OPTIMALITY CONDITIONS FOR DISJUNCTIVE PROGRAMS BASED ON GENERALIZED
DIFFERENTIATION WITH APPLICATION TO MATHEMATICAL PROGRAMS WITH
EQUILIBRIUM CONSTRAINTS*
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Abstract. We consider optimization problems with a disjunctive structure of the constraints. Prominent examples of such
problems are mathematical programs with equilibrium constraints or vanishing constraints. Based on the concepts of directional
subregularity and their characterization by means of objects from generalized differentiation, we obtain the new stationarity concept
of extended M-stationarity, which turns out to be an equivalent dual characterization of B-stationarity. These results are valid under a
very weak constraint qualification of Guignard type which is usually very difficult to verify. We also state a new constraint qualification
which is a little bit stronger but verifiable. Further we present second-order optimality conditions, both necessary and sufficient.
Finally we apply these results to the special case of mathematical programs with equilibrium constraints and compute explicitly all
the objects from generalized differentiation. For this type of problems we also introduce the concept of strong M-stationarity which
builds a bridge between S-stationarity and M-stationarity.
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1. Introduction. In this paper we consider mathematical programs with disjunctive constraints of the
form

min f(x) subjectto F(x) € Q, (1.1
xeR"?
where the functions f: R” — R, F : R* — R are continuously differentiable and Q = Uf:] P; is the union
of finitely many convex polyhedra P,.

A prominent example for such programs are mathematical programs with equilibrium constraints
(MPEC for short)

min f(x)

xeR”"
subject to g(x)
h(x)
G,‘ (x

x) <0, (1.2)
0,
> O,H,'()C) > 0,G,’<X>H[(x) :O, i= 1,...,q

X

~

with functions f : R" - R, g: R" — R, h:R" — R”, and G,H : R" — R?. Note that the complementarity
conditions G;(x) > 0,H;(x) > 0,G;(x)H;(x) = 0 can be equivalently rewritten in the form

—(Gi(x),H;(x)) € Qpc, i=1,...,q, (1.3)
where
Okc := {(a,b) € R* |ab =0} (1.4)
is the union of the 2 polyhedral sets R_ x {0} and {0} x R_. Hence the MPEC is of the form (1.1) with

8(x)
h(x)
—Gi(x)
Fx)=| —H® | oa=R x{0}"x Ot (1.5)
—Gy(x
—Hy(x
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is the union of 29 polyhedral sets. Here, the minus signs are used only for convenience of the subsequent
analysis.

MPECs have their origin in bilevel programming and arise in many applications in economic, engi-
neering and natural sciences. We refer to the monographs [37, 42] for further details.

MPECs are known to be difficult optimization problems because due to the complementarity condi-
tions G;(x) > 0, H;(x) > 0, G;(x)H;(x) = 0 many of the standard constraint qualifications of nonlinear
programming are violated at any feasible point. Hence the usual Karush-Kuhn-Tucker conditions fail to
hold at a local minimzer and various first-order optimality conditions such as Abadie (A-), Bouligand (B-),
Clarke (C-), Mordukhovich (M-) and Strong (S-) stationarity conditions have been studied in the literature
[8, 11, 33, 41, 40, 48, 49, 51, 50]. B-stationarity expresses the first-order necessary condition that there
does not exist a feasible descent direction at a local optimum and this is actually the type of stationarity
we want to characterize. However, B-stationarity is very difficult to verify because it is a primal first-
order condition. Hence the other stationarity concepts, which are dual first-order conditions, have been
introduced. S-stationarity is sufficient for B-stationarity but it only holds under some strong constraint
qualification such as MPEC-LICQ (Linear Independence Constraint Qualification). A slightly weaker sta-
tionary concept is M-stationarity which holds under fairly mild assumptions. However, it is to be noted that
M-stationarity (and therefore also the weaker concepts of A- and C-stationarity) does not preclude the oc-
currence of feasible descent directions. Till now no dual first-order condition is known which is equivalent
to B-stationarity under some weak constraint qualification and we will close this gap in this paper.

Compared with the first-order optimality conditions, very little has been done with the second-order
optimality conditions for MPECs. In [48] necessary and sufficient conditions based on the concept of S-
stationarity have been stated. In [18] second-order necessary conditions in terms of S- and C-multipliers
were stated and some consequences of a strong second-order sufficient conditions based on M-multipliers
were given.

Another example for programs with disjunctive constraints arise from programs with vanishing con-
straints (MPVC)

Hi(x) >0, Gi(x)H;(x) <0,i=1,...,q (1.6)
which can be equivalently formulated as
(Gi(x), Hi(x)) € Qvc

with Qyc being the union of the 2 polyhedral sets R_ x R and R x {0}. For more details on MPVCs and
optimality conditions we refer the reader to [1, 2, 25, 26, 27, 32].

For S- and M-stationarity conditions for mathematical programs with disjunctive constraints we refer
to [9].

The aim of this paper is to present a unified theory of optimality conditions based on the concepts
of generalized differentiation by Mordukhovich [38, 39]. In fact, by the Mordukhovich criterion [38,
Theorem 4.18], the M-stationarity conditions state that a certain multifunction built by the objective and
the constraints is not metrically regular. Our optimality conditions rely on the observation that at a local
minimizer for every critical direction such a multifunction cannot have a certain regular behaviour. They
are obtained by applying the characterizations of directional metric regularity, subregularity, and mixed
regularity/subregularity as can be found in the recent papers [13, 14, 15]. The resulting first-order and
second-order optimality conditions are of the form that for every critical direction there is some multiplier
fulfilling the optimality condition. Recall that the standard second-order necessary optimality conditions
for a nonlinear programming problem, see e.g. [3, 29, 36], have the same structure, namely that for every
critical direction there is some multiplier fulfilling the second-order condition. In the context of disjunctive
programming we now need this directional form also for the first-order conditions in order to obtain strong
necessary conditions.

In section 2 we recall the basic definitions of the different versions of regularity and their characteri-
zations by means of generalized differentiation. In section 3 we state various optimality conditions for the
problem (1.1). We obtain first-order optimality conditions called extended M-stationarity conditions and
we will show that under some weak constraint qualification this condition is an equivalent dual characteri-
zation of B-stationarity.



Further we introduce a new constraint qualification based on directional metric subregularity which
appears to be rather weak but is verifiable. Finally, second-order optimality conditions, both necessary and
sufficient are presented.

In section 4 we apply these results to MPECs by explicitly calculating the objects from generalized
differentiation. Since extended M-stationarity is still difficult to verify, we present also the weaker neces-
sary condition of strong M-stationarity which builds a bridge between S- and M-stationarity and seems to
be well suited for numerical purposes.

In what follows we denote by Prn := {x € R"|||x|| < 1} the closed unit ball. For a mapping F : R" —
R™ we denote by VF (%) the Jacobian and by V2F (%) the second derivative as defined by

VF(x —VF(x
ul V2F (%) := lim (¥ +tu) (%)
t—0 t

Yu € R".

Hence, for a scalar mapping f : R” — R, V2f(%) can be identified with the Hessian and for a mapping
F :R" — R™ we have

ul' V2F(2)v = (ul V2R (R)v,...,.ul V2F,(®)v)T.

2. Preliminaries. We start by recalling several definitions and results from variational analysis: Let
Q C R" be an arbitrary closed set and x € Q. The contingent (also called Bouligand or tangent) cone to Q
at x, denoted by T'(x;Q), is given by

T(x;Q) :={uecR"|3(ug) — u,(tx) L 0: x+truy € Q}.
We denote by
ET (W —x)

[l = x|

N(x; Q) = {& € R"| limsup

xS x

<0} @1

the Fréchet (regular) normal cone to Q. Finally, the Mordukhovich (basic/limiting) normal cone to Q at x
is defined by

N Q) = {&]30x) 3x, (&) — & : & € N(xi: Q)Vk}.

Ifx ¢ Q we put T(x;Q) =0, N(x; Q) =0 and N(x; Q) = 0.

The Mordukhovich normal cone is generally nonconvex whereas the Fréchet normal cone is always
convex. In the case of a convex set Q, both the Fréchet normal cone and the Mordukhovich normal cone
coincide with the standard normal cone from convex analysis and moreover, the contingent cone is equal
to the tangent cone in the sense of convex analysis.

Note that & € N(x;Q) & ETu<0Vu e T(x;Q),ie. N(x;Q) = N(0;T(x;Q)) = T (x;Q)° is the polar
cone of T(x; Q).

If Q is a convex cone then we have

T(x;Q)=Q+R{x}, NxQ)={EcN(0;Q) =0Q°|ETx=0},

whereas in case of an arbitrary cone (not necessarily convex) we still have <§Tx =0V¢ e N (x; Q) and
consequently also §7x = 0 VE € N(x; Q).
If Q is the union of finitely many sets Q;, i = 1,..., p, then

T(x;Q)= U T(x;Q:), Nx:Q)= ﬂ N(x; Q).
iixeQ; ixeQ;
The contingent cone and the Féchet normal cone to a convex polyhedron P with representation P = {x €

R" |a]T~x <bj, j=1,...,m} are given by

T(xP)={uecR"aju<0, je/(x)}, NxP)={ Y wa;lu;>0,jcd(x)},
jed (x)
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where o7 (x) := {J| ajrx = b;} denotes the index set of active constraints.

Given a multifunction M : R = R™ and a point (%,7) € gphM :={(x,y) € X x Y |y € M(x)} from its
graph, the coderivative of M at (%,¥) is a multifunction D*M(X,7) : R™ = R" with the values D*M (%,5)(n) :=
{& eR"[(E,—n) e N((%,7);gph M)}, i.e. D*M(X,7)(n) is the collection of all & € R” for which there are
sequences (xi,yx) — (%,¥) and (&, M) — (u,v) with (&, =) € N((xc, yx); gph M).

For more details we refer to the monographs [38, 47]

The following directional versions of these limiting constructions were introduced in [14]. Given a
direction u € R”", the Mordukhovich normal cone to a subset Q C R" in direction u at x € Q is defined by

NOGQuu) = {E € R"[3(5) 10, () — u, (&) — & : & € N(x + tyu; Q)Vk}.

For a multifunction M : R” = R™ and a direction (u,v) € R" x R™, the coderivative of M in direction (u,v)
at (¥,5) € gph M is defined as the multifunction D*M((%,5); (u,v)) : R™ = R" given by D*M((%,7); (u,v))(n) :
{€ eR"[(8,—n) € N((%,7); gph M; (u,v))}.

Note that the directional versions of the Mordukhovich normal cone and the coderivative as defined
in [14] were introduced for general Banach spaces and therefore look somewhat different. In particular,
in [14] it was distinguished between normal, mixed and reversed mixed coderivatives. However, in finite
dimensional spaces weak-* and strong convergence coincide and hence this distinction is superfluous in
our setting. In fact the definitions above are equivalent with the definitions from [14].

