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Abstract: In this study, the modification of the Deb feasibility method is considered to solve the constrained optimization
problems. In the developed modified Deb feasibility constraint method, the third rule in its procedure was revised in
order to increase the performance of the Deb feasibility constraint handling method. The innovation in the method is
based on generating a new individual by using both possible solutions that violate the constraints in the method used for
solving the problem. In detail, discussions were given about the application and usefulness of six constrained handling
techniques. Furthermore, genetic algorithm, particle swarm optimization, Harris hawks optimization, whale optimization
algorithm, grey wolf optimization and sine cosine algorithms were applied to both various benchmark functions and also
different engineering application problems such as pressure vessel design, welded beam design, speed reducer design and
active filter design. Overall the experimental results show that modified Deb feasibility constraint handling technique is

more robust and efficient than Deb feasibility technique and most of the other constraint handling techniques.
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1. Introduction

Metaheuristic algorithms are used in solving optimization problems in many fields including engineering,
business, and science [1]. The main purpose of the solution process in optimization problems is to minimize
or maximize the performance, duration, efficiency, and productivity parameters. Most of the optimization
problems in real-world contain some constraints defined on decision variables [2—4].

Traditional optimization methods might not successfully address optimization problems due to disconti-
nuities and nonlinearities in design spaces. Metaheuristic algorithms, on the other hand, are effectively applied
in cases where traditional algorithms are inadequate to solve a wide variety of problems and applications. Most
of the metaheuristic optimization algorithms work by mimicking biological processes, in particular, the evolution
of species or swarm behavior [5, 6]. Some of the most recent multiobjective algorithms are ant colony algorithm
(ACO) [7], artificial bee colony (ABC) [7], grey wolf optimizer (GWO) [8, 9], firefly algorithm (FA) [7], cuckoo
search optimization (CS) [7, 10], bat algorithm (BA) [7], salp swarm algorithm (SSA) [11], whale optimization
algorithm (WOA) [12] and Harris hawks optimization (HHO) [13].

Metaheuristic algorithms are global search techniques that are less likely to get stuck (to be caught)

at optimization local optima. Moreover, these algorithms can adapt to different types of problems such as

*Correspondence: muratcimen@subu.edu.tr

3270

©29 . This work is licensed under a Creative Commons Attribution 4.0 International License.


https://orcid.org/0000-0002-1793-485X
https://orcid.org/0000-0002-0420-8541
https://orcid.org/0000-0001-6575-7678

CIMEN et al./Turk J Elec Eng & Comp Sci

complex, nonlinear, and discontinued [7, 14]. Metaheuristic algorithms have been successfully complemented by
constraint handling techniques to solve constrained problems, guiding the search process to feasible regions and
ideally providing solutions that do not violate any constraint [15]. Besides, metaheuristic algorithms are efficient
and can be easily adapted, if the constraints are properly identified in solving optimization problems. There are
several ways of managing the problem constraints in a metaheuristic algorithm: penalty terms in the objective
function of the problem, special representations and operators, separation of objectives and constraints and
repair metaheuristic [16]. A proper constraint handling method when used in conjunction with a compatible
metaheuristic algorithm can drive the search process towards global feasible optima by making use of the
information present in the infeasible solutions [17]. Furthermore, in the literature, there are various constraint
handling techniques such as death penalty, static penalty, dynamic penalty, barrier function, epsilon constraint

handling, stochastic ranking, and Deb feasibility [18].

Most of the research conducted on constraint handling methods is focused on improving the performance
and effectiveness of metaheuristic algorithms. Gandomi et al. increased the evaluation of viable solutions
by indirectly addressing constraints and thus created a method of updating boundaries in the solution [14].
Babalik et al. modified the tree-seed algorithm using Deb rules to solve constrained optimization problems. In
the tree-seed algorithm, Deb’s objective function and violation of constraint properties are used for selecting
the better individuals. They compared the performance of the developed algorithm with the results of GA,
PSO and ABC [2]. In the study conducted by Miranda-Varela et al., the surrogate model and differential
evolution were combined to approximate the objective function value and violation of constraint values. In this
approach model, they worked with different constraint techniques [19]. In the study by Samanipour et al., the
efficiency of nondominated constrained methods based on genetic algorithms were improved. They made repairs
on solutions that affected the current generation constraint in the genetic algorithm and performed it on the
NSGA-IT method [5]. In Long’s study, they tried a new restriction method on the genetic algorithm. In order to
provide flexible solutions for constrained multipurpose problems, they took advantage of the Pareto boundary
proximity and solution flexibility of the genetic algorithm [20]. In their study, He et al. compared constraint
methods such as penalty methods, barrier functions, e-constrained method, feasibility criteria, and stochastic
ranking to address optimization problems. In addition, the pressure vessel design problem was solved by the

flower pollination algorithm [18].

