Chapter 2

Mathematical Programming Problems with
Complementarity Constraints

We study mathematical programming problems with complementarity constraints
(MPCC) from the topological point of view. The (topological) stability of the MPCC
feasible set is addressed. Therefore, we introduce Mangasarian-Fromovitz condition
(MFC) and its stronger version (SMFC). Under SMFC, the MPCC feasible set is
shown to be a Lipschitz manifold. The links to other well-known constraint qualifi-
cations for MPCCs are elaborated. The critical point theory for MPCC:s is presented.
We also characterize the strong stability of C-stationary points for MPCC, dealing
with parametric aspects for MPCCs.

2.1 Applications and examples

We consider the mathematical programming problem with complementarity con-
straints (MPCC)

MPCC: min f(x) s.t. x € M[h,g, Fi, 3] Q.1
with
Mlh g, Fi, o] i= {x € R | Fyp(x) > 0, Fs n(x) >0,
Fim(X)Fam(x) =0,m=1,...k,
hi(x) =0,i€l,g;(x)>0,jeJ}

where h = (h;,i € )T € CHR R, g:= (g;,j € /)T € CA(R",RV]), Fy :=

(Fiii=1,... 0 F=(F;i=1,....k)T € C2(R",RF), f € C*(R",R), k+ 1| <

n, |J| < . For simplicity, we write M for M[h,g, Fi, F»] if no confusion is possible.
Form =1,...k, the constraint

Fl,m(x) > OaFZJn(x) >0, Fl,m(x)FZ,m(x) =0
is called a complementarity constraint. Note that it can be equivalently written as

min {Flvm(x),ngm(x)} =0.
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16 2 Mathematical Programming Problems with Complementarity Constraints

The MPCC is a special case of the so-called mathematical programming prob-
lem with equilibrium constraints (MPEC) (see [88]). In what follows, we show that
MPCCs appear quite naturally in bilevel optimization (via Karush-Kuhn-Tucker or
Fritz John conditions at the lower level) and when solving nonlinear complementar-
ity problems. Moreover, complementarity constraints arise in the context of varia-
tional inequalities. For other applications, we refer the reader to [23, 88, 97].

Bilevel optimization with convexity at the lower level

‘We model the bilevel optimization problem in the so-called optimistic formulation.
To this aim, assume that the follower solves the parametric optimization problem
(lower-level problem L)

L(x): ming(x,y) s.t. hj(x,y)>0,j€J
Y

and that the leader’s optimization problem (upper-level problem U) is

U: I(Illr% f(x,y) st. y€ Argmin L(x).
XYy

Above we have x € R”, y € R™, and the real-valued mappings f, g, 4}, j € J belong
to C2(R" x R™), |J| < eo. Argmin L(x) denotes the solution set of the optimization
problem L(x). For simplicity, additional (in)equality constraints in defining U are
omitted.

We assume convexity at the lower level L(+); that is, for all x € R”, let the func-
tions g(x,-), —h;(x,-), j € J be convex. For example, the Slater constraint qualifica-
tion (CQ) hold for L(-). Then, it is well-known that y € Argmin L(x) if and only if
there exist Lagrange multipliers ¢; € R, j € J such that

Dyg(xvy) = ZMJD}hj(xay)a .u'j 2 Oa hj 2 Oa .U-jhj(XJ) = O (22)
JjeJ

Hence, we can write the corresponding MPCC:

U-KKT: min  g(x,y) s.t
()R xRV

JjeJ
Here, the complementarity constraints are u; >0, h; > 0, p;hj(x,y) = 0.
The links between U and U-KKT were elaborated in [16]. It turns out that global
solutions of U and U-KKT coincide. But, due to the possible non-uniqueness of
Lagrange multipliers in (2.2), local solutions of U and U-KKT may differ.
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Note that it is very restrictive to assume the Slater CQ in L(x) for all x € R".
Hence, one may try to assume the Slater CQ only at the point of interest X. However,
in that case even global solutions of U and U-KKT may differ (as shown in [16]).

Without assuming the Slater CQ, we arrive at the MPCC-relaxation of U:

U-John : min g(x,y) st
(,8,1)eRM xR xRV
8D,g(x,y) = Y HDyh;(x,y), 2.3)
jel

wiDyhj(x,y), b = 0, hj >0, jhj(x,y) = 0,8 > 0.

Here, we use the fact that y € Argmin L(x) fulfills the Fritz John condition. In
fact, generically one cannot exclude the violation of the LICQ or even MFCQ at the
lower level. Thus, the case of vanishing 6 in (2.3) cannot be omitted (see Chapter 5
for details).

Solving nonlinear complementarity problems

We consider a nonlinear complementarity problem (NCP) of finding x € R” such
that
x>0, F(x) ZO,xTF(x) =0,

where F : R" — R" is continuously differentiable. Such problems appear in many
applications, such as equilibria models of economics, contact and structural me-
chanics problems, and obstacle problems (see also [98]).

Setting H (x) := min {x, F (x) } componentwise, we obtain a residual optimization
problem

RES : m)icn B(x):= %H(x)TH(x) s.t.x>0.

Obviously, if X is a solution of an NCP, then X is a solution of RES with ¥ (%) = 0.
Moreover, ¥ is nonnegative and vanishes exactly at solutions of the NCP.

With y := x—min {x, F(x)}, it is easy to see that RES can be equivalently written
as an MPCC:

1
RES-MPCC : min = (x—y)T (x—y) s.t.
(ry) 2

xZO,yZO,F(x)—x—yZO,yT(F(x)—x—y):0.

This problem is used to solve an NCP numerically (see [88]).

Variational inequalities setting

Let K C R"” and F : K — R" be given. The variational inequality VI(K,F) is the
following problem:
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VI(K,F): Findx € R" such that (y—x)" F(x) >0 forall y € K.
Clearly, % is a solution of VI(K, F) if and only if
0 € F(x)+N(%,K), 24
where N (X, K) is a normal cone of K at &:
N(%K):={deR"|d"(¥—y) <Oforally € K}.

Equation (2.4) can be seen as a generalization of the first-order optimality conditions
to minimize a differentiable function f : R” — R on a convex set K.

Furthermore, if K is a cone, we may link variational inequalities with so-called
complementarity problems:

CP(K,F): Findx € R" such that x € K, F(x) € K*, X" F(x) =0,

where K* := {d eR| vId>0forallve K} is a dual cone of K.
It can be shown (see, e.g., [22]) that, in the case of K being a cone, solutions of
VI(K,F) and CP(K,F) coincide. Moreover, let

K:={xeR"|Ax<b,Cx=d}

with matrices A € R™*", B € R>*" and vectors b € R™, d € R'. Then, ¥ solves
VI(K,F) if and only if there exist A € R™, u € R' such that

F(x) +ATA+CTu=0,C—dx=0,

A>0,b—Ax>0,AT(h—Ax)=0.

The latter system exhibits complementarity constraints and hence fits in the context
of an MPCC.

Note that, setting K := H" in CP(K,F), we obtain the usual nonlinear comple-
mentarity problem.

2.2 Stability and structure of the feasible set

In this section, we concentrate only on the substantial new case of complemen-
tarity constraints. Hence, we omit smooth equality and inequality constraints and
consider the mathematical programming problem with complementarity constraints
(MPCC):

MPCC: min f(x) s.t. x € M[F}, F] (2.5)

with
M[Fi,B] == {x € R"|Fi(x) > 0,F(x) >0, F (x) B (x) =0},
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where Fy == (Fisi=1,....,k)T B = (Fi=1,....,k)T € C'(R",R¥), and f €
C!'(R",R) with k < n.
Note that M[F}, F;] can be written as

M[F,B]={x e R"|min{F ;(x),F;(x)} =0,i=1,...,k}.

Here we deal with the local stability property of the feasible set M[F, F;] w.r.t.
C!-perturbations of the defining functions F; and F>. Under a C'-neighborhood of
a function g € C'(R",RY), we understand a subset of C'(R",R/) that contains for
some € > 0 the set

{§ECWR%RU

1
Y sup ([gi(x) — &i(x)| + [ Vgi(x) — Vgix)|) < }

i=1xeR"

Definition 6. The feasible set M[Fj,F>] from (2.5) is called locally stable at x €
M(F,P] if there exists an R"-neighborhood V of & and a C'-neighborhood U of
(Fi,F) in C'(R",R) x C' (R”,R¥) such that for every (Fj,F>) € U the correspond-
ing feasible set M[Fy, F>] NV is homeomorphic with M[F;, 5] NV.

Our main goal is to characterize the local stability property of the feasible set
MIF,,F] in terms of the gradients of Fj and F,. In the case of standard nonlin-
ear programming, (local) stability of the feasible set was studied in [32, 67] and is
characterized by the MFCQ (see Theorem 4).

For stability in the MPCC setting we propose a kind of Mangasarian-Fromovitz
condition (MFC) and its stronger version (SMFC). Section 2.2.1 will be devoted to
the MFC and SMFC and their relations to other constraint qualifications (linear in-
dependence CQ, Mordukhovich’s extremal principle, metric regularity, generalized
Mangasarian-Fromovitz CQ, and standard subdifferential qualification condition).
The conjectured equivalence of the MFC and SMFC is discussed. In Section 2.2.2,
we prove that SMFC implies local stability and ensures that the MPCC feasible
set is a Lipschitz manifold. Here, the application of nonsmooth versions of implicit
function theorems (due to Clarke and Kummer) is crucial. We refer the reader to
[19, 70] for details.

2.2.1 Constraint qualifications MFC and SMFC

Definitions of MFC and SMFC

Assume that Assumption A below holds throughout.

Assumption A For every X € M[F\,F>) and i € {1,... k}, the set of vectors
{VF}i(%) | Fji(®) =0,j=1,2}

is linearly independent.
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Furthermore, we define for ¥ € M[F\,F,] and i = 1,.. .,k the (nonempty) convex
hull
C,'()f) = COHV{VF]'J'()E) |Fj",'()f) = 0}

Note that C;(¥) = dmin{F,;, F>;}(¥) is Clarke’s subdifferential of the function
min{F]’i(-), Fz,,‘(-)} (see [13])

Definition 7 (MFC and SMFC). The Mangasarian-Fromovitz condition (MFC) is
said to hold at ¥ € M[Fy,F»] if any k vectors (wy,...,wg) € C1(X) X -+ X C(X) are
linearly independent.

The Strong Mangasarian-Fromovitz condition (SMFC) is said to hold at x €
MIF,,F] if there exists a k-dimensional linear subspace E of R” such that any k
vectors (u1,...,ux) € Pg(C1(X)) X --- X Pg(Cy(%)) are linearly independent, where
Pr : R" — E denotes the orthogonal projection.

Remark 1. In the presence of additional C!-equality and -inequality constraints in
the description of the MPCC feasible set, the MFC will be enlarged by the standard
MFCQ formulation with respect to these constraints.

We give some equivalent reformulations of the MFC and SMFC.
Lemma 1 (MFC and SMFC via Clarke’s subdifferentials).
(a) The MFC at ¥ € R" means that Clarke’s subdifferentials

dmin{Fi ;, F>;}(X), i=1,...,k are linearly independent.

(b) The SMFC holds at x € R" if and only if there exists a basis decomposi-
tion of R" given by a nonsingular n X n matrix A such that after the linear
coordinate transformation y := Ax Clarke’s subdifferentials of the functions
hi(y) := min{F ;(A~'(y)), Foi(A"'())} wrt. 2:= Onis1s---,ya) are lin-
early independent, i.e.

d:hi(¥), i=1,... k are linearly independent,

where 0:hi(5) := {n € R |there exists & € R"* with [£,n] € h;(7) }.

Proof. For (a), we only recall that C;(X) = d min{F} ;, F2;}(X). To prove (b), we first
calculate
Ohi(¥) = dmin{F ;, Fp}(%)-A~' = Ci(x)-A™".

Hence, if the SMFC holds at %, we take as columns of A~! any orthogonal bases of
E* and E. Conversely, given A, we set the linear subspace E to be spanned by the k
last columns of A~!.[J

Remark 2 (SMFC as a maximal rank condition). From Lemma 1 (b), we see that the
SMEC is the so-called maximal rank condition (in terms of Clarke [13]) w.r.t. some
basis decomposition of R”. It turns out that the concrete choice of such a basis de-
composition may affect the validity of the maximal rank condition (see Example 11
for details). This means that the property of maximal rank is not basis-independent.
This observation is crucial and motivates the SMFC (see also Section 2.2.2).
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Lemma 2 (MFC and SMFC via basis enlargement).
(a) The MFC holds at x € R" if and only if for any w; € C;(X),i = 1,... k there ex-

ist &1,..., &, € R" such that the vectors w1, ...,wy,&1,...,E,_y are linearly
independent.

