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ABSTRACT. We apply an “exterior approach” based on the coupling of a method
of quasi-reversibility and of a level set method in order to recover a fixed ob-
stacle immersed in a Stokes flow from boundary measurements. Concerning
the method of quasi-reversibility, two new mixed formulations are introduced
in order to solve the ill-posed Cauchy problems for the Stokes system by us-
ing some classical conforming finite elements. We provide some proofs for the
convergence of the quasi-reversibility methods on the one hand and of the level
set method on the other hand. Some numerical experiments in 2D show the
efficiency of the two mixed formulations and of the exterior approach based on
one of them.

1. INTRODUCTION

In this paper we address the inverse obstacle problem for the Stokes system. Such
problem consists in finding a fixed obstacle immersed in a fluid from boundary mea-
surements. Here we only consider the stationary case, which has been treated by
several authors in the past. The fundamental result that makes such problem solv-
able is unique continuation for the Stokes system. Such result is a straightforward
consequence of unique continuation for the Laplace equation. Note however that
if the model involves a potential, the unique continuation property is much more
difficult to obtain, in particular when such potential is not regular, as can be seen in
[1]. The stability issue for the ill-posed Cauchy problem is studied in [2], where in
particular a three-ball inequality is obtained, and in [3], where a stability estimate is
obtained in two dimensions by using a Carleman estimate borrowed from [4] and by
following the method of [5]. Concerning the regularization of the ill-posed Cauchy
problem, a method based on the minimization of the Kohn-Vogelius functional is
applied in [6]. From the unique continuation result, it is easy to prove the unique-
ness property for the inverse obstacle problem [7], which paves the way to study
some effective identification methods. Several ones were applied in the literature,
for example optimization methods based on a parametrization of the obstacle [§],
optimization methods based on shape derivative [9, [I0], and topological gradient
methods [111 [12].

In the following paper we propose to apply the “exterior approach” which is in-
troduced in [I3] [14] for the Laplace equation in order to solve the inverse obstacle
problem for the Stokes system. The obstacle is characterized by a homogeneous
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Dirichlet boundary condition. The exterior approach consists in defining a decreas-
ing sequence of domains that converge to the obstacle in the sense of Hausdorff
distance. More precisely, such iterative approach is based on a combination of a
quasi-reversibility method to update the solution of the ill-posed Cauchy problem
outside the obstacle obtained at previous iteration and of a level set method to
update the obstacle with the help of the solution obtained at previous iteration.
In some sense, the exterior approach consists, the inverse obstacle problem being
ill-posed (because of the nature of data) and non-linear (because it amounts to a
free boundary problem), in treating separately the illposedness and the nonlinearity.
Concerning the quasi-reversibility method, in order to use standard finite element
methods, we introduce two different mixed formulations to regularize the ill-posed
Stokes system. They can be used in another context as the inverse obstacle problem,
and since they have different advantages depending on the situation, we describe
both of them. Concerning the level set method, we use the method based on a
simple Poisson problem already introduced in [I3] for the Laplace equation. Here
we simply adapt its justification to the framework of the Stokes system. Before
introducing the different sections of the paper, we should insist on the fact that in
what follows the obstacle is fixed. The more complicated case of a moving obstacle
has recently been addressed in [15], 16, [17].

Our paper is organized as follows. In section 2 we introduce the inverse obstacle
problem, and recall in particular the uniqueness result. Two different formulations
of the quasi-reversibility method are then exposed and justified in section 3. In
section 4 we present and justify our level set method, which is then included in
the global algorithm of the exterior approach to solve the inverse obstacle problem.
Section 5 introduces the finite element discretizations that are associated with each
mixed formulation of quasi-reversibility. Lastly some numerical results are shown
in section 6 : firstly the two methods of quasi-reversibility are compared on a
simple Cauchy problem, secondly one of them is chosen and some examples of
reconstruction with the help of our exterior approach are presented.

2. STATEMENT OF THE INVERSE PROBLEM

The inverse obstacle problem for the Stokes system is defined as follows. Let
be an open, bounded and connected domain of R, ¢ > 2, with Lipschitz boundary.
Let &  be another open domain with a Lipschitz boundary, referred to as the
obstacle, and such that © := \  is connected. Note that is not necessarily
connected. Let I' be an open and nonempty subset of @ . Given a pair of data
(g g1) € ( V2(M)? x ( ~VXI))? with g, # 0, the inverse obstacle problem
consists in finding a domain  and some functions u € ( 1(Q))? and p € 2(Q)
which satisfy

— Au+Vyp = 0 in Q

divu = 0 inQ

(1) (7 =g onl
¥elu) n—pn = g, onl

u = 0 ond

where n is the outward unit normal, the function w is the velocity field, the function
o is the pressure field, the strain field e(w) is defined by

e(u) = %(Vu + Viu)
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and» 0 is the kinematic viscosity of the fluid.
The second boundary condition on I' means that the normal stress,~ - n is given
by g, on I', since the stress field is given by

7= ¥ C(u) v

where is the identity matrix of size ¢. We first recall the following uniqueness
result concerning our inverse obstacle problem, which is proved in [7].

