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Abstract. This work proposes an innovative approach that uses Differential Evolution (DE), an evolutionary algorithm,
to adjust the parameters of the Q and R matrices that describe the Linear Quadratic Regulator (LQR) for the controller
of a quadrotor, an Unmanned Aerial Vehicle (UAV). This paper presents the modeling, control system, and comparison
of the results of eleven different techniques using MATLAB software with simulations. In addition, this study highlights
the importance and benefit of an adequate control system for this type of UAV, owing to the high demand for the quality
and reliability of these products, aiming to decrease as much as possible the number of accidents and reduce financial
and environmental damage. The differential evolution algorithm application proved to be challenging, but the
development and results were successful, asserting its applicability and effectiveness.
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1. INTRODUCTION

Society has witnessed the development of the famous Unmanned Aerial Vehicles (UAVs), with different physical
and modeling characteristics, and involved in several applications in numerous areas, such as research, industrial, military,
or civilian. With varying physical and modeling characteristics concerning the form of support to keep UAV in the air,
the quadrotors are the fastest, lowest cost, and implementable type of UAV (Elmokadem and Savkin, 2021), becoming a
straightforward choice for simpler applications. Also, the quadrotor UAV has a more stable performance with autonomy
(Abdelghany et al., 2022).

However, to numerous adaptations, the quadrotor needs stability and making this control can be complicated. In this
manner, it is necessary that these systems have desirable behaviors to generate practical applications, and these are
achievable through the use of an appropriate control strategy (Rodriguez-Molina et al., 2020). Studies of controller Linear
Quadratic Regulator (LQR) applications for problems in different fields are not new, and the design of control methods
based on the optimal control theory is an improvement status (Fan et al., 2023).

The LQR methodology, with its optimal and very effective solution, is the basis of modern control and is widely used
in the industry for its margin of gain, besides being applied to complex plants with Multiple-Input Multiple-Output
(MIMO) systems. Thus, the problem appears when defining the matrices Q and R: these matrices need adequate weights
to minimize the cost function, establishing a balance between the responses and the required forces. There are studies in
control theory for the selection of the weights of LQR matrices using evolutionary optimization algorithms and their
derivations (Katebi et al., 2020).

Evolutionary computation is inspired by the theory of evolution and natural selection, applying models from these
processes to solve problems. In (Slowik and Kwasnicka, 2020), five main algorithms techniques have multiple varieties in
the industry: Genetic Algorithms (GA), Evolution Strategies (ES), Genetic Programming (GP), Differential Evolution (DE)
and Evolutionary Programming (EP).

Based on (Storn and Price, 1997), the DE algorithm shows a straightforward strategy search engine. It has strategies
for minimization with above-expected performances when looking at the required numbers of function evaluations
necessary to locate a global minimum of the test functions.

Therefore, the innovation proposed in this work is applying the Differential Evolution algorithm as a solution of
choosing the ideal weights of Q and R matrices of the LQR controller in a control system for a quadrotor UAV. Moreover,
all the topics covered and required will be explained later in the paper, including the main parameters for an LQR controller,
that is, the Q and R weighting matrices. Since reaching a result for the setting time is done by trial and error (Deng et al.,
2017), the optimization technique applied to adjust the Q and R matrices is a differential evolution algorithm; aiming to
automate and find a better fit for 16 variables by means of multiple operators with varying methodologies.
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2. MODELING THE QUADROTOR

The quadrotor model is based on the quadrotor from (Zhong et al., 2018) and was also used in previous work by the
authors (Avila Okada et al., 2021). The rigid structure of the quadrotor UAV has four motors that take off and are sustained
by the thrust of their propellers, acting simultaneously and independently, as seen as a representation in Figure 1.
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Figure 1. Schematic and Representation of a Quadrotor UAV.

The propeller's forces and momentum vary with the motor's angular velocity, and there are two motor pairs, one of
the pairs rotates clockwise, while the other pair rotates counterclockwise. This setup counterbalances the moments,
resulting in motion. The UAV under analysis has a quadrotor system with a nonlinear, underactuated model due to the
need to control all six degrees of freedom through four control variables. Obtains the roll angle “¢” (movement of an
aircraft around the x—axis) and pitch “0” (movement of an aircraft around the y—axis) by varying the speed of the opposed
engines. The yaw motion “y” (movement around the z—axis) occurs when there is a difference between the clockwise and
counterclockwise motor speeds. Concerning linear displacement, the variation of the combined speed of the four motors
equally results in the position of the UAV in the inertial coordinate system (x, y, z).

