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Abstract

The weighted complementarity problem (denoted by WCP) significantly extends the
general complementarity problem and can be used for modeling a larger class of
problems from science and engineering. In this paper, by introducing a one-parametric
class of smoothing functions which includes the weight vector, we propose a smoothing
Newton algorithm with nonmonotone line search to solve WCP. We show that any
accumulation point of the iterates generated by this algorithm, if exists, is a solution
of the considered WCP. Moreover, when the solution set of WCP is nonempty, under
assumptions weaker than the Jacobian nonsingularity assumption, we prove that the
iteration sequence generated by our algorithm is bounded and converges to one solution
of WCP with local superlinear or quadratic convergence rate. Promising numerical
results are also reported.
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1 Introduction

The weighted complementarity problem (WCP) was introduced by Potra [30]. Let
(V, (-, ), 0) be a Euclidean Jordan algebra [6] and X = {x o x : x € V} be the
symmetric cone formed by the squares of its elements. Given a vector w € K, WCP
is the problem of finding (x, s, y) € V x V x R™ such that

(WCP) xek,sek, F(x,s,y)=0, xos =w, (1.1)

where F : V x V x R™ — V x R™ is a continuously differentiable nonlinear map.
When w = 0, the WCP would reduce to the mixed nonlinear complementarity problem
over symmetric cones which, for example, was studied by Yoshise [37]. Moreover,
when x € K and s € K, we have x o s = 0 if and only if (x,s) = 0 (see, [10,
Proposition 6]). Hence, in (1.1) if we have w = 0, m =0 and F(x,s,y) = f(x) —s
with f : V — V being a continuously differentiable nonlinear map, this WCP would
become the well-known symmetric cone complementarity problem (SCCP), which
finds (x, s) € V x V such that

(SCCP) =xek, sek, s=fx), (x,s)=0. (1.2)

So, WCP significantly extends the scope of general complementarity problems and can
model a wider class of problems arising from real applications more conveniently. In
addition, the flexibility of WCP model may also lead to more efficient numerical solvers
even the problem can be also formulated as a general complementarity problem, e.g.,
the Fisher market equilibrium problem [30]. Although WCP was proposed in general
Euclidean Jordan algebra setting, only the case of linear WCP over the nonnegative
orthant (LWCP) was studied in [30], which finds (x, s, y) € R" x R" x R™ such that

(LWCP) xeRl,seR}, Px+0s+Ry=a, xs=w. (1.3)

Here, P € Rm>xn o ¢ Rutmxn g g Rtmxm and q e R™™ are given
matrices and vector, w € Ri is a given weight vector, and xs denotes the vector
with components x;s;. In [30], Potra showed that the quadratic programming and
weighted centering problem, which generalizes the notion of linear programming and
the weighted centering problem proposed by Anstreicher [2], can be formulated as a
special LWCP. Two interior-point methods as well as their computational complexities
were also studied in [30]. Moreover, sufficient conditions for characterization of solu-
tions of LWCP were given in [31] and a corrector—predictor interior-point method was
proposed for its numerical solution. Lately, Asadi et al. [1] introduced a full-Newton
step interior-point algorithm for solving the LWCP. When w = 0 in (1.1), Yoshise
discussed the trajectory of an interior point map in view of homeomorphisms of con-
tinuous maps and gave a homogeneous model to solve the problem [37]. However, to
the best of our knowledge, also as pointed out in [30], there are no existence results
and algorithms for the solution of WCP (1.1) in the general case.

On the other hand, there have been much interests in smoothing Newton-
type algorithms for solving optimization problems over symmetric cone, such as
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the symmetric cone programming (SCP) (e.g., [15,18,20]) and the SCCP (e.g.,
[13,14,17,19,21,22,24,27,35,36]). And more recently, smoothing Newton algorithm
has been proposed for solving LWCP, see [16,34]. The main idea of these classes
of smoothing Newton algorithms is to use a smoothing function to reformulate the
problem concerned as a system of smooth nonlinear equations H(z) = 0 and then
solve it by Newton’s method. To obtain local fast convergence, all these smoothing
Newton-type algorithms require the following Jacobian nonsingularity assumption:

All V € 9H(z*) are nonsingular, (1.4)

where z* is any accumulation point of the iteration sequence generated by smooth-
ing Newton-type algorithms and 0’H stands for the Clarke’s generalized Jacobian [5].
However, this Jacobian nonsingularity assumption may not hold especially when the
solution set of WCP is not a singleton. Moreover, even with this Jacobian nonsingu-
larity assumption, many papers do not analyze whether an accumulation point exists
or not (e.g., [4,16,18,19,34]). To ensure such an accumulation point exist, smooth-
ing Newton-type algorithms usually require the boundedness of the solution set (e.g.,
[14,17,21,22,24,27,35]).

In this paper, we aim to design a globally convergent nonmonotone smoothing
Newton algorithm to solve WCP (1.1) in the general case and show its local fast
convergence without Jacobian nonsingularity assumption. Specifically, we introduce
a one-parametric class of smoothing functions which include the weight vector w.
Based on these functions, we reformulate WCPin (1.1) as a system of smooth equations
H(z) = 0 (see, Sect. 3) and propose a smoothing Newton algorithm combined with
nonmonotone line search to solve it. Any accumulation point of the iterates generated
by this algorithm is a solution of H(z) = 0. Moreover, under assumptions which are
much weaker than the Jacobian nonsingularity assumption, we show that when the
solution set of the considered WCP is nonempty,

e the distance between the iteration sequence {(zF} and the solution set Z* :=
{z|H(z) = 0} converges to zero locally superlinearly or quadratically;

e furthermore, the iteration sequence {z*} in fact converges to one solution z* € Z*
locally superlinearly or quadratically.

To the best of our knowledge, these convergence results for smoothing Newton-
type algorithms have not been studied in the literature, even in the simple case of
K =R’ and the weight vector w = 0. Moreover, the iteration points of our algorithm
are not required to be interior points of the symmetric cone X in WCP. Hence, from
computational point of view, the new algorithm is much more flexible, easier to use
and often finds the solution more efficiently than interior-point methods proposed in
[30,31], which are confirmed by our numerical experiments.

The outline of this paper is as follows. In Sect. 2, we briefly recall the Euclidean
Jordan algebra. In Sect. 3, we introduce a one-parametric class of smoothing func-
tions including the weight vector w and reformulate WCP as a system of nonlinear
smooth equations. We propose and briefly discuss our nonmonotone smoothing New-
ton algorithm for solving WCP in Sect. 4. In Sect. 5, we analyze the global and local
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convergence properties of this algorithm. Numerical results are reported in Sect. 6,
and some conclusions are given in Sect. 7.

Throughout this paper, we use the following notations. R" denotes the set of
all n dimensional real vectors, and R/} (respectively, R’ ) denotes the nonnega-
tive (respectively, positive) orthant of R". For any ¢ € R, let £ = max{0, ¢} and
t— = min{0, t}. All vectors are column vectors, and for simplicity, the column vector
(ulT, e, u,{)T is written as (uy, ..., u,), where u; is a column vector in V. For a
given set S C V, intS and conv S denote the interior and convex hull of S, respectively,
and for any u € V, dist(u, S) = igg{”u — v||}, where || - || is the norm on V induced

v

by the inner product (-, -). For any u, v € K, we write u >x v (respectively, u >x v)
if u —v € K (respectively, u — v € intK). We use [ as the identity operator, i.e.,
Ix = x for all x € V. For a differentiable mapping G : V — V, we denote G’ (x) by
the Jacobian of G at x € V. For any o, 8 > 0, @« = O(B) (respectively, « = 0(8))
means that lim supg_, % < oo(respectively, lim supg_, % =0).

2 Euclidean Jordan Algebra

In this section, we briefly recall some major properties of Euclidean Jordan algebra
which will be used in this paper. Details on the description of Euclidean Jordan algebra
can be found in [6].

A Euclidean Jordan algebra is a triple (V, (-, -), o), where (V, (-, -)) is a finite-
dimensional inner product space over R and (x,y) > xoy : VXV — Visa
bilinear mapping satisfying the following conditions:

(i) xoy=yoxforallx,y eV,
(i) x o (x?0y) =x?0(xoy) forall x, y € V, where x
(iii) (xoy,z) =(x,yoz)forallx,y,z € V.

2.=xoux;

We assume that there is an element e € V (called the unir element) such that x o e =
eox =xforallx € V.

For a given x € V, the Lyapunov transformation is defined by £, : V — V
by Lyy = x oy, Vy € V, which is a symmetric operator in the sense that
(Lyy,z) = (y,Lyz) for all y,z € V. The operator L, is positive definite if
(u, Lyu) > 0O for all 0 # u € V. From [37, Proposition 2.1], we have that
intkC = {x € V: L, is positive definite.}.

The symmetric cone K is a self-dual closed convex cone with nonempty interior int/C
and homogeneous, i.e., for any two elements x, y € int/C, there exists an invertible
linear transformation : V — V such that () = K and (x) = y. By [6, Theorem
I11.2.1], the symmetric cone K coincides with the set of squares {x* : x € V}.

