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Antioptimization for Comparison of Alternative Structural
Models and Damage Detection
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Structural models are usually tested by comparing their responses with those of an actual structure or a very
detailed model to a limited number of loads that simulate service loads. However, in some cases (e.g., in the design
of some automotive structures), these loads can be arbitrary because there is little information about the actual
service loads possibly leading to unreliable results. An antioptimization-based method is proposed for designing
numerical or actual experiments to a) test a structural model and b) compare alternative structural models. This
method compares a structural model with a reference model or an actual structure under the worst loading case
that maximizes the error in the model. The method identifies the loading case that maximizes the difference between
the response of two models of the same structure (where one is a reference model) using antioptimization. The
proposed antioptimization-based method can be employed also to identify damage in a structure by determining the
load that maximizes the difference in the responses of a damaged structure and the intact version of this structure.
The proposed method is illustrated by applying it to compare alternate models of an automotive structure and to
identify damage in a composite plate.
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Nomenclature
difference in strain energies of two models
Young's modulus
strain energy stored by the quadrilateral element model
strain energy stored by the triangular element model
load vector
vector of load parameters
transpose of the vector of load parameters
X direction loading of the orthotropic plate
Y direction loading of the orthotropic plate
shear modulus
stiffness matrix of model 1
stiffness matrix of model 2
flexibility matrix of model 1
flexibility matrix of model 2
ratio of strain energies
displacement vector of model 1
displacement vector of model 2
Poisson's ratio
difference between the stiffness matrices of
zero- and high-mileage cars
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&kx = stiffness of spring representing change in stiffness
of the joint of a car because of high mileage (&kx
is negative because joint loses stiffness)

9 = fiber orientation angle of the composite material
X = eigenvalue of the generalized eigenvalue problem
^•max = maximum eigenvalue
ax = maximum value of the normal stress in the X direction
ay = maximum value of the normal stress in the Y direction
axy = maximum value of the shear stress in the X-Y plane

I. Introduction

R ECENTLY, composite materials have found widespread ap-
plications in many engineering fields. The design of com-

posite plates for high-strength and low-weight applications (as in
aerospace) requires the laminates to be relatively thin and free of
defects and imperfections. Methods for the modeling of composite
structures and for the detection and identification of damage are
critical for the successful application of composite structures.

There is no widely accepted analytical or experimental procedure
for evaluating the accuracy of a structural model and no widely
accepted metric of the accuracy of the model. A model is usually
tested by comparing its response to a number of loads, considered
representative of service loads, to the response of a reference model
or the actual structure. In many practical problems, such as analysis
of automotive suspensions and bodies, service loads are not known
well, and so somewhat arbitrary loads are used. Moreover, because
many load cases are used and the error can vary significantly in each
case, it is difficult to decide if a model is acceptable and to compare
alternative models.

This paper proposes a procedure for evaluating structural models
based on the concept that a system is as good as its weakest link.
According to this concept, a model can be evaluated using its maxi-
mum error. Antioptimization is used to determine the maximum er-
ror. Elishakoff1-2 coined the term antioptimization as a description
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of the process of seeking the most severe design conditions for a
structural system. He assumes that uncertainties in loads, material
properties, and dimensions are limited to a convex set rather than
described by a statistical distribution. Optimization is then used to
find the point of the set that represents the most severe combination
of conditions.

In this paper we appropriate the term antioptimization to the more
general process of using optimization to find any worst-case sce-
nario. In particular, we apply it to the process of seeking weaknesses
in a model, that is, looking for the conditions under which a model
gives the largest errors. This use of antioptimization can help val-
idate a new model, or conversely reveal conditions under which it
is not applicable. Thus, antioptimization can be used to establish
a process for validating a model by comparing its response to that
of a reference model under the most unfavorable loading condi-
tions. Moreover, the maximum error can serve as a measure of the
inaccuracy of the model.