(b) The SMFC holds at ¥ € R" if and only if there exist &1, ..., &, € R" such that
Sor any w; € Ci(%),i = 1,...,k the vectors wy,...,wi,&1,...,E_ are linearly
independent.

Proof. The proof of (a) follows immediately from the definition of linear indepen-
dence. To prove (b), if the SMFC holds, we choose &, ...,&,_ as basis of EL.
Conversely, we set E := (span{&,,...,&,_x})" in the SMFC. [J

Furthermore, we notice that the MFC is a natural constraint qualification for the
Clarke stationarity.

Definition 8 (Clarke stationarity; see [22, 105]). A point ¥ € M[F},F,] is called
Clarke stationary (C-stationary) if there exist real numbers A;;, j=1,2,i=1,...,k
such that

gl

Vf()f) + (AlﬂiVFLi()f) + )QJVFQJ'()E)) =0,

i=1
Fji(%)Aj;=0forevery j=1,2,i=1,... .k,
Aiidr;i > 0forevery i€ {1,... .k} with Fy ;(X) = F>,;(X) =0.

Proposition 2 (MFC and C-stationarity). If X is a local minimizer of the MPCC
and MFC holds at X, then X is C-stationary.

Proof. Due to Lemma 1 in [105], if X is a local minimizer of the MPCC, then there
exist real numbers A, A;;, j =1,2,i=1,...,k (not all vanishing) such that

M~

AVFE) + ) (M, VFLi(X)+ A, VF (%)) =0,

i=1
Fji(X)Ajj=0forevery j=1,2,i=1,...,k,

and
)47['12),' > 0foreveryic {1 e ,k} with Fu(f) = Fzﬁ,’(f) =0.

Clearly, if A = 0, then the MFC is violated at x. Hence, ¥ is C-stationary.[]

For more details on C-stationarity and other stationarity concepts, such as W-,
A-, M-, and S-stationarity, see [24], [88], [96], [105], [118], and Sections 2.2.1 and
2.4.

Conceptional relations to other CQ

We recall the well-known LICQ for the MPCC (e.g., [105, 106]), which is said to
hold at x € M[Fl,Fg] if



22 2 Mathematical Programming Problems with Complementarity Constraints
{VF, ;(%)|F;j(¥) =0,i=1,...,k, j= 1,2} are linearly independent.

The LICQ can be equivalently formulated in terms of the transversal intersection
of stratified sets (see [63]). As shown in [106], the LICQ is a generic constraint
qualification. However, the LICQ is not necessary for local stability, as one can see
from Example 5. In this and all further examples, only the local stability in O is of
interest.

Example 5 (2D, stable: one point — one point).

The set M° := {(x,y) € R?| min{x,y} = 0,min{x —y,2x —y} = 0} is a singleton
and is locally stable at 0 (see Figure 7). However, the LICQ does not hold at 0.

/min{x—y,Zx—y} =0

/

min{x,y} =0

/
/
/

Figure 7 Illustration of Example 5

In this sense, the LICQ appears to be too restrictive. This comes from the fact
that the LICQ does not impose the combinatorial structure of the complementarity
constraints. Additionally, we notice that the LICQ implies the MFC.

Another condition we intend to discuss comes from the exact Mordukhovich
extremal principle (see [25, 94]).

Let Q C R” be any arbitrary closed set and X € 2. The nonempty cone

T(x,Q) :=limsup
™0 T

. _ Xk —X
— {d € R"|there exist x; — &, x; € Q, 7, N\, 0 such that kr — d}
k
is called the contingent (also Bouligand or tangent) cone to £2 at x.
The Fréchet normal cone is defined via polarization as

N(EQ) = (T(% Q).

Finally, the limiting normal cone (also called the Mordukhovich normal cone) is
defined by
N(%,Q) :=limsup N (¥, Q)

, Q-
X' —X
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= {]}imwk |there exist xy — %, xx € Q, wy € N(xk,.Q)}.
—yo0

Definition 9 (local extremal point of set systems; [94]). Let Q;, i = 1,...,k be
k

nonempty subsets of R"” and x € ﬂ.Qi. We say that & is a local extremal point of
i=1

the set system {Qi,..., €} if there are sequences {a;;} CR",i=1,...,k, and a

neighborhood V of x such that a;; — 0 as j — o and

.

(i —a;j)NV =0 for all large j € N.

i=1

We recall the finite-dimensional version of the exact Mordukhovich extremal
principle.
Theorem 11 (Exact extremal principle in finite dimensions; [94]). Ler Q;, i =
k
1,...,k be nonempty closed subsets of R" and x € ﬂ.Qi be an extremal point of the
i=1
set system {Qy,...,Q}. Then there are x} € N(%,€;), i=1,...,k (not all vanish-
k
ing) such that le* =0.
i=1
Actually, Theorem 11 provides a sufficient condition for the property that the
intersection of nonempty closed subsets €Q;, i = 1,...,k of R” remains locally
nonempty with respect to translations. This sufficient condition can be formulated
as follows:

k
(A)  Forallxi e N(x,£;),i=1,...k, Zx;‘ =0impliesx; =0,i=1,...,k.
i=1
In order to refer to the foregoing discussion in our setting, from now on we set
Q;:=M;,i=1,... k, where

M; = {x cR” |F1,l-(x) > O,FZJ()C) > 0,F17i(x)F27i(x) = 0}.

Proposition 3 (MFC implies A). If the MFC holds at ¥ € M[F\,F,], then /\ also
holds at x.

Proof. Leti€ {l1,...,k} be fixed. We provide a representation formula for N (x, M;).
We restrict ourselves to the interesting case that Fj ;(X) = F>,;(¥) = 0. Due to As-
sumption A, we choose vectors &y, ..., &, » € R", which form — together with the
vectors VF ;(%), VF, ;(¥) — a basis for R”. Next we put y = @ (x) as follows:

yi:=F(x), y2:=Fx), y3:= élT(x—)E),...7 Vu = .‘;',,T_z(x—f).

Note that ®@(x) = 0 and DP(X) is nonsingular. Therefore, @ maps M; diffeomor-
phically to K := {y € R"|y; > 0,y2 > 0,y;y2 = 0} locally at &. Setting L := {y €
R?|y; > 0,y, > 0,y1y2 = 0}, Proposition 6.41 from [104] yields
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N(0,K) =N(0,L x R""2) = N(0,L) x N(0,R"~2).

From [25] and [96], we conclude that N(0,L) = R* UL. Clearly, N(0,R"2) =
{0,_2}. Altogether, we get

N(0,K) = R2 UL x {0, 2}.
Using Exercise 6.7 (change of coordinates) from [104], we get
N(X,Mi) = {B]VF17,'(X) +ﬁ2VF27i(.f) ‘ either B] < O,ﬁz <0or ﬁ]ﬁg = 0} (2.6)

Analogously, we obtain

N(X,M,') = {,31VF17,'()?) —I—ﬁzVFz_’i()f) ‘Bl < O,ﬁz < 0}. .7

The representation (2.7) yields that the MFC is equivalent to the following condi-
tion:

k
Forall x} € =N(X,M;),i=1,... k, le* =0impliesx} =0,i=1,...,k.
i=1
Since N(x,M;) C :I:]V(X,M,-), i=1,...,k, (see (2.6) and (2.7)), the proposition

follows immediately. [

Corollary 1 (MFC via Fréchet normal cones). MFC is equivalent to the following
condition:

k
Forall x; € EN(X,M;), i=1,...,k, le* =0impliesx; =0,i=1,...,k,
i=1

where M; = {x € R" | F; j(x) > 0,F> ;(x) > 0,F ;(x)F>,;(x) = 0}.

As we show by Example 6, A is not sufficient for M[F}, F>] to be locally stable

CLINNT3

at 0. In this and all further examples in 3D, we understand under “two-star”, “three-
star” and “four-star” subsets of R as depicted in Figure 8 up to a homeomorphism.

NS

“two-star” “three-star” “four-star”

Figure 8

Example 6 (3D, nonstable: “four-star” — 2 “two-stars”).

Consider the “four-star” subset

MO := {(x,y,z) € R?| min{x,y} = 0, min{x+y — v2z,x+y+ 2z} = 0}
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(see Figure 9). After an appropriate perturbation the resulting set would have two
path-connected components. Therefore, M® is not locally stable at 0.

min{x,y} =0

min{x+y—v2z,x+y+v2z} =0
Figure 9 Illustration of Example 6

To show that A holds at 0, we set
M} :={(x,y,z) € R?| min{x,y} =0},

M = {(x,y,z) € R*| min{x+y— v2z,x+y+ 2z} = 0},

and obtain due to (2.6) from the proof of Proposition 3

N(0,M?) = {(B1,B2,0)" € R?| either B; < 0,B2 < 0or BB, =0}.

1 1
N(O,M3) =< Bi \1[ + B2 \1[ either §; < 0,8, <0or 1, =0 ».
—V2 2

From the representations of N(0,M?) and N(0,M$), it is easy to see that A (but
not MFC) is satisfied at 0 € M°.

The next stability concept we would like to discuss here is metric regularity.
We recall that a multivalued map 7 : R” = R* is called metrically regular (with
rank L > 0) at (¥,y) € gph T if, for certain neighborhoods U and V of X and ¥,
respectively, it holds that

dist(x, T~ '(y)) < Ldist(y, T (x)) forallx e U,y € V.

Furthermore, a multivalued map S : R¥ = R” is called pseudo-Lipschitz (with rank
L > 0) at (y,%) € gphS if there are neighborhoods U and V of X and y, respectively,
such that, given any points (y,x) € (V x U) NgphS, it holds that

dist(x,S()) < L||y —y| forally €V

(see, e.g., [49], [81]).

It holds (see [48]) that T is metrically regular at (%,7) € gph T if and only if 7!
is pseudo-Lipschitz at (7, %).

It is well-known from [100] that the solution map
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S(v2) = {x €R"[h(x) = y,8(x) <z}, (8,h) € C'(R", R*™),

is pseudo-Lipschitz at (0,0,%) if and only if the MFCQ is satisfied at ¥ € S(0,0).
This means that the local stability of Myzp[h,g] (= S(0,0)) at ¥ € Myrp[h,g] is
equivalent to the metric regularity of

§71(x) = {(h(x),2) | g(x) <z}

at (x,0,0).
To apply this idea in our setting, we say that the metric regularity condition
(MRC) holds at X € M[F}, F] if and only if

, {R” — Rk,
L x = (min{Fi(x), Fi(x) )it ks

is metrically regular at (%,0).
The next proposition can be derived with the aid of Proposition 3.3 in [52]. For
the sake of completeness, we present its proof.

Proposition 4 (MRC is equivalent to A). MRC holds at ¥ € M[Fy,F,] if and only
if A\ holds at .

Proof. The MRC holds at ¥ € M[F;, F»] if and only if the solution map S(y) := {x €
R"|G(x) =y}, y € R, is pseudo-Lipschitz at (0, %). Setting

R" —s R%
{x = (FLi(x), F2i(X))i=t1,.. k>

and D; := {(a;,b;) € R*|a; > 0,b; >0,ab=0},i=1,...,k, we obtain:
S(y) ={xeR"[F(x)—y €Dy x---x D¢},

Sil(x):F(x)—Dl ><--~><Dk.

Therefore, the MRC holds at ¥ € M[Fy,F] if and only if F(-) — D X --- x Dy is
metrically regular at (¥,0). Since F € C!'(R",R?*) and D; x --- x Dy is closed, we
can apply Example 9.44 from [104]. Due to that example the constraint qualification

u€N(F(%),D; x - xDy), VIF(®u=0=u=0, (2.8)
is equivalent to the metric regularity of F(-) — D x --- x Dy at (%,0). Since
N(F()f),D] X oo X Dk) :N(Fhl()f),ngl()f),D]) X oo X N(F]Yk()?),FQ.’k(X),Dk)

and
N(0,D;) =R* UD;,

formula (2.6) allows to conclude that the constraint qualification (2.8) is equivalent
to A.J
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We mention some valuable remarks on the previously discussed constraint qual-
ifications (pointed out by an anonymous referee).

