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Notations

Throughout the thesis, we use the following list of notations.

(-,-):  the usual Hermitian scalar product, defined by (z,y) = 7Tz, Vz,y € C".
|I|l:  the vector/matrix norms induced by (-, ).
A* =A": the adjoint operator of a matrix A € C™*".

2z* =7Z: the conjugate of a complex number z. This notation is chosen for the sake of
consistence with the notation of adjoint operator.

I: the identity matrix, whose size is understood from context.
p(T): the spectral radius of a matrix 7" € C™*".
s(T): s(T):= sup ||(I—T/2)"", VT € C™", p(T) < 1. See Appendix 3.A.

zeC,|z|>
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Notre objectif principal est d’analyser la convergence de méthodes d’optimisation basées
sur le gradient appliquées a la résolution de problemes inverses dont les problemes directs
et adjoints doivent étre résolus de maniere itérative. On peut s’attendre a ce que les pro-
blemes directs et adjoints soient résolus avec une haute précision puisque plus le gradient
de la fonctionnelle cofit est bien approximé, plus tot I'inconnue du probleme inverse est
retrouvée. En conséquence, dans chaque itération externe de mise a jour de I'inconnue du
probleme inverse a 'aide de méthodes de descente de gradient, un nombre suffisamment
grand d’itérations internes serait utilisé pour résoudre les problemes directs et adjoints.
Cependant, de nombreuses expériences numériques ont montré qu'un tres petit nombre
d’itérations internes peut encore conduire a une bonne convergence pour le probleme in-
verse. En plus de réduire le nombre d’itérations internes, le processus de calcul peut étre
amélioré en choisissant des méthodes itératives efficaces, telles que les méthodes de décom-
position de domaine, et en parallélisant les calculs des solutions des problémes directes et
adjointes . De plus, pour les problemes directs et adjoints de grande taille, les solveurs di-
rects, qui produiraient un gradient exact, ne sont pas pratiques en raison de leur cofit élevé
en mémoire. Cela nous a motivé a étudier les méthodes d’inversion de type one-shot et les
méthodes de décomposition de domaine, qui sont présentées dans ce chapitre d’ouverture.
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Le Chapitre 0 est organisé comme suit. La Section 0.1 est consacrée a la motivation
de la these et a I'état de 'art de notre direction de recherche. Ensuite, dans la Section
0.2, nous formulons une classe générique de problemes inverses linéaires dont les problemes
directs et adjoints sont résolus par des itérations de point fixe. Nous introduisons ensuite
les méthodes d’inversion de type one-shot qui iterent en méme temps sur les solutions du
probleme direct et adjoint. Comme nous aimerions avoir des solveurs itératifs plus efficaces
et pratiques que des itérations génériques de point fixe, nous présenterons les méthodes de
décomposition de domaine dans la Section 0.3. Une application aux problemes inverses de
conductivité est présentée dans la Section 0.4. Nous terminons le chapitre dans la Section
0.5 en faisant une synthese des contributions de la these.

0.1 Motivation et état de ’art

Pour les problemes inverses de grande taille, qui surviennent souvent dans des applica-
tions réelles, la solution des problemes directs et adjoints correspondants est généralement
calculée a 'aide d’un solveur itératif, tel que les méthodes de point fixe préconditionnées
ou de sous-espace de Krylov, plutot qu’exactement par un solveur direct, comme les sol-
veurs de type LU (voir par exemple [49, 1]). En effet, les systémes linéaires correspondants
pourraient étre trop grands pour étre traités avec des solveurs directs en raison de leur
colit en mémoire élevé. De plus, les solveurs itératifs sont plus faciles a paralléliser sur de
nombreux cceurs pour accélérer le temps de calcul. En couplant un solveur itératif avec
une méthode d’optimisation basée sur le gradient, 1'idée des méthodes de type one-shot a
un pas est d’itérer en méme temps sur la solution du probleme direct (la variable d’état),
la solution du probleme adjoint (I’état adjoint) et sur 'inconnue du probléme inverse (le
parametre ou la variable d’optimisation). Si deux itérations internes ou plus sont effectuées
sur I'état et I’état adjoint avant de mettre a jour le parametre (en partant des itérations
précédentes comme tentative initiale pour 1’état et ’état adjoint), on parle de méthodes
de type one-shot a pas multiples. Notre objectif est d’analyser rigoureusement la conver-
gence de telles méthodes d’inversion. En particulier, nous nous intéressons aux schémas
dans lesquels les itérations internes sur les problemes directs et adjoints sont incompletes,
c.-a~d. arrétées avant d’atteindre la convergence. En effet, résoudre les problemes directs et
adjoints exactement par des solveurs directs ou tres précisément par des solveurs itératifs
pourrait prendre beaucoup de temps avec peu d’amélioration de la précision de la solution
du probléme inverse.

Le concept de méthodes de type one-shot a été introduit pour la premiere fois par
Ta’asan [46] pour des problemes de contrdle optimal. Sur la base de cette idée, diverses
méthodes connexes, telles que les méthodes all-at-once, ou I’équation d’état est incluse dans
la fonctionnelle cotit, ont été développées pour 'optimisation de forme aérodynamique, voir
par exemple [47, 45, 25, 42, 41] et la revue de la littérature dans 'introduction de [42]. Des
approches all-at-once pour les problémes inverses pour l'identification des parametres ont
été étudiées, par exemple, dans [19, 5, 33, 31, 32, 39, 40]. Une méthode alternative, appelée
Wavefield Reconstruction Inversion (WRI), a été introduite pour I'imagerie sismique dans
[50], comme une amélioration de la Full Waveform Inversion (FWI) classique [48]. WRI
est une méthode de pénalisation qui combine les avantages de ’approche all-at-once avec
ceux de I'approche réduite (ou I'équation d’état représente une contrainte et est imposée
a chaque itération, comme dans FWI), et a été étendue a des problémes inverses plus
généraux dans [51].

Peu de preuves de convergence, notamment pour les méthodes de type one-shot a
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pas multiples, sont disponibles dans la littérature. En particulier, pour les problemes de
conception optimale non-linéaires, Griewank [17] a proposé une version de méthodes de type
one-shot a un pas dans laquelle un préconditionneur basé sur la Hessienne est utilisé dans
Iitération sur les variables d’optimisation. L’auteur a prouvé des conditions pour garantir
que les valeurs propres réelles du Jacobien des itérations couplées sont inférieures a 1, mais
ce sont juste des conditions nécessaires et non suffisantes pour exclure les valeurs propres
réelles inférieures a —1. De plus, aucune condition permettant d’assurer que également les
valeurs propres complexes soient inférieures a 1 en module n’a été trouvée, et les méthodes
de type one-shot & pas multiples n’ont pas été étudiées. Dans [22, 23, 14] une fonction
de pénalisation exacte de type Lagrangien doublement augmenté a été présentée pour
coordonner les itérations couplées, et la convergence globale de I’approche d’optimisation
proposée a été prouvée sous certaines hypotheses. Cette approche particuliere de méthode
de type one-shot a un pas a ensuite été étendue aux problemes dépendant du temps dans
[18]. Plus récemment, pour des problémes inverses géométriques, des méthodes d’inversion
de type one-shot combinées a la décomposition de domaine ont été analysées dans [7, 28]
dans le cas de géométries cylindriquement invariantes.

0.2 Les méthodes d’inversion de type one-shot

Nous présenterons des méthodes d’inversion de type one-shot (& un pas ou a pas multiples)
pour une classe générique de problemes inverses linéaires, pour lesquels nous avons déve-
loppé une théorie de convergence rigoureuse. Notre analyse se place directement dans le
cadre discret de dimension finie.

0.2.1 Probléeme inverse linéaire

Nous nous concentrons sur des problémes inverses linéaires (discrétisés), qui correspondent
a un probléme direct de la forme : trouver u = u(o) tel que

u=Bu+ Mo+ F (1)

ouu € R™ ¢ € R, B e RWw*™ M c R"™ " et F' € R™. Ici I — B est la matrice
inversible associée au probléme direct (par exemple obtenue apres discrétisation d’un mo-
dele EDP et application d’un préconditionneur au systéme linéaire), avec le parametre o.
L’équation (1) est également appelée équation d’état et u est la variable d’état. Pour o
donné, nous supposons que 1’on résout u par une itération de point fixe

Upy1 = Bug+ Mo+ F, (=0,1,... (2)

Nous supposons p(B) < 1 afin que 'itération de point fixe (2) converge pour toutes les
tentatives initiale uy (voir par exemple [16, Théoreme 2.1.1]) . En mesurant ¢ = Hu(o), ou
H € R™*"™ nous considérons le probléme inverse linéaire de reconstruction de o a partir
de la connaissance de g . Posons A = H(I — B)~'M. Le probléme inverse peut s’écrire
synthétiquement sous la forme Ao = g — H(I — B) "' F, ce qui revient & inverser la matrice
mal-conditionnée A. Nous supposerons dans la suite I'unicité de la solution de ce probléeme
inverse, qui équivaut a I'injectivité de A. En résumé, nous définissons

probleme direct : u= Bu+ Mo + F,
probléeme inverse : mesurer g = Hu(o), retrouver o

(3)
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avec les hypotheses :
p(B) <1, H(I— B)'M est injectif. (4)

Remarque 0.2.1. Considérer les matrices B et M a valeurs réelles n’est pas une hypothese
restrictive. En effet, le cas des matrices a valeurs complexes peut étre réécrit comme un
systéme d’équations a valeurs réelles en doublant la taille du systéme linéaire (voir Section
4.1).

Pour résoudre le probleme inverse, nous écrivons sa formulation de moindres carrés
régularisés : étant donné quelques mesures g, nous retrouvons la solution régularisée o
définie par

. . 1 a
05 = arglit,epn, J(0) ol J(0) = S| Hulo) — gl* + §HUH27 a>0. (5)

«

Dans le cas ot nous avons des mesures exactes, c.-a-d. ¢ = Hu(c®), on peut prendre oo = 0
afin que 05* = o*. Cependant, en pratique, les mesures sont souvent affectées par du bruit,
donc en général on ne peut pas reconstruire ¢ mais juste son approximation oL*. Nous
résolvons maintenant le probléme de minimisation (5). En utilisant la technique classique
du Lagrangien avec des produits scalaires réels, nous introduisons 1’état adjoint p = p(o),
qui est la solution de

p=B'p+ H (Hu— g)

et nous permet de calculer le gradient de la fonctionnelle colit comme
VJ(o) = M*p(o) + ao.
L’algorithme classique de descente de gradient donc s’écrit

n+1 n

o' =0 —TM*p" — Tao™,

Descente de gradient usuelle : u" = Bu"+ Mo" + F, (6)

ou 7 > 0 est le pas de descente, et les équations d’état et d’état adjoint sont résolues
exactement par un solveur direct a chaque itération pour o. Notons que lorsque F = 0,
(6) équivaut a o™ = o™ — 7A*(Ac" — g) — Tac™. On peut également envisager une
version légerement différente ot un schéma implicite est appliqué au terme de régularisation
conduisant au schéma de gradient semi-implicite suivant

n+1 +1

o =" —1TM*p" — Tag™ ",

Descente de gradient semi-implicite : u" = Bu" + Mo" + F, (7)
Pt = B*p" + H*(Hu" — g).

On peut montrer que les deux algorithmes convergent pour 7 > 0 suffisamment petit :
pour toute tentative initiale, (6) converge si et seulement si 7 < m et (7) converge
si et seulement si (p(A*A) — a)7 < 2. Ces résultats indiquent en particulier que 'on gagne

plus de stabilité avec le schéma semi-implicite.
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0.2.2 Principe des méthodes d’inversion de type one-shot

Nous nous intéressons a des méthodes ou les problemes directs et adjoints sont plutot
résolus de maniere itérative comme dans (2), et ott I'on itére en méme temps sur la solution
du probleme direct et sur I'inconnue du probleme inverse : de telles méthodes sont appelées
méthodes de type one-shot. Plus précisément, nous nous intéressons a deux variantes de
méthodes de type one-shot a pas multiples, définies comme suit. Soit n I'indice de l'itération
(externe) sur 0. Nous mettons a jour 0" = ¢" —7M*p" — 7a0™ comme dans les méthodes
de descente de gradient (ou respectivement, "™ = ¢" — TM*p" — Tac™! comme dans
les méthodes de descente de gradient semi-implicites), mais les équations d’état et d’état
adjoint sont maintenant résolues par une méthode d’itération de point fixe, en utilisant
uniquement k itérations internes et il est important de noter que pour la tentative initiale
nous choisissons les informations de I’étape (externe) précédente. Nous obtenons alors les
deux variantes suivantes d’algorithmes de type one-shot a pas multiples

ot =g — T M*p" — Tao™,
n+l _ n ,n+l _ n
U =Uu-, Py =P,

for 0=0,1,....k—1:
upt! = Buy ™ + Mot + F,
p?rll — B*szrl 4 H*<HU?+1 o g)’

n+l .. ,n+l _n+tl .  n+l
u = Uy P = Dy,

one-shot a k pas :

et

ot =" — T M*p" — Tac™ L,

ug™h =, pgtt = pn,
for{=0,1,...,k—1:

u?jfll = Bu}tt + Mo™! + F,
Pl = Bpit + H* (Huyt' — g),

n+l . ,n+l nt+l .  ntl
u = Uy, » P = Py, .

one-shot semi-implicite a k£ pas :

En particulier, lorsque £ = 1, on obtient les deux algorithmes suivants

ot =" — T M*p" — Tao™,

one-shot a un pas : u"t = Bu" + Mo™ + F, (10)
p*tt = Bp" + H'(Hu" — g)
et
ot =" — T M*p" — Tac™ !,

one-shot semi-implicite & un pas : u"t = By + Mot + F, (11)

Notons que lorsque k — 0o, la méthode de type one-shot a k pas (8) converge formellement
vers la descente de gradient usuelle (6), tandis que la méthode de type one-shot a k pas
semi-implicite (9) converge formellement vers la descente de gradient semi-implicite (7).
Puisque I'analyse des deux schémas (8) et (9) peut se faire a partir d’arguments similaires,
nous choisissons de nous concentrer sur un seul d’entre eux, a savoir le schéma semi-
implicite. Nous analysons d’abord la méthode de type one-shot a un pas (11) (k = 1) dans
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le Chapitre 2 puis celle & pas multiples (9) (k > 1) dans le Chapitre 3. De plus, nous nous
référons a la Section 4.2 pour l'analyse dans le cas n, = n, = ny, = 1 (pour lequel on
peut appliquer des outils fondamentaux) et &« = 0 (pour lequel les deux schémas (8) et (9)
coincident).

0.3 Méthodes de décomposition de domaine

Les méthodes de décomposition de domaine (Domain decomposition methods, DDMs, en
anglais) sont une famille de méthodes itératives permettant de résoudre efficacement des
problemes directs de grande taille. L’idée clé derriere ces méthodes est de décomposer le
domaine de calcul en plusieurs sousdomaines, dans lesquels les sousproblemes sont définis
de maniére appropriée et résolus en parallele a 1'aide d’un solveur direct (robuste). La
construction des sousproblémes joue un role fondamental dans la DDM ; essentiellement,
cela implique comment construire des sousdomaines avec ou sans recouvrement, quelles
conditions aux limites sont imposées aux interfaces et comment échanger des informations
entre les sousdomaines. Apres cela, les solutions des sousproblémes doivent également étre
concaténées de maniere correcte, généralement a l'aide d’une partition d’unité, pour ga-
rantir la convergence vers la solution globale. Alors que la version originale de la DDM de
Schwarz' [44] et ses variantes classiques utilisent des conditions de Dirichlet sur les inter-
faces, les versions successives, introduites pour la premiére fois par P. L. Lions? [34, 36],
les méthodes de Schwarz optimisées (Opimized Schwarz method, OSM, en anglais) utilisent
des conditions de transmission de Robin et cela s’est avéré plus efficace, voir [12, Chapitre
2]. P. L. Lions a fait une preuve de convergence pour le cas elliptique [35], puis Després®
I’a étendue au cas de I’équation de Helmholtz [11] et des équations de Maxwell en régime
harmonique [10]. Ici, nous nous concentrerons sur les OSMs; cependant, notre introduc-
tion inclut également la méthode classique de Schwarz afin que nous puissions décrire les
avantages des OSMs par rapport aux méthodes classiques.

0.3.1 Méthodes de Schwarz optimisées

On considere un probléeme direct bien posé de la forme

A(u) =b Téquation dans €,
B(u) = f condition aux limites sur 0f2

et nous supposons que la solution u est suffisamment réguliere, et que la trace de u et la

dérivée conormale N'u sont continues. Ici, nous considérerons I’équation — Au +nu = 0 ou
) . P , . o N Y

N = £ et la version légerement plus générale — div(oVu) +nu =0 ou N = o5.

"Hermann Amandus Schwarz (1843-1921), mathématicien allemand.
2Pierre-Louis Lions (1956), mathématicien francais.
3Bruno Després (1965), mathématicien francais.
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0y
%z
22 \/m Vo 1
> 1%}
\\
0 - Q 0 Qy b
|
: Y
(a) Sousdomaines avec recou-  (b) Sousdomaines sans  (c) Sousdomaines sans
vrement. recouvrement. recouvrement.

FI1GURE 1 : Quelques exemples typiques de décompositions en deux sousdomaines.

Nous décomposons 2 en = Q; Uy (Q; et Qy peuvent se recouvrir ou non) comme
indiqué dans la Figure 1. Pour ¢ = 1,2, on définit I'interface

S 0, N Qs si €1 et )y avec recouvrement, (12)
] 091NN = X si et Qy sans recouvrement,

ou on impose la condition de transmission ; et nous désignons également par v; le vecteur
normal externe de €; et N; I'opérateur de trace conormale correspondant a v;.

La méthode classique de Schwarz (avec conditions de transmission de Dirichlet) et la mé-
thodes de Schwarz optimisée OSM (avec conditions de transmission de Robin) s’écrivent

alors respectivement

Algorithme 0.1: Méthode classique de Schwarz pour deux sousdomaines

Prendre des tentatives initiales w; dans €;, i = 1,2 ;
pour ¢ = 0,1, ... faire
pour ¢ = 1, 2 faire

Résoudre
A(“i;f—l—l) =b dans Qi,

B(Ui;“_l) = f sur 891 N 89,

Ujpp1 = U3—g¢ SUT X

pour calculer w;.o1;

fin

fin
Coller les solutions des sousproblémes de maniere appropriée

et
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Algorithme 0.2: Méthode de Schwarz optimisée (OSM) pour deux sousdomaines

Prendre des tentatives initiales u;,o dans €2;, 1 = 1,2 ;
pour ¢/ = 0,1, ... faire

pour ¢ = 1,2 faire

Résoudre

A(Ui;€+1> dans Qi’

=b
B(uies1) = f sur 0€2; N 0L,
(Ni + B) tisr1 = N + B) ug_ip sur X;

pour calculer w;.o1;
fin

fin
Coller les solutions des sousproblémes de maniere appropriée.

Dans le cas de la OSM avec des sousdomaines sans recouvrement (voir les Figures 1b et
1c), nous aimerions avoir une notation unique pour la dérivée conormale sur U'interface ¥
nous réécrivons donc la condition de transmission du sous-probleme dans {2, comme suit.
Pour z € ¥, soit v(x) = v1(x) le vecteur normal externe de Q; en x, donc vy(z) = —v(x)
est le vecteur normal externe de Q3 en z. On note N’ = N; puis Ny = —N. Avec la nouvelle
notation, la condition de transmission

(Na + B)ugerr = (Na+ B)ugy sur X

devient

(=N + B)ugps1 = (=N + ) ug, sur X,

ce qui équivaut a

(N = B)ugyps1 = (N = B)uy,e sur 3.

La OSM dans le cas de sousdomaines sans recouvrement est donc réécrite comme

Algorithme 0.3: OSM pour deux sousdomaines sans recouvrement

Prendre des tentatives initiales w;,o dans €;, 1 = 1,2 ;
pour ¢/ = 0,1, ... faire

Résoudre
A(ure1) = b dans €y,
B(uyes1) = f sur 0$ N 02,
(N + B)urprr = N + B)ugy sur X

pour calculer u;.¢41;

Résoudre
A(uges1) = b dans €,

B(uzer) = f sur 092, N 0L2,
(N =B ugypsr = (N = B)ure sur

pour calculer ug.pi1;

fin
Coller les solutions des sousproblémes de maniere appropriée.

Cependant, I'implémentation numérique des dérivées normales du membre de droite est
problematique dans la pratique. Par exemple, dans la formulation faible du sousprobleme
dans €2, nous devrions peut-étre discrétiser [y, agi“¢ ds ol ug, est définie sur un maillage
dans {25 mais ¢ est une fonction test définie sur un autre maillage dans €2;. Une erreur
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numeérique se produira lorsque nous tenterons d’interpoler la dérivée normale entre deux
maillages de cdtés opposés, ce qui a un impact significatif sur la convergence (voir aussi
[12, Section 2.3]). Par conséquent, il est plus pratique d’éviter de travailler avec une dérivée
normale comme suit. Nous introduisons les valeurs dimpédance (ou variables d’impédance)

M1 = (N + B)ugy et Ao = (N = Bugesur X, £=0,1,... (13)
alors les conditions de transmission sur > dans 1’Algorithme 0.3 donnent
(N + B)ure = Mg et (N = Blugye = Aoy sur X, £=0,1,... (14)
Pour £ =0,1,..., on a

13 14
ALyl ) (N =+ B) gy = (N — B) ugye + 2Busy L Aoy + 2PBugy

et
13 14
A2o41 = N = B)urye = (N + B) urye — 2Pury = AL — 2Buyy.

sur 2. La différence est que dans 1’ implémentation, nous sommes désormais capables de
définir un maillage sur ¥ pour les deux suites (A1,¢)e>0 €t (A2;0)e>0, et il suffit d’interpoler les
solutions de sousproblémes sur ce maillage. Nous réécrivons donc la OSM dans I’Algorithme
0.3 comme une itération sur les valeurs d’impédance \; et \o, c.-a-d. comme une méthode
de sous-structuration :

Algorithme 0.4: Version sous-structurée de la OSM pour deux sousdomaines
sans recouvrement

Prendre des tentatives initiales \;;, ¢ = 1,2 ;

pour ¢ = 0,1, ... faire

Résoudre
Aure) =b in Q,
B(Ul;g) = f on an N 89,
N+ B)ure =Ny onX
pour calculer wu;.y;
Résoudre
A(uge) = b in Qo,
B(ugy) = f on OS2y N 011,
(./\[ - 6 U2:p = )\2;6 on x
pour calculer ug.;
AMo+1 = Aoy + 28Uz, Aopp1 = Ao — 2Pusy ;

fin
Coller les solutions des sousproblémes de maniere appropriée.

Dans la section suivante, nous discuterons la convergence des Algorithmes 0.1-0.4.

0.3.2 Sur la convergence des méthodes de décomposition de do-
maine

Un apergu de la convergence des méthodes de Schwarz classiques et des OSM peut étre

trouvé respectivement dans [12, Chapitre 1] et [12, Chapitre 2]. Ici, nous aimerions discuter

en détail la convergence de deux modeles typiques. Le premier, également présenté dans
[12], est I’équation

(= A +n)u=fdans R* (n € R, f est le terme de source)
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avec une condition convenable & l'infini (selon le signe de 1) qui garantit l'unicité du
probléme. On décompose le plan R? en deux demi-plans

0 = (—00,0) x Ret Qy = (0,00) x R (15)

ol 0 > 0 est la taille du recouvrement, et 6 = 0 signifie qu’il n’y a pas de recouvrement.
Pour les interfaces ou ’on impose les conditions aux limites de transmission, on continue
d’utiliser les notations ¥; définies dans (12); dans ce cas on a

Y ={(z,y) ER?*:x =6} et By = {(2,9) €R?: 2 =0}. (16)

Ce modele a deux demi-plans est typique puisqu’apres avoir effectué la transformée de
Fourier dans la direction y, les erreurs dans les sousdomaines ont des expressions explicites
(qui dépendent du signe de n). Nous nous intéressons également a un deuxiéme modele
typique avec un domaine borné constitué de deux cercles concentriques (voir par exemple |7,
Section 3.1]). Soit la fonction constante par morceaux o définie dans le cercle B(0, Ry) C R?,
qui prend la valeur o; € R dans le petit cercle B(0, Ry), Ry < Ry, et la valeur o, € R dans
lanneau R; < v/22 + y? < Ry, on considere 1'équation

—div(eVu) = 0 dans B(0, Ry) C R?

avec la condition aux limites de Dirichlet ou de Neumann. Pour les DDM sans recouvre-
ment, nous utilisons directement le cercle B(0, Ry) et 'anneau Ry < v/z? + y? < Ry comme
sousdomaines (voir Figure 1c). Dans ce modele, les erreurs du sous-probleme ont des ex-
pressions explicites (sous forme de série de Fourier). L’étude des erreurs de sous-problémes
dans ces deux modeles montre que la convergence des DDM concerne certaines suites géo-
métriques et est donc caractérisée par ce que l'on appelle le facteur de convergence associé
aux ratios de ces suites. Les preuves de convergence pour des configurations géométriques
plus générales sont activement étudiées dans la littérature. Une preuve de convergence plus
générale pour la OSM sans recouvrement avec des conditions de transmission du second
ordre pour les équations elliptiques est présentée dans [12, Section 2.1.2]. Récemment,
Gong et al [15] ont prouvé la convergence des OSMs pour I'équation de Helmholtz avec
des décompositions de domaines par bandes. De plus, dans le cas sans recouvrement, de
nombreux articles récents, par exemple [8], se concentrent sur le probleme de convergence
avec la présence de points de croisement, c.-a-d. des points ou trois sousdomaines ou plus
sont adjacents.

Pour donner aux lecteurs une idée de la preuve de convergence, nous présentons brieve-
ment 'analyse de convergence pour le premier modele dans deux cas : le cas d'une équation
elliptique (7 > 0), que I'on retrouve pour la méthode classique de Schwarz dans [12, Section
1.5.2] et pour la OSM dans [12, Section 2.1.1] ; et le cas de I’équation de Helmholtz (n < 0),
que l'on retrouve pour la méthode classique de Schwarz dans [12, Section 2.2.1] et pour
la. OSM dans [12, Section 2.2.2]. Cela permettra de mieux comprendre les avantages de
I’OSM par rapport a la méthode Schwarz classique.

Le cas d’une équation elliptique

Soit n > 0, nous considérons le probleme global

u est bornée a Uinfini

{ (=A+nu=f dans R?
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pour lequel la méthode classique de Schwarz et la OSM s’écrivent respectivement sous la

forme -
(= A+ n)uger = f dans €,

1=1,2: U;p41 est bornée a l'infini,
Ujso+1 = U3—i4;0 sur X
et 5
(— A+ n)ujpsr = f dans Q;,
i=1,2: Ujp+1 st bornée a I'infini,

(8%1_ + ﬂ) Ujsp41 = (3%1. + B) Uiy SUT 2

ou ;,%;, 1 = 1,2, sont respectivement définis dans (15) et (16). Nous définissons les erreurs
eio = ul — ulq, et nous nous intéressons a leurs transformées de Fourier dans la direction
y notées &, = &;4(z,£), qui sont définies par

i(r,€) = (Fa)(2,€) = [ ale,y)e™ dy.

Il est facile de vérifier que €;4,7 = 1, 2, satisfont

(_8%22""52"‘77)@1;8“:0, r <0, R,
1:041(0,&) = €2,0(9,€), VE € R, )
(—587224‘52—1-77)@2;”1:0, x>0, eR,
€2,041(0,&) = €1,(0, ), VéEeR
pour la méthode classique de Schwarz, et
<_%+52+77)é1;z+1=0, <6, ER,
(a% + 5) (E1,41)(0,8) = (a% + 5) (€2,0)(9,8), V¢ e R, 18)
(‘%+§2+77)é2;e+1=0, r>0,€ER,
(—a% + B) (C2041)(0,) = (—% + 5) (61.0)(0,€), VEER

pour la OSM. Puisque les solutions sont également bornées a l'infini, les solutions fonda-
mentales de (17) et (18) pour £ € R fixe sont de la forme

é1;£<x7€) = él;é(aa f)e/\(g)(xﬂs)v r <o et éQ;E(xvf) = é2;€<07€)ei/\(£)x7x >0 <19>

A(E) =€ +n. (20)

Pour la convergence, il suffit de se concentrer sur é;.,4(0,€) et €2,4(0,&). Des conditions aux
limites de transmission, on déduit que é1,4(0,€), £ > 0 et é2,(0,), ¢ > 0 se comportent
comme deux suites géométriques de méme ratio 7 :

ou

é1;€+1(57 5) = fQél;(—l((sa f) et éQ;Z-{—l (07 5) - f2é\2;f—1(07 §>a \Z4 Z 17
ou
(€,6) = e NI pour la méthode classique de Schwarz,

r= F(€,5,B) = )\(5)7—564(5)5 pour la OSM.

AE) +5

il
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En utilisant la définition de A(§) dans (20), on obtient ainsi le facteur de convergence
p = |7| donné par

p(€,08) = e OVET pour la méthode classique de Schwarz,
2 _

p(6,6: ) 1= [ YLD Bl oo/

VE+n+

P= pour I” OSM.

(21)
La condition générale de convergence est p < 1. A partir de la formule (21) du facteur de
convergence, nous avons les conclusions suivantes sur le modele (n > 0).

o La méthode classique de Schwarz converge lorsqu’il y a du recouvrement (6 > 0) et
en plus, on a méme une convergence uniforme puisque p < e V7 < 1, V¢ € R.

» La méthode classique de Schwarz diverge lorsqu’il n’y a pas de recouvrement (6 = 0).

o La OSM converge toujours, avec ou sans recouvrement. Lorsqu’il y a du recouvrement,
grace au coefficient de Robin 3, la OSM converge uniformément avec un facteur de
convergence plus petit et donc plus rapide que la méthode classique de Schwarz.

Le cas de I’équation de Helmholtz

On prend maintenant en compte le cas de I’équation de Helmholtz : n = —w? < 0 pour
w > 0, w est appelé le nombre d’onde. Avant d’aborder le modele & deux demi-plans, il faut
remarquer que la méthode classique de Schwarz n’est pas toujours applicable a 1’équation
de Helmholtz : pour certains nombres d’onde w, les sousproblemes peuvent étre mal-posés
méme lorsque le probleme global est bien-posé. Par exemple, considérons le probleme global

{ (—A—wHu=f dans un domaine €,

u=4g sur 99 (22)

pour un nombre d’onde w donné tel que ce probléme est bien posé. Nous décomposons €
comme ) = Ql U Qg ou Ql et QQ sont des sousdomaines avec recouvrement comme dans la
Figure 2. Pour ¢ = 1, 2, nous définissons 'interface f)i = 8(21- N Qg_,- ol nous imposons la
condition de transmission, et nous désignons par 7; le vecteur normal externe de Q.

FIGURE 2 : Sousdomaines €2 et €25 avec recouvrement.

La méthode classique de Schwarz et la OSM s’écrivent respectivement sous la forme

(-4 — w2)%‘;é+1 = f dans @i’ ~
i=1,2: Uips1 = § sur 0€; N 092, (23)
Ujp+1 = U3—i3 sur
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et

(—A— WQ)UMH =f dans @i, i
i=1,2: Usey1 = G sur 0€; N 05, (24)

(8%1_ + 5) o1 = (8%1- + 5) Uiy sur X,

Nous nous concentrerons sur le sousprobleme sur Q; dans les schémas (23) et (24). L’unicité
du sousprobleme sur §2; défini dans (23) équivaut a 'unicité du probléme homogene

v=20 sur 9€);. (25)

{ (—A—wv=0 dans Q,
Si w est tel quil existe v # 0 satisfaisant (25), c.-a-d. que w? est une valeur propre de
Dirichlet de lopérateur laplacien, le sousprobléme sur € défini dans (23) n’est pas bien-
posé. Nous remarquons que pour toute géométrie de Qq, il existe toujours des valeurs
propres de Dirichlet, connues sous le nom de résonances pour Q5. En revanche, 'unicité du
sousprobléme sur € défini dans (24) équivaut a 'unicité du probleme homogene

(—A—wHv=0 in Q1~, )
v=0 on 02 N 01, (26)
(%+ﬁ)z}:0 on .

Avec les conditions de Robin, pour tout w > 0, nous avons que v = 0 est la solution unique
a (26). En effet, si on multiplie la premiére équation dans (26) par v et on integre par
parties en utilisant les conditions aux limites, on obtient

— _ —42\aya
0= /ﬂl( A — w)vodx

= — a—vds+ |Vo|? dx — / w?|v|? dx
a0, OV o

= [ Blias+ | |vu|2dx—/~ WP of? dx.
1 Q1 1951

La partie imaginaire de la derniere ligne de I’équation implique v = 0 sur 31, si le coefficient

Robin 3 est choisi comme 3 = if pour certains 5 > 0. En utilisant la condition de
Robin, cela donne gg = 0 sur %;. Par le Théoréme 1.A.2, une application du principe

de continuation unique, nous devons avoir v = 0 dans Q;. Par conséquent, les méthodes
classiques de Schwarz ne sont pas toujours bien définies pour I’équation de Helmholtz alors
que la OSM corrige cet inconvénient tant que ’on choisit un coefficient Robin £ approprié.

Revenons maintenant a ’analyse de convergence pour le modele a deux demi-plans,
considérons le probleme global

(—A—wu=7f dans R?,
Tlggo N (8“ + 1wu> =0 condition de Sommerfeld, r == y/x? + y?.

La méthode classique de Schwarz s’écrit alors

(= A — gy = f dans Q;,
1=1,2: TILI?O \/_( SR 4 oo, £+1) =0 condition de Sommerfeld,

Ujyp41 = Uiy sur >;
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et la OSM avec le coefficient de Robin § = if3 (B > 0), qui est connue sous le nom de
méthode de Després, s’écrit

(=& = w)ugen = f dans €,
i=12: hm VT ( SO 4w, e+1) =0 condition de Sommerfeld,
(871/1 + 15) Ujo+1 = (871/1 + 16) U3—g;¢ SUT Ei,

ou Q;,%;, i = 1,2 sont respectivement définis dans (15) et (16). Dans ce cas, tous les
sousproblemes des deux méthodes sont bien définis. En répétant les mémes arguments
que dans la section précédente, nous nous concentrons sur é;¢,7 = 1,2, la transformée de
Fourier dans la direction y des erreurs, qui satisfont

ox2 + 52 - WQ) é1'€+1 = 07 T < 575 € Ra
10+1(0, &) = €2,0(9, ), vE e R,

%
S

(27)
P+ —w) e =0, v>0,E€R,
2:0+1(0,§) = €1,(0,€), Ve eR
pour la méthode classique de Schwarz, et
( 312—'_52_("})@1'5—‘1-1:07 I<5,€€R,
(2 +18) (bres1)(0,€) = (& +1B) (e2)(5,6),  VEER, .
( 3x2+52_w>62;€+1207 JZ‘>O,€€R,
(=2 +1B) (e2041)(0,€) = (=& +18) (£10)(0,€), VE€R

pour la OSM. Par la condition de Sommerfeld, les solutions fondamentales de (27) et (28)
ont la méme forme que dans (19), c’est pour £ € R fixe,

él;@(xa 5) = él;@((sa g)e/\(f)(xfé)’ T < 6 et éQ;Z(ma 5) = é2;€(07 S)ei)\(g)xv x>0

mais dans ce cas,
AE) = { ivw? =& si ] < w, (29)
VE —w? sl €] > w.
On observe que A(§) défini dans (29) peut étre complexe alors que A(§) défini dans (20)
est toujours réel. Encore une fois, a partir des conditions aux limites de transmission, nous
déduisons que é;.4(0, &) et é24(0, xi), £ > 0 se comportent comme deux suites géométriques
de méme ratio 7 :

e1041(0,8) = Pe1,-1(6,8) et E0041(0,€) = Peae1(0,), V>1

ou
7(§,6) =e —A©)9 3 pour la méthode Schwarz classique,
- 3
' 7(§,6) = MGMO‘S pour la OSM.
i

Le facteur de convergence p = || est donc donné par

si ¢ < w,

1
w60 == e S )
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pour la méthode classique de Schwarz, et

p = 0(5’5;3) = ‘Me_k(m = B NN si ¢ <w, (31)
VET i >

pour la OSM, ot nous avons utilisé la définition de A(¢) dans (29). A partir des formules
(30) et (31) du facteur de convergence dans chaque méthode, nous avons les conclusions
suivantes sur le modele (n = —w? < 0).

« La méthode classique de Schwarz avec du recouvrement (§ > 0) diverge pour les
modes propagatifs |£| < w et converge pour les modes évanescents [£| > w.

« La méthode classique de Schwarz sans recouvrement (6 = 0) diverge pour tous les
modes.

o La OSM avec du recouvrement converge pour tous les modes sauf pour ¢ = +w.

« La OSM sans recouvrement converge pour les modes propagatifs || < w et diverge
pour les modes évanescents [£| > w.

0.4 Application au probleme inverse de conductivité

0.4.1 Probleme inverse de conductivité non-linéaire

En physique, le potentiel électrique (ou la tension) u satisfait I’équation
—div(ocVu) = 0 dans le domaine {2 (32)
ou la conductivité o appartient a ’ensemble admissible
V(Q)={ocel®Q):a<0<7}

pour certaines constantes ¢, > 0 données. L’équation (32) est appelée 1'équation de
conductivité. Etant donné une condition aux limites de Dirichlet

u = f sur 0f),

le potentiel électrique u € H' () est déterminé de maniére unique & partir de f € Hz(9%)
si nous avons 0f2 lipschitzien. De plus, u© dépend continuement de f dans les normes de
ces espaces donc nous avons un probleme bien-posé. On suppose souvent par ailleurs que
o est constant pres de 0f). Ensuite, % el ’%(89), et la trace conormale

O'% = ¢ sur 0f2
ov
est bien definie. Le probleme de conductivité inverse consiste a reconstruire o a partir
de la connaissance d’'une ou plusieurs mesure(s) g. Un bref historique du probléme de
conductivité inverse est présenté dans [27, Section 1.2].
Dans nos travaux, nous nous intéressons a 1’équation un peu plus générale

—div(eVu) + nu = 0 dans (33)
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ou 7 est une fonction dans L*°(£2). Comme mentionné dans la section précédente, si n =

—w? < 0 dans 2, Péquation (33) est appelée 1'équation de Helmholtz et w est appelé le

nombre d’onde. Si n > 0 dans 2, 'équation (33) est elliptique et appelée 1'équation de

Laplace screening (ou 1'équation de Poisson screening lorsqu’il y a un terme de source,

ou méme appelée 1'équation de Helmholtz avec le bon signe, voir par exemple [13]). La
ou

solution u de I'équation (33) a une trace u et une trace conormale o%* continues, ce qui

est important dans les algorithmes DDM presentés dans la section précédente.
Remarque 0.4.1. Ci-dessus, nous avons décrit le probleme direct avec une condition aux
limites de Dirichlet et le probléeme inverse avec des mesures de Neumann. De plus, nous
considérons également le probleme direct avec une condition aux limites de Neumann et
le probléme inverse avec des mesures de Dirichlet. Dans ce dernier cas, lorsque n = 0,
nous devons veiller a ce que le probleme direct soit bien-posé. Pour ’existence, on sait que
le terme source (qui est nul dans notre cas) et la trace conormale g doivent satisfaire la
condition de compatibilité

/ gds =0.

l9)

Pour 1'unicité, encore une fois lorsque = 0, nous avons besoin d'une contrainte supplé-
mentaire [,udx = 0. Dans les sections suivantes, bien que cela ne soit pas explicitement
mentionné, la condition et la contrainte de compatibilité ci-dessus seront implicites lorsque
n = 0.

0.4.2 Linéarisation par approximation de Born

Il est possible de linéariser le probleme inverse de conductivité comme suit. La solution u
de léquation (33) est également appelée le champ total et maintenant renommée u** :

{ —div(eVu') + nu** =0 dans €,

utt = f sur 0S). (34)

Soit 0y € L>*(Q) telle que 0y = o dans un voisinage de J2. Nous définissons le champ
incident u'™ tel que

{ —div(eoVu™) + nu™ =0 dans Q, (35)

um = f sur 0f).

Le champ diffracté v*®" défini par la différence entre le champ total dans (34) et le champ
incident dans (35), c.-a-d. u5@* = 't — "¢ satisfait

{ — div(ooVus™) + nus® = — div(6Vu™) — div(6Vu*) dans Q, (36)

uscat =0 sur 69,

ou ¢ := gyg—o est le contraste de conductivité. On remarque que ¢ = 0 dans un voisinage de
0. L’approzimation de Born dit que nous pouvons ignorer div(cVu™?) dans I'équation
(36) lorsque & < 1. On obtient ainsi le champ linéarisé u'™ :

—div(ooVul™) 4+ gul® = — div(6Vu'™) dans €, (37)
ulin =0 sur 09.

. . lin .
lin lin ot une trace conormale oy agy . Main-

a une trace continue u
aulin
o |90
procédure de linéarisation est similaire si I’on remplace la condition de Dirichlet par la

condition de Neumann.

Notons que la solution u

tenant, avec la mesure de Neumann g = o , application & — ¢ est linéaire. La
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0.4.3 Un apercu de 'application

En résumé, nous formulons les problemes inverses de conductivité comme suit, ou, par abus
de notations, dans le probléme linéarisé nous notons (v, 5) par (u,c), qui sont utilisés
dans le cadre abstrait présenté dans la Section 0.2. Le probléme inverse de conductivité
non linéaire est

—div(eVu) + nu = 0 dans €,

probléme direct : o
u=fsur 00 (ouc24? — fsur 99),

ov
probleme inverse : 7 donné, (38)
input f,
mesurer g = aag(:) o (ou respectivement g = u(o)|gq),

retrouver o

et le probleme inverse de conductivité linéarisé est

—div(ooVu) + nu = — div(cVuy) dans €2,

u=0sur 02 (ou aoag(;) = 0 sur 09),
ol o = 0 dans un voisinage de 9f)
—div(ogVug) + nug = 0 dans €,
ug = f sur 9 (ou respectivement 00% = f sur 09),
probléme inverse : g et 1 donnés,
input f,
mesurer g = oy 815&/‘7)

probleme direct : {

et (39)

o0 (ou respectivement g = u(o)|sa),

retrouver o.