Note that by the definition we have N(x;Q;0) = N(x; Q) and D*M((%,5);(0,0)) = D*M(X,¥). Further
N(x;Q;u) C N(x; Q) forall w and N(x; Q;u) =0 if u & T (x; Q).

The following two lemmas give characterizations of the directional Mordukhovich normal cone.

LEMMA 2.1. Let Q C R”" be the union of finitely many closed convex sets Q;, i=1,...,p, X € Q,
u € R". Then

N(EQu) C{§ eN(EQ)|ETu=0} (2.2)
and
Nw;T(%Q)) D {E e N®Q)|ETu=0} (2.3)

IfQ is convex and u € T (X; Q) then both inclusion hold with equality and therefore N(%; Q;u) = N(u; T (%, Q)) =
Nu;T(%Q)).

Proof. Let & € N(%;Q;u) be arbitrarily fixed and consider sequences (#) | 0, (ux) — u, (&) — &
with & € N(Z+tyuy; Q) for all k. Let Iy := {i € {1,...,p}| X+t € Q;}. Since there are only finitely
many subsets of {1,...,p}, by passing to a subsequence we can assume that there is some index set /
such that I, = I for all k. Let i € I arbitrarily fixed. Since Q; is closed we have X € Q: and therefore
&l (x— (x+tuk)) = —tx&l uy <0, implying ETu > 0. Since (#) | 0, we can find for each k some index
JUk) >k with ¢ /tr < % Then for all £ we have éjT(k) (X+txuy — (F+ 1)) < 0 and therefore

. itk
0> lim &, (1 — %“i(m) =&"u

also holds. Hence the inclusion (2.2) is shown.

To show (2.3), consider the index sets I := {i € {1,...,p}|x€ Q}, I, :={i € I[lu € T(%;Q;)} and
ne{leN®Q)|ETu=0}=N;cr{E € N(% Q)| ETu=0}. Taking into account that T (%;€;) is a convex
cone and €; is convex for each i, we have

N(u;T()E;Qi)) ={ne N(O;T(X;Q,-)) | nTu =0}={ne N()E;Qi) | nTu =0} Viel,
and therefore

Ne{feN®Q)ETu=0}={EeN®mQ)|ETu=0} C Nw:T (%)) =Nw;T(%Q))

iel i€ly

proving (2.3).



To show the assertion about equality in the case of convex Q, let u € T(%;Q) and & € N(¥; Q) with
ETu = 0 be arbitrarily fixed. Then we can find sequences (#) | 0 and (uz) — u with x; := %+t € Q for
all k and, by passing to a subsequence if necessary, we can assume k||u — ux|| — 0. Because of

—ET(x—xp) = —ET (o= %)+t ETup = —ET (x — %) + 6 ET (wx — 1) > (e ET (wy —u) Vx € Q,

by invoking Ekeland’s variational principle, there is for every k some % € Q such that || & —x;|| <kt ET (u—
uy) and %y is a global minimizer of the problem

1
o T o - =
min —&7 (v —x¢) + 7 [x — 7.
By the well known first order optimality conditions from convex analysis (see, e.g., [46, Theorem 27.4])
there is some element 1), € PBgn such that & — %nk =: & € N(%:;Q) , showing limy .. & = &. Since we
also have

. Xp—X . Xr — Xk X —X .
limsup || = — ul| < limsup(|| [+l —ul]) < limsup(k|[& |||l — ul| + [[ux — ul]) = O,
k—>o0 Tk k—soo0 Ik Ik k—soo0

& € N(x;Q;u) follows. Finally note, that equality in (2.3) holds for convex Q because of
NwT(:Q) = {§ e NO0:T(1:Q))[§Tu =0} = {£ e N(1:Q) [§"u =0}

0
LEMMA 2.2. Let Q C R" be the union of finitely many polyhedra P, i = 1,...,p and let ¥ € Q and
u€eT(x%;Q). Then

NEQu) = | NWTwT(®Q))). (2.4)
veT (u;T (%))

Proof. Let the polyhedra P;, i = 1,..., p be represented by
B:{xER”\aizjgbﬁ j=1,....,m}
and denote & := {i € {1,...,p}|¥ € P} and o := {j € {1,...,mi} |a];x = b;} fori € &. Then

T(%Q) = JT®P)=J{veR"[ajy<0, jc o}
icP? ic?

and denoting 2 (u) := {i € Z|u € T(%;P;)} and (u) := {j € | alju =0} fori € P (u) we have

TwT(%Q) = |J {veR"|aly<0, je )} (2.5)
i€ P (u)

Now let v € T(u;T(%;Q)) and & € N(v; T (u; T(%;Q))) be arbitrarily fixed and let ¥ := {i € P (u)|v €
T(u;T(%:P))} and & = {j € o(u) |al-ij =0}, i€ 2. Then & € Nicow Nv;T(u; T (%;P,))) and thus
for each i € 2" there are nonnegative numbers y;; > 0, j € <" such that § =}, jeay Mijdij. We claim
that for all > 0 sufficiently small & € N(¥+ tu +t*v;Q). To prove this claim it is sufficient to show
P'={ie{l,...,p}|xi+tut+t>veP}and &’ = {je{l,...,m;} |aiTj()E+tu—|—t2v) =b;}, i€ 2 forall
t > 0 sufficiently small, since then

N(X+[M+[2V;Q) = m { Z /.L,'ja,-j|u,-j EO,jEJZfiV}.
iepv jedy

Leti€ 2" and j € {l,...,m;}. The index set {1,...,m;} can be partitioned into the four sets J; =
{1,....mi}\ o, Jp = A\ i(u), J3 .= o (u) \ & and 7" If j € <f" we have aiijzaiTju:aijf—bj =0,
if j € J3 we have a,-ij< aiTju:a,-j)E—bj =0, if j € J, we have a,-Tju < a;jx—b;=0and finally a;;¥—b; <0
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for j € J. This shows a; (x—|—tu+t2 )—bj=0, j€ .’ and aiTj()Z+tu+t2v) —b; <0, jeJ1ULUJ
for all r > O sufficiently small and we can conclude 2" C {i € {1,...,p}|¥+tu+1t*v € P} and o’ =
{je{l,...om}|al;(x+tu+1?v) =b;}, i€ P Forig P we either have i € I := {1,...,p}\ & or
ich:=P2\Pu)orich:=2u )\QZV If i € I; there is some j € {1,...,m;} with aT)Zfb' >0,
if i € I there is some j € o with 0 = al, x—bj < al ;u and finally for i € 13 there is some j € (u)
with 0 = ajxfb =al i< al. ;jv- Hence there is some j with a; (x+tu+t2 ) > 0 for all + > 0 suf-
ficiently small and @V o {i 6 {1,....p}|F+tu+1t>v € P} follows and our claim is proved. Since
lim, ot~ (¥ +tu+1?v — X) = u we obtain § € N(¥;Q;u) and UVeT(u;T(x;Q))IV(v;T(u; T(x;,Q))) CN(xQu)
follows.

To show the reverse inclusion, let & € N(x; Q;u) and consider sequences () | 0, () — u and (&) —
& such that & € N(%+ tyuy; Q). Then for all k sufficiently large we have 2% := {i € {1,...,p}|F+tuu €
P} C P(u)and o :={j € {1,...,mi}|aiTj()Z+tkuk) bi} ={j € #|alu =0} C FH(u),ic P* and

[SS ﬂ Nx‘f'fk”k» m { Z ijaij | i > 0}.

ice Pk iepk jedk

It follows that al-Tjuk <0, je€ Fi(u), i € P* and hence u, € T(u;T(%,P,)), i € #X. Since there are only
finitely many subsets of {1,...,p} and {1,...,m;}, i € {1,...,p} we can assume, by eventually passing
to a subsequence, that there are index sets 25 C 2(u), ,;afi‘g C H(u), i € P such that P* = P25,

Jz{k ;zfé, i € 2% for all k. Because the normal cones N(iqttkuk,P), i € 2% are closed, we obtain
& € N(X+ tyuy; P ) i€ P5. Now let k be arbitrarily fixed. For every i € 22 (u)\ 2% there is some index
ji € o (u) with al; j;uk > 0 and therefore uy & T (u; T (¥; P;)). Since T (u; T (X; F;)) is closed we can find 6 > 0
such that for every w e T(u;T(%Q)) N (ug+ 6Bpn) we have w & T (u; T (%, P,)), i € P(u) \ P showing
v ={iec Pu)|weTwT(%P))} C 2. Thus, for every i € 2" there are nonnegative numbers

Wi >0, j € withé =¥ jeoE Mijdij implying

w— ) Z [J,,au Z Hija;; T'w<o0
JGQ/ jEW

because of a w<0,j€F(u)D ,Q/i‘g and we conclude & € N(u, T (u; T (%Q))). This finishes the proof.
O

In particular it follows from (2.4) that for every v € T (u; T (¥;Q)) we have

N#T(w;T(%Q))) C N(E Qs u), (2.6)
N@T (u;T(%Q))) = limsupN(v; T (u; T (%,Q))) C N(% Qs u). 2.7
V=V
In what follows we consider the notions of metric regularity and subregularity, respectively, and its
characterization by coderivatives and Mordukhovich normal cones.
Recall that a multifunction M : R* = R™ is called metrically regular with modulus x > 0 near the
point (%,7) € gphM from its graph, provided there exist neighborhoods U of ¥ and V of y such that

d(, M~ (y)) < kd(y,M(x)) V(x,y) €U X V. (2.8)

Here d(x, Q) denotes the usual distance between a point x and a set Q.

It is well known that metric regularity of the multifunction M near (¥,y) is equivalent to the Aubin
property of the inverse multifunction M~!. A multifunction S : R™ = R" has the Aubin property with
modulus L > 0 near some point (¥,%) € gph S, if there are neighborhoods U of x and V of y such that

S(y1)NU C S(y2) +Lly1 —y2(|Brn ¥y1,y2 €V.

We refer to the monographs [38, 39, 34, 47] and the survey [30] for an extensive treatment of these subjects
and the related notions of pseudo-Lipschitz continuity, Lipschitz-like property and openness with a linear
rate.



