& K3
s md: Yokohama Publishers
G v Online Journal for Editors

a P,
o0 g,

Sinee 199

BILEVEL PROGRAMMING: STATIONARITY AND
STABILITY

S. DEMPE AND S. FRANKE

Abstract: The bilevel programming problem and its Karush-Kuhn-Tucker reformulation as well as a non-
linear surrogate problem are considered. Appropriate constraint qualifications and stationarity concepts are
investigated, the equivalence of two necessary optimality conditions is shown. Stability theorems are proved.
Finally, properties of the optimal value function and the optimal set mapping of a nonlinear optimization
problem related to the classical optimistic bilevel programming problem are investigated.
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Introduction

Bilevel programming problems are hierarchical optimization problems between two partic-
ipants, the follower and the leader. The leader first selects a vector x. This vector is a
parameter in a second optimization problem which is solved by the follower. The follower
selects a response y(z) out of the set of optimal solutions and communicates this to the
leader. Formally, this is described by
min
xr

F(z,y)
st.  G(z) <0
y € U(x) := Argmin {f(z,2) : g(z,z) < 0}.
z
Since ¥(x) can be a point-to-set-mapping, the response of the follower may not be clear.
In order to avoid this ambiguity, we presuppose a cooperation between the two players which

leads to the optimistic bilevel programming problem

min  F(z,y)

st. G(z) <0 (1.1)
y e U(x):= Arginin {f(x,2) : g(x,z) <0}.

For differences between this and the pessimistic approach, the interested reader is referred
to [1].
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184 S. DEMPE AND S. FRANKE

We assume throughout the paper that F, f : R®» x R™ — R, G : R — R* and ¢ :
R™ x R™ — RP? are continuously differentiable functions.

Additional equality constraints can easily be included in both upper and lower level of
the bilevel programming problem. They can be handled by a slight modification of the
constraint qualifications related to (1.1). But since the complementarity structures we want
to examine stem from the inequality constraints, we dropped the equality constraints here
for ease of reference.

There exist various ways to reformulate (1.1) into a single level problem. One possibility
is the usage of the lower level parameter-dependent nondifferentiable optimal value function

pla) = min{f(z,y) : g(z,y) < 0}.

The resulting problem, which is fully equivalent to (1.1), has been extensively studied in
[3, 24].

In this paper, we want to examine another approach. Therefore, let the objective function
f(z,-) as well as the lower level constraints g(x,-) < 0 be convex for every x with G(x) < 0.
Furthermore, we assume that the lower level fulfills a certain constraint qualification like
the Mangasarian-Fromovitz constraint qualification (MFCQ). Then it is possible to apply
the Karush-Kuhn-Tucker (KKT) conditions to the lower level which leads to the following
reformulation of the bilevel programming problem, the KKT reformulation

s F )
G(z) <0, g(z,y) <0
s.t. A>0,ATg(z,y) =0
L(z,y,\) =V, f(z,y) + Vyg(z,y) A = 0.

(1.2)

Problem (1.2) is fully equivalent to the bilevel programming problem if global optimal
solutions are considered [1]. However, this is not true for local optimal solutions, as was
recently shown in [2]. Only if a point (Z,7, A) is a local optimal solution of (1.2) for every
feasible Lagrange multiplier

ANeA@Y) ={ NeRP: \;>0(i=1,...,p), L(Z,,\) =0, \g(Z,7) =0},
then (Z,7) is also locally optimal for (1.1).

The programming problem (1.2) is referred to as classical KKT reformulation. The lower
level reformulation via a generalized equation is called primal KKT approach; investigations
regarding this problem can be found in [4].

Since (1.2) contains complementarity terms of the form AT g(z,y) = 0, the problem relies
on the theory of mathematical problems with equilibrium constraints (MPEC). A detailed
analysis of this class of problems, including optimality conditions and solution algorithms,
can be found in [14].
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For a feasible point (Z,%, \) of (1.2), we define the following index sets which will be the
basis for our analysis:

0

sl
<
>

8l
<
>
I
-~ =

(@7.%)
(@7.)
(@7.)

= 3
i
=3

.5, M) ={i: X\, =0, ¢;(z,7) = 0}
1/::l/(x v, )—{’L i >0, 9i(z,7) = 0}.

