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Abstract. In this paper, we discuss the globalization of some kind of modified Levenberg-
Marquardt methods for nonsmooth equations and their applications to nonlinear comple-
mentarity problems. In these modified Levenberg-Marquardt methods, only an approximate
solution of a linear system at each iteration is required. Under some mild assumptions, the
global convergence is shown. Finally, numerical results show that the present methods are
promising.
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1. INTRODUCTION

In the past few years, there has been a growing interest in the study of nonsmooth
equations, which is a powerful tool to study the variational inequalities problem and
the nonlinear complementarity problem, see for instance [2], [7], [8], [12], [13], [15].
The variational inequalities problem is to find z € C such that

(L.1) F@) (g =) >0

* Supported by National Science Foundation of China (10671126), Shanghai Leading
Discipline Project (S30501), Innovation Program of Shanghai Education Commis-
sion (10YZ99), and Higher Educational Science and Technology Program of Shandong
Province (J10LAOQ5).
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for all y € C, where C is a closed convex set in R™ and f: R™ — R™. The prob-
lem (1.1) can be reformulated as the system of nonsmooth equations

z = Projo(z - f(z)) = 0,

where Proj(z) is the projection of z € R™ onto C.
The nonlinear complementarity problem (for short NCP) is to find a point in R”
satisfying

(1.2) v20, f2)20, = f(x)=0,

where f(x) = (f1(2),..., fa(2))": R® — R" is a continuously differentiable func-
tion. The problem (1.2) has many important applications in mathematical program-
ming, economic equilibrium and mechanics, see [3], [7], [15]. Based on a nonlinear
complementarity function, a nonlinear complementarity problem can be reformulated
as a nonsmooth equation. Let us consider the nonlinear complementarity function,
proposed by Fischer in [5]:

(1.3) o(a,b) = Va2 +b*—a—0».

The nonlinear complementarity function ¢ plays an important role in the area
of numerical methods for complementarity problems, constrained optimization and
variational inequality problems, see [6], [14]. It is easy to see that the function ¢ has
the property:

o(a,b) =0<=a>0,b>0, ab=0.

Define H: R™ — R" as

@(mla fl(x))
H(z) == (Hy(z),...,Ho(2))" = :

P(2n, fn(2))

It is easy to see that the nonlinear complementarity problem (1.2) is equivalent to
the nonsmooth system H(z) = 0.

Facchinei and Kanzow in [7] proposed an inexact Levenberg-Marquardt-type
method for the solution of the nonlinear complementarity problem based on the
nonsmooth equation method. Actually, nonsmooth equations are much more diffi-
cult than smooth ones. Many existing classical results for smooth equations cannot
be extended to nonsmooth equations directly. This difficulty motivates us to invoke
the classical tool for solving smooth equations to solve nonsmooth equations, for
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instance, the one based upon the generalized Jacobian and the inexact Levenberg-
Marquardt-type method, see for instance [7], [15].

In this paper, we explore Levenberg-Marquardt methods for the solution of the
general nonsmooth equation

(1.4) H(z) = 0.

Then we study their applications to a nonlinear complementarity problem and non-
smooth equations of maximums of finitely many smooth functions. At each iteration,
our methods require the approximate solution of a symmetric positive semidefinite
and solvable linear system. Denote the natural merit function by

W(r) = %H(x)TH(x).

In order to globalize the local method we perform line search to minimize the natural

merit function

(15) U(a,8) = 36*(a.b)

U(x) =Y ¢(xs, fi(x)).

i=1

This paper is organized as follows: In Section 2, we recall some results on the
generalized Jacobian and semismoothness. Some important properties of the opera-
tors H and W are also summarized in this section. In Section 3, the globalization of
modified Levenberg-Marquardt methods for nonsmooth equations and convergence
results are given. Numerical tests are reported in Section 4.

2. PRELIMINARIES

We start with some notions and propositions, which can be found in [7], [8],
[11], [15].

