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We present a method to obtain microstructural
information from macroscopic boundary
measurements exploiting scattering governed by the
wave equation in a bounded linearly elastic domain
in the long-wavelength regime. Applying a force to
the outer boundary of the body on the macroscopic
scale while measuring the resulting boundary
displacement, we solve the inverse problem of
identifying the geometry of the microstructure in
the context of periodic homogenization minimizing
a tracking-type objective functional as long as the
geometry of the microstructure is parameterized
by a finite set of parameters. Shape calculus
is used to characterize the Gateaux derivative
of the objective function facilitating the use of
gradient-based algorithms, and we present numerical
experiments for a generic non-destructive testing
problem for ellipsoidal microstructures showcasing
the functioning of the identification method.

1. Introduction

For the durability assessment or quality inspection
of structures that owe their properties to microscopic
features (porosity patterns, fibre reinforcements, etc.), it
is of vital importance to be able to detect damage on
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the microscopic scale. As microscopic defects can rarely be measured directly, they have
to be identified based on the macroscopic behaviour that they induce, e.g. altered load-bear-
ing capabilities or a changed dynamical response to mechanical excitations. Mathematically,
this task gives rise to so-called inverse homogenization problems, i.e. optimization prob-
lems governed by multiscale partial differential equations which aim to minimize an objec-
tive function depending on macroscopic quantities with respect to a parameter distribution
modelling the structure on the microscale.

For a given microstructure, upscaling of the linearly elastic wave equation in three dimen-
sions is a classical result in the context of periodic homogenization assuming scale separation
and long wavelengths. The resulting upscaled system is of the same type, where the homogen-
ized (effective) elasticity tensor depends on the macroscopic variable and it is computed from
solutions of auxiliary problems stated in the periodicity cell. The homogenized (effective) mass
density is obtained by direct averaging.

In order to address the associated inverse problem and deduce from measurements on the
boundary the interior geometry of the periodicity cell, we combine the methods of periodic
homogenization and parameter identification in this article. Therefore, if measured data of
the time-evolution of the deformation of the exterior boundary of a two-scale composite of
two solids under given (boundary and/or volume) forcing is available, the results allow us to
compute parameters characterizing the microscopic structure under the long-wave assumption,
i.e. in the regime where the involved wavelengths are much larger than the characteristic length
of the microstructure. Such results are of particular practical relevance if the microstructure is
associated with damage (microscopic holes/domains of weak material of a certain size) and our
results allow us to compute the extent of the damage (size of the holes/weak domains) from
macroscopic boundary measurements.

More concretely, we derive the results on the inverse problem under the assumption that the
periodicity cell consists of two perfectly bonded solids, where one part is completely contained
in the cell and its geometry is described by a finite vector of real parameters 7. The aim of this
paper is then to investigate the minimization problem

argmin J(7) = argmin %Hu[r] - um||§ (2O
TEK TEK

where the parameter vector 7 € K, K C RV compact, parameterizes the geometry of the

microstructure, u[r]:S x Q — R? is the displacement field for given 7 and uy, is the measured

displacement. Besides proving the well-posedness of the inverse problem, we characterize the

Gateaux derivative of the objective function making use of shape calculus, which facilitates the

use of gradient-based algorithms for finding the optimal r numerically.

The associated stationary (elliptic) problem has recently been solved in [1] and we make use
of the results presented therein for the elliptic part of our time-dependent problem. Besides, the
focus in [1] was on an ellipsoidal microstructure, which we extend to general microstructures
parameterized by a finite vector throughout this work. In general, the stationary problem has
received considerably more attention than the wave-scattering analogue, which is the focus of
this article. Most closely related are the works [2] (optimizing textile-materials via homogeniza-
tion and beam approximation), [3] (homogenization in connection with shape optimization for
linearized elasticity in two dimensions) as well as [4] (linear elasticity equation together with
some thermal stress tensor). The latter work is also in the setting of inverse homogenization
but the method of Céa in connection with a smoothed interface is used instead of a sharp
interface as we consider here. It is also worth mentioning [5] who investigate the damage
evolution in linear elasticity via shape optimization, whereby they need to compute the shape
derivative. They handle the difficulty that the interface moves instead of the outer boundary
and the full strain and stress tensors are not continuous across the interface, but this work is not
set in a multiscale context. Very recently, related results based on homogenization and shape
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optimization were derived by [6] in the context of linear elasticity and by [7] in the context of
the Maxwell equations.

The literature on the mathematics of the associated inverse vector-valued wave problem
in the long-wavelength limit as it is relevant in the context of bounded volumes of elastic
multiscale solids seems very scarce [8]. Nevertheless, there are a number of related works in
the context of the time-harmonic scalar wave equation. For example, [9] compute topological
sensitivities of the effective parameters due to topological perturbations of a microscopic unit
cell based on a two-scale expansion while, in a single-scale context, [10] present a method
for elastic-wave identification of discrete heterogeneities based on shape and material sensitiv-
ities, i.e. the material parameters are unknown as well, via an adjoint field approach and
direct differentiation of the boundary integral equation. Also related, [11] and [12] consider
the homogenization of a transmission problem arising in the scattering theory for bounded
inhomogeneities with periodic coefficients modelled by the anisotropic Helmholtz equation
and also discuss boundary correctors. As the inverse problem considered in this paper focuses
on bounded volumes of elastic multiscale solids, it is closely related to engineering problems
in non-destructive testing, cf. e.g. [13,14]. Also note that the different regime, in which the
wavelength is of comparable size to the microstructure, is highly relevant in optics (imaging).
Some more general results in shape optimization by homogenization method can be found in
the books of e.g. Allaire [15] and Delfour & Zolesio [16] and in the theory of inverse problems of
e.g. Isakov [17] and Kirsch [18].

The article is organized as follows: In §2, we introduce the forward two-scale problem,
discuss its homogenization limit and briefly summarize the existence and uniqueness of the
solutions. In §3, we formulate the inverse problem and show the existence of at least one
solution of the inverse problem (§3a). After computation of the Gateaux derivative of the
homogenized tensor, we derive the Gateaux derivative of the objective functional of the inverse
problem (§3b). For example microstructures consisting of ellipsoids, some numerical experi-
ments showcase the functioning of the method in §4. Conclusions are drawn in §5.