As we will see in Section 3, the classification of stationarity concepts strongly depends
on the so-called degenerate set u.

For a feasible point (Z,7, \) of (1.2), let (A4, B) be a partition of pu, i.e. A N B = ),

A U B = pu. Then, for every such pair (A, B), we can define the nonlinear programming
problem
grgnln F(z,y)
" G(z) <0
ot gi(x,y) =0, \,>0 iecvUA (1.3)
) gilwy) <0, N =0 icnUB
L(z,y,\) =0.

One can easily deduce that the union over the feasible sets of the arising problems for all
tuples (A, B) is equal to the feasible set of (1.2) in a sufficiently small neighborhood of the
point (Z,%, ). Unfortunately, the number of partitions equals 2l#1 and may become large if
there exist many degenerate constraints.

The following notations are used throughout the paper. The closure of a set M C R" is
denoted by ¢l M. The graph of a point-to-set-mapping ¥ : R” — 28" reads

gph ¥ = {(z,y) : y € ¥(x)}.

For a differentiable function F' : R" — R, VF(Z) = (V,, F(T),...,Vy, F(T)) denotes the

gradient of F at T. U(T) := U.(T) denotes the open ball around T with a sufficiently small

radius € > 0. The unit ball is denoted by B. The i-th component of a vector a € R™,
= (a1,...,a,) " is denoted by a;. For a matrix A € R"*™ the transposed matrix is A'.

Foundations and Definitions

In this section, some background material which is needed in the paper is provided.

Definition 2.1. Let F': R” — R be lower semicontinuous at Z. The proximal subdifferential
of F' at T is defined by

O"F(x)={deR":3L>0,e >0 with
F(z) > F@) + (d,x —%) — L ||z —z||> Vo € U.(Z) },

and the limiting subdifferential of F' at T is

OF (z) = {d €R": d= lim &, d* € 9"F(a*), oF 2F x}
— 00
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These definitions come from [16]. It follows directly from the definitions that 0™ F(Z) C
OF(T). Furthermore, if the function F' is strictly differentiable, the subdifferential can be
characterized via OF(T) = {VF(T)}.

Definition 2.2. The directional derivative of F' : R® — R at T in a direction h € R™ is
given by

F'(z.h) = lim F(Z +th) — F(Z)
’ 10 t '

If F is differentiable at T, then the directional derivative at T exists for every direction
h € R™. Furthermore, it holds that F'(Z,h) = V F(z)'h.

Definition 2.3. The proximal normal cone of a closed set M C R™ at T € M is defined by
NT(T) = {deR” 3L >0 with (d,z —7) < Lz — 7||° Yz € M},

the limiting normal cone of M at T € M is its upper limit in the sense of Kuratowski-
Painlevé:

Ny (7) = { lim d* € R": d* € NJ,(z%), 2% 23 x}
k—o0
We complete this section with some properties of point-to-set-mappings.

Definition 2.4. A point-to-set-mapping ¥ : R” — 28 is lower semicontinuous at Z if for
every open set  with QN ¥ (T) # (), there exists £ = ¢(2) > 0 such that

U(T)NQ#0 Ve € U(T).

Definition 2.5. A point-to-set-mapping ¥ : R” — 28" is called locally upper-Lipschitzian
at T with modulus L if there exists € > 0 such that

U(z) CU(Z)+ Lz —z||B
holds for every = € U.(T).

Finally, we need to introduce a suitable substitute for the definition of a derivative for
point-to-set-mappings which goes back to Mordukhovich [16].

Definition 2.6. Let ¥ : R* — 28" be a point-to-set-mapping and let (Z,7) € cl gph V.
Then, the coderivative D*W¥ : R™ — 28" of W at (Z,7) is defined by

D™z, g)(y") = {2" € R": (2%, —y") € Neph v(T,7))} -

For a detailed analysis and properties of the aforementioned concepts, the reader is
referred to [16] and [18].

