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Abstract

Levenberg-Marquardt methods (LMMSs) are the most typical algorithms for
solving nonlinear equations F'(z) = 0, where F': R — R™ is a continuously
differentiable function. They sequentially solve subproblems represented as
squared residual of the Newton equations with the Lo regularization to de-
termine the search direction. However, since the subproblems of the LMMs
are usually reduced to linear equations with n variables, it takes much time
to solve them when m < n.

In this paper, we propose a new LMM which generalizes the Lo regular-
ization of the subproblems of the ordinary LMMs. By virtue of the gener-
alization, we can choose a suitable regularization term for each given prob-
lem. Moreover, we show that a sequence generated by the proposed method
converges globally and quadratically under some reasonable assumptions.
Finally, we conduct numerical experiments to confirm that the proposed
method performs better than the existing LMMs for some problems that
satisfy m < n.
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1. Introduction

In this paper, we consider the following nonlinear equations:
F(z) =0, (1)

where F': R® — R™ is a continuously differentiable function and R™ denotes

the n—dimensional Euclidean space. We write X* for a solution set of (1).
Nonlinear equations arise from many fields such as engineering, eco-

nomics, and so on [1, 2, 3]. Since solving nonlinear equations plays an

Preprint submitted to Applied Mathematics and Computation March 29, 2023



important role in such fields, various types of methods for (1) have been pro-
posed, such as Newton’s methods [4, 5], Gauss—Newton methods [6, 7, 8],
and Levenberg-Marquardt methods (LMMs) [4, 9, 10]. In particular, the
Newton’s methods are known as typical iterative algorithms and belong to
the most powerful ones. As it is well known, the simplest Newton’s methods
sequentially solve a sequence of the Newton equations Ly(z) = 0, which are
the first-order approximation of the nonlinear function F' at each iteration
point z¥, to determine the search direction and updates z* along the search
direction. However, there is no guarantee that the Newton equations are
solvable unless the current point z* is sufficiently close to the solution of
(1). On the other hand, the Gauss—Newton methods sequentially minimize
| Li(z)]|?/2 to obtain the search direction instead of solving the Newton
equations. Although these minimization subproblems are solvable unlike
the Newton methods because it is a linear least squares (LLS) problem, the
coefficient matrix of LLS is not necessarily regular, and hence it is unstable
for numerical error. Moreover, it is generally known that the Gauss—Newton
methods are ineffective for problems that the nonlinearity of F' is strong or
the norm of F' at the solution of (1) is large. The LMMs have nice global and
local convergence properties. The methods can be regarded as an improve-
ment of the Gauss—Newton methods because their subproblems correspond
to LLS with the Ly regularization, that is, their solutions are unique.

Researches regarding the LMMs have a long history, and various types
of them have been proposed so far. In [11, 12], a locally convergent LMM
was proposed and its superlinear and quadratic convergence was also shown
under some appropriate assumptions. Yamashita and Fukushima [11] pro-
posed a globally convergent LMM equipped with Armijo’s line search. As
stated above, LMMs sequentially solve the subproblems, which are described
as LLS with the Ly regularization, at each iteration. Although the subprob-
lems are generally reduced to linear equations with n variables, their scales
become large if m < n, and hence it takes much time to solve them. More-
over, search directions obtained by solving the subproblems are generally
dense.

In this paper, we propose a new LMM which generalizes the regulariza-
tion term of the subproblem. Thus, it enables us to select a suitable function
as the regularization term depending on a given problem. By virtue of the
generalization, we can deal with problems equipped with various regular-
izations. For example, if we use the L norm, the subproblem becomes an
L1—Ly optimization [13], or if we adopt the Ly norm cubed, it becomes the
cubic regularization [14]. For the proposed LMM equipped with Armijo’s
line search, we provide the following two convergence properties. The former



is its global convergence, and the latter is its local and quadratic conver-
gence. Moreover, we conduct numerical experiments to confirm the useful-
ness of the proposed method.

This paper is organized as follows. In Section 2, we propose the gen-
eralized LMM with Armijo’s line search. In Section 3, we show that the
proposed method enjoys the global convergence property. Section 4 shows
the local and quadratic convergence of the proposed LMM without Armijo’s
line search. In Section 5, we prove that the proposed method with Armijo’s
line search indeed has the local and quadratic convergence property un-
der some appropriate conditions by utilizing the convergence result given in
Section 4. Some numerical results are reported in Section 6. Finally, we
conclude the paper and provide several future works.

We use the following notation in this paper. The identity matrix is
represented by I and the zero matrix is represented by O. For a vector
x € R", ||z|| and ||z||; indicate the Ly norm and L; norm, respectively.
For a vector ¢ € R™ and positive real number r € R, we define N(c,r) =
{z | |z —¢| <r}. For amatrix A € R™*" AT denotes the transpose of
A and ||A|| denotes the operator norm of A, which is defined by ||A]| =
sup{||Az||/||z|| | x € R™,x # 0}. For matrices A; € R™*™ and Ay € R™*",
diag (A1, Az) stands for the block diagonal matrix consisting of A; and As.
For a function G: R™ — R", G’(a) is the Jacobian of G at a. For a vector
a € R™ and a set X C R", dist(a, X) means the distance between a and
X, which is defined by dist(a, X) := inf{||z — a|| | z € X}. For a function
G: R™ — R" and a positive scalar ¢t € R, we write G(z) = O(t) (t — 0) if
there exist C' > 0 and § > 0 such that |¢| < § implies |G(z)|| < C|t|. We
also write G(z) = o(t) (t — 0) if for all € > 0 there exists 6 > 0 such that
|t] < ¢ implies ||G(x)| < elt|.

