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Abstract. In this paper, we propose a smoothing Levenberg-Marquardt method for the
symmetric cone complementarity problem. Based on a smoothing function, we turn this
problem into a system of nonlinear equations and then solve the equations by the method
proposed. Under the condition of Lipschitz continuity of the Jacobian matrix and local
error bound, the new method is proved to be globally convergent and locally superlin-
early /quadratically convergent. Numerical experiments are also employed to show that the
method is stable and efficient.
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1. INTRODUCTION

We consider the symmetric cone complementarity problem (SCCP): find € V
such that

(1.1) zeK, F(z) e K, {(x,F(x)) =0,

where V is an n-dimensional vector space with inner product (-,-), X C V is a sym-
metric cone and F': V — V is a continuously differentiable transformation. If there
exists a bilinear mapping (z,y) — zoy: V x V — V such that for any x,y,z € V,

zoy=you; (royz)=(r,yoz) and zo(z’oy) =210 (zoy),

where 22 = z o z, then (V, 0, (-,-)) is a Euclidean Jordan algebra.
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The SCCP, as an important optimization problem, includes the nonlinear comple-
mentarity problem (NCP) on R™ [10], second-order cone complementarity problem
(SOCCP) [4] and semi-definite complementarity problem (SDCP) [21] as special
cases and is closely associated with uncertain optimization, combination optimiza-
tion, pattern recognition and equilibrium theory. In addition, it arises from various
applications in economics, management science, transportation and communication,
see [1], [3], [8], [9], [11], [12]. Many scholars have studied the SCCP and proposed
many algorithms, such as interior point methods [13], [15], [17] and smooth Newton
smoothing methods [14], [20].

The basic idea of the smoothing Newton method is to transform the SCCP into
a set of equivalent equations by using a smoothing function. Consider the following
smoothing CHKS function

(1.2) ole,r,y)=x+y—+(x—y)?+2e, >0, €V, ye,

and set
€
(1.3) H(z) = He,2,y) = | y— Flx)
p(e, 2, y)

Then H(e,z,y) = 0 if and only if ¢ = 0 and (z, y) is the solution to the SCCP (1.1).
For solving the system of equations G(x) = 0, the iteration of the Newton
method is
2P =gk 4 agdy,
where dj, satisfies G'(2*)d), = G(2¥) and G'(2*) is the Jacobian matrix of G(z)

at z*

. The Newton method possesses quadratic convergence property if the Jaco-
bian matrix is Lipschitz continuous and nonsingular at the solution. However, the
Newton method may not be well-defined when G’(z) is singular or nearly singular.

To overcome this difficulty, the Levenberg-Marquardt (LM) method computes dj, by
(1.4) [G'(a*) TG (2%) + pd)dx = —G'(2%) " G("),

where 1, is a positive parameter. When the Jacobian matrix G’(z*) is singular or
nearly singular, G (z*) T G’(2*) + urI can be made positive definite by appropriately
selecting the parameter u, so that (1.4) has a unique solution, which is one of the
advantages of LM methods.

Facchinei and Kanzow [6] proposed an inexact LM method for the large-scale non-
linear complementarity problem and proved that the LM method possesses global
and local superlinear/quadratic convergence based on the assumptions of strict com-
plementarity and uniform nonsingularity. Yamashita and Fukushima [18] introduced
a new update rule for pj and proposed an LM method for solving a system of non-
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linear equations. This work is of great significance. The LM method is shown to
be locally quadratically convergent under a local error bound assumption which is
weaker than the nonsingularity condition. The norm ||G(z)|| is said to provide a local
error bound on a neighborhood N of z* € X* if there exists a positive constant ¢
such that

(1.5) dist(xz, X*) < ¢||G(x)|| Vz € N,

where X* is the solution set of G(z) = 0. Note, that if G’(z) is nonsingular at z*,
then z* is an isolated solution. Thus, there exists a constant 8 > 0 such that

1G@)| = 1G(z) = G(z")[| = Blle — ™| = B - dist(z, X).

