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EXPANDING THE APPLICABILITY OF A
NEWTON-LAVRENTIEV REGULARIZATION METHOD
FOR ILL-POSED PROBLEMS

IOANNIS K. ARGYROS and SANTHOSH GEORGE

Abstract. We present a semilocal convergence analysis for a simplified Newton-
Lavrentiev regularization method for solving ill-posed problems in a Hilbert space
setting. We use a center-Lipschitz instead of a Lipschitz condition in our conver-
gence analysis. This way we obtain: weaker convergence criteria, tighter error
bounds and more precise information on the location of the solution than in
earlier studies (such as [13]).
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1. INTRODUCTION

Let X and H be Hilbert spaces. Let U(x, R) and U(zx, R) stand, respectively,
for the open and closed ball in X with center x and radius R > 0. Let also
L(X, H) be the space of all bounded linear operators from X into H.

In this study we are concerned with the problem of approximating a solution
of the equation

(1.1) AF(z) =,

where A : H — H is a positive self-adjoint operator with its range R(A) not
closed in H and F : D(F)C X — H.

Many problems from computational sciences and other disciplines can be
brought in a form similar to equation (1.1) using mathematical modelling, e.g.,
[1], [4], [5], [6], [17], [18]. The solutions of these equations can rarely be found
in closed form. That is why most solution methods for these equations are
iterative. The study of the convergence of iterative procedures is usually based
on two types of methods: on semi-local, respectively, on local convergence
analysis. While the semi-local convergence analysis is based on the information
around an initial point and gives conditions ensuring the convergence of the
iterative procedure, the local one is based on the information around a solution
and aims to find estimates of the radii of convergence balls.

Since R(A) is not closed, the equation (1.1) is ill-posed in the sense that
small perturbations of the data y can lead to large deviations of the “solution”.
In this case regularization techniques are needed to obtain stable approximate
solutions for (1.1), e.g., [5]-]7], [8], [10], [16]. A solution x* of (1.1) is called
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an xo-minimum norm solution of (1.1) if

(1.2) 2" = wol| = min{||z — x| : AF(2) =y, x € D(F)}.

We are interested in a solution z* € D(F) of equation (1.1) which satisfies
(1.3)  [|[F(") = Fxo)l| = min{||[F(z) — F(zo)| : AF(x) =y, = € D(F)},
instead of (1.2). We also assume that y® € H are the available noisy data with
(1.4) ly =y’ <.

George and Nair used in [13] the Newton-Lavrentiev regularization method
(NLRM) defined for each n € {1,2,...}, a fixed @ > 0 and 6 > 0 by

(1.5) Tho = Tno1,0 — F(@0) H(F (27 1,0) = 7o),
where 20 = F(zo) + (K*K +al) ' (K*y® — AF(x)) and xaa = 1z is an initial
point to generate a sequence {x%a} for obtaining approximate solutions z?, of
the equation

(1.6) F(x) =20,

The regularization parameter « is chosen following the adaptive parameter
selection procedure due to Pereverzev and Schock [15].
(NLRM) can be written in the more condensed form

(1.7) 2d =Gl 1), ne{l,2,...},

where G (z) = 2 — F'(20) "} (F(z) — 25). A semilocal convergence analysis was
given by George and Nair in [13] under the conditions:

(C1) There exist 79 € X, b > 0 and w > 0 such that F’(z¢)"! € L(H, X),
|1F"(wo)|| < b and [[F(Z) — F(zo)|| < w.

(C2) F:U(zo,R) C X — H, for some R > 0, is Fréchet differentiable and
there exists a constant L > 0 such that for each z,y € U(xg, R) the
following Lipschitz condition holds

IF(z) = F'(y)ll < Lll= — yl.
(C3) For o > 0 and § > 0 set

(1.8) h = 20*L <Z - w>
and
(1.9) qg:=1—+v1—h.

Suppose that
4] 1 1
1.1 — — mi — 7.
(1.10) a+w<2bmm{R,bL}
We shall refer to (C1)-(C2) as the (C) conditions. Note that (1.10) implies
(1.11) h<1
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and

1—+vV1-h

In the present paper we present a semilocal convergence analysis for (NLRM)
with the following advantages over the one given in [13]:

(A1) less expensive computational cost for the Lipschitz constants,
(A2) weaker convergence conditions,

(A3) tighter error estimates on ||;1:§17a — 20| and ||zn.a — zall,

(A4) more precise information on the location of the solution.

We shall refer to (A1)—(A4) as the (A) advantages. Let us explain how these
advantages are obtained. Note that in view of (C2) we get:

(C2)’ There exists Ly > 0 such that center Lipschitz condition
IF"(x) = F' (o) || < Lollz — ol
holds for each z € U(zo, R)

Consider also:
(C3)” Put

(1.13) ho = 2b%Lg (5 + w>
[0

and

(114) qo ‘= 1-— \/1—h0.

