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We consider a class of nonsmooth generalized semi-infinite programming problems. We apply results from parametric optimization
to the lower level problems of generalized semi-infinite programming problems to get estimates for the value functions of the lower
level problems and thus derive necessary optimality conditions for generalized semi-infinite programming problems. We also derive
some new estimates for the value functions of the lower level problems in terms of generalized differentiation and further obtain

the necessary optimality conditions.

1. Introduction

Generalized semi-infinite programming problem (GSIP) is of
the form

min  f (x)
st. xeR", g(xy)<0, yeY(x),

@

where Y(x) := {y € R" | v(x, y) < 0}. GSIP is different from
the standard semi-infinite programming in that its index set
Y is dependent on x.

This first systematic study of GSIP was Hettich and
Still [1] where the reduction method was used to reduce
GSIP into standard nonlinear programming problems and
second-order optimality conditions were derived. Necessary
optimality conditions at an optimal solution X for (1) with
differentiable data are as follows there exist nonnegative
numbers A, ..., A, notall zero, such that
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where L(x, y, &, f) = ag(x, y) — (B, v(x, y)) and each (ocj,ﬁj)
is the usual F]-multiplier of the lower level problem at its
optimal solution 3’

Q) max g(xy)
(3)

st. v(x,y)<0.

This condition was first derived by Jongen et al. [2] in
an elementary way without any constraint qualifications or
any kind of reduction approaches. They also proposed a
constraint qualification under which it follows that A, > 0
and discussed some geometrical properties of the feasible
set which do not appear in standard semi-infinite case. The
optimality conditions are further explored by Riickmann and
Shapiro [3] and Stein [4].

GSIP in itself is of complex and exclusive structures
such as the nonclosedness of the feasible set, nonconvexity,
nonsmoothness, and bilevel structure and thus a difficult
problem to solve see, for example, [2, 5, 6]. We also refer to
[7-10] for some recent study on the structure of GSIP.



Itis obvious that GSIP can be rewritten equivalently as the
nonlinear programming problem

min  f(x)
st. ¢(x) <0,

(4)

where ¢(x) is the optimal value of Q(x). Then we can relate
GSIP to the min-max problem

min max {f (x) - f (%), ¢ (x)} (5)

see [3] for more details. On the other hand, GSIP can be
related to the following bilevel problem:

S

st. g(xy) <0, (6)

y €argmax{g(x,y):yeY (x)}

The problem (6) is a special bilevel optimization problem in
that its upper level constraint is the same as the objective
function of its lower level problem. However, there is a slight
difference between GSIP problem (1) and problem (6). The
feasible set of (6) is a subset of (1) in that the feasible set
of (1) is the combination of the feasible set of (6) and the
complement of dom Y. For more comparisons between GSIP
and bilevel problems, see Stein and Still [11].

The bilevel problem (6) is equivalent to the following
problem:

min f ) o
st. (%) eQ,G(x,y) <0,

where Q = {(x,y) | g(x,¥) < 0,v(x,y) < 0} and
G(x, y) = ¢(x) — g(x, y). This approach was used by Dempe
and Zemkoho [12] to study bilevel optimization problems.
For general references of bilevel optimization, see [13].

In this paper we concentrate on the optimality conditions
of nonsmooth GSIP whose defining functions are Lipschitz
continuous. Similar works are [14, 15]. We achieve this via
the lower level optimal value function reformulation and then
derive its necessary optimality conditions via the generalized
differentiation. One of the key steps is to estimate the general-
ized gradients of the lower level optimal value function which
involves parametric optimization. We will consider two cases
with different approaches related to the two reformulations of
GSIP as previously mentioned. Firstly, we develop optimality
conditions via the min-max formulation with Lipschitz lower
level optimal value function. Secondly, we develop optimality
conditions via bilevel formulation under the assumption of
partial calmness.
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2. Preliminaries

In this section, we present some basic definitions and results
from variational analysis [16, 17]. Given a set A in R", the
regular normal cone N, of A at X € A is defined by

