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PREFACE 

This book presents the machine learning, energy and industrial 

applications in technology and engineering sciences. The matters 

discussed and presented in the chapters of this book cover a wide 

spectrum of topics and research methods in the field of technology 

and engineering sciences. The book contains six chapters: differential 

evolution algorithm for problem of environmental economic operation 

solution, classification for electric motors, effective machine learning 

methods for disease diagnosis, applications for wood industry, 

approach for 3D shape matching, and determining effects of chaotic 

mapping methods. 

This book, which consists of researches covering the fields of machine 

learning, algorithms, engineering, and industrial sciences, will 

constitute an academic data source for academicians and researchers. I 

believe that this book, which consists of different scientific fields, will 

make significant contributions to the world of science and I would like 

to thank the authors who have contributed. 

 

Sincerely Yours 

Assist. Prof. Dr. Şule YÜCELBAŞ 

Aug 2021 
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INTRODUCTION 

One of the important problems of power system engineering is the 

problem of economic power dispatch. The gradual increase in the 

need for electrical power and the use of fossil-based fuels in the 

generation of most of this power requires the consideration of 

environmental effects in economic power dispatch. The problem 

which requires the decrease of the emission amount dispatched to the 

environment as well as the optimization of the financial cost is called 

environmental/economic power dispatch problem. The use of thermal 

and hydraulic generation units together in environmental/economic 

power dispatch problem requires providing much more constraints at 

the same time. There is neither emission nor fuel cost of the electrical 

power generated by the hydraulic generation units. One of the widely 

used hydraulic generation units is pumped- storage (P/S) hydraulic 

generation units. These units are one of the renewable power 

generation systems. The main purpose in P/S hydraulic units is to 

store the extra electrical power generated by the system as hydraulic 

potential power when its cost is low and to meet the power demand of 

the system (high power demand) with this stored potential power 

when the generation cost is high. The problem of the optimum 

operation of the systems including these kinds of units by considering 

the environmental effects as well, is a complex problem having many 

constraints (Jebaraj et al., 2017; Mahdi et al., 2018). 

The problem of the environmental/economic operation of the 

generation units during a day (short term) is defined as meeting the 
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demanded load with the least fuel cost and emission amount by 

providing all the constraints of the generation units in the system. 

Since both the fuel cost and environmental pollution effect are 

evaluated together in the solution of environmental economic power 

dispatch problems, the problem turns into a multi-objective 

optimization problem. The solution of this problem determines active 

power generation values of the generation units in which the possible 

thermal and hydraulic constraints in the system are provided and 

which minimize the total fuel cost function (total thermal cost and 

total emission amount) scalarized with weighted sum method (WSM) 

during the foreseen operation time. Generally, there is not only one 

solution in multi-objective optimization problems, but an alternative 

set of solutions. When all objectives are thought for the elements of 

this alternative set of solutions, it cannot be said that any of the 

solutions is more “the best” solution than the others. These kinds of 

solutions are called pareto optimum solutions (Özyön et al., 2012). 

Many studies have been done on P/S hydraulic generation systems in 

literature. The main purpose in these studies is to develop faster and 

more efficient solutions for the operation of the system. The 

mathematical modelling of P/S hydraulic generation units, the 

importance of their use, the benefit they provided for the system they 

are in and various statistical data have been given in (Deane et al., 

2010; Ardizzon, Cavazzini, & Pavesi, 2014; Rehman, Al-Hadhrami, 

& Alam, 2015). The problem of economic operation of the systems 

with P/S hydraulic generation units has been solved with various 



 
 7 

approaches and optimization methods under different constraints. 

These approaches that have been used can be listed as pseudo spot 

price algorithm (PSPA) (Fadıl & Urazel, 2010), modified subgradient 

algorithm based on feasible values (F-MSG) (Fadıl & Urazel, 2013), 

annealing neural network (ANN) (Liang, 2000), mixed-integer linear 

programming (MILP) (Cheng et al., 2018), mixed-integer non-linear 

programming (MINLP) (Simab, Javadi, & Nezhad, 2018; Nezhad, 

Javadi, & Rahimi, 2014), evolutionary particle swarm optimization 

(EPSO) (Chen, 2008), two stage stochastic programming (TS-SP) 

(Kocaman, 2019), and artificial sheep algorithm (BASA) (Wang, Li, & 

Liao, 2017). As for the environmental/economic operation of these 

systems, it has been solved with the genetic algorithm (GA) in (Demir, 

2010; Fadıl, Demir, & Urazel, 2013) and with modified subgradient 

algorithm based on feasible values (F-MSG) in (Fadıl & Urazel, 

2014). 

The environmental/economic P/S hydraulic unit scheduling problem 

the solution of which has been done in this study is a complex 

problem in terms of its size and constraints and a difficult one to be 

solved with numeric methods. Many optimization algorithms have 

been and are still being developed for the faster and more decisive 

solution of these kinds of problems. In this study, the problem of 

environmental economic operation of a lossy power system consisting 

of thermal and P/S hydraulic generation units, has been solved with 

differential evolution algorithm (DE) for the first time in literature. 

Transmission line losses have been considered in the solution of the 
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sample system and Newton-Raphson AC load flow method has been 

used for the calculation of these losses. The sample system selected in 

the study has been solved for four cases. The economic and 

environmental benefit that P/S hydraulic generation units provided for 

the system they are in, has been proved with the data obtained from 

these solutions and the results have been discussed. 

1. ENVIRONMENTAL/ECONOMIC P/S HYDRAULIC UNIT 

SCHEDULING PROBLEM 

Today thermal generation units which meet a great part of electrical 

power generation cannot adapt to sudden load changes because of 

various constraints. Therefore, these kinds of generation units are 

generally operated at basic load. As for the hydraulic generation units, 

since they are able to reach full capacity power at a short time, they 

are used to meet the peak load. For the system to operate without 

problems it is important that the peak load demand is met. Another 

renewable power generation unit frequently used to meet the peak 

load demand is P/S hydraulic generation unit. The aim of these 

generation units is to store the water in the reservoir in a high place 

when the load is low, and to generate power with this stored water in 

cases of peak load demand (Fadıl & Yaşar, 2000; Wood & 

Wollenberg, 1996). In pumped storage hydraulic units there are two 

types of ways of operation as pumping and generation. The 

presentation belonging to the operation principle of these generation 

units has been given in Figure 1 (Ma et al., 2015). 
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Figure 1: P/S Hydraulic Power Generation System 

 
The fuel cost function for each thermal generation unit in the system is 

shown with a second-degree convex function. The fuel cost function 

of each of the thermal generation units has been taken as in equation 

(1) (Özyön et al., 2012 ;Wood & Wollenberg, 1996). 

2

, , ,( ) . .  ($ / ),     n GT n n n GT n n GT n TF P a b P c P h n N= + +       (1) 

In the equation Fn (PGT,n), shows the fuel cost function of n. generation 

unit, an, bn ve cn coefficients show the cost function coefficients of n. 

generation unit, as for PGT,n, it shows the output power of n. thermal 

generation unit and its unit is taken as MW. The emission amount 

spread to the environment by each of the thermal units is defined in 

terms of the output power of the generation unit as in the following 

(Özyön et al., 2012 ;Wood & Wollenberg, 1996) . 

2

, , , ,( ) exp( ),   ( / )n G n n n G n n G n n n G nE P d e P f P g h P ton h= + + +      (2) 

Active power balance constraints for the pumping case in a lossy 

system consisting of thermal and P/S hydraulic generation units have 
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been shown in equation (3), and for the generation case in equation 

(4). As for the reactive power balance constraints in the system, they 

have been shown for the pumping case in equation (5) and for the 

generation case in equation (6) (Demir, 2010; Fadıl, Demir, & Urazel, 

2013; Fadıl & Urazel, 2014). 

, , , , 0,    
T

GT nj PPS j load j loss j pump

n N

P P P P j J


− − − =       (3) 

, , , , 0,    
T

GT nj GPS j load j loss j gen

n N

P P P P j J


+ − − =       (4) 

, , , , 0,    
T

GT nj PPS j load j loss j pump

n N

Q Q Q Q j J


− − − =       (5) 

, , , , 0,    
T

GT nj GPS j load j loss j gen

n N

Q Q Q Q j J


+ − − =       (6) 

Active and reactive power operation limit values of the thermal 

generation units in the system have been given in equation (7) and (8). 

min max

, , , max,   ,    1,...,GT n GT nj GT n TP P P n N j j   =      (7) 

min max

, , , max,   ,    1,...,GT n GT nj GT n TQ Q Q n N j j   =      (8) 

Electrical constraints belonging to P/S hydraulic generation units have 

been given in equation (9)-(13), and the hydraulic constraints have 

been given in equation (14)-(22) (Demir, 2010; Fadıl, Demir, & 

Urazel, 2013; Fadıl & Urazel, 2014). 

min max

, , , ,   ,    GPS m GPS mj GPS m PS genP P P m N j J         (9) 

min max

, , , ,   ,   GPS m GPS mj GPS m PS genQ Q Q m N j J       (10) 
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min max

,( ) ,   ,   m mj GPS mj m PS genq q P q m N j J       (11) 

min max

, , , ,   ,    PPS m PPS mj PPS m PS pumpP P P m N j J       (12) 

min max

, , , ,   ,   PPS m PPS mj PPS m PS pumpQ Q Q m N j J       (13) 

min max

,( ) ,   ,   m mj PPS mj m PS pumpq q P q m N j J       (14) 

max

, ,

,

,

 ( - / )     0
( ) ,  ,   

0                ( - / )     0

GPS mj GPS mj GPS

GPS GPS mj PS gen

GPS mj

d eP acre ft h if P P
q P m N j J

acre ft h if P

 +   =   
=  

   (15) 

max

, ,

,

,

 ( - / )     0
( ) ,  ,   

0                    ( - / )     0

PPS mj PPS mj PPS

PPS PPS mj PS pump

PPS mj

f g P acre ft h if P P
q P m N j J

acre ft h if P

 +   =   
=  

   (16) 

, ,( ) ,   
gen

GPS total GPS GPS mj j PS

j J

q q P t m N


=     (17) 

, ,( ) ,   
pomp

PPS total PPS PPS mj j PS

j J

q q P t m N


=     (18) 

, , 0GPS total PPS total totalq q q− = =    (19) 

min max

max,   ,    1,...,m mj m PSV V V m N j j   =    (20) 

1 ,

1 ,

( )      
,   

( )      

mj GPS GPS mj j gen

mj PS

mj PPS PPS mj j pump

V q P t if j J
V m N

V q P t if j J

−

−

− =  + 
   (21) 

0 max ,  start end

m mj m m PSV V V V m N= = =      (22) 

Total fuel function that was scalarized with WSM and will be 

minimized by DE for the solution of environmental/economic P/S 

hydraulic unit scheduling problem has been given in equation (23) 

(Özyön et al., 2012). 

, ,. ( ) (1 ). . ( ),   T GT n T GT n TTC w F P w E P n N= + −     (23) 
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In the equation, FT (PG,n) shows the total fuel cost as ($) and ET (PGT,n) 

shows the total emission amount function as (ton). γ ($/ton) shows the 

scaling factor, w shows the weight factor that changes as (0≤w≤1) and 

NT shows the set of all thermal generation units in the system. Here 

w=1.0 value only corresponds to the minimization of total fuel cost 

and w=0.0 value only corresponds to the minimization of total 

emission amount.  The total fuel cost taking place in the equation FT 

(PGT,n) and total emission amount ET (PGT,n) are calculated by using 

respectively equation (24) and (25) (Özyön et al., 2012 ;Wood & 

Wollenberg, 1996). 

max

, ,

1

( ) ( ),   ($)
T

j

T GT n j n GT nj

j n N

F P t F P
= 

=                                                           (24) 

max

, ,

1

( ) ( ),   ( )
T

j

T GT n j n GT nj

j n N

E P t E P ton
= 

=                                                        (25) 

2. DIFFERENTIAL EVOLUTION ALGORITHM (DE) 

DE, is a population-based algorithm consisting of mutation, crossing 

and selection operators. It uses the mutation operator as main search 

strategy and selection operator to direct the search that is done, to the 

potential solution area. Two sequences are formed in the algorithm as 

primary and secondary. Both series consist of potential solutions at 

NP number and each solution includes variables at D number. These 

solutions are vectors with real values. In short, in the beginning there 

is D dimensional vector at NP number. The sum of all vectors is called 
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population. The algorithm, as such was first suggested by Storn and 

Price in 1997 (Storn, 1997; Naila et al., 2018). 

The basic algorithm parameters used in DE are the size of the 

population (NPmax), maximum iteration number (gmax), crossover rate 

(CR) and scaling factor (F). The process steps of the algorithms can be 

defined as variable assignment and formation of the initial population, 

calculation of the fitness of the individuals, selection, mutation, 

crossover and stopping of the algorithm. The flowchart belonging to 

the algorithm has been given in Figure 2 (Mandal, Chatterjee, & 

Bhattacharjee, 2013). 

Enter the DE parameters

NPmax, CR, F, g, gmax 

g > gmax

START

Set g=0 and randomly initialize xi,g

Compute xbest,g

i=0

Save the result and stop

vi,g=xbest,g+F.(xr1,g-xr2,g)

uji,g=vji,g if rand(0,1)≤CR
uji,g=xji,g otherwise

f(ui,g)<f(xi,g)

f(ui,g)=f(xi,g+1) Xi,g=xi,g+1

i=i+1

i=NP

M
u

ta
ti

o
n

C
ro

ss
o

v
e

r

S
e

le
ct

io
n

g=g+1

No

No

No

Yes

Yes

Yes

 

Figure 2: The flowchart of DE 
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3. NUMERICAL APPLICATIONS 

Single line diagram selected as the example for the 

environmental/economic operation of power generation systems 

including P/S hydraulic unit has been given in Figure 3. There are 12 

buses, 5 thermal generation units generating production with fossil-

based fuel, one P/S hydraulic unit, 25 transmission lines and 7 load 

buses in this power system. In the study, all values used in the solution 

of the sample system and the obtained results have been taken as pu. 

As for the base values Sbase=100 MVA, Vbase=230 kV ve Zbase=529 

Ohm. In the system G1 generator connected to the bus number 1 has 

been selected as slack bus. Bus voltage value for the oscillation bus 

has been taken as V1= 0o1,05 pu. The sample system has been solved 

with DE algorithm for four different cases by considering 

transmission line losses. In the first case, when there is no P/S 

hydraulic unit in the system, thermal fuel cost and the amount of 

emission have been minimized. As for the second, third and fourth 

cases, the system has been solved again by including P/S hydraulic 

unit respectively with 0.60, 0.67 and 0.75 cycle efficiency values in 

the system. The benefit that P/S hydraulic unit has for different cycle 

efficiency cases has been determined by calculating the thermal fuel 

costs and emission amounts of the system for four cases each, under 

the same load demand. Transmission line losses in the solution of the 

sample system have been found by doing AC load flow with Newton-

Raphson method. In the solution of the system, one-day (short term) 

operation time, which consists of six equal four-hour time slices 
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(tj=4h, j=1,...,jmax), has been considered (Demir, 2010; Fadıl, Demir, 

& Urazel, 2013; Fadıl & Urazel, 2014; Özyön, 2020). 

Thermal Unit Active Load

Pumped-Storage Unit Reactive Load

GPS

GPS

GT

GT

GT

V1 = 1.05  0
o
  pu

1

5

6

7

GT

10

11

12

9

GT

8

GT
2

3
4

 

Figure 3: One-line diagram of the example power system 

 

Line parameter values R (resistance), X (reactance) and B 

(susceptance) of nominal π equivalent circuits belonging to the 

transmission lines in the sample system, active and reactive load 

values in each period and initial reactive power generation values in 

each time slice belonging to the generation units have been taken from 

reference (Özyön, 2020). 

Convex thermal fuel and emission cost function coefficients belonging 

to thermal generation units and active power generation limits of these 

units have been shown in Table 1 (Demir, 2010; Fadıl, Demir, & 

Urazel, 2013; Fadıl & Urazel, 2014; Özyön, 2020). 
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Table 1: Fuel and emission cost function coefficients belonging to the thermal 
generation units 
 

Bus no (n) 1 4 7 9 11 

an 10 20 20 70 70 

bn 0.5 0.85 0.85 2.15 2.05 

cn 0.0025 0.003 0.003 0.008 0.213 

dn 4.426 4.258 4.258 7.743 8.531 

en -5.55E-2 -6.09E-2 -6.09E-2 -2.15E-2 -2.36E-2 

fn 2.03E-4 3.89E-4 3.89E-4 8.44E-4 8.65E-4 

gn 2.00E-6 1.00E-6 1.00E-6 5.00E-5 5.00E-6 

hn 1.50E-2 2.35E-2 2.35E-2 8.83E-2 8.97E-2 

min

,GT nP  (pu) 0.50 0.45 0.40 0.05 0.05 

max

,GT nP  (pu) 3.50 1.80 1.70 1.00 1.00 

 

DE parameter values used for all cases have been given in Table 2. 

For the solution of the problems, sub-programs developed in 

MATLAB R2015b have been operated in a work station with Intel 

Xeon E5-2637 v4 3.50 GHz processor and 128 GB RAM memory. 

The scaling factor taking place in equation (23) has been taken as 

1000. 

Table 2: DE parameters 
 

Iteration 
number 
(gmax) 

Individual 
number 
(NPmax) 

Function 
call (FCall) 

Crossover 
rate 
(CR) 

Scaling 
factor 

(F) 
Run 

300 50 15000 0.8 0.4 30 

 
3.1. Case-I: Non P/S Hydraulic Unit 

In the first case, the sample system has been solved by assuming that 

the demanded load was met only by thermal generation units. The 

statistical values belonging to the total cost function of the problem 

which was solved 30 runs with the parameter values given in Table 2, 

have been given in Table 3. As for the power generation values 
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belonging to the best solution among these solutions, transmission line 

losses and solution times for different weight values, they have been 

given in Table 4-6 respectively. 

Table 3: Values obtained from 30 runs (Case-I: Non P/S) 
 

Non P/S 
w 

1.0 0.5 0.0 

Worst 16414.499738 (Run: 13) 10147.829703 (Run: 10) 4084.708522 (Run: 17) 

Mean 15551.990248 9832.602982 3783.839844 

Best 15458.008141 (Run: 9) 9424.251183 (Run: 13) 3373.464713 (Run: 5) 

Std 210.581316 190.860112 177.467403 

Total time (s) 3762.168518 3595.311464 3757.381171 

Mean time (s) 125.405617 119.843715 125.246039 

 
Table 4: Values belonging to the best solution (Case-I: Non P/S) (w=1.0) 
 

w=1.0 

Bus no 
(n) 

Generation 
(pu) 

Period (j) 

1 2 3 4 5 6 

1 
PGT,1 1.162194 2.982822 3.200000 2.982809 1.547352 1.162366 

QGT,1 1.044028 2.897716 2.522277 2.897708 1.570472 1.044045 

4 PGT,4 0.450000 1.800000 1.800000 1.800000 0.768128 0.450000 

7 PGT,7 0.441258 1.700000 1.700000 1.700000 0.807127 0.441091 

9 PGT,9 0.000000 0.000000 0.801442 0.000000 0.000000 0.000000 

11 PGT,11 0.000000 0.000000 0.000000 0.000000 0.000000 0.000000 

FT ($)
 

1.5458e+04 

ET (ton) 3.3982 

Ptotal loss (pu) 1.696606 

Time (s) 126.872289 

 
Table 5: Values belonging to the best solution (Case-I: Non P/S) (w=0.5) 
 

w=0.5 

Bus no 
(n) 

Generation 
(pu) 

Period (j) 

1 2 3 4 5 6 

1 
PGT,1 1.057801 2.982822 3.200000 2.982822 1.503546 1.058378 

QGT,1 1.035168 2.897716 2.522277 2.897716 1.565998 1.035215 

4 PGT,4 0.493967 1.800000 1.800000 1.800000 0.799463 0.493797 

7 PGT,7 0.499053 1.700000 1.700000 1.700000 0.818222 0.498660 

9 PGT,9 0.000000 0.000000 0.801442 0.000000 0.000000 0.000000 

11 PGT,11 0.000000 0.000000 0.000000 0.000000 0.000000 0.000000 

FT ($)
 

1.5462e+04 

ET (ton) 3.3861 

Ptotal loss (pu) 1.689975 

Time (s) 117.772149 
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Table 6: Values belonging to the best solution (Case-I: Non P/S) (w=0.0) 
 

w=0.0 

Bus no 
(n) 

Generation 
(pu) 

Period (j) 

1 2 3 4 5 6 

1 
PGT,1 0.937014 3.062652 3.090112 3.062654 1.455649 0.937011 

QGT,1 1.027043 2.910232 2.399395 2.910233 1.561368 1.027043 

4 PGT,4 0.556796 1.724270 1.740207 1.724268 0.831592 0.556799 

7 PGT,7 0.554691 1.700000 1.700000 1.700000 0.832570 0.554691 

9 PGT,9 0.000000 0.000000 0.468820 0.000000 0.000000 0.000000 

11 PGT,11 0.000000 0.000000 0.462824 0.000000 0.000000 0.000000 

FT ($)
 

1.7417e+04 

ET (ton) 3.3735 

Ptotal loss (pu) 1.652625 

Time (s) 135.532172 

 

In the first case, total fuel cost and total emission amounts belonging 

to the best solutions obtained from the solution of the sample system 

with DE algorithm and different weight values for 30 times have been 

given in Figure 4. 
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Figure 4: Total fuel cost and total emission amounts (Case-I: Non P/S) 

 
In the first case, the change of total fuel cost and total emission 

amounts that belong to the best solution obtained for w=1.0, according 
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to the iterations have been given in Figure 5, the change of the 

transmission line losses according to the iterations and the active 

powers generated in each period have been given in Figure 6. Similar 

graphics have been obtained for all weight values but have not been 

added to the study due to the lack of space. 

 
Figure 5: The change of TFC ve TEA according to the iterations (Case-I: Non P/S) 

(w=1.0) 

As is seen in Figure 5, in the solution of the sample system with DE 

algorithm, total fuel cost value and total emission amount values for 

case-I have caught the optimum result approximately at 120th 

iteration. 
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Figure 6: The change of Ploss according to iterations, The change of generated 

active powers according to the periods (Case-I: Non P/S) (w=1.0) 

When the graphic of change of active powers according to the periods, 

which has been generated for this case, is looked at, it is seen that 11th 

thermal generation unit did not make any generation and as for the 9th 

thermal generation unit, it made generation only in the 3rd period. The 

reason is that the generation cost of these generation units is higher. In 

this case, the graphic where the best TFC’s obtained from 30 solutions 

done for w=1.0 take place, has been given in Figure 7 and the boxplot 

belonging to these solutions has been given in Figure 8. 
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Figure 7: The best TFC values obtained from 30 runs (Case-I: Non P/S) (w=1.0) 

 
When Figure 7 is examined, it is seen that in the solution of the 

sample system with DE for 30 times for case-I, the worst cost value 

has been obtained at 13th solution as 16414.499738 $ and the best 

cost value has been obtained at 9th solution as 15458.008141 $. DE 

algorithm has searched at a 956.491597 $ interval which provides all 

the constraints at 30 solutions. 

 
Figure 8: Boxplot (Case-I: Non P/S) (w=1.0) 
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When the boxplot for this case is examined, it has been seen that DE 

algorithm did a decisive search and there were only 4 divergent values 

in 30 runs. 

In the second, third and fourth cases, solution has been done by 

connecting a P/S hydraulic unit, whose characteristics were given in 

Table 7, to the sixth bus in the sample system with different cycle 

efficiency values. In order to be able to make more accurate 

comparisons, reactive generation and reactive pumping load of P/S 

hydraulic unit have been taken as 0 MVAr in all cases. 

