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Abstract

In this paper we suggest two novel classes of regularization techniques for sys-
tems of nonlinear ill-posed tomographic problems. We analyze variational regular-
ization method as well as iterative regularization techniques analytically. The later
turns out to be of Landweber-Kaczmarz type. We discuss new stopping criteria
for such iterative methods and present a subtle convergence analysis. The stop-
ping criterion is favourable (both analytically and practically) to existing stopping
stratgies.

1 Introduction

In this paper we investigate a new concept of regularization methods for solving non-
linear ill-posed operator equations of the form

(1) a(p,u) =g(p), pPES

where a(p,-) : D C X — Y are operators between separable Hilbert spaces X and Y,
which are parameterized on the one dimensional sphere S := R/(27Z). Many inverse
problems, such as impedance tomography [4] and computerized tomography [17, 7] can
be formulated in such a way.

The basic idea of this paper is to rewrite (1) into a system of equations on the space
of Bochner integrable periodic functions H*(S, X), s > 0

(2) a(p,u(p)) =g(p), PpPES,

(3) dp =0 with some fixed A > 0.

27‘(‘

If u is a solution of (1) then {p — u(p) = u} is a solution of (2), (3), respectively, and
vice versa. That means that the systems of equations (1) and (2), (3) are equivalent.



In this paper we develop and analyze Tikhonov and iterative regularization methods
for the solution of embedded equations (2), (3).

In Section 2 we derive and motivate variational and iterative regularization tech-
niques for solving (2), (3). Since the equation (1) is embedded into a system of equations
on a larger function space we call the resulting regularization techniques embedded reg-
ularization methods.

In Section 3 we analyze variational embedded regularization techniques. In partic-
ular, we show that the corresponding regularization techniques are well posed, conver-
gent and stable. In Section 4 we show that the iterative regularization techniques are of
Landweber-Kacmarcz form (cf. [12]) and present convergence results for these modified
Landweber-Kaczmarz iterations.

Here, the Kacmarcz iteration schemes are combined with a reliable and efficient
discrepancy principle which consists in enforcing the residual of each experiment (i.e. for
each p) to be below a certain threshold. This termination criteria has several advantages
(both analytically and numerically) over stopping criteria previously proposed in the
literature. We remark that this stopping criterion also applies to already analyzed
methods, like the Landweber-Kacmarcz iteration.

2 Embedded Regularization Methods

There are at least two basic concepts for solving systems of equations of the form
(1): idterative regularization methods (cf. e.g. [13, 1, 5, 10, 6, 2]) and Tikhonov type
regularization methods [20, 19, 18, 6].

In order to motivate our approach and indicate differences to existing methods we
introduce the function valued operator

A:DCX —SS,Y),
u i {p ~— a(p,u)}

and the data set G = {p+— g(p)}, where S(S,Y) is a space of Bochner measurable
functions.
We can state that v € X is a solution of (1) if it is a minimizer of

(4) [ A(u) — g”%(&)/) )

where | - || s(s,y) is @ norm on the space S(S,Y’), which in the the sequel (for the clarity
of presentation) we always take the space L%(S,Y’) with the associated norm

1
) 190203y = 5= | Lol do-

Then, standard Tikhonov regularization consists in approximating a minimizer of (4)
by a minimizer of the functional

(6) IM(u) = GlIZ2s vy + allu = u[I%



where u* € D is some initial guess of the solution to be recovered and « is a regular-
ization parameter.

Gradient type regularization methods aim to approximate the minimizer of (4) via
an iterative procedure. Exemplarily we consider the Landweber iteration, which reads
as follows:

(7) utth =t = A" (A") - G)

where A’(u)* denotes the adjoint of the Fréchet-derivative of the operator A with respect
to the spaces L%(S,Y) and X.

Standard Tikhonov regularization for solving (2), (3) consists in calculating a min-
imizer of

s |12
®  [letao) oo aex [ (T ara [ -k,

with a regularization parameter o > 0.

In practical applications one is committed to a finite number of experiments (rep-
resented mathematically by one equation of the system) instead of an infinitesimal
uncountable number as used in the above motivation. However, mostly it is possible to
identify each experiment with a position on the sphere in a straight foward manner.

For instance in tomography one could identify the position on the sphere with the
angle of emmitted X-rays. In this situation we use the operator

Alu) = (ai(w) ot = (alpiu) oy

where p; denotes the index of the measurement. Standard iterative methods for the
solution of the operator equation

9) A(u) = G = (9(p))i"

become inefficient if the evaluations of a;(u) and a}(u)* are expensive or if N is large.
In this case typically Kaczmarz-type iterative methods are used. For instance, the
Landweber-Kaczmarz method (cf. [12]) is defined by

(10) utt =t — (") (@) — g(pi)

with 4 satisfying n = |n/N|N + i (here |x] is the largest integer less or equal x).
In this paper we also investigate an embedded Landweber-Kaczmarz type iteration
for the solution of (2) and (3), which we define by:

11 (n+1/2) — () _ (o (M) i (m)yy _ i

) u U — (™) @) = go))
(12) U+l — ynt1/2) _ L(U("+1/2)),

where

U .= (ui)i:()’,,,7N_1, with u; € X .



and L corresponds to a discretized steepest descent direction of the continuous func-
tional

2
dp
X

1 J°u
13 — U — A—
(13) ) - [ |2
on H*(S, X). This scheme is called of Kacmarcz type since the two “blocks” of equations
are considered successively.
In the following we first analyze the embedded Tikhonov regularization and later
on we provide a convergence analysis of the Landweber-Kacmarcz type iteration.

3 Embedded Tikhonov Regularization

A common approach for a stable solution of (1) is to minimize the functional (6) over
D. As mentioned in the introduction we apply Tikhonov regularization to the operator-
equations (3), (2), that is we minimize the functional (8) over D® := {u € H*(S, X) :
u(p) € D,p € S}.

Convergence and stability of Tikhonov regularization for the solution of (1) is on
the hand if A is continuous and weakly sequentially closed. We show that we can apply
standard Tikhonov regularization as well as embedded Tikhonov reqularization for a
stable solution of (1) if the following assumptions hold true:

T1. The mapping a : S x D — Y is continuous and weakly continuous on bounded
subsets.

