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Preface

In this thesis, we study the second-order cone complementarity problem, SOCCP for short. This
problem is to find a solution satisfying a system of equations and a complementarity condition
defined on the Cartesian product of second-order cones, simultaneously

Classical complementarity problems, such as linear complementarity problems, nonlinear com-
plementarity problems, and mixed complementarity problems, are defined on the nonnegative or-
thant, and have been studied extensively so far. For linear complerhentarity problems, Lemke’s
method was proposed in the 1960’s as an approach to solve convex quadratic programming prob-
lems. For nonlinear complementarity problems, studies on the nonsmooth reformulation approach
flourished in the 1990’s, in which Fischer-Burmeister function or the min function were employed
to construct an equivalent system of nonsmooth equations. ‘

On the other hand, studies for SOCCPs have begun only recently. For example, Fukushima, Luo
and Tseng introduced a scheme of analyzing SOCCPs by using Jordan algebra. It requires, however,
quite different analysis from the classical complementarity problems since the Jordan product
is not associative in general. Hence, many problems remain unsolved, and efficient algorithms
have yet to be developed. Meanwhile, the SOCCP has a big potential of applications. Although
efficient algorithms based on interior point methods have been developed for linear second-order
cone programming problems (linear SOCPs), studies on algorithms for solving nonlinear SOCPs
are scarce. Since the Karush-Kuhn-Tucker conditions for an SOCP take the form of SOCCP, we
may apply algorithms for SOCCPs to solve SOCPs. In addition, there are many applications that
are peculiar to SOCCP. For example, the robust Nash equilibrium problem to be studied in this
thesis is one of such applications.

The main contribution of this thesis is to propose efficient algorithms for solving SOCCP. We
propose two different types of algorithms. One is based on Newton’s method in which smoothing
and regularization methods are combined. This algorithm enjoys a very nice convergence property
under mild conditions. The other algorithm is based on the matrix splitting method for linear com-
plementarity problems, which is particularly effective for large-scale problems with sparse matrices.
The practical efficiency of both algorithms are confirmed by means of numerical experiments.

Another contribution is to define a new concept for a non-cooperative game with incomplete
information. This concept is called the robust Nash equﬂibrium, which is defined when each player
determines a strategy by presuming the uncertainty of information. Moreover, we show that the
problem of finding such an equilibrium reduces to SOCCP under appropriate assumptions.
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It is not long since the studies on SOCCP has begun, and much possibility may be hidden.
The author hopes that the thesis will be helpful for further studies on SOCCPs and other related
problems.

Shunsuke Hayashi
December 2004
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Chapter 1

Introduction

1.1 Second-order cone complementarity problem

In the realm of mathematical programming, there have been a large number of studies on comple-
mentarity problems. The linear complementarity problem (LCP)[9, 10, 24, 48, 61, 67, 86, 87] is
the most fundamental class of complementarity problems, of which concentrated studies began in’
the 1960’s for solving convex quadratic programming problems [‘23, 27]. Thereafter, Nash equilib-
rium problem for the bimatrix game was formulated as an LCP, and some efficient algorithms like
Lemke’s method has been proposed [73, 74].

The nonlinear complementarity problem (NCP)[11, 26, 70, 111, 118] is the problem where
the linear function in LCP is replaced by a nonlinear function. Many practical problems such
as traffic equilibrium problems [35, 41, 42, 44, 62, 72], spatial equilibrium problems [21, 94], and
nonlinear Nash equilibrium problems [38, 45, 88, 89, 122] reduce to NCP. In the 1990’s, studies
for solving NCP made significant progress. Especially, the nonsmooth reformulation approach
was one of the main research streams, which is to reformulate NCP into a system of nonsmooth
equations by using Fischer-Burmeister function or the min function [36, 37, 106, 110], and to solve
the nonsmooth equation by the generalized Newton methods[64, 68, 96, 98] or the smoothing
Newton methods[12, 16, 69, 75, 99, 100]. Thanks to such innovative studies, a lot of results for
NCP have been obtained.

Recently, the complementarity problem on second-order cones (SOCs) has attracted much at-
tention. This problem is called the second-order cone complementarity problem (SOCCP) (15, 19,
43, 57, 92], which is to find .a triple (z,y,¢) € ®* x ®" x R such that

rek,yek, xTy =0, F(m7y7C) =0, k (1‘1'1)

where F: R x R xR - R* xRN is a Continuously differentiable mapping, and X C R” is the
Cartesian product of second-order cones, that is, K = K™ x K™ x - -- X K™ with n = ng 4 - +7nm
and the n;-dimensional second-order cone K™ C R™ defined by

K = { (2, )T € R x R { lzall < 21}

SOCCP is a wide class of problems containing NCP and second-order cone programming prob-
lem (SOCP) [2, 76, 82, 85, 112]. For a given function f : ®* — ®*, NCP is to find a vector € R*
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such that
x>0, flx)>0, 27 f(z) =0. (1.1.2)

It can be easily seen that NCP (1.1.2) is equivalent to SOCCP (1.1.1) withn; =ng =+ =n,, = 1
and F(z,y,{) = f(z) — y since K! is the set of nonnegative reals. On the other hand, SOCP is
written as

minimize 6(z)

subject to v(z) € K, (1.1.3)

where 6 : % — R and 7 : R — R” are continuously differentiable functions. The KK T conditions
for SOCP (1.1.3) are given as

reK, y(z) ek, NTy(z) =0, VO(2)+ Vy(2)A=0 (1.1.4)

with the Lagrange multiplier A € R™. By setting « := A, y := p, ¢ := 2, and

L B —(2)
Fypz) = (VG(z)+V7(z)/\)’

the KKT conditions (1.1.4) reduces to SOCCP (1.1.1).

Let 8™ be a set of n x n matrices, and F : S* x 8* x ' — 8™ x R be a given function.
Then, the semidefinite complementarity problem (SDCP) [49, 50, 71, 104, 120] is to find a triple
(X,Y,() € 8™ x 8™ x R such that

X=0, Y=0, XeY =0, F(X,Y,¢) =0,

where X = 0 means the positive semidefiniteness of X and the operator e denotes the inner
product associated with matrices, i.e., X oY := trace(X Ty). The KKT conditions for a semidefinite
programing problem (SDP) [1, 28, 108, 115, 116, 117] can be written in the form of SDCP. Moreover,
SOCCP is the special case of SDCP, which can be seen by the fact that, for x = (z1,22) € Rx ®*!

and the matrix defined by
X = < ml 93'%1 ),
T .’121[

X0 zc K

we have the relation

However, it is not advantageous in general to reformulate an SOCCP to an equivalent SDCP and
solve it as an SDCP, since SDCP deals with matrices, and therefore, is much more expensive
computationally than SOCCP.

For NCP, there has been much study on algorithms and applications. On the other hand, study
for SOCCP has begun recently, and hence, there are many issues to be studied. Although some
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results on SOCCP-functions and their smoothing functions are shown in [43, 19, 15], any concrete
algorithm has not been developed and many properties remain unclear. The main reason why
more problems on SOCCP remain unsolved than NCP is that SOCCP is defined on the Cartesian
product space of SOCs, which is difficult to analyze, in contrast with the fact that NCP is defined
on a nonnegative orthant. For example, Fukushima, Luo and Tseng [43] introduced a scheme for
analyzing SOCCP by using Jordan algebra, which requires quite different analysis from NCP since
the Jordan product is not associative in general.

Another motivation to study SOCCP is its possibility of wide applications. For linear SOCPs,
many efficient algorithms based on primal-dual interior point methods have been developed [76,
82, 112]. However, studies on nonlinear SOCPs are relatively scarce. Since the KKT conditions
for SOCP can be regarded as an SOCCP, we may apply algorithms for SOCCPs to solve SOCPs.
On the other hand, there are many applications that are peculiar to SOCCP. The robust Nash
equilibrium problem [58] to be studied in Chapter 5 is one of such applications. In the field of
architecture, a certain kind of equilibrium problem with frictional contact can be formulated as an
SOCCP [66]. As these instances show, SOCCP is applicable not only to the KKT conditions for
SOCP but also to many other practical problems.

1.2 Ovefview of the thesis

The thesis is organized as follows. In Chapter 2, we give some preliminaries. Especially, we give
some notations, basic properties, mathematical techniques and existing results that are necessary
for the later arguments. In Chapter 3, we construct an efficient algorithm for solving SOCCP, by
combining a regularization method with a smoothing method, in which the smoothing function
proposed in [43] is adopted. Moreover, we show global and quadratic convergence of the proposed
algorithm under the monotonicity assumption. In Chapter 4, we propose an algorithm effective for
large-scale SOCCPs, by extending the matrix splitting method for LCP to SOCCP. The algorithm
is based on the SOR method for LCP. However, the proposed algorithm utilizes a special techniques
for solving subproblems, of which structure is much more complicated than that of NCP. In Chapter
5, we define the concept of robust Nash equilibrium and show that the problem of finding such
equilibria can be reformulated as an SOCCP. The robust Nash equilibrium is a new concept for
the non-cooperative game, in which each player determines each strategy by taking the uncertainty
of information into consideration. More detailed overview of Chapters 3—5 will be stated in the
introduction of each chapter. In Chapter 6, we summarize the thesis and mention some future
issues.



Chapter 2
Preliminaries

In this chapter, we give some definitions and basic results that will be useful in the subsequent
chapters.

2.1 Notations

Throughout the thesis, we use the following notations. For a vector z € R"™, x; denotes the i-th
component, and ||z|| denotes the Euclidean norm defined by

lzl] = /ot + - +ad.

For vectors £ € R" and y € R?, the inequality > y means z; > y; for each i = 1,...,n, and the
max operator max{z,y} is defined by

max{x1, Y1}
max{x,y} =

max{Zn, Yn}

The min operator min{z,y} is defined in a similar way. For a matrix M € R"*™, M;; denotes the
i-th row and j-th column component, and ||M|| and ||M||» denote the 2-norm and the Frobenius
norm, respectively, that is,

) = e [l ond M e = A‘iiwwz.
i=1j=1

Furthermore, M and My denote the i-th row vector and the j-th column vector, respectively. For
square matrices X and Y € R**", X - () 0 denotes the positive (semi)definiteness of X, and
X ()Y means X —Y = (>) 0. For a nonsingular matrix X € ®™", X~T:= (X~)T = (XTy-1,
For a function f : ®* x R™ — R, f(;,2) : R* — R and f(y,-) : R™ — R denote the functions with
z and y, respectively, being fixed. For a differentiable real-valued function g : ™ — R, its gradient
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Vg(x) is defined by

Vy(z) = : )

Oxn

where 8g(z)/8z; (i = 1,...,n) denotes the partial derivative of g at x associated with its i-th
component. In addition, when g is twice differentiable, its Hessian matrix V2g(z) is defined by

g(x)  Pglx)
Ox? O110%n
Vig(z) = : : € R,
B%g(x)  Pg(x)
Ozn 0z ox2

For a differentiable vector-valued function G : ®* — R™, VG(z) denotes the transposed Jacobian
matrix, that is,

VG(z) = (VGl(m), . ,vam(m))

dG1(x) OGm(x)
. 8321 o 3521 )
— . | e jrxm
0G1(z) OGm(z)
e o

For a set X, P(X) denotes the set consisting of all the subsets of X. We define the sets %%}, &™
and ST by

RY = {z e Rz >0},
S* = {X e RV X = XT},
St = {X e R X =XT, X =0},

respectively. We often denote the vector (zT,yT)T € R™™™ as (z,y) € R x R™. However, for
n-dimensional vectors z, .. ., 2™, we may regard (z!,...,2™) as an n x m matrix. In this case, we
will mention its dimension explicitly. For any positive integer n, I, € R™*™ denotes the identity
matrix, and e, € R" denotes the vector of ones. B(z,¢) denotes the open sphere with center z and
radius ¢. For a given set S, bd S, int S, cl S and co S denote the boundary, the interior, the closure
and the convex hull of S, respectively.

2.2 Background

In this section, we give some definitions and mathematical background that are necessary in later
discussions. In particular, Subsections 2.2.1 and 2.2.2 are devoted to the basic properties of func-
tions, and Subsection 2.2.3 is devoted to those of second-order cones.



2.2 Background T

2.2.1 Subdifferential and semismoothness

We first focus on the properties related to differentiation. Especially, we give some concepts which
“extend the idea of differentiability to nondifferentiable functions.
As a preparation, we define local and global Lipschitzian properties.

Definition 2.2.1 Function H : R* — R™ s said to be locally Lipschitzian if, for any bounded set
- Q C R™, there exists k > 0 such that

|H(z) — HWll < slle -yl Yz,y e
Moreover, if the constant x does not depend on §2, the function H is said to be globally Lipschitzian.

Any affine function is globally Lipschitzian, and most of the functions dealt with in the thesis are
locally Lipschitzian. For a counterexample, function f : ® — R defined by f(a) := %/ is not
locally Lipschitzian. Next, we define some notions of generalized Jacobian for nonsmooth locally
Lipschitzian functions.

Definition 2.2.2 Let H : R — R™ be a Lipschitzian function. Then, the set-valued mappings
OpH and 8H : R™ — P(R™"™) defined by

OpH(w) = leIEO V H(w") I kli_)rilowk —w, {wk} C DH},

OH(w) := co0pH (w)

are said to be Bouligant) subdifferential and Clarke subdifferential of H, respectively, where Dy :=
{w € R™| H is differentiable at w} and ‘co’ stands for the convex hull. In particular, Clarke subd-
ifferential is merely called ‘subdifferential’.

For instance, when H : ® — R is defined by H(w) = |w|, we have dgH(0) = {-1,1} and
OH(0) = [—1,1]. These generalized Jacobians are natural extensions of the original Jacobian for
differentiable functions. Indeed, if H is continuously differentiable at w, then it is easily seen
OpH(w) = 0H(w) = {VH(w)}. Next, we give the definition of directional differentiability.

Definition 2.2.3 Let H : ®* — R™ be a locally Lipschitzian function. Let w € R™ and d €
R™\{0}. Then, the function H is said to be directionally differentiable at w along d, if there exists
a limit H'(w;d) defined by

H’(w' d) -— lim H(w + hd) - H(w)
R A h

Moreover, H'(w;d) is said to be the directional derivative of H at w along d.

For a differentiable function, H'(w;d) is simply given by VH (w)Td.

Finally, by using the subdifferential and the directional derivative, we define semismoothness
and strong semismoothness, which play crucial role in establishing the rapid convergence of Newton-
type methods for nonsmooth functions. Especially, semismoothness is related to the superlinear
convergence and strong semismoothness is related to the quadratic convergence.



8 Chapter 2 Preliminaries

Definition 2.2.4 A directionally differentiable and locally Lipschitzian function H : R* — R™ is
said to be semismooth at w if

VTd—H'(w;d) = o||d])

for any d € R™\{0} sufficiently small and V € 0H(w + d) . Moreover, if o(||d||) can be replaced by
O(||d||?), then function H is said to be strongly semismooth.

It is known that any piecewise smooth function! is semismooth[91]. Moreover, any piecewise
smooth function is strongly semismooth if all the derivatives of smooth pieces are locally Lips-
chitzian.

2.2.2 Convexity and monotonicity

In this subsection, we define the concepts of convexity and monotonicity, which play an important
role throughout the thesis. We first define the convexity for sets and real-valued functions.

Definition 2.2.5 A set S € R" is said to be convez if (1 — a)x + oy € S holds for any vectors
z,y € S and scalar a € (0,1).

Definition 2.2.6 Let X C R™ be a nonempty and convex set. Then, a function § : X — R is said
to be

(a) convex (on X) if 0((1 — )z +ay) < (1—a)f(z)+ab(y) holds for any x,y € X and o € (0,1).

(b) strictly convex (on X) if 0((1 — o)z + ay) < (1 — a)0(z) + ab(y) holds for any x,y € X with
x#y and o € (0,1).

(c) strongly convex (on X) with modulus € > 0 if 0((1 — o)z +ay) < (1—a)f(z) +ab(y) +1e(1 -
a)allz — y||? holds for any z,y € X and o € (0,1).

It is obvious that any strongly convex function is strictly convex, and any strictly convex function
is convex. For example, a linear function is convex but not strictly convex, 6(c) = e is strictly
convex but not strongly convex, and () = o? is strongly convex. Convexity plays a crucial role in
the field of optimization. In particular, if functions vi,...,¥m and 6 in the nonlinear programming
problem :

minimize 6(z) subject to vi(z) <0 (i=1,...,m)

are convex, then any local minimum of the problem is a global minimum.
Next, we define monotonicity for vector-valued mappings from a subset of & to R™.

Definition 2.2.7 Let X CR” be a nonempty set. Then, a function f: X — R™ is said to be

'Function H : R™ — R™ is said to be piecewise smooth at z if there exist € > 0 and a finite number of continuously
differentiable functions H; : B(z,&) — ®™ (i =1,..., N) such that for any 2’ € B(z,¢) there exists an index 7 such
that H(2') = H;(2"), where B(z,¢) denotes the sphere with center z and radius e.
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(a) monotone (on X) if (z —y)T(f(z) — f(y)) = 0 holds for any z,y € X.
(b) strictly monotone (on X) if (z — DT (f(x) = f(y)) > 0 holds for any z,y € X with @ £ .

(c) strongly monotone (on X) with modulus € > 0 if (z — NT(f(@) — f(v) > el —yl* holds for
any ¢,y € X.

It is obvious that any strongly monotone function is strictly monotone, and strictly monotone

function is monotone. For n = 1, the monotonicity in the above sense corresponds to monotonic

nondecrease and the strict monotonicity corresponds to monotonic increase. As will be stated in

Subsection 2.3, monotonicity plays an important role in analyzing the solution set of SOCCP.
The following proposition shows the relation between convexity and monotonicity.

Proposition 2.2.1 Let X C R" be an open convez set, and § : X — R be a continuously differen-
tiable function. Then,

(a) 6 is convez if and only if VO is monotone.
(b) 8 is strictly convez if and only if VO is strictly monotone.

(c) 6 is strongly convex with modulus € > 0 if and only if VO is strongly monotone with modulus
e>0.

As the above proposition shows, there is close relation between convexity and monotonicity. More-
over, these properties also have much relevance to the positive (semi)definiteness of matrices.

Proposition 2.2.2 Let X C R be an open convex set, and f : X — R" be a continuously
differentiable function. Then,

(a) f is monotone if and only if V f(x) is positive semidefinite for any © € X.
(b) f is strictly monotone if V f(x) is positive definite for any x € X.
(c) f is strongly monotone if and only if there exists € > 0 such that

”IIﬁi_nl eTVi(z)e > ¢ (2.2.1)

for any x € X.

Note that (b) does not hold when “if” is replaced by “if and only if”. For example, though a function
f: R — R defined by f(a) = o® is monotonically increasing on R, Vf(a) = 30” is not positive
when o = 0. The above two propositions directly lead to the following corollary which mentions
the relation between the convexity of a real-valued function and the positive (semi)definiteness of
its Hessian matrix.

Corollary 2.2.1 Let X C R™ be an open convex set, and § : X — R be a twice continuously
differentiable function. Then,
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(a) 0 is convex if and only if V20(x) is positive semidefinite for any z € X.
(b) @ is strictly convex if V20(z) is positive definite for any x € X.
(c) 0 is strongly convex if and only if there exists € > 0 such that

Ilnllli—nl eI'V¥H(z)e > € (2.2.2)

forany x € X.

In addition, we easily obtain the following corollary on monotonicity of affine functions and con-
vexity of quadratic functions.

Corollary 2.2.2 Let M € " and ¢ € R" be a given matriz and a vector, respectively. Let
f:R* =R and §: R — R be defined by f(x) = Mz + q and 6(x) = %mTMac + qTx, respectively.
Then, we have

(a) M is positive semidefinite <= f is monotone <= @ is convez,
(b) M is positive definite <> f is strongly monotone <= @ is strongly convez.

This corollary implies that the strong monotonicity is equivalent to the strict monotonicity for
affine functions, and that the strong convexity is equivalent to the strict convexity for quadratic
functions.

2.2.3 Jordan algebra associated With SOCs

In this subsection, we introduce Jordan algebra, which provides a useful methddology of dealing
with SOCs. Although Jordan algebra originally targets on not only SOCs but also general sets in
Euclidean space, we restrict ourselves to Jordan algebra associated with SOCs. For more detail,
see [34, 43].

For two n-dimensional vectors = (z1,22) € R x 1 and y = (y1,72) € ® x ®*~L, Jordan
product is defined by

roy = (CET?J, T1Y2 + Y1%2).

Note that Jordan product generates an n-dimensional vector from two n-dimensional vectors. This
is one of the main differences from inner product, which generates a scalar. For convenience, we
denote x o ¢ by 22, and define the vector e by

e := (1,0,...,0).
Then, Jordan product enjoys the following properties.

Property 2.2.1 For any z, y, 2 € R"*, we have

(a) eoz =z,
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(b) zoy=you,
() (x+y)oz=x02+yoz,
(d) zo(z?oy)=ga?0(zoy).

(a) implies vector e plays the role of identity. (b) and (c) imply commutativity and distributivity,
respectively. (d) is a certain kind of commutativity, which is useful in identifying the Jordan
product. Indeed, (b) and (d) are the original axioms of Jordan algebra. Although Jordan product
can be regarded as the multiplication, associativity does not hold, i.e., zo (yoz) # (zoy)oz in
general. On the other hand, associativity holds under the inner product in the sense that

2T (yoz) =y (zo2) =2 (z0y).

When z € K®, the square root can be defined by

Z2
22 .= (s, 2_s> , where s= \/(m + 4/} - ||932”2> /2.

By an easy calculation, it can be verified that & = x/2 o 21/2 and «'/2 € K. The following

proposition shows another expression of SOC complementarity.
Proposition 2.2.3 For any (z,y) € R* x R", the following relation holds :
ek, yek, zfy=0 < zeK", yek* zoy=0.
From this proposition, SOCCP (1.1.1) can be rewritten equivalently as
zek,yek, zocy =0, F(z,y,{) =0,

where the operator ox denotes the Jordan product for the Cartesian product K = K™ x --- x K™
given by zoxy = (zloyl, ..., a™oy™) withz = (2},...,2™) and y = (¥}, ...,y™) € R™ x---x J™.

Next we define spectral factorization, which is one of the basic concepts in Jordan algebra.
For any vector z = (21,22) € R x ®*! (n > 2), its spectral factorization with respect to the
second-order cone K™ is defined as

z = Multh + Aul? (2.2.3)
‘where A1 and Ao are the spectral values given by
No=z2+ (Dl i=12 (2.2.4)

and u{Y and u!?} are the spectral vectors given by

1 oy
4 = %<1’( D sz||> (2 #0) i=1,2, (2.2.5)
(L (=1)'w) (2 =0),

2
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with w € R7~! such that ||w|| = 1. The spectral vectors w{1} and u{?} are obtained as the directional
vectors of two half lines derived from the intersection of bd K™ and €2, where €2 is the 2-dimensional
subspace spanned by two vectors z and e. Hence, the spectral factorization can be regarded as
the linear factorization in 2-dimensional subspace Q with bases w1} and 42}, We note that the
spectral values and vectors possess the following properties.

Property 2.2.2 Let A\ and Ao be the spectral values of z, and u{*Y and ul?} be the spectral vectors
of z. Then the following properties hold.

(@ u®Poul® =0, |l =|ut?|=1/v2
(b)) ult ebdk®, wloul? =4l =12
() M M20& zeKk"

In the above properties, (a) indicates that 41} and u!{2} play a role like orthonormal bases.
Let g be a function from R to R. Then, we define a vector-valued function g : ®* — R”
associated with g by

9(2) = §0)ul + §02)u®, (2:26)
Whefe z is expressed as (2.2.3). From (a) and (b) of Property 2.2.2, we obtain
22 = Myt 4 2282
* which leads us the following proposition.

Proposition 2.2.4 Suppose that § : R — R* can be written in a power series expansion, i.e.,
§(a) =32 ara® with real coefficients ag, ay, ... Then the function g defined by (2.2.6) is written
as

[ o]
g(Z) = Z a’kzka
k=0

where 2* denotes k power of z by Jordan product and 2° equals e = (1,0, ... ,0).

By this proposition, eﬁcp(z), In(2), sin(z) and sinh(z) can be defined by using power series expansion
for scalar-valued functions. On the other hand, the square root z!/2 and the projection Pi» onto
K", ie.,

Picn(2) = argmin ||2' — 2|, - (22.7)
z’ekn

can be expressed explicitly by using the spectral factorization as follows:

Pen(2) = max{0, A1 }ul? + max{0, Ao }u{?. (2.2.8)
The following proposition, which was first proved by Chen, Chen and Tseng[15] and alterna-

tively proved by Chen[14], asserts that the vector-valued function g : ®* — ®™ inherits several
properties from the scalar-valued function §.
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Proposition 2.2.5 Let § : R — R be a given scalar-valued function, and g be defined by (2.2.6).
Then, the following statements hold.

