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ITERATED QUASI-REVERSIBILITY METHOD APPLIED TO
ELLIPTIC AND PARABOLIC DATA COMPLETION PROBLEMS

JEREMI DARDE

Institut de Mathématiques de Toulouse ; UMR5219
Université de Toulouse ; CNRS
UPS IMT, F-31062 Toulouse Cedex 9, France.

ABSTRACT. We study the iterated quasi-reversibility method to regularize ill-
posed elliptic and parabolic problems: data completion problems for Poisson’s
and heat equations. We define an abstract setting to treat both equations at
once. We demonstrate the convergence of the regularized solution to the exact
one, and propose a strategy to deal with noise on the data. We present nu-
merical experiments for both problems: a two-dimensional corrosion detection
problem and the one-dimensional heat equation with lateral data. In both
cases, the method prove to be efficient even with highly corrupted data.

1. Introduction. We consider data completion problems for elliptic and parabolic
operators. We start with elliptic operators: we consider a bounded domain  C R?,
d > 2, with Lipschitz boundary (see [3]). Let v € L>(9Q,R%) be the exterior unit
normal of 9Q, and I', T, C 99, such that 9Q =T' UT'; and meas(T"), meas(I';) > 0.
Let o : Q — R%*4 be a real matrix valued function such that o € W1 (Q)4*4 and
oc=0T, cl¢?<of-¢ VEER?, ae in Q.
The data completion problem is:
Problem. For f, gp and gn in L?>(Q) x L?(T') x L2(T"), find u € H*(Q) such that
—V.-oVu = finQ
U = gp onT
oVu-v = gy onl.

This problem is well-known to be ill-posed (see [1, 2] and the references therein):
it does not necessarily admit a solution for any data (f, gp,gn), and if a solution
exists, it does not depend continuously on the data. On the other hand, if the
problem admits a solution w, this solution is necessarily unique (see e.g. [1, 4]).

Such a problem is encountered in many practical applications, among others in
plasma physic [5, 6], or corrosion detection problems [8, 9, 7, 11, 10]. We will be
particularly interested in the corrosion detection problem: in this problem, u is the
electrical potential inside a conductive object €2, o is the conductivity of the object,
gn represent a current imposed on I', accessible part of the boundary of €2, and
gp is the corresponding potential measured on I'. The aim is to determine if some
portion of the inaccessible part of the boundary I'; is corroded.

2010 Mathematics Subject Classification. Primary: 35A15, 35R25, 35R30; Secondary: 35N25.
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Mathematically, it exists a non-negative function p define on I', such that
oVu-v+pu=0onT,

and the objective is to reconstruct u: g = 0 on the healthy part of I', and u > 0
on the corroded part. In section 6.1, we test our method on this problem.

The data completion problem is known to be severely, even exponentially ill-
posed [2]. Therefore ones needs to use regularization methods to try to reconstruct
u. Several methods have been proposed to stabilize the problem: see, e.g., [12, 13,
14, 15, 16, 17] and the references therein.

We are also interesting in the data completion problem for the heat equation,
which is quite similar to the elliptic one, except that this time u solves a parabolic
equation. Such inverse problem appears naturally in thermal imaging [33] and
inverse obstacle problems [34, 35]. For T' > 0, we define Q := (0,7T") x Q. Let f be
in L2(Q), gp and gy in L?(0,T; L*(T)). The data completion problem is then

Problem. find u € HY1(Q) := L2(0,T; H*(Q)) N H(0,T; L*(Q)) such that

ou—Au = finQ
u = gp on(0,T)xT
Vu-v = gy on(0,T)xT

This parabolic data completion problem is also severely ill-posed (see e.g. [18]).
Note that it is not mandatory to impose an initial condition «(0,.) on  to obtain
the uniqueness of the solution (if such a solution exists). Again, regularization
methods are needed to obtain a stable reconstruction of u from the data f, gp and
gn-

The quasi-reversibility method is such a regularization method, introduced in
the pioneering work of Lattes and Lions [19] to regularize elliptic, parabolic (and
even hyperbolic) data completion problems. The mean idea of the method is to
approach the ill-posed data completion problem by a family of well-posed varia-
tional problems of higher order (typically fourth order problems) depending on a
(small) parameter €. The solution of the regularized problem converges to the so-
lution of the data completion problem, when the parameter € goes to zero. The
quasi-reversibility method presents interesting features: first of all the variational
problems appearing in the method are naturally discretized using finite element
methods, thus the method can be used in complicated geometries, an interesting
property when the method is used in an iterative algorithm with changing domain.
Furthermore, the method is independent of the dimension. Since its introduction,
the quasi-reversibility method has been successfully used to reconstruct the solu-
tion of elliptic [20, 21, 23, 24, 25] and parabolic [29, 30] ill-posed problems, and as
a keystone in the resolution of inverse obstacle problems in the exterior approach
[26, 27, 28].

In the present paper, we are interested in a natural extension of the quasi-
reversibility method, the iterated quasi-reversibility method: it consists in solving
iteratively quasi-reversibility problems, the solution of each one depending on the
solution of the previous one. We therefore obtain a sequence of quasi-reversibility
solutions, which converges to the exact solution of the data completion problem if
exact data are provided, for any choice of the regularization parameter €. This has
interesting consequences from a numerical point of view: first of all, one can now
choose a large value for the parameter of regularization ¢, leading to an improvement
in the conditioning of the finite-element problems, without lowering the quality of



ITERATED QUASI-REVERSIBILITY METHOD 3

the reconstruction. This is not the case for the standard quasi-reversibility method,
for which it is mandatory to use small € to obtain a good reconstruction. Further-
more, in presence of noisy data, we present a method to choose when to stop the
iterations according to the amplitude of noise on the data, based on the Morozov
discrepancy principle, which ensure both stability and convergence of the method.
The main drawback of this extension of the quasi-reversibility method, compara-
tively to the standard quasi-reversibility, is that several problems have to be solved
to obtain a good reconstruction. However, as it is the same variational problem
that appears in each iteration of the method, one can precompute a factorization of
the finite-element matrix. Hence, the cost of the method is not significantly higher.

The paper is organized as follows. In section 2, we introduce an abstract setting
to treat both data completion problems we are interested in at once. In section 3,
we present the standard quasi-reversibility regularization in this abstract setting,
and prove some results we need to study the iterated quasi-reversibility method. In
section 4, we focus on the iterated quasi-reversibility method, both in the case of
exact data and noisy data. In section 5, we show that the abstract setting apply
to both elliptic and parabolic data completion problems. In section 6, numerical
results are presented, demonstrating the feasibility and efficiency of the method for
both problems.

2. An abstract setting for data completion problems. In this section, we
set up an abstract setting corresponding to both data completion problems we are
interested in.

Let X, Y be two Hilbert spaces endowed with respective scalar products (.,.)x
and (.,.)y, and corresponding norms denoted ||.||x and ||.||y.

Let y € V. Both of our data completion problems can be written in the following
way: find x € X such that Az = y, with A : X — ) a continuous linear operator
with following properties:

e A is one-to-one

e A is not onto

o Im(4) =Y.

In this setting, y plays the role of the data, and x the solution of our data completion
problem. The problem is obviously ill-posed: indeed, as A is not onto, there exist
y in Y for which the problem admits no solution. We define Vygm := Im(A) the
set of admissible data, and Vnadm = YV \ Vaam the set of non-admissible ones. By
definition, Y,am is dense in ). Actually, this is also true for V,qam

Proposition 1. The set Vyqam 1S dense in Y.

Proof. This is quite simple: suppose it exists § € YVyam and § > 0 such that
ly —glly <=y € Vaam- It exists T € X s.t. AT = .