T2. The domain D of the operators a(p,-) is weakly closed.

T3. The (exact) data G is in L?(S,Y) and (1) has a solution u' in D.

Here a is called weakly continuous on bounded subsets, if a|sxp, is continuous for
all bounded Bx C X, when S x Bx is considered with the product topology of the
usual metric topology on S and the weak topology on X restricted to Bx, and Y is
considered with the weak topology.

3.1 Notations and technical results

First we introduce some notations and general results on equi-continuity and Bochner
Spaces (see, e.g., Yosida [22, Sections V.4, V.5]).

Equi-continuity

Let E and F be locally convex spaces, Bg C F and M C C(Bg, F).

M is called equi-continuous on B if for every eg € Bg and every zero neighborhood
V C F there is a zero neighborhood U C E such that A(eg) — A(e) € V for all A € M
and all e € Bg with e —eg € U. M is called uniformly equi-continuous if for every zero
neighborhood V' C F there is a zero neighborhood U C E such that A(e) — A(f) € V
forall Ae M andall e, f € Bg with e— f € U. If Bg is compact, then equi-continuity
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Figure 1: The equi-continuity of {a(p,-) : p € S} in eg, the continuity of A(-,eq) in pg
and the triangle inequality imply the continuity of A in (pg, ugp).

and uniform equi-continuity are equivalent. If E and F' are Hilbert spaces then M
is called strongly (resp. weakly) equi-continuous if E and F are considered with the
strong (resp. weak) topology. Finally, a family (resp. sequence) (Ay)xex € C(Bg, F)*
is called (uniformly) equi-continuous if the set {4y : A € A} C C(E, F) is (uniformly)
equi-continuous.

If (E,dg) is a metric space, analogous definitions hold where statements like e—e( €
U have to be replaced by statements like dg(e, ep) < a.

Proposition 3.1. Let B C E and a : S x Bg — F. If My := {a(p,:) : p € S} C
C(E,F), My :={a(-,e) : e € E} CC(S,F) and My (resp. Ma) is equi-continuous,
then a is continuous.

Conversely, if a is continuous then My is equi-continuous and if additionally B is
compact then Mo is equi-continuous, too.

Proof. Let (¢x)xrca be a family of semi-norms generating the topology of F. Assume
M being equi-continuous and let (pg,ep) € S x Bg, A € A and € > 0. Since M;
is equi-continuous in eg there is a zero neighborhood Ug such that e — ey € Ug and
p € S implies gy (a(p,e) — a(p,ep)) < €/2. Since a(-,ep) is continuous in py there is
n > 0 such that |p — pg| < n implies py(a(p,eo) — a(po,eq)) < €/2. Hence for all
(p;€) € By(po) x (o + Ug)

pa(a(p,e) — a(po, eo)) < pala(p,e) —a(p,eo)) + alalp, e0) — a(po, eo)) < €.

This shows that a is continuous in (eg,by). To proof that a is continuous when My is
equi-continuous is analogous.

Now assume that a is continuous and let eg € E, A € A and € > 0. Since a(-, eg) is
continuous there exist a(p) > 0 and zero neighborhoods Ug(p) such that ¢y (a(q,e) —
a(p,eo)) < ¢e/2 for all (¢,e) € Byp)(p) X (€0 + Ugr(p)). Hence

(14)  ealalg,e) —alg,e0)) < palalg, e) — al(p,en)) + palalp, e0) — alg,e0)) <€

for all ¢ € B,y (p) and all e € eg + U(p). Since (B p)(p))pes is an open covering of S
and S is compact there is a finite subcovering { By (p,)(P1); - - - s Ba(p) (Px )} of S. Define

U = N, Ug(pk), let e € eg + Ug and ¢ € S. Then there exists k € {1,..., K}



with ¢ € Byp,,)(pr) and from (14) it follows that ¢, (a(q,e) —a(g, e0)) < e. This shows
that M is equi-continuous in ey. The proof for the equi-continuity of My can be done
analogously. O

Spaces of Bochner integrable functions

Let H be a separabel Hilbert space.

A step function & : S — H is called measurable if 2/~!(z) is measurable for all
x € H. A function U : S — H, which we will often write in the form & = {p — u(p)}, is
called measurable if there is a sequence U,, of step functions such that u,(p) — u(p) in
H for a.e. p € S. It is called (Bochner-)integrable, if additionally lim, .. [ [lun(p) —
u(p)||z dp = 0, in which case

/u(p) dp:= lim [ uy(p)dp:= lim Z MU ()
is called the integral of U.

A Function U is measurable if and only if it is weakly measurable, i.e., p — (u(p), &)
is measurable for all ¢ € H (Pettis 1938). If U,U' : S — H are measurable then
p — |lu(p)llg and p — (u(p),u(p)’)y are measurable. A measurable function U is
integrable if and only if p + |lu(p)|/y is integrable (Bochner 1933). Finally L2(S, H)
denotes the space of (equivalence classes of) measurable functions ¢/ with

1
1oy = 5 [ It dp < oc.

Here and in the following two functions are identified if they differ only on a set of
measure zero.
The space L%(S, H) with the scalar product

1
U)oy = 5 [ (o)l ) dp
is a Hilbert space with the associated norm ||| p2(s my = /U, U') 125, 1)

For U € L*(S, H) we define the Fourier transform U = (t(k))rez of U by
. 1 .
(15) (k) i= o [ exp(-ikp) ulp) dp.
T Js

Since {p +— exp(—ikp)u(p)} is weakly measurable and L%(S,R) C L(S,R) the
Fourier coefficients in (15) are well defined. Tt is easy to see, that (U,U") 25 m) =
Yokezlu(k), @ (k))g.. Here Hc := H @ iH denotes the complexification of H and
(-,-)H. the associated inner product. Finally H*(S, H) is defined as the space of all
(equivalence classes of) Bochner measurable functions U € L2(S,H) with ||U||? =
Y oren(l+ U<:|s)2H7fL(l<:)||%{(C < oo. Note that H*(S, H) is a Hilbert space with the scalar
product

(16) UUY = (14 [k[*) k), (k) e
keZ

and the associated norm || - [|5.



