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ABSTRACT

In this paper, we consider the inverse problem of recovering an isotropic elastic ten-
sor from the Neumann-to-Dirichlet map. To this end, we prove a Lipschitz stability
estimate for Lamé parameters with certain regularity assumptions. In addition, we
assume that the Lamé parameters belong to a known finite subspace with a priori
known bounds and that they fulfill a monotonicity property. The proof relies on a
monotonicity result combined with the techniques of localized potentials. To numer-
ically solve the inverse problem, we propose a Kohn-Vogelius-type cost functional
over a class of admissible parameters subject to two boundary value problems. The
reformulation of the minimization problem via the Neumann-to-Dirichlet operator
allows us to obtain the optimality conditions by using the Fréchet differentiability of
this operator and its inverse. The reconstruction is then performed by means of an
iterative algorithm based on a quasi-Newton method. Finally, we give and discuss
several numerical examples.
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1. Introduction

In this paper, we consider the inverse problem of recovering the elastic tensor C of a
linear isotropic elastic body from the Neumann-to-Dirichlet operator A(C). The main
motivations of this problem are non-destructive testing for elastic bodies in order
to detect and reconstruct material inclusions (as presented in [I] and the references
therein), geophysical (see, e.g., [2]), and medical applications (as considered in [3]), in
particular localization of potential tumors via a medical imaging modality called elas-
tography. Elastography is concerned with the reconstruction of the elastic properties
in biological tissues and the present article aims at giving access to these features. For
a topical review of inverse problems in elasticity and their applications the reader is,
e.g., referred to [4].

The paper is split into two parts and gives a twofold perspective on determining Lamé
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parameters in linear elasticity. Part one is on proving a Lipschitz stability estimate
based on the Neumann-to-Dirichlet map for the corresponding tensors C; and Cs,
depending on the Lamé parameters (A1, p1) and (Mg, 2), respectively. The estimate is
given under the following a priori assumptions.

(i) The Lamé parameters (A, ;) for j = 1,2 belong to a known finite dimensional
subspace, with A being piecewise continuous and p being Lipschitz continuous,
and with fixed uniform lower and upper bounds.

(ii) The two pairs of parameters satisfy a monotonicity assumption that (A1, u1) is,
as a pair, either a lower or an upper bound to (A2, u2).

Part two deals with the reconstruction of the parameters (A, 1) based on minimizing
a Kohn-Vogelius type functional. Let us stress that this numerical part does not build
on the theoretical results presented in Section 3 but rather approaches the problem
from a heuristic numerical side to demonstrate that useful numerical reconstructions
are indeed possible. It remains a challenging open task how to unite the theoretical
and numerical approaches in order to find rigorously justified reconstruction methods
that work well in practically relevant settings.

From the theoretical point of view, the inverse problem of recovering C (or the Lamé
moduli A, p; cf. ) has been studied by several authors. In the two dimensional
case Tkehata [6] proves that the deflection h between (A + h,u + h) and (A, ) can
be uniquely determined by the first-order approximation of the Dirichlet-to-Neumann
operator. Akamatsu, Nakamura and Steinberg [7], give an inversion formula for the
normal derivatives at the boundary of the Lamé coefficients \,u € C* from the
Dirichlet-to-Neumann map. At the same time they present stability estimates for the
boundary values of A, u. Nakamura and Uhlmann [§] established that the Lamé co-
efficients are uniquely determined from the Dirichlet-to-Neumann operator, assuming
that they are sufficiently close to a pair of positive constants. Imanuvilov and Ya-
mamoto [9] proved that the Lamé coefficient A can be recovered from partial Cauchy
data if the coefficient p is some positive constant. Boundary determination of Lamé
coefficients can be found in the work by Lin and Nakamura [I1]. In addition, we want
to mention a global uniqueness results in 2D by Imanuvilov and Yamamoto [12].

For the three dimensional case, Nakamura and Uhlmann [I3|14] and Eskin and Ral-
ston [15] proved uniqueness results for both Lamé coefficients when p is assumed to
be close to a positive constant. The proofs in the above papers rely on the construc-
tion of complex geometric optics solutions. For a partial data version, uniqueness for
recovering piecewise constant Lamé parameters and a quantitative Lipschitz stability
result was proved in [16/I7], and some boundary determination results were shown
in [IT/TI318]. For fully anisotropic C, uniqueness was proved by Carstea, Honda and
Nakamura [19] for a piecewise homogeneous medium. Isakov, Wang and Yamamoto
[20], proved Holder and Lipschitz stability estimates of determining all coefficients of a
dynamical Lamé system with residual stress, including the density Lamé parameters,
and the residual stress, by three pairs of observations from the whole boundary or
from a part of it.