Metric regularity can be equivalently characterized by the so-called Mordukhovich criterion (cf. [38,
Theorem 4.18], [47, Theorem 9.43]):
THEOREM 2.3. For a multifunction M : R" = R™ with closed graph and any (X,y) € gphM the
following statements are equivalent:
1. M is metrically regular near (%,y).
2. kerD*M(x,y) = {0}, i.e. 0€ D*M(x,5)(A) = A =0.
Applying this criterion to multifunctions of the form M(x) = F(x) — Q we obtain the following collo-
rary, see e.g. [47]:
COROLLARY 2.4. Let M : R" = R™, M(x) = F(x) — Q be a multifunction, where F : R" — R™ is
continuously differentiable, Q C R™ is closed and let X € R" be given with F(X) € Q. Then M is metrically
regular near (x,0) if and only if

VF(E)TA =0, L eN(F(7);Q) =21=0 (2.9)

Among other things metric regularity is important in the context of constraint qualifications:
EXAMPLE 1. Consider a system of inequalities and equalities

g(x) <0, h(x)=0

with continuously differentiable functions g : R" — R, h: R" — RP. Recall that at a solution X the Man-
gasarian Fromovitz constraint qualification (MFCQ) is said to hold, if the gradients Vh;(X) are linearly
independent and there exists a vector z € R" with

Vh(%)z=0,Vgi(%)z <0, i € I(%),

where 1(x) = {i| g;(X) = 0} denotes the index set of active inequalities.
It is well known [44] that MFCQ is equivalent with metric regularity of the multifunction M : R" =
R! x R?

M(x) = (g(x),h(x) —RL x {0}

near (x,0). Straightforward calculations yield that condition (2.9) reads as

p
Y Vei@AF+ Y VR(R)A =0,AF > 0,i € 1(¥) = Af =0,i€I(X),A' =0, i=1,....p
=1

icl(x) i

which is also called positive linear independence constraint qualification.

Condition (2.9) appears under different names in the literature. E.g. in [17], [49], [51] it is called no
nonzero abnormal multiplier constraint qualification (NNAMCQ), whereas in [9] it is called generalized
Mangasarian-Fromovitz constraint qualification (GMFCQ).

When fixing y = y in (2.8) we obtain the weaker property of metric subregularity of M at (%,y), i.e. we
require the estimate

d(x, M~ (3)) < xd(5,M(x)) VxecU (2.10)

with some neighborhood Uof X and a positive real x > 0.

The metric subregularity property was introduced by loffe [28, 30] using the terminology “regularity
at a point”. The notation “metric subregularity” was suggested in [5]. It is well known [5] that metric
subregularity of M at (¥,7) is equivalent to calmness of the inverse multifunction M~! at (7, %). It seems to
be that the concept of calmness of a set-valued map first appear in Ye and Ye [50] under the term “’pseudo
upper-Lipschitz continuty”. Criteria for subregularity and calmness, respectively, can be found e.g. in
the papers [6, 13, 16, 19, 20, 22, 23, 31, 35, 52, 53]. An important subclass of multifunctions which are
known to be metrically subregular at every point of its graph, is given by polyhedral multifunctions, i.e.
multifunctions whose graph is the union of finitely many polyhedral sets. This result is due to Robinson
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[45]. An important special case of polyhedral multifunctions is given by linear systems, where subregular-
ity is a consequence of Hoffman’s error bound [24], whereas, as pointed out in the example above, metric
regularity is equivalent to MFCQ.

We consider also the following concept of mixed metric regularity/subregularity for multifunctions M
composed by two multifunctions M; : R” = R™,i=1,2, i.e. M has the form

M= (My,M>) : R" — R™ x R™ M(x) = M (x) x Ma(x).

We say that M = (M, M>) is mixed metrically regular/subregular at a point (%, (¥1,52)) € gphM, if there
are neighborhoods U of x and V; of y; such that

d(vail(ylayZ)) < Kd((ylv)_)Z)’M(x)) v(’xhyl) eUxV.

Clearly, mixed metric regularity/subregularity of (M, M) implies metric subregularity of M.

THEOREM 2.5. Let M; : R" = R™, M;(x) = Fi(x) — Q;, i = 1,2 be two multifunctions, where F; :
R"™ — R™ is continuously differentiable and Q; C R™ is the union of finitely many convex polyhedra and
let F;(X) € Q;. Assume that My is metrically subregular at (%,0) and that

VEE M +VERE) A =0, 4 € N(F(X);Q),i=1,2 = 4 =0.

Then the multifunction M = (M|, M,) is mixed regular/subregular at (%,(0,0))

Proof. Consider the multifunction S : R” = R™ x R™2, §(x) = (—Q) x (—»). Since F] is continu-
ously differentiable, it is also Lipschitz near % and therefore M, has the Aubin property near (%, 0). In finite
dimensions every linear operator has closed range. Hence we can invoke [15, Lemma 2.4] together with
[15, Theorem 4.3] to obtain that the condition

0e VF(X) A +VEE L +D*SE, (—F (%), —F (X)) (A, A4) = A =0
is sufficient for mixed regularity/subregularity of M. Since

D*S(%, (—F1 (%), ~B(%)) (A, Aa) = {{0} i € NF(E:Q), 1= 1,2,
0 else,
the assertion follows. 00
For our analysis we also need the notion of directional metric subregularity. To define this property it
is convenient to introduce the following neighborhoods of directions: Given a direction # € R" and positive
numbers p, 8 > 0, the set V, 5(u), is given by

Vpg(u) = {Z S pa@Rn |

[llullz = llzllul| < Sllzl flull}- (2.11)

This can also be written in the form

Vp,a<u>={{O}U{ZG”@W\”H\uiu—Zu\<6} o
PP ifu=0.

Given u € R", the multifunction M : R" = R™ is said to be metrically subregular in direction u at
(x,7) € gphM, if there are positive reals p > 0,6 > 0 and x > 0 such that

d(x, M~'(5)) < kd(5,M(x)) 2.12)

holds for all x € X+ V), 5(u).
Note that metric subregularity in direction 0 is equivalent to the property of metric subregularity.
THEOREM 2.6. Let M; : R" = R™, M;(x) = Fi(x) — Q;, i = 1,2 be two multifunctions, where F;
is continuously differentiable and Q; is the union of finitely many convex polyhedra and let F;(X) € Q;.
Further, given u € R" assume that M, is metrically subregular in direction u at (%,0).
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1. If
VE(®) A+ VEE =0, 4 € N(FE):Q: VE®u),i=1,2 = 4 =

then the multifunction M = (M1, Ma) is metrically subregular in direction u at (%,(0,0)).
2. Assume that F;, i = 1,2 are twice Fréchet differentiable at X and u # 0. If

W' VCATF 4+ A B)(®u <0

holds for all (2,1,12) S N(Fl (X);Ql;VFl ()E)u) XN(Fz(X);Qg;VFz( ) ) with VFl( )T}\q +VF2( )T)Q
0 and Ay # 0O, then the multifunction M = (My,M,) is metrically subregular in direction u at
(% (0,0)).
Proof. Using similar arguments as in the proof of Theorem 2.5, the assertion follows from [15, Theo-
rem 4.3] together with [15, Lemma 2.4] by taking into account

D*S((x,(—F1(%), —F2(X))); (u, (=VF (X)u, =V (¥)u))) (A1, A2)
_ {{0} if A € N(F(3):Q VE@)u), i = 1,2,

0 else,

]

Characterization of directional metric subregularity also yields a characterization of metric subregu-
larity:

LEMMA 2.7. Let M : R" = R" be a multifunction and (%,5) € gphM. Then M is metrically subregular
at (%,¥) if and only if it is metrically subregular in every direction u # 0 at (X, 7).

Proof. The “only if”’-part is obviously true by the definition. We prove the if-part by contraposition.
Assume that M is not metrically subregular at (X, )7) Then we can find a sequence (x;) — X satisfying
d(xz, M~1(3)) > kd(3,M(x;)) for all k. Since ¥ € M~ () we conclude x; # ¥ and therefore u; = m is
well defined. By eventually passing to a subsequence, we can assume that the sequence (u;) converges to
some element u € R” with ||u|| = 1. Now let p > 0 and d > 0 be arbitrarily fixed. Then for all & sufficiently
large we have x; € X+ p %Brn and

= [l —ul < 8,
Hka—xH IIMII‘

showing x; € X+ Vp75(u). Hence M is not metrically subregular in direction u. [0

3. Optimality conditions for the disjunctive program. Now we apply the results of the preceding
section to the problem (1.1). We denote the feasible region of (1.1) by .# and for a feasible point ¥ € .%
we define the linearized cone by

Tin(X) == {u e R"|VF(X)u e T(F(x);Q)}
and the cone of critical directions by
E (%) :={u € Tiin(X) | Vf(X)u < 0}.

Note that always 0 € € (%) and that T'(x;.%) C Tjin(%).

Throughout this section we assume that for every u € Tj;, (X) the constraint mapping M (x) = F(x) — Q
can be split into two parts M = (M;,M;) : R" = R™ x R™ with M;(x) = Fi(x) — &; and m = mj + my,
where for each i € {1,2} the mapping F; : R” — R™ is continuously differentiable, ; C R™ is the union
of finitely many convex polyhedra, F = (Fi,F,), Q = Q| x Q; and M is metrically subregular in direction
u at the point (x,0) with modulus x» (u).

This assumption is e.g. automatically fulfilled if F, is affine linear, because then M, is a polyhedral
multifunction and therefore metrically subregular at every point of its graph [45]. If we cannot identify
some part of the multifunction which is metrically subregular in the considered direction u then we can
simply take m, = 0. Note that this splitting is not unique and to ease the notation we also suppress the
dependence on u.



To state our optimality conditions in a general framework we consider for arbitrary n € R"” and X € 7
the multifunction .Z" := (4", .45) : R" = R x R™ given by

M) = () = f() + (T (= 5)P ~ R, o(x) = M(x).

PROPOSITION 3.1. Let X be a local minimizer for (1.1). Then .#° is not mixed regular/subregular
at (%,0) and for every nonzero critical direction 0 # u € € (X) there exists some 1M such that 4" is not
metrically subregular in direction u.

Proof. Follows from [15, Proposition 5.1]. 0

We define the generalized Lagrangian £ : R" x R x R™ — R by

ZL(x,20,A) 1= Ao f(x) +ATF(x)

Given ¥ € .7, u € T} (%) and A9 > 0, we define the sets of multipliers

A €N(F(X);Q;VF(X)u),
AP (7u) = { A = (A, A) €R™ xR™| V. .Z(%,,A) =0,
Ao+ | A1]] #0

and

A € N(VF(®u;T(F(3);Q)),
AM(gu) = A = (A, A) eR™ xR™| V,.2(%,A,A) =0,
Ao+ Al #0

If u = 0 we set A% (%) := AM(%;0), A% (%) := AM(%;0).

We see from the definition that the splitting M = (M, M>) only influences the sets A°(%;u) and A% (% u)
by the requirement that certain components of the multipliers are not all zero.

The following lemma gives some relations between these multiplier sets.

LEMMA 3.2. For every A° > 0 and every critical direction u € € (%) we have

A (%) c AM(ru) € A (5 u) C AM(R)

and equality holds, if p =1, i.e. Q is a convex polyhedron.
Proof. By (2.6) we have

N(VF(®)u;T(F(%);Q)) = N(0; T(VF (X)u; T (F (%);Q))) C N(F(%); Q; VF (¥)u)

and thus A% (%;u) € A% (%;u). Since we also have N(F(%);Q; VF (¥)u) C N(F(%);Q) by the definition of
the directional limiting normal cone, the inclusion A% (%;u) C A% (%) immediately follows.

