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Abstract

We address the non-linear optimal design problem which consists in finding the
best position and shape of a feedback damping mechanism for the stabilization of
the linear system of elasticity. Non-existence of classical designs are related to the
over-damping phenomenon. Therefore, by means of Young measures, a relaxation
of the original problem is proposed. Due to the vector character of the elasticity
system, the relaxation is carried out through div-curl Young measures which let the
analysis be direct and the dimension independent. Finally, the relaxed problem is
solved numerically, and a penalization technique to recover quasi-optimal classical
designs from the relaxed ones is implemented in several numerical experiments.

1. Introduction

Let 2 be a bounded open subset of RY with boundary I' = I'gUT"; of class C?.
For a given function u = (uy,us,...,uyn) : [0,T[ x @ — RN, depending on
time ¢ and position x = (xy, ..., x,), partial derivatives with respect to ¢ will be
denoted by ’ and derivatives with respect to x j by ,j, thatis,
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We will also use the vector notation
u/ = (M/l’ ,_,,u;v), u” = (M/l/, ,u;(,) and qu = (ui,j), 1 § i,j § N.

We introduce the classical symmetric tensors of linear elasticity, namely, the linea-
rized strain tensor

e=ew =1 (Yt ) )
and the stress tensor
o =0 (u) = (0jj = aijucu) )
where the coefficient of elasticity a;jx € wloo (),i,j,k,l =1,..., N,are such
that
aij = apiij = djik and ajjpijer = ag;je;j in 3

for some fixed o > 0.
Then, we consider the following damped system:

u —Vy-o+ax)X,(x)u’=0 in (0,T) x L,

u=>0 on (0, T) x I'o, “)
o-n=90 on (0,T) x I'y,
u©,) =uy, u'0,)=u in Q,

where @ C 2 is a subset of positive Lebesgue measure, X, is the characteristic
function of w, V,- is the divergence operator considered with respect to the spatial
variable x, n = (ny, ..., ny) is the outward unit normal vectortoI'1, 0 < T < oo,
and a = a (x) € L*° (22; R) is a damping potential satisfying

a(x) = ap > 0 almost everywhere x € w.

It is known (see [1,8,14]) that system (Equation 4) is well posed in the following
sense: if we introduce the space

V():[ue(Hl(Q))N:u=0 on Fo]

and take (ug, u1) € Vo x (L2 (Q))N, then there exists a unique weak solution u
of Equation (4) in the class

we C(0,T[; Vo)nC! ([0, T[: L? (Q)N).

The energy at time ¢ of this solution is given by

1
E() = z/Q(|u’|2+a(u):s(u)) dx.
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where o : e designates the trace Zi, j=1,N Oij€ij- Multiplying the first vector
equation in Equation (4) by u’ and integrating by parts, one easily deduces that

dE(t)
dr

—/ a(x) X,(x) |[u|>dx, Vi>0.
Q

Therefore, the energy is a non-increasing function of time.

Regarding the physical meaning of system (Equation 4), the dissipative term
a (x) X, (x) u’ may be seen as afeedback damping mechanism which measures the
velocity of vibrations through the use of sensors, and acts on the system according
to these measurements by means of actuators. In this sense, X, indicates the place
and shape of actuators.

It is then natural, and very important in practice, to analyze the question of
determining the best position and shape of sensors and actuators that minimize the
energy of the system over a time interval (see [7, 1 1] and the references therein). This
is the main problem we address in this work. In mathematical terms, we consider
the following non-linear optimal design problem:

wey

T 1 T
(P) inf J (Xw):/ E (1) dt:z/ / (|u/|2 +o(u): e(u)) dxdr, (5)
0 0 JQ
where u is the solution of system (Equation 4), and for a fixed0 < L < 1,
QL ={wCQ:lol =L,

|w| and |2| being the Lebesgue measure of w and €2, respectively.

The same optimization problem for the damped wave equation has been recently
considered by the authors in [17,18] where the possible non-well-posedeness cha-
racter of (P) was observed, that is, the non-existence of a minimizer in the class of
characteristic functions. Then, a full relaxation of the original problem was carried
out by means of Young measures (which are a powerful tool to understand the limit
behavior of minimizing sequences in non-linear functionals) (see [3,19] and the
references there in), and a suitable representation of divergence-free vector fields
which enables one to transform the original problem into a non-convex, vector
variational one.

The aim of this work is to extend the results in [17,18] to the case of the system
of linear elasticity. To this end, we consider the relaxed problem

T
(RP) inf J(s) = / E (t) dt (©6)
0

SEL®(R)
where as above E (t) is the energy associated with the new system

u —Vy-o+ax)s(x)u'=0 in (0,7) x Q,
u=20 on (0, T) x Iy,
o-n=0 on (0,T) xTI'yq,
u0,) =uy, u'0,-)=u in Q,

)
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and now the competing functions s satisfy the pointwise and volume constraints
0<sx) =<1 and /s(x)dx=L|Q|. 8)
Q

Our main theoretical result reads as follows.

Theorem 1.1. Assume that the initial data of system (Equation 4) have the regula-
rity

N
(o, uy) € ((H2 (sz)) n vo) < V. 9)

Then (R P) is a full relaxation of (P) in the sense:

(i) There are optimal solutions for (R P).
(i1) The minimum of (R P) equals the infimum of (P).
(i) Minimizing sequences for (P) correspond to sequences converging weakly to
optimal solutions of (R P). In particular, first-order laminates with arbitrary
normals and weights given by optimal solutions of (RP) are minimizing

for (P).