Lemma 3.2. Let s > 1/2. Each elementU € H*(S, H) has a continuous representative
and the mapping is : H*(S,H) — C(S,H) is continuous. Let U € H*(S,H), x € H
and define <ua$>H = {p = <U(p),$>H} Then <Z/{7$>H € HS(S) and H<Z/{,33'>||Hs(g) <
A5 || -

Proof. Let n < m € N. The Cauchy-Schwartz inequality shows

m m

Z Byexplikp)|| < S k)l (1 + /(1 + k)

= |k|=n

. " o 1/2
< [[Ufs <ZZ 1/(1+ ks)2> :

k=n

Since s > 1/2 the series Y oo, 1/(1+k*)? is convergent and hence >_ k| <n U(k) exp(ikp)
is uniformly convergent with limit », ., 4(k) exp(ikp). Since U — (Agk))kez in one to
one it follows that u(p) = >, @(k)exp(ikp) and that u is continuous. Using (17) for
n = 0 and taking the limit m — oo shows that is is bounded. Now let U € H*(S, H)
and x € H. Then the Fourier coefficients of (U, x)y are given by

1 1

3= )@ dp = (o [ ) dp.a)e = (@lh).a) e

From the Cauchy-Schwartz inequality it follows

1) ) = D_(L+ K [(alk), 2) |

kEZ

<D (LR ak) 7 =
keZ

= ||l < oo

This shows (U, z)p € H*(S) and |[(U, z)|| s (s) < [[U]]s|] z- O

3.2 Tikhonov Regularization for the solution of A(u) =G

Assumption T1 implies that a(-,u) is continuous for all w € D, therefore a(-,u) €
L?(S,Y) and hence

A:DCX —L%S,Y),
an ws {p— alp,u)}

is well defined. By assumption T3 we have G € L(S,Y) and hence (1) is equivalent to
the single operator-equation

(18) Aw) =G.

In order to apply Tikhonov regularization to (18) we use proposition 3.1 to prove
the following lemma:



Lemma 3.3. The mapping A: D — L2(S,Y) is continuous and the restricted mapping
Alpy : DN Bx — L%(S,Y) is weakly continuous for all bounded Bx C X.

Proof. Let ug € D and € > 0. By assumption T1 a is continuous and from Proposi-
tion 3.1 it follows that M; = {a(p,-) : p € S} is strongly equi-continuous in ug. Hence
there is o > 0 such that sup{||a(p,u) — a(p,uo)||y : p € S} < € for all w € D N B, (up).
Hence

1
A (u0) = A2y = 5= [ llalp,uo) — alp, w3 dp < €
5Y) 2 S

for all w € D N By(up). This shows that A is continuous at wug.
Now let Bx C X be bounded. Since alsxp, is weakly continuous and D is weakly
closed the image a|sx p, is bounded. This implies that

/S la(p, w3 dp < R

for w € Bx N D. Hence Im(A|p, ) is bounded and the weak topology on Im(A|p, ) is
generated by the semi-norms |(-,¢g ® f)| with g € Y, f € L%(S). To verify that A|p, is
weakly continuous it is sufficient to show that for allug € DNBx, g € Y, f € L?(S) and
e > 0 there is a weak neighborhood U of ug such that (A(u) — A(uo),9 ® f)r2sy) < ¢
forallu e U.

Since {a(p,-) : p € S} is weakly equi-continuous on By there is a weak zero neigh-
borhood U such that [(a(p,u) — a(p,uo),9)y| < &/||fllr2(s) for all w € DN Bx and
p € S'. Hence, from the Cauchy inequality on L2(S), it follows that

47 [(A(u) = A(uo). 9 © 2|

/ (alp, ) — alp,u), (g ® F)(P))y dp

S

/S £(0) - (ap,u) — a(p, uo), g}y dp

2

2

<21l [ o) = alp,uo). )y Pap < dr.

This shows that A|p, is weakly continuous in uy. O

If we have only noisy data G° := {p — ¢°(p)} with ||G — G°|| < & and (1) is ill posed
then

(19) a(p,u) = ¢°(p), forpes

may not have a solution, and even if a solution u® of (19) exists ||u* — u°||x can be
arbitrary large (see, e.g., [6, Chapter 3]). Therefore (1) has to be regularized. Hence
instead of trying to solve (19), one minimizes the Tikhonov functional

(20) Jago (1) = [ A(u) = @[|F2g vy + allu —u*|%

over D, where u* € D is some initial guess and a > 0 is a regularization parameter.



Since X is separable, the weak topology on bounded subsets of X is metrizable.
Therefore weak sequential-continuity and sequential-continuity on bounded subsets are
equivalent. Hence Lemma 3.3 guaranties that the following results for Tikhonov regu-
larization hold true (cf. [6, Chapter 10]):

1. Well-posedness. Let a > 0 and G° € L?(S,Y). Then the functional K, gs attains
a minimizer over D?.

2. Stability. Let G, be a sequence in L%*(S,Y) with G, — G° and let u, be a
minimizer of J,g,. Then there is a convergent subsequence of u, and the limit
of any convergent subsequence of u,, is a minimizer of J, gs.

3. Convergence. Let &(9) satisfy

lim &(6) = lim 6%/&(8) = 0.

6—0 () 5—0 /6(9)

Assume that (0, )nen is a sequence converging to zero and assume that (G, )nen

is a sequence in L*(S,Y) satisfying [|Gn — Gl|r2(s,y) < 6n- Let u, be a minimizer

of Ja, .G, with ay, := &(6,,).

Then, (up)nen has a weakly convergent subsequence. Moreover, each weakly

convergent subsequence is strongly convergent and the limit is an u*-minimal

norm solution of (18). If (18) has a unique u*-minimal norm solution ', then
.i.

Up — ul.

