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Abstract In this paper, we address the stable numerical solution of ill-posed nonlinear least-
squares problems with small residual. We propose an elliptical trust-region reformulation of a
Levenberg-Marquardt procedure. Thanks to an appropriate choice of the trust-region radius, the
proposed procedure guarantees an automatic choice of the free regularization parameters that,
together with a suitable stopping criterion, ensures regularizing properties to the method. Specifi-
cally, the proposed procedure generates a sequence that even in case of noisy data has the potential
to approach a solution of the unperturbed problem. The case of constrained problems is consid-
ered, too. The effectiveness of the procedure is shown on several examples of ill-posed least-squares
problems.
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1 Introduction

In this paper, we consider Levenberg-Marquardt methods [1,2] for the stable solution of nonlin-
ear ill-posed least-squares problems in Hilbert spaces with noisy data. These methods are also
known in this context as non-stationary iterated Tikhonov procedures [3,4]. They depend on the
choice of a free regularization parameter A, and of a regularizing operator My. The regularization
parameter’s choice is crucial, it is difficult to make, and a bad choice could lead to poor results.
Then, it is desirable to obtain a parameter-free method, i.e. a method in which Ay is automat-
ically set. Many strategies have been proposed in the literature, cf. [3,5-8]. All these methods
anyway consider nonlinear operator equations, i.e. least-squares problems in which it is assumed
that it exists a solution z! that attains zero residual. The case in which such a solution does not
exist, and the residual at the solution is strictly positive, is considered. These problems arise in
many applications. Usually indeed, jointly to observation errors also modelling errors are present,
so that it is not realistic to assume that the data are attainable, and one must admit the case
y & R(F) [9,10], where R(F') denotes the range of F. This is the case when a mathematical model
approximating a true distribution is fit to given data or in parameter estimation, experimental
design or imaging problems [9-16]. These problems are indeed usually formulated as least-squares
problems. A possibility is to consider the modelling errors as part of the noise in the data. The
same algorithms as for zero-residual problems can be used, with a proper a-posteriori parameter
choice, based on an estimate on the noise level that comprises both noise in the data and modelling
errors [17]. However, it is generally difficult to estimate this last contribution. Then, in this paper
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an ad-hoc method for ill-posed least-squares problems with nonzero residual is proposed, that
does not need the estimation of modelling errors in order to choose the regularization parameter.
Regularization strategies for nonzero residual ill-posed problems arising from specific applications
have been considered in [12-16] . In these papers, the focus is on the reliable and efficient solution
of the specific problem and a theoretical analysis of the regularizing properties of the methods
used is not performed. The authors are aware only of [10], where convergence rates of Tikhonov
method are considered.

Our target is then to design an implementable approach, that guarantees regularizing properties
for the solution of such problems. Specifically, in case of exact data, it is desirable that the sequence
of gradients of the objective function goes to zero and that the sequence of generated solution
approximations converges to a solution of the unperturbed problem, even in case of noninvertible
Fréchet derivative. In case of noisy data, if an initial guess close to the true solution is given, the
method should have the potential to approach a solution of the unperturbed problem.

These properties are ensured by the Levenberg-Marquardt approaches in [5,6] for zero residual
problems, thanks to two key ingredients:

1. the employment of a proper stopping criterion to avoid semiconvergence phenomenon, i.e. the
method must be stopped before convergence is reached, to be sure that the generated sequence
is not approaching a solution of the noisy problem,

2. a mechanism to control the step length, that cannot be too large.

To this aim, in this manuscript, the conditions employed in [3,5,6,8] are extended to the
nonzero residual case and provide an adaptive choice of the regularization parameter \; and of
the operator M}, in order to obtain a regularizing method for this class of problems. A regularized
Gauss-Newton model is employed, as the aim is to handle small residual or mildly nonlinear
problems. The obtained step p turns out to be an elliptical trust-region step, cf. [18, §4.5],
whenever the Fréchet derivative is invertible. Also problems with convex constraints are considered,
and a suitable extension of the procedure is devised, in order to solve them.

The local properties of the obtained method are investigated. This paper represents also a
contribution in the analysis of iterated Tikhonov regularization methods for nonlinear least-squares
problems. To the authors’ knowledge indeed, analysis of such methods with regularizing operators
different from the identity has never been considered. The authors are aware just of [4,19] in
which an analysis of iterated Tikhonov regularization with a fairly general regularization matrix
is proposed for linear least-squares in a finite dimensional setting.

The paper is organized as follows. In Section 2, we give conditions that guarantee monotonic
decrease of the error between the solution of the unperturbed problem and the current iterate,
even when noisy data are considered. Satisfying these conditions motivates the choice of the free
parameters of the method. In Section 3, we describe the choice of the operator M} and we present
the elliptical trust-region reformulation of the method, that implicitly provides an automatic
choice of the regularizing parameters A;. We show that these two choices ensure the desired
regularization properties. In Section 4, a convergence analysis of the proposed method is reported,
focusing on the noise-free case in Section 4.1 and on noisy case in Section 4.2. In Section 5 the
proposed approach is adapted to constrained problems. In Section 6 implementation details are
given and the results of the numerical experimentation performed on examples of discrete ill-posed
nonlinear least-squares problems ar shown. Numerical evidences of the method’s effectiveness and
of its regularizing properties are reported. It is worth mentioning that, to implement the proposed
procedure, it is necessary to compute the action of the square root of J(zx)?.J(x;) on a vector,
where x is the current iterate and J is the discrete Jacobian. In procedure designed in this paper
is tailored for medium scale problems. Therefore, in the numerical results provided, the square
root of the matrix is directly computed by the singular value decomposition of J, that is then
used also to solve the linear systems to compute the step. In case of large scale problems this is
not feasible, and the method should rather rely on suitable iterative approaches that approximate
the action of J(zx)? J(zx) on a vector, such as the Lanczos process [20, §13.2].
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2 Preliminaries

Let F : D(F) CX — Y be a nonlinear map between Hilbert spaces X',), with inner products
(-,+) and norms || - ||. The domain of definition of F' will be denoted with D(F') and least squares
problems

min £ (z) = 2| F(x) ~ I, 1)

that are ill-posed, in the sense that the solutions do not depend continuously on the data, will be
considered. It is assumed that a solution zf for (1) exists. If for all the solutions of (1) it holds
[|F'(z) —y|| > 0, then we say that the problem has nonzero residual. It is assumed throughout the
paper that D(F) is infinite dimensional and F' has compact Fréchet derivative F’. The adjoint
operator will be denoted with F'*. It is assumed to have only noisy data 3° at disposal, such that,
given § > 0:

ly =4l <6, (2)

so that the following noisy problem has to be dealt with:

min fy(r) = 5 |1F(z) — '] 3)

A Levenberg-Marquardt method is considered. Throughout the paper, the iterates are denoted
by z¢, if the data are exact x; may be used in alternative to z. By x$ = xo an initial guess is
denoted, which may incorporate a-priori knowledge of an exact solution. Le also be defined

By, = F'(23)"F'(x}), fio = F'(2)" (F(a3) = ¢°), (4)

and let B,TC be the Moore-Penrose pseudoinverse of By, and with R(By) its range. The open ball
of center z and radius p will be denoted as B,(xz). At each iteration, given a positive parameter A
and the current solution approximation xi, the step is computed solving the following problem:

o1 Ak
min o |[F(23) —y" + F'@)p|* + 5 lIpll*.

In order to improve the quality of the computed solution approximation, a symmetric and positive
definite regularizing operator My : X — X can be introduced [19], so that the minimization
problem becomes:

1 Ak yiark
min §HF($2) —y° + F'(@)pll* + ?HM,ijQ. (5)

A sequence {xi} is generated, forming at each iteration the new iterate using the computed step
pic a4y = 7+ pi.

