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Abstract: High-precision operational flight loads are essential for monitoring fatigue of individual
aircraft and are usually determined by flight parameters. To tackle the nonlinear relationship between
flight loads and flight parameters for more accurate prediction of flight loads, artificial neural
networks have been widely studied. However, there are still two major problems, namely the
training strategy and sensitivity analysis of the flight parameters. For the first problem, the gradient
descent method is usually used, which is time-consuming and can easily converge to a local solution.
To solve this problem, an extreme learning machine is proposed to determine the weights based
on a Moore-Penrose generalized inverse. Moreover, a genetic algorithm method is proposed to
optimize the weights between the input and hidden layers. For the second problem, a mean impact
value (MIV) method is proposed to measure the sensitivity of the flight parameters, and the neuron
number in the hidden layer is also optimized. Finally, based on the measured dataset of an aircraft,
the proposed flight load prediction method is verified to be effective and efficient. In addition, a
comparison is made with some well-known neural networks to demonstrate the advantages of the
proposed method.

Keywords: flight loads; flight parameters; extreme learning machine; genetic algorithm

1. Introduction

Flight loads (shear, bending moment, and torque) are indispensable and important
data for structural health monitoring in producing the aircraft load spectrum, determining
the aircraft remaining service life, and analyzing the aircraft structural reliability, as shown
in Figure 1 [1-3]. The accuracy of the flight load data directly affects the correct assessment
of the aircraft health status. Therefore, the question of how to obtain highly accurate flight
load data has always been the focus of fatigue life monitoring of individual aircraft [4-6].
Normally, operational flight load can be obtained by strain measurement [7,8] or indirect
flight parameter prediction methods [9,10].

In the flight parameter prediction method, the local stress is determined by converting
the flight parameters, while in the direct strain measurement method, the local stress
is determined based on the strain gauges [11,12]. Since the flight load data are directly
acquired in the strain measurement method, the results of flight fatigue life monitoring
using this method are theoretically more accurate than those of the parameter identification
method [13,14]. A measured bending moment series of an aircraft wing during flight is
shown in Figure 2. However, there are difficulties in sticking, calibration, and wire routing
of strain gauges, as well as shortcomings such as drift, easy damage, and short life, which
hinder the widespread application of strain measurements in engineering [15].
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Figure 1. Flowchart of individual aircraft fatigue life monitoring.
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Figure 2. Demonstration of measured bending moment series of aircraft wing during flight.

Although the flight load determined by the flight parameter prediction method may
degrade its accuracy, it is still an effective method that is widely used in practical engineer-
ing [16]. Currently, many advanced combat aircraft generally use a hybrid method that
combines the flight parameter prediction and strain measurement method [17]. That is,
most aircraft in a given fleet use flight-parameter-based flight load prediction monitoring,
and a few aircraft have strain gauges attached to some key components. It is worth men-
tioning that the measured strain data are mainly used to establish, verify, and improve the
flight-parameter-based flight load prediction method [18].

In the flight-parameter-based flight load prediction method, the multiple linear re-
gression method is often used to establish the relationship between the flight parameters
and loads, and then the operational flight load is determined based on the recorded flight
parameters during the flight [19]. However, the prediction accuracy based on the multiple
linear regression is low, and the nonlinear relationship between flight parameters and loads
cannot be revealed and established [20,21]. To address this issue, various artificial neural
networks have been studied to build flight load prediction models that solve the nonlinear
mapping problem and improve the accuracy of the flight load prediction [22-24].

Based on the multilayer perceptron architecture, it was demonstrated that the cor-
relation coefficient values between the predicted and measured load values of the key
components of the outer and inner wings were 0.997 and 0.995, respectively, and the errors
resulting from fatigue damage life were —3.1% and 2.7%, respectively [9,25]. Later, a model
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of flight parameters with fuselage frame and leading-edge flap loads was established based
on neural network technology [3]. The average error between the life of the fuselage frame
and leading-edge flap calculated by the predicted load and the measured life is 21% and
30%, respectively. In addition, a local model network was proposed to overcome the lack
of transparency of conventional networks and the robust extrapolation behavior [16,26].
Based on this model, the flight loads of the bending and torsional moments on the vertical
tail plane were accurately predicted using the flight parameters. From the above studies,
it concludes that the traditional feedforward neural networks use the gradient descent
method, which mainly has the following shortcomings and deficiencies: (1) the training
speed is slow because the gradient descent method requires multiple iterations to achieve
the purpose of correcting weights and thresholds; (2) it is easy to fall into a local minimum
point and cannot promise reaching a global minimum; and (3) the choice of learning rate
is sensitive, which has a great impact on the performance of the neural network, and a
suitable learning rate must be chosen to obtain an ideal network [27-29].