2. Generalized Levenberg-Marquardt Method

In this section, we propose a new LLM which generalizes the regular-
ization term included in the subproblem of the ordinary LMMs. Before
providing the explanation of the proposed method, we recall the existing
Gauss—Newton methods and LMMs as seen in the standard text books on
continuous optimization. Note that the superscript k£ indicates the k-th it-
eration of the algorithms. The Gauss—Newton methods solve the following
LLS to determine a search direction d*:

minimize || F'(z*)d + F(2%)|%. (2)
deRn



From convexity of the objective function and the first—order optimality con-
dition, problem (2) is reduced to solving the following linear equation:

F' (2T F'(2%)d = —F'(a*) T F(2F). (3)

When F’(z*) is full column rank, F'(z*)" F’(2*) becomes nonsingular and
equation (3) has a unique solution. However, since it is not always so,
equation (3) generally has various solutions and its calculation might be
unstable. On the other hand, the LMMs use a solution of the following
linear equations:

(F/ (%) (a%) + ppD)d = —F' (%) T F (%), (4)

where ju; is a positive parameter. Since F’(z%)"F’(2%) + piI is positive
definite, equation (4) has a unique solution and is equivalent to the following
minimization problem:

minimize 1F" (@*)d + F(2")]? + el d]f?,
E n
which corresponds to LLS (2) with the Ly regularization.
Now, we propose a generalization related to the regularization term
px||d]|?. In particular, we consider the following subproblem:
miimize || F'(2%)d + F(@*)|? + b (d), 5)
E n
where ux1)(d) is a generalized regularization term. Throughout this paper,

we suppose that the function v satisfies the following condition: There exist
constants 0 < v; <y and 0 < p < 3 such that

mlldll” < p(d) < 2fld]? (6)

for all d € R™. This generalized regularization term includes not only the
Lo norm squared [15] but also the L; norm [13] and the Ly norm cubed [14].
The function ¢ defined by (6) enjoys the following property when it is

differentiable at d = 0:
Vi (0) = 0. (7)

A simple proof is given below. We consider the following optimization prob-
lem:

miélei%bize P(d). (8)



Problem (8) has a unique solution d = 0 from (6), and hence the first—order
optimality condition of (8) implies (7).

As mentioned in Section 1, the traditional LMMs have local and global
convergence properties. In particular, the global convergence has been
shown by integrating Armijo’s line search with the LMMs. For example,
see [11, 12]. We also adopt Armijo’s line search so that the proposed LMM
converges globally. In the line search, we use the following merit function:

o) = S| F () )

The formal statement of the proposed generalized LMM is given below.

Algorithm 1 (Generalized Levenberg-Marquardt Method)

1: Choose parameters a, 3 € (0,1) and an initial point 2° € R™. Set k = 0.
2: If ||[F(2%) T F(2*)|| = 0, then stop.

3: Find the solution d* of (5).

4: Let my be the smallest nonnegative integer m such that

¢(zF + pmdF) — ¢(2¥) < ap™V (k)T d". (10)

Set zhtl == ok 4 gmrgk.
5: Set k < k+ 1, and go to Step 2.

We show that Algorithm 1 is well-defined. To this end, we make the
following assumptions.

Assumption 1.

(1) o is differentiable at neighborhood of d = 0 and is continuously differ-
entiable at d = 0.

(2) Subgradient of 1 at neighborhood of d = 0 is bounded, i.e., there erist
constants M € (0,00) and b € (0,1) such that ||n|| < M for alln € 0¢(d)
and d € N(0,b).

Note that (2) of Assumption 1 holds when 1 is norm.

Assumption 2.

(1) When 1 is continuously differentiable at d =0,

e = |F(R)P7P, 6 € [1,2).



(2) When 1 is not continuously differentiable at d = 0,

'R Bk
e = min{|F(mk)H2_p+5, HF( )]WF( )H }7 5e [1’2]

To prove that Algorithm 1 is well-defined, we have to show the following
two properties.

e search direction is not zero until the termination criterion in Step 2 is
satisfied

e the line search in Step 4 terminates finitely

We prove the former property in Lemma 1. The latter property is omitted
because it clearly hold.

Lemma 1. Let {2*} be a sequence generated by Algorithm 1. Suppose that
either (1) or (2) of Assumption 1 holds and that Assumption 2 holds. Then,
the following inequalities hold:

IFGRI > [F @)t + FE)I? + (),
Vo) Tt < S |F @) — pma(ah).

Moreover, if z* is not a stationary point of ¢, i.e., F'(z*)T F(a*) £ 0, then
the solution d* of subproblem (5) is not zero and satisfies Vo(z*)TdF < 0.

Proof. For simplicity, let us define 8;(d) := ||F'(z*)d 4+ F(z*)|?> + pe(d).
Since d* is an optimal solution of (5), we have

1F@M)I? = 0(0) > Ox(d*) = || F'(2%)d* + F(«*)|* + mep(d”). (1)

It follows from (11) and V¢(z*) = F'(2*)T F(2¥) that
Vo) Tt < S IF @) — 2 pma(ah). (12

We prove the second half of assertion by contradiction. Assume that d* = 0.
We divide the proof into the following two cases: (i) v is differentiable at
d = 0; (ii) ¢ is not differentiable at d = 0.