In order to properly choose parameter A\, and operator My in (5), it has to be taken into
account that non-stationary iterated Tikhonov procedures for zero-residual problems [3,6] provide
regularizing properties thanks to the fact that the method achieves monotone decrease of the
norm of the error e, = = — xi between the true solution and the current iterate, even when
noisy problems are solved. It will be proved in Lemma 2.1 that this property is joined by the
Levenberg-Marquardt procedure (5) applied to nonzero residual problems, whenever the following
two conditions hold:

1
Blpy = —ka(pk)a (6)
k
1
[ (er)]] < %Hmk(m)ﬂ’ O > 1, (7)

where, using notation (4),

mi(p) =F'(a3)"F'(a)p + F'(23)"(F(2}) — ¢°)
=F'(2})"F'(a3)p + f5(22) = Bup + fi.- (®)
Note that in case fs is twice continuously differentiable, for its second derivative it holds:

fi(x) = F'(2)" F'(z) + S(z) = F'(x)" F'(x) + F" ()" (F(z) = y°). (9)
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Then the model my(p) corresponds to the first order Taylor expansion of f§ in xi, omitting the

second order term S(x9) in f¥(x2). It is well known that if ||S(xT)|| is too large, the Gauss-
Newton method may not be locally convergent, [21, §10.2]. ||S(z")|| is a combined measure of the
nonlinearity and residual size of the problem. This is the reason why the method can handle only
small residual or mildly nonlinear problems. Note that mg(p) is the gradient of

1

SIF@R) =y + F'@)pll?,
i.e. of the approximation of the function fs around the current iterate xi adopted in (5).
Lemma 2.1 Assume that ' is a solution of (1). Let e, = xt — 22 and my(p) defined in (8).
Assume that (6) is satisfied and that there exists 0, > 1 such that condition (7) holds. Let x4, | =

29 + pr with pr, = p(\r.) solution of (5). If py, € R(By), it holds

1

2
231 —atP = llag — 2")® < < { 7= = 1) o (o) |1 (10)
Ak Hk

Proof Note that,

5 s s 5 5 5 5
(B zt|]? — ||z — 2| =2(w} 1 — Th, T — ah) + 2541 — zp||?
=2(pk, —ex) + |Ipx |-

The fact that py € R(By) yields:
(Blpk, Brpr) = |Ipll?, (Blpk, Brer) = (pr, ex)- (11)

From (11) it follows:

2(pr, —ex) =2(B]pr, —Brey,)
= — 2(Blpr, fi. + Brer) + 2(Bpx. fi. + Bipr) — 2(BJpr, Brpr)
= — 2(B]pk, fi + Brex) + 2(Blpr, fi. + Brpe) — 2lpx]|*.

Then, taking into account also (6) and (8) it holds:

(s (o). ma(en)) = 3k (o). e (0n) — [

2
2 2 _ ~
lewsall™ = llexll™ =+

IN

I

2 2
) lllma(er) | = < llmw(pi) I = llpw .
)\k >\k

From (7) it follows

21 2
|fy — 211 = ll2f = 2T|* < ==l (pa) * = =l (o) 1> = [lpx]®
Ak O Ak
2 1
<—(=-1 2
<o (g 1) It
which yields the thesis. a

Then, in order to obtain the desired monotone decrease of the error, it needs to be ensured
pr € R(B), and (6) and (7) to hold.
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3 The Method

Motivated by the previous considerations, a non-stationary iterated Tikhonov procedure for least-
squares problems employing a step satisfying both conditions (6) and (7) is proposed here.
A step py, is solution of (5), if and only if it satisfies the following linear operator equation:

(F'(2)F'(a}) + MMy )p = —F'(23)"(F(23) —y°). (12)

Relationship (6) can be obtained with a suitable choice of operator Mj. From (8) and (12)
it follows that —/lemk (pr) = Mypg. This suggests us to choose My, = B;g to have condition (6)
verified.

To get (7), a reformulation of problem (5) is adopted, which has the advantage of providing
us an automatic way for setting parameter \j, ensuring (7) to hold. Assuming that F'(z}) is
invertible, given the trust-region radius Ay > 0 and the current iterate xi, at generic iteration k
the following elliptic trust-region subproblem is solved, [18, ch. 4], [22, §7.4]:

min 2 |F () — v + F (@)plP,
» (13)
s.t. HB,;l/QpH < Ay,

which has a unique solution, [23, Theorems 9.2.7, 10.2.15, 10.3.4]. The choice of the scaling operator
B, !is driven by the considerations stated above. KKT conditions for problem (13) are given by

14a

14b
l4c

14d

(F'(@0)* F'(x) + AB; 'p(\) = —F'(a0)* (F () — v°),
AIB 2oV - Ax) =0,
A>0,

(14a)
(14D)
(14c)
1B 2]l < A (14d)
Then, given the pair (Mg, p(Ax)) € RT x X solution of (14), if Ax > 0 the step pp = p(A\x) solves
(5) with My, = B, "
With this reformulation of the problem, instead of choosing A in (5), the trust-region radius
Ay, has to be properly selected in order to obtain a pair (Ag, p(Ax)) with Ax > 0 and p(Ay) satisfying
(7). It will be shown in Lemma 3.4 how to choose Ay to let these two conditions hold.

Letting z = Bk_l/zp, problem (13) reduces to

1
min o (=, Biz) + (By*fi. ) + fs(a}),

(15)
s.t. |)z]] < Ag.
KKT conditions for problem (15) are given by
(B} +A)=(\) = =B,* (16a)
A(llz(A)] = Ax) =0, (16b)
A >0, (16¢)
[z < Ag. (16d)

Let (Ag, 2(Ax)) € RT x X be the solution of (16), with z()\) the minimum norm solution of (16a).
Let
p(N) = B/*2(N), (17)

and pr, = p(Ag). Then, the pair (Mg, px) is a KKT point for (13). The solution of (13) can be then
found by solving (15), and through relation (17).

It will be proved that, in the proposed approach, Ay is ensured to be strictly positive. Then,
the numerical computation of (Ag,px) after discretization requires the solution of a sequence of
linear systems that are regularized by strictly positive A values. Therefore, even if the discretized
counterpart of the operator By, is squared in (16a), the conditioning of the involved linear system
is not deteriorated. Indeed, in the applications considered here, the ill-conditioning of the dis-
crete Jacobian derives from the smallest singular values close to zero and the linear systems are
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regularized by strictly positive A\g. It is assumed to have at disposal the singular value decompo-
sition of the discrete Jacobian, in order to compute the square root of the matrix arising from the
discretization of operator Bjy.

In case F’(x2) is not invertible problem (13) is not well defined. However, the pair (A, 2(Ax)),
solution of the KKT (16), can still be computed and the step can be defined as

pr = p(\) = B 2(\p). (18)

In this case, step py satisfies (6), as it is shown in the next Lemma, but we cannot claim that it
solves problem (13). In every case, p € R(Bj).

In the following lemma, the singular value expansion of F’(x)) will be used, that will be
denoted as (o,,; un,vn), n € N, where {u, }nen and {v, }nen are a complete orthonormal system
of eigenvectors for F’(z)*F’(22) and F'(x0)F’(x})* respectively, and o,, > 0 are written down
in decreasing order with multiplicity, with 0 being the only accumulating point for the sequence
{0} nen when dim R(F'(9)) = oo.

Lemma 3.1 Suppose || fj|| # 0. Let z(\) be the minimum norm solution of (16a) with A > 0 and
p(A\) given in (17). Then,

Blp() = —yme(p() (19)

Proof From the singular value expansion of F'(z9) it follows

F'(22)h = Z onl{h,up)vn, heX, (20)
n=1

= Zgn<h7vn>una he)/, (21)

Bih = oa(h,up)u,, heX. (22)
n=1

From these relations and (16a) it follows

2N = =" =T (F(af) o v (23)

and (17) yields

20) = 4, vn) . (24)

HME%

As F'(z?) is compact, for h € X the Moore-Penrose pseudoinverse B}; of By can be defined as [24,
§2.1]

BTh_Za (h, un)tn, h € D(B), (25)
D(Bl)={he x| ZU (h,un)|? < oo}
From (24) and (25) it follows

Blp) = 3 072 (0(N), umhn = — 3 =2 (F(a) — 7, 0. (26)
n=1 n=1""
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Relations (21), (22) and (24) yield

my(p(A)) = Brp(A) + fi, (27a)
= i 2(p(\ > 0u(Flal) — o b
= T (P(A), tn)up + Zan< (z3) — ¥’ vn)un (27b)
n=1 n=1
oo 5 oo
Un
= Z " )\(F(wi) — %, v )y, + Z on(F(28) — 1%, vp)u, (27¢)
n=1 n=1
= Ao Jae 5 d
_ZU4+)\< ('Tk)_y 7Un>un- (27 )
n=1 "
Comparing (26) and (27) the thesis is obtained. O

3.1 The g-Condition and the Choice of the Trust-Region Radius

As already discussed, it is crucial to use a step py satisfying condition (7). It will be shown in the
next section that this can be guaranteed provided that the step pr, = p(\g) satisfies the following
condition, which will be referred to as the g-condition:

Im (eIl = all il (28)

where ¢ € (0,1) is a given constant. In this section it will be shown how (28) can be enforced by
a suitable trust-region radius choice.

