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Abstract. For a long time, the bilevel programming problem has essentially been considered
as a special case of mathematical programs with equilibrium constraints (MPECs), in particular
when the so-called KKT reformulation is in question. Recently though, this widespread believe was
shown to be false in general. In this paper, other aspects of the difference between both problems
are revealed as we consider the KKT approach for the nonsmooth bilevel program. It turns out that
the new inclusion (constraint) which appears as a consequence of the partial subdifferential of the
lower-level Lagrangian (PSLLL) places the KKT reformulation of the nonsmooth bilevel program in
a new class of mathematical program with both set-valued and complementarity constraints. While
highlighting some new features of this problem, we attempt here to establish close links with the
standard optimistic bilevel program. Moreover, we discuss possible natural extensions for C-, M-,
and S-stationarity concepts. Most of the results rely on a coderivative estimate for the PSLLL that
we also provide in this paper.
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1. Introduction. Our basic interest in this paper is the following class of the
standard optimistic bilevel programming problem that we denote by (P):

min {F(z,y)|y € S(z), Gj(z) <0,j=1,...,k}
@y

with S(z) = argm;n {flz,y)| gi(z,y) <0,i=1,...,p}, (1.1)
where the functions G; [R™ — R] for j = 1,...,k, define the upper-level constraints,
while g; [R” x R™ — R] for ¢ = 1,...,p, describe the lower-level constraints. On the
other hand, F'[R™ x R™ — R] and f[R™ x R™ — R] denote the upper- and lower-
level objective/cost functions, respectively. The set-valued mapping S : R = R™
represents the solution/argminimum mapping of the so-called lower-level problem.
Further recall that problem (1.1) as a whole is often called upper-level problem. All
the functions involved in (P) are assumed to be locally Lipschitz continuous and not
necessary continuously differentiable as it is often the case in the literature.

It is important to recall that functions used to model real situations are often not
differentiable which was an essential initial point to investigate nonsmooth optimiza-
tion problems. Recent applications of nonsmooth bilevel optimization include image
denoising [18] and variational inequality problems [11]. Bilevel optimization problems
are really hard problems, known to be NP-hard, see, e.g. [10] and others. Neverthe-
less, investigating them in a nonsmooth setting is interesting and can be helpful if
the problem in a real situation cannot be formulated using only smooth functions. In
that case it arises that the combination of the complementarity conditions and the
new inclusion constraint replacing the lower-level problem lead to new challenges and
thus to a new insight into the bilevel optimization problem; cf. Sections 3-7.
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Nonsmooth bilevel optimization problems have been investigated before, see, for
example, [19, 31], where solution methods are suggested for some special classes.
Necessary optimality conditions are derived in [5, 6, 23, 36] while using the so-called
lower-level value function (LLVF) approach

min {F(z,y)| Gj(z)<0,j=1,...,k,
flz,y) < pl2), gi(z,y) <0,i=1,....p},
with ¢(z) := min {f(z,y)|¢:(z,y) < 0,74 = 1,...,p} denoting the optimal value
y

(1.2)

function of the lower-level problem. It happens, however, that in some particular
settings (see, e.g., [15]), optimality conditions obtained via the KKT reformulation
provide a richer set of information than their LLVF-counterpart. Moreover, the liter-
ature on mathematical programs with equilibrium/complementarity constraints (i.e.,
MPECs/MPCCs, for short) provides an important number of algorithmic schemes
that could well be extended to the nonsmooth case. Further note that the LLVF
reformulation being defined by an implicit constraint makes it quite complicate to
construct viable CQs and algorithms. Hence, we are interested in this paper to ex-
tend some results about the KKT reformulation of the bilevel optimization problem
in the smooth case (see, e.g., [9, 35, 38]) to the nonsmooth setting.

To proceed, we assume throughout the paper that the lower-level problem is con-
vex, i.e., the functions f(z,.) and g;(z,.) fori = 1,...,p, are convex for all x satisfying
the upper-level constraints: G;(z) < 0 for j = 1,..., k. If, additionally, we assume
for a moment that all the functions involved in (P) are C! (with f and g being C?),
then it can take the form of a classical KKT reformulation

min {F(z,y)] L(z,y,u) =0, Gj(z)<0,j=1,...,k,
Ty, ) (1.3)
u; >0, gi(z,y) <0, uigi(x,y) =0,i=1,...,p},
where L(z,y,u) = V,f(z,y) + >0, u;Vygi(z,y) stands for the derivative of the
lower-level Lagrangian w.r.t. y. Next, we recall the link between (1.3) and (P). For
the remainder of this result, recall that for some Z, the Slater constraint qualification
(CQ) is said to be satisfied at this point if it holds that

{y e R™| ¢;(Z,y) <0,i=1,....,p} #0. (1.4)
To easily refer to the upper-level feasible points in what follows, we collect them in
the set X = {z e R"|G;(z) <0,j=1,...,k}.

THEOREM 1.1 (relation of (P) to the KKT reformulation in the smooth case [4]).
Let (z,9) be a global (resp. local) optimal solution of (P) and assume that CQ (1.4)
is satisfied at . Then, for each u € A(Z,y), the point (Z,y,u) is a global (resp. local)
optimal solution of problem (1.3). Conversely, let CQ (1.4) hold at all x € X (resp.
at ). Further assume that (Z,y,) is a global optimal solution (resp. local optimal
solution for all w € A(Z,q)) of problem (1.3). Then, (Z,7) is a global (resp. local)
optimal solution of (P).

Here, A(Z,y) stands for the set of vectors w satisfying £(Z,y,u) = 0, u > 0,
g(z,y) <0and u'g(x,y) =0, i.e., the set of Lagarange multipliers for the lower-level
program. To recall the definition of the stationarity concepts of (P) resulting from
(1.3), we now introduce the following partition of the indices of the functions involved
in the associated complementarity constraints:

0:9(@ 7, a) ={i=1,...,p| 4 =0, g,(aé gj)_o} (1.5)
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The middle set 6 is known as the biactive or degenerate index set. The difference
between the concepts is materialized by the structure of some components corre-
sponding to #. To further simplify the presentation, consider the following set of
conditions which remain unchanged:

k P
VoF(2,9)+ Y a;VG(®) + Y BiVaegi(Z,9) + Y nVaLi(Z,5,0) =0, (1.6)

j=1 i=1 1=1

m

P m
VyF(,9) + Y BiVygi(®,9) + Y _ VL, 5,a) =0, (1.7)
=1 =1

Vi=1,...,k: a; >0, o;G;(z) =0, (1.8)
Vygu(Z,5)y =0, B, =0. (1.9)

Observe that the derivative of the function £ induces second order terms for functions
involved in the lower-level problem:

Z%l ’}/l(viylf(:z.u g) + Zf:l ulviy,gz(
VE(SE, g? ﬁ)T7 = ZZZI ’W(viyzf(j’ g) + 2511 ulv?ﬂ/lgl(
(Z?il /vazgl(ja g)a M} Z;il ’vazgp(j% g))

Further note that the vector V,g,(Z,%)y in (1.9) represents the components of the
last line of the right-hand-side of (1.10) for which ¢ € v C {1,...,p}. The reason for
fully understanding the formula in (1.10) will become clear as from Section 3, when
we develop the coderivative estimates of £ in the nonsmooth case.

DEFINITION 1.2 (C-,; M-, and S-stationarity concepts in the smooth case). For
problem (P), a feasible point (T,q) is said to be:

(i) SP-C-STATIONARY (resp. P-C-STATIONARY) if for every @ € A(Z,y) (resp.
for some @ € A(Z,7)) we can find a triple (o, B,7) € RFFTPE™ sych that the conditions
(1.6)—(1.9) together with the following one are satisfied:

z,9))
z,7)) . (1.10)

T

Vie0: B> Vygi(z,9) > 0. (1.11)
=1
(79) SP-M-STATIONARY (resp. P-M-STATIONARY) if for every u € A(Z,y) (resp.
for some @ € A(Z,9)) we can find a triple (o, B,7) € RFTPE™ sych that the conditions
(1.6)—(1.9) together with the following one are satisfied:

VieO: (Bi>0A> %Vygi(Z,5) >0) VB Y 7Vyg:(Z,5) =0. (1.12)
=1 =1
(#41) SP-S-STATIONARY (resp. P-S-STATIONARY) if for every u € A(Z,7) (resp.
for some u € A(Z,9)) we can find a triple (o, B,7) € RETPE™ sych that the conditions
(1.6)—(1.9) together with the following one are satisfied:

Vief: Bi>0AY 1Vy0i(z,9) > 0. (1.13)
=1

Note for instance, that the term “SP-C-STATIONARY” stands for STRONG P-C-
STATIONARY. The “P” refers to the stationarity concepts of problem (P) in (1.1) as
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oppose to “P,” and “P,” which are used in [7, 8, 38] to symbolize the counterparts of
these conditions for the original optimistic and pessimistic bilevel programs, respec-
tively. Similar statements can be made for the other stationarity concepts. Obviously,
we have the following relationships:

SP-S-stationary = SP-M-stationary = SP-C-stationary
3 \ I

P-S-stationary = P-M-stationary = P-C-stationary

This concepts were introduced and justified in [9] (also see [38] for more details)
under appropriate CQs. For stationarity concepts of related MPECs, the interested
reader is referred, for example, to [13, 30, 33], where many other classes of stationarity
conditions are discussed.

The main aim of the current paper is to extend Theorem 1.1 and the stationarity
concepts of Definition 1.2 to the case where the functions involved in (P) are nons-
mooth. To proceed, we use notions from variational analysis that are introduced in the
next section. In Section 3, we develop tools in the framework of nonsmooth paramet-
ric optimization, including the upper semicontinuity of the nonsmooth counterpart of
A, as well as coderivative estimates for the partial subdifferential Lagrangian of lower-
level problem (PSLLL). The latter point can essentially be formalized as the extension
of the formula (1.10) to the nonsmooth framework. In Section 4, we discussed the non-
smooth version of Theorem 1.1, while using developments from the previous section.
The remaining sections 5, 6 and 7 are devoted to the introduction and justification
of nonsmooth counterparts of the C-, M- and S-stationarity concepts. We mainly use
the basic/Mordukhovich subdifferential, as it allows good calculus rules and generates
sharper optimality conditions. The Clarke subdifferential is partly involved just when
the C-stationarity is in consideration or when the plus/minus symmetry is needed.
Final comments and extensions of the results developed in the paper are discussed in
Section 8.

Throughout the paper, we may use 0,, for the origin of R™ in situations where
some confusion may be possible. For any vector a, we could use a;, (with b = v, 5
or 0) to symbolize (a;);cp. Finally, for two vectors a and b, we may also write (a,b)
instead of (a,b) to simplify notations.

