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Abstract

We consider existence and uniqueness properties of a solution to homogeneous cone com-
plementarity problem (HCCP). Employing the T-algebraic characterization of homogeneous
cones, we generalize the P, Py, Ry properties for a nonlinear function associated with the
standard nonlinear complementarity problem to the setting of HCCP. We prove that if a
continuous function has either the order-FPy and Ry, or the Py and Ry properties then all
the associated HCCPs have solutions. In particular, if a continuous monotone function has
the trace-P property then the associated HCCP has a unique solution (if any); if it has
the uniform-trace-P property then the associated HCCP has the global uniqueness (of the
solution) property (GUS). Moreover, we establish a global error bound for the HCCP with
the uniform-trace-P property under some conditions for homogeneous cone linear comple-
mentarity problem.

Keywords: Homogeneous cone complementarity problem, P property, existence of a solu-
tion, globally uniquely solvability property.
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1 Introduction

In this paper, we are interested in the homogeneous cone complementarity problem (HCCP(F,q)
for short) which is to find a vector z € K such that

reK, ye K", (z,y) =0, y=F(x)+gq, (1)

where K is a homogeneous cone (the automorphism group of the cone acts transitively on the
interior of the cone, see Section 2 for the details) in a finite-dimensional inner product space H
over R with its dual K* given by K* := {y e H: (z,y) > 0,Vz € K}, F : H — H is a continuous
function and ¢ € H. If F(zx) = L(x) is linear, we call problem (1) the homogeneous cone
linear complementarity problem (HCLCP(L,q)). When K is a symmetric cone in a Euclidean
Jordan algebra, it is the symmetric cone complementarity problem (SCCP), which includes the

*The work was supported in part by the National Natural Science Foundation of China (10831006) and the
National Basic Research Program of China (2010CB732501), and a Discovery Grant from NSERC.

f Lingchen Kong, Department of Applied Mathematics, Beijing Jiaotong University, Beijing 100044, P. R.
China (e-mail: konglchen@126.com)

¥ Levent Tuncel, Department of Combinatorics and Optimization, Faculty of Mathematics, University of
Waterloo, Waterloo, Ontario N2L 3G1, Canada (e-mail: ltuncel@math.uwaterloo.ca)

$ Naihua Xiu, Department of Applied Mathematics, Beijing Jiaotong University, Beijing 100044, P. R. China
(e-mail: nhxiu@center.njtu.edu.cn)



so-called nonlinear complementarity problem (NCP, where H = R"™, the space of n-dimensional
real column vectors, and K = R}, the nonnegative orthant) and semidefinite complementarity
problem (SDCP, where H = S", the space of n x n real symmetric matrices, and K = S'}, the
cone of positive semidefinite symmetric matrices) as special cases.

In the NCP context, a continuous function f : R™ — R" is said to be a P function (has the
P property) if the following implication holds

(z—y)olf(x)—fWI<0 = z=y,

where “o” denotes the Hadamard (componentwise) product and z < 0 means that all components
of z are nonpositive. There are many applications of P functions in engineering, economics,
management science, as well as several other fields, see, e.g., [7, 23]. We say f is a Py function
if f+ el is a P function for any € > 0 where [ is the identity transformation. This is a
generalization of P-matrices. It is known that if f is a Py function and satisfies the so-called
Ry condition then the NCP(f, ¢) has a solution for every ¢ € R™. (Here, we only consider the
Ry condition as described in Definition 3.2 below.) In the setting of a Cartesian product of
sets in R™, Facchinei and Pang [7] proposed the notions of P and Py functions and studied
some of their properties. In the setting of Euclidean Jordan algebras, Gowda, Sznajder and
Tao [12] studied some P and Py properties for linear transformations; Tao and Gowda [24]
introduced P and Py functions and established the existence result for SCCP. Moreover, Gowda
and Sznajder [11] studied the automorphism invariance of P and globally uniquely solvability
(GUS) properties for linear transformations on Euclidean Jordan algebras. a necessary condition
for FF Symmetric cones are homogeneous and self-dual, see [8, 19]. A natural next step in this
line of generalizations is to drop the requirement that K is self-dual. While there is a finite
number of non-isomorphic symmetric cones of each dimension, the number is uncountable for
homogeneous cones when the dimension n > 11, see [27]. There has been some increase in
the interest and activity in the area of homogeneous cones and optimization problems over
homogeneous cones, see, e.g., [1, 3, 4, 5, 6, 9, 13, 14, 18, 21, 22, 25, 26, 27, 28]. These papers
deal with either certain theoretical properties of homogeneous cones, primal-dual interior-point
methods for linear programming over homogeneous cones or their applications. In this paper,
we work on the P properties for nonlinear transformations in the setting of HCCP. The aim of
our work is to establish the existence and uniqueness results of a solution to HCCP.

With the help of the T-algebraic characterization of homogeneous cones, we first study the
metric projection onto homogeneous cone K and its properties related to HCCP. Based on them,
we introduce P, order-P, trace-P, uniform-trace-P, trace-Fy, order-Fy, Py and Ry properties
for a function F : H — H in the setting of HCCP. Then, we show that if F' has either the
order-Py and Ry, or the Py and R( properties then the HCCP(F, ¢) has a solution for every
g € H by applying degree theory. We give some sufficient conditions under which the HCCP has
GUS property. For instance, if F' is monotone and has the trace-P property then the associated
HCCP(F, q) has a unique solution (if not empty); if F' is monotone and has the uniform-trace-P
property then the associated HCCP(F, q) has GUS property. Moreover, we establish a global
error bound for the HCCP with F' having the uniform-trace-P property.