The first part of this work is devoted to the proof of this relaxation result. This
is done in Section 2. As we will see in Lemma 2.3, the assumption (Equation 9)
on the initial data is a sufficient condition in order to avoid concentration of energy
phenomena and therefore this will enable us to use the Young measures theory to
compute the cost limit of a minimizing sequence for problem (P).

A few more comments on Theorem 1.1 are in order. We will show in the second
part of this work that for some values of the damping potential a there is a numerical
evidence that problem (P) is ill posed, that is, there is no minimizer in the class
of characteristic functions. This justifies the relaxation stated in points (i) and (ii)
above. In what concerns point (iii), it tells us what the microstructure of the optimal
damping designs looks like. As we will see in the proof of Theorem 1.1, this
information is codified by the optimal Young measure associated with the relaxed
problem (RP). Moreover, because of the particular form of this optimal measure
(see Equation 21), we will deduce that if A7,; is a minimizing sequence for (P),
then the associated displacements u; converge to the optimal displacement u for
the relaxed problem (RP) in a strong sense. This is our Theorem 2.1.

Apart from considering a more complicated system than the scalar wave equa-
tion, the main novelty of this work concerns the method of proving Theorem 1.1.
It is different from the one the authors used in [17,18] for the case of the wave
equation. Our approach here does not require the introduction of auxiliary poten-
tials associated with divergence-free vector fields. Instead of those, we use div-curl
Young measures as given by [20]. See also [10]. This makes the treatment much
more direct and dimension-independent.

It is also important to mention that the optimal design problem we have consi-
dered in this work could be analyzed by some other methods. In particular, by
the homogenization method (see [2] for the case of optimal design problems with
steady-state equations) and by using the Trotter—Kato theorem (see [9] for the case
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of the wave equation). The approach in this paper, although less standard, seems
to be more general in scope. In particular, it may be applied to more complicated
stabilization problems where, for instance, the damping mechanism acts not only
in the lower-order term but also in the principal part of the operator. In this situation
we talk about an optimal design problem or a bi-design situation. We refer to [15]
for a specific example under the 1D wave equation. Our approach can also accom-
modate other more general types of cost functionals depending on derivatives of
the state, and thus it is not limited to dealing with the energy as an optimization
criterium.

In a second part, we address the numerical resolution of the relaxed problem
(RP) by using a first-order gradient descent method. We present several experiments
which highlight the influence of the over-damping phenomenon on the nature of
(P). For small values of the damping potential a, we find that the problem (P) is
well-posed. On the contrary, when a is large enough, the optimal density is no longer
in L*®(2, {0, 1}) but in L°°(£2, [0, 1]). The influence of the Lamé coefficients (in
the isotropic case) on the optimal shape and position of the optimal damping set is
also briefly analyzed. Finally, we illustrate point (iii) of Theorem 1.1 by extracting
for the optimal density a minimizing sequence of characteristic functions.

2. Proof of the relaxation theorem

As we mentioned in the Introduction, our approach to prove Theorem 1.1 is
based on the use of a class of Young measures associated with a pair of vector
fields, the first one being divergence-free and the second one curl-free. For this
reason, these measures are called div-curl Young measures. In order to make the
paper easier to read, we first collect the main properties of these measures that we
will need later on. For a proof of this we refer the reader to [10,20].

2.1. Preliminary on div-curl Young measures

Given a bounded C? domain ¢ R" and a sequence of pairs of vector fields
(Fj. G;) such that

F;j:Q—> M™N G;:Q— MmN

are uniformly bounded in L? (SZ; /\/lmXN), it is well-known [19, Th. 6.2, p. 97]
that we may associate with (a subsequence of) such a pair a family of probability
measures v = {v,},cq With the main property that if the sequence of functions
{q& (x, Fj(x),G; (x))} weakly converges in L' () for some Carathéodory inte-
grand ¢, then the weak limit is given by

¢ (x) =/ ¢ (x. A, B)dvy (A, B).
meNmexN

If, in addition, the pair (Fj, G;) satisfies
Vi- Fj=0 and curl G; =0, (10)



ARNAUD MUNCH, PABLO PEDREGAL & FRANCISCO PERIAGO

in a distributional sense, then the measure v = {v,}, g is called the div-curl Young
measure associated with (Fj, G;).

Besides the general properties of Young measures, div-curl Young measures
enjoy the following fundamental property which is an immediate consequence of
the well-known div-curl lemma.

Lemma 2.1 If v = {vy},cq is a div-curl Young measure, then for almost every
where x € €2,

/ ABTdv, (A, B) :/ Adv(D (A)/ BTdv® (B)
meN ><'/\/[me meN meN

(1D)
where v)(ci), i = 1,2, are the marginals of vy on the two Cartesian factors, respec-
tively.

An important subclass of this family of measures is the class of the so-called
div-curl laminates. These are to div-curl Young measures what laminates are to
gradient Young measures, and can be constructed as follows.

Lemma 2.2 Suppose that A;, B;, i = 1,2, are four m x N matrices such that
(A2—A1)(32T —B{) —0. (12)
Then the measure
v =58(,,8)) + (1 —5)8a,.B,) (13)
is a div-curl Young measure for all 0 < s < 1.