2. Basic definitions and concepts from variational analysis. For a closed
subset C of R™, the basic (or limiting/Mordukhovich) normal cone to C' at one of its
points T is the set

NC(E) = {U € Rn| Jop = v, . > T (:Ek € C) Vg € ]\Afc(xk)}, (2.1)

where ]\Afc denotes the dual of the contingent/Bouligand tangent cone to C. Note
that if C' := ¢~1(Z), where £ C R™ is a closed set and 1 [R™ — R™] a Lipschitz
continuous function around Z, then we have

Ne(@) € J{o(w, )(@)] v € N=((2))}, (2.2)
provided the following basic-type qualification condition (QC) is satisfied at z:
[0 € (v, ¥)(Z), v € N=((z))] = v =0, (2.3)

cf. [20] or [29]. Equality holds in (2.2), provided that the set Z is normally regular at
(), i.e., N=(¥(Z)) = N=(¢(Z)). This is obviously the case if Z is a convex set.



5

In (2.2) and (2.3), the term 9(v, 1) (Z) refers to the basic (or limiting/Mordukhovich)
subdifferential of the function z — >, v;4;(x) at the point Z. Generally speaking,
if ¢ [R™ — R], then the basic subdifferential of ¢ at Z can be defined by

Op(z) :={§ € R"[(§, —1) € Nepiy (T, ¥(T)) }-

Here, epity) stands for the epigraph of ¢. If ¢¥(x) := d¢(z), i.e., the distance function
from z to the nonempty closed set C' C R", then we have

dY(z) = Ne(7) N B (2.4)

with B denoting the unit ball centered at the origin of R", cf. [29, Example 8.53].
Furthermore, in a more general framework, if ¢ is a Lipschitz continuous function
around Z, then we can also define the convexified (or Clarke) subdifferential of ¢ at T

0 (T) = co Y (T).

In the case where 1 is a convex function, then 9v(Z) and 9¢(Z) coincide with the
subdifferential in the sense of convex analysis.

It is worth mentioning here that the inclusion in (2.2) remains valid if the weaker
calmness property holds for the set-valued map ¥(v) := {z € R"| ¢(z) + v € E}, cf.
[14, Theorem 4.1]. A set-valued map U[R™ = R™] will be said to be calm at some
point (Z,7) € gph ¥ := {(x,y) € R" x R™|y € ¥(x)}, if there exist neighborhoods U
of T, V of g, and a constant x > 0 such that

V() NV CU(Z)+ kljlz — Z||B for all x € U.

Another continuity property of set-valued maps useful in this paper is the inner semi-
compactness. U[R™ = R™] will be said to be inner semicompact at a point Z, if for
every sequence xy — T, there is a sequence of y, € U(xy) that contains a convergent
subsequence as k — oco. Observe that this property automatically holds at z, if the
map V¥ is uniformly bounded around this point, i.e., there exists a neighborhood U of
Z such that U(U) is bounded. If the set U(Z) is closed, then we say that U is upper
semicontinuous at T, if for every sequence xp, — T, each sequence of y;, € U(xy) has
an accumulation point contained in W(Z). Obviously, ¥ is inner semicompact at Z if
it is upper semicontinuous at this point with ¥(z) closed.

Finally, we introduce the notion of coderivative that will play a central role in
this paper. For a set-valued map P[R™ = R™], the coderivative of ¥ at some point
(Z,7y) € gph ¥ is a positively homogeneous set-valued mapping D*¥(z|g) : R™ = R",
defined by

D™ (z]y)(v) == {u € R"|(u, —v) € Nepnw(7,9)}, (2.5)

for all y € R™. Here, Ngphw denotes the basic normal cone (2.1) to gph¥. It is
worth mentioning that this concept was first introduced in the paper [22]. Further
note that more details on the material briefly discussed in this section can be found
in the books [21, 29] and references therein.

3. Parametric nonsmooth optimization. In this section, we are interested
in the parametric optimization problem

min {f(z,y)|gi(z,y) <0,i=1,...,p} (3.1)
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defining our lower-level problem in the bilevel optimization problem (P). The func-
tions f[R™ x R™ — R] and g; [R" x R™ — R] for ¢ = 1,...,p, are assumed to be
locally Lipschitz continuous and not necessarily differentiable. Moreover, we assume
throughout the section that problem (3.1) is convexz, i.e., the functions f(x,.) and
gi(x,.),i=1,...,p, are convex for all z € R™. Our aim here is to provide some prop-
erties of problem (3.1) which are useful in the analysis of nonsmooth bilevel programs
via the KKT reformulation.

Considering the fact that problem (3.1) is convex, and denoting by S(x) its opti-
mal solution set for a given z, we have from [28, Corollary 28.3.1] that

y € S(z) if and only if there exists u such that:

0¢€ @,f(:c,y) + Z?:l uiaygi(xvy)a (32)
Uy 2 0> gZ(x,y) S 07 uzgz(x7y) = 07 1= ]-7 Ry 2

provided CQ (1.4) holds at z. Here, 0,9 (x,y) stands for the subdifferential in the
sense of convex analysis of the function ¢(z,.) at y. From here on, the set-valued map

Az,y) == {u € RP|0 € 9, f(x,y) + 37—, uidygi(z,y),
u; > 0, gz(xy)go uzgz(xy)_OZ_l ~~7p}

denotes the nonsmooth counterpart of the set of Lagrange multipliers discussed in
Section 1. Next, we establish that this map is closed and upper semicontinuous. It is
well-known that the set-valued map A (3.3) is upper semicontinuous under a regularity
condition, see, e.g., [27, Theorem 3.2]. But since we were unable to find a reference
where it is shown in the nonsmooth case, we include a proof here.

To proceed, recall that a function ¥ [R™ x R™ — R] defined by (z,y) — ¥ (z,y)
is said to be locally Lipschitz continuous around ¢ uniformly in z if there exist a
number ¢ > 0 (independent of x) and a neighborhood V of § in R™ such that we have
[z, y) —¥(z,y)| < Ly —y'|| for all y,y" € V, x € R™.

THEOREM 3.1 (closedness and upper semicontinuity of A). Let the functions
f and g;, 1 = 1,...,p be Lipschitz continuous around ¥y uniformly in x. Then, the
set-valued mapping A (3.3) is closed. If, in addition, CQ (1.4) holds at T, then, A is
upper semicontinuous at (T,y), for all y € R™.

Proof. Consider a sequence (z¥,y* u*) € gph A such that (2, y* u*) — (z, 7, u).
Then, by the definition of A, it holds that

0 € 0y, f(x", y*) + >0 ukd,g;(a%,y*) for all k € N,

(3.3)

uk >0, gi(x%,y*) <0, ubgi(z*,y*) =0 forall ke N,i=1,...,p (3.4)
The first line of (3.4) can be equivalently replaced by
Oeayf( 7?/ +Zu _ul) ygz ,y +Zuz ygz ayk)' (35)
i=1
Since the functions g;(z,.), i = 1,...,p, are Lipschitz continuous around § uniformly
in x, it holds that
(uf — )0, gi(x", y*) C li|ul — @;|B,, forallk €N, i =1,...,p, (3.6)

where ¢;, i = 1,...,p, denote the uniformly Lipschitz constants of ¢;(z,.), i =1,...,p,
respectively. Also note that B, stands for the unit ball of R™ centered at the origin.
Passing to the limit in (3.5) and in the second line of (3.4), we arrive at

0€ 0y f(Z,9) + 21— wi0ygi(%,7),
a; >0, ¢:(Z,9) <0, 4;9:(,9) =0,i=1,...,p,



while taking into account that 0, f and 0yg;, ¢ = 1,...,p are upper semicontinuous,
as the functions f and g;, ¢ = 1,...,p are uniformly Lipschitz continuous around 7,
cf. [3, Chapter 2]. This means that (Z, 7, @) € gph A. Hence, A is closed.

For the upper semicontinuity of A at (Z,y), suppose that, there are sequences
(%, y*) — (7,9) and u* € A(2*,y*) with ||[u¥|| — oo. Now consider the sequence
vF = uk/||u¥| for all k € N and i = 1,...,p. Obviously, we have ||v*|| = 1 for all k.
Hence, we can find a subsequence of v* that we denote similarly (provided there is no
confusion) which converges to some v with ||v]| = 1. On the other hand, note that

Py 1 dygi(z¥,y*) for all k € N,

ve Tk O f(fc yh)+ (3.7)
y*) <0, vFg;(z* ,y FY=0 forallkeN;i=1,...,p

U >0, gz(

Similarly to the previous proof, the first line of this system can be rewritten as

P

1
S mayf(dikayk) +Z(Uf —’Uz')ﬁygz ,y +sz ygz 7yk)' (38)

i=1

The functions f(z,.) and g;(x,.), ¢ = 1,...,p, being Lipschitz continuous around g
uniformly in «, it holds that

Hukua f(zk y*) C ‘ m for all k € N|
(vF — )ygl(k )C€|v —v;|B, forallkeN, i =1,...,p,

where ¢y and ¢;, i = 1,...,p denote the uniformly Lipschitz constants of f(z,.) and
gi(z,.), 1 = 1,...,p, respectively. Hence, passing to the limit in (3.8) and in the
second line of (3.7), we have

0 € Zf:l viaygi(i'vg)» (3 9)
UiZO, gz(f7g)§07 Uigi(j7g):0ai:17"'7p '

Thus, we have v = 0 (since CQ (1.4) holds at Z), which is a contradiction to the fact
that ||v|| = 1. In addition to the closedness of A, it follows that this map is upper
semicontinuous at (z,y). O

It appears from the proof of this theorem that the uniform boundedness of the
mappings 9, f and Jyg; for i = 1,...,p is enough to guaranty that inclusion (3.6) is
satisfied. Hence, this assumption will be sufficient for many subsequent results in the
next sections. Further recall that A is also inner semicompact under the assumptions
made in the above theorem.