This paper is organized as follows. In Section 2, we briefly review some basic concepts
and results on T-algebras, and describe some fundamental results on metric projection onto
homogenous cones. In Section 3, we introduce various P properties and show our existence
result for HCCP. In Section 4, we study the GUS property and give an error bound for HCCP.
In Section 5, we include some concluding remarks. While most of our focus is on Homogeneous
cones, many of our results apply more generally (in the setting of arbitrary convex cones).



2 Preliminaries

We first briefly review some basic concepts and results on homogeneous cones and T-algebras
from [4, 27, 28], and then provide some fundamental results on metric projection onto homoge-
nous cones.

2.1 Homogeneous cones and T-algebras

Definition 2.1 A closed, convex cone K with nonempty interior is homogeneous if the group
of automorphisms of K acts transitively on the interior of K.

Note that a cone K is homogeneous then so is its dual K*. Vinberg [27] introduced a
constructive way to build homogeneous cones by employing the so-called T-algebra which con-
nects homogeneous cones to abstract matrices whose elements are vectors. We first review the
following concept of matriz algebra.

Definition 2.2 A matrix algebra A is a bi-graded algebra @;jzl A;j over the reals with a
bilinear product of a;; € Aij and ay € Ay (1 <4,7,k,1 < 1) satisfying

Ail Zf ]: ka
;i €
’ 0 if j#K

where A;j is a n;j-dimensional vector space. The positive integer r is called the rank of the
matriz algebra A.

Every element a € A is a generalized matrix with its component in A;; being an n;;-
dimensional generalized element of the matrix a;j, i.e., a;; is the projection of a onto A;;. The
multiplication of two elements a,b € A is analogous to the multiplication of matrices,

(ab)ij = Zaikbkj-
=1

Assume that for every 4, A;; is isomorphic to R, and let p; be the isomorphism and let e; denote
the representation of the unit element of A;; in A. We define the trace of an element a as

Tr(a) = Zpi(aii).

The following notion generalizes the classical (conjugate) transpose. An involution * of the
matrix algebra A of rank r is a linear automorphism on A that satisfies

(i) (a*)* =a for all a € A (involutory).

(ii) (ab)* = b*a* for all a,b € A (anti-homomorphic).

(iii) (a*)ij = (aji)* for 1 <i,5 <.

(iV) .A:} = .Aji for 1 < i,j <r.

We are ready to state the following definition of T-algebra, which was originally introduced
by Vinberg [27].

Definition 2.3 A T-algebra of rank r is a matriz algebra A of rank r with involution x satisfying
the following axioms:
1. For each 1 < i <, the subalgebra A;; is isomorphic to the reals.



II. For each a € A and each 1 <i,5 <r,
ajie; = aj; and e€;a;; = aij.

III. For each a,b € A, Tr(ab) =Tr(ba).

IV. For each a,b,c € A, Tr((ab)c) =Tr(a(bc)).

V. For each a € A, Tr(a*a) > 0, with equality if and only if a = 0.

VI. For each a,b,c € A and each i,j,k,1 € {1,2,---,r} withi < j <k <,

aij(bjkcr) = (aijbjk)cri-
VII. For each a,b € A and each i,j,k,l € {1,2,---,r} withi < j <k and | <k,
aij (bjkbir) = (aijbjk)biy-
Thus, the cone associated with a T-algebra A of rank r, denoted by int(K(.A)), is given by
int(K(A)) ={tt" :te Ati; =0, V1<j<i<r andt; >0, V1 <i<r}.

It is easy to see from Axiom II that e := ). ; e; is the unit element in A, ie., ea = ae for
all a € A. Tt is necessary to note that multiplication in a T-algebra is neither commutative
nor associative. Define the subalgebra of upper triangular elements of A and the subspace of
“Hermitian” elements, respectively, as

T = @ Aij, H:={acA:a=a"}.

1<j,6,j=1

Clearly, Axiom VI is equivalent to t(uw) = (tu)w for all t,u,w € 7. Taking involution, we
get another equivalent statement: t(uw) = (tu)w for all t,u,w € 7*. Similarly, Axiom VII is
equivalent to t(uu*) = (tu)u* for all ¢t,u € T; or equivalently, (u*u)t = u*(ut) for all t,u € T*.

Let 7. (resp., 7+ and 7 ) denote the set of elements of 7 with nonzero (resp., nonnegative
and positive) diagonal components. It is easy to see that int(K(A)) = {tt* : t € 7.} and H is
the linear span of int(K (\A)).

We recall below a fundamental characterization of homogeneous cones established by Vinberg
[27].

Theorem 2.4 (T-algebraic representation of homogeneous cones) A cone K is homogeneous
if and only if int(K) is isomorphic to the cone int(K (A)) associated with some T-algebra A.
Moreover, given int(K(A)), the representation of an element from int(K) in the form tt* is
unique. Finally, the dual cone int(K*) can be represented as {t*t : t € T, }.

Remark 2.1 This theorem is analogous to the representation of a symmetric cone as the set of
squares over a Jordan algebra. However, for an arbitrary T-algebra and its associated cone it is
not true that for a given a € A we have aa* € int(K(.A)). In general, the closures of the cone
int(K(A)) and its dual are specified by

K(A) = {tt* i teT.}, K*(A) ={t"t:teT.). 2)

Thus, K(.A) is a closed convex cone in the inner product space (H, (-,-)), where (-, ) is given by
(a,b) := Tr(a*b) = Tr(ab) for all a,b € H. It is worth noting that for all a,b,c € A,

(ab,c) = (b*a*,c*) = (a,cb™) = (b,a"c). (3)



We define the norm induced by the inner product as ||a|| := y/{a, a). In what follows, we simply
write K and H for K(A) and (H, (-,-)), respectively.

