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Abstract This paper studies stability aspects of solutions of parametric mathematical programs and gen-
eralized equations, respectively, with disjunctive constraints. We present sufficient conditions that, under
some constraint qualifications ensuring metric subregularity of the constraint mapping, continuity results of
upper Lipschitz and upper Holder type, respectively, hold. Furthermore, we apply the above results to para-
metric mathematical programs with equilibrium constraints and demonstrate, how some classical results
for the nonlinear programming problem can be recovered and even improved by our theory.
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1 Introduction
Consider the optimization problem
P(w) min f(x,®) subjectto ¢g(x,w) € P, (D)
X

depending on the parameter vector @ belonging to some topological space 2. In (1), f: R" x 2 — R and
q : R" x Q — R™ are continuous mappings and P C R™ is the union of finitely many convex polyhedra P;,
i=1,...,p, having the representation

P={ylaly<biy,j=1,..,m} )

with g;; € R™ and b;; € R. We will study stability results of Lipschitz or Holder type for stationary and
optimal solutions of P(w) if @ varies near some reference parameter @.
Of course, the parameter dependent nonlinear programming problem

NLP(®) min f(x,w) subjectto g(x,®) <0, h(x,0) =0,

where f(x,0) :R" xR’ - R, g: R" xR* - R™ and h: R" x R® — R™E, is a special case of (1) with
q(x, ) := (g(x,®),h(x,w)) and P := R™ x {0} . Let us consider some more involved examples.

The final publication is available at Springer via http://dx.doi.org/10.1007/s10107-015-0914-1

Helmut Gfrerer
Institute of Computational Mathematics, Johannes Kepler University Linz, A-4040 Linz, Austria, E-mail: helmut.gfrerer @jku.at

Diethard Klatte
Department of Business Administration, Professorship Mathematics for Economists, University of Zurich, Switzerland, E-mail: di-
ethard.klatte @business.uzh.ch



2 Helmut Gfrerer, Diethard Klatte

Example 1 Consider the parameter dependent MPEC

MPEC(w) min f(x,®) subject to (x,) <0, h(x,w) =0,

8
Gi(xa(D)ZO, Hi(x7a))20 -
Gi<x>w)Hi(X,a)):O t=1L....,mc,

where f:R" xR - R, g :R" xR - R™, h:R" xR’ = R" and G,H : R" x R® — R"C.
The problem MPEC(®) fits into our setting (1) with
q = (g7ha _(GlaHl), R (Gmchmc))a
P:=R" x {0} x QFS,

where Qgc := {(a,b) € R? |ab = 0}. Since Qfc is the union of the convex polyhedra R_ x {0} and
{0} x R_, P is the union of 2" polyhedra.

Example 2 Another prominent example is the mathematical program with vanishing constraints (MPVC)
MPVC(w) min f(x,w) subjectto g(x,®) <0, h(x,w) =0,
Gi (x7 (J)) Z 0 i=1 m
Gi(x,0)Hi(x,@) <0 [~ T
where f:R"XR* - R, g: R" xR* - R"™, h:R" xR* - R"™ and G,H : R" x R®* — R". For more

details on MPVCs we refer the reader to [1,15].
Again, the problem MPV C(®) can be written in the form (1) with

q = (g7h7(G17H1)7' .. (va7Hmv))7
P:=R" x {0} x Q.
where Qyc := {(a,b) € Ry xR |ab <0} is the union of the two convex polyhedra R x R_ and {0} x R..

If f is partially differentiable with respect to x, then the first order optimality conditions at a local
minimizer x for P(®) can be written as a generalized equation

0V, f(x,0)+N(x .7 (0)),
where N (x;.% (w)) stands for the Fréchet normal cone to the set . (o) at x and
F(0) :={xeR"|¢(x,0) € P} 3)
denotes the feasible region of the problem P(®). We also consider the generalized equation
GE(®) 0€F(x,0)+N(x; 7 (o)), “)
for arbitrary continuous mappings F : R” x Q — R".

Throughout this paper we will make the following assumption:

Assumption 1 There are neighborhoods U of X and W of ® such that f and q are twice partially differen-
tiable with respect to x, F is partially differentiable with respect to x on U X W, F (x, ®), q(x, ®), V. f(x, ®),
V.q(x, ), V.F(x,0), V2f(x,®) and Vq(x,®) are continuous at (%, ®) and V2 f(-,®), V2q(-,®) are con-
tinuous on U for every @ € W.

Given a fixed parameter @ and a solution ¥ of P(®) respectively GE(®), we are interested in estimates
of the distance of solutions x of problem P(®) respectively GE(®) to X for parameters @ belonging to
some neighborhood of @.

We will present such estimates in terms of the mappings ¢;, 7;,%; : Q — R, [ = 1,2, given by

e1(®) = [ Vag(5, @) ~ Vig (5. 0)] + 47 ©) — (%, 0)||

and
(@) == [Vif(X,0) = Vif (%, @) +e(0), fH(w):=|FF 0)-F&o)|+e(w).
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The quantities 7;(®) and %;(®) measure how much the problem data at the reference point ¥ for the
perturbed problem P(®) and GE(®), respectively, differ from that for the unperturbed problem P(®) and
GE(®), respectively.

In case that we can bound the distance of a solution x of P(w) (GE(w)) to X by the estimate LT (®)
(L% (w)), where L denotes some constant, we speak of upper Lipschitz stability of the solutions. We speak
of upper Holder stability when a bound of the form ||x — || < LTy(o) (or ||x — x| < L1 (®)) is available.
This notation is motivated by the situation that £ is a metric space equipped with the metric d, and ¢(%, ),
Viq(%,-) and V. f(%,-) (or F(%,-)) are Lipschitz near @, because in this circumstance the bounds are of the
form ||x — X|| < Ld(w, ®) and ||x — X|| < L+/d(®,®), respectively. Note that in this case the property of
upper Lipschitz stability is also called isolated calmness in the literature (see, e.g.,[6]).

Many quantitative stability results are known for the parameter dependent nonlinear programming prob-
lem NLP(®). We refer to the monographs [4,6,20] and the references therein. Compared with the huge
amount of stability results for NLP, very little research has been done with the stability of P(®). Most of
the results are known for MPEC(w), see e.g. [3,16,18,27,29]. Stability of M-stationarity solutions was
characterized in the recent paper [5] for a special type of problems with complementarity constraints. Sen-
sitivity and stability results for MPVC are given in [17]. In the recent paper [12], Guo, Lin and Ye presented
various stability results for more general problems. In particular, they proved upper Lipschitz stability for
stationary pairs consisting of stationary solutions and associated multipliers under the structural assump-
tion that the graph of the limiting normal cone mapping to the set P is the union of finitely many convex
polyhedra.

In contrary to the stability results of [12], we focus our interest on the stability of solutions of (4) on
its own and not of stationary pairs. This has the advantage that our theory is also applicable in case when
multipliers do not exist or the multipliers do not behave continuous, cf. Examples 3 and 4 below.

Our results are mainly based on characterizations of metric subregularity as introduced in [8—11]. The
main constraint qualifications used in this paper are that, at the reference point x, either the first order or
the second order sufficient conditions for metric subregularity are fulfilled for the problem P(@®). Although
the property of metric subregularity is not stable in general, we will see that the sufficient conditions of
order [, [ = 1,2, for metric subregularity guarantee some stability. In particular, we will prove that there is
some constant ¥ such that for all points x feasible for the problem P(®) and satisfying ||x — || > ye;(®),
the constraints of P(®@) are metrically regular near (x,0) with some uniform modulus. This result allows
us to divide the solution sets of P(®), similarly for GE(®), into two parts: one part is contained in a ball
around X with radius ye;(®) and behaves upper Lipschitz (I = 1) or Holder (I = 2) stable by the definition,
whereas the other part is outside this ball and we can assume metric regularity. Moreover, we can show that
locally optimal solutions for the perturbed problems P() exist, provided o is sufficiently close to @. The
obtained results are partially new even in case of NLP(®).

The rest of the paper is organized as follows: In section 2 we recall the basic definitions of metric
(sub)regularity and their directional versions, together with the characterization of these properties by ob-
jects from generalized differentiation. In section 3 we give some stability results for the feasible point
mapping .% . Section 4 is devoted to the stability behavior of solutions of the generalized equation GE (o)
and the optimization problem P(w), respectively. In section 5 we apply the obtained results to the spe-
cial problem MPEC(®) by explicitly calculating all objects from generalized differentiation. Moreover we
present some examples.

2 Preliminaries

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

TxI):={ueR"|3I(u) = u,(tx) L 0: x+tu €'}
We denote by
ET(x —x)

N(x;I) = {& € R"|limsup v 2

;I
X =X

<0} &)
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the regular (or Fréchet) normal cone to I'. Finally, the limiting (or basic/Mordukhovich) normal cone to I’
at x is defined by

NI) = {&|30) Sx, (&) — & : & € N(xi: ")V}

Ifxg [, weputT(x;I") =0, N(x;I") =0 and N(x;T") = 0.

The limiting normal cone is generally nonconvex, whereas the regular normal cone is always convex.
In the case of a convex set I', both the regular normal cone and the limiting 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;T") < ETu<0Vu € T(x;T), ie., N(x;T") is the polar cone of T (x;T").

Given a multifunction M : R” = R™ and a point (¥,y) € gphM := {(x,y) € X XY |y € M(x)} from its
graph, the coderivative of M at (%,¥) is a multifunction D*M (X, y) : R™ = R" with the values D*M (X, 5)(n) :=
{€eR"|(&,—n) €N((x,7);gphM)}, i.e., D*M(X,7)(n) is the collection of all & € R” for which there are
sequences (xt,yx) — (%,3) and (&, ) — (u,v) with (&, 1) € N((x,y1); gph M).

For more details we refer to the monographs [23,26]

The following directional versions of these limiting constructions were introduced in [9], see also [11]
for the finite dimensional setting. Given a direction u € R”, the limiting normal cone to a subset I C R” in
direction u at x € I" is defined by

N(xTsu):={E € R"[3(1x) 1.0, (ux) = u, (&) — & : & € N(x+traug; )k}

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

Note that, by the definition, we have N(x;I";0) = N(x;I") and D*M((%,7); (0,0)) = D*M(X,). Further,
N(x;I';u) CN(x ) forallu and N(x; Tsu) =0if u € T (x; ).

We now turn our attention to the set P from problem (1). For every y € P, we denote by Z(y) :=
{ie{1,...,p}|y € P} the index set of polyhedra containing y, and for each i € Z(y), we denote by
i(y) ={je{l,...,m}| aiij = b;;} the index set of active constraints. Then for every y € P we have

To:P)= U To:h)= U {zeR"|ajz<0,j € ()},

i€P(y) i€2(y)
Ny:P)= () No:P)= () { Y mijaijlui >0,j € #(y)}.
i€ P(y) i€P(y) JEF(Y)

Some formulas for the limiting normal cone respectively its directional counterpart can be found in [10].
The following lemma will be useful for applications.

Lemmal Let I' =17 x ... xI; CR™ x ... x R™ be the Cartesian product of the closed sets I; and
y=U1,..-,y1) €. Then
T(y:I) CT(yiIh) x ... x Ty ), (©6)

and for every u = (uy,...,u;) € T(y;I") one has
N(y;Tiu) CN(yiIisug) ... x Ny Iz uy). (7)
Furthermore, equality holds in both inclusions if I' is the union of finitely many convex polyhedra.