2. The homogenized direct problem

Let S=(0,T) with0< T <o, Q C R® be an open bounded connected Lipschitz-domain, I'n C 002
closed with |FD| >0, I'y= 0Q \ I'p and Y = (0, ll) X (0, lz) X (O, 13) C Ra with ll, lz, l3 > (0. We define
the Banach spaces

Hi Q) ={ue [H'(QF [u=00nTp} and LyQ):=[LXQ)
equipped with norms

[ullet @) = le@lzap-2 and  |ullizq) = y(w u)y

where e(u) = %(Vu+(Vu)T) and (-, ), is the weighted scalar product (,v),= | e(u(x)yv(x)dx for
pairs of functions in the space LZ(Q) x LE(Q) with 0< g € L™(Q). Using Korn’s inequality for
functions with zero value on part of the boundary [19, Korollar 25.6], ||'||H%D(Q) defines a norm on
the separable Hilbert space H}D(Q). Moreover, we can introduce the associated Gelfand triple

Hi(Q) € Ly(Q) = (Ly(Q))” C (HI Q)"

In what follows, we consider bounded sequences {(A4°%, o)} of (elasticity) tensors A° of fourth
order in M(a, 8, Q2) (see definition 2.1) and (mass density) functions p° in L*(Q), which satisfy
0 < gg < 0°(x) < o1 for some g, 01 € R and for a.e. x € Q.

Definition 2.1. Let o, f € R with 0 < a < B and let O be an open set in R®. We denote by M(a, B, O)
the set of all tensors B = (bjun)1 <4, j, k, h <3 Such that
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(i) bijn € L7(O)foralli, j, k,h €{1,2,3},

(ii) bijkh = bjikh = bkhij for all i, Jj.khe {1,2,3},
(iii) a|m|* < Bmm for all symmetric matrices m,
(iv) |B(x)m| < B|m| for all matrices m,

a.e. in O, where
3
Bm = ((Bm)ij)l <i,j<3% ((Zk h=1 Bijkhmkh)ij)1 <ij<¥
~ 3 ~
Bmm =} j &, n=1bijicn iy,
1

3 2\z

Im| = (23 ;- 1m7)%,

for quadratic matrices m = (my)1 <; j <3 and m = (M) <; j <3
We define for every ¢ the (vector-valued) three-dimensional wave-propagation problem

0(00uf) -V - (A%e(uf)) = f inSxQ,
ut=0 onSxI'p,
Ae(ufyy=g on SxTy,

u®(0, x) = up(x) a.e.inQ,
0u’(0, x) = ug(x) a.e.inQ, (2.1
where v is the outward-pointing normal to I'y and f is a given force density (per volume). It can

be rewritten as gfis with L{ force per mass, which is well-defined since 0 < g, < ¢°. Thus, we can
prove the existence and u%iqueness of the weak solution.

Theorem 2.1. Let (A, o) be defined as above, uy € Hi(Q), w € [LXQ)I’, f € [LX(S x Q)® and
g € H\(S; [L*(TN)°). Then, there exists a unique weak solution ufeLz(S;H}D(Q)) of (2.1) with
Ut € L™(S; Hi (), 3 € L7(S; [LAQ)]) and 3,(0°da) € LX(S; (HI(Q))*) in the sense of distribu-
tions, as well as uf € C°(S; [LA(Q)]), i.e. for all v € L*(S; Ht,(Q)) with dv € L*(S; Lx(Q)) and v(T) =0

there holds
T T
—f fgsatug-btvdxdt+f fAEe(uE)e(v) dxdt
0o Jo 0o Jo

= /;T/;)f-vdde/(;T/;Ngvdo(x)dt+/;)ggu1 -v(0)dx 22)

and u®(0) = uy. Furthermore,

2 2
[ =, @)t 102N z=(s; (2P
2 2 2 2
<C (”u1||[L2(Q)]3 + ||“0||H}D(Q) 1 f 2 2P + 1811w s; [Lz(rN)]3)) (2.3)

for some constant C independent of €.

Proof. The existence and uniqueness result is standard. For example, it can be proven
similarly as [19, Theorem 12.4] by using the Galerkin method. As part of such an existence
proof, it is necessary to show a priori estimates similar to (2.3) independent of the Galerkin-
approximation parameter. Some care has to be taken in order to derive the e-independent
estimates (2.3), which are necessary for the homogenization process below. From the standard
results, we obtain the estimate

2 2
||u||L°°(S;H11-D(Q)) + [0 =s; L24Q)

2 2 1,2 2
<C ||u1||L§s(Q) +luollzd o) + ”Ef ”LZ(S;LZJE(Q)) + 18l s: 2| - 2.4)
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Using the assumption on ¢f, we have

Veolullizop < lullz@ < Verlullizoy

which we can apply on (2.4) to get (2.3). |
Under the assumptions of theorem 2.1 and since L7(S;H{,(Q)) C L*(S; Ht,(Q)) and
L=(S; [LA(Q)P) € [LAS x Q)% we get the weak convergences

uf = uin LX(S; Hf(Q)) and duf — duin [LA(S x Q)]°. (2.5)

We split the domain Q in two disjoint sets depending on ¢>0, namely
QOF = interior(| J; ¢ ac€(Y +§)), where A= {£ € R®:g(Y +£) € Q}, and IT := Q\ OF to introduce the
partial periodic unfolding operator 7§ from [20, chapter 1.5].

Definition 2.2. For a Lebesgue-measurable function ¢ on SxQ, the partial periodic unfolding
operator T : LP(S x Q) — LP(Sx Q x Y), p € [1, ), is defined as

TN, X, y) = z)(t, e[X]+ey) forae. (t,x,y) €SxQxY,

forae. (t,x,y) € SxIIxY.

For functions independent of time, we can use the standard periodic unfolding operator 7°¢
defined in [20, chapter 1.1].

Definition 2.3. For a Lebesgue-measurable function ¢ on Q, the periodic unfolding operator
Te:LP(Q) — LP(Q x Y), p € [1, =), is defined as

Pe[Z] +ey) forae. (x,y) € Q°xY,
0 forae. (x,y) eI xY.

THP)x, y) =

We define H, éer,O(Y) as the space of Y-periodic H !_functions with zero mean value over Y. The
following compactness results apply.

Theorem 2.2. Let {uf} be a sequence with uf € L™(S; Ht,(Q)), du € L™(S; [LA(Q)]*), u¥(0) = up and

5 2
Nz mt ) * 10N z2s < oy < €

for a constant C independent of €. Then, there exist a subsequence (again denoted by &),
u € L*(S; Hi(Q) n H'(S; [LXQ)]°) with u(0) = uo and it € LX(S x 3 [Hper,o(Y)]?) such that

T5(uf) = uweaklyin [LX(S x Q x Y)[?, (2.6)
T%(Quuf) — du weakly in [L*(S x Q x V)], (2.7)
AV, = Vu+ Vi weakly in [L(S x Qx V) 3. (2.8)

Proof. Using standard estimates of the norm of the partial periodic unfolding operator (cf. [20,
proposition 1.50]) and the uniform boundedness of uf, we obtain (2.6) and (2.7). The condition
u(0) = up follows directly from u(0) = uy for all € > 0. Application of [20, proposition 1.50] shows
(2.8). ]

For future reference, we define the mean value of an integrable function u:SxQxY — R
over the reference cell as

My(u) = % Yu(t, x,y)dx. (2.9)

06007207 1081 / 205 3 204g edsy/jeuinof/bio-Buysyiqndaapos(efos



Downloaded from https://royalsocietypublishing.org/ on 04 December 2024

Since, by [20, proposition 1.50], u®* = My(u) = u weakly in [Lz(S x Q)]3 in theorem 2.2, the limit
function u coincides with u from (2.5). In the next step, we want to pass to the limit ¢ — 0 in
.2).