Example 2.1 Consider the following five-dimensional closed convex cone with nonempty interior
(Vinberg [27]):

1 T2 T4
K:={zeR: r9 x3 0 ESi
T4 0 xIs5

This cone is homogeneous; but, it is not a symmetric cone since there does not exist any inner
product on R® under which K = K*. Let us choose the inner product implied by the trace inner
product on S?; that is, Vz,y € R?,

(,y) == T1y1 + 23y3 + 5Y5 + 2T2y2 + 224Y4.

Kr={yecR:( ¥ yz)eSQ,(yl y4>eSQ}.
{y <y2 Y3 + Ysa Y5 +

With this (natural) choice of the inner product, K C K*. Moreover, it is straightforward to
verify that a?> € K + K* for all a € H.

Remark 2.2 Note that every z € H may be rewritten as z =t + t* with ¢t € 7 and (22,¢;) > 0
for alli € {1,2,---,7}. Then 2% = tt* +t*t + 2 + (t*)2. Motivated by the fact that a symmetric
cone is the set of squares over a Jordan algebra, we propose the following question:

Then,

for every homogeneous cone K, does there exist

an inner product on H such that 2? € K + K*,Vz € H?

As we stated in the Introduction, we are generalizing the underlying theorems and in many
cases their existing proofs from the symmetric cone setting to the more general, homogeneous
cone setting. The existing results for the symmetric cone setting essentially fix an inner product
under which K = K* and treat both K and K* in the same finite dimensional Euclidean space.
This allows operations like z + y for z € K,y € K* and the related metric projections onto
the cones K, K* to be treated in the same space. Since much of the related theory is based on
metric projections, one is required to fix an inner product in our more general setting as well.
We remind the reader that the choice of the inner product is up to the goals of the user of the
theory (for example, to recover the existing results for the special case of symmetric cones, we
would pick the inner product so that K = K*).

2.2 Metric Projection

Let i (x) denote the metric projection of x onto K, i.e.,
.1 2
[l (z) := argmin §||:c —z|*:z€e K.

In other words, y = g () if and only if y € K and

[ =yl < llz = z[|, vz € K,



or equivalently, the so-called obtuse angle property (or the Kolmogorov criterion) holds:
(z =g (z),z —g(x)) <0, Vz € K.
It is well-known [29] that the metric projector I is unique and contractive, i.e.,
Mk (z) = Mg ) < |z —yll, Yo,y € H.
Utilizing the Moreau decomposition, any x € H can be written as
x =g (x) — Ui+ (—2x) with (IIg(x), g« (—x)) = 0. (4)
Based on the metric projection operator, we define the following operations for any z,y € H,
xAgy = x—Ug(x—y), xVigy = y+Ig(z—y). (5)
Then, by direct calculation, we obtain
TAKY=YyAg+z, (—x)A g (—y)=—(zVEK-y). (6)
Summarizing the above arguments, we have the following proposition.

Proposition 2.5 Let K be a closed convex cone in H with its dual K*. Then the following
statements hold for all x,y € H.

(a) We have x = Ilg(z) — Hg«(—x) with (IIx(z),Hg+(—x)) = 0. This decomposition is
unique in the sense that if © = x1 — w9 with x1 € K,zo € K* and (x1,z2) = 0 then
x1 =g (z) and zo = Mg+ (—x).

(b) tAKky=yAg-x, TVKYy=yViK-x.
(6) (=2) Ak (—9) = (@ Vice ) and (=) Ak () = —(& Vic ).
In particular, U () A Uy« (—x) =0, and g (x) Vi O« (—2) = Mg (z) + g (—2).

Considering the characterization of homogeneous cones, from (4) and (2), we obtain that
any x € H can be expressed as

r=uu* —ov*v with (uu*,v*v) =0,
where u,v € 7. Observe that

(uu*, v v) =

where the first equality holds by (3), the second equality holds by Axiom VII, the third holds
by (3) and the fact that * is anti-homomorphic. Then, Axiom V implies that (uu*,v*v) = 0 if
and only if vu = 0. We have actually proved the following.



Theorem 2.6 Let K be a homogeneous cone in H with its dual K*. Then, every x € H can be
uniquely expressed as

r=uwu* —0v*v with vu=0, u,veT;. (7)

Moreover, we have Mg (x) = uu*, Ig«(—x) = v*v.

Applying Proposition 2.5 and the above theorem, we obtain the following equivalent state-
ments related to HCCP (1).

Proposition 2.7 Let K be a homogeneous cone in H with its dual K*. Then the following
statements are equivalent:

(a) = Agy=0;

(b) yAgx =0;

(c) x€ K, ye K*, (x,y) =0;

(d) ze K, ye K*, (zvy,e;) = (yz,e;) =0, Vie {1,2,---,r};

(e) There exist u,v € T, such that x = uu*, y = v*v, vu = 0;

(f) e K, ye K*, (xy);; =0, V1,j€{1,2,---,r} such that | > j.

In particular, if xy = yx, then (f) becomes
(f) e K, ye K*, zy=0.

Proof. By Proposition 2.5 and Theorem 2.6, (a) < (b) < (¢) < (e). Clearly, (f) = (d) = (¢).
Therefore, we need only to show that (e) = (f). Choose any w* € 7*. Applying arguments
similar to those before Theorem 2.6, we obtain

(zy, w") =

{

{
= (uu
=
=
Then, the desired conclusion of equivalence follows. (f’) is self-evident. O

We next address the following result which will be used to establish the GUS-property for
HCCP.

Proposition 2.8 Let K be a homogeneous cone in H with its dual K*. Then, for every x,y € H,
the following statements hold:

(i) ifre K, ye K*, andx =) ;_, xie;, then (zy,e;) >0, Vie {1,2,---,r};
(”) <(l’ NK y)(.%' VK y)¢€i> = <.1'y,€i>, Vi € {1727' : ',7"}.