Case (i): Since d* is a solution of (5), we have 2F'(z*)T F'(2*)d* +
2F (M) F(2%) + Vo (d¥) = 0. It then follows from d* = 0 and (7) that



Vo(z¥) = F'(z*)TF(2*) = 0. This contradicts the fact that z* is not a
stationary point of ¢.

Case (ii): Since d* is a solution of (5), there exists n € 9¢y(d*) such
that 2F' ()T F'(2*)d* + 2F"(2*) T F(2%) + pxn = 0. Substituting d* = 0
into the equality yields 2F'(z*)" F(2%) 4 uxn = 0. It follows from (2) of
Assumption 1 and (2) of Assumption 2 that

0= [2F" (") " F (") + pnl| = 2/|F" (") T F (@) = ol

_2F (@) TR@EN)
M

> 2|[F' (") F ()| M =0,

k

which contradicts. Moreover, since ¥ is not a stationary point and d* # 0,
from (12), we have Va(z*)Td* < 0. O

3. Global Convergence of Algorithm 1

In this section, we prove that a sequence generated by Algorithm 1 con-
verges globally.

Lemma 2. Let T be a limit point of {x*}. Suppose that either (1) or (2) of
Assumption 1 holds and that Assumption 2 holds. If ¥(d*) — 0 (k — o0),
then T satisfies the stationary condition of min{¢(x) | z € R™}.

Proof. From (6), we have 0 < ~1||d*||P < ¢(d¥). Utilizing ¢(d¥) — 0 (k —
o) yields d¥* — 0 (k — 00). Since d* is a solution of (5), there exists
n* € 9y(dF) such that 0 = ||2F" ()T F'(2%)d* 4+ 2F"(2*) T F(2%) + pan®|| >
2| F'(x®)T F(2®)|| — 2| F' () T F'(2*)d*|| — px||n*||. Then we have

1F" () TP ()| < | F'(2%) " F (a*)d" || + %uankH- (13)

Now we consider the following two cases: (i) ¢ is continuously differentiable
at d = 0; (ii) ¢ is not continuously differentiable at d = 0.

Case (i): Recall that py, = ||F(zF))|>"P™ from (1) of Assumption 2.
Since V4 is continuous and d* — 0 (k — oo), it follows from (7) that
Vip(d¥) — 0 (k — oo). Therefore, inequality (13) and the continuity of F
and F’ derive |F'(z) " F(z)| < 0.

Case (ii): Since d* — 0 (k — 00) and (2) of Assumption 1 holds, we have
In*|| < M for all sufficiently large k. It then follows from (2) of Assumption 2
and (13) that [|F"(z") " F(2")|| < ||F'(a*) " F'(2")d"|| + | F' (%) " F(2*)]| /2.
Therefore, letting k — oo implies ||F'(z)" F(z)|| < ||F'(z)" F(z)||/2, which
leads to ||F'(z)" F(z)|| = 0. O



Theorem 1. Let {x*} be a bounded sequence generated by Algorithm 1.
Suppose that either (1) or (2) of Assumption 1 holds and that Assump-
tion 2 holds. Then, any accumulation point of {x*} satisfies the stationary
condition of min{¢(x) | x € R™}.

Proof. From Lemma 1, we have
1
Vo(a*) d < —omp(d®). (14)

Combining (10) and (14) yields ¢(zF*1) — ¢(aF) < af™Ve(xF)Tdb <
—aff™ ppap(d®) /2, which implies

k
d)( k+1 Z 2+1 % Z Bmlul dz (15)
=0

Now let Z be an accumulation point of {z*}. Then there exists a subsequence
{2*} i that converges to z, where K ¢ NU{0}. If K > k — oo in (15), then
d(xF 1) — p(29) converges to ¢(Z) — $(0), which implies that 87 pptp(d¥F) —
0 (k — o0). Hence, there are the two cases: (a) pur — 0 (k — 00); (b)
i 7+ 0 (k — 00).

Case (a): From Assumption 2, it is clear that || F(Z)]
|E"(2)T F(z)||/M =0, that is, Vé(z) = F'(z)F(z) = 0.

Case (b): There exist 1 > 0 and J C K such that px > p for all
k € J. Tt follows from Lemma 1 and (6) that ||F(z*)||*> > prp(d*) >
i1 ||d¥||P, namely ||d¥||P < ||F(«*)||?/(fy1). Since {x*} is bounded, so is
{d*}. Therefore without loss of generality, we assume that {d*} - converges
to d. Now we consider the following two cases: (bl) 8™ — 0 (k — o0);
(b2) g™ 4 0 (k — 00).

Case (bl): Since my is the smallest nonnegative integer that satisfies the
Armijo’s condition (10), my — 1 does not satisfy the condition, i.e., we have
o(zF 4 prTldr) — (%) > af™ IV e(2F) Td*. From Mean Value Theo-
rem, there exists a constant p; € [0, 1] such that ¢(z* + g™+~ 1d%) — p(a¥) =
BT IV (xF + ppB71dF)TdF. Then we have Vo(z* 4 pp ™ 1d*) TdF >
aVe(z*)Td*. The continuity of V¢ ensures Vo(Z)'d > aVe(Z) d. Since

€ (0,1), we obtain V¢(z) d > 0. Therefore, from (14), we have uz(d¥) —
0 (k — o0). Because of g, 4 0 (k — 00), it is clear that 1 (d*) — 0 (k — 00).
Therefore, from Lemma 2, we obtain that Z satisfies the stationary condi-
tion.