Applying antioptimization to a model implies comparison to an-
other model or to experimental results. Gangadharan et al.3 con-
sidered the problem of finding the loading that will maximize the
difference in strain energies between two alternative finite element
models. They showed that the loading was the solution to a sim-
ple eigenvalue problem. Haftka and Kao4 generalized this to max-
imizing the ratio of strain energies. They showed that the loading
which maximizes the ratio is obtained as a solution of a generalized
eigenvalue problem. They also maximized the difference between
two composite-laminate failure models by varying the loading, the
geometry, and a lamination angle. VanWamelen et al.5 found the
stacking sequence that maximized the difference between two com-
posite laminate failure models and tested that laminate, obtaining
results that clearly favored one model.

Damage detection and monitoring of structural systems is be-
coming critical in many engineering applications.6 Traditionally,
damage detection focused on experimental methods like acoustics
(using ultrasonics), thermal field (using infrared imagery), magnetic
field sensors, radiographs, and electric fields (using eddy currents)
methods. One drawback of these methods is that the location of the
damage has to be approximately known and be readily accessed by
the equipment. More recently, analytical methods have been used
very successfully in many engineering applications.

Analytical damage identification methods6 can be classified as
follows:

1) Methods that use changes in the natural frequencies. The shift
in the natural frequency because of changes in the structural prop-
erties is used to detect damage. Because of the low sensitivity of
frequency shifts to damage, the methods require either very precise
measurements or large levels of damage. This method is preferrable
in a controlled environment where a shift in frequency can be mea-
sured precisely as in quality control.7'8 A principal drawback of this
approach is that there is often an insufficient number of frequencies
with significant enough changes to determine the location of the
damage uniquely.

2) Methods that use mode-shape changes. Mode-shape informa-
tion has been used for the detection of damage without prior use of
the finite element model.9 The mode-shape and mode-shape-slope
parameters were simulated for a reduction in stiffness, and the pre-
dicted changes were compared to the measured changes to determine
the damage location.10 Graphical comparisons of relative changes
in mode shapes proved to be the best way of detecting the damage
location when only resonant frequencies and mode shapes were ex-
amined. The selection of modes used in the damage identification
process is the most important step.!!

3) Methods that use mode-shape curvature changes/strain mode-
shape changes. Using mode-shape derivatives (such as curvature)
is an alternative to using mode shapes to obtain spatial information
about vibration changes. In beams, absolute changes in mode-shape
curvature serve as good indicators for damage detection.12 Parame-
ters that are based on the change in strain mode shape and the change
in frequency have also been studied.13

4) Methods based on dynamically measured flexibility. Dyna-
mically measured flexibility matrix has been used for damage detec-
tion. Typically, the damage is detected by comparing the flexibility
matrix synthesized using the modes of the damaged structure to the

flexibility matrix synthesized using the modes of the undamaged
structure or the flexibility matrix from a finite element model.14 Be-
cause of the inverse relationship to the square of the modal frequen-
cies, the measured flexibility matrix is most sensitive to changes in
the lower frequency modes of the structure.15

5) Matrix update methods. Another class of damage identification
methods is based on the modification of structural model matrices
such as mass, stiffness, and damping to reproduce as closely as
possible the measured static or dynamic response from the data.
These methods solve for the updated matrices (or perturbations to
the nominal model that produce the updated matrices) by forming a
constrained optimization problem based on the structural equations
of motion, the nominal model, and the measured data.16 Compar-
isons of the updated matrices to the original correlated matrices
provide an indication of damage and can be used to quantify the
location and extent of damage.17"20

6) Nonlinear methods. Nonlinear elements such as cracks are very
difficult to model using finite elements. Modal testing has been used
to locate structural nonlinearity using a model update technique with
modal data measured at different response levels that are used to
localize the nonlinearity.21 Moreover, nonlinear systems have been
simulated using linear techniques. The problem with this approach
is that to exactly simulate the nonlinear response one must compute
an infinite number of terms.22

7) Neural network-based methods. Recently, neural networks
have been promoted as universal function approximates for func-
tions of arbitrary complexity. The most common neural network
is the multilayer perceptron trained by backpropagation.23 Using
networks, damage was located in some structures without error.
However, predicting the extent of damage was found to be difficult,
and erratic results were obtained.24

Most of the methods developed rely on the information provided
by the dynamic response characteristic of the structural system.5
Very few methods employ static loads. The concept of using static
loads was used along with neural network methods in Refs. 24-26
and along with vibration tests in Ref. 27 to detect damage.

