UNIVERSITA
DEGLI STUDI

FIRENZE

FLORE
Repository istituzionale dell'Universita degli Studi
di Firenze

Strong local convergence properties of adaptive regularized methods
for nonlinear least-squares

Questa ¢ la Versione finale referata (Post print/Accepted manuscript) della seguente pubblicazione:

Original Citation:

Strong local convergence properties of adaptive regularized methods for nonlinear least-squares /
Stefania Bellavia; Benedetta Morini. - In: IMA JOURNAL OF NUMERICAL ANALYSIS. - ISSN 0272-4979. -
STAMPA. - 35:(2015), pp. 947-968. [10.1093/imanum/dru021]

Availability:
The webpage https://hdl.handle.net/2158/857502 of the repository was last updated on 2022-02-
02T12:44:07Z

Published version:
DOIl: 10.1093/imanum/dru021

Terms of use:
Open Access

La pubblicazione & resa disponibile sotto le norme e i termini della licenza di deposito, secondo quanto
stabilito dalla Policy per I'accesso aperto dell'Universita degli Studi di Firenze
(https://www.sba.unifi.it/upload/policy-0a-2016-1.pdf)

Publisher copyright claim: _ . _ o
Conformita alle politiche dell'editore / Compliance to publisher's policies

Questa versione della pubblicazione & conforme a quanto richiesto dalle politiche dell'editore in materia di
copyright.
This version of the publication conforms to the publisher's copyright policies.

La data sopra indicata si riferisce all'ultimo aggiornamento della scheda del Repository FlIoRe - The above-
mentioned date refers to the last update of the record in the Institutional Repository FIoRe

(Article begins on next page)

21 February 2025


https://hdl.handle.net/2158/857502

STRONG LOCAL CONVERGENCE PROPERTIES OF ADAPTIVE
REGULARIZED METHODS FOR NONLINEAR LEAST-SQUARES *

S. BELLAVIATAND B. MORINIf

Abstract. This paper studies adaptive regularized methods for nonlinear least-squares problems
where the model of the objective function used at each iteration is either the Euclidean residual
regularized by a quadratic term or the Gauss-Newton model regularized by a cubic term. For
suitable choices of the regularization parameter the role of the regularization term is to provide
global convergence. In this paper we investigate the impact of the regularization term on the local
convergence rate of the methods and establish that, under the well-known error bound condition,
quadratic convergence to zero-residual solutions is enforced. This result extends the existing analysis
on the local convergence properties of adaptive regularized methods. In fact, the known results were
derived under the standard full rank condition on the Jacobian at a zero-residual solution while the
error bound condition is weaker than the full rank condition and allows the solution set to be locally
nonunique.

Keywords: Nonlinear least-squares problems, regularized models, error bound condi-
tion, local convergence.

1. Introduction. In this paper we discuss the local convergence behaviour of
adaptive regularized methods for solving the nonlinear least-squares problem

(1) min, f(@) = S|P3,

where F': R™ — IR™ is a given vector-valued continuously-differentiable function.

Adaptive regularization approaches for unconstrained optimization base each it-
eration upon a quadratic or a cubic regularization of standard models for f. Their
construction follows from observing that, for suitable choices of the regularization
parameter, the regularized model overestimates the objective function. The role of
the adaptive regularization is to control the distance between successive iterates and
to provide global convergence of the procedures. Interesting connections among these
approaches, trust-region and linesearch methods are established in [23].

First ideas on adaptive cubic regularization of the Newton’s quadratic model for
f can be found in [15] in the context of affine invariant Newton methods; further
results were successively obtained in [25]. In [21] it was shown that the use of a local
cubic overestimator for f yields an algorithm with global and fast local convergence
properties and a good global iteration complexity. Elaborating on these ideas, an
adaptive cubic regularization method for unconstrained minimization problems was
proposed in [4]; it employs a cubic regularization of the Newton’s model and allows
approximate minimization of the model and/or a symmetric approximation to the
Hessian matrix of f. This new approach enjoys good global and local convergence
properties as well as the same (in order) worst-case iteration complexity bound as in
[21].

Adaptive regularized methods have been also studied for the specific case of non-
linear least-square problems. Complexity bounds for the method proposed in [4]
applied to potentially rank-deficient nonlinear least-squares problems were given in
[8]. Moreover, such an approach was specialized to the solution of (1.1) along with
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the updating rules for the regularization parameter [14]. Regarding quadratic regular-
ization, a model consisting of the Euclidean residual regularized by a quadratic term
was proposed in [20] for nonlinear systems and then extended to general nonlinear
least-squares problems allowing the use of approximate minimizers of the model [2].

Further recent works on adaptive cubic regularization concern its extension to
constrained nonlinear programming problems [7, 8] and its application in a barrier
method for solving a nonlinear programming problem [3].

In this paper we focus on two adaptive regularized methods for nonlinear least-
square problems introduced in [2, 14] and investigate their local convergence proper-
ties. The model used in [2] is a Euclidean residual regularized by a quadratic term,
whereas the model used in [14] is the Gauss-Newton model regularized by a cubic
term. These methods are especially suited for computing zero-residual solutions of
(1.1) which is a case of interest for example when F' is the map of a square non-
linear system of equations or it models the detection of feasible points in nonlinear
programming [11, 18]

The two procedures considered are known to be quadratically convergent to zero-
residual solutions where the Jacobian of F' is full rank, see [2, 4]. Here we go a step
further and show that the presence of the regularization term provides fast local con-
vergence under weaker assumptions. Thus we can conclude that the regularization
has a double role in enhancing the properties of the underlying unregularized meth-
ods: besides guaranteeing global convergence, it enforces strong local convergence
properties.

Our local convergence analysis concerns zero-residual solutions of (1.1) satisfying
an error bound condition and covers square problems (m = n), overdetermined prob-
lems (m > n) and underdetermined problems (m < n). Error bounds were introduced
in mathematical programming in order to bound, in terms of a computable residual
function, the distance of a point from the typically unknown solution set [22]. These
conditions have been widely used for studying the local convergence of various opti-
mization methods: proximal methods for minimization problems [16], Newton-type
methods for complementarity problems [24], derivative-free methods for nonlinear
least-squares [27], Levenberg-Marquardt methods for constrained and unconstrained
nonlinear least-squares [1, 10, 12, 13, 17, 18, 26, 28]. Our study is motivated by these
latter results and the connection established here between the Levenberg-Marquadt
methods and the adaptive regularized methods. A similar insight on such a connection
between the two classes of procedures is given in [3].