Stationarity Concepts

At the beginning of this section, we formulate optimality concepts for the KKT reformulation
(1.2). There exist different stationarity concepts for mathematical problems with equilibrium
constraints, see for example [6]. The special structure of the bilevel programming problem,
especially the lower level stationary conditions, make a direct application difficult. Great
contribution to the refinement of the conditions was done for example in [4]. We want to
confine our studies to two approaches. M-stationarity was first introduced in [23].
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Definition 3.1. Consider (1.2). A feasible point (Z,7) € gph ¥ with G(Z) < 0 is called M-
stationary if there exist multipliers (a, 8,7, A) € R¥ x RP x R™ x RP such that the following
conditions hold

Vo F(Z,9) + VG(@)  a+ Vag(T,7) 8+ V.L(E,5,A) 7 =0 (3.1)
V,F(Z,9) + V9779 B+ V,L(T,T5N) v=0 (3.2)
a>0,a'G@) =0 (3.3)

X>0, X g(z,y) =0 (3.4)

B;i=0 Vi: ien (3.5)

Vy9i(Z,5)y=0 Vi: i€v (3.6)

Bi >0, Vyg:(Z,7)y >0V £:i(Vyg:(Z,5)y) =0 Vi: i€pu  (3.7)

Conditions (3.1) - (3.7) are called M-stationary conditions for problem (1.2).
The second concept we consider is an intensification of Definition 3.1.

Definition 3.2. Consider (1.2). A feasible point (Z,%) € gph ¥ with G(Z) < 0 is called
S-stationary if there exist multipliers («, 3,7, A) € R¥ x RP x R™ x R? such that (3.1) - (3.6)
and additionally

Bi 20, Vygi(@,y)y 20 Vi:i€p. (3.8)
holds. These conditions are called S-stationary conditions for problem (1.2).

It follows directly from the definitions that every S-stationary point of (1.2) also fulfills
the M-stationary conditions, i.e. every S-multiplier is also an M-multiplier.

In [5], another approach is used to derive necessary optimality conditions for the KKT
problem (1.2). There, the basis is the Guignard constraint qualification [17] which demands
the equivalence between the dual of the linearized tangent cone and the negative of the
normal cone. The Guignard constraint qualification corresponds to the dualized Abadie
constraint qualification [17]. The following necessary optimality conditions for problem
(1.2) are achieved for c e Ry :={t € R: ¢t > 0}:

V.F(Z,5) +VG@) a4+ Vug(T,79) " (B — oX) + VL.LNT,5) 7 =0
V,F(Z,79) + V(@5 (68— 0N + V,LOLT,7) Ty =0
a>0a G@) =0
B>0,8"g®7y) =0 (39)
A>0, ) g(ﬁy) =

V9@, 7)7 — 0g(7,7) > 0, X (Vy9(Z,7)7) = 0.

The explicit derivation of the conditions (3.9) can be found in [5]. Our aim now is to
establish a connection between the conditions (3.9) and S-stationarity. Related relations
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between S-stationarity conditions for an MPEC and KKT conditions of a nonlinear opti-
mization problem can be found in [7].

First, let (67 8,7, E) be the multiplier of a point (Z, %) fulfilling the conditions (3.9) with
the corresponding multiplier . We show that (@, 8 — @\, %, A) is an S-stationary multiplier
for (Z,7). Obviously, conditions (3.1)-(3.4) follow directly from (3.9). Condition (3.5)
is also valid since 3, — @\; = 3; = 0 for i € 1 because of the complementarity conditions
BTQ(E@) = 0 in (3.9). We get condition (3.6) from XT(Vyg(E, 7)y) = 0 since \; > 0
for i € v. Finally, we verify condition (3.8). For the index set y, it holds that 8, — G\; =
B; > 0 as demanded in (3.9). From V,g(Z,7)y — 79(Z,y) > 0 we get V,g;(T,y)7 > 0 since
9i(Z,7) = 0 for i € p. Hence, (T,7) is an S-stationary point of (1.2) with the multiplier
(@, B —\,7).

For the reverse direction, i.e. in order to derive the stationarity conditions (3.9) from
the S-stationary conditions in Definition 3.2, some conditions on the value of o need to be
imposed. They are formulated in the following theorem.

Theorem 3.3. Let (7,7) be an S-stationary point of problem (1.2) with the corresponding
multiplier (a, 8,7, \) € RETPEMIP and the index sets n,v, . Then, there exists o € R with

Bi+ohi >0 Viev (3.10)
V9T, )y —o0g:(T,y) >0 Vien. (3.11)

Then (Z,7) fulfills (3.9) with the corresponding multipliers (a,ﬁ +oM,7, a).

