Optimal placement of sensors for structural health monitoring
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ABSTRACT: The optimal placement of sensors for health monitoring of civil engineering structures is very
important, especially for lots of sensors. Based on genetic algorithms, a method is developed for the optimal
sensor placement for health monitoring. Structural analysis indicates that results of the genetic algorithms are
perfect on optimal placement for health monitoring. A survey on the development on the optimal placement
of sensors for health monitoring is given in this paper. The performance function is development based on the
maximization of energy. The problem can be expressed as a nonlinear optimization problem with constraints.
According to its characteristic, a genetic algorithm is put forward, which can produce a global-optimal
solution for this problem. A collocated cantilever beam example and a box structure are studied to
demonstrate presented approach, and the obtained results are very satisfied. It is concluded that optimum is

achieved successfully by using the genetic algorithms with less calculation.
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1 INTRODUCTION

In the large-scale engineering structures, we often
arrange a number of actuators and sensors on the key
positions, which are used for monitoring the
work-state of the structures and ensuring the safety
of them. With the exciting of the actuators, we can
then analyze the signals which are collected by the
sensors, and extract the characteristic amounts
including the safety state of the structures.
Therefore, the result is extremely influenced by the
position of the actuators and sensors. The good
placement of the actuators and sensors should be
satisfied the following condition: under the
environment containing the noise, we can take use of
the fewest sensors to acquire the comprehensive
information of the structure parameters, and the
extracted characteristic amounts are the most
sensitive to the change of the structure parameters.

In accordance with the modal multi-dated
information which is needed for the renewal and
identification of the relevant fingerprint and for the
amendment of model, the document™ have put
forward a scheme for the optimal placement of
sensors. Its purpose lies in choosing the key position
of the examining points from a structure model

miscellaneous in degree of freedom promptly and
efficiently, and also in realizing the optimum
collection of changing information to the structure
state in the environment including noise. The
document™ have studied at the angle of attenuating
the energy of vibration. In a situation that makes the
actuators and sensors in the counterpoint, through

minimizing the total energy storage mark in the
system, we optimize the placement of
actuators/sensors and the gain to feedback in the
active control of the vibration for flexible structures.
To the optimal placement problem of the
piezoelectricity ~ sensors/actuators ~ which  are
distributing dispersed in the active control of the
composite body vibration, the document®™ have
put forward the optimal performance index in
controlling for the optimal placement. Regarding it
as the fitness function, the global optimal solution is
achieved by using the genetic algorithm. To the
spatially flexible structure, the document™ have
studied the global optimization problem referred to
the configuration of actuators/sensors in the active
control, and the gain of controllers. It adopts the
genetic algorithm which is encoded in the decimal
floating-point number. Also, it designs some simple
and fine hereditary operation. Then the global
optimal solution could be achieved rapidly and
reliably. The document®™ have been based on the



principle including the controllability of the
dispersed system. It raises the second-class excellent
method of  disposing the  position  of
sensors/actuators. The document™ have provided
the mathematical depiction on the optimization
problem of the actuators/sensors’ position, and
described the development of the optimization
problem of the actuators/sensors’ position now.

To carry out the optimal placement of
actuators/sensors, we should firstly confirm the
optimization criterion for placement, namely the
object function of optimization. There are the
minimum criterion of errors, the criterion based on
the systematic controllability and the criterion based
on the systematic energy, etc. The object function in
the problem of health monitoring is different from
the one in the problem of the active control for
vibration. But we can also do the design according
to these criterions to achieve the aim: under the
environment containing the noise, we can take use of
the fewest sensors to acquire the comprehensive
information of the structure parameters, and the
extracted characteristic amounts are the most
sensitive to the change of the structure parameters.

Secondly, the proper method should be selected.
For the regular structure, the nonlinearly scheming
optimization method should be used in the optimal
placement of actuators/sensors. But these methods
all use the change gradient of the goal function, so
it’s easy to achieve the local optimal solution for the
complicated structures. The genetic algorithm
belongs to one kind of optimization methods at
random. The method of the position replacement is
carried on according to probability. It’s difficult to
fall into the local optimal solution. Therefore this
algorithm has the development prospect in solving
the optimization problem.

2 THE SIMPLE GENETIC ALGORITHM

The technology of optimization is a practical
method which is based on the mathematics, and used
to achieve the optimal solution for the engineering
problem. The area touching on the optimization
method is widespread. And there are two basic sorts:
the functional optimization problem and the
building-up optimization problem. To solve the
functional optimization problem, there are some
basic genetic operations.

