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Abstract

Equilibrium constrained problems form a special class of mathematical programs
where the decision variables satisfy a finite number of constraints together with
an equilibrium condition. Optimization problems with a variational inequality
constraint, bilevel problems and semi-infinite programs can be seen as particular
cases of equilibrium constrained problems. Such models appear in many practical
applications.

Equilibrium constraint problems can be written in bilevel form with possi-
bly a finite number of extra inequality constraints. This opens the way to solve
these programs by applying the so-called Karush-Kuhn-Tucker approach. Here
the lower level problem of the bilevel program is replaced by the Karush-Kuhn-
Tucker condition, leading to a mathematical program with complementarity con-
straints (MPCC). Unfortunately, MPCC problems cannot be solved by classical
algorithms since they do not satisfy the standard regularity conditions. To solve
MPCCs one has tried to conceive appropriate modifications of standard methods.
For example sequential quadratic programming, penalty algorithms, regulariza-
tion and smoothing approaches.

The aim of this thesis is twofold. First, as a basis, MPCC problems will
be investigated from a structural and generical viewpoint. We concentrate on a
special parametric smoothing approach to solve these programs. The convergence
behavior of this method is studied in detail. Although the smoothing approach is
widely used, our results on existence of solutions and on the rate of convergence
are new. We also derive (for the first time) genericity results for the set of
minimizers (generalized critical points) for one-parametric MPCC.

In a second part we will consider the MPCC problem obtained by applying the
KKT-approach to equilibrium constrained programs and bilevel problems. We
will analyze the generic structure of the resulting MPCC programs and adapt the
related smoothing method to these particular cases. All corresponding results are
new.
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Chapter 1

Introduction

1.1 Introduction

An Equilibrium Constrained optimization problem (EC) is a mathematical pro-
gram such that a part of the variables should satisfy an equilibrium condition. In
its simplest form, an equilibrium condition is given by the critical point equation
Vé(y) = 0. So the simplest prototype of an EC is:

min f(z,y) (1.1.1)
s.t. Vyo(z,y) = 0,

where f : R"XR™ — R, ¢ : R"xR™ — R and V,¢ denotes the partial derivatives
of ¢ with respect to y. For the case that ¢(z,y) is convex in y, it can be expressed
equivalently as a so-called Bilevel problem (BL):

min f(z,y)
s.t.  y solves min ¢(z,y).
yeR™

More generally, we are led to consider BL problems of the following form:

min f(z,y)
s.t. (z,y) € C,
y solves Q(x),
Q():  min 6(z,y),

y€eY (z)

(1.1.2)

where f,¢ : R" x R™ — R and Y'(z) is the feasible set the lower level problems
Q(z) depending on x.

Another classical example of BL arises when considering an equilibrium point
in a O-sum game with two players. Let us assume that player ¢ may choose
strategies y; from the set Y; C R™, ¢ = 1,2, and that the utility functions are
9(y1,y9) for player 1 and —g(yi,y9) for player 2, if player ¢ chooses strategy
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yi, © = 1,2. The Nash equilibrium points (71, 72) are saddle points of g(y1,y2),
1.€.,

9(U1,Y2) = 9(U1,92) > 9(y1,92), for all y1 € Y1,y2 € Yo,
or

y1 solves max g(y1,72) and 7, solves min g(y1, ya).
e Y2€Y2

If we want to minimize a function f(z,y;,y2) under the condition that (yi,ys)
are Nash equilibrium points of the previous game, the model becomes a bilevel
problem of the type:
min f(xa gla g?)
s.t. 7 solves max g(yi, ¥a),
Y1€Y]

iJo solves mi "
Y solv Zgleggg(yl,ya)

with functions f: R" x R™ x R — R, g : R™ x R™ — R.
More generally we could consider bilevel problems of the form:

minf(xagla B 7g/€)
s.t. <x7g17 gk) € Ca
y; solves Q;(x), where
Qz(x) . min (b,(l’, gl, Ce ,gifl, yi;giJrl; Ce ,’gk), 1= 1, e k.
y:€Yi(z)
For simplicity, in this thesis we will only consider the case k& = 1, 7.e. bilevel
problems of type (1.1.2).

Under smoothness and convexity conditions, a minimizer y of the problem
Q(z) in (1.1.2) satisfies the inequality V,¢(z,y) (2 —y) > 0, Vz € Y(z). More
generally we examine the so-called variational inequalities

VI: Find y € Y(z) such that ®(x,3)" (2 —y) >0, Vz € Y (),
and we are led to optimization problems of the form

Pyr min f(z,y)
s.t. (x,y) € C,
y €Y(x),
O(x, ) (2 —y) >0, Vz € Y(x),

or more generally to

Pre : min f(z,y)
s.t. (x,y) € C,
y € Y(z),
¢(x,y,z) >0, Vz € Y(x),

where f : R" x R™ - R, ¢ : R" x R™ x R™ — R.
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Remark 1.1.1 Pgc can be regarded as a particular case of a Generalized Semi-
infinite Optimization Problem

GSIP : min{f(x,y) | (z,y) € C, ¢(x,y,2) >0, V2 € Y(x)}. (1.1.3)
Note that Pgc contains the additional condition y € Y (x).

The problems considered so far will be called equilibrium constrained problems.

We emphasize that in general it is difficult to solve these problems. Due to the
two level structure, even to check feasibility, we have to compute a (global) min-
imizer of a general optimization problem or a solution of a variational inequality
problem.

In this thesis we will deal with the analytic and generic structure of problems
Py, Pyr, and Pgc and we are also interested in numerical solution methods.
For numerical purposes it is natural to assume that the involved sets Y (z) and C
are described analytically. Throughout the thesis we will assume that these sets
are defined as:

V(e) = {yeR™| v(z,y) >0, i=1,...,1}, (1.1.4)
C = {(z,y) eR"xR"| gj(z,y) >0, j=1,...,q},

with given functions v; and g;, ¢ =1,...,l, j=1,...,q.

So we will consider bilevel problems of the form

PBL : Hmuynf(xvy)
st. gi(z,y)>0,7=1,...,q,
y solves Q(z), (1.1.6)
Q) : min ¢(z,y)

v
st.  yeY(x)

with sets Y (z) defined as in (1.1.4) and functions f,¢,v;,g; : R" x R™ — R,
i=1,...,l, 5=1,...,q. The parametric problem @(x) will be called the lower
level problem.

Problems with equilibrium constraints are examined in the form

PECZ rgcnynf(xvy)
s.t. gj(x,y) > 0, J=1...q (1.1.7)
y € Y(z),
o(z,y,2) = 0, vz e Y(x),

where f,v;,g; :R"xR™ =R, i=1,...,0, 7=1,...,¢, ¢ : R"xR"xR"™ - R
and Y (z) is defined as in (1.1.4).



As a particular case, in which the function ¢ satisfies the condition

¢(z,y,y) = 0, V(z,y), we consider the problem with variational inequalities
constraints
Pyr: I{Eliynf(%y)
S.t. gj(x,y) > 0, J=1...,q (1.1.8)
y € Y(x),
O(x,y) ' (z—y) > 0, Vz € Y(x).

Another related type of optimization problems are the so-called Mathematical
Programs with Complementarity Constraints (MPCC)

Pee min f(x)
s.t. g]<x> > 07 J = 17 - g,
ri(x) > 0, i=1,...,1, (1.1.9)
si(x) > 0, i=1,...,1,
ri(x)si(z) = 0, i=1,...,1

As we shall see later on, we will obtain problems of this type if we apply the
Karush Kuhn Tucker (KKT) approach to the problems Pgp, Py; and Pgo. As
a solution method for problems (1.1.9), in the present thesis we will investigate
the so-called one-parametric smoothing approach. In this approach, we consider
the perturbation of Poe (1.1.9)

P.: min f(z)
s.t. gi(r) > 0, j=1,...,q,
ri(z) > 0, i=1,...,1, (1.1.10)
si(z) > 0, i=1,...,1,
ri(x)si(z) = 7, i=1,...,1,

where 7 > 0 is the perturbation parameter. Then P, is solved for 7 — 0.

1.2 Relations between the problems

We have already pointed out some connections between the problems Py, Pgc,
Pgr and Poe. The aim of this section is to analyze these relations further. We
assume obvious differentiability conditions on the problem functions.

Let us consider the relations between Pgrc and Pgp (see also Stein and Still
[59]). By using the fact:

o(z,y,2) >0, Vze€Y(x) & 2z €arg 1131/1{1) o(z,y,u) and ¢(x,y,2) >0,
ueyY (x
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the problem Pg¢ turns into the bilevel problem:

min f(z, y)
T,Y,z
st gi(r,y) >0, j=1,...,q,
y €Y(x),
z solves Q(z,vy),
st.  weY(x).

In the particular case of Prc where ¢(x,y,y) = 0, Yy (e.g. the problems Py )
we can eliminate the variable z as follows. In view of ¢(z,y,y) = 0, the condition
¢(x,y,z) >0, Vz € Y(x), is equivalent with the fact that y is a global solution
of Q(z,y). So, in this case, Pgc is equivalent with:

min f(z,y)
x?y
s.t. g](‘r7y)207j:177Q7

y €Y(x),
y solves Q(x,y), (1.2.2)
Q(z,y) : min ¢(z, y, 2)

s.t. z €Y (x).

Note that this problem has a more complicated structure than Pgj, since it
contains a sort of fixed point condition. Indeed, the lower level problem Q(x,y)
depends on y, which at the same time should solve Q(z,y). For a comparison
from the structural and generical viewpoint between linear Pgy, and Pgc, we refer
to Birbil, Bouza, Frenk and Still [7] and Still [61].

We now apply the KK'T approach to the above bilevel problems. The idea is
to replace the minimum condition for the lower level problem Q(z), or Q(z,vy),
by the KKT optimality condition. This will lead to problems of type Pse.

We begin with the standard bilevel problem Ppy in (1.1.6). Let some con-
straint qualification such as MFCQ (see Definition 2.2.2) hold for the lower level
problem Q(z). Then a (local) minimizer of ((z) will necessarily satisfy the
KKT conditions, i.e., the feasible points (z,y) of Pgy will fulfill the following
constraints with some multiplier vector A € R':

l
Vy¢<£[f, y) - Z )\’ivyvi(ma y) = 07
i=1

vi(zyy) > 0, i=1,...,1, (1.2.3)
)\i Z 5 1= 1, . ,l,
’Uz(x>y))\z = 0, i=1, N
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Consequently, as a relaxation of Pgy, we obtain:

min f(z,y)
[RTIDN
s.t. gj('r7y) 2 07 J = 17 . » 4,
!
Vyo(z,y) — ;Aivyvz(ﬂf,y) = 0 (1.2.4)

vi(z,y) > 0, i=1,...,1,
A >0, i=1,...,1,
Avi(z,y) = 0, i=1,...,1L

If we apply the same arguments to the bilevel form of Pgc (see (1.2.1)) we are
led to the problem:

min_ f(z,y)
T,Y,2,A
s.t. gj(x,y , =1,...,q,
vi(x,y , 1=1,...,1,

: (1.2.5)

ANV

&
AVAN I ERAVAAY]
|
\.P—‘

Aivi(x, 2
¢(x,y,2

The KKT approach for the special case ¢(x,y,y) =0, Yy € Y(x), i.e., for (1.2.2)
gives:

oo oo O oS O
~
—_
\‘N

min f(z,y)
[RTIDN

s.t. gJ(I,y) 2 07 J 17' » 4,
Uz‘(%ﬂ) Z 07 t 17' al7
(1.2.6)
Vz¢(xay7y) - Z:l)\zvyvz<x7y) = 07
)\i 2 0, izl,...,l,
ANvi(z,y) = 0, i=1,...,1L

Obviously, only under some constraint qualification on the feasible set Y (z) in
the lower level, we can guarantee that these schemes are relaxations of the feasible
set for the original problems Pg; and Pgrc. Unfortunately as we will see later on,
the condition MFCQ cannot be expected to hold generically for the lower level
problem.

If Q(x) is a convex problem satisfying MFCQ), then the original problem Pgj,
and problem (1.2.4) are equivalent. Under similar assumptions on Q(z,y), the

6



problem Pge in (1.2.1) is equivalent with the KKT relaxation (1.2.5) and, in case
¢(z,y,y) =0, Vy € Y(x),z € R", the equivalence holds between Pgc in (1.2.2)
and problem (1.2.6).

So, this KKT approach opens the way for solving Pg; and Pgc via programs
with complementarity constraints of type Poe (1.1.9).

1.3 Summary of the results

In the present subsection we give a summary of the thesis. We try to sketch the
results also in comparison with earlier investigations. Throughout the exposition
all earlier results (lemmas, theorems, propositions) are indicated by giving (at
least) one reference. All results where such a reference does not appear, are (at
least for a substantial part) new.

In essence, the main aim of the thesis is as follows:

e MPCC problems (¢f. (1.1.9)) and the parametric smoothing approach for
solving these programs (c¢f. (1.1.10)) are investigated from a structural and
generical viewpoint.

e We apply the KKT approach to different types of equilibrium constrained
problems (VI, BL and EC-problems). Thereby the equilibrium constrained
programs are transformed into a problem of MPCC type with special struc-
ture, c¢f. Section 1.2. We analyze the generic properties of the resulting
MPCC programs and study the behavior of the related parametric smooth-
ing method.

The investigations on the analytic and generic structure of mathematical pro-
grams, form the basis for the development of any general purpose solution method.
In fact the generic structure reveals the typical properties of a problem.

More detailed, the thesis is organized as follows. In Section 1.4, some appli-
cations of equilibrium constrained problems are presented.

The investigations of the whole exposition are based on the deep genericity
results for (non-parametric and parametric) finite programming problems devel-
oped during the last two decades, starting with the work of Jongen, Jonker and
Twilt in [27]-[28]. Further results appear in Guddat, Guerra and Jongen in [22],
Goémez, Guddat, Jongen, Riickmann and Solano in [21], and Jongen, Jonker and
Twilt in [29]. The basic concepts and results are outlined in Chapter 2.

Chapter 3 is devoted to Variational Inequality problems (VI). In Section 3.2,
the KK'T approach to solve VI is described. Section 3.3 summarizes the genericity
results of Gémez [19] for this approach, applied to one-parametric VI problems.

7



In Section 3.4, we extend two different types of parametric embeddings for nonlin-
ear programs (the standard embedding and the penalty embedding, see Gémez,
Guddat, Jongen, Riickmann and Solano [21]) to the VI case. We analyze these
solution methods from a structural and generical perspective. As new results, we
can mention Proposition 3.2.1 (partially new), Example 3.2.2 and the genericity
analysis of the one-parametric embeddings in Propositions 3.4.1-3.4.4.

Chapter 4 deals with general MPCC-problems of the form Pge in (1.1.9).
This is a topic of intensive recent research, see e.g. Scheel and Scholtes [49],
Scholtes [51], Lin and Fukushima [37], Hu and Ralph [24] and the references in
these contributions.

Firstly we discuss the structure of the feasible set in Section 4.2 (see e.g. Luo,
Pang and Ralph [42]) and give some well-known necessary optimality conditions
in Section 4.3 (see Flegel and Kanzow [14]). Section 4.4 derives other necessary
and sufficient conditions for minimizers of order one and two of MPCC, based
on the disjunctive structure, and sketches basic genericity results. Partially these
results are due to Scholtes and Stohr [53]. The optimality conditions for minimizer
of order one in Theorem 4.4.2 and 4.4.3 are new (in the MPCC context) and also
the only part of Theorem 4.4.4. Section 4.5 is concerned with the convergence
behavior of the parametric smoothing approach P, for 7 — 0 in (1.1.10). This
approach has been studied in Fukushima and Pang [16] from another point of
view. It has been investigated under which conditions the KKT solutions of P,
converges to a B-stationary point of Poe. In Stein and Still [60], such results
were obtained for a similar (interior point) approach for solving semi-infinite
programming problems. In this thesis we derive new convergence results for the
whole feasible set and for (local) solutions x(7) of P, for 7 — 0, see Lemmas 4.5.2,
4.5.3 and Theorem 4.5.1. It is shown that under natural assumptions the rate of
convergence is O(y/7). We also give some illustrative Examples 4.5.2-4.5.3.

In Section 4.6 we prove that generically P, is regular in the sense of Jon-
gen, Jonker, Twilt (JJT), see Definition 2.4.7. These investigations are entirely
new, see as main results Propositions 4.6.1-4.6.2. Section 4.7 deals with one-
parametric MPCC problems. In the first part we discuss the one-parametric and
non-parametric (feasibility) problem for the special case n = [. The related new
results are given in Propositions 4.7.1-4.7.4. The second part is devoted to the
general one-parametric MPPC problem. In Hu and Ralph [24], this problem has
been analyzed only locally around non-degenerate minimizers. In this thesis, we
develop the global theory and, based on the results of Jongen, Jonker and Twilt
in [27]-[28] for nonlinear programs, we are able to describe the characteristics of
generic one parametric MPCC programs and their singularities. The correspond-
ing new results are contained in Lemma 4.7.3, Theorem 4.7.1. The analysis of
the behavior of the set of stationary points around each singularity is also new.

Chapter 5 is devoted to bilevel problems, see (1.1.2). These problems have
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been extensively studied during the last two decades. We refer the reader e.g.
to Shimizu and Aiyoshi [55], Bard [3], Luo, Pang and Ralph [42], Dempe [11]
and the references therein. It is well-known that in general the structure of BL
does not allow a local reduction to common finite programs. So special solution
methods have to be conceived.

In this thesis we consider the KKT approach to solve BL which consists of
a transformation of BL into a special structured MPCC problem (c¢f. (1.2.4)).
This approach has been discussed earlier see e.g. Shimizu and Aiyoshi [55] for
the general case and Stein [58], in connection with semi-infinite problems.

The new contribution of the present thesis is to analyze for the first time the
MPCC form of BL programs from a generical viewpoint. This allows to apply
the results obtained for MPCC problems in Chapter 4. All results of Section 5.2
and 5.3 are new.

In Theorem 5.2.1 of Section 5.2, we show that generically MPCC-LICQ (see
Definition 4.3.1) holds at all feasible points of the MPCC form of BL. However
a counterexample reveals that, in contrast to general MPCC problems, for the
MPCC form of BL programs the condition MPCC-SC in Definition 4.3.3, is not
generically fulfilled at minimizers. It follows that the structural difficulties of
the original BL problem partially reappear in the MPCC formulation. Roughly
speaking this may happen at solutions of BLL where a local reduction to a finite
standard problem is not possible.

Theorem 5.2.2 describes the precise generic structure around a critical point.
Corollaries 5.2.3-5.2.5 reveal the relation between (the solutions of) the original
BL and the MPCC form. An example describes a possible bad behavior of the
KKT approach. It appears that even in the case of convex lower level problems
it may happen that (Z,7, \) is a minimizer of the KKT form but that the feasible
point (Z,7) is not a minimizer of the original problem. This bad behavior is
stable w.r.t. small smooth perturbations. Based on the results of Section 5.2, in
Section 5.3 we discuss the parametric approach for solving the MPCC formulation
of BL. This leads to convergence results in Proposition 5.3.1 Also here a stable
counterexample (Example 5.3.1) shows that it is not always possible to approach
each minimizer (Z,7, \) of the KKT formulation by the parametric smoothing
procedure.

A part of our investigation was not yet completely finished at the time when
the preliminary version of the thesis was send to the members of the Doctorate
Committee. In the meantime this part has been completed and we would like to
add it to the thesis as a supplement (Chapter 6).

In Chapter 6 equilibrium constrained problems EC (see (1.1.7)) are examined.
Also this class of mathematical programs is a topic of intensive research in the
past and at present. We refer the reader e.g. to the books Outrata, Kocvara and
Zowe [43] and Luo, Pang and Ralph [42].

Here we are mainly interested in the structural and generical properties of such
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problems which are closely related to generalized semi-infinite programs (GSIP).
In fact, EC programs can be seen as GSIP in the unknown (z,y) (see (1.1.3))
with the extra condition y € Y (x). Many investigations have been conducted on
stability and the generic structure of semi-infinite problems. See e.g. Jongen and
Zwier [34]-[33], Jongen, Twilt and Weber [32], Stein [57], Jongen and Riickmann
[30] and Jongen and Riickmann [31] for common semi-infinite problems (SIP)
(i.e. Y(z) =Y, Vx) and Stein [58], Still [61], for GSIP.

In this thesis we are mainly devoted to the study of the generic properties of
the KKT approach for solving EC. We continue the investigations started with
the paper Birbil, Bouza, Frenk and Still [7] where only a special (linear) case was
considered.

The Chapter is organized as follows. In Section 6.2 the topological structure
of the feasible set of EC is discussed. As in GSIP it appears that the feasible
set need even not to be closed in general. The results here were obtained in
[7] (see also Stein [58] for GSIP). In Section 6.3 and 6.4 the MPCC formulation
of EC (¢f. (1.2.5) is analyzed for the first time from a generical viewpoint. A
stable counterexample, Example 6.3.1, reveals that in contradiction to BL here
the condition MPCC-LICQ (see Definition 4.3.1) is not generically fulfilled for
all feasible points. This is due to the extra constraint y € Y (x) in EC.

So, in Section 6.4 we restrict ourselves to the class of EC problems with con-
vex lower level program Q(z,y) (see (1.2.1)) and satisfying additional regularity
assumptions. For this class the MPCC formulation of EC (¢f. (1.2.5)) is proven
to be generically regular in the MPCC sense, see Definition 4.3.3. The corre-
sponding new results are contained in Proposition 6.4.1 and Theorem 6.4.1.

In Section 6.5, we consider the special linear case, i.e. EC programs such
that the MPCC form is given by only linear functions. Such problems have
also been studied in [7] where the generic structure of the feasible set of the
original EC program has been described. For this linear class, the structure of
the KKT approach for EC appears to be similar to the structure for (linear)
bilevel problems. So, by modifying the ideas in the proof of Theorems 5.2.1 and
5.2.2, we can show in Proposition 6.5.1 that MPCC-LICQ is a generic property
and in Theorem 6.5.1, we describe the structure around local minimizers in the
generic situation. The consequences of these results for the original EC program
are shown in Corollary 6.5.2 and Proposition 6.5.2.

Finally based on the obtained genericity results, we describe a new algorithm
for solving linear EC problems. The algorithm makes use of the MPCC form
and performs descent steps on (faces of) the feasible set of the corresponding
program. The finite algorithm (eventually) ends up with a local minimizer of the
original EC.

10



1.4 Applications

In this section we present a few applications of equilibrium constrained problems.
We will consider two main fields, namely applications in economics and applica-
tions in mathematical physics. They are mainly taken from [43], see [3] for other
examples.

1.4.1 Applications in economics

We start with two situations where optimization problems with equilibrium con-
straints arise, the Cournot competitive equilibrium and the generalized Nash
equilibrium. We begin with some notations and present different ways of model-
ing Nash equilibrium points.

Nash equilibrium

Consider a game with n players. Fori = 1,2,...,n the set of all possible strategies
for player ¢ is denoted by Y; C R™:. If for all j, the player j chooses strategy
y; € Y;, the payoff for player i is equal to w;(yi,...,y,). We assume u; to be a
concave Cl-function in the variable ;.

A Nash equilibrium point § = (74, ..., 7,,) satisfies:

i solves ?Enea;( ui(yh s Yisn yiayi—i-la .- yn)? Vi.
In case that, for any ¢, the set Y; is a non-empty, closed and convex set, the previ-
ous optimization problems are convex. Consequently, another way of expressing
that 7 is a Nash equilibrium is via the following variational inequality. The point
7 is a Nash equilibrium if and only if:

yey,

such that (F(7),v—7) >0, Vo €Y =Y} x Yo x ... x Y, (1.4.1)
where
_vylul(y>
F(y) = :

Now, as a first application, we will present an optimization problem in which the
feasible set is described by a Nash equilibrium.

Cournot equilibrium

In this model, there are n firms producing a certain good. Each firm has to decide
how many units of the product it will produce. The decision of firm ¢ is denoted
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by y;. The price of the product is P(T'), where T' denotes the total amount of
the good in the market, i.e., T'= """ | y;. The cost of producing y; units for the
firm i is described by fi(y;). Its profit is then given by u;(y) = yip(T) — fi(y:).
Of course, here we have Y; C R,.

Suppose the firm 1 places its production in the market, say vy, first. Knowing
this value, the other firms will plan their productions in order to maximize their
profits. The first firm must decide the value of y; that maximizes its profit under
these circumstances. Then it will solve the bilevel problem:

n

min fi(z) — zp(x + Z Y;)

T,y ]:2
s.t. x €Y,
and fori=2,...,n (1.4.2)
1—1 n
y; solves min f;(z) —zp(x+ > vi+z+ D, u)
z j=1 j=i+1
s.t. z €Y,

Of course if fi(y;) — yip(xz + >, y;) € C! are convex functions of y; and Y; are
convex sets, i = 1,...,n, the system (1.4.1) characterizes the equilibrium points
as solutions of a variational inequality problem. Then we find the equivalent
formulation as a Py:

rgin fi(x) — ap(e + Z Yj)
Y j=2

s.t. x €Yy,
vy €Y, 1=2,...,n,
(F(x,y2, ... Un), 2 — (Y2, ..., un)T) >0, V2 €Yo x Y3 x ... X Y,
where F: B* — R is given by Fy(z, g ... y) = floy (i) — p(T) —yint/ (D)
i=1,....n—land T =2+ > y.

=2

Generalized Nash equilibrium problem

In this example we consider a game of n players, where the payoff of player 7 is
described by the function u;, © = 1,2,...,n and the strategies of player ¢ depend
on the decisions of the other players. The set of feasible strategies for player i is

gg(ylﬂy—%> Z 07 .] = 17~~7Qi7
if the player j chooses strategy y; for j = 1,...¢ — 1,4 + 1,...n. Here
y—i = (Y1,--,Yi-1,Yi+1,---,Yn). Now the problem is to find ¥ = (¥1,...,7,)

Yi(y_:) = {yz € R™

12



such that, for i =1,2,... n,

yi solves maxuz(yl? ce 7@2‘—17 Zuyi+17 st 7yn)
s.t. z € Yi(y_,).

If we assume that w; is concave in the variable y; and the sets Y;(y_;) are non-
empty and convex, the previous model is equivalent to the problem of finding

y:

y; € Yi(y_,),
such that <_vyzuz(y)7 Yi — gz) Z 07 Vyl € YZ(@—@)? 1= 17 L

which is equivalent with finding (7, z) such that:

yeY(x),
(F(m),y-9) 20, ¥y € Y(x), (1.4.3)
r=1Y,
_vy1u1(y)
where F(y) = : and Y(z) =Y (z_1) X Y(z_2) X ... x Y(x_,).
—Vy, un(y)

If we write the constraint = y as min ||z —y]|?, we have the following formulation
of the generalized Nash equilibrium problem as a Py;:

min ||z — y|[*
T,y

s.t. y €Y(x), (1.4.4)
(F(y),z—y) >0, Vz € Y(x).

Of course 7 will be a generalized Nash equilibrium point if and only if (7,7) solves
the previous problem.

1.4.2 Applications from mathematical physics

One way of finding approximate solutions of control problems is by discretizing
the domain and solving an approximate nonlinear problem. In this part we
will present equilibrium problems appearing when solving control models by a
discretization approach, c¢f. [43]. Let us first fix some notations. We assume
that « is a function which is differentiable almost everywhere (a.e.). The set of
feasible functions is:

U= {a [0, 1] — [eq, 2] |%(x)| <3, ae., x €0, 1]}

For a € U, the set Q, is defined as {zx € R? | z; € [0,1], 0 < 23 < a(xy)}. Tts
area will be J(a).
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)y denotes a fixed domain, that is assumed to be included in (0,1) x (0, ¢;). For
fixed o € U, u describes the deformation, by a force f, of a membrane in §2,. On
the boundary of €., the membrane is not deformed, i.e,

u(z) =0, €0, (1.4.5)
Packaging problem with rigid obstacle

In this problem, given x, f : [0,1] X [0,co] — R, f,x € Lo([0,1] x [0,¢2]), we
have to find «, o € U, that minimizes the area J(«a) of €, under the conditions
that there is a membrane in €2,, given by u, deformed by f, such that (1.4.5) is
satisfied. The membrane lies over the rigid object described by the function y
and it has to be in contact with this object in the fixed set €2y. The model then
is:

%ian J(a)
s.t. —Au(xz) > f(x), ae. inQ,,
u(x) = x(@), x€a,
(Au(z) + f(z))(u(z) — x(x)) = 0, a.e. in £,
u(z) = 0, Vo € 00y,
Qy C Z(O./),
a € U,

where u denotes the deformation of the membrane, Au the Laplacian of u and
Z(a) = {z € Qo | u(z) = x(z)}.
In order to solve this problem, the condition ©Qy C Z(«) is eliminated via a
penalty approach and the objective function becomes: J(a)+7 [, (u(§)—x(§))dE.
Let D4(h) be a suitable discretization of the domain €2, with mesh size h = %,
see [43] for details. If the involved functions are approximated by piecewise-linear
interpolating functions, we obtain the following nonlinear approximate problem

min J(&, h) +rh* > o

1€Dg(h) .
s.t. A(a, h)o 4+ A(a, h)xX(&, h) — f(a,h) > 0,
0 > 0 (1.4.6)
(A4, h)d + A(@, h)X(a, h) = f(a,h),8) = 0,
a € U.

Here &; = a(%), i = 0,1,...,n, Do(h) = Da(h) N Qq, and for z; € Da(h),
j = 1,...,|Da(h)|, we have the following approximations: u; = u(x;),
flé, h); = fz;), (& h); = x(z;). The vector ¥ is equal to @& — X (&, h) and
A(&, h) denotes the matrix such that [A(&, h)u|; ~ Au(z;), where u(x) is the
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piecewise-linear function interpolating v in Dg(h). Finally

A

U= {&ER"“

there is a piecewise linear function o« € U
such that &; = (%), 1 =0,1,...,n '

z
n

It can be seen that U can be written as the set of vectors a € R™™! such that
&; €ler,c), 1=0,...,n,and === < g, i =1,2,...,n.

The problem (1.4.6) is a MPCC problem. Note that it has also the structure
of the Py problem (1.1.8), since the set of feasible solutions can be written as:

ael, >0, (A(@)+ A@)R(a) — f(&),z — ) >0, Yz € R™.

Packaging problem with compliant obstacle

In this example the object can be deformed by the membrane. The surface of the
object is described by G(u, x) = k(Au(x) + f(z)) + x(x), where x is the original
shape of the object and 1/k is the compliance of the obstacle material, see [43]
for details. The model is

rgian J(a)
s.t. —Au(z) > f(x), a.e. in (Q,,
u(x) > G(u,z), ae. in Q,,
(Au(z) + f(x))(u(x) — G(u,z)) = 0, a.e. in Q,
u(z) = 0, z € 004,
Qy C Z(O./),
a € U

Again the condition €y C Z(«) is penalized and the objective function becomes
J(a)+r fQO(u(é) —G(u,&))dé. In this case, after applying the same discretization
step of mesh size h, the resulting problem will be:

A

<A(d7 h>ﬁ - fA(OAéa h)7 (e G(é‘a ha /&>>

where G(@, h, @) = k(f(é&, h) — A(&, b)) + X(é, h). Here we have given a MPCC
problem, which cannot be seen as a Py ; problem.
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Chapter 2

Theoretical background

The aim of the present chapter is to introduce some notation and concepts in
optimization and to sketch the deep genericity results of finite programming,
see e.g. [29]. They form the basis of the structural and genericity analysis for
equilibrium constrained programs presented later on.

2.1 Notations and basic results

As usual R" denotes the n-dimensional Euclidean space. We often use the nota-
tion
RY ={zeR"|x; >0, i=1,2,...,n}

and
RY, ={zeR"|2;>0,i=1,2,...,n}.

Given I C {1,2,...,n}, for avector x € R", z; denotes the |I|-dimensional vector
with components x;, i € I. We define x_; = e, with I = {1,2,... ,n}\ I. If
I = {i}, obviously z; = x; and we often write z_; instead of x_;. For a matrix
A € R™™ A; denotes its i'"-column and Ay is the m x |I|-matrix with columns
A;, 1 € I. As usual, the matrix I, represents the identity n x n-matrix. If n is
known, we simply write I.

For denoting a positive (semi)-definite matrix A € R™*", we write A > 0(>= 0).
We give two classical results from matrix theory used later on.

Lemma 2.1.1 (Farkas Lemma) If M ={z € R* | Ax <0}, A € R™", then
cl'e <0,Vo € M, if and only if c = ATy, for some y > 0, y € R™.

Let B’ be a linear subspace of R", and V' a matrix whose columns form a basis
of B'. We will denote by A|p the matrix VT AV

Proposition 2.1.1 Let A be a symmetric matriz and B a nxp matriz, n > p. If
B = {.CE | BTz = ()}, then the number of positive (negative, zero, respectively)
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A B
BT 0
respectively) eigenvalues of A|p plus rank(B) (plus rank(B), plus (p—rank(B)),
respectively).

eigenvalues of is equal to the mnumber of positive (negative, zero,

We further introduce ||z||, = (Z | ¥ |) . |z|| will always be the Euclidean
i=1

norm ||z|s. The distance of a point & € R" to a set M C R™ is defined by
d(z, M) = inf{||lx — z|| | v € M}.

We also use the notation B (Z) = {z € R" | ||z —Z|| < £} and denote the closure
of B*(Z) by B.(T).

For f:R"™ — R, Vf represents the gradient of f taken as a column vector.
Finally we consider [C*]™ as the space of k—times continuously differentiable
functions with domain R™ and image in R™. [CE]™ is the space [C*]™ endowed
with the strong topology, see Section 2.3.

2.2 Finite programming problems

In nonlinear programming a real valued function is minimized on the feasible set
M C R™ described by finitely many equalities and inequalities. In most cases
the involved functions are supposed to be C*-functions. In this thesis a finite
programming problem P is of the form

P: min f(x)

st. xeM (2:2.1)

hi(z) = 0, i=1,...,q }
M=<xeR" T A 2.2.2
{ g](ar) 2 07 ]:17761 ( )

with given functions f, h;, g; € [C*]L,i=1,...,q, j=1,...,q, k> 2. We often
use the abbreviation h = (hy,...,hg), 9= (91,---,3q)-

We want to find a (local) minimizer T € M. Assuming that the feasible set
M is nonempty and compact, a minimizer always exists.

Definition 2.2.1 Given f : R” — R, M C R", the point T € M is a local
minimizer of f on M, if there is a neighborhood V() of T such that:

f(x) > f(x), Vx € V(Z) N M.

It is called a global minimizer if this inequality holds Vo € M.
We say that T is a local minimizer of order w,w > 0, if there is a neighborhood
V(Z) of T, and a constant x > 0, such that:

f(x) = f(@) > kllz —7||“, Ve e V(T) N M.

18



We introduce some more definitions and notations.

Definition 2.2.2 For T € M the set Jy(T) of active indices of T, is denoted as
Jo(T) ={j | gj(T) = 0}. The condition LICQ holds at T if the set of vectors

{Vh(Z), i=1,...,q, Vg;(T), j € Jo(T)}
is linearly independent. The constraint qualification MEFCQ) is satisfied at T if
- Vhi(Z), i =1,...,qo, are linearly independent and
- there is a vector £ € R” such that:
E'Vhi(m) = 0, i=1,...,q,
V() > 0, je Jo(T).

As usual the Lagrangean function of the finite problem P near T is defined by

L(z,\, ) ZA hi(z) = > 1gi(@)

j€Jo(T)
where the numbers \;, i =1,...,qo, pj, j € Jo(T), are called Lagrange multipli-
ers.
The following KKT optimality condition is standard, see e.g. Luenberger [41]
or Bazara, Sherali and Shetty [4].

Theorem 2.2.1 (First order necessary conditions, cf. [41], [4]) LetT € M
be a local minimizer of f on M such that MFCQ holds at . Then there exists \;,
i=1,...,q0, 1, j € Jo(T), such that

ZAVh - ) wVg@ = 0 (2.2.3)

JEJo(T)
i > 0. (2.2.4)

If LICQ holds at T the multipliers N;, i = 1,...,q0, pj, j € Jo(T), satisfying
(2.2.3), are uniquely determined.

Remark 2.2.1 If T is a local minimizer and MFCQ) fails, then the so-called
Fritz John (FJ) condition is fulfilled, i.e., there exists (Ao, A, 1) # 0, Ao, p; >0,
J € Jo(T) such that

NV (T Z ANVRhi(E) = Y 1Vg(@

]E]o x)

The points = satisfying these conditions are called Fritz John points.
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Definition 2.2.3 The point T € M is called a critical point if LICQ is satisfied
at T and if there are multipliers \;, @ = 1,...,q0, 1, 7 € Jo(T), such that
(T, A, p) satisfies the system (2.2.3).

If for some (A, p1), the point T € M solves system (2.2.3) and for these multipliers
also (2.2.4) holds, then we call T a stationary point.

A point T is a generalized critical point (g.c. point), if the set of vectors

is linearly dependent. The set of all generalized critical points of P is denoted by
e

Of course at a stationary point where LICQ fails to hold, the multipliers may not
be unique. A necessary and sufficient condition for uniqueness is the so-called
strong-MFCQ, obtained as a consequence of the Lemma of Farkas, see Lemma
2.1.1.