Sanayei and Onipede28 used the results of a static test to update
the stiffness characteristics of a finite element model. A sensitivity-
based, element-level parameter update scheme was used to minimize
the error between the applied forces and the forces produced by
applying the measured displacements to the model stiffness matrix.
The sensitivity matrix was computed analytically. The structural
degrees of freedom were partitioned such that the locations of the
applied loads and the locations of the measured displacements were
completely independent.

Burdisso et al.29 presented a method for damage identification in
automotive joints that compares measured transfer functions of an
intact and a damaged structure. This method identifies the joints that
have been damaged by finding the part of the car body that has lost
stiffness.

Lim30 presented a systematic method that identifies the damage
location and extent accurately when the exact measured modes at
every finite element degree of freedom are used. Lim also presented a
procedure to perform damage detection with inaccurate, incomplete
measured modes based on the stiffness matrix correction technique
using submatrices.

Juneja and Haftka,31 Lee et al.,32 and Sensmeier et al.33 used
antioptimization along with harmonic response to detect damage.
In the past, antioptimization was not used along with static loading
data to identify damage. Gangadharan et al.34 summarized a method
that uses simple static loads for model comparison and damage
detection.

Most of the preceding methods require a finite element model
of the intact structure, which in many cases is not available. Some
methods require measuring mode shapes, which is difficult in some
cases.

This paper presents an antioptimization-based method for testing
structural models and for identifying and detecting damage. This
method uses the maximum value of the ratio, or the difference in the
strain energies, of two alternative models as a metric of their differ-
ence. When one of the models is considered as a reference model, the
maximum ratio or maximum difference can be employed as a metric
of the accuracy of the model. The paper describes applications of
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antioptimization for comparing alternative finite element models,
using a real life, complex automotive structure as an illustrative ex-
ample. The paper also demonstrates the use of antioptimization in
damage identification.

Section 2 derives the equations for determining the load that max-
imizes the difference in the responses of two structures or two alter-
native models of the same structure. Section 3 presents an analytical-
experimental procedure for damage detection that is based on the
concept of maximizing the difference between the responses of a
possibly damaged structure and an intact version of the same struc-
ture. Section 4 demonstrates the methods in two examples.

II. Antioptimization of Loading
An important issue in comparison and validation of alternative

models and in damage identification is the determination of the
loads that should be used. The proposed method uses the load that
produces the largest difference in the response of 1) two structures,
2) two alternative structural models, or 3) a structure and the model
of this structure. This yields an upper bound on the differences
between the behavior of two structural models or structures. In the
case where we compare an approximate model to a structure or a
reference model, the upper bound on the error of the approximate
model can serve as a metric of the fidelity of the model. In the
case where we compare a possibly damaged structure and the intact
counterpart of this structure, the result also helps to decide if the
structures are different and to identify the damage.

The proposed approach makes the ratio of the strain energies of
two structures or models extreme, or it maximizes the differences in
their strain energies. If the structure is linear, an analytical solution
can be found by solving an eigenvalue problem that involves the
flexibility matrices of the two structures or models.

Consider two finite element models M\ and M2. We seek to an-
tioptimize a vector/ of load parameters to maximize the difference
between the predictions of the models. The two finite element load
vectors F\ and F2 are assumed to depend linearly on/, that is,

where A i and A2 are given matrices. The equations of equilibrium
for the two models are

K2U2=F2 (2)

where 11, and £/, / = 1,2 denote the displacement vectors and stiff-
ness matrices associated with the two models (not necessarily of the
same order). We employ the ratio Re of the strain energies as one
measure of the differences between the models:

(3)

(4)

(uT
2K2u2)

Using Eqs. (1) and (2), we have

(fTL2f)

where L\ =A[tfj~1Ai,L2=A2#2~1A2 are generalized flexibility
matrices associated with the two models. In the examples used in
this paper, vector / is a common subset of the nodal loads FI and
F2. In this case, L\ and L2 are ordinary flexibility matrices associ-
ated with this subset of the loads. Equation (4) indicates that Re is a
Rayleigh quotient, so that its extreme values are the solution of the
generalized eigenvalue problem3'4:

The lowest and highest eigenvalues represent the two extremes
of the relative stiffness of the two models.