For any x € V, let m(x) := min{k : {e, x, ..., xK} are linearly dependent}. Since
m(x) < dimV where dimV denotes the dimension of V, the rank of V is well defined
by r := max{m(x) : x € V}. Anelement ¢ € V is said to be idempotent if c*> = c¢. An
idempotent is said to be primitive if it is nonzero and cannot be written as the sum of two
other nonzero idempotents. A complete system of orthogonal idempotents is a finite set

m
{c1,...,cm},wherec§=cj, cioc;=0,Vi#j, i,j=1,...,mand ) ¢ =e.
i=1
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A complete system of orthogonal primitive idempotents is called a Jordan frame. We
have the following important spectral decomposition theorem.

Theorem 1 [6, Theorem II1.1.2] Let (V, (-, -), o) be a Euclidean Jordan algebra with
rank r. Then, for any x €V, there exist a Jordan frame {c1, . . ., ¢, } and real numbers

M(X), ..., Ap(x) such that x = Y Xj(x)c;i. The numbers i (x)(i = 1, ...,r), which
i=l
are uniquely determined by x, are called the eigenvalues of x.

Let x € Vand A1 (x), ..., A-(x) be its eigenvalues. The trace of x is denoted by
r

Tr(x) := Y_ A;i(x). For any x, y € V, the inner product of x, y is (x, y) := Tr(x o y)
i=1
and the norm on V induced by this inner product is ||x|| := /{(x, x) = /Tr(x2).

N
For any x € V with the spectral decomposition x = Y A;(x)c;, we define
i=1

r r r
Xii= ) ki@, xoi= ) M cn |xli= ) )l
i=1 i=1

i=1

Since x € I (x € intK) if and only if A; (x) > 0 (A;(x) > 0) foralli =1,...,r and
t =ty +1t_and|t| =t —t_ foranyt € R, we have

xp €, —x_ek, x=xp+x_, |x|=xy—x_.

Moreover, for any x € K we define
r r
X2 = ZM (x)zci and /x := Z‘/)‘i (x)c.
i=1 i=1

Then, we have |x| = v/ x2. More generally, for any real-valued function f : R — R,
we may define a function associated with the Euclidean Jordan algebra (V, (-, -}, o)
by

fut) =Y fRi))e;.

i=1

This function fy is a Lowner operator and inherits many properties from f.

3 Basic Ideas of the Algorithm
3.1 Smoothing Functions for WCP

Since WCP contains the weight vector w € K, the traditional complementarity
functions over the symmetric cone, such as the natural residual function and the
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Fischer—Burmeister function (see, [10,33]), cannot be used to carry on the equivalent
reformulation. In this subsection, we introduce a one-parametric class of complemen-
tarity functions ¢ : V x V — V, including the weight vector w € K, defined by

d(x,8) =x+s —\/x2+s2+(r —Dxos+ @ —1w, VY(x,5) e VxV, 3.1
where 7 € [0, 4) is a constant. Note that for any t € [0, 4) and w € K, we have

x2+s2+(t—2)xos+(4—r)w
=+ @/2=DsP+1(1—1/4)s>+ @4 —1)w € K. (3.2)

Hence, the function ¢ (x, s) given in (3.1) is well defined. In what follows, we show
that the function ¢ is a class of complementarity functions for WCP.

Lemma1 Foranyu,v €V, (i) ifu >x 0and u*> =y v?, thenu =x |v| and u >y v;
(i) if u >xc 0 and u®> =y v%, thenu >y |v| and u >x v.

Proof The results can be directly obtained from [10, Proposition 8]. O

Theorem 2 Let ¢ be defined by (3.1) with t € [0, 4). Then,
Px,s) =0« xek, sek, xos =w. (3.3)

Proof We first suppose that x and s satisfy ¢ (x, s) = 0. Then, we have

x+s=vVx2+s24+ (T —2xos+ (@ —w. (3.4)
Squaring the two sides of (3.4) gives
x> +s>+2xo0s :x2+s2+(t —2Dxos+ @ —1w,

which together with 7 € [0, 4) yields x o s = w. By substituting x o s = w into (3.4),
we have x + s = v/x2 4+ 52 + 2w. Since x> >x 0,5 =x 0 and w >x 0, we have
ci=x+s5=vVx24+524+2w > 0, 2 = x2 and ¢ =x s2. Since ¢ >x 0, it
follows from Lemma 1 that ¢ >y x and ¢ >k s. By noticing that c = x + s, we have
x=c—s>c0ands =c—x >, 0,ie.,x € Land s € K.

Conversely, we suppose that x € KC, s € K, x os = w. Then, x + s € K and

\/x2+s2+(t —2xos+ M@ —1w =\/(x+s)2 =x+s,
which implies that ¢ (x, s) = 0. This completes the proof. O

Note that the complementarity function ¢ in (3.1) is not continuously differentiable
everywhere. Hence, to design our algorithm, we introduce a smoothing parameter u €
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R+ into ¢ and get a one-parametric class of smoothing functions ¥ : Ry xVxV — V
as follows:

Y, x,8) =x+s — \/)c2 +524+ (T —=2xos+ @ —1)w+4ule, 3.5)
where ¢ € [1, 2] is a constant.

Theorem 3 Let v be defined by (3.5)witht € [0, 4) andt € [1,2]. Then, the following
results hold.

(i) Forany (x,s) € VxV, limol//(u, x,8) =v(0,x,s) =¢(x,s)and
n—>

Y(O0,x,8) =0<=xek, sek, xos =w. (3.6)

(ii) Let d = x2 4524+ (t —2)x os + (4 — ©)w with its spectral decomposition
givenbyd =Y ., i(d)ci, where {c\, ..., ¢/} is a Jordan frame and the numbers
A1 (d), ..., A (d) are the eigenvalues of d uniquely determined by d. Let u,v € V
and h € R. Then, { is continuously differentiable at any (i, x,s) € R4+ XV xV

with
, : 2t~
(n, x,8)h = — — 1 3.7
v, (1, x, s ; )»i(d)+4wc
W, X, ) = u — /J;(L’x’s)[(x + (z/2 = Ds) oul, (3.8)
Yl (i, X, $)v = v — c;(}ms)[(s + (/2 = Dx)ov], (3.9)
where

c(u, x,s) = \/x2 +524+(t—=2xo0os+ @ — 1w+ 4dule = \/d+4u’e.
(3.10)

Proof The result (i) obviously holds by Theorem 2. The proof of (3.8) and (3.9) can
be obtained by slight modification of the proof of [29, Lemma 4.1]. By (3.2), we have
d € K and hence A;(d) > 0O foralli = 1, ..., r. Using this fact, we can prove (3.7)
similarly as the proof of [13, Lemma 3.1]. O

3.2 The Reformulation of WCP

Letz = (u,x,5,y) € R xV xV x R"™ For WCP (1.1), we define the function
HEZ) RxVxVxR" > RxVxR"xVas

"
H@) =\ Flx,s,y) |, (3.11)
Y(u, x,s)
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where ¢ is the smoothing function given in (3.5). Then, from (3.6) it holds that
H(z) =0 <= p =0and (x, s, y) is a solution of WCP (1.1). (3.12)

Thus, for solving WCP (1.1), one can apply Newton-type methods to solve the system
of nonlinear equations H(z) = 0.

By Theorem 3 (ii), H(z) is continuously differentiable atany z € R4+ X VxVxR™
and its Jacobian is

1 0 0 0
H(z) = 0 Fe(x,s,y) Fi(x,s,y) Fy(x,s,y) |. (3.13)
vy (s x, 8) Yo, x, 8) Y, x, 5) 0

In the rest of the paper, we assume that F’(x, s, y) has the following rank and monotone
property.

Assumption 3.1 Suppose that rank Fy’ (x,s,y) = m and we have (Ax, As) > 0, for
any (Ax, As, Ay) € V x V x R™ with F'(x, s, y)(Ax, As, Ay) = 0.
For Assumption 3.1, we have the following remarks.

(i) Assumption 3.1 is very standard and has been often used to analyze smoothing
Newton-type algorithms for the second-order cone complementarity problem (e.g.,
[4,9,26]), the LWCP in (1.3) (e.g., [16,34]) and the interior-point methods for
solving LWCP [30].

(i) For SCCP in (1.2), Assumption 3.1 in fact reduces to require that f is monotone,
ie., (f(u) — f(v),u —v) > 0forall u, v € V, which has been used in [13,14,17,
19,21,24,27,35,36].

Lemma2 Leta,b € Vwitha =i 0,b > 0 and a o b =y 0. Then, there exists a
constant 6 > 0 such that for all u, v € 'V satisfying (u, v) > 0, we have

1 Lau + Lpvll = O(llull + llvlD). (3.14)

Proof Since b > 0, L is invertible. So, for all u, v € V satisfying (u, v) > 0, set
ii =L, u
Then, we have

lull| £y La + vl = (u, £, Lau +v)
> (u, £;1£au)

= (u, Lo Lpu)
(t, (Lo Ly + LpLy)u)/2. (3.15)
Since a >x 0,b >x 0Oand a o b >k 0, it follows from [37, Lemma 2.6 (v)] that
LaLp+ LpL, is positive definite. Let & be the minimal eigenvalue of L, Ly + LpL,.