Let F: R™ — R™ be locally Lipschitzian. Then it is almost everywhere F-
differentiable. Denote the set of points where F' is F-differentiable by Dpr. The
B-differential of F' at x € R™ is defined as

8BF(.13) = {V e R™*"™: 3 {J)k} € Dp, x) — x, {F/(J)k)} — V}.
The general Jacobian of F': R™ — R™ at z in the sense of Clark is defined by

OF (x) = conv 0 F'(z).
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Proposition 2.1. The set OpF(x) is nonempty and compact for any x. The
set-valued mapping x — OpF(x) is upper semicontinuous.

Definition 2.1. F: R™ — R" is said to be semismooth at x if I’ is locally
Lipschitz at = and

lim Vi
VEOF (z+th')
h'—h,t]0

exists for any h € R"™.

Proposition 2.2. Suppose that z* is a solution of (1.4) and for any V €
OpH (x*) it is nonsingular. Then there exist a neighborhood N(x) of z* and a
constant c such that

V7Y <e, VYV e€dpH(z), Yo e N(z).

Proposition 2.3. If F: R® — R" is locally Lipschitz continuous and semis-
mooth at x, then we have

b IF@HR) - F@ Ve,
V EOF (w+th) I2|l
h—0

Furthermore, if F': R™ — R™ is locally Lipschitz continuous, strongly semismooth
at x and directionally differentiable in a neighborhood of =, then

. |F(xz+h)— F(x) — Vh]
lim sup 5 < o0
Veor(ain) ([l
—0

Proposition 2.4. Let f(x) = (fi(z),..., fu(z))" be given in (1.2). We have:
(I) If f is continuously differentiable, then H is semismooth.
(IT) If f is continuously differentiable and f'(x) is locally Lipschitzian, then H is
strongly semismooth.
(III) If f is continuously differentiable then V¥ is also continuously differentiable, and
its gradient at a point x € R™ is given by VW¥(x) = V" H(z), where V can be
an arbitrary element in g H ().
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Proposition 2.5. Suppose f given in (1.2) is continuously differentiable. Then:
(I) ¥(xz) =0 if and only if x solves the NCP.
(IT) The set of solutions of the NCP coincides with the set of global minima of ¥ if
the NCP has a solution.

Definition 2.2. f: R™ — R"™ is said to be monotone if
(@ —y)" (f(@) = f(y) =0

for all z,y € R™, and f is said to be strongly monotone with modulus g > 0 if

(z—y) (f(x) = f(¥) = pllz -yl

for all z,y € R™.

Proposition 2.6 (see [9]). Suppose the function f is continuously differentiable.
Then f is monotone if and only if V f(x) is positive semidefinite for all z € R™.

3. MODIFIED LEVENBERG-MARQUARDT METHODS AND THEIR GLOBALIZATION

In this section, we describe some kind of modified Levenberg-Marquardt meth-
ods for nonsmooth equations (1.4) with applications to nonlinear complementarity
systems and finitely many maximum functions systems and give global convergence
results. Roughly speaking, the following algorithms can be taken as an attempt to
solve the semismooth system of equations by using the inexact Levenberg-Marquardt
type method. We now give a modified Levenberg-Marquardt method for (1.4).

Modified Levenberg-Marquardt Method (I)
Step 0. Given an initial point zyp € R" and parameters o > 0, p > 2, 8 € (0, 1),
a<1l,e>0,\f € R" with 0 < |\}| < o0.
Step 1. If ¥(z1) < ¢, stop.
Step 2. Select an element Vj, € dpH (xy), find an approximate solution dj € R™ of
the system

(3.1) (Vi) Vi + diag WP H;(2)))d = —(Vi) T H (k) + 71, Vi € OpH (2)
for i = 1,...,n which satisfies

(3-2) 7l < el (Vie) " H (@)l
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where rj is the vector of residuals and «ay is a sequence of positive numbers such
that ap < a < 1 for every k. If the condition

(3.3) VU (zp) " dp < —ol|dil|?

is not satisfied, set dy = —(Vi) " H(z1)-
Step 3. Find the smallest i* € {0,1,2,...} such that

(3.4) Uz + 27" dp) < Ulay) + B2 VU (2p) Tdy.

Set xx4+1 = K + 27ikdk, let k:=k + 1, and go to Step 1.

