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1 Introduction

Multiobjective semi-infinite programming problems (MOSIPs) arise when more than one
objective function is to be optimized over the feasible region described by an infinite num-
ber of constraints. If there is only one objective function in a MOSIP, then it is known as
semi-infinite programming problem (SIP). SIPs have played an important role in several
areas of modern research, such as transportation theory [1], engineering design [2], robot
trajectory planning [3] and control of air pollution [4]. We refer to the books [5, 6] for
more details as regards SIPs and their applications and to some recent papers [7-9] for
details as regards MOSIPs.

Achtziger and Kanzow [10] introduced the mathematical programs with vanishing con-
straints (MPVCs) and showed that many problems from structural topology optimization
can be reformulated as MPVCs. Hoheisel and Kanzow [11] defined stationary concepts for
MPVCs and derived first order sufficient and second order necessary and sufficient opti-
mality conditions for MPVCs. Hoheisel and Kanzow [12] established optimality conditions
for weak constraint qualification. Mishra et al. [13] obtained various constraint qualifica-
tions and established Karush-Kuhn-Tucker (KKT) type necessary optimality conditions
for multiobjective MPVCs. We refer to [14—16] and references therein for more details as
regards MPVCs.

Recently, the idea of a strong KKT has been used to avoid the case where some of the
Lagrange multipliers associated with the components of multiobjective functions vanish.
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Golestani and Nobakhtian [17] derived the strong KKT optimality conditions for non-
smooth multiobjective optimization. Kanzi [9] established strong KKT optimality con-
ditions for MOSIPs. Pandey and Mishra [18] established the strong KKT type sufficient
conditions for nonsmooth MOSIPs with equilibrium constraints.

Motivated by Achtziger and Kanzow [10], Golestani and Nobakhtian [17] and Pandey
and Mishra [18], we extend the concept of the strong KKT optimality conditions for the
MOSIPs with vanishing constraints (MOSIPVCs) that do not involve any constraint qual-
ification. The paper is organized as follows. In Section 2, we present some known defini-
tions and results which will be used in the sequel. In Section 3, we define stationary points
and establish strong KKT type optimality for MOSIPVC. In Section 4, we conclude the
results of the paper.

2 Definitions and preliminaries
In this paper, we consider the following MOSIPVC:

MOSIPVC  minf(x) := (fi(*), ()., fm(®)),
subject to &(x) <0, teT,
Hix)>0, i=1,...,1
Gi®)H(x) <0, i=1,..,1,

where f; :R” - R, g, : R" - RU {+00}, G; : R" - R, H; : R” — R are given locally Lips-
chitz functions and the index set 7T is arbitrary (possibly infinite). Let M := {x € R" : g;(x) <
0,t € T,H;(x) > 0,G;(x)H;(x) < 0,i =1,...,1}, denote the feasible set of the MOSIPVC.
A point x € M is said to be a weakly efficient solution for the MOSIPVC if there exists no
x € M such that

ﬁ(x) <ﬁ(5€), Vi:l,z,-..,m.
Let x € M. The following index sets will be used in the sequel.

T(x):= {t eT:gx) = 0},
Lx):={ie(l,....,[}: Hi(x) >0},
Iy(x) := {i ef{l,....,l}: Hi(x) = 0}.

Furthermore, the index set I, (X) can be divided as follows:

Lo@):={ief{l,...,I} : Hix) > 0,G;(x) = 0},

L ():={ie{l,....,[}: Hi(%) > 0,Gi(x) < 0}.
Similarly, the index set Iy(¥) can be partitioned as follows:

Io.(x):={ie{l,..., [} : Hix) = 0,Gi(¥) > 0},
[00(9_6) = {l € {1,,[} H,(Q_C) =0, Gl(J_C) = 0},

Io_(x):={ie{l,...,I}: Hi(x) = 0,G;(x) < 0}.
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The Clarke directional derivative of a locally Lipschitz function f : R” — R around ¥ in
the direction v € R” and the Clarke subdifferential of f at x are, respectively, given by

fO@®v) := lim supfw’
X=X £10 t

Af(%) =€ e R": fO(x;v) > (£,v), Vv e R"}.
We recall the following results from [19].

Theorem 2.1 Let f and g be locally Lipschitz from R” to R around x. Then the following
properties hold:

L fO%v) = max{(&,v) : £ € 3f (%), Vv € R"},

2. 3(A)x) =210.f(x), VA € R,

3. 3(f + @) S of (%) + 0.g(%).

The following definitions and lemma from Kanzi and Nobakhtian [8] will be used in the
sequel.

