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Abstract. A novel numerical method, based on a machine learning ap-
proach, is used to solve an inverse problem involving the Dirichlet eigen-
frequencies for the elasticity operator in a bounded domain filled with
a composite material. The inhomogeneity of the material under study
is characterized by a vector which is designed to control the constituent
mixture of homogeneous elastic materials that compose it. Using the
finite element method, we create a training set for a forward artificial
neural network, solving the forward problem. A forward nonlinear map
of the Dirichlet eigenfrequencies as a function of the vector design pa-
rameter is then obtained. This forward relationship is inverted and used
to obtain a training set for an inverse radial basis neural network, solving
the aforementioned inverse problem. A numerical example showing the
applicability of this methodology is presented.
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1 Introduction

Inverse problems applied to elasticity are usually promoted by the need to cap-
ture relevant information concerning the features and design parameters of the
elastic materials under study. There has been a great body of research related
to this problem, which the following ones can be mentioned:

Reconstruction of inclusions (see [2] and [4])

— Non-destructive evaluation for mechanical structures (see [21])

Parametric identification for elastic models: Lamé coefficients, elastic moduli,
Poisson’s ratio, mass density or wave velocity (see [3])

Reconstruction of residual stresses (see [6])

— Model updating: dynamic control for mechanical structures ([9])

On the other hand, the use of spectral analysis to address elasticity prob-
lems is not new, for example, Babuska [5], Zienkiewicz ([37], [38]), Oden [24] and
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Boffi ([10], [12]), have analyzed the calculation of eigenfrequencies and eigenfunc-
tions using this numerical technique. Also, see Sun and Zhou [31] and references
therein. Forward numerical simulations of composites materials with local and
well-defined inhomogeneities have been widely applied through the Finite El-
ement Method (FEM), see for example Hassell and Sayas [20], Xu et al. [32]
and Rodrigues et al. [29]. However applications of this method for composite
(or inhomogeneous) materials is more complex. One of the reasons is that in
anisotropic and composite (or inhomogeneous) materials, the models and the
result interpretation are not easy to obtain using FEM, see Yan [33], Eigel and
Peterseim [16], Choi [14] and Zhou et al. [36]. Consequently, FEM is not able to
give an easy way to control the constituent mixture of composite materials.

Nowadays, machine learning algorithms (based on Artificial Neural Network
(ANN)) are widely used in many problems. In Griffiths et al.[19] the solution of
cornea curvature using a meshless method is discussed. In Liu et al. [22] a deep
material network, is developed based on mechanistic homogenization theory of
representative volume element and advanced machine learning techniques. The
use of neural networks to solve the Stokes and Navier Stokes forward problems is
studied in Baymani et al. ([7], [8]). The results show that the neural network has
higher accuracy than classical methods. In Ossandén and Reyes [25], Ossandén
et al. ([26] and [28]) the researchers solve the inverse eigenfrequency problems for
the linear elasticity operator, the anisotropic Laplace operator, and the Stokes
operator, respectively. Moreover, Ossandén et al. [27] solve an inverse problem
to calculate the potential coefficients associated with the Hamiltonian operator
in quantum mechanics.

In this article we are interested, in applying a machine learning approach,
to obtain a vector of design parameters a = (v, g, , ;)T € R™, which
characterizes the thicknesses between the interfaces (we assume m interfaces)
of each elastic homogeneous material that make up the composite material un-
der study, as a function of eigenfrequencies of the elasticity operator. We note
that a is a vector of design parameters which control the constituent mixture
of the composite material. The methodology proposed is based on the design of
two ANNs (forward and inverse ANNs). The proposed ANNs are multilayered
Radial-Basis Function (RBF) networks, and they are chosen due to the nature
of the problem that is analyzed and the features exhibited by the neural network
(see Schilling et al. [30] and Al-Ajlouni et al.[1]). Our main goal pursued with this
article is to prove the effectiveness of the machine learning approach, evaluating
its speed and accuracy in comparison with an approach based only on FEM.
Therefore given a desired spectral behavior of the analyzed material, a specific
composition for the mixture can be determined calculating c.. The successful ap-
plication of this methodology depends on the ability to face real inverse problem,
specifically acquiring the eigenfrequencies associated with the elastic composite
materials under study. In practice, using devices (or mechanisms) that use piezo-
electric transducers, we can measure both the eigenfrequencies and the design
parameters. Usually, the functioning of these mechanisms is based on resonance
techniques such as resonant ultrasound spectroscopy (see [34] and [35]).
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The article is organized as follows: first we start with a machine learning
analysis to solve general inverse problems which is described in section 2. The
constitutive relations for elastic composite materials are described in section
3, on the other hand in section 4 we introduce the corresponding forward and
inverse problems, and its respective solutions are displayed in sections 5 and 6.
In section 7, a numerical example is exposed, and finally the conclusions follow
in section 8. Figure 1 shows an example of the type of composite material this
article is analyzing, which is composed by homogenous domains.