Equation (1) presents the nonlinear dynamics of the quadrotor, considering small-scale variations of the angular
velocities p, g, and r and the speeds ¢, 0, and .
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To design the LQR controller with Integrator, one must consider that the design will base on linear models of the
system. This way, the UAV is hovering relative to the vertical, that is, u, ~ mg, and the variations will be small in roll and
pitch angles so that approximately sin ¢ = ¢ and sin 6 = 6. Also, there will be no changes or variations in the yaw angle,
where the value remains zero during the aircraft's displacement. In this context, the linear model of the quadrotor can be
represented by Eqg. (2).
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In Eq. (3), the linear and angular motions generated by the forces of each of the four motors, fi, f2, f3, and fs, is a result
of a function of the total force, u,, and torques uy, us, and u,,

U, f1 3)
Uyl _ . |f2
Uy =Ty f3
Uy fa
And the Eq. (4) define the torques.
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The simplification in the gain is justified by the fact that the engine dynamics are sufficiently faster than those of other
air vehicles, not generating the transients of each engine response, significantly influencing the quadrotor behavior. The
electrical voltage signal of each motor is associated with the force and momentum generated by the propeller per gain.
That is due to the simplification of the motor dynamic, seen in Eqg. (3) and Eq. (4). Without affecting and degrading the
performance of the engines in the system, Eq. (2) is the linear model of the vehicle.

Table 1 describes the variables and the UAV model parameters settings. Also, the parameters values in Table 1 are
related to the UAV for model building and code initialization.

Table 1. Experimental Variables and Settings Quadrotor’s Parameters

Specification Definition Value
XY, Z Inertial coordinate system -
b, 0, w Angles roll, pitch, and yaw -
m Mass of the Quadrotor 6.3x1072 kg
Ix Moment of inertia in relation to the x axis of the 5
coordinate system fixed to the rigid body 5.829x10° kg.m?
ly Moment of inertia in relation to the y axis of the 5
coordinate system fixed to the rigid body 7.169x10™ kg.m?
I, Moment of inertia in relation to the z axis of the 1x10 kg.m?
coordinate system fixed to the rigid body '
U, Total lift force -
Ug, Ug, Uy, Moment roll, pitch, and yaw -
fi, 2, f3, fa Forces 1, 2, 3, and 4 generated by propellers -
Ci Lift factor 1.07x1072
d Quadrotor constant 6.24x1072 m
r Propeller Radius 3.3x1072m
g Gravity acceleration 9.81 m/s?

3. LOR CONTROLLER

The LQR controller was chosen for the system mainly because it provides optimal control in a feedback control
solution with minimum cost. As mentioned, several applications and control studies employ this methodology (Ur

Rehman et al., 2021).

However, the weights adjustments that compose the matrices Q and R, i.e., their parameters, can be a task that demands

time and computational cost, especially for more complex systems characterized by the number of states and the coupling
between them. The system response and its characteristics, such as the spare signal, the settling time, the response time,
and its behavior throughout the simulation, among others, must be considered when adjusting the values of these matrix
components. Figure 2 illustrates a generic block diagram of a control system, having the plant with the effect of the
controller in its closed-loop.
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Figure 2. Schematic diagram of the control strategy.

For the controller design, it is necessary to consider which vehicle model will be represented by equations in the form
of state space, mainly to facilitate the use and application of the controller. The state space representation of the quadrotor
model can be expressed in Eq. (5), considering that all states are measured, where the matrices are
AER'" Be R'*™ (g RPX" DeRnxdandGeRnxl

{J'C= Ax + Bu + Gg (5)
y= Cx

Therefore, the state vector isx =[x yzxXyZ ¢ 0y ¢ 0 \y']Te R", the control signal vector is u =[u, , ‘[“,]T € R", and
the system measurement signal vector isy = x € R”.