To circumvent the above-mentioned problems, novel training algorithms are required,
which aim at improving the performance of artificial neural networks [30-32]. In this
paper, an improved extreme learning machine (ELM) is proposed. Compared with the
common machine-learning methods, the ELM has the advantages of fast learning speed
and good generalization performance [33-35]. In addition, the ELM has fewer tuning
parameters and completes the training task without repeated optimization steps as it
bypasses the iterative process [36-38]. Moreover, the ELM is a single-layer feedforward
neural network and is popular for accurate classification or regression [39,40]. In the
original ELM method, the weights between the input and hidden layers are randomly
generated, which degrades its performance [40—42]. To solve this problem, the weights
between the input and hidden layers are determined using a genetic algorithm (GA). The
genetic algorithm, an optimization strategy based on natural selection and evolution, is
well-suited to solve a variety of optimization problems [43]. Based on selection, mutation,
and crossover operations, the GA can better explore the solution space. Additionally,
techniques such as simulated annealing or tabu search can be also used to prevent the
search from getting stuck in local optima [44,45].

Moreover, flight parameter recorders normally record tens or even hundreds of flight
parameter data, but not all flight parameter data are suitable for building parameter-
based flight load prediction models, which increases the complexity and time of neural
networks [46]. Therefore, it is important to perform a sensitivity analysis of the flight pa-
rameter, which can help to determine the crucial flight parameters for flight load prediction.
Moreover, for the proposed improved ELM, only the neuron number in the hidden layer
needs to be determined, and cross-validation is used to evaluate the neuron number of the
hidden layer.

With the aim of solving the above problems, the structure of this paper is as follows.
First, an improved extreme learning machine method based on a genetic algorithm is
presented in Section 2. In Section 3, a novel flight parameter sensitivity analysis method
and a method for determining the neuron number of the hidden layer are proposed. In
Section 4, the above-proposed methods are demonstrated to be effective and efficient.
Finally, some important conclusions are drawn in Section 5.

2. Extreme Learning Machine Improved by Genetic Algorithm

The extreme learning machine is a typical single-layer feedforward neural network
learning algorithm, as shown in Figure 3 [47,48]. The weight matrix W and offset b between
the input and hidden layers of the traditional ELM neural network are randomly generated,
and no adjustments are required in the subsequent computations [36]. In this case, only the
neuron number of the hidden layer needs to be set to obtain the unique optimal solution.

In a traditional extreme learning machine, the weights between the input and hidden
layers are randomly generated, and the weights between the hidden and output layers
are efficiently determined based on the least-squares criterion instead of the traditional
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iterative gradient descent method. To improve the performance of the traditional ELM,
the weights between the input and hidden layers are optimized using a genetic algorithm.
More details are presented below.

Hidden layer

Figure 3. Illustration of single-layer feedforward neural network.

2.1. Extreme Learning Machine Neural Network

The structure of the neural network of an extreme learning machine is shown in
Figure 3, which consists of an input layer, a hidden layer and an output layer. Suppose the
input layer has n input variables, the hidden layer has K neurons, the output layer has m
output variables and the input and output matrices of the training dataset have N samples.
Then, the input and output of ELM are

X11 X12 - XIN Yy Y2 - YIN
X21 X2 -+ X2N Y1 Y -+ Y2N

X=. . Y= |, ) . (1)
Xnl Xn2 ° XuN ml Ym2 - YmN

Assume that the connection weight matrix W between the input and hidden layers is

w11 W12 v Wi
Wp1 Wy - Wop

W= | | . ) ()
WK1 Wk2 -+ Wkn

where wj; represents the weight between the j-th neuron of the hidden layer and the i-th
neuron of the input layer.
Suppose the connection weight matrix  of the output and hidden layers is

Bu1 Pz - Pim
_ ﬁ:21 ﬁzzz : ﬁZ:m )
Bx1 Brkz - Pkm

where f;; represents the weight between the j-th neuron of the hidden layer and the i-th
neuron of the output layer. In this case, the output of the ELM is Z = [zq,23,- - - , zN]



