500 cycles for the ABC, DEA, and PSO
approaches are found as 0.1385, 0.1278, and 0.1542,
respectively. The standard deviation values of these
algorithms for 10 rules are noted as 0.0059, 0.0090, and
0.0295, respectively again. The outputs of the fuzzy models
with 10 rules and the original output of the system are given
comparatively in Fig. 4. Furthermore, iteration-MSE
variations of the fuzzy models are given in Fig. 5. For
clarity, the first 150 iterations of 1500 iterations are
indicated in this figure. The MSE values of our study and
the other approaches in the literature are presented in
Table IV.

A good agreement between the fuzzy model outputs and
the original output can be clearly seen from Fig. 4. Figure 5
exhibits the remarkable reductions in the MSE values that
provided by the algorithms during the first 50 iterations.
When considering the performances of the PSO and DEA
methods during the first 25 iterations, we can say that the
convergence speed of the ABC algorithm is a little slower
than the other algorithms for this problem. However, the
results in the Table III and Table IV prove the undeniable
competitiveness of the ABC algorithm according to other
methods.
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V. CONCLUSIONS
This paper presents a useful investigation about the
effectiveness of the population based three popular
algorithms in the fuzzy modelling of the nonlinear systems,
and it compares the performances of these algorithms,
namely, ABC, DEA and PSO. For this aim, the fuzzy rule
based models with different rule number optimized by the
algorithms is applied to the popular nonlinear systems given
in the literature. Simulation results show that the ability to
define the nonlinear or complex systems of the fuzzy rule
based models can be significantly improved by using the
DEA and ABC algorithms especially, and the competitive
solutions for difficult engineering problems can be
produced. Moreover, these results encourage that, after
some additional improvements, the computational
capabilities of the algorithms can be increased to perform
the more desired modelling performance.

[15]

REFERENCES

[20]

[1]
[2]

[3]

[4]

[5]

[6]

[7]

[8]

[9]

[10]

[11]

[12]

[13]

[14]

[16]

[17]

[18]

[19]

D. Karaboga, “An idea based on honey bee swarm for numerical
optimization”, Technical Report-TR06, Erciyes University,
Engineering Faculty, Computer Engineering Department, 2005.
D. Karaboga, B. Akay, “A powerful and efficient algorithm for
numerical function optimization: artificial bee colony (ABC)
algorithm”, Journal of Global Optimization, vol. 39, pp. 459–471,
2007. [Online]. Available: http://dx.doi.org/10.1007/s10898-0079149-x
D. Karaboga, B. Akay, “A comparative study of artificial bee colony
algorithm”, Applied Mathematics and Computation, vol. 214,
pp. 108–132, 2009. [Online]. Available: http://dx.doi.org/10.1016/
j.amc.2009.03.090
D. Karaboga, C. Ozturk, “A novel clustering approach: artificial bee
colony (ABC) algorithm”, Applied Mathematics and Computation,
vol.
11,
pp.
652–657,
2011.
[Online].
Available:
http://dx.doi.org/10.1016/j.asoc.2009.12.025
P. Siarry, F. Guely, “A genetic algorithm for optimizing TakagiSugeno fuzzy rule bases”, Fuzzy Sets and Systems, vol. 99, pp. 37–47,
1998.
[Online].
Available:
http://dx.doi.org/10.1016/S01650114(97)00003-1
W. A. Farag, V. H. Quintana, G. L. Torres, “A genetic based neurofuzzy approach for modeling and control of dynamical systems”,
IEEE Trans. Neural Netw., vol. 9, no. 5, pp. 756–767, 1998. [Online].
Available: http://dx.doi.org/10.1109/72.712150
B. Wu, X. Yu, “Fuzzy modelling and identification with genetic
algorithm based learning”, Fuzzy Sets and Systems, vol. 113, pp. 351–
365, 2000. [Online]. Available: http://dx.doi.org/10.1016/S01650114(97)00408-9
H. Du, N. Zhang, “Application of evolving Takagi–Sugeno fuzzy
model to nonlinear system identification”, Applied Soft Computing,
vol. 8, pp. 676–686, 2008. [Online]. Available: http://dx.doi.org/
10.1016/j.asoc.2007.05.006
A. Bagis, “Determining fuzzy membership functions with tabu search
- an application to control”, Fuzzy Sets and Systems, vol. 139,
pp. 209–225, 2003. [Online]. Available: http://dx.doi.org/10.1016/
S0165-0114(02)00502-X
A. Bagis, “Fuzzy rule base design using tabu search algorithm for
nonlinear system modeling”, ISA Trans., vol. 47, no. 1, pp. 32–44,
2008.
[Online].
Available:
http://dx.doi.org/10.1016/j.isatra.
2007.09.001
S.-J. Kang, C.-H. Woo, H.-S. Hwang, K. B. Woo, “Evolutionary
design of fuzzy rule base for nonlinear systems modeling and
control”, IEEE Trans. Fuzzy Systems, vol. 8, no. 1, pp. 37–45, 2000.
[Online]. Available: http://dx.doi.org/10.1109/91.824766
C. C. Chen, “A PSO-based method for extracting fuzzy rules directly
from numerical data”, Cybernetics and Systems, vol. 37, no. 7,
pp. 707–723, 2006. [Online]. Available: http://dx.doi.org/10.1080/
01969720600886980
C.-F. Juang, C. Lo, “Zero-order TSK-type fuzzy system learning
using a two-phase swarm intelligence algorithm”, Fuzzy Sets and
Systems, vol. 159, pp. 2910–2926, 2008. [Online]. Available:
http://dx.doi.org/10.1016/j.fss.2008.02.003
C.-F. Juang, C. Y. Wang, “A self-generating fuzzy system with ant
and particle swarm cooperative optimization”, Expert Systems with