Remark 3 (Standard subdifferential qualification condition A). A is the standard
k

subdifferential qualification condition for the system €2;, i=1,...,k at X € ﬂ.Q,-

i=1
(see [52, 94, 104]). Moreover, A means that the multivalued map M(z) := {x €
R'|x+2z € Qi i=1,....k},z = (z1,...,2) € R™_ is pseudo-Lipschitz (has the
Aubin property) at (0,...,0,%). This means that its inverse, M~ ! (x) := (2] —x) x
..o x (21 —x),x € R", is metrically regular at (%,0,...,0) (e.g., Proposition 3.3 in
[52D).

Remark 4 (MFC and GMFCQ). The generalized Mangasarian-Fromovitz constraint
qualification (GMFCQ) can be related to the MFC. Indeed, the GMFCQ for the
constraint set M = {x € R"|F(x) € D| x --- x Dy} is exactly (2.8) (see [52]). Thus,
it is clear from the proof of Proposition 4 that A is equivalent to the GMFCQ.
Hence, the MFC implies the MRC, as well as the GMFCQ. Moreover, Example 6
shows that neither the MRC nor the GMFCQ is sufficient for M [F}, F>] being locally
stable.

Remark 5 (Constraint qualifications for M-stationarity). It is well-known that un-
der A (or, equivalently, the MRC and GMFCQ) a local minimum for (2.5) is M-
stationary. This means that in addition to C-stationarity in Definition 8 it holds that
either 2,1,,‘,12’,' <0or ll’,')Lz’,' =0 foreveryie {1, . ,k} with Fl,i(j) = Fgﬁ,’(f) =0.

On equivalence of MFC and SMFC

It is clear that the SMFC implies the MFC. Moreover, these two conditions coincide
for n = k. The question of whether the SMFC is equivalent to the MFC in general is
highly nontrivial.

First, we show that the SMFC implies the MFC at least in the cases where k =2
or LICQ is fulfilled.

This follows mainly from the (linear-algebraic) Lemma 3.

Lemma 3. Let C;:=conv{v;; e R"|j=1,2},i=1,...,k andforeveryic {1,... k}

let vy ;,v2,; be linearly independent. Let assertions (A) and (B) be given as follows:

(A)  Any kvectors (wy,...,wg) € Cy X --- X Cy are linearly independent.

(B)  There exists a k-dimensional linear subspace E of R" such that any k vec-
tors (uy,...,ux) € Pe(Cy) X -+ X Pg(Cy) are linearly independent, where
Pr : R" — E denotes the orthogonal projection.

Then, (A) and (B) are equivalent in the following cases:

1) Thevectorsvj;, j=1,2,i=1,... k are linearly independent.
2) k=2
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Proof. The nontrivial part is to prove that (A) implies (B) for n > k. First, we claim
that (B) is equivalent to the following condition (C) (see Lemma 2):

(C) Thereexist &j,...,&, € R" such that for any w; € C;,i = 1,..., k the vectors
Wi, sWi, &1,y .., €y are linearly independent.

Indeed, if (B) holds, we choose &i,...,&,  as a basis of E* in (C). If (C) holds,
we set E := (span{&,...,&,_«}) " in (B).

Case 1: the vectors vj;, j = 1,2,i=1,... k are linearly independent.

Then,n>2kandv;;, j=1,2,i=1,...,k span a 2k-dimensional linear subspace
of R”. Hence, w.l.0.g., we may assume that n = 2k.

Define a linear coordinate transformation L : R” — R” as

L(vii) =esi—1+ex,L(va;) =exi1,i=1,...,k,

whereby e, denotes the m-th standard basis vector for 1 < m < n. It holds that
L(C;) = {ezi—1 + Aieai | A €[0,1]}, i =1,... k.
Setting T := span{ey_1,i=1,...,k}, we obviously obtain that

(x)  any k vectors (vi,...,v) € Pr(L(Cy)) X --- x Pr (L(Cy)) are linearly inde-
pendent, where Pr : R” — T denotes the orthogonal projection.

As above, (%) is equivalent to the following condition:

(%%x)  There exist y1,...,%—k € R” such that for any v; € L(C;),i = 1,...,k, the
vectors vi,..., Vg, Y, -, Ya—k are linearly independent.

Setting & := L~!(y),i = 1,...,n —k, we conclude that (C) is fulfilled due to
(xx). Thus, B is proved.

Case 2: k =2.

It is clear that the vectors v;;, j =1,2,i= 1,2 span at most a four-dimensional
linear subspace S of R” and hence dimS$ < 4. If dimS = 4, then (B) holds as in Case
2. If dim§ < 4, we may assume w.l.o.g. that n = 3.

For a € {—1,1}?, we set K, := cone{a;vi j,a;v2,;|i = 1,2}. From the theorem
about alternatives (e.g., [102]), we claim that (A) is equivalent to the following
condition:

int(K2) #0forallac {—1,1}%

Here, int(K})) denotes the interior of the polar cone of K,,.

Due to this fact, K, properly lies in a half-space for all @ € {—1,1}?. Setting
{-1,1}? =: {a', —a',a*,—a®}, we can strictly separate K, and K_, by a plane
Br20,1=1,2.Since 0 € B N P, there exists & € By N Pa, & # 0, such that & &

U K, by construction. This means that (C) is fulfilled. Thus, (B) is proved. (J
ac{—1,1}2

Theorem 12 (MFC implies SMFC for k = 2 and under LICQ). Let k = 2 or the
LICQ be fulfilled. Then, the SMFC is equivalent to the MFC.
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Proof. 1t is straightforward to see that the conclusion can be obtained by applying
Lemma 3. We have to adjust the proof of Lemma 3 only for the case where only one
constraint in min{F} ;(X),F>;(X)} = 0 is active (i.e., Fi ;(X) = 0,F>;(xX) > 0, or vice
versa). For that we define C; from Lemma 3 just to be C;(%). The respective change
in the proof of Lemma 3 is straightforward. In fact, only the so-called biactive set
of constraints is crucial (see [88], [118]). I

Remark 6 (MFC implies SMFC for k = 3; Riickmann, personal communication).
Recently it was proven that the MFC implies the SMFC when k = 3. The proof uses
a kind of dual description of the SMFC and MFC.

In what follows, we discuss the difficulties by proving that the MFC implies the
SMEFC for general n and k. These difficulties arise not so much because of linear-
algebraic issues but rather because of combinatorial and topological matters of the
problem. In fact, using the notation from Lemma 3, we set for a € {—1, 1}k

K, :=cone{ajvi;,apvi|li=1,... k}.
Condition (A) means that all cones K, are pointed; that is,
ifx;+--+x,=0,x, €Ky, 5s=1,...,p, thenx; =0forall s =1,...,p.

Condition (B) means that there exist n —k linearly independent vectors &, ..., &, ; €
R" such that

&¢ |J Kiforallj=1,..n—k
ac{—1,1}k

Thus, for proving “(A) implies (B)”, we need to show that (for all k and n)

U Kk #R" 2.9)

ac{—1,1}k
Here, we deal with a union of pointed cones with the additional property that
K_,=—K,forallac {—1,1}~

Moreover, 2¢ — the number of these cones — grows exponentially in k. It is clear

that for proving (2.9) topological properties of U K, (such as, for example,
ac{—1,1}k
Euler characteristic) are crucial.
We conclude by noting that the conjectured equivalence of the MFC and SMFC
is very sophisticated and is a topic of current research.
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2.2.2 SMFC implies stability and Lipschitz manifold

We intend to prove that the SMFC implies local stability of the feasible set M[Fj, F3]
(see Theorem 15). The main idea is to show that under the SMFC M[F;, F>] appears
to be an (n — k)-dimensional Lipschitz manifold (the Corollary 2 and Definition 1).

Guiding examples

First, we briefly mention two- and three-dimensional examples with two linear con-
straints. These examples illustrate which phenomena might occur in general. They
mainly highlight the possibilities arising with respect to the stability property of the
feasible set M[Fj,F>] in low dimensions.

Example 7 (2D, nonstable: one point —s empty, two points). The set M" := {(x,y) €
R?| min{x,y} = 0,min{—x, —y} = 0} is a singleton (see Figure 10). Note that MFC
is not satisfied at 0. After an appropriate perturbation M’ either becomes empty or
contains at least two points.

min{—x,—y} =0

| min{x,y} =0
|
|
|

Figure 10 Illustration of Example 7

Example 8 (2D, nonstable: one point — two points). The set M® := {(x,y) €
R? | min{x,y} = 0,min{—x+y,x +y} = 0} is a singleton (see Figure 11). Note
that the MEC is not satisfied at 0. After an appropriate perturbation, M® contains at
least two points.
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min{—x+y,x+y} =0

AN /
AN /
AN /
N |/

min{x,y} =0
Figure 11 Illustration of Example 8

Example 9 (3D, nonstable: “three-star” — 1 or 2 “two-stars”). The set M° :=
{(x,y,z) € R*| min{x,y} = 0,min{y —z,y +z} = 0} is a “three-star” (see Figure
12). Note that the MFC is not satisfied at 0. After an appropriate perturbation, M°
either has two path-connected components or is a “two-star”.

min{x,y} =0

min{y—z,y+z} =0
Figure 12 Illustration of Example 9
Example 10 (3D, stable: “two-star” — “two-star”). The set M'0 := {(x,y,z) €
R3 | min{x,y} = 0,min{x —y +z, —x+y+z} = 0} is a “two-star”(see Figure 13).

Note that the MFC holds at 0. After any sufficiently small perturbation, M'° remains
to be a "two-star”.
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min{x—y+z,—x+y+z} =0
Figure 13 Illustration of Example 10
It is easy to see that in all these examples the MFC holds at O if and only if the
corresponding feasible set is locally stable. Moreover, these examples emphasize

that the locally stable case corresponds to a feasible set being a Lipschitz manifold
(see Corollary 2 below).

Main results via Clarke’s implicit function theorem

We recall briefly the notion of Clarke’s generalized Jacobian and the corresponding
inverse and implicit function theorems (see [13] and Section B.1).

For a vector-valued function G = (g1, ..., gx) : R" — R¥ with g; being Lipschitz
near X € R”, the set

dG(%) := conv{limDG(x;) |x; — %,x; € Q¢}
is called Clarke’s generalized Jacobian, where Qs C R" denotes the set of points at
which G fails to be differentiable.

Theorem 13 (Clarke’s inverse function theorem [13]). Let F : R" — R” be Lip-
schitz near X. If all matrices in OF (X) are nonsingular, then F has the unique Lips-
chitz inverse function F~" locally around .

Theorem 14 (Clarke’s implicit function theorem [13]). Let G : R" % x Rk — Rk
be Lipschitz near (3,7) € R x R¥ with G(3,Z) = 0. Suppose that

1.0G(3,2) := {M € R** | there exists N € R¥" with [N,M] € 9G(5,%)}

is of maximal rank (i.e., contains merely nonsingular matrices). Then there exist an
R* *-neighborhood Y of 3, an R¥-neighborhood Z of 7, and a Lipschitz function
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§:Y — Z such that {(¥) = Z and for every (y,z) € Y X Z it holds that

G(y,z) =0ifand only if z = {(y).

However, Example 11 illustrates that Theorem 14 cannot be applied directly in
general just for the linear case of a stable M[F}, F»].

Example 11 (3D, stable: IFT is not applicable). Consider the set M := {(x,y,z) €
R3 | min{x,y} = 0,min{—y+z,z} = 0} (see Figure 14). This example shows that
although M[F}, F3] is a Lipschitz manifold, it cannot be parameterized by means of
any splitting of R? in the standard basis. Therefore, Theorem 14 (and, actually, any
implicit function theorem) cannot be applied directly.

: min{x,y} =0

min{—y+z,z} =0

Figure 14 Illustration of Example 11

Indeed, Example 11 suggests first performing a linear coordinate transformation
in order to make Theorem 14 applicable. Exactly this idea is incorporated in the
SMFC and allows us to prove the following result.

Theorem 15 (Local stability under SMFC). If the SMFC holds at x € M|Fy, F],
then the feasible set M[F}, F»] is locally stable at X.

Proof. Let ¥ € M[Fy, ). Since the SMFC holds at &, there exists a k-dimensional

linear subspace E of R” such that any k vectors (uy,...,ur) € Pp(C(X)) X -+ x
Pg(Cy (X)) are linearly independent. Without loss of generality, we may assume that
E = {On,k} X Rk.

Setting g; := min{F, ;,F>;},i=1,...,k, we define

G {R"kak — R,
Mz = (e1(1h2),-- -8k (1:2))-

Let ¥ = (7,7) € R"* x R¥. We obtain from dg;(¥) = Ci(¥), i = 1,...,k, and the
choice of E that

1.9G(7,2) C Pe(Ci(%)) X - - x Pe(Cu(5)).