So, ||G(z)|| provides a local error bound by letting ¢ = 1/, see [18]. The converse
is not necessarily true. For example, let G(z): R? — R? be defined by

G(z) = (™2 — 1, (z1 + xg)Q)T.

The solution set is X* = {z € R? | 1 + 22 = 0} and we have

2
dist(z, X*) = gm )

Then, (1.5) holds for any ¢ € (1,00) when N is chosen as

N = {:L‘G R? | |£L‘1 +£L'2| < ?}
However, G'(x) is singular at any a* € X*. Therefore, the condition that |G(x)||
provides a local error bound in a neighborhood of z* is weaker than the condition
that G'(z) is nonsingular.

Zhang [19] utilized a new update rule ux = ||G(2*)|%, § € (0,2], introduced by
Dan [5] and proposed a smoothing LM method for the NCP. Because of the non-
negativity of the smoothing parameter, they solved a constraint minimization prob-
lem instead of a linear system of equations to obtain the search direction. The local
convergence of the method is also analyzed based on the local error bound condition.

Motivated by the research above, we propose a smoothing LM method for the
SCCP. In order to guarantee the non-negativity of the smoothing parameter €, a con-
straint condition is added when the line search is carried out. The proposed method
is shown to be globally convergent and locally superlinearly/quadratically conver-
gent under the condition of Lipschitz continuity of the Jacobian matrix and local
error bound.
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This paper is organized as follows. Some basic definitions and results are illustrated
briefly in Section 2. Section 3 gives an LM algorithm for the SCCP and discusses
its feasibility and global convergence. The local convergence of the proposed LM
algorithm is analyzed is Section 4. Some numerical experimental results which show
the effectiveness of the proposed method are reported in Section 5. Some conclusions
are made in the last section.

2. PRELIMINARIES

In this section, we review some basic concepts and results on Euclidean Jordan
algebra. For a deeper discussion, the reader can be referred to [7].

Assume that V has a unit element, that is, there exists an element e € ) such that
roe =z for any x € V. We define the degree of = as the minimal positive integer
m(z) such that {e,z, 22, ..., 2™®)} is linearly dependent and the rank of V is defined
by rank(V) = max{m(z): x € V}. An element = € V is an idempotent if 22 = x and
it is called a primitive idempotent if it is nonzero and cannot be written as a sum of
two nonzero idempotents. A finite set of primitive idempotents {e, ea,...,e,} in V
is a Jordan frame if e; o e; = 0 for all ¢ # j and i e; = e.

=1
The following theorem is the famous spectral decomposition theorem of [7].

Theorem 2.1. Suppose that V is a Euclidean Jordan algebra with rank r,
then for any x € V, there exists a Jordan frame {ej, es,...,e,} and real numbers
A1(x), A2(x), ..., Ar(x) such that

z=M(x)er + Aa(z)ea + ... + A (x)e,.

The numbers \;(z) (i = 1,2,...,r) are the eigenvalues of x which are uniquely
determined by x. We write z € K (z € int ) for > 0 (z > 0). The inequalities
x >y and x > y mean that x —y > 0 and = — y > 0, respectively. Define the trace
and determinant of x by tr(z) = i Ai(z) and det(z) = ﬁ Ai(x), respectively. The

i=1 i=1

inner product (-,-) is (x,y) = tr(z o y) and the norm induced by (-,-) is defined by

2]l = vz, ) = Vir(a?) =

Let f(-): R — R be a real-valued function. Then we can define a vector-valued
function F(-): ¥V — V associated with the Euclidean Jordan algebra by

F(z) = f(a(@))er + f(Ra(x))ea + ... + (A (2))er,
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where 2 € V has the spectral decomposition z = 3 A;(z)e;. When f(+) is taken as
i=1
t1 = max{0,t} and t_ = min{0,¢} for t € R, we have

Ty = Z)\i(x)Jrei and z_ = Z)\i(x),ei.
i=1 =1

Moreover, if > 0, then A\;(z) > 0,4 =1,2,...,r. When z > 0, we can define the

T
square root of x by vz = > \/ Ai(z)e;.
i=1

3. THE LM ALGORITHM AND ITS GLOBAL CONVERGENCE

In this section, we propose a smoothing LM method for the SCCP (1.1) and discuss
its global convergence. Let H(z) be defined by (1.3) and

W(e) = SIH )

Upon Theorem 3.1 of [16], we have the following lemma which shows the semi-
smoothness of H(z).