Condition (28) controls the value of the norm of the model, that has to be greater than a fixed
fraction of the norm of the gradient. It also provides a criterion to choose the free parameter \; in
(5). Condition (28) is actually a constraint on the length of the step. Its effect on the step-length
is illustrated in Figure 1, where ||mg(p(A))|| (top) and ||[p(N\)|| (bottom) are plotted, varying A, for
a finite dimensional test case. By imposing (28), the regularization parameter X is forced to be
greater then the value A} satisfying

lm (NI = all fil; (29)

avoiding too small values that correspond to large steps, as it is shown at the bottom of Figure 1.
Lemmas 4.1 and 4.3 will show that this control on the step length allows to establish relationship

25

A — 1) (F() - ) + J() I (e} )p ()|
7 ()" (F(af) =) I
05 -- (IHJ(fUZ)T(F(CEi) - yo)H |

0 M 50 100 150 200 250
k

@]

100 150 200 250

Fig. 1 Effect of g-condition on the step length.



8 Stefania Bellavia and Elisa Riccietti

(7) between the model evaluated in the step and that evaluated in the error.

It will be proved that a step py of the form (18) satisfying (28) exists and that an appropriate
trust-region radius choice provides such a step. To this end the following preliminary results is
needed.

Lemma 3.2 Suppose || f|| # 0. Let z(\) be the minimum norm solution of (16a) with A > 0 and
p(A) given in (17). Then, it follows

O = Y (5725) G — o ol (30)

n=1

Moreover, ||mi(p(X))|| is a monotone increasing function for A > 0 and

Tim [l (p(3))]] = 0,
Jim [l (pO)) | = 1 F(a)* (F () — 7)1

Proof Note that (23) yields (30). Moreover, from (26) it follows

[eS) 2
B =3 (725) 1P — o o)

and (27) yields
I = Y- (575 ) 1)~ o o) (31)

This implies that the function ||m(p(X))]|| is monotonic increasing. Then, taking into account that

IF" (23)* (F(23) — y°)|I* = Z anl (F(27) = y°s va) (32)
the thesis easily follows. O

Now it is possible to prove that condition (28) can be satisfied.

Lemma 3.3 Let z(\) be the minimum norm solution of (16a) with A > 0 and p(\) be given in
(17). It emists A} > 0 such that if \i, > A} then pi, = p(A\x) satisfies condition (28).

Proof From Lemma 3.2 if follows that ||my(p(\))| is a monotonic increasing function for A > 0
and that there exists A\{ such that (29) holds. Then, condition (28) is satisfied for any A, > Af
and A} = 0 if and only if it holds ||F’(z)*(v° — F(z%))| = 0. O

We now provide a suitable choice of the trust-region radius, that guarantees that the resulting
regularization parameter Ay is strictly positive and big enough to ensure the step pp = p(Ax) to
satisfy condition (28).

Lemma 3.4 Let z(\) be the minimum norm solution of (16a) with A > 0 and p(\) be given in

(17). If

1—
Ap < — LB f (33)

|| Br|*

the step pr = p(Ag) satisfies (28) and A\, > 0.
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Proof From (31) and (32) it follows

Imi ()2 =AQZ( il ) (F(ad) — o, o)

o0
NS anl(F(@R) =y on)?

n=1
>
- (I BkI* + A)?
)\2

=B ) (F ) =l

Then, an upper bound for A, defined in (29), can be obtained proceeding as follows:

qllF" ()" (F(22) = y)|l = [ma(p(A])]]

)\q
>k F(22)*(F(z)) — )],
> e 1 (F ) )
" 1B,
By,
A < LZRIT 34
By (16a) one has
B F
)\q > ” k k
and by (34) it holds
||32 _’_)\QIH < ||‘B]€H2

By construction ||zx|| < Ag. If (33) holds, from (35) it follows

1/2 4
1—q 51/2 4 1B, frl
2l = 120wl < —LBY2pr ) < 12k JRL oy ay.
Since by (30) it follows that ||z(A)|| is monotonically decreasing, the previous inequality yields
Ak > Al > 0 and by Lemma 3.3 the thesis holds. a

Note that with this choice of Ay it is not necessary to check if condition (28) is satisfied.
Moreover, from (33) the trust-region radius goes to zero whenever || f} || converges to zero.

Remark 8.1 Lemma 3.4 shows that Ay is strictly positive, then from (16b) it follows that ||z| =
Ak, i.e. the trust-region is active. Standard trust-region approaches, used to solve well-posed
problems, are designed to have inactive trust-region in the last stage of the process, in order to
recover the fast convergence of the full Newton step. On the contrary, in this context the trust-
region is required to be eventually active in order to produce a regularizing effect.

From Lemma 3.1 and Lemma 3.4 it can be concluded that a step py of the form (18), satisfying
both (6) and (28) exists. In the next section it will be shown that if condition (28) is met, then
also condition (7) holds, so the method provides the desired monotone decrease of the norm of
the error, as stated in Lemma 2.1.

The result in Lemma 3.4 suggests the trust-region iteration described in Algorithm 3.1. Once
pir has been obtained, the classical ratio:

(o) = “redpe) fs(xf) = fs(af +pr)
PR pred(pe) — f(x) — SIIF(D) — y0 + FY(«d)pr 2

(36)

is computed. As in classical trust-region approaches, if there is a good agreement between the
function and the model, the step is accepted. Otherwise the step is rejected and the trust-region
is reduced.
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Algorithm 3.1: k-th iteration of the regularizing trust-region method for problem (1)
Given z9, 1 € (0,1), v € (0,1), 0 < Crain < Cimax, g € (0,1).
Exact data: y; Noisy data: 4.

. 1-
1. Choose Ay, € [cminnB;/Qf;H, min {cmx, ﬁ} HB;/Qf,’CH}
k
2. Repeat
2.1 Find the pair (zg, Ag) solution of KKT conditions (16).
2.2 Set p = B;/sz
2.3 Compute

fs(xp) — fs(x) + pr)
fs(@l) = $IF(2d) —y? + F'(x3)p|?

Tk (Pr) =

2.4 If m(pr) < myset Ay = vAy.
Until 7 (px) > 7.
3. Set zz+1 = xi + Pk

In case of noisy data, the process is stopped at iteration k*(9) satisfying the following discrep-
ancy principle:

[ fi )l < 76 <\ fell, 0 <k <k™(0), (37)
where 7 > 0 is appropriately chosen. Then, as the aim is to find a zero of f’, the process is stopped
whenever the norm of the gradient goes under the noise level. In case of zero residual problems,
it is common to use the following discrepancy principle:

1F (23 (5)) =9Il < 76 < [|F(2}) = °ll, 0 <k <k*(d).

However, in case of nonzero residual problems this criterion cannot be employed, as the residual
is not expected to go to zero, and at the solution it may be greater than the noise level.

4 Convergence Theory

For the convergence analysis the following Assumption is needed.

Assumption 4.1 Given x,% in a suitable neighbourhood of the solution x* to (1), the following
inequality holds:

1£'(Z) = f'(z) = F'(2)"F'(2)(2 = 2)|| < (| & — zl| + o) | £ () = £ (@), (38)

for suitable constants ¢ > 0 and o € (0, q).

Inequality (38) is motivated by the following observations. In case of zero residual problems
the tangential cone condition:

1F(2) = F(z) = F'(2)(@ - 2)|| < cllz — 2| |F(@) - F(2)], € B,(a"),

with ¢ > 0, is widely assumed, see for example ([1, §2.1],[5-8,25]. This condition is actually a
requirement on the Taylor reminder of F. Stationary points of (1) are the solutions of f'(x) = 0.
Moreover it holds

f'(@) = F'(z)"F'(x) + F"(2)"(F(z) — y). (39)
Then, drawing inspiration from the tangential cone condition, (38) is a requirement on the Taylor
reminder of f'(z). In fact, the tangential cone condition for problem f’(z) = 0 turns out to be

I£'(@) = f'(@) = f"(2) @~ 2)| < elz —all |f(@) - f @), 2,7 eBy(al).