Appl. Sci. 2023,13, 4018 50f 15

K
L Big(wix; +b;)
le 1?1
Zp; Y Biog(wix; + b;
== i:lﬁlzq)( %+ bi) 4)
Zmj K .
21 Bim¢ (wix; + b;)
_Z: -
in which w; = [wj1, Wi, - - -, Wiy, Xj = [w1j, Waj, - - -, Wyj] T and j =1,2,---, N. Moreover,
b= [bl by --- b ]T indicates the neuron offset of the hidden layer. In addition, the

superscript T indicates the transpose operation. Equation (4) can be rearranged into
HBR =2ZT @)

in which H is the output matrix of the hidden layer and expressed as

p(wyxy+by)  @(warxr+ba) - @(wgx +bg)
p(wixy+b1) @wyxy+by) -+ @(wgxy+bk)

H= : : . : (6)
p(wixy +b1) @wyxy+by) - @(wgxn+bk)

The ideal case is that the output of the network ZT is identical to YT, but in practice,
the constraint condition is that |[Y! — ZT|| < ¢ (¢ is an arbitrary positive value). Then, the
weight matrix 3 between the hidden and output layers is determined as

mﬁin”HB YT @)

Equation (7) can be effectively solved by a Moore-Penrose inverse according to the
least-squares criterion, and the solution of { is

B=H"Y! )

in which the superscript + represents the pseudoinverse operator.

For a given extreme learning machine with a fixed number of neurons in the hidden
layer, the weight matrix B is uniquely determined without an iteration process, but the
weight matrix W and offset vector b are randomly generated without optimization, which
can severely affect the prediction accuracy and reliability. To overcome this issue, an
improved ELM is proposed in which the weight matrix W and offset vector b are optimized
by a genetic algorithm.

2.2. Genetic Algorithm Enhanced ELM

The genetic algorithm (GA) simulates the phenomena of replication, crossover, and
mutation that occur in natural selection and inheritance [49]. Random selection, crossover,
and mutation operations are used to generate a group of individuals that can better adapt
to the environment, so that the group evolves to a better and better region in the search
space [50]. Compared with the traditional optimization methods, the genetic algorithm
mainly has the following characteristics:

1. The processing object of the GA is not the parameter itself of the optimization problem
but the individual that encodes the parameter set;

2. The basic action object of the genetic algorithm is a set of multiple feasible solutions,
not a single feasible solution;

3.  The genetic algorithm only uses the fitness function value to evaluate the individual
without the knowledge of the search space or other auxiliary information;
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4. The genetic algorithm does not use deterministic rules but uses probabilistic transition
rules to guide its search direction.

In the GA-enhanced ELM model, the genetic algorithm is used to optimize the weights
of the ELM neural network model. In this work, the genetic algorithm is used to optimize
and generate W and b. In this process, the fitness function is taken as the mean squared
errors predicted by the ELM network, which is defined as

=Yl =yl /N ©)

in which z;; is the output of the ELM network, y;; is the practical value, and N is the sample
number of the training set.

Finally, the optimization results of the genetic algorithm are returned to the ELM
network, and the optimized W and b are used to establish the ELM model. The process
is illustrated in Figure 4. In addition, the setting parameters of the genetic algorithm are
tabulated in Table 1.
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Figure 4. Flowchart of genetic-algorithm-enhanced extreme learning machine.

Table 1. Setting parameters of genetic algorithm.

Parameter Type Parameter Setting
Population size 20
Max generation 200
Selection approach Roulette wheel
Cross probability 0.4
Mutation probability 0.2
Stopping criteria Maximum iteration steps

3. Determination of Input Parameters and Neuron Number of the Hidden Layer

With the connection weights W, b, and B of the ELM calculated in Section 2, the
essential problem here is to determine the number of input flight parameters and the
neuron number in the hidden layer. As for the number of input parameters, it can be
determined by conducting flight parameter sensitivity analysis, and a mean impact value
method is proposed to achieve this. As for the neuron number of the hidden layer, a
cross-validation method is adopted to determine the proper value of K.

3.1. Mean Impact Value Method

The mean impact value (MIV) method is an effective approach to estimating the
impact of the inputs on the outputs. The basic principle is to change the values of input
flight parameters one by one while the trained neural network is fixed, and then calculate
the corresponding prediction differences. Using the vertical load factor 7, as an example,
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n, will be increased by 10% (1.1n,) and decreased by 10% (0.911), respectively, while the
other flight parameters remain unchanged. After this, 1.1n, and 0.9n, are put back into the
training samples to replace the original #,, and the corresponding outputs z;]r. and z;; of the
neural networks are obtained. The mean impact value is calculated as the average value
of their differences. Moreover, the mean impact values of different input parameters are
normalized according to Equation (11).