Malheureusement, le probleme inverse de conductivité est tres mal-posé dans de nombreux
cas, méme lorsque le probleme est linéarisé. En effet, la solution du probleme direct dans
(39), lorsque Q est un cercle dans R? est de la forme u = Ao ou A est un opérateur
linéaire inversible, et on peut montrer que la suite des valeurs singulieres de A décroit
de facon exponentielle, ce qui entraine des difficultés significatives pour inverser A. La
relation entre le nombre de mesures et les inconnues est également un probléme : on sait
qu’on ne peut pas retrouver o avec juste un nombre fini de mesures. Des discussions sur
ce type de probléme peuvent étre trouvées dans [20], [21], [6] et [28]. Dans nos expériences
numériques, nous considérerons un cas simplifié ou la conductivité o est une fonction P°
avec un support connu et le nombre de mesures est convenablement congu pour garantir
I'unicité du probleme inverse. L’application des méthodes de type one-shot a pas multiples
(8) au probleme inverse de conductivité linéarisée avec cette configuration est présentée
dans la Section 3.2. Ensuite, la combinaison avec les DDMs sera étudiée au Chapitre 5
pour le probleme inverse linéarisé (39) et au Chapitre 6 pour le probléme inverse non-
linéaire (38).

0.5 Résumé de la these et contributions

Les contributions de cette these sont détaillées dans chaque chapitre comme suit.



Chapitre 0. Méthodes itératives pour les probléemes inverses 24

Méthodes de type one-shot a un pas pour les probléemes inverses linéaires. Dans
le Chapitre 2, nous analysons la convergence de la méthode semi-implicite de type one-shot
a un pas (11)

n+1 +1

o't =" —TM*p" — T,

u = Byt + Mo™ + F, (11 rappelée)
pn+1 — B*pn + H*<Hun _ g)

Il est facile d’observer que le systéeme d’erreurs de cet algorithme est en fait une itération
de point fixe donnée par x"™ = A(7)x" ot x = (0,u,p) et A(T) est ce qu’on appelle la
matrice d’itération. Analyser la convergence de (11) revient donc a étudier la localisation
des valeurs propres de A(7). En effet, nous allons prouver que pour 7 > 0 suffisamment
petit, toutes les valeurs propres de A(7) se trouvent a l'intérieur du cercle unité dans le
plan complexe, ce qui donne la convergence de (1.11). Pour ce faire, nous donnons dans la
Section 2.1 une forme appropriée pour ’équation aux valeurs propres de A(7), voir (2.9)
pour l'expression de cette équation. On remarque que (2.9) n’est pas sous forme polynomiale
et inclut un produit scalaire en C" avec la présence des matrices B, M, H et le pas de
descente 7. Ensuite, dans la Section 2.2, nous étudions I'emplacement des racines de (2.9).
Dans le cas de valeurs propres A de A(7) réelles, (2.9) contient des opérateurs semi-définis
positifs. Cependant, dans le cas ou \ est complexe mais non réelle, nous perdons la propriété
semi-définie positive en général. Nous aborderons cela en combinant les parties réelle et
imaginaire de 1’équation aux valeurs propres (2.9) afin d’obtenir de nouveaux opérateurs
semi-définis positifs. L’étude est ensuite complétée grace a plusieurs lemmes techniques. Ce
que nous obtenons est une condition suffisante sur 7 avec une borne explicite qui assure la
convergence de la méthode one-shot semi-implicite (11). Ceci sera résumé dans la Section
2.3. En particulier, pour ||B|| < 1, la borne de 7 dépend uniquement de ||B||, || M|, || H||
et du parametre de régularisation «; cette borne ne dépend pas des dimensions de o, u, p.
Remarquons qu’en comparaison avec le cas scalaire qui sera étudié dans la Section 4.2, on
observe que les conditions suffisantes obtenues dans le cas général ne sont pas optimales.
Le contenu du Chapitre 2 est extrait de l'article :

[4] M. Bonazzoli, H. Haddar, and T.A. Vu (2023, preprint). On the convergence
analysis of one-shot inversion methods. hal-04151014

Méthodes de type one-shot a pas multiples pour les probléemes inverses li-
néaires. En développant la technique présentée dans le chapitre précédent pour la mé-
thode semi-implicite de type one-shot a un pas, nous analyserons dans le Chapitre 3 la
convergence de la méthode semi-implicite de type one-shot a k pas (9)

n+1 +1

=o" —TM*p" — Tac" T,

=", pptt =",

for £ =0,1,...,k—1:
upt! = Buyt™ + Mo™t + F,
Pt = Bt + HY(Hut — g),

n+l . ,n+l . nt+l ., n+l
= Uk ,p = pk

g
uvg—H

(9 rappelée)

u

pour k > 1. Cette technique légerement modifiée est également applicable au cas k =1, ce
qui explique pourquoi le cas k = 1 est inclus dans ce chapitre méme s’il a été étudié dans
le chapitre précédent. En effet, le systeme d’erreurs de I’algorithme (9) est une itération de
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point fixe donnée par x" ™! = A(k, 7)x™ ot x = (0, u,p) et A(k,T) est ce qu'on appelle la
matrice d’itération. Analyser la convergence de (11) revient donc a étudier la localisation
des valeurs propres de A(k, 7). Etant donné k > 1, nous prouverons dans la Section 3.1
que pour 7 > 0 suffisamment petit, toutes les valeurs propres de A(k,7) se trouvent a
I'intérieur du cercle unité dans le plan complexe, ce qui donne la convergence de (9). Pour
ce faire, nous donnons d’abord une forme appropriée pour ’équation aux valeurs propres de
A(k, T), voir (3.13) pour I'expression de cette équation. On remarque que (3.13) n’est pas
sous forme polynomiale et inclut un produit scalaire dans C" avec la présence des matrices
B, M, H et le pas de descente 7. L’équation des valeurs propres (3.13) pour k& > 1, qui est
une version plus générale et compliquée de (2.9) pour k& = 1, peut étre considéré comme la
somme de plusieurs composantes et controler leurs signes reste 1'idée clé de notre preuve.
Dans le cas ou des valeurs propres A de A(k, 7) réelles, (2.9) contient des opérateurs semi-
définis positifs. Cependant, dans le cas ou \ est complexe mais non réel, nous perdons la
propriété de l'operateur semi-défini positif en général. Nous allons résoudre ce probleme
en combinant les parties réelle et imaginaire de ’équation aux valeurs propres (3.13) afin
d’obtenir de nouveaux opérateurs semi-définis positifs. L’étude est ensuite complétée grace
a plusieurs lemmes techniques. Ce que nous obtenons est une condition suffisante sur 7
avec une borne explicite qui assure la convergence de la méthode one-shot semi-implicite &
(k > 1). En particulier, pour || B|| < 1,la borne de 7 dépend uniquement de || B||, | M ||, || H]||,
le nombre d’itérations internes k et le parametre de régularisation «; cette borne ne dépend
pas des dimensions de o, u, p. La principale différence entre les deux techniques présentées
respectivement au Chapitre 2 et au Chapitre 3 réside sur le choix d’un parameétre technique
tp dans le Lemme 3.A.4 : au Chapitre 2 on peut prendre 0 < 6y < 7 mais au Chapitre
3 nous devons prendre 0 < 6y < 7 puisque nos nouvelles estimations contiennent une
division par cos 26y. Apres avoir terminé la preuve de convergence pour les méthodes de
type one-shot & pas multiples, nous effectuons plusieurs expériences numériques sur un
probleme inverse jouet de Helmholtz en 2D et présentons leurs résultats dans la Section
3.2. Tout d’abord, nous considérons dans la Section 3.2.1 le cas de données sans bruit, sans
régularisation (a = 0). Deux séries d’expériences sont réalisées pour étudier la dépendance
des méthodes de type one-shot a pas multiples par rapport au pas de descente 7 et au
nombre d’itérations internes k, pour un pas de descente fixe 7. Ensuite, nous considérons
dans la Section 3.2.2 le cas ou les mesures sont affectées par différents niveaux de bruit :
e = 1%, 3% et 5%. Le parametre de régularisation « est ensuite choisi par essais et erreurs.
En particulier, nous observons que les méthodes semi-implicites de type one-shot a k pas,
méme avec k petit, nécessitent un nombre similaire d’itérations externes a l’algorithme
semi-implicite de descente de gradient pour obtenir la méme précision. Cela prouve le
potentiel de ces méthodes puisque seules quelques itérations internes sont suffisantes. De
plus, nous étudions dans la Section 3.2.3 la robustesse par rapport a la taille du probléeme
discrétisé. Nos expériences montrent en effet que le nombre d’itérations externes n’est pas
tres affecté par la taille du systeme discret. Enfin, nous considérons dans la Section 3.2.4
la dépendance du nombre d’itérations externes par rapport a la norme de B. Bien que
nous n’ayons pas analysé le taux de convergence, nous observons a partir des expériences
numériques que plus la norme de B est petite, plus la convergence est rapide.

Le contenu du Chapitre 3 est extrait de 'article :

[4] M. Bonazzoli, H. Haddar, and T.A. Vu (2023, preprint). On the convergence
analysis of one-shot inversion methods. hal-04151014

Analyse de convergence dans certains cas particuliers. Dans le Chapitre 4, nous
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analysons la convergence des méthodes semi-implicites de type one-shot a pas multiples
(9) dans deux cas particuliers. Le premier cas particulier que nous présenterons dans la
Section 4.1 est une extension aux problémes inverses ou le parametre inverse est réel mais
I’état et 1’état adjoint sont complexes, appelons-les problemes inverses complexes. Le but
est de montrer que le probleme inverse complexe peut étre reconduit au cadre précédent du
probléme inverse réel dans la Section 0.2. En effet, nous étudions la méme équation d’état
u = Bu+ Mo + F que (1) ou o est toujours dans R" mais u est maintenant dans C™
au lieu de R™. La mesure Hu(o) ou H € C"*™ est également désormais dans un espace
complexe. Les deux hypotheses pour le probleme inverse complexe sont définies comme
dans (4) : p(B) < 1 et H(I — B)"'M est injectif. Avec la technique du Lagrangien pour
I'équation complexe, nous définissons 1'état adjoint p de u(o). Ensuite, en doublant les
tailles de w et p (en fait en prenant leurs parties réelles et imaginaires), nous obtenons un
probleme inverse réel qui a la méme structure de la Section 0.2. De plus, nous montrons
que ce nouveau probleme satisfait les hypotheses (4), donc le cas des problémes inverses
complexes est également couvert par notre théorie. Le reste du chapitre est dédié au cas dit
scalaire (c.-a-d. n, = n, = n, = 1) sans parametre de régularisation (c.-a-d. a = 0), qui
est la configuration la plus simple. Nous étudierons non seulement les algorithmes usuelles
de descente de gradient et de type one-shot a pas multiples présentés précédemment, mais
également les algorithmes décalés nommés la méthode de descente de gradient décalée et la
méthode de type one-shot a pas multiples décalée. Chaque systeme d’erreurs de 1'un de ces
algorithmes se présente en effet sous la forme d’une itération de point fixe régie par une
matrice 3 x 3. Par conséquent, I’équation aux valeurs propres associée a chaque algorithme
n’est quun polynéme du troisieme ordre. Grace au critere de Jury-Marden (qui fournit
une condition nécessaire et suffisante sur les coefficients d’'un polynéme a coefficients réels
pour que tous ses zéros se trouvent strictement a l'intérieur du cercle unité dans le plan
complexe), nous établissons des conditions suffisantes et méme nécessaires sur le pas de
descente 7 qui assurent la convergence de ces algorithmes. Les intervalles des 7 admissibles
sont tracées afin que nous puissions mieux comprendre les performances des algorithmes
de type one-shot lorsque le nombre d’itérations internes tend vers I'infini.

Le contenu de ce chapitre est extrait de I'article :

[3] M. Bonazzoli, H. Haddar, and T.A. Vu (2022). Convergence analysis of multi-
step one-shot methods for linear inverse problems. Research Report RR-9477, Inria
Saclay, ENSTA ParisTech. hal-03727759

Combinaison des méthodes de type one-shot a pas multiples avec les méthodes
de décomposition de domaine pour les problemes inverses linéaires. Les méthodes
d’inversion de type one-shot a pas multiples présentées dans le Chapitre 0 peuvent étre
appliquées au cas ou le solveur itératif du probleme direct est une méthode de décomposi-
tion de domaine. Le but du chapitre 5 est d’étudier la combinaison des méthodes de type
one-shot a pas multiples avec les méthodes décomposition de domaine pour le probléeme
inverse de conductivité linéarisé. Le cas non-linéaire sera étudié apres, dans le Chapitre
6. Pour commencer le Chapitre 5, nous rappelons dans la Section 5.1 le probléme inverse
de conductivité linéarisé dont le probleme direct est de type Neumann, qui a été presenté
dans la Section 0.4.2, et, en utilisant la technique classique du Lagrangien, nous définissons
I’état adjoint correspondant. Ensuite, nous appliquons une méthode de décomposition de
domaine, ou plus spécifiquement, la OSM sans recouvrement pour résoudre les problemes
directs et adjoints. Par souci de simplification, nous considérons le cas ou le domaine est
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divisé en deux sousdomaines sur lesquels nous appliquerons la OSM, et le contraste de
conductivité inconnu est situé dans le sousdomaine interne. En appliquant ’OSM pour
résoudre les problemes directs et adjoints, nous trouvons un algorithme qui calcule simul-
tanément les états direct et adjoint par rapport a un contraste de conductivité donné. De
plus, comme dans 'algorithme 0.4, cet algorithme peut étre réécrit de maniere compacte
en termes des variables d’impédance d’interface qui viennent des problemes direct et ad-
joint. Nous analysons ensuite la convergence de cet algorithme sous certaines hypotheses
raisonnables, et montrons que, en particulier, celles-ci sont satisfaites dans le cas du do-
maine circulaire présenté dans I’Annexe 5.A. En combinant cet algorithme OSM pour le
calcul simultané des états direct et adjoint avec la mise a jour des parametres de descente
de gradient, nous obtenons un nouveau algorithme de décomposition de domaine qui ré-
sout le probleme de conductivité inverse linéarisé. La Section 5.2 est dédiée aux versions
discrétisées des algorithmes étudiés dans la section précédente, obtenues en discrétisant
les problémes directs et adjoints par la méthode des éléments finis. Nous observons que la
version discrétisée de I'algorithme combiné est proche mais ne correspond pas exactement
au cadre abstrait presenté dans la Section 0.2. Nous proposons donc un nouveau schéma
comme suit. Nous construisons un probléme inverse discret alternatif en termes de variable
d’impédance de I'état en travaillant directement sur la version discrétisée de la OSM sans
recouvrement pour le probleme direct. Cette méthode nous permet de dériver un schéma
alternatif ou I'état adjoint est remplacé par I’adjoint numérique pour la reformulation du
probléeme en termes de variables d’'impédance. Ce deuxieme schéma respecte en effet le
cadre abstrait de la Section 0.2, et est présenté dans la Section 5.2.3.

Combinaison des méthodes de type one-shot a pas multiples avec les méthodes
de décomposition de domaine pour les problémes inverses non-linéaires. Le Cha-
pitre 6, le dernier chapitre de la these, est dédié a I’application des méthodes d’inversion de
type one-shot a pas multiples et des méthodes de décomposition de domaine au probléme
inverse de conductivité non-linéaire. Ce chapitre suit la structure du précédent. Nous trai-
tons toujours le cas du probleme direct de Neumann, et considérons le cas ou le domaine est
divisé en deux sousdomaines sur lesquels nous appliquerons la méthode de décomposition
de domaine et ou la conductivité inconnue est située dans le sousdomaine interne. Pour
commencer le Chapitre 6, nous rappelons dans la Section 6.1 le probleme inverse de conduc-
tivité non-linéaire dont le probleme direct est de type Neumann, qui a été presenté dans la
Section 0.4.1, et en utilisant la technique classique du Lagrangien, nous définissons 1’état
adjoint correspondant. Ensuite, nous appliquons la OSM sans recouvrement pour résoudre
les problemes direct et adjoint. Nous trouvons un algorithme qui calcule simultanément les
états direct et adjoint par rapport a une conductivité donnée, et de plus, cet algorithme
peut étre réécrit de maniere compacte en termes des variables d’impédance provenant des
problemes direct et adjoint. Nous analysons ensuite la convergence de 'algorithme sous
certaines hypotheses raisonnables, et montrons que, en particulier, celles-ci sont satisfaites
dans le cas d'un domaine circulaire présenté dans I’Annexe 6.A. En combinant cet algo-
rithme OSM pour le calcul simultané des états direct et adjoint avec la mise a jour des
parametres de descente de gradient, nous obtenons un nouveau algorithme de décomposi-
tion de domaine qui résout le probleme de conductivité inverse non linéaire. La Section 6.2
est ensuite dédiée aux versions discrétisées des algorithmes étudiés dans la section précé-
dente, obtenues en discrétisant les problemes directs et adjoints a ’aide des méthodes des
éléments finis. Enfin, nous fournissons dans la Section 6.3 plusieurs expériences numériques
pour comparer les performances de 'algorithme classique de descente de gradient (avec des
solveurs directs pour les problémes direct et adjoint) avec les algorithmes de décomposition
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de domaine a un pas et a pas multiples. Comme dans la Section 3.2, nous observons que
tres peu d’itérations internes suffisent pour donner une bonne convergence de 1’algorithme
combiné.

Pour terminer ce manuscrit, nous présentons dans le Chapitre 7 des conclusions et des
pistes d’extension de nos méthodes.
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Our main goal is to analyze the convergence of gradient-based optimization methods
applied to solve inverse problems whose forward and adjoint problems are solved iteratively.
One may expect that the forward and adjoint problems should be solved with high accuracy
since the better the gradient of the cost functional is approximated, the sooner the inverse
problem unknown is retrieved. As a consequence, in each outer iteration of updating the
inverse problem unknown using gradient descent methods, a sufficiently large number of
inner iterations would be employed for solving the forward and adjoint problems. However,
many numerical experiments showed that a very few number of inner iterations may still
lead to a good convergence of the inverse problem. Besides reducing the number of inner
iterations, the calculation process can be improved by choosing efficient iterative methods,
such as domain decomposition methods, and parallelizing the computations of the forward
and adjoint problem solutions. Moreover, for large-scale forward and adjoint problems,
direct solvers, which would yield an exact gradient, are not practical due to their high
memory cost. These facts motivated us to study one-shot inversion methods and domain
decomposition methods, which are both introduced in this opening chapter.
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Chapter 1 is organized as follows. Section 1.1 is dedicated to the thesis motivation
and the state of the art in our research direction. Next, in Section 1.2, we formulate a
generic class of linear inverse problems whose forward and adjoint problems are solved by
fixed point iterations. We then introduce the one-shot inversion methods that iterate at
the same time on the forward and adjoint problem solutions. As we would like to have
more efficient and practical iterative solvers than the generic fixed point iterations, we shall
introduce the domain decomposition methods in Section 1.3. An application to the inverse
conductivity problems is presented in Section 1.4. We end the chapter in Section 1.5 by
making a summary of the contributions of the thesis.

1.1 Motivation and state of the art

For large-scale inverse problems, which often arise in real life applications, the solution of
the corresponding forward and adjoint problems is generally computed using an iterative
solver, such as preconditioned fixed point or Krylov subspace methods, rather than exactly
by a direct solver, such as LU-type solvers (see e.g. [49, 1]). Indeed, the corresponding
linear systems could be too large to be handled with direct solvers because of their high
memory requirement. In addition, iterative solvers are easier to parallelize on many cores
for time speed-up. By coupling the iterative solver with a gradient-based optimization
iteration, the idea of one-step one-shot methods is to iterate at the same time on the
forward problem solution (the state variable), the adjoint problem solution (the adjoint
state) and on the inverse problem unknown (the parameter or design variable). If two or
more inner iterations are performed on the state and adjoint state before updating the
parameter (by starting from the previous iterates as initial guess for the state and adjoint
state), we speak of multi-step one-shot methods. Our goal is to rigorously analyze the
convergence of such inversion methods. In particular, we are interested in those schemes
where the inner iterations on the forward and adjoint problems are incomplete, i.e. stopped
before achieving convergence. Indeed, solving the forward and adjoint problems exactly
by direct solvers or very accurately by iterative solvers could be very time-consuming with
little improvement in the accuracy of the inverse problem solution.

The concept of one-shot methods was first introduced by Ta’asan [46] for optimal
control problems. Based on this idea, a variety of related methods, such as the all-at-once
methods, where the state equation is included in the misfit functional, were developed
for aerodynamic shape optimization, see for instance [47, 45, 25, 42, 41] and the literature
review in the introduction of [42]. All-at-once approaches to inverse problems for parameter
identification were studied in, e.g., [19, 5, 33, 31, 32, 39, 40]. An alternative method,
called Wavefield Reconstruction Inversion (WRI), was introduced for seismic imaging in
[50], as an improvement of the classical Full Waveform Inversion (FWI) [48]. WRI is a
penalty method which combines the advantages of the all-at-once approach with those of
the reduced approach (where the state equation represents a constraint and is enforced at
each iteration, as in FWI), and was extended to more general inverse problems in [51].

Few convergence proofs, especially for the multi-step one-shot methods, are available
in the literature. In particular, for non-linear design optimization problems, Griewank [17]
proposed a version of one-step one-shot methods where a Hessian-based preconditioner is
used in the design variable iteration. The author proved conditions to ensure that the
real eigenvalues of the Jacobian of the coupled iterations are smaller than 1, but these
are just necessary and not sufficient conditions to exclude real eigenvalues smaller than
—1. In addition, no condition to also bound complex eigenvalues below 1 in modulus was
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found, and multi-step methods were not investigated. In [22, 23, 14] an exact penalty
function of doubly augmented Lagrangian type was introduced to coordinate the coupled
iterations, and global convergence of the proposed optimization approach was proved un-
der some assumptions. This particular one-step one-shot approach was later extended to
time-dependent problems in [18]. More recently, for geometric inverse problems, one-shot
inversion methods combined with domain decomposition were analyzed in [7, 28] in the
case of cylindrically invariant geometries.

1.2 Omne-shot inversion methods

We shall present (multi-step) one-shot inversion methods for a generic class of linear inverse
problems, for which we have developed a rigorous convergence theory. Our analysis is
directly placed in the finite-dimensional discrete setting.

1.2.1 Linear inverse problem

We focus on (discretized) linear inverse problems, which correspond to a direct (or forward)
problem of the form: seek u = u(o) such that

u=Bu+ Mo+ F (1.1)

where v € R™, 0 € R™, B € R™*™ M € R™*" and F € R™. Here I — B is the
invertible matrix associated with the direct problem (e.g. obtained after discretization of
a PDE model and applying a preconditioner to the linear system), with parameter o.
Equation (1.1) is also referred to as the state equation and w is the state variable. Given
o, we assume that one solves for u by a fixed point iteration

Ungl:BuZ—i-MO'—i-F, 620,1, (12)

We indeed assume p(B) < 1 so that the fixed point iteration (1.2) converges for any initial
guess ugy (see e.g. [16, Theorem 2.1.1]). Measuring g = Hu(o), where H € R"*™ we
consider the linear inverse problem of retrieving o from the knowledge of g. Let us set A :=
H(I—B)~'M. The inverse problem can be synthetically written as Ao = g— H(I—B)"'F,
which amounts to inverting the ill-conditioned matrix A. We shall assume in the following
the uniqueness of the solution for this inverse problem, which is equivalent to the injectivity
of A. In summary, we set

direct problem: u=Bu+ Mo+ F, (1.3)
inverse problem: measure g = Hu(o), retrieve o ’
with the assumptions:
p(B) <1, H(I— B)'M is injective. (1.4)

Remark 1.2.1. Considering real-valued matrices B and M is not a restrictive assumption.
Indeed, the case of complex-valued matrices can be rewritten as a system of real-valued
equations by doubling the size of the linear system (see Section 4.1).

To solve the inverse problem we write its regularized least squares formulation: given
some measurements g, we seek the regularized solution of* defined by

1
0 = argmin e, J(0)  where J(0) = S| Hu(o) - g|[* + %HJH? a>0. (L5
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In case we have exact measurements, i.e. ¢ = Hu(o®*), one can take a = 0 so that & = o°*.
However, in practice, the measurements are often affected by noise, hence in general we
cannot reconstruct ¢ but its approximation o5*. Now we solve the minimization problem
in (1.5). Using the classical Lagrangian technique with real scalar products, we introduce
the adjoint state p = p(o), which is the solution of

p=DB"p+ H (Hu— g)

and allows us to compute the gradient of the cost functional as
VJ(o) = M*p(o) + ao.

The classical gradient descent algorithm then reads

n+1 n

o =" —1TM*p" — Tao™,

usual gradient descent: u" = Bu™ + Mo" + F, (1.6)
p" = B*p" + H*(Hu" — g),

where 7 > 0 is the descent step size, and the state and adjoint state equations are solved
exactly by a direct solver at each iteration step for o. Notice that when F' = 0, (1.6)
is equivalent to 0" = ¢" — 7A*(Ao™ — g) — Tao™. One can also consider a slightly
different version where an implicit scheme is applied to the regularization term leading to
the following semi-implicit gradient scheme

n+1 n+1

=o" —1TM*p" — T,
semi-implicit gradient descent: < u" = Bu" + Mo" + F, (1.7)

g

It can be shown that both algorithms converge for sufficiently small 7 > 0: for any initial
guess, (1.6) converges if and only if 7 < m and (1.7) converges if and only if (p(A*A)—
a)7 < 2. These results indicate in particular that we gain more stability with the semi-

implicit scheme.

1.2.2 Principle of one-shot inversion methods

We are interested in methods where the direct and adjoint problems are rather solved
iteratively as in (1.2), and where we iterate at the same time on the forward problem
solution and the inverse problem unknown: such methods are called one-shot methods.
More precisely, we are interested in two variants of multi-step one-shot methods, defined as
follows. Let n be the index of the (outer) iteration on 0. We update ¢"*! = ¢ — 7 M*p" —
Tao™ as in gradient descent methods (or respectively, 0" = g™ — 7 M*p" — 7ac™"! as in
semi-implicit gradient descent methods), but the state and adjoint state equations are now
solved by a fixed point iteration method, using just k inner iterations and it is important
to note that as initial guess we choose the information from the previous (outer) step. We
then get the two following variants of multi-step one-shot algorithms

ot =" — T M*p" — Tao™,

ugtt =un pitt = pn,

for 0=0,1,... k—1:
up = Buyt™t + Mot + F,
pitl = Bpptt + He(Hup™t — g),

n+1 .. ,n+l _n+l1 ., n+l
U = Pt =Dy

k-step one-shot: (1.8)
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and

ot =g — T M*p" — Tac™ L,
n+l _ ,n ,n+l _ . n
U =Uu, Py =P,

for { =0,1,...,k—1:
upt! = Bup™ + Mo™™ + F,
pzzill — B*p?H 4 H*<HU?+1 - g)’

n+1 .. ., n+l _n+l1 .  n+l
=uy L, pt T =

semi-implicit k-step one-shot:

U
In particular, when k = 1, we obtain the two following algorithms

n

= g — T M*p" — Tao™,

o
one-step one-shot: "' = Bu" + Mo" + F, (1.10)
pn-i-l _ B*pn + H*(Hun _ g)

and

n+1 n+1

oV =" —TM*p" — T,
semi-implicit one-step one-shot: { "' = Bu™ + Mo"*! + F, (1.11)

pn—H — B*pn + H*(Hun _ g)

Note that when & — oo, the k-step one-shot method (1.8) formally converges to the
usual gradient descent (1.6), while the semi-implicit k-step one-shot method (1.9) formally
converges to the semi-implicit gradient descent (1.7). Since the analysis of the two schemes
(1.8) and (1.9) can be done following similar arguments, we choose to concentrate on
only one of them, namely the semi-implicit scheme. We first analyze the one-step one-
shot method (1.11) (k = 1) in Chapter 2 and then the multi-step one-shot method (1.9)
(k > 1) in Chapter 3. Furthermore, we refer to Section 4.2 for the analysis in the case
Ny = Ny = ng = 1 (for which we can apply basic tools) and o = 0 (for which the two
schemes (1.8) and (1.9) coincide).

1.3 Domain decomposition methods

Domain decomposition methods (DDMs) are a family of iterative methods to solve effi-
ciently large-scale forward problems. The key idea behind those methods is to decompose
the computational domain into many subdomains, in which subproblems are appropriately
defined and solved in parallel using a (robust) direct solver. Building subproblems plays
the main role in DDM; basically this involves how to design overlapping/nonoverlapping
subdomains, which boundary conditions are imposed on the interfaces and how to exchange
information between subdomains. After that, subproblem solutions also need to be con-
catenated in a correct way, usually with the help of a partition of unity, to guarantee the
convergence to the global solution. While the original version of DDM by Schwarz' [44]
and its classical variants use Dirichlet conditions on the interfaces, the later versions, first
introduced by P. L. Lions? [34, 36], named optimized Schwarz methods (OSMs) use Robin

"Hermann Amandus Schwarz (1843-1921), German mathematician.
2Pierre-Louis Lions (1956), French mathematician.
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transmission conditions instead and this was proved to be more efficient, see [12, Chapter
2]. P. L. Lions made a convergence proof for the elliptic case [35] , then Després® extended
it to the case of the Helmholtz equation [11] and time-harmonic Maxwell equations [10].
Here, we shall focus on OSMs; however our introduction also includes the classical Schwarz
method so that we can describe the advantages of OSMs compared to the classical methods.

1.3.1 Optimized Schwarz methods

We consider a well-posed direct problem of the form

equation in 2,

b
B(u) = f boundary condition on OS2

{ Alu) =

and we assume that the solution wu is regular enough, and that the trace of v and conormal
derivative Nu are continuous. In our framework, we shall consider the equation — Au +
nu = 0 where N' = 5% and the slightly more general version — div(cVu) + nu = 0 where

_ 0

Qs
1%) \/yl 1/2<7_>y1 "
o Q Q0 Qy 5
/ 2
(a) Overlapping subdomains. (b) Non-overlapping sub-  (c) Non-overlapping
domains. subdomains.

Figure 1.1: Some typical examples of two-subdomain decompositions.

We decompose  into Q = Q; U Q (©; and €2y can be overlapping or not) as sketched in
Figure 1.1. For ¢ = 1,2, we define the interface

(1.12)

S 00 N Qs if 1 and 2, are overlapping,
T 0 NI, = X if  and Q, are nonoverlapping,

where we impose the transmission condition; also we denote by v; the outer normal vector
of ©; and N; the conormal trace operator corresponding to v;.

The classical Schwarz method (with Dirichlet transmission conditions) and the OSM (with
Robin transmission conditions) then respectively read

3Bruno Després (1965), French mathematician.
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Algorithm 1.1: Classical Schwarz method for two subdomains

Initialize ;0 in €, 1 =1,2;
for /=0,1,... do

fori=1,2do
Solve
A(Ui;g_,_l) =b in Qi;
B(ui;gﬂ) = f on an N 89,
Ujp+1 = U3—j¢  OIN 2
for ey 1;
end
end

Glue subproblem solutions appropriately

and

Algorithm 1.2: OSM for two subdomains
Initialize ;0 in €, 1 =1,2;
for /=0,1,... do

fori=1,2do
Solve
Aluier) = b in €;,
B(Ui;g+1) = f on 891 N QQ,
(-/\/; + 6) Ujp41 = (M + 6) U3z—s¢ O >
for wip41;
end
end

Glue subproblem solutions appropriately.

In the case of OSM with nonoverlapping subdomains (see Figures 1.1b and 1.1c¢), we would
like to have one notation for the conormal derivative on the interface X so we rewrite the
transmission condition for the subproblem in €, as follows. For x € X, let v(z) = vi(x)
be the outer normal vector of € at x then v»(x) = —v(x) is the outer normal vector of €2,
at z. We denote N’ = N; then Ay, = —N. With the new notation, the interface boundary
condition

(Na+ B)ugerr = Na+ B)uy on X

becomes

(_N_I' 6) Ug;0+1 = (_N‘l' B) Uy, O Z,

which is equivalent to

(N— B) ugeq1 = (N— B)ui,e on .

The OSM in the case of nonoverlapping subdomains is thus rewritten as
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Algorithm 1.3: OSM for two nonoverlapping subdomains

Initialize ;0 in €, 1 =1,2;
for /=0,1,... do

Solve
A(ue1) = in €2y,
B(uye41) = on 0 N 09,
N +5) U1,£+1 (N + B)uge on X
for Up:0+415
Solve
A(ugierr) =0 in €,
B(uze1) = f on 99 N 09,
(N =B ugyr1 = N = B)ue on X
for ug.p41;
end

Glue subproblem solutions appropriately.

However, there is an issue about the numerical implementation of the normal derivatives
in the right-hand side in practice. For instance, in the weak formulation of the subproblem
in €2y, we may have to discretize [ dgfj’ngds where 1y, is defined on a mesh in 2y but ¢ is
a test function defined on another mesh in €2;. A numerical error will occur when we try to
interpolate the normal derivative between two opposite-side meshes, which has a significant
impact on the convergence (see also [12, Section 2.3]). Therefore, it is more convenient to
avoid working with normal derivative as follows. We introduce the impedance values (or

impedance variables)

M1 = (N + B)uge and Mgy = (N = Blugpon X, £=0,1,... (1.13)
then the transmission conditions on ¥ in Algorithm 1.3 gives
(N + B)ury = Mg and (N = Blugy = Agpon X, £=0,1,... (1.14)

For ¢ = 0,1, ..., we have

(1.13)

)\1;e+1 = (N+ B) tge = (N — B) gy + 2[usy i Aoy + 28U

and

(1.13) (1.14)

Ar1 = N =B ury =N+ B)ure —2Bure = Aiye — 2Pusy.

on Y. The difference is that in implementation, we are now able to define a mesh on X
for both sequences (A1.0)r>0 and (Aa)e>0, and we only need to interpolate the subproblem
solutions onto this mesh. We thus rewrite the OSM in Algorithm 1.3 as an iteration over
the impedance values Ay and \;, that is as a substructuring method:
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Algorithm 1.4: Substructuring version of OSM for two nonoverlapping subdo-
mains

Initialize Ao, 2 =1,2;

for /=0,1,... do

Solve
A(ul;g) =b in Qla
B(ul;g) = f on 891 N GQ,
(N—l- 5 Uy, = /\1;5 on X
for wuy,;
Solve
A(uge) =b in o,
B(ugy) = f on OS2y N 01,
(N - ﬂ U2:p = )\2;3 on X
for ug.;
AMo+1 = Aoy + 28Uz, Aopyr = Ao — 2Buqy ;
end

Glue subproblem solutions appropriately.

In the next section, we will discuss the convergence of Algorithms 1.1-1.4.

1.3.2 About the convergence of domain decomposition methods

An overview about the convergence of classical Schwarz methods and OSMs can be found
respectively in [12, Chapter 1] and [12, Chapter 2|. Here, we would like to discuss in detail
the convergence for two typical models. The first one, also presented in [12], is the equation

(—A+nu=FfinR> (neR,fisa source term)

with a suitable condition at infinity (depending on the sign of 7) that guarantees the
uniqueness of the problem. We decompose the plane R? into two half planes

Q) = (—00,0) x Rand Q2 = (0,00) x R (1.15)

where 6 > 0 is the overlap size, and 6 = 0 means there is no overlap. For the interfaces
where we impose the transmission boundary conditions, we keep using the notations X3;
defined in (1.12); in this case

Y1 ={(z,y) €R*: 2 =0} and %y = {(z,y) € R? : x = 0}. (1.16)

This two-half-plane model is typical since after taking the Fourier transform in the y-
direction, the errors in the subdomains have explicit expressions (which depend on the
sign of n). We are also interested in a second typical model with a bounded domain made
of two concentric circles (see e.g. [7, Section 3.1]). Given the piecewise scalar function
o defined in the circle B(0, Ry) C R? that takes the value o; € R in the smaller circle
B(0, Ry), Ry < Ry, and the value o9 € R in the annulus R; < /22 + y? < Rs, we consider
the equation
—div(eVu) = 0 in B(0, Ry) C R?

with either Dirichlet or Neumann boundary condition. For DDMs without overlap, we di-
rectly use the circle B(0, Ry) and the annulus R; < /22 + y? < Ry as the subdomains (see
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Figure 1.1¢). In this model, the subproblem errors have explicit expressions (in Fourier
series form). Studying the subproblem errors in those two models shows that the con-
vergence of DDMs relates to some geometric sequences and is hence characterized by the
so-called convergence factor associated with the ratios of these sequences. Convergence
proofs for more general geometric configurations are actively studied in the literature. A
more general convergence proof of nonoverlapping OSM with second order transmission
conditions for elliptic equations is exhibited in [12, Section 2.1.2]. Recently, Gong et al
[15] have proved the convergence of overlapping OSM for the Helmholtz equation for strip-
wise domain decompositions. Moreover, in the nonoverlapping case, many recent articles,
e.g. [8], focus on the convergence issue with the presence of cross-points, i.e. points where
three or more subdomains are adjacent.

To give readers an idea of the convergence proof, we briefly present the convergence
analysis for the first model in two cases: the case of an elliptic equation ( > 0), which can
be found for classical Schwarz method in [12, Section 1.5.2] and for OSM in [12, Section
2.1.1]; and the case of the Helmholtz equation (7 < 0), which can be found for classical
Schwarz method in [12, Section 2.2.1] and for OSM in [12, Section 2.2.2]. This will provide
better understanding of the advantages of OSM compared to the classical Schwarz method.

The case of an elliptic equation

Given 1 > 0, we consider the global problem

(—A+nu=f inR?
u is bounded at infinity

for which the classical Schwarz method and the OSM are respectively written as

(= A4+ n)uje = foinQ,

1=1,2: U;o+1 1s bounded at infinity,
Ujspr1 = U3—jyp on Y;
and -
(= A+ n)ugesr = f in €2,
i=1.9: Uio+1 1S bounded at infinity,

(8 + ot = (3 + Ao on

where €;,%;, i = 1,2, are respectively defined in (1.15) and (1.16). We define the errors

ei = uf —ulg, and we are interested in their Fourier transform in the y-direction denoted

by &0 = €;(x, &), which is defined by

i(,€) = (Fa)(w,€) = [ alw.y)e ™ dy.
It is easy to check that &;,,¢ = 1,2, satisfy

=48 +77>€1g+1—0, r <4 EeR,

1541(0,€) = €2,0(6,), V¢ € R,

Z &4 n) e =0, >0,£€R,
2:0+1(0, &) = €1,0(0,€), VEeR

(1.17)

5
-
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for the classical Schwarz method, and

( 8x2+£2+n)61£+1_0 r<d,f ER,

(5 +5) (re)(0:6) = (& + ) (20(0,6),  VEER, (1.18)
( 8$2+£ +77)€26+1—0 >0, eR,

(=2 +8) (E2e)(0,6) = (=2 +8) (61)(0,€), VEER

for the OSM. Since the solutions are also bounded at infinity, the fundamental solutions
to (1.17) and (1.18) for fixed £ € R are of the form

ru(,€) = 61,0(6,6)MO@) <5 and  Egy(x, &) = 9:0(0,€)e MO 2 > 0 (1.19)

AE) = /€2 + 1. (1.20)

For the convergence, it suffices to focus on é;,(0,&) and é;,(0,¢). From the transmission
boundary conditions, we deduce that é;.,(5,&), £ > 0 and é4,(0,&), £ > 0 behave like two
geometric sequences with the same ratio 7:

where

él;f—}-l(& 5) = f2é1;€_1<5’ 5) and é2;€+1 (07 6) - f2é2;€—1(07 5)7 Vi > L

where
F(€,6) = e &I for the classical Schwarz method,
F=q AME) =B ey
7(&,0;0) = ————e for the OSM.

Using the definition of A(§) in (1.20), we thus obtain the convergence factor p = |F| given
by

p(€,68) = e OVEFT for the classical Schwarz method,
p= . 52 _5,/524. (121>
p(&,0;5) = \/527 5 " for the OSM.

The general condition for convergence is p < 1. Based on formula (1.21) of the convergence
factor, we have the following conclusions about the model (7 > 0).

» The classical Schwarz method converges when there is overlap (6 > 0) and in addition,
we even have uniform convergence since p < e V7 < 1, V¢ € R.

« The classical Schwarz method diverges when there is no overlap (6 = 0).

e The OSM always converges, with or without overlap. When there is overlap, thanks
to the Robin coefficient 3, the OSM uniformly converges with a smaller convergence
factor and thus faster than the classical Schwarz method.

The case of the Helmholtz equation

We now take into account the case of the Helmholtz equation: n = —w? < 0 for some w > 0,
w is called the wavenumber. Before discussing the two-half-plane model, we must remark
that the classical Schwarz method is not always applicable for the Helmholtz equation: for
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certain wavenumbers w, the subproblems may be ill-posed even when the global problem
is well-posed. For example, consider the global problem

{ (— A —w?)u = f in a domain €, (1.22)

u=g on N

for some given wavenumber w such that this problem is well-posed. We decompose Q as
Q= Ql U Qg where Ql and Qg are overlapping subdomains as sketched in Figure 1.2.
For + = 1,2, we define the interface f]z = 6(2,- N Qg_i where we impose the transmission
condition, also we denote by 7; the outer normal vector of QZ

Figure 1.2: Overlapping subdomains € and Q.