Since in the proposed approach the term S(z) is dropped, (38) is assumed, where the constant o
appears in the right-hand side. This constant is a combined measure of the nonlinearity and the
residual size of the problem, cf. [21, §10.2], as it represents a bound for ||S(z)|| = ||F" (z)*(F(z) —
y)||. The assumption o < ¢ implies that the analysis is focused on small residual problems, due to
the fact that second order information are discarded. In Section 6 numerical evidence for condition
(38) will be provided, for the considered test problems.

In the analysis also the Lipschitz continuity of F’ will be assumed.
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Assumption 4.2 F' is Lipschitz continuous in a neighbourhood of the level set L = {xz €
R™ s.t. fs(x) < fs(xo)} with Lipschitz constant L.

4.1 Noise-Free Case

In this section, noise-free problems are considered, § = 0 is assumed and the symbol § is dropped
from the generated sequence, the data y and the function. First, note that well-known global con-
vergence properties of trust-region and Levenberg-Marquardt methods yield the following result.

Theorem 4.1 (Theorem 10.3 [18], §8.4 [22])
Suppose that Assumption 4.2 holds and that | F’(x)]| is bounded above on L. Then, the sequence
{z1} generated by Algorithm 3.1 satisfies

Jim ([ fll = Tim ([ (zx)" (y = F())] = 0.
—00 k—o0

Then, any accumulation point of the sequence is a stationary point of the function f.

The analysis will now be focused on the local convergence properties of the method. Then, we
assume that there exists a specific iterate k such that zj is sufficiently close to a solution of (1)
and inequality (38) holds in a neighbourhood of such iterate.

Assumption 4.3 Let § = 0 and x' be a solution of (1). Suppose that for some iteration index k
there exist p >0, ¢ > 0 and o € (0,q) such that inequality (38) holds for any x,& € Ba,(z;) and

. q—0
|xg — || < min {C,p} . (40)

In the following Lemma, we show that, under the previous assumptions, (7) holds for all & > k
and therefore by Lemma 2.1 the error decreases monotonically for k > k.

Lemma 4.1 Assume that Assumption 4.3 holds. Let e, = 't — xj, and py, computed at Step 2.2
of Algorithm 3.1. Then, it exists 0 > 1 such that condition (7) holds for all k > k.

Proof From the choice of Ay at Step 2 of Algorithm 3.1 and Lemma 3.4 it follows that the step
pi satisfies condition (28). From (38) and (28)

Imi(ezll < (cllegl + o) | F' (25 (F (2 — y)l| <

cllegll + o
< (q) -

so that condition (7) is satisfied for k = k with 0 = m

Lemma 2.1 it follows [lez | < |lezll, so that it holds z,, € Bay(zz) N B,y(2') and Assumption
4.3 is valid also for k = k + 1. Repeating the above arguments, by induction it is possible to prove
that condition (7) holds for all k > k, with

> 1 from Assumption 4.3. From

q

= > 1. 41
Jenl ¥ o (4D

O
In next Lemma some important features of the procedure are shown.

Lemma 4.2 Suppose that Assumption 4.3 holds. Then, Algorithm 3.1 generates a sequence {z}
such that, for k >k,

(i) zi belongs to Byy(xy) and to By(x1) and ||zpsr — 2| < ||z — 27,
(i) it exists a constant A > 0 such that A < A.
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Proof (i) From Lemma 4.1, Lemma 2.1 holds for all £ > k and (10) implies that the sequence
{llz — 2| }3°; is monotonic decreasing. As a consequence, xy belongs to By, (x5) N B, () for all
k>kand0k+1>9k for all k > k.

(ii) The proof of the last assertion of the Lemma follows the lines of Lemma 4.2 in [5] and is
reported in the Appendix. O

In the following theorem convergence of the sequence {z} to a point belonging to SN B, (z1)
is proved, where
S={z]| f'(z) =0}, (42)
and B,(z") is the closed ball of center ' and radius p.

Theorem 4.2 Suppose that Assumption 4.3 holds. Then, the sequence {z1} generated by Algo-
rithm 3.1 converges to z* € S N B, (xT).

Proof Let k as in Assumption 4.3. Lemma 4.1 and 4.2 show that (10) holds for all £ > k with 6y,
given in (41). Let e = 2 — 23, k < j < k and | between j and k such that

I1F" (20)" (y — F(z))]| = Join, 1F" ()" (y — F(2:))]].
It holds:
lleg —elll* = 2(er — ej,e1) + llej|I* — e,
ller — exl” = 2{er — ex, e) + llex]|* — [le]|*.
Let v = ¢||z" — zz|| > ¢||z’ — z4|| for all i > k. Using (38) and the definition of I it holds, for all
j <i<k, that
IBiedl <|l = f{ = Bi(a" — @) | + 1 fi = £ = Bilw — )|l + || £
<(ella® = zill + ) £ + (cllze — zill + )17 = £+ 1A
<(ella® = @il + 20 + elar — @l + (cller = il + o + D £
<@Bellzt — ail| + 2¢]| 2T — @ + 30 + )| /1]
<Gy +30+ DS =ellf

where ¢ = 5y + 30 4 1, so that
[Bied|l < el fil; (43)

for all j <4 < k. Taking into account that py belongs to the range space of B;/Q, from (6), (43)
and (28) it follows that for k > j > k:

k-1 k-1
er — exse))| =D (piser)| = | D _(Blpi, Bier)
il il
= k-1
=D+ 3 (malpo), Bie) | < Z*Hmz (pa) [l Bieu |
i=l '
k—1 . k—1 .

é c
<3 lm@llF < 32 - lma(wol
i=l

i=l

Thus (10) yields

117 = lleivall*) < Br(lleal” = llex ), (44)

|(e1 — ex, er)]

l\D

° O
2q 9,; —1
6/(0 — 1) is monotonic decreasing and sequence 6y is monotonic increasing (see proof of Lemma
4.2. Similarly, it is possible to show that

(e — 5 en)] < Brllles |1 — lledll?). (45)

where 8 = and the fact that 6;/(0; — 1) < 6z /(03 — 1) has been used, since function
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Then from (44) and (45) it follows

llex — edll® = 2{er — ex, er) + lexl® = lleal|* < (285 + V)(lledll* — llex]|),
ller — e511* = 2(er — e, e0) + lleslI* — lleall* < (285 + D(llesl1* = Nleall),
= 217 = llew — €511 < llex — edll* + llee — ¢511*.

Since the sequence {||ex||} is bounded from below and monotonic decreasing, hence convergent, it
follows that {x;} is a Cauchy sequence, i.e. {x)} converges to a limit point z*. As zj, € B,(z") for

k > k, it follows ||z* — 27| < p. Finally, from Lemma 4.2 it is known that \;, < X for k& > k. Also,
Or—1

o > 9’59—;1 for k > k since the function % is monotonically increasing. Then, by (10) and (28)

0 —1
law = 2t = loar = 21> 2 22 L= .
k

Thus, it is possible to conclude that || f;|| tends to zero and the limit z* of z) belongs to S. O

4.2 Noisy Case

Here, the assumption § > 0 is made, and the regularizing properties of the method in case of noisy

data are shown. It is assumed that there exists a specific iterate m% sufficiently close to a solution

o' of (1), and that inequality (38) holds in a neighbourhood of such iterate.

Assumption 4.4 Let 6 > 0 and x' be a solution of (1). Suppose that for some iteration index
k < k*(0), with k*(0) defined in (37), there exist p > 0, ¢ > 0 and o € (0,q) such that inequality
(38) holds for any x,% € ng(:v%), Moreover assume that it ezists a positive constant K such that

I1F'(x)]| < K
for any x belonging to the level set L ={x € R™ s.t. fs(x) < fs(xo)} and that x% satisfies

(g—o)T—K(o+1)
(K +71)

,p}, with 7 > M. (46)

q—o0

|28 — 2| < min{

Note that in problems considered here, bound K is generally not large, typically of the order of
the unit. Moreover, in the numerical results section it will be shown that the behaviour of the
procedure does not depend strongly on the choice of ¢q. Then, it is possible to ensure ¢ — o to be
positive and reasonably far from zero without affecting the method performance.

Lemma 4.3 Assume that Assumption 4.4 holds and let e, = ¥ — xz and py, computed at Step
2.2 of Algorithm 3.1. Then, it exists 0 > 1 such that condition (7) holds for all k < k < k*(9).

