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Abstract

In this paper we present some numerical results concerning the identifi-
cation of material parameters in linear elasticity by dealing with small
deformations. On the basis of a precise example different aspects of the
parameter estimation problem are considered. We deal with practical
questions such as the experimental design for obtaining sufficient data
for recovering the unknown parameters as well as questions of treating
the corresponding inverse problems numerically. Two algorithms for
solving these problems can be introduced and extensive numerical case
studies are presented and discussed.
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regularization algorithms even for problems without ill-posedness effects. If no
ill-posedness effects occur the modification (24) should be preferred.
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So we only consider the conditions II and III.

We choose the measurement design with 24 measurement points on the upper
boundary and consider two different noise levels §; = 10~* and §; = 1073 for
the error in the measured displacement. In both cases we used §; = 1073 for
the error in the second data. Then the multiparameter regularization (19) was
applied. The results can be found in table 7. The comparable results for the
standard least-square-minimization (15) were presented in table 3. As we see, in
three of four situations we have higher numerical costs since the iteration numbers
are increasing for §; = 10~* with both boundary conditions and for 6, = 1073
for boundary condition II. But for §; = 10~® and boundary condition III we
achieved a reduction of the iteration number. This shows the stabilization effect
of the multi-parameter regularization approach (19): finding a minimizer of (19)
is numerically more robust than solving the least-square problem (15). As we
can also see, the accuracy of the estimated parameter p? could be improved.

Noise Bound. Cond. II Bound. Cond. III
. Ilp° =ptll2 . Ilp° =pt Il
51 d2 Ko | Time T5 2 Ko | Time 512
1073

10~4
1073

13 ‘ 230.4 ‘ 0.0088 ‘ 15 ‘ 262.8 ‘ 0.0144 ‘

10-3 14 | 246.7 0.0206 16 | 278.7 0.0286

Table 7: Multi-parameter regularization for different noise levels (M = 24 mea-
suring points on I's, n = 33377 nodes)

Since we do not have ill-posedness effects we finally consider the modified multi-
parameter regularization iteration (24). As written above, the iteration stops as
soon as we have found a solution of the problem (25). This avoides the final min-
imization procedure of (15) which might become numerically expensive for noisy
data as seen in the results of table 3 for §; = 1073, The corresponding results
are presented in table 8 with the same experimental design as in the descriptions
above. So we can see that there is a decrease of the iteration number in all four
calculations and a slight improvement of the accuracy of the estimated param-
eter p°. These calculations show, that for considering noisy data it makes nu-

Noise Bound. Cond. IT Bound. Cond. IIT
. I°—pt 2 ) Ip®—pFll2
61 b2 Ko | Time Bhirs Ko | Time Tl
10=4 | 1073 9 | 168.8 0.0057 11 | 200.8 0.0121
1073 | 1073 | 10 | 184.3 0.0150 10 | 184.8 0.0280

Table 8: Modified multi-parameter regularization for different noise levels (M =
24 measuring points on I'y, n = 33377 nodes)

merically sense to replace the least-square-minimization (15) by multi-parameter
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1 Introduction

In this paper the numerical studies of [4] are continued. We examine an in-
verse problem for small deformations in linear elasticity. For one material the
deformation law can be described by the two so-called Lamé constants A and p
which represents material properties. If we have a body consisting of different
types of material we have two parameters for each material. If we do not know
these parameters we can perform mechanical experiments in order to get some
information depending on these parameters. This could be done in the following
way:

e For a given force we measure the deformation of the body on some points

on the boundary.

e We provide a certain displacement on one part of the boundary and consider
the deformation on some points on other parts of the boundary. Addition-
ally we can measure the distributed load which is necessary to obtain the
desired deformation.

Thereby we have to regard that the measurements usually are afflicted with some
errors. So the parameter identification problem under consideration deals with
the following question: can we estimate the unknown parameters stable from the
given (noisy) data? Considering this problems we want to give answers to several
topics:

e What kind of data do we need so that we can identify the parameter
uniquely?

e How many measurement points should be used for the identification and
where should they be located?

e How do we solve the inverse problem numerically?

e Does it be necessary or advantageously to introduce some regularization
strategies for stabilizing the numerical algorithms?

In our simulation we restrict our numerical experiments to deformations with
plain stress, i.e. the stress into the third space coordinate is assumed to be
zero, so that the calculations can be reduced to a problem on a two-dimensional
geometry.

The paper is organized as follows: In section 2 we shortly present the analysis of
small deformations in linear elasticity with plain stress. Thereby the weak for-
mulation for solving the corresponding equations by a Finite-elements approach
is specified. For the treatment of the corresponding inverse problems derivatives
with respect to the unknown parameters are necessary. Those were derived also
in section 2. Section 3 is devoted to the Finite elements discretization for the
numerical solution of the underlying differential equations. In section 4 two types



of (discretized) inverse problems for the estimation of the unknown parameters
are formulated. Moreover, one unregularized least-squares minimization problem
and a multi-parameter regularization approach for solving these inverse problems
were introduced. Additionally, a modification of the multi-parameter regulariza-
tion approach is presented. In the final section 5 first the test problem under
consideration is described. The following detailed numerical studies presented in
this section should give some answers to the questions formulated above.

