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are on these points, which are slightly different from one mode to
another.
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Introduction

O PTIMAL placementof sensors/actuatorshas drawnsigni� cant
attention recently due to its importance in many applications

such as shape control, vibration control, acoustic control, buckling
control, aeroelastic control, and health monitoring of structures.
Various methods have been used to address this issue, including
the method of placing piezoelectric actuators in the region of high
average strain and away from areas of zero strain,1 heuristic in-
teger programming,2 tabu search,3 simulated annealing,4 genetic
algorithms,5 7 etc.

Genetic algorithms (GAs) have attracted considerable attention
due to their ability to solve large complex optimization problems.
In this Note, two versions of GAs, GA version 1 and GA version 2,
were used to solve two kinds of dif� cult, computationallyintensive,
combinatorial, and continuous large-scale optimization problems.
The two problems are related to � nding both a set of optimal loca-
tions anda set of correspondingoptimalvoltagesfor 30 piezoelectric
actuators, from a maximum possible 193 candidate locations, with
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more than 1.28 £ 1035 possible solutions, which will yield the best
correction to the surface thermal distortions of a thin hexagonal
spherical primary mirror (Fig. 1a) subjected to four different ther-
mal distortions. In the � rst problem, a set of actuator locations was
obtained for each of the four thermal distortions.In the second prob-
lem, only one set of actuator locations effective for all of the four
thermal loads was determined. The latter is a more challenging,
multicriterion optimization problem. A laminated triangular shell
element8 was used to model the mirror (Fig. 1b). The performance
of the GAs and results of comparing with DeLorenzo’s algorithm
are presented.

GAs
GAs9;10 are robust stochastic global optimization techniques

based on the mechanism of natural selection and natural genetics.
GAs were invented by Holland in the 1960s.11 They are population-
based search algorithmswith selection,crossover,mutation,and in-
version operations.The advantagesand disadvantagesof GAs were
presented in Ref. 7.

In this study, two versionsofGAs, GA version1 andGA version2,
developed by the present authors from Carroll’s FORTRAN GA
driver,12 have the following elements in common.

1) The encoding scheme is the same: the direct mapping, where
the string would contain a 1 or 0 in the bits corresponding to the
presence or absence of actuators.

Fig. 1a Piezoelectric actuator candidate locations.

Fig. 1b Finite element mesh.
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2) The selection scheme is the same: the tournament selection
and elitism selection.

3) The crossover scheme is the same: uniform crossover with a
rate of 0.5.

The main differences between versions 1 and 2 are as follows.
First, the mechanism that preserves the best solution is different.
In version 1, a randomly selected individual in the population is
replaced by the best solution, but in version 2, the worst individual
in the population is replaced by the best solution. Second, there are
two important issues in the design of GAs: populationdiversity and
selective pressure. Both of these are in� uenced by the size of the
population. In version 1, the size of the population is � xed, but in
version 2, the population size can vary during evolution.

Problem De� nition
With 30 piezoelectric actuators, determine from a total of 193

candidate locations an optimal placement and corresponding opti-
mal voltage for each actuator, to obtain the best correction to the
surface thermal distortions of a thin hexagonal spherical primary
mirror subjected to four different types of thermal loads (Fig. 1a).
There are two kinds of optimizationproblems:One is to � nd a set of
locations and correspondingvoltages that get the best correction to
the surface thermal distortionsunder each of the four types of ther-
mal loads; the other is to � nd one set of locationsand corresponding
voltages that provide the best possible correctionto the four surface
thermal distortionscaused by the four different thermal loads. Note
that, for the second case, while the actuator locations are same for

a)

b)

c)

d)

Fig. 2 Performance of the GAs vs the number of evaluations on a) thermal load T1, b) thermal load T2, c) thermal load T3, and d) thermal load T4.

all four of the cases, the corresponding voltages may not be. The
second problem is a multicriterionproblemand obviously is a more
challenging problem.

These are very large, dif� cult and computationallyintensivecom-
binatorialoptimizationproblems.The numberof differentcandidate
sets is

193C30 D
³

193
30

´
D 193!

30!.193 30/!
D 1:28866 £ 1035

The geometry and material properties of the mirror and piezo-
electric actuators are given in Table 4 in Ref. 2. The four types of
temperaturedistributionsat the lower surface of the mirror are given
in Table 5 in Ref. 2.