Now consider A € A*(%). Then A € T(F(%);Q)° and hence AT VF(¥)u < 0 because of VF(¥)u €
T(F(%);Q). From u € €(%),V,.Z(%,40,A) = 0 and A° > 0 we deduce A" VF (¥)u = — AV f(X)u > 0 and
thus AT VF (%)u = 0. Using the inclusion (2.3) we obtain A € A% (%;u).

The assertion about equality follow immediately from the fact, that for convex sets Q the limiting and
the regular normal cone coincide and hence A% (¥) = A% (x). 0

The sets A% (%;u) will be used for formulating necessary optimality conditions, whereas Ao (%;u)
plays a role when stating sufficient conditions.

Note that N(F(x); Q; VF (X)u) = N(Fi(%X); Q1; VF (X)u) x N(F(%); Q2; VF(X)u) and that for every
critical direction u and every Ay > 0 such that Ao (%;u) # 0 we have

AV f(@)u=—-ATVF(R)u=0VA € A (% u) (3.1)

because of (2.2).
We are now in the position to state our main result on first-order and second-order necessary optimality
conditions:
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THEOREM 3.3. Let X be a local minimizer for the problem (1.1) and let u € €' (X). Then there exists
Ao > 0 such that A% (%;u) # 0. If f and F are twice Fréchet differentiable at X then there exist some
A € A (%u) with

ul V2.2 (%, 2,2 )u > 0. (3.2)

If M is metrically subregular in direction u at (%,0) then these conditions hold with Ay = 1.

Proof. First consider the case u = 0: From Proposition 3.1 we know that (///10 " M) is not mixed
regular/subregular at (¥,0). If M is subregular at (¥, 0), then it follows from Theorem 2.5 that there exist 0 #
A0 EN(0;R_)and A = (A1,42) € N(F(%); Q) = N(F,(%); 1) x N(F(¥); Q) with )V f(X)T + VF ()T A =
0. Hence A > 0 and since N(F (%), Q) is a cone, it follows that % = (%, %) e Al(%). If M = (M, M) is
not metrically subregular at (x,0), then it is also not mixed regular/subregular at (¥,0) and by Theorem 2.5
we obtain A%() # 0. Of course, the second-order condition (3.2) is trivially fulfilled for u = 0. )

Now let u # 0. If M is metrically subregular in direction u at (¥,0), we choose 1 such that (.27, M)
is not metrically subregular in direction u according to Proposition 3.1 and apply Theorem 2.6. Therefore
there exists 0 # Ap € N(O; R_; Vf(X)u) and A = (A1,A2) € N(F (%); Q; VF (%)u) = N(F1(X); Q13 VF (F)u) x
N(F(%);Q0; VF (%)u) with gV f(X)T +VF(x)TA = 0. In addition, if F and f are twice Fréchet differen-
tiable, we can assume that

W' V2(Aof +ATF)(R)u = ul V2L (%, A0, A)u > 0.

Then A > 0, % = (3£, 42) € A!(%u) and u” V2Z(%,1, £ )u > 0.

If M is not metrically subregular in direction u, we can apply Theorem 2.6 to (M;,M;) to conclude
that the assertions hold with (A1,4;) € A°(%;u). O

In case of the nonlinear programming problem, where the constraints are given by smooth inequality
and equality constraints, i.e. Q is a convex polyhedron of the form R’ x {0}7, by Lemma 3.2 we have
AM (%) = AM(%u) = A (%;u) = A (F) for every Ay > 0 and every critical direction . Moreover, in
case that my = 0, i.e. we do not identify some part of the constraints being subregular, the sets A! (%)
and {(A0,A)| A > 0,4 € A% (%)} coincide with the sets of multipliers fulfilling the Karush-Kuhn-Tucker
conditions and the Fritz John conditions, respectively. Hence, in this case we can recover from Theorem
3.3 the usual first-order and second-order necessary conditions of both Fritz-John and Karush-Kuhn-Tucker
type, see e.g. [3, 29, 36]. However, the statement of Theorem 3.3 is a little bit stronger. In Example
2 below we will give an example of a nonlinear programming problem, where we cannot reject a non-
optimal point by the usual necessary optimality conditions, but by using our theory based on directional
metric subregularity we can. However, we will not work out the theory for the nonlinear programming
problem, but for the more general problem with disjunctive constraints.

Next we relate the first-order optimality conditions contained in Theorem 3.3 with some stationarity
concepts:

DEFINITION 3.4. Let X be feasible for the problem (1.1). We say that

1. X is B-stationary (Bouligand-stationary) if

Vi(®)u>0YueT(xF),

ie. ~Vf®T € N(%.7),
2. X is S-stationary (strongly stationary) if

Al(x) #0,
3. X is M-stationary (Mordukhovich-stationary) if

A (x) #0,
4. x is extended M-stationary if

Al(F;u) # 0 Vu € € ().
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It is well known that a local minimizer is B-stationary. The B-stationarity condition expresses that at a
local minimizer there does not exist any feasible descent direction.

Our definition of B-stationarity corresponds to the definition of B-stationarity for MPECs as can be
found in the monograph [37]. The definitions of M-stationarity and S-stationarity were introduced in [9]
and are in accordance with the definitions for MPECs [48]. The definition of extended M-stationarity is
motivated by Theorem 3.3.

LEMMA 3.5. If % is S-stationary then V f(X)u > 0 Yu € Tjin (%) and consequently X is B-stationary.

Proof. Consider an arbitrarily fixed direction u € Tjiy(X). Since VF(X)u € T(F(X);Q), for every
A € AY(x) c N(0;T(F(%);Q)) we have —V f(Z)u = ATVF(¥)u < 0.0

Hence, every S-stationary solution is also B-stationary. However, the converse direction is only true
under some relatively strong constraint qualification.

DEFINITION 3.6. Let u € Ty, (X). We say that the linear independence constraint qualification condi-
tion in direction u (LICQ(u)) holds at X if there is some subspace L C R™ such that

T(VF(X)u;T(F(%);Q))+L CT(VF(X)u;T(F(x);Q))
and
VF(xX)R"+L=R".

Note that LICQ(O0) is related to the non-degeneracy condition [4, (4.172)]. The notation LICQ(u) is moti-
vated by the fact that for the MPEC (1.2) the condition LICQ(0) is equivalent with the well-known MPEC-
LICQ constraint qualification, as we will see in Section 4. In particular, for the nonlinear programming
problem LICQ(0) is the same as LICQ, i.e., the gradients of the active constraints are linearly independent.

LEMMA 3.7. If k¥ is B-stationary and LICQ(0) holds at X, then X is also S-stationary.

Proof. Follows from Proposition 3.19 below. O

For MPECs (1.2) it is well known, that the weaker constraint qualification GMFCQ (2.9) does not
guarantee S-stationarity of a local minimizer. Although GMFCQ implies that T (%;.%) = Tjin(X), we only
have the inclusion VF (£)" N (F(%); Q) C N(0; Tiin (%)) (see [47, Theorem 6.14]) and equality, which would
be required for S-stationarity, is not fulfilled in general.

From Theorem 3.3 it follows that a local minimizer is M-stationary if there exists one critical direction
u such that the multifunction M associated with the constraints is metrically subregular in direction u.
Further, if M is metrically subregular in every critical direction u, then a local minimizer is also extended
M-stationary. Note that the requirement that M is metrically subregular in one respectively any critical
direction is not a constraint qualification in general, since the objective function is also involved in the
definition of critical directions. The only exception is the trivial critical direction u = 0, because metric
subregularity of M in direction 0 means metric subregularity of M. Hence, under the constraint qualification
of metric subregularity of the constraint mapping M we have that every local minimizer is also extended
M-stationary.

We will now show that this holds true under some weaker constraint qualification than metric subreg-
ularity. Actually we will prove that under a suitable weak constraint qualification extended M- stationarity
is equivalent to B-stationarity.

DEFINITION 3.8. (cf. [9]) We say that the generalized (or dual) Guignard constraint qualification
(GGCQ) holds at the feasible point X € F if

N(&.Z) = N(0; Tin(%)).

Recall that a polyhedral cone is finitely generated [46, §19]. Foreachi=1,..., p the set P, is polyhedral
and therefore both the tangent cone 7'(F(X);P;) and the cone L; := {u € R"|VF(X)u € T(F(X);P;)} are
polyhedral cones and consequently finitely generated. Hence, conv (U!_, L;) = conv{u € R"|VF (¥)u €
T(F(x);Q)} is also finitely generated, at least by the union of the generators for L;, but maybe by a smaller
set. That is, there exists a set % = {uy,...,un} C Tjjn(X) such that

N
conv Tiin (%) = { ) o4ui| s > 0,i=1,...,N} (3.3)
i=1
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THEOREM 3.9. Assume that GGCQ is satisfied at the point X € .F feasible for the problem (1.1) and
let conv Tji, (X) be finitely generated by the set % = {u,...,un} C Tiin(X). Then the following statements
are equivalent:

(a) X is B-stationary.

(b) Vf(X)u > 0Vu € Tjjn (%).

(c) X is extended M-stationary.

(d) For every direction u € % N6 (%) there holds A'(%;u) # 0.

Proof. Using the equivalences

% is B-stationary < —Vf(%) € N(%,.%), —Vf(X) € N(0;T;in (%)) & VF(F)u > 0 Vu € Tjin (%)

we obtain (a)<>(b) from GGCQ.
Next we show (b)=>(c). Statement (b) means that # = 0 is a solution of the problem

minVf(X)u subjectto VF(X)u € T(F(X);Q).

Since Q is the union of finitely many polyhedra, there is a neighborhood U of F(x) such that QNU =
(F(x)+T(F(x);Q))NU and thus u = 0 is a local minimizer of the problem

minVf(%)u subjectto F(X)+ VF(X)u € Q 3.4

The constraint mapping u = F (%) + VF(X)u — Q is a polyhedral multifunction and therefore metrically
subregular at 0 by Robinson’s result [47]. Hence we can apply Theorem 3.3 to obtain that 0 is extended M-
stationary for the problem (3.4). But it is easy to see that extended M-stationarity of u = O for the problem
(3.4) is equivalent to extended M-stationarity of X for the problem (1.1) and the assertion follows.