Following [26] we consider the case where the norm of F' provides a local error
bound for (1.1) and prove Q-quadratic convergence of ARQ and ARC methods. The
error bound condition considered can be valid at locally nonunique zero-residual so-
lutions of (1.1). In fact, it may hold, irrespective of the dimensions m and n of F,
at solutions where the Jacobian J of F' is not full rank. Thus our study establishes
novel local convergence properties of ARQ and ARC under milder conditions than
the standard full rank condition on J assumed in [2, 4]. In the context of Levenberg-
Marquardt methods, such fast local convergence properties were defined as strong
properties, see [17].

The paper is organized as follows: in §2 we describe the two methods under study,
discuss their connection with the Levenberg-Marquardt methods and the error bound
condition used. In §3 we provide a convergence result that paves the way for the
local convergence analysis carried out in §4. In this latter section we also show how
to compute an approximate minimizer of the model and retain fast local convergence
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properties of the studied approaches. In §5 we discuss the case where the approximate
step is computed by minimizing the model in a subspace and its implication on the
local convergence properties. In §6 we make some concluding remarks.

Notations. For the differentiable mapping F' : R" — R™, the Jacobian matrix
of F at z is denoted by J(z). The gradient and the Hessian matrix of the smooth
function f(x) = ||F(z)||?/2 are denoted by g(z) = J(z)T F(x) and H(z) respectively.
When clear from the context, the argument of a mapping is omitted and, for any
function h, the notation hy is used to denote h(xy). The 2-norm is denoted by ||z||.
For any vector y € R™, the ball with center y and radius p is indicated by B,(y), i.e.
B,(y) = {z : ||z — y|| < p}. The identity matrix n x n is indicated by I.

2. Adaptive regularized quadratic and cubic algorithms. In this section
we discuss the adaptive quadratic and cubic regularized methods proposed in [2, 4, 14]
and summarize some of their properties.

We first introduce the models proposed for problem (1.1). Given some iterate
X, in [2] a model consisting of the euclidean residual || Fj, + Jip|| regularized by a
quadratic term is introduced. Letting o; be a dynamic strictly positive parameter,
the model takes the form

(2.1) mZ(p) = || Fx + Jip|| + ox|pl*.

If the Jacobian J of F' is globally Lipschitz continuous (with constant 2L) and o, = L,
then ka reduces to the modified Gauss-Newton model proposed in [20]. Whenever

o > L, | F|| is overestimated around xj by means of mg , 1.e.

1F(zx + )l < mid (p).

Alternatively, in [14] the cubic regularization of the Gauss-Newton model

1 1
(2.2) mi; (p) = 5| Fi + Jup|* + zolpll®,

is used with a dynamic strictly positive parameter oj. This model is motivated by
the cubic overestimation of f devised in [4, 15, 21]. In fact, if the Hessian H of f is
Lipschitz continuous (with constant 2L), then

1 1
flax+p) < fo+p gk + ipTHkp + gL\|P||3~

Thus, (2.2) is obtained replacing L by o and considering the first order approxima-
tion JkT Ji to Hp; it is well-known that the latter approximation is reasonable in a

neighborhood of a zero-residual solution of problem (1.1) [11].

Before addressing the use of the models mg and m{ in the solution of (1.1), we

review their properties and the form of the minimizer.

LEMMA 2.1. Suppose that o, > 0. Then the models mg and mg are strictly

convet.
Proof. The strict convexity of mg is proved in [2, Lemma 2.1]. Regarding m,
the function || F) + Jipl||? is convex and the function ||p||® is strictly convex. O

LEMMA 2.2. Let F: R™ — R™ be continuously differentiable and suppose ||gx|| #
0. Then,



i) If p} is the minimizer of ka, then there is a nonnegative A such that (pj, A})

solves
(2.3) (JT Tk + ADp = —gi,
(2.4) A =20 ||Jkp + Fil-

Moreover, A} is such that
(2.5) X € [0, 20| Fi ]

i) If there exists a solution (py,A5) of (2.8) and (2.4) with X, > 0, then p} is the
minimaizer of ka. Otherwise, the minimizer of ka s given by the minimum
norm solution of the linear system Jngp = —0k-

iti) The vector p} is the unique minimizer of mkc if and only if there exists a positive
A5 such that (pi, Af) solves (2.3) and

(2.6) Ak = okllprll-
Proof. The results for ka are given in [2, Lemma 4.1, Lemma 4.3]. The hypothesis

for mkc follows from the application of [4, Theorem 3.1] to such a model. O

The above lemma shows that the minimizer of the quadratic and cubic regularized
models solves the shifted linear system (2.3) for a specific value A = A} which depends
on the model and is given in (2.4) and (2.6) respectively.

In the rest of the paper, the notation my will be used to indicate the model,
irrespective of its specific form, in all the expressions that are valid for both ka and
m¢. Further, for a given A > 0, we let p()\) be the minimum-norm solution of (2.3),
and p} = p(A}) be the minimizer in Lemma 2.2 without distinguishing between the
models; it will be inferred from the context whether p; minimizes either ka or mkc.
The vector p(\) can be characterized in terms of the singular values of Jj as follows.

LEMMA 2.3. [2, Lemma 4.2] Assume ||gx|| # 0 and let p(\) be the minimum
norm solution of (2.3) with X > 0. Assume furthermore that Jy, is of rank £ and its
singular-value decomposition is given by UpXV,I where ¥y, = diag(sf,...,<k), with
v =min(m,n). Then, denoting ri, = ((r)1, (Tk)2,- -, (Tk))T = UL F), we have that

14

2.7) IpV)1* = g (22

ol

In the literature, adaptive regularized methods for (1.1) compute the step from
one iterate to the next as an approximate minimizer of either ka or mkc and test its
progress toward a solution. In [2] a procedure based on the use of the model mg for
all k > 0 is proposed; here it is named Adaptive Quadratic Regularization (ARQ).
On the other hand, in [14] a procedure based on the use of the model m for all k > 0
is given and denoted Adaptive Cubic Regularization (ARC).