The classical Schwarz method and the OSM are respectively written as

(= A =i = [ in Qi

i=1,2: Uipr1 = § on 0; N9, (1.23)
Ujp+1 = U3—iw on
and _ ~
(— A — wQ)ui;gH = f in Qil ~
i=1,2: { U1 =7 on 98; N 0%, (1.24)

(Biw + 5) Wise+1 = (% + 5) Uz—j;e O 5.

We shall focus on the subproblem on Q, the schemes (1.23) and (1.24). The uniqueness of
the subproblem on €2; defined in (1.23) is equivalent to the uniqueness of the homogeneous
problem

(1.25)

(—A—w’)v=0 in Qlj
v=20 on 0f);.

If w is such that there exists v # 0 satisfying (1.25), that is, w? is a Dirichlet eigenvalue
of the Laplacian operator, the subproblem on € defined in (1.23) is not well-posed. We
remark that for every geometry of €, there always exist Dirichlet eigenvalues, known as
the resonances for ;. On the other hand, the uniqueness of the subproblem on €; defined

in (1.24) is equivalent to the uniqueness of the homogeneous problem

(—A—w’)v=0 in §~21~, )
v=0 on 09 N 012, (1.26)
(%—i—ﬁ)v:() on Y.

With Robin conditions, for any w > 0, we have that v = 0 is the only solution to (1.26).
Indeed, multiplying the first equation in (1.26) with ¥ and integrating by parts using
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boundary conditions gives

0= / (— A —wovdx
Q
1 v 2 20,12
= — ds+/ |V dx—/w|v| dx
o0 " o))
= [ BlePds+ [ VoPdx— [ wufdx
bl 921 Q1
The imaginary part of the last equation line implies v = 0 on >y, if the Robln coefficient (8
is chosen as 3 = if3 for some 3 > 0. Using the Robin condition, this ylelds =0onY;. By
Theorem 1.A.2, an application of unique continuation principle, we must have v =0in Q.
Hence, the classical Schwarz methods is not always well-defined for the Helmholtz equation
while the OSM fixes this drawback as long as we choose a suitable Robin coefficient .
Now back to the convergence analysis for the two-half-plane model, we consider the

global problem

(=N —wu=Ff in R?,
lim /r (a“ + 1wu> =0 Sommerfeld condition, r := /a2 + y°.

r—00

The classical Schwarz method then reads

2 ~ .
(— A—w )UM+1 =f in €,
1=1,2: lim /r ( Lt s 1wui.g+1) =0 Sommerfeld condition,
r—00 ’
Ujsp+1 = U3—jse on %;

and the OSM with Robin coefficient 3 = i (5 > 0), which is known as Després method, is
written as

(— A — W)Uy = f in €2,
1=1,2: TIL%lO T (dul oo 1wuz-;g+1) =0 Sommerfeld condition,

(871- + 15) Ujyp41 = (3%1 + 1B> Uiy on X,

where €;,%;, i = 1,2 are respectively defined in (1.15) and (1.16). In this case, all sub-
problems in both methods are well-defined. By repeating the same arguments as in the
previous section, we focus on é;4,% = 1,2, the Fourier transform in the y-direction of the
errors, which satisfy

(-Z+€—w) b =0, 2<5EER,
€1.041(0,&) = é9,(9, V¢ e R,
+1(6,8) = €24(6,€), § (1.27)
(~ +€ ~ ) a1 =0, 2>0,6€R,
e2.011(0,8) = €1,(0,¢), VEeR
for the classical Schwarz method, and
( 8x2+£2_w)é1'f+1:07 I’<(5,£€R,
i0) (eres1)(0,6) = (& +16) (@20)(6.6),  VEER, o)

(55 +
( 3$2+§2_w>62;€+1:07 x>0,§ eR,
(=8 +18) (€202)(0.6) = (= +15) (2re)(0,6). V€ R
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for the OSM. By Sommerfeld condition, the fundamental solutions to (1.27) and (1.28)
have the same form as in (1.19), that is for fixed £ € R,

él;g(:ﬁ, 5) = él;ﬁ(éa S)e/\(é)(x—d)’ r <04 and ég;g(:)ﬁ, 5) = é2;5(07 f)e_A(g)xv x>0

but in this case,
— in2_£2 1f|§|<w7
A@”‘{vﬁiﬂﬁiHQZW. (1.29)
We observe that A(§) defined in (1.29) can be complex while A(§) defined in (1.20) is

always real. Again, from the transmission boundary conditions, we deduce that é;.(6, &)
and é2,(0,&), £ > 0 behave like two geometric sequences with the same ratio 7

é1;€+1 (57 g) = 7;Izél;éfl(dv 5) and é2;€+1 (07 5) = fZéQ;Zfl(Oa 5)7 \V% 2 1

where
7(&,0) = e ME? . for the classical Schwarz method,
- \E)
g 7(&,0) = Me_)‘(@é for the OSM.
A(§) +ip

The convergence factor p = || is thus given by

1 if €] < w,
pm e = = { e o (130

for the classical Schwarz method, and

i e
i e

e IV if [¢] >w

N if
o= plE,5:5) e <.

‘A(f) —i8 s (1.31)

A€) +1p

for the OSM, where we have used the definition of A(¢) in (1.29). Based on the formulas
(1.30) and (1.31) of the convergence factor in each method, we have the following conclu-
sions about the model (n = —w? < 0).

o The classical Schwarz method with overlap (6 > 0) diverges for propagative modes
|€] < w and converges for evanescent modes |£| > w.

o The classical Schwarz method without overlap (6 = 0) diverges for any modes.
e The OSM with overlap converges for all modes except for £ = tw.

o The OSM without overlap converges for propagative modes || < w and diverges for
evanescent modes |¢| > w.

1.4 Application to the inverse conductivity problem

1.4.1 Non-linear inverse conductivity problem

In physics, the electric (voltage) potential u satisfies the equation

—div(ecVu) = 0 in the domain (1.32)
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where the conductivity o belongs to the admissible set
V(Q)={celL®Q):0<0<7}

for some given constants o, > 0. Equation (1.32) is called the conductivity equation.
Given a Dirichlet boundary condition

u = f on 0f),

the electric potential v € H(Q) is uniquely determined from f € H2(99Q) if we have
Lipschitz 0€2. Also, u depends continuously on f in the norms of those spaces so we have
a well-posed problem. We often assume moreover that o is constant near 9€). Then,
% eH ’%(89), and the conormal trace

0
aa—:j:gonaﬁ

is well-defined. The inverse conductivity problem is to retrieve o from the knowledge of
one or several measurement(s) g. A brief history of the inverse conductivity problem is
presented in [27, Section 1.2].

In our works, we are interested in the slightly more general equation

—div(eVu) +nu=0in Q (1.33)

where 7 is a function in L>°(€2). As mentioned in the previous section, if n = —w? < 0 in Q,
equation (1.33) is called the Helmholtz equation and w is called the wavenumber. If n > 0
in €2, equation (1.33) is elliptic and called the screened Laplacian equation (or the screened
Poisson equation when there is a source term, or even called the Helmholtz equation with
good sign, see e.g. [13]). The solution u of equation (1.33) has continuous trace u and
conormal trace 0%, which is important in the DDM algorithms introduced in the previous

section.

Remark 1.4.1. Above we have described the direct problem with a Dirichlet boundary
condition and the inverse problem with Neumann measurements. In addition, we also
consider the direct problem with a Neumann boundary condition and the inverse problem
with Dirichlet measurements. In the latter case, when 1 = 0, we need to take care of the
direct problem well-posedness. For the existence, it is known that the source term (which
is zero in our case) and the conormal trace g must satisfy the compatibility condition

gds = 0.
19)
For the uniqueness, again when 7 = 0, we require an extra constraint [, udx = 0. In the
following sections, though not explicitly mentioned, the above compatibility condition and
constraint will be implied when 1 = 0.

1.4.2 Linearization using Born approximation

It is possible to linearize the inverse conductivity problem as follows. The solution u of
equation (1.33) is also called the total field and now renamed by u'*":

= tot tot _ 3
{ div(eVu'") + nu 0 in Q, (1.34)

utt = f on 0f.
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Let 09 € L™(2) such that oy = ¢ in a neighborhood of 0€2. We define the incident field
u™ such that

uinc — f on 89 (135)

The scattered field u** defined by the difference between the total field in (1.34) and the
incident field in (1.35), i.e. ust = y'°t — /"¢ satisfies

{ —div(ooVu™) + nu™ =0 in Q,

st =0 on 09, (1.36)

{ — div(ooVus™) + nuse = — div(6Vu'™) — div(6Vus) in Q,
where ¢ = 09 — o is the conductivity contrast. We remark that ¢ = 0 in a neighborhood
of Q. The Born approzimation says that we can ignore div(eVu*?") in equation (1.36)
when & < 1. We hereby obtain the linearized field u'™:

ISt lin lin:_ : ~ inc 3
{ div(ooVu™) + nu div(eVu™) in €, (1.37)

uli™ =0 on 0.

. 3 . 3 I, in
Note that the solution u'™ has continuous trace u'™ and conormal trace Jodg—;. Now,
. lin ~ . . .
with the Neumann measurement g = Joagy , the map o +— ¢ is linear. The idea of

linearization is similar if we replace the Dirichlet condition by the Neumann condition.

1.4.3 An overview about the application

In summary, we formulate the inverse conductivity problems as follows, where, by abuse
of notations, in the linearized problem we denote (u'™, &) by (u, o), which are used in the
abstract framework presented in Section 1.2. The non-linear inverse conductivity problem
is

—div(eVu) +nu =0 in €,

u= f on 0N (oraag—(;):fonﬁfl),
inverse problem: given 7, (1.38)
input f,
measure g = 0615—(5) 0

direct problem: {

(or respectively g = u(o)|aq),

retrieve o

and the linearized inverse conductivity problem is

—div(ooVu) + nu = —div(cVuy) in Q,

direct problem: o
u=00n0Q (orcy?4?) =0 on 09),

ov
where o = 0 in a neighborhood of 0f2
—div(ooVug) + nup = 0 in Q,
and _ 5 1.39
ug = f on 0Q (or respectively o052 = f on 0Q), (1.39)

inverse problem: given oy and 7,
input f,
— 5. 0u(o)
measure g = 0o

o0 (or respectively g = u(o)|aq),

retrieve o.
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Unfortunately, the conductivity inverse problem is severely ill-posed in many cases, even
when the problem is linearized. Indeed, the forward problem solution in (1.39), when €2
is a circle in R?, is of the form u = Ao where A is an invertible linear operator, and
one can show that the sequence of singular values of A decay exponentially, which causes
significant difficulty in inverting A. The relation between the number of measurements and
unknowns is also an issue: it is known that one can not retrieve o with just a finite number
of boundary measurements. Some discussions about this kind of issue can be found in [20],
[21], [6] and [28]. In our numerical experiments, we shall consider a simplified case where
the conductivity o is a P? function with known support and the number of measurements
is suitably designed to ensure the uniqueness of the inverse problem. The application of
multi-step one-shot methods (1.8) to the linearized conductivity inverse problem with this
setting is presented in Section 3.2. Then, the combination with DDMs will be studied in
Chapter 5 for the linearized inverse problem (1.39) and Chapter 6 for the non-linear inverse
problem (1.38).

1.5 Thesis summary and contributions
The contributions of this thesis are detailed in each Chapter as follows.

One-step one-shot methods for linear inverse problems. In Chapter 2, we analyze
the convergence of the semi-implicit one-step one-shot method (1.11)

ot =" — T M*p" — Tao™ !,
u™t = Bu" + Mo"t + F, (1.11 recalled)
pn+1 — B*pn + H*(Hun . g)

It is easy to observe that the error system of this algorithm is actually a fixed point
iteration given by x"*1 = A(7)x™ where x = (0,u,p) and A(7) is the so-called iteration
matrix. Analyzing the convergence of (1.11) is thus equivalent to studying the location
of the eigenvalues of A(7). Indeed, we shall prove that for sufficiently small 7 > 0, all
the eigenvalues of A(7) lie inside the unit circle in the complex plane, which yields the
convergence of (1.11). To do that, we give in Section 2.1 a suitable form for the eigenvalue
equation of A(7), see (2.9) for the expression of this equation. We remark that (2.9) is
not in polynomial form and includes a scalar product in C" with the presence of the
matrices B, M, H and the descent step 7. Next, in Section 2.2 we study the location
of the roots of (2.9). In case an eigenvalue \ of A(7) is real, (2.9) contains some semi
positive-definite operators. However, in case A is complex but not real, we lose the semi
positive-definite property in general. We shall tackle this by combining the real and the
imaginary parts of the eigenvalue equation (2.9) so that we obtain some new semi positive-
definite operators. The study is then completed thanks to several technical lemmas. What
we obtain is a sufficient condition on 7 with explicit bound that ensures the convergence
of the semi-implicit one-step one-shot method (1.11). This will be summarized in Section
2.3. In particular, for ||B]| < 1, the bound of 7 depends only on ||B||, ||M||, || H|| and the
regularization parameter a; this bound does not depend on the dimensions of o, u, p. Let us
remark that comparing with the scalar case that will be studied in Section 4.2, we observe
that the obtained sufficient conditions in the general case are not optimal.

The content of Chapter 2 is extracted from the article:
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[4] M. Bonazzoli, H. Haddar, and T.A. Vu (2023, preprint). On the convergence
analysis of one-shot inversion methods. hal-04151014

Multi-step one-shot methods for linear inverse problems. By developing the tech-
nique presented in the previous chapter for semi-implicit one-step one-shot method, we
shall analyze in Chapter 3 the convergence of the semi-implicit k-step one-shot method

(1.9)

ot =g — T M*p" — Tao™ L,
n+l _ ,n ,n+l _ . n
U =Uu, Py =D,

for £ =0,1,... . k—1:
upt! = Buyt™t + Mo™t + F,
Pt =BT+ H (Hup ' — g),

n+1 .. ., n+l _n+l1 .  n+l
= Uk, , P = pk:

(1.9 recalled)

u

for k > 1. This slightly-modified technique is also applicable to the case £ = 1, that
explains why it is included in this chapter even though it was studied in the previous
chapter. Indeed, the error system of the algorithm (1.9) is a fixed point iteration given
by x"t1 = A(k,7)x™ where x = (o,u,p) and A(k,7) is the so-called iteration matrix.
Analyzing the convergence of (1.11) is thus equivalent to studying the location of the
eigenvalues of A(k, 7). Given k > 1, we shall prove in Section 3.1 that for sufficiently small
7 > 0, all the eigenvalues of A(k, ) lie inside the unit circle in the complex plane, which
yields the convergence of (1.9). To do that, we first give a suitable form for the eigenvalue
equation of A(k, 1), see (3.13) for the expression of this equation. We remark that (3.13)
is not in polynomial form and includes a scalar product in C" with the presence of the
matrices B, M, H and the descent step 7. The eigenvalue equation (3.13) for k£ > 1, which
is a more general and complicated version of (2.9) for kK = 1, can be viewed as the sum
of several components and controlling their signs is still the key idea of our proof. In
case an eigenvalue A of A(k,7) is real, (2.9) contains some semi positive-definite operators.
However, in case A is complex but not real, we lose the semi positive-definite property
in general. We shall tackle this by combining the real and the imaginary parts of the
eigenvalue equation (3.13) so that we obtain some new semi positive-definite operators.
The study is then completed thanks to several technical lemmas. What we obtain is a
sufficient condition on 7 with explicit bound that ensures the convergence of the semi-
implicit k-step one-shot method (k > 1). In particular, for |B|| < 1, the bound of 7
depends only on ||BJ|, ||M||, || H||, the number of inner iterations k and the regularization
parameter «; this bound does not depend on the dimensions of o, u, p. The main difference
between the two techniques respectively presented in Chapter 2 and Chapter 3 lies on the
choice of a technical parameter ¢y in Lemma 3.A.4: in Chapter 2 we can take 0 < 6y < 7
but in Chapter 3 we have to take 0 < 6y < 7 since our new estimates contain a division
by cos 26y. After finishing the convergence proof for the multi-step one-shot methods, we
perform several numerical experiments on a toy 2D Helmholtz inverse problem and present
their results in Section 3.2. First, we consider in Section 3.2.1 the case of noise-free data,
without regularization (o = 0). Two series of experiments are performed to study the
dependence of the multi-step one-shot methods on the descent step 7 and on the number
of inner iterations k, for fixed descent step 7. Next, we consider in Section 3.2.2 the case
where the measurements are affected by different levels of noise: £ = 1%, 3% and 5%. The
regularization parameter « is then chosen by trial and error. In particular, we observe that
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the semi-implicit k-step one-shot methods, with some small values of k, require a similar
number of outer iterations as the semi-implicit gradient descent algorithm to achieve the
same accuracy. This proves the potential of these methods since only a few inner iterations
are used. Moreover, we study in Section 3.2.3 the robustness with respect to the size of the
discretized problem. Our experiments indeed show that the number of outer iterations is
not much affected by the size of the discrete system. Finally, we consider in Section 3.2.4
the dependence of the number of outer iterations on the norm of B. Although we did not
analyze the convergence rate, we observe from the numerical experiments that the smaller
the norm of B, the faster the convergence.

The content of this chapter is extracted from the article:

[4] M. Bonazzoli, H. Haddar, and T.A. Vu (2023, preprint). On the convergence
analysis of one-shot inversion methods. hal-04151014

Convergence analysis in some particular cases. In Chapter 4, we analyze the conver-
gence of the semi-implicit multi-step one-shot methods (1.9) in two particular cases. The
first particular one that we shall present in Section 4.1 is an extension to inverse problems
where the inverse parameter is real but the state and adjoint state are complex, let us
call them complex inverse problems. The aim is to show that the complex inverse problem
can be translated into the previous framework of the real inverse problem in Section 1.2.
Indeed, we study the same state equation u = Bu+ Mo+ F as (1.1) where o is still in R™
but u is now in C™ instead of R™. The measurement Hu(c) where H € C™ " is also
now in a complex space. The two assumptions for the complex inverse problem are set as
in (1.4): p(B) <1 and H(I — B)"'M is injective. With the Lagrangian technique for the
complex equation, we define the adjoint state p of u(o). Then, by doubling the sizes of u
and p (actually by taking their real and imaginary parts), we obtain a real inverse problem
that has the same structure as in Section 1.2. Moreover, we show that this newly obtained
problem satisfies the assumptions (1.4), that is to say, the case of complex inverse problems
is also covered by our theory. The rest of the chapter is dedicated to the so-called scalar
case (i.e. n, = n, = n, = 1) without regularization parameter (i.e. o = 0), which is the
simplest configuration. We shall study not only the usual gradient descent and multi-step
one-shot algorithms presented before but also the shifted algorithms named shifted gradient
descent and shifted multi-step one-shot. Fach system of errors of any of these algorithms
is indeed in the form of a fixed point iteration governed by a 3 x 3 matrix. Therefore,
the eigenvalue equation associated with each algorithm is just a third-order polynomial.
Thanks to Jury-Marden Criterion (that provides a necessary and sufficient condition on
the coefficients of a real-coefficient polynomial so that all its zeros lie strictly inside the unit
circle in the complex plane), we establish sufficient and even necessary conditions on the
descent step 7 that ensure the convergence of these algorithms. The ranges of admissible
7 are plotted so that we can better understand the performances of one-shot algorithms
when the number of inner iterations tends to infinity.

The content of this chapter is extracted from the report:

[3] M. Bonazzoli, H. Haddar, and T.A. Vu (2022). Convergence analysis of multi-
step one-shot methods for linear inverse problems. Research Report RR-9477, Inria
Saclay, ENSTA ParisTech. hal-03727759

Combination of multi-step one-shot and domain decomposition methods for lin-
ear inverse problems. The multi-step one-shot inversion methods introduced in Chapter
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1 can be applied to the case where the iterative solver for the forward problem is a domain
decomposition method. The goal of Chapter 5 is to study the combination of the multi-
step one-shot and domain decomposition methods for the linearized inverse conductivity
problem. The non-linear case will be studied later in Chapter 6. To begin Chapter 5, we
recall in Section 5.1 the linearized inverse conductivity problem with Neumann forward
problem, which has been introduced in Section 1.4.2, and, using the classical Lagrangian
technique, we define the corresponding adjoint state. Next, we apply a domain decomposi-
tion method, or more specifically, the nonoverlapping OSM to solve the forward and adjoint
problems. For the sake of simplification, we consider the case where the domain is splitted
into two subdomains on which we will apply the OSM, and the unknown conductivity
contrast is located in the inner subdomain. When applying the OSM to solve the forward
and adjoint problems, we find an algorithm that simultaneously calculates the forward and
adjoint states with respect to a given conductivity contrast. Moreover, like in Algorithm
1.4, this algorithm can be compactly rewritten in terms of the interface impedance vari-
ables coming from the forward and adjoint problems. We then analyze the convergence
of this algorithm under some reasonable assumptions, and show that, in particular, these
are satisfied in the case of circular domain presented in Appendix 5.A. By combining this
OSM algorithm for the simultaneous calculation of the forward and adjoint states with the
gradient descent parameter update, we obtain a domain decomposition one-shot algorithm
that solves the linearized inverse conductivity problem. Section 5.2 is dedicated to the dis-
cretized versions of the algorithms studied in the previous section, obtained by discretizing
the forward and adjoint problems using the finite element method. We observe that the
discretized version of the combined algorithm looks close to but does not exactly match
the abstract framework introduced in Section 1.2. We therefore propose a new scheme as
follows. We construct an alternative discrete inverse problem in terms of the impedance
variable of the state by working directly on the discretized version of nonoverlapping OSM
for the forward problem. This way allows us to derive an alternative scheme where the
adjoint state is replaced by the numerical adjoint for the reformulation of the problem in
terms of impedance variables. This second scheme indeed respects the abstract framework
in Section 1.2, and is presented in Section 5.2.3.

Combination of multi-step one-shot methods and domain decomposition for
non-linear inverse problems. Chapter 6, the last chapter of the thesis, is dedicated to
the application of multi-step one-shot inversion methods and domain decomposition meth-
ods to the non-linear inverse conductivity problem. This chapter follows the structure of
the previous one. Also, we still treat the case of Neumann forward problem, and consider
the case where the domain is splitted into two subdomains on which we will apply the
domain decomposition method and the unknown conductivity is located in the inner sub-
domain. To begin Chapter 6, we recall in Section 6.1 the non-linear inverse conductivity
problem with Neumann forward problem, which has been introduced in Section 1.4.1, and
using the classical Lagrangian technique, we define the corresponding adjoint state Next,
we apply the nonoverlapping OSMs to solve the forward and adjoint problems. We find
an algorithm that simultaneously calculates the forward and adjoint states with respect
to a given conductivity, and furthermore, this algorithm can be compactly rewritten in
terms of the impedance variables coming from the forward and adjoint problems. We then
analyze the algorithm convergence under some reasonable assumptions, and show that, in
particular, these are satisfied in the case of circular domain presented in Appendix 6.A. By
combining this OSM algorithm for the simultaneous calculation of the forward and adjoint
states with the gradient descent parameter update, we obtain a domain decomposition one-
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shot algorithm that solves the non-linear inverse conductivity problem. Section 6.2 is then
dedicated to the discretized versions of the algorithms studied in the previous section, ob-
tained by discretizing the forward and adjoint problems using the finite element methods.
Finally, we provide in Section 6.3 several numerical experiments to compare the perfor-
mance of the classical gradient descent algorithm (with direct solvers for the forward and
adjoint problems) with the domain decomposition multi-step one-shot algorithm. Like in
Section 3.2, we observe that very few inner iterations are enough to give good convergence
of the combined algorithm.

To end this manuscript, we present in Chapter 7 some conclusions and some research
directions to extend our methods.
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Appendix 1.A An application of the unique continu-
ation principle

When studying the uniqueness of the solutions to the subproblems in the OSM applied
to the Dirichlet Helmholtz problem (1.22), we see that the Robin boundary condition is
assigned only on a part of the subdomain boundary, see (1.26). Hence we cannot directly
conclude the uniqueness of the subproblems using the maximum principle or the energy
method, since they require information on the full boundary. One way to tackle this
issue is using the unique continuation principle (see [9, Section 8.3]), saying that any H?*-
solution u of a second order equation must be identically zero if it satisfies the two following
conditions: u vanishes in a non-empty open subset of the domain and | Au| has a suitable
estimation in the whole domain.

Lemma 1.A.1 (Unique continuation principle). Let 2 be a bounded and simply connected
domain in R"™ and let u;, 1 <1i < m, be real-valued functions in C*(Q) satisfying

| D] < e (Juy| + V) in Q
j=1

for 1 <1 < m and some constant c. Assume that u; vanishes in a neighborhood of some
point xg €  for 1 < i < m. Then u; is identically zero in ) for 1 <i < m.

The proof of Lemma 1.A.1 can be found in [9, pages 312-315] in case n = 3. Now we are
ready to prove the following theorem.

Theorem 1.A.2 (The uniqueness theorem for the Helmholtz equation with both Dirichlet
and Neumann boundary conditions). Let @ C R™ be a bounded and simply connected
domain with Lipschitz boundary 02 and let T' C 02 be a part of the boundary with non-
empty interior in 0S), i.e. T is the intersection between OS2 and some open set in R™.
Assume that uw € H*(Q) solves

(—A —wHu=0 1inQ,
u=>0 and%z() onT' C 00

where w € R,w > 0. Then u =0 in 2.

Figure 1.3: Domain 2 extended by V.

Proof. Since the interior of I' in J€2 is non-empty, there exists a subset T of T' with non-
empty interior in 0d€2 and an open neighborhood V of I' such that

V\Q#A@and VNoQ=TcT.
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Let Q= QUYV then
INNQ=00N(QUV)=00nV CT. (1.40)

We define .
w(z) = u(z)lg(x), Vo € Q.
We show that At exists and equals (Au)lg. Indeed, let ¢ € C>(Q) be a test function with

supp(¢) C Qo where Qo C Q such that  is a compact subset in Q. Before calculating
some integrals, we first prove that

QNN CINUT. (1.41)

Indeed, given any x € d(QN ), we have 2 € (Q NQ) C I UIN. There are two cases.
Case 1. z € 8. Obviously, z € 9Qy UT.

Case 2. = ¢ 0%. In this case we must have z € 9. Also, since Qo NN C Qy C Q, we
have QyNQ C Qy C Q and in particular, z € 8(@0 NQ) C Q. Hence z € 90N Q. Using
(1.40), we deduce that z € I'.

By combining the results of the two above cases, we obtain (1.41). Let v = (1), be
the coordinate (in the canonical basis of R™) of the outer normal vector v directed to the
exterior of Qo N €. For 1 <17 <n we have

1 = — e _
/fz (8% Q) ¢ dx /Qom ox; ¢ dx /a@om) Guvi ds /Qom uaxi dx 8951

Here we remark that for every 2 € 9(Qy N Q) we always have ¢(z)u(z)v;(x) = 0 thanks to

(1.41) and the fact that ¢(z) = 0 if 2 € dQy and u(x) = 0 if € I'. Therefore gfi exists

and equals %EQ. Next, for 1 < i < n we have
[ewigoix= 3 [ (Z414) 6d
U X = — X
) ¢ = Jo\oa2 ™

n 0%u
= 3 [ g

=1
n

B ou ou 0o
a Z (/ Qomfz)¢(9az:z vids /Qorm Ox; 0x; dX)

=1
n

ou o1 8¢
N Z </a Qom)gbaxl vids = O Ox; Ox; )

=1

_ /a - ¢‘1“ds— / Vi - Vo dx

_ —/Vﬂ-ngdx.
Q

Here we remark that for every = € 9(Q N Q) we always have ¢(z)%4(x) = 0 thanks to
(1.41) and the fact that ¢(z) = 0 if z € 9y and %u(z) = 0if z € I'. Hence, A exists and

equals (Au)lg. We deduce that
— A — = (—A—wHhulg =0 inQ,
which implies
| Atl| = |w?i| < W?|a| in K
for every K C ) such that K # @, K is a compact subset in Q and (V\Q) N K # @.
Moreover, % = 0 in the non-empty open set (V\Q) N K C V. Therefore, by the unique

continuation principle (Lemma 1.A.1), we have @ = 0 in K. Since K is arbitrary, we
conclude that @ = 0 in € and in particular, v = 0 in €. O]
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In this chapter, we analyze the convergence of the semi-implicit one-step one-shot meth-
ods (1.11). The error system of this algorithm is a fixed point iteration governed by a 3 x 3
block iteration matriz. Analyzing the convergence of (1.11) is thus equivalent to studying
the spectral radius of the associated iteration matrix: the algorithm converges if and only
if the spectral radius of the iteration matrix is less than 1. To study the location of the
iteration matrix eigenvalues, we first find an expression for the eigenvalue equation of the
block matrix, which is not in polynomial form. The eigenvalue equation can be viewed as
the sum of some components and controlling their signs is the key idea of our proof. The
case of real eigenvalues is simple thanks to the presence of semi positive-definite operators.
However, we lose this property when dealing with complex eigenvalues in general. We shall
tackle this difficulty by separating the real and imaginary parts of the eigenvalue equation,
then suitably combining them so that we retrieve some semi positive-definite operators.

This chapter is organized as follows. The aim of Section 2.1 is to write the eigenvalue
equation for the convergence study of one-step one-shot methods. Next, in Section 2.2,
we investigate the location of the eigenvalues in the complex plane. Our aim is to find
sufficiently small descent steps 7 such that the eigenvalue equation does not admit any
solutions outside and on the unit circle |z| = 1. The case of real eigenvalues is directly
proved using a simple estimation. The case of complex eigenvalues is more complicated and
hence divided into four subcases after we succeed in separating the real and imaginary parts
of the eigenvalue equation. The results on the descent step 7 in these subcases are obtained
with the help of several technical lemmas. In Section 2.3, we synthesize all our attained
results in a convergence theorem. In particular, the condition of method convergence does
not depend on the dimensions of the state and adjoint unknowns, nor on the dimension of
the inverse problem.

The content of this chapter is extracted from the article:

[4] M. Bonazzoli, H. Haddar, and T.A. Vu (2023, preprint). On the convergence
analysis of one-shot inversion methods. hal-04151014
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2.1 Block iteration matrix and eigenvalue equation

To analyze the convergence of the semi-implicit one-step one-shot method (1.11)

ot =" — T M*p" — Tao™ L,

u"™ = Bu" + Mo™ + F, (1.11 recalled)
pn-i-l — B*pn + H*(Hun _ g)’

we first express (o™ ™ p"™1) in terms of (o™, u", p"), by inserting the expression for
o™ into the iteration for v™™! in (1.11), so that system (1.11) is rewritten as

n+l _ _ 1 n__ _ T *, M
o - 1+Tag 1+7'aM )
1 _ 1 T
ut = Bu' + Lo Mo" — T MM*p" + F, (2.1)

pn-i-l — B*pn + H*Hu®™ — H*g
Now, we consider the errors (0" —o&, u"—u(cs*), p"—p(c*)) with respect to the regularized
solution at the n-th iteration, and, by abuse of notation, we designate them by (¢, u™, p").
We obtain that these errors satisfy

n

n+l _ _ 1 n__ _ T *, M
g = T4a? 1+7’o¢M D,
n+l __ n 1 n__ _ T *,0M
ut = But 4 - Mo™ — o MM*pr, (2.2)

pn+1 — B*pn + ]_]*]_Iun7

or equivalently, by putting in evidence the block iteration matrix

0n+1 l—l&-lfa 1 0 - ].-‘:TO& M~ o"
wrt = M B S MMt (2.3)

Now recall that a fixed point iteration converges if and only if the spectral radius of its
iteration matrix is less than 1. Therefore in the following proposition we establish an
eigenvalue equation for the iteration matrix of the semi-implicit one-step one-shot method.

Proposition 2.1.1. Assume that A € C is an eigenvalue of the iteration matriz in (2.3).
If X ¢ Spec(B) then 3y € C™, |ly|]| =1 such that:

(1+ 7))\ — 1+ 7NM*(N — B "H*H(M — B) *My,y) = 0. (2.4)
In particular, A = 1 is not an eigenvalue of the iteration matriz.

Proof. Since A € C is an eigenvalue of the iteration matrix, there exists a non-zero vector
(p,@,y) € Crtrutne guch that
_ 1 .
)\y - 1+Tay B 1+T7'a b,
i = Bii+ o My — 5 MM?*p,

\p = B*p + H*Hi.

By inserting the first equation into the second equation, we simplify this system of equations
as

)\y - 1—&-1’ray B 1-:’7'Oc *ﬁ’
Al = Bii + AMy, (2.5)

Ap = B*p+ H*Hu.
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The second equation in (2.5) gives us directly @ in terms of y:
i = A\ — B)"'My. (2.6)
The third equation in (2.5) at first gives us p in terms of u:
Mp = (M — B 'H*Hua,
then by combing with equation (2.6), we obtain p in terms of y:
p=MM — B 'H*H(\ — B)"'My. (2.7)

We also see that y # 0; indeed if y = 0 then equations (2.6) and (2.7) yield v = 0 and
p = 0, that is a contradiction. Next, inserting the expression of p in equation (2.7) back
into the first equation in (2.5), we get

1 T
\y = — AM*(N — B Y 'H*H(N — B)™'M
Y 1+ TOdy 1+ 1a ( ) ( ) Y
which leads to
[(1+ar)A =1y +7AM*(M\ — B*) " "H*H(M — B) *My = 0. (2.8)

Finally, by taking the scalar product of (2.8) with y, then dividing by ||y||*, we obtain
(2.4). Now assume that A = 1 is an eigenvalue of the iteration matrix, then (2.4) yields

a+ ||H(I —B)"'Myl|*> =0,
which cannot be true due to the injectivity of H(I — B)™'M. O

In the following sections we will show that, for sufficiently small 7, equation (2.4) cannot
hold if |A| > 1, thus algorithm (1.11) converges. It is convenient to rewrite (2.4) as

(14+7a)X2 = X+7(M*(I —B*/\) ' H*H (I — B/\)™" My,y) = 0. (2.9)

For the analysis we use auxiliary technical results proved in Appendix 3.A.

2.2 Location of the eigenvalues in the complex plane

We now turn our attention to the eigenvalues A\ for which (2.9) holds. We would like to
derive conditions on the descent step 7 such that all the eigenvalues lie inside the unit
circle which would ensure the convergence for the scheme (1.11). We start with the simple
case of real eigenvalues.

Proposition 2.2.1 (Real eigenvalues). Fquation (2.9) admits no solution A € R\ #
LA > 1 for all T > 0.

Proof. When A € R\{0} equation (2.9) becomes
(1+7a)X2 = A+ 7||H(I — B/\)""My|*> = 0.

If A e R A#T1,|A > 1then (1 +7a)A\? — X > A2 — X > 0, thus the left-hand side of the
above equation is positive for any 7 > 0. O
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For the general case of complex eigenvalues, the study is much more complicated and
technical. First, we study separately the very particular and simple case where B = 0.

Proposition 2.2.2. When B = 0, the eigenvalue equation (2.9) cannot hold for \ €
C,A[>1ifT>0 and
(IHIPIM]* = a)T < 1.

Proof. When B = 0, HM is injective by (1.4), and equation (2.9) becomes (1 + Ta)A\? —
A+ 7||HMyl||? = 0. One can prove the proposition by explicitly computing the roots of the
second order polynomial with respect to A\. One can also apply the following elementary
Lemma 2.2.3 below, which can be deduced from Marden’s work [38] or Appendix 4.A.

Indeed, the previous polynomial can be written as P(\) = ag+ay; A+ A? with ag = T”ir%ﬂg
and a; = 71-. We have ag—a, +1 = TUHMyP+e)+2 () and g+ ay + 1 = ZUEMuP+a) -

since ||[HM sz > 0 thanks to the 1nJect1\1/;Cc? of HM. Therefore, accordmgp?oa Lemma
2.2.3, the roots of P stay strictly inside the unit circle of the complex plane if and only if
lag| = Tuiij\fyu < 1, which is equivalent to (||HMy||* — a)T < 1. Since |ly|| = 1, the later
inequality is Verlﬁed if (J|H||*||M||*—a)T < 1, which is the statement of the proposition. [

Lemma 2.2.3. Let ag,a; € R, then all roots of P(z) = ag+ a1z + 2% stay (strictly) inside
the unit circle of the complex plane if and only if

lagl <1 and (ap—ay +1)(ag+a; +1) > 0.

Now we consider the more complicated case where 0 # p(B) < 1. The following
proposition summarizes the results we obtained.

Proposition 2.2.4 (Complex eigenvalues). If 0 # p(B) < 1, there exists T > 0 sufficiently
small such that equation (2.9) admits no solution A\ € C\R, |\ > 1. In particular, if
|B|| < 1, given any dy > 0 and 0 < 0y < 7, one can choose

[ H|]?[|M]]? o
7 < min oi(||B]) + Cir |
12423 <( —1BI)*
where
2 1 2 2 2c 4
p1(b) =40, p2(b) = —— 90(1 +0)°(1=0)%,  p3(b) = b7,
2sin 3 do
1 + 26 sin 2% + &3
01::\/5—1, Cy =2+ 1, C’;;::ﬁ—l and c¢:= + Os1n392 + 0
2sin 3 do cos? =0

Proof. Step 1. Rewrite equation (2.9) by separating real and imaginary parts.

Let A = R(cos@+isinf) in polar form where R = |A\| > 1 and § € (—7,7), 6 # 0. Write
1/XA = r(cos¢ + isin @) in polar form where r = 1/|A\| = 1/R < 1 and ¢ = —0 € (—m, 7).
By Lemma 3.A.3, we have

(I - lj>_ — P(\) +iQ()\), <I - ji*>_ — P(\)* +iQ(\)*

where P(A) and Q(A) are C™*™ matrices that satisfy the following bounds in the case
|B|| <1 for all |A| > 1:
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1

[PV <p = = (2.10)
18]
Q| < ¢ = 151 and ||QN)|| < |sinf|ge with ¢ == % (2.11)
1B (1= 11BI)
These bounds still hold in the case 0 # p(B) < 1 with
p=Q+[BI)s(B)*, a =|Bls(B)* and ¢ =|B|s(B)" (2.12)

To simplify the notation, we will not explicitly write the dependence of P and @) on .
Now we rewrite (2.9) as

(1+72) (N =) +7a(A—=1) + Ta+ 7G(P* +iQ*, P +iQ) =0 (2.13)

where

GX,Y)=(M'XH"HY My,y) € C, XY € C"*",
Notice that G is a bilinear form and G(X,Y) = G(Y*, X*)* so that G(X,Y) + G(Y*, X*)
is real. With these properties of G, we expand (2.13) and take its real and imaginary parts,
which yields
(1+7a)Re(A* = \) + TaRe(\ — 1) + Ta + 7[G(P*, P) — G(Q*,Q)] = 0, (2.14)
and

(14 7a)Im(A\? — \) + 7aIm(X — 1) + 7[G(P*, Q) + G(Q*, P)] = 0. (2.15)

Step 2. Use a suitable combination of equations (2.14) and (2.15).
Let v € R. Multiplying equation (2.15) with v then summing it with equation (2.14),
we obtain:

(1+7a)[Re(A* = \) + v Im(A* — \)] + 7a[Re(A — 1) + v Im(\ — 1)]
+7a+7[G(P", P) - G(Q", Q) +1G(P7, Q) +1G(Q", P)] = 0,

or equivalently,

(1+7a)[Re(A* — \) +~vIm(A* — \)] + 7a[Re(A — 1) + v Im(\ — 1)]
+7a+7G(P*+vQ*, P ++Q) — (1 +*)7G(Q*,Q) = 0. (2.16)

Now we consider four cases for A as in Lemma 3.A.4 (see Figure 2.1):
o Case 1. Re(A\? — \) > 0;
« Case 2. Re(\* — \) < 0and 6 € [0, 7 — o] U [—7 + b, —b,] for fixed 0 < 0y < T;
« Case 3. Re(A\* — X) <0 and 6 € (—0y,6)) for fixed 0 < 6y < T;

e Case 4. Re(A>—)\) <0and 6 € (m — 6y, 7) U (=, —7 + 6p) for fixed 0 < b <

ISR
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Figure 2.1: Illustration of the regions in the complex plane associated with the cases 1, 2
and 3 indicated in the proof of Proposition 2.2.4 for y = 7. The center circle is the unit
circle.

Cases 1, 2 and 3 are respectively treated in Lemmas 2.2.5, 2.2.6 and 2.2.7 below. Notice
that case 4 corresponds to an empty set, according to Lemma 3.A.4 (7). The statement
of the proposition easily follows from the combination of Lemmas 2.2.5, 2.2.6 and 2.2.7. In
particular, the parameter 6, is mainly used for case 2 to obtain a lower bound for |\ — 1.
This is why we require 6y > 0. We need 6y < 7 to design a lower bound for a suitable

combination of Re(A? — \) and Im(A* — ) in case 3. O
In the lemmas below we shall make use of the following obvious property where [|y|| = 1:
0 < GX", X) = [[HXMy||* < (|H|[M]IX])?, VX eCmm. (2.17)

Lemma 2.2.5 (Case 1). Let 0 # p(B) < 1 and let || > 1 with Re(A\* — \) > 0. Then
equation (2.9) cannot hold if one chooses

7 < (|HIP|M|s(B)* - 4] BI* + (V2 — 1)04)_1 :

Moreover, if | B|| < 1, the result is also true if

IHIPIMZ o o)
T < ((1—||B||)4 4|B|)? + (V2 —1) ) .