N, (%) = veR”llimsuprO . (8)
a_ llx—xI
XX

The (general) normal cone N, of A at x is defined by

N, (%) = limsup ﬁA (x)
x—Xx
= {v | 3x* — %, I — v with v* ¢ N, (xk)}.
)
Given a function f: R” — R and a point X with f(%) finite,

denote by epi f the epigraph of f. The regular subdifferential
of f atx is defined by

of (x) := {u € R"| liminf

X o XXFX

(f (0—f ()=, x-3)) _ 0}
=X ek
(10)

The general (basic, limiting) and singular subdifferential of f
at x are defined, respectively, by

of (%) := limsup o f (x),
f_
XX . (H)
0% f (%) := limsup A0 f (x).

f_
x—x,A10

The upper regular subdifferential of f at x is defined by
o* fx) = —0(- f)(x), and the upper subdifferential of f is
defined by X0" f(%) := limsup , 9" f(x).

The Clarke (convexified) ngé)?mxal cone can be defined by

two different approaches. On the one hand, it can be defined
by the polar cone of the Clarke’s tangent cone

N, (x) = Ty(x), (12)

where TA(x) = liminf 4 (A — y)/t or defined via the
y—>x,\0

generalized directional derivative of the (Lipschitzian) distant
function dist(-, A); see Clarke [18]. On the other hand, it can
be defined by the closed convex hull of the (general) normal
cone

N, (x):=clcoN, (x). (13)

For this definition and also the equivalence of the two
definitions, see, for example, Rockafellar and Wets [16].

The Clarke subgradients and Clarke horizon subgradients
of f at x are defined by

of (x) := {v | (v,=1) € Nypi (x,f(x))},

o _ (14)
3 f(x)={v](0) e Ny (x f ()}
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The relationship between the Clarke sub-subdifferentials and
basic sub-differentials is also referred to by Mordukhovich
[17, Theorem 3.57].

Proposition 1 (see [16]). Let f be proper and lsc around x €
dom f. Then,

0f (x) = clco [0f () + 0% f (%)]. (15)
If, in particular, f is Lipschitz continuous at X, then
of (%) = clco of (%). (16)

The normal cone N, enjoys the robustness property
Nu(x) = limsup, 3 N,(x) provided that the setting is
finite dimension [17, page 11]. However, this is not true for
the convexified cone N ,; see, for example, Rockafellar [19].
Consider

A= {x €R’ | x; = x,x, or X3 = —xlxz}, 17)
x = (0,0,0). (18)

The normal cone N 4(x) is just the x;-axis, but N 4(x) is the
x,x5-plane for all x = (x;,0,0). The following proposition is
from Rockafellar [19].

Proposition 2 (see [19]). If A is convex, or if N ,(X) is pointed,
then the multifunction N , is closed at X; that is, for all x* —
— ok RGO =

X, Y —— ¥, one hasy € N (x).

Proposition 3. The Clarke normal cone has the robustness
property

N,(x) = lim sup N4(y) (19)

provided that N ,(x) is pointed.

Proof. It suffices to prove that limsup,_, .coN,(y) ¢
clcolimsupy_,XNA(y) = NA(x). Let v €
limsup,_, ,coN,(y). Then there are y, € A, vy € Ny(yp),
i=1,...,n+1such that

n+l
Z"ik — v as k — oo, (20)
i=1

since the sets N, (y,) are cones. Let A, = Z?:ll lviell. Then
{A;} is bounded; that is also to say, {v;.} are bounded for all 1.
Otherwise, Z:fll vi/A, — 0.Thatis, v, +---+v,,, = 0, where
v; is the limit of {v;; /A }; for each i. Note that v; € N,(x)
since Ny(x) = limsup, , Ny(y). Thusv, = --- =v,,, =0
by the pointedness of N (x). On the other hand, Y, [|v;|| = 1.
This is a contradiction. Thus the sequence {v;.} is bounded. By
taking subsequences, we may assume thatv;, — v;.Thenv; €
N,(x)and v = v, + -+ + v,,. This completes the proof. [

The following definitions are required for further devel-
opment.

Definition 4 (see [17, Definition 1.63]). LetS : X = Y be a
set-valued mapping with x € dom S, the domain of S.