For the rest of the section, we are mainly interested in estimating the coderivative
(2.5) of the set-valued mapping £ that we label as the partial subdifferential of the
lower-level Lagrangian (PSLLL) and which is defined by

i=1

PROPOSITION 3.2 (coderivative estimate of a Cartesian product set-valued map).
Consider the set-valued mappings ¥; : R" =2 RY fori=1,...,p, and define a Carte-
sian product mapping ¥ : R™ = RI*P by



Assume that gphW;, i = 1,...,p, is closed and the following qualification condition
P
[Zvi =0, v' € D*U(&7")(0), i=1,... ,p} —ol=... =" =0 (3.11)
is satisfied at (7,7) with j := (7)), € W(@). Then, for any v = (v}, € [T/, RY,
p . .
D w(alp)(v) € 3 D Wizl (). (3.12)
i=1

Equality holds in (3.12), if gph W, is normally regular at (%,7"), fori=1,...,p
Proof. Observe that the graph of ¥ can take the form gph ¥ = ~!(Z) where

b D
Y(w,y) = [[ ¢iz,y) and Z:= [ [ eph ¥;. (3.13)

i=1 i=1

with ;(z,y) := (x,9") for i = 1,...,p. The set = is closed given that for each

i=1,...,p, gph ¥, is assumed to be closed. Now consider a vector w such that
wT = H(uz’vz) € Hngh \I/i(‘fa gz) = NE(w(jvg))a (314)
i=1 i=1

then we have the following calculations

P o , T
Vip(z,5) T w = vai(i,g)T(ul,vl)T = [Zul, ol ,vp} . (3.15)
i=1 i=1
Thus the qualification condition (2.3) in the framework of (3.13) reduces to (3.11),
while considering the definition of the coderivative in (2.5). Furthermore, combining
(2.2), (3.14) and (3.15), it holds that

T -
Nephw(Z,7) [Zu vt } ‘(ul,vl)Enghqli(a’c,gl),z:L...,p .

Considering once more the interplay in (2.5) between the coderivative and the normal
cone, (3.12) follows from the latter inclusion. As for the equality, note that = in (3.13)
is regular at v(, ) provided each gph ¥, is regular at (z, %) for i = 1,...p. O

It is worth mentioning that the normal regularity assumption required to get
equality in (3.11) is very restrictive and does not hold for important classes of map-
pings including subdifferentials and normal cone maps. Further details on this topic
can be found in the book [21, Chapter 1].

We are now ready to provide an upper bound for the coderivative of the multi-
funtion (3.10) in terms of the functions involved in the parametric problem (3.1).

THEOREM 3.3 (coderivative estimate for the PSLLL set-valued mapping). As-
sume that the set-valued mappings Oy f and Oyg; for i = 1,...,p, are closed and
uniformly bounded around (T,y). Furthermore, let © € L(Z,y,u) and assume that
for all t == (t°,¢',...,t?) with t° € 0, f(z,y), t' € Dygi(Z,y) fori = 1,...,p, and
0+ P w;t" = v, the following qualification condition is satisfied:

00 € D*(8,£)((Z,9)[t°)(0), v € D*(9yg:)((%,9)|t')(0), i =1,...,p|
vo—&—vl—l—...—&—vp:O} = W =pl=...=0vP=0.



Then for all v € R™, the coderivative of the mapping from (3.10) is estimated by

D*L((#,5,)[0)(v) € U { D" (0,1 (@, 9)|1°)(v)
t: 10430 | att=0v
t0€oy, f(%,7), t7€8ygl

m m T
+ Y0, D*(,90)((@, 7)) ] (S o S0 ) 1}

Proof. Start by observing that the set-valued mapping £ from (3.10) can be
represented as the composition of a C' function ¢ [R™1*P) x RP — R™] and the
multifunction ¥ [R™ x R™ x RP = R™14P) x RP]:

L(z,y,u)=poV(x,y,u)

p(tu) =0+ 30 uit’, (3.17)
with ¢ V(z,y,u) = [V,(z,y),u] == {(t,u)| t € U,(z,9y)},
Vo(z,y) =0y f(z,y) X Oyg1(x,y) X ... X Oygp(x,y).

Note that the set-valued map ¥, [R” x R™ = Rm(1+p)]. To apply the chain rule from
[20, Corollary 5.3] to the above expression of L, also note that the set-valued mapping
TN 'R x R™ x R? x R™ = R™1+P) x RP] defined by

U(a,y,u) N~ (v) = {(t,w)|t € Vo(z,y), p(t,u) = v}

is uniformly bounded around (Z, %) since the set-valued mappings 9, f and 9,g; for
i = 1,...,p, are all uniformly bounded around the same point. Furthermore, the
multifunction ¥ is closed, since 9, f and 9yg; for i = 1,...,p, are closed. Thus we
have by the aforementioned chain rule that

D (7,5, 0)0)(v) C U D ((2,5,)| (8, w) (Ve(t,w) Tw) | (3.18)

(t,u)€¥(Z,7,a)Ne 1 (D)

Basic calculations generate the following expression for Vi(t, u) T v:

m m T
Vo(t,u)'v= [v, UL, ..., Upv, Zt}vi, cee, thvi] . (3.19)
i=1 i=1

In the next step, we estimate the coderivative of ¥ in terms of that of ¥,. To proceed,
note that gph ¥ = ¢)~1(Z) with ¢ and = respectively defined by

U(x,y,u,t,v) = (z,y,t,u —v)' and = := gph ¥, x {0,}. (3.20)

Consider a quadruple (a,b,c,d) € N=(¢¥(Z,7,4,t,v)) = Ngph v, (Z, 7, t) x R?, then one
can easily check that

Vi(z, 9,4, t,v) " (a,b,¢,d) = [a,b,d,c,—d]". (3.21)

Thus the qualification condition (2.3) holds in the framework of (3.20). Hence, for
(x*,y*,u*) € D*U((Z,7,a)|(t,u))(s,w), we have by (2.2) while considering equality
(2.5) that there exists (a,b,c,d) € Ngphw,(Z,y,t) x RP such that 2* = a, y* =,
u* =d, s = —cand w = d, cf. equality (3.21). Clearly, this means that we have the
following inclusion:

DU (2,5, w)|(t,u))(s,w) € D*Wo((2,9)[t)(s) x {w}. (3.22)
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If we insert the value of (3.19) and the upper estimate of (3.22) in inclusion (3.18),
we arrive at the following upper bound for the coderivative of L:

[D*wo((sf:, D) (v, urv, ... upv)
teV,(2,7), ¢(t,u)=0 (3.23)

X{(Zin;1tzlvi7...,Z?;ltfvi)TH,

Since the graphs of d,f and 0yg;, ¢ = 1,...,p are assumed to be closed, we apply
Proposition 3.2 to ¥, and it follows under the qualification condition (3.16) that

Do ((Z,§)t)(v, urv,. .., upv) € D*(9y F)((Z, ) [t°) (v)
+ 3001 D*(0y90) (2, 9)[t") (uiv).-

The inclusion in the theorem is obtained by inserting the latter one in (3.23). O

REMARK 3.4 (estimate of the coderivative of £ via the sum rule). The coderiva-
tive sum rule (see [20]) could also be used to compute D*L while considering L as
the sum of d,f and (z,y,u) =% > 0_ u;0,9;(z,y). In this case, however, the chain
rule may still be invoked to estimate the coderivative of the latter map. Thus the ap-
proach in Theorem 3.3 is more efficient as it allows us to avoid such a lengthy process
of combining the sum and chain rules successively.

Considering the structure of the above coderivative estimate of £ and the defini-
tion of the notion of second order basic subdifferential (also known as Mordukhovich

or generalized Hessian) of a function ¢ [R™ — R],
0*%(z|y)(v) := D*(0¥)(Z|y)(v) for v € R™,

it would be interesting to write D*L in terms of second order subdifferentials of the
functions involved in (3.1). Thus applying [24, Theorem 3.1], we get the following
expression of D*(0, f) in terms of the second order subdifferential of the function f:

D* (9, )((z,9)[t°)(v) = 0° F((z,9)[(0,°))(0, v)-

Similar formulae can be written for D*(9y¢;)(Z,9), i = 1,...,p. Hence, we obtain
GO T {[227(@ 9)10.1)(0,0)
t:t04+>Y L uti=0v
t0cay f(z,9), tgeaygi(i,y) (3-24)

00 (@ 0,800, m0)| x {(Sy o, S0 o) T

provided all the assumptions of Theorem 3.3 are satisfied. In the same vein, the sets
92 f((z,9)](0,¢°))(0) and 9?¢;((z,9)](0,t°))(0), i = 1,...,p, can replace the coderiva-
tive terms in QC (3.16). The resulting QC and its original form in (3.16) are auto-
matically satisfied when the functions f and g;, i = 1,...,p, are C2. Moreover, the
inclusion in (3.3) reduces to formula (1.10), in the latter situation.

4. KKT reformulation in nonsmooth bilevel programming. If the lower-
level problem in the bilevel optimization problem (1.1) is replaced with its KKT
conditions (3.2), we get the following natural extension of the KKT reformulation
(1.3) to the framework of the nonsmooth bilevel program (P), where the functions
involved are Lipschitz continuous and not necessarily differentiable:

min {F(z,y)] 0¢€ L(z,y,u), Gj(z) <0,5=1,...,k,
T,Y,u

(4.1)
Uq 2 07 gz(xvy) S Oa uzgl(may) = Oa 1= 17 R 7p}-
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X2
level set objective function upper level problem R
feasible set
- level set objective function lower level problem
il r\'/ -
J] N
x1

Fic. 4.1. Fritz-John versus KKT reformulation

Note the presence of the inclusion 0 € L(z,y,u) (with the set-valued mapping £
defined in (3.10)) stressing that unlike in the smooth case, the KKT reformulation
of the nonsmooth bilevel program is a special class of mathematical programs with
set-valued inclusion constraint.

It is well-known that regularity conditions as the MFCQ are violated at every
feasible point of the KKT reformulation [30]. The generic structure of the feasible set
of the bilevel optimization problem with only one upper-level variable is investigated
in [17]. Moreover, the linear independence constraint qualification is not a generic
regularity condition in the lower-level problem [4], at least in the case when the lower-
level constraints depend on the parameter. In [1], the more general problem where the
KKT conditions of the lower-level problem are replaced by the Fritz-John conditions is
considered and the generic structure of the feasible region is studied. It is important
to mention that the resulting problem extremely modifies the bilevel optimization
problem. Consider, for example, the simple bilevel problem

min {z1 : & € argmin{||z — (2 0)' | : |zl <1, @2 <22, z9 > —z7}}.

The problem is sketched in Figure 4.1. Here, if we use the KKT conditions to replace
the lower-level problem, we get the unique feasible point = = (1 0)T. If, instead, we
replace the lower-level problem with the Fritz-John conditions, the point z = (0, 0)"
becomes feasible and, hence, optimal. Note that there are two Fritz-John points in
this problem.