The implication (c)=-(d) is obviously true. Finally we show (d)=>(b). Since A'(%;u) # @ implies
Vf(X)u=0Dby (3.1), we see that (d) implies Vf(X)u > 0 Vu € % . Since conv Tjj,(X) is generated by % we
obtain V f(X)u > 0 Vu € conv Tjj, (¥) and (b) follows. O

REMARK 1. Assumption GGCQ is only needed to prove (a) < (b). Since we always have T (%;.F) C
Tiin(X) and consequently

N(& ) > N(0; Tiin(%)), (3.5)
we obtain that the relations
(a) = (b) = (c) = (@)

are valid without assuming GGCQ.
Obviously extended M-stationarity implies M-stationarity. Putting all together we obtain the following
picture:

local minimizer

!
— GGCQ
S-stationarity — B-stationarity ; ’ext. M—stationarity‘ —> | M-stationarity
p—

LICQ(0)

From Theorem 3.9 we derive that GGCQ is a constraint qualification for a local minimizer to be
extended M-stationary. The following proposition states, that GGCQ is in some sense the weakest possible
constraint qualification ensuring extended M-stationarity.

PROPOSITION 3.10. Assume that X € % is an extended M-stationary point of

min f(x) subject to F(x) € Q

for every continuously differentiable function f : R" — R with X being a local minimizer. Then GGCQ is
fulfilled at X.

Proof. By contraposition. Assume that GGCQ is not fulfilled at X. Then, by taking into account
(3.5), there is some & € N(%.7) \ N(0; Tjiy (%)) and thus E7u > 0 for some u € Ty, (%). By [38, Theorem
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1.30] there is some continuously differentiable function ¢ with V(%) = &7 such that ¢ attains its global
maximum over .% at X. Therefore, by taking f = —¢@, u is a critical direction fulfilling the extended
M-stationarity condition A!(%;u) # 0 and by (3.1) we obtain Vf(%)u = —&Tu = 0, a contradiction. O

GGCAQ is very difficult to verify in general. Hence we present another constraint qualification stronger
than GGCQ but verifiable:

DEFINITION 3.11. We say that the weak directional metric subregularity constraint qualification
(WDMSCQ) is satisfied at the point X feasible for (1.1), if there is a finite set % C Tin(X) generating
conv Tiin (%) such that M(x) = F(x) — Q is metrically subregular in every direction u € % at (%,0).

PROPOSITION 3.12. WDMSCQ = GGCQ.

Proof. By contraposition. Assuming that GGCQ is not fulfilled at X, by taking into account (3.5), there
is some & € N(%;.%) \ N(0; Tiin (%)) and thus E7u > 0 for some u € Tji,(¥). Since u can be represented
as a nonnegative linear combination of up,...,uy, there exists ii € % with ETii > 0. Because Q is the
union of finitely many polyhedral sets, there is some neighborhood U of F(X) such that QNU = (F (%) +
T(F(x);Q))NU and therefore F (X) +:VF (%)i € Q for all t > 0 sufficiently small. Since M is assumed to
be metrically subregular in direction # there is some k > 0 such that

d(Z+tid,F) = d(F+1a,M1(0)) < xd(0,M (5 +1i)) < k||F (%) +tVF ()i — F (x4 ti)||
holds for all r > 0 sufficiently small. This implies that for every r > 0 we can find some x; € % satisfying

—X —(X+ri K||F(X) +tVF(X)i— F(X+ti
0< limsup||u —il| = limsupﬂwﬂ < limsup |F (%) +VE®)E = F(x+ i)
110 4 110 t 110 t

Hence i € T(%,.7) and because of & € N(%;.%) we have 7 i < 0 contradicting 7@ > 0. D

Note that Theorem 2.6 provides point based conditions to verify WDMSCQ. We reformulate these
conditions in the following lemma:

LEMMA 3.13. Let X be feasible for the problem (1.1) and let u € Ty, (X). If either

1. A°(%u) =0, or
2. F is twice Fréchet differentiable at % and u V2% (%,0,A)u < 0 YA € A°(%;u),
then M is metrically subregular in direction u.

This lemma states that, if for a critical direction u either the first-order necessary optimality condition
or the second-order necessary optimality conditions cannot be fulfilled with multiplier Ay = 0, then the
constraint mapping M is metrically subregular in direction u.

EXAMPLE 2. Consider the nonlinear programming problem

min  —Xx
—xi+|? <o,
—x3 <0,
(x1 —2x2) (22 — 2x1) <0,

at ¥ = (0,0). Then X is not a local minimizer and we will demonstrate how this can be verified by our
necessary conditions. Note that we cannot reject X as a local minimizer by the usual second-order necessary
conditions of nonlinear programming, because the term |x; |% is not twice Fréchet differentiable at x; = 0.

Consider the multifunction M(x) := F(x) — Q 1= (x; — 2x2)(x2 — 2x1) — R_ and let u = (u1,u) €
Tiin (%) = R2. with (uy — 2uz) (42 — 2u1) < 0. We shall now show by using Lemma 3.13 that M is metrically
subregular in direction u at (%,0). Straightforward calculations yield that the corresponding set of multi-
pliers is A°(%;u) = R, \ {0} and for every A > 0 we have u’ V2.2 (%,0,A)u = 24 (u1 — 2uz) (ua — 2u1) < 0
establishing directional metric subregularity.

Hence, for u = (uy,u) € Tiin(X) we can use the splitting of the constraint mapping

My (x) = ( —x +x|x1|§ ) CR2, Ma(x) = (11 — 2x0) (x2 — 231 ) — R if (i1 — 2u) (2 — 2uy) < O,
—A2
—X1+ \x1|%
M (x) = “x — R, Ms(x) = {0} if (ug — 2u2) (2 — 2u1) > 0.
(1 —2x2) (%2 — 2x7)
14



Now we consider the critical direction u = (1,0) € € (%) = Tin(X) = R%. The Lagrange function is
given by

g(x,)l,(),ll,ﬂ,z,)lg) = —Aox1 +ll(—X1 + ‘X1|%) —/12)624-13()61 —2)62)()62 —le)
and for Ay > 0 the set A (%;u) is given by

ng(x7)"07)’17z’27)~3) = (_AO_)v],—)Q) =0
A (5 (1,0)) = < (A1, A2,43) | (A1, 42,43) € N((=1,0,0);R? ) = {0} x R2 —o.
Ao+ M|+ |A2] >0

Hence the first-order optimality conditions of Theorem 3.3 are violated and X is not a local minimizer.

Obviously Tiin(%¥) = R?. is generated by the two directions u = (1,0)T and v = (0,1)T. We have
just established A°(%;u) = 0 showing metric subregularity of the constraint mapping in direction u by
Lemma 3.13. In the same way one can also show metric subregularity in direction v and thus WDMSCQ
and consequently GGCQ is fulfilled. Note that T(%;.7 ) = {(x1,%2) |0 <x1 <x2/2} U{(x1,%2)|0 < xp <
x1/2}} # Tin(X), i.e. the so-called Abadie constraint qualification fails to hold but nevertheless we were
able to prove GGCQ.

Further, the mapping M (x) = F (x) — Q is not metrically subregular. E.g., consider the points x, := (t,t)
for arbitrary t > 0 satisfying lim,o(x; —X)/t = (1,1), F(x;) = (—t—|—t%,—t,t2) ZQ, d(0,M(x,)) =1t and
d(x;,M~1(0)) =t/V/5 for 0 <t < 1, showing that M is not metrically subregular in direction (1,1). Similar
arguments show that metric subregularity also fail to hold in every direction u with (uy — 2uy) (up — 2uy) >
0. Note that the lack of metric subregularity would also follow from the lack of the Abadie constraint
qualification.

We consider now second-order sufficient conditions. Consider the following definition owing to Penot
[43]:

DEFINITION 3.14. We say that ¥ € R" is an essential local minimizer of second order for problem
(1.1), if X is feasible and there exists some neighborhood U of X and some real § > 0 such that

max{f(x) — f(£),d(F(x),Q)} = Bllx— x| vx € U.

Obviously at an essential local minimizer of second order the following quadratic growth condition is
fulfilled:

fx) > fE) +Blx—x* Vxe.ZNU.

This quadratic growth condition is also sufficient for ¥ to be an essential local minimizer of second order, if
the constraint mapping M is metrically subregular at (£,0) and f is Lipschitz near x. To see this one could
use similar arguments as in [12, Section 3] by noting that convexity of Q is not needed and the assumption
of metric regularity used in [12] can be replaced by assuming metric subregularity.

THEOREM 3.15. Assume that X is a local minimizer but not an essential local minimizer of second
order for the problem (1.1). Then there exists a twice continuously differentiable function h = (8 f,0F) :
R" — R x R™ with h(x) = 0, VA(X) = 0, V2h(%) = 0 such that % is not a local minimizer for the problem

min(f + 6 f) (%) subject to (F + 0F )(x) € Q.

Proof. Follows from the proof of [12, Theorem 3.5] by recognizing that convexity of Q is not needed
in that proof. O

From this statement it follows that a characterization of X being an essential local minimizer of second
order is the weakest possible sufficient second-order optimality condition which uses solely function values
and derivatives up to order 2 at the point x.

For each u € Tji, (X) we now denote by Z(u) the index set

Pu):={iel,...,p|VF®ucT(F(x);P)}
Since T(F(%); Q) = ", T(F(%); P) we have 2 (u) # 0 for every u € Ty (%).

i=1

LEMMA 3.16. Let X be feasible for the problem (1.1) and let f, F be twice Fréchet differentiable at x.
Then the following statements are equivalent:
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(a) X is an essential local minimizer of second order.
(b) For every nonzero critical direction 0 # u € € (X) and every i € & (u) there exists some multiplier
(Ao, M) € N(Vf(f)u;R,) X N(VF()E)M; T(F(X);P;)) with V. Z(x,0,A) = 0 and

ul V2.2 (%, 2,2 )u > 0. (3.6)

(c) For every nonzero critical direction 0 # u € € (%) there does not exist v € R" with
1
Vf(E)v+ EuTv2 fEueT(VE)uR_) (3.7)
1
VF(%)v+ EuTsz(x)u € T(VF(X)u;T(F(%);Q)) (3.8)

Proof. Let #Z :={i€{1,...,p} | F(%) € P.}. Then there is a neighborhood U of & such that d(F (x),Q) =
min;. 5 d(F(x), ;) Vx € U and therefore X is an essential local minimizer of second order if and only if for

each i € & the point ¥ is an essential local minimizer of second order for the problem
min f(x) subject to F(x) € P,

Hence, by using [12, Theorems 5.4,5.11] we obtain that ¥ is an essential local minimizer of second
order if and only if for each i € & and every u with Vf(X)u < 0 and VF(X)u € T(F(X);P;) there is
some multiplier (A9,A) € Ry x N(F(%);P,) = N(O;R_) x N(0;T (F(%); B;)) with V,.Z(%,49,A) = 0 and
uTV2.2(%,Ao,2)u > 0. Hence AV f(¥)u < 0and ATVF(¥)u < 0 and from V,.Z (%, A9, A)u = 0 we con-
clude AV f(F)u = —ATVF(Z)u = 0. Thus (Ag,A) € N(VF(&)u;R_) x N(VF(Z)u; T (F(%);F;)) and this
establishes the equivalence (a)<(b).

