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Abstract
In this paper we continue the considerations of [5]. A numerical study
for the parameter identification problem with linear elastic material and
large deformations is presented. We discuss the numerical implementa-
tion and illustrate some results for a 2D test problem.
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which means, that an additional elliptic PDE has to be solved.

For the discrete problem, the Landweber iteration is formulated as

( Qk+1 ) _ ( Qk ) _ ﬁ ( Bl(ﬂgk 7Qdata) )
Py D, ! 0

(43

with f  Solving the linear system

where K5 denotes the stiffness matrix corresponding to the PDE for calculating

fr-

For the sake of completeness, we mention that regularization may be introduced
by an appropriate choice of the termination index for the Landweber iteration or
additional regularization terms in (22).

Remark 5.1. Instead of using the Riesz isomorphism Rz, we could apply any
operator R : Z* — Z, that transforms F; from the dual space Z* into the function
space Z as a preconditioner, such that the search direction (AU, Ap)T depends
continuously on U and p. Applicable are e.g preconditioners as implemented
in a conjugate gradient method. In our context, the above mentioned Riesz
isomorphism Rz can be seen as a special case of such preconditioners.
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1 Introduction

With this paper we proceed the considerations of [5], where the identification of
material parameters in a large deformation framework was discussed. Now, we
focus on the numerical solution of the inverse identification problem for linear
elastic material. For simplicity, the identification problem was restricted to a 2D
framework.

In this study FEM with uniform meshes was applied for solving the underlying
nonlinear PDE. Due to the large number of necessary forward operator calls
during the identification process, this leads to immense numerical costs. Thus, the
aim of our work is, to present a concept for implementing adaptive FE methods,
which promises a considerable increase of efficiency.

The paper is organized as follows. A survey on the identification problem and
the solution algorithm is presented in section 2. The numerical implementation is
discussed in section 3, where in the first part of section 3 we focus on some basics
in tensor calculus, concerning the calculation of tensor products. The 4th section
is devoted to numerical results for the Cook membrane test problem. Finally, in
the last section an outlook on future work is given. In this context a survey on the
implementation of adaptive FEM within the identification procedure is presented
and emerging problems and ideas in the concept of adaptivity are discussed.

2 Model and solution of the inverse problem

We shortly sketch the model of the identification problem [IP] with linear elastic
material. See [5] for an extensive discussion of details. We also refer to [5] for an
explanation of the used notation.

The forward problem consist of finding a displacement U as a solution of the
variational problem

/%;E(U;V)dgoz/pof‘. VdQ, + /g~va50 WWoe (HN Q). (1)

Qo Qo T'ng

For the linear elastic material law, the 2nd Piola-Kirchhoff stress tensor is definded

as
2

T =2uE(U) + AM(tr E(U))I) =C : E(U) (2)

with a 4th-order material tensor C = C(A, ). Hence, the material parameter to
be identified is
p(X) = (AMX), (X)), X €.



For simplicity we omit volume forces (f = 0) and rewrite (1) as
a(U;VIp) = f(V) WV € Z = (Hy())° (3)

with the functionals

a(U; Vp) == /% : E(U;V)dQo (4)
and
)= [ 3-vas,., (5)

Due to the nonlinearity of a(U; V|p) in U, the problem (3) is nonlinear and has to
be solved with a Newton linearization (see [5, algorithm 2.1]). The linearization
of a(U; V|p) for linear elasticity holds

ao(U3 W, V]p) = / [E(U; W) C(p) : E(U: V)+(72“(U)-GradW) :GradV}ng‘

Qo
(6)
Note, that a(U; V|p) is linear in p. The inverse problem [IP] of finding p for given
displacement data Uy, can be solved via an SQP iteration [5, algorithm 3.1]. At
this, in each iteration the SQP update for a given iterate (Uy, px, &) is defined as

Uky1 = Up + AU, prg1 = pr + Ap, §pp1 =¢

with an iteration update (AU, Ap) solving the linearized system

aby(Ap, ) + ao(Ux; AU, &klg) + a(Ur€la) = auby(q, pi) VgeQ
aO(Uk;ﬁk,V|Ap)+bU(AU, V) YW eZ
a1 (Uk; AU, &, VIpk) + ao(Ui; €, VIpr) = (Udata — PUr, PV) 12(00) (7)
a(Up; W|Ap) + ag(Ur; AU, W py) JOW) —a(U; Wipe) YW € Z

In this context the second order linearization of a(U; V|p) is introduced as

a(U; AU; W, Vp) = / {((E(U7 AU) : C) - GradW) : GradV
Qo

+((B(U; W) : C) - GradV) : GradAU (8)
+((E(U;V) : C) - GradAU) : GradW |d€ .

with the operators
[FY (U, pi)]* = (L2(Q0))* = Z x Q

and
(RzF(U,pi)))" : Z = Z xQ

denoting the (Hilbert space) adjoint derivatives of Fy(U,p) and RzFy(U,p) at
the iterate (U, px). The directional derivatives

[F{(U.p)|(AU, Ap) and  [(RzF>(U,p))'|(AU, Ap)
are given in weak form as

<[F1/(U.p)](AU, Ap)v ‘/>(L2(Qo))3
((RzF:(U,p)) (AU, Ap), V) z

<’PAU7 PV>(L2(QQ))3 YW eZ
ao(U; AU, V|p) + a(U; V|Ap) YWweZ.