18
MIV; = N]; (zij _ zl.].) (10)
n
Ci = [MIV;]/ ) |MIV] (11)

i=1

3.2. Determination of Neuro Number K in the Hidden Layer

For neural networks with a single hidden layer, the optimal prediction model can be
easily determined based on the method proposed above for a given number of neurons of
the hidden layer. Therefore, the number of neurons K in the hidden layer is an important
parameter to be determined. When the number of neurons in the hidden layer is equal
to the number of samples in the training set, the neural network can approach the output
value of the training sample with zero residual errors for any weight and threshold of the
input and hidden layers [29]. However, the generalization performance is the worst in this
case. To reduce the computation cost and increase the generalization performance of the
model, the number of neurons in the hidden layer is generally smaller than the number of
training samples.

To determine the proper neuron number K in the hidden layer, the cross-validation
(CV) method is adopted. CV is an effective method for evaluating model performance,
which can avoid the occurrence of overlearning and under-learning in neural network
models. In this method, the training dataset is divided into L groups, and each subset of
data will be used as a verification dataset. With the rest of the subset data adopted as a
training set, the neural network model is obtained, and the mean squared residual errors of
the predicted flight loads of the verification set will be used as an indicator. The number
of neurons in the hidden layer that corresponds to the minimum mean squared residual
errors will be adopted. The flowchart of this process is shown in Figure 5.

Divide datasets into L groups

l

Select the activation function
and initial K=20

l«

v

Evaluate the W, b and B via
GA enhanced ELM K =K +1

{ .

Calculate the prediction errors

S

Output K corresponding to the
minimum errors

Figure 5. Flowchart of determining proper neuron number K in the hidden layer.
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4. Flight Load Prediction Case Study

Taking the flight recorder data of an aircraft loop maneuver as the studying dataset,
14 loop maneuvers with a flight parameter size of 5645 x 13 are used as the training dataset,
and 2 loop maneuvers with a flight parameter size of 851 x 13 are used as the testing
dataset. To remove the outlier data points and reduce the effects of measurement noise, the
original dataset is first processed by smooth filtering, and 13 flight parameters are initially
adopted as input parameters, namely the altitude, Mach number, angle of attack, vertical
load factor, roll rate, pitch rate, roll angle, angle of right outer aileron, angle of left front
flap, angle of left outer aileron, angle of right inner aileron, angle of left inner aileron, and
pitch angle. The wing bending moment is adopted as the output for the prediction. Based
on a loop maneuver, the altitude, Mach number, vertical load factor, and wing bending
moment are shown in Figure 6.
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Figure 6. Demonstration of three flight parameters and wing bending moment of typical loop
maneuver: (a) altitude, (b) Mach number, (c) vertical load factor, and (d) wing bending moment.

4.1. Investigation of Different Activation Functions

It is well-known that the performance of the artificial neural network varies with
different activation function ¢(-). Therefore, it is important to choose the proper activation
function for more accurate prediction of flight loads. In this section, 5 different activation
functions are investigated, namely the sigmoid function, sine function, hard-limit function,
hyperbolic tangent function, and Morlet wavelet function (see Figure 7).

Based on the traditional extreme learning machine with 13 input flight parameters
and 100 hidden layer neurons, different activation functions were investigated, and the
accuracy of the wing bending moment prediction using the testing data is shown in Table 2.

From Table 2, it can be seen that the ELM achieves high prediction accuracy of the wing
bending moment when the activation function is sigmoid and hyperbolic tangent function.
In addition, the predicted wing bending moments based on the sigmoid activation function
are presented in Figure 8 to compare with the actual measured wing bending moment.
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Figure 8b shows that the correlation coefficient between the predicted and actual measured
wing bending moments is 0.9991, indicating high prediction accuracy.

