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Abstract

Smoothing Newton methods, which usually inherit local quadratic convergence rate,
have been successfully applied to solve various mathematical programming problems.
In this paper, we propose an accelerated smoothing Newton method (ASNM) for
solving the weighted complementarity problem (wCP) by reformulating it as a system
of nonlinear equations using a smoothing function. In spirit, when the iterates are
close to the solution set of the nonlinear system, an additional approximate Newton
step is computed by solving one of two possible linear systems formed by using
previously calculated Jacobian information. When a Lipschitz continuous condition
holds on the gradient of the smoothing function at two checking points, this additional
approximate Newton step can be obtained with a much reduced computational cost.
Hence, ASNM enjoys local cubic convergence rate but with computational cost only
comparable to standard Newton’s method at most iterations. Furthermore, a second-
order nonmonotone line search is designed in ASNM to ensure global convergence.
Our numerical experiments verify the local cubic convergence rate of ASNM and
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show that the acceleration techniques employed in ASNM can significantly improve
the computational efficiency compared with some well-known benchmark smoothing
Newton method.

Keywords Nonlinear programming - Weighted complementarity problem -
Accelerated smoothing Newton method - Nonmonotone line search - Cubic
convergence

1 Introduction

In 2012, Potra [23] introduced the notion of a weighted complementarity problem
(wCP), which consists in finding a pair of vectors (x, s) belonging to the intersection
of a manifold with a cone, such that their product in a certain algebra, x o s, equals
a given weight vector w. The significance of studying the wCP lies in the fact that a
large variety of equilibrium problems in economics can be formulated in a natural way
as wCP [23]. Moreover, those formulations could lead to the development of highly
efficient algorithms for solving the corresponding equilibrium problems [23]. More
details on the applications of wCP can be found in the survey paper [25].

After the introduction of wCP by Potra [23], many researchers studied the weighted
linear complementarity problem (WLCP) over the nonnegative orthant of R”, which
finds (x, s, y) € R* x R" x R such that

(WLCP) x>0, s>0, Px+QOs+Ry=a, xs=w. (1)

Here, P € ROT™Mxn g ¢ ROFMxn R o ROFM*M and g € R™ are given
matrices and vector with R assuming to have full column rank, w > 0 is a given
weight vector and xs denotes the component-wise product. Various types of interior-
point methods [1, 23, 24], smoothing Newton-type methods [32, 40] and damped
Gauss—Newton methods [35] have been studied for solving wLCP. More recently,
infeasible interior-point methods as well as their computational complexities were
proposed in [5, 6] for solving the special wLCP:

(special WLCP) x >0, s >0, Ax = b, ATy +s=c, xs=w, 2)

which often appears in the iterations of interior-point methods for linear program-
ming. In 2021, Tang and Zhou [36] proposed a nonmonotone Levenberg—Marquardt
type method, which has local quadratic convergence under some local error bound
condition, to solve the weighted nonlinear complementarity problem (WNCP):

(WNCP) x>0, s>0, F(x,s,y) =0, xs =w, 3)
where F : R?"" — R"* is a continuously differentiable nonlinear function.
In this paper, we aim to study the wCP in a general Jordan algebra [8] setting

since this general framework reveals the essential geometric features of a wCP. Let
(V, (-, -), o) be a Euclidean Jordan algebra (see the definition in Sect.2) and K =
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{x o x : x € V} be the symmetric cone formed by the squares of its elements. Given a
vector w € K, we consider the wCP which finds (x, s, y) € V x V x R” such that

(wCP) x €K, sekK, F(x,s,y) =0, xos =w, 4)

where ' : Vx V x R" — V x R" is a continuously differentiable map. When
w is the zero vector, wCP would reduce to the complementarity problem (CP) over
symmetric cones, for example, studied in [39], which finds (x,s,y) € Vx V x R”
such that

(CP) xeK, sekK, F(x,s,y)=0, xos =0. 5)

The wCP in general Jordan algebra setting has been also studied in the literature. Chi
et. al. [4] considered the weighted horizontal LCP in the setting of Euclidean Jordan
algebras and established some existence and uniqueness results. Gowda [9] studied
wLCPs and interior-point systems for copositive linear transformations on Euclidean
Jordan algebras and showed that both problems have solutions under suitable condi-
tions. Tang and Zhang [33] proposed a nonmonotone smoothing Newton algorithm
for solving the general wCP (4) and established its local quadratic convergence under
proper assumptions weaker than the usual nonsingularity assumption of the considered
nonlinear system.

Since Smale [29] initiated the study on smoothing (non-interior continuation)
Newton-type methods for solving linear programming problems and LCPs, there has
been much interests in studying smoothing Newton-type methods. The main idea of
this class of methods is to use a smoothing function to reformulate the problem con-
cerned as a system of smooth nonlinear equations and then solve it approximately by
Newton method. When driving the smoothing parameter to zero, one can expect to find
a solution of the original problem. Note that the convergence rates of many smoothing
Newton-type methods (e.g., [7, 31]) strongly depend on the strict complementarity
condition. In 2000, Qi, Sun and Zhou [28] proposed a class of new smoothing New-
ton methods for solving NCPs and box constrained variational inequality problems.
The Qi—Sun—Zhou (QSZ) method treats the smoothing parameter as a free variable
and solves one system of linear equations (the Newton step) at each iteration. Based
on the strong semismoothness of the smoothing function, QSZ method possess local
quadratic convergence under the nonsingularity assumption. Due to its encouraging
convergent properties and numerical performances, the QSZ algorithmic framework
has been extensively studied to deal with various optimization problems (e.g., [2, 3,
11-21, 26, 37, 40, 41]).