Definition 2.2.4 If 7 is a stationary point with multipliers (A, x), g > 0, then
the strong-MFCQ condition is said to hold if:

- The vectors (Vhy, ..., Vhg, Vai@ni. () (T) are linearly independent, where
Ji(w) ={j | p; > 0} and

- there is some £ € R” such that
)]Tf = Oa 2.21,...,(]0,

Vg, @) € = 0, j€ (@) NJu(p),
D¢ > 0, je @)\ Ji(n)

Let us assume that ¥ € M satisfies LICQ. We define the tangent space :

[th<f>]T§ = 0, izl,...,qO,}

T=M = {5 SHING [ng(f)]Té = 0, je€ Jo(T).

and denote by A|r s the matrix VT AV where the columns of V form a basis of
the space T:M.

Definition 2.2.5 A point T € M is a non-degenerate critical point of P if it is
a critical point, with unique multipliers (A, p1), satisfying:

) 1y # 0. 5 € Jo@).
(i) VZL(Z, A\, )| oas is non-singular.

A problem P is called regular if at all its feasible points the condition LICQ holds
and if all its critical points are non-degenerate.
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To formulate genericity results in finite programming, we will identify the set of
problems P with the function space Py, := {(f, h, g)} = [C*¥]1T9%+4, The follow-
ing theorem contains the main genericity result in finite nonlinear programming,
see [22].

Theorem 2.2.2 (Genericity theorem, cf. [22]) Let F C Py, denote the
set of functions (f,h,g) € [C*]LT®©T4 such that for the associated optimization
problem (2.2.1):

(i) LICQ holds at all its feasible points.
(ii) All its critical points are non-degenerate.

Then the set F is a dense and open subset of [C?|LT90F with respect to the strong
topology (see Definition 2.3.1).

2.3 Preliminaries from topology

In this section we will present some definitions on differential manifolds and
topology for the space of smooth functions. For a more detailed discussion on
the topic we refer to Hirsch [23] and [29].

Definition 2.3.1 For finite k, the strong Whitney topology on [C*]} is obtained
by considering the following local neighborhood system of the zero function:

o f

S "<
&Eil....awir(x) <e(r), Ve e R ,r_k;}

Vi = {1 |

where ¢ is a continuous functions € : R* — R, ,. We will call this topology C%
topology and we denote the space [C*]1 endowed with this topology by [C%]L.
The CZ topology in [C*]}. is the result of taking, as neighborhood system, the

n

union of all sets V;lfx) for all k € NU{0}.

In the case of the set [C]™, [C|™, the strong topology is obtained by the product
topology.

As an important fact, it holds that the topological spaces [C¥]™, [CZ]™ are Baire
spaces, see [29].

Definition 2.3.2 A set B C [CE|™ is generic in [CE]™ if B = N2, B;, with B;
open and dense sets in [C]™.

We also say that a property holds generically in [CE]™ if it holds for a generic
subset B in [C]™.

Let us now present some definitions on differential manifolds in R™.
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Definition 2.3.3 M C R" is an r-dimensional C*-manifold if and only if there
are an open cover U;, i € A, M C |J,., U; and functions ¢; such that ¢; : U; — V;,
V; CR” and ¢;(¢; ')|v,nv, is a C*-function, k > 1.

We will mostly use manifolds of R™*" that can be written as
M = o(0),

where @ : R™™" — R", & € C' and V®(z) has full rank r for all x such that
®(x) = 0. In this case, M is an n-dimensional C' manifold in R™*" and its
co-dimension is r. Related with this fact there is the concept of regular values of
a function.

Definition 2.3.4 Let the function ¢ : R* — R" be in [C']". The value y € R”
is said to be a regular value of ¢ if the matrix V¢(x) has rank r for all z € R™
such that ¢(x) = y.

The proof of the genericity results, later on, will mostly be based on the
following important result, see [21].

Lemma 2.3.1 (Parameterized Sard Lemma, cf. [21]) Let ¢(x,z) be in
[CH]r vy with k> maz {0,n — 7} and z € R, z € RP. Let us assume that 0
is a regular value of ¢. Then for almost every z € RP, 0 is a regular value of the

function ¢, : R™ — R", (ﬁz(a:) = ¢(x, 2).
We also give a main result in transversality theory.

Definition 2.3.5 Let M; and M, be C'-manifolds in R”. We say that M;, M,
intersect transversally, denoted by My h My, if for every T € My N My, it follows
TfMl + TEMQ - Rn

Definition 2.3.6 For F' € [C*]™, we define the k-jet mapping or k-jet extension
of F' by
J"F(x) = (x, F(x), V F(x), V2F(x),..., VEF(x)),

where the elements of V" F'(z), r > 2 appear modulus symmetries.

The smallest Euclidean space containing the image of j*F(x) is called jet space

and will be denoted as J(n,m, k). Wp = {j*F(z)| € R"} is the jet manifold.
For a manifold V' in J(n, m, k), the set {F € [C*®°|" | W th V} is written as

hk V.

Theorem 2.3.1 (Jet Transversality theorem, cf. [23]) Let k € N be fized.
Then for alli € N, the set dF V is dense in [C™|™ with respect to the C topology.
If V is a closed set of J(n,m, k) then the set % V C [C™®|™ is open with respect
to the C% topology for i >k + 1.
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2.4 One-parametric optimization

The present section deals with one-parametric finite problems of the form

P(t) : mmin f(z,t) (2.4.1)
st.  xe M) o

where t € R is the parameter. For more details the reader is referred to Bank,
Guddat, Klatte, Kummer and Tammer [1], [21] and [22]. The concepts in non-
parametric optimization can be easily extended to the parametric case.

Definition 2.4.1 (Z,t) is called a local minimizer of P(t), also written as
(T,t) € Yioe(P(t)), if T is a local minimizer of f(z,t) in M(¢).

The point (Z, ) is a generalized critical point of P(t), if T € M (t) and the vectors
{V.f(Z,1), Vohi(T,7), i=1,...,q9, V.g;(T,t), j € Jo(T,?)} are linearly depen-
dent, where Jo(z,?) = {j | g;(Z,f) = 0}. The set of g.c. points of P(t) is denoted
by S (P(1))

If the problem P(t) is clearly identified, the sets of local minimizers and g.c.
points are simply abbreviated as ¥;,. and Y., respectively.

The definitions of LICQ, critical points, Lagrange function L(x,t, A, ) near (T, t),
Lagrange multipliers, etc., given in Section 2.2, are extended analogously.

For a vector y € R™ we introduce the notation J.(y) = {i | y; # 0}.
Now we will present 5 types of g.c. points for one-parametric problems. They
were defined and studied in [27], [28], see also [21] and [22].

In the following, Egc, i = 1,...,5, denotes the set of g.c. points of type i.
At a critical point (7,%), the vector (\,7i) represents the uniquely determined
multipliers such that V,L(Z,,\,77) = 0. In the g.c. points where LICQ fails,

the multipliers (A, ) are such that
q0
i=1 JEJO(T,D)
W.l.o.g. we assume that Jo(7,¢) = {1,...,p}, p < q.

Definition 2.4.2 For (T,1) € ¥, we write (T,t) € ¥,

generalized critical point of type 1, if:

and say that (7,7) is a

(la) LICQ holds at (7, 1).

(1b) Jo(T,t) = Jx(f), i.e., all multipliers associated to active inequality con-
straints are non-zero.
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(1c) V2L(7,1, )\, )| 7,03 is non-singular.

The previous definition means that (Z,%) is a non-degenerate critical point of
P(t). In view of Proposition 2.1.1, this can equivalently be expressed by the
conditions

H = V7,5 »L(T,T, )\ i) is non-singular and Jo(Z,7) = J. ().

By using this result, we can apply the Implicit Function Theorem to the non-linear
system that describes the critical point condition and show that, locally around
(7, 1), the set of generalized critical points is a curve (x(t),t) of non-degenerate
critical points.

To define generalized critical points of type 2, we consider the problems

PP(t) : min f(z,t)
s.t.  xe MP(t),
where
hi(x,t) =0, i=1,...,q }
MP(t) =Sz eR" ’ R
e e I
and
PPt min f(z,t)
st. oz e MPTL(t)
with

B (2,0)=0, i=1,...,q

MP 1 H=<zxc R™ (I‘, ) ] ’ ) ) }
(t) { gj(x,t)=0, j=1,....,p— 1

Definition 2.4.3 (z,t) € X, is a generalized critical point of type 2,
(z,1) € Z;C, if:
(2a) LICQ holds at (7, 1).
(2b) Jo(T,t)/J. (@) consists of one index, w.l.o.g. Jo(Z, 1)/ () = {p}.
(2¢) T is a non-degenerate critical point of PP(t) and PP~*(%).

)

(2d) If (xP~ (¢ ),t) denotes the curve of critical points of PP~1(¢) near ¢ then
Dtgp(xp (t)a t)|t=f 7é 0.

At a g.c. point of type 2, a bifurcation takes place in the set X,.. There are two
branches of critical points, one associated to problem PP(t) for t € [t—e¢,t+¢]| and
the other corresponds to the feasible branch of critical points of problem P?P~1(¢),
either for t € [t — e, t] or t € [t,t + €.
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Definition 2.4.4 We write (z,%) € X3, and say (7,1) is a g.c. point of type 3 if:

(3a) (,1) is a critical point of P(t), with unique multipliers (), ).

(3b) Jo(T,t) = J. (7).
(3c) (z,%,\ 1) is a non-degenerate critical point of

min {t| VL(z, 6, p) =0}.

In such a point the matrix ViL\TfM(g) has exactly one eigenvalue equal to 0.
Geometrically, condition (3c) implies that (7,?) is a quadratic turning point in
e

In the next two types of g.c. points the condition LICQ does not hold. For
simplicity we introduce the notation

Ux,t) = (Vihi(z,t), ..., Vihg (2,t), Vagi(x,t),. .., Vagy(z,t)) .

Definition 2.4.5 For a g.c. point (Z,%) of P(t), we say (Z,1) € X, i.e., (T,1)
is a point of type 4 if:

(4a) 1 < qo+p <nand rank(U(z,t)) =q +p— 1.

(4b) For all solutions (A, pu) € R©*? of U(Z,1) < 2 ) = 0, it follows pu; # 0,
7=1,...,p.

~

(4c) Let us consider the function H(z,t, X, 1, Ao) = Vg L(z,t, A, pt, Ao), where
I:(:Bv ta >\a M, )\0) = )\Of(ma t) - Zgil )\zhz(xa t) - ?:1 H’jgj (':Ea t) and 1et (X7 ﬁ)
be the unique solution of U(T, ) ( 2 ) = 0 with @, = 1. The point

(T, T, N\, iy, - - -Jt,_1,0) is a non-degenerate critical point of

qg: min t
T8 A ip—1,20

s.t. H(I’,t,)\,ﬂl,...,,upfl,l,)\o) = 0.

As in the case of a g.c. point of type 3, the points of type 4 are turning points of
)

gc:

Definition 2.4.6 A g.c. point (7,1) is of type 5, i.e. (T,t) € ¥, if:

U(z,t)

(5a) qo+p=n+1and rank ((Vthh-~~,Vthq0,vtg1,-..,vtgp) (f,f)) =n+l.
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(5b) For any solution (\, u) € R® x RP of U(7, 1) ( ) = 0 it holds y; # 0 for

A
. K
j=1...,p.

(5¢c) For any (A7) € R%*P such that V,L(Z,f,\,f1) = 0, it follows
[ Jo(@,8)/ J2(m)] < 1.

At a point of type 5 a bifurcation occurs in the following way: for [ =1,2,...,p
we define

Pl(t) : min f(z, 1)
s.t. hl(l’,t) = 0, 1= 1,...,(]07
gj(z,t) = 0, j=12,...,0—-11+1,...,p.
Then there is some €, £ > 0 such that exactly one of the sets

Yoe(P®) N {(z,t) ER" xR |z € M(t),t € (£, +¢]}

Spe(P )N {(z,t) ER" xR |2 € M(t),t €[t —¢,1)}

is non-empty (and the other empty) around (7,f). Moreover, locally,
See(P(t)) = Ui {Zge(P'(1)) N {(2,t) €R* x R | 2w € M(t)}}.

Definition 2.4.7 We will say that a one-parametric problem, given by
(f,h,g) € [C310% is JIT-regular on T C R or that (f,h,g) is in the class
F|r if all its generalized critical points (7,¢) with ¢ € T, are of type 1, 2, 3, 4 or
5.

We end this chapter with the main genericity results for parametric optimization
problems:

Theorem 2.4.1 (Genericity result, cf [21])
(a) Fiz any parametric problem P(t) (see (2.4.1)) and T = [0,1] or T = R.
Consider the perturbed problems

P(A,b,c,d) : min f(x,t) + 27 Az + bTz
s.t. hi(z,t)+cfe+d; = 0, i=1,...,q,
gilx.t) +clyr+diyg > 0, j=1,...,¢q
where A is a symmetric n x n-matriz, and (b,cy,...Cq1q,d) € RMFMH0TDFe0F],

The set of perturbations (A, b, c,d) such that P(A,b,c,d) is not JJT-reqular on
T has Lebesgue measure zero.
(b) The sets F|o,1) and F|r are open and dense with respect to the strong topology

. 1
in [CZ,10.
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Remark 2.4.1 The previous theorem means that the JJT-regularity is not a
strong condition. It is stable under small perturbations and, for a problem defined
by the functions P(t) = (f,h1,...hgs G1,-- -, Gq), there is a sequence of functions
corresponding to JJT-reqular problems Py (t), k € N, converging to P(t) with re-
spect to the strong topology. Moreover we can find arbitrarily small quadratic and
linear perturbations of the involved functions leading to reqular problems.
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Chapter 3

Variational Inequality Problems

3.1 Introduction

This chapter is devoted to Variational Inequalities (VI), i.e., we consider the
feasibility problem

VI: findyeY CR™
such that ®(y)T(z —y) >0, Vz €Y,

and the one-parametric version

VI(t): for t € [0,1], find y € Y(¢) CR™
such that ®(y,t)T(z —y) >0, Vz €Y (t).

These inequalities are particular cases of equilibrium constraints. A point solving
VI, also called a feasible point of VI, can be obtained by means of a fixed point
algorithm (Patrickson [45]), with the help of merit functions (Solodov [56]) or by
applying regularization techniques (Ravindran and Gowda [48]).

Let us shortly discuss the problem of the existence of feasible solutions of
V'I. In general these problems may have no feasible solution. However convexity
conditions lead to the following result.

Theorem 3.1.1 (Existence conditions, cf. [45]) If Y # & is convex and
®(y) is continuous on Y, then each of the following conditions is sufficient for
the existence of a feasible solution of VI:

1. Y is compact.

2. ® is coercive, i.e., yy € Y, such that Wl lim . W = 400 holds for
Y||—ooye

any sequence of points y € Y with ||y|| — oc.

3. ® is strongly monotone, i.e., Ik, k > 0, such that for all yy,y2 € Y we
have (®(y1) — D (y2))" (1 — 12) = Kllyr — va*.
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Proof. For a proof, which is based on the fixed point theory, we refer to [45]. See
also [7].
(Il

The chapter is organized as follows. We firstly apply the KK'T approach to
VI. Then in Section 3.3 we will outline the genericity results of [19] for the one
parametric problem VI(t). In the last section we analyze embedding procedures
for solving V' I and obtain genericity results for these approaches.

3.2 The KKT approach for variational inequal-
ities

Let us consider the variational inequality problem

VI: findyeVY (3.2.1)
such that ®(y)T(z —y) >0, Vz €Y, o
where the set Y is defined by:
hily) = 0, i=1,...,q }
Y = e R™ o e 3.2.2
{y gily) = 0, j=1,...,q ( )

We denote this problem more explicitly by VI(®,Y") or by VI(®, h, g), where
h=(hy,...,hy) and g = (g1,...,9q)-

Throughout the chapter we assume Y # & and (®, h, g) € [C?]7 T4, The
points y satisfying condition (3.2.1) will be called feasible solutions of V'I.

As it was already discussed, see Section 1.2, in view of the relation
P(y)T(y —y) = 0, a point § € Y is feasible for VI if and only if it solves
the optimization problem

Q) : min & ()" (2 - 7)

3.2.3
s.t. z €Y. ( )

So a solution 7 of VI necessarily satisfies a Fritz John condition for the problem
(3.2.3). With the active index set Jo(y) = {j | g;(y) = 0}, and the function

L(y, Ao, A 1) ZA Vhi(y) = > 1 Vily

J€Jo(y)

corresponding to the derivative with respect to z of the Lagrangean of prob-
lem Q(7), the necessary optimality conditions are summarized in the following
proposition.
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Theorem 3.2.1 (Necessary feasibility condition, cf. [19]) Let7y be a fea-
sible solution of VI(®, h,g). Then, there are multipliers A and Ao, 1 > 0 not all

zero such that L(g, o, \, it) = 0. Moreover the second order optimality condition
holds:

ZWh Zm 20;@) | €0, VEeTy.

Jj€Jo(y

If LICQ or MFCQ holds at'y, then the KKT condition is satisfied, i.e., we can
assume \g = 1 in L(y, Ao, A\, ) = 0.

Recall that if the problem (3.2.3) is convex (i.e., the functions h; are linear
i = 1,...,q90 and —g; are convex, j = 1,...,q) then the KKT condition
L(7,1,\,pn) =0, u > 0, is sufficient for 7 to be a solution of (3.2.3). In view of
Theorem 3.2.1, if in addition MFCQ holds, the KK'T condition and the optimality
condition for Q(y) are equivalent.

Definition 3.2.1 For y € Y we write ¥ € Xy, i.e, ¥ is a generalized critical
point for VI, if there exist Ao, A\;, i =1,...,q0, 1, J € Jo(y) not all zero such
that L(7, Ao, )\,u) =0.

We write y € X if ¥ € 3y and LICQ holds at 7 € Y. In this case we consider
the unique multipliers (), i) such that L(7, 1, A\, z) = 0. The notation 7 € 4
means that y € Y. and p; > 0.

Definition 3.2.2 The point ¥ € Y. is said to be a non-degenerate critical point,
denoted as 7 € ¥, if:

VI-1la: LICQ holds at . B
So, there exist unique multipliers (A, x) such that L(g, 1, A\, ) = 0.

VI-1b: p; #0 for all j € Jo(y).
VI-1c: V,L(y,1, A, p) |y is non-singular.

We say that VI(®,h, g) is regular if LICQ holds for all y € Y and all solutions
of VI(®, h,g) satisfy VI-1a, VI-1b, VI-1c.

As in the case of nonlinear problems, it can be shown that, generically for
(®,h,g) € [C2n19" the problem VI(®,h, g) is regular.

Remark 3.2.1 Under the conditions of Definition 3.2.2, as in standard finite
optimization, the point ¥ will be an isolated critical point.
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We emphasize that in contrast to standard optimization, at a solution 77 of VI
due to the term V,®(y), the second order matrix V,L|zy does not need to be
symmetric. Moreover, the condition Vyf|Tyy > 0 is not a second order necessary
feasibility condition because at a solution 7, negative or even complex eigenvalues
may appear as is shown in the following example.

!
Example 3.2.1 Consider VI(®,R?), see (3.2.1), with ®(y) = Y2 — U3
2y2 + 3
The point 7 = 0 is the solution of the problem. However
-1 0 O
V,LOO)|gs=| 0 1 -1
0 2 1

has negative and non-real eigenvalues.

3.2.1 Relations between Stampaggia and Minty variational
inequalities

In this subsection, we consider the relations between two classical variational
inequalities, the Stampaggia VI, in (3.2.1)
Vi : findy eV

such that  ¢g(y, 2) := ®(y)T(z —y) >0, VzeY,
and the Minty VI
Vi : findy eY

such that ¢ (y,2) == ®(2)T(z —y) >0, VzeY.

For details the reader is refereed to Kassay [35]. Assume that Y is defined by
(3.2.2) and consider the associated problem

Q):  ming(y.>)
s.t. zeY.

(3.2.4)

(3.2.5)

Let us apply the KKT approach. For both functions ¢g and ¢, we obtain

Ve0s5(y, 2)|:=y = ®(y) and V.du(y, 2)|:=y = 2(y) + Vo (y)(z — y)|:=y = P(y)-
So the Stampaggia and the Minty variational inequalities lead to the same KKT
system:

q0 q
(y) — > \NiVhi(y) — > 1;Vgily) = 0,
i=1 j=1
L ’ P 3.2.6
gj(:y) Z 07 ]:17"'7Q7 ( )
;= 0, ]:217--'76],
g](y):u] = 07 J= 17 . » q
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Let us discuss the relations between these two variational inequalities. Assume
that Y is convex and satisfies a constraint qualification. Since the function ¢g is
linear in z, (7, A, ) solves the KKT system (3.2.6) if and only if 7 is feasible for
the Stampaggia variational inequality. In general the function ¢, is not convex in
z. But in case it is, the fact that 7 solves the KKT system (3.2.6) with some (A, p)
is equivalent to have 7 solving both, the Stampaggia and the Minty variational
inequality.
It is easy to see that if ® is monotone, i.e., if

() (z—y) >0y (z—y), Vy.zeY,

then each solution of V' Ig is a solution of V' I); and vice versa. More precisely the
following relations (partially proved in [35]) hold.

Lemma 3.2.1 Let the set'Y be convexr. Then:
(a) Any solution of VI is a solution of V.
(b) Lety be a solution of VIg and assume that the (partial) monotonicity con-
dition:
()" (z—7) > 2@ (2 —y), VzeY, (3.2.7)

holds. Then Y s a solution of VIy;.
(¢) Let g be a solution of VI (and thus of VIs) and let the function
oY, 2) = ®(2)T(2 —Y) be convex in z. Then the condition (3.2.7) is satis-

fied.
Proof. (a) Let ¥ be a solution of VI, i.e.,

(2)"(z—7) >0, Vz €Y.

Take any point v € Y and consider z(a) = ay + (1 — a)v. As Y is convex, if
a € (0,1), it follows that z(a) € Y and

O(ag+(1-a)v) (a7 +(1-a)o—7) = (1-a)®(aF+(1-a)) (v=7) 20, YveY.
Dividing by 1 — « and letting o — 17 it follows that ®(7)% (v —7) >0, Vo € Y.
(b) For a solution 7 of VIg under (3.2.7) we directly obtain:

O(2)" (2 —=7) 2 2@ ( —7) =20, VzeY.
(c) If the function ®(2)7(z — ) is convex in z, then for all a € (0,1) and z € Y,
(g + (1 - a)2) (a7 + (1 —a)z =7) < a®(@) (7 —7) + (1 — )®(2)" (2 — 7).
So for all @ € (0,1) we find

(1 - a)®(aF + (1 - a)2)"(z =) < (1 — a)d()" (= — ).
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Dividing by (1 — a) and letting o T 1 yields the monotonicity property,
P (2 —7) < P(2) (2 —7), forall z €Y.

O

The next example shows that the converse of Lemma 3.2.1(c) is not necessar-
ily true, i.e., the monotonicity condition (3.2.7) does not necessarily imply the
convexity of the function ¢y (y, 2) w.r.t. z.

Example 3.2.2 Consider the Minty inequality with the function ®(y) = siny

and Y = [~7, 7]. The unique solution y € Y of:

sin(z)-(z—y) >0, VzeY,

is given by y = 0.

As ®'(y) = cos(y) > 0 on Y, the function ®(y) is monotonically increasing
on the interval [-7, Z]. So the monotonicity relation (sin(z) —sin(y))(z —y) > 0
holds. However, the function ¢(7, z)y = sin(z)(z — ¥) is not convex in z € Y.
To see this, note that a C*-function ¢ is convex on Y if and only if ¢"(z) > 0,

for z € Y. Differentiating w.r.t. z yields

V20 (7, 2) = 2cos(z) — sin(z)(z — 7),

Uy

and we see that the second derivative is negative for z = 7.

3.3 One-parametric variational inequalities

In this section we shortly describe the genericity results of [19] for one parametric
variational inequalities. So we consider the parametric VI

VI(t): find y € Y(t) (3.3.1)
such that  ®(y,t)T(z —y) >0, Vz €Y (t), e
depending on the variable t € T C R | where the set Y (¢) is defined by
hi(y,t) = 0, i=1,...,q }
Y(t) = e R™ ’ oL e 3.3.2
®) {y gi(y,t) > 0, j=1,...,¢q (8:32)

and (@, h, g) € [C3] 107 with h = (hy,...,hy) and g = (g1,...,9,). VI(t) is
also denoted as VI(t; ®,Y (t)) or as VI(t; P, h, g).

We will assume that T is a compact connected set, w.l.o.g., T = [0, 1]. We say
that a point (y,t) € R™ x R is feasible for VI(¢) if y is feasible for the problem
VI(t). In the same way, we can extend the other definitions of Section 3.2 and
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speak about stationary points, non-degenerate critical points and generalized
critical points (y,t) € R™ of VI(t) (for details we refer to [19]).

The KKT approach for solving the parametric VI (c¢f. Sectioon 3.2) leads us
to a one-parametric KKT system:

L(y,t,1,\,u) = 0,
hi(y,t) = 0, i=1,...,q,
gi(y,t) > 0, j=1,....q, (3.3.3)
pi = 0, j=1,...,¢q,
gi(y,hu; = 0, j=1,....q

— q0 q
where L<y7 ta 17 )\7 M) = (I)(ya t) - Z szyhz(ya t) - Z ,Ujvygj (y> t)
i=1 j=1
Near a non-degenerate critical point (7, ) of VI(¢), also called g.c. point of type

1, there exists a unique curve (y(t),t) of non-degenerate critical points, with
(y(2),1) = (@, 1)

We are interested in the types of degeneracies which generically may occur
in the set of generalized critical points X, of VI(t). Extending the singularities
appearing in one-parametric finite programming (see [27], [28]) 4 types of de-
generate generalized critical points (7,t) were defined for VI(t) in [19]. Roughly
speaking at the singular points the following takes place:

G.C. points of type 2, VI-2: Condition V I-1b does not hold.
- G.C. points of type 3, VI-3: Condition VI-1c fails.

G.C. points of type 4, VI-4: LICQ does not hold at (7,t) w.r.t. Y (¢) and
q + | Jo(@, t)] < m.

- G.C. points of type 5, VI-5: LICQ does not hold at (7,¢) w.r.t. Y(¢) and
Qo + |Jo(7, 1) =m + 1.

Here we have only listed the condition which is violated in each kind of singularity.
In all cases, the defined types have to fulfill additional properties. For a complete
definition of the types and their properties we refer to [19].

For VI(t) we denote the set of generalized critical points (7,t) of type i by ¥
Let T be a subset of R. A VI problem where all its g.c. points (y,t), t € T are
of type 1, 2, 3, 4 or 5, is called regular on 7. In terms of the defining functions
(®(y,t),h(y,t),g(y,t)) the set of regular one-parametric variational inequalities

is:
Fralr = { (@,h,9) € [CHRT | (VI @,k g) (R™ x T] € UL, 55, }
The following result has been shown in [19].
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Theorem 3.3.1 (cf. [19]) Given (®(y,t), h(y,t),g(y,t)) € [CmrP™, for al-
most all (A, b, Ch, dp, Cy, d,) € R Fmtaomtatamta it holds that

(D(y,t) + Ay + b, h(y, t) + [Chy + di]", g(y, 1) + [Cyy + dy]") € Fvie .-

Furthermore, the set Fy o) s open and dense with respect to the topology in
(Cemt™.

In Figure 3.1 (see [19]) the local structure of X4, and 2. is sketched around the
5 types of g.c. points appearing in the generic case.

In particular at points of type 5 where MFCQ fails, there exists a neighbor-
hood U of 7 and 6 > 0 such that for all € € (0,9) either Y(t+¢)NU = & or
Yit—e)NU=9
Under additional convexity assumptions the points of type 3 are excluded in the
set Ygtar-

Proposition 3.3.1 Let hi(y,t) = ¢ (t)y + di(t), i = 1,...,qo, and let, for any
t, —gi(y,t), 3 =1,...,q, be conver iny. If ®,(y,t) = 0 for all (y,t), then for
the corresponding problem VI (t) it follows that 3ga N ch =a.

Proof. By assumption

q0
VL=V, [®=> \NVyhi— > Vg | =0
=1

jeJO(yzt)

at all (y,t,\, u) with > 0. So, the matrix VyZ|Tyy(t) is regular and singular
points of type 3 are excluded.
O

Remark 3.3.1 In particular if for allt € [0, 1] the set Y (t) is conver and ®(y,t)
is strongly monotone for y € R™ (i.e., there is some k, k > 0, such that
Oy, ) (y1 — y2) — @y, ) (Y1 — y2) > kllyn — w2l’, Vy1,y2 € R™) it is not
difficult to show that V,®(y,t) = 0, ¥(y,t). So, we have Lya N5, = @.

3.4 Embeddings for variational inequalities

The idea of an embedding approach to solve a non-parametric optimization prob-
lem P, is to construct a one-parametric problem P(t), t € [0, 1], with end problem
P(1) = P and an easy starting problem P(0). Then, by using continuation meth-
ods, we try to follow the solutions of P(t) from ¢ = 0 to t = 1. We adapt this
approach to solve non-parametric variational inequalities.
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Figure 3.1: The behavior of ¥, around the singularities
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Let be given a non-parametric VI problem VI(®(y), h(y), ¢9(y)) in (3.2.1) defined
by C3-functions (®,h,g) : R™ — R™T0+4 We try to construct one-parameter
depending functions (¥, hy, ..., ﬁqo, G1y- - 0q) - R™ X R — R™MHa01+a gyuch that
the corresponding parametric problem VI(t) = VI(t; ®(y,t), h(y,t), §(y.t)) sat-
isfies:

- VI(0) has a trivial solution.
- For all ¢ € [0, 1], the problem V'I(t) has a solution.
- V(1) is equivalent to VI(®, h, g).

Under the assumption that all generalized critical points of VI(t) are of type
1, there exists a solution curve (y(t),t), t € [0,1], which can be followed by
continuation methods. However this assumption is not generically satisfied. So,
we will consider this approach under the weaker regularity assumption that the
functions (®, h, §), defining the parametric embedding VI(t), are contained in
the generic subset Fv ()| (0,1) introduced in the previous section.

We will discuss two different approaches, the standard embedding and the
penalty embedding. For both methods we will prove genericity results similar to
the general results in Theorem 3.3.1.

3.4.1 Standard embedding

Consider the functions (®,h,g) and the associated non-parametric problem
VI(®,h,g), see (3.2.1). The standard embedding is defined by functions of the
form
(0(y) + (1 — £)(y — vo)
40
—t ) hi(y) + (1 1)

i=1

tgi(y) +(1—1), j=1,....q

and leads to the parametric variational inequality problem

\IIS(t’ ®7h79> -

VIs(t; @, h,g) : for t € 0, 1], find y € Ys(¢)
such that (t®(y) + (1 —t)(y —yo)) (2 —y) > 0, Vz € Ys(¢t),
(3.4.1)
where the sets Ys(t) are given by, (recall h = (hy,..., hy) and g = (g1,...,94)):

thl(y)+(1_t) > 07 7’:17 -+, 40,
q0
Ys(t)=qyeR™ | —t> h(y)+(1—-1t) > 0,
=1
tgj(y)+(1—t) > 0, j=1,...,q
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Clearly, for ¢t = 0 the point yo € R™ is a feasible starting point. Note that Yg(1)
coincides with the set of feasible solutions of VI(®,h,g) because the original
constraints h;(y) = 0 can be written equivalently as

0
hi(y) >0, i=1,...,qp, and — > hi(y) >0

So VIg(1;®,h,g) coincides with VI(®,h,g). We refer to Schmidt [50] for a
study of similar embeddings for solving standard mathematical programs. For
our embedding we can prove the following genericity result.

Proposition 3.4.1 The set I = {(<I>,h, g) | Ys(t; P, h,g) € FVI(t)'te(O,l)} is a
generic set in [CE|m+aota,

Proof. Firstly we prove that for any fixed k£ > 2, the sets
Ik = {((1)7 h,g) | \IIS<t; (I), hug) € FVI(t)’te[%’lfé}}

are open and dense in [C3]7 90T,

I}, is open in [C2]™+®©+4; Let (®, h,g) € Iy. By Theorem 3.3.1, Fviwlo, is open,
and it can be proven that Fy ()| is also open for all a,b, 0 < a < b < 1. So,
there is a strong neighborhood U C [C’ﬂﬁi‘{ﬁlﬂ of Ws(t;®,h,q) (defined by
a continuous function e(z,t) : R™™ — R,,) such that U C FVI(t)’te[%,lf%]'
Clearly, (@, h1,...hg.ho, 91, -+, 9) (Y, 1) € [Oﬂgi?o“ﬂ is in U if and only if for
all (y,t) e R™ x [+,1— 7]

1Py, t) — [tP(y) + A=)y —wo)] | < ey, t),
|hi(y,t) — [th (1—t } | < e(y,t), i=1,...,qo,
oy, tzh -0 < =W,

19;(y, )— [tgj(y)+(1—t)} | < ely,t), j=1....q,

and analogous relations hold for the first and second order partial derivatives.
Now we consider an open neighborhood of (®,h,g) € [C3]™ x [C®]% x [C®)2,
defined by
min =&Y if o # 0,

oy ) telp -] @
“v) min  e(y,t) if go = 0.
te[k 1—7]

As the minimum is taken over a compact set and e(y,t) is a continuous and
positive function, also £(y) will be a positive and continuous function of y. Let
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(®, h, g) be an element in the neighborhood of (®, h,g) defined by &(y). We claim
that Wg(t; @, h,g) € U.
To show this, for gy > 1 we obtain, for t € [§,1— 1:

B(y)||
<e(y,t)

[t(y) + 1 =1y —w) = 2 + A=y -w)] | = W) -
< té(y) < e(y.t)

q0

and for ¢ = 0,
[£@(y) + (1 —t)(y — yo) — [tP(y) + (1 —t)(y — o) || < té(y) < ey, 1).

Similarly, it is easy to see that |[th;(y) + (1 —t) — [thi(y) + (1 — )] || < e(y, 1)
and [|tg;(y) + (1 —t) — [tg;(y) + (1 = )] || < e(y,t). The partial derivatives of
first and second order of (9, h, g) satisfy an analogous inequality.

For ¢y = 0, the proof is completed. In the other cases we also have to consider

the bound (¢ € (%, 1— %))

< tz 1hi(y) — ()]l
< qé(y) <e(y,t).

=t )+ 1= = | SR+ =0 = 13 k) -SRI

That means, we have found a strong neighborhood U of (B,h,g) given by &(y)
such that U C I, hence, I is open.

I}, is dense in [C3]7T9T4: To show this we will first fix the functions (®, h, g) and
prove that for almost all (A, b, Cy, dy, Cy, dy) it holds that (& + Ay +b, h+ [Cry +
dh]Tvg + [ng + dg]T) € I.

We begin by considering the g.c. points (y,t) where LICQ fails, i.e., there exists
1 # 0 such that:

> wVyd(y.t) =0 (3.4.2)

jGJO(yvt)

q0
where g;(y,t) = th;(y) +(1—t)if j =1,...,q0, Gg+1(y,t) = _t;hi(y) +(1-1)

and §jrq0+1(y,t) =tgj(y) + (1 —¢t)if j=1,...,¢. We will show that for almost
all (Cy, dp, Cy,dy) for the corresponding perturbed problem it holds:

(a) LICQ fails only in a discrete set of feasible points (y,¢) with ¢ € [£,1 — 7]
(we will denote this set by Yp).

(b) For all (y,t) € Yy and (y,t, p) solving (3.4.2), it holds that p; # 0 for all
j € JO(y>t)
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(c) For all (y,t) € Yy and (y,t, u) solving (3.4.2) and j* € Jy(y,t) the matrix
(ZjeJo(y,t) 15V .0 Vo3 )" VG (Y, t)
[Vngo(y,t)\{j*}]T(yu t) 0

These conditions will guarantee the fulfillment of conditions (4a)-(4b), (5a)-(5b) in
Definition 2.4.5 and Definition 2.4.6. Note that the feasible set Ys(¢) has a special
structure because the same functions h; appear also in the (o + 1)"-constraint.
For y € Ys(t), 0 <t < 1, the first go + 1 inequality constraints cannot be active
simultaneously. Indeed if the first gy constraints are active,

) is non-singular.

then

—tY hily)+ (1 —t) = (g +1)(1—t) > 0.

Fori=1,...,q0 + 1, we consider the sets Y; ¢(¢) which are obtained from Ys(#)
by skipping the i**-inequality. Then, in particular, the following holds: for all
te [}, 1—4]ify e Ys(t) then y € Y 4(t) for some i € {1,...,q0 + 1}, and the
it"-inequality is strictly positive at 7.

Fixing i € {1,...,q0 + 1}, and following the ideas of the proof of Lemma 6.17
pp. 119, in [21], we have that for almost all perturbations (Cj,dp, Cy, d,), the
set Yo N {(y,t) | y € Yis(t)} is a discrete set, see (a), and for its elements,
conditions (b)-(c) hold, i.e., for all (y,t), with y € Y(t), t € [£,1— 1] and
Jo(y,t) € {1,2,...,i — 1,0+ 1,q0 + 1 + ¢}, if (y,t,p) solves (3.4.2), then
wi # 0, Vj € Jo(y,t). Now if we consider all possible indices ¢ = 1,..., ¢+ 1 and
intersect the resulting sets of perturbations, we find that, for almost all param-
eters (Ch, dp, Cy, d,), conditions (a)-(b)-(c) are fulfilled for Yg(¢), and this leads
to the desired result.