Proposition 1. Let two domains 1, 2 and corresponding pairs of functions
(u! oY), (u? p?) satisfy problem with data (g, g,), g # 0. Assume in addition
that u' and u? are continuous fields in Q' and Q2, respectively, up to the boundary.
Then we have Y= 2 and (u' p') = (u? p?).

For the readers convenience we recall the proof of such result, which is based on
the following straightforward consequence of unique continuation.

Lemma 2.1. Assume (u p) € ( 1(Q))% x  2(Q) satisfies

— Au+Vy = 0 inQ
divu 0 inQ

u = 0 onl
Yeluyn—pn = 0 onl

then (u p) = (0 0).

Proof. Let us consider Q the connected component of \ 1U 2 which is in contact

1

with T, and = \6 Consider u := u' — u? and p := p' — 2. The pair (u p)

satisfies in ) the system

—» Au+ Vp = 0 inQ
divu = 0 inQ

u = 0 onl
¥eu) n—pgn = 0 onl.

By using the lemma we obtain that (u p) = (0 0) in Q, and in particular
u' =wu?ond . Let us consider now the open domain \ 2. We have u? = 0 on
A(\ 2) and since u? is continuous in the open domain \ 2 up to the boundary,
from [I8] (see theorem IX.17 and remark 20) we obtain that u? € ( ,'( \ 2))%
If we consider a function ¢? € ( °( \  2))%, since = Au?+ V> =0in \ 2
in the distributional sense, we have

d 2,2 d 2 2 2
0%u;  9p° ou? O¢ o2
— J 7'0 2 — = J J _ 2 J &
> < e +as=j ¢j> 0 /6\02 ’ 2 5%, 05, v g, ¢

ij=1

and by density of ( ;>( ) \ 2)%in ( ot ( ) \2),

/’ v |[Vu?]? — p* dive?®) dx =0
O\O?

where we have denoted

d 2
i,j=1 0%
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We conclude that Vu
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The spaces  and , are endowed with the scalar product

(ol = [ elwse(w) ¢ - > [ estwieswes

i,5=1
the associated norm || - ||y being equivalent to the standard norm of  with the
help of Korn’s inequality [23]. We consider the following weak formulation ( . )
for « -y 0:find (u.y Acy) € 4 X p such that

¥ e/ e(us ) e(v) d* +/ divue - dive ¢ *
Q Q

+% / e(v):e(Acy)dxr=0 VYve

(3) ¢ 1

¥ /e(ugﬁ) ce(p)dx — f/ divA, - divp d*
Q Q

<

—"Y/c(Ae,v):c(u)dff:/g]-ud Ve .
Q L N

Remark 1. We remark that problem ( . ) is equivalent to : find (uc y Az pey) €
g X ot X 2(Q) such that

29 / e(us ) e(v) d* —|—/ divu, - dive ¢ *
Q Q

+¥% [ e(v):e(Aey)dx=0 VYve
Q

(1) ¥ [ elun)selwds = [ e divues
Q Q
o [ semes= [ gy md vue
Q L N
e/ﬂw d&—/ divh.,d*=0 V € *(Q).
Q Q

Such modified formulation involves the approximate pressure field y. -, contrary to
formulation .

We have the following theorem.

Theorem 3.1. The problem ( . ) given by @ has a unique solution (Ue r A ) €

g X o- If the data (g, g,) is such that the Cauchy problem @ has a (unique)
solution (u p) in % 2(Q) and if -y is a bounded function of < such that

gl_rg < )(e) =0
then
giiun(us,'y(e >‘5,'y(a De,y(e ) = (u 0 D) in X X 2(9)

where
De,yy — diV}\s,’y <

and we have the estimates

ldivee 5[z @ < Ve Acqllv < Ve (e

with

= /¥ Il + ol -
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Proof. Considering some element U € , and defining the new variable ., :=
u., — U, the problem ( . ) is equivalent to find (@t. 4 A-,) € v X p such that
forall (v p) € ¢ X o,

Acry (e Aen); (0 1)) = —Acy (U 0); (0 ) — /‘g] ué
with )
Acr ((u A); (0 ) =
[ ivuyaivo) es 4+ [ (dvaciv) ¢
Q

Q

+% /Qc('u) ce(A) dx— % /2@(u) ce(p)d*
+2o /c(u) : e(v)c’&—i—-y/ (A) s e(p) d=.

e

Q Q
Well-posedness of problem ( . .) is then an obvious consequence of Lax-Milgram
lemma since for all (v p) € X o,

() Acy (0 p); (v p)) = 29 ||vI[} +yllull-

We now consider the second part of the proposition. For sake of simplicity the
solution u, (. is denoted u., and we do the same for A, and p. . . From
remark [ we have

29 /c(us):e(v)d&—i—/divugdivvd&
Q Q

+2r/e(v):c()\s)d»‘~’:0 Yv €
Q

0 ¥ [ ctwctues = [ o diues
) [ e ewes= [ar e vues
E/Q,Os gu/g divh.dt=0 V € 2(Q).