It is well known that the convergence rate of the classical two-step Newton method
for solving nonlinear system is cubic if its Jacobian is Lipschitz continuous and non-
singular at the solution [22]. Motivated from this observation and the QSZ method, in
this paper, we propose to design an accelerated smoothing Newton method (ASNM)
for solving wCP (4). Similar to the QSZ method, ASNM computes one approximate
Newton step at the beginning iterations. But when the iteration points are close to a
solution, an additional approximate Newton step is calculated by solving one of two
possible linear systems by using previously calculated Jacobian information. A Lips-
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chitz continuous condition on the gradient of the smoothing function at two checking
points is used to determine which linear system should be solved. This technique
ensures ASNM has local cubic convergence rate but with computational cost com-
parable to standard Newton’s method at most iterations. In addition, a second-order
nonmonotone line search is proposed in ASNM to ensure global convergence. Based
on the strong semismoothness of the smoothing function, we show that the convergence
rate of ASNM is cubic under certain nonsingularity assumption and the assumption
that gradient of F is locally Lipschitz continuous, which obviously holds when F is a
linear map. Moreover, we give brief discussions on how to solve the resulted approxi-
mate Newton system efficiently by equivalently translating it to a smaller dimensional
problem. Our numerical experiments verify the local cubic convergence rate as well
as show that ASNM is much more efficient comparing with the well-established QSZ
method. To the best of our knowledge, this is the first smoothing Newton-type method
for solving wCPs in mathematical programming which achieves local cubic conver-
gence rate.

This paper is organized as follows. We reformulate wCP as a system of smooth
nonlinear equations in Sect.2 and our ASNM is proposed for solving wCP in Sect. 3.
The global convergence of ASNM is studied in Sect. 4, while the local cubic conver-
gence properties of ASNM are analyzed in Sect.5. We further give some discussions
on solving the (approximate) Newton equations in Sect.6 and show some numerical
experiments in Sect. 7. Finally, some conclusions are drawn in the last section.

2 Equivalent Reformulation of the wCP

Asitis well known, the theory of Euclidean Jordan algebras is a basic tool for analyzing
optimization problems over symmetric cones. A Euclidean Jordan algebra is a triple
(V, (-, ), 0), where (V, (-, -)) is a finite dimensional inner product space over R and
(x,s) > xos : VxV — Visabilinear mapping satisfying the following conditions:

(i)xos=soxforallx,s €V,

(i)x o (x2os)=x%o(xos)forall x,s € V, where x

(iii) (x 0s,z) = (x,s0z) forall x,s,z € V.

We call x o s the Jordan product of x and s. For a comprehensive discussion of
Jordan algebras, one can refer to [8]. Some basic results and properties of Euclidean
Jordan algebras can be found in [13, 15-20, 33].

To reformulate wCP (4) as a system of smooth nonlinear equations, we apply the
following smoothing function

2.=xoux;

Y, x,8) =x +5 —/(x —)2+ 4w +4p2e, Y(u,x,5) eRxVxV, (6)
where w is the weight vector given in the wCP and e is the identity element in V
satisfying e o x = x o e = x for all x € V. The function  is a special case of the
weighted smoothing function introduced in [33]. By [33, Theorem 3], we have that v

is continuously differentiable on R4 x V x V and it satisfies

Y(0,x,5) =0«<=x €K, seK, xos =w. (7)
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In the following, let us denote z = (u, x, s, y) € R x V. x V x R" and define the
function H(z) as

m
Hz =| F(x,s,y) |, (8)
Yu, x,s)

where the smoothing function v is given in (6). Then, from (7) it holds that
H(z) =0 <= =0 and (x, s, y) is a solution of the wCP (4). 9)

Moreover, H(z) is continuously differentiable at any z € R4 x V x V x R and its
Jacobian is

1 0 0 0
H'(z) = 0 Fl(x,s,y) Fl(x,s,y) F;(x, s,y | . (10)
vy (s x, 8) Yo (p, x, 8) Yo, x, 5) 0

Here, ¥, (1, x, 5), ¥y (14, x, s) and ¥r¢ (i, x, 5) are the derivatives of yr with respect to

W, x and s, respectively. In particular, given ¢ = \/ (x — 5)2 + 4w + 4u2e, defining the
Lyapunov transformation L.x := xoc, Yx € V,thenforany (i, x,s) € R44 xVxV
and (h, u,v) € R x V x V, we will have

/ r 41uh
X, S)h=—>)"_ ¢,
Vi e h = = i

Vi, x,s)u =u— L';l[(x —s)ou]and ¥ (u, x,s)v="0v+ L';][(x —§) o],

where (A;,c¢;), i,...,r, are given by the spectral decomposition of (x — s)2 =
Z?:l Aic; and /3;1 is the inverse of L.. One could refer to [33, Theorem 3] for
more detail explanations.

To discuss convergence properties of our accelerated smoothing Newton method,
we define

1 0 0 0
Ju(z,2) = 0 Fi(x,s,y) Fi(x,s,y) Fy(x,s,y) |, (11)
v (i, X,8) Yo (i, £, 8) yro(i, X, 8) 0
wherez = (i, x,5,y) € Rp y xVxVxR"andZ = (4, %, §, ) € Ry xVxVxR™,

Obviously, H'(z) = Ju(z, Z) when z = Z. In addition, we assume that F’(x, s, y) has
the following rank and monotone property.

Assumption 1 rank F)’,(x, s,y) = m and for any (u, v, A) € VxV x R™,
F'(x,s,v)u,v, A) =0 = (u,v) > 0.

Assumption 1 is very standard and has been extensively used to analyze smoothing
Newton-type methods (e.g., [2, 21, 33, 34]). For wLCP (1), Assumption 1 in fact
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reduces to require that the matrix R has full column rank and the wLCP is monotone,
that is,

Pu+ Qv+ RA =0 implies ulv >0,

which was originally introduced by Potra [23] and has been widely used to analyze
interior-point methods [1, 23] and smoothing Newton methods [32, 40]. We now show
the nonsingularity property of Ji(z, z) under Assumption 1, which plays a key role
for our ASNM.