Proof. Define
B 1 i Im(A2—=)) >0,
=)= { —1 if Im(A% = X) <0

as in Lemma 3.A.4 (7). Writing (2.16) for v = v, and using 7# = 1 we obtain
(1+7a)[Re(A* = X) + v Im(A? — \)] + 7a[Re(A — 1) + v Im(A — 1)]
+ 7170+ 7G(P*+mQ", P+ mQ) —21G(Q*,Q) =0. (2.18)

Since G(P* + v1Q*, P+ 1 @Q) > 0 by (2.17) and 7a > 0, then the left-hand side of (2.18)
is positive if 7 satisfies

(14 7a)[Re(A* = A) + 91 Im(A* — \)] — 7a| Re(A — 1) + v Im(\ — 1)| — 27G(Q*, Q) > 0,
or equivalently,

Re - D4um(A-1 _, GQ.Q)
Re(A%2 — A) + 71 Im(A2 — \) Re(A2 = X\) + 71 Im(A%2 — )\)

l+7a0 — 10

>0, (2.19)
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Notice that the choice of v; ensures Re(A* — ) + v Im(A? — \) > 0. By Lemma 3.A.4 (7)

we have
|Re(A — 1) + v Im(A \/1+’71|)\_1| <3
Re(AN2 = \) 4+ Im()\ )\) —1)] ]/\|
Using again Lemma 3.A.4 (i) and (2.17), we have
G(Q,Q) ([ M]]| sin 0]g2)* O 9l e o
< =2 — —||H||*||M
Re(A2 — )+ mIm(A2 —\) = 2[sin(6/2)] sin 5| cos” S IHITI Mg

< 2||H|*(|M]]*q3

Inserting the two previous inequalities in (2.19) gives the desired results using definitions
(2.11) and (2.12) of go.
O

Lemma 2.2.6 (Case 2). Let 0 # p(B) < 1 and let |A\| > 1, Re(\* = )\) < 0, 6 €
[0, ™ — 6p) U [=7 + Oy, —0] for given 0 < 0y < T. Then equation (2.9) cannot hold if one

chooses
1+2||B -
< (enpparypscoy- SR (v L —1)a)

o
2sin 5 2

Moreover, if || B|| < 1, the result is also true if

|H|[2[M]> 1+ ||B]|)? 1 !
< . + 2+ —1 .
T ((1— IB[)?  2sin% V2 2sin % “

Proof. Define
B =1 i Im(A2 = )\) >0,
P2 =) = { 1 if Im(A2—=A) <0

as in Lemma 3.A.4 (7). Writing (2.16) for v = 5 and using 74 = 1 we obtain

(1+7a)[Re(A\* = A) + 92 Im(A\? — \)] + 7a[Re(A — 1) + 72 Im(A — 1)]
+7a+ 7G(P* 4+ %Q", P+ %Q) — 2r1G(Q*,Q) = 0. (2.20)

Since G(Q*,Q) > 0 by (2.17), the left-hand side of (2.20) is negative if 7 satisfies

(1+7a)[Re(A* = X) + %2 Im(A* — \)] + 7a| Re(A — 1) + 32 Im(\ — 1))|
+7a+ TGP+ 7Q", P +7%Q) <0

or equivalently,

|Re(A — 1) + o Im(X\ — 1)| N T
|Re(A2 = A) + % Im(A2 — X)| | Re(A2 — A) + 12 Im(A\2 — \)|
G(P" +7Q", P+ 7Q)

0. (221
T ReZ = ) + pImpz — )] ~ O (22

Notice that the choice of 75 ensures Re(A? — \) + v Im(A? — \) < 0. In the following we
derive upper bounds independent from A for the terms appearing with the negative sign in
(2.21). By Lemma 3.A.4 (ii) we have

| Re(A — 1) + 72 Im(A \/1+72|>\—1| V2 <3
| Re(A? — A)+721m(>\ >\)| N P

—1—7a0+ 100
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and
1 1

< .
|Re(A2 = A) + 72 Im(A2 — \)| ~ 2sin %
Using again Lemma 3.A.4 (47) and (2.17), we have

G(P"+ 1@ P+%Q)  _ [HP[MI*(p+q)*

|Re(A2 = \) + 2 Im(A2 — \)| — 2sin &

Inserting these previous inequalities in (2.21) gives the desired results using definitions
(2.10), (2.11) and (2.12) of p and ¢;. O

Lemma 2.2.7 (Case 3). Let 0 # p(B) < 1 and let |A\| > 1, Re(A2 — X) < 0, 6 € (—6y,6)
for given 0 < 0y < 7. For any 6y > 0, equation (2.9) cannot hold if one chooses

9 -1
< (IHPIMIPsB) - 1B + Y 1)a
3o 3o

where ¢ = c(0y,dy) = (1 + 20p sin 2o + 58) / cos? 3% Moreover, if 0 < || B|| < 1, the result
is also true if

\ERIME 2, (ﬁ: ))
PR (et L Lt T T Y (LA P
((1—HBH>4 Al

Proof. Define

(60—1—5111%)/008% if 6 >0,
—((50+sin%)/cos% if g <0

v3 = Y3(sign(0)) = {

as in Lemma 3.A.4 (44). Writing (2.16) for v = 3 we obtain
(1+7a)[Re(A* = X) + v3Im(A? — \)] + 7a[Re(A — 1) + 3 Im(A — 1)]
+ 7o+ T7G(P* +73Q", P+ 73Q) — 7(1+73)G(Q*,Q) = 0. (2.22)

Since G(P* + 13Q*, P + v3Q) > 0 by (2.17) and 7a > 0, the left-hand side of (2.22) is
positive if 7 satisfies

(14+7a)[Re(A\? = X) +73 Im(A* = )] —7a| Re(A = 1) +y3 Im(A —1)| = 7(1 +12)G(Q*, Q) > 0,
or equivalently,

|Re(A — 1) + 3 Im(A — 1)|
Re(A%2 — A) + 3 Im (A2 — \)

G(Q,Q)

—7(1 2
") R =) + 25 T (N — )

> 0. (2.23)

l14+Ta—Ta¢

Notice that the choice of 73 ensures Re(A? — \) + 3 Im(A? — \) > 0, also

2
(50—1—8111%) _ 1+25051n%—|—53

1+792=1+
3
cos? —320 cos? —Sgo

is a constant greater than §2. By Lemma 3.A.4 (i) we have

[ReA = 1) + 95 Im(A —1)| _ VIt e

Re(/\2 - /\) + 3 Im(/\2 — )\) - 50 (50 )
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Using again Lemma 3.A.4 (7ii) and (2.17), we have

G(Q", Q)
Re(A2 = A) + 71 Im(A2 — X)

(=M sin lg2)® _ 2
20p] sin(6/2)| do

0
< sin § | cos? & |1 g

< gI\HHzHMH?qS
0

Inserting the two previous inequalities in (2.23) gives the desired results using definitions
(2.11) and (2.12) of go. O

2.3 Final result (k=1)

Considering Proposition 2.2.2 (for B = 0), Proposition 2.2.1 (for real eigenvalues and
B # 0) and taking the bound in Proposition 2.2.4 (for complex eigenvalues and B # 0), we
obtain a sufficient condition on the descent step 7 to ensure convergence of the semi-implicit
one-step one-shot method.

Theorem 2.3.1 (Convergence of semi-implicit one-step one-shot). Under assumption
(1.4), the one-step one-shot method (1.11) converges for sufficiently small T. In particular,
for || B|| < 1, there exist an explicit piecewise (at most a 4th order) polynomial function Py
and a pure constant C > 0 such that Py > 0 on [0,1) and it is enough to take

\H M N
;e (( DR IBD +C ) |

We emphasize that the bound on 7 in Theorem 2.3.1 depends only on || B||, || M||, || H|| and
the regularization parameter o. This bound does not depend on the dimensions of o, u
and g.
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By developing the technique presented in the previous chapter for the semi-implicit one-
step one-shot method, we shall analyze in this chapter the convergence of the semi-implicit
k-step one-shot method (1.9). This slightly-modified technique is also applicable to the
case k = 1, that explains why it is included in this chapter even though it was studied in the
previous chapter. The main difficulty in the case k > 1 is that the eigenvalue equation now
depends on k and is much more complicated. We then perform some numerical experiments
on a toy conductivity inverse problem given by the Helmholtz equation. In these tests, we
observe that very few inner iterations may still guarantee good convergence of the inversion
algorithm, even in the presence of noisy data.

This chapter is organized as follows. The aim of Section 3.1 is to give a sufficient
condition on the descent step 7 that ensures the convergence of the multi-step one-shot
methods (1.9). We first write in Section 3.1.1 the eigenvalue equation for the convergence
study of the multi-step one-shot methods, then investigate in Section 3.1.2 the location of
the eigenvalues in the complex plane. This is similar to what we did in Section 3.1.1 and
2.2. Our aim is to find sufficiently small descent steps 7 such that the eigenvalue equation
does not admit any solutions outside and on the unit circle |z| = 1. The final convergence
theorem is stated in Section 3.1.3. Next, in Section 3.2, we do several numerical tests on
the performance of the different algorithms on a toy 2D Helmholtz inverse problem. In
the first experiment presented in Section 3.2.1, the measurements are noise-free and the
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parameter that we desire to reconstruct is discretized in a low-dimensional space, while in
the second experiment presented in Section 3.2.2, the measurements are affected by noise
and the reconstructed parameter is discretized in a higher dimensional space. Moreover,
using the same configuration for experiments as in Section 3.2.1 but a change mainly on
the setting of the unknown conductivity contrast, we study in Section 3.2.3 the robustness
with respect to the size of the discretized problem and in Section 3.2.4 the dependence of
the number of outer iterations on the norm of B.
The content of this chapter is extracted from the article:

[4] M. Bonazzoli, H. Haddar, and T.A. Vu (2023, preprint). On the convergence
analysis of one-shot inversion methods. hal-04151014

3.1 Convergence of the multi-step one-shot method
(k> 1)

We now tackle the general case of semi-implicit multi-step one-shot methods, that is algo-
rithm (1.9)

ot =g — T M*p" — Tac™ L,
n+l _ ,n ,n+l _ . n
U =Uu, Py =D,

for ¢=0,1,....k—1:
upt! = Buyt™t + Mo™t 4+ F,
p?ill — B*p?Jrl 4 H*<Hu?+l o 9)7
un—l—l — uz—i-l’pn—l-l — pz-f—l

(1.9 recalled)

with k£ > 1. The procedure is quite similar to the case £ = 1 in Chapter 2 but with more
involved technicalities.

3.1.1 Block iteration matrix and eigenvalue equation

n+1’ un+l n+1)

Let & > 1 be the number of inner iterations for u and p. First we express (o D
in terms of (o™, u", p™) in a matrix form as for the case k = 1. More precisely, the system
(1.9) can be equivalently written as

O_n+1 — Jn _ TM* n’
u"tt = BRu" + TpyMo™ — 7T M M*p" + T F, (3.1)
pn+1 _ KB*)k _ TXkMM*]p" + U™ + X Mo™ + X, F — T;H*g

where

Ty =1+B+..+B"'=(-DB)'(I-B", (3.2)

Uy = (B 'H*H + (B*)**H*HB + ... + H*HB" !, (3.3)

(B 2H*HTy + (B )" *H*HTy + ...+ H*HT},—; if k > 2,
X = (3.4)

0 it k=1.

Before analyzing recursion (3.1), we gather in the following lemma some useful properties
of Tk, Uk and Xk
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Lemma 3.1.1. We have the following properties.

(i) The matrices Uy, and Xy can be respectively rewritten as

U= S (BYH'HB', Vk>1,

itj=k—1

and

Z S (B)YH*HB' = ZUl, Vk > 2.

1=0 i+j=l
(i) The matrices Uy and Xy are self-adjoint: U = Uy, X} = Xi.
(1ii) We have the relation

UpT, — XuBY + X, = TP H*HT,,, Yk > 1. (3.5)

Proof. Property (i) is easy to check from the definitions (3.2), (3.3) and (3.4). Property
(i) straightforwardly follows from (3).

Now we prove (iii). For k = 1, we have Uy = H*H, T} = I and X; = 0, hence the
identity is verified. For k > 2, we remark that Xy 1 = B*Xy + H*HT}, by definition (3.4).
Thanks to (i) we know that X, is self-adjoint, hence X1 = X, = Xpy B+ T H*H.
On the other hand, from (i) we get that X1 = X 4+ Ug. Thus,

Xp+ Uy =X B+TyH"H, orequivalently, Uy=Xy(B—-I)+T1T,H"H.

Finally,
UpTy = Xp(B— DTy, + T H*HT, = X (BY = I) + Ty H*HT,,.

]

n n

Now, we consider the errors (6" — o2, u" — u(0%),p" — p(cS*)) with respect to the
regularized solution at the n-th iteration, and, by abuse of notation, we denote them by
(o™, u™, p"). We obtain that the errors satisfy

O-TL+1 = 1+17a0n - 1—&—’ro¢]\4>’< n’
= BRu" + LTy, MM*pr, (3.6)
p”‘H = (B - HkaMM*} P+ U + X Mo,

or equivalently, by putting in evidence the block iteration matrix

0.n+1 lJrITa] 0 B lJrTTa M a"
ut ] = | mTkM BY - T MM u| . (3.7)
pn+1 1+TanM Uk (B*>k _ 1+—ranMM* pn

Proposition 3.1.2. Assume that A € C is an eigenvalue of the iteration matriz in (3.7).
If A ¢ Spec(B) then 3y € C™ ||y|| = 1 such that:

(1+7a)A =1+ MM* N — (BN = D)X+ Ty H*HT (M — B¥) " My, y) = 0. (3.8)

In particular, A = 1 is not an eigenvalue of the iteration matriz.
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The proof is similar to the proof of Proposition 2.1.1. The slight difference is that in the
calculation we use (3.5) to simplify some terms and exploit the fact that T}, and (A — B¥)~1
commute.

Proof. Since A € C is an eigenvalue of the iteration matrix, there exists a non-zero vector
(p,a,y) € Crtutne guch that

)\y - 1+1'ray - lJrTTa M*ﬁ’
At = Bka + 1+17aTkMy - 1+TTaTkMM*p’
Mp = [(B)F = foa X MM*| p+ Upti + 25 X My.

By inserting the first equation into the second and the third equations, we simplify this
system of equations as

)\y - 1+17'ay B 1—:711 *ﬁ’
i = Bt + AT}, My, (3.9)

Ap = (B*)fp + Uyt + A X My.
The second equation in (3.9) gives us directly @ in terms of y:
i = MM — B 'T),My = AT, (A — B*) " My. (3.10)
The third equation in (3.9) gives us p in terms of @ and y:
p =[N — (B Ut + AN — (B*)*] 7' X, My,
then by combing with equation (3.10), we obtain p in terms of y:
P =AM — (B))"'WV(\ — B*)"' My, (3.11)

where

V= UTy + XM — BY) = (AN = 1) X, + Ty H*HT;,

thanks to (3.5). We also see that y # 0; indeed if y = 0 then equations (3.10) and (3.11)
give u = 0 and p = 0, that is a contradiction. Next, inserting the expression of p in
equation (3.11) back into the first equation in (3.9), we get

1 T
\y = — AM* (N — (BYY'W(N — BXY"'M
Y=17a! T+ra ( (B*)") "V ( ) My,
which leads to
(14 ar)XA — 1]y + 7AM*N — (B)*]"'V (M — B¥)"'My = 0. (3.12)

Finally, by taking the scalar product of (3.12) with y, then dividing by ||y||?, we obtain
(3.8). Now assume that A = 1 is an eigenvalue of the iteration matrix, then (3.8) yields

a+||H(I - B)"'My||* =0,

which cannot be true due to the injectivity of H(I — B)™'M. O
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In the following sections we will show that, for sufficiently small 7, equation (3.8) admits
no solution |A| > 1, thus algorithm (1.9) converges. When X # 0, it is convenient to rewrite
(3.8) as

(L 7a)XN = A+ (M [T — (B /] (A= DX, + TH HT) (I - BY/A) " My,y) = 0.
(3.13)

Remark 3.1.3. The simple scalar case where n,,, n,,ny = 1 and a = 0 is analyzed in Section
4.2, for which necessary and sufficient conditions on 7 are derived.

Remark 3.1.4. Note that when B = 0 and k > 2, the semi-implicit k-step one-shot (1.9) is
equivalent to the semi-implicit gradient descent method (1.7), which converges if and only
if (p(A*A) —a)T < 2.

For the analysis we use some auxiliary results proved in Appendix 3.A, and the following
bounds for s(B*), Ty, Xi.

Lemma 3.1.5. If || B|| < 1 then for every k > 1:

1 1—||BI*

C1-BIF

and 2 k-1 k
[ — K| BI*" + (k — D[|B]*)

(1= 11BI)*

Proof. The bound for s(B¥) is proved using Lemma 3.A.2 and ||B*|| < || B||*. Next, from
(3.2) we have

[ Xkl <

o _ 1Bl
ITill <1+ [IB] + ... + |B]* = :
1—B]

From (3.4), if £ > 2 we have

1l < HEIP(UBIF2 + IBIF2 (L4 [ BI) + o+ (L4 Bl + .. + 1 B]*))
_ H|PA = KB+ (k = 1)[1B]")
(1 =1[B])?

= [H[P(1 +2IB] + ... + (k = D[IB]*)

3.1.2 Location of eigenvalues in the complex plane

We first establish conditions on the descent step 7 > 0 such that the real eigenvalues stay
inside the unit disk. Recall that we have already proved that A\ = 1 is not an eigenvalue
for any k.

Proposition 3.1.6 (Real eigenvalues). Let 0 # p(B) < 1 and A € R, A # 1,|A| > 1. Then
equation (3.13) cannot hold if T > 0 and

1
(1P s(BR - Sa) 7 < 1.

Moreover, if | B|| < 1, the result is also true if T > 0 and

HIP|[ M k-1 A
((1 - |r|1|.f3\|y2<”1 —HHBW (1= HIBI + (k= DIBI) - 20‘) Tt
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Proof. When X\ € R equation (3.13) can be rewritten as

B\~
(1+7a)\* = X+ 7||HT} (I — )\) My|?

+7(A = 1)(M* [J— (B;)k] X <I— BAk)_ My,y) =0. (3.14)

We show that we can choose 7 so that the left-hand side of the above equation is positive.
First, we note that

‘(M* [I— (B;)k]_ Xi (I— B;>_ My, y)

< [IMP[|Xx]Is(B*)?.

If A > 1, we rewrite equation (3.14) again as

B\~
(14+7a)AA—1)+7a+7||HT} <I - )\) My|?

+7(\ = 1)(M* [I— (B;) 1_ Xy (I—Jik>_ My, y) = 0.

: B B _ B\t 2 :
Since A(A—1) > A —1, | HT} (I 3 ) Myl]* > 0 and Tae > 0, we choose 7 such that

(1+7a)(A = 1) = (A = DIM|*[| Xxlls(B")* > 0,

or equivalently,
1+ 71a — 7||M|)?|| Xk||s(B*) > 0.

-1
If A < —1, we consider equation (3.14). Since HHTk< - B%) My||*> > 0, we choose T
such that

(1+7a)A\? — X —7(1 = N) || M|]*| Xx||s(B*¥)? > 0,

or equivalently,

(1+7a)A? — A
T~ TIMIPIXels(BY)? > 0,
Since the function A — % is decreasing on (—oo, —1], it suffices to choose 7 such

that o
1+ 57— 7| M|*[| X || s(B*)? > 0,

which proves the first statement of the proposition. Finally, the case |[|B|| < 1 can be
deduced using Lemma 3.1.5. O

For the general case of complex eigenvalues, the study is much more complicated and
technical. The following proposition summarizes the results obtained.

Proposition 3.1.7 (Complex eigenvalues). If 0 # p(B) < 1, there exists T > 0 sufficiently
small such that equation (3.13) admits no solution A € C\R, |\ > 1. In particular, if

|B|| < 1, given any 6y > 0 and 0 < 6y < 7, one can choose

T < min ( ||H||2||]W||2
1<i<3 \ (1 — || B|))2(1 — || B||*)

~1
(k. |1BI) +cia) ,
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where

W1 (K, b) = 46 + V/2[1 — kb (ke — 1)bF)(1 + bF),
ok, b) = ( _1 (1= +vV2(1 — kb* ' + (k- 1)bk)> (1+b%)?,

2s1n7

2csin
by, b) = %b% + ‘fu RBP4 (R — 1)BF)(1 + 0%
0 0

+ 2max (ﬁ Ve ) [1— kb" '+ (k — 1)pFv",

do ' cos 26,

1 1+ 28 sin 2% + 62
Cr=v2-1, Co=v2+ 1 Cg;zﬁ_l and ¢ — oS = + 05

2 sin %0 ’ 0o cos? %

Proof. Step 1. Rewrite equation (3.13) by separating real and imaginary parts.

Let A = R(cos@+isin ) in polar form where R = |A\| > 1 and § € (—m,7), 6 # 0. Write
1/XA = r(cos¢ + isin @) in polar form where r = 1/|A\| = 1/R <1 and ¢ = —0 € (—m, 7).
By Lemma 3.A.3 applied to T' = B*, we have

<I - B;) o Pu(N) +iQx(N), <I - <B;)k> o P\ +iQu(N)

where P(\) and Qr(A) are C™*™ matrices that satisfy the following bounds in the case
|B|| <1 for all |A] > 1:

1

1PNl < p = i, (3.15)
1B
QO <= APL QU] < aalsing] with g= I (316)
1Bl (1 —1B]*)
These bounds still hold in the case 0 # p(B) < 1 with
— K k2 | B* |l B*)2 _ IBY
p=(1+|B")s(B")*, ¢ =|B"||s(B")", and ¢y := T 1B (3.17)

To simplify the notation, we will not explicitly write the dependence of P, and Q)5 on A.
Now we rewrite (3.13) as

(1+7a)(A* = N) +1a(A — 1) + T
+ 7GR(Pf 4+ 1Q5, Py +1Qk) + 7(A — 1) L (Py +1Q%, Pr +1Qk) =0 (3.18)

where

Notice that Gy is a bilinear form and Gp(X,Y) = G(Y*, X*)* so that Gp(X,Y) +
Gr(Y*, X*) is real. Similarly, Ly has the same properties as G} (note that X; = X
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by Lemma 3.1.1). With these properties of G and Ly, we expand (3.1.2) and take its real
and imaginary parts, which yields

(14+7a)Re(A* =\ +7aRe(A—1)+7a+ 7G4+ 7[Re(A— 1)Ly — Im(A—1)Lyy] = 0
(3.19)

and
(1+7a)Im(A\? = \) +7aIm(A — 1) + 7Gop + 7[Im(\ — 1)Ly, + Re(A — 1) Lo ] = 0 (3.20)

where

G = Gip(P}, Py) — Ge(Q5, Qr),  Gag = Gip(PE, Qi) + Gi(Q%, Pr),
Ly = Lp(P}, Pp) — Li(Q5, Qr)  and Loy = Ly (P}, Qr) + Li(Q%, Pr).

Step 2. Use a suitable combination of equations (3.19) and (3.20).
Let v € R. Multiplying equation (3.20) with 7 then summing it with equation (3.19), we
obtain:

(1+7a)[Re(A* = \) +yIm(A* — \)] + 7a[Re(A — 1) + yIm(\ — 1)] + T
+ 7G(Py + Q% Pe +7Qk) — 7(1 + %) Gr(Q, Qi)
+ 7[Re(A = 1) + yIm(A — 1)| Ly + 7[yRe(A — 1) = Im(A — 1)]Lyy = 0. (3.21)

Now we consider four cases of A as in the proof for £ = 1 namely:
o Case 1. Re(A2 — \) > 0;

« Case 2. Re(\* — \) < 0and 6 € [0, 7 — O] U [—7 + 0y, —bo] for fixed 0 < 6y < T;
« Case 3. Re(A\* — ) < 0 and 6 € (—bp, 6,) for fixed 0 < 0y < T;

o Case 4. Re(N>—)\) <0and 6 € (m — 0y, 7) U (=7, —7 + bp) for fixed 0 < 0y <

INE

Cases 1, 2 and 3 are respectively treated in Lemmas 3.1.9, 3.1.10 and 3.1.11 below. Notice
that case 4 corresponds to an empty set, according to the Lemma 3.A.4 (iv). The statement

of the proposition easily follows from the combination of Lemmas 3.1.9, 3.1.10 and 3.1.11.
O

Remark 3.1.8. The main difference of the two techniques respectively presented in Chapter
2 and Chapter 3 lies in the choice of the technical parameter 6, in Lemma 3.A.4: in Chapter

2 we can take 0 < 6y < 7 but in Chapter 3 we have to take 0 < 6y < 7 since the new
estimates contains a division by cos 26, see Lemma 3.1.11 the below.

In the lemmas below we shall make use of the following obvious properties where ||y|| =

1:
0 < Gy(X*, X) = |[HT, X My||> < (|H|IM||TelIX]))?, VX € Crrm. (3.22)
\L1 k| = |L(Py, Pi) — Li(Qr, Q)| < |Le(Pr, Pr)| + | Li(Qr, Qr)|
< NIXKMMPAPl? + 11Ql1?) < IXkIMIP(P* + ¢7)  (3.23)
and

|Log| = [Li(Py, Qi) + Li(Qf, Pr)| < [Li(Py, Qr)| + [Li(Qf, Pr)l
< 2| XM PPl Qell < 201 XellIM[*pay. (3.24)
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Lemma 3.1.9 (Case 1). Let p(B) < 1 and let |\ > 1 with Re(A\*> —\) > 0. Then equation
(3.13) cannot hold if T > 0 and

(AIHIPIMIPTN | B (B5)* + V2 MIPIX (L + 2 BH)*s(BY)* + (V2 = Do) 7 < 1.

Moreover, if || B|| < 1, the result is also true if T > 0 and

EARRYITs Y
(a7t e 180 + (V=) <1

where Py (k, b) = 4b%F 4+ /2(1 — kb*1 + (K — 1)bF) (1 + bF).

Proof. Define
B 1 it Im(A\ =) >0,
n=n) = { —1 if Im(A2=)) <0
as in Lemma 3.A.4 (). Writing (3.21) for v = ~; as in Lemma 3.A.4 and using 7} = 1 we
obtain

(1+7a)[Re(A* = X) + v Im(A* — \)] + Ta[Re(A — 1) + 4 Im(A — 1)] + 7o
+ 7GR(Py + @, P+ 11Qk) — 27G(Qy, Q)
+ 7[Re(A — 1) + v Im(A — 1)]Ly 4 + 7[71 Re(A — 1) = Im(A — 1)]Lyy = 0. (3.25)

Since G (P} + Q5 Pr + 11Qk) > 0 by (3.22) and 7av > 0, the left-hand side of (3.25) is
positive if 7 satisfies

(1+7a)[Re(A? = \) + v Im(A? — \)] — 7a[Re(A — 1) + v Im(A — 1)] — 27GL(Q%, Q)
—7[Re(A = 1) + v Im(A — 1)]| L1 x| — 7[y1 Re(A = 1) — Im(\ — 1)]|Lax| > 0,
or equivalently,
Re(i =Dt mImO -1, Gu(Qp @)
Re(A2 — A) + 1 Im(A — )~ Re(A2 — \) + 71 Im(AZ — \)
_ |Re(A—1) + 7 Im(A —1)] _ImRe(A —1) —Im(A —1)|
Re(A%2 — A) + 71 Im(A\? — \) Re()\2 —A) + 7 Im(A2 = N)

l1+7a — 100

|L1k| ‘L2k| > 0. (3 26)

Notice that the choice of 7, ensures Re(A? — A) + v Im(A? — \) > 0. In the following we
derive upper bounds independent from A for the terms appearing with the negative sign in
(3.26). By Lemma 3.A.4 (i) we have

|Re(A — 1) + 7, Im(A ,/1+71|A—1| -3
Re(A2 = X))+ Im()\ )\) AA— 1) |)\|

and
|71 Re(A — 1) — Im(A \/1+71|/\ <3
Re(A? = A) +m Im(A >\) )l |)\|

Using again Lemma 3.A.4 (i) and (3.24), we have

Gr(QF, Q) ~ (A NIMATNT | sin 0]g2)*
Re(A2 — A) + v Im(A2 — \) — 2| sin(6/2)]

0
=2 cos® SIHIPIMIPITel gz < 21 HIPIMIPIITel g5

.0
sin —
2
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Recall from (3.23) and (3.24) that
Lokl < IXRHIMIPP* +a),  [Losl < 20Xkl M]*par-

Inserting these previous inequalities in (3.26) gives the desired result thanks to expressions
(3.15), (3.16) and (3.17) of respectively p, ¢; and ¢z, and thanks to Lemma 3.1.5. O

Lemma 3.1.10 (Case 2). Let p(B) <1 and let |\| > 1, Re(A2 — \) <0, 0 € [0y, ™ — 6] U
[—m + 0y, —00] for given 0 < 6y < §. Then equation (3.13) cannot hold if T > 0 and

1
<<2 sin % IR + \/iHMHQHXHO (1+ 2] B||)*s(B")" + (\/5 — 1)04> T <1
2

Moreover, if | B|| < 1, the result is also true if

r< (et s B + (V- 1)

(1 —[IBI)*(1 — [|B][F)?
where ok, b) — (21( D)2 4 V(L — kb - (k:—l)b’“)) (14 bM)2.

Proof. Define
B -1 i Im(A2 =) >0,
72 =200 = { 1 if Im(A = \) <0

as in Lemma 3.A.4 (i7). Writing (3.21) for v = 75 as in Lemma 3.A.4 (ii) and using 73 = 1,
we obtain

(1+7a)[Re(A* = \) + 2 Im(A* — \)] + Ta[Re(A — 1) + o Im(A — 1)] + 7o

+ 7GR (Py + Q% P + 72Qk) — 27G(Q), Q)
+ 7[Re(A — 1) + 2 Im(A — 1)]Ly 4 + T[72 Re(A — 1) = Im(A — 1)]Lyy = 0. (3.27)

Since Gi(Qr, Qr) > 0 by (3.22), the left-hand side of (3.27) is negative if 7 satisfies

(1+7a)[Re(A* — \) + % Im(A? — )] + 7a| Re(A — 1) + v Im(\ — 1)| + 7o

+ 7GR(Py + 7%Q%, Pr + 72Qk)
+ 7| Re(A — 1) + v Im(A — 1)||L1 x| + 7|71 Re(A — 1) — Im(X — 1)|| Loy < O.

or equivalently,

|Re(A — 1) + 72 Im(A — 1)|
|Re(A2 — A) + 72 Im(A2 — \)|

—1l—-—7a0+ 100

+ Ta 4 Gr( P + 720k Pr +72Qk)
|Re(A2 — A) + 7o Im(A2 — N |Re(A2 — A) + 7o Im(A2 — A
|Re(A — 1) + 72 Im(A — 1)] |72 Re(A — 1) — Im(\ — 1)
L L 0.
"TRe(A2 = \) + 72 Im(X2 — A)N el + "TRe(X2 = ) + 72 Im(A2 — \)] Bl <
(3.28)

Notice that the choice of 75 ensures Re(A? — A) + v Im(A\? — \) < 0. In the following we
derive upper bounds independent from A for the terms appearing with the positive sign in
(3.28). By Lemma 3.A.4 (ii) we have

[ Re(A — 1) + 72 Im(A \/1+72|A—1| V2 <5,
| Re(A? — A)+721m(>\ )\)I N P




73 3.1. Convergence of the multi-step one-shot method (k > 1)

|72 Re(A — 1) — Im(\ \/1+’Y2|)\_1| <3
[Re(A2 = A) + 72 Im()\ )\)| - 1) W

and
1 1

< .
|Re(A2 = A) + 72 Im(A2 — \)| ~ 2sin %

Using again Lemma 3.A.4 (4i) and (3.22), we have

Gr(P + 712Q0 Pe +72Qk)  _ [HIPIMIPITe)*(p + 01)*
|Re(A2 = A) + 2 Im(A2 — \)| — 2sin & '

Recall from (3.23) and (3.24) that
Lol < IXRIMIPP* +a)), [Losl < 201Xkl M]*par.-

Inserting these previous inequalities in (3.28) gives the desired result thanks to expressions
(3.15), (3.16) and (3.17) of respectively p and ¢;, and thanks to Lemma 3.1.5. O

Lemma 3.1.11 (Case 3). Let p(B) < 1 and let |A\] > 1, Re(A\2 — \) <0, 6 € (—0y,06y) for
given 0 < 6y < §. For any &y > 0, equation (3.13) cannot hold if 7 > 0 and
2csin \/E
([P a0 + L0+ 208 + 20841

do
VIR
do ~ cos 26,

+2max ( ) a2 ||Xk||<||B’f|| C11BY? >] S(BYY? + (V3 - 1>a) <1

where ¢ = ¢(bp,dg) = (1 + 20 sin 2o + 53) / cos? 3% Moreover, if |B|| < 1, the result is
also true if T > 0 and

( LM k1)) + <\5/5—1> a>7< 1

(=Bl = [1B]*)

where
2csin 920 ok
Ualk,b) = =2
do
Ve 2%k \/E Ve k k-1 kN ok
1+b 2 b 1—kb k— 1)b")b".
+<50(+ ) +2max do  cos 20, ( + V)

Proof. Define

dp + sin 390) / cos =3 3% if >0,

= ign(d)) = (
V3 = 3(sign(d)) { (50+51n590)/008590 if <0

as in Lemma 3.A.4 (47). Writing (3.21) for v = 3 we obtain

(1+7a)Re(A\* = A) + 93 Im(A* — \)] + 7a[Re(A — 1) + 3 Im(A — 1)] + 7o
+ 7GR(Pf +73Q5, Pe +73Qk) — (1 +73)7Gr(QF, Qk)
7 ([Re(A = 1) + v3Im(A — 1)] L1 g + [13 Re(A — 1) — Im(A — 1)]Loy) = 0. (3.29)
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Since G(P* + v3Q*, P + v3Q) > 0 and 7 > 0, the left-hand side of (3.29) is positive if 7
satisfies

(147a)[Re(A* = A) + 43 Im(A? = \)] — 7a| Re(A — 1)+ 43 Im(A —1)| — (1 +7§)7Gk(Q;, Qr)
— 7| Re(A = 1) + 3 Im(A — 1)|| L1 | + |73 Re(A — 1) — Im(\ — 1)||Lox| > 0,

or equivalently,

|Re(A — 1) + 3 Im(A — 1)|
Re(A%2 — A) + 3 Im (A2 — \)
. |Re(A — 1) + 3 Im(A — 1)|

Re(A2 — A) + v3Im(A2 — )

— 7'(1 —I—%?)Re()\g _ )\) —{—’yglm()\Q _ )\)
3 Re(A —1) — Im(A — 1)
Re(A2 — A) + v3Im(A2 — ))

l+7a0 — 110

| Lyl — 7 |Log| > 0. (3.30)

Notice that the choice of 73 ensures Re(A? — \) + 3 Im(A? — \) > 0, also

) 2
) (50 + sin %) 1+ 28 sin 2% + 63
I+ =1+ 0032% - 0082% =

is a constant greater than dz. In the following we derive upper bounds independent from
A for the terms appearing with the negative sign in (3.30). By Lemma 3.A.4 (7ii) we have

[Re(A = 1) +33Im(A — 1| _ y/1+725 e

1:{6()\2 — )\) -+ Y3 Im()\2 — )\) (50 50

and

lvs Re(A — 1) — Im(X\ — 1) < max \/1+7§ J1+7§ e Ve o 4/
Re(A2 — \) + v Im(A2 = \) — S cos20y | '

Using again Lemma 3.A.4 (i) and (3.22), we have

(LM T | sin 0]g2)*
200| sin(0/2)|

Re(A2 = A) + v3Im(A2 — )

<

.0 6 2
sin 2| cos™ o [ HIPIM 1 Tl Pz < *OHHHQHMHQHTkHqu-

_2
=5

Recall from (3.23) and (3.24) that
Lol < IXRHIMIPP* +a)),  [Losl < 20Xkl M]*par.-

Inserting these previous inequalities in (3.30) gives the desired result thanks to expressions
(3.15), (3.16) and (3.17) of respectively p, ¢; and ¢z, and thanks to Lemma 3.1.5. O

3.1.3 Final result (k> 1)

Considering Proposition 3.1.6 (for real eigenvalues) and taking the bound in Proposi-
tion 3.1.7 (for complex eigenvalues), we finally obtain a sufficient condition on the descent
step T to ensure convergence of the multi-step one-shot method.
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Theorem 3.1.12 (Convergence of semi-implicit k-step one-shot, k > 1). Under assump-
tion (1.4), the k-step one-shot method (1.9), k > 1, converges for sufficiently small T. In
particular, for ||B|| < 1, there exist an explicit piecewise (at most a (4k)th order) polyno-
mial function Py, and a pure constant C > 0 independent of k such that Py > 0 on [0,1)
and it is enough to take T > 0 and

< LH (1M
(=Bl = [IB][*)?

Pe(1B) + Coz) T < 1.

We emphasize that the bound of 7 in Theorem 3.1.12 depends only on ||B]|, || M|, || H||,
the number of inner iterations k£ and the regularization parameter «. This bound in fact
does not depend on the dimensions of o, u and g. Also, Theorem 3.1.12 includes the case
B = 0, but the bound for 7 in this case is quite far from optimal. Note that the optimal
bound for 7 in the case B = 0 can be found in Proposition 2.2.2 (for £ = 1) and Remark
3.1.4 (for k > 2).

3.2 Numerical experiments on a toy problem

In order to compare the performance of classical gradient descent algorithm (1.7) with the
k-step one-shot algorithms (1.9), we propose the following toy model related to the inverse
conductivity problem in a cavity. Given 2 C R? an open bounded regular domain, we
consider a system of M direct problems, each of which is the Helmholtz equation for the
linearized scattered field u € H'(Q) given by

div(ooVu) + w?u = div(cVug), in Q, (3.31)
u =0, on 0f), ’
where the incident field ug € H'(Q) satisfies
diV(UovuO) + w2u0 = O, in Q,
{ o = f. on 90, (3.32)

with the boundary data f = f; € H'/?(09), 1 < i < M. Here o and oy € L®(Q) are
supposed to be positive functions such that the support € of ¢ is strictly included inside
Q2. Equation (3.31) is obtained by linearizing the scattered field problem using the Born
approximation, and o is the conductivity contrast with respect to o (see also Section 1.4.2).
The variational formulation of (3.31) is: find v € HJ(2) such that

/ ooV - Vo dx — / WPuv dx = / oViuo - Vodx, Yo e HL(Q). (3.33)
Q Q Qo
We consider the inverse problem of retrieving o from measurements g = 00% o0 (we

indeed collect M different measurements).

By discretizing u using P*-Lagrange finite elements on a mesh 75,(2) of Q, and o by P'-
Lagrange finite elements on a coarser mesh Ty (Qg) of Qp, the discretization of (3.33) leads
to a linear system of the form

Ayl = Ay, (3.34)

where @ € R™, & € R" with n, denoting the number of inner nodes of 7,(2) and n,
denoting the number of triangles in 7T;/(€2). In order to rewrite the linear system in the
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form (1.1) with a controllable norm for the matrix B, we choose to parameterize oy as
09 = 09 + 0o, where 0 > 0 is a small parameter and o, < 1 is a random function. With
this choice of og, we can write the matrix A; as A; = A1 + A2 where A corresponds to
the discretization of the bilinear form [, (60Vu - Vv —w?uv) dx on Hg () x Hg(Q2) and Ajy
corresponds to the discretization of the bilinear form [, 0,Vu - Vodx on Hg(Q) x Hy(Q).
For w? not a Dirichlet eigenvalue of — div(6oVu) in €, the matrix Ay is invertible and we
can equivalently write (3.34) as

@ = AT (—0 A1l + AsF)

which is in the form (1.1) with B = —0A]' Ajp, M = A Ay and F = 0. Indeed ||B|| < 1
for sufficiently small 5. We employed the finite element library FreeFEM [26] to generate
the matrices Ai1, A12, Ao and the measurement operator H € R™ ™ which is the dis-
cretization of the normal trace operator UO%)M, where n, denotes the number of nodes
on Of).

For the numerical tests below, we set w = 27, 6o = 1, 6 = 0.01 and the mesh size
h = X/20 = 0.05 where A = /5927 /w = 1. The domain € is the disk of radius R = 2\ and
Qo is formed by three squares as in Figures 3.1 and 3.4. To generate measurements, we
use M = 6 resulting in six different incident fields uy corresponding to imposing boundary
data f = f;, 1 <i <6, where f;(z) = Yo(w|x —y;|) with y; located (outside €2) on the circle
of radius R + 0.25X (see Figure 3.1). The function Yj is the Bessel function of the second
kind of order zero. The cost functional is then the sum of the cost functionals associated
with each of the incident fields. We take as exact solution ¢®* = 10 in each square, and as
initial guess ¢ = 12 in each square.

3.2.1 The case of noise-free data

(a) Mesh for u (n, = 5849). (b) Mesh for o (n, = 6). (c) Mesh for g (ng = 125).

Figure 3.1: The configuration for the experiment in Section 3.2.1. The small circles outside
the mesh for u indicate the source locations y;, 1 < i < 6.

We first consider the case of noise-free data, without regularization (a« = 0). Here, the
domain g is formed by three squares of size \/4 distributed as shown in Figure 3.1. We
set the mesh size b’ = \/4 so that each square is divided into two triangles (see Figure
3.1b), which gives n, = 6. The mesh used for Q (see Figure 3.1a) leads to n, = 5849. The
boundary mesh used for generating the data g (see Figure 3.1c) is two times coarser than
the mesh for u and this gives n, = 125. We compare the performances of k-step one-shot
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methods (1.9) (which coincide with (1.8) in the present case o = 0). Recall that k is the
number of inner iterations on the direct and adjoint problems. We consider two series of
experiments.

GD,1=2 - - - - T-step, 1=2 ——
1-step, 1=2 —— 1-step, =1 ——
5 ol GD, 1=0.25 A/ 5 ol 1-step, t=0.5 A/
5 1-step, 1=0.25 '\_/\/ \Y; 5 1-step, 1=0.25 _\/\/ V
g N g Vi
2 0pn v 2 0l ey
g AANAAN Y 7 v<\ AN Y
£ 2n g 2
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o v o
& -4 & -4 AVAVAY
3 3
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(c) Gradient descent and 2-step one-shot. (d) 2-step one-shot.