Proof The inclusion (6) can be found in [26, Proposition 6.41], and the inclusion (7) follows immediately
from the formula for the regular normal cone from this proposition and the definition of the directional
normal cone. To show equality, assume that I" coincides with the set P from (1), and let (uj,...,u;) €
T(y; ) x...xT(y;I}) and (&1,...,&) € N(yi;Ii;u1) X ... X N(y;;I7;up). Then there are sequences (¢) |
q, (u,-k) — Uj, (éik) — gi, l? 1,...,l,with z; := (yl +tkUiks - ,y;—l—tlkulk) el x...xIjand (glk, . aélk) S
N+t D) X ... X N(y; + tieug; ID) for all k. By passing to subsequences we can assume that there
are index sets &2 C {1,...,p} and &, i € &, such that & = P(z;) and & = ;i (z), i € &, hold for
all k. Furthermore, we can assume that for each i ¢ & there is an index j; with a;j,zx > b;j; for all k.



Lipschitz and Holder stability of optimization problems and generalized equations 5

Since the convex polyhedra P; are closed, for each j € &7 we also have limy z; =y € P; and therefore (1 —
a)y+az € P Ya € [0,1], Vk. Further, for every o € (0, 1) and every k we have .« = <7 ((1 — o)y + aizg)
and a;;,((1 — @)y + azx) > byj,, i € P, showing N((1 — &)y + az; ") = N(zi; ') and, together with [26,
Proposition 6.41],

N(zsT) = Ny +tyui ) X <. < Ny + tyus I7)
=N((1—a)y+az:T) =Ny + atyuy; 1) x ... x N(y + atgup: I;).
Now let #;, := min; ;. Then foreachi=1,...,] we have

Tk Ik Ik Ik
(1= =)y+—zk = 1 +tik—tik, - - Yi + telhig, - .-, i +tue—uge) € I x ... x I},
tik Lik Tik Tik

N N 7% ~ N 17
&1ty -+ &) € N(z, ') = N(y1 JFtlk?”lk?H) X o XN+ teuigs I) % oo x Ny + te—uis I7)

ik ik

showing y; 4 truy € I; and &y € N(y; + truy; I7). Hence 7y := (Ayl + feltigy - -5 Y —&—tku;k)Ae Lx...xI; =
I' and, by using [26, Proposition 6.41] again, (&, ..., &) € N(y1 + trup; 11) X ... x N(y; + trug; I}) =
N(Z;I'), showing (uy,...,u;) € T(x;I') and (&y,...,&) € N(y;su). 0

In this paper we are mainly concerned with multifunctions M : R" = R" of the form M (x) = g(x) — T,
where g : R" — R™ is smooth and single valued. For this special type of multifunctions, we now give a
formula for the directional limiting coderivative of M.

Lemma 2 Let the multifunction M : R" = R™ be given by M(x) := q(x) — I, where q : R" — R™ is con-
tinuously differentiable and ' C R™ is a closed set. Further, let X € g~ (I") and (u,v) € R" x R™ be given.
Then

D*M((%:0): (u,v))(A) = {Vq(®)" A |4 € N(q(2):I"; Vg(¥)u —v)}. ®)

Proof Letx" € D*M((%;0); (u,v))(4), thatis (x*, —4) € N((¥,0); gphM; (u,v)) by the definition, and con-
sider corresponding sequences (#) | 0, (ug,vi) — (u,v) and (xf,4) — (x*,A) with (x,—A) € N((x+
tltie, tevi); gph M). Hence (X + frug, i) € gph M implying ¥, == q(% + frux) — tyvi € I'. Since for all x and
allye

N((x,9(x) — Y):ephM) = {(Va(x)Tm,—1) [0 € N(r:I)}, ©)

we obtain A € N(%:;I") and x} = Vg(¥+ tru)" 4. Hence x* = Vg(%)" A and A € N(q(%);; Vg(z)u —v),
since iy (% —4(5)),/t = Va(£)u—v, and DM((5:0); (1)) (A)  {Va(x)7 A | A € N(g(): T’ Ve (R~
v)} follows.

To show the converse inclusion, we fix an arbitrary element A € N(q(%);I";Vg(X)u — v) and consider se-
quences (1) | 0, (%) — v and (A) — A with 4 € N(%:T") and limy_.. (¥ — q(%))/tx = Vq(X)u — v. By
setting uy :=u, v 1= (q()?—i—tkuk) — ’J/k)/tk we have ()E—I—tkuk,tkvk) € gphM and (Vq()?+tkuk)T7Lk, —Ak) €
ﬁ((i+tkuk, q(X+teu) — v );gph M) = ]V((X+tkuk,tkvk);gphM) by (9). Passing to the limit and taking into
account that

i i L) = 4() = (3.~ (3)

k—yoo k—roo 173

=Vg(®)u—(VgRu—v)=v,

we obtain (Vg(x)TA,—1) € N((%,0);gphM; (u,v)), and, by the definition of the directional limiting co-
derivative, we can conclude Vg (¥)T A € D*M((%;0); (u,v))(A). This completes the proof. O

Now we consider the notions of metric regularity and subregularity, respectively, and its characteriza-
tion by coderivatives and limiting normal cones.

Definition 1 Let M : R" = R™ be a multifunction, let (%,y) € gphM and let ¥ > 0.

1. M is called metrically regular with modulus k around (%, 7) if there are neighborhoods U of x and V of
y such that
d(x, M~ () < kd(y,M(x)) ¥(x,y) €U x V. (10)
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2. M is called metrically subregular with modulus x at (%,y) if there is a neighborhood U of & such that
d(r, M7\ (5)) < kd(5,M(x)) Vx € U. an

It is well known that metric regularity of the multifunction M around (,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 around some point (¥, %) € gphS if there are neighborhoods U of X and V of ¥ such that

S(yl) NU C S(yz) +L||y1 —yz”gg’Rn Yy, €V,

where Zrn denotes the unit ball in R” in the underlying norm.

Metric subregularity of M at (x,¥) is equivalent to the property of calmness of the inverse multifunc-
tion M~*. A multifunction S : R™ = R" is called calm with modulus L > 0 at (¥,%) € gphS if there are
neighborhoods U of X and V of ¥ such that

S)NU CSF)+L[y—3|Zrn VyeV.

To introduce directional versions of metric (sub)regularity it is convenient to define the following neigh-
borhoods of a direction: Given a direction u € R" and positive numbers p, 8 > 0, the set V), 5(u) is given
by

Vp75(u) = {Z € P«@Rn

This can also be written in the form

V() = {{O}U{Ze”%”\{‘)}" fr <8y ituzo,
p B ifu=20.

[ {[llallz = llzllee]] < Sllz] el }- (12)

L
]

Definition 2 Let M : R" = R™ be a multifunction, let (%,7) € gphM and let k > 0, u € R" and v € R™.

1. M is called metrically regular with modulus x in direction w := (u,v) at (%,y) if there are positive real
numbers p and & such that

d(x,M~'(y)) < xd(y,M(x)) (13)

holds for all (x,y) € (%,¥) +Vp s (w) with [|w|[d((x,y), gphM) < &|[wl|[| (x,y) — (£, 7).
2. M is called metrically subregular with modulus K in direction u at (x,y) if there are positive real num-
bers p and § such that
d(x, M~1(5)) < kd(5,M(x)) Vx € T+ V, 5(u). (14)

Note that metric regularity in direction (0,0) and metric subregularity in direction 0 are equivalent to the
properties of metric regularity and metric subregularity, respectively. Further, metric regularity in direction
(u,0) implies metric subregularity in direction u, cf. [9, Lemma 1].

Theorem 1 Let the multifunction M : R" = R™ be given by M(x) := g(x) —I', where q : R* — R™ i
continuously differentiable and I' C R™ is a closed set. Further let (x,0) € gphM, u € R" and v € R™ be
given.

1. (Mordukhovich criterion): M is metrically regular around (x,0) if and only if
Vg(®)TA =0, € N(q(x);T") = A =0.
2. M is metrically regular in direction (u,v) at (%,0) if and only if
Va(x)"A =0,A € N(q(%);:T";Vg(X)u—v) = A =0.

3. Assume that q is twice Fréchet differentiable at X, that I' is the union of finitely many convex polyhedra
and the condition

Vg(x)TA =0, A € N(g(2);T";Vq(®)u), u' V?(ATg)(®u>0 = A =0

is fulfilled. Then M is metrically subregular in direction u at (%,0).
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Proof The first statement is a specialization of the more general statement [23, Theorem 4.18] and can be
found e.g. in [26, Example 9.44]. Similarly, the second statement follows from [9, Theorem 5] by taking
into account that the involved spaces are finite dimensional and (8). Finally, the last statement follows from
[11, Theorem 2.6] O

Taking into account that in finite dimensions a multifunction is metrically subregular if and only if it
is metrically subregular in every nonzero direction, see [11, Lemma 2.7], and N(q(x);I"; Vg(X)u) = 0 if
Vq(x)u & T(q(x);I"), we obtain the following consequence of Theorem 1:

Corollary 1 Let the multifunction M : R" = R™ be given by M(x) := q(x) — I', where q : R* — R" is
continuously differentiable and I' C R™ is a closed set. Then M is metrically subregular at (%,0) if one of
the following conditions is fulfilled:

1. First order sufficient condition for metric subregularity (FOSCMS): For every 0 # u € R" with Vq(X)u €
T(q(x);I") one has
Vg(x)TA =0,A € N(q(%):T";Vg(X)u) = A =0.
2. Second order sufficient condition for metric subregularity (SOSCMS): ¢ is twice Fréchet differen-

tiable at X, I is the union of finitely many convex polyhedra, and for every 0 # u € R" with Vq(X)u €
T(q(x);I") one has

Vg(x)TA =0, A € N(g();T;Vq(x)u), u’ V?(ATq)(®)u>0 = A =0.
Next we consider optimality conditions for the problem
min f(x) subjectto q(x) eI’ (15)
X

where f:R" — R, g : R” — R™ are continuously differentiable and I" C R™ is closed. We denote the
feasible region of (15) by .%. Given a feasible point X € .#, we define the linearized cone by

Ti(%) .= {u e R"|Vq(X)u € T(q();I")}

and the critical cone by
€ (%) = {ue T™F)| Vf(%)u<0}.

Definition 3 Let x € .# be feasible for the problem (15).

1. We say that X is B-stationary if
0€ Vf(E) +N(E.7).

2. We say that x is M-stationary if
0 € V(%) +Vq(®) N(g(z):I).

Since N(%;.%) is the polar cone of T'(%;.%), B-stationarity can be equivalently written as V f(X)u > 0
Yu € T (x; ). Hence, B-stationarity means that there does not exist feasible descent directions at ¥, which
is a first-order necessary condition for X being a local minimizer.

Usually B-stationarity is not very useful in practice, since the regular normal cone of .% at ¥ is difficult
to compute, in general. Hence, M-stationarity conditions are used as first-order necessary condition, which,
however, are only valid under some constraint qualification condition. Indeed, the following lemma even
shows: Under some weak constraint qualification, M-stationarity is not only necessary for local minimizers,
but also for B-stationarity.