Lemma 3.1. Let ¢(e,x,y) and H(z) be defined by (1.2) and (1.3), respectively.
Then H(z) is semi-smooth on any z € R x V x V.

According to Lemma 3.1, H(z) is Lipschitz continuous on Ry x V x V), i.e., there
exists L1 > 0 such that

(3.1) |H(z) — Hw)|| < Li||lz —w| Vz,we Ry xVxV.

Now we describe the LM method for the SCCP.
Algorithm 1 (A smoothing LM method).

Initial step. Choose ¢ > 0, 6 € (0,2], o € (0,1), and o € (0,1). Let 2° =
(g0,2°,9°) € Ry x V x V be an arbitrary point and po = ||[H(2°)||°. Set & = 0 and
go to Step 1.

Step 1. If ||[H(2*)|| < ¢, stop. Otherwise, go to Step 2.

Step 2. Solve the following system of equations to obtain Az = (Aey, Azk, Ay*):

(3.2) [H' ()T H' (%) + i I)AZF = —H'(2F) T H(25).
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Step 3. Find the smallest positive integer my with aj = 0™* such that

(3.3) T(2* + g AZR) < U(2F) — cap e ||AZF)?
and
(3.4) |OékA€k| < €k-

Step 4. Let zF ! = 2% + o A2%, ppyq = |H(zF)]]°. Set k =k + 1 and go to
Step 1.

Remark.

(1) It is easy to see that H'(z*)" H'(2*) + I is symmetric positive definite, thus
the system of equations (3.2) has a unique solution Az*. Thus Step 2 is feasible.

(2) By (3.2) and (3.3), €g41 = ek + arAer which does not guarantee the non-
negativity of {ex}. So (3.4) is essential.

(3) Upon (3.3), we obtain that {¥(z*)} is decreasing monotonically, which implies
that {||H(z*)|} is bounded, i.e., there exists C' > 0 such that

(3.5) |HEM | <C VE>0.

Theorem 3.2. Algorithm 1 is well-defined.

Proof. From the above discussion, the system of linear equations (3.2) in Step 2
is solvable. So it suffices to show that Step 3 is feasible. From the fact that Az* is
the optimal solution to the unconstrained minimization problem

1 1
(3.6) min0(A2) = 5|[H'(z)Az + H()|2 + S| A2,

it follows that
0'(AZF)T(Az —AZF) >0 YAz€ RxV x V.

Let Az =(0,0,0) € RxV x V. We get that
{H'(MT[H' (M) AZF + H(ZP) + me A2} TAZR <0,
If Az¥ 0, then
H()TH'(2F) A8 < — || H'(2F) A% — ]| A"
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Hence,

T2+ aAZP) — W (2F)

U (2P AZR + o)
CH(ZM)TH (%) AZF + o(a)

—a- (|[H' (%) A28 4 | AZ"]%) + o(a)
—apkl|AzM|* + oa),

(0%
(0%

<
<

which implies that there exists a constant @ € (0, 1) such that
T2 + aAZR) < U (2F) — cap||AZF|?

holds for any « € (0,@] and o € (0,1). Hence, Step 3 can be carried out. The proof
is completed. Il

Now we show the global convergence. For this purpose, we need the following
assumption.

Assumption 3.3. The function H'(z) is Lipschitz continuous on R4 xVx V), i.e.,
(3.7) |H'(z) — H' (w)|| < La||z —w| Vz,we Ry xV x V.

Theorem 3.4. Suppose that Assumption 3.3 holds, then Algorithm 1 terminates
in a finite number of iterations or the sequence {zF = (e, 2% y*)} generated by
Algorithm 1 satisfies likm inf [|[H'(2%)TH(2*)|| = 0.