Optimization problems of the form (4.1) have been investigated for example in [2]
under very general settings. In this paper, we are interested in developing necessary
optimality conditions tailored to (4.1) while also taking into account the nature of the
other constraints which are of the complementarity type. For results on mathematical
programs with complementarity constraints (MPCCs) with smooth data, the reader
is referred for example to [13, 33]. Nonsmooth MPCCs were recently considered in
[25, 26] while using generalized differentiation tools by Clarke and Michel-Penot. Not
only the model in the latter papers does not encompass our problem in (4.1) which
contains both set-valued and complementarity constraints, but we rather provide the
most natural extensions of the stationarity conditions of (4.1) from a completely
different perspective.
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Next, we first establish relationships in terms of optimal solutions between the
bilevel program from (1.1) and its KKT reformulation (4.1). Note that the LLVF re-
formulation (1.2) is completely equivalent to the initial problem. This is unfortunately
not the case for the KKT reformulation, as recently observed in [4] in the smooth case.
It turns out that for KKT reformulation we need additional assumptions to establish
a workable relationship with (P). This is even more true for the nonsmooth case as
we need even more conditions to obtain a local optimal solution of (P) from (4.1).
The following theorems are extensions of results from [4] (see Theorem 1.1) obtained
there under the smooth setting.

THEOREM 4.1 (local relation of (P) to its KKT reformulation in the nonsmooth
case). Let (Z,7) be a local optimal solution of (P) and assume that CQ (1.4) holds
at T. Then, for all u € A(Z,7), the triple (Z,y,u) is also a local optimal solution
of (4.1). Conversely, let (z,y,u) be a local optimal solution of problem (4.1) for all
u € ANZ,y). Further assume that CQ (1.4) holds at T, while the functions f and g;,
i=1,...,p are Lipschitz continuous around § uniformly in x. Then, (Z,7) is a local
optimal solution of problem (P).

Proof. For the first implication (=), assume that there exists @ € A(Z,§) such
that (Z,7,a) is not a local optimal solution of problem (4.1). Then, we can find a
sequence (z¥,y* u*) with ¥ — Z, y* — 7, and u* — @ such that

F(z,9) > F(z*,y%), 2% € X, u* € A(z",9) for all k € N.

Since CQ (1.4) holds at Z and is persistent around this point, there exists a number
K such that this CQ is satisfied at z* for all k > K. Thus in addition to the convexity
of the lower-level problem, we have y* € S(2*) for all k > K. Similarly, note that
with @ € A(Z,y) and the fulfilment of the Slater CQ at Z, it holds that § € S(),
while taking into account the convexity of the lower-level problem. In conclusion,

F(z,7) > F(z* %), 2* € X, y* € S(a*) for all k > K (4.2)

with #* — # and y* — 7. Thus, (Z,%) is not a local optimal solution for (P).

For the reverse implication (<), suppose that (Z,g) is not a local optimal solution
of (P). Then there exists (2, y*) with ¥ — Z and y* — ¥ such that (4.2) holds for
all k € N. Since the CQ (1.4) holds at z, it follows from the proof of the previous
implication that there exists a number K such this CQ is satisfied at 2* for all k > K.
Thus in addition to the convexity of the lower-level problem, we have A(z*, y*) # 0 for
all k& > K. Further note that from Theorem 3.1, the set-valued map A (3.3) is inner
semicompact at (Z,y) under the assumptions made. Hence, there exists a sequence
ub € A(xk,yk) admitting a subsequence converging to some 4. The mapping A
being also closed according to the same theorem, we have @ € A(Z,§). Now observe
that the upper-level objective function F' is independent of u. Hence, the inequality
F(z,y) > F(2*,y*) raises a contradiction to (#,7, %) being a local optimal solution
of problem (4.1). This concludes the proof. O

REMARK 4.2 (on the reverse implication (<) of Theorem 4.1). We have con-
sciously proceeded by using the weaker inner semicompactness argument rather the
upper semicontinuity which is also ensured by the assumptions made, cf. Theorem
3.1. This highlights the fact that the latter property, also used in [4] is more than
what is needed to conclude the proof. Of course, the closedness of A is absolutely
required in this case. What is interesting in this implication is that when there is
more than one Lagrange multiplier, one must check local optimality of (4.1) for all of
them, in order to generate a local optimal point for (P). If this property holds for all
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but one element of A(Z, ), the result may not hold [4]. Obviously, in the nonsmooth
case, we need even more assumptions as shown in the above Theorem 4.1. In the
smooth case, it was further observed in [4] that under the constant rank CQ, one can
reduce the points to be checked only to the vertices of A(Z, ). Such a property still
has to be investigated in the nonsmooth framework.

It is also important to recall that the uniform local Lipschitz continuity of the
functions involved in the lower-level problem (3.1) can be replaced by the uniform
boundedness of the corresponding partial subdifferential set-valued mappings. The
next result is the global counterpart of the previous one. We do not include the proof
here, since it follows easily on the lines of its smooth counterpart from [4].

THEOREM 4.3 (global relation of (P) to its KKT reformulation in the nonsmooth
case). Let (Z,7) be a global optimal solution of (P) and assume that CQ (1.4) holds
at T. Then, for each u € A(Z,q), the point (Z,y,a) is also a global optimal solution of
(4.1). Conwversely, assume that (Z,7,u) is a global optimal solution of problem (4.1)
and CQ (1.4) holds at all x € X. Then, (Z,7) is a global optimal solution of (P).

5. M-stationarity in the nonsmooth case. In this section, we introduce and
justify a nonsmooth extension of the M-stationarity concept from Definition 1.2 (ii),
in terms of subdifferentials and coderivatives.

DEFINITION 5.1 (M-stationarity concepts for nonsmooth bilevel programs). A
point (Z,q) is said to be SP-M-STATIONARY (resp. P-M-STATIONARY) if for every
@ € Az, %) (resp. for someu € A(Z,7)) we can findt = (t°,t%, ... t?) and (o, B,7, \)
with A € Ry such that (1.8) holds together with the following conditions:

0€ dF(z +Zaj (0G;(2),0,,) + 0(B, 9)(Z,7)
D* (9, ) ((z,9)|t") (v +ZD* (9y9:) (2, P (@), (5.1)
t € 9, f(z,9), t' € 0,9:(%,79), i =1,...,p, t° +Zut =0, (5.2)
Vicuv: itf% =0, 8, =0, (5.3)
=1
Vief: /6’1>0/\Ztﬂl>0 V Bi Ztm . (5.4)
st =1

The relationships (1.8) and (5.1)—(5.4) will be called M-STATIONARITY CONDITIONS.

Note that if the functions involved in (P) become C! and C? (for those involved in
the lower-level problem), these conditions coincide with their smooth counterpart in
Definition 1.2 (ii). In this situation, equation t° + > 7_ @;t* = 0, from (5.2) reduces
to L(x,y,u) == Vy f(z,y) + X5 uiVygi(z,y) = 0.

To simplify the justification of the concepts in Definition 5.1, we first derive the
M-stationarity conditions for the problem in (4.1), i.e. the KKT reformulation itself.

THEOREM 5.2 (M-stationarity conditions for the KKT reformulation (4.1)). Let
(Z,9,u) be a local optimal solution of (4.1) and assume that Oyf and Oyg; for i =
1,...,p, are closed and uniformly bounded around (Z,y). Furthermore, suppose that
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for all t := (t°,t%, ... tP) satisfying (5.2), the QC (3.16) holds together with CQ:

0€ Y7 ay(0G, <*> m) +0(8, 9)(%,7) =0,
+D*(9, /)@ D)) + X, D*(0y00) (7, D)) @y) ¢ = B=0,  (5)
with (1.8), (5.2)- (5 4)and |y <A A>0 A=0.

Then, there exist t == (t°,t',... ) and (o, B,7,\,7) with X € Ry, r € Ry \ {0},
7l € A and ||(e, B, N)|| < 7 such that (1.8) and (5.1)~(5.4) are satisfied.

Proof. Recall that since the set-valued mappings 0, f and d,g; fori =1,...,p, are
closed and uniformly bounded around (&, %), the multifunction £ is closed around this
point. Thus the constraint 0 € L(z,y,u) can be reformulated as dgpn £(z,y,u,0) <0
with dgpn o denoting the distance function on R™ x R™ x RP. Hence, problem (4.1)
can take the following operator constraint form:

min {F(z,y)| (z,y.u) € 5}

T/)(ff,yau) = [G(x),h(x,y,u), (U, 79(1’,y))},

h(xay»u) = dgphﬁ(xvyvuvo)v (56)
Z:=RF xR_ x1II,

II:= {(a,b) €R?*®|a>0,b>0,a"b=0}.

with

Note that A [R" x R™ x R? — R] and 1 [R” x R™ x RP — R¥ x R x R” x RP]. Applying
[9, Proposition 3.1] to (5.6), it follows that there exists v with ||v|| < r (for some r > 0)
and v € Nj (¢(Z,7,u)) such that we have the optimality condition

0 € Op,y,ul'(2,9) + Ov, ) (Z, 5, 1) (5.7)
provided the following qualification condition holds at (z,y, @):
[0 € 0(v,¥)(z,5,7), v € N=(4(,7,1))] = v=0. (5:8)

In what follows, we provide detailed forms for conditions (5.7) and (5.8) in terms of
the problem data in (4.1). By the product rule of normal cones, we have

NE(’(/}(:E7 ga a)) = N]R’L (G(‘/Z')) X NR7 (h(j"’ g> ’H’)) X NH(ﬁ> —g(jj7 g))
= {(A\¢.0) eRIFa >0, aTG(T) =0, A >0, (5.9)
G=0, B, =0,YicO: (G<0AB>0)V&E =0},
where the second equality is due to the expression of the normal cone to II given, for
example in [34]. Now let v := (o, A\, (, 8) € Nz=(¢(z,y,u)), then we have

(0, 9) (@, y, u Zag ) + Ah(z,y,u +Z<zuz Z&glmy

Applying the basic subdifferential sum rule on this equality we arrive at the inclusion

AoA@IDE Tpoa 0598(2) < (O ) (5.10)
+B(=5.9)(@.9) x {C} + Moh(. 5.1,

since all the functions involved are locally Lipschitz continuous and the multipliers A
and oy for j = 1,...,k, are nonnegative. Moreover, the Lipschitz continuity of the
distance function dgpn o implies that

oh(z,g,u) € {(a,b,c) € R"™*P| (a,b,c,d) € Ddgpn £(T,,%,0)}
{(a, b, C) S Rn+m+p| (a, b, C, d) S nghﬁ(f g 1] ) n Bq+m} (511)

c U D@5, m)10) ()
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with ¢ := n 4+ m + p. Here, the second line is obtained from (2.4), while taking in
account that the graph of £ is closed. The last inclusion in (5.11) follows from the
definition in (2.5). Inserting the coderivative estimate of Theorem 3.3 in (5.11) and
substituting the outcome in (5.10), we arrive at the following upper bound

k _ _
{5 05(0G;(@),00) + (-, 9)(z,9)
YEBm (0,A)  ¢:t04+3°7 | w;t?=0

t0€0y £(2,9), t' €0y g, (7,7)

+D*(0y )((Z,)[t°)(v) + 37—, D*(9y9:)((%, ??)|ti)(ﬂw)}
X{C"' (Zﬁl tll')’lv“wzyll tf'yl)T}}

for O{v,¥)(Z, 7, @). Inserting (5.9) and the above estimate of d(v, ¥)(Z, 7, ) in (5.8),
we get CQ (5.5) which implies the fulfilment of (5.8). Proceeding similarly on the
optimality condition (5.7), we have (5.1)—(5.4). O

It is worth mentioning that the bound 7 on the multipliers «, § and A can exactly
be chosen as r := fywlp + 1 (see [9]), where £p denotes the Lipschitz modulus of
the upper-level objective function F', whereas fy, stands for the Lipschitz modulus
of Uy (v) := {(z,y,u) € W|¢(z,y,u) + v € E} with ¢ and = given in (5.6). Note
that W denotes the neighborhood of (Z, 7, @) where this point is locally optimal for
(4.1). Tt is also important to recall that under the CQ (5.8), the above multifunction
is Lipschitz-like [21]. In the same vein, note that the result in Theorem 5.2 remains
valid if the weaker calmness assumption is imposed on the mapping ¥y . Finally,
observe that to verify CQ (5.5), it might be useful, in some cases, to replace v by Ay.