2 Weak formulation

Let Q C R? be a bounded domain which describes the geometry of the (two-
dimensional) plain body under consideration. We consider small mechanical de-
formations with plain stress, see e.g. [3], i.e. there occur no stresses in the third
dimension. Then a deformation ¢ : @ — R? can be written as

p(x) = x + u(z), x = (21,15)7 €Q,

where u(x) = (u(z1,29), us(1,22))7 is the displacement by ignoring deforma-
tions into the third dimension. Moreover, we define the (two-dimensional) strain
tensor

€11 €12 . 1 [ Ou; auj L
e(u) == with € == + =, 1,7 =1,2.
@ ( €21 €22 ) Y2 (Omj Oz; J
and the symmetric stress tensor
U(u) — 011 012
021 022
i.e. we have 019 = 09;. The correlation between o and € is given by the linear
deformation law

011 B 1 v 0 €11
&(U) = 0929 = ﬁ v 1 0 €99
012 v 0 0 liT” 2812

A+2}J/ A 0 €11

= A )\+2u 0 €99

0 0 2/11 2812

= C(\ p)é(u)
with

A= Ev TRES E and &(u) := %%% % !
1o T o1ty T\ 0wy 02y 0my | 0w )

methods in the same way. As a consequence the solution of [IP-2] is more robust
for boundary condition II. If the initial guess D, is too far away from the exact
solution p' several trouble can happen depending on the chosen bounds. For
wide bounds the problem becomes ill conditioned and the resulting numerical
output is not useful. In table 6 the entry ’badly scaled’ refers to this problem.
Because badly scaling happens for the default values of € and ey, we tried to
extinguish that problem by variation of bounds. But constricting the lower and
upper bounds correlates with the effect, that the iterates p, tend to hang in
the bounds. That means despite the modification of bounds no feasible search
direction is found. For example in case of measuring method (27) with p, = 7.5p,
the restriction of bounds € = 1 and €5 = 1000 only corrects the ill conditioning,
but the inaccurateness of results is more than 600%. The same situation is
achieved for measuring method (30).

Due to the above results concerning the attainable accuracy, for boundary con-
dition T it makes only sense to check the robustness, if measuring method (30) is
used. From the results we discover, that in this setting the initial guess can be
chosen in a very wide range. In particular all starting values between the default
lower and upper bounds lead to an accurate solution.

Meas. Pts. | Start. Bound. Cond. I Bound. Cond. II Bound. Cond. III
- : e ~p'll2 . I2°~ptl2 ) Ip®—p'll2
M Py Ko Time 2Tl Ko Time W Ko Time IBIE
12 on I'2 0.01p, - - 7 138.9 0.0248 9 170.1 0.0519
12 on I'2 0.10p, - - 7 138.9 0.0248 9 170.4 0.0519
12 on I'2 1.00p, - - 6 122.0 0.0248 7 138.2 0.0519
12 on I'y 2.00p, - - - - - 9 170.0 0.0519
12 on Ty 3.0020 - - - badly scaled
12 on T2 5.00p, 7 139.2 0.0248 badly scaled
12 on 'y 7.50£0 - - 8 154.9 0.0248 badly scaled
12 on I'y 9.00p, - - badly scaled badly scaled
12T/12T3 | 0.01p, | 12 | 2182 0.0061 8 155.2 0.0198 6 123.2 0.0069
12T2/12 T3 | 0.10p, 9 170.9 0.0061 7 139.5 0.0198 6 123.4 0.0069
12T2/12 T3 | 1.00p, 6 123.9 0.0061 7 139.6 0.0198 6 123.6 0.0069
12T2/12 T3 | 2.00p, - - - - - - 7 139.1 0.0069
12T2/12 T3 3.(]020 - - - - - - badly scaled
12T/12T3 | 5.00p, | 23 | 387.8 0.0061 171.3 0.0198 badly scaled
12T/12T3 | 7.50p, | 23 | 389.1 0.0061 badly scaled badly scaled
12T2/12 T3 106&; 23 | 3925 0.0061 badly scaled badly scaled

Table 6: Robustness of the Gau-Newton iteration with respect to the choice of
the starting parameter (33377 nodes, 0; = do = 107%)

e) Multi-parameter regularization approaches

Even there are no ill-posedness effects it makes sense to test multi-parameter
regularization approaches to show that they work in principle. For the boundary
condition I we do not apply these methods since only the displacement is given.
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of the inverse problem is unique or not. In practical problems this may be an
important fact for experimental design.

Meas. Pts. Bound. Cond. I Bound. Cond. II Bound. Cond. III

M Apg, Apq, Apa, Apq, Apa, Apa, Apa, Apa, Apa,

12 on T 0.8227 | 0.0152 | 0.0044 | 0.0446 | 0.0265 | 0.0033 | 0.0519 | 0.0162 | 0.0955
24 onI'y 1.0000 | 0.0392 | 0.0062 | 0.0441 | 0.0413 | 0.0043 | 0.0111 | 0.0601 | 0.0392
48 on I'y 0.9928 | 0.0157 | 0.0031 | 0.0229 | 0.0117 | 0.0008 | 0.0033 | 0.0085 | 0.0021
12T2/12 '3 | 0.0085 | 0.0078 | 0.0032 | 0.0280 | 0.0278 | 0.0034 | 0.0014 | 0.0126 | 0.0009

Table 4: Computed errors of least-squares solutions seperated for each subdomain
(33377 nodes, &, = 5y = 1074)

In the same context, it plays an important role, whether the identification problem
is modelled as [IP-1] or [IP-2]. For this we solved [IP-1] with boundary condition
1T and III. The difference to [IP-2] then is, that no force information on boundary
is available. As we see in table 5, for boundary condition II and III omitting
force measurement results in large errors. This holds for all measuring methods
(27)-(30). The reason is, that without using additional force data, the parameter
identification problem has not a unique solution. Due to a loss of information,
the parameters cannot be identified. Hence the statements of remark 4.1 are
certified.