Then, & > 0 and
(it, (Lalp + LpLy)a) > Ei]>. (3.16)
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By (3.15) and (3.16), we have

_Elal® _ gy lul® &

2
> 22 = el

Nl Lau + vl

which yields
_ &
1L Lot + v|| = ————|ul. (3.17)
b e 2L 12

Notice that (3.17) also holds when # = 0. Since
1L, Lo+ vl = 1L, (Lau + L)l < 1L, 1 Late + Lpoll,

we have from (3.17) that

&
Lou+ Lpv]| > ————lull. (3.18)
‘ 20, 1L 12
Similarly, we can also show
| Lau + Lpv| = +IIUII- (3.19)
2L M Lal?

Then, (3.14) follows from (3.18) and (3.19) with

. £ §
_mm[ — % — 2].
AL, ML I 41La I Lall

This completes the proof. O

Theorem 4 Let H'(z) be defined by (3.13). If Assumption 3.1 holds, then H'(z) is
nonsingular at any z = ([, x,5,y) € R4 x Vx V x R™.

Proof For any (i, x,s,y) € Ryt x Vx V x R™, by the expression of H'(z), it
suffices to prove that the following system

F);(x, s, y)Ax + Fs/(x, s, y)As + F;,(x, s, V)Ay =0, (3.20)

and
Vo, x, 8)Ax + (i, x, 5)As =0, (3.21)

has only zero solution. By (3.8), (3.9) and (3.21), we have
—1 -1
[1- »CC(M’X’S)»CX—Q—(I/Z—I)S]AX +[1 - »Cc(u’x’s)ﬁs-ﬁ—(rﬂ—l)x]As =0,
which is equivalent to
Le(u,x,s)—lx+@/2=Ds1AX 4+ Le(u,x,s)—[s+(r/2—1x]As = 0. (3.22)
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From (3.2) and (3.10), we have

c(p, x,8) = \/[x +(T/2-DsP+1(d —1/4)s2+ @G — 1w +4ule

= \/[s + (/2 - DxP 4+t —1/4)x2+ 4 — 1w + 4ple.

So, it follows from 7 € [0,4), w € K and & > 0 that c(u, x, s) >x 0 and

c(u,x.8) > [r + (1/2 = DsPy c(u, 2,907 > [s + (1/2 = D,
which together with (ii) in Lemma 1 gives

c(i,x,8) —|x+(t/2—=1Ds| > 0, c(u,x,s)—|s+ (t/2—=1Dx| > 0,
and hence
c(u,x,8) —[x+ (/2 —=Ds] > 0, c(u,x,s) —[s+ (/2 —1)x] >, 0. (3.23)

In addition, by 7 € [0,4), w € K and p > 0, it holds that

{eu,x,8) =[x + (t/2 = Dsl} o {e(u. x,5) — [s + (/2 — Dx]}
=c(u, x, s)2 —1/2c(u,x,8)o(x+s)+[x+(t/2 —Ds]o[s+ (r/2 — 1)x]
=t/4[c(u, x,5) — (x + )PP + Q2 —1/2)*w + (4 —D)ple =k 0. (3.24)

Moreover, from Assumption 3.1 and (3.20) we have
(Ax, As) > 0.
Hence, by Lemma 2, we can obtain from (3.23) and ( 3.24) that

1 Le(u,x,5)—fxt(x/2=D)s1AX + Leux,5)—[s+2—x1As | = E(|Ax]| + [|As D),

where £ > 0 is a constant. This together with (3.22) implies Ax = 0 and
As = 0. So, by (3.20), we have Fy’(x, s, y)Ay = 0, which and the assumption
on rank Fy’ (x,s,y) =m give Ay = 0. We complete the proof. O
4 The Algorithm

Let H(z) be givenin (3.11) and define the merit function M : RXVxVxR"™ — R
by

M@) = IH@*. (4.1)
We now describe our algorithm to solve H(z) = 0 by minimizing the merit function

M(2).
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Algorithm 4.1 (A Nonmonotone Smoothing Newton Algorithm (NSNA) for WCP)

Step 1: Choose § € (0, 1), 0 € (0,1/2) and z° := (uo, x°, 5%, y%) € Ry x V x
V x R™. Let Cy := M(2"). Choose y € (0, 1) such that y < pg. Set k := 0.

Step 2: If | H(z%)|| = 0, then stop. Else, compute
Br =y min{l, Cy}. 4.2)

Step 3: Compute the search direction Ak = (Aug, Axk, Ask, Ayk) e RxVxVx
R™ by solving the perturbed Newton system:

H (AZK = —HEE) + B, (4.3)

where h :=(1,0,0,0) e R x V x R™ x V.
Step 4: Let o be the maximum of the values 1, &, 82, ... such that

MG + oAty < [1=20(1 = y)erlCe. (4.4)
Step 5: Set zKt1 .= 2k + ap AZF. Compute M (K1) = | H(ZF1)|1? and set

G+ HME

C = 4.5
k+1 M) 11 4.5)

Setk :=k + 1. Go to Step 2.

Motivated from the techniques given in [12], the reference value Cj in the line
search of NSNA is updated in an average way, which could not only ensure global
convergence but also improve practical performance of NSNA. The following theorem
shows NSNA, especially the Newton system (4.3) and the nonmonotone line search
(4.4), is well defined.

Theorem 5 If Assumption 3.1 holds, Algorithm 4.1 is well defined and its generated
sequence {zx = (ur, x*, s, y©)} satisfies pi > 0 and M(zF) < Cy for all k > 0.

Proof Supposethatz¥ € R xVxVxR" and M (z¥) < C; for some k. By Theorem
4, H (zk ) is nonsingular. So, Step 3 is well defined at the kth iteration. Moreover, from
(4.3) we have

M () AZF = 2HETH (R AR = —2M(ZF) + 20 Br. (4.6)
For any @ € (0, 1], we denote

R(e) == M(* + aAz) — M) —aM'(Z*) AZF. 4.7

Since M(z¥) < C, by (3.11) and (4.1) we have u; < +/Ck. From (4.2), it holds that
Br < v+/Ck because min{1, a} < \/a for any a > 0. Using these results, we can

@ Springer



690 Journal of Optimization Theory and Applications (2021) 189:679-715

obtain from (4.6) and (4.7) that for any « € (0, 1]

MG+ aAd) = M@EF) + aM ) AZF + R(@)
= (1 = 20)M(Z") + 20 B + R(@)
< (1 —-2a)C¢ +20yCx + R(x)
=[1-2(1—y)xlCk + R(c). (4.8)

Since M is continuously differentiable at zX € Ry, x V x V x R™, we have
R(a) = o(w). This together with (4.8) implies that the line search (4.4) is well defined.
So, we can find a step-size ax € (0, 1] in Step 4 and get the (k + 1)th iteration
= 2k 4+ ap AZk in Step 5. Now we prove zX+1 € Ry x V x V x R™ and
M (¥ < Cryy. Since x> 0, we have Cx > M (z5) > u,% > 0 and hence g; > 0.
By the first equation of (4.3), we get Aux = —ur + Bi. Thus,

kg1 = pk + o Apg = (1 — ag) g + o B > 0. 4.9)

This proves zXt! € Ry, x V x V x R™. Moreover, by Steps 4 and 5 we have
M(ZFt1) < €, which together with (4.5) implies that Cxy > M(zF1). So, we
can conclude that if zF € R4y x V x V x R™ and M(zF) < C, then z5*! can be
generated by Algorithm 4.1 with z¥t1 € Ry x Vx V x R™ and M (Z*T1) < Gy 1.
This together with z° € Ry x V x V x R™ and M(z") = Cy gives the desired

result. o

5 Convergence Analysis
5.1 Global Convergence

Lemma 3 Suppose that Assumption 3.1 holds. Let {zX = (ux, x*, s*, y*)} be the
iteration sequence generated by Algorithm 4.1. Then, Cy > Ci+1, nr > PBr and
Wk = k41 forall k > 0.

Proof By Steps 4 and 5, we have M(ZFT1y < ¢ for all k > 0. Then, it follows from
(4.5) that for all k > 0

CGMEH) + M GMEHH +C
M) +1 T OMEH+1

Crt1 =

Moreover, by Step 1 and (4.2), o > y > y min{l, Co} = Bo. Suppose that uy > B
for some k. Then, by (4.9) we have

ti+1 = (I —ap) B + ok = B = y min{l, C¢} > y min{1, Cy1} = Bi+1-
Thus, pur > By for all k > 0. Using this result, we can further obtain from (4.9) that
i1 < (1 — o) g + o e = g,
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forall k > 0. O

Based on Lemma 3, we have the following global convergence theorem.

Theorem 6 Suppose that Assumption 3.1 holds. Let {zF = (i, x*, 5%, y%)} be the
iteration sequence generated by Algorithm 4.1. If there exists an accumulation point
of {zX}, we have

lim |H ()| =0,
k—o00

and at any accumulation point z*, we have H(z*) = 0.