Theorem 1 [f Assumption 1 holds, then Ju(z, Z) defined by (11) is nonsingular at any
z=(u,x,5,y) ERyy xVxVxR"andz = (1, %,5,9) € Ry x VXV xR",

Proof Let intK denote the interior of K and we write u >g v if u — v € intK for

anyu,v € V.Forany z = (u,x,s,y) e Ry xVxVxR"and 7 = (i, X, 5, y) €
R4+ x V x V x R™, it suffices to prove that the following system

Fl(x,s,y)Ax + Fl(x,s,y)As + F}(x,s,y)Ay =0, (12)

Ve (L, %, 8§) Ax 4+ (1, X, ) As = 0, (13)

has only zero solution. Let ¢ = /(% — §)2 + 4w + 4/1%¢. Since w € K and /i > 0,
we have ¢ >k 0and ¢ >k (£ —§)% = (§ — £)2, which together with [10, Proposition
8] gives
c— (-85 >0, ¢—(¢—x) >k0. (14)
In addition, by w € K and & > 0, it holds
[E—R=]o[6— G —5]=4w+44% =k 0. (15)
Moreover, Assumption 1 and (12) imply
(Ax, As) > 0. (16)

By [33, Theorem 3], we have

YL R, ) Ax = Ax — L7[(& = §) 0 Ax],
V(1. £, 5)As = As + L[ = §) o As].

This and (13) give

Li(Ax + As) — [(R — §) o (Ax — As)] = 0,

co(Ax + As) — (x —§) o (Ax — As) =0.
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It follows that
[c— (& —=8)]oAx +[c— (S —X)]oAs =0. (17)

By (14)—(17), we can obtain from [39, Lemma 2.6]! that Ax = 0 and As = 0. So, by
(12) we have Fy’ (x,s,y)Ay = 0, which and the assumption on rank Fy’ (x,8,y) =m
give Ay = 0. We complete the proof. O

Since H'(z) = Ju(z, z), we immediately have the following corollary.

Corollary 1 If Assumption 1 holds, then H'(z) defined by (10) is nonsingular at any
z=(u,x,s,¥) € Riy xVxVxR"
3 An Accelerated Smoothing Newton Method

Let H(z) be defined by (8) and the merit function f : R x V x V x R" — Ry be
defined as

! 2
f@) =S IH@I" (18)

Then, our accelerated smoothing Newton method is described as the following.
Algorithm 1:  An accelerated smoothing Newton method (ASNM)

Step 0: Choose 8,7 € (0,1), 2 > 0,49 > 0 and L > 0. Choose (x°, s, y0) €
V x V x R", set 20 = (o, x% 5% y%) and Cyp = f(z°) + ¢, where ¢ > 0 is a

constant. Choose y € (0, 1) such that y < min {% ﬁ} Leth =(1,0,0,0) €
0 0

RxVxVxR" Setk=0.
Step 1: If |H(z¥)|| = 0, then stop.
Step 2: Compute AZX = (Ajig, AX¥, A%, A¥*) € R x V x V x R™ by solving

3
H'(ZF)AZF = —H(E) + yClh. (19)

Set 2K = 75 + AZF If |H(Z5)|| = 0, then stop.
Step 3: If

IHE| > amin(1, [HE), (20)

then set AzX = 0 and go to Step 5.
Step 4: If

! (uk, xF, 58y — @/ (@k, 25, 55 < LIk, x5, %) — (@5, 25501, @

1 [39, Lemma 2.6]: Leta, b € V with a >k 0,0 >k Oand a o b >k 0. Then for all u, v € V satisfying
(u,v) >0andaou+bov=0,wehaveu =v =0.
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then compute AZK = (Af, AR, ASF, AFF) e R x V x V x R™ by solving

3
H (M)A = —HE +y Ol (22)

Else, compute AZK = (Af, AR, ASK, AF¥) e R x V x V x R” by solving

Tk, 2 A% = —HEY + yClh. 23)
Step 5: Set o = 8%, where I} is the smallest nonnegative integer [ satisfying
FE 1A+ (A2 < G = F () (24)
Step 6: Set ZX+! = 2k + 0 AZF + @ AZK. Set

(G DFEH

Ck+1 = T 11 (25)

Setk :=k + 1 and go to Step 1.

For ASNM, we have the following remarks.

(D) Different from existing smoothing Newton methods, a new perturbation term
)/C,?/ % is used into the approximated Newton equations (19), (22) and (23) in Step
2 and Step 4 of ASNM. This particularly designed perturbation term is crucial for
establishing the local cubic convergence of ASNM.

(IT) As QSZ method [28], ASNM only solves one system of linear equations when
the condition (20) holds. Otherwise, ASNM solves an additional system of linear
equations. However, different from the classical two-step Newton methods, ASNM
includes two possible approximated Newton steps (22) and (23) by using previously
obtained Jacobian information. The Lipschitz continuous condition (21) is used to
determine which one should be solved. This technique ensures ASNM has cubic
convergence rate but with computational cost only comparable to standard Newton’s
method at most iterations.

(IIT) Note that AzF 4+ AzF calculated by ASNM may not be a decent direction of
the merit function f at z*. Hence, to ensure the global convergence of ASNM, we
adopt a second-order nonmonotone line search in Step 5. It is worth pointing out that
the technique of updating Cy in (25) had been originally introduced in [33].

The following theorem shows ASNM is well defined and gives some of its basic
properties.

Theorem 2 [If Assumption 1 holds, then ASNM is well defined and its generated
sequence {(zF = (ur, x*, 55, y5)} satisfies for all k > 0,

3
() zF e Ryy x Vx Vx R™; (i) Cx > f(2%); (i) ux > yC7.
Proof We will prove the theorem by induction. Suppose zX = (ug, x¥, 55, y¥) €
3

R, xVxVxR" C; > f(z*) and y > )/Ckz for some k. Then, H' (z¥) is nonsingular
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3
by Corollary 1. Moreover, by the first equation of (19), we have Ay = —pux +yC kz ,
which yields

3
2= CF x* + Ak s+ AFF R+ Ah. (26)

This indicates 2 € Ry x V x V x R™. Then, it follows from Theorem 1 that
Ju(, fk) is nonsingular. Thus, Egs. (19), (22) and (23) are all solvable. Moreover,
by (19) we have

VT Azt = HEHTH () azk
3
—[HE)I® + iy €

3
= — k(e — yC) — IF 5, s v 12 = I e, 25, 5512,

which together with puy > 0 and uy > yC k% yields
ViEHTaZk <o. 27
Notice that if for any nonnegative integer /,
FE 84T+ @A > € -6 F )
then by C; > f(zX) we have

5 481 Azk + 81 Azk)) — f£(z5)
51

> —18 (52 (28)

By letting [ — oo in both sides of (28), we have V f (z5T Az¥ > 0 which contradicts
(27). Thus, we can find a step size ax € (0, 1] satisfying (24) in Step 5 and get the
(k + Drth iteration z5*! = 2% + 0 AZF + & AZK in Step 6.