Lemma 3 Let ¥ € .% be B-stationary for the problem (15), and assume that either € (%) = {0} and the
multifunction M(u) := Vq(¥)u— T (q(%); ") is metrically subregular at (0,0) or there exists ii € € (X) such
that the mapping M(x) := q(x) — I is metrically subregular in direction i at (%,0). Then X is M-stationary.
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Proof If € (x) = {0}, then O is solution of the problem

nelﬁkn Vf(x)u subjectto 0¢€ Vg(x)u—T(g(x);I). (16)

Since the mapping M (u) is assumed to be metrically subregular at (0,0), by [9, Corollary 2] there is some
A such that 0 € V£ () +D*M(0,0)(1). By [26, Example 9.44, Proposition 6.27] we conclude —V f(¥) €
D*M(0,0)(A) = {Vq(x)"A} and A € N(0;T(q(x);I")) C N(q(%);I"), showing M-stationarity of £. In the
second case, since —V f(¥) € N(%;.%) , by [26, Theorem 6.11] there is some smooth function f : R” — R
such that V(%) = Vf(%) and % is a global minimizer of the problem

min f(x) subjectto x€.F = {x|0€ M(x)}.
Now, again by [9, Corollary 2], we obtain that there is some multiplier A such that —V f(%) = —V f(¥) €
M(%;0)(1), and from [26, Example 9.44] we obtain D*M(%;0)(A) = {Vq(¥)TA} and A € N( (%);I).
O

Remark 1 If I is the union of finitely many convex polyhedra, then so is T(¢(%);I"), and hence the mul-
tifunction M is a polyhedral multifunction and consequently metrically subregular by Robinson’s result
[25].

Given any element g € N(%;.%), then, by the definition, ¥ is a B-stationary solution of the problem
min—g’x subjectto g(x) €.

If M is metrically subregular in (x,0), then it is also metrically subregular in every direction, and fur-
ther, M is metrically subregular by [8, Proposition 2.1]. Hence X is also M-stationary, and we obtain

g € Vq(%)TN(q(%);T"). Thus we rediscover the following formula, which would also follow from [13,
Theorem 4.1]:

Corollary 2 Let g : R" — R™ be continuously differentiable, I’ C R™ be closed and let x € ¢~ (I"). If the
multifunction x = q(x) — I is metrically subregular at (%,0), then

N(x:q '(I')) € Vq(x)"N(q(x):T).

3 Stability properties of the feasible set mapping .7

In this section, we study conditions for metric regularity as well as Holder and Lipschitz stability of the
feasible set mapping .%. In particular, we introduce and discuss two regularity properties which imply
metric regularity around points near some reference point.

We start with the following technical lemma, where the functions ¢ and F' are supposed to satisfy the
basic Assumption 1:

Lemma 4 For every € > 0 there are neighborhoods U of % and We of ® such that
lg(x, @) —q(x, ®)[| + [|Viq(x, @) = Vig(x, @)|| < €1 (@) +&[|x — ], 17

IF (x, @) = F (x, ®)[| + [l¢(x, @) = (x, @) | + [ Vg (x, @) = Vg (x, @) || < 11 (@) +elx—x[|,  (18)

95, ) — g5, @)]| < [l9(%,) — g5, @)l + ex(@) Jx — 5] + = |x— 5|

€
< e2(0)* +e2(@)[lx — & + S [|x— % (19)

hold for all (x,®) € Ug x We.
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Proof Let € > 0 be fixed, and choose a ball U, around ¥ and a neighborhood W; of @ such that

™

IVF (x, @) = ViF (£, @) + | Vxq(x, ©) = Vxg(%, @) || + [ Vig(x, ©) — Vig (%, @) < >

and consequently
IVxF (x, @) = ViF (x, )| +[|Vxg(x, @) = Viq(x, @) || +[|Vq(x, ) — Vig(x, @) < €

hold for all (x,®) € Ug x W.
For arbitrarily fixed (x, @) € Ue x W, we can find u, 4 € Bgn, £, € Bgn such that

IF (x, ) = F (x,®)|| = u" (F(x, @) = F (x,®)),
lg(x, @) —g(x,®)[ = & (q(x, ®) — 4(x, ®)),
HVXQ(xv ®) = Viq(x,@)|| = )‘T(qu(xﬂ ) — Viq(x, @))u.

Then there is a point z belonging to the line segment [¥,x] C U such that
7 (q(x, 0) = q(x,@)) + A7 (Vaq(x,0) = Vaq(x, ®))u
= &7 (q(x,0) —q(%,@)) + A7 (Vaq (%, 0) = Viq (¥, @) )Ju+ (§7 (V2q(z, @) — V14 (2, ®))
u' (Vi(A"q)(z, 0) = V3(A" q)(z, @))) (x — %)
< e1(@) + ([ Vxq(z, 0) = Vq(z, @) || + [ Vig(z, @) = Vig(z, @)]]) x|,

and (17) follows. The estimate (18) follows analogously.
To show (19) note that there is some point 7 belonging to the line segment [%,x] such that

§7 (g(x,0) — q(x,0)) = £ (4(5,0) ~ 4(5,0)) + £ (V:g(, 0) ~ V.g(5,0))(x
39 (V2T )(2.0) ~ VAE 4) (. 0)) (x )
< Jlg(5.0) ~4(5, @) + ex(@) [+~ 7|
+51V24(5,0) ~ Vg @) 37,
and from this inequality (19) follows. a
For every @ € 2 we define the linearized cone

Ty"(x) := {u € R"|Viq(x; 0)u € T(q(x,®); P)}

as well as the multifunction My, : R" = R™, M, (x) := g(x,®) — P. By [14, Proposition1] and Corollary 2,
respectively, we have

T(x7(0) =T,"(x), NxF(0))C V(o) Nl o):P)

for every x € .7 (®) such that My, is metrically subregular at (x,0).
It is well known that the property of metric regularity is stable under small Lipschitzian perturbations,
see e.g. [20, Section 4.1], [23, Section 4.2.3]. We state here the following result:

Theorem 2 Assume that Mg is metrically regular around (%,0). Then there are neighborhoods U of X, V
of 0, W of @ and a constant k > 0 such that

d(x, My, (v)) < xd(y,Mo(x)) = kd(g(x,®) =y,P) V(x,y,0) €U XV x W. (20)

In particular we have F () # 0, d(%, # (0)) < k||q(X, 0) — ¢(%,@)|| < kei(®) for all @ € W and for
every x € F (@) NU with @ € W the multifunction My, is metrically regular with modulus x around (x,0).
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Proof A similar result was stated in [12, Lemma 3.1]. However, the given proof appears to be not correct,
since the variable x is used in an ambiguous way and therefore, in the notation of [12], the claimed equa-
tion dist (x, S, ' (u) = dist (X,S;*l (u+F(x,p*) — F(x,p))) does not hold true in general. Thus we present a
different proof. Let § > 0, k¥’ > 0 be chosen such that

d(x,Mg;'(y)) < K'd(y,Ma(x)) Y(x,y) € (T+ 5Bgn) x § Bgn.

Setting € := m, we denote by U, and W the neighborhoods according to Lemma 4, and we choose

some radius r € (0, min{ g, 1}) with £+ r%gn C Ue. Then we choose some positive radius 7 < %r and some
neighborhood W C W such that

g(x,0) — q(%,@)|| < Jer V(x,0) € (¥+F%Brn) x W and e1(0) < eFVw € W.

‘We now show that the assertion of the theorem holds with U := X+ 7%,V := %EV%]Rm and k =2(x'+1).
Consider arbitrarily fixed elements (§,y, @) € U x V x W and define the functions

g'(x) :=q(x,®) —q(x,®) +y and g(x) :=q(x,®) — q(x,0) +{,
where § € M (&) is chosen such that

ly—Cll=d(y,Mw(8)) =d(y,q(,®) — P) < [ly— (q(§, 0) —q(%,@))||

and, consequently, ||| < 2|y||+ ||¢(§,®) — g(X,@)| < er. Then g and g’ are Lipschitz on X+ r%g» with
constant less than or equal to

sup{||Vxg(x,0) — Vig(x, )| |x € X+ rBrn} < ei (@) +er < 2er <2e <

2(k'+1)’
where the first inequality follows from (17). Further we have
sup{||g'(x)|| |x € X+ rPBrn} < e1(®) +er+|y|| < 3er < m
and -
sup{llg(x)|||x € +rPBrn} < e (@) +er+| ] <3er= SO r 1)

Since g(&) € Mg(&), we can apply [20, Theorem 4.3] to find some &’ such that g'(£') € Mg(&') and
1€ =&l <2(x"+1)]Ig'(§) —g(&)ll = 2(k"+ 1)[ly — . It follows that y € (&', @) — P and thus &’ €
Mg (y) and

d(&,My,' () <2(x" + 1)ly = ¢l = 2(x + 1)d(y, Mo (§)),

showing (20). Taking £ = %, y = 0, we obtain d(¥,M,'(0)) = d(¥,.7 (0)) < kd(0,M (%)) < k||q(%, ®) —
q(%,®)| < kej(w) and thus .Z (@) # 0. To complete the proof, note that metric regularity of M, around
(x,0), where x € .Z (w) N U, is a simple consequence of (20). O

When we do not assume metric regularity of Mg around (x,0), then we cannot expect in general that
the multifunctions My,, for ® near @, are metrically regular around all points (x,0) with x € .% (w) close
to X. To handle also this situation, we give the following definition.

Definition 4 Let [ € {1,2}. We say that property R; holds if there are neighborhoods U of X, W of & and
constants k¥ > 0 and y > 0 such that for every @ € W and every x € .# (@) NU with ||x — %|| > ye;(®), the
multifunction M, is metrically regular with modulus x around (x,0).

In particular, properties R; and R, imply that Mg is metrically regular with some uniform modulus around
every point (x,0) with x € % (@) \ {x} close to %.

We will now show that property Ry or property R; holds if Mg fulfills at (¥, 0) the condition FOSCMS
or SOSCMS, respectively.
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Proposition 1 1. Assume that FOSCMS is fulfilled for Mg at %, i.e., for every direction 0 # u € Ti"(%)
we have
V.q(x ®)'A =0, A € N(g(%,®); P; Voq(%,@)u) = A = 0.

Then property Ry holds. '
2. Iffor every direction 0 # u € TA"(X) we have

Vg% ®) A =0, A € N(g(x,®): P;V.q(% @)u), u' VZ(ATq)(X,@)u=0 = 1 =0, (21)
then property Ry holds. In particular, SOSCMS implies property R;.