Notice that hypothesis (Equation 12) above is a sufficient condition in order for
the Young measure (Equation 13) to satisfy the div-curl condition (Equation 11).
For a concrete (very important in the context of optimal design in conductivity)
example of div-curl laminate and its associated sequences (F i G j), we refer to
[20].

2.2. Two preliminary key results

In the sequel we will have to deal with the class of homogeneous div-curl Young
measures v of the form

V= 50((my+c. —o (31)).01) T =) 80y, —o (31)).11)" (14)

with0 < s < 1,C e RV and M = (M, M) € MV*N+D The term M stands
for the first column of M and M € MN*¥ is the rest of the matrix. Moreover,
o (M) stands for the N x N matrix with components (o (M))ij = a;jMp, with
a;jki the coefficients given in Equation (3).

The following result is essential to avoid undesirable phenomena of concentra-
tion of energy.
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Lemma 2.3 Suppose that the initial data of system (Equation 4) have the regularity
(Equation 9) and that for almost each (t, x) € (0, T) x Q we have a div-curl Young
measure v of the form (Equation 14) with s = s (x) satisfying (Equation 8), C = au
and M = (M 1, M) = (u’, Vyiu), where u is the solution of Equation (7) associated
with s. Assume also that there exists a divergence-free vector field

Fel? ((0, T) x Q: MNX(N“))

such that

(e))
F(t,x) = Ad A).
@ x) /_/\/(NX(NJrl) Vi) ()

Then there exists a sequence X,,;, which is admissible for (P), and such that if
uj is the corresponding solution of Equation (4), then

1 ’ . 2 N
G,= (uj, quj) — (u', Vyu) strongin (L 0, T) x Q)) .

Proof. Due to the particular form of the measure v (specifically, v is div-curl Young
measure), it is known (see for instance [10,12,20]) that there exist two vector fields
(Hj , Rj) such that

V(,’X) . Hj — 0 in H_l, Rj = V(,,X)vj,

with v; satisfying the initial and boundary conditions of system (Equation 4), and
whose associated Young measure is v. Note that now V - is the divergence
operator with respect to ¢ and x. Moreover, both

[B; )" and [,

where |- || stands for the usual norm in the space of matrices M"Y *V+D are equi-
integrable. What is at stake here is the fact that by modifying the pair (H ;, R;) a
bit, we can get a new pair denoted in the sequel by (F ;, G ;) admissible for (P) so
that the underlying Young measure as well as the equi-integrability are preserved.

Since v is of the form (Equation 14) and (H ;, R;) is its associated sequence,
for j large, the pair (H i R j) is closer to A ¢ than Ag in proportion s (x), where

Arc = {(A, By e MYV MNXVED Ay = B, A= -0 (B)]
and
Ao ={(A, By e MV¥NFD s AN XWED A = gy A =0 (B))].
Let us denote by X,,; the characteristic function indicating this property, that is,
1 if  dist((Hj, R;), Ac) <dist((H;, R;), Ao)

X, (x) =
0 else.
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We claim that this sequence of characteristic functions do not depend on time (as it
has been indicated in its definition) even though the fields (H iR j) do. This is a
direct consequence of the explicit form assumed on the underlying Young measure
in Equation (14). Indeed, it corresponds to a (div-curl) laminate and the direction
of lamination should be perpendicular to all rows of the differences for the first
Cartesian factor (the one corresponding to the div-free constraint)

(Mi+C, —o(M))— (M1, —0 (M))=(C.0).

Notice that the second Cartesian factor does not provide any information on the
direction of lamination since this component is the same on the two Dirac masses.
The component corresponding to C above is the time direction. So perpendicular
directions should have a vanishing time component and are not restricted otherwise.
This, in turn, implies that laminates are “vertical” (time axis) with any normal
in space. In this way, the essential dependence on time of the sequence Xj,; is
incompatible with this direction of lamination.
Obviously,

lim Xp; (x)dx = LS.
Q

j—o0
We aim to modify the pair (H iR j) in asuitable way to obtain a new pair (F G j),

admissible for (P), whose associated measure is the same v. To this end, we modify
the sequence X;,; in a set whose measure converges to zeroas j — oo and satisfying

/Xwi (x)dx = L|Q|.
e

This new sequence of characteristic functions (not relabelled) is admissible for the
original optimal design problem and satisfies

T 2 o 5
lim // UH} — (v +a@ Xy 01 0))| + [H, + 0 (v)] ]dx dr =0,
j=00Jo Ja
(15)
where as before H ; denotes the first column of H ; and H ; is the N x N matrix
composed of the remaining columns.

Let u ; be the solution of Equation (4) associated with the admissible sequence
A, and consider the pair

Fj= (u’] +a(x) Xy, (X)uj, —a./) and G; = (u/] quj).

We claim that the measure associated with this new pair is also v. To prove
this, consider the sequence w; = u; — v;. It is easy to see that w; solves the
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non-homogeneous system
w)—Vy-o (w)) +ax)X,, (x)w'; =

Vi) - (H} — (u;. +a(x)ij(x)vj), Hi+o (v,»)) in (0,7) x Q,

w; =0 on (0,T) x I'o,
oc-n=0 on (0,7)xTIYy,

Moreover, from Equation (15), it follows that
w; — 0 weaklyin (H‘ (0, T) x Q))N. (16)
On the other hand, since u; is a solution of Equation (4),
—Vi-0(w)) = —u —a(x) X, ()u;+Vy -0 (v)).