Now we show z¢Ft1 = 3(Mk+1, Kk gLyl e Ry, x VXV x R, Cryy >

S and pgqy > yC2, |- In fact, by (26) and the first equations of (22) and (23),
3 3
we have Afiy = —yC; +yC; = 0. It follows that

3
kg1 = e+ kA + o Afie = (1 — )k + oy CF (29)

which gives uxy1 > 0, i.e., 257! € Ry, x V x V x R™. Moreover, since f (zX) > 0,
by (24) we have C; > f(z5*1). This together with (25) and f(z¥*!) > 0 gives

(Ck + 1) f (K

W - f(Zk+l).

Crt1 =

@ Springer



Journal of Optimization Theory and Applications

Furthermore, by Cx > f(z**!) and (25), we have

o _ GfE@h+ D GrEth+ G
T TR+ FE ¥ 1

= Cy. (30)

By (29), (30) and puy > ka%, we have
3 3 3 3
it = (1 —ap)yCl +axyCl = yC > yCly ).
Therefore, we can conclude that if z¥ € Ry ; x Vx V x R”, C; > f(z¥) and puy >
ka% for some k, then z*! generated by Algorithm ASNM satisfies zX*! € R, | x
VxVxR"™ Cry1 > £ and ppyg > ka%H. Since z° € Riy x Vx V x R™,

3
Co > f(z° and po > yC; » by induction on k, we prove the theorem. O

4 Global Convergence
In this section, we discuss global convergence of ASNM. For this purpose, we first
give the following lemmas.

Lemma 1 Let Assumption | hold and {z* = (ux, x*, s*, y*)} be the iteration sequence
generated by ASNM. Then, Cy > Cy+1 and g > pg+1 for all k > 0.

3
Proof The first result holds by (30). By (iii) of Theorem 2, we have u; > yC kz for all
k > 0. So, we obtain from (29) that pux4+1 < (1 — o) g +axr = ug forallk > 0.0

Lemma 2 Let Assumption 1 hold and {zk = (U, xk, sk, yk)} be the iteration sequence
generated by ASNM. Then, there exists a constant C* > 0 such that

lim f(zX) = lim Cy = C*. (31)
k—o00 k— o0
Moreover, we have
lim oy f(z5) = 0. (32)
k—o00

Proof By Lemma 1, {Cy} is strictly monotonically decreasing. Hence, there exists a
constant C* > 0 such that klim Cy = C*. Moreover, by (25) we have
—00

Cr
lim £z = lim (—————) =",
Aam f@) = lim (1 F Gy — Ck>
This proves (31). By Step 5 and Step 6, we have
e f (@) = G = fEHD,
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which together with (31) proves (32). O

Theorem 3 Ler Assumption 1 hold and {z* = (ux, x*, s, y¥)} be the iteration

sequence generated by ASNM. Then, any accumulation point of {z*} is a solution

of H(z) = 0.

Proof By Lemma 2, there exists a constant C* > 0 such that klim f ) = klim Cr =
— 00 — 00

C*. Tt follows from (18) that

lim [HEY| = v2C*. (33)
k— 00
Let z* = (u*, x*, s*, y*) be an accumulation point of {z = (ux, x¥, 5%, y%)}, and
without loss of generality, we assume  lim  zX¥ = z* where K is a subset of

(K3)k— o0

{0, 1, ...}. Then, by the continuity of H and (33), we have

lim |[HE| = [HEH| = v2C~. (34)
IC)k— 00

Now we assume IHz*)|| > 0, ie., C* > 0 and will derive a contradiction. Since

Wi > ka for all k > 0, we have u* > )/(C*)2 > 0 which means z* € Ry x V x
V x R™. Then, H(z) is continuously differentiable at z* and H'(z*) is nonsingular by
Corollary 1. So, from (19), we have

lim  AZF = H'(z") "' [=H(") + y(C*) 3 h] = AT*
(K3)k— o0

Denote AZ* = (Ap*, Ax*, As*, Ay*). Then, by (26) we have

~ 3 _ _ - ~
lim 2 = (p(CH)2, x* + AX*, s + AT, y* + Ay) =: 2%
(K3)k—o0

Obviously, z* € Ry x V x V x R™, Since v is continuously differentiable at any
(u, x,s) € Ryy x V x V, by the continuity, we have

lim  Ju(Z*, 25 = Ju(z*, 2%).
(K3)k— o0

Since z*, z* € Ry x Vx VxR™ H'(z*) and Jg(z*, Z*) are all nonsingular. So, there
exists a constant M > 0 such that ||H' (zX)~'|| < M and || T (2, 2571 < M for all
k € K. Hence, for any k € I, if the condition (20) holds, then AzK = 0. Otherwise,
we have

IHE | < MHEOI = 20/2£ (%) < Ay/2Ck < 2y/2C0,

which together with (22) and (23) yields

3 3
IAZK < MOHES |+ yCE) < M(./2Co + v CP).
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This indicates that {A2};cxc is bounded. Since  lim  f(zF) = C* > 0, by (32)

(K3)k— o0
wehave lim o = 0. Let & = 8 . Then,
(K3)k— o0
lim & =0, lim (AZX+@&azh =Az" (35)
(K3)k—o00 (K3)k—o00

Moreover, by Step 5, for all sufficiently large k € IC,
fE @At + &ty > G —r@f @)%
which together with C > f(z¥) gives

fE +aAF @A) = fE ook

= (36)
ak

Since f is continuously differentiable at z* € Ry x V x V x R™, by letting k — oo
with £ € K in (36), we have from (35) that

VEHT AT = 0. 37)
On the other hand, by (19) and (33), we have

V(9T AZ* = H(z)TH (z*) AZ*
—[HEHI? + yu*(C*)?
~@ - yp*(CHC, (38)