The description of kth iteration of ARQ and ARC is summarized in Algorithm 2.1
where the string METHOD denotes the name of the method, i.e. it is either ‘ARQ’ or
‘ARC’. The trial step selection consists in finding an approximate minimizer py, of the
model which produces a value of my smaller than that achieved by the Cauchy point
(2.8). This step is accepted and the new iterate xyy1 is set to xy + py if a sufficient
decrease in the objective is achieved; otherwise, the step is rejected and x4 is set to
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x. We note that the denominator in (2.10) and (2.11) is strictly positive whenever
the current iterate is not a first-order critical point. As a consequence, the algorithm
is well defined and the sequence {fj} is non-increasing. The rules for updating the
parameter oy, parallel those for updating the trust-region size in trust-region methods
2, 4].

Algorithm 2.1 and standard trust-region methods [9] belong to the same unifying
framework, see [23]. In a trust-region method with Gauss-Newton model the step is
an approximate minimizer of the model subject to the explicit constraint ||px| < Ay
for some adaptive trust-region radius Ay. In the adaptive regularized methods, py is
an approximate minimizer of a regularized Gauss-Newton model and the stepsize is
implicitly controlled.

Algorithm 2.1: kth iteration of ARQ and ARC

Given zj and the constants o > 0,1 >ny >m >0, 72 > 1 > 1, v3 > 0.
If METHOD=‘ARQ’ let my, be m% else let my, be mkc.

Step 1: Set

(2.8) Dy = — Gk, o = argmin my(—agg).
a>0

Compute an approximate minimizer py of my(p) such that
(2.9) my(pr) < mu(py)-
Step 2: If METHOD=‘ARQ’ compute

_ I F @)l = [1F @+ )l
IF ()| — mg (pr)

(2.10)

)

else compute

_ sl F@)I? = 31 F (s + pi)lI?

(2.11)
slI1F @) 12 = mg (pe)
Step 3: Set
R B o VN N =R
k+1 Tk otherwise.
Step 4: Set
(0, 0] if pr > m2 (very successful),
(2.12) oj+1 €K [0k, V10%) if m < pr <m2 (successtul),
[v10k, ¥20% ) otherwise (unsuccessful).

The convergence properties of ARQ and ARC methods have been studied in [2]
and [4] under standard assumptions for unconstrained nonlinear least-squares prob-
lems and optimization problems respectively. Both ARQ and ARC show global con-
vergence to first-order critical points of (1.1), see [2, Theorem 3.8], [4, Corollary 2.6].
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Moreover, imposing a certain level of accuracy in the computation of the approxi-
mate minimizer p, quadratic asymptotic convergence to a zero-residual solution is
achieved. Specifically, the sequence generated {z;} is Q-quadratically convergent to
a zero-residual solution x* if J(z*) is full rank; this result is valid for ARQ under any
relation between the dimensions m and n of F ([2, Theorems 4.9, 4.10, 4.11]) while
it is proved for ARC method whenever m > n [4, Corollary 4.10].

The purpose of this paper is to show that, even if .J is not of full-rank at the
solution, ARQ and ARC are Q-quadratically convergent to a zero-residual solution
provided that the so-called error bound condition holds. This property is suggested
by two issues discussed in the next section: the connection between adaptive regu-
larization methods and the Levenberg-Marquardt method and the local convergence
properties of the latter under the error bound condition.

2.1. Connection of the steps in ARQ, ARC and Levenberg-Marquardt
methods. In a Levenberg-Marquardt method [19], given xj and a positive scalar
the quadratic model for f around xj takes the form

1 1
(2.13) mi (s) = 5|1 F + Jisll3 + plls]

Letting s be the minimizer, the new iterate x4 is set to xx + si if it provides a
sufficient decrease of f; otherwise xy1 is set to zy.

Clearly, the minimizer s, of mﬁM is the solution of the shifted linear system
(2.3) where A = py. The difference between si and the step p(A) in ARQ and ARC
methods lies in the shift parameter used. In the Levenberg-Marquardt approach the
regularization parameter can be chosen as proposed by Moré in the renowned paper
[19]. In the adaptive regularized methods, the optimal value of A} for the minimizer
p; = p(A\}) depends on the regularization parameter oy and satisfies (2.4) in ARQ
and (2.6) in ARC. Moreover, for an approximate minimizer py = p(Ag) the value of
Ar will be close to A} on the base of specified accuracy requirements.

In [26], Yamashita and Fukushima showed that Levenberg-Marquardt methods
may converge locally quadratically to a zero-residual solutions of (1.1) satisfying a
certain error bound condition. Letting S denote the nonempty set of zero-residual
solutions of (1.1) and d(x,S) denote the distance between the point x and the set S,
such a condition is defined as follows.

ASSUMPTION 2.1. A point x* € S satisfies the error bound condition if there
exist positive constants x and « such that

(2.14) éd(x,S) < ||[F(z)||, for allz € By(x").

By extending the theory in [26], Fan and Yuan [13] and Behling and Fischer [1] showed
that, under the same condition, Levenberg-Marquardt methods converge locally Q-
quadratically provided that

(2.15) pe = O(||Fy||°),  for some § € [1,2].

In [17] this property was defined as a strong local convergence property since it
is weaker than the standard full rank condition on the Jacobian J of F'. Inequality
(2.14) bounds the distance of vectors in a neighbourhood of z* to the set S in terms of
the computable residual || F'|| and depends on the solution z*. Remarkably, it allows
the solution set S to be locally nonunique [17]. Specifically, in case of overdetermined
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or square residual functions F', i.e. m > n, the condition J(z*) is full rank implies
that (2.14) holds, see e.g. [18, Lemma 4.2]. On the other hand, the converse is not
true and (2.14) may hold even in the case where J(z*) is not full rank, irrespective
to the relationship between m and n. To see this, consider the example given in [10,
p. 608] where F : R? — R? has the form

xTr1—xT T
F(xy,20) = (e 172 1 (11 — x9) (21 — 22 72)) ,

We have that § = {z € R? : ;1 = 1z}, J is singular at any point in S. As
d(z,S) = (v/2/2)|z1 — 22|, the error bound condition is satisfied with a = 1 in a
proper neighbourhood of any point z* € S.