Notice that if Vj is nonsingular in (3.1), the choice of \¥ = 0, ||7¢x|| = 0 at each
step is allowed by the above algorithm. Then (3.1) is equivalent to the generalized
Newton equation in [13]. In what follows, as usual in analyzing the behavior of
algorithms, we shall assume that ¢ = 0. Then the algorithm produces an infinite
sequence of points. Similarly to Theorem 12 in [7], we give the following global

convergence result.
Theorem 3.1. Suppose that there exist constants M > 0 such that
diag(A{") Hi(2))]| < M < oo.

Then each accumulation point of the sequence {x} generated by the above Modified
Levenberg-Marquardt Method (1) is a stationary point of U.

Proof. Assume that {z;}x — 2*. If there are infinitely many k& € K such that
dy, = —VU(xy), then the assertion follows immediately from Proposition 1.16 in [1].
Without loss of generality, we assume that if {z}}x is a convergent subsequence
of {x}, then dj is always given by the solution of (3.1). We show that for every
convergent subsequence {xy}x for which

: li v
(35) peim V() #0,
we have
(3.6) limsup ||dg| < o0
keK, k—oo
and
(3.7) limsup |V (xy)"dy| > 0.
keK, k—oo



In what follows, we assume that z; — z*. Suppose that * is not a stationary point
of U. From (3.1) we have

(38) IV (e) = el = 1((V) Vi + diag A" Hy(e))di |
< (Vi) Vi + diag(\" Hi () il

SO

V¥ (zk) — e
(Vi) TVi + diag A H, (24))|
Note that the denominator in the above inequality is nonzero, otherwise we have
VU (z) — ri = 0 because of (3.8) together with (3.2), and we get ||[VU(xy)| = 0.
Then x; is a stationary point and the algorithm has stopped. By assumption
Hdiag(/\gk)Hi(a:))H < M < oo and Proposition 2.1 there exists a constant k; > 0
such that

k|| > H

(Vi) Vi + diag(\" Hi(we) | <
From the above inequality and (3.2), we obtain

1 — O 1-—
v >
I >

(3.9) ldx| > LIV ().

Formula (3.6) now readily follows from the fact that we have assumed that the
direction satisfies (3.3) with p > 2, while the gradient V¥(zy) is bounded on the
convergent sequence {zy}. If (3.7) is not satisfied there exists a subsequence {zy} i’
of {z)}x with

li U(x) di| = 0.
pe [VU(@x) di =0

This implies, by (3.3), that i Khlil ldg]| = 0. Together with (3.9) it implies
€K' k—oo

I U(zy)|| =0
peim V¥ ()l =0,

which contradicts (3.5). The sequence {dj} is uniformly gradient related to {x}
according to the definition given in [1] and the assertion of the theorem also follows
from Proposition 1.16 in [1]. |

Theorem 3.2. Let the assumptions of Theorem 3.1 hold. Let {xz\} be any
sequence generated by the algorithm. If one of the accumulation points of {xy}, say
x*, is an isolated solution of NCP (1.1), then the entire sequence {zj} converges
to x”*.

Proof. The thesis follows by Theorem 3.1 and Proposition 2.5. Let K be
a subset of {1,2,...} such that z;, — 2z*, k € K. Since {||[VU(z)||}x — 0, we
get, either because d, = —VU(xy) or by (3.3) with p > 2 that {dy}x — 0. By
Lemma 4.10 in [11], the entire sequence {zx} converges to x*. O
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Remark 3.1. In Modified Levenberg-Marquardt Method (I), we also can use
the non-monotone line search stepsize

-k -k
NG 27V dy) — U(zp_i) < G270 VU (2p) " dy,
(zr + k) oA (xp—j) < 27" VU (xx)  di

where m(0) = 0, m(k) = min{m(k — 1) + 1, Mo}, My is a nonnegative integer.

Finitely many maximum functions systems are also very useful in the study of
nonlinear complementarity problems, variational inequality problems, Karush-Kuhn-
Tucker systems of nonlinear programming problems and many problems in mechanics
and engineering. The finitely many maximum functions system which have been
proposed in [8] as

I]Iéz}]}l(Hlj(x) =0,

max H,;(z) =0,

JE€EIn
where H;j: R™ — R for j € J;, i = 1,...,n are continuously differentiable, .J; for
i=1,...,n are finite index sets. Denote

Hi(z) = max H;j(z), z€R" i=1,...,n,
JEJ:

H(z) = (Hy(x),...,Hy(x))", x€R",
Ji(x) ={ji € N: Hjj(z) =H;(z)}, zeR" i=1,...,n;

the above finitely many maximum functions system can also be rewritten as (1.4).

