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Abstract

The optimality system of a quasi-variational inequality can be reformulated as a non-
smooth equation or a constrained equation with a smooth function. Both reformulations
can be exploited by algorithms, and their convergence to solutions usually relies on the
nonsingularity of the Jacobian, or the fact that the merit function has no nonoptimal
stationary points. We prove new sufficient conditions for the absence of nonoptimal
constrained or unconstrained stationary points that are weaker than some known ones.
All these conditions exploit some properties of a certain matrix, but do not require
the nonsingularity of the Jacobian. Further, we present new necessary and sufficient
conditions for the nonsingularity of the Jacobian that are based on the signs of certain
determinants. Additionally, we consider generalized Nash equilibrium problems that
are a special class of quasi-variational inequalities. Exploiting their structure, we also
prove some new sufficient conditions for stationarity and nonsingularity results.
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1 Introduction

We consider quasi-variational inequalities (QVIs). This problem class was introduced
in the paper series [1-3]. It generalizes the classical variational inequality by allowing
dependence of the feasible set from the point under consideration. We will define the
problem at the beginning of the next section. For a detailed discussion of QVIs, we
refer to [4,5]. Here, we will discuss the central conditions to ensure that general algo-
rithms for QVIs are well defined and converge. These are conditions guaranteeing that
stationary points of a merit function are indeed solutions, and conditions guaranteeing
nonsingularity of some Jacobian matrix in order to compute the descent direction.
Generalized Nash equilibrium problems (GNEPs) that can be used, for example, to
model markets with several players sharing common constraints and that were first
formally introduced in [6] can be reformulated as QVIs under mild conditions, see
[7], and are hence one of the applications of QVIs. There are a growing number of
GNEP applications, and we refer to the appendix of [8] for a test library and refer-
ences. Further applications can be found, for example, in biological [9], mechanical
[4,5], economic [10,11] or transportation problems [12,13]. Since several algorithms
for GNEPs have been introduced in the recent years, we also discuss some of our
issues for special cases of GNEPs, which are typically in a subclass of QVIs that is
not easy to solve in practice.

Algorithms for QVIs or GNEPs have to deal with the fact that solutions are typically
nonunique and often nonisolated, resulting in infinitely many solutions and singularity
of the Jacobian matrix at the solutions, which in turn make the application of classical
Newton methods difficult. Thus, the numerical solution of these problems is mathe-
matically challenging. To prove uniqueness of the solution one usually has restrictive
assumptions; see, for example, [14,15]. However, to get well-defined algorithms one
usually only requires nonsingularity at the iterates, and hence, interior point methods
are promising approaches since they restrict the iterates to a certain set. For general
Newton methods, nonsingularity at the solution is often exploited to get superlinear
local convergence. In the case of nonisolated solutions, which we typically have for
QVIs, one can still construct local fast convergent algorithms by exploiting some error
bound condition. This has been done in the GNEP setting in [16,17].

A promising approach to solve QVIs is to characterize the corresponding Karush—
Kuhn-Tucker (KKT) points as zeros of a nonsmooth function. Then, one can apply
a semismooth Newton method, as it was done in [18]. For the semismooth Newton
approach in the context of GNEPs, see also [19]. For well-defined local methods, one
requires nonsingularity of an element of the generalized Jacobian of the nonsmooth
function at an iterate. For global convergence, one can use a linesearch procedure
that is based on the squared norm of the nonsmooth function as a merit function. A
convergence result for semismooth Newton methods usually proves that accumulation
points are stationary points of the merit function. Hence, results guaranteeing that
stationary points of the merit function are indeed KKT points are required. Also, if
one uses a Levenberg—Marquardt method, see, for example, [20], to overcome the
nonsingularity problems, one minimizes the squared norm of the merit function and
relies on stationarity results.
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A different approach, also based on the solution of the KKT conditions, is an
interior point method, where one solves a constrained equation with a smooth function.
A potential reduction algorithm for QVIs or GNEPs is presented in [21] and [19],
respectively. This algorithm requires very similar nonsingularity properties as the
semismooth Newton approach at all iterates, which lie in the interior of some suitable
set here.

A further approach is a trust region method for constrained equations as introduced
in [22,23]. This can be applied directly to the smooth constrained equation reformu-
lation of the KKT system, which was done for GNEPs in [19,24]. At each iteration,
one has to solve a linear equation system, which is the same as for the interior point
approach, and one gets convergence to stationary points of the merit function. Hence,
also in this approach nonsingularity and nonoptimal stationarity are the main issues.

Moreover, let us mention that there is an approach based on the KKT conditions,
namely the LP-Newton method proposed in [25] that avoids the singularity issues by
solving a linear program instead of a linear equation system. For this approach, there
is also a globalization technique through a suitable nondifferentiable merit function
given in [26]. This avoids the problem to accumulate at possibly nonoptimal stationary
points of the merit function at least for (piecewise) smooth problems. The price one
has to pay is that each iteration becomes more expensive, since one has to solve
a linear program instead of a linear equation system at each iteration. Even these
methods converge to stationary points of some constrained equation reformulations of
the KKT conditions of the QVI, and it is fundamental to have conditions guaranteeing
that these points are actual solutions.

For all these methods, the results of this paper are directly applicable and are the
theoretical base of convergence to a solution of the QVI.

For a short overview on methods to solve QVIs, not only via their KKT conditions,
we refer to the introduction in [21] and the references cited there and to [27,28].
Finally, there are some newer augmented Lagrangian or multiplier-penalty methods
to solve QVIs proposed in [29,30] that are built on the sequential solution of simpler
variational inequalities, as first proposed in [31].

In our paper, we consider the constrained equation reformulation of the KKT con-
ditions of the QVI and the nonsmooth unconstrained reformulation. We will present
several conditions that are necessary and sufficient for the nonsingularity required by
many of the algorithms mentioned above. In the context of QVIs, these are, to the
best of our knowledge, the first necessary and sufficient conditions for nonsingularity
of the Jacobians. Furthermore, we will present sufficient conditions that avoid the
existence of nonoptimal stationary points for different constrained or unconstrained
stationarity concepts. For the constrained reformulation, this is, again to the best of
our knowledge, the first time that such kind of conditions are given in the QVI context.
Furthermore, through our analysis we obtain hints about which specific KKT refor-
mulation is preferable to be used with projected gradient-type methods or with interior
point methods. We also extend existing results for QVIs and GNEPs from [18,21,32].
In particular, in [21] one can find several nonsingularity results for a number of special
structured QVIs.

The paper is organized as follows: In Sect. 2, we introduce the problem formulation
and define the relevant functions and matrices. Further, we present our assumptions
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and we state the main facts we want to prove in this paper: Figs. 1 and 2 anticipate
and summarize the results proved in Sects. 3 and 4.

In Sect. 3, we derive new unconstrained and constrained stationarity results for
QVIs and show their applicability in some examples: In Proposition 3.1, we generalize
[19, Theorem 3.1] about unconstrained stationarity; in Proposition 3.2 and 3.3 we give
conditions to get unconstrained stationarity results, and in Example 3.1 we show that
without these conditions the stationarity results do not hold; in Theorem 3.1 and 3.2
we give new assumptions to get constrained stationarity results; Example 3.2 shows
a QVI satisfying all assumptions of Theorem 3.2, while Example 3.3 and 3.4 show
that without the conditions of Theorem 3.2 the constrained stationarity results may
not hold.

Thereafter, in Sect. 4, we present nonsingularity results for QVIs and the main
theorem provides a new necessary and sufficient condition: In Proposition 4.1, we
state the equivalence between the nonsingularity of the Jacobians of the smooth and
the nonsmooth reformulations; in Proposition 4.2 and 4.3 we report some technical
conditions for nonsingularity results; in Proposition 4.4 we give sufficient conditions
for nonsingularity results; our main Theorem 4.1 gives new necessary and sufficient
conditions for the nonsingularity of the Jacobian of the smooth reformulation in the
case of linear constraints with variable right-hand side; in the same framework, Corol-
lary 4.1 shows that the conditions given in [21, Corollary 2] are not only sufficient,
but also necessary, for the nonsingularity of the Jacobian of the smooth reformulation,
while Corollary 4.2 and 4.3 state similar nonsingularity results for the nonsmooth
reformulation.

We consider the special case of QVIs with box constraints in Sect. 5 and show
that box constraints are useful to weaken our assumptions: Proposition 5.1 provides
sufficient conditions to guarantee all assumptions of Proposition 3.2 and 3.3; Theorem
5.1 weakens the conditions of Theorem 3.2 for constrained stationarity results of the
smooth reformulation; Corollary 5.1 and 5.2 deal with the nonsingularity issue by
assuming less restrictive conditions.