Secondly we remark that the equations - Au + Vp = 0 in Q, dive = 0 in © and
¥ e(u) -n—pn =g, on I satisfied by the exact solution (u p) imply that

¥ /C(U)re(u)d*—/ndivud*=/gl-ud Ve .
Q Q |

Here we have used the fact that since dive = 0, Au = 2dive(u). By subtracting
such equation to the second equation of @ we obtain

¥ /Qe(us—u) : c(u)d*—/g(ns—n) divud&—v(a)/ e(A):e(p)dx=0 VYpe .

Q

Choosing now v = u. — u in the first equation of @, = pe — p in the third
equation of @ and g = A; in the above equation, we obtain

29 /QC(UE)ZC(UE—U)d&Jr/Q(divus)Qer} /C(uE—U):e(Ag)d& =

Q

3 /Q e(ue —u) s e(Ac) @t + /Q (0e — o) divA. €5 4 () /Q )t e(A)dt =

e/ ,08(,()8 _D)d'& _/(pg _l))diVAEd&
Q Q
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Adding the three above equations, we obtain
(1) 29 (ue e —w)v + <(pe pe — 012 + [[divac|fzq +7()|A| = 0.
From equation we first obtain
¥ |uclli + llosllz2 < llulli +[lollZ2q
that is u. and p. are bounded. Hence we can extract subsequences u. and p. with

u.=win ,and po— in 2(Q). It is clear that divu. = divw in  %(Q). By
subtracting ¥ <(u u. — u)v + <(p v —p)r2(@ to equation (7)), we also obtain

®) ¥ |luc —ul[i +loe —ollf20 < —F (w uc —u)y — (v 0 — 022
so that
¥ [lue —ully + llo: —ollie@ < ¥ [ulli +[loll72 o
and then
YOI < <« [[ully + Molf2@ )-
The fact that < (<) — 0 when < — 0 implies that A — 0 in . Passing to the
limit in the first equation of @, we obtain

/divwdivvd&=O Yv € .
Q

It is straightforward to prove that the operator div: 5 — 2(Q) has dense range,
we then conclude that divw = 0 in . Passing to the limit in the second equation
of (6) and using the fact that (<) is bounded, we obtain

Qv/ / divp = /g]-ud Ve
Q | N

that is = Aw+V =0inQand ¥ e(w)n— n =g, onI. Asa conclusion, (w )€

2 ; _

X #(9) solves the Cauchy problem and from lemma we obtain (w ) =

(u p). From equation , clearly weak convergence implies strong convergence. A

classical contradiction argument enables us to conclude that the whole sequences
u. and g converge to w and pin  and ?(Q), respectively.

Lastly, the estimates of divu. and A. follow from (7). O

We now look at the case when the data (g, g,) are incompatible, that is the
Cauchy problem (2)) has no solution.

Theorem 3.2. If the data (g, g,) is such that the Cauchy problem (@ has no
solution, then if the function y(<) satisfies the same assumptions as in theorem
we have

) lm {JRen v+ IR lly +11@ivAe ) <l } = +oo.

Proof. We reuse the short notation (u. . Az ) = (us A:). By contradiction,
if @ is not true, it means that we can extract from (u. A;) € 4 x » a bounded
subsequence, still denoted (u. A.), such that divA. <is bounded in 2(2). From
that sequence we extract again a subsequence such that u, =~ ein 4 A, =1
in , and divA. <= in 2(Q). This implies that divu. = — := divw and
divA. =~ divl in 2(Q). Since divA. — 0in 2(Q), we have in particular divl = 0.
By passing to the limit in the first equation of , we obtain that

¥ /c(v):c(l)d&— divod*=0 VYve ,
Q Q
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which implies (see the proof of theorem that (I ) € x 2(Q) solves the
Cauchy problem for the Stokes system with vanishing Cauchy data on T instead
of Cauchy data (g, g,) on I'. From lemma [2.1] we conclude that (I )= (0 0).
We now pass to the limit in the second equation of and obtain

¥ [ew)icmer— [ dvues= [giud  vues
Q Q | §

which implies that (w ) € x 2(2) solves the Cauchy problem , which is a
contradiction. r

i
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with

= IR+ Tl 4 ol -

Proof. Considering some elements € Y, and U € , and defining the new vari-
ables .7, :=_ . — and @, := u. — U the problem ( .) is equivalent to find
(#c Uc) € Xy x ¢ such that for all (= v) € % X o,

c((Ze )i (mv)) == (( U)(rv))
with

e (7 u)i (7 v)) =

/Q (dev@r —¥e(u)) :dev(r — ¥ e(v)) + '}(Tle)trgf —e(u))tr(r— % c(’v))) dx

+ / (diyr) - (divr) d* + /Q (diva) (dive) €

Q
we [ rir e ive) - (divr)) ot < [ efu)sefo) ¢

where for some ¢ x ¢ matrix , the deviatoric part of 1is defined by dev( ) =
—tr( ) ¢. This can be seen by using