In this study, the modified Deb feasibility method was obtained by developing the third rule property
of the classic Deb feasibility constraint method used in optimization problems. In the developed method,
both possible solutions that violate constraints were combined to create a new possible solution. With this
modification, it was aimed to increase the performance and effectiveness of the constraint handling method
improved by Deb. So, the performances of death penalty, static penalty, dynamic penalty, barrier function,
Deb feasibility and modified Deb feasibility on metaheuristic algorithms were tested and discussed. Constraint
handling methods were adapted to GA, PSO, HHO, WOA, GWO and SCA. Various constrained optimization
problems in the mathematical and engineering studies such as pressure vessel design, welded beam design, speed
reducer design and active filter design were implemented to assess the performance of the methods statistically.
The results of engineering design optimization problems are compared with algorithms in the literature.

The outline of the paper is as follows: Section 1 presents some general information and summarizes the
studies in the literature. After that, unconstrained, constrained problems, and constraint handling methods
are described in Section 2. In Section 3, details of the developed constraint handling method are presented.

In Section 4, results of numerical analysis of benchmark problems and engineering applications are presented.
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Lastly, conclusion is given in Section 5.

2. Preliminaries

2.1. General optimization

Optimization problems can be in different forms in many engineering applications. The objective (fitness)
function to be optimized can be single or multidimensional, as well as being linear and/or nonlinear. The
structure of the multidimensional (D-dimensional) unconstrained optimization problem is given in Equation
(1). There are D variables in this problem and it is desired to determine the minimum value of the function
f(X) for the solution. This function may have either a local optima then that is global optima or multiple
local optima then one of them is global optima. So, functions with one global optima are called unimodal and

functions with multiple local optima are called multimodal [6, 8, 12].
min  f(X) X =[z1,20,.,2p] €RP (1)

The problem becomes a constrained optimization problem when equality and/or inequality constraints need to
be satisfied just like given as in Equation (2). While solving this problem, the solution must satisfies both h(X)

constraints, that is N equations, and ¢(X) constraints, that is M inequalities.

min f(X) X =[xy, 22, ..,xp]" € RP
hi(X)=0 (1=1,2,...,N) (2)
g;(X) <0 (1=1,2,..,.M)

In order to solve such problems, there are many different techniques that can work effectively. Unfortunately,
although there exist various techniques, those techniques all could not guarantee to find global optimum among
the local optimas at some difficult problems [7, 10, 21]. Therefore, scientists have been continuing to research

to find out more effective algorithms and methods.

2.2. Constraint handling methods
2.2.1. Death penalty method (DP)

DP method is probably one of the easiest and most applicable constraint handling methods in the literature.
Among the possible solutions, if all solutions remain within the feasible region, then function value is assigned.
If a solution that does not satisfy at least one constraint, that is, the solution is in the infeasible region, then
a very high value is assigned due to the constraint violation. Therefore, the objective function created can be
expressed as in Equation (3).

_ f(X) feasible
elX) = {K — Y7 £ infeasible (3)

In Equation (3), s represents the number of satisfied constraints, and K represents a very large constant that is
assigned as 10'° so that the constraints remain in the feasible region. In this method, when the constraints are
violated, the violations are evaluated with the same error, regardless of the value of the objective function. That
is, when the constraints are violated; the magnitude of the violations and the value of the objective function
are not important.
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2.2.2. Static penalty method (SP)

In the SP constraint handling method, each violation value is punished by multiplying it with a fixed number.
In this way, solutions are tried to be moved to the feasible region. To ensure this, the objective function is
arranged as in Equation (4). In this equation, A and p parameters are fixed and can be chosen between [1, co].

However, in this study, values of A and p parameters are taken as 106.

N M
@(X)=f(X)+/\Z\hi(X)|+uzmaX{0,9j(X)} (4)

j=1

2.2.3. Dynamic penalty method (DynP)
In the DynP, each constraint that violates the boundaries is punished again. During this process, the penalty
coefficient A(t) is dynamically increased depending on the iteration number (¢). The objective function for this
process is arranged as in Equation (5).
N M
2
P(X) = F(X) + A0 [ D (ha(X))* + ) (max {0,g;(X)}) ()

i=1 7j=1

Considering the studies in the literature, it is believed that changing the S variable depending on iterations
may be an advantage [20, 21]. This penalty coefficient is also updated with A(t) = (at)?. The parameters of
this process used in this study were taken as « = 0.5 and § = 1.2. However, the very high objective function
encountered in simulation studies showed that this error function was ineffective. Therefore, this structure was

developed in this study and used in the form of A(t) = 103(1 + at)? and the results were obtained in this way.

2.2.4. Barrier penalty method (BP)

Equality constraints can be provided by Lagrangian multipliers, while inequality constraints can be achieved
by different methods. This is accomplished by adding functions that have a greater error or generate an infinite
error as the solutions converge to the unfeasible region to the objective function. For this, either Equations (6)
or (7) suggested in the literature can be used. When iteration increases during this process, parameter of pu

converges to zero, that is, t — oo and u(t) — 0. Besides, the structure of wu(t) can be chosen in the form of

pu(t) =1/t or p(t) =1/Vt.

