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LEVENBERG-MARQUARDT METHOD WITH
A GENERAL LM PARAMETER AND A
NONMONOTONE TRUST REGION
TECHNIQUE*

Luyao Zhao! and Jingyong Tangh'

Abstract We propose a new Levenberg-Marquardt (LM) method for solving
the nonlinear equations. The new LM method takes a general LM parameter
Mo = ur[(1 = 0)||Fy||° 4 0||J7 Fy||°] where 6 € [0,1] and 6 € (0,3) and adopts a
nonmonotone trust region technique to ensure the global convergence. Under
the local error bound condition, we prove that the new LM method has at
least a superlinear convergence rate with the order min{l + §,4 — 4,2}. We
also apply the new LM method to solve the nonlinear equations arising from
the weighted linear complementarity problem. Numerical experiments indicate
that the new LM method is efficient and promising.
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1. Introduction
We consider the system of nonlinear equations
F(z)=0, (L.1)

where F(x) : R® — R" is a continuously differentiable function. Throughout the
paper, we write the Jacobian F'(x) as J(x) and use the notions Fj, = F(z)) and
Jk = J(CL’k)

As it is well-known, the Levenberg-Marquardt (LM) method is one of the most
effective methods for solving the nonlinear equations (1.1). At every iteration, the
LM method computes the LM step

dy = —(JL T + M) IL F,

where A\ is the LM parameter updated from iteration to iteration. The LM pa-
rameter \;p has a great influence on the numerical performance and theoretical

TThe corresponding author.

LCollege of Mathematics and Statistics, Xinyang Normal University, 464000
Xinyang, China

*This work was supported by the Henan Province Natural Science Foundation
(222300420520) and the Key Scientific Research Projects of Higher Education
of Henan Province (22A110020).

Email: zly976557281@163.com(L. Zhao), tangjy@xynu.edu.cn(J. Tang)


http://www.jaac-online.com
http://dx.doi.org/10.11948/20220441

1960 L. Zhao & J. Tang

results of the LM method. Yamashita and Fukushima [26] showed, under the local
error bound condition which is weaker than nonsingularity, the LM method has
quadratic convergence if the LM parameter is chosen as A\ = || F)[>. Under the
same condition, Fan and Yuan [12] proved that the LM method taking Ay = || F||
has the quadratic convergence. Although the numerical results in [12] show that
the choice of A\ = ||F|| performs better than that of Ay = ||F||?, it does not per-
form very well when the sequence {zy} is far from the solution set. To overcome
this difficulty, Fan [9] used A\ = pi||Fi| with pi being updated from iteration to
iteration by trust region techniques. In [13], Fan and Yuan extended the results
in [9,26] and proved that the LM method taking A\, = ||Fy|]® where 6 € [1,2]
still achieves the quadratic convergence under the local error bound condition. Be-
sides A\ = O(||Fx||), many researchers studied the convergence properties of the
LM method with A\, = O(||JI Fx|]) (e.g., [24,25,30]). Ma and Jiang [15] took
Ae = (1= 0)||Fy|| + 0||JF Fx|| where 6 € [0,1] and proved that the LM method has
quadratic convergence under the local error bound condition. Some other choices
of the LM parameter are given [2,10,11].

On the other hand, many LM methods used the trust region technique to ensure
the global convergence (e.g., [9, 10,24, 28]). Define the actual reduction and the
predicted reduction of ||[F(z)||? at the k-th iteration as

Aredy, = ||Fy||* — [|F (zx + di)||?, (1.2)
and
Predy, = ||Fx||* — | Fy, + Jrdg|*. (1.3)
The ratio of the actual reduction to the predicted reduction
Aredy
= 1.4
"k Pred,, (1.4)

has been used in the LM methods to decide whether to accept the LM step and how
to adjust the parameter pg. Recently, many researchers generalized the nonmono-
tone techniques to trust region methods and proposed some efficient nonmonotone
trust region methods (e.g., [1,8,23,27]). A lot of numerical experiments show that
the algorithms with nonmonotone strategies are more efficient than the algorithms
with monotone strategies.

Motivated by all of the work cited above, in this paper we aim to propose a new
LM method which takes the LM parameter

Me = pel(1 = 0)|| Fe|l® + 0)|JL Fy.]|°], where 6 € [0,1] and & € (0, 3). (1.5)

This new LM parameter is very general which includes the LM parameters used
in [9,13,15] as special cases. Moreover, the new LM method adopts a nonmonotone
trust region technique to ensure its global convergence. Under the local error bound
condition, we prove that the new LM method has at least a superlinear convergence
rate with the order min{l + §,4 — §,2}. This convergence result is more general
than those obtained in [9, 13,15]. We also apply the new LM method to solve
the nonlinear equations arising from the weighted linear complementarity problem.
Numerical experiments show the local fast convergence rate and the advantages of
the new LM method.