Hence, from the SMFC, m,dG(7,7) is of maximal rank and Theorem 14 can be
applied. Then there exist a compact R”*-neighborhood ¥ of ¥, an R¥-neighborhood
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Z of 7z and a Lipschitz function § : Y — Z such that {(7) = 7 and for every (y,z) €
Y x Z it holds that
G(y,z) = 0if and only if z = {(y).

For € > 0, we set

Ke = ({(5()) |y € ¥} +Ban(0,) N (¥ x 2),

an g-tube around M[F1,F>] N (Y x Z). Due to the compactness of ¥, continuity
reasonings, and stability of the SMFC within the space of C!-functions (taking ¥
smaller if needed), there exists € > 0 such that:

(o) K¢ CY x Z and K, is compact.
(o0) There exists a C'-neighborhood U of (Fi,F) in C'(R",RF) x C'(R", R¥)
such that for every (Fi,F») € U it holds that

MIF,B]N(Y X Z) C Ke.

We assume U to be a ball of radius r > 0 in C'(R",R¥) x C'(R",RF).

(eee) The SMFC is fulfilled at every x € M[Fy, F5] N (Y x Z) for every (F{,F>) €
U with the same k-dimensional linear subspace E.

Now (ﬁ],ﬁz) € U be arbitrary but fixed. Setting g; := min{flﬁi,f;;}, i=1,... .k
we define
é.{Rnkak—> R,

' Mz = (&2, 8(n2)-

Our aim is to show that for every fixed y € Y the equation é(j}v, z) = 0 is uniquely
solvable with (¥,7) € Ke. For that, we set for (t,y,z) € [0, 1] x R" % x RF

Hyi(1,y,2) == (1 —1)F1i(y,2) +1Fi(3,2),

Hyi(t,y,2) := (1= 1)Fp,i(y,2) + tF2i(y.2),
gi(t,y,2) :=min{H, ;(t,2),H2,(t,2)}.
Furthermore, we construct a homotopy mapping

H'{[O,l]ankak—) R,

. (tay7z) = (gl(E%Z)w--,gk(h%Z))-

We keep in mind that H(0,y,z) = G(y,z) and H(1,y,z) = G(y,z); moreover,
(Hy(t,-,-),Ha(t,-,-)) € U forevery t € [0,1].

Next, we fix y € Y and consider the equation H(z,y,z) = 0 near its solution
(0,y,8(9)). Since (v,&(¥)) € M[F1,F>] N (Y x Z), we obtain from (e e e) that the
SMFC holds at (¥, {(y)). This means that

mdH(0,y,8(¥)) = m9G(y,E())
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is of maximal rank and Theorem 14 can be applied for H(z,y,z) = 0 near its solution
(0,y,8(¥)). Thus, we obtain for every 7 € [0,6),0 < § < 1 a solution z(¢) such that
H(t,y,z(t)) = 0. Since (H,(t,-,-),Ha(t,-,-)) € U, (ee) yields that (y,z(t)) € K, for
every ¢ € [0, 8]. Here, 8 is taken smaller if needed.

These considerations allow us to claim that

t:=sup{7 € [0,1) | for every t € [0,7) there exists at least one
(¥,2(t)) € K¢ such that H(¢,y,z(¢)) =0}

is well-defined.

Assume that 7 # 1. Then, there is a sequence of solutions z(t,, )ty € [0,2), ty — 1
such that (y,z(ty)) € Ke and H (1, y,z(tm)) = 0. We use the compactness of K, from
(o) to obtain the existence of z with (¥,2) € K¢ and z,, — Z. Hence, due to the
continuity, we get in the limit H(7,y,Z) = 0. This conclusion allows us to apply
Theorem 14 for the equation H(z,y,z) = 0 near (z,y,7) to extend the solution for
t > 1. This yields a contradiction with the definition of 7. _

So, we claim that 7 = 1 and as above we obtain that G(y,z) = H(1,y,z) = 0 is
solvable with (¥,z) € K.

The unique solvability of G(¥,z) = 0 for (,z) € K¢ can be proven by contra-
diction using analogous arguments. One has only to follow different solutions by
applying Theorem 14 successively until the unique solution (0,5, £ (y)) of G(y,z) =
H(t,y,z) = 0 is reached.

From all of this, it is proven that for every y € Y the equation 5(37, 7)) =0is
uniquely solvable with (¥,z(y)) € Ke. From (ee), one can immediately see that
G(3,z) = 0 is uniquely solvable, actually, in Z. Therefore, M[F,F>] N (Y x Z) =
{(»z(y))|y € Y}. Here, z: Y — Z is Lipschitz due to (e e e) and Theorem 14,
which is applicable locally around every X € M[Fi,F>]) N (Y X Z).

It remains to add that M[Fy, 5] N (Y x Z) and M[F;,F>] N (Y x Z), both being
Lipschitz graphs on Y, are homeomorphic with R” ¥ and thus with each other.[J

From the proof of Theorem 15, we deduce the following Corollary 2.

Corollary 2. Ifthe SMFC holds at every X € M[Fy, F,), then the feasible set M|F}, F>]
is an (n — k)-dimensional Lipschitz manifold.

Proof. We use the notation in Theorem 15. From the SMFC at ¥ € M[Fy,F»], we
may assume that after an appropriate linear coordinate transformation it holds that

(Y xZ)NM[F, B2l ={(»,(»)) [y €Y},

where ¥ = (7,Z) € R"* x R¥, Y is an R" *-neighborhood of j, Z is an RX-
neighborhood of Z, and { : ¥ — Z is Lipschitz. Hence, M[F}, F»] is locally the graph
of a Lipschitz function §. M[F}, F3] fits Definition 1 and is an (n — k)-dimensional
Lipschitz manifold.[]
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On application of Kummer’s implicit function theorem

In this section, we link the SMFC with the so-called Thibault limiting sets (or strict
graphical derivatives) via Kummer’s implicit function theorem (cf. [85] and Section
B.1).

For a vector-valued function G = (g1,...,g) : R" — R, the mapping TG(X) :
R" —» R¥ with

b= lim SO+ tig) — f(xz)
TG(E)(i) == ve R e %
for certain . | 0, xp — X,up —> @t

is called the Thibault derivative at X (see [114, 115]) or strict graphical derivative
(see [104]).

If, additionally, g; are Lipschitz near ¥ € R", then we may omit the sequence
uy — i in the definition of 7G(x)(i) and we get

[l na) — f(xk)
TG (@)= ve R VT b
for certain . | 0, x; — X

Necessary and sufficient conditions for local invertability of Lipschitz functions can
be given in terms of Thibault derivatives.

Theorem 16 (Kummer’s inverse function theorem [81, 86]). Ler F : R* — R”"
be Lipschitz near x. Then the following statements are equivalent:

(i) F has the locally unique Lipschitz inverse function F~!.
(ii)  There exists ¢ > 0 such that

|F(x)—F(xX)| > cllx—X| for all x, X' with ||x—x|| < ¢, ||x—x|| <c.
(iii) TF(%) is injective (i.e., 0 & TF(X)(u) for all u # 0).

Remark 7. Note that the injectivity of TF (%) in Theorem 16 is in general weaker
than Clarke’s requirement that all matrices in dF () are nonsingular. In fact, there
exists a Lipschitz homeomorphism F of R? such that d F (%) contains the zero matrix
(see Example BE.3 in [81]).

Remark 8. We point out that (iii) from Theorem 16 implies the existence of the
unique Lipschitz inverse of F* w.r.t. Lipschitz perturbations of F performed locally.
This means that there exists an R"-neighborhood U of X and a neighborhood V of F'
in the space C%! (U, R") of Lipschitz functions such that, forall F € V and X € U, F
has the locally unique Lipschitz inverse function F~! around X. Note that we equip
F € C%(U,R") with the norm

i max {sup 09|+ Lin(.0) |
xeU
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where

Lip(F,U) :=inf {r > 0| ||F (x) = F(x)[| < r|x—x'| forallx,x € U} .

For details, we refer the reader to Theorem 5.14 and Corollary 4.4 in [81].

Theorem 17 (Kummer’s implicit function theorem, [81, 85]). Ler G : R** x
R¥ — R¥ be Lipschitz near (3,7) € R*™ x RF with G(3,Z) = 0. Then, the following
statements are equivalent:

(i)  There exist R" *-neighborhoods Y of ¥ and W of 0, an R*-neighborhood Z of
7, and a Lipschitz function § : Y x W — Z such that {(3,0) = Z and for every
(y,z,w) €Y x Z X W it holds that

G(y,z) =wifand only if z= (y,w).
(ii) 0&TG(7,2)(0,u) for all u # 0.

Remark 9. We point out that Theorem 17 gives a necessary and sufficient condition
for the existence of implicit functions. Recall that Clarke’s IFT (see Theorem 14)
gives only a sufficient condition for that fact. Moreover, it is important to note that
in Theorem 17 the implicit function { depends Lipschitz also on the right-hand-side
perturbations w. This issue was used extensively in the proof of Theorem 15.

Now, we turn our attention to the case of min-functions. Let a basis decomposi-
tion of R” = R" ¥ x R¥ be fixed. It turns out that the assumptions of Clarke’s and

Kummer’s implicit function theorems coincide. Moreover, they are also equivalent
with the SMFC w.r.t. the subspace E := {0, ;} x R¥ (B. Kummer and O. Stein,
personal communication).

Lemma 4. Setting g; :== min{Fy ;,F»;}, i =1,...,k, we define
G.{R"kak—> R,
L ) = @), 8k(2)
Then, the following conditions are equivalent for X = (¥,7):
(i)  mdG(,2) is of maximal rank, meaning

1.0G(3,7) := {M € R | there exists N € R*" with [N,M] € 0G(7,2)}

contains merely nonsingular matrices.
(ii))  All matrices in 9,81 (%) X 9,g2(%) X ... X 0,8, (%) are nonsingular.
(iii)) 0 & TG(y,2)(0,u) for all u # 0.

Proof. “(i) = (iii)”’: Due to (i), we may apply Clarke’s implicit function theorem.
Hence, the implicit function §(y) exists. It is not hard to see that { depends uniquely
and Lipschitz on the w-values of G. Hence, we obtain in fact {(y,w). Applying
Kummer’s implicit function theorem, we get (iii).



38 2 Mathematical Programming Problems with Complementarity Constraints
“(ii) = (i)’: In general, it holds (see, e.g., [23]) that
7.0G(7,2) C 9:g1 (%) x g2 (%) x ... x A:gi(¥).

This inclusion shows the assertion.
“(iii) = (ii)”: Let 0 & T G(5,2)(0,u) for all u # 0. For g € R¥, we set

g :=(q,....q{), where g/ :=max{q,0},i=1,... k,

q =1(qy,---.q; ), where g; :=min{q,0},i=1,... k.
We define the mapping G : Rk x RF x Rk —3 R% as
~ F gt
G(nzq) = ( ) )

~F(y,2) —q~

The zeros of G and G correspond as follows. If G(x) = 0, then G(x,q) = 0 with
q:=F —F.1f G(x,q) = 0, then G(x) = 0.

Setting = F (7,2) — F>(3,%), we claim that 0 ¢ TG(%,§) (0, u, p) for all (u, p) #
0. In fact, from Kummer’s IFT, the latter is equivalent to the existence of Lipschitz
implicit functions & (y,w,ws) and g(y, wi,ws) for the system

+

F(z)—q" =wi, —F(,2)—q =ws. (2.10)

The system (2.10) can be equivalently written as
Fi(y,2)=wi—q" =0, —F(y,2)~w2—q =0.
Hence, we need to find the implicit function §(y,w;,w,) for
min{F;(y,2) —wi.i, Fi(0,2) +wai} =0,i=1,...,k (2.11)
and afterwards to set
q(y,wi,w2) := Fi (3, C(y,wi1,w2)) —=wi — Fa(y, E (3, wi, w2)) — wa.

Note that (2.11) is a Lipschitz perturbed version of G(x) = 0. Remark 8 and (iii) then
justify the application of Kummer’s IFT for the perturbed system (2.11). Hence,
0 TG(x,G)(0,u,p) for all (u,p) # 0.