(a) g 1is continuous at x € R™ with spectral values A1 and Ay if and only if § is continuous at A\
and As. ’

(b) g is directionally differentiable at x € R™ with spectral values Ay and Az if and only if § is
directionally differentiable at A\ and Aq.

(c) g is differentiable at x € R™ with spectral values A1 and A2 if and only if § is differentiable at
)\1 and /\2.

(d) g is continuously differentiable at x € R™ with spectral values Ay and Ap if and only if § is
continuously differentiable at Ay and Xo.

(e) g is globally Lipschitzian with modulus k if and only if § is globally Lipschitzian with modulus
K.

(f) g is semismooth at x € R™ with spectral values Ay and Ay if and only if § is semismooth at
A1 and As.

(8) g is strongly semismooth at x € R™ with spectral values A1 and Xz if and only if § is strongly
semismooth at A1 and Xa.

2.3 Existence and uniqueness of solution

The purpose of this section is to give sufficient conditions for the existence and the uniqueness of a
solution to SOCCP. To this end, we introduce a class of problems called the variational inequality
problem, and discuss the feature of its solution set.

For a continuous function f : ®® — R™ and a closed convex set S C R", the variational
inequality problem (VI) [8, 25, 33, 39, 40, 52, 107] is to find a vector z € S such that

f()T (2 —2) >0, V€S (2.3.1)

VI is a very large class of 'problems contairﬁng systems of equations, convex programming prob-
lems, and complementarity problems. In particular, when S = ", VI(2.3.1) is equivalent to the
equation :

f(z) = 0.
For a continuously differentiable convex function 4 : * — R such that
f(z)=V0(z) Vze®R",
VI(2.3.1) is equivalent to the constrained minimization problem:

minimize 6(z) subject to z € S. (2.3.2)
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If S is a closed convex cone such that —S N S = {0}, then VI(2.3.1) can be rewritten as the
complementarity problem [33], which is to find a vector z € R™ such that

zeS, fl2)es*, 2Lfz)=0, (2.3.3)
- where S* is the dual cone of S defined by
st = {xIxTyZO, ves}h.

A cone S satisfying S = S* is called self-dual. For example, the nonnegative cone R, the second-
order cone K", and the semidefinite cone ST are self-dual. Moreover, the Cartesian product of
self-dual cones is also self-dual. Thus, VI(2.3.1) with S = ®7 is NCP (1.1.2), and VI(2.3.1) with
S = K is the special SOCCP of finding vectors (z,y) € ®* x R* such that

ek, yek, zfy=0, f(z)—y=0. (2.3.4)

Furthermore, by setting

Z = (x7yaC)) f(Z) = (F(myy <)>, S =K x §Rn X §RV7

VI(2.3.1) reduces to the original SOCCP (1.1.1).

As we mentioned above, VI contains many classes of problems with various functions f and
sets S. On the other hand, it is difficult to solve VI (2.3.1) itself in general, and therefore, we have
to restrict ourselves to special S like the nonnegative cone R} and the second-order cone K. But,
even if S is a general closed convex set, it is possible to discuss the solvability of VI. The result for
VI can be applied to SOCCP directly, since SOCCP is a subclass of VI.

Next, we discuss the feature of the solution set to VI(2.3.1). We first give the following propo-
sition.

Proposition 2.3.1 Let [ R = R be a continuous function, and S C R™ be a nonempty closed
convex set. If S is bounded, then VI(2.3.1) has at least one solution.

This proposition guarantees the solvability of VI under the boundedness assumption on S. However,
in the case of SOCCP, the set S is obviously unbounded since it is a cone. In order to consider the
solvability of VI with an unbounded set, we introduce the following property for function f.

Definition 2.3.1 Let f : R™ — R™. Suppose that S is an unbounded set. Then, the function [ is
said to be coercive on S if there exists z° € S such that

Tl _ 0
faf@=e® _
I=l—oo |l
€S
The following proposition shows the existence of a solution under the coerciveness of f.

Proposition 2.3.2 Let f: R™ — R be a continuous function, and S C R™ be a nonempty closed
convex set. If f is coercive on S, then VI(2.3.1) has at least one solution.
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Next we discuss the convexity and singleton property of the solution set. Recall that VI (2.3.1)
is equivalent to the minimization problem (2.3.2) if f(z) = V6(z) for all x. Moreover, from
Proposition 2.2.1, the gradient mapping V8 is monotone if # is convex. Hence, it can be expected
that a similar result holds between the solution set of a minimization problem with a convex
objective function and that of VI with a monotone function. The following proposition indicates
the validity of this expectation.

Proposition 2.3.3 Let f: R™ — R™ be a continuous function, and S C R™ be a nonempty closed
convex set. Then,

(a) the solution set of VI(2.3.1) is convex (possibly empty) if f is monotone on S.
(b) VI(2.3.1) has at most one solution if f is strictly monotone on S.
(c) VI(2.3.1) has a unique solution if f is strongly monotone on S.

We emphasize that neither (a) nor (b) guarantees the existence of solution, though (c) guarantees
the existence. Indeed, it is easily seen that any strongly monotone function is coercive. The above

discussions readily yield the following corollary on the existence and uniqueness of a solution to
SOCCP.

Corollary 2.3.1 Let f: R™ — R™ be a continuous function. Then,
(a) SOCCP(2.3.4) has at least one solution if f is coercive on K.

(b) the solution set of SOCCP(2.3.4) is closed and convez (possibly empty) if f is monotone on
K.

(c) SOCCP(2.3.4) has at most one solution if f is strictly monotone on K.

(d) SOCCP(2.3.4) has a unique solution if f is strongly monotone on K.
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2.4 SOCCP-functions and nonsmooth reformulation

In this section, we introduce an SOCCP-function, which is useful in reformulating SOCCP into an
equivalent system of equations. A function ¢ : R" x R* — R" satisfying the following condition is
called an SOCCP-function:

olr,y) =0 =z eK”, ye Kk, Ty =0. (2.4.1)

It is important to consider such functions to construct an algorithm for solving SOCCP.
Several SOCCP-functions can be defined by using Jordan algebra. Recall that the projection
of vector z onto K™ can be written explicitly as

Pin(z) = max{0, A Yultt 4+ max{o, Ao tul?,

where \; and Ao are the spectral values and u{1} and u{2} are the spectral vectors of z, which are
given by (2.2.4) and (2.2.5), respectively. By using the above formula, the natural residual, which
serves as an SOCCP-function and will be used in Chapter 3, is defined by

Oxp (T,Y) =T — Prn(z — ).

Originally, the natural residual is proposed for VI(2.3.1), which is given by ¢, (z) = — Ps(z —
f(z)). For a general closed convex set S, the projection Ps cannot be expressed explicitly. However,
in the case of SOCCP, the projection can be expressed explicitly by using Jordan algebra. For NCP,
the projection is given by Prn (z —y) = max{0,z —y}, and hence, the natural residual is calculated
as

QON'R(m7y) =T - max{O, T - y}
= min{z,y}.

Actually, the natural residual for NCP is called the min function.
Chen, Sun and Sun [19] proposed a penalized natural residual, in which a penalty term is added
to the natural residual. This function is defined by

Opr(T,Y) =2 ~ Pen(z — y) + Pen () © Pen(y),

which also serve as a SOCCP-function. Chen, Sun and Sun [19] have proved that function 9 defined
by ¥(z) = |loma (2, f(2))] is level-bounded? under monotonicity assumption on f. This result is
due to the added penalty term Picn(z) o Pcn(y). Indeed, the level-boundedness is a fundamental
property in establishing the global convergence of an algorithm.

Next we give another SOCCP-function by using the square and the square root in Jordan
algebra. The following function is called Fischer-Burmeister function:

2 23\1/2
en(@,9) = (@@ + )P~z —y.
2Function ¥ : R® — R is said to be level-bounded if the level set Lo = {z|¥(z) < a} is bounded for any o € .
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This function also satisfies (2.4.1). In addition, Fischer-Burmeister function is nondifferentiable
only at the origin (0,0), while the natural residual is nondifferentiable at every point (z,y) such
that  — y € bd ™. Note that, when n = 1, Fischer-Burmeister function is given by

QOFB(OZ,ﬁ) = \/ a2+[32—a—ﬂ,

which is the well-known Fischer-Burmeister function for NCP.
By using an arbitrary SOCCP-function ¢, SOCCP (1.1.1) can be reformulated into a system of
equations. Actually, let function H : 2" — R be defined by

p(at,yh)
Hw)=| |, (242)
o™, y™)
F(z,y,()
1

where w = (z,7,¢) andz = (2!,...,2™),y = (y',...,y™) € R™ x---xR*. Then, SOCCP (1.1.1)
reduces to the equation:

H(w) = 0. ‘ (2.4.3)
If the SOCCP-function ¢ is continuously differentiable, then Newton’s method with the direction
d* = —VH ") T H(w")

is applicable. However, all SOCCP-functions proposed so far are nondifferentiable, and hence,
the conventional Newton’s method cannot be applied. In order to solve a nonsmooth equation, we
should adopt special techniques such as the generalized Newton method and the smoothing Newton
method. :

The generalized Newton method was first proposed by Qi and Sun (98], in which the following
iteration was employed :

wht! = wk — Vk“TH(wk), Vi, € OH (wk). (2.4.4)

If H is differentiable at w*, then the iteration (2.4.4) is the same as that of Newton’s method. Qi
and Sun[98] showed that, if function H is semismooth at the solution w* of equation (2.4.3) and
every element of H (w*) is nonsingular, then the sequence generated by (2.4.4) converges to w*
superlinearly. We note that, since all the aforementioned SOCCP-functions are semismooth [57,
19, 15], function H defined by (2.4.2) is semismooth everywhere.

For the rapid convergence of the above-mentioned method, every element of 9H(w*) needs to
be nonsingular. Since this demand is rather strict in practical, Qi [96] proposed another generalized
Newton method with the iteration :

W = wf — VeTH(@W), Vi € OgH@), (2.4.5)

where Clarke subdifferential in (2.4.4) is replaced by B-subdifferential. Qi[96] showed that the
above generalized Newton method is superlinearly convergent if H is semismooth at the solution
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w* and every element of OgH (w*) is nonsingular. Note that the nonsingularity assumption of
dpH(w*) is much weaker than that of OH(w*). For example, when H : R — R is given by
H(w) = |w|, 0 does not belong to dpH(0) = {—1,1} though it belongs to OH(0) = [-1,1].

The smoothing Newton method is a Newton-type method in which a smooth approximating
function is used instead of the nonsmooth function. For a nonsmooth function h : ®* — R™, a
function hy, : ™ — R™ with a parameter 4 > 0 is called a smoothing function, if h,, is differentiable
for any u > 0 and lim,o hu(x) = h(z) for any z € R*. Let ¢, be a smoothing function of
an SOCCP-function . Actually, concrete smoothing functions for the natural residual ¢y and
Fischer-Burmeister function gy are proposed in [43]. Then, the parameterized function Hy :
P2+, R2HY defined by

ou(zt,yh)
H,(w) =

QDH(IUm, y™)
F(z,y,¢)

serves as a smoothing function of H defined by (2.4.2). In the smoothing Newton method, we solve
a system of smoothed equations

Hy(w) =0 (2.4.6)

to obtain its solution w,, hoping that w, converges to a solution of the original problem (2.4.2) by
letting v | 0. In order to solve the smoothed subproblem (2.4.6), it is natural to adopt the ordinary
Newton iteration ‘

d¥ = —VH,(w*) " TH,(w").
It is also possible to use the modified Newton direction
d* = —VH,(w*)"THW"), (2.4.7)

where the smoothing function appears only in the Jacobian. The latter method may generate a
sequence that eventually converges to a solution of the original problem (2.4.2) as | 0. It is
generally more difficult to discuss the convergence property of the smoothing Newton method than
the generalized Newton method. In practice, the convergence behavior largely depends on the
employed smoothing function.



Chapter 3

A combined smoothing and
regularization method for monotone
second-order cone complementarity

problems

3.1 Introduction

In this chapter, we focus on the special SOCCP : Find (z,y) € ®* x R such that
rek, yek, zTy=0, y = f(z), (3.1.1)

where f is a continuously differentiable mapping from R™ to ®". This SOCCP may seem rather
restrictive. However, the KKT conditions for any SOCP with continuously differentiable functions
can be written in the form of SOCCP (3.1.1). For more detail, see Section 2.6.

Recently, a number of methods for solving SOCCP have been proposed.. For SOCP including
affine functions, primal-dual interior-point methods |76, 82, 112]| are shown to be effective. For v
SOCCP, Fukushima, Luo and Tseng [43], Chen, Sun and Sun (19], and Chen, Chen and Tseng [15)
studied smoothing and nonsmooth approaches. Especially, Fukushima, Luo and Tseng [43] showed
that the min function and the Fischer-Burmeister function for the NCP can be extended to the
SOCCP by means of Jordan algebra. Furthermore, they constructed smoothing functions for those
functions and analyzed the properties of their Jacobians. '

In this chapter, we introduce not only smoothing methods but also regularization methods for
SOCCPs. Smoothing methods have effectively been adopted to deal with nondifferentiable reformu-
lations of complementarity problems [13, 16, 17, 69, 95, 97, 101, 119]. On the other hand, regulariza-
tion methods have provided a fundamental tool to deal with ill-posed problems [4, 30, 32, 95, 105].
By combining these methods, we develop a hybrid algorithm for solving monotone SOCCPs. More-
over, we show conditions for the algorithm to be globally and quadratically convergent. Particularly,
we highlight the two properties called strong semismoothness and Jacobian consistency, which play
~ a crucial role in establishing quadratic convergence of the algorithm.
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This chapter is organized as follows. In Section 3.2, we construct a merit function by means
of the natural residual for the SOCCP. In Section 3.3, we introduce smoothing and regularization
methods, which smoothen the natural residual and weaken the condition for the merit function to be
level-bounded. In Section 3.4, we propose a prototype algorithm for solving the SOCCP and show
that it has global convergence when applied to monotone SOCCPs. Moreover, by incorporating
Newton’s method, we construct a concrete algorithm and establish quadratic convergence. In
Section 3.5, we present some numerical results with the latter algorithm. In Section 3.6, we conclude
this chapter with some remarks.

3.2 Merit function

We consider the unconstrained optimization reformulation of SOCCP (3.1.1):
Minimize ¥(z,y),

where ¥ is a real-valued function on ®” x ®”. The objective function ¥ is called a merit function
for SOCCP (3.1.1). In order to construct a merit function for SOCCP (3.1.1), it is convenient to
introduce a function @ : R x R* — R™ satisfying

d(z,y) =0 <= 2zek,yek, zTy=0. (3.2.1)

By using such a function, we define H : R x ®* — R by
®(z,y)
H(z,y) = .
(9) Qw—ﬁ

It is obvious that SOCCP (3.1.1) is equivalent to the equation H(z,y) = 0. Moreover, we define
function ¥ : ¥ x R* — R by

¥a,1) = SIH@ I = S0, +511(@) — vl (322)

Then, it is easy to see that ¥(z,y) > 0 for any (z,y) € R* x ®*, and that ¥(z,y) = 0 if and only
if (2,7) is a solution of SOCCP (3.1.1). Therefore, the function ¥ defined by (3.2.2) can serve as a
merit function for SOCCP (3.1.1).

Note that the complementarity condition on C = K™ x --- x K™ can be decomposed into
complementarity conditions on each K™, that is,

cek,yek, aly=0 < ' e K%, ' e K™, (2)Ty' =0 (i=1,...,m), (3.2.3)

where 2 = (z!,...,2™) € R™ x - x ®™ and y = (y},...,y™) € ®™ x --- x ®*. This fact
naturally leads us to construct a function ® satisfying (3.2.1) as
' (z'y)
(I)(xiy) = )
" (2™, y™)
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where ¢ : ®7 x R — K™ is a function satisfying
Ozt y) =0 <= ' e K™, yf e K™, () Ty' =0 (3.2.4)

for each i = 1,...,m. Fukushima, Luo and Tseng|43] showed that (3.2.4) holds for the natural
residual function gofm cRox R — R™ defined by

Oin (@) = &' — Poni (2 — o). (3.2.5)
Using this function, we define function &, : #" x R* — R™ by

N CANTY
Bp(z,y) =
o (2™, y™)

and Hyg, : R x R® — R2* by

He(z,9) = (ffg;g‘”_ij)

Then, we can construct a merit function ¥ : * x ™ — R for SOCCP (3.1.1) as
1 2 _ Ly s a2y L 2
Viw(2,9) = 51 Ha(@9)I* = 5 3l I + 511/ @) -yl
“i=1

In what follows, we write ¢, for gofm for simplicity of notation.

3.3 Smoothing and regularization

In the previous section, we have constructed the merit function W from the natural residual oy .
We can solve SOCCP (3.1.1) by minimizing ¥, by an appropriate descent algorithm. However,
the function ¥, is not differentiable, and hence, methods that use the gradient of the function,
such as the steepest descent method and Newton’s method, are not applicable. In order to get
rid of this difficulty, we first introduce a smoothing method that solves a sequence of differentiable
approxirﬁations to the original nondifferentiable problem. To ensure global convergence of a descent
method, the level-boundedness of the objective function plays an important role. If the function
involved in the SOCCP is strongly monotone, then the merit function ¥, is level-bounded. (See
Appendix A.) But the assumption of strong monotonicity is quite restrictive from a practical
standpoint. To be amenable to a merely monotone problem, we propose to combine a regularization
method with a smoothing method.

In the remainder of this chapter, we assume K = K™ Then we can rewrite SOCCP (3.1.1) as
follows: Find (z,y) € ®™ x ®" such that

ek yek®, zTy=0, y = f(z). (3.3.1)
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The assumption K = K™ is only for simplicity of presentation. In view of (3.2.3), the results obtained
in the following can be extended to the general K in a straightforward manner (See Section 2.6).
Under this assumption, & (z,y) is reduced to ¢ (2,y), and hence, the vector-valued function
H, and the merit function ¥, are respectively rewritten as

V(@) = 2 H @I = 5llem@ DI +517@ - ol

3.3.1 Smoothing functions

In this subsection, we introduce a class of smoothing functions of the merit function ¥,. For a
nondifferentiable function h : R — R™, we consider a function h, : R* — R™ with a parameter
i > 0 that has the following properties:

(a) hy is differentiable for any p > 0,
(b) limyo hu(x) = h(z) for any z € R™.

Such a function hy, is called a smoothing function of h. Instead of handling the nonsmooth equation
h(z) = 0 directly, the smoothing method solves a family of smoothed subproblems hu(x) = 0 for
& > 0, and obtain a solution of the original problem by letting p | 0. Fukushima, Luo and
Tseng [43] extended Chen and Mangasarian’s class [13] of smoothing functions for NCP to SOCCP,
which may be regarded as a smoothing function of the natural residual ¢ -

First we define a smoothing function of the projection function Pin defined by (2.2.7). To this
end, we consider a continuously differentiable convex function § :  — R such that

lim §(@) =0, lim (§(e) —a) =0, 0<§(a) <L (3.3.3)

O— =00
For example, §1(a) = (Va? + 4+ a)/2 and Go(@) = In(e” +1) satisty (3.3.3). By using g, we define
function P, : R — ™ by

Pu(z) = mdOa/mut? + pgOo/mu, (3.3.4)

where \; and A, are the spectral values of z given by (2.2.4), and u{!} and u(2} are the spectral
vectors of z given by (2.2.5). Fukushima, Luo and Tseng [43] showed that the function P, defined
by (3.3.4) is a smoothing function of Picn, by using the facts that lim, o pg(M/p) = max{0, A} and
that y,(\) == pg(\/p) is differentiable for any u > 0. Hence, from the definition (3.2.5) of ¢y,
the function @, : R — R™ defined by '

ou(®,y) =z — Pu(x—y)

becomes a smoothing function of ¢, . In particular, by [43, Proposition 5.1}, there exists a positive
constant v such that

lou(z, ) — o (@Il < vu (3.3.5)
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for any p > 0 and (z,7) € R* x R*. Likewise, function ¥, : ®* x R* — R given by ¥, (z,y) =
(1/2) oz, »)II% + (1/2)]| f(z) — y||? serves as a smoothing function of the merit function ¥y. In
the following, we denote Py(z) := Pcn(2), wo(z,y) = (@, ) and Yo(z,y) = Vi (2, 1)

3.3.2 Regularization method

Since ¥, is differentiable, we may apply an appropriate gradient-based descent method to obtain
a minimum (z,,y,) of the function ¥, for u > 0. In order that a sequence generated by such a
descent method has an accumulation point, it is desirable that ¥, is level-bounded, that is, the
level sets Lo = {(2,9)] Vu(z,y) < a} are bounded for all & € R. Actually, by using (3.3.5)
and the results for natural residual of variational inequality problems (93, 121], we can show that
¥, is level-bounded for any pu > 0 if f is strongly monotone. (See Appendix A.) However, the
strong monotonicity is quite a severe condition. As a remedy for this inconvenience, we employ a
regularization method.

Let the function f. : R — R™ be defined by f.(z) := f(z) + ex with a positive parameter €.
The regularization method solves a sequence of SOCCPs involving f. with £ > 0, so that a solution
of the original SOCCP is obtained by taking the limit ¢ | 0. Define functions Hy, . : ®* x " — R2n
and ¥, : R* x R* — R by

Hy,o(z,y) = (}”f(*;‘)‘_y)y) (3.3.6)
We(e,9) = SIH @I = Floue )P + 3150 -l (3.3.7)

If f is monotone, then f. is strongly monotone for any € > 0, and hence, the function V. is
level-bounded for any > 0 and € > 0. ,

Finally, we give explicit expressions of functions VH,, . and VP,, which will be useful for the
subsequent analysis.

Remark 3.3.1 From the definition of Hyc, v, and fe, VH,(x,y) can be written as

[ —VP,(z—y) Vf(cv) +el > _ (3.3.8)

VH, (z,y) =
we(Z,Y) < VP, (x —y) I
Let g : B — R be defined by g(z) = g(A)ult + g(o)ut®, where A1 and Xy are the spectral
values of z, and ul} and ul? are the spectral vectors of z. Then we have VE,(z) = Vg(z/ u) since
P,(z) = pg(z/u) from (3.3.4). Therefore, by [43, Proposition 5.2], VP,(z) is written as

9 (/w1 if 22 =0,
T
VP,(z) = by e (3.3.9)
# l| 22l -
T Zf 22 7é 07
B T (b — o) Ty
22l " e P E
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where
o — 90/ — M/
a Aofp— A/ p
b = 2§ Ol ) + 9 /1), (33.10)
| e = 200a/i) ~ 3§ /).

3.4 Algorithm

In this section, we present a globally and quadratically convergent algorithm for solving SOCCP (3.3.1).
We first give a globally convergent prototype algorithm that utilizes smoothing and regularization
techniques. Next, we study two properties called strong semismoothness and Jacobian consistency,
which play an important role in establishing quadratic convergence of the algorithm. Finally, we
construct a quadratically convergent algorithm by incorporating Newton’s method to the prototype
algorithm.

3.4.1 Prototype algorithm

As we have stated in the previous section, for any p > 0 and ¢ > 0, the function ¥, . defined
by (3.3.7) is differentiable and level-bounded, provided f is monotone. Therefore, by applying an
appropriate descent method, we may obtain a minimum (2, Y,,e) of the function ¥, .. Moreover,
letting (u,€) converge to (0, 0), we can expect that (z,,c, yu) converges to a solution of the original
SOCCP. However, in practice, it is usually impossible to compute an exact minimum of ¥, .. So,
we consider the following algorithm in which the function ¥, . is minimized only approximately at
each iteration.

Algorithm 3.4.1
Step 0 Choose (z(0,y®) € ®R* x R*, ug € (0,00), € € (0,00) and ag € (0,00). Set
k:=0.
Step 1 Terminate the iteration if ¥ (x®), y*)) = 0.
Step 2 Find a pair (z*1D, y®*+1)) e R* x R™ such that

Uy, (@D, y D) < 0. (3.4.1)

Step 3 Update parameters prv1 € (0, 1), €k+1 € (0,6k) and agy1 € (0,0x) so that
they converge to 0 eventually. Set k :=k + 1. Go back to Step 1.

To obtain (a:(k“) ) y(k“‘l)) in Step 2, we may use any suitable unconstrained minimization technique.
These issues will be discussed in detail in Subsection 3.4.4.