In this paper, we prove a Lipschitz stability result when the Lamé coefficient A is
piecewise continuous, g is Lipschitz and a monotonicity assumption holds. In more
detail, we assume that the Lamé parameters belong to a known finite subspace with a
priori known lower and upper bounds. Our approach relies on the monotonicity of the
Neumann-to-Dirichlet operator with respect to the elastic tensor and the techniques
of localized potentials [26/29-32l[34]35]. For the numerical solution, we reformulate the
inverse problem into a minimization problem using a Kohn-Vogelius type cost func-



tional, and use a quasi-Newton method which employs the analytic gradient of the
cost function and the approximation of the inverse Hessian is updated by a BFGS
(Broyden, Fletcher, Goldfarb, Shanno) scheme [39].

Let us give some more remarks on the relation of this work to previous results. Stabil-
ity for inverse coefficient problems are derived in general from technically challenging
approaches involving quantitative unique continuation estimates and the study of spe-
cial solutions [13/14/40/41]. Our approach on proving a Lipschitz stability result is
relatively simple and easy to extend to other settings, and has already led to new re-
sults on uniqueness and Lipschitz stability in electrical impedance tomography (EIT)
with finitely many electrodes [42] as well as for the inverse Robin transmission problem
[43/44] and on the stability in machine learning reconstruction algorithms [45] under
a definiteness assumption.

The paper is organized as follows. In Section [2| we introduce the forward as well as
the inverse problem and the Neumann-to-Dirichlet operator. In Section (3| we show a
monotonicity result between the Lamé parameters and the Neumann-to-Dirichlet op-
erator and deduce the existence of localized potentials. Then, we prove the Lipschitz
stability estimate for a finite dimensional subset with bounded Lamé parameters and
a monotonicity assumption. In Section [4] we present a numerical approach for solving
the inverse problem and in Section [5| we show some numerical results.

2. Problem formulation

Let Q ¢ R? (d > 2), be a bounded and connected open set, occupied by an isotropic
material with linear stress-strain relation. The boundary 99, is assumed to be C!
and consists of two non-empty disjoint open parts, the fixed ” Dirichlet-boundary” I'p
and the "Neumann-boundary” I'y with

N =Iyulp, I'nnIp=0.

The choice of mixed boundary conditions is based on the physical treatment of the
elasticity problem. The Neumann-to-Dirichlet operator with fixed Dirichlet part is
an idealized model for fixing an elastic object in place on one part of the boundary,
applying different pressure patterns to the remaining part and measuring the resulting
displacements.

We denote a given surface load by g € L?(I'y)¢. Then the displacement vector
u : Q — R? satisfies the following boundary value problem

—div(CVu) =0 in Q,
(CVu)r =g on I'y, (1)
u=20 on I'p,

where v is the outer unit normal vector to 9f2, which is similar to the boundary value
problem considered, e.g., in [46]. The linearized strain tensor Vu and the stress tensor



CVu are given by
Vu =

where

5 5 YL 2 Fa(x)

Vu(z) = (MU@), - ,(%du(z)> . divF(z) =

S 2 Ful)
for F : Q +— R%4 The isotropic elastic tensor is defined as

Cijrr := Mijony + i (901 + 0adjx) (2)
where A, i are the Lamé coefficients.

Next, we state a unique continuation principle from [47]:

Theorem 2.1 (Weak Unique Continuation Principle). Let Q2 be a connected open set
in R for d > 2. Let p(z) € CO1(Q) and \(x) € L>®(Q) satisfy

w(x) > 8o, Ax)+2u(z) >0 a.e. ze,
12l cor () + 1Al Lo (@) < Mo,

with positive constants 6o, Mo, where we define || f[lcor ) = | fllLe@) + IV Ffllz=(0)-
Ifu € HY(Q)? satisfies

—div(CVu) =0 in Q,
u=0 in some ball B C €,

then uw =0 in Q.