Now, we compute TG(%,3)(0, u, p) using results from [81] on the so-called Ko-
jima functions. For that, we set

Fi(x) F(x)
N(g):=(1,q",¢g YandM(x):=| -, 0 |,
0 —I

where I is the k X k identity matrix. It holds that
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~

F(x,q) = N(q) - M(x).
Applying the product rule (see Theorem 7.5 in [81]), we get:
TF(%,3)(0,u, p) = N(@)TM(%)(0,u) + TN(q)(p)M(%).
We compute TM (X) and TN(G) (see Lemma 7.3 in [81]) as
D F\(X)u D F>(X)u

TM(%)(0,u) = 0 0 ,
0 0

TN(g)(p) ={(0,A,p—A) | ki = ripi,, ri € R(G), i =1,...,k}, where
R(G):={re0,1]"|r=1ifg >0,r,=0if g; <0}.

Combining the above

Do - _ D.Fi(X)u—ripii=1,... .k
TG(%q)(0u,p) = { (DZFZJ()E)M(I —r)pii=1,.. .k

Next, let (ii) beassumed to fail. We show that this contradicts the fact that

r € R(q) }

0 & TG(%,4)(0,u, p) for all (u, p) # 0.
Indeed, if (ii) does not hold, we obtain u € R¥, u # 0, and r € [0, 1] such that
[(1—=r)D.F1i(%) +1D.Fi(%)]u=0,i=1,....k. (2.12)
Note that r € 93(G) due to the definition of Clarke’s subdifferentials.
Case r; # 0. Then, we set p; := %DzFlyiu and obtain
i
D Fy {(X)u —rip; = 0.

Furthermore, from (2.12) we get,
1
ri[=DeF2i(R)u— (1= ri)pi] = ri | =DeF2,i(X)u — (1 —ri) =D i(X)u
1

= fr,‘Dze_,,-()E)u — (l — }",')DZFL,‘(X)M =0.

Hence, —D.F ;(X)u — (1 —r;)p; =0.
Case r; = 0. Then, we set p; := —D_F; ;u and obtain from (2.12)

D Fy i(¥)u—rip; = 0.
Moreover,

—D.F j(X)u— (1 —ri)pi = —D;F> i(X)u+D.F> ju =0.
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Thus, we see that, for (u, p) # 0 defined as above, it holds that
0 € TG(%,)(0,u,p).00

From Lemma 4, we deduce the following result.

Theorem 18 (SMFC and Kummer’s implicit function theorem). The SMFC
holds if and only if Kummer’s implicit function theorem is applicable w.r.t. some
basis decomposition of R".

Proof. The equivalence of (ii) and (iii) from Lemma 4 immediately inplies the re-
sult. In fact, we only need to use the chain rule from [81],

T(GoA)(x)(u) = TG(Ax)(Au),

where A is a nonsingular (n x n) matrix. See also the characterization of the SMFC
in terms of Clarke’s subdifferentials in Lemma 1.[J

Theorem 18 shows that the remaining difficulty concerning topological stability
of the MPCC feasible set lies in the conjectured equivalence between the MFC and
SMEFC rather than in an application of different implicit function theorems.

2.3 Ciritical point theory

We study the behavior of the topological properties of lower-level sets
M :={xeM|f(x) <a}

as the level a € R varies. It turns out that the concept of C-stationarity is an adequate
stationarity concept. In fact, we present two basic theorems from Morse theory (see
[63, 93]). First, we show that, for a < b, the set M is a strong deformation retract
of M" if the (compact) set

M?:={xeM|a< f(x) <b}

does not contain C-stationary points (see Theorem 20(a)). Second, if Mé’ contains
exactly one (nondegenerate) C-stationary point, then M? is shown to be homotopy-
equivalent to M* with a g-cell attached (see Theorem 20(b)). Here, the dimension ¢
is the so-called C-index. It depends on both the restricted Hessian of the Lagrangian
and the Lagrange multipliers related to biactive complementarity constraints. The
latter fact is the main difference with respect to the well-known case where a feasible
set is described only by equality and finitely many inequality constraints (see [63]
and Section 1.4).

We would like to refer to some related papers. In [106], the concept of a non-
degenerate feasible point for the MPCC is introduced. Some genericity results are
obtained. In [99], the concepts of a nondegenerate C-stationary point and its station-
ary C-index are introduced for quadratic programs with complementarity constraints
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(QPCCs). The generic structure of the C-stationary point set for nonparametric and
one-parametric QPCCs is discussed, and some homotopy methods for QPCCs are
developed. We refer the reader to [69] for details.

Notation and Auxiliary Results

Given X € M, we define the following index sets:

Jo(x) :={j € J[g;(¥) =0},
o(X):={me {1,...k}|Fim(X) = 0,F,,(X) >0},
BE):={me{l,...k}[F1n(¥) = 0,F2m(¥) = 0},
Y(®) :={me{l,...k} | Fi (%) >0,F (%) =0}
We call Jo(%) the active inequality index set and (%) the biactive index set at .
Without loss of generality, we assume that at the particular point of interest X € M

it holds that
Jo(x) ={1,.... [Jo(®)[}, ae(x) = {1,.... [a(F)[},

Y@ = {la@|+1,..., [@®)] + 7]}

We put s := [I| +|a(X)| +[y(X)|, g :== s+ [Jo(F)], p:=n—q—2|B(%)|.

Furthermore, we recall the well-known linear independence constraint qualifica-
tion (LICQ) for the MPCC (e.g. [105]), which is said to hold at X € M if the set of
vectors

{D"hi(x). i€l DTFlma( %), Ma € Q(), DT Fy (%), my € ¥(%),
D"g;(%), j € Jo(%), D" Fi g (%), DT Famg (%), mg € B(3)}

is linearly independent.

Definition 10 (C-stationary point [22, 105]). A point X € M is called Clarke sta-
tionary (C-stationary) for the MPCC if there exist real numbers i,-, i€1, Ppy» Mo €
(%), Oy my € Y(X), [, ] € J0(X), Gt mgs G2,mg» mp € B(¥) (Lagrange multipliers)
such that

Z)’ Dh + Z pmaDFl ma )+ Z E}myl)FZ,my(-)E)

i€l mEa(x) my€y(%)

+ Y mbgi(M+ ) (61AmBDF1,mﬁ(f)+62,mﬁDF2,mﬁ(x)), (2.13)

J€Jo(X) mg P (%)
fij >0 forall j € Jy(x), (2.14)
Glmg  Ormg = 0 for all mg € B(%). (2.15)

In the case where the LICQ holds at X € M, the Lagrange multipliers in (2.13)
are uniquely determined.
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Given a C-stationary point X € M for the MPCC, we set

M) :={xeR"| hi(x) =0,i € I,F jn,(x) =0, mg € ot(X),
F27my(x) =0,my € y(x), gj(x) =0, j € Jo(X),
Fl,mﬁ (x) =0, FZ.mﬁ (X) =0, mg € ﬁ()f)}

Obviously, M(¥) C M and, in the case where the LICQ holds at %, M(X) is locally a
p-dimensional C2-manifold.

Definition 11 (Nondegenerate C-stationary point [99, 106]). A C-stationary point
X € M with Lagrange multipliers as in Definition 10 is called nondegenerate if the
following conditions are satisfied:

NDI1: LICQ holds at x.

ND2: fij > 0forall j € Jo(X).

ND3: D’L(%) |7:m(%) is nonsingular.
ND4: Glmg - Grmg > 0 for all mg € B(X).

Here, the matrix DL stands for the Hessian of the Lagrange function L,

L(X) = f(x) - Ziihi(x) - Z pmaFl,ma (X) - Z 6myF27my(x)

icl me () my€y(x)

- Z ﬂjgj (X) - Z <6l,mﬁ Fl,mﬁ (x) + c_FZ,mﬁ F2,ml3 (x)); (216)
J€J(%) mgEP (%)

and T:M(X) denotes the tangent space of M(X) at X,

TeM (%) :={E eR" | Dhi(x)é =0,i€l,
DF| jp, (%) € =0, mg € 0/(%),
DF, 1, (%) & =0, my € ¥(X),
Dg;j(%)§ =0, j € Jo(%),
DFi g (%) & =0, DFp (%) = 0, mp € B()}.

Condition ND3 means that the matrix V7 D?L(%)V is nonsingular, where V is
some matrix whose columns form a basis for the tangent space TzM ().

Definition 12 (C-index [99]). Let X € M be a nondegenerate C-stationary point with
Lagrange multipliers as in Definition 11. The number of negative/positive eigenval-
ues of D*L(%) |7m(%) is called the quadratic index (QI)/quadratic coindex (QCI)
of x. The number of pairs (617,,,/3,627%), mg € B(%) with both Gl.mg and Gy,
negative/positive is called the biactive index (BI)/biactive coindex (BCI) of k. The
number (QI + BI)/(QCI + BCI) is called the Clarke index (C-index)/Clarke coindex
(C-coindex) of x.
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Note that, in the absence of complementarity constraints, the C-index has only
the QI part and coincides with the well-known quadratic index of a nondegener-
ate Karush-Kuhn-Tucker point in nonlinear programming or, equivalently, with the
Morse index (see [63, 83, 93] and Section 1.4).

The following proposition uses the C-index for the characterization of a local
minimizer. Its proof is omitted since it can be easily seen (see also [99, 105]).

Proposition 5. (i)  Assume that X is a local minimizer for the MPCC and that the
LICQ holds at x. Then, X is a C-stationary point for the MPCC.

(ii)  Let X be a nondegenerate C-stationary point for the MPCC. Then, X is a local
minimizer for the MPCC if and only if its C-index is equal to zero.

The next proposition concerning genericity results for the LICQ and for nonde-
generacy of C-stationary points mainly follows from [63]. It was shown in [106]
and for the special case of the QPCC in [99].

Proposition 6 (Genericity and Stability [99, 106]).
(i)  Let ¥ denote the subset of

(R, R x c2(R", RV x C2(R", RF) x C*(R", R)

consisting of those (h,g,Fi,F») for which the LICQ holds at all points x €
Mi[h,g,F\,F,). Then, F is C2-open and -dense.
(ii) Let 2 denote the subset of

C*(R",R) x C*(R", Ry x C2(R", RV} x C*(R", R¥) x C2(R",RF)

consisting of those (f,h,g,Fi,F,) for which each C-stationary point of the
MPCC with data functions (f,h,g,F,F») is nondegenerate. Then, 9 is C2-
open and -dense.

Morse lemma for the MPCC

For the proof of deformation and cell-attachment results, we locally describe the
MPCC feasible set under the LICQ (see Lemma 5). Moreover, an equivariant Morse
lemma for the MPCC is derived in order to obtain suitable normal forms for the
objective function at C-stationary points (see Theorem 19).

Definition 13. The feasible set M admits a local C"-coordinate system of R” (r > 1)
at X by means of a C"-diffeomorphism @ : U — V with open R"-neighborhoods U
and V of X and 0, respectively, if it holds that

(i) @(x) =0,
(i) ®MNU)= ({os} x HM@| x (9m2) P! RP) nv.

Lemma 5 (see also [106]). Suppose that the LICQ holds at X € M. Then M admits
a local C?-coordinate system of R" at X.



44 2 Mathematical Programming Problems with Complementarity Constraints
Proof. Choose vectors § € R", [ =1,..., p, which together with the vectors

{D"hi(%),i€1,, D" Fi (%), ma € (), DT Py, (%), my € (%),
D"g;(%). j € Jo(%), D" Fy yny (%), DT Fany (%), mp € B(3)},

form a basis for R”. Next, we put

Vi = ]’l,'(x),iEI,
Vil +me 1= Fi g (X), mg € (),
V1| +my = FZ,my(x)’ my € ’}/()f),
Vs+j = gj(x), j € Jo(%), (2.17)
Ys+lo(@)+2mg—1 = Flmg (),
Ys+1Jo(®)|+2mg —FZ,mﬁ( x), mpg = L. [B@®)
Yn—p+l = élT(X—f),l:L...,p,
or, for short,
y=d(x). (2.18)

Note that @ € C2(R",R"), & (%) = 0, and the Jacobian matrix D& () is nonsingular
(by virtue of the LICQ and the choice of &, =1,..., p). By means of the implicit
function theorem, there exist open neighborhoods U of x and V of 0 such that & :
U — V is a C?-diffeomorphism. By shrinking U if necessary, we can guarantee that
Jo(x) C Jo(x) and B(x) C B(x) for all x € MNU. Thus, property (ii) in Definition
13 follows directly from the definition of @. [J

Definition 14. We will refer to the C>-diffeomorphism @ defined by (2.17) and
(2.18) as a standard diffeomorphism.