Since the sequences { i} and {Cy} are all strictly monotonically decreasing, we have
an (C*)z < y,uOCO < 2. Thus, by (38) and C* > 0, we have

ViiEHTAZ* <0,

which is contrary to (37). We complete the proof. O

5 Local Cubic Convergence

In this section, we establish the local cubic convergence properties of ASNM by
employing the strong semismoothness of the function H. The readers can refer to [30]
for the definition of (strong) semismoothness. In addition, note that H is (strongly)
semismooth if and only if its each component function is (strongly) semismooth, see
[27, Corollary 2.4].
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Lemma 3 IfH is semismooth at 7* and all V € dH(z*) are nonsingular where dH(z*)
is the Clarke’s generalized Jacobian of H at z*, then there exist € > and & > 0 such
that

lz— 2"l <&IH@I, Yze N(E* e):={z|llz—z"|| <€}

Proof The proof of the lemma is similar as that of [34, Lemma 7]. O

Theorem 4 Let Assumption 1 hold and 7* be any accumulation point of the iteration
sequence (zF} generated by ASNM. Suppose that F' is locally Lipschitz continuous
and H is strongly semismooth at 7*. If all V € 0H(z*) are nonsingular, then the whole
sequence {z5} converges to z* and for all z* sufficiently close to z*,

M=k AZF 4 A%k, (39)

and
125 = 25l = oIk — ). (40)

and
HE = 0(HEHIP). (41)

Proof By Theorem 3, we have H(z*) = 0. Since all V € dH(z*) are nonsingular, by
[27, Proposition 3.1], there is a constant M| > 0 such that for all Z* sufficiently close
to z*,

IH' &7 < M. (42)
Since H is strongly semismooth at z*, for all z¥ sufficiently close to z*,
IHE) — HE) = B E =21 = 031 = 21P). 43)
This together with (19) and (42) implies that for all Z* sufficiently close to z*,

125 — 2|l = lI2F + AZF — 2%
3
= |F + H & HU-HE) + yChl - 27|

3
I I[IHE - HE) = HEEE - 90+ v ]

IA

01 — *IP) + 0(Ch). (44)

Since H is strongly semismooth at z*, H is locally Lipschitz continuous near z*. Thus,
for all z sufficiently close to z*,

H@ | = H) —HEH I = Oz — 2* D). (45)
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For all k > 1, since C; < Cop, by (18) and (25) we have

_ (Gt DfEH G+l

_ H() 12
CG=—Srmyt =5 MR

which together with (45) gives for all z* sufficiently close to z*,

3
ct = ol = 1%). (46)

By (44) and (46), for all P sufficiently close to z*,
125 — 2"l = O(lIZF — 2*|1%). 47)

Thus, we have that z¥ is sufficiently close to z* when zX is sufficiently close to z*.
Hence, by (45), (47) and Lemma 3, for all ZF sufficiently close to z*,

IHEH = 012K = 2*[) = 0(lI2* = 1) = O(IHEH 7). (48)
It follows that for all z¥ sufficiently close to z*,
IHED || < AHEI = Amin{1, [HE)],
for any A > 0. Hence, by Step 3 of ASNM, when zF is sufficiently close to z*, Az is

always computed in Step 4 of ASNM. Now, let us denote

™2
—z*

Ju(") = COHV{VIV = lim Ju(z,2), z.Z € DH},

where Dy is the set of points at which H is differentiable. Since F' is continuously
differentiable at z*, we have dH(z*) = Ju(z*). So, by our assumption, all V € Jy(z*)
are nonsingular. Thus, there exists a constant M, > 0 such that for all Z sufficiently
close to z*,

ITa ", 2971 < M. (49)

Thus, by (22), (23), (42), (46), (48) and (49), for all ZF sufficiently close to z*, we
have

3
1AZK|| < max{M, Ma}(JHEM) | + yC2) = 0(I2F — 2*117). (50)
So, by (47) and (50), for all z* sufficiently close to z*,

X + AZF + Ak — ¥
=125 — 2" + A% < 12 = 2+ 142K = olZF — 1P, (51)
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This implies that z¥ + AzZ¥ + Az is sufficiently close to z* when z* is sufficiently
close to z*. Hence, by (18), (45), (51) and Lemma 3, for all Z* sufficiently close to z*,

) . 1 B .
f+ Ak + Azk) = §||H(z" + AZF + AZRy)?

= 0(|F + A + AzF — 2P = 01X — 2H
= O(JHE) Y = 0(f (). (52)

So, for all z¥ sufficiently close to z*,
FE+ AT+ 28 4o f (@ < fED) <,

where T € (0, 1) is the parameter in line search (24) of ASNM. This shows that, for
all z* sufficiently close to z*, unit step size ax = 1 will be always accepted in Step 5
of ASNM. Hence, for all P sufficiently close to z*, we have

=k 4 Azk 4 Azk,

i.e., (39) holds. This together with (51) also shows klim K =z~
— 00

In the following, we show the local cubic convergence rate of z¥ to z*. By (47), we
have klim 2k = z*. Since H is strongly semismooth at z*, for all sufficiently large k,
—00

IHE — HE) — H' EHEE =291 = o2k = 2517). (53)

In addition, by (19), (42), (45) and (46), for all sufficiently large k,

1Az = |H' )~ -HE) + y 2 hll
3
< MilIHE I+ y 2]
= 0(IZF = z* . (54)

By (10), (11), (54) and the Lipschitz continuity of F’, there exists a constant L > 0
such that for all sufficiently large &,

IH'(25) — Ju 5, 25 = |1 F/ (&%, 55, 5%) — F/ (%, s5, y0)|l
< LII(EF, 5%, 35 — ok, 55 v0)1
< L|zF =) = Liazh) = o1 — ). (55)

We now consider how Az is calculated according to the condition (21) in Step 4 of
ASNM. If the condition (21) holds, then

1T (25, 25 — H @) = 1w/ (@5, 25,55 — v/ (b, 5P|l
< LII(a%, &%, 85 — (b, x5 0l
< L|IZ* = M = LAz = oqi* — 2,
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which together (22), (39), (46), (47), (53) and (55) gives