Case (b2): Since ¥(d*) — 0 (k — 00), Lemma 2 implies that z satisfies
the stationary condition. O

’2—p+6 = 0 or



4. Local Convergence without Line Search

This section shows the local convergence properties of Algorithm 2, which
is equal to Algorithm 1 without Armijo’s line search and provided below.

Algorithm 2 (Generalized Levenberg-Marquardt Method without Line Search)

Choose an initial point z° € R™. Set k := 0.
If | F'(z*) T F(2%)|| = 0, then stop.

Find the solution d* of (5).

Set zkFt1 == 2k 4 gk,

Set k < k+ 1, and go to Step 2.

In particular, we first show superlinear convergence under appropriate
assumptions. Moreover, we prove quadratic convergence by some additional

assumptions. In the following, we discuss the local convergence around
¥ e X*.

4.1. Superlinear Convergence

We make two assumptions for the local convergence.

Assumption 3.

(1) The Jacobian of F is Lipschitz continuous on N (x*,b), i.e., there exists
a positive constant Ly such that

1 (y) = F'(@)|| < Lally — =

for all x,y € N(z*,b).
(2) The norm of F(x) provides a local error bound on N (x*,b) for the system
(1), i.e., there exists a positive constant ¢y such that

cpdist(z, X*) < ||F ()]
for all z € N(x*,b).
Assumption 4. There exist constants 0 < & < & such that
Q[P (@) P70 <y, < G| F ()PP, 6 e [1,2).

Remark 1. The local error bound condition, that is, (2) of Assumption 3,
holds if the Jacobian of F is nonsingular at x*. Moreover, it is known that
the condition is satisified if F' is a piecewise linear function [11].



To begin with, we provide the well-known results which can be derived
from (1) of Assumption 3.

Lemma 3 ([5, Lemma 4.1.12]). Suppose that (1) of Assumption 3 holds.
Then

IF ()@~ ) ~ (F(&) ~ F@)I < Ll — gl

for all x,y € N(x*,b). Moreover, there exists a positive constant Lo such
that

[1F(z) = F(y)ll < La|lz — y|
for all x,y € N(z*,b).

Now, we prove superlinear convergence of Algorithm 2. As stated in
Section 1, Fan and Yuan [12] showed superlinear convergence of the ordinary
LMM. Although the difference between the existing and proposed methods
is the regularization term in (5), the same idea as [12] can be applied to
the convergence analysis of the proposed method by using inequality (6)
and Assumption 4 accordingly. Therefore, we omit proofs of the following
Lemmas and Theorem.

Lemma 4 ([12, Lemma 2.1]). Suppose that Assumptions 3 and 4 hold. Then
there exists ca > 0 such that ||d*|| < cadist(x*, X*) for all ¥ € N(z*,b/2).

Lemma 5 ([12, Lemma 2.2]). Suppose that Assumptions 3 and 4 hold. Then

there exists c3 > 0 such that dist(z* + d¥, X*) < esdist(z¥, X*) /2 for all

okl 2k € N(2*,b/2).

Let a positive constant r; be

_2

b cs?
2

r1 = min 20 1 11y’

Lemma 6 ([12, Theorem 2.1]). Suppose that Assumptions 3 and 4 hold. If
2% € N(x*,r1), then x¥ € N(2*,b/2) for all nonnegative integer k.

Theorem 2 ([12, Theorem 2.1]). Let {z*} be a sequence generated by Al-
gorithm 2. Suppose that Assumptions 3 and 4 hold. If x° € N(z*,r1), then
the sequence {x*} converges to some solution T € X* superlinearly.

4.2. Quadratic Convergence

We prove that Algorithm 2 converges quadratically. To this end, we
make the following assumption.

10



Assumption 5. There exists a positive constant v such that
el < yll2 — 2|2

for all n* € oy(d¥).

Remark 2. Suppose that Assumptions 3 and 4 hold, and x* € N(z*,b/2).
In the case of the common LMM, specifically, 1(d) = ||d||?, we have 0y (d¥) =
{2d*}. Moreover, from (6), we have p = 2. It then follows from Assump-
tion 4, Lemmas 3, and 4 that ui||n®|| < 2&|F(2)|[|d¥|| < 2&aLacallx® —
x*||2, and hence Assmption 5 holds. When the Ly norm is adopted as 1, we
obtain |n¥|| < /n and p = 1. Therefore, from Assumption 4 and Lemma 3,
we have py||n*|| < v/nél|[F(¥)|]? < vnéaLaflzh — 2>,

In the subsequent convergence analysis, we also utilize the way of Fan
and Yuan [12] to show quadratic convergence of the proposed method. They
proved the quadratic convergence of the normal LMM by using the fact
that the search direction can be written explicitly. However, the search
direction of the proposed method can not be expressed explicitly due to the
generalization of the regularization term. Therefore, we provide some new
lemmas which evaluate the difference between the search direction of the
exisiting LMM and of the proposed method so that we can use the same
approach as [12]. For this purpose, we define the search direction of the
ordinary LMM as follows. Let d’EM be a solution of the following traditional
LMM subproblem:

micrllilglize |F'(z®)d + F(a*)|]> + v ||d)|?, (16)
E n

where v, is a positive parameter. In the following, as with [12], vy is defined
as below:
vp = |F@)°, §e1,2]. (17)

First, we provide some lemmas related to the search direction of the ordinary
LMM.