An alternative measure of the difference between two models is
the difference between their strain energies:

(6)

(7)

D =

Using Eqs. (1) and (2), we have

D = fLlf-fL2f

The smallest and largest eigenvalues of the difference between the
generalized flexibility matrices yield the extremes of D. Therefore,
the worst loading case is the solution of the following eigenvalue
problem3'4:

(8)

The worst loading case can be used to identify the most important
differences in the models. For example, we can find those directions
and locations of the applied forces for which the two models yield
significantly different results. This information is difficult to obtain
by directly comparing the stiffness matrices of the two models,
especially if these matrices are large.

We can also use the maximum ratio of the strain energies, as a
measure of the differences between the models [Eqs. (4) and (8)].
This quantity can serve as a practical measure of the difference
between models of the same structure or two nominally identical
structures. Because this quantity is an upper bound of the ratio of
the strain energies of the two models or structures, if it is close to
one, we can conclude that the models or structures are similar.

The concept of antioptimization as outlined by Eqs. (5) and (8)
was introduced by Haftka and Kao4 and Gangadharan et al.3'34

III. Antioptimization for Damage Detection
A. Procedure for Damage Detection and Identification
Using Antioptimization

This section, first, proposes a general procedure for damage detec-
tion using the equations for determining the antioptimization load
presented in Sec. II. Then it presents a method that uses antiop-
timization to determine damage in joints in automotive structures
because of high mileage.

The loading that maximizes the ratio of the strain energies of two
structures can help detect damage and identify its location. Con-
sider an intact structure and a nominally identical structure, which
we suspect has been damaged. One can estimate experimentally the
flexibility matrices of these structures and solve Eq. (5) to find that
loading which maximizes the strain-energy ratio (worst case load-
ing). The examination of the worst case loading and comparison
of the displacements of the two structures, the strain energies, and
their ratio under the worst case loading should help detect damage
and identify its location. Indeed, one can reasonably expect that in
most of the cases the antioptimization load should be close to the
damaged spot.

Consider structures A and B that are identical, except that struc-
ture B is suspected to be damaged. The following procedure can be
applied to detect and identify damage:

1) Select a few points (say five) in structures A and B. If we have
information about the location of damage, we can select these points
near this location; otherwise, these points can be evenly distributed
in the structure.

2) Estimate experimentally the flexibility matrices corresponding
to the points selected in step 1.

3) Determine the worst loading case and the response of the two
structures under this worst loading case.

4) Decide whether structure B has been damaged based on the
maximum value of the strain-energy ratio.

5) Locate the position and the direction in which the structure has
lost stiffness by examining the worst load and the resulting responses
of structures A and B. An advantage of this approach is that it does
not rely on a detailed model of the intact structure. Instead it uses the
measured flexibility matrices of the two structures that correspond
to few points.

B. Antioptimization-Based Method for Identifying Damage in Car
Joints Due to High Mileage

Car joints lose stiffness because of high mileage. It is important
to automotive manufacturers to determine which joints tend to de-
grade more7 so that they can improve durability of their products
by reinforcing these joints. We propose a method for identifying
damage m joints that uses static tests on the same car at zero- and
high-mileage stages.

This method consists of two steps. First, it finds the loads that
maximize the sensitivity of the static response of a car to damage in
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Intact joint High mileage joint
Jx,Jy,Jz

Akx,Aky,Akz

Fig. 1 Damage modeled by three springs A^, Aky, and Afcz connect-
ing two branches of a car joint. The springs represent the change in
stiffness in the AT, F, and Z directions.