(- ctw) ot =3 etw) ) (=¥ efo) =

(dev_Qr ¥ efu)) + gt — ¥ cfu) ) : (dev(r — % e(v) + %tr(r ~ % e(v) ) _

dev(r — ¥ e(u)) : dev(r — ¥ e(v)) +

dd+ <)
Well-posedness of problem () is again a consequence of Lax-Milgram lemma since
forall (mv) e X X 4,

(12) e (7 )i (7 v)) = <|lr|I3 + <l[olf}-

For the second part of the proposition, we remark that the problem ( .) is equiv-
alent to the following problem for « 0 : find (#. u. p:) € By X 4 x  %(Q) such
that

trir — ¥ e(u)) tr(r — ¥ e(v)).

o[ e (dive) - @iv)) s+ [ (dives) - (divr) e
Q Q
+ | re—Fe(u)+pe )irde=0 VreXl
(13) e/ﬂe(ug) : c(v)d&—k/g(divue)(divv)d&

_/Q’E_}C(us)""ﬂe)1}0(1))('&:0 Yv €

/ d&+/gfs—%e<ug>+.os>: dr=0 V¥ e Q).
Q Q

Let us choose = =.». —», v = u. —w and = p. — p in the above weak formulation.
We obtain

llre = ¥ e(uc) + pe ||?L2(Q axa + Hdi‘!’aH%L?(Q ¢t HdiVUaH%’A’(Q
(14) telre e = )s + (ue us —uw)y + <(ve pe — D)L2(Q =0.
From the above equation we first obtain that
el + el + lloellZ20 < WIS + [lwllf + [lol172@
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that is the sequences.~., u. and p. are bounded. Therefore we can find subsequences

which we still denote,~., u. and p. that weakly converge to # € ¥4, w € 4 and
€ 2(Q), respectively. Clearly we have,7. — ¥ e¢(u:) +p. —~0—Fe(w)+ in
( 2(Q)4 digr.— divd in ( 2(2))? and dive. — divw in  %(£2). By subtracting
o7 re —7)s +<(u u. —u)y + <(p e — )20 to equation , we obtain that
bre =~ 11% + llue = ullf + [los = ollT2@ < IR+ llully + ol 2@
and then
lre = F e(ue) + pe ||%L2(Q axa + Hdi‘VEH?L?(Q at HdiVUEH%?(Q

< (AR + lullf + lollza @ )
which implies that,~. — ¥ e(u.) + po  — 0in ( 2(Q))?*4, diyr. — 0 in ( %(Q))?
and divu,

[
]
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In the first mixed formulation, the variable A , plays the role of a Lagrange multi-
plier and has no particular physical meaning, contrary to u. -, which approximates
the velocity field. In the second mixed formulation, both variables.~. and u. have a
physical meaning, since they approximate the stress and the velocity fields, respec-
tively. Moreover, computing an approximated stress field,~. may be an advantage
in some situations.

As a conclusion of theorem and remark in the presence of noisy data
(which are possibly incompatible), the regularization parameter < shall not be too
small. A careful look at the second minimization problem show that it has the
same form as the one solved in [26] for the Laplacian. So, with noisy data (¢’ g{)
such that ||gd — g l(r1/2m o < 9 and llgs — Gill(r-1/2m « < 9, where (g, g,) is
the exact data, we are then able, for this second mixed formulation, to select the
regularization parameter < as a function of the amplitude of noise 8. This is done
by defining an auxiliary constrained minimization problem in (~ v) in which we
impose that ||v|m—g||(z1/2m « <9 and ||~ n|m—gi||(zr-1/2(m « < @ following the
Morozov’s discrepancy principle. In practice, instead of solving such constrained
minimization problem considered as a primal problem, we solve its dual problem
in the sense of [27], because such dual problem happens to be constraint free. The
solution of the primal problem has then a simple expression in terms of the solution
of the dual problem, and the most important remark is that the solution of the
primal problem coincides with the quasi-reversibility solution for some special <
which is expressed as a function of 9 and of the solution of the dual problem.
This special < corresponds to the Morozov’s discrepancy principle in the quasi-
reversibility method. Such strategy based on the Morozov’s discrepancy principle
and duality in optimization was shown to be very efficient in the Laplacian case
(see [26]). Undoubtedly, the same method would also work in the case of the Stokes
problem. On the contrary, we do not know yet how to use a similar method to
select < in the case of the first mixed formulation for some fixed parameter -y, for
example vy = 1.

From the numerical point of view, the first mixed formulation is very simple since
the unknown belongs to the space ( '(€2))? x ( 1(Q))%, which can be discretized
with the help of the standard Lagrange finite elements (see the numerical section).
This is in contrast with what we called a classical formulation of quasi-reversibility.
The second mixed formulation is slightly more complicated since the unknown be-
longs to the space {~ € ( 2(Q))™? diyr € ( 2(Q))%} x ( 1(€2))4, which for

.~ requires the use of Raviart-Thomas finite elements (see the numerical section).
Note, however, that such finite elements are available in almost all finite element
codes.