Lemma 7 ([12, Lemma 2.1]). Suppose that Assumption 3 holds. Then there
exists ¢y > 0 such that ||dFy|| < cadist(z®, X*) for all 2% € N(z*,b/2).

Lemma 8. Suppose that Assumptions 3 and 5 hold. Then there exists cs5 > 0
such that | F'(a*) T F'(2%)(dF —dF )| < esl|a® —2*||? for all 2% € N(x*,b/2).

Proof. From Lemma 3 and (17), we have

v = [|F(2")° < Lyfla® — ¥ < L3f|z" — 2™ (18)

11



Since d* and dF,; are respectively solutions of (5) and (16), we obtain
2F(zF) T F! (2%)dF \ +2F (zF) T F(a%) + 20, dF\, = 0 and 2F' (2%) T F' (z)d* +
2 (") T F(2%) + pen® = 0, where n*¥ € 9vy(d*). By subtracting these two
equations, we have 2F"(z*) T F'(2%)(d* — d¥y;) + pn® — 2vp.d¥y; = 0. Tt then
follows from Assumption 5, Lemma 7, and (18) that

1
|F/ (%) (@F) (@ = dia) | < 5 (pnlin® ]+ 20l )
24 L
< wak — 2|2

Therefore, the desired inequality holds. O

As seen in the convergence analysis of [12], we will utilize the singular
value decomposition (SVD) of F’(x*) as follows.

F'(z*) = U*S*V*" = U'diag (S5,0) VT = Ursivy T,
where ¥} = diag(o7,...,07), 0f > -+ > oy > 0 and rank (X}) = r. Let

»ror

{z*¥} be a sequence converging to z*, and U;k) > > ar(fi)n{m’n} > 0 be

singular values of F’(z*). Note that F'(z*) — F'(z*) as k — oco. Then,

Ek) — o) (k— o0) foralli e {1,...,r} and o™ =0 (k — o0) for all

since o i
ie{r+1,...,min{m,n}} from [16, Theorem 2.6.4], the number of positive
singular values of F'(z¥) is r or more for all sufficiently large k, i.e., the

SVD of F'(z*) can be represented as follows:

F'(z%) = Uy, Vi T

Vih
= [Uk,1 Uk Upgs]diag(Ek,1, X2, 0) Vl:rz
VJr
k,3
= Up1Sk,1 Vi1 + Uk 2Sr2 Vi, (19)
where 31 = diag(agk),...,a,(k)) > 0, Yo = diag(aﬁ?l,...,aﬁlfq) > 0,

rank (X 1) = r, and rank (X2) = ¢ > 0. Let 7 := min{b/2, ro, r3}, where
ry is a radius such that SVD (19) exists for z¥ € N(z*,73), and r3 is a
positive constant satisfying o — Lirs > 0.

By utilizing SVD (19), some additional lemmas can be shown.

Lemma 9 ([12, Inequality (2.13) in Theorem 2.2]). Suppose that Assump-
tion 3 holds. Then there exists cg > 0 such that ||F'(z*)d¥,, + F(z%)| <
col|x® — z*||? for all % € N(z*,7).

12



Lemma 10. Suppose that Assumption 3 holds. Then
(1) Skl < Lil|z® — 2*|| for all 2% € N(a*,7);

(ii) there exists c; > 0 such that c; < (Xy1),, for alli € {1,...,r} and all
ke N(x*,7).

Proof. From [17, Theorem 4.11 (Mirsky)| and (1) of Assumption 3, we have
ldiag (Sk,1 — 37, Bk, 0) | < |F'(2") = F'(a")|| < Lafla® — 27,

which leads to |21 — 3% < L1]|2* —2*|| and || 2| < Li||z* — 2*||. Then,
we obtain

or 0 <ot~ o < max |0 — o7 = [Sk1 — Bil < Lars
1<i<r
for all ¢ € {1,...,7}. Therefore, we have az(k) > oy — Lirg > 0 for all
ie{l,...,r} O

Lemma 11. Suppose that Assumptions 3, 4, and 5 hold. Then there exist
cg > 0 and cg > 0 such that

1Sk Vila (@ = diapll < esllz® —2*|%, [Sr2Vila(d® —diapll < collz® — 2|
for all z* € N(a*,7).
Proof. From Lemma 8, we have
cslla® — 2P > | F' (%) T F' (") (d" — dfy) |
= H(Vk,@i,ﬂfk] + Vk,2zi,2VkT2)(dk —diy)|l
> Vit S84 Vi (d° = dia) || = (Va2 522 Vi (d° — din) |- (20)
Lemmas 4, 7, and 10 imply
Vi 257 2Via(d* = dia) || < Va2l Sk 2l Vil — dingll
< 122 (160 + )
< Li(ez + )|z — 2™ (21)

13



Combining (20) and (21) yields
Vi Sh 1 Vi (dF = diy)l| < eslla® — 2% + [[Vi2 B3 0 Vila (d* — dip)
= {L%(cz +cq) +c5) |2F — 2*|2.
It then follows from Lemma 10 that
||Zk,1VkT1(dk —diy)| = IIE;}VleVk,@%,leTl(dk —din) |l
< VAL Ve E2 1 Vil (@ — ding)

