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Abstract: Flight load computations (FLC) are generally expensive and time-consuming. This paper studies deep learning (DL)-based surrogate models of FLC to provide a reliable basis for the strength design of aircraft structures. We mainly analyze the influence of Mach number, overload, angle of attack, elevator deflection, altitude, and other factors on the loads of key monitoring components, based on which input and output variables are set. The data used to train and validate the DL surrogate models are derived using aircraft flight load simulation results based on wind tunnel test data. According to the FLC features, a deep neural network (DNN) and a random forest (RF) are proposed to establish the surrogate models. The DNN meets the FLC accuracy requirement using rich data sources in the FLC; the RF can alleviate overfitting and evaluate the importance of flight parameters. Numerical experiments show that both the DNN-and RF-based surrogate models achieve high accuracy. The input variables importance analysis demonstrates that vertical overload and elevator deflection have a significant influence on the FLC. We believe that synthetic applications of these DL-based surrogate methods show a great promise in the field of FLC.
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1  Introduction

Flight loads are forces and moments borne by different components of an aircraft in actual flight states. The flight loads consist of aerodynamic loads, inertial loads, and elastic loads. Flight loads are influenced by complex factors, including working conditions (taking-off, climbing, cruising, maneuvering, landing), atmospheric environment (temperature, air density, gust), and aircraft features (configuration, weight, speed, acceleration).

Flight loads are preconditions of aircraft structural strength design. If the design strength is lower than the actual value, the structure may break down in extreme flight conditions. If the design results are too conservative, a large weight cost has to be paid. Accuracy and efficiency of flight load computation (FLC) directly affect the design quality, progress, and cost, which are of great significance in aircraft design [1,2]. The computation and verification of flight loads are important means of improving aircraft structure design, determining the structural life and reducing the cost. According to different aircraft design stages and accuracy requirements, the FLC methods include numerical analysis, wind tunnel tests, and flight experiments. The latter two methods are expensive; the numerical analysis or its coupling with a wind tunnel test has become the preferred technique for the FLC.

Modern aircraft design involves large loads, large deformations, and multiple transmission paths. Conventional numerical simulation techniques, such as the finite element method, the panel method, and the CFD method require high resolutions and large discretization scales when applied to the FLC. Thus, the load computations are time-consuming, which significantly restricts aircraft research and development. To improve the efficiency of load computation, model order reduction (MOR) of conventional load computation models has attracted research interest [3–6]. The concept of MOR is to reduce the complexity of the original large system and generate a reduced-order model representing the original system [7]. The numerical methods for computing flight loads are based on a complex theoretical mechanism, which is described by a series of elasticity systems of equations, fluid mechanics equations, and the coupling of complex models [8]. An adequate understanding of these mathematical equations and physical mechanism are needed for the MOR.

In recent years, rapid developments in deep learning (DL) have attracted significant attention in the field of aircraft design [9]. The principle of DL is to treat the complex mathematical mechanism as a “black box,” training and validating the model through observation and experimental data to produce surrogate models. DL has achieved remarkable success in image processing, speech recognition, natural language processing, artificial intelligence [9,10]. There are several reasons for the great potential of MOR using DL in the field of aircraft design [7]. First, DL is particularly suitable for exploring complex nonlinear relationships without addressing the mathematical and physical mechanism. Second, DL models have high computational efficiency; there are many mature GPU acceleration technologies that can greatly increase load computation efficiency. Finally, there are rich data available in the field of aircraft design, including wind tunnel test data, flight test data, an data calculated by finite element software. These data can improve the quality of model training and validation to a great extent, and in turn improve the accuracy of the model. We mention that the FLC needs to traverse various conditions combined by speeds, altitudes, plug-in configurations, maneuvering actions, control parameters, etc. Therefore, even for a single typical aircraft, the number of conditions of FLC in every load computation is very large in order not to miss severe load conditions, which consumes a lot of computing time. We refer to the MOR models based on DL as “DL-based surrogate models”.

