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SUMMARY 
 
A method for the simulation of structural seismic responses based on neural networks is presented in the 
paper. Modeling of linear and nonlinear systems, measures to improve generalization precision of neural 
networks, involving collection of samples, selection of object function, determination of the number of 
neural cells and choice of training method, construction of topology, are discussed. Through several 
examples, the validity of the measures is checked, and the results of simulation show that the method 
presented is feasible. 
 

INTRODUCTION 
 
In recent years, earthquakes become more frequent, most of the countries suffered great economic losses, 
most of which are due to lack of earthquake-resistant capacities of existing buildings. Worldwide civil 
engineers made a lot of spot surveys and analysis about causes of the structure damage. Many methods are 
presented to reinforce the damaged structures. 
Considering all kinds of uncertainties of the existing structures, such as corrosion penetration of bar and 
carbonization of concrete, to construct a precise model of the structure based on traditional assessment 
methods is most difficult, and the results are under heavy critics. To simulate structural seismic responses 
based on neural networks, we need only the responses of the structure under a certain input, which shows 
obvious advantages. 
The measures to improve the generalization precision of neural networks are discussed in this paper, topologies 
of linear system and nonlinear system are constructed respectively, and validity of the measures and feasibility 
of the simulation are proved by several examples. 
In recent years, worldwide civil engineers pay more attention to active control and health monitor of structure 
with development of earthquake disaster researches [1,2]. System identification becomes more and more 
attractive and important [3]. A precise model for system identification is a fundamental factor for good results 
of active control and health monitor of structure. 
System identification and modeling on time domain often utilize ARMA model, a well-behaving system model 
is obtained with different parameter-estimation methods. However, as to nonlinear system, traditional 
modeling based on NARMA model requires a proper method for parameter estimation, which is hard to get. 
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Neural network shows its advantages on this problem. Because of its ability to approach any nonlinear maps 
without restriction of nonlinear model, neural network is reasonably a good choice for nonlinear system 
identification and modeling. 

 
MODELING OF STRUCTURAL SYSTEMS 

 
To construct a neural network that obtains responses identical to real system’s is the system modeling of 
building structure. Because of substantial differences between linear and nonlinear system, the problem is 
considered respectively.  
 
Modeling of linear system 
State parameters of a structure are constant before it enters nonlinear status. Cybonk and Caroll [1,2] 
proved that any nonlinear function defined on a bicompact set defined on Rn space can be simulated with 
a three-layered feedforward neural network with only one hidden layer in any precision with different 
methods. A non-time delayed network without feedback can be used to simulate dynamic equation of a 
certain structure so as to realize modeling of the system. 
Using static three-layered feedforward neural networks, the number of nerve cells of each layer is 
determined. A structure under earthquake is usually considered as single-input system, so the number of 
nerve cells of input layer is one. The number that required to be outputted determines the number of nerve 
cells of output layer. For example, the number is n if time-history responses of an n-story structure are 
needed. The number of nerve cells of the hidden layer can be given a lager number m in advance. In the 
course of determining m the problem of overfitting is involved, which should be considered as one of 
means to improve generalization precision. 
 
Modeling of nonlinear system 
Compared with modeling of linear system, the primary difference is the identification model of nonlinear 
system, which is determined by characteristics of nonlinear system. 
In most cases, identification models of nonlinear system consist of parallel model and serial-parallel 
model. Typical parallel model is a time delayed recurrent network with feedback. This kind of network 
can handle time-variant input and output with its transient operation, in this way, dynamic mapping is 
realized. But up to now, dynamical networks still need further theoretical researches. Although time delay 
is applied to serial-parallel model, it is still feedforward neural networks without feedback. Considering 
that the feedforward networks can not memory status information, input-output of networks may be 
reconstructed with input and real output of the structure to be identified, so as to improve ability of 
representation structural dynamic properties of feedforward networks. 
 

MEASURES TO IMPROVE GENERALIZATION PRECISION OF NEURAL NETWORKS 
 
To improve the generalization precision of neural networks is important, because the kind of neural 
networks that can train data not belonging to swatch set is what really needed. The followings are several 
special measures to improve generalization precision in neural networks training. 
 
Collection of samples 
To obtain swatch set is the first step of neural networks training, which consists of collection, analysis, 
selection, and preprocessing of the training data. 
First, enough data for input and output should be collected. The properties of a structure are contained in 
the data, so the number of data affects training result. According to general theory of statistics, if the 
given samples are plentiful and various enough, an accurate and detailed result is obtainable, or, the result 
may be wrong. A too larger number will increase difficulty of data analysis and training time. The 
number ranges from 5 to 10 times the transfer weight based on experience. 



Second, correlation of the data should be analyzed. The primary should be selected as training sample. 
The results show that satisfied simulation of structural seismic responses is obtainable if the given 
samples are plentiful and various, even if input is a random sample, otherwise, white noise is a better 
choice for input. 
Third, in order to eliminate the phenomenon that error of neural networks does not decrease with 
increasing times of training in the course of learning completely or partly, the data should be preprocessed 
so as to improve training speed and generalization precision. Inverse transformation of the output of 
neural networks after calculation is one of measures taken to get the output desired. It is proved that given 
certain precision the number of the steps is smaller if the sample used for training has been inverse- 
transformed.  
 