(i) Given y € S(x), we say that the mapping S is inner
semicontinuous at (x, ) if for every sequence x;, —
x there is a sequence y, € S(x;) converging to y as
k — oo.

(ii) S is inner semicompact at X if for every sequence
X, — X there is a sequence y; € S(x;) that contains
a convergent subsequence as k — ©o.

(iii) S is p-inner semicontinuous at (X, y) (y-inner semi-
compact at x) if in above two cases, x, — X is
replaced by x;, — x with p(x;) — p(x).

Here the concept of y-inner semicontinuity/semicom-
pactness is important for our considerations. It is typical that
the value function ¢ of the lower level problem Q(x) of GSIP
is not continuous, even taking value —co.

Theorem 5 (subdifferentiation of maximum functions [17,
Theorem 3.46]). Consider the maximum function of the form

(max¢;) (x) = max{¢; (x) [i=1,....0L. (D)

Let ¢; be lower semicontinuous around x fori € 1(x) = {i |
max(¢;)(x) = ¢;(x)} and be upper semicontinuous at x for i ¢
I(x). Assume that the qualification holds:

[ Y xl=0, x ea°°¢,~(§)] =x =0, iel(X)

iel(x)
(22)
Then
0 (max¢;) (%) ¢ U { Z Aoy () | (Ay..4) € A(E)]»,
i€l (%)
(23)

where A(%) = {(Ays..sA) | A; = 0,50 A, = 1,4,(¢,() —
(max ¢;)(x)) = 0}.

Note that qualification (22) always holds if all related
functions are locally Lipschitz.

The following two results are about continuity properties
and estimates of subdifferentials of marginal functions which
are crucial to our analysis for GSIP problems.

Proposition 6 (limiting subgradients of marginal functions
[20]). Consider the parametric optimization problem

p(x):=inf{p(x,y) | y € G0}, (24)
and let M(x) == {y € G(x) | u(x) = ¢(x, y)}, G(x) = {y €
R™ | ¢i(x,y) <0, i =1,...,1}. For simplicity, one does not

consider the case with equality constraints involved.



(i) Assume that M is p-inner semicontinuous at (x,y) €
gph M (the graph of M), that ¢ and all ¢; are Lips-
chitz continuous around (x,y), and that the following
qualification condition is satisfied:

only the vector (A,...,A) =0 e R’

!
satisfies the relation 0 € Z/\ia(pi (x.9)

i=1 (25)
for some (A,,..., 1)) € R,

with Lg; (X,y) = i=1,...,1L

One has the inclusions

ou(x) c {u* € X" | (u",0) €op(x,y)

1
+ Y 1,09, (%, 7) for some (Ay,...,N) € R,

i=1

with L;9; (x,y) =0, i = 1,...,1}.
(26)

(ii) Assume that M is y-inner semicompact at x, and all
@ and @; are Lipschitz continuous around (x,y) for all
y € M(x), and qualification (25) holds for all (x,y),
y € M(x). Then

wu@c

{u*e X1 (4,0 € 9 (%,7)
FEM(®)

!
+Zlia(pi (x,y), for some (A,,...,

i=1

M) eRY

with L;¢; (x,y7) =0, i = 1,...,1}.
(27)

Proposition 7 (Lipschitz continuity of marginal functions
[21, Theorem 5.2]). Continue to consider the parametric prob-
lem (24) in Proposition 6. Then the following assertions hold.

(i) Assume that M is u-inner semicontinuous at (X,y) €
gph M and ¢ is locally Lipschitz around this point.
Then p is Lipschitz around x provided that it is Isc
around x and G is Lipschitz-like around (x,y).