Slight modifications of the previous example show that (2.14) is weaker than the
full rank condition in the overdetermined and underdetermined cases too. In the first
case, an example is given by F : R? — R3 such that

F(zy,22) = (egcl_gc2 =1, (r1 — x2)(x1 — 22 — 2), sin(x; — xg))T,

The error bound condition can be showed proceeding as before, by noting that S =
{z € R? : z; = x5}, J is not full rank at any point in S, d(z,S) = (v/2/2)|z1 — 22
and the error bound condition is satisfied with « = 1 in a proper neighbourhood of
any point z* € S.

For the underdetermined case, let us consider the problem where F : R? — R? is
given by

T1—T2—T3 __ 17 (Il — X9 — 1’3)(1'1 — T2 — I3 — 2))T .

F(xy,x0,x3) = (e
Then S = {z € R3 : 11 — 29 — 23 = 0} and J is rank deficient everywhere in S. As
d(z,S) = (v/3/3)|x1 —x2 — x3|, again the error bound condition is satisfied with o = 1
in a proper neighbourhood of any point z* € S.

In this paper we show that, under Assumption 2.1, ARQ and ARC exhibit the
same strong convergence properties as the Levenberg-Marquardt methods. Since the
existing local results in literature are valid as long as J(z*) is of full-rank, our new
results offer a further insight into the effects of the regularizations employed in ARQ
and ARC.

3. Local convergence of a sequence. In this section we analyze the local
behaviour of a sequence {zy} admitting a limit point =* in the set S of the zero-
residual solution of (1.1). For x; sufficiently close to * and under suitable conditions
on the step taken and the behaviour of d(xy,S), we show that the sequence {zy}
converges to x* @Q-quadratically.

The theorem proved below uses technicalities from [13] but it does not involve
the error bound condition. It will be used in §4 because we will show that, under
Assumption 2.1, the sequences generated by the two Adaptive Regularized methods
satisfy its assumptions.

THEOREM 3.1. Suppose that z* € S and that {xy} is a sequence with limit point
x*. Let qi. € R™ be such that,

(3.1) larll < Vd(zr,S), if xr € Be(z™),
for some positive ¥ and €, and

(3.2) Tpi1 =Tp +qr, if ap € By(a"),
7



for some ¥ € (0,¢€). Then, {xx} converges to z* Q-quadratically whenever
(3.3) d(zg + qx, S) < Td(z1,S)?, if w1 € By(a¥),

for some positive T'.
Proof. In order to prove that the sequence {xy} is convergent, we show that it is
a Cauchy sequence. Consider a fixed positive scalar ¢ such that

. v 1
(3.4) Cgmln{1+4\lj,2r}.

We first prove that if x5 € B¢ (z*), then
(3.5) Tte € By(a™),

for all £ > 1. Consider the case ¢ = 1 first. Since zy, € B¢(z*) and ¢ < ¥, it follows
from (3.2) that zy1 = 2, +qx and by (3.1) we get ||z +qr —2*|| < ||op — 2| +]|qx]| <
¢(1+ ¥). Then, (3.4) gives x; + g € By(z*) and (3.5) holds for £ = 1. Assume now
that (3.5) holds for iterations k +j, j =0,...,¢ —1. By (3.1) and (3.2)

lerse — 2"l < lanre — @hrecll + ... + llar — 2”]

-1
) ]

j=0
-1
(3.6) SCHUD d(wpy;, S).

J=0

To provide an upper bound for (3.6), we use (3.3) and obtain

(3.7 d(wprssS) < Td(wpyj-1,S)> < ... <T@ Vi(ay, 8)% <1~

for j =0,...,¢ — 1. Moreover, since (3.4) implies I'¢ < %, it follows
1\?

(3.8) d(r45,8) < 2¢ (2) ;

and

14

=

-1 1 27
d(Tg+5,8) < QCZ <2) -

7=0 7=0

Thus, since 27 > j for j > 0, we get
-1 -1 1\?
> d(wry;,8) <2 <) <4,
§=0 j=0

and by (3.6)

[zkse — 27| < (1 +4T) < o,
8



where in the last inequality we have used the definition of ¢ in (3.4). Then, we have
proved (3.5) and by (3.2) we can conclude that zx4j41 = Zryj + gryj, for j > 0.
Using (3.8) and proceeding as above we have

t—1 t—1
s = zhse] <D Mgl < O d(znyy, S) < 4U¢.
j=r j=r

Then {z} is a Cauchy sequence and it is convergent. Since z* is a limit point of the
sequence we deduce that xp — x*.

We finally show the convergence rate of the sequence. Let k sufficiently large so
that x4, € Be(2*) for j > 0. Then, conditions (3.1)-(3.4) and (3.7) give

o0
[zr41 — 2] < Z qret-j+1l
i=0

<UT [ d(ay, 82+ (Td(wy, 8) 2 d(y, )
j=1

oo

<UL |1+ (00| d(x, S)?
j=1

< 30T d(x, S)?
<30T ||z — ™%

This shows the local Q-quadratic convergence of the sequence {xy}.
|

4. Strong local convergence of ARQ and ARC. In this section we provide
new results on the local convergence rate of ARQ and ARC methods to zero-residual
solutions of (1.1). Under appropriate assumptions including the error bound condition
on a limit point 2* in the set S, we show that the sequence {x}} generated satisfies
the conditions stated in Theorem 3.1. The results obtained are valid irrespective of
the relation between the dimensions m and n of F.

In the following we make the following assumptions:

AssuMPTION 4.1. F : R™ +— R™ is continuously differentiable and for some
solution x* € S there exists a constant € > 0 such that J is Lipschitz continuous with
constant 2k, in a neighbourhood Bac(x*) of x*.

By Assumption 4.1 some technical results follow. The continuity of J implies that
(4.1) |J(x)|| < Ky, for all x € Ba(z*) and some k; > 0.

Moreover, for any point z, let [z]s € S be a vector such that ||z — [z]s]| = d(z,S).
Then, with z* € S, we have that [xi]s € Bac(x*) whenever xy, € B.(z*), as ||[zr]s —
|| < |[zr]s — 2| + [z — 2] < 2||vp — 2| < 2¢. As a consequence, by [11, Lemma
4.1.9]

(4.2) [kl < w5l [zr]s — 2k ll, if 2x € Be(z™),
and
(4.3) |Fkl| < kyl|2* — 2k ||, if 25 € Bac(z™).
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Further,

(44) ||F(z+p) — F(z) — J(x)p| < k.|jp||?>, for any = and x + p in Boc(z*),
see [11, Lemma 4.1.12], and consequently

(4.5) | Fx + Je([zr])s — zp)| < Eud(zk, )2, if 2 € Be(x*).