Remark 3.2. Modified Levenberg-Marquardt Method (I) can also be used for
the above finitely many maximum functions system.

Now we give another Modified Levenberg-Marquardt method for nonsmooth equa-
tions (1.4) with applications to nonlinear complementarity systems (1.2).

Modified Levenberg-Marquardt Method (II)

Data. Given an initial 2o € R™ and parameters o > 0, p > 2, € (0,1), o0 € (0, 1),
a<1l,e>0,\f € R" with 0 < |\}| < o0.
Step 1. If ||V (x)|| < e, stop.
Step 2. Select an element Vi, € dpH (zy), find an approximate solution dj € R™ of
the system

(Vi) T Vi + diag AF H, (24)))d = —(Vi) TH () + 76, Vi € OpH (),
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for i =1,...,n, where r; is the vector of residuals
7]l < el (Vi) TH ()],

where oy, is a sequence of positive numbers such that oy < a < 1 for every k. If the
condition
VU (xx) " dy < —olldl”

is not satisfied, set di, = —(Vy(2¥, fi(xk)), ..., Voro(zk, fu(zr))) ", where
Vup(0,0) =0, (a,b) # (0,0), Viih(a,b) = (b/va® + % — 1)¢(a,b).

Step 3. Find the smallest nonnegative integer, say m”, satisfying

(3.10) U + 8™ di) — U(zg) < —a(B™ )2 ().

Set xx4+1 = K + Bmkdk, let k:=k+ 1, and go to Step 1.

Remark 3.3. In Step 3 of Modified Levenberg-Marquardt Method (II), a change
is made for the line search rule. This line search rule uses only the function values
of W. This line search is motivated by the work [10].

Lemma 3.1. Let ¢ and v be defined by (1.3) and (1.5), respectively. Then
(i) ¢(a,b) =0 if and only if ¢(a,b) = 0.
(if) Va¥(a,b) - Vy(a,b) > 0 for all (a,b) € R™. The equality holds if and only if
v(a,b) =0.
Proof. (i) The desired result is satisfied by virtue of the definition (1.3) and
(1.5).
(ii) By direct computation we obtain V,1(0,0) = V,9(0,0) = 0. For (a,b) #
(0,0),

a
Vat(a,b) = (W - 1) ¢(a,b),
b
Vi(a,b) = (W - 1) ¢(a,b).
Clearly,
Vath(a,b) - Vyw(a,b) = (= 1) (=2 — 1) 2(a,b)
a I b I - \/m \/m <)0 ) .
It follows immediately that V.1 (a,b)- Vpt(a,b) = 0 for all (a,b) € R™. The equality
holds if and only if ¢(a,b) = 0. O
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Lemma 3.2. Suppose f in (1.2) is continuously differentiable and monotone.
Line search rule (3.10) is then well defined.

Proof. Assume that there is no nonnegative integer satisfying the line search
rule (3.10). It follows that for any integer [ > 0 we have

U(xg + Bldy) — U(xr) > —a (8T (xy).
Dividing the above inequality by ' and letting | — oo, we get
U (zg,d) = 0.
By the continuous differentiability of ¥ on R", we find that
VU (xp) " dp = ' (21, dy) > 0.

On the other hand, if x) is not a solution of ¥(x), from the gradient of VU (xy) we
have

VU (ag) "y = =D Va(@f, fiwr)Voro(af, fi(zn)) = () "V fx) (di).

i=1

By Proposition 2.6, the second term of the above equation is nonnegative. By
Lemma 3.1, the first term of the above equation is also nonnegative. So we get

VU (xy) " dp <O0.
This leads to a contradiction. Thus, the line search rule (3.10) is well defined. O

Lemma 3.3. Suppose f in (1.2) is continuously differentiable and monotone. If
VU(zy)"dy =0, then we have ¥(z;) = 0.