Suppose that

) 1 1
(1.15) a+w<2bmin{R,bLO}.
Note that (1.15) yields
(1.16) ho <1
and
(1.17) ro = 1_b7 leo—ho <R.

We shall refer to (C1), (C2)” and (C3)’ as the (Cp) conditions.
Note that the inequality

(1.18) Lo<L

holds in general, and that LLU can be arbitrarily large, see [1], [2]-[4].

Our semilocal convergence analysis is based on the (Cy) conditions. Observe
that

(1.19) h<1l= hy<1,

h L
(1.20) f —0 as fo —0,
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and
(1.21) ro < 7.

If Lo < L, then strict inequality will hold in (1.21), too. The estimate (1.20)
shows that the applicability of these methods can be expanded infinitely many
times when compared to the results in [13]. The computation of Lg is less
expensive than that of L. Finally, there are problems for which (C2)’ holds
but not (C2) (see the examples at the end of this study).

The proof of the result in [13] involving (C2) can be given by simply using
(C2)’. Based on this crucial observation, the results in [13] can be given using
the (Cp) conditions instead of (C). That is why in Section 2 we simply present
the results without any proofs. We refer the reader to [13] for these proofs.
Finally, in Section 3 we provide examples where (C2) does not hold but (C2)’
holds.

2. CONVERGENCE ANALYSIS
We present the semilocal result for (NLRM).

THEOREM 2.1. Suppose that the (Cy) conditions hold. Then the sequence
{xi’a}, generated by (NLRM), is well-defined, remains in U(xg,ro) for each
n € {0,1,2,...} and converges to a unique solution 20, € U(xq,rg) of the
equation

(2.22) F(x) =2
such that
n
(2.23) |2f o —af| < 270
’ 1—qo
where

(2.24) qo = 1-— vV 1-— ho.
If in addition bLoR < 1, then the following inequalities hold
b
6 _ A < - 5 _ F -,
o = 3l < ;g2 ~ F@
and

. qZ}ro b 5 -
— < - F .
B < {20+ sl - F@)

Moreover, if F(2) — F(xg) € R(A), then, for zo = F(xzg) + (A+ o) 1 (y —
F(xq)), the following assertion holds

1)
[z

|F(Z) — 2|l 7 0 as a — 0.

Concerning error bounds under source conditions we present the following
result.
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THEOREM 2.2. Suppose that the (Cy) conditions hold, that bLoR < 1 and
that there exists a continuous, strictly increasing function ¢ : (0,a] — (0, 00)
with a > ||A|| satisfying:

o lim X — Op(X) = 0,

ap(M)
<
o ii% Nto S o(a), for all a € (0,al,

o there exists v € X with |[v]| <1 such that F(2) = p(K*K)v.
Then the following inequality holds for each n € {1,2,...}
X b J aTro
é 0
T—x —_— +—)+
H (ple) + 92 + 270
Let (X)) := A\/p , where 0 < A < ||A4]|, and
ag =~ (YH(9)).
If Y(a5) + w < min{ R, ﬁ} and rs = min{gf < O%}, then
0

nes,as - j}H - O(w_]-(é))

Concerning an adaptive selection of the parameter, which does not involve
even the regularization method in an explicit sense, we have the following
result (see [12] and [13] for more details).

[

THEOREM 2.3. Suppose that
2b
R —2bw’
Define aj, for j € {0,1,2,...,N}, and k, respectively, by ag := 6, := p/ 4,
forje{1,2,...,N}, and
k::zmax{i:”z‘s H<4u3i—0,1,...,}.

2bw<R<min{2b(1—|—w) bLo } >

Then the following inequality holds

1F(&) = 20, Il < 61971 (6),
where (t) := tp(t), for 0 <t < ||Al|. Furthermore, if

1
h()J€ = 2b2L0(w + fk) <1

and if ng j := min{n : Qor < k} with qo ), = 1—+/1 — hok, then the following
equality holds

s A -1
1250 40 — 2 = O(¥7(6)).
ALGORITHM 2.4. For i,j € {0,1,..., N} we have
20 =20 = (aj— o) (A4 a;I) N A+ D) Ny — AF(x0)).

a; Q;
Hence the adaptive algorithm associated with the choice of the parameter
specified in Theorem 2.3 involves the following steps:
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Part I:
o =1.
e Solve for w; : (A4 a;)w; =y° — AF(x).
e Solve for z;; : (A+ oil)zij = (o — )w;, j < i
o If ||z;;|| > 4p~7, then take k =i — 1.

e Otherwise, repeat with ¢ + 1 in place of 1.
Part II:
oen=1.

o If gf, < =", then take no i = n.
e Otherwise, repeat with n + 1 in place of n.

Part III:
e Solve for uj_1 : F'(zo)uj_1 = F(w?fl o) 2y, -
1) 0 L
° $j,ak = $j*1704k —Uj-1, ] = 1,2, - 1Ok

REMARK 2.5. If Ly = L the results reduce to the ones in [13]. Otherwise,
ie., if Ly < L, these results constitute an improvement with advantages (A)
as stated in the introduction of this paper. Note also that in this case gy < ¢
and the choice of the parameters «, § and of the functions ¢ and ) are tighter.
Moreover, the choice of z( plays the role of a selection criterion, see [11].
Finally note that the algorithm is also tighter, which in practice leads to fewer
steps to achieve a desired error tolerance € > 0.