—00

Proof. We prove the theorem by contradiction. Assume that there exists a pos-
itive integer k£ > 0 such that

(3.8) |H' M THER| > >0 VE>E.
Thus, for any k& > k, there exist 75 > 0 and 73 > 0 such that
(3.9) |H' (z*)|| > >0 and ||H(z")| > 75 > 0.

By the line search (3.3),

(o)
ZaakukHAzkHQ < oo, ie., lim cogpugl|AZF|* =0.
0 k—o0

Combining this with yy, = ||H(2*)||° and (3.9) yields
lim og||AZF|? = 0.
k—o0
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Consider the following two cases:
(1) klim |Az¥|| = 0. According to (3.2), we get
)
1ikminf |H'(z*)TH ()| = 1ikminf I[H'(z")TH' (2%) + up I)AZ%|| = 0,
— 00 — 00

which is a contradiction.
(2) klim ar = 0. Set agr = ay/o. It follows from the line search (3.3) that
—00

U(2% + g AZR) > U(2F) — oag || A2
Owing to Assumption 3.3, we have
(3.10) [ (2) = H(w) — H'(w)(z = w)|| < La|z — w|*.
Then,
o k]| AZF|?
> — [U(2F 4 ap AZF) — T (2F))
1
= §[||H(Zk +ap AZ8)|12 = [|H ("))
1
= _ §{||H(zk + o AZF) — HZN)|2 + 2HM) T[H(ZF + ap AZY) — HEP))Y
1
= - §{||H(Zk +apAzt) — H(")|?
+2H (") T[H (2" + ap A2F) — H(Z®) — ap H' (2F)AZY + g H' (2F) AZF)}
1
- §{||H(Zk +apAzF) — H()|? + 2Lsaf, | H(ZP)| - | A5
+ 20 [H'(2P)TH(2F) T AZF}Y
1
T §{||H(Zk +apAzR) = H(Z)|* + 2Lsaf, | H(ZP)| - | A5

WV

— 20 (AR T[H' (ZF)TH (2F) + p 11 AR}
1
> = Sk AN + 2LaCaf | A = 20am i | A7),

where the second inequality comes from (3.10) and the last inequality comes
from (3.1) and (3.5).
Notice that us, = ||H(2%)||° > 7¢. By a simple calculation, we get

279(1 — o)

o > .
YT L2200

Taking limits on both sides of the above inequality yields
0= lim ag >0,
k— o0
which is a contradiction. The proof is completed. O
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4. LOCAL CONVERGENCE

In this section, we discuss the local convergence of Algorithm 1. Without loss of
generality, assume that {z*} is an infinite sequence generated by Algorithm 1 which
converges to z* € ), where Q is the solution set of H(z) = 0. We first make an
assumption.

Assumption 4.1. || H(z)|| provides a local error bound on some neighborhood
of z*, i.e., there exist two constants b; > 0 and r > 0 such that

(4.1) dist(z, Q) <7 - ||H(2)|| Vze N(z%b).

In view of Assumption 3.3 and the Lipschitz continuity of H(z), the functions
H(z) and H'(z) are both Lipschitz continuous at z*, i.e., there exists a constant
bs > 0 such that

(4.2) |H(z) — Hw)|| < Li||z —w| Vz,w e N(z*,bs)
and
(4.3) |H'(z) — H'(w)|| < La||z —w|| Vz,we N(z*,bs).

Upon the Lipschitz continuity of H'(z), we have
(44)  |H() = Hw) — H'(w)(z —w)]| < Lalls — ]’ V2,0 € N(*,b).