Proof. From VW(xy) dy =0 we get Vo o(z¥, fi(zk)) Vo (aF, fi(xx)) = 0. By
Lemma 3.1 we have p(zi, fi(xx)) =0, ¥(zy) = 0. m

Lemma 3.4. Assume f in (1.2) is continuously differentiable and strongly mono-
tone. Then the level set

L(V,7) ={zeR": ¥(z) <7}
is bounded for any v € R™.
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Proof. Suppose there exists an unbounded sequence {zj}rex — o0 with
{llzkll}rex C L(¥,~) for some v > 0, where K is a subset of N. We define J =
{i € {1,2,...}} when {2*} is unbounded. Since {z;} is unbounded, J # (). Let
{21} denote a bounded sequence defined by 2 = 0if i € J, 2% = 2% otherwise. Then
from the definition of {z;} and the strong monotonicity of f(z) we obtain

pY (@) = pllar — 2kl? < (@e — 21) " (f(21) = F(2))

ieJ
—me(mk)—ﬁ(zkm(Z(W) S i) — i)l

iedJ icJ icJ

Since 3" (z¥)% # 0 for k € K, hence dividing by > (%) both sides of the above
= i€J
formula, we get

(3.11) u(Z(mf)Q) Z |filzk) — fi(z)], ke K.

icJ i€J

On the other hand, we know that {f;(zx)}rex is bounded (i € J), because {zx}rex
is bounded and f(z) is continuous. From (3.11) we know that {|f;, (zx)|} — oo for
some ig € J. Also, {||z¥ ||} — oo by the definition of the index set J. Thus, when
k — oo then

Pl fio(a1)) — oo
This contradicts {z,} C L(V,~). O

Theorem 3.3. Suppose f in (1.2) is continuously differentiable and monotone.
Then each accumulation point of the sequence {x} generated by the above proce-
dure (II) is a stationary point of W.

Proof. Assume that {zx}x — z*. If there are infinitely many k € K such that
di = —(Vp(zh, f1(zk)), - ., Veo(zk, fu(zr))) T, assume that z* is an accumulation
point of {x1}, say the limit of a subsequence of {zy, k € K}. Then {x, k € K} is
bounded, which implies that {dk, k € K} is also bounded by virtue of the continuous
differentiability of ©. Without loss of generality, we may assume dy — d*, k — o0,
k € K. Next, we discuss two cases. If {m*, k € K} is bounded, then from (3.10)

Z U(xy) < oo.

keK
This shows that ¥(z*) =0, i.e., 2* is a solution of the NCP.
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Assume that {mF*, k € K} is unbounded. Clearly,
(3.12) V¥ (2z*)"d* 0.
On the other hand, the line search rule (3.10) yields
oy + A" dy) ~ U(an) < —o (") U(ar), k€K
and

Uz + 8™ ) — U(zy) > —o(B™ 712 U(xy), ke K.

Dividing the above inequality by ﬁmk’l, taking the limit and using Lemma 3.4, we
have
VU (z*) d* > 0.

From (3.12) we get
V¥ (z*)"d* = 0.

By Lemma 3.3, U(z*) = 0, i.e., z* is a solution of the NCP. Hence, we can assume
without loss of generality that if {z}}x is a convergent subsequence of {xy}, then
dy. is always given by (3.1). The rest is similar to Theorem 3.1, so we omit it. We
have completed the proof. O

Theorem 3.4. Let the assumptions of Theorem 3.3 hold. Let {x}} be a sequence
generated by the algorithm. If one of the accumulation points of {xy}, say «*, is an
isolated solution of NCP (1.2), then the entire sequence {xj} converges to z*.

Proof. By Theorem 3.3 and Proposition 2.5, we get the conclusion of the
theorem immediately. O

Remark 3.4. In Modified Levenberg-Marquardt Method (II), we also can use
the non-monotone line search; we have stepsize ﬂmk,

U mP _ /] _i) < — m* 2\11
(z + 8™ di) o ) (@r—j) < —o(B™ )" (),

where m(0) = 0, m(k) = min{m(k — 1) + 1, My}, and My is a nonnegative integer.
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4. NUMERICAL TEST

In this section, we give the comparison of Modified Levenberg-Marquardt Meth-
od (I) with the algorithms in [4], [7]. We also present some numerical results of
Modified Levenberg-Marquardt Method (II) for nonlinear complementarity.