In order for Algorithm 3.4.1 to be well-defined, there must exist a pair (21 (k1)) satisfying
(3.4.1) for any oy > 0. For this purpose, it suffices to show that any stationary point of ¥, . is a
global minimum of ¥, ..
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Proposition 3.4.1 If f: R — R is monotone, then, for any p >0 and € > 0, every stationary
point (Z,7) of the function W, . satisfies ¥, (Z,7) = 0.

Proof. Note that VU, (Z,7) = VHu:(T,7) H.c(%,7) = 0. By Proposition 6.1 of [43],
VH, .(Z,7) is nonsingular. Hence, we have H,, .(Z,7) = 0, that is, ¥,,.(Z,7) = (1/2)| Hpu(Z, DI? =
0. . [

We proceed to showing the global convergence property of Algorithm 3.4.1. To this end, we
introduce the weak univalence property. We say function H : D C ®* — R" to be weakly univalent
if it is continuous and there exists a sequence of continuous and injective functions {Hy} converging
to H uniformly on a bounded subset of D. In particular, if f is monotone, then Hy, is weakly
univalent from the following reasons: For any 4 > 0 and € > 0, VH, .(z,y) is nonsihgular for any
(z,y) € R™ x R™[43, Proposition 6.1], and hence, H, . is injective. Moreover, H, . converges to
H,, uniformly on a bounded set as (u,€) | (0,0) since we have from (3.3.5)

| Hpe(2,9) — H (@9l < llpu(@y) — o (@9l + 1fe() = F@)l] < vp +ellz]. (3.4.2)

The next lemma indicates a property which weakly univalent functions possess.

Lemma 3.4.1 [33, Corollary 3.6.5] Let H : ®* — R"™ be a weakly univalent function such that
the inverse image H~1(0) is nonempty and compact. Then, for any € > 0, there exists 6 > 0 such
that the following statement holds: For every weakly univalent function H : %" — R such that
|H(2) — H(2)|| <6 for any z € cl(H~1(0) + B(0,¢)), we have @ # H~(0) € H~*(0) + B(0,¢), and
H=Y0) is connected.

By using this lemma, we establish the global convergence of Algorithm 3.4.1.

Theorem 3.4.1 Let f : R — R™ be a monotone function. Assume that the solution set S of
SOCCP (3.3.1) is nonempty and bounded. Let {(z(®, y "N} be a sequence generated by Algorithm
3.4.1. Then, {(®,y*N} is bounded, and every accumulation point is a solution of SOCCP (3.3.1).

Proof. From a simple continuity argument, we can easily show that every accumulation point of
{(@®,y*N)} is a solution of SOCCP (3.3.1). So we only show the boundedness of {(z®,y}. For
any € > 0, let Q := cl(Hg!(0)+ B(0,¢€)), which is nonempty and compact by the given assumption.
Then, there exists § > 0 such that Lemma 3.4.1 holds for H = H. Let continuous and injective
functions Gg : ®* x R — R*" be defined by Gi(2,y) := Hyy_y, e (%, Y) — H#k_.l,sk_l(ac('“), y*).
From (3.4.1) and (3.4.2), there exists k such that |Gk(2,y) — Hx (@, DI < 1Huy,e:(®:9) —
Hog () + a1 (0, y)I| < vitg1-+ - ol + 2o < 6 for any k > F and (z,3) € Q.
Moreover, Gy, is a weakly univalent function. Hence, by Lemma 3.4.1 with H=Gpand H = Hy,
we have G;1(0) C Q for all k > k. This together with (@), y®)) € Gz 1(0) implies the boundedness
of {(z®,y®))}. u

An alternative proof of this theorem is given in Appendix B, in which the Mountain Pass Theorem
“is used instead of the weak univalence property. Although the proof in the appendix is more
comprehensible, the above proof is more elegant and extendable to other cases.
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3.4.2 Semismoothness and strong semismoothness

Semismoothness is a generalized concept of the smoothness, which was originally introduced by
Mifflin [80] for functionals and extended to vector-valued functions by Qi and Sun[98]. Strong
semismoothness is also a generalized cdncept of the smoothness, which is stronger than the semis-
moothness. These concepts play an important role in establishing fast local convergence of the
algorithm presented later. In this subsection, we first show that the function Pin is strongly semis-
mooth at an arbitrary point. Then, by using this result, we show the strong semismoothness of the
function Hyy defined by (3.3.2).

Let H : R — R™ be a locally Lipschitzian function. Then H is differentiable almost everywhere
by Rademacher’s Theorem [20]. Let Dy C R™ be the set of points where H is differentiable. Then,
Clarke subdifferential OH (z) of H at z is defined by 0H (z) := co{limz_z sepyVH(Z)} [20, 96].
We note that 8H () = {VH(x)} if H is continuously differentiable at 2. By using the concept of
subdifferential, we give the definitions of semismoothness and strong semismoothness.

Definition 3.4.1 A directionally differentiable and locally Lipschitzian function H : ®™ — R™ is
said to be semismooth at z if VId — H'(z;d) = o(||d|) for any d € R™\{0} sufficiently small and
V € 0H(z +d), where H'(2z;d) := limpo(H(z + hd) — H(2))/h is the directional derivative of H
at z along the direction d. In particular, if o(||d||) can be replaced by O(||d||*), then function H is
said to be strongly semismooth.

It is known that any piecewise smooth function! is semismooth. Moreover, any piecewise smooth
function is strongly semismooth if all the derivatives of smooth pieces are locally Lipschitzian. Next
we show that the projection function Pcn is strongly semismooth everywhere.

Proposition 3.4.2 The projection function P is strongly semismooth at any z € R™.

Proof. Let A\; and )\ be the spectral values of z. Since we have from (2.2.8)

z : (M >0, 2>0)

1 2
Pert) = { 3Gt lal) (L) (u <0000
0 (M <0, 22 <0),

Pyn is continuously differentiable at any z such that A\; # 0 and A2 # 0, and its derivative is
locally Lipschitzian. Moreover, Pcn is piecewise smooth at any z such that Ao > Ay = 0 or
A < X2 = 0. Hence, we have only to show the strong semismoothness at the origin. Note that
Py (t2) = tPin(2) for any ¢ > 0. Since any locally Lipschitzian positively homogeneous function
is strongly semismooth at the origin [103], Pcn is strongly semismooth at the origin. n

In Appendix C, we give a more detailed proof, in which we divide the whole space into six subsets
and discuss the strong semismoothness in each subset. Recently, Chen, Sun and Sun [19] also showed

I'Punction H : R® — R™ is said to be piecewise smooth at z if there exist ¢ > 0 and a finite number of continuously
differentiable functions H; : B(z,€) — ®™ (i =1,...,N) such that for any 2’ € B(z,¢) there exists an index 7 such
that H(2") = H;(2').
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the strong semismoothness of Picn, and Chen, Chen and Tseng [15] gave more general results. We
note, however, that their approaches are quite different from ours. Now, we are ready to prove the
strong semismoothness of Hy

Theorem 3.4.2 The function Hy, defined by (3.3.2) is semismooth at every point (x,y) € R"™xR™.
Moreover, if V.f : R — R™*™ is locally Lipschitzian, then Hyg, is strongly semismooth at every
point (x,y) € N® x R™.

Proof. Let (£,1) € R® x R™ be a pair of vectors sufficiently small, and U be an arbitrary element
of 0H,y(z + &,y +1). Note that Pgn is strongly semismooth at « —y. Then, since

I-V Vf(x+¢§

OHyg (z + &y +1) ={< v ;

)'v € 0P ((z—y) + (é—n))}

and

H (z,9);(&m) = (6 - ];/C}Z((Z;)T_’Eyii?_ ?7)>,

we have

T
(&) _ I-V Vf(w) £\ (§=Penlz—y;§—m)
() mtemion = (54 72 Y (- (i)
:<in—y£ m) — VT(E—n))
(Vi(z+€) —Vi@)Te
(O(II£ nll2)>
oll€1)

o(ll€&, M,

(3.4.3)

Il

where the last equality follows from || — 7[> < 2[[¢]I* + 2]lnl* = 2[/(§, MI* and i€l < [I(€, M-
Hence, H,, is semismooth at (z,y). Furthermore, if Vf is locally Lipschitzian, then the strong
semismoothness of Hy at (z,y) readily follows since o(||¢]|) in (3.4.3) can be replaced by O(||¢ 1?).
=

3.4.3 Jacobian consistency of the smoothing function

Jacobian consistency, which was first introduced by Chen, Qi and Sun[17], is a concept relating
the generalized Jacobian of a nonsmooth function with Jacobian of a smoothing function. Like
the strong semismoothness, the Jacobian consistency plays an important role in establishing rapid
convergence of smoothing methods. In this subsection, we show that the function H,,. defined by
(3.3.6) enjoys the Jacobian consistency, and give some results that will be useful in constructing a
rapidly convergent algorithm.



28 Chapter 3 Smoothing regularization method for monotone SOCCPs

Definition 3.4.2 Let F': R* — R* be a continuous function. Let F, . : R*® — R™ be a function
such that Fy ¢ is continuously differentiable for any p >0 and e > 0, and that lim, ¢y (0,0) Fiue(2) =
F(z) for any z € R*. Then we say F,, . satisfies the Jacobian consistency if

(11,6 1(0,0) st(VEFue(2), OF ()

holds for any z € R*. Here dist(X,.S) denotes min{||X — Y|||Y € S}.

We note that Chen, Qi and Sun [17] define the Jacobian consisténcy in terms of 8¢ F(z) := 0F1(z) x

- x OF,(2) D OF(z) instead of OF(z). Moreover, their definition contains only a smoothing
parameter (.

In order to show the Jacobian consistency of H, ., we need the following proposition. Since

it can be proved from (2.2.8) and (3.3.9) in a straightforward manner, we postpone the proof to
Appendix D.

Proposition 3.4.3 Clarke subdifferential of the projection function Pcr and the matriz J3(z) =
lim,, )0 VP, (2) are given as follows:

( {I} (A1 >0, >0)
(OCo/On+ 2N+ 2} (M <0,) >0)
OPen(2) = o3 (<02 <0) (3.4.4)
co{l, I+ 7} (M =0, >0)
co{0, 7} (M <0,X=0)
. co({0}U{I}us) (M =0, =0),
( I (A1 > 0,X2 > 0)
Mo/ M+ X))+ 2Z (M <0,X2>0)
0 (A1 <0, <0)
J3(2) = (3.4.5)
T+(1=§0)Z (M =0l >0)
90z (A1 <0,A2 =0)
\ g1 (A1 =0,22=0),

where (r1,7r2) = (21,22)/]| 2l

1( —r rL 1 1{ ~B T
225( 1 2 T), S = {5(1+ﬂ)1+§( Y T)I—lsﬁsl,llw|l=1}-

e —T1T2T5 w- —fBuw
By using this proposition, we show the Jacobian consistency of H, ..

Theorem 3.4.3 H, . satisfies the Jacobian consistency.
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Proof.  The formulas (3.4.4), (3.4.5) and 0 < §'(0) < 1 from (3.3.3) yield J3(2) € OFcn(2) for
any z € R". Moreover, we have

0 — _ [ I-JRz-y) Vi)
Tiley) = (u,el)l?l(ﬂ,O)VHﬂ’s(m’y) a ( J%(z —y) ~I (3.46)

from (3.3.8), and

O ,1) = {( oD v )}D eaP;cnw—y)}.

We thus have J%(z,y) € 0Hyg (z,y) for any (z,y) € R x ®*, which implies that H, . satisfies the
Jacobian consistency. n

The Jacobian consistency of H, . guarantees that, for any (z,y) € ®* x R* and ¢’ > 0, there
exist ¢ > 0 and & > 0 such that dist(VH, c(z,y), 0Hyg (z,y)) < &. To find such u and € for given
¢’ and (z,y) is an essential issue for constructing a rapidly convergent algorithm. In the remainder
of this subsection, we study how we can find such y and e.

In what follows, we use the following notation for convenience. Let § : ® — R be a continuously
differentiable convex function satisfying (3.3.3). Then we denote for any x> 0 that

(@) = pila/p). (@47

Note that, as p | 0, there exist limits of ,() and 7, () for any fixed o, which we denote

o(a) = limy(a) = max{0, a}, (3.4.8)
0 (a<0)
19 (@) = lim7y,(a) = §(0) (a=0) (3.4.9)
ni0
1 (ax>0).

Moreover, we suppose that the function § satisfies not only (3.3.3) but also
§(a) —a=j§(-a) (3.4.10)

for any o € R. For example, §1(a) = (Va? + 4+ a)/2 and ga(a) = In(e® + 1) satisfy (3.3.3) and
(3.4.10). For such functions, we have the following lemma.

Lemma 3.4.2 Let j be a continuously differentiable convez function satisfying (3.3.3) and (3.4.10).
Let vy, Yo and g be defined by (3.4.7) - (3.4.9). Then it holds that (a) Yu(a) —70(@) = Yu(—a) —

Yo(—0) for any o € R, and (b) ,(0) =3 (0)] =0 < [(e2) =1 (a2)] < Iv(on) — ()| for
any (a1, a2) € R x R such that 0 < joq| < |ogl.

Proof.  Since (a) can be easily seen from (3.4.7), (3.4.8) and (3.4.10), we only show (b). Lef‘
(a1, 09) € R x R be arbitrary scalars such that 0 < jai| < |az|. From (3.4.10), we have §'(a) —1 =
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—§'(—a) for any o € R. This, together with v/ (a) =
+

§'(a/p) and (3.4.9), yields 7, (a) — 1 (@) =
—{7.(=2) =15 §(—a)}. We therefore have |y, (0) — 57 (0

)| =0 and

i) = 7 ()l = I(les]) =% (leul)] (3.4.11)

for each i = 1,2. Now, we note that, for any 8 > 0, |v,(8) — 7 (8)] = 1 —.(8) > 0, where

the inequality follows from +,(8) = §'(8/u) and (3.3.3). Moreover, 1—7,

nonincreasing since v, is convex. Hence, we have 0 < |7, (|az]) — Yo (Jezl)| < 17, (Jeul) - 75 (Joa)))-

(B) is monotonically
Combining this inequality with (3.4.11), we have (b). -

We further define function A : R — [0, +00) by

Mz) = { zglfl? M)l =) # ) (3.4.12)
0

where A\;(2) (i = 1, 2) are the spectral values of z, and Z(2) C {1,2} is the index set defined by
T(z) := {i| M(2) # 0}. Then we can easily see from Lemma 3.4.2 (b) that

(Ai(2) = (@) < A=) =8 Q@) (1 =1,2). (3.4.13)
From this fact, we can estimate the upper bound of dist(VHy,.(z,y), 0Hx (2,¥)). |

Proposition 3.4.4 Let § be a function satisfying (3.3.3) and (3.4.10), and ) be the function defined
by (3.4.12). Then, there exists M > 0 such that

dist(V Hye(2,9), 0Hyw (7,)) < M(19,(Mz — 1)) =15 (Ma —9)| +¢)
for any u >0, € >0 and (z,y) € R* x ®".

Proof. By (3.3.8), (3.4.6) and the Jacobian consistency of H, ., there exists M’ > 0 such that
dist(VHpe(,y), 0Hg (2,y)) < M'([VPu(z —y) — Jp(z — y)|| +¢€) for any pp > 0, € > 0 and
(z,y) € R™ x R™. So it suffices to show the existence of N > 0 such that

IVPu(2) = JB()I < NIy, (M=) = (\(2)]

for any p > 0 and 2 € ®™. Let A; and Ay be the spectral values of 2, and a,, b, and ¢, be defined
by (3.3.10). Moreover, let

Y0 (A2) — (A1)

ag = 1118 Qy = (3.4.14)

A=A
bo = limb, = ‘(’YSL(/\2) +95 (\)), (3.4.15)
e = lime, = 308 00) = 3 Ow) (3.4.16)
When 2, = 0, that is, z1 = M\ = A2, we have ||VP,(2) — J3(2)|| = l¢'(z1/)] — 1§ (z1)I|| =

[7.(21) — % 1 (21)] = Ify#()\(z)) — 5 (A(2))], where the first equality follows from (3.3.9), (3.4.5) and
(3.4.9), and the last equality follows from A(z) = |21| and (3.4.11).
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When 29 # 0, that is, A\; < Az, by (3.3.9) and (3.4.5), we have for some N’ > 0

IV Pu(2) = Jp(2)

_ _ (by — bo) — (au — ao) (cu — 00)7"%1 : > ”
(0 —a0)T+ < (ca—coirs  ((bu—bo) — (@ — ag))rary
< N'(lay — ao| + |by — bo| +|cu — col), (3.4.17)

where 7o := 23/||22||. First we consider the case where 0 < A\; < Az. Note that there exists =
[A1, A2] such that v, (X) = (7 (A2)—=7u(M1))/(A2—A1) = a,. Moreover, we have from (3.4.9), (3.4.14)
and X € [A1, \o] that ag = 1 = 4§ (X). Hence, we obtain |a, — ao| = |7},(3) — 7¢ (V)]. Furthermore,
by (3.3.10) and (3.4.15), we have |b, — bo| < (1/2)|74(M2) — % (A2)] + (1/2)lv. (M) — % (M), and,
by (3.3.10) and (3.4.16), we have |c, — co| < (1/2)y,(h2) — ¥ (A2)| + (1/2)|7. (A1) = ()l
Combining these inequalities, we have

|ay, — aol + by — bo| + |eu — o
< () = )l + (A1) =28 Q1+ () =5 )
< 3L (A2) — % (A@),

where the last inequality follows from 0 < A; < A9, A € [A1, \2] and Lemma 3.4.2 (b). Hence,

by (3.4.17), we have for some N > 0 that ||VP,(z) — J3(2)|| < N|7L(5\(z)) — 73 (A(2))|. When

A1 < Ay <0, we can obtain the desired result in a similar way. _
Finally, we consider the case where \; < 0 < )Xp. First we assume 0 < |A1] £ Aa. When

|A1] < Ag, there exists X € [|A1], A2] = [—A1, Ao] such that -
0, — ] = Yu(A2) = 7u(A1)  (A2) —(A)
wo X2 — M X2 — A1
~(2) = (=A1)  e(A2) — (=)
= N — = A (3.4.18)
_ 2t M) —u(=A) 1'
A=A A= (=)
Ay + M

AL O]
< P = R,

where the second equality follows from Lemma 3.4.2 (a), the third equality follows from (3.4.8), the
fourth equality follows from (3.4.9), and the inequality follows from (A2 + A1)/(A2 — A1) = (JA2| —
IA1])/(A2l+1A1]) < 1. When |A;| = Ag, we have |a, —ao| = 0 from (3.4.18) and Lemma 3.4.2 (a). In
a way similar to the previous case, we have |b, —bp| < (1/2)|7L(A2)—fygr(/\2')|+(1/2)|w;b()\1)—fyaL(/\l)l
and |e, — co] < (1/2)17,(A2) — 77 (A2)| +(1/2)l9. (A1) — 75 (A1)]- Hence, by 0 < [Ai] < Xo, A €
[IM1], Az], Lemma 3.4.2 (b) and (3.4.13), we have |[VP,(2) — J3(2)l| < N7, (A(z)) — 1§ (A(2))| for
some N > 0. In the case where \; < 0 < A2 and 0 < A2 < |\1], we can also show the desired result
in a similar manner. |
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Proposition 3.4.4 indicates that, for given « € R, if we can reduce the value of |, (a) — 7 ()]
arbitrarily close to zero by choosing a sufficiently small 4 > 0, then we can make VH,.(z,y)
arbitrarily close to dHyg (2, 7). Since 7g (o) = limyo vu(@), for any 6 > 0 and a € R, there exists
E(a,8) > 0 such that |, (a) — 74 (a)] < 4 for any p € (0,7i(e, 6)). The following proposition gives
an explicit expression of such 7i(a, §) when §(a) is given by g(a) = (a + Va2 +4)/2.

Proposition 3.4.5 Let the function § be deﬁned by (o) = (o + \/oz2 4)/2, and v, and g be
defined by (3.4.7) and (3.4.9), respectively. Moreover, let Ti(, 6) be defined by

+o0 (6>1/2 or a=0)
le0) = %m\/é (6<1/2 and a #0).
Then, for any a € R, § > 0 and p € (0,Ti(w, §)), we have
(o) = (@] <& (3.4.19)

Proof. Let p be an arbitrary scalar in the interval (0,7i(c,d)). By easy calculation, we have

a) = (a+ Va2 +4u?)/2, v,(0) = 1+ a/va? + 44?)/2 and

1 (a>0)
T (a) =4 1/2 (a=0)
0 (a < 0).

Moreover, these equalities yield

.(e) =¥ ()] =

o= O

When a = 0, (3.4.19) trivially holds since |7, (a) 1 ()] =0< 5. When 6 > 1/2, (3.4.19) always
holds since |7,,(c) — 73 ()| < 1/2 for any § > 0 and p > 0. When a # 0 and 0 < § < 1/2, we have

T N B
V@i

() =15 (@) =6 =

1
2
1 [e] )
<z(1-—=2 -5
2( va?+a?s
1 1
=3 (1- =) -
2 Vi+s
< 0,

where the first inequality follows from u < (e, 8) = (1/2)|a]V/§, and the last inequality follows
since the function f(8) := (1/2)(1—(146)~%2)—4 satisfies f(0) = 0 and f'(6) = (1/0)(1+6)"3/2 -
1 < 0 for any § > 0. This completes the proof. [
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3.4.4 Quadratically convergent-algorithm with Newton’s method

In this subsection, based on Algorithm 3.4.1, we propose a more specific algorithm in which New-
ton’s method is applied for solving subproblem (3.4.1). Moreover, we show that the algorithm is
quadratically convergent under appropriate assumptions including the strong semismoothness and
the Jacobian consistency. We first state the algorithm. For convenience, we denote

(k)
wie (7), w® o (20,
Y y(k)
Algorithm 3.4.2 Choose 1, p € (0,1), T € (0,7, 0 € (0,1/2), K >0 and & > 0.
Step 0 Choose w® € R2* and fy € (0,00). Let pg = ||Hgm(w)|| and & :=
| Hy (w®)]|. Set k :=0.
Step 1 Terminate if || Hym (w®)| = 0.
Step 2
Step 2.0 Set v©® := w® and j :=0.
Step 2.1 Find a vector d9 such that

Hy, e, (,U(j)) +VHy, e (v(j))T&(j) -0

Step 2.2 If | Hy, o, (09 + dD)|| < By, then let w*tD = o) +d9 and go to
Step 3. Otherwise, go to Step 2.3.

Step 2.3 Find the smallest nonnegative integer m such that
\Ijl‘k’sk ('U(j) + pm(i(j)) <(1- QUpm)‘Ifuk,sk (v(j))-

Let mj :=m, 75 := p™ and v+ = 9@ 4 7;d00).

Step 2.4 If
1 H e W) < By (3.4.20)

then let w*tD .= vUtY) and go to Step 3. Otherwise, set j := j+ 1 and go
back to Step 2.1.

Step 3 Update the parameters as follows:

ey = min (| ()2, w7, B(MHD - 40, R H (D))
et = min (K Hy () 2, 0741}

Brp1 = fon* T,

Set k:=k+ 1. Go back to Step 1.
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~ In Step 3, X is the function given by (3.4.12), and Ti(c, §) is determined so that I7.() —f (@) <$
for any p € (0,7i(a,8)). An explicit formula of Ti{@,d) is given as in Proposition 3.4.5 when
3(@) = (@ + Va2 +4)/2.

In the inner iterations Steps 2.0 -2.4, a damped Newton method seeks a point w®t1) such that
| H e (w*tD)|| < Bx. Note that, by letting oy, := 5%/2, the termination criterion (3.4.20) for the
inner iterations becomes equivalent to (3.4.1) in Algorithm 3.4.1. Step 3 specifies the updating rule
of the parameters, where {8;}, {s} and {eg} converge to 0 since 0 <7 < 71 < 1. Algorithm 3.4.2
is well-defined in the sense that Steps 2.0—2.4 find vU+1) satisfying (3.4.20) in a finite number of
iterations for each k. (For more detail, see Appendix E.)

Now, we show that Algorithm 3.4.2 is quadratically convergent under appropriate assumptions.
Note that, from (3.4.2) and ||z|| < ||(2,y)||, there exists v > 0 such that

[ Hpe(w) — Hg (W) < viu +ef|w]| (3.4.21)

for any w € R?*. By using this inequality and the two properties shown in Subsections 2.4.2 and
2.4.3, we establish the main theorem of this subsection.

Theorem 3.4.4 Let f : R™ — R™ be a monotone function such that V f is locally Lipschitzian.
Let {w(k)} be a sequence generated by Algorithm 3.4.2. Moreover, suppose that the following as-
sumptions hold true:

(i) The solution set of SOCCP (3.3.1) is nonempty and bounded.