Proof To prove the first part, assume on the contrary that for every k we can find (x*, o) € U, Jk X W, Jk With
e F(ob) N (x+ 1 Bre), [|Vig(xF, 0F) — Vig(x,@)|| < 1. [|X* — %|| > ke (@) such that M,y is not met-
rically regular around (x*,0) with some modulus less than or equal to k, where U, Jks W /i are as in Lemma
4. By [26, Example 9.44], there is some A% € N(g(x*, @*); P) with || A¥|| = 1 and ||Vq(x*, @*)TAK|| < %
According to the definition of the limiting normal cone, for each k we can find elements ¢* € (g(x*, 0*) +
@%’Rn) NP and EF € N(g5, P)N(AF + WT_)?H,%’W). By passing to a subsequence if necessary, we can
assume that u* := (x* — %) /||x* — &|| — u and limy_,.c A¥ = limy_,.. E¥ = A # 0. Because of Lemma 4 we
have ||g(x*, ®%) — g(x, @)|| /||x* — %|| < e1(@¥)/||x* — %|| 4+ 1/k < 2/k and therefore

. qk—q()f, d)) T q(xk,a)k)—q()?, d))
lim = = lim =
koo || xK — x| k—so0 ||k — x|
= li Q(xkvwk) _q(xkva_)) q(xk,(I)) _Q(Xv a_))
= lim — + -
koo Ik — x| [l — ]|
= qu()f, (I))M,

showing 0 # u € Ti"(%) and A € N(q(%, ®); P; V.q(%, @)u). Since we also have
0= klim Vg, A =V g(x,@)T A,
—yo0

we obtain a contradiction to the assumption. Hence the first part is proved.

To prove the second part, assume on the contrary that for every k we can find (x*, ®¥) € U, Jk X W Jk
with X € Z (0F) N (X + t Bre), [|[V2q(xK, 0F) — Viq(x,0)| < 1. [[x* — %|| > kea(0F) such that My is
not metrically regular around (x*,0) with some modulus less than or equal to than k. Then ||g(%, @) —
g(% ®)||2 < ex(0¥) < 1/k* < 1 and es(0¥) > e1(@*) follows. Hence we can proceed similarly as in the
first part of the proof to find the sequences (A¥), (&X) and (¢*) together with the limits 0 # u € Ti"(%)
and 0 # A € N(q(%, @); P; V,q(%,®)u) satisfying V,q(%,®)" A = 0, with the only difference that we now
require g~ € (q(xk, %) + M%’W) N P. By passing to a subsequence if necessary, we can assume that
there are index sets & C {1,...,p} and o C {1,...,m;}, i € &, such that Z(¢*) = & and F(¢") =
i € 2, holds for all k. Further there are numbers u{‘j >0, je o, ie P, such that

éki Z I-Likjaij:()7 iE;@,
JE;

and Y jc ulk, < Bi||EX|| for some constant f;, i € . By passing to a subsequence once more, we can

assume that the sequences l’likj converge to u;; > 0 for each j € of, i € &2, and it follows that A —
Yjcw Mijaij =0, i € &. Since & C P (q(%,@)) and <7 C (q(X,®)), i € &, we obtain for each i € &

AT =Y wijaliq* =Y wibij =Y wijalq(x,0)=A"q(x,@) k.
jE jed; je;
Using Lemma 4 we have

r 1 1
+ 1) =

la(e,0%) ~ (4, @) < ex(@")? +ea(h) [k — 5] + ok~ < (5 + 1+ 57)
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and so, together with [|g — g(x*, 0*)|| < }||x* —%||> and V,q(¥, ®)T A = 0, we obtain

T(k_ (% @ T(k_ K Ky ok s koo
ot M a5 0) 2T g 0+ g, 01) — g, 0) + 4l 0) —g(5,0))
koo |IxF — x| koo [k — x||?
. ATk @) —qE @) . AT(Vaq(x,®)(x* — %)+ 5 (x* — %) Vig(x, @) (x* — X))
= lim — = lim -
k—oo ||k — || k—reo ||k — x| 2
= VT )5 O,

contradicting (21). The last statement follows from the observation that SOSCMS implies (21). a
Proposition 2 Let X € .7 (®).
1. Assume that there is some 0 # u € TI"(%) such that
V.q(%®) A =0, A € N(g(%,®); P;V.q(%,@)u) = A =0.
Then there is a constant k > 0 and a neighborhood W of @ such that
d(x, 7 (w)) < x||g(x,0) — g(%,®)|| < ke () Vo € W.
2. Assume that there is some 0 # u € TA"(X) such that
V.q(% @) A =0, A € N(g(%,®); P;V.q(% @)u), u' VZ(ATq)(%,@)u>0 = A =0.
Then there is a constant k > 0 and a neighborhood W of @ such that
d(x,.7 (w)) < ke2(0) Vo € W.

Proof We can assume without loss of generality that |lu|| = 1. In both cases, the assumption ensures that
My is metrically subregular at (¥,0) in direction u. Now we make some preliminary considerations, before
proving the assertions of the proposition. For every k we can find a neighborhood W* of @ and a radius
pk > 0 such that (f+pkz@Rn) X Wk C Ul/k X Wl//a

1
sup{[|Vig(x,®) = Vig(x,®)|| | x € T+ p* Bn, @ € WK} < TER
1

sup{||V.q(x,0) — V.q(%, @)|| | x € T+ p* Brn,0 € Wk} < o
sup{es(0) | € WK < min{—— P

e ——}

ez =M 60 1682

Now consider sequences (¢¢) . 0 and (@) such that * < p* /2 and @* € W* hold for all k. Since V (%, ®)u €
T (gq(%,®);P) and P is the union of finitely many convex polyhedral sets, we have ¢(%,®) +tXVq(%, @)u €
P for all k sufficiently large. Thus there is some constant L such that d(g(¥+t*u, @), P) < L(t*)? and, by

metric subregularity of Mg in direction u, there is some kK’ > 0 such that for every k there is some point
e Z(®) N (F+rt*u+ K'L(t*)2 Bgn). For all k sufficiently large we also have Lk’ < 1, implying
k k
t 3t
Uil < 25 < ok
> < Il < 5 <o
and we obtain
d(g(&,0"),P) < d(g(&*, @), P) +[|¢(%*, &) — ¢(*, @)
< 0+ lg(x, @) — (&, @) || + || — 5| Vxg(%, @) — Vxq(%, @) |
|5 — 5|2

s sup{[|Vq(x, 0*) — Vig(x,@)|| | ||x— x| < [ — %[}
- ok - = 3k - ok - = (") k
S ||q(x,(1) ) _Q(x7 0)))” + Et ||VXCI(X7 [ ) - VXQ(X7 (D)H + 8? =€
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By using Ekeland’s variational principle, we can find for every k some point x* € ¥ + ke¥%gn such that
d(g(x*, "), P) < d(q(&*, "), P) and

d(g(x*, 0", P) < d(g(x,®"),P) + %Hx—ka Vx e R™.
Since P is closed, there is for every k some ¢* € P with d(¢(x*, ®*), P) = ||¢(x*, ®*) — ¢*||, and we conclude
g, @) ~ ¥ < llate @) ¥ + £l 28] ¥(x.y) € B P
i.e., (x*, ¢X) is a solution of the optimization problem
Igcn}n”q(x, ") —y|| + %Hx—ka subjectto y € P.

By applying first-order optimality conditions, it follows that £¥ := (g(x*, @) — ¢*)/|lq(x*, @*) — ¢|| €
N(g*;P) and ||V q(x*, 0*)TEX|| < 1, provided that g(x*, 0*) — ¢k # 0.

Now let us prove the first assertion by contraposition. We assume on the contrary that for every k
there is some ®* € W* with d(%,.7 (0*)) > 12k%||q(%, @*) — q(¥, @)||. Note that ||¢(¥, %) — g(X, ®)| = 0
or e(@F) = 0 implies ¥ € .#(w*) and thus Hq(i, o*) — g(x,®)| > 0. By taking t* := 4k?||q(%, @) —
q(%,@)|| < 4k%e1 (0F) < 4k%er (%) < min{;, } we obtain

_ o ) o tk
" < |lq(x, 0") — q(%, w)||(1+6k2||qu(x, ") = V(% @) +5)

< (5,05~ (2. 0) (1 + 2 + ) < 2q(.00) —g(5.0)] = 5zt < 2T
w Tk A EASE 22 K2
and therefore ||x* — ¥ || < kek < @, showing
xk—x P—x
lim - = lim = 22
R T A e T (22)
1
(1*%)H — || < [P x| < (1+- )le — ||
3 1
< (14 <128jg (%, 0°) - q(%, @)|| < (%, F (")), (23)
and & s Fs
lg(et, @) — gt < e < | k}’c” <l k_x” Wk > 2. 24)

From (23) we can conclude g(x*, @) — g* # 0, since otherwise d(%,.7 (®¥)) < || — x¥|| would hold. Hence
&K is well defined, and we can proceed as in the proof of Proposition 1 to obtain the contradiction that every
limit point A of the sequence (EX) fulfills |A|| = 1, A € N(g(%); P; Vg (%, ®)u) and V,q(%,®)T A = 0.

We prove the second part similarly. Assuming on the contrary that for every k there is some @w* € W*
with e2(@) > 0 and d(%,.7 (0*))/e2(®F) > 24k? and setting ¥ := 8k%e;(w*) < min{5;, %k}, we obtain
|| —x|| < 3t¢ < 2 and, together with 3¢ < || — %,

SLH 12K 8k ||xk xH

64k* 2 k=2

e < ep(@F)? (14 12k% +8k) = (1)
As before we obtain ||x* — || < kek < =] ” , and thus (22) as well as
(1- *)Hx =l < | =x < (14 )ka <3 ( llc)t" <24k er(0") <d(x, 7 (@)
and (24) hold. This implies again that (£¥) is well defined; using the same arguments as in the proof of

the second part of Proposition 1, we obtain that every limit point A of the sequence (£X) fulfills ||| = 1,
A € N(q(%); P; Viq(%, @)u), Vig(X,®)" A =0 and u’ VZ(A7 q) (X, ®)u = 0, a contradiction. O
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4 Lipschitz and Holder stability of solution mappings

In what follows we denote by X : Q — R”" the mapping which assigns to every @ the set of local minimizers
for the problem P(®) in (1), and by S : Q = R” and Sy, : Q = R”" the mappings which assign to every
o € Q the sets of B-stationary points and M-stationary points, respectively, for the problem P(®), i.e.,

S(0) = {x e R"|0 € Vyf(x,0) + N (x;. 7 (0))},

Su(o) :={x €R"|0 € V,f(x,0) + Viq(x, ) N(g(x, 0);P)}.

Then we have X (0) C S(w) Vo € 2.
Further we consider the solution mapping $ : Q = R" of the generalized equation (4),

S(w):={xeR"|0 € F(x,0)+N(x:.Z (w))},

and the related mapping

A

Su(w) :={xeR"|0 € F(x,o)+ Vq(x, a))TN(q(x, 0);P)}.
The first result of this section are sufficient conditions such that estimates of the form
(S(@)USy(@))NU C X+ L1)(0) PBrn Yoo €W

or
(S(@)USy())NU C 5+ Lt/ (0)Brn Voo € W

hold, where L > 0 and U and W are neighborhoods of X and @. The following result is only stated for the
solution mappings S(®) U Sy (w) for GE(®), the corresponding statement for P(®) follows immediately
by taking F (x,®) := V. f(x, ®).

Theorem 3 Let i € 7 ().

1. If property R\ holds and there does not exist a triple (u,A, 1) € R" x R™ x R™ satisfying

04£ueTin), (25)
A € N(q(X,®);P;Vrq(%,@)u) (26)
p € T(A;N(q(F, @); P; Vaq(X, ®)u)) 27
F(% ®)+ V. ®)'2 =0 (28)
V. F (% ®)u+ V(AT q)(%,@)u+V,qx @) u=0, (29)

then there are neighborhoods U of X, W of @ and a constant L > 0 such that
(S(@0)USy(0))NU C i+ L2 (0)PBrn Vo €W.