The paper is organized as follows. In Section 2, we give a detailed description of
the new LM method and establish its global convergence. In Section 3, we derive
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the convergence order of the new LM method under the local error bound condition.
In Section 4, we apply the new LM method to solve some nonlinear equations and
report some numerical results. Finally, we deliver some conclusions in Section 5.

2. The new LM method and its global convergence

In this section, we first give a detailed description of the new LM method and then
prove its global convergence.

Algorithm 2.1 (A new LM method for nonlinear equations)
Step 0: Choose pg > mo >0, 0 < py < p; <py <1,60¢€]0,1], 7€ (0,1] and
§ € (0,3). Choose ¢ € R™ and set Wy = || Fo|?. Set k := 0.
Step 1: If || JL F}|| = 0, then stop. Otherwise, set
M = k(1= O)||Fx1° + 017 Fi|°)- (2.1)
Step 2: Compute dj by solving the following system
(JETe + M\ D)d = —JLFy,. (2.2)

Step 3: Compute Predy, by (1.3) and

Aredy, = Wy, — | F(xy, + di)|>. (2.3)
Set
Aredy,
e = . 2.4
"k Predy, (2:4)
Step 4: Set
dp if 7 >
Thp1 = T +dg TR _.p()v (25)
T otherwise.
Set
Wit1 = (1 — T)Wk + T||Fk+1||2. (2.6)
Step 5: Choose pg41 as
4,“/6 if T < P1,
Pr+1 = Mk if 7 € [p1, 2], (2.7)

max{ %, m} otherwise.

Set k =k + 1 and go to Step 1.

Remark 2.1. There are two notable differences of the new LM method from ex-
isting LM methods. First, the LM parameter defined by (2.1) allows § € (0, 3)
which is more general than those used in existing LM methods where one usually
requires § € (0,2]. Second, Algorithm 2.1 adopts a nonmonotone trust region tech-
nique. It is noticeable that Wy is a convex combination of Wy_; and || Fy||?. Since
Wo = || Fol|?, it follows that W is a convex combination of || Fyl|?, || F1|?, ..., || Fk||*.
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Lemma 2.1. The predicted reduction Predy, defined by (1.3) satisfies

Predy, > || JI Fi|| min {Hdkl 17, i } (2.8)
- {15 T

Proof. The result can be found in [9, Lemma 3.1]. O

Lemma 2.2. The sequence {xy} generated by Algorithm 2.1 satisfies || Fy||* < Wk,
Wit1 < Wy and || Fi|| < ||Fol| for all k > 0.

Proof. First, we prove |[Fy||? < Wj for all kK > 0. Suppose that ||Fy||* < Wi
holds for some k. If 7, < pg, then by (2.5) we have 41 = % and so

Wi 2 | Eil|* = || Frra . (2.9)

Otherwise, 7, > pg and by (2.5) we have x;11 = x +di. Then it follows from (2.3)
and (2.4) that

= We = P+ dl” _ Wi = 1Bl
Pred;, Pred;, = 1o

which together with (2.8) implies
Wi > || Fey1]? + poPredy > || Frya]® (2.10)
Thus, we have || Fi1 1> < Wy which together with (2.6) yields
1Pl < (1= 1)We + 7l Bt = Wi, (2.11)

Since ||Fy||? = W, by induction on k, we obtain ||F}|? < W for all & > 0.
Moreover, by (2.9) and (2.10), it holds that || Fjy1||*> < Wy for all & > 0. This
together with (2.6) gives for all £ > 0,

Wit < (1—T)Wk+TWk=W;€.

Furthermore, we have ||Fy||?> < Wy < Wy = ||[Fp|? for all k& > 0. The proof is
completed. O]

To establish the global convergence of Algorithm 2.1, we make the following
assumption.

Assumption 2.1. The Jacobian J(x) is bounded and Lipschitz continuous on R™,
1.e., there exist positive constants L1 and Lo such that

[J(2)]] < L1, ¥V z € R, (2.12)
and
17(y) = J(@)[| < Lally — x|, V @,y € R (2.13)
By (2.13), we have
IF(y) = Fz) = J(2)(y = @)l < Lally —«|®, ¥ 2,yeR™ (2.14)

Theorem 2.1. Under the conditions of Assumption 2.1, the sequence {xy} gener-
ated by Algorithm 2.1 satisfies

lim inf ||J Fy|| = 0. (2.15)
k—o00
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Proof. If the theorem is not true, then there exist a constant 7 > 0 and an index
k such that -
I JEFell = m, ¥ k> F. (2.16)

By the second result in Lemma 2.2, the sequence {Wj} is monotonically decreasing
and bounded below. Thus, there exists a constant WW* > 0 such that klim Wy = W*.
—00

Furthermore, by (2.6) we have
Wy — (1 — T)Wk_l

T

=W

lim || Fg||* = lim
—00 k—
Define the set of successful iterations as
K = {kl":k Z po}.