(i) Every accumulation point of {VH,, . (w*)} is nonsingular.
Then we have the following two statements:

(a) For all k sufficiently large, the inequality in Step 2.2 of Algorithm 3.4.2 holds for
3=0;

(b)  The sequence {w®} converges to a solution w* of SOCCP(3.3.1) quadratically.

Proof. By assumption (i) and Theorem 3.4.1, {w(®} is bounded and an arbitrary accumulation
point w* is a solution of SOCCP (3.3.1), that is, H (w*) = 0. Let B be a positive number such that
lw® || < B for all k. Let L > 0 be a Lipschitzian constant of Hy, on a bounded set Q > {w(®}.
Let d® = d© = —VH,, ., (w®)TH, . (w®), where J=T denotes J-T := (J)™1 = (J~H)T.
From the nonsingularity of VHy, ., (w®) [43, Proposition 6.1] and assumption (ii), there exists
C' > 0 such that

IV Hypoer, @) T = [V Hy e, )M < € (3.4.22)

for all k.
First we show ||w®) +d® —w*|| = O(|jw® — w*||?). Let Vi be an element of H, (w®) such
that [|[VH,, o (w®) — Vi|| = dist(VHy, o (w®), 0Hyg (w®)). Tt then follows from (3.4.22) and
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Hg (w*) =0 that

[w® +d® — ¥

ZNWM‘VW“J‘%”ﬂmﬂwMM-W
< (| B @) T [ Hp e, ) (@) — %) — Hip e ()

= C{“(VH%%(W ) — Vi) (w® — T(w® —w*) — B (' u® - u)
| il (w0 — %) — Hygy (w®) + Hyg (w) 9) = Hyp e, (w®) [ }.(3.4.23)

Moreover, each term of (3.4.23) is O(J|w® — w*||?) by the following reasons. Since H, . satisfies
the Jacobian consistency, we have for some M > 0 that

IV Hoe, ) = Vil < M (|, R@® — ) =55 (A2 — y®))| +24)
< M (& Hyn (W) + 5l| Hyg (w)[[?)
< M(# + || Hyp (W) )| Hys (w®) — Hyge (w*)
< M(k + 6| Hyg (w(k))H)LHw(’”) w*, (3.4.24)

where the first inequality follows from Proposition 3.4.4, the second inequality follows from Step
3 of the algorithm, the third inequality follows from H,(w*) = 0, and the last inequality is due
to the local Lipschitz continuity of Hy,. By (3.4.24) and the boundedness of {||Hy (w®))||}, we
have ||[(VH e (w®) = V)T (w® — w¥)|| = O(Hw(k) — w*||?*). The second and third terms of
(3.4.23) are also O([w™® —w*||?) since H,y is strongly semismooth and directionally differentiable.
Finally, we consider the fourth term of (3.4.23). From (3.4.21) and Step 3 of Algorithm 3.4.2, we
have ”HNR(w(k)) - H#k,f—'k(w(k))” < vy + Beg = O(”HNR(w(k))”2)' Moreover, O(“HNR(w(k))“Z) =
O(||w™® — w*||?) from Hyg(w*) = 0 and local Lipschitz continuity of Hy,. Therefore, the fourth
term of (3.4.23) is O(JJw® — w*|)). Consequently, we have

lu® +d® — e = O(u® — w|2). (3.4.25)

Next we show (a), that is, ||H,,e,(w® + d ’”))H < B for all k sufficiently large. Note that
{d®)} is bounded from the inequality [|[d®)| < [w® + d%® —w*|| + |w® — w*|| and (3.4.25). We
therefore have for some I' > 0 that

1 H e (0 + d®) | < [ Hpy e (0 + dB) = Hygy (0 + dD) | + [ Hy (w® + a9
< T Hyn (®)|? + [ Hys (® + d), | (3.4.26)

where the second inequality follows from (3.4.21), the boundedness of {w® + d®)} and Step
3 of Algorithm 3.4.2. Hence, it suffices to show ||Hy(w® + d®)| = O(||Hg(w®)||?) and
| Hye (w®))|| = O(n*). Notice that assumption (ii) implies that Hy satisfies the local error bound
property at w*, that is, [[w® — w*|| = O(||Hys(w®)|)). Then, we have | He (w® + d®NY| <
Tllw® + d® —w*|| = O(jw® — w*||2) = O(||Hyg (w*))||?), where I is a Lipschitzian constant for
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Hy, on a bounded set @ D {w®) + d*)}. On the other hand, ||Hy, (w®))|| = O(n*) since

1 Hr (W) < ([ Hpyy, ey WO+ [ Hpgy, e (w®)) = Hig (w®))
< Bk-1+ Vi1 + Beg—y
< B+ vpuon* + Beoy"!
= 17 (Bo + vio + Beo)n",

where the second inequality follows from Step 2.4 of Algorithm 3.4.2 and (3.4.21), and the third
inequality follows from Step 3 in Algorithm 3.4.2 and 0 < 7 < n < 1. Combining these results
with (3.4.26), we have ||H,, . (w® + d®)| < | Hym (w®)| O(7*), which implies (a). Finally, (b)
directly follows from (3.4.25) and (a). [

We note that assumption (ii) holds if f is strongly monotone around a solution. This can be
observed as follows. From [43, Proposition 6.1}, we have O < VP,(z) < I for any > 0 and z € R",
which implies O < J%(z) < I. Moreover, the matrix J%(z,y) defined by (3.4.6) is nonsingular since
the matrix I — J%(z —y) + Jp(z — y)V f(z) is nonsingular by the positive definiteness of V f(x)
and {119, Proposition 2.1(b)]. :

There have been studied many Newton-type methods with smoothing and regularization tech-
niques for solving NCPs and box constrained variational inequalities (BVI). Our algorithm is re-
garded as an extension of those methods to SOCCP. However, it is different from the existing
Newton-type methods for NCP and BVT in some respects. The Jacobian smoothing method [17, 69]
is one of the popular Newton-type methods. In this method, an approximate Newton direction
d = —VH,(2)"TH(z) of H is used instead of Newton direction ~VH,(2)"TH,(2) of H, itself,
which our algorithm adopts. Another approach [95, 102] is to consider the nonlinear equation
G(x, u) = 0 where G(z, 1) 1= (H*;(z)), and solve it by Newton’s method that treats parameter i as
a variable. Moreover, in {95], a regularization parameter is also included. On the other hand, our
method distinguishes between parameters and variables strictly.

3.5 Numerical experiments

In order to evaluate the efficiency of Algorithm 3.4.2, we have conducted some numerical experi-
ments. In our experiments, we chose §(a) = (Va2 + 4+ a)/2 as the function satisfying (3.3.3) and
(3.4.10), and employed ||H,g (w®)|| < 1078 as the termination criterion. Moreover, we adopted

1010 | (6 >1/2 or a=0)

oo, 0) =
e ) %Ial\/g (0 <1/2 and a#0).

in Step 3 of the algorithm. Note that, when A(z® — y(®) defined by (3.4.12) is very small but
positive while || Hyg (2*),y®))|| is not small enough, yx becomes almost as small as A\(z(*) — y ),
although (z(*),y*)) is not sufficiently close to a solution. Since this may diminish the effects of
smoothing, we regard Ai(z®) — y*)) as 0 when \;(z(®) — y®)/||H g (), y*))|| < holds for a
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sufficiently small 3 > 0. In our implementation, we therefore modified the definition (3.4.12) of Az)
such that the index set Z(2) := {i||Mi(2)| > 1074|| Hyn (2, 9)||} is used instead of Z(2) = {i| \i(z) #
0}. The program was coded in MATLAB 6.5 and run on a machine with AMD Athlon(tm) XP
2000+ CPU and 1GB RAM. '

3.5.1 Linear case
We solved the following linear SOCCP: Find (z,y) € ®® x R such that
zek? yek® 2Ty =0, y =Mz +q, (3.5.1)

where M € ®**™ is a rank-deficient positive semidefinite matrix. We chose n = 0.01, 7 = 0.001,
p=05,0=04, k=001 and A =1 in Algorithm 3.4.2.

In order to obtain a positive semidefinite matrix M with rank M = r < n, we let M :=
' nBBT/||BBT|, where B € ®* is a matrix of which components are randomly chosen from the
interval [—1,1]. Furthermore, we let g := 10°n'/2p — Me, where e = (1,0, ... ,0)T € int K7, pis
a vector such that p € int K™ and ||p|| = 1, and « is randomly chosen from the interval {—1,1].
Then, SOCCP (3.5.1) has a solution, since M is positive semidefinite and there exist T € int K™ and
7 € int K™ such that § = MT+q. (See Appendix F.) In the experiments, we determined p as follows :
Let 6 be randomly chosen from (0,7/2), let w be an (n—1) - dimensional vector whose components
are randomly chosen from [~1,1], and put p := 272 cos (1, w/||wl]) + 272 sin 6(1, —w/|jw]). Tt
is not difficult to see that a vector p thus determined satisfies llp]l =1 and p € int £™. . '

In our first experiments, we generated 100 problem instances for each of n = 100,200, ... ,1000,
and solved each problem instance by using 100 randomly chosen initial points. We let the rank r
of M be an integer randomly chosen from [0.9n,n — 1], and selected an initial point (2@, y©) as
(@, y©@) := 10°(a,b)/|(a,b)|l, where B is randomly chosen from [~3,3] and each component of
(a,b) € R™ x R™ is randomly chosen from [—1,1]. Table 3.1 shows the results of our experiments, in
which n denotes the size of problems, #Ite denotes the number of outer iterations, f Newton denotes
the total number of inner Newton iterations, and cpu(s) denotes the CPU time in second. The
values of jiIte, # Newton and cpu(s) are the average of 100 runs for each n. Table 3.1 reveals that
the problem size only slightly affects the number of iterations.

Tn our second experiments, we fix the size of problems at 100 and varied the rank of M s
RI00X100 ¢ 1 — 10,20, ..,90 and 99. We solved 1000 different problem instances for each r, where
initial points are selected in a way similar to the previous experiments. Table 3.2 shows the results
of the experiments. The numbers of iterations, §Ite and § Newton, are the average of 1000 runs for
each r. Table 3.2 indicates that neither #Ite nor § Newton is affected by the rank of matrix M.

3.5.2 Comparison with interior point method

We solved the following SOCP by our method and interior point method.

Minimize ¢’z

subject to 2z € Ky, Az+be Ky, » (3.5.2)
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Table 3.1: Results for linear SOCCPs of various problem sizes

n flte fNewton cpu(s)

100 5.28 7.12 0.151
200 5.58 7.93 1.026
300 5.86 848 2.848
400 5.65 8.80 5.960
500 5.77 8.89 10.603
600 5.80 9.12 17.346
700 5.96 9.37 26.252
800 599 9.36 37.185
900 593 9.71 52.223
1000 5.98 9.52 67.316

where A e R™*™ beR™ ceR”, K1 =K Xx - XKW CR*and Ko := K™ x .- - x K™M C R™.
Since the KKT conditions for SOCP (3.5.2) are written as

(Bersmen (2 )0 Qemess (S )0 () -woo

we can obtain a solution of SOCP (3.5.2) by solving SOCCP (3.5.3). In this experiment, we chose
eight pairs of (K1, K2) such that ng = --- = ny and m; = --- = mys and generated 100 problem
instances for each (Ky, K2), where matrix A is randomly chosen so that its components are contained
in the interval [—1,1}, and vectors b and ¢ are randomly chosen so that SOCP (3.5.2) is solvable.

In applying Algorithm 3.4.2 to SOCCP (3.5.3), we chose parameters and initial points in a
way similar to the previous experiment. As the interior point method for SOCP, we used SDPT3
solver [109, 113]. We give the results in Table 3.3, in which (n, N) denotes the dimension of Xy and
the number of second-order cones comprising K1, (m, M) applies similarly to Kz, and the numbers
of iterations are the average of 100 runs for each (K, 3). As this table shows, our method tends
to require fewer iterations than the interior point method when the dimension of second-order cone
is large.

3.5.3 Nonlinear case

We solved the following nonlinear SOCCP : Find (z,y) € ™ x R™ such that

zek, yek, aTy=0, y = f(z), (3.5.4)
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" Table 3.2: Results for linear SOCCPs with various degrees of rank deficiency

r  flte f Newton

99 5.396  7.346
90 5361 7.260
80 5.284  7.207
70 5.245  7.115
60 5.242  7.189
50 5.172 7.004
40 5233 7.128
30 5.116 6.988
20 5.072 6.809
10 4894 6371

Table 3.3: Comparison of Algorithm 3.4.2 and the interior point method on linear SOCPs

N o Our method | SDPT3
(n, V) (m, ) fIte f Newton fIte

(100,2) | (100,4) |5.07 11.07 | 12.58
(100,20) | (100,25) | 5.21 18.55 | 15.81
(400,8) | (300,5) | 5.30 9.23 | 14.05
(400, 40) | (300,50) | 5.53 11.52 | 15.24
(800,4) | (900,3) | 5.74 9.67 | 15.19
(800,50) | (900,60) | 5.71 12.24 | 16.12

where £ = K3 x K2 and f: ®% — R® is given by

24(2z1 — x2)® + exp(z1 — x3) — 474 + 5
—12(227 — 22)® + 3(3x2 + 523)/+/1 + (32o + 523)2 — 6x4 — Txs
f(@) = | —exp(z1 —a3) +5(38z2 + 523)/+/1 + (32 + 523)% — 34 + 525
421 4+ 625 + 323 — 1 ‘
—x1 + T2 — by + 2

We note that, in view of the KKT conditions (3.6.4) for the SOCP (3.6.1) (see Section 2.6),
SOCCP (3.5.4) is equivalent to the following SOCP:

Minimize exp(z; — z3) + 3(221 — 22)* + \/1 + (322 + 523)2

“ 4 6 3 A 1
subject t e K3, + ek
ject to 2 ( L7 s ) 2 (2)
Z23 23
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Since the objective function of this SOCP is convex, we can easily see that the function f is
monotone. In the experiments, we set the parametérs as p = 0.5, 0 = 0.4, Kk = 0.01 and & = 1.

We used nine different pairs (n,7) and ran Algorithm 3.4.2 with 100 initial points (2(9), (@)
for each (17,7) determined as ({9, y®) := I'(a,b)/||(a, b)||, where I is randomly chosen from [0, 10]
and each component of (a,b) € R x R" is randomly chosen from [—1,1]. Table 3.4 shows the
results of the experiments, in which #Ite and § Newton are the average of 100 runs for each (n,7).
As Table 3.4 shows, the number of outer iterations decreases as 1 becomes smaller. On the other
hand, the number of inner iterations decreases as 7j becomes smaller and 7 becomes larger. Since the
computation time is largely dependent on the number of inner iterations, it would be recommended
to choose 7 as large as possible and 7] as small as possible. However, it should be kept in mind
that, when 7 is too small,  and ¢ tend to 0 very rapidly, which may deteriorate the advantage of
smoothing and regularization methods.

Table'3.4: Results for nonlinear SOCCPs with various choices of (7,7)

i 7 fIte §Newton

05 05 1679 26.34
05 0.1 1220 13.70
05 001 1050 10.75
0.5 0001 958 9585
01 01 835 1911
0.1 001 813 1351
0.1 0.001 7.66 11.25
0.01 00l 599 1432
0.01 0.001 573 1235

3.6 Concluding remarks

In this section, we make some comments that complement the results obtained in this chapter.

In this chapter, the function F' in SOCCP (1.1.1) is assumed to be of the form F(z,y,() =
f(z) —y. This assumption may seem rather restrictive. However, the KKT conditions for the
SOCP '

Minimize 6(z)

subject to  Y(2) € K (3.6.1)

can be written as the SOCCP with F(z,y,¢) = f(z)—y asfollows: InSOCP (3.6.1), let z = 2'—2"
with 2’ € RS and 2" € RS , and denote 2 := (zz,,,) € R2, where R} is the n-dimensional nonnegative

orthant. Moreover, define § : 25 — R by 8(2) = 6(2' — 2"), and 4 : R2 — R by 4(3) = v(z' — 2").
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Then SOCP (3.6.1) can be reformulated as
Minimize 6(2)
subject to (7( )> €I x R2 (3.6.2)

and the KKT conditions for (3.6.2) are written as

vi(z) - (va(2) 1) (i;) =0,

o ~\T
A1 2s &(2) 2s A1 ’?(2) _
<5\2> GKX§R+, 3 EICX@R_;_, :\2 3 = 0. (363)

Now, let fi; = 4(2), and notice that (3.2.3) holds. Then, (3.6.3) can be rewritten as

A ' i A\ (i
1 2s 1 2s 1 1y _ )
(2 € K x R, <5\2>EIC><§R+, <2> (5\2> = 0. (3.6.4)

[ _ [ _ ()
v <z> V= (Xz)’ fle) = (vé(s) —v&(z)xl)’

the KKT conditions (3.6.4) for SOCP (3.6.1) can be reduced to the SOCCP with F(x,y,{) =
f(z) —y. Note that the KKT conditions (3.6.4) for SOCP (3.6.1) contain more variables than
the original KKT conditions. Furthermore, some desirable properties of the functions involved in
SOCP (3.6.1) may be lost. For example, even if § and « in SOCP (3.6.1) are strictly convex, 6 and
4 in (3.6.2) are merely convex. Hence, it would be useful to develop a method that can directly

Setting

deal with the original KKT conditions, or more generally, SOCCP involving the function F(m 4,¢)
which is not restricted to be of the form F(z,y,() = f(z) —y.

In Sections 2.3 and 2.4, it is also assumed that X = K”. For the general case where K =
KM x ... x K", Hy,(z,y) and VH,(x,y) are given by

eu(zt,yth)
H ,€(w>y) - y
g ou(x™,y™)
fe(x) —
I —diag{VP, (2! —y)}r, Vf(x)+el
VH,.(z,y) = o ,
el:3) diag{V Pu(a? — )}, -1 )

where z = (z!,...,2™) e RM x - xR gy = (yl,...,y™) € R™ x - x R", and diag{VF,(2/ —
7)}72; denotes the block-diagonal matrix with block elements VP, (27 — y7). Moreover, the defi-
nition (3.4.12) of \(2) is replaced by

min |\ (27 T(z) £
@%:{Wmmg<n (Z(2) #0)

0 (Z(z) =10),

X\
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where z = (21,...,2™) € ® x --- x R \(27) (i = 1,2) are the spectral values of 27, and
T(z) € {1,2} x {1,...,m} is the index set defined by Z(2) := {(4,5) | A:(2?) # 0}. Then, we can
also show that Theorems 3.4.1 and 3.4.4 hold for monotone f in a similar way.



Chapter 4

A matrix splitting method for
symmetric affine second-order cone

complementarity problems

4.1 Introduction
In this chapter, we focus on the symmetric affine SOCCP:

Find ze®R"®
such that ze€ XK, Mz+qe K, 2I(Mz+q) =0, (4.1.1)

where M € R%*™ and g € ®" are a given symmetric matrix and a vector, respectively, and £ C ®"
is the Cartesian product of SOCs, i.e.,

K=K xK™x-..xK'™

with n = ny +ng + - + nm. For instance, the KK T conditions for the Lagrangian dual problem
of the SOCP:

1
Minimize -Q-ZTQZ +cl'z

subject to Az+bek

can be written in the form of symmetric affine SOCCP (4.1.1), where @ is a symmetric positive
definite matrix. Throughout the chapter, we often denote SOCCP (4.1.1) as SOCCP (¢, M, K).
Recently, several methods have been proposed for solving SOCCPs. One of the popular ap-
proaches is to reformulate the SOCCP into an equivalent nondifferentiable minimization problem
and solve it by smoothing methods [15, 19, 43, 57]. Such an approach is motivated by smoothing
methods for nonlinear complementarity problems [12, 16, 69, 101]. However, smoothing methods
may sometimes be expensive computationally for large scale problems, and hence, methods exploit-
ing particular features of matrices such as the sparsity and the block structure are required. In this
chapter, we propose an approach based on a matrix splitting method for the affine SOCCP.
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In matrix splitting methods, we represent the matrix M as the sum of two matrices B and
C where B has a certain simple structure. Then, by solving subproblems involving the matrix
B successively, the method generates a sequence converging to a solution of the original problem.
Historically, matrix splitting methods have been used to solve the system of linear equations [46].
Several splitting schemes such as Jacobi, Gauss-Seidel, and the successive overrelaxation (SOR)
methods have been suggested and various. parallel algorithms have been developed on the basis
of those matrix splitting schemes. Subsequently, those methods have been extended to the linear
complementarity problem (LCP) and the affine variational inequality problem [24, 63, 77, 78, 79,
123]. :

In this chapter, we extend the matrix splitting method [24] for LCP to SOCCP. Especially, we
propose to adopt the block SOR method. The block SOR method for LCP generates subproblems
that can be solved easily by simple substitution operations. However, if the method is applied
to SOCCP in a direct manner, generated subproblems need not be tractable in general. We will
present a special block SOR method for SOCCP in which generated subproblems possess certain
particular structures. In our approach, the subproblems are transformed into equivalent single
variable equations by exploiting the special structures of subproblems, and then, those eqﬁations
are solved efficiently by adopting some idea used in the trust region method.

The chapter is organized as follows: In Section 4.2,. we describe the basic matrix splitting
method for affine SOCCPs, and give conditions for the method to be convergent. In Section 4.3,
we present the block SOR method as a particular realization of the basic splitting method of Section
4.2. In Section 4.4, we give a concrete procedure to solve subproblems of the block SOR method.
In Section 4.5, we report numerical results with the proposed method. Finally, we conclude the
chapter in Section 4.6.

4.2 Matrix splitting method and its convergence

In this section, we extend the matrix splitting method for LCP to SOCCP, and study its convergence
property. Let the symmetric matrix M be represented as the sum of two matrices B € " and
C e R, e,

M =B+, (4.2.1)

where B and C need not be symmetric. Such a pair (B,C) is called a splitting of M. The basic
algorithm of the matrix splitting method for the SOCCP is stated as follows:

Algorithm 4.2.1
Step 1. Choose a splitting (B,C) of M and an initial point Lek. Setk:=0.
Step 2. Solve the following affine SOCCP:

Find z e ®R"
such that z € K, Bz+q¢° € K, 2Y(Bz+4*) =0, (4.2.2)
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where
¢":=q+ 0 (4.2.3)

Let 211 be a solution of problem (4.2.2).
Step 3. If 2Tt = 2%, terminate. Otherwise, return to Step 2 with k replaced by k 4 1.

It is particularly important to choose a splitting (B, C) so that SOCCP (4.2.2) can be solved effi-
ciently and the sequence {z*} generated by the algorithm converges to a solution of SOCCP (4.1.1).

Next, by extending the convergence theory of splitting methods for LCP (24, 63] to SOCCP, we
give conditions for Algorithm 4.2.1 to be convergent. The following two definitions are necessary
for describing the conditions.

Definition 4.2.1 IfSOCCP(q, B,K) has a solution for any g € R", then B is called a K-Q-matriz.
Moreover, if B is a K-Q-matriz, then (B, C) is called a K-Q-splitting.

Definition 4.2.2 If B—C is positive (semi-)definite, then the splitting (B, C) is said to be (weakly)
regular.

It is evident from the definition that SOCCP (4.2.2) always has a solution if (B,C) is a K-Q-
splitting. On the other hand, the regularity of the splitting (B, C) plays an important role in
discussing the convergence property of Algorithm 4.2.1.

In the remainder of the section, we will show that, if (B, C) is a regular K-Q-splitting, then the
sequence generated by Algorithm 4.2.1 converges to a solution of SOCCP (4.1.1). The process of
convergence analysis may seem similar to that for LCP [24]. However, they are different in many
respects since the complementarity condition for SOCCP cannot be decomposed into more than m
blocks (m is the number of SOC comprising ), while LCP can be decomposed into n blocks, i.e.
(Mz+q)i >0, ; >0, 2;(Mz+g); =0, i =1,...,n. The subsequent analyses are concerned with

SOCs, but they can be also applied to general self-dual cones.
Now, we first introduce function 6 : ®* — R defined by

1
6(z) := -2—ZTMZ +q7z.

This function serves as a merit function on K for SOCCP (4.1.1) since matrix M is symmetric
and hence a minimizer of § on X solves SOCCP (4.1.1). In the subsequent discussions, we will use
function @ in order to monitor the progress of the algorithm. The following lemma gives a sufficient
condition for the sequence {#(z*)} to be nonincreasing.

