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Abstract In this paper, we study optimality conditions of approximate solutions for
nonsmooth semi-infinite programming problems. Three new classes of functions,
namely e-pseudoconvex functions of type I and type Il and e-quasiconvex functions are
introduced, respectively. By utilizing these new concepts, sufficient optimality condi-
tions of approximate solutions for the nonsmooth semi-infinite programming problem
are established. Some examples are also presented. The results obtained in this paper
improve the corresponding results of Son et al. (J Optim Theory Appl 141:389-409,
2009).
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1 Introduction

In this paper, we consider the following semi-infinite programming problem:

(SIP) Minimize f(x)
s.t. fi(x) <0, teT,
xX €A,

where T is an arbitrary (not necessarily finite) index set, f, f; : X — R, ¢t € T, are
locally Lipschitz functions on a Banach space X, and A is a nonempty closed convex
subset of X. It is well known that semi-infinite programming problems became an
active research topic in mathematical programming due to its extensive applications
in many fields such as reverse Chebyshev approximate, robust optimization, minimax
problems, design centering and disjunctive programming; see ([ 1-3]). Recently, a great
deal of results have appeared in the literature; see [4—15] and the references therein.

We note that the approximate solutions of optimization problems are very important
from both the theoretical and practical points of view because they exist under very mild
hypotheses and a lot of solution methods (for example, iterative algorithms or heuristic
algorithms) obtain this kind of solutions. Thus, it is meaningful to consider various
concepts of approximate solutions to optimization problems. The first concept of
approximate solutions for optimization problems was introduced by Kutateladze [16].
We remark that, in recent years, many authors devoted their efforts to propose some
new notions of approximate solutions in connection with the optimization problems
[17-21].

In 2009, Son et al. [22] obtained some necessary and sufficient conditions of
approximate solutions for nonsmooth semi-infinite programming problems, where
f is e-semiconvex and f;, t € T is convex. In the definition of e-semiconvexity, it
requires the regularity of f. It is worth mentioning that the regularity of f and the
convexity of f; play an important role in deriving the sufficient optimality condition of
approximate solutions for the nonsmooth semi-infinite programming problem in [22].
Thus, it is natural and interesting to remove the regularity requirements on the objec-
tive function and weaken the convexity on constraint functions. The main purpose of
this paper is to make an effort in this direction.

The rest of the paper is organized as follows. In Sect. 2 we recall some basic def-
initions and known results of Clark subdifferentials. We also introduce three new
classes of functions, namely e-pseudoconvex functions of type I and type II and
e-quasiconvex functions. Some examples illustrate this new functions. Section 3 con-
tains the main results of this paper. By these new functions, sufficient optimality
conditions of approximate solutions for the nonsmooth semi-infinite programming
problem are derived. Examples are given to illustrate our results. It is important to
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note that, in our main results, the regularity on the objective function and the con-
vexity on the constraint function are removed. Our results improve the corresponding
results of Son et al. [22].

2 Preliminaries

Throughout this paper, we assume that X is a Banach space, T is a compact topolog-
ical space. Let X* be the dual space of X and we denote the closed unit ball in X* by B*.
Let us denote by R() the following linear vector space [1]:

RTD) .= {A = A)ter 1 A =0forall r € T except for finitely many A, # 0}.

The nonnegative cone of R() is denoted by

RY = (A= (A)rer e RD 10 >0, 1€ T

It is easy to see that Rf) is a convex cone of R(). For A Rf), the supporting set
corresponding to A is defined by 7 (%) := {t € T : A, > 0}, which is a finite subset of
T.

Let Z be a linear vector space. For A € R and {zt}ieT C Z, we set

3 hiz = Yiery Mz TR #9,
A ifT(L) = 0.

teT
Let f : X — Rbe areal-valued function. The function f is said to be directionally

differentiable at x € X if, for every direction d € X, the usual one-sided directional
derivative

Jx+1td)— f(x)
t

N NNt
fl(x;d) = 1[1301

of f at x in the direction d exists and is finite.
Let f : X — R be alocally Lipschitz function and x € X. The Clarke generalized
directional derivative [23] of f at x in the direction d € X is defined by

£oCe: dy = limsup? O F fc? Ay
yth

and the Clarke generalized gradient [23] of f at x is denoted by
dcf(x):={6 € X*: f°(x;d) > (§,d),Vd € X}.