Section 6 contains nonsingularity and stationarity results for GNEPs that are not
straightforward applications of the corresponding QVI results, but exploit the spe-
cial structure of GNEPs: Corollary 6.1 significantly improves [32, Theorem 4.1] for
linear problems; Lemma 6.1 defines a class of GNEPs for which many nonsingularity
and stationarity results hold, while Example 6.2 shows an application satisfying the
conditions given in Lemma 6.1; in Lemma 6.2 we identify some GNEPs with box con-
straints that have nonsingularity and stationarity properties; Proposition 6.1 provides
conditions for a GNEP with box constraints in order to obtain constrained stationarity
properties for the smooth reformulation.

We close the paper with some final remarks in conclusions section.

2 Problem Definition, Assumptions and Motivation
We consider the following QVI: Find a vector x* € K (x*) such that
Fx)T(y—x*) >0 Vye Kx"),
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where F : R” — R” is a (point-to-point) mapping and K : R® = R” is a point-
to-set mapping with closed and convex images. We assume that F is continuously
differentiable and that the feasible set mapping K is given by a parametric set of
inequality constraints:

K(x):={yeR":g(y,x) <0},

where g : R" x R" — R™ is twice continuously differentiable and, for each
i =1,...,m, g, x) is convex on R", for each x € R". We could also include
linear equations, which lead to additional smooth equations in the following optimal-
ity systems, but for simplicity of notation we drop them from our subsequent analysis.
We set

h(x) ;= g(x, x),

and hence, 2(x) < 0 means that x € K(x). We say that a point x € R” satisfies the
KKT conditions, if multipliers 2 € R exist such that

L(x,2) :=F(x)+ Vyg(x,x)A =0, )
i >0, gi(x,x) <0, Ajigi(x,x) =0 Vi=1,...,m.
Note that Vyg(x, x) is the partial transposed Jacobian of g(y, x) with respect to y
evaluated at y = x.

Our aim is to find a solution x* of the QVI by solving the KKT conditions (1).
It is known, see, for example, [21, Theorem 1], that under the above convexity and
differentiability assumptions, KKT points are solutions of the QVI. Further, under
a suitable constraint qualification, like the Slater condition, all solutions of the QVI
are KKT points. We can use the Fischer—-Burmeister function as a complementarity

function and define
,/a% +b% —a; — by

Vak + b2 — ay — by,

toobtain: (x*, A*) is a KKT point of the QVI, if and only if (x*, 1*) solves the nonlinear
equation system

¢ :R"xR" - R", ¢a,b):=

L(x,))
0=v(x,A) = . 2
() (so(x, —h(x))) @
Equivalently, (x*, A*) is a KKT point of the QVI, if and only if (x*, A*, w*), with
w* = —h(x™), is a solution of the nonlinear constrained equation system
L(x,A)
O=Hx,»,w):=| h(x)+w (x, A, w) e R" x RY x R 3)
Aow
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Herein, A o w is the vector with the componentwise product, and R’ﬁ is the set of
vectors with nonnegative components. Later on, we will also use RY , for the set of
vectors with positive components. If F is continuously differentiable and g is twice
continuously differentiable, it is well known that the Jacobian J H of H is given by

JeL(x, 1) Vyg(x,x) 0
JH(x, , w) = Jh(x) 0 1 ;
0 diag(w)  diag(A)

see, for example, [18,19,21]. Here, J, L(x, ) denotes the partial Jacobian of L (x, )

with respect to x, and Jh(x) is the Jacobian of &. Further, it is also known, see, for
example, [19], that the generalized Jacobian of ¥ is given by

_f JxL(x,2) Vyg(x,x)

oWl A) = <—Dth(x) D, )

where the matrices Dj, and D) are m x m diagonal matrices, with entries given by

= AL — (1 1), if (—hi(0), 1) # (0,0),
(D}, D) \/m i i) #

EBI _(191)1 lf(_hl(-x)’)"l)z(090)v

foralli =1, ..., m, and B; denotes the closed unit ball in R2.
If the matrix Jy L(x, A) is nonsingular, we can define the reduced matrix

M(x,2) := Jh(x) JyL(x, )" Vyg(x, x) “)

that is related to both Jacobian matrices described above. We will use the notation M;,
to denote the ith row of a matrix M. Let us recall some known matrix properties we
will use, cf. [33].

— A matrix M € R™*" is called a Py matrix, if for all x € R" \ {0} there is an index
i e{l,...,n}suchthatx; # 0and x; M;je x > 0.

A matrix M € R"*" is a Py matrix if all its principal minors are nonnegative.

A matrix M € R"*" is called a P matrix, if for all x € R" \ {0} there is an index
i €{l,...,n}suchthat x; Mijqgx > 0.

A matrix M € R"*" is a P matrix if all its principal minors are positive.

A matrix M € R"*" is called a semimonotone matrix, if for all x € R’} \ {0} there
isanindex i € {1, ..., n} such that x; > 0 and M;e x > 0.

Every Py matrix is semimonotone.

Every nonnegative matrix is semimonotone.

The sum of a semimonotone matrix and a nonnegative one is semimonotone.

A matrix M € R™" is an S matrix if x € R’} , exists such that Mx > 0.

An important practical issue in the design of algorithms consists in under-
standing if all stationary points of the merit function %HH (x, A, w)||?, with
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(x, A, w) € R* x RY x RY, and of the merit function %Hlll(x, A)||%, possibly with
(x, ) € R" x R}, are zeros of H and ¥, respectively.

Moreover, the main topic in order to guarantee that interior point algorithms are well
defined and converge to a solution of the QVI is the nonsingularity of J H (x, A, w) for
(x, A, w) e R" xR xR%, orof the elements of ¥ (x, 1) for (x, 1) € R" xR,
Note that for A € R, the set 9¥ (x, A) is by definition single valued and contains
only the Jacobian J¥ (x, ).

More specifically, and summarizing, we are interested in giving conditions guar-
anteeing the following facts:

(F1) all stationary points of the merit function %H W (x, M)||? are zeros of ¥;

(F2) all stationary points of the merit function %IlH (x, A, w)||2, with A > 0 and
w > 0, are zeros of H;

(F3) allstationary points of the merit function % ¥ (x, M)||%, withA > Oand h(x) < 0,
are zeros of ¥;

(F4) all constrained stationary points of

1
min§||§!/(x,k)||2 st. A>0

are zeros of ¥;
(F5) all constrained stationary points of

1
min§||H(x,A,w)||2 st. A>0,w>0

are zeros of H;
(F6) JH(x, A, w) is nonsingular for (x, A, w) € R" x R, x R%_;
(F7) J¥(x, A) is nonsingular for (x, 1) € R" x R¥ with 2(x) < 0.

To the best of our knowledge, the literature of QVIs and GNEPs has only inves-
tigated conditions guaranteeing facts (F1) and (F6) so far; see [19,21]. Constrained
stationary points have been considered in the case of variational inequalities in [34],
but not for QVIs yet.

The results we will prove are of great practical interest. On the one hand, for
the first time, we give conditions guaranteeing that finding a stationary point of the
merit function %||H(x, A, w)||? subject to A > 0 and w > 0, or the merit function
% 1 (x, V)| subjectto A > 0, we are actually computing solutions of the QVI. On the
other hand, an important hint given by this study is that if we want to solve the QVI by
adopting a projected gradient-type method designed to minimize the merit functions
described above, then reformulation (2) is the best option. While if we want to resort
to a second order interior point algorithm, reformulation (3) seems to be preferable.

Before stating the assumptions we use in our analysis, let us introduce some nota-
tion. For an index set J C {1, ..., m}, we write V,gq;(x, x) for the matrix with all
columns of Vg (x, x) that belong to J, and by J/ ,(x) we denote the matrix with all
rows of Jh(x) with indices in J.

These are our main assumptions:
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(A1) For all (x, 1) € R" x R™, the matrix J,L(x, A) is nonsingular and the
matrix M (x, A) is a Py matrix.

(Al+) Forall (x,A) € R" x RY, the matrix J,L(x, A) is nonsingular and the
matrix M (x, A) is a Py matrix.

(Al++) For all (x, 1) € R* x R, the matrix JyL(x, 1) is nonsingular and the
matrix M (x, A) is a Py matrix.

(A2) For all (x,1) € R" x RY, the matrix J,L(x, A) is nonsingular and the
matrix M (x, A) is a semimonotone matrix.

(A3) Forall (x, 1) € R" x R, the matrix J; L(x, 1) is nonsingular and M (x, 1)
is a positive semidefinite S matrix.

(A4) All the constraints are of the form g(y, x) = Ay + c¢(x), with a matrix
A € R™ and a function ¢ : R" — R™,

(A5) Let (A4) hold and let an x € R” be given. Set

L JyF(x) Vyg./
dy = det (—th.(x) 0 .