Lemma 4.2.1 Let (B,C) be a weakly regular K-Q-splitting of the symmetric matriz M. Let {z*}
be a sequence generated by Algorithm 4.2.1. Then, we have for each k |

) — 0+ > 2 (k- (B - C) (s = 2+1) 2 0. (42.4

In particular, if (B, C) is a reqular K-Q-splitting, then the second inequality in (4.2.4) holds strictly
whenever 2% # 261, and moreover (2*) = 0(2*+1) if and only if 2% = 2L,
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Proof. By (4.2.1), (4.2.3) and the symmetry of M, we have

() — () = (2 — YT (g b M2 4 (2 — AT M - 24
= (&F = N (g + (B+0)2)
+ %(z’c — FNT(B - O)(2* — 1) + (2% - ZFTHTo(F - 24
— (zk - Zk—{-l)T(qlc + sz—l—l) + %(zk _ Zk—H)T(Bv— C)(Zk _ Zk_H).

Moreover, (2%)T(¢* + Bz¥+1) > 0 since 2F € K and ¢* + BzFt! € K, and (Z**)T(¢* + Bz¥*1) =0
since 2**! is a solution of SOCCP (4.2.2). We then have (2% — 2**1)T(¢* 4+ Bz**1) > 0 and hence

—

0(zF) — 0(z") > S (2F = T (B - C)(2* - 2F7).

9
The second inequality in (4.2.4) holds from the positive semidefiniteness of B—C. The last assertion

of the lemma is obtained by the fact that the regularity of (B, C) implies the positive definiteness
of B—-C. ]

The above lemma leads to the following theorem.

Theorem 4.2.1 Let (B,C) be a regular K-Q—splittingj of the symmetric matriz M. Then, any ac-
cumulation point of the sequence {z*} generated by Algorithm 4.2.1 is a solution of SOCCP(4.1.1).

Proof. Let 7 be an arbitrary accumulation point of the sequence {z*} generated by Algorithm
4.2.1 and {2} be a subsequence of {z*} converging to Z. Then, by the continuity of 0, the sequence
{6(2**)} converges to §(Z). In addition, the entire sequence {6(z*)} is bounded below, since {8(z*)}
is nonincreasing from Lemma 4.2.1 and the subsequence {#(z*)} converges. Consequently, the
sequence {A(2*)} itself converges. This fact, along with the positive definiteness of B — C and
the inequality (4.2.4), yields that {z* — 2%} converges to 0. Hence, the sequence {z*i*!} also
converges to . Since z%+1 satisfies

2l e
BZFtl 4 C2F g e K
(FHYT (B 1 b 4 g) = 0,

passing to the limit reveals that Z is a solution of SOCCP (4.1.1). [

This theorem indicates that, if a sequence {2*} generated by Algorithm 4.2.1 has an accumulation
point, then it is a solution of SOCCP (4.1.1). However, the theorem says nothing about the existence
of an accumulation point. In order to show the boundedness of {2*}, we introduce the following
concept-on M.

Definition 4.2.3 A matriz M € ™" is said to be (strictly) KC-copositive if X Mz >(>)0 for all
z € K\{0}.
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The concept of (strict) K-copositivity is a natural extension of the (strict) copositivity in the LCP
theory [24]. Tt is easily seen that any positive semidefinite matrix is K-copositive and any positive
definite matrix is strictly K-copositive. Using this definition, we establish the main theorem in this
section.

Theorem 4.2.2 Let M be a symmetric matriz, and g be an arbitrary vector. If M is strictly
KC-copositive, then, for any initial point 2° € K, the sequence {Z*} generated by Algorithm 4.2.1
with regular K-Q-splitting (B, C) is bounded, and its arbitrary accumulation point is a solution of
SOCCP(4.1.1).

Proof. From Theorem 4.2.1, if the generated sequence has an accumulation point, it is a solution
of SOCCP (4.1.1). Hence, it suffices to show the boundedness of the sequence {2F}.
Since M is strictly K-copositive, we have

o= "nﬁinl el Me >0,
cex

that is, we have for ariy zek
2T Mz > allz|?. (4.2.5)

Therefore, we have for all k&
6(=") 2 6(<")
1, . 3
— E(zk)TMzk + T2k

1 .
> Soll P - lallll*]

= 2o (11— Zlal)’ ~ 5o lalP,

where the first inequality follows from Lemma 4.2.1, the second inequality follows from (4.2.5),
{z*} ¢ K and the Cauchy-Schwarz inequality. This inequality readily yields

241 < Zlall + @ (06 + -lalP)

for all k, which shows the boundedness of {z*}. n

4.3 Block SOR method

In the previous section, we have shown that, under the assumption that M is strictly K-copositive,
a sequence generated by Algorithm 4.2.1 with any regular K-Q-splitting (B,C) converges to a
solution of SOCCP (4.1.1). In this section, we present the block successive overrelaxation (block
SOR) method for solving affine SOCCPs by extending the corresponding method for LCPs [24]. In
particular, we give conditions for a splitting (B, C) used in the block SOR method to be a regular
K-Q-splitting. In this and the next sections, we suppose that the following assumption holds.
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Assumption A The symmetric matriz M € R™*™ is positive definite.

Note that the matrix M is strictly K-copositive under this assumption.
First, we give an explicit expression of the splitting (B, C). Let the matrix M be partitioned

as
My My -+ Mim
M= Mm Moo Mzm
Mml Mm2 te Mmm

with M;; € ®™>™ . Then, the splitting (B, C) used in the block SOR method is represented as

B O
Ms; B
B = M31 M32 s o :M—B, (4.3.1)
Mml s PR Mm’m_l Bmm
where B;; are chosen appropriately for i = 1,...,m. Since B is chosen to be a block lower triangular

matrix, we can solve SOCCP (4.2.2) successively as follows: Let z and ¢* in SOCCP (4.2.2) be
partitioned as

21 lﬁ
k .
Z = y 4= : )
Zm erfz

where z; € ®%and ¢¥ € ®%,i =1,..., m. Then the decomposable structure of SOC constraints [57,
Proposition 2.2] yields that SOCCP (4.2.2) is equivalent to the problem of finding z € ®” such that

2z €K™, Buz+riek™, 2X(Buzm+rH=0 i=1,...,m, (4.3.2)
where
gk if i=1,
rk = { =L
g S Mizi+qF ifi>2.
=1
We can solve problems (4.3.2) for z; recursively from i =1 to i = m, by regarding #,...,2-1 and

r¥ as known constants.

In the block SOR method for LCP, the block diagonal elements B;; are normally chosen as
Bii = w™ My with a constant w € (0,2). However, in the case of SOCCP, subproblems (4.3.2)
may not be solved efficiently if B;; = w™'M,;. Here, we propose to choose Bj; as follows: To
simplify the notation, we introduce the function T : R¢%¢ x (0, +00) x [0, +00) — RE** defined by

w‘lal (l = 1)

I(4,w,7) := (w—lal oT ) (59 (4.3.3)

yay wlAs



4.3 Block SOR method 49

where w > 0, v > 0, and A € R>¢ is given by

T

a:l a:2
A= 434
(@ &> (4.3.4)

with a1 € ®, ap € RE! and As € RE-D*E1) | Using this function, we let
Bii = I‘(Mz-i,w,'y).

SOCCP (4.3.2) can be solved efficiently by exploiting the particular structure of By = I'(Mi, w,7),
as will be shown in the next section. Our method involves two parameters, and hence may be called
a modified block Gauss-Seidel method with diagonal elements defined by AOR-like splitting [51].
Nevertheless, we emphasize that our method is a natural extension of block SOR method for NCP
to SOCCP.

Next we consider conditions for the splitting (4.3.1) with B;; = I'(M;;,w,7y) to be a regular
K-Q-splitting. To this end, we give a lemma and a proposition in the following.

Lemma 4.3.1 Let A € R** be a positive definite symmetric matriz given by (4.3.4) and (G, H)
be a splitting of A given by

G = I‘(A>w)7)) H=A4- I‘(A,w,’y).
Suppose that w and v satisfy either of the following conditions:

(a) y>1 and 0 <w <2/,
(b) y=1and 0<w <2,
() 0<y<1land 0<w<2/(2—7).

Then the matriz G is positive definite and the splitting (G, H) is regular.

Proof. Since the lemma holds evidently for £ = 1, we only consider the case ¢ > 2. Note that, for
any symmetric matrix A € R given by (4.3.4), the following relation holds {59, Theorem 7.7.6] :

A is positive definite <> a; > 0 and Az — a7 lagal is positive definite, (4.3.5)

where the matrix Az — aflazag is called the Schur complement of A with respect to a;.

We first show the positive definiteness of G' by showing the positive definiteness of

wlay  (7/2)ad )

T —
(G = ( (v/2)az  wlAs |

Since it holds evidently when ~ = 0, we only consider the case where v > 0. First we note that

4
w22

~1>0 (4.3.6)
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for all cases (a), (b) and (c¢). The Schur complement of (G +GT)/2 with respect to w™!a, is written

_ (V?/Dagad  wy? 4 asad
w 1A3 - 2 = 4 (u)2’)/2 — 1) A3 + A3 - qu N (437)

w“la,l

as

which is positive definite from (4.3.5) and (4.3.6). This together with w™*a; > 0 implies the positive
definiteness of (G + GT)/2.
We next show the regularity of (G, H) by showing the positive definiteness of

(Qwt~1a; (y-1af )

1 T _
He-meg-nry - (G0 OIS

Note that the Schur complement of (G — H) + (G — H)T)/2 with respect to (2w~ —1)ay is written
as
- 1)20,20,’1‘
2wt — 1Az — _(’Y_____l
( v ) s (2&)_1 - 1)&1

- %__}__1 [{(2w‘1 ~1)? = (7= 1)} As+ (7 - 1)? (A3 - ai’{ﬂ . (439)

Moreover; Az and As—aj azaf are positive definite, and w='—1> 0 and (2w~ —1)2—(y-1)2 > 0
for all cases (a), (b) and (c). Hence, the matrix given by (4.3.8) is positive definite. This together
with (2w~ — 1)a; > 0 implies the positive definiteness of (G — H) + (G — H)T)/2. [

Proposition 4.3.1 Suppose that G € R*¢ is a positive definite matriz. Then, G is a K% Q-matriz,
and the solution of SOCCP (p,G,K*) is unique for any p € RE.

Proof. Let us define function F' by F'(z) := Gz + p. Then, F is strongly monotone since G is
positive definite. Moreover, we note that SOCCP (p, G, K*) is equivalent to the following variational
inequality problem:
Find z € K*
such that F(z)T(y—z) >0 Vye K

Since any variational inequality problem with strongly monotone function has a unique solution [52,
Corollary 3.2], we obtain the desired result. - " m

Using the above lemma and proposition, we give conditions for (4.3.1) with Bj; = I'(My,w, ) to
be a regular K-Q-splitting.

Theorem 4.3.1 Let the splitting (B,C) of M be given by (4.3.1) with B;; = I'(My;,w,7), © =
1,...,m. Suppose that w and v satisfy either of the following conditions:

(a) v>1 and 0 <w <2/y,

(b) y=1and 0<w <2,

(c) 0<y<1 and 0<w<2/(2—17).
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Then (B, C) is a reqular K-Q-splitting.

Proof. Let (By,Cy) be a splitting of M;; where By = I'(My, w,) and Cy; = My — By, By
setting A := My, G := By; = I'(M;;,w,v) and H := Cj; = My — I'(My;,w,7) in Lemma 4.3.1, we
obtain the positive definiteness of B;; and the regularity of the splitting (B, Cii).

Using these results, we show that (B, C) is a regular K-Q-splitting. We first show the regularity
of (B,C). Since M is symmetric and B is block lower triangular, B — C can be written as

B—C = diag{Bys — Cis}™q + L — LT,

where diag { By — Ci;}™; denotes a block diagonal matrix whose diagonal elements are B;; — Ci,
and L € ™™ is the strictly block lower triangular part of M. Then, we have for any z € R™\{0}

2T(B - C)z = 27 (diag {Bi — Cu}1)z + 2Lz —2"LT2
» .
= > 27 (Bi — Ci)z
i=1
> 0,

where the inequality follows from the regularity of (B, Ci;). Hence, the splitting (B, C) is regular.
We next show that B is a K-Q-matrix. Since Bj; is positive definite, we have from Proposition 4.3.1
that the matrix B;; is also a K™-Q-matrix. Note, moreover, that the solution of SOCCP (4.2.2)
is obtained by solving SOCCP (4.3.2) recursively from i = 1 to i = m, and that each SOCCP is
solvable since B;; is a ICni—Q;matrix. Hence, the whole SOCCP (B, g, K) is solvable for any g, that
is, B is a K-Q-matrix. :

[

4.4 Solving subproblems

In the previous section, we have shown that SOCCP (4.2.2) can be decomposed into m subproblems
(4.3.2) by choosing the splitting (B, C) as in (4.3.1). We have also derived conditions for Algorithm
4.2.1 with the splitting (4.3.1) to be convergent. In this section, we propose a method for solving
these m subproblems (4.3.2) efficiently. In order to simplify the notation, we consider the following
SOCCP in which superscripts and subscripts are omitted :

Find ze®
such that ze Kt Bz+rekf, X(Bz+r)=0, (4.4.1)

where B is a positive definite matrix of the form

T .
B = by 0 - (4.4.2)
b Bs

with b; € R, by € R¢! and a symmetric matrix Bs € RE-Dx(=1)  Notice that each subproblem
(4.3.2) reduces to SOCCP (4.4.1) when the parameters w and 7 used in the splitting (4.3.1) with



52 Chapter 4 A matrix splitting method for symmetric affine SOCCPs

By = (Mg, w,) satisfy the assumptions of Theorem 4.3.1. In addition, SOCCP (4.4.1) has a
unique solution from the positive definiteness of B and Proposition 4.3.1. When £ = 1, we can
easily obtain the solution of (4.4.1) as z = max(0, —r/B). So we will consider the case £ > 2.

The following three cases are possible for a solution z* of SOCCP (4.4.1):

() 2 =0,
(i) z* € int K%,
(iii) 2* € bd K*\ {0},
where int K¢ and bd K¢ denote the interior and the boundary of K¥, respectively. Since z* € K¢, it is
clear that no other cases are possible for a solution of (4.4.1).. To solve SOCCP (4.4.1) efficiently, it

will be helpful to detect which case applies to the solution z*. To this end, we provide the following
proposition.

Proposition 4.4.1 ‘Let z* be the unique solution of SOCCP (4.4.1). Then,

(a) case (i) holds if and only if r € K*;
(b) case (ii) holds if and only if —B~1r € int K. Moreover, we have z* = —B~!r;
(c) case (iii) holds if and only if r ¢ KC* and —B~r ¢ int KC*.

Proof.  We first show (a). If 2* = 0 solves SOCCP (4.4.1), then we have Bz* +r = r € Kt
Conversely, if » € K, it is easily seen that z* = 0 solves SOCCP (4.4.1). We next show (b). If case
(ii) holds, then we have Bz* 4 r = 0, which implies z* = B~!r. Conversely, if —B~!r € int K£, it is
easily seen that z* = —B~!r solves SOCCP (4.4.1). We must have (c) from the existence and the
uniqueness of the solution. This completes the proof. =

This proposition indicates that, if r € K* or —B~!r € int K, then we can readily calculate the
solution of SOCCP (4.4.1).

Now, we describe a method of finding the solution of SOCCP (4.4.1) when case (iii) holds. Note
that we have Bz* +r € bd IC? since the solution z* belongs to bd K* \ {0} and the inner product
of z* and Bz* + r is equal to 0. Thus, we can write 2* and Bz* + r as

. (1
= /\<w> , (4.4.3)

1
Bz* = 4.4.4
e 1), »
where A > 0, 4 > 0 and W is an (£ — 1)-dimensional vector such that ||| = 1. Generally, it is

not easy to find z* satisfying (4.4.3) and (4.4.4) simultaneously. Nevertheless, when B is given by
(4.4.2), we can exploit the special structure of B to compute the solution z* as follows : Substituting
(4.4.2) and (4.4.3) into (4.4.4), we have

Abi 411 '
(Abg + ABay + m) - (—,m)’ (4.45)
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where r = (r1,72) € ® x R¢-1. Eliminating 4 in (4.4.5), we have
—{}\(blf -+ Bg) + ?"1[}17) = Aby + T2 (4.4.6)

Moreover, Ab; 4+ r1 = p together with A > 0, i > 0 and by > 0 from the positive definiteness of B
yields

A > AL : max{0, —r1/b1}.
Let us define function H : § — RED*E-1) by

H(A) = A(b1I + Bs) +r11. (4.4.7)
If H()) is nonsingular, then (4.4.6) can be rewritten as

W= —H\) Y \by + 7). (4.4.8)

Thus, if we find a A* such that ||H(A*)"}(A\*b2+72)]| =1 and A* > Ar, then we obtain 2* by (4.4.3)
and (4.4.8). '

If r; = 0, then the equation ||[H()\)~}(Abz + r2)|| = 1, together with H()) = Mb1] + Bs), yields
the single variable quadratic equation N2(1 — ||g|[2) — 2AgTh — ||h|2 = 0, where g := (b + Bs)~'b
and h := (b] + B3)"lra. Since A* > Az = 0 and ||g]| < 1 from the following lemma, \* is given by

o _ 28Ty IR — al?)
R - gl

Lemma 4.4.1 Let B be an arbitrary positive definite matriz given by (4.4.2), and g := (b1 +
B3)~'by. Then, we have ||g| < 1.

(4.4.9)

Proof. Letv:=(1,—g¢%)T. Then we have

’UTB’U = b — gTb2 + gTng
= by — QT(bl_I + Ba)g + g7 Bag
= bi(1 —|gl*)-

Since v # 0 and B is positive definite, we have by > 0 and by(1 — ||g||*) > 0, which imply [|g]| < 1.
]

Since z* can be easily obtained by (4.4.9), (4.4.8) and (4.4.3) when r; = 0, we suppose 71 # 0
in the subsequent discussions. The following proposition gives a sufficient condition for I (\) to be
nonsingular. '

Proposition 4.4.2 If r, # 0, then the matriz H()\) defined by (4.4.7) is positive definite for any
A> AL
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Proof. Note that by > 0 and Bs is positive definite since B is positive definite. If r; > 0, then
AL = 0 and hence H(\) = A(b1 + Bs) + r1l is positive definite for any A > Ar. If 71 <0, then
A = —r1/b; > 0 and hence H(\) = ABs + b1(A +r1/b1)[ is positive definite for any A > Ar. =

Now, let us define functions w : [Ar, +00) — R and 9 : [Az, +o0) — R by

’w()\) = —H(/\)_l(/\bg +79), (4.4.10)
P(A) = [lwN)- - (4.4.11)

Then, our purpose is to find a solution A* > Az, of the following single variable equation :
PY(A) = L. (4.4.12)
First we confirm that such a solution always exists.

Proposition 4.4.3 Suppose that case (iil) holds and r1 # 0. Then we have (a) ¥(Az) > 1 and (b)
im0 W(A) = ||(b1] + B3)~1ba| < 1.

Proof.  Since (b) can be easily obtained from (4.4.10) and Lemma 4.4.1, we only show (a).
Assume to contrary that 1(Ar) < 1. Then, it suffices to show that either case (i) or (ii) holds,
since the solution exists uniquely. When r; > 0, we have from w()\r) = w(0) = —r{'re that
1> () = [|[w(0)|] = ||r2|l/r1. This implies r € int K¢ C K%, that is, case (i) holds. When r; < 0,
(4.4.10) and (4.4.11), together with by > 0, 71 <0 and AL = —rb7!, yield

_ N=B' = mbi b))l _
—lel_l

Y(Ar)

)

which implies

“rlbl_l . y)
- _ €int K. 4.4.13
(—B3 1(’)"2 - lel 1b2)> ( )

The vector in (4.4.13) equals —B~!r since the following equality holds identically :

by of —lel_l _ 1
by Bs —B3ry —mb7ib) )  \r2)

Hence, we have —B~1r € int IC%, that is, case (ii) holds. n

Since function 1 is continuous for A > Ar,, Proposition 4.4.3 guarantees the existence of A* > Ay, sat-
isfying (4.4.12). Actually, such a \* must exist uniquely since A* gives a solution of SOCCP (4.4.1),
which exists uniquely from the positive definiteness of B and Proposition 4.3.1.

Now, we present a procedure for finding a solution \* > Az of equation (4.4.12), which is a
Newton type method incorporating the bisection method as a safeguard strategy. In particular,
instead of applyihg Newton’s method to (4.4.12) directly, we will adopt a more efficient method
that is reminiscent of an approach well-known in the trust region literature [22, Chapter 7].
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Define function ¢ : [\, +00) — (-1, +00] by

Tt -1 g >0
¢O)_{ +00 if Y(\) =0.

Then, the nonlinear equation
$(A) =0 (4.4.14)

is equivalent to (4.4.12). We aim to solve (4.4.14) instead of (4.4.12) since function ¢ is expected
to behave better than 1 [22].
The iterative formula of Newton’s method for the nonlinear equation (4.4.14) is given by
o(\5)

At =X = g, (4.4.15)

where ¢’ denotes the derivative of ¢. The derivative ¢’ is obtained by

/ ]‘ !
o = {nwmu 1}
| W)/ ()
TN
w()\)TH(/\)‘l{(blI + B3)w(A) + b2}

- TP ’ (4.416)

where the last equality follows from
(il + Bs)w(\) + H(/\)w'(/\) = —by,

which is obtained by differentiating both sides of H(A)w(\) = —(Abz + 7). Since H(]) is positive
definite for any A > Az, by using the Cholesky factorization H(X) = RM\RWT with R()) being
upper triangular [47], we may rewrite the formula (4.4.15) as follows:

M:A._< L _1> ()|

=T w0l ) wOITROIDTROG) b + Ba)uw(hy) +b2}
_ N 101 |
- )‘J + (”w()‘J)H 1) ’U;()\j)T’U()\j),

where u()\) = RO\)~w()\) and v(A) = R(A)"*{(b1] + Bs)w()) + b2}. Summarizing the above
arguments, we have the following procedure for solving SOCCP (4.4.1).

Procedure 4.4.1
Step 1. Ifr E»ICz (case (i), set 2* := 0 and terminate.
Step 2. If —B~!r € int K¢ (case (ii)), set 2* := —B~r and terminate.

Step 3. Otherwise (case (iil)), calculate 2* as follows:
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Step 3-0. Ifri # 0, then go to Step 3-1. Otherwise, calculate vectors g and h such that (b1 +
Bs)g = by and (byI + Bg)h =ra. Set A* := (—gTh + ((¢"1)* + |BI*(1 = [lgI*))/*) /(1 -
lgl?) and 2* := X*(1,w(N)T)T. Terminate.

Step 3-1. Let Ao := AL, ap := A1, and fo be a scalar such that By > )\L and lw(Bo)| < 1.
Set 7 :=0.

Step 3-2. Fuctorize H()\;) = RRT. Let R/ := R.
Step 3-3. Calculate w? such that RF (R w? = —(\jbe +12).

Step 3-4. If ||| = 1, then set z* := M\;(1, (w))T)T and terminate. If |w?|| > 1, then let
Qi1 = Aj and B = B;. If ||w?|| < 1, then let a1 := aj and Bjxq == A;.

Step 3-5. Calculate u? such that Riu? = w?.
Step 3-6. Calculate vJ such that Riv = (b1 + Bs)w’ + bs.

Step 3-7. Let*S\Hl = A\j + (lw]| — 1)H’LUJ“2/((UJ)T’UJ). If 5\_7'4_1 € (41, Bj+1), then let
Mjt1 i= Ajp1. Otherwise, let \jt1 = (a1 + Bj4+1)/2. Set j := j+ 1 and go back to
Step 3-2.

This procedure is used in Step 2 of Algorithm 4.2.1 to solve subproblem (4.3.2). In practice, we
may set fp := +o0o, and then compute 8; < +oo such that ||w(B;)|| < 1 only when it becomes
necessary for the first time.

Since a bisection-type safeguard strategy is combined with Newton’s method, Procedure 4.4.1
is guaranteed to be globally convergent. Note that, when the parameter « is chosen to be 0
in the splitting (4.3.1) with B;; = T'(Mi;,w,y), SOCCP (4.3.2) reduces to SOCCP (4.4.1) with
by = 0, and the convergence is ensured even without using the safeguard strategy. In fact, since
H(\)7Y(b1I+ Bs) = Al +ri(biI + B3)~! is positive definite for any A > Az, it follows from (4.4.16)
with by = 0 that ¢/(A\) > 0, and hence, function ¢ is monotonically increasing on the interval
[AL, +00). We can further show that ¢ is concave on the interval [\, +00) by calculating the second
derivative ¢" of ¢. Thus, starting from Ay := XL, Newton’s method generates a monotonically
increasing sequence {);} converging to a solution A\*. Furthermore, since ¢ is almost linear for
A > Ap, we may expect that Newton’s method converges very rapidly [22].