Consequently, by the state space representation of Eq. (5), the controllability matrix Cx = [B AB ... A™DB] can be
obtained, which has, for this model, a rank equal to that of matrix A. That is, there is no rank loss, which satisfies the
condition of being a controllable system. The software verified the system as controllable, meaning a controller can be
implemented. The controller gain, Kin Eq. (6), defines the state feedback law for the continuous system. The minimization
of the cost function, J, shown in Eq. (7), generates the gain calculation.

u=—K(x—xg) (6)

J) = fw(xTQx + uTRu)dt (M

Where the variable xs, represents the desired value for each state. The Eq. (6) and Eq. (7) submitted to the dynamics
of the system represented by Eq. (5), being obtained through the solution of the algebraic Riccati equation, in Eq. (8),
finding the K in Eq. (9) with P € R"*" > 0.

A"P + PA—PBR'B"P+Q = —P (8)
K= R'BTP 9)

The parameters of the controller O € R"*">0and R € R"*™ > 0 are matrices composed of weights and are related
to both the states Q and R.

In the LQR design, choosing the K value aims to achieve optimization of the performance index J. This ensures that
the feedback gain K is the most favorable in terms of the index performance (Ur Rehman et al., 2021). Still, these matrices
vary in size and dimension according to the system, also determining the complexity of the system. Although the weights
values are hard to define, there were empirical observations that the LQR method provides a better performance when
compared to different controllers, like the classic PID (Quresh et al., 2019).

4. THE DIFFERENTIAL EVOLUTION ALGORITHM

The evolutionary computing algorithms area has a good effect in solving many complex problems (Chen et al., 2019),
being a powerful method, solving many real-world multi-objective optimization problems (Quresh et al., 2019) and is
mainly popular in industrial applications (Slowik and Kwasnicka, 2020). The classic problem of search and optimization
is recurrent for scientists and engineers (Das and Suganthan, 2011), reading optimization as an act of searching for the
most suitable solution to the problem with constraints and flexibilities.

DE has interesting characteristics, like the ability to deal with nonlinear, non-differentiable, and multimodal cost
functions, besides presenting accessibility (a few control variables whose values are simplified) and self-adjustment of
the adaptation step. It also has good convergence properties, ideal for maximization and minimization problems in
consecutive trials (Storn and Price, 1997). Furthermore, it is well known the use of differential evolution algorithm in
UAV problem applications.

Over simplifying, DE follows an evolution methodology based on the weighted difference between two population
members with respect to another individual. Proposed in 1996 (Gonzalez et al., 2020) it takes inspiration from a genetic
algorithm composed of three basic concepts: differential mutation, crossover, and selection. Due to the similarities, the
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DE algorithm starts with an initial population, challenging individuals, applying mutations and crossovers until it finds a
new population with individuals containing a better fitness result for the given problem (Gonzalez et al., 2020; Majid et
al., 2022). The DE algorithm developed here tests with ten different structures, shown in Table 2, based on (Qiang et al.,
2016), which are common and conventional variations.

In this work, the DE starts with a random population capable of respecting the restrictions of the limits of the variables
under analysis. Sequentially, perform the mutation process. In the mutation process, the user chooses which structure to
use, generating a new individual via crossover. Then, compare this newly created individual with the ones of the past
generation of the DE, or, in other words, the individual with the best aptitude prevails in the population.

Hence, the structures vary according to three principal parameters: choosing an individual, the number of differences
to use during mutation, and the type of crossover strategies.

Table 2. Strategies of Differential Evolution Mutation.

DE Notation Strategy Mutation

Best/1/bin Vi1 = Xpestc + Fhie — %26)

Best/2/bin Vigs1 = Xpestc + Flie — %26) + F(ae — %rac)
Rand/1/bin Vige1 = Xr1g + F(Xroe — Xrag)

Rand/2/bin Vigr1 = %16 + F(oe — X36) + F(Xrae — Xrse)
Best/1/exp Vigt1 = Xpestc + F(he — Xra6)

Best/2/exp Vigt1 = Xpestc + F(frie — %26) + F(Xr36 — Xrag)
Rand/1/exp Vigr1 = Xr16 + F(rae — Xrag)
Rand/2/exp Vigr1 = Xr16 + F(rae — %rae) + F(lrag — Xrse)
Rand-to-best/2/bin Vi1 = Xotac + F(Rpeste — Xorac) + F(Xrae — Xri6)
Rand-to-best/2/exp Vigr1 = Xouae + FXpestc — Xora6) + F(Frae — Xr16)
Rand-to-best/2/exp Vige1 = Xpestg + F(Xric — %)

Where for each target vector or population member x;; , i = 1,2,3..., NP. And 1,1y, 7y € 1,2..., NP are mutually
distinct indices and different from index i. The constant F is real € [0,2], which determines the amplification and the step
taken in the direction defined by the difference vector. The X, ¢ is the best solution for the generation G. In addition,
DE notations introduced before is to facilitate the differentiation of its main variants (Das and Suganthan, 2011). The
generic notation in literature is DE/a/b/c, where:

e a: Specifies the vector to be mutated or perturbed.
e b: Determines the number of difference vectors (directions) used in the mutation step.
e c: Indicates the crossover adopted. Specifies the vector to be mutated or perturbed.