We assume for some index set J C {1,...,m} that d; # 0O and either
dy>0forallJ C{1,...,m},ordy <Oforall J C {1,...,m}.

Note that the first three assumptions only differ in the range of A, and (A1) implies
(A1+), which again implies (A1++). Since every positive semidefinite matrix is also
a Py matrix, (A3) implies (Al+). Since every Py matrix is a semimonotone matrix,
(A1+) implies (A2). In (A4), we refer to a class of QVIs for which the constraints are
separable in x and y and where the y-part is linear. This is, in particular, satisfied for
linear constraints. In [21], constraints of QVIs for which (A4) holds are termed linear
with variable right-hand side. In this case, we obtain

Jh(x) =A+Jc(x), Vyg(x,x)=V,g= AT and JeL(x,A) = JyF(x),

and we see that both Jy L(x, A) and M (x, 1) become independent of the multipliers
A
In Figs. 1 and 2, we summarize the relations we show in the next two sections.

3 Stationarity Results for QVis

In this section, we want to see how (A1)—(A3) imply (F1)—(F5). For (unconstrained)
stationarity results, it is clear that nonsingularity of the Jacobian, or of all the elements
of the generalized Jacobian, implies that these points must be zeros of the function.
Conditions ensuring this will be shown in the next section. Here, we present condi-
tions not requiring this nonsingularity. First, we generalization the GNEP result [19,
Theorem 3.1] to QVIs.

Proposition 3.1 If (A1) holds, every stationary point of the merit function % 1 (x,1)]1
is a zero of ¥, i.e., (F1) is true.

@ Springer



Journal of Optimization Theory and Applications (2020) 185:711-743 719

(F1)
stationary point of
1@, V)2
is zero of ¥
IN
(F3.) ) (A1) (F4)
sltat10nary g)omt of J»L(x,\) nonsing. constrained stationary
2 |1¥(, ;\)” _ M(z, \) is Py matrix point of
Y&f‘lth A _fg/,h(x) <0 2w (@, V]2 st A >0
is zero o - is zero of ¥
v /
a3) ain (A3)
A>0: , | A2>0: ¢ A 10 ' ineul
Jz L(z, ) nonsingular N JzL(z, \) nonsing. N ]{; (@A) nonsimguiar
M (z, \) is semimonotone M(z, A) is Py matrix (@, A) positive semi-

definite S matrix

S ]

stationary point of ¥ (F5)
; | H (x, A, w)||? (A1++) constrained stationary
with A > 0,w > 0 A>0: ) point of
is zero of H JxL(z, >‘_) nonsing. ;HH(x7 A, w)l?
M(z,\) is Py matrix St A>0,w>0
is zero of H

(F7) h(z) <0 (F6)
JW¥(x, ) nonsingular JH (z,\,w) nonsingular
A>0,h(z) <0 A>0,w>0

N
W

Fig.1 Summary of relations between assumptions (A1)—(A3) and facts (F1)—(F7)

Proof Let (x, A) € R" x R™ be a stationary point, meaning

T [ ViL(x, 1) —Vh(x)Dy L(x,))
0=v “’“’”‘(Jyg(x,x) D, )(w(x,—hm))’

where ¥ € d¥ (x, A). Using nonsingularity of J; L(x, A) we get
L(x, %) = Vi L(x, )~ VA(x) Dpo(n, —h(x)).
With the definition of M (x, A) from (4), we obtain
(MG 2)T Dy +D2) (@G =h(x) = 0. 5)

Both D), and D, can be assumed to be negative diagonal matrices, because they are
nonpositive and Dj, or Dj canbe zero only if ¢(A;, —h; (x)) = 0. With M (x, ) alsoits
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(A4) 9(y,x) = Ay + c(x)
(Fo) (F7)
JH (x, A\, w) nonsingular J¥(z, ) nonsingular
A>0,w>0 A>0,h(z) <0
() <0
(A5)
dy # 0 for some J C {1,...,m},
and dy >0 for all J C {1,...,m}
ordy <O0forall JC{1,...,m}
J F(x) nonsingular
(Fo) (F7)
JH (x, A\, w) nonsingular JW¥(z, ) nonsingular
A>0,w>0 A>0,h(z) <0
(x) <0
(A1)
M(z) is Pp matrix

Fig.2 Equivalence relations between (F6) and (F7) to (A1) and (AS) under (A4)

transposed is a Py matrix by (A1). From [35], we get that M (x, A)T being a Py matrix
and Dy, D, being negative definite implies M (x, A)T Dy + D, being nonsingular.
This yields ¢ (A, —h(x)) = 0, and then, L(x, A) = 0, which completes the proof. O

The following results are useful to guarantee that unconstrained stationary points,
whose dual variables are nonnegative, are solutions of the QVIL.

Proposition 3.2 If (A2) holds, every stationary point of % | H (x, A, w)||%, for which
A > 0and w > 0 holds, is a zero of H, i.e., (F2) is true.

Proof Let (x, A, w) € R" x R% x R’/ be a stationary point, meaning

ViL(x,)) Vh(x) 0 L(x,2)
0= JH(x,A,w)TH(x,A,w) =| Jyglx,x) 0 diag(w) h(x) 4+ w
0 1 diag(}) low

This yields

h(x) +w = —diag(L) (A o w),
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and, using nonsingularity of J, L(x, A) from (A2),
L(x, %) = =V L(x, )" VA®) (h(x) + w).
Inserting this in
Jyg(x, x) L(x, 1) + diag(w)(A o w) =0,
we obtain
<M(x, 2T diag(h) + diag(w)) (A ow) = 0. 6)
Let us assume for contradiction that A o w # 0. With diag(A) € R} and M(x, 1)

being a semimonotone matrix, also M (x, AT and M(x, A) " diag(}) are semimono-
tone matrices. By definition, an index j € {1, ..., m} exists such that

ajw; >0, (M@, 0T diag()Goow)) = 0.
J
This implies the contradiction

0= ((M(x, 1) diag(h) + diag(w)> (Ao w))j

= (M, )7 diag)(how)) + Ajw? > 0.
J

Thus, we must have A o w = 0, and the proof holds by observing that we also get
h(x)+w =0and L(x, 1) =0. O

For illustration, we present the following example where nonoptimal stationary
points, with nonnegative A and w, are present.

Example 3.1 Define F : R> — R? and g : R? x R? - R? by

2x) — 3 —3x1 42y, — 1
F(x) = <2x? B §> and g(y,x) = (—3x; H 2§? _ 1) .
2

Here, every stationary point of %H H(x, ., w)||?* satisfies

0=JH@x, A, w) H(x, A, w)

02 -3 2 0 0 2x2 — 5 + 2%

2 0 2 -3 0 0 2x; — 5+ 2
10 2 0 0 wy O —3x1+2x — 14+ w;
12 0 O 0 0 wp 2x1 —3x — 14+ wy

0 0 1 0 A O Alwi

0o 0 O 1 0 X AMwy
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Now one can check that the pointx = (1, 1), A = (1, 1) and w = (1, 1) is a stationary
point, but it is certainly not a zero of H. In this example, we have nonsingularity of

the matrix J, L(x, 1) = <(2) (2)) , but the matrix

-3 2\/0 XN/o0 2 -3 2
e =30 2) (156 o) =5 3

is not semimonotone.

Assumption (A2) can also be used for the nonsmooth reformulation to get (F3), as
we show next.

Proposition 3.3 Ler (A2) hold. Then, every stationary point of % |1 (x, 2|12 satisfying
A>0andh(x) <0isazeroof ¥, ie., (F3) is true.

Proof As in Proposition 3.1, we obtain (5) that in turn can be written as
(M7 =Dy + (=D2)) (=G, =h(x) =0,

By (A2), —D;, being a nonnegative diagonal matrix implies that the matrix
M(x,A) " (=Dy) is semimonotone. Let us assume by contradiction that
—@(A,—h(x)) # 0. Observing that —¢(A,—h(x)) > Oforall A > Oand h(x) < 0, the
definition of semimonotonicity yields the existence of an index j € {1, ..., m} such
that

9, ~hj ) > 0. (M0 0T (=D (=0, ~h(1)) = 0.

This implies the contradiction
0= (M@ DT =D + (D) (~p G ~h))
= (M0 )T D90 —h)

Aj
/33 + hj(x)?

where the last inequality follows since ¢ (A, —h;(x)) < O implies A; > 0 and
hj(x) < 0. Thus, we must have ¢(A, —h(x)) = 0, and then, nonsingularity of
JyL(x, A) implies L(x,A) =0and ¥ (x, 1) = 0. O

+ — 1@, —hjx)) >0,

In the following part, we consider constrained stationary points. For the merit
function %H ¥ (x, A)||%, we obtain (F4) under (A1+).