DL technologies are widely used in the field of international aviation, and have achieved fruitful results in the field of aircraft design. Neural network models of aerodynamics are referred to [11–16]. Neural network models and support vector machine models for aerodynamic force and flight parameters were studied in [17–22]. Learning models for aircraft aerodynamic features at high angles of attack were shown in [23–26]. Research on aerodynamic optimization design using support vector regression methods and kriging models are found in [27,28]. Reed [29] studied structural health monitoring systems based on parametric flight data and artificial neural networks. In aspect of load analysis, the existing research includes landing load analysis [30,31] and load computations [32–36] using neural networks or kriging models. However research on DL-based flight load techniques is limited and requires further development.

This paper studies DL-based surrogate models of FLC to provide a reliable basis for aircraft structure strength design. The surrogate models are established using flight load simulation results from aircraft based on wind tunnel test data. The flight loads are affected by complex factors including body parameters, flight conditions, and control parameters. This paper is focused on symmetrical maneuvers to analyze and verify the effectiveness of the proposed method. In a situation of typical weight, the main flight conditions, altitude, Mach number, speed pressure, are considered in input variables. Furthermore, trim degrees of freedom and trim variables are crucial for the loads in the symmetrical maneuvers, including vertical overload, pitch angular acceleration, angle of attack, elevator deflection, pitch rate. These movement parameters and the flight conditions are set as the input variables of DL surrogate models. In choosing extreme loading situations, the loads at connecting joints of key components of an aircraft are the significant monitoring indicators [37]. Thus, shear force, bending moment and torque at the wing root, wing middle and the root of horizontal tail serve as the output variables in this paper. According to the features of FLC, two DL techniques, deep neural network (DNN) [9,10] and random forest (RF) [38], are proposed to establish the surrogate models. DNN has the advantage of accuracy with sufficient sample data, and meets the accuracy requirement with rich data sources in FLC. RF is not easily overfitted and has excellent generalization ability. Most importantly, RF can evaluate the importance of input variables, which is critical in analyzing the factors affecting flight loads. The surrogate models are tested in typical symmetric flight conditions, with steady pitch and steep pitch. Numerical experiments indicate that both DNN- and RF-based surrogate models achieve high accuracy. The input variable importance analysis demonstrates that vertical overload and elevator deflection have a significant influence and are the primary factors in FLC. Our achievements in this study are summarized in what follows, (1) the input and output variables above are set taking key points of the FLC into full consideration, which were not adopted in the literature, (2) the DNN and RF are selected according to the property of FLC, and (3) the importance analysis on the primary factors for the FLC was not conducted in other studies. It is believed that synthetic applications of DL-based surrogate methods show a great promise in the field of FLC.

The remainder of this paper is organized as follows. Conventional FLC methods are described in Section 2. In Section 3, we introduce DL-based surrogate models using the DNN and RF, and the computation procedure for establishing surrogate models to predict and analyze the flight loads. Numerical verification is presented in Section 4. Conclusions are presented in Section 5.

2  Conventional Flight Load Analysis Methods

The purpose of flight load analysis is to obtain the maximum loads of main aircraft components and the corresponding flight conditions yielding these loads. The aircraft attitude is determined by solving a series of kinetic equations for aircraft, and obtaining the aerodynamic load distribution data, inertial loads, and elastic loads under equilibrium states for the entire aircraft. The maneuvers used in the flight load analysis mainly include symmetrical maneuver flight (pitch maneuver) and asymmetric maneuver flight (roll maneuver, yaw maneuver) [1,2].

First, an analysis axis system was designed. The origin O of the aircraft body axis system is located at the mass center of the aircraft. The Ox-axis is in the symmetry plane of the aircraft, parallel to the fuselage axis, and is positive in the forward direction; the Oz-axis is also in the symmetry plane, perpendicular to the Ox-axis, and positive in the downward direction; the Oy-axis is perpendicular to the symmetry plane, and is positive moving to the right, as shown in Fig. 1.
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Figure 1: The analysis axis system of an aircraft. V is the direction of velocity, ωx, ωy, ωz are roll, pitch, yaw rates, respectively. δe is the elevator on the horizontal tail (HT). The vertical overload is the z-component of ratio of all external resultant forces except gravity to the gravity. The angle of attach (AoA) is the angle between the velocity vector’s projections in the x − z plane and the x-axis. The three dotted lines represent the monitoring sections in this paper