Lemma 4.2. Suppose that Assumptions 3.3 and 4.1 hold, {z*} is generated by
Algorithm 1 and z* € N(z*,b), where b = min{by,b2/2}. Then there exist two
constants ¢; > 0 and ¢y > 0 such that

|AZ*]
||H(zk) + H’(zk)Azk|

| < e -dist(2,Q),
| < o - dist(2F, Q)12
Proof. Let z¥ = (0,2%,7%) € Q be such that ||zF — 2¥|| = dist(2*, Q). Then

125 = 2"l < 012" = 251+ 12 = 27l < Jl2" = 2% + 112" = 2*[ < 2b < b

In view of Assumption 4.1 and the Lipschitz continuity of H(z),

(4.5) e = [|HGER)[P = | H(zF) — HE)|P < LE|zF — 242
and
1\¢ 1\¢
_ ky(6 2\ g E oy — (2 sk _ k0
(4.6) = [HE) > (=) - dist(z5, )7 = (2] - 125 = 24
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It is easy to verify that z%F — 2% = (=¥, 2% — 2%, 5% — 4*) is a feasible solution

of (3.6). Combining (4.4) and (4.6) yields
k|2 « 2 gk _ Lk
[AZH]7 < —0(z" - 27)
i
271 kysk Lk k2 o Mk sk k2
= =[S (R E* = 25 + HER? + Bz - 242
pi L2 2
1
= —||H'(z")(z" = 2") + H(z") = HEZ)|? + |2 - 25|
Pk
1 _ -
S L3 2% = 28|+ 128 = M2 < (000 LE + D - 25|12

Similarly,

| H(2F) + H'(2F)AZF||? < 20(zF — 2F)

= |H'(F)(Z" = 2%) + HE P + 28 - 2512

= |H'(zM)(E* = 2%) + H(") = HE? + 2" - 25|
L35 = 291" + |z = 2*)12

<
S (OP°LE+ L8 = )P0

Let ¢y = /m9b2~9L2 + 1 and cp = /b2 9L2 + L). We have
|AZF|| < ¢ - dist(2%,Q) and  ||H(zF) + H' (2*)AzF|| < ¢y - dist(2F, Q)1 H9/2.
The proof is completed. O

Lemma 4.3. Suppose that Assumptions 3.3 and 4.1 hold. For all sufficient
large k, if z¥ € N(z*,b), where b is defined as in Lemma 4.2, then zF+Az* € N(z*,b).
Proof. It follows from Lemma 4.2 that
< 2% =27 + AR
<128 = 2% + e - dist (2%, Q)
= (L+e)llz" = 27.

||zk + AZF - 2"

By the fact that {z*} converges to z*, we get for any sufficiently large k, that if
|2% + Az* — 2*|| < b, then 2% + Az* € N(2*,b). The proof is completed. O

Lemma 4.4. Suppose that Assumptions 3.3 and 4.1 hold. If z¥ zF + AzF
N(z*,b), where b is defined as in Lemma 4.2, then

dist(2* + AzF, Q) < esdist(2F, Q)19/2,
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Proof. It follows from Assumption 4.1 and Lemma 4.2 that
dist(2" + A2%, Q) < r||H(z" + AZY)||
<[ H(ZF + AR — H(Z) — H'(2F) A%
+ || H(2%) + H' (%) A"
< rLo||AZF||? + ey - dist (2%, Q)1H9/2
< rLoc? - dist(2%, Q)2 + rey - dist(2F, Q)19/2
< (rLacb' =02 4 rey) - dist(2F, Q) 1972,
Let ¢35 = rLgcfb1*5/2 + rco. The proof is completed. O
Theorem 4.5. Suppose that Assumptions 3.3 and 4.1 hold and {z*} is an infinite

sequence generated by Algorithm 1 converging to z* € ). Then {z*} converges to z*
superlinearly for ¢ € (0,2) and quadratically for § = 2.

Proof. By Lemma 4.4, it suffices to show that z¥*t! = 2¥ + Az* for any suffi-
cient k, i.e.,

(4.7) TP+ AZF) < U (2P) — opg || AZF|12

holds for sufficiently large k.

Since {z*} converges to z*, it follows from Lemma 4.3 that there exists k > 0 such
that 2%, 2% + AzF € N(z*,b) for all k > k.

By (4.4) and Theorem 4.2, we have

U(2F + AZF)

1
= SIHGE + A8

1
= §||H(zk + AZF) — H(ZF) — H'(2%)AZ% + H(ZF) + H' (%) AZF||?