Note that there are two possibilities of crossover: binomial and exponential. Binomial, or binary, crossover tests the
individual vector on each term as determined by the crossover rate. In this case, the previous test result does not interfere
in the crossing of the next term. As for the exponential crossover, once the crossover rate test determines that the term
will not undergo crossover, all following terms of the vector will not undergo crossover, too.

5. RESULTS AND DISCUSSION

Firstly, the main challenge of this application was the determination of an initial random population that covered the
whole possible field for the Q and R variables since these can vary from a small value (in the order of 107) to a high value
(in the order of 10%) and apply the necessary restrictions so that the final result found is producing suitable signal that
does not introduce instability in the system and that respects the operating limits of the actuators, which in this case,
represent the quadrotor motors.

For the optimization algorithm tests, it was noticed, by empirical means, that the use of a population larger than 500
individuals and a number above 300 generations have no effect of significant improvements in the results compared to
the computational effort used. In view of this fact, for the final tests, analysis and plots contained in the paper, the number
of generations and the number of individuals chosen, among other parameters for the execution of the algorithm, can be
seen in Table 3. This work's application, the graphs of the mean and standard deviation of the fitness function, and the
parameters Q and R utilize the software MATLAB.

As a comparison and analysis, a code with all the necessary parameters for a Genetic Algorithm (GA), was developed,
too. The GA, created in 1975, is an optimization and stochastic global search technique which takes inspiration from the
principles of genetics and natural selection. The basic structure of the DE is similar to the GA: coding, selection, crossover,
and mutation.

Therefore, for other parameters, such as the crossover rate and mutation constants, applied values commonly pointed
out as ideal for each of the methodologies (DE and GA), and when analyzing the results with these and other values, the



L. Ribeiro, A. Morais, G. Lima, and K. Okada
Application of Differential Evolution for Adjusting the Parameters of the LQR to a Quadrotor

“ideal” values produced better results and with less variation. Table 3 also shows the parameters and values for the GA
code used. In addition, the limits for Q = [1e-7 1e3], for R = [1e-7 1e3] and the boundary for stability = [-10 10].

Table 3. Parameters for the Differential Evolution Algorithm and Genetic Algorithm.

Parameters Differential Evolution Genetic Algorithm
Number of generations 300 300
Number of individuals 500 500
Number of runs 10 10
Crossover method - Wright
Crossover rate 0.9 0.9
Elitism - 1 individual
Probability of mutation - 0.05
Real mutation constant 0.5 -
Selection of individuals - Tournament (3)

The calculation of the Absolute Error Integral (IAE) applies the fitness function of the algorithms. The IAE, popularly
known in Control Systems areas as a benchmark for performance indices, is calculated by adding the difference between
the desired linear positions with the values obtained by the system over time.

Table 4 displays the results of the DE structures obtained after the execution of the algorithm code.

Table 4. Final Values of Mean and Standard Deviation Per Structure.

S Strategy Fitness | Standard Deviation
1 Best/1/bin 0.9989 0.0104
2 Best/1/exp 0.9935 0.0052
3 Best/2/bin 0.9934 0.0042
4 Best/2/exp 1.0128 0.0161
5 Rand/1/bin 1.0215 0.0073
6 Rand/1/exp 1.0718 0.0146
7 Rand/2/bin 1.0520 0.0055
8 Rand/2/exp 1.0831 0.0108
9 Rand-to-best/2/bin 0.9962 0.0062
10 | Rand-to-best/2/exp 1.0011 0.0075
11 GA 1.0679 0.0209

Figure 3 and Figure 4 illustrate the evolution of the mean and standard deviation values of the fitness function, the
IAE, over the generations. It can be observed that the high value of the standard deviation of the GA is due to the
randomness imposed on its population according to the mutation rate.
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Figure 3. Mean of the Values of the Fitness Function (IAE) of each Structure over the Generations.
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——Best/1/bin
—Best/1/exp
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Figure 4. Standard Deviation of the Values of the Fitness Function (IAE) of each Structure over the Generations.