Proof. We first prove (i). Since z € K, y € K*, noting that e; € K N K*, we have (z,e;) >
0,(y,e;) > 0forall i € {1,2,---,r}. Using z = >/, xie;, ©; = (x,¢;) > 0. Thus, for every
ie{1,2,---,r},

(zy,ei) = (y, zei) = zi(y,e;) > 0.



Therefore, the desired conclusion (i) holds.

For part (ii), direct calculation yields

(@A y)(@VEy),e) = ([z—-Ik(@—y)lly+Hx(z -yl e)
= (zy,e) + (el (x —y), i) — (x(z —y)y, i) — (kg (z — y)lx(z —y), )
= (zy,ei) + (2, g (z —y)ei) — (v, Uk (x —y)es) — (U (z —y), Uk (z —y)ei)
= (zy,ei) + ((x —y) — g (z —y), Uk (z - y)e)
= (zy,ei),

where the last equality follows from the fact ((z —y) — g (z — y), g (z — y)e;) = g« (y —

)k (x —y),e;) =0 by (4). Thus, we proved (ii). O

Note that in the above proposition, the condition z = Y, | x;e; is necessary, which is

illustrated by the following example.

Example 2.1 Let K be the homogeneous cone in R® as in Example 2.1. Clearly, it is easy to
verify that

5 =2 =2 1 2 2 -3 2 2
x=| -2 1 0 eK, y=12 4 0 | e K*, and a2y = 0 0 0
-2 0 5 2 0 4 8 0 16
Obviously, (zy,e1) = —3. Therefore, without some additional condition, one can not conclude

(xy,e;) >0 for all i € {1,2,3}.
We end this section with the following property of the elements in K.

Proposition 2.9 Let K be a homogeneous cone in H and x € K with x = Z;jzl xij. If xpp, =0
for some k € {1,2,---,r}, then
T T
Zxkj + szk =0.
j=1 i=1

In particular, if x € K N (@i# .Az-j), then x = 0.

Proof. Since z € K, there exists u € 7, such that r = uu*. Set u = szzl u;j with u;; =0
for every i,5 € {1,2,---,r} such that ¢ > j. Direct calculation yields

T
Trk = Zukju",;j.
i=k

Since <ek,ukju’,gj> = (Upj, upj) = Hukj||2, by the assumption xx; = 0, we obtain

'
0 = (ex, Tkk) = Z g |-
j=k
This along with u € 7 leads to ug; = 0 for every [ € {1,2,---,r}. Therefore, we obtain

r r
Tk = Zuilu]tl = 07 Tkj = Zuklu;l = 07 VZ,] € {1727 T 7T}7
=1 =1

as desired. ]



3 P and Rj properties

We first give the definitions of various P(FPy) and Ry properties.

Definition 3.1 For a continuous function F': H — H, we say that it has
(i) the order-P property if for any pair x,y € H,

(z —y) Ak (F(z) = F(y)) € (KN K”) and (z —y) Vi (F(z) - F(y)) € (K+ K") = z=y;

(ii) the order-Py property if F(x) + eB(x) has the order-P property for any € > 0 where
B :H — H is a given linear function and satisfies (x, B(x)) > 0, (zB(z),e;) > 0, Vo # 0, Vi €

{1727' ’ ',7"},’
(iii) the P property if for any pair z,y € H,

Y (@ =) (F) = F@)ly + [z = 9)(F(2) = F@)) = D _l@ = 9)(Fl@) = Fy)li € —(K +K%)

1> i=1

(iv) the Py property if F(xz) + eB(x) has the P property for any e > 0;
(v) the trace-P property if for any pair x,y € H with x # y,

max((z — y)(F(z) — F(y)), ei) > 0;

(vi) the trace-Py property if F(z) + eB(x) has the trace P property for any € > 0;
(vii) the uniform-trace-P property if there is an « > 0 such that for any pair x,y € H,

max((z —y)(F(z) = F(y)), es) = af|z —y]|.
In general, we may choose the above B as the identity transformation.

Remark 3.1 By Proposition 2.5 (b), the implication condition of the order-P property is
equivalent to the following: for any pair x,y € H,

(z —y) Ak (F(z) = F(y)) € =(KNK") and (F(z) = F(y)) Vi~ (¢ —y) € (K+ K7) = z=y.

Note that when K is self-dual, K N K* = K and K + K* = K. It is easy to see that all the
above order-P and P properties become the order-P and Jordan P properties given by Tao and
Gowda [24] in the setting of SCCP, respectively. In particular, when H = R™ and K = R}, they
are all the same as the P function (see Introduction).

Remark 3.2 Using the related definitions, we can easily verify the following one-way implica-
tions of the properties for nonlinear transformation F':

Strong monotonicity = uniform-trace-P = trace-P = trace-P,
Strong monotonicity = strict monotonicity = trace-P = P,

Monotonicity = trace-Fy = P.

Here, we say that F' is monotone if (x —y, F(x) — F(y)) > 0, VY x,y € H; F is strictly monotone
if (x—y,F(z)—F(y)) >0, Yz #uy,x,y € H;and F is strongly monotone with modulus p > 0
if (v —y,F(z) = F(y)) > pllz —y|*, Va,yeH



Remark 3.3 Observe that there are very many possible generalizations of the definition of the
order-P property from symmetric cones to homogeneous cones. For instance, for any pair of
sets K and K such that K N K* C K K C K + K*, we say F has the order-P property with
respect to K and K if

(¢ —y) Ak (F(z) = F(y) € =K and (z —y) Vi (F(z) = F(y) € K = z=y;

F has the order-Py property with respect to K and K if F () + eB(x) has the order-P property
for any € > 0. In order to establish the existence result of a solution to HCCP (see Theorem
3.7), we set K := K + K* from the equation (10) in the proof of Lemma 3.6.