Convergence Rates

Convergence rates for Tikhonov Regularization can be derived if the solution satisfies a
source wise representation (cf. [6]). are obtained under the so called source conditions.
Let us assume for the rest of this Section that the following additional condition holds
true:

T4. D is convex, {a(p,-) : p € S} is Fréchet equi-differentiable and Dsa : S x D —
B(X,Y) is continuous.

Here {a(p,-) : p € S} is called Fréchet equi-differentiable if, for all ug € D, all ¢ > 0,
there is n > 0 such that

(21) Sup la(p, uo + h) — a(p,uo) — Daa(p,uo)(h)|ly <ellh|lx,
peE

for ||h||x < n, where Daa(p,up) € B(X,Y') denotes the Fréchet derivative of a(p,-) at
uQ-.

Lemma 3.4. The operator A is Fréchet differentiable and the Fréchet derivative A’ (ug) €
B(X,L2(S,Y)) at up € D is given by

(22) A'(uo)(h)(p) = D2a(p, uo)(h) -



Proof. Let ug € D, define A'(ug) by (22), and let h € X. Since Dsa(-,up) : S —
B(X,Y) is continuous and S is compact, we have sup,¢s [|D2a(p, uo)| p(x,y) =: C < 0.
Hence

2| A (uo) (W)l L2 s,y = /S ID2a(p, uo)(h)|- dp < 27C||R]s

and consequently A’(ug) : X — L?(S,Y) is a bounded linear operator.
Now let € > 0. Since {a(p,-) : p € S} is Fréchet equi-differentiable, there exists
n > 0 such that

(23) Sup la(p, uo + h) — a(p,uo) — Daa(p,uo)(h)|ly < ellh|lx,
peE

for ||h||x < n. Hence
2r|| A(uo + ) — Alug) — A'(uo) (W) 725y
— [ latp o + 1) = atp w0) = Daatp, uo) )1 dp

séﬂw&@<%ﬂw&.

This shows, that A is Fréchet differentiable at uo and its derivative is given by A’(ug).
O
From Lemma 3.4 it follows that (see, e.g., [6, Theorem 10.7])

Theorem 3.5. Let ul be an u*-minimum norm solution of (1) and let u € [1/2,1].
Assume that there exist v > 0 and p > 2||u* — ul|| such that

A" (") = A' ()| < yllu" —ull, ue By(uh)
If there exits w € X satisfying vy||w| < 1 and
ul = = (A () A ()
and if a ~ 6%/ G then ||ul — ut|| = O(6%/ Crt1)),

In Section 3.4 we prove similar statements for the embedding approach. Note, that
the continuity in p is not needed for Tikhonov regularization, where it would be sufficient
to assume that A(-, u) is measurable for all uw € D and {a(p, ) : p € S} is equi-continuous
and weakly equi-continuous on bounded sets (cf. proof of Lemma 3.3). Nevertheless
this continuity is necessary for the embedding approach (cf. proof of Proposition 3.10).
However the continuity in p seems to be a natural assumption and hold true for many
practical problems.

10



3.3 Examples

Example 3.6 (Computerized Tomography). Let Q := B1(0) C R? denote the unit ball
in R? and let p € S. For ¢ € C§°() and s in (—1,1) we define

1
(24) r(p, p)(s) == /L( )w(g)dy = /_lcp(spﬁpl)dt,

i.e., the integral of ¢ over the line L(s,p) := sp + Rp* (see, e.g., [17]). By applying
the Cauchy Schwartz inequality one can see that ||r(p, g0)||2L2(_171) < 2||g0||%2(9). Since

C5°(9) is dense in L?(€2) there is a unique linear mapping
r(p,-) : L*(Q) — L*(=1,1) : u+ g(p) = r(p,u),

such that 7(p, p) is given by (24) for all p € C§°(Q) and |r(p,-)||> < 2. It is easy to
see that this estimate is sharp, i.e., ||[r(p,-)||2 = 2. The function 7(p,u) is called the
projection of u in direction p. The Radon transform R : L?(Q) — L2(S, L*(—1,1)) =
L3(S x (—1,1),R) is defined by G = R(u) = {p — 7(p,u)}.

The aim in Computerized Tomography is to reconstruct u € L?(Q2) from the mea-
sured noisy projections G° = {gg}peg with ||g5—g||L2(S,L2(_1,1)) < 6. Due to Lemma 3.1
Computerized Tomography fits in our general framework with D = X = L2(Q),
Y = L%*(—1,1) and a(p,-) = 7(p,-) if we can show that {r(p,-) : p € S'} is equi-
continuous, 7(p,-)|py is weakly continuous on bounded sets and {r(-,¢) : ¢ € Bx} is
weakly equi-continuous for all bounded sets Bx C X.

Since r(p,-) is bounded and linear it is weakly continuous for all p € S. Since
{r(p,-) : p € S'} is equi-bounded there is a constant ¢ > 0 such that ||r(p,-)||y < C for
allpeS. If e >0 and ||ju — up||x < &/C then

I7(p; uo) — r(p, wlly < [lr(p, )[[uo —ullx <e,

for all p € S. This shows, that {r(p,-)} is equi-continuous. Finally we show that
{r(-,¢) : ¢ € Bx} is uniformly weakly equi-continuous. Let ¢ € C§°(—1,1) and ¢ > 0
and d := max{|¢||x : © € Bx}. Then there is @ > 0 such that |s — t| < « implies
[Y(s) —(t)]? < €2/(d?x). If |p— q| < «, then |{p, z) — (g, z)| < a for all x € B1(0) and
therefore

(. r(p, ) Y—r(a, ) ¥)x|* < ||<p||§</ W((p,2))~¥({g,2)))? do < d*ne?/(d*m) = €2

B1(0)
for all ¢ € X. This shows that {r(-,¢) : ¢ € Bx} is uniformly weakly equi-continuous.

Example 3.7 (Electrical Impedance Tomography (EIT)). Let Q@ C R? be a bounded
simply connected domain in R? with Lipschitz boundary 9 and outer normal v and
m > 0 a positive real number. Further let LY°(Q2) := {u € L*>(Q) : ess info(u) > m},
L2(09) := {f € L*(89Q) : [, f(s)ds = 0}, u € L3(Q) and f € LZ(0). In EIT the
function u is interpreted as the conductivity inside some body 2 and f as the applied
boundary current (see [4, 3, 9, 16]).