M

e(X) =f(X) + nu(?) Z —log (g;(X)) (6)
Moo

e(X) =f(X) + nu(?) Z 70X (7)

2.2.5. Deb feasibility method (DF)

Deb suggested a set of rules for feasible and infeasible regions. In this method, firstly, the degree of constraint

violation is calculated by using Equation (8) for each individual. If ¢(X) is greater than zero or a small value
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such as €, then that causes constraint violations and the solution is in the infeasible region [22].

p(X) = Z(M(X))2 + Z (max {0, g;(X)})* (®)

According to the result of the function calculated according to Equation (8), a selection is made from possible

solutions. These rules improved by Deb are given below [22]:

o If two solutions are in the feasible region, then the solution with a smaller objective function value is
preferred.

o If one solution is feasible and the other is not feasible, then the feasible solution is preferred.
o If two solutions are not feasible, then the solution with less constraint violation is preferred.

Thanks to this structure improved by Deb, all solutions that are not in the feasible region are tried to be moved
or directed to the feasible region. The pseudocode of the DF improved by Deb is depicted in Algorithm 1. The
steps of the DF are explained in almost every line of pseudocode of the DF. Also, in pseudocode, € value given

has crucial importance for equality constraints. This value was determined as 10~2 in the study.

Algorithm 1: Pseudocode for Deb feasibility method.

1 if ¢o(z;) <e and ¢(z;) <e then // DF 1st rule: if both solutions are feasible then
compare objective function values

2 if f(z;) <f(x;) then // Choose smaller objective function value

3 L output is «; // If f(x;) is less than f(z;) then choose z;

4 else

5 | outputis x; // If f(x;) is less than f(z;) then choose z;

6 else if ¢(z;) <e and ¢(x;) > ¢ then// DF 2nd rule: choose feasible solution

7 output is z;// if ¢(z;) is feasible and ¢(z;) is not feasible then choose z;
8 else if ¢(z;) >€¢ and ¢(z;) < e then// DF 2nd rule: choose feasible solution

o | outputis z; // if ¢(x;) is not feasible and ¢(x;) is feasible then choose w;

10 else // DF 3rd rule: both are in infeasible region, then choose less constraint

violation
11 if p(x;) < ¢(z;) then // Choose less contraint violation
12 | outputis z; // if @(x;) is less than ¢(z;) then choose z
13 else
14 L output is z; // if ¢(x;) is less than ¢(x;) then choose z;

3. Modified Deb feasibility method (MDF)

The improved MDF is based on generating a new individual. This process is inspired by the bisection method.
The essence of this hypothesis is to generate a new likely individual that less violates the constraints especially
these might be linear, nonlinear, convex, nonconvex, continuous, or discontinuous. Specifically, modification
of conventional DP is taken place at the 3rd rule. At the 3rd rule, if both individuals are in the infeasible
region, then a new individual is generated using Equation (9) that might promote the performance. So, this

modification allows finding a new solution in the feasible region for the constrained optimization problem. In
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order to express all the processes, the pseudocode of the MDF is depicted in Algorithm 2. Furthermore, steps
of the MDF method are explained in almost every line of pseudocode of the MDF in Algorithm 2. Also, the €
value given in this pseudocode has crucial importance for equality constraints. This value was determined as
1073 in the study.

1

o = 5 (zi + a5) (9)

Algorithm 2: Pseudocode for modified Deb feasibility method.

1 if p(x;) <e and ¢(x;) <e then // MDF 1st rule: if both solutions are feasible then
compare objective function values

2 if f(z;) <f(xz;) then // Choose smaller objective function value

3 L output is @; // If f(x;) is less than f(x;) then choose z;

4 else

5 Loutput is ¢j// 1If f(x;) is less than f(z;) then choose z;

6 else if ¢(z;) <e and ¢(z;) > e then// MDF 2nd rule: choose feasible solution

7 | outputis x; // if @(x;) is feasible and ¢(z;) is not feasible then choose u;
8 else if ¢(z;) >€¢ and ¢(z;) < e then// MDF 2nd rule: choose feasible solution

o | outputis z; // if @(x;) is not feasible and (z;) is feasible then choose z;

10 else // MDF 3rd rule: both are in infeasible region, then generate a new individual
and choose one that is the least constaint violation among (zg, x;, l‘j)

11 Generate a new xp // a new solution is generated by using Eq. 9

12 if o(z;) <(z;) and @(x;) < p(xp) then // Choose less contraint violation

13 Loutput is ¢; // If @(x;) is less than ¢(z;) and ¢(zp) then choose ;

14 else if ¢(z;) < ¢(z;) and ¢(x;) < p(xg) then// Choose less contraint violation
15 | output is z; // If ¢(x;) is less than ¢(z;) and @(x¢) then choose z;