Meas. Pts. Bound. Cond. II Bound. Cond. IIT
’ . Ile®—ptll2 . Il2®—pTll2

M Ko Time o'l Ko Time T2z

12 on I'y 7 139.6 0.2150 7 139.2 0.2088
24 onI'y 7 138.6 0.2148 7 138.5 0.2094
48 on I'y 7 141.1 0.2147 7 140.6 0.2094
12T2/12 T3 7 139.7 0.2155 6 123.6 0.2125

Table 5: Results for least-squares solutions without using force data zg, (33377
nodes, d; = dy = 0)

d) Robustness with respect to the initial guess

The next part of the numerical studies deals with the robustness of the Gauf}-
Newton iteration (16)-(18) w.r.t. the choice of initial guess p , lower (¢) and
upper (g2) bounds of the unknown parameters. At first varying iteration starting
points were tested by substituting p, for p . Table 6 shows the corresponding
results considering measuring method (27) and (30). Note that for method (27),
(28) and (29) the robustness results are exactly the same.

In case of boundary condition II and III the bandwidth of adequate starting
solutions is between the lower bound and about eight times (bound. cond. II) or
two times (bound. cond. IIT) the exact parameter. This holds for all measuring
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Ignoring volume forces, the equations of equilibrium are given by

dive(u) = 0 on (,
= go onIp, (1)

u
- = gn on I'y.

o(u)

Thereby I'p denotes the part of I' with given Dirichlet boundary condition,
whereas we have Neumann boundary conditions on I'y. As usual notation, 7@
describes the outer normal vector on I'y.

The Dirichlet boundary condition reads as

(1)
_(w\_{( 9 _.
u= = =: on ['p,
( Uy ) < gg) ) 9 D

with functions gg) € L*I'p), i = 1,2. Tt can be also replaced by a one-
dimensional condition

ui:gg) onI'p fori=1ori=2.

The Neumann boundary condition we can rewrite with @ = (ny, 1) as

o(u) - i = o1ny + 012N\ 95\}) .
02111 + 022M2 gﬁ) SN

with two functions gg\i,) € L*(y), i=1,2.

In order to derive the weak formulation we define the space of test functions
Vo = {1) S [Hl(Q)]2 s ulp, = 0}
and the space of ansatz functions
Vp = {u € [HI(Q)]2 s ulr, = gD}.

Then the bilinear form a(-, ;A\, ) : Vp x Vo — R is given by

=

a(u,v; A\, i) == /f?(u)TC()\, wéw) de. (2

Q
We now call u € [H'(Q2)]? a weak solution of (1) if

a(ut,v; A, ) = /gN wdr,  YveV,
'y (3)

u € Vp.



We define the forward operator F': D(F) C X — ) as
F(p) :=

with p = (\, #)T and u € Vp is the corresponding solution of (3). The choice of
the spaces X and ) we discuss later.

We consider derivatives. Let be ug := F(py) with py = (Ao, to)T € D(F). Fur-
thermore we set ap := (0, au)” with py + ap € D(F) and define p, := py + 7 Ap
as well as u, := F(p,) for 7 € (0,1]. We introduce

1
w™ = lim = — F(;
W)= i~ (F(pr) = F(po)).

Obviously we have w*) € V, and

0 = /g(uf) C'(No, o + T7ap)e( ug)" C'( o, po)e(v) da

! A
[

&(u)TC(0, ap)&(v) da

/E(UT —ug)TC (N, o)) daz + 7
Q

for all test functions v € V,. Dividing by 7, taking the limit 7 — 0 and noticing
that &(u,) — £(ug) we conclude, that we can determine w® as solution of

a(w™ | v; o, o) = —a(ug, v;0, ap), Yo €V, (4)
" e V.

Analogous, with p, 1= pg + 7 ap, ap := (a),0)T fulfilling py + ap € D(F) and

N = lim — ! (F(p-) — F(po)) ,

70 T

w

we find, that w™ € [H'(Q2)]? satisfies

a(w™, v; Ao, o) = —a(ug, v; AN, 0), Vv €V,
’LU()\) € V.

Hence the derivative F'(pg) : X — Y is given as

, AN ) W A
FQ?O)(A;L)'*W +w®, an ) EX (6)

Finally we introduce another mapping. Let IpCTphbea part of the Dirichlet
boundary. Then we define G : D(F) C X — R? as G(p) := (g1, g2)T where

G Y
g%) = o(u) i, , g = /gN ds, i=1,2. (7
N ~

I'p

~—

while applying boundary condition I. Continuing with boundary condition II we
see, that the behavior of results differs a little. With a noise level of 10~* the
measuring methods do not evolve significant variances of accuracy. If the noise
is increased up to 1073, measuring method (29) marks to be much more precise
than all the other. While using boundary condition III in combination with noisy
data, the numerical tests show, that increasing the number of measuring points
improves the quality of results. Applying method (30) produces a comparable
accuracy of parameter values. Altogether it is sticking out, that in the case of
enlarged noise the quality of results can be improved by appropriate measurement
design.