Proof. We only need to ensure the validity of

B+oA>0

(B+0oX) g@7) =0

in the conditions (3.9) for all three index sets 1, v, u. The complementarity conditions follow
easily by the definition of n, v, u. For the nonnegativity of

Bi+oX Vi € v,

we only have \; > 0 and further need to assume (3.10). Analogously, for i € 7 we only know
that g;(7,y) < 0 which demands assumption (3.11).

A correct selection of the multiplier ¢ is ensured by choosing

JZmax{O,max{ﬁi};max{vygi(x’yh}} (3.12)
iev N ) ien 9i(T,7)

because the other conditions in (3.9) are trivially fulfilled. Due to the assumptions on
the occurring variables in (3.12), the maximum is well-defined, hence the existence of the
multiplier is ensured. O
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Note that conditions (3.10) and (3.11) do not pose additional assumptions since the
right-hand side of inequality (3.12) is finite if (Z,7) is an S-stationary point.

In order to formulate optimality conditions for the KKT reformulation (1.2), suitable
constraint qualifications need to be introduced. Due to the complementarity terms in (1.2),
it is easy to prove that the usual constraint qualifications used for nonlinear problems like
the MFCQ and therefore also the linear independence constraint qualification (LICQ) do
not hold at any feasible point of (1.2), see for example [24].

A constraint qualification for M-stationary points is the no nonzero abnormal multiplier
constraint qualification (NNAMCQ). For the definition and proof of the lemma regarding
the standard MPEC version see for example [22]. For nonlinear programs, NNAMCQ is
equivalent to the MFCQ.

Definition 3.4. At a feasible point (7,7, \) of (1.2), NNAMCQ is said to be fulfilled if
there does not exist any nonzero vector (a, 8,7) satisfying

VG@) a+ V97,75 B+ VL@, F,N) 7=0
Vy9(Z,9) " B+ VLT, 5,%) 7 =0
L(Z,5,\) =0
>0 Vi: i€
Bi=0 Vi: ien
Vy0i(ZT,5)y=0 VYi: i€v
either §; > 0,V,9,(Z,7)y > 0
or Bi(Vygi(z,y)y) =0 Vi: i€p.

Lemma 3.5. Let (Z,7,\) be a local optimal solution of (1.2) at which NNAMCQ is fulfilled.
Then, there exist multipliers (o, B,7) such that the M-stationarity conditions (3.1) - (3.7)
are fulfilled ot (Z,7).

The proof of this Lemma is similar to the respective proof in [22]. We add it for the sake
of completeness and since the considered problems here and in [22] are different.

Proof. Let (7,7, Xl be locally optimal for (1.2). This is equivalent to (Z,%,\,a,b) with
a=—g(Z,7), b = X being a local optimal solution of the problem

min F(x,y)
z,Y,\,a,
G(z)<0
9(x,y) +a=0,-A+b=0 (3.13)
L(z,y,\) =0
(a,b) € Q

which is equivalent to (1.2) for @ = {(a,b) ER?P x RP: a>0,b>0,a'b=0}. Since
(%, 7, \, @, b) is locally optimal for (3.13), there exist multipliers x > 0, (a, 3,7,&) # (0,0,0,0)
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and (a*,b*) € Nq(@,b) with

Vo F(z,5)" VG(@) a Vag(z.7)"
va(fay)T 0 vyg(fay)—rﬂ
0=y 0 + 0 + 0
0 0 B
0 0 0
VLT, N) Ty 0 0
e (3.14)
V,L(Z, G, ) v 0 0
| Veg@y)y | +H[E[+H]0
0 a*
0 ¢ b*
a; >0 Vi:ief
a'G(T) =0
as follows from [16]. It holds that (a*,b*) € Nq(a,b) with
Na(a,b) = {(a*,b*): a*=0 ifa>0
b* =0 it >0 (3.15)

a*,b*>0o0ra* b*=0 if a=>b=0}.