CQ (5.5) is closely related to the no nonzero abnormal multiplier constraint qual-
ification (NNAMCQ) employed in [33] for the smooth MPCC. In the literature on
MPCCs/MPECs the so-called MPEC-MFCQ also plays an important role in the de-
velopment of a variety of optimality conditions. We are now interested in the extension
of this CQ to the KKT reformulation (4.1) of the nonsmooth version of the bilevel
program. Considering the structure of the inclusion constraint 0 € L(z,y,u), it ap-
pears to be difficult to efficiently do this, as one may need to introduce a notion
of membership for the coderivative in the sense that ¢ € D*M(Z,y) if and only if
(y*,t) € D*M(z,y)(y*) for all y*. Consequently, one may have to prove or assume
that for z* € D*M(z,y)(y*), there exists some t € D*M(Z, ) such that z* = (y*,1).
To avoid this difficulty, we introduce the following second order lower-level constraint
qualification (SOLLCQ)

0 € D*(0,)((Z, D)) (V) + S7_y D*(9y9:)((Z, §)|t) (i) -
Vi = l’y' . ,p:y > t#ﬂ =0 agnd (5231) satisﬁgd } =7=0 (513)

in order to reasonably move 0 € L(z,y,u) to the upper-level objective function by
a partial exact penalization via the distance function. This then paves the way for
a M-type MPEC-MFCQ tailored to (4.1), which emerges from a combination of the
nonsmooth MFCQ [16] and the smooth MPEC-MFCQ employed in [30]. To proceed,
we denote by J := J(z) :={j € {1,...,k}| G,(Z) = 0}.

DEFINITION 5.3 (M-type MPEC-Mangasarian-Fromowitz CQ). The M-MPEC-
MFCQ holds at (z,y,u) if for all a? € 0G,(z) with j € J and for all af € 0g;(z,7y)
with © € v U0, the family {af| i € v U0} is linearly independent and there exists a
vector d := (d*,dY,d") with d*¥ := (d*,dY), such that

d¥ =0 forall ienuUo,
(d*¥,al)y =0 forall icvUb,
(dz,a]G> <0 forall jeJ.

(5.12)
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Note that the prefix “M” is used here to label this CQ, in order to differentiate it
with a similar one for the C-type approach to be introduced in the next section.

THEOREM 5.4 (M-stationarity under the M-MPEC-MFCQ). Let (Z,y,u) be a
local optimal solution of problem (4.1) and assume that the set-valued mappings Oy f
and Oyg; for i =1,...,p, are closed and uniformly bounded around (%,y). Further-
more, suppose that the SOLLCQ and the M-MPEC-MFCQ are satisfied and for all
t = (t0,¢1, ... tP) satisfying (5.2), the QC (3.16) holds. Then, there exist t =
(t0, 1, ... tP) and (o, B, 7y, \) with A € Ry such that conditions (1.8) and (5.2)—(5.4)
are satisfied together with the following one:

0€0F(z,7)+ 5, a;(9G;(%),0 )+z ', BiBgi(Z,7)

(5.14)
+D*(9y /) (@, D)%) (7) + 3271 D*(0y9:) (2, 9)[t") (@)

Proof. Let (Z, 7, @) be a local optimal solution of problem (4.1), then applying [3,

Proposition 2.4.3], it follows that there exists a number A > 0 such that (Z,y,a) is
also a local optimal solution of the problem

II};I}L{F(I y)+)‘d¢1 (gphﬁ(xya )|G() 0 = , "ak7 (515)
u1>0 gl(x y)<0 ulgl ) :1)"'7p}7 '
where ¥ (z,y,u) = (2,y,u,0). Now set Fx(z,y,u) := F(z,y) + Ady-1(gph 2) (T, y, ),
Z,7, 1,

and observe that we can find a vector o such that ( ) locally solves the following
problem
min {Fx(z,y,u)| G;(z)<0,j=1,...,k,
T,Y,u,v

gi(xay)+vi:07i:1a--~ap7 (u,v) GH}v

where the set IT is defined as in (5.6). Noting that this problem is Lipschitz continuous
and applying the Fritz-John-type Lagrange multipliers rule of Mordukhovich [22] (also
see [32, Corollary 4.2]), it holds that

0 € K(OFx(Z,7,u),0 ) + Z =1 O‘J(aG (T), m+2p) + (On+m+pvﬁ)
+ Z =1 51(891(15 y) 02p) (Oner) X NH(“? _g(fa 37))7

for some vector (k,a, ) # 0 such that x € Ry and (1.8) are satisfied, while taking
into account that dg;(Z,7) C 0gi(Z,7) for i = 1,...,p. If we assume that x = 0
n (5.16), then there exist some af € 9G;(z) for j=1,....k a! € 9g;(z,y) for
i=1,...,p, and { € RP such that

D@, 0mpp) + Y Bilal,0)) + D G(Ongm,e’) =0, (5.17)

jeJ ievUo i€enuo

¢, =0, B8,=0,Viel: (G <OAB; >0)V (B =0, (5.18)

(5.16)

where the second line is due to the expression of Ny (%, —g(Z, 7)) extracted from (5.9).
Observe that the summations in (5.17) are restricted to J, v U6 and n U 6 following
(5.18) and the definition of J. Multiplying (5.17) with a vector d defined as in M-
MPEC-MFCQ, we obtain

S ol dn) + Y Bilad,d™) + > Gy =0

jeJ i€ i€ENUO
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By further considering the definition of M\-MPEC-MFCQ, >, ; og(af, d*) = 0. Since
<a?, d*) <0 and a; > 0 for j € J, it holds that o = 0. Inserting this value in (5.17),
it follows that

Y Bilaf,0)+ Y G(Ongm,e’) = 0. (5.19)

i€vuo i€nuo

Now, observe that we have »7, . 4 G (Ongm.€) = > Gi(0ntm.€) = (Optm,C)
given that ¢; = 0 for ¢ € v. Thus, we have from (5.19) that ¢ = 0. Moreover, taking
into account that the family {a?| ¢ € v U 8} is linearly independent (cf. M-MPEC-
MFCQ), we also get from (5.19) that § = 0. We have now shown that if k = 0,
then all the other components of the vector (k, a, 8) also vanish. This contradicts the
Fritz-John-type Lagrange multiplier rule. Thus k # 0. Hence, by scaling, it follows
from (5.16) that we can find ¢ € R? such that (5.18) holds together with

0 € OFA(Z,7,0) + 35, (9GS (Z), Omnsp)
+ Zf:l 61 (591 (ja g)a Op) + (On-‘rma C)

By the sum rule, an upper bound for the subdifferential of F, can be obtained as

(5.20)

OF\(z,y,u) C (OF(Z,9),0p) + 0dy—1(gph £) (T, Y, U). (5.21)

Furthermore, the following calculations give an upper estimate for the subdifferential
of the involved distance function:

Ody-1(gph £)(Z, ¥, 1) = Ny-1(gph £)(Z, J, @) N Brjmp
C{VY(z,7,0) "0 v € Neph £(¥(Z,7,%)) } N Brgmp

= U D*L((Z,7,1)]0)(7) N Brimip
YER™

where the first line is due to (2.4), the third one to definition (2.5) and the inclusion
in the second line is derived from (2.2), under the QC (2.3) with = := gph £ and
Z = (Z,y,u). One can then easily check that this implication is equivalent to

Ontmtp € D*ﬂ((i‘,gﬂ])m)(l}) = v=0.

Considering the estimate of D*L from Theorem 3.3, it follows that the SOLLCQ (5.13)
is a sufficient condition for the latter implication to hold. Furthermore, combining the
estimate of Ody—1(gpn ) above with (5.18), (5.20), (5.21) and Theorem 3.3, we arrive
at the desired result. O

Observe that we have Y 7_, 3;0g;(Z,y) in the M-type optimality conditions of
Theorem 5.4, instead of the term 9(8,g)(Z,y) in Theorem 5.2. This is a purely
technical consideration, which simplifies the implementation of the M-MPEC-MFCQ
above. Further note that in the smooth case, the SOLLCQ reduces to the nonsingu-
larity of the matrix VL(Z,7,4) . This is automatically the case if there exists some
i € {1,...,p} such that the family of gradients {V,,9;(Z,9)| { = 1,...,m} is linearly
independent.

COROLLARY 5.5 (justification of SP-M- and P-M-stationarity for nonsmooth
bilevel programs). Let (Z,3) be a local optimal solution of (P). Suppose that the
assumptions of Theorem 5.2 are satisfied for all u € A(Z,y), then (z,y) is SP-M-
stationary. If they hold just for at least one @ € A(Z, ), then (T, %) is P-M-stationary.
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Proof. Observe from Theorem 4.1 that if (Z, ) is a local optimal solution of (P),
then, for all @ € A(Z, g), the point (Z, g, u) is a local optimal solution of problem (4.1).
Combining this fact with Theorem 5.2, we get the first implication. The second one
follows similarly, while noting that it is enough that the assumptions of Theorem 5.2
hold at just one lower-level multiplier w. O

An analogous result can be stated for the M-stationarity conditions derived in
Theorem 5.4. Also observe that using inclusion (3.24), the above optimality conditions
and the subsequent ones can be formulated in terms of the second subdifferentials of
the functions involved in the lower-level problem.