Table 7: P/S hydraulic unit parameters 
 

 

3.2. Case-II: With P/S Hydraulic Unit (μ=0.60) 

In the second case, the sample system has been solved by assuming 

that the demanded power was met with a P/S hydraulic unit having 

0.60 cycle efficiency and together with thermal generation units. The 

statistical values belonging to the total cost function of the problem 

which was solved 30 runs, have been given in Table 8, power 

generation values belonging to the best solution, transmission line 

losses and solution times have been given in Tables 9-11. 

 

Bus 
no 
6 

min

min

GPs

PPs

P

P
 (MW) 

max

max

GPs

PPs

P

P
 (MW) d, f e g 

0 130 200 2.00 1.20, 1.33, 1.50 

Vstart 
(acre-ft) 

Vend 

(acre-ft) 
Vmin 

(acre-ft) 
Vmax 

(acre-ft) 
Cycle efficiency 

(μ = g/e) 

10000 10000 5000 15000 0.60, 0.67, 0.75 
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Table 8: Values obtained from 30 solutions/runs (Case-II: With P/S, μ=0.60) 

With P/S, μ=0.60 
w 

1.0 0.5 0.0 

Worst 15290.742974 (Run: 28) 8821.079736 (Run: 6) 2400.291739 (Run: 25) 

Mean 15144.006011 8793.879524 2367.612348 

Best 15076.984327 (Run: 7) 8779.554683 (Run: 17) 2358.440065 (Run: 7) 

Std 52.785791 12.252794 8.542862 

Total time (s) 3977.279036 3038.843043 4108.762891 

Mean time (s) 132.575968 101.294768 136.958763 

 
Table 9: Values belonging to the best solution (Case-II: With P/S, μ=0.60) (w=1.0) 

w=1.0 

Bus no 
(n) 

Generation 
(pu) 

Period (j) 

1 2 3 4 5 6 

1 
PGT,1 1.487681 2.927614 3.128951 2.867508 1.600308 1.494114 

QGT,1 1.114867 2.883670 3.055393 2.868640 1.578680 1.112940 

4 PGT,4 0.717516 1.800000 1.800000 1.800000 0.837511 0.717923 

6 
PGPS,6 - 0.054013 1.040925 0.106934 - - 

PPPS,6 -0.901489 - - - -0.228316 -0.873320 

7 PGT,7 0.773348 1.696507 1.700000 1.698689 0.915926 0.737665 

9 PGT,9 0.000000 0.000000 0.000000 0.000000 0.000000 0.000000 

11 PGT,11 0.000000 0.000000 0.000000 0.000000 0.000000 0.000000 

FT ($)
 

1.5077e+04 

ET (ton) 2.5684 

Ptotal loss (pu) 1.900012 

Vend (acre-ft) 10000.001868 

Time (s) 123.716002 

 
Table 10: Values belonging to the best solution (Case-II: With P/S, μ=0.60) 
(w=0.5) 

w=0.5 

Bus no 
(n) 

Generation 
(pu) 

Period (j) 

1 2 3 4 5 6 

1 
PGT,1 1.598970 2.730209 2.858289 2.800431 1.765388 1.629742 

QGT,1 1.177192 2.830528 3.007194 2.846146 1.617677 1.183844 

4 PGT,4 0.869288 1.708196 1.800000 1.722821 0.942831 0.848013 

6 
PGPS,6 - 0.322400 1.295941 0.242305 - - 

PPPS,6 -1.251718 - - - -0.560775 -1.288585 

7 PGT,7 0.881159 1.699529 1.699554 1.700000 0.990801 0.910674 

9 PGT,9 0.000000 0.000000 0.000000 0.000000 0.000000 0.000000 

11 PGT,11 0.000000 0.000000 0.000000 0.000000 0.000000 0.000000 

FT ($)
 

1.5148e+04 

ET (ton) 2.4109 

Ptotal loss (pu) 1.915469 

Vend (acre-ft) 10000.000327 

Time (s) 95.631006 
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Table 11: Values belonging to the best solution (Case-II: With P/S, μ=0.60) 
(w=0.0) 

w=0.0 

Bus 
no (n) 

Generation 
(pu) 

Period (j) 

1 2 3 4 5 6 

1 
PGT,1 1.580470 2.801500 2.953031 2.774792 2.075094 1.574821 

QGT,1 1.184755 2.852200 3.040017 2.851180 1.744646 1.183630 

4 PGT,4 0.896926 1.606857 1.719817 1.561455 1.131711 0.905123 

6 
PGPS,6 - 0.443941 1.299959 0.539730 - - 

PPPS,6 -1.298338 - - - -1.217894 -1.289850 

7 PGT,7 0.921222 1.614916 1.691746 1.590763 1.191111 0.909824 

9 PGT,9 0.000000 0.000000 0.000000 0.000000 0.000000 0.000000 

11 PGT,11 0.000000 0.000000 0.000000 0.000000 0.000000 0.000000 

FT ($)
 

1.5297e+04 

ET (ton) 2.3584 

Ptotal loss (pu) 1.978732 

Vend (acre-ft) 10000.015648 

Time (s) 133.106572 

 

Total fuel cost and total emission amounts belonging to the best 

solutions obtained from the solution of the sample system with 

different weight values for 30 runs by adding a P/S unit with 0.60 

cycle efficiency to the 6th bus, have been given in Figure 9. 
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Figure 9: Total fuel cost and total emission amounts 

(Case-II: With P/S, μ=0.60) (w=1.0) 

The change of the total fuel cost and total emission amounts, 

belonging to the best solution obtained for w=1.0, according to the 
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iterations has been shown in Figure 10, the change of the tranmisssion 

line losses according to the iterationsand the active powers generated 

in each period have been given in Figure 11. Similar graphics have 

been obtained for all weight values, but have not been added to the 

study due to the lack of space. 

 
Figure 10: The change of TFC and TEA according to the iterations 

(Case-II: With P/S, μ=0.60) (w=1.0) 
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Figure 11: The change of Ploss according to the iterations, the change of generated 

active powers according to the periods (Case-II: With P/S, μ=0.60) (w=1.0) 

 
When Figure 10 is examined, it is seen that the total fuel cost value of 

the sample system with DE algorithm has caught the optimum 

solution for case-II at about 250th iteration. When the graphic of 

change of generated active powers according to the periods is looked 

at, it is seen that the 9th and 11th thermal generation units whose 

generation costs are high, have not done any production. While P/S 

hydraulic unit has pumped water to its upper reservoir in 1st, 5th and 

6th periods where the load value is low, it has made generation as a 

generator in 2nd, 3rd and 4th periods where the load value is higher. 

In the second case the amounts of water discharge-pumped in every 

period by the P/S hydraulic unit belonging to the best solution 

obtained from 30 solutions with DE algorithm for w=1.0 and the 

amount of water in the upper reservoir of this unit at the end of each 
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period during the operation time have been given in Figure 12, and the 

final amount of water in the upper reservoir of P/S hydraulic unit at 

the end of each iteration has been given in Figure 13. 

 

 
Figure 12: The amounts of water discharge-pumped in hydraulic unit in every 
period and the amount of water in the upper reservoir at the end of every period 

(Case-II: With P/S, μ=0.60) (w=1.0) 

 

 
Figure 13: The final amount of water in the upper reservoir of P/S hydraulic unit at 

the end of every iteration (Case-II: With P/S, μ=0.60) (w=1.0) 
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In this case, the graphic in which the best TFC’s obtained from 30 

solutions done for w=1.0 take place, has been given in Figure 14 and 

the boxplot belonging to these solutions has been given in Figure 15. 
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Figure 14: The best TFC values obtained from 30 runs 

(Case-II: With P/S, μ=0.60) (w=1.0) 

 

When Figure 14 is examined, it is seen that the best cost value has 

been obtained as 15076.984327 $ and the worst cost value has been 

obtained as 15290.742974 $ from the 30 solutions of the sample 

system with DE for case-II. 

 
Figure 15: Boxplot (Case-II: With P/S, μ=0.60) (w=1.0) 
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3.3. Case-III: With P/S Hydraulic Unit (μ=0.67) 

In the third case, the sample system has been solved by assuming that 

the demanded power was met with a P/S hydraulic unit having 0.67 

cycle efficiency and together with thermal generation units. The 

statistical values belonging to the total cost function of the problem 

which was solved 30 runs with the parameter values given in Table 2 

and 7, have been given in Table 12. 

Table 12: Values obtained from 30 solutions (Case-III: With P/S, μ=0.67) 

With P/S, μ=0.67 
w 

1.0 0.5 0.0 

Worst 15077.390227 (Run: 15) 8696.077820 (Run: 2) 2332.380116 (Run: 15) 

Mean 14982.642048 8681.422216 2308.324221 

Best 14956.669569 (Run: 20) 8671.573880 (Run: 9) 2296.667967 (Run: 26) 

Std 27.988238 7.990395 8.647647 

Total time (s) 3682.686204 3490.484979 3964.108983 

Mean time (s) 122.756207 116.349499 132.136966 

 

Power generation values belonging to the best solution among these 

solutions, transmission line losses and solution times have been given 

respectively in Tables 13-15. 

Table 13: Values belonging to the best solution (Case-III: With P/S, μ=0.67) 
(w=1.0) 

w=1.0 

Bus 
no 
(n) 

Generation 
(pu) 

Period (j) 

1 2 3 4 5 6 

1 
PGT,1 1.581844 2.814638 2.894096 2.813690 1.666924 1.559129 

QGT,1 1.145528 2.855755 3.013461 2.855329 1.587983 1.135197 

4 PGT,4 0.739065 1.797211 1.794454 1.794094 0.833766 0.738720 

6 
PGPS,6 - 0.156992 1.267318 0.162183 - - 

PPPS,6 -1.093435 - - - -0.263660 -1.022660 

7 PGT,7 0.859650 1.700000 1.700000 1.698726 0.891360 0.808520 

9 PGT,9 0.000000 0.000000 0.000000 0.000000 0.000000 0.000000 

11 PGT,11 0.000000 0.000000 0.000000 0.000000 0.000000 0.000000 

FT ($)
 

1.4957e+04 

ET (ton) 2.4674 

Ptotal loss (pu) 1.892629 

Vend (acre-ft) 10000.008069 

Time (s) 125.222724 
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Table 14: Values belonging to the best solution (Case-III: With P/S, μ=0.67) 
(w=0.5) 

w=0.5 

Bus 
no 
(n) 

Generation 
(pu) 

Period (j) 

1 2 3 4 5 6 

1 
PGT,1 1.680378 2.650130 2.898605 2.666608 1.820541 1.613879 

QGT,1 1.190297 2.813406 3.014815 2.816325 1.630447 1.182266 

4 PGT,4 0.848918 1.648483 1.799281 1.663755 0.945445 0.874985 

6 
PGPS,6 - 0.459346 1.262592 0.425182 - - 

PPPS,6 -1.298787 - - - -0.648084 -1.273811 

7 PGT,7 0.871362 1.696583 1.695836 1.700000 1.024519 0.884304 

9 PGT,9 0.000000 0.000000 0.000000 0.000000 0.000000 0.000000 

11 PGT,11 0.000000 0.000000 0.000000 0.000000 0.000000 0.000000 

FT ($)
 

1.4997e+04 

ET (ton) 2.3465 

Ptotal loss (pu) 1.910054 

Vend (acre-ft) 10000.001979 

Time (s) 113.696032 

 
Table 15: Values belonging to the best solution (Case-III: With P/S, μ=0.67) 
(w=0.0) 
 

w=0.0 

Bus 
no 
(n) 

Generation 
(pu) 

Period (j) 

1 2 3 4 5 6 

1 
PGT,1 1.582883 2.737091 2.932709 2.676853 2.092758 1.607866 

QGT,1 1.184506 2.845294 3.033027 2.845036 1.758510 1.184099 

4 PGT,4 0.892012 1.571658 1.746683 1.539540 1.152004 0.870127 

6 
PGPS,6 - 0.571272 1.295540 0.710429 - - 

PPPS,6 -1.297958 - - - -1.275702 -1.292220 

7 PGT,7 0.923254 1.584750 1.687324 1.537669 1.215539 0.914214 

9 PGT,9 0.000000 0.000000 0.000000 0.000000 0.000000 0.000000 

11 PGT,11 0.000000 0.000000 0.000000 0.000000 0.000000 0.000000 

FT ($)
 

1.5114e+04 

ET (ton) 2.2967 

Ptotal loss (pu) 1.976301 

Vend (acre-ft) 10000.008996 

Time (s) 131.911723 

 

Total fuel cost and total emission amounts belonging to the best 

solutions obtained from the solution of the sample system with 

different weight values for 30 runs by adding a P/S unit with 0.67 

cycle efficiency to the 6th bus, have been given in Figure 16. 
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Figure 16: Total fuel cost and total emission amounts 

(Case-III: With P/S, μ=0.67) (w=1.0) 

The change of the total fuel cost and total emission amounts, 

belonging to the best solution obtained for w=1.0, according to the 

iterations has been shown in Figure 17, the change of the tranmisssion 

line losses according to the iterations and the active powers generated 

in each period have been given in Figure 18. 

 
Figure 17: The change of TFC and TEA according to the iterations 

(Case-III: With P/S, μ=0.67) (w=1.0) 



 
32 MACHINE LEARNING, ENERGY AND INDUSTRIAL APPLICATIONS IN 

TECHNOLOGY AND ENGINEERING SCIENCES 

 

 
Figure 18: The change of Ploss according to the iterations, the change of the 

generated active powers according to the periods (Case-III: With P/S, μ=0.67) 
(w=1.0) 

 
In the third case the amounts of water discharge-pumped in every 

period by the P/S hydraulic unit belonging to the best solution 

obtained from 30 solutions with DE algorithm for w=1.0 and the 

amount of water in the upper reservoir of this unit at the end of each 

period during the operation time have been given in Figure 19 , and 

the final amount of water in the upper reservoir of P/S hydraulic unit 

at the end of each iteration has been given in Figure 20. 
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Figure 19: The amounts of water discharge-pumped in every period in hydraulic 
unit and the final amount of water in the upper reservoir at the end of each period 

(Case-III: With P/S, μ=0.67) (w=1.0) 

 

 
Figure 20: The final amount of water in the upper reservoir of P/S hydraulic unit at 

the end of every iteration (Case-III: With P/S, μ=0.67) (w=1.0) 

When Figure 20 is examined, it is seen that in the solution of the 

sample system with DE algorithm for case-III, the last amount of 

water in the upper reservoir of P/S hydraulic unit has caught its exact 

value at about 45th iteration. When the graphic of change of generated 

active powers according to the periods is looked at, it is seen that the 
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9th and 11th thermal generation units whose generation costs are high, 

have not done any production. While P/S hydraulic unit has pumped 

water to its upper reservoir in 1st, 5th and 6th periods where the load 

value is low, it has done water discharge in 2nd, 3rd and 4th periods 

where the load value is higher. 

In this case, the graphic in which the best TFC’s obtained from 30 

solutions done for w=1.0 take place, has been given in Figure 21 and 

the boxplot belonging to these solutions has been given in Figure 22. 
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Figure 21: The best TFC values obtained from 30 runs 

(Case-III: With P/S, μ=0.67) (w=1.0) 

 
Figure 22: Boxplot (Case-III: With P/S, μ=0.67) (w=1.0) 
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When Figure 21 is examined, it is seen that the worst cost value has 

been obtained as 15077.390227 $ at the 15th solution and the best cost 

value has been obtained as 14956.669569 $ at the 20th solution from 

the 30 solutions of the sample system with DE for case-III. DE 

algorithm searched in a small interval of 120.720066 $. 

3.4. Case-IV: With P/S Hydraulic Unit (μ=0.75) 

In the last case, the sample system has been solved 30 times with DE 

by assuming that the demanded power was met with a P/S hydraulic 

unit having 0.75 cycle efficiency and together with thermal generation 

units. The statistical values belonging to the total cost function 

obtained from these solutions have been given in Table 16, the data 

belonging the solution with the best total fuel cost among 30 solutions 

have been given respectively in Tables 17-19. 

Table 16: Values obtained from 30 solutions (Case-IV: With P/S, μ=0.75) 
 

With P/S, μ=0.75 
w 

1.0 0.5 0.0 

Worst 14842.281806 (Run: 29) 8554.727550 (Run: 19) 2291.772890 ( Run: 18) 

Mean 14801.465410 8541.299428 2240.676481 

Best 14783.249509 (Run: 21) 8532.421966 (Run: 3) 2226.728468 ( Run: 9) 

Std 17.802415 6.183135 14.258554 

Total time (s) 3885.976407 4098.221020 3605.055298 

Mean time (s) 129.532547 136.607367 120.168510 
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Table 17: Values belonging to the best solution (Case-IV: With P/S, μ=0.75) 
(w=1.0) 

w=1.0 

Bus 
no (n) 

Generation 
(pu) 

Period (j) 

1 2 3 4 5 6 

1 
PGT,1 1.644966 2.599128 2.857502 2.627915 1.718534 1.644542 

QGT,1 1.175726 2.807173 3.006924 2.812035 1.599174 1.165783 

4 PGT,4 0.814873 1.740374 1.799975 1.733614 0.866790 0.790109 

6 
PGPS,6 - 0.413995 1.296226 0.393003 - - 

PPPS,6 -1.239877 - - - -0.384481 -1.179951 

7 PGT,7 0.877123 1.699099 1.699993 1.699675 0.931243 0.839053 

9 PGT,9 0.000000 0.000000 0.000000 0.000000 0.000000 0.000000 

11 PGT,11 0.000000 0.000000 0.000000 0.000000 0.000000 0.000000 

FT ($)
 

1.4783e+04 

ET (ton) 2.3474 

Ptotal loss (pu) 1.883428 

Vend (acre-ft) 10000.006417 

Time (s) 126.528977 

 
Table 18: Values belonging to the best solution (Case-IV: With P/S, μ=0.75) (w=0.5) 

w=0.5 

Bus 
no (n) 

Generation 
(pu) 

Period (j) 

1 2 3 4 5 6 

1 
PGT,1 1.645207 2.598073 2.859327 2.574878 1.885448 1.622598 

QGT,1 1.186215 2.809873 3.008309 2.811589 1.672331 1.186942 

4 PGT,4 0.864842 1.556280 1.797901 1.573493 1.084894 0.883614 

6 
PGPS,6 - 0.633586 1.298986 0.674555 - - 

PPPS,6 -1.285972 - - - -0.895272 -1.294949 

7 PGT,7 0.876519 1.665201 1.697933 1.630715 1.081230 0.889637 

9 PGT,9 0.000000 0.000000 0.000000 0.000000 0.000000 0.000000 

11 PGT,11 0.000000 0.000000 0.000000 0.000000 0.000000 0.000000 

FT ($)
 

1.4812e+04 

ET (ton) 2.2524 

Ptotal loss (pu) 1.918726 

Vend (acre-ft) 10000.014570 

Time (s) 138.161685 

 
Table 19: Values belonging to the best solution (Case-IV: With P/S, μ=0.75) (w=0.0) 

w=0.0 

Bus no 
(n) 

Generati
on (pu) 

Period (j) 

1 2 3 4 5 6 

1 
PGT,1 1.576437 2.673772 2.996025 2.583456 2.137614 1.653285 

QGT,1 1.184194 2.840465 3.049161 2.853150 1.771951 1.187736 

4 PGT,4 0.903219 1.525373 1.705896 1.483308 1.179666 0.860587 

6 
PGPS,6 - 0.700384 1.272118 0.939844 - - 

PPPS,6 -1.293632 - - - -1.296287 -1.293223 

7 PGT,7 0.914079 1.563486 1.693548 1.460232 1.167978 0.880435 

9 PGT,9 0.000000 0.000000 0.000000 0.000000 0.000000 0.000000 

11 PGT,11 0.000000 0.000000 0.000000 0.000000 0.000000 0.000000 

FT ($)
 

1.4894e+04 

ET (ton) 2.2267 

Ptotal loss (pu) 1.987604 

Vend (acre-ft) 10000.008784 

Time (s) 123.667136 
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Total fuel cost and total emission amounts belonging to the best 

solutions obtained from the solution of the sample system with 

different weight values for 30 runs by adding a P/S unit with 0.75 

cycle efficiency to the 6th bus, have been given in Figure 23.  
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Figure 23: Total fuel cost and total emission amounts  
(Case-IV: With P/S, μ=0.75) (w=1.0) 

The change of the total fuel cost and total emission amounts, 

belonging to the best solution obtained for w=1.0, according to the 

iterations has been shown in Figure 24, the change of the tranmission 

line losses according to the iterations and the active powers generated 

in each period have been given in Figure 25. Similar graphics have 

been obtained for all weight values but have not been added to the 

study due to the lack of space. 
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Figure 24: The change of TFC and TEA according to the iterations 

(Case-IV: With P/S, μ=0.75) (w=1.0) 

 

 
Figure 25: The change of Ploss according to the iterations, the change of the 

generated active powers according to the periods (Case-IV: With P/S, μ=0.75) 
(w=1.0) 
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When Figure 24 is examined, it is seen that in the solution of the 

sample system with DE algorithm for case-III, the total fuel cost value 

has caught the optimum result at about 150th iteration. When the 

graphic of change of generated active powers according to the periods 

is looked at, it is seen that the 9th and 11th thermal generation units 

whose generation costs are high, have not done any production again. 

When the graphic of line losses is looked at, it is seen that after the 

75th iteration the line losses have not changed. While P/S hydraulic 

unit has pumped water to its upper reservoir in 1st, 5th and 6th periods 

where the load value is lower, it has generated as a generator in 2nd, 

3rd and 4th periods where the load value is higher.  

In the last case the amounts of water discharge-pumped in every 

period by the P/S hydraulic unit belonging to the best solution 

obtained from 30 solutions with DE algorithm for w=1.0 and the 

amount of water in the upper reservoir of this unit at the end of each 

period during the operation time have been given in Figure 26, and the 

final amount of water in the upper reservoir of P/S hydraulic unit at 

the end of each iteration has been given in Figure 27. 
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Figure 26: The amounts of water discharge-pumped in every period in  hydraulic 

unit and the amount of water in the upper reservoir at the end of each period 
(Case-IV: With P/S, μ=0.75) (w=1.0) 

 

 
Figure 27: The final amount of water in the upper reservoir of P/S hydraulic unit at 

the end of each iteration (Case-IV: With P/S, μ=0.75) (w=1.0) 

In this case, the graphic in which the best TFC’s obtained from 30 

solutions done for w=1.0 take place, has been given in Figure 28 and 

the boxplot belonging to these solutions has been given in Figure 29. 
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Figure 28: The best TFC values obtained from 30 runs  
(Case-IV: With P/S, μ=0.75) (w=1.0) 

 

 
Figure 29: Boxplot (Case-IV: With P/S, μ=0.75) (w=1.0) 

 
When Figure 28 and 29 are examined, it is seen that the worst cost 

value has been obtained as 14842.281806 $ at the 29th solution and 

the best cost value has been obtained as 14783.249509 $ at the 21st 

solution from the 30 solutions of the sample system with DE for case-

IV. 
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The whole of the total fuel costs obtained with different weight values 

for all cases has been given in Figure 30. 
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Figure 30: Total fuel cost values obtained for different cycle efficiencies and weight 

values 

 
Those results can be inferred from Figure 30. More decisive results 

have been obtained in the cases where there is P/S unit, compared 

with the cases without P/S unit. P/S hydraulic unit added to the system 

has provided a visible economic benefit.  As the cycle efficiency of 

P/S hydraulic unit increases, the economic benefit it provides 

increases as well. Therefore, the most economic benefit has been 

provided by the P/S hydraulic unit with 0.75 cycle efficiency.  