Selection of object function 
Mse is usually taken as object function [4-7]. Considering effect of the weight of neural networks on 
generalization precision, msereg that consists of msw in mean-square error function is taken as object 
function, 
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Where ei and wi are signal error and weight of the neural networks respectively. γis proportional 
coefficient, which ranges from 0 to 1, if given a too large value the ratio of weight of neural networks to 
object function becomes too small, the probability of overfit increases too, or, the precision will be worse. 
Makingγadaptive is the one of measures usually taken to solve the problem, comparing the values of 
mse obtained in two successive trainings, γ should be given a less value if the error decreases, if not, 
give it a larger one. To take msereg as object function limits weight of neural networks more than mse, 
which helps to get a neural network with smaller weight so as to get a smoother fitting curve, in this way 
improvement of generalization precision of neural networks is realized. 
 
Determination of the number of neural cells 
To determine the number of neural cells of hidden layer is important and difficult in neural networks’ 
topology. The number affects generalization precision of the neural networks constructed. Given a too 
larger number, the neural network is prone to overfit and generalization precision is worse, or, fitting 
precision and generalization precision are not satisfied. Up to now, the number of neural cells is usually 
determined by experience or by the means of learning of neural networks. The number of valid 
parameters can be determined according to Bayesian rule. Ratio of the number of valid neural cells to the 
number of all parameters is maximum while the number of neural cells m approaches a certain number M, 
the ratio decreases and performance of the neural networks becomes worse with increment of D 
(D=|m-M|), which means that the number of neural cells is reasonable when the maximum value of the 
ratio is reached. 
The results show that the maximum of the ratio is about 60%, the performance of neural networks meets 
operating requirements if the ratio ranges from 60% to 70%. According to the rule the hidden layer that 
the number of neural cells is usable can be determined with several simple examples. 
 
Monitoring the training process 
Generalization precision of neural networks may not be satisfied if the number of samples is not large 
enough, monitoring the training process so as to take measures in time. Early stopping is one of the 
technologies usually used to monitor the training process. Selecting two groups of data, neural networks 
dispose the data as train set and validation set respectively. Error of training decreases with increasing 
time of training due to BP algorithm. Error of validation decreases with decrease of training error in the 
beginning range. As time moves on the goodness of fit worsens because of overfitting data of train set, so 



as the error of validation set. Generally, the point that error of validation set is minimum is considered as 
the one that generalization precision is best.  
Monitoring error of Validation set during training, stop training in time if the error tends to increase, in 
this way a neural networks with better generalization precision is obtained. 
 

CONSTRUCTION OF TOPOLOGY 
 
According to the measures to improve the generalization precision of neural networks above, a topology 
of linear system is constructed, as shown in Figure 1. 

Figure 1. Topology of linear system 
Topology of nonlinear system in this paper is based on serial-parallel model. Input-output of the network 
is reconstructed with the measures above. A feedforward neural networks’ topology is constructed to 
simulate dynamic differential equation of nonlinear system, as illustrated in Figure 2. 

 
Figure 2. Topology of nonlinear system 

 
CHECK OF VALIDITY OF THE MEASURES TO IMPROVE 

GENERALIZATION PRECISION OF NN 
 
In order to prove the validity of the measures to improve generalization precision of NN, a five-story 
structure and a three–story structure are selected [8] (see Figure 3) to simulate the responses of the linear 
system and nonlinear systems under 
certain exciting respectively.  
The results of simulations of linear 
system are shown in Figure 4. 
Compared with result of simulation 
with early stopping only, result of 
simulation with regularization only 
shows that the number of the points 
that the error seems obvious (the 
private values of these points 
approach zero) is less, but it is 
time-consuming. Precision of 
simulation with early stopping and 
regularization of linear system is 
high enough, and the steps are less 
than simulation with regularization 

 
(a) Model of linear system   (b) Model of nonlinear system 

Figure 3. Models of the systems to be simulated 



only. Simulation of nonlinear system is satisfied too (see Figure 5). 
 

 
(a) Result of simulation with regularization only 

 
(b) Result of simulation with early stopping only 

 

 
(c) Result of simulation with early stopping and regularization 

Figure 4. Simulation of linear system 
 

 
Figure 5. Simulation of nonlinear system 

 
ANALYSIS OF MEMBER STRUCTURE 

 
A three-story member structure [9] is selected in this paper. Simulations of the systems based on linear 
and nonlinear model are done respectively. The followings are parameters of the structure. 

 
 



Simulation of linear system 
Comparing simulation result with primitive data, the precision of simulation is high enough, at only a few 
points (primitive data of these points approach zero) the relative errors seem obvious as illustrated in 
Figure 6,which is acceptable. 

 
(a) Original acceleration time history 

 
(b) Simulation acceleration time history 

 
(c) Error of simulation 

Figure 6. Results of simulation of linear system 
 

Simulation of nonlinear system 
Comparison of simulation result and primitive data is shown in Figure 7, precision of simulation is 
satisfied too. 

 
(a) Original acceleration time history of ground floor 

 
   (b) Simulation acceleration time history of ground floor 



 

 
(c) Error of simulation 

Figure 7. Results of simulation of nonlinear system 
 

CONCLUSIONS 
 
Modeling and simulation of linear and nonlinear systems, basic theories and measures to improve 
generalization precision are discussed in this paper. The results show that the method is reliable, accurate, 
and easy to operate and understand. It can be widely used in active control, health monitor, and 
assessment of existing buildings and so on in engineering. 
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