(ii) Assume that M is p-inner compact at x and @ is locally
Lipschitz around (x,y) for all y € M(x). Then u is
Lipschitz around x provided that it is Isc around x and
G is Lipschitz-like around (X, y) for all y € M(x).
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3. Main Results

Now we are prepared to develop the optimality conditions for
GSIP problem (1). Given a local solution X of problem (1),
associate it with the following min-max problem

min max {f (x)-

f @, x)}, (28)

where ¢(x) := sup .y g(x, y). Let Yo(x) = {y € Y(x) :
¢(x) = g(x, y)}. Denote by

F(x) = max{f (x) - f (X),¢ (x)}. (29)
If X solves GSIP (1), then X also solves problem

min {F (x) : x € R"}, (30)

and thus by generalized Fermat’s rule (cf. [16, Theorem 10.1]),
we have

0 € OF (x). (31)
So, calculus for the maximum function and the estimate

of subdifferentials are essential to proceed. From (31) and
Theorem 5, there exists p € [0, 1] such that (if ¢ is Lipschitz)

0 € pof () + (1~ ) 9¢ (%) € pof (%) + (1 - ) co 0 (3
(32)
Note that for a Lipschitz function ¢,
co0¢ (x) = —co 0 (—¢) (X). (33)

Theorem 8 (optimality for GSIP with Lipschitz lower level
optimal value function). Consider the GSIP problem (1), and
let x € M be its locally optimal solution. Assume that all
functions f, g, and v are Lipschitz continuous, Y, is ¢-inner
semicompact at X, and Y is Lipschitz-like at (x,y) for all 'y €
Y, (x). Then there is 7 € Y,(x) andx >0, X >0, &f >0,

i=1L...,Lj=1,.. ksuchthatzjl)\]—land

k L '
0e (i @.0)+ % [ 3 (-q) (5.7)- Z&{avi(x,yf)].
(34)

Ifin addition g and all components of v are regular at all (X, 3),
then the optimality is of the form

OeXOaf(yngij[ -0, (-9) (%.7) - Z(xav(x, )],
o€za[ o) (55 - gajayvi(x,yf)].

(35)

Note that —9(-g) = 0" g.
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Proof. Under regularity and Lipschitz continuity, since the
following calculus rule for basic subgradients holds (see [16,
Corollary 10.11]):

o f(x,y)={ulIvst wv)eof (x,y)}, (36)

the last two equations follow directly from the first one. Note
that the function —¢ is in position of g in Proposition 6.
Under our assumptions, by Proposition 7, —¢ is Lipschitz
continuous and the estimate of o(—¢)(x) is

a(-¢)® < |

YeYy (%)

{u* € X" 1 (u',0) €3 (-g) (&)

!
+ Za,.av,. (x,9)

i=1

for some (a,..., o) € R.

with a;v; (%,7) =0, i = 1,...,1}.
(37)

If x € M solves GSIP, then it also solves min, F(x). By (31),
(32), and (33), there exists u € [0, 1] such that

0 € pof (%) - (1 - p)cod (~¢) (X). (38)

Combining (37) and (38), there is 7j € Yy(x) and A iz0
oc{ >0,i=1,...,], j= 1,...,ksuchthatzl;:1)tj =1land

0 € (uof (x),0)

+(1-p) ZAj -0(-g) (E,?j) - erijavi (E,?j) .

(39)

Lettmg)to = y, i = (l—y)AJ,oc = ocf,i =1,..,Lj=
., k, we obtain the desired result. O

Corollary 9. In addition to the assumptions in Theorem 8,
assume that f, g, and v are continuously differentiable. Then
the optzmalzty condition at the optimal point X is that there

exist 7 € Yy(x) and A, > O)L>Ooc>01—1 A

j=1,.. ksuchthatzj 1)tj—land

Y@y, (5,7 )]

i=1

k
0= TV f @+ YT, [ Ve (57) -
=

(40)

Next we consider the case where the lower level value
function ¢ may fail to be Lipschitz and give estimates for the
subdifferentials of ¢ and thus further derive the optimality
conditions for GSIP. However, it requires to use the Clarke
subdifferentials.

Proposition 10. Consider the parametric optimization prob-
lem same as (24):

p(x) :=inf{p(x,y) | y € G(x)}, (41)

with corresponding solution mapping M : X =3 Y. Let X €
dom M. Assume that the following conditions hold:

(i) @ is lower semicontinuous at x;

(ii) M is u-inner semicompact at x and M(X) is nonempty
and compact;

(i) if (1 w) €3 P(E, T (Vi —w) € N g o(%F). 7, €
M(x) i s n+l, andzlu,+vi =0, thenu; = v, =0,

(iv) the cones N gon c(x,y) and Nepiq,(y_c, ¥, 9(x,y)) for all
y € M(x) are pointed.