It is well known that

f°(x;d)y= sup (£,d), VdeX.
§€dc f(x)

@ Springer



292 X.-J. Long et al.

The function f is said to be regular [23] at x € X if, for each d € X, the directional
derivative f'(x; d) exists and coincides with f°(x; d). When f is convex, ¢ f (x)
coincides with the subdifferential d f (x) in the sense of convex analysis.

Let E € X be a nonempty subset and x € E. Denote by dg the distance function
of E,ie.,dp(x) := inf{|]] x —y ||: ¥y € E}. A vector v in X is tangent to E at x
provided d (x; v) = 0. The set of all tangents to E at x is denoted 7¢ (x). The Clarke
normal cone to E at x is defined by

Nc(E;x) ={§ e X*: (£,v) <0, Yv € Tc(x)}.

Let E € X be a nonempty closed convex subset. The normal cone to E atx € E
is defined by

NE;x):={eX*: (£, y—x)<0,VyeE}

Obviously, if E is a closed convex set, then Nc(E; x) = N(E; x).
The following lemmas will be used in the sequel.

Lemma 2.1 [23, Corollary, p. 52] Let E C X be a nonempty subset and x € E.
Suppose that f : X — R is Lipschitz near x and attains a minimum over E at x.
Then, 0 € d¢c f(x) + Nc(E; x).

Lemma 2.2 [23, Prosition 2.3.3] Let f; : X — R, i = 1,2,---,n, be locally
Lipschitz functions. Then, for any x € X,

dc(fi+ fa+--+ f)x) S ac f1(x) + d¢ fa(x) + - -+ + ¢ fu(x).

Let E C X be a nonempty subset. A locally Lipschitz function f : X — R is said
to be pseudoconvex atx € E if, forall y € E,

(. y—x)=20,38ecicfx) = fy) = f).

The function f is said to be quasiconvex at x € E if, forall y € E,

M <f&x) = (,y—x)<0, V&€ fx).

Son et al. [22] introduced the following generalized convexity which is a general-
ization of the convexity and the semiconvexity.

Definition 2.1 Let £ € X be a nonempty subset and ¢ > 0. A locally Lipschitz
function f : X — R is said to be e-semiconvex at x € E if f is regular at x and

flasy =0+ Vely—xl 20 = f)+Vely—xll = f(x), VyekE.

Remark 2.1 Tt is worth mentioning that the notion of e-semiconvex function intro-
duced by Son et al. [22] is different from the one introduced by Loridan [20]. We
also note that when ¢ = 0, the definition of g-semiconvex function coincides the
semiconvex function defined by Mifflin [24].
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In order to obtain our main results, we introduce the following generalized convex
functions.

Definition 2.2 Let E C X be a nonempty subset and ¢ > 0. A locally Lipschitz
function f : X — Ris said to be

(i) e-pseudoconvex of type I at x € E if, forall y € E,
Ey—x)+Vely—x120, 3 €dcf(x) = fO)+Vely—xll = fo).
(i1) e-pseudoconvex of type Il at x € E if, forall y € E,
E,y=x)=0,36cicf(x) = fO)+Vely—xl > fx).
(iii) e-quasiconvex atx € E if, forally € E,
FO) S f@) = (Ey—x)+Vely—x[ <0, VE € dcf(x).

Remark 2.2 If f is e-semiconvex at x, then it is also e-pseudoconvex of type I at x.
But the converse is not true in general.

Example 2.1 Let f : R — R be defined by

’; .
x> +x, ifx>0,
f(")—{gx, if x < 0.

By a simple computation, we have

3 . .
3d, ifd >0 d, ifd=>0
°0- — 2%, = Yy ! 0. — ) = Y
/0 d) {d, ifd <0, 0 d) {%d, ifd <0.

Moreover, ¢ f(0) = [1, %]. Let ¢ > 0. It is easy to see that f is e-pseudoconvex of
type I at x = 0. However, f is not e-semiconvex at x = 0 because f is not regular at
x =0.

Remark 2.3 We would like to point out that the definition of e-pseudoconvex of type
I is different from the definition of approximate pseudoconvex introduced by Gupta
et al. [25]; see Definition 6 in [25]. In Example 2.1, f is e-pseudoconvex of type I but
not approximate pseudoconvex at x = 0.

Remark 2.4 1If f is e-pseudoconvex of type I at x, then it is also e-pseudoconvex of
type II at x. But the converse is not true in general.