Hence we derive, that the adjoint derivatives hold

((F(UpIW,0), Vizoys = (W, 9), [F1(U, D'V ) (12(00))8 x(L2(00))?
(W, PPV )20 + (¢, 0V)(12(00))2
(W), [(RzF2(U, ) 1"V) 2x(12(00))2
ao(U; W, Vp) 4+ a(U; Vlg)

([(Rng(U,P)),](W, Q)7 V>Z

for all V.W € Z, ¢ € Q. Thus, by setting V' := Rz F5(Uy, pr) and renaming
W as V in the last equation, the Landweber iteration (23) is written in weak
formulation as

( (Us1, V) 2202 ) _ ( Uk, V)22 )

(Pr+1, @) (L2(00))3 (D @) (22(00))2
_3 ( (P*PP*(P(Us) — Udata), V)(LQ(QU))s )
! 0

ao(Uy; Rz Fo(Uy, pi), Vpk) )
_ VWWeZ qeq@.
P2 ( a(Ug; Rz F>(Uy, pi)|q)) e

Note, that the convergence of the iteration can be accelerated by an appropriate
step size control, which we omitted here.

Due to the above results, we have to calculate fr := Rz Fs(Uy,p) € Z. With

<F2(Uk,pk), V>Z*,Z = <f’R7 V>Z = /(f’R -V + Gradfn - Grad V)dQ(]
Qo
we derive, that fzr denotes the solution of the variational problem

/(f’R -V + Grad fr - Grad V)dQy = a(Ug; Vipi) — f(V) VW e Z,

Qo
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5.3 Application of Gradient methods

The introduced SQP algorithm for the solution of [IP] converges fast, but one
drawback is, that each SQP iteration step is expensive, in particular due to the
explicit computation of the (large dimensioned) system matrix in (18). Thus,
for nontrivial FEM problems (with usually > 10° elements) troubles could arise
because of memory overflow or exploding CPU times for solving (18). One idea to
overcome such problems is the application of gradient methods (e.g. Landweber
iteration) with an appropriate step size control. Compared with SQP iterations
such methods have a slower convergence but cheaper iteration steps.

We discuss an ansatz for a gradient method solution of [IP]. Let in this context
[IP] be given as finding a solution of the operator equation

Fi(U,p) 0
FU,p) = ! = 21
where the operator F': (H'(£))? x Q — Z* x Z* is given in weak form as

(Fv(U,p), V)z@oyr = (PU = Udatas PV ) (2(00)) YV ez
(Fo(U,p),V)zez = (RzFo(U,p),V)z =a(U;VIp) = f(V) VW eZ.

Note, that in the last equation we have to consider Fy(U,p) and Fy(U,p) as
elements of the dual space Z*. Despite this, in the case of F;(U,p) we are able
to identify Fy(U,p) = P*(PU — Ugata) € (L*(Q))? due to the above definition,
and therefore the standard scalar product in (L?(€))? can be applied. This will
not work for Fy(U, p), which is not an element of (L2())®. Thus, we have to
introduce the corresponding Riesz isomorphism

RziZ*—)Z.

Then (-, -) 7 denotes the standard scalar product in the Hilbert space Z = (HJ(Q0))?
and
12Ul 2+ = IR2E2(U )l 4

holds. A solution of (21) can be found by a least squares minimization

1 .
5 (BIRWU.D) = 0oy + Bl RzFaUsp) = 0]3) > min  (22)

with weights 3; and ;. Consequently, a gradient method for finding a minimizer
of (22) is e.g. the Landweber iteration

( i ) - ( o ) = BAFU ) (R (Ve i) (23)
—Bo[(RzFa(Uk, pi))' 1" (RzF2 (U, pr))
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3 Numerical implementation

3.1 Basics in tensor calculus

In the following we sketch the calculation of tensor products in orthonormal
bases. See [6] for details on tensor analysis. Note, that for a FEM discretization
of (1) the tensor coordinates have to be implemented w.r.t. a fixed basis in the
domain . Due to the considerations of [4], it is allowed w.l.o.g. to introduce
an orthonormal tensor basis in ).

For a clear notation, we sign in this section an nth order tensor by n times
underlining. In the further sections the underlining is omitted. Additionally we
assume, that Einstein’s summation convention holds

Definition 3.1 (Einstein’s summation convention). If an index variable appears
twice in a monomial (single term), then we have to sum over all possible values
for this index.