Meas. Pts. Noise Bound. Cond. I Bound. Cond. II Bound. Cond. IIT

’ - . Ile® —ptll2 . Ie®—ptll2 ) Ip°—pfll2

M 81 =02 | Ko | Time BGire Ko | Time G Ko | Time RLire
12 on I'y 0 7 | 139.2 0.1983 6 | 122.8 0.0078 7| 138.2 0.0134
24 on I'y 0 7| 1394 0.2201 6 | 124.0 0.0084 8 | 154.7 0.0119
48 on I'y 0 7| 141.2 0.2364 6 | 124.9 0.0088 8 | 156.7 0.0122
12T2/12 T3 0 5 | 109.3 0.0014 7| 139.9 0.0080 5 | 107.3 0.0017
12 on Ty 104 10 | 185.9 0.3732 6 | 122.0 0.0248 7 | 138.2 0.0519
24 on I'y 104 50 | 819.9 0.4540 6 | 123.7 0.0300 9 | 170.7 0.0327
48 on I'y 104 - - - 7 | 141.0 0.0122 8 | 156.7 0.0051
12T2/12 '3 104 6 | 123.9 0.0061 7 | 139.6 0.0198 6 | 123.6 0.0069
12 on I'y 10~3 50 | 819.1 0.4583 6 | 122.9 0.1990 50 | 816.4 0.6364
24 on I'y 10~3 - - - 7| 1383 0.2837 50 | 810.5 0.2310
48 on I'y 10~3 - - - 7 | 141.3 0.0461 15 | 266.9 0.0473
12T3/12 T3 10~3 7 | 139.6 0.0699 8 | 155.7 0.1956 6 | 123.6 0.0582

Table 3: Results for least-squares solutions by varying measuring methods (33377
nodes)

Reverting to the fact, that without using displacement measurement on I's, the
solution of [IP-1] contains large errors, we analyze the concerning results in detail.
See table 4 for the error levels evolved in each subdomain of 2. At this the
computing errors restricted on the subdomains €2;, i = 1,2, 3, are defined as

1) -(0F)
[l

with p; and \; being the exact values from (26). The computed parameters are
denoted as p and A!. We clearly recognize, that for boundary condition I the
main part of error trouble happens in €, while measuring methods (27)-(29)
are used. In contrast to this, for method (30) the parameter values in Q; are as
accurate as in the other subdomains. This indicates, that for every combination of
boundary condition and measuring method we have to check whether the solution

2 =123

APQZ =

21



case of boundary condition II and III quite good approximations of the material
parameter are reached for ; = d, = 107*. The relative deviation of the computed
parameter lies between 2% and 5%. Increasing the noise level to 1073 causes a
loss of accuracy, that is no more acceptable.

In the middle part of table 2 the value of §; was changed while d; remained fixed.
One can realize from the listed results, that the value of J, has almost no effect on
the accuracy of p?, if it is not too large. A conspicuous loss of quality is pointed
out not before 5 > 1072, From this follows for [IP-2] that the measured force
data 23, needs not to be as precise as the displacement data y° wte: Lhe main
part of the computing error is determined by the displacement noise level ;. As
the last row of table 2 shows, the above mentioned bad results for 6, = 1073

cannot be improved by increasing the accuracy of 23,

Noise Bound. Cond. I Bound. Cond. II Bound. Cond. III

. ) Ip®—p'll2 : Ip®—p'll2 | 5o ) Ie®~p'll2

51 o Ko | Time 512 Ko | Time T2 12 Ko | Time To 12
0 0 7 | 139.2 0.1983 6 | 122.8 0.0078 7 ] 1382 0.0134
1074 | 1074 | 10 | 185.9 0.3732 6 | 122.0 0.0248 7| 1382 0.0519
1073 | 1073 | 50 | 819.1 0.4583 6 | 122.9 0.1990 50 | 816.4 0.6364
10-% | 1074 - 6 | 122.0 0.0248 7 | 1382 0.0519
1074 | 1073 - 6 | 122.7 0.0249 7 | 138.1 0.0523
10=4 | 1072 - 6 | 122.5 0.0273 7| 138.1 0.0562
10=4 | 1071 - 6 | 122.7 0.1044 8 | 145.1 0.1289
1073 | 1073 - - - 6 | 122.9 0.1990 50 | 816.4 0.6364
1073 0 - - 6 | 122.6 0.1987 50 | 817.8 0.6354

Table 2: Impact of different noise levels on the least-squares solutions (M = 12
measuring points on I's, n = 33377 nodes)

c) Changing the measurement design

As we learned from the analyzes above, for measuring method (27) in combination
with boundary condition I and noise levels §; > 10™* we achieve unsatisfying
results referring to the accuracy. We are interested in, if the measurement design
plays a role in this context. For improving results we use two ways. The first
idea is just raising the number of measuring points. As a second way we include
measurement information containing I'3. For details of the several measurements
see definition 5.2 and figure 5.

In table 3 computed results for differing measuring methods and noise levels are
listed. In the case of exact data we derive that simple enlarging of the number
M has almost no effect. In contrast with this the quality of results concerning
boundary condition I is considerably magnified by using method (30). That
means, if we include displacement data covering information about €, we get
fine approximations of pf by solving [IP-1], too. This result remains true for noisy
data. Even if the noise level is 1073, the computation error does not exceed 7%

20

We give an alternative way for calculating G, which will be used later for numer-
ical calculations. Let, for given p, u € Vp be a solution of (3). For simplicity,
we assume, that I'p = I'p. The given displacement is obtained by a uniquely
determined force gy = (gﬁ\}), g}v) )T on T'p. Hence we can rewrite (1) by adding
the boundary condition

o(u)-"=gy onTp.

Note, that we cannot remove the Dirichlet boundary condition completely, since
then a (weak) solution of (1) is determined uniquely only up to a constant. The
weak formulation now is given as finding the function v € Vp which satisfies

a(u,v; A, ) = /gN~v d.z-i—/g}]v v dx, Vv e [HI(Q)]2
Iy I'p

We choose two test functions vy, ve € [H'(§2)]?* with

1 0
ulr, = ( 0 ) and va|r, = ( 1 ) . (8)

Using (7) we obviously have
gi = a(u,v;; A, 1) — /g%) ds, i=1,2. ©)
Iy
Note, that there are no further restrictions on the test functions v; and vy. The
derivative G'(py) : X — R? is given by G'(po)ap = (g;,95)" € R? with py :=
(AOHU’O)T and Ap = (AA‘, AM)T
9; = a(F"(po)ap, vi; Ao, po) + a(F(po), vi; A, ap),  i=1,2,

where the functions v;, i = 1,2, again satisfy (8).