At first, the encoding mode used in the genetic
algorithm should be determined. In the operating
process of genetic algorithm, it doesn’t operate
directly to the decision variable of the problem to be
solved. And each variable is expressed by an
encoding cluster which has a certain length. This is
called the chromosome encoding method for the
functional optimization problem. Through carrying
out the genetic operators on each encoding (such as

the selection, crossover, mutation, etc.), we can get
the individual having the higher fitness and achieve
the purpose of the optimization. So, the encoding is
an important process when designing a genetic
algorithm. The calculation method of genetic
operators, such as the crossover operator, mutation
operator, is affected directly by the encoding. Up to
now, the encoding methods in common use are
shown as following: the binary encoding, the
floating-point encoding and the character encoding.
When searching for the optimal solution of the
function by genetic algorithm, the application of the
object function is achieved by evaluating the fitness
function of individual. We usually take the fitness to
judge how well one species fits with in the survival
environment. Also, in the genetic algorithm, the
fitness of individual is used to determine the
probability in which the individual will be inherited
to the next generation. The higher the fitness of
individual is, the higher the probability is. The
function to judge the dimension of the fitness is
called the fitness function. In the genetic algorithm,
the evolutional process of the population is based on
the fitness of individuals in the population. Through
the repeated substitution, we search for the
individuals whose fitness is much higher. At last, the
optimal solution of the problem can be achieved.
The selection operation in genetic algorithm is
used to determine how to select the individual from
the last generation group which will be inherited to
the next generation, which methods to be used and
which individual to be selected. This operation is
based on the evaluation of the fitness of individual.
Its aim is to avoid the lack of the gene, improve the
global convergence and the calculation efficiency.
The methods of the selection operator in common
use are the proportional selection, the optimal
preservation strategy, the deterministic sampling, the
stochastic sampling with replacement, the remainder
stochastic sampling with replacement, the ordering
selection and the stochastic tournament selection and
so on. Among these, the proportional selection is the
most common in use. Its basic principle is: the
probability, in which each individual is selected, is
in direct proportion to the magnitude of their fitness.
It is one kind of methods of the stochastic sampling
without replacement. The so-called crossover
operation in genetic algorithm can be explained as
following: parts of gene in two chromosomes which
are making a pair each other exchange their position
in some means, and there are two new individuals.
This operation simulates the following situation: in
the naturally evolutionary process, the two
chromosomes from the same source copulate and
form the new ones, then achieve two new
individuals. The crossover operation is an important
feature of genetic algorithm differing from the other
evolutionary algorithms. It plays a key part in
genetic algorithm, and is the main method to form



the new individual. The design and achievement of
crossover operator is closely related to the problem
studied. Generally, the operator is required not to
destroy the fine mode excessively which is in good
condition among the encoding cluster of individual,
and it is also required to form some new modes
which are much better. The crossover operators in
common use are: one-point crossover, two-point
crossover, multiple point crossover, uniform
crossover and arithmetic crossover, etc. Among
these, the one-point crossover operator is the most
common in use.

The mutation operation in genetic algorithm
means that in the encoding cluster of the individual
chromosomes, some genes of the locus are
exchanged into the allele of this locus, then we get
the new individual. This operation simulates that: in
the process of the organisms’ inheritance and the
natural evolution, because of some accidental
factors, there may be some reproduction errors when
the cells are dividing and doing reproduction. Then
some genes of the lives may give rise to the
mutation, and the new chromosomes are achieved.
Though the crossover operation which can
determine the global searching capacity of genetic
algorithm is the main method to get new individuals,
the mutation operation which is the supplementary
method is also a necessary procedure. It determines
the local searching capacity of genetic algorithm.
The common mutation operations include: the
simple mutation, the uniform mutation, the boundary
mutation, the non-uniform mutation and the
Gaussian mutation, etc. Through the mutation
operator, we can improve the local searching
capacity of genetic algorithm, and maintain the
population diversity.

The procedure of optimization by genetic
algorithm is shown as following:

(1). Determine the decision variable and its
restricted condition, namely determine the
phenotype of individual and the solution space of the
problem.

(2). Build up the optimization model, namely
determine the type of the object function and its
form of mathematical description or the method of
quantification.

(3). Determine the encoding method of
chromosome to express the applicable solution,
namely determine the gene type of individual and
the searching space of genetic algorithm.

(4). Determine the method to decode, namely
determine the corresponding relation or switching
method for the change from the gene-type of
individual to the phenotype of individual.

(5). Determine the quantification evaluating
method of the fitness of individual, namely
determine the switching principle for the change
from the value of object function to the fitness of
individual.

(6). Design the genetic operators, namely
determine the specific operating methods of the
genetic operators, such as the selection, the
crossover, and the mutation operations, etc.

(7). Determine the relevant running parameters
of genetic algorithm, namely determine some
parameters in the genetic algorithm, such as the
dimension of population, the termination conditions,
the crossover rate, and the mutation rate, etc.

3 THE RESEARCH FOR THE STRUCTURAL
OPTIMIZATION

The box structure in common use is shown in
figure 1.