We derive the contradictions in two cases.
Case 1. K is infinite. In this case, by (2.8), (2.12) and (2.16), we have for all
ke K and k >k,
Wi, = [|[Freqa > = Wi — [|F(xr, + d)||?
= Aredy,

> poPredy

. | JE Fr||
> poll 77 Fol| min { il
¢ 1777

. n
Zponmm{mkn,LQ}
1

It follows from lim ||Fg||? = lim Wy, = W* that lim dy = 0. Note that
k—o0 k—o00 (K3)k—o0
Zp+1 — xp = 0 if k ¢ K. Thus, we have

lim dj, = 0. (2.17)

k—o0

This together with (2.2) and (2.16) yields
Jlim Ay, = foc. (2.18)
Due to the third result in Lemma 2.2 and (2.12), we have
(L= O] + OllTE Fill® < (1= O)||Foll® + OL3|| Fo]-
So, by (2.1) and (2.18) we have
kli_{rolo W = +o00. (2.19)
Moreover, by the result given in the proof of [24, Theorem 2.4], we have
I1F (@x + di)I* = | F + Judil*] < (1 Fx + Jedi|O(lldi|I*) + O(lldi[[*). (2:20)
Thus, from (2.8), (2.16) and (2.20), we have for k > k,

Ared;, — Predy,

— 1] =
|Tk | ’ Predk
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1P+ dI? = [1Fi + Jucdl?
. JTFy,
J,?Fumm{dkn, 'lJ:TJZ'}
_ 1B+ Jedel O(ldal?) + Ol

i { ). 7% |

_ B+ JrdellO(l1dr]1?) + Ol i) (2.21)
lldl . '

Since || Fi + Jrdi|| < ||Foll + L1]|dk||, the inequality (2.21) yields rp, — 1 as k — oo.
Since Wy, > || Fy||? for all k > 0, it holds that Ared), > Aredy and so

~ /Tv:e/dk Aredy,
Tk = 2
Pred;, — Pred;

=T — 1.
In view of the updating rule of py, there exists a positive constant m > m such that
g < 1 holds for all large k, which is a contradiction to (2.19).

Casg 2. K is finite. In this case, there exists an index k such that T < po for all
k > k. By Step 5 of Algorithm 2.1, we have pu11 = 4uy for all k& > k, which yields

lim pj = +oo. (2.22)
k—o0
By (2.12) and (2.16), we have
¢ Fiell o n .
Fyl > =20 > L kE>k.
el 2 IS > 2y g

It follows that

1—0)n° -
(1= 0)||Fy|® + 0| JE Fr||® > a=om +60n° >0, VE>k

L
Thus, by (2.1) and (2.22) we have
lim A\p = +o0, (2.23)
k—o0
which together with (2.2) and (2.16) gives
lim dy = 0.
k—o00

By the same analysis as Case 1, we have 7, > 1, — 1 as k — co. Thus, there exists
a constant m > m such that u; < m holds for all large k, which is a contradiction
to (2.22).

Summarizing Case 1 and Case 2, we have (2.15) and complete the proof. O

3. Convergence rate of Algorithm 2.1

In this section, we analyze the convergence rate of Algorithm 2.1. We assume that
the sequence {x} generated by Algorithm 2.1 converges to the solution set X* of
the nonlinear equations (1.1) and lies in some neighbourhood of z* € X*. We make
the following assumption.
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Assumption 3.1. (a) F(z) is continuously differentiable and || F(z)|| provides a
local error bound on some neighbourhood of x* € X*, i.e., there exist positive con-
stants Kk > 0 and € > 0 such that

|F'(z)|| > wdist(xz, X*), Vo e N(*e)={z||lr —z¥|| <e}. (3.1)

(b) The Jacobian J(x) is Lipschitz continuous on N(z*,€), i.e., there exists a con-
stant L > 0 such that

17(y) = J(@)|| < Llly — =[], ¥ =,y € N(2",¢). (3.2)
By the Lipschitzness of Jacobian given in (3.2), we have
IF(y) = F(x) = J(2)(y — @)l < Llly — z||*, ¥ 2,y € N(z",¢). (3-3)
Thus, there exists a constant M > 0 such that
1F(y) = F(o)|| < Mlly — =[], ¥V =,y € N(z",¢). (3.4)
Moreover, by (3.4) we have (see [31])
[J(z)|| < M, ¥V x e N(x*e). (3.5)