3 Finite element discretization
Let T be a triangulation of the domain 2 with n nodes P;, 1 <1i < n. Moreover,

©1,.-.,¢, denote the corresponding ansatz functions with ¢;(P;) = §;;, 1 <
1,7 < n. Then we can define the Finite-element space

V(2Tl) ‘= Span {(}51’ ey 95211.}

- ©; - 0 .
- , = <i<n
Pi ( 0 ) and Pnti ( ©; ) ; 1<i<n

with



The spaces Vézn) and Vg”) are the subspaces of elements of V@ which satisfy the
corresponding Dirichlet boundary conditions. We also refer to [2] for the numer-
ical treatment of small deformations in linear elasticity in the three-dimensional
case.

Moreover u := (u<11>, ceey us), u(12>, e ,ug))T € R?" represents the approximation
of u e V(DZ"), ie.

Sl
n 7 7
um Z (“El)@' + “52)¢n+i) = =

1
>l
i=1

We introduce discretization of the parameter p. We set X' := [span{t1, ..., ¥}

and assume
m
E At
i=1

()
! >t
i=1

Then the function p can be considered as vector p := (A1, ..., A, pia1, - - -, )T €
R2m,

Furthermore we define the matrix K (p) = (k;;) € R**?", which is given by
kij = a(@i, Pj; A, 1), 1<i,j <2n.

For the discretization of (3) we calculate the vector f = (f1,..., fou)T € R* with

fi= /gN - ds, 1<i<2n.
Ty

Then we obtain an approximate solution u of (3) by solving the problem

1 .
gglﬁ(@g — iTg — min subject to u € Vg"). (10)

Remark 3.1 The condition u € ng can be easily reformulated as equation
Hu = g, . Then, by using a Langrange approach, we can find a solution u of
(10) by solving the linear system

Kpu + H'v = f

Hu = g,
Thereby v € R® denotes the corresponding Lagrange multiplier. The dimension s
depends on the number of the nodes laying on the Dirichlet boundary T'p.

a) Accuracy depending on the mesh size

In the beginning we check, what discretization level is necessary in order to get
good results without exceeding the numerical costs. The first part of table 1
shows, that for exact data the quality of results increases by refining the mesh
up to exactness of the identified parameter. Note that the accurate computation
of pt for 132801 nodes is enforced by the fact, that the data is produced with the
same mesh. Respecting the second part of table 1 we conclude, that the 33337-
nodes mesh fits the needed requirements best. For noisy data we reveal finer
meshes not being appropriate, because the enlargement of computation times
is disproportionate to the improvement of the results. As one can see for the
boundary conditions II and III the discretization error for 33337 nodes is much
smaller than the error caused by the noise level. From this reason we restrict
the tests and present the following results only for the 33337-nodes mesh. We
mention that no adaptive meshing is used. In this paper we want to focus on
the inverse problem. Further research may improve the finite element solution
strategy included in the problem and lead to more efficient mesh structures.

Noise Nodes Bound. Cond. I Bound. Cond. II Bound. Cond. III
. Ilp° =ptll2 . Ilp? =pt Il . Ilp® =pll2

51 2 n Ko Time T5 12 Ko | Time 512 Ko | Time T2
0 0 561 5001 64.9 0.4543 7 2.5 | 0.0553 36 6.4 [ 0.2163
0 0 2153 | 500" | 316.9 0.4537 7 6.8 | 0.0399 9 8.1 0.1229
0 0 8433 8 31.3 0.3707 7| 281 0.0211 7| 281 0.0449
0 0 33377 7| 139.2 0.1983 6 | 122.8 | 0.0078 7| 138.2 0.0134
0 0 132801 6 | 7024 0.0000 6 | 698.5 | 0.0000 6 | 704.0 | 0.0000
10* | 107* 561 50 8.2 0.4546 7 2.5 0.0677 72! 11.6 0.2480
10~* | 107* 2153 50 34.0 0.4538 6 6.3 0.0544 9 8.4 0.1733
10~* | 107* 8433 50 | 160.3 0.4128 6| 245 0.0368 8| 314 0.0867
10~* | 10=* | 33377 10 | 1859 0.3732 6 | 122.0 0.0248 7| 138.2 0.0519
1074 | 1074 | 132801 11 | 1165.3 0.3359 6 | 697.8 | 0.0184 7| 795.7 | 0.0374

Table 1: Least-squares solutions for varying discretization levels with exact and
noisy data (M = 12 measuring points on I'p)

b) Influence of the noise level

Our next considerations concern the influence of the noise levels §; and d, on the
reached accuracy of p°. Table 2 lists results for several noise levels. We derive
that the computing errors increase if the noise levels rise. Besides this expected
behavior the iteration remains stable. So we cannot detect any instability due
to some ill-posedness of the problem. Because of the small number of unknown
parameters, that have to be identified, a regularization by discretization comes
into effect. For boundary condition I we see that large errors in p® occur while
using measuring method (27). Later we will inspect this problem deeper. In the

1For some computations the maximum number of iterations is extended up to ks := 500.
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As a second termination rule we set the stopping index, if the residual norm is
close enough to zero. That means for [IP-1]

<107°

)
HQE(BK(]) - ydata 2

and for [IP-2]

9L ()] <10
L KT ) [ Sdata 107°.
( Q(EKO) ) Zgata 27

Finally the iteration is stopped if the iteration index exceeds a maximum number
of iterations:
Ko = kmaz = 50 .