The analyses of the structure performance derive from the graphs of the results of the linear positions (X, y, z). Figure
5 and Figure 6 show each structure tested. Figure 5 illustrates in 2D the behavior of each structure and its linear positions
over time in a closed-loop with different references. In this case, the setpoints were 1, 1.5, and -1. On the other hand,
Figure 6 represents the evolution of linear positions for each structure in 3D with a unit setpoint.

Linear Positions x, y, z (m)
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Best/2/bin
Best/2/exp
—Rand/1/bin
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——Rand/2/bin
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——Rand-to-best/2/exp
GA

Figure 5. Evolution of linear positions as a function of Q and R for each structure.
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Figure 6. Evolution of linear positions as a function of Q and R for each structure (3D).
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Considering the stabilization criterion of the fitness function average over the generations, the structure with better
performance is the Best/1/bin, whereas the worst is the Rand/2/exp. The best result presents a fast response with the
minimum possible spare signal without harming the system's robustness.

Table 5 and Table 6 show the results of the mean found for the variables Q and R for each structure, the first table is
related to Q, and the other relates to R. As well, Table 7 and Table 8 present the results of the standard deviation found
for the variables Q and R for each structure, as mentioned before.

Table 5. Mean of the Parameters Q Adjusted Per Structure

Structure | Q1 Q2,2 Qa3 Qa4 | Qs5 | Qes | Q77 Qsgs Qo9 | Qo0 | Qi | Q212
1 76.1 | 58.1 | 140.8 | 10.9 | 2e-6 | 0.31 | 235.4 | 223.7 | 284.2 | 1.30 | 0.01 | 1.63
2 67.8 | 36,5 | 59.9 | 259 | 9e-5| 0.02 | 172.0 | 212.1 | 79.2 | 0.25 | 0.15 | 0.05
3 236.3 | 159.3 | 774.3 | 76.0 | 0.02 | 0.19 | 720.2 | 726.7 | 552.1 | 1.87 | 0.37 | 0.01
4 263.3 | 224.2 | 7385 | 51.2 | 2.48 | 0.67 | 787.2 | 691.0 | 161.3 | 5.40 | 1.84 | 113.2
5 313.3 | 290.5 | 845.1 | 72.0 | 3.15 | 1.63 | 832.9 | 836.2 | 489.4 | 8.65 | 1.65 | 468.2
6 534.2 | 513.2 | 869.6 | 103.6 | 16.0 | 3.81 | 824.3 | 931.0 | 733.3 | 19.8 | 9.58 | 454.8
7 467.8 | 416.2 | 943.9 | 935 | 11.3 | 4.07 | 826.0 | 890.9 | 324.6 | 12.1 | 7.94 | 1035
8 640.3 | 517.2 | 920.4 | 134.3 | 28,5 | 4.16 | 850.1 | 825.7 | 574.3 | 20.2 | 17.8 | 351.7
9 33.8 | 52.6 | 109.0 | 104 | 5e-4 | 3e-3 | 208.6 | 102.3 | 134.1 | 1.15 | 0.05 | 5.68
10 64.2 | 56.7 | 3685 | 17.8 | 5e-3 | 0.31 | 201.4 | 188.8 | 96.0 | 1.51 | 0.14 | 25.0
11 362.9 | 488.3 | 738.8 | 76.6 | 29.5 | 1.88 | 622.2 | 575.8 | 250.5 | 24,5 | 8.86 | 73.9

Table 6. Mean of the Parameters R Adjusted Per Structure

Structure | R11 | R22 Rags Ra4
0.56 | 100.0 | 0.20 | 0.75
028 | 73.3 | 18.1 | 135
3.59 | 102.8 | 176.3 | 143.4
330 | 754 |123.3 | 174.2
3.57 | 589.2 | 382.2 | 432.0
3.52 | 447.6 | 550.4 | 611.6
3.31 | 396.1 | 148.0 | 298.3
3.49 | 343.7 | 163.3 | 389.3
051 | 57.8 | 29.0 | 26.6
163 | 49.2 | 334 | 47.0
3.27 | 1026 | 75.8 | 1.95