Due to the result given by Behling and Tusem in [4, Theorem 1], if ||F(z)||
provides a local error bound, then there exists a positive constant { > 0 such that

rank(J(Z)) = rank(J(z*)), VZ € N(z*,{)NnX".
We assume without loss of generality that rank(.J(z)) = r for all z € N(z*, ()N X*.
Suppose that the singular value decomposition (SVD) of J(Zy) is

P T _ (77 T k.1 Vi 5w T
Jp = UpXi Vi, = (U1, Ug,2) =Uk12k1 Vi1,

0 V5
where ¥y 1 = diag(dg1, -+ ,0%,) > 0, and correspondingly the SVD of Jj is
T = UpSpViE
Yk vr
= (Uk1, Uk 2) i
Zk,2 ijjg

T T
=Uk,1Zk1Viq + Uk, 2X5, 2V 2,

where ¥y 1 = diag(ok1, -+ ,0k,) > 0 and Xy o = diag(ok,41, - ,0kn) > 0. In
the following, if the context is clear, we neglect the subscription & in ¥j; and
Uk,i,Vi,i(i = 1,2) and write Ji as

Je = UiSi Vi + U5V
In the following, we denote Zj; as the vector in X* that satisfies
|Zx — zk|| = dist(xg, X*).

The following lemma gives the estimations of ||[U3U{ Fg|| and ||[UxUJ F}|| whose
proof can be found in [24, Lemma 3.4].
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Lemma 3.1. Under the conditions of Assumption 3.1, for all sufficiently large k,
(a) |ULUT Fyll < M||zx — x);

(b) |U2U5 Fi|| < 2L||T), — 2%,

where M and L are given in (3.4) and (3.2) respectively.

Lemma 3.2. Under the conditions of Assumption 3.1, there exists a constant ¢ > 0
such that for all sufficiently large k,

cllzy, — @il < |15 Full < M?||z), — ], (3.6)
where M is given in (3.4).
Proof. For all z, € N(z*,£/2), we have
2k — 2| < |2k — will + [lon — 27| < 2fjay — 27| <e,

which implies that Z; € N(x*,¢). Then, by (3.4) and (3.5), we have for all suffi-
ciently large k,
15 Fell < |1l Fxll < MP(|z — all,

which proves the right inequality in (3.6). Moreover, by (3.3) and (3.4), we can
further obtain that for all sufficiently large k,

FE(Fy = Ji(@p — 2)) < ML|| & — x| (3.7)
It follows from (3.1) and (3.7) that for all sufficiently large k,
Fl Ty (xx — )
[k — T

_ | Fxll? — B (Fy — Ji (2 — Z))
e — 2k

1Fg Tl =

kl|Zy — 2p||? — ML||Z) — x|

- [x — Zi|
= kl|zy — k|| = ML|jzx — ?
> cl|zy — x ]
where ¢ > 0 is some constant. This proves the left inequality in (3.6). O

Lemma 3.3. Under the conditions of Assumption 3.1, there exists a constant ¢ > 0
such that for all sufficiently large k,

ldill < &z, — x| 301, (3.8)
Proof. By pr > m, (3.1) and the left inequality in (3.6), we have from (2.1) that
Ae > mo[(1— )k + 0c%]||Zk — 2. (3.9)

For any k£ > 0, since dj, is a solution of the following minimization problem

min () = [|F + Jid] + Aelld]?, (3.10)

by (3.3) and (3.9), we have for all sufficiently large k,

or(dy)
lldi||* < .
k
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Or(Tr — Tk)
ST
Fr + Ji(Z — ) |I?
_ I1Fk ’“()i’“ udll + | — x|
L? |476

12k — 2l * 70 + |20 — k]|

S o= 0)m + 6]

L2 .
< 1 = mm{4—5,2}.
= <m0[(1 0w 1 609 T )'” 2l

By letting & = \/L2/mo[(1 — 0)k® + 6c%] + 1, we have (3.8). O

Lemma 3.4. Under the conditions of Assumption 3.1, there exists a positive con-
stant © > m such that
pre < O (3.11)

holds for all sufficiently large k.