4.1. Analysis of the step. We prove that the step p; generated by Algorithm
2.1 satisfies condition (3.1), i.e.

(4.6) lpe |l < Wd(xg,S), if zp € Be(z"),

for some strictly positive ¥ and e.
We start showing that the minimizer pj of the models satisfies

for some positive scalar O, if xj, is sufficiently close to z*.

LEMMA 4.1. Let Assumption 4.1 hold and z* € S be a limit point of the sequence
{z1} generated by Algorithm 2.1. Suppose that o, > omin > 0 for all k > 0. Then, if
x € Be(x*), then p} satisfies (4.7).

Proof. Let x; € B.(z*). Consider the ARQ method. Since pj minimizes the
model ka we have

(4.8) mf(pi) < ka([ka}s - T),
and by (4.5)

m@(pt) < ||Fx + Ji([zk]s — x)|| + okl [zx)s — @ |12
(4.9) < (ki + Uk)d(xk,$)2.

Using (2.1) we get ||p;[|? < mg (p%)/ok, and the desired result follows from (4.9) and
the assumption o > opmin > 0.
For ARC method we proceed as above and get

IN

1 1
my, (py) §||Fk + Je([zr]s — z)|* + s onlllzr]s — zill®

3
1 1
<2kfe + 3ok> d(zy, S)3.

IN

Since (2.2) implies ||p;||* < 3m¢ (p})/ok, the proof is completed. O

We now consider the case of practical interest where the minimizer of the model
is approximately computed and characterize such an approximation. We proceed
supposing that the couple (pg, Ax) satisfies the following two assumptions

ASSUMPTION 4.2. The step py has the form pi, = p(Ag), i.e. it solves (2.3) with
A=Ak
ASSUMPTION 4.3. The scalar A\, is such that
AL
1+ 7

<Ak <A (14 Tr),
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for a given 11, € [0, Trmaz)-

Trivially, these assumptions are satisfied when p, = pj. The upper bound 7,4, on
T, ensures that A, goes to zero as fast as A} does. In Section 4.3 we will show that,
letting 7% be a threshold chosen by the user, practical implementations of ARQ and
ARC provide a step pj satisfying both the above conditions.

The bound on the norm of py is now derived.

LEMMA 4.2. Suppose that Assumption 4.1 holds and that x* € S is a limit
point of the sequence {xi} generated by Algorithm 2.1. Let o > omin > 0 for all
k > 0. Then there exists a positive W such that if v, € Bc(z*) and (px, \) satisfies
Assumptions 4.2 and 4.3, then (4.6) holds.

Proof. From Lemma 2.3 the function ||p()\)||? is monotonic decreasing for A > 0.
Then, when Ay > A\; we have ||p(Ax)]| < |[p(A;)]| and by (4.7) the hypothesis follows.
More generally, Assumption 4.3 yields

2

1+7

(4.10) IO < Hp( X )

Moreover, from (2.7)

NVl ()
Hp(l-i-Tk> ;((gk)2+ AL )2
v 1+7
¢
) (s (ri)s)’
=1+
) 2 P+ ) )
< (Y )

2
= ()2 +X5)
=1 +7)* eI

Therefore, from (4.7) and 7 < Tynqe We get the required result. O

4.2. Successful iterations and convergence of the sequence {z;}. In order
to apply Theorem 3.1, the second step is to prove that iteration k& of ARQ and ARC
is successful, i.e.

(4.11) Tht1 = Tk + P, iz € By(x™),
for some ¥ € (0, ¢).

In the rest of the section the error bound Assumption 2.1 is supposed on the limit
point x* and the scalar € in Assumption 4.1 is possibly reduced to be such that

€< X,
where x is as in (2.14). Moreover we require that

(4.12) 0 < omax forall k>0,

for some positive oppax.
11



In the results below we will make use of the interpretation of py as the minimizer
of the model mEM given in (2.13) with p, = Ag. Thus, by (4.5)

mi™ (o) < miM ([wk]s — an)
1 1
= §||Fk + Ji([zr]s — zx)|1? + 5)\1@”[961@]5 —a)?

1 1
(4.13) < §kf|\[$k]s—xk||4+ §Ak||[$k15—$k||2’

whenever z € Be(z*).

LEMMA 4.3. Let Assumptions 4.1, 4.2 and 4.3 hold and z* € S be a limit point of
the sequence {xy} generated by the ARQ method satisfying Assumption 2.1. Suppose
that Omax = Ok > Omin > 0 for all k > 0. Then there exist positive scalars b and A
such that, if xy, € By(z*),

(4.14) m (pr) < Ad(zy, S)*/2,
and iteration k is very successful.

Proof. Let ¢ = ¢/(1 + ¥) where € and ¥ are the scalars in Lemma 4.2. Assume
that z, € By(2*). Using (4.13), Assumption 4.3, (2.5) and (4.2)

1
b ) < (31204 o0 (14 7)) dlon, S
Then, using (2.13)

[ Jepie + Fiell < \/2mEM () < VE2 + 20kk, (1 + Tina) (i, )2,

and by (2.1) and (4.6)

m%(pr) < k2 + 20555 (1 + Trmaz) d(2k, )% + 0,0 2d (2, S)*.

This latter inequality and (4.12) yield (4.14).
Finally, we show that iteration k is very successful. Since (4.6) gives

(4.15) e +px — 2" < flow — 27| + llpell < ¢ + Wd(ax, S) < (1 +9),

from the definition of 1, it follows that zj + pr € Bc(z*). Using (4.4) the quantity
| F'(zx + pr)|| can be bounded as

(4.16) I1F(zr + pe)ll < F(zr +pr) — Fr — Jipell + | Fr + Jrprl
(4.17) < kullpil” + mid (pr)

Thus, condition (2.10) can be bounded below as

L F@ce ) —mE) L wellp®
1F5ll = mg (pr) 1F5ll = mg (o)

Moreover, (4.14) and (2.14) yield

Pk =

IEu]l = m (o) = | Fell — Ad(zx, $)*? > (1 — oA || Fe]|V/?) | i,
12



and the last expression is positive if || Fj| is small enough, i.e. if xy, is sufficiently close
to «*. Thus, by (4.6) and (2.14) we obtain

kR
I— o3 PA B[ 7

pr=>1

and reducing 1, if necessary, we get py > 1y for the fixed value 1 > 1y > 0.
0

Regarding the ARC algorithm, we have an analogous result shown in the next
lemma.