Now we fix the parameters (Cj,dp, C,,d,), and thus the feasible set, such
that the resulting perturbed problem satisfies conditions (a)-(b)-(c). Following
the same lines of the proof of Theorem 2.4.1 (see Theorem 6.18 pp. 121 in [21])
we can prove that for almost all (A,b) for the associated perturbed problem
the feasible points where LICQ fails are g.c. points of type 4 or 5 and the
g.c. points where LIC'Q holds are of type 1, 2 or 3. The perturbation result
is now a consequence of the Fubini theorem applied to the set of perturbations
(Ch, dh, Cg, dg) X (A, b)

Based on this result and with the help of partitions of the unity, the density
of I, now follows as usual, see [21]. As can easily be seen, the relation I = N2,
holds. So the set [ is generic. O

Remark 3.4.1 If instead of (t®(y) + (1 — t)(y — yo)) we choose the simpler
parametric function (t®(y) + (1 — t)c) with some ¢ € R™, ¢ # 0, then att =0
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no initial solution ezists for Ys(0) = R™. Indeed the initial problem is to find a
point y € R™ such that ¢ (z —y) > 0, Vz € R™, which is impossible.

Remark 3.4.2 Assume that VI(®, h, g) is a regular problem, see Definition 3.2.2,
and that for all critical points with associated multipliers (A, ) it holds that
N # Nj, Vi # j. Let us consider a sequence (Yr,tr) € Xges (U, tx) — (¥, 1),
such that § is a feasible point of VI(®, h,g). By the reqularity assumptions g is
a non-degenerate g.c. point of the original problem VI(®, h,g). Using this fact
under our assumptions, we can prove that (yg,ty) € E}]C for k> 1.

We shortly discuss the particularities of the standard embedding when applied
to some special instances of VI problems. The first case is

VI(®,RT): find y € R
such that  ®(y)”(z —y) > 0,Vz € R

It is not difficult to see that it is equivalent with the Non-Linear Complementarity

Problem (NLCP),

(3.4.3)

NLCP : find y € R™
such that y > 0,
() > 0, (3:44)
oy)'y = 0.

The second case is the box constrained problem VI(®,[0,1]™). It can also be
written as follows:

find y € R™
such that y; = 0 = dO,(y) > 0,
y, = 1 = ®;(y) < 0, (3.4.5)
vy € (0,1) = &i(y) = 0,
Vi=1,2,...,m.

For numerical reasons we prefer to deal with compact feasible sets. So in the
case of the VI problem defined in (3.4.3), the feasible set R’ is replaced by
RN ET\%(O) for some p, p > 0 large enough, and we consider the problems,

findy eY
such that ®(y)T(z —y) >0, Vz €Y,

where Y = {yeR7||y|*<p} in case of NLCP
Yy = 0,1 for box-constrained V'I.

In both cases LICQ holds for Y and it is easy to find a point y, € Y. So, in
the embedding approach we can leave the set Y unchanged. This leads to the
embedding
VI(t) : fort € [0,1], findy € Y
such that (t®(y) + (1 —t)(y —uo))" (z—y) >0, Vz €Y.
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As LICQ holds at all feasible points, by using a proof similar to the proof of
Theorem 3, pp. 21 in [19], we can show that generically with respect to the
function ® € [C2]", the problems VI(®,R7 N F\%(O)) and VI(®,[0,1]™) are
regular for ¢ € (0,1). Moreover the only possible types of g.c. points, in the
generic case, are g.c. points of type 1, 2 and 3.

Here in both cases we can choose the embedding t®(y) + (1 —t)c. A starting
solution y(0) = yo at ¢ = 0 must necessarily be a boundary point of Y. So we
will start with an active index set Jyo(yo) # (0. In particular if ¢ is a strictly
positive vector, yo = 0 will be an starting solution with Jy(yo) = {1,...,m} and
a non-degenerate point of VIg(0,®, h, g).

3.4.2 Penalty embedding

Penalty embeddings for common optimization problems have been already de-
veloped in Dentcheva, Gollmer, Guddat and Riickmann [12] and in Gémez [20].
The main advantage of these embeddings is that under regularity assumptions, no
points of type 5 can occur. We extend this approach to variational inequalities,
and define, for the non-parametric problem VI(®, h, g) the parametric VI

VIp(t): for t € [0,1], find (y,v,w)
Zy — Y
such that ®p(y, v, w, )7 | 2z, —v | >0, V2 = (2, 20, 20) € Yr(t),
2w — W
t®(y) + (1 —t)y
where ®p(y, v, w,t) = v and
w— e,
thl(y) + (1 - t)Ul - 07 17 -5 qo,
Yp(t) = (y,v,w) € Rm—i—qo-ﬁ-q tgj<y) + (1 - t>w_7 2 07 J = 17 4,
ly, v, wl* < p.

Here (v,w) € R® x R? are additional variables, e, is the vector in R? with all
components equal to 1, and p, p > 1, is a fixed parameter. A starting solution
for ¢ = 0 is given by (y,v,w) = (0,0, ¢e,). This is a point of type 1 for VIp(0).
More precisely, it is the unique generalized critical point for V' Ip(0), see Definition
3.2.1, with multipliers p, p > 0.

As in the standard case, we will refer to the functions that define the para-
metric embedding VIp(t) as

Op(y,v,w,t)
thi(y)+ (1 —t)v;, t1=1,...,q0
tgj(y)+ (1 —tw;, j=1,...,q

b - Hy7U7wH2

\DP(t7 (I)a h7 g) =
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Proposition 3.4.2 The set {(@, h,g) € [C3]mtaota ‘\Ilp(t; ®,h,g9) € Fviwlicoa }
is generic in [C3)mtaota,

Proof. We follow the lines of the proof of Proposition 3.4.1. We consider the
sets I, = {(CI), h,g) | Yp(t; P, h,g) € JTVI(t)’te[%,l]} , k=2,3,..., and prove that
they are open and dense in [C3]"T90%2, To show that the sets Ij are dense, we
again have to apply a perturbation argument and a partition of unity. For the
open part, we use a local stability theorem and a locally finite cover, see the proof
of Theorem 6.25 in [21].

The result follows then by noticing that { (@, h,9)| Yp(t; @, h,9) € Fvigleo 1]}
is equal to NZ,1y, and Iy, k > 2, are open and dense sets.

Remark 3.4.3 In contrast to the standard embedding, under regularity, there
will not appear points of type 5 for the penalty embedding, because the number
of variables is always greater than or equal to the number of possible active con-
straints. However the penalty embedding has the disadvantage of a larger number
of variables.

Consider again the special case of VI given by the NLCP, see (3.4.4), with
Y = RY'. The penalty embedding leads to the problem,

for t € 10, 1], find y
T
— — A.
such that <t®(y) +(1 t)y) (Zy y) >0, V(zy, zw) € Yp(t) (3.4.6)

w— e, Zy — W
with sets

Vielt) = { () € R
which also satisfy the LICQ condition at all their feasible points.

Proposition 3.4.3 Let p > 0 be fized. Then for allt € [0, 1] the condition LICQ
is satisfied for problem (5.4.6).

ty+(1—tw > O,}
ly, wl* < p

Proof. As the first n constraints are linearly independent, the LICQ condition
could only fail if the compactification restriction is active and its gradient is a
linear combination of the gradients of the other |Jy(y, w, t)| —1 active constraints.
This linear combination reads:

( UL 7o (y,w )\ fm+1} ) P (?J)
(1 = ) Lyo (w0 fm+1} w
for some A € R™. This means that

EXgo(gant\Im+1} = 2Ydo(yw,)\{m+1}

(1 = A s\ fmt1} 2 Jo (y,w,H)\ {m+1}
0 YIs(y,w,t)
0 = wWiswawn-
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So, J§(y,w,t) = 0 because, for i € J§(y,w,t), the inequality ty; + (1 — t)w; > 0
should hold, in contradiction to w; = y; = 0. Consequently ty; + (1 — t)w; = 0,

1 =1,...,m. Using the first two equations yields M =0,1=1,...,m.
So, A = 0 = y = w. But as the compactification constraint is active it would
follow p = ||y||* + ||w||* = 0, contradicting p > 0. O

By Proposition 3.4.3, g.c. points of type 4 and 5 are excluded for problem (3.4.6)
and it can be proven that generically w.r.t. @, all generalized critical points are
of type 1, 2 or 3.

The box constrained VI, i.e., Y = [0,1]™, can be analogously embedded,
leading to the parametric problem

for t € [0, 1] find y
T

te(y) + (1 —t)y Zy =Y
such that wy — ey, Zuy — w1 | >0, Y(2y, 2wy, 2wy) € Yp(t),
W2 + €n ng — W2
(3.4.7)
where

ty+ (1 —t)w, > 0,

Yp(t) = < (y, wy,we) € R 1ty + (1 —thwy < 8,

ly, wi, wal> < p.

In contrast to the standard embedding the first 2m constraints do not guarantee
that Yp(t) is compact. Moreover, LICQ may be violated as is shown by the
following result.

Proposition 3.4.4 Let m = 1. For any fized p, p > 0, there is somet, t € [0, 1]
and (y, w1, wq) € Yp(t), described in (3.4.7), such that LICQ fails.

Proof. We will construct a point (y,w;,ws,t) € R x R x R x (0,1) such that
all constraints are active and the gradient of the compactification constraint is a
linear combination of the others. This means that there exists (A1, Ay) such that
the following system has a solution.

thi +thy = 2y,

(1=t = 2un

(1=t = 2we
ty+(1—tw, = 0
ty+(1—thw, = t,
v+ witwy = p.
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Here the first three equations represent the linear combination of the gradients
and the last three, the activity condition Jy(y, wq,ws,t) = {1,2,3}.

Substituting 2(%;, {#%) for (A1, A2) in the first equation, we obtain:

w1 + Wa

Y=

Using this expression in the equations ty + (1 —t)w; =0, ty+ (1 —t)wy =1t, it
follows

Twy + t2w2 =0

twy 1wy = (1—1t)t
where 7 = t? + (1 — t)?. Therefore, we find (wy,wy) = ((Tigg(l:;), (T_t;()l(;iﬂ))
and y = Tfr%

Finally, as y? + w? + w2 = p, we need to prove that there is some ¢, ¢ € [0, 1] such
4 2 —
that the function p(t) := G f;)z + 12 ((thf)z)((:;;); satisfies p(t) = p.

As 7 —t* = (1 — t)? the previous expression simplifies to:

tt th 4 72
p(t) = e ’ ( 2 : 2\2
(T +12) (1 —1t)%(1 +t?)
When t — 1, it follows that p(t) — +oo while p(0) = 0 < p. So there is a point
t,t € (0,1), such that p(f) = p and at the feasible point

-2 =3 - - -2
t —t t(1—2t+ 2t _
(yaw17w27t) = ( ( ) )7t>

1—20+30 (1—t)(1—2E+38) (1 —1)(1 — 20+ 3¢

the LICQ condition fails. O

With regard to the preceding proposition, for the box constrained VI, the
standard embedding behaves better than the penalty embedding.
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Chapter 4

Problems with complementarity
constraints

4.1 Introduction

In this chapter, we will study optimization problems of the form:

min f(x)
s.t r € Mce
hk(ﬂf) = 0, ]?:1,...,(]07 (411>
Moo= rem | | B = 0
ri(x),si(x) > 0, i=1,...,1
where f,hy,95,7,8  R" = R, k=1,...,q, 7 =1,...,q, © = 1,...,1 are

assumed to be C?-functions.

The constraints r;(x)s;(z) = 0, r;(x), s;(x) > 0 are called Complementarity Con-
straints and such problems will be termed problems with complementarity con-
straints, denoted as Poc. To keep the presentation as clear as possible, we omit
the equality constraints hx(z) = 0. So, in the Sections 4.2-4.6, the P problem
will be

Poe - min f(z)

st. x € Moo
Meec =< xR ri(x)si(z) = 0, i=1,...,l,
ri(x),si(x) > 0, i=1,...,1L

We, however, emphasize that all results of these sections remain true for prob-
lem (4.1.1) if additional LICQ conditions are assumed for the equality con-
straints hi(z) = 0. We will often use the abbreviations h;(z) = r;(z)s;(x)

s(x) = (s1(x),...,s1(x)), r(x) = (r1(x),...,m(x)) and g(z) = (¢1(x), ..., gq(x)).
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Complementarity constraints arise in problems with equilibrium conditions,
see [43], or as special cases in a so-called Kuhn Tucker approach for solving
problems with a bilevel structure, see e.g. [60] and Section 1.2. Other practical
examples appear when solving numerically problems from mathematical physics,
as presented in Section 1.4, see also [43].

It is well-known that problems with complementarity constraints cannot be
solved by using standard nonlinear programming approaches because the MFCQ
will never hold. Indeed, if at a feasible point Z the relation r;,(Z) = s;,(T) = 0
holds for some iy € {1,...,1}, it follows

~

Vhio (f) = S; (f) VTZ‘O (f) + i (f)VSiO (T) =0.

If r;(Z) = 0 and s;(Z) > 0, then Vh;(Z) = s(T)Vry(T) and there is no vector &
such that Vh;(Z)€ = 0, Vri(T)E > 0.

To circumvent this problem and to obtain necessary optimality conditions,
generalized derivatives have been used in Ye [63], [64]. Pang and Fukushima
[44] derived optimality conditions by assuming an Abadie-type constraint quali-
fication. Fritz-John type necessary conditions were established by [14] based on
the relation between Poc and certain nonlinear optimization problems without
complementarity constraints via a disjunctive analysis. In this way a KKT-type
optimality condition can be obtained if a natural constraint qualification holds.

The sensitivity of Poe with respect to parameters has also been studied. Suf-

ficient conditions for stability of the value function and the stationary points were
obtained in [24] and [49], respectively.
Some specific algorithms for solving complementarity constrained problems have
been developed. In Schramm and Zowe [54], for example, a bundle method
is constructed. The algorithm PIPA, presented in [42], applies a penalty inte-
rior approach and solves the associated optimization problems using Sequential
Quadratic Programming (SQP) methods. The convergence of this algorithm is
proven under a strong hypothesis. SQP-type methods have been adapted to par-
ticular cases such as s(x) = (z1,...,2;) and r(z) satisfies a kind of convexity
condition (see Jiang and Ralph [26]) or s(z) = (x1,...,2;), r(z) = Qx + q, see
Fukushima, Luo and Pang [15], Liu, Perakis and Sun [40] and Zhang and Liu
[65].

A promising algorithmic idea is to substitute the complementarity constraints
ri(z)s;(z) = 0 by the (regularizing) inequality r;(z)s;(z) < 7 or by the smoothing
equality r;(z)s;(z) = 7 and to let 7 — 0. This kind of techniques have been
discussed in [51] and Ralph and Wright [47]. In Chen and Fukushima [10], this
approach is applied when s(x) = z, r(z) = Qx + ¢, and in Facchinei, Houyuan
and Liqun [13], for mathematical problems with VI constraints (1.1.8) using
NCP-functions.

Exact and L'-penalty strategies have also been used, see for example Lin
and Fukushima [38] and Scholtes and Stéhr [52], respectively. Besides, in Hu
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and Ralph [25], the complementarity constraints are smoothed and then solved
via a penalty function. They also presented a convergence analysis. Interior
point methods have also been implemented, see Benson, Shanno and Vanderbei
[5], Benson, Sen, Shanno and Vanderbei [6] and Raghunathan and Biegler [46].
Other algorithmic ideas are a branch and bound method in Liu and Zhang [39],
relaxation algorithms via a simplex representation in [37], an active-set algorithm
in Fukushima and Tseng [17], and an heuristic in Braun and Mitchell [8].

In this thesis, we consider the parametric smoothing approach P,, based on

the perturbation r;(z)s;(z) = 7, i = 1,...,l. We study the convergence of the
solutions of P, when 7 — 0% and discuss the regularity of P, as a parametric
problem. We also present the generic singularities appearing in one-parametric
mathematical programs with complementarity constraints.
The chapter is organized as follows. In the next section the structure of the fea-
sible set, the active index set, the cone of feasible directions, etc., are presented.
The third section includes necessary optimality conditions, constraint qualifica-
tions and different types of stationarity concepts for Poe. Section 4.4 is divided
into two parts. In the first, we review the generic properties of Poc and, in
the second, necessary and sufficient primal-dual optimality conditions for local
minimizers of order 1 and 2 are presented. In Section 4.5, for the parametric
approach P, we prove the existence of a sequence of local minimizers (stationary
points) of P, converging to a local minimizer (stationary point) of Poc with rate
O(y/7) when 7 — 0. In Section 4.6, we show that, generically the problem P,
is in Fo1) (cf. Definition 2.4.7). The chapter ends with a genericity analysis of
one-parametric mathematical programs with complementarity constraints. We
study the types of singularities that may appear at a generalized critical point in
the generic case and present the local behavior of the set of generalized critical
points around such a point.

4.2 Structure of the feasible set

We now analyze the structure of the feasible set Mc¢ of Poe in (4.1.2).

To do so we make use of the disjunctive or piecewise structure of the problem.
Note that in each feasible point x either r;(z) or s;(x) should be zero. So all
feasible points of Po¢ are given as feasible points of a problem

PIZ mlnf($)
s.t. 9;(x) 20, j=1,....q, (4.2.1)

for some Z C {1, ...,l}.
To be more precise, for a feasible point T € Mg we introduce the active
index sets:
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Jo(@) = {jlg;@) =0},
I(z) = {i|r(™) =0, si(z) >0},
I(z) = {i|s(x) =0, ri(z) >0},
Is(z) = {i|r(T)=si(T)=0}.
For any I C I,4(%) the problem Py with Z = I,(Z) U I will be denoted by P/(T),
1.e.,
P(7) : min f(x)
s.t gj(x)>0,j=1,...,q,
ri(x) = 0, s(x) > 0, i€l.(T),
si(r) = 0, r(x) > 0, i€ l(T), (4.2.2)
ri(z) = 0, si(xr) > 0, 1€ 1,
si(z) = 0, r(x) > 0, i€ Ls(T)\ 1.

Let M(T) denote the feasible set of this program. Then obviously, the following
disjunctive or piecewise description holds.

Lemma 4.2.1 (¢f. [42])
(a) There exists a neighborhood B:(T) (¢ > 0) of T such that

Mce N B:(T) = U (M;(Z) N B(T)) -
ICIs(T)

(b) The point T € Mcc is a local minimizer of order w of Poc if and only if ©
is a local minimizer of order w of Pr(T) for all I C I,4(T).

Based on this lemma, optimality conditions and genericity results for P;(z) lead
directly to corresponding results for the complementarity constrained problem
Poe. This will be done in the next sections.

4.3 Necessary optimality conditions

This section introduces some notations and deals with different types of necessary
optimality conditions for Poo. We begin with some definitions. As usual

L(z, doy o p,0) = Mof ()= Y gi()wi— > m@e— Y, si(@)o;
j€Jo(x) 1€l (x)UIrs(x) 1€l (x)Ulrs(x)

denotes the Lagrangean function. Given T € M¢¢ and I C I4(T) we introduce
the set of critical directions for P;(T):

—

Vf@)d < 0, Vgi(m)d > 0, je @),

Vri(z)d = 0, Vsi(Z)d > 0, 1el,
Ci(z)=<deR" | Vri(z)d > 0, Vsi(Z)d = 0, i€ l(T)\I,

Vri(z)d = 0, i€ l.(T),

Vsi(T)d = 0, i€ I(T).

(4.3.1)
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We need some constraint qualifications.

Definition 4.3.1 Let 7 € M

- MPCC-LICQ holds at T if Vr(Z),Vs,(Z),Vy;(T), i € 1,(T) U 1,5(T),
k€ I,(7) U 1,5(T) j € Jo(T), are linearly independent.

- MPCC-MFCQ holds at T if the gradients Vr;(Z),Vsi(Z), ¢ € L(T) U
I,s(Z), k € I4(T) U I,5(T) are linearly independent and there is a vector
¢ such that Vg;(Z)7¢ > 0, j € Jo(T) and Vry(T)T€ = 0, Vs (T)T€ = 0,
i€ L@ ULu(@), k€ L@ UL,

We now introduce different types of stationarity.

Definition 4.3.2 Let T € Mcc

- X is a Fritz John point of Poe if it is a Fritz John point for all problems
Pr(T), I C 15(T) (see (4.2.2)).

T will be called weakly stationary if there are multipliers (Ao, i, p, o) not
all zero satisfying VL(Z, Ao, i1, p,0) = 0 and Ao, p > 0.

- If T is a weakly stationary point with o; - p; > 0,Vi € I.4(Z) for some
associated multiplier vector (Ao, , p,0), then T is called a C-stationary
point.

- T is M-stationary if T is a weakly stationary point with an associated
multiplier (Ao, i, p,0) such that \y = 1 and for each ¢ € I,4(Z) either
o; >0, pi>0oro;-p; =0 holds.

- Iffor all I C I,4(Z), T is a stationary point of the nonlinear program P ()
(see Definition 2.2.3) then 7 is called a B-stationary point.

- A-stationary points are weakly stationary points with associated multiplier
(Ao, i, p, o) satisfying A\g = 1 and for all ¢ € I,4(T), o; or p; is non-negative,
i.e, there is some I, I C I,5(Z) such that T is a stationary point of Pr(T).

- T is called a strongly stationary point if the weak stationarity conditions
are satisfied with multiplier (Ao, i, p, o), fulfilling \g = 1 and o;,p; > 0,
i€ 1,5(T).

Let T be feasible for the complementarity constrained problem Po¢ in (4.1.2).
Consider two related problems, the tightened problem

Pr(z) : min f(x)

st. ze My (432)
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_ n Ti( ) ) Z 07 Z'GIT<I>’
Mr=qzeR" 1 0) — 0, rn(@) > 0. ic L)
ri(x) = 0, si(x) = 0, i€ L)
and the relaxed problem
Pr(Z) : min f(x)
st. x € Mg (43:3)
9i(x) 20, j=1,....4q,
B n ri(z) = 0, si(z) > 0, i€l.(T),
M= TeR 1 ) = 0, n@) > 0, iel(@)
ri(x) > 0, si(x) > 0, i€ l4T).

Note that, if T is a strongly stationary point of Po¢e, then T is also a stationary
point (in the classical sense) of Pr(Z). Note also that MPCC-LICQ holds at
T € Mcc if and only if LICQ is satisfied at T in Mpg. The condition MPCC-
MFCQ is stronger than the fulfillment of MFCQ for Pg. From the definitions,
the following proposition is immediate.

Proposition 4.3.1 For a point * € Mcc, the following holds:
MPCC-LICQ for Poc < LICQ for Pr(T) < LICQ for Pr(T).
MPCC-MFCQ for Poc < MFCQ for Pr(T) = MFCQ for Pr(T).

We mention the following necessary optimality conditions without proof.
Proposition 4.3.2 (c¢f. [14]) For Pcc, the following relations hold:

(a) Strong = M- = C- = weak stationarity.
Strong = B- = A- = weak stationarity.

(b) If T is a local minimizer then it is a C-stationary point.
(c) If MPCC-MFCQ holds at a local minimizer T of Poc then T is A-stationary.

(d) If T is a local minimizer and MPCC-LICQ is satisfied, then T is a strongly
stationary point. In this case B- and strong stationarity are equivalent.

We will say that the strict complementarity property holds for Poc at a feasible
point T if

In this case all the problems Pr(Z), P;(Z) , Pr(T) coincide and the stationarity
definitions are equivalent. Furthermore, the problem Py can then be treated as
a standard finite program. In [42] the convergence of an algorithm for MPCC
has been obtained under the condition SC. However, for complementarity con-
strained problems this condition is not usually fulfilled, as can be seen in the
following standard example.

92



Example 4.3.1

minx, + x
s.t. T1T9
X1, T2

0,
0.

AVANI

Here SC fails at the minimizer T = (0,0) even if small perturbations of the
involved functions are considered.

This example shows that, even in the generic case, around local minimizers the
SC' condition may fail. We therefore analyze the Poe problem under weaker
assumptions. To do so we make use of the disjunctive structure of M¢ge (see
Section 4.2) and define the cone of critical directions at T € M¢¢ by

= |J a@), (4.3.4)
ICIs(%)

where C(ZT) is the cone of critical directions of the problem P;(Z).

Definition 4.3.3 We say that T € Mcgc is a g.c. point of Poe if there is a
multiplier vector (Ao, pt, p, o) # 0 such that V,L(z, A\, 1, p, o) = 0.
Let T be a g.c. point with associated multiplier vector (1, i, p, o). We say that
the MPCC-strict complementarity condition (MPCC-SC) holds if

i 7é O, VJ € Jo(T), Pi 7é O,UZ' 7& O, Vi € Irs(f) (435)
The MPCC second order condition (MPCC-SOC) is satisfied if
d"NVEL(T, 1,y p,0)d #£0,  Vd € TeMp\{0}. (4.3.6)

A point T € M¢ge such that MPCC-LICQ, MPCC-SC, and MPCC-SOC holds
is called a non-degenerate critical point in the MPCC-sense.

If at a g.c. point T the MPCC-LICQ condition holds, then there is a unique
multiplier vector (1, u,p,o) such that V,L(Z,1,u,p,0) = 0. If T is also a B-
stationary point, then the same unique multiplier vector (1, p,p,o) solves the
KKT system corresponding to P;(Z) for all I C I,4(Z). Moreover it is not difficult
to see that in this case the set C3 simplifies:

( — > A
Vg](f)d > 0 if Mg — 07 je JO(E)a
Ve@d - 0 i a0, ic L@
Vs;i(T)d ; 0 if o 0, i€ 7)),
Vr@d = 0, i€ l(T),

\ Vs,(@)d = 0, ie (7). )
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In the case of B-stationary points where MPCC-SC holds, the cone of critical
directions becomes:

( Vgi(@)d = 0, je Jo(T), )
Vri(z)d = 0, i€ L),
Cz=(deR" | Vs;(m)d = 0, i€l T), ; (4.3.7)
Vri(z)d = 0, i€ l.(T),
L Vsi(T)d = 0, i€ly(x) )

i.e., Uz coincides with Ty, the tangent subspace of Mp in 7.

Note that if T is a non-degenerate critical point in the MPCC-sense, then
i #0, € Jo(T) pi, 00 # 0, i € Ls(T) and V2L|pam,(T, 1, p, p, o) is non-
singular. This means ¥ is a non-degenerate critical point of the relaxed problem
Pr(Z) and thus also an (isolated) non-degenerate g.c. point of Poc.

If T is a non-degenerate critical point in the MPCC-sense, such that
i >0, 5 € Jo(T) pi, 05 >0, i € Ly(T) and V2L|pm, (T, 1, 1, p,0) = 0 are
fulfilled, then T is a local minimizer of Pg(T). As locally Mce C Mg holds, T
will also be a local minimizer of Po in this case.

4.4 Optimality conditions based on the disjunc-
tive structure

In this section we show how optimality conditions can simply be derived from
the piecewise structure of the problems Pg¢, see Section 4.2. These conditions
are obtained under assumptions which are shown to be generic.

4.4.1 Genericity results for non-parametric Pq¢

In this part we will review the genericity results of [53] needed in the next sections.
By using the piecewise description (see Lemma 4.2.1) in principle, optimality con-
ditions and genericity results for P;(T) lead directly to corresponding results for
Pce. Let, in the sequel, all functions f, g;, s;,r; be in the space [C?]} endowed
with the C2-topology, see Section 2.3. So, the set of problems P can be identi-
fied with the set P := {(f,g,s,7)} = [C?]LT9"2. We say that a property for Poc
is generic if it holds for a subset of P which is dense and open with respect to
the C2-topology.

From the well-known genericity results for nonlinear programming problems,
see [22], we obtain the following genericity results, see [53].

Theorem 4.4.1 (c¢f. [53]) Generically for problems Pcoc the following holds.
For any feasible point T € Mae the MPCC-LICQ) condition is satisfied. More-
over any g.c. point is a non-degenerate critical point in the MPCC-sense, i.e.,

the conditions MPCC-LICQ, MPCC-SC and MPCC-SOC are fulfilled.
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Proof. Let us fix a partition (I, I,s, I5) of {1,...,{} corresponding to the active
index triplet of a point z € Mce. Let Pgr(x) be the associated relaxed problem.
Generically by Theorem 2.2.2; at all feasible points of Pg(z), LICQ holds and all
its generalized critical points are non-degenerate, see Definition 2.2.5. We take
the (finite) intersection of all these generic sets of functions, corresponding to all
finitely many possible partitions (1, I, Is). Then the set of functions (f, g,r, s),
such that for all corresponding possible problems Pg(z) the LICQ condition holds
at all its feasible points and all generalized critical points are non-degenerate, is
generic.

Now, if T € M¢c, then T is feasible for Pr(7) associated with I,.(Z), I,4(T), Is(T).
As LICQ holds generically for Mg, the MPCC-LICQ condition is fulfilled for
M. Moreover, if T is a g. c¢. point of Pge, then it is also a generalized criti-
cal point of Pg(T) (see Definition 2.2.3) and thus, generically, a non-degenerate
critical point of Poe.

(|

4.4.2 Optimality conditions for problems Py

In this part we are interested in necessary and sufficient optimality conditions

for minimizers of order one and two for problems Pgc in (4.1.2), see Definition

2.2.1. Using the piecewise description, see Lemma 4.2.1, all standard optimality

conditions for P;(¥) can directly be translated into corresponding results for Poc.
We begin with characterizations for minimizers of order one.

Theorem 4.4.2 (Primal conditions of order 1)  ForT € Mcc:

Cz ={0} = T isa (isolated) local minimizer of order 1 of Poc.
If MPCC-LICQ holds at T also the converse is true.
Proof. It is well-known, see e.g. Still and Streng [Th.3.2,3.6] [62], that
C1(Z) = {0} implies that T is an (isolated) local minimizer of order 1 of P;(7)
and under MPCC-LICQ the converse holds. With regard to the definition of C%

in (4.3.4) the result follows from Lemma 4.2.1.
O

Theorem 4.4.3 (Dual conditions of order 1) Let MPCC-LICQ hold at
T € Mcc. Then T is an (isolated) local minimizer of order 1 of Poc if and only
if one of the following equivalent conditions (a) or (b) holds:

95



(a) Vf(ZT) € int Q %, where

d= > ;Vg(@ + > (inTi(T)%—OiVsi(f))—l—

jeJ(T) 1€lr5(T)

Q.= + 3 pVri(@) + Y 0:Vsi(T)
i€l (T) i€l5(T)
Ky 20, ]G JO(E)a Pi 2070z207 ZEITS(E)

(b) The vector T is a B-stationary point with (unique) multipliers 1, ju, p, o such
that | Jo(T)| + 2|1,5(Z)| + |1 (Z)| + |Ls(Z)| = n and p; > 0, j € Jo(Z), pi > 0,
g; > O, 1€ [Ts(f).

Proof. It is well-known that the primal condition C;(Z) = {0} is equivalent with
the condition V f(7) € int Q ;(T), where

d = > wVg(™+ > (Pivri(f)+givsi(f))+
jEJO(E) ie[’rs(j)
QT = + > pVri(@) + Yo 0iVsi(T)
i€l (T) i€ls(T)

Hj 207 je JO(E% Pi 207 ie]rs<f)\[7 0; 207 el
Applying Lemma 4.2.1 under MPCC-LICQ), yields (a).

(b) We now prove that under MPCC-LICQ (a) < (b). Note that the suf-
ficiency is evident. To prove the converse let us assume that Vf(Z) € Q /(T)
and |Jo(T)| + 2|1s(Z)| + |I,(T)| + |Is(ZT)] < n. This means that there exists
d, d € R", such that d ¢ Sy, where S is the subspace generated by the vec-
tors Vg;(T), j € Jo(T), Vri(Z), i € [,s(T) U L(T), Vsi(T), i € L5(T) U I4(T).
Note that, since (7,1, u,p,0) is a B-stationary solution, it follows that Sy =
span {{—V f(Z)}USy}. Consequently, for any ¢ > 0, ed ¢ span {{-V f(Z)}USy}
and thus V f(Z) + ed ¢ span S in contradiction to (a). Let us now assume that
MPCC-SC does not hold, say p; = 0. Then, by MPCC-LICQ, for any ¢ > 0 the
vector V f(Z) — eV g1 (T) is not contained in Qz, a contradiction.

O

We now turn to sufficient and necessary optimality conditions of order two. For
the sufficient part we refer also to [53].

Theorem 4.4.4 (Dual conditions of order 2)  Let MPCC-LICQ hold at
T € Mce and assume Cy # {0}, i.e., T is not a local minimizer of order 1.
Then T is an (isolated) local minimizer of order 2 of Poc if and only if T is a B-
stationary point of Poc with (unique) multipliers (1, u, p, o) such that MPCC-SC
is satisfied and the condition MPCC-SOC holds with d*N*L(Z,1, u, p,0)d > 0
Vd € Cz\{0}.

Under this condition, T is locally a unique B-stationary point of Poc.
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Proof. C; # {0} implies C;(Z) # {0} for (at least) one set I C I,4(T) and by
(62, Th.3.6], under LICQ, T is a (isolated) local minimizer of order 2 of P;(T) if
and only if T is a KKT point satisfying the second order sufficient condition at
problem P;(z) for all I C I,4(T). Again the result follows from Lemma 4.2.1.

(Il

Note that in view of the genericity result in Theorem 4.4.1 the following is true:

Corollary 4.4.1 Generically each local minimizer of P is either of order 1 or
of order 2.

It is interesting to note that with respect to the relaxed problem Pg(7) (4.3.3)
the following holds:

Corollary 4.4.2 Let MPCC-LIC(Q) be satisfied at T € Mcc. Then T is a local
mainimizer of order 1 or 2 of Poo if and only if T is a local minimizer of order 1
or 2 of Pr(T) (4.3.3).

Proof. Under MPCC-LICQ any local minimizer T of Poe must be a strongly
stationary point of Poo with unique multipliers (1, i, p, o). Note that, as the La-
grange functions of Pg and P are the same, (T, 1, i, p, o) is also a KKT solution
of Pr(T). Moreover the set of critical directions for Pr(Z) coincides with Cg, see
(4.3.7). So the first order optimality condition Cz = {0}, ¢f. Theorem 4.4.2, and
the second order conditions, c¢f. Theorem 4.4.4, of Poo and Pgr(T) coincide.

O

4.5 A parametric solution method

As it has been already remarked, to solve Poc (see (4.1.2)) a parametric approach
can be used, see also e.g. [16]. Here we consider the perturbed problem
P, min f(z)

(4.5.1)
st. xe M,

\Y%
o

gi(x) > J=1....q,
M, =<2z eR" | ri(x)si(z) = 1, i=1,...,1,
ri(z),s;(x) > 0, i=1,...,1

where 7, 7 > 0, is a perturbation parameter. We expect that, by letting 7 — 0,
there is a solution 7, of P, converging to a solution T of Poc. In the following
we intend to analyze this approach. Under natural (generic) assumptions it will
be shown that we generally can expect a rate

177 — 7| = O(v/7).
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Other regularizations of MPCC problems have been considered in the literature
such as

P min f(x)
s.t. gi(r) = 0, j=1,...,q,
H@s(o) < 7 oi= L. o2
n(e)sile) = 0, =1
P= min f(z)
s.t. g](l’) > 07 j:17 4, 4.5.3
rT(z)s(x) < T, (453)
ri(z),si(x) = 0, i=1,....1

In [51], assumptions under which stationary points z(7) of PS, 7 | 0, converge
to a B-stationary point of Pe¢ are given. In [47] it is shown that (under natural
conditions) the solutions z(7) of PS converge to a (nearby) solution Z of Poc
with order O(7). Similar results are stated for the problem PS

Remark 4.5.1 We emphasize that these regularizations P=, PS structurally
completely differ from the smoothing approach P.. For PS, e.g., the following is
shown in [51, Th.8.1,Cor.3.2]: If T is a solution of Poc where MPCC-LICQ and
MPCC-SC hold then for the (nearby) minimizers &, of P= (for T small enough)
the complementarity constraints ri(z) s;(z) < 7, 1 € 1,5(T), are not active. More
precisely,

Ti(QATT) = Si<i’7—) =0 y VZ € Irs(f)7

1s true. This fact also directly follows from Corollary 4.4.2. In particular, in the
case I,(T) = {1,...,1} (for all small T > 0) the solution &, of P> coincides with
the solution T of Poc.

Note that the perturbation r;(z)s;(z) = 7 in P is also different from the following
parametric MPCC, considered in [24] (see also Section 4.7)

P(r): min f(z,7)
.. glzT) > 0, j=1,....4q
ri(z, 7)) si(w, ) = 0, i=1,...,1,
ri(x,T) , si(xk,7) > 0, i=1,...,1L

with f, g;, 7,8 € C* (w.r.t. all variables). Near a non-degenerate solution T of
P(7), the value function will depend smoothly on the parameter 7. However,
for the problem P, in (4.5.1), the value function does not depend smoothly on
7, 7 = 0, even in the non-degenerate case, as can be seen in Example 4.5.1 later
on.
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Remark 4.5.2 We recall that under appropriate LIC(Q) conditions all results
for 4.1.2 remain true for problems Poc in (4.1.1), with additional equality con-
straints.