The whole of the total emission amounts obtained with different 

weight values for all cases has been given in Figure 31. 



 
 43 

2.1000

2.3000

2.5000

2.7000

2.9000

3.1000

3.3000

3.5000

T
o

ta
l 

 E
m

is
si

o
n

 A
m

o
u

n
t 

(t
o

n
)

w

Non PD

0.75

0.67

0.60

Figure 31: Total emission amount values obtained for different cycle efficiencies 
and weight values 

 
When Figure 31 is examined, it is seen that as is expected in cases 

with P/S unit, total emission amounts decreasing with weight values 

have been obtained. The P/S hydraulic unit added to the system has 

provided a visible decrease in emission amount. The reason of this is 

that the emission amount of P/S hydraulic unit, which is a renewable 

generation system, is 0. With the generation done by P/S hydraulic 

unit, 9th and 11th units whose emission coefficients are high, were 

never used. As the cycle efficiency of P/S hydraulic unit increases, the 

emission amount benefit it provides increases. Therefore, the least 

amount of emission has been provided by the P/S hydraulic unit with 

0.75 cycle efficiency. 

The comparison of the best TFC, obtained from the solution of the 

sample power system by using DE for all cases, with the results in 

literature have been given in Table 20 and 21. When the table is 

examined, it has been seen that the TFC values of the problem, which 

was solved previously, obtained with DE for all cases in this study are 

close to the values obtained by GA and F-MSG approaches. The 
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sample system was solved with F-MSG method in the table by doing 

both P and Q optimizations. Hydrothermal scheduling problem 

including P/S hydraulic unit has been solved with different approaches 

(Basu, 2020). 

Table 20: Comparison of the optimal solution values which are obtained by 
different methods (w=1.0) 

 

GA (Demir, 
2010) 

GA (Demir, 
2010)* 

F-MSG (Fadıl 
& Urazel, 2014)* 

DE 

FT ($) 
ET (ton) 

FT ($) 
ET (ton) 

FT ($) 
ET (ton) 

FT ($) 
ET (ton) 

Case-I 
Non P/S 

15474.0000 15387.0000 15280.4746 15458.0081 

3.384400 3.357900 3.327797 3.398181 

Case-II 
With P/S, μ=0.60 

15195.0000 15102.0000 14730.4413 15076.9843 

2.538100 2.512400 2.314850 2.568396 

Case-III 
With P/S, μ=0.67 

14947.0000 14844.0000 14575.8040 14956.6695 

2.461900 2.432700 2.273622 2.467393 

Case-IV 
With P/S, μ=0.75 

14731.0000 14629.0000 14394.4752 14783.2495 

2.456600 2.428300 2.233563 2.347402 

*with active and reactive power optimization 

Table 21: Comparison of the optimal solution values which are obtained by 
different methods (w=0.0) 

 

GA (Demir, 
2010) 

GA (Demir, 
2010)* 

F-MSG (Fadıl 
& Urazel, 

2014)* 
DE 

FT ($) 
ET (ton) 

FT ($) 
ET (ton) 

FT ($) 
ET (ton) 

FT ($) 
ET (ton) 

Case-I 
Non P/S 

15562.0000 15475.0000 15447.9144 17416.9875 

3.309200 3.281600 3.271275 3.373464 

Case-II 
With P/S, μ=0.60 

15038.00 14916.0000 14767.559 15296.6314 

2.319600 2.285100 2.289196 2.358440 

Case-III 
With P/S, μ=0.67 

14858.00 14742.0000 14632.1935 15113.8638 

2.289900 2.258300 2.250756 2.296667 

Case-IV 
With P/S, μ=0.75 

14575.0000 14458.0000 14431.9547 14894.2880 

2.212000 2.180100 2.205826 2.226728 

*with active and reactive power optimization 
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CONCLUSION 

In the study the problem of the environmental/economic operation of 

P/S hydraulic generation units which has a great advantage in terms of 

storing the generated electrical power, has been handled. In order to 

turn the environmental/economic operation problem which is a multi-

objective optimization problem, into a single-objective problem, 

Weight sum method (WSM) has been used, while differential 

evolution (DE) algorithm has been used for the optimization of the 

scalarized objective function. The use of only thermal fuel generation 

units in power generation causes an environmental cost as well as the 

financial cost. The economic and environmental benefit provided by 

the use of (P/S) hydraulic generation units together with these 

generation units has been calculated approximately. With these units, 

in the case of low load demand, water has been stored in the upper 

reservoirs with the extra power generated by the thermal generation 

units; and in the case of high-power demand, generation has been 

done and the continuity of the system has been contributed.  

As an example, for the problem of environmental/economic operation 

of P/S hydraulic units a system taking place in literature has been 

selected. The sample system has been solved with DE with different 

weight values for four different cases. In the first case the sample 

system has been solved 30 runs under present constraints assuming 

that only the thermal generation units did generation. The best total 

fuel cost value obtained from those solutions has been 15458.0081 $, 

and the best total emission amount has been 3.3981 tons. In the second 
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case, the same system has been solved by adding a P/S hydraulic unit 

with 0.60 cycle efficiency to it and in this case the best total fuel cost 

has been found as 15296.6314 $, and the best total emission amount as 

2.3584 tons. In the third case, the same system has been solved by 

adding a P/S hydraulic unit with 0.67 cycle efficiency to it and in this 

case the best total fuel cost has been found as 15113.8638 $, and the 

best total emission amount as 2.2966 tons. In the fourth case, the same 

system has been solved by adding a P/S hydraulic unit with 0.75 cycle 

efficiency to it and in this case the best total fuel cost has been found 

as 14894.2880 $, and the best total emission amount as 2.2267 tons.  

With P/S hydraulic unit in the same operation time/duration and 

with the same load demand values, for 0.60 efficiency 381.0238 $ 

cost, 0.8298 tons of emission amount gain, for 0.67 efficiency 

501.3386 $ cost, 0.9308 tons of emission amount gain, for 0.75 

efficiency 674.7586 $ cost, 1.0507 tons of emission amount gain 

have been obtained in the sample system. It has been seen in these 

cases that as the gain value of the P/S hydraulic unit increases, there 

becomes a decrease in the total fuel cost and the total emission 

amount. 

The aim of the study, is to show that environmental/economic 

operation of a system consisting of thermal and P/S hydraulic 

generation units which have a great importance in electrical 

engineering, and which is one of the complex and nonlinear 

optimization problems with many constraints and is difficult to solve 

with mathematical methods, can also be solved with DE. In addition 
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to this, another aim is to define the cost and emission amount benefit 

for the producer that will be provided by the use of P/S hydraulic 

generation units having different efficiencies together with the 

thermal generation units in an electrical power system. In the 

following studies it is thought to integrate different renewable power 

sources into the sample system together with P/S hydraulic units and 

to add the solutions of the sample system to the literature. 
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INTRODUCTION 

Electric motors play an essential role in modern industry. In recent 

years, the most common types of electric motors used in industrial 

applications were: DC motors, induction motors (IMs), permanent 

magnet synchronous motors (PMSMs), switched reluctance motors 

and brushless DC motors (Hashemnia & Asaei, 2008). Among 

different types of electric motors, IMs are the most widely used 

electro-mechanical devices in industrial applications due to their high 

reliability, simple structure, high efficiency and less maintenance need 

(Faiz, Ebrahimi, & Sharifian, 2006; Hashemnia & Asaei, 2008). 

Owing to these significant characteristics, condition monitoring (CM) 

and fault detection (FD) of IMs are vital issues that must be 

considered seriously (Seera, Lim, Nahavandi, & Loo, 2014). In order 

to reach this aim, some useful signal-based techniques are developed 

to detect failures and prevent sudden breakdowns and probable 

damages in IMs. The motor current signature analysis (MCSA) is one 

of the most common methods that uses the Fast Fourier Transform 

(FFT) and power spectral density (PSD) of the signals to diagnose the 

faults (Gu et al., 2015). The Short-Time Fourier Transform (STFT) 

and Wavelet Transform were also used to analyze the signals in both 

time and frequency domains for CM of IMs largely (Benbouzid, 

Vieira, & Theys, 1999; Gritli et al., 2017). It is important to notice that 

different types of signals may be used to monitor the condition of the 

IM such as voltages, currents, vibrations and temperatures. 

Nevertheless, vibration monitoring is the most appropriate condition 
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monitoring technique. Since vibration analysis results in 

comprehensive information associated with both mechanical and 

electrical faults. Fortunately, by the improvement of the automated 

tools, the conventional signal processing methods have been replaced 

with soft computing techniques over time. ANNs are one of the 

famous methods of soft computing techniques that have been 

applicable for FD of power systems in recent years. There are 

different types of vibration-based ANN applications for the condition 

monitoring and fault identification of the IMs. As an example, to 

detect the bearing faults, J. Zarei (Zarei, 2012) compared the 

efficiency of the extracted time-domain features and the extracted 

time-frequency-domain features as the input parameters of the ANN 

(Zarei, 2012). In another study paper, J. Zarei. et al. (Zarei, Tajeddini, 

& Karimi, 2014) employed the neural network as a filter for removing 

non-bearing fault components (RNFC) of the bearing vibration 

signals. Afterward, they have utilized multi-layered perceptron (MLP) 

neural networks to classify the bearing faults using pattern recognition 

techniques (Zarei et al., 2014). Other researchers such as M. 

Farajzadeh-Zanjani (Farajzadeh-Zanjani, Razavi-Far, Saif, & Rueda, 

2016) performed useful research work on the best feature extraction 

method and the best feature selection method for the vibration signals 

to train the classifiers as the fault detectors of the bearings in the IMs. 

In the proposed study, the Wavelet Packet Transform (WPT) was 

availed to analyze the vibration signals by extracting the informative 

frequency-domain features. Besides, the Linear Discriminant Analysis 

(LDA) was selected for the dimension reduction of the extracted set of 
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the features. A fault classification module is also designed consisting 

of different classifiers such as MLP, Naive Bayes, support vector 

machine (SVM) with the radial basis function (RBF) kernel, K-nearest 

neighbor (KNN), random forest, and decision tree (Farajzadeh-

Zanjani et al., 2016).  

In this study, a feedforward neural network (FFNN) trained with a 

backpropagation algorithm (BPNN) is designed to classify the 

vibration data associated with different aging levels of an IM. The 

motivation of the study is tracking the condition of the motor, 

providing required precautions, reducing the consequential damages 

and increasing motor life. In order to ensure the accuracy rates of the 

proposed network, the created model is primarily applied to artificial 

vibration data, and then it is verified on experimental vibration data. 

In this study, after presenting the introduction section, the first section 

discusses the mathematical background of the ANNs with clarity. In 

the second section, associated information with the artificial and 

experimental vibration data is explained and the time-domain 

statistical features are discussed in detail. The third section 

investigates the condition estimations of the proposed BPNN model 

using three different performance assessment plots and three different 

quality measure parameters. Eventually, it was ascertained that the 

developed BPNN could efficiently classify various conditions of an 

IM. 
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1. ARTIFICIAL NEURAL NETWORK (ANN) 

Artificial neural networks can be defined as very functional tools that 

act very similar to biological neurons. In fact, ANNs consist of 

straightforward, distributed, and strong processing units called 

artificial neurons which can be used to emulate the behavior and the 

functions of the biological neurons in the human brain. These simple 

elements of an ANN are able to replicate intelligent data evaluation 

techniques such as pattern recognition, classification, and 

generalization (Malik, 2005). Three significant concepts that must be 

defined before designing a simple ANN model are: 

• Topology of the network 

• Type of the training algorithm (learning procedure) 

• Type of the activation functions 

Among the different shallow network topologies and learning 

algorithms of neural networks, the multi-layered FFNN was the first 

and the simplest type of artificial neural network (Schmidhuber, 

2015). There are three layers of nodes in the structure of a multi-

layered perceptron network: an input layer, one or more hidden layers 

(HLs), and an output layer. Neurons belonging to a layer have to be 

connected to neurons of a different layer (Rosenblatt, 1961). Besides, 

the information in this network moves only from the input layer 

directly through any hidden layers to the output layer without any 

cycle or feedback (Schmidhuber, 2015). A three-layered FFNN model 

is demonstrated in Figure 1. In the MLP neural networks, each input 
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element, 𝑥𝑖(𝑖 = 1,2, … , 𝑛), is multiplied by an interconnection weight, 𝑤𝑖𝑗, and then the weighted input is inserted into a sum function for 

each neuron. Afterward, by the sum of a bias value, b, and the 

weighted sum of the input data for each neuron, the resultant input can 

be calculated. The mathematical model of the resultant input, 𝑃𝑗, for 

neuron j is presented in Equation 1. 

 𝑃𝑗 = ∑ 𝑤𝑖𝑗𝑥𝑖𝑛
𝑖=1 + 𝑏𝑗 (1) 

Afterward, a non-linear activation function, 𝑓, is applied to the 

resultant input, 𝑃𝑗, in the hidden layer. The mathematical model for 

the outputs of the network, 𝑌𝑜(𝑜 = 1,2, … , 𝑘), is represented in 

Equation 2. 

 𝑌𝑜 = ∑ 𝑉𝑗𝑜𝑚
𝑗=1 𝑓(𝑃𝑗) (2) 

where 𝑉𝑗𝑜 is defined as the interconnection weight of the nodes 

between the hidden layer and the output layer. 

Assigning the proper training algorithm is a significant issue that 

affects the success of prediction in neural networks. Many training 

methods have been established to optimize the learning procedure of 

the ANNs. The most prevalent technique is the backpropagation 

algorithm in which the training is implemented in both forward and 

backward directions. Indeed, in the BP algorithm, the difference 

between output and the actual value is computed as the error. 
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Afterward, the resultant error is fed back towards the input layer 

through the network. Using the produced information, the algorithm 

adjusts the weights of each connection repeatedly to minimize the 

error function (Rumelhart, Hinton, & Williams, 1986). Levenberg–

Marquardt (LM), Bayesian Regulation and Scaled Conjugate Gradient 

(SCG) are some of the useful backpropagation training algorithms 

used for many ANN applications. After completing the training 

process, the neural network is usually tested with the new data sets.  

In this study, both Levenberg–Marquardt and Scaled Conjugate 

Gradient backpropagation algorithms are examined as the 

optimization algorithms, and then the optimum classifier is selected 

according to their optimum success. Further information regarding the 

developed ANN topology is presented in detail in section 3. 
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Figure 1: A Three-layered FFNN Architecture 

2. VIBRATION DATA AND STATISTICAL FEATURES 

2.1. Experimental Vibration Data 

In order to collect the experimental vibration data, a 5 HP, three 

phases and four poles IM is subjected to Electrical Discharge 

Machining (EDM), thermal aging and chemical aging processes. As a 

result, seven aging cycles are obtained. In this study, the electrical and 

mechanical signals that have been collected besides vibration signals 

are not used. In this experiment, the accelerometers are located in six 

different locations on the motor and only the vibration data collected 

from one sensor are used eventually. The data acquisition system 

consists of a patch panel and a NI SCXI as the signal conditioning 

interface. NI SCXI-1142 8-channel elliptic low-pass filter module is 
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also used for the conditioning of the vibration signals. In order to 

prevent high-frequency noise interference, an anti-aliasing filter with a 

4 kHz cut-off frequency is employed. Moreover, the vibration data is 

collected at the 12 kHz sampling frequency. Figure 2 represents the 

experimental vibration signals of the healthy and the aged IM in both 

time and frequency domains. Compared to healthy vibration signals, 

the frequency components for the aged case are amplified intensely 

between 2 kHz and 4 kHz. Also, regarding time-domain analysis, the 

vibration amplitude increases noticeably with aging.  

 

Figure 2: Representation of the Healthy and Aged Experimental Vibration Data in 

Time and Frequency Domains 

 

2.2. Artificial Vibration Data 

In order to develop the algorithm, an artificial vibration data set is 

needed for this study. To construct the artificial vibration data, a 
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structure similar to the experimental vibration data is employed to 

ensure the behavior of the created artificial vibration data. Since the 

speed of the motor in the experiment is 1742 rpm and the rotating 

frequency of the shaft is calculated as 29.03 Hz, the fundamental 

frequency of the artificial vibration data is also assumed to be 29 Hz. 

Indeed, six different cycles of vibration data associated with different 

aging levels of the IM have been constructed artificially. The number 

of aging cycles is intentionally chosen different from experimental 

data. The first cycle exhibits the vibration signal acquired from a 

healthy IM and then by weighting the proposed noises, five more 

signals are constructed according to the different aging levels of the 

motor. In summary, each artificial vibration cycle is constructed by 

the sum of a fundamental signal containing the rotating frequency 

with its harmonics and the weighted noises. The noises are considered 

to be the Gaussian (normal) distributed random signals (GDRS) 

filtered by four different 6th order Butterworth filters to obtain specific 

band noises. The cut-off frequency and the sampling frequency for the 

artificial vibration data are 4 kHz and 15 kHz, respectively. The 

mathematical definition of the constructed artificial vibration data for 

each cycle is depicted in Equation 3.  

 𝐴𝑟𝑡𝑖𝑓𝑖𝑐𝑖𝑎𝑙 𝑉𝑖𝑏𝑟𝑎𝑡𝑖𝑜𝑛 𝐷𝑎𝑡𝑎 = 𝐹𝐶 + ∑ 𝑊𝑛𝑁𝑛4
𝑛=1  (3) 

where  

• FC: Fundamental component that consists of rotation frequency 

and its specific harmonics, 
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• 𝑊𝑛: Arbitrary values of the weight factors; the weight factors for 

the healthy case are the smallest values while they increase by 

the aging, 

• 𝑁1: GDRS filtered between 0.02 kHz and 1 kHz, 

• 𝑁2: GDRS filtered between 1 kHz and 2 kHz, 

• 𝑁3: GDRS filtered between 2 kHz and 3 kHz, 

• 𝑁4: GDRS filtered between 3 kHz and 4 kHz. 

The amplitude of the first cycle of the artificial vibration data varies in 

a small interval. Besides, the amplitude of each aged artificial 

vibration cycle is greater than its prior cycle. Therefore, the artificial 

cycle 6 has the greatest amplitude as an aged IM. The healthy and the 

aged artificial vibration data in both time and frequency domains are 

illustrated in Figure 3. By comparing the power spectral densities 

(PSDs), it is determined that the amplitudes of frequency components 

for the aged case are amplified drastically between 2 kHz and 4 kHz. 
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Figure 3: Representation of the Healthy and Aged Artificial Vibration Data in Time 

and Frequency Domains 

 

2.3. Statistical Features 

The major challenge for the training of the proposed ANN is the 

selection of suitable features as the input parameters of the network 

that may complicate the network structure. It is necessary to select the 

correct features to increase the performance of the network and reduce 

the network input dimensions and training time (Rad, Torabizadeh, & 

Noshadi, 2011). One of the most popular techniques for extracting the 

specific features is to calculate the statistical parameters of each data 

set. There are many research works in which the most efficient time-

domain statistical parameters are determined as the inputs of an ANN 
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for CM and FD purposes in IMs (Saravanan, Siddabattuni, & 

Ramachandran, 2010; Zarei, 2012; Zarei et al., 2014). In this study, 

nine statistical features are calculated as the input parameters of the 

proposed BPNN. Mean value, maximum value, kurtosis, skewness, 

variance, standard deviation, root mean squared (RMS) value, peak-

to-peak amplitude and crest factor are the nine statistical features that 

have been computed for each data set of both artificial and 

experimental data. Table 1 indicates the mathematical representation 

of the employed statistical features. 

Table 1: Mathematical Representation of the Statistical Parameters 

Statistical Parameters Equations 

 

Mean value 𝑥  = 1𝑁 ∑ 𝑥𝑖𝑁
𝑖=1  

Maximum value 𝑥𝑚𝑎𝑥 = max {𝑥𝑖} 
 

Kurtosis 𝑥4 = ∑ (𝑥𝑖 − 𝑥)4𝑁𝑖=1 𝑁 × 1(𝛿2)2 

 

Skewness 𝑥3 = ∑ (𝑥𝑖 − 𝑥)3𝑁𝑖=1 𝑁 × 1(𝛿2)32 

 

Variance 𝛿2 = 1𝑁 ∑(𝑥𝑖 − 𝑥)2𝑁
𝑖=1  

 

Standard deviation 𝛿 = √1𝑁 ∑(𝑥𝑖 − 𝑥)2𝑁
𝑖=1  

 

Root mean squared (RMS) value 𝑥𝑟𝑚𝑠  = √1𝑁 ∑|𝑥𝑖|2𝑁
𝑖=1  

 

Peak-to-peak amplitude 

𝑥𝑝𝑒𝑎𝑘−𝑡𝑜−𝑝𝑒𝑎𝑘  = max{𝑥𝑖}− min {𝑥𝑖} 
 

Crest factor 𝐶 = |𝑥𝑚𝑎𝑥|𝑥𝑟𝑚𝑠  

 

where 𝑥𝑖 is defined as the data samples and 𝑁 is the total number of 

samples for each data set. 
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3. AGING CLASSIFICATION BY BPNN 

In this study, a multi-layered BPNN model is developed on MATLAB 

to classify the different aging levels of an IM. The proposed BPNN 

comprises one hidden layer. Levenberg-Marquardt and Scaled 

Conjugate Gradient optimization algorithms are applied to the 

proposed network. Besides, for both types of training methods, two 

different transfer functions are employed in the hidden layer. The 

logistic-sigmoid (log-sig) and the hyperbolic-tangent-sigmoid (tan-

sig) are the two activation functions that are selected to quantify the 

outputs of the hidden layer. The amplitude of the logistic-sigmoid 

transfer function varies between 0 and 1 while the amplitude of the 

hyperbolic-tangent-sigmoid transfer function varies between -1 and 1. 

Besides, the derivative of the hyperbolic-tangent-sigmoid transfer 

function will be increased sharply compared to the derivative of the 

logistic-sigmoid function. The training, validation, testing and total 

accuracy rates of the proposed network for both artificial and 

experimental data are shown in Table 2 and Table 3, respectively. It is 

important to notice that the neural network models with different 

optimization algorithms and transfer functions are firstly examined on 

the created artificial vibration data and then they have been verified on 

the experimental data. By comparison of the estimated output results 

written in Table 2 and Table 3, the BPNN with 4 hidden neurons is 

chosen as the optimal hidden layer geometry for both artificial and 

experimental data. Indeed, the optimum classifier is trained with the 

Levenberg-Marquardt BP algorithm and contains one logistic-sigmoid 
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transfer function in the hidden layer. It is obvious that the proposed 

neural network with the logistic-sigmoid transfer function outperforms 

the network containing the hyperbolic-tangent-sigmoid transfer 

function. This is due to the fact that the logistic-sigmoid functions 

possess the unique ability to respond more sensitively for very small 

differences in the training set. Furthermore, for the classification 

studies, the logistic-sigmoid transfer function is the better choice. 