6. C-stationarity in the nonsmooth case. Following the pattern of the sta-
tionarity concepts in Definition 1.2 valid for the smooth case, we are tempted to
consider SP-C- and P-C-stationarity conditions for the nonsmooth framework, in a
way similar to Definition 5.1 while replacing condition (5.4) by

VieO: By tim>0. (6.1)
=1

This extension is rather artificial as it will be shown below. Nevertheless, we replace
the “C” above by a “C°” to designate the underlined stationarity concepts. These
conditions can be deduced from Theorem 5.2 as follows.

COROLLARY 6.1 (artificial extension of C-stationarity in nonsmooth bilevel pro-
gramming). Let (Z,§) be a local optimal solution of (P). Suppose that the assumptions
of Theorem 5.2 are satisfied for all 4 € A(Z,7), then (Z,7y) is SP-C°-stationary. If
they hold just for at least one u € A(Z,q), then (Z,7) is P-C°-stationary.

Proof. Simply observe that if condition (5.4) holds, then (6.1) also holds. O

In a general framework of a smooth MPCC, with the complementarity con-
straint H;(z) > 0, Gi(x) > 0, H;(z)G;(z) = 0,7 = 1,...,d, the C-type stationar-
ity conditions are obtained while considering co {VH;(z), VG;(z)} for all ¢ such that
H;(Z) = G;(Z) = 0, where “co” stands for the convex hull. Based on this original idea,
we now provide a natural extension of the C-stationarity conditions to the nonsmooth
case, and that we label as such. To proceed, we set ¢ :=n + m + p and consider the
following sequence of equations in order to simplify the presentation:

Vich:r,€{0,1}, Vicv: da' €dgi(z,9), (6.2)
Viel,sc{2,....q+1},s e{l,....q+1}: b ¢ €dgi(z,5), (6.3)

q+1 q+1
Vi € 0,8, S, S {1, .. ,q+ 1} D Vs, Wigr € ]R+, Z'Uis = Z’wis/ = ]_’ (64)
s=1 t=1

Viev:y tim=0Vien:p—» tim=0,  (6.5)
=1 =1

Vied: Tilbi Vi1 — Zt;’}/l =0. (66)
=1

Note the presence of the discrete variable r; € {0,1} for ¢ € 6 that we introduce
in order to be able to provide a detailed form of the stationarity conditions in the
following theorem, which is the counterpart of Theorem 5.2. For the convenience of
the reader, we recall that dg; denotes the convexified/Clarke subdifferential of g;.
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THEOREM 6.2 (natural extension of C-stationarity conditions). Let (Z,y,u) be a
local optimal solution of (4.1) and assume that the set-valued mappings Oy f and 0yg;
fori=1,...,p, are closed and uniformly bounded around (Z,y). Suppose that for all
t = (t°t1, ..., tP) satisfying (5.2), the QC (3.16) holds. Furthermore, let the CQ

0e Y 1%(66: (), 0m) + D* (0, /) (2, 9)[t°) ()
+ 30, D*(9y9) (@, D)) (@) + X paa’
q+1 e is! —
+Z 5= QTZMZUZSb +ZZS’ 1Mz( rz)wzs’c

with (1.8), (5.2), (6.2) (6 4) and ||y <M\ A>0

(6.7)

>T® Q
I
coo

be satisfied. Then, there exist (o, p,v,\) with A € Ry, ||v|| < A and ||(a, p, V)] < r
(for some v > 0), t := (1%t ... tP), a* with i € v, r; € {0,1} with i € 0, v;s with
i€Oands=1,...,q+1,b" withi €0 ands=2,...,q+1, wy and ¢ with i € 6
and s =1,...,q+ 1, such that (1.8), (5.2) and (6.2)—(6.6) hold together with

k
0€0F(Z,9)+ Y a;(0G;(Z),0,,)
j=1
P
+D* (0, /)(Z, 9)[t0)(7) + D D*(y0:) (T, 91t (@)
i=1
q+1 g+1
+Zuza + Z Z i fivisb® + Z Z pi(1 — rw;ec' (6.8)
S% €0 s=2 €6 s’'=1

Proof. The proof technique here is similar to the one of Theorem 5.2 as we also
start by considering the operator constraint reformulation of problem (4.1), but

Y(z,y,u) = [G(x), h(z,y,u),V(z,y,u)],
with { Z:=RE x R_ x {0,}, (6.9)
‘/i(xa yau) = min{uia 7gi(1'7y)}7 i1=1,...,p
In this case it is elementary that we have (a, A\, u) € N=(¥(Z,7,w)) if and only if
A>0,a>0,a G(z) =0, while for the scalarization of ¢ we get

O, )(2,9.1) Y7, a;0G;(Z) X {(0m, 0,)} (6.10)
+/\6h(f, g,u) + >0 1 0Vi(Z, g, a),

where 0V denotes the convexified /Clarke subdifferential of V;. Applying [3, Proposi-
tion 2.3.12] to dV; we have

_ {(Qn—&-ma 61)} if7 € n,
oV;(z,g,u) C< —0g:(Z, ) x {_Op} B ifieuw, (6.11)

co {{(OR+M76Z)} U [*892(1'73;) X {Op}]} if i € 05
where €’ := (0,...,0,1,0,...,0)" is a p-dimensional vector with 1 at position i with

1 €nC{l,...,p}. Taking into account that we have set ¢ := n + m + p, let us now
show the following inclusion for any p € RP:

Zf:l Mzé‘/l(j7g7’a) g {(U w)' w = Zule + Zrzuzvzle

1€EN €0
U= _E/’Lial - Z ZZ—% T’L/f"zvzsb“ - Z Zq (1 - Tz)//%wzs’c (612)
S €6 €6

with the conditions (6.2)—(6.4) satisﬁed}.
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To proceed, first observe that we have

Zuzav z,g,u) = ) _pidVi(@,5,a) + ) _pudVi(@,5.1) + Y_pudVi(z,5,1). (6.13)

€N 137 €0
Now pick any u" € > 1;0V;(z,9,u) and u” € > p;0V;(z,, @), then from (6.11),
i€n 1€V
—2 i’ .
u'l +u” = fz'ei for some a' € 0g;(Z,7), i € v. (6.14)
1EN ’

Furthermore, let us consider a vector u’ € dV;(Z,y,u) for i € 0, then we also have
from (6.11) that u’ € co {{(O,Hm, e IU—0g;(z,7) x {Op}}. Hence, by the well-known
theorem of Carathéodory, it holds that

ul = Ui1(07n+7na ei) - ZZ-’_; Vis (bisa Op)>

either Vs=1,...,q+ 1, v;s >0, Z‘ii Vs =1, (6.15)
Vs=2,...,q+1, b € dg;(z,7),

ut = _Zq C wisr (€ i ;0p),
or { V' =1,...,q+ Lwe >0, N5 ww =1, (6.16)
Vs =1,...,q+1, ¢ € 09:(Z,7).

Thus we have the following representation of u* whenever i € 6:

) _ q+1 _ q+1 »
a' =7 01 Oy ) = 0 0is(6%,0,)| = (1= 1) [ 3o wiw(c,0,)]  (6.17)
s=2 s'=1

with r;{0,1} and the other components defined as in (6.15) and (6.16). Adding the
terms p;u’ on @ (with u® in (6.17)) componentwise, we arrive at

Z Zs 2 riﬂivzsbzs - Z thl(]- - Ti)ﬂiwis’ciS/
€0

2 Tiltivie’
ico

> i’ =
i€
Adding this part to (6.14) and inserting the outcome in (6.13), while considering the
definitions of (6.15) and (6.16), we have the inclusion in (6.12).
By inserting (6.12) in (6.11), while considering Theorem 3.3 and inclusion (5.11),

we get a desired C-counterpart of (5.12) by including conditions (6.2)—(6.4) and re-
spectively replacing ¢ and 9(—8, g)(z,y) by

Spiet + Y ripivie’ and

1€EN €6
- Z,uial - Z ZZ+§ TifhiVisb" Z Zq (1 - Tz),uzwzs’c
1S% €0 €6

Now consider the generalized equation 0 € 9{v, ¥)(Z, 7, u) from (5.8) and the one in
(5.7). Inserting the aforementioned C-counterpart of the upper bound of (v, ¥)(Z, g, @)
in these equations, their u-components both reduce to

Z,ule + Zrluzvzle + Ztl Viyeons thvl)—r =0, (6.18)
=1

1EN i€
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taking into account that F is independent of u. Considering the definition of e?, we
get (6.5)—(6.6) from equation (6.18).

Combining all the above, we can easily check that CQ (6.7) is a sufficient condition
for the counterpart of (5.8) in the framework of (6.9) to hold. Similarly, we get the
optimality conditions (1.8), (5.2), (6.2)—(6.6) and (6.8) via our C-counterpart of (5.7).
It is important to note the replacement of u; by —u; all over, for i =1,...,p. O

Based on this result, we will say that a point (Z,y) is SP-C-STATIONARY (resp.
P-C-STATIONARY) if for every @ € A(Z,y) (resp. for some @ € A(Z,7)), we can find
(a, pt, v, A) with A € Ry, ¢ := (t°,¢1, ... t?), o with i € v, r; € {0,1} with i € 0, vy,
withi€fand s=1,...,q+1, b withicfands=2,...,g+ 1, w;s and " with
t1€fand s =1,...,9+ 1, such that (1.8), (5.2), (6.2)—(6.6) and (6.8) hold.

Similarly to Corollary 5.5, these stationarity conditions can respectively be de-
rived from Theorem 6.2. To get a closer outlook between the C°- and C-type station-
arity concepts, observe that we can set

Bi:=0for ien, B;:=u; for i ey,
Bis :=ripivs fori € 0, s =2,...,q+ 1,
Bisr = piwie (L —1r;) forief, s =1,...,q+ 1.

Further note that from (6.6), >, tf'yl = r; ;041 for i € 0. It is then easy to see that
forallief,s=2,...,q+1,8 =1,...,q+ 1, we have

ﬂzs(zt;’yl) > 07 615’(275;’”) >
=1 =1

This corresponds to the counterpart of (6.1) in the framework of the natural extension
of the C-stationarity. Obviously, both the artificial and natural extensions of the C-
stationarity conditions of problem (P) coincide in the smooth case.

It was observed in [38] that the smooth counterpart of CQ (6.7) is a quite strong
assumption. Hence, we now attempt in the next result to extend a rather standard
CQ in the MPCC theory, in order to derived the C-stationarity conditions defined
above. Namely, we introduce a nonsmooth version of the MPEC-MFCQ tailored to
the C-stationarity.