16 else

17 Loutput is 29// If @(z9) is less than ¢(x;) and ¢(z;) then choose 1z

4. Numerical experiments

Constraint handling methods in this study have been applied on GA, PSO, HHO, WHO, GWO and SCA
metaheuristic algorithms proposed in recent years. Moreover, the algorithms were implemented under Matlab
R2019a and SPSS Statistics 26 on a computer with a Windows 10 which is windows student version and has
8 GB RAM. The swarm sizes of each algorithm were determined as 50 and the maximum number of iteration
as 1000. In addition, these algorithms and constraint handling methods were rerun 50 times to evaluate the
statistical performance. Parameters of GA are determined such that simulated binary crossover (SBX) operator
and parameter-based mutation operator (p,, ) are adaptive [22]. R parameter is 1073. Subsequently, parameters
of PSO are determined such that weight (w) is decreased linearly from 0.9 (waz ) t0 0.4 (Wi ) and correlation
coefficients (c1, ¢2) are 2.0 [23]. For WOA, « parameter is chosen such that decreased from 2 to 0. r1, 72, p
are random numbers in [0, 1]. The others are the algorithm’s inherent parameters determined with respect to
[21]. For HHO, E; parameter is chosen such that decreased from 2 to 0. Ej is a random number in [—1,1].
g and r are random numbers in [0,1]. The others are the algorithm’s inherent parameters determined with
respect to [13]. For GWO, a parameter is chosen such that decreased from 2 to 0. ry, re, p are random

numbers in [0, 1]. The others are the algorithm’s inherent parameters determined with respect to [9]. For SCA,
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a parameter is chosen 2. r; parameter is linearly decreased from 2 to 0 as iteration number increases. 79 is
random number in [0,27]. 73 is random number in [0,2]. r4 is random number in [0,1]. The others are the
algorithm’s inherent parameters determined with respect to [24]. Furthermore, different benchmark problems
and engineering application problems were used to evaluate the performance of constraint handling methods in
their use with GA, PSO, WOA, GWO, HHO and SCA algorithms. In addition, the developed Deb feasibility

algorithm improved as a state of the art has been compared with other methods.

4.1. Benchmark problems

There are difficult-to-solve problems that are very commonly used in evaluating and comparing swarm-based and
evolutionary algorithms. These test functions, called benchmark problems, are used to evaluate the performance
of algorithms. Many studies have been conducted in the literature to evaluate the metaheuristic algorithms used
in this study on unconstrained optimization problems [8, 9, 12, 25]. Thus, as a state of art, solely constrained
problems were given to evaluate constraint handling methods. Details of benchmark problems are given in
Tables 1 and 2. Apart from problems in Table 2, the problems in Table 1 are given briefly and they exist in
[22].

Table 1. Details of constraint benchmark problem between Fi — Fg [22].

Number of Number of Number of Dimensions | F;

equality constraints | inequality constraints | total constraints e
10 B 2 2 13.59085
70 33 38 5 -1.9146
70 9 9 13 -15.00
710 6 6 R 7049.331
70 1 1 7 680.6306
Fo 0 6 6 5 -30665.7
73 0 0 3 0.05395
"0 3 ] 10 24.30621

Table 2. Details of constraint benchmark problem between Fy — Fi1.

Function equations Dimension | F,.in
Fy(x) = (V)" TIiZ, i
Subject to 10 -1.0005

hi(z)=1" 22-1=0 0<x;<1 i=1,2,..,10

i=1""1

Fio = (x1 — 10)® + (24 — 20)°

Subject to

2 -6961.813875
g1(z) = (21 —5)° + (22 —5)° +100 < 0
gi(z) = — (21 — 6)° + (22 — 5)° +82.81 < 0
13 < a1 <100 0 < 2o < 100
Fip =22+ (2, — 1)°
2 0.7499

Subject to

hi(z) =29 —22 =0 —1<mx,25<1
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Table 4. F; — Fi1 Constrained benchmark problem optimizations min, median, max and violation/rerun results.