Proof Let z* be any accumulation point and there exists a subsequence, still denoted as

{zk}, converging to z*. From Lemma 3, {C;} is monotonically decreasing, and hence,

it is convergent. So, there exists C* > 0 such that klim Cy = C*. If C* = 0, then
— 00

klim IHEE) | = 0, since M(zF) = |H(ZF)||? < C for all k > 0. Then, from the
—00

continuity of H(z) we have H(z*) = 0. Now we suppose that C* > 0 and derive a
contradiction. By (4.5) we have

) } Cr+1
1 k+ly — ) —c*so. 5.1
kggoM(Z ) kggo <1 4+ Ck — Cr+1 c > .1

From Steps 4 and 35, it holds that
MG < [1 =20 (1 — )Gk, (5.2)

which together with (5.1) implies that klim ar = 0. Let & := oy /8. Then, for all k
—00

sufficiently large, a; does not satisfy the search criterion (4.4), i.e.,
MG + @A) > 11 =201 — )@lC = MG =20 (1 — y)aC,
where the second inequality follows from M(zk ) < C for all k > 0. Thus,

MG + d AZF) — M(Z5)
Q

> —20(1 — y)Ck. (5.3)
By Lemma 3 and (4.2), we have
= Jim e = lim By = B* :=y min{l,C*} > 0.
Thus, M is continuously differentiable at z*. So, by letting kK — oo in (5.3) we have
2H(ETH (2¥)AzF = =20 (1 — y)C¥, (5.4)
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where Az* is the solution of H'(z*) Az* = —H(z*) + B*h. In addition, by (4.6),

H(ETH (2% A" = —M(Z*) + u*B*
= —M(z") + u*y min{l, C*}
< —( -y, (5.5)

A

where the inequality holds since M(z*) < C*, u* < |H(EH| < +/C* and
min{1, C*} < +/C*. By combining (5.4) and (5.5), we have o (1 — )C* > (1 — y)C*,
which together with C* > 0 implies that o (1 — y) > 1 — y. This contradicts the fact
that o € (0, 1/2) and y € (0, 1). Thus, C* = 0 and H(z*) = 0. O

By Theorem 5 and Lemma 3, we have M(z¥) < Cx < Co = M(Z°) for all k > 0.
Hence, if the level set L(z°) := {z € R x V x V x R™| M(z) < M(z")} is bounded,
we will have klim IH &) = 0.

— 00

5.2 Local Superlinear and Quadratic Convergence

In this subsection, we analyze the local convergence properties of NSNA. For H(z)
given by (3.11), let Z* be the solution set of H(z) = 0, i.e.,

Z¥={z=(0,x,5,y) e RxVxVxR" H(z) =0}. (5.6)
Let S* be the solution set of WCP (1.1), i.e.,
S i={(x,5, ) eVxVxR"xek, sek, F(x,s,y) =0, xos = w}.
Then, by (3.12) we have
z=(0,x,s5,y) € 2" & (x,s,y) € S*.
Thus, Z*is nonempty if and only if S* is nonempty.
Let {z5 = (ux, x¥, s*, y¥)} be the iteration sequence generated by Algorithm 4.1.

For analyzing the local convergence rate of NSNA, we make the following assump-
tions.

Assumption 5.1 There exist constants C > 0 and d € [0, 1/2) such that

_ C
I < =,
My

for all k sufficiently large.

For Assumption 5.1, we have the following remarks.
(i) To obtain local fast convergence, many smoothing-type algorithms require that
{7’ (z*)~ 1|} is uniformly bounded (e.g., [3,38]) or the nonsingular Jacobian condition
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(1.4), while Assumption 5.1 allows {||’(z¥) "} to be unbounded when d € (0, 1/2).
In what follows, we show NSNA has local quadratic convergence if Assumption 5.1
holds with d = 0, i.e., {|H'(zX)~"||} is uniformly bounded, but it will still has local
superlinear convergence when Assumption 5.1 holds with d € (0, 1/2).

(ii) As an example, Assumption 5.1 holds for the following linear weighted comple-
mentarity problem:

xelk, sek, s=Mx+a, xs=w, 5.7

where K = R\, M € R™*" is a positive definite matrix, € R" and w € R is
the weight vector. This problem is a special case of LWCP (1.3) with P = M, Q =
—1, R = 0. We give the proof in ‘Appendix.” In fact, with more complicated proof,
we can actually show Assumption 5.1 holds for (5.7) with /C being the general second-
order cone.

Assumption 5.2 klim H(zF)|| = 0 and there exists a constant 7 > 0 such that
—00

IH (I > ndist(zF, 2%), (5.8)

for all |H (%) || sufficiently small.

Condition (5.8) is a type of local error bound condition. Local error bound condi-
tions and its applications were proposed and analyzed in [23,28], which are in general
weaker than the nonsingularity assumption on the Jacobian of a nonlinear system of
equations at its solution set. Local error bound conditions have been recently used
extensively to study local convergence behaviors of Levenberg—Marquardt methods
for solving nonlinear system of equations when the Jacobian is singular [7,8]. Assump-
tion 5.2 also assumes the residue || (z¥)|| goes to zero as k — oo, which by Theorem 6
is ensured if there is one accumulation point of {z¥}. Under Assumption 5.1, we now
give an other condition of ensuring IH )| goes to zero, which could be satisfied for
unbounded solution set.

Theorem 7 Let {zF = (ux, x*, 5%, y¥)} be the iteration sequence generated by Algo-
rithm 4.1. If Assumption 5.1 holds and for any 0 < 6 < o, M'(-) is Lipschitz
continuous on the set

O = (1, x.5,7) € Ry X VX VX R" 1 2 6, [H@| < 2IHCON), (5.9

we have

lim |H(5)| = 0. (5.10)
k—o00

Proof By Lemma 3, {u;} and {C} are monotonically decreasing. Hence, there exist
u* > 0and C* > 0 such that lim u;y = u* and lim Cy = C*. Moreover, by
k— 00 k— 00

Lemma 3 and (4.2), we have u; > B = y min{l, Cx} for all k > 0. Then, if u* =0,
we have klim Cr = 0, which implies (5.10). Hence, to complete the proof, we only
—00

need to show u* = 0.
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In the following, assuming u* > 0, we derive a contradiction. Since puy > p* for
all k, it follows from Assumption 5.1 that

C

H/ ky—1 ,
IH' @ < oL

=

S0

for all k sufficiently large. Hence, by |H(z%)|| < [IH(z) | and Bx < y, we have

IAZE | < IH ) THI=HES) + Benll < IHEON + ) (5.11)

(w)?

for all k sufficiently large. Now, since u,% < /\/l(zk) < Cy for all k, we have C* =
klim Cr > klim Mi = (;L*)2 > (. Then, it follows from (5.1), (5.2) and the same
— 00 — 00

arguments as those in the proof of Theorem 6 that klim ar = 0 and
—00

MG + 8 AZ%) > [1 =201 — )& ]Ck, (5.12)
for all k sufficiently large, where &x = /3. So, by (5.11), we have
Jim arllAZk) = o. (5.13)
By (5.9), M’(-) is Lipschitz continuous on
(1, x,5,5) € Ry x VX Vx R = p*/2, [H@) < 2IHE)

with a Lipschitz constant L > 0. So, we have from (5.13), ux > p* > 0 and
IH )| < 1H(0)]|| that M/ (-) is Lipschitz continuous on the line segment connect-
ing z¥ to z¥ + a Az* for all sufficiently large k. Therefore, we have

M@ +ar Az — M) — M Ak < Z@lazk? (5.14)

|

for all k sufficiently large. Then, we have

. . L .
MG +ap A < M)+ aM (A + 5(ak||Az’<||)2
. . L .
= (1 — 28) M(Z") + 28 10 B + 5(ak||Az’<||)2
Y ~ L kn2
< (1= 260)Ck + 261y Ce + = (@l AZ°1)

L
= [1 —2(1 — )&ICk + E@kqu"n)Z, (5.15)
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where the first equality holds by (4.6) and the second inequality uses the fact that
M) < Cr, i < /Cr and B < y+/Cx for all k. By (5.12) and (5.15), we get

La A k2
21— 0)(1 - )Ck < M

for all k sufficiently large. Taking k¥ — oo in the above equation, it follows from
(5.11), (5.13) and (1 — o)(1 — ) > 0 that C* = 0, which contradicts with C* > 0.
This completes our proof. O

Suppose that the set Z* defined by (5.6) is nonempty. Since Z* is a closed set, for
any z = (i, x, s, y), let Z € Z* be one vector satisfying

Iz — z|| = dist(z, Z*). (5.16)

For local fast convergence, we also need the local strong semismoothness of H(-).

Assumption 5.3 7H(-) is strongly semismooth with respect to the set Z*, that is, there
exist constants M > 0 and L > 0 such that

IH@I = IIH(2) = Rl = M|z - Z| (.17)

and L
IH(z) = H'(2)(z = DIl < Ellz — 1% (5.18)

whenever ||z — z|| = dist(z, £%) is sufficiently small.