N

%[I\H(zk +A2F) = H(2P) = H'(2M) AP + | H(2F) + H' () AN
+ I H "+ AY) = H(2M) = H' (") A8 | H(2F) + H' () A

N

1
SULBIAZR|Y + [ H () + H'(F) A% + Lol|A5|* - [|H (%) + H' (") A"

< =[L3c4 - dist(2F, Q) + &2 - dist (2%, Q)2T] + Lac?e, - dist(2F, )2H9/2

N = N =

< o - dist(27, Q)2 < ner?T(2F),

which shows that (4.7) holds for any sufficiently large k, where {n;} is a sequence
which converges to 0. The proof is completed. 0
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5. NUMERICAL EXPERIMENTS

In this section, we give some numerical results of Algorithm 1 for solving sev-
eral SOCCPs. All experiments have been done on a PC of 2.40 GHz CPU and
6.00 GB memory. The computer codes are written in Matlab R2017a. We use
|H(2%)|| < 107° as the stopping rule. Throughout our experiments, the parame-
ters used in Algorithm 1 are chosen as

0=0.85, oc=0.01, and &9 =0.8.

Notice that the choice of ¢ controls the rate of convergence. We set

1
(5.1) §=4 (k)
2, IH (M) < 1,

IH ()] > 1,

which is a variation of the adaptive LM parameter in [2].

The test results are listed in Tables 1, 2, and 3, where IT denotes the number of
iterations, CPU is the CPU time in seconds, GAP and ERO represent the value of
|H(2*)| and |(z*, F(2*))| at the final iteration, respectively. The starting points in
the first five examples are chosen as (0,...,0)" of suitable dimensions.

Example 5.1. V = R% K = K° is the corresponding second-order cone and
F: R% — R® is given by F(z) = Mx + q with

15 -5 -1 4 -5 0
0 5 0 0 1 0
M=|-1 -3 8 2 -3, qg=1| 0
2 4 2 9 —4 0
0 -5 0 0 10 -1

The problem has the unique solution
z* ~ (0.449185, —0.0030997, 0.0096024, 0.0031883, 0.048033) .

Example 5.2. V = R?, K = K? is the corresponding second-order cone and
F: R® — R3 is given by F(z) = Mx + q with

21 -9 18 3
M=[-9 4 -7, ¢=
18 —7 19 1

The problem has the unique solution
z* ~ (0.183606, —0.154346, —0.099440) .
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Example 5.3. V = R* K = K* is the corresponding second-order cone and
F(z): R* — R? is given by

e’ + x?
e”2 + x2
e”s + a2
e™ + 13

Fx) =

This problem has the unique solution
x* = (0.327830, —0.189273, —0.189273, —0.189273) .

Example 5.4. V = R?, K = K? is the corresponding second-order cone and
F(z): R® — R? is given by

0.0723 — 4
F(z) = | 0.04z% — 3.93
0.0323 — 5.72

This problem has the unique solution z* = (5,3,4) .
Results of the above four experiments are listed in Table 1.

Q IT GAP CPU ERO

Ex. 51 11 7.3092x107'2 0.0249 4.3957 x 1013
Ex. 52 15 1.2004 x 10~® 0.0275 2.6947 x 10~°
Ex. 5.3 8 2.3200x107'2 0.0179 1.1102 x 10716
Ex. 54 12 35511 x 1071 0.0239 1.4614 x 10~ 11

Table 1. Numerical results.