Multiplying this equation by w ; and integrating by parts, as w ; satisfies zero initial
and boundary conditions, we obtain the following:

T
//aklmngmn (wj) Ekl (Wj)dx dr
0JQ

T T
:—// u/j’w.,-dxdt—//a(x)ij (x)u’jwjdxdt
0.J@ 0.JQ
T
_/()/Qaklmngmn (vj)skl (wj)dxdt.

From the assumptions on the initial data, it can be proved (see [1,14]) that
wj e L (0.7): Vo), ufe L (0.7): (L* @)")

and both sequences are uniformly bounded with respect to j. This, together with the
weak convergence (Equation 16), implies that the two first terms in the right-hand
side above converge to zero. Moreover, since the measure associated with R j=
Vi,x)vj is adelta, g,y (v j) is strongly convergent in L?. Therefore, the third term
also converges to zero. Finally, by using the coercivity condition (Equation 3) and
the second Korn inequality [5, p. 192], we get the convergence

T
// |Vew; | dx dr — 0. (17)
0JQ

As for derivatives with respect to time, from the identity
/ 2 / ! VA
‘wj‘ = (wj ~w/‘) — wj S W
and by using similar arguments,

T
IS
0JQ

2
dx dr — 0. (18)
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From Equations (17) and (18) it follows (see [19, p. 101]) that the sequences G ; and
R share the same associated measure. Moreover, since || R; ||2 is equi-integrable,
S0 is HGJ- ||2

The conclusion is then a consequence of the fact that the projection onto the
second Cartesian factor of the measure in Equation (14) is a delta since both Dirac
masses have the same second Cartesian factor. It is well known (see [19, Prop.
6.12, p. 11]) that this fact, together with the equiintegrability, implies the strong
convergence claimed. Notice that this second Cartesian factor corresponds to the
gradient variable (including time). 0O

Let us now prove that weak-+ convergence in L (Q2) of a sequence of minimizing
sequences for problem (P) implies strong convergence of the associated displace-
ment fields.

Theorem 2.1. Suppose that the initial condition (ug, uy) have the regularity (Equa-
tion 9). Suppose that X,,; is a minimizing sequence for the optimization problem
(P) and let u j be the associated sequence of displacement fields. If

X, = s weak-x in L™ (),
then
1 N
uj — u strongin (H (0, T) x SZ)) s
where u is the corresponding solution of system (Equation 7).

Proof. Let X, be a minimizing sequence for problem (P). We start by rewriting
the system of PDE’s in Equation (4) as

Vi - (u/j +a(x) Xy ()1, —(r) =0,

where u ; is the sequence of associated displacements, (u/] +a(x) X, ; xX)uj, —(T)
is a sequence of matrices of order N x (N + 1) which have the term u’j + a (x)
Xyp; (x) uj in the first column, and the divergence operator V  r)- now includes
the time variable (as the first variable) too.

We introduce the two sequences of vector fields

sz(u’j—l—a(x)ij(x)uj,—oj) and sz(u'j,quj),

so that the pair (Fj, Gj) is div-curl-free (V(,x) - F; = O and curl G; = 0). As
in the static case (see [2,5] ), it can be proved that the vector fields F; and G
are uniformly bounded in L2, and therefore we may associate with this pair (rather
with a subsequence of the pair) a div-curl Young measure v = {V(”x)}(t,x)e(O,T)xQ'
Since &, (x) only takes on two values, v is supported in the union of the two
manifolds Ag and A ¢ introduced in Lemma 2.3. In this case, the vector C € RV
plays the role of a(x)u and as far as derivatives are concerned is like a constant.
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Let v® designate the projection of v onto the second copy of MY *(N+D and
let § = S (¢, x) be the matrix in MY >V given by

_ , : =TT . @)
S(t,x)_/MNX(NH) [dlag(Bl)dlag(Bl)—i—(r (B)B ]du(m (B)

where diag(B;) stands for a N x N diagonal matrix with the vector Bj in the
principal diagonal. Note also that B; plays the role of u’ and B = V,u.

Due to the symmetry properties (Equation 3) and the basic property of Young
measures (the weak lower semicontinuity [19], Th. 6.11, p. 110), it is elementary
to check that

1 T
lim J (ij) > 5// tr S (¢, x) dx dr.
0JQ

j—o00

Since the trace is a linear operator,

tr(S) = [1B112 +0 (B) : & (B)|av® (B),
0 (S) /MMH) B\ +0 (B) : ¢ (B) | dv® (B)
where & (E) = % (§ + §T). By Jensen’s inequality,

tr(S) 2 [Mi* + 0 (M) : & (M) (19)

with M the first moment of v®,

If we can show that the right-hand side of (Equation 19) can be obtained by a
div-curl laminate, then that value will be optimal and the underlying state law will
be encoded in such a laminate. In addition, we could apply Lemma 2.3. But, this is
elementary to check. It suffices to take into account that due to the strict convexity
this minimum value can only be achieved when

v® = sy (20)

and hence

V= 88((ut, 1. —o (1)).0) T (1= )80y, —o (31)). 1) @D

with 0 < s < 1, is our desired div-curl laminate. Note that the difference of the
two pair of matrices is ((C, 0) , 0) which satisfies (Equation 12).