On the other hand, when v # 0, convergence is not guaranteed unless a safeguard strategy
is employed, since by # 0 in (4.4.16) and hence ¢ is generally neither monotonically increasing
nor concave on the interval [\r, +o00). Nevertheless, it is worth mentioning that, as is shown in
Theorem 4.3.1, it is allowed to choose an w such that w > 1 when 0 < v < 2, whereas w must be in
(0,1] when v = 0. In view of the fact that convergence of SOR method for linear complementarity
problems is accelerated by letting w > 1[29], we may expect that Algorithm 4.2.1 performs better
when w is chosen greater than 1.

SOCCP (4.4.1) may also be solved by Newton-type methods like interior point methods. How-
ever, Procedure 4.4.1 exploits the special structure of matrix B, and hence, rapid convergence can
be expected. Indeed, the numerical results reported in Section 4.5 show that Procedure 4.4.1 finds
a solution within several iterations.
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4.5 Numerical results

In this section, we present some numerical results with the proposed algorithm. The program was
coded in MATLAB 6.5.0 and run on a computer with 3.04GHz CPU and 2GB memory. We have
conducted the following experiments:

(A) Testing Procedure 4.4.1 on SOCCP (4.4.1j of various problem sizes.

(B) Testing Procedure 4.4.1 on SOCCP (4.4.1) with various degrees of sparsity.

(C) Testing Algorithm 4.2.1 on SOCCP (4.1.1) with various values of -y and w.

(D) Testing Algorithm 4.2.1 on SOCCP (4.1.1) with various Cartesian structures of K.

In experiments (A), (B) and (D), we used not only complete Cholesky factorization but also incom-
plete Cholesky factorization in Step 3-2 of Procedure 4.4.1. The complete Cholesky factorization
provides upper triangular R satisfying H()\) = RRT exactly. But, even if matrix H()) is sparse,
R is not sparse in general. On the other hand, the incomplete Cholesky factorization provides
upper triangular R such that H()\) ~ RRT. Therefore, |w’|| = || — (BRI (R))T)"'(\jb2 + )| = 1
does not necessarily imply |w(\)|| = || = H(A;) " (Ajbz + r2)|| = 1, and the point z* obtained by
Procedure 4.4.1 may only be an approximate solution of SOCCP (4.4.1). However, since the incom-
plete Cholesky factorization exploits the sparsity of a matrix, computational cost can be reduced
drastically when H()) is sparse. In addition, our computational experiments has revealed that,
even though subproblems (4.2.2) are solved only approximately, Algorithm 4.2.1 is able to find a
solution of SOCCP (4.1.1) in most cases. |

In experiment (A), we generated 100 test problems for each £ = 100,200, ...,1000 and solved
each problem by Procedure 4.4.1 with complete Cholesky factorization and 1ncomplete Cholesky
factorization. The termination criterion was ||jw?|| ~ 1| < 1074, In generating a test problem,
elements of vector » were chosen randomly from the interval [—1, 1], and a positive definite matrix
B of the form (4.4.2) was obtained by the following procedure: First, set A= NN T + D, where
N is a square matrix whose nonzero elements are chosen randomly from the interval [-1,1], and
D is a diagonal matrix whose diagonal elements are chosen randomly from [0.01,1]. Then, let
B :=T(A,1,2), where I is defined by (4.3.3). In this procedure, the number of nonzero elements of
N is determined so that the nonzero density of matrix B becomes approximately 5%. We show the
results in Table 4.1, where £ denotes the number of variables, § iter denotes the number of iterations,
and cpu(s) denotes the CPU time in second. The left column labeled comChol corresponds to the
case where the complete Cholesky factorization was employed, while the right column labeled
incChol corresponds to the case where the incomplete Cholesky factorization was employed. In
'particular, the number of iterations and the CPU time are the averages of 100 trials for each £. We
may observe that the number of iterations stays almost constant regardless of the problem size,
although the CPU time grows with the problem size.

In experiment (B), we generated 100 test problems for each nonzero density 0.2%, 0.5%, 1%,
2%, 5% and 10%, where the problem size £ was fixed to 1000.- The termination criterion and the
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Table 4.1: Results for Procedure 4.4.1 applied to SOCCPs(4.4.1) of various problem sizes

comChol incChol
£ fiter cpu(s) | fiter cpu(s)
100 | 4.40 0.008 | 4.53 0.006
- 200 | 4.70 0.048 | 4.84 0.022
300 | 496 0.179 { 5.12 0.057
400 | 4.99 0.436 | 5.33 0.125
500 | 5.09 0.872 | 5.28 0.232
600 | 5.256 © 1.707 { 5.51  0.407
700 | 5.18 2,655 | 5.36 0.619
800 | 5.29 3.809 | 5.36 0.932
900 | 5.26 5.362 | 548 1.343
1000 § 531 7.264 | 5.656 1.875

procedure for generating B and r were similar to experiment (A). We show the results in Table
4.2, where dens denotes the (approximate) nonzero density of matrix B, {iter denotes the number
of iterations, and cpu(s) denotes the CPU time in second. Each number is the average of 100 trials
for each nonzero density. As shown in Table 4.2, the sparsity of matrix B affects the number of
iterations only slightly, but reduces the computational cost drastically.

Table 4.2: Results for Procedure 4.4.1 applied to SOCCPs(4.4.1) with various degrees of sparsity

comChol incChol
fiter cpu(s) | fiter cpu(s)
02% | 3.89 0.024 | 4.01 0.055
0.5% | 4.54 0561 | 4.47 0.118
1% | 4.83 2.617 | 4.85 0.277
2% | 5.12 . 5.085 | 5.12 0.682
5% | 5.32 7.531 | 5.52  1.858
10% | 5.43 8.952 | 5.80 3.533

dens

In experiment (C), we solved SOCCP (4.1.1) with various values of parameters v and w used
to determine the splitting (B,C), by incorporating a block' SOR method and Procedure 4.4.1
into Algorithm4.2.1. Specifically, we tried all possible combinations of (w,7) € {0.1,0.2,...,1.9}
x{0,0.5,1.0,1.5,2.0}. The underlying SOC K was fixed to be K20 x --- x £2° C R4%. We solved
different 100 test problems for each pair (w,7) with data (M, q) randomly generated as follows:
Elements of vector g were chosen from the interval [—1, 1}, and a symmetric positive definite matrix
M, whose nonzero density was controlled to be approximately 1%, was given by M = NNT +
D, where N and D are matrices obtained in a way similar to experiment (A). The termination
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criterion was ||z¥+! — 2¥|| <1078, and the complete Cholesky factorization was used in Step 3-2
of Procedure 4.4.1. We show the results in Table 4.3. The numbers in the table show the average
numbers of iterations taken over the successful trials for each pair (w,7). We see that the algorithm
converges most rapidly when w = 1.1 for every 7. Note that the combinations of (w,~) marked
with parentheses in the table do not satisfy the assumptions of Theorem 4.3.1, and hence, the
convergence is not guaranteed for such (w,7). In fact, the numbers in the parentheses show how
often the algorithm with such (w,v) failed to converge. Nevertheless, we were able to obtain the
solution in most instances even if the convergence of the algorithm was not assured theoretically.
The results suggest that it is possible to weaken the assumptions of Theorem 4.3.1.

Table 4.3: Results for Algorithm 4.2.1 applied to SOCCPs (4.1.1) with various choices of (w, )

w\y 0 0.5 1.0 1.5 2.0

0.1 321.61 323.26  335.16  323.47 336.67
0.2 164.24 169.03  160.09  161.46 164.66
0.3 104.50 104.59  106.34  104.08 104.13

04 76.63 77.89 76.73 78.18 78.40
0.5 59.71 57.71 59.35 59.51 59.88
0.6 47.22 45.77 46.62  45.41 45.34
0.7 38.54 37.13 38.10 37.40 35.84
0.8 30.02 30.17 '29.02 28.35 29.19
0.9 25.95 24.30 23.68 23.00 22.98
1.0 20.32 19.54 18.30 18.73 19.72

1.1 17.88(0) 17.65 16.97 17.25 18.33(0)
1.2 18.75(0) 18.45 18.41 19.07 20.31(0)
1.3 | 21.30(0) 20.92 2121 21.47 22.62(0)
1.4 | 25.38(0) 24.38(0) 24.43  25.18(0) 26.34(2) -
1.5 | 31.390) 30.3400) 29.53  31.70(0) 31.19(2)
1.6 | 41.782) = 37.93(0) 37.81 39.51(0)  39.82(0)
1.7 | 53.980) 51.93(0) . 51.99  54.82(1) 55.77(s)
1.8 | 81.59@2) 772100 73.64  75.50(1) 79.71(e)
1.9 | 135.04(2) 147.93(1) 128.84 128.33(2) 152.04(14)

In experiment (D), we solved SOCCP (4.1.1) with various Cartesian structures of K. To con-
struct SOCs of various types, we chose n; and m such that ny+---+ny, = 1600 and ny = - = Ny,
where m is the number of SOCs comprising K and n; is the dimension of each SOC. For each type
of IC, we solved 100 test problems, where M and g were generated in a way similar to experiment
(C). In view of the results of experiment (C), we set v = 1 and w = 1.1. "We let the initial point
be 20 = 0, and the termination criterion be ||2*+! — 2*|| < 1078, We show the results in Table
4.4, where the number of iterations and the CPU time are the averages of 100 trials for each type
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of K. We find that the number of iterations gradually decreases as the number m of SOCs in K
decreases. However, the whole CPU time does not decrease monotonically as m decreases, since
subproblems to be solved at each iteration become more expensive as n; becomes larger.

Table 4.4: Results for Algorithm 4.2.1 applied to SOCCPs (4.1.1) with various Cartesian structures
of K

comChol incChol
fiter cpu(s) | fiter  cpufs)
1 1600 | 36.00  7.814 | 35.02  7.528

800 | 28.25 10.244 | 27.40  9.662

320 | 23.05  6.562 | 23.85  6.609
10 160 | 21.85  4.355 | 22.00 4.305
20 80 | 21.10 2.892|21.28 2.890
40 40 | 2132 2144 | 2070 2.094
80 20 | 1977  1.481 | 19.87 1.532
160 10 | 19.34  1.290 | 19.16 1.355
320 5 | 1727  2.988 | 17.67 1.658
800 2 | 14.95 36.988 | 14.63  4.594
1600 1 | 11.99 175.595 | 13.13 19.179

4.6 Concluding remarks

In this chapter, we have extended the matrix splitting method for LCPs to SOCCPs and showed
that the algorithm converges under the assumption that the matrix M is strictly K-copositive.
Furthermore, we have proposed a block SOR method for solving SOCCPs with M being positive
definite, and demonstrated its effectiveness through numerical experiments. From a practical view-
point, there is room for improvement in speeding up the algorithm. In particular, it would be
highly effective if subproblems are solved in parallel. Moreover, it is desirable to develop a matrix
splitting method for SOCCPs that is convergent under weaker conditions.



Chapter 5

Robust Nash equilibria and
second-order cone complementarity

problems

5.1 Introduction

We consider a bimatrix game where two players attempt to minimize their own costs. Let y € ®*
and z € R™ denote strategies of Players 1 and 2, respectively. Moreover, let Player 1’s cost function
be given by fi(y, 2) := yT Az with cost matrix A € R™*™, and let Player 2’s cost function be given
by fa(y,2) := yT'Bz with cost matrix B € R**™. We suppose that the two players choose their
strategies y and z from the nonempty closed convex sets S C R”* and Sy © R™, respectively.
Then, the players determine their strategies by solving the following minimization problems with
the opponents’ strategies fixed :
. miniymize yT Az subject to y € Si, 511
minizmize yTBz subject to z € Sa. . 3 )
A point (7,%) satisfying J € argminges, yTAZ and Z € argmin,es, 7° Bz is called a Nash equi-
librium [3]. Since the minimization problems (5.1.1) are convex, the problem of finding a Nash
“equilibrium can be formulated as a variational inequality problem (V) {33]. Moreover, if 51 and 52
are given by S; = {y € ®*|gi(y) <0, i=1,...,N} and So = {z € R™|h;(2) < 0,j = 1,...,M}
with some convex functions g; : ®* — ® and h; : ®™ — R, respectively, then the VI is further
reformulated as a mixed complementarity problem (MCP), which is also called a box-constrained
variational problem. Recently, MCP has been extensively studied and many efficient algorithms
have been developed for solving it [17, 18, 95].

The concept of Nash equilibrium is premised on the accurate estimation of opponent’s strategy
and the exact evaluation of player’s own cost function. Thus Nash equilibrium may hardly represent
the actusl situation when those operations are subject to errors. To deal with such situations, we
introduce the concept of robust Nash equilibrium, which is parallel to that of robust optimization 5,
6, 7, 31].
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In the field of game theory, there has been much study on games with incomplete information
and the robustness of equilibria. Harsanyi [53, 54, 55] defines a game with incomplete information
as a game where each player’s payoff function is given in a stochastic manner with its probability
distribution. This is one of the most popular formulations of games with incomplete information.
Kajii and Morris [65]‘adopt Harsanyi’s.formulation to define a concept of robust equilibria to in-
complete information. Especially, they show that games with strict equilibria do not necessarily
have robust equilibria, and the unique correlated equilibrium of a game is robust. Moreover, they
introduce the notion of p-dominance, and show that a p-dominant equilibrium is robust under an
appropriate assumption. Ui[114] considers the robustness of equilibria of potential games, which is
a class of games involving Monderer and Shapley’s potential function [81]. He shows that the action
profile uniquely maximizing a potential function is robust. Recently, Motris and Ui [84} have uni-
fied the above discussions for p-dominant equilibria and equilibria of potential games. They define
a generalized potential function that contains Monderer and Shapley’s potential function[81} and
Morris’s characteristic potential function [83], and show that an action maximizing the generalized
potential function is a robust equilibrium to incomplete information.

In the above-mentioned references, the “robustness” means that an equilibrium is stable with
respect to estimation errors. On the other hand, the robust Nash equilibrium introduced in this
chapter is an equilibrium that results from robust optimization [5, 6, 7, 31] by each player. More
precisely, our formulation is premised on the conditions (I)— (III) in the next section. Indeed, these
conditions are applicable to several actual problems such as dynamic economic systems based on
duopolistic competition with random disturbances, traffic equilibrium problems with incomplete
inforination on travel costs, etc. We note that this concept is different from those considered in
(65, 84, 114].

In what follows, we first define a robust Nash equilibrium for a bimatrix game, and discuss its
existence. Then, we show that, under certain assumptions, the robust Nash equilibrium problem
can be formulated as a second-order cone complementarity problem (SOCCP). The SOCCP is a
class of complementarity problems where the complementarity condition is associated with the
Cartesian product of second-order cones. Several methods for solving SOCCPs have been proposed
recently [15, 19, 43, 56, 57]. '

5.2 Robust Nash equilibria and its existence

In this section, we define the robust Nash equilibrium of a bimatrix game, and give sufficient
conditions for its existence.

Throughout the chapter, we assume that the following three statements hold for each player
i(t=1,2):

(I) Player 1 cannot estimate Player 2’s strategy z exactly, but can only estimate that it belongs
to a set Z(z) € R™ containing z. Similarly, Player 2 cannot estimate Player 1’s strategy y
exactly, but can only estimate that it belongs to a set Y (y) C R containing y.
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(I) Player 1 cannot estimate his/her cost matrix exactly, but can only estimate that it belongs
to a nonempty set Dg C R™*"™. Player 2 cannot estimate his/her cost matrix exactly, but
can only estimate that it belongs to a nonempty set Dp C R**™.

(III) Each player tries to minimize his/her worst cost under (I) and (II).

Now, we define the robust Nash equilibrium under the above three assumptions. To realize (III),
we define functions f; : R* x R™ — R (i = 1,2) by

fily, 2) := max {nylé ‘ AeDyie Z(z)},

e (5.2.1)
foy,2) = max {§7Bz| B € Dp,§ € Y(3)}.

The functions fi(-,z) and fo(y,:) represent Player 1's and Piayer 2’s worst costs, respectively,

under uncertainty as assumed in (I) and (II). Players 1 and 2 then solve the following minimization
problems, respectively :

minimize f1(y,2) subject to y € Si,

Y - (5.2.2)

minimize fa(y,2) subject to z € S.

Now, we are in a position to define the robust Nash equilibrium.

Definition 5.2.1 Let functions fi and fo be defined by (5.2.1). IfJ € argminges, fi(y,z") and
7' € argmin,es, fo(T',2), that is, (T",2") is a Nash equilibrium of game (5.2.2), then (F',Z") is
called a robust Nash equilibrium of game (5.1.1).

Next, we give a condition for the existence of a robust Nash equilibrium of game (5.1.1). Note
that Y(-) and Z(-) given in (I) can be regarded as set-valued mappings. In what follows, we suppose
that Y(-), Z(-), D4 and Dg in (I) and (II) satisfy the following assumption.

Assumption A

(a) Set-valued mappings Y : ®* — P(R™) and Z : R™ — P(R™) are continuous, and
Y(y) and Z(z) are nonempty compact for any y € R* and z € R™.

(b) Da CR™™ and Dp C R ™ are nonempty and compact sets.

The functions f; and f, defined by (5.2.1) are well-defined under this assumption. By simple
arguments on continuity, we can show that fl and fo are continuous everywhere. Furthermore, we
have the following lemma on the convexity of fi(,z) and fo(y,-). We omit the proof since it is
trivial.

Lemma 5.2.1 Suppose that Assumption A holds. Let f1 and fa be defined by (5.2.1). Then, for
any fized z € R™ and y € X", the functions f1(-,2) and fa(y,-) are conves.

The next lemma is a fundamental result for noncooperative n-person game (3, Theorem 9.1.1].

Lemma 5.2.2 Consider a noncooperative two-person game where cost functions are given by 01 :
R x R™ — R and 0 : R* x R™ — R. Suppose that functions 6 and 62 are continuous at any
(y,2), and functions 61(-,2) and 02(y,-) are convex. Suppose that S1 and Sz are nonempty compact
convex sets. Then, the game has a Nash equilibrium.
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By the above lemmas, we obtain the following theorem for the existence of a robust Nash equilibrium
of game (5.1.1)

Theorem 5.2.1 Suppose that Assumption A holds, and S1 and Sz are nonempty compact conver
sets. Then, game (5.1.1) has a robust Nash equilibrium.

Proof. By Lemma 5.2.1, the functions fi(-, 2) and fa(y,-) are convex. Moreover, as pointed out
earlier, fi and f; are continuous everywhere. Therefore, from Lemma 5.2.2, game (5.2.2) has a Nash
equilibrium. This means, by Definition 5.2.1, that game (5.1.1) has a robust Nash equilibrium. m

5.3 SOCCP formulation of robust Nash equilibrium

In this section, we focus on the bimatrix game where each player takes a mixed strategy, that
is, S1 = {y|ly > 0; ely = 1} and Sy = {2]|z > 0, eL,z = 1}, and show that the robust Nash
equilibrium problem reduces to an SOCCP.

Recall that the SOCCP is to find a vector (£,7,¢) € R x R x R satisfying the conditions

Ks¢dlnek, G(E¢n () =0, (5.3.1)

where G : RE x RE x R — RE x R is a given function, £ L n denotes £7n = 0, and K is a closed
convex cone defined by K =K% x K% x --- x K% with £;-dimensional SOCs. '

Consider the bimatrix game where Players 1 and 2 solve the following minimization problems
(5.3.2) and (5.3.3), respectively :

miniymize yTAz subject to y >0, ely =1, (5.3.2)

minimize yI'Bz subject to z >0, el z=1. (5.3.3)

It is well known that a Nash equilibrium of this game is given as a solution of a mixed linear
complementarity problem. In fact, since z and y are fixed in (5.3.2) and (5.3.3), respectively, both
problems are linear programming problems, and their KKT conditions are given by

0<ylAz+e,s>0, ely=1,
0<z1BTy+ent>0, ehz=1, (5.3.4)

where s € R and t € R are Lagrange multipliers associated with the equality constraints in (5.3.2)
and (5.3.3), respectively. Thus, if some (y, 2) satisfies the above two KKT conditions simultaneously,
then it is a Nash equilibrium of the bimatrix game. The problem of finding such a (y,z) can be
further formulated as a linear complementarity problem (LCP) [24].

Now, we consider bimatrix games involving several types of uncertainty, and show that the
robust Nash equilibrium problem corresponding to each game reduces to an SOCCP of the form

K>M{(+qgLN(+reKk, C(=d (5.3.5)
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with variable ¢ € R and constants M, N € R qreRf Ce RT>E+7) and d € R™. Note
that, by introducing new variables ¢ € R and 7 € R¢, problem (5.3.5) reduces to SOCCP (5.3.1)
with v = £+ 7 and G : R¥H7 — R247 defined by

£-M(—gq
G(§7?77C) = W—NC—T
o¢—d

5.3.1 Uncertainty in the opponent’s strategy

In this subsection, we consider the case where each player estimates the cost matrix exactly but
opponent’s strategy uncertainly. More specifically, we make the following assumption.

Assumption 1

(@) Y(y):={y+dy € R*| 16y}l < py, €16y =0} and Z(2) := {z+82 € R™ | |6z < ps, eFd2 =0},
where py and p, are given positive: constants.

(b) Da = {A} and Dg = {B}, where A € R**™ and B € R™*™ are given constant matrices.

Here, the conditions eldy = eLdz = 0 in the definitions of Y(y) and Z(z) are provided so that
el (y + 0y) = el (2 + 62) = 1 holds from eIy = el 2= 1. Under this assumption, the following
theorem holds.

Theorem 5.3.1 If Assumption 1 holds, then the bimatriz game has a robust Nash equilibrium.

Proof. It is easily seen that Assumptions 1(a) and 1(b) imply Assumption A(a) and A(b),
respectively. Hence, the theorem readily follows from Theorem 5.2.1. "

We now show that the robust Nash equilibrium problem can be formulated as SOCCP (5.3.5) under
Assumption 1. Player 1 solves the following minimization problem to determine his/her strategy :

miniymize max {yTA(z + 42) ‘ 162]} < po, eLbz = 0}
subject to ely =1,y >0. s . (5.3.6)

Since the projection of vector ATy onto hyperplane m := {z]elz = 0} can be represented as
(Im — m~emel,) ATy, the cost function can be written as

i(y,2) = max {yTA(z +82) | [82]] < ps, €hdz =0}
= yT Az + max {yTAcSz l 162]] < ps, ehdz = 0}
= yT Az + p: | ATy,

where 4 := A(I,,—m™lemel). Hence, by introducing an auxiliary variable yo € R, problem (5.3.6)
can be reduced to the following convex minimization problem:
minimize yT Az + p.yo
Yo, Y
subject to || ATyl <m0, ¥ >0, ely=1.
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This is a second-order cone programming problem [2, 76] and its KKT conditions can be written
as the following SOCCP:

A 1 0
m-+1 0 1 Yo m+1
. 9(*) <0 AT)(’U)e’C ’
Rroy L Az—Altes€RY, ely=1, Xl =p,,

where A € R™ and s € R are Lagrange multipliers, and Ao € R is an auxiliary variable. In a similar
manner, the KKT conditions for Player 2 can be written as

eos () (1 0) (2 e
Ji 0 B z
RP52LBTy—BTutent e R, elz=1, po=py,

where 1 € R”* and t € R are Lagrange multipliers, and po € ® is an auxiliary variable. Conse-
quently, the problem to find (y, 2) satisfying the above two KKT conditions simultaneously can be
reformulated as SOCCP (5.3.5) with £ = 2m +2n + 2, 7 = 4, K = k"1 x K™ x R x ®7,

Yo
Y
% 00 00 1 0 00 00 0
. 0 0 0 0 0 I, 0 0 00 0
A 00 0 0 0 0 1 0 00 0
C:O’Mz y 4= )
A 0 00 0 0 0 01 00 0
Ho 0 I, 0 0 0 0 0 0 0O 0
K 0 0 0L, 0 0 0O O O O 0
S
t
1 0 00 0O O O O O O 0
o AT o 00 0 0 O 0 O 0
0 0 1 00 0 0O O ©0 O 0
N = ~ y T = )
0 0 0B O 0 0 0 0 O 0
0 0 A0 —A 0 0 e O 0
o BT o0 0o 0 0 —-BT 0 e, 0
0e 00 00 00O0TO 1
- 0 0 0 00000 0 1
C= ém L d=
0 0 0 0 1 0 0O0O0TO0 P2
0 0 0 0 001O0O0O py )

5.3.2 Component-wise uncertainty in the cost matrices

In the following three subsections 5.3.2, 5.3.3 and 5.3.4, we consider the case where each player esti-
mates the opponent’s strategy exactly but his/her own cost matrix uncertainly. In this subsection,
we particularly focus on the case where the uncertainty in each cost matrix occurs component-wise
independently. That is, we make the following assumption.
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Assumption 2

(a) Y(y) ={y} and Z(2) = {z}.