As alast detail for the numerical tests we have to verify that the problem remains
elliptic and bounded during the whole iteration process. The ellipticity of the
differential equation is warranted by installing a lower bound for the iterates p, .
Therefore we define a positive constant € > 0 and compute in every iteration the
projection

]:)k 1= max {Qk,g}
with a vector g := (g,...,¢)T € R®. After this the iteration is continued with ﬁk
instead of P, In the same way we introduce an upper bound for the parameter
% With a positive number g9, whereas € < €5 < oo holds, we define
P, := min {Bk’@} .
As default values we set

€:=0.001 and e,:=10°.

5.3 Numerical results

In the following part of the section we present some selected results of the nu-
merical studies. The results listed in the tables below include numerical costs
corresponding to the iteration number K, and the computing time. The qual-
ity of the results is specified by the relative error of the computed parameter p°
versus the exact parameter pf, namely

I~
T,

In this context the index d indicates the usage of noisy data.

18

We give an alternative representation of the matrix & (p). Therefore we introduce
the matrices K® = (kf]k)) € R¥*2 1 < k < 2m, with

K = a(i, §j3 ¥, 0), k™ = a(Pi, ¢5;0, k), 1<4,j7<2n, 1 <k<m.

ij ij
Then

K(p) =Y ME® + K0 (11)
k=1

holds. The formula (11) has the advantage, that we can easily derive a discretiza-
tion of the derivatives of the operators F' and G.

The discretization F : D(F) C R*™ —s R?" of the operator F is now given as
F(p):=u, ueDF),

u is the corresponding solution of (10).

where, for given p,

For the discretization G : R?™ — R? of the operator G we use the representation
(9). We define the vector ¢ = (g1, ..., )" € R™ with

1 PRe I'p,
%= 0, else.

Then we introduce the functions

n
vy = ;%%

0

0

= Z 4iPi and Vg 1= - e = Z qiPnti
e | 72
which satisfy (8). Then, by using the notation of the previous section, we have

g = a(uv'l)l;/\vu)_/gN'vl ds

Ty
n n

> gia(u, @A p) = > a /QN @i ds
i=1 i=1 T'n

(¢" 0) (K(p)u—f),

where (¢7 0)7 € R*". The same consideration holds for vo. Hence we obtain
G(p) by easily calculating

- (9)= (4 ) wu-).



Let p, € D(F) be given and u, := E(B(J) We calculate the vectors wy, ..., w,,, €
R as solutions of

1 )
§QTK(ED)Q+%§K(2)Q — min subject to w € V(()Z"), 1<i<2m.
(12)
Then E’(QO) = (wy, ..., W,,) € R is the discretization of F’(p).

The discrete derivative Q’(QU) =(g,---+9,,) € R22m ig given by

’
g, = ( - ) (K@ + K),  1<i<om,

=i

4 The inverse problem

Let y, . € R™ denote a (noisy) observation of y = Qu, where u := F(p)
and @ € RY*2n denotes the corresponding projection matrix. Furthermore, let
P,,..., P, denote the nodes of the mesh 7", where the displacement is measured.
We differentiate between 3 cases:

a) M =2M and Y= (u(l) RN 7u(2))T, which is the case, that the

i1 > Pipgr Ty 0 in
displacement is given in both directions x; and s,

b) M =M andy:= (1L§11)7 e ,uﬁi)T where we only consider displacements in

x1-direction and finally

¢) M =M and y := (u(lz), e ug))T

; )", where displacements in zo-direction are
given.

The second data z,,,, is a (noisy) observation of z := G (p), where G is a (possible)
slight modification of G. Again we discuss 3 possibilities:

i) z € R? and Q = @, i.e. the distributed load is given in both directions x;
and g,

ii) z=2€Rand G(p) := g1, where G(p) = (g1, 92)", and alternatively
ili) z=2z € R and Q(Q) = go.

Now we can define two types of inverse problems. In the first case we exploit only
the displacement y, . The distributed load z4,, does not enter the calculations.
We define the appropriate problem.

Definition 4.1 (Discrete inverse problem I - [IP-1]) Lety, = be the given
data. We search for a parameter p € D(E), such that

second data z,,,. In the following computations method iii) as mentioned above
is used. That means, only loads in xo-direction are considered. For boundary
condition I there is no sense in measuring the load, because it is implemented in
the boundary condition. From this consideration we treat the identification of pf
with boundary condition I as an inverse problem [IP-1]. The boundary conditions
IT and IIT refer to the inverse problem [IP-2].

5.2 Numerical implementation

For numerical computations we use MATLAB R2007, whereas the solution of the
partial differential equation (1) is done by exploiting the PARTIAL-DIFFEREN-
TIAL-EQUATION-TOOLBOX [7]. All computing times mentioned below were
revealed under a LINUX setup on the CASE-computers of the department of
mathematics at the TU Chemnitz. The time unit is seconds.

The data Yot
rameter pf. In this context a finite element mesh with 132801 nodes is used to
discretize the domain Q. By this strategy we get exact data without any per-
turbation. In order to deal with noisy observations, the exact data is disturbed
with given noise levels d; and ds. The number §; specifies the relative noise level
of and analogous Jy refers to the relative measurement error of zgq,. We

., and Zdate We provide by solving the direct problem for given pa-

Y
Zdata .
generate a random vector ¢ € RM with N(0, 1)-distributed entries and compute
the noisy displacement data as

19,0012
) - Zdat
ydam T gdutu +01 ||£Ha2 £€-

The disturbed load data is defined by
zgata = Zdata + 02%data -

As mentioned above we use the Gaufi-Newton iteration (16)-(18) for solving the

least-square problem (15). If no other value is referred to, the starting parameter

of the iteration is fixed as
p, = (100, 100, 100, 100, 100, 100)7 .