Since the output can be predicted as the probability values which must 

be between 0 and 1. The total accuracy rate of the optimum classifier 

for the artificial vibration data and the experimental vibration data are 

100% and 98.3%, respectively.  
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Table 2: Table of the BPNN Accuracy Rates for the Artificial Vibration Data 

 

Number 

of hidden 

neurons 

Training 

function 

Transfer 

function 

used in 

the HL 

Artificial vibration data 

Training 

accuracy 

Validation 

accuracy 

Testing 

accuracy 

Total 

accuracy 

10 LM log-sig 90.3% 71.4% 57.1% 82.2% 

9 LM log-sig 74.2% 28.6% 28.6% 60% 

8 LM log-sig 100% 85.7% 85.7% 95.6% 

7 LM log-sig 83.9% 42.9% 14.3% 66.7% 

6 LM log-sig 100% 100% 100% 100% 

5 LM log-sig 100% 85.7% 57.1% 91.1% 

4 LM log-sig 100% 100% 100% 100% 

3 LM log-sig 77.4% 85.7% 71.4% 77.8% 

10 LM tan-sig 100% 71.4% 42.9% 86.7% 

9 LM tan-sig 100% 57.1% 71.4% 88.9% 

8 LM tan-sig 100% 71.4% 71.4% 91.1% 

7 LM tan-sig 96.8% 57.1% 28.6% 80% 

6 LM tan-sig 67.7% 71.4% 57.1% 66.7% 

5 LM tan-sig 100% 100% 42.9% 91.1% 

4 LM tan-sig 100% 85.7% 85.7% 95.6% 

3 LM tan-sig 100% 100% 100% 100% 

10 SCG log-sig 100% 100% 71.4% 95.6% 

9 SCG log-sig 100% 57.1% 57.1% 86.7% 

8 SCG log-sig 54.8% 28.6% 28.6% 46.7% 

7 SCG log-sig 93.5% 71.4% 28.6% 80% 

6 SCG log-sig 100% 85.7% 85.7% 95.6% 

5 SCG log-sig 90.3% 57.1% 71.4% 82.2% 

4 SCG log-sig 87.1% 100% 71.4% 86.7% 

3 SCG log-sig 67.7% 71.4% 57.1% 66.7% 

10 SCG tan-sig 100% 85.7% 57.1% 91.1% 

9 SCG tan-sig 96.8% 42.9% 57.1% 82.2% 

8 SCG tan-sig 100% 42.9% 28.6% 80% 

7 SCG tan-sig 93.5% 85.7% 42.9% 84.4% 

6 SCG tan-sig 100% 100% 85.7% 97.8% 

5 SCG tan-sig 93.5% 71.4% 71.4% 86.7% 

4 SCG tan-sig 100% 100% 71.4% 95.6% 

3 SCG tan-sig 90.3% 100% 42.9% 84.4% 
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Table 3: Table of the BPNN Accuracy Rates for the Experimental Vibration Data 

Number 

of hidden 

neurons 

Training 

function 

Transfer 

function 

used in 

the HL 

Experimental vibration data 

Training 

accuracy 

Validation 

accuracy 

Testing 

accuracy 

Total 

accuracy 

10 LM log-sig 98.2% 94.4% 97.2% 97.5% 

9 LM log-sig 98.8% 94.4% 100% 98.3% 

8 LM log-sig 99.4% 100% 86.1% 97.5% 

7 LM log-sig 97.6% 80.6% 94.4% 94.6% 

6 LM log-sig 99.4% 91.7% 97.2% 97.9% 

5 LM log-sig 100% 94.4% 94.4% 98.3% 

4 LM log-sig 100% 94.4% 94.4% 98.3% 

3 LM log-sig 93.5% 86.1% 91.7% 92.1% 

10 LM tan-sig 97.6% 97.2% 91.7% 96.7% 

9 LM tan-sig 100% 97.2% 97.2% 99.2% 

8 LM tan-sig 100% 100% 88.9% 98.3% 

7 LM tan-sig 100% 83.3% 91.7% 96.3% 

6 LM tan-sig 97.6% 97.2% 94.4% 97.1% 

5 LM tan-sig 100% 91.7% 97.2% 98.3% 

4 LM tan-sig 97.6% 94.4% 91.7% 96.3% 

3 LM tan-sig 98.8% 88.9% 97.2% 97.1% 

10 SCG log-sig 94% 91.7% 94.4% 93.8% 

9 SCG log-sig 98.8% 94.4% 100% 98.3% 

8 SCG log-sig 98.8% 100% 91.7% 97.9% 

7 SCG log-sig 97.6% 91.7% 94.4% 96.3% 

6 SCG log-sig 96.4% 94.4% 97.2% 96.3% 

5 SCG log-sig 84.5% 72.2% 75% 81.3% 

4 SCG log-sig 96.4% 91.7% 91.7% 95% 

3 SCG log-sig 69% 72.2% 80.16% 71.3% 

10 SCG tan-sig 97.6% 94.4% 94.4% 96.7% 

9 SCG tan-sig 97.6% 97.2% 97.2% 97.5% 

8 SCG tan-sig 97% 100% 88.9% 96.3% 

7 SCG tan-sig 97% 100% 97.2% 97.5% 

6 SCG tan-sig 97% 94.4% 94.4% 96.3% 

5 SCG tan-sig 82.7% 75% 77.8% 80.8% 

4 SCG tan-sig 96.4% 94.4% 91.7% 95.4% 

3 SCG tan-sig 96.4% 91.7% 97.2% 95.8% 
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3.1. Confusion Matrix Plots 

A confusion matrix is a significant performance measurement for 

classification applications. In this study, the confusion matrix of the 

optimum classifier for training, validation, testing, and all samples of 

the artificial and experimental vibration data is calculated separately 

to ensure the value of the accuracy rates. The confusion matrix plots 

of the optimum classifier for both data are illustrated in Figure 4 and 

Figure 5, respectively. According to these figures, the confusion 

matrices of the network indicate the approval of the  accuracy of the 

optimum network for the aging classification problem. For the 

artificial data, the predicted values in the four confusion matrices are 

the same as their target values. However, for the experimental data, 

there are two misclassified samples in the validation and testing 

confusion matrices. Therefore, the confusion matrix for all samples of 

the experimental data determines four incorrect estimated samples 

which are resulted in a 98.3% accuracy rate. For the optimum 

classifier, three different quality measures have also been evaluated 

according to the confusion matrices acquired from the classification of 

the samples of both artificial and experimental vibration data. The 

overall misclassification rate, correctness and completeness are the 

evaluated quality measures considered for this study. The 

misclassification rate is defined as the ratio of the number of wrongly 

classified samples for different aging levels to the total number of 

samples classified by the prediction model (Vinodhini & 

Chandrasekaran, 2016). According to the misclassification rates 
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computed in Table 4, the overall misclassification rates for the 

artificial and experimental vibration data are 0% and 1.7%, 

respectively. The correctness is defined as the number of samples 

correctly classified as class I to the total number of samples classified 

as class I (Vinodhini & Chandrasekaran, 2016). Table 5 represents the 

correctness of each class assigned in the optimum classifier for both 

artificial and experimental data. According to Table 5, the optimum 

classifier operates perfectly well in terms of the classification of the 

artificial vibration data. However, the values of the correctness of the 

proposed classifier for class 4, class 5 and class 6 in the experimental 

vibration data are calculated as 93.3%, 97.1% and 96.7%, 

respectively. It means that the less correctness of the proposed 

classifier for the classification of the experimental data is relevant to 

the four incorrect predicted samples located in class 4, class 5 and 

class 6. Completeness is also defined as the ratio of the number of 

samples of class I classified as class I to the total number of actual 

samples in class I (Vinodhini & Chandrasekaran, 2016). For both 

artificial and experimental vibration data, the completeness of the 

optimum classifier for each class is represented in Table 6. By 

analysis of the completeness of the optimum classifier for the artificial 

vibration data, it is determined that the proposed classifier predicts all 

the samples in all classes correctly while for the classification of the 

experimental data, the computed completeness of class 3, class 5 and 

class 6 has been reduced to 96.2%, 94.3% and 96.7%, respectively. 

Indeed, the optimum classifier predicts the samples of class 5 with the 

minimum value of completeness which means that the ratio of the 
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correctly predicted samples in class 5 to the total number of actual 

samples in class 5 is the smallest value compared to the same ratio in 

other classes.  

 

Figure 4: Confusion Matrices of the Optimum Classifier for the Artificial Data 
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Figure 5: Confusion Matrices of the Optimum Classifier for the Experimental Data 

Table 4: Overall Misclassification Rate of the Optimum Classifier  

Type of the Data Sets Overall misclassification rate 

Artificial Vibration Data 
 

0% 

Experimental Vibration Data 1.7% 
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Table 5: Correctness of the Optimum Classifier for Aging Classes  

 

 

Type of the Data Sets 
Correctness 

Class1 Class2 Class3 Class4 Class5 Class6 Class7 Class8 

Artificial Vibration 

Data 
100% 100% 100% 100% 100% 100% - - 

Experimental 

Vibration Data 
100% 100% 100% 93.3% 97.1% 96.7% 100% 100% 

 

Table 6: Completeness of the Optimum Classifier for Aging Classes  

 

 

Type of the Data Sets 
Completeness 

Class1 Class2 Class3 Class4 Class5 Class6 Class7 Class8 

Artificial Vibration 

Data 
100% 100% 100% 100% 100% 100% - - 

Experimental 

Vibration Data 
100% 100% 96.2% 100% 94.3% 96.7% 100% 100% 

 

3.2. ROC Plots 

The receiver operating characteristic (ROC) curves are the other 

performance assessment tools for classification purposes. The ROC 

curves calculate the true positive rate (TPR) and the false positive rate 

(FPR) with different values of thresholds for the model. A perfect 

classifier is expected to have a TPR = 1 and an FPR = 0. Figure 6 and 

Figure 7 represent the ROC curves of the optimum classifier for the 

artificial and the experimental vibration data, respectively. For the 

artificial data, since the ROC curves hug the left and top edges, the 

proposed classifier is enumerated as an efficient model. Furthermore, 

it is necessary to mention that since there is not any sample as the 

class 5 in the validation data set and also there is not any sample as the 

class 1 in the testing data set, the ROC curves for class 5 and class 1 in 
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the validation and testing processes hug the right and bottom edges of 

the plots. For the experimental data, the training ROC curves for all 

classes show the perfect values of TPR and FPR. However, for the 

validation and testing processes, the ROC curves for class 5 and class 

6  are pulled down slightly. Nevertheless, for the classification of all 

samples of the experimental data, acceptable values of TPR and FPR 

are acquired which proves that the classifier is still operating very 

well. 

 
Figure 6: ROC Plots of the Optimum Classifier for the Artificial Data 
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Figure 7: ROC Plots of the Optimum Classifier for the Experimental Data 

3.3 Error Histogram Plots 

The error histograms are also suitable indicators for performance in 

classification applications. Indeed, the error values of the training, 

validation and testing processes are determined clearly by using the 

error histogram plots. The error histograms of the optimum classifier 

for both artificial and experimental data are also given in Figure 8 and 

Figure 9, respectively. According to the error histograms, the error 

value that corresponds to most samples of the data is -0.00619 and -
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0.04778 for the artificial and experimental data, respectively. Besides, 

the total calculated error values of the optimum network for both data 

are very small values indicating the high performance of the networks. 

 

 

Figure 8: Error Histograms of the Optimum Classifier for the Artificial Data 



 

 77 

 

Figure 9: Error Histograms of the Optimum Classifier for the Experimental Data 

CONCLUSION 

In this research work, we present a FFNN model trained with BP as an 

aging classifier of IM. Since the vibration signals are the most 

informative signals acquired from an IM, the developed BPNN model 

is assessed by using artificial and experimental vibration signals. In 

this study, by constructing the artificial vibration signals, the behavior 

of the designed BPNN is analyzed precisely and also it is verified on 

the experimental vibration signals to ensure the accurate performance 

of the proposed model. 

In order to increase the performance of the proposed model, nine time-

domain statistical features are specified as the input parameters of the 
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BPNN model. Besides, the performance of the proposed model is 

examined using different number of neurons in the hidden layer, 

different optimization algorithms and different transfer functions. By 

comparing the accuracy rates of these models, it is assigned that the 

optimal topology is trained with the Levenberg-Marquardt algorithm 

consisting of 4 neurons and a log-sigmoid transfer function in the 

hidden layer. For the artificial and experimental vibration signals, the 

total accuracy rates of the optimum classifier are calculated as 100% 

and 98.3%, respectively. 

Eventually, the quality of the performance of the optimum classifier is 

investigated appropriately by using the confusion matrix, receiver 

operating characteristic (ROC) and the error histogram plots. Besides, 

using the information acquired from the confusion matrices, three 

different quality measures are also discussed to approve the success of 

the optimum classifier in detail. Therefore, the fact that the proposed 

BPNN model is suggested as a robust and reliable model for 

monitoring and detecting the aging levels of an IM can be asserted 

certainly. 
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INTRODUCTION 

The heart, which is located in the thorax a little to the left of the 

midline of the chest and is of vital importance, is a muscular organ. 

The weight of this organ, which pumps almost 8000 liters of blood 

into the circulation by contracting an average of 100 thousand times a 

day, is 340 grams in men, while it is about 300-320 grams in women. 

The filling of an organ with blood leakage is called an infarction 

(White & Chew, 2008; Thygesen et al., 2007; Boersma et al., 2003; 

Reed, Rossi, & Cannon, 2017; Frangogiannis, Smith, & Entman, 

2002). This event begins when the feeding artery of an area is blocked 

by a clot. In the next step, this clot causes a slowdown in blood flow 

and then a lack of blood supply in that area, resulting in infarction. 

The final stage is tissue death. There are many types of infarct disease, 

and one of them is myocardial infarction. Myocardial infarction is also 

known as coronary occlusion. This condition occurs as a result of the 

blockage of one of the vessels called the coronary (White & Chew, 

2008; Thygesen et al., 2007; Boersma et al., 2003; Reed, Rossi, & 

Cannon, 2017; Frangogiannis, Smith, & Entman, 2002). Myocardial 

infarction is a very common disorder and its causes include embolism, 

occlusion of the heart artery, and lack of blood supply to the heart 

muscle. This disease, which is more common in women than men, has 

many symptoms. Severe pain in the chest area on the stomach, cold 

sweats, bruises, shock, circulatory disorders are among the symptoms 

of heart infarction. This disease can sometimes come on suddenly and 

be fatal (White & Chew, 2008; Thygesen et al., 2007; Boersma et al., 

2003; Reed, Rossi, & Cannon, 2017; Frangogiannis, Smith, & 
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Entman, 2002). However, most of the patients can be treated with 

early diagnosis. Exercise tests performed at regular intervals or 

scintigraphy examination applied to patients who cannot run can 

measure the susceptibility of the person to this disease (Margonato et 

al., 1992; Hung et al., 1984; Staniloff et al., 1986). In addition, 

patients can have a preliminary diagnosis about themselves with 

medical tests based on machine learning methods, which are applied 

online today. This makes a great contribution to the transfer of 

information to every corner of the world (White & Chew, 2008; 

Thygesen et al., 2007; Boersma et al., 2003; Reed, Rossi, & Cannon, 

2017; Frangogiannis, Smith, & Entman, 2002; Margonato et al., 1992; 

Hung et al., 1984; Staniloff et al., 1986). 

The death that occurs unexpectedly within an hour of the onset of 

symptoms is defined as sudden death. Half of the sudden deaths occur 

due to cardiovascular diseases. Among these rates, especially the 

share of myocardial infarction is quite high. Unfortunately, half of the 

patients who suddenly experience myocardial infarction symptoms die 

before reaching the hospital.  Except for sudden death, coronary heart 

diseases take first place among the causes of death in all developed 

countries. Actually, we can minimize the risk of developing 

cardiovascular diseases. A healthy diet, regular exercise, and check-

ups can reduce the risks that patients may face in the future. In 

addition to being one-on-one with a doctor or a specialist, these 

controls are made possible online thanks to the developing medical 

machine learning systems (Alonzo, Simon, & Feinleib, 1975; 

Thompson et al., 1995; Vismara, Amsterdam, & Mason, 1975). 
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Thanks to artificial intelligence-based medical expert systems, people 

can make their own preliminary checks. This situation both increases 

the opportunity of people to reach medical support and reduces the 

intensity that may occur in hospitals (Fan et al., 2020; He et al., 2019; 

Benjamens, Dhunnoo, & Meskó, 2020; Beckers, Kwade, & Zanca, 

2021). For this reason, all kinds of equipment and software that can 

detect the presence of deadly diseases such as myocardial infarction 

are important. In this study, an idea that can contribute to artificial 

intelligence-based medical studies in the literature has been put 

forward, and therefore, effective features have been tried to be 

determined by machine learning methods in order to detect 

myocardial infarction with high accuracy. First of all, the data of 

patients with non-informative features were excluded from the data set 

to be used. In addition, features with very little information content 

were also eliminated from the data set. On the data set consisting of 

the remaining data, firstly, classification was carried out with various 

classifiers. Then, based on the most successful classifier, various 

feature selection methods were tried on the dataset. Thus, the features 

with the highest accuracy rate were determined. The process flow of 

the study is shown in Figure 1. 
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Figure 1: The Process Flow of the Study 

 

 

METODOLOGIES 

The dataset used in this study consists of information collected at the 

Krasnoyarsk Interregional Clinical Hospital (Russia) from 1992 to 

1995 and recently made available to the public. The dataset used in 

the study by extracting missing data includes information from 1700 

patients characterized by 111 features that define clinical phenotypes 

and 12 features representing possible complications of myocardial 

infarction disease (123 features in total) (Golovenkin et al., 2020). 

Details of the descriptive statistics and variable names of the data are 

provided in the dataset description available online (Golovenkin et al., 

2020). The data of patients with non-informative features were 

excluded from the data set to be used. In addition, features with very 

little information content were also eliminated from the data set. As a 
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result, a total of 233 patient data with 109 features remained in the 

data set (109x233). Classifications and feature selection processes 

were performed on the final data set. Conditions with or without 

myocardial infarction in patients were labeled with ‘1’ (cardiogenic 

shock, pulmonary edema, myocardial rupture, progress of congestive 

heart failure, thromboembolism, asystole, and ventricular fibrillation) 

and ‘0’ (unknown) classes, respectively. Finally, a 10-fold cross-

validation method was applied to the data before it was given to the 

classifiers. 

In this study, the training and test data created from the eliminated 

dataset were presented to the various classifiers such as artificial 

neural networks (ANN), random forest (RF), k-nearest neighbors 

(KNN), AdaBoost (ABST), Bagging (BGG), random committee (RC), 

and J48 for the myocardial infarction detection process with a high 

accuracy rate. After reaching the highest classification accuracy, in the 

feature selection stage of this study, various selection algorithms such 

as information gain (IG), Pearson correlation coefficient (PCC), and 

exhaustive feature selection (EFS) were used to determine the 

effective attributes. The reduction in entropy from the transformation 

of a dataset is calculated by information gain. Correlation, on the other 

hand, gives a measure of the linear relationship of two or more 

variables. Finally, exhaustive feature selection method tries every 

possible combination of the variables and returns the most accurate 

subset (Chandrashekar & Sahin, 2017). 

 



 

88 MACHINE LEARNING, ENERGY AND INDUSTRIAL APPLICATIONS IN 

TECHNOLOGY AND ENGINEERING SCIENCES 

Confusion matrixes were used in the evaluation of the results obtained 

for this study. Statistical calculations were made according to these 

matrixes and the results were examined. The validity of the 

experimental results was statistically analyzed using Cohen's Kappa 

coefficient (K), true-positive rate (TP rate), false-positive rate (FP 

rate), precision (P), F-measure (F), Matthews correlation coefficient 

(MCC), receiver operating characteristic area (ROC), precision-recall 

area (PRC), cost curve, and accuracy (ACC) rates criteria. Detailed 

formulations of the parameters used were given in (Yücelbaş et al., 

2017; Drummond & Holte, 2006). 

EXPERIMENTAL RESULTS 

In this study, the effective features have been tried to define with 

machine learning methods for the detection of myocardial infarction 

with high accuracy. First of all, the data of subjects with non-

informative features were excluded from the dataset to be used. Then, 

attributes with very little information content were also eliminated 

from the dataset. On the dataset consisting of the remaining data, 

firstly, classification was carried out with the previously mentioned 

classifiers. Using the eliminated dataset, a total of 109 features were 

presented as input data to the mentioned classifiers. The performance 

results obtained according to these classifications are shown in Table 

1. 
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Table 1: Performance Results Obtained by Classification of Dataset with the 

Previously Mentioned Classifiers (TNI: Total Number of Instances, CCI: Correctly 

Classified Instances) 

Classifiers TNI CCI K 
TP 

rate 

FP 

rate 
P F MCC ROC PRC 

ACC 

% 

ANN 

233 

202 0.41 0.86 0.50 0.85 0.85 0.42 0.71 0.84 86.69 

RF 201 0.17 0.86 0.75 0.88 0.81 0.30 0.85 0.92 86.26 

KNN 199 0.23 0.85 0.68 0.82 0.82 0.27 0.59 0.77 85.40 

ABST 208 0.47 0.89 0.51 0.88 0.87 0.51 0.74 0.86 89.27 

BGG 209 0.47 0.89 0.54 0.90 0.87 0.54 0.77 0.87 89.69 

RC 202 0.24 0.86 0.70 0.86 0.82 0.34 0.77 0.85 86.69 

J48 209 0.51 0.89 0.47 0.89 0.88 0.54 0.73 0.85 89.69 

 

As can be seen from Table 1, J48 was the classifier that reaches the 

highest performance values by correctly classifying 209 of 233 data 

among the seven classifiers. Although J48 achieves the same ACC% 

ratio as BGG, when examined carefully, it was understood that it has 

much better ratios than this classifier in many parameters such as the 

K criterion. In addition, J48 and BGG classifiers were followed by 

ABST with an ACC rate of 89.27%. Among these classifiers, the 

worst results were obtained with KNN. This classifier was able to 

correctly classify only 199 of 233 data and achieved an ACC rate of 

85.40%. 

According to the information in Table 1, the classification errors of 

the J48 classifier were shown in Figure 2. The blue ones represent the 

‘0’ label and the red ones represent the ‘1’ label. In addition, crosses 

indicate correctly classified samples, while squares indicate incorrect 

ones. 
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Figure 2: Classification Errors of J48 Classifier According to Information of the 

Table 1 (Blue: “0” and Red: “1”) 
 

According to the features used in the dataset, the decision tree 

structure that J48 reaches as a result of the classification was shown in 

Figure 3. The explanations of the features in the decision tree 

structure, which were reached based on the statistical results of the J48 

classifier in Table 1, and seen in Figure 3 are as follows (Golovenkin 

et al., 2020): 

 RAZRIV: Myocardial rupture 

 S_AD_KBRIG: Systolic blood pressure according to  

   Emergency Cardiology Team (mmHg) 

 INF_ANAM: Quantity of myocardial infarctions in the  

   anamnesis 

 O_L_POST: Pulmonary edema at the time of admission to 

   intensive care unit 

 SEX: Gender 
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 post_im: Presence of a posterior myocardial infarction (left 

  ventricular) 

 GEPAR_S_n: Use of а anticoagulants (heparin) in the  

   intensive care unit 

 

Figure 3: According to the Features Used in the Dataset, the Decision Tree 

Structure That J48 Reaches as a Result of the Classification (Based on the 

Classification Result in Table 1) 

 

At this stage, the study was continued with the J48 classifier which 

had the best classification results than the others, and the performance 

outputs of this classifier were tried to be improved. For this reason, 

three different feature selection processes mentioned in Section 2 were 

carried out and the classification results obtained with J48 were shown 

in Table 2. 
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Table 2: The Classification Results Obtained with the J48 Classifier According to 

Feature Selection Methods (TNI: Total Number of Instances, CCI: Correctly 

Classified Instances) 

Feature 

selection 

method 

TNI CCI K 
TP 

rate 

FP 

rate 
P F MCC ROC PRC 

ACC 

% 

IG 

233 

213 0.58 0.91 0.44 0.91 0.90 0.63 0.67 0.84 91.41 

PCC 209 0.51 0.89 0.47 0.89 0.88 0.54 0.73 0.85 89.69 

EFS 212 0.58 0.91 0.42 0.90 0.90 0.61 0.72 0.84 90.98 

 

As a result of the classification of 10 effective attributes with J48, 

which were determined after the IG process, the outputs in Table 2 

were reached. When Table 2 is examined, it is seen that the ACC rate 

of 91.41% was obtained with the features determined after the IG 

feature selection process. The gain values of these attributes were 

given in Table 3. It is clearly seen that the IG method is better when 

compared to other methods according to Table 2. However, using the 

PCC method, the number of features was reduced to 88 and the same 

values were achieved as in Table 1 (obtained using all features). This 

showed that the PCC method was also successful. As can be seen in 

Table 2, 5 of the 109 features with the higher effect were determined 

thanks to the EFS method, and an ACC rate of 90.98% was obtained. 