Example 4.1. Consider the finitely many maximum functions systems

max{Hi1(x1,x2), Hi2(z1,22)} =0,
maX{Hgl({El, {EQ), Hgg(xl,xg)} = 0,

where

1 4
2 2 2 2 2
Hy = 3%~ T2, Hyy =27, Hy = =21 Hyp = 7.

We get a nonsmooth equation
H(x) = (Hi(), Hao()) ",
where Hi(v) = 2%, Ho(z) = 22, 2 € R2. The natural merit function is
U(z) = %H(m)TH(x).
Here we also use the differential of H proposed in [8]:
OuH(x) = {(VHyjy,...,VHp )" g1 € Ji(x),. .. jn € Ju(2)}, = €R™

We use the Modified Levenberg-Marquardt Method (I) for the above finitely many
maximum functions system, cf. Example 4.1. The comparison of Modified Levenberg-
Marquardt Method (I) with algorithms in [7] are listed.

Results of the numbers of function evaluations and the CPU times for Example 4.1
with the initial point zg = (1000,0)", A\; = 0.01, Ao =1, 0 =10, p =3, 3 = %,
¢ = le—4 computed by the algorithm in paper [7] are listed in Tab. 4.1.

Results of the numbers of function evaluations and the CPU times for Example 4.1
with the initial point zg = (1000,0)T, A\; = 0.01, Ao = 1, o = 10, p = 3, 3 = %,
¢ = le—4 computed by method (I) are listed in Tab. 4.2.
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Step

0 J O UL W N

9
10
11
12

—
.
.
.
.
.

1.0e+005 * (2.500000, 2.500000
1.0e+004 * (6.250000, 6.250000
1.0e+004 * (1.562500, 1.562500
1.0e+003 * (3.906251, 3.906251
1.0e+002 * (9.765633, 9.765633
1.0e+002 * (2.441415,2.441415
(61.035990, 61.035990) "
(15.259622, 15.259622)
(3.815531,3.815531) "
(0.954508, 0.954508) "
(0.239251,0.239251)
1.0e—003 * (0.442255, 0.442255) T

e OO

Table 4.1. zg

= (1000,0) . CPU time is 0.031000 seconds.

Step

H{(x)

1

0 O Ui W N

9
10
11
12

—
.
.
.
.
.

1.0e4+005 * (2.506246, 2.506246
1.0e+004 * (6.281269, 6.281269
1.0e+004 * (1.574241,1.574241
1.0e+003 * (3.945434, 3.945434
1.0e+002 * (9.888230, 9.888230
1.0e4+002 * (2.478233,2.478233
(62.110638,62.110638) "
(15.566454,15.566454) T
(3.901336,3.901336)
(0.977770,0.977770) T
(0.245053,0.245053) T
1.0e—004 * (0.959363,0.959363) "

T — —

Table 4.2. z¢ = (1000,0) . CPU time is 0.078000 seconds.

Example 4.2. Consider the finitely many maximum functions systems

max{H1(x1,22,23), Hi2(x1, x2, x3), Hiz(x1, 22, 23)} =0,

max{Ho1 (21, T2, x3), Hao(x1, 22, x3), Haz(x1, 22, 23)} = 0,

max{Hsi (21,2, x3), H3a(21, x2, x3), H33(x1, 22, 23)} = 0,

where
Hllzém%—mg—& ngzm%—&
Hy = o7 + 23, Hyy = 3, Hoz = ;L
H3 = %x%, Hsy = 3, H3z = %
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We get the nonsmooth equation
H(J?) = (Hl (l‘), HQ(x)v Hs (m))Tv

where Hy(x) = 2% + 23, Ha(z) = 23 + 23, H3(x) = 23, z € R3. The natural merit
function is

U(zx) = %H(m)TH(x).