Next we show the equivalence (b)< (c): Let 0 # u € (%) and i € & (u) be fixed and define A :=
— (V)T :VE®T), L:= N(Vf(@)u;R_) x N(VF(X)u; T (F(%);F,)), K := {& € L|AE =0} and b :=
Gu' V2 f(®)u, (3u" VF(®)u)")T. We have b ¢ K° if and only if there is some & = (A9,4) € L satisfying
A& = —V,.ZL(%,A,A) = 0 such that ETb = 1u' V2.2 (%,29,A)u > 0. Since L is a polyhedral cone, by
the generalized Farkas Lemma [4, Proposition 2.201] we have K° = RangeAT + L° and, together with
L°=T(Vf(X)u;R_) X T(VF(X)u; T (F(%);P,)), it follows that statement (b) is equivalent to the condition
that for every 0 # u € €'(x) and each i € & (u) the system

Vf(E)v—+ %uTvzf(X)u eT(Vf(®u;R_)
VF(%)v+ %uTV2F(i)u € T(VF(X)u;T(F(X);P,))

does not have a solution v. Noting that T(VF (X)u; T (F(%);Q)) = Uic () T(VF (®)u; T (F (%); B)) we
conclude (b)<(c). O

THEOREM 3.17. Let X be feasible for the problem (1.1) and let f, F be twice Fréchet differentiable at
X. If X is an essential local minimizer of second order then for every critical direction 0 # u € € (%) there
is some pair (A9, A) € Ry x R with A € A (%;u) such that

ul V2.2 (%, 2,2 )u > 0. (3.9)

Conversely, if for every critical direction 0 # u € € (X) there is some pair (Ao, A) € Ry x R™ fulfilling
A e A% (%;u) and (3.9), then % is an essential local minimizer of second order.
Proof. Firstly assume that X is an essential local minimizer of second order and consider the problem

min f(x) — Blx — 5|
subject to F(x) € Q,

where 8 > 0 is chosen according to the Definition 3.14. Since X is a local minimizer of the above problem,
by Theorem 3.3, we can easily get the first part of this theorem.
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To show the second assertion we use the equivalence (a)<»(b) of Lemma 3.16. Let 0 # u € €(x)
be arbitrarily fixed and choose A9 > 0 and A € A% (%;u) with u’ V2.2 (%,49,A)u > 0. By the defini-
tion of A% (%;u) we have V,.Z(%,49,A) = 0 and we will now show that (A9,A) € N(Vf(X)u;:R_) x
N(VF(®)u; T(F(%);P)) for each i € 2(u). Because of A% (%u) C A*(%;u) and (3.1) we have Ay €
N(Vf(®)u;R_). Further

A € R(VF(@u:T(F(%):Q)) = N(0; T(VF(®)u; T (F():Q)))
= N(0; T(VF(@uwT(F(%);P)) = () NOT(VF(®)uwT(F(%);P)))
i€ (u) i€ (u)
= [\ N(VF@&u;T(F(%);P))
i€ P (u)

and thus our assertion is proved. [

In case of p =1, i.e. Q is a convex polyhedron, we have A% (%yu) = Ao (xu) VAp > 0, Yu € €(X)
by Lemma 3.2 and thus (3.9) is an equivalent condition for X being an essential local minimizer of second
order. In particular, this is the case for the nonlinear programming problem, where (3.9) is nothing else
than the second-order sufficient condition of nonlinear programming [3, 29].

We will now show that also under LICQ(u) the sets A% (&;u) and A% (%;u) coincide.

LEMMA 3.18. Assume that LICQ(u) holds for u € Ty (X). Then A°(%;u) = 0.

Proof. Assume that there is some A € A%(%;u). Then A # 0 and there is some v € R" and w € L such
that VF (x)v+w = A, implying

0<ATA=ATVFEv+ATw=2ATw

because of V,.Z(%,0,A) = ATVF (%) = 0. By Lemma 2.2 there is some z € T(VF (¥)u; T (F (%); Q))) with
A €N(z; T(VF (®)u; T (F(%);Q))) and therefore, since z+L C T(VF (¥)u; T(F(%);Q)) and aw € LY € R,
we obtain A7 (z+aw) = ATz+ aATw < 0 Va € R implying the contradiction ATw = 0. O

PROPOSITION 3.19. Assume that X is B-stationary for the problem (1.1). Then for every critical
direction u € € (X) fulfilling LICQ(u) there is a unique element A, € R™ such that

A &u) = A (Fu) = ().

Proof. Consider an arbitrarily fixed direction u € €'(x) satisfying LICQ(u). We claim that
min{Vf(x)v|VF(X)v € T(VF(X)u; T (F(x);Q))} = 0. (3.10)

Indeed, if there were v with VF(X)v € T(VF(x)u; T (F(X);Q)) and Vf(X)v < 0, then for every o > 0
sufficiently small we have VF (X)(u+ ov) € T(F(X);Q) and consequently F(X) +tVF(X)(u+ av) € Q
for all # > 0 sufficiently small, since both Q and T (F(¥);Q) are the union of finitely many polyhedra. By
Lemma 3.18 and Lemma 3.13 we have that M (x) = F (x) — Q is metrically subregular in direction u at (£, 0)
and therefore there are p >0, 6 > 0, k > 0 such that for all x € X+ V), 5(u) the inequality (2.12) holds. We
can choose & > 0 small enough such that for all # > 0 sufficiently small we have ¥+ (u+ av) € X+V, 5(u)
and F (x) +tVF (%) (u+ av) € Q implying the existence of w(t) with F (X +(u+ ov+w(t))) € Q and

tlw@)| < kd(F(x+1t(u+av)),Q) < k|F(x+t(u+av)) — F(x) —tVF(x)(u+ av)| =: x(t).

Since F is Fréchet differentiable, lim, o x(¢)/t = 0 and thus lim, o w(¢) = 0 and u + av € T (%;.%) follow.
But V£ (%)(u+ av) < aVf(x)v < 0 contradicting B-stationarity of ¥ and hence our claim is proved. The
constraint mapping of (3.10) is a polyhedral multifunction and hence metrically subregular. Applying the
M-stationarity condition at v = 0 yields the existence of some multiplier 2 € N(0; T (VF (¥)u; T (F (%);Q)))
with V(%) + VF ()T A = 0. By (2.7) we conclude N(0; T (VF (X)u; T (F(%);Q))) C N(F(%); Q; VF (X)u)
and A € A!(%;u) # 0 follows. Next we show that A' (; u) is a singleton. Assume on the contrary that there
are two different elements A/ € A! (%;u), i = 1,2. By Lemma 2.2 we have ' € N(z/; T(VF (¥)u; T (F (%); Q)))
with 7 € T(VF (%)u; T(F (%);Q)) and because of 7' +L C T(VF (¥)u; T (F (%); Q)) we conclude that A be-
longs to L+, i = 1,2. Further VF(%)T A’ = =V f(%)”, i = 1,2 and we obtain the contradiction 0 £ A! — 12 €
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ker VF ()T NL+ = Range VF (¥) - N L+ = (Range VF (%) + L)= = R"+ = {0}. Since Al(%u) € AN(F;u),
it suffices now to show A!(%;u) # 0 in order to prove A! (t;u) = A' (¥;u) = {A}. We claim that

min{V£(%)v|VF(%)v € conv T (VF ()u; T (F(F);Q))} = 0. 3.11)

Assume on the contrary that there is some v with VF (X)v € conv T (VF (%)u; T (F (X); Q)) and Vf(x)v < 0.

Then VF ()7 can be represented as a convex combination Y*_, 11;z; of elements z1,. ..,z € T(VF (£)u; T (F (%); Q)).
Each element z; can be written in the form VF (%)v; +w; with w; € L and we 0bta1n VF(X)vi=1z—w; €
T(VF(¥)u; T(F(%);)) and consequently V f(x)v; > 0 because of (3.10). Then, using A € L' we obtain

the contradiction

k k
0>Vfx)i=—-ATVF(x Z vi+wi) =Y wVf(E)vi > 0.
i=1 i=1
Therefore (3.11) holds true and since conv T (VF (¥)u; T (F(x);Q)) is a polyhedral cone as the convex hull
of the union of finitely many polyhedral cones, we obtain that the constraint mapping v = VF(X)v —
convT (VF (X)u; T (F(%);Q)) is metrically subregular at (0,0) Applying now the M-stationarity condition
at v = 0 yields the existence of some multiplier

N

A € N(0;conv T (VF (£)u; T (F (%);:Q))) = N(0;conv T (VF (£)u; T (F(%);: Q)))
=N(0;T(VF(X)u; T(F (%);Q))) = N(VF (X)u; T (F (%); Q))

with V£ (%)” + VF(£)TA = 0 and therefore A € A! (¥;u) # 0 and this completes the proof. [
COROLLARY 3.20. Assume that X is B-stationary for the problem (1.1). Then for every critical
direction u € € (X) fulfilling LICQ(u) we have

A (% u) = A (xu) VAo > 0.

Proof. In case Ag = 0 we have A°(%;u) = AO(X;M) = ( because of Lemmas 3.2, 3.18. If Ay > 0, the
assertion follows from the relations A% (1) = AgA! (F;u), A% (%;u) = AoA! (;u) and Proposition 3.19. 0

We now state a second-order sufficient condition in terms of multipliers belonging to Al (%;u).