NNAMCQ means that w.l.o.g., x can be chosen as 1. Conditions (3.1) and (3.2) of the
definition of M-stationarity follow directly from (3.14). Furthermore, from (3.14) we also
conclude V,g(Z,y)y—¢ = 0, hence £ = V,g(Z,y)y. Taking into account that a > 0 whenever
g(z,y) < 0, which follows from problem (3.13), as well as considering the formulation of the
normal cone (3.15), we deduce from 8+ a* = 0 that 8; = 0 for i € n. Following analogous
argumentations for the sets v and p, we get the relations (3.6) and (3.7). The proof is
complete. O

A constraint qualification for S-stationarity is an adjustment of the MPEC-LICQ, for
the standard version see [14], see also [21].

Definition 3.6. Let (Z,7, \) be feasible for (1.2). MPEC-LICQ holds at the point (Z, 7, A)
if the matrix
VGy(ZT) 0 0
V:ngUu (j’ y) vyguu;t(fa @) 0

8|

has full row rank.

Scholtes and Stohr showed in [21] that MPEC-LICQ holds generically for the problem
(1.2).

It is commonly known that MPEC-LICQ is equivalent to the usual nonlinear LICQ for
the relaxed problem
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min F(z,y)
T,Y,A
G(z)<0
s.t. g(z,y) <0, A >0,
L(z,y,\) ==V, f(z,9) + Vyg(z,y) A =0

(3.16)

since the complementarity terms A" g(z,y) = 0 are dropped in this problem; for an explicit
proof see [14]. Under MPEC-LICQ, the multipliers corresponding to an S- (hence M-)
stationary point are uniquely defined which implies that the two stationarity definitions
coincide. Furthermore, this means that for every branch of (1.3) arising from a partition
(A, B) of p, the multiplier is unique, and therefore the multiplier is independent of the
partition (4, B).

The following lemma gives some relations between local optimal solutions and S-stationary
points of problem (1.2) under MPEC-LICQ. It is an application of results in [20].

Lemma 3.7. Let (Z,9,\) be a local optimal solution of (3.16), and let LICQ hold at this
point. Then, there exist multipliers (o, 8,7) such that (T,y) is an S-stationary point for
(1.2) with multipliers (o, 8,7, \).

Proof. The optimality conditions for the relaxed problem (3.16) with respect to (Z,7, \) are

V.F@,7)" VG(@) o
0= |V, F(z,y)" | +
0

V.9(T.3)" B VoL@, G,N) 0
+ (V@B |+ | VL@ TNy | - |0 (3.17)

0 Vy9(T,7)y 3
;>0 Vi:ich (3.18)
Bi>0 Vi:icvUp (3.19)
£& >0 Vi:ienUp (3.20)
a'G(T) =0 (3.21)
8g(@,9) =0 (3.22)
ETx=0. (3.23)

From (3.22) we deduce that 8; = 0 for i € n which is condition (3.5) of S-stationarity. Since
& = Vy9(7,y)v which we get from (3.17), we can use (3.23) in order to derive V,g;(Z,7)y = 0
for all ¢ € v which equals the S-stationarity condition (3.6). Finally, the nonnegativity (3.8)
of 8; and V,g;(Z,7)y for i € p follows from (3.19) and (3.20). The proof is complete. [

Strongly Stable M- and S-Stationary Points

Our aim is to provide conditions for strong stability of the introduced stationary points.

Definition 4.1. An M-stationary (S-stationary) point (Z, %) of (1.2) is called strongly stable
in the sense of Kojima [13] if for some r > 0 and each € € (0, r] there exists a § = §(¢) > 0
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such that for every (F, f, G, §) € C? with
~ ~ ~ - 2
I(F = F,f = F.G=C.g =95,z < 0,
there exists (Z, ) which is M-stationary (S-stationary) for (1.2) in U.(Z,¥) and unique in
UT" (fa ?) .

Turning our attention to problem (1.2) and the corresponding index sets u, v, 7, potential
problems arise whenever the degenerate index set p is nonempty. Having a closer look at the
stationarity conditions, it becomes obvious that a deeper classification is possible. Therefore,
considering an M-stationary point (Z,7) and the corresponding multipliers (a, 3,7, ) of
(1.2), we introduce for (; := V,¢;(Z,7)y the following partition of the index set pu:

p={i€u: p;>0¢>0}
g:={iep: B; >0, =0}
r={iepn: 8;=0,¢ >0}
si={iep: B <0, =0}
tZ:{iE/LI 57;:0,@<0}
vi={ieu: B;=0,¢ =0}
Now, the possibly degenerate structure is reduced to the set v C p.