We give the comparison of Modified Levenberg-Marquardt Method (I) with algo-
rithms in [4]. Results of the numbers of function evaluations for Example 4.2 with
the initial point 7o = (1,1,1)", 0 =10,p =3, 8 = %0, ¢ = le—4 computed by the
algorithm in [4] and computed by Modified Levenberg-Marquardt Method (I) are
listed in Tab. 4.3. We use ||z — zr—1]| < € as the stop rule in Method (I) and the al-
gorithm in paper [4]. The comparison of Modified Levenberg-Marquardt Method (I)
with the algorithms in [4] are also in Tab. 4.3.

Algorithm Step H(zx)
Algorithm in [4] 21 (0.007933,0.006719, 0.006716) "
MLM(I) 3 (0.003911, 0.007816,0.003906)
|zx — xk—1]] < € as stop rule
Algorithm in [4] 1955 | 1.0e—005 * (0.118430,0.197182, 0.104059) T
MLM(I) 143 (0.000512,0.001023,0.000511)

Table 4.3. z¢ = (1,1,1)".

Results of the numbers of function evaluations and the CPU times for Example 4.2
with the initial point xp = (100000, 100000,100000)T, ¢ = 10, p = 3, 8 = 1%,
¢ = le—4 computed by Modified Levenberg-Marquardt Method (I) by 28 steps gives
H(x) = (0.013596,0.003396,0.001831) ", CPU time is 0.031000 seconds. Algorithm

in [4] fails for Example 4.2.

Example 4.3. Consider the finitely many maximum functions systems

max{Hq1(x1,...,28),..., Hig(z1,...,28)} =0,
max{Hoi(x1,...,28),..., Hog(x1,...,28)} =0,
max{Hsi(x1,...,28),...,Hsg(z1,...,28)} =0,
max{Hyi(x1,...,28),..., Hag(x1,...,28)} =0,
max{Hsi(x1,...,28),..., Hsg(x1,...,28)} =0,
max{He1(x1,...,28),..., Hes(x1,...,28)} =0,
max{H7(x1,...,28),..., Hrs(x1,...,28)} =0,
max{Hgi(x1,...,28),..., Hsg(x1,...,28)} =0,
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_ 1.2 2 2 — .2 2 _ 2 _ 1.2
where Hyy = 5x7 — w5 — 5, Hip = o7 — 3, Hi3 = o1 — x5, Hi4 = o7, Hi5 = 5271 — 5,
_ 2 2 2,..2 2 _ 1,2 2 2
H16 = 7 — 9, H17 = 7 — §£L‘2, ng = 1 — 6, H21 = §{E2 — Ty — 5, H22 = T3,
2 2 2 _ 1.2 .2 _ 2 2,2

H23 = T3 — Tg, H24 = Ty — 4, H25 = §$2 — 5, H26 = Ty — 9, H27 = T3 — gﬂ?g,

_ 2 1.2, .2 _ 2 .2 1.2, .2 1.2, .2
Hsg = 25 — 6, H31 = 521 + 23, Hyo = o1 + 23, H3g = 501 + 25 — 4, Hzy = gai + a3,

— 2 1,.2 _ 2 _ 2 2,2 _ 2 2

Hzs = 2z + 523, Hig = 271 — 9, Hyy = 25 — 378, Hszs = 25 — 6, Hyy = zj,
2 2 2 2 _ 1.2 _ 2

H42 = Ty — 7, H43 = Ty — Tg, H44 = Ty — 4, H45 = 51‘4 — 5, H46 = Ty — 9,

Hyr = J??l - %Jﬁg, Hys = J??l —6, Hs; = %Jﬁ% —l—l‘g, Hso = J)% —l—l‘g, Hss = %Jﬁ% —l—l‘g —4,
Hsy = éx% +£L'§ — 89, Hss = (E% + %(E%, Hsg = x% -9, Hs7 = {E% — %(E%, Hsg = x% — 6,
H61 :xg, H62 :1'%—7, H63 :il,'%—x%, H64 :1'%—4, H65 = %:L‘%—E), H66 :(E%—g,
H67 = 33(23 — %Jﬁ%, H@g = 33(23 —6, H71 = J)%, H72 = J)%—?, H73 = J)% —J)%, H74 = J?% —4,
H7s = %Jﬁ% — 5, Hyg = J?% — b5, Hi7 = J?% — %Jﬁ%, H7g = J?% — 6])%, Hg = %Jﬁg + J?%,
Hgo = l‘%"‘l‘%, Hgz = %$$+$§—4, Hgy = %l‘%ﬁ-l‘g—g, Hgy = x%—i—%x%—i’),
Hgg = x% —9, Hg7 = x% — %xﬁ, Hgg = x% — 1. We get the nonsmooth equation