-y 0
Let y be any element of ), y # y. We define § = %5 + y. Obviously,
Y —Yly
lg—7lly < 6. Therefore, § € Vyam, and it exists & € X such that AZ = §. A simple

computation shows then that
9y —
A(M(f B+ z) —y
Hence Im(A) = Y, contradicting the assumptions on A. Therefore, for any y €
YVadm, for any 6 > 0, there exists y° € V,qam such that ||y — y°||y < 6, which ends
the proof, as YV = Vadam U Vnadm- .
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In other word, for any admissible data y exists a non-admissible one ¢ arbitrary
close to y. In particular, this leads to the high instability of the problem with
respect to noise:

Proposition 2. For any y € ), the exists a sequence x,, € X such that

n—oo

|xnll 2 270 +oo and Axy, T> Y

Proof. We start with ¥y € Vnadm. As Im(A) is dense in )Y, it exists a sequence

n— oo

Ty, € X in such that Ax, T) y. This sequence cannot have any bounded

subsequence: indeed, if such a subsequence would exist, there would be another
subsequence, denoted x,, here, such that x,, weakly converges to an element = in
X. The operator A being linear and strongly continuous, it is weakly continuous
[38], hence Ax,,, weakly converges to Az. But by definition Ax,, strongly converges
to y. By uniqueness of the limit, we have Ax = y, and y € V,qm, in contradiction
with the initial assumption. Therefore, we have |2, |l x —— +00.

Now, consider y € Yuqm- The previous proposition implies the existence of a
sequence Yp;, € Ypadm such that y,, WTOO> y. For a fixed m, we now know the

. n—o0 n—oo
existence of a sequence z,, ,, € X such that Az, , T) Ym and ||y |l ——

+00. In particular, for any m € N, there exists n(m) € N such that Z,, := Ty, n(m)
verifies at the same time

~ - 1
1Zmll2 = m and [[AZm — ymlly < —-

It is then not difficult to verify that the sequence Z,, verifies the researched prop-
erties. O

Remark 1. Actually, if y is not an admissible data, it is shown in the proof that
any sequence (T, )nen € XN such that Az, %30» y verifies lim ||z,||x = +o0.
n—oo

This proposition has for important consequences the fact that for any admissible
data y, with corresponding solution x, one can find an admissible data y, with
corresponding solution Z, such that ¢ is arbitrarily close to y and T is arbitrarily
far from z.

We retrieve here the well-known fact that the problem of noisy data is crucial
in data completion problems. Clearly, it is not sufficient to build a method that
(approximately) reconstruct the solution of the data completion problem for any
admissible data, it is also mandatory to propose a strategy for noisy data, as in
practice data are always corrupted by some noise due to inaccurate measurements.

3. Standard quasi-reversibility method. We define b a symmetric bilinear non-
negative form on X, and denote by ||.||» the induced seminorm on X. We suppose
that it exists two strictly positive constants ¢, C such that

Allali < Azl + [lff < %%
Therefore, the symmetric bilinear form (.,.) 4,5, define by
V(z,z) € X, (2, %) ap = (Ax, AZ)y + b(z, ),

is a scalar product on X, and X endowed with this scalar product is a Hilbert space.
We denote ||.|| 4,5 the corresponding norm, which is equivalent to the ||.||x norm.
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Obviously, there exists such a form b: it suffices to take the whole scalar product
in X, b(.,.)=1(,.)x.

Adapting the initial idea of Jacques-Louis Lions and Robert Lattes [19], the
quasi-reversibility method applied to the abstract data completion problem defined
above relies on the resolution of the following regularized problem

Problem. fory e Y and e >0, find x. € X such that
(Az, Ax)y + eb(z.,z) = (y, Az)y, VreX.

The quasi-reversibility equation is the Euler-Lagrange equation corresponding to
the minimization over X of the energy [|Az — fI|3, + ¢[|z[[. In other words, it is a
Tykhonov regularization of the data completion problem, € > 0 being the parameter
of regularization and ||.||; the penalization (semi)norm. Since its introduction in
1963 by A.N. Tykhonov [37], this regularization has been widely studied and used to
solve inverse problems (for a complete study on the topic, see [36] and the references
therein). There are various methods to study such regularization method: e.g.
singular value decomposition if A is compact (which is not the case in our data
completion problems, see section 5) or spectral theory. Here we propose another
approach to study the method, based on the variational formulation of the quasi-
reversibility method, and on the differentiability of the approximated solution with
respect to the parameter of regularization, the later being useful in the study of the
iterated quasi-reversibility method.

First of all, let us verify that the quasi-reversibility problem is well-posed.

Proposition 3. For any y € Y and € > 0, the quasi-reversibility problems admits
a unique solution x., with the following estimates:

1
[Azclly < Iflly, Az —ylly < [llly, lzellap < ———=llylly-

min(1, \/€)
Proof. let us define the bilinear form
ac(z, %) = (Azx, AZ)y + € b(z, &), Yz, T € X.
It is obviously continuous. Furthermore, for all x € X, we have
ac(z, 7) > min(1, )|zl .

and therefore it is coercive. Finally, as |(y, Az)y| < [|4| lylly lzllx < 1Al lylly =]l 4.0,
we obtain the existence and uniqueness of x. by Lax-Milgram theorem. By defini-
tion, we have

[Azc |3, < |Aze |3 + ellz-f = (Aze, )y < [[Azcllylylly = [Aze]ly < [ylly-
Furthermore,
(Aze—y, Az.)y = —¢llec|lf < 0= Az —y[} < —(y, Ave—y)y < [lylly || Az-—y]ly,
implying ||Az: — y|ly < ||ly|ly- Finally, we have

[Aze|3 +ella:lly = (Aze, )y < | Aze|lyllylly < \/IIA%H%; +ellzell? llylly

leading to min(1, ve)|[zella < \/||A376||;2y +ellzelly < llylly- H

Remark 2. In particular, we always have x. X 0.
E— 00
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Suppose there exists © € X such that Az = y (i.e. y € Vaam). It is easily
seen that = is never the solution of the quasi-reversibility problem, except in the
special case y = 0 (which is always in V4, ) for which £ = 0 = z.. In other words,
there is no € > 0 such that the quasi-reversibility method reconstructs exactly the
exact solution of the data completion problem. As seen in the following corollary,
the solution of the quasi-reversibility problem is also never 0, except again in the
special case y = 0.

Corollary 1. The three following properties are equivalent:
(i) y#0
(1) 3e>0 st 2. #0

(#ii) Ve > 0, x. # 0.

Proof. obviously, (iii) implies (ii). Furthermore, as min(1, v/e)||zc|las < ||ylly, (ii)
implies (i).

Suppose it exists € > 0 such that x. = 0. For that particular £ and for any
x € X, we would have (y, Ax)y = (Az., Ax)y + e(x.,z)p = 0. As Im(A)y =),
this directly implies y = 0, so (i) implies (iii). O

Proposition 4. Lety € Y, and x. the solution of the corresponding quasi-reversibility
problem. Then Ax. strongly converges to y (even if y is not an admissible data).

Proof. As min(1,v2)||zc||ap < |lylly, we have, for any = € X,

& —0
el b(ae, 2)| < ————=llyllyl]s == 0.

min(1,/e)
Let (£1m)men be a decreasing sequence of strictly positive real numbers such that
limy;, 00 €m = 0, and note z,, := z., . As ||Aznlly < |lylly, it exists a subsequence
(still denoted x.,) such that Ax,, weakly converges to § € ). But, for all x € X,
we have

m— o0 m—r oo

(y — 9, Ax)y +—— (y — Az, Az)y = epb(@m, ) ——— 0,

. - Y
that is y = ¢ as Im(4)” =), and Az, weakly converges to y. As ||Aznlly < llylly
(proposition 3), Az, strongly converges to y. It is then not difficult to see that
Ax. strongly converges to y as € goes to zero. 0

We can now state the main theorem regarding the standard quasi-reversibility
method:

Theorem 3.1. Suppose y € Voam, and let xs be the (necessarily unique) solution
of the abstract data completion problem. Then x. converges to xs as € goes to zero,
and we have the estimates ||Az. —y|ly < vellzslls, |zells < |aslle and ||z — x5l <
25 [5-

Suppose Y € Vnaam- Then lig(l) lzellp = +o00.

g

The theorem remains valid when the |||y seminorm is replaced with the ||.]|.a.

norm.