Proof From the choice of Ay at Step 1 of Algorithm 3.1 and Lemma 3.4 it follows that the step
pr satisfies condition (28). By (38) and (2) it follows
[mz(ep)ll = [1F"(22)"(F(zq) = y° + F'(aq) (" — )|
< F"(@)* (= )l + | F' (23) " (F(a) =y + F'(23) (2" — 23))|
< K&+ (clla" — 23|l + o) [|F'(23)" (y — F(ap))|
< (L+dllz" — 23| + 0) Ko + (clla" — 2} || + o) | F'(23)" (v — F(3))]l

Then, at iteration k, conditions (37) and (28) give

L+clat =22+ o
T

[mz(ep)]l < (K + (cllat — 23l + U)) 1F" (a3)* (v° = F(ap)|

Ltz =28 +0 |zt -2 +o
< <K e AT el

qaT q
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qT

K+ oK +7)|at — 22| +o(K +7)

2.1 holds for k = k and ||z, — 2| < ||z — ||. Then, (46) holds also for k = k + 1. Repeating

the above arguments, by induction it is possible to prove that, for £ < k < k*(J), condition (7)
qr

holds, with 65 = > 1, which yields the thesis. O

and (46) yields (7) at k = k with 0 = , 0 > 1. So Lemma

K+ c(K +7)|t —xi” +o(K+7)

Next Lemma shows key properties of Algorithm 3.1. Then, exploiting these results, it will be
shown in Theorem 4.3 that, given a sequence {0,} of noise levels, under suitable assumptions,
the sequence of computed approximations {xi’:( 5n)} goes to a stationary point of (1) whenever 6,
tends to zero. It is also proved that the discrepancy principle (37) is satisfied after a finite number
k*(0) of steps.

Lemma 4.4 Suppose that Assumptions 4.2 and 4.4 hold. Then, Algorithm 3.1 generates a se-
quence {x} such that, for k < k < k*(5),

(i) x}, belongs to Bay(x?) ﬂﬁp(:ﬁ) and ||z}, — x:fH <||z¢ —2F|;
(i) there exists a constant X\ > 0 such that A, < A.

Proof (i) From Lemmas 3.4 and 4.3, (10) is satisfied for all k < k < k*(0), and this implies that

20,1 — xt|| < ||z} — 2T||, #} belongs to By, (x)) N By(x1), and Opy1 > O for all k < k < k*(5).
(ii) The proof of the last assertion of the Lemma follows the lines of Lemma 4.2 in [5] and is

reported in the Appendix. O

Theorem 4.3 Suppose that Assumptions 4.2 and 4.4 hold. Then, the iterates generated by Algo-
rithm 3.1 satisfy the stopping criterion (37) after a finite number k*(8) of iterations.

Moreover, suppose that the sequence {xy} generated with the exact data y satisfies wp (k1 —
xk) £ n, for all k, with m(px) defined in (36). Then the sequence {xi*(é)} converges to a x* €

SN B,(z"), with S and B,(z') defined in (42), whenever § tends to zero.

The proof of this result follows the lines of Theorem 4.5 in [5] and is reported in the Appendix.
In Theorem 4.3 it is assumed that for all & > 0 it holds 7 (241 — 2x) # 1. Under this assumption
the trust-region radius Ay selected in Algorithm 3.1, and the scalar Ag, implicitly defined by
the trust-region problem, depend continuously on § > 0. This feature is crucial for proving the

convergence of sequence {mi*(é)} to a stationary point of (1) as é tends to zero. In fact, in case

there exists an index k for which it holds 7g (11 — zx) = 1, the sign of ﬂk(mi’;l — a:i) — 17 is not

predictable even for small §,,, and therefore Ay does not depend continuously on 4.

5 Constrained Case

In many practical applications, problems with constraints on the variables are to be dealt with.
Non-stationary iterated Tikhonov methods for linear least-squares problems with convex con-
straints have been considered in [4]. Let 2 C X be a closed and convex set and consider the
following problem:

min £(z) = 1| Fx) o | (47)

Let Py : X — (2 be the metric projection of X on (2:
Po(z) = argmin . 2 —
n(x) = arggélg 5 lle =yl

for all z in X. It is assumed that a solution = € 2 exists and the computation of the projection
Py, is not computationally expensive.

The procedure described in Section 3 can be modified as outlined in Algorithm 5.1 in order to
handle the constraints and preserve its local properties. In what follows the noisy case is considered.
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Algorithm 5.1: k-th iteration of the regularizing trust-region method for problem (47)

Given .’L‘g, ne (0, 1), 0 < Cmin < Cmax, g € (0» 1)» y(s'
. 1-
1. Choose Ay, € [Cmin”Bi/zf;ch, min {Cmaxy ﬁ} HBi/QfIQH}
k
2. Find the pair (zg, Ag) solution of KKT conditions (16), and set pi = B;/sz.

3. Set xi+1 = Po (2 + pr)-

In Algorithm 5.1, the decrease of the objective function is not imposed, as the aim here is
just to sketch a local procedure for the constrained problem. A global convergent procedure for
the noise-free case would require more sophisticated strategies to handle the constraints and at
the same time provide regularization properties. Then the role of the trust-region is just that of
providing a step satisfying (28). This step is used to compute the updated point aci + pr, that
is then projected on the feasible set, so that the new solution approximation is computed as
2,1 = Po(x} + pi). In this way the generated sequence z§ belongs to £2. All the local properties
of the procedure are maintained, in particular the monotone decrease of the error, thanks to the
following remark:

Remark 5.1 Since z € 2, then || Po (2 + pi) — || < |28 + pr — 27|

Lemma 5.1 Assume that 2 is a solution of (47). Assume that there exists 0 > 1 such that
condition (7) holds. Let aci_H = Po(z8 + px) with py computed at Step 2 of Algorithm 5.1. Then
(10) holds.

Proof

s s
2341 = 2% = llzx — 27| = [|Po(a} + po) — 27|1% — |z — 7|

<l + pr — @ * — [l — 27)1%,
and the thesis can be obtained repeating the proof of Lemma 2.1 since the step computed in Step
2 of Algorithm 5.1 satisfies (6). O

Thanks to this key result, proofs of Lemmas 4.3-4.4 and Theorem 4.3 can be repeated. In this
regard it is worth underlying that the proof of point (ii) of Lemma 4.4 simplifies, as the upper
bound on Ay is given by inequality (56) as Ay is chosen at Step 1 of Algorithm 5.1 and it is not
further reduced.

6 Numerical Results

In this section the numerical behaviour of the procedure is studied, that will be addressed as
regularizing trust-region, in case of noisy data.

Four nonlinear ill-posed least-squares problems have been selected. Problem 6.1 and Prob-
lem 6.2 arise from the discretization of two parameter identification problems, while Problem 6.3
and Problem 6.4 are originally formulated as discrete problems. In the following, the Euclidean
norm will be denoted with || - ||.

— Problem 6.1: A 1D parameter identification problem. Reconstruct c in the 1D-elliptic
problem

—QUgy +cu = in (0,1) (48a)
u'(0) =0, v'(1) =0, (48Db)

given u,p € L?(0,1), [26]. Identifying ¢ reduces to solve, for a given approximation u of a
solution of (48), the following nonlinear least-squares problem:

min|| F(z) - ],
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for F the operator mapping ¢ to the corresponding solution of (48). It is chosen a = 4, and ¢
given by (48a) with

c(x) = V2cos(2mz) + 2, (49)
u(x) = cos(2mz) + 2. (50)

The realistic situation in which both the solution u given in (50) of the partial differential
equation and the function ¢ are known just in n points, {t1,...,¢,} C [0, 1], is considered.
Then ¢ and @ are defined as the piecewise linear functions built interpolating {(¢;, ¢(t;))}
and {(¢;,u(t;))} respectively, for ¢ = 1,...,n. Then, ¢ in (48) is replaced with ¢. In the
experiments v and ¢ are assumed to be known in n = 39 equispaced points in [0, 1]. Note
that when @ is built in this way, it cannot be attainable. In fact, if we define H?(0,1) =
{f € L*(0,1)| D*f € L?(0,1) Vo : |a| < 2}, the solution of (48) belongs to H?(0,1) for
all ¢ € L?(0,1), while @ does not. Then, this test problem results to be a nonzero residual
problem. Problem (48) is discretized using finite differences and N = 113 equispaced grids
points. The matrix arising from the discretization of the differential operator —au,, on the
grid z; = (i —1)h, h=1/(N —1),i=1,..., N will be denoted by L. Let ¢, % € RY be such
that ¢; = @(x;), @; = w(x;), i = 1,..., N and define for c € RY F(c) = (L + diag(c)) ',
with diag(c) € R™*™. Then, identifying ¢ reduces to solving

1
—||F(c) —al]?. 51
min 2|l F(c) — al (51)

If ¢* is the solution approximation found with exact data (i.e. § = 0), it holds ||F(¢*) — @ ~
1.e — 3. For this test problem the exact form of the the Jacobian matrix of F is given by:

J(c) = —(L + diag(c)) ' (diag(F(c))). (52)

Problem 6.2: A 2D parameter identification problem. The 2D version of Problem 6.1
with ¢ = 1 is considered. Namely, the problem consists of reconstructing ¢ in the 2D-elliptic
problem

—Au+cu=pin 2 (53a)

u=¢ on 91?2 (53b)

from the knowledge of u in 2 = (0,1) x (0,1), ¢ € L?(£2) and ¢ the trace of a function in
H?(£2). This problem has been widely studied, see for example [27,28].