(b) Da:={A+6AeR™™||6A;| < Ta)ij (i=1,...,n, j=1,...,m)} and Dp :={B+ 0B €
RXM16B;1 < (Tp)ij (i =1,...,m, j=1,...,m)} with given constant matrices A € R**™
and B € R™™ and positive constant matrices 'y € R™*™ and T'g € V™.

Under this assumption, we have the following theorem. We omit the proof, since it is similar to
that of Theorem 5.3.1.

Theorem 5.3.2 If Assumption 2 holds, then the bimatriz game has a robust Nash equilibrium.

From Assumption 2, together with the constraints y > 0 and 2z > 0, the cost function fi can be
represented as

fl(y, Z) = max {nylz. ‘ Ae DA}

T
—yTAz+  max dibizi
y 164451 < (T a)s ;Z:l o

=yTAz+) > (Ta)ivizs
i=1=1
=T (A+Ty)z

Analogously, we have fa(y,z) = yT(B + I'g)z. Hence, the robust Nash equilibrium problem is
simply the problem of finding a Nash equilibrium of the bimatrix game with cost matrices A+T'4
and B 4+ T'g. This problem reduces to the MCP (5.3.4) with A and B replaced by A + I'4 and
* B+ I'p, respectively.

5.3.3 Column/row-wise uncertainty in the cost matrices

In this subsection, we focus on the case where the uncertainty in matrices A and B respectively
occur row-wise independently and column-wise independently. That is, we make the following
assumption.

Assumption 3

(a) Y(y) ={y} and Z(z) = {2}.

(b) Da:={A+8A|645] < (va); (G =1,...,m)} and Dp := {B + 6B|[|éB]|| < (y): (i =
1,...,n)} with given constant matrices A € R**™ and B € R™*™ and positive constant
vectors 4 € R™ and yp € R™.

This assumption implies that the degree of uncertainty in each player’s cost depends on the op-
ponent’s each pure strategy. Under this assumption, we have the following theorem. We omit the
proof, since it is similar to that of Theorem 5.3.1.
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Theorem 5.3.3 If Assumption 8 holds, then the bimatriz game has a robust Nash equilibrium.

Next, we formulate the Nash equilibrium problem as an SOCCP. From Assumption 3, we have

fi(y,2) = max yT Az
A€D 4

m
=¢yTAz+ max sz yTéAj

l6asli<Cra);

m
=yTAz+>_ zllyll(v4);
i=1

= yT Az +v42lyll

and ﬁz > 0. Hence, by introducing an auxiliary variable yo € R, Player 1’s problem can be written
as

mix;inylize yT Az + (75 2)00
(7K
subject to |yl <o, ¥ >0, ely=1.

This is a second-order cone programming problem, and its KKT conditions are given by

et [P0 | V4% oy siaz
Y Az +eps— A
RYys>ALlyeRy, efy=1

with Lagrange multipliers A € ®* and s € .
In a similar way, the KKT conditions for Player 2’s minimization problem are given by

T
]Cm+1 20 n TBY ICm+1
> (z BTy +epnt — 1 <

RT>plzeRP, elz =1,

where € ®™ and t € R are Lagrange multipliers. Combining the above two KKT conditions, we
obtain SOCCP (5.3.5) with £ =2m +2n +2, 7 =2, K 1= K™ x K™ x R x R,

Yo
v 1 0 0 0 0 0 0O 0
2 0 I, 0 0 0 0 0 0 0
P 0 01 0 0 0.00 0
C: ?M: , 4= 3
A 0 0 0, 0 0 0O 0
1 0 0 0 0 I, 0 00 0
z 000 0 0 0 I, 00 0
0 0 0~ 0 0 0 0
0 0 0 A —-I, 0 e, 0
. T .
N = 095 0 0 0 0 0 0 . 0 .
0o BT 0 0 0 —-ILn, 0 en 0
0 I, 0 0 O 0 0 O 0
0 0 0 I, O 0 0 O 0
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5.3.4 General uncertainty in the cost matrices

In this subsection, we consider the general case of uncertainty in each cost matrix. That is, we
make the following assumption. ‘
Assumptidn 4

(a) Y(y) ={y} and Z(z) = {z}.

(b) Dy :={A+064 € R™"|||6A]|r < pa} and Dg = {B+6B € R**™| 1|5B[|p < pp} with given
constant matrices A € ™ and B € R™*™ and positive scalars ps and pp.

Under this assumption, we also have the following theorem.
Theorem 5.3.4 If Assumption 4 holds, then the bimatriz game has a robust Nash equilibrium.

Next, we consider the SOCCP formulation of the game. First note that

Fly,2) =max{yTAz| A e D4} =yTAz+ max yF(64)z.
04l 7 <pa

Moreover, we have

max y'(84)z = 1aan X (2@ y) vec(d4) = llz®ylloa = pallylliizl,

oAl r<pa Allr<pa
where vec(-) denotes the vec operator that creates an nm-dimensional vector ((#$)7, ..., (#5,)T)T
from a matrix P € R™*™ with column vectors pf,...,p%,, and ® denotes Kronecker product (see

Sections 4.2 and 4.3 in [60]). Hence, by introducing an auxiliary variable yo € R, Player 1’s
minimization problem reduces to the following problem:

e . T
minimize y Az + pallzllyo
subject to ||yl <o, ely=1, y>0.
Again, this is a second-order cone programming problem, and its KKT conditions are given by
Kt 5 Yo L pallzll e grtl!
“\y Az +ens — A ’
REsALyeR? ely=1,

where A € R™ and s € R are Lagrange multipliers. Moreover, we can show that this SOCCP is
rewritten as the following SOCCP::

n+1 Yo L PAZ] n+1 T, _ 1
K 9(@/) (Az—l—ens—)\ ek y EpY )

K +19<Z)J.(u>elc O RYSALyeRy (5.3.7)
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with an auxiliary variable u € ®™. To see this, it suffices to notice that the complementarity

condition ,
5 (‘;) 1 ("‘ﬁ) € Kt ] (5.3.8)

in (5.3.7) implies ||z|| = z1. This fact can be verified as follows: On one hand, () € K™t! implies
|zl € z1. On the other hand, it holds that 0 = 2150 + 2Tu > 2190 — 2wl = 2190 — ll2llvo,
where the equality follows from the perpendicularity in (5.3.8), the first inequality follows from
the Cauchy-Schwarz inequality, and the last inequality follows from the condition (%) € K™+l in
(5.3.8). Moreover, eXy =1 and (}) € K+l imply 9 > 0. Hence, we have | z|| > 21.

In a similar way, the KKT conditions for Player 2’s problem are given by

L 20 | PBY1 ortl o T,
> <z A\BTy+ent —p < ) EmE =
: L) 20
IC”“B(y)J.(q))eIC"“, R >ulzeRY,

wheret € R, 4 € R™ and v € R" are auxiliary variables. Combining the above two KKT conditions,
we obtain SOCCP (5.3.5) with £ = 3m+3n+4, 7 = 2, K = KT x L x KL 5 O™ R x R,

Yo 10 000 0 000 0 00 0
51 0, 000 0 000 0 00 0
v 00 1000 0O0UO0 0 00 0
2 0, 000 0 00O 0 00 0
g:Z,M=000010000000,q=0,
2 0 0 000TIL, 00 0 0 0O 0
u 0 0000 0 100 0 00 0
A 00 000TIL, 000 0 00 0
a 00000 O O0OTIL 0 00 0
j 00 000 0 00 0 I, 00 0
0O 0 0 0 0 0 psa O O 0 0 O 0
o 0 0 0 0 A 0 O —I, 0 e O 0
o 0 0 01 0 0 0O 0O 0 0 0 0
o 0 0 I, 0 0 0 0 0O 0 0 O© 0
O 0 pp 00 0 0 0 0 0O 0 O 0
N = T , T =
o BT 0 0 0 0 0 0 0 =L 0 e 0
1 0 0 000 O O O ©0 0 O 0
o 0 0 00 0 O L, 0 0 0 O 0
oI, 0 00 0 0 0O O ©0 0 O 0
o 0 0 0 01, 0 0 0 0 0 0 0
C:(Oez,“oooooooooo) d:<1>
0 0 000¢e 00000TO0) 1)
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As shown thus far, the robust Nash equilibrium problems under Assumptions 1, 3 and 4 are
transformed into SOCCPs, while the robust Nash equilibrium problem under Assumption 2 reduces
to an LCP. This is a natural consequence of the fact that the Euclidean norm is used in Assumptions
1, 3 and 4 to describe the uncertainty and the absolute value is used in Assumption 2.

5.4 Numerical examples of robust Nash equilibria

In the previous section, we have shown that some robust Nash equilibrium problems for bimatrix
games reduce to SOCCPs. In this section, we present some numerical examples for the robust Nash
equilibria. Several methods have been proposed for solving SOCCPs. Among them, one of the most
popular approaches is to reformulate the SOCCP as an equivalent nondifferentiable minimization
problem and solve it by Newton-type method combined with a smoothing technique [15, 19, 43, 57].
In our numerical experiments, we use an algorithm based on the methods proposed in [57].

5.4.1 Uncertainty in opponent’s strategy

We first study the case where only the opponents’ strategies involve uncertainty, that is, Assumption
1 holds.
We consider the bimatrix game with cost matrices:

-1 -9 11 ~5 -4 -8
Ay=] 10 -1 4|, Bp=| -1 0 5 |. (5.4.1)
3 10 1 3 1 4

The Nash equilibrium of the game is given by 7 = (0.4815, 0.1852, 0.3333) and Z = (0.1699, 0.2628,
0.5673). Robust Nash equilibria (7", z") for various values of (py, p.) are shown in Table 5.1, where
[i(T",Z") denotes the cost value of each player ¢ = 1,2 at a robust Nash equilibrium. From the
table, we see that robust Nash equilibria (7",Z") approach the Nash equilibrium (7,%) as both p,
and p, tend to 0. Note that Players 1 and 2 estimate the opponents’ strategies more precisely as p,
and p, become smaller. However, the costs of both players for (py, p) = (0.5,0.5) are smaller than
those for (py, pz) = (0.01,0.01). This implies that an equilibrium may not necessarily be favorable
for either of the players even if the estimation is more precise.
Next, we consider the bimatrix game with cost matrices:

5 7 8 8 2 -7
Ay = 2 3 0|, B=|523 -3]. (5.4.2)
-1 -3 =2/ 9 1 —4

In this case, the Nash equilibrium comprises § = (0,0,1) and Z = (0,0,1), and for any pair
(py, pz) € {0.5,0.1,0.01} x {0.5,0.1,0.01}, robust Nash equilibrium (7",Z") remains the same, that
is, 7" = 7 and Z" = Z. From this result, we may expect that, if the Nash equilibrium is a pure
strategy, then the robust Nash equilibrium remains unchanged even if there is uncertainty to some
extent.
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5.4.2 Uncertainty in cost matrices

We next study the general case where the players’ cost matrices involve uncertainty, that is, As-
sumption 4 holds.

First we consider the bimatrix game with the cost matrices A; and By defined by (5.4. 1). Robust
Nash equilibria for various values of (p4, pp) are shown in Table 5.2, where fi(7",Z") denotes the
cost value of robust Nash equilibrium. As in the previous case, we see from the table that precise
estimation for cost matrices does not necessarily reduce the cost at an equilibrium.

Next we consider the bimatrix game with cost matrices A and By defined by (5.4.2). Robust
Nash equilibria for various values of (pa, pp) are shown in Table 5.3, which reveals that 7" =7
and Z' = Z hold when pa and pp are sufficiently small. We also see from the table that prec1se
estimation for cost matrices does not always result in the reduction of the players’ costs at an
equilibrium. '

5.5 Concluding remarks

In this chapter, we have defined the concept of robust Nash equilibrium, and studied a sufficient
condition for its existence. Moreover, we have shown that some robust Nash equilibrium problems
can be reformulated as SOCCPs. To investigate the behavior of robust Nash equilibria, we have
carried out some numerical examples.

Our study is still in the infancy, and many issues remain to be addressed. (1) One is to extend
the concept of robust Nash equilibrium to the general N-person game. For the 2-person bimatrix
game studied in this chapter, it is sufficient to consider the uncertainty in the cost matrices and
the opponent’s strategy. To discuss general N-person games, more complicated structure should
be dealt with. (2) Another issue is to find other sufficient conditions for the existence of robust
Nash equilibria. For instance, it may be possible to consider the existence of robust Nash equilibria
without assuming the boundedness of strategy sets. (3) Theoretical study on the relation between
Nash equilibrium and robust Nash equilibrium is also worthwhile. For example, it is not known
whether the uniqueness of Nash equilibrium is inherited to robust Nash equilibrium. (4) In this
chapter, we have formulated several robust Nash equilibrium problems as SOCCPs. However, we
have only considered the cases where either the cost matrices or the opponent’s strategy is uncertain
for each player. It seems interesting to study the case where both of them are uncertain, or the
structure of uncertainty is more complicated. (5) In our numerical experiments, we employed an
existing algorithm for solving SOCCPs. But, there is room for improvement of solution methods.
It may be useful to develop a specialized method for solving robust Nash equilibrium problems.



Table 5.1: Robust Nash equilibria for various values of py and p,

oy | s 7 7 LT, 7) | T, 7)
0.01 { 0.01 | (0.4896,0.1814,0.3290) | (0.1702, 0.2697, 0.5601) 3.650 —1.668
0.1 | 0.1 | (0.5630,0.1482,0.2888) | (0.1758,0.3304,0.4938) | 3.039 | —2.305
0.1 | 0.5 | {(0.5621,0.1560, 0.2819) | (0.1948, 0.6032, 0.2019) 0.345 —2.122
0.5 | 0.1 | (0.8891,0.0011, 0.1098) | (0.1812,0.3272, 0.4916) 2.506 —5.152
0.5 | 0.5 | (0.8840,0.0432,0.0729) | (0.2129,0.5929,0.1942) | —2.424 | —4.232
Table 5.2: Robust Nash equilibria for various values of ps and pp (cost matrices A, and B)
pa | pB 7 z h@.z") | L,7")
0.1 | 0.1 | (0.4841,0.1797,0.3362) | (0.1721, 0.2623, 0.5656) 3.700 —1.615
1 | 1 {(0.5097,0.1376,0.3527) | (0.1969,0.2552,0.5479) | 3.640 | —1.835
10 | (1.0000, 0.0000, 0.0000) | (0.2931,0.2326, 0.4743) 2.830 —6.190
10 | 1 | (0.5083,0.1950,0.2967) | (0.3497,0.2453,0.4050) | 3.074 | —1.843
10 | 10 | (0.5934,0.1961, 0.2105) | (0.3326, 0.3002, 0.3672) 2.396 —2.565
Table 5.3: Robust Nash equilibria for various values of p4 and pp (cost matrices Ay and Bs)
pA | PB 7 . z hg,z") | L7,7")
0.1 { 0.1 | (0.0000, 0.0000,1.0000) | (0.0000, 0.0000, 1.0000) | —2.000 —4.000
1 1 | (0.0000, 0.0000, 1.0000) | (0.0000, 0.0000, 1.0000) | —2.000 —4.000
10 | (0.0000, 0.0000, 1.0000) | (0.0000,0.3110,0.6890) | —2.311 —2.445
10 | 1 | (0.0000,0.4286,0.5714) | (0.0000,0.0000,1.0000) | —1.143 | —3.571
10 | 10 | (0.0000,0.3783,0.6217) | (0.0000,0.1935, 0.8065) | —1.144 —2.581




Chapter 6
‘Conclusion

In this thesis, we have proposed two different types of algorithms for solving SOCCPs. One is a
Newton-type algorithm in which the smoothing method and the regularization method are com-
bined, and the other is the algorithm based on matrix splitting method. Furthermore, we have
introduced the concept of robust Nash equilibrium, and reformulated the problem of finding such
an equilibrium as an SOCCP. The results obtained in this thesis are summarized as follows:

(a) In Chapter 3, we proposed a globally and quadratically convergent algorithm, which is based
on smoothing and regularization methods, for solving monotone SOCCP..In particular, we
studied strong semismoothness and Jacobian consistency, which play an important role in
establishing quadratic convergence of the algorithm. Furthermore, we examined effectiveness
of the algorithm by means of numerical experiments.

(b) In Chapter 4, we proposed an iterative method for the symmetric affine SOCCP that is based
on the idea of matrix splitting. We first gave conditions under which the matrix splitting
method converges to a solution of the affine SOCCP. We then presented, as a particular
realization of the matrix splitting method, the block successive overrelaxation (SOR) method
for the affine SOCCP involving a positive definite matrix, and proposed an efficient method
for solving subproblems. Finally, we reported some numerical results with the proposed
algorithm, where promising results were obtained especially for problems with sparse matrices.

(c) In Chapter 5, we considered a bimatrix game in which the players can neither evaluate

‘ their cost functions exactly nor estimate their opponents’ strategies accurately. To formulate
such a game, we introduced the concept of robust Nash equilibrium that results from robust
optimization by each player, and proved its existence under some mild conditions. Moreover,
we showed that a robust Nash equilibrium in the bimatrix game can be characterized as an
SOCCP. Some numerical results were presented to illustrate the behavior of robust Nash
equilibria.

As we summarized above, we have made some contributions on SOCCP. However, there are several
problems that remain unsolved. In the following, we give some future issues.
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In Chapter 3, we restricted ourselves to SOCCP (1.1.1) with F(z,y,({) = f(z) —y. Moreover,
we assumed the monotonicity on f to show the global and quadratic convergence of the
algorithm. However, the conditions are rather restrictive from the practical viewpoint. It is
worthwhile to improve the algorithm of which the global and rapid convergence are guaranteed
under weaker conditions. '

In Chapter 4, we have developed the matrix splitting algorithm based on the block SOR
method. It may be interesting to construct an algorithm based on matrix splitting methods
other than the SOR-type methods. For example, it is challenging to study the (block) Jacobi
method for solving SOCCP, since Jacobi method suits parallel computation.

The results derived in Chapter 5 are still inadequate. Especially, theoretical results, such as
the uniqueness of a solution or convexity of the solution set, have not been clarified sufficiently.
It is certainly important to answer such problems.

The robust Nash equilibrium problem considered in Chapter 5 is one of applications of
SOCCP. It may be fascinating to apply SOCCP to other practical problems. The concept of
equilibria appears not only in Nash games but also in other various situations (e.g. traffic
assignment, economic model, etc). For such situations, we may define a similar concept of
robust Nash equilibrium and reformulate the problem of finding such an equilibrium into
SOCCP. Especially, if the uncertainty is expressed by using the Euclidean norm, then the
problem is expected to reduce to SOCCP. ‘



Appendix A

Level-boundedness of the merit

function and its smoothing function

In Section 3.3, we used the fact that, if function f is strongly monotone, then the merit function
U .. and its smoothing function ¥, are level-bounded. In this appendix, we give a proof of this
fact. Since the level-boundedness of a function ¥ : ®” — R is equivalent to

lim ¥(z) = +oo, (A1)

llzl}—o0

we show (A.1) instead of the boundedness of the level set L, := {2| ¥(z) < a}.
Now, let the function \ffNR : 1™ — R be defined by

U (@) = llowm (2, F @) (A2)
Then the following two lemmas hold.
Lemma A.1 If f is strongly monotone, then W is level-bounded.

This result was proved for the variational inequality problem by Peng and Fukushima [93]. Re-
cently, Yamashita and Fukushima [121] generalized this result by introducing the concept of strong
coerciveness, which is weaker than the strong monotonicity.

Lemma A.2 U, is level-bounded if and only if ¥ is level-bounded.
Proof. We first show “if” part. Suppose that ¥ is level-bounded. Then we have
lim  Ug(z,y) = +oo. (A.3)
()l —o0

Let {#(*)} be an arbitrary sequence such that [l=®)|| — oo and {y®} be the corresponding sequence
such that y® = f(z®) for all k. Then we have

1. 1 y .
§‘I’NR(w('“))2 = §I|¢m(m(k),f(w('”)))||2

1 3 1 X
= 5 o @O,y ) + @) -y
= U2,y ),
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where the second equality follows from y® = f(z(®). Noticing that ||(z(¥), y*))|| — oo as k — oo
and that (A.3) holds, we have limy_, ¥y (%)) = 400, that is, ¥,y is level-bounded.
We next show the “only if” part. Suppose that \IINR is level-bounded. Then \i!NR satisfies (A.1).

Noticing +/2[[¢]% +2[In[l* 2 €]l + ]l for any &, n € %", we have

2/ Vg (2,9) 2 |z = Pen(z =yl + [ f(z) - 9l
2 ||z — Per(z — f@)]| = | Pn (2 ~ £(2)) — Pen (€ — )l + [ 7(2) -yl
2 |lz = Pen(z = f@)I - I1f (@) —yll + 11/ (=) -yl
= Vg (2),

where the second inequality follows from the triangle inequality, and the third inequality follows
from the nonexpansiveness of the projection operator Hence, W, also satisfies (A.1), that is, ¥n
is level-bounded. m

We now give the main theorem of this appendix.

Proof. By (3.3.5), we have

2 (2,9) = ” (‘”NR(“”’”)

Theorem A.1 If f is strongly monotone, then ¥, is level-bounded for any p > 0.
flz) -y

(Sou(m y))H
f(z)
< V 2‘1’#(537?/) +vp.

From Lemmas A.1 and A.2, ¥, is level-bounded if f is strongly monotone. This implies the
level-boundedness of ¥,,. (]

0

(soNR(:v ) — ulz, y)) “



Appendix B
Alternative proof of Theorem 3.4.1

In Section 3.4.1, we introduced the weak univalence property of H,, to show the global convergence
of Algorithm 3.4.1. In this appendix, we give an alternative proof of Theorem 3.4.1 by using the
Mountain Pass Theorem.

We first show that any stationary point of ¥,. is a global minimum of ¥,. by using the
nonsingularity of VH, .(,y).

Proposition B.1 If f : R® — R™ is monotone, then the Jacobian VH, (x,y) is nonsingular for
any >0, >0 and (z,y) € R™ x R™.

Proof.  Firstly, we show that O < VP,(z) < I for any z € ®*. When 2, = 0, it is clear that
O < VP,(z) < I since VP,(2) = §'(z1/p)I from (3.3.9) and 0 < §'(z1/u) < 1 from (3.3.3). So
we only consider the case where 2z # 0. Noticing that VP,(z) is given by (3.3.9), in order to
show VP,(2) > O, it is sufficient to show that b, is positive and the Schur complement of VF,(z)
with respect to b, is positive definite. Since b, = (1/2)(§' (M /) + §' A2/ 1)), we have b, > 0 from
(3.3.3). On the other hand, the Schur complement of VP,(2) with respect to b, is given by

T 2 o7 , o T B — 2 T
a,l + (b — a[ﬂ)ﬁ% - _“szZE =a, |- Z2Z22 gk z2222'
e by ||| [zl by |zl
If a, = (G(h2/18) — G(M /1)) /(Aa/p — A1/p) <0, then the continuous differentiability of § and the
mean value theorem guarantee the existence of 7 € [A1/p, A2/ p] such that §(7) < 0. Since this fact

contradicts (3.3.3), we have a, > 0. Moreover, we have (b5 — ¢2)/b, = 2/(1/§(A1) +1/§(X)) > 0
from (3.3.3). Furthermore, both 223 /||22]|? and I — 2023 /||22|? are positive semidefinite and their

sum is the identity matrix. Henee, any positive linear combination of zo23 /||22||? and I —202% /||22]|?
is positive definite. Therefore, the Schur complement of VP,(2) with respect to b, is positive
definite, and hence we obtain VP,(2) > O. In a similar way, we can show

- G
I-VP,(2) = ’ 2] .0
’ G () o) (b a,) 2L |
llz2| . S PAE

from 1 — b, > 0 and the positive definiteness of the Schur complement of I — VP,(z) with respect
to1—b,. '
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Secondly, we show the nonsingularity of VH, .(2,y)7 instead of VH, (,y). Let us denote
P := VP,(z) and F := V f(x) for convenience. Then VH, .(z, )T can be written as

[-P P
VH £ ) T = .
pe(:) <J—"+5I -I)

Let £, € R™ satisfy

VH,o(z,)" (ﬁ) =0,
U
that is,
(I=P)+Pn=0, (B.1)
(F+ehé—-n=0. (B.2)
Multiplying the left-hand side of (B.1) by P! and combining with (B.2), we have
(Pl—I+F+eDt=0.