THEOREM 3.21. Assume that X is an extended M-stationary solution for (1.1), f and F are twice
Fréchet differentiable at X and that for every nonzero critical direction 0 # u € € (X) one has

Ul V22(%1,0)u>0YA € Al (Zu). (3.12)

Then % is an essential local minimizer of second order.
Proof. By contraposition. Assuming on the contrary that X is not an essential local minimizer, by
Lemma 3.16 we can find 0 # u € € (x) and v € R” fulfilling (3.7), (3.8). We now claim that the problem

mvian( X)v subject to VF (X )v+2uTV2 (X)u € T(VF(X)u; T (F(X);Q)) (3.13)

has an optimal solution. If there would not exist an optimal solution, because the feasible region is not
empty because of (3.8), we could find a sequence (v¥) feasible for (3.13) such that V f(¥)v* — —co. Con-
sider the sequence ¥ := v} /|Vf(%)vk|. Then d(VF(X)¥*,T(VF (¥)u;T(F(%);Q))) — 0 and since v =
VF(x)v— T(VF (X)u; T (F(x ),Q)) is a polyhedral multifunction and therefore metrically subregular at
(0,0), there is a sequence (¥) with VF (¥)9* € T(VF( Du; T(F(%);Q)) and limy_..(# — ) = 0. Fix-
ing v := ¥* for k sufficiently large we have Vf(X)v < —1. Since VF(¥)(u+ av) € T(F(%);Q) for o > 0
sufficiently small we have u+ otv € Tji, (¥). Together with V f(%)(u+ av) < —§ <0 we have u+ av € ¢(x)
and thus A!(%;u + a7) # 0 by extended M-stationarity of #. But from (3.1) we obtain the contradiction
Vf(x)(u+ av) = 0. Hence the problem (3.13) has an optimal solution 7. Since the constraint mapping is
a polyhedral multifunction and therefore metrically subregular at (v,0), we can apply the M-stationarity
conditions at 7 to find a multiplier

A € N(VF(®)v+ %uTVZF(X)u;T(VF()E)u; T(F(%);Q)))
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with V£(%)T + VF(£)TA = V,.Z(%;1,A)T = 0, showing, together with A € N(F (¥);Q; VF (X)u) because
of (2.7), A € Al(%;u). Using extended M-stationarity of ¥ and (3.1) we obtain Vf(¥)u = 0 and there-
fore Vf(X)7+ u’ V2 f(X)u < 0 because of (3.7). Because T(VF(¥)u;T(F(%);Q)) is a cone we have
AT(VF ()7 + $u" V2F (%)u) = 0 and thus

0> Vf(x)i+ %uTVf()E)u +AT(VF(x)7 + %uTsz(x)u)
=V, Z(x 1,1)5+ %uTV?cZ(X, LA)u= %uTV)ch()?, 1, A)u

contradicting (3.12). O

REMARK 2. Following [17, Definition 3.2] the point X is said to fulfill the strong second-order suffi-
cient condition (SSOSC) for (1.1) if A' (%) # 0 and for every nonzero critical direction 0 # u € € (%) one
has

ul V22(%,1,M)u>0VA € Al (%).

However note that this condition is not sufficient for X to be a local minimizer as can be easily seen from
the example

min—x; +x7 +x3 subject to (—x1, —x2) € Qgc-

In order to make (SSOSC) sufficient for X being a local minimizer, in view of Theorem 3.21 we have to
replace the M-stationarity condition A () # 0 by the extended M-stationarity condition A' (%;u) # 0 V0 #
u e ().

4. Applications to MPECs. We now want to apply the results of the preceding section to the MPEC
(1.2), or more exactly, to the problem (1.1) with F" and Q given by (1.5). By straightforward calculation we
can obtain the formulas for the Fréchet normal cone, the Mordukhovich normal cone and the contingent
cone of the set Qgc defined in (1.4) as follows:

LEMMA 4.1. For all a = (a1,a;) € Qrc we have

5220 ifO:a1>a2
N(a;QEC): (51752” 512075220 l:falzazzo )
& =0 ifa; <ay=0
N(a;Q ifa 0,0
) yaz 00
{(&1,&) |either & >0, & > 00r §E =0} ifa=(0,0),
T(a;Qpc) = < (ur,u2)| uy <0,up <O0,uquz =0 ifa; =ax=0
u =0 ifa1<a2:O

and for all u = (uy,up) € T (a;Qpc) we have



In what follows, we denote by X a point feasible for the MPEC (1.2). Further we assume throughout this
section that the mappings f, g, h, G, H are continuously Fréchet differentiable, twice Fréchet differentiable
at X and that there are numbers 1 </} </, 1 < p; < p, 1 < g1 < g such that the components

gi(x)ai:ll+1a-"7la hi(x)ai:pl+la"'7p7 Gi(x)7Hi(x)ai:q1+1"'aq

are affine or linear. In what follows, for every direction u € Tjj, (X) the multifunction M, which is assumed
to be metrically subregular in direction u, is build by the linear parts of the constraints.
Denoting

I_g = {iE {17"'71}‘&'(2) :0},

I={ic{l,...,q}|Gi(¥) > 0= H;(x)},
I_0+ = {le {1’7Q}|Gl()€) =0 <Hi(“€)}7
:={ic{l,....q}|Gi(X) =0=H;(x)},

the cone Tj;, () is given by
Tin(X) = cueR*| VG;

The generalized Lagrangian reads as

L(x,20,A) = Ao f(x) + AT g(x) + A" h(x) — AT G(x) — AT H(x),

where A9 € R, A := (A%,1, A9, A1) € Rl x R? x RY x RY,
Given u € Tjj, (X) we define

Iy(u) :={i € I | Vgi(¥)u = 0}

1) := {i e I | VG;(X)u > 0 = VH;(X)u},
1% (u) == {i € I | VG;(%)u = 0 < VH;(%)u},
1) := {i € I"|VG;(X)u = 0 = VH;(%)u}.

Then for Ay > 0 we have

VL (%A, A) =

AL >0,A8g:(%) =0, i€ {l,...,I}

,lg 0, zezg\ ()

Ao(Fu) = A= (A8, A" 19 A1) 7LH 0, zeF’+UI°+( )

/IG 0,ieIOurtOu)

elther/'LG>O M >00r 282 =0,i€1®u )

Mo+ L AF+E0, W’I+Z,: (IAC1+1A]) >

L(%, Ao, A) =
AE>0,A8¢(%) =0, ie{l,...,I}
AE =0, i€l \I(u )
AM(gu) = A = (A%, A% A1) /’LH 0, i € I°MUI (u)
AG 0,ic I OurtO(u)
),lG>O A >0,ie1@u)
R+ KL A8+ X0 A+ K0, (129 + 241 >
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Since

<0, i€ (),

)

i€ IMOurtou),

Zl
Zh
T(VF(@)u;T(F(%):Q)) = ¢ (25,227,202 )T e R x RP xR | 20 =
H
Z;
(28,71") € Qrc, i € I°(u)

0,

0,

0, i € P U (u),
0,

A

l

the largest possible subspace L such that T (VF (X)u; T (F (%); Q)+ L C T(VF (%)u; T (F (X);Q)) is given by
% =0,i€(u),
=0,
L=< (5220228 )T e RV xR xR¥ | 28 =0, i € P UI™ (u),
2 =0,icOUru),
F=A=0ic1Uu)

Hence LICQ(u) is fulfilled if and only if the family of gradients

{Vei(®) i € ()} U{Vhi(®) [i € {1,...,p}} U{VGi(%) |i € "* UI** () UI® ()}
U{VH;(%)|i € TTOUT™(u) ur®(u)}

is linearly independent. It is easy to see that LICQ(0) is exactly the well-known MPEC LICQ condition.
EXAMPLE 3. Consider the problem

min  f(x) :=x; +x —2x3

x=(x1,%2,%3)
g1(x) :=—x; —x3 <0,
g2(x) == —xp+x3 <0,

—(Gi1(x),Hi(x)) := —(x1,%2) € Qkc-

Then ¥ = (0,0,0) is not a local minimizer, because for every a > 0 the point x* := (0, a, @) is feasible and
f(x¥*) = —a < 0. Indeed, for the critical direction u = (0,1,1) we have A'(%;u) = 0 and therefore ¥ is
not an extended M-stationary solution and consequently not a local minimizer, since all problem functions
are linear and the constraint mapping is thus metrically subregular. However, X is M-stationary since

AL®) = {(1,3,0,-2)}.

To demonstrate the results on second-order optimality conditions of the preceding section we consider
the following example:

EXAMPLE 4. Consider the parameter dependent problem

. 1
Pa)  minf(xi,x) = —xi + -3
X1,X2 2
g1(x1, %) == axi —x, < 0,
_(Gl (xl’x2)7H1 (x17x2)) = _(xlsz) € QEC

where a € R. Then it is easy to see that X = (0,0) is a local minimizer, if and only if a > 0. Let us verify
this by using our theory.
We have

Z(x, A, (lg,lG,AH)) =Ao(—x1 + %x%) +lg(ax% —x) — A% —Afx,

and for every a it follows that A°(%) = {(a,0, —a| a > 0}, implying that metric regularity of the constraint
mapping and therefore also LICQ(0) are violated. Further we have

Tiin(X) = {(u1,u2) | —up <0, (—uy,—u2) € Qpc} = —Qkc

and € (%) = Tiin (%), i.e. we have to analyze the problem with respect to the two critical directions (1,0)
and (0,1).
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1. u=(1,0): Then A'(%u) = 0 and A°(%;u) = A°(%;u) = A°(X) and taking A = (,0, —a) with
o > 0 we have

<0 ifa<(,

>0 ifa>0" “-1)

ul V22(%,0,A\)u=20a {

By the second-order conditions (3.2) we conclude that X is not a local minimizer for a < 0. In case
a = 0 the constraint mapping is polyhedral and hence metrically subregular. Since A'(%,u) =0
we can also conclude from Theorem 3.3 that X is not a local minimizer in case a = 0.

2. u=(0,1): In this case LICQ(u) is fulfilled and we have A (%;u) = A" (%;u) = {(0,—1,0)}. Since
u'V2.Z(%,1,(0,—1,0))u = 1 > 0, together with (4.1), we conclude from Theorem 3.17 that % is a
essential local minimizer of second order in case a > 0.

Since extended M-stationarity is usually difficult to verify in practice, we now introduce the following
concept of strong M-stationarity, which builds a bridge between M-stationarity and S-stationarity. In what
follows we note by r(¥) the rank of the family of gradients

{(Vei(®) i € LYU{VRh(®)|i € {1,...,p}}U{VGi(%) |i € I’T UT°Y U{VH;(%)|i e T°UI™}.  (4.2)

DEFINITION 4.2.
1. Atriple of index sets (Jg,JG,Ju ), Jg C I, Jg C P U, Jy C TTOUT™ is called a MPEC working
set for the MPEC (1.2), if JcUJy ={1,...,q},

Vel +p+ el + [ u| = r(x)
and the family of gradients
{Vei(x)|i € T} U{Vhi(x)[i € {1,...,p}} U{VGi(%) |i € Jo} U{VH;(%) |i € Ju }

is linearly independent.
2. The point X is called strongly M-stationary for the MPEC (1.2), if there is a MPEC working set
(JosJG, ) together with a multplier A = (A8,A" A6 A1) € AL(%) satisfying

AE=0,ie{l,....[}\Jq, 4.3)
A =0,ic{l,....q}\Jq, (4.4)
A =0 ie{l,....q}\Ju, 4.5)
A >0 >0,icisnly. (4.6)

Note that the condition Jg UJy = {1,...,q} implies I°T C Jg and 0 C Jy. By the definition, every
strongly M-stationary point is M-stationary. However, the converse is not true as can be seen from the
example

min —x; subject to — (x1,x2) € Ofc,

where X = (0,0) is M-stationary but not strongly M-stationary.

THEOREM 4.3. Assume that X is extended M-stationary for the problem (1.1) with F and Q given by
(1.5) and assume that there exists some MPEC working set. Then X is strongly M-stationary.