E. g let i = 1,...,d with d denoting the dimension of the Euclidian space
X =R? Then the standard scalar product of two vectors in X can be written as

d
(L,'bi = Z azb, = a1b1 +...+ adbd = <Q7 Q>]Rd .
i=1

A Tensor A of k-th order is defined as

AX) = aiy, i (X, - €,
with coordinates a;, . ; (X) € R, X € X and the k-fold tensor product of basis
vectors ¢; ...€; , i1,..., 0 € {1,...,dim X}, denoting a tensor basis for tensors
of k-th order. According to (1) we assume in the following an underlying 3-
dimensional Euclidian space X = R? D ) with an orthonormal basis e}, e,, €.

We define tensor products, in particular the contraction of tensors. Let A, B
denote tensors of second order. The double contraction of these tensors is defined
as

3
Zé =D with D= CL,‘jb]'Z' = Z aijbj,- .

ij=1

b

The tensor D is a tensor of zero order, i.e. scalar. Using the coordinates of A and
B, the double contraction of two second order tensors can be written in matrix
form as

T T T

aiy b1y ag1 b1o asy b3

aggbj; = | an by | + [ ao by | + | as ba3
a3 b31 a3 b2 ass b33



Analogously, the double contraction of a second order and a fourth order tensor
holds

3
=D with dy = a;cjm= Z Q;Cjiki

4,j=1

[sS
l[[}e

where D is a second order tensor with coordinates dy;. Finally we consider two
cases of single contraction of tensors. At one hand the contraction of tensors of
second and first order is defined via

3

j=1
with a first order tensor D with coordinates
d; ay; a2 a13 by
dy = Q21 Q22 A23 by
ds az; Gz2 asy b3

At the other hand the contraction of two first order tensors holds

3
A-B=D with D=ajbj=> a;b;.
j=1
From now on we omit the underlining of tensors. Note, that in the following
considerations underlined variables will denote vectors and matrices.

We discuss specific tensors arising in [IP]. The strain tensor £(U) and its Fréchet
derivative E(U; V') were introduced as

GradU + GradU”T + GradU - GradU”T
GradV + GradV7T + GradU - GradV7T + GradV - GradUT

2E(U)
2E(U;V)

with the second order tensors

Grad U(X) =

and

9U;(X) 9V;(X)
X, 0X,

Thus, E(U) and E(U;V) are symmetric second order tensors and for the coor-
dinates of D = Grad U - Grad V7 holds the relation

Grad U(X) - Grad V(X)T =

€i€); .

dij = <U.,1:7Vj>ms = U:?Vj7 i7j = 17273 ;

START set k =1 := 0 and define a coarse initial mesh 7°
choose initial guess gg and set §0 =0
calculate values Uj = Q(QOO) at nodes of T
(U8, £°, P, T°) := FEtool(p,, T°, erry)

REPEAT

REPEAT
SQP ITERATION
assemble matrices:
[A(Qk)7AO(Qlwék)?AO(QMBk)7lAI§Qk7§k7]lk)7Ql7Kl=£lvTl]
:= FEtool(Uy, &, pl, T")
calculate a solution AU, Ap, §l of (18)
update QZH = Qﬁc + AU, E£c+1 = QZ + Ap, §§c+1 = §l
k=k+1
UNTIL stopping rule of SQP iteration fulfilled
estimate error of gic and create refined mesh7%+1!:
[Q?—lag:rl:ﬂi+1!£l+l7£l+lv 7—1+1] = FEtOOl(Qf),
l:=1l+1land k:=0
UNTIL Ti=7"1

L0l
E Py T ermy)

Note, that the solution of (18) is calculated w.r.t. the homogeneous Dirichlet
boundary conditions. Additionally we mention, that in algorithm 5.1 the com-
plete SQP iteration is executed before some mesh refinement is done, which seems
to be inefficient. A quite 'natural’ modification would be, to refine the mesh w.r.t.
err, within the SQP iteration, which might influence the convergence of the SQP
iteration.

The algorithm 5.1 is easy to implement in MATLAB, if an arbitrary (extern)
FEtool is available with the explained properties. Applicable FE packages and
options for the communication with MATLAB are e.g.:

e adaptive FE code SPC (FORTRAN based): link of MATLAB and SPC via
MATLAB meshfiles or a master-slave communication

e COMSOL FE software: the package is basing on MATLAB and assessable
from MATLAB

Besides an improvement of efficiency, we expect a higher accuracy of the iden-
tification results, if a well-developed extern adaptive FE code is used for the
identification algorithm. The results in this study are disturbed by the limited
skills of the MATLAB PDE-toolbox and therefore the presented results with more
than 10% error even for noiseless data may be improved in future.
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strategy is suggested, where [IP] is solved for a coarse discretization and then for
the corresponding discrete solution pr € Q™) an error functional

e(pr —p)

is estimated, which measures the discrepancy between pr and the (unknown)
exact p. Then these error estimation w.r.t. p is used for adaptive mesh refine-
ment and the solution of [IP] is reiterated until a stopping criterion for e(pr — p)
is fulfilled. See [10] for details on the implementation of such error estimators.
Note, that the author additionally suggests error estimators, which measure si-
multaneously the discretization errors in U and p.