Fig. 1. Elastic composite material.

2 Solving inverse problems using machine learning
algorithms

Mathematically, solving an inverse problem comnsists of estimating a signal P
from data observations M where:

Fr(P) =M, PeX and MeY. (1)

In equation (1), X and Y are vector spaces with norm, and Fr : X — Y is
called the forward operator. Let us observe that the forward operator has been
parametrized by T'. For example in some non-destructive evaluation problems,
T denotes a well-known trajectory composed of several transmitter and receiver
locations (sensor locations).

Machine learning methodology can be used in order to obtain (approxi-
mately) a non-linear mapping }"})0 1Y — X satisfying:

‘/T-"_'Zr“ﬂ(M) ~ Pseeka MeY and Pseek e X. (2)

Let us observe that ]—'qt ¢ (which is an ANN) has been parametrized also by
T and by 6 € ©. The main idea when we use machine learning algorithms is to
make a choice of an optimal parameter 6* € © given some training data. This
optimal parameter can be obtained by minimizing a functional to control the
quality of a learned .7-";7 o~ In other words, we propose solving the inverse problem

using machine learning algorithms amounts to learn .7-'} ¢ from data such that it
approximates an inverse of Fr.
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We assume that the metric spaces X and Y are endowed with the respective
norms: || |x: X —=Rand | |y:Y—R.

2.1 Supervised learning

In supervised learning the input/output data set are known. The optimization
(minimization) problem that we propose to solve is:

1
min {2||fT 0 Ffy 0 Fr(P) — M|} + BRT(P)}- 3)
where the functional Ry : X — R is known as a regularization functional that
penalizes unfeasible solutions. The parameter 8 measures this penalization.

2.2 Unsupervised learning

In the case of unsupervised learning the output data set is unknown. For his
problem we propose to minimize:

min {;IIFT 0 Fhyo Fr(P) — Fr(P)[} + ﬁRT<P>}, (4)

Let us notice that in many cases it can be quite complicated to use directly
JFr in the optimization algorithm, which can be a minimizing numerical method.
In these cases, it is convenient to also use an approximation (another ANN) Fr g,
for Fr. In addition, if this new network (called forward ANN) is well trained,
we can greatly reduce the calculation time involved in solving many times many
forward problems.

Finally, we must indicate that since in general the forward problems are well-
posed, the use of the operator Fr o }"}79 o Fr in the optimization problem limits
the existence of unfeasible solutions, which together with the use of an additional
regularization functional Ry could be suitable for choosing a ”good physical”
solution for the inverse problem.

3 Constitutive relations in elasticity

Let £2 C R! (I = 2 or 3) be a nonempty, open, convex and bounded domain, with
its regular boundary I, filled with an elastic composite material characterized
by its Lamé functions v4 (), pta(x) ( € £2). In this work, o is a designed vector
of parameters used to modify the spectral response (eigenfrequencies and eigen-
functions) associated to an elastic material through the control of its constituent
mixture.
We denote the elastic composite tensor, for an isotropic medium, by C7,. (z) =

Ya(@)0i;0rq + pa(®) (057 0ig + 0ig0ir) (1 < 4,7,7,q < 1), where 0. . is the Kronecker
delta function. We remark that this tensor is positive definite.
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The generalized Hooke’s law, relating the mechanical displacements u (u(x))
with the associated stress tensor 6% (0%(z,u) = Yo (2)(V - u)Z 4+ 2ua(x)E(u))
is given by:

of(@,u) = of(z,u) =Y CF, (@):4(u), (5)
where:
Eilw) = 5 (Ojui + D) ©

is the strain tensor.