Theorem 2.3. Let {(AS o)} be defined as above, f e [LA(SxQ), g€ H'S;[LATn)]),
Uy € H%D(Q), wy € [LAQ))® and {uf) the associated sequence of weak solutions of (2.2). Then, the weak
convergences (2.5), (2.6), (2.7) and (2.8) hold. Suppose that

B :=TAY > B and T%o°) — o
ae inQxY. Then, B€ M(a, 3,Q2xY), 0< gp< o(x) < o1 for a.e. x € Q and the pair
(u, @) € L*(S; Hi(Q)) x L*(S x O [Hper, o(Y)]°)

with ou € [Lz(S x Q)]3 and u(0) = uy is the weak solution of

T
0 Q |Y| Y

L[ B i 0 dxdyd
+m A L o (, y)(e()(t, x) + e, (u)(t, x, y))(e(v)(t, X) + e, (V)(L, x, y)) dxdydi

=/{;T/;1f(t, x) - v(t, x) dxdt+/;T/;Ng - u(t, x) do(x)dt

1
+ | = x,y)dyui(x) - v(0, x) dx
[ 157 [t v 00,0 10
for all v € LX(S; Hip(Q)) with dv € [LX(S x Q)’, v(T) = 0 and 0 € LX(S x Q; [Hper, o(Y)]).
Proof. The convergences (2.5)—(2.8) follow directly from (2.3) and theorem 2.2. The assump-
tion on B° implies that B € M(x, 8, QxY). Since 0< gy< p(x)<p; for ae. x € Q clearly

0<gp<o(x,y) <0y for ae. (x,y) € QxY. We rewrite the weak formulation (2.2) using the
(partial) periodic unfolding operator

T
_ L f / TH(@) T4 - TH(Qw) dxdyd
Y1 Jo Jaxy
T
+ L f THA)Te(u)) T (e(v)) dxdydt + Ty
Y1Jo Jaxvy
1 (7 '
- L / T - Ti(v) dxdyd + f f g vdo()dt
YTJo Jaor 0 i

1 £( AEVTE, L TE
* oo L T ) T(0) dxdy+ T o

where
T T
T,=- / gabtus-atuddef /Afe(u‘)e(v)dxdt,
0 € 0 JIT
T

Iz=f f~udxdt+f ouy - v(0)dx.
0 JIr I
In the first step, we choose the test function as v(t, x) = p(t)w(x) with ¢ € Cl([O, T)) and

we DrD(ﬁ) ={p e [C=(Q):vis equal to 0 in a neighbourhood of I'p} and pass to the limit,
whereby we utilize that the terms Z; and Z, vanish because of Holder’s inequality and the

fact that
/|v|2dx,/ |6[v|2dx,f |e(v)|2dx,/ [v(0)]*dx — 0.
I I I I
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In the second step, we choose v(t, x) = ep(t)w"(x) with ©°(x) = W(x, %), where

w(x, ) = (GO <i<3

and ¢ € Co(S), p € D(Q) and 5 € [H;er,g(Y)f, and pass to limit. Adding both limit equations
and using the fact that clo, 7)) ® Dr,(Q) is dense in LXS; H}D(Q)) (cf. theorem 3.1 from [21])
and CZ(S) ® (D(Q) ® Hper,o(Y))® dense in L*(S x Q; [Hper,o(Y)]%), we obtain (2.10).

We can reformulate the homogenized problem (2.10) as a macroscopic problem with some
homogenized elasticity tensor defined via auxiliary cell problems by splitting the problem.

Theorem 2.4. The solution u of the homogenized problem (2.10) is also the solution to the following
problem: Find u € LX(S; Hi,(Q)) with du € [LX(S x Q)]° and u(0) = ug such that

—/T/ My(o(x, -))0u(t, x) - du(t, x) dxdt+/T/ A" (x)e(u)(t, x)e(v)(t, x) dxdt
0 Jo 0 Jo

T T
=j(; /;)f(t, X) - u(t, x) dxdt+](; /;Ng - u(t, X) do(x)dt+LMy(g(x, Nua(x) - v(0, x) dx 2.12)

for all v € LX(S; Hi(Q)) with dv € [L(S x Q)T and v(T) = 0, where A™™ = (al3T™)1 <4, j k1< 3 with
hom/ .y _ 1 B o ki d
al]kl (x) |Y| (xr y)elj(ekl ey(w )(x/ y)) y
Y

or ae. x€Q, where the ey constitute the canonical basis of symmetric matrices and
Y
wh e [L7(Q, H}ljer,o(Y))]3, k, 1 € {1,2,3}, is the unique solution of the cell problem

[ B e - ees0)dy =0 @1
Y
forallv e [Hll,er,o(Y)]e’.

Proof. This result follows by standard arguments. It can be shown as in the proof of [20,
proposition 3.7] for the diffusion problem.

We know from [1, theorem 4] that Abom M(a, 62/2, Q) if B is Y-periodic in the second
argument. Using this, we can prove the uniqueness of the solution to the homogenized

problem.

Theorem 2.5. Let B be Y-periodic in the second argument. Then, there exists a unique solution
u € LX(S; Hi(Q)) with du € [LX(S x Q)]° and u(0) = ug of problen (2.12).

Proof. We assume that there exist two weak solutions u, and u,. Owing to the linearity, there
holds u(0) = 0 for u = u, — up and

T T
—/ fMy(Q(x, -))ou(t, x) - ou(t, x) dxdt +/ /Ahom(x)e(u)(t, x)e(v)(t, x)dxdt =0
0o Ja 0o Ja

for all v e LZ(S; H}D(Q)) with o,v € [L2(S x Q)]3 and v(T)=0. Let 0<s<T, yx, the characteristic
function of the interval [0, 5] and

v(t, x) = ftXS(T)M(T, x)dr - /sz(r)u(r, x)dr.
0 0

Then, v is an admissible test function, v(t, - ) =v(T, - ) =0 for s <t < T, v is absolutely continuous
in [0, T] and 0,u(t, x) = x,(t)u(t, x) a.e. in S x Q. Using the definition of v as well as the symmetry
and coercivity of AM™ we obtain

!
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0= / S f My(o(x, - ))Ou(t, x) - u(t, x) dxdt + % f AP (x)e(v)(0, x)e(v)(0, x) dx
0JQ a

1 2 o 2
2 EQO"”(S/ MNizp + §||v(0, Mt @

fora.e.s € S. Thus, u=0, i.e. u, = uy, a.e. [ |
For future reference, we note that the strong formulation of (2.12) is given by

UMy(@) =V - (A™Mew)) =f  inSxQ,
u =0 onSxIp,
(AMMe(w)) v =g on SxTIy,
u(0,x) =uy(x) a.e.inQ,
ou(0,x) =u(x) a.e.inQ.