CIMEN et al./Turk J Elec Eng & Comp Sci

Min Median Max Violation |y, Median Max Violation -y ;) 7 Median Max Violation
/Rerun /Rerun /Rerun
GA PSO WOA
DP 7.6900EF08 2.0200BF09 2.3100BF09 50/50 7.6900EF08 T.4900EF09 1.5400EF09 50/50 7.6900EF08 T.49000EF09 2.3100EF09 50/50
SP 7.4253E-01 1.3443E101 T.4288E 103 0/50 1.4022E-01 T.1391E100 1.0762E101 0/50 7.4685EF01 2.7711EF03 9.0037EF03 0/50
DynP 1.5157B-01 3.6227E 100 T.1055E 102 0/50 5.5073E-01 T.0366E+00 1.9602E+00 0/50 6.5187E-01 2.5794E102 2.0018E103 0/50
BP 2.3300E401 3.9500E106 T.4500E 108 0/50 3.5630BE-01 9.6730B-01 1.6260E100 0/50 2.5300E105 1.1000E108 6.54005408 0/50
DF 3.4827E-3 9.7869E-03 8.3462E-02 2/50 1.4624E-01 8.2791B-01 2.0351E100 0/50 5.8042E-02 1.8137E100 T.5760EF01 0/50
r MDF 3.6216E-03 8.4220E-3 5.6001E-2 0/50 7.3552E-02 5.5931E-01 T.1540EJ01 0/50 2.1470E-01 9.9405E-01 2.5366E100 0/50
7 HH GW SCA
DP 7.6900E 108 T.4500E+09 T.5400E+09 50/50 1.5400E 109 1.5400E+09 T.5400E+09 50/50 7.6900E108 1.5200E 109 1.5400E 109 50/50
SP 2.2080E+00 2.56395+03 9.8531E+03 0/50 T.2370E105 T.9333E106 T.0049EF07 50/50 T.5166E105 T.1532E106 3.4722E+06 50/50
DynP 5.3317E-01 8.9800E+06 5.8800B+07 25/50 T.0264E105 T.4500EF07 9.5600E+07 50/50 3.6228E+04 1.4800E106 T.4400EF07 50/50
BP 6.0400EF05 8.1900E+09 7.9400BF10 0/50 7.2000EF16 T.6100E+20 T.0000EF21 50/50 2.3200EF17 T.6600EF19 T.1500EF20 50/50
DF 6.6050E-02 9.6061E-01 T.7436EF00 0/50 4.9030E-01 T.2273EF00 T.4370EF01 48/50 1.7633E-01 1.8599EF00 T.5612EF01 37/50
MDF 6.0100E-02 9.5548E-01 T.6574EF00 0/50 4.1343E-01 9.8974E-01 2.0846EF00 34/50 1.5584E-01 T.1850EF00 7.7885EF00 30/50
GA PS WOA
DP 2.8100E401 2.2900E+07 7.14005108 5/50 2.4761E4101 3.0135EF1 1.7247EF02 0/50 3.1923E401 8.747AEL01 7.4338E102 0/50
SP 2. 7841EF01 3.4923E401 56458401 0/50 2.4554E401 5.1452EF01 5.1536E+02 0/50 3. 1119EF01 8.0436EF01 5.1029E+02 0/50
DynP 2 8466EF01 3.4777E+01 70658401 0/50 2.4514EF1 T.3320EF02 3.0020E+03 0/50 2.7380E+01 7.3606EF01 6.6759E+02 0/50
BP 2.7109EF01 3.6073E+01 2774EF02 0/50 2.4934EF01 6.2449BF01 5.1281E+02 0/50 2. 7849EF01 T.1773EF02 T.5104EF03 0/50
DF 2.8580EF01 5.0807BF01 6837EF02 0/50 2.5601EF01 1.2080E102 5.7054E+03 0/50 6.4577EF01 1.9207EF02 2.2627E403 0/50
F MDF 2.8438EF01 5.7700BF01 T.6308EF02 0/50 2.4807BEF01 3.0882EF01 1.6733EF01 0/50 3.7013EF01 2.8785EF02 T.3085EF03 0/50
8 HHO CGWO SCA
DP 3.1426E101 3.9847E01 T7TATABEL01 0/50 3.8061B401 2.2100B198 7.1400E198 20/50 6.6254E101 2.4745B102 2.2100B403 0/50
SP 2.6201E+01 3.6527E+01 16205401 0/50 1.0130E01 5.2270B102 1.0020E103 0/50 5.0865E101 1.3320E102 8.7627B102 0/50
DynP 2.9480E+01 3.8372E401 [0027B101 0/50 1.3360E101 1.8022E102 T.1820E103 0/50 5.3630E101 T.0465E102 9.1250B402 0/50
BP 2.8947E401 3.9180E+01 T5A1EF01 0/50 3.7436B101 5.1100B102 T.1575E103 0/50 1.5312E401 1.6345E102 8.6435E102 0/50
DF 3.1432E401 3.6203E401 5180E101 0/50 3.5598E 101 3.8116E102 5.6200E103 0/50 2.9768E101 3.9755E101 FO1 0/50
MDF 2 8712E401 3.5210E+01 25568401 0/50 3.8744EF01 2.5088E402 T.0172EF03 0/50 3.0214EF01 3.8074EF01 4.0712EF1 0/50
GA PSO WOA
DP ~3.4000B-01 T.8000E 09 T.0000EF10 18/50 ~8.5850E-01 -5.1049E-01 ~8.7110B-04 0/50 -5.3284E-02 ~2.5601E-03 0.0000E400 0/50
SP ~7.5645B-01 ~1.2648E-01 ~2.5016B-02 0/50 ~7.9316E-02 0.9843E-02 1.7204E100 0/50 0.0000E100 1.4821B-03 3.0160E-02 0/50
DynP | -8.5381B-01 ~5.3578E-1 —8.7424E-1 0/50 =6.2445E-01 ~2.0489E-02 9.8800E-08 0/50 ~1.0044E-01 -5.1353E-03 T.1900E-06 0/50
BP ~8.5205B-01 T.6108E106 5.3800B107 0/50 -5.3016E-02 3.2100B105 T.2500E 107 0/50 0.0000E100 5.3373E103 T.1773E105 0/50
DF 1.3808E-04 1.2931E4102 1.3800E103 50/50 ~1.3790B-01 ~5.01495-03 0.0000E+00 0/50 ~1.3123B-02 -8.0271E-04 0.0000E400 0/50
= MDF 2.5808E-02 3.1561E+02 T.2777E+04 50/50 =6.9450B8-01 “T.1121E-01 0.0000E+00 0/50 ©6.8491E-01 T2.2246B-01 ~1.0640E-04 0/50
9 HH TW. SCA
DP ~4.0349B-01 ~5.3310E-02 0.0000EF00 0/50 ~2.1989E-01 “1.5071E-02 0.0000E+00 0/50 ~2.1557B-02 -5.0714E-04 0.0000EF00 0/50
SP ~8.8537E-1 ~2.4485E-02 T.1100E-09 0/50 5.9632E-01 T.15680EF02 3.7148EF02 0/50 0.0000EF00 0.0000EF00 0.0000EF00 0/50
DynP | -2.4888E-01 “1.6252E-02 0.0000EF00 0/50 ~2.4042E-01 8.9500E-01 T.1000EF01 0/50 0.0000EF00 0.0000EF00 0.0000EF00 0/50
BP ~2.8517B-01 “1.6071E-02 0.0000E+00 0/50 1.8700E102 2.8600E107 2.3200E108 0/50 0.0000E+00 0.0000E400 0.0000E400 0/50
DF -5.3683B-01 2081B-02 0.0000E 100 0/50 ~1.3848E-01 ~2.2046E-02 0.0000E+00 0/50 0.0000E+00 0.0000E400 0.0000E400 0/50
MDF =6.3057B-01 “1.0026E-01 0.0000E 100 0/50 ~2.9176E-01 “1.0637E-01 ~1.1593B-03 0/50 ~2.2459E-01 -5.8725E-03 0.0000E400 0/50
GA PS WOA
DP =6.2700BEF03 8.0000E 08 T.6700EF09 24/50 ~6.9637EF03 | 3.3300E407 T.6700EF09 1/50 ~6.0512EF03 | -6.7141EF03 | -2.2589EF03 | 0/50