Local strong semismoothness of (-) is indeed a generalization of the standard
definition of strongly semismooth of a function at one point. When Z* = {z*} is
a singleton, Assumption 5.3 will be simply reduced to the assumption that H(-) is
strongly semismooth at z*. One may refer [32] for the standard definition of strongly
semismoothness of a locally Lipschitz continuous function.

We now discuss the local superlinear and quadratic convergence properties of Algo-
rithm 4.1.

Theorem 8 Let {zk = (g, xk, sk, yk)} be the iteration sequence generated by Algo-
rithm 4.1. Suppose Z* is nonempty and Assumptions 3.1, 5.1, 5.2 and 5.3 hold. Then,
for all sufficiently large k, we have

=K 4 Ak, (5.19)

and
dist(ZFTY, 2%) = O(dist(z*, 2%)2724), (5.20)

where d € [0, 1/2).
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Proof Assumption 5.2 implies that lim dist(zX, Z*) = lim [|zF — zX|| = 0. Since
k— 00 k— 00

{Cr} is monotonically decreasing, it is convergent. So, from (4.5) and Assumption 5.2
we have klim Cr = 0. Thus, by (4.1), (4.2) and (4.5), for all sufficiently large k,
—00

Cr—1 + DM
fi =y = le(Zk)L ) <yt i san

Hence, by (5.17), for all sufficiently large k,
Be < v(Co+ DIHE") — HEOHI? < v (€ + DM? |5 — 242 (5.22)

Then, it follows from (4.3), (5.22), (5.18) and Assumption 5.1 that for all sufficiently
large k,

5 + Ak — 2 = 1125 + H ) TH=HES + Bkl - 2|

= IHEHTI[IHE) = H G EE =1+ A
< St o, (5.23)
M

where d € [0, 1/2) and C := C(L/2+ y(Co+ 1)M?). By Lemma 3, (5.21), Theorem
5 and Assumption 5.2, for all sufficiently large k,

e = B = yCx = y M) = yIHE) 12
> yntdist(z, 2%)? = yn?|Iz* — 25|12

So, for all d € [0, 1/2) and sufficiently large k,

1 1
— < - . (5.24)
Mf J/dTIZdHZk _ Zk||2d
Hence, by combining (5.23) and (5.24), we have
¥+ Azk — 78 < l|2F — zk)2=24. (5.25)

7/(1,7201

So, dist(zF + AzZK, Z*) is sufficiently small when k is sufficiently large. Hence, it
follows (5.17) that for any d € [0, 1/2) and sufficiently large &,

IHEE + A < Mdist* + A, 2*%) < MK+ aF = 2. (5.26)
Moreover, by Assumption 5.2, for any d € [0, 1/2) and sufficiently large k,

”H(Zk)HZ—Zd 2 n2—2ddist(zk’ Z*)Z—Zd — n2—2d||zk _ Zk”Z—Zd. (527)
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Then, we have from (5.25)—(5.27) that for any d € [0, 1/2) and sufficiently large &,
IHGE" + A < CIHEH 1P, (5.28)
where C := MC/(y?n?), which implies

by ME A L IHE AP
koo M) ke [HEH?

Hence, for all sufficiently large k, o = 1 satisfies
M@ +apAd) <11 =201 = ) M) <11 = 20(1 = Y)enICy.
Therefore, for all sufficiently large k,
Kk Ak

So, by (5.25), for all d € [0, 1/2) and sufficiently large k, we have

I =2 < Bl

)/d)72d
which implies
dist(zKH!, 2%) < ||A — 2K = Oddist(z*, 2%)272).

Thus, the proof is completed. O

Now, under Assumptions 5.1, 5.2 and 5.3, we show that the iteration sequence {zk} is
bounded and it converges to some point z* € Z* locally superlinearly or quadratically.

Theorem 9 Let {zF = (uk, x*, s¥, y¥)} be the iteration sequence generated by Algo-
rithm 4.1. Suppose the solution set Z* is nonempty and Assumptions 3.1, 5.1, 5.2
and 5.3 hold. Then, we have {z*} is bounded and converges to some point 7* € Z*.
Moreover, for all sufficiently large k, we have

I — 24 = O1F — 2*)1P729), (5.29)

where d € [0, 1/2).

Proof By (5.25), for all d € [0, 1/2) and sufficiently large k,

IAZE) < 1128 + AZF — 289+ 1128 = 24
= O(IZF = 21”72 4 |1 = 2|
= O(||IzF = Z*|) = Odist(z*, 2%)). (5.30)
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Moreover, by (5.20), for all sufficiently large &,

dist(Ft1, 2%)

= O(dist(z~, 21724y, 5.31
Tt 27 (dist(z*, 2*)!~29) (5.31)

where d € [0, 1/2). Since klim dist(zF, 2*)!724 = 0 ford € [0, 1/2) , we have from
—00
(5.31) that

oo
Z dist(zF, Z2*) < o0, (5.32)
k=1

which together with (5.30) gives

o0
> ladk) < oo (5.33)
k=1

Then, it follows from (5.19) that {z¥} is a Cauchy sequence. Hence, there exists a z*
such that klim ¥ = z*. And, by Theorem 6, we have z* € Z*.

— 00
Now, by (5.19) and (5.31), for all sufficiently large k, we have
dist(z", 2%) < |l — 2 = 1 = 2 - Ak
< dist(Z"*!, 2%) + || aZF]
I .
< Edlst(zk, 25 4+ |AZk,

which implies
dist(z*, 2%) < 2|1AZ8). (5.34)

Again, by (5.30) and (5.31), for all sufficiently large k, we have
1
A < Jdist, 2%).
This together with (5.34) gives
k+1 1 k
14770 = 11427 (5.35)

for all sufficiently large k. So, when k is sufficiently large, (5.35) gives

o0 o
12—zl =11 D A=< Y A <214
j=k+1 j=k+1

This together with (5.20) and (5.30) gives

[Fanral . 2 A

1 T ————— 1 = < Q.
k—oo ||zF — z%||272d ~ k—oo dist(zk, Z*)2—2d
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Hence, (5.29) holds. O

We can see that if Assumption 5.1 holds ford = 0, i.e., (IH )Y is uniformly
bounded for all sufficiently large k, then under the conditions of Theorems 8 and 9,
NSNA has local quadratic convergence. In addition, from Assumption 5.2, we have
klim IH(ZF) | = 0, which implies klim ur = 0. Hence, when d € (0, 1/2), Assump-

—> 00 — 00

tion 5.1 does allow ||H/(z)~!| to grow up to infinity but no faster than O(1/ uy.
However, in this case, NSNA would still has local superlinear convergence.

In Assumptions 5.2 and 5.3, we assume that {|| HEZ) ) converges to zero as k — 00
and H(z) is strongly semismooth with respect to the set Z*. In what follows, we show
that under proper conditions these assumptions hold for LWCP (1.3). Here, we consider
the smoothing function

Velp,a,b) i=a+b— a2 +b%+2c +4u2, ¥ (u,a,b) € R, (5.36)

which corresponds to (3.5) with t = 2 and ¢ = 2, where ¢ > 0 is some constant.
Then, from (3.6) it holds that

Ve(0,a,b) =0 <= a>0, b >0, ab=c.
By using ¥/, we can reformulate LWCP (1.3) as the nonlinear smooth equations

"
Px+ Qs+ Ry—a

H(z) :=H(w, x,s,y) = wwl(lt, X1, 51) =0 (5.37)

wwn (W, Xn,s Sn)

and solve it by Algorithm 4.1, where w = (wy, ..., wn)T is the weight vector. Let
{Zk = (ug, xk, sk, yk)} be the iteration sequence generated by Algorithm 4.1 for
solving LWCP (1.3). We first have the following lemma.

Lemma4 Let & := (u,a,b)! € R3 and Ve (€) be defined by (5.36). Then,

(i) V(&) is Lipschitz continuous on R3 with a Lipschitz constant M = V242
(ii) forany & € R3any V € dy.(€ +h) and h — 0,

[We (€ +h) — Ye(&) — VR < Le(§)|I1R])?,

where
%E’ if c>0,
Lc(§) = 0, ifc=0,§=0, (5.38)
B2 ife=0,§#0.
Proof We prove this lemma in “Appendix.” O

@ Springer



700 Journal of Optimization Theory and Applications (2021) 189:679-715

We show that if Assumption 5.1 holds, then {(IHE1) converges to zeroas k — 0.
For this purpose, by Theorem 7, we only need to show the following lemma.

Lemma5 For LWCP (1.3), let M(-) be the merit function given in (4.1) and H(z) be
defined by (5.37). Then, for any 0 < 0 < o, M'(-) is Lipschitz continuous on the set
O defined in (5.9).

Proof The proof is given in “Appendix.” O

In terms of the strong smoothness of function H(-) defined in (5.37), we have the
following theorem.

Theorem 10 The function H(-) given in (5.37) is strongly semismooth with respect to
the solution set Z*, if any one of the following conditions holds:

(i) The weight vector w > 0;
(ii) The solution set S* of LWCP is singleton;
(iii) The LWCP is nondegenerate, i.e., for any (x, s, y) € S*, we have x + s > 0.