Proof. First we prove that for all sufficiently large k, the predicted reduction
Pred;, satisfies )
Predy, > & Fy||||dy ||t 753 (3.12)

where ¢ > 0 is some constant. We consider two cases. If ||Z — x| < ||dk||, then by
(3.1), (3.3), (3.8) and the fact that dj. is the solution of (3.10), we have
[Ekll = [1Fk + Jrdicll = [|Fell = 1% + Ji(Zr — 2) |
> kl|zy — @il = Lllzy — k]
> &l Ze — |
> i, (3.13)

where ¢, > 0 are some constants. Otherwise, ||Z — x| < ||di||. In this case, by
the third inequality of (3.13), we have

| Fell = (| By + Jrdi|

d
> 1B - \ I L A
|75 — o]
d d
> || Fill = H (1 - ”’“”)Fk + ,”7’“”(& + Jn(Zr — 1)) ’
1Tk — || |Zr — k]|
|| )
> m(”Fk” — || Fie + Ji(@p — 1))
> C1l|di]- (3.14)

Thus, by (3.13) and (3.14), for all sufficiently large k,

Predy = ||Ful|? — | Fr + Jedr ]
(1Fx + 1Fx + Tedi ) Fxll = [|1Fx + Jrdl])
> ¢ |y | (a2,

where ¢ > 0 is some constant. Since § € (0,3), we have max{1, 125} < 2. Also note
that ||Fy + Jrdk|| < ||F|| by (3.13) and (3.14). Thus, by (2.20) and (3.12), for all
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sufficiently large k,

Aredy, — Predy,
re =1l = |——%—F—

Pred,,
< |1 F(z + di)||* — | Fr + Jede|?
| P ||| g | ot 755}
_ 1B+ Tedi|O(dl?) + OCldal|*)
_2
|| F ||| d ||t 725)
— 0. (3.15)

Furthermore, we have

~ Z;_e/dk Aredk
Tk = >
Pred;, Pred;,

=7, — L.

Hence, there exists a positive constant © > m such that ur < © holds for all
sufficiently large k. The proof is completed. O
Now we give the convergence order of Algorithm 2.1 as follows.

Theorem 3.1. Under the conditions of Assumption 3.1, the sequence {x} con-
verges to the solution set X* at least superlinearly with the order min{1+4,4 —§,2}

Proof. Since J(x) is Lipschitz continuous, by the theory of matrix perturbation
[18], we have

|diag(31 — 21, 32) || < [Tk — Jill < Lz — ],
which gives
131 = 31| < Ll|zy, — @l and S < Ljjze — k] (3.16)

Since {z1} converges to the solution set X*, we assume that L||Zy — x| < 7,/2
holds for all sufficiently large k. Then it follows from (3.16) that for all sufficiently

large k
1 4

Y24+ D)7 < IETE) < = - < .
H( 1 k) || || 1 || (UT—LHIk—ﬂ«"kH)z 072

(3.17)

Moreover, by Lemma 3.4, (3.4) and the right inequality in (3.6), we have from (2.1)
that
M < O[(1 — O)M? + 0M?||zy — 1% (3.18)

By the SVD of Ji, we compute
di = —Vi(21 + M\ ) IS U Fy, — Va(23 + M) 7' 80U F.
So, we have

Fy + Jrdy, = Fy — Ui 21 (22 + M) IS UL By — UsSo (22 + M) 7 18UT Fy,
= MU (22 + M) UL F + MU(32 + M\ D) UL Fy,

which together with Lemma 3.1, (3.17), (3.18) and [|(23 + M\ I) ! < A, ' yields

1Fk + Jrdill < Mell (53 + M) THIIUT Fill + U5 Fill]
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_10[1- 0)M?° + M)

|12 — o]0 + 2L[|Zs — ||

a7
] (3.19)
where C' = 40[(1 — ) M® + OM?°] /3% + 2L. Furthermore, by (3.1), (3.3), (3.8) and
(3.19), we have
dist(zp+1, X)) = ||Zit1 — Te41 |

1 1
< —NF@er) = —I1F (o, + di)|
1
< —(1F% + Jrdil + Llldi|*)
! i ~“ |7 min{4—
< ;(Oﬂfk g2 2 gy gy inte-2)

C + L& ;
< + Lc ||,fk o xk||m1n{1+§,475,2}

= O(dist(ay, X *)min{1+0,4-0,2})

The proof is completed. O

Remark 3.1. (a) Theorem 3.1 indicates that the sequence {z}} converges to the
solution set X* superlinearly for § € (0,1), and quadratically for § € [1,2]. These
results are the same as those obtained for the LM method (e.g., [10,13]). However,
Theorem 3.1 also shows that {z} converges to X* superlinearly with the order 4—¢
when § € (2,3). Therefore, Theorem 3.1 generalizes existing convergence results of
the LM method.

(b) By (3.1), (3.4) and Theorem 3.1, we have

1Eiesi ]| = O Trs1 — zasall) = O(dist(ay, X*)mintiHoa=02))
— O(||Fk||min{1+5,4—6,2}).

This indicates that the sequence {||Fy||} converges to zero at least superlinearly
with the order min{1 + §,4 — §,2}.