These features are age, systolic blood pressure, pulmonary edema at 

the time of admission to intensive care unit, white blood cell count 

(billions per liter), and myocardial rupture. 
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Table 3: The Gain Values of the Attributes Selected with the IG Algorithm 
 

ATTRIBUTE NAME AND DESCRIPTION (Golovenkin et al., 2020) GAIN VALUE 

RAZRIV: Myocardial rupture 0.1647     

S_AD_KBRIG: Systolic blood pressure according to Emergency 

Cardiology Team (mmHg) 
0.0439     

S_AD_ORIT: Systolic blood pressure according to intensive care unit 

(mmHg) 
0.0394     

ant_im: Presence of an anterior myocardial infarction (left ventricular) 0.0372     

NA_R_1_n: Use of opioid drugs in the intensive care unit in the first 

hours of the hospital period 
0.0365     

D_AD_ORIT: Diastolic blood pressure according to intensive care unit 

(mmHg) 
0.0354     

ASP_S_n: Use of acetylsalicylic acid in the intensive care unit 0.0283     

K_SH_POST: Cardiogenic shock at the time of admission to intensive 

care unit 
0.0234     

n_p_ecg_p_12: Complete right bundle branch block on 

electrocardiography at the time of admission to hospital 
0.0214     

P_IM_STEN: Post-infarction angina 0.0184    

 

According to the effective features mentioned in Table 3, the decision 

tree structure that J48 reaches as a result of the classification was 

shown in Figure 4. The descriptions of the features in the decision tree 

structure, which is reached based on the statistical results of the J48 

classifier in Table 2 and seen in Figure 4, were already given in Table 

3. 
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Figure 4: According to the Effective Features Mentioned in Table 3, the Decision 

Tree Structure that J48 Reaches as a Result of the Classification (Based on the 

Classification Result in Table 2) 

 
 

DISCUSSION AND CONCLUSION 

Myocardial infarction (colloquially known as a heart attack) is a very 

serious health problem that takes years to form however appears 

suddenly. Heart attack, which is the leading cause of death in the 

world, actually has warning symptoms. While patients who have 

knowledge about the subject can take into account the symptoms and 

be treated for this ailment, individuals who do not have knowledge 

may die. We can protect our heart health by exercising regularly, 

avoiding harmful habits such as smoking, preferring more vegetables 

and fruits, and keeping body weight within normal limits, in short, by 
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increasing our quality of life. Thus, we can minimize the risk of 

developing cardiovascular diseases. Moreover, regular check-ups can 

reduce the risks that patients may face in the future. In addition to 

being one-on-one with a doctor or a specialist, these controls are made 

possible online thanks to the developing medical machine learning 

systems. Thanks to artificial intelligence-based medical expert 

systems, people can make their own preliminary checks. This situation 

both increases the opportunity of people to reach medical support and 

reduces the intensity that may occur in hospitals. Therefore, all kinds 

of equipment and software that can facilitate the diagnosis of deadly 

diseases such as myocardial infarction are of great importance. 

In this study, the effective attributes have been tried to determine with 

machine learning methods for the detection of myocardial infarction 

with high accuracy. The eliminated dataset consisting of the 

information of the remaining 233 patients was classified with ANN, 

KNN, RF, ABST, BGG, RC, and J48 classifiers. As a result of these 

processes, J48 among the seven classifiers correctly classified 209 of 

233 data and reached 89.69% ACC rate. This classifier was followed 

by BGG and ABST in terms of performance, respectively. Among 

these classifiers, the worst results were obtained with KNN. This 

classifier was able to correctly classify only 199 of 233 data and 

achieved an ACC rate of 85.40%. Then, J48, the classifier with the 

most successful results, was taken as a basis and IG, PCC, and EF 

feature selection methods were tried on the dataset. Thus, the effective 

attributes that can increase the success of J48 were determined 

according to each feature selection method. The results showed that a 
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2% increase in the ACC rate was achieved with 10 effective features 

determined after the IG feature selection process. Thanks to the EFS 

method, 5 of the 109 features with the higher effect were determined 

and an ACC ratio of 90.98% was obtained. In addition, 89.96% ACC 

rate was reached when 88 features selected using the PCC method 

were given to J48 as input data. In other words, the success of J48 has 

not increased with the PCC method, but the number of features that 

tire the system has been reduced. This showed that all three feature 

selection methods used contributed to the performance. 

The chief factor among the limitations of this study was, of course, the 

number of data. Because only 36 of 233 patients could be labeled as 

myocardial infarction and the remaining 197 patients were defined as 

unknown. This situation caused an imbalance in the data distribution 

and reduced the success. In addition, the fact that some of the features 

in the data set were binary information (that is, they consist of 0 or 1) 

reduced the quality of the numerical content used in the classification. 

This situation also indirectly affected the success. In order to obtain 

more successful results in future studies, the quality and number of 

data should be increased. In addition, researchers could contribute to 

artificial intelligence-based medical systems by presenting various 

studies with other feature selection methods and classifiers or 

clustering methods. 
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INTRODUCTION  

Owing to its natural quality, organic composition, and superior 

properties, wooden material has been favored in many areas (building, 

yacht, cruise, home furniture, etc.) from the past to the present. Aside 

from being an environmentally friendly, renewable, and sustainable 

natural resource, wood is also superior in terms of health, aesthetics, 

durability, and fire resistance. However, wood material is adversely 

affected by external weather conditions and seasonal weather changes, 

and its value and service life are decreasing (Üstün, 2019).   

Scotch pine (Pinus sylvestris L.) wood was impregnated with a 

solution made up of boron compounds and mixture of natural 

preservatives. It was examined that the amount of retention in quechua 

yellow pine, which is one of the natural preservatives, is lower than 

that of kebraco, and as the solution concentration increases, the total 

amount of retention also increases. In samples impregnated with 1 

percent concentration solutions, the maximum retention levels were 

observed. It has been stated that the retention rate varies due to 

reasons such as the properties of the solutions and the anatomical 

structure (Alkan, 2016).  Uludağ fir and eastern beech wood are 

impregnated with Imersol Aqua, Tanalith-E. The air-dry density and 

retention rate of the impregnated test samples were tried to be 

determined. According to the results of the experiment, the highest 

air-dry density value was obtained in the beech wood impregnated 

with Imersol Aqua (0.672 g/cm3) and the highest retention rate 
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(1.53%) in the fir wood impregnated with Imersol Aqua (Kaçamer, 

2010).  

Boron is a material that is applied in a variety of applications, ranging 

from cleaning agents to space exploration. Furthermore, it is of great 

importance in terms of having a large part of the boron reserves in 

Turkey. It is stated that the use of boron in industrial areas requiring 

advanced technology is increasing and its value is further increased by 

being used as a raw material (Acarkan, 2002). In duncan test 

application results, It was determined that the highest value in 

retention is 37.3 kg/m3 ‘from samples treated with pressure-vacuum 

method in scotch pine  and the lowest value was 3.71 kg/m3 from the 

samples treated with beech immersion method. The samples treated 

with the pressure-vacuum process in yellow pine had the maximum 

retention value of 6.42 %, while samples treated with immersion in 

beech had the lowest retention value of as 0.30 % (Özçifçi et al., 

2009).  

While magnesium sulphate is applied in a variety of applications, it is 

considered to be an excellent preservative material due to its mordant 

structure and constructive human-environmental interaction. In this 

study; It's been tried to figure out what kind of physical changes it 

creates in spruce wood. As a result, it aims to shed light on the fields 

that can be used in the wood industry to some extent. 
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MATERIAL and METHOD 

Wood Material 

In the framework of the research, among the wood species of our 

region, spruce wood (Picea orientalis (L.) Link) was chosen for the 

research, and sample cuts were obtained from sapwood sections by 

cutting in the radial direction in accordance with the principles of TS 

53 and TS 2470.   As an impregnation and binder, borax and 

magnesium sulphate (MgSO4) were preferred (mordan).  1% 

concentrate was applied.     

METHOD 

Sample Preparation for Experiment  

Drying the cuts was made according to the standards laid out in the 

experiment sample preparation. All samples were examined to ensure 

that the fiber structure was free of cracks, knots, and color defects 

(fungus, rot etc.). TS 2471 and TS 2472 standards (30x20x20 mm) 

were applied to determine the specific gravity change while preparing 

100x50x30 mm test specimens to determine the adhesion level. 

Impregnation Process 

The impregnation process was applied in accordance with the 

conditions in “ASTM-D 1413-76”. Experimental samples were 

prepared in 13x5x3 cm dimensions and the test samples were made 

completely dry so that the impregnation agent was not affected by 

wood moisture (ASTM 1413, 1976). 
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% Retention (Net Dry Matter Amount) 

After impregnation, the amount of substance remained (tkoao-% 

retention) compared to dry wood was calculated from the specified 

formula.                

                 Moes-Moeö 

R (%) = ------------------- x100                                                  (1)

          Moeö                      

Moes = Sample full dry weight after impregnation (g) 

Moeö = Sample full dry weight before impregnation (g) 

Air / Full Dry Specific Gravity 

Moisture amounts of the test samples were carried out according to TS 

2471 and specific weights were carried out according to TS 2472. At 

the temperature of 20±2 °C and relative humidity as 65±5 %, all the 

weighing and measurements were performed. Calculations were made 

with below formula. 

D12 = M12 / V12 

(D12): Air Dry specific gravity (g/cm³)     (2) 

(M12): Air dry weight of test sample (g) 

(V12): Air dry volume (cm³)  

Test samples at 12 % relative humidity as normal were used to 

determine the full dry density. Here, TS 2472 was applied and 0 % 

value was obtained at 103 ± 2 °C. In order to avoid moisture intake, it 
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was cooled in CaCl2 desiccator and necessary weighing/measurements 

were made. According to the specified formula (TS 2471, 1976; TS 

2472, 1976). 

Do = Wo / Vo  g/cm3    In Formula;  

Do: Full dry density (g/cm³)   

Wo: Full dry weight (g)  

Vo: Full dry volume (cm³)                                                 (3) 

RESULTS AND DISCUSSION 

Properties of Solution  

The solution properties are given in Table 1.   

Table 1: Solution properties 

Impregnation Material 
 

Solvent 

Temperature 

(ºC) 

pH Density (g/ml) 

BI AI BI AI 

Borax  (%1) 
DW 

22ºC 

 

9.35 9.36 1,025 1.025 

Magnesium sulphate (%1)  6.37 6.37 1,320 1.320 

 *BI: Before Impregnate *AI: After Impregnate  

 

There was no change in solution pH and density before and after 

impregnation. It has been reported in the literature that acidic and 

basic structure affects the technological and other properties of wood. 

% Retention 

% Retention values are given in Table 2. 
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Table 2: % Retention test results  

Impregnation 

Material 

Vacuum Time 

 (Minute) 

Diffusion Time 

(Minute) 

Retention (%) 

Mean  Std dev HG 

Magnesium 

Sulphate 

30 

20 2.29 1.87 C 

30 2.48 3.71 A 

40 2.34 5.22 B 

Borax 

20 1.72 1.45 E 

30 1.86 6.20 D 

40 1.07 2.93 F 

 

The highest percent preservation was obtained in magnesium sulfate 

(2.48%) for 30 minutes vacuum and 30 minutes diffusion; the lowest 

value in borax for 30 minutes vacuum and 40 minutes diffusion 

(1.07%). The anatomical structure of the wood, as well as the 

preservative, can cause this situation.  

In a study, the effects of barite on wood impregnation and density 

were investigated. The total retention value in beech wood was 

determined as maximum 50% barite solution (20.30 kg/m3) as a result 

of these experiment. In the contrary, the highest full dry density value 

was found in beech wood, barite in a 50 percent solution (0.60g /cm3) 

(Tan et al., 2015). In a study, total retention and % retention were 

determined in wood material impregnated with tea plants. In their 

results, the lowest % retention rate was found in iroko wood (1.58%), 

while the highest % retention rate was observed in beech wood (6.75 

%). It is reported that the lowest total retention is in iroko (31.27 

kg/m3) and the highest total retention value is in beech wood (100.65 

kg/m3). According to the retention results; it was stated that organics 
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obtained from tea plant extract can be applied as preservative in wood 

material (Atılgan et al., 2013).   

Air Dry / Full Dry Density Amount 

The change in air dry and fully dry specific gravity is given in Table 

3. 

Table 3: The change in air dry and fully dry specific density  

Impregnation 

Material 

Vacuum 

Time 

 (Minute) 

Diffusion 

Time 

(Minute) 

DRY-Density (g/cm3)-AİR 

Mean  Std dev Mean  Std dev 

Control - - 0.35 1.11 0.37 2.34 

Borax 1 % 

30 

20 0.36 2.45 0.38 6.23 

30 0.38 2.01 0.42 3.23 

40 0.37 4.15 0.41 2.51 

Magnesium 

Sulphate 1% 

20 0.37 2.85 0.39 2.56 

30 0.39 3.66 0.41 1.93 

40 0.36 2.89 0.38 2.09 

In comparison to the control group, there was no noticeable rise in 

preservative materials. The highest air dry specific gravity was 

determined as 30 minutes in vacuum and 30 minutes in borax (0.42 

g/cm3), the highest full dry specific gravity in 30 minutes in vacuum 

and 30 minutes diffusion (0.39 g/cm3). We can infer that this is due to 

the wood type, anatomical structure, and preservative material.   

In a study, spruce (Picea orientalis (L.) Link) wood was impregnated 

according to ASTM 1413-76 standard with three different solution 

concentrations (1, 3, 5%) prepared from boron compounds and barite 

and the rates of influence on some physical-mechanical properties 



 

108 MACHINE LEARNING, ENERGY AND INDUSTRIAL APP-LICATIONS IN 

TECHNOLOGY AND ENGINEERING SCIENCES 

were investigated. As a result of his research, it was reported that the 

air-dry specific gravity value was the most Barite+Ba (0.80 g/cm3), 

while the mechanical properties had the highest bending resistance 

value Barite+Ba (100 N/mm2) (Çiçek, 2015).  It has been reported 

that in experimental samples treated with aqueous solutions of boric 

acid, borax and sodium perborate, which are boron compounds, with 

various concentration levels, the full dry density values are higher 

than the non-impregnated (control) sample (Toker, 2007). 

CONCLUSION 

According to the experimental results; the highest % retention was in 

magnesium sulfate (2.48%) for 30 minutes vacuum and 30 minutes 

diffusion. The lowest retention was in borax (1.07%) for 30 minutes 

vacuum and 40 minutes diffusion. Highest air dry specific gravity for 

30 minutes vacuum and 30 minutes diffusion was in borax (0.42 

g/cm3), lowest in control sample (0.37 g/cm3), highest full dry specific 

gravity for 30 minutes vacuum and 30 minutes diffusion in 

magnesium sulphate (0.39 g/cm3), the lowest was found again in the 

control sample. Within the scope of the study, paints and varnishes, 

which are indispensable for their use/protection in the wood/furniture 

industry, have been tested for stronger adhesion on the surface and for 

human/environmental health. It will make significant contributions to 

science and the wood/furniture industry, as well as a significant 

contribution to the country's economy. 
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INTRODUCTION  

Matching and similarity between 3D shapes is a fundamental task 

whether for shape segmentation, classification, retrieval, and all of 

these with many others are important procedure in different areas like 

computer vision, biomedical modeling, mechanical engineering. At 

the same time, the widespread of 3D data brings the need to develop 

algorithms in order to match, classify as well recognizing it. Unlike 

images and range scans, 3D models do not depend on the 

configuration of cameras, light sources, or surrounding objects (e.g., 

mirrors). As a result, they do not contain reflections, shadows, 

occlusions, projections, or partial objects, which greatly simplify 

finding matches between objects of the same type. 

Descriptors whether local, or global ones, should capture most 

significant features of the shape in order to represent it in a well 

manner. Many approaches were proposed to capture the details of 

shapes, some lack the capacity in terms of huge memory required, 

others may be variant towards affine transformations, etc. And since 

this step is a crucial one for the dependence of other steps on it, in our 

work we proposed an efficient way to describe the 3D model, by 

modeling its surface as a weighted graph using the Gaussian function, 

followed by combining precise curvatures formulating compact 

feature vector. To follow on, we use Louvain clustering method 

implemented by (Bonald et al., 2020) in order to segment our mesh 

into regions. These regions are set to be our subgraphs, and they are 
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matched through linear sum assignment problem (Virtanen et al., 

2020) 

The rest of the paper is organized as follows. Section 2, shows some 

literature reviews on the recent work. Section 3, presents the full 

framework starting by the surface modeling, followed by regions 

segmentation ending this section by the 3D matching problem. In 

section 4, we show our experimental results and the robustness of our 

proposition. The work is concluded in section 5. 

1. RELATED WORKS  

Shape descriptors obtained locally, on each vertex becomes an 

important step behind matching, retrieval, classification, segmentation 

of 3D models. Local shape descriptors speed up the process by 

lowering the objects into a little feature that are responsible for 

matching. In (Gatzke & Grimm, 2006) an overview shows how 

computing curvature plays a vital role in representing a shape. 

Similarly, many other papers deal with the importance of curvatures, 

authors in (Soltanpour, Boufama, & Wu, 2017) works with curvature 

maps as a feature extraction for face recognition, as well showing the 

priority of using local feature on global ones. H’roura et. al in (H'roura 

et al., 2017) present in their paper an overview of 3D object 

recognition, as well the representative states of the art methods. 

According to (Körtgen et al., 2003) shape descriptors must obey some 

requirements in order to classify this descriptor as a good descriptor, 

so researchers tend to ensure the quality of their descriptor depending 

on, not limited to, discriminating power regarding similarity  
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measures, invariant under transformations, compact in order to 

minimize the storage though optimality in search dimensionality, as 

well insensitive to noise and topological deformations. 

New contributions on level of multi-scale descriptors are trending 

nowadays, where in this paper (Cipriano, Phillips, & Gleicher, 2009) 

they show how extracting features in multi-scale summarizes the 

shapes of differently sized neighborhoods. The descriptor considers a 

local neighborhood around a central point with a roughly circular area 

specified by radial distance. While authors in (Chakik et al., 2020) 

define multi-scale descriptor map by merging single scale descriptor 

maps calculated with different Delaunay neighboring level. Our work 

which is nearly similar to this work, without a multi-scale level, where 

our descriptor maps at single level shows nearly familiar to the ground 

truth results. 

The work in (Chakik et al., 2020) tends to project height maps with 

patches ion order to obtain Zernike moments on the corresponding 

images obtained, while in our approach, being concise towards the 

speed of getting our descriptor maps. 

In the recent years, scientific researchers model the matching problem 

as a combinatorial optimization problem, and since graphs are the 

most appropriate data representation, the problems are treated as graph 

matching problem. Several approaches arise to solve the problem, 

algorithm to image segmentation using two different kinds of local 

neighborhoods in constructing the graph is done in (Felzenszwalb & 

Huttenlocher, 2004), the algorithm uses a greedy approach and gives a 
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well notable results. Establishing a meaningful correspondence 

between shapes is often difficult, in (Van Kaick et al., 2011) authors 

shows a review on the available methods and algorithms detailed for 

the appropriate correspondence depending on applications. 

Sahillioǧlu, Y. et. Al in their paper (Sahillioǧlu & Yemez, 2011) 

propose a dense shape correspondence method which is 

computationally efficient. They minimize the isometric distortion 

directly in the 3D Euclidean space. A drawback for their work is the 

symmetry problem, which is inherent to all isometry-based 

correspondence algorithms. 3D shapes matching methods as 

Riemannian (Wang et al., 2005) or conformal (Kurtek et al., 2010) 

geometries have proposed to use a local optimization technique to 

minimize the non-convex energy. One way to solve the matching 

problem is to match maximum relational sub graph matching among 

the set of feature regions that represent an object as done in (El 

Chakik et al., 2020). To overcome several issues arise from the 

previous we tend to propose a framework that extract simple, yet 

powerful, well representative shape descriptors, that are concise to 

store. Followed by segmenting the vertices into regions having nearly 

same geometrical descriptors, in order to perform subgraph matching. 

2. PROPOSED FRAMEWORK 

In our framework, we tend to find matching between 3D models. We 

start by modeling the surface of mesh as a weighted graph, where our 

main target is to match subgraphs obtained from the feature regions 

extracted depending on the descriptor map. Our descriptor map is 
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defined by extracting several curvatures formulating a compact feature 

vector.  

Figure 1: Neighboring Construction  

2.1. Descriptor Map Estimation  

 

We start by representing the 3D surface as a weighted graph G= (𝒱, ℰ, 𝒘) where 𝒱 is finite set of vertices, ℰ is finite set of edges ℰ ⊂ 𝒱𝑋𝒱, 

and 𝒘 represents the weight function, it’s a similarity measure 

between vertices. At the same time, we tend to obtain the set of 

neighbors (𝒗i), for a given vertex 𝒗i  where we find the neighbors 

within a given radius, even the vertices lying on the boundary are 

included. Figure 1 shows the neighborhood construction of a single 

vertex. 

The weight function between two connected vertices is calculated as: 

   (𝒗I, 𝒗j) = 𝑒−ቀ𝑑𝑣𝑖−𝑑𝑣𝑗ቁ22𝛩2               (1) 

Where d of any vertex represents its descriptor vector, while 𝚯 is the 

standard deviation. 
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Each vertex has a compact feature vector that called as a descriptor, 

and computed by obtaining four curvatures as below: 

𝒮ℐ = 2𝜋 𝑡𝑎𝑛−1(𝜅2+𝜅1𝜅2−𝜅1)
𝒞ℐ = ට𝜅12+𝜅222𝒢 = 𝜅1𝜅2ℳ = 12 (𝜅1 + 𝜅2)
Ending up, with a matrix 𝓓 [𝑛 *4] where 𝑛 is the number of vertices 

we have in our model, and four is the components of the descriptor. 

We show in Figure 2 the representation of our descriptor compared to 

the ground truth, and proposed approach from (El Chakik et al., 2020), 

it shows how the feature vector extracted by our approach is doing 

well in discriminating. 

Figure 2: Descriptor Maps. Left to Right: Ground Truth, proposed approac 
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2.2. Feature Regions Detection 

 

Clustering the 3D objects is an important step to do before matching 

these objects, where we end up with subgraphs which reduces the 

complexity of the matching. To do so, we cluster our vertices using 

the feature vectors and the weighted graph. Integer linear 

programming is the modeling for our problem, where we try to 

maximize the modularity of our function. 

At first, each vertex has its own label, vertices similar to each other 

are merged and labels are decreased. The modeling is as follows: 

 𝑄 = 12𝑚 ∑𝑖𝑗[𝐴𝑖𝑗 − 𝑘𝑖𝑘𝑗2𝑚 ]𝛿(𝑐𝑖, 𝑐𝑗),
 

where 

• 𝐴𝑖𝑗 represents the edge weight between nodes 𝑖 and 𝑗; 

• 𝑘𝑖 and 𝑘𝑗 are the sum of the weights of the edges attached to 

nodes 𝑖 and  𝑗 , respectively; 

• 𝑚 is the sum of all of the edge weights in the graph; 

• 𝑐𝑖 and 𝑐𝑗  are the communities of the nodes; and 

• 𝛿 is Kronecker delta function 𝛿(𝑥, 𝑦) = 1 if 𝑥 = 𝑦, 0 

otherwise). 