Remark 4.2. Regarding S-stationary points, the index sets s and ¢ are by definition empty.

The next lemma provides a characterization of stationary points of the KKT problem
(1.2) using the partition (4.1).
Lemma 4.3. Let (7,%) be M-stationary for (1.2) with the multiplier (a, 3,75, )). Assume
that the set v is empty. Let the mapping H be defined by
VoF(2,y) + VG(z)Ta+ Vag(z,y) "8+ VaL(z,y,\) Ty
VyF(z,y) + Vyg(a,y) B+ VyL(z,y,\) Ty
min{«a, —G(x)}
min{)‘v _g(xv y)}
Lz, y, )
9v(z,y)
An
9p(2,y)
H(xay7a7B77aA) = )\P
9q(@,y)
min{{,, A¢}
min{ﬂra —9r (1'7 y)}
Ar
9s(x,y)
Cs
B
At
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Then, in a sufficiently small neighborhood of (T,7), every M-stationary point (Z,3) of (1.2)

with multipliers (@, B, 9, X) sufficiently close to (@, 3,7, ) is a root of the mapping H and
vice versa.

Proof. That every M-stationary point is a root of H follows directly from Definition 3.1 and
the partition of the index set p. The closeness condition is used to guarantee that the index
sets v, u, and 1 do not change. For the reverse direction of the Lemma, the validity of
M-stationary conditions (3.4) and (3.7) have to be verified for the respective index sets v,
W, and 7. O

The condition that (a, B, 9, X) is sufficiently close to (@, 3,7, ) is guaranteed under
MPEC-LICQ.

Proposition 4.4. Let (Z,y) be an S-stationary point of (1.2) for the multipliers (a, 8,7, X)
The first direction of Lemma 4.3, i.e. H(z,y,a,B,7,\) = 0 for every S-stationary point
(z,y,0,B8,7,\) € U7, aB,7% ), holds automatically since S-stationarity implies M-
stationarity. For the reverse direction, we further need to assume that besides v, also the
index sets s,t are empty since S-stationarity requires the multipliers (3;,(; to be nonnegative
for every i € p.

A standard way to achieve strong stability for nonlinear programs is via LICQ and
sufficient conditions of second order. We formulate such conditions in Theorem 5.6 of Section
5. Another approach appears in [12] where regularity of the matrices OH is used. The next
theorem is based on the latter principle and provides sufficient conditions for strong stability.

Theorem 4.5. Let (T,y) be an M-stationary point of (1.2) with the multipliers (@,@W,X).
Consider H(Z, 7, @, 8,7, \) as introduced above. If v =10, all the matrices OH(T, 7, @, 8,7, A)
are reqular and MPEC-LICQ holds, then (T,7) is a strongly stable M-stationary point of
(1.2).

Proof. With the help of Lemma 4.3, we get H(Z,7, @, 3,7, ) = 0. This allows us to apply
Theorem 4.3 and Remark 4.4 of [12] which states the equivalence of non-singularity of all
the matrices in the Clarke’s subdifferential OH (%, 7, @, 3,7, A) and strong stability of (Z,7)
under LICQ. O

Proposition 4.6. Under the assumptions of Theorem 4.5, the statement can be applied
directly to an S-stationary point of (1.2) since every S-stationary point is also M-stationary.

For the investigation of C-stationarity, a concept that is weaker than M-stationarity,
we refer the interested reader to [11]. There, a full characterization of strongly stable C-
stationary points is given under similar assumtions.

Properties of the Nonlinear Program

We turn our attention to the nonlinear program (1.2) and split it into a patchwork of
problems (1.3). Then, properties of solutions and of the optimal value functions of these
problems can be used to derive properties of the problem (1.2).

For a feasible point (Z,7, \) of the KKT problem (1.2), we consider one nonlinear problem
(1.3) arising from a special partition (A, B) of the degenerate index set p. In order to study
the stability of a locally optimal solution of (1.3), we need to investigate its parameterized
optimal value function
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eNLP(T) = G {F(z,y): (y,A) € Mypp(2)}

with the set of feasible points

Myrp(z) = {(y,\) e R™*": G(z) <

&

gi(z,y) <0, \; =0 1€nUB
L(z,y,A) =0}

(
gi( y)—O \N>0 icevUA
(z,9)

and the set of optimal solutions

Upnpp(x) = Argmin  F(z,y).
(y;,\)EMNLP(x)

We get the relation
o) = (gug) onLp(T)

for the optimal value function of the original problem.