Let in the following ¢, ¢, denote the marginal values and Mg, M. the feasible
sets of Poo, P, respectively.

4.5.1 Motivating examples

We begin with some illustrative examples.
Example 4.5.1
minxq, + o
s.t. 1 Ty — O,
T1,T9 > 0.

Here the set M, converges to the set Mce and the solutions x, = (1/7,/7) of
P, converge to the solution T = 0 of the original problem with a rate

|z —T|| = V2 /7.

In general, we cannot expect that the solutions of P, converge to a solution of
Pee. As we can see in the next example, they may even not converge to a feasible
point if the feasible set is non-compact:

Example 4.5.2 Consider

min (xy — 1)2

s.t. Toe ® = 0,
To, €1 > 0
with Mce = {(x1,0), 1 € R}, and
min (zy — 1)?
st (x3+a3)e ™ = 0,
(2} +a3), e > 0

with Mce = {(0,0)} .
In both examples the feasible set and the set of minimizers coincide.

Note that in the first example 2o = 0 < ¢ and Vzy # 0. So MPCC-
LICQ holds. However, for all 7, 7 > 0, the point (—in(7),1) € M, is the global
minimizer of P,, and these points do not approach to the set of minimizers of
Pcc.

In the second example, M¢¢ is bounded but it can be proven that M. is not.

The next example shows that to assure M, # &, the MPCC-LICQ condition
cannot be relaxed by the fulfillment of M FCQ in Mg, see (4.3.3).
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Example 4.5.3 Consider the feasible set defined by ri(x) =z, ro(z) =€ — 1,
and s1(z) = so(x) =1, i.e.,

r-1 = 0,
Mee=(¢z€R (e"—1)-1 = 0,
z, (e*=1),1 > 0.

The unique solution of the complementarity problem is # = 0. However, M, = &,
for any 7, 7 > 0. Moreover MFCQ holds at = for My

The last example shows that a bad convergence rate of the smoothing approach
is possible.

Example 4.5.4 (cf. [47])

min ¥ + x5
s.t. x99 = 0,
Ty, T2 > 07

with & > 0. Here the minimizer is 7 = (0, 0) and the solution of the corresponding
problem P, is T, = ((%)k%l, kﬁﬂiﬂ) So the convergence rate is O(7#) with
arbitrary large k£ > 0. Note that for £ > 1, the MPCC-SC condition fails at the
minimizer T = (0, 0).

In the following we are interested in the convergence of the feasible sets M., the
value function ¢, and the solutions Z, of P, i.e., we study the convergence

M, — Mce, pr ¢ and T, —T forT— 0.

We will also obtain the rate of this convergence.

Firstly, motivated by Example 4.5.2, we restrict the feasible set to a compact
subset X, X C R". Note that, in practice, this does not mean a restriction since
it is advisable to add (if necessary) e.g. box constraints, z, < £K, v =1,...,n,
for some large number K. So, we will assume:

Ay. M, C X for all 7 > 0 where X is a compact subset of R". (4.5.4)

4.5.2 The convergence behavior of the feasible set

In this part, we consider the convergence behavior of the feasible set M.,. We
will show that, under natural assumptions on the problem Pg¢ for all x € Mg,
d(z, M;) = O(y/7) holds and d(z,, Mcc) = O(\/7), for z, € M,, 7 — 0.

We define the active index sets (Jo(z), I.(x), Is(z), I;s(z)) of x € Mcc, as in
the Section 4.2. To avoid the bad behavior in Example 4.5.2 and Example 4.5.3
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(cf. Section 4.5.1) we will assume that condition Ag (see (4.5.4)), holds and that
MPCC-LICQ is fulfilled for M¢¢, globally or locally. We emphasize that these
assumptions are generically satisfied, see Theorem 4.4.1. We begin with a general
lemma.

Lemma 4.5.1 For any sequence v, € M, and ™ — 0 it follows that
d(x;, Mcc) — 0 uniformly: i.e., to any € > 0 there exists 19, 70 > 0 such
that for all 7, 0 < 7 < 19, and x, € M, the bound d(x,, Mcc) < € holds.

Proof. Assuming that the statement is not true, there must exist v, v > 0 and
a sequence x, € M, such that, for 7 — 0,

d(z., Mcc) > 7.

Due to the compactness assumption Ay we can choose a convergent subsequence

x, — T € X. The condition r;(z,)s;(z,) = 7, together with the continuity of the

functions ry, s; leads, for 7 — 0, to r;(Z)s;(T) = 0, i.e., T € Moc, a contradiction.
(I

To prove our main results on the behavior of M., we make use of a local diffeo-
morphism. Such a transformation has been applied in [53] to illustrate the local
behavior of Mae. Here we present a complete global analysis. The use of this
transformation makes the proofs of the main results technically much simpler,
however this approach relies on the MPCC-LICQ assumption.

Consider a point T € M¢c with |Jo(Z)| = G, 2|L.s(T)| + |1.(T)| + |Is(T)| =1+ p
where p <[, §<qand [+ p+ ¢ <n. W.lo.g. we can assume:

Jo@) ={1,....q}, Ly(@) =1{1,....p}, L@ ={p+1,....1}, L(@)=0.

(4.5.5)
By the MPCC-LICQ condition, Vg¢1(),...,Vgs(T), Vri(T), i = 1,...,1, Vs;(T),
t = 1,...,p are linearly independent and we can complete these vectors to a

basis of R™ by adding vectors v;, ¢t =l +p+ ¢+ 1,...,n. Now we define the
transformation y = T'(z) by:

Yy = Ti(I)7 Z.:17"‘le Yit1r — 87;(]}')7 izla"‘apv (456)

Yirp+; = gj(x)a j:]-a"'7Q7 Yy = U;T(x_f)u Z>l+p+(j

By construction the Jacobian VT'(Z) is regular. So T" defines locally a diffeomor-
phism. This means that there exists £, ¢ > 0, and neighborhoods B?(Z) of T and
U.(y) :==T(B*(T)) of y = 0 such that T': BX(ZT) — U.(¥y) is a bijective mapping
with 7,7-' € C', T(z) =7y and for y = T(x) it follows that

Yitp+j > 07 ] = 17 <. 7qAa
Yi * Yi+¢ = T, izlu"'?]?’
re M, NBXNT) < yi-si(y) = T, i=p+1,...,1,
y; > 0, 1=1,...,1+p,
y € UA7)
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where 5;(y) = s(T7'(y) = s(T) = ¢, ¢ >0, i = p+1,...,1 and
gj(y)zg]( ( )_gj() §,C?>0,j=fi+1,---,(J-
In particular, since T is a diffeomorphism, the distance between two points

remains equivalent in the sense that with some constants 0 < k_ < Kk4:

Ko llyi—wa|l < lzr—22l| < kyllyi—22ll, Vo, 20 € BXT), y1 =T (21), yo = T(22).

So, after applying a diffeomorphism 7', we may assume T = 0 and that there is
some ¢, € > 0, such that for z € B*(7):

9i(@) = Tipyy = 0, J=1....,4q
reM, o @=ziew =T i=lop, (4.5.7)
hi(z) = z; - si(x) = T, i=p+1,...,1
x;, > 0, 1=1,....0+p.
Moreover, since s;(Z) =: ¢, ¢ >0, i = p+1,...,l and g;(Z) =: ¢, ¢] > 0,
j=q+1,...,q, by choosing € small enough we also can assume:
S Cg
si(x )ZEZ’ i=p+1,...,1 and g,z )Zé j=q¢+1,...,q, Yz € BX(T).

Lemma 4.5.2 Let MPCC-LICQ hold at T € Mcc.
(a) Then there exist e, 7y, v, 3 > 0 such that for all 7, 0 < 7 < 19 the following
holds: there exists T, € M, with

177 — 2| < av/7 (4.5.9)

and, for any T. € M, N BX(T), there exists a point T,, T, € Mcec N BX(T)
satisfying

& — 7)) < BVF. (45.10)
Moreover, if SC holds at T (cf. Section 4.3), the statements are true with /T
replaced by 7.
(b) If the condition SC is not fulfilled at T then the convergence rate O(+/T)

in (4.5.9) is optimal. More precisely, there is some v, v > 0, such that for all
T, € M, the relation ||T, — T|| > /T holds for all small T.

Proof. (a) Let MPCC-LICQ hold at T € M¢e. As discussed before (after
applying diffecomorphism) we can assume that T = 0 and that in a neighborhood
B! (%) of T the set BX(T) N M, is described by (4.5.7). To construct an element
7 € M;, we fix the components 2] = x],; = /7, i = 1,...,p and x] = 0,
i=1l+p+1,...,n From (4.5.7) we then find:

g]<x7-) = 07 j: 17 R 7q\7
hi(z™) = T, i=1,...,p,
hi(x7) = af - s;(x7) = T, i=p+1,...,1
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We only need to consider the remaining relations
hi(z) :=z] -s;i(z) =7, i=p+1,...,L (4.5.11)

which (for fixed 7) only depend on the remaining variables 7 = (27,,,...,2]).
For ¥ = 0 the gradients Vh;(0) = e;5;(0) = e;cs, i = p+1,...,1, are lin-
early independent. So the function H : R'"? — R-P, H = (hyyq,. .., h) with
H(0) = 0 has locally near ¥ = 0 a C' inverse such that (for small 7) the vector
77 = H '(e7),withe = (1,...,1) € R"P, defines a solution of (4.5.11). Because
of H1(0) = 0 it follows that ||27| = O(7).

Altogether with the other fixed components, this vector 7 defines a feasible
point x, € M, which satisfies

|z — ]| < O(V7).

We now prove (4.5.10). As shown above, see (4.5.7), for some €, € > 0, the
point T, € B?(T) is in M, if and only if z := T, satisfies the relations

gj(x) - xl+P+] Z 07 j = 17 s 7qA7
hi(x) =2 -2 = T, i=1,...,p,
hi(z) = x; - si(x) = T, i=p+1,...,1

Obviously, min{xz;, z;;} < /7, i = 1,...,p, so wlo.g. we assume z; < /7,
i=1,...,p. By (4.5.8) for x =7, € B2() it follows that

T T T

7 = < <T . i=p+1,...l 4512

si(x) T /2 T ¢ b ( )
where ¢, = min{c;/2, i = p+1,...,l}. Given this element x = 7, € M, we now
choose the point Z, of the form &, = (0,...,0, 241, ..., z,) which is contained

in Mce. By using (4.5.12) and z; < /7, i =1,...,p, we find (x = Z,)

. T2
|z, — 7| < \/pT+ (I —p) 2 < O(V7).

S

Let now SC be satisfied at T € Mce, T = 0. Then locally in B (%), see above,
the set M is defined by

95(%) = Tiypiy

07 j:17"'7q/\7

T, 1=1,...,1,

(4.5.13)

IV

and s;(x) > ¢j/2, for all x € B?(T). As in the first part of proof, we can fix
the coefficients of © = xz, by ., =T;(=0), i =1+ 1,...,n and find a solution
x € M., by applying the inverse function theorem to the remaining [ equations



only depending on the remaining variables 7 := (xy,...,x;). This provides us
with a solution x = x, of (4.5.13) with

lzr = 2| = O(7).

On the other hand for any solution z := 7, of (4.5.13) in BZ(Z) the point
T, =(0,...,0,2141,...,2,) is an element in Mee with |2, — Z, || = O(7).

(b) Suppose that SC' is not fulfilled at Z, i.e., for some iy € {1,...,1}, see (a),

~

hi (f) = Eio : jl—i—io - O Wlth fio = El—‘rio = O
Then near T any point 2 := z, € M, must satisty z;, - Z;4;, = 7 which implies
27 — 7| > max{@;, , &1yi0} > VT

Recall that, due to the applied diffeomorphism, this inequality only holds up to
a positive constant. O

Lemma 4.5.2 yields the local convergence of M., near a point T € M¢gc. We
now are interested in the global convergence behavior.

Lemma 4.5.3 Let Ag hold, see (4.5.4). Suppose MPCC-LICQ is satisfied at
each point T € Mco. Then there are 1o, «, 3 > 0 such that for all 7, 0 < 7 < 79,
the following holds:

For each © € Mc¢ there exists T, T, € M, with

1z, — 7| < ay/T, (4.5.14)
and for any T, € M, there exists a point T., T, € Mo satisfying

||i'7— - ETH S ﬁ\/; (4515)

Moreover, if SC holds at all T € Mcc the statements are true with /7 replaced
by T.

Proof. We firstly prove (4.5.15). Recall the local transformation constructed
above near any point T € M¢c, see 4.5.7. The union Uzc Meo Bl (Z) forms an
open cover of the compact feasible set Mo C X. Consequently we can choose
a finite cover, i.e., points x, € M¢cc, v = 1,..., N, such that with ¢, = (z,)
the set U, ~B? (x,) provides an open cover of M¢c and with 3, > 0 the
corresponding condition (4.5.10) holds.

By defining B.(M¢¢) = {z € X | d(x, Mcc) < €} we can choose some g¢, g9 > 0
(small) such that

B.,(Mcc) C U B! (z,).

v=1,...N
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By choosing € = ¢ and 7y in Lemma 4.5.1 we find for all 7, 0 < 7 < 7,

MT C Bg()(MCC) C U Bgu(x,,).

The second convergence result (4.5.15) directly follows by combining the finite
cover argument with the local convergence and by noticing that we can choose
as convergence constant the number § = max{f3,; v=1,...,N}.

To prove (4.5.14) we have to show that the following sharpening of the local
bound (4.5.9) holds: For T € Mg there exist 79, 70 > 0 and &, ¢ > 0, such
that for any € M¢ge N B2(Z) and for any 7, 0 < 7 < 79, there is a point
T, T € M, with

|zr — 2| < ay/T. (4.5.16)

Then a finite cover argument as above yields the global relation (4.5.14).

We only sketch the proof of (4.5.16). Let T € M¢¢ be fixed. In the proof
of Lemma 4.5.2(a) we made use of a local diffeomorphism T%(x) leading to re-
lation (4.5.9). This transformation 7% is constructed depending on the active
index set 1,(T) := [,5(T) U I(T) U I;(T) U Jo(T), see (4.5.6). For any x near T
we have I,(z) C I,(Z) and there are only finitely many choices for I, namely
IY, ... IR Soif we fix I') I! C I,(Z), any point & near T with I,(2) = I! yields
a local diffeomorphism T; which depends smoothly on Z, see the construction
(4.5.6). So we find a common bound. There exist «;,&; > 0 such that for any
r € Mcc N BL(T), with I,(7) = I’ there is a point z,, =, € M, such that, for
all small 7

|z, — 2| < /T

Then, by choosing ¢ = min{e; | i = 1,..., R}, and a = max{o; | i = 1,..., R},
we have shown the relation (4.5.16).
]

Remark 4.5.3 Lemma 4.5.3 proves that the convergence in the Hausdorff dis-
tance

dg(M,, Mcc) = max{ max d(x,, Mcc), max d(z,M,)}

T EM; rEMcc
between M, and Mcc satisfies dg (M., Mcco) = O(/T).

The above convergence results for the feasible sets have been derived under
MPCC-LICQ. Example 4.5.3 shows that some constraint qualification is needed.
However the MPCC-LICQ condition can be slightly weakened. We show this on
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a simple special instance of a feasible set, defined by only one complementarity
constraint:

r(z)s(z) = 0,
M ={zeR" r(z) > 0,
s(z) > 0.
The corresponding perturbed feasible set is then
r(z)s(z) = T,
ML=<SzeR" r(x) > 0,
s(z) > 0.

We say that MFCQ’ holds at z € M! if the common MFCQ condition holds at
= 1 _ n T(‘T) Z 07
T for My = {:BER s(x) > 0
following result.

}. Under this hypothesis we can prove the

Proposition 4.5.1 Let MFCQ’ hold at a point T € M*. Then the following is
true:

a) For any T, T > 0, small enough, there exists a point ©,, x, € ML such that
(a) Yy, : gh, p : ;

7 .|l = O(y/7).

(b) There are some e,79 > 0 such that for any z, € ML N B*(T),
0 < 7 < 7, there exists x, xf € M*, satisfying ||z] — z.|| = O(V/T).

Proof. (a) Let 7 € M! be fixed. First we consider the case in which SC holds,
i.e., 7(T) >0, s(x) =0or s(Z) >0, r(T) = 0. Then the MFCQ’ condition means
Vs(z) # 0 or Vr(T) # 0, respectively, i.e., MPCC-LICQ holds. So the proof is a
consequence of Lemma 4.5.2.

If r(Z) = s(Z) = 0, due to the MFCQ’ there is a vector £, £ € R" such that:

&'vr(T) >0, €£'Vs(@) > 0.

W.lo.g. we assume ||£|| = 1. Note that there is some t¢, o > 0, small enough
such that 7(Z +t£) > 0 and s(z +t£) > 0, for all ¢t < ;. Let 7(Z + to§)s(T + to€)
be equal to 19. We will construct, for any 7, 0 < 7 < 79, a point z, = T + t,£
such that z, € M! and ¢, = O(,/7). Applying the Taylor expansion we find:

(T +t€)s(T + t€) = ct® + o(t?),
where ¢ = (Vr(z)7€)(Vs(z)T€) > 0.
For any 7, 0 < 7 < 79, (70 chosen small), by the Mean Value Theorem, there

exists t,, 0 < t, <tg, such that (T + t,£)s(T + t,.£) = 7. As ct? + o(t?) = 7, we
have t, = O(y/7) and T + t,.£ € ML

66



(b) W.lo.g. we assume 7(Z) = 0,s(Z) > 0. If (Z) = 0 and s(Z) > 0 then MFCQ’
implies MPCC-LICQ and the result is a consequence of Lemma 4.5.2.

If 7(Z) = s(T) = 0, the MFCQ’ condition implies Vr(Z) # 0 and Vs(Z) # 0.
We assume that V. 7(7) # 0 and V, s(Z) # 0 (j may be equal to 1). Then,

we can choose ¢ > 0 such that for all z € B*Z), |V,r(z)] > &+ > 0 and

M,
}V:C].s(x)‘ > ML > 0 hold for some M,, M; > 0. This means that @ and

1
[V
|V—15(x)‘ are bounded.

zj
Now, we define the following diffeomorphisms, both similar to that used in

Lemma 4.5.2:

T.:U =V, T.(x)=(r(z),z2...,2,).

and
Ts: U — Vi, To(x)=(21,...2j-1,5(T), Tjs1, .-, Tn) .

T, (Ty) defines a local C'-diffeomorphism from U to V, (V respectively), where
U C BZ) and V,. (V; respectively) are open balls centered at T and (0, %o, . . ., Tp)
((Z1,...7j-1,0,Tj41, . . ., Ty) respectively).

Of course, for 7 small enough, x, € U. We now take 27 = T.71(0, (z2, ..., Tn)s)-
By construction, this point is in U and r(z7) = 0. Moreover,

a7 — | = 1770, (e, .. 20),) = T (), (22, . )

_ 0 <|| (Z[}(ﬁ ))_1 (7"(”5”7)) H)
_ 0 (I251) = O (r(z))).

Analogously if we define the point 2% = ((z1,...2j-1)r,0, (Tj11,...,2n)r), We
find |28 — z.|| = O(|s(z,)]) and s(zf) = 0. But as r(x;)s(z,) = 7, one of the
factors should be smaller that or equal to /7. If r(z,;) < /7 we put &, = 2"
and if s(z,) < /7, &, = 2. In both cases it holds that ||z, — x,|| < O (y/7) and
r(z,)s(z,) = 0. However, possibly 7(#,) < 0 or s(Z,) < 0 may occur. So, we
take zf = x, + t*d, where d = ‘(?Tﬂ‘”f) and

Fr—ar

\
t* =min {t | r(z, +td)s(x; +td) =0, t > 0}.

Note that now z] € M¢ce. As

2§ — @ || = t* < [|27 — 2+ ]| < O(V7),
we have ||zf — z.|| = O(y/T). So z; has the desired property. O

Remark 4.5.4 This lemma presents a local convergence result. A global version
can also be proven by compactness arguments as in Lemma 4.5.3.
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4.5.3 Convergence results for minimizers

We now discuss the implications of the results so far. In this section T € M¢go
denotes a (candidate) minimizer of Poc and T, a nearby solution of P., 7 > 0.
We begin with the following assumptions:

A, There exists a solution T of Poco and a continuous function
a : [0,00) — [0,00), @(0) = 0 such that for any 7, small enough, 7 > 0, we
can find a point x, € M, satisfying

27 = 7] < al7).

A,. There exists a continuous function g : [0,00) — [0,00), 3(0) = 0 such that
for any 7, small enough, 7 > 0, the following holds: we can find a solution =, of
P, and a corresponding point z, € M¢ce such that

[ = T[] < B(7).

As we shall see, A; leads to the upper semi-continuity and A, to the lower semi-
continuity of the value function ¢,.

As f € CY(X), due to the compactness of X, we can say that the function f
is Lipschitz continuous on X with Lipschitz constant L:

f(@) = f@)| <L-|z—z|, VizeX. (4.5.17)

Lemma 4.5.4 Let the assumptions Ay (see (4.5.4)), A1 and Ay hold and let
f € CYX). Then with the constant L in (4.5.17) it follows for all T, T > 0:

LB(1) < or — ¢ < La(7).

Proof. With the solution T of Poc and the points z, in A; we find, using the
Lipschitz condition (4.5.17),

pr — 0 < f(ar) = () < L a(r)

and in the same way under As,

o — o < f(2;) = f(T-) < L B(7).
O

To obtain results on the rate of convergence for the solutions 7, of P,, we have
to assume some growth condition at a solution = of Pgc.

As;.  We assume T is a local minimizer of Poo of order w, i.e., that T € M¢go
and for some k,¢ > 0 and w = 1 or w = 2 the following relation holds:

f(@) = @)z wllz —Z|*,  Voe Meoen BIT).

Sufficient and necessary conditions for this assumption are to be found in Sub-
section 4.4.2.
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Corollary 4.5.1 Let the assumptions f € C*(X), Ao, A1, As and As hold. Then
with the minimizers T, of P. in Ay and with some ¢ > 0 it follows that

[Z, —7|| < ¢ (alr) + B(7))
Proof. With the points 7,2, € M¢c and T, z, € M, in A;, Ay we obtain
f[(@) < f(@:) < f(@7) + LB(r) < flzr) + L B(r) < f(T)+ La(r) + L B(r)
and thus

1/w

0< f(z,)— f(T) < La(r)+ L B(7). (4.5.18)

Again by taking the point , € M¢c in Ay and using the condition As, together
with (4.5.18), it follows that

N —\\ 1/w

< B+ i (Lalr) + LA,

which proves the statement.

Corollary 4.5.2 Let Ay and MPCC-LICQ hold for Mcc. Let T € Mcc be a
global (or local) minimizer of order w = 1 or w = 2 of Poc. Then for any T,
small enough, T > 0, there exists a global (or local) minimizer T, of P, and for
(each of ) these minimizers it follows that:

Iz — 7| < O(v7*)

or

1z, — 7| < O(r%), if SC holds at .

Proof. By Lemma 4.5.2, M, # (). Then, due to Ay, the set M, is compact,
so P, has a global minimizer. Lemma 4.5.3 implies Conditions A; and A, with
a(t) = O(y/7) and B(1) = O(y/7). So, for the global minimizers, the inequality
directly follows by combining the results of Lemma 4.5.3 and Corollary 4.5.1.

For a local minimizer T we can restrict the feasible sets Mo and M. to a
closed neighborhood B. (F) (closed, to assure the existence of a minimizer 7).
Then the results hold for the (global) minimizer Z, in M, N B. (Z). But since
T, — T for 7 — 0, the points T, are also in the open set BZ(T), for 7 small
enough, i.e., T, are local minimizers.

O

Let us recall Example 4.5.4 with k = 2.
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Example 4.5.5 (c¢f. [47])

min 2% + x,
s.t. x1-x9 = 0,
Ty, T2 0

v

The minimizer T = (0,0) is of order w = 2 and it is a critical point satisfying

V(@) =0Vr(T)+1Vs(Z). So the MPCC-SC condition is not fulfilled. Here the

minimizers of P, read T, = <(§)é : (27-2)%>.

The preceding example (see also [47]) shows that at a local minimizer T of or-
der two, even under MPCC-LICQ, the convergence rate for ||Z, — Z|| can be
slower than O(y/7). Note, however, that this example is not a generic one
since the MPCC-SC condition does not hold. We will now show that in the
generic case this bad behavior is excluded. More precisely under the conditions
MPCC-LICQ, MPCC-SC and MPCC-SOC at a (local) minimizer Z, we prove that
the minimizers 7, of P, are (locally) unique and the optimal convergence rate
|z, — Z|| = O(\/7) takes place.

Theorem 4.5.1 Let T be a local minimizer of Poe such that MPCC-LICQ,
MPCC-5C and MPCC-SOC hold. Then for any T > 0, small enough, the local
minimizers T, of P, (near T) are wuniquely determined and satisfy
[Z- — || = O(v/7).

The same statement holds for the global minimizers T and T, of P and P;, re-
spectively.

Proof. To prove this statement we again consider the problem P, in standard
form, see the problem given in (4.5.7),

P, : min f(z)
s.t. hi(x) =z, x4y = 7, i=1,...,p,
hi(2) = iy - spri(z) = 7, i=1....,1=p, (4.5.19)
g](l') = Litp+j > 0, j=1...,q
Liy Lpag > 0, izl,...,p,
iy si(x) > 0, i=p+1,...,L
where Z = 0 is the local solution of Py with s,4;(0) =¢f >0, i =1,...,l —p.
Under MPCC-LICQ, the KKT condition for ¥ reads:
P l q
Vf(f) — Z(plez + aieHl) - Z pPi€; — Zlujel-i-p-i-j = 0. (4520)
i=1 i=p+1 j=1

with multiplier vector (u, p, o). Here e; denotes the canonical i*"-canonical vector
of R™. Due to the fulfillment of the MPCC-SC and MPCC-LICQ conditions at
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T, we have that p;, p;,0; #0, forall j =1,...,¢, ¢ =1,...,p. Moreover, as @
is a local minimizer these multipliers will be strictly positive. So, in (4.5.19) the
objective function f(z) has the form

p ! q
F@) =) (i + oiwid) + Y pitpri+ Y HiTugpss + (@), (4.5.21)
i=1 i=p+1 J=1
where |q(z)| = O(]|z]|*). For convenience we now introduce the abbreviations:
pl - (pla s 7pp>T7 p2 = (pp—i-la R 7pl)T7 01 = (0-1) s 70p)T7 :ul = (:ula R 7MQ)T7
! = (171,...,$p)T, z? - (Il-l-h‘"axl-f-p)T? ° = (l’p-‘rl)"wxl)Tv
ot = (Tpity - Tiapra)t 0 = (Tiprgrty -, Tn) ' and write z = ([z1]7, ... [2°]F).

In this setting, the tangent space at ¥ becomes
Tz=span{e; , i=1l+p+q4+1,...,n},

recall that Tz = C%, ¢f. (4.3.7). MPCC-SOC, together with the local minimizer
condition implies

V2 f(z) is positive definite on Ty or V2, f(z) = VZsq(z) = 0, (4.5.22)

and problem (4.5.19) reads

P min [p']"a! + [0 2? + [p°]T2? + [u']T2® + g(2)
s.t xiox? = 1, i=1,...,p,
x} - sppi(r) = 71, i=1,....1—p, (4.5.23)
;> 0, j=1,...,49

Note that, by the condition p! > 0, near T all inequalities x? >0,7=1,...,q
must be active.

As LICQ holds for z near to T = 0, the minimizers Z, of P, are solutions of
the following KKT system of (4.5.23) in the variables (z, A, v, v):

p1+V11q Z§Vm15p+1 .. z?ipvmlsl 0
Ty

ol + V.24 - 1 A+ a:“;’vm23p+1 . :c?_pvm2sl o+ 0

02+ V.34 21 I?Vz3ysp+1 + Spti1er - zlg—pv,zu? s+ sier—p 0

Ml + Vx4q 0 0 OP mivm4sp+1 . zi:ipvw4sl l(;

V54 0 0 0 IV 55p+1 . xy_,V 551
0 0 0
together with the constraints in (4.5.23). In this system the vectors ey, ..., e,

are unit vectors in R"?. For simplicity we omitted the variable z in the functions
q(z) and sp41(x), ..., s1(x).
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Now the trick is to eliminate the unknown A and to simplify (regularize) the
equations z} - 7 = 7 as follows. We define:
pl(x,y) = p'+Vaq— [2}Vausy . 3] Vas)y
o' (z,7) = o'+ Vu2q— 17V 2sp41 . 2] Va2s]y.
Asp' o' > 0and |¢(z)| = O(||z|?), near T = 0 we have p!' = p'+O(z)y+O(||z|*)
and ¢! = o' + O(z)y + O(||z||*). This means that both functions are strictly
2
positive in a neighborhood of (Z,7), where T = 0 and 7, = %, i1=1,...,1—p.
Recall that s,:,(0) > 0. So near this point the functions \/2—1 and ,/‘;—11 are
C!-functions of (z,7). From the system we deduce p} = x?)\;, 67 = x}\;. But

: 1,2 : ALl 2 PG}
since xz;zy = 7 it follows that p;o; = 7A7 or \; =/ =—. So

Sp+i

ol = \Jol ol and = [l

This means that the system above can be written equivalently as:

. VAR =0

it — VA -0

[23V s sp1 + spyrer ... x) Vessi+spaep|y —  pP— Vg =0,

(23Vasspi1 ... 2] Vass)y — Vas5q =0,

T3 Spi - T =0,

IIZ’;L =Y,
(4.5.24)

and the system corresponding to the multiplier v:

—(23Vasspyr ... 2} Vaess))y + p' 4+ Vag =v. (4.5.25)

The relation (4.5.24) represents a system F'(z,7,7) = 0 of n 4 [ — p equations in
n-+l—p-+1variables (z,7,7). The point (0,7,0),7 = (pi/5p41(0), ..., pi_,/5(0)),
solves system (4.5.24), recall that s;(0) > 0, ¢ = p+1,...,l. The Jacobian with
respect to (z,7) at this point (0,7, 0) has the form:

.TQ 3

! x ¥ x y
I 0 0 0 0 0
0 I 0 0 0 0
Sp+1
X X X X X
5 (4.5.26)
0 0 X 0 Vg 0
Sp+1
0 0 0 0 0
S1
0 0 0 1 0 0
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where X is some matrix of appropriate dimension. Recall that V,ig(0) = 0. The
matrix in (4.5.26) is regular since s;(0) > 0, i = p+1,...,l and V2;¢(0) > 0.
Then we can apply the Implicit Function Theorem to the system in (4.5.24). As
a consequence, near 7 = 0 it yields a unique solution (z(7),~(7)) differentiable
in the parameter /7. This implies (z(7),7(7)) = (T + O(/7),7 + O(/7)).
Substituting this solution (z(7),v(7)) into the equation (4.5.25) the variable v/(7)
is determined. Since the (local) minimizers Z, of P, (whose existence was shown
in Corollary 4.5.2) must solve the systems (4.5.24)-(4.5.25), clearly T, = z(7) is
uniquely determined. The unique multipliers w.r.t. P, are v;(7) corresponding
pio;

to x} = 0, (1) corresponding to x?s,y;(z) = 7 and
constraint x; - 2 = 7. This proves the statement for the local minimizers.

If 7 is a global minimizer we can argue as in the second part of the proof of
Corollary 4.5.2. Firstly by restricting the minimization to a neighborhood E; (7)
the result follows as above. The compactness assumption for M, and the fact
that T is a global minimizer (of order w = 2) exclude global minimizers T, of P

outside Bj (7).

belonging to the

O

In the next Corollary we indicate that the result of Theorem 4.5.1 is also true
for C-stationary points satisfying the conditions MPCC-LICQ, MPCC-SC and
MPCC-SOC.

Corollary 4.5.3 Let T be a C-stationary point where MPCC-LICQ, MPCC-SC
and MPCC-SOC hold. Then for any 7 > 0, small enough, there exists uniquely
determined critical points x. of P., converging to X according to

|z, 7] = O(v7).

Proof. Note that since T is a C-stationary point and MPCC-SC holds, it follows
that p; - 0; > 0, i € I,4(T) and p > 0. The condition (4.5.22) will then be re-
placed by the fact that V2_g(z) is non-singular. The rest follows as in the proof
of Theorem 4.5.1. O

Remark 4.5.5 Note that the hypotheses used in Theorem 4.5.1 and Corollary
4.5.8 are generic, see Theorem 4.4.1.

Remark 4.5.6 The results above guarantee the existence of a sequence of local
minimizers (stationary points) of P, converging to the non-degenerate local min-
imizers (stationary points) of Poo. For computing this sequence numerically, the
constraints r;(z)s;(z) = 7, and r;(x), s;(x) > 0 can be modeled equivalently with
a unique equality ¥, (ri(x), s;(x)) = 0 where 1, : R* — R is a so-called parame-
terized NCP-function satisfying ¥, (x,y) = 0 < x,y > 0 xy = 7, see e.q. Chen
and Mangasarian [9].
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Let us note that from the results of this part we also can deduce the convergence
results for the relaxation P see (4.5.2) and [47], under the stronger MPCC-LICQ
condition. Let us reconsider this relaxation P=. Suppose we have given a local
solution T of Pr¢ such that MPCC-LICQ holds and, with corresponding Lagrange
multipliers, MPCC-SC, MPCC-SOC are satisfied, i.e., by Theorem 4.4.4, T is a
minimizer of order w = 2. In view of Corollary 4.4.2, 7 is also a solution of the
relaxed problem Pg(7) in (4.3.3) and by using MPCC-SC it follows that for any
7 > 0, small enough, for the solutions Z, (near Z) of PS (see Remark 4.5.1), the
conditions r;(z) s;(x) < 7,4 € I,4(T), are not active but that

(i) =0, Vi€ (@), (4.5.27)

<
S
—~
8
Bl
N~—r
I
®»
S
~~
8
Bl
N~—r
I

holds. So, to analyze the behavior of the solution z, the whole analysis can be
done under the condition (4.5.27), i.e., we are in the situation as for the case that
the SC' condition holds. Consequently, instead of the convergence O(y/7) (cf.,
e.g. Lemma 4.5.2), we obtain a rate O(7) and in the same way the analysis in
Section 4.5 simplifies resulting in a convergence behavior ||z, — Z|| = O(7).

Remark 4.5.7 We wish to emphasize that the convergence results of this section
can be generalized in a straightforward way to problems P,,, m > 3, containing
constraints of the product form:

ri(@x)ra(x) () =0, ri(z),re(x), ... rn(z) > 0.
Here at a solution T of P,, where all constraints r; are active, i.e.,
r(T) =m(T) = ... =1n(T) =0,
a perturbation r1(x)ro(x) - - -y (x) = 7 will lead to a convergence rate
Iz, — 3l ~ O(/),

for the solutions T, of the perturbed problem. Also all other results can be extended
i a straightforward way to this generalization.

4.6 JJT-regularity results for P,

In this section we are going to consider P; (see (4.5.1)) as a 1-parametric problem.
Using the JJT-regularity, we will proof that for a generic Poe (see (4.1.2)) with
(fo71s e s 7181, ooy S, G1y -+ 5 g) € [C3]LTHH4 the one-parametric problem P,
is regular for 7 € (0, 1] in the sense of Definition 2.4.7.

We firstly deal with the LICQ condition. For this part we can weaken the differ-
entiability hypothesis and assume (rq,..., 7y, 81,...,5,01,---,94) € [C?4HF
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Note that, for all x € M., 7 > 0, the values of the functions r;(x), s;(x)
are strictly positive. So the active index set is Jo(z,7) = {j | gj(z) = 0}. By
definition LICQ fails at a point x € M., 0 < 7, if

l

Z[si(a:)Vn-(x) + 7i(2) Vs ()N + Z 1 Vgi(x) =0, for some (A, p) # 0.
i=1 j€Jdo(z,T)

(4.6.1)

We define the set M° = {(x,7) |0 <7 <1, x € M, such that (4.6.1) holds},
and M = {(z,7) € M°| (4.6.1) holds with u; # 0, Vj € Jo(x,7)}. Then the

following is true.

Proposition 4.6.1 Let (r1,...,77, 81,81, 91,---,9q) € [C?|5HT be given. Then

for almost every linear perturbation of ri,g;, 1 = 1,...,1, 7 =1,...,q, the set
MO is a discrete set and M° = M?.
The set of functions (r1, ..., 71,81, ., 81,01, -, 9q) € [CE]LHT see Definition

2.8.1, such that M° is a discrete set and M® = M, is generic in [CZ]LFH4.

Proof. As g;, j = 1,...,q, are non-parametric functions, not depending on 7,
from the standard genericity results we can conclude that for almost every linear
perturbation of g¢;, the vectors Vg;(z), j € Jo(x,7) are linearly independent
at all points (z,7), © € M., 0 < 7 < 1. So, in the rest of the proof, we will
assume that the latter property holds. Now we will prove the statements of the
proposition for 7 € [, 1], where k € N is fixed.