4. THE LEVEL SET METHOD AND THE EXTERIOR APPROACH

In this section we show how the level set method introduced in [I3] in the case
of the Laplace equation can be adapted to the Stokes system. The main difference
between the standard level set methods and ours is that it relies on a simple Poisson
equation instead of an eikonal equation such as described in [28]. Firstly, we define
a sequence of open domains , which is based on the solution of problem and
which converges in a certain sense to the obstacle . Secondly this fact enables us
to design a level set technique to solve the inverse obstacle problem.

INVERSE PROBLEMS AND IMAGING VoLUME 00, No. 0 (2013),
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Assuming that the obstacle  and the velocity and pressure fields (u p) solve
problem 7 we consider a scalar field  such that

(15) > e

o( ) and <0 in

Since ulgo = 0, such field satisfies € !( ) and it suffices to choose =0 in
to build some particular  in the whole domain . Now, for € ~!( ) such

that (in the sense of ~1( ))

(16) > A

we consider the following sequence of open domains. For some open domain
with C 3 € , we define

(17) n 1= n\supp(sup(’?’n O))

where?”,, is the function in () such that 4, =%, — be the unique solution
in '( ,) of the homogeneous Dirichlet problem

(18) M,= —A in .

Remark 5. In the definition of velocity field  the ; norm of vector w has been
chosen. The 5 or o norms could also have been chosen.

Remark 6. Because ®,, is only in (), the definition may seem a bit
complicated. In the restricted case where®‘,, is a continuous function in , up to
the boundary, the definition of , 1 given by simply becomes

n ]:{““’6 n "'Vn(&) O}

which means that the current obstacle is defined by the level set function?,,, where
n plays the role of a fictitious time.

Remark 7. In equation (I8), the right-hand side — A is understood as the
restriction to ,, of the distribution — A € ~!( ). When ,, is a Lipschitz

domain, then the traces of functions®,, and = |u|; on d , are well defined and
o, is the solution in (' ,,) of the boundary value problem

N, = in n
(19) { "'Vn — |u|] on 8 n-

Such Poisson problem, which updates the level set function®,, as a function of the
solution u, plays the role of the eikonal equation in standard level set techniques.

If we assume that the open domains ,, are uniformly Lipschitz with respect to
n, we obtain the following theorem which guarantees convergence of the sequence
of open domains ,, to the obstacle in the sense of Hausdorff distance.

Theorem 4.1. We consider the domains , , T, and the fields (u p) as defined
in section . Let € () satisfy and € () satisfy (@
Let  denote an open domain such that C o € , as well as the decreasing

sequence of open domains  defined by and (@

With the additional assumption that the domains , are uniformly Lipschitz with
respect to n (that is the , satisfy the cone property such that the angle of the cone
be uniform with respect to n), we have

(o)

ﬂ n:O

n

INVERSE PROBLEMS AND IMAGING VoLUME 00, No. 0 (2013),
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with convergence in the sense of Hausdorff distance for open domains.

Proof. The proof is very close to that of theorem 2.5 in [I3] for the Laplacian case,
so we just give a sketch of it by insisting on what differs. Since the , form a
decreasing sequence of open domains, from [29] (see section 2.2.3) the ,, converge
in the sense of Hausdorff to the open set

o

—~

w ::ﬂ n-

n

By using proposition 2 in [13] we first obtain given that < , for all n and
by using the fact that the inclusion is stable with respect to Hausdorfl convergence
(see section 2.2.3 in [29]) we obtain that Qv . The remainder of the proof consists
in assumingy # and finding a contradiction.
From theorem 3.2.13 in [29], since the sequence of open domains ,, converge to
w in the sense of Hausdorfl distance and since such open domains are uniformly
Lipschitz with respect to nw is a Lipschitz continuous domain and the sequence
of functions 4,, € ,'( ,) given by converge (in space ' ( )) to the solution
4 ¢ ¢ ) of the problem A¥ = — A i .
Since is a Lipschitz continuous domain, thatv #  implies that the open domain
=0\ is nonempty. Arguing exactly as in the proof of theorem 2.5 in [13], we
obtain that € ,'( ). For =1 ... d, we have | ;| < = |uly, then by using
lemma 2.4 in [13] we obtain | ;| € '( ), so that sup( ; 0) sup(— ; 0) € (),
and lastly ; =sup( ; 0) —sup(— ; 0) € ( ), thatiswue ( J( )%
By arguing as in the proof of lemma (it suffices to replace \ 2 by ), it follows
that w = 0 in , that is w = 0 in Q from unique continuation, which contradicts
the fact that g, # 0 and completes the proof. O

In view of equation , the definition of the open domains , uniquely depends
on the values of the velocity field u outside the obstacle and on . The field w is
unknown , while from shall be larger than an unknown function. This inspires
us the exterior approach to solve the inverse obstacle problem . The idea is to
replace the exact solution u by an approximated one obtained from the Cauchy
data (g, g,), for example by solving a quasi-reversibility problem, and to choose
for a sufficiently large function chosen arbitrarily. We hence obtain the following
algorithm.