Proof By (i) of Lemma 4, we have ;i = 1, ..., n, is Lipschitz continuous on Z*
with Lipschitz constant M = \/E + 2.

Now, let z = (u, x, s, ¥) be any point sufficiently close to Z*. We have ||z — z|| is
sufficiently small, where 7 = (0, x, §, y) is defined in (5.16). Hence, fori =1, ..., n,
denoting u; = (i, x;, si), u; = (0, x;, 5;), we have

|, i) = Yy (it7) — V(i — itp)| < Lo, i) u; — it ]|,

where V € 9y, (u;) and L, (4;) is defined in (5.38). Hence, for case (i), when the
weight vector w > 0, we have L, (u;) = 9/(2,/w;). For case (ii), when the solution
set S* = {x*, s*, y*} is singleton, we have u; := (0, x, s]). So, if u; = 0, we have
Ly, (u;) = 0; otherwise, if u; # 0, we have L, (u;) = 9\/§/||u,~|| < lSﬁ/||ﬁi||
when u; is sufficiently close to u; such that ||u;| > ||u;]|/2 > 0. For case (iii), since

S* is a closed set, we have 1/Jci2 +si2 > 6 > 0 for any (x,s,y) € S* and some

0 > 0. So, we have L, (u;) = 9v/2/||lui || < 18+/2/6 when u; is sufficiently close to
u; such that ||u; || > ||lu;]|/2 > 6/2. By the above discussions, based on our definition
of strongly semismooth with respect to Z* in Assumption 5.3, we can see the vector
function H(-) given in (5.37) is strongly semismooth with respect to the solution set
Z*, O

6 Numerical Results

In this section, we report some numerical results of Algorithm 4.1. All experiments
are carried on a PC with CPU of Inter(R) Core(TM)i7-7700 CPU @ 3.60 GHz and
RAM of 8.00GB. The program codes are written in MATLAB and run in MATLAB
R2018a environment. The parameters used in Algorithm 4.1 are chosen as pg =
1074, 0 = 0.2, § =0.5, y = 107°. Moreover, unless particularly specified, we use
H(Z*) || < 1070 as the stopping criterion.
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6.1 WCP Over the Second-Order Cone

Optimization problems over the second-order cone have received considerable atten-
tion in recent years for its wide applications in many fields such as engineering,
optimal control and design, machine learning, robust optimization and combina-
torial optimization (e.g., [4,26]). Now, we consider the problem of finding a pair
(x,s,y) € R" x R" x R™ such that

xekK" seK", F(x,5,y)=0, xos = w, 6.1)

with ’
F(x,s,y) = <Vf("i‘;jzf‘ y), 6.2)

where [ is the n dimensional second-order cone defined by
K" = (o, ag,)" € Rx Ry = [lxaa ),

“o” denotes the Jordan product associated with " (e.g., [4]), A € R™*", b € R™
and f : R" — Risatwice continuously differentiable function. Notice thatif w = 0,
then the system (6.1)—(6.2) is the KKT conditions for the nonlinear second-order cone
programming: {min f(x), s.t. Ax =b, x € K"}.

We set up WCP (6.1)~(6.2) using the data that w = (wy, w). )T € K" with
wy., = rand(n — 1, 1) and wy = ||wo., || + rand(1, 1), A = randn(m, n), b = Au
with u € K" being generated by the same way as w and f(x) = fi(x)(i = 1,2, 3),
respectively, where f;(x) is defined by

(i) Quadratic Function:
1 7 T
filx) = Ex Ox+c'x,
where Q = nBB” /||BBT || with B = rand(n, n) and ¢ = rand(n, 1);
(i) Extended Powell Function [11]:

n/4
) = (a3 + 10x4i2)* + 5(xai—1 — x41) + (x4 2 — 2x4i1)*

i=1

+10(x4i—3 — x41)*];
(iii) Oren Function [11]:
n 2
frx) = [Z ixi2:| :
i=1

As one example of observing local convergence behavior of NSNA, we first generate
one test problem for the quadratic function (i) with n = 100, m = 50 and solve this
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Table 1 Value of ||H(z¥)]| at the

kth iteration r=0¢=13 T=21=2
k=1 12.8285 8.7837
k=2 1.2962 1.6764
k=3 0.1674 0.2244
k=4 0.0061 0.0142
k=5 8.5043e—06 1.0043e—04
k=6 1.6948e—11 5.1236e—09
k=17 4.9846e—14 6.3705e—14

problem by using XV =s0= (1,0, ..., O)T and yo =(,..., I)T as the starting point.
Table 1 gives the value of ||H(z¥)|| at the kth iteration, in which t and 7 are parameter
values used in the smoothing function yy. We can clearly see the local fast, at least
superlinear, convergence of NSNA.

Next, for each f;(x)(i = 1,2, 3), we generate 100 instances with different sizes
and test these problems by using the starting point: (1) x* = s% = (1,0, ..., 0)7,
Yy =(,....,D7; 2) x° = rand(n, 1), s° = rand(n, 1), y* = rand(m, 1). In the
experiments, we use the smoothing function y with t = 4rand(l, 1) and t = 2.
Table 2 shows the numerical results of 100 trials for each case, where f denotes the
test functions defined by (i)—(iii), SP denotes the starting point, n and m denote the
problem size, AIT and ACPU denote the average number of iterations and the average
CPU time in seconds, respectively, and AHK denotes the average value of ||H(z)].
From Table 2, we can see that NSNA is quite efficient and robust by using different
starting points and algorithm parameters for solving WCP (6.1)—(6.2) over the second-
order cone.

6.2 The LWCP

In this subsection, we consider to solve the quadratic programming and weighted
centering problem [30] (denoted by QPWCP):

1 n
min  @(x) := szMx +clx = Z wilogx;
i=1

s.t. Ax=b, x>0,

whose dual is

l n n
max ¢ (u,s,y) = —EuTMu +bTy + Zwilogsi + Zwi(l — logw;)
i=1 i=1

s.t. s=Mu—ATy+c, s >0,

where M is an n X n symmetric positive semidefinite matrix, A € R"*" is a full
row rank matrix with m < nand c € R",w € R ,b € R™. For M = 0, the
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Table 2 Numerical results of the WCP given in (6.1)—(6.2)

fx) Sp n m AIT ACPU AHK
Quadratic (€))] 1000 500 6.33 3.20 4.9948e—08
1500 750 6.32 8.02 4.0829e—08
2000 1000 6.33 16.02 4.0747e—08
2) 1000 500 6.51 3.13 3.7571e—08
1500 750 6.63 8.69 4.0645e—08
2000 1000 6.65 17.76 6.8175e—08
Extended Powell (1) 100 100 38.26 0.19 3.7031e—08
100 50 12.52 0.05 9.0767e—08
100 20 9.97 0.04 6.8521e—08
2) 100 100 14.75 0.06 8.3200e—08
100 50 14.01 0.04 8.2427e—08
100 50 10.72 0.03 4.4850e—08
Oren (1) 30 30 473.54 0.60 8.4200e—09
30 20 254.56 0.31 5.2597e—-09
20 20 192.45 0.15 3.9084e—08
2) 30 30 7.19 0.01 1.0016e—07
30 20 7.18 0.01 7.9289e—08
20 20 7.02 0.01 9.7322e—08

QPWCP reduces to the notion of a linear programming and weighted centering prob-
lem introduced by Anstreicher [1]. By [30, Theorem 2.1], the optimality conditions
of the QPWCP are equivalent to LWCP in (1.3) with

(@) o) x () =) e

We apply our algorithm to solve this LWCP with problem data generated by the
following way. We choose A = randn(m, n) with the rank of A being m and set
M =UUT/|UUT| with U = rand(n, n). Then, we choose & = rand(n, 1), f =
rand(n, 1) and set b := AX, § := Mx + f and w := X5§. For each problem with
different sizes, we generate 100 instances and test them by using the starting points
X0 =50 = (1,0, ..., O)T and y0 = (0, ..., O)T. In these experiments, we use the
smoothing function i with different v and 7. Numerical results are listed in Table 3.
From Table 3, it appears that the iteration numbers and the CPU time vary slightly for
different # and the best numerical results occur in the case of T = 0. However, it is yet
unknown how to find a better 7 in general.