If LICQ is violated for P, then, by normalizing and possibly changing indices,
the following system is solvable:

Vri(z)si(z) + Vsi(@)ri(z) + >, Vg;(x)p,
j€Jo(x,T)
1
+ > N(Vrisi + Vsiry)(x) = 0,

=2

ri(z)s;(x) = 7, i=1,...,l,
gj(z) = 0, ] € JO($77)7
i = 0, jeJpC Jo(l’,T).
(4.6.2)

For the perturbation (r; +bfx+c¢;), i = 1,...,1, the Jacobian of the system with
respect to (z, 7, A\, i), A = (Aa,...,A;)), and the parameters by, ¢ is of the form:
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oz or O\, 1 oby Jdc

S1 0
®$CL’ 0 ® o . 0 +VS1 [x17"'7x7’l] VS1’®
0 S1
-1 S1
® : 0 81|:.T1,...,5L‘n:|
: 0
-1 S
vt 0 0 0 0
9o (x,7)
0 0 0y 0 0

(4.6.3)

diag(sy...s1)n + Vsy[z1,...,2,] Vs

s1(x)[x1, ..., ) s1(x

si(z) > 0 for 7 € [1,1]. Then the first n+1 rows in (4.6.3) are linearly indepen-

dent. So the matrix (4.6.3) has full row rank if and only if the following matrix
has also full row rank:

The matrix : ( ) ) is non-singular, since

Ox or O\, Oby dc
-1 So
X : 0 0
—1 S
vggJO(J?,T) 0 0
0 0 0Ly, O 0

But the latter is a direct consequence of the facts that s;(z) > 0, Vo € M., 7 > 0,
and the linear independence of V,g;(x), j € Jo(x, 7).

Applying the Parameterized Sard Lemma (c¢f. Lemma 2.3.1) it follows that for
almost every linear perturbation of r;, i = 1,...,[, the sub-matrix of (4.6.3) cor-
responding to d(z, T, A, p) has full row rank at all solutions (z, 7, A, i) of (4.6.2),
7 € [+, 1]. So the number of rows, n + [+ |Jo(z,t)| + |Jp|, must be smaller than
or equal to n+ 1+ 1 — 1+ |Jy(z,7)|, the number of unknowns (z, 7, A\, pr). This
implies |Jp| <0, i.e., u; # 0 for all j € Jy(x, 7). Consequently, the full row rank
condition for (4.6.3) implies that for almost all linear perturbations, the following
matrix is non-singular at all solutions (z, 7, A, ) of (4.6.2), T € [1,1]:

al’ 67' a)\a H
Q.o 0 Valrsse) ... Va(risi) Vi guer)
Vz(ﬁSl)T —1 0
. (4.6.4)
: -1 0
vw(rlsl)T -1 0
Vngo(gﬁ,‘r) 0 0
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!
Here ®,, = V2 (r1(z)sy(x)) + 22 ANiV2 (ri(z)si(x)) + Z( ),ujVﬁgj ().
1= j€Jo(z,T

So, as the number of equations and variables of the system (4.6.2) (now with-
out the equations p; # 0) are the same, it describes a 0-dimensional manifold,
i.€., the solution set is discrete.

The perturbation result for 7 € (0, 1] follows by taking £ = 2,3,..., and by
intersecting the corresponding sets of parameters.

Now we will prove the genericity statement for 7 € [%, 1], where & € N is
fixed.
The dense part follows directly from the above perturbation argument as in the

proof of Theorem 2.4.1, ¢f. Theorem 6.21 of [21].

For the open part, we assume that for the functions (r*(x),s*(x),¢*(z)) €
[CE]LF+4 the property of the proposition holds for all 7 € [1,1]. We have to
find a neighborhood Vi) of r*(x),s*(x),¢g*(x), given by a continuous positive
function é(z), where this property remains stable. (For simplicity we often skip
the variable x).

By Theorem 2.4.1, for the parametric problem, there is a neighborhood defined
by a function €y(z, 7) such that for (iLO, 70,50, 90) € Veg(a,r)(r¥s* —T,7%, 5%, g*), the
corresponding feasible set is regular, e.g., in the feasible set

g()j(x,T) Z 07 = 17 4,

n rOi(xaT) 2 07 1=1, '7l7
<m,T)€R xR 02‘(1‘7T> Z Oa vt=1,. 'al7
hoi(x,7) = 0, i=1,...,1

LICQ fails at most in a discrete set. Moreover, at the points (x,7) where LICQ
fails we have:

for any non-trivial linear combination of the active constraints, the coefficients
corresponding to the active inequality constraints are no-zero.
(4.6.5)
In case of g.c. points of type 4 or 5, this property corresponds to the fulfillment
of condition (4b) and (5b) in Definition 2.4.5 and Definition 2.4.6 respectively.
As in the proof of Proposition 3.4.1, we define the continuous and positive function
€(r) = min eg(x, 7).
TE[%,l]
Now let the functions (ﬁi,ri, si, ;) R*"—=R, i=1,...,1, j=1,...,q, be such
that |ri(z) — rj(z)] < e(x), [s:(x) = 57(2)] < e(@), |hi(x) = 7} (x)s](x)| < e(x),
lg;(z) — 9; ()] < e(x) and the partial derivatives satisfy an analogous inequality.

~

It is clear that (h —7,7,5,9) € V(o) (r"s* — 7,7%, 5%, g*). So, by assumption, for

7



all (iL —7,7,8,9) € Vo) (r*s*,7*, 5, g*), at the associated parametric set:

giz) > 0, j=1,...,q,

" ri(x) > 0, i=1,...,1,
(x,7) e R" xR (@) > 0, i=1.. .1,
hi(x)—1 = 0, i=1,...,1

LICQ fails in at most a discrete set and condition (4.6.5) holds.

Now we will shrink the function €(z) to obtain a neighborhood V(. of (r*, s*, g)
such that (r, s, g) € Vi) means (rs,r,s,g) € Ve (r*s*,r*, s*, g*). Let us consider
the CZ-neighborhood defined by the function:

where

co(z) = 46(9@’)4—;

* * n or? (z Os} (x
i@+ i)+ X (1% + a;)ﬂ]
I n n
o°ri(x 8%s*(
+ Y3 155+ 155
i=1j=1k=j

As é(z) is the minimum of two continuous and positive functions, Vz(,) defines a
strong neighborhood.

If rj € Ve (r7), then |ri(x) — ri(z)| < é(z) < e(x). A similar relation holds
for the functions s; and ¢; and their first and the second derivatives. Then,
75(7) € V) (17), 8i(7) € Vi) (57), gj(x) € Vewy(g;) fori=1,...,1, j=1,...,q.
We now prove that if (1, s;) € Vi) (r)) x V(z ( ) then r;(z)s;(x) € Vi) (ris)).
So, for all g; € Vi(wy(g7), 1 € Ve (r ( ;‘), s; € V(w)( si),1=1,...,01, 5=1,...,q,
the corresponding set M, will satisfy the properties of the proposition. First we
have:

[si(@)ri(x) —ri(2)s;(2)] < [si(@)||ri(z) — i (@)] + |r7 (2)]]si(2) = 57 (2)]
<€) [|si(x)] + [ri ()]
But as |s;(z) — s} (2)] < é(z) < e(z), so |s;(z)] < e(x) + |si(z)| and
[si(@)ri(z) — ri(x)s; ()] < é(x) [e(x) + |57 ()] + [ri (2)]]

e(x) [e(x) + [si(@)] + |r ()]

S e | B peos TR
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For the first order derivatives 0 = , we find:

|0(r8;) — O(rfsy)] |8;0r; + 1;08; — s;0rf — rfds]|

< |s;0r; — si0rf| + |ri0s; — r}0s]|
< |si||Or; — Orf| 4+ |OrF||si — s¥|+
+[ril|0si — r70s7| +|0s7||ri — 17|
()] +|9slé(x)

I IA

é(x)le(x) + 7] +|Or7|é(z) + é(x)[ry +
<

e(x)]
e(@)llsil + |ri| + 10r7] + 1957 + 2€¢] < é(x)co()-

8
—

Then, using é(z) < <

, we also obtain:

o
=)
—~
8
N

|0(ris:) — O(risy)| < e().

For the second derivatives we can similarly prove the inequality
|0%(risi) — *(ris))| < e(a).

Then for all functions (7, s, g) € Vi), it holds that (rs,r,s,9) € Vi) (r*s*, 7%, 5%, g%)
which proves the open part.

Together with the density we have shown the genericity result for 7 € [%, 1].
Now taking the intersection of the corresponding open and dense sets in O3]+
for k= 2,3, ..., we see that generically M° is a discrete set and M° = M!.

O

Remark 4.6.1 Note that, as a consequence of the Parameterized Sard Lemma,
it also holds that for almost every linear perturbation of (r,g) the matriz (4.6.4)
is non-singular for all solutions (z,T,\, ) of system (4.6.1)

Remark 4.6.2 A similar result can be proven if instead of C%, we consider C%.
The only difference is that in the open part of the proof the function é(x) will be

smaller in order to assure \#msz(x) Wr si(x)] < é(x) for all

Tl 1 Thg

’L—l ..,l, k’l,k'Q,kg 1 L, Nn.

Proposition 4.6.2 Let (f,ry,...,71,81,..,8,01,---,9) € [CELTHH be fized.
Then for almost every perturbation, linear in (11, ...,71, 81, .., Si, 15, 7q) and
quadratic in f, the corresponding parametric problem P, T € (0, 1] is reqular on
(0, 1], see Definition 2.4.7.

In particular, the set of functions (f,r1,...,7,51,---,51,91,---,9q) € Floa, 5
generic in [C3|LHH+a,

Proof. By Proposition 4.6.1 and Remark 4.6.1, for almost all linear perturbation
of (r1,...,71,91,---,94), LICQ is not fulfilled only in a discrete set (i.e., M is

79



a discrete set) M" = M! and the matrix (4.6.4) is non-singular at all solutions
(z,7,\, ) of system (4.6.1) with (x,7) € M°. Let us fix an arbitrary linear per-
turbation (C,d,, Cy,d,) € R™H+a+1 of the constraints satisfying the previous
statements and denote the associated (perturbed) functions by (7, 8, §). Now the
corresponding feasible set M., is fixed and we again consider the two cases: the
generalized critical points (x,7) where the LICQ condition holds and where it
fails.

We now can show that, for almost every quadratic perturbation f of f(x),

n(n+1)

given by (A,b) € R~ =2 " the generalized critical points of P,, 7 € [%,1]

(corresponding to (f, 7,8, ¢G)) where LICQ holds are of type 1, 2 or 3. This can
be done following the lines of the proof of Theorem 2.4.1 (see Theorem 6.18 of
21)).

Now we consider the case where LICQ fails. Let (Z,7) be an arbitrarily fixed
point where LICQ fails, i.e., (Z,7) € M" Note that such a point is a g.c.
point. As can be derived using the proof of Theorem 2.4.1 (see Theorem 6.18,
[21]) (z,7) is a g.c. point of type 4 or 5 of the perturbed problem, for almost
all quadratic perturbations f of f(z) given by (A,b) € R*5™ . As MO has
only a discrete number of elements, if we intersect for all (7,7) € M the sets
of parameters (A, b) such that, for the corresponding perturbed problem, (T, 7)
is a g.c. point of type 4 or 5, we obtain that, for almost all quadratic pertur-
bations of f(z), all points where LICQ fails are g.c. points of type 4 or 5. If
we intersect this set of parameters (A, b) with the set of (A,b) such that the g.c.
points satisfying LICQ are of type 1, 2 or 3, we have proven that for almost
all arbitrarily fixed (C,,d,, C,,d,), for almost every (A,b) the g.c. points of the
corresponding perturbed problem P, are of type 1, 2, 3, 4 or 5. Now the first state-
ment of the Proposition is a direct consequence of the Fubini theorem in the set
Rintlranta y R*5+n,

For the genericity result, we have to show that the set of functions
(f,71, s 7181, 81,015 - - -5 §q) € [C2]LHFH4 such that the corresponding prob-
lem Py, is JJT-regular on [1,1], is open and dense in [C§]},HFH9.

The open part is proved in the same way as in the proof of Proposition 4.6.1 and
the density is obtained as in the classical case by using partitions of unity. O

Remark 4.6.3 By using ideas similar to those of the proof of Theorem 4.5.1
it can be seen that if Poc is reqular in the MPCC-sense then, for all (x,,T)
satisfying (x,,7) € X4 and x, — T € Mce, when T — 07, it follows that for
T <1, (z,,7) is a non-degenerate critical point.

The previous results enable us to apply a pathfollowing algorithm for solving
P, 7 — 0, because, at least locally, a program like PAFO, by Gollmer, Kaus-
mann, Nowack, Wendler and Bacallao [18], will be able to perform a continuation
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proces on the set of g.c. points around points of type 1 and to handle the singu-
larities in the generic case for 7 € (0, 1].
4.7 Parametric problem

In this section, we consider one-parametric Mathematical Programs with Com-
plementarity Constraints

Poe(t) - min f(x,t)

s.t. zx¢€ Mcc(t) (4'7.”
hk<$7t) = Oa k:L--wCIm
gj<x7t) Z 07 jzla"'7Q7
Mee(t) =qx€eR” ri(z,t) > 0, i=1,...,1,
si(z,t) > 0, i=1,...,1,
ri(z,t)si(z,t) = 0, i=1,... L

t € R. For simplicity we again use the abbreviations h = (hy, ha, ..., hy),
g =(91,92,--.,94), ¥ = (r1,72,...,7) and s = (s1,S2,...,5) and assume at
least (f,h,g,r,s) € [C? Tttt

The section has two parts. We begin with a brief study of the feasibility problem
find x € Mcc(t), t € [0,1], when n = [, ¢ = go = 0. The non-parametric case is
also considered.

In the second subsection, the local behavior of the solution set of general problems
Pce(t) is analyzed under generical assumptions. We also describe the singulari-
ties that may appear in the generic case.

Im

4.7.1 Structure for the special case n =1[,g=¢qy =0

Let us consider the problem:

for each ¢, find x such that z € M¢ge(t) (4.7.2)
where
ri(z,t) > 0, i=1,...,n,
Mcee(t) =z eR” si(x,t) > 0, i=1,...,n,
ri(z,t)si(z,t) = 0, i=1,...,n

A particular case is the so-called 1-parametric nonlinear complementarity prob-
lems (NLCP) (for the non-parametric case see (3.4.4)):

x > 0,
for each ¢t find z € R" such that O(z,t) > 0, (4.7.3)
d(x,t)fz = 0,
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where ® € [C®]" ;. Problem (4.7.3) can also be seen as the 1-parametric VI
problem VIP(t; ®(z,t),R7Y), see (3.2.1).

For the present case, n = [, ¢ = qo = 0, we will prove that, generically,
the set {(z,t) | © € Mce(t)} may locally be described by a curve (z(t),t), or
may bifurcate into two branches or may have quadratic turning points. In the
non-parametric case we show that generically M is a discrete set.

Asri(z,t)s;(x,t) = 0 must hold at feasible points, at least one of the functions
ri(z,t) or s;(z,t) is equal to 0. So, to simplify the presentation we will often
assume, w.l.o.g., that at a feasible point (7, t), the condition 7(Z,t) = 0, s(Z,t) > 0
holds. As usual, we define the active index set as:

I(x,t) = {i|ri(z,t)=0, si(z,t) >0},
I (xz,t) = {i|si(z,t)=0, riy(z,t) >0}, (4.7.4)
Lis(z,t) = {i]|ri(zt)=si(z,t) =0}

The non-parametric case.

In this part we study the non-parametric version of problem (4.7.2):

Find z € S, (4.7.5)
ri(x)si(z) = 0, i=1,...,n,
So=1czxeR" ri(x) > 0, i=1,...,n,
si(z) > 0, i=1,...,n.

The following genericity result holds for (r,s) € [C™]"+".

Proposition 4.7.1 Generically, with respect to the [C%]-topology on [C>®]|"+",
the functions (r,s) define a set Sy which is a 0-dimensional manifold, i.e., it is
a discrete set. Besides, generically, at each © € Sy it follows I.,(x) = & and
(V71 (@) (%), Vi, () (2)] is a regular matriz.

Proof. By definition, at all feasible points, at least n constraints are equal to zero.
W.l.o.g., and possibly after changing the roles of r; and s;, we assume r(z) = 0 and
s1(x) = so(x) = ... 8,(x) =0, 0 < lp < n. The result now is a direct consequence
of the Jet Transversality Theorem, Theorem 2.3.1, applied to the functions (r, s)
with respect to the jet-manifold {(z, z,u) € R"™*" | r(z) — 2 =0, s(z) —u =0}
and the manifold R" X 0,4, % R»lo,

O
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The one-parametric case.

Now we turn back to problem (4.7.2) in order to study the structure of the set

ri(z,t)si(z,t) = 0, i=1,...,n,
M= (z,t) eR" xR ri(z,t) > 0, i=1,...,n,
si(z,t) > 0, i=1,...,n

We will always assume (r,s) € [C®|"t}. Firstly, we will discuss the different

generic types of solution points (z,t) that may appear using first order informa-
tion.

n-+n

Proposition 4.7.2 Generically, with respect to the [C%]-topology on [C]n 1T,
the corresponding set M is such that if (Z,t) € M, then one of the following
three conditions s fulfilled:

(a) Ls(T,t) = & and V. [ryz3(Z,1), 51,5 (T, )] is non-singular. Then locally
around (T,t), M is deﬁned by a curve (z(t),t), z(t) ==, t € [t — e, t + €],
for some €, € > 0.

(b) 1,s(T,1) = B, Val[ry,zp (T, 1), 81,z5(T,1)] has rank n — 1 and the matriz
Veolr,ezn@ 1), 51, )( t)] has mnk n.

(c¢) Is(T,t) is a singleton, i.e., I.4(T,t) = {i*}, and the matriz
A\ [rlr@g) (7, f),sjs(ﬁ) (T, t), 1 (T, 1), 54 (T, Z)} is non-singular.

Proof. Let the sets I.(T,t),1.s(T,t),[s(T,t) be fixed.  We will assume,
w.lo.g., that I(Z,t) = @ and L(Z,t) = {1,...,l}, ie, 7(ZT,t) = 0 and
s1(z,t) = ... = 5,,(7,t) = 0. By the Jet Transversality Theorem, ¢f. Theorem
2.3.1, generically in (r, s), the jet manifold (z,t,r(x,t), s(z,t)) and the manifold
R™ X R X 044, X R"~b intersect transversally.

In other words, if we define

M, = {y = (v,t,2,u) € RMTHHn+n

i .

z = 0,
U; = 0, izl,...,lo

then at all ¥ € My N M,, the gradients of the functions defining M; and M, are
linearly independent. This means that, the following matrix has full row rank at
all y S M1 N Mg,

and
M, = {y = (z,t,2z,u) € R*TIHntn

or Ot 0z Ou

Vr Vr =1, 0

V,s Vs 0 —1I,
0 0 I, 0
0 0 0 I,|0
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Then, the number of columns (n + 1 4 2n) must be greater than or equal to the
number of rows 2n + n + ly, i.e., Iy < 1. So, if [p = 0, due to the rank con-
ditions, V(, 47 (T,t) has rank n. In this case either V,r(Z,?) is non-singular or
V.r(zT,t) has rank n — 1, corresponding to conditions (a) and (b). If [y = 1 the
non-singularity of V) [rr. @5 (T, 1), 7:+(T, ), 5+ (T, )] follows from the rank con-
dition. The result is now a consequence of intersecting the generic sets resulting
for all finitely many possible combinations of I,.(Z,t), Is(Z, ), I,(T, ).
O

Remark 4.7.1 If we consider the 1-parametric NLCP, see (4.7.3), as the vari-
ational inequality problem VI(t; ®(x,t),R%), the generic possibilities of Propo-
sition 4.7.2 can be identified with the following cases of 1-parametric VI g.c.
points, see Definition 3.2.2 and [19]:

Points satisfying (a) are non-degenerate critical points of VI(t; ®(x,t),R%).
Case (b) corresponds to points where the condition V I-1c in Definition 3.2.2 is vi-
olated. Finally for points satisfying (c) the condition VI-1b, see Definition 3.2.2,
fails.

Now we will specify the conditions given in Proposition 4.7.2 (b) and (c) and
define generic singularities in order to determine the local behavior of M. In
the case of NLCP, these singularities will coincide with those described for the
1-parametric problem VI in Section 3.3.

For a point (T, t) € M of type VI-2 we need the fulfilment of condition (c¢) of
Proposition 4.7.2 and the regularity of the matrices :

[VITIT (z,t) (E7 z)? VISIS (z,t) (E, %>7 vxri* (f? %)]
(4.7.6)
(Vors,@5)(T, 1), Vasyz7)(T,1), Vase (T, 1)].

n-+n

Proposition 4.7.3 Generically, with respect to the [C%]-topology on [C=]n 1T,
the matrices given in (4.7.6) are reqular at the points (T,t) satisfying (c) in
Proposition 4.7.2.

Under these assumptions, for the case I.,(T,t) = {i*}, the set M bifur-
cates into two branches: one corresponding to the solutions of 1y 77 (w,t) = 0,
sr@n(0,t) =0, e (2,1) = 0, si=(w,t) > 0 and the other given by r; 3 (x,t) =0,
Sr.@n(T,1) =0, sp(x,t) =0, r=(2,1) > 0.

Proof. Let (Z,t) € M satisfy the condition given in Proposition 4.7.2-c. W.l.o.g.,
we assume I,(T,t) = @ and [,4(Z,t) = {1}. First note that V,r(Z,t) will be
singular if and only if, up to some permutations of columns and rows, the following
relation holds for some ng > 0:

-1
Tq =TTy Tb,
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where V,r is decomposed as V,r = (T“ rc), rank(V,r) = rank(ry) and

'y T4
r, € RM0x"n0,

Now we fix a possible decomposition and consider the manifold

z = 0,
M2 =4\Yy= (1’, ta Z, U, zlv ul) € Rn+1+n+1+n(n+1)+(n+1) u = 07
ze =22 = 0

and the jet manifold

r(z,t) —z =

n+14n+1+n(n+1)+(n+1) si(z,t) —u =
cR Vienr(z,t) — 2l =
Vpsi(z,t) —u =

My ={y=(xtz2u .z, u)

cooo

1

1 11
5 79 ), thesub-matrix | ¢ ¢
2; 2 z

d *f b ~d

to Vyr(z,t). Using the Jet Transver-

z z,

V4 V4

= =

: o z
in the corresponding jet space. Here z! = (
1
e
!

corresponds to V,r(z, t) and the vector <Z

f
sality Theorem, Theorem 2.3.1, generically in (r,s), it follows M; M M,. This
means that the following matrix has generically full row rank at y € M; N Ms.

ox ot 0z Ou 0z! out
V.r V.r -1, O 0 0
Vesi Vst 0 —1 0 0
Vir  V,V,r
ViV Vi 0 gy 0
stl VtvxSl
Vtv$81 V?Sl 0 0 0 _In+1
0 0 1, 0 0 0
0 0 0 1 0 0
0 0 0 0 Ip® o0

This implies that the number of columns is greater than or equal to the number
of rows, i.e,n+1+n+1+n+1)(n+1)>n+1+n+1)(n+1)+n+1+nd
So ng = 0 or, equivalently, V,r has full rank. Taking all possible decompositions
of V,r, it follows that, generically, V,r(Z,t) is regular as desired. Analogously,
generically the matrix (V,ro(Z, 1), ..., Vor, (T, 1) V.1 (T, 1)) is also regular.

We have proven that, generically, the matrices given in (4.7.6) are non-singular
for (z,t) € M satisfying (c) in Proposition 4.7.2. Under this regularity condi-
tion, we can guarantee the existence of curves (z1(t),t) and (xo(t),t) satisfying
r(z1(t),t) =0, t € [t — e, t + €], ri(xa(t),t) =0, i = 2,...,n, si(xa(t),t) =0,
teft—et+e and z1(t) = 22(t) = T for some € > 0.
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The relation 7(x1(t), t) = 0 implies V,ri,+Vyr = 0. Since the matrix V, 4 (7, 51)
is non-singular, it must follow that V,s;zy + V;s; # 0. This means that
around ¢, si(z1(t),t) is either an increasing or a decreasing function of t. In
any case, by moving along the curve, in which r(z1(¢),¢) = 0 holds, one and
only one of the branches, either for ¢ > t or ¢ < ¢, will be (locally) feasible with
s1(z1(t),t) > 0. A similar situation occurs if we consider the curve (z4(t),t) given
by s1(zo(t),t) = 0, ri(x2(t),t) = 0,i = 2,...,n.
([

In the case of points (Z,t) of type VI-3, see Section 3.3, higher order conditions
should be added to condition (b) in Proposition 4.7.2. We give the following
result without proof. For the proof, which can be done along the lines of the
proof of Proposition 4.7.3, a 2-jet manifold will also be required.

Proposition 4.7.4 Generically in [C3]M1}, the points (T,t) € M, where condi-
tion (b) in Proposition 4.7.2, holds are non-degenerate critical points of:

mint
st. rp@plet) = 0,
Sp@p(@,t) = 0.

At points (Z, t) where the conditions of the previous proposition hold, the set M
has a turning point.

Concluding, we have obtained the generic types of solution points for problem
(4.7.2). In the case of NLCP, these types coincide with the singular points defined
in [19] for one-parametric V1.

4.7.2 One parametric Po¢

In this section we extend the concepts and regularity results of standard 1-
parametric finite problems (2.2.1) to 1-parametric mathematical programs with
complementarity constraints. We will also present the singularities that may ap-
pear generically at g.c. points.

Let us consider the parametric problem Poe(t), t € R, where

Pcc(t) : min f(iC,t)
s.t. x € Mcc(t) (477)
hk<l‘,t) = 0, k= 1,. , o,
gj<x7t) > 07 J=1L1...,9
Mcee(t) =z €R” ri(x,t) > 0, i=1,...,1,
si(z,t) > 0, i=1,...,1,
ri(z,t)si(z,t) = 0, i=1,...,1
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These problems have been studied in [24] from a local viewpoint. The continuity
and differentiability of the value function with respect to the parameters was an-
alyzed around a non-degenerate stationary point. Here we will study the generic
behavior of the whole set of solution points.

To cover all possible singularities, we analyze the problem with additional
equality constraints. As in the non-parametric case, the active index sets are:

JO(fv ?) = {] | gj (E’_E) = 0} ) _
Lzt = {i|n@t) =0, s(71) > 0%,
Is(f@ = i SZ(E,I_f) =0, r,-(_f, t)>0¢,
Ls(z,0) = {i|n(@t) =s(z,7)=0}.

The definitions of the Lagrange function, multipliers, stationarity, MPCC-SC and
MPCC-SOC can also be easily extended from the non-parametric (see Section
4.3) to the parametric case.

Definition 4.7.1 Let

Aof(fv,t)—é M@ t) — Y (o, t) + ousi(a, 1))

i€lrs(T,t)

— > migilzt) = X prix,t) = >0 oisi(w,t)

J€Jo(,t) i€l (Z,0) i€l (1)

L(.Z', ta >\07 >\7 Yy sy Py U) =

be the Lagrange function. Then for problem Poc(t):
- MPCC-LICQ (MPCC-MFCQ) holds at (T, t) if it is satisfied at T € Mcc(t).

- (z,t) is a Fritz John, (weakly, C-, M-, A-, B-, strongly) stationary point
if T is a Fritz John, (weakly, C-, M-, A-, B-, strongly) stationary point of
problem Poc(t). The set of strongly stationary points will be denoted as
Estat-

- MPCC-SC(SOC) holds at (T, t) if MPCC-SC(SOC) holds at T for problem
Poe(t).

As already done in (4.3.3), we will define the relaxed problem corresponding to
Pco(t) at a feasible point (T, t)

PEI(t) - min f(z, )

! 47.8
st zeMP) (4.78)

hk<£L‘,t) = 0, l{zl,...,qo,

- gilx,t) > 0, j=1,...,4q,
Mgt) )=z eR" | riz,t) = 0, si(z,t) > 0, i€ (T,1),
si(z,t) = 0 rix,t) > 0, i€ (7,1),
ri(x,t) > 0, si(x,t) > 0, i€ LT, 1).



The next lemma establishes the relationship between Mg’i)(t) and the set of
feasible solutions of the original problem.

Lemma 4.7.1 Let T € Mcc(t) be given.  Then there is a neighborhood
Ve x Vi of (Z,t) such that for all t € V, it follows that V, N Mcc(t) C M&f@ (t).
Moreover, if t € V; and x € V, N Mcc(t), then L4(x,t) C I5(T,t).

Proof. By continuity, there is a neighborhood Vy = V,, x V; of (Z,t) such that
(x,t) € Vo implies s;(z,t) > 0, i € I.(7,t) and ri(z,t) > 0, i € I(7,t). If
(x,t) € Vo and © € Mcge(t) then ri(x,t) = 0, i € I.(7,t) and s;(x,t) = 0,
i € I{(%,t) while for i € I4(T,t), ri(z,t)s;(z,t) = 0, ri(x,t), si(z,t) > 0.
This means = € Mg’g) (t), the feasible set of the parametric relaxed problem
Pgi) (t). As a direct consequence I,s(x,t) C I4(T,¢) for all (x,t) such that t € V,

S M(jc(t) NnV,.
|

As usual, instead of studying the structure of the set of local minimizers or sta-
tionary points of Poo(t), it is more natural to analyze the larger set of generalized
critical points.

Definition 4.7.2 We say that (T, ) is a generalized critical point of Poc(t), i.e.,
(T,1) € Sye(Poc(t), if T € Mco(') and V,f(z,1), Vohi (T, 1), . .., Vohe (T, 1),
ngJo(E,f)(fa f) \ 2T 1,.(z,0) (:L‘ t) \ a1, (x t) Vmslrs(f,f)(fa g)avazsls(f,f)(f> Z) are
linearly dependent.

It is a critical point (i.e. (T,t) € Yeiu(Poc(t))) if in addition MPCC-LICQ
holds.

Let (1, A, p1, 0, p) be a vector of multipliers associated to a g.c. point (T,1), i.e
V.L(Z,t,1,\, p,0,p) = 0. We will say that MPCC-SC holds if u; # 0,
Vi€ Jo(Z,t) and o;, p; # 0, Vi € I4(T,1).

From the definition it directly follows that (Z,t) is a generalized critical point
(respectively a critical point) of Poe(t) if and only if it is a g.c point (respectively
a critical point) of P(I R (t). Together with Lemma 4.7.1 we will see that, even
more, locally around (Z, t) any g.c. point of Poo(t) is an element of EQC(Pg’t) (1)).

Lemma 4.7.2 If (7,t) € X,.(Pcc(t)), then around this point
Sye(Pec(t) € Sye(PO(1).
Moreover, locally, X4.(Poc(t)) = ZgC(PI({”’t) ) N{(z,t) e R" xR | x € M¢c(t)}.

Proof. It is a direct consequence of the definitions and Lemma 4.7.1. O

These facts enable us to reduce locally the whole genericity analysis for Pee(t)
to the analysis of the relaxed problems Pg’t) (1).
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Lemma 4.7.3 The set of functions (f, h,g,r,s) € [C’g];ﬁﬁqﬂl such that for all

possible choices of I.(T,t), I,(T,t), I.s(T,t), the associated problems Pg’i)(t) are

JJT-regular, contains an open and dense subset of [C3]L0TIT2,

Proof. We apply the same idea as in the proof of Theorem 4.4.1. For a fixed
triplet I,., I, I,,, the associated relaxed problem PI({U’t) (t) is a common parametric

nonlinear program. Using the classical JJT-theorem, see Theorem 2.4.1, Pg’t)(t)
is JJT-regular for an open and dense set S(I,.,1s, I.s) of functions
(f,hyg.7,s) € [C3]Laro,

Now we consider all the finitely many possible combinations of I, I, I, and de-
fine the intersection S = (S(I,, I, Is). As S is a finite intersection of open and
dense sets, it is an open and dense set, and the elements in S have the desired
properties.

O

We have proven that generically the generalized critical points of Pg’a (t) are of
type 1, 2, 3, 4 or 5. In view of Definition 4.7.2 and Lemma 4.7.3 we can introduce
the different types of g.c. points of Poc(t).

Definition 4.7.3 A g.c. point (Z,t) of problem Poc(t) is of type 4,1 = 1,2, ...,5,
if it is a g.c. point of type ¢ for the corresponding problem Pg’t) (t).

A problem Peo(t) is called MPCC-regular if all its generalized critical points are
of type 1,...,5.

As in the general case, the singular points of type ¢ = 2,...,5 are isolated sin-
gularities. The following result is a direct consequence of the previous definition,
Lemma 4.7.2 and Lemma 4.7.3.

Theorem 4.7.1 The set of functions (f,h, g,r,s) € [CEEOTH such that Poc(t)
1+qo+q+21

is MPCC-regular contains an open and dense subset of [C3], 4
In the following we describe the behavior of the set ¥,.(Poc(t)) around any of
the 5 types of g.c. points in detail. We will see that, locally, 3,.(Pcc(t)) can be
written as the union of the set of g.c. points of certain relaxed problems. We will
always consider (7,t) as an element of EQC(P}(;’t)(t)), even if eventually it can be
considered as a g.c. point of some other relaxed problem. Note that for MPCC-
problems the active index sets do not change in the same way as for nonlinear
programs without complementarity constraints. In fact, the active index sets
I, I,s, I should always form a partition of {1,...,l}. Of course, Jy(z,t) may
change freely.

For the analysis of the behavior of the set of g.c. points, we again intro-
duce the so-called linear and quadratic indexes. For a g.c. point (Z,t) of Poco(t)
we define the indices LI, (LNI), as the number of positive (negative) multipliers
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Wi iy piy § € Jo(T,t), i € Is(T,t) of the Lagrangean function associated with
95,7 € Jo(T,t), ri,si, i € Ls(T,t). The quadratic indices QI, (QNI), repre-
sent the number of positive (negative) eigenvalues of the corresponding matrix
ViL| M) Evidently, if (Z, ) is a strongly stationary point then LNI=0 must

hold and at a local minimizer where MPCC-LICQ holds, LNI=QNI=0. Changes
in these indexes imply leaving or entering the set of local minimizers and/or the
set of stationary points.

G.C. points of type 1. If (7,7) € XL (Poc(t)), ie., (7,1) € SL(PYV(1)),
the set of active indexes will not change locally in El (P(w t)( t)). So around
(z,1), X, (P(m t)(t)) C {(=,t)] z € Mce()} and, by Lemma 4.7.2,
Yge(Poc(t)) = Egc(Pg’i) (t)), locally. Consequently the following holds in a neigh-
borhood Vz x V; of (7, 1):

- For any (z,t) € X,.(Poc(t)) N (Vy x V), the active index sets do not

change and are JO( ,t) Jo(Z, 1), I(z,t) = I(T,t), I,(x,t) = I4(T,1),
and I4(z,t) = 1,4(T, ).

- By Poc(t) N (Ve x V) = SL(PTT) 0 (Ve x Vi),

- There is a continuous function z : [t — €, ¢ +¢] — R™, z(t) =T, € > 0, such
that X,c(Poc(t)) N (Ve x Vi) = {(x(t),t), [t — €t + €]}

Around a g.c. point (Z,t) of type 1, the multipliers p;, 04,15 @ € I(T, 1),

j € Jo(T,t) and the eigenvalues of V2L|T MED G do not change their sign. In

particular the indices (LI, LNI, QI, QN[) (a, b, ¢, d) are constant, see
Figure 4.1. So all stationarity types remain locally stable.

The LICQ condition for (z,t) in P](f’t)(t) is equivalent to MPCC-LICQ in
Pcc(t). So B-stationarity and strong stationarity are equivalent. The fulfillment
of the MPCC-SC condition implies the equivalence between M-stationarity and
strong stationarity.

G.C. points of type 2. For the g.c. points of type 2 we have to distinguish
between two cases.

Definition 4.7.4 A g.c. point (T,t) is a g.c. point of type 2a for Poo(t) if it is
a g.c. point of type 2 for Pg’f)(t), with p; = 0, for some j € Jo(T, t).

It is a g.c. point of type 2b for Poc(t) if it is a g.c. point of type 2 for P}({ﬁ) (1),
with either p;« = 0 or g+ = 0, for some i* € I,4(7, ).

In the case of a g.c. point of type 2a, the local structure is the same as in classical
nonlinear programming around a g.c. point of type 2, and locally

Sye(Poc(t)) = Sge (P (1))
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X (a,b,c,d)

(a,b,c,d)

Figure 4.1: G.C. points of type 1

Let us consider a g.c. point (Z,t) of type 2b. Wlo.g. we assume
o = 5:+(7, t) = 0 for some i* € I,4(7,t). As it is a g.c. point of type 2 for
Pl(fit) (), the possible active constraints for a g.c. point (z,t) of Pl(f’t) (t) near
(Z,t), are given by:

()t) = 0, jGJO(f,E),

By: ri(z,t) = 0, i€ L(T,t)UILT,1),
sp(z,t) = 0, ke (T, 1)U LT, 1).
g](x7t) = 0, j€J0<Ea_E)7 _

By: ¢ ri(x,t) = 0, i€ L(T,t)ULy(T, 1),
sp(x,t) = 0, ke l(T,t)U LT, t)\ {*}.