Once we know that the minimum value | M |2 + o (M) 1€ (M ) is eligible, it
becomes the cost for the relaxed problem (R P), and the optimal v is given as the
convex combination of these two deltas, one in each manifold. Conclude now by
Lemma 2.3.

We have thus shown that given an arbitrary subsequence of the full sequence
Xy;, we can always find a further subsequence so that we have the claimed strong

convergence in (H L0, 1) x Q))N for the corresponding solutions. Because of
uniqueness of the limit, the full sequence will converge strongly. This completes
the proof. O
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2.3. Proof of Theorem 1.1

We now have all the necessary ingredients to prove Theorem 1.1. The proof is
standard in non-convex optimal control problems (see for instance [19,20]) and is
essentially contained in the proof of Theorem 2.1, but is included here for com-
pleteness to stress how this approach can be used to deal with more general cost
functionals.

Proof of Theorem 1.1. To begin with, we put the original problem into the setting
of calculus of variations. So, for (#, A, B) € RN x MNXWN+D o pNXxIN+D e
introduce the functions

|Bi1>+0 (B) : e (B) if (A,B) € AgU A1 4u
W (u, A, B) =
+00 else

and

1 if (A,B) € Al,au
Vm,A,B)y=10 if (A, B) € Ao\A1.au
+o00 else.

Then it is not hard to check that the original problem is equivalent to

1 T
Minimize in (u, F) : 5// W (u(t,x), F(t,x), Viou(,x))deds
0Je
subject to
Fel? ((0, T) x Q: MNX“V“)) . Vix  F=0,

uecH! ((0, T) x Q; RY) satisfies the same initial and boundary conditions as in
system (Equation 4), and

/ \% (u (t,x), F(t,x),Vqxul(t, x)) dxdr =L || forallr = 0.
Q

Relaxation for non-convex functionals like our case is based on the computation of
the constrained quasi-convexification of W. For fixed (u, A, B, s), it is defined as

COW (u, A, B, 5) :min/ W (u, R, S)dv (R, S)

MNX(N+1) g AANX(N+1)
where v is a div-curl Young measure of the form
v =sv; + (1 —s) v,
with0 < s <1 and

supp vo C Ao, suppvi C A1 and (A, B) the first moment of v.
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The relaxation of the original problem is then given by

1 T
Minimize in (s, u, F) : E/ / cow (u (t,x), F(t,x), Vi xul(t, x)) dx dr
0JQ

subject to
0<s(x) <1, Jos (x)dx = L|Q|
(F, u) are as before.

These computations have been carried out in the proof of Theorem 2.1 where we
have found that the optimal measure furnishing the value of COW (u, A, B, s) is
a first-order laminate of the form (Equation 14). From this, we have also deduced
that the relaxed problem in terms of measures

Minimize in v the cost function J (v)

where

Lt @
103 [ [ fon [P 50 @ e @] a2,y 90xa

v being of the form (Equation 14), is equivalent to (R P). In particular,
inf J (v) = inf J (s).
% N

Now let ij be a minimizing sequence for (P). Then, as is well-known [19,
Th. 6.11, p. 110],

lim J (X,,) = J (v, (22)

j—o0 J
where v is the measure associated with A;,; as in Theorem 2.1. This proves that

inf J (v) <inf J (X,).
v X&)

Conversely, if v is an admissible measure of the form (Equation 14), then by
Lemma 2.3 there exists an admissible pair (F ;, G ;) associated with some sequence

of admissible characteristic functions &j,; such that || G, H is equi-integrable.
Thanks to this equi-integrability, we have

lim J (X,;) = J (),

J—00
and this implies that

inf J (v) 2 inf J (X,).
v X,
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This proves (ii). For the proof of (i), take a minimizing sequence ij for (P) and
let v be its associated Young measure. Again by Lemma 2.3, we may find another
sequence, say A, such that its associated ”V(,,x)u j “2 is equi-integrable. Hence,

lim J (Xg,) = J (v),

Jj—o00
but since X, i is minimizing,

lim J (&,,;) < jlin;oj (Xz;) = J (v).

j—o00
From Equation (22) it follows that

lim J (ij) =J(v).

J—>00
This proves that v is a minimizer for the problem in measures; therefore its asso-
ciated function s is a minimizer for (RP).

Finally, note that the optimal measure associated with an optimal s of the relaxed
problem is a first-order laminate whose projection on the second Cartesian factor
is a delta in V( yyu. This implies that the normal to this optimal laminates is
independent of time and can take any direction in space.

Note that when we talk about normals, because our div-curl Young measures
also incorporate time as a variable, we mean normals in space-time. It turns out
that, as a result of optimization according to our computations above, such normals
are indeed “plain” normals in space (having a vanishing time component) whose
direction (in space) is not restricted in any way because the projection on space
of the two-mass points for optimal measures is the same, and hence the difference
vanishes. This implies no restriction on normals. This has also been emphasized
before. O

Remark 1. It is also important to note that given an optimal relaxed design s, if
A, is an admissible sequence of characteristics functions such that:

(i) Ay, — s weak-x in L (), and,
(i1) the associated ||V(,‘ U ||2 are equi-integrable,

then Xj,; is a minimizing sequence for (P). This is again a consequence of the fact
that the optimal measure projects a delta located at V(; xyu on its second Cartesian
factor. The condition on the equi-integrability of ||V x)u | |> may be obtained by
assuming enough regularity on the initial data.