Proof. Suppose first that y € V,aam- Then, as x. is a sequence in X such that Az,
converges to y (proposition 4), proposition 2 and remark 1 imply lim._,q ||z:||x =
+00. As ozl = [ Avell3 + 2] > llaclx, we have lim. o [l = +oc.

Now, suppose it exists x; such that Azs = y. Then, choosing x = z. — x, as test
function in the quasi-reversibility problem, we obtain

Az -y} + eb(we, 20 — ) = 0, (1)
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which in turn implies b(z., 2. — z5) < 0 = ||zclls < ||zsllo = |lzellap < |zs]|ap-

Therefore, z. is a bounded sequence in X, and up to a subsequence it weakly
converges to . As A is a linear continuous operator, and hence is weakly continuous,
proposition 4 implies AZ = y, which implies £ = x; as A is one-to-one. The
uniqueness of the limit implies that the whole sequence weakly converges to .
Finally as ||zc|lap < ||zs||a,p, the sequence strongly converges to z.

Subtracting eb(xs, . — z5) to equation 1, we obtain

|Aze — y”§i +ellzs — 2§ = —eblws, ze — x5) = |lws — xelly < [b(ws, e — @)

and by Cauchy-Schwarz inequality, ||z — 2s|[s < ||2s]]o-
Finally, equation 1 implies

1Az — I3 < ellzelle 22 — zsllo < el

which ends the proof. O

Next, we focus on the differentiability of the solution of the quasi-reversibility
method with respect to €, a result that will be useful in the study of the iterated
quasi-reversibility method.

3.1. Differentiability of the quasi-reversibility solution with respect to «.
It turns out that x., solution of the quasi-reversibility problem, depends smoothly
on the parameter of regularization €. Indeed, let us define the map F : & > 0 — z..

Proposition 5. The map F' is continuous.
Proof. We choose € > 0 and h such that € — |h| > 0. For any z € X, we have
(Azeyn, Az)y + (e + h) b(zeqn, x) = (y, Az)y

(Aze, Az)y + € bz, ) = (y, Ax)y.

Subtracting the two equations, and choosing = Z. j, 1= T.4 — 2., lead to
[AZe 3 +ell@enlls = —hb(@etn, Tep)-

In conclusion, we have

min(1,e) |Zen 4 s < llzernllo]Fnllo < hmin(1, (e + 7)) ylly1Z<nll 4,

which ends the proof. 0

Remark 3. If the data completion problem admits a solution x4, then F' extends
continuously to R* by defining F(0) = z.

Proposition 6. We have F € CY(Rf;X). For alle > 0, F'(¢) = 2, unique
element of X wverifying
(AzV| Az)y + eb(zV, 2) = —b(x.,2), VreX. (2)

Furthermore, ||$£1)||A,b < min(1,e72)|yly-

Proof. By Lax-Milgram theorem, there exists a unique xgl) € X verifying 2, and it
clearly verifies

. . _1
min(Le) |2V, < flaellpllz]lap < min(le™%) fylly el ap-
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It is a continuous function of e: indeed, for ¢ > 0 and h € R s.t. € — |h| > 0, we
have, for all z € X,

(Az),, Az)y + (e + h) b(al),, &) = —b(zein, x)
(Arcé”,Ax)y +e b(:cgl),x) = —b(xe, x).

W .0 W

Choosing = = _; ==/, € X and subtracting the two equations lead to

- ~(1 1 ~(1 ~ ~(1
1AZ 13 + @12 = —hb(a, 50)) — b(@en, 20)).
Therefore,

18804 < B min(L, (= + 7)~/2) + min(L, (e + 5) /) min(1,7) ) lylly

e,h

implying the continuity of the map R} > & — xél) € X. Remains to be proved that
F'(e) = 2. For ¢ > 0 and h € R such that ¢ — |h| > 0, we have

(Azeyn, Az)y + (€ + 1) b(@etn, x) = (y, Az)y

—(Aze, Ax)y — € bz, ) = —(y, Ax)y

—h(AzWM | Az)y — he bW, z) = hb(z., z).

Choosing = 2., 1= Teyp — Te — th) and adding the three above relations lead
to

| AZe n||3+elZen lap < h2C(h,e)|lylly, with C(h,e) > ¢ > 0.
The result follows. O

‘l% = _hb(fa,hafij{:,h) = ||i‘s7h

A simple induction leads then to the following theorem:

Theorem 3.2. F € C*®(R};X). Fore >0, for all m € N,

dmF -
(e = o™

with xém) defined recursively by

xg()) = T,
vm € N, xémﬂ) is the only element of X wverifying

Az Az)y +eb(@™ Y 2) = —(m + 1) b=, 2), Vo € X.
In particular, xgm) verifies the following estimate:

(m) < )
ol s < e il

If the data completion problem admits a solution xg, it is not difficult to prove
that
2™ a5 < min(1,e™) " ml ||z 4,5.

Finally, we have the following generalization of corollary 1:

Corollary 2. the three following properties are equivalent:
(i) y#0
(ii) 3= >0, Im e N s.t. 2™ #£0

(iii) Ve > 0, ¥m € N, 2™ 0.



ITERATED QUASI-REVERSIBILITY METHOD 9

Proof. Clearly (iii) implies (ii). Furthermore, as min(1, 5m+%) 2™ ap < m!ylly,
(ii) implies (i).
Suppose it exists € > 0 and m € N such that xé’”) = 0. If m = 0, then corollary 1

implies y = 0. If m > 0, as (Amem), Axémfl))y +€b(x§m),x§m71)) = —m||x§m71)||g7
we obtain xgm_l) = 0, and by induction z. = 0, implying again y = 0. Therefore
(i) implies (iii). O

3.2. Monotonic convergence of the quasi-reversibility method. In this sec-
tion, y # 0. Using the results on the derivatives of x. with respect to ¢, it is easy to
prove that if the data completion problem admits a solution x,, then x. converges
monotonically to x5 when € goes to zero. This is of course not the only method to
obtain such results (see for example [36], where spectral theory is used), but it has
the advantage to be quite simple.

The main result of this section is the following

Theorem 3.3. Suppose the data completion problem admits a unique solution x.
Then ||xe — x|l a,p is strictly increasing with respect to .

We need to prove first the following two results, which are true whether or not
the data completion problem admits a solution:

Lemma 3.4. For all m € N, for all n € N, (=1)™ (2™ 2(™) > 0.
Proof. For m € N, let us define the axiom of induction:
P(m): VYne{0,---,m}, (=)™ "b(z™ z(™) > 0.

Obviously, P(0) is true, as y # 0 = z. # 0.
Suppose P(M) is true for some M € N. Let k be in {0,--- , M + 1}.

o if k= M +1, then (—1)2MF2p(x(MFD M+ — 1 (MFD12 5 () (a5 y £ 0)

e if k = M, then, by definition of x£M+1),

M+1 M+1
B e i

(71)2M+1b(1’§M+1),1‘§M)) _ 7b(11;’§]\/[+1),’l}§]\/[)) TS >0
e if k < M, then, using successively the definition of xékﬂ) and xéMH), we
obtain
-1
b(I,gMJrl),zgk)) _ m((A$§M+1),Ax£k+l))y + Eb(x£M+1)7x£k+l))>
M+1
_ o (ng)’mgle))b'
Ask+1€{0,...,M}, P(M) implies
(_1)M+k+1b(z§M)’zgk+1)) S 0= (_1)M+k+1b(l,§M+1)’mgk)) > 0.
O

Proposition 7. The quantity ||Aze — ylly is a strictly increasing function of €.
1
Proof. Defining g : ¢ € R} QHAJJE —yl|3, we have

g'(e) = (Az. — y,mgl))y = fsb(xs,xgl)) > 0.