11



Using standard techniques for second order elliptic differential equations (see, e.g.,
[21]) it can be shown that the Neumann problem

(25) V- (uVe) = 0, inf,
op
(26) UV% = f, on 0f)

attains an unique (weak) solution ¢ = L(f,u) in
Hy () = {p € H'(Q) : T(u) € LI(ON)},

which can be interpreted as the attuning electrical potential. Here T : H'(Q) — L?(052)
denotes the trace operator (which is bounded linear with norm ||T'|| < o0). Note
that H1(Q) is a closed subspace of H'(2) and from the Poincaré inequality follows
that (¢, 1) := [, Vo - Vipdz defines a inner product on H}() with associated norm

lello =/ {p,¥)o and || - [lo ~ || - || 71 (q)- The stability estimates

T
(27) 200 Ll < g s
T
(28) L0 L < h g — o

hold for all u,u’ € LO(Q2) and f, f' € L2(09).
Now let {p — f(p)} be a family of applied boundary currents uniformly bounded
in L2(0€2) and depending smoothly on p.

(29) H2(Q) = {uc H*Q): igfu >m} C H*(Q)

is closed and convex and thus weakly closed. Since i: H?(2) — L°(Q) is linear and
compact (and thus bounded with norm ||i||) the mappings

a(p,-) : Hy,(Q) — L3(0Q) s u > alp,u) := g(p) := (T o L)(f(p),i(u))

are continuous and weakly continuous on bounded sets. The aim in EIT is to reconstruct
u € L*(Q) from the measured noisy boundary voltages {p — ¢°(p)}. Hence EIT fits in
our general framework with X = H2(Q), D = H2,/(Q) and Y = L2(S) if we can show
that {a(p,-) : p € St} is equi-continuous, {a(p,-)|py : p € S} is weakly equi-continuous
and a(-, ) is continuous for all ¢ € D. From (27) and (29) follows immediately that
a(-, ) is continuous. If we introduce the mappings

a(p, ) : Ly (Q) — L3(09) 1 u = a(p,u) := g(p) := (T o L)(f(p), u)

then we have a(p,-) = a(p,-) oi. Since {p — f(p)} is uniformly bounded it follows
immediately from (28) that {a(p,-) : p € S} and hence {a(p,-) : p € S} is strongly
equi-continuous. The weak equi-continuity of {a(p,-)| sy : p € S} for bounded Bx C X
will be a consequence of the following lemma.
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Lemma 3.8. Let (E,| - |[g) be a Banach space, K : X — E linear and compact,
Bx C X bounded, Bp C E and K(Bx) C Bg. If M C C(Bg,Y) is strongly equi-
continuous, then M = {ao K|p, : a € M} is weakly equi-continuous.

Proof. Since K is linear and compact it is completely sequentially continuous. Since
the weak topology on By is metrizable the restriction K|p, is completely continuous.
Let ug € Bx and € > 0. Since M is equi-continuous in K (ug) there is a > 0 such
that |le — K (uo)||p < « implies ||a(e) — a(K (uo))|ly < ¢ for all @ € M. Since K|py
is completely continuous in wug there is a weak neighborhood U C D N Bx of ug such
that u € U implies |[K(u) — K(up)||p < « and hence |la(u) — a(uo)|ly = ||a(Ku) —
a(K (up))|ly < e. This shows that M|p, is weakly equi-continuous in ug. O

Remark 3.9 (Inverse Doping Profile). An application closely related to Example 3.7
is the identification of doping profiles in semiconductor devices. The main difference
between this identification problem and EIT is the fact that the boundary condition
in (26) is substituted by mixed boundary conditions: ¢ = f on 9Q¢, ¢ = 0 on 0y,
qu—f = 0on 0N\ (090U, ), i.e. the input corresponds to dirichlet data (voltage). The
output is the Neumann trace measured at 9€2; and corresponds to uvg—f (current). Here
099 and 02 represent the Ohmic contacts of the semiconductor, and 92 — (02U 0;)
are the insulating surfaces.

The unknown coefficient v models the doping concentration, which is produced by
diffusion of different materials into the silicon crystal and by implantation with an ion
beam. For a detailed exposition of this inverse problem we refer the reader to [15] and
also to the review paper [14] and the references therein.

3.4 Analysis of Embedded Tikhonov Regularization

Here we consider the solution of (2) and (3) with a Tikhonov regularization method.
For the analysis of this methods we require that s > 1/2, which we assume in the sequel
to hold.

We define

F:D°C HS,X)— L*S,Y),

(30) {p— u(p)} — {p— a(p,ulp))}

Note that F now plays the role of A but acts on a family of elements U = {p — u(p)}
(pointwise). For a function in H*(S, X) which is not dependent on p we do not use
caligraphic letters.

Proposition 3.10. The operator F is well defined, continuous and (uniformly) weakly
continuous on bounded sets B C D*.

Proof. Lemma 3.2 states that the embedding H*(S, X) — C(S, X) is well defined and
continuous. Hence, for the continuity of F, it is sufficient to show that F maps C(S, X)
continuously into L2(S,Y). Let U € C(S, X). Since a is continuous (assumption T1) we

conclude that F(U) = {p — a(p,u(p))} is continuous, hence it is weakly measurable,
{p— || FU)(p)||?} is bounded, and thus F(U) € L%(S,Y), proving the first statement.
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Now let € > 0. Since {a(p,-) : p € S} is uniformly equi-continuous, there is n > 0
such that for all u,u’ € D with ||[u — ¢/||x < 7, and all p € S, we have |la(p,u) —
a(p,u)||? < &%. Hence

|F ) — Fu)|? = / la(p, u(p)) — alp, o’ (0)) |13 dp < 2.

for all U, U’ € C(S, X) with sup{|u(p) — v'(p)||x : p € S} < n. This shows that F is
continuous.
Now assume B C D* being bounded.