Proof. Since ¥ is extended M-stationary, we have A! () # 0 and therefore V f() can be represented
as a linear combination of the gradients (4.2). It follows that for every MPEC working set J = (J,,Jg,Ju)
there is a unique multiplier A (J) = (A%,A", A¢ AH) satisfying (4.3)-(4.5) and V,.Z(%,1,A(J)) = 0. Now
let JO = (J2,J&,J3)) be an arbitrarily fixed working set and choose b = (b¢,6%,b7) € R, x R? x R? with
b =0,i€ Jg, b% =0, i€ J2 and bi' =0, i € J); such that for all u € R" the family of gradients

{Vsi(®)]i € I, Vei(R)u = bj} U{Vhi(%)|i € {1,..., p}, Vhi(¥)u = 0}
U{VG;i(%)|i € I*" UI®VG;(®)u = b7} U{VH;(%) |i € [T UI™ , VH;(%)u = b"} 4.7
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is linearly independent. Such a vector b exists by the following arguments. For every triple of index sets
K = (K4, KG,Kn), Ky C I8, Kg C P UTY, Ky ¢ TTOUT™ let Z(K) denote a basis for the subspace

ng(xvomu) = 07
gi .
—g(ug gt G ogHy M =00 {1, II\K,
{“ {(“ THL RS ) )| IJ[G:071.€{17-~~7Q}\KG7 }7

pl=0,ie{l,...,q}\Ku

where %(K) is eventually empty. By the definition of a MPEC working set, for every basis element
u = (u&,u", uC uf) there must be either an index i € I \ J2 with uf # 0 or an index i € (T UI™)\ J§
with ¢ # 0 or an index i € (ITOUT?)\ JY with uff # 0. The union of the bases g (K) consists of
finitely many elements and therefore we can find b = (b%,b°,b") € R}, xR? xR with b =0, i € J?,
bG =0, i€ J%and bl =0, i€ J); with

b¢T s 465" u b £ 0 (s, ut G ) e | JB(K)
K

We claim that this vector b has the required property. If there would exist # € R” such that (4.7) does
not hold, by taking K, := {i € I, | Vg;(¥)u = b§}, K¢ := {i € I’* UI|VG;(®)u = b¢}, Ky := {i e [T0U
1| VH;(¥)u = b}, there is some element p = (ué, u, u% uf) € %(K,,Kg,Kn) with

0=V, 2(0,1)u=b"ps +55" uG+pH" ut 20,

a contradiction, and therefore our claim is proved. Now consider the following algorithm:

I ou:=0,J:=J° (A8, A" AC A1) := A (J);
2: while ((3i€Jy: Af <0) vV (JieJgNy: AP <O0VAT <0))
33 { if Fig ey ),;(g). <0)
4: Jo =T\ {io};
5: else
6: { select iy € JgNJy with lig <O0or QLI{;’ <0;
7: if (47 <0) .
8: JG I:J(;\{l()};
9: else
10: Juy =Jg\{iv};
11: }
12: Compute search direction d with Vf(X)d = —1, Vg;(X)d = 0,i € J,,
Vh,'()f)d =0,i=1,...,p, VG,()E)d =0,ieJg, VHi()?)d =0,ieJy;
13: Compute step length
bf —Vg;(x bf —VGi(x b — VH;(x
O0;=min{ min {‘———+"— g_l(x)u}, min {‘t———"— _l(x)u , min {‘t—"—""— _,(x)u}};
SAVE Vgi(¥)d iel\Jg VG;(x)d iel\Jy VH;(%)d
Vgi(¥)d>0 VG;i(%)d<0 VH;(x)d<0
14: //The index j indicates the constraint to enter the MPEC working set
15: Either set J, := J, U{j} or Jg := JgU{j} or Ju := Jy U{j}, depending in which part
the minimum is attained when computing &;;
16: u:=u-+ &;d, compute (A5, A" A6 A1) .= A (J);
17: }

This algorithm is very close to the well-known pivoting algorithms from linear programming. It can
be also considered as a so-called active set method, we refer the reader to [10] for an introduction to this
method.
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At the beginning of each cycle (Jg,Jg,Jy) constitutes a MPEC working set and we have

Vgi(®)u <bf, iely,
Vhi(®u=0,i=1,...,p,
Du=>b¢=0,iel’,
i(®)u > P, ie 1
(@u=>b1=0,iclI",

X)u>bH, icI™
(VGi(®)u—b)(VH(@)u—b[') =0, i € I®

and
Jo=1{i € L|Vg(®u =05}, Jo = {i € {1,...q} |VGi(®u=b{'}, Jy = {i € {1,....q} | VH(£)u = b!'}.

The computation of the search direction d in line 12 is possible, because after removing index iy from the
MPEC working set the family of gradients

(Vi@ U{Vei®)[i € JyU{VRi(X)[i=1,...,p} U{VGi(X)|i € Jo} U{VH;(¥) |i € Ju}

is linearly independent. The minimum when computing &; must be attained, because otherwise the direc-
tion d would fulfill d € Tj;, (%) and V f(X)d < O contradicting extended M-stationarity of x. Further, our
construction of b guarantees that the index j is unique and &; is strictly positive.

Since the value V f(¥)u strictly decreases in each cycle and only a finite number of MPEC working sets
exist, the algorithm always terminates in a finite number of steps and the outcome J = (Jg,Jg, /i) together
with A (J) proves strong M-stationarity of . O

The algorithm used in the proof can be implemented in practice to test whether a feasible point x is
strongly M-stationary or not. In such an implementation the proper choice of b is crucial. A random choice
of b with

bi >0,i€I\JJ, b7 <0,icI\Jg, b <0,icI®\J

and fixing the other components to 0 will yield a suitable vector b with probability 1, as can be easily seen
from the arguments used in the proof. Moreover, the unlikely case of a wrong choice of b can be easily
detected during the course of the algorithm and then we can modify b to meet the requirements. Of course,
one has to implement an exit in case that &; = oo, i.e. {i € I, \ J; | Vgi(¥)d > 0} = {i € "\ J5 | VG;(%)d <
0} = {i € "\ Jy | VH;(¥)d < 0} = 0, since then the computed direction d is a descent direction.

In the following example we show the process of the algorithm given in the proof of Theorem 4.3.

EXAMPLE 5. Consider the MPEC of Example 3. Then r(%X) = 3 and we start the algorithm with the
MPEC working set J0 ={1},J2:=J% = {1} and b5 = 1, b = b$ = bl =0, J:=J°, u =0, resulting
in A(J) =(-2,0,3 1) Since A{ < 0, the first inequality leaves Jq yielding J, = 0. Then the direction
d = (0,0, %)T is computed as the unique solution of

Vix)d=d +dy—2d3=—-1,VG|(X)d =d, =0, VH|(X)d =dr = 0.
We have I'° = Jg = Jy and Vg, (X)d = —%, Vo (x)d = % and therefore the step length &; amounts to
. b —Vgr(¥)u
/ Vg (x)d

Next we set Jg := J,U{2} = {2} and compute u := u+ &;(0,0, %)T =(0,0,1)T and A(J) = (0,2,1,—1).

The condition of the while loop is again not fulfilled because of 1 € Jg N Jy, 7LIH < 0 and hence we
must start a new cycle. The index 1 leaves Jy and thus Jy = 0. The search direction d := (0,1,1) is now
computed by

=2.

Vix)d=d +dr—2d3=—1, Vgy(¥)d := —dr +d3 =0, VG| (X)d =d, =0.
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Since Vg1 (%)d = —1, I = Jg and VH,(¥)d = 1, we obtain &; =  and by the comments above we stop
the algorithm because d is a feasible descent direction proving the non-optimality of X.

The assumption, that one MPEC working set exists, is fulfilled, if there are index sets fg, Jy € I with
J UJy = I such that the family of gradients

{(Vhi(®)|i=1,...,pyU{VG;i(&)|i € I’" UJg} U{VH;(%)|i e T UJyy} (4.8)

is linearly independent and this seems to be a rather weak assumption. It is e.g. fulfilled if g = ¢q (i.e., we
treat all functions occurring in the complementarity conditions as nonlinear functions) and for one direction
u € Tjin (%) the first-order condition for directional metric subregularity A?(%;u) = 0 is fulfilled. To see this,
choose Jg = I°* (u) UT®(u), Jy = I (u). Then the family of gradients (4.8) must be lineraly independent,
since otherwise there is a nontrivial linear combination

p
Y Alvhi(x)+ Y ACVG®+ Y, A'VH(x) =0
i=1 i€ IOt (u)ur% (u) i€l Ourt0(u)
resulting in 0 and hence, by setting A* :=0,i=1,...,[, A :=0,i e ["°UI%u), AH :=0,ie’tU
1% (u) U™ (u) and therefore A°A =0, i € I°(u), we would obtain 0 # (A8, A" A6 A1) € A%(%;u).
The following theorem justifies the definition of strongly M-stationary solutions.
THEOREM 4.4. Let X be feasible for (1.2) and assume that LICQ(0) is fulfilled at X. Then X is strongly
M-stationary if and only if it is S-stationary.
Proof. The statement follows immediately from the fact that under LICQ(0) there exist exactly one
MPEC working set and this set fulfills J, = I, Jg = °T UT, Jy =TT0U™. 0
We summarize the relations between the various stationarity concepts in the following picture.

’ loc. minimizer ‘

GGCQ

T -
- B-stat. - ext. M-stat.

LICQ(0)
MPEC working set exists
LICQ(0)

’ strongly M-stat. ‘ —

We see from this picture, that S-stationarity also implies strong M-stationarity under the assumptions
GGCQ and that one MPEC working set exists, which is much weaker that LICQ(0).

Using similar arguments it can also be shown that under the weaker condition partial MPEC LICQ
[51] the concepts of strongly M-stationarity and S-stationarity are equivalent. However, for other conditions
ensuring S-stationarity like the intersection property [9] or the condition found in [11], the relation between
strong M-stationarity and S-stationarity is still unknown.

Finally we present an example where a local minimizer is strongly M-stationary but not S-stationary.

EXAMPLE 6 (cf. [48, 7]). Consider

min  f(x
x=(x1,%2,%3)

=
g1(x) := —4x; +x3 <0,
g2(x) := —4xa +x3 <0,
—(Gi(x),Hi(x)) := —(x1,x2) € Okc.

X1 +x2 —x3

X

Then x = (0,0,0) is a local minimizer, GGCQ is fulfilled since all constraints are linear and therefore the
multifunction M(x) = F(x) — Q is polyhedral and consequently metrically subregular at (x,0) by Robin-
son’s result [45]. Further it can be easily checked that J, = {1,2}, Jg = {1}, Jy = 0 constitutes a MPEC
working set and, by taking the multipliers A} = %, A5 = %, AP = =2, A =0, we see that % is strongly
M-stationary. But, as pointed out in [7], X is not S-stationary.
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