10 JEREMI DARDE

1
Proof of theorem 5.3. define g := ¢ € R} §||335 — 2,]|2. We have ¢'(g) = b(z. —

xs,asgl)) and ¢''(e) = ngl)Hg +b(z. — s, mgz)). Therefore

o2 + eb(. — z0,22)

ellzW )2 — (A(ze — z,), AzP))y — 2b(z. — x4, 21) ( definition of =)
= el|aM)? + eb(ze, 2P) — 2b(2. — 24, V) ( definition of 2. and Az, = )
— el|e D2 + eb(ae, o) - 29/(e).

eg”(e)

So g verifies the following ODE: e¢”(¢) 4+ 2¢'(¢) = 5||33§1)H2 + eb(z., :1:9)), that is
d
(29 (0)) = |2V [} + e®b(az, 2P) > 0.
e
Therefore, £2g/(¢) is a strictly increasing function. As ||z — zslly < [lzs]|» and

||$§1)||b < |s]|p, we have

min(1,¢)

%9 (€)] = |e%(we — ws, 2| < 2z — aulllazlly < ellslle —> 0,

which leads to £2¢'(¢) > 0 = ¢'(¢) > 0, which ends the demonstration, as |z. —
Zollas = /I Az: = yl3 + . — 2,2 O

4. Tterated quasi-reversibility. Asseen in the previous section, the quasi-reversibility
method can be viewed as a Tykhonov regularization of our abstract data completion
problem. Therefore, it seems natural to study a well-known extension of such reg-
ularization, namely the iterated Tykhonov regularization method, to our problem:
we then obtain the iterated quasi-reversibility method.

The iterated quasi-reversibility method consists in solving iteratively quasi-reversibility
problems, each one depending on the solution of the previous one. More precisely,
we define a sequence of quasi-reversibility solutions by induction : X! = 0y and
for all M € N, XM is the unique element of X verifying

(AXeMan)y +€b(Xa{w7m) = (yan)y +Eb(Xa{VI_1ax)7 Vr e X.

It is not difficult to verify that the sequence is well-defined. In particular, it is clear
that X0 = z., solution of the quasi-reversibility problem.

Our study of the iterated quasi-reversibility method is based on the follow-
ing result, which highlighted the link between the solutions of the iterated quasi-
reversibility method (X2),/c(_1jun and the derivatives of z. with respect to the
parameter of regularization e:

Theorem 4.1. For alle > 0, for all M € {—1} UN, we have

mEm m
XM =3"(-1) W”Cg ),
m=0 ’

M m
Proof. Denote XM := Z (—1)m5—'x§m). For M = —1, the sum is empty, therefore
m!
m=0
we have X! = 0y = X7 1. For M = 0, we also have X? = z. = X?. Finally, for
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M >1and 1 <m < M+1, in virtue of the definition of xém), we have for all z € X

(A <(_1)miz§m>) ,Ax)y te b( <(—1)mf:!x§m)> 3:)

—¢eb 1 m—1 em! (m—1)
- € ( R o NIk “””)
Summing for m = 1 to M + 1, and adding the equation verified by xgo) = Z., We
obtain
(AXMTL Az)y + eb(XMT 2) = (f, Ax)y + eb(XM 2).
A straightforward induction ends the proof. O

From now on, we suppose y # 0: if not, we have XM = 0 for all ¢ and M.

4.1. Some estimates on XM and AXM. We start with estimates on the M-th
iterated quasi-reversibility solution, valid for any data y, admissible or not. In other
words, these estimates are valid whether or not the data completion problem has a
solution.

Proposition 8. For all € > 0, for all M € N, we have
(a) IIXéw;llb <Xl
) IIAXZ |y < lylly

(b
(©) 14X —yly <lwly
(@ [AXY —ylly < [AX — gy

Proof. We start with estimate (a): asy # 0, we have 0 = || XY, < [|zc|ls = | X2|s-
M M

k+m
Furthermore, for M € N, || XM|? = Z Z (—1)k+m%b(x§k),x§m)). Therefore,
I'm!
k=0m=0
from lemma 3.4 we obtain
M+1 cMA+14m

b(zMFD 2™y > 0.

MA+1)2 _ v M2 _ N \MA1+m &
X2l — 11X2 ||b_2mz_:0( 1) L+ D!

Regarding estimates (b) and (c), we note that they hold for M = 0. Furthermore,
[AXXHHS = (5, AX2THY)y + eb(X2, X2 — e X2 3.
Estimate (a) implies b(XM+1, XM) < | XM+1)|2 and
[AXHHS, < (y, AX2TH )y
Cauchy-Schwarz inequality implies then the estimate (b). Furthermore,
[AXH —y3, = (AXIT =y, AXITHY)y — (AXH gy, y)y < —(AXMT =y, y)y

which leads to estimate (c).
Finally, the case M = 0 of estimate (d) correspond to estimate (¢) with same M.
For M € N, we note that
M+1 om
M ,
JAXMH gl = |3 (1) Aatm g3
m=0 :
M+1 2eMH

_ M 2 o

(AzMFD AXM )y,
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Therefore, it is sufficient to determine the sign of (—1)M+1(AxéM+1), AXM — )y
By definition, we have

(Ax£M+1)a Az — y)y =€ b(:chJrl)v:Cs)
and for all m € {1,..., M},

AeMAD) g (—ymEm) _(_ m+1€m+1 (M+1) _(m)
PO A () ) ) = (1) e o)
ymer €T (M+1) _(m—1)
D b,

Summing these equations for m = 0 to M, we obtain

ApM+D AxM _ —(—1 M+1€M+1
( xé I £ y)y - ( ) M'
M+41

In conclusion, (—1)M+1(AzM ™ AXM _ ), = i b(xg-MH) x;E-M)) < 0 by
lemma 3.4. The result follows. O

bt L),

Proposition 9. For alle > 0, for all M € {-1} UN, | XM, < M+1) lylly-

Proof. Proposition 9 is obviously true for M = —1. Let M € N. We consider first
the inductive sequence:

1 >0
VM e N, zp41 >0 and x?\4+1 — TM+1TM — a:% =0.

2

Note that the sequence is well defined as pas(z) := 22 —x s x — 22 verifies pps(0) < 0

and therefore has a unique strictly positive root.
We prove by induction that zp; < vV2Mxy. It obviously holds for M =
Suppose that zp; < V2 Mxq for some M € N. Then

P (\/mxl) =2(M + 1)a? — /2(M + )z120s — 275
> (2M + 1)2? — 2/ M + 1V Ma?
= (VATF1- Vi) a3 >0
and therefore xpr41 < /2(M + 1)z

Now, we specify the sequence, defining x; := llylly, and prove by induction

that || XM||, < zar41. Suppose it holds for someﬁ € N. Note that by definition
of XM+1 we have
[AXFHS + el X2THHE = (y, AX2TH )y + eb(X 2, X2
< lyllp 1 AX2* ly + el X2l X2 1o
<Nl + e warsa | Xy,
(we used estimate (b) of proposition 8 here) which in particular implies

X2 = warsa | X2y — 2? < 0.

The definition of the sequence (x37) e implies directly || XM +1||, < 2p740. As the
result is true for M = 0, the proposition follows. O

Remark 4. Actually, for M € N, the inequality in proposition 9 is strict.
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4.2. The case of exact data. From now on, we suppose that y € Y 4., and denote
x5 the solution of the abstract data completion problem. We define R := XM —z,,
the discrepancy between the M-th iterated QR solution, and the exact solution.
Note that by definition, R-! = —z, and for all M € N,

(ARM  Az)y +eb(RM 2) = eb(RM ™1 2), VxeX. (3)
We aim to prove the following theorem:

Theorem 4.2. For all e > 0, Révj A/I)(i) 0. In other words, for any e > 0, XM

converges to x5 as M goes to infinity.

As XM = z%zo(—l)m%xém), it means that the sum converges as M goes to

infinity. In other words, it means that if it exists x5 € X solution of Axs = y, then

- mgm m
m=0 '

hence the solution of the data completion problem can be seen as a series of deriva-
tives of the quasi-reversibility solution w.r.t. the parameter &.