Then one has the inclusion

ou (%) Cco U {u | (4,0) € 09 (%, ) + N g (EJ)})

FEM(X)
(42)

Proof (sketch: the definition of = clco {9 + 0}). The proof
is divided into two parts. First the set on the right hand of the
required inclusion, denoted by A, is closed. The second step
is to justify that 0 + 0 C A.

Let Y/ AR b — w A% >0, ¥ AF = 1,and

k

(uf,O) = (xlfi,yfi) + (le.,y;(i) , i=12,...,n+1, (43)

whe_re (xh ) € 54’(17?% (x5 ¥5) € nghG(E’ny 75 €
M(x),i=1,...,n+ 1. We have to show that u € A. We may
assume that 7:‘ — y,i=1,...,n+1,as M(x) is compact. We
show first that the sequence {zF = (zf)i = (x’fi, yﬁ.,xlgi, y;‘i)}k
is bounded. Suppose on the contrary that Iz = oco. Then
for each i,

1 Lk K ko k K
||zk|| (u 0) ||zk|| (xli,yli) + (”2;‘"’21) with (”zp"z;)
_ 1 ( k k)
= "zk” Xoi> Yai )
(44)
Multiplying (44) by A’f and taking summation over i, we have
1 n+1 n+1 n+l
T <Z/\’f lf,,Z)kah> (ZAkuzl,ZAkvm) —(0,0).
"Z “ i=1 i=1 i=1 i=1
(45)

Note that for each i, by definition of 9,

1 -1 — S S
(m (xllci’yi(i)’m> € Nepi(p (x’yfc’(P(x’yf)) (46)



Let (ufpvy) = 1/1251(x}, ) — (o). Then by
assumpt10n (iv) and Proposition 3 one has (uy;,v1»0) €
(%, ¥, 9(x,,)), and thus (u;,v;) € R @(X,y,). Then

n+l ) n+l f n+l
||zk|| (ZA X145 Z)‘ yh) - ZAi (u13v13)» (47)
i=1

where A, , YA = 1 Let (Wb k) —
(Uy;, V) € nghG(x, yl) Then vy; + v,; = 0 from (43).
Combining (45) and (47), we have

ePl ¢

= hmkHOO

n+l
ZAi (1o 1) + (g v51)) = 0. (48)
i=1

Based on the assumption (iii), we have (uy;,vy;) =
(0,0), (uy;,v5;) = (0,0). This contradicts the fact that
(41, V1> ojs Vo;) is of norm 1, and thus {z¥} is bounded.
Then (xlfi, yﬁ.), (x’;i, y;‘i) have convergent subsequences, say
(xi,yﬁ) = (X1 y1) € 09(%, 7)), (X ¥5) = (305 yy) €
Ng L% y,). Thus u = Y Au; with u; = x;; + x5;. That is to
say, A is closed.

Next, we justify that 9+ 0™ C A. Assume that u; € du(x),
u, € 0%u(x). Under the semicompactness assumption,
invoking [17, Theorem 1.108], one gets that

A (%) < ful (1, 0) € Upe pyy@ (@ (%, 7)+0 (%, 7) - gph G)) |,

3% u (X)cful (1, 0)eUsepy 9™ (9 (%, 7)+0 (%, 7), gph G))}.
(49)

Employing the sum rule from [17, Theorem 3.36] to the
two above leads to

(uy + 1y, 0) € [09 (%.7) + N (%.7)]

+ [a°°<p (%,7) + Ngph (%, ?)]