I
Car at zero mileage Same car at high mileage stage

Fig. 2 Schematic showing the comparison of a car at zero mileage and
at high mileage.

the joints of the car. Then it finds the loss in stiffness of a joint using
the following equation:

{displacement of high-mileage car displacement of

zero-mileage car} = [matrix of sensitivities of change

in displacement with respect to joint stiffnesses]

x {change in joint stiffnesses) (9)

LAtf =

"0 At (/!,«- /I,;',) A£

0 At(/2,ijc ~/2,yjc) A/:
0

_0 At(/n,«-/n,7Jc) A*

v ( / 1 . y _ / 1 . y ) At(/i , / z-/ i ,; z) <
v(/2,i>-/2,y>) At( /2 , /Z- / l ,yZ) <

y(/n,iy - /n,7>) At(//i,iz ~ /n,yz)

or

u-u^-K~l^Ku (13)

Equation (13) can be recast as follows:

u-u = -L&Ku (14)

where L is the flexibility matrix of the car at zero mileage.

Atf =

•o o o o 01
0 DK 0 -DK 0
0 0 0 0 0
0 -DK 0 DK 0
0 0 0 0 0

Rows: 7;, 7V,

t t
Columns: iXtiy,iz Columns: jXt jy, jz

DK is a 3 x 3 submatrix:

DK =
At 0 0

0 My 0

0 0 At
(16)

~ M

0 -
^ - l{ J z) ti

2 , / z - / 2 z ) 0

-At (/«,/* - /„,;

(17)

where n is the number of displacement measurements and //,;- are the
entries of the flexibility matrix of the zero-mileage car. Therefore,

- Ujz) ]

(18)

u — u = —

Substituting the preceding equation into Eq. (14), we obtain a system
of n equations with three unknowns:

At
(19)

Damage in a joint is modeled by adding three springs connecting
two branches of a joint to the finite element model of a car body.
These springs have negative stiffness, and they represent the loss in
the stiffness in three directions X, Y, and Z (Figs. 1 and 2). Let F be
the force vector and u\ and u2 be the vectors of the displacements
of the zero- and high-mileage cars, respectively.

In the following, we derive the equations that can be used to
estimate At, At» and At for one joint.

We start from the following equations for the displacements of
the zero- and high-mileage cars:

Ku = F

(K+&K)u=F

By subtracting these equations, we obtain

(10)

(U)

(12)

We can easily extend Eq. (19) so that it can be applied to problems
with m unknown joints. In this case the matrix in Eq. (19) will
become a n x 3m matrix, and the vector that is multiplied by this
matrix will have size 3m. With more equations than unknowns, we
find the At, At, and At that minimize the square error, i.e., by
regression.

The method presented can be extended easily so that it applies to
problems involving dynamic displacements.28 In this case we should
substitute the elements of the receptance matrix for the elements of
the flexibility matrix into Eq. (19).

We can use antioptimization to find a loading case that will allow
us to determine the unknown changes in the joint stiffnesses with
good confidence. Figure 3 summarizes this procedure. First, we
select points/i, . . . , / „ where loads can be applied and displacements
can be measured. For each joint we find the three loads that maximize
the difference in, or ratio of, the strain energy of the zero-mileage car
and the strain energy of the same car when the stiffness of the joint
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Start

Zero mileage car Same car with a spring used to represent loss
of stiffness in a.joint

Determine experimentally the
flexibility matrix corresponding to //

degrees of freedom

Determine experimentally the flexibility
matrix corresponding to // degrees of

freedom

Using equation (5) or equation (8), find antioptimization load that
maximizes the sensitivity of the strain energy corresponding to the degrees

of freedom //,....,/„ to loss of stiffness of joint i-j

No
Found antioptimization

loads for all joints?

Yes

Select practical set of loads to be used for joint damage identification

Apply the antioptimization load to the zero and high mileage cars, and
estimate the terms in equation (19) representing damage in joints

Identify those joints that tend to degrade most because of high mileage

Fig. 3 Method for identification of most vulnerable joints in a car.

changes by A&*, A^, and AX;Z, respectively. Using information
about these loads, we select a set of loads that is practical to apply
to the car at the zero- and high-mileage stages to identify damage
in joints.