Consequently, an existing FE code for the solution of the forward problem can
also be used for adaptive mesh refinement in the inverse problem [IP], if the
error estimator is modified appropriately. Depending on the 'quantity of interest’
in the underlying inverse problem, several error estimating strategies may be
applicable. E.g. in [3] the authors mention a couple of so called goal-oriented
error estimators. Another concept of adaptive parameter identification is given by
the adaptive grid regularization discussed in [7]. In this context we also mention
multilevel methods as presented e.g. in [8]. Such methods start the parameter
identification at a coarse discretization level and during an iteration the mesh is
refined. Contrary to classical adaptive FEM strategies, here the discretization
level is used as a regularization parameter and consequently the discretization is
chosen such that optimal regularizing properties are reached.

Referring to the discussion above we present an algorithmic scheme for the solu-
tion of [IP] with adaptive mesh refinement. In this context we assume, that an
adaptive PDE solver FEtool is available with the following properties:

e FEtool knows geometry, boundary conditions, material law, a(U;V|p),
ao(U; W, Vp), and a1 (U; AU, W, V|p)

e for given initial mesh and parameter p, FEtool calculates U = U(p), where
adaptivity is controlled with an error estimator erry for e(Ur — U)

e for given mesh, U, and p, FEtool is able to estimate the error e(pr — p)
with an error estimator err, and to refine the mesh w.r.t. err,

o furthermore, for given mesh, U, and p, all matrices and vectors needed for
the implementation of (18) should be available as output of FEtool

Under this assumption we derive an algorithmic scheme for the adptive solution
of [IP].

Algorithm 5.1. Adaptive FEM identification algorithm according to [5, algo-
rithm 3.1J:

20

where

U’i =

y

oUy U, oUs\"
denotes the partial derivative of U w.r.t. X;. The coordinates of E(U) and
E(U;V) are calculated via

oU; AU, Uy O

2(0)i = 5%+ ax, T ax, 0%,

=Uji+ Ui +UU; 9)

and

OV, | Vi OULOVi | OV OUL
ax, " 9xX, | 0X,0X, ' 0X,0%,
= Vit Vi +UZV;+ ViU,

We shortly discuss, how to define the fourth order material tensor C := C(\, p)
2
appropriately. We derive from (2), that at one hand the coordinates of T are

expressed in terms of C as
2

tij = cijme(U)w

and otherwise they have to fulfill

3
2
tin = 2pe(U)n+ Ae(U)n +e(U)x +e(U)ss] = Z crme(U)i
k=1
= cun =20+ cup=cus =X cun=0Vk#I

3
tin = 2pe(U)p = Z crome(U)i

k=1
= C1o91 = 244, 191 = 0 otherwise

which defines C. Additionally we mention, that in [5] the definition (2) of the
2nd Piola Kirchhoff tensor was derived as

2 ov

T=2—.

oG

If an orthonormal tensor basis is introduced, this is equivalent to

29U V(G . .
T=2—"=2 @ s
IG ( 8.91] ) “

2
which means, that the coordinates of T" are derivatives of ¥ w.r.t. the coordinates

of G.



Concluding this section, we discuss, how the the variational problem (1) can be
formulated in terms of the tensor coordinates. We introduce the vectors

E(U)u U11+ UTU1
G(U)Qz U22 + U U2
. €U)33 _ U‘;;-‘r UU;
E(U) = 2e(U)12 B Ug + U2,1 + U U2 (11)
2e(U)13 Uis+Usy + U,{U,s
ZP(U)B U213 + U372 + U‘72“U73
and
G(UI, V)u Via+ %Uqlﬂvl
e(U; V)2 Voo + %UEVQ
. | e V)ss | Va3 + %UEV';
E(U;V) = 2e(U; Ve | | Vig+Vea+ U:];VQ + Ung ’ (12)
QC(U; V)13 V1,3 + Vg,l + U{V3 + U§V1
2e(U; V)23 Vas+ Vo + ULV + ULV,

referring to the coordinates of E(U) and E(U;V). Additionally we define the
matrix

2pu+ A A A 000

A 2+ A A 000

n A A 2u+Xx 0 0 0
€= 0 0 0 pw 0 0 |7 (13)

0 0 0 0 p O

0 0 0 00 u

which contains the coordinates of the tensor C. Then the semilinear functional
a(U;V|p) holds

aWsVlp) = [ EOFCEUV)AR, (14)

Qo

if we assume, that an underlying orthonormal tensor basis is fixed. Note, that
analogously the functionals ao(U; W, V|p) and a1 (U; AU, W, V|p) can be written
in terms of the tensor coordinates. We omit details here, due to the fact, that this
results in extensive but straight forward calculations with tensor contractions in
coordinate form as introduced at the beginning of this section.