DEFINITION 6.3 (C-type MPEC-Mangasarian-Fromowitz CQ). The C-MPEC-
MFCQ holds at (z,g,a) if for all ajc-; € 0G;(z) with j € J; for all a® with i € v,
ri € {0,1} with i € 0, vis withi € 0 and s = 1,...,q+ 1, b* with i € 6 and
s=2,...,q+1, wiy and ¢ withi € and s =1,...,q+ 1, verifying (6.2)—(6.4),

[Zula + Z S v + 5 L (1 = r)piwig =0,
< <o (6.19)
VZEQ.’I”i,ui’U“:O:|:>'ui:O’i€VUa

and there exists a vector d := (d*,d¥,d") with d*¥ := (d*,d¥), such that:

<dwy,az> = O forall i ev,

(d® i rlvlsb’s + ZZ,Hl(l — ) wie ™Y =0 for all i€,
(d*, e’y = O for all i €n, (6.20)
<d 1"71}716 =0 forall i€,

(d* ><Of0rallj€].
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Observe that in the smooth case (i.e., essentially if g is C!), the C-MPEC-MFCQ thus
not necessarily coincide with the M-MPEC-MFCQ, but the latter CQ will also lead
to the following result.

THEOREM 6.4 (C-stationarity conditions under the C-MPEC-MFCQ). Let (Z, ¥, @)
be a local optimal solution of (4.1) and assume that the maps Oyf and Oyg; for
1 =1,...,p, are closed and uniformly bounded around (Z,y). Furthermore, let the
C-MPEC-MFCQ be satisfied and (5.2) hold for all t := (t°,t',...,t). Then (Z,y,u)
satisfies the optimality conditions in Theorem 6.2.

Proof. Proceeding as in the proof of Theorem 5.4, it follows under the Fritz-John-
type Lagrange multipliers rule of Mordukhovich that there exists (k, «, 8) # 0 with
Kk, A € Ry and « satisfying (1.8), such that we have

0 € kIF(F,7, T +ZaJ (DG(T), O p +Zﬁzav ). (6.21)

i=1

If we suppose that x = 0, while considering the upper estimate of P BioVi(z,y,u)
from (6.12), it follows that we can find some o' with ¢ € v, r; € {0,1} Wlth i €0, vis
withi€fands=1,...,q+ 1,0 withi €@ and s =2,...,¢+ 1, wsy and c** " with
i€fand s’ =1,...,q¢+ 1, satisfying (6.2)—(6.4) such that

Z @;j (aJGa Om+P>

JjeJ
dopial + Z Zs 2 rifivish’ + Z Zq Ty (1= Tz)ww’c
S —
+ S el + Zﬁ,uzvzl@ =0 (6.22)
ien i€

for some a]G € 0G,;(z) with j € J. Now consider a vector d := (d*,d¥,d") with
d™¥ .= (d*,d¥) that satisfies (6.20). Then multiplying (6.22) with d, we obtain

Yjes alag, d?) + 3 pifal, d™)

S
+ 3 a0 A7) + 8 T80 (1= o (e, d)
i€ ic
+> o pilet, d") + Yripva (e, dv) =
i€n i€h

Further proceeding as in proof of Theorem 5.4, we respectively have a = 0 from
(6.19) and p = 0 from (6.20). Thus contradicting the fact that (k,a, 8) # 0. Hence,
by similarly setting k = 1 in (6.21), we have the result by considering the estimate of
OF(Z,7y,u) from (5.21) and that of >0, B;0Vi(z,y,u) from (6.12). O

7. S-stationarity in the nonsmooth case. To motivate the discussion in this
section, we first recall the following result from [38], establishing the equivalence
between the P-S-stationarity from Definition 1.2 (iii) and the so-called KKT necessary
optimality conditions of the smooth KKT reformulation (1.3).

PROPOSITION 7.1 (characterization of the P-S-stationarity in the smooth case).
The point (Z,y) is P-S-stationary if and only if there exists (o, 8,4,, &) with & € Ry
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such that (1.8) holds together with the following conditions:

Vo F(7,7) + Zl(ﬂi — £4;)V.9i(7,9)
+ i a;VG;(Z) + Iivlvwﬁl(sc, g,u) =0, (7.1)
j= -1
VyF(z,y) + i(ﬁi = &u;)Vygi(z,9) + lzmngyﬁl(% y,u) =0, (7.2)
v, f(@,9) + Zu, ,9i(Z,7) =0, (7.3)

i=1
Vi = 17 BRIy ai Z 07 ﬂlgz<'i‘7g) = 07 ﬁl Z 07 Bzgz(j7g) = 07 (74)

=1 =1

The combination of (1.8) and (7.1)—(7.5) corresponds to the KKT necessary op-
timality conditions of (1.3), which can be obtained at least by two possible ways.
The first one is the application of Guignard’s CQ, which as one of the weakest CQ
in optimization is satisfied for some classes of MPCCs/bilevel programs [12, 38]. The
second approach is the application of the partial calmness to help move the function
(z,y,u) = >, w;igi(z,y) from the constraints to the objective function. Afterwards,
any other usual CQ can then be used to derive the conditions [38]. In the perspective
to extend these ideas to the nonsmooth case, we now derive, in the next result, the
Fritz-John counterpart of the KKT type necessary optimality conditions of problem
(4.1) in terms of the generalized differentiation tools defined in Section 2.

THEOREM 7.2 (Fritz-John’s type optimality conditions for (4.1)). Let (Z,y,a) be
a local optimal solution of (4.1) and the set-valued maps Oy f and dyg; fori=1,...,p,
be closed and uniformly bounded around (Z,y). Moreover, if for all t := (t°,t%, ... tP)
satisfying (5.2), the QC (3.16) holds, then there exist (t°,t', ... tP), (o, B,7) and
K, &, N € Ry with ||y|| < A such that (1.8), (5.2) and (7.4) hold together with:

k
0 € KOF(Z,7) —|—Zaj )
j=1

D* 9y f)((z, 9 It°)( +ZD* 0y9:)((Z, 9)It") (@)

+ Z {51‘591(537 y) — ;99 (, 27)}7 (7.6)
=1
Vi=1,....p: > tim—£i(Z,9) =0, u; Y _tjy =0. (7.7)
=1 =1

Proof. Observe that (4.1) can fully be rewritten in terms of inequality constraints:
min {F(l’,y)| h(m,y,u)g(), GJ(ZE')SO,]:].,,]C,
z,y,u
—u <0, g(z,y) <0, x(x,y,u) = 37 (—ui)gi(z,y) < 0},
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with h defined as in (5.6). This is a Lipschitz optimization problem. Thus, by the
Fritz-John type Lagrange multiplier rule in terms of the limiting subdifferential, we
can find (k, o, A, i, B8, €) with k, A\, £ € Ry, such that (1.8), (7.4) and the conditions

k
0 € K(OF(2,5),0,) + Y ;(0G;(Z), Omip) + AOK(Z, 5, )
j=1

p
+(Ongm, =) + Y _ Bi(0g:(Z, 1), 0,) + €0x(Z, 4, 1), (7.8)
i=1
Vi=1,...,p: u; >0, p;u; =0, (79)

hold. Applying the sum and product rules of basic subdifferentials to the function
X, while taking into account that the plus/minus symmetry holds for the Clarke
subdifferential, we arrive at the following inclusion

x(@,9,a) € Onym, —9(2,9)) = Zﬂi(ém(f, 9),0p)- (7.10)

Now consider the estimate of Oh(Z,y, @) from Theorem 3.3 and (5.11), then we au-
tomatically get (5.2). Moreover, the (z,y)-component of (7.8) generates (7.6), while
taking (7.10) into account. Finally, (7.7) results from the combination of (7.7) and
the u-components of (7.8), (7.10) and of the just mentioned estimate of Oh(Z, g, ). O

On the CQs to get £ = 1 in the above result, note that it is not yet clear whether
the partial calmness CQ mentioned above would still work here, as the proof requires
differentiability of the functions [37, 38]. As for the Guignard CQ, if we define the
linearized tangent cone in terms of the Clarke directional derivative, a result closely
related to the above one (with x = 1) can be generated by directly extending [38, The-
orem 3.3.8] to the current Lipschitz case, provided the upper-level objective function
is C'. These topics will be carefully addressed in a future research.

To close this section, we assume that we are in a position to derive the KKT
necessary optimality conditions of (4.1) in Theorem 7.2 with k = 1. So the question
is whether the result in Proposition 7.1 can be extended to the nonsmooth case.
Concretely, following the patterns in the previous sections, we would say that a point
(z,7y) is P-S-stationarity in the nonsmooth case, if for some @ € A(Z,y), there exist
t:=(t% ¢, ...,t?) and (o, B,7, ) with A € Ry such that (1.8), (5.2)—(5.3) and (5.14)
hold together with the following condition

Vied: B3>0, th%ZO.
=1

If the lower-level constraint function g is C!, the result can easily be extended to (4.1),
cf. [38, Proof of Theorem 3.1.9]. Otherwise, it is not difficult to find examples where
the inclusion

B8i09i(%,9) — £u;dgi(%,5) D (Bi — £ui)Dgi(7,7) (7.11)
is strict, when the cardinality of the set dg;(Z, %) is more than one, cf. Subsection 8.3.
This seems therefore to suggest that the well-known result in MPCC/MPEC theory
that the KKT necessary optimality conditions are equivalent to the S-stationarity

concept (see Proposition 7.1 for the bilevel programming—counterpart) is not valid in
the nonsmooth case; at least in the framework of the bilevel program.
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8. A numerical example. In the example that we consider here, the coderiva-
tive calculations involve the evaluation of normal cones to unions of finite numbers
of sets. Thus, we use the following formulas to proceed, see, e.g., [12, 34] for details.
Let 7 and Q3 be two closed subsets of R™. If Q; is nonempty and T € 5 \ Qs, then

No,ue, (#) = No, (2) (8.1)
whereas, if 21 N Qs is nonempty and T € Q1 N o, it holds that
N91U92 (‘ff) = Nﬂl (i‘> n j\\fﬂz (‘f) (82)

Next we consider a case of the optimistic bilevel optimization problem (P) in
R? and with a single upper and lower-level constraint, where F(x,y) := |z — v,
G(z) := —z, f(z,y) := max{x,y}, and g(z,y) := |y| — . One can easily check that
S(x) = [—=,z] for all x > 0. Thus implying that we have

Argrg};l{F(x,y)l G(z) <0, ye S)} ={(x,y)| y =2 >0},

8.1. Computing the coderivatives. The functions f and g are convex w.r.t.
y and we have

0 if x>y, 1 if y>0,
Oyf(z,y)=4¢ 1 if <y, and Oyg(zr,y) =< -1 if y<0,
[0,1] if z=uy, [—1,1 if y=0.