Algorithm :

1. Choose an initial guess  such that C ¢ &
2. First step: the domain ,, being given, solve one of the mixed quasi-reversibility

problem ( . ) given by (3)) or ( .) given by in the domain Q, := \ ,,
from data (g, g,) on I', for some selected parameters < . The solution in
terms of the velocity field is denoted w,,.

3. Second step: the function u,, being given in €,,, solve the boundary value
problem

¢, = |uph iIn 9 ,

VN .
{A!-n = in n

for some selected and compute
n ]:{""6 n "‘)‘n(&) 0}
4. Go back to the first step until the stopping criteria is reached.

INVERSE PROBLEMS AND IMAGING VoLuME 00, No. 0 (2013),
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Remark 8. It seems hard to analyze the convergence of the above global algorithm
on the one hand with respect to the regularization parameters < -y and on the other
hand with respect to the number n of iterations. In fact, for exact data (g, g,) the
above theorems are partial convergence results in the sense that theorems
prove convergence of the computed velocity field to the exact one with respect to
(¢ ) for a known obstacle, while on the contrary theorem [4.1| proves convergence of
the computed obstacle to the exact one with respect to n for known velocity field.

5. DISCRETIZATION OF QUASI-REVERSIBILITY

Both mixed formulations of quasi-reversibility can be discretized with the help
of classical conforming finite elements. More precisely, we need to approach spaces
=( Q)% and & = {r € ( ()™ diyr € ( %(Q))?} for ¢ = 2 3, which is
a classical problem in the field of fluid mechanics or mechanical engineering. We
restrict ourselves to polygonal domains (¢ = 2)/polyhedral domains (¢ = 3) and
consider a family of triangulations  of domain  such that the diameter of each
triangle/tetrahedron € 4 is bounded by 0 and such that j is regular
in the sense of [2I]. We assume that T is formed by the union of edges/faces of
some triangles/tetrahedra of . For each triangle/tetrahedron € , and €N,
k() denotes the space of polynomial functions of degree lower or equal to € N.
We introduce two different finite elements : the standard Lagrange finite element
K for > 1 and the Raviart-Thomas finite element ¥ for € N. They are
defined in [2I] and [30], respectively. They satisfy in particular for > 1,

nC{on€ ') k€ k( )V € 4}

while for € N,

vc{gye( () divg,e Q) gue(w( N'HrR( )Y € n}

where * € R? is the spatial coordinate. It is important to note that for > 1 the
trace of some py, € ¥ is continuous across the edge/face between too elements,
while for some q;, € ,’f, the trace of g, - n is continuous across such edge/face,
where n is the normal to such boundary.
Let us first introduce a discretized version of the first mixed formulation
1 1

based on the Cauchy data (g, g,) € ( 2(I))¢x( ~2(T'))% on I'. We consider the
restricted case g, € ( 3(I)?N( °(T))4, and we define G 1, s its interpolant over
the space of traces on I' of ( §)4-functions for some given > 1, that is gy, has
the same degrees of freedom on I as g, (since such degrees of freedom are punctual
values of the function, g, needs to be continuous on I'). Introducing for > 1 the

sets

gkh ={une( ) wuplm= G}

o ={une( N wim=0t S={ne( N Ma=0}

INVERSE PROBLEMS AND IMAGING VoLUME 00, No. 0 (2013),
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the discretized formulation ( Ekmh) is for < Oand >1: find (ucqyn Aeqn)

: k ~k
in g X Y such that

¥ e/ e(Ue~,n) : e(vy) €% +/ divu, 4 5 divoy, €%
Q Q

+% / e(vp) i eAeqrn)€2=0 Yo, € Jh

(20) ¢ 1

¥ [ ) el és = 7 [ divh pdivi, és
Q “JQ

— / e : i) €2 = / Gt Vi€ Wb
Q | §

We have the following estimate of the discrepancy between the solution of problem
( skm 5) given by and the solution of problem ( . ) given by .

Theorem 5.1. |:|




16 THE “EXTERIOR APPROACH” TO SOLVE THE INVERSE OBSTACLE PROBLEM FOR THE STOKES SYSTEM

Remark 9. We can remark that we can improve the constant (< -y) by using the
following well-posed discretized formulation of involving the pressure field: for
<y 0and > 1: find (e yn Aciy,h pe,qy,h) I gkh X ok x =1 such that

2% /Qe(usmh):c(vh)d&+/Qdivu5mhdivvhd&
Y /Q e(vn) : eAhenn) et =0 Vo, € o
(1) ¥ [ ) s cl) s = [ oo diviag é
f"y/QC(Asmh) te(py) dt = /‘gl il Yy €
e/va,h hc"*—/ﬂ pdivac,ndx=0 V€ !

where

F={one 2 wmlxke k( )V € p}h
If e y <1land (ucy Acry pe) belongsto (5 1(Q)dx (% 1(Q)4x *(Q), then

Huamh - uaﬁHV + ||’\emh - )\5,7||V + Hnamh — Deyy |L2(Q

< (o) Pllueallarsig o + Xl o+ loeqyllar@ )

where

(=)= min(¥ < < )

and 0 is independent of « v . The drawback of formulation compared to
is that we compute the additional unknown e 4.