3.2 Implementation of a two-dimensional model problem

In order to simplify the numerical calculations, we want to introduce a model
problem, which can be reduced from a three-dimensional domain Qg C R? to a
two-dimensional domain Qo C R.

5 Future work, ideas and problems

5.1 Ideas and open problems

Following from the studies above, there are a lot of open questions:

e identification of parameters with multiple displacement measurements, e.g.
the load-displacement curve w.r.t. the stepwise applied load is given, which
refers to knowledge of the Dirichlet-to-Neumann map and should improve
the solution

e numerical studies on the influence of noisy data and experimental design
on the identification results

e simultaneous identification of heterogenous material parameters

e studies on the identifiability of parameters for nonlinear material laws (for
‘real’” large deformations it is expected, that the linear elasticity model may
not be applicable and will lead to useless numerical results)

e identification of discontinuous parameter functions

e optimal choice of the weights ¥;,w; and the regularization parameter o
e solution of 3D identification problems

e identification of material parameters with experimental data

Furthermore, the question, if an implementation of different discretizations for U
and p (such that 7 # 7;) may be appropriate, could be discussed.

5.2 Concept for an application of adaptive FEM

The solution of [IP] via (18) involves the numerical costs of a number of forward
operator calculations. From this reason the repeated calls of a PDE solver should
be as efficient as possible, e.g. by using adaptive FEM. The basic principle of
adaptive FEM for the forward operator calculation with given p is, that an error
estimator is implemented in the FEM solver, which estimates for each triangle in
T an appropriately chosen error functional

G(UT*U) .

Here Ur € V(DQ"U) denotes the discrete solution of (1) and U corresponds to the
(unknown) exact solution.

For the solution of the inverse problem [IP] the adaptivity has to be modified
slightly, due to the fact that now the error in p is of interest. E.g. in [10] a
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felem. boundary w| v regul. @ Ao | fiter. ident.

condition method error
484 | (20), Uppaa =2 | 1 | 1072 Tikh. 1077 | 110 5 11.6411%
1936 | (20), Uppaa =2 | 1107 | Tikh. |1077|110| 5 | 10.4609%
1936 | (20), Upaa =2 | 1 0 Tikh. 1077 | 110 5 10.5917%
484 | (20), Upaa =2 | 1 0 Tikh. 10771150 | 4 17.1042%
484 | (20), Uppaa =2 | 1 0 | Lev.-Mar. | 1077 | 110 | 15 | 12.5976%
484 | (20), Upaa =2 | 1 10~* | Lev.-Mar. | 1077 | 110 15 15.0586%
484 | (19), Floaa =16 | 1 0 Tikh. 1077|110 | 4 21.2502%
484 | (19), Froaa =16 | 1 0 Tikh. 1077 | 150 5 18.7010%
1936 | (19), Floaa =16 | 1 | 0 Tikh. 10771150 | 5 | 19.2354%

Table 1: Identification of A, full displacement data measurement U,

toolbox. Thus, a more detailed study requires an improved and more accurate
solution of the forward problem. See section 5.2 for a discussion of adaptive FE
software.

gelem. boundary w| o regul. e Ao | titer. ident.
condition method error
484 | (20), Uppaa =2 | 1 0 Tikh. | 1077 | 110 7 19.0781%
484 | (20), Uipaqg =2 | 1 | 107 | Tikh. | 1077|110 | 7 | 18.6737%
484 | (20), Ujpaqq =2 | 1 | 107* | Tikh. | 1077 | 110 7 17.0270%
1936 | (20), Uipea =2 | 1 | 1074 | Tikh. | 1077 | 110 6 17.8963%

Table 2: Identification of A, displacement data U, measured at I'y

Concluding this study, we verify by the results of table 4, that a restriction of
available data increases the identification error.
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Figure 1: 2D Cook membrane

In our study we focus on the Cook membrane test problem which is widely used
in numerical studies on structural mechanics (see e.g [2]). As displayed in figure
1, the geometry of the Cook membrane is given as a trapezoidal profile which is
constant in Xjz-direction. Thus

QSD = Qg X [Od] Q() C R2

holds with a thickness d of the membrane. We assume, that the load ¢ is constant
w.r.t. X3 and hence the deformation of the membrane is constant over X3 as well,
i e

U=U(X1,X,) = Us=0, U;=0ifi=3o0rj=3. (15)
Consequently, if the test functions V' fulfill (15), the vectors E(U) and E(U;V)
and the matrix C can be simplified by removing rows and columns, which refer
to X3. Due to the fact, that E(U)TC E(U;V) is not depending on X3 we derive
under the assumption (15) that

aU; Vip) = d / E(U)'CE(W:;V)dQy Qo C B2

Qo



holds. Finally, in (1) the thickness d can be canceled and the variational prob-
lem is two-dimensional. In an analogous way, the functionals ao(U; W, V|p) and
a1 (U; AU, W, V|p) can be simplified. Note, that despite the independence of X;
the stress tensor C : E(U) denotes a three-dimensional stress tensor.