These maps are obviously uniformly bounded. The graph of d, f can take the form
gph (0 f) = {(z,y,0)| 2 > y} U{(z,y, V| & <y} U{(z,y,2)| x =y, z € [0, 1]}.

Obviously, this set can be rewritten as gph (9, f) = AU B U C, where

A= {(z,y,0)|z >y}, B:={(z,y,1)|z <y}, and O := {(z,y,2)|z =y, 2 € [0,1]}.

Thus, as the union of three closed sets, gph (9, f) is also a closed set.
Considering the definition of the coderivative and the interplay between the Mor-
dukhovich and Fréchet normal cones in (2.1), we first provide the expressions of

~

Ngpn (o, £)(Z, 9, 2). Five cases are considered:

(i) If £ > g and z = 0, then (Z,7,2) € A and (Z,y,2) ¢ B U C. Moreover,
since B U C is closed, we have from (8.1) that Ny (a,7)(,7,2) = Na(Z,9,2).
On the other hand, one can easily check that Na(Z,7,2) = {(0,0)} x R. Thus
ngh (Oyf)(ivgvz) = {(070)} X R:=Qy.

(ii) If z < g and zZ = 1, then (Z,3,2) € B and (z,9,2) ¢ AUC. Since AUC is closed,
we get Ngpn (o, £)(Z, 9, 2) = Np(Z,9, Z) = 1 while proceeding as in the previous case.
(iii) f £ = g and 0 < Z < 1, then (7,7,%2) € C and (Z,9,2) ¢ AU B. Similarly,
Negpn (0, )(Z,9, 2) = Ne(Z,9,2) = {(v,—x) : © € R} x {0} := Qy, as AU B is closed.
(iv) If = y and z = 0, then (Z,9,2) € ANC and (Z,7,%) ¢ B. Combining (8.1)
and (8.2) it holds that Ny (a, 1) (7,9, 2) = Nanc(Z,9, 2) given that B and AU C
are closed sets. One can easily check that N4 (z,7,2) = {(z,—2) : = < 0} x R.
and N¢(Z,9,Z) = {(z,—z) : = € R} x R_. In conclusion for this case, we have
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ngh (ayf)(j7y72) = {(J?, —ZE) :

same path as in (iv),
Np(#,9,2) = {(z,—x) :
Nepn (9,1)(%,7,2) = {(x, —2) :
In summary, we have

~

ngh 0y f) (g_jvga 2) =

The sequence (5, +,0)

PR R

A similar observation can be made for the sequence (-,
1
O) =

2ﬂ7n7

L) and (2

line of the latter formula, we have N, ph (8, f)(
Let us also consider the sequences (

0<1-—

ZESO}XR_ 1293.
(v) If z = y and z = 1, then (z,79,2) € BN C and (Z,y,z) ¢ A. Following the
).

1320}XR+I:Q4.

Q, if
Q, if
Qs if
Q, if

on

1

n’n’ 2"

= < 1foralln>1. ObVlously7 2% — 0 and 1 —
second hne of the above formula, N, eph (8, Al

SR

QL

-
wW Oy,

n7n721n)

H/\H

0
z
0,
1.

- ngh(@ f)(n’ n’lii)

ngh(ayf)(i'vgag)/\: NBﬂC(jagwg
x>0} xR and N¢(Z,79, 2) = {(x, —x) :

)V
<1,

1 1

on

~

(z <

Ng

By simple calculations,

x € R} xR,. Thus,

y, 2 =1),

satlsﬁes—<7f0ralln>1and2——>0andf—>0
,1).
ph (9y f)(nvgna )_ Q.
1 11-%)with0< 3 <1and

n’n’

Thus from the first

2% — 1. Thus, by the
Q.

Considering the behavior of these sequences, we get the following expression for the
Mordukhovich normal cone to gph (9, f), by applying (2.1):

Y,

w v o l\u
Ay

4 into account,

0)
z<1,
0,
1

V(z < 1),

8

g, 7=

it follows from

>y, z2=0,z" €R,
<y z=1,2*€R,
=9, 0<z<1,2*=0,
T=9, 0<z<1, 2"#0,
=y, z2=0,2*=0,
=1y, z=0,2* >0,
=79, z2=0,2z* <0,
=9y, z=1,2*=0,
T=y, z=1,2* <0,
T=y, z=1,2*>0.

y>0,z=1, z*¥ € R,

y <0,
y=0,
y=0,
y=0,
y=0,
y=0,
g:()’
y=0,
y=0,

z=-1, z* € R,
-l<z<1, 25 =0,
—-1<z<1, 2*#£0,
-1, z* > 0,
-1, z* <0,

W W W W W WY
Il
(S
IS
*
VAN
=

Q it (z
) 9 if =1y,
ngh(ayf)(xayvz) = QU Uy if z=7,
QU UQy if Z=1,
Taking the expressions of the sets ; with i = 1,2, 3,
the definition of the coderivative in (2.5) that
{(0,0)} i
{(0,0)} if
{(z,—z): zeR} if
0 if
v ) {@y—x) s e R} i
D« (9, f)((z,9)[2)(2") = {(z,—2): x <0} if
{(0,0)} if
{(z,—x): z e R} if
{(,—z): x>0} if
{(0,0)} i
Note that the graph of d,g is equally closed. Further proceeding as above, we get
{(0,0)} if zeR,
{(0,0)} if zeR,
{0} xR if zeR,
0 if zeR,
_ £\ {0}XR+ if (EER,
D «(9,9)((z,9)|2)(z") = {(0,0)} if 7eR,
{0} xR if zeR,
{0} xR_ if zZeR,
{(0,0)} if Z=eR,
{0} xR if 7eR,
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8.2. Verifying the CQs, M and C-stationarity. First observe that the Slater
CQ is satisfied at all x > 0. In this subsection, we focus our attention on the point
(Z,9) := (1,1), which is an element of the set of optimal solutions of the upper-level
problem. Obviously, A(1,1) = {0} and 9,¢(1,1) = {1}. Also note that for all v € R,
D« (0y9)((1,1)|1)(y) = {(0,0)}. Thus the condition (3.16) is automatically satisfied.
Moreover, it follows that the only vector (t°,t!) verifying (5.2) is (0,1). This implies
that the SOLLCQ (5.13) holds. To guaranty the M-stationarity, it remains to show
that the M-MPEC-MFCQ in Definition 5.3 is satisfied. This is obviously the case
with d = (1,1,0)T since # = {1} and dg(1,1) = {(~1,1)T}. Now recall from the
expression of the coderivative of 9, f above that

{(z,—x): xeR} if =0,
D @,)((LVI)) ={ {(z—2): z<0} i >0,
{(0,0)} if y<0.

The M-stationarity conditions hold for example with (a, 8,7v) = (0,1,—1) or (0,1, 0).
Since the subdifferential of g is a singleton here, the C-stationarity conditions are also
satisfied under the M-MPEC-MFCQ as mentioned in Section 6.

8.3. Analyzing the S-stationarity. For (z,7y) := (0,0), the Slater CQ and
MFCQ both fail for the lower-level problem. But as for all z > 0, the mapping

V() :={yeR: [y -z <v}

is calm at any point of its graph, the lower-level KKT conditions remain valid. Thus,
applying Theorem 4.1, (0,0, u) is a local optimal solution of the KKT reformulation
for any u € A(0,0). Notice that A(0,0) :={u e Ry : 0€[0,1] +u[—1,1]}. From the
formulas above, it holds that for all t° € [0,1] and t! € [-1, 1],

Dx*(9,£)((0,0)[t°)(0) = {(x, —=) : # € R} and Dx(d,g)((0,0)[t*)(0) = {0} xR. (8.3)

With these expressions, one can easily check that QC (3.16) holds for any point
(0,0,u), where u € A(0,0).
Choose @ = 1, then we have the following implications

(t9, 1) satisfies (5.2) = (t°,t1) € {(t°, —°) : t° € [0,1]},
(7.7) =t =0o0ry=0.

Take v = 0 and t° = 1 (that is, t' = —1), then the corresponding coderivatives are
obtained as in (8.3).

Now note that the functions F and g are both convex w.r.t. (z,y) and we respec-
tively have F(0,0) = co {(1,—1)T,(=1,1) "} and 9¢(0,0) = co {(—1,1) T, (=1,-1) " }.
Thus, we get the following equation from (7.6) while setting k = 1, £ = 3, and con-
sidering (—1,%)" € g(0,0) and the origin point from the coderivatives in (8.3):

YR e e R g R

This leads to a = 1 and 8 = 2. As a summary of the discussion, this means that a
vector (t9,tY o, B, 7, k, &, \) with t* = 1,t! = ~1,a = 1,8 =2,y =0,k = 1,£ = 2
and A € R, satisfies the optimality conditions in Theorem 7.2 when Z = § = 0 and
u = 1.

An important point that we would like to make here is to show that inclusion
(7.11) is strict in this case. In fact, note that the right hand side is the singleton
{(0,0)} under the values obtained above. On the other hand, observe that in addition
0 (0,0), the left hand side also contains the point (0,1)" =2(—1,1)" —2(-1, 1).
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9. Conclusion and extensions. We have considered the KKT reformulation of
a nonsmooth bilevel program and study the relationship between both problems. The
extension of various stationarity concepts to this case are also discussed under dual
type constraint qualifications (CQs). Note that the CQs in Theorem 5.2 and Theorem
6.2 can be replaced by the calmness property of adequately chosen set-valued maps,
see the comments immediately after Theorem 5.2. Following the pattern of results
in [7, 8], the ideas developed in this paper can readily be applied for the stability
analysis of the two-level value functions

Po(x) := min {F(z,y)|y € S(z)} and g, (z) := max {F(z,y)|y € S(x)}

(S is defined as in (1.1)), in the case where the functions involved are nonsmooth.
Concretely, this would consists to consider the extended solutions of the lower-level
problem described by the set-valued mapping

SM(@) = {(y,w)| 0 € L(2,y,u), u>0, g(z,y) <0, u' g(z,y) =0}.

M- and C-type upper estimates of the coderivative of this map can be obtained by
the same techniques used in Theorems 5.2 and 6.2, respectively. This can then lead
directly to necessary optimality conditions for strong Stackelberq/original optimistic
and weak Stackelberg/pessimistic problems [7, 8]. The latter problems respectively
consist to minimize ¢, and ¢, on the upper-level feasible set X. To ensure the Lips-
chitz continuity of ¢, and ¢, it is enough to derive conditions for the Aubin property
of S" [8] by using the well-known coderivative criterion [21, 29].
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