4 The forward and inverse problems

4.1 The forward problem

As a forward problem, we consider the following eigenfrequency problem: given

a € R, find A € R and the non-null valued functions u which are the solutions
of:

—div(Ya(2)(V - u)T 4 2ua(x)E(u)) = Au for =€ 2,

_ (7)

u=20 for zel.

where 7 is the identity matrix of size [ x [.

We note (see [5]) that the only non-null solutions of (7) are a countable pair
sequence {(An, U }n>1 of eigenfrequencies and eigenfunctions.

We define the function Fy associated with (7):

Fy RTSRY, XN = (A dgy- AT = Fy(a). ®)

We remark that the function Fn (N € N) solves the forward problem asso-
ciated to (7).

4.2 The inverse problem

We consider the following inverse problem associated to (7):
Find o € R such that

(9)

ul =0 on I

{—div(*ya(m)(v UDT + 20 (@®)EWd)) =X ud  in 0,

d

n’

where the given pair {)\ ui} , with n € N and n < N < +00, characterizing
n

the desired spectral behavior.
We define the function ]-';,1, which is the inverse function of Fy, associated
to (9):
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FiURY S R™, o= FR (XY, (10)

We remark that the function ]-';[1 (N € N) solves the inverse problem asso-
ciated to (9).

5 Solution of the forward problem

5.1 Variational Formulation

We define the functional space

V=U= {’U—(’Ul,’Uz,"' ou) € [HY )] vi=0 on I, 1<i<ly,
(11)
!
associated with the norm [Jv||3 , = (Z\|Ui||ig)1/2~
i=1

The corresponding variational form of equation (7) is given by:

o (U, v) := /_Q('ya(a:)(v-u)(v-v)+2,ua(:c)5(u) :E(U))dx:)\/gu-vdw. (12)

Thus the weak formulation for the eigenfrequency problem in elasticity, con-
sidering homogeneous boundary conditions, is given by: Find (A, u) € (R, U)
such that

o (u,v) = X (u,v)0.0 Yv €V, (13)

where (-,+) , is the inner product of [L?(£2)]".

5.2 Discretization

To obtain the discrete form of the variational formulation (13), the approach is
based on Pj-Lagrange Finite Element (k > 1) in {2 is used.
Let {7}~ be a regular mesh discretizing (2 (see Ciarlet [15]), composed by

triangles T; (i = 1, ..., M) of diameter hr,, such that h := sup hg, measures the
T:€Tn
size of the mesh 7. Furthermore, we consider the finite element space V;, C V

of piecewise polynomials Py (k > 1).
Let (Ap,up) € (R, V) be the eigenpair solution to the discrete weak form
of (13). The Rayleigh quotient for each discrete eigenfrequency A, is given by:

aa(un, up)

Ap =
(u;“ uh)o,(z

=Fn(a) . (14)

Finally, let us mention that the Babuska-Brezzi condition (see [5], [10], [11],
[13], [15] and [23]) satisfied by the approximation spaces, ensures the wellposed-
ness of the discrete weak form of (13).
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6 Solution of the inverse problem using machine learning

A the machine learning approach can be used to solve the inverse problem pre-
viously discussed. Afterwards a the machine learning algorithm can reconstruct
the nonlinear inverse mapping ]—"; e RY — R?* that approximate J ]?,1 above

defined. Let ]—'g ~ be an inverse Artificial Neural Network (ANN) with activation
functions defined by a Radial Based Function (RBF). The structure will consist
in one input layer containing n neurons, one hidden layer containing s neurons
and an output layer containing m neurons. Let us notice that @ is a vector pa-
rameter associated with the specific network topology. The use of this type of
ANN is treated by Girosi et al. [17] and Girosi and Poggio [18]. In these articles,
the authors analyze, in detail, the regularization features of an RBF ANN.