Determination of flight conditions for load computation

The selection of flight load conditions must cover all flight states within the flight envelope. Usually, standard specifications are chosen based on the type of aircraft; the flight dynamics equations are solved to simulate aircraft maneuvers under the constraints of the specifications. The maneuvers generally include combinations of flight situations, including weights, gravity centers, mass distributions, aerodynamic configurations, speeds, altitudes, engine thrusts, flight control systems, plug-in configurations, maneuvering actions, and control parameters. Based on the maneuvers, the main aircraft maneuver flight parameters are determined as the specific flight load conditions.

Equations of elastic load analysis of entire aircraft

The flight load analysis of elastic aircraft is based on numerically coupling the models of structural data, aerodynamic data, and mass distributions. The flight load data in complicated flight conditions is derived using static finite element analysis methods. The flight load analysis of elastic aircraft is mainly focused on the influence of aircraft structural deformations on aircraft loads. This includes the change in aircraft balance state caused by aerodynamic features and the redistribution of aerodynamic loads caused by structural elastic deformations. The model describing the flight load computations is dominated by a series of equilibrium equations that are based on principles of statics analysis and established by adding aerodynamic forces and considering inertia release theory. The finite element method is used in solving these equations to derive the flight loads. The major equation characterizing static aeroelastic responses is expressed as follows [1,2]:

[Kaa-qdQaa]ua+Maau¨a=qdQaxux,(1)

where Kaa and Maa are stiffness and mass matrices, respectively, qdQaa represents increment of aerodynamic force caused by elastic deformation of structure, qdQaxux represents aerodynamic force caused by control surface deflection or attitude angle, ua is the displacement vector, qd is the dynamic pressure, ux represents the trim parameters, and u¨a is related to acceleration vector of rigid body motion at support points. Based on the decomposition of displacements and fluid-structure coupling interpolation, one attains aerodynamic load increments caused by aerodynamic loads and structural elastic deformations, aerodynamic loads at structural nodes, elastic load increments, and inertia loads are obtained.

In this paper we mainly study effects of elastic deformations on steady aerodynamic loads. To this end, time independent simplification of (1) is carried out for trim computations. The acceleration vector is obtained by decomposing support degree of freedom (DOF) and remaining DOF of u¨a in (1), including longitudinal acceleration, lateral acceleration, vertical acceleration, roll angular acceleration, pitch angular acceleration, and yaw angular acceleration. These accelerations are referred to as trim DOF. ux are called trim variables, including angle of attack, sideslip angle, roll rate, pitch rate, yaw rate, elevator deflection, etc.

Computation of flight loads and selection of severe load states

The flight parameters for different conditions of FLC are used as the input of Eq. (1). In other words, under the given maneuvering conditions (composed of known trim degrees of freedom and trim variables), unknown trim degrees of freedom and trim variables can be obtained by solving the balance equation. The distributed load results are obtained using the corresponding finite element analysis software and model, which are integrated to obtain the loads (shear force, bending moment and torque) of different components and typical monitoring sections. By drawing the load envelope for all conditions, severe load results and corresponding states are selected as the basis of structural strength design.

In this paper we use the SOL144 solver to conduct the flight load analysis of an aircraft. The FEM structural mesh model and aerodynamic panel mesh model are constructed in the FLC, as shown in Fig. 2. The aerodynamic panel model is derived by interpolating pressure distribution data produced from wind tunnel tests to the panel mesh. The FEM model is constructed according to structure layout and strength stiffness level of an aircraft. The MSC.Nastran realizes the displacement and equivalent force transportation between aerodynamics and structure. The DOF trim computation of entire aircraft is carried out according to the inertia release theory when solving (1). The structural and aerodynamical data on the trim status is obtained in this way, including loads, deformations, stresses, stability derivatives, control derivatives, pressure distribution, etc.
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Figure 2: Left: the FEM structural mesh. Right: the aerodynamic panel mesh

Thus, conventional methods of FLC depend heavily on aircraft shape, structural features, flight parameters, external conditions, and flow field information, and have a strong nonlinear relationship with them. These relationships are usually described by coupling a series of complex mathematical and physical equations. Solving these equations requires significant computational resources, which hinders aircraft design quality and schedules. Thus, development of surrogate models of FLC is required. In this paper, DL-based surrogate models of flight loads are developed [5,7]. The models are trained by load data to improve the efficiency and accuracy of load computations, providing a new FLC approach.