Now, we would like compare our algorithm for solving LWCP with the interior point
methods proposed by Potra [30]. In this experiment, we choose A = [ — B] € R"™*"
where I = eye(m) and B = rand(m, n — m), and choose M = diag(rand(n, 1)).
Then, we choose x = rand(n, 1), f = rand(n, 1) and set b := AXx,§ := MxX + [
and w := X§. To generate a strictly feasible starting point, we first generate a vector
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Table 3 Numerical results of the LWCP given in (1.3) with (6.3)

T n m t=1 t=1.5 t=2
AIT ACPU AIT ACPU AIT ACPU
0.0 1000 500 5.00 1.17 5.00 1.31 5.00 1.28
1500 1000 5.51 4.19 592 5.03 5.52 4.92
2000 1000 5.00 6.60 6.00 8.12 5.00 7.02
2000 1500 597 9.55 6.10 10.13 5.97 9.98
2.0 1000 500 6.02 1.46 6.16 1.89 6.02 1.55
1500 1000 6.83 5.21 6.98 6.12 6.81 5.62
2000 1000 6.09 8.13 7.00 10.23 6.05 9.01
2000 1500 7.02 12.15 7.03 13.52 7.02 12.93
35 1000 500 8.32 2.03 8.33 2.56 8.32 2.12
1500 1000 8.64 6.60 8.64 6.78 8.64 6.81
2000 1000 8.65 11.45 8.67 11.67 8.67 11.98
2000 1500 8.87 14.51 8.87 14.55 8.87 14.76

% = [x7; xg] withxp = rand(n —m, 1), x; = Bxp. Then, wesetx* = ¥ +%, y =0
and sO = Mx9 + f. Since Ax = 0, we have that (xO, 50, yo) is a strictly feasible
point for the LWCP. It is worth pointing out that this class of LWCP has been also
tested by Zhang [16]. Let gap = ||x*s* — w||so, res = | Px* + Os* + Ry* — a| 0o,
fea = max{[|xX |loo, I5* loo} and iter be the iteration number. In the experiments,
we use max(gap, res, fea) < 1072 and iter > 20 as the stopping criterion for
NSNA and the interior point methods in [30]. For each problem with different sizes,
we test 3 instances. For NSNA, we use the smoothing function ¥ with t = 0 and
t = 1. Numerical results are listed in Table 4, in which A1 and A2 denote NSNA using
a general starting point x° = s% = (1,0, ...,0)7, y* = (0, ..., 0)7 and the strictly
feasible starting point generated by the above way, respectively. LS-IPM and PC-IPM
denote the largest step interior-point method and the predictor—corrector interior point
method in [30] using the above strictly feasible starting point, respectively. IT and CPU
denote iteration number and the CPU time in seconds, respectively, and * stands for
that the iteration number is greater than 20.

From Table 4, we can see that NSNA is very robust and effective compared with
interior point methods for solving LWCP. This is probably due to the nonmonotone
line search and non-requirement of keeping feasibility of the iterates. Moreover, we
can clearly see from Table 4 that by starting with a non-interior point could not only
simplify the application of the algorithm but also often significantly improve its per-
formance.

7 Conclusion and Final Discussion

In this paper, we have introduced a one-parametric class of smoothing functions which
include the weight vector w. These functions can be used to reformulate WCP in the
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Table 4 Comparison of algorithms for the LWCP given in (1.3) with (6.3)

n m Al A2 LS-IPM PC-IPM
IT CPU IT CPU IT CPU IT CPU
1000 800 7 2.16 9 2.81 14 3.96 14 7.92
7 2.12 9 2.72 * * 14 7.82
6 1.82 10 3.42 15 4.31 14 7.83
1500 1000 7 5.24 9 6.52 * * 15 20.17
7 5.17 10 7.29 14 9.67 15 20.08
7 5.12 10 7.32 16 10.93 15 20.20
2000 1800 7 12.85 10 18.34 15 25.34 14 46.07
7 12.65 10 18.23 17 29.25 14 46.04
8 14.57 11 20.31 14 24.36 14 47.37

general case as a nonlinear smooth equation. By the equivalent reformulation, we
have proposed a nonmonotone smoothing Newton algorithm (NSNA) to solve WCP.
We have showed that any accumulation point of the iteration sequence is a solution of
WCP. Moreover, when the solution set of WCP is nonempty, under proper assumptions
which are much weaker than Jacobian nonsingularity assumption, we have proved
that the iteration sequence is bounded and it converges to one solution of WCP locally
superlinearly or quadratically. Hence, compared with existing smoothing Newton-
type algorithms, our algorithm has stronger convergence properties under weaker
assumptions. To the best of our knowledge, our algorithm is the first effective algorithm
to solve the general WCP. Due to the global nonmonotone line search strategy, non-
interior requirement of the iterates and the fast local convergence, NSNA is very robust
and efficient for solving WCP in our numerical experiments.

Finally, we would like to finish the paper with some brief discussion. It is well
known that interior point methods (IPMs) have become attractive due to their well
established complexity analysis. For instance, different IPMs have been investigated
in [1,30,31] for solving LWCP with nice global complexity results. Whether these
complexity results can be extended for general WCP is still not clear. Global com-
plexities for smoothing Newton methods (SNMs) to solve WCP do not exist either.
These complexity results have tight connections with the globalization strategies and
the level of accuracy for solving the Newton system in the methods. To study the global
complexity of NSNA as well as other SNMs and IPMs combined with nonmonotone
line search will be an interesting topic for future research. In addition, some impor-
tant optimization problems recently arising from data minting or machine learning
could be also formulated as WCP, for example, the L1-SQSSVM problem proposed
in [25]. However, such problems often involve large data. So, how to apply SNMs,
which usually involves solving linear systems at each iteration, such as NSNA to
solve these WCPs by exploiting the problem and data structure also deserves further
investigation.
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Appendix: The proof of the example given in remark (ii) for Assump-
tion 5.1

Since M is positive definite, all of its diagonal elements are greater than zero. Without
loss of generality, here we assume that M — I, is positive definite where I, represents
the n x n identity matrix. Consider the smoothing function

Ve, a, b) =a—|—b—\/a2~|—b2+(r —2)ab+ (4 —1)c+4ut, Y (u,a,b) € R+ ><’R2,
where ¢t € [1,2] and T € [0, 4). By (3.6), we have
Y (0,a,b) =0 a >0, b>0, ab=c.

Then we can reformulate the problem (5.7) as the following nonlinear smooth equa-
tions:

%
s—Mx —a
H(z) = Hw, x,s) = | Ywit,x1,50) | =o

Y, (s X, S)

and apply Algorithm 4.1 to solve it. Let

gu,a,b) :=va2+b2+ (t —2ab+ (4 —1)c+4u’, ¥ (n,a,b) € Ry x R>.
Then, H(z) is continuously differentiable at any z € R4, x R>" with its Jacobian
1 0 0

HEz)=| 0 -M I ,
d, diag(d,) diag(dy)

where

2t 2t r

d//_ = I P L B s
wtg(u, x1, 1) w g, xu, Sp)

g (1 Nt @E2-Ds | m+ (/2 l)sn>T
v g(/,L,.Xl,Sl) T g(ﬂvxn»sn) ’
g <l_s1+(t/2—1)x1 l_sn—l—(r/Z—l)xn)T
v g, x,s1) 7 gUL, Xn, 5n) '
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Since M is positive definite, 7(z) is nonsingular at any z € R4 x R*" and we can
find its inverse

1 0 0
/ -1
H ()™ = | z21 222 223 |,
731 232 233

where

221 = —[diag(d,) + diag(d,)M]™'d,,,

2 = —[diag(d,) + diag(d,)M]~ ' diag(d,),
223 = [diag(d,) + diag(d,) M] 7",

231 = —M[diag(d,) + diag(d,) M1~ 'd,,,

730 = I — M[diag(d,) + diag(ds)M]_ldiag(ds),
233 = M([diag(d,) + diag(d,)M]™".

In what follows, we divide the analysis into three parts.
Part 1. We show that diag(d, ) and diag(d;) are positive semidefinite and bounded
when . — 0. This result holds by noticing that g(i, a, b) can be written as

g(un,a,b) = \/[a + (/2= Db+t —1/Hb% + (4 — 1)c + 4u!

= \/[b +(t/2 = Dal*+t(A —1/4)a’>+ @4 —t)c+4u',
and hence for any (u, a, b) € R4+ x R2,

j_at@2=Db o b+@2-la _

0< < <
g(u,a,b) g(u,a,b)

Part 2. We show that || [diag(d, )+diag(d;)M]~!|| < ﬁc"zf—%‘” when u — 0,
where cond(M — 1)) is the conditional number of M — I,,. First, we have

diag(d,) + diag(d;) = diag(d,;),

where
/2(x1 + 1) /2060 +50)\ "
dyg =|2—-————,..,2————— ] .
g, x1,81) g1y Xu, Sn)
. 7/2(a+b) 7/2(a+b)
Since | 2e.a.b) } < |\/a2+b2+(r72)ab| < /7 holds for any 7 € [0,4) and (i, a, b) €

R4 x RZ, we have

T/2(x; + i)

0<2—VT<2-
g1, xi, si)

<2+ﬁ, Vi=1,..,n.
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Hence, diag(d,;) is positive definite and so is diag(dxs)’l. Since M — I, is positive
definite, it is invertible and (M — 1)~ !is also positive definite. So, we have

diag(dy) + diag(d;)M = diag(d,,) — diag(d,) + diag(d;) M
= diag(d,;) + diag(d;)(M — I,)
= diag(d.)[(M — 1,)”" + diag(d,,) ' diag(d)1(M — I,).