H(:L‘) = (Hl ((E), HQ(x)v Hg((E), H4(£L'), H5((E), Hﬁ(x)a H7(£L'), Hg({E))T,

where Hy(z) = 22, Ho(x) = 23, H3(v) = 2% + 2%, Hy(x) = 2%, Hs(x) = 22 + 22,
Hg(z) = 22, H7(x) = 23, Hg(z) = 22 + 22, © € R®. The natural merit function is
1 T
U(z) = EH(x) H(x).

Results of the numbers of function evaluations and the CPU times for Example 4.3
with the initial point 2 = (10000, 10000, 10000, 10000, 10000, 10000, 10000, 10000) T,
o=10,p =3, 8 = %, € = le—4 computed by Modified Levenberg-Marquardt
Method (I) are listed in Tab. 4.4. CPU time is 0.047000 seconds.

Step H(z)
48 | 1.0e—004 * (1.4976, 59.1713, 37.0532, 68.6733, 37.0532, 68.6733, 59.1714, 9.5633)T

Table 4.4. ¢ = (10000, 10000, 10000, 10000, 10000, 10000, 10000, 1OOOO)T.
Results are shown for Example 4.3 with the initial point
xo = (100000, 100000, 100000, 100000, 100000, 100000, 100000, 100000) .
We get by 54 steps that

H(z)
= (0.001448,0.007901, 0.001774,0.003845, 0.001774,0.003845, 0.007901, 0.005789) "

and CPU time is 0.062000 seconds.
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Example 4.4. Similarly to [7], we consider the following nonlinear complemen-
tarity problem. The function in (1.2) is of the form

f@)=(a}+1+as,27 + 22+ 3,23 —2)".

Computed by Modified Levenberg-Marquardt Method (II), results of the numbers of
iteration and the CPU times for Example 4.4 with different starting points are given
in Tab. 4.5.

Starting points | Number of iterations Ty CPU times
(0.1,0.1, 1.5)T 3 (0.099922, 0.099949, 2.264911)—r 0.031000 seconds
(0.1,0.1, 1.8)T 3 (0.099937, 0.099949, 2.034386)T 0.031000 seconds

Table 4.5. Numerical results for Example 4.4.

CONCLUSION

The numerical results of Modified Levenberg-Marquardt Method (I) and Mod-
ified Levenberg-Marquardt Method (II) for the above examples indicate that the
algorithms work quite well in practice, which is a typical feature of Newton-type
methods. And the algorithms are fairly robust and capable of finding a solution
to the above examples with a limited amount of steps. Furthermore, in all cases
the global convergence is observed. The assumptions necessary to establish the
global convergence of the algorithms are usually met in practice. Supposing in
Theorem 3.1 that there exist constants M > 0, ||diag()\§k)Hi(x))|| < M < oo,
we can let A\; = 0.01, Ay = 1 in the computation of Example 4.1. We also can
let Ay = 0.1, Ay = 1, by 18 steps H(z) = (0.009616,0.009616) ", let A\; = 1,
A2 = 1, by 14 steps H(z) = (0.001385,0.001385) 7, but if we let \; = 10, Ay = 1,
by 40 steps H(z) = (0.009379,0.009379) T, if we let A\; = 100, A\, = 1, the al-
gorithm fails for the example. The same situation occurs in the computation of
Example 4.2. We also can let \; = 0.001, Ay = 0.001, A3 = 0.001, by 29 steps
H(z) = (0.012876,0.003265,0.001740) 7, let A; = 0.01, Ay = 0.01, A3 = 0.01, by
29 steps H(z) = (0.012949,0.003463,0.001198) ", but if we let A\; = 10, Ay = 10,
A3 = 10, by 45 steps H(z) = (0.009895,0.009989, 0.000097) T, if we let A; = 1000,
A2 = 1000, A3 = 1000, by 2174 steps H(z) = (0.013207,0.003102,0.000001) ", the
algorithm almost fails for the example.
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