Theorem 3.1 Let (Al+) hold. Then, every constrained stationary point of% ¥ (x, 1)1
subjectto A > 0 is a zero of ¥, i.e., (F4) is true.
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Proof Let (x, 1) € R" x R be a constrained stationary point, meaning

ViL(x, A)L(x, A) = Vh(x)Dpe(r, —h(x)) =0,
>0 = Vygi(, ) Lx,2) + Dio(hi, —hi(x) =0,
=0 = Vygi(x,x) L(x, 1)+ Djp(hi, —hi(x)) = 0.
The nonsingularity of J, L(x, 1) from (A1+) implies
L(x, 1) = Vo L(x, 1)~ VA(x) Dy 9(h, —h(x)).
Hence, if we show that (A, —h(x)) = 0, we also get L(x, L) = 0. Let us recall that
whenever ¢(A;, —h;(x)) # 0, the diagonal elements D; and Dj are negative. Now,

we replace L(x, A) in the constrained stationarity conditions by the above formula,
use the definition of M (x, A) from (4) and consider five possible cases:

(a) For A; =0, h;j(x) <0, we have p(A;, —h;(x)) = 0 and D;lw(ki, —h;i(x)) =0.
(b) For A; > 0, h;(x) = 0, we have ¢(A;, —h;(x)) = 0 and D;'lga()»,-, —hi(x)) =0.
(c) ForA; =0, h;(x) > 0, we have ¢(A;, —h;(x)) > 0 and the stationarity conditions
imply
(Mai (x, 1)) Dpo(n, —h(x)) = —Dig(ri, —h;(x)) > 0.

(d) For A; > 0, hij(x) < 0 we have p(X;, —h;(x)) < 0 and the stationarity conditions
imply

(Mai (x, 1)) D, —h(x)) = =D} 9(hi, —hi(x)) < 0.

(e) ForX; > 0, h;(x) > 0,we have ¢(1;, —h;(x)) > 0 and the stationarity conditions
imply

(Mai (x, 1)) " Dpo(n, —h(x)) = =D} (hi, —hi(x)) > 0.
Together, we have for all i € {1, ..., m} either Dﬁlw(ki, —h;j(x)) =0o0r

(@(hin —hi () D}) (M (x, 1)) T Dy, —h(x)) < 0.
With M (x, L) also its transposed matrix is a Py matrix. If Dy@(A, —h(x)) # 0, the
deﬁnition of a Py matrix implies that for at least one index j € {1, ..., m} we have
D] ¢(xj, —hj(x)) # 0 and

(o), —hj(x))D;{)(M.j(x, M) Do (h, —h(x)) > 0.

This condition excludes cases (c) to (e), and we must have ¢(x, —h(x)) = 0. This
completes the proof. O
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In order to obtain (F5), we use the stronger assumption (A3).

Theorem 3.2 If (A3) holds, every constrained stationary point of the merit function
%||H(x, A, w)||2 subjectto A > 0 and w > 0 is a zero of H, i.e., (FS) is true.

Proof Let (x, A, w) € R" x R% x R’ be a constrained stationary point, meaning:

Vo L(x, ML(x, \) + VAG)(h(x) + w) = 0,

>0 = Vygi(x,x) Lx, ) +wir =0,
Ai=0 = Vygi(x,x) Lx,x) +wl >0,
wi >0 = hi(x) 4+ w +wirl =0,
wi=0 = hix)+w; —|—wi)»l2 > 0.

Nonsingularity of J, L(x, A) implies L(x, A) = —V, L(x, 1) "' VA(x)(h(x) + w). We
must consider four possible cases:

(a) For A; > 0, w; > 0, we get
(Mai (x. 2)) T (h(x) + w) = w2h; > 0, hi(x) +w; = —w;A2 < 0.
(b) For A; > 0, w; =0, we get
(Ma; 6, W) T (h(x) +w) = w?hi =0, hi(x) + w; > —w;A? =0.
(c) For A; =0, w; > 0, we get
(Mai (x, M) T (h(x) + w) < w?hi =0, hi(x) +w; = —w;A} =
(d) For x; =0, w; =0, we get
(Mai (x, ) T (h(x) + w) < wihy =0, hi(x) +w; > —w;A? = 0.
Thus, in all the cases we obtain
(hi (x) + wi) (M (x, 1) " (h(x) + w) < 0. (7)

Since M (x, L), and hence also its transposed matrix, is positive semidefinite, we get

02 > (hi(x) + wi) (Mai (x, 1) T (h(x) + w)
i=1
= (h(x) + w)(M(x, 1)) " (h(x) + w) > 0.
This implies that for all i = 1, ..., m we must have

(i (x) + wi) (Mai (x, 2)) T (h(x) + w) = 0. ®)
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Thus, case (a) cannot hold, and we have A o w = 0. By (A3), M (x, X) is an S matrix,
and hence, the system M (x, 1) z > 0, z > 0 is solvable. The alternatives theorem of
Ville, see [36], gives that the system

Mx,)"v<0, v>0, v#0
is not solvable. From the cases (b) to (d), we have that
M@, )T (h(x) +w) <0, h(x)+w 0.

Hence, we must have &(x) + w = 0. This, in turn implies L (x, ») = 0, and therefore,
we have H(x, A, w) = 0. O

Inspecting the proof starting from equation (7), one could also finalize it by assum-
ing that M (x, 1) isa P matrix. Unfortunately, the P property of M (x, 1) forall» € R’}
is a very strong condition, since it implies nonsingularity of the matrix M (x, A). This,
in turn, can only hold if Vi (x) and Jyg(x, x) are full rank matrices and hence, in
particular, requires that we have linear independent constraints.

Let us give an example, where we can apply Theorem 3.2.

Example 3.2 We consider the QVI defined through

2x] 2y1 +x2 +2x3 4+ 1
Fx):=1|2x2], gy, x):=| x1+2y2+x3+2
2x3 2x1 +x2 +2y3 + 3

Here, the matrix J; L(x, A) = J, F is nonsingular. Further, we have

2 1 2 1/2 0 0 2 0 0 2 1 2
M=11 2 1 0 12 0 0 2 O0)l=1[1 2 1},
2 1 2 0 0 1/2)\0 0 2 2 1 2

which is symmetric positive semidefinite. Since all matrix entries of M are positive,
the system M z > 0, z > 0 can be solved with a vector having all elements equal to
1, and M is an S matrix. Thus, Theorem 3.2 guarantees that (F5) holds.

With the next example, we see that, in contrast to (F4), (Al+) or positive semi-
definiteness of M (x, 1) alone is not sufficient to get (F5).

Example 3.3 Let us consider the QVI defined through

_(x1 - yi+x2+2
F(x) := (x2> ;o 80y, x) = (_2x1 2y + 1) .

This QVI does not even have a feasible point, but a constrained stationary point
x =(0,0),2=(0,0), w = (0, 0), since

L(x, %) = (8), h(x) = G) and VA(X) = G :g)
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imply the constrained stationarity conditions
VeL(X,)L(%, %) + Vh(X)(h(X) + W) =0,
h=0 = Vg% D LE )+ ik =0,
Wi =0 = hi(X) 4w +wirr > 0.

However, this point is not feasible, hence not a solution of H (x, A, w) = 0. Further-
more, in this example we have

M= <_12 _12) ((1) ?) ((1) —02> - (—12 _42>’

which is a Py matrix and positive semidefinite. This shows that the Py property of
M (x, A), or its positive semidefiniteness, is not sufficient for a constrained stationary
point of H to be a solution of H(x, A, w) = 0.

We can also give an example that has feasible points and where M is positive
semidefinite, but nonoptimal constrained stationary points exist.

Example 3.4 Consider the QVI defined through

—( ™ o 1= 2x2+2
F(-x) A (x2+3>7 g(y’x) R (_2y1+x2+])

’_[‘his QVI has feasible points, for example (2,2). Here, the point x = (0, 0),
A = (0,0), w = (0, 0) is a constrained stationary point, since

2 0 0
h(x)+w=<1>, L=<3), VygTL=<O>,

V L(E WL, %) + VAE) (h(F) + w) = (g) N (_12 —12> G)

_ (g)

Obviously the point is not feasible and hence not a zero of H. We have in this example

I =2\/1 =2 1 -2
M=<—2 1)(0 0)=<—2 4)’
which is a symmetric positive semidefinite matrix. Hence, this condition is not

sufficient for (F5). Moreover, we can see that (A3) is violated, since the system
M z > 0, z > 01is not solvable.