Proof. The reader is referred to Theorem 1.2 from [47]. O

Corollary 2.2 (Unique Continuation Principle for Local Cauchy Data). Let the same
assumptions as in Theorem hold and let Q have a CH' boundary and let T be a
nonempty open subset of 0. If u € H'(Q)? satisfies

—div(CVu) =0 in 9,
(CVuw)r =0 on T,

u=0 on T,

then uw =0 in Q.



Proof. A solution with vanishing Cauchy data in € can be extended by zero to a
solution in an extended open set 2, where 2 C €. Hence, the weak UCP (Theorem
can be applied to show that © =0 in . ]

Next, for given constants aq, asg, 81, B2 satisfying 0 < a1 < ag, 0 < 1 < [9, we define
the set of admissible elastic tensors by

A={C=C\p): A\p)eL®Q)xC™(Q), a1 <A<y, Bi<u<pbo}.

Hence, the Lamé parameters of every C(\, u) € A satisfy the conditions of the unique
continuation principles Theorem [2.1I] and Corollary

In what follows, we denote A : B = szzl a;jbi;, for matrices A = (a;;) and B = (b;;).

The weak formulation of problem is given by
/C@u:@vdl‘:/ g-vds forallveV, (3)
Q I'n

where
V= {v e HY(Q)¢: V) = O}.

It is easy to see that for each C € A, problem has a unique solution v € V, which
follows by the Lax-Milgram theorem and is shown, e.g., in [49].

We introduce the Neumann-to-Dirichlet operator A(C):
A(C) : LA(TN)? — LA TN)?: g ud |y,
where here and in the following u. € V always denotes the unique solution of with
surface load g € L?(T'y)¢ and elastic tensor C € A.
It is well known (and an easy consequence from the variational formulation

and the compactness of the trace operator) that A(C) is a self-adjoint compact linear
operator that fulfills

(g, A(C)h) = / CVul : Vulldz  for all g,h € L*(T'x)?,
Q

where (-,-) denotes the L?(T'y)-inner product.
The inverse problem we consider here is the following:

Find C or (X, 1) knowing (g, A(C)h). (4)

3. Monotonicity, localized potentials and Lipschitz stability

In this section, we show a monotonicity estimate between the elastic tensor and the
Neumann-to-Dirichlet operator and the existence of localized potentials. Then we de-



duce a Lipschitz stability estimate for a finite dimensional subset with bounded Lamé
parameters and a definiteness assumption.

Lemma 3.1 (Monotonicity estimate). Let C;,Cy € A be elastic tensors, and g €
L*(T'N)? be an applied boundary load. The corresponding solutions of are denoted
by up = u%l, Uy 1= “%2 e V. Then

/Q(cl — C2)Vug : Vugdz > (g, A(Cy)g) — (g, A(Cy)g) > /Q(Cl — C2)Vuy : Vau, dz.
(5)

Proof. Since A(Cy)g = ua|r, we can use the variational formulation for C; and
C, with v := us and obtain

/chﬁul : Vug dz = (9, A(Cq)g) = /Q(CQ@UQ : Vs dz.
Thus
/Q(Clﬁ(ul —ug) : V(up — ug) dz
= /Q(Clﬁul : @ul dx —l—/ﬂ@lﬁug : @uQ dr — Q/Q(Clﬁul : @uz dx
= (3. M(C1)g) — (0. A(C2)g) + [ (€1 = Co) Vs Yy

Since the left-hand side is nonnegative, the first asserted inequality follows.
Interchanging C; and C,, the second inequality follows. O

Based on the previous lemma and the definition of C, we are led to the following
monotonicity property.

Corollary 3.2 (Monotonicity). For Cy := C(Ay, u1),Co := C(Ag, u2) € A
A < A2 and pp < pe implies  A(Cqp) > A(Co). (6)

Theorem 3.37(L0(Elized potentials). Let C € A and D1, D2 be two open sets with
D1,Dy €@ Q, D1 N Dy =0 and let Q\ (D1 U D3) be connected. Then there exists a
sequence (gn)neny C L2(TN)Y, such that the corresponding solutions (u9")pen of

fulfill

lim (div u9)? dx = oo, (7)
n—oo D1
lim [ (divu’)?® dz =0, (8)
n—o0 D2
lim Vud : Vudr de = oo, (9)
n—oo D1
lim Vudn : Vudr dz = 0. (10)
n—oo D2