125 — ¥ =[5 4+ AT 4+ Ak — 2|
— 2+ A ) = 3+ BT HES) + yCl R — )
< I I[IHE ~HEHE -1+ v ]
< IHE [ IHEY - HE - HEHE - 2]
HIEH G = TaGE et =29l
FIORE 29— HEDE 0+
= 0(I2" = 2*I) + ollz* = 212" = 21D + ol — z*IP)
=0l = *IP):

otherwise, by (23), (39), (46), (47), (53) and (55) we have

IZ5F! — 2% = |I2F + AZF + a2k — 2¥|
3
= (125 + AZF — 2 = 12 + In(E, 2D TI-HES + yCl R - ¥
3
= @ 2T [ IHED = Ia @, 9@ = )+ v ¢
= P 97 [IHE - HE - HEHE - )
3
HIH'E = I, 20 E - )+ ]
= 0(IZ* = Z*IH + oli" = Z*1EF = ¥ 1D + o = 2*1P)
= 0(|Iz* — *|I°).
This proves (40). Moreover, by (40), (45) and Lemma 3, for all sufficiently large k,
IHCE I = 01 — %) = o1 = 2*1P) = o(IHEH I1P).

We complete the proof. O

To establish the local cubic convergence of ASNM, we need to assume that F’ is
locally Lipschitz continuous and H is strongly semismooth at z*. It is worth pointing
out that these assumptions are essential but by no means restrictive. For example,
for wLCP (1), F(x,s,y) = Px + Os + Ry — a is linear and obviously Lipschitz
continuously differentiable. In addition, the smoothing function ¥ for wLCP becomes

Ve(p.a,b) =a+b—+/(a—b>+4c+4u>, ¥ (u.a.b) € R, (56)
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where ¢ > 0 is a fixed constant. Then, the function H defined in (8) becomes

M le(//«’xl,sl)

Hz)=| Px+ Qs+ Ry —a |, where fl(iu, x,s) = : (57)
A, x, 5) Ww,,(,ua Xn, Sn)

and w = (wq, ..., wn)T is the weight vector in wLCP. It can be verified that the

function ¥, given in (56) is strongly semismooth on R3. So, H defined by (57) is
strongly semismooth since its each component function is strongly semismooth. As
another example, consider the KKT optimality conditions of liner programming over
symmetric cones K (e.g., [15, 18]), which is defined by

xeK,seK, Ax=b, A*y+s=c, xos =0, (58)

where A is a linear operator and A* is its ajoint. Note that the system (58) is equivalent
to the CP (5) with

Ax —b
F(xasﬂy)=<A*y+s_c)'

Hence, F is again Lipschitz continuously differentiable. For CP (5), the smoothing
function ¢ given in (6) is

Y, x,8) =x+5 —+v/(x—s5)2+4u2e, ¥V (u,x,5) e Ry x VXV,

which is strongly semismooth at any (0, x, s) € R x V x V by [30, Proposition 3.4].
Hence, its associated function H is also strongly semismooth at any z = (0, x, s, y) €
RxVxVxR™",

6 Discussions on Solving the (Approximate) Newton Equations

In this section, we discuss an efficient practical way to solve the (approximate) Newton
equations (19), (22) and (23) by taking wLCP (1) as an example. The general wCP
(4) can be treated by the same way. For wLCP, the Jacobian of H(z) given in (57) at
any z € R4y xR x R? x R is

1 0 0 0
H(z) = 0 P 0 R, (59)
fl, (e, x, 5) (s x,08) flg (s x,08) 0
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in which

4 4 )T
VO —sD2+ 4w +4u2 7 G — s + 4w, + 442
I, (u, x,8) =1 —D(u,x,s) and flj(u,x,s) =1+ D(u,x,s),

fll, (1, x, 5) =(

where

. Xi — Si
D(u,x,s) = dlag( — : 2).
Vi = s0)? +dw; +4p

Forany k > 0,let Dy = D(u*, x*, s%). Then, by the structure of H(z) and H'(z) in (57)
3
and (59), solving the Newton equation (19) is equivalent to setting Afixy = — g +ka2
and computing (Ax*, A5%, AFK) satisfying
PAF* + QA5 + RAYE =4
(I — D) AF* 4 (I 4+ D) AFF =4, (60)
where r{‘ = —(Pxk4+ st +Ryk —a) and ré‘ = —f(u, Xk, sk —ﬂ;l (g, xk, Sk)Aﬂk.

The linear system (60) can be further simplified by changing of variables. Let u; =
Ax* + AsF and v = Axk — A5F. Then, the equations in (60) become

P+ P — _
5 Quk+ 2 ka—}-RAyk:r{c

urp = Drvg + r§,

for which, by denoting P = PLZQ and Q = %, (v, Ayk) can be solved by

(PDy + Q)vx + RAF* = rk — Prk. (61)

Then, u; and (A)Ek , Ask ) can be finally obtained by back substitutions. Note that the
coefficient matrices of linear systems (60) and (61) are

P R N N

[ Q and [ PD,+ Q R]

I—Dy I +D; O (n4+m)x (n+m)

:| 2n+m)x (2n+m)
respectively. Hence, the linear system (61) is in a much smaller compact format than
the original linear system (60), which could significantly reduce the computational
cost when solving large-scale wLCPs.

By the same way, when solving the linear system (22), we can simply set Ay = 0
and solve

(PDi + Q)b + RASF = 7k — PFk (62)
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to obtain 0 and A$¥, where f{‘ = —(Px*+ Q5"+ Ry* —a) and fé‘ = —fl(fi, &, §5).
Then, we can set iy = DyU; + fé‘ and obtain AZF = @ and ASK = Bl
Moreover, noticing that the linear systems (61) and (62) have identical coefficient
matrices and different right hand sides. Hence, significant computational cost can be
saved when some direct methods are applied to solve the linear systems (61) and (62).
For instance, the LU factorization of the coefficient matrix only needs to be computed
once for solving these two linear systems.