4 Nonsingularity Results for QVis

In this section, we deal with the nonsingularity facts (F6) and (F7). Let us recall that
for A € R%, the set a¥ (x, 1) = {JW(x, A)} is single valued. First, we show that the
two facts (F6) and (F7) are equivalent for all x with 4(x) < O.
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Proposition 4.1 Let an arbitrary x € R" with h(x) < 0 be given. Then, J¥ (x, 1)
is nonsingular for all . € R}, if and only if JH (x, A, w) is nonsingular for all
(A, w) € RY, x R, . This means (F7) is equivalent to (F6) for all x € R" with
h(x) <O.

Proof For h(x) < Oand A € R, the matrices D, and D), are negative definite, with
D=4 | <0and Di = ——2— —1 < 0. Thus, the matrix J¥ (x, ) =

b Ihio2ea? Jhi (222

JeL(x,2) Vyg(x,x)\ . . . o [(JxL(x, A) Vyg(x, x) .
<_ Dy, Jh(x) D, is nonsingular, if and only if Th(x) — Dh,l D, is

nonsingular. For any fixed x € R” with &;(x) < 0 and X; > 0, the function

L )\i_\/hi(x)z‘i‘)»iz
A (D)TH(DY) = )
—hi(x) = /hi(x)2 + 2}

is continuous withlimy, ;o (D) ™! (D}) = +ooandlim;, . (D})~" (D}) = 0. Thus,
nonsingularity of JW¥ (x, A) for all A € R’ is equivalent to nonsingularity of the
matrices

(unx, 2) Vyg(x, x)) )

Jh(x) -D

for all positive definite diagonal matrices D € R’} 1",

Now, since for some (A, w) € Rﬂ L X Rﬂ 4 we can write any positive definite
diagonal matrix in the form D = diag()\)_1 diag(w), nonsingularity of (9) for all
positive definite diagonal matrices D € R”'3™ is equivalent to nonsingularity of

JyL(x, ) Vyg(x, x)
Jh(x)  —diag(x)~! diag(w)

forall (A, w) € RY x R%_ . This, in turn, is equivalent to
JeF(x) Vg 0
JHx, M, w)=| Jh(x) 0 I
0 diag(w) diag(i)

being nonsingular for all (A, w) € R, x R, and the proof is complete. O

The following general necessary and sufficient condition for the nonsingularity of
J H was proved in [21, Theorem 3].

Proposition 4.2 Let (x, A, w) € R" x R?, x R%, be given. Then, the matrix
JeL(x,A) + Vyg(x, x) diag(w_1 o A) Jh(x)
is nonsingular, if and only if J H (x, A, w) is nonsingular.
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In the same spirit, we obtain a similar result for J¥.

Proposition 4.3 Ler (x, 1) € R" x R, with h(x) # 0 be given. Then, the matrix
JeL(x, %) + Vyg(x,x) Dy Dy Jh(x)

is nonsingular, if and only if JW (x, 1) is nonsingular.

Proof Since h(x) # 0and A € R}, , we have a negative definite diagonal matrix D;..
For a vector v = (v!, v?) € R we get that

. _( JxL(x,A) Vyg(x,x) vl
0=J¥x o= (—Dth(x) "D, ) <v2)

is equivalent to

v? = D' Dy Jh(x) v,
0= (JxL(x, )+ Vyg(x. x) D Dy Jh(x)) "y

Thus, nonsingularity of J¥ (x, X) is equivalent to the nonsingularity of the matrix
JeL(x, 1) + Vyg(x,x) D' Dy Jh(x). O

We remark that the assumption 4 (x) # 0 in Proposition 4.3 is mandatory to exploit
the reduced matrix given in the proposition. In fact, if #; (x) = O for even one single
element, the matrix D, becomes singular.

The first part of the following result was proved in [21, Corollary 2]. The second
one follows from the first one with Proposition 4.1.

Proposition 4.4 Let (Al++) hold. Then,

(a) JH(x, A, w) is nonsingular for all (x, ., w) € R" xR, xR, i.e., (F6) holds;
(b) JW(x, ) is nonsingular for all (x, A) € R" xR, withh(x) < 0, i.e., (F7) holds.

For checking nonsingularity of JH (x, A, w) for all (A, w) € R, x RY, it
would be nicer to have a condition that is independent of the choice of (A, w). In
this perspective, if (A4) holds (meaning that we have linear constraints with variable
right-hand side), we obtain exactly what we want, that is, (A1) does not involve the
variables A, because now, the matrices J,L(x) and M (x) depend exclusively on x.
This also means that (A1), (Al+) and (Al++) coincide. Moreover, under (A4), we
derive sharper nonsingularity results.

Now, we state our main theorem, a necessary and sufficient condition for the matrix
JH(x, A, w) to be nonsingular for all 1, w € Rﬂ . This theorem and the following
corollary are a nontrivial and fundamental generalization of the results of [21], where
only sufficiency was proved.

Theorem 4.1 Let x € R” be given, and let (A4) hold. Then, JH (x, A, w) is non-
singular forall A, w € R11+, if and only if (AS) holds, i.e., for some J C {1, ..., m},
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. JyF(x) Vygey .
dy = det (—th.(x) 0 # 0 and either d;y > 0 forall J < {1,...,m}, or

dj <O0forall J C{l,...,m}.

JyF(x) Vg 0
Proof We have det(J H (x, A, w)) =det | Jh(x) 0 1
0  diag(w) diag()

Developing this determinant by the last m rows, we obtain a sum over the index
sets J C {1,...,m}, where every addend contains products of X;,i € J and wj,
ieJ:={l,...,m}\ J.Foreachi € J, we drop the corresponding columns of the
last block. For each i € J¢, we drop the corresponding column V,g,; in the second
block and, since we also drop the row with A7, we can develop the remaining matrix
after the corresponding column i in the middle right block. This results in dropping
the row J h;. (x). Further, note that in the determinant formula, we get for everyi € J
a positive sign, and for every i € J¢ we get one negative and one positive sign for the
two developments. Thus, we obtain for the determinant of J H (x, A, w)

det(JH(x, A, w))

c JXF(.X) Vg.
Z }(—l)” ! <1_[ w,‘) (HM) det (th.(x) }O J)

JC{l,...m ieJe iel

. JyF(x) V,ge
- X (—1)"'(—1)'”<Hw"> (Hki>det<—th.(x> 0 J)

JC{l,...m} ieJe iel

o 2 0

JC{l,...,m} \ieJe ieJ

Ifd; # 0 for some J C {1,...,m}, and, either d; > O for all J C {1,...,m}, or
dj <Oforall J C{l,...,m},1i.e.,if (AS) holds, we have det(J H (x, A, w)) # O for
all L, w e RﬂJr, and hence, J H (x, A, w) is nonsingular.

Now, assume (A5) does not hold. Then, we either have d; = 0 for all
J C {1, ..., m}, which immediately implies that det(J H (x, A, w)) = 0, or we have
index sets Ji, J» C {1, ..., m} such that

djl >0 > djz.

In this case, let us define

dmax := max |dy| and  dpip = min |dy].
JC{1,...,m} JC{1,...,m},|dy|#0
Now we set
2m o ifi e JiNJy, 2m, ifie JynJ;,
. z, ifi e Ji\ Jo, d Z, ifi e Jy\ Jg,
T dfien\a, M WITL dfi e g5\ U,
dmin dmin
o, else, o, else.
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With these settings f : Ry, — R,

o £ (07) )

JC{l,...,m} \ieJ¢ iel

is a continuous function. To analyze its behavior for z — +00, we have to consider the
coefficients for the terms with the largest power of z, which is |J; \ J2| + [J{ \ J5|.
Since dj, > 0, we obtain for the index set J; the positive addend

M\ (2n1)\JmJ2\+|meJz“| dy,

The remaining index sets J # ] leading to the largest power of z must sat-
isfy J1 \ J» € J and J{ \ J; € J. By construction, we have natural numbers
a < |JiNJL|+|JfNJ5|—1and B > 1, such that the corresponding addend satisfies

[T\ |+ TENTE| (Amya dmin P
W2 AR T (T T dj

max
c\ jc c [ dm'n
S Z‘JI\JZH_"/I \‘,2‘ (2"1)|Jlﬂ./2|+“]] 0]2‘ 1 1 |dj|

dmax
< MBI (my N BN g

Since the total number of possible index sets J # J; is not greater than 2" — 1, and

(2m _ 1)(2m)‘Jlm]ﬂ_Hchmj{l_ldJl < (2m)|11012|+\11"012"\ d.]]a

i\ |+ T}

the coefficient of z Vil s positive. Thus, we have

lim f(z) = 4o00.
7—> 00

Using analogous arguments for the index set J, with d;, < 0, we can show that the
coefficient for the largest power of % is negative and hence

lim f(z) = —oo.
z—0

Now, by continuity of f, it has a zero. Thus, we can find A, w € R’fﬁ 4 such that
det(JH(x, A, w)) = 0, and hence, JH (x, 1, w) is singular, which completes the
proof. O

This theorem shows that under (A4) the nonsingularity condition (F6) is equivalent
to (AS) holding for all x € R". Next, we present a new corollary showing that under
(A4) and nonsingularity of J, F(x), (A1) is necessary and sufficient for (F6).