3. Inverse problem

Having solved the multiscale forward problem and characterized its solution in terms of the
homogenized problem given in theorem 2.4, we now turn to the inverse problem of identify-
ing the unknown geometry of the microstructure for a material made up of two constituent
materials mixed on the fine scale from macroscopic measurements.

More concretely, for the inverse problem, we assume that the reference cell
Y=(0,4L)x(0,LL)x(0,5) C R® with I, I, I3>0 can be separated into two parts, where one is a
Lipschitz domain Y with |Yy| > 0 completely contained in Y, whose domain can be described by
a (finite) vector of real parameters 7 € K with K ¢ R compact, and Y;:=Y \ Y;. To emphasize
that the structure in the cuboid Y depends on 7, we write Y[z], Yo[r] and Y;[r] instead of
Y, Yo, Y1 in what follows. We consider an elasticity tensor A°[z] of the form

ATr](x) = A% v (2) + A () v (2)

with )y, (respectively, xy 7)) the characteristic function of the Y-periodically extended domain
Yo[r] (respectively, Y1[7]) and some fourth-order tensors A Ale M («, B, Q) such that

THATED(x, ¥) = A°C0)xvoa () + A (X)) = Blzl(x, y)

2.
for a.e. (x,y) € Q x Y. Since B[] is Y-periodic, A"™™ = (aihj%“)l <ijki<3 € M(a £ Q) with

v

apr[tl(x) =ﬁ fy [T]AO(x)ei (e — e, (x, ) dy

1 1 Kl
+— A (x)e;i(er— e, (W (x,y))dy.
71, A e e @i ) dy

Furthermore, we assume that ¢°[7] is of the form

o1 = o) avge(E) + e10v,10(3)

for some 0 < gg, 01 € L™(Q) such that

TN, ¥) = 2o(X) xvo1(Y) + 1) xvi 1 () = el7](x, y)

forae.(x,y) € QxY.

In the previous section, we are able to compute easily the displacement field u[zr] of the
homogenized problem if the body and its microstructure (defined by Q and A°, respectively, B)
as well as the force densities f, g and the initial values uy and u; are given. From now on, we
only know some measured displacement field data u,, on the exterior boundary under applied
volume and boundary forces f and g over some time interval S. With this information, we
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want to derive the structure of the reference cell Y. We define the input—output operator, which
maps the body and boundary forces and the initial values to the solution of the homogenized
problem (2.12).

Definition 3.1. (Input-output operator). Let
Lo [L(Sx QP < H'(S; [LATN)F) * Hip(€) x [LAQ) — [LX(S x 0Q)’
with
(f, & up, u1) = ultl o,

where u[t] € L*(S; H%D(Q)) nH(S; [LAQ)P) is the solution of the homogenized problem (2.12) for given
T.
Being a solution operator, this operator satisfies some useful properties.

Theorem 3.1. The operator £, is linear and continuous. Furthermore, u[t] satisfies

2 2 2 2 2
l[ulz]liz2s < 0P < C(”u1||[L2(Q)]3 + ol ) + Iz ) * 18Il s; [LZ(FN)]S))
for some constant C independent of the structure of the reference cell Y.
2
Proof. Since A™™ € M(a, %, Q), the estimate of ||u[r]||[2Lz(SxaQ)]3 follows directly by theorem

2.1, the continuity of the trace operator and L™ C L? for some constant C depending only on a, 8
but not on the structure of the periodicity cell Y. |

Using the input-output operator, we can formulate the inverse problem as follows.

Definition 3.2. (Inverse problem). Find 7 €K such that for given measured data
Um € [LZ(S x OQ)]3, when forces (f, ) are applied and initial conditions up, uy are given, T is the solution
to the minimization problem

. .1
argmin J (¢) = argmin 5/|Lo(f, & uo, 1) ~ tmllizs « oy - (3.1)

TeEK TeEK

(a) Existence result

First, we show that there exists at least one solution of the inverse problem (3.1).
Theorem 3.2. The inverse problem (3.1) has at least one optimal solution T* € K.

Proof. Let {1,} be a minimizing sequence in K such that
nhHL J(tp) = inf {J(r):T €K} 20.
Since K is a compact set in R", there exists a subsequence (again denoted by {z,}) and some
7 € K such that 7, — 7* as n— . We denote {u[r,]} as the associated sequence of weak
solutions of the homogenized problem (2.12). We receive by theorem 2.1 and the fact that

L™ C L? the uniform boundedness of {u[z,]} in L*(S; H%D(Q)) N H'(S; [LAQ)]P). Thus, there exists a
subsequence of {r,,} (again denoted by {r,}) such that

u[r,] = @ weakly in LX(S; H,,(Q)) n H'(S; [LA(Q)]°) . (3.2)
In the next step, we prove that u = u[7*]. For every 7, the function u[z,] is the solution of
a(ult,], v;7,) = F(v; 75)

for all v € LX(S; H,(Q)) n H'(S; [L*(Q)]?) with v(T) = 0, where
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a: LX(S; Hp(Q)) n H'(S; [LAQ)]) x LX(S; Hi(Q)) n H(S; [LAQ)]’) — R

is the bilinear form of the left-hand side of (2.12), i.e.
T
a(w,y;7) = —/ f My(o[T1(x, - ))Ow(t, x) - du(t, x) dxdt
0o Ja

+ [ ! / AP [Z](x)e(w)(t, x)e(v)(t, x) dxdt,
0 JQ
and
F: LX(S; Hi(Q)) N H'(S; [LA(Q)T) — R

is the linear functional of the right-hand side, i.e.

F(v;T) =LTLf(t, x) - v(t, X) dxdt+LTﬁNg - u(t, x) do(x)dt

v [ My(elFI(e, () o0, 9 dx.

The index T emphasizes the dependence of the bilinear form and the linear form on the
parameter 7 through AM™[7] and o[7]. For readability, we omit the arguments (f, x) of the
functions.