Similarly, when solving the linear system (23), we set Ajix = 0 and solve
(PDy + Q)i + RASF = #F — Prk (63)

to obtain 0y and A$¥, where Dy = D(ji*, 7%, §). Then, we can set iy = Dy op + f§
and obtain A%¥ = @ and ASF = @ In this case, note that there is only a low
rank submatrix difference between the coefficient matrices of linear system (61) and
(63). This property could be also exploited in practice to reduce the computational
cost.

7 Numerical Results

We would like to perform some numerical experiments in this section. 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. To show the efficiency of ASNM, we would compare it with the
benchmark well-known Qi—Sun—Zhou smoothing Newton method [28], denoted by
QSZ-SNM. In all the experiments, the parameters in ASNM are setas § = 0.5, pp =
1074, r = 107,12 = 1,L = 10. Moreover, we let Co = f(z°) + 1 and take

y = C‘T We use m1n{||H(zk)|| IHGF) |1} < 1078 as the stopping criterion for

ASNM For QSZ-SNM, we take same parameters as those used in [28, Preliminary
numerical results] and use ||H(z¥)|| < 108 as the stopping criterion.

7.1 wLCP Over Nonnegative Orthant
In this subsection, we consider to solve the following wLCP:

x>0,5s>0, Px+ Qs+ Ry=a, xs=w, (64)

re(B) 0 (8) () o) e

in which M is an n x n symmetric positive semidefinite matrix, A € R™*" is a full row
rank matrix withm < nand f € R" and b € R" are given vectors. wLCP of the form
(64) with (65) arises from the optimality conditions of the Quadratic Programming

where
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Table 1 The value of [[H(zX)| at

the k-th iteration for solving a ASNM QS2-SNM

wLCP k=1 6.1371e+00 5.7391e+00
k=2 2.6077e—01 6.6797e—01
k=3 2.7683e—04 2.6777e—02
k=4 1.2603e—12 2.6674e—03
k=5 0 3.1728e—07
k=6 0 6.9176e—13

Table 2 Comparison of ASNM and QSZ-SNM for solving wLCPs

n ASNM QSZ-SNM
AIT ACPU AHK AIT ACPU AHK

1000 4.1 0.33 1.3237e—09 6.0 0.43 8.3745e—10
2000 42 1.70 7.0614e—10 7.0 2.55 1.7456e—12
3000 4.3 451 2.4453e—09 7.0 7.15 3.1857e—12
4000 4.3 9.77 3.5265e—09 7.0 15.34 4.8653e—12
5000 42 17.09 2.6718e—09 7.0 25.84 6.8262e—12
6000 4.3 27.85 2.7384e—09 7.0 44.82 8.9658e—12
7000 42 53.15 3.2102e—09 7.0 87.85 1.1353e—11
8000 4.3 108.95 4.0344e—09 7.0 229.14 1.3677e—11

and Weighted Centering problem [23, Theorem 2.1]. This wLCP is monotone [23]
and has been used in numerical experiments for smoothing Newton methods [32, 33,
40]. In the experiments, we generate a random matrix A € R"™*" with full row rank
and set M = BT B/||BT B|| with B = rand(n, n). Then, we choose £ = rand(n, 1),
f =rand(n, 1) and set b = Ax,§ = MXx + f and w = X8§.

As atypical example of observing local convergence behaviors of ASNM and QSZ-
SNM, we show the results of solving one test problem with n = 500 and m = 250,
x0 =50 = (1,0, ..., O)T and yO = (0, ..., O)T as the starting point. Table 1 gives
the value of |[H(z¥)|| at each iteration. We can clearly see that ASNM has local cubic
convergence rate and converges faster than QSZ-SNM, which usually maintains local
quadratic convergence rate.

Next, for each problem with different sizes n and m = n/2, we randomly generate
10 instances and test them by using the same starting points as before. Numerical
results are provided in Table 2, where AIT and ACPU denote the average number of
iterations and the average CPU time in seconds, respectively, and AHK denotes the final
average value of |[H(z%)||. From Table 2, we can see that ASNM always takes fewer
iterations and often uses much less CPU time than QSZ-SNM to reach the stopping
tolerance. Moreover, we could observe that the larger the problem size is the more
CPU time ASNM can save compared with QSZ-SNM. This is because ASNM has
local cubic convergence rate and the computational techniques discussed in Sect.6
can significantly reduce the computational cost when the second approximate Newton
system need to be solved.
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7.2 wNCP Over Nonnegative Orthant
In this subsection, we consider to solve the following wNCP:
x>0,5>0, F(x,s,y) =0, xs = w, (66)

where

Ax —b
Flx,s,y) = (Vf(x)_s_ATy), (67)

in which A € R b € R™ and f : R" — R is a twice continuously differen-
tiable function. This wNCP is a perturbed Karush—Kuhn—Tucker (KKT) system of the
nonlinear programming:

min f(x), s.t. Ax =b, x > 0.

Note thatif f(x) is linear, i.e., f(x) = ¢T x, then the wNCP (66) reduces to the special
wLCP (2).
In this experiment, we test the following nonlinear function:

fx) = %xTMx + (g + P)x,

where M € R™" is a positive semidefinite matrix, ¢ € R” and P(x) =
(P1(x), ..., P,(x)) : R* — R" is a twice continuously differentiable map. We ran-
domly generate a matrix A € R™*" with full row rank, choose * = rand(n, 1) and set
b = Ax.Moreover, we choose M = %Hx;—x” with N = randn(n, n), ¢ = rand(n, 1)
and take w = rand(n, 1). The nonlinear function P (x) is, respectively, set by

(a) P;j(x) =d; - arctanx;, whered; =4 «xrand(1,1), i =1, ...,n;
(b) Pi(x) =x? +sinx; +cosx; +1, i =1,..,n;

© P)=In(+1) -2 i=1,..n
n

Then, for each problem with different sizes n and m = n/2, we generate 10
instances and test them by using the starting points x° = s = (1,0, ...,0)7 and
y9 = (0,...,0)”. Numerical results are given in Table 3, which again show that

ASNM is much more efficient than QSZ-SNM in both the number of iterations and
CPU time.