Let us introduce a discretized version of the second mixed formulation .
In the following we consider the spaces () C ¥ such that,~, € ( F)?if
ik € ,’f for all =1 ... ¢, where,~;, denotes the —t line of the ¢ x ¢ matrix
.#h- We consider the restricted case g, € ( 24N ( ® (D)% and g, € ( 2(I))%
In addition to g, ;, we define g, as the interpolant of g, over the space of the normal
stresses on T of stress fields in ()¢ (since the degrees of freedom of such normal

stresses are integrals over I', g, needs to be integrable over I'). Introducing the sets
Sev=drne (N nenlm=gut Sw=fme( D nin=0}

the discretized formulation ( ’;h) is for < 0and > 1: find (#.p ucp) €

E’;;l X gkh such that

(22)

E/Q (Fen i+ (divre ) - (divey)) €%+ / (divrep) - (divry,) &%

Q

1
+/ </57h —¥e(uep) — ——trlren — ¥ e(up)) > crpdx=0 Vrp el
Q d+ <

[ e(tep): c(vh)dfur/(divu&h)(divvh)d&
Q Q

1
7/ <,r57h —¥e(uen) — ——trlren — ¥ e(ucp)) > ¥ e(vy)dxr=0 VYo, € .
Q ¢+ <

We have the following estimate of the discrepancy between the solution of problem
( ’; ») given by and the solution of problem ( .) given by .

INVERSE PROBLEMS AND IMAGING VoLUME 00, No. 0 (2013),
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Theorem 5.2. For all < 0 and > 1, the problem (@ has a unique solution
k

(Fen W) in Z’;;I X gy Furthermore, if « < 1 and (7. u.) belongs to {~ €
( F@)™? divre ( F(Q)} x (F ()7, then
u,&h - ||Z + Hua,h - u5||V <
7€ ¥ (u’EH(Hk(Q dxd + ||di¥’s||(Hk(Q a+ ||Ue||(Hk+1(Q d)

where 0 s independent of <

Proof. Well-posedness of problem is based on the same arguments as in the
proof of theorem [3.3] By using the same notations as in the proof of theorem

we define . = (~. u.), = ( U) and . = .— . Considering the
interpolant 5, € ( F7')? of  and the interpolant U € ( ¥)¢ of U, we also
define .p = (Fen Uen), n=(nUp)and .p = cp— p Foral , =

(rn, vp) € %k,:] X ok C 3% x p, we have from (11) and ,
(e n)=0= o( cn; n)
that is
(e— en n)=0.
Since the bilinear form . is symmetric, we conclude that . ; minimizes the

functional ( ¢ — p; ¢— p)overall 4 € EZ;] X gkh. With the help of
and the fact that <« < 1, we obtain

- el £ == inf - h
I e= enll V= whesin | |
where || - || is the product norm of ¥ x . The estimate follows from the classical

interpolation results in spaces ¥ and  (see [30]). In particular, if.~. € ( *(Q))?*4
is such that div-. € ( ¥(Q))? and >, j, is its interpolant in ( ~')%, we have

re —Zenlls < F (el axa + [|divrel| e o)

where 0 is independent of « . O

6. SOME NUMERICAL EXPERIMENTS

6.1. THE ILL-POSED CAUCHY PROBLEM. In this first numerical section, we test
our two discretized mixed formulations and in order to solve the ill-posed
Cauchy problem in the 2D configuration proposed in [6]. The domain  is the
region contained between two concentric circles centered at (0 0) and of radii 1 and
2, respectively. The support I' of the data (g, g,) is the outer circle, no data being
given on the inner circle. We try to recover the rather “singular” solution proposed
in [6], which is given analytically by

1 1 (%, —0.5)2 2( % —0.5)
u=—|log S + 5 7 7. 2 2
(23) am (#1052 + 2 (21 —05)?+ %5 (% —0.5)*+ #3
_ 1 * —0.5
Y72 (5, - 0.5)2 + 22
The two formulations and are applied in a triangular mesh which is ob-
tained by dividing the outer boundary by 100 and the inner boundary by 50, a
regular mesh being generated by the Freefem software [31] such that ~ 0.5. The
finite element computations are also performed with [3T]. In the following figures

INVERSE PROBLEMS AND IMAGING VoLUME 00, No. 0 (2013),
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presenting the results of the two mixed quasi-reversibility formulations, the continu-
ous red line represents the exact solution, the blue crosses represent the approximate
solution obtained with formulation , while the green dots represent the approx-
imate solution obtained with formulation .