Moreover, we may define the order-P property of F' by the implication
(z —y) A+ (F(z) — F(y)) € =(KNK") and (z —y) Vi- (F(z) - F(y)) € (K+ K) = z=y;

and the corresponding order- Py property. However, in this case, we cannot guarantee the exis-
tence result of a solution to HCCP (see Theorem 3.7).

Remark 3.4 Similarly, there are very many possible generalizations of the definition of the P
property to homogeneous cones. For instance, for every K such that K "N K* C K C K + K*,
we say F' has the P property with respect to K if

,
S (e = 9)(F@) = F@)hy + (0 = »)(F() = Fo)liy) Y@= (F@)-F)i € -K = o

>3 i=1

and F has the Py property with respect to K if F(z) + eB(x) has the P property for any € > 0.
Clearly, from the proofs of Lemma 3.6 and Theorem 3.7, we obtain that for any K if F has the
Py property with respect to K and Ry properties then the associated HCCPs have solutions. If
the answer to our question in Remark 2.2 is “yes,” with the choice of K = K + K*, then there
is some hope for proving P = F,.

Remark 3.5 In the case of SCCP, the trace-P property implies the order-P property, and the
order-P property implies the P (Jordan P) property. However, it is not clear whether this is
valid for HCCP.

Definition 3.2 A continuous function F' : H — H is said to have the Ry property if the following
condition holds: for every sequence {az(k)} C H with

2(k) F(z®)
Hx(k)||—>oo, hmlnf € K, hmlnf (@)

— e K*
l=®)] koo [z®]] 7

s (k) (k) e,
we have liminfy_, maxz<$||x<f)(‘; K

The above definition is motivated by Definition 3.2 of Tao and Gowda [24], which was
originally introduced for NCP by Chen and Harker [2]. In the setting of R", it becomes that a
continuous function f : R™ — R™ has the Ry property if for every sequence {z(*)} ¢ R” with

zSU(k) _min; f;(z®)

(k) el SN i iU Sl
|=\™] — oo, hkmlnf G >0, lllcn—l>£f G

max; zgk)fi(a:(k))
[l (]2
equivalent to the statement that the standard linear complementarity problem LCP(f,0) has a
unique solution, namely, zero.
Applying the related definitions we can easily derive two conditions under which the Ry
property holds, which is a generalization of Proposition 3.2 in [24].

we have liminfy_, > 0. Clearly, when f is linear the above condition becomes

10
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Proposition 3.3 Let F': H — H be a continuous function. If F has either the uniform-trace-P
property or satisfies the following implication: for every sequence {x(k)} C H with
(k) F(z®)

||| — oo, hmlnf € K, liminf B
—oo [|lzM] h—oo 2]

€ K*,

.. (k) (k)
we have liminfy_, W > 0, then F' has the Ry property.
It is well-known that the notion of Ry property of a function is closely related its coercivity,
which plays a central role in describing the boundedness of the solution set to NCP, see, e.g. [7].
In the case of HCCP, we have a similar result.

Proposition 3.4 Let F : H — H be a continuous function. If F' has the Ry property, then for
every § > 0, the set {x € H: z solves HCCP(F,q), |q| <6} is bounded.

Proof. Suppose the set {x € H : z solves HCCP(F,q), |q|| < d} is unbounded. Then, there
exist sequences {¢®)} with ||¢®®| < 6 and {z®)} with ||z(®)|| — oo such that

2 e K,y = F(a®) + ¢® e K*, (a® 4*)) =0, V.
Since {zM} ¢ K, {y®} ¢ K* and K, K* are closed, lim infj_ e EZ;” € K and liminfy_. B E:;H

K*. Since ¢'®) is bounded, lim infj,_ i Ek;” = 0. Thus,

(k) (k) (k) (k)
lim inf F(a;k) ) = lim inf F@# = liminf —— y e K*.
k—oo [z koo (s k—oo [|z(k)]]

This together with the Ry property of F' gives

(B F(2F)) e
hminfmaxz(x F(z'%)), ;)

0.

However, noting that (x(k), y(k)> = 0 and the boundedness ¢(¥), by Proposition 2.7, we obtain
that for every i € {1,2,---,r},
<x(k)F(‘T<k))uei> <l‘(k)y(k),€i> <$(k)q(k)7€z’> <$(k)q(k),€i>

|| x(k)||2 o (k) ||2 o )2 == EGIE — 0 as k — o0.

This is a contradiction and hence the desired conclusion follows. O

Before stating our main result in this section, we recall below a useful result from degree
theory. The topological degree technique plays an important role in the study of complementarity
problems and variational inequality problems, see, e.g, [10, 15, 16, 17, 24, 30, 31]. Let Q be a
bounded open set in H with its closure cl(2) and boundary 092. For a continuous function
O :cl() — Hand p & ®(09Q), we denote deg(P, 2, p) the (topological) degree of ® with respect
to Q at p, see Lloyd [20] for the details.

Lemma 3.5 (Theorem 2.1.2, [20]) (1) Suppose that ®,¢ : cl(2) — H are continuous and
p & BO9). I sup,caey |1B() — o) < dist(p, B(09)), then deg(i, 2 p) is defined and

deg(p, 2, p) = deg(®,Q,p).

(2) If g¢(x) is a homotopy and p & g(OQ) for 0 < t < 1, then deg(gt, 2, p) is independent of
t €[0,1].
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The next lemma relies heavily on the invariance of degree under suitable homotopies and
generalizes Theorem 3.1 of [24] and its proof.