Let € > 0 be fixed. We start with the following estimates
Proposition 10. For alle > 0, for all M € {—1} UN,

- IIR?;“Hb < |[RHls
- Xy < llslo-

As a consequence, we have |[RM ||, < ||lzs||p for all M € {~1} UN and all ¢ > 0.
Proof. Choosing z = RM in (3), we obtain
IARY 3 +e| REII; = eb(RY ™, RY) = R} < b(RY, RY™1) < [|RM [lo| RE o,

hence the first estimate is valid. Note that in particular, as |[RM||, < ||R?||, =
e—0

|lze — 25|y, we have ||RM|, — 0 for any M € N.
Let us now focus on the second estimate, which is directly true for M = —1.

For M € N, let us define g := ¢ € R — 1| XM||2. As by definition, XM =
M (fl)mfn—m!xgm), we have

m=0
iXM _ i(—l)mﬁx(m“) + i/[:(_l)m gm—1 ) _ (_1)Mﬂx(M+1).
de” = A= m!"e — (m—1)1"°¢ M
Therefore, we have
d M cM+m
g'(e) = b(dj:X;MvXEM) = Z(—1)M+mmb($£M+l)»wgm)) <0,

m=0

implying in particular that | XM||, < %1_% ||X717\/I||b = ||zs|lp, as [|[RM s %0, O

Proposition 11. The series Z ||AR£/[H§, converges, therefore
M

. M -
Jim [JARS [y = 0.
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Proof. For any M € N, we have
[ARYHHS + el [REH[S = eb(R2, REHY)
which leads to
[ARY ™S < eb(RY, REHY) < e RY (|| RX |1y < el|RY |7 = eb(RY ™, RE)—[|ARY|[3,.
Therefore, we obtain
IARXHHS + [ ARY S, < eb(RE ™, RY)

and by an immediate induction

M
> IART(S < el RN < ells 3.
m=1
Therefore , the series Z |ARZ"||5, converges. The property follows. O

Theorem 4.2 follows from the previous proposition: indeed, let ¢ : N — N be a
strictly increasing map, and define RM := RY (D) As

1B = IARXS + | REE < [lyll3 + 3

we have that (Réw )men is a bounded sequence in X. Consequently, there exists

¥ : N — N, a strictly increasing map such that Réw = Rﬁ(M) weakly converges to
R*> in X. As A is linear and continuous, we directly obtain from proposition 11
that AR = Oy, which implies R>* = 0y as A is one-to-one.

We hence have obtained that R — 0y, or equivalently X — z,. But

M — oo M — oo
we know from propositions 8 and 10 that || XM |4 < ||z, 4., implying that XM
strongly converges to z, and it is then not difficult to show that the whole sequence
XM strongly converges to x, as M goes to infinity.

4.3. The case of noisy data. In this section, we suppose that our exact data,
denoted y., € V, for which the data completion problem admits a unique solution
zs € X, is corrupted by some noise. The obtained perturbed data, denoted 3° € Y,
is supposed to verify ||y® — yer|ly < d: in other words, we know the amplitude of
noise on the data. On the other hand, there might or might not be x € X such that
Az = y%: we don’t know if ¢ is an admissible solution or not.

From now on, for any y € Y, we will denote X (y) the M-th iterated quasi-
reversibility solution with y as data. Our main objective in this section is to propose
an admissible strategy to choose M as a function of §, the amplitude of noise, to
ensure that, when ¢ goes to zero, XEM(‘S) tends to the exact solution zs. As pointed
out in proposition 2 and remark 1, this is a crucial point in the study of data
completion problems.

A first important remark is the following: AX2 (y) always converges to y, re-
gardless of the admissibility of y as data for the data completion problem.

Proposition 12. For any y € Y, for any ¢ > 0, AXM(y) AN y

M — o0
Proof. As Yaam is dense in Y, for any 1 > 0, it exists y,, € Vaam such that ||y, —
ylly < %. Proposition 8 (b) implies [[AXM(y) — AXM(yy)lly < lly —wally <

2. Finally, as y, € Yiam, there exists M, > 0 such that for any M > M,,
[AXM (y,) — yylly < 2. The result follows. O
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Next proposition defines the admissible choices of M to ensure the desired con-
vergence:

Proposition 13. For anye > 0, for any choice of M := M () such that M (6) —

6—0
+o0 and §y/M(8) ~—— 0, we have X240 (8 ?X’(? ..
— —

Proof. obviously, we have, for any ¢ > 0 and M € N
1X2 (%) = wsllap < 1X2(W°) = XX W) ap + X2 (y) = zslla.

If M := M(§) verifies lims_,o M(0) = 400, theorem 4.2 implies directly that
||X5M(6)(y) —Zs|lap o 0. Furthermore, propositions 8 and 10 imply

2(M +1
X207 - X2 < (1 2D - g3 = (14 .

The result follows. O

(M+1)
2 64—1)

Proposition 13 defines the admissible strategies to choose M depending on §.

An admissible choice could be M () := {%J for example. But such a choice, if

it guarantees the convergence of the method, does not correspond to any precise
objective. We therefore focus on another method to choose M (J).

Let r > 1. For afixed ¢ > 0, we define M := {M € N, [|AXM(y°) —y°|ly < ré}.
Proposition 12 implies that My is non-empty, and we define M (§) as the minimum
element of M: M (§) := min {M € M(J)}.

M (9) is chosen accordingly to the Morozov discrepancy principle: it is the first
M € N such that the distance between AXM and y° is (approximately) equal to
the distance between Az, =y and y°: ||[AXM — 10|y ~ ||Az, —y°||y. This method
to choose M depending on § has two interesting characteristics:

1. with this choice, one does the minimum number of iterations of the iterated
quasi-reversibility method required to obtain an error in the residual ||AX2 —
y°||y of same order of the error on the data.

2. such choice is admissible, in the sense of proposition 13.

We now prove that M (4) is an admissible choice.

Proposition 14. M (9) 220 4o

Proof. Suppose it is not the case. Then there exists a sequence of strictly positive
n—oo

real numbers 4,, and a positive constant C' such that 6, —— 0 and M (4,,) < C.
It implies the existence of a subsequence (still denoted §,,) and M., € N such that
5n 2225 0 and M(5,) 27 M. In particular, it exists N € N such that for all
n> N, M(6,) = M.

For n > N, the definition of M (§) implies

n— oo

[AXM (y°) — yeully < JAXM=(42) — v Iy + |¥°" — Yeally < (r+1)8, —— 0.

Consequently, using proposition 8 we have
IAXY (yer) = Yeully < 1AXD™ (yer) — AX2= (™) [ly + IAXY= (4°") = yeally
< Hyew - yé"’Hy + (T + 1)671 = (’I“ + 2)671 —0,
n—oo
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that is AXM> (yer) = Yeur. If My, = —1, we directly obtain y., = 0, in contradiction
with the hypothesis. If M., = 0, we obtain z. = z,, which again (corollary 1)
implies y; = 0 Finally, if My, > 0, as for all z € X,

(AXEMOO (Yex), Az)y + 5b(Xéwoo (Yex), ) = 5b(XéWOO71(yea:)ax) + (Yew, Ax)y,

we obtain XM= (y.,) = XM=~"1(y.,), or equivalently a?éM‘”)(yex) = 0, which again

implies y., = 0 by corollary 2. We obtain once again a contradiction, which ends
the proof. O

Proposition 15. %in%) 0/ M(6) =0.
—

Proof. by definition, we have ||AX5W(5)71(y5) —y°|ly > r8. Therefore

||AX5M(6)_1(3/6:E) — Yexlly = HAXéw(é)_l(yez) - AXEZ\/[(6)_1(:U6) + AXEM((S)_l(yé) - y6 + y6 — Yexlly
> [ AXM O ) = oy — [AXP O (yer) — AXP O ) = (yew — v°) 1y
> (r—1)0

as proposition 8, estimate (c¢) implies

||AXEM(6)_1(?J€I) - AXaM(é)_l(yé) — (Yew — yé)H)} < ||Yex — y(S”y <.