2
< Li(ca+ca) +¢5 ka B JL‘*HQ

(&rd ’
1Sk,2Vila(d* = diap)ll < (122l Viz I 1d* — dinll
= |k 2lllld" - dfnl

< Li(ep + ca)l|® — 2|2,
Therefore, the desired inequalities hold. ]

Lemma 12. Suppose that Assumptions 3, 4, and 5 hold. Then there exists

a positive constant cig such that ||F(z*+1)| < cyo|lz® — z*||? for all ¥+ €

N(z*,b/2) and z* € N(z*,7).
Proof. Using Lemma 11 yields
1F" () (@ = diap) 1P = [0 Vily (@ = din) |1 + [ Sr2Vila (@ = din)|1?
< (F+cf) fla® =2,

and hence
IF (") (d* — dip)|| < \/ @B+ clla® — 2*||*. (22)

Since | F(a**1)|| — [[F(2")d" + F(ab)|| < | F'(a%) (25! — aF) — (F(a™) -
F(z")] < %HdkHQ, inequality (22) and Lemmas 4 and 9 imply

L
IF (M) < [1F"(2)d* + F (")) + flldkll2

Ly
< ||F' (@) dfy + F(a)|| + | F' (%) (d* — diy)| + ?HdkH2

Lic3
= ( 122 + ¢+ c§+cg> |2k — ||,

Therefore, the assertion is proven. ]
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Theorem 3. Let {z*} be a sequence generated by Algorithm 2. Suppose
that Assumptions 3, 4, and 5 hold. If z° € N(x*,71), then the sequence

{2} converges to the solution x* quadratically.
Proof. Let a positive constant 7 be

el )

From Theorem 2 and 2° € N(z*,71), we have ¥ — 2* (k — 00). Then we
obtain ||d¥|| < [|z**! — z*|| + ||2* — 2*|| — 0 (k — o0). Therefore, there
exists a constant n; € N such that z* € N(z*,7) and

2
1\¢ 1
k < 3 - . 2
Id ||_mm{<30) 3} (23)

for all kK > ny, where ¢ = 2¥0203 and ¢ = 9¢yc10/(4c1). Let £ > ny be an
arbitrary. Since ¢ € N(z*,b/2) and z¢ + d* = 2+ € N(2*,b/2), Lemma 5
ensures dist(z, X*) < dist(zf + d, X*) + ||d’|| < cadist(zf, X*)+H0/2 4
|d*||, which implies that {1 — c;»,dist(xﬁ,X*)‘s/Q}dist(:z:é,X*) < ||d*||. Since
we have ezdist(zf, X*)9/2 < ¢3)|zf — 2*||%/2 < 1/2, we obtain dist(zf, X*) <
2||d*||. Therefore, from Lemmas 4 and 5, we have

>l

[|dHY| < eadist(zfL, X*) < czc:adist(aczaX*)QTM < 270203"(#“76- (24)
Suppose that m > £. Then from (23) and (24), we have

2446 1

|d7]| < el 5" <

i1 < il

1 2 ) 1 j—L
< (=) & ?<---< (= d*
(3) te2i<< () e

for all j € {¢{+1,...,m — 1}. Hence we obtain

Wl

m—1 m—1

4 j l j

2™ =l = || > | <[+ Y lld]
j=L Jj=0+1

IN

m—~£—1 1 _
1 3_3 m+£+1
{1+ 2 <3) }ndfn = S|,
=1

15



which implies from m — oo that ||z’ —z*|| < (3/2)||d*||. Therefore, it follows
from (2) of Assumption 3, Lemmas 4, and 12 that

1| < eadist(@F, X*) < 2| P
C1

< G240 0 2 < 9cacio

=002, 25
s 1o "] (25)

Then, from (23) and (25), we have
j mai—12 < Ly gi-1 i
1]l < el < glld™™ ] < S lld™

1 2 ) 1 j—L
<(Z) |2 <---< (= d"
_(3) %) < _(3) |

for all j € {¢{+1,...,m — 1}. Therefore, we obtain

m—1 m—1
2™ =2 =D | =)= > I
=L

j=0+1

m—_0—1 1 _
1 1+3 m—+£+1
{1— > (3) }udfu:2udfu. (20

=1

Vv

On the other hand, we have

. . 1 . c .
|| < &l H)* < 3l < gl |I?

N2 1\i—t-1
<(z) N 2<--< (2 [l
3 3

for all j € {¢{+2,...,m — 1}. It then follows that

m—1 m—1
& =2 = | Y @ < [ld T+ D Nl
j=0+1 j=0+2

IN

m—~_—2 l _
1 3(1 -3 m—+{+1
{H 2 <3) }Hd“lnz 22 ). @)
=1
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Hence, inequalities (25), (26), and (27) yield

30,(1 _ 37m+€+1)
2

60,(1 _ 37m+f+1)
(1 + 37m+é+1)2

|l — 2™ < ld°)1* < ™.

||:UZ -

Let ¢ := 6¢/ > 0 and m — oo leads to ||zt —2*|| < ¢||z*—2*||, which implies

that the sequence {x*} converges to the solution z* quadratically. O

5. Local Convergence of Algorithm 1

In this section, we prove local and quadratic convergence of Algorithm 1
which converges globally under Assumptions 1 and 2. Although we consider
applying Theorem 3 to the current convergence analysis, there are some
differences between Algorithms 1 and 2 as follows:

e Algorithm 1 set the step size as ™ € (0,1] whereas Algorithm 2
always adopt 1.

e Algorithm 1 supposes that pyj satisfies Assumption 2. Meanwhile,
Algorithm 2 needs to satisfy Assumption 4.