LEMMA 4.4. Let Assumptions 4.1, 4.2 and 4.3 hold and z* € S is a limit point of
the sequence {x} generated by the ARC method satisfying Assumption 2.1. Suppose
that omax > Ok > Omin > 0 for all k > 0. Then there exist positive scalars v and A
such that, if xi, € By(z*),

(4.18) m¢ (py) < Ad(zy,S)?,

and iteration k is very successful.
Proof. Let ¢ = ¢/(1 + ¥) where € and ¥ are the scalars in Lemma 4.2. Assume
that zy € By(z*). By (4.13), (2.6), (4.7) and Assumption 4.3

1
m™ (pr) < 5 (K2 + 0kO(1 + Tinas)) (a1, S)°.

Consequently, by the definition of m{’, inequality %HJkpk + Fgl|? < mEM(py) and
(4.6) we get

1 1
mkc(pk) < 5 (kfw + O’k@(l + Tmam)) d(xk,S)?’ + gak\I/?’d("Ek,S)B

and (4.18) follows from (4.12).
Let now focus on very successful iterations. Proceeding as in Lemma 4.3 we can
derive (4.15), i.e. xy + pi € Be(x*). Thus, by using (4.6), (4.4) and (4.18) we have

| F(zr + pe)||* < | F(@k + pr) — Fe — Jepell® + | By + Jipell* + 2(Fy + Jrpi) " (F(2k + pr) — Fr — Jepr)
< B2|lpell* + 2my (pr) + 211 F (xx + i) — Fr — Jepell | Fr + Tl
< k20td(zg, S)* + 2m§ (pi) + 2k U2V2Ad(xy,, S)7/?,

i.e., there exists a constant ® such that
1
SN+ pI2 = mf (1) < B, )72,

Consequently, py in (2.11) can be bounded below as

oo =1— SIF (e + pr)ll* — m§ (pr) >1_ ®d(zy, S)7/?
$IFR(12 = m (pr) N SIE? = m$ (pr)’

and (4.18) and (2.14) give

1 1 1 .
VA = mE ) 2 SRR~ AdGon, S 2 IR (5 - *AlAL )

13



where the last expression is positive if xy is close enough to z*. Thus, by (2.14)

B a7/2(I)”FkH3/2
3 — PN Fe||’

and reducing 1, if necessary, we get py > 1y for the fixed value 1 > ny > 0.
]

The next lemma establishes the dependence of d(xy + pg, S) upon d(z,S) when-
ever xy, is sufficiently close to z*.

LEMMA 4.5. Let Assumptions 2.1, 4.1 and 4.2 hold. Suppose that py, satisfies
(4.6) and

i < d(zg, S)S,
with & € (0,2]. Then, if x1, is close enough to z*
(4.19) d(zy, + pr, S) < Dd(ag, S)™n{sHh21

for some positive T'.
Proof. The proof is given in [1, Lemma 4]. O

With the previous results at hand, exploiting Theorem 3.1, we are ready to show
the local convergence behaviour of both adaptive regularized approaches.

COROLLARY 4.6. Let Assumptions 4.1, 4.2 and 4.3 hold and z* € S be a limit
point of the sequence {xy} generated by the ARQ) method satisfying Assumption 2.1.
Suppose that omax > Ok > Omin > 0 for all k > 0. Then, {xx} converges to x*
Q-quadratically.

Proof. Lemmas 4.2 and 4.3 guarantee conditions (3.1) and (3.2). Moreover, by
Assumption 4.3, (2.5) and (4.2)

A < /\Z(l + Tmax) < 2(1 + Tmaa;)a'kHFkH < 2(1 + Tmax)amaxHJ d(l‘k,S)

Therefore, by Lemma 4.5 we have that (4.19) holds with £ = 1 and such an inequality
coincides with (3.3). Then, the proof is completed by using Theorem 3.1. O

COROLLARY 4.7. Let Assumptions 4.1, 4.2 and 4.3 hold and x* € S be a limit
point of the sequence {x} generated by the ARC method satisfying Assumption 2.1.
Suppose that omax > Ok > Omin > 0 for all k > 0. Then, {xx} converges to x*
Q-quadratically.

Proof. Lemmas 4.2 and 4.4 guarantee conditions (3.1) and (3.2). Further, by
Assumption 4.3, (2.6) and (4.7)

)\k S )\7;(1 + Tmaw) S (1 + Tmaw)ak ||plt;|| S (1 + Tmaz)ama:r@ d(xk,S)

Therefore, by Lemma 4.5 the inequality (4.19) holds with £ = 1, i.e. (3.3) is met.
Then, the proof is completed by using Theorem 3.1. O

The previous results have been obtained supposing that o € [Omin, Omax]. The
lower bound o} > omin can be straightforwardly enforced in the algorithm for some
small specified threshold o,;,. Concerning condition o) < oax, Wwe now discuss when
it is satisfied. Focusing on the ARQ method, in [2, Lemma 4.7] it has been proved
that (4.12) holds under the following two assumptions on J(z): 4) ||J(z)|| is uniformly
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bounded above for all k£ > 0 and all € [z, 2k + pg; it) there exist positive constants
Ky, ks such that, if ||z — x| < ks and © € |2, 2k +pr), then ||J(x) — Ji|| < o]z — 28]
for all £ > 0.

For the ARC method, suppose that F' is twice continuously differentiable and the
Hessian matrix H of f is globally Lipschitz continuous in IR", with Lipschitz constant
ku. We now show two occurrences where (4.12) holds. By [4, Lemma 5.2], (4.12) is
guaranteed if

(4.20) [(Hi = T Te)pill < Cllpxl?,

for all k > 0 and some constant C' > 0. Since Hy — JI Jp = Y0, Fi(x)V2F;(x),
where F; is the i-th component of F, 1 < ¢ < m, then (4.20) is satisfied provided that
| F%|l < kgl||pk|| for some kx> 0 and all k > 0. Alternatively, (4.12) holds if xj, — x*.
In fact,

1 o
f(xr +pr) — me(pr) = ipf (H(Ck) = Ji Ti) pr — ngPkH?’,

for some (i, on the line segment (xg, zx + pi), see [4, Equation (4.2)]. Then,
P+ k) = malpe) < SIHG) — H ) lpell + 5 0 ) — I Topel el — 2 e
< grnllpel® + Rl il el — 2 o,
for some positive &y. Thus, for all k sufficiently large (4.6) and (2.14) yield
f(@e + pe) — muy(pr) < (Oé‘I’fiH + Fu — 01\1’%) P || P,

and for o > 3(a¥ky + Ry)/(a¥P) the iteration is very successful. Consequently, the
updating rule (2.12) gives ox+1 < o) and (4.12) follows.