Lemma 3.6 Let F: H — H be a continuous function, and for every § > 0 the set
{r e H: z solves HCCP(F,q), ||q| <} (8)

is bounded. If F' has either the order-Py property, or the Py property, then for every q € H, the
solution set of HCCP(F,q) is nonempty and bounded.

Proof. Choose any ¢ € H. Consider the function
O(z) =2 Ak (F(x)+ q).
Define the homotopy
Gi(z,t) :==x Ak [F(x) +tg+ (t —1)F(0)], t € [0,1].

Clearly, G1(z,0) = x Ak [F(z) — F(0)] and G1(z,1) = ®(z) for all . By the assumption, the
sets {x € H : Gy(z,t) = 0} (¢t € [0,1]) are uniformly bounded. Thus, we may take a bounded
open set 2 € H such that

U {reH:Gi(z,t) =0} C Q.
te(0,1]

Then, 0 € Q and 0 ¢ G1(09,0) since G1(0,0) = 0. Therefore, by Lemma 3.5 (2),
deg(Gl(" 0)7 Qa 0) = deg(Gl('7 1)7 Qa 0) = deg(q)7 Qv O)

Define ¢.(x) := = Ag [F(z) + ¢B(z) — F(0)] for any ¢ > 0, where B is linear and strictly
monotone. Note that

lpe(z) = Gi(z,0) = [le Ak [F(2) +eB(x) = F(0)] — 2 Ag [F(x) = F(O)]]
= |Mklz — (F(z) + eB(z) = F(0))] = Hx[z — (F(z) = F(0))]]
< |z = (F(z) + eB(z) = F(0))] = [z — (F(x) = F(0))]]
= leB@)],

where the inequality follows from (4). Since dist(0, G1(092,0)) > 0 by 0 ¢ G1(0%,0), we pick
€0 > 0 such that

Su%) | [pe(z) — Gi(z, 0)|| < dist(0, G1(992,0)).
zecl(2

Then, by Lemma 3.5 (1), deg(G1(+,0),2,0) = deg(¢s, 2,0). So, we obtain
deg(¢s, 2,0) = deg(P,2,0). 9)
For small € > 0, we define the homotopy
Go(z,t) =2 Ak t(F(x) — F(0) +eB(x)) + (1 — t)z], t € [0,1].

Clearly, Go(x,0) = x Ag ¢ = x and Ga(z,1) = p(x) for all z. We now show that 0 ¢ G2(95,t)
for any t € [0, 1]. Suppose not, then there exist ¢y € [0,1] and z¢ € 9 such that Ga(xo,tp) = 0.
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If t9 = 0, then G2(x0,0) = 0 means that g = 0, which contradicts 0 € 2. We may assume
to € (0,1]. By Proposition 2.7, Ga(zo,t9) = 0 is equivalent to the following

— 1o
0

x0 € K, F(zo)—F(0)+eB(zo)+ !

1-1¢
xo € K7, <x0,F(x0) — F(0) + eB(xo) + 0x0> =

Letting F(z) := F(z) + eB(z) + (% — 1)z, the above can be written as

wo € K, F(ag) — F(0) € K*, <x0,ﬁ(a;0) - ﬁ(0)> = 0.

Thus, by Propositions 2.5 and 2.7, we obtain

(0 = 0) A (F(wo) = F(0) = 0€—(KnK"),
F

(z0 — 0) Vi (F(wo) — F(0))

20 + (F(x0) — F(0)) € K + K*, (10)

and

[(z0 — 0)(F(z0) — F(0))];; =0, VI, € {1,2,---,7} such that | > j. (11)

If F has the order-P, property, then F has the order-P property. Hence, by (10), 2o = 0, a
contradiction. If F' has the Py property, then F has the P property and hence, by (11), xg = 0.
This is also a contradiction.

Thus, 0 ¢ G2(09,t). Again, by Lemma 3.5 (2),

deg(G2(+,0),9Q,0) = deg(G2(-,1),9,0) = deg(pe, 2,0). (12)

Notice that deg(Ga(+,0),92,0) = 1. This together with (9) and (12) yields deg(®,,0) = 1,
which says that ®(z) = 0 has a solution. By Proposition 2.7, we proved that HCCP(F, ¢) has a
solution. The desired conclusion follows from the assumption (8). t

We state below our main result in this section.
Theorem 3.7 Let F': H — H be a continuous function. Suppose that F' has either the order-Py
and Rg properties, or the Py and Rg properties. Then for every q € H, the solution set of
HCCP(F,q) is nonempty and bounded.
Proof. It follows immediately from Proposition 3.4 and Lemma 3.6. (|
As a direct consequence of the above theorem, we have the following.

Corollary 3.8 Let F': H — H be a continuous function. Suppose that F' has either the order-Py
and Ry properties, or the Py and Ry properties. Then, there exists € H such that

zeint(K), F(Z) € int(K™).

Proof. It follows from Theorem 3.7 that for every ¢ € H, the solution set of HCCP(F,q) is
nonempty and bounded. Take —qp € int(K™*). Let & be a solution to HCCP(F, qp). Then,
we have & € K,§ := F(&) + qo € K*. Therefore, F(Z) = —qp + § € int(K*) and the desired
conclusion follows from the continuity of F'. O
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4 GUS Property

We say that a continuous transformation F' : H — H has the GUS property if for every q € H,
HCCP(F, q) has a unique solution. In this section, we show that the trace-P property is sufficient
for F' having the GUS property in the setting of HCCP. We also establish an error bound for
the HCCP with the uniform-trace-P property.

4.1 Sufficient conditions for the GUS property

Next, we show that if F' has the trace-P property together with monotonicity or some other
suitable property, then the associated HCCP(F, ¢) has the GUS property.