4. Application to weighted linear complementarity
problems

Numerical performances of the LM method for solving some singular problems have
been done in [2,10,13,15,30] which clearly show the efficiency of the LM method.
In this section, we pay particular attention to the performances of the LM method

for solving nonlinear equations arising from the weighted linear complementarity
problem (wLCP).

4.1. Nonlinear equations arising from wLCP

The weighted linear complementarity problem (wLCP) was introduced by Potra [16]
which is to find vectors z € R™, s € R™,y € R™ such that

(wLCP) >0, s>0, Pr+Qs+Ry=a, xs=w. (4.1)
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Here P € Rintm)xn 0 ¢ RIvtm)xn R ¢ R(rtm)xm gre given matrices, a € R
is a given vector, w > 0 is a given weight vector (the data of the problem) and s is
the componentwise product of the vectors x and s. The significance of studying the
wLCP lies in the fact that a lot of equilibrium problems in economics can be formu-
lated in a natural way as wLCP [16]. Moreover, those formulations lend themselves
to the development of highly efficient algorithms for solving the corresponding equi-
librium problems [16]. For example, the Fisher market equilibrium problem, which
can be modelled as a nonlinear CP, can also be formulated as a wLCP that can
be efficiently solved by interior-point methods [16]. In recent years, the wLCP has
received considerable attention from researchers (see, [3,6,7,14,17,19-22,29]).

To equivalently reformulate the wLCP as a system of nonlinear equations, we
consider the following weighted complementarity function

¢°(a,b) = (a+b)* — (Va2 + 1% +2¢)°, V(a,b) € R?,
where ¢ > 0 is a constant.

Lemma 4.1. (a) The function ¢° satisfies
?°(a,b) =0<=a>0, b>0, ab=c.
(b) The function ¢¢ is continuously differentiable at any (a,b) € R? with

3[(a+b)? —ava? + b2 + 2]
3[(a+b)% — bva2 + b2 + 2]

V¢©(a,b) =

Let z := (z,s,y). Then, due to Lemma 4.1, solving the wLCP is equivalent to
computing a solution of the following nonlinear equations

Px+ Qs+ Ry—a
9" (21, 1)

¢ (2, Sn)

where w = (w1, ..., w,)T is the weight vector given in the wLCP. Since the func-
tion F(z) is continuously differentiable at any z € R?*"*™ we can apply the LM
method to solve the nonlinear equations (4.2) so that a solution of the wLCP can
be obtained.

By Lemma 4.1 (b), the Jacobian of F(2) is given as

P R
() = @ , (4.3)

diag( ag:i ) diag ( Bg: ) 0

where

9™ _ 3[(zi + 8:)* — wiy /22 + 52 + 2w;]
axi i i ’
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g
({;ii =3[(zi + 5:)* — si\J 22 + 52 + 2w;].

In the following, we show that the Jacobian J(z) satisfies the Lipschitz continuity,
i.e., Assumption 3.1 (b) holds for the nonlinear equations (4.2).

Theorem 4.1. The Jacobian J(z) given in (4.3) is Lipschitz continuous on the
closed and convez set N(z) = {z € R*™™||z|| < o} for any o > 0.

Proof. Obviously, we only need to prove that the gradient V¢°(a,b) is Lipschitz
continuous on the closed and convex set Q = {(a,b) € R?||(a,b)|| < ¢} for any
¢ > 0. Let h¢(a,b) = vVa? 4+ b% 4 2c. It is easy to see that

he(a,b) < \/C2+2¢, VY (a,b) €. (4.4)
We consider the following three cases.

Case 1. ¢ > 0. In this case, h%(a,b) > 0 for any (a,b) € Q. Thus, ¢° is twice
continuously differentiable at any (a,b) €  with

82¢C 82¢c
V265(a, b) = 0a? Jadb ’
(92¢C 32qf)c
obda b2
where
00" _ 3(2(a+b) — (a2/h(a,b) + h(a, b))}
aa2 - ) ’ )
2 ic
aa,fi =3{2(a +b) — (b*/n"(a,b) + h*(a, b)) },
82(;56 _ 32¢C _ .
9a0b — 9bda 3{2(a+b) —ab/h°(a,b)}.

By (4.4), we have for any (a,b) € ,

max{a®/h¢(a,b), b>/h(a,b), ab/h(a,b)} < h¢(a,b) < /(% + 2c.
Thus, there exists a constant C' > 0 independent of (a,b) €  such that
IV2¢°(a,b)|| < C, V¥ (a,b) € Q.
By Mean Value Theorem, we have that

IV©(ar, b1) = V(az, bo)|| < Cll(a1,b1) — (az, ba)|

holds for any (a1, b1), (a2, bs) € Q and prove the desired result.