3  Surrogate Model Based on Deep Learning for Flight Loads

This section establishes surrogate models for flight load analysis based on two deep learning algorithms, a deep neural network (DNN) and a random forest (RF).

3.1 General Description of Surrogate Model

Let X be the input variable of a load model F, and let L be the loads of interest computed from F according to X. The computation of flight loads can be described generally as follows [9]:

L=𝔉(X)+ε,(2)

where ε is the model noise. As analyzed above, 𝔉 is generally dominated by a set of mathematical and physical systems of equations. The derivation of these systems requires profound theoretical knowledge. Moreover, solving such systems consumes significantly computational resources, which produce engineering difficulties.

A surrogate model views 𝔉 as a “black box” and finds a placement of 𝔉 based on a series of observed data. The precision and complexity of the surrogate model can be enhanced by data analysis techniques. Let [X]=(Xi)i=1N, [L]=(Li)i=1N be the observed data, and then we have from (2)

Li=𝔉(Xi)+εi,i=1,2,…,N.(3)

The surrogate model of 𝔉 based on the data is denoted by 𝔉̃[X],[L],[θ], which simulates 𝔉, namely,
𝔉̃[X],[L],[θ]≈𝔉,
 where [θ] is a parameter set that characterizes 𝔉̃[X],[L],[θ].

The [X],[L] data have an essential impact on the establishment of the surrogate model. The observed flight load data can be categorized as (a) data computed from finite element software, (b) wind tunnel data, and (c) flight test data. The derivation of these data can be expensive and time-consuming. The surrogate model can be established by fusing data from different sources. Flight load data accumulate in engineering; a well-established surrogate model can meaningfully use these data. The input and output data of the flight load surrogate model are analyzed to explore a more reasonable data modeling approach.

3.2 Analysis of Input and Output Variables

The flight loads are affected by complex factors including body parameters, flight parameters, and control parameters. The loads differ greatly in different flight stages such as take-off, climbing, cruising, gliding down, and landing. Flight parameters such as mass, speed, acceleration, flight attitude, and operation movements influence the flight loads. External flight factors such as temperature, pressure, wind gusts, and atmospheric turbulence also have great impact. In addition, the loads and severe load conditions differ for different parts of the aircraft. For example, the rib and beam of the wing and the frame of the fuselage have different severe load conditions; flight loads are complex and diverse. This paper is focused on symmetrical maneuvers to analyze and verify the effectiveness of the proposed method. In a situation of typical weight, the main flight conditions, altitude (H), Mach number (M), speed pressure (SP), are considered in input variables. The SP is incorporated to clearly identify its relationship with the flight load. Furthermore, the trim DOFs and trim variables are crucial for the loads in the symmetrical maneuvers, including vertical overload (OL), angle of attack (AoA), elevator deflection (ED), pitch rate (PR), and pitch angular acceleration (PAA). These movement parameters and the flight conditions are set as the input variables, i.e.,

X=(H, M, SP, OL, AoA, ED, PR, PAA).(4)

To study the most extreme loading conditions, typical sections are selected as monitoring objects. The quantities of interests on these sections, including the bending moment, torque, and shear force, are the key indicators characterizing the flight loads during maneuvering. We choose the root and the middle of the wing and the root of the horizontal tail as the major objects because the most extreme loads generally occur in these sections [37]. The shear force, bending moment and torque in these sections serve as the output variables L to develop the surrogate model, whose values are the integrated force and the moment relative to the reference point.