In the first substep, we show that

la(ulz,], v; ) —a(u, v; T%) = 0 (3.3)
for n — . We rewrite the difference and use Holder’s inequality to obtain
la(u[z,], v; 74) — a(it, v; T

< [My(elte] = elT* =@l Talllizzs x P lOlliz2(s « oy
T
f /6,(u[rn] - 1) - ovdxdt
0 Ja
+ (AN ] = AN [T D)@ 225 < o~ 2lle() iz x oy <3

T 3
f f ( 3 a}}i?“[rn]ekz(v)) (e(ulz,] - 7)) dxd
0 Q i,j=12, 3

kl=1

+ [ My(o[t* D=

+

For the first summand on the right-hand side, using 0 < gy, g1 € L™(Q2), we receive for a.e. x € Q

[My(elzal(x) - e[T1(¥)]

< |_$|(|Y0[Tn]\Y0[T*] J YO[T*]\YO[Tn] | + | Yl[Tn]\Yl[T*] u Yl[f*]\Yl[Tn]l) - 0. (34)

Since the right-hand side of this inequality is independent of x, we even get the convergence in
L”(Q). The convergence of the second and the fourth summand is clear. For the third summand,
we receive

(A" ™ [z,] = A" [T*])e(@) | z2s « 2 — 0

proceeding precisely as in the proof of [1, theorem 6]. Using the pointwise convergence of
APM[7,] to AMOM[Y] proven in [1, theorem 7] and the weak convergence (3.2), this shows (3.3).
In the second substep, we prove

|F(v, Tn) = F(v, %) = 0 (3.5)

for n — . Because

|F(v; ) - F(v; T) | < C[My(olta] - [T DI~
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(3.5) follows directly from (3.4). So we can conclude from the first and second substeps that

a(i, v;7*) = lim a(u[z,), v;7,) = lim F(v;t,) = F(v; T¥). (3.6)

n— oo n— co
Since u[r,],u € LZ(S; Hll-D) N Hl(S; [LZ(Q)]3) we can apply [19, Theorem 10.9] to obtain
u,, it € C°(S; [LA(Q)]*). Thus, by using [19, Proposition 10.8]
ulz,](t) = y(ulza]), @) =y,(@) forallt €S,

where the trace operator y, for Bochner spaces is defined in [19, Theorem 10.7]. The definition of
the trace operator and the weak convergence of the solutions in H 1(S; [LZ(Q)]B) yield

T T
W) = ul5,1(0,3) = po(ulta]) = - ﬁ U] (0(0)dt - L dulr, (O (0)dt

T T
-- / (001t - f Qi) = yo(id) = (0, %)
0 0

for all ¢ € CZ([0, T)) with ¢(0) = 1, which shows that
u(0, x) = up(x).

If we summarize all results so far, we obtain that & = u[7*] due to the uniqueness of the solution
u[7*] of (2.12). Since the functional F : [L*(S x 0Q)]°> — R, v — [v - um||iz(5xm) is continuous and
convex, we obtain by [19, Theorem 13.8] that F is weakly lower semi-continuous. Thus, we
conclude that

J(t%) < lirmigf T (tn) = ,,ILHL J(tn) = inf {J(1):7 € L} < J (1),

showing that 7 is a solution of the inverse problem (3.1). |

(b) Gateaux derivative of .7

In order to facilitate gradient-based descent methods, we compute the Gateaux derivative of the
functional of the inverse problem (3.1) in this subsection, namely of

TO=3 [ [ 16458l dettr

Let u[r] and u[z +e7] be the weak solutions of (2.12) for given 7 and 7 + €7, respectively. Taking
the difference of both equations, multiplying by % and passing to the limit yields

- f ' f 5 My (oI, B)(x)dulc] - Q dxdt - f ' f My(ol1(x, - )0Buz, 7)) - 0 dxd
0 Q 0 Q
+ / ! / SAM™ (7, T)e(u[r])e(v) dxdt + / ' / AMM[]e(Su(t, T))e(v) dxdt
0 Q 0 Q
= j;)aMy(g[T], 7)(x)u1(x) - v(0, x) dx.

3.7)

To compute Su(z,7), we require formulas for the Géteaux derivatives of My(p[7],T) and
A"™(7, 7). In both cases, we apply the concept of shape derivatives. The following definitions
and theorems and further information can be found in [4].

Definition 3.3. Let Q) be a reference domain, Q = {x + 6(x) : x € Qp} =: (Id + 6)(Qp) for some vector
field 6:R*> — R> A functional F:Q — R is said to be shape differentiable at Qq if the application
01— F((Id + 6)(Qy)) is Fréchet differentiable at 0 in the Banach space W =R, Then, the following
asymptotic expansion holds in the vicinity of 0:
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F((Id+6)(Q) = F(Q) + F(Q)(6) +0(6) withlim 5l =0,
6—-0
where F'(Q) is a continuous linear form on [Wl’m(R3)]3.
We can also define directional derivatives as in the standard differentiation of functions.

Definition 3.4. The directional derivative of a functional F:Q— R at Q in the direction
6 € (W =R (if it exists) is defined by
F(d+860)Q) - F(Q
FHQ)(6) = lim DT
§—0
The following two theorems give the shape derivative for functionals, where the integrand does
not depend on the domain.

Theorem 3.3. Let Q) C R® a smooth bounded open set. If f € WM (R and F:C(Qp) — R
is defined by F(Q) = fof(x)dx, where C(Qp):={Q = (Id + 6)(Q) with 8 € [W"(R*)®), then F is
differentiable at Qo and

F@©) = [ divEwfeodr= [ 6w nw s dets)

for all 6 € [W"=(R%)].
The theorem still holds if Q is regular enough to apply the transformation formula and
Gauf3’s theorem.

Theorem 3.4. Let Q) C R® be a smooth bounded open set. If f € W2’1(|R3) and F : C(Qp) — R is
defined by F(Q) = [0 f(x)do(x), where C(Qp) ={Q = (Id + 8)(Qp) with 6 € [W"=(R**), then F is
differentiable at Qg and for all 6 € [W~(R?)]®

F(Qo)(6) = foq, Vf - 6+ f(dive— Vén - n)da(x) = foq,(L + Hf)8 - ndo(x),

where H = div n is the mean curvature of 0.

We present the main ideas for deriving the Gateaux derivative of A™™

, more details can be
found in [1]. We use the Lagrangian method of Céa following the idea of Allaire et al. outlined

in [5]. In a first step, we consider the tensor AM™ a5 a function of the domain Yy, i.e.

Sii(Yo) = % [[ B[Yo](x, y)eij(en — e(wi)(x, y)) dy

for every x € Q with B[Yo](x, y) = A°(x) xy,(») + A'(x)(1 — xv,(y) and wy € [L™(Q, Hper(Y))]’ the
weak solution of
=div(B[Yol(x, - )(ey(W) —exr)) =0 iny,

My(wy) = 0. (3.8)

Since wy; also depend on the domain Y, we cannot apply the standard shape-derivative results
directly. So, we rewrite the cell problem as a transmission problem to define a Lagrangian
function 23y which coincides with §jjq in some points. The main advantage is that we can
apply the standard shape-derivative results for the shape derivative of . For readability, we
omit the index y in the divergence div,( - ) and the symmetric gradient e,( - ).