3.3 FE discretization

We consider a discretization of [IP]. For simplicity we assume the two-dimensional
situation with (15). Let a triangulation 7 of Q9 C R? be given with ny nodes
7,4 =1,...,ny, and FE ansatz functions ¢, . . ., ¢, , such that ¢(7;) = 6;; ,1 <
i,j < ny. Here, §;; denotes the Kronecker symbol

_J L i=g
0 _{ 0, i+#j.
We define the FE space

V(Qny) = [SpaH{S«Qh cos Png }]2

as a finite dimensional subspace of Z = (H'())?. Additionally we introduce
subspaces V(D%U) and VS%U) of V@) which fulfill the corresponding inhomoge-
neous and homogeneous Dirichlet boundary conditions at I'p,. Then an approx-
imation of U is given as

ny ny T
U~ <Z Uiy Uym) e Vi)
i=1 i=1
Thus, in the discretized context we identify U with the vector

U= @0, .UM ud, . Uf)T e R¥™ .

Analogously we discretize the parameter p with ansatz functions ¢;, ,i =1,...,n,

p

np T
PR <Z Y u%) € QP
i=1 i=1

with Q®™) = [span{¢x, ..., ¥n, }]* as a subspace of @ = [L®()]>. Let e. g. the
1; refer to a triangulation 73, where T is a refinement of 73 or vice versa. In a
simple ansatz we may choose 7 = 75. Finally we identify p with

B = ()\(1)7 M) )\(np)7 #(1)7 tt 7#("1’))7‘ e R2np .

The relative identification error is calculated as

e, ~ 21

Exact parameter A=100(1+x/50*y/60)

A7)

Here we used the standard Euclidian vector norms.

Identified parameter A,

d

170
180
160
160 150
140
140 130
120
120
110
100 100
L=80(2-x2/2500+y/60) Heng™
220
210 210
250 250
200 200
200 200
190 190
150 180 150 180
170
100 100 170
100 160 100
50) 50l 1160
50 150 50
150
00 00

Figure 3: Identification of parameter A\ with Tikhonov regularization, identifica-
tion error = 11.6%

An example for the solution of [IP] is given in figure 3. See table 4 for a concluding
survey of detailed results. Here, the displacement data was given as the whole
displacement field, i.e. P was set as the identity matrix. In table 4 results for
the identification of A with restricted data are presented.

As table 4 shows, the experimental design influences the quality of the results
considerably. The identification error for boundary condition (19) is almost two
times larger than for boundary condition (20). In the case of boundary condition
(20) the additional force measurement can be applied by choosing ¥ > 0, which
improves the results slightly. As usual for identification problems, the choice of
the initial guess influences the results as well. We mention, that all results are
corrupted by numerical errors, due to the limited skills of the MATLAB PDE
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Figure 2: Solution of the direct problem: deformed and undeformed mesh of 2D
test problem Cook-Membrane with boundary condition (20)

For solving [IP] via the SQP iteration algorithm (18), we introduce lower and
upper bounds for the box conditions as

C; =100 = const and C, = 200 = const
and set the initial guess

Po = Ao = const  with 100 < Ay <200 .

The SQP iteration is terminated at iteration Ky, if the relative residual norm and
the relative norm of the parameter update A\ are smaller than given tolerances,
in particular i.e.

12Uk, — Y|

Hgdata |

A

< tolyes = 1072 and
A

<tol, =107 .
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According to (7), we introduce matrices and vectors referring to the functionals
bp(p7 q)7 bU(U7 V)7 (l(U', V|P)> aU(U; VV7 V‘p)v al(U; AU7 VV7 V‘p)v and f(V) Let

- i - 0 .
@1:(%)7 @i+nU::(@i)7 ISZSnU

Vi =i, Vi, =Y, 1<i<n,.

We define the matrices

as well as

Q= (g;) R gy = / gind; S
Qo

=

= (ki) € RZWP0 o fyy o= / @i €
Qo
(U) = (a;;) € R*> + q, = a(U; 952'|1/~)j) )
AG(U) = (afy) € RV aly o= ao(Us @iy @5lUn), k=1,...,2n,

AIIC(Q7 E) (&Z) € RQHUXQHU : &k = al(U; ¢i7 Sakv @]'p)v k= 17 ey 2nU

[

and the vector
i = (f((fal)v M) f((/ZDZnU))T € Ran N

Additionally, in the discrete sense, the linear projection operator P picks the
displacement data U,,,, € R« from U, where we bear in mind, that the ngq,
measuring points denote nodes of the mesh 7. Hence, it refers to the matrix

P = (p”) € RanamXZTLU with

Dij = Dlitngara)j+ny) = 1, if the ith measuring point is the jth node in 7
pij := 0, otherwise .