Figure 3.2: Convergence curves of gradient descent and k-step one-shot: dependence on
the descent step 7.

In the first one, we study the dependence on the descent step 7. In Figure 3.2a-3.2b and
3.2c-3.2d we respectively fix k = 1 and k£ = 2 and compare k-step one-shot methods with
the gradient descent method. We plot in semi-log scale the value of the cost functional
in terms of the (outer) iteration number n in (1.6) and (1.9). We can verify that for
sufficiently small 7, the k-step one-shot methods converge. This is not always the case
for larger value of 7. In particular, for 7 = 2, while gradient descent and 2-step one-shot
converge, 1-step one-shot diverges. Oscillations may appear on the convergence curve for
certain values of 7, but they gradually disappear when 7 gets smaller. For sufficiently
small 7, the convergence curves of one-shot methods are comparable to the one of gradient
descent.

In the second series of experiments, we study the dependence on the number of inner
iterations k, for fixed 7. First (Figures 3.3a and 3.3c), we investigate for which & the
convergence curve of k-step one-shot is comparable with the one of gradient descent, and,
as in the previous figures, on the horizontal axis we indicate the (outer) iteration number
n. For 7 = 2 (see Figure 3.3a), we observe that for £k = 3,4 the convergence curves of
k-step one-shot are close to the one of gradient descent. Note that with 3 inner iterations
the L? error between u” and the exact solution to the forward problem ranges between
59 - 1072 and 0.48334 for different n in (1.9); in fact, this error is rather significant at
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Figure 3.3: Convergence curves of gradient descent and k-step one-shot: dependence on
the number of inner iterations k.

the beginning of the iteration, then it reduces as we get closer to the convergence for the
parameter o. Therefore, incomplete inner iterations on the forward problem are enough to
have good precision on the solution of the inverse problem. In the particular case 7 = 2.5
(see Figure 3.3¢), we observe an interesting phenomenon: when k = 3,4, 10, with k-step
one-shot the cost functional decreases even faster than with gradient descent. For larger
values of k, for example & = 14, the convergence curve of one-shot method gets closer to the
one of gradient descent as one may expect. Next, in Figures 3.3b and 3.3d, we display the
results of the same experiment as in Figures 3.3a and 3.3c, but this time on the horizontal
axis we indicate the accumulated inner iteration number, which is equal to kn where n
is the number of outer iterations. This would allow us to compare the overall speed of
convergence among k-step one-shot methods. For 7 = 2 (respectively for 7 = 2.5), k = 3
and k = 4 (respectively k = 3) appear to provide the fastest rate of convergence. This
confirms the potential interest that this type of method would have in solving large-scale
inverse problem since few inner iterations are capable of providing fast convergence.
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3.2.2 The case of noisy data

(a) Mesh for u (n, = 5582). (b) Mesh for o (ny =698).  (c) Mesh for ¢° (ny, = 12).

Figure 3.4: The configuration for the experiment in Section 3.2.2. The small circles outside
the mesh for v indicate the source locations y;, 1 < i < 6.

We consider now the case where the measurements g are corrupted with noise. More
specifically, we replace the vector g = Hu(o®) in the cost functional by the vector g¢ € R"s
with ¢f = ¢; + €,9;, where the ¢; are random numbers uniformly distributed between —e
and ¢ for a noise level €. In order to hit the ill-posedness of the inverse problem, we
artificially increase the size of the discretization space for the parameter o to n, = 698 by
enlarging the size of the squares (now the size of their edges equals 2)A/3 and the distance
of their center from the boundary equals A, see Figure 3.4b). We also show in Figure 3.4a
the mesh for u, which is about 20 times finer than the boundary mesh used for generating
the 6 data ¢° (see Figure 3.4c). In this new configuration, n, = 5582 and n, = 12. Notice
also that the meshes of the squares in Figure 3.4a and 3.4b do not coincide.

We perform several numerical tests with different noise levels: ¢ = 1%, 3% and 5%. We
choose the regularization parameter o depending on the noise level ¢ in order to optimize
the accuracy of the reconstruction. This choice, which is made by trial and error, does not
affect much the convergence of the algorithms (see Figures 3.5 and 3.6) and mainly reduces
the size of the oscillations for the reconstructed o. The convergence curves displayed in
Figure 3.5 for different noise levels show that the semi-implicit k-step one-shot methods
(k = 3,4) require a similar number of outer iterations as the semi-implicit gradient descent,
algorithm to achieve the same precision. We also see from Figure 3.5 that the convergence
curves with a # 0 look less steep than those with @ = 0. Since in the case of noisy
data the convergence for the cost functional does not imply in general the accuracy of the
reconstructed parameter o, we also plot convergence curves for the relative error on ¢ in
Figure 3.6 to check the quality of the reconstruction. Also in these plots we see that the
semi-implicit k-step one-shot methods (k = 3, 4) require a similar number of outer iterations
as the semi-implicit gradient descent algorithm to achieve the same accuracy. Indeed, this
proves the potential of these methods since only a few inner iterations are used. Moreover,
the chosen values of o # 0 adapted to the noise level give fairly better relative error curves.
Finally, to better show the effect of the regularization, Figures 3.7a-3.7f display the final
reconstructions for o by semi-implicit 3-step one-shot, whose relative error curves were
presented in Figures 3.6a—3.6f. On the left of the color scale we also indicate the actual
maximum and minimum values attained for each reconstruction; note that this range gets
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wider for higher noise level. These plots confirm the benefit of regularization for treating
noisy data.
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Figure 3.5: Convergence curves of semi-implicit gradient descent and k-step one-shot with
different noise levels € and regularization parameters o. The descent step is 7 = 4.7.

3.2.3 Robustness with respect to the size of the discretized prob-
lem

In the following experiment, we would like to confirm that the convergence rate of the k-
step one-shot methods is asymptotically independent of the size of the discretized problem
similarly to what is known for the gradient descent algorithms. In order to modify the
number of discretization points without modifying the structure of the background media,
we replace the random contribution o, with the constant function o, = 1. This means
that we choose og = 79 + 6. (we fix § = 0.01). We keep the same configuration as in the
experiment presented in Figure 3.4 in terms of number of sources, number of measurements
and values of the exact conductivity and of the initial guess (i.e. 0™ = 10 and ¢° = 12 in
each square), but we change the configuration of the support of the unknown conductivity
to investigate another test case. The exact data g;, 1 < i < 6 are generated using a fine
mesh corresponding to a mesh size h = A\/60 and a number of degrees of freedom 157844.
The data are then corrupted with e = 3% relative random noise. For the inversion, we use
two different meshes respectively corresponding to mesh sizes h = \/40 (n,, = 70093) and
h = A/55 (n, = 128490). This experiment is illustrated by Figure 3.8, where the mesh with
h = A/40 is displayed. We also show the mesh for the unknown o, that results in n, = 10
unknowns. For the inversion, we choose to show the result for the semi-implicit 2-step
one-shot method with fixed descent step 7 = 2 and regularization parameter o = 2 - 1072,
As shown in Figure 3.9, the number of outer iterations is not much affected by the size of
the discrete system. We observe the same behavior for other semi-implicit k-step one-shot
methods with £ > 3.
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Figure 3.6: Convergence curves for the relative error on the parameter o of semi-implicit
gradient descent and k-step one-shot with different noise levels € and regularization pa-
rameters . The descent step is 7 = 4.7.
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Figure 3.7: Reconstructed o by semi-implicit 3-step one-shot with different noise levels ¢.
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(a) Mesh for u (h = A/40). (b) Mesh for o (n, = 10). (c) Mesh for g° (ng = 12).

Figure 3.8: The configuration for the experiment of Sections 3.2.3 and 3.2.4. The values of
the exact conductivity is 0 = 10 in each square. The small circles outside the mesh for
u indicate the source locations y;, 1 <17 < 6.
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Figure 3.9: Result for the experiment in Section 3.2.3 displaying the convergence rate for
semi-implicit 2-step one-shot and gradient descent with different mesh sizes for the state
equations. The descent step is 7 = 2, the noise level is ¢ = 3% and the regularization
parameter is o = 2 - 1074,
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3.2.4 Dependence of the number of outer iterations on the norm
of B

The purpose of this experiment is to illustrate how the convergence speed would depend
on the norm of B. Although we did not analyze the convergence rate, one indeed expects
that the smaller the norm of B, the faster the convergence. This is what is observed in
Figure 3.10 where we repeat the same experiment as in Figure 3.9 for o = \/40, but we
vary the values of 4 (§ = 0.01 and § = 0.02). For a given accuracy, the number of outer
iterations for 6 = 0.01 is less than the one for 6 = 0.02.
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Figure 3.10: Result for the experiment in Section 3.2.4 displaying the dependence of the
convergence rate for semi-implicit 2-step one-shot with respect to 6. The descent step is
7 = 2, the noise level is ¢ = 3% and the regularization parameter is o = 2 - 1074,



Chapter 3. Multi-step one-shot methods for linear inverse problems 84

Appendix 3.A Some useful lemmas for the conver-
gence analysis

We state auxiliary results about matrices like those appearing in the eigenvalue equations

(2.9) and (3.13).

Lemma 3.A.1. Let (C™*" ||-||) be a normed space and T € C™*™. If p(T) < 1, then
S T* converges and Y T" = (1 —T)".
k=0 k=0

Moreover, if |T| <1, ||(I —=T)7Y < ﬁ

Lemma 3.A.2. Let T € C™™ such that p(T) < 1. Set

s(T) = swp_[[(1=T/2)7| (3.35)
2€C,|z|>1
1
then 0 < |[[(I =T)7Y| < s(T) = s(T*) < +00. Moreover, if |T]| <1, 0 < s(T) < =7

Proof. The existence of s(T') (and also s(7*)) is deduced from the fact that the functional
2z |(I=T/2)7", with z € C,|z| > 1, is well-defined and continuous. For every z €
C,|z| > 1 we have

(T =T/2) N = 1((T = T/2)7) | = | = T*/=) 7" < s(T7)

and
(7 =T/2) " = (T =T/2)7) | = 1T = T/=") " < s(T),
thus s(T") = s(T*). The second part of conclusion is obtained by Lemma 3.A.1. O
The following lemma says that, for 7' € C"*" and A € C, |A\| > 1, we can decompose

([ — %)_1 = P(\) +iQ()) and ( — %*)—1 = P(A\)*+iQ(N)*, and gives bounds for P(\)
and Q(N).

Lemma 3.A.3. Let T € C™" such that p(T) < 1 and X\ € C,|\| > 1. Write + =
r(cos ¢ + isin @) in polar form, where 0 <r <1 and ¢ € [—m,w|]. Then

(1 - §>_1 = P(\) +iQ(\) and (I - 7;) s P +iQ(N)*

where
PA) = —rcospT)(I — 2rcospT + r*T?) 1

and
Q()\) = TSiD(ﬁT(I —2r COS¢T + T2T2)_1

are C""-valued functions. We also have the following properties:

(i) 1P < (L4 IT1) s(T)* and QNI < [sin ¢[[|T|s(T)* < ||Ts(T)*.
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(it) Moreover if ||T|| <1 then

||
17|

1PV < and  [[QA)|| <

1|7
Proof. The first part of the lemma is verified by direct computation, using

(I=T/N" = (I=T/M)[I=T/\)I=T/X)]",
(I=T/N" = (I =T/N) (I =T/N]" (I =T*/x)
and (I —T/N)(I—-=T/X)= I—2rcos¢T +r*T2

After that, with the help of Lemma 3.A.2, it is not difficult to show the inequalities in ().
To prove (ii), first observe that the two series

> 1k cos(k)TH  and Y rFsin(ke)T*
k=0 k=1
converge. Then, by expanding and simplifying the left-hand sides, we can show that
(Z rk Cos(k:ng)Tk) (I —2rcos¢T +7°T?*) =1 —rcosgT
k=0

and
(Z r SiIl(k'(b)Tk) (I —2rcospT +r*T?) =rsingT
k=1

so P(\) and Q(A) can be expressed as the series above, and the inequalities in (i) follow.
0

In Sections 2.2 and 3.1.2 we identify different cases of A € C and we need corresponding
estimations, given in the following lemma.

Lemma 3.A.4. For A € C\ R, |\ > 1 we write A = R(cos 0 + isin ) in polar form where
R > 17 0 € <_7T77T)7 '97£0
1 f Im(A% — \) > 0

= 7 then

. . . 2 _ -
(i) For X satisfying Re(A\* —X) >0, let 1 = 11(\) : { 1 i Im(A2—A) <0

Re(A? — \) + 71 Im(A% — A) > [A(A — 1)| > 2| sin(6/2)].

(ii) Let 0 < 6y < Z. For X\ satisfying Re(A\> —X) < 0 and 0 € [0y, ™ — 0] U [—7 + 6o, —6,],
—1 4f Im(A?2 = \) >0,

letre =0 = Im(A\2 — \) < 0

T
1

then

|Re(A\? — A) + 72 Im(A\? — \)| > |A(\ — 1)| > 25in(6y/2).

(i) Let 0 < 0y < T and 8y > 0 . For X satisfying Re(\> — X) < 0 and 6 € (—0o,60)\{0},
((&H—Siﬂ%) /COS% if >0,

let 3 = y3(sign(f)) == th
et vz = y3(sign(0)) {_(5O+singg°)/cossg° ifo<o "

Re(A2 — A) + 75 Im(A% — \) > 26| sin(6/2)]
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and

[Re(A = 1) + 7 Im(A = 1)| _ V1+73
Re(A2 = \) + vy Im(A\2—=)X) = &

Moreover, if 0 < 0y < 7 then

[pRe(A =) —Im(A = 1)| _ I+ 143
Re(A2 = A\) + v3 Im(\2 — /\) dg  cos26y |

() Let 0 < 0y < T. There exists no X satisfying Re(A\* —X) < 0 and 6 € (1 — 6y, m) U
(—m,—m + 0p).

Proof. (i) Notice that v = 1, 73 Im(A\? — \) > 0. We have

[Re(A? = A) + 31 Im(X* = N)]” = [Re(A? = )] “+[Im(X* = )] +27, Re(A*—A) Im(A*~))
> [Re(W = 1))+ [Im(3 = 3] = |2 - AP,

which yields Re(A? — A) 4+ 91 Im(A? — X) > |A(A — 1)|. Finally,

IA—1| =|Rcosf —1+iRsinf| = VR +1—2Rcosf > /2 —2cosf = 2

.0

sin —
2

since the function R+ R?> 41 — 2R cosf, for R > 1, is increasin

(77) In this case we have g € {%0, 5~ %0} U [— 5+ 020, %0] SO ‘sm T> sin &, We also notice

that 72 = 1 and ~, Im(\? — \) < 0. Similar to (i), we have | Re(\* — \) +72 Im(\? = \)| =

—Re(A\? = \) — % Im(A? = \) > [A(A —1)| > 2|sin(A/2)], that implies the conclusion.

(iii) Note that cos20 > 0, —5 < 20 < 7, and sin 20 has the same sign as ¢ and ~3, so we

have

Re(A2 = A) + v3Im(\? — ) = R(Rcos20 — cosf + y3Rsin 20 — 3 sin 6)
> cos 20 — cos (9 + 3 8in 20 — ~y38in ¢

= —2sin % 39 sin 5 9 1 275 cos @ sin g

= 2sin ¢ (73 CoS 5 39 — sin 329)
Then we consider two cases: if 0 < 6 < 6y then v3 > 0, |sin 3 ‘ = sm >0,0< ¥ < 70 <3
and 73(308ﬁ — s1n— > 73 COS 390 — sin 300 = dp; if =0y < 0 <0 then —y3 > 0 ’ g‘ =
—sm >0, -5 <— 390 < 39 < O and ’ygcos——i-sm— > 73008590 sm% = dp.

Next we Wlll show that 1|$(€/\(;\ ;))IJP?IIE((:\\Q UL is bounded. First,

|Re(A — 1) +y3Im(A —1)] |(cos @ + y3sinf)R — 1|

Re(A%2 — A) + 3 Im(A? — \) R|(cos 260 + 73 sin 20) R — (cos § + ~y3sin 0)]
|(cosf + y3sinf)R — 1|

(cos26 + v3sin20)R — (cos 6 + y3sin6)

2
Since 3 does not depend on R, let us study fi(R) = (Zg:i) where a := cosf + 3 sin 6

and b == cos 20 + ~3 sin 26. We observe that:
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e a>0andb>0. Indeed, cosf > 0, cos26 > 0, and 6§ and 73 have the same sign.

e bR —a > 0 since Re(A> — A) + 73 Im(A* — A) > 0, thus R > ¢.

1

« a® > b (equivalently ¢ > %), since a® = cos® 0 473 sin® 6 4 3 sin 20 > cos® § — sin? 6 +

3 sin 20 = b.

Now, fi(R) =2- Zﬁ:i . (b%__“j)z <0for R> ¢ > % and we would like to have ¢ < 1 so that

fi(R) < fi(1),VR > 1. Indeed § < 1 is equivalent to

.30
Sin >
cosf + 43 8in 6 < cos 20 + 43 8in 26 & |y3| > 30
2
which is true since
. .30

5o +sin o [sin % 8o
3| = 50 55 T €0 Where g5 = 550
COS N COS D) COS o

Then we study

. 2 0 0 2
cosf — 1+ vy3sinf —sin g + y3cos 5
fi(1) = ( ) - ; 239 ’Y??-

cos 20 — cos 0 + y3(sin 20 — sin 0 —y3 sin %9 + 73 cos &

We have:

o (—sin g + 73 cos g)2 < 1+ 42 by Cauchy-Schwartz inequality;

i 30

73 sin 92
30

cos 5

o 7=l > +eov3| that leads to —v3 sin 2 ++3 cos 32 > £ cos ¥ |y3] = do|7s];

2 . . e(\— 2 Tm(A— v/ 14~2
hence f1(1) < 1;{;3 and this yields 1‘;;{(/\(2’\7;))13;1;((;\23\') <V %5

|vs Re(A—1)—Im(A—1)|
Re(A2—X\)+~v3 Im(A2—))

Finally, we show that if 0 < 6y < 7 then is bounded. Indeed, we

have

[v3Re(A —1) —Im(A —1)| |(73 cosf — sinf) R — ~s|

Re(A2 — \) +v3Im(A2 — \)  R[(cos 26 + y3sin 20) R — (cos § + 3 sin 6)]
|(v3cos6 — sin ) R — 3|

~ (cos20 + v3sin 20) R — (cos§ + y3sin §)’

cR—~3

2
5 ) where ¢ = 73 cosf — sin 6

Since 73 does not depend on R, let us study fo(R) = (
and a, b as above. We observe that:

¢ 73b—ca and 0 have the same sign. Indeed, y3b—ca = (y3+1) sin @ cos . Consequently,
we always have (y3b — ca)ys > 0.

. . . [ +sin% i
o We always have 2 > 1. Indeed, if & > 0 then ¢ > 0 since 3 = e ig;‘z,
COS ——
2
73 73 : : So+sin 230 sin 0
also B2 = —B—— > 1; if § < 0 then ¢ < 0 since —y3 = ——52 > —222 also
c 3 cos §—sin 0 ) COSTO cos @’
B=w —— B> 1

c —3 cos O+sin 6
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< R-1
Now, f3(R) = 2 - J—o - (Pﬁl});—cs));s’ so, thanks to the above results, fo(R) decreases for

1 < R <% and increases for R > 2. Moreover, like for fi(1), we can estimate

30 V3 > 68

: 2

_Cosg—’ygsmg> 2<1+’y§
30 | 2

Y3 SN 5+ Y3 COS

f(1) = (_

s 2 2
. ~3 cos @—sin 6 143
and limp_, 1 o fo(R) = (C0520+73 Sm%) < T Therefore

psRe(A -1 —Tm(A-1)| _ 1+ J1+%
Re(A2 = X\) + 3 Im(A2 — \) — do  cos26y |

(iv) For 0 € (m—0y, m)U(—m, —m+6y), we have cos 20 > 0 since 26 € (37”, 27T)U(—27T, —37”),
while cos @ < 0. Hence Re(A\* — \) = R(Rcos 26 — cosf) > 0.
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In this chapter, we analyze the convergence of the semi-implicit multi-step one-shot
methods (1.9) in two particular cases. The first one is an extension to inverse problems
where the inverse parameter is real but the state and adjoint state are complex, let us
call them complex inverse problems. The aim of this section is to show that the complex
inverse problem can be rewritten so that it falls into the framework of the real inverse
problem in Section 1.2. In other words, we ensure that our framework stated with real
variables is enough for both real and complex inverse problems. The rest of the chapter
is dedicated to the so-called scalar case (i.e. n, = n, = n, = 1) without regularization
(i.e. a = 0), which is the simplest configuration. As before, the algorithm convergence
is deduced by studying the spectral radius of the associated iteration matrix. As the
eigenvalue equation of a matrix is in polynomial form and not too complicated in the
scalar case, we can apply Jury-Marden Criterion, which provides a necessary and sufficient
condition on the coefficients of a real-coefficient polynomial so that all its zeros lie strictly
inside the unit circle in the complex plane. That is how we establish the sufficient and
even necessary conditions on the descent step 7 that ensure the algorithm convergence.
We shall study not only the algorithms introduced in Section 1.2 but also their so-called
shifted variants. Although in this case we only deal with 3 x 3 matrices and third order
polynomials, the obtained results about the admissible ranges for 7 are not trivial. We
shall plot these admissible ranges to visualize their behaviors when the number of inner
iterations increases.

This chapter is structured as follows. The extension to complex inverse problems is
studied in Section 4.1. First, using the Lagrangian technique for the complex equation,
we define the adjoint state for the complex forward problem. By doubling the sizes of the
forward and adjoint states, we obtain a transformed inverse problem with real variables.

89
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We then show that the assumptions for the original complex inverse problem can be refor-
mulated for the newly obtained problem to prove that the case of complex inverse problems
is also covered by our theory. Next, Section 4.2 is dedicated to the convergence analysis
of the scalar case without regularization parameter. We shall study four algorithms, two
of them were introduced in Section 1.2 and the others are their shifted variants. After
adapting notations to the scalar case, we derive the 3 x 3 iteration matrix associated with
each algorithm. As the eigenvalue equation of a 3 x 3 matrix is in the form of a third order
polynomial, we can apply the Jury-Marden Criterion to obtain necessary and sufficient
conditions on the descent step 7 that ensure the convergence of the algorithms. The ad-
missible ranges of 7 for these four algorithms are then plotted to illustrate their dependence
with respect to the number of inner iterations.
The content of this chapter is extracted from the report:

[3] M. Bonazzoli, H. Haddar, and T.A. Vu (2022). Convergence analysis of multi-
step one-shot methods for linear inverse problems. Research Report RR-9477, Inria
Saclay, ENSTA ParisTech. hal-03727759

4.1 Inverse problem with complex forward problem
and real parameter

In this section we show that a linear inverse problem with associated complex forward
problem and real parameter can be transformed into a linear inverse problem which matches
with the real model at the beginning of Section 1.2, so that the previous theory applies.
More precisely, here we study the state equation

u=Bu+ Mo+ F

where u € C™, 0 € R, B € C"*" M € C™*" and F € C". Measuring g =
Hu(o), where H € C"*™  we consider the linear inverse problem of retrieving ¢ from
the knowledge of g. To solve the inverse problem we write its regularized least squares
formulation: given o®* the exact solution of the inverse problem and g := Hu(c®) (g can
also be a noisy version of Hu(c®)), we look for the regularized solution ¢&* defined by

07

o = argmin cpn, J(0)  where J(o) = ;HHU(O‘) — gl + %||0||27 a>0.
Using the Lagrangian technique with
L(u,v,0) = ;HHU —g|I* + %HUH2 + Re(Bu+ mo + F — u,v),
we can define the adjoint state p = p(o) such that
p=Bp+ H (Hu(o) - g),

which allows us to compute
VJ(o) = Re(M*p) + ao.

By separating the real and imaginary parts of all vectors and matrices u = u; + iuo,
p=p1+ips, B=B1+iBy, M = My +iM,, F = Iy +iFy, H = Hy +1H3, g = g1 + g2, we
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can transform this inverse problem with complex forward problem into the inverse problem
with real forward problem introduced at the beginning of Section 1.2. Indeed, note that

B* =B —iB;, M* = M{ —iM; and H* = H{ —iH,,
so we have

uy + iug = (By 4+ 1B2)(uq + iug) + (M7 + iMs)o + (Fy + iF}),
p1+ips = (Bf —iB3)(p1 +ip2) + (Hy —iH3)[(Hy + iHs)(uy + iug) — (91 + ig2)),
VJ(o) = Re[(M] — iMy)(p1 + ip2)] + ao,

which implies

w1 = Biuy — Bouos + Myo + Fi,

Uy = Bouy + Biug + Myo + s,

p1 = Bip1 + Bipy + (Hy Hy + Hy Ho)uy — (Hy Hy — Hy Ho)us — (Hy g1 + H3g2),

p2 = —Bip1 + Bips + (H3Hy — H{ Hy)uy + (H{Hy + HiHy)uy — (—Hzg1 + Higs),
VJ(o) = M{p, + Mps + ao.

By setting

we obtain

which has the same structure as the inverse problem in Section 1.2. We finish this section
by two lemmas that match the assumptions of the inverse problem with complex state
variable with the assumptions of the transformed inverse problem with real state variable.

Lemma 4.1.1. Spec(B) = Spec(B) U {z : z € Spec(B)}.

Proof. Let I and I be respectively the identity matrices of dimensions n, and 2n,. By

writing

- [B. =B, [1 1][B 0][k i

i ) =

| — |
c-1 C
where
E = Bl — iBQ,

we find that det (B — A ) = det (E — A ) det(B — AI). The conclusion is then deduced
thanks to the fact that Spec(B) = {z : z € Spec(B)}. O

Lemma 4.1.2. Assume that p(B) < 1, and H(I — B)™'M s injective. Then p(B) <1,
and H(I — B)™'M s injective, where I € R*"*2"u js the identity matriz.
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Proof. The previous lemma says that p(B) = p(B) < 1. Therefore (I — B)~" is well-defined
and thanks to (4.1),

. L[H, —H|[(U-B)'+(I-B)"" —il-B)'+i(Il-B)][M
HI=B)"M =31y, m, ] LEI _B§—1 - 1<(I - B))‘l (3 ~ D)+ (1(— B)‘)l 1 l
1[HUI-B)'+H(I-B)' —HI-B)'+iH{I - B)'] [M;
“2|iHI-B)'—iHI-B)"* H(I-B)'+H(I-B)™" ] lMJ
_1[HUI-B)'M+H(I-B)'M
T 2|iH(I-B)""M —iH(I - B)"'M
where

H = H1 — 1H2 and M = M1 — 1M2
Now assume that there exists # € C* such that H(I — B)~*Mx = 0, then

[(H(I — B)"'M + H(I — B)"*M]z = 0,
i{H(I — B)""M — iH(I — B)"'M]z = 0,

or equivalently,

[H(I — B)*M + H(I — B)"'M]z =0,

[-H(I —B)"'M + H(I — B)"'M]z = 0.
By summing up these two equations, we deduce that H(I — B)"'Mz = 0, then z = 0
thanks to the injectivity of H(I — B)™'M. O

4.2 Convergence study for the scalar case without
regularization

In this section, we shall study the convergence analysis of several algorithms in the scalar
case (n, = n, = n, = 1) and without regularization (i.e. o = 0). The considered
algorithms are presented in the following.

« Usual gradient descent (usual GD):

0.n+1 =" — 1T M* n7
u" = Bu" + Mo™ + F, (4.2)

o Shifted gradient descent (shifted GD):

O_n—i-l = o — 1 M* n’
u" = Bu"t + Mo™ + F, (4.3)
pn—i-l — B*pn+1 + H*<Hun+1 _ 9)7
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e k-step one-shot:

ot = o — T M*p",

_.mn n+l o n.
_uapO _p

for=0,1,...,k—1,

ugﬂ

4.4
uz:l-ll — Bu?—H + Montl + F, ( )
peit = BT+ H (Huy ™ — g),
wtt = g et = et
o Shifted k-step one-shot:
O_n+1 = o — 7T M* n7
uy ™t =t gt =
for ¢ =0,1,...,k—1:
(4.5)

uptl = Bup™ + Mo" + F,
PE = B 4 HE(Hup — g),
+1

n+l . ,n+l _nt+l1 ., n
u =U, P = Dy,

Link with the algorithms in Section 1.2. Algorithm (4.2) is algorithm (1.6) when
the regularization parameter o = 0. Also, as we mentioned in Section 1.2, the algorithm
k-step one-shot (1.8) coincides with the semi-implicit k-step one-shot algorithm (1.9) when
a = 0, that is, the algorithm given by (4.4).

Two shifted algorithms (4.3) and (4.5). The shifted gradient descent (4.3) and the
shifted k-step one-shot (4.5) are analyzed in our report [3]. Historically, the one-step
version (i.e. k= 1) of (4.5), that is

O.n+1 =" — T M* n7
shifted one-step one-shot: u" = Bu™ + Mo" + F,
p"tt = Bp" + H*(Hu" — g),

was introduced at first since the state u"*! is directly updated using o™ from the previous
outer iteration (see e.g. [17]). Instead, the one-step one-shot, given by

0.n+1 =o" — 7T M* n7
one-step one-shot: < u"*! = Bu" + Mo" ™! + F,
Pt = Bp" + HY(Hu" — g),

has a delay in updating the state u since it employs ¢ instead of ¢”. This is not an issue
in practice since updating o is usually cheap. We also remark that when k tends to infinity,
the k-step one-shot (4.4) and shifted k-step one-shot (4.5) formally converge to the usual
gradient descent (4.2) and the shifted gradient descent (4.3), respectively. In practice, the
usual gradient descent and k-step one-shot present better performance than their shifted
versions. However, here we analyze also algorithms (4.3) and (4.5) for completeness.
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4.2.1 Notations and preliminary calculation

In the scalar case, that is when n, = n, = n, = 1, we change the notation from capital to
lower case letters:

BebeRb<l, M+meRm#0, H+hecRh#0,

1 — bk
1—-b’

T tp=1+b+.. +0 1= Uy, < uy, = kh2" 1 (4.6)

X — = O’ k:l,
FORT) R4 204302 + 4 (k= D)V, k> 2.

The identity 1 + 2z + 322 + ... + na™ ! = (1_1“””_”;1>, = 1_(”+(11)f2;;mn+1 says that
1 — kbF1 k—1)b*
o = B2 Fk=DE sy (4.7)

(1-1b) ’

where we set b*"' = 1 when k = 1 and b = 0. Now for each of algorithms (4.2), (4.3),
(4.4), (4.5), we write the iterations for the errors in the scalar case and the corresponding
iteration matrix M such that [o" 1 o™ pn T = M[o™, u™, p"]T.

Usual gradient descent:

n+1

o =o" —Tmp", 1 0 —mT
u™ = bu™ + mo", M= m(l-b1 0 -m*1-0b)"1'7|; (4.8)
P = bp" + hQu”, th(l — b)fz 0 —h2m2(1 — 6)727'

Shifted gradient descent:

o™t =o" —Tmp", 1 0 —mr
W = byt 4 o M=|mal-b" 0 0 |; (4.9)
Pt = bt p2ynt R*m(1—-0)"2 0 0

k-step one-shot:

o = o™ — Tmp", 1 0 —mT
u™t = b + mto™ — Tm2tp, M= |mt, b* —m’tyr |;
k
Pt = (VF — mmPa)p" 4+ upu™ + mago™, may u, bF — mixT
(4.10)
o Shifted k-step one-shot:
ot =o" — rmp", 1 0 —mr
u™ = bPum 4 mityo™, M= |mt, b* 0 |. (4.11)

k
pn+1 — bkpn + ukun + mxkan, mxe U b
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4.2.2 Necessary and sufficient conditions for convergence

In this simpler scalar case, we will be able to prove sufficient and also necessary conditions
on the descent step 7 for convergence. Our strategy to study the spectral radius p(M) is
as follows:

1. Compute det(M — AI) to write the eigenvalue equation P(A\) = 0. For the considered
methods, P turns out to be a polynomial of degree 3, P(\) = ag + a1 A + asA? + N3,
where ag, a1,as € R depend on h,m,b, 7. For the computations, the identity upt, —
bz + xp = h?t3, which is the scalar version of (3.5), can be helpful.

2. Apply to P Lemma 4.2.1, which states a necessary and sufficient condition for a
real coefficient polynomial of degree 3 to have all roots inside the unit circle of the
complex plane. Then deduce conditions on 7.

Lemma 4.2.1. Let ag,a1,a2 € R, then all roots of P(z) = ag + a1z + a2 + 2% stay
(strictly) inside the unit circle of the complex plane if and only if

(CLO — 1)(@0 + 1) < O, (412)
(a3 — asag + ay — 1)(a3 + asag —a; — 1) > 0, (4.13)
(CL0+CL2—CL1—1)<CL0+CL2+CL1+1) < 0. (414)

The proof of Lemma 4.2.1 is in Appendix 4.A and is mainly based on Marden’s works [38].

Descent step for the usual gradient descent

Here, the coefficients of P are
ap=0, a; =0, ay="h*m*1-0b)"r—1.

Conditions (4.12) and (4.13) of Lemma 4.2.1 are automatically satisfied. Condition (4.14)
gives
2(1 —b)?

0<7T< o

Descent step for the shifted gradient descent

Here, the coefficients of P are
ap =0, a;=h*m*(1-0b)772r, ay=—1.

Condition (4.12) of Lemma 4.2.1 is automatically satisfied, condition (4.14) is automatically
satisfied for 7 > 0, and condition (4.13) gives us

(1-0)°

T < 7h2m2 .

Descent step for k-step one-shot

Here, the coefficients of P are

ag = —s>, ay =m*(h*t; — )7 + (2 +25), ay =mrT — (25 + 1)
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where s = bF. Condition (4.12) of Lemma 4.2.1 is obviously satisfied since |b| < 1. Next
we deal with condition (4.13). The computation shows that

ag — agag + ay — 1 = m*(h* 3 — xp + 2x8°)7 + (5 — 1)*(s + 1), (4.15)
<0
ag + asag — ay — 1 = —m?(h*3 — xp + 2ps*)7 + (s — 1)(s + 1)° (4.16)
<0

and

PAVL(L = B[k — (k + 1)b + kb* — (k= 1)5"]

R*t; — xp, + wps” = e (4.17)
Lemma 4.2.2. k — (k+ 1)b+ kb* — (k — 1)V*1 >0, V|b| < 1, Vk > 1.
Proof. We write k—(k+1)b+kb*—(k—1)b*"! = (1-b) A where A = +(k—1)b*. Tt

suffices to show A > 0. If K = 1 then A =1 > 0. If either k is even, or k > 3 1s odd and 0 <
b < 1, then (k—1)b* > 0 and ‘% = [P bR 2 b1 < \bk—1\+]bk—21+...+|b|+1 <k
give us the conclusion. If k > 3 is odd and —1 < b < 0 then (k — 1)(1 4+ b* +1) > 0 and

_ph bk
120 < 1 therefore A =1+ ( 11_bb) + (k= 1)(1+b%) > 0. O
Then, condition (4.13) imposes

(1-b)*(1+b%)(1-b")? e pk—1 .
* T < - kDb (D] L0 > 05

(1-0)?(14+b%)® e k1 '
o T R2Zm2bF—1[—k+(k+1)b—kbF +(k—1)bF+1] if b < O’

e no conditionon 7if £ > 2 and b = 0.

Finally we check condition (4.14). We have ag + a + a; + 1 = h*m?ti7 > 0 and

h2m2(1 — 2kbF—1 + 2kbk — b2*)
(1-1b)?

ag+as —a; —1= 7_2(1+S)27

therefore, condition (4.14) gives

AV k\2 . _
© T < e if 1 — 2k0E 4 2kbF — b > 0;

e no condition on 7 if 1 — 2kbF~1 4 2kbF — b?¢ < 0.
In the following lemma we study the quantity 1 — 2kb*~! + 2kb* — b?* that appears above.
Lemma 4.2.3. Let fi(b) =1 — 2kb*1 + 2kb* — b** for k € N* and —1 < b < 1.

(i) f1(0) = —-(1-0)*<0,V-1<b< 1.

(ii) fo(b) =1 —4b+4b> —b* has a unique solution b= —1++/2 in (—=1,1); and fo(b) > 0
if —1<b< —1++V2, fo(b) <0if —14+V2<b< 1.

(iii) If k > 3 is odd then fi(b) has exactly two solutions by(k) < be(k) in (—=1,1); if k > 2
is even then fi(b) has a unique solution bs(k) in (—1,1). Moreover, for every odd
k> 3:
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o —1<bi(k) <0<byk) <1y
. fk(b) >0 bl(k) <b< bg(l{?),
e fild) <0 —1<b<b(k)Vb(k)<b<l1.

and for every even k > 2:

e 0<by(k) <1;
o fr(b) >0 —1<b<bs(k);
o fu(b) <0< bs(k) <b< 1.

(iv) kliglld bi(k) =—1 and kli(r)gld bo(k)=1= kliervlgnbg(k;) =1.
k—o0 k—o0 k—o0

Proof. (i) and (ii) are easy to verify. (7i) It remains to consider k£ > 3. We have
Fi(b) = B2 [=2k(k — 1) + 2k — 2kb"H ] —1 < b < 1.

Set
ge(b) = =2k(k — 1) + 2k?b — 2kb*™,  —1<b <1,k > 3.

Case 1. [k > 3 is odd] By studying the sign of ¢, (b), we find that

 gx has a unique solution vy (k) in (—1,1) and 0 < vy (k) < § k—il <1
o gr(b) >0 v (k)<b< 1
e (b)) <0& -1 <b<u(k).

Next, by studying the sign of f;(b), we find that

o fi(b) has exactly two solutions by (k) < be(k) in (—1,1) and —1 < by (k) < 0 < be(k) <
L;

o fr(b) >0 bi(k) <b<by(k);
o fi(b) <0 —1<b<bi(k)Vb(k)<b<l.
Case 2. [k > 4 is even] By studying the sign of g;.(b), we find that

 gi has a unique solution v,y(k) in (—1,1) and 0 < vy(k) < < 1

e gr(b) >0 vy(k) <b< 1
e gx(b) <0< 0<b<uyk).
Next, by studying the sign of f;(b), we find that
e fr(b) has a unique solution b3(k) in (—1,1) and 0 < b3(k) < 1;
e fr(b) >0& —1<b<by(k);

o fr(b) <0< b3(k) <b<1.
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(iv) We have

1 31
): Vodd k > 3,

1 k 1
B > _ -
f’“(2) g1 gy k=23 and f"”( 2 k=1 of’
hence for sufficiently large k we have fy (%) > 0 and for sufficiently large odd k we have

(—%) > (. By the table of signs of fi, we conclude that by (k) < —% for large odd k,

bo(k) > % for large odd k and bs(k) > % for large even k.
Case 1. [k > 3 is odd and sufficiently large| First we work with b; (k). We have

1 — 2kby (k)1 + 2kby (k)F — by (k)% = 0

and by (k) < —% so

2

—by (k)% + 2kby (k)" +1 = 2k (k)*~" = [~2kby ()*]

>0

S S [—2kby (k)*].2 = —4kb, (k)

which leads to
by (k)% — 6kby (k)" — 1> 0 < [by(k)* — 3K]* > 1+ 9k~
Since —1 < by(k) < 0 and k is odd, this tells us that

-1 -1

—1 < by(k) < —(=3k + V1 + 9k2)/Fk = <
k) < =3k VL R = e Ao~ (TR

which yields kh%ld b1 (k) = —1. Next, we have

k—o0
1 — 2kby (k)F" + 2kby (k)* — by(k)?* =0

and by(k) > L so

2

—by(k)** + 2kby (K)* + 1 = 2kby (k)" = 2kby(K)* - < 4kby(k)*,

by(k)

which leads to
bo (k)% + 2kby (k) — 1> 0 & [bo(k)* + k> > 1 + K2

Since 0 < by(k) < 1, this tells us that

1 1
(k+ V1t RR)r~ (3k)IF

1> by(k) > (—k+ V1+k2)V/F =

which yields lim by(k) = 1.

k even

k—ro0
Case 2. [k > 4 is even and sufficiently large] We repeat the same arguments as by(k) for
bs(k). [

In summary, we have the following proposition.
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Proposition 4.2.4 (Convergence of k-step one-shot). Let n;(k,b) = +oo and

(1—b)2(1+b%)(1 — b¥)?

kb :
1 () = 7 Uk — (k + 1)b+ kb* — (k — 1)b+1]’

(1= b)2(L 4 b3 '
Bk — (k + 1)b+ kbF — (k — 1)pF+1]’
2(1 — b)2(1 + b2
1 — 2kbF—1 + 2kbF — b2k

then the necessary and sufficient condition for the convergence of k-step one-shot in the

scalar case is of the form T < 221252 where n(k,b) is defined as follows:

n22(k, b) =

n3(k,b) =

(i) 1(1,0) = m21(1,0) = (1 = b)°(1+b), -1 <b < 1;
(ii) for odd k > 3,

m21(k, D), —1<b<b(k)Vb(k)<b<1,
(k,b) { min {21 (k, b), n3(k, b)}, bi(k) < b < by(k) Ab 0,
2, b=0

where —1 < by (k) < 0 < bo(k) < 1 are the two solutions of

1— 2k Y42k — 0 =0, —1<b<1;

(iii) for even k > 2,

o1 (k, b), ba(k) < b <1,
T](k,b) _ min {7721(k72b)7773(k‘,b>}7 gfg < bg(k)7

min {nea(k,b),n3(k,0)}, —1<b<0
where 0 < bs(k) < 1 is the unique solution of

1—2kbF 2k — b =0, —1<b<1.