So, for a.e. x € Q), find

Wi’ wi) € V= {(@°, u') € [H'(Yo)] x [H'(Y1)]*:u' is Y-periodic, My(u'yy, + u’xy,) = 0}

such that

06007707 108k / 205 3 204g edsy/jeuinof/bio-buysyiqndaapos(efos



Downloaded from https://royalsocietypublishing.org/ on 04 December 2024

—div(Af(e(wi;”) —ex)) =0 inYy,
wig' =wi’  onZy,
Axe(wii") - ew)n' + Ae(wii”) - e))n’ = 0 on Iy, (3.9)

for a € {0,1}, where A%:= A%(x), AL:= Al(x) and n=n"=-n' is the outward unit normal vector
of the interface Xy =0Y( with direction from Yj to Yj. Clearly, the transmission problem is
equivalent to (3.8).

We also define the adjoint transmission problem: Find ( p°, p') € V such that

—div(As(e(p*) +e;)) =0 inYe,
p'=p’ onZy
Ax(e(p') +e)n' + Ae(p’) +e)n’ =0 onZy (3.10)
for a € {0,1}, which is equivalent to
—div(B[Yo](x, - )(e(p) +e;)) =0  inY,
My(p) =0. (3.11)

Obviously, the function —wjj :== —w;;(x, - ) with w;; the solution of (3.8) for k =i,[= j is a solution
of (3.11).
Introducing the Lagrangian function

1
L’ v, ¢" q', Yo) = m(— /;/ Ale(q) + e;)(e(v”) - ex) dy
0

- f ALe(q') + ep)(e(v") - ) dy

-3 . (ke =)+ A% - e @'~ o)

- fz (Ax(elq’) + ey) + Axeld)) e)n - (0 ~0") do(y)

for v°, 0!, qO, ql IS [Hlljerlo(Y)]S, where ql, qO play the role of Lagrange multipliers, we obtain some
conditions for optimal points.

Theorem 3.5. The solutions (u’, u') of the transmission problem (3.9) and % ph of the adjoint
transmission problem (3.11) satisfy the optimality conditions

0= aﬁukz

@’ v, ¢, q', Yo)(¢) = ;"’(u ', ¢’ 4, Yo) (@) (3.12)
for all ¢, q", ¢ e [Héer,o(Y)]3 and

621 jkl

0= @, v, p°, p', Yo)(¢) = ’f"’(v v, ', p', Yo) (@) (3.13)

for all o, v, e [Héer,o(Y)]3. Therefore, the solutions wy;:=wy(x, -) fulfil the condition (3.12)
for @, u') = (Wi, wiy) and the solutions wyj=w(x, -) of (3.8) the condition (3.13) for
(0", p) = (-, ~w).

Proof. Let ¢, q", ¢ e [Hllgerlg(Y)]g’. We compute the directional derivatives by using integration
by parts
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S 00 = [ divcate -ewnoay

+ %/ZJA}C(«:(J) ~e) — AYe(t”) ~ew)n - ¢ da(y)

-3 ], Aset@n - =) dety)

for a € {0,1}. So (3.12) and, due to the equivalence of the problems (3.8) and (3.9), the statement
of the theorem for (u’, ul) = (wk, wiy) follow directly. The proof for " pl) resp. (—wjj, —wy))
follows analogously. 1

Although the weak solution wy; of the cell problem (3.8) is not shape differentiable, the
restricted functions wy;” and wy;' are shape differentiable.

Theorem 3.6. The solution wy;®, a € {0,1}, of (3.9) is shape differentiable for a.e. x € Q and
6 & Wy (I

Proof. The lemma can be shown as in the proof of [22, theorem 5.3.2] by the implicit function
theorem. |
We are now able to prove that £, coincides with §ju(Yo) in the optimal point
(wy® wy?, —wi; 0 —w¥ T 1 yy), whereby we write wi;®, a € {0,1}, instead of wy; to emphasize which

problem wj; solves and that only the values in Y, are relevant for the calculation of £;; k-

Theorem 3.7. The shape derivative of the objective function Jiu(Yo) exists and is given by

agukl

(i) (Y0)(6) = S (wir”, wii’, —wiy, ~wi ', Yo)(6)

for all 8 € [Wg “(Y)".
Proof. Using the solution properties of wy! and wl;’, there holds for all ¢°, ¢' € [Hllaer,o(Y)]3
Lija(wi”, wit', 4,4, Yo)
- 5000+ o[- [ Aewi) - eete®)dy - [ Altetwis') et dy
* fz (Axe(ii) - ean’ - g+ Ae(wii) - ea)n’ - 4 do(y)) = Siw(Y0) -

We differentiate this identity with respect to shape,

1 ag oc
(i) (Y0)(8) = ‘f"’(wk, Jwii' dq, Yo)O) + ) Wi wii', d',d, % v ©)-
a=0
Choosing q° = ®and q' =-w;} o !, the last two terms disappear by theorem 3.5. 1

We are now able to apply the standard shape-derivative results to compute the shape
derivative of the Lagrangian Eékl since v°, v, qO, qO do not depend on the structure of Yy,

Theorem 3.8. The shape derivative of &y is of the form
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Ok, x0 x1 _ x0 _ Ly \@
aYo Wig Wy, —Wij z] ’ 0)(

=|1_|(/; Adewy®) - ex) (e(wi; 0y~ €;))0 - ndo(y)

- fz Ale(w) - en)(ews") - e,)8 - nda(y)

( x,1_ . x0

+ [ aetwi -agn- Lo ndory
Zy n

X,

+/ Ax(e(wﬁ)—eij)n-we ndo(y)|,
Ty (3.14)
where we denote by A.(e(wiy) —ew)n and Ay(e(wy;) —e;jn the continuous quantities through the
interface.

Proof. We apply theorems 3.3 and 3 4 to 21 ki and use the fact that the terms involving H
vanish on Ly, since wkl = wklo and w U %on Xy, and Ax(e(wkl ) ey)n = Ag(e(wféo) - eg)n on
Ly. |

Remark 3.1. Formula (3.14) holds for general elasticity tensors AY and AL It can be simplified for
materials defined by less material parameters. For example, if we assume isotropic materials the shape
derivative 0%54/0Y can be rewritten in a simpler computational formula involving the materials’ Lamé
parameters A, and u,, that is

oLy

jkl ;. x,0 x,0 X, 1

w -wir, —wi, Yo) (@
BY() kl 7 kl ’ ij s ij s 0)( )

=Ly( = [2p ] (e(wi) - ekl),t(e(wl?j.) - eij)n

2,y
24+ Ay

+ %](Ax(e(wfc‘l) = e1))en(Ax(e(Wij) — €)))in

tr(e(wg) — ek,),,tr(e(wl?;) ~€ijit

] Aty ~ et -
Ay . ;
"2 (Ax(e(wir) =~ ew)) nntr(e(Wi) =€)y
_[Wixlx (Ax(e(wi)) ~ €ij))nntr(e(Win) ~ ew)y | - nda(y) (3.15)

for all 6 € [Wy “(Y)® (see [1, theorem 9]).
In order to be able to compute the shape derivative explicitly, we now assume that there exist
O, € [Wy (), a € {1, ..., N}, which satisfy

(Id + 81101 + ... + TnOp)(Y[7]) = Y[11 + 871, ..., Ty + O], (3.16)
i.e. the structural assumption is maintained. So in this case, by theorem 3.7,

aal/k[ BEijl

[71(x) = (Fijw)' (Ox) = 5y, (Oa).