The discretized version of the arising nonlinear least-squares problem is considered, obtained as
described in [27]. Namely problem (53a)-(53b) was discretized using finite differences choosing

as grid points z; = y; = -—5, for i = 1,...,n and n = 50, and using lexicographical ordering,
denoted by [ : {1,...,n%} — {1,..., 2}. Let A be the matrix arising from the discretization
of the Laplacian operator, with ¢ = [@1,...,$,2]", where @y ;) = ¢(xi,y;). Moreover for

c € R let F(c) = (A + diag(c)) '®. Then, F : R" — R", and the resulting discrete
problem is a nonlinear least-squares problem of size n? = 2500:

1 19
min, FIE(e) —all,

for a given u € R™. For further details see [27]. The tests were conducted choosing c(x,y) =
1.5sin(47z) sin(67y) +3((x —0.5)2+ (y —0.5)2) +2 as a parameter to be identified. The solution
u(z,y) of (53) corresponding to this choice of ¢(z, y) is u(x, y) = 16x(1—x)y(y—1)+1. Function
© in (53) has been defined from (53a). When the solution u is analytically known, this is a zero
residual problem. In order to obtain a nonzero residual problem the data u are artiﬁcially set as
a perturbation of [u1, ..., u,z2] with wy; ;) = u(x;,y;), to let ¢ = | t 7,

C15--+,C,2]", where cl(

i)
c(xi,y;), be a stationary point with strictly positive residual. Specifically ||.J(c")T (F(c")—u)| =
0 and ||F(c') — @ ~ 0.1, for J the Jacobian matrix of F.

For this test problem the exact form of the the Jacobian matrix of F' is given by:

J(c) = —(A + diag(c)) *(diag(F(c))). (54)



Regularizing Elliptical Trust-Region 17

— Problem 6.3: A test problem arising in geophysics [11]. Starting from electromag-
netic data collected by a ground conductivity meter, the aim is to reconstruct the electrical
conductivity x of the soil with respect to depth z. In [11] a nonlinear model for the apparent
conductivity me(x, h) at height h above the ground is used, which depends on the value x of
the conductivity. The soil is assumed to be divided in n layers, so that z; is the conductivity in

each layer and x = (x1,...,2,)7 . Multiple measurements are needed to recover the distribu-
tion of conductivity with respect to depth. It is assumed to record the apparent conductivity at
heights h;,i = 1,...,m, that generates values b = (by,...,b,,). The problem of data inversion

consists of computing the conductivity £ minimizing the error in the model prediction:
.1 2
min —||b — me(2)||%.
z 2

It is assumed that the conductivity distribution is a function of the depth, = ¢(2). In the
experiments the piecewise linear function

o) {8;1 if 2 < 0.5,
<) = —2246 :
=248 if 2 > 0.5,

was used, expressed in Siemens/meter, with respect to the depth z, measured in meters. This
implies the presence of a strongly conductive material at a given depth. The measurements
are assumed to be taken at different heights h; = (i — l)ﬁ above the ground, i =1,...,m, for
a chosen height step h. The soil is divided into n = 60 layers, up to the depth of 2.5 meters,
each of thickness d = 2.5/(n— 1), selecting different depths under the ground level, [z, ..., 2,],
where z; = (j — 1)/d, j = 1,...,n. The proposed method is applied to synthetic data sets.
Synthetic measurements are generated at m = 40 equispaced heights up to 1.9 meters to let
T = (¢(21),...,6(2,)) be a stationary point such that ||mc(2") — b|| ~ 0.48. Note that the
true electrical conductivity is approximated with a mathematical model, so it is reasonable
to expect it to fit the data with a nonzero residual, even in the case of exact data. On this
test problem also bound constraints are present, as the solution must be positive. Then, the
projection strategy described in Section 5 is employed.
— Problem 6.4: A fitting of a sum of two exponentials. Given the model

y(t) = xre ™2t 4 w3~ "4t (55)

recover the set of parameters z! solving the following discrete least-squares problem:

. yi z1e” "M 4 pzemTh
min SIE@) —yl?,  y=|:|, Fl)= : )
r=[z1,22,23,24]T 2
Ym zre” T 4 ggemTalm
where the observations (¢;,y;) ¢ = 1,...,m, are given as follows.

The points ¢; are equispaced in [0, 10] and the data y; have been chosen to let 7 = [0.2, —5,0.4, —100]7
be a minimum of the problem with nonlinear residual || F(x") — y|| of the order of 0.54, when
the data are fitted with model (55). The experiments were conducted choosing m = 1000.

In the following, for uniformity of notation, for all the tests it is assumed that the minimization
problem to be solved is

o1
min | F(z) -yl

and the solution approached when the minimization problem is solved with exact data will be
denoted with z*.

First of all, the method relies on Assumption 4.1 for the proof of the regularizing properties. In
Figure 2, numerical evidence for the assumption is reported, on all the test problems. Specifically,
lg(2) = g(ax) — J(xr)" J(2x)(Z — x1)|| (dashed line) and (c[|Z — x|l + 0)[lg(Z) — g(zx)| (solid
line) are plotted, where xj, is the current iterate, £ € B,(xx), J is the Jacobian of F' and g is
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the discrete gradient g(z) = J(z)T (F(z) — y). It was chosen ¢ = 0.1, p = 0.3 and o equal to the
residual ||F(z*) — y||. Note that condition

lg(@) = gax) = J (2x)" T (@) (@ = 20) | < (el|Z = 2l + ) 9(@) — g(@n)]],

is satisfied for x, approaching z*. These tests were repeated varying & € B,(x)) and qualitatively
the same results were obtained. In [29] the authors have proved that Assumption 4.1 holds for
Problem 6.1 in case of finite dimensional Hilbert spaces. That analysis could be extended also
to problem Problem 6.2.

Fig. 2 Numerical evidence for Assumption 4.1: plot of ||g(Z) — g(zx) — J(2x)T J(2x) (% — 2)|| (dashed line) and
(0.1)|Z — zk|| + o) |lg(Z) — g(zk)]|| (solid line) for & randomly chosen in B,(zy), p = 0.3, for Problem 6.1 (top left,
o =4-1073), Problem 6.2 (top right, o = 0.1), Problem 6.3 (bottom left, o = 0.48), Problem 6.4 (bottom
right, o = 0.54).

The practical implementation of the method will be now described. All procedures were im-
plemented in MATLAB and run using MATLAB 2015A on an Intel Core(TM) i5-2467M 1.6 GHz, 4
GB RAM; the machine precision is €, ~ 2 - 10716, The trust-region procedure was implemented
according to Algorithm 3.1.

The major implementation issues are as follows. Regarding the Jacobian matrix of F, the
analytical expression was used for all test problems. Specifically for Problem 6.1 and Problem
6.2 the exact Jacobian matrices are given in (54) and (52), for Problem 6.3 the exact analytical
formulae is developed in [11] and for Problem 6.4 it is easily computable.

To compute the square root of matrix By the singular value decomposition of the Jacobian,
provided by MATLAB function svd, is used.

In case of noisy problems, given the error level §, the exact data y was perturbed by normally
distributed values with mean 0 and variance 2 using the MATLAB function randn.