SP =6.2209EF03 “41.2141EF03 | -1.2070EF03 | 0/50 ~6.06185F03 | -6.9617EF3 | -6.9612EF03 0/50 -6.0504EF03 | -6.5604EF03 | -1.35845E403 | 0/50
DynP | -6.2327EF03 ~4.1349E103 | -1.4343E103 | 0/50 —6.9619E103 | -6.9617EJ3 | -6.0500E103 0/50 ~6.0582EF03 | -6.8107EF03 | -3.5622EF03 | 0/50
BP =6.3350B403 -3.0469E103 2165E103 | 0/50 -6.96185103 | -6.9617E}3 | -6.9614E+F3 | 0/50 ~6.96165103 | -6.56395403 | -1.39835403 | 0/50
DF =6.7155B103 3.0006B5103 | -1.4346E103 | 0/50 -6.06185103 | -6.93525103 ~5.65065103 0/50 ~6.96185103 | -6.07345E403 | -1.33735403 | 0/50
" MDF ~6.68665103 -3.4820E103 | -1.2070EF03 | 0/50 -6.06185103 | -6.96155103 ~6.9502B103 0/50 ~6.96185103 | -5.58406403 | -1.34255403 | 0/50
10 HH GW SCA
DP ~6.0641E]3 | -6.9587E103 | -6.9039E103 | 0/50 -6.0506E103 | -6.84045103 ~3.3150B103 0/50 ~6.8026B103 | -6.4785B103 | -2.55008103 | 0/50
SP ~6.9618B103 ~6.0611E103 | -6.0537EF03 | 0/50 ~6.0517E103 | -6.9187B103 ~6.8773B103 0/50 ~6.9259B103 | -6.73435E103 | -6.3210B+03 | 0/50
DynP | -6.9618EF03 Z6.0602E+03 | -6.8902EF03 | 0/50 Z6.05965+03 | -6.01585403 ~6.8470E+03 0/50 ~6.0326E+03 | -6.7412E403 | -6.43785403 | 0/50
BP ~6.0618EF03 Z6.0616E+03 | -6.9595EF03 | 0/50 Z6.05765E403 | -6.02225403 ~6.8620BF03 0/50 -6.0403E+03 | -6.7671EF03 | -6.46995F03 | 0/50
DF ~6.0618EF03 ~6.0595E+03 | -6.9302EF03 | 0/50 ©6.0406EF03 | -6.69525F03 =6.1748EF03 0/50 ~6.05564EF03 | -6.85285403 | -6.61567EF03 | 0/50
MDF ~6.06185403 ~6.0600EF03 | -6.9502EF03 | 0/50 ©6.0402EF03 | -6.75525403 =6.4356B403 0/50 ~6.0506EF03 | -6.8512E403 | -6.61856E403 | 0/50
GA PSO WOA
DP 7.4912E-01 8.4620E-01 9.9556E-01 0/50 7.4900E-1 7.4902E-1 7.4915E-1 0/50 7.4900E-1 7.5734B-01 9.9900B-01 0/50
SP 9.9973E-01 9.4036E-01 8.0224E-01 0/50 7.8024B-01 9.4848B-01 T.0000EF00 0/50 T.0000EF00 T.0000EF00 T.0000E+00 0/50
DynP 9.9684E-01 9.1104E-01 7.5140B-01 0/50 7.5038E-01 9.0001E-01 T.0000EF00 0/50 9.9606E-01 9.0087E-01 T.0000E+00 0/50
BP 9.9939E-01 9.2046E-01 8.3013E-01 0/50 T.0000EF00 T.0000E+00 T.0000E+00 0/50 T.0000EF00 T.0000EF00 T.0000EF00 0/50
DF 9.9939E-01 9.2046E-01 7.5013B-01 0/50 7.9356E-01 9.5823E-01 T.0000E+00 0/50 T.0000EF00 T.0000EF00 T.0000EF00 0/50
s MDF 7.5020E-01 7.5355B-01 7 7755B-01 0/50 T.0000EF00 T.0000EF00 1.0000EF00 0/50 1.0000EF00 T.0000EF00 T.0000EF00 0/50
11 HHO CWO SCA
DP 7.4900E-1 7.4918B-01 7.5101B-01 0/50 7.4902E-01 7.4958E-01 7.6021E-01 0/50 7.4911E-01 7.4978E-01 7.5143E-01 0/50
SP 1.0000EF00 T.0000E+00 T.0000E+00 0/50 T.0000EF00 3.2411B400 5.2038E101 0/50 1.0000EF00 1.0000EF00 T.0000EF00 0/50
DynP 7.5661E-01 9.1345E-01 T.0000E+00 0/50 7.8537E-01 9.5531E-01 T.1205E100 0/50 7.9000E-01 9.8554E-01 T.0000E+00 0/50
BP T.0000E 100 T.0000E+00 T.0000E+00 0/50 T.0000E 100 3.6225B107 6.9166E108 12/50 T.0000EF00 T.0000EF00 T.0000E+00 0/50
DF T.0000E+00 T.0000E+00 T.0000E+00 0/50 T.0000E+00 T.0000E+00 T.0000E+00 0/50 T.0000E+00 T.0000E+00 T.0000E+00 0/50
MDF T.0000EF+00 1.0000E+00 T.0000E+00 0/50 T.0000EF00 T.0000EF00 T.0000E+00 0/50 1.0000E+00 T.0000E+00 T.0000E+00 0/50
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The statistical results in which are minimum, median, maximum, violation numbers and Wilcoxon tests
were obtained with respect to each algorithm crosses to all constraint handling methods. Tables 3 and 4 present
minimum, median and maximum values as well as violation numbers during reruns. Especially, in order to
emphasize the best cases for minimum, maximum and median values obtained are dyed blue and typed in bold.
Also, constraint violation numbers are dyed red and typed in bold. Specifically, violation numbers are given
in form of a fraction. The numerator presents violation numbers and the denominator presents independent
rerun numbers that are 50 for each one of them. In Table 5, as a result of the analysis of the constraint
handling methods and metaheuristic algorithms used together, numbers of best cases for minimum, maximum
and median, as well as the number of constraint violations, are given. In this way, the results in Tables 3 and
4 have been summarized in Table 5, making the achievements of algorithms and constraint handling methods
more understandable according to the number of cases. Also, in Table 5, in order to emphasize the numbers of
the best case for each minimum, maximum and median values obtained are dyed blue and typed in bold. Also,
total constraint violation numbers are dyed red and typed in bold. After that, in order to illustrate significance
values, Wilcoxon test results are presented in Table 6. In Table 6, if the significance value is higher than 0.05
then, it is dyed red and typed in bold. Subsequently, Table 7?7 presents the average processing time with regard
to each algorithm and each constraint handling method.