To maximize 𝑄, first, each node in the network is assigned to its own 

community. Then for each node 𝑖, the change in modularity is 

calculated for removing 𝑖 from its own community and moving it into 



 

120 MACHINE LEARNING, ENERGY AND INDUSTRIAL APPLICATIONS IN 

TECHNOLOGY AND ENGINEERING SCIENCES 

the community of each neighbor 𝑗 of 𝑖. This value is easily calculated 

by two steps: (1) removing 𝑖 from its original community, and (2) 

inserting 𝑖 to the community of 𝑗. 

At the end, vertices that are similar in their geometric properties will 

have same label. This stage will assess us to find correspondence 

between the regions of two models. 

2.3.  3D Surface Matching 
 

The matching is done through finding a relation between maximum 

number of correspondence from the feature regions extracted. This 

problem is modeled as a linear sum assignment known as minimum 

weight matching, let X be a boolean matrix where  𝑋[𝑖, 𝑗] = 1 iff row 

i is assigned to column j. Then the optimal assignment has cost, 

   

 𝑚𝑖𝑛∑𝐶𝑖,𝑗𝑋𝑖,𝑗                        (7) 

 

This problem is a modified Jonker-Volgenant algorithm with no 

initialization, described in (Crouse, 2016). 

3. EXPERIMENTAL DATA ANALYSIS AND RESULTS  

 

In order to show the effectiveness of our proposed approach, we 

perform several experimentations on downloaded datasets from 

“MeshsegBenchmark “ and “CAPOD” (McLaren, 2014; Papadakis, 

2014) the models are more than 500 object, with different classes, 

each contains different poses. 



 

 121 

Our proposition gives well matching despite the movement changes in 

human, teddy, armadillo and the other models. Figure 3 shows the 

matchings between different poses of person, this obviously shows the 

invariance of our descriptor regarding movements. 

The diversity between models within a class and getting matches is 

seen in Figure 4, each subfigure, shows a two retrieved models 

matched. The results ensure that our approach is invariant to different 

affine transformations, whether rotation, scaling, different poses. 

 

 
Figure 3: Matched Correspondences 
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Figure 4: Articulated 3D shape matching 

3D Objects of the same class share a fixed pose in terms of object 

center, scale and rotation while undergoing diverse shape 

deformations (Papadakis, 2014), the matching between two of the 

same class with their feature regions visualization is presented in the 

following figure. 

Figure 5: 3D matching within same classes 
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Getting optimal matches, encourage us to test our framework in order 

to classify the models, with a query model we try to retrieve the 

similar models with cosine similarity more than 80%, using the cosine 

similarity refers to the concept of, if the two similar models are far 

apart by the Euclidean distance (due to the size of the model), the 

chances are they may still be oriented closer together through the 

angle between the models. The classification of two query models as 

instances, where for each one, the retrieved models that refer to the 

same class, as well the missed objects from the same class are shown 

in Table 1.  

Accuracy is the ratio of correct predictions to the total number of 

predictions. It is one of the simplest measures of a model. We must 

aim for high accuracy for our model. If a model has high accuracy, we 

can infer that the model makes correct predictions most of the time. 

And this what we obtain through our framework, where almost each 

query gives more than 85% of accuracy. At the same time, we were 

able to get a high recall as a second measure. 
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Table 1: Retrievals for Bust Models 

 

Table 2: Retrievals for Plier models
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CONCLUSION  

 

A robust approach for 3D shape matching was presented in this paper. 

The 3D shapes that were initially represented as meshes, their surfaces 

were modeled as weighted graphs. A new combination of curvatures 

was extracted formulating a compact feature vector in order to cluster 

nodes, depending on the similarity measure. Combinatorial 

optimization is used for the graph matching problem, this is done 

through integer linear programming approach. Following this, we 

show the robustness and efficiency of the proposed approach, with 

experimental results applied on two datasets, with different affine 

transformations. Finally, classification results are presented, ensuring 

the wide range of applications to be tested on. 

We believe that more experiments should be performed to study the 

gap in retrieving false models, as well for future work, our assumption 

is to apply this proposition into real world application. 
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INTRODUCTION 

In many studies done in recent years, complex problems difficult to 

solve with numeric methods are solved by the help of heuristic 

algorithms. The reason for this is that the solution of multi-variable 

problems with big solution spaces takes a long time with classic 

methods. Many algorithms have been developed to solve these kinds 

of problems in a faster and decisive way. Researches have shown that 

some points overlooked by the researchers while developing these 

algorithms can be realized by another researcher later and the 

performance of the heuristic algorithms can be improved. One of these 

improvement methods is to use the chaotic number generator in 

random number generation in the present algorithm (Peitgen, Jurgens, 

& Saupe, 1992). 

As a result of the literature review, it has been seen that many 

algoritms were used together with chaotic mapping methods with 

different aims and approaches.  These are chaotic biogeography-based 

optimisation-CBBO (Saremi, Mirjalili, & Lewis, 2014), chaotic 

charged system search-CCSS (Nouhi, Talatahari, Kheiri, & Cattani, 

2013), chaotic fruit fly optimization-CFOA (Mitic, Vukovic, Petrovic, 

& Miljkovic, 2015), chaotic bat-CBA (Gandomi, & Yang, 2014), 

chaotic krill herd-CKHA (Wang, Guo, Gandomi, Hao, & Wang, 

2014), chaotic harmony search-CHS (Alataş, 2016), chaotic particle 

swarm optimization-CPSO (Alataş, Akın, & Bedri, 2009; Alataş, & 

Akın, 2009), chaotic gravitational search-CGSA (Durmuş, Özyön, & 

Temurtaş, 2016; Chaoshun, Jianzhong, Jian, & Han, 2012), 
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chaotically initialized differential evolution-CIDE (Ozer, 2010), 

chaotic bat swarm optimisation-CBSO (Jordehi, 2015), chaotic 

artificial bee colony-CABC (Alataş, 2010) and chaotic improved 

imperialist competitive-CICA (Talatahari, Farahmand Azar, 

Sheikholesman, & Gandomi, 2012) algorithms. It has been seen that 

in these studies, selected algorithms have been applied to the chaotic 

mapping method once or several times and the obtained values have 

been examined. As far as is known 25 chaotic mapping methods 

defined or used in different studies in literature have been together in 

this study for the first time and the performance evaluation has been 

done. The aim is to present an extensive source and data for the future 

studies. 

In order to do a more effective and decisive search together with 

chaotic number generators in different structures, DE algorithm has 

been selected for use due to the positive feedbacks obtained from 

literature. In the study 25 different chaotic mapping methods have 

been used together with DE algorithm. The algorithms formed by the 

use of DE algorithm together with choatic mapping methods have 

been called Chaotic-based Differential Evolution Algorithm (CbDE-

X). In the developed 25 different CbDE-X algorithms while the 

individuals in the first population are formed, they have been located 

in the first individual search space randomly. As for the other 

individuals, they have been located depending on the location of the 

first individual by using 25 different chaotic mapping methods which 

have been defined in the subsections.  In other words, individuals in 

CbDE-X algorithms have not spread in the search space randomly, but 
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according to a certain chaotic order. 25 different chaotic DE structures 

(CbDE-1,...,CbDE-25) that have been defined differently, have been 

applied to 5 different high dimensional, multimodal test functions 

successfully and the obtained results have been evaluated. Two 

different aims come into prominence in this study, the first of these, is 

to improve the performance of DE algorithm. As for the second aim, it 

is to determine the positive or negative effects of the 25 different 

chaotic mapping methods in literature on heuristic algorithms. In the 

following studies that will be done by the researchers, the approaches 

proposed in this study can be integrated to other heuristic algorithms 

and their performances can be evaluated. 

1. DIFFERENTIAL EVOLUTION ALGORITHM (DE) 

The DE algorithm is a simple but heuristic optimization technique 

based on the genetic algorithm in terms of operation. It was developed 

by Price and Storn in 1995 for solution of the problems with 

continuous parameters, in particular. This algorithm does not operate 

on the basis of population and chromosomes are separately subjected 

to the operators in order to create a new individual. Mutation and 

crossover operators are used during this process. If the fitness of the 

new individual is better than that of the old one, the new individual is 

transferred to the next generation; otherwise, the old one is transferred 

to the next generation (Ozer, 2010; Storn, & Price, 1997; Mandal, 

Chatterjee, & Bhattacharjee, 2013; Li, & Yin, 2012). 

As for the parameters used in the DE algorithm; population size is 

shown as NP, number of variables (number of genes - dimension) as 
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D, generation (1,2,3,….,gmax) as g, ratio of crossover as CR and the 

factor of scaling as F. Steps of the process in relation to the DE 

algorithm could be categorized as coding, mutation, crossover and 

selection. The flowchart of the DE algorithm is given in Figure 1. 

Enter the DE parameters

NPmax, CR, F, G, Gmax 

G= G+1

STOP

Is maximum number of 

iterations reached? (G=Gmax)

No

Yes

START

Mutation

Crossover

Selection

Generate the starting population randomly with a 

specified number of (NPmax) individuals.

Calculate the fitness F(xi) of all 

individuals in the population.

Take the best individual as a solution.

Randomly select three individuals 

different from the population.

 

Figure 1: The DE algorithm flowchart 
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• Initial population and coding  

In addition to the current chromosome, three chromosomes are 

required for the creation of new chromosomes in the DE algorithm. 

Therefore, population size must be higher than three NP>3. The 

algorithm begins with a randomly initiated population which utilize 

NP D-dimension parameter vector within constrained by the minimum 

and maximum bounds (Ozer, 2010; Storn, & Price, 1997; Mandal, 

Chatterjee, & Bhattacharjee, 2013; Li, & Yin, 2012). 

 min 1,min 2,min 3,min D,min
x = x ,x ,x ,...,x                                                                (1) 

 max 1,max 2,max 3,max D,max
x = x ,x ,x ,...,x                                                               (2) 

Creation of the initial population composed of chromosomes with NP 

number and D size is calculated by using the equation (3). 

j,i,g=0 j,min i, j j,max j,minx = x +rand [0,1].(x - x ),  i = 1,...,NP   j = 1,...,D   (3) 

In this equation, xj,i,g represents j parameter of i chromosome in g 

generation while (xj,min, xj,max) represents the minimum and maksimum 

values for the variables. Where randi,j [0,1] is a uniformly distribution 

random number between 0 and 1. 

• Mutation 

Mutation means making random changes on the chromosome genes. 

Except for the chromosome to be subjected to the DE algorithm, three 

separate chromosomes are selected (r1, r2, r3). Difference of the first 

two chromosomes is calculated and multiplied with F. F is generally 
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used as a value, which varies between 0 and 2. This weighted 

difference chromosome is summed with the third chromosome (Ozer, 

2010; Storn, & Price, 1997; Mandal, Chatterjee, & Bhattacharjee, 

2013; Li, & Yin, 2012). 

3 1 2, , 1 , , , , , ,.( )j i g j r g j r g j r gn x F x x+ = + −                                                         (4) 

In this equation, nj,i,g+1 represents the trial chromosome subjected to 

g+1 mutation and crossover, r1, r2, r3   represent the random 

chromosomes to be used for creation of new chromosomes

  1,2,3 1 2 31,2,3, , ,   r NP r r r i    . 

• Crossover 

A new chromosome (ui,g+1) is created by using the different 

chromosome obtained as a result of the mutation and xi,g chromosome. 

As for the trial chromosome, genes are selected from the difference 

chromosome with a probability of CR while they are selected from the 

current chromosome with a probability of (1-CR). j=jrand condition is 

used for ensuring that at least one gene is obtained from the newly 

created chromosome. Gene, which is located in random j=jrand is 

selected from nj,i,g+1 irrespective of CR value (Ozer, 2010; Storn, & 

Price, 1997; Mandal, Chatterjee, & Bhattacharjee, 2013; Li, & Yin, 

2012). 

, , 1

, , 1

, ,

   if   [0,1]   or   

      otherwise

j n g rand

j u g

j i g

x rand CR j j
x

x

+

+

 =  =  
  

                                       (5) 
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• Fitness function 

Additional to the target chromosome, three different chromosomes are 

used to obtain a new chromosome (trial chromosome) by the help of 

mutation and crossover operators. The chromosome to be transferred 

to the new generation (g=g+1) is determined by considering the 

fitness value. Fitness value of the target chromosome is already 

known. Objective function value of the problem is calculated as the 

fitness function (Ozer, 2010; Storn, & Price, 1997; Mandal, 

Chatterjee, & Bhattacharjee, 2013; Li, & Yin, 2012). 

• Selection 

The chromosome with the highest feasibility is transferred to the new 

generation. The cycle continues until it becomes g=gmax, when it 

becomes gmax, the best individual is taken as solution (Ozer, 2010; 

Storn, & Price, 1997; Mandal, Chatterjee, & Bhattacharjee, 2013; Li, 

& Yin, 2012). 

, 1 , 1 , 1

, 1

,

   if    ( ) ( )

      otherwise

u g u g i g

i g

i g

x f x f x
x

x

+ + +

+

  =  
  

                                                      

(6) 

• Stopping criteria 

Aim of this equation is to obtain chromosomes with better fitness 

values in a continuous manner and to achieve or come close to the 

optimum value. This cycle continues until it becomes g=gmax. The 

algorithm is stopped depending on the number of iterations. 
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1.1. Case 0: No Chaos (DE) 

In this case where chaotic mapping methods have not been used, the 

individuals in the population have been located in the search space 

randomly according to equation (3). For 200 numbers generated 

randomly, their locations in the search space mapped at (0-1) interval 

and the code block have been given in Figure 2. Figure and code block 

for nonchaotic, random case have been given in order to be able to 

make comparison with chaotic structures that will be given in other 

sections. 

 

function ChaoArray = SecChaoMap(Chao,ChaoK) 

ChaoArray = zeros(1,ChaoK); 

switch Chao 

case 0, % No Chaos 

            ChaoArray = rand(1,ChaoK); 

end 

Figure 2: Search Area and for Matlab Code for No Chaos (DE) 

 

2. CHAOS-BASED DIFFERENTIAL EVOLUTION ALGO-

RITHM (CBDE) 

Chaos, which is sensitive to the initial conditions but limited, is an 

indecisive and dynamic behavior. The idea of using chaotic systems 

instead of random selection process has become common recently. 

Especially in random selection-based optimization algorithms (with 

random selection basis) chaotic dynamics take the role of random 

selection. It has been shown in many studies that the use of chaotic 

number generators instead of random number generators will provide 

advantage. Notably in numeric calculation, decision making and 
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heuristic algorithm, random selection equations require a long period 

and unbalanced uniform distributions. Whereas chaos is a 

deterministic dynamic system in which there are random similar 

operations. By its very nature, it seems to be random and cannot be 

predicted. However, it behaves like an element of order and operates 

in an order. In this study 25 different chaotic mapping structures 

following a certain order have been used as the source of random 

number generation. In the formation of starting population in the 

initialization level of search algorithms the locations of the individuals 

are formed randomly. In the study, instead of this random localization, 

the individuals will be placed into the starting population according to 

the number values generated from chaotic maps. In this way, the 

starting population will not be formed randomly, but with a more 

systematic distribution (Peitgen, Jurgens, & Saupe, 1992). 

In Chaotic-based Differential Evolution Algorithm (CbDE), when the 

individuals in the initial population are formed, the first individual has 

been located in the search space randomly while the other individuals 

have been located depending on the location of the randomly formed 

first individual by using 25 different chaotic mapping methods which 

have been defined in the subsections. 25 chaotic mapping structures 

that take place in literature have been defined in the following sections 

together with their mathematical equations and search spaces the 

search spaces of all defined chaotic structures have been mapped at 

the search interval of [0-1]. 
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2.1. Case 1: Arnold’s Cat Map (CbDE-1) 

The mathematical definition of this mapping method has been given in 

equation (7), and its two- dimensional search space and code block 

have been given in Figure 3 (Arnold, & Avez, 1968). 

 )1

1

1 1
(mod1), , 0,1  

1 2
 

k k

k k

k k

X X
X Y

Y Y

+

+

    
=     
    

                                               (7) 

 

case 1, % Arnold''s Cat Map 

        x = rand; 

        y = rand; 

        for k = 1 : ChaoK 

            gec = mod(x+y,1); 

            y = mod(x+2*y,1); 

            x = gec; 

            ChaoArray(k) = x; 

        end 

Figure 3: 2-D search area and for Matlab Code for Arnold’s Cat Map (CbDE-1) 

 

2.2. Case 2: Bernoulli Shift Map (CbDE-2) 

The mathematical definition of this mapping method has been given in 

equation (8), and a special occasion of it in equation (9) (Ge, Tan, & 

Wang, 2009). As for its two-dimensional search space and code block, 

they have been given in Figure 4. 

1

                   0 1
1

   
(1 )

        1 1

k

k

k

k

k

X
X

X
X

X









+

   − −=  − − −  


                                                  (8) 

1 2 mod1   
k k

X X+ =                                                                                  (9) 
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case 2, % Bernoulli Shift Map 

        lamda = 0.7; 

        x = rand; 

        for k = 1 : ChaoK 

            if x < 1-lamda 

                x = x/(1-lamda); 

            else 

                x = (x-(1-lamda))/lamda; 

            end 

            ChaoArray(k) = x; 

        end 

Figure 4: Search Area and for Matlab Code for Bernoulli Shift Map (CbDE-2) 

2.3. Case 3: Chebyshev Map (CbDE-3) 

The mathematical definition belonging to this mapping method has 

been given in equation (10), and its search space and code block have 

been given in Figure 5. f taking place in the equation has been taken in 

this study as 50 (Stoyanov, 2014; Stoyanov, & Kordov, 2014). 

 )1

1 cos( c    os ), 2, 
k k

X X ff
−

+ =                                                            (10) 

 

case 3, % Chebyshev Map 

        f = 50; 

        x = rand; 

        for k = 1 : ChaoK 

            x = cos(f*acos(x)); 

            ChaoArray(k) = (x+1)/2; 

        end 

Figure 5: Search Area and for Matlab Code for Chebyshev Map (CbDE-3) 

2.4. Case 4: Circle Map (CbDE-4) 

The definition of The Circle Map, which is a chaotic mapping method 

generating chaotic cycles at (0,1) interval, is as in equation (11) 

(Zheng, 1994). Two-dimensional search space and code block 

belonging to the method have been given in Figure 6. 
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1 - ( )sin(2 ) mod(1),   0.5,  0.2
2

k k k

a
X X b X a b

+
 = + = = 
 

                          (11) 

 

case 4, % Circle Map 

        a = 0.5; 

        b = 0.2; 

        x = rand; 

        for k = 1 : ChaoK 

            x = mod(x+b-sin(2*pi*x)*a/(2*pi),1); 

            ChaoArray(k) = x; 

        end 

Figure 6: Search Area and for Matlab Code for Circle Map (CbDE-4) 

2.5. Case 5: Cubic Map (CbDE-5) 

The mathematical definition of The Cubic Map, which is a chaotic 

mapping method generating chaotic cycles at (0,1) interval, has been 

given in equation (12) and its search space and code block have been 

given in Figure 7 (Google, 2019a). 

2

1 (1 ),    (0,1),   2.59
k k k k

X pX X X p+ = −  =                                                (12) 

 

case 5, %Cubic Map 

        a = 2.59; 

        x = rand; 

        for k = 1 : ChaoK 

            x = a*x*(1-x^2); 

            ChaoArray(k) = x; 

        end 

Figure 7: Search Area and for Matlab Code for Cubic Map (CbDE-5) 

2.6. Case 6: Duffing Map (CbDE-6) 

This mapping method depends on two invariables as a and b. These 

invariables have been generally taken as a=2.75 and b=0.2 in 
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literature. This method is a discrete version of the Duffing equation in 

mathematics (Google, 2019b; Mahdi, Jawad, & Hreshee, 2016). The 

mathematical definition belonging to this mapping method has been 

given in equation (13), and its search space and code block have been 

given in Figure 8. 

1

3

1 -  ,             2.75,   0.2

k k

k k k k

X Y

Y bX aY Y a b

+

+

=

= − + = =
                                         (13) 

 

case 6, % Duffing Map 

        x = rand; 

        y = rand; 

        a = 2.75; 

        b = 0.15; 

        for k = 1 : ChaoK 

            gec = y; 

            y = -b*x+a*y-y^3; 

            x = gec; 

            ChaoArray(k) = mod(x,1); 

        end 

Figure 8: Search Area and for Matlab Code for Duffing Map (CbDE-6) 

2.7. Case 7: Gauss/Mouse Map (CbDE-7) 

One of the well-known mapping methods which is commonly used in 

the generation of chaotic series is Gauss/Mouse Map method (Bucolo, 

Caponetto, Fortuna, Frasca, & Rizzo, 2002; Hilborn, 2004). The 

mathematical definition belonging to this mapping method has been 

given in equation (14), and its search space and code block have been 

given in Figure 9. 

1

/ 0.7          0

1/ mod(1)  (0,1)

1 1
1/ mod(1) -

k k

k

k k

k

k k

X X
X

X X

X
X X

+

= 
=   

 
=  

 

                                                           (14) 
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case 7, % Gauss/Mouse Map 

        x = rand; 

        for k = 1 : ChaoK 

            if x ~= 0 

                x = mod(1/x,1); 

            end 

            ChaoArray(k) = x; 

        end 

Figure 9: Search Area and for Matlab Code for Gauss/Mouse Map (CbDE-7) 

2.8. Case 8: Henon Map (CbDE-8) 

Two different mathematical definitions belonging to this mapping 

method have been given in equation (15) and (16) (Henon, 1976). 

Two-dimensional search space and code block of the method have 

been given in Figure 10. 

2

1

1

1- ( )

,          1.4,   0.3

k k k

k k

X a X Y

Y bX a b

+

+

= +

= = =
                                                             (15) 

2

1 11- ,       1.4,   0.3
k k k

X aX bX a b+ −= + = =                                                  (16) 

 

case 8, % Henon Map 

        a = 1.4; 

        b = 0.3; 

        x1 = 0; 

        x = rand; 

        for k = 1 : ChaoK 

            x0 = x; 

            x = 1 - a*x0^2 + b*x1; 

            x1 = x0; 

            ChaoArray(k) = mod(x,1); 

        end 

Figure 10: Search Area and for Matlab Code for Henon Map (CbDE-8) 

2.9. Case 9: ICMIC - Iterative chaotic map with infinite 

collapses (CbDE-9) 

The mathematical definition belonging to this mapping method has 

been given in equation (17) (Caponetto, Fortuna, Fazzino, & Xibilia, 
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2003; Lu, Wang, Fei, & Qiu, 2014). Two-dimensional search space 

and code block of the method have been shown in Figure 11. In this 

study a has been taken as a=2. 

1 sin( )    0,   [ 1,0) (0,1]
k k

k

a
X for a X

X
+ =   −                                            (17) 

 

case 9, % ICMIC Map 

        a = 2; 

        x = rand; 

        for k = 1 : ChaoK 

            x = sin(a/x); 

            ChaoArray(k) = mod(x,1); 

        end 

Figure 11: Search Area and for Matlab Code for ICMIC Map (CbDE-9) 

2.10. Case 10: Ikeda Map (CbDE-10) 

The mathematical definition belonging to this mapping method has 

been given in equation (18) (Ikeda, 1979; Ikeda, Daido, & Akimoto, 

1980; Abottes, Liceaga, Kiryanov, & Wilson, 2016). Two-

dimensional search space and code block of the method have been 

shown in Figure 12. 