1. Since H*(S,X) — C(S,X) is bounded, U € B implies that {u(p) : p € S} is
uniformly bounded. Let p > sup{|lu(p)|x : p €S}, f € L?(S), g € Y and £ > 0.
Since {a(p,-) : p € S} € C(D,Y) is uniformly weakly equi-continuous on B,(0),
there are x1,...,xy € X and 1 > 0 such that [{(a(p, w)—a(p,u’), g)y| < /[l fllL2(s)
for all p € S and u, v’ € B,(0) with max{|(uv — v/, z,)x|:n=1,...,N} <n.

2. Since (U, xn)x € H*(S) and |[{U, )| rs(s) < U||sl|7nlx (cf. Lemma 3.2) there
is a closed bounded ball B C H*(S) with (U, z,)x € B for all n € {1,...,N}
and U € B. Since H*(S) is compactly embedded in C(S) and B is compact in the
weak topology of H*(S) there are f,1,..., fn.ammn) € H*(S) and ¢, > 0 such that

HfHC(S) < n for all f € B with max{|(f, fn7m>Hs(§)‘ :m=1,...,M(n)} < (.
3. Define the weak zero neighborhood U := ﬂgzl U,, with
Up = {U € H (S, X) : |(Uy 2 @ frm)s| < Cny m=1,...,M(n)}.
Let U, U' e Band U —U' € U. Hence for all n=1,..., N and m=1,..., M(n)

U = U anx am) i) = (0= k) (k) = @/ (K),20) x ()

keZ
= ‘<Z/{ _u/7xn & fn,m>s’ < Cn .

Hence U,U" € B, U —U" € U implies (cf. step 2) |[(U —U', z,)x|c(s) < n and from the
Cauchy Schwartz inequality on L%(S) and step 1 it follows that

2

AT (FU) = FU), 9 @ resy)] u(p)) — a(p,v'(p)), g)y dp

<27 fl122) /S [{alp, u(p)) — alp,u'(p)), )y [* dp < 4m°<?

The last inequality shows that F|g is uniformly weakly continuous. O

In the following we consider the case where we have only perturbed data G° with
IG —G°ll2(s,y) < 0. As discussed in the introduction we apply Tikhonov regularization
to the system of equations (3) and (2). Hence we minimize the functional

(31) Kogo) = (IFU) = GlB2gy) + MUE) +altd - |2,
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over D, where u* € D is some initial guess and a a regularization parameter. Since
112 =1 2+ 1+ [y, and u*[2 = 0 we have

(32) Ko gs(U) = IFU) = Gl 2y + A+ a)lUZ + alld — w22 x) »

We call the corresponding regularization technique embedded Tikhonov requlariza-
tion for solving (1). The following theorem states that embedded Tikhonov regulariza-
tion is in fact a regularization technique for the solution of (1):

Theorem 3.11. Let s > 1/2.

1. (Well-posedness of embedded Tikhonov regularization) For a@ > 0 and G° €
L2(S,Y), the functional K, gs attains a minimizer on D°.

2. (Stability of embedded Tikhonov regularization) Assume that G, is a sequence in
L2(S,Y) with G, — G and let U,, be a minimizer of Kag,. Then there exists a
convergent subsequence of U, and the limit of any convergent subsequence of Uy,
is a minimizer of K, gs.

3. (Convergence of embedded Tikhonov regularization) Let &(6) satisfy
lim &(6) = lim §%/a(8) = 0.

6—0
Assume that (6,)nen is a sequence converging to zero. Moreover, we assume that
(Gn)nen is a sequence in L*(S,Y) satisfying ||Gn — Gllr2sy) < On. Let Uy be
a minimizer of K, g, with oy, = &(,). Then, (Up)nen has a weakly conver-
gent subsequence and each weakly convergent subsequence is strongly convergent
to UT = ul which is an u*-minimal norm solution of (1) (and therefore constant
with respect to p). If ul is unique, then U, — ul.

Proof. From Proposition 3.10 it follows that the operator
(FVA - 1) :D¥ C H(S,X) — L3S, Y) xR

is continuous and weakly continuous on bounded sets. Hence, it follows that minimizing
K, gs is well posed and stable. Moreover, under the requirements of 3, the sequence
(Un )nen has a weak convergent subsequence, and each weak convergent subsequence of
(Un)nen is strong convergent with limit ¢, where UT is a u*-minimum norm solution
of F(U) = g, M|> = 0. Therefore U' = ul, where u' is a u*-minimal norm solution of

(1). If u! is unique then U1 is unique, and consequently U,, — uf. O
Convergence Rates

Let us assume for the rest of this Section that condition T4 holds true.

Lemma 3.12. The operator F is Fréchet differentiable and the Fréchet derivative
F'(ug) € B(H*(S,X),L%(S,Y)) at {p — ug(p)} =: Uy € D* in direction {p — v(p)} =:
V€ H(S, X) is given by

(33) F'(Uo)(V)(p) = Daa(p, uo(p))(v(p)) -
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Proof. Let Uy € D° and V € H*(S, X). Define ©(Up) : V — Daa(p,uo(:))(v(:)). Since
Dya is continuous and i : H*(S, X) — C(S, X) is bounded linear, ©(Up)(V) is continu-
ous and hence measurable. Since S is compact and Dsa is continuous, p — Daa(p, ug(p))
is bounded, say ||[Daa(p,uo(p))|| < M, for all p € S. Hence

2r[[©Uo) V)l 12s,y) < /S 1D2a(p, uo(p)) (W)Y dp < 20 M |lis |||V -

This shows that ©(Uy) € B(H*(S,X),L3(S,Y)). Now let € > 0. Since {A(p,-) : p € S}
is Fréchet equi-differentiable, there is o > 0 such that
1A, uo(p)) — Alp, uo(p) + v(p)) — Daa(p, uo(p)) (w(®))I} < *lv(p)[I%

for all p € S and ||v(p)||x < . Since H*(S, X) — C(S, X) there exists 5 > 0 such that
IIV||s < B implies |lv(p)||x < « for all p € S. Thus, for all [|V|s < B

2| F(Up) — FUo + V) = OU)V|25.y) =
| . u0(9)) = ap.u0(o) + 0(0)) = Dol e ) dp <

[ 1) o < 212
This shows, that F is Fréchet differentiable at Uy, and that F'(Up)(V) = O(Uy)(V). O

Analogous to Theorem 3.5 we can prove the following result.