Theorem 4.1 Let F : H — H be a monotone continuous function. Suppose that F has the
trace-P property. Then for any q € H, the solution set of HCCP(F,q) is a singleton, if it is
nonempty.

Proof. Assume that there exist two solutions x,y to HCCP(F, q). Then, by Proposition 2.7,
Then,
(x—y, Fz) = Fy) = (& —y,(F(x) +q) — (Fy) +a)) = —(@, F(y) + @) — (y, F(z) + q) < 0.
Also, since F' is monotone, (x —y, F(x) — F(y)) > 0. So, (x —y, F(x) — F(y)) =0 a
q) = (y, F(x) + ¢) = 0. Similarly, by Proposition 2.7, (z(F(y) + q),e:) = (y(F(z) + q), &) =
Thus, we obtain that

(z=y)(F(2) = F(y)), &) = ((z =) [(F(z) +q) — (F(y) + q)], ;) = 0.
Therefore, the trace-P property of F' yields x = y, as desired. ([l

As a direct application of the above Theorems 4.1 and 3.7 and the connection between various
P properties, we have that under the monotonicity assumption, the uniform-trace-P property
implies the GUS property.

Corollary 4.2 Let F : H — H be a monotone continuous function. If F' has the uniform-trace-
P property then it has the GUS property.

Note that in the special case of SCCP, if Z is a solution to SCCP(F,q), then Z, F(Z) + ¢
share a common Jordan frame. This motivates us to give the following result.

Theorem 4.3 Let F' : H — H be a continuous function. Suppose that F has the trace-P
property. For every g € H, if HCCP(F,q) has a solution x such that x =), xe;, F(x)+q =
> i1 Yi€i, then it has a unique solution.

Proof. Asin the proof of Theorem 4.1, assume that there exist two solutions x, y to HCCP(F) q).
Then, by Proposition 2.7,

T,y € K, F(x) +Q7F(y) +q¢€ K*7 <$(F(.%') +Q)7ei> - <y(F(y> +Q)7ei> =0, Vie {1727"'7T}'
Thus, we obtain that
(z=y)(F(z) = F(y),e) = ((@—-y[F(@)+q) —(Fy)+a) e)
)

= —(@(Fy)+q) e
< 0,

where the second equality holds by Proposition 2.7 and the inequality holds by Proposition 2.8.
Therefore, the trace-P property of F' yields x = y, as desired. ]
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Corollary 4.4 Let F : H — H be a continuous function. If F' has the uniform-trace-P property
and for any q € H, HCCP(F,q) has a solution x such that x =, xse;, F(x)+q=>_,_; yies,
then x is the unique solution to HCCP(F,q).

4.2 Error Bound
We give an error bound for the HCCP with the uniform-trace-P property.

Theorem 4.5 Suppose F' has the uniform-trace-P property with modulus o > 0 and is Lipschitz
continuous with constant k > 0. Let x* be the unique solution of problem HCCP(F,q) such that

= Zizl riei, F(z*) +q= Zi:l yie;. Then

1 1+k

|l Ak (F(@) + )l < o — 27l € 2w Ak (F(e) + )], Vo € L (13)

Proof. Notice that F(z)+q—zAg (F(z)+q) =g« (F(x)+q—x) € K*, x—xAg (F(z)+q) =
g(x — F(z) —q) € K, and z* A (F(2*) + q) = 0. By Propositions 2.7 and 2.8 and the fact
that «* solves HCCP(F, q) such that «* =", _, z¥e;, F(2*) +q=),_, ySei, we obtain

([F(x )+q—$/\K(F(96)+ Plle” — 2" A (F(2") +g)lei) = 0,
([# =2 Ak (F(z) + QI[F(2") + ¢ — 2" A (F(27) + )l es) = 0,
([F(@%) + ¢ — 2" A (F(27) + @)lla" — 27 Ak (F(27) + q)], e)

Thus, by direction calculation, we obtain that for every i € {1,2,--,7},
([F(x) +q— Ak (F(2) + 9)l[z — = Ak (F(z) + q)], ei)
> (([F(x) +q— 2 Ak (F(z) + q)] = [F(2") + ¢ — 2" Ak (F(z%) +q)])
(o — 2 Ak (F(z) + ¢)] = [2" — 2" Ak (F(2") + q)], €:)
= ([F(z) = F(z") =z Ak (F(2) + @)lfx — 2" — 2 A (F(x) + q)], e:)
> ([F(z) = Fa"))(x — 2%), &) — (x Arc (F(2) + @)[F(2) — F(z") + 2 — 2™, e)
> ((F(2) = F@)(z — "), e) — |z Ak (F(z) + gl - (1 + 5) ]|z — 27,

where the second inequality holds by the fact (a2, e;) = (aa*,e;) > 0 for all a € H because
a = a*; the last inequality follows from the Lipschitz continuity of F' and ||ab|| < ||a||||b]| for any
a,b € A by Theorem 2 of [4]. By Propositions 2.5 and 2.7, ([F(z) + ¢ — x Ak (F(z) + q)][z —
x Ak (F(x)4q)],e;) = 0. Thus, we conclude from the above inequality and the uniform-trace-P
property of F,

(4R Ak (F)+gllle -2 > max{(F(z) - F2"))(z — %), &) > afla — 27|

This leads to the right-hand side of inequality (13).

Note that |[TIx(y) — Hg(2)|| < ||y — z|| for every y,z € H. From the Lipschitz continuity of
F', we obtain by direct manipulation that

e Ak (F(2) + )l = |lz—Tg(z - F(z) - q)] - [«" -k
Iz = 2*] = [k (z — F(z) — q) —
[z — ™| + e (2 = Fz) — q) =

IN
s
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IN

|z — 2|+ |[(z — F(z) —q) — (2" — F(2") — q)|
2w — 2| + |[F(z) — F(z7)]
< (24 K)||z—27.