Note that hm bi(k) = —1 and lim bo(k) = 1 = lim bs(k), so the behavior of 7 when

k even
k%oo k%oo k—o0

k — oo is consistent with the result 7 < 22 2) ,—1 < b < 1 for the usual gradient descent.

For illustrations of the function n(k,b) for different k see section 4.2.3.

Descent step for shifted k-step one-shot

Here, the coefficients of the polynomial P of the eigenvalue equation are

ap = R*mPur — %, ay = KPmPym 4+ 52+ 25, apg = —2s — 1, (4.18)

_Lpk—1 _ k k—111._ k+1
o = 12kbE 4 (k= 1)0" (1_25’2“ )b Ik (gkj)gb% L. Note that vy
and b*~! have the same sign, also v, = 0 if and only if £ > 2 and b = 0, since it is easy
to show that k — (k + 1)b+ b1 > 0, V|b| < 1,Vk > 1. Then, condition (4.12) of Lemma

4.2.1 imposes

where s = V¥, y;, = and vy, = 2 —yp, =
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14s® (1-b)>(1+b%%) e pk—1 .
* T < Fomey = W (ermpreEe i 0T > 0;

1452 _ (1-b)%(=1+b%*) e pk—1 :
* T < Emty = e 10 <0

e no condition on 7 if £ > 2 and b = 0.

Next we study condition (4.13). We have

ag — asag + ay — 1 = v (R*m?7)% 4+ [(=25* + 25 + D + yp BPm?*7 + (s — 1)3(s + 1)

<0

and

ag + azag — ay — 1 = vi(h*m?7)? — [(25% + 25 + D)vg + g R*m*7 + (s — 1)(s + 1)°,

<0

each of which, considered as a second order polynomial of h?m?r if v, # 0, has exactly
two roots of opposite signs. Therefore if vj, # 0, condition (4.13) is equivalent to (h?m?7 —
r1)(R*m2T — ry) > 0 where

(282 — 25 — 1)vg, — yp + \/(—43 +5)v + yi + 2(—282 + 25 + 1)y 0
r = >

203
and
(25% + 25 + Dvp + yx + \/(832 + 125 + 5)v2 + y2 + 2(25% + 25 + 1)vgys
T9 = 5 >0
2v;;
Lemma 4.2.5. r; and ro cannot be both strictly less than 1ts? r1 and ro cannot be both

Vk

strictly less than %1‘32

Proof. Either r; < 1+:2 orr < %*:2 implies (s? 4+ 4s + 1)vi + (s* + 1)vgy, > 0. Either

v

o < 1452 or ry < %ﬁsz imphes (32 +4s + 1)’1),% + <82 + 1)Ukyk < 0. —~

Uk

Thanks to this lemma we see that condition (4.13), in combination with condition (4.12),
gives

o T ﬁ min{ry, ro} if b1 £ 0;
. T<h2—}n21fk:22andb20.
Finally, we have ag + as + a; + 1 = h*m?t27 > 0 and

h?m?

(1—0p

thus condition (4.14) is equivalent to

ag+as —a; — 1= [—1 4+ 2kbF 1 — 2k0F + b7%])7 — 2(1 — b¥)?,

_B2(1_pk)2 . _

e no condition on 7 if 1 — 2kbF~1 4 2kbF — b%F > 0.
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One can look again at Lemma 4.2.3 for the analysis of 1 —2kb*~! +2kb* — b%*. In summary,
we have the following proposition.

Proposition 4.2.6 (Convergence of shifted k-step one-shot). Let
(1-0)*(1 +b*)

k,b
ol b) = G T ey Do+ B
(1 =0)*(=1+0%)
k,b ;
r1a(k, b) = D=1k — (k + 1)b + b++1]
- WG
by = 17_1)7 Yk = (1 — b)2 y S = b y Uk = tk — Yk,
(28 — 25 — 1)v, — Y + \/(—48 +5)v + y2 + 2(—2s% + 25 + 1)vgys
HQl(k,b) = 5 5 ,
Uk
b (252 + 25 + D)oy, + yp, + \/(832 + 125 + 5)v2 + y2 + 2(252 + 25 + 1)vgys
Ko2(K,0) = )

208
Ko(k,b) == min{ka (k,b), koa(k,b) };
2(1 — b)%(1 — bk)?
1 4 2kbRT — 2kbk 4 b

then the necessary and sufficient condition for the convergence of shifted k-step one-shot
in the scalar case is of the form T < Zg‘;fg) where k(k,b) is defined as follows:

(1) k(1,b) = min{kq1(1,b), ka(1,b), k3(1,b)}, also note that
20 —2b—1++/—4b+5

2

/‘63(1@ b) =

Iin(]_,b) =1+ b2, Hgl(l,b> =

26> +2b+ 1+ /82 +12b+5

2 )

Koo (1,b) = rs(1,0) = 2(1 — b)?;

(ii) for odd k > 3,

min {r11(k,b), ka(k, b), k(k, b)}, —1<b<by(k)Vbao(k) <b<1,
(k’ b) { min {lﬁn(k’, b), lig(/{?,b)}, bl(/{?) S b S bg(/{?) Ab 7& 0,
1, b=0

where —1 < by(k) < 0 < bo(k) < 1 are the two solutions of
1—2kbF 4 2kDF — b =0, —1<b<1;
(iii) for even k > 2,

min{/ﬁll(k‘a b)>’§2(k7b>v/€3(k>b)}7 b3<k) <b< 17

' <
w(k, b) = min {lin(k,lb), ko (k,b)}, gig < bs(k),
min {k12(k, ), r2(k,b)} -1<b<0

where 0 < bs(k) < 1 is the unique solution of

1—2kbP 2k — b =0, —1<b<1.
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Remark 4.2.7. In implementation, we rewrite xo; (k, b) as

_B)\2(1_pk
b(1 — b)*(bF — 1) 2. [—bF 14 S|
b= (R Db+ gy o+ \/(—45 +5)vf + yi + 2(—2s% + 25 + 1)vgys

to avoid numerical errors. Also in this formula, we see that kg (k,b) "= (1 — b)2 (note

that yx, = —l_kbk{llj;gg_l)bk oo 7(1,1,))2 and vy = 2 — yp, a3 0).

For illustrations of the function x(k,b) for different k see section 4.2.3.

4.2.3 Comparison of the bounds for the descent step

In summary, in the scalar case, the necessary and sufficient convergence conditions on the
descent step 7 > 0 are:

T< h2m? ' Ts h2m?2 ’ T< h2m?2’ TS Theme

respectively for usual GD, shifted GD, k-step one-shot (with n(k,b) given in Proposi-
tion 4.2.4), shifted k-step one-shot (with x(k,b) given in Proposition 4.2.6). By taking
m = h =1, in Figure 4.1 we plot for different % the functions: b — 2(1 — b)? (usual GD),
b +— (1 — b)? (shifted GD), b — n(k,b) (k-step one-shot) and b — x(k,b) (shifted k-step
one-shot).

From these plots we can draw two important conclusions. First, when k increases the
visualized curves for k-step one-shot and shifted k-step one-shot tend to the corresponding
curves for usual and shifted gradient descent, as expected. Second, even in this scalar case,
it appears difficult to establish a simplified expression for n(k,b) in Proposition 4.2.4 and
k(k,b) in Proposition 4.2.6 to find a practical upper bound for the descent step 7.

Remark 4.2.8. For k > 2, we observe that for some b the admissible range of 7 of k-step
one-shot is larger than the one of usual GD, that is not intuitive. This is indeed verified
numerically using FreeFEM: when b = 0.2 and 7 = 2.08, 2-step one-shot converges while
the usual GD does not.
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Admissible tau Admissible tau
49 8

T — f T T —_—

T
-1 =05 0 0.5 1 -1 =05 0 0.5 1
b b

Usual GD

[—— sified GD Shifted 1-step | I-step

(a) Shifted 1-step one-shot (b) 1-step one-shot

Admissible tau Admissible tau
44

? T T —
-1 —0.5 0 0.5 T T —

b -1 —0.5 0 0.5 1
Shifted 7-step 4

——— Shifted GD —— Shifted 3-step ——— Shifted 5-step
—— Shifted 15-step Shifted 33-step

(c) Shifted k-step one-shot, odd k > 3 (d) k-step one-shot, odd k > 3

Admissible tau Admissible tau
49 89

Usual GD —— 3-step

5-step 7-step 15-step 33-step |

T
-1 —0.5 0 0.5 1 T T T

b -1 —0.5 0 0.5 1
Shifted 6-step b

—— Shified GD  ——— Shited 2-step ——— Shified 4-stcp
—— Shified 16-stcp Shified 34-step

Usual GD —— 2-step 4-step 6-step 16-step 34-step |

(e) Shifted k-step one-shot, even k > 2 (f) k-step one-shot, even k > 2

Figure 4.1: Admissible 7 in the scalar case as a function of b.
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Appendix 4.A A proof of Lemma 4.2.1 based on Mar-
den’s works
Definition 4.A.1. We say that a complex coefficient polynomial has property & if all its
zeros lie (strictly) inside the unit circle |z| = 1.
We recall some definitions from Marden’s works [38].

Definition 4.A.2. Let P(z) = ag+ a1z + ... + a,2" where ay € R,k =0,...,n (we do not
require a,, # 0 here). We define

P(z) =an+an12+ ...+ agz"
and call it the reverse polynomial of P. One can also see that P(z) = 2"P (1/z).

Definition 4.A.3. Let P(z) = ag + a1z + ... + a,2" where a;, € R,k =0,...,n. We define
a polynomial sequence { Py }o<r<, where

(k)

Pi(2) = o + a2+ .+ a,” 2" "

as follows:
o Py = a(()k)Pk — aék_)klf’k for0<k<n-—1.

Then we define
mg(P) = aél)a(()2) > -aék), 1<k<n.

The coefficients of these polynomials can be gathered in the following table, that we
call Marden’s table:

1 z 22 e L
Jf 0 Qo ay a2 Qp—1 | Gn
P() Qp Ap—1 Ap—2 aq QAo
P | o o [
P ag,)l a£L122 a,(ll,)g aél)

Pn—l a((]n—l) agn—l)
pnq agnfl) a(()nfl)
P, al”

We have a nice and simple criterion mainly based on the works of Marden [37, 38] and
Jury [29, 30], known as Jury-Marden Criterion:

Theorem 4.A.4 (Jury-Marden Criterion). The polynomial P has property & if and only
if

aél) < 0; a(()k) >0,V2<k<n

This necessary and sufficient condition is mentioned several times in the literature (see
e.g. [2, Theorem 3.10]), but it is not easy to find an explicit proof, so we provide a proof for
the reader’s convenience. Before proving this result, we apply Jury-Marden Criterion to a
polynomial of degree 3 and obtain precisely Lemma 4.2.1, that is the following proposition.
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Proposition 4.A.5. Let P(z) = ag + a1z + ax2* + 23, 2 € C where ag, ay,as € R. Then P
has property &2 if and only if

(ao — 1)(&0 + 1) < 0,
(a2 — asag + ay — 1)(a + azag —a; — 1) > 0,
(a0+a2—a1—1)(a0+a2+a1+1)<O.

Proof. By directly applying Jury-Marden Criterion to P, we obtain Marden’s table as
follows:

1 z 22 23
PO =P agp aj a 1
PO 1 as a Qo
P, ag —1 ai1ay — Ao a2Qp — a1
P1 200 — Qq a1ag — a9 G(% —1
Py (a2 —1)? — (agag — a;)? (a1ag — as)(a3 — asag +a; — 1)
P, (arag — as)(a2 — asag +ay — 1) (a2 —1)% — (agag — a;)?
and )
P3(x) = [(ag —1)* — (azag — al)ﬂ — (a1ag — a2)?*(ag — asag + a; — 1)%
Hence
al) = a2—1:( o — 1)(ag + 1),
aéQ) = (a3 —1)* = (agap — a1)* = (a2 — asag + ay — 1)(ad + agap — a; — 1),
CLO —

(a% —1)% — (azap — a1)2}2 — (ajag — a)?*(ak — asag +a; — 1)?
(a2 + asag — ay — 1) — (a1ap — a2)?] (a2 — asap + a; — 1)?

ag + (ag — ar)ag + az — ay — 1)[ad + (ag + a1)ag — ag — ay — 1]
a — 1 — asag + a;)?

(
= (ap+ 1)(ap+as —a; —1)(ag — 1)(ag + ag + a1 + 1)(ad — 1 — agag + a;)*.

(ag
(3) [
[
[

Then the condition aé <0, ao > 0, a(3) > 0, after being simplified, is equivalent to three

inequalities of the statement. O]
Now, to prove Jury-Marden Criterion, we need the following two results.

Theorem 4.A.6 (Marden, [38], Theorem 42.1). Let P be a real coefficient polynomial of
n-th degree. If the sequence
mq(P),ma(P),...,m,(P)

has exactly p negative elements and n — p positive elements (hence no null elements), then
P has p complex roots (including multiplicities) inside the unit circle |z| = 1, no roots on
this circle and n — p complex roots (including multiplicities) outside this circle.

Lemma 4.A.7 (Schur, [43]). Let P(z) = ag + a1z + ... + a,2" where ay € R,V1 < k < n.
Assume that |ag| < |a,|. Then deg P, = n—1, and P has property & if and only if P, has
property .

Proof of Jury-Marden Criterion 4.A.J. The sufficient condition for P having property &
is a direct consequence of Marden’s Theorem 4.A.6. It remains to prove the necessary one.
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For that, we will prove the following statement M (n) by induction: “For every real-
coefficient polynomial P of n-th degree having property &2, the sequence a[()l), e a(()") ob-

tained by Marden’s algorithm must satisfy

al? <0, o’ >0 v2<k<n

To check M (1), let P(z) = ap + a1z where ag,a; € R,a; # 0. Then P(2) =0 < z =
—ap/ay and | — ag/ay| < 1 |ag| < |ay| < ol = a2 — a2 < 0.

Now supposing that M(n — 1) is true for some n € N,n > 2, we show that M(n) is
true. Let P(z) = ag + a12 + ... + a,2" where ax € R,k = 0,...,n and a,, # 0. Assume
that P has property &. First, aél) = a3 — a? < 0. Indeed, let z1, 29, ..., 2, be the n zeros
including multiplicities of P, then by Viete’s formulas 2125 - - - 2, = (—1)"(ao/ay,). Taking
the module of both sides of this identity and noting that P has property &2, we have
lao/a,| < 1, thus af” = a2 — a2 < 0. Next, by Lemma 4.A.7, P, is of (n — 1)-th degree and
it also has property Z. Marden’s table for P can be easily found:

1 2z 22 | ] o | 2 |
I N e B e S
poloa? | Q] dy | e, | el
—P —aéz) aﬁ” —a§2> afflg, agﬁz
—P | —aly | —ay | af?, af” | —af’

Ps a(()s) a§3) agg) a,(f’zg
Py oy | 6, | dP al?
P T [

Py | al"™ | gl

P, a”

By M(n — 1), we must then have —a(oz) <0, aék) >0,V3<k<n. m
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The goal of this chapter is to apply the formalism of multi-step one-shot inversion
methods introduced in Chapter 1 to the specific case where the iterative method to solve
the direct problem is based on domain decomposition. We shall specifically consider the
case of nonoverlapping OSM. We consider the model problem of the inverse conductivity
problem that has been outlined in the introduction (see Section 1.4). This chapter is
dedicated to the linearized problem as a preparatory work for the more general non-linear
case considered in the last chapter. We shall treat the case of Neumann forward problems.
The case of Dirichlet problems can be treated in a similar way. To simplify the presentation
of the method, we consider the case where the domain is splitted into two subdomains on
which we will apply the domain decomposition method and the unknown conductivity
is located in the inner subdomain. The most natural application of multi-step one-shot
methods to this specific setting shows that we cannot phrase the resulting algorithm exactly
as in the abstract framework in Chapter 1. In fact, there are multiple possibilities to write
the iterative schemes depending on applying the one-shot methods on the continuous or
discretized setting. We can also have some variants of the algorithms depending on the
choice of variables of the problems: either the interface values of the impedance parameters
or the state variables inside the domain. By considering the problem at the discretized
level, we propose a new scheme that respects the abstract structure in Chapter 1.
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This chapter is organized as follows. Section 5.1 is dedicated to the case of the linearized
conductivity inverse problem. After stating the forward and inverse problems, we construct
the adjoint problem to obtain a convenient expression of the derivative of the least squares
cost functional. Next, we apply the nonoverlapping OSM to the forward and adjoint
problems in the continuous setting. Then, we give the combined algorithms after rephrasing
the OSM as an iterative method for the impedance interface values. In Section 5.2, we
write the algorithms for the discretized versions of the forward and adjoint problems using
finite element methods. The goal is to see whether the algorithms fit into the abstract
framework of the previous chapter. In fact, we prove that this is not the case and propose
an alternative scheme working directly on the discretized version. The second scheme that
we shall derive this way is presented in Section 5.2.3.

5.1 The linearized forward and inverse problems

5.1.1 The forward problem

We here recall the linearized conductivity inverse problem (1.39) where the data is collected
from the input of some currents on the boundary associated with the Neumann boundary
conditions. Given a positive-definite oy € L>(Q2), given o € V,(2) where

Vo (Q) = {0 € L*(Q) : 0 =0 in a neighborhood of 01},

and given some parameter n > 0, the forward problem can be stated as: Seek u = u(o) €
H'(Q) such that

—div(ooVu) + nu = — div(eVu™) in Q,

5.1
UO% =0 on 0, (5:1)
ov

where v denotes the outer normal vector on 9 and the incident field u™¢ € H'(Q) satisfies

—div(ooVu™) + nu™ =0 in Q,
dume 5.2
00 = on 0f2 (5.2)
ov
for a given f € H~2(9). For later use, we recall that the variational formulation of
problem (5.1) can be written as: v € H*({2) such that

/ ooVu - Vudx —|—/ nuv dx = / oVu™ - Vodx, Yve HY(Q). (5.3)
Q Q Q

5.1.2 The inverse problem and classical gradient descent

For the inverse problem, we would like to retrieve some o € V{(2) from measuring the
trace g == u(c®)|sq. To do that, we introduce the least squares cost functional

_ 1
2 Joa

Proposition 5.1.1. The functional J defined in (5.4) is differentiable on Vo(§) and its
derivative can be expressed for all o € Vy(R2) as

J(o): (u(o) — g)* ds. (5.4)

(J'(o), h) = /Q WV - Vp(o) dx, Yh € Vo(Q) (5.5)
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where the adjoint state p = p(c) € H(Q) is determined by

—div(ooVp) +np =0 in Q,
dp (5.6)
S Q.
0o EY u(o) —g on 0
Proof. Tt is quite easy to prove that the mapping o € V5(Q) — u(c) € H'(Q) is differen-
tiable and that wy, == (v/(0), h) is in H'(Q2) and verifies

—div(ooVwy) + nwy, = — div(hVu™) in Q,

0 5.7
UOﬂ =0 on 0f). (5:7)
v
This implies in particular that J is differentiable on 4(Q2) and
(J'(0).h) = [_wn(ulo) - g)ds. (5:8)

The variational formulation of (5.7) can be written as
/ ooV, - Vo dx + / v dx = / hVu™ - Vo ds, Yo € HY(Q) (5.9)
Q Q Q

and the variational formulation for p(o) defined in (5.6) can be written as

/QOOVp(U) Ve dx +/an(a)¢ dx = /m(u(a) — 9)bds, Vo € H'(S). (5.10)
Taking v = p(o) in (5.9) and ¢ = wy, in (5.10) shows that
/Q WV - Vp(o)dx = [ wn(ulo) - g)ds ) (70, b,

which is (5.5).
[

Proposition 5.1.1 shows that the Riesz representative of J'(¢) in L?*(2) formally equals
Vu'"® - Vp(o). Therefore, the gradient descent algorithm for o using this representation
for the gradient can be written as

o™ =o" — VU™ - Vp(o"). (5.11)

In practice, this scheme may be unstable since the Vu™ - Vp(o) can be sensitive to errors
in the data g. There are several ways to stabilize the scheme. One possibility is to smooth
J'(0), e.g. by taking the Riesz presentation in a higher Sobolev norm. The classical option
is to consider the weighted H' representative d(o) € H} () such that

—§ Ad(o) + d(o) = Vu™ - Vp(o) in ),

where 0 > 0 is a so-called regularization parameter. Another option that we should adopt
in our later numerical simulations is to reduce the number of unknowns for ¢ by discretizing
o on a coarse subdivision of 2. More specifically, we split (2 as the disjoint union of some
subdomains €2;,7 = 0,1,2..., M where )y is the neighborhood of {2 where ¢ = 0. Then we
seek o as
M
o= Zaﬂlgi where 0, e R,i =1,2, ..., M.

=1
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We can then view J as a function of (0;)M, and it is quite straightforward to conclude
from Proposition 5.1.1 that J is differentiable with respect to each o; and

oJ
3@

(o) = /Ql Vu™ . Vp(o) dx.

In this case, the gradient descent algorithm can be written as

M
ot =o' — 7'/ Vu™ - Vp(o")dx, i =1,..., M where 6" =) o7'lq,.
Q;

i=1

5.1.3 The application of OSM to the forward and adjoint prob-
lems

OSM for the forward problem

We here outline the application of the nonoverlapping OSM to the linearized forward
problem (5.1). In order to ease the presentation, we consider the splitting of the domain
2 into two disjoint subdomains €2y and €2; where ) is the neighborhood of I" := 9Q2. We
further assume that the unknown conductivity contrast o equals 0 in €y and equals o7 in
0 (here oy can be a function), i.e. ¢ = o1lg,. We remark that the following schemes
can be easily extended to the cases where the subdomain €2; is also splitted into several
subdomains.

Qo I

Figure 5.1: Hlustration for the domain €2 and its decomposition.

We first rewrite the forward problem (5.1) as a transmission problem between the
subdomains {2y and ;. Let § € C be a given parameter. The choice of 3 is already
discussed in Section 1.4: if n > 0 (the coercive case), we often take 5 € R, 5 > 0 and if
n < 0 (the case of the Helmholtz equation), we often take § = i3 € C where § € R, 3 > 0.
We denote by ¥ the interface between )y and €2;, which is also the boundary of €2;. We
also denote by v the normal unit vector on I' directed toward the exterior of {2 and use the
same notation for the normal vector on 3 directed toward the exterior of €; (see Figure
(5.1)). For i = 0,1, let us denote by u; € H'(£2;) the restriction of the solution u to the
domain €;. Then problem (5.1) can be equivalently written as follows:

—div(ogVug) + nug =0 in Q,
o _ g r

90, T on 2 (5.12)
a a a inc

Uoﬂ—ﬁuo = 0p - — 01 . — Buy on X,

ov
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and )
—div(ooVuy) + nuy = — div(o1 Vu™) in Qy,
0 ou™c 0 5.13
Uoﬂ—al ¢ + Puy = Uoﬂ—kﬁuo on . ( )
ov ov ov

Then, the nonoverlapping OSM can be seen as a fixed-point iteration applied to (5.12) and
(5.13). More precisely, it consists in the following induction for the sequences (uo.)e>o and
(u1,0)r>0 With a given initial guess (ug., u1,0):

— div(ooVuge1) + nuoe+1 = 0 in Q,
auO;E—s—l

o0 g, = on 012, (5.14)
8u . 871/ ) auinc

o) gﬁH - BUO;E—H = 0o 8;! — 01 o - Bul;g on X,

and .

—div(ooVures1) + Ny e = — div(og Vu™) in 4,
ouy. oune Oy, 5.15

0o Sk o1 + Bur, e = 0 0 + Buge on X. ( )

ov ov ov

As already mentioned in Section 1.3, the numerical implementation of the transmission
conditions on ¥ may suffer from inaccurate evaluation of the normal derivatives. This is
why it is more convenient to rewrite an induction for the impedance values

8u1;g 8ui“5 (‘3u0.4

)\0;@_1 =0y o — 01 o —Buhg and )\1;@_,_1 =0y 81/7 —l—ﬁUO;g. (516)

Using these impedance variables, (5.14) and (5.15) respectively lead to
—div(ooVugy) + nuee =0 in Qp,
Ouy,
ot _ 0 on 0,

o0 ov
8u0;g

ov

(5.17)

0o - 5“0;@ = Ao;z on X,

and .
—div(ooVuiy) + nuiy = — div(e; V™) in Qy,
Quyye ou'ne (5.18)

o — UlW—F 5’&1;( = )\1;( on X.

0o

One indeed has

(5.16) Ouy.p due (5.18)
Aoye+1 = <Uo ; o1 - + 5“1;4) —2Bure =" Ay —2Bu on X

and

5.16 Ouy. 5.17
ALes1 (2 (00 ag’z — Buo;g> + 2Bugy (5.L7) Aoy + 2Bug,e on Y.

Therefore,

(5.19)

)\0;€+1 = )\1;4 + 26“1;@ on Ea
ALiey1 = Aoy + 2Bugy on 2.

For the sake of compacting the notation, let us introduce the following two operators:

Ao A€ LA(X) = u € HY(Qp)
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such that
—div(ooVu) +nu =0 in Q,
ou r
0—05 — 0 on 3 (520)
ou
oo— — Pfu =\ on X,
ov
and
A (N o) € LA(Z) x L®() — u € HY(Qy)
such that .
—div(ooVu) + nu = —div(eVu™) in Oy,
a a inc 52].
ao—u—au + Pfu= A\ on X. ( )
ov ov

In addition, for : = 0, 1, we introduce
Yo,z H'(Q) — L*(%) (5.22)

the trace operator on ¥. Then, thanks to (5.19), the nonoverlapping OSM algorithm for
the forward problem can be synthetically written as the following induction with a given
initial guess (Ao.0, A1,0):

{Ao;z+1 = A — 2B7q, A1 (A1, 01), (5.23)

Aie+1 = Ao + 267a0, 5 Ao(Aoye)-

We can even write (5.23) into a more compact form by setting: Ay = (Ao, Aiye) € L*(X)?
as

)\[g.;_l} = .A(/\[g}, 0'1) (524)
where A : L*(X)? x L>®(Qy) — L*(X)? is defined by
.A()\, O') = (Al — 26’79172./41 (Al, 0'), Ao + 2&79072/‘0(}\0)), (525)

with A = (Ao, A1) € L*(2)? and o € L>®(Qy).

OSM for the adjoint equation

With the same domain setting as in the previous section 5.1.3, we now consider the applica-
tion of the nonoverlapping DDM to the adjoint problem (5.6) associated with the forward
problem (5.1). Similarly, we shall write the OSM algorithm for the adjoint state p step by
step as follows.

For i = 0, 1, let us denote by p; € H'(;) the restriction of the solution p to the domain
;. By using the same parameter § appearing in (5.12) and (5.13), we can equivalently
write problem (5.6) as follows:

—div(ooVpo) + npo = 0 in Q,

Ipo

005, = u(o1) — g on I, (5.26)
ap dp

0070 — Bpo = 67071 —Bp1 on X
ov ov

and
—div(ooVpy) +np1 =0 in Q,
op dp

0
UOE—F 6]?1 = UUE—F Bpo on Y.

(5.27)
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The nonoverlapping OSM algorithm applied to (5.26) and (5.27) is described by the follow-
ing induction for the sequences (po.)e>o and (p1.¢)e>o With a given initial guess (po.0, P1.0):

— diV(O’ovpo;g_H) + ’r]po;g_H =0 n QO,
3?0;@ 1
a0 31/+ =u(o1) — g on 012, (5.28)
8po;e 1 3p1;e
0o 81/+ - 5270;”1 = UOW - 5p1;z on X,
and _
—div(ooVpier1) + presr = 0 in €,
Opr Opos (5.20)
o Sl Bpie41 = 00 L Bpoe on X.
ov ov

By introducing the impedance values

apO;Z
ov

3 Op1ye 2
Aoye41 = 0 61/7 = Bpie, and A = 0

+ Bpoye; (5.30)

we can equivalently rewrite the induction for the sequences (po.r)e>0 and (pi1,r)e>o0, defined
by (5.28) and (5.29), as

—div(eoVpoy) + npoe = 0 in Q,

ap[);@
0o EV u(o1) — g on I, (5.31)
ap 3¢ N
0o 80 — Bpoye = Aoy on X
v
and . .
- le(UOVpl;E) +np1e =0 in O,
0o al + Bp1e = Aiy on 2.
v
One also has the following induction on the impedance values
E\O;f+1 = E\l;f - 26271;5 on E? (533>
ALie41 = Ao + 28po;e on X
Let us introduce the following two operators:
Ay (M) € LA(E) x H2(D) = u € H'()
such that
—div(ooVu) + nu =0 in Qy,
ou r
905, = on L (5.34)
ou
oo—=— — Pu =\ on X
ov
and A
A A€ LX) = u € HY(Qy)
such that
—div(ooVu) +nu =0 in Qy,
0 5.35
Jo—u + Pfu =X\ on .. ( )
v
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We also introduce
Ar o HY Q) — L*(T) (5.36)

the trace operator on I'. Then, thanks to (5.33), the nonoverlapping OSM algorithm for
the adjoint problem (5.6) can be synthetically written as the following induction with a
given initial guess (Ao, A1;0):

{5\0;£+1 = 5\1;@ — 25%21,2/2\1(5\1;@),

A ) (2 (5.37)
A1 = Aoy + 28790, 2 Ao ( Aoy, yru(or) — g).

The trace operators yq, n, @ = 0,1 are already defined in (5.22). We can even write (5.37)
into a more compact form by setting: Ay = (Aow, Aie) € L2(X)? as

vy = AN, yrulon) — g) (5.38)
where A : L2($)2 x H™2(T') — L*(X)? is defined by
«‘i()n V) = (M — 25791,2-/2\1 (A1), Ao + 257{20,2-210()\0, V), (5.39)

with A = (Ao, A1) € L3(X)? and ¢ € H2(T).

OSM for the simultaneous calculation of the forward and adjoint states

In the nonoverlapping OSM algorithm applied to the adjoint equation (5.37), one assumes
that the state u(oq) is already known. In practice, it is indeed more natural to per-
form the iterations in (5.37) in parallel to the OSM iterations for the forward problem
(5.23). The combination of (5.23) and (5.37) leads to the following scheme that simul-
taneously computes the forward and adjoint states: given o € L*°(£2;) and initial guess
(A0 Aos Moo, Aro) € L)%,

Aose+1 = Ae — 2870, s AL (A, 01),
A1 = Aoy + 28700,5A40 (o),
A1 = A — 2670, 541 (M),
Atir1 = Aow + 287005 A0 (Ao, 10 A0 (Aoe) — 9).

(5.40)

Using the notations A and A respectively introduced in (5.25) and (5.39), we can also
rewrite (5.40) more compactly as: given o1 € L*°(€;) and initial guess (A, Ap)) €
{L2(2)? x L*(X)*},

A1) = AN, 01),

Aerr) = A, Ao (Do) — 9),

where A\jg = (Ao, A1) € L*(¥)? and /A\m = (Mow, M) € L2(X)2 The convergence of this
coupled scheme may be established using the following abstract theorem.

(5.41)

Theorem 5.1.2. Consider the sequence (A[g],j\[g]) defined by (5.41) for a given oy €
L®() and given initial guess (Moo, M:0s Mowos o) € L2(X)4. Let ||.|| denote the L*()?
norm. We make the following assumptions:

(i) there exists a subspace U of H™2(T'), a constant C' € (0,1) and a constant C > 0
such that X .
A D) < CIAN + Cllll, YA € L)%, Ve € U,
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(11) yrAo(Xoy) stays in U for all £.
Then the sequence (A, 5\[4) ¢ >0 is convergent.

Proof. By the definitions of Ay, A1, A, Ao, A; and A respectively in (5.20), (5.21), (
(5.34), (5.35) and (5.39), we observe that A(X, o) is linear with respect to (A, 0) € L*(

L®(0), A(X, ) is linear with respect to (A, ¢) € L2(2)2 x H~2(I") and A(X, 0) = A(X,0),
VA € L*(X)% Therefore,

Mex) — Mg = Ag, 01) = A my, 01) = A\ — A1, 0) = AN — A1y, 0), V0 > 1.
Since 0 € U, by assumption (7) we have
INesy = Agll < Cllidg = Ayl Ve > 1.

This implies
INeresn) = Apra | < CollA ey = Myl V&, € > 0. (5.42)
In particular, we have

INex1) — Mall < CAay = Ay, ¥ > 0

so that the sequence ||Aj41) — Ajgll, € > 0 converges to 0 as £ — oo. Now given € > 0
arbitrarily, there exists ky > 1 such that

A1) = Awll < &, VE = ko.
Then for all k > kg and m > 1, we have

m—1

(5.42) m=1
[ Xt — Al < D0 A porer) = Mgl <0 D2 Cl A porr) — Al
/=0 =0

1—Cm €
= = /\ - )\ < ~ -
;. [[ Ak [k]H_l_C
We conclude that (Ajg)e>o is a Cauchy sequence and thus convergent.
Next, for £ > 1 we have

:\[4+1} — 5\[e] = A(S\[z]ﬁrflo()\o;e) -g)— /1(5\[4,1],%,40(%;5_1) —9)

A

= ARy — My 1 Ao(Noe) — v Ao(Aower))-
Assumption (i) ensures that yr.Ao(Aoe) —yrAo(Aoyw—1) € U. Then assumption (i) gives us

1) — Mgll < CliNg = eyl + Cllael Aol | Ao — Aol
M>0

< ClMg = Me-nll + Mg = ey, V€ = 1.
By induction, it is easy to show that for all £ > 0 and ¢ > 1,

-1
Aoty = Arall < CoARs1y — Al + MZ CI M N 1) — Al

(5.42)
< C H)\ [k+1] — /\[k]H + MZCZ i= 1C’jH/\[k-i-l [k]H

7=0

= O Ay = Awgll + € M Ay — Ayl (5.43)
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In particular, we have
A+ — Mgl < CAw = Al + €C M A — Al (5.44)

so the sequence H/AWH] - /A\MH, ¢ > 0 converges to 0 as £ — oo. Now given ¢ > 0, there
exists k; > 1 such that

sy = Awgll < & and [Apsny — Al < e, Yk > ki
Then for all kK > k; and m > 2, we have

m—1

Hj‘[ker] - 5‘[k]H < H)‘[kH] - H + Z H)‘[kJrZJrl] - k+e]”
(5.43) . 1
< gy = Awll + Z (C¥l w1y = Mgl + €C M| M) = Al
=1
m—1 m—1
= 3 Oy — Al + X0 LCT M Ay — Al
éfiﬁ m—1 =1
< Cle + > 1C* " Me.
=0 =1
Therefore
< < 1-C™ 1—mC™ '+ (m—-1)C™ )
Alltm] — A < — + ~ M) e.
I Afrm) = A ( Y 10
bounded
We conclude that (5\[4]) ¢>0 1s also a Cauchy sequence and thus convergent. O]

This theorem can be for example applied to the case of circular domains, for which the
assumptions (7) and (i) are proved in Appendix 5.A.

An algorithm combining gradient descent with domain decomposition

We here use the same notation as in Section 5.1.3, i.e. the domain (2 is splitted into two
disjoint subdomains €y and ; where €y is the neighborhood of I' := 9Q2. We assume
that the unknown conductivity contrast ¢ equals 0 in 2y and equals o7 in €4, i.e. 0 =
011q,. Then the 1-step one-shot inversion algorithm combining the nonoverlapping OSM
(5.41) and the gradient descent (5.11) can be written as follows: given some initial guess
(69,29, %), we iterate using the induction

ottt = o — TV - VA (A},
Al — A(}\n o, (5.45)
AP = ./4()\”, Ao (A) — 9),

where A" = (A7, A7), A" = (A2, A7); A and A are respectively defined in (5.25) and (5.39).
The k-step version of the algorithm (5.45) can be also written as: given some initial guess
(69, X%, X9, we iterate using the induction

ottt =on - Tvuini : VAl(S\ﬁ?

it =0 At =,

for(=0,1,....k—1: 5.46
)\n+1 = A( % n+1)’ (5.46)

[6+1]

)\f}fl :A()\[Z Ao (Ay) — 9),

)\n—i-l /\n+1 /\n—i—l )‘&—]Ha
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where A" = (A3, A1), A" = (A3, AD), Xy = (Mo ALy), Ay = (Mg, ALy); A and A are
respectively defined in (5.25) and (5.39). As we shall explain in the next section, the
scheme (5.46) does not exactly fall into the abstract framework for the multi-step one-shot
(1.8) for the linearized problem studied in Section 1.2. The main reason behind this is that
A does not exactly present the numerical adjoint of A. An alternative scheme that fits into
the framework of Section 1.2 will be proposed in Section 5.2.3.
In the case where (2, is the disjoint union of the subdomains €2 ;,7 = 1,2...,n,, and o,

is given by

Moy

o1 = ZO'LZ']]_QI,i where 01; € R,i =1,2,...,n,,,
i=1

the first step in scheme (5.46) should be replaced with

ot =0, — 1 i Vu - VA A dx, i=1,2,...,n,,, (5.47)
1,i

n
where o = 2,7 07,;1q,,, n > 0.

1

5.2 Discretized versions of the algorithms studied in
5.1.3

The main goal of this section is to give the discretized version of (5.46). In order to do
that, we first need to provide the discretized versions for the operators A and fl, then
step by step we provide the discretized version of the nonoverlapping OSM (5.41). Let us
give some details in the case where these discretized versions are obtained by discretizing
the associated problems using finite element methods. For ¢« = 0,1, we assume that €,
is discretized using a regular triangulation 7 (€2;). We further assume that > and I' are
respectively discretized using edge elements S(X) and S(I'). We recall the definition of the
following P! finite element spaces:

V() = {ue ) : ulrerio, € P'} = Span{¢/,1 < j <n;}, i =0,1,
V(E) = A€ C%E) : Nses) € Pl} = Span{¢L,1 < j < ns},
and V(I') .= <9 € C%T) : glsesm) € Pl} = Span{¢}.,1 < j < nr},

where n;, © = 0,1 is the number of degrees of freedom for the solution in §;, nr and
ny are the number of degrees of freedom respectively for the measurement on I' and for
the impedance on . A discretized function in any of these spaces is determined by the
corresponding column vectors with respect to the chosen basis.

We also consider the following case where oy is of the form

Ny
o1 = 20171-]191@ where 01; € R,i =1,2,...,n,,,
i=1

and we set
Sl = COI(O’LZ)Z:}
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5.2.1 Discretized versions of the operators A and A

Let us prepare some necessary matrices for writing the discretized version of the operators
A and A. We respectively denote by My € R™*"= and Mp € R"™*" the -interface and
[-interface mass matrices. More precisely,

My g = /2¢%¢§: ds, 1 <p,q < ns, (5.48)

and i _
Mrypq = / ¢rords, 1 <p,q <nr. (5.49)
r

Also, for i = 0,1, we introduce R; € R™*™ the interpolation matrix from V(Q;) to V(X).
Then ) o . o
R; = My ' My, or equivalently, M.z, = MxR;, (5.50)

where [\4~i;2 € R"=*" ig defined by
Misipq = / Ppipnds, 1 <p<ng, 1 <qg<n, (5.51)
b

Now let A; € R™*™ i = 0,1 be the matrices arising from the discretization of — A + 7
along with the boundary condition 9, F # on . More precisely, A; is defined by

where the local matrices of the problem K; € R™*™ i =0, 1, are defined by

Ripgi= [ ooV6l- Vol dx+ [ nolofdx, 1 <pg<nii=01  (553)

In addition, we introduce H € R™*™ the interpolation matrix from V(£)) into V(T').
Then 3 o
H = Mg Mo (5.54)

where ]\7[0;p € R"r*"0 ig defined by
MO;F;p,q = / gbgqb]; dS, 1 S p S nr, 1 S q S no. (555)
r

Finally, we consider the matrix Q; € R™*": associated with the gradient of the cost
functional, which is given by

Qupg = /Q 014Vu™ - Vehdx, 1 <p<ny,1<q<ng,, (5.56)
1.9

Now we are ready for discretizing the operators A;, ¢ = 0,1. The variational formulation
for u = Ag(X) in (5.20) is given by

/ JOVu~VvdX—|-/ nuvdx—i—/ Puvds = —/ Mvds, Yo € H' (Qp).
Qo Qo P ¥
Therefore, the discrete equivalent of the operator Ay is the application A € R™ — U € R™

such that ) o )
AU = —R]MsA = —MJ;ZA.
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With an abuse of notation, we shall set in the following

Ao(A) = — Ay Mg A, VA € R™. (5.57)

The variational formulation for u = A, (), 0y) in (5.21) is given by
/ 5oV - Vo dx +/ nuvdx—i—/ Buv ds = / o1 VU™ - Vo dx +/ Mds, Yo € HY Q).
ol o o o) >

Therefore, the discrete equivalent of the operator 4; is the application (A,S;) € R"™ x
R"™1 +— U € R™ such that

AU = Q15 + RIMsA = Q151 + M{A.

With an abuse of notation, we shall set in the following

Ai(A, Sy) = AT MIgA + AT'Q1S1, V(A, S1) € R™ x R™1. (5.58)

The variational formulation for u = Ay(X, ¢) in (5.34) is given by
/ UOVU-Vvdx+/ nuvdx+/ Buvds :/mds—/ Mods, Yo € H' ().
Qo Qo by r b

Therefore, the discrete equivalent of the operator Ay is the application (A, V) € R x
R"" +— U € R™ such that

AU = HTNRY — RINIA = TN — BIgA.

With an abuse of notation, we shall set in the following

Ag(A, W) = — A MI oA + Ag HT MW, V(A, ) € R™ x R™, (5.59)

Finally, the variational formulation for v = A;(A) in (5.35) is given by
/ ooV - de+/ nuvdx—l—/ Buw ds = / Mods, Yo € H' ().
Q1 1971 % by

Therefore, the discrete equivalent of the operator A; is the application A € R — U € R
such that . o 5
AU = R{MrA = M{gA.