Remark 2. We also point out that the result we have obtained may be extended to
a non-homogeneous system of the type:

u' —Vy-o+ax)X,x)u’'=f in (0,T) x Q,

u=>0 on (0, T) x I'o,
o-n=0 on (0,T) x I'y, (23)
u@©,)=ug, u'0,)=u in Q,

forany f € L*®((0, T); L>(Q)N).
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3. Numerical analysis of problems (P) and (RP)

In this second part, we address the problem of computing numerically the
optimal density for (RP). Based on this optimal relaxed density, we propose a
penalization technique to recover quasi-optimal classical designs for (P). We first
describe an algorithm of minimization and then present some numerical experi-
ments.

3.1. Algorithm of minimization

We briefly discuss the resolution of the relaxed problem (RP) using a gradient
descent method. In this respect, we compute the first variation of the cost function
J with respect to s. For any n € R, n << 1, and any 5; € L*°(R), we associate
to the perturbation s7 = s 4 ns; of s the derivative of J with respect to s in the
direction s as follows:

0J(s) J(s 4+ nsy) — J(s)
-s1 = lim .
as n—0 n

(24)

Following the proof of [18] in the similar context of the wave equation, we
obtain the following result.

Theorem 3.1. If (g, uy) € ((H2 (Q))N N Vo) x Vo, then the derivative of J with

respect to s in any direction s1 exists and takes the form

aJ(s)
as

T
81 :/ a(x)sl(x)/ u'(t,x) - p(t, x)dt dx (25)
Q 0

where u is the solution of Equation (7) and p is the solution in C([0, T];
(H(; @M ncl(o, T1; (L2())N) of the adjoint problem

p'=Vi-o(p)—ax)sx)p'=u"+Vi-0@), in (0,7)xQ,

p=0, on (0,T) x Ty,
p-n=0, on (0,T)xTIy, (26)
p(Ta ) - Oa p,(Tv ) = u,(Tv ) in Q.

Notice that the integral (Equation 25) is well defined, thatisu’- p € C([0, T1, L' (R2))
since from the regularity assumed on (ug, u1), we have u” +V, -a (u) € C([0, T];
(L?(22))N) and hence p € C([0, T; (L*(Q)N).

In order to take into account the volume constraint on s, we introduce the
Lagrange multiplier y € R and the functional

Jy(s) =J () +ylisliLig- @7)
By using Theorem 3.1, we obtain that the derivative of J,, is

aJy(s)
as

T
= / s1(x) (a(x)/ u'(t,x) - p(t,x)dt + y) dx (28)
Q 0
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which permits to define the following descent direction:

T
s1(x) = — (a(x)/ u'(t,x) - p(t,x)dt + y), Vx € Q. (29)
0

Consequently, for any function n € L® (2, R*) with ||| L () small enough, we
have J, (s + ns1) = J, (s). The multiplier y is then determined so that, for any
function n € L>®°(Q,R™) andn #0, ||s + nsillpiq) = L|€2] leading to

(Jos(x)dx — LIQ|) — [ n(x)a(x) fOT u'(t,x) - p(t, x)drdx
Yy = .
Jo n(x)dx

At last, the function 7 is chosen so that s(x) 4+ n(x)s1(x) € [0, 1], for all x € Q.
A simple and efficient choice consists in taking n(x) = es(x)(1 — s(x)) for all
x € Q with € a small real positive.

Consequently, the descent algorithm to solve numerically the relaxed problem
(R P) may be structured as follows: let 2 C RN (ug, u1) € (H2(2)VNNVy) x Vo,
Le(0,1),T >0,ande < 1, €1 << 1 be given:

(30)

Initialization of the density function s € L>°(; 10, 1);

For k = 0, iteration until convergence (that is, |J(sk+1) — J(sk)| < € |J(s0)|)

as follows:

— Computation of the solution ug of Equation (7) and then the solution pg
of Equation (26), both corresponding to s = s.

— Computation of the descent direction s’f defined by Equation (29) where the
multiplier y* is defined by Equation (30).

— Update the density function in €2:

s = gk pesk (1 — sh)sk (31)

withe € R small enough in order to ensure the decrease of the cost function
and sk e L®(Q, [0, 1]).

3.2. Numerical experiments

In this section, we present some numerical simulations for N = 2 and the unit
square = (0, 1)2. Moreover, for simplicity, we consider the case I'g = 92 and
assume that 2 is composed of an isotropic homogeneous material for which

aijki = M8k + w (i1 + i1 k).

A > 0and p > 0 are the Lamé coefficients and é designates the Kronecker symbol.
The stress tensor becomes simply: o (#) = Atr(Vy - u)Inx N + 2ue(u).

Systems (Equation 7) and (Equation 26) are solved in space using a C-finite
element method with mass lumping (we refer to [6,16]). Precisely, introducing a
triangulation 7, of Q (h = maxre7, |T|), we approximate L2(2) and HY(Q) by
the following finite-dimensional spaces V), = {v|v, € cO(), vyt € Py VT €
T,} where IP; designates the space of the polynomials of degree < 1. The time
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discretization is performed in a standard way using centered finite differences of
order two. At last, without loss of generality, we consider a constant damping
function a(x) = aXgq(x) in 2 since the dependence in x is contained in the
density s.