7

-05F Sigmoid function [ —0.5F : !
Hard-limit function Sine functloq
— Hyperbolic tangent —— Morlet function
-1 ‘ : -1 : : : M S
=15 -10 =5 0 5 10 15 -15 -10 =3 0 5 10 15
(a) (b)
Figure 7. Demonstration of five investigated activation functions: (a) sigmoid function, hard-limit
function, and hyperbolic tangent function; (b) sine function and Morlet wavelet function.
Table 2. Prediction accuracy of wing bending moments under different activation functions.
Activation Functions Mean Relative Errors Maximum Relative Errors Mean Squared Errors (KN-m)?
Sigmoid function 1.0546% 6.3417% 2.9702
Sine function 1.3321% 8.2345% 4.3269
Hard-limit function 6.3217% 32.0980% 86.852
Hyperbolic tangent function 1.1769% 4.5714% 3.1849
Morlet wavelet function 8.3282% 61.873% 144.51
)
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Figure 8. Wing bending moment prediction based on ELM (¢: sigmoid function; K = 100): (a) pre-
dicted value series; (b) the correlation coefficient between measured and predicted values.

4.2. Genetic Algorithm Enhanced ELM

Given 100 neurons of the hidden layer, the weight matrix W and offset b are optimized
by a genetic algorithm. With the sigmoid activation function and parameter setting of
the genetic algorithm in Table 1, the optimization process based on the training dataset
is shown in Figure 9. In addition, a sensitivity analysis of the population size, crossover
probability, and mutation probability is conducted, which confirms that the parameter
setting in Table 1 is suitable for solving the proposed optimization problem.
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Figure 9. Optimization process of genetic algorithm.

In Figure 9, the mean and minimum fitness values of each generation based on
the training dataset are plotted, and they gradually converge to the same value. After
200 generations, the optimal weight matrix W and offset b are obtained, and based on the
testing dataset, the mean relative error, mean squared error, and maximum relative error
between the predicted wing bending moments and measured ones are shown in Table 3.

Table 3. Flight load prediction accuracy via genetic-algorithm-enhanced ELM.

Activation Function Mean Relative Errors Maximum Relative Errors Mean Squared Errors (KN~m)2
Sigmoid function 0.8376% 4.8627% 2.0044
Sine function 0.9163% 5.0318% 2.0247
Hard-limit function 4.7941% 31.943% 54.027
Hyperbolic tangent function 0.9799% 5.1406% 241
Morlet wavelet function 3.8387% 62.962% 37.824

In addition, based on the same optimization procedure, the weight matrix W and
offset vector b are also optimized for other activation functions, whose mean relative
error, mean squared error, and maximum relative error based on the testing dataset are
presented in Table 3 as well. In comparison with Table 2, the mean relative and mean
squared errors are all decreased, which manifests that the prediction accuracy of the wing
bending moment has been improved by using the GA-enhanced ELM method. In this case,
it shows that the optimization of W and b by using the genetic algorithm can effectively
boost the performance of the ELM.

4.3. Determination of Neuron Number K of Hidden Layer

In the traditional ELM, the weight matrix W and offset vector b are randomly gen-
erated, which affects the performance of the ELM and makes it difficult to optimize the
neuron number K in the hidden layer. In this case, the proposed GA-enhanced ELM is
adopted to test the prediction performance for different neuron number K, and the results
are graphed in Figure 10. Moreover, the activation function is set as a sigmoid function.

From Figure 10, as the number of neurons K increases, the prediction accuracy initially
decreases, but after 80 neurons, the prediction accuracy reaches a stable level. To reduce
the complexity and computational effects, the neuron number K is suggested to set as 80.
However, in order to promise a high prediction accuracy, a large K such as 100 is also a
good choice.
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Figure 10. Wing bending moment prediction accuracy against different neuron number K of hidden
layer: (a) mean relative errors and (b) mean squared errors.
4.4. Sensitivity Analysis of Flight Parameters
Based on the proposed mean impact value method and trained GA-enhanced ELM
neural network, the MIVs of the 13 flight parameters are calculated and shown in Table 4.
Table 4. Normalized mean impact values of 13 flight parameters.
Flight Parameter MIV Flight Parameter MIV
Altitude 0.0390 Angle of right outer aileron 0.0312
March number 0.0826 Angle of left front flap 0.0450
Angle of attack 0.1868 Angle of left outer aileron 0.0441
Vertical load factor 0.4449 Angle of right inner aileron 0.0648
Roll rate 0.0255 Angle of left inner aileron 0.0141
Pitch rate 0.0064 Pitch angle 0.0028
Roll angle 0.0127 - -

Table 4 shows that the vertical load factor and angle of attack are strongly correlated
with the wing bending moment, while the pitch angle and rate are almost uncorrelated
with the wing bending moment. By removing the pitch rate and pitch angle from the input
flight parameters, the mean relative error, mean squared error, and maximum relative
error based on the testing dataset are 0.90858%, 1.9973, and 4.8335%, respectively, which
demonstrates that the prediction accuracy is almost not affected by removing these two
flight parameters.