When p — 07, since diag(dy) is positive semidefinite by Part 1, diag(d,;) ~ ' diag(dy)
is positive semidefinite. So, (M — L)' + diag(dy,) ' diag(d;) is positive definite.
Hence, when u — 0%, diag(d,) + diag(d;) M is nonsingular and

[diag(d,) + diag(d)M]1™' = (M — I,) "' [(M — I,)!
+ diag(d.s) ' diag(d;)] ™ diag(dys) !,

which implies that

J/neond(M — I,)

| diag(d:) + diag(d) M1~ < ~——— o

where cond(M — 1,,)) := |M — L,||(M — L,)7'|.
Part 3. We show that when u — 0T, if w > 0, then ||d,|| < o where o > Oisa

constant, and if w > 0, then ||d, || < ‘l/ﬁt, . This result holds since for any (u, a, b) €
1% 2

Ry x R?,
2t B 2t
w=e(u,a,b)y =t fla+ (t/2— Db +1(1 — 1/4)b2 + (4 — T)c + 4
Zl,ut_l .
- Taoe if ¢ >0,
= ﬁ, if c =0.
" 2

Therefore, when 1 — 0T, from Parts 1,2 and 3, we have that 225, 223, 232 and 233
are bounded, and z;1, z31 are bounded or

ncond(M — L)t n||M|cond(M — I,,)t
leatll < S —— and flza| < —
Q- Jou'"s @-you't

Hence, for any ¢ € [1, 2], we can conclude that for any z = (u, x,5) € Ryt X RZ",
when . — 0%, |H/(z)~!|| is bounded or there exists a constant C; > 0 such that

G

IH @ =
" 2

Since 1 — % € [0, 1/2], there exist constants C > 0 and d € [0, 1/2) such that
Assumption 5.1 holds. This completes the proof. O
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The proof of Lemma 4 For any £ = (u,a,b)T, & = (1, a’, )T € R3, we have

[We(®) — Vel = e, a,b) — Ye(i', a', b))
=la+b—l(a,b,v2c,20)7 | — (@ + )+ I, b, V2e,2u)T ]|
<la—d|+b=b|+lla. b, V2c, 207 || = ll(@", b, V2c, 20)T ||
<la—d|+b=b1+]llla b, ~V2c,2)" — (@, b, V2e, 27|
=la—d|+b-b|+lla—a b—b2u—p)|
<V2[(a—a)2+ b -1+ (a—a)2+ b —b)> +4u— )2
< (V2+2)lE - ¢'I.

This proves (i). Now we prove (ii) by considering the following three cases.
Case 1. If ¢ > 0, then V. is differentiable at any £ € R> with

4 | a
Va2 +2c+ 42 Ja2+ 02 +2c +4p?’

YiE) = (

b T
1 —
\/a2+b2+2c+4uz)

and
v = 1 x

‘ (VaZ + b7 +2c + 412)3

where
—4(a® + b* +2¢) dap 4bpu
M = dan —(b% +2c+4u?) ab ,

4bp ab —(@® +2c +4u?)

which yields
M|
! &) <

(Va4 b2 +2¢ + 4u?)?

- V18(a? + b2 + 2¢ + 4u?)?

(Va2 + b2 4 2c + 4u?)3
342

AT+ bE ¥ 20 + 42

(7.1)

=

Sl
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By (7.1), for any u, v € R3 we have
/ ’ 3
1Y) — Y () < %Ilu —vl. (7.2)

For any £ € R? and h € R?, v is differentiable at £ + & and hence dv.(&§ + h) =
{yl(E + h)T}. So, from (7.2) we have for any V € d¢.(§ +h) and h — O,

[We (& +h) = Ye€) = V| = [Ye€ +h) — Ye(§) — Y€ + ) h|

< WeE +h) — Ye&) — YLET R+ 1TYLE +h) — ¥ L(E1 R

_ o T i 2
< WeE 4+ h) =€) = ¥ (§) hl+\/zllh||

1 3
— / + h) — / Thd T h 2
‘/O L& 1) = L6 |+ = ]

<3 IIhllzfltdt+ S np2
e 0 NG
9

= —||>
2\/EII I

Case 2. If c = 0 and & = 0, then for any nonzero direction vector & = (i1, a, I;)T IS
R3, Y. is smooth at the point 0 + 4 = h. Thus, V € 3y.(0 + h) = {y.(h)T} is
uniquely given by

4 a b
V=|- 1= e ————
Va*+b? +4p? Va*+ b2 +4p? Va+b?+4p?

Then, for any V € 9¥.(0 + h) and h — O,

=2 4 32 2

> 7 _, ., @ +b+4
|1pc(0+h)—t/fc(0)—Vh|:‘—\/a2+b2+4uz+fu
\Va? +b* + 442

=0.
Case 3. If c = 0 and & # 0, then V. is differentiable at & and from (7.1) we have

32
_ 32 _3V2
T Jar e EL

e ©l =

(7.3)
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Next we show that y/.(£) is locally Lipschitz continuous at £ with the constant II\T1
In fact, let u, v € N (&, H), we have

1
Yi(u) = yl(v) + /0 U+t —v)(u—v)dr. (7.4)
By (7.3), we have
, 32
IV, (v+tu—v)| < m (7.5)

Since u, v € N(&, @), we have

v+t —v)| = lltu+ (1 —1)v|] € N, ”é—”)

It follows that

o+t o)l 2 180 — o+ 16— ) — &1 = ) — 10 = B
This together with (7.5) yields
642
1y, @+t —v)| < % (7.6)

Thus, from (7.4) and (7.6), we have for any u, v € N (€, ﬁzll),

: 6+/2
1o @) = Yo < H llu —vl|.

(7.7)

Now we show that 1. (§) is strongly semismooth at § # 0. Since & # 0, whenh — 0,
& 4+ h # 0and hence 3y (§ + h) = {Y.(§ + mT}. So, from (7.7), similarly as the
proof of Case 1, we have for any V € d¢/.(§ + h) and h — O,

f _ 92
cE D) —Ye®) — Vil < |k
[We(E +h) = Ye(€) — Vh| < ”5” | [ f + I? =g I%.

Thus, the proof is completed. O

The proof of Lemma 5 Let H(z) be defined by (5.37). Then, H(z) is continuously dif-
ferentiable at any z = (i, x, 5, y) € Ryt x R¥™ and its Jacobian is

1 0 0 0
H@ =] 0 P 0 R,
D,, diag(D,) diag(D;) 0
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where
D - ( 4p 4p )T
% = - g seeey N
JR st 2w 4 Vs 2o+ 4
T
D - ( 1 X1 Xn )
X - - s oeeey LT s
ST 2w+ 42 Vo s 2w

S1

b= (1~
\/xlz + 57+ 2wy + 4p2

T
- n )
U x2S+ 2w, + 4]

We now divide the proof by the following three parts.

Part (i) We show that H(z) is Lipschitz continuous on RI+2ntm qp fact, since
(Px + Qs + Ry —a) =[P, Q, R], we have that Px + Qs + Ry — a is Lipschitz
continuous on R2"*+™ Moreover, from (i) of Lemma 4, Y is Lipschitz continuous on
R3. Hence, H(z) is Lipschitz continuous on R 27+

Part (ii) For any 6 > 0, we show that H'(z) is bounded and Lipschitz continuous

on the set

2 :={z= (1 x,5,¥) € Roy x R*| > 6).

In fact, forany i = 1, ..., n, since

<2,

<2,

0< i <
xF 57+ 2w; +4p?
0<1- <
\/xi2+si2+2w,~ + 4u?
0<1- ‘

<2,

\/xi2+si2+2w,~ + 4u? B

Dy, D, and Dj are bounded and hence H'(z) is bounded. Let

i={v=(,ab) e Rit x R?| > 6).

For any v € I', define

a

fe(w) :=1-

\/a2+b2+26+4p,2.

Since . > 6 > 0, f.(v) is continuously differentiable and

1

flv) =

@ Springer
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which yields

V16a2p2 + (b2 + 2¢ + 4p2)? + a2b?

I feIl = (Va2 + b2 + 2¢ + 412)3

By noticing that

16a 1 < 2(a® + 4p?)? < 2(a® + b> + 2¢ + 4p%)?,
(B> +2c +4u?)? < (@®> + b* +2c +4u?)?,
a’b? < (> + b*)? < (@®> 4+ b +2¢ + 4u?)?,

we have

2 1
Wl = < -
Var+b2+2c+4u2 " 1

=<

| =

Il £
Thus, for any 0, v € I", we have

1
I fe(©) = feIII < gllﬁ —vl.

This implies that f,. is Lipschitz continuous on I" and hence D, is Lipschitz continuous
on §2. By a similar way, we can show that D and D,, are also Lipschitz continuous
on §2 and so is H'(2).

Part (iii) We show that M’(z) is Lipschitz continuous on the set ® defined by
(5.9). In fact, M(z) is continuous differentiable at any z € R4 x R2+m and

M (2) =2H<)TH (2).

So, for any z, z € @, by Parts (i) and (ii) and |H(2)| < 2|H ("), there exists a
constant M > 0 such that

IM' @) — M @) =21HEH (G) — HE@TH @
=2[lHE[H'Z) — H ()] — [H(z) — HEOI H @)
< 2AIHEIIH @) = H @l + IHE) — HOIIH )]
= M|z —Z|.

This completes the proof. O
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