Case 2. ¢ = 0 and (0,0) ¢ Q. In this case, h%(a,b) = Va2 + b2 > 0 for any
(a,b) € Q. Thus, ¢° is twice continuously differentiable at any (a,b) € Q. By
following exactly the same steps as in the Case 1, we can prove the desired result.

Case 3. ¢ =0 and (0,0) € Q. Then, similarly as Case 1, we can prove that there
exists a constant C' > 0 independent of (a, b) such that

|V24°(a,b)|| < C, ¥ (a,b) # (0,0) € Q.
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Then, by [5, Lemma 2.6], we have
IV¢° (a1, b1) = V¢ (as, ba)|| < Cll(a1,b1) — (ag, bo)]| (4.5)

holds for all (a1,b1), (az,b2) € Q with (0,0) ¢ [(a1,b1), (az2,b2)]. Moreover, since
V¢°(0,0) = (0,0), the inequality (4.5) also holds in case (a1,b1) = (az,by) =
(0,0). Therefore, we can assume (ay,b;) # (0,0) € Q. Since ¢¥ is continuously
differentiable for all (a,b) € R? with V¢°(0,0) = (0,0), by using a continuity
argument, we obtain that the inequality (4.5) remains true for all (ag,by) € Q.
Thus, the inequality (4.5) holds for all (a1, b1), (a2, b2) € £ which proves the desired
result. O

4.2. Computational experiments

In this subsection, we apply Algorithm 2.1 to solve the nonlinear equations (4.2)
with
0 0 b
) Q = ) R= , a s (46)
M —I —AT —f

P =

where A € R™*" is a full row rank matrix with m < n, b € R™, f € R™ and
M € R™ ™ is an symmetric positive semidefinite matrix. It is worth pointing
out that the wLCP (4.1) with (4.6) is the optimality conditions of the quadratic
programming and weighted centering problem [16, Theorem 2.1]. In experiments, we
generate a random matrix A € R™*" with full row rank and set M = BBT /| BBT||
with B = rand(n,n). Then we choose & = rand(n,1), f = rand(n,1) and set
b= Az, §= M2+ f and w = 5. The parameters used in Algorithm 2.1 are chosen
as po = 1074, p; = 0.25,py = 0.75,mp = 1078, 7 = 0.5 and pug, 6, § are specified in
the experiments.

First, to observe the local convergence behavior, we generate one test problem
with n = 100 and m = 50 and solve it by Algorithm 2.1 with gy = 10~%. We test
the following LM parameters:

(1) 0= 0, i.e., )\k = lfkaFk”é

(i) 0 = 0.5, i.e., Ay = pu LI FLl”

(i) 6 = 1, i.e., A\, = uk\\Jkallf.

The starting point is chosen as xp = s° = (1,...,1)T and yo = (0, ...,0)T. Table 1
gives the value of ||F(z)| at the k-th iteration.

From Table 1, three observations can be made here.

(a) Algorithm 2.1 has at least superlinear convergence rate for § € (0, 3).

(b) Algorithm 2.1 taking § € [1,2) converges faster than that taking ¢ € (0,1)U
[2,3).

(c) The efficiency of Algorithm 2.1 is reduced in initial steps when ¢ € [2, 3).
These observations confirm the theoretical results of the new LM method.

Next, we further investigate the influences the the parameter # on Algorithm 2.1.
We test Algorithm 2.1 with 6 = 1, i.e., Ay = px[(1 — 0)||Fy| + || JL Fx||]. For each
problem with different sizes n(= 2m), we generate five instances and solve them
by Algorithm 2.1. For the purpose of comparison, we also apply the LM method
studied by Fan [9] to solve these problems. It is worth pointing out that Fan’s LM
method [9] took A\ = pg|| Fk|| with s being updated by the trust region technique.
The starting point is chosen as before. We use ||[F(zx)|| < 107 and iter < 30
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Table 1. The value of ||F'(zx)| at the k-th iteration