Proof. This proof is based on the UCP for local Cauchy data (Corollary . First,
we define the virtual measurement operators

(a) A; ( =1,2) by
Aj : LQ(D]‘) — Lz(PN)d, F— U|FN,
where v € V solves

/C@v:@wdac:/ Fdivwdz for all w eV, (11)
Q D,

Bj : LZ(Dj)dXd — Lz(PN)d, G— U‘FN,
where v € V solves

/C@v:@wdsc:/ G:Vwdz forallwe V. (12)
Q D;

First, we show that the dual operators

AL LA(TN)Y = LA(Dy), j=1,2,
Bj: LA(Tx)* — L*(Dy)™?, j=1,2,

are given by A’g = div(u)|p, and Blg = V| D, where u solves problem ().

To (a): Let F € L?(Q2), g € L*(T'n)%, u, v € V solve and , respectively. Then,

/FA;gdx:/ g-AdeS:/(C@v:@uda::/ Fdiv(u) dz.
Q I Q D,

To (b): Let G € L2(Q)4*4, g € L*(T'x)%, u, v € V solve (1) and , respectively. Then,

/G:B;gdzz::/ g-Bdes:/C@v:@ud:U:/ G : Vudz.
Q I'n Q D,

Next, we will prove that

R(A1) VR(Bz) = {0} and R(A1) # {0}. (13)

Let ¢ € R(A1) NR(Bz2). Then there exist vi,v2 € V such that vi|r, = va|ry = ¢, and

/C@vj :Vwdz =0
Q



for all w € V with supp(w) C 2\ D;, j = 1,2. Hence,

~

div(CVuv;) =0 in Q\ Dy,
div(CVuv) =0 in Q\ Dy,

and (CVo1)v|p, = (CVu)v|p, = 0. The unique continuation principle for Cauchy
data (Corollary ) yields that v1 = v9 in Q\ (D1UD3). Hence v := vy xp, +v2X0\ D, €
V and satisfies
div(CVv) =0 in 0,
(CVv)r =0 on I'y.

It follows that v = 0 and thus ¢ = v|r, = 0, and consequently R(A;) N R(Bz) = {0}.

Next, we take a closer look at the operator Ay : L?(D1) — L*(T'x)%, F — v|r,. Let
O be an open ball with O C D; and let v € V solve (11 for F = xo. We will show
that v|r, = Ai1xo # 0. We argue by contradiction and assume v|p, = 0. From
we obtain that

CVv:Vwdz =0
0\0

for all w € V with supp(w) C Q\ O. Thus, v fulfills
—div(CVv) =0 in Q\ O and (CVv)r =0 on I'y.
Now, we apply Corollary on Q\ O which results in v = 0 on 2\ O, so that

v|o € HE(O)2. Also, for all w € H}(O)?, we obtain from with F' = xo

/C@v:@wdwz/@@v:@ﬁ;dw:/div(w)d:v:/ w-vds=0, (14)
O Q O 00

where @ € HE(Q)4 is the zero extension of w € H}(0)?. Since is uniquely solvable
by the Lax-Milgram-Theorem it follows that v|p = 0, so that v = 0 in all of © which
contradicts with F' = xo. Hence, A1xo # 0 which shows that R(A4;) # {0}.
This proves and this implies R(A1) € R(Bs). Using [[34], Corollary 2.6] it follows
that there exists a sequence (g, )nen C L?(I'n)%:

. . . N2 B
T 141y = tim [ (aivur)? de = oc
and

; 2 — 1; T019n « \Jq,9n —
lim HBégnHLQ(Q)dxd = lim Vudr : Vud dx = 0,
n—oo n—oo [)2



i.e. and hold. Since
tr (@u”) = divud»

this also implicates and @ ]

Next, we go over to the background of the Lipschitz stability and introduce the defi-
nition of piecewise continuous functions.

Definition 3.4. A function f € L*>() is called piecewise continuous, if there exists
a finite decomposition of {2 into non-empty open subsets ; C Q, ¢ = 1,...,n, so that
Q\ Ui, Q is a Lebesgue null set, ;N Q; =0 (i # j), and f|g, is continuous for all
1=1,..,n.