Figure 1. Box Structure

We take a part of the box for analysis. Under the
action of the exciting force “f”, the differential
equation of motion without damping system for the
box structure is:

MX + Kx = f (1)
In the equation:
X =m-mmn the displacement vector of the wing
box structure in the physical space;
M,K ------ the mass and the stiffness matrix of
the system.
Transform the vector “ X as following:
X=¢q (2)
q------ the displacement vector of the wing
box structure in the mode;
@ ------ the matrix of predominant type of
vibration.
So the equation (1) can be changed:
Mgt+Keg = f ©)

According to the related documents, the damping
ratio ¢; in each mode should be all taken as 1%. So
the system equation is:

G; + 2w d; + wg; = ¢ f (4)

The model of structure can be expressed by the
space form of state as following:

X = Ax+Bu



y =CX (%)
In the equation:
x=[q,q]------ the generalized coordinate state
vector;
0 1
A= -1 - |
-M7K -MC
M,K,C ------- the mass, stiffness and damping

matrix of the structure;

0
B :[B(Xa)], C =[C(x,),0]

B(x,),C(x,)----- the functional matrices which
apart take the position of actuators and sensors as
the variable.

The object function is taken as the sum of signals
which are achieved by the piezoelectricity sensors
and the value of function is the maximum at the
probable placement points. So the object function as
following can be used:

n
J =) abs(q; - d,s) (6)
i=1
And the restricted condition is: X, e X, ,

Xs € X.

In the research, we take the number of actuator as
1, and sensors as 5. We do the optimal placement by
genetic algorithm. The related data are shown as
following:

The dimension of population: M=100;

The highest heredity generation: T=200;

The crossover rate p, : 0.3, 0.4, 0.5, 0.6, 0.7;

The mutation rate p, : 0.0001, 0.0005, 0.001,
0.005, 0.01, 0.05.

The figure 2 shows the influence of the mutation
rate to the optimal result under the different
crossover rate.
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Figure 2 Optimal Results versus Mutation Rate

The figure 3 shows the influence of the mutation
rate to the heredity generation of optimization under
the different crossover rate. It affects directly to the
calculation efficiency of genetic algorithm. If the
heredity generation T is too high, it’s said that the
convergence of the optimal solution is too slow. So

it is going against achieving the stably optimal
solution rapidly and effectively.
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Figure 3 Optimal Efficiencies versus Mutation Rate

From the results in the figure 2 and 3, we can get
the conclusion: In the different crossover rate, the
better solution can be achieved by making the
mutation rate much higher. But at the same time the
heredity generation for searching the optimal
solution is also higher than before. 1t’s demonstrated
that the increasing of mutation rate can get more
new individuals, and it’s helpful to achieve the better
optimal solution. But if the mutation rate is too high,
it would affect the stability of population, and
couldn’t achieve the fine optimal solution. This
phenomenon is also shown in the calculation results.

Also, the transformation of the crossover rate
could affect the optimal solution and the optimal
efficiency. The increase of the crossover rate could
help us to get the better new individuals effectively,
but meanwhile it also would destroy the excellent
individuals in the encoding cluster. Therefore, the
optimal solution should be achieved effectively only
when the crossover rate and the mutation rate are
selected properly.

From the calculation results, we can find: when
the crossover rate p. equals to 0.5 and the mutation
rate p, equals to 0.05, the algorithm achieves the
optimal solution in the 168" generation. In the
condition, the optimal position of actuators is
X, =187, and the optimal positions of sensors are
X, =166, x, =180,x, =184,x, =187,x =208 :
The calculation efficiency is obviously much higher
than the common algorithms. The figure 4 shows the
relation between the whole population average value
in the optimization function and the evolutionary
generation. The figure 5 shows the relation between
the optimal value of the function for individuals and
the evolutionary generation.
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Figure 4. Average Value versus Evolutionary
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Figure 5. Optimal Value versus Evolutionary

From the figure 4 and 5, we can get: the
algorithm can find out the optimal placement of
actuators and sensors rapidly and effectively.
Though the values of the object functions in the
original generations are unstable, the parameters
would be stable in the optimal position along with
the development of the heredity generation.

To avoid placing the sensors repeatedly only
because the distance of ones is too small, we should
assume one parameter to assure the sensors be in a
proper distance. So one restricted condition for the
optimal placement could be determined:

If(x, —x;) <n, then the fitness value = 0.

In the condition, the “i”” and ““j” are expressed as
the positions of the different sensors. The “n” is
expressed as the dimension of the assigned distance.
The *“fitness value is the value of the fitness
function. It could be explained as following: If the
sensors are too close to each other, the
corresponding value of the fitness function is
assumed to be zero at once. Then we would avoid
placing the unnecessary sensors or causing the loss
of the possible information for structure damage just
because of the local placement of sensors.

4 CONCLUSIONS

To the optimal placement of actuators/sensors for
health monitoring of the wing box structure, we take
use of the genetic algorithm to achieve the optimal
position of sensors. The calculation results have
proved the feasibility and superiority of the
algorithm, and it also provides the effective base for

the work in future. The parameters of genetic
algorithm all have some effects on the result and
efficiency of the solution. But there isn’t a
theoretical basis about how to select the proper
parameters. The range of values can be only
determined through some initial calculations in the
application.

The genetic algorithm contains the fine capacity
for global searching. But there are also some
imperfect aspects in the process of application, such
as the bad capacity for local searching. In view of
the complexity of wing structure, we will integrate
some other algorithms having the better effects in
the local optimization into the standard genetic
algorithm. So for the optimal placement of
actuators/sensors, there will be a mixed optimization
method which is much better.
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