Finite Element Modeling
A recently developed laminated triangular shell element8 is used

to model the mirror. The element is a combination of the discrete
Kirchhoff theory (DKT) plate bending element and a membrane
element derived from the linear strain triangular element with a
total of 18 degrees of freedom (3 translations and 3 rotations per
node). The piezoelectric strips are assumed to be perfectly bonded
on the lower surface of the mirror and are modeled as a separate
layer. The � nite element model consists of 864 � at shell elements
and 469 grid points (Fig. 1b). The mirror segment is assumed to be
simple supported at the six vertices 1, 13, 223, 247, 457, and 469.
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Control Algorithms
The surface thermaldistortionsor the transversedisplacementsw

of the mirror segment are corrected by applying the voltage across
the thickness of the piezoelectric strip, which induces a distributed
strain in the strip and,hence,in the mirror. The deformationsconsid-
ered are so small (of order of a few micrometers) that the correction
u i at any point can be assumed to be

u i D
nX

j D 1

®i j V j

where the control input V j is the voltage applied across the j th
piezoelectricstrip and the in� uence coef� cient ®i j is de� ned as the
deformation caused at node i due to a unit voltage applied across
the j th piezoelectric strip alone.

A matrix of in� uence coef� cients of size m £ n (where m is the
total number of grid points in the � nite element method model and
n is the given number of piezoelectric actuators) is obtained from
the � nite element model by applying a unit voltage across each of
the piezoelectric strips, one at a time. Given a type of thermal load
T , a set of actuator locations L , and corresponding voltages V , a
measure of the overall deviation or the rms error E is given by

E D E.T; L; V / D

s
1
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mX
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To obtain the best correction, setting @E=@Vk D 0 gives

mX

i D 1

Á
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nX

j D 1

®i j V j
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®i j D 0

that is, [A]fV g D fbg, where

Ak j D
mX

i D 1

®i j ®ik ; bk D
mX

i D 1

wi ®ik

For each set of locations,we can get the optimal voltages to mini-
mize rms error. Different settingsof actuator locationhave different
optimal voltages and corresponding minimum rms error. Thus, the

Fig. 3 Optimal location for the thermal load T1 obtained by a) the
DeLorenzo algorithm, b) GA version 1, c) GA version 2, run1, and d)
GA version 2, run2.

� rst optimization problem is to � nd a set of locations and corre-
sponding voltages such that

E D Min
L

Min
V

E.T; L; V /

the second optimization problem is to � nd a set of locations and
correspondingvoltages such that

E D Min
L

Max
T

Min
V

E.T ; L ; V /

Results and Discussion
In this section, the results obtained by using the two versions of

GAs to solve the two kinds of optimizationproblems are presented.
To showtheeffectivenessofGAs, thecorrespondingresultsobtained
by the DeLorenzo algorithm2 are also presented.

The followingparameterswere used:version1, populationsize 5,
and restart control parameter diffracD 0.06; version 2, run1, initial
population size 10, population size 5, scaleD 0.5, randomD 0, and
restart control parameter diffracD 0.06; and version 2, run2, initial

Fig. 4 Optimal location for the thermal load T2 obtained by a) the
DeLorenzo algorithm; b) GA version 1; c) GA version 2, run1; and d)
GA version 2, run2.

Fig. 5 Optimal location for the thermal load T3 obtained by a) the
DeLorenzo algorithm; b) GA version 1; c) GA version 2, run1; and
d) GA version 2, run2.
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population size 10, population size 5, scaleD 0.5, randomD 0, and
restart control parameter diffracD 0.0.

Note that the new parameters initial population size, scale, and
random were introduced in version 2. The parameter scale is used
to adjust the selective pressure. The parameter random is used to
control whether the initial population size and population size are
randomly generated or not. When the parameter random equals 0,
the initial population size and population size equal the preset val-
ues, respectively;otherwise, they equal the numbers generated ran-
domly. The parameter diffrac is used to check the convergence of
population. When this value is less than the preset value, the new
populations are randomly generated.

The performance of the GAs on different types of thermal loads
vs the numberof evaluationsis shown in Figs. 2a–2d. The numberof
evaluations for the case of 30 strips using the DeLorenzo algorithm

Fig. 6 Optimal location for the thermal load T4 obtained by a) the
DeLorenzo algorithm; b) GA version 1; c) GA version 2, run1; and
d) GA version 2, run2.