IV. Illustrative Examples
This section demonstrates the methods for the comparison of al-

ternative structural models and identification of damage using the
concepts outlined in the preceding sections. Section IV. A deals with
the comparison of alternative structural models whereas Sec. IV.B
deals with the identification of damage using the procedure de-
scribed in Sec. III.A.

A. Comparison of Alternative Structural Models (Automotive
Joint Example)

Figure 4 shows a detailed finite element model of a B pillar to
rocker joint of an automotive body. The vertical and horizontal mem-
bers of the joint are called B pillar and rocker, respectively. Lee35 de-
veloped four simplified joint models consisting of torsional springs
and rigid elements. The properties of these models are summarized
in Table 1.

The parameters of the simplified models are estimated to mini-
mize the differences between the response of simplified and detailed
models. Therefore, the simplified models can be almost as accurate
as the detailed model under loads that were used in the estimation of
parameters. These joint models may not be accurate enough in pre-
dicting response under other loads. The engineers or designers need
a metric of the accuracy of the simplified joint models before using
them for analysis of vehicle structures. The upper bound on the error
between the simplified and the detailed models can be such a metric.
This quantity can be obtained by considering the worst loads found
using antioptimization.

In this study, the parameters of the simplified models were es-
timated first. Antioptimization was used to compare the simplified
joint models with the detailed joint model under the worst load case
scenario. The condensed flexibility matrix that corresponds to the
six degrees of freedom at the end of the attached beam was consid-
ered to compare these models. The worst load vector was found at
the end of the beam attached to B pillar (see Fig. 4). The response
included static displacements and rotations.

The worst loads that maximize the difference between the strain
energies of the simplified and the detailed models, evaluated using
Eq. (8), are presented in Table 2. The displacements of these models
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Table 1 Properties of the alternative simplified joint models

Model Property
Simplified model I The flexibility of a joint is considered using

three torsional springs. The rotation centers
of these springs coincide with the geometric
center of the joint. The orientations of these
springs coincide with three orthogonal planes
(XpYp, YpZp, ZpXp—planes in Fig. 4).
Thus, the effect of coupling between rotations
in different orthogonal planes is not
considered. The parameters in this model
are the magnitudes of the torsional springs.

Simplified model II Same as simplified model I, but the rotation
centers of torsional springs do not coincide
with the geometric center of a joint. The
parameters in this model are the magnitudes
and locations of the torsional springs.

Simplified model III Same as simplified model II, but the coupling
effect is considered by allowing the
orientations of torsional springs to change
arbitrarily. The orientations of three torsional
springs are constrained to be mutually
orthogonal. The parameters in this model
are the magnitudes, locations, and orientations
of the torsional springs.

Simplified model IV Same as simplified model III, but there is no
constraint in the orientations of three
torsional springs. The parameters in this
model are the magnitudes, locations, and
orientations of the torsional springs.

loads

beam attached
to B-pi!lar

Rocker

•pillar: local coordinates of B-|
XRVRZR: local coordinates of rocker

Fig. 4 Detailed finite element model of a subassembly that consists of
the B pillar and the rocker.

and the differences of the strain energies under these load vectors
are also presented in Table 2.

The displacement components in the X direction of the detailed
model do not agree well with any of the simplified models because
the axial flexibility was neglected in the four simplified models.
However, this discrepancy can be ignored because the portion of
strain energy from the force component in the X direction is negli-
gible. For example, in the comparison of simplified model IV with
the detailed model, the portion of strain energy in the X direction
is only 1.07% of the total strain energy of the detailed model and
0.14% of the total strain energy of simplified model IV.