Therefore, we provide sufficient conditions under which the step size becomes
1 and i given in Assumption 2 satisfies Assumption 4.
Throughout this section, we use the following notation:

u:=sup{oy (F'(z)) |z € N (z*,b)},

where o;(M): R™*™ — R is a function that returns the i-th largest singular
value of M. Then, the continuity of o; and F’ implies u < oo, and the
definition of u ensures

(Sh);; = o4 <F’(a:k)> <o <F’(mk)> <u (28)

for all 2¥ € N(2*,b) and i € {1,...,min{m,n}}. By using the positive

constant u, we also define the following positive constant w:

_2¢3u? byey

2
c] 2

Now we make the following three assumptions.

Assumption 6. When 9 is not continuously differentiable at d = 0, the
following two conditions hold.

17



(1) 2—=p+d>1.
(2) For the merit function ¢, Polyak-Lojasiewicz inequality holds at a neigh-
borhood of x*, i.e., there exists a positive constant p such that

SIV6@)I > 1 (6(x) — 6(a"))
for all x € N(z*,b/2).
Assumption 7. There exists a positive constant 7 such that
pelln® | < AN F )P
for all n* € 9y(d¥).

Assumption 8. The parameter o in Algorithm 1 is chosen to satisfy the
following inequality:
1—aw>0.

Remark 3. The Polyak-Lojasiewicz inequality, that is, (2) of Assumption 6
1s satisfied if ¢ is strongly convex. Moreover, it is known that there exist
several sufficient conditions, which are milder than strong convexity, for the
Polyak-Lojasiewicz inequality [18].

Remark 4. As with Remark 2, we show that Assumption 7 is satisfied in the
case of ¥(d) = ||d||?> and of ¥(d) = ||d||1. Suppose that Assumptions 3 and 4
hold, and z* € N(z*,b/2). When 1 (d) = ||d||?, from Assumptions 3, 4, and
Lemma 4, we have gl < 265 | F(@h)|[d8] < 26sea] F(¥) |-dist (¥, X*) <
(28aco/c1)||F(x®)||2. On the other hand, when (d) = ||d||1, we obtain
il < VRGP

Remark 5. Suppose that Assumption 3 holds. If Assumption 7 holds and
xF € N(x*,b), then from Lemma 3, we have pi||n¥|| < 7| F(2*)||? < YLo?||2*
x*||2, which implies that Assumption 5 holds.

The next lemma shows that uz given in Assumption 2 satisfies Assump-
tion 4 at a neighborhood of x*.

Lemma 13. Suppose that Assumptions 2 and 6 hold. If ¥ € N(z*,b/2)
and ||F(z*)|| < 1, then the following inequalities hold:

. H _ -
min {1, L IPGRIP < jo < FG P7

18



Proof. When 1 is continuously differentiable at d = 0, (1) of Assumption 2
implies that the desired inequality holds. In the following, we consider the
case where v is not continuously differentiable at d = 0. From (2) of As-
sumption 6 and (9), we have /i1 F(z)|| < ||F'(z) " F(z)|| for allz € N(z*,b).
It then follows from (1) of Assumption 6 that (\/m/M)||F(z*)|?>7P <
(Vi/M)||F(z*)|| < ||[F'(2*)T F(2*)||/M. Therefore, we obtain

1 .%'k T .T,'k
min {1, Y7 LIPGRE# < in {0, HEEE R

M
= e < ||F ()PP

This completes the proof. O

The next lemma shows that 1 is chosen as the step size.

Lemma 14. Suppose that Assumptions 2, 3, 6, 7, and 8 hold. If x*+d* 2%
N(z*,b/2) and

2
246 5

2

1_

IF()) <min{ [ L Y2"9 ) 4L
Locs

then the step size B™* becomes 1.

Proof. Note that from Lemma 13, Assumption 4 holds. Since d* is a solution
of (5), there exists n* € 91(d¥) such that 2F" (xF) T F/(x¥)d* +2F' (2%) T F (2F)+
win® = 0. Therefore, we have Vé(zF) = F'(2*) T F(2%) = —F'(2*) T F' (2F)dF —
pxn” /2, which implies that

1 T
Vo(at)Td" = | F/(a")d" 2 = Sy (n") d. (29)
From (2) of Assumption 3, Lemma 4, and (28), we obtain

—[1F'(2")d*|? = [0Sk Vi 1 > Ukl ISP 1Vi 117142
C2U2
_ Qv

> —u? - Adist(z*, X*)? > | (%), (30)

2
51

On the other hand, from (2) of Assumption 3, Assumption 7, and Lemma 4,
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we have

1 T 1
—u(n*) = =Sl

> 7CQHF( BY)I2 - dist(z¥, X*)

> f”ﬁnF( ol (31)

Hence, using (29), (30), and (31) yields

1 T
Vo(at)Td" = | F/(a)d" 2 = Spu(n") o

c3u?

bvc
>—*||F< B2 - =2

—IIEEh)?