Corollary 4.1 Let x € R" be given, (A4) hold, and Jy F (x) be nonsingular. Then, the
matrix JH (x, ), w) is nonsingular for all », w € R, if and only if M(x) is a Py
matrix.
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Proof By Theorem 4.1, JH(x,X,w) being nonsingular means that for some
JyF(x) Vyges .

_Jhux) 0 # (0 and either d;y > O for all

JCA{l,...,m}ord; <Oforall J C {l,...,m}. By the assumption on J, F (x), we

have dy = det J, F'(x) # 0. Further, for J # (J we can use the determinant formula

for block matrices to obtain

JC{l,...,m}wehaved; = det

dy = det(Jy F(x)) det(Jhya(x) JeF(x) ™! Vygas) = dy det(M(x)).
Thus, the nonsingularity of J H is equivalent to requiring that
det(M;;(x)) > 0, VJCA{l,...,m}, J#Q.

This coincides with the fact that M (x) is a Py matrix, and proves the equivalence. O

Let us present an example that illustrates the applicability of the corollary, in par-
ticular, if we have a linear function F yielding that M (x) becomes independent of
X.

Example 4.1 Define F : R> - R? and g : R? x R?> - R? by

_(2x2—1 _(x1+ 2y -1
F(x)—(2x1_1> and g(y,x) = <x2—|—2y1—1 .

The QVI has the unique solution (%, %) We have (A4), and J, F = <g (2)> is

nonsingular. But, the matrix

w=wn=( (¢ 56 5= 1)

is not a Py matrix for any x € R”". Hence, by Corollary 4.1, JH (x, A, w) is for all
x € R" singular forsome A, w € R’} , . Forexample, onecansetA; = Ay = wy = wa.

Let us further mention that M is semimonotone, and hence, (A2) is satisfied. Thus,
Proposition 3.2 yields the stationarity result (F2) in this case, where nonsingularity of
JH(x, ,, w) is violated.

From Proposition 4.1, we obtain the following corollaries for nonsingularity of
JU(x,M):

Corollary 4.2 Let x € R" with h(x) < 0 be given, and let (A4) hold. Then, the matrix
JW (x, A) is nonsingular for all . € R}, , if and only if (A5) holds.

Corollary 4.3 Let x € R" with h(x) < 0 be given, (A4) hold and J, F (x) be nonsin-
gular. Then, the matrix JW (x, 1) is nonsingular for all .. € R |, if and only if M (x)
is a Py matrix.
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5 QViIs with Box Constraints

Now, we discuss the case of QVIs with additional box constraints, i.e.,
K(x):={yellLulSR":g(y,x) <0}

The KKT conditions become

L(x, %) = F(x) + 2 =22 + Vyg(x, 0)2* =0,

A}zO, x;i —u; <0, )Lil(xi—u,-)zo Vi=1,...,n,
A>0,L—x <0, A0U—-x)=0 Vi=1,...,n,
3 =0, gi(x,x) <0, Agi(x.x)=0 Vi=1,...m.

The constrained nonlinear system in the box constrained case is to solve

L(x,\)
x—u+w!
—x +1+w?
Hx, hw):=| hx)+wd [ =0 (2, w)eR" xR} xR,
Ao wl
12 o w?
Aowd
We show that the presence of the box constraints can be exploited in order to obtain
the facts (F1)—(F7) under weakened assumptions. First, we will give some sufficient
conditions for (A2) that entails (F2) and (F3).

Proposition 5.1 Let a QVI with box constraints be given and all entries in Jh(x)
be nonnegative. If JL(x, \) is a positive diagonal matrix, the matrix M(x, 1) is
semimonotone, i.e., (A2) is satisfied.

Proof To show that

1
M@, 0 = =1 | JLxe, )™ (I =1 Vyg(x,x))
Jh(x)
JyL(x, )7 —JL(x, )7 ! JeL(x, )71 Vyg(x, x)
= —JLG, 07! JyL(x, )7 —JeL(x, )7 'Vyg(x, x)

Jh(x) JxL(x, )™ =Jh(x) JeL(x, »)~" Jh(x) JyL(x, A)~! Vyg(x, x)

is semimonotone, let a vector v = (v}, v2, v3) € Rﬁf””" \ {0} be given.

First, assume vjl. > 0 for some j € {l,...,n}. Then, we must either have
Mqo(x, A)v > 0 (and hence M (x, 1) is semimonotone), or we get from the jth row
vjz > 0, since JyL(x, »)"lisa positive diagonal matrix and with J A (x) also all entries

in Vyg(x, x) are nonnegative. Since the jth row is the negative of the (n + j)th row,
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either Mjq(x, A)v > 0 or M, j)e(x, A)v > 0 must hold, and hence, M (x, 1) must
be semimonotone.
Now assume v! = 0, and define the set

={j€{l,...,n}:v]2->0}.

If J = ¢, we have v? = 0. Since the matrix Jh(x) J,L(x, A) ™! Vyg(x, x) has only
nonnegative entries, it is semimonotone, and hence, M (x, A) is semimontone. Thus,
assume J # (). We are done, if one of the components

JeLye(x, )M 0% — e Lyo(x, V)71V g (x, x) 03

is nonnegative. Hence, assume they are all negative. For J # ( the fact that
JeL(x,2)~" is a positive diagonal matrix immediately implies that at least one
component of v? must be positive. Since all entries in Jy L(x, 2! Vyg(x, x) v3 are
nonnegative, we have

JeL(x, )7 o? — L L(x, )7 Vg (x, x) v® <0
Multiplying with the nonpositive matrix —Jh(x) results in
—Jh(x) JyL(x, )" v 4+ Th(x) JyL(x, ) "' Vyg(x, x) v > 0.

Since this corresponds to the last m rows of M (x, A), the matrix must be semimonotone
since one of the components of v> is positive. O

The assumption (A3) is restrictive in the case without box constraints and does not
hold, for example, if M (x, A) consists of two rows, where one is the negative of the
other. A different condition can be obtained for QVIs with additional box constraints.
Let us denote

y—u
gy, x)=| -y
gy, x)

Here, we can use a positive linear independence assumption, rather than (A3), to obtain
a constrained stationarity result.

Theorem 5.1 Let a QVI with box constraints be given. Assume that for all
(x,2) e R"x R™, the matrix J, L(x, A) is nonsingular and that the matrix M (x, 1) =

J h(x)] L(x,))~ IVy g(x, x) is positive semidefinite. Further, assume the gradients
Vh; X forjeld ={jef{l,....m}: h; j(x) > 0} are posmve linear independent.
Then, every constrained statlonary pomt of the merit functlon sIH (X, A, w) |2 subject
to)>0andw > 0is a zero of H, i.e., (F5) is true.
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Proof First, we can follow the lines of the proof of Theorem 3.2 to obtain (8) and thus
to exclude the case (a), which was A; > 0 and w; > 0, through the assumed positive
semidefiniteness of M (x, A). Thus, we must have A o w = 0. Now, we inspect the
constrained stationarity conditions for the box constraints. Then, we obtain for every
i=1,...,n:

A >0 = Lix,)+@HA =0 = Lix,1)=0,
A >0 = —Li(x,))+ W) =0 = Li(x,1)=0,
AM=0 = Lix,M)+wH >0 = Lix,r>0.

AM=0 = —Li(x,)+wH*>=0 = —Li(x,1) >0,

If )Ll.l > 0 or Al.z > 0, the first two lines imply L;(x, A) = 0. If both )\il = 0 and
Al.z = 0, the lines three and four imply again L;(x, ») = 0. Since this holds for all
i=1,...,n, wehaveL(ﬁ,)») =0.

It remains to show that 2 (x) +w = 0. From the constrained stationarity conditions,
we get with A o w = 0:

wi >0 =) +wi+wirA2 =0 = hix)+w =0,
wi=0 =h@) +w+wrl>0 = hi(x) > 0.