Summarizing, we have shown convergence results for ARQ and ARC that are
analogous to results known in literature for the Levenberg-Marquardt methods when
the parameter u; has the form (2.15). Concerning the choice of o and py, we
underline that the rule for fixing oy, is simpler to implement than the rule for choosing
ui. In fact, oy, is fixed on the base of the adaptive choice in Algorithm 2.1 while (2.15)
leaves the choice of both ¢ and the constant multiplying || F|| open and this may have
an impact on the practical behaviour of the Levenberg-Marquardt methods [17, 18].

Finally, in [5] the model m{ (p) has been generalized to
1 1
(4.21) i (p) = S+ Jipll* + Gonlell’,

with 8 € [2,3]. Trivially, mi”g(p) reduces to m{ (p) when 3 = 3. The adaptive
regularized procedure based on the use of mi’ﬁ (p) can be analyzed using the same
arguments as above. Assume the same assumptions as in Corollary 4.7. Then the
adaptive procedure converges to z* € S superlinearly when § € (2,3). In fact, (4.6)
holds and a slight modification of Lemma 4.4 shows that eventually all iterations are

very successful. By [5], Aj; = oy [|[pj[|°~2 and proceeding as in Corollary 4.7
A < (1 + Tmaaﬁ)amaw ®B72d(xk75)ﬁ72'

Thus, Lemma 4.5 implies d(zy + pi,S) < I'd(xx,S)?~!, and a straightforward adap-
tation of Theorem 3.1 yields Q-superlinear convergence with rate g — 1.
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4.3. Computing the trial step. In this section we consider a viable way de-
vised in [2, 4] for computing an approximate minimizer of my, and enforcing Assump-
tions 4.2 and 4.3. In such an approach a couple (pk, Ar) satisfying

(4.22) pr = P(Ak), (JE T + MeD)pr = —grs

with Ap being an approximation to A}, is sought. The scalar A; can be obtained
applying a root-finding solver to the so-called secular equation. In fact, from Lemma
2.2, the optimal scalar A} for ARQ solves the scalar nonlinear equation

(4.23) pP(A) = A =204 Jkp(A) + Fi| = 0.

The function p'(\) may change sign in (0, +00), while the reformulation
A

(4.24) vey =20 g

is such that 1@ ()) is convex and strictly decreasing in (0, +00) [2]. Analogously, in
ARC the scalar \* solves the scalar nonlinear equation

(4.25) p(A) = X —okllp(N)]| = 0,
which can be reformulated as

p(A)
4.26 1/10 N = 27—
(4.26) N ==

The function 1% ()) is convex and strictly decreasing in (0, +00) [4]. In what follows
we will use the notation ¥ (A) in all the expressions that holds for both functions.

Due to the monotonicity and convexity properties of (), either the Newton or
the secant method applied to (4.24) and (4.26) converges globally and monotonically
to the positive root A} for any initial guess in (0, A;). We refer to [2] and [4] for details
on the evaluation of () and its first derivatives.

Clearly pj satisfies Assumption 4.2, while Assumption 4.3 is met if a suitable
stopping criterion is imposed to the root-finding solver. Let the initial guess be
A) € (0,A;). Then, the sequence {A} generated is such that Af > ) for any
¢ > 0 and by Taylor expansion there exists A € (Af, A;) such that

e
PN

YR =Y NOL - M), de A =-
In principle, if the iterative process is stopped when
(4.27) WXL) < —meARd V),

then the couple (p(\%), \%) satisfies Assumptions 4.2, 4.3. A practical implementation
of this stopping criterion can be carried out by using an upper bound A\y; on A. Since
¥(\) is convex it follows that 1’()) is strictly increasing, 1'(\) < ¢/(A\y) and (4.27)
is guaranteed by enforcing
YN < =AY ().
Possible choices for Ay follows from using the condition A < A\%. In particular, in ARQ
method Lemma 2.2 suggests Ay = 20%||Fy|. In ARC method, Lemma 2.2 and the
monotonic decrease of ||p()\)]| in (0, 00), shown in Lemma 2.3, yield Ay = ox|[p(\L)]|-
Finally we note that if the bisection process is used to get an initial guess for the
Newton process, then Ay can be taken as the right extreme of the last bracketing
interval computed.
16



5. Computing the trial step in a subspace. The strategy for computing the
trial step devised in the previous section requires the solution of a sequence of linear
systems of the form (4.22). Namely, for each value of )\f; generated by the root-finding
solver applied to the secular equation, the computation of w()\i) is needed and this
calls for the solution of (4.22).

A different approach can be used when large scale problems are solved and the
factorization of coefficient matrix of (4.22) is unavailable due to cost or memory
limitations. In such an approach the model my, is minimized over a sequence of nested
subspaces. The Golub and Kahan bi-diagonalization process [5] is used to generate
such subspaces and minimizing the model in the subspaces is quite inexpensive. The
minimization process is carried out until a step p; satisfying

(5.1) IVpmi (PP < wi,

is computed for some positive tolerance wy. We now study the effect of using the step
pr = pj, in Algorithm 2.1.
At termination of the iterative process the couple (A, pj) satisfies:

(5.2) (JE Tk + M)}, + g =7
(5.3) A — ¢(pf) =0
where
sy _ ) 20u||Fk + Jkpill when my = ka
oAi) { x| when g, = m{

(From condition (5.1) and the form of V,my, it follows that

54 el < .
where

(5.5) O = wi||Fx + Jkpg|  when my = mg
‘ Wk When mg = mkc

Since p;, does not satisfy Assumption 4.2 some properties of the approximate min-
imizer pj discussed in Section 4.3 are not shared by pj and we cannot rely on the
convergence theory developed in the previous section.