First, we get the following representation for the directional derivative of the optimal
value function. The idea for this representation stems from [8] and [19].

Lemma 5.1. Suppose that there exist k € R and a compact set S C R™ P with pnpp(T) < K
and
{(y,\) € Myrp(z): F(z,y) <k} CS VzeU(). (5.1)

Furthermore, let LICQ be fulfilled for every (y,\) € Unrp(T). Then,

! 77h - i VIL 77 ) ) ? 7A h
Onrp(T,h) (y’A)glpgle(E){ (T,y,a, 8,7, \)h}

with the Lagrangian function

L(z,y, o, 8,7, A) = F(z,y) + o G(z) + B g(x,y) + 7" L(z,y, N).

Proof. Consider the problem (1.3). Under LICQ, the Lagrangian multiplier is defined
uniquely. The existence of a solution (y, ) in a sufficiently small neighborhood of T as
long as Mypp(z) # () is ensured by the condition (5.1). In order to derive the result from
[8], we only need to ensure that Wypp is uniformly compact. This follows from condi-
tion (5.1) which ensures the boundedness of the level sets {(y, A\) € Myrp(x): F(z,y) < k}
together with [16] which ensures the closedness. O

Remark 5.2. Condition (5.1) is called inf-compactness condition. The formula for the
directional differentiability in the form used here can also been found in the paper [10].

Remark 5.3. It is possible to presuppose the inf-compactness condition with respect to the
KKT problem (1.2), its parameter-dependent feasible set M (x) and optimal value function
@(z). This is valid because for every branch, i.e. for every partition (4, B), and for « and
S as introduced in Lemma 5.1 we get ¢(T) = onrp(T) < k and

{(v, ) € Myrp(@): Fz,y) <r} S{(y,A) € M(z): F(z,y) <k} C S
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for all z € U(Z). Analogously, the LICQ condition for the nonlinear program can be sub-
stituted by MPEC-LICQ for the KKT reformulation since in a small neighborhood of (Z,7)
and for every partition (A, B), the feasible set of (1.3) is contained in the one of the original
problem (1.2). This means that MPEC-LICQ ensures LICQ for every branch of (1.3).

Example 5.4. We want to examine the bilevel programming problem
min  F(z,y) = (v — 1)?
T,y
st. y€eV(zr):=Argmin {22 +2%: g1(z,2)=1—-2+2<0}.
z

The solution of the KKT formulation
miI}\ F(z,y) = (x —1)?

st gi@y)=1—2+y<0,A>0,gi(r,y) - A=0
L(xz,y,\) =2y+A=0
is (z,y,\) = (1,0,0). Hence, the index set p = {1} leads to the two possible partitions
(A,B) = ({1},0) and (A4, B) = (0,{1}). Therefore, two nonlinear surrogate problems arise.
We confine our studies to the following one with (A, B) = ({1} ,0), namely

mir;\ F(z,y) = (z —1)?
st gi(@y)=1—2+y=0,X >0
Ly(z,y,\) =2y +A=0.
It can be easily deduced that the only feasible solution of the latter problem is (z,y,A) =
(1,0,0) and that LICQ holds at this point. Then, the calculation of the directional derivative
for h € R reads

¢npp(lh) =h2(@ - 1) - B).
Evaluating the optimality conditions, we get 8 = 0 belonging to the constraint ¢;(z,y) =
1—2+y =0, and v = 0 which is the multiplier of the constraint £(z,y,A) = 2y + X = 0.
Hence, ¢y p(1,h) =0 for every h € R.

In order to formulate continuity statements for the optimal value function pnp, we
need to introduce a second order condition.