This together with L(x,A) =0and J :={j € {1,...,m} : l~zj(x) > 0} implies that
the remaining stationarity condition yields

0=V,.Lx,\)L(x, )+ VAx)(h(x) +w) = Ve, (x)h(x)

Since /1 J(x) > 0 and the gradients V;ﬁ j(x), j € J are positively linearly independent,
we must have J = (J, which means i (x) + w = 0, and completes the proof. O

In the box constrained case, the Jacobian J H (x, A, w) is given by

JiL(x) 1 —1 Vyg(x, x) 0 0 0
I 0 0 0 I 0 0
—1I 0 0 0 0 I 0
Jh(x) 0 0 0 0 0 I
0 diag(w') 0 0 diag(x") 0 0
0 0 diag(w?) 0 0 diag(1?) 0

0 0 0 diag(w?) 0 0 diag(23)

Letd, w € Ri"j’m be given, and let us define the matrix

TeL(x, A, w) i= JyL(x) + diag(A' o (w') 1) + diag(A? o (w?) ™).
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It is not difficult to see that J H (x, A, w) is nonsingular, if and only if

JeL(x, A, w)  Vyg(x,x) 0
Jh(x) 0 I
0 diag(w3)  diag(r?)

is nonsingular. In this setting, we can replace the nonsingularity of Jy L(x, A) from
(A1++) by positive semidefiniteness of Jy L(x, A) in Proposition 4.4 and in Corollary
4.1. In fact, in this case ﬁ(x, A, w) becomes nonsingular for all A, w € Rﬁ 4 and
the developments follow as in the case without box constraints. We observe that this
also holds, if we have either a lower or an upper bound for each variable, and we do
not need both of them. Defining

M(x) := Jh(x) J,L(x, 1, w) "'V, g(x, x), (10)

we get the following results.

Corollary 5.1 Assume ng constraints. Let the matrix J,L(x, \) be positive semi-
definite and the matrix M (x) be a Py matrix for all (x, 1) € R" x R% . Then,

(a) JH(x, A, w) is nonsingular for all (x, ., w) € R" xR, xR}, i.e., (F6) holds;
(b) JW(x,}) is nonsingular forall (x, A) € R" xR | withh(x) < 0, i.e., (F7) holds.
Corollary 5.2 Assume we have box constraints, (A4) holds, and J, F (x) is positive
semidefinite for all x € R". Then,

(a) (F6) is equivalent to ]\:4 (x) being a Py matrix;

(b) (F7) is equivalent to M (x) being a Py matrix for all x € R" with h(x) < 0.
Moreover, if J F (x) is positive definite for all x € R", then

(c) A7I(x) is a Py matrix if and only if M (x) is a Py matrix.

Proof Point (c) is due to point (a) and Corollary 4.1. O

6 GNEPs

It was first observed in [7] that under mild assumptions a GNEP can be reformulated
as an equivalent QVI. Hence, we can obtain GNEP results by applying the QVI results
from the last sections. We will not state all of them here, but we will focus on special
cases, where we can obtain new results.

We consider GNEPs with linear constraints and quadratic cost functions. Let matri-
ces Q, € R"*™ and A,,, € R™>" and vectors ¢’ € R" and b € R" be given.
Further, X, is a closed convex subset of R"". Each player v =1, ..., N tries to find
xV € R™ to solve the problem

N
1
min=(x") " 0vx’ 4+ (") Tx" st E Ay x? <b¥, xV eX,.
xv 2 1
M:
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Notice that the GNEPs considered here have objective functions that depend only on
private variables, while the constraints may couple all the variables. We underline that
the coupling constraints are not necessarily shared by all the players, and therefore,
these GNEPs are, in general, no generalized potential games as defined in [37,38].
The QVI reformulation of the GNEP is made up by

01 c! Anl y1+2#1 Alux“_bl
F(x) = x+| .80, x)= :
ON cN Ann YN+ 2N ANy xt—bN

By the linearity of the constraints, we have (A4).

For completeness, let us first mention that the case of linear cost functions, i.e., if
we have Q, = 0forallv =1,..., N, is discussed in [32]. In particular, we have in
[32, Theorem 4.1] the following result:

Lemma6.1 Let Q, = 0 and X, = R™ forall v € {1,..., N}. Assume that
det(VygesJhye) = 0 forall J C {1,...,m}with |J| = n, and that the determinant
is positive for one of these sets. Then, J H (A, w) is nonsingular for all », w € R}, .

Exploiting Theorem 4.1, we can extend Lemma 6.1 and get necessary and sufficient
conditions for the nonsingularity.

Corollary 6.1 Let Q, = 0 and X, = R™ forallv € {1,...,N}. JH(A, w) is
nonsingular for all A, w € R |, if and only if all determinants det(Vygey J h jo) With
J C{l,...,m}and |J| = n, are either all nonnegative or all nonpositive, and at
least one of them is not 0.

Proof By Theorem 4.1, we consider the signs of d; := det < J(;z Vyg.1> . We
- Je

have dj = 0 for every J C {1, ..., m} with |J| # n. For |J| = n we have

1\ —Jhje O PR
dy = (-1 det( 0 Vygus = (=D det(Jhy,) det(Vygar)
= det(VygesJh je).
Now, the assertion is a consequence of Theorem 4.1. O

In the next example, the matrix J H (x, A, w) is always singular.
Example 6.1 Consider the linear 2-player GNEP
Ut xf +x2 <1,

min —x2 st x!+x2 <.

min —x

From Lemma 6.1, we get that J H (x, A, w) is singular for some A, w € Rﬂr, since

for J = {1, 2} we getdet(VygesJhje) = det ((é ?) (} i)) = (. But even more,
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in this example J H (x, A, w) is singular for all A, w € R, , since

0 0
0
-1 -1

1

0

det(JH(x, A, w)) = A1y det 0
-1 -1 0
0

0

1
+ Aqwpdet | O 0 O
-1 -1 0

0
+Aiwidet| O
-1 -1

O~ o OO =0

-1 -1
+ wjwy det (_1 _1> =0.

Next, we consider the more general quadratic setting. However, we restrict ourselves
to GNEPs, where all players have the same number of variables, i.e., we assume
ny = ... = ny. For some special structures, we get the facts (F1)-(F7).

Theorem 6.1 Let ny = ... = nyn, Qy, = BT with 8, € Ry and a positive
definite matrix T € R""™"™ and X, = R™ forall v € {1,...,N}. Assume
Ay = ou(By + Eyy) with oy € Rand By, E,, € R, E,, =0, for all
w,vell,...,N}L

1. Let all entries of either EWTf1 B, or (B, + EW)Tf1 By, be nonnegative for all
w,ve{l,..., N} Then, M is a semimonotone matrix, i.e., (A2) holds, implying
(F2) and (F3).

2. LetE,, =0forall u,v €{l,...,N}. Then, M is a Py-matrix, i.e., (Al) holds,
implying (F1)-(F4), (F6) and (F7).

3. Let E,,, =0, let B, be a positive matrix, let T~ be a nonnegative matrix with a
2

2
positive diagonal, and let % B ﬁ—’j > O forall u,v e{l,...,N}. Then, M is a
positive semidefinite S matrix, i.e., (A3) holds, implying that all the facts (F1)-(F7)

are true.
g T
Proof We start with case 2: J,L(x) = , 18 nonsingular, by the
BnT
assumed positive definiteness of 7" and since 8; > O foralli = 1, ..., N. Further, we
have
11
a1By -+ anBj ET (X]BIT
M = . . .
1By -+ ayBy ﬂLNT_l O[NB;]—
of por—ipT . % p r-lpT
ﬂ—:BlT B --- #BIT By
a%B 7.‘71BT alz\/B %"71BT
5By | By v
—BT"'B'D,
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Bl ﬂ_llml
where B := : and D := .ForJ C {1,..., m}, we have

By Ay

det(M ;) = det(BT "B ),;,;D,;) =det(BT"B');,) det(D,,) > 0.

because B T~} ET is positive semidefinite, hence a Py matrix, and D is positive
semidefinite and diagonal. Therefore, M is a Py matrix, that is, (Al) is true. As
a consequence, (F1) holds by Proposition 3.1 and (F4) by Theorem 3.1. Further,
Proposition 4.4 gives (F6) and (F7). Finally, since (A1) implies (A2), we have (F2)
from Proposition 3.2 and (F3) from Proposition 3.3.

Now, let us consider case 1: We have

M=BT'B D+
a3 —1pT o3 —1pT
0 ﬂ—;ElzT B, ﬂ—xElNT BN
2 .
‘;—;EQIT—‘BI 0
. 2
(;—IA\;EN_lNTilB]—Vr
af 1T oy “1pT
ﬂ_iENlT B, ﬂx,iENN_lT By_, 0

If the first condition holds, M is the sum of a Py matrix and a nonnegative one; thus,
it is semimonotone. If the second condition holds, M is nonnegative and then also
semimonotone. In any case, (A2) holds. Now, (F2) follows from Proposition 3.2 and
(F3) from Proposition 3.3.

i — 2
In case 3, the matrix M = BT} BTD, with D = 7;—:1 , 1s positive semidefinite.
2 —
The assumptions on 7! and B, imply that Mz = Z—IB ! BTZ > (0, for any vector

z > 0. Thus, (A3) is true. Fact (F5) comes from Theorem 3.2, while all the others
follow as in case 2, since (A3) implies (Al). O

Example 6.2 Let us consider N firms operating in a specific area. Each firm produces
its goods in ny spots. Let x* € R’ be the quantities of production of the vth firm, and
let its cost be given by

1 U
costy(x¥) = (m") Tx" + 5B 2@“)2,
1=

where m” € R"! are the marginal costs and B, > 0. Let o, > 0 be a number giving
the degree of pollution of the n plants of the vth firm. Any firm v must control the
level of pollution in m, different spots of the area:

oy By x” + Zau(Bv + Evu) xt < b,
HFEY
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where: B, € R} represents the absolute pollution impact of the n; spots of

production of the vth firm on the m, spots, where the pollution must be controlled by

the firm; E,, € R™>"! represents some deviations from B,, and (B, + E,,) is the

absolute pollution impact of the pth firm on the m, spots controlled by the vth firm;

b” € R, are the maximum levels of pollution allowed in the m,, spots controlled by

the vth firm. Any firm v minimizes cost, subject to its pollution constraints.