4.5. Comparison with Other Neural Networks

In order to compare the prediction accuracy with other neural networks, a comparison
study is conducted in this section. Apart from the tradition ELM, five well-known neural
networks are studied, which are the backpropagation (BP) neural network, radial basis
function (RBF) neural network, support vector machines (SVMs), long short-term memory
(LSTM) neural network, and gate recurrent unit (GRU) neural network. In all neural
networks, a single hidden layer is used as illustrated in Figure 3, and the neuron number
in the hidden layer is set as 100. Moreover, all neural networks are trained by the same
training dataset using a 5-cross-validation method, and the prediction accuracy for the
testing dataset is tabulated in Table 5. In addition, to avoid unfair comparisons, BP, RBF,
SVM, LSTM, and GRU are coded based on the neural network toolbox of MATLAB software,
where the hyperparameters of those neural networks are set in an optimal way. It is worth
noting that the training time of the ELM is 0.12 s, which is the shortest among the studied
methods for the proposed problem in this work. Meanwhile, for the GA-enhanced ELM,
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it is the longest with a time of 164.30 s due to the optimization process of the generic
algorithm with 200 generations.

Table 5. Prediction accuracy of different neural networks.

Neural Networks Mean Relative Errors Maximum Relative Mean Square<12 Errors Training Time (s)
Errors (KN'm)

BP 2.7909% 15.5331% 13.7988 7.2818

RBF 2.3006% 11.093% 13.769 3.6208

SVM [51] 2.2698% 9.3018% 13.3625 0.3033
LSTM [52] 1.3601% 23.2184% 4.6971 58.5525
GRU [53] 1.2323% 5.4111% 3.4670 58.5631

ELM 1.0546% 6.3417% 2.9702 0.1237
GA-enhanced ELM 0.8376% 4.8627% 2.0044 164.3014

From Table 5, it indicates that the LSTM and GRU networks outperform the traditional
BP, RBF, and SVM. The reason is that the LSTM and GRU are both recurrent neural networks,
which are good at extracting the sequence data features. However, the prediction accuracy
of the LSTM and GRU is still lower when compared with that of the proposed GA-enhanced
ELM method. The reason is that the Moore-Penrose inverse operation of the ELM is robust
to the outlier values or measurement noise of the dataset, which improves the accuracy
and noise robustness of the established nonlinear mapping relationship. Moreover, the
proposed genetic algorithm further enhances the prediction accuracy of the ELM method
by optimizing the weights between the input and hidden layers. However, the performance
of the traditional ELM is outstanding as well, and it takes less training time compared
with the GA-enhanced ELM. In addition, the GRU possesses high prediction accuracy
over the LSTM neural network, which indicates that the flight-parameter-based flight load
prediction problem is not a long-term time-series dependency problem.

5. Conclusions

An extreme learning machine (ELM) is investigated in this paper for better flight-
parameter-based flight load prediction, which determines the connection weights based on
the least-squares criterion instead of using the iterative gradient descent method. Moreover,
a genetic algorithm is proposed to optimize the randomly generated weights between the
input and hidden layers, which improves the prediction accuracy of the ELM method. In
addition, a mean impact value method is adopted to select the flight parameters, and the
neuron number of the hidden layer is effectively determined. Some other major conclusions
are as follows:

(1) The ELM method is an effective tool to establish a flight-parameter-based flight load
prediction model even when some weights are randomly generated.

(2) A genetic algorithm is an effective global optimization algorithm, which can be used
to optimize the parameters of the neural networks.

(8) The mean impact value method can effectively select the highly correlated flight pa-
rameters for accurate flight load prediction, and it is applicable to all neural networks.

(4) The neuron number in the hidden layer should not be too small and is suggested to
be a little large as long as the computation cost is affordable.

However, the Moore-Penrose inverse can be computationally expensive when dealing
with very large datasets, and the optimized solutions of the genetic algorithm are not
guaranteed to be globally optimal.

In the future, other efficient optimization algorithms can be explored to avoid the
high computation cost of a genetic algorithm. Moreover, how to consider the time de-
pendency property of a training dataset in the extreme learning machine is a promising
research direction.
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