[21]

[22]

[23]

[24]

[25]

[26]
[27]

[28]
[29]
[30]

[31]

[32]
[33]
[34]
[35]

12

Applications, vol. 36, pp. 5362–5370, 2009. [Online]. Available:
http://dx.doi.org/10.1016/j.eswa.2008.06.101
L. Zhao, F. Qian, Y. Yang, Y. Zeng, H. Su, “Automatically extracting
T–S fuzzy models using cooperative random learning particle swarm
optimization”, Applied Soft Computing, vol. 10, pp. 938–944, 2010.
[Online]. Available: http://dx.doi.org/10.1016/j.asoc.2009.10.012
C.-F. Juang, C.-M. Hsiao, C.-H. Hsu, “Hierarchical cluster-based
multispecies particle swarm optimization for fuzzy system
optimization”, IEEE Trans. Fuzzy Systems, vol. 18, no. 1, pp. 14–26,
2010. [Online]. Available: http://dx.doi.org/10.1109/TFUZZ.2009.
2034529
D. Chen, J. Wang, F. Zou, H. Zhang, W. Hou, “Linguistic fuzzy
model identification based on PSO with different length of particles”,
Applied Soft Computing, vol. 12, pp. 3390–3400, 2012. [Online].
Available: http://dx.doi.org/10.1016/j.asoc.2012.07.014
F. Guely, R. La, P. Siarry, “Fuzzy rule base learning through
simulated annealing”, Fuzzy Sets and Systems, vol. 105, pp. 353–363,
1999.
[Online].
Available:
http://dx.doi.org/10.1016/S01650114(97)00260-1
T. A. Yanar, Z. Akyurek, “Fuzzy model tuning using simulated
annealing”, Expert Systems with Applications, vol. 38, pp. 8159–8169,
2011. [Online]. Available: http://dx.doi.org/10.1016/j.eswa.2010.
12.159
H. Su, Y. Yang, “Differential evolution and quantum-inquired
differential evolution for evolving Takagi-Sugeno fuzzy models”,
Expert Systems with Applications, vol. 38, pp. 6447–6451, 2011.
[Online]. Available: http://dx.doi.org/10.1016/j.eswa.2010.11.107
A. H. Zade, S. M. A. Mohammadi, A. A. Gharaveisi, “Fuzzy logic
controlled differential evolution to identification of Takagi-Sugeno
models”, Int. J. of Engg. Research & Indu. Appls. (IJERIA), vol. 5,
no. 1, pp. 367–382, 2012.
Z.-G. Su, P.-H. Wang, J. Shen, Y.-F. Zhang, L. Chen, “Convenient T–
S fuzzy model with enhanced performance using a novel swarm
intelligent fuzzy clustering technique”, Journal of Process Control,
vol. 22, pp. 108–124, 2012. [Online]. Available: http://dx.doi.org/
10.1016/j.jprocont.2011.10.002
H. Habbi, Y. Boudouaoui, D. Karaboga, C. Ozturk, “Self-generated
fuzzy systems design using artificial bee colony optimization”,
Information Sciences, vol. 295, pp. 145–159, 2015. [Online].
Available: http://dx.doi.org/10.1016/j.ins.2014.10.008
A. Bagis, M. Konar, “Comparison of Sugeno and Mamdani fuzzy
models optimized by artificial bee colony algorithm for nonlinear
system modelling”, Trans. Institute of Measurement and Control,
2015. [Online]. Available: http://dx.doi.org/10.1177/014233121559
1239
J. Kennedy, R. C. Eberhart, “Particle swarm optimization”, in Proc.
IEEE Int. Joint Conf. Neural Networks, Perth, West Australia, 1995,
pp. 1942–1948. [Online]. Available: http://dx.doi.org/10.1109/
icnn.1995.488968
K. Price, R. Storn, “Differential Evolution: numerical optimization
made easy”, Dr. Dobb’s J., vol. 78, pp. 18–24, 1997.
R. Storn, K. Price, “Differential Evolution: A simple and efficient
heuristic for global optimization over continuous spaces”, Journal of
Global Optimization, vol. 11, pp. 341–359, 1997. [Online]. Available:
http://dx.doi.org/10.1023/A:1008202821328
MathWorks, Matlab Primer, R2014a. The MathWorks, Inc, 2014.
MathWorks, Fuzzy Logic Toolbox User's Guide, R2014a, The
MathWorks, Inc., 2014.
A. Kaplan, K. Guney, S. Ozer, “Fuzzy associative memories for the
computation of the bandwidth of rectangular microstrip antennas with
thin and thick substrates”, Int. Journal of Electronics, vol. 88,
pp. 189–195, 2001. [Online]. Available: http://dx.doi.org/10.1080/
00207210010002078
K. Guney, N. Sarikaya, “Comparison of adaptive-network-based
fuzzy inference systems for bandwidth calculation of rectangular
microstrip antennas”, Expert Systems with Applications, vol. 36,
pp. 3522–3535, 2009. [Online]. Available: http://dx.doi.org/10.1016/
j.eswa.2008.02.008
O. Cetin, “The modeling of nonlinear systems based on fuzzy logic”,
M.Sc. Thesis, Erciyes University, Graduate School of Natural and
Applied Sciences, 2009. (in Turkish)
G. E. P. Box, G. M. Jenkins, Time series analysis, forecasting, and
control. San Francisco (CA): Holden Day, 1970.
R. M. Tong, “The evaluation of fuzzy models derived from
experimental data”, Fuzzy Sets and Systems, vol. 4, pp. 1–12, 1980.
[Online]. Available: http://dx.doi.org/10.1016/0165-0114(80)90059-7
W. Pedrycz, “An identiﬁcation algorithm in fuzzy relational systems”,
Fuzzy Sets and Systems, vol. 13, pp. 153–167, 1984. [Online].
Available: http://dx.doi.org/10.1016/0165-0114(84)90015-0