2. If property R, holds and there does not exist a quadruple (u,A,1L,v) € R" x R™ x R™ x R" such that
(u, A, ) fulfills (25)-(29) and

V(% @)v+u' Vigx, @) e T(q(x o) |J P), (30)
ies (u)

u'Vi(ATq) (%, @)u=F(%d) v, 31)

where S (u) := {i|Viq(x,®)u € T(q(X,®); )}, then there are neighborhoods U of X, W of @ and a
constant L > 0 such that

(S(0)USy(®))NU C T+ Ly (0)Bre Vo €W.
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Proof We prove the first part by contraposition. Let W denote the neighborhood according to the definition
of property Rj. Assume on the contrary that for every k we can find (x*, o*) € (U, /N (F+ 1Prn)) X
(Wi NW) with (%) € Sy (") US(F) and ||x* — x| > k%1 (@*). Because of e; (@) < %1 (@) it follows
that e; (@) /[|x* — x| < % (@) /||x* —%|| < {, and, due to property R;, we have that M,y is metrically
regular with modulus & around (x*, 0) for all k sufﬁciently large. Hence, x* € Sy (@) and there exists a
vector AK € N(g(x*, ®%); P) with F (x*, @*) + V,q(x*, *)T Ak = 0. From [26, Example 9.44] we conclude
A% < x||F(x*, @*)||, showing that (),k) is bounded. By the definition of the limiting normal cone, we
can find for each k elements ¢* € (g(x*, %) + W%HZQR") ﬂP and £F € N(g*,P) N (AF + L,:)‘”%Rn).
By passing to a subsequence if necessary, we can assume that u* := (x* — %) /||x* — %|| — u and A¥ — A.
Because of Lemma 4 we have ||g(x*, ®%) — g(x*, @)|| /||x* — || < T]( %) /||lx* — || +1/k — 0 and therefore
k

. g _Q(x7 (D) 1 Q(xkvwk)_q()a d)) T Q(xkva_)) _Q(xv (D)
lim ——————= = lim - = lim —
e e R e e P

= qu(ia d))u,
showing 0 # u € Ti"(%) and A € N(q(%,®); P; V1q(%, @)u). Using Lemma 4 again, we similarly obtain

qu(xk7 wk) - qu()f7 (D) F(xk7 a)k) — F(Xv (D)

li =Vig(%,® li = V,F(%,®)u. 32
kE}Iolo ||xk_iH Xq(x3 )I/t, kglolo ka_iH X (X, )I/l ( )
Further
0= gg?c(F(xk, 0"+ Vq(X*, )X = F(%,@) + V. q(%,@)T 4. (33)
By passing to a subsequence once more, we can assume that there are index sets & C {l,...,p} and

o C{1,....,m;}, i € P, such that 2 (¢*) = & and H(¢) = o}, i € 9’ holds for all k. Further, by the
generahzed Farkas lemma, cf. [4, Proposition 2.201], there are numbers > 0, j € o, i€ Z,suchthat

Z C,jau 0,ie 2,
JES;

and ¥ jc s CF ;< < Bi||EX||, i € 2, for some constants B;. By passing to a subsequence once more, we can as-
sume that the sequences {;; k converge to ;j > 0 for each j € o, i € 2, and it follows that A — ¥ j o Gijaij =

0, i € Z. Further, F (%, ®) —l—VXq(x ®)" A = 0 and thus, by Hoffman’s lemma, there is some real 7 > 0 such
that for each k we can find ék R™ and nonnegative numbers C k j€d,ic P, satistying

I ~E1+ ¥, ¥ 16k 21 < 1 (5.0)+ Vaals. 0 2]
- Z fli}aij;O, ie?,

JE;
F(%,0)+ Viq(%, @) & =

Taking into account F(x*, @%) + V,q(x*, ®*)TA¥ = 0 and ||V q(%, @)T (A% — EX)|| < (|| Vg (%, @) |||]xx —
x|)/k, we obtain

|IF (%,0) + Viq(%, @)  E¥|

lim sup -
k—yoo H.x _X”
¥,0)+ Vig(x,0) & — K _v KT 9k
= limsup |IF (X, 8) + Viq (¥, )" ¢ kF()_ck,a) ) — Vg, )T A
k—roo ||x —xH
< timsup IF: @) — F (&, 0") + (Vaq(%, @) — Vag(F, 0°) " A4 + || Vg (5, @)" (A* — 1)
o= [t 3]

= |[V+F (%, ®)u+ V(A" ) (%, @)ul| < oo,

where the last equation follows from (32). Hence for each j € <7, i € &, the sequence ( ) /|Ix* —
|| is bounded, and we can assume that it converges to some V;;, where we have eventually passed toa
subsequence. Now consider the set .# := {(i,j)|i € &£,j € #,{;; =0}. If v;; >0 V(i,j) € & we set
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Vij = Vij, j € o, i € P. Otherwise we choose an index k such that (& k _7‘)/||x’_‘ —X|| < v;j/2 hold for

all (i, j) € # with v;; <0 and set V;; = v;; —|—2( CU)/Hx —x|,je JZZ, i € &. Then we have for every
(i,)) €7,
Wiy = Vij+ 288/ |5 = 3| = viy+2(8 = £ /I —3l| > 0,

and hence in any case there is some 7 > 0 such that Cij +1tV;; > 0 holds for all j € o, ic & and t €
[0,7]. Setting u := ¥ jc . Vija;j for an arbitrarily chosen i € &2, we either have u = limy .. % or i =
limye0 % -|-2H§_2_}”H and therefore 1 =¥ jc . Vija;; holds for all i € 2. Hence A +tu € N(q*;P)
Vk and A+ € N(q(%, @); P; V,q(X,®)u), and p € T(A;N(g(X,®);P;Vq(x, @)u)) follows. Taking into
account V,q(%, ®)TA = V.q(x,®)" € = —F (x,®), we obtain

Fk o)+ Voot X\ 1k Flk ob) 4 Voa(k o) T Ex

0 = fim T @) HVagl, 07) AT (PO @)+ Vg, o)
k—s00 [l — x| koo ||k — x|
Flxk ob) + Voa(xk o) EF k_ Ek
— lim ( , 0 )+ xq_(x , ) é +qu(xk7wk)Té (g:
koo [k — x| [Jock — x|

F(xk,a)k)—F(i,(Z))+(qu(xk,w ) qu( @))T&k
[l — x|

— Vug(%.0) 4+ V. (5, @)u+ V2(AT g) (%, @)u.

= Voq(%, @)+ lim

Thus the triple (1, A, u) fulfills conditions (25)-(29), a contradiction, and the first part is proved.

We also prove the second assertion by contraposition. Let W now denote the neighborhood accord-
ing to the definition of property R,. Assume on the contrary that for every k we can find (x*, %) €
(Ul/kﬂ (x4 %@Rn)) X (Wl/k NW) with (x*) € Sy (@F) US(w*) and ||x* —z|| > k% (@F). Then (k) < 1/k>
and consequently £ (@) /||x* — || < £2(@")/||x* — || < 1/k for all k, and we can proceed as in the first part
to find (u, A, 1). Thus, in order to prove the second assertion, it remains to show that there is some v such
that (30)-(31) holds. Since & C #(q(%,®)) and <% C <(q(%, @)), i € P, we have AT (¢F — q(¥,®@)) =
(Xjcw Gijai)T (" — q(x, @) = Y jew; Gij(bij — bij) = 0 for all k. Now fix any i € & and consider an
arbitrarily fixed vector & € R™ such that F (¥, @) + qu(x (D)Té = 0 and there exist nonnegative num-
bers ;> 0, j € (q(%, ®)) with & = ¥ jc o (4(x.0)) T4 Since ¢* € P we have a q" < b= a.jq(x, @),
j € (q(x,®)) and therefore £7 (¢* — g(x%, @)) < 0. Hence

0> (&— /’L)T(q" q(x, @))
= (-1 (¢" —q(x*, 0") +q(+*, 0")
+ Voq(x, @)T (k- %)+

q(*, @)
(r—2)TV2q(x,®)(x* —)?)) + 7k,

DI= |

where 7% := (£ = 1)T (g(x*, @) — q(%, ®) — Vq(%, @) (x* — %) — (¥ —%)T V2q(%, @) (x* —%)). By Lemma
4 we have (q(x*, 0") —g(x*,@))/|lx* — ][> — 0. Since (§ —1)"V.q(%,®) =0, (¢ —q(x*, ")) /|lx* —
%||> — 0 and */||xF — %||> — 0, by dividing by ||x* — %||> and taking the limit k — oo, we obtain

oz%ﬂvﬂ@—xﬂwmww.

Setting §;; = 0, j € (q(%, @)) \ o, we obtain that §;, j € (q(¥, @)), is a solution of the linear opti-
mization problem

min Z — 7.0l (u? V2q(%, @)u)
je(q(%,0))

subject to Z 7 Viq(, @) az; = —
Je(q(x,0))



Lipschitz and Holder stability of optimization problems and generalized equations 17

Then, by duality theory of linear optimization, the dual program also has a solution v € R"” and
= —u' Vi(ATq)(%,®)u
al. V(% 0)y < —af.(u" Vig(¥,@)u), j € H(q(%,@)).

Hence V,q(%,®)v +u’ V2q(%, @)u € T(q(%,®),P;), and since i € & C 7 (u), the quadruple (u,2,u,v)
fulfills (25)-(31), a contradiction, and the second part is also proved. a

Now we consider the solution mappings for the the problem (1). It turns out that the assumptions
of Theorem 3 can be partially replaced by a second-order sufficient condition and a quadratic growth
condition, respectively. Further we can guarantee the existence of locally optimal solutions.

Recall that a point X € .% (@) is an essential local minimizer of second order for the problem P(®) if
there is a neighborhood U of X and a constant 17 > O such that

max{f(x,(b) _f()a a_))v d(‘](x7 @)7}))} Z on_X”Z Vx eU. (34)

This implies that the quadratic growth condition for the problem P(®) holds at %, i.e., f(x,®) — f(¥,®) >
n|jx — x||*> Vx € UN.Z (®). The opposite direction is true if Mg is metrically subregular at (¥,®). To see
this one could use similar arguments as in [7, Section 3] by noting that convexity of P is not needed and
the assumption of metric regularity used in [7] can be replaced by assuming metric subregularity.

Note that the proof of the following proposition does not use the polyhedral form of P, it suffices to
suppose that P is a nonempty closed set.

Proposition 3 Let X be an essential local minimizer of second order for the problem P(®). Then there are
constants 1, Y> > 0 and a neighborhood W of & such that for all ® € W with d(%,.% (®)) < ¥ one has

A% X () < p (d(x,%w))% + rg(a)))

Proof Letn > 0and p > 0 be such that (34) hold for all x € ¥+ p Bpn, and define L := sup{|| V. f(x, @)|| |x €
X+pPBre}+1, o= max{Hi Vﬁ"“,L/L/n}. Then we choose 0 < p < p and W C Wn/Z such that
X+ pBrn C Uy o,

V275, @) = VA (5, 0)| < T ¥(x,0) € (5+pRom) x W,
and finally, that 7,(®) < min{L/2,p/(272)} Y& € W. Further, we set

1 o=min{2L/n,p%/(4%3)} < min{2L/n,p?/(16L/n)} < p.