Inverse elliptic coefficient problems are known to be ill-posed and stability results
can only be obtained under a-priori assumptions, cf. the works cited in the intro-
duction. For our problem, we will prove a stability result under the assumption that
the coefficients belong to an a-priori known finite-dimensional subspace (e.g., stem-
ming from the parameter parametrization or a desired finite resolution), that upper
and lower bounds are a-priori known, and that a definiteness condition holds. More
precisely, let F be a finite dimensional subspace of C'(Q) x C%1(Q), where C() is
the space of piecewise continuous functions. We consider four constants 0 < a < b and
0 < ¢ < d which are the lower and upper bounds of the Lamé parameter and define
the sets

Flapxfeq =1Apm) €F: a<Az)<b, c<pu(r)<d forallzeQf,

E={C\pm): (\p) € Fapxied) -

In the following main result of this paper, the domain €2, the finite-dimensional sub-
space F and the bounds 0 < a < b and 0 < ¢ < d are fixed, and the constant in the
Lipschitz stability result will depend on them.

Theorem 3.5 (Lipschitz stability). There exists a positive constant C' > 0 such that
for all Cy := C(A\1, u1), Cq := C(Aa, u2) € € with either

(@) M <Agandp < pp or
(b) A1 > A2 and py > po,

we have
do(C1,C3) := max { |\ — Aallze (e 11 — iallzeq@y} < CIACH) = ACa) [l (15)

Here |||« is the natural norm of ||.||z(z2ry))-

Proof. 1t suffices to prove the theorem for assumption (b) since the other case follows
from interchanging (A1, p1) and (A2, pu2). For the sake of brevity, we write || - || for
|- lz2(ry)e- We start with the reformulation of the right-hand side of estimate .
Since A(C;) and A(Csy) are self-adjoint, and assumption (b) implies A(C2) > A(Cy)



by Corollary we have that

IA(C2) = ATyl
= Sup (9, (MC2) = A(Ch)) 9)| = ”Sh1£>1<9, (A(C2) = A(C1)) 9)-

Next, we apply the second inequality in the monotonicity relation in Lemma
and thus obtain for all g € L?(I'y)?

(9, (A(Cq) — A(Cy)) g)

> /((C1 — (Cg)@uél : @u%l dz, (16)
Q

A~ ~

2
= /Q()\l —A2) (divu?)\hm)) dr + 2/0(;“ — ug)Vu‘(]Ahm) : Vu?)\hm) dx

where u%l = U?Aum) € V denotes the solution of with Neumann data g and elastic

tensor Cy := C(Aq, p1).
The estimate contains the linear differences Ao — A1 and po — p1, but it also

contains the solution u*‘(J/\1 ) that depends non-linearly on the coefficients. Following

the ideas of [42/43], we separate these dependencies by introducing
U LA(TN)? X F X Flapxfedg — R
2 . .
U (g, (C1y Ca), (K, 7)) 1= / G (divef, )" do+ 2/ GVl )Vl da.

Thus, we obtain for C; # Co,

|A(Cs) — A(Cy) |l ( ( VI VR > >
= v ’ ’ 3 A ) . 17
dQ((Cla(C2) o ”91”1£1 g dQ((Cl’(Cz) dQ(Cl,Cg) ( 1 Ml) ( )

By assumption (b), and the definition of do(Cy,Cs), it follows that the second
argument of ¥ in belongs to the compact set

C:={(C,¢)eF: ,6>0 and max (|C]lr~) [¢lli=@) =1}.

Hence, yields that

IA(C2) — A(Cy)|ls ,
LG 2 oM. S Y Ge) k). (18)

(R,T)EFa,b]x[e,d]

The assertion of Theorem [3.5|follows if we can show that the right-hand side of
is strictly positive. Since ¥ is continuous, we can conclude that the function

((€1,€2), (k7)) = sup W (g, (C1,C2), (%, 7))

lgll=1

is semi-lower continuous, so that it attains its minimum on the compact set

10



C X Flapx[e,d)- Hence, to prove Theorem it suffices to show that

”shlp1 W (g,(C1,C2), (K, 7)) >0 forall (C1,¢2) €C, (K,7) € Flap)x[e,d)- (19)
gll=

In order to prove that (19) holds true, let ((¢1,¢2), (5,7)) € C X Figp|x[c,q]- Then
there exist an open subset () # Dy C 2 and a constant 0 < § < 1, such that either

(i) ¢1lp, =6, and (2 > 0, or
(ii) CQ’DI Z 5, and Cl Z 0.