Fig. 7 Set of actuator locations: a) performance of the GAs vs the
number of evaluations; b) optimal location for the thermal loads T1,
T2, T3, and T4 obtained by GA version 1; c) GA version 2, run1; and
d) GA version 2, run2.

is 18,256. Note that DA in Figs. 3–6 represents the results by using
the DeLorenzo algorithm. Figure 7a also shows performance of
the GAs for the second optimization problem. Results for optimal
actuator locations for various cases of thermal loads considered are
presented in Figs. 3–7. Note how the optimal locations, obtained
to minimize a given type of thermal loads, perform for other types
of thermal distortions. In general, it was seen that this performance
of the actuators deteriorates (substantially, in some cases) when
used for any other type of thermal loads. For example, the actuator
locationobtained to minimize distortionsfor the type 1 thermal load
(Fig. 3a) is not as effective for reducing the other types of thermal
distortions.When this set of actuator locations is used, the rms error
for the type 1 distortions reduces to 0.204 (see top-left-handcorner
in Fig. 3a), whereas the corresponding number is 0.272 for type 2
(top-right-handcornerin Fig. 3a), 0.359for type3 (bottom-left-hand
corner in Fig. 3a), and 0.323 for type 4 (bottom-right-hand corner
in Fig. 3a). Indeed, it was this deterioration in the performance of
a given set of actuator locations for other types of thermal loads
that led the present authors to seek one set of actuator locations that
will give acceptable distortion reduction for all of the four types
of thermal distortions (the second optimization problem). Figure 7
shows the one set of actuator locations that can be used for all of the
four types of thermal distortions. The number of evaluations using
genetic algorithms in this study is limited to 15,000.

The optimal voltages corresponding to optimal location under
each typeof thermal loadsmay be too high to generatein space.Sev-
eral promising methods can be used to lower the control voltages.7

Conclusions
In this study, two versions of GAs (versions 1 and 2) have been

developedto solve two kindsof combinatorialand continuouslarge-
scale optimization problems of choosing 30 piezoelectric actuator
locations from 193 candidate locations,with more than 1.28 £ 1035

possiblesolutions,andoptimalvoltagesin thedesignof a thinhexag-
onal spherical primary mirror to be used in the next generation of
astronomical telescopes. One type of optimization problem is to
� nd a set of locations and the corresponding voltages that gives
us the best correction to the surface thermal distortions of the pri-
mary mirror under a given type of thermal loads; the other is to � nd
one set of locations and corresponding voltages that provides the
best correction to all of the surface thermal distortions caused by
each of the four different thermal loads. Both types of problems are
dif� cult and computationally intensive; the second one is a more
challenging multicriterion optimization problem. The results show
that both types of problems are multimodal optimizationproblems,
that is, there is more than one optimal solution. This feature pro-
vides a great � exibility in the placement of piezoelectric actuators.
The research reveals an important phenomenon in the application
of GAs to a practicalproblem, namely, that the convergenceto a so-
lution may occur without reaching an optimal solution. This study
shows that both of the GAs are robust in solving the described two
kinds of optimization problems and can get modestly better results
than the DeLorenzo algorithm and that the cost of the GAs is less
than DeLorenzo’s algorithm for the case of 30 actuators. Version
2 is more � exible, and, moreover, it got slightly better results than
version 1 on the second kind of optimizationproblem. Considering
so large complex search space with more than 1.28 £ 1035 possi-
ble solutions, both of the GAs got better solutions within the limit
of 15,000 evaluations. The research shows that both versions are
effective in solving the two kinds of optimization problems of de-
termining actuator locations for thermal distortion control.
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Introduction

T HERE is currently a large effort underway to ef� ciently and
economicallydetect damage in structures such as aircraft,ma-

chines, bridges, and buildings. Historically, inspections have been
conducted manually, which has typically resulted in downtime, la-
bor costs, and human oversight. Whereas some forms of structural
damage are fairly obvious on inspection, other forms are not. This
is particularly true of � ber-reinforced polymer composites, which
havebecome increasinglypopular in their use through the years.Di-
agnostic tools have been developed to facilitate damage detection
and noti� cation. Various detection techniques have employed ul-
trasound, x-ray radiation, electrostatics, electromagnetics,acoustic
emission, thermal imaging, � ber optics, strain sensing, and modal-
or eigenanalysis.