Consequently, we derive for the terms arising in (7) the following discretizations

bp(Ap.q) Vg = QAp
bu (AU, V)YV = PTPKAU

as well as

a(U; W|Ap) YW = A(U,)Ap
a(Us; €lg) Vg = AU,)TE.



For the terms including first and second order linearizations of a(U;V|p) we
deduce

2ny
ao(Ui; AU, W p) VW = <Z(Pk)zA$(Uk)> AU

=1
= A~ (Qk,ﬂk)
WU E VD) W = Ay(Usp,) = A(Upp)"€ (AolUs.p,) is symm)
2ny
ao(Ug; &, VIAP) YV = Y (Aphao(Uk; &, VIth) YV
i
= D (Aph AU &, = (AJURE,. - AT (ULE,) Ap
= 4,(U,.€,)
2ny ~
vzl(AQ)i(ék)jaU(Uk:,@iv@j‘wl)
i,j=
ao(Ux; AU, &klg) Vg =
2ngr ~
_Zl(AQ)z‘(ék)j(lo(Uk;8271'7%5,7“1/}2%)
)=
(ApUE)"
= : AU
(45" (U,)E,)"
= AU, )"

and

2ny
a1 (Uy; AU, &, Vipe) YV = <Z(§k)zAl1 (Uk~,10k)> AU .

=1

= A1(Qk7§k’£k)

Remark 3.1. The matrix A,(U k:P,) can be calculated directly without any
summation of A(U,) via

A()(Qmﬂk,) = (ay) € R¥w>2w gk = ao(U; i, Pilok)

ij

which may be more efficient than the summed definition. But despite this, it
might be practicable to apply the summed definition due to the fact, that the
AL(U,) have to be calculated anyway. The same holds for AUy, €, p,)-

10

4 Numerical results

Throughout the numerical study presented in this section we assume the following
framework:

e discretization with uniform meshes
e dicretization of U and p referring to equivalent triangulations T = 75

o [IP] is restricted to the estimation of A for a known p (remove rows and
columns referring to y in the linear system (18))

e noiseless data Ugqq
e single measurements ngq, = 1

Referring to the domain €y C R? as defined in figure 1 the boundary conditions
are applied as

U =0, on I'y
1

ﬁo . T(Q) = 97 on Fz @] F4 (19)
1

ﬁO : T(Q) = g = (07 %ﬁﬂoad)T7 on F‘J

U=0, on I'y

1
i T(U)=0, onl,UT, (20)
Q = (7Uload7 O)Ta on F3

with I'y =T'p,, 'y = f‘DO, 'y UT'y = I'y,. The exact parameter functions are set

as
Xl X2 X? XQ
M:i=100(1+>22) and pf:i=80(2—- = +22) .
( 50 60) and ( 2500 60

If all lengths are given in mm and the units of Fjyeq, A, g are scaled as kN/mm?,
then the above defined parameters are similar to a steel material. In this context,
integrating the load ¢ in the Neumann boundary condition over I's will result in
a force load Fjyqq with unit £N.

The displacement data Uy, is simulated as the solution of the forward problem
(16) with a triangulation 7 consisting of 30976 elements (ny = n, = 15737).
Here, for the incremental applying of loads, the time ¢ is subdivided in 10 load
steps At = 0.1. In order to avoid inverse crime, [IP] is solved at coarser dis-
cretization levels, namely with 7 consisting of 484 or 1936 elements. See figure
2 for an example of the solution of the direct problem with boundary condition
(20).
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appropriate choice of ansatz functions and calculation of stiffness matrices are
presented e.g. in [1], [4], or [9] .

We discuss some facts of the MATLAB implementation. The matrices assembled
for (18) are in general sparse matrices and therefor MATLAB provides the sparse
function, which creates sparse matrices. Hence, an efficient storage of the system
matrix in (18) is possible, if all submatrices are defined as sparse.

The PDE or the variational problem (14), resp., refer to an elliptic system (of
order 2 in the 2D case). Those systems are implemented in MATLAB with a
fourth order tensor € = €(U, A, u) such that the main part of the elliptic system
is written as

—V (€@ V).

Consequently, for 5 C R? from integrating by parts of

- / (V- (€& VU)VdQ,

Qo

follows the equivalence

aWivlp) = [ EUTCEUVIa,

Qo

T R ~ N N
_ / Vl,l C1111 C1112 U1,1 + C1211  C1212 Uz,l
Vip Crio1 Cri2o Ui Ci221 Ci222 Usp»
Q

0

T
Vo Co1r Cori2 Ui Co211  Ca212 Us,
+ ’ . . ’ +1 . . ’ dQ .
( V2,2 C2121  C2122 U1,2 C2221  C2222 U2,2 0

Here, the scalars ¢;;; denote the coordinates of € and thus the tensor € is defined
by the last equation. See [9, chapter 3] for details.