We use the localized potentials sequence in Theorem to obtain an open subset
Dy C Q with Dy N Dy = (), and a boundary load g € LQ(I‘N)d with

- 2 1 A5 > g 1
. g 1 g . g _
/D1 (le u(,w)) dx > 5 and o, VU(H’T) : VU(H’ )dCL‘ > 55 (20)

In case (i), this leads to

v (gv (gla C2)7 ("{? T))
2 n o~ "~
/ (1 (leU ,T)) dzr + Q/QCQVU‘?HJ_) : Vu?’w) dz

/ G (dlvu T))Q dr > 6 (divu?fw))2 dr >1
D,

and in case (ii), we have

v (ga (Cla CQ)v (’{a T))
. 2 - -
> / G (divuﬁw)) dr + Z/QQQVu?K’T) : Vu?,w) dx

CgVu V! dr > 26 V! V! dx >1
D, K,T) (k,7) p, w7’ Ynm)
Hence, in both cases,
sup W(g. (6162, (5,7)) 2 ¥ (L (6. ) )
lgli=1 911"
1 -
= HgHQ\IJ(ga (Ch <2)7 (ﬁv T)) >0,
so that Theorem [3.5]is proven. O

Remark 1. As a consequence of Theorem 3.5 we end up with the following uniqueness
result for all C; := C(Ay,p1),Co := C(Ag, p2) from the finite dimensional space &,
provided that either, Ay — Ao <0 and pu; — pe < 0,0or Ay — A2 >0 and g1 — pg > 0:

A(Cl) = A((CQ) if and only if (Cl = CQ.



Remark 2. All of the results in this section stay valid (with the same proofs) when the
Neumann-to-Dirichlet operator A(C) is extended to the spaces H 2 (I'y) — H=(I'x),
where Hz(I'y) = {u|r, : w € V} and H™2(T'y) is its dual. On these spaces, it is easily
shown that A(C) is bijective, and its inverse is the Dirichlet-to-Neumann operator
Ap : f — uplry, where up solves

—div(C(\, ) Vup) =0 in Q,
up = f on I'y, (21)

4. Numerical approach to solve the inverse problem

In this section, we consider Lamé parameters (A, u) € F , where F is a finite dimen-
sional subset of L>(€) x L>(2)-functions with positive minima.
We first take a look at the inverse problem

Find C(\, p) knowing measurements fr, = A(C(\, u))gx, k=1,... K, (22)

where f, € L?(I'y)? is a measurement of the displacement corresponding to the input
surface load gi, and K € N is the number of measurements.

To solve the inverse problem numerically, we first consider a single mea-
surement (f,g) and define a minimization problem of Kohn-Vogelius type:

min_J(\, ) :/ C(\ )V (ux — up) : V(ux — up) da. (23)
(A p)EF Q

Here ux and up solve the following problems:

—div(C(\, p)Vun) =0 in Q,
(C\ p)Vun)y =g  on Iy, (24)
UN = 0 on FD,

—div(C(\, p)Vup) = 0 in Q,
up = f on I'y, (25)
up = 0 on FD.

Theorem 4.1. The functional J : L°(2) x L(Q2) = R, defined in is Fréchet
differentiable, and its Fréchet derivative at (A, pu) € LL(Q) x LL(Q) in the direction

(A, 1) € L2(Q) x LX(Q) is given by

T ) (i) = /

C(\, i)Vup : Vup dz — / C(A, i)Vuy : Vuy dz. (26)
Q

Q

12



Proof. From the definition of the functional J, and applying Green’s formula once,
we have

J\p) = /QC()\,N)@uN : Vuy da —I—/Q(C()\,,u)@uD : Vup d — 2/ g-fds

I'n

— (9. ACCO\ 1)) + (Ap(COL ) f. f) — 2 / g-fds.

I'n

Since A(C(\, p)) is Fréchet differentiable with
(9, N (CO\ w) (A o / C(X, fi)Vuy : Vuy dz

(c.f., e.g. [10] for a proof that uses only the variational formulation) and
Ap(C(A, 1)) = A(C(A, )~

implies

(AD(CO )N ) f, ) = =(MCA, ), N (CO\ ) (X, B ACA, 1)~ f)
/(C VuD VuDd:n

(see Remark , the assertion follows. O

In the next section, we treat the case of several measurements (f1,91),...,(fk, 9K)
by adding the respective functionals of the form , together with a regularization
term.