In the upper part of Table 5, the results of the GA, PSO, WOA, HHO, GWO and SCA algorithms according
to the DP, SP, DynP, DF and MDF constraint handling methods are examined, and the results obtained from
the F} — F1 constrained benchmark functions are summarized. As an example, PSO-DP, which gives the best
case numbers in the table, is examined. While PSO-DP found 5 cases for the best minimum, 6 cases for the
best median, and 5 cases for the best maximum. However, when the constraint violation was examined, 51
constraint violations have occurred among 550 trials in F; — F; functions. Comparisons of the results obtained
by using other constraint handling methods such as SP, DynP, DP, DF and MDF using PSO can be made
easily. Globally, The GWO-DP algorithm performed more constraint violations than other algorithms, that is,
it has made 110 constraint violations in 550 trials. In the lower part of Table 5, the results of the GA, PSO,
WOA, HHO, GWO and SCA algorithms according to DF and MDF constraint handling methods are examined,
and the results obtained from the F; — F}; constrained benchmark functions are summarized. As an example,
PSO-MDF, which gives the best results in the table, is examined. While PSO-MDF found 7 cases for the
best minimum, 7 cases for the best median and 7 cases for the best maximum. Also, no constraint violations

occurred. The highest number of constraint violations occurred in the GWO-DF method.