In the sequel, we treat the following simple conditions in ((H 2 NNy x Vp,
sufficient to illustrate the complexity of the problem:

ug = (sin(rxy) sin(mwxy), sin(wxy) sin(wxy)), wuy = (0,0). (32)

Results are obtained with h = 1072, ¢; = 1077, L =101, T =1, s%x) = L on
Q and € = 1072 (see the algorithm).

We highlight that the gradient algorithm may lead to local minima of J. For
this reason, we consider constant initial density s” as indicated above which permit
to privilege no location for w.

3.2.1. Influence of the damping constant valuea  Similarly to the wave equation
case considered in [17,18], numerical simulations exhibit a bifurcation phenome-
non with respect to the value of the damping constant a. When this value is small
enough,saya < a*(2, L, A, i, ug, u1),depending on the data, the optimal density
is always a characteristic function, which suggests that the original problem (P)
is well-posed. On the other hand, when the critical value a* is reached, it appears
that the optimal density takes values strictly in (0, 1). This suggests that (P) is no
more well-posed and fully justifies the introduction of the relaxed problem (R P).
For (A, u) = (1/2, 1), Fig. 1 depicts the iso-values of the optimal density sopi—
obtained at the convergence of the algorithm—for several values of a: fora = 5,
sopt € {0, 1}, while for example for a = 10, sopt € [0, 1].

The well-posedness when a is small may be explained as follows: from (Equa-
tion 25), one may write that (we introduce the notation J(s,a) = J(s(a)))

T
J(s +nsy,a)=J(s, a)+n/ a(x)sl(x)/ u(s)’ - p(sydrdx + 0(n2a)
Q 0

(33)
such that for the conservative case s = 0 and a(x) = aXq(x),
_ _ T
J(ns1,a) = J(0,a) + na/ S1(x)/0 i) - po) dt dx + O(na)
Q
_ T
= J(s1,0) + na/ sl(x)/ u(o)/ - P(0) drdx + 0(772a)
Q 0
(34)

where u gy, p(o) are the solutions of Equations (7) and (26) in the conservative case.
Then, writing that J (ns1, a) = J(s1, na), one obtains

T
J(s1, na):J(s1,0)+77a/ sl(x)/ u(o)/~p(0) drdx + O(nza).
Q 0
(35)
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Fig. 1. T =1, (A, ) = (1/2, 1), a(x) = aXgq(x)—iso-value of the optimal density sopt
on 2 fora = 5 (top left), a = 10 (top right), a = 25 (bottom left) and a = 50 (bottom right)

For n small, the last term may be neglected. Therefore, the optimal density associated
with the damping coefficient na (small) is related to the minima in €2 of the negative
function x — fOT u(o)/ - poydz. For the initial condition (Equation 32), this func-
tion is strictly convex (see Fig. 2) and the minimum is reaches at point (1/2, 1/2).
We conclude that the optimal distribution s; which minimizes the second term in
(Equation 35) is a characteristic function centered on (1/2, 1/2). The conclusion
is the same if a remains small: for a = 5, Fig. 1 top left depicts the iso-value of the
density sop for a = 5 (Fig. 3).

On the other hand, when a is large enough, the last term in (Equation 35)
can not be neglected. In this case, the ill-posedness is related to the over-damping
phenomenon: when min,, a(x) goes to infinity, the damping term a(x)X,, acts as
penalization term and enforces the solution u to be constant in time in w: at the
limit, there is no more dissipation in w (and so in Q2) and the energy is constant.
In order to avoid this phenomenon (which thus appears if as(x) is too large), the
density s must take (at least locally) values lower than 1 in order to compensate a:
consequently, (P) can not be well-posed in this case. This is illustrated on Fig. 1 for
a = 10,a = 25 and a = 50. Table 1 gives the corresponding values of the energy.
Remark that the functions a — J(sopt(@)), a — E(T)/E(0) are decreasing since
the subset

V, = [a(x)zas(x),ogs(x) < 1,/ s(x)dx=L|Q|] (36)
Q
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Fig.2. T =1, (A, u) = (1/2, 1), a(x) = 0Xq (x)—iso-values of x — fOT uy - pyds

0 | S .

0 01 02 03 04 05 06 07 08 09 1

t

Fig. 3. T =1, (A, n) = (1/2,1), a(x) = aXq(x)—energy E(z) versus t € [0, 1] for
several values of a

of admissible damping functions is increasing with a. Without any upper bound on
a, one may dissipate totally the system in finite time as proved in [4] for the 1-D
wave equation with a(x) = x 1 Xq(x) and Q = (0, 1).