Under the worst loads the difference between the strain energies
of the detailed and the simplified models is 1.85% and 1.79% for
simplified model IV and simplified model III, respectively. This
difference is small enough so that these simplified models can be
used instead of the detailed model under any loads without signif-
icant loss of accuracy. If less complicated simplified joint models
are used, this difference becomes large. The difference is 7.03% and
18.6% for simplified model II and simplified model I, respectively.
The relatively large difference is because the behavior of real joints
is not accurately described by these two simplified models. Sim-
plified model I arid simplified model II neglect coupling between
rotations in different planes. The difference between strain energies
of the detailed model and the simplified models is larger for simpli-
fied model I than for simplified model II because the former model
assumes that the rotation centers of the branches coincide with the
center of the joint.

B. Identification of Damage
We can also use the antioptimization procedure described in

Sec. III.A to identify damage in a structure. The following experi-
mental procedure can be followed for this purpose:

1) Consider an intact and a damaged structure.
2) Determine experimentally the worst loading case, that is, the

load that maximizes the ratio between the strain energies of the two
structures.

3) Determine the largest component of the worst load vector.
Intuitively, one expects the damage to be in the area most heavily
loaded by the worst load. We may also determine the orientation of
the damaged fibers from the direction of the worst load.

To demonstrate this approach, we considered a plate consisting
of square elements. We simulated the case where there is damage
in a fiber by assuming that the Young's modulus of one element
in the direction of the fiber is approximately 5% of the moduli
of the rest of the elements (Fig. 5). The Young's modulus of the
damaged panel and undamaged panels alongthe X direction (Ex) are
taken as 1 x 106psi and 26.245 x 106 psi, respectively. The Young's
modulus of the damaged panel and undamaged panels along the Y
direction (Ey), the shear modulus (Gxy), and the Poisson's ratio are
taken as 1.4935 x 106 psi, 1.0397 x 106 psi, and 0.28, respectively.
We considered the loads to be applied at 25 nodes as shown in Fig. 5.
Fifty values, which were the components of the load at these points
in the X and Y directions, needed to be determined. We found the
worst loading case by maximizing the ratio of the strain energies of
the damaged and the original plates.

Damaged Element

1,2,3,...25 are loading points
that give a flexibility matrix
of order 50x50

Fig. 5 Plane-stress panel showing the damaged element and loading
points.
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Table 2 Comparison of simplified models under worst loading case