We hence have obtained:

(M(8)-1)8*(r—1)> < (M(8) =D AXY Oy ) —yea |3 = (M (6) =1 ARM O (yea) 13-

As AR (yea) Iy < [ARZ (Yeo)[ly and 32, [[ART (yea |5, converges, m[| AR (yes) I3,

tends to zero as m goes to infinity. Therefore, (M (§) — I)HARy(‘S)_l(yw)Hﬁ, goes
to zero as J tends to zero, implying that

lim (M (6) — 1)6%(r — 1)* = 0.

0—0
The result follows. O

5. Quasi-reversibility methods for data completion problems for the Pois-
son’s equation and the heat equation. We will now go back to the data com-
pletion problems described in the introduction, and verify that they correspond to
the abstract setting introduced in section 2.

5.1. Poisson’s equation. As mentioned in the introduction, the data completion
problem for Poisson’s equation is: for (f,gp,gn) € L?(2) x L*(T") x L3(T'), find
u€ HY(Q) s.t.

—V.oVu = fin(Q
u = gponl
oVu-v = gnyonl.

We could directly use this formulation of the problem to obtain a quasi-reversibility
regularization. However, if we do so, we obtain a fourth-order variational problem,
which is rather difficult to discretize as we would need C'! or non-conforming finite
elements which are seldom available in numerical solvers. Therefore, we first modify
the problem by introducing the flux p := o-Vu as an additional unknown, following
the idea introduced in [31]. It verifies =V -p = =V - oVu = f € L*(Q) and
p-v=o0Vu-v =gy € L*T), hence

p € Hy(Q) := {q € L} ()7, V-qe L*Q), q-v e L*T)}.
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ﬁdi\,(Q), endowed with the scalar product
(P9, ;:/ (p-q+(V-p) (V-q)) da:+/(p'V) (q-v)dS
Q r

is an Hilbert space [32]. We modify the data completion problem the following way:

Problem. For f, gp and gy in respectively L*(Q), L*(T) and L*(T), find (u,p) €
HY(Q) x Hgi,(Q) such that

oVu = pin
-V:p = finQ
u = gp onTl
p'v = gnonl.

Obviously, this is exactly the same problem as previously. However, this small
modification will lead to a second-order variational quasi-reversibility regularization
in the product space H' x Hgy, easily discretized using standard finite-elements.

To fit in our abstract setting, we introduce the operator

A :(u,p) eX = Hl(Q) X f{di\,(Q)
= (oVu—p, =V p,ur,p-yr) €Y = L*(Q)* x L*(Q) x L*(T') x L*(T).

The spaces X and ), endowed respectively with the scalar products

(wp). ) = wo)m + (P9,

and
((Fafagah%(ﬁﬁgjl))y::/Q(F-f*‘-l—ff)d;v—&-/r(gf]-l—hﬁ)ds

are obviously Hilbert spaces, and the data completion problems can be rewritten:
ﬁl’ld (U, p) € X SU'Ch that A(U, p) = (07 f7 gD7gN> S y

Proposition 16. A is linear, continuous, one-to-one. It is not onto but has dense
range. Additionally, A is not a compact operator.

Proof. Clearly, A is linear continuous. As the data completion problem for Poisson’s
equation is known to admits at most a solution, but may have no solution, A is one-

to-one but not onto. Let us prove that Im(A)y =Y. Let (F, f,g,h) € Y such that

(A(w.p). (F.f.9.) =0, V(w.p) eV,

that is
K;«aVu—p)F—(VTﬁf)dx+[;Guﬁ{pw)h)ds:o, V(u,p) € HY(Q)x Hay ().

Choosing u = ¢ € C°(Q) and p = 0, we obtain —V - 07 F = 0, and in particular
oTF € Hg,(Q). Choosing u = 0 and p = ¥ € C(Q)¢, we obtain Vf = F.
Therefore, f € H' (), and verifies —V - 07V f = 0. Hence, taking u € H' () and
p = 0, and using the Green formula, we obtain

<HVﬁuw=/

Q

OTVf-Vudas:/

UVu-Vfdx:—/ugds, Yu € H'(Q),
Q

r
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implying that 67V f.-v = —gon T and 0 on T'.. Taking « = 0 and p € Hei (Q),
and using the divergence theorem, we obtain

w-vfy= [ (p-Vr+Vopf)dr= [@-)nas

and therefore f = h on I and 0 on I'.. We have obtain that f € H'(Q) verifies
—V-0'Vf=0inQand f =0TV f-v=0onTI. by uniqueness of the solution
of the elliptic data completion problem, necessarily f = 0, which implies directly
F=0and g=h=0.

Finally, let us prove that A is not a compact operator. Consider e,, an Hilbert

basis of L?(2), and u, in H*(Q) verifying /un dr = 0, =V -oVu, = e, in

Q and oVu, -v = 0 on 09. It is not difﬁc?ﬂt to show that wu,, exists and is
unique. Furthermore, |u, | 1) < C(Q,0), and in particular [Ju, ||z < C(Q,0).
Defining p,, := 0Vu, € Hgy(Q), we obtain IPnllg, < C(R,0), hence (uy,pn) is
a bounded sequence in X. But A(un,pn) = (0,€n, Uy |r,0) does not admit any
convergent subsequence. O

To define our quasi-reversibility approach to this data completion problem, we
choose b(.,.) such that the corresponding norm ||.||4,» is equivalent to the norm
Illx- Of course, we could choose the whole X-scalar product. But it might be
interesting to use another form, to soften the regularization: here we define

b((u,p),(v,q)) = /Q(VwVv—Fp-q) dx

which is a symmetric bilinear non-negative form in X (but obviously not a scalar
product). Using Poincaré inequality, it is easy to obtain the existence of ¢,C' > 0
such that
cllv,allx < flv,allap < Cllv, gl x-

As for any (v,q) € X, |Jv,q|ls < ||v,q]|x, for a fixed e the regularization term in
the quasi-reversibility method is smaller.

Applying the abstract setting to this problem, we obtain the following quasi-
reversibility regularization: for e > 0, find (u.,p.) € H*(Q) x .Hdiv(g) such that for

all (v,q) € H'(Q) x Hg, (),

/Q(UVUE—pg)-(UVU—q)dx—&—/Q(V~pE)(V~q)dx+/r(uav—&—(pa-u)(q-u))ds

+£/Q(Vu5-Vv+p5~q)da;:—/Qf(V-q)dx—k/F(gDv+gN(q-V)>ds.

This problem always admits an unique solution (u.,p:). We know from our study
that if the data completion problem for the Poisson’s equation admits a solution
(us, Ps), then (ue,pe) converges monotonically to (us, ps) as € goes to zero, with
the estimate

\/HJVUE *Ps”%z(g)d +[IV-pe — f”%z(g) + [Jue — gD”%z(r) +|lpe - v — 9N||2L2(r)

< \@”Us,psnb-
If not, we know that ||(ue, pe)lls 5 oo
e—

The quasi-reversibility method we obtain in this study is close to the one proposed
in [31] to stabilize the data completion problem, which was: find (uc, pe) € H'(Q) x
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ﬁdiv(g), ue = gp and p. - v = gy on I, such that for all (v,q) € H*(Q) x Hgy,(Q),
v=q-v=0onT,

/wm—pe>-<aw—q>dx+/<v-p5><v-q>dx
Q

Q
+e (e ) == [ £y

The two differences are first the use of b(.,.) instead of (.,.)x in the regularization
term, and secondly in the way the boundary condition are included in the problem.
In the formulation proposed in [31], they are strongly imposed, which presents two
main issues: one is theoretical, as the regularized problem might not have solution if
gp is in L*(T), and not in H'/2(I"), as in that case there is no v € H'(Q) such that
v = gp on I', and therefore u. cannot exist. The second one is practical: it is not a
good idea to strongly impose data which might extremely noisy, as in that case the
noise is somehow imposed to the solution. In the quasi-reversibility regularization
obtain in the present paper, the boundary conditions are weakly imposed, which
solves both of the problems: the regularized problem always admits a solution,
even in the case where gp is not the trace on I' of a H! function, and the noise is
regularized directly by the formulation, leading to a stabler formulation.