0=0.6 0=1.0 0=15 0=2 0=22
0=0 k= 7.3940 7.3615 7.1490 44.9536 53.5820
k= 1.4243 1.4095 1.5719 21.3399 51.9793
k= 0.3603 0.2656 0.1937 3.6613 45.8181
k= 0.0705 0.0427 0.0111 1.5099 26.2801
k= 0.0084 0.0037 2.7974e-04 0.1865 4.7418
k=6 1.7980e-04 3.6944e-05 3.0876e-07 0.0064 2.5236
k= 8.7850e-08  3.7522e-09  3.9399e-13  2.3145e-05 0.6067
k=8 3.4460e-14 2.9348e-14 0 7.1417e-10 0.0652
k=9 0 0 0 2.5806e-14 0.0018
k=10 0 0 0 0 4.8512e-06
k=11 0 0 0 0 4.0442e-11
0=05 k=1 7.3739 7.1787 7.4973 36.6905 52.5572
k= 1.4149 1.3341 1.9771 9.7323 47.0581
= 0.2936 0.1584 0.2898 3.4634 29.1759
k=4 0.0510 0.0113 0.0139 1.6859 5.9672
k=5 0.0050 2.5241e-04  2.8185e-04 0.3429 3.2019
k=6 6.5933e-05 2.4935e-07 3.1004e-07 0.0293 1.3536
k=7 1.1888e-08 2.5763e-13 3.9592e-13 8.8565e-04 0.4265
k=8 2.6622e-14 0 0 1.3332e-06 0.0662
k=9 0 0 0 3.0416e-12 0.0052
k=10 0 0 0 0 4.5166e-05
k=11 0 0 0 0 3.4861e-09
k=12 0 0 0 0 2.6096e-14
0=1 k=1 7.3626 7.0494 7.8009 18.3519 31.2565
k=2 1.4098 1.2873 2.3134 3.0913 7.0409
k=3 0.2663 0.1559 0.4035 0.8192 3.3569
k=4 0.0429 0.0111 0.0227 0.0626 1.5570
k=5 0.0037 2.4747e-04  3.0924e-04  8.2097e-04 0.4177
k=6 3.7527e-05 2.3615e-07 3.1045e-07 4.0869e-07 0.0577
k=7 3.8708e-09 2.2738e-13 3.9534e-13 1.9931e-13 0.0040
k=8 2.5699%-14 0 0 0 2.7297e-05
E=9 0 0 0 0 1.2737e-09
k=10 0 0 0 0 3.1010e-14

as the stopping criterion where iter denotes the number of iterations. Numerical
results are listed in Table 2 where AIT and ACPU denote the average number of
iterations and the average CPU time in seconds respectively, and * stands for that
the algorithm fails to solve some instances as the iteration number is greater than 30
and the average is based on the successful instances through our numerical report.

From Table 2, we may see that Algorithm 2.1 with 8§ = 0 always outperforms
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Table 2. Comparison of Algorithm 2.1 with different values of 6

1o 0=0 0=0.5 =1 Fan-LM
n AIT ACPU AIT ACPU AIT ACPU AIT ACPU
10=% 100 6.8 0.04 6.6 0.02 6.6 0.02 6.8 0.02
300 7.2 0.22 7.0 0.24 7.0 0.24 7.2 0.22
500 7.2 0.78 7.0 0.67 7.0 0.69 7.4 0.70
700  7.0* 1.42 7.0 1.39 7.0 1.46 7.0 1.51
900 7.0 2.52 7.0 2.54 7.0* 2.97 7.5" 2.75
1100 7.4 4.53 7.2 4.68 8.8% 5.11 7.4 4.25
1300 7.2 6.64 8.4 7.89 10.2 9.26 7.2 6.24
1500 7.8 10.04 74 9.88 10.3* 14.11 7.7 10.83
1072 100 6.4 0.02 6.4 0.02 6.4 0.02 6.6 0.03
300 6.8 0.21 6.6 0.19 7.2 0.21 6.6 0.17
500 7.0 0.81 7.0 0.77 7.6 0.82 7.0 0.70
700 7.0 1.50 7.8 1.73 8.6 1.77 7.0 1.51
900 8.0 3.10 8.6 3.27 8.4 3.26 7.4 2.70
1100 7.2 4.46 8.4 5.17 8.2% 5.37 8.2 4.81
1300 8.0 7.51 9.4 8.86 8.0% 7.47 8.0% 7.98
1500 7.6 10.20 9.2% 12.32 8.6 11.49 8.2 10.64

or at least performs as well as it with 6 = 0.5 or # = 1 in most cases. Moreover,
we may observe that Algorithm 2.1 taking 6 = 0, i.e., Ay = gl Fkl||, performs
better than Fan’s LM method [9] which also took A; = pg||Fk||. This indicates
that the nonmonotone trust region technique introduced in this paper improves the
numerical performance of the LM method. We have tested Algorithm 2.1 with other
values of § and the computation effect is similar.

5. Conclusions

In this paper we have improved the Levenberg-Marquardt method by taking a
general LM parameter and adopting a nonmonotone trust region technique. We
have proved that the new LM method has global convergence and its convergence
order is min{1 + d,4 — 4,2} where § € (0,3) under the local error bound condition.
We have also applied the new LM method to solve the nonlinear equations arising
from the weighted linear complementarity problem where the associated mapping
satisfies the Lipschitz continuity of the Jacobian. The numerical results showed
that the new LM method is efficient and promising.
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