I a
'Mtiax

A"
fy
fz
M/
My

Mz

Simplified model IV,
5.5929 x 10-4

-0.7093
0.1354
0.6918
0.0002

-0.0007
0.0001

Simplified model III,
6.381 lx!0~4

Worst load, /worst
-0.6474

0.1036
0.7551
0.0002

-0.0010
0.0001

Simplified model II,
2.4834 x 10~3

-0.1841
0.6687
0.7204
0.0021

-0.0007
0.0006

Simplified model I,
1.1086xlO~2

-0.0491
0.1870
0.9811
0.0007

-0.0011
0.0002

Displacements under /"worst from detailed model
«*"
Uy

"z
Veyez

-4.5604 x 1(T4

2.0957 x 10~3

4.2885 x 10-2

6.1249xl(T6

-3.7772 x 1(T5

-1.9105xl(T6

-4.8908 x 10~4

2.1535 xl(T3

4.6622 x 1C-2

6.7448 x 10~6

-4.1060 xlO~ 5

1.9525xKT6

-5.0526 x 1(T4

3.5817 x!0~3

4.5582 x 10~2

5.55524 x 10~6

-4.0203 x 10~5

3.3972 x 1(T6

-6.1261 x 10~4

2.876 x 1(T3

6.0228 x 10~2

8.6436 x 10~6

-5.3055 x 10~5

2.6148 x 10-6

Displacements under /worst from simplified models
ux
Uy

uz
ox
Oy

Oz
C/ratio, %f

At/, %

-0.5936 x 10~4

2.0199 x 10~3

4.2499 x 10~2

6.0291 x 10~6

-3.7377 x 10~5

1.8502xlO~6

98.155
1.845

-0.7593 x 10~4

2.0874 x l<r3

4.6140 x 10~2

6.6289 x 10~6

-4.0404 x 10~5

1.8979x 1(T6

98.214
1.786

-0.4801 x 10~4

1.9210x 10~3

4.3793 x 10~2

0.4261 x 1(T6

-3.8417 x 10~5

1.9291 x 10~6

92.969
7.031

-0.6874 x 10-4

0.7946 x 10~3

4.9351 x 10~2

0.5413 x 1(T6

-4.0938 x 10~5

0.7501 x 10~6

81.417
18.583

a^max»largest eigenvalue. b /, force component of worst load /worst • c M> moment component of worst load /worst- d«, translational displacement.
e#, rotational displacement. f f/ratj0> ratio of strain energy of the simplified and the detailed models (%). At/, difference between strain energies of
the simplified and the detailed models (%) normalized by the strain energy of the detailed model.

Damaged Element

F, = 1.0000 "1

=-0 9928 MAJDR EIGENVECTDR LDAD

F! = 0.9247 I

Fig. 6 Eigenvector loading for maximum strain-energy ratio.

The maximum and the minimum ratios of the strain energy were
found to be 1.56089 and 0.81412, respectively. The inverse ratio of
the minimum eigenvalue l/AITlin was 1.2283, which was less than
the maximum eigenvalue Amax. The worst load consisted of loads
applied at the nodes in the vicinity of the damaged element. These
loads were parallel to the direction of the damaged fiber as shown
in Fig. 6.

This example showed that we can identify the damage in a struc-
ture by finding the worst loading case, that is, the load that maximizes
the difference between the responses of an intact and the damaged
structure. In this case, the worst loading case will be found by a
sequence of experiments performed on the two structures. This pro-
cedure will be determined using optimization. This is feasible, of
course, only if we can repeat the experiments hundreds of times
with different loads to perform the optimization.

The proposed approach relies on the hypothesis that the antiop-
timization load should be located near the damage spot. This hy-
pothesis appears to be reasonable because the antioptimization load
should exercise the damaged fibers. However, a large number of
examples should be studied to determine the type of problems for
which this hypothesis is not true.

One advantage of methods for damage identification that use dy-
namic measurements is that many measurements can be obtained
at the same point by exciting the structure at different frequencies.
On the other hand, these methods are not always practical because
of the following:

1) They often rely on measurements of the mode shapes, which
are difficult and expensive to obtain. In most cases measurements
at only a few points on the structure are available.

2) They require an analytical model of the intact structure, which
is not always available.5

3) The number and location of measurement sensors has not been
addressed adequately.5

4) It is difficult to discern changes in the structure because of
damage to statistical variations in measurements.

The proposed, antioptimization-based approach has the following
advantages:

1) It uses experimentally obtained flexibility matrices of the intact
and damaged structures, and so it does not rely on an analytical
model of a structure.

2) It reveals the difference between the intact and damage struc-
tures using that load combination which sharpens the difference in
the behaviors of the damaged and intact structures. In many cases
this will make it easier to distinguish changes because of damage
from statistical variations in measurements.

V. Conclusions
The following are the most important conclusions of this research:
1) An antioptimization-based method to compare two different

models representing the same structure was developed and imple-
mented successfully.

2) The method was demonstrated by comparing alternative mod-
els of an automotive joint.

3) The proposed method also can be used to identify damage in
a structure.

4) The nature of the damage (including the orientation) can be
predicted using this antioptimization-based methodology. This con-
cept was illustrated using a simple plane-stress-panel example.
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5) A procedure that was specifically developed for identification
of damage in automotive joints because of high mileage was pre-
sented. This procedure uses antioptimization to determine the load
that maximizes the sensitivity of measured displacements to damage
in joints.

The following summarizes the example of the automotive joint:
In the analysis of automotive structures, simplified models are more
practical than detailed models. The accuracy of simplified joint
models depends on the loads applied to joints. Using antioptimiza-
tion, the accuracy of the simplified models was compared under the
worst load case that maximizes the difference between the simpli-
fied model and the detailed model that is considered as a reference.
By considering the worst loads, an upper bound on the error of the
simplified models was found. This bound can serve as the metric of
the quality of the simplified models.
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