The iteration is terminated at stopping index Kj, if one of the three following
stopping criteria is fulfilled for the first time. The first way to stop is, that the
norm of the search direction is very small up to a given tolerance:

4, |, < 107
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Figure 5: Measuring points for displacement data y,

On the other hand, for identification problems it is always helpful to use as
many as possible information about the unknown parameters. In our context we
use both data y, —and z4,, for evaluating the parameter p. This leads to the
following problem.

Definition 4.2 (Discrete inverse problem II - [IP-2]) Let
the given data. We search for a parameter p € D(F), such that

Yiate O Zgara be

QEWP) =y, md GP) = Zju. (14)

Remark 4.1 [t is reasonable to deal both problems. By considering Case II and
111 of Definition 5.1 in the next section, it can be easily seen that the parameter p
cannot be identified uniquely by measuring only the displacement y dnta” Assume,
that parameter p satisfies (15). Then cp is also a solution of (13) for each constant
¢ >0 with cp € D(F). In fact, numerical tests show, that for arbitrary p €
D(F) the matriz F'(p)"QTQ F'(p) is (almost) singular with one eigenvalue (close
to) zero. On the other hand, G(cp) = cG(p), so that we can overcome this
nonuniqueness by examining the problem [[P—,?/.

4.1 Solving the problem without regularization
We consider the second case [[P-2]. For solving this equations approximately, we
deal with the minimizing problem

2
— min. (15)

" +|E®  Zaue

Jelp) = [QE®) -,

In particular, both measurements have the same weight in the objective functional
Jis. This might cause some difficulties when only noisy data is given. Therefore
an alternative approach is given in the next section.

For solving (15) numerically we apply a Gaufi-Newton method, see e.g. [9, chapter
10]. For given p, we calculate a search direction d;; as solution of the normal
equation

iy .
Hd = F(p)"Q" (1, — QF®)) + G 0)" (20ma — G))  (16)
with / T AT / ~ TA
H,:=F(p) QQF(p)+G(p)Glp) (17)
and update
Py =P, + kd;, such that JZS(QH]) < Jls(gk). (18)

The numerical results are presented in section 5.



4.2 Noisy data and multi-parameter regularization approaches

Let us now assume, that we do not know the exact data y, —and z4,,,- We have
ata inata B gda)‘,a” S 51 and
1200 — Zdatall < 02 with two constants §; > 0 and d; > 0. Therefore we deal
with a multi-parameter regularization approach for solving the problem [IP-2]
approximately. Let J : D(F) — R be a nonnegative objective functional. Then
we consider the constrained minimization problem

only noisy data gfi and 29, with given error estimate ||

o IQF(p) — . | < &,
J(p) — min subject to { ”Q(B) “at < (19)

For the analytical background of such problems we refer to [6], see also [5] for
some newer results. Devoted to the noisy data a solution of (19) is denoted now
by B‘s. If the problem is not ill-posed we also can think on problems of the form

IQE(p) = Y, lI° = min  subject to  [|G(p) — 2harall < &, (20)
or
IG(p) = Ziarall® — min subject to  [|QE(p) — g5, Il < b1, (21)

where we do not introduce an additionally objective functional J(p).

We can apply Lagrangian techniques for solving the problem (19). For the an-
alytical background of Lagrangian techniques we advise to [1], see also [8] for
some aspects of their numerical realization. For simplicity we assume that the
side constraints are fulfilled both with equality. If not, we have to apply an active
set strategy additionally. Moreover we set

J(p) = %HB arals

for a given a priori guess p* € R?®™. The Lagrangian functional is now given as

1 s .
L(p. 21, ) 1= 52 140 (JQE®) = 9,1l = 1)+ (1G0) — Zuall = 8)
We set

hi(p) = IQE®) = 4., =01 and  ha(p) := |G(P) ~ Zaasall = 02-

We apply a quadratic programming approach for solving (19). Let the iterate
(Bi, Ak, A2k) be given. Then we set

Bzﬂ = BZ +d, and Ajppq =N, 1= 1,2,
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Figure 4: deformed mesh II1

Yora V€ focus on variant c) as mentioned in the preceding section. That means,
only displacements in the z,-direction are considered. Since it is a single number
we use the notation zg., (instead of z,,,) in the following. Different numbers
M of measuring points are placed on the boundary subsets I'y and I';. In the
numerical tests we check out four different constellations of measuring y data- TOT
the first three cases there are only displacements measured on I's, whereas the
number of points M is varied from 12 to 24 and 48. Additional, as a fourth
possibility, we set 12 points on I'y and 12 points on I'3. Thus we get displacement
data on two borders of the domain €.

Definition 5.2 (Measurement design) The four measuring methods:

[N
3

12 measuring points on I'y
24 measuring points on I'y

48 measuring points on I's

—~ o~~~
w [\)
(=] 0
= = I —

12 points on Ty and 12 points on I's

Figure 5 shows the arrangement of measuring points for the methods (27)-(30).

Additional to the displacement data, there is a possibility to get further infor-
mation by measuring the force that induces the deformation. Namely the given
displacement on I'y in the boundary conditions II and III corresponds to a dis-
tributed load operating on I'y. The operator Gor G assigns a force z being
equivalent to these distributed load to a given parameter p. Thereby we get the

15



where d, is the solution of the quadratic problem
o 1 ONT 7 P —
hi(ﬂk)Jrhi(Ek) d=0, i=1,2.