Theorem 3.13. Assume that u' is an u*-minimum norm solution of (1) in the interior
of D° and let j1 € [1/2,1]. Assume that there exists v > 0 and p > 2||u’ —u*|| such that

I (u) = F W) 7oy + Ml —UZ <Al U2, U e Bj(u') € HY(S, X).
If there exists W € H*(S, X)) satisfying v||W|s < 1 and
(34) ulf =t = (F(ul 7wl + AA%)” w,
where A is the square root of (minus) Laplace-Beltrami operator. Then, for a parameter
choice a = a8) ~ 6%/ rt1),

4] 5) = ullls = O8>/ Gl
Remark 3.14. For s = 1 and p = 1 condition (34) reads as
82
ul —ut = <.7-"’(uT)*.7-"’(uT) — )\8—p2> W.

From this equation we conclude that u' — u* satisfies the averaged source condition
. 1 2w

ul —u* = o [ Doa(p,u’) Daa(p, u'yw(p) dp,
0

where W = {p — w(p)}. For W constant in p this condition is the same as in The-
orem 3.5, and is therefore weaker. However, it should be taken into account that the
closeness condition |WW||s is more restrictive for the embedded Tikhonov regulariza-
tion.

16



4 Embedded Landweber-Kaczmarz Iteration

In this Section we review and addend the convergence analysis of the Landweber-
Kaczmarz method, and apply it to the embedding approach discussed in the intro-
duction.

4.1 A Survey and Addendum on the Convergence Analysis of the
Landweber-Kaczmarz Method

For given iteration index n, let us denote by ¢ =i(n) € {0,..., N — 1} the integer value
satisfying
n
=|—=|N+i.
n { NJ +1

With this notation we define the Landweber-Kaczmarz iteration for approximating the
solution u € X of a system

(35) ai(u) =g(p;) i=0,1,...,.N—1,
using available noisy data g°(p;) satisfying

19° (i) — 9(pi)l| < 6s

by
ué,n—i—l — ué,n _ wnaé(u&n)*(ai (u&n) o 95(]71)) ,
(36) with
Lo e = g (i)l > 78
n 0 else.

The positive number 7 is chosen in dependence of properties of a; (cf. condition (40)
below) such that

1+n

(37) 7'>21_277

> 2.

Note, that for noise free data we have w, = 1, and hence the iteration (36) reduces to
the familiar Landweber-Kaczmarz iteration (10). From (37) it follows that

(38) 201+ )8 — (1= 20)|19° (ps) — as(up)|| = 0 = w, = 0.

The following assumptions are standard in the convergence analysis of iterative
regularization methods (cf., e.g., [11]):

1. We assume that for fixed i € {0,1,...,N — 1}
(39) llai(u)|| <1, Vu € Byy(u*) C D,

where By,(u*) denotes a closed ball of radius 2p around the starting value u*.
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2. Moreover, we assume that the (local) tangential cone condition hold. This is a
central assumption in the analysis of iterative methods for the solution on non-
linear ill-posed problems (cf., e.g., [6, 11]):

- / . - 1
(40) lai(u) = ai(@) = ai(w)(u = @) < nllai(w) —a:(@)], 0 <3,

u, U € Byy(u*) C D.

3. In the case of noisy data, iterative regularization methods require early termina-
tion, which is enforced by an appropriate stopping criterion: The termnination
index is denoted by ny := n.(d) and is the smallest integer multiple of N such
that

(41) u&n* — u&n*-i-l I — u&,n*—‘,-N—l .

Here we adopt the notation ¢ := (d¢, d1,...,0n-1).

Before stating the main result of this Section we prove an auxiliary lemma which
guarantees the existence of a finite n..

Lemma 4.1. For any solution u of (9) the following estimate holds true
(42)

4= = [ ] < wallg® ()= @) (204 m)di = (1 = 20)llg’ (1) = as(u®™)]) ,

for all n. Moreover, the stoping rule (41) and (42) imply wp,+; = 0 for all i €
{0,...,N — 1}, i.e.

(43) lai (™)) — g (po)l| < 767, i =0,...,N —1.
Furthermore,

Tx : 2 "~ 5 ,ny (2 T |2
(44) 47 (Tmin(9))” < > wnllg’(pe) — ai(@®™)|? < a —2n)r—2(1+n)HU_u [

n=0

Proof. Let us prove (42). For n < n, we shall consider two cases: If w, = 1, then this
inequality is analog to [6, Inequality (11.11)]; for w,, = 0 the inequality is trivial. For
n > n, (42) follows from w,, = 0.

To prove the second assertion note that for n = n, we have

0 < wallg’ (pi) = as(a®™)| (20 +m); = (1 = 20)g" () = as (™)) -

If w, # 0, we would have 2(141)d; — (1—2n)||¢° (p;) — a; (u®™)|| > 0, contradicting (38).
To prove (44) we add up (42) from 0 through n, and obtain

. . 1—2m7 —2(1417) &
) — fu— b > LZ2OT = 2RI SS o) ag(udm 2.

T
n=0
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This implies the second inequality in (44). The first inequality follows from

zF

Mo N—
S wnllgd (pi) — a2 = §jwmgpz—a<&ww
n=0 =0

v
1M+ I

m%w—ww%Wz%vmmm?

For the Landweber-Kaczmarz algorithm we have the following results:

Theorem 4.2. Assume that the operators a; are Fréchet-differentiable in the open ball
Bo,(u*) C ﬂij\;_ol D(a;) and satisfy conditions (39) and (40). Moreover, we assume that
the system a;(u) = g(p;), 1 =0,1,...,N — 1 has a solution in B,(u*). Then

1. If 6 =0 (ezact data), the Landweber-Kaczmarz iteration converges to a solution
of (35). Additionally, if for alli=0,...,N — 1 we have

(45) N (di(ul)) € N(dj(w)) for all u € By(u'),
then u™ — ul, the solution of (35) with minimal distance to u*.