As (7,t) € X2.(Pp 0 (1)), around t = 7, the set S.(PS" (1)) bifurcates at (z,7)
into two parts One part corresponds to the case B; and is described by a
differentiable curve C! = {(z'(¢),t) | t € [t — ¢,t + €], 2'(f) = T}. The part
associated to B, denoted as C°, has exactly one feasible branch: if s;(z,t) > 0,
for t > t, the set C%is {(z°(t),t) | t € [t,t + €|, 2°(¢) = T} and if s;(z,t) > 0, for
t <, we have C° = {(2°(¢),¢) | t € [t — ¢,1], 2°(t) = T}. These cases correspond
to Dy[si(x°(t), )](f) > 0 and Dy[s;-(2°(t),t)](f) < 0 respectively. Recall that
since (T, 1) is a g.c. point of type 2 of PS)(t), Dy[ss (2°(t), )] (E) # 0. Moreover
on the curve (z'(t),t), t € [t — ¢, + €], the multiplier o (¢) corresponding to the
active constraint s;«(x,t) changes its sign around t.

Note that, around (7, ), for the generalized critical points (z,t) of Pg’t) (t) it
holds © € Mcc(t). So, locally, Soe(Poc(t)) = Sye(PE (1)),
Summarizing, around a g.c. point of type 2b Wlth o = 8+ (T, t) = 0 we have:
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Figure 4.2: G.C. point of type 2a Figure 4.3: G.C. point of type 2b

- The possible combination of active indices sets for (z,t) € ¥,.(Pcc(t)) near
(7,t), are
Jo(z,t) = Jo(z,t), IL.(x,t) = IL(z,t), Iz, t) = I(T,1),
Ls(x,t) = Ls(T,t
Jo(z,t) = Jo(T,t), L(x,t) = L(z,t) U{i*}, IL(x,t) = L(z,1),
Ls(z,t) = Ls(Z,t) \ {i*}.

N EQC(PCC(t)) =C'uC' = Z;c(PCC(t)) U {fa %}

<

- Around 7 the multiplier ¢}, (t) changes its sign.

We want to point out that for (x,¢) € C' the corresponding relaxed problem is

given by Pg’i) (t), but it changes for (z,t) € C°. We will denote it as Pg)’{) (t).

The picture of the set of generalized critical points around a g.c. point of type
2a and 2b is depicted, respectively, in the Figures 4.2 and 4.3.

Now we are going to describe the local behavior with regard to stationarity.
Around g.c. points of type 2a, a multiplier pu;, j € Jo(T,?) changes its sign. So,
trivially no stationarity type is locally stable.

Let us consider the g.c. points of type 2b, with o = s;+(T,t) = 0. We will

denote by o} (t), pi(t), i € L(T,t), pi(t), j € Jo(Z,t), the multipliers corre-
sponding to (z'(t),t) € C' with respect to the functions s;, 7, g5, i € L(T,1),
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J € Jo(Z,t). Analogously o7 (t), pj(t ) 1 € Lns(T 1)\ {i*}, o= () p3(1), j € Jo(Z, 1)
are the multipliers associated to (z°(t),t) € CO Recall s;«(x,t) > 0, for all
(z,t) € CO\ {(7,1)}. W.lo.g. we assume:

The multiplier ¢}. (¢) is positive for ¢ > # and negative for ¢ < . (4.7.9)

Due to the conditions for g.c. points of type 2, it follows that the signs of
ol (t), pi(t), pj(t), i € Ly(T, 1) \ {7*}, j € Jo(T,) and pj.(t) coincide with the
signs of o7 (t), pj (t), uj(t), i € Ls(T, 1) \ {i*}, j € Jo(T,t) and p.(t) respectively.

As MPCC-LICQ holds, B-stationarity and strong stationarity are equivalent
around (Z,t). The fulfillment of the MPCC-SC condition (except for (T,t))
implies that M-stationarity and B-stationarity are also equivalent (locally) for
(x,t) # (T,1). So, let us analyze the behavior of strong stationarity.

For simplicity, we assume that the points of C°\ {Z,} are strongly stationary
points. This means that o7 (t) > 0, pf(t) > 0, Vi € Is(7,%) \ {i*}, pj(t) > 0,
j € Jo(m,t) and the sign of p%(¢) is free. Then, if p%(t) < 0, the points of
C°\ {z,t} are strongly stationary points but as i* € I.o(z'(t),t), t € [t — ¢, + €],
and plL(t) < 0, it follows that the elements of C' are not strongly stationary
points. If p%(t) > 0, due to assumption (4.7.9), o5 (t) > 0 only for ¢ > t. So,
(x'(t),t) is a strongly stationary point if and only if ¢ > *.

As for the case 2b the multipliers u;, j € Jo(T,t), do not change their sign,
weakly stationarity locally remains stable.

Now let us assume that the points of C? are A-stationary points. If pl.(¢) > 0,
A-stationarity is stable in C' U C°. However, if pl.(t) < 0, at (z'(¢),t) € C,
A-stationarity is equivalent with ¢ () > 0, so it will be fulfilled if and only if
t > t, see condition (4.7.9).

In case that C-stationarity holds at C°, again by condition (4.7.9), if p%. (¢) > 0,

the C-stationarity holds for (z'(¢),t) € C! if and only if ¢ > #. If pl(t) < 0, it
will be satisfied for ¢t < . In both cases only one branch of C?, either for ¢t >t or
for ¢t <t will contain C-stationary points.
With respect to the linear and quadratic indices, we can see that around a g.c.
point of type 2a, they behave as around a g.c. point of type 2 in the nonlinear
program Pg’t)(t). In the case of g.c. points of type 2b, we show all possible
combinations of indices (LI, LNI,QI,QNI) in the Figures 4.4, 4.5, 4.6, and 4.7.
There, all possible cases for the set of strongly stationary points are also consid-
ered. Assuming that the g.c. points in C°, t # ¢, are strongly stationary points,
the continuous line represents the set > ,; while the dotted line corresponds to
the set Xy \ Lstat-

G.C. points of type 3. At a g.c. point (Z,t) of type 3, the second order
condition MPCC-SOC is violated. With the same analysis as for g.c. points of

type 1, it can be seen that, locally, the same relaxed problem Pg’t) (t) remains

93



(a,b,c,d)

(a-1,b-1,c,d+1)

“(a-1b+1,c,d)

\

(a2bcdtl) (a+Lb-1.c.d)

Case 4[s;-(2°(1),1)] < 0, Dyok(t) < 0. Case %[s;(2°(7),%)] > 0, Dyl (t) > 0.

Figure 4.4: Type 2b, with p;«(t) > 0.

\

\\ = \(alb’cld)
‘ %b-z,c,m 1)
N (a-1b+1.cd)

o " (a+1b-1,cd)
(a-1,b-1,c,d+1) N

t t

Case L[s;(2°(1),)] <0, Dyol.(f) < 0. Case &L[s;-(2°(7),1)] > 0, Dyol(t) > 0.

Figure 4.5: Type 2b, with p;(f) < 0.
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(a-1,b-1,c+1,d)
X Lo
/(a-1,b+1,c,d)
K (at1,b-1,c,d)
(a-2,b,c+1,d) /
(ab.cd) " (ab,c,d)
t t

Case Dyol.(t) <0, L]s;+(2°(2),7)] > 0. Case Do} () > 0, L[s;+(2°(2),7)] < 0.

7o dt

Figure 4.6: Type 2b, with p;«(t) > 0.

(ab-2,c+1d) -
X /(a-1b+1,c,0) /(a+1b-1cd)
B (a—l,b—l,C+ 1,d) _ /(a,b,c,d)
(a,b,c,d)

Case L[s;(2°(%),)] > 0, Dyo}.(f) < 0. Case &[s;-(2°(7),1)] <0, Dyol(t) > 0.

Figure 4.7: Type 2b, with p;(f) < 0.
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(a,b,c,d) (a,b,c,d)

x

(ab,c-1,d+1) (ab,ct1,d-1)

Figure 4.8: G.C. points of type 3

valid and that 3,.(Poc(t)) = ch(PI(f’t) (t)). So X, has a quadratic turning point
as at a g.c. point of type 3 for the standard parametric nonlinear problem Pg’t) (t).
Moreover, this singularity is isolated and locally ¥c(Poc(t)) = X}.(Pec(t)) U
{(z,1)} (see Figure 4.8).

With respect to stationarity, the situation is as in a g.c. point of type 1.
Locally the stationarity type remains unchanged as the sign of the multipliers
does not change.

Now we will consider the singular points in which MPCC-LICQ is not satisfied. In
these cases, B-stationarity and strong stationarity are not necessarily equivalent.

G.C. points of type 4. Around a g.c. point (Z,#) of type 4, the active indices
do not change in X,.(P(t)), so locally:

S Poc(t)) = 2 (PTV (1) = BL(Pec(t) U {7, T,

This means that ¥,.(Pcc(t)) has a quadratic turning point around (Z,¢). More-
over, all multipliers change their sign at (7,) and V,f(7,#) is not a linear com-
bination of the active constraints. In particular this means that (Z,t) cannot be
a stationary point.

Now we will proceed with the analysis of the stationarity types. If
Iis(x,t) = Jo(x,t) = @ (LI = LNI = 0), all stationarity types are equiva-
lent. Moreover, if (z, t) is a critical point then it will also be strongly stationary.
As, locally, rs(x t) = Jo(z,t) = Is(T,t) = Jo(T,t) = @, and MPCC-LICQ holds
for all (x,t) # (Z,t), the g.c. points with ¢ # ¢ are strongly stationary points.
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(ab,c,d) (ab,c,d)

/ \
7 N
’
,

N
N

x

(b,a,d,c) (b,a,d,c)

t

Figure 4.9: G.C. points of type 4 with I.4(Z,t) U Jo(T,t) # &

Now, consider the case I,4(T,t) # @ and Jy(T,t) = @. As MPCC-LICQ and
MPCC-SC holds except for (Z,t), B-, M- and strong stationarity are equivalent
for ¥y.(Poc(t)) \ {Z,t}. So we only analyze the behavior of strong stationarity.
But clearly the later is not stable, since around a g.c. point (T, ¢) of type 4, the
multipliers o;, p;, @ € I,4(T,t), change their sign and at strongly stationary points
they should be both positive. With respect to C-stationarity, only the product
oi - pi, 1 € Is(T, ) has to be positive, so, locally, C-stationarity remains stable in
Se(Poc(®)\{T, t}. As Jo(T,t) = @, all points of X,.(Poc(t)) \ {Z,} are weakly
stationary points. If there are A-stationary points, converging to (Z,t) and for
some index i € I,4(T,t) the associated multipliers o;, p; are positive, then, when
passing (Z, t), both will be negative. Consequently in this case the A-stationarity
is not stable. As for A-stationary points either p; or ¢; should be positive for all
i € I4(T,t), when passing the singular point of type 4, A-stationarity is stable if
and only if o; - p; < 0, Vi € I4(T,1).

Finally, if Jy(T,t) # @, then all stationarity types are not stable.

In Figure 4.9 we can see the local behavior of ¥,.(Poc(t)) around such a
point. In the case that b = 0,a > 0, the full line represents the set ¥, and the
dotted line, ¥, \ stat-

G.C. points of type 5. Let us begin with the characteristics of such a point
and the consequences for the set of g.c. points of the associated relaxed problem
PEI (@), ) )

For the problem Pg’t) (t), the point (T, %) € EEC(PI(;’” (1)) is an isolated singular
point. Moreover, the set ch(Pg’t) (t)) bifurcates around (T, ). Each bifurcation
branch corresponds to g.c. points where V,f is a linear combination of the
gradients of all active constraints, except for one active inequality constraint.
The set of g.c. points is composed by the feasible points of Pg’t) (t) which are
g.c. points of one of the nonlinear programs (P%*(t)), (P (t)), (P"*(t)) for
i* € Is(T,t), j* € Jo(T,t). Here
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Pai(t) min f(z,t)

st hg(z,t) = 0, k=1,...,qo,
gj(x’t) =0, j€ Jo(fa_t) \ {]*}’ B
ri(zt) = 0, i€ L(EE) U Ly b),

si(xz,t) = 0, i€ I(T,t)UILT,1),
corresponds to the case where the constraint g;«(x,t), j* € Jo(T,t) is not longer
active. In the same way for s;(z,t), i* € I4(Z,t), we define P**(¢) and for
ri(z,t), i* € Ls(T, 1), P (t).
Now we consider one of these problems, taking P%*(t) w.l.o.g. Due to the
condition

rank (Ve [P, - haos 0@ 1) Tho@dy Sha@)St@n) (T:1) =n+1,

the eliminated constraint (g;«(z,t)) will change its sign around the point (Z, ) in
the set of g.c. points of P%~(t). So, exactly one branch, corresponding to t > t

or t < t, will consist of g.c. points of P}(%x’t) (t). On this branch the eliminated
constraint will be strictly positive. The branch where this happens, i.e., either
for t >t or for t < t, can be determined by using the coefficients of the following
(non trivial) linear combination, see e.g., [21]:

q0 _ —

SNVl (@8 + Y Ve, (T, E)+

k=1 jedo(@l) ~ (4.7.10)
+ > piVri(T, 1) + > oiV.si(T,t) = 0

€L (T,E) UL (T,) i€ L6(T,1)UlLs (T,F)

Now we will present the meaning of these facts for the set of g.c. points of Poc(t).

Note that, for (x,t) near to (T,t), any feasible point z of P9%-(t) with
gj+(z,t) > 0, is also feasible for Mcc(t). The same holds in the case that x
is a feasible point of P (t) (respectively P"*(t)) and s;<(x,t) > 0 (respectively
rie(z,t) > 0). Consequently Syo(Poc(t)) = See(PS(£)) holds and Sye(Poc(t))
also bifurcates into |Jo(Z, t)| + 2|1,5(T, t)| branches.

Now we will consider the relaxed problem that corresponds to each branch.
On the branch where g;«(x,t) > 0 holds for some j* € Jy(7, t), locally, the cor-
responding relaxed problem is given by Pl(f’t) (t). The branch in which s;«(x,t),
i* € I4(7,t) is no longer active, corresponds to the active index sets, Jo(ZT, t),
L(z, t) U{i*}, I4(T, 1), Is(T,t) \ {i*}. We denote the corresponding relaxed prob-
lem by Pz"(t). In the case of deactivating r;«, i* € I,s(T,t) the corresponding
active index sets are Jo(Z, 1), [.(T, ), I(T,t) U {i*}, [s(T,t) \ {i*} and the asso-
ciated relaxed problem is denoted by Pr”(t).

Considering all possible combinations we can conclude that, locally, the following
holds:

- EQC(PCC(t)) = E;C(PCC'(t)) U {(fv E)}
- Yye(Poc(t)) bifurcates into |Jo(T, t)| + 2|1,5(T, t)| branches.
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It MFCQ holds It MFCQ fails
Figure 4.10: G.C. point of type 5

- Zye(Pec(t) = User o (Sael Py () US,u(PR () UZS(PEP(8)), where
ch(PI(f’t) (t)) denotes the set of g.c. points corresponding to all problems
P9~ (t), which are the only g.c. points with associated relaxed problem

PED().

Figure 4.10 shows the behavior of this set, when [.4(Z,t) = {1} and
Jo(Z,t) = {1,2}.

As, locally, ¥,.(Poc(t)) = EgC(Pg’t) (t)) holds, the set of g.c. points will have
a non-smooth turning point if and only if MFCQ fails at T € Mﬁ?’“ ().

We end with the analysis of the stationarity types. Let us suppose that there
is a branch of (strongly ,M-, B-,C- or A-) stationary points. In this case, when
moving to a new branch, the new multipliers will depend on the coefficients of the
linear combination given in (4.7.10) and the multipliers at the original branch. In
general all combinations of signs are possible. In any case, when calculating the
new multipliers, we will be able to check whether the stationarity type remains
stable or not.

Concluding, the analysis of these singularities allow us to implement a pathfol-
lowing algorithm for generic parametric MPCC problems. Indeed at a g.c. point
we can locally follow ¥,.(Pcc(t)) by means of well determined nonlinear opti-
mization problems. We can also check numerically when it is possible to leave or
enter the set of C-, B-, strongly stationary points.

99



100



Chapter 5

Bilevel problems

5.1 Introduction

Bilevel problems represent another important class of optimization problems

whose structure is '
Ppr, : %bnf(xy)

S.t. (x,y) € Mg,
gj(‘r7y> 207 jzla"‘7q7 }

y solves Q(x).
Here x € R", y € R™ and Q(x) stands for the parametric optimization problem

(5.1.1)

Q) min (.
st. yeY(r)
V()= {y €R™ | oi(ary) >0, i=1,...,1}
and is called lower level problem. As usual (f, g1,...,94,) € [Cz],lli%rl. We will
require (¢, vy, ..., v) € [C?]} ..

This kind of problem appears in many applications such as Cournot equi-
librium problems, see (1.4.2), or when solving semi-infinite programs, see [59].
However, finding a solution is not an easy problem, because even in order to
check feasibility one must solve a nonlinear optimization problem Q(x). Bilevel
problems have been investigated in a large number of papers and books, see e.g.,
3], [42], [11] and the references therein.

We may try to solve Pg, via a reduction approach as described in [60]. The
idea is, roughly, the following: if we denote the solution of Q(z) by y(z) and if we
suppose that at least near a point 7 this function behaves well, i.e., y(z) € C?,
then locally near T the problem can be written equivalently as the standard
program:

min f(z,y(z))
st. gj(z,y(x)) >0, 5=1,...,¢q.
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However, this assumption is a very strong hypothesis as can be seen in the fol-
lowing example.

Example 5.1.1

min 2z; + x2 +y

s.t. Ty > 0,
y solves Q(x) : min y
st. r1+y > 0,
a:2+y 2 0.
The solution of the lower level problem is y = —xy if 7 < 29 and y = —x5 in

the other case. So the function y(z) is not C' around = = (0,0) and the point
(0,0,0) is a global minimizer of the problem.

An alternative solution is via a KKT approach. The constraint y solves Q(x), is
replaced by the KKT condition:

!
VyQS(*Ta y) - Z:l Aivyvi (':Ev y) - 07
vi(z,y) > 0, 1=1,...,1, (5.1.2)
N> 0, i=1,...,1,
Avi(z,y) = 0, i=1,...,1L

So instead of Pgr, we solve the complementarity constrained problem

P, : i
KKTBL gzl’r)}]%xvy) (5.1.3)
s.t. (x,y, >\) € Myxrar,
where
l
Vidl@.y) = 2 AiVyile,y) = 0,

n—+m i\ > Oa 1a ala
MykreL = (377117/\)€R+ * U(:E g//\) > 0 221 l
)\ivi(l‘ay) = 0’ = ]-a alv
Gley) > 0 j=1...q

The FJ necessary condition can also be used. It will lead to a MPCC problem
with a similar structure.

Due to the additional variable A, the program (5.1.3) can be seen as a lifting
procedure. On the other hand it is a relaxation of the original problem Pgy,
(5.1.1) in the sense that, if (z,y) € Mg, and MFCQ holds at y € Y(x), then
there is some A € R! such that (z,y, \) € Myxrs,. Moreover, if (z,y, \) is a local
solution of problem (5.1.3) such that y is a minimizer of Q(z) and MFCQ holds
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at y € Y(x), then (x,y) must also be a local solution of Pgy. In the case that
Q(z) is a convex program and MFCQ is satisfied for all y € Y (), both problems
(5.1.1) and (5.1.3) are equivalent.

Obviously, Pxkrsr is a special instance of a complementarity constrained prob-
lem. So, we can apply the solution method of Chapter 4, i.e., we can try to solve
the perturbed problem P, (see problem (4.5.1) in Section 4.6) using standard
software of nonlinear programming. For general MPCC problems, this approach
has a favorable convergence behavior under natural assumptions, see Chapter 4.
However, since Pygrg, 18 a MPCC with a special structure, these assumptions
may not be generically fulfilled. In the sequel, we will study the properties of
Pyxrer, from a generical point of view. We will present an algorithm that under
these generical conditions will find a critical point of Pgy.

The following question arises. How is the structure of the KKT model com-
pared with the structure of the original bilevel program, especially at solutions
(Z,y) where the reduction approach fails as in Example 5.1.1. We will see that
the singular behavior of Pg; will partially reappear in the KKT formulation.

The chapter is organized as follows. In the next section we study the problem
(5.1.3) as a complementarity constrained program and examine its structure from
a generical viewpoint. This analysis will be used to obtain in Section 5.3 a
numerical procedure for solving bilevel problems. We end with some numerical
examples.

5.2 Genericity analysis of the KKT approach

We consider the KKT formulation (5.1.3) of the bilevel problem Ppy, . Since it is
a complementarity constrained program with a special structure, the genericity
results of Chapter 4, developed for the general case, are no more valid. We have to
perform a modified genericity analysis. It appears that also for Pyyrp1, generically
MPCC-LICQ is satisfied at all feasible points. But for the local minimizers
(Z,7, X), the situation may be more complicated than for the general MPCC
problems. We will see that the conditions MPCC-SC and MPCC-SOC may fail
at local minimizers (Z, 7, X) of Pxxrs, Where, for the corresponding minimizer
(Z,7y) of Py, the lower level problem @(z) does not allow a local reduction as in

Example 5.1.1.

With respect to a feasible point (¥, %, A) of problem Pyyrp.,, we introduce the
following active index sets:
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Joo(T,y) = {i|wi(T,y) =0},

J(@,5,A) = {i|w(@y) =0, X >0},
JAo(T, Y, N) = {i|v(T,y) =X =0}, (5.2.1)
Ao(Z,7,A) = {i|w(®@7) >0, \=0},

Jog(®,y) = {jlg;(x,y) =0}

Note that Jo,(Z,7) = Jo(T,,A) U JAo(Z, 7, \). This union does not depend on
A

Theorem 5.2.1 Let (¢, 01,...,0) € [C33H and (1, ..., 4,) € [C2)2,,, be fived.

For almost all (C(ag’ C«(@;’ dg, Cy, dy, Cy, dg) c RanrW+m+l(n+m)+l+CI(n+m)+47 the

condition MPCC-LICQ holds at all feasible points of problem (5.1.3) defined by
~ - T[Cy] .

d(z,y) = o(z,y) +27[C) Ty + 52" + dby, v(z,y) = i(z,y) + Cu(z,y) +dy and

m(m+1)

g9(z,y) = g(x,y) + Cy(z,y) + dy. Here Rz denotes the space of symmetric
matrices of order m.

Moreover, generically in the set {(¢,v,9)} = [C¥ith, x [C2)%.,,, the condition
MPCC-LICQ holds at all feasible points of the set Myyrp, defined by (¢,v,g).

Proof. Note that a similar result under stronger conditions has been proven
in [52] for mathematical programs with variational inequality constraints, see
problem (1.1.8).

The idea of the proof is the following. For any feasible point (7,7, A) of the
problem given by (¢, v, g), there is a partition Jy = Jo(Z, 7, A), JAg = JA(T, T, \),
Ao = No(Z, 9, \) of {1,...,1} and a set Jo, = Jo,(T,7) C {1,...,q}, such that

(Z,y, A\) solves the system:

l

vy(b(xay) - Z:l)\zvyvl<x7y) = Oa
vi(z,y) = 0, i€ JyUJA, (5.2.2)
)\i - O, ieJA0UA0,
g9i(z,y) = 0, j€ Jog

If MPCC-LICQ fails, then the gradients of the active constraints in (5.2.2)
are linearly dependent, i.e., there exists a non-zero vector (a,(,u,y) € R",
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k=m+|JoUJAo| + |Jog| + [JAo U Agl|, such that:

V9,000 )" — X ATV )]

p o+
Vao(x,y) — ; \iVivi(x,y)

= (5.2.3)
+ Z 6iv(z,y)vi (-1'7 y) + Z ﬂjv(x,y)QJ'(x? y) = Oa
i€ JgUJ Ao jGJOQ
Vyui(z,y) o = 0, i € Jo,
Vyuilx,y) o — = 0, 1€ JAgUA,.

If @ = 0, then v = 0, and thus at (z,y) the gradients V(, ,yg5,, V(ay)Viuia, are
linearly dependent. This means that in this case LICQ fails in M?,..., , where

Uz’(x7 y)
gj(l’, y)

IV 1V

MKOKTBL = {(w7y) e R™™

0, z':1,...,z,}
0, j=1,...,q.
But as M?

axrer 18 the feasible set of a common nonlinear program, it is known that,
for almost every linear perturbation of (01, ..., 0,1, ..., J,), the LICQ condition
holds for all (z,y) € M2 1ps.- This means that, for almost every (C,,d,, Cy,d,)
there is no feasible point of Mg, solving the system (5.2.3) with a = 0.

So, we only have to consider the remaining case o # 0. Let us fix the set of
active constraints (Jy, JAg, Ag). W.l.o.g. we assume «; # 0 and take the corre-
sponding combination in (5.2.3):

(67
(laa(2)7 c 'a?vuﬁomuoa’yo) = (_, ﬁ, ﬂ, l)
o] o p (g

Note that (a9,...,a%,8°% u%~%) € R*L. Then, if MPCC-LICQ fails for
y"[CYly

¢ = ox,y) + 27 [Ce)Ty + =52 + dfy, v = B(x,y) + Cu(z,y) + d, and
g=g(z,y) + Cy(x,y) + d,, the condition (5.2.3) for the perturbed problem now
reads:
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l
V(zy) [vy¢<$> y)]T - ; )‘iv(x,y) [vyvi(xa y)]T . +
ap,
Z ﬁ?V(x7y)[Ul($,y)]+ Z u?v(x,y)g]<xay> = 07
1€JoUJ Ao j€Jog
1
ajy
Vy[vl-(x,y)]T . = 07 (RS J07
a® (5.2.4)
1
aj
ol | =00 = 0, ienun,
OZ'O
l
Vyo(z,y) — ;/\ivyvz(iv,y) = 0,
vi(z,y) = 0, i€ JyUJAy,
A = 0, iGAUUJAo,
gi(x,y) = 0, j€ Jo,

The Jacobian matrix of the system (5.2.4) with respect to the variables

z,y, N a9, ..., ad 3% u°, ~%) and the parameters (C%,CY, dy, C,, d,, C,,d,), is:
Yy 2 m ¢ Y U gr Uy

8(m7y) oy aag ..... af B9, u0 870 865703 8% 3cv (9dv (9dg
® ® ® 0 Q, 0 ® 0 0
® 0 & 0 0 0 Q 0 0
® 0 ® Ofyagung 0 0 @ 0 0
® & 0 0 & I, ® 0 0
® 0 0 0 0 0 & Iyuml0 O
0 O[T a0uny) 0 0 0 0 0 0 0
® 0 0 0 0 0 0 0 Iy, 10
0,...,0,1,a9,...,a%) ... 0
where Q, = 0 0 has |Jo|
0 oo (0,...,0,1,08,...,a%)
I,|® 0
rows and Q4 = 0 1 ® ®
0 Im—l &

It can be seen that the Jacobian matrix has full row rank. By the Parameter-
ized Sard Lemma, see Lemma 2.3.1, for almost every (Cg, C};, dy, Cy,dy, Cy,dy),
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the matrix formed by the columns of the Jacobian matrix corresponding to the
variables (z,y,A,a9,...,a% 3% 1 ~°) has full row rank. But the number of
rows, n+m+1+m+ | Jo U JAo| + [JAg U Ao| + |Jogl, is larger than the number
n+m+l+m—1+|JoUJAo|+ |Jog| +|JAoUAg| of columns. This means that for
almost every parameter, there is no solution of system (5.2.4), i.e., MPCC-LICQ
holds.

If we consider any possible combination of active index sets Jy, JAg, Ag and Jy, an
analogous result is obtained. The perturbation result follows by intersecting the
set of parameters where MPCC-LICQ holds at the solutions of system (5.2.4),
for all possible combinations of active index sets.

We now turn to the proof of the genericity statement. First we will prove
that, for fixed N € N, the set of functions (¢, v, g) where MPCC-LICQ holds
at all feasible points (z,y, \) of Myxrs, with ||[A]] < N, is open and dense in
[C& o X [C3hm-

The density part of the statement follows, as usual, directly from the per-
turbation result shown above, by using partitions of unity. For more details see

52].

Now we will prove the openness property. We proceed as in the proof of
Proposition 4 in [53]. Consider (¢, o1, ..., 0, g1, . .- , §q) such that, for the result-
ing set Myrn,, MPCC-LICQ holds at all feasible points (,7, A), with [|A|| < N.
Let us fix (7,7) € R™ x R™. By continuity, it can be seen that, if
(Z.7,A) & Myrn, then for all A\ € By(0) there is a neighborhood Vizy of
(é,@,g) and U of (z,7) such that for all (¢,v,g) € Vizz

—=l
{U X BN(O)} N Myxrpr, = &

holds for the feasible set Mg, corresponding to (¢, v, g).

Let (Z,7) be a point such that (7,7, \) € Myrp, for some \ € Fi\,(O). By
assumption, at this point MPCC-LICQ is valid. Using a continuity argument,
we can prove that there are neighborhoods U and V(zz of (Z,7) and (¢, 7, §),
respectively, such that, for all (z,y, \) € [U X Ei\,(())] NMykree, the MPCC-LICQ

condition holds at the feasible set Myyrg;, corresponding to (¢, v, g) € Vizg):-

Using the neighborhoods V(z7 and a locally finite cover w.r.t. the (x,y)-
space, we can construct a neighborhood V of (éﬁ,@,g) such that MPCC-LICQ
holds at all feasible points (z,y, A) of problem (5.1.3), defined by (¢,v,g) € 1%
and with [|[A]] < N.

Altogether we have proven that the set of functions (QAS,@, g) such that the
MPCC-LICQ condition is satisfied, at all feasible points (x,y, A) of Myyrs, With
|All < N, is open and dense.
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Finally, if we intersect these open and dense sets for N = 1,2,..., we will
obtain the generic set of functions where MPCC-LICQ holds at all feasible points.
(I

We now study the structure of the critical points of problem (5.1.3) in the generic
case. The critical points (z,y, \) are feasible points with associated multipliers
(e, B, i, y) such that (x,y, \, «, 3, ,7y) solves the system:

Vnf(@y)— > BiVeyvi(@y) — > 1V wygi(@,y)—
ieJoUJAg jEJOQ

V9,00 — X ATV o)) _o. (525)

— (0%

I
Vip(z,y) — ; AiVivi(z, y)

Vyvi(‘ra y>Ta = OJ S JO;
Vyvi(x,y)Ta -7 =0, 1€ JAUAg

with Jo, JAo, Ao, Jog, the active index sets at (x,y, A), as defined in (5.2.1).

Note that, as generically MPCC-LICQ holds, generically any solution of
(5.1.3) must satisfy the KKT conditions (5.2.5). For numerical purposes, it is
desirable that the conditions MPCC-SC and MPCC-SOC hold at critical points.
However, as we shall show, MPCC-SC may fail generically. Let us consider the
problem:

min —x —y
s.t. y solves Q(x) : min y

st —x4y (5:2.:6)

[
<
(AVAIAY

It can easily be seen that in this problem, MFCQ fails at the solution § = 0 of
the lower level problem @(0). The point (Z,y) = (0,0) is the minimizer of the
bilevel problem and at 7 the condition MFCQ fails for Q(Z). In the Figure 5.1
the feasible set and the solution is depicted.

The KKT approach leads to the program:

min —z — y

s.t. —T+y
—Y

1=+ X

A1, Ao

(—z+y)h

—YA

(5.2.7)

v I v Iv

cooooOo
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Figure 5.1: Feasible set of bilevel program (5.2.6)

and (x,y, A1, A2) = (0,0, A1, \; — 1), Ay > 1 are global minimizers. If we take the
point z := (0,0, 1,0), the critical point condition for the MPCC problem (5.2.7)
is:

—1 —1 0 0 0
—1 1 -1 0 0
0 0 0 1 1

So the multipliers are « =y =0and 51 =1, 5y = 2. As JAo(z) = {2}, MPCC-
SC fails.

In case we take z = (0,0, A\, A\ — 1), Ay > 1, although MPCC-SC holds, since
JAo(z) = @, the condition MPCC-SOC will fail. Note that T, My is gen-
erated by the vector (0,0,1,1) while V(szyvk)L(O, 0,A\,1—X,1,2,0,0) = 0, so,
Ve DT dieernr (0,0, A1, 1= A1, 1,2,0,0) s a singular matrix.

As can be seen in Figure 5.1, if we slightly perturb the functions describing the
constraints as —z + y + e3(z,y) and —y + €4(x,y), there will be a point (z*, y*)
satisfying

—r+y+e(r,y) = 0,
—y+e(r,y) = 0

Now, if we perturb the objective function of the lower level problem as y+¢s(x, y),
the lower level multipliers Aq, Ay should fulfill the KKT condition for problem

Q(x"):

1+ — — M1+ == 1—— =0.
5y WY — Al 5 () 4 Al 5 e y)) =0
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1+%%(w7y)

1+%(z*,y*)’
means that the point (z*,y*, A}, 0) is a feasible point of Myxrg;, for the perturbed
functions. Now we turn to the objective function of the upper level problem.
Assume it is perturbed as —z — y + €1 (2, y) with |e;(z,y)] < 1, Ve (z,y)| < 1
and |V?e (z,y)| < 1, for all (z,y) € R® x R™. Then, the critical point system

for (z,y,\) = (z*,y*, \],0), a =~ = 0 reads:

<—1+8—2(1¢*,y*)) _ ( —1+ G2 (2",y") )ﬁ1+ < Gz, y") | >62.

_1_|_8Ly1(x*’y*) 1_|_%_ey3(x*’y*) —1+8@_?(5U*;y*

So in particular (A}, A3) = ( 0) solves the previous equation. This

. 1+ % (a, ) s (2, y¥) .
As |Ve| < 1, i = 3,4, the matrix < 1+ %_%@*’y*) _1‘3_ %—Z‘(w*,y*))’ is non-
singular. From these facts, it follows that the point (z*, y*, A}, 0) is a critical point
of this perturbed problem with corresponding multipliers («, 3,7) and o = v = 0.
As a consequence we have shown that the failure of MPCC-SC at a solution

of Pxkrer, may remain stable under small perturbations.
The next result describes the generic properties of the critical points:

Theorem 5.2.2 Given (f, G, 01, 01 - . Gq), let us consider the perturbed
functions f = f+b"(x,y), ¢ = d(x,y) + oy, Vi = Ui + Ly + dy, g5 = G5+ dy,.
Then for almost every (b, cg, Coys - - -, Cyys du, dy), at all solutions (7,7, Ao, 3,7, 1)
of the corresponding system (5.2.5), i.e. (T,7,\) is a critical point of problem
(5.1.8), the following holds:

BL-1: If a # 0, then the MPCC-LICQ, MPCC-SC and MPCC-SOC conditions
are fulfilled w.r.t. the corresponding complementarity constrained problem

(5.1.3).

BL-2: If a = 0, then rank(Vyv s, @5 (T, 7)) = m and the multipliers (p, 3) associ-
ated with g;(T,9),vi(T,7), j € Joyg(T,7), i € Joo(T,7), are not equal to zero.
Moreover there is some \* such that (T,y, \*) is a critical point of problem
Pyxrp, and rank(Vyv g (Z,7)) =| Jo(Z, 7, X*) |= m. For any \* such
that the previous condition holds, the MPCC-SOC is satisfied at (T,y, \*).
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Proof. At a critical point (7,7, A) of the problem Pyyrpy, the following system
has a solution:

V(x,y)f(x7 y) - Z ﬁz (z,y ( y)

i€ JoUJ Ao
= 2 1V @y gi(T,y)—
J€Jog
!
V:pvy¢($a y) - 231 )\ivmvyvi<x7 y)
— 7 a = 0,

Vip(x,y) — ; AiVavi(z, y)

Vivi(z,y)a = 0, i€ Jy,
Vivi(z,y)a =y = 0, i€ JAgUA,, (5.2.8)
z 2.
Vy¢<$, y) - Z:l )\ivyvi(‘ra y) = 07

vi(z,y) = 0, i€ JyUJAy,
)\i - 0, JAO U Ao,

gj(xay) - 07 j S ‘]097
Bi = 0, i€ JN5C JA,
v = 0, i€ JAG, C JA,,
K = 07 .7 € Jgg C JOg7

where some of the multipliers 3;,v;, 115, © € JAg, j € Jo, are equal to zero. The
corresponding index sets are denoted by JAgs, JAG,, JAG,. With this setting,
Jog = JA5g = JAG, = @ means that MPCC—SC holds. For simplicity, we skipped

the arguments (z,y, \) in the active index sets.

Now, we will consider solutions (z,y, A, @, 3,7, i1) of the previous system for
perturbed functions f = f(z,y)+b7(z,y), ¢ = é(x, y)+chy, v = iz, y) +cly+
dy,, 9j = gj(z,y) + dgy;. We have to distinguish between two cases corresponding
to a =0 and o # 0.

Case a # 0: We assume [|af > 5, for some fixed N € N. For simplicity we
will consider J(] = {1,2,...7l1} JA() = {ll + 1,...,12}, A(] = {12 + ].,...,l},
JOg = {1,2,...,(]1}, JASB = {ll + 1...7l3}7 JAS,Y = {l4,...7l5} and
Jog = {1, @2}, for some 0 < I} <3 <l <land l; <y <5 < Iy, ¢2 < .