We have also observed that for a < a*, the optimal density is independent of
the initialization s°, which suggests a unique minimum. For @ > a*, we may obtain
several minima although their corresponding cost are very similar.
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Table 1. (A, n) = (1/2,1), T = 1—value of the cost function and energy ratio with respect
to a: J (sopt) &~ O(a~1/?) and E(T)/E(0) ~ O(a™?)

a=5 a=10 a=25 a=350
J (sopt) 4.7640 3.5004 2.3534 2.0883

E(T)/E(0) 1.644 x 107! 4.488 x 1072 4.933 x 1073 1.186 x 1073

Table 2. i = 1, T = 1—value of the energy ratio with respect to A

A=0.5 r=25 A=5 A =25 A =50

E(T)/E(0) 0.1644 0.2603 0.3249 0.3979 0.3991

1 1 1
0.9 09 0.9
08 } 08 08
07 ) 07 07
06 @ ! 06 06
Y o5 . Y o5 0.5
04 } 04 0.4
03 } 03 03
0.2 } 02 0.2
0.1 01 0.1 01

0 0 0

0 01 02 03 04 05 06 07 08 09 1 0 01 02 03 04 05 06 07 0.8 09 1
x1 x1

Fig.4. T =1, u = 1, a(x) = 5Xq(x)—iso-value of the optimal density sopt on €2 for
A =5 (left) and A = 50 (right)

3.2.2. Influence of the Lamé coefficients The nature of (P) depends strongly
on the data of the problem: thus, for a fixed value of a, we obtain that (P) is
well-posed as soon as L (or equivalently |€2] — L) is small enough (in other words,
a* is a decreasing function of L). We examine in this section the influence of
the Lamé coefficient A. We recall that when A is arbitrarily large (or equivalently
when the Poisson coefficient is near to 1/2), we obtain the nearly incompressible
situation. At the limit, the solution u fulfills the relation div u(t) = 0 on 2 for
all # > 0 (assuming divug = 0) (see for instance [13, chapter 2]). The system
(Equation 7) is then more constrained and the structure €2 more rigid.

For finite increasing values of A, we observe on Table 2 that the ratio E(T)/ E(0)
which quantifies the stabilization of the system increases. As an effect of this
additional rigidity, large value of A leads to a reduction of the stabilization. As
shown on Fig. 4, the effect on the optimal position of the damping set is notable (to
be compared with Fig. 1 top left). At last, if large values of A change the dynamic of
the system, it seems that the nature of (P) is unchanged: for the damping constant
a = 5 considered here, optimal densities are characteristic functions.

The incompressible limit will be examined both theoretically and numerically
in a future work.

3.2.3. Penalization of the optimal density In the case where the optimal density
Sopt 18 not in L*°((0, T) x €; {0, 1}), one may associate to s,p,; a characteristic



Optimal Internal Stabilization of the Linear System of Elasticity

Table 3. (A, n) = (1/2,1), T =1 — a = 50—value of the cost function for the penalized
characteristic density

N 1 2 3 4 5 6 7 16
JNT) 3824 3261 2446 2238 2161 2137 2109 2.096

0.9 0.9 09| @ [ ] [ ] [ ] (] 0.9
08 08 08 08
07 . . 07 07| W . . . [ ] 07
06 06 06 06
Y os 05 Yos| @ . . . [ ] 0.5
0.4 0.4 0.4 04
0.3 . . 03 oo @ [ B B = 03
02 02 02 02
0.1 0.1 o] @ B [ ] [ ] [ ] 0.1
0 0 0 0
0 0102 0304 0506 0.7 08 0.9 1 0 01020304 0506 07 08 09 1
x1 x1
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.
08| o 0.8
07| * 07
0.6 0.6
S os 05
0.4 0.4
03| o 0.3
02| * 0.2
DN R R R R EEENEENRNI
01| emmms oo oo oo e 0.1
0 0 0
0 01 02 03 04 05 06 0.7 08 09 1 0 01 02 03 04 05 06 07 08 09 1
x1 t

Fig.5. T =1, (A, n) = (1/2, 1), a(x) = 50Xq (x)—iso-value of the penalized density for
N =2, N =5and N = 16—bottom right: E(t) versus t associated with s}'{r;v

function sP" € L°°((0, T) x Q; {0, 1}) whose cost J(sP®") is arbitrarily near to
J (sopt). Following [18], one may proceed as follows: we first decompose the domain
(0, 1) x (0, 1) into M x N cells such that 2 = U;—1 p[x;, i1 1xUj=1, n[y}, yj+1]
where {x;};=1,m+1) and {y;}(j=1,n+1) designate two uniform subdivisions of the
interval (0, 1). Then, we associate to each cell the mean value m; ; € [0, 1] defined
by

1 /Xi+y.\’j+1
mi = Sopt(x, ¥) dx dy (37)
T i =D — ) S )y, o

J

At last, we define the function sﬁjle in L*(L2, {0, 1}) by

M N
pen
SM,N (x,y)= Z z X[X[»(1—4/m[,_j)xi'h/ijX[-%—l]X[VVja(l—«/m[._/)}'_/'f'«/mi<jy_/+1](x’ ).
i=1 j=1

(38)
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We easily check that ||s,If;'HN||L1(Q) = |Isopt||L1(q), for all M, N > 0. Thus, the

characteristic function s,I;;nN takes advantage of the information codified in the
density sop/, as discussed in Remark 1.

Let us illustrate this point with the optimal density obtained for (A, u) =

(1/2,1) and a = 50 (see Fig. 1 bottom right). The corresponding value of the
cost function is J (sopt) A~ 2.0883. Table 3 collects the value of J (sf‘);nN) for several

values of M = N and suggests the convergence of J (sEj?N) toward J (sopt) ~
2.0883 as N increases (Fig. 5).
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