Now let w € W with d(%,.# (®)) < 71 be arbitrarily fixed, and choose y € .7 (w) with ||y —%|| = d(X,.# (®)).
For x € ¥+ p %R~ we obtain

|f(x7 O)) _f(xv (D) - (f(y’ (J)) _f(y’ (D)) - (fo()f, 0)) —fo()f, (D))(x_y)‘
< (e =72+ ly =)

and, together with Lemma 4,
|f(x7 w) _f(-x7 (D) - (f(y7 (D) _f(-i (D))| + ||q(-xa (D) - Q(x7 (D)H
< e2(@) + 1(0) (o= | + [y = ) + 2 e =5+ by 7P + 1. @) - £ (7. @)
< (@) +02(@) fr— |+ b= + (22(0) + - ly— | +-L) |y — 3

- n - -
< 02(@)* + 1(0) | — 5| + o e — 7 + 2L{ly -],
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implying
(X(X,y,(!)) = max{f(x, (J)) (yv (J)),d(q( 7(0)7 )}
> max{f(x,®) - f(¥,®),d(¢q(x, @), P)}
—|f(x, @) = f(x, @) = (f (3, @) = f(%, ®))| = [lg(x, ®) = g(x, D)
> gllx—fﬂz—fz( )? = Ta(o)[|x — x| = 2Lly — 7]
Now assume ||x — x| > y(|ly — x||2 + T2(w)). Then

2n+1
= x||>2,/ g+ V2l " o(w),
2
n ____h@n 2 n £ ol 2n+1
7 (sl - 22) 2(2\/;<|y 4 2 o)

2n+1 2
o n(0)°,

and therefore

> 2L[ly—x|+

showing a(x,y, @) > 0. Hence we conclude that for every x € % (@) with }/2(||y—x||% +n(0)) <|x—x| <
p we have f(x,w) > f(y, ), showing, together with 9(]|y —)E||% + n(w)) < p, that there is a global
solution X of the problem

min f(x, ) subject to g(x,®) € P, x € X+ PpBpn,
with ¥ € X (@) and |[$p — %] < p(|ly— %2 + n(0)) < p. O

Given x € .Z(®), we denote by G (x) := {u € T)i"(x) | V. f(x,®)u < 0} the cone of critical directions at
x. Further we introduce the Lagrangian .Z : R” x R" x Q — R,

ZL(x,A,0) = f(x,0)+ AT q(x, ), (335)
and for every @ € Q, every x € . (w) and every u € 6, (x) we define the set of multipliers
Ab(u) i= {1 € N(q(x, 0): P; Vg x, 0)u) | V.2 (.1, @) = 0}

Definition 5 Let ¥ € .% (@). We say that the refined strong second-order sufficient condition (RSSOSC)
holds at x for the problem P(®) if for every nonzero critical direction 0 # u € € (%) one has

W' V2L (%A, @)u>0 YA € A)(Fu).

Note that RSSOSC is sufficient for ¥ being an essential local minimizer of second order only under some
additional first-order optimality condition, e.g., if X is an extended M-stationary point in the sense of [11],
ie. AL(Fu) # 0 V0 # u € €p(%).

Recall that the multifunction My, is defined by M, (x) = g(x, @) — P. In what follows, the first- and sec-

ond order sufficient conditions for metric subregularity FOSCMS and SOSCMS are used as in Proposition
1.

Theorem 4 Let X € % (M), and assume that Assumption 1 is fulfilled.

1. If FOSCMS is fulfilled for Mg at X and RSSOSC holds at % for P(®), then there are neighborhoods U
of X, W of @ and a constant L > 0 such that

(Su(@)US(®))NU C %+ L7y () Bgn Yo € W. (36)

In addition, if X is an essential local minimizer for P(®) and either Ti"(%) # {0} or Mg is metrically
regular around (%,0), then X(0)NU #QVw € W.
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2. If SOSCMS is fulfilled for Mg at X and X is an essential local minimizer of second order for P(®), then
there are neighborhoods U of X, W of @ and a constant L > 0 such that

Su(@)US(®))NU C X+ L1 (0)PBre Yoo € W. 37

In addition, if either TI"(X) # {0} or Mg is metrically regular around (%,0), then X(@)NU # 0
Vo eW.

Proof We show the first part by contraposition. If the assertion does not hold, by virtue of Theorem 3
with F = V, f together with Proposition 1, there is some triple (u,A,u) satisfying A € AL(%u), (25),
(27) and 0 = V2.2 (%A, @)u+ V,q(%;®)" 1. By (27), there are sequences (af) | 0 and (u*) — u with
A + Ockuk € N(q(%,®); P;V.q(%,®)u), and by using [11, Lemma 2.1] we obtain AT V,q(¥,®)u = (1 +

a*u*) TV q(%,@)u = 0 Yk, showing ATV,q(%,@)u = u’V.q(%,®)u = 0. Hence u € €(¥) because of
0=V, ZFA,®)u=V,f(%d)u. It follows 0 = u’ V2L (%, A, d)u, contradicting RSSOSC.

We also prove the second part by contraposition. Assuming on the contrary that the assertion does not
hold, by applying Theorem 3 with F = V, f together with Proposition 1, we find (u, A, u,v) satisfying A €
AL(Fu), (25), 27) and 0 = V2L (%, A, @)u+ V. q(%®)" u, (30) and u’ V2(AT q) (X, ®)u = V. f(%, a))Tv
Proceeding as before, we obtain u € €(%) and 0 = u’ V2.Z(%, A, @)u = u’ V2f(%,®)u+ V, f(%,®) v €
T(V,.f(x, @)u;R_). Further, we have T (q(X,®); P,) C T(Vyq(, a))u T(q(x,®);P,)) foreach i € #(u) and
thus

Vq(xe)v+u' VigE, o) € T(qx o), |J P)= |J T o):PR)
i€s (u) i€.d (u)
c U TV @)uT(q(x,0);FR))
i€ (u)

=T(Vq(x,0)u;T(q(x,@); |J P
i€ (u)

= T(Vaq(%, 0)u; T (q(%, @); P)).

q\x

Hence we can conclude from [11, Lemma 3.16] that x is not an essential local minimizer of second order
for P(®) contradicting our assumption.

Finally, in both cases the assertion that X (@) NU # 0 Ve € W follows from Proposition 2 respectively
Theorem 2 and Proposition 3. a

Remark 2 The statements (36) and (37), respectively, remain valid if we replace FOSCMS and SOSCMS
by the formally weaker assumption that properties R; and R», respectively, hold. In order that the statement
X(®)NU # 0 holds in case that X is an essential local minimizer, we must ensure that .% (@) # 0 for @
close to @, e.g. by the assumption that there is a direction 0 # u € Th“( t) fulfilling the assumptions of
Proposition 2 or by the assumption of metric regularity of Mg around (X, 0).

Remark 3 If p =1, i.e. if P is a polyhedron, then it follows from [8, Proposition 3.9] that the conditions
FOSCMS for Mg and T (%) # {0} imply metric regularity of Mg around (,0).

5 Application to MPECs

In this section we consider the special case MPEC(®) as given in Example 1. In what follows we denote
by & a point feasible for the problem MPEC(®). Recall that the set P is given by P =R™ x {0} x oré
Hence, by [26, Proposition 6.41] and by Lemma 1, for every (g,/,d) € P C R™ x R™E x (R?)"¢ we have

T((g,h,a);P) = T(g;R™) x {0} x ﬁT(&i;QEC),
i=1

~ el
N((,h,a);P) = N(&R") x R™ x [ [N(ai: Qkc),

~ A mc N
N((g,h,a);P) = N(g:R™) x R™ x [ [ N(ai: Qec).
i=1
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Further, for every direction (u,v,w) € T((g,h,d);P) we have

- mc
N((&,h,a):P; (u,v,w)) = N(&R™;u) x R x [ [N(a@i; Qec:wi).-
i=1

For the inequality constraints we obviously have
T(&:R™) = {u e R™|u; <OVi: g =0},
N(GR™) = N(gR")={A eRY | 48:=0,i=1,...,m},
N(&R™u) = {A € N(&R™) | Au; =0, i=1,...,m}.

By straightforward calculation we can obtain the formulas for the regular normal cone, the limiting
normal cone and the contingent cone of the set Q¢ as follows: For all a = (aj,a;) € Qgc we have

& =0 if0=a; >a
N(a;Qpc) =1 (61,62)] 61 >0,6>0ifa; =a, =0
=0 ifa; <ap =0
N(a: Ogc) = 4 V(@ Qrc) if a # (0,0)
’ {(51,52)|either§1>0, €2>00r§1§2:0} ifa:(070),
up =0 if0=a; >a
T(a;Qgc) =4 (ur,u2)| ur <0,uy <O0,ujup =0ifa; =ar =0 p,
up =0 ifa; <a;=0

and for all u = (u;,u2) € T (a; Qrc) we have

T(a;Qrc) ifa#(0,0)

T(u;T(a;Qpc)) = {T(u;QEc)) if a = (0,0),

N(a;QEC) if a # (0,0)

N(u;T(a;Qkc)) = {N(M;QEC) if a = (0,0),

N(a;Qec) ifa#(0,0)

N(a; Qrc;u) = {N(u;QEC) ifa=(0,0).

Denoting

I={ie{l,....m}|&x @) =0}

M :={ie{1,...,mc}|Gi(%,®) > 0= H;(%,®)},
ti={ie{l,...,mc}|Gi(x,®) =0 < H;(X,®)},
" :={ie{l,....mc}|Gi(% ®) =0 = H;(%®)},
the cone T} (%) is given by
V,8i(X,@0)u<0,iecl,
Vxhi(-f;(b)uzo7 i= ) ,ME,

Tin(%) = { u € R"| V,Gi(%, ®)u
V. Hi(%,®0)u=0,ieclt
,®

Given u € Ti" (%) we define

I( ) _{lEIE‘ngz( ) :0}
%) == {i e | V,Gi(%, @)u > 0 = V. H;(%,®)u},
() = {i e I |V,Gi(%,®@)u =0 < V. H;(%,®)u},

1%(u) ;= {i e I |V, Gi(%, @)u = 0 = V. H;(%,®)u}.
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For given u € TA" (%), the set N(g(%, ®); P; V (%, ®)u) consists of all L = (18,1, 19 A1) € R™ x R™E x
R™c x R™C satisfying

AE>0,iel(u), AF=0,i¢I(u), (38)
M =0,ielP"Uul (), A°=0,icl™Uur®®u, (39)
either ¢ > 0,A% > 00r ACAH =0, i € I°(u) (40)

Then we have the following characterizations of metric subregularity: FOSCMS is fulfilled for M at &
if and only if for every direction 0 # u € Ti"(%) the only multiplier A = (18, A" AC A1) € R™ x R™E x
R™c x R™C satisfying (38)-(40) and

my mg mec
Y A V(% @) + Y AV hi(%,@) = Y (ACVGi(E, @) + A V. Hi(%,@)) = 0 (41)
i=1 =1

i=1

is the trivial multiplier A = 0.
Similarly, SOSCMS is fulfilled for M, at % if and only if for every direction 0 # u € TA"(%) the only
multiplier A = (48,47, A6, AH) € R™ x R™E x R™c x R™¢ satisfying (38)-(41) and

my mg mc
r (Z AEVigi(®, @)+ Y AlVihi(x, @) — Y (AFVIGi(x, @)+ A ViH(%, @))) u>0 (42
i=1 i=1 i=1
isA=0.