Remark 10. From the proof of Lemma 5, it follows that the Lagrange multipliers at
a nondegenerate C-stationary point are the corresponding partial derivatives of the
objective function in new coordinates given by the standard diffeomorphism (see
Lemma 2.2.1 of [65]). Moreover, the Hessian with respect to the last p coordinates
corresponds to the restriction of the Lagrange function’s Hessian on the respective
tangent space (see Lemma 2.2.10 of [65]).

Theorem 19 (Morse lemma for MPCC). Suppose that X is a nondegenerate C-
stationary point for the MPCC with quadratic index QI, biactive index Bl, and C-
index = QI + BI. Then, there exists a local C'-coordinate system ¥ : U — V of R"
around X (according to Definition 13) such that

fOlP_l (Omstrlv'-'ayn) =

[Jo (F)] 1B(X)]
f(f) + Z Vits + Z i y2/+q 1 +y2/+q + Z iyk+n P (2.19)
i=1 Jj= k=1

where y € {05} x HM@®I x (QHz)lﬁ(x)‘ x RP. Moreover, in (2.19) there are exactly
BI negative linear pairs and QI negative squares.



2.3 Critical point theory 45

Proof. Without loss of generality, we may assume f(X) =0.Let ®:U — V bea
standard diffeomorphism according to Definition 14. We put f := f o ®~! on the

set ({OS} x HH@! % (9H?) B o RP> N V. From now on, we may assume s = 0.
In view of Remark 10 we have at the origin

. df o

)] v > 0,1 € Jy(x),

y of af

(i) . >0,j=1,...|p(X)],
9Y2j4g-1 9V2jiq &)

(iii) o < 0 for exactly Bl indices j € {1,...|B(%)|},
ay2jtq71 .

@iv) af:O,k:l,...,pand( of ) is a nonsin-
ayk+n—p aJ’kl-&-n—p&ykz-ﬁ-n—p 1<ki by <p

gular matrix with QI negative eigenvalues.

From now on, we denote f by f. Under the following coordinate transforma-

tions, the set HMo@WI x (8H2)‘ﬁ<x)‘ x R? will be transformed in itself (equivari-
ant). As an abbreviation, we put y = (¥,—,,Y”), where ¥,_, = (y1,...,Yu—p) and
Y? = (Yu—pt1,---,yn). We write

L q n—p
W ¥7) = 1O+ [ f 0¥ Y7 ) = FO.Y7) + Yy (),
i=1

whered; € Cl,i=1,...,n—p.

In view of (iv), we may apply the Morse lemma on the C2-function f(0,Y?) (see
Theorem 2.8.2 of [63]) without affecting the coordinates Y,,_,. The corresponding
coordinate transformation is of class C!. Denoting the transformed functions f, d;
again by f, d;, we obtain

n—p p
fy) = Zyidi(y) + Z iyl%Jrnfp'
i=1 k=1

d
Note that d;(0) = 8)]: (0),i=1,...,n— p. Recalling (i)—(iii), we have
yildiy)|,i=1,....n—p, yj, j=n—p+1,....n (2.20)

as new local C'-coordinates. Denoting the transformed function f again by f and
recalling the signs in (i)—(iii), we obtain (2.19). Here, the coordinate transformation
¥ is understood as the composite of all previous ones. []

Theorem 19 allows us to provide two other local representations (normal forms)
of the objective function on the MPCC feasible set with respect to Lipschitz and
Holder coordinate systems.

Recall that the set 9H? represents the complementarity relations
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u>0,v>0,u-v=0.
Define the mapping ¢ : 0H?> — R! x 0 as
¢ (u,0) := (,0), @(0,v) := (—1,0). (2.21)

By coordinatewise extension of ¢ on (JH?) FO1 and leaving the other coordi-
nates invariant, (2.21) induces the Lipschitz coordinate transformation &,

@ {0,} x HO®)! x (om2)PY « P — @I x RED! xRP (2.22)

On the right-hand side of (2.22), the zeros {0} and {0; } (|3 (%) times) are deleted.
The proof of the following corollary is now straightforward.

Corollary 3 (Normal forms in Lipschitz coordinates). Let f have the normal form
as in (2.19), and let @ be the Lipschitz coordinate transformation (2.22). Then, we
have

1 @ Jo(®)+IBE)| n—|B ()| +s ,
fo@ ') =r®+ Y vi+ Y £+ )y T Vignp (2.23)
i=1 J=lo(®)|+1 k=Jo(%)+|B(F)[+1

In (2.23), there are exactly Bl negative absolute value terms and QI negative
squares.

On R!, we introduce the transformation W

w(y) := sgn(y)y/]yl- (2.24)

Note that the function =+|y| transforms into +y?> under y~!. By coordinatewise
extension of ¥ on RIP®| and leaving the other coordinates invariant, (2.24) induces
the Holder coordinate transformation ¥,

g - O  RIBEI  pe —y HMo@I o RIBE! o« RP. (2.25)
The proof of the following corollary is again straightforward.

Corollary 4 (Normal forms in Holder coordinates). Let f have the normal form
as in (2.23), and let ¥ be the Holder coordinate transformation (2.25). Then, we
have

| o ()| n—[B(¥)[+s 5
[P =f@+ Y i+ Y £ (2.26)
=t =@

The number of negative squares in (2.26) equals the C-index BI+QlI.
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Deformation and Cell Attachment

We state and prove the main deformation and cell-attachment theorems for the
MPCC. Recall that for a,b € R, a < b the sets M* and Mf? are defined as

M :={xeM|f(x)<a}

and
M?:={xeM|a< f(x) <b}.

Theorem 20. Let M" be compact, and suppose that the LICQ is satisfied at all
points x € ML

(a) (Deformation theorem) If M does not contain any C-stationary point for the
MPCC, then M is a strong deformation retract of M".

(b) (Cell-attachment theorem) If Mé’ contains exactly one C-stationary point for
the MPCC, say %, and if a < f(X) < b and the C-index of X is equal to q, then
M? is homotopy-equivalent to M® with a g-cell attached.

Proof. (a) Due to the LICQ at all x € M?, there exist real numbers A;(x), i € I,

Prg (). 11 € G(x), By (5), 1ty € V(). 11(x), j € Jol(), G (x), Gy (1), 115 €
B(x), vi(x),l=1,...,psuch that

= ZA,(X)D + Z pma DFI ma( )

i€l mgEa(x)
+ Z DFZ my + Z .u] Dg]
my€y(x ) Jj€Jo(x

+ X (Ot (ODFi g (x) + Oy (X)DF iy (x )+Zw )&,
mﬁEB(x)

where vectors &, 1 =1,..., p are chosen as in Lemma 5. We set:
A:={x e M?| there exists [ € {1,...,p} with v;(x) # 0},
B:={x € M%| there exists j € Jo(x) with u;(x) < 0},
C:= {x € M| there exists mg € B (x) with 67 (x) - O2,m (x) < O}

Since each X € Mf; is not C-stationary for the MPCC, we get ¥ € AUBUC.

The proof consists of a local argument and its globalization. First, we show the
local argument. For each ¥ € M?, there exist an (R")-neighborhood U; of &, £z > 0,
and a mapping

X . [Ovtx) Mb NUsx
’ { (t(vx) ) e (t,x) such that



48 2 Mathematical Programming Problems with Complementarity Constraints

()  WH(,MPNU:) c M~ forall t € [0,t;),

() Pt +1,) =¥V (t1, P (tp,-)) forall 1y, 1o € [0,15) with 1) +1, € [0,15),

(iii) if ¥ € AUB, then ¥*(-,-) is a C'-flow corresponding to a C'-vector field F7,
and

(iv) if X € C, then ¥¥(-,-) is a Lipschitz flow.

Obviously, the level sets of f are mapped locally onto the level sets of fo @,
where ® is a C'-diffeomorphism according to Definition 13. Applying the standard
diffeomorphism @ from Definition 14, we consider f o @~ (denoted by f again).

Thus, we have =0 and f is given on the feasible set {0, } x H“0®| x (9H?) B
RP.

Case (a): X € A
Then, from Remark 10 there exists / € {1,...,p} with g—){: (%) # 0. Define a local

C'-vector field F* as
T

. d P -2
FY X1y Xy ooy Xpy) 1= (O,...,—(%J;(x).(a){l(x)> ,...,O) .

After respective inverse changes of local coordinates, F* induces the flow ¥*, which
fits the local argument (see Theorem 2.7.6 of [63] for details).

Case (b): X< B
Then, from Remark 10, there exists j € Jo(x) with ng()E) < 0. By means of a
J

C'-coordinate transformation (along the lines of Theorem 3.2.26 of [63]) in the j-th
coordinate on H, leaving the other coordinates unchanged, we obtain locally for f

Fxn,xjs X)) = =X+ fx1,. ., 5,00 Xp).
Define a local C'-vector field F* as
FY(X1ye iy Xy Xy) 1= 0,...,1,...,0)".

After respective inverse changes of local coordinates, F¥ induces the flow ¥¥, which
fits the local argument (see Theorem 3.3.25 of [63] for details).

Case (¢):xc C

Then, from Remark 10 there exists mg € B(x) with

af . _of

. ¥) <0.
Bxlvmﬁ x) 8x2_ymﬁ (x) <
. . af af .
Without loss of generality, we assume that —— (¥) < 0 and (%) >0.
ath a)CZ,m

From the proof of Theorem 19, formula (2.20) , we can obtain for f in new
C'-coordinates the representation
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f(.X],. .. ,Xj, e 7-xl’l) = *xl,mﬁ +x2,m5 +f(xl A ’il’mﬁ 7f2,mﬁa' . 7-xn)'

Define the mapping ¥* locally as

lf/x(l‘7xl, Ce ,xl’mﬁ ,)Cg.’mﬁ S ,xn) =

(x1,. .. S X1mg + max{0,z —X2mg },max{O,xz,mB —t},.ox)l
After respective inverse changes of local coordinates, ¥~ fits the local argument.

Note that in all of Cases (a)—(c), ¥*(z,-) leaves the feasible set {0;} x HMo@! x
(8H2)w @l % R invariant.

Globalization. Consider the open covering {U, |x € C}U{Uz|% € M2\ {U,|x €
C}} of Mb. From continuity arguments, Uz, £ € M2\{U,|x € C} can be taken
smaller, if necessary, to be disjoint with C. Since Mé’ is compact, we get a finite
open subcovering {Uy, |x; € C}U{Us; | X; € Mb\{U,|x € C}} of M. Using a C>-
partition of unity {¢;} subordinate to {Us; | X; € M2\{U,|x € C}}, we define with

F%i (see Cases (a) and (b)) a C'-vector field F := Z¢JF ¥j. The last induces a flow ¥

J
on {Us, |X; € MB\{U, |x € C}} (see Theorem 3.3.14 of [63] for details). Note that
in each nonempty overlapping region Uy, NUy;, x; € C, x;j € MP\{U, |x € C}, the
flow P* induces exactly the vector field F (see Case (c)). Hence, local trajectories
can be glued together on M2, named by ¥ again. Moreover, moving along the local
pieces of the trajectories ¥(-,x), x € M” reduces the level of f at least by a positive
real number

min{ty, ., |x; € C,x; € M{\{Uy|x € C}}
5 .

Thus, we obtain for x € M2 a unique 7,(x) > 0 with ¥(t,(x),x) € M“. It is not
hard (but technical) to realize that ¢, : x — #,(x) is Lipschitz. Finally, we define
r:[0,1] x Mb — MP? as
"z x).{x forxe M*, 7€[0,1]
T W (tta(x),x) forx € M2, T € [0,1].
The mapping r provides that M¢ is a strong deformation retract of M.

(b) By virtue of the deformation theorem and the normal forms (2.19), (2.23)
and (2.26), the proof of the cell-attachment part becomes standard. In fact, the de-
formation theorem allows deformations up to an arbitrarily small neighborhood of
the C-stationary point X. In such a neighborhood, we can work in continuous local
coordinates and use the explicit normal form (2.26). In the normal form (2.26), the

origin is a nondegenerate KKT point and the cell attachment can be performed as in
Theorem 3.3.33 of [63]. I

Remark 11. We emphasize that the linear terms y;, i € Jy(X), in (2.26) do not con-
tribute to the dimension of the cell to be attached. In fact, w.r.t. lower-level sets, the
one-dimensional constrained singularity y, y > 0, plays the same role as the uncon-
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strained singularity y. In this sense, the constrained linear terms in (2.26) do not
contribute to the number of negative squares.