To compute the KKT point (2, Ax) at Step 2 (16) has to be solved. Since the trust-region
is ensured to be active, this can be accomplished solving the following nonlinear scalar equation:
P(A) = m — A%C’ [22, §7.3]. Starting from an initial guess greater than the sought solution Ay
the sequence generated converges monotonically to ;. Typically high accuracy in the solution of
the above scalar equations is not needed, hence the Newton process is terminated as soon as the
absolute value of function 1 is below 10~2. Each Newton iteration applied to ¥()\) = 0 requires
the solution of a linear system with shifted matrix of the form B 4+ AI. Taking into account
that A is always bounded away from zero, as the trust-region is always active, a sequence of
regularized linear systems has to be solved, and this allows to overcome the ill-conditioning of B,
since in these problems the ill-conditioning of the Jacobian is due to the presence of small singular
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values. The linear systems are solved employing the singular value decomposition of the Jacobian,
computed to obtain the square root of matrix By.

Algorithms 3.1 and 5.1 were run setting 7 = 107!, In Step 1 the trust-region radius was
updated as follows

1/2 _
Ay = ,UOHBO/ ol fro = 107"
1 .
—pk, ifge<q or pr<ng,
Ay = B = -
k+1 — ,U/k-‘rl” k+1gk)+1||a Hk+1 = Q;U‘ka if qr > Vq and Pk > 12,
ks otherwise,
| Bepr+gu|l

with ¢ = , v =1.1 and 7y = 0.25. The maximum and minimum values for Ay were set

Mawll
to Apax = 10* and A, = 107!2 and the maximum value for ju;, was set to 10°. This updating

strategy is based on the following considerations. The choice of Ay suggested by (33) guarantees
that the g-condition (28) is satisfied, but gives rise to small values of the trust-region radius and
as a consequence to a slow procedure. On the other hand, Ay given by the procedure described
above preserves the property of converging to zero in case of exact data, as ||B,1/ 2gk|| tends to
zero. Further, Ay is adjusted taking into account the g-condition by monitoring the value g, as it
is satisfied whenever g > ¢q. Therefore, if the g-condition was not satisfied at the last computed
iterate xi, it is reasonable to take a smaller radius than in the case where it was fulfilled. This
updating strategy turned out to be efficient in practice. As an example in Figure 3 (a) the obtained
values of g for Problem 6.1 for § = 102 are reported. For almost all the iterations the values g,
are greater than the chosen value ¢ = 0.8, marked by the horizontal solid line, so the g-condition
is fulfilled.

The free parameter ¢ was set equal to 0.8, but this choice is not critical. Actually, the behaviour

of the procedure does not seem to be deeply affected by the value of q. As an example in Figure 3
Hf*—fi*w)“
[EN]

approached with exact data and that computed with § = 1072, for different values of parameter
q.- Note that the error does not vary significantly with q.

(b) it is shown for Problem 6.4 the value of the relative error between the solution z*

* * 052
* *

*
mm——

*x
T
* *

0.8 (%

(a) (b)

Fig. 3 (a): Problem 6.1, § = 102, Obtained values of g;. (b): Problem 6.4, § = 10~2. Dependence of the

relative error between computed solution xi* &) and z* on the parameter gq.

The scalar 7 in the discrepancy principle (37) was chosen adaptively as
7 = 7||J(23)]|, with 7 = 0.1. The value of 7 is not in agreement with Assumption 4.4, but in
practice o is not known and the numerical tests provide an evidence of the effectiveness of this
stopping rule. As 73 depends on k, the stopping rule changes at each iteration. However, 74 varies
only slightly along the iterations as ||J ()| is almost constant. Values of 73, used in the tests, for
§ = 1072, are as follows:

— Problem 6.1: ||.J(z2)
— Problem 6.2: ||.J(22)

||N
||N

0.04 and 7, ~ 4-1073,
1072 and 73, ~ 1073,
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— Problem 6.3: HJ(xk)H ~ 1071 and 7, ~ 1072,
— Problem 6.4: ||J(29)| ~5 nd 7 =~ 0.5.

In agreement with the theory, the error is monotonically decreasing as long as the discrepancy
principle is not satisfied, as it is shown for example in Figure 4 (a), in which the decrease of the

relative error ”x‘T;gﬁi I between the solution approached with exact data and the current iterate xi
is reported, varying k, for Problem 6.2 with § = 1072. Iterating further is not useful and it can
also lead to a new increase in the norm of the error, as it is shown at the bottom of Figure 4. The
procedure was not stopped when the discrepancy principle was satisfied and the error started to

increase (b), as the sequence approaches a solution of the noisy problem (c).

=X V|

3
X

1= VI 11

50 100 150 200 250 300
k

(b) (c)

Fig. 4 Problem 6.2, § = 10~ 2. Upper part: The procedure is stopped when the discrepancy principle is satisfied,
the norm of the error decreases monotonically (a). Lower part: The procedure is not stopped when the discrepancy
principle is satisfied, the norm of the relative error increases (b) and a solution of the noisy problem is approached

(c).

The stopping criterion alone is not sufficient to obtain a regularizing method. To show this, a
standard trust-region procedure was implemented, according to technicalities well-known in the
literature, [18, §4], [22, §6.1]. Particularly, it was set Ay = 1 and

1

Ma lf ﬂ-k(pk?) R
A 4 1 4 3
LT A, if 1 < m(pr) < T

min{2A, Apax}, otherwise,

This procedure was used also to solve the test problems in case of noisy data. For Problem
6.1, Problem 6.2 and Problem 6.3 in Figures 5, 6 and 8 it is shown that, while the regularizing
trust-region manages to handle the noise in the data, the sequence generated by the standard
trust-region converges to a solution of the noisy problem. For Problem 6.4 the solution found
by the standard trust-region is as accurate as the solution found by the regularizing trust-region.
This good result is due to the fact that the trust-region happens to be active in all iterations and
therefore a regularizing behaviour is implicitly provided.
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In Figure 5, Problem 6.1 is considered. The solution approximations computed with § = 0
(x*, dashed line), § = 1073 (dotted line) and § = 102 (dash-dotted line), are compared to
T = [e(z1),...,c(zn)]T, with ¢ in (49) (solid line). The solution approximation improves with
decreasing noise for the regularizing trust-region (a) and not for the standard trust-region (b),
and that z*, which is computed with exact data, is a good approximation to zt.

Fig. 5 Problem 6.1. Comparison of solution approximations computed with noise levels § = 10~3,10~2 and
solutions z* and zt = [¢(21),. .., c(zn)]T with c in (49), (a): regularizing trust-region, (b): standard trust-region.

In Figure 6, Problem 6.2 is considered. The solution z* approached with exact data (a) is
compared to the solution approximations computed by the regularizing trust-region (b) and the
standard trust-region (c) with § = 1072

AN
KON
750N ¢ 510
2‘8\\»‘ ‘W/""
il IR W

Wil

! ”«.'?0‘ /7',‘;”;“

(b) ()

Fig. 6 Problem 6.2. Upper part: solution approximation «* obtained with exact data (a). Lower part: solution
approximations obtained with regularizing trust-region (b) and standard trust-region (c) for § = 1072.

In Figure 7, we analyse the behaviour of the regularizing trust-region method depending on the
noise level. We report the contour plots of the computed solution approximations for Problem
6.2 with § = 0,1072,10~%. As the noise level decreases, according to the theory, the computed
solution approaches a minimum of the problem. In fact, as § decreases, the contour plots become
more and more similar to that obtained for § = 0.
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01 L L L L 4

(a) (b)

Fig. 8 Problem 6.3 with § = 10~2: plot of the true solution ' and of the computed solution xi* ) for regularizing

trust-region (a), standard trust-region (b).

In Figure 8, Problem 6.3 with § = 1072 is considered. We report the plots of the true solution
zf and of the computed solution xi* ) for 6 = 1072, for the regularizing trust-region (a) and

for the standard trust-region (b). Also in this case, the solution x has been well-approximated
by the regularizing trust-region, while the standard trust-region is not able to provide a good
approximation.
Finally, in Figure 9 numerical evidence of properties theoretically proved is reported. In (a),
llz” =23 5l
flz=1]
In (b) the regularization parameters \;, for Problem 6.3, § = 10~2 are plotted. In accordance
with the theory, the regularization parameters are strictly positive and bounded above.

for Problem 6.4, the reduction of the relative error with the noise level § is shown.