We introduce two typical deep learning algorithms, a deep neural network and a random forest, to establish the surrogate model 𝔉̃[X],[L],[θ] based on the input and output data.

3.3 Deep Neural Network

A deep neural network (DNN) [9,10] can be considered as a neural network with one input layer, one output layer, and many hidden layers. Each neuron belongs to different layers. The layers are connected by chains. The signal propagates unidirectionally from the input layer to the output layer; the whole network is equivalent to a directed acyclic graph. Specifically, we multiply the response value of the ith layer, Z(l), by an associated wight matrix W(l), and then add a bias term b(l). The summation is mapped by a nonlinear activation function σ(⋅) to get output value of the (l + 1)th layer. The network updates the parameters using back propagation algorithm until the desired results are achieved. A layer is called a full connected (FC) layer if its every neural is connected to all neural in the prior layer. A four-layer FC neural network we use in the numerical experiments is shown in Fig. 3 Left. In our computations, we use two such FC networks, see Fig. 5, and the number of samples of inputs and outputs is 24619. The commonly used activation functions include

σ(x)={max{x,0},ReLU,11+e-x,sigmoid,ex-e-xex+e-x,tanh,(5)

and so on.

In this paper we use a so-called residual neural network [10], which is an improvement of the conventional DNN above and has been shown to perform better in many cases. A residual network is converted from the simple network by inserting a shortcut connection, and does not directly fit the target, but fits the residual. A multilayer network with a hop layer connection is generally referred to as a residual block. In this paper, we construct a residual block with two FC layers and one shortcut connection, as shown in Fig. 3 Right. The mathematical expression of the ith residual block is expressed as follows:
Ri(X)=σ(Wi,2⋅σ(Wi,1X+bi,1)+bi,2)+X.
 where X is the initial input. The whole residual network consists of many residual blocks and a linear transformations. A residual network with M residual blocks is expressed as

R(X∣θ)=W⋅(RM∘…∘R2∘R1)+b.(6)

where θ represents the parameters set of all weights and biases. A residual neural network with only one residual block is shown in Fig. 3 Right. In our computations, we use two such blocks, see Fig. 5. For the sample set {(Xi,Li):i=1,2,…,N}, the process of fitting is equivalent to minimizing a loss function over the parameters θ:

Loss([X],[L]|θ)=1N∑i=1N∥R(Xi∣θ)-Li∥2.(7)

The network updates the parameters using back propagation algorithm until the desired results are achieved. In the back propagation algorithm, parameters are updated based on gradients of loss function with respect to the parameters, and these gradients are computed using an adaptive moment method, Adam et al. [39].
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Figure 3: Left: An example of four-layer FC network we use in the experiments, which contains two hidden layers, and each hidden layer has 20 neurons. The dimension sizes of input and output are 8 and 7, respectively. Right: A residual neural network with only one residual block

The residual network better fits high-dimensional functions. The fitting ability is not affected by network width. The residual network can significantly increase training speed and pre-precision of deep networks, break the symmetry of networks, reduce network degradation, and improve network characterization ability.A residual DNN is accurate with sufficient sample data, and meets the accuracy requirements with rich data sources in FLC.

3.4 Random Forest

A random forest is a machine learning method that uses decision trees to train samples and predict objectives [38]. A random forest is composed of many decision trees (also known as classification trees or regression trees), as shown in Fig. 4, and each decision tree is constructed to establish a model that predicts the value of target variables according to multiple input variables.
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Figure 4: The random forest. The data set is divided into 100 subsets by bootstrap sampling, and the model (decision tree) is established on each subset. Finally, through the bagging, the final result is obtained according to the output of each decision tree