To perform the construction of the above inverse network (which solves the
inverse problem), we define a forward RBF ANN Fp, v : RT — R”, used as
an approximation of the direct operator Fy, with one hidden layer containing
s1 neurons and one output layer containing N neurons. Let us remark that,
we use the forward network Fg, n instead of Fx to accelerate the calculation of
eigenfrequencies. In this case 8, is a vector parameter associated to the topology
of Fg, n. An optimal estimation for 6, is given by:

s )1
6, = H;IH{QHJEN(G) —fol,N(a)lln%N} (15)

Once calculated 07, we can obtain an optimal estimation for 6 using:

« . . 1
0" = min J(0) = min {2||.7:9;,N(Ot) — For N o f;,N o —FHT,N(Q)HH%N}. (16)

Obtaining 07 and 6" is usually known as the training process associated with
the forward and inverse networks respectively. Let us notice that the training
process can be performed, for example, using a backpropagation algorithm (see
[17] and [18)): starting with an initial parameter vector 8°, the training algorithm
iteratively decreases the mean square error updating 6, where each iteration is
given as follows:

2.J(6")
00’

0 =0 — L , (17)

where € controls the length of the update increment and L is a matrix that
defines the backpropagation algorithm to be used.

Finally, we remark that the regularization functional Ry for our specific
problem is not required because Foy n © ]:g*,N o Fo: N (from its definition) only
allows the ”good physical” solution.
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7 Numerical result

Let us consider the problem (7), where £2 =]1,3[x]1,2[C R? (z = (z,y)") and
I' = 2 — (2. A representative diagram showing the domain of our example is the
Figure 2. Figure 3 shows the function that models the interfaces between each

of the homogenous domains. In this example o = (a1, )T = (o, a)T.

V'E’ . . .

m’pﬁ:m (lgj §3),Where E] 1S
the Young’s modulus and v; is the Poisson’s ratio for the elastic homogeneous
material of the domain £2; (see Figure 2). Table 1 shows the values for E; and

vj (1 < j < 3) used in our example.

Let us assume that v; =

Table 1. Coefficients used in this numerical example.

Material E (Young’s modulus) GPa|v (Poisson’s ratio)
Cooper (5 =1) 124 0.34
Stainless steel (j = 2) 200 0.30
Aluminum (j = 3) 79 0.35

Let us define:

1 if 1<x<15—%ﬂ<y<2&
~ 15+5 -2

Do) = 22— it 15—%<x<15+%J<y<2&(B)

0 if 15+%<x<3&1<y<2&

0 if 1<x<15-%@<y<za

154 @
7075 15— ca<is+S1<y <20,
a 2 2
Quo(x) =41 if 15+%<z<25—%@<y<2@ (19)
25+ 2 —
OTHETE 952 cr<254+ S 1<y <20,
« 2 2

0 if 25+%<x<3&1<y<2&

and
. (07
0 if 1<x<2.5f§,1<y<2.0,
. 92542
Qas(@) = L2275 g 25—%<$<25+%J<y<2Q (20)
a

1 if 25+%<x<3&1<y<20
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Note that 2321 Qo () = 1.

The relationships fZayj (z),1 < j < 3 are functions related to sets 25,1 <
J < 3 (see Figure 3) where al = 1.5 - §,a2 = 1.5+ §, a3 = 2.5 - § and a4
= 2.5+ § respectively. These functions (which are a partition of the unity) are
employed with the purpose to model the constituent mixture of homogeneous
materials in order to obtain composite materials with new physical properties.
It is important to remark that inhomogeneities considered in this example only
depend only on the z variable and do not depend on y variable (see Figure 2).

We also define the variable Lamé coefficients characterizing the inhomo-
geneities of elastic materials understudy

) - 3 -

Zj:1 Vjf2a,j () Zj:l 15 2a,5(x)

Yo(@) = ZIAIZTEL G () = St
Z]’:1 2a,;() Zj:l 2aj()

In this example, the thickness @ = a2-al = a4-a3 is the design parameter

used to control the constituent mixture of the composite material. Let us observe
that:

(21)

)

3 3
I a(e) = D vito, (@) and (e =3 nila() (@)
J= J=

where
if 1<z<1.5,y€ll,2]
1o, (x) =405 if x = 1.5,y €]1,2], (23)
elsewhere,
1 if 1.5 <x <25,y €]1,2],
0.5 if x =15,y €]1,2],
Lo, (@) = | .21 (21)
0.5 if x =25,y €]1,2],
0 elsewhere,
and

1 if 25 <z <3.0,y €]1,2],
1o,(x)=<0.5 if x =25,y €]1,2], (25)
0 elsewhere.
The purpose of this example is to obtain numerically a specific composition
for the mixture (calculating o) with a desired spectral behavior of the composite

material (solve the inverse problem).