Referring to Lemma 6.1, we can prove the following assertions.

1. Let all (B, + E,;,) > 0, i.e., the absolute pollution impacts of the firms are
nonnegative. Then, (A2) holds and the facts (F2) and (F3) are true.

2. Let E,;, = 0 for all v and p, i.e., the plants of all the firms in any specific spot
impact equally on the controlled spots. Then, (A1) holds and facts (F1)—(F4), (F6)
and (F7) are true.

2 2
3. Let E,;, = 0 and ‘;—” = Z—“ for all v and p, which is, for example, true if the

degrees of pollution (;zu and ;{he parameters b,, are the same for all the firms. Then,
(A3) holds and all the facts (F1)—(F7) are true.

Now we consider a different framework involving box constraints.

Theorem 6.2 Assumen; =...=ny, Q, € R'_ﬂ *"are nonnegative diagonal matri-

ces, X, = [l”,_u”]for allv=1,...,N,and Ay, = DVBM + E, ., with diagonal

matrices D,, D, € R">*"! and matrices E,,, € R"" forallv, u € {1,..., N}.

1. Let Q) be positive diagonal matrices for all v € {1,..., N}, and A, be non-
negative for all w,v € {1, ..., N}. Then, (A2) holds and the facts (F2) and (F3)
are true.

2. LetEy, =0forallj,ve{l,...,N}. Then, Misa Py-matrix, and the facts (F6)
and (F7) are true. If, moreover, Q,, is positive definite forallv =1, ..., N, (Al)
holds and facts (F1)-(F4), (F6) and (F7) are true.

Proof Point 1 is due to Proposition 5.1.
Let us consider point 2. Let arbitrary A, w € Ri’ﬁr be given. By assumption Jy F is
positive semidefinite. We set

0
JeL(A, w) = J, F + diag(x? o (w?) ™) + diag(x? o (w?) ™) = ,
On
with positive definite diagonal matrices é‘, e Rm>m y =1,..., N. We get
D\Dy --- DDy éfl DD,
M=\ : . .
DND; --- DyDy é;,l DyDy

DD, él_l DD --- DDy é;,l DyDy

DyD10;'D\Dy --- DyDy QEIDNBN
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=CC'D,
D Bléflﬁl
where C := : and D := .
Dy Dy @JX,IBN
For arbitrary J C {1, ..., m}, we have

det(My ) = det((C CT);yDyy) = det((CCT);,) det(Dyy) > 0,

because C C;T is positive semidefinite, and D is positive semidefinite and diagonal.
Therefore, M is a Py matrix. Facts (F6) and (F7) follow from Corollary 5.1.
Moreover, if matrices Q, are positive definite, then we can exploit the point (c) of
Corollary 5.2 to say that assumption (A1) holds. Then, the assertion can be obtained
as in point 2 of Lemma 6.1. O

Remark 6.1 Letus give an example class, where Lemma 6.2 can be applied for GNEPs.
Suppose, each player has one variable, and, beside box constraints, we have exactly
one constraint, that is shared by all players. Then, this constraint can be stated using
Ay =Dy, €Rand D, = lforallv,u = 1,...,N. Now, if all Q, € Ry, the
second case of Lemma 6.2 guarantees (F1)-(F4), (F6) and (F7).

Remark 6.2 Unfortunately, if we have GNEPs with two or more linearly independent
shared constraints, the matrix M can easily fail to be a Py-matrix. For example, con-
sider a 2 player game, where each player has one variable and we have, beside box
constraints, two shared constraints cflxl + arx? < by, agx1 + asx? < by. Then, if

Ql, Qz > 0 we have that/];fz (%1 Qp ) is nonsingular. Further,
2

Q] alaSQl az Q2 a2a4Q2_
M = ala3Q1 a3 Q1 a2a4Q2 a4 Q2
Q1 ala3Q1 a; Q2 aza4Q2

alaSQl Q1 112a4Q2 Q2
For the index sets I = {2, 3} and J = {1, 4}, we obtain
det(M;;) = —awas(aras — aza3)Qf1 Q{l,
det(M; ) = aras(aras — azaz) 07" 05"

Now we see that M is not a Py matrix, whenever sign(ajaq) = sign(araz) # 0.
In this case, by point (c) of Corollary 5.2 we obtain that the matrix M is not a Py
matrix. Then, Corollary 4.1 shows that J H (x, A, w) fails to be nonsingular for all
(how) eRY, xRZ,

Finally, we want to present some GNEPs with box constraints, where (F5) can be
shown. We discuss an example class that often occurs in applications.
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Proposition 6.1 Let X, = [[¥,u"] forall v = 1,..., N,, and further, only upper
constraints are present, i.e., all coefficients of the remaining constraints are positive.
Let the feasible set be nonempty. If all Q,, € R™>"™ v =1,..., N are nonsingular
and M is positive semidefinite, (F5) holds.

Proof Since all Q, € R™* vy = 1,...,N are nonsingular, J,L = J,F
is nonsingular. Since M is positive semidefinite by assumption, we can apply
Theorem 5.1, if we have shown that the columns of the matrix Vhey(x) with
J={jell,...,m}:hj(x) > 0} are positively linearly independent for all x € R".
Assume we have a vector v € ]Rfl with Ve (x)v = 0. We want to show that v = 0
must hold.

Whenever J contains an upper box constraint with index jo, the corresponding
lower box constraint is not in J. Hence, the matrix Vh,;(x) has a corresponding
row, with only nonnegative entries, and we must have v, = 0. Thus, we can assume
without loss of generality that J does not contain any upper box constraint.

Since the feasible set is nonempty, the set / = {j € {1,...,m} : hj(x) > 0}
cannot contain all lower box constraints and an additional upper constraint. Hence,
the matrix Vh4y (x) can either contain only lower box constraints, resulting in v = 0,
or it must contain at least one row where all entries are nonnegative. But then, the
components of v corresponding to the positive coefficients of the upper constraints
must all be zero. The remaining matrix has only lower box constraints, again resulting
in v = 0. Thus, we must have v = 0, meaning that the columns of Vi,;(x) are
positively linear independent for all x € R”. By Theorem 5.1, fact (F5) holds. O

7 Conclusions

In this paper, we presented a number of necessary and sufficient conditions for the main
issues, when solving QVIs via a smooth constrained or a nonsmooth unconstrained
equation reformulation of their KKT conditions. We have seen that the matrix M plays
a crucial role. The first issue is to guarantee that stationary points of the merit function
are indeed solutions. We considered several concepts of constrained or unconstrained
stationary points, and the issue was solved under a Py property for the nonsmooth
reformulation. For the constrained, but smooth, reformulation we required stronger
assumptions, namely positive semidefiniteness of M together with the S property of
this matrix. Further, we gave an example, showing that the P property is not sufficient
in the smooth reformulation. Considering only stationary points within the feasible
set, which is important for interior point methods, we showed the stationarity result
for both reformulations, if M is a ssmimonotone matrix.

For the second issue, the nonsingularity of the Jacobian at feasible iterates, we con-
sidered the QVI class, where the constraints are linear with variable right-hand side.
Here, we proved equivalence of the nonsingularity with a sign condition for determi-
nants of certain matrices, which are independent of the dual variables. Furthermore,
under an additional nonsingularity assumption on J, F (x), we showed equivalence to
the Py property of M. In the context of QVIs, these are, to the best of our knowledge,
the first necessary and sufficient conditions for nonsingularity of the Jacobians. We
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have also seen that, for QVIs with box constraints, some of the assumptions can be
weakened.

We further presented some subclasses of GNEPs with linear constraints and
quadratic cost functions, for which the Jacobian is always nonsingular, and the absence
of nonoptimal stationary points can be shown. Moreover, we extended a known suf-
ficient nonsingularity condition for GNEPs with linear constraints and cost functions
to a necessary and sufficient condition.
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