A random forest is established using the bagging (bootstrap aggregating) algorithm to vote the decision tree. In statistics, the bootstrap is a kind of ensemble technology that trains classifiers by selecting new data sets from the original data set through sampling with replacement. The number of selected objects will accounts for approximately 63% of the source samples; the remaining 37% of the samples are used to test the generalization ability of the constructed model. We randomly select n training samples from the whole sample set {(Xi,Li):i=1,2,…,N} to form a training set S. Let T and M be the number of trees and number of features of S, respectively. For each tree t,1≤t≤T, in the forest, we select a bootstrap sample set S(t) from S. We then learn a decision tree using S(t). At each node of this tree, we randomly select m features (m≪M) and then pick up the best feature among them. A biggest decision tree ht is obtained in such a way. Repeating this procedure we derive the tree set {ht:1≤t≤T}, as shown in Fig. 4. The fitting value at an input X is a combination of trees, for instance,
1T∑t=1Tht(X).
In our computations, we use a RF regressor. The number of trees in the forest is 100, and the maximum depth of tree is 30. The number of samples is also 24619, from which 17233 samples are selected randomly for the bootstrap sample. 100 trees are built based on 100 bootstrap sample sets obtained from these 17233 samples. The quality of a split is measured by the mean square error (MSE), and the variance reduction serves as the feature selection criterion. The load regression prediction of an input is computed as the mean regression predictions of the trees in the forest.

An RF is not easily overfitted and has excellent generalization ability. Most important, an RF can evaluate the importance of input variables, which is critical in analyzing factors affecting flight loads.

3.5 Computational Procedure

The FLC procedure using DL-based surrogate models is described as follows:

1.    analyze the factors affecting FLC and key monitoring components to set input and output variables;

2.    compute the data used to train and validate the surrogate models using conventional flight load simulation algorithms based on wind tunnel test data;

3.    train and validate the DNN and RF surrogate models;

4.    compare the accuracy of the surrogate models;

5.    identify the importance of input variables to determine the main factors affecting FLC;

6.    adjust Steps (1) and (2) according to Steps (4) and (5) and repeat the procedure until a reasonable result is produced, comparable to results from conventional methods.

4  Numerical Analysis and Verification

Using an example aircraft, we perform FLC using the proposed deep-learning surrogate models, DNN and RF. We test the accuracy of the two surrogate models and analyze their load prediction results through finite element analysis. The importance of the input variables is evaluated using the RF model to identify the main factors influencing loads.

4.1 Aircraft Parameters and Flight Load Data

We consider a high-speed and high-maneuverability aircraft with a conventional configurations. The wings have a double beam wing box structure. The specific parameters of the aircraft are shown in Tab. 1. We consider typical symmetric flight attitudes, maneuvers of steady pitch and steep pitch. The data used to develop the surrogate model is generated from wind tunnel experiments and finite element software. Specifically, the aerodynamic data and pressure distribution data are from the results of wind tunnel experiments. The flight load software, MSC.Flightloads, is employed to establish the coupling model of finite element structural model, aerodynamic model, and mass model, and to load the external wind tunnel data. Then, a static aeroelastic solver, SOL144, in the MSC nastran is used to solve the problem. The 24619 data pairs in Section 3.2 with different values of input and output variables are produced in this way to train and test the surrogate models in the numerical tests below. Each data pair contains 8 input variables and 7 output variables, respectively. We save the data as a matrix of 24619×15. The units of data are referred in Tab. 2.

As analyzed in Section 3.2, the input variables include the flight altitude (H), Mach number (M), speed pressure (SP), vertical overload (OL), angle of attack (AoA), elevator deflection (ED), pitch rate (PR), and pitch angular acceleration (PAA), which are the main factors affecting flight loads, see (4). We choose the root and the middle of the wing and the root of the horizontal tail as the major objects because the most extreme loads generally occur in these sections. The shear force (S), bending moment (BM), and torque (T) at the wing root (WR) and horizontal tail root (HTR), and the shear of the wing middle (WM) serve as the output variables L to develop the surrogate model. The input and output variables and their units of DL-based surrogate models are summarized in Tab. 2.
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4.2 Description of DNN and RF Surrogate Models