Remark 12. Another way of looking at the cell-attachment part is via stratified
Morse theory (Section 3.7 of [29]). In fact, recall the normal form (2.19). The set

{05} x HMo@I % (8H2) P! R can be interpreted as the product of the “tangen-

tial part” {0} x R” and the “normal part” H o/ x (aHZ)'ﬁ I The main theorem
in [29] states that the local “Morse data” is the product of the tangential “Morse
data” with the normal “Morse data”. The tangential Morse index equals QI and, in
view of Remark 11, the normal Morse index equals BI. In the product, the index
then becomes the sum QI+BI, which is precisely the C-index (see Figure 15).

"tangential part"
Quadratic Index

+
Biactive Index

C-index

"normal part"

Figure 15 C-index

Remark 13. As pointed out by an anonymous referee, Theorem 20 can be interpreted
as follows. The complementarity constraints can be reformulated as Lipschitzian
equality constraints of the minimum type. For u,v € R, we have

u>0,v>0,u-v=0<= min{u,v} =0.

Regarding this issue, Corollary 3 provides a normal form of f in Lipschitzian coor-
dinates. Finally, Theorem 20 shows why the Morse index from the smooth nonlinear
programming has to be modified into the Clarke index for the MPCC.

Discussion of different stationarity concepts

We briefly review well-known definitions of various stationarity concepts and con-
nections between them (see [24], [96], [105]).

Definition 15. Let x € M.

@) X is called W-stationary if (2.13) and (2.14) hold.
(i) X 1is called A-stationary if (2.13) and (2.14) hold and

Glﬁmﬁ >0 or 62_’mﬁ >0 for all mg € B(X).
(iii)) X 1is called M-stationary if (2.13) and (2.14) hold and

(51,m,3 > 0 and Glmg > 0) or Gimg O mg = 0 for all mg € B(%).
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(iv)  Xis called S-stationary if (2.13) and (2.14) hold and
G1mg = 0,62,y =0 forallmg € B(x).
(v)  Xis called B-stationary if d = 0 is a local solution of the linearized problem
min f(X)+Df(x)d s.t.

Fl,m(i) +DFl,m(X)d 2 07F2,m(x) +DF2,m(i)d 2 Oa
(Fim(%) +DFy ju(3)d) - (Fon(X) + DF>u(£)d) =0,m=1,.. .k,
h(%) + Dh(%)d = 0,g(%) + Dg(¥)d > 0.

The following diagram (see Figure 16) summarizes the relations between the sta-
tionarity concepts mentioned (e.g., [118]):

S-stationary point <= B-stationary point
U under LICQ
M-stationary point

4 I
C-stationary point A-stationary point
4 I

We-stationary point

Figure 16 Stationarity concepts in MPCC

Assuming nondegeneracy (as in Definition 11), we see that A-, M-, S-, and B-
stationary points describe local minima tighter than C-stationary points. However,
they exclude C-stationary points with Bl > 0. These points are also crucial for the
topological structure of the MPCC (see the cell-attachment theorem). For global
optimization, points of C-index = 1 play an important role; see also Section 1.2.
We emphasize that among the points of C-index = 1 from a topological point of
view there is no substantial difference between the points with Bl =1, QI =0 and
BI =0, QI = 1. It is worth mentioning that a linear descent direction might exist
in a nondegenerate C-stationary point with positive C-index (see [87] and [105]
and the following discussion). However, at points with B = 1, QI = 0, there are
exactly two directions of linear decrease. Both of them are important from a global
point of view. In turn, W-stationary points contain those with negative and positive
Lagrange multipliers corresponding to the same complementarity constraint. Rrom
the deformation theorem, such points are irrelevant for the topological structure of
the MPCC.

Furthermore, we illustrate the foregoing considerations by Example 12 from
[105] (see also [87]).

Example 12.

min ()c—l)z—i—(y—l)2 s.t.x>0,y>0,x-y=0. (2.27)
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It is clear that C-stationary points for (2.27) are (1,0), (1,0), and (0,0). Moreover,
(1,0) and (1,0) are local (and global) minimizers with C-index 0. The biactive La-
grange multipliers for (0,0) are both —2; hence, its C-index is 1. One might think
that the C-stationary point (0,0) is irrelevant for numerical purposes since it pos-
sesses linear descent directions. However, globally it precisely connects the local
minima. Moreover, if we consider the problem (2.27) with smoothed complemen-
tarity constraints,

min (x—1)24+(y—1)?st.x>0,y>0,x-y=¢, (2.28)
where € > 0 is sufficiently small. Then, it is easily seen that the critical points for
(2.28) are

1+vV1—4e 1—+/1—4¢
(xl ayl) = 5 )
2 2
1—v1—-4e 1++/1—4e
(x2ay2) = ) 5 ) )

(x3,3) = (Ve, Ve).

Obviously, (x1,y1) — (1,0), (x2,y2) — (0,1), and (x3,y3) — (0,0) as € — 0.
Moreover, (x1,y1) and (x2,y») are local (and global) minimizers for (2.28) with
quadratic index 0, and the quadratic index of (x3,y3) is 1 (local maximum). Hence,
by the smoothing procedure, the C-stationary point (0,0) with C-index 1 cor-
responds to the critical point (x3,y3) with quadratic index 1. In particular, the
smoothed version preserves the global topological structure.

We notice that adding positive squares to the objective function in (2.27) provides
a higher-dimensional example with the same features.

2.4 Parametric aspects

The aim of this section is the introduction and characterization of the strong stability
notion in the MPCC (see Definition 17). In 1980, M. Kojima introduced in [83]
the (topological) concept of strong stability of stationary solutions (Karush-Kuhn-
Tucker points) for nonlinear programming (see also Robinson [101] and Section
1.4). This concept plays an important role in optimization theory, for example in
sensitivity and parametric optimization [64, 84] and structural stability [78]. It turns
out that the concept of C-stationarity is an adequate stationarity concept regarding
possible bifurcations.

We characterize the strong stability for C-stationary points by means of first- and
second-order information of the defining functions f,h,g, Fi,F, under the LICQ
(see Theorem 21). The main issue in the strong stability of C-stationary points is
related to the so-called biactive Lagrange multipliers (see also Corollary 5). A biac-
tive pair of Lagrange multipliers corresponds to such complementarity constraints
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which both vanish at a C-stationary point. There are three (degeneracy) possibilities
for biactive multipliers:

(a) Both biactive Lagrange multipliers do not vanish (nondegenerate case).
(b)  Only one biactive Lagrange multiplier vanishes (first degenerate case).
(c) Both biactive Lagrange multipliers vanish (second degenerate case).

Depending on the kind of possible degeneracy, we use corresponding ideas on
strong stability of Kojima (Cases (a) and (b)). Moreover, we describe new unsta-
ble phenomena (Case (c)).

We would like to refer to some related papers. In [105], an extension of the sta-
bility results of Kojima and Robinson to the MPCC is presented. It refers to the
nondegenerate Case (a) of nonvanishing biactive Lagrange multipliers. In [99], the
concept of the so-called co-1-singularity for quadratic programs with complemen-
tarity constraints (QPCCs) is studied. In our terms they refer to the first degenerate
Case (b). We refer the reader to [76] for details.

Notation and Auxiliary Results

From Section 2.3 we recall the following index sets given X € M:
Jo(¥) :={j € J[g;(x) = 0},
o(x):={me{l,...k}|Fi (%) =0,F (%) >0},
B(#) :={me{l,...k} | Fi (%) =0,F (%) =0},
y(&) :={me {1,...k} | Fin(X) > 0,F,,(X) =0}.

Without loss of generality, we assume that at the particular point of interest X € M it

holds that
Jo(x) ={1,.... [Jo(®)[}, ae(x) = {1,.... [a(F)[},

Y@ = {la@|+1,..., [@®)] + 7]}

We put s := [I| +[o(%) |+ [Y(F)], p :=n—s—|Jo(¥)] = 2|B(%)|.
We also recall the notions of the LICQ and C-stationarity (see Section 2.3).
The LICQ for MPCC is said to hold at x € M if the vectors

Dhj(X), i € I, DFy jn, (X), mg € 0U(X), DF3,, (%), my € (%),
Dgj(%), j € Jo(X), DFy mg (%), DFy g (X), mg € B(X)

are linearly independent.

A point X € M is called C-stationary for the MPCC (see Definition 10) if there
exist real numbers ii, i€l fij, j€J, 61m, Gom, m=1,...,k (Lagrange multipliers)
such that

Df(%) = Y 4iDhi() + Y fi;Dg; (%)

icl jeJ
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k

+ Z (61 ,lnDFl ,m ()f) + GZ,InDFZ,m ()f)) ) (229)
m=1

Rj-gj(x)=0,j€lJ, (2.30)

fi; > 0 forall j € Jo(%), 2.31)

6j,m'Fj7m(x):0,j:1,2,}’71:1,...,](7 (232)

Glmp - G2,my > 0 for all mg € B(x). (2.33)

The Lagrange function L is defined as follows:

L(x, A, p,0) o= f(x) = ) Aihi(%) — Y ;g (%)

i€l =

k
- Z (Gl,mFLm (X) + c72.,mF2,m (f)) (234)

m=1

Definition 16 (C-stationary pair). A vector (%, 4, 1,6) € M x Rl x RV| x R?* sat-
isfying (2.29)—(2.33) is called a C-stationary pair for the MPCC.

The concept of strong stability is defined by means of an appropriate seminorm.
To this aim, let ¥ € R", r > 0. For defining functions (f,h,g,F,F>) from (2.5),

2
the seminorm ||(f,h, g,Fl,F2)||g<Xyr) is defined to be the maximum modulus of the
function values and partial derivatives up to order 2 of f,h, g, F1,F.

Definition 17 (Strong stability). A C-stationary point X € M (resp. a C-stationary
pair (%, A, i, 6)), for MPCC|f,g,h,Fy,F>] is called (C?)-strongly stable if for some
r > 0 and each € € (0,r] there exists § = d(&) > 0 such that whenever

(f,ﬁ,é’,fl,fz) ec?
and

C?

H(f_f’h_ﬁvg—g»l’l—fl,Fz—fz)‘ <8,

B(x,r)

)

B(x,¢€) (resp. B((, A0, G),€)) contains a C-stationary point
X (resp. a C-stationary pair (f,z,ﬁ, 5)) for MPCC {fwjz/, 3.k ,172]

that is unique in B(%,r) ( resp. unique in B (()7,1, u, 6) ,r) )

The following lemma establishes the connection between both definitions just
introduced (see [82]).

Lemma 6 (C-stationary points and pairs). The following assertions are equiva-
lent:
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(a) Xisastrongly stable C-stationary point for the MPCC that satisfies the LICQ,
and (A, [, G) is the associated Lagrange multiplier vector.
(b) (X,A,1,6) is a strongly stable C-stationary pair for the MPCC.

Proof. (a) = (b) The LICQ remains valid under small perturbations of the defining
functions. Hence, the corresponding Lagrange multipliers are unique. Moreover,
Remark 10 provides the continuity of Lagrange multipliers w.r.t. perturbations under
consideration.

(b) = (a) The nontrivial part is to prove that LICQ holds at x. The proof goes
along the lines of Theorem 2.3 from [82]. To stress the new aspects, here we assume
that there are only biactive constraints (i.e., I =0, J =0, o/(X) = 0, and y(x) = 0).
Let (%,6) be a strongly stable C-stationary pair for the MPCC and let the LICQ
not be fulfilled at x. Then, there exist real numbers 61,,,13, 517,,%, mg € B(¥) (not all
vanishing) such that

Z (6l,mDFl,m(f) + 52AmDF2,m(f)) =0. (235)
mg€P(¥)
Setting
my (%) := {mpg € P(X)|61,m, G2m = 0},
mg (%) :={mp € B(X)|G1m, Gom < 0},
we define
ci=—1| Y (DAwE)+DFu(X)— Y  (DFiu(X)+DFyu(%)|.
mg EmE (%) mg GmE (%)
For € > 0, let

O1m(€) ' =61m+E O m(€):=6r+eforallme mE (x),

O1m(€):=61m—&, Oy m(€) =6 —eforallme mg ().
Putting ¢ (x) := ¢ x, we obtain that
(x,0(€)) is a C-stationary pair for MPCC [f + €& - ¢, F}, F].

Moreover, due to the strong stability of (¥,6) for MPCC|f, Fi, F>], we claim that
for each sufficiently small € > 0 the C-stationary pair (f,0(€)) is unique for
MPCC[f + ¢ - ¢, Fi, F»] in some neighborhood U of (%, &).