Further, Mg is metrically regular around (¥,0) if and only if in case u = 0 the only multiplier A fulfilling
(38)-(41) is A = 0. Note that I, (0) = I, I'*°(0) = 1°* (0) = 0 and 1°°(0) = I'°.

We now translate Theorem 3 into terms of MPEC(®). To do this it is convenient to consider the (ex-
tended) Lagrangian

mc

L (x, 0, 0) = Ao f(x,0) + f ASgi(%, )+ mf; A7, ) — Z()LGG (%, 0) + A1 Hi(%, o))
i=1 i=1

i=1

where Ao € R, x € R, A = (A%,A", A9, A1) € R™ x R™ x R™¢ x R™ and @ € Q. The Lagrangian .
corresponds to the Lagrangian .Z as defined in (35).

Corollary 3 Let & be feasible for MPEC(®).

1. Ifproperty Ry holds and there does not exist 0 # u € Ti" (%), A = (A8, A" A9 A7) and p = (us, u", uC, ut)
satisfying (38)-(40),

pi>0,icl(u): A8 =0, uf=0,i¢IL(u), (43)
ul=0,ie® Ui (), puf=0,icl™uru), (44)
either p@ > 0,uf1 > 0 or uCpft =0, i € 1%u) : 2F =2 = (45)
puf>0,icl®w):A°=0,A1>0, uf=o0, leloo(u):z, =0,A" <0, (46)
u? >0, ie1®u ) A=028>0 pl=0,ici®w: 2 =01° <o, (47)
V.2 (% 4,0) =0, (48)
V2L E A, @)+ V, L0 F u,0) =0, (49)

then there are neighborhoods U of X, W of @ and a constant L > 0 such that for the stationary solution
mappings S(®) and Sy (®) of MPEC(®) one has

S(@)USy(®))NU C X+ L7 (0)PBre Yoo € W.
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2. Ifproperty Ry holds and there does not exist 0% u € TA (%), A = (A8, A" A6 A1), u= (us,u", n% ut)
and v € R" satisfying (38)-(40), (43)-(49) and

xg,( @)V +u' Vigi(x,@)u<0,icl, (50)
hi(% @) +ul Vih(F,@)u=0,i=1,...,mg, (62
Gi(%, @)V +ul V2Gi(%, @)u =0, i € "TUI* (u), (52)
Hi(%,®)v +u’ VIH; (%, @)u=0, i c T°Ur (), (53)

—(va,( ')v+uTV2G( @)u, V. H;(%, @)V +u’ V2H;(z,®)u) € T((0,0),Q0rc), i € I°(u), (54)
W'VLO (%A, @)u =V f(%,0)V, (55)

then there are neighborhoods U of X, W of @ and a constant L > 0 such that for the stationary solution
mappings S(®) and Sy (®) of MPEC(®) one has

(S(@)USy(@))NU C x4+ L1 (0)Bre Yo € W.

In the following table we specify for each condition of Theorem 3 its corresponding counterpart in Corol-
lary 3:

Thm.3(1.) | Cor.3(1.) || Thm.3(2.) | Cor.3(2.)
(26) (38)-(40) (30) (50)-(54)

27 (43)-(47) (€29 (55)
(28) (48)
(29) (49)

For verifying RSSOSC we also need the sets AL (%;u). For given u € %(), this set is the collection of
all multipliers A = (8,41, 16 AH) e R x R™E x R"c x R™¢ fulfilling (38)-(40) and V£ (x,1,®) =0

Finally let us mention that the definition of M-stationary solutions for MPEC(®) is the same as coined
by Scholtes [28], i.e., the set of MPEC-multipliers associated with x,

A%PEC()C,@)

VoL (1,1, 0) = 0,

7L To(x,@) =0,

At =o0, lEi0+ AP =0,iel™, ”
e1ther7LG>0 AH >Oor/'LG7LH 0,ie®

= { A= (A8, A1 A6 AT) e R X R™E x R™C x R™| %

is not empty.
Now we demonstrate our results in the following examples:

Example 3 Consider the following MPEC depending on the parameter w € Q2 : =R,
MPEC(w) min —2x; +x

subject to g1x,0):=x1—x—w <0,
&x,0)=0¢(x)—x <0,
*(G]()C, U)),H] ()C, CO)) = 7()(1,)(2) € QEC7

where ¢ (x) := x%(1 —cos 1) for x # 0 and ¢(0) := 0, with = (0,0) and ® = 0. Then we have I, = {1,2},
P =70=0, = {1},

Tin (%) = {(u1,u2) |ug —uz <0, —uz <0, —(u1,u2) € Qrc} = {(0,u2) |ua > 0}

and we obtain, that I, (u) = I70(u) = I°(u) = 0, I°" (u) = {1} for every 0 # u = (0,u;) € Ti"(%) and the
set of multipliers A = (Af, A5, A6, AH) fulfilling (38)-(40) is given by the relations

Af=0, A =0, A" =0. (56)
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Since (41) reads as

AS(1,—1)+A5(0,—1) —A9(1,0) — A (0,1) = (0,0),

we conclude that FOSCMS is fulfilled and therefore property R; holds. But for u = (0,0) we see that
A =(0,1,0,—1) satisfies (38)-(41) and therefore metric regularity around (x,0) does not hold.

It is easy to see that € (X) = {0}. Hence RSSOSC is fulfilled, ¥ is an extended M-stationary point in
the sense of [11] and therefore ¥ is an essential local minimizer of second order by [11, Theorem 3.21].
Hence we can apply Theorem 4(1.) to obtain

S(@)USy(®))NU C LoABp: Voo € W

for some neighborhoods U of ¥ and W of @ and some constant L > 0. Further we have X (@)U # 0
Y@ € W, since (0,1) € TI(%). Further, the set of MPEC-multipliers is given by

AAA/;IPEC(X76)) = {(07 17_270)}U{(252‘2g707lH)|)L§ Z 07)‘2g+)LH = _1}

Now let us compute the sets S(®), Sy (@) and X (@). For every @ > 0 the feasible set .% () consists of
the union of the nonnegative x; axis, {(0,x2)|x2 > 0}, and the set X (o) := {(x1,0) |0 < x; < ®,¢(x;) =
0} = {(5£=,0) |k € N,2km® > 1} consisting of a sequence of isolated points with limit &. It is easily
checked that (0,0) is M-stationary with unique MPEC-multiplier (0,1,—2,0) for every @ > 0, but not a
local minimizer. Further, every element of X (@) is a local minimizer and consequently B-stationary, but
all these local minimizers are not M-stationary, because the constraints are degenerated; the only possible
exception being the point (®,0) if % € N, where the multipliers are

Apppc(©,0), 0) = {(2,A5,0,27) | A5 > 0,45 + A7 = —1}.

Summarizing all, we have

B . ~ J{(0,0)} if 51~ ¢N
S(o) =X(@) =X{()5u(e) {{(0,0), (@,0)} else
for @ > 0 and S(0) = Sy (0) = X (0) = {0,0}. It is quite surprising that we could prove existence and upper
Lipschitz continuity of solutions in the absence of metric regularity of the constraints, a situation which is
not possible in case of NLP (see,e.g. [20, Lemma 8.31]).

For the sake of completeness we also formulate explicitly the sufficient conditions for upper Lip-
schitz continuity of Corollary 3, although we know by the proof of Theorem 4 that they are implied
by RSSOSC. The conditions of Corollary 3 are, that there are no elements u = (0,u2) with u > 0 and
A= A5A5,09,07), w= (uf, uf, u%, puH) tulfilling (56), uf = s = u* =0,

(=2, 1)+ A8(1,—1)+ A5 (0,—1) — 19(1,0) — A (0, 1) = (0,0) (57)

and
(070) +uf(17_1) +“§(0>_1) _“0(170) _“H(O7 1) = (070)‘

It is easy to see that this holds true, because (56) and (57) are inconsistent.

For this example let us now compare our results with those of Guo,Lin and Ye [12, Theorem 5.5], who
considered a somewhat different setting, namely the calmness of pairs of M-stationary solutions together
with their associated multipliers. Application of [12, Theorem 5.5] yields that, for every A € Aypec (%, @),
there are neighborhoods U of (¥,4) and W of @ and a constant k > 0 such that for every (x,1,®) € U x W
with x € Sy (@), A € AYfpp-(x, ) one has

[lx = %[ +d(4, Aypec(¥, @) < k|0 — @

In particular, by applying this result with A = (0,1,—2,0) and A = (2,0,0, —1), respectively, we obtain that
Sy (@) behaves upper Lipschitz stable. But in our example we also have local minimizers in X (®), which
are not M-stationary, and [12, Theorem 5.5] does not give any information for these local minimizers,
whereas our theory establishes upper Lipschitz continuity. Moreover, if we slightly change the data of this
example by setting ¢(x) := x°(0.9 — cos 1) for x # 0 and ¢(0) := 0, then one can show that for @ > 0
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all local minimizers in X (@) are also M-stationary, but for all local minimizers different from (®,0) one
has that the corresponding MPEC multiplier tends to infinity when @ tends to @. Also in this case [12,
Theorem 5.5] does not give any information due to the discontinuity of the multipliers in contrast to our
results.

Example 4 [see [18]] Consider the problem
MPEC(w) min —x; — (x2+a))2
X
subject to —(Gi(x,0),H;(x,®)) := —(x1,x) € Qfc,

depending on the parameter @ € 2 := R. This example was used in [18] to demonstrate that M-stationary
points are not strongly stable in the sense of Kojima [21], but the C-stationary points are strongly stable.
Straightforward analysis yields that

0 if @ >0,
X(@) =5(®) = Su(®) {(07 —0) ifo<0
and X(0) = S(0) = 0, Sy (0) = (0,0). Let us now choose ¥ = (0,0) and @ = 0 as reference point and
apply Corollary 3(1.). Obviously, the constraint mapping Mg is metrically regular around (¥,0) and thus
property R) is fulfilled. Since the cone T"() is generated by the 2 directions u! = (1,0) and u> = (0,1), in
order to establish upper Lipschitz stability of S(@) U Sy (o) it suffices to show that there are no multipliers
A = (A6 AH) and u = (u%, u") fulfilling either

)VG — “G — 07
V.2 %A, @) = (—1,0) - 19(1,0) — AT (0,1) =0
Vigl(_’},’d))ul +VX$O()E7.U'7(D) = (0’0) _HG(LO) _‘uH(07 1) =0
or
A =puf =0,
V.2 &% A, @) = (—1,0)—19(1,0) —AH(0,1) =0
V)chl(f,/l,(Z))ueronfo()E’“,(D) = (03*2) *”G(lao) *“H(Ov 1) =0,

which is obviously the case. Hence we obtain
(S(w)USy(@))NU C LoPBg: Voo € W

for some neighborhoods U of ¥ and W of @ and some constant L > 0.
Note that the assumptions of [12, Theorem 5.5] are not fulfilled, and therefore it cannot be applied.