Since O < P < I implies P! = I and monotonicity of f implies F = O, Pl T +F+elis
positive definite. So we have £ = 0, and then 7 = 0 from (B.2). Hence, VH, (z, )" is nonsingular,
that is, VH, -(x,y) is nonsingular. [

Proposition B.2 If f : R® — R™ is monotone, then, for any & > 0 and € > 0, every stationary
point (Z,7) of the function W, . satisfies ¥, (Z,7) = 0.

Proof. Note that VU, (%,7) = VH,.(Z,7) H,.(Z,7) = 0. By Proposition B.1, VH, .(%,7) is
nonsingular. Hence, we have H,, .(Z,7) = 0, that is, ¥, .(Z,7) = (1/2)|H,.(Z,7)|* = 0. n

We proceed to showing the global convergence property of Algorithm 3.4.1 by extending the
result of [32] for NCP to SOCCP. To this end, we give two lemmas. The first lemma implies that
¥, c is uniformly continuous on a compact set not only in = and y but also in ¢ and .

Lemma B.3 Let C C R x R be a compact set. Then, for any & > 0, there exist € > 0 and
w' > 0 such that

I\Ilu,E(xay) - \IJNR(way)I S )
for any (z,y) € C, € € [0,€] and p € [0, 1]

Proof. Define the function Q: R™ x R x [0, +00) x [0, +00) — R by Q(z,y, 4, €) := ¥, (z,y).
Then, Q is continuous and satisfies Q(z,y,0,0) = ¥, (x,y). Since any continuous function is
uniformly continuous on a compact set,  is uniformly continuous on C x [0,£] x [0, /]. ]

The next lemma is known as the Mountain Pass Theorem, which is useful for our analysis. For
more detail, see Theorem 9.2.7 in [90].
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Lemma B.4 (Mountain Pass Theorem) Let 6 : R* — R be a continuously differentiable and
level-bounded function. Let C C R™ be a nonempty and compact set and let m be the minimum
value of 6 on the boundary of C, that is,

m = ?:IIE%% 6(zx).
Assume that there exist points p € C and q ¢ C such that 6(p) < m and 6(q) < m. Then, there
exists a point r € R™ such that VO(r) =0 and 6(r) > m.

Finally, by using the above propositions and lemmas, we establish the global convergence of
Algorithm 3.4.1. '

Theorem B.2 (Theorem 3.4.1) Let f : R* — R™ be a monotone function. Assume that the
solution set S of SOCCP (3.3.1) is nonempty and bounded. Let {(z®), ()} be a sequence generated
by Algorithm 3.4:1. Then, {(z®,y*)} is bounded, and every accumulation point is a solution of
(3.3.1).

Proof. From a simple continuity argument, we can easily show that every accumulation point
of {(z®,y*)} is a solution of SOCCP (3.3.1). So we only show the boundedness of {(z*),y(*)}.
For a contradiction purpose, we assume that {(2(¥), 5(%))} is not bounded. Then, there exists a
subsequence {(z(®),y*))}rex such that limg e kex ||z, y®)|| = co. Moreover, noticing that
there exists a compact set C C R" x R* such that S C int C because of the boundedness of S, we
have the following two facts:

(a) (x®),y*)) ¢ C for all k € K sufficiently large;

(by m :=($I$i€nac\lfm(:r,y) > 0.

Now, applying Lemma B.3 with é := /4 > 0, we have
1

Vi, en (z,y) — ‘I’NR(w,y) < Z-m— (B.3)

and
1__
U, (@,Y) — Ui (®,y) 2 i (B.4)

for any .(:v,y) € C and k € K sufficiently large. Let (Z,7) € S C C be a solution of SOCCP. Then,
from (B.3), we have

— L o 1__ :
I:[I;U'lc"fk(x?y) - \PNR(xay) = \Il,u,k,ek(m)y) S —=m (B5)

S

for all k € K sufficiently large. On the other hand, letting (29, 5(®)) be a minimizer of ¥ ,, ., (z,y)
on the set 0C, we have, for all k € K sufficiently large,

(m%g}?C’ P, en(7,Y) = Yy e (i’(k)) 'g(k))

> —%‘m + Uy (80, §5)

—lm +mM
4
3

v
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where the first inequality follows from (B.4) and the second inequality follows from (b) and
(", 5" e 8C. Furthermore, since \Ile,Ek(w(k),y(k)) < ai from Step 2 of Algorithm 3.4.1,
we have

\Ijltk,sk(x(k)a y(k)) < -m (B.7)

1
4
for all k € K sufficiently large. Now, let k € K be a sufficiently large integer satisfying (a), (B.5),
(B.6) and (B.7). Then, applying Lemma B.4 to ¥, .. with p = (Z,7), ¢ = (), ) and
m = ming yeac Yug, ez (%, Y) = (3/4)T, we obtain the existence of (2R, )y € ®™ x R such that

VU, (@0, 9%9) =0 and T, (80, 9H)) > Zm > 0.

1SN VN

However, this contradicts Proposition B.2. Hence, {(z™®,y*))} is bounded. n



Appendix C

Detailed proof of Proposition 3.4.2

In this appendix, we give a more detailed proof of Proposition 3.4.2, which shows the strong

semismoothness of Pcn defined by (2.2.7). To this end, we first study some differential properties

of function Pcr defined by (2.2.7). For the sake of convenience, we divide R into six subsets as

follows :

S1={z|0 <X < X} = {z]z1 > 2]}
Sy = {z| M <0< X} = {z]| - |2l < 21 < |l 2]} = R*\(K*U—-K?)

= int K™

Ss = {z] A\ < A <0} = {z] 21 < —||2]|} = —int K" (C.1)
Si= {2zl =0< XY ={z]0<a=lzl}  =bdk"\{0}

S5 = {z| M <0=X} = {z] —||lall =21 <0} = —bdK™\{0}

Se == {z| M1 = 0= o} = {z|21 = ||22]| =0} = {0},

where A\; and )\, are the spectral values of z given by (2.2.4), and bd and int denote the boundary
and the interior, respectively. Note that US_;S; = R", $;NS; =0 (i # j), and that S;, Sz and Ss
are open sets. Define, moreover, the functions IT; : ®* — R, Iy : D := {z € ®*|2p # 0} - R"

and II3 : R® — R™ as

(z) = Aol + xul® = 2 (C.2)
1 Z
M) = daul® = 3+ lal) (172) (©3)
T3(z) = 0. | (C.4)
Then (2.2.8) is rewritten as
( 1I; (z) (Z € Sl)
H?,(z) (Z S Sz)
. H3(Z) (Z S 53)
e = o) —me e sy (©2)
HQ(Z) = Hg(z) (Z € 55)
\ Hl(z) = H3(Z) (Z € Sﬁ) .

The following proposition refers to the differential properties of II;, Il and IIs.



84 Appendix C Detaileci proof of Proposition 3.4.2

Proposition C.1 Let 2z = (21,22) € R x R* ! and D = {z € R*|2, # 0}. Let II;, Iy and I3 be
Then, I1; and I3 are differentiable

the functions defined by (C.2), (C.3) and (C.4), respectively.
on R", and Iy is differentiable on D. Moreover, their Jacobians are given as

VIIi(2) =1
T
1 2 1 - -
vnz=‘(1+ >H =
2(2) = 5 [| 22| 2zl \ 2 - l|1222||§

VIs(z) = O

Proof.
the fact that

v ( w ) _ 1 (; wwT
“\wll/  flwl] [[w]|?
for any w € R\ {0}, we have
7\T 0 0
z 1
V.l 1 22— ) = —— T
’(uao ol \ 0 1 222
[zl

for z; # 0. Moreover, since

Va(z + [22l) = (1

T
2
"ol )

we have
1 P 1 2L
Via(z) = =V, (21 + ||2 22 4z + 2DV [ 1, =
2(2) 5 (21 + || 2II)( T2 ”> ( 1+ llz2]) ( Teall
iy catlal (00,
2 lzzll IZ2H 2|zl {0 I-— ”2 !2'2
T
2
_1 Tzl -
2 )I 21 2223
H221| |22H |22 [| 22|
1 y [ta A
Ly ) T
2( um Tl | 222
IEA

Next, we give a lemma on the strong semismoothness of the three functions II;, Iy and I3 that

constitute Pxr.

It is evident from II;(2) = z and II3(z) = 0 that VII;(2) = I and VIIs(2)

v

= 0. By using
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Lemma C.1 Let IIj, Il and II3 be the functions defined by (C.2), (C.3) and (C.4), respectively.
Then, I1; and I3 are strongly semismooth at any z € R*, and Iy is strongly semismooth at any
z € R™ such that z9 # 0.

Proof.  Obviously, II; and I3 are strongly semismooth since their Jacobians are constants. So
we only consider the function IIy. Let z = (21,2) € R x ®*~! be an arbitrary vector such that
zg #0,and d = (d1,dz) € R x R"~1 be an arbitrarily small and nonzero vector such that z;+dp # 0.
Moreover, let V be an arbitrary element of 8ll2(z + d). Note that Il is twice differentiable at 2o
and 23 + dp since 22 # 0 and 22 + dp # 0. Then we have '

IVTd —Thy(z;d)|| = || VIa(2 + d)"d — VIL(2)"dl|
< |IVILx(z + d) — VIL(2)[[[1d]
= O(ldlI*),

which proves the strong semismoothness of IIs. [ ]

By using the above proposition and lemma, we show the strong semismoothness of Pir.

Proposition C.2 (Proposition 3.4.2) The function Pcn defined by (2.2.7) is strongly semis-
mooth at any point z € R™.

Proof. Let S; (i=1,...,6) be defined by (C.1). Let II;, Il and I3 be defined by (C.2), (C.3)
and (C.4), respectively. When z € Sy, for any d € R sufﬁcientlyvsmall, z + d is an element of Sj,
because S; is an open set. Hence, Pcn is strongly semismooth at any z € S; by (C.5) and Lemma
C.1. In a similar way, we can show the strong semismoothness of Px» at any z € S U S3.

When z € Sy, for any d € R™ sufficiently small, we have z4+d € S; U S, U Sy Let V
be an arbitrary element of 8Pxn(z +d). If z + d € Si, it then follows from Lemma C.1 that
VTd — PLa(z;d) = (VIIi(z + d) — VILi(2))Td = O(||d||?). Similarly, if z 4+ d € S, it follows that
VTd—PlLa(z;d) = (VIa(z+d) —VIa(2))Td = O(||d||?). If 2+d € S4, then we can find a scalar o €
[0,1] such that V = (1 — a)VILi(z 4+ d) + aVIITy(z +d). Since Pin(z;d) = VII1(2)Td = VIIz(2)Td,
we have VId— Pl (z;d) = 1 —a){VI;(z+d)Td - VI (2)Td} + a{VIa(z + d)Td — VIIy(2)Td} =
O(||d}|?). Thus, Pxn is strongly semismooth at z € Sy. In a similar way, we can show the strong
semismoothness of Pcr at 2 € Ss.

Finally, we consider the case where z € Se, that is, 2 = 0. From (C.2), (C.3), (C.4) and
(C.5), Pxn is directionally differentiable at 0, and its directional derivative along the direction
d = (di,dp) € R x R*"1\{(0,0)} is given by

P (03) = lim Picn (1)
= Pen(d). (C.9)

When d € S, it follows from (C.5), (C.6) and (C.9) that V7d — PL.(0;d) = VIIi(d)Td — I, (d) =
Id—d=0. When d € S», it follows from (C.5), (C.7) and (C.9) that

VTd — PLa(0;d)
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= VIg(d)T'd - IIo(d)

dZ .
1| ! Tdol i\ 1 1
3 ot |(6) R | o
|| da]| [|dall [z lld2]? 2
1 [ d1+lldal 1 1
=g | td2 —5(d+dall) | dy
. l|da|| [l da||

When d € Ss, it follows from (C.5), (C.8) and (C.9) that VTd — PL.(0;d) = VII3(d)Td —1I5(d) =
Od—0=0. When d € S}, any V € OFcn(d) can be written as V = (1 — a)VIL1(d) + aVIIa(d)
with o € [0,1]. Furthermore, we have Pr.(0;d) = Pin(d) = II;(d) = IIx(d) from (C.9) and (C.5).
Hence, we have VId — Pen(0;d) = (1 — a){VII1(d)Td — TI;(d)} + a{VIIx(d)Td — TI»(d)} = O.
When d € S5, we can also show VTd — Pcn(0;d) = 0 in a similer way. Consequently, we have
VTd — PL.(0;d) =0 for any d € R*\{0}. m



Appendix D

Proof of Proposition 3.4.3

In Appendix C, we have shown that the function P is composed of the differentiable functions
II;, II; and IT3. By using these functions, we give the proof of Proposition 3.4.3.

Proposition D.1 (Proposition 3.4.3) Clarke subdifferential of the projection function Pic» and
the matriz J3(2) := lim, )0 VP, (2) are given as follows:

( {y (A >0,); > 0)'
(Oo/On+ AT +2} (A <0,)>0)
8P (2) = ¢ o1 (s <0 .<O) (D.1)
co{I,I+ 7} (A1 = 0, A > 0)
co{O, Z} (M <0,X=0)
| co({O}U{IIUS)  (u=0,X=0),
I (A1 >0, Az > 0)
Oa/O1+ 2T +2Z (A <0,X>0)
(0] (M <0,X2<0)
J3(z) = 4 (D2)
I+1-g(0)z (A1 =0, Xz > 0)
g0z (M < 0,2 =0)
{ §(0)I (A1 =0, =0),

where (r1,72) := (21, 22)/ || 22,
1= 1 1(- o ) )
Z”?( 2 —mmr;)’ 0 {2(1”’)”2( " _gwaN 1Sﬂs1;,uwu—1}.

Proof.  First we show (D.1). It follows from (C.2)-(C.5) and Proposition C.1 that Pxn is
continuously differentiable at any point z in the open sets S; (i = 1,2,3). So it suffices to consider
the case where z € S; (i =4,5,6).
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When 2z € Sy, from (C.1), we have z; = ||23]|, namely r; = 1. Note that Sy is adjacent to Sy
and S; but not to S3. Since

lim VPen(2) = lim VIL(3) = I (D.3)

2esy 2eS;
and
. . . . 1(-1 »F
lim VPer(2) = lim VII(2) = I+ 5 ,
z—z T

S T
— —
265 2€8y 2 —T2Ty

Clarke subdifferential of Pcr at 2 € Sy is given by

_ T
OPxn (2) =co{[, I+%<r21 :;T>}
= —T2T3

- When 2 € S5, from (C.1), we have z1 = —||22|, namely r; = —1. Note that S5 is adjacent to
S2 and S3 but not to S;. Since
lim V Pn (2) = ljm VHg(é)

z—z Z—z

£€5; £€Sg

0 (D.4)
and

. s . . 1({1 rF
lim VPen(2) = limII2(2) = = T
zze—;z 2oz 2\ ry rory

Clarke subdifferential of Pcr at z € S5 is given by

1(1 L
OPxn(2) = co< 0O, = 2 .
kn(2). { 2<7"2 7"27’2T>}

Let 2z € Sg, i.e., 2 = 0. Note that z = 0 is adjacent to Si, Sz and S3. Similar to (D.3) and
(D.4), we have

lim V Pcn () =1 and lim VPr(2) = O.

z€8 2€S3

We will show 7 = S, where

T .= {ng vnz(z)},
265

S = {%(H—ﬁ)ﬂr% (_ﬂ w' )l—1s551,||w1|:1}.

w —Buwwl

First we show 7 C S. Let {2*)} C %" be an arbitrary sequence such that 2 — 0 and z® € S,
for all k, and denote (rgk), rgk)) = (z§k), zék)) / ||z§k) ||. Then we have

SO ey )

CRENCROINCIN

e 1 gy o 1
VIL(e®) = 2 (14n7) 145 (
Ta
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Since 2% € Sy implies —1 < rgk’) < 1, every accumulation point of {rgk)} belongs to the interval

(—1,1]. Moreover, every accumulation point of {rék)} is a unit vector since Hré’”)H =1 for all k.
Hence, we have T C S. Next we show 7 2 S. Let J be an arbitrary element of S. Then, there
exist a scalar 8 € [~1,1] and a unit vector w such that

(1+ﬁ)I+1 <_ﬁ w )

J =
w —pfuww’

o=

Let {¢®} = {(¢, )} € R x ®*~! be defined by

*® ._ B (_ 1 )
S G
by _ W

2 ma
and {n®)} = {(n B 79} € Rx R be defined by (n{", 787) := (61, &”)/1165” . Then, €®) € 5,
for all k since §1 /||§('”)|| Bl —1/(k+ 1) € (-1,1). Moreover, we have limy_,. £® = 0,

1My, oo ng = and limg— 00 né ) = w. Hence, we have

—n{P) (n7)
. ")y — (k)
Jim VIT(E™) kli{{;{ (1+77 )I+ ( () _ (k) (k) (k)T)}
m m (nz )

1 1{-8 wh

—BuwwT

Il

=J.
This implies J € 7, that is, 7 2 S. Thus, Clarke subdifferential of Pc» at z = 0 is given by
OPcn(2) = co({O}U{I}US).
Next, we show (D.2). Let A\; and \; be the spectral values of z given by (2.2.4). Note that, if

z2 # 0, VP,(2) is given by (3.3.9) with a,, b, and ¢, defined by (3.3.10). First we suppose 22 # 0
and consider the limiting behavior of a,, b, and ¢, as p | 0. Since we have

_a0u/w) =900/ _ 1) = 3O0)
# Ao/ — Ai/p A2 — A1 ’
(3.4.8) implies that the limit ag :=lim,|o a, is given by

1 0 < A2)
= ¢ (1+7r)/2(M<0< ) (D.5)
0 ()\1 << 0) ,
where the second case follows from A2/(A2 — A1) = (21 + llz2)/(2ll22]) = (1 +r1)/2. By (3.3.10)
and (3.4.9), the limit bg := lim,}0 b, is given by '

o Yo(A2) — Y0 (A1)
0 Do — A

1 (0 <\ < A2)
1 1+ (h=0< %)
by = 5 (05 (o) +15 (M) = 12 (M <0<X) (D.6)
70)/2  (M<0=Xx)
L 0 (M1 < X2 <0),
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and cg :=lim, o ¢, is given by’

(

0 (O <A< )\2)
. (1-9(0))/2 (M =0 <))
o = (0 (o) =2 (M) = 1/2 (M <0<A) (D.7)
90)/2 (M <0=))
\ 0 M << 0).

Next we describe the limit lim, o P,(2). We first consider the case where z € S, that is,
0 < A1 < A2. When 25 = 0, we have 0 < A\; = Mg = z1. Hence, by (3.3.9) and (3.4.9), we have

limVP,(2) = lim§'(z I
lirg (%) mog( 1/1)
= 1 (2]
= ].

When 25 # 0, that is, 0 < A; < A2, we have ap = by = 1 and ¢y = 0 by (3.4.14) - (3.4.16). This,
together with (3.3.9), yields

b T
limVP,(z) = 0 corz .
40 cory  aol + (bo — ag)rery
= ].

We thus have J§(z) = I for any z € S;. When z € Ss, that is, A\; < A2 < 0, we can show that
J%(z) = O in a similar way. When z € Sy, that is, A1 < 0 < A and 23 # 0, we have ag = (1+71)/2
and by = cp = 1/2 from (3.4.14) - (3.4.16). It then follows from (3.3.9) that

1 1{-r r¥
9 = =(1 I+ = .
Jp(2) 2( +ri)l + 5 < vy —r1r2r§>

We can argue the case of z € Sy U S5 in a similar way. When z € Sg, we have \y = da =21 =0
and 2z = 0. Therefore, by (3.3.9) and (3.4.9), we have J3(z) = ¢’(0)I. This completes the proof. m
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Well-definedness of Algorithm 3.4.2

We show that Algorithm 3.4.2 is well-defined in the sense that the number of inner iterations
Steps2.0—-2.4 is finite at each major iteration.

Proposition E.1 For each k, Step2 of Algorithm 3.4.2 finds a w®+D := vU+D for some ;.

Proof. Fix k arbitrarily. Notice that we always have ||H,g (w®)|| > 0 in Step 2. First we show
the existence of a nonnegative integer m satisfying (3.4.20). Without loss of generality, we assume
¥,(v9) > 0. Noticing that
VO, e (U(J’))T(j(j) = Hyy 0 ('U(j))TVHuk,Ek (U(J'))Td“(j)
= —Hp, o\ (WwNT Hypen (w9
= —20,, . (WY, (E.1)

we have

Uy e, 0D +7d9) — (1= 2070, o, (01D)

= {\I!uk,sk('u(j)) —}—TV\Il#k,Ek(v(j))T(i(j) + 0(7‘)} -(1- 207’)\][1%,5,6(11(9'))

= =270, o (W9)) + 207V, o (WY + o(7) .

= {20 - ), o, ) +o(7)/7} . (E-2)
Since 1 —o > 0and ¥y, ¢, (v > 0, the. right-hand side of (E.2) is negative for all 7 > 0 sufficiently
small. Hence, (3.4.20) holds for some integer m > 0.

Next, for the contradiction purpose, we assume that the inner iterations of Step 2 never termi-
nate, that is,

1y, @) > B > 0 (E.3)

for all j at Step2.4. We consider two cases (i) liminf; . 7; > 0 and (ii) liminf; o 75 = 0. In case
(i), there exists 7 € (0, (20)™!) such that 7; > 7 for all j. Since

\I’”k’e’“(v(j)) = lI’Nk,Ek('U(j_l) + Tj—ld(j_l))
< (1 - 20Tj*1)\1’#k>5k(v(j_l)),
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we have

HH”’“’Ek(U(j))I1 = \/m HHMk,Ek(U(j_l))H
= | Hueer )] If VT
i=0
< | Hpper )| (1 = 207972

The right-hand side of this inequality tends to 0 as j — oo, which contradicts (E.3). In case (ii),
there exists a subsequence such that {r;};es — 0. Note that Step2.3 implies

L PN ('U(j) + ij_lci(j)) > (1- QUij_l)\I//uc,sk (U(j))
for all j. Since p™~! = 7;p71, we then have

T~
= V¥, e ('U(j))T‘i(j) +o(75) /75
= =20y, o, (v9) +o(r) /7,

?_QUW:‘%)Ek ('U(j)) <

that is,
2(1 — o)Wy, 0, (W) < o(7y)/7;. (E4)

However, (E.4) cannot hold when j € J is sufficiently large, since 1 — ¢ > 0 and ¥, ., (v¥)) >
B2/2 > 0. Thus, we have a contradiction. This completes the proof. |



Appendix F

A sufficient condition for the
solvability of linear SOCCP

In the numerical experiments of Section 3.5, we generated linear SOCCP (3.5.1) whose solution set
is nonempty, based on the following theorem which shows a sufficient condition for a linear SOCCP
to be solvable. This result is a natural extension of the well-known result [24, Theorem 3.1.2] for
the linear complementarity problem.

Theorem F.1 Let M € R**"™ be a positive semidefinite matriz, and g € R™ be a real-valued vector.
If there exists a pair (%,7) such that T € int IC, § € int K and § = MT + g, then the SOCCP

zek, yek, ely=0, y=Mz+q - (F)
has at least one solution.
Proof. TFirst we consider the SOCP:

minimize 27 (Mz + q)

subject to Mz+qge Kk, ze€ K, (F.2)
which is strictly feasible by assumption. Since it holds that
ek, nek = ¢p>0, (F.3)

the objective function of SOCP (F.2) is bounded below on the feasible region. Therefore, there
exist an optimal solution z* € R™ and a multiplier vector A* € R™ satisfying the following KKT

conditions :
ek, (F.4)
(M +MT)z* 4 q— MTX\* € K, (F.5)
()T (M + M)z + g — MTX) =0, (F.6)
A ek, (F.7)
Mz*+qek, (F.8)

WT(Mz* +q) =0. (F.9)



94 Appendix F A sufficient condition for the solvability of linear SOCCP

From (F.6) we have
—(TMT (2" = ) = ()T (Mz*+q) > 0, (F.10)
where the inequality follows from (F.4), (F.8) and (F.3). Moreover, we have

0 < WT(M +MT)z" + g — MTN)
= (W (Mz* + )+ W)TMT (2 — \¥)
= TMIE =N, (F.11)

where the inequality follows from (F.7), (F.5) and (F.3), and the last equality follows from (F.9).
Hence, by (F.10) and (F.11), we have

(28 = XTMT (= )*) < 0. (F.12)

Noticing the positive semidefiniteness of M, the inequality in (F.12) is replaced by the equality.
Hence, '

() TMT (2 = 2 = OYTMT(z* =A%) > o, (F.13)
where the inequality is due to (F.11). By (F.10) and (F.13), we have
() (Mz* +q) = —(2)"MT(z* = \) = 0,

which implies (z,y) = (2*, Mz" + ¢) is a solution of SOCCP (F.1). n
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