7 Conclusions

A non-stationary iterated Tikhonov procedure to solve nonlinear ill-posed least-squares problems
with small residual has been proposed. A trust-region reformulation of the method has been
proposed, that allows us to set the regularization parameters A\ in an automatic way. Along with
a suitable choice of matrix My, this ensures regularizing properties of the method and gives rise
to a procedure able to find a stable approximation of a solution of the unperturbed problem,
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Fig. 9 (a): Problem 6.4. Reduction of the relative error = with the noise level 6. (b): Problem 6.3,

§ = 1072. Plot of the regularization parameters \.

even in case of noisy data. A theoretical analysis and a reliable implementation of the proposed
method, that has been validated on different tests, are provided. The obtained numerical results
highlight the effectiveness of the procedure and its regularizing properties. However, the current
implementation is not suitable for large scale problems, as the square root of the matrix By is
computed by the svd decomposition of the current Jacobian. In order to develop a reliable method
for large scale problems both the action of the square root of By on a vector and the solution of
the linear systems should be approximated with a rough accuracy by using an iterative method,
such as the Lanczos method. The Krylov subspace generated by the Lanzcos method could be
used both to compute the right-hand side of the linear systems, and to solve them, projecting the
problem on the generated subspace. However, this introduces a source of inexactness, that is not
taken into account in the presented theory and will be subject of further study.

Appendix
Proof of item (ii) of Lemma 4.2 and item (ii) of Lemma 4.4

Proof The proof is the same for the noise free and the noisy case, for generality the notation of the noisy case is
employed.

Since Ag > 0 from Lemma 3.4, the trust-region is active, and from (30) it follows that

BL/2 41
Ap = |z < M
Ak

Then, if Ay chosen at Step 1 of Algorithm 3.1 guarantees condition 7 (pg) > 7, the thesis follows as

1/2
< 1By~ fll < 1
Ak C’min

Ak

'>/ |

(56)

Otherwise, the trust-region radius is progressively reduced, and a bound for the value of A at termination of Step
2 of Algorithm 3.1 can be provided. First, consider the case

1
fs(@} +p0) > S 1P @) = + F'@Dpel

Trivially,

)  fs(@y 4+ k) — 3IF @) — v + F' (2)pk |2
- Wk(pk) - 5y _ 1 F 5y _ .5 ! s 2 3
fo(xp) — gl F(xy) — y° + F'(23)pk ||




24 Stefania Bellavia and Elisa Riccietti

and

1 1
fs(al +pr) — 5|IF(J€) =y’ + F'(@))pel? = 5\\F(wi +p) £ F(a)) £ F'(20)pr — v°|I?
1

- §HF($i) —y° + F'(a)pell®

1
= §HF(wi +pr) — F(z)) — F'(z))pil?
| F(z) + pr) — F(z) — F'(z)pe
P (@) —y° + F'(2)pxll-

+

By the Lipschitz continuity of F’ it holds
5 5 ro 6 L 2
15 (g + pr) = Flag) = F(zp)pell < 5 el

Moreover, using (24)
IF (@) —y° + F'(@p)pV| < IF(z}) = 4|

for any A > 0. Consequently, as [|p|| < |B,/ || Ay and Ay < Cumax| B}/ > LI,

1
S5+ po)= S I (@) =y + F'aml® <
L 2 A2 L 6 2
S| F(20) — yl| ( {K°Chanl Flao) — yll +1).

From [22, Theorem 6.3.1 and §8.3] it holds

1 1 , B2
fatad) = (5w B + (B o) + Jo(a) ) 2 gBi/zf,;umm{Ak,kk” .

1Bzl

Then, (18) yields
1 1 1/2
Fo(@f) = SIF@R) = o + F el > 5 Axll B2 Al
1/2

1By~ frl

whenever Ay < —rki and this implies

LE?Ap||F(z0) = yll (G LEOCaxl F (o) —yll +1)

1/2
I1B,/2 4l

1—mp(pr) <

Namely, termination of the repeat loop occurs with

1/2
Ay, <wl|BY 2L

1 1-—
w = min =1 3 i 6772 .
K% LE?||F(zo) — yll (3 LKCCR x| F(wo) — yll + 1)

Taking into account Step 1 and the updating rule at Step 2.4, it can be concluded that, at termination of Step 2,
the trust-region radius Ay satisfies
. 1/2
Ay, > min {Cpnin, 10} 1B fi .
In fact, in case of a smaller value of Ay, it happens f(g(wi +p) < %HF(xi) —y +F’(zi)pk||2, then 7 (px) > 1>1n
and the loop at Step 2 terminates. Then, it terminates for a trust-region radius greater than or equal to the one
estimated above.
Then, A\ < X as

- Ak - C1min
and the thesis follows. O

1/2 ¢/

B 1 1

Ak<w<max{77 }7
Yw

Proof of Theorem 4.3 Proof Summing up from & to k*(8) — 1, by (37), (28), (10) and Lemma 4.4, it follows

k*(8)—1 -
* T N [
(K*(8) —k)r262 < 3 |IF' (@) (F(aR) =) < 5~ |lag — ||
o 2(0x — g

Thus, k*(4) is finite for 6 > 0.
Convergence of xi*(é) to a stationary point of (1) as § tends to zero is obtained by adapting the proof of [5,

Theorem 4.5]. Specifically, let z* be the limit of the sequence {z} corresponding to the exact data y and let {§,} be
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a sequence of values of § converging to zero as n — co. Denote by y%7 a corresponding sequence of perturbed data,
and by kp, = k«(dr) the stopping index determined from the discrepancy principle (37) applied with § = d,,. Assume
first that k is a finite accumulation point of {kn}. Without loss of generality, possibly considering a subsequence,
it can be assumed that k, = k for all n € N. Thus, from the definition of &k, it follows that

IF @) (y° — F(a3™))|| < mon. (57)

As, by assumption, m(zk+1 — k) # 1, for all k, it follows that for the fixed index k, the iterate m% depends
continuously on §. Then
1‘2" -z, F'(:cg") — F'(zy), F(:cg”) — F(xy) as 6n — 0.
Therefore, by (57), it follows that F'(zj,)*(y— F(x;)) = 0, and the k-th iterate with exact data y is a stationary
point of (1), i.e. #* =z, and it is possible to conclude that xiz — z* as 6, — 0.
It remains to consider the case where k,, — 00 as n — co. As {x}} converges to a stationary point z* of (1)
by Theorem 4.2, there exists k > 0 such that

—

|z —2*|| < =p for all k> E,

[\

(q—o)r—K(oc+1)
(K +71)
00, there exists d, sufficiently small such that k < k«(dn), and

where p < min{ ,p}. Then, as xi depends continuously on ¢, §,, tends to zero and k.« (6n) —

p.

N =

S
e — ] <

Then, for §,, sufficiently small s

on _
e — || < Jla2 — ag + Il — 2] < B (58)

Now, from item (i) of Lemma 4.4, it follows :cg" € sz(m%"), while from (46) and Theorem 4.2 it holds
z* € ng(ac%”) as
o3 —a*|| < agr — 2t + [|l=F — "] < 2p.

Letting ef = 2* — xi" Repeating arguments from Lemma 4.3, and using (38), (2) it follows
Img(ep)ll < Kon + | F/(23")" (y — F(a2") + F' (@) (2" — 22m))||
< Kon + (cla* — " | + o) [|F' (@27)" (y — F(a2")|
< (Lt clla® = a2 | + o) K8 + (clla™ — 20| + o) ||/ (@) (5" — F(alm)].
Then, at iteration k, conditions (37) and (28) give

. 1+c||:c*—:c%"||+a
Img(en)ll <

+ (ella® — 22 | +0) | 1F (@) WP — Fai))]|

1+ c||z* 712"” +o c|z* fx%"H +o

S| K + llmz () l-
qr q Rk

(q—o)r—K(c+1)
(K +71)

Thus, by (58) and p < min{ ,p}, it follows that
. 1
Img (eIl < o= llmg ()l

k

qT

1+c(l+7)p+o(l+71) +
and repeating the above arguments, by induction monotonicity of the error Hxi" —z*|| for k < k < ky, is obtained.
Then

is satisfied with ; = > 1. Replacing zt with z*, (10) gives ||x%11 —z¥|| < Hazgn —z*

on on —
[z — 2| < =" — =" < p. (59)
Finally, repeating the previous arguments, it can be shown that, for every 0 < e < p, it exists S such that
||:vi" —a*|| < e for all §, <, i.e.
xi:’l —z* as on — 0,
and the thesis is proved. o
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