Example 5.5. V = R", K = K" is the corresponding second-order cone and
F: R™ — R™ is given by F(z) = Mz + ¢ with

1 2 2 2 -1
1 2 2 -1
M= o, a=
0 1 ~1
0 0 -1

This problem has the solution z* = (%,0, ..., 0, %)T We have also coded the
inexact smoothing Newton method in [20] for comparison purpose. Results of the
numerical comparison are shown in Table 2, where LM denotes Algorithm 1 of this

paper and Smoothing denotes the inexact smoothing Newton method of [20].
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n LM Smoothing
Iter ERO CPU Iter ERO CPU
100 6 3.2628x 1072 0.0299 5 1.2008x 10~7 0.5423

200 6 3.6426 x 1072 0.1020 5 1.2005x 10°7  0.8275
500 6 3.7024x 1072  0.8956 5 1.2240 x 1077 2.5024
1000 6 3.6887 x 107  5.4909 6 1.2145x 1072 12.9209
1500 6 3.6792x 107 20.9476 8 3.6163 x 10710 39.4867
2000 6 3.6732x 107 56.8582 9  6.6828 x 107  78.7763

3000 6 3.6663 x 1072 230.1145 13 1.7917 x 1077 281.6014

Table 2. Comparison of the results of LM and Smoothing for Example 5.5.

n IT GAP CPU ERO

100 11 49668 x 10~7  0.0557  2.2493 x 1076
12 3.9537 x 107 0.0556 7.9936 x 10~ 14
12 2.7209 x 10°7  0.0453  1.3457 x 106
12 3.0030 x 1072 0.0481 1.0572 x 10~ !
200 13 7.3041 x 1072 0.2276 4.1506 x 10~ !
13 3.6666 x 10713 0.2463 1.8296 x 10712
13 15178 x 10~ '* 0.2324 5.3290 x 10~ 4
13 5.0066 x 10714 0.2219 2.3803 x 1013
500 14 29683 x 107  2.0452  3.0025 x 1078
14 4.1513x 10710 2.0547 4.1058 x 10~*
14 1.9481 x 10710  2.0302  1.8921 x 10~?
14 4.0587 x 10711 2.0321 3.8831 x 1010
1000 15 9.7527 x 10t 12.2889 1.3694 x 1079
15 5.1356 x 107'2  12.1903 6.9121 x 10~
15 8.7585 x 10~ ' 12.2506 1.2150 x 10~*
15 9.9627 x 10711 12.3782 1.3891 x 10~°
1500 15 1.4521 x 1077 36.1350 2.0164 x 1076
15  9.2302 x 1078 36.2356 1.3361 x 106
15  2.2984 x 10~7  39.7649 2.9866 x 1076
15 5.3295x 1077 39.0144 6.2286 x 10~6
2000 16 3.9668 x 1072 95.9855 7.6795 x 10~
16 8.6998 x 10712 95.4721 1.7274 x 10710
16 1.0061 x 10~ 92.8790 1.9667 x 10~10
16 3.3956 x 10712 94.2072 6.5995 x 10~ 11

Table 3. Numerical results with different dimensions for Example 5.6.



Example 5.6. V = R", K = K" is the corresponding second-order cone and
F(z): R® — R™ is given by F(z) = Mz + q where ¢ = (—1,—1,...,—1)T and M
is generated by the following procedure: let M = VXV T, where V is a Householder
matrix and ¥ = diag(o1,09,...,0,) is a diagonal matrix whose diagonal elements
are generated by taking

) cos — +1—cond(M)(cos
i n+1

T14 nt L i=1,2,...,n,
+1 cond(M) —1

0; = COS

By this means, M possesses a prescribed condition number. We set cond(M) = 100.
The matrix V can be obtained by letting

’U’UT

V=l-2——,
o]

where I is the unit matrix and v is uniformly distributed in (-1, 1).

All the components of the starting point 2° are randomly selected from (0, 1). The
results are listed in Table 3.

From the tables above, we see that the LM method is feasible and effective. As
the dimension of the problem increases, the LM method is more stable than the
smoothing Newton method.

6. CONCLUSIONS

In this paper, we have presented a smoothing Levenberg-Marquardt method for
solving the symmetric cone complementarity problem. Under the condition of Lip-
schitz continuity of the Jacobian matrix and the local error bound condition which is
weaker than the nonsingularity at the Jacobian and the condition of Lipschitz con-
tinuity of the Jacobian matrix, we show that the proposed method possesses global
convergence and locally superlinear/quadratic convergence. Results of numerical
experiments show that the method is efficient.
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