© 00 NO OB WwN -

=
~ o

Table 7. Standard Deviation of the Parameters Q Adjusted Per Structure

Structure | Q1 Q2.2 Q33 Qs4 | Qss5 | Qes | Q77 Qsgs Qo9 | Qo0 | Quuu | Qu212
1 109.5 | 101.2 | 232.4 | 15.1 | 8e-6 | 0.97 | 408.9 | 323.3 | 401.1 | 2.30 | 0.04 | 5.16
2 92,6 | 347 | 67.1 | 39.2 | le-4| 0.04 | 177.2 | 292.2 | 1155 | 0.37 | 0.23 | 0.15
3 93.7 | 77.2 | 205.1 | 52.0 | 0.03 | 0.54 | 329.9 | 294.4 | 378.1 | 2.49 | 0.34 | 0.02
4 106.6 | 84.3 | 282.0 | 43.1 | 538 | 0.56 | 266.2 | 299.3 | 2456 | 4.74 | 4.63 | 313.8
5 56.0 | 113.2 | 110.0 | 76.2 | 3.39 | 1.02 | 155.1 | 126.8 | 392.3 | 7.61 | 2.24 | 4325
6 192.4 | 293.0 | 132.3 | 145.8 | 28.1 | 2.43 | 208.3 | 163.6 | 382.1 | 21.5 | 14.0 | 484.9
7 1619 | 2779 | 77.1 | 74.0 | 19.7 | 1.41 | 216.4 | 191.9 | 303.9 | 20.2 | 8.24 | 162.6
8 323.9 | 306.3 | 142.5 | 138.4 | 48.8 | 1.70 | 286.8 | 259.3 | 325.8 | 29.1 | 16.8 | 308.2
9 141 | 49.3 | 1258 | 8.22 | 7e-4 | 8e-3 | 164.8 | 45.1 | 123.4 | 1.73 | 0.05 | 10.0
10 437 | 57.1 | 3323 | 216 | 0.01 | 0.50 | 148.7 | 132.0 | 119.9 | 2.42 | 0.28 | 42.3
11 325.7 | 279.5 | 358.7 | 151.6 | 41.1 | 2.07 | 384.1 | 3425 | 338.1 | 23.2 | 16.1 | 203.9
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Table 8. Standard Deviation of the Parameters R Adjusted Per Structure

Structure | R11 | Ro22 Rags Ra4
1 091 | 316.2 | 0.63 | 1.77
2 0312049 | 411 | 38.4
3 0.94 | 130.2 | 294.3 | 295.5
4 1.21 | 121.6 | 192.0 | 237.2
5 0.39 | 412.8 | 394.0 | 295.0
6 0.81 | 313.7 | 398.5 | 454.0
7 0.81 | 371.4 | 267.9 | 329.9
8 0.82 | 371.5 | 183.4 | 436.6
9 0.59 | 66.0 5.0 26.9
10 141 | 781 | 67.8 | 49.2
11 2.01 | 275.7 | 1245 | 6.16

The values vary, being in the tens to hundreds, remaining aligned with the objective of the application, that is, to reach
such results with the algorithm used. Finally, it is possible to observe a significant improvement in the results throughout
the generations, resulting in a suitable individual for the system, presenting an optimal and ideal solution for the problem.

6. CONCLUSIONS

This paper presents the results of the parameterization of an LQR controller applied to a quadrotor using different
methodologies, applications, and junctions of major engineering areas. Besides promoting the study and highlighting the
complexity of working with intelligent systems, the results also demonstrate the comparison and the advantage of using
a Differential Evolution algorithm with an operator and appropriate settings for the best results, diversity in the structures,
and less computational work.

The application of the differential evolution algorithm proved to be challenging. The system must produce a proper
output signal, not show instability, remain controllable, and respect the operating limits of the actuators that, in this case,
represent the quadrotor motors, respecting all the necessary constraints for a satisfactory result and performance.

Finally, it also emphasizes the importance and usefulness of an adequate control system for this type of aircraft due
to the great demand for quality and reliability level of the systems, aiming to reduce the number of accidents and financial
and environmental expenses surrounding it.

In search of acquiring new knowledge and promoting innovations, there is room for future improvements or
modifications. Some of them are the comparison of the DE code with other strategies, the simplification of the code, the
reduction in execution time, and finally, the creation of a graphic interface for the work.
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