5. Implementation details and numerical examples

As stated in the introduction, our aim is to obtain first results for the solution of the
inverse problem of elasticity. Thus, we examine the intuitive 2 dimensional setting as a
first descriptive and meaningful example. In doing so, we consider the following setup
for our numerical example: The domain 2 under consideration is the two dimensional
unit disk centered at the origin. We use a Delaunay triangular mesh and a standard
finite element method with piecewise finite elements to numerically compute the states
for our problem. The exact data f are computed synthetically by solving the direct
problem . In the real-world, the data f are experimentally acquired and thus can
be corrupted by noise such as arising from quantization errors.

In our numerical examples the simulated noise data are generated using the following
formula:

JF($171’2) = f(z1,22) (1 +&d) onIy,

where § is a uniform distributed random variable and e indicates the level of noise.
For our examples, the random variable ¢ is realized using the Matlab function rand().
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We use the BFGS algorithm [5], from the optimization toolbox of Matlab, to minimize
the cost function defined in . This quasi-Newton method is well adapted to such
problem.

5.1. Numerical examples

For the following numerical examples, we use four measurements f1, ..., f4 correspond-
ing to the following surface loads:

g1 =(0.1,0.1), ¢2=1(0.1,0.2), g¢g3=1(0.2,0.1), and g4 =(0.3,0.5) on I'y.

We reconstruct the Lamé parameters by minimizing the regularized cost functional
4
J(A\ p) = Z/ C\ p)V(ufy — ug“) cV(ud — ug‘) dz + ';)/ (A2 + HQ) dzr, (27)
k=179 Q

where u%‘ and ug“ are the solutions to problem and respectively with respect
to the boundary load g and the corresponding measurement data f. Here, p is a
heuristically chosen regularization parameter. The derivative of is easily obtained
from Theorem [£.1]

5.1.1. Example 1

In this example, the Lamé parameters to be recovered are assumed to be constant
on 2 and we consider the minimization problem of recovering two scalar parameters.
Let (A, ;)€ R? denote the initialization, (A, .)€ R? the exact parameters to be
recovered and (), jt.)€ R? the computed parameters. Table [I| summarizes the com-
putational results of the algorithm. Figures show the decrease of the cost function
J and the L>-norm of J’ in the course of the optimization process. The numerical so-
lution represents a good approximation and it is stable with respect to small amounts
of noise.

Qi) | Qee) | Qerpre) | Brped | el
€e=0.0, p=0.0 (L,1) | (29999, 6.9999) | (3,7) | 3.33e-07 | 1.42e-07

e =0.03, p=0.00001 | (1,1) | (2.6564, 6.8989) (3,7) 0.1145 0.0144

€=0.05, p=0.00001 | (1,1) | (2.6527,6.8869) | (3,7) | 0.1157 | 0.0161

Table 1. Simulation results for Example 1: Reconstruction of constant Lamé parameters.

5.1.2. Example 2

In this example, the exact Lamé parameters (Figure [4]) to be reconstructed are given
by
:LLE(xlax2> = m and )\6(5[}17332) =1.
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Figure 1. Simulation results for Example 1: History of the cost function J and the L°°-norm of J’ in the
case of € = 0.0 and p = 0.0.
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Figure 2. Simulation results for Example 1: History of the cost function J and the L°°-norm of J’ in the
case of € = 0.03 and p = 0.00001.
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Figure 3. Simulation results for Example 1: History of the cost function J and the L°°-norm of J’ in the
case of € = 0.05 and p = 0.00001.

We reconstruct g and A by minimizing the functional (27)) in the space of piecewise
constant functions on the FEM mesh. The choice (Ao, 110) = (0.3,0.5) was made as an
initial guess.

The resulting reconstructions and the absolute errors are depicted in Figures [5}ff]
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and Figures The history of cost function J and the L>-norm of J’ in the course
of the optimization process are depicted in Figures [9 The parameter A, is well
reconstructed, while the parameter . is less well reconstructed.