First, we test free of noise data, with parameters « = 1074 and v = 1. The figures
below show the different components of the approximated velocity field w and stress
tensor,~ that are retrieved on the inner circle. Note that the approximate stress
tensor,~ is a direct output of the mixed formulation , while it is obtained after

applyihg by using the relationships
peyh =AWV e seqn = e(Ueyn) — e

We study in particular the influence of the order of discretization, which is charac-
terized by . In figure[ljwe have =1, while in figure[2]we have = 2. The results
of figures [I] and [2] show that the quality of the reconstruction is much better for
= 2 than for =1, independently of the formulation we use, which was expected
from theorems [5.1] and [5.21 The better choice = 2 is made in the remainder of
the paper. Broadly speaking, the figure [2| show that for = 2 with exact data the
two mixed formulations and provide approximately the same results.
We now introduce some noisy data in order to test the robustness of the two meth-
ods. Precisely, we impose a pointwise random noise to the Dirichlet data g, , the
Neumann data g, remaining free of noise. The relative error in °° norm for such
noisy Dirichlet data is denoted by 9,.. We test three different amplitudes of noise,
namely ¢, = 0.01, 9. = 0.05 and 9, = 0.1, with a larger value of < as before,
namely <« = 1073, keeping v+ = 1. In order to improve the results, we have ap-
plied a regularization process to the noisy data. It consists, for gf € 2(I') such
that ||g’ — g [|z2(m < 9, to find the unique function @ € V(I') that minimizes
|G || 71 (m under the constraint ||g, — g°||z2m < 9. In the figures and [5} the
exact data g, = (1 2) on the outer circle are represented by the red continuous
line, the noisy data gf by the green dots, and the smoothed data Qf by the black
dashed line, for 9, = 0.01, 9, = 0.05 and 9, = 0.1, respectively. The reconstruc-
tions obtained on the inner circle for 4, = 0.01, 9, = 0.05 and 9, = 0.1 by using
our smoothing procedure for noisy data and each of the two mixed formulations
are given on figure [6] [7] and figure [§] respectively. We can see that in the case of
large amplitude of noise, the reconstructions of the stress tensor are much better
with the formulation than with the formulation 7 which was expected since
the discretization of the stress tensor is more precise in formulation than in

formulation .

6.2. THE INVERSE OBSTACLE PROBLEM. In this second numerical section we test
the resolution of the inverse obstacle problem following the algorithm of section [4]
In order to obtain a reasonable identification we restrict to a small amplitude of
noise 9, = 0.01. In this case, we have seen that the accuracy of the two mixed for-
mulations are more or less the same. Furthermore, since the obstacle is of Dirichlet
type, only the velocity field needs to be correctly approximated. For these reasons,
we have chosen to use the first mixed formulation , which is slightly more sim-
ple. The domain  is the unit disk centered at (0 0) and the support of data I is
the whole unit circle @ . The Dirichlet obstacle has a variable shape which will
be specified later on. In order to obtain artificial data (g, g,) on I', we compute
a forward problem for the Stokes system with the help of a standard mixed finite
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FIGURE 1. Case of = 1. Top left: 1, Top right: o, Middle left:
711, Middle right: 799, Bottom: 12

element formulation [32] based on the nonhomogeneous Dirichlet boundary condi-
tion u = w on J , w being a constant vector, and of course w = 0 on 9 . We
hence simulate the case of a fixed obstacle immersed in a flow the velocity of which
is fixed to a constant w, far away from such obstacle.

The inverse algorithm is applied by using a mesh which is generated by dividing the
unit circle @ by 200 and which is different from the one used to obtain the artificial
data with he help of the forward computation. Concerning the mixed formulation
, we have taken = 2, « = 1073 and v = 1 as before. Concerning the dis-
cretized Poisson equation associated with , the obstacle ,, is approximated by
a polygon, that is its boundary coincides with some edges of our triangular mesh, in
particular the initial guess  is a polygonal approximation of the circle centered at
(0 0) and of radius 0.8. We have also used a standard finite element ¥ formulation
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with = 2 to solve in the polygons that approximate ,, the right-hand side

being chosen as a large constant which may be different from a case to another
and which will be specified hereafter. Concerning the stopping criterion, we use the
same as the one described in [I3]. It is important to have in mind that a single
mesh is used to solve the inverse problem: both the quasi-reversibility method and
the level set method are based on such mesh. In the figure[J] we present the identi-
fication results for two different obstacles, as well as the iterated domains ,, until
convergence for the first obstacle. In the figure [I0] we present the identification
results for two circles, with two sets of data, namely one produced by the velocity
w = (1 —1) v/20ond and the other one produced by the velocity w, = (1 1) /2
on @ . The second set of data is more tricky because the two circles are in this case
oriented in the direction of the flow, which implies that one circle is to some extent
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hidden by the other. In the first case, the iterated domains ,, until convergence are
represented in the figure. We complete this numerical section by the identification
results of one circle given in figure[TT] for two relative amplitudes of noise, 0.01 and
0.05 respectively, in order to show the impact of noise, keeping « = 1072 and -y = 1.
Once again we recall that for a large amplitude of noise, it would be preferable
to use the second mixed formulation and the procedure described in section
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[34] to select the regularization parameter <. Such procedure would represent an
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