However, (2.35) and o;,,(¢) # 0 for m € mg(X), i = 1,2 ensure that, for any
sufficiently small real number ¢, the pair (¥,v(g, 8,t)) with

Vl,m(ga 6,l) = (717,,1(8) + 51_mt, V27m(8,5,t) = 0'2_’m(8) + 527,,,[ forall m € mg ()E)
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belongs to U and is a C-stationary pair for MPCC|[f + € - ¢, F, F>]. Hence, neces-
sarily 6 = 0, and the LICQ is shown. (]

Now we give two guiding examples for instability that may occur at C-stationary
points in the second degenerate Case (c).

Example 13 (Unstable minimum/maximum [105]). Consider the MPCC:
min x> +y? s.t.x>0,y>0,x-y=0. (2.36)

Obviously, (0,0) is the unique C-stationary point for (2.36) with both vanishing
biactive Lagrange multipliers. Consider the following perturbation of (2.36) w.r.t.
parameter t > 0:

min (x—1)2+(y—1)?st.x>0,y>0,x-y=0. (2.37)

It is easy to see that (0,0), (0,7), and (¢,0) are C-stationary points for (2.37). This
means that (0,0) is not a strongly stable C-stationary point for (2.36). Analogously,
we can treat —x” — y> on dH? at the origin.

Example 14 (Unstable saddle point). Consider the MPCC
min x> —y* s.t. x>0,y >0, x-y=0. (2.38)

Obviously, (0,0) is the unique C-stationary point for (2.38) with both vanishing
biactive Lagrange multipliers. Consider the following perturbation of (2.38) w.r.t.
parameter ¢ > O:

min (x—1)*> = (y—1)*s.. x>0,y >0,x-y=0. (2.39)

It is easy to see that (0,7) and (¢,0) are C-stationary points for (2.39). This means
that (0,0) is not a strongly stable C-stationary point for (2.38).

Characterization of strong stability for C-stationary points

Before stating the main result, we define the following index sets at a C-stationary
point ¥ € M with Lagrange multipliers (A, i, &) (see Definition 10):

Ji={jed®|m >0}
p()f) = {m S ﬁ(i) | G- Oom > 0},

( )
r(x) :={m € B(X)|61m =0, G2m >0},
(x) :=={me B(X)|61m <0, Gom =0},

w(x):={me B(X)|61m =0, G2m <0},
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u(x) :=={me€ B(x)|61m =0, 62, =0}

Obviously, p(¥), g(%), r(x), s(x), w(X), and u(x) constitute a partition of f3(x).

For J C J,K C {1,...,k}, j = 1,2, we write h, g7, and Fjg for (h;|i € I),
(gj|j€J),and (Fj,,|m € K), respectively.

Furthermore, for J+ C J C Jo(%), g C q(X), F C r(X), § C s(X), w C w(x), we de-

fine Mj ; 7 s (X) to be the block matrix ()C; )é > with

X=H"GFATTT P Q" O RT R 8T 5T wT W),

Y' = #H" -GL AT T PT Q" —Q" RT —R" §T §" wT WT),
where B
C = D2 L(%,A,[1,6), H=Dh(%), G; = Dg;(%),
A =DF, 4()(X), I = DF, () (%), P = (DF, (), DF> p5)) (%),

0= DFI#()?) (f), 0= DFzﬁq-(f), R= DFZ,r()E) ()Z), R= DFL,:()E),
S = DF, 4% (%), S=DF5(x),W = DF, ,,(5)(X), W = DFj 3(X).

Theorem 21 (Characterization of strong stability). Suppose that the LICQ holds
at a C-stationary point X € M with Lagrange multipliers (Z, i, &) (see Definition
10). Then, X is a strongly stable C-stationary point for the MPCC (see Definition
17) if and only if

(i)  u(x)=0and

(i) all matrices My ;  ; :(X) with

Ji CTC (%), g Cq(x), FCr(x), §C s(x), w C w(x)
are nonsingular with the same determinant sign.

Proof. By virtue of the LICQ at ¥, Lemma 6 allows us to deal equivalently with the
strong stability of the C-stationary pair (¥,A, fl, G).

Casel: u(x) =0

We consider the following mapping .7 : R" x RI/l x RV| x R — Rr+I+1V1+2k
locally at its zero (%,4, fi, 5):
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DiL(x,A,u,0)

y(xalauac) = Fl,qx) X

min {6} ,(z) F1 (5 (%) }
F )
min {—0‘273(5), F ) (x) }

Note that C-stationary pairs for MPCC in a sufficiently small neighborhood of
(x,A, fi, G), are precisely the zeros of . Moreover, the only difference in & com-
pared with the case of nonlinear programming is the appearing minus sign in

min {—0, z), F g5 (%)}, min{ =0 2 F1 () (%) ;-

Since we deal with equality constraints of minimum type, Theorem 4.3 from [82]
(characterization of strong stability for KKT points) can be simply adapted here. In-
deed, as in Theorem 4.3 from [82], the strong stability for (£, A, 0, G) can be char-
acterized by the fact that all matrices in the Clarke subdifferential 0.7 ()Z,Z, i, o)
are nonsingular. The latter can equivalently be rewritten as condition (ii) (see also
[80] and Theorem 9 for the case of nonlinear programming).

Case 2: u(x) £ 0

Let @ : U — V be a standard diffeomorphism according to Definition 14. We
put f := fo®! on the set ({Os} x HPo@®I (8]1—]12)‘[3()()‘ X RP) NV. From now on,
we may assume s = 0. In view of Remark 10, we have at the origin

of
0 2L >0.jenw,
7, ( )_
d 0
(i) f . f >0,m=1,...|3(x),
3)’\10\+2m—1 9Y\JO\+2m
57
(iii) f =0,l=1,...,p.
ayl‘f’”fp
Moreover, due to condition #(X) # @ we may assume w.l.o.g. that
of of
(iv) f =0, f =0.
IVgol+1 9Y|jol+2

From now on, we denote f again by f.
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In what follows, we successively perform arbitrarily small perturbations of f

such that the origin remains a C-stationary point on HYo(®l x (aH2) B g,
(1) As a stabilization step, we add to f an arbitrarily small linear-quadratic term

o ()] 1B

Z cj-yj+ Z Cligl+2m—1 " Y|Jo|+2m—1 T Clig|+2m * Y|Jo|+2m +ZCl+n pyl+n »
j=1 m=2

such that it holds that for the perturbed function (denoted again by f)

af

@) — >0,j€(x
dy; 5 (8)
(ii) S0 o m=2, . |B),
ay\Jo [+2m—1 8y\10\+2m
(iii) =0,l=1,...,p,and
alernfp
’f : . .
3 3 is a nonsingular matrix,
Yky+n—p9Yiky+n—p 1<k ka<p
and
d d
(iv) fo_ f o

=0,
3)’\10\+1 3Y\JO\+2

(2) We approximate f by means of a C*-function in a small C?>-neighborhood of
f leaving its value and its first- and second-order derivatives at the origin invariant.
This can be done since C*-functions lie C2-dense in C2-functions. We denote the
latter C”-approximation again by f.

From the stabilization step (1) and step (2), we can restrict our considerations to
the following case:

fecw (Rz,R), 0 is a C-stationary point for f}ygp and %(0) gﬁ( ) =0.

Now we can write f(x,y) as

) = g1 (6, y)x% +2g12(x,9)xy + 822 (x,)y*

with g1,1, 1.2, 822 € C* (R%,R).
Adding to f an arbitrarily small quadratic term ax* + byz, a,b € R, we can ensure
that

81,1 (070) 75 0 and g2’2(070) 75 0.

lgri(xy)]\ . L . . 5
Hence, ¥(x,y) := is a local C*-diffeomorphism leaving JH

¥/ lg22(x,y)]
invariant. In new local coordinates induced by ¥, we obtain

flx,y) =& + G(x,y)xy + €237,
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where € = sign(g1,1(0,0)), & =sign(g22(0,0)).

Since G(x,y)xy = 0 on dH?, we can perturb f by means of a real parameter as in
Example 13 or 14 to get a bifurcation of 0 as a C-stationary point.

Finally, performing all perturbations described above, we ensure that O is not a
strongly stable C-stationary point. [

The main new issue in the characterization of strong stability of C-stationary
points in the MPCC will be clarified in Corollary 5. Its proof follows from Theorem
21 by means of a few elementary calculations.

Corollary 5. Let f € C*(R?,R) and suppose that 0 is a C-stationary point for flom2-
Then, O is a strongly stable C-stationary point if and only if

af df af ’f of af ’f of
jther =—-=—>0o0r =—=0,-5-=—>00r =—=0,=5-==>0ar0.
either = Iy >0 or o 2 Jy >0 or Iy "2 ax >0a
Now, we relate the notion of a nondegenerate C-stationary point to the results in
Theorem 21 and Corollary 5.

Corollary 6. Let X € M be a nondegenerate C-stationary point as in Definition 11.
Then, X is a strongly stable C-stationary point for the MPCC.

In the situation of Corollary 5, we claim that O is a nondegenerate C-stationary
point for f|5pp if and only if

af odf

From this, we get the following degeneracy possibilities of biactive Lagrange
multipliers in the situation of Corollary 5 (see Figure 17):

(a) nondegenerate case: both biactive Lagrange multipliers do not vanish,

af d
of . of > 0 — stability,
dx dy
(b) first degenerate case: only one biactive Lagrange multiplier vanishes,
of _, 9°f of of _, 9°f 9f
—=0,w5% ==>00r == =0, =5 - = >0 — stabilit
ox " ox? 8y> Or(?y " 0y? ox Stabiiy:

(c) second degenerate case: both biactive Lagrange multipliers vanish,

of _, 9f

o oy

= 0 — instability.
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y

X X
X X X
CASE (a) CASE (b) CASE (c)
Figure 17 Strong stability in MPCC

On stability w.r.t. different stationarity concepts

For different stationarity concepts (such as A-, M-, S-, and B-stationarity), we refer
the reader to Definition 15. Strong stability for A-, M-, S-, and B-stationary points
can be defined analogously as in Definition 17. From now on, we assume that the
LICQ holds at all points of interest.

It is clear that strongly stable S-stationary points can be characterized by means
of Theorem 21. Indeed, each (not) strongly stable S-stationary point corresponds to
a (not) strongly stable C-stationary point.

However, the issue becomes different as soon as we consider M-stationary points
(or A-stationary points).

Example 15. Consider the MPCC
min —x—y*s.t.x>0,y>0,x-y=0. (2.40)

Obviously, (0,0) is the unique C-stationary point for (2.40) with biactive Lagrange
multipliers (—1,0). Hence, (0,0) is also M-stationary. Moreover, from Corollary 5,
(0,0) is a strongly stable C-stationary point. Consider the following perturbation of
(2.40) w.r.t. parameter t > 0:

min —x— (y+1)*>st.x>0,y>0,x-y=0. (2.41)

It is easy to see that (0,0) is the unique C-stationary point for (2.41) with both biac-
tive Lagrange multipliers (—1, —2¢) negative. It means that (0,0) is not a strongly
stable M-stationary point for (2.40).

Remark 14. We consider once more Example 13. We recall that (0,0) is the unique
C-stationary point for (2.36) with both vanishing biactive Lagrange multipliers.
Hence, (0,0) is also M-stationary. For the perturbed program (2.37), we have that
(0,0), (0,¢), and (z,0) are C-stationary. It is easy to see that (0,0) is not M-stationary
for (2.37).

We note that adding positive or negative squares to the objective functions above
provides higher-dimensional examples with similar features.

Finally, we point out some issues with the MPCC motivated by the strong stabil-
ity results.
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Remark 15. From Example 15 and Remark 14, the concept of C-stationarity is cru-
cial for the numerical treatment of the MPCC via homotopy-based methods. Fur-
thermore, Theorem 21 provides a characterization of the strongly stable C-stationary
points. These are solutions of certain stable equations involving first- and second-
order information of the defining functions. This fact might be used to establish
some nonsmooth versions of the Newton method for the MPCC (see [53, 57]). This
is an issue of current research.

Remark 16. In Theorem 21, the strong stability of C-stationary points is character-
ized under the LICQ. Its characterization in the absence of the LICQ is still open.
We point out that this issue might be related to the version of the Mangasarian-
Fromovitz condition (MFC) as introduced in [70] (see also Definition 7). The con-
straint qualification MFC has been introduced in connection with topological stabil-
ity of the MPCC feasible set. This is still an issue of current research.
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