The forward RBF ANN Fp, n is trained with data provided by simulations
obtained using FEM (P, finite elements): (¥ = 0.4 — 0.02(i — 1), (YN)(” =
Fn(a®),1 <i < Ny, being in this case N; = 20. We use equation (15), applying
the backpropagation algorithm for the training data, in order to obtain the opti-
mal vector parameter 6] (associated with the forward RBF ANN topology) and
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performing the approximation for Fy. After training the forward network, we use
it to simulate a larger amount of data Ny >> Ny, with o(?) = 0.4 —0.002(i — 1)
(1 € i < Ny =200), to obtain a set of training data for the construction of the
inverse RBF ANN ]—'(1; n- In this case we also use the backpropagation algorithm
in the training proceés, using equation (16) to obtain the optimal vector pa-
rameter 0 (associated with the inverse RBF ANN topology). Finally, we have
the inverse network trained and we can use it to solve numerically the inverse
problem. Figure 4 shows a comparison of the evolution, when the value of the
simulated data is N, = 2000 and a® = 0.4 — 0.0002(i — 1), 1 < i < N, of the
first 4 Dirichlet eigenfrequencies: 1) directly calculated using the FEM and 2)
calculated from the forward RBF ANN with the data input obtained from the
ANN: Fg: y© fT*,N o fg;,N(a(i)). As seen in this figure, the Dirichlet eigenfre-
quencies calculated using ANNs approximate quite well the calculated Dirichlet
eigenfrequencies using FEM. However when a — 0 the accuracy of the approxi-
mation decreases. This problem can be solved increasing the size of the data set
as a converges to zero.

The computational performance is summarized in table 2. The merit figure
used are the mean squared error (MSE) and the computational time (using ANN:
CT ANN) vs FEM: CT FEM), required for the simulations of our example. Let
us notice that CT ANN is calculated taking into account the computational time
required to obtain the training data set, using the FEM results, which are needed
by the forward RBF ANN. Let us observe the CT ANN compared with the CT
FEM (CT ANN << CT FEM), remarking the good computational performance
attained using the MSE. It is important to remark that the difference between the
data set prepared using FEM (N7 = 20) and the data set used for the simulation
(N5 = 2000) in this example, implies the difference between the computational
times CT ANN and CT FEM, and also the MSE. It is possible to improve the
MSE by increasing Nj, implying a longer training time for the forward RBF
ANN, and thus increasing the CT ANN.

The computer, used to obtain the results shown in this section, has a 2.4
GHz Intel Core Duo processors with 3GB of RAM.

Table 2. Computational performance summary.

Ns
N, [MSE: ]\17 Z(a(i) —a)?|CT ANN (seconds)|CT FEM (seconds)
° =1

2000 1.8440¢ — 06 65.9468 5330.69

8 Conclusion

A novel numerical method, based on a machine learning approach, is used to
solve an inverse problem associated with the calculation of the Dirichlet eigenfre-
quencies for the elasticity operator in a bounded domain filled with a composite
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Stainless steel

Mixture (alloy)
Mixture (alloy)

Fig. 2. Composite material used in the numerical example.

o

i !
Fig. 3. Functions used in the numerical example.

material. The numerical results shows that the calculation, using RBF ANNs, of
the vector of design parameters a = (a1, a2)T = (o, )T (in this case a is the
thickness between the interfaces of each homogeneous material that compose
the material used in the numerical example) from the eigenfrequencies of the
elastic composite material, has a relatively negligible error and clearly the time
consumption performance shows very important improvements compared to a
more traditional approach based only on FEM (see Table 2). In summary, we
have proved the effectiveness of a method that can be used as a control design
tool: given a desired spectral response, we can control (motivated for the design)
the constituent mixture of an elastic composite material. The method improves
time performance without compromising the accuracy of the numerical results.
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Finally, as a consequence of the notable improvements in the time calculation
of our methodology, it can be used, in future works, to design real-time controllers
for the mixture of composite materials.
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