Corollary 3 recovers well-known results for standard nonlinear programs in the case of C> data. Consider
the parametric nonlinear optimization problem

NLP(w) min f(x,®) subjectto g(x,0) <0, h(x,0)=0, (58)

where the function f: R" x R* - R, and ¢ = (g,h) : R" x R* — R™ x R™ satisfy the Basic Assumption
1 and, in addition, that f(%,-), V. f(%,-), q(%,-) and Vyq(%,) are Lipschitzian near @.

We use the same notation as above in this section, the results and representations reduce to forms which
omit the complementarity data G; and H;. In particular, the cone T£“ (%) is given by

. Vigi(X,@)u <0, iel
lin _ n x8ilX, =Y 8
To" () {”GR 'Vxhi@cb)u:o,i=1,---,mE}’

with I, = {i € {1,...,m;}| gi(¥,®) = 0}, and the extended Lagrangian defined above reduces to

my mg
LM, A8 A 0) = Ao f(x,0) + Y Afgi(x, @) + Y Al hi(x, 0).
i=1 i=1
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Then a point x € .# () feasible for NLP(w) is called stationary in the Karush-Kuhn-Tucker (KKT) sense,
if the set of multipliers associated with x,

Alx,0) = {(A8, A1) e R x R™ |V, .2 (x, A%, A" 0) = 0,187 (%, @) = 0}

is not empty. Further recall that under some constraint qualification (CQ), e.g. the Mangasarian-Fromovitz
CQ (MFCQ), the three concepts of M-stationarity, B-stationarity and KKT-stationarity coincide. Since
MFCQ persists under small perturbations in our setting, hence S(w) NU and Sy (@) NU coincide for some
neighborhood U of X € S(®) and all @ close to @, provided that ¥ satisfies MFCQ.

We show how to prove two classical results by means of Corollary 3 or Theorem 4, respectively.

Corollary 4 (Klatte, Kummer [20, Theorem 8.24]) Given a stationary solution X of NLP(®) in the KKT
sense, we suppose that MFCQ is satisfied at (X,®). Then S is locally upper Lipschitz at (®,X) if for every
A = (A8,AM) € A(x,®), the system

ueTy"(¥), (o,B)€R™ xR,
ViZL (7 A @)u+ VL%, B, @) =0,

V,gi(® ®)u=0, ifiel: Af >0, (59)
o; >0, aivxgi(i7(b)u:07 if ieig: llg:07
a; =0, tfl%]_g

has no solution (u, o, B) with u # 0.

Proof Take any (u,A, ) which satisfies u € T(g“ (%), (38), (43), (48) and (49). It is sufficient to show that
(u,A, ) also satisfies both A € A(%,®) and (59) when putting o = u® and 8 = p”. Indeed, then the
assumption of the corollary says that u = 0. Since MFCQ at (X, ®) implies property R;, Corollary 3 thus
immediately gives in the special case NLP(®)

S(w)NU Cx+L1(0) Vo € W.
By our assumptions for f and ¢ = (g, &), we have for all @ sufficiently close to @,

T (0) = [[Vof (%, 0) = Vi f (£, @) + [ Vxq(x, ) = Viq(, @) ]| 4 [|¢(¥, @) — q(%, @)
< const. |0 — @]

and so we are done.

It remains to show that (u, A, i) satisfies both A € A (%, ®) and (59) when putting a@ = u® and 8 = p".
First, we observe that (38) says that A = 0if i € I, or if i € I, \ Io(u), and A* > 0 if i € I,(u). Together
with (48), this gives A € A(%,®). Second, u € TA"(%) and (49) directly appear in the first two lines of
(59). Moreover, (43) says (i) o; = [.tig =0ifi ¢ I; orifie I_g 1 Vigi(X,@)u < 0, and (ii) o = [.1;5 >0if
i €I,: Af =0, which implies that (u, ) fulfills the last two lines of (59). Finally, assuming that for some
ie ig : ),f > 0 one has V,g;(%,@)u # 0, i.e., i & I,(u), this contradicts (38). Therefore, also the third line
of (59) is satisfied. O

Remark 4 The opposite direction of Corollary 4 is true if the parametric problem (58) includes canonical

perturbations, i.e. if f and g = (g, k) are defined by f(x, ) = f(¢,x) — (a,x) and (g,h)(x,0) = (g,h)(t,x) —
b for varying ® = (¢,a,b) € Q x R" x R™ ™ML gee [20, Thm. 8.24].

The following Holder stability result is a generalization of Proposition 4.41 in Bonnans and Shapiro [4],
where global minimizing sets of NLP(®) are considered instead of the sets of stationary solutions or
local minimizers as here. Recall that ¥ € .# (@) satisfies the quadratic growth condition for NLP(®) if
flx,®) — f(% @) > nllx—x||> Vx € VN.Z (@) holds for some 1 > 0 and some neighborhood V of .
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Corollary 5 (upper Holder continuity of local minimizers)

Suppose that X € .F (®) satisfies the quadratic growth condition for NLP(®), MFCQ is satisfied at X,
and the functions f, g, and h are twice continuously differentiable near (%,®). Then X and S are locally
nonempty-valued and upper Holder of order % at (@,%), i.e., there are neighborhoods U of X, W of @ and
a constant L > 0 such that for the solution mapping X (®) of P(®) one has

0+£X(0)NU CS(0)NU C {5} +L|o—a|2 YoeW.

Proof The corollary is an immediate consequence of the second part of Theorem 4 by taking into account
that MFCQ is equivalent to metric regularity of the multifunction Mg around (¥,0) implying SOSCMS by
virtue of Theorem 1, and that under MFCQ the quadratic growth condition is equivalent to the property
that X is an essential local minimizer of second-order. a

Results of this type are classical, but concern global or so-called complete local minimizing (CLM) sets,
see e.g. [2—4,19]. Corollary 5 extends this by providing even existence and upper Holder continuity for
stationary solution sets and the sets of all local minimizers, while part 2 of Theorem 4 allows us in addition
to weaken the assumption MFCQ by assuming SOSCMS (which implies R,) instead. Note that upper
Holder stability of the global minimizing or CLM set mapping even holds if ¥ is not locally isolated (see
e.g. [4,19]). Recently, Kummer [22] presented an alternative characterization of upper Holder stability of
KKT- stationary solutions via convergence properties of suitable iteration procedures.

Remark 5 For nonlinear programs, a standard second order sufficient optimality condition at ¥ € % (®)
(see for example [4, Prop.5.48]) is equivalent to the property (34) (i.e., X is an essential local minimizer of
second order for the problem NLP(®)). This is true without any constraint qualification, see the remarks
following Thm. 5.11 in [7].

Further note that in the case (58), SOSCMS is fulfilled for My at X if and only if for every direction
0+ u € TIn(%), the only multiplier A = (A%,A") € R™ x R™ satisfying
my mg
Y AEVgi(®, @)+ Y A'Vhi(E,®) =0, AF >0, i € L(u), A =0, i & I(u),
i=1 i=1

my mpg
ul (Z AEVigi(®, @)+ Y A!'Vin(%, (I))) u>0
i=1 i=1

is A = 0, where as above I,(u) = {i € I;| V,gi(X, ®)u = 0}.

Example 5 This example shows, as mentioned above, that part 2 of Theorem 4 gives a stronger result than
the (more classical) Corollary 5. Consider the parameter dependent program

P(w) minx%—x% s.t. —x2+a)§0,x2—x%§0,

with Q =R, @ = 0 and x = (0,0). Mg is not metrically regular near ()_Z,O). One easily sees that SOSCMS
holds for Mg at %: one has to check only the directions u = (£1,0) € T1"(x). Obviously, ¥ is an an essential
local minimizer of second order for the problem P(®), and one has

_ _ [{(0,0),(0,0)} if @ <0,
S(@) = Su(@) = { {(tVo,0)} fo<w<i,

{(0,0)} ifw<0,
x@={ {100 o) o o<1

Indeed, the assumptions and the statement of part 2 of Theorem 4 are fulfilled.

At the end of this paper let us mention, that our results incorporate the combinatorial structure of the
problem and are more far reaching than those results which one could obtain by decomposing into different
branches and applying direct arguments to the subproblems. One simple reason is that (globally optimal)
solutions of the subproblems may not be M-stationary solutions of the overall problem, as the following
example demonstrates.
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Example 6 Consider the problem
MPEC(o) min  x
X

subject to g1(x,®) =2 —x <0
_(Gl (X, (D),H] (.X, (D)) = _(x2 +x3+ (D,X3) € Okc,
with ¥ = (0,0,0), @ = 0. Then we have

(0,0,0)  ifw>0,

X(0) =S(0) =Su(w) = {(0 0,—) ifw<O0.

Since the only multiplier 2 = (1¢,A% A1) fulfilling
A8 >0, either AS > 0,A7 > 00r A9A7 =0, 18(0,—1,0)—19(0,1,1)—A#(0,0,1) =0

is A = (0,0,0), the constraint mapping Mg is metrically regular around (¥,0) by Theorem 1. Consequently
FOSCMS and property R; are fulfilled. Now let us verify that RSSOSC also holds. The condition u =
(u1,u2,u3) € €p(X) amounts to

ur <0, —up <0, —(ur+u3) <0, —uz <0, (ur+u3)uz =0

or equivalently u, = u3 = 0. Hence, for every u € (%), the set AL(%u) is the collection of all A =
(A8, AG AH) fulfilling

(0,1,0) 4+ A8(0,—1,0) — A9(0,1,1) — A1(0,0,1) =0

A% >0, either A, A% > 0o0r A°AH =0,

resulting in AL (%u) = {(1,0,0)}. Hence, u? V2L (%, 1, @)u = 2u7 > 0 V0 # u € €(%),A € A} (%u),
showing the validity of RSSOSC and thus, by virtue of Theorem 4,

(S(w)USy(@))NU C LoPys Yoo € W

for some neighborhoods U of ¥ and W of @ and some constant L > 0. We see that by our results we can
establish upper Lipschitz stability of B-stationary and M-stationary solutions and hence, in particular, also
of local minimizers.

Now we want to compare this result with the one, which one would obtain by decomposing into different
branches. Since Qrc = (R- x {0}) U ({0} x R_), the MPEC decomposes into the two nonlinear convex
programs

NLP! (o) min = x

X
subject to g1(x, @) :=x} —x, <0,
&%, 0) = —(n+x+w) <0,
hl(x, CO) = —x3=0.

and
NLP)(®)  min x

= x% —x <0,
—X3 SO;

subject to g1(x, )
)

h(x,0) = —(xn+x3+w0)=0.
b

1 _ {<07070)} if(DZOs
X (w)_{{(xl,—w,o)llxdﬁM} ifw<0



28

Helmut Gfrerer, Diethard Klatte

and for the second problem we obtain

0 if >0,

X (o) = {(0,0,~@)} ifw<0

Hence, for the union X' (@) UX?(®) we only have upper Holder continuity and this demonstrates that in a
straightforward way we cannot derive the stability property of solutions of the MPEC from the continuity
properties of solutions of the different branches.
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