With an abuse of notation, we shall set in the following

Ai(A) = ATIM] A, VA € R™. (5.60)

Then, similarly to (5.25), with an abuse of notation, we define the operator A : {R"* x
R™} x R™1 — {R™ x R"=} by

A(A,Sy) = (Ay — 28Ry Ay (Ay, S1), Mg + 28R Ao(Mo)) (5.61)

where A = (Ag,A1) € {R"™ x R"} and S; € R":1. This definition can be written in a
more explicit way as
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A(A, S1) = BA + MS; (5.62)
where 0 I - 28R AT}
B = lI—QBRoflalM&z o | TP e Romeen (5.63)
and o
M = l_QﬁRloAl_lQl] € R¥=Xne, (5.64)

Also, similarly to (5.39), with an abuse of notation, we define the operator A {R"™= x
R"=} x R"™ — {R"= x R"=} by

AN, V) = (Ay — 28R, A1 (A1), Ao + 28RoAg(Ag, ¥)) (5.65)

where A = (Ag,A;) € {R™ x R"™} and ¥ € R"". This definition can be written in a more
explicit way as

A(A,U) =BA + E¥ (5.66)
where B is defined in (5.63) and
Eim | .~ 0 - | R (5.67)
28Ry As  H Ny ' '

Using the discretized versions of the operators A, A, A; and A respectively defined by
(5.57), (5.62), (5.60) and (5.66), we will give in the following section the discretized versions
of algorithms (5.45) and (5.46). We end this section by a lemma that links the spectral
radius of B with the choice of the Robin parameter 5.

Lemma 5.2.1. The matriz B defined by (5.63) satisfies |B||a < 1 if the Robin parameter
B > 0 is chosen sufficiently small.

Proof. By (5.50) and (5.52) we have
I = 28R A7 My = 1 —28My" Mis(K; + BRIMsR;) " My, = I = Vi(B), i = 1,2,
where o 3 o .
Vi(B) = 28Mg' Myx(K; + SRIMsR;) ' M]y, > 0,i=1,2.

Fori =0, 1, it is easy to verify that V;(/) is symmetric and positive definite for every 5 > 0,
also V;(f3) is bounded since ﬁlir{){r Vi(B) =0 and 5hrf Vi(B) = 2Mg ' M5 (R M R;) "' M.
— —+00 )

By (5.63),

= o)

therefore BTB is of the form

o [T-wvie o
BB = l 0o (- V()(B))Q]

where V;(8), i = 1,2, are symmetric, positive definite and bounded. We deduce that
2
|Bll = p(B™B) = (max p( - Vi(8))) .

which leads to the statement of the lemma. OJ
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5.2.2 Discretized versions of algorithms (5.45) and (5.46)

Let A7 € R"™, A? e R™,4=0,1and G € R™ be the column vectors associated respec-
tively with A", A", i =0,1 and g € V(') as in (5.45). Let us set

A" = (A§, A7) and A" = (A, Ap).

for n > 0. Then the 1-step one-shot algorithm (5.45) with the gradient defined in (5.5)
can be synthetically written in the discrete form as

Sptt =S¢ — rQTA (Ap),
AL = A(A™, ST, (5.68)
At = A(A™, HAG(AD) — @),

where the operators Ay, A, A; and A are respectively defined by (5.57), (5.62), (5.60) and
(5.66). Indeed, using the expressions of Ay in (5.57) and of A in (5.66), we have

AA™, HAo(Ap) — G) = BA™ + E(-HAF' M A} — G) = BA" + DA" — EG

where
D= E [~ 43" N1y 0] = ’ 1A NI
= [— o My 0}— 23 Ro A FT NI [—H o Moy 0}
ER"FX2”E
— -~ - 0~ - . - 0 2ny X2ny
= [—2BR0A01HTMFHA01MJ;E o] cRTETE.(569)

Also, using the definition of A; in (5.60), we can rewrite
QTA(A}) =LA

where

L:=[0 QIA'M]y| € R™1 2, (5.70)

With these expressions, scheme (5.68) can be more explicitly written as

Sptt = §p — rLA®
A" = BA™ + MISTH, (5.71)
A"t = BA" + DA™ — EG,

where B, M, D, E and LL are respectively defined by (5.63), (5.64), (5.69), (5.67) and (5.70).
The structure of algorithm (5.71) is slightly different from the framework introduced in
Section 1.2. We shall explain later how one can write a scheme that falls into the framework
of Section 1.2 and how one can equivalently rewrite (5.71) so that it resembles that scheme.
We end this section by indicating the k-step version of algorithm (5.46).
Let A} € R™| A? € R™ ¢ =0,1 and G € R" be the column vectors associated
respectively with A, 5\?, i=0,1and g € V(I') as in (5.45). Let us set

A" = (A5, AY), Ay = (A, AT,), A" = (Aj, A7) and Afy = (A7, AL).
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for n > 0 and ¢ > 0. Then, the k-step one-shot algorithm (5.46) with the gradient defined
in (5.5) can be synthetically written in the discrete form as

Sptt = Sp —TOLA(AY),

Nt = an At = A,

for 0 =0,1,....k—1:
AT = A(Af, ST, (5:72)
Aﬁzill] = A(A’[}], HAO(A@}) - G),

n+l _ An+l An+l _ An+l

where the operators Ay, A, A; and A are respectively defined by (5.57), (5.62), (5.60) and
(5.66). With these expression, the scheme can be more explicitly written as:

Syt = S — 7LA",
A = A" ApT = An
for £=0,1,....k—1:
AT = BAGT + MSPH,
Ay = BAGH + DA — EG,
AT AR A R

(5.73)

where B, M, D, E and L are respectively defined by (5.63), (5.64), (5.69), (5.67) and (5.70).

5.2.3 An alternative algorithm based on the numerical adjoint

The goal of this section is to build an algorithm inspired by the abstract framework in
Section 1.2, by working directly on the discretized version of nonoverlapping OSM for the
direct problem and the numerical equivalent of the cost functional.

Using the notations for the discretization already introduced in Section 5.2.1, one can
easily observe that solving the forward problem using (5.12) and (5.13) is equivalent to
solve the coupled system

AUUO = _MJ;ZA(J?

Ao = Ay — 2BR]UY,
AU = Q1S + Mf;gAl,
Ay = Ay + 28RIU,,

where the matrices A;, Mys, R;, i = 0,1 and Q) are respectively defined in (5.52), (5.51),
(5.50) and (5.56). Eliminating Uy and U; in this system using the expressions

UO = —AalM&ZAO and U1 = Afl(lel —+ MLEA1)7 (575)

(5.74)

one ends up with the following equivalent writing of the forward problem in terms of
A= (Ao, Al) as

|A=BA+MS; | (5.76)

where B and M are respectively defined by (5.63) and (5.64). This is compatible with
the discretized version of the iterative equation (5.24) for A. Indeed, using the notations
introduced in Section 5.2.1, the discretized version of (5.24) is written as

5.62
A[Z—‘rl] :A(A[ﬂusl) (:)BA[K] +Msl7 620717
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Taking ¢ — oo in this fixed point iteration also yields (5.76).

We now need to introduce the numerical cost functional associated with the inverse
conductivity problem. The measurement ug(o1)|r are represented at the discrete level by
HU, where we recall that H is the interpolation matrix from V(€)) to V(I') defined by
(5.54) and Uy is the solution of (5.74). Then, by the expression of U, in term of Ag in
(5.75), we have

HUy = —HAG'MJ Ao = HA
where

H = [-HAG' My 0] € R, (5.77)

Let us denote by S§**<* the exact conductivity we want to retrieve and G the corresponding
measurements. The discrete least square cost functional can then be defined as

J(S1) = ;(]HIA — G)"Myp(HA - G) (5.78)

where A is the solution of (5.76). We thus obtain the discretized version of the conductivity
inverse problem:

direct problem: A(Sy) = BA(S) + M5y,
inverse problem: retrieve S; from G, (5.79)

cost functional:  J(S1) = S(HA(S:) — G)TMr(HA(S)) — G).

The numerical adjoint for (5.79)
Since (5.79) falls into our abstract framework in Section 1.2, we can define the numerical
adjoint A = A(S;) of A as
A =BTA +H Mp(HA - G). (5.80)
Then, the gradient of the cost functional J in (5.78) is given by
VJ(A) = MTA. (5.81)
The k-step one-shot alternative algorithm then reads
Sl = S — TMTA,
Ag-!—l — An,/NVOH_l _ /N\n’
for 0 =0,1,....k—1:
‘/}@ill} = IB%AIZFI + MS?“,
Ajpyr) = BTAG™ + HMp(HA - G),
AL = Aﬁ:]rl, Artt = JA\E};]LI

(5.82)

Numerical interpretation of A in comparison with A

Direct implementation of (5.80) is not practical. One should relate A to some solutions of
local problems posed on € and €2;. Thanks to the definition of B in (5.63) and of H in
(5.77), equation (5.80) can be explicitly written as
I —(I — 2BRyAy" M) i
—(I — 28R AT M) I
Vs As BT IR AL A T, 0] o [Wpw Ao AT IIG
- 0 I 0 !
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which yields

Ao — (I = 2BRoA; M)Ay = My Ay H™ My HAG M5 A
+ My Ay "HTMyG - (5.83)

and o . )
—(I = 28R AT ' M{g)Ao + Ay = 0. (5.84)

We first work with the simpler equation (5.84). Using the definition of A; in (5.60), we
can rewrite (5.84) as

Ay = Ao — 28R AT M oAy = Ay — 28R, A (Ay).

Then, using the definition of Ay in (5.59) and of Ay in (5.59), we can rewrite (5.83) as

Ag = /:\1 — 26}?01451{(4&2/11 — Mo;gflalﬁTMp(—[:IflglM&EAo - G)
= /}1 + 26@&/40(/}1) — Mo;zf}ngT~MF(HAO(AO) - Q)
= A+ 28R Ap(A1) — MoxAo(0, HAo(Ao) — G).

In summary, we obtain

{]\1 == ]\0 - 2B}tjbl-/éil (AO)v (585)

]\0 = Al + 2BR[)A0(A1) - MO;EAO(()? ﬁAO(AO) - G)

In the following we shall derive the equations (5.87) for A = (Ag,A;), the impedance
values associated with the adjoint problem (5.6), and compare these equations with (5.85).
Indeed, using the notations introduced in Section 5.2.1, the discretized version of the
iterative scheme (5.41) is written as

/}[€+1] = A(/}m, 511),
Ay = A(Agg, HA(Aoy) — G)

where Ay, A, A are respectively defined in (5.57), (5.62) and (5.66). Taking ¢ — oo in this
system yields

A=A\, S),
A = AN, HAo(Ay) — G)

where A = (Ag,Ay) and A = (Ao, Ay) are respectively the impedance values associated
with the forward and adjoint problems (5.1), (5.6). In particular, the second equation in
(5.2.3), that is,

A A

A= AN, HAy(Ao) — G) (5.86)

can be more explicitly written as

=2 ), (5.87)
A = Ao+ 28R Ao(Ao, HAo(Ag) — G).

{f\o = A = 28R A (M),
We clearly observe that the role of Ay in (5.85) is played by Ay in (5.87) and the role of
A; in (5.85) is played by Ag in (5.87). This means that one would obtain a rewriting of
the scheme (5.85) in a form similar to the abstract framework in Section 1.2 if we phrase
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it in terms of variables (Ag, A1) and (Ay, Ag). Let us set A = (Ay, Ag) then scheme (5.85)
is equivalent to

A= AN, HAy(Ao) — G) (5.88)
where A : {R" x R"} x R™ — {R"> x R">} is defined by
AN, ) = (Ay — 28R A1 (A1), Ao + 26RoAo(Ag) — Mo Ag(0, ), (5.89)
with A = (Ag, A1) € {R™ x R"™=} and ¥ € R™". This is to compare with
AN, ) = (Ay — 28R A1 (A1), Ao + 28RoAg(Ag, 1)) (5.65 recalled)

We can see that although the two equations (5.88) and (5.86) are similar, the operator A
defined in (5.89) does not exactly match the operator A defined in (5.65).
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Appendix 5.A Convergence analysis of (5.41) in the
case of a circular domain

Figure 5.2: Hlustration for the domain €2 and its decomposition.

We investigate in the following the convergence of (5.41) in the case of a circular domain.
Let (r,0) be the polar coordinates in R2. Given m € N*, we define

Vin(R) = {v : 9B(0, R) — C such that v(0) = c,e"™”, V0 for some constant c,}, VR > 0.

We set the following assumptions.

Assumption 5.A.1. (2 and €y are respectively the circles of radii Ry and Ry, and both are
centered at the origin (see Figure 5.2). Qy = Q\; is the corresponding annulus.

Assumption 5.A.2. o9 > 0 and 0 = 011g, where 07 € R, 07 > 0.

Assumption 5.A.3. The boundary datum f in the equation of the incident field (5.2) belongs
to Vin(Ro) and the initial guesses Ao, A1,0, Ao, A1,o Of algorithm (5.41) also belong to
Vin(R7), for some m € N*.

Let J, and Y, respectively denote the a-order Bessel functions of the first and second
kinds. By Assumption 5.A.3, given two constants og > 0 and 1 € R, we are interested in
the solutions of

—div(ogVu) +nu =0

in the form
(CLAL(r) 4 CoBp(r))e™  (Cy and C, are constants), (5.90)

where the functions A,, and B,, are defined as follows: let k = % then

« if n < 0 (the case of the Helmholtz equation),

Ap(r) = Jm(l;r) and B, (r) = Y, (kr),

o ifn=0,
Ap(r) =7r"and B,(r) =r"",

o if 7 > 0 (the coercive case),

A (r) = Jp(ikr) and B, (r) = Yy, (ikr).



127 5.A. Convergence analysis of (5.41) in the case of a circular domain

We note that B,, is not regular at 0 in all the cases. We shall use the solution form (5.90)
to give the expressions of the operators A and A that play an important role in algorithm
(5.41).

First, we give the expression of the incident field. We make Assumptions 5.A.1-5.A.3
and let f = c;e™ € V,,(Ry). Tt is easy to verify that the incident field v defined by

—div(ooVu™) + nu™ =0 in Q,
dume (5.2 recalled)

09 5 on 0f)

is expressed as

Ap(r)

ute(r, 0) = 70014;”(1%0)

cpe™. (5.91)

We have the following lemma.

Lemma 5.A.4. We make Assumptions 5.A.1-5.A.3. Given n € R, we consider the equa-

tion
—div(ooVu) + nu = — div(eVu™) in Q (5.92)
where u™ is given by (5.91). We define the radial function w,, as follows:
W (1) = —W%CJ”(H(”(M) / T (kt)?tdt + J,(kr) " HWY (kt)J (l%t)tdt)
" 402J" (kR)\ ™™ o " " ro " "

if r < Ry, and

~ 17[—ka 1) (7. R ¥ N2

(1) = — T ) (e / T (k)2 dt

40’8]7/”(]{5R0) 0

if Ry <1 < Ry. Then a particular solution uP®* = uP*(r 6;01) of (5.92) is given by
P (r, 0;01) = 0w (r)e™ (5.93)

where
W (r) if n <0,
Wiy (1) = 0 if n =0, (5.94)
Wy (ir) if n > 0.

Proof. We first study the case n = 0. Indeed, for n = 0, by definition (5.2) the incident
field u™ verifies
—div(ooVu™) =0,

which yields Au™ = 0. It is easy to check that equation (5.92) then becomes
—div(opVu) = 0 in €2,

hence we can take uP** = () as a particular solution.
We now study the case n < 0 (the case of the Helmholtz equation). Let us begin from a
slightly more general context. We consider the Helmholtz equation

A+ k2t = fxq, in Q (5.95)
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where k is the wavenumber and f = f(r,0) = CJ,,(kr)e™? for some constant C. We
denote by H(Y the a-order Hankel function of the first kind, then a particular solution of
(5.95) is given by

i(2) = | fw)o(e.y)dy (5.96)

where
P(z,y) = _ZHO (k|lz = y]), (z,y) € R? x R?

is the Green function. Moreover, let (r,,0,) and (r,,#6,) respectively denote the polar
coordinates of x € R? and y € R? then we can expand ¢ as

P(x,y) = —i Hél)(kra;)(]o(kry )+ = ZH(l k,r.$)Jn<]%ry)ein0xe—in9y
nEZ
n#0

if r, > r,, and

P(z,y) = —i Jo(kra)H (kry) + = ZJ (kry) HOY (kr e~ e by
nEZ
n#0

if r, < r,. Before giving a more explicit expression for @ in (5.96), we recall that Q; =
B(0, Ry) and f(r,0) = CJ,,(kr)e™?. Now given x such that r, < R;. Since ¢ is not defined

when y = z, we rewrite (5.96) as

i) = [ f)ote.y)dy + Fw)é(e.y)dy,
Ty<Tz e <ry<Rj
which can be expanded as
IC Te - - 27
u(z) = —4<H0 (k‘rx)/ Jg(k:ry)Jm(kry)rydry/ ™% dg,
0 0
~ ~ . 2r
g 3 HO(Er) ) [ It )y dry e [ el g )
= :
i - Ry . . 27
—14(1]0(1457'35) Hél)(k:ry)J (kry)rydry/ !0y dé,
0
2T
5 3l / H () oy )y o770 [ it g )
* ik
Since [;" e df, = 0, ¥n € Z\{0}, we obtain
u(x) = 1? (1)(/’{7“1)/” T (kry)?r, dr, - 2me™

—J l{;'r’z/ HWY (kry) Jp(kry)r, dr, - 2me™

C - T - - Ry ~ ~ .
= —MT <H,(,P(er)/0 T (kry)?r, dry—{—Jn(k:rx)A HWY (kry) I (kry)r, dry> oMl

Similarly, if Ry < r, < Ry, we have

C R |
i(x) = —%Hl () /0 " Ty, dr, €0
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Therefore, we conclude that

- r - ~ Ry - ~ .
i(r,0) = ”f (H,Sy(kr) /0 T (Kt)2t At 4 J, (k) H,g1>(kt)Jm(kt)tdt> ™ (5.97)

T

if r < Ry, and

R - .
(r,0) = —me (%) /0 T (kt)?t dt ™ (5.98)

if Ry <r < Ry, is a particular solution to (5.95). )
Now we go back to equation (5.92). For n < 0, we have A,,(r) = J,,(kr). By (5.91), the
incident field ©'"° in this case is given by

inc Cr 7. imf - 7. |77|
) = ———=—J,(k th k =4/ —, 5.99
u™(r,0) ooh T (FRo) (kr)e™” wi o (5.99)

and verifies .
— div(Vu™) = k*u™ in Q.

Thus, we can rewrite (5.92) as

9 0 in Qo,
w
—div(Vu) — —u = o1 . =
70 ——div(Vu'"™®) = oy—u™ in Qy,
0o 0o
or equivalently, )
) . k2
Au™ + B u™ = —o;—u"yq, in Q.
00

We therefore apply (5.97) and (5.98) for

k:2 k
yine O CJp(kr)e™ with C' = —oy ‘s

=g 027 (kRy)

to obtain the conclusion of the lemma.
The case n > 0 can be deduced from the case 7 < 0 by a change of variables e, = iz,
r € R% O]

Now we are ready for giving the expressions of A;.
Lemma 5.A.5. We make Assumptions 5.A.1-5.A.3 and given n € R.
(i) The operator Ay defined in (5.34) can be expressed as
Ao 1) (r,0) = (Cr(r; B)ex + Ca(r; B)ey)e™ (5.100)

for X = cxe™ € V,,(Ry) and ¢ = cpe™ € V,,(Ry), where

o) An(r) ) AL (Ro)Bon(r)
O B SBRNDG) PRl () - LRI
Loy — Am(r) 1 Al (Ro)
)= B R)D() T (aoBmo) * UOBMROPD@)) Bunlr)
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and
o0 A, (Ry) — BAL(R1) AL, (Ro)
D(B) = — . 5.102
O By (Ra) = BB(Ra) By (Ro) (0102
In particular, the operator Ay defined in (5.20) can be expressed as
Ao\ (1, 0) = Ag(X, 0)(r,0) = Cy(r; B)cae™ (5.103)
for X = cxe™ €V, (Ry).
(i) The operator Ay defined in (5.21) can be expressed as
A1\, 01)(r,0) = (Cs(r; B)ex + Cy(r; B)or)e™ (5.104)
for XA = cye™ € V,,,(R,), where
An(r)
Cs(r; B) = 5.105
) oA Bo) + B A (R (0109
" (Ro) + Bun(Ro) — &
oowy, (Ro) + Bwm(Ro) — -
04(Tﬂ6) e O—OA,,m(RO) + BAm(RO) Am(’r) + wm(r)a
with w,, defined in (5.94).
In particular, the operator A, defined in (5.35) can be expressed as
Ai(N)(r,0) = A (X, 0)(r, 0) = C5(r; B)ere™ (5.106)
for X = cxe™ € V,,(Ry).
(iii) The operator A defined in (5.25) can be expressed as
A, 01) = B(B)A + M(B)ore™ (5.107)
for X € V,,(Ry)?, where
o 0 1 —2B8C3(Ry; B)
B(B) = [1 1 25C,(Ry; B) 0 (5.108)
and
M) = | _yper
T 280 (R B)|
(iv) The operator A defined in (5.39) can be expressed as
A ©) = BAA + E(B)eye™, (5.109)

for X € Vi, (R1)? and ¢ = cye™ € V,,.(Ry), where B(B) is defined in (5.108) and

0
£0) = [2602(&;@1 '

Moreover, the sequences (Ajg)e>o and (5\[4)520 defined by algorithm (5.41) are in V,,,(Ry)?,
also yrAo(Aoe) € Vin(Ro), Ve = 0.
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Proof. (i) We recall that

Ay (M) € LX) x H2(T) = u € H(Q)

such that
—div(ocoVu) +nu =0 in Q,
ou B r
Tog = (0 oni, (5.34 recalled)
0
O'Oiu — /BU/ = A on E
v

We seek the solution to (5.34) of the form
u = (c1Ap(r) + coBp(r))e™. (5.110)

The boundary conditions on I and ¥ in (5.34) give

{m(clA;n(Ro) + e, (Ro)) = ¢y,
oo(c1 AL, (Ry) + coBl (R1)) — B(c1Am(R1) + 2B (R1)) = ca.

The first line of this system yields

_A;n(RO)C L G
Bl,(Ro) ' 00Bl,(Ro)’

(5.111)

Cy =

then inserting this result into the second line and dividing by 0B, (R1) — 8B (R1) # 0
gives

Cy _ C)‘
D(ﬁ)cl + O—QB;n(RU) (T()B;,L<R1) - BBm(Rl)7

where
oA (Ry) — BAWRY) AL (Ro)
D)= S B () = BBa(Ry) ~ Biy(Ro)

We thus obtain

Cx _ Cy
(O'OB;n(Rﬁ - 53%(31))19(5) O-OB;n(RO)D<6).

Inserting this expression of ¢, into (5.111) leads to

cl =

_ AL (Ro)
Cy = —B;n(RO)Cl—F

Cy
JoBin(Ro)
AL (Ro) 1 Ar(Ro)

"B, (Ro)(00B,(Ry) — BB, (R1)D(B) " <UOB$n(Ro) - UoBin(RO)zD(ﬁ)> v

Plugging the above results of ¢; and ¢y into (5.110), we obtain the result of the lemma.
(ii) For 0 = o1 constant in )y, we recall that

A (N o) € LA(X) x L®(Qy) = u € H' ()
such that

ou duine  Bu— A o 5 (5.21 recalled)

Op=— — 01

{ —div(ooVu) + nu = — div(o; Vu™) in Qy,
v v
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Let v := u — uP** where uP*" is defined in (5.93), then v verifies

—div(ooVv) +nv =0 in Q,
part inc
00@ + Bv + ao@u + BuPt — oy Ou =)\ on .
ov ov ov

Since A = cxe™? € V,,(R;), we seek v of the form v = cA,,(r)e™. Using the expressions
of uP** in (5.93) and «™ in (5.91), the boundary condition on ¥ in (5.A) gives

UoCAlm(Ro) + ﬁCAm(Ro) + anlw;n(Ro) + ﬁalwm(RO) — Ulz_i = C).
0
Hence,
c ! (( w;,(Ro) + Bwm(Ro) cf) —i—c)
= o m - o :
00}, (Ro) + BAm(Ry) \\70T 20 ) T

Computing u = v + uP*" = (cA,,(r) + o1w, (R))e™’ then gives the result of the lemma.
(iii) For 0 = oy constant in €, we recall that A : L*(X)? x L>®(Qy) — L*(X)? is defined
by

.A()\, 0'1) = ()\1 — 25’}/91’2./41 (Al, 0'1), /\0 + 2,8790’2A0<A0)), (525 recalled)
where A = (Mo, A1) € L%(X)% Assume that Ay = cy,e™? € V,(R;), i = 0,1. By the
expressions of A; and A, respectively in (5.104) and (5.103), we have

A — 2870, s A1 (A1, 1) = (1 — 28C3(Ry; B)) M1 — 2BC4(Ry; B)ore™

and
Ao + 2670, 5 A0(de) = (1 +28C1(R1; 8)) Mo,
which provides the result of the lemma.
(iv) We recall that A : L2(2)2 x H~2(I') — L*(X)? is defined by
./Zl()\, ¢) = (Al — 25’)/9112.211 (Al),Ao + 26’)/9072/10()\0, ¢)), (539 recalled)

where A = (Ag, A1) € L2(X)2 and o) € H~2(I'). Assume that A; = e € Viu(Ry),i=0,1
and recall that ¢ = cye™ € V,,(Ry). By the expressions of A, and A respectively in
(5.106) and (5.100), we have

M = 2870, 51 (A1) = (1 = 28C5(Ri; 8))h
and R
Ao + 2670, 5 A0 (Ao, 1) = (1 + 28C1(Ry; B))Ao + 28Cs(Ry; B)cye™,

which provides the result of the lemma.
The last conclusion of the lemma is immediate thanks to the expressions of A, A and A,
respectively in (5.107), (5.109) and (5.103). O

In the case n = 0, we have the following result about the spectral radius of B(/3).

Lemma 5.A.6. In the case n = 0, the matriz B(3) defined in (5.108) has spectral radius
less than 1 if B > 0 is sufficiently small.
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Proof. In the case n = 0, we recall that A,,(r) =™ and B,,(r) = r~™. Let

c3 = 512& C3(Ry;8),d == lim D(B) and ¢; == ,BILI(I)I*' C1(Ry; B).

B—0t

By (5.105), (5.102) and (5.101), we respectively have

_ An(Ry) Ry
C3

— = >0
ooAl,(Ro)  oomRy— ~

A (R) A (R)  mR"™! mRT

d = m . m — _ — RQm . Rgm > O
B! (R)) BlL(Ry) —-mR™' —mRy™! 0 1
and /
o Am(Rl) . Am(RU)Bm<R1)
1 ooB),(R1)d B}, (R1)ooB;,(Ro)d
RT ngﬂ—lRl—m

—aole_m_ld B (—m)Rgm_lao(—m)Rl_m_ld
R2m+1 2m

_ T AR

O'de

Therefore, the matrix B(/3) defined in (5.108) can be written as

B 0 1 —28c3 + O(B?)
B(B) = 1+ 28c; + O(5?) 30

where ¢3 > 0 and ¢; < 0, which yields the conclusion of the lemma.

]

We conclude that in the case n = 0, there exists a sufficiently small 5 > 0 such that the
two assumptions in Theorem 5.1.2 are both satisfied. Indeed, assumptions (i) and (i) are
respectively verified by Lemmas 5.A.5 and 5.A.6. Therefore, algorithm (5.41) is convergent.
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and domain decomposition methods
for non-linear inverse problems
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In the previous chapter, we already presented the application of multi-step one-shot in-
version methods and domain decomposition methods to the linearized inverse conductivity
problem. In the same spirit, we shall study in this chapter the non-linear inverse conduc-
tivity problem. We still treat the case of Neumann forward problems, and consider the
case where the domain is splitted into two subdomains on which we will apply the domain
decomposition method and the unknown conductivity is located in the inner subdomain.
Similarly as in Chapter 5, we can have some variants of the algorithms depending on the
choice of variables of the problems: either the interface values of the impedance parameters
or the state variables inside the domain. We furthermore consider the non-linear problem
at the discretized level and investigate these algorithms in this setting. The material pre-
sented in this part follows the one in Chapter 5. We mainly repeat the same arguments
and choose to repeat the details to make the chapter (in most parts) self contained and
easier to read. Indeed the important difference is that the iterative operator now depends
on the inverse parameter in a non-linear way. Finally, we conduct a numerical validation
of the derived algorithms. In particular, we still observe that very few inner iterations

are enough to give good convergence of the algorithm combining multi-step one-shot and
OSM.
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This chapter is organized as follows. Section 6.1 is dedicated to the case of the non-
linear inverse conductivity problem. After stating the forward and inverse problems, we
construct the adjoint problem to obtain a convenient expression of the derivative of the
least-square cost functional. Next, we apply the nonoverlapping OSM to the forward and
adjoint problems in the continuous setting. Then, we give the combined algorithms after
rephrasing OSM as an iterative method for the impedance boundary values. In Section 6.2,
we write the algorithms for the discretized versions of the forward and adjoint problems
using finite element methods. We close this chapter by Section 6.3, where we provide
several numerical experiments in two different configurations.

6.1 The forward and inverse problems

6.1.1 The forward problem

We here recall the forward problem where the data is collected from the input of some
currents on the boundary associated the Neumann boundary conditions. Given some
constants g, > 0, we define

V(Q)={oceL®Q):0<0<7Tae. in}.

Given o € V() and given some parameter 1 > 0, the forward problem can be stated as:
Seek u = u(o) € H'(Q2) such that

—div(eVu) +nu =0 in Q,

0 6.1
a—u =f on 052, (6.1)
ov

where v denotes the outer normal vector on 9 and f € H~2(dS2). For later use, we recall
that the variational formulation of problem (6.1) can be written as: u = u(c) € H'(Q)
such that

/aVu-Vvdx+/77uvdX:/ fvds, Yove HYQ). (6.2)
Q Q o0

6.1.2 The inverse problem and classical gradient descent

For the inverse problem, we would like to retrieve some ¢®* € V(1) from measuring the
trace g == u(0)|9qn. To do so, we introduce the least-square cost functional

1

1) =3 e

(u(o) — g)* ds. (6.3)

Proposition 6.1.1. The functional J defined in (6.3) is differentiable on V() and its
derivative can be expressed for all o € V(Q2) as

(J'(c),h) = /Q hVu(o) - V(o) dx (6.4)

where h € L>(Q) such that o + h € V(Q) and the adjoint state p = p(o) € H'(Q) is
determined by
—div(eVp) +np =0 in Q,

dp (6.5)
0oy =9 u(o) on OS).
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Proof. Since 0 € V(Q), ¢ < 0 <7 a.e. in . Taking v = u(0o) in (6.2) yields

/]Vu |2—|—77/ dXdX</a]Vu |2dx+/77u dx:/ fu(o)ds
<1811 1 o
We then deduce that

iz m) ) < 113 g 1003 oy < IO 3 0l
where 4o : HY(Q) — Hz () is the trace operator on 9. Hence,

1ol

o)) < 3 gy (6.6
Let h € L*(Q2) such that o + h € V(). By definition, u(c + h) satisfies
—div(c + h)(Vu(o + h)) +nu(oc +h) =0 in
Uau(g:— h) =0 on Of). 6.7
and similarly to (6.6), we have
oty < 0,y (6.5)

Now let wyp == u(o +h) —u(o). By taking the difference of (6.7) and (6.1), one can verify
that
—div(oVwyp) + nwy, = div(hVu(o + h)) in Q. (6.9)

The variational formulation of (6.9) can be written as
/ oV, - Vodx + / NWe pv dx = —/ hVu(o + h) - Vudx, Yo € H(Q). (6.10)
Q Q 0

With the same technique as in (6.6), taking v = w,, in (6.10) yields

1 (6.8)
< ———— o < oo .
famallini < s lute + Wl @lbllime < ClflL g lme (611
where C' = % Next, thanks to the Lax-Milgram Theorem, we can define v, €
H'(2) the solution of
/ oV, - Vodx +/ NV v dx = —/ hVu(o) - Vodx, Yo € H'(Q). (6.12)
Q Q Q

By taking the difference of (6.10) and (6.12), the error e, = Wy, p — Vop, = u(oc + h) —
u(o) — vy, verifies

/ oVeq - Vo dx + / Neony dx = — / WV, - Vods, Yo € H'(9).
Q Q Q

Taking v = e, in this equation gives

(6.11)
leonllzrn) < [Plle@llwanllmg < Cllfll- oo 1Plix @),
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thus W — 0 as ||h]|ze@) — 0. We therefore conclude that

Vo = (u'(0), h)

and in particular, J is differentiable on V() and

(J'(a), h) = / von(u(o) — g) ds. (6.13)

o0

The variational formulation for p(c) defined in (6.5) can be written as

/QUVp(U) Ve dx + /Q (o) dx = /m(g —u(0))éds, Vo € H'(Q). (6.14)

Taking v = —p(o) in (6.12) and ¢ = —v,, in (6.14) shows that

(6.13)

[ hVu(e) - Vp(o)dx = [ voalulo) —g)ds " (o), h),

which is (6.4). O

Proposition 6.1.1 shows that the Riesz representative of J'(¢) in L?(€2) formally equals
Vu(o) - Vp(o). Therefore, the gradient descent algorithm for o using this representation
for the gradient can be written as

0"t = 0" — 7Vu(o") - Vp(a"). (6.15)

We refer to Section 5.1.2 for the discussion on how to regularize the descent direction. The
one we adopt in our later numerical simulations is to reduce the number of unknowns for o
by discretizing o on a coarse subdivision of ). More specifically, we split €2 as the disjoint
union of some subdomains €;,7 = 0,1, 2..., M where )y is the neighborhood of 2 where
0 = 09 is known. Then we seek ¢ as

M
o =oola, + Y_oilg, where o; € R,i = 1,..., M are unknown. (6.16)
i=1

We can then view J as a function of (0;)M,; and it is quite straightforward to conclude

from Proposition 6.1.1 that J is differentiable with respect to each o; and

aai (o) = /Q Vu(o) - Vp(o) dx.

In this case, the gradient descent algorithm can be written as

M
ot =o' — 7'/ Vu(o") - Vp(o™) dx, i = 1,..., M where 0" = oolg, + »_ol'lg,. (6.17)
Q; i=1

6.1.3 The application of OSM to the forward and adjoint prob-
lems

OSM for the forward problem

We here outline the application of the nonoverlapping OSM to the forward problem (6.1).
In order to ease the presentation, we consider the splitting of the domain 2 into two
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disjoint subdomains €y and €; where )y is the neighborhood of I' := 0{2. We assume
that the conductivity o equals oy in €y and equals o7 in €y (here oy can be a function),
ie. 0 = oglg, + 01lg,. Furthermore, we assume that oy is known. We remark that
the following schemes can be easily extended to the cases where the subdomain 2, is also
splitted into several subdomains.

Qo r

Figure 6.1: Hlustration for the domain €2 and its decomposition.

We first rewrite the forward problem (6.1) as a transmission problem between the
subdomains €y and ;. We denote by ¥ the interface between )y and €2y, which is also
the boundary of ;. We also denote by v the normal unit vector on I' directed toward
the exterior of €2 and use the same notion for the normal vector on ¥ directed toward the
exterior of O (see Figure (6.1)). For i = 0, 1, let us denote by u; € H'(€;) the restriction
of the solution u in the domain ;. Then problem (6.1) can be equivalently written as
follows:

— diV(O’oVUo) + nug = 0 in QO,
8U0

oo =f on L', (6.18)
8u0 8u1

JOE— Bug = 015 — fuy on X.

and

— diV(O'1VU1> + nu; = 0 in Qh
0 0 6.19

01+ Bur = 09 o+ fug on T, (049
ov ov

where 5 # 0 is a given parameter (see Section 1.4). The nonoverlapping OSM can be
seen as a fixed-point iteration applied to (6.18) and (6.19). More precisely, it consists in
the following induction for the sequences (ug.)e>0 and (uq,0)e>0 Wwith a given initial guess
(Uo;o, Ul;o)i

—div(ooVug,e11) + nugerr =0 in €,
8UO;E+1
905, =f on 02, (6.20)
Ou. ouy.
0o i Puge+1 = 01 e Buie on X
ov ov
and
—div(o1 V1) + nuierr = 0 in €y,
Quy, g, (6.21)
01 5’1”1 + Bui1r = 0o i Bug,e on 2.
v ov

As we already mentioned in Section 1.3, it is more convenient to rewrite an induction for
the impedance values

aul;f

aUO;K
Aogye+1 = 01 o Puiye and  Ayypqq = 0g

ov

+ Bugy. (6.22)
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Using these impedance variables, (6.20) and (6.21) respectively lead to

—div(ooVugy) + nuee =0 in Q,

auO;Z
o~ on 94, (6.23)
Ouoye
00— — Buoye = Aoy on X
ov

and

Bur, (6.24)
01 a;g + Buie = Ay on X.

{ —div(o1Vuyy) +nuie =0 in Qy,

One indeed has

6.22 ouy. 6.24
Aose+1 N (Ul a;’g + 5”1%) — 2Bu1y (029 Atye — 2Buq, on X
and 5
6.22 o 6.23
ALy 22 (Uo 8£’Z — 5“0;2) + 2Bugy (029 Aose + 2Bug, on X.
Therefore,

{)\O;EJrl = A — 2fue on X, (6.25)

A1 = Aoy + 2Bugy on X,

For the sake of compacting the notation, let us introduce the following two operators:

Ao A€ L) = u € HY ()

such that
—div(ooVu) +nu =0 in Q,
ou .
o0, =1 on I, (6.26)
ou
op—=— — Pu =\ on X
ov
and
A (N o) € LA(Z) x L) — u € HY(Qy)
such that
—div(eVu) +nu =0 in Qy,
6.27
a@ + Bu =\ on Y. (6:27)
ov
In addition, for ¢ = 0, 1, we introduce
Yo, 5 : H'Y() — L*(%) (6.28)

the trace operator on ¥. Then, thanks to (6.25), the nonoverlapping OSM algorithm for
the forward problem can be synthetically written as the following induction with a given
initial guess (Ao.0, A1;0):

{Ao;z+1 = A — 2B7q, A1 (A1, 01), (6.29)

Ae+1 = Ao + 267q0, 5 Ao(Aoye)-
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We can even write (6.29) into a more compact form by setting: Ay = (A, Aoy) € L*(X)?
as

)\[14_1} = .A(/\[q, 0'1) (630)
where A : L2(X)? x L>®(;) — L*(X)? is defined by
A, o) = (A1 — 2670, 541 (A1, 0), Ao + 2890, 2A0( X)), (6.31)

here A = (Ao, \1) € L*(2)%

OSM for the adjoint equation

With the same domain setting as in the previous section 6.1.3, we now consider the applica-
tion of the nonoverlapping DDM to the adjoint problem (6.5) associated with the forward
problem (6.1). Similarly, we shall write the OSM algorithm for the adjoint state p step by
step as follows.

For i = 0, 1, let us denote by p; € H'(;) the restriction of the solution p to the domain
;. By using the same parameter § appearing in (6.18) and (6.19), we can equivalently
write problem (6.5) as follows:

—div(ooVpo) + npo = 0 in Qy,

Ipo

005 =9 u(o) on I, (6.32)
dp dp

0087;—5]?0:01 a:—ﬁﬁ on X

and

—div(e1Vp1) +np1 =0 in €2,
0 0 6.33

Ulﬂ‘i‘ﬂpl :Uoﬂ‘f‘ﬁpo on Y. ( )
ov ov

The nonoverlapping OSM algorithm applied to (6.32) and (6.33) is described by the follow-
ing induction for the sequences (po.)e>o and (p1.)e>o With a given initial guess (po.0, P1:0):

— div(ooVpoes1) + npose+1 = 0 in €,
apO;K—l—l
00— =9~ u(o) on 052, (6.34)
ap N4 ap H4
gt Bpoe+1 = 01 - Bp1e on X
v v
and
— div(o1Vpres1) + npresr = 0 in Qy,
apl;ﬁ 8pO;K (635>
o1 oy Bp1ev1 = 0o + Bpox on X.
ov ov
By introducing the impedance values
« op1. A Opo.
Aoy41 = 01 Dut _ Bpre, and Ay = 0y ot | Bpo;e, (6.36)
ov ov

we can equivalently rewrite the induction for the sequences (po.r)r>0 and (pi1.r)e>o0, defined
by (6.34) and (6.35), as

— diV(Uovpo;g) + NPoe = 0 in QQ,
- apo;z
ov
- Opo.e
ov

=g —u(o) on I, (6.37)

- 5]30;@ = 5\O;Z on 2.
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and
- diV(01VP1;£) + NP1y = 0 in Qh
(9 « 6.38
gl L4 Bpie = My on Y. (6.38)

One also has the following induction on the impedance values

Ao:es1 = Ay — 28p1y on X
A0,2+1 A1,z 5]91,2 on 2, (6.39)
ALe1 = Aoy + 28po;e on 2.
Let us introduce the operator
Ay (0 0) € LA(S) x xH 2(T) — u € H'(Q)
such that
—div(ooVu) +nu =0 in Qy,
ou B T
og, =V on I, (6.40)
ou
op—=— — Pu =\ on X.
ov
We also introduce
vr o HY(Qg) — L*(T) (6.41)

the trace operator on I'. Then, thanks to (6.39), the nonoverlapping OSM algorithm for
the adjoint problem (6.5) can be synthetically written as the following induction with a
given initial guess (Ao, A1;0):

{S\O;Z—H = 5\1;@ - 25791,2«41(:\1;157 a1),

A A 1l (6.42)
/\1;g+1 = )\0;( + QB/VQO,ZAO(A()%? g — ’VFU(O-))‘

Here we recall that the trace operators v, s, ¢ = 0,1 and the operator A; are already
defined respectively in (6.28) and (6.27). We can even write (6.42) into a more compact
form by setting: Ay = (Ao, A1ye) as

5\[1z+1] = AO\[@]; 01,9 — ’YFU(U)) (6-43)
where A : L2(£)2 x L®(Q) x H2(I') — L*(X)? is defined by
A()U g, w> (Al - 25791 EAI ()‘17 ) A0 + QBPYQo,EAO()‘OJ w>>7 (644>

here A = (/\0,/\1) S L2(E) .