4
A“VAVAVV 1 T 17 S\T . .
| OIS T ~d"H,d+ J'(p°)"d = min subject to
3 A A S s AAVAVAVA vy 2 ~k
XA TGRS T s
oL A > with Lagrangian multiplier A\; and Ay. Thereby H, is an approximation of the
Hessian of the functional L(p, A1, A2) at the element (p°, A1, Ao1,). We have
O 4§§ﬂ§ AAARIE = L2 b ”
vaves b SATSDLS
<K A
i ) 4‘?%%1%"4‘4‘&5%‘%%:“, J((p) = p—p J'(p)=1
OSSR RA RIS AT Co T o
AV AVA L ATAVA VA L e AN vavll g
T S - O = orp -t 0 (@ k)
SISO =TE et
N O AAVav A N ~
af SRRSO | M) = )" (Glp) - 2
LV 4&#“7" 2\ a Y =\ = Zdata | >
St 160~z
At AP S
-2r ‘%}ﬁ#%ﬂﬁhhﬂeé 1 by assuming that the residuals are not zero. The matrix I denotes the identity
matrix. The second derivatives of the side constraints we approximate by
-3 ‘ ‘ ‘ ‘
-4 -3 -2 -1 0 1 2 3 Y _ E/ (B)TQTQE/ (B)
- "0~ Jere) g, ™M
Figure 2: deformed mesh I YLP) ™ Yiata
) ~ L0
5 o IG(P) — Zharall
al ] Then we set
) T o A (N Y (10
3 R v Hy =1+ My —~— 2k .
AVAWAY ($ %}4’5%‘?‘5% ”QE(EI@) - gdataH HQ(BZ) - galam”
RSSO R
2t gﬁsﬁ%ﬁawgs§a%g§§§gt The solution of the KKT-system of (22) is given as solution of the equation
PRSI IS TSI S S
aVavayaravavas g U AN Yl SP¥AvavESTvavad P08y B (d 5
| STV v P A YAVAVAVA D D v VA SO VAV VAV H, Ryp,)  ha(p)) d b, —PD
1 R A VA VA e AV = N AW APy LAVAVA o - Zk Zk LR
OSSP OOIRR O] BT 00 M| == ) (23)
e AN e e va e e a\h A ok -
of KSR <A BE) 00 Ao ha(p))
[ SO S AV - -
SRRSO , , .
ﬁgﬁggsggg%vé%ﬁs The problems (20) and (21) can be treated similarly.
R N SV TAVAS s v iy , . . . . .
Esésggéaﬁgigs We finally want to mention another modification. With the same notation as
57;% SO Vvl above we consider the quadratic problem
z -2 -1 ) 1 2 3 1
5@’ H,d — min subject to hi(gz) + h;(g‘;)Td =0, i=1,2, (24)

which we can obtain by setting p* = Qi in each iteration. The interpretation of

Figure 3: deformed mesh II
the idea is simple. It is a Levenberg-Marquardt scheme for solving the problem:

find any p=p’ € D(E) with [|QF(p)—y’, [ <6 and [G(p)—Zjuall < bo.
(25)

While solving the inverse problem [IP-1] or [IP-2], our aim is to identify the exact
material parameter QT from given data. We discuss several measuring methods for
specifying the data y . and 24, With respect to the measured displacement

11
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In particular, if there occur no ill-posedness phenomena in solving [IP-2] since we
have only a little number of parameters to be identified the idea (24) should be
preferred. The convergence of the iteration is expected to be faster.

There is also another motivation of considering the modified iteration (24) in the
case of noisy data. By solving least-square problems for given noisy data the
following effect can be often observed: the convergence of the iterates becomes
very slow, when the residual is already as small as or smaller than the given
noise level. The noisy data causes trouble to find an optimal parameter which
fits the given data almost exactly. On the other hand, there is no need to fit
the noisy data as best as possible. We can stop the iteration as soon as the
residual has reached the size of the given noise level. This idea often safes much
numerical costs. Moreover, since we have multiple data, we cannot guarantee
that a minimizer of (15) is also a solution of (25). Hence it is advantageously to
solve (25) instead of (15) since we can avoid the final minimization procedure of
(15) by stopping the iteration (24) when the accuracy of E(gi) and Q(QZ) with
respect to the given data achieve the corresponding noise levels.

5 Numerical examples

In the following section we investigate the properties of the inverse problems [IP-1]
and [IP-2] by detailed numerical studies. For the solution of the inverse problems
the GauBl-Newton method without applying any regularization approach is used.
With this strategy we are able to find out, if ill-posedness phenomena appear.

5.1 Formulation of a test problem

First we define a test problem with a fixed L-shaped geometry and varying bound-
ary conditions. The domain 2 = Q; U 2y U Q3 is given in Figure 1.

We assume that the parameter p is constant on €;, i = 1,2, 3. That means it can
be represented as a vector p € RS. As default value we set

A 69
Ay 82
A3 108
= = 26
L 1 81 ’ ( )
H2 96
13 127

which fits approximately the corresponding parameters of steel. The ansatz func-

12

Iy

Q3 (2 Iy
I's

Iy
Figure 1: body 2

tions 1); are determined as
'L/}’L(g) = XQi(g)7 6 € Q7 i = 17273 .
We consider three different types of boundary conditions.
Definition 5.1 (Boundary conditions)
e Case I: given force gn on Ty, i.e.

u = 0 onTY,
0

o(u) -7 = ( 20 ) onTy.
e Case II: given displacement in xo-direction on 'y, i.e.
u = 0 on Ty,
Uy = 1 only.
o Case III: given displacement on 'y, i.e.

u = 0 on Ty,

0
u = (1) only.

The corresponding deformed bodies for the boundary conditions I-III are dis-
played in the figures 2-4. Note that for all the three cases the body €2 is fixed on
F].
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