IN

This means that the left-hand side of inequality (13) holds. O

Note that in the SCCP context, the condition z* = >,  zfe;, F(z*) +q = > ,_y'ei
is naturally satisfied. Then, the above error bound result becomes a generalization of the
corresponding one for NCP presented by Chen and Harker [2]. It is not clear whether the above
error bound would hold for every monotone, continuous function F' with the uniform-trace-P

property.

5 Final Remarks

In this paper, by employing the T-algebraic characterization of homogeneous cones we prove that
if a continuous function has either the order-Py and Ry, or the Py and Ry properties then all
the associated HCCPs have solutions. We give sufficient conditions under which the associated
HCCP has the GUS property. Moreover, we establish a global error bound for HCCP under
some conditions.

Many of our results apply to the more general setting of arbitrary convex cones (the order-
P property, order-Py property, trace-P property, and Ry property). Further generalizations
of similar results and the theory to arbitrary convex cone setting represent a good direction
for future research. The design of algorithms for HCCP (and beyond) and a study of their
mathematical and computational properties provide other interesting future research avenues.

Acknowledgments The authors thank Nan Lu of Tianjing University for very helpful
discussions, which helped us eliminate a very important error in the first version of this paper.

References

[1] Andersson SA, Wojnar GG (2004) Wishart distributions on homogeneous cones. J. Theoret.
Probab. 17:781-818

[2] Chen B, Harker PT (1997) Smooth approximations to nonlinear complementarity problems.
SIAM J. Optim. 7:403-420

[3] Chua CB (2003) Relating homogeneous cones and positive definite cones via T-algebras.
SIAM J. Optim. 14:500-506

[4] Chua CB (2009) A T-algebraic approach to primal-dual interior-point algorithms. STAM J.
Optim. 14:503-523

[5] Dorfmeister J (1979) Inductive construction of homogeneous cones. Trans. Amer. Math.
Soc. 252:321-349

[6] Dorfmeister J (1979) Algebraic description of homogeneous cones. Trans. Amer. Math. Soc.
255:61-89

[7] Facchinei F, Pang J-S (2003) Finite-Dimensional Variational Inequalities and Complemen-
tarity Problems, Volume I and II. Springer-Verlag, New York

16



Faraut J, Koranyi A (1994) Analysis on Symmetric Cones. Oxford University Press, New
York

Faybusovich L(2002) On Nesterov’s approach to semi-infinite programming. Acta Appl.
Math. 74:195-215

Gowda MS (1993) Applications of degree theory to linear complementarity problems. Math.
Oper. Res. 18:868-879

Gowda MS, Sznajder R (2006) Automorphism invariance of P and GUS properties of linear
transformations on Euclidean Jordan algebras. Math. Oper. Res. 31:109-123

Gowda MS, Sznajder R, Tao J (2004) Some P-properties for linear transformations on
Euclidean Jordan algebras. Linear Algebra Appl. 393:203-232

Giler O (1996) Barrier functions in interior point methods. Math. Oper. Res. 21:860-885

Giiler O, Tungel L (1998) Characterization of the barrier parameter of homogeneous convex
cones. Math. Program. A 81:55-76

Ha CD(1987) Application of degree theory in stability of the complementarity problem.
Math. Oper. Res. 12:368-376

Howe R, Stone R (1983) Linear complementarity and the degree of mappings. In: Homotopy
Methods and Global Convergence (Eaves, Gould, Peitgen and Todd eds.), Plenum Press,
New York. 179-223

Isac G, Bulavaski V, Kalashnikov V(1997) Exceptional families, topological degree and
complementarity problems. J. Global Optim. 10:207-225

Ishi H (2000) Positive Riesz distributions on homogeneous cones. J. Math. Soc. Japan
52:161-186

Koecher M (1999) The Minnesota Notes on Jordan Algebras and Their Applications, edited
and annotated by A. Brieg and S. Walcher. Springer, Berlin

Lloyd NG (1978) Degree Theory, Cambridge University Press. Cambridge, UK

Ostrogorski T (1998) Homogeneous cones and Abelian theorems. Int. J. Math. Math. Sci.
21:643-652

Rothaus OS (1966) The construction of homogeneous convex cones. Ann. Math. 83:358-376
Schafer U (2004) A linear complementarity problem with a P-matrix. STAM Rev. 46:189-201

Tao J, Gowda MS (2005) Some P-properties for nonlinear transformations on Euclidean
Jordan algebras. Math. Oper. Res. 30:985-1004

Tungel L, Xu S (2001) On homogeneous convex cones, the Carathéodory number, and the
duality mapping. Math. Oper. Res. 26:234-247

Truong VA, Tungel L (2004) Geometry of homogeneous cones: Duality mapping and optimal
selfconcordant barriers. Math. Program. 100:295-316

17



[27]

[28]

[29]

[30]

31]

Vinberg EB (1963) The theory of convex homogeneous cones. Trans. Moscow Math. Soc.
12:340-403

Vinberg EB (1965) The structure of the group of automorphisms of a homogeneous convex
cone, Trans. Moscow Math. Soc. 13:63-93

Zarantonello EH (1971) Projections on convex sets in Hilbert space and spectral theory 1
and II. In Zarantonello, E. H. ed., Contribution to Nonlinear Functional Analysis, Academic
Press, NewYork. 237-424

Zhao YB, Han J (1999) Exceptional family of elements for a variational inequality problem
and its applications. J. Global Optim. 14:313-330

Zhao YB, Li D (2001) On a new homotopy continuation trajectory for nonlinear comple-
mentarity problems, Math. Oper. Res. 26:119-146

18