¢ dco[dp (%,7) + 079 (%,7)] + Ny (% 7)

= aq) (E’ 7) + nghG (x’ 7)’
(50)

which completes the proof. O

Theorem 11 (convexified normal cone to inequality system
[22]). Consider G defined by inequality system G(x) = {y |
¢(x,y) < 0}. Let ¢ be Lipschitz, and the qualification (non-
smooth MFCQ) at (x, ) holds:

[ Z Aw; = 0 with w; € 0¢; (%, ), A; > 0] = A\,
icI(xy)
=0 foriel(x,y),
(51)
where I(x,y) := {i | ¢;(x,y) = 0}. Then

nghG (%) c ‘| Z Aog; (x,7) | A, 0}' (52)

iel(%.7)
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As mentioned, GSIP can be relaxed into the following
bilevel programming problem:

min  f (x)
(%) (53)
st. g(%y)<0,v(xy)<0,¢(x)-g(xy)<0

The feasible set of above problem is a subset of the feasible set
M of (1). Thus, if X solves GSIP and ¢(x) = 0 and Y(X) #0,
then X also solves problem (6). The perturbed version of the
above bilevel problem is

min  f (x)

(x9)

st g(xy)<0,v(xy)<0,¢(x)—

Problem (6) is said to be partially calm at (x,y) [23] if

(54)
g(xy) <u.

there isx >0 and aneighborhood V of (X,7,0)e R"xR" xR
such that for all (x, y,u) € V feasible for (54) we have

Jx) = f&X) =z —xlul.
(55)

Under the partial calmness condition, problem (6) can be
transformed into the problem below, for some constantx > 0,

min  f (x) +x [¢(x) — g (x, )]
(%) (56)

st. glxy)<0, v(xy)<0

Theorem 12 (necessary conditions of optimality of GSIP).
Let X be an optimal solution of GSIP with ¢(x) = 0, and
Y(x) #0. Let the data functions f, g, and v be Lipschitz and
the partial calmness condition (55) hold at (x,7y) for some
vy € Yy(x). Assume that the following conditions hold:

(i) Qualification (51) holds for Q) =
0, g(x, y) < 0} at (X, ).
(ii) Y, is ¢p-inner semicompact at x and Y(x) # 0.

{6, y) | v(x,y) <

(iii) If (U w) €3 (X T, (Vo —w) € N gy (% 7,), 7 €
Yo(x),i<n+1,and Y,u;+v; =0, thenu; =v; =0
and w; = 0.

(iv) The cones N 4, y(X, y) and Ny, o(, y, g(x, y)) for all
y € Yy (x) are pointed.

Then thereisk > 0, A; > 0,7y, € Yy(x),i = 1,...,r such that

YA =1and

€ (3f ®).0) + KZM [0g (%,7,) - 09 (%, 7)]
" (57)
+ ZNgPhY (E’yz) + NQ (f,y)

i=1

Proof. Let O = {(x,y) | v(x,y) < 0, g(x,y) < O}
Under our assumptions, GSIP can be relaxed into problem
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(6) and (x, y) also solves (6) for all y € Y,(x). Due to the
partial calmness of (6), we also have that (x, y) solves (56).
Under the qualification assumption, the necessary optimality
condition for problem (56) is (see, e.g., [24, Theorem 5.1] or
[22, Theorem 6.2])

0 € (af (%),0) +x (3¢ (x),0) +x0 (—g) (x,7) + N (E,(;_v).)
58

If v € 3" (~¢)(x), then —v € d¢p(x). Indeed, by definition,
3" (=) () = {v | (-7, 1) € Nyypogy (%, -9 (x))}
={v 1 (=v,-1) € Ny (x,6 ()} (59)
v =1) € Ny (5. ()}

Thus, d¢(x) = —0"(—¢)(x) C d¢(x) = —0(~¢)(x), and from
(58),

0¢(3f (®,0) -« (0(-9) (%),0) +x(-g) (%.7)
+Nq (%)

Applying Proposition 10 to —¢, there are ; > 0, y, €
Yo(x),i=1,...,rsuchthat) A, = 1and

(3(-¢) (),0) < ia,- [0(-9) (%7,) + Ngny (%7,)] -

i=1

(61)
So, noting that (-g) = —dg,
0 (af (®),0)+x) 1,09 (%7,) - xdg (%, 7)
i=1
+ KZAinghY (%, 71) + NQ (x’ 7)
i=1
(62)
c(0f (®),0) +xY ) [9g (%7,) - 0g (%.7)]
i=1
+ ZNgPhY (E’ 71) + NQ (2’ 7) .
i=1
This completes the proof. O
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