The relation between p§, and p(\x) follows from noting that (5.2) yields

(Ji Tk + MeD)pi = (S T + MeD)p(Ak) + 7,
ie.,
(5.6) = ) = (T T+ M) "t

On the other hand, Assumption 4.3 can be satisfied choosing the tolerance wy, in (5.1)
small enough.

In this section we show when the strong local convergence behaviour of the ARQ
and ARC procedures is retained if pf is used. We start studying the quadratic model
and the step generated by the ARQ method.

17



LEMMA 5.1. Let {x} be the sequence generated by the ARQ method with steps
pr = pj, satisfying (5.1)-(5.3). Suppose that Assumptions 4.1 and 4.3 hold and z* € S
is a limit point of {xy}. If ok > Omin > 0 for all k >0, and

(5.7) w < 0| Fy[|*?,
for a positive 6, then there exists a positive ¥ such that,
(5.8) |l < Wd(xy, S),

whenever xy, is sufficiently close to x*. Moreover, if (4.12) holds then there exists a
positive A > 0 such that

(5.9) m (py) < Ad(wy, S)*/?,

whenever x is sufficiently close to x*.

Proof. Let x), € Be(z*). By (5.4), (5.5) and (5.3) we get

_ 1
W <

1
T -1
+ A <
”(Jk Ik k ) Tk” =\ k 20 min

Wk,

and using (5.7) and (4.2)
3/2

Ok

(5.10) N(JL T 4 D) "ty < d(zy,S)3/2.

Since ||p(A)|| satisfies (4.6) by Lemma 4.2, and (5.6) gives ||p;|| < [lpO) ||+ |(JF Tk +
AeD)7tr |, inequality (5.8) holds.

Let us now focus on inequality (5.9). Assuming xy € By (2*) where ¢ is the scalar
in Lemma 4.3, and using (4.1), (4.14) and (4.12) we obtain

m@ (p}) < | + JpO) || + 103 — pO)) | + ox I3 |12
< Ad(@, 8)*2 + ryl|pf — POR)|| + Tmaw U2d(y, S),

and by (5.6) and (5.10)

) 0 5/2 ~
ka(PZ) < Ad(xka 8)3/2 + Ld(xlm 8)3/2 + Umax\IJQd(xImS)Qy

Omin

which completes the proof. O
The following Lemma shows the corresponding result for the ARC method.
LEMMA 5.2. Let {xx} be the sequence generated by the ARC method with steps
pr = p;, satisfying (5.1)-(5.3). Suppose that Assumptions 4.1 and 4.3 hold and z* € S
is a limit point of the sequence {xy}. If o) > Omin > 0 for all k > 0, and

(5.11) wi < 0| Fi|*/?, 0 = ko min(1, ||p; ),

for a positive scalar kg, then there exists a positive U such that (5.8) holds for xy,
sufficiently close to x*. Moreover, if (4.12) holds then there exists A > 0 such that

(5.12) mkc(pZ) < Ad(zy,S)?,

whenever xj, is sufficiently close to x*.
18



Proof. Let x), € B.(z*). First, note that by (4.2), (5.3), (5.4), (5.5) and (5.11)

_ Wi 1 _
JETe+ D) 7| € = < ———,

kpr/?
(5.13) < Uif'd(xk,S)?’/Z.
Since ||p(\)|| satisfies (4.6) by Lemma 4.2, and (5.6) gives ||p;|| < [lpO) ||+ |(JF T+
)\kf)ilrkH, (58) holds.
Moreover, letting € Sy (z*), and using (4.1), (4.18), (5.6) and (5.13) we get

S 1 1 S
mg (py) < §|\Fk + Jrp(Ae) || + §||Jk(pk —p(A)|?

1
+(Fy, + Jepe) " Te(pf, — p(Ak)) + §0k||pi||3

2.5 5/2 /on
< Ad(ap, S) + 200 (897 4 F VIR G sy 4 %amax\fl?’d(xk,S)?’,

min Omin

and this yields (5.12) O
We are now able to state the local convergence results for ARQ and ARC methods
in the case where the step is computed in a subspace.

COROLLARY 5.3. Let {x}} be the sequence generated by the ARQ method with
steps pi, = p§, satisfying (5.1)-(5.3). Suppose Assumptions 4.1 and 4.3 hold and that
x* € S is a limit point of {xx} satisfying Assumption 2.1. If 0 < omin < 0k < Omax
for all k >0 and (5.7) holds, then {xy} converges to x* Q-quadratically.

Proof. Using (5.8) and (5.9) and proceeding as in the proof of Lemma 4.3, we
can prove that iteration k is very successful whenever x; is sufficiently close to x*.
Moreover, as (5.1) and (5.7) are satisfied, Lemma 4 in [1] guarantees that inequality
(3.3) holds and Theorem 3.1 yields the hypothesis. O

COROLLARY 5.4. Let {x}} be the sequence generated by the ARC method with
steps pr, = p}, satisfying (5.1)-(5.8). Assume that Assumptions 4.1 and 4.3 hold and
x* € 8 is a limit point of {x} satisfying Assumption 2.1. If 0 < omin < 0k < Omax
for all k >0 and (5.11) holds, then {x} converges to x* Q-quadratically.

Proof. Using (5.8) and (5.12) and proceeding as in the proof of Lemma 4.4, we
can prove that iteration k is very successful whenever x; is sufficiently close to x*.
Moreover, as (5.1) and (5.11) are satisfied, Lemma 4 in [1] guarantees that inequality
(3.3) holds and Theorem 3.1 yields the hypothesis. O

6. Conclusion. In this paper, we have studied the local convergence behaviour
of two adaptive regularized methods for solving nonlinear least-squares problems and
we have established local quadratic convergence to zero-residual solutions under an
error bound assumption. Interestingly, this condition is considerably weaker than the
standard assumptions used in literature and the results obtained are valid for under
and over-determined problems as well as for square problems.

The theoretical analysis carried out shows that the regularizations enhance the
properties of the underlying unregularized methods. The focus on zero-residual so-
lutions is a straightforward consequence of models considered which are regularized
Gauss-Newton models. Further results on potentially rank-deficient nonliner least-
squares have been given in [8] for adaptive cubic regularized models employing suitable
approximations of the Hessian of the objective function.
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