Furthermore, the following MATLAB functions were used:
e decsg for defining the geometry €y
e boundary conditions defined as explained in assemb
e assemble stiffness matrices with assema
e calculate a solution of a PDE with assempde

For details we refer to [9].
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Remark 3.2. The solution of the nonlinear forward problem (1) with a Newton
linearization was introduced in [5] as algorithm 2.1. Applying the above defini-
tions to algorithm 2.1, in each iteration we have to solve the discretized linear

system -
AU pAU=tf - AU)p,  AU€eVy™ (16)

with AU € Vg"” fulfilling homogeneous Dirichlet boundary conditions at I'p,.
Remark 3.3. In (16), the update vector AU has to satisfy Dirichlet bound-
ary conditions, which means, that (16) has to be solved under the additional
constraint

HAU =R, (17)
where H and R are appropriately chosen matrices and vectors. Two possibilities
for solving (16) under (17) exist. First, the equations (17) may be eliminated in
(16) or, in a second approach, (16) can be formulated as a minimization problem,
where the constraint (17) is added with a Lagrange multiplier. See [9] for details.

Finally, for a given iterate Uy, {, , p, a discretization of the linear system (7) reads
as

e AU(Qlﬁék)T ~A(Qk)T Ap
A()(Qlwék) BTBK:" Al (kaékvﬂk) AU(leﬂk)T AQ (18)
AUy AUy, 0 ¢
Q7
=| P'PKP"(Upyy — PU,) §AU € Vg
f- A(Qk)ﬂk

and therefore the SQP iteration update is defined as

Uit ::Qk+AQ7gk+1 =p,+Ap and ¢  =¢.

Note, that U, € V5" and {, AU € V3" have to fulfill Dirichlet boundary con-
ditions at I'p, coinciding with the definition of the forward problem. The state-
ments of remark 3.3 can be applied analogously.

For the sake of completeness we shortly discuss the implementation of box con-
ditions and the additional force measuring operator G (see [5, section 3.3] for
details).

If the additional force measurement via G is included, we have to add several
terms refering to [5, equations (37) and (38)] in the linear system (18). In this
context we define a data vector

hgata = <<hdam7 Pir) p2(Fpy) -+ » Pdatas Pin, ) 12(F )2

T
= (Pdata, @i1+n,[/v>L2(fD0)7 <+ (hdatas @i,,,,+n1;>L2(iD0)> )
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where the ansatz functions @;;, @i;1nys J = 1,...,np, vefer to ny, nodes located
at I'p,. Additionally we introduce the matrices

— (D 2ny, X2ny . i)ij = 17 if (hdata)i refers to @j
Py = (p;;) €R : { pi; =0, else.

and

By == (By,..., Bj') e R
defined via

Biy = A(Us ) PS [BolA@Ip, — ) ~ b+ i = Lo 20

as well as

Bp — (Ellﬂ o 75?7,,) c RZnUXZn,,
given via

By = AU RS [Po(AWD, ~ 1) = Bawa) » = 1,20,

Consequently, with a weight factor ¥ the added terms are

e 1st equation, left hand side

o[ A" P (A )AL + AW + BE AL
e 1st equation, right hand side
0| A5 [+ Potf - AR |
e 2nd equation, left hand side
9 [AO(M,C)TBZBQ [Ao(gkvzgk)AQ + A(Qk)AB] +ByAU + EPAE}
e 2nd equation, right hand side

0| Aol 25 [l + 5t~ AR |

Finally we sketch, how to implement the box conditions [5, equation (26)] for the
parameter p, which here means, that vectors C; and C,, are given with

QZSBSQU»
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Thus, for a given iterate p, we define the active sets referring to the lower and
the upper bound as

A= {i: (p)i<(C)i,i=1,....2n,}

Ay = {it(p)i>(Cuii=1,....2n,}.
If A; and A, are empty sets, the box conditions are not active and the linear
system (18) needs not to be modified. Otherwise, we introduce the additional

variables
g eR™ and ¢ eRM™

and referring to the considerations in [5, section 3.3], we define the matrices

Qz — (%) c R2Zwxlal . /@/;Lﬁ, dQ, i€A,j=1,...,2n,
QH

Q, = (g) e RPwxIal /dﬂzjdszo, i€h,j=1,...,2n,
Qo

and modify (18) as follows
e add in the first equation at the left hand side

_Qlél + Qu§u
e add an equation referring to the lower bound
7Q;FAL) = QJT(Bk — Ql)

e add an equation referring to the upper bound

QAp=@Q (C,—p,) -

3.4 Implementation of [IP] with MATLAB

For the numerical studies presented in this paper, the SQP identification algo-
rithm and therefore the solution of (18) was implemented in MATLAB including
the PDE toolbox [9]. We mention, that the PDE toolbox provides limited skills
for the solution of PDEs, as e.g. only linear ansatz functions ¢; are available,
which increases numerical errors in the considered identification problem. Addi-
tionally, the applicability of MATLAB is restricted to 2D problems. In general,
a variety of sophisticated FEM software exists and could be used as well. See in
this context section 5.2 for notes on the use of extern FE code. Details on the
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