Finally, the abstract iterated quasi-reversibility method applied to the elliptic
data completion problem is: for ¢ > 0, (uz!',p-!') = (0,0) and for all M € N,
(uM PMy e H'(Q) x Hg,(Q) verifies

/(UVUQI—py)~(UVv—q)dx+/(V'p£/I)(V~q)da:
Q Q
[ (o @ @) ds b (wdp). () =

—/Qf(V-q)dx—i—/F(gDv—FgN (q-u)) d8+8b<(UEZ\/1_1,P?I_1)7(’U,q)).

and we directly know that v and p converge to u and oVu when M goes to
infinity. In the case where noisy data f?, g% and gf\, are available, such that

lgp = abll72y + gy — ol Fzy + 1f = £ NZ20) < 67

in accordance with the result of section 4.3, we stop the iterations the first time
that | A(u,pM) — (0, %, 9%, 9%)|ly < rd, with r > 1 close to 1.

Remark 5. Actually, in the following numerical results, we use r = 1.

5.2. Heat equation. As for the Poisson problem, we modify the data completion
problem defined in the introduction, introducing the flux p := Vu as an additional
unknown:

Problem. find (u,p) in L*(0,T; H'(Q))NH (0, T; L?(Q)) x L2(0, T; Hai, () such
that

Vu = pinQ
u = gpon(0,T)xT
p-v = gyon(0,T)xT
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Again, we define
A:(u,p) € X == L*(0,T; H'(Q)) N H'(0,T; L*(€)) x L*(0,T; Hai, (2))
= (Vu—p,0u— V- p,up,p-vr) €Y =L*0,T; L*()%) x L*(0,T; L*(%))
x L(0,T; L*(T)) x L*(0,T; L*(I)).

Here, the spaces X and ) are endowed with their natural scalar products, re-
spectively

((u,p),(v,q))X:: /OT/Q(Btuatv+Vu~Vv+uv+(V-p)(V-q)—|—p~q)dxdt

+/OT/F(p-1/)(q~V)det

and

((Flaf17917h1)7(F2,fz,gz,h2)>y = /OT/Q (F1 -Fo+ f1 fz)d:cdt

+/OT/F(9192+h1h2)det.

It is then not difficult to verify the

Proposition 17. A is a linear continuous. It is one-to-one but not onto, and has
dense image. Furthermore, it is not a compact operator.

Proof. We will just prove prove that A has dense range, as it is not difficult to be
convinced that A is non compact, and the rest of the proposition follows directly
from the definition of A, X and Y, and the ill-posedness of the corresponding data
completion problem.

Let F € L%(0,T;L*(Q)4), f € L*0,T;L?(2)), g € L*(0,T;L*(T)) and h €
L?(0,T; L*(T")) be such that for all v € L%(0,T; HY(Q)) N H'(0,T; L*(Q)) and all
qc L2(07 T Hdiv(Q))a (A(Ua q)a (Fa f>g7 h)>y =0, that is

/OT/Q((Vvq)-F+(8tvV~q)f>dx+/OT/F(vg+(q.y)h)d5O_

First of all, choosing g = T € C(Q)¢, we obtain F = Vf, and therefore f €
L2(0,T; HY(Q)). So we have

T T
/0 /Q ((Vv—q) -Vf—i—(atv—v-q)f)dx—i—/o /F(vg-i-(q-y)h)ds:(). (4)
For all q € L?(0,T; Hyi, (Q)), for almost all ¢ € (0,T), we have
/Q (q Vf+(V: Q)f)dﬂf ={a-v, flu-1/200),11/2(00)

which leads by integration in time to

T T
/ (a-v, flu-1200),m1/200)d = —/ /(Q'V)hds dt
0 0 r

that is f = —h on (0,7) xT" and f =0on (0,7) x I..
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Now, taking v = ¢ € C°(Q) in (4) leads to &:f + Af = 01in (0,7) x 2. We
see that V := (f,Vf) € Hg(Q), and we can apply the divergence theorem: for all
ve HY(Q) = L0, T; HY(Q)) N HY(0,T; L*()), we have

/Q ((Vt,a; . V)’U + V- Vt,mv) drdt = <V -V, ’U>H*1/2(8Q).,H1/2(8Q)-

that is, taking any v € H'1(Q) such that v(0,2) = v(T, z) = 0,

T
/ / ((atf +Af)o+f 3tU+Vf'VU)d$dt = ((Vfv,0) g-1/200),01/2(60)) H-1/2(0,T),H/2(0,T)
0 e T

leading to Vf -v = —g on (0,7) xT' and Vf-v =0 on (0,T) x I'.. Therefore, f
verifies 0;f + Af =0in (0,7) xQ, f =Vf-v=0o0n (0,T) x I';, hence f =0 in
(0,T) x T, leading to F = 0 and g = h = 0. O

Similarly as for the previous regularization, we introduce the symmetric bilinear
non-negative form

b((u,p),(v,q)) = /OT/Q(atuatv+Vu~Vv+p-q)dxdt.

It is easy to check that the bilinear form (A(u,p), A(v,q))y + b((u, p), (v,q)) is a
scalar product on X, and that it exists two constants ¢, C > 0 such that

cllu,pllx < llu,pllap < Cllu, pllx.

The quasi-reversibility regularization we consider is therefore: for ¢ > 0, find
(ue, pPe) € X such that for all (v,q) € X, we have

T
| [ (@ =9 @0 =9 @)+ (Vu—p0) - (Vo - a))dods

T T
—I—/ /(uav—i—(pg-y)(qw))det—I—e/ / (atugatv—&—VuE-Vv—&—pg-q)dmdt
o JT o Ja

/OT/Qf((?tvV~q)d:z:dt+/0T/F(gDv+9N(Q'V))det.

According to our present study, this problem always admits a unique solution
(ue, pe) that converges to (u, Vu) when e goes to zero. The corresponding iter-
ated quasi-reversibility is: (u=!,p-!) = (0,0) and for all M € N, (u}, pM) is such
that for all (v, q),

T
| (0 =9 p2) @ = V) + (Va2 — p) - (Vo - @) )do
0o Ja
T T
+/ /(ué”v+(p§”-y)(q~y)>d5dt+s/ /(8tué”8tv+Vué”-Vv+pé”-q>dxdt
0 T 0 Q

:/OT/Qf(atv—V-q)dxdt—f—/oT/F(gDU+gN(Q-I/)>det

T
—|—5/ /(6tu£4_18tv+VuéM_l-Vv+py_l-q)dmdt.
0 Q

6. Numerical results.
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6.1. Elliptic equation. We consider a domain Q C R2, with exterior boundary I"
and interior boundary I'. defined by

aT = {r(t) Ej’sgﬂ telo, m} ar, = {rc(t) Ej’s((f))] telo, m} ,
with
r(t) =1+ 0.1cos(2t) — 0.05sin(3¢), 7.(t) = 0.5 —0.02cos(t) + 0.1sin(t).

We consider the problem of reconstructing a Robin coefficient 1 on OI'. from the
knowledge of a noisy Cauchy data (g9,,¢%) on OT'. Mathematically, we want to
reconstruct a function u € H*(Q) and a function n € C?(T'.) such that

—Au = 0 in Q

u = g% onl

ou = g% onl
ou+nu = 0 on I,

The Cauchy data (g9, 9%) € L?(I") x L?(T") is supposed to correspond to an exact
data (gp,gn) corrupted by some noise of amplitude 0 :

5 5
gD — 9pll72ry + llgn — gn 72y < 6%

Our strategy to reconstruct n is therefore to compute uéw((s) and péVI (6), approxima-
tions of u and Vu with the prescribed noisy Cauchy data on I' and no data at all on
T'., using the iterated quasi-reversibility method for the Poisson problem. Then, we
m(s)
obtain an approximation 7. of nn on I'. by simply taking the ratio 7. = —T(é)y.
Ue

In our experiments, 7 = 0.5 + 0.3 sin(2 (§ — 57/4)), 0 being the polar angle of a
point x on I';, and gy = 1. The corresponding Dirichlet data is obtained by solving
the direct problem —Au =01in Q, d,u =0.2 on I" and d,u + nu = 0 on I, using a

finite-element method, and defining gp := ur.