ELEKTRONIKA IR ELEKTROTECHNIKA, ISSN 1392-1215, VOL. 22, NO. 5, 2016
[36] C. W. Xu, Y. Z. Lu, “Fuzzy model identification and self-learning for
dynamic systems”, IEEE Trans. Systems, Man and Cybernetics,
vol. 17, no. 4, pp. 683–689, 1987. [Online]. Available:
http://dx.doi.org/10.1109/TSMC.1987.289361
[37] M. Sugeno, K. Tanaka, “Successive identiﬁcation of a fuzzy model
and its applications to prediction of a complex system”, Fuzzy Sets
Syst., vol. 42, pp. 315–334, 1991. [Online]. Available:
http://dx.doi.org/10.1016/0165-0114(91)90110-C
[38] M. Sugeno, T. Yasukawa, “A fuzzy logic based approach to
qualitative modeling”, IEEE Trans Fuzzy Syst, vol. 1, no. 1, pp. 7–31,
1993. [Online]. Available: http://dx.doi.org/10.1109/TFUZZ.1993.
390281
[39] L. Wang, R. Langari, “Complex systems modeling via fuzzy logic”,
IEEE Trans. Syst. Man Cybern-Part B: Cybern, vol. 26, no. 1,
pp. 100–106, 1996. [Online]. Available: http://dx.doi.org/10.1109/

3477.484441
[40] E. Kim, M. Park, S. Ji, M. Park, “A new approach to fuzzy
modeling”, IEEE Trans Fuzzy Syst, vol. 5, no. 3, pp. 328–337, 1997.
[Online]. Available: http://dx.doi.org/10.1109/91.618271
[41] A. Evsukoff, A. C. S. Branco, S. Galichet, “Structure identiﬁcation
and parameter optimization for non-linear fuzzy modeling”, Fuzzy
Sets and Systems, vol. 132, pp. 173–188, 2002. [Online]. Available:
http://dx.doi.org/10.1016/S0165-0114(02)00111-2
[42] S. Yılmaz, E. Ugur Kucuksille, Y. Cengiz, “Modified Bat Algorithm”,
Elektronika ir Elektrotechnika, vol. 20, no. 2, pp. 71–78, 2014.
[Online]. Available: http://dx.doi.org/10.5755/j01.eee.20.2.4762
[43] Z. Albayrak, A. Zengin, “Bee-MANET: A New Swarm-based
Routing Protocol for Wireless Ad Hoc Networks”, Elektronika ir
Elektrotechnika, vol. 20, no. 3, pp. 91–97, 2014. [Online]. Available:
http://dx.doi.org/10.5755/j01.eee.20.3.342

13