Using this result, the Gateaux derivative A™™ (¢, 7) = (Saf}ﬁ}“(f, T i<ijki<3

hom

Safi(z, r)(x)-Z ”k’ [7](x)7, € L7(Q),

can be computed by (3.14) or, in the case of isotropic materials, by (3.15).
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Remark 3.2. In  the case that Yo[t] is an  open  ellipsoid  with
7= (1, T, 13) € [k, I —x] x [, — %] x [x, I3 — %] = L, for some small x, where 11, T, and T3 are the
lengths of the axes, and Y[t] is centred in the middle of the cuboid Y with axes in direction of the
standard unit vectors, explicit formulas for ©, € [Wé’N(Y)]S, a € {1,2,3}, are given in [1, (24)—(26)],
which satisfy (3.16).

It remains to compute the Gateaux derivative of My(g[r]). We define

F(¥) = ﬁ o) dy+ f 0100 dy = Fi(Yo) + Fi(Yy)

for a.e. x € Q) and compute the directional derivative

F((Id+380)(Y)) - F(Y
P - iy TS =)

)
- Fa((Id + 86)(Yp)) + Fo((Id + 80)(Y1)) — F1(Yo) — F2(Y1)
N 51—>mo d
=F1(Y0)(6) + Fa(Y1)(6)

for all 6 € [W" (R’ Owing to theorem 3.3, the last two terms exist and can be rewritten as
FWO - [ e ndow)+ [ oeendat+ [ awe: mdew,
dYp ) Yo

Since —.7-' (Y[]) = My(o[7]) and the integrals / 01(x)8, - nda(y) vanish due to the definition of ®,
for a é H ., N}, we obtain .

N
§My(el], B)(x) = ) %P(Y[rl)@a)?a
a=1

=|17|‘/B‘Y0[T](QO(X) - 01(X))(T101 + ... +TyOy) - ndo(y) ..

Finally having formulas for the Géteaux derivatives of My(g[7],7) and A™™(¢,7) at hand,
we can return to (3.7) to compute Su(z,7). In the case that py and p; are independent
of x, we get that d,(6My(o[7], T)Ou[r]) € LS, (H%D(Q))*). So we can apply [23, Satz 1.1] to
get the existence and uniqueness of the solution u(r,7) ELZ(S;H%D(Q))OHl(S; (L2 of
(3.7) with initial condition Su(r, 7)(0,x) =0. More general py and p; are possible as long
as d(8My(o[], T)Ou[r]) € LS, (H%D(Q))*). We rewrite the problem: find functions ou/dt,,
a €{1,...,N}, such that

/ / My (ol7] -))at(a—u)-atvdde / ! / Ahom[r]e a—u)e(v) dxdt

- [ O etepeno o0, 9 [ [ ST eteate] o

aAhom
f f o0 [tle(u[r])e(v) dxdt, (3.17)

where

My - ®.0) - nd
S e = 7 [ ()= 21)0,0)  ndey).

Then, due to uniqueness

LY
Vulr] - 7= D27, = du(r, 7). (3.18)
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Using (3.18), we can finally compute the Gateaux derivative of the objective functional as
8J(t,7) = 11 im 25/[ |l +€T] = thn |* = |u[7] — um |* do(x)dt
= // (u[7] — um)Su(z, 7) do(x)dt
sJon

= fs aﬂ(u[r] —ug)Vul[rldo(x)dt - T = VJ(7) - T, (3.19)

where the components of Vu[7] are the solution of (3.17) forx =1, ..., N.

4. Simulation results

The formulas derived in §3b allow us to run numerical simulations showcasing the functioning
of the method. As a concrete example, we consider a generic non-destructive testing problem
for a beam occupying the volume [0,60] x [0,30] x [0,30] [mm?] (as depicted in figure 1) made
up of concrete (o1 = 2300 [kg/mS], A =5.55[GPa], u; = 8.33[GPa]) and polyvinyl chloride (PVC)
(00 = 1400 [kg/m3], Ao =115[GPa], uy=0.36[GPa]), where the ellipsoidal PVC inclusions are
arranged periodically on the microscale.

Owing to the different scales, we non-dimensionalize the cell problem, i.e. we consider the
(non-dimensional) reference cell of sidelengths 2 x 1 x 1 with the PVC ellipsoid centred in the
middle of the cuboid with axis lengths (7, 75, 73) € K =[0.12,1.88] x [0.12,0.88]? and the rest of the
cell filled up with concrete (see figure 2).

For the non-destructive test, we assume that the beam is fixed on one of the small lateral
faces of the cuboid (fieg in figure 1). Furthermore, we assume no volume force but we apply
a normal boundary load for seven seconds given by b-exp(-1/2((t-2)/0.2)%), b € R® and
t €[0,7][s]( = S), applied on two faces of the cuboid, such that b =(0,0,—-20) at the upper face
(fup in figure 1) and b = (0,-10,0) on the back lateral face (fyaq in figure 1) and b = (0,0,0) on all
other faces. Already knowing that the PVC inclusions are of ellipsoidal structure, we want to
solve the inverse problem to obtain their exact dimension, i.e. the (vector-valued) parameter 7.

(a) Specification of the different numerical experiments

In what follows, we consider five different numerical experiments. In the first one, the
parameter-identification problem is of the form

argmm J1(7) = arrgen}gn 2|;Q|2LAQ |u[t] - up |2 do(x)dt, (4.1)
where u, is the deformation of the beam computed for the target Value T = (1.5, 0.6, 0.4)
and u[r] is the deformation for given 7. The scaling with the constant —; e > has no impact on the
derived formula (3.19) apart from a scaling factor. The second numerical experiment is as the
first one except that only measured data on part of the boundary of the sample Q is available,
i.e. the parameter-identification problem is of the form

2
argmmjz(r) arrgénKm2|fuprbaCk|2 / /; .upufb“k|u[r] Uy |~ do(x)dt. (4.2)
The analysis for this slightly modified target functional follows analogously as for the target
functional with full boundary displacement information. The third and fourth cases are as
the second one, except that noisy boundary data are used, i.e. un, is replaced by i, given
by the (exact) measured data plus noise, i, = (1 +r)uyn with a Gaussian random function r
of mean value zero and standard deviation 0.03 (third experiment), respectively, 0.09 (fourth
experiment). To test the inverse method for the case of inexactly known material parameters
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Figure 2. Slice of the reference cell Y, i.e. [0,2] % [0,1] x {0.5}.

as well, the fifth experiment is as the first one again but with noisy data of the Lamé param-
eters (representing material variations) and measured data, ie. uy is replaced by i, with
Uiy, = (1+ )iy, with a Gaussian random function r of mean value zero and standard deviation
0.03, where iy, is the deformation of the beam computed for the target value 7" = (1 + r)7'2"!
with a Gaussian random function r of mean value zero and standard deviation 0.03.