=3 0.95
R
09
y 0
05 . 085

FIGURE 1. Exact solution.

Then we corrupt the Dirichlet data gp pointwise with a normal noise having zero
mean and variance one, to obtained the corrupted Dirichlet data ¢$,. The noise is
scaled so that

l9® = 9pllec = allgnlos
that is the relative amplitude of noise in L>°-norm is . In the experiments, we have
chosen o = 1%, 2% and 5%. The exact Neumann data is used (i.e. g% = gn), as in
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practical situations it is the imposed data (the net current), whereas the gp is the
measured data (the corresponding voltages). Therefore gy is known quite precisely
compared to gp. We then compute the corresponding amplitude of noise for the
L? norm 6 = 6(a, ||gp ||~ ), which defined our stopping criterion for the iteration of
the method.

The iterated quasi-reversibility problem is then solved using a conforming finite-
element method using P» Lagrange finite elements for u and RT; Raviart-Thomas
finite elements for pM [39]. The study of convergence of the finite-element approx-
imation of the quasi-reversibility approximation toward the continuous solution is
just a slight adaptation of section 4.4 in [31], as the formulations are quite similar,
and therefore is omitted in the present study. To avoid an inverse crime, the direct
and inverse problems are solved on different meshes.

NN, SOUWVZINN
NATAVATAV S 22y (NN N
P Sl NI
ORGSR KSSANNAL LA
ORISR KSR
WA A Oy N a5 LRENKS
LR &
05 o< Ay 05
&K A‘t‘ IS, 4»;7%474
AN o SR SO A
AN NSRRI, KB
SRR RRRPRG AR
ARz NN e KKK
NRRERIZSRRY) SR KXY
o IRERKERIER NoHARice * ISR
R RNk SRR
SRR SR ROV,
RERPSTRINKRR SRS TR SEREE 7
RGN ISR DR 7
DR DAXNERAEL SRR IS B R Vans s
OSSN S RV A SV
R e e R Xty R S AL
st R S R e LY st R R R IS
R NS A R AR RIS SRRSO
A AR AN A AR AR %}01‘1}
N S b e SRR S SRR ORI KN
RIS A VYAVATAYA'S I

FIGURE 2. The direct and inverse meshes used in the numerical simulation.

According to our study, the choice of € is completely arbitrary in the iterated
quasi-reversibility method. Therefore, we have chosen ¢ = 1 in the experiments, as
it leads to a good conditioning of the finite-element matrices.

First of all, we present in figure 3 the evolution of the residual

\/HV : py”%z(g) + ||VU£-VI - pé”llia(g) + [Jue — 973”%2(1“) +|lpe - v — g?VHLz(F)

until the stopping criterion is reached. As expected theoretically, the greater is the
noise, the smaller is M (9).

Now we present the reconstruction results: in figure 4, the exact solution is
compared to the reconstructed one in the whole domain of study. In figure 5, we
focus on the boundary I': we compare the exact data gp, the noisy one g% used
in the iterated quasi-reversibility method, and finally the trace of the reconstructed
solution ul! ) Note that the iterated quasi-reversibility method gives good result
even with severely corrupted data.

Finally, on figure 6, we present the reconstructed Robin coefficient on I'., which

was our main objective. Again, the reconstruction is still acceptable for high level
of noise on the data.

6.2. One-dimensional heat equation. We now focus on the data-completion
problem for a one-dimensional heat equation. The problem reads: find u € H1((0,T) x
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20

FIGURE 3. Residual vs. number of iterations, until stopping crite-
rion is reached, for o = 1%, 2% and 5%.

(a,b)) such that

O = Ogeu in (0,7) x (a,b)
ut,a) = g%, t€(0,7)
opult,a) = g%, te(0,7).

Note that, as 9,,u = dyu € L?*(0,T; L*(a,b)), we have p := d,u € L?(0,T; H'(a, b)),
and hence gy (t) = p(a,t) € L?(0,T) without additional assumption, which is not
the case for the multi-dimensional case. Hence the equivalent data-completion prob-
lem with additional unknown p reads: for (¢%,9%) € L?(0,T) x L?(0,T), find
u € HY((0,T) x (a,b)) and p € L?(0,T; H*(a; b)) such that

Ou = 0Oyp in(0,T) X (a,b)

Ov = p in(0,T) x (a,b)
u(t,a) = g%, te(0,7T)
p(t,a) = g%, te(0,7T).

According to our study, the quasi-reversibility regularization of this problem is: for
e >0, find u. € H**((0,T) x (a,b)) and p. € L*(0,T; H*(a,b)) such that for all
ve HYY((0,T) x (a,b)), for all g € L2(0,T; H(a,b))

T b
[ [ (@ = 0.00) @0 = 010 + @r = o) 020 - )

T T b
—|—/ (uE (s,a)v(s,a)+pe(a,s)q(a, s)) dt—i—&/ / (&gug Oy v+0ue Op0+Dpe q) dx dt
0 0 a
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FIGURE 4. |uM(5 —ul, for @ = 1%, 2% and 5%.

= /T (g%(s) v(s,a) + g% (s) q(&a)) ds,

0

and the iterated quasi-reversibility method: for e > 0, define (uz!,p-t) = (0,0)
and for all M € N, uM € HY1((0,T) x (a,b)) and p™ € L?(0,T; H*(a,b)) are such
that for all v € H>Y((0,T) x (a,b)), for all ¢ € L*(0,T; H'(a, b)),

/ / (@t = 0up) (@10 — 020) + (Dl = p) (D0 = q))
—|—/0 (uM(s a) v(s,a)+pM(a, s) q(a, s) dt+5/ / opu dyv+-0,u 8,v+pM )dwdt

T
= / (g%(s) v(s, a)+g§s\,(s) q(s, a)) ds—l—s/ / <8tué\4*1 6tv+8xué‘/[*1 6xv+pé‘4*1 q) dx dt.
0 0 a

We discretize the space H!(Q) and L?(0,7T; H*(a,b)) using a tensorial product of
Lagrange finite elements, namely P! @ P! finite elements for H''! and P° x P! for
L?(HY).

In our simulations, we choose T' = 1, a 1 and b = 2. We consider two

(333 +z(1+ 2t)> and uy(t, ) :=

ool — ||

exact solution of the heat equation u; (¢, z) :=

e~/ sin (t/2).
The corresponding exact data (¢gp, g ) are corrupted pointwise by a normal noise
with zero means and variance one, which is scaled so that the noisy data (g%, g?\,)

3
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FIGURE 5. Exact Dirichlet data, noisy Dirichlet data, and trace of
uy(é) on I, for « = 1%, 2% and 5%.

verifies

l9p = glles = @llgnllos: 9% = gnlloc = @llgn oo
In our experiments, we test our method with a = 2% and a = 5%. As in the
elliptic case, we choose ¢ = 1, and stop the iterations of the method once the

stopping criterion is reached.
In figures 8 and 9, we present the relative error over Q, defined as the ratio

uM(8) —u
[[ulloo

for both solutions u; and us. We see that the iterated quasi-reversibility method

gives also good reconstruction for this parabolic problem, even for high level of noise

on both Dirichlet and Neumann data.
Finally, in figures 10, we present the evolution of the residual quantity

\/Hatué\/[ - 8$p£{|‘2L2(Q) + Haﬂcuéw - py”i%g) + ||ué”(.,a) - g%“?ﬂ(oj) + ||p<]€v[('7a) - g?\f”iZ(oj)

during the iterations of the method, until the stopping criterion is reached.
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