- —5||F<:c I,

Let 2 € X* denotes the vector such that |2k — z¥|| = dist(2*, X*). Since
|k — 2*|| < ||lak — a|| + ||a* — 2*|| < b, (2) of Assumption 3 and Lemmas 3
and 5 derive

1P (2" + d")|| < Lofja® + d* — ay*t|
2+(5

< Locsdist(zF, X*) 2

_ 246
< Loe; * e F(z%)| 55

-4 N k
= Lyc; * c3||F(z®)|2 - | F (")
< VI —aw||F(z")].

Therefore, we obtain

Bt + ) — o(h) = 5 (IFEHYIP = [ FEh))
< 3 {0 - aw) | FEh I - 1 FEHI?)
=~ IF &N

< aVe(a*)Td",
which leads to g™ = 1. O

Theorem 4. Let {x*} be a bounded sequence generated by Algorithm 1.
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Suppose that either (1) or (2) of the Assumption 1 holds and that Assump-
tion 2 holds. Then, any accumulation point of {x*} satisfies the stationary
condition of min{¢p(x) | = € R™}. Moreover, if the accumulation point x*
solves (1) and Assumptions 3, 6, 7, and 8 hold at x*, then the sequence {x*}
converges to x* quadratically.

Proof. From Theorem 1, we have already proved the former part of this
theorem. In the following, we show the latter part. Note that Assumption 5
holds from Remark 5. By Theorem 3, it suffices to show that there exists a
positive integer k such that uy satisfies Assumption 4 and ™ =1 for all
k> k.

Since ¥ — 2* (k — o00) and F(z¥) = F(z*) = 0 (k — 00), there exists
a constant k such that 2! € N(z*,r) and

2
245 5
c? V1—aw

|F(h)]| < min v

, 1

for all I > k. Suppose that & > k. From Lemma 13, Assumption 4 holds
for yuz. It then follows from Lemma 4 that ||z% + d* — 2*|| < ||z% — 2| +
codist(z¥, X*) < (1 + ¢o)r1 < b/2, which implies 2% + d¥ € N(2*,b/2).
Therefore, Lemma 14 guarantees ™ = 1. Hence, Theorem 3 implies that
{z*} converges to z* quadratically. O

6. Numerical Experiments

In this section, we conduct numerical experiments to compare Algo-
rithm 1 with the existing LMM [12, Algorithm 3.1]. All experiments were
performed using MATLAB R2021b on a machine with Intel Core 15-5350U
1.80GHz of CPU and 8GB of RAM. In both Algorithm 1 and the ordi-
nary LMM, we chose @ = 0.0001 and S = 0.5 for line search, and used
|F' ()T F(2*)| < e for termination criteria, where ¢ = n - 107%. The reg-
ularization parameter was set to min{uy,0.1} for preventing it getting too
large. Algorithm 1 adopted the L; norm as the regularization term v of (5)
and solved the subproblem by using dual methods [19].

We consider a continuously differentiable function F': R™ — R™ as fol-
lows:

1
F(z) = (F(x), ..., Fp(z)", Fz):= ixTAl-x + b+ ¢,
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where F;: R™ — R is a continuously differentiable function and A; € R™*" is
a symmetric matrix. We generated constants of the test problems as below.

(1) We generate B; € R™*" b; € R" and z* € R™ whose elements are
generated randomly from the interval [0, 1], and
(2) set A; = (B; + B;")/2 and ¢; :== —(x*) T A;x* /2 + b] x*
We fix m = 10, and change n to n = 10, 100, 500, 1000, 1500, 2000, 2500,
3000, 3500, 4000, 4500, 5000. For each n, we solved 10 test problems by using

the different initial points 2° € R™ whose elements are generated randomly
from the interval [0, 1].

Table 1: Comparison of average CPU time between the LMM and Algorithm 1 [sec.]
n H LMM (CD) ‘ LMM (SMW) \ proposed method

10 0.0236 0.0143 0.1109
100 0.0255 0.0037 0.0373
500 0.0430 0.0238 0.0302
1000 0.1360 0.0527 0.0337
1500 0.3706 0.1118 0.0533
2000 0.8421 0.1915 0.0647
2500 1.1657 0.2570 0.0745
3000 1.5159 0.3365 0.0800
3500 2.2266 0.4512 0.1035
4000 3.0280 0.5722 0.1193
4500 4.6363 0.7494 0.1682
5000 5.9642 0.9137 0.1920

Table 1 and Figure 1 indicate the average CPU time of the existing LMM
and Algorithm 1. In particular, LMM (CD) and LMM (SMW) mean that
they respectively solve (4) by using the Cholesky decomposition (CD) and
the Sherman-Morrison-Woodbury (SMW) formula. The table and figure
imply that the proposed method was superior to the other methods when n
is getting larger while m is fixed.

7. Conclusions

In this paper, we proposed a new LMM with generalized regulariza-
tion terms. We showed not only the global but also the local quadratic
convergence of the proposed method. Moreover, we conducted numerical
experiments to verify the efficiency of the proposed method.
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Figure 1: Comparison of average CPU time between the LMM and Algorithm 1

Future works will be to consider better regularization terms that satisfy
condition (6), to povide inexact criteria which do not affect the convergence
property for the case where it is expensive to solve the subproblems exactly,
and to develop a regularized Newton method with generalized regularization
terms for convex optimization.
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