Definition 5.5. Let (7,7) be S-stationary for (1.2) with the unique multiplier (@, 3,7, \).
The strong second order sufficient condition (MPEC-SSOSC) holds at (z,7) if

d"ViL(z,7,a,B,7,\)d > 0
for every nonzero vector d = (dx, dy,d)\) " € R P satisfying
VGi(ZT)der =0 Vi:a; >0
de=0 Vi:ievUp
Vy9i(Z,y)dy =0 VYi:ievUp

(Vygi(@, 7)) dN =0 Vi:i€nUp

with L(z,y, o, 8,7,A) = F(z,y) + o G(z) + B g(z,y) + 7 L(z,y,\).
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Theorem 5.6. Let (Z,7) be an S-stationary point of (1.2) at which MPEC-LICQ and
MPEC-SSOSC are fulfilled. Then, pnpp is Lipschitz-continuous over U(T) and there exists

a unique, continuous function ((x), X(x)) of optimal solutions with (§(Z), \(T)) = (7, A).

Proof. We begin with the proof second part of the theorem. From MPEC-LICQ and MPEC-
SSOSC we derive that both LICQ and SSOSC hold with respect to every branch (i.e. every
partition of y) of the nonlinear program (1.3). It follows that (Z,%) with (7,A) € ¥x7p(T)
is a unique optimal solution for every partition (A, B). This remains true in a sufficiently

small neighborhood, i.e. for every x € U(Z), there exists a unique solution (g(x), A(z)) with

(7, ) : R™ x RP — R being continuous as follows from the implicit function theorem.
The Lipschitz-continuity of ¢z p can be deduced analogously. O

Since for every partition, the corresponding nonlinear program (1.3) respresents a part
of the feasible set of the original problem, the investigation in certain directions is of special
interest. Therefore, consider the curve

x(t)=T+th+o(t) 0<t<e
for some € > 0. Now we want to prove a Lipschitzian property for the optimal set mapping
¥ of (1.3).
Theorem 5.7. Suppose that LICQ holds for every (y,\) € ¥npp(T) and that the inf-
compactness condition (5.1) is fulfilled. For all (y,\) € Unrp(T) with
wGVLP(ED h) = va(Ea Y, &, Bv Vs )‘)hv

let there be a sufficiently small neighborhood U(y, A) such that the active index sets

{ievUA: X;=0}U{ienUB: gi(z,y") =0} (5.2)

do not change for all (y', ') € U(y, A), (v, X)) € Unrp(T) with Unrp being compact. Then,
the optimal set mapping VY nrp is locally upper Lipschitzian at T along the direction h, i.e.
there exists L > 0 such that

Unrp(z(t) € Unop(T) + LB
holds.
Proof. First, we need to introduce the critical cone to My p at (Z,y) with (y,\) € U n1p(T),
C(y,\) ={ (dy,d\) e R™*?: V,g,(T,y)dy=0ific v UA
d\; =0ifi € vUA, Vyg,(Z,y)y>0,A =0
d\i >0ifi e vUA, Vygi(T,y)y =X =0
Vy9i(T,y)dy =0if i e nU B, 8 > 0,9:(T,y) =0
Vygi(T,y)dy < 0ifi e nU B, B; = g;(T,y) =0
d\i=0ifienUB
VyL(T,y, \)dy + VAL(Z,y,\)d\ =0}
and the linearized cone
T (y, \) = { (dy,d\) e R™*P: V,0;(Z,y)dy =0ifi e vU A
d\; >0ifievUA N\ =0
d\ =0ifienUB
Vygi(T,y)dy <0if i € nU B, g:(T,y) =0
VL(Z,y, \)dy + VAL(Z,y,\)dA =0 }.
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It follows readily that
{(dy,d)) € C(y,\) : dy' V2, L(T,y, Ndy + dAT V3, L(T, y,\)d\ = 0}
C Cy,\) CT™(y, )

holds. Since LICQ holds for every (y, ) € Uy p(T), also the Abadie constraint qualification
is fulfilled [17] which means that we get the inclusion

Tlin(ya )‘) - TMNLP(E) (ya A)

for every (y,\) € Myrp(T).

Furthermore, the compactness of ¥ 1, p allows the formulation of the coderivative at (T, y, A) €
gph Uy p for every (y,A\) € MyLp(T), see Definition 2.6. As a result from Theorem 5.6,
Uyrp is a smooth manifold at (y, \).

Now, all assumptions are fulfilled in order to apply [19, Theorem 3.1]. O

Remark 5.8. A sufficient condition for the index sets (5.2) being constant is that p = 0.
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