We present major parameters in the DNN and RF surrogate models, proposed in Sections 3.3 and 3.4. For the DNN, we use the residual neural network [9,10]. The structure of the DNN includes the number of hidden layers, the number of nodes in each layer, the activation function, and the training function. These parameters have a vital influence on the accuracy and training speed of the DNN. The network structure used in the numerical test consists of several residual blocks, each of which contains two full connection layers and one residual item. In each residual block, there are ten neurons in the total junction layer, and seven neurons in the output layer. The introduction of residual terms helps to alleviate the difficulty caused by the disappearance of gradients, and makes the network easier to train. The activation function is the tanh function, see (7). The specific network structure is shown in Fig. 5. The training function is Adam. Adam is a learning rate adaptive optimization algorithm [39]. Adam combines ideas of optimization algorithms, Momentum and RMSProp, introduces the momentum, and used gradients as accelerations [39]. In comparison with the traditional stochastic gradient descent method, Adam can not only speed up training process and improve convergence speed, but also help avoid falling into local optimum in the optimization process. We refer to [39] for the specific Adam algorithm.
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Figure 5: The figure shows a network with two blocks and an output linear layer. Each block consists of two fully-connected layers with size 20 and a residual connection. The activation function here is tanh

A total of 24619 data pairs are used to construct the DNN surrogate model, of which 17233 pairs are used to train the model. The model is adjusted according to the error computed from these pairs. A total of 3693 data pairs are used to judge when the training is finished. The training is stopped when these pairs are used to continue training but the network structure is not greatly improved. Finally, a total of 3693 data pairs are used to test the model errors of the surrogate model. The tanh function, whose range is [-1,1], is used as the activation function. Before training the network, the data are preprocessed and normalized to [-1,1] to facilitate the network training.

A random forest is a meta estimator that fits a number of classifying decision trees on different sub-samples of the data set and uses averaging to improve the predictive accuracy and control overfitting [38]. In our model, the number of trees in the forest is 100; the maximum depth of the tree is 30. Bootstrap samples are used when building trees; 17233 and 7386 of the 24619 data pairs are used to train the model and test the errors, respectively. We note that the RF does not need to normalize the initial data sets.

4.3 Accuracy of Computation and Model Analysis

We employ mean square error (MSE) and coefficients of determination R2 to examine the accuracy of models, defined as follows:
MSE=1N∑i=1N(Yi-Ŷi)2,R2=1-∑i=1N(Yi-Ŷi)2/∑i=1N(Yi-Ȳ)2,
 where Yi and Ŷi are the real and predicted values, respectively, Ȳ the average of true values, and N is the number of data. The closer the MSE is to 0 and the closer R2 is to 1, the higher the accuracy of models is. The MSE and R2 for the training, validation, and test sets for the DNN and RF surrogate models are presented in Tabs. 3 and 4, respectively.

According to the results in Tabs. 3 and 4, R2 values for both models are both close to 1, indicating that the surrogate models demonstrate the high fitting accuracy. The MSE of the RF model is 0.03267 for the training set, which is better than 0.05963 in the DNN model. However, the MSE of the RF in the test set is 0.08412, which is larger than 0.05995 in the DNN model. The MSEs in the DNN model for the training, validation, and test sets are similar; the DNN model is more stable. The DNN model is easier to train because residual terms are introduced. However, the RF model does not need to normalize the data in training, and can identify the importance of input variables.

The predicted shear force (S), bending moment (BM), and torque (T) of the DNN and RF surrogate models are presented in Figs. 6 and 7. The horizontal coordinate is the actual value the vertical coordinate is the predicted value. The closer the sample points are to the straight line y = x, the closer the predicted results are to the actual result. The high accuracy of both surrogate models for the computation of flight loads is verified.