There are pros and cons to each of these methods. These tech-
niques typically require skilled human interaction to interpret the
results of diagnostic tests and make some judgment as to whether
structural damage is present or not. In the least, expert systems1

or neural networks2;3 are developed/trained to add autonomy to the
detection process. For both of these methods, healthy as well as
damaged structures must be observed to develop the systems. In
addition, many methods are not very suitable (x rays and thermal
imaging4) to in situ operation due to the shear bulk of the equip-
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ment, as well as expense. These limitations are overcome for ul-
trasound analysis by using portable hand-held units, or by using
surface-bonded or embedded piezoelectric patches for ultrasonic
actuation and sensing.5 7 One paper has reported an analytical ex-
amination using interdigital electrodes on piezoceramics for ul-
trasonic sources and receivers.8 Single patches can be used in a
pulse/echo manner, or one patch can send sound through the struc-
ture while another receives.7 Common to all of these approaches is
using very short wavelength ultrasound acoustic waves to measure
the distance to a re� ective impedance discontinuity, resulting from
a structural boundary or internal damage. Analyzing large struc-
tures with this method can be tedious. In addition, certain types of
damage are dif� cult to detect with ultrasound, such as surface de-
laminations, because they are adjacent the natural boundary of the
structure.

Embedded optical � bers have also been used to detect damage in
composite materials. In one study a � ber optic nervous system was
created throughout a structure.9 When damage occurs, the optical
� berswill break,disruptingthetravelof lightand indicatingdamage.
A two-dimensionalgrid of � bers can be used to locate certain types
of damage to within the resolutionof the � ber optic array. Methods
of strain sensing using � ber optics have also been employed for
damagedetectionin compositematerialsat the expenseof increased
complexity.10

A tremendous amount of work has been done using system re-
sponse measurements. These techniques are based on the observa-
tion that the modal properties (resonant frequencies and damping)
of a structure will change with damage.11 Some form of modeling
is required to quantify the natural characteristics of the structure
before and after damage. Good examples of such are the mass and
stiffness matrices from � nite element models,11;12 transfer func-
tion parameters,13 or analysisof the structural impulse response.6;14

Many of these methods are model based and can require great com-
putational effort, for example, to solve an eigenvalue problem.11

The use of piezoelectrictransducershas served to simplify the hard-
ware requirements of these techniques7 as well as preclude mass or
stiffness loading in nondestructive evaluation methods.7;14 These
transducers are also used for acoustic emission evaluation.15 It is
known that, when a structure fails, a series of high-frequencystress
pulses (acoustic emission) occur that can be monitored by special-
ized hardware to detect the onset of failure.

The proposed method is most similar to the previously re-
ported technique of electromechanical impedance monitoring.16;17

This method involves performing ultrasonic (frequency-domain)
measurements of the coupled electromechanical impedance of
a piezoelement attached to a host structure,18 followed by data
processing, which determines a scaler damage parameter.

Whereas this method does implicitly identify the capacitanceand
loss factor of the piezoceramic element, there are some signi� -
cant differences from the technique presented hereinafter. Namely,
the proposed method operates in a much lower bandwidth (sonic
vs ultrasonic), directly measures a single scaler damage-related
parameter in the time domain, and, thus, is somewhat simpler
to implement, and functions simultaneously and autonomously
of the collocated self-sensing transducer that is used to imple-
ment the device. The low-frequency operation of the proposed
technique tends to delocalize the damage detection behavior re-
ported by the impedance method,17 possibly making the techniques
complementary.

An example of the qualitative structural health monitoring capa-
bilities of the adaptive piezoelectricsensoriactuator(APSA) is pre-
sented. The APSA provides a collocated sensor/actuator pair from
a single piezoceramic patch and has been experimentally demon-
strated for various control applications19;20 and for piezoelectric
transducer health monitoring.21 Qualitative structural health moni-
toring capabilities are demonstrated using real-time monitoring of
the piezoelectric permittivity,which is already implicitly measured
by the adaptive piezoelectric sensoriactuator. The method is rela-
tively simple, cheap, and easy to apply to existing structures; re-
quires little computational effort; and does not interfere with the
transduction capabilities of the APSA when used for active struc-
tural control systems or other applications.