The method devised in §3 is implemented in MATLAB® (version R2020a) and COMSOL
LiveLink™ for MATLAB®. The main computation is done with the finite element simulation
software COMSOL Multiphysics® [24], i.e. we solve for every 7 numerically the cell problem
(2.13), the homogenized problem (2.12) and the problem for the Gateaux derivative of u (3.17),
whereby quadratic Lagrange finite elements are used. With the solution of these problems, we
are able to determine the target functional (4.1) (or (4.2)) and its Gateaux derivative (3.19). These
values are needed to apply the gradient method fmincon in MATLAB®, which solves the
minimization problem (4.1) (or (4.2)).

We start with a value in the lower left corner of K as an initial guess, i.e. 7 =(0.12, 0.12, 0.12).
In all five numerical experiments, we plot in one figure panel the values of 7;, 7, and 73 in every
iteration step and the target value rharget — (r;arget, réargﬁ, Ttarget) = (1.5, 0.6, 0.4) as horizontal lines
and in the other panel the values of the respective target functional 7, i = 1,2, in each iteration
step. The final iteration step always corresponds to the algorithm having terminated because
the relative changes in all elements of 7 is less than the prescribed step tolerance of 107 (the
default value of fmincon).

(b) Discussion of the results

In the first numerical experiment as described above, the algorithm terminates after 49 steps.
We obtain as an optimal solution 7 = (1.492, 0.602, 0.401) (see figure 3). This first example with
(numerically) exact data confirms the functioning of the method and implementation.

In the second simulation, where the measured data is known only on a part of the boundary,
the algorithm terminates after 37 steps. We obtain as an optimal solution 7 = (1.493, 0.602, 0.402)
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Figure 3. (a) Values of T = (73, Ty, T3) in each iteration step as well as target values (horizontal lines) in the first numerical
experiment. (b) Corresponding values of the target functional in each iteration step plotted on a semi-logarithmic scale.
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Figure 4. (a) Values of T = (13, Ty, T3) in each iteration step as well as target values (horizontal lines) in the second
numerical experiment. (b) Corresponding values of the target functional in each iteration step plotted on a semi-logarithmic
scale.

(see figure 4). Therefore, in this case with reduced information (but numerically exact data), we
obtain virtually the same results within fewer iterations. This seems to be related to the fact that
the algorithm starts out a bit more gradual which avoids the stronger overshooting of the values
of 1, and 73 in iteration three compared with the first experiment.

In the third simulation, where 3% noise is added to the measured data, the algorithm
terminates after 35 steps. We obtain as an optimal solution 7 = (1.456, 0.612, 0.409) (see figure
5). While a small error between the elements of the computed solution 7 and the target values
remains, this is not surprising as only noisy data, as is typically available in practice, was
available to the inverse method. As the error is only small, this confirms the usefulness of the
method in practice. To push the method further, 9% noise is added to the measured data for the
fourth simulation, where the algorithm terminates similarly fast after 36 steps. We obtain as an
optimal solution 7 = (1.582, 0.583, 0.392) (see figure 6), which is still not too far off considering
the stronger noise in the data available to the inverse method.

In the fifth simulation, where 3% noise is added to the Lamé parameters (inexactly known
material parameters) and measured data (measurement imperfection), the algorithm terminates
after 48 steps, similar to the first simulation (in which also the whole boundary was used).
We obtain as an optimal solution 7 = (1.764, 0.549, 0.367) (see figure 7), which still recovers
the general aspect ratio of the ellipsoids in particular, but a larger error remains than in the
previous cases with exact material parameters.
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Figure 5. (a) Values of T = (7y, Ty, 73) in each iteration step as well as target values (horizontal lines) in the third numerical

experiment, which includes 3% noise added to the measured data. (b) Corresponding values of the target functional in each
iteration step plotted on a semi-logarithmic scale.
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Figure 6. (a) Values of T = (73, Ty, T3) in each iteration step as well as target values (horizontal lines) in the fourth
numerical experiment, which includes 9% noise added to the measured data. (b) Corresponding values of the target
functional in each iteration step plotted on a semi-logarithmic scale.
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Figure 7. (a) Values of T = (17, Ty, T3) in each iteration step as well as target values (horizontal lines) in the fifth numerical
experiment, which includes 3% noise added to the measured data as well as the material parameters. (b) Values of the target
functional in each iteration step plotted on a semi-logarithmic scale.
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Summing up, the results of the simulations show that we achieve a good approximation of
the target value 78" at the end of the iteration in the case of full information and exact
measured data but also in the cases of only partial information or even noisy data. Reasonable
results are still obtained if only noisy data based on noisy material parameters are available, all
of which demonstrate the functioning of the method. As we considered only five test cases, a
proper stability and sensitivity analysis, which is beyond the scope of this work, would be
required to quantify this properly.

5. Conclusion

We considered the homogenized problem of the wave equation in a bounded domain in
the context of linear elasticity in the long-wavelength regime, in which the microstructure
is accounted for by the effective elasticity tensor, the elements of which are based on solu-
tions of elliptic cell problems in the representative cell, as well as an effective mass obtained
by direct averaging. We proved that there exists at least one solution of the corresponding
inverse problem identifying geometrical information of the parametrized microstructure from
macroscopic boundary measurements. With the formula (3.19) for the Gateaux derivative
of J, wherefore we have to compute the shape derivative of the homogenized tensor and
solve several weak wave problems, we were able to apply standard numerical gradient-based
algorithms to obtain a solution to the minimization problem when measured data are given.
Numerical experiments for an ellipsoidal microstructure illustrated that the length of the axes
of the ellipsoids could be recovered from boundary measurements, even in the cases where
measured data are only available on some faces of the sample and that the measured data are
polluted by noise. The framework we developed appears to be generalizable to more advanced
microscopic models, e.g. linear elasticity with slip-displacement conditions [25], and it would be
of particular interest to extend it to microstructures dependent on the macroscopic variable, e.g.
to be able to detect locally different production errors in quality inspection, i.e. to consider r as a
function of x, which makes the optimization problem infinite-dimensional.
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