3. EXAMPLES

In this section we first present two examples where (C2) is not satisfied but
(C2)’ is satisfied.

EXAMPLE 3.1. Let X =Y =R, D = [0,00), 29 = 1 and define the function
F on D by
e

141

)

(3.25) F(z)= + c1x + ca,

where ¢q, ¢y are real parameters and 7 > 2 is an integer. Then F’(z) = 2Vt
is not Lipschitz on D. However, the central Lipschitz condition (C2)’ holds for
Lo = 1. Indeed, we have

|z — o]

|F/@) = F'ao)l = 2 = '] =

i1 i—1
xol ++x I3
< L0’$ — 1’0’.

ExaMPLE 3.2. We consider the integral equations

(3.26) u(s) = f(s) + )\/b G(s, tyu(t) Ve, neN,
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where f is a given continuous function satisfying f(s) > 0,s € [a,b], \ is a
real number, and the kernel G is continuous and positive in [a, b] X [a, b].

For example, when G(s,t) is the Green kernel, the corresponding integral
equation is equivalent to the boundary value problem

o = )\u1+1/n
{ u(a) = f(a), u(b) = f(b).

These type of problems have been considered in [1], [2], [14].
Equations of the form (3.26) generalize the equations

b
(3.27) u(s) = / s, yu(t)dt
studied in [1], [2], [14]. Instead of (3.26) we can try to solve the equation
F(u) = 0, where
F:Q — Cla,b], with Q = {u € C[a,b] : u(s) >0, s € [a,b]},
and

b
F(u)(s) = u(s) — f(s) — A / G(s, t)u(t) /e,

The norm we consider in this case is the max-norm.
The derivative F’ is given by

b
F'(u)v(s) = v(s) — A <1 + i) / G(s, t)u(t)™v(t)dt, v e Q.

First of all, we notice that F’ does not satisfy any Lipschitz-type condition in
2. Let us consider, for instance, [a,b] = [0, 1], G(s,t) =1 and y(¢) = 0. Then
F'(y)v(s) = v(s) and

IF(x) - F'(y)]| = N <1 ‘ ;) / " ()t

Assuming that F” is a Lipschitz function, then
1F'(z) = F'(y)|l < Lafl= = yll,
or, equivalently,
1
(3.28) / 2(t)V/"dt < Ly max x(s), for all z € €,
0 z€[0,1]

and for a constant Ls. But this is not true. Consider, for example, the functions
t
zj(t)=-, j>1, te][0,1].
J

If these are substituted into (3.28), we obtain

1 Ly 1—1/n .
- <<t < ILo(1+1 , V5> 1.
jl/n(l +1/n) = J = 2( + /TL) J =
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This inequality is not true when j — oo. Therefore condition (3.28) is not
satisfied in this case. However, condition (C2)’ holds true. To show this, let
zo(t) = f(t) and v = mingepqy f(5), @ > 0. For v €  we then have

IF"(z) = F'(xo)lvl

= |\l (1 ) max
s€la,b]

/ Gls, ) (@)™ — FO)Ym)o(t)dt

1
< 1 - GTL 7t ;
< A+ n)srélifé] (s,t)
— G(s,t)]x(t)—f(t
where G, (s,t) = z(t)(n_l)/”+:n(t)($l—2))|/n(f)(t)1§n)_|t,_...+f(t)(”_1)/" [|v]]-
Hence
/ / A +1/n)
I[F'(x) — F'(z0)]v| = Wse[ab G (s, t)dt||x — ||

IN

Lol|lz — o[,

where Ly = WN and N = maxe(q 4 f; G(s,t)dt. Thus condition (C2)’
holds true for sufficiently small A.
In the last example we compare the “h” conditions.

EXAMPLE 33. Let X =Y =R, D = [0,00), 20 =1, A =F, D(F) =
U(zo,1—p) for p € (0, %), y=0,y% =0, =0 and define the function F on
D by

F(z) =a% —p.
Then, using (3.28) and (C3), (C3)’, we have that b = %, n = %(1 —p) and
Lo = 3(3—p) < L = 6(2—p). Then we have that h = 2bLn > 1forallp € (0, 1).
Hence there is no guarantee that the method converges to & = 3/p. However,
our new condition 4hy = 2bLon < 1 holds for all p € [0.418861170,0.5). So the
new result can be applied for p € [0.418861170,0.5), but not the old ones.

If p € (0,1) and we choose, say p = 0.7, then we get that

Log=23<L=26, n=0.1, h=0.52, hy = 0.46.
Hence the old and the new hypotheses are satisfied by
qo = 0.265153077 < ¢ = 0.307179677.

That is the ratio of convergence is tighter with the new approach.
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