Taking the Jacobian with respect to the variables and parameters, we find
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Oor Oy 0O\ oa ap 0 ou ob 803; ocl oad,, d

Yoy “9J0g
® ® O ® ® 0 ® Iym 0 © 0
[Vyv1]
® ® 0 : 0 0 0 0 0 Q 0
' Iy,
[vyvl]T
® ® & 0 0 0 0 0 I, ® 0
® ® 0 0 0 0 0 0 0 ® 1,000
0 0 O, 0 0 0 0 0O 0 0 0
® ® 0 0 0 0 0 0 0 0 000
0 O 0 0 0|Iﬁ*\0 0 0 0 0 0 0
0 0 0 0 0 0]Z4+10 0 0 0 0 0
0 O 0 0 0 0 Iu*|0 0 0 0 0
(5.2.9)
a0 0
where ) = has [ rows and 3" =I5 — Iy, u* = qo, V" = lo — I4.
0 0 of

Evidently, ||o|| > + implies o # 0 and Q has rank I. So, it follows directly that the
rows of the matrix (5.2.9) are linearly independent. Then, by the Parameterized
Sard Lemma, for almost every b, ¢4, d, dg, ¢, the Jacobian matrix of the system
(5.2.8), with respect to variables (z,y,A\) and multipliers (o, 3,7, i), has rank
n+m-+l+m-+|Joo| +|JAo|+ |Ao| + | Jog| + 8|+ |1*| +|7*], equal to the number of
rows, at all solutions of the system with ||| > 5. But this rank cannot be greater
than the number n+m-+1+m+|Jo|+|JAo|+ | T Ao| + | Ao| + [ Jog |+ 15|+ | ¥ + 7]
of involved variables. So, in view of Jy U JAy = Jo,:

|37 + ™[ + || = 0.

1.e. MPCC-S5C holds.

Now, we want to prove the regularity of C = V%

$’y7A)L|T(Z’y’A)MKKTBL, the Hessian

matrix at the solutions of the perturbed system (5.2.8) with [|o|| > +. In view
of Proposition 2.1.1 it is equivalent to prove the regularity of:

B ( et zg) (5.2.10)
where 4 = V?

(Ly’/\)L(x, Y, A\, a, 3,7, 1) and B is the matrix with the gradients of
the active constraints as columns.

Note that B is the upper left part of the matrix (5.2.9), formed by the rows 1
to 6, and the columns corresponding to the derivatives Oy .a,8,y,)- S0 it is non-

singular. It is well known that the regularity of B is equivalent to the fulfillment
of MPCC-LICQ and MPCC-SOC.
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Taking all finitely many possible combinations of active index sets, it follows
that, for almost every linear perturbation of (f, ¢, v, g), the solutions of the system
(5.2.5) with [ja|| > + are non-degenerate critical points.

By considering the intersection Nyen of all these sets of perturbations, we
obtain for almost every linear perturbation the non-degeneracy condition at all
critical points with a # 0.

Case a = 0: Now we will consider the case of solutions with o = 0. This implies
v =0, i € JAgU Ay, see system (5.2.8). Then for some (3, u) € RI%ool+1Josl the
following system has a solution (Z,7, \):

V(I7y)f(w7y) Z ﬁz (z,y) UZ(‘T y) Z ij(x,y)gj($ay) = 0,

1€Jov J€Jog
Vyo(z,y) — Z ANiVyvi(z,y) = 0
vi(z,y) = 0, i€ JyUJAy,
Ao o= 0, i€ JAyUA,,
(.Z', =0 j S JOg-
(5.2.11)

As the set Joo (T, 7) = Jo(Z, 7, A\) U JAo(Z, 7, ) does not depend on the particular
choice of A, this system can be decomposed into two parts. Firstly the system in

(x7 y? /67 u):
V(I,y)f(xay) Z ﬁz (z,y) U%(‘T y) Z ij(x,y)gj($ay) = 0,

ZGJ()U JEJOg
vi(z,y) = 0, i€ JyUJAy,
gj(xay) = 07 jEJOg-
(5.2.12)

In the second part, for a given solution (7,7) of system (5.2.12), the vector A has
to solve the following linear system of equalities and inequalities.

> AVui@y) = 0, (5.2.13)
’L'EJOU(T,Q)

A > 0.

Note that, for any solution (7,7, 5, 1) of the system (5.2.12), the vector (T,7) is
a critical point of the standard problem:

min f(z, y)
st. v(zyy) > 0, i=1,...,1, (5.2.14)

gj(xay) 2 07 jzlaaq

with corresponding multipliers # and pu.
By Caratheodory’s theorem, if the system (5.2.13) is solvable for (Z,7), we
can choose a solution \*, such that
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the vectors Vv, z g (T,7) are linearly independent. (5.2.15)

So, in the system (5.2.11) we can assume, w.l.o.g., that the vectors Vv,
i € Jo(Z,7, \) are linearly independent. Note that Jo(Z,%, A\) may be the empty
set.

We turn back to the system (5.2.11), where f, ¢, g,v are linearly perturbed
as in the first part of the proof. We will assume (as in system (5.2.8)) that some
multipliers are zero, e.g., Bi = 0,u; = 0, i € JAG,, j € J5,, with [JAGs| = 5*
and |J5‘g| = p*. So, the critical points will be described by means of the system
(5.2.11) and the previous equations for the multipliers (/;, ;). The Jacobian of
the (augmented) system with respect to variables, multipliers and perturbation

parameters has now the form (see also (5.2.9) for the case a # 0):

Oz Oy O\ op op  9b  Ocf od,, ad,,

® ® 0 ® ® Iyym O 0 0

® & 02y 0 0 0 I, 0 0

® ® 0 0 0 0 0 Iauml0 O

0 0 O/sa0unl 0 0 0 0 0 0

® © 0 0 0 0 0 0 Iy, [0

L, 0 0 0
0 0 0 0 0 I, 0 0 0 0 0 0
0 0 0 0 I 0 0 0 0
(5.2.16)

Again we assumed Jo = {1,2,..., 51}, JAo={l1+1,.... L}, Ao ={lo+1,... 1},
JOg = {1, 2, Ce ,C]1}, JAEk)ﬂ = {1, c. ,l4}U{l1+1 c. ,lg}, and Jgg = {ll+17 Ce ,QQ},
for some Iy < [} <3 <y <, g0 < q1. Using our standard argument, we
conclude that, for almost every perturbation (b, ¢4, d,,d,), the Jacobian matrix
with respect to the variables and multipliers (z,y, A, 3, 1) has full row rank. So
the number of variables is greater than or equal to the number of equations, i.e.:

n+m—+1+[JoUJAo|+[Jog| > n+m+m—+|JoUJNg|+|JAgUAo|+|Jog| + 8%+ 1"

or, equivalently,

[ Jol = m + (67| + |17

In particular |.Jy| > m, but our assumption that V,v;, i € Jp, are linear indepen-
dent, see (5.2.15), yields |Jy| < m. So,

|Jo| =m and |5*] = |u*| = 0. (5.2.17)

To prove the statement concerning MPCC-SOC for the case a = 0, see BL-2 in
Theorem 5.2.2, we reconsider the original MPCC-problem (5.1.3) and show that
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A B
BT 0
and the columns of B are given by the gradients of the active constraints. From
the rank condition for matrix (5.2.16) it follows that the square matrix, composed
by the row blocks 1,...,5, and the columns corresponding to 0y y.x,3,4), i nON-
singular. We will denote this matrix by:

the matrix B = is regular, where A = V%xy)\)L(x,y, Ao, By, 1)

® ® 0 ® ®
® ® ® 0 0
A= ® ® 0 0 0
0 0 O0]fjapurel 0 O
® ® 0 0 0

Note that B can easily be constructed from A" as follows: we add the partial
derivatives corresponding to the equations Vyvo0 = 0, Vyvia,0a0Q = Vagune
as new rows and the derivatives w.r.t. « and v as new columns. Exchanging
some rows and columns we have:
A ® 0
B = Il 0 vaJO 0 IQ,
0 Vyvsaeuae Ljsaeunl

where Z; and 7, are appropriate (non-singular) permutations matrices. As V, vy,
is a non-singular matrix, see (5.2.15) and (5.2.17), the regularity of A’ and B are
equivalent. This means that, the MPCC-SOC' condition holds.

(Il

From the proof of Theorem 5.2.1 and Theorem 5.2.2 we also obtain the following
fact.

Corollary 5.2.1 For almost all perturbations of (f,d,vi, ..., v, g1, .. ,gq),_ lin-
ear in (f,v1,...,0,01,...,94) and quadratic in ¢, any critical point (Z,y,\) of
the corresponding problem, Pyyrp, with associated multiplier o # 0 (see system

(5.2.5)) is isolated and non-degenerate in the MPCC sense, see Chapter 4.
We combine the generic properties of the previous results in a definition.

Definition 5.2.1 A bilevel problem Pgy, is called KK T-regular if its correspond-
ing KKT relaxation Pyxrg, has the regularity properties of the generic class in
Theorem 5.2.1 and Theorem 5.2.2.

As a direct consequence of this definition we obtain the following result.

Corollary 5.2.2 For almost all perturbations of (f,¢,vi, ..., v, q1,...,Gq), lin-
ear in (f,v1,...,0,01,-..,94) and quadratic in ¢, the problems Pgj, are KKT-
reqular.
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We end up with some additional information on the relation between the original
problem Pg; and the corresponding relaxation Pyyrg, in the generic case. In all
cases we assume that Ppgp is KKT-regular. For local minimizers with @ # 0 the
following holds.

Corollary 5.2.3 Let Py be a KKT-regular problem and let (T,7,\) be a non-
degenerate local minimizer of the corresponding program Pyyqrg, in (5.1.3) with
multiplier o # 0. Then the strong-MFCQ condition holds at y w.r.t. the lower
level problem Q(T).

Under these conditions, if (T,Y) is a feasible point of problem Pgy, then it is
a local minimizer of Pgr of order 1 or 2.

Proof. Recall from Corollary 5.2.1 that a non-degenerate critical point of (5.1.3)
with a # 0 is isolated. Assume now that two lower level multipliers, A # \; exist
w.r.t. Q(Z). Then for § € [0, 1] the points (Z,7, (1—8)A+5X;) will also be feasible
points of problem (5.1.3) with the same minimal value of the objective function
f(Z,7). So, for § small enough (Z,7, (1 — 6)\ + dA;) will be a local minimizer of
problem Py, and this contradicts the fact that (7,7, X) is an isolated critical
point of Pixrp. So strong-MFCQ holds.

Now we will show that the local minimizer condition is satisfied. Note that in
this case (a # 0) (Z,7, A) is a non-degenerate critical point in the MPCC-sense.
Then, by Theorems 4.4.3 and 4.4.4, it is a (locally unique) minimizer of order 1 or
2 for Pyyrsr- Moreover, strong-MFCQ holds in the lower level problem Q(Z). As
(Z,7) is a feasible point of Pgy, i.e., ¥ solves Q(T), and MFCQ holds at 7 € Y (T),
locally Mg, C Myxrp|rrxrm, Where Myyrpy|rnxrm is the projection of the set
Myxrsr into the (z,y)-space. In view of the fulfillment of the strong-MFCQ
condition, the multipliers associated to (x,y) € Mpy, near to (T,7) are close to
. Altogether, this implies that the point (Z,7) is a (locally unique) minimizer
of order 1 or 2 for Pgy.

O

Now let (Z,7,\) be a local minimizer of (5.1.3) (and thus a critical point of
Pyxrsr) with associated multiplier « = 0. Recall that we assume that Pgy, is
KKT-regular. Therefore, it satisfies the conditions given in BL-2, see Theorem
5.2.2. In particular |Jo,(Z,7)| > m.

First we consider the case |Jo,(Z,7)| = m. As rank(Vyvy, @5 (T, 7)) = m =
| Jou(Z, 7, A)|, LICQ is satisfied for Q(Z) at ¥ and X is the unique solution of

system (5.2.13). This implies that MPCC-SC and MPCC-SOC hold at (7,7, A),
see condition BL-2 in Theorem 5.2.2. Consequently, (Z, 7, ) is an isolated critical
point of problem (5.1.3). Using this fact and the same ideas as in the proof of

Corollary 5.2.3, we obtain the following result.
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Corollary 5.2.4 Let Py be a KKT-regular problem and let (T,y,\) be a non-
degenerate local minimizer of the corresponding program Pyyqrp, in (5.1.3) with
multiplier « = 0 and rank(Vyv ., @5 (T, 7)) = |Joo(Z,7)| = m. Then LICQ holds
at g w.r.t. the lower level problem Q(T).

Under these hypotheses, if (T,7y) is a feasible point of problem Pgy, then it is
a local minimizer of Pgr of order 1 or 2.

Now we consider the case that (Z,7,\) is a local minimizer of Pyxrpy, with
a = 0, where strong-MFCQ fails at Q(Z) w.r.t. 7, hence |Jo,(Z,7)] > m.
Then the set of solutions of the system (5.2.13) is a polyhedron of dimension d,
d < |Jou(Z,7)| —m. We will denote this polyhedron by R(Z,7). Note that the ver-
tices of R(Z,7) are given by those solutions A\* such that rank(Vyv @z (T, 7)) =
|J0(E7 Y )‘*)l =m.

For each \* € R(Z,7), the point (7,7, \*) is a critical point of Pikrg.. In
this situation the following bad behavior may occur: the points (7,7, A) with
A € R(z,7) and JAy(T,7,\) = &, i.e., Ais in the relative interior of R(Z,7),
are local minimizers of Pyrsr, but if X is a vertex of R(%,7), the point (7,7, \)
is no longer a local minimizer. This means, in particular, that the set of local
minimizers may not be closed. We give an example:

Example 5.2.1

min —z + vy
s.t. y solves Q(x) : min y
st. y > 0,
z > 0.
Note that the corresponding KKT relaxation is
min —xr + vy
st. 1-— )\1 = 0,
y = 0,
z > 0,
A, Ay >0,
yh = 0,
il')\g = 0.

Here, at the minimizer (Z,7) = (0,0), we have Jo,(Z,7) = {1,2}. So
|Jou(Z,7)] = 2 > 1 = m. The points (x,y, A1, Ag) = (0,0,1,Ay), with Ay > 0,
are clearly local minimizers of the KKT relaxation, with the same value of the
objective function, f(0,0) = 0. However, if we take (A, A\2) = (1,0), the ver-

tex solution of the corresponding system (5.2.13) (for (Z,7) = (0,0)) the point
(0,0,1,0) is no longer a local minimizer. Indeed, when letting > 0, the value
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of the objective function will be smaller. Note that (0,0) is not a local minimizer
of the original bilevel problem.

In the case where (7,7, \) is a local minimizer of Pygrse, With a = 0, and
such that strong-MFCQ fails for 7 at Q(Z), in comparison with Corollaries 5.2.3
and 5.2.4, we only have the following weaker result.

Corollary 5.2.5 Let Py be a KKT-reqular problem and let (Z,7,\) be a local
minimizer of Pyyrpr, with o= 0, such that rank[Vv; - 5T, 7)) = [Jo(T, 7, A =
m (i.e. X is a vertex solution of system (5.2.18)) and strong-MFCQ fails for 3
at Q(T). Then (Z,7,\) is an isolated local minimizer of Pygrs, (5.1.3) of order
2, in the following sense: There exists k, k > 0, such that for all (x,y) near

(Z,7), with (x,y,\) € Myxrs, for some A satisfying Ay z5% > 0, we obtain

Z,YA

Proof. At a local minimizer (7,7, A) the multipliers 3;5,, VAo, fs,, are non-
negative and the Hessian of the Lagrangean of problem (5.1.3), should be positive
semi-definite on 7{; , ») Myxrsr, i-€., V(Qz,y,A)L(Ev T A a, By 1, ) |7,y M, 2= 05
see the end of Section 4.3. In this case in view of & = 7 = 0 we have:

.7, A V2 i j’ _757 O
V%Ly’)\)[/(a:, U, A\ o, By p1,y) = ( (@) <0 g, 8, 1) O)
where
[A/(Ea @ 57 :u) = f(f, y) - Z ﬂﬂ)i(f, y) — ,ujgj(f7 g)

i€Jo(Z,5,\UJ Ao (Z,7,\) Jj€Jog(T,y)

Now we will construct the tangent subspace T@g’x) Mywrsr- Recall that, by defi-
nition, it is the tangent subspace of the manifold described by the system (5.2.2).
As can be easily seen, this sub-space is generated by the k = n — |Jo,| — |JAo|
V
columns of the matrix ® where the k& columns of V' form a basis of the
Ol—m
subspace tangent to V.01, @5 (T, V), V() 950, (T, 7) and © is the m x k-matrix
solving

!
vvao(f,y,X) (E, @)T@ = _v(ﬂcﬂy) [Vy?b - Z Aivyvi(fa y)]TV'
i=1

As a consequence

V%x,y,)\)L<f7 @; Xa «, ﬁ7 H, 7) |T77 MgkTBL — VTV%m7y)-Z;(T7 yu 67 M)v t 0.

(Z,9,%)
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But \ is such that rank[Vv s@zn (@] = 1Jo(Z,7, )| = m and for these critical
points MPCC-SOC holds, see Condition BL-2 in Theorem 5.2.2. So

V%Mv\)L(E, 7\, B, ’Y)’T(E@;)MKKTBL = VTV%M)ﬁ(E, v, 3, u)V is positive definite.
(5.2.18)
Recall that in case a = 0 the regularity means p;, 5; # 0, for all j € Jog(f,y_),

i € Jo(T,y,\) UJA(T,7, A), see Condition BL-2 in Theorem 5.2.2. As (7,7, \)
is a minimizer of Pyyrpr, we must have:

Bispg >0, Vi€ JA(T, 7, N), J € Jog(T, 7). (5.2.19)

Let us consider the problem:

min f(z,y)
s.t. (z,y) € My @zx) _
A vi(z,y) = 0, i€ Jo(T,7,A), (5.2.20)
Mp@gn =4 (@:y) ERT™ | wi(z,y) > 0, i€ JA(T,7, ),
g](x7y) Z O’ .]:177(]

It is easy to see that (Z,¥) is a critical point of the previous problem with as-
sociated multipliers (3, ). Since the Hessian of the Lagrangean of this problem
coincides with the Hessian of f)(f, Y, 0, 1) and T@@/\;l Jo(zgy 1S generated by
the columns of V', conditions (5.2.19) and (5.2.18) mean that (7,y) is a local
minimizer of problem (5.2.20) of order 2, i.e., there exists k, £ > 0, such that,
locally,

f(xay) - f(f)y) > I{H(ZE -,y —@)||2,\V/(117,y) € MJo(f7y7X>'

Now, we take (z,y) near (7,7y) satisfying (z,y,A) € Myxrp., for some A,

Aoz > 0. By the feasibility of (x,y,A) we have vy .5 (2,y) = 0. Then

(x,y) € MJO( y and the inequality f(z,y) — f(7,9) > &[/(z — 7,y —7)||* holds.
O

ZY,\

Z,\

Remark 5.2.1 Note that the condition obtained in Corollary 5.2.5 does not mean
that if (Z,y) € Mgy, then (Z,7) is a local minimizer of Pgy, as in the other cases.

We now summarize the genericity results of this section. Generically, MPCC-
LICQ holds for all feasible points of Myxrg,. At the local minimizers (Z,7, \)
of PixreL, with corresponding multipliers («, 3,7, i), the following cases may

appear generically:
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- a # 0: in this case for the lower level problem Q(Z), strong-MFCQ holds

at y and (Z,7, A) is non-degenerate, as a critical point, in the MPCC-sense.

- o = 0: (7,7) is a non-degenerate critical point of problem (5.2.14) and
rank(Vyv; o nusne@sy) = M- Moreover there is some vertex solution
A* of the system (5.2.13), such that (7,7, A*) is a critical point of Pyxrgr,
|Jo(Z, 7, A*)| = m and rank(V v @z (T,Y)) = m. More precisely, recall
Joo(T,Y) = Jo(T, 7, \*) U JAo(T, 7, \*), we have :

- in case |Jo, (T, )| = m
A is the unique solution of system (5.2.13). LICQ holds at 7 for Q(7)

and (7,7, A) is a non-degenerate critical point of Py, in the MPCC-
sense, i.e., MPCC-SOC and MPCC-SC are fulfilled.

- in case |Joo(Z,7)| > m:
For the vertex solutions A* of the system (5.2.13) it follows
JNo(Z, g, \*) # @. Moreover MPCC-SC fails for (7,7, \*) since
vi =0, Vi € JAy(T,7, \*), but MPCC-SOC holds.

5.3 A numerical approach for solving BL

In this part we will present a procedure for computing local minimizers of Pyyxrpy.
As already sketched at the end of Section 5.2, there may appear two different
cases: local minimizers corresponding to critical points where o = 0 or where
a # 0. First let us reconsider the reduced problem, see (5.2.14):

min f(z, y)
st. vi(x,y) > 0, i=1,...,1, (5.3.1)

gj(%?J) > 0; ]:1,,q

With the aid of this program we have the following possible method.

Conceptual method:

1. Possible solutions with o = 0: Try to compute a critical point (Z,y) of
the reduced nonlinear program (5.3.1). If there is a corresponding solution
A of system (5.2.13), then (Z,7,\) is a critical point of problem Pyyrgr,
with @ = 0. Now we calculate a vertex solution A of system (5.2.13).
Then, generically, rank(V,v; 25T, Y)) = (T, 7, )| = m. If conditions

(5.2.19) and (5.2.18) hold, (7,7, A) is a local minimizer of problem (5.1.3).

2. Possible solutions with o # 0: Try to find a solution (7,7, A) of the full
system (5.2.5), by applying the parametric smoothing approach of Chapter

4. If the procedure converges to a point (7,7, A) with o = 0, try to identify
the active index sets Jy,(7,7), Jo,(T,y) and switch to step 1.
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The first step can be easily done by applying standard nonlinear optimization
techniques. Note that the program (5.3.1) will generically satisfy the non degen-
eracy conditions of nonlinear programming problems.

For the smoothing approach in Step 2, we solve the perturbed problem:

min f(z,y)
I
s.t. vygb(xvy)_ ZAZvaZ(l‘ay) = Oa
i=1
vi(z,y) > 0, i=1,...,1, (5.3.2)

)‘i Z O, 1 = ,...,l,

Nvi(z,y) = 1, i=1,...,1,

gj(xay) Z 07 jzlavq

and let 7 — 07. So suppose that (7,7, \) is a critical point of Pyyrs, with
a # 0, where « is the vector of multipliers associated with the equality constraints
Vyo(r,y) — S Awi(z,y). The existence of a sequence of local minimizers

(ZT+,7,, Ar) of problem (5.3.2), and its rate of convergence follows from the analysis
in Section 4.6.

Proposition 5.3.1 Let (T,7, \) be a strongly stationary point of the MPCC prob-
lem (5.1.8) such that MPCC-LICQ, MPCC-SC MPCC-SOC hold. Then there is a

sequence of stationary points (., yr, Ar) of problem (5.3.2) converging to (T, 7y, \)
with rate O(\/T).

Proof. It is a direct corollary of Theorem 4.5.1. O

In the generic case, the hypotheses in Proposition 5.3.1 hold if strong-MFCQ is
fulfilled for 7 in Q(7). Sufficient conditions under KKT-regularity are that the
multiplier o corresponding to (Z,7, \) is not equal to 0 or that |Jo, (T, 7)| = m.

Unfortunately, around a stationary point (Z,7,A\) with o« = 0 and
JAo(Z,7,\) # @, we cannot guarantee the existence of a sequence of stationary

points (z,,y,, \;) of problem (5.3.2), converging to (Z,7, A), when 7 — 0, as in
Propostion 5.3.1. In the following example we present a generic counterexample.

Example 5.3.1

minz 4+ y
s.t. y solves Q(z) : min y
s.t. y > 0,
l—y > 0,
z > 0.
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The KKT approach leads us to the following problem:

+

min x

1 =X+ Ao
Y

I—vy

x

Ai

Ay

A2(1 —y)
/\3[)’2

s.t.

i=1,2,3,

IV IVIVIV I

coococococoow

This problem has the solution (Z,7,A) = (0,0,1,0,0) with multipliers
b1 =0 =1, a=v =% =9 =0, and |JA(Z,7,\)| = 1. Now, we con-

sider the smoothing parameterization of Section 4.6 and try to solve:

P, minx +y
1—XA+ X
A1

Y

A2

-y

A3

x

YA

(I =y)As
SC)\3

s.t.

IIVIVIVIVIVIV I
A NN oo o0ocoo00O

for 7 — 0T. Note that, for 7 > 0 small enough, LICQ holds at any feasible point.
In fact, as the active index set is empty, the linear dependence implies that the
gradients of equations number 1, 8, 9 and 10 are linearly dependent, i.e., the
following system has a non-trivial solution (a, b, ¢, d):

0 0 0 A3

0 M —As O Z

-1 y 0 0 | = 0.
1 0 1—-y O d

0 0 0 T

x > 0 implies d = 0. By multiplying the third and fourth equations by A? and
— M2, respectively, and using the feasibility condition, we obtain:

/\1b7’
—AoyCT
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Summing up and using bA; — cAy = 0, we obtain a(A? + A\3) = 0. But Ay, Ay > 0,
so a = 0 and this implies b = ¢ = 0, a contradiction to (a, b, ¢, d) # 0.

Now we will prove by contradiction that there cannot exist a sequence of
critical points of P, converging to (0,0,1,0,0) when 7 — 0. The critical point
condition for problem P, reads:

0 O 0 A3
0 )\1 —/\2 0
=|-1 y 0 0
1 0 11—y O
0 0 0 x

O OO =
Qo o

The condition x > 0 yields d = 0, so in the first equation we have 1 = 0
contradicting the existence of multipliers (a, b, ¢, d) solving the system.

We want to recall that there may exist feasible points (x,y) € Mgy, or even
minimizers (7, y) of problem Pgy, in (5.1.1), where the MFCQ condition is violated
in the lower level problem, see problem (5.2.6). So ¥ may not satisfy the KKT
condition for Q(T). Clearly minimizers (Z,7), such that the KKT condition fails
at g for Q(T), cannot be found by the KKT approach. Therefore from a practical
viewpoint it is advisable to use the FJ approach in which the KKT condition
(5.1.2) is replaced by the FJ optimality condition:

!
ony(ﬁ(l’a y) - Z Aivyv’i(aja y) = 07
i=1
)\U Z 07
N> 0, 1=1,...,1,
vi(z,y) > 0, i=1,...,1,
)‘ivi(xay) = 07 t=1,. 7la
!
i=1
So we are lead to the problem:
min f(z,y)
l
st AoVyo(z,y) — > MVyui(z,y) 0,
i=1
)\0 Z 07
)\i > O, 2:1,...71,
vi(z,y) > 0, i=1,...,1, (5-3.3)
Avi(z,y) = 0, i=1,...,1,
l
)\0+Z)\z = 17
i=1
9](557?/) Z 07 J:17 » q
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The FJ approach leads, up to some technical modification, to a problem with a
similar structure as in the KK'T approach. We, therefore, expect similar genericity
results.

5.4 Numerical examples

In this section we will consider four bilevel problems to illustrate the solution
method given before. Three of them appear on the web page http://www-
unix.mcs.anl.gov/ " leyffer/MacMPEC. The fourth is the problem in Example 5.3.1.
We will present the numerical results obtained when solving the problem Pyyrpy.,
corresponding to the KKT approach applied to problem Pg;. The solutions are
computed by means of the smoothing techniques described in Chapter 4. We use
the solver of nonlinear optimization problems of MATLAB, fmincon, to find a
critical point of the corresponding problem P, 7 — 07. All programs run under
MATLAB 7.0.1.

We want to remark that the numerical results will be displayed with two
decimal places, even if the corresponding number is exact. For instance, the
values 12 and 12.00009 will be both written as 12.00.

The first problem originally appeared in Bard [2].

min(z; — 5)% + (2y + 1)?
s.t. x >0,
y =0,
y solves Q(z) : min(y — 1)* — 1.5xy
S.t. 3r—y—3 > 0,
s+ 05y+4 > 0,
—x—y+7 0.

v v

The reported local minimizer is (Z,7,\) = (1,0, 3.5,0,0). We obtained:

Method Smoothing method
Starting Solution (0.00, 0.00)
Start lower level multipliers | (1.00, 1.00, 1.00)
Solution (1.00, 0.00)
Lower level multipliers (3.50, 0.00, 0.00)
Value of the obj. function 17.00
CPU time .20

The smoothing method converged to the minimizer. The error between the ap-
proximate and the real minimizer for 7 = 9.54 e-07 is 0.39 e-06.

We solved the same problem using 50 random starting points on the intervals
[—1,5)% and [—20,20]%. Tt performed as follows:
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Behavior\ Interval [—1,5]* | [-20,20]?
Smoothing approach succeeded in | 33 cases | 16 cases

The second example, also appeared in [2], and reads:

min —z? — 3z9 — 4y + 3

s.t.
r > 0,
y = 0,
—x? —2x9+4 > 0,
y solves Q(x) : min y? — 5y,
st 22 —2m + a2 -2y +y2+3 > 0,
To+3y —4dys—4 > 0

The numerical results are given in the next table:

Method Inner point
Starting solution (0.00, 0.00, 0.00, 0.00)
Start lower level multipliers (1.00, 1.00)
Solution (0.00, 2.00, 1.88, 0.91)
Lower level multipliers (0.00, 1.25)
Value of the objective function -12.67
CPU time 33.31

Again the smoothing approach converges to the reported minimizer,
@,7,\) = (0,2,1.875,0.9062,0,1.25). The error between the obtained point
and the real minimizer is 4.97 e-05 for 7 = 9.54 e-07.

Now, by considering 50 starting points randomly generated in the intervals

[—1,5]* and [—20, 20]* we obtained:

Behavior\ Interval [—1,5* | [-20,20]*
Smoothing approach succeeded in | 44 cases | 45 cases

Note that in the previous examples, at the solutions we have JA(Z,7,\) = &
i.e., strong SC holds (see Section 4.3). However, this condition may fail in generic

examples as in Example 5.3.1, where at the solutions (Z,7, A) = (0,0, 1,0, A3),
A3 > 0 the corresponding multiplier satisfies &« = 0. Recall the problem is

minx + y
s.t. y solves Q(x) : min y
s.t. y > 0,
-y > 0,
z > 0.
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With the starting point (0,0,1,1,1), the smoothing approach obtained the
solution (2.17 e-09, 9.54 e-07, 1.00, 9.547 e-07, 438.59). As expected, at the
solution, the lower level multipliers became large. When 7 is small, we observed
that the value of A3 remained almost unchanged. In fact, for 7 small, z = z==
is almost equal to 0. So, the point ( 0,1,0, A3) solves the critical points
system within an acceptable error.

—_T__
438.5937

We end with a non-generic example, where MPCC-LIC() fails at the solution
point. This example can be found in [13]. The problem is

min —a% — 221 + 23 — 220 + Yy + Y3
s.t.
x
Y
—T —f- 2
y solves Q(z) : miny? — 2z1y1 + y3 — 229ys
st 25— (y— 1) > 0,
25— (ya— 1) > 0.

0,
0,
0

9

IV IV IV

In this case the minimizer is (.5,.5,.5,.5) and the lower level multipliers,
A = (0,0). At that point, MPCC-LICQ is not satisfied. Our approach behaved
surprisingly good with error of order /7 for 7 > 8.6736 e-19.
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Chapter 6

Equilibrium constrained
problems

6.1 Introduction

In this part we will consider the general case of optimization problems with
equilibrium constraints (see Section 1.1)

Pec:  minf(r.y)
s.t. (z,y) € Mgce (6.1.1)
gj(xay) 2 07 j:17 4,
Mpc =< (7,y) € R" x R™ y € Y(a),
¢($,y,2) > 07 VZEY(‘I)

where Y (z) = {y €e R™ |v;(z,y) > 0,i=1,...,0}, f € [C®]}1ns & € [C®]} i
(91,---.9¢) € [C™]L 1, and (v1,...,v) € [C*],,,. For simplicity we omit equal-
ity constraints.

The following problems can be seen as special instances of Pg¢:

- Optimization problems with a VI constraint, see (1.1.8), where
QS(QT,y,Z) = (I)(Z',y)T(Z - y)

- Stackelberg Games min f(x,y) s.t. y € S(z) where S(z) is the set of Nash
strategies.

- Bilevel problems, see Chapter 5.
- Generalized semi-infinite problem (GSIP), see [58].

As for the case of BL programs, the structure of the feasible set of Pg¢ is
not suitable for classical optimization approaches. Instead, we again propose and
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analyze the KK'T approach based on a transformation of the problems into a
program with complementarity constraints.

The chapter is organized as follows. Firstly we are interested in the topolog-
ical structure of the feasible set of Prc and we give some necessary condition
for convexity and closedness. In Section 6.3 we consider the MPCC problem
obtained by the KKT approach for solving Pgc. We will show that one can-
not expect MPCC-LIC(Q to be fulfilled generically at all feasible points. Sec-
tion 6.4 deals with the special case where LICQ holds in Y (z), and ¢, v;, gj,
1=1,...,1, 7 =1,...,q, satisfy certain convexity conditions. For the MPCC
form of Ppc we prove that for almost all perturbations MPCC-LIC(Q) is satisfied
at all feasible points and that the critical points are non-degenerate in the MPCC-
sense. In the last section we discuss the linear case, where the functions f, v;, g;,
i=1,...,l, j=1,...,qarelinear and ¢(z,y, 2) is of the form [C(z,y)+d](z—y).
We derive the generic properties for these problems and present a numerical al-
gorithm.

6.2 Structure of the feasible set

In this section we are interested in conditions which guarantee that the feasible
set Mpc of Pge is closed and/or convex. Note that in general, as in the case of
GSIP (see [58]), Mgc need not to be closed. We give the illustrative example:

Example 6.2.1 Choose ¢(z,y,2) = z— 32, © >0, 2 < %, y € Y(x) and
Y(z)={2€R| (2 —2)(z —sin(z))? >0, 2 > 1}.

The feasible set then reads:

r € [0,%]
Mpo = 4 (z,y) € R xR y € Y(a),
z—% > 0, VzeY(x)
We find [ ) .
B 2,00), or 0 <uw <3
Y(z) = { {1} U[2,00), forz =7,
leading to the feasible set Mpc = [0,5) X [2,00), which is neither closed nor

open. Note that this is due to the failure of MFCQ at z = 1 with respect to
Y(5). As aresult, the mapping Y (z) is not lower semi-continuous at z = 1, since
there is no sequence (g, zx) — (5,1), with 2z € Y (x;). Recall that a set valued
map Y : R” — 28" is called lower semi-continuous at Z € R" if for all open sets
V' C R™ such that VNY(Z) # & there is a neighborhood U of Z such that for
all z € U, Y(x) NV # @. For more details we refer to Klatte and Kummer [36].

The next result provides sufficient conditions for closedness/convexity of Mg,

see [7] and also [58] for GSIP.
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Proposition 6.2.1 (cf. [7]) Suppose that Y (x) C K holds for all x € R™ with
some compact set K, K C R™. Assume that for all x € R"™ the condition MFCQ
holds at all z € Y (x). Then the set valued mapping Y (x) is lower semi-continuous
and Mgc s closed.

Suppose that for any x, the set Y(x) is convex. Let the functions ¢(x,y, 2)
and g;(z,y), j =1,...,q be concave and let Y (axy + (1 — a)xy) C aY (x1) + (1 —
a)Y (z9), a € [0,1] hold for all z1,x5. Then Mgc is convex.

Proof. It is well known that the MFCQ condition implies that Y (z) is lower
semi-continuous, see [36]. To prove that the feasible set Mp¢ is closed, we have
to show:

for all (Ilmyk) € MEC7 (Ilmyk) - <Evy)v = (fay) € MEC-

By continuity, the assumptions entail ¥ € Y(Z) and ¢;(7,y) > 0. As Y(Z) is
compact, we can consider z* € Y () such that

z* solves  min ¢(Z, 7, 2)
z

s.t. 2z € Y(T).

But Y(Z) is lower semi-continuous, so there is a sequence of points of z; € Y (),
such that z;, — z*. Due to the feasibility assumption ¢(xy, yx, zx) > 0 and taking
limits £ — oo, yields 0 < ¢(7,7, 2*) < ¢(7,7, 2), Yz € Y(z). So, (Z,7) € Mgc.

For the second part, if (x1,y;) and (x9, y2), are two feasible points, by the con-
vexity assumptions, it follows (using standard arguments) that for any
a € [0,1], the point (az; + (1 — a)za, ayy + (1 — a)ys), is also feasible.

O
Let us write the program Pgc equivalently in the bilevel form:
min f(z,y)
xT,Y,z
s.t. 93(5579) Z 07 ] = ]-7 4,
Sry.2) > 0, 021
z solves Q(x,y) : min¢(x,y,u)
s.t. u e Y(x).

Unfortunately, even under the strong assumptions of Proposition 6.2.1 we cannot
guarantee the convexity of the corresponding feasible set. The reason is that if
z;, © = 1,2 are minimizers of the problems

muin Qb(l’l, Yi, U)

st ueY(x)
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the point az; + (1 — )22, @ € [0, 1] is not necessarily a minimizer of
min ¢(azr; + (1 — a)zg, oy + (1 — @)y, u)

st u € Y(ary + (1 — a)xg).
For instance, by taking ¢(x,y, z) = xz and Y (x) = [0, 1], the feasible set Mg is

- {eenna], 3500 - fin 1 € 20 ).

The feasible set of the corresponding BL problem (6.2.1) reads:

IV m

y € [0,1],
rz > 0,
Mpr =4 (z,y,2) ERxRxR z solves Q(x,y) : min zu
s.t. u €10, 1].