2. For noisy data, we assume that 6; > 0. The Landweber-Kaczmarz iterates u® ()
converge to a solution of (35) as 6 — 0. If in addition (45) holds, then u®()
converges to u' as § — 0.

Proof. The proof of the first item is analogous to the proof in [12, Proposition 4.3] (see
also [11]). We emphasize that, for exact data, the variants (10) and (36) are identical,
which allows to apply the results of the above papers.

The proof of the second item is analogous to the proof of the corresponding result
for the Landweber iteration as in [10, Theorem 2.9]. For the first case within this proof,
(43) is required. For the second case we need the monotony result from Lemma 4.1. [

In the case of noisy data (i.e. the second item of Theorem 4.2), it has been shown
in [12] that the Landweber-Kaczmarz iteration (36) with w, = 1 is convergent if the
iteration is terminated after the n,-th step, where n, is the smallest iteration index
such that one component of the residual vector (ai(u‘s’("*)) g (pl)) N satisfies

(46) las (")) — ¢ (pi)|| < 76

4.2 Application to the Embedded Landweber-Kaczmarz Algorithm

Here, we apply the general results of the previous subsection to the embedded Landweber-
Kaczmarz method (11) and (12) (in the case of exact data) and to a variant taking into
account appropriate termination in the presence of noisy data. For the sake of simplicity
we present the case s = 1.
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We use the following notation: For v; € X,i=0,1,...,N —1 let
U := (ui)i=o0,..,N—1-
We define the diagonal operator

F() ag
= : = XN Ly N

and introduce the functional
N-1
BU) =Y llui — w1k
i=0

over X¥ such that AB(U) replaces the functional (13) in the case s = 1.
We consider the problem of approximating a solution of the following system con-
sisting of N + 1 equations
(47) FU) = g(pi), i=0,...,N—1,
(48) AB(U) = 0,

from noisy data G® = (g‘g(pi))i:()’m,N_l satisfying

(49) l9° (ps) = 9(pi)ll < 6.
Note that (47), (48) and (35) are equivalent for exact data in the sense that each
solution u of (35) provides a solution U = (u, ..., u) of (47), (48) and vice-versa.

Since Fj acts on the i-th component of U € X only, one cycle of the Landweber-
Kaczmarz iteration applied to the system (47), (48) with initial value U* = (u*, ..., u*)
reads as follows:

(50) Ué,(n—l—l/?) — U(S,(n) _ QnF/(Ué,(n))* <F(U6,(n)) o 96) 7
(51) AT A2 o\t (U
were ,, = diag(w?,...,wN 1) is the diagonal matrix with

.

: (0 Om\ _ 0 (0. .
:{1 it Nl =g el > 70 iy N1

" 0 else,

The additional parameter @,, ensures a finite stopping index n, for noisy data and is
defined by

- 1 if | B(USH2)|| > re,
1 0 else,
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where € = €(6) — 0 as 0 := (dg,...,0n—1) — 0. According to (41) the iteration is
terminated if

(52) U5,(n+1) — UJ,(TH—I/Q) — U5,(n)

for the first time. We call (50), (51) the embedded Landweber-Kaczmarz iteration for
the solution of (1)

Note, that in order to determine U%™+1/2) each component can be updated inde-
pendently. Indeed,

(3 1 n—t 7

a0 = il ) (4l ) — o () i =0, N -1

In the second half-step the U%("+1) is determined from U%("+1/2) by a matrix vector
multiplication with the sparse matrix

2 @A -1 0 ~1
~1 2 — O\
0 0 ® Idy .
. 2 — OpA -1
~1 0o -1 2 — B\

What concerns the computational effort, we consider the case where X and Y are
approximated by finite dimensional spaces X}, and Y}, of dimensions Nx and 1. Note,
that in contrast to Kaczmarz and ART (algebraic reconstruction technique, cf. [8,17,7]),
for the embedded Landweber-Kaczmarz algorithm 4N - Ny additional operations are
required for each cycle.

In order to prove convergence and stability of the Landweber-Kaczmarz iteration
we follow the lines of the proof of Theorem 4.2.

Theorem 4.3. Assume that the operators a; are Fréchet-differentiable in Ba,(u*) C
ﬂf:ol D(a;) and satisfy the conditions (40) and (39). Moreover, assume that system
(1) has a solution in B,(u*), and

(53) IVAB| < 1.
Then we have:

1. If § = 0 (exact data), the embedded Landweber-Kaczmarz iteration (50), (51)
converges to a solution of (47), (48). Additionaly, if for alli =10,...,N — 1 we

have

(54) N (di(ul)) € N(dj(w)) for all u € By(u'),

then U™ — U1, the solution of (47), (48) with minimal distance to U*. Further-
more, Ut = (uf, ... ul), where u' is a solution of (35) with minimal distance to
u*.
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2. For noisy data, let € = €(6) — 0 as § — 0, and n, = n,(0) be defined by (52).
Then the embedded Landweber-Kaczmarz iterates U%™) converge to a solution of
(47), (48) as & — 0. If in addition (54) holds, then each component of U%(™+)
converges to the minimum distance solution u' as § — 0.

Proof. For the first assertion, the proof is analogous to the proof of Theorem 4.2. One
has to take into account that (40) and (39) are satisfied with F; instead of a;, since
F;(U) = a;(u;). Moreover, since B is linear we have

0=[BU)-BU)-BU)U -Vl <u|BU)-BO)|

and, therefore, it satisfies (40). The second assertion follows immediately from the
second item in Theorem 4.2. O

Notice that the termination criterium requires that /| BU%(™)|| < re. This en-
sures that the embedded Landweber-Kaczmarz iteration terminates after a finite num-
ber of iterations.

5 Conclusion

We have suggested two novel regularization techniques for solving a system of ill-posed
operator equations of the form (1). Such equations appear in a variety of applications
such as tomography and impedance tomography, inverse doping profile, to name but
a few. We developed a convergence analysis for both the variational regularization
method as well as the iterative regularization technique. The later turned out to be
of Landweber-Kaczmarz type. However, this modification reveals certain advantages
against previously analyzed methods in terms of appropriate stopping.
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