1

1 2 2

1 ( cos sin )

6
( sin cos )         0,4 ,      0.6

1

k k n k n

k k n k n n

k k

X u X t Y t

Y u X t Y t t u
X Y

+

+

= + −

= + = − 
+ +

                 (18) 

,  

case 10, % Ikeda Map 

        a = 0.7; 

        x = rand; 

        y = rand; 

        for k = 1 : ChaoK 

            q = 0.4 - 6/(1+x^2+y^2); 

            gec = 1 + a*(x*cos(q)-y*sin(q)); 

            y = a*(x*sin(q)+y*cos(q)); 

            x = gec; 

            ChaoArray(k) = mod(x,1); 

        end 

Figure 12: Search Area and for Matlab Code for Ikeda Map (CbDE-10) 
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2.11. Case 11: Intermittency Map (CbDE-11) 

The mathematical definition belonging to this mapping method has 

been given in equation (19), and its two-dimensional search space and 

code block have been given in Figure 13. In this study c, n and P have 

been taken as c=0.7, n=0.3, P=0.5 (Tavazoei, & Haeri, 2007). 

1

      0

               1
1

n

k k k

k k

k

X cX X P

X X P
P X

P


+

 + +  
=  −

  −

                                                        (19) 

 

case 11, % Intermittency Map 

        m = 0.3; 

        c = 0.7; 

        d = 0.5; 

        x = rand; 

        for k = 1 : ChaoK 

            if x <= d 

                x = eps + x + c*x^m; 

            else 

                x = (x-d)/(1-d); 

            end 

            x = mod(x,1); 

            ChaoArray(k) = x; 

        end 

Figure 13: Search Area and for Matlab Code for Intermittency Map (CbDE-11) 

 

2.12. Case 12: Iterative Map (CbDE-12) 

The mathematical definition belonging to this mapping method has 

been given in equation (20), and its two-dimensional search space and 

code block have been given in Figure 14. For this study a has been 

taken as a=0.9 (May, 1976). 

1 sin ,      (0,1)
k

k

a
X a

X


+

 
=  

 
                                                                 (20) 
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case 12, % Iterative Map 

        a = 0.9; 

        x = rand; 

        for k = 1 : ChaoK 

            x = sin(a*pi/x); 

            ChaoArray(k) = mod(x,1); 

        end 

Figure 14: Search Area and for Matlab Code for Iterative Map (CbDE-12) 

2.13. Case 13: Kaplan-Yorke Map (CbDE-13) 

The mathematical definition belonging to this mapping method has 

been given in equation (21), and its two-dimensional search space and 

code block have been given in Figure 15 (Kaplan, & Yorke, 1979; 

Google, 2019c). 

 

1

1

mod(1)

cos(4 ),   0 2,   0 1

k k

k k k

X aX

Y bY X a b
+

+

=

= +    
                                             (21) 

 

case 13, % Kaplan-Yorke Map 

        x = rand; 

        y = rand; 

        a = rand; 

        b = 1.2; 

        alfa = 0.2; 

        for k = 1 : ChaoK 

            a = mod(2*a,b); 

            y = alfa*y + cos(4*pi*x); 

            x = a/b; 

            ChaoArray(k) = x; 

        end 

Figure 15: Search Area and for Matlab Code for Kaplan-Yorke Map (CbDE-13) 

2.14. Case 14: Liebovtech Map (CbDE-14) 

The mathematical definition belonging to this mapping method has 

been given in equation (22), and its two-dimensional search space and 
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code block have been given in Figure 16 (Lievbovitch, & Thot, 1991). 

In this study d1 and d2 have been used as d1=0.5, d2=0.7. 
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case 14, % Liebovtech Map 

        d1 = 0.5; 

        d2 = 0.7; 

        alf1 = (1+d1-d2)*d2/d1; 

        alf2 = 1 + d1*(d2-d1)/(1-d2); 

        x = rand; 

        for k = 1 : ChaoK 

            if x <= d1, x = alf1*x; 

            elseif x <= d2, x = (d2-x)/(d2-d1); 

            else x = 1 - alf2*(1-x); 

            end 

            ChaoArray(k) = x; 

        end 

Figure 16: Search Area and for Matlab Code for Liebovtech Map (CbDE-14) 

2.15. Case 15: Logistic Map (CbDE-15) 

The mathematical definition belonging to this mapping method has 

been given in equation (23), and its two-dimensional search space and 

code block have been given in Figure 17 (Saremi, Mirjalili, & Lewis, 

2014; Nouhi, Talatahari, Kheiri, & Cattani, 2013). 

1 (1- ),    0 4
k k k

X aX X a+ =                                                                   (23) 
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case 15, % Logistic Map 

        x = rand; 

        for k = 1 : ChaoK 

            x = 4*x*(1-x); 

            ChaoArray(k) = x; 

        end 

Figure 17: Search Area and for Matlab Code for Logistic Map (CbDE-15) 

2.16. Case 16: Lozi Map (CbDE-16) 

The mathematical definition belonging to this mapping method has 

been given in equation (24), and its two-dimensional search space and 

code block have been given in Figure 18 (Botella-Soler, Castelo, 

Oteo, & Ros, 2011). In this study a and b have been taken as a=1.7 

and b=0.5. 
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1

1-
k k k

k k

X a X Y

Y bX
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= +
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                                                                               (24) 

 

case 16, % Lozi Map 

        x = rand; 

        y = rand; 

        a = 1.4; 

        b = 0.3; 

        for k = 1 : ChaoK 

            gec = 1-a*abs(x)+y; 

            y = b*x; 

            x = gec; 

            ChaoArray(k) = mod(x,1); 

        end 

Figure 18: Search Area and for Matlab Code for Lozi Map (CbDE-16) 
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2.17. Case 17: Piecewise Map (CbDE-17) 

The mathematical definition belonging to this mapping method has 

been given in equation (25), and its two-dimensional search space and 

code block have been given in Figure 19 (Saremi, Mirjalili, & Lewis, 

2014; Mitic, Vukovic, Petrovic, & Miljkovic, 2015). For this study P, 

has been taken as P=0.3. 
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case 17, % Piecewise Map 

        p = 0.3; 

        x = rand; 

        for k = 1 : ChaoK 

            if x <= p, x = x/p; 

            elseif x < 1/2, x = (x-p)/(0.5-p); 

            elseif x < 1-p, x = (1-p-x)/(0.5-p); 

            else x = (1-x)/p; 

            end 

            ChaoArray(k) = x; 

        end 

Figure 19: Search Area and for Matlab Code for Piecewise Map (CbDE-17) 

 

2.18. Case 18: Sawtooth Map (CbDE-18) 

The mathematical definition belonging to this mapping method has 

been given in equation (26), and its two-dimensional search space and 
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code block have been given in Figure 20 (Jessa, 2006). For this study 

a has been taken as 3a = . 

1 mod(1)   0 2
k k

X aX a+ =                                                                    (26) 

 

case 18, % Sawtooth Map 

        a = sqrt(3); 

        x = rand; 

        for k = 1 : ChaoK 

            x = mod(a*x,1); 

            ChaoArray(k) = x; 

        end 

Figure 20: Search Area and for Matlab Code for Sawtooth Map (CbDE-18) 

2.19. Case 19: Sine Map (CbDE-19) 

The mathematical definition belonging to this mapping method has 

been given in equation (27), and its two-dimensional search space and 

code block have been given in Figure 21 (Pareek, Patidar, & Sud, 

2005). In this study a has been taken as 15 3.873a = = . 

1 sin( )   0 4
4

k k

a
X X a+ =                                                                    (27) 

 

case 19, % Sine Map 

        a = sqrt(15); 

        x = rand; 

        for k = 1 : ChaoK 

            x = (a/4)*sin(pi*x); 

            ChaoArray(k) = x; 

        end 

Figure 21: Search Area and for Matlab Code for Sine Map (CbDE-19) 
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2.20. Case 20: Singer Map (CbDE-20) 

The mathematical definition belonging to this mapping method has 

been given in equation (28), and its two-dimensional search space and 

code block have been given in Figure 22 (Saremi, Mirjalili, & Lewis, 

2014; Jordehi, 2015). For this study μ has been taken as μ=1.07. 

2 3 4

1 (7.86 -23.31 +28.75 -13.3 )     0.9 1.08
k k k k k

X X X X X + =                       (28) 

  

case 20, % Singer Map; 

        μ = 1.07; 
        x = rand; 

        for k = 1 : ChaoK 

            x = mod(μ*(7.86*x-23.31*x^2+28.75*x^3-
13.3*x^4),1); 

            ChaoArray(k) = x; 

        end 

Figure 22: Search Area and for Matlab Code for Singer Map (CbDE-20) 

2.21. Case 21: Sinus Map (CbDE-21) 

The mathematical definition belonging to this mapping method has 

been given in equation (29), and its two-dimensional search space and 

code block have been given in Figure 23 (Nouhi, Talatahari, Kheiri, & 

Cattani, 2013). For this study a has been taken as a=2.3. 

2sin( )

1
kX

k k
X aX


+ =                                                                            (29) 

 

case 21, % Sinus Map 

        a = 2.3; 

        x = rand; 

        for k = 1 : ChaoK 

            x = mod(a*x^(2*sin(pi*x)),1); 

            ChaoArray(k) = x; 

        end 

Figure 23: Search Area and for Matlab Code for Sinus Map (CbDE-21) 
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2.22. Case 22: Sinusoidal Iterator Map (CbDE-22) 

The mathematical definition belonging to this mapping method has 

been given in equation (30), and its two-dimensional search space and 

code block have been given in Figure 24 (Saremi, Mirjalili, & Lewis, 

2014; Nouhi, Talatahari, Kheiri, & Cattani, 2013). In this study a and 

X0 have been taken as a=2.3 and X0=0.7. 

2

1 sin( )
k k k

X aX X+ =                                                                              (30) 

 

case 22, % Sinuzoidal Iterator Map 

        a = 2.3; 

        x = 0.7; 

        for k = 1 : ChaoK 

            x = a*x^2*sin(pi*x); 

            ChaoArray(k) = x; 

        end 

Figure 24: Search Area and for Matlab Code for Sinuzoidal Iterator Map 

(CbDE-22) 

2.23. Case 23: Standard/Chirikov Map (CbDE-23) 

The mathematical definition belonging to this mapping method has 

been given in equation (31), and its two-dimensional search space and 

code block have been given in Figure 25 (Chirikov, 1979; Zhang, & 

Xiao, 2013; Patidar, Pareek, & Sud, 2009). For this study a, X0 and Y0 

have been taken as a=0.6, X0=0.5 ve Y0=0.5. 
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1 1
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                                                                             (31) 
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case 23, % Standard/Chirikov Map 

        x = 0.5; 

        y = 0.5; 

        a = 0.6; 

        for k = 1 : ChaoK 

            x = x + a*sin(y); 

            y = y + x; 

            ChaoArray(k) = mod(x,1); 

        end 

Figure 25: Search Area and for Matlab Code for Standard/Chirikov Map 

(CbDE-23) 

 

2.24. Case 24: Tent Map (CbDE-24) 

The mathematical definition belonging to this mapping method has 

been given in equation (32), and its two-dimensional search space and 

code block have been given in Figure 26 (Al-shameri, & Mahiub, 

2013; Campos-Cantons, Murguia, & Rosu, 2009). For this study a has 

been taken as a=0.7. 
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case 24, % Tent Map 

        a = 0.7; 

        x = rand; 

        for k = 1 : ChaoK 

            if x < a, x = x / a; 

            else x = (1-x)/(1-a); 

            end 

            ChaoArray(k) = x; 

        end 

Figure 26: Search Area and for Matlab Code for Tent Map (CbDE-24) 
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2.25. Case 25: Zaslavskii Map (CbDE-25) 

The mathematical definition belonging to this mapping method has 

been given in equation (33), and its two-dimensional search space and 

code block have been given in Figure 27 (Zaslavsky, 1978). For this 

study v, r, a, have been taken as v=400, r=3 ve a=12.6695. 

1 1

-

1

( ) mod(1)

cos(2 )

k k k
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k k k

X X v aY

Y X e Y
+ +

+

= + +

= +
                                                                (33) 

 

case 25, % Zaslavskii Map 

        v = 400; 

        r = 3; 

        a = 12.6695; 

        x = rand; 

        y = rand; 

        for k = 1 : ChaoK 

            gec = mod(x+v+a*y,1); 

            y = cos(2*pi*x)+y*exp(-r); 

            x = gec; 

            ChaoArray(k) = x; 

        end 

Figure 27: Search Area and for Matlab Code for Zaslavskii Map (CbDE-25) 

In the standard DE, positions of genes are determined with random 

values. The derived CbDE-X algorithms make this definition in a 

chaotic way. The initial positions of the agents are formed by using 

the chaotic maps defined above. As it has been shown in (3), in 

standard DE, in the calculation of the weighted sum of the forces, 

which acts on each agent, random selection is needed. The derived 

CbDE-X algorithms define this random selection by chaotic maps. If 

(3) is modified again, it is defined as in the following: 

, , 0 ,min , ,max ,min[0,1].( ),   1,...,    1,...,
j i g j i j j j

x x CaseX x x i NP j D= = + − = =             (34) 
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where CaseXi,j[0,1] is a chaotic variable based on selected map. The 

flowchart created for the Chaotic based Differential Evolution 

Algorithm defined in this study has been given in Figure 28. The parts 

different from classic DE have been defined with red color in the 

figure. 

Enter the CbDE-X parameters

NPmax, CR, F, X, G, Gmax

START

G= G+1

STOP

Is maximum number of 

iterations reached? (G=Gmax)

Yes

Mutation

Crossover

Selection

Calculate the fitness F(xi) of all 

individuals in the population.

Take the best individual as a solution.

Randomly select three individuals 

different from the population.

Randomly create the first individual 

of the initial population. (NP=1)

Select the Chaotic 

Mapping method (X).

Create other individuals of the initial population 

according to the equation of the chaotic mapping 

method (CbDE-X).

No

Yes

NP=NP+1

Is the number of 

individuals complete?

 (NP=NPmax)

No

 

Figure 28: The CbDE-X algorithm flowchart 
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In the study 25 different approaches have been developed by 

integrating 25 different chaotic mapping methods to DE algorithm. 

These approaches have been called as CbDE-1, CbDE-2, CbDE-3, ... , 

CbDE-25 (CaseX). The developed approaches have been applied to 

50-dimensional test functions 50 times each and the results have been 

evaluated. 

3. TEST FUNCTIONS 

The proposed chaotic structures have been applied to 5 multimodal 

test functions in order to evaluate their performances. The 

formulations, definitions and 2-D drawings of these functions have 

been given in Table 1 and 2. The functions are high dimensional, 

multimodal functions having many local minimum points and wide 

search space (Özyön, Yaşar, & Temurtaş, 2018). 

Table 1: Multimodal test functions formulation 

 Formulation 

f1 ( )1 1
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4
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Table 2: Multimodal test functions definition 

   

f1 

 

➢ Name: Schwefel’s No: 2.26 

➢ Dimension (D): 50 

➢ Search range (s): (-500, 500)n 

➢ Optimum point (fmin): (-418.9829) x n 

f2 

 

➢ Name: Rastrigin 

➢ Dimension (D): 50 

➢ Search range (s): (-5.12, 5.12)n 

➢ Optimum point (fmin): 0 

f3 

 

➢ Name: Ackley 

➢ Dimension (D): 50 

➢ Search range (s): (-32, 32)n 

➢ Optimum point (fmin): 0 

f4 

 

➢ Name: Griewank 

➢ Dimension (D): 50 

➢ Search range (s): (-600, 600)n 

➢ Optimum point (fmin): 0 
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f5 

 

➢ Name: Generalized Penalized Function No.01 

➢ Dimension (D): 50 

➢ Search range (s): (-50, 50)n 

➢ Optimum point (fmin): 0 

 

4. NUMERICAL RESULTS 

The test functions taking place in the study have been solved with DE 

algorithm and all chaotic mapping methods with the same parameter 

values in order to be able to make a one-to-one comparison. These 

parameter values have been given in Table 3. For the solution of the 

test functions the program coded in MATLAB R2015b has been 

operated at the workstation with Intel Xeon E5-2637 v4 3.50 GHz 

processor and 128 GB RAM memory. 

Table 3: Parameter values 

DE - CbDE-X 

IteN - gmax NP fCall Run D CR F 

1000 50 50000 50 50 0.15 0.25 

 

In Table 3 IteN - gmax shows the iteration number which is the 

stopping criterion of the algorithm (maximum generation number), NP 

shows the number of the individuals in each population, fCall shows 

how many purpose funtion calls have been made during the solution, 

Run shows how many times functions have been solved with the 

algorithm, D shows the number of the unknowns in the function 
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(dimension), CR crossbreeding rate and F scale factor. The values 

obtained by the use of DE together with 25 different chaotic mapping 

methods have been given in Table 4 for f1 function. The values in the 

Ranks column of the table respectively show the place of the all 

values taking place in the table (Worst, Average, Best, StdDev and 

Time), in 50 operations in 25 different algorithms together with DE. 

The values in the last line ie the order of the search intervals. Each 

algorithm has been scored according to its place in this ranking and 

the best method has been tried to be determined for each function. 

Table 4: The obtained data for f1 function (50-D, 50 run, 1000 iteration) (CbDE) 

 

f1 - fmin=-2,094914e+04 

Worst Average Best StdDev Time (sec) Ranks 

Case-0 -2,047539e+04 -2,090403e+04 -2,094914e+04 8,823213e+01 0,824397 9-15-26-11-14-9 (84) 

Case-1 -2,059383e+04 -2,089978e+04 -2,094914e+04 8,150544e+01 0,892212 13-14-25-12-3-13 (80) 

Case-2 -2,035695e+04 -2,076911e+04 -2,094914e+04 1,539530e+02 0,856821 5-4-24-4-7-5 (49) 

Case-3 -2,083068e+04 -2,092777e+04 -2,094914e+04 4,547824e+01 0,841379 22-19-23-20-10-22 (116) 

Case-4 -2,047482e+04 -2,080115e+04 -2,094877e+04 1,349955e+02 0,789234 6-7-3-6-22-6 (50) 

Case-5 -2,083070e+04 -2,094440e+04 -2,094914e+04 2,320877e+01 0,750286 23-24-22-24-26-23 (142) 

Case-6 -2,047539e+04 -2,083997e+04 -2,094914e+04 1,028383e+02 0,775412 8-8-21-9-24-8 (78) 

Case-7 -2,056004e+04 -2,079522e+04 -2,094905e+04 1,128138e+02 0,811732 10-6-4-8-19-10 (57) 

Case-8 -2,071210e+04 -2,087303e+04 -2,094914e+04 8,115358e+01 0,807233 16-10-20-13-20-16 (95) 

Case-9 -2,071192e+04 -2,089937e+04 -2,094914e+04 7,143284e+01 0,830424 15-13-19-14-12-15 (88) 

Case-

10 
-2,073200e+04 -2,094006e+04 -2,094914e+04 3,770472e+01 0,850206 20-23-18-23-20-16 (112) 

Case-

11 
-2,059383e+04 -2,091361e+04 -2,094914e+04 6,803705e+01 0,875837 12-18-17-15-4-12 (78) 

Case-

12 
-2,082990e+04 -2,093246e+04 -2,094914e+04 4,111543e+01 0,900290 21-21-16-21-1-21 (101) 

Case-

13 
-2,047539e+04 -2,084726e+04 -2,094914e+04 1,207938e+02 0,819528 7-9-15-7-15-7 (60) 

Case-

14 
-1,976476e+04 -2,041880e+04 -2,094912e+04 2,844442e+02 0,796555 3-2-5-2-21-3 (36) 

Case-

15 
-2,071227e+04 -2,091346e+04 -2,094914e+04 5,914250e+01 0,814375 19-17-14-19-17-19 (105) 

Case-

16 
-2,083071e+04 -2,093493e+04 -2,094914e+04 3,848790e+01 0,813096 24-22-13-22-18-24 (123) 
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Case-

17 
-2,071226e+04 -2,089937e+04 -2,094914e+04 6,308867e+01 0,892342 18-12-12-16-2-18 (78) 

Case-

18 
-1,954641e+04 -2,060338e+04 -2,094535e+04 2,237539e+02 0,759831 2-3-2-3-25-2 (37) 

Case-

19 
-2,094912e+04 -2,094914e+04 -2,094914e+04 3,676058e-03 0,835922 26-26-11-26-11-26 (126) 

Case-

20 
-2,070432e+04 -2,093122e+04 -2,094914e+04 6,088092e+01 0,864914 14-20-10-18-6-14 (82) 

Case-

21 
-1,094082e+04 -1,254758e+04 -1,397933e+04 7,317948e+02 0,846612 1-1-1-1-9-1 (14) 

Case-

22 
-2,094896e+04 -2,094914e+04 -2,094914e+04 2,648271e-02 0,778198 25-25-9-25-23-25 (132) 

Case-

23 
-2,027799e+04 -2,078964e+04 -2,094914e+04 1,525902e+02 0,816655 4-5-8-5-16-4 (42) 

Case-

24 
-2,071226e+04 -2,090645e+04 -2,094914e+04 6,155929e+01 0,829990 17-16-7-17-13-17 (87) 

Case-

25 
-2,059383e+04 -2,088753e+04 -2,094914e+04 8,937995e+01 0,870619 11-11-6-10-5-11 (54) 

 

When Table 4 is examined, it is seen that there are 8 methods being 

successful over 100 points for 50 operations. These are respectively 

Case-5, 22, 19, 16, 3, 10, 15 and 12 methods. It is predicted that the 

preference of the use of heuristic algorithms together with these 

methods in the solutions of functions having similar structures with f1, 

will better the decisiveness, performance and the speed of the 

algorithms. 

The graphics and boxplots showing the convergence according to the 

iteration number belonging to the best solution values obtained for f1 

function for 50 operations in Table 4 have been given in Figure 29. 
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Figure 29: Boxplots and convergence curves for the best solutions obtained for f1 

(50-D) 

When the graphics in Figure 29 are examined, it has been seen that for 

f1 function 13 approaches out of 25 have bettered classic DE algorithm 

in terms of convergence and decisiveness. 

The search intervals in 50 operations for f1 function, which has been 

solved with 25 different chaotic mapping methods together with DE, 

have been given in Figure 30. 
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Figure 30: Search intervals for f1 in 50 operations 

The values obtained by the use of DE together with 25 different 

chaotic mapping methods have been given in Table 5 for f2 function.  