To demonstrate the efficiency of the DNN and RF surrogate models, we compare them with the conventional neural network method. The neural network has been applied to aeronautical areas quite early, as reviewed in the Introduction, see [11,16,17,19,23,29,32,34,35] for example. We use a neural network with 80 neurons for the FLC; the number of neurons is as many as that in the DNN model. The MSE and R2 for the training, validation, and test sets for the neural network model are presented in Tab. 5. It is shown in Tab. 5 that compared with the neural network model, the accuracy of proposed DNN and RF surrogate models is significantly improved.
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Figure 6: The predicted shear force (S), bending moment (BM), and torque (T) of DNN surrogate model. The top four are at the wing root (WR) and wing middle (WM), while the bottom three are at horizontal tail root (HTR). The closer the sample points are to the straight line y = x, the closer the predicted results are to the real result
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Figure 7: The predicted shear force (S), bending moment (BM), and torque (T) of RF surrogate model. The top four are at the wing root (WR) and wing middle (WM), while the bottom three are at horizontal tail root (HTR). The closer the sample points are to the straight line y = x, the closer the predicted results are to the real result

4.4 Importance Analysis of Input Variables

We introduce many variables to train the surrogate models; their influences on flight loads are different. Thus, identifying the importance of different variables is critical in the analysis of loads. The main factors are instructive in developing more efficient load computation approaches. We apply the RF to identify the importance of input variables; this is an advantages of RF over other deep learning techniques, including the DNN. In the RF, the importance of a variable is computed as the (normalized) total reduction of the criterion brought by that variable. It is also known as the Gini importance. The importance of a variable is calculated as follows. A baseline metric, defined by scoring, is evaluated on a (potentially different) dataset defined by X. A variable column from the validation set is permuted and the metric is evaluated again. The permutation importance is defined as the difference between the baseline metric and the metric from permutating the feature column. The importance of the input variables computed using the RF is presented in Tab. 6. It can be seen from Tab. 6 that the importance of the input variables ranked from high to low is as follows: vertical overload (OL), elevator deflection (ED), angle of attack (AoA), Mach number (M), speed pressure (SP), pitch angular acceleration (PAA), flight altitude (H), and pitch rate (PR). The vertical overload and elevator deflection are the main factors in the load computation.

[image: images]

5  Conclusion and Remarks

This paper studied deep learning-(DL) based surrogate models of flight load computations (FLC). A deep neural network (DNN) and a random forest (RF) were proposed to establish the surrogate models according to the features of FLC. The DNN meets the accuracy requirement of FLC with rich data sources in FLC; the RF can alleviate overfitting and evaluate the importance of flight parameters. The data used to train and validate the DL surrogate models were derived using aircraft flight load simulation results based on wind tunnel test data. Numerical experiments showed that both the DNN-and RF-based surrogate models achieve high accuracy. The input variable importance analysis was conducted to identify the main factors in FLC. This paper was focused on typical symmetric flight conditions, steady pitch and steep pitch, to test the surrogate models. Additional flight conditions, such as roll maneuvers, yaw maneuvers, and severe load conditions within the flight envelope will be investigated in future research.
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Table 1: The parameters of aircraft

Notation Description Values Unit
m Mass 22000 kg
CG Centroid 31.4% MAC
b Chord length 4.8 m

1 Wing span 15.2 m

S Wing area 70 m?

Iy Moments of inertia 50000 kg -m?
L, Moments of inertia 300000 kg-m?
I Moments of inertia 300000 kg-m?
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Table 3: MSE and R* of DNN surrogate model

Set Number of data pairs MSE R?
Training 17233 0.05963 0.9972
Validation 3693 0.05641 0.9980

Test 3693 0.05995 0.9961
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Table 6: The important analysis of input variables

Input H M SP OL AoA ED PR PAA
Importance 0.0055 0.0609 0.0122 0.5979 0.0719 0.2413 0.0012 0.0096
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Table 4: MSE and R* of RF surrogate model

Set Number of data pairs MSE R?

Training 17233 0.03267 0.9999
Test 7386 0.08412 0.9999
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Table 2: The input and output variables and their units (1 ttf = 9.8 kN)

Input H M SP OL AoA ED PR PAA
Unit m 1 Pa 1 degree degree degree/s  degree/ss
Output S-WR  BM-WR T-WR S-WM S-HTR BM-HTR T-HTR

Unit tf tf-m tf-m tf tf tf-m tf-m
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Table 5: MSE and R? of neural network model

Set Number of data pairs MSE R?

Training 17233 0.1264 0.9991
Validation 3693 0.1454 0.9991
Test 3693 0.1531 0.9991
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