OSM for the simultaneous calculation of the forward and adjoint states

In the nonoverlapping OSM algorithm applied to the adjoint equation (6.42), one assumes
that the state u(o) is already known. In practice, it is indeed more natural to perform
the iterations in (6.42) in parallel to the OSM iterations for the forward problem (6.29).
The combination of (6.29) and (6.42) leads to the following scheme that simultaneously
computes the forward and adjoint states: given some initial guess (A0, A1.0, 5\0;0, :\1;0),

Xoie+1 = Ao — 2B7v9, 5 A1 (A1, 01),
A1 = Aoy + 28790, 5 A0 (Aoye)
Aoer1 = Ao — 2670, 541 (A, 1),
ALest = Aoy + 28700 540 (o,

(6.45)

— 1 Ao(Aoy))-
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Using the notations A and A respectively introduced in (6.31) and (6.44), we can also
rewrite (6.45) more compactly as: given some initial guess (Ajo}, Ajq]),

A

{\[e+1} = A({\[é], o1), (6.46)
Aer1) = A(Ng, 01, 9 — 1 Ao(Aoge))-

where A\jg = (Ao, A1) € L*(¥)? and /A\m = (Mows Aye) € L2(2)%. The convergence of this
scheme in some simplified cases may be done using the following abstract result.

Theorem 6.1.2. Consider the sequence ()\[[],5\[@]) defined by (6.46) for a given o1 €
L®() and given initial guess (Moo, Ao, Aowos o). Let ||| be the in L2(X)? norm. We
make the following assumptions:

(i) There exists a subspace U of H™2(T), a constant C € (0,1) and a constant C > 0
such that )
AN, o1, 9| < CIA + Cllell, YA ) € LA(5)* x U,

(it) yrAo(Xoy) stays in U for all .
Then the sequence (A, 5\[4), ¢ >0 is convergent.
Proof. By the definitions of Ay, A;, A, Ao and A respectively in (6.26), (6.27), (6.31),
(6.40) and (6.44), we observe that A(X,0) = A(X, 0, f), VA, 0, f) € L*(X)? x L=(Q;) x
H=2(T') and A(X, 0, 1)) is linear with respect to (X, 1) € L2(2)2 x H~2(T'). Therefore,
A1 = Mg = A, 01) = Ay, 01) = Ay = A, 01,0), ¥ > 1.
Since 0 € U, by assumption (%) we have

ey = Mall < CllAg — Ayl V€ 2 1.

This implies
sy = Al < CllA g1 = Al Yk, € > 0.

Particularly, we have
e = Mall < CAlAu = Aglll, Ve = 0.

We conclude that (Ap)e>o is a Cauchy sequence and thus convergent using the same argu-
ments as in the proof of Theorem 5.1.2.
Next, for £ > 1 we have

5\[z+1] - 5\[@] = f:l(é\m, 91,9 — 'YI‘AO()\O;Z)) - A(j\[é—l]a 01,9 — 'VFAO()\O;K—I))
= /}({\m = A1), 01, 'VF-’L}O()\O;Z—l) — 1 Ao(Aoye))
= A(\g — Ae—11, 01,70 Ao(Aoye—1 — Aoy, 0)).

Here we note that Ay(A) = Ao(\, f), VA, f) € L2(2) x H~2(I') and Ag(), ) is linear with
respect to (A, 1)) € L2(X) x H~2(I). Also, assumption () ensures that

'Yl‘/iO()\O;Zfl — Aot 0) = VFAO(AO;Efl) — ’YF-AO()\O;Z) el
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Hence, assumption (%) gives us

A1) = Mgl < Clldg = My ll + Cllelll Ao 0) [ Aose — Aose—]|
M>0

< CI\g = Me—yll + M| A = Ae—ll, V€ > 1.

Here we remark that Ag(+,0), derived from (6.26), is the linear operator defined by
Ao(-,0) : N e L2(D) — u e HY(Q)

such that
—div(ooVu) +nu =0 in Q,
ou 0 .
(o)) o = onl,
ou
oo— — Pfu =\ on .
v
Using the same arguments as in the proof of Theorem 5.1.2, we conclude that (S\[g])gzo is
also a Cauchy sequence and thus convergent. O]

An algorithm combining gradient descent with domain decomposition

We here use the same notation as in Section 6.1.3, i.e. the domain 2 is splitted into two
disjoint subdomains 2 and €2;. We assume that the conductivity o equals og in €y and
equals o1 in €y, i.e. 0 = 0glg, + 011q,. Furthermore, we assume that o( is known and o,
is unknown. Then the 1-step one-shot inversion algorithm combining the nonoverlapping
OSM (6.46) and the gradient descent (6.15) can be written as follows: given some initial
guess (69, X%, A%), we iterate using the induction

ot = ot — TV AN, o) - VA7, o),
)\nJrl _ '/4.(/\117 0'”), (647>
A= AN, 0™, g — 0 Aa (N5, 0%)),

where A" = (A2, A7), A" = (A2, A"); A and A are respectively defined in (6.31) and (6.44).
The k-step version of algorithm (6.47) can be also written as: given some initial guess
(69, X%, X9, we iterate using the induction

I = g — VAN, o) - VALY, o),
ntl _ y\n \n+l _ \n

Ap =A% A =AY

for £ =0,1,....k — 1

n 6.48
)‘[K—El = A()\[z ), ( )

/\@111] = A(/\[z %«40( ) 9);

)\n-i—l — )\nJrl )\n+1 — )\nJrl
(k]

where A" = ()‘87)‘711)7 )\n = (>‘87/\711)7 )‘?é} = (Ag;éa)‘?;é)a ?é} - (Agéa)‘?é) A and A are
respectively defined in (6.31) and (6.44). The discretized version of scheme (6.48) will be
studied in the next section, in the same way as we did in Section 5.2.

In the case where €2 is the disjoint union of the subdomains €2, ;,7 = 1,2...,n,, and o4
is given by

Noq

oy = Zalﬂlﬂu where 01; € Ryi =1,2,...,n,,, (6.49)

i=1
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the first step in scheme (6.48) should be replaced with

ottt =0, — 1 i VAN, o) - VAN ot dx, i=1,2,...,n0,, (6.50)
1,i

n
where o7 = 37,7 o1, ,, n > 0.

6.2 Discretized versions of the algorithms studied in
6.1.3

The main goal of this section is to give the discretized version of (6.48). We follow the
same steps as in Section 5.2 by discretizing the problems using finite element methods. For
i = 0,1, we assume that ; is discretized using a regular triangulation 7(£2;). We further
assume that ¥ and ' are respectively discretized using edge elements S(X) and S(I'). We
define the following P! finite element spaces:

V(QZ) = u < CO<Qz) : U‘Te’]’(ﬂi) S ]P)l} = Span{gzﬁ{,l S j S TLZ'}, 1= 0, 1,
V(E) = {A€CE): Nsese) € P} = Span{¢}, 1 < j < nx},
and V(I') .= <9 € CUT) : glsesm) € Pl} = Span{¢h,1 < j < nr},

where n;, © = 0,1 is the number of degrees of freedom for the solution in §2;, nr and
ny, are the number of degrees of freedom respectively for the measurement on I' and for
the impedance on Y. A discretized function in any of these spaces is determined by the
corresponding column vectors with respect to the chosen basis.
We also consider the following case where oy is of the form
Noy

o1 = Zau]lgu where 01; € R,i =1,2,...,n,,,
i=1

and we set

Sl = COI(ULZ):Zi .

6.2.1 Discretized version of the operators A and A

Let us prepare some necessary matrices for writing the discretized version of the operators
A and A. We respectively denote by My, € R"™=*"= and M € R"™*"T the Y-interface and
[-interface mass matrices. More precisely,

Mspq = / Po%ds, 1 <p,q<ny, (6.51)
2
and

Mrpy = [ Ghofds, 1< p.g < nr. (6.52)

Also, for i = 0,1, we introduce R; € R"™*™ the interpolation matrix from V(€;) to V().
Then 3
R; = Mg'M;.x, (6.53)

where Mi;g € R™*" ig defined by

Misipq = /2925%% ds, 1 <p<np,1<g<n (6.54)
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Now let A; € R™*" 4§ = 0,1 be the matrices arising from the discretization of — A +1n
along with the boundary condition 9, F f on ¥. More precisely, let M;, i = 0,1 be the
mass matrices in €2; defined by

Mipg = [ 640%dx, 1<p.q < nii=0,1 (6.55)

and let K; € R™*"_ 4§ =0,1 be the local stiffness matrices of the problem defined by

Kipy = / V! -V dx, 1< p,q<ni, i =0,1 (6.56)
Q;
then we define A, as ) ) ) o
and 141 = A1<Sl) as ~ ~ R L
Al(Sl) = Kl(Sl) + T]Ml + ﬂRIMERl (658)

In addition, we introduce H € R™®*™ the interpolation matrix from V() into V(T').
Then ) o
H = My Mo.r (6.59)

where Mo;r € R"*"0 ig defined by
Mora, = [ éiohds, 1<p<nr,1<q<no. (6.60)
r

We also introduce b € R™ defined by

b, = /ngbg ds, 1< p < np, (6.61)

or equivalently, o
b= HTMrf.

Finally, we consider the matrix Q; € R™>*™ 4 =1, .., Ny, associated with the gradient of
the cost functional, which is given by

Qimq ::/Q Vol -Voldx, 1 <p<ng,1<qg<n,,.
1,

Now we are ready for discretizing the operators A;, i = 0,1. The variational formulation
for u = Ap(X) in (6.26) is given by

/ UOVU-Vde+/ nuvdx+/ﬁuvds:/fvds—/)\vds, Yo € HY(y).
Q0 Qo b r by

Therefore, the discrete equivalent of the operator Ay is the application A € R™® +— U € R™
such that . o o 3 o
AU = H"Mr f — RyMsA = —Mgx A+ HT My f.

With an abuse of notation, we shall set in the following

Ao(A) = —Ag " MI A+ AJPHT M f, VA € R™, (6.62)

The variational formulation for u = A;(\, o1) in (6.27) is given by

/ 01Vu-Vvdx+/ nuvdx+/ﬁuvds:/ Mds, Vv € H' (Qy).
91 951 2 )
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Therefore, the discrete equivalent of the operator 4; is the application (A,S;) € R" x
R"1 +— U € R™ such that

Ai(S1)U = RIMsA = M{gA.

With an abuse of notation, we shall set in the following

Ai(A, S1) = Ay (S1) "M gA, V(A, Sp) € R™ x R™1. (6.63)

Finally, the variational formulation for u = Ay(\, ) in (6.40) is given by
/ ooVu - Vvdx+/ nuv dx +/ Puvds = / Yuds — / Mds, Yo € H' (Qp).
Q0 Qo bY r p)

Therefore, the discrete equivalent of the operator Ay is the application (A, ¥) € R™ x
R" — U € R™ such that

AU = HTNY — RN = TN — BITgA.

With an abuse of notation, we shall set in the following

Ao(A, ) = — AT NMT oA + AT HTMy U, V(A, 0) € R™ x R™™. (6.64)

Then, similarly to (6.31), with an abuse of notation, we define the operator A : {R"= x
R} x R™1 — {R"= x R"=} by

A(A, Sy) = (Ar — 28Ry Ay (Aq, S1), Mg + 28R Ao(Ao)) (6.65)

where A = (Ag, A1) € {R™ x R™} and S; € R™1. This definition can be written in a
more explicit way as

AN, S) =B(S1))A+Ef (6.66)
where o R
_ 0 I — 28R, A, (S1) ' M, s x2ns
B(S)) = [[ _ 25R0A61M0T;2 0 eR (6.67)
and

0

-— - - ~ 2ny Xnr
E = [QBROAngTMF] eR . (6.68)

Also, similarly to (6.44), with an abuse of notation, we define the operator A {R"= x
R™} x R™1 x R™ — {R"™ x R"™=} by

A(A, Sy, 0) = (A — 26R1.A1(Ay, S1), Ao + 28R Ao(Ag, ) (6.69)

where A = (Ag, A1) € {R"= x R"=}. This definition can be written in a more explicit way
as

A

A(A, Sy, ¥) = B(S))A + E¥ (6.70)

where B and E are respectively defined in (6.67) and (6.68).
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6.2.2 Discretized version of algorithm (6.48)

Let A? € R"™, _/A\? € R™,4=0,1and G € R"™ be the column vectors associated respec-
tively with A", A", i =0,1 and g € V(') as in (6.47). Let us set

A" = (A, A7) and A" = (Ag, AT).

for n > 0. Then the 1-step one-shot algorithm (6.47) with the gradient defined in (6.4)
can be synthetically written in the discrete form as

A" = A(A™, ST, (6.71)

{ Syt =87, — T ALY, SP)TQiAL (A, S), 1 < i < nyy,
Aret = A(Am, 771, G — HAG(AG)),

where the operators Ay, A;, A and A are respectively defined by (6.62), (6.63), (6.66) and
(6.70). Indeed, using the expression of A in (6.66), we have

A(A", S7+YY = B(STHA" + Ef.
Next, using the expressions of Ay in (6.62) and of A in (6.70), we have

A(A™, ST, G — HAG(A) = B(STA" + E(G + HAG' Mg Ay — HAG HT Ny f)
— BA" +DA"+EG —Ff

where
U 0 U
D:=E A My 0] = [wmalﬁml A5 15 )
ER”FX2nZ
_ 0 0 2ny X2nyx
= lZBROAD‘IHTMpHAglM&Z o| € & (6.72)
and
NS 0 S
— 1777 — . o 1777
F=EHA; H Mr [2ﬁR0A51HTMF1 HA,"H"Myp
ERnFXnF

0

~ _ ~ - o ~ ~ 2n2><np
l—ZﬂROAngTMFHAgIHTMF €k - (6.73)

Also, using the definition of A; in (6.63), we can rewrite
Ar(RT, STTQiAL(A", S7) = (AP)TLi(SP)A”, 1< i < ng,

where ) ) 3 3
Li = (Ai(S1) 7 Mix)TQiAi(S1) T My € R 1 < i <. (6.74)

With these expressions, scheme (6.71) can be more explicitly written as

STt = St = T(AD)TL(SPA, 1< i <ng,,
A = B(SPHYA" + Ef, (6.75)
At = B(SIHA™ + DA + EG — Ff,
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where B, D, E, F and L; are respectively defined by (6.67), (6.72), (6.68), (6.73) and
(5.70). We remark that the structure of algorithm (6.75) is different from the framework
introduced in Section 1.2. This is obvious due to the fact that we are working with a
non-linear problem.

We end this section by indicating the k-step version of algorithm (6.48). Let A" € R™=,
A/A\;1 e R™ {=0,1and G € R"" be the column vectors associated respectively with A}, S\f,
i=0,1and g € V(I') as in (6.47). Let us set

A" = (A5, AT, Ay = (A, AT,), A" = (A7, AT) and Afy = (A7, AT,).

for n > 0 and ¢ > 0. Then, the k-step one-shot algorithm (6.48) with the gradient defined
in (6.4) can be synthetically written in the discrete form as

Syt = 8p, — rAL(AY, SPTQiAL(A™, S, 1< i <y,
n+l _ An An+l _ An

Afrt = A" At = An,

for ¢ =0,1,....k—1:

n n an 6.76
A[zilu = A( WSlH)’ (6.76)

Aty =AMy, ST, G — HAW(Ay)),
APt — A&Tl,[\n—’—l _ Aﬁ:]ﬂ?

where the operators Ay, A;, A and A are respectively defined by (6.62), (6.63), (6.66) and
(6.70). With these expression, the scheme can be more explicitly written as:

Syl = S — r(AD)TL(ST)A", 1< i < n,,,
ABL-H _ An»AS—H _ A",
for ¢ =0,1,...,k—1:

Ay =BSTOAG + E,

A

Aoy = B(SPHART + DAR + EG — Ff,

n+l . Ant+l An+l . An+l
A= AT Rnt = A

(6.77)

where B(.), D, E, F and L; are respectively defined by (6.67), (6.72), (6.68), (6.73) and
(6.74).

6.3 Numerical experiments

We compare the performance of the classical gradient descent algorithm (with direct solvers
for the forward and adjoint problems) with the domain decomposition k-step one-shot algo-
rithm (6.48) to solve the Neumann non-linear inverse conductivity problem with Dirichlet
measurements (1.38) (see also Section 6.1.2). We focus on the case where the unknown
conductivity o is defined by (6.16) in the global domain 2 and similarly by (6.49) in the
inner subdomain €2y, that is, the inverse problem has M = n,, scalar unknowns, while the
background value oy is known. These unknowns are iteratively updated as in (6.17) and
(6.50).

The computational domain €2 is a disk, and we consider two configurations for the
conductivity: in the first one the unknowns oy, ...,0,s are the values on M = 7 disjoint
squares (see Figure 6.2, left), while in the second one the unknowns oy, ... 0, are the
values on M = 16 touching squares (see Figure 6.2, right). In the domain decomposition
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(a) (b)

Figure 6.2: Two configurations for the scalar unknowns defining the conductivity o on the
computational domain.

iterations, described in Section 6.1.3, the inner subdomain €2; is then the union of these
ns, = M squares. The background subdomain is Qy = Q \ Q.

In all the experiments, we take oy = 1, n = 107%, and N,, Neumann data f,,(z,y) =
msin(matan2(y, z)), with m = 1,..., Ny, in the forward problem (6.1). The correspond-
ing Ny, synthetic Dirichlet measurements g,, are built on a coarser mesh with respect
to the one where the forward and adjoint problems are solved, in order to avoid an in-
verse crime. The different values of N, and mesh sizes will be specified below. Both the
state and adjoint state are discretized with P! Lagrange finite elements. In the domain
decomposition (inner) iterations, we take 5 = 10 for the impedance parameter in the trans-
mission conditions on the interface > between the two subdomains 2y and €; (which are
non-overlapping). The substructured iteration variables A and \ are discretized with P!
Lagrange finite elements on a mesh of the interface ¥. The (outer) iteration on the inverse
problem unknowns is stopped after 500 iterations.

In the next two paragraphs we present the results obtained respectively for the two
configurations in Figure 6.2. In the convergence plots, we use solid lines for Domain
Decomposition (DD) k-step one-shot methods and dashed lines for the classical Gradient
Descent (GD) algorithm. We plot both the cost functional in log,, scale (top rows in the
figures below) and the relative error on the conductivity (bottow rows), with respect to
the outer iteration number.

First configuration (disjoint squares) Here the computational domain €2 is a disk of
radius 2. The unknown values of o are supported on 7 disjoint squares of side 2/3, whose
centers have distance 0.6 from the disk boundary (see Figure 6.2, left). The mesh size of
the forward and adjoint problems mesh is A = 1/20, which gives n, = 5625 degrees of
freedom, while the mesh size of the synthetic measurements mesh is h,, = 2h, which gives
ng = 125 (surface) degrees of freedom for each measurement. The exact conductivity that
we wish to reconstruct is given by oy = 10, 00 = 9, 03 = 12, 04 = 7, 05 = 14, 05 = 5,
o7 = 16, and as initial guess we choose o9 =20 for alli =1,...,7.

We first study in Figure 6.3 the influence on the convergence of the number k of domain
decomposition iterations, taking just one measurement (N, = 1) for now. As expected,
as k increases the convergence curves of DD k-step one-shot methods tend to the one of
classical GD. In this experiment, for ‘small’ descent steps such as 7 = 100 (Figure 6.3,
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Figure 6.3: For the first configuration, convergence curves (cost functional, top, and relative
error on o, bottom) of gradient descent (dashed line) and domain decomposition k-step
one-shot (solid lines): dependence on the number of inner iterations k.

left), the DD k-step one-shot methods give even better relative errors than GD. For larger
descent steps such as 7 = 1000 (Figure 6.3, right), oscillations appear for small & in the
first part of the convergence history. In all the considered cases, the DD k-step one-shot
methods are convergent, even with just one domain decomposition iteration and large
descent step 7 = 1000.

In Figure 6.4 we fix the number of domain decomposition iterations to k = 1 (left)
and k = 2 (right) and vary the descent step 7 to study intermediate values with respect
to those chosen in the previous Figure 6.3. We observe that, when 7 increases, the DD
1-step and 2-step one-shot methods are affected by oscillations, which appear sooner for
the 1-step method: for instance, 7 = 200 gives oscillations for the 1-step method, but not
for the 2-step method. However, in all the cases, the asymptotic behavior of DD k-step
one-shot methods after several outer iterations is like the one of the corresponding classical
GD method.

We now test the performance of the DD k-step one-shot methods for more than one
measurement: in Figure 6.5 we vary N, = 1, 2, 3, and take just one domain decomposition
iteration (k = 1). As expected, increasing the number of measurements improve the rela-
tive error curves, which with higher N,, become steeper in the first part of the convergence
history. It is worth noticing that in the implementation of the DD k-step one-shot algo-
rithm (6.48) (with (6.50) replacing the first line) in the case of several measurements, for
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Figure 6.4: For the first configuration, convergence curves (cost functional, top, and relative
error on o, bottom) of gradient descent (dashed lines) and domain decomposition k-step
one-shot (solid lines): dependence on the descent step 7.

each measurement we need to store ()\ﬁ:}“l, /A\f}:}“l) so that, after updating the conductivity,

they can be taken as initial guesses for the next domain decomposition iterations for the
corresponding measurement.

Second configuration (touching squares) Here the computational domain 2 is a
disk of radius 3/2. The unknown values of o are supported on 16 touching squares of side
1/2 (see Figure 6.2, right). The mesh size of the forward and adjoint problems mesh is
h = 1/20, which gives n, = 3285 degrees of freedom, while the mesh size of the synthetic
measurements mesh is h,, = 1.5h, which gives n, = 125 (surface) degrees of freedom for
each measurement.

Figure 6.6 shows the exact conductivity to be reconstructed: indeed, in this second
configuration we wish to test whether the algorithm is able to distinguish in €2, the regions
where the exact conductivity is equal to the background value og = 1, from the regions
where it is different from oy and equal to 5. As initial guess we choose oY = oy (the
background value) for all ¢ = 1,...,16. We represent in Figure 6.7 the reconstructed
conductivity after 500 iterations of the classical GD method (left) and of the DD 1-step
one-shot method (right), with descent step 7 = 4 and N,, = 3 measurements. We can
observe that the reconstructions obtained with the two methods are similar, with slightly
more dispersed values in the case of the DD 1-step one-shot method.
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Figure 6.5: For the first configuration, convergence curves (cost functional, top, and relative
error on o, bottom) of gradient descent (dashed lines) and domain decomposition k-step
one-shot (solid lines): dependence on the number of measurements Ny,.

We perform also in this second configuration the experiments presented for the first
configuration in the previous paragraph (we only adapt the range for the choice of the
descent step). First, in Figure 6.8 we vary the number k of domain decomposition itera-
tions, at fixed descent steps (7 = 0.5, left, and 7 = 4, right) and with one measurement
(Nm = 1). We can see that as k increases the relative error curves of DD k-step one-shot
methods tend to the one of classical GD as expected, while this is not the case for the
cost functional curves for which there is a large gap with respect to the one of classical
GD. In all the considered cases, even if some oscillations appear initially, the DD k-step
one-shot methods are convergent, even with just one domain decomposition iteration and
large descent step 7 = 4.

In Figure 6.9 we study the influence on the convergence of the descent step 7, and fix
the number of domain decomposition iterations to k = 1 (left) and £ = 2 (right). We
observe that, when 7 increases, the DD 1-step and 2-step one-shot methods are affected by
more oscillations, which have a wider amplitude for the 1-step method compared to the 2-
step method. However, in all the cases, at least for the relative error plots, the asymptotic
behavior of DD k-step one-shot methods after several outer iterations is like the one of the
corresponding classical GD method.

Finally, in Figure 6.10 we test the performance of the DD k-step one-shot methods
for more than one measurement, by varying N, = 1,2,3. We take just one domain
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Figure 6.6: The exact conductivity in the second configuration.
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Figure 6.7: Reconstructed conductivity o in the second configuration, with 7 = 4, N, = 3.

decomposition iteration (k = 1), and fix 7 = 0.5 (Figure 6.10, left) and 7 = 4 (Figure 6.10,
right). As expected, increasing the number of measurements improve the relative error
curves, although, especially for the largest descent step 7 = 4, the gain of passing from 2
to 3 measurements is more moderate than the gain of passing from 1 to 2 measurements.

Overall, these promising numerical results for small 2D problems show the potential of
domain decomposition one-shot methods in solving large-scale inverse problems, for which
it would not be possible to use the classical gradient descent method with a direct solver
because of its high memory cost.
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Figure 6.8: For the second configuration, convergence curves (cost functional, top, and
relative error on o, bottom) of gradient descent (dashed line) and domain decomposition
k-step one-shot (solid lines): dependence on the number of inner iterations k.
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Figure 6.9: For the second configuration, convergence curves (cost functional, top, and
relative error on o, bottom) of gradient descent (dashed lines) and domain decomposition
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Figure 6.10: For the second configuration, convergence curves (cost functional, top, and
relative error on o, bottom) of gradient descent (dashed lines) and domain decomposition
k-step one-shot (solid lines): dependence on the number of measurements Ny,.
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Appendix 6.A Convergence analysis of (6.46) in the
case of a circular domain

Figure 6.11: Illustration for the domain 2 and its decomposition.

We investigate in the following the convergence of (6.46) in the case of a circular domain.
Let (r,0) be the polar coordinates in R2. Given m € N*, we define

Vin(R) = {v : 9B(0, R) — C such that v(0) = c,e"™’, V0 for some constant c,}, VR > 0.

We set the following assumptions.

Assumption 6.A.1. Q and €2, are respectively the circles of radii Ry and Ry, and both are
centered at the origin (see Figure 6.11). Qy = Q\Q; is the corresponding annulus.

Assumption 6.A.2. op € R;o > 0 is known and o = o¢glq, + 011g, where o7 € R, 07 > 0.

Assumption 6.A.3. The boundary datum f in equation (6.1) belongs to V,(Rp) and the
initial guesses Ao,0, A10, Ao;0, A1,0 Of algorithm (6.46) also belong to V,,(R;), for some m €
N*.

Let J, and Y, respectively denote the a-order Bessel functions of the first and second
kinds. By Assumption 6.A.3, given two constants oy > 0 and n € R, we are interested in
the solutions of

—div(eVu) +nu =0

in the form
(CrAp o (1) + CoBp o (r)e™  (Cy and Cy are constants) (6.78)

where the functions A,, , and B,, , are defined as

T (\/Z7) ifn <0, Yo (/) itn <o,

Apo(r) =< rm ifn=0, and By, ,(r)=4 r " iftn=0,
Im (i\/?“) ifn>0 Ym(i\/gr) it n > 0.

We note that B,, is not regular at 0. We shall use the solution form (6.78) to give the
expressions of the operators A and A that play an important role in algorithm (6.46).

Lemma G.AA.4. We make Assumptions 6.A.1-6.A.3 and given n € R. The operators Ay,
Ay, A and A respectively defined in (6.40), (6.27),(6.31) and (6.27) can be expressed in
some particular cases as follows.
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(i) The operator Ay defined in (6.40) can be expressed as
Ao\ ) (1, 0) = (Ci(r; B)ex + Calr; B)ey)e™ (6.79)
for X = cxe™ € V,,(Ry) and ¢ = cpe™ € V,,(Ry), where

Ci(r; B) = Ao (1)
NP By, (Ry) — BB, (R1))D(B)
A;n,ao (RO)Bm,Uo(T)
"B, (Ro)(0uBy o () — 6B, (R))DE) O
Ay — Aoy (1) 1 Ao, (1)
CulriB) = 00 B}, 5, (Ro)D(B) N (‘TOBin,ao(RO) " UOB;?%,U(J(RO)QD(B)) Brnn(1r)
and

00, 5o (R1) = BAnm oo (R1) Ay, (Ro)
D(B) = B (R = BB ()~ B (o) (6.81)

In particular, the operator Ay defined in (5.20) can be expressed as

Ao(N)(r,0) = Ag(, £)(r,0) = (Ci(r; B)ex + Ca(rs B)ey)e™ (6.82)
for A = cxe™® € V. (Ry) and f = c;e"™ € Vi (Ry),
(i) The operator A, defined in (6.27) can be expressed as
AL\, 01)(r,0) = Cs(r, 01; B)cre™? (6.83)

for X = cxe™ € V,,(Ry), where

Aoy (1)
C B) = = : 6.84
3(T70-1a/6) 01A4n701<R1)+5Am701(R1) ( )
(iii) The operator A defined in (6.44) can be expressed as
A, 01, 9) = Boy; BA + E(B)eye™ (6.85)
for X € Vi, (R1)? and ¢ = cye™? € V,,(Ry), where
. . 0 1—2503(R1701;5)
and
EP) = :
(6) [wczu%l; 6)1
In particular, the operator A defined in (6.31) can be expressed as
AN 01) = A\, a1, f) = Blo1; B)A + E(B)cye™ (6.87)

for X € Vi (R1)? and f = c;e™ € V,,(Ry).

Moreover, the sequences (Ajg)e>o and (5\[4)520 defined by algorithm (6.46) are in V,,,(Ry)?,
also yrAo(Aoe) € Vin(Ro), ¥ = 0.
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Proof. (i) We recall that

Ay (M) € LX) x H2(T) = u € HY(Q)

such that
—div(ocoVu) +nu =0 in Q,
ou r
Tog = (0 ont, (6.40 recalled)
0
Jo—u — fu= A on .
ov

We seek the solution to (6.40) of the form
U = (€1 Aoy (1) + CoBrnoy (1))e™. (6.88)

The boundary conditions on I' and ¥ in (6.40) give

a0(C147, 5y (Ro) + 2By, 5, (o)) = ¢y,
go(c1dy, o, (1) + 2By, 5y (R1)) = B(c1Am.oq(R1) + €2 Bm oo (R1)) = ¢

The first line of this system yields

A/Tno (R ) Cy
Cy = : 1+ , 6.89
*" B, (Ro) 008}, 5, (Ro) (6.89)

then inserting this result into the second line and dividing by 09 B, ,, (R1) — 3B, (1) # 0
gives

Cy Cx
Dif)er + 0B} 50 (Ro) — 008} 50 (B1) = BBy (R1)’
where
D) o 0 () = B () Ao (o)
00B}, 00 (R1) = BBmgo(R1) B, 5, (Ro)
We thus obtain
Cx Cy

Ccl = —

(0080, (R1) = BB}, 5, (R1))D(B)  00B;, 5,(Ro) D(5)

Inserting this expression of ¢y into (6.89) leads to

A Ry
Cy = tncro( )C + ,01/1
Bm UO(R ) gOBm O’O(RO)

A0 (F0)

m,o0

= Bl (Bo)(00B) o0 (Ra) — BBy (B)D(B)

+< 1 N A oo (R0) >C
008 5o (Ro) 0By, 4, (R0)2D(B))

m,o0

Plugging the above results of ¢; and ¢, into (6.88), we obtain the result of the lemma.
(ii) For o = oy constant,

A (N on) € LAE) x L®(Q) s u € HY(Q))



161 6.A. Convergence analysis of (6.46) in the case of a circular domain

such that

Jlgu 4 Bu= on . (6.27 recalled with o = o7)
v

Since A = c\e™ € V,,,(R;), we seek the solution to (6.27) of the form u = c34,, ,, (r)e™”.
The boundary condition on ¥ in (6.27) gives

{ —div(o1Vu) +nu=0 in €y,

0'16314;7%0.1 (Rl) + 663Am,0'1 (Rl) = C).

Hence -

o1 Al o (Ry) + BAm o, (Ry)’

which provides the result of the lemma.

(iii) We recall that A : L2(X)2 x L=() x H~2(T) — L%(X)? is defined by

C3 =

A(Aa g, @b) = (Al - 2/8’791,2]“41 (Ah 0)7 A0 + 2&7902-’2{0 (’\07 w))v (644 recalled)

where A = (Mg, A1) € L2(2)%, X = (Ao, M) € L*(X)?. Assume that A = cx,e™ € Vi, (Ry),
i = 0,1 and recall that ¢ = c,e™’ € V,,(Ry). By the expressions of A; and A, respectively
in (6.83) and (6.79), we have

A1 — 2670, s A1 (A1, 01) = (1 = 28C5(Ry, 015 8))

and
Ao + 25’}’902.'40(/\07 V) = (1+ 28C1(Ry; B)Ao + 2BCs(Ry; B)cye™,

which provides the result of the lemma.
The last conclusion of the lemma is immediate thanks to the expressions of A, A and A,
respectively in (6.87), (6.85) and (6.82). O

In the case n = 0, we have the following result about the spectral radius of B(oy; 3).

Lemma 6.A.5. In the case n = 0, the matriz B(oy; B) defined in (6.86) has spectral radius
less than 1 if 8 > 0 is sufficiently small.

Proof. In the case n = 0, we recall that A, ,(r) =" and B,, ,(r) = r~". Let

c3(oy) = Bli)rgl+ C3(Ry,01;8),d = 611)1{# D(B) and ¢; = Blirgh C1(Ry; B).

By (6.84), (6.81) and (6.80), we respectively have
Am,01 (Rl) - ern

= = >0
() 01 A, 5 (Ro)  oymRy™ 7
d::A%pJRﬂ__f%umU%): mR{"' mRy! _prm_prm oo
B;n,ao (Rl) B7/71,Uo (R()) _le—m—l _mREm_l 0 !
and
Cl = Am,o'o (Rl) o A/WL,O'O (RO)Bm:UO (R1>
ooB), 5, (R1)d By, , (Ri)ooB), ,,(Ro)d
R ngl*lRfm

—oomR™ M (=m)Ry™ Loo(—m) Ry ™
R2m+1 2m

- AT AR

oomd
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Therefore, the matrix B(oy; §) defined in (6.86) can be written as

5y — 0 1 —2Bcs(01) + O(5?)
B<O-176)_ 1+2601+O(52) 0
where ¢3(0q) > 0 and ¢; < 0, which yields the conclusion of the lemma. O

We conclude that in the case n = 0, there exists a sufficiently small 5 > 0 such that the
two assumptions in Theorem 6.1.2 are both satisfied. Indeed, assumptions (i) and (i) are
respectively verified by Lemmas 6.A.4 and 6.A.5. Therefore, algorithm (6.46) is convergent.



Chapter 7

Conclusion and outlook

For linear inverse problems, we have proved sufficient conditions on the descent step for the
convergence of semi-implicit multi-step one-shot methods, with a regularization parameter
a > 0. This complements the results obtained in our research report [3] for explicit schemes
with no regularization. Although these bounds on the descent step are not optimal, to our
knowledge no other bounds, explicit in the number of inner iterations, are available in the
literature for multi-step one-shot methods. Furthermore, we have shown in the numerical
experiments that very few inner iterations on the forward and adjoint problems may be
enough to guarantee results similar to the classical gradient descent algorithm. Next, we
have considered the case where the iterative solvers are based on domain decomposition
methods instead of generic fixed point iterations. This has been done for both linearized
and non-linear inverse conductivity problems, and, more specifically, we have applied the
nonoverlapping OSM in a configuration of two disjoint subdomains. After rephrasing the
OSM as an iterative method in terms of the impedance boundary variables, we have studied
an algorithm that simultaneously calculates the forward and adjoint states, and proved that
this algorithm converges under some reasonable assumptions. Moreover, we have derived
an algorithm that combines multi-step one-shot and OSM, then studied all algorithms not
only in the continuous setting but also in the discretized setting. In particular, in the case
of linearized inverse conductivity problems, we have proposed at the discretized level a new
scheme that fits our abstract framework in Chapter 1. Finally, our numerical tests have
confirmed the potential of the combined algorithms in solving inverse problems with a few
number of inner iterations.

A numerical validation for large-scale problems arising from realistic applications needs
to be carried on. In particular, the inner fixed point iterations could be replaced by more
efficient Krylov subspace methods, such as conjugate gradient or GMRES, and one could
use L-BFGS instead of gradient descent as optimization algorithm. Another interesting
issue is how to adapt the number of inner iterations in the course of the outer iterations.
Moreover, based on this linear inverse problem study, we plan to tackle the convergence
analysis of multi-step one-shot methods in the challenging case of non-linear inverse prob-
lems, as studied in the seminal paper [24]. Finally, although we have given a preliminary
result about the convergence of the algorithm that simultaneously calculates the forward
and adjoint states, the convergence analysis of the derived domain decomposition one-shot
methods (which do not fall into our abstract framework in Chapter 1) still remains to be
tackled.
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Title: One-shot inversion methods and domain decomposition

Key words: inverse problems, one-shot methods, domain decomposition methods, convergence analysis, parameter
identification

Abstract:

Our main goal is to analyze the convergence of a gradient-based optimization method, to solve inverse problems for
parameter identification, in which the corresponding forward and adjoint problems are solved by an iterative solver.
Coupling the iterations for the three unknowns (the inverse problem parameter, the forward problem solution and
the adjoint problem solution) yields the so-called one-shot inversion methods. Many numerical experiments showed
that using very few inner iterations for the forward and adjoint problems may still lead to a good convergence for
the inverse problem. This motivates us to develop a rigorous convergence theory for one-shot methods using a
fixed small number of inner iterations, with a semi-implicit scheme for the parameter update and a regularized cost
functional. Our theory covers a general class of linear inverse problems in the finite-dimensional discrete setting,
for which the forward and adjoint problems are solved by generic fixed point iteration methods. By studying the
spectral radius of the block iteration matrix of the coupled iterations, we prove that for sufficiently small descent
steps the (semi-implicit) one-shot methods converge. In particular, in the scalar case, where the unknowns belong
to one-dimensional spaces, we establish not only sufficient but even necessary convergence conditions on the descent
step. Next, we apply one-shot methods to (linearized and then non-linear) inverse conductivity problems, and solve
the forward and adjoint problems by domain decomposition methods, more specifically nonoverlapping optimized
Schwarz methods. We analyze a domain decomposition algorithm that simultaneously calculates the forward and
adjoint solutions for a given conductivity. By combining this algorithm with the gradient descent parameter update,
we obtain a domain decomposition one-shot method that solves the inverse problem. We propose two discretized
versions of the coupled algorithm, the second of which (in the case of the linearized inverse conductivity problem)
falls into the abstract framework of our convergence theory. Finally, several numerical experiments are provided
to illustrate the performance of the one-shot methods, in comparison with the classical gradient descent in which
the forward and adjoint problems are solved using direct solvers. In particular, we observe that, even in the case
of noisy data, very few inner iterations may still guarantee good convergence of the one-shot methods.

Titre : Méthodes d’inversion de type one-shot et décomposition de domaine

Mots clés : problémes inverses, méthodes de type one-shot, méthodes de décomposition de domaine, analyse de
convergence, identification de parameétres

Résumé :

Notre objectif principal est d’analyser la convergence d’une méthode d’optimisation basée sur le gradient, pour
résoudre des problémes inverses d’identification de parameétres, dans laquelle les problémes directs et adjoints
correspondants sont résolus par un solveur itératif. Le couplage des itérations pour les trois inconnues (le paramétre
du probléme inverse, la solution du probléme direct et la solution du probléme adjoint) donne ce que 1’on appelle
les méthodes d’inversion de type one-shot. De nombreux tests numériques ont montré que 'utilisation de tres peu
d’itérations internes pour les problémes directs et adjoints peut néanmoins conduire & une bonne convergence pour
le probléme inverse. Cela nous motive & développer une théorie de convergence rigoureuse pour les méthodes de
type one-shot en utilisant un petit nombre fixe d’itérations internes, avec un schéma semi-implicite pour la mise
a jour du parameétre et une fonction de cott régularisée. Notre théorie couvre une classe générale de problemes
inverses linéaires dans le cadre discret de dimension finie, pour lesquels les problémes directs et adjoints sont
résolus par des méthodes génériques d’itération de point fixe. En étudiant le rayon spectral de la matrice par blocs
des itérations couplées, nous prouvons que pour des pas de descente suffisamment petits, les méthodes de type
one-shot (semi-implicites) convergent. En particulier, dans le cas scalaire, ou les inconnues appartiennent a des
espaces & une dimension, nous établissons des conditions de convergence suffisantes et méme nécessaires sur le
pas de descente. Ensuite, nous appliquons des méthodes de type one-shot aux problémes inverses de conductivité
(linéarisés et puis non linéaires), et résolvons les problémes directs et adjoints par des méthodes de décomposition
de domaines, plus spécifiquement des méthodes de Schwarz optimisées sans recouvrement. Nous analysons un
algorithme de décomposition de domaine qui calcule simultanément les solutions directe et adjointe pour une
conductivité donnée. En combinant cet algorithme avec la mise & jour du parameétre par descente de gradient,
nous obtenons une méthode one-shot de décomposition de domaine qui résout le probleme inverse. Nous proposons
deux versions discrétisées de I’algorithme couplé, dont la seconde (dans le cas du probléme inverse de conductivité
linéarisé) s’inscrit dans le cadre abstrait de notre théorie de convergence. Enfin, plusieurs expériences numériques
sont fournies pour illustrer les performances des méthodes de type one-shot, en comparaison avec la méthode de
descente de gradient classique dans laquelle les problemes directs et adjoints sont résolus par des solveurs directs.
En particulier, nous observons que, méme dans le cas de données bruitées, trés peu d’itérations internes peuvent
toujours garantir une bonne convergence des méthodes de type one-shot.
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