7.3 wCP Over the Second-order Cone
The second-order cone (SOC) in R"(n > 1) defined by

L" := {(x1, x2) € R x R x1 > [lx2ml}
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Table3 Comparison of ASNM and QSZ-SNM for solving wNCPs

P(x) n ASNM QSZ-SNM
AIT ACPU AHK AIT ACPU AHK

(a) 1000 10.0 0.84 2.2785e—09 13.6 1.11 2.9914e—09
2000 11.0 4.65 1.9422e—09 15.3 5.93 2.9373e—09
3000 12.2 12.66 1.9482e—09 18.9 19.33 2.7376e—09
4000 12.2 26.41 2.7206e—09 19.2 42.26 2.5145e—09
5000 12.5 46.91 1.1588e—09 20.6 76.93 2.1689e—09
6000 13.0 79.72 5.4644e—10 21.9 138.53 2.3165e—09

(b) 1000 10.2 0.98 2.1380e—09 13.8 1.06 3.1705e—-09
2000 11.0 4.48 2.5691e—-09 15.6 5.80 1.8689e—09
3000 12.0 12.58 2.5474e—09 17.6 17.71 2.2413e—09
4000 12.3 27.25 1.0696e—09 19.5 41.30 1.6055e—09
5000 12.6 48.27 2.6266e—09 21.3 79.24 2.9997e—09
6000 13.2 82.93 1.1333e—09 22.0 133.50 6.6072e—10

(c) 2000 11.2 10.89 2.0117e—09 15.3 15.02 2.4610e—09
2500 11.4 20.25 3.1721e—-09 16.4 28.27 3.7709e—09
3000 11.8 33.89 3.4694e—09 17.3 48.79 3.0284e—09
3500 12.1 51.29 1.7574e—09 17.8 76.55 2.0459e—-09
4500 12.5 102.42 2.0450e—-09 19.5 164.40 1.5862e—09
5000 12.7 141.12 7.2064e—10 20.5 235.72 2.0797e—-09

is also called the Lorentz cone, where || - || denotes the Euclidean norm. In recent years,
optimization problems with second-order cone constraints have received considerable
attention because of its wide range of applications in many fields. One may see the
survey paper [2] and references therein.

We now consider to solve the wCP (66) over the SOC L (wCP-SOC), which finds
(x,s,y) € R*" x R" x R" such that

xel’ sel”, F(x,s,y)=0, xos = w, (68)

with

Ax —b
F(x,s,y)—<Mx+q_s_ATy>, (69)

where the Jordan product “ o " is defined by x o s = (xTs, X182 + S1X2:0), w € L,
A e R™" b e R™ and g € R”" are given vectors and M € R™*" is a given positive
semidefinite matrix. The system (68)—(69) often appears as a perturbed KKT system
of the convex quadratic optimization over the SOC L" [38]:

1
min ExTMx +g7x, st.Ax=b, x e L".
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Table 4 Comparison of ASNM and QSZ-SNM for solving wCP-SOC

Sp n ASNM QSZ-SNM
AIT ACPU AHK AIT ACPU AHK

(SP1) 1000 8.0 1.45 1.9697e—12 9.4 1.47 1.7276e—09
2000 8.0 7.98 1.2333e—09 10.6 9.43 1.5471e—09
3000 9.0 25.88 4.6535e—10 13.0 34.53 2.3388e—09
4000 9.0 60.40 9.6934e—10 14.1 86.46 2.5829e—09
5000 9.0 115.35 2.5780e—09 16.5 191.61 6.3682e—10
6000 10.0 215.48 1.1055e—10 19.1 381.84 1.2667e—10

(SP2) 1000 7.8 1.42 1.2917e—-09 9.2 1.45 1.6058e—09
2000 8.1 7.99 1.4709e—09 10.8 9.65 2.2457e—-09
3000 9.0 25.79 1.4007e—-09 13.2 34.30 2.2457e—09
4000 9.0 61.48 5.8138e—11 14.2 88.10 1.1690e—09
5000 9.3 119.58 8.4791e—10 16.9 199.83 1.0470e—09
6000 10.0 209.91 1.1765e—10 19.2 379.28 1.3902e—10

n NTN
4INTN]
rand(n, 1). Moreover, we take w = (wy, win)T e L" with wy,, = rand(n — 1, 1)
and w; = ||wa., || + rand(1, 1). In addition, we generate a random matrix A € R”*"
with full row rank and set b = AX with ¥ € L" being generated by the same way
as w. We again generate 10 instances with different sizes n and m = n/2, and solve
them by using the following two starting points, respectively:

(SPD) x° =5 =(1,0,...,007,y0 = (0, ..., 07

(SP2) x° = rand(n, 1)/n, s° = rand(n, 1)/n, y° = rand(m, 1)/m,

where x° and 5% in (SP1) are in strict interior of L" while x* and 5% in (SP2)
in general do not belong to L”. Table 4 provides the numerical results of solving
the 10 instances for each case. These numerical results again confirm the superior
numerical performances of ASNM compared with QSZ-SNM. And we can see again
that ASNM saves more CPU time as the problem dimension increases. Furthermore,
the computational results show the flexibility of choosing the starting point of ASNM.
Unlike interior-point methods, strictly interior starting point in L is not required by
ASNM and the starting point will not affect the computational results significantly.

In this experiment, we take M = with N = randn(n,n) and ¢ =

8 Conclusions

In this paper we propose an accelerated smoothing Newton method (ASNM) for
solving the general wCP (4) by reformulating it as equivalent system of nonlinear
equations. ASNM is designed to compute an additional approximate Newton step
when the iterates are close to the solution set of wCP. A Lipschitz condition on the
gradients of the smoothing function is used to determine which additional approximate
Newton step will be computed to accelerate the convergence rate. Since previous
Jacobian information is used, the cost of solving the additional approximate Newton

@ Springer



Journal of Optimization Theory and Applications

system is much reduced at most iterations. A second-order nonmonotone line search
technique is introduced in ASNM to ensure the global convergence. Under proper
nonsingularity and strong semismooth assumptions, ASNM is shown to have local
cubic convergence rate. Moreover, brief discussions are made on how to solve the
resulted approximate Newton systems efficiently. Our numerical experiments show
that ASNM significantly improves the computational efficiency compared with some
well-known benchmark smoothing Newton method for solving various wCPs arising
in mathematical programming.
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