1 Exact A i Exact p
1.0000000000001 0.9
0.8
0.5 1.00000000000005 931 07
0.6
0 1 or 05
0.4
05 0.99999999999995 05 03
0.2
0.9999999999999
-1 -1
Figure 4. Simulation results for Example 2: The exact Lamé parameters.
. Calculated A 1 Calculated p
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0.99907062176595
0.6
0 0
0.5
0.9990706217659
0.4
-0.5 -0.5
0.3
0.99907062176585
0.2
-1 -1
Figure 5. Simulation results for Example 2: The computed Lamé parameters (¢ = 0.0 and p = 0.0).
- Calculated A 1 Calculated p
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oh
1.04703622884775 05
0.4
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0.3
0.2
4 1.04703622884765 1

-1 -0.5 0 0.5 1

Figure 6. Simulation results for Example 2: The computed Lamé parameters (¢ = 0.03 and p = 0.0001).

5.1.83. Example 3
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Figure 7. Simulation results for Example 2: Error for A and u (e = 0.0 and p = 0.0).
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Figure 8. Simulation results for Example 2: Error for A and p (¢ = 0.03 and p = 0.0001).
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Figure 9. Simulation results for Example 2: History of the cost function J and the L°°-norm of J’ in the
€ =0.0 and p = 0.0.

In this example, the exact Lamé parameters (Figure to be recovered are given by

e = 3 + 23,
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Figure 10. Simulation results for Example 2: History of the cost function J and the L°°-norm of J’ in the
case of € = 0.03 and p = 0.0001.

and
Ae = exp(=5((z1 = 1/2)* + (w2 = 1/2)%)) + exp(=5((z1 + 1/2)* + (22 + 1/2)%)).

As in Example 2, we reconstruct u and A by minimizing the functional in the
space of piecewise constant functions on the FEM mesh, and use the initial guess
(Ao, o) = (0.3,0.5). The resulting reconstructions and the absolute errors are depicted
in Figures and Figures The history of cost function J and the L*°-norm
of J' in the course of the optimization process are depicted in Figures The
parameter p, is well reconstructed, while the parameter A. is less well reconstructed.
However, the location of the peaks are obtained.

Exact
1r 1r H
0.9 0.9
0.8 0.8
0571 0.7 0571 07
0.6 0.6
L 0.5
0 0 0.5
0.4
0.4
0.3
051 -0.51
0.2 0.3
0.1 0.2

-1 -0.5 0 0.5 1

Figure 11. Simulation results for Example 3: The exact Lamé parameters.

Remark 3. The accuracy of the numerical results presented in this paper depend
on the initialization of the proposed algorithm and the choice of the regularization
parameter. Meta-heuristic algorithms can be adapted to select a good initialization
and avoid being trapped in a local minima. The optimal choice of the regularization
parameter is based on some selection methods (such as the discrepancy principle, the
generalized cross validation, the L-curve criterion) which is beyond the scope of this
paper.
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Figure 12. Simulation results for Example 3: The computed Lamé parameters (¢ = 0.0 and p = 0.0).
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Figure 13. Simulation results for Example 3: The computed Lamé parameters (e = 0.03 and p = 0.0001).
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Figure 14. Simulation results for Example 3: Error for A and p (¢ = 0.0 and p = 0.0).

6. Conclusion and Outlook
In this paper, we dealt with the identification of Lamé parameters in linear elasticity.

We introduced the inverse problem and the corresponding Neumann-to-Dirichlet
operator. Based on this, we analyzed the connection between the Lamé parameters
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Figure 15. Simulation results for Example 3: Error for A and p (e = 0.03 and p = 0.0001).
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Figure 16. Simulation results for Example 3: History of the cost function J and the L®-norm of J’ (¢ = 0.0
and p = 0.0).
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Figure 17. Simulation results for Example 3: History of the cost function J and the L>-norm of J’ (¢ = 0.03
and p = 0.0001).

and the Neumann-to-Dirichlet operator which led to a monotonicity result. In
order to prove a Lipschitz stability estimate for Lamé parameters which belong to
a known finite subspace with a priori known bounds as well as certain regularity
and monotonicity properties, we applied the monotonicity result combined with the
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localized potentials. The numerical solution of the inverse problem itself, was obtained
via the minimization of a Kohn-Vogelius-type cost functional. In more detail, the
reconstruction was performed via an iterative algorithm based on a quasi-Newton
method. Finally, we presented our numerical examples and discussed them. We want
to remark that the monotonicity properties of the Neumann-to-Drichlet operator
as well as the results of the localized potentials build the basis for the monotonicty
methods for linear elasticity (see [53]) .
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