Example 2.2 Let f : R — R be defined by

—x, ifx >0,
foo = {2x, if x < 0.
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By simple computation, we have

o o [2d, itd>0,
f(o’d)_{—d, ifd <0,

and dc f(0) = [—1,2]. Let ¢ > 1. Take & € (0, 2]. It is easy to see that f is &-
pseudoconvex of type II but not e-pseudoconvex of type I at x = 0.

Remark 2.5 We note that the definition of e-pseudoconvex of type Il is different from
the definition of approximate pseudoconvex of type I introduced by Bhatia et al. [26];
see Definition 8 in [26]. In Example 2.2, f is e-pseudoconvex of type II but not
approximate pseudoconvex of type I at x = 0.

We now recall some definitions of approximate solutions. Denote the feasible set
of SIPby K,ie,K:={xe€A: fi(x) <0, VteT}.

Definition 2.3 [20] Let ¢ > 0. A point xp € K is said to be

(i) an e-minimum for SIP if f(xg) < f(x) + ¢ forallx € K.
(ii) an e-quasi-minimum for SIP if f(xo) < f(x) + +/¢]lx — xo|| forall x € K.
(iii) aregular e-minimum for SIP if it is an e-minimum and an e-quasi-minimum for
SIP.

Remark 2.6 When ¢ = 0, Definition 2.3 reduces to the usual notion of a minimum.
Thus, the study of approximate minimum the case ¢ > 0 is of interest.

For SIP, denote by K. the ¢-feasible set, where K, = {x € A : f;(x) <
/€ forall 1 € T}. Itis easy to see that the set K, is nonempty and closed.

Definition 2.4 [20] Let ¢ > 0. A point xp € X is said to be an almost &-quasi-
minimum for SIP if xq satisfies the following conditions: (i) xg € K,; (ii) f(xo) <
f(x) + ellx —xo| forall x € K.

3 Optimality Conditions

In this section, we establish some necessary and sufficient optimality conditions of
approximate solutions for nonsmooth semi-infinite programming problems.

To obtain the necessary optimality condition, we consider the following constraint
qualification condition:

(CQ)x NeK:ixp)< | (Zx,acfz(xo)>+N(A;xo>,

AEB(xg) \teT

where B(xg) := {\ € Rf) ‘M fi(x0) =0, VreT}and xg € K.
First, we obtain the following necessary optimality condition for SIP.

Theorem 3.1 Let xy be an e-quasi-minimum for SIP and let the constraint qualifica-
tion condition (CQ)y, hold. Then, there exists A € RS_T) such that
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0 € dc f(x0) + Y Mdc fi(x0) + N(A; X0) + VEB*, fi(x) =0, Y1 € T().
teT
3.1

Proof Since x¢ is an e-quasi-minimum for SIP, it is a minimum for the following
optimization problem:

Minimize f(x) 4+ +¢llx — xo, s.t. x € K.
By Lemmas 2.1 and 2.2,

0 € dc(f + el - —xol)(x0) + N (K; xo)
C dc f(x0) + Nc(K; xo) + +/eB*.
This fact together with the condition (C Q)y, yields the conclusion. The proof is
complete.

Remark 3.1 When f;, t € T is a convex function, the constraint qualification con-
dition (C Q)y, is considered by Dinh et al. [7]. They also gave a sufficient condition
guaranteeing this condition.

We next formulate some sufficient conditions for an almost e-quasi-minimum for
SIP.

Theorem 3.2 Let (xg, 1) € K, X Rf) be such that

0 € ¢ f(xo0) + Zkzacfz(xo) + N(A; xq) + /e B*,

teT

fi(xo) 20, VieTQ). (3.2)

If f is e-pseudoconvex of type I at xy and f;, t € T is quasiconvex at xo, then xg is an
almost e-quasi-minimum for SIP.

Proof Let (xo, ) € K. xR be such that (3.2) holds. Then, there exist u € ¢ f (xo),
v, € dc fi(xg) forall t € T with w € N(A; xo) and b € B* such that f;(xg) > 0 for
allt € T()) and

u+ZAtvt+w+ﬁb=O. (3.3)

teT

Since w € N(A; xo) and b € B*, one has
<w7x_-x0)<07 b(x_x0)<||x_x0“,vx€A.