4.2. Pressure bessel design

The pressure vessel design problem is a very common benchmark problem known and used by many researchers.
In this problem, the objective function is to make the cost of this cylinder minimal with reference to its 4 different
variables that must satisfy 4 constraints [8, 26].

In this study, this problem was tried to be solved with different metaheuristic algorithms and constraint handling
methods. Their results of minimum, median, maximum, proceesing times, violations and statistical tests are
given in detail in Table 8. While PSO-DP produced the best minimum value, SCA-MDF achieved the best
median and maximum values. Also, there is no violation for this problem for all results and there are significant
differences between MDF and others, that is, significance values are less than 0.05. Furthermore, the study and
studies in the literature are comparatively given in Table 8. Most of these studies’ results are obtained by using
SP. When these results are compared, PSO-DP achieved better results than the other studies in Table 8.
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4.3. Welded beam design

The welded beam design problem is a very common benchmark problem known by many researchers [22]. In
this problem, the objective function has been generated such that making the production cost minimize with
reference to its 4 different variables that must satisfy 5 constraints [22].

In this study, this problem was tried to be solved with different metaheuristic algorithms and constraint
handling methods. Their results of minimum, median, maximum, processing times, violations and statistical
tests are given in detail in Table 9. While PSO-DP produced the best minimum and median values, PSO-SP
achieved the best maximum value. But, violations have occurred in GA-SP for this problem and also there
are significant differences between MDF and others, that is, significance values are less than 0.05 except for
PSO-MF. Furthermore, the study and studies in the literature are comparatively given in Table 8. Most of
these results are obtained by using SP. When these results are compared, PSO-DP achieved better results than
the other studies in Table 9.

4.4. Speed reducer design

In the speed reducer design problem, the objective function has been generated such that making the weight of
the speed reducer minimize with reference to 4 different variables that must satisfy 11 constraints [25].

In this study, this problem was tried to be solved with different metaheuristic algorithms and constraint handling
methods. Their results of minimum, median, maximum, processing times, violations and statistical tests are
given in Table 10. In this problem, PSO-DP and HHO-DP achieved the best minimum, PSO-DP produced
the best median value and the best maximum values are obtained by GA-SP and GA-DynP. There is merely
one constraint violation that is occurred in GA-DP and also there are significant differences between MDF
and others, that is, significance values are less than 0.05. Furthermore, the study and studies in the literature
are comparatively given in Table 10. Most of these results are obtained by using SP. When these results are
compared, PSO-DP achieved better results than the other studies in Table 10.

4.5. Active filter design

In the active filter design problem, the circuit is to design using standard components, that are specific and
discrete values, with respect to the desired operating amplitude and frequency [10]. Therefore, the objective
function has included the difference between the operating condition of the filter and the desired operating
condition of the filter. While the objective function designed for the active filter is being minimized, 8 discrete
component variables should satisfy 2 constraints [10].

In this study, this problem was tried to be solved with different metaheuristic algorithms and constraint handling
methods. Their results of minimum, median, maximum, proceesing times, violations and statistical tests are
given in Table 11. In this problem, PSO-MDF achieved best minimum and best median is obtained by HHO-
MDF. Also, the best maximum value is obtained by PSO-SP. There is constraint violation that is occurred
in GA-DP and also some significance values between MDF and others, such as GA-DP, GA-DynP, PSO-BP
and GWA-DynP, are higher than 0.05 that means results are not significant difference. Main reason of this,
variables are discrete. Furthermore, the study and studies in the literature are comparatively depicted in Table
11. When these results are compared, PSO-MDF achieved better results than the other studies in Table 11.
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5. Conclusion

In this study, the DF, one of the constraint handling methods, was developed and the MDF approach was
improved. The third rule of DF was modified. This modification is based on generating a new individual using
both possible solutions that violate the constraints. If this solution is better than the current violations, then it
is accepted as a new solution. Therefore, the performance of the improved method was compared with DP, SP,
DynP, BP and DF constraint handling methods that exist in the literature. These methods were adapted to
GA, PSO, WOA, GWO, HHO and SCA algorithms. Subsequently, benchmark problems involving engineering
problems were used to evaluate the performance of algorithms and constraint handling methods with respect
to minimum, median, maximum, processing time constraint violation numbers. Moreover, Wilcoxon tests have
been employed to measure the strength of results. Consequently, when one examines the results, experimental
results demonstrate that, most of the time, MDF is more robust and efficient than DF and some of the other
constraint handling techniques. In future studies, this method will be much more developed with different

functions and q learning algorithms to manipulate the behavior of the optimization dynamic.
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