Table 5: The data obtained for f2 function (50-D, 50 run, 1000 iteration) (CbDE) 

 

f2 - fmin=0,000000e+00 

Worst Average Best StdDev Time (sec) Ranks 

Case-0 1,046105e+02 8,849805e+01 7,130538e+01 7,506685e+00 0,86414 20-16-6-25-3-24 (94) 

Case-1 1,054597e+02 9,167155e+01 6,557469e+01 8,709619e+00 0,798071 17-5-16-18-14-17 (87) 

Case-2 1,112121e+02 8,914645e+01 7,007758e+01 9,285923e+00 0,821374 10-14-7-12-8-16 (67) 

Case-3 1,045055e+02 8,774642e+01 6,818505e+01 7,950621e+00 0,781344 21-20-10-23-21-19 (114) 

Case-4 1,230287e+02 9,002053e+01 6,809905e+01 1,118040e+01 0,815771 2-12-11-2-11-2 (40) 

Case-5 1,126963e+02 9,024674e+01 6,535921e+01 9,621158e+00 0,781422 8-10-17-7-20-8 (70) 

Case-6 1,085142e+02 8,800510e+01 6,620539e+01 9,875586e+00 0,741815 14-18-13-5-25-14 (89) 

Case-7 1,041599e+02 8,824374e+01 6,850582e+01 8,810363e+00 0,888262 22-17-9-16-1-20 (85) 

Case-8 1,129402e+02 9,146530e+01 7,138321e+01 8,690211e+00 0,735012 7-7-5-19-26-15 (79) 

Case-9 1,141838e+02 9,009767e+01 6,742605e+01 9,707779e+00 0,847263 4-11-12-6-6-9 (48) 

Case-10 8,425323e+01 6,537017e+01 5,248881e+01 8,140923e+00 0,817882 24-24-23-22-9-25 (127) 

Case-11 1,114649e+02 9,326647e+01 7,806608e+01 8,532063e+00 0,824025 9-2-1-21-7-23 (63) 

Case-12 1,136269e+02 9,376729e+01 6,612642e+01 9,127218e+00 0,880076 5-1-15-15-2-7 (45) 

Case-13 1,154652e+02 9,064896e+01 7,236487e+01 1,019680e+01 0,760033 3-9-4-3-23-13 (55) 

Case-14 1,338090e+02 9,123208e+01 6,959362e+01 1,229041e+01 0,786496 1-8-8-1-19-1 (38) 

Case-15 1,095159e+02 9,251295e+01 7,419990e+01 9,546641e+00 0,790318 12-3-3-8-16-21 (63) 

Case-16 1,070045e+02 8,426263e+01 5,763838e+01 9,359999e+00 0,743736 16-22-21-11-21-5 (99) 

Case-17 1,095881e+02 8,932776e+01 6,518855e+01 9,510218e+00 0,787217 11-13-18-10-18-12 (82) 
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Case-18 1,091166e+02 9,150695e+01 7,526248e+01 7,885758e+00 0,817301 13-6-2-24-10-22 (77) 

Case-19 1,081757e+02 9,194753e+01 6,324324e+01 9,196819e+00 0,851471 15-4-20-14-5-11 (69) 

Case-20 1,135603e+02 8,851684e+01 6,397449e+01 9,214390e+00 0,76457 6-15-19-13-22-4 (79) 

Case-21 3,087574e+01 2,578507e+01 1,907214e+01 3,085763e+00 0,78787 26-26-26-26-17-26 (147) 

Case-22 7,760718e+01 5,710193e+01 3,167561e+01 1,007055e+01 0,799214 25-25-25-4-13-10 (102) 

Case-23 9,059803e+01 6,672405e+01 3,851704e+01 9,516328e+00 0,790761 23-23-24-9-15-3 (97) 

Case-24 1,053134e+02 8,582185e+01 5,703032e+01 8,790628e+00 0,86273 18-21-22-17-4-6 (88) 

Case-25 1,051424e+02 8,776532e+01 6,617781e+01 8,560226e+00 0,799248 19-19-14-20-12-18 (102) 

When the values in Table 5 are examined, there are 4 methods which 

achieved a success over 100 points for 50 runs. These are respectively 

Case-10, 3, 22 and 25 methods. 

The graphics and boxplots showing the convergence according to the 

iteration number belonging to the best solution values obtained for f2 

function for 50 operations in Table 5 have been given in Figure 31. 
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Figure 31: Boxplots and convergence curves for the best solutions obtained for f2 

(50-D) 

When the graphics in Figure 31 are examined, it has been seen that 

many approaches have the same convergence and decisiveness data 

with DE algorithm for f2 function. It can be said that Case 10, 16, 21 

and 23 methods provide convergence a little faster. 

The search intervals in 50 operations for f2 function, which has been 

solved with 25 different chaotic mapping methods together with DE, 

have been given in Figure 32. 

 

Figure 32: Search intervals for f2 in 50 operations/runs 
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The values obtained by the use of DE together with 25 different 

chaotic mapping methods have been given in Table 6 for f3 function. 

Table 6: The data obtained for f3 function (50-D, 50 run, 1000 iteration) (CbDE) 

 

f3 - fmin=0,000000e+00 

Worst Average Best StdDev Time (sec) Ranks 

Case-0 9,810398e-07 5,562393e-07 3,612261e-07 1,182002e-07 0,933618 22-21-16-22-16-22 (119) 

Case-1 8,920020e-07 5,559920e-07 3,918666e-07 1,102110e-07 0,927393 23-22-9-23-18-23 (118) 

Case-2 1,807944e-06 5,843559e-07 3,915176e-07 1,996851e-07 0,900927 16-19-10-17-21-16 (99) 

Case-3 8,229542e-05 4,404963e-06 9,259227e-07 1,153600e-05 1,000670 12-11-2-12-11-13 (61) 

Case-4 6,593357e-07 4,497772e-07 2,685979e-07 9,102288e-08 1,135830 26-25-22-26-4-26 (129) 

Case-5 1,378321e-06 9,430139e-07 6,213864e-07 1,682653e-07 1,142280 19-15-4-18-3-19 (78) 

Case-6 3,599374e-01 9,128487e-03 2,615778e-07 5,180164e-02 0,937726 4-4-24-4-15-4 (55) 

Case-7 8,224209e-05 2,197604e-06 3,763704e-07 1,143550e-05 1,077600 13-13-14-13-6-12 (71) 

Case-8 7,905301e-06 7,323987e-07 4,046082e-07 1,029627e-06 0,893053 15-17-7-15-24-15 (93) 

Case-9 1,168444e-01 2,337460e-03 3,857343e-07 1,635814e-02 0,974208 6-6-12-6-13-6 (49) 

Case-10 1,398376e-06 3,352279e-07 2,103437e-07 1,632564e-07 0,901545 18-26-25-19-20-17 (125) 

Case-11 2,432376e-01 4,890803e-03 3,162234e-07 3,405001e-02 1,168960 5-5-21-5-2-5 (43) 

Case-12 1,584532e-06 9,305525e-07 4,630671e-07 2,348983e-07 1,017650 17-16-6-16-9-18 (82) 

Case-13 8,870334e-05 2,305636e-06 3,945551e-07 1,234293e-05 1,083900 11-12-8-11-5-11 (58) 

Case-14 7,600402e+00 4,607137e-01 3,480475e-07 1,485410e+00 0,874004 2-2-18-1-25-1 (49) 

Case-15 2,264272e-03 4,742843e-05 7,834454e-07 3,166939e-04 1,010400 8-8-3-8-10-8 (45) 

Case-16 3,087264e-05 1,198600e-06 3,575508e-07 4,244943e-06 0,896578 14-14-17-14-23-14 (96) 

Case-17 1,025341e-06 5,685757e-07 3,914016e-07 1,274241e-07 1,253320 20-20-11-21-1-21 (94) 

Case-18 7,814135e-07 5,398190e-07 3,203070e-07 1,080282e-07 0,940851 24-23-20-24-14-24 (129) 

Case-19 1,023968e-06 6,321919e-07 3,773755e-07 1,314528e-07 0,927572 21-18-13-20-17-20 (109) 

Case-20 6,887188e+00 3,820636e-01 5,173518e-07 1,418960e+00 0,899101 3-3-5-2-22-2 (37) 

Case-21 8,182616e+00 6,200140e+00 4,373391e+00 9,315462e-01 1,048280 1-1-1-3-7-3 (16) 

Case-22 6,302751e-02 1,264939e-03 2,662502e-07 8,823263e-03 0,913236 7-7-23-7-19-7 (70) 

Case-23 2,221129e-04 4,739602e-06 1,853627e-07 3,105340e-05 1,020770 10-10-26-10-8-10 (74) 

Case-24 7,414639e-07 5,319493e-07 3,474004e-07 9,451327e-08 0,860323 25-24-19-25-26-25 (144) 

Case-25 9,254590e-04 1,906288e-05 3,645896e-07 1,294852e-04 0,983024 9-9-15-9-12-9 (63) 

When Table 6 which has been created according to the best solution 

values obtained for f3 function in 50 runs, is examined, it has been 

seen that there are 7 approaches that achieve success over 100 points. 
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These approaches are respectively Case 24, 4, 18, 0, 1 and 19 

approaches. DE algorithm has also achieved a success over 100 points 

for this function. 

The graphics and boxplots showing the convergence according to the 

iteration number belonging to the best solution values obtained for f3 

function for 50 operations in Table 6 have been given in Figure 33. 
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Figure 33: Boxplots and convergence curves for the best solutions obtained for f3 

(50-D) 

When the graphics in Figure 33 are examined, it is seen that most of 

the approaches have been successful in terms of convergence and 

decisiveness. Only in Case 3, 6, 9, 14, 20 and 21methods are 

encountered some diverging values. It can be commented that the 

decisiveness of these methods is a little bad for this function. 

The search intervals in 50 operations for f3 function, which has been 

solved with 25 different chaotic mapping methods together with DE, 

have been given in Figure 34. 

 

Figure 34: Search intervals for f3 in 50 operations/runs 

 

The values obtained by the use of DE together with 25 different 

chaotic mapping methods have been given in Table 7 for f4 function. 
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Table 7: The data obtained for f4 function (50-D, 50 run, 1000 iteration) (CbDE) 

 

f4 - fmin=0,000000e+00 

Worst Average Best StdDev Time (sec) Ranks 

Case-0 1,309977e-01 2,646913e-03 7,476908e-12 1,833680e-02 1,470410 6-6-12-6-16-6 (52) 

Case-1 4,912803e-05 9,825873e-07 3,362977e-12 6,877920e-06 1,630640 9-9-24-9-4-9 (64) 

Case-2 9,513867e-11 2,421124e-11 7,707612e-12 1,694552e-11 1,337540 26-25-11-26-26-26 (140) 

Case-3 2,154351e-10 4,461181e-11 1,402001e-11 3,265902e-11 1,600640 23-22-2-23-5-23 (98) 

Case-4 6,832222e-08 1,414611e-09 6,857404e-12 9,560062e-09 1,593990 17-17-18-17-6-17 (92) 

Case-5 1,689736e-07 3,473977e-09 1,027811e-11 2,364519e-08 1,452920 15-15-4-15-18-15 (82) 

Case-6 1,049520e-07 2,117416e-09 3,705591e-12 1,469066e-08 1,469560 16-16-23-16-17-16 (104) 

Case-7 4,212455e-06 1,129201e-07 9,341972e-12 6,189780e-07 1,438160 11-11-7-11-19-11 (70) 

Case-8 9,225016e-07 3,107653e-08 8,827161e-12 1,545546e-07 1,819070 13-13-9-13-1-13 (62) 

Case-9 6,122365e-06 1,224798e-07 9,861223e-12 8,571264e-07 1,395110 10-10-6-10-23-10 (69) 

Case-10 1,513580e-10 1,158892e-11 2,163492e-12 2,090792e-11 1,630680 24-26-26-25-3-24 (128) 

Case-11 4,223005e-08 8,721149e-10 6,487255e-12 5,908379e-09 1,406940 18-18-19-18-22-18 (113) 

Case-12 9,977682e-10 6,574534e-11 1,176137e-11 1,444340e-10 1,532700 19-19-3-19-11-19 (90) 

Case-13 4,006289e-07 8,047301e-09 4,594880e-12 5,608312e-08 1,472790 14-14-21-14-15-14 (92) 

Case-14 8,348084e+01 3,066448e+00 7,031820e-12 1,425759e+01 1,530000 1-2-17-1-12-1 (34) 

Case-15 6,006287e-10 6,420108e-11 1,010492e-11 9,874025e-11 1,585750 21-20-5-20-7-21 (94) 

Case-16 2,274661e+00 4,874399e-02 7,439938e-12 3,183971e-01 1,423260 5-5-13-5-21-5 (54) 

Case-17 1,079932e-01 2,159865e-03 7,213230e-12 1,511905e-02 1,574360 7-7-14-7-9-7 (51) 

Case-18 1,648270e-06 3,526949e-08 7,118639e-12 2,309610e-07 1,548360 12-12-16-12-0-12 (74) 

Case-19 2,626747e-10 3,814226e-11 8,665180e-12 4,849315e-11 1,489050 22-23-10-22-14-22 (113) 

Case-20 1,598232e+01 1,126848e+00 9,103385e-12 3,663686e+00 1,510060 3-3-8-2-13-2 (31) 

Case-21 1,681683e+01 1,088380e+01 3,076413e+00 3,103759e+00 1,367320 2-1-1-3-25-3 (35) 

Case-22 2,315748e+00 4,989260e-02 4,408141e-12 3,246524e-01 1,652970 4-4-22-4-2-4 (40) 

Case-23 1,722629e-02 3,445259e-04 2,206346e-12 2,411681e-03 1,425680 8-8-25-8-20-8 (77) 

Case-24 1,463665e-10 2,942576e-11 4,991563e-12 2,771935e-11 1,393830 25-24-20-24-24-25 (142) 

Case-25 6,872746e-10 4,834058e-11 7,170375e-12 9,661373e-11 1,578790 20-21-15-21-8-20 (105) 

 

When Table 7 is examined, it has been seen that there are 7 

approaches that achieve success over 100 points. DE algorithm has 

gathered 52 points while only 5 approaches out of 25 have gathered 

less points than that. It has been seen that the rest 25 approaches have 

contributed to DE algorithm in a positive way. 
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The graphics and boxplots showing the convergence according to the 

iteration number belonging to the best solution values obtained for f4 

function for 50 operations in Table 7 have been given in Figure 35. 
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Figure 35: Boxplots and convergence curves for the best solutions obtained for f4 

(50-D) 

When Figure 35 is examined, diverging values have been encountered in 

Case 0, 14 and 20 approaches. As for Case 21 approach, it has no been able 

to converge for the function with this structure. 

The search intervals in 50 operations for f4 function, which has been solved 

with 25 different chaotic mapping methods together with DE, have been 

given in Figure 36. 

 

Figure 36: Search intervals for f4 in 50 operations/runs 

The values obtained by the use of DE together with 25 different 

chaotic mapping methods have been given in Table 8 for f5 function. 

Table 8: The data obtained for f5 function (50-D, 50 run, 1000 iteration) (CbDE) 

 
f5 - fmin=0,000000e+00 

Worst Average Best StdDev Time (sec) Ranks 

Case-0 1,411975e-02 3,899035e-04 7,992672e-14 2,089053e-03 2,02988 20-21-22-21-1-20 (105) 

Case-1 1,663889e-02 6,406688e-04 8,583680e-14 2,597067e-03 1,34930 19-18-20-19-16-19 (111) 

Case-2 2,625902e-04 5,252218e-06 1,483199e-13 3,676257e-05 1,64310 24-24-12-24-2-24 (110) 

Case-3 2,440827e-01 5,748431e-03 2,001754e-13 3,424332e-02 1,46605 6-8-7-6-6-6 (39) 

Case-4 6,220141e-02 1,246512e-03 8,171266e-14 8,707860e-03 1,61849 12-13-21-12-3-11 (72) 

Case-5 3,428255e-02 1,353507e-03 2,551863e-13 5,731778e-03 1,49758 13-12-4-13-5-13 (60) 

Case-6 1,518494e-04 3,036988e-06 6,507838e-14 2,125892e-05 1,22701 25-25-23-25-22-25 (145) 
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Case-7 6,220141e-02 1,889497e-03 1,328261e-13 9,029336e-03 1,36773 11-11-14-11-14-12 (73) 

Case-8 1,328706e-02 5,005344e-04 1,497552e-13 2,412769e-03 1,22680 21-19-11-20-23-21 (115) 

Case-9 3,119660e-02 1,212997e-03 1,607098e-13 4,803303e-03 1,21163 14-14-9-15-25-14 (91) 

Case-10 1,780034e-01 8,222054e-03 3,625083e-14 3,269172e-02 1,40031 8-6-25-7-10-8 (64) 

Case-11 1,429263e-01 3,003772e-03 1,217306e-13 2,000526e-02 1,38621 9-9-16-9-11-9 (63) 

Case-12 2,015177e-01 7,659925e-03 2,833534e-13 3,083587e-02 1,29720 7-7-3-8-19-7 (51) 

Case-13 2,877329e-02 1,190811e-03 1,034880e-13 4,981774e-03 1,38341 15-15-18-14-12-15 (89) 

Case-14 9,091757e+07 2,534953e+06 1,581040e-13 1,333314e+07 1,31078 1-1-10-1-17-1 (31) 

Case-15 2,540074e-02 9,285151e-04 2,454552e-13 3,991084e-03 1,41303 16-16-5-16-8-16 (77) 

Case-16 5,421064e+03 1,084759e+02 2,057004e-13 7,589413e+02 1,30910 3-3-6-3-18-3 (36) 

Case-17 1,160362e-03 2,330925e-05 9,131824e-14 1,624376e-04 1,25045 23-23-19-23-20-23 (131) 

Case-18 1,676256e-07 3,352824e-09 5,492238e-14 2,346754e-08 1,40608 26-26-24-26-9-26 (137) 

Case-19 1,180766e-02 2,361608e-04 1,410968e-13 1,653072e-03 1,35390 22-22-13-22-15-22 (116) 

Case-20 1,277374e+06 5,591710e+04 3,158748e-13 2,406205e+05 1,58668 2-2-2-2-4-2 (14) 

Case-21 3,421366e+01 6,580415e+00 1,868253e+00 7,872075e+00 1,37389 4-4-1-4-13-4 (30) 

Case-22 5,624480e-01 6,344862e-02 1,144759e-13 1,238278e-01 1,16911 5-5-17-5-26-5 (63) 

Case-23 1,956572e-02 3,913144e-04 2,449494e-14 2,739201e-03 1,44482 18-20-26-18-7-18 (107) 

Case-24 2,444936e-02 6,689852e-04 1,321672e-13 3,623237e-03 1,23162 17-17-15-17-21-17 (104) 

Case-25 6,850046e-02 2,741248e-03 1,891332e-13 1,282658e-02 1,21275 10-10-8-10-24-10 (72) 

 

When Table 8 is examined, it has been seen that there are 9 

approaches including DE that achieve success over 100 points. While 

DE algorithm has gathered 105 points, out of other 25 approaches 

Case-18 has gathered the most point with 137 points. The graphics 

and box charts showing the convergence according to the iteration 

number belonging to the best solution values obtained for f4 function 

for 50 operations in Table 8 have been given in Figure 37. 
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Figure 37: Box charts and convergence curves for the best solutions obtained for f5 

(50-D) 

The search intervals in 50 operations for f5 function, which has been 

solved with 25 different chaotic mapping methods together with DE, 

have been given in Figure 38. 
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Figure 38: Search intervals for f5 in 50 operations/runs 

After all these evaluations, the most successful first ten methods 

defined for each function and the locations of classic DE algorithm 

have been given in Table 9. 

Table 9: The order of the best methods 

 f1 f2 f3 f4 f5 f1- f5 

1 Case-05 Case-21 Case-24 Case-24 Case-06 Case-24 

2 Case-22 Case-10 Case-04 Case-02 Case-18 Case-10 

3 Case-19 Case-03 Case-18 Case-10 Case-17 Case-19 

4 Case-16 Case-22 Case-10 Case-11 Case-19 Case-06 

5 Case-03 Case-25 Case-00 Case-19 Case-08 Case-02 

6 Case-10 Case-16 Case-01 Case-25 Case-01 Case-01 

7 Case-15 Case-23 Case-19 Case-06 Case-02 Case-00 

8 Case-12 Case-00 Case-02 Case-03 Case-23 Case-18 

9 Case-08 Case-06 Case-16 Case-15 Case-00 Case-08 

10 Case-09 Case-24 Case-17 Case-04 Case-24 Case-17 
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5. STABILITY ANALYSIS 

In literature Wilcoxon test is applied in order to compare these kinds 

of studies statistically (García, Molina, Lozano, & Herrera, 2009; 

Wilcoxon, Katti, & Wilcox, 1970). When the number of the data is a 

few, more sensitive and accurate results are obtained by applying non-

parametric Wilcoxon test. Therefore, DE belonging to 5 test functions 

and the best values belonging to CbDE-1, CbDE-2, CbDE-3, ... , 

CbDE-25 algorithms in 50 runs have been subjected to Wilcoxon 

statistical evaluation tests defined in literature and the obtained results 

have been given in Table 10. Significance level in the data analysis 

has been taken as p<0.05 as in literature. 

Table 10: Wilcoxon test results of the best values belonging to f1-f5 functions 

obtained for 50 runs and 50-D 

 

Wilcoxon (p-values) 

f1 f2 f3 f4 f5 

DE - CbDE-1 0.9795 0.0236 0.7758 0.1284 0.5988 

DE - CbDE-2 3.5838e-05 0.6123 0.4901 0.0349 0.2994 

DE - CbDE-3 0.6912 0.4258 7.5569e-10 0.1602 0.0025 

DE - CbDE-4 8.7266e-07 0.3667 6.0478e-05 0.0618 0.0015 

DE - CbDE-5 1.0599e-04 0.4258 1.0235e-09 0.1358 0.0054 

DE - CbDE-6 1.7088e-04 0.7537 3.6125e-04 0.0042 2.1162e-05 

DE - CbDE-7 2.3493e-07 0.9730 0.6055 0.1358 0.7102 

DE - CbDE-8 0.0056 0.0688 0.0781 0.8734 0.5592 

DE - CbDE-9 0.6760 0.3876 0.1038 0.4258 0.7611 

DE - CbDE-10 5.4422e-05 8.0311e-10 1.9841e-08 1.0163e-07 0.0093 

DE - CbDE-11 0.1073 0.0122 0.8056 0.0978 0.7246 

DE - CbDE-12 0.2887 0.0017 1.3831e-09 0.5399 0.0012 

DE - CbDE-13 0.0224 0.3320 0.8887 0.1781 0.3131 

DE - CbDE-14 2.2824e-09 0.2184 0.1630 0.4901 0.0393 

DE - CbDE-15 0.6594 0.0393 7.5569e-10 0.1101 2.7856e-04 
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DE - CbDE-16 0.0011 0.0341 0.1781 0.1059 0.0014 

DE - CbDE-17 0.7110 0.6191 0.4371 0.2567 0.2370 

DE - CbDE-18 6.3812e-09 0.0441 0.5988 0.2370 0.0025 

DE - CbDE-19 5.3749e-06 0.0261 0.0054 0.6887 0.7246 

DE - CbDE-20 0.0072 0.7611 1.9094e-07 0.0032 4.5085e-09 

DE - CbDE-21 7.5518e-10 7.5569e-10 7.5569e-10 7.5569e-10 7.5569e-10 

DE - CbDE-22 1.1919e-05 7.5569e-10 8.7755e-06 0.2487 4.2959e-08 

DE - CbDE-23 2.0040e-04 9.6344e-10 1.9841e-08 2.6489e-06 1.5860e-08 

DE - CbDE-24 0.7264 0.1750 0.4840 0.1545 0.7907 

DE - CbDE-25 0.0947 0.8963 0.3466 0.7684 0.2567 

According to the p values given in Table 10, it has been seen that 

CbDE-X algorithms developed in the study have significant 

differences from DE algorithm for different test functions. 

 

6. ASSESSMENT 

In this study CbDE-X algorithms have been developed by integrating 

25 different chaotic mapping methods into classic DE algorithm. In 

these approaches in the formation of populations while the first 

individual is assigned randomly, the other individuals are assigned 

depending on this first individual according to a certain rule. In all 

approaches 5 multidimensional multimodal test functions have been 

solved. As a result of these solutions, various improvements have been 

provided in the classic DE algorithm with CbDE-X algorithms. While 

doing this study, two aims have been considered. The first of these 

aims is to improve a selected optimization algorithm with chaotic 

structures and to obtain new faster and more decisive algorithms. As 

for the second aim, it is to determine the best method for chaotic 

mapping methods which are used frequently in many studies in 
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literature. After this study; researchers, who will study with chaotic 

structures, will be able to decide easily which method is more suitable 

according to the structure of the problem that they will solve. Some 

other optimization algorithms in literature can be bettered by using 

together with these approaches improved here. In our following 

studies, we are thinking of applying the algorithm that we have 

improved to various engineering problems.  
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