This fact together with (3.3) yields

<u + ) v —xo>+ﬁ||x —xo]l > 0.

teT
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It follows that

<u + ) hvx —x0>+\/§||x —xo]l >0,

teT (V)

or equivalently,

(i, x — x0) + V/Ellx = xo] >—< 3 xtvt,x—xo>. (3.4)

teT (V)

Note that f;(xo) > Oforallt € T(A) and f;(x) < Oforallt € T, x € K. It follows
that f;(x) < fi(xo) forall x € K and ¢t € T(A) . Since f; is quasiconvex at xo and
vy € dc fi(xp) forany t € T,

(v, x — xp) < 0. (3.5)
Combining (3.4) and (3.5) yields
(u, x — x0) + /ellx — xoll = 0.
As f is e-pseudoconvex of type I at xg,

f(xo) < fx) +ellx —xoll.
Therefore, xg is an almost e-quasi-minimum for SIP. The proof is complete.

Remark 3.2 Theorem 3.2 generalizes Theorem 4.3 of Son et al. [22], one of the main
results of [22], from the following two aspects: (i) the convexity of f;, t € T is
relaxed to the quasiconvexity at xg; (ii) the e-semiconvexity of f is relaxed to the
e-pseudoconvexity of type I at xg. It is worth mentioning that the regularity of f plays
an important role in the proof of Theorem 4.3 in [22]. However, our proof does not
require any regularity conditions.

Since an e-semiconvex function is e-pseudoconvex, we have the following corollary.

Corollary 3.1 Let (xp, X)) € K¢ X IRS_T) be such that (3.2) holds. If f is e-semiconvex
at xg and f;, t € T is quasiconvex at xo, then xq is an almost e-quasi-minimum for
SIP.

Since a convex function is quasiconvex, we have the following corollary.

Corollary 3.2 [22, Theorem 4.3] Let (xo, 1) € K. x R be such that (3.2) holds.
If f is e-semiconvex at xo and f;, t € T is convex at xo, then xq is an almost e-quasi-
minimum for SIP.

The following example illustrates that Theorem 3.2 holds but Corollary 3.2 is not
applicable.
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Example 3.1 Consider the following problem:

(SIP) Minimize f(x)
s.t. fitx) <0, teT=]0,1],
xeA=[-1,1],

where

0, ifx>0,
x, ifx <0,

f(X)={

and f;(x) :=tx, forx € Randt € T. By simple calculations,

oo [d. ifd=0, [0, ifd>0,
f(o’d)—{o, ifd <0, f(o’d)—{d, ifd <0.

Let ¢ = 1. Itis easy to check that f is e-pseudoconvex at xo = 0, and f;, t € T, is
quasiconvex at xo = 0 and K = [—1, 0]. Moreover, dc f(0) = [0, 1], dc f:(0) = ¢
forallt € T, and N(A;0) = {0}. Let A satisfy that Ao = 1 and A, = O for all
t € T\{0}. We can check that the optimality condition (3.2) corresponding (0, 1)
holds. In this case we obtain 7(1.) = {0}. By Theorem 3.2, xo = 0 is an almost
e-quasi-minimum for SIP. However, Theorem 4.3 of Son et al. [22] is not applicable
since f is not e-semiconvex at xo = 0. We also point out that there is not a minimum
for this problem.

In the following theorem, we give another sufficient optimality condition of an
almost e-quasi-minimum for SIP.

Theorem 3.3 Let (xg, A) € K, x ]Rf) be such that (3.2) holds. If f is e-pseudoconvex
of type 1l at xo and f; is e-quasiconvex at xo, then xq is an almost e-quasi-minimum
for SIP.

Proof Similarly to the proof of Theorem 3.2, there existu € dc f (xp), v; € dc fr(x0),
VteT,we N(A; xg) and b € B* such that f;(xg) > 0 forallz € T (1) and

(u, x — x0) = —+/ellx — xol| —< Z szz,x—XO>. (3.6)
teT ()

Itiseasytoseethat f;(x) < f;(xp) forallx € K andt € T (A). By the e-quasiconvexity
of f; at xo,

(v, x = x0) + /e llx — xoll < 0.

It follows that

< Z k;vz,x—xo>+x/gllx—mll <0.

teT (M)
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This fact together with (3.6) yields

(u, x — x9) = 0.

Since f is e-pseudoconvex of type II at x,

fx0) < f(x) +Velx = xoll.

Therefore, the conclusion holds. The proof is complete.

Remark 3.3 When wereplace f;(xg) = 0by f;(xo) = 0in(3.2), Theorems 3.2 and 3.3
also hold. Moreover, when X is a finite dimensional space, the results obtained in this
paper also hold.
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