At z1 = y; = 0 the set of minimizers of the lower level problem Q(0,0) is [0,1].
Let us take z; = 1. For x5 = 1, yo = 0 the only solution of Q(1,0) is z; = 0.
However the convex combination (1 — «)(z1,y1, 21) + a(za, ya, 22) = (a,0,1 — «)
is not feasible for 0 < a < 1 since z = (1 — a) does not solve the lower level
problem minaw s.t. u € [0, 1].

6.3 (Genericity analysis of the KKT approach to
EC

Now we will consider the KK T-relaxation for equilibrium problems Pg¢ in (6.1.1).
Firstly the equilibrium problem is written in the bilevel form (6.2.1). Then the
lower level minimization problem is replaced by the KKT condition for the min-
imizer 2z of Q(x,y). We obtain the MPCC problem:

Pracree : nin f(z,y) (6.3.1)
s.t. (33, Y, z, )\) S MKKTEC
( g]('xﬂy) Z 07 J _17' » 4,
vi(z,y) > 0, i=1,...,1,
l
(l’»y;Z, /\) S Vng(x,y,z) _;Aivzvi(‘r7z> = 0,
Myxrec = Rnrt+m+m+l N > 0, ¢ 1,. l
vi(z,2z) > 0, i=1,...,l,
Avi(z,z) = 0, i=1,...,1,
. ¢($,y, Z) Z 0
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Recall that this problem is a relaxation of Pg¢ in the following sense. If MFCQ
holds for the local minimizer Z of Q(Z,%), then (Z,%,%,A) € Mxxrec for some
P= Rﬂr. Using a notation similar to the previous chapter, for points
(Z,7,%, \) € Myxreo, we introduce the active index sets:

Jou (T, ) {i | vi(z,y) =0}
Jo(@,Z,N) = {i|v(z,2) =0, N >0}
JNo(Z,Z,N) = {i|w(®@,2) =X =0} (6.3.2)
Nz, 2) = {i|w(z,z) >0, X =0}
Jog(@7) = {ilg;(x.y) =0}

We begin with a negative example which shows that, in contrast with the BL case,
MPCC-LICQ is no more generically fulfilled on the whole feasible set Myyrpc.

Example 6.3.1 Consider the problem Pgc with feasible set Mpge defined by
o(z,y,2) =2+ 1, v(z,y) =y, va(z,y) =2 —vy, z,y,2 € Rand with ¢ =0, i.e.,
no constraints g;(z,y) > 0.

So
y = 0,
Mpc =S (z,y) ERXR | z—y = 0,
z4+1 > 0,Vzel0,z]

The set Myxrrc corresponding to the KKT relaxation Pygric is described by:

y = 0,
r—y = 0,
I1—X+X = 0,
>\l>)\2 > 07

z > 0, (6.3.3)
x—z > 0,
/\12’ = 0,
Xo(z—2) = 0,
z+1 > 0.

Note that (x,y, z, A1, A\2) = (0,0,0,1,0) is feasible. At this point the condition
MPCC-LICQ fails, because the gradients of the active constraints vy (x, y), va(x, y),
vi(x, 2),v9(x, 2), i.e. the columns of the matrix

0 1 0 1
1 =10 0
0 0 1 -1
0 0 0 O
0 0 0 O
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are linearly dependent. Moreover this situation is stable under small perturba-
tions of the involved functions.

To see this, let us consider the set M rse defined by the functions
U1<1’,y) + 61(937 y)? UQ(‘%‘7 y) + €2<Ji,y), ¢(x7 Y, Z) + 63(£L‘, Y, Z) where |€i(‘r7 y)’ <1
Ve (z,y)| < 1,1 =1,2, |es(z,y,2)] < 1 and |Ves(z,y, z)| < 1. As in problem
(5.2.6), it can be seen that for fixed functions €;(z,y), €2(x, y) small enough there
exists (z*, y*) solving:

y+el(r,y) = 0,
r—y+e(r,y) = 0.

The KKT condition of the perturbed problem reads:

Oes Oeq Oey
— - - = = > 0.
1+ P (x,y,2) — M(1+ P (x,2)) + A1 P (2,2)) =0, A\, 2 >0

Let z = z*, y = y* and z = y*. As |Ve¢| < 1, it follows 1+a€1( y*) > 0 and
1+ 22 (2%, y*) > 0. Then for (A}, \;) = (M 0) the point

1+51 (z*,y*)

1—’—% x*7 *7 *
($7y7 Z) )\1,)\2) = ({Ifk’y*’y*’ 0z ( y y )’O>

1+ % (2%, y*)

is an element of the perturbed set Myxrec. The gradients of the active con-
straints vy (x,y), va(z,y), v1(x, 2), v2(x, 2) remain linearly dependent at the point

(z,y,2,\) = (2%, y*, y*, \*). So, MPCC-LICQ fails.

Remark 6.3.1 The previous example shows that EC problems are more compli-
cated than BL programs. While MPCC-LICQ holds generically for all feasible
points of the KK T-relaxation for BL-problems, the extra condition y € Y (z) im-
plies that the MPCC-LICQ condition is not generically fulfilled for equilibrium
constrained problems.

In fact the failure of MPCC-LICQ is a consequence of the condition
z,y € Y (x) and the violation of LICQ in problem Q(z,y). Note that if g =z
and Vv, @7 (T,7) are linearly dependent (see (6.3.2)) the MPCC-LICQ condi-
tion does not hold at (Z,7,z,\) € Myxrec. Precisely, as shown in the previous
example, we cannot expect Vv, z7) to have rank |Jo,(Z,7)| for all y € Y (z).

6.4 Convex case

In this section we will consider the particular case of problems Pgc such that the
lower level problem Q(x,y) is a convex problem. More precisely throughout this
section we will always assume:
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CC-1: For any (z,y), ¢(x,y, 2) is a strictly convex function of z.

CC-2: Forany x e R", 1 =1,...

.1, vi(z, 2) is a concave function of z.

CC-3: For any x € R", LICQ holds for all points y € Y (z).

Under these assumptions, the problems Pgc and Pyyrre are equivalent in the
sense that (Z,7) € Mgc if and only if there exists some (Z,\) € R™ x R! such
that (Z,7,%, \) € Myxree, see problems (6.1.1) and (6.3.1).

We want to point out that the previous conditions exclude the bad behavior
of Example 6.3.1. We will show that the LICQ assumption C'C-3 for Y (z) will
assure that for almost every linear perturbation of (¢1,...,g,) MPCC-LICQ is
satisfied on Mykrpc.

Proposition 6.4.1 Let the functions (g1,...,Gq01,...,01) € [Coo]gffm, and
b e [C) s be fized such that the conditions CC-1, CC-2, CC-8 hold. Then
for almost every (dg, by, cp) € RIx R™ xR, the MPCC-LICQ condition holds for
all points of the feasible set My corresponding to the functions ¢ = gg—i-b(z,z—l—%,

(91,---.99) = ((G1s---,9q) +dy) and (v,...,v) = (01,...,0).

Proof. Let (z,y,2,\) € Myyxrec satisfy ¢(z,y,2) = 0. Then, (z,y,2,\) solves
the following system of equations:

gj(l',y) = 0, .] S ‘]097
vi(z,y) = 0, @€ Joy,
Vz¢<$,y,z) - izzl)\ivzvi(xa Z) = O’ (641)
'U,L'(.T, Z) = O, (RS JOUJA07
/\i - O, Z € JAO U Ao,
¢(I7y7 2) = O’

for active index sets Jy = Jo(z,2,A), JAy = JAo(z,2,A), Aoy = Ao(z,2, ),
Jow = Joo(z,y) and Jo, = Jog(z,y), see (6.3.2). W.lo.g  we assume
Jo=1{1,...,0i}, JAo = {Li+1,...,I}, Ao = {lo+1,..., 0} and Jo, = {1,....q}.
The Jacobian matrix of the system (6.4.1) takes the form

Y 0. o Oy O O,
® ® 0 0 Lo 0 0
Q Vi, (z,y) 0 0 0 0 0
(%) X & & 0 I, O (6.4.2)
(%) 0 V1070, 0 0 0 0
0 0 0 Ol 0 0 0
X X X 0 0 ® 1

Since by assumption CC-3, [V, vy, (z,y)] has rank | Jo,| and [V, v 5,05, (2, 2)] is of
rank |JoU.JAy|, the matrix in (6.4.2) has full row rank. So, by the Parameterized
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Sard Lemma, for almost every dg, by, ¢y, the matrix composed by the columns
corresponding to 0, . » has full row rank at all solutions (z,y, z, A) of the system
(6.4.1). Consequently, the gradients of the active constraints (i.e. the rows
corresponding to 0, , . » are linearly independent.
For the case ¢(z,y,z) > 0, the same result follows after considering the system
(6.4.1) without the condition ¢(zx,y, z) = 0.
Finally by taking all possible combinations of the active index sets we recognize
that, for almost every (d,, by, ¢s), the condition MPCC-LICQ holds at all feasible
points of the corresponding perturbed problem.

(Il

Remark 6.4.1 The result of Proposition 6.4.1 can be obtained for functions
¢ € [C¥himims (G10--0q) € [C%Eppn, (01,...,0) € [C*) ... To do so, a
larger number of parameters has to be taken into account, cf. Lemma 2.3.1.

We are now interested in proving that MPCC-SC and MPCC-SOC are satisfied
at all critical points of Pyxxric for generic perturbations of the objective function.

Theorem 6.4.1 Let the problem functions (f,§,0) € [C®A% b € [C®)L, 0 im
be fixed such that MPCC-LICQ) holds at all feasible points of Mywxrpe. Then
for almost every b € R™™  the conditions MPCC-SC and MPCC-SOC hold

at all critical points (z,y,2,\) of Pxrpc, defined by the perturbed functions

~

f(x,y) = flx,y) + 0" (x,y), (9,0,v) = (§,0,0).

Proof. Let (z,y,2,A) be a critical point of problem (6.3.1) with
¢(z,y,z,) = 0. Then it satisfies the feasibility conditions given in (6.4.1) and for
some (a, 3,7, A, 6, 1), it solves the system:

l
VaVep— 3 NiVaVevy, Vz“JOuJAO 0 Voo Vzvllou vngoq
i=1 <
VyVig 0 0 Vyd  Vyviy,  Vydig, o
Vaf R ! 9 - B
Vyf| _| VZ.o- 121 XiV2 v, V:v15UJA0 0 V¢ 0 0 1 (6.4.3)
0 i= 4.
0 —v7Ty; s
0
0 ol 0 0 0 "
. JAgUAQ
7VZvl

with active index sets Jy, JAg, Ao, Jou, Jog, see (6.3.2). For the case ¢(x,y, z) > 0,
we simply assume A = 0.

We will only sketch the main ideas of the proof. Let us fix the active index
sets Jo, JAo, Ao, Jou, Jog. Firstly, by contradiction, we show that for almost every
b, there is no critical point such that 7; = 0 holds for some i € JAy. To do
so, let us consider a critical point with JA§ := {i € JAg | 7; = 0}. From system
(6.4.3), we find =V v;(z,2)a = 0, i € Jy U JA) and —V, v;(z,2)a + 7 = 0,
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i € [JAo\ JAY UAg. The variables 7; can be eliminated and we can equivalently
replace the system:

—V.vi(x,2)a = 0, i€ JyUJA]
—V.ui(z,2)a+y = 0, i€ [JAy\ JAJ U Ag

in (6.4.3) by:
—V.vi(z,2)a =0, 1 € JyU JAg.

Considering this reduced system (with the perturbed function f = f+ b (z,y))
and the feasibility condition (6.4.1), it can be proven that, under the hypotheses
of the theorem, the Jacobian with respect to variables (x,y, z, A), multipliers
(o, B, A, 9, i) and the parameter b has full row rank. Then, by the Parameterized
Sard Lemma, it follows that for almost every b the Jacobian matrix with respect
t0 Opy.2na,8.4,,6 has full row rank at all solutions of the (reduced) system. This
means that the number of rows has to be smaller than or equal to the number of
columns and this fact appears to be equivalent to JA = @. So, for almost every
b, the set JAY is empty as we wanted to prove.

Now we prove the fulfillment of the MPCC-SC. Let us assume that there are
some multipliers 3; = 0, 0, = 0 and p; = 0, for some ¢ € JAg, k € Jy, and j € Jy,
respectively. W.l.o.g. we take the active index sets as before and assume 3; = 0,
i€ JAQy C JNo, 0 =0, k € Jp, C Joy and p; =0, j € Jg, C Jog. If we consider
the whole system composed by these conditions, the critical point equations and
the feasibility conditions (see (6.4.3) and (6.4.1) respectively) it can be seen that
its Jacobian with respect to variables, multipliers and the parameter b has also
full row rank. The application of the Parameterized Sard Lemma means that for
almost every b the Jacobian matrix with respect to 0,y 10,846 has full row
rank at all solutions of the considered system. But the number of rows has to be
smaller than or equal to the number of columns and by comparing their dimension
it follows A # 0 if ¢(z,y, 2) = 0 and JAQg = J3, = J5, = &. So, the MPCC-SC
condition must be valid. Moreover for almost all perturbations b*(z,y) of f,
the sub-matrix of the Jacobian with columns corresponding to 0,y - A .a.8,y,4,u,5 15
non-singular. This fact together with Proposition 2.1.1, implies that the Hessian
matrix of problem (6.3.1) restricted to the tangent subspace is regular. This
means that MPCC-SOC is satisfied. Finally, by taking all possible combinations
of active index sets into account, the result is proven.

(Il

6.5 Linear equilibrium constrained problems

In this section we will study a special case of Pgc in which the KKT approach
leads to a MPCC-problem with only linear functions. We consider a Pg¢ program
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(6.1.1) with linear functions f,v;,i = 1,....1, ¢(z,y,2) = [C(z,y) + d]* (z — y)
and g = 0,

Prec : min ¢’ (z, y)
S.t. (x,y) € Mrec

Mrec = {(ar,y) eR" x R™ (Cw,y) +d" (v—y) i 0, Yo € Y(x), }

Y(z) ={y € R™ | B(x,y) > b}

where ¢ € R* x R™, B € R*(tm) p ¢ RE € € R™ ™) and d € R™. This
problem will be called linear equilibrium constrained problem, LEC for short.
Taking into account that ¢(x,y,y) = 0 holds, the KKT approach leads to the
problem (see also Section 1.2)

Pixriee : min ¢! 2

6.5.2
s.t. (2,A) € Mykrisc ( )

Cz+d—BYT)\N = 0,

n+m B > b,

Myxripe = (Za )\) e R"* —H /Z\ > 0,
(Bz—b)TXx = 0,

Here we use the abbreviation z = (z,y) € R® x R™ and BY € R™*™ is the
submatrix of B corresponding to the variable y.

Obviously, problem (6.5.2) can be seen as a MPCC program (4.1.2) where the
functions (f, h, g, r,s) are linear. In this case, the lower level problem

Q(z,y) : min(C(z,y) +d)" (v —y)
s.t. v e Y(x)

is a linear problem in v and so
2 € Mppe < (2,\) € Myrse for some A € R

The problem Pppc has also been studied earlier in [7]. In this paper the struc-
ture of the feasible set of (6.5.1) was investigated in the generic case. In the
present section we analyze this problem from the viewpoint of the corresponding
complementarity constraint program Pyyrigc in (6.5.2).

In the next subsections we firstly present a genericity analysis of problem
(6.5.2) and based on this analysis, we then describe a solution method.
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6.5.1 Genericity results.

We will now prove that generically with respect to the problem data (¢, B, b, C, d),
the condition MPCC-LIC() holds at all feasible points of Pxxrirc. We also give
conditions, under which, generically the local minimizers of Pyyrisc are of order
1 with respect to the z variable.

As before, the active index sets are defined as:

JAo(z,N) = {i|[Bz]; =b;, \i =0}

The matrices Bj,, By, and By, denote submatrices of B composed by the rows
of B with indices in Jy, JAy and A respectively.

Proposition 6.5.1 In problem (6.5.2) let (¢, B,C) be fized. Then for almost all
(b,d) € R*™ the MPCC-LICQ condition is fulfilled at all feasible points.

Proof. The proof is similar to that of Lemma 5 in [53].

Consider a feasible point (z,A) of (6.5.2). Then with active index sets
Jo = Jo(Z,N), JAy = JAo(Z,N), Ao = Ao(Z,\) the following system is satis-
fied:

CzZ+d—BY™)\ =
BJOE_ bJD ==
BjaZ __bJAO = (6.5.3)
Aino =
Ay =

o O O OO

The Jacobian of this system w.r.t. (z, A\) and the perturbation parameters (b, d)
is of the form:

az a,\ ab ad
C -BY7T 0 L,
By, I, 0
0 0 0
BJAO 0 _IJAO
0 Ijazun, 0 0

This matrix has full row rank. So, from the Parameterized Sard Lemma, Lemma
2.3.1, for almost all (b,d) the Jacobian of the (reduced) system with respect to
the variables (z, A) has full row rank

m+ |Jo|l+ | JAo | + | JAo | + | Ao |[=m + 1+ | JAg |
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at all solution points of system (6.5.3). But this Jacobian has the gradients of

the active constraints as rows, i.e., MPCC-LIC() holds. Considering all finitely

many possible combinations of active index sets Jy, JAg, Ag, the result is proven.
O

Remark 6.5.1 In Proposition 6.5.1 we have shown that MPCC-LIC() holds
generically without the assumption of any extra constraint qualification in the set
{z € R"™™ | Bz > b} as needed in the general case (cf. condition CC-3 in Propo-
sition 6.4.1). It appears that, MPCC-LICQ will also hold generically without this
constraint qualification if the function ¢ satisfies the condition ¢(x,y,y) = 0, for
all (x,y) € R* x R™.

Next we are going to examine the generical properties of the critical points of
problem (6.5.2). In view of the analysis above, we can generically assume that
the MPCC-LIC(Q condition holds for the feasible set.

Let (z,A\) be a critical point of the problem (6.5.2). Then, for some
(o, B,7) € RmHUIAolHIAVA] it golves with active index sets Jy, JAg, Ag the
following system:

c cr [B?; UJA ] 0 _
<O) - (_By)a_( OO n)o- IJAQUAO v =0
Cz+d—BY™\ = 0
Brz b, — 0 (6.5.4)
BinZ —bsay = 0
AJAOUAO = O

We are going to investigate whether generically at a critical point of Pyxgripc
the conditions MPCC-SC and MPCC-SOC hold. Since the problem functions in

Pixrire are linear, MPCC-SOC means that the active gradients span the whole
Rn+m+l'

Note that if [C41,...,Chim] is a symmetric matrix, the problem Pyxripe 18
equivalent to the KKT-formulation of the bilevel problem:

min ¢! (z, y)
s.t. y solves Q(z): miny”[Ch,...,Chlz + 3yT[Cri, ..., Cogmly +d"y
y

s.t. B(x,y) > b.

Applying Theorem 5.2.2 we conclude that, for almost all linear perturbations
of the functions ¢’(z,y), y*[Ch,...,Chlz + 3y [Crtr, ..., Coinly + d'y and
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B(z,y)—b, the critical points of the corresponding problem Pyyrrrc, (Z, \), satisfy
one of the following two conditions (corresponding to o # 0 and o = 0):

- (2, ) is a non-degenerate critical point in the MPCC-sense, see Definition
4.3.3.

- If (z,)\) is a critical point where the multiplier a corresponding to
CTz+4+d— BYT) = 0 is the zero vector, then Z is a non-degenerate criti-
cal point of minc?z s.t. Bz > b and there is some critical point (Z, \*) of
Pxrise such that rank(BY iz (2)) = [Jo(Z, A*)| = m.

Introducing the polyhedron

Bz > b,
R=<{(z,\)eR"™ xR | Cz+d—BY"\ = 0, (6.5.5)
A > 0.

we can prove our next result.

Theorem 6.5.1 For almost every (c,d, B,b), any critical point (Z,\) of problem
(6.5.2) (see (6.5.4)) with associated multipliers (o, 3,7) is of one of the following
two types:

LEC-1: If a # 0 then MPCC-LICQ, MPCC-SC and MPCC-SOC are fulfilled w.r.t.
the corresponding problem (6.5.2) and (Z,\) is a non-degenerate vertex of
the polyhedron R.

LEC-2: If o= 0 then rank[BY - 50003 = m and B; # 0 for alli € JAo(Z, AU
Jo(Z,\). Moreover, there is some X* such that rank[BY iz ] = m =
|Jo(Z, \*)|. If A* is such that rank[BY  za] = [Jo(Z,X*)| = m, then
MPCC-SOC holds and (Z, \*) is a non-degenerate vertex of the polyhedron
R.

Proof. The proof follows the same lines as the proof of the related Theorem 5.2.2.
Here we will only present the main ideas and the consequences of conditions BL-1
and BL-2 in this case.

For critical points (%, A) with associated multiplier a # 0, as in Theorem 5.2.2,
we obtain that MPCC-LICQ, MPCC-SC and MPCC-SOC are fulfilled for almost
all data (c,d, B,b). These conditions and the linearity of the involved functions
imply that the active constraints generate the whole space R+ Together
with the fulfillment of the MPCC-LICQ condition it follows that the number of
active constraints is exactly n4m +1. So (Z, ) is a non-degenerate vertex of R.
If & = 0 holds at the critical point (Z, X), we can analogously, prove that for
almost every (c,d, B,b) the vector Z is a non-degenerate critical point of the
problem:

min ¢’z

st. Bz>b
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and that there exists a corresponding solution A = X of the system:

- T
CZ+d = BYjyu 8’ (6.5.6)

N =
A >0,
with rank(BY, -5 = [(Z, )| = m. Moreover, for these points the MPCC-SOC
condition is satisfied. B
Now we prove that, under these generic conditions, the critical point (Z, A) is a

vertex of R. Again since BY, is a regular matrix, the MPCC-SOC is equivalent

to the regularity of matrix
( O B?]:)UJA())
B jyun0 0

This implies |JoUJAo| = n+m. As |J| = m holds, it follows |JA¢| = n and (Z, \)
is a point where n + m + [ constraints are active. So, (Z, X) is a non-degenerate
vertex of R.

O

Now we consider local minimizers (Z, A) in the generic situation of Theorem 6.5.1
and apply the results obtained in Section 5.2 to the present problem Pyyrpgc-

Corollary 6.5.1 A local minimizer (Z,\) of problem Pyyrype where MPCC-LICQ,
MPCC-SC and MPCC-SOC holds is a local minimizers of order 1.

Proof. From the proof of Theorem 6.5.1 it follows that (Z, \) is a non degenerate
critical vertex of R, i.e. precisely n + m + [ gradients are active. In view of
MPCC-SC, the assumptions of Theorem 4.4.3 are satisfied.

O

Under the assumptions of Corollary 6.5.1, for the original problem Ppgc in (6.5.1)
we obtain the following result.

Corollary 6.5.2 Let (Z,\) be a local minimizer of problem Pyyrype where MPCC-

LICQ, MPCC-SC and MPCC-SOC hold. Then z s a local minimizers of order
1 of problem Prgc.

Proof. Arguing as in the proof of Corollary 5.2.3, there is a neighborhood
V() x V(X) of (2,A) such that for any z € Mypc N V(Z) we have
(2,\) € Mygrine N [V(Z) x V(N)] for some A € R\ But by Corollary 6.5.1,
the point (2, \) is a local minimizer of order 1 of problem Pyyrise. S0, there is

some k, £ > 0 such that for all (z,\) € Myxree N[V (Z) x V(A)],
dz—cz> k(|2 =z + 1A= All] = «&lz—Z|.
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This shows that Z is a local minimizer of order 1 for problem Ppgc.
O

In the generic case, the assumptions of the previous corollaries hold for a local
minimizer (Z,\) if the associated multiplier satisfies a # 0. In the case of a
local minimizer (Z,\) with a = 0, there exists \* > 0 solving system (6.5.6)
and rank(BYj,za+) = |Jo(Z,A*)] = m. The point (Z,\*) is a critical point
and a vertex of R, but as in the situation of bilevel problems (see Chapter 5) it
may fail to be a local minimizer of problem Pyyrizc. Moreover the set of local
minimizers may be non-closed. The following example illustrates these facts, see
also Example 5.2.1:

min —z + vy
st.v—y >0, VoeY(x)

0,

0.

By writing (21,22) = 2z = (x,y), the corresponding Pyyriec problem is of the
form:

Y
T

ALY,

min —z; + 2

1 - )\2 = O

Z1 Z 0

29 2 0
v (6.5.7)

A > 0

Zl)\l = 0

Zg)\g = 0
and coincides with the MPCC problem corresponding to the KKT relaxation of
the BL problem in Example 5.2.1. As already analyzed in that example, the
points (0,0, A1, 1), A; > 0 are local minimizers of the problem (6.5.7) with a = 0.
However, (0,0,0, 1) is not a local minimizer. Note that the set of local minimizers
is non-closed.

If (Z, X) is a vertex of R and a local minimizer of the problem Pyyrirc With a = 0,
by applying the same arguments as in the proof of Corollary 5.2.5 we obtain
that generically Z is a non-degenerate local minimizer of the corresponding linear
problem (see (5.2.20) for the general case)

P, 2

EN) . minc z

’ 6.5.8
s.t. z € MJO(E,X), ( )
MJO (E X) — {Z E Rn+m Bé/\o (E,X)Z % bJAO (E,X)’ }
7 WENZ = bpEx




So, generically, Z is a local minimizer of order 1 of problem (6.5.8). Again by
Corollary 5.2.5, for all z near z with (2, \) € Myyrise for some A € R!, we can
conclude that z is feasible for (6.5.8) such that locally ¢’z — ¢’z > x|z —Z|| holds.
As a consequence we obtain:

Corollary 6.5.3 Genem’cally_ all local minimizers (Z, X) of Pxxripe with multi-
plier a = 0 and such that (Z, \) is a vertez of R, are local minimizers of order 1.
Moreover Z is a local minimizer of problem P; 5y in (6.5.8).

Even under the conditions of Corollary 6.5.3 we can not guarantee that z is a
local minimizer of the original problem P;gc as shown in the following example:

Example 6.5.1

minzy + 9 — x3 — 2y

s.t. xri1+y > 0,

o —y > 0,

T3+ vy > 0,

rz3 > 0,
i Z 07
(v=—y)>0,VweY(x)=CqveR | xzg—v > 0,
r3+v > 0.

In this case the problem Pyyripc is (we again set z = (z,y)):

Pyxriec minzy + 23 — 23 — 224
s.t. 1—)\1+)\2—)\3
21+ 24

22 T 24

23+ 24

Z3

A1, A2, Az, A

)\1 (21 -+ Z4>

>\2(22 - 24)

/\3(23 —f- 24) =

23\ =

I IVIVIVIVIV I

OO o000 o000

As can easily be seen, the vertex (z, \) = (0,0,0,0,0,0,1) of R is a local minimizer
of Pyxrise. However the vertex (Z,\) = (0,0,0,0,1,0,0) with the same z value,
is not. Note that, in fact, the point (0,0,0,0) is not a local minimizer of the
original problem, since the points (z,y) = (0,0,x3,0), x3 > 0, are also feasible
points of Prgc with smaller objective function value.

This example shows the possible bad behavior of the local minimizers due to
the disjunctive structure of the set Myyrzc. However we can state the following

result
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Proposition 6.5.2 Let for all vertex solutions X\ of system (6.5.6) (Z,\) be a
local minimizer of Pyrppc with multipliers (o, 3,7), a« =0,y = 0. Let us assume
that BY, is a reqular matriz for all Iy C {1,...,1}, |Io| = m (which is generically
fulfilled). Then Z is a local minimizer of Prpc of order 1 i.e. for all z € Mppc
near z, it holds that 'z — 'z > k||z — z|| for some k > 0.

Proof. Let
Jo(Z)={Jo C{1,...,1}| Jo = Jo(Z, \*) for some vertex solution A* of (6.5.6)}.

If 2z, — Z, with 2z, € Mpgc, by taking associated lower level multiplier Ay such
that (2, A\k) € Myxriee and BY ., »,) has full rank |Jo(zx, Ax)|, it can be shown
that z, € M, see (6.5.8) for some Jy € Jy(Z). So, around Z,

MKKTLEC'R"“L"” C U MJO (659)
JoETL(Z)

holds, where Miyripc|rnt+m is the projection of the set Myyrrpe onto the z-space
R™,

Let (Z,\*) € Myyrise be such that A* is a vertex solution of the system
(6.5.6). By assumption it is a local minimizer of order 1 of problem Pj iz »+), see
Corollary 6.5.3. Since Mpc = Mykripc|gn+m, the result now follows from (6.5.9).

O

If Pxrise, has a global minimizer, we can prove the existence of a vertex (Z, \)
of R, which is a global minimizer of the problem. Indeed, using the disjunctive
analysis we can guarantee that if problem Pyxripc has a global minimizer (Z, X)
then, in particular, it should be a minimizer of:

P(JAD) min ¢’z
s.t. BjZ > bj, A= 0, jEJA8UAO,
BjZ = bj, A > 0, jEJQUJAo\JAg,
Cz+d—BYX = 0,

for all JAJ C JAo(Z,)). As P(JAD) is a linear programming problem with a
finite solution, there is a vertex of the feasible set which is also a minimizer of
P(JA8) and feasible for problem Pygripc. So, it will be a global minimizer of
P LEC too.

6.5.2 Algorithm.

In this subsection we will sketch a projection algorithm for solving the MPCC
problem Pyyrire Obtained by applying the KKT-approach to the linear equi-
librium program Ppgc. It is based on the genericity analysis of the previous
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subsection. Roughly speaking this algorithm proceeds by descent steps in the
direction of the projection of the objective function onto a polyhedral subset of
the feasible set.

The feasible set can be described in a disjunctive form as

MKKTLEC = Uloc{l,...,l}MIO

where
[BZ]Z = bz‘, /\i > 0, ’iEIO,
My, = (z,)\)ERn+m+l [Bz], > b, A = 0, ie€{l,...,1}\ I,
Cz+d—BYX = 0.

In particular any feasible point (Z,\) € Myxrise Will be included in the polyhe-
dron:

[BZ]Z = b, N > 0, i€ J()(z, X),
— 1\ _ n+m+l [BZ]Z = b, \; = 0, i€ JAO(ZLX)’
R(z X)) =4(z2) eR [Bz], > bi, A = 0, ieA(zN),
Cz+d—BYXN = 0,

which is a face of the polyhedron My, if Jy C Iy and Ay C {1,...,1}\ Lo.

The idea of the algorithm is the following. First compute a feasible solution
(20, Ao). Then, we consider the corresponding active index sets Jy = Jo(20, o),
JAo = JAo(20,M0), Ao = Ao(20,Xo) and the associated polyhedron R(Z,\) of
dimension k = n — |JAq|.

Next we compute the projection s of the objective gradient —(¢,0) (in variables
(z,A)) onto R(Z, \). The new point (21, A1) is computed by moving in this descent
direction s, as long as feasibility is maintained.

At (21, A1) a new constraint will become active and the set JAy will increase
because either an index of Jy(2o, Adg) or of Ag(zo, Ag) will enter JAy(21,A1). We
consider the adjacent face (of Mj,) of dimension k, corresponding to the deac-
tivation of an active constraint. For instance if i* € Jy(zo, Ag) N JAg(21, A1), in
the associated adjacent face of Mj, only the index i* changes form Jy to Ag. If
the projected objective function decreases in this face we repeat the procedure
with this k-dimensional face. In the other case, we move to the face of smaller
dimension R(z;, A;). This is repeated until a vertex (2, A) of R(%,\) (and hence
of R, see (6.5.5)) is reached. Then we try to move to an adjacent vertex with
smaller objective value. As the objective function always decreases and there
only exists a finite number of faces and vertices, the method must find a local
minimizer of Pygyripe after finitely many steps.

Conceptual algorithm

step 0: Find a feasible solution (z,A) of Pyxriee. Compute the active index sets
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step 1: Let s = (s,,s\) be the output of procedure Projection with index sets
Jo, JA(),A(), see (6511)

while | JAg |< n

step 2: Let t be the solution of

BAO[Z + tSZ] > bAO;
max < t Ai +ES)\Z > 0, 1€ Jy, (6510)
> 0.

If ¢ < oo, update [z, \] = [z, \] + t[s., s)]. Else exit because the objective
function is not bounded.

Consider the following possible cases:

step 3: In case B;[z + ts.] = b; for some i € Ay, find output s of Projection with
J() - J() U {Z}, JA[) - JAQ, A[) - Ao \ {’L}

1. If S > 0, update index sets: Jy = J()U{Z}, JAQ = JA(), AQ = Ao\{l}
and gOtO 2. Else J() = JO JAO = JAO @) {Z} AO = AO \ {Z}

2. Find s resulting from the procedure Projection with the new active
index sets.

step 4: If \; + tsy; = 0 for some i € Jy, find s output of Projection with
Jozjo\{i}, JA():JA(), AOZA()U{Z}

1. If B;s > 0, update the index sets as Jo = Jo \ {i}, JAy = JAy,
AO = AOU{Z} and gOtO 2. Else JO = J()\{Z} JAO = JA(), @) {Z} AO = Ao.

2. Find s resulting from the procedure Projection with the new active
index sets.

end while.
Let (z,A) be the computed vertex of R.

step 5 If there exists a neighboring vertex where the objective function decreases,
move to it and goto 5. Else stop, a local minimizer of Pyyri e Was obtained.

We add some comments on the different steps of the algorithm.
The procedure Projection computes the projection of [—c, 0] onto the subspace
defined by:
BJOSZ = 0,
Byags. = 0, (6.5.11)
Cs, — BYJTOS,\ = 0.
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In step 0, we try to find an initial point by solving:

T

minc' z
Cz+d = 0 (6.5.12)
Bz > b

The feasible set of this problem is obviously contained in Myyrirc. Of course, this
problem may be infeasible although Pyxrisc may have feasible solutions (take for
instance problem (6.5.7)). If a finite solution was found, the algorithm start with
(z,0) as initial feasible point.
Note that generically in (¢, d, b) the solutions of problem (6.5.12) are isolated

and non-degenerate vertices of the polyhedron

07

0 )

Cz+d
Bz
So at the starting solution (zg,0), generically we will have |JA(zo,0)| = n and
(20, 0) is a vertex of the polyhedron R and only step 5 will be performed. However
we included the other steps for the case that the starting point is computed in a
different way.

Roughly speaking, in step 5 at a vertex (x, \) of R, we first calculate a new
direction s = (s,, s)) obtained by deactivating one active constraint. The possible
active indexes are i € Jy U JAg for [Bz|; = b; and 1 € JAgU Ag for A; = 0. In
each case the new direction is calculated as follows:

{ZER”X]R’”

AVANI

Case [BZ]z = bz,l S J() [BZ]l = bi, 1€ JAO
Directions By, 0 el ol By, 0 015
computed by Bia, 0 s=10 By, 0 s=| e}
C —BYj, 0 C —BY),, 0
Case N =0,1€ JA A =0,1€ A
Directions BJO 0 0|J0| BYJO 0 0
computed by Bia, 0 [s=10, By, 0 |s= 0
C _BJO BY; C BYJO _BAoi

here eé is the j""-unit vector in R'.
If in this direction the objective function decreases, i.e. c¢'s, < 0, and for t*
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solution of the problem (6.5.10) the point (z+t*s,, A\+1t*s,) is feasible, we change
to this new vertex. If for all possible n + [ active constraints this procedure fails,
we have found a local minimizer of Pyxrigc.
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Chapter 7

Final remarks

In the thesis we have examined the KKT approach for solving variational in-
equalities, bilevel problems and equilibrium constrained problems.

The KKT approach leads to a corresponding MPCC problem with a particu-
lar structure. As a solution method for the resulting MPCC programs, we have
studied the parametric smoothing approach P,, where 7 is the smoothing pa-
rameter. We proved that for standard MPCC programs this method converges
under generic assumptions with a rate O(y/7). We have shown that generically
the parametric problem P, is JJT regular which allows to apply pathfollowing so-
lution strategies. We mainly concentrated on the theoretical basis of the method.
Some further practical research will be:

- A practical implementation of the smoothing approach with the aid of path-
following strategies.

- Adapt the known pathfollowing methods to track the set of solutions of a
one-parametric MPCC around the generic singularities.

For bilevel problems, we found out that unfortunately the MPCC problem ob-
tained by the KKT approach is not MPCC-regular. So we adapted the general
smoothing scheme in order to cover all possible candidate minimizers. The KKT
approach has the disadvantage that the minimizer of the KKT formulation may
not be a solution of the original bilevel problem (even if it is a feasible point). So
we can conclude that in practice instead of the KKT relaxation a FJ relaxation
should be used. We expect that our structural and genericity results for the KKT
approach can directly be carried over to the FJ approach. For the FJ approach,
research can be done in the following directions:

- Generic properties of the corresponding MPCC problem.

- Detailed analysis on the relation between the FJ relaxation and the original
bilevel problem
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- A numerical algorithm for this approach with satisfactory convergence prop-
erties under generic conditions.

The general equilibrium constrained program has a more difficult structure than
a bilevel problem. As a matter of fact, different from BL, for general equilibrium
constrained programs the constraint qualification required for the KKT method
is not generically fulfilled. Only for the convex case with extra constraint qual-
ifications in the lower level problem, the MPCC regularity holds generically. In
the special linear case we obtained results similar to the bilevel case.

Open questions are:

- The generic structure of general equilibrium constrained problems.
- The case of programs with variational inequality constraints.

- Implementation of the projection algorithm and its comparison with the
behavior of the corresponding method for solving linear BL.
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