Definition 2.1 Let f : R” — R be a locally Lipschitz function around x. Then
1. fis said to be generalized convex at x if, for each x € R” and any & € 9,f (%),

S®) —f®) = (¢x-%),

2. fis said to be strictly generalized convex at x if, for each x € R”, x # ¥ and any

§ € 9f (%),
S&) —f(x) > (§,x - %),
3. fissaid to be generalized quasiconvex at ¥ if, for each x € R” and any § € d.f (%),
S =f&x) = (§x-x) =0,

4. fis said to be strictly generalized quasiconvex at x if, for each x € R” and any

& € 0f(x),
fx) <f(x) = (£,x-x) <0.

Lemma 2.1 Letf, be strictly generalized convex and fi,fs, ..., s be generalized convex func-
tionatx.If ko >0and r; >0 forl=1,...,s,theny_,_; M is strictly generalized convex at x.

3 Strong KKT type sufficient optimality conditions
We extend Definitions 2.1 and 2.2 of Hoheisel and Kanzow [11] to the case of the
MOSIPVC.

Definition 3.1 (MOSIPVC S-stationary point) A feasible point ¥ of the MOSIPVC is
called a MOSIPVC strong (S-)stationary point if there exist Lagrange multipliers A; > 0,
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i=1,...,m and u; > 0, t € T(x), with p; # 0 for at most finitely many indices and
nf,n® eR,i=1,...,1such that the following conditions hold:

m l 1
0€ Y Mdefi® + Y mdege@® — Y ni'0Hi®) + Y nf0.Gil®),

i-1 teT®) i=1 i-1
=0, iel,(®), nf >0, iely (%) VUly), nfeR, iel, (%),

0, ieL_®ULEUI.(x), nf=0, iclo).

0

Definition 3.2 (MOSIPVC M-stationary point) A feasible point X of the MOSIPVC is
called a MOSIPVC Mordukhovich (M-)stationary point if there exist Lagrange multipliers
Ai>0,i=1,...,m,and pu; > 0, t € T(x), with u, # 0 for at most finitely many indices and
nf,n¢ eR,i=1,...,1 such that the following conditions hold:

m l !
0€Y Adfi®) + Y wdegi® - ni'oHi(®) + Y _nT0.Gy(%),

i=1 teT () i=1 i=1
=0, iel,®, nf'=0, icl-x), n'eR, icl,(x),
ng =0, i€l (%)Ul_(x) Ul (), ng >0, i€l Uly),

ne =0, ielyo).

Remark 3.1 The difference between MOSIPVC M-stationary points and MOSIPVC S-
stationary points occurs only for the index set Io. For MOSIPVC M-stationary points,
n¢ > 0and 5 - nf =0 for i € Iy, whereas for MOSIPVC S-stationary points, 7/ > 0 and
n¢ =0 for i € Ioo.

In the following theorem, we establish the strong KKT type sufficient optimality result
for the MOSIPVC under generalized convexity assumptions.

Theorem 3.1 Let x be a MOSIPVC M-stationary point. Suppose that f;, i = 1,...,m, g,
teT(x), -H;, G;,i=1,...,1, are generalized convex at x on M and at least one of them is
strictly generalized convex at x on M. Then x is a weakly efficient solution for the MOSIPVC.

Proof Since x is a MOSIPVC M-stationary point, there exist é{ €9fi(x),i=1,...,m, §f €
3.g/(%), t € T(x), and " € 3.H;(x), £F € 3,Gi(x), i =1,...,1, such that

m l 1

i_,' & - i _i i _z' =Y. :
S nE > wE - nllEl > nfEf =0 (3.1)
i=1 ) i=1 i=1

teT(x

Suppose on the contrary that x is not a weakly efficient solution for the MOSIPVC, that
is, there exists x € M, such that

fix) <fix) foralli=1,...,m.
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From the MOSIPVC M-stationary point, we have A; > 0 for i = 1,...,m. Thus, we get

Y Af® <Y M), (3.2)
i=1 i=1

Since x is a MOSIPVC M-stationary point and X is a feasible point of the MOSIPVC, we
have

&) <0, we>0, teT(x),

-Hi®) <0, nj'>0, i€l (®)UL &),

~Hi®)=0, n"€eR, icl.@),

Gi(®>0,  n9=0, i€l (%)Ul-(X)Ul.R),

Gl(&) = 01 776 > 0; i€ [00(9_5) U LrO(?_C)’

which implies that

Z 118 (%) - Zn H(x)+Zn Gi&

teT(x,

I I
< Z 1:ge® = > i Hy(%) + Y 1f Gi(&). (3.3)
teT( i=1 i=1
From (3.2) and (3.3), we have

Z Z nege(®) — Zn, Z nE Gi(%)
i=1

teT (¥ i=1

<Zkf(x)+ > g - an Hy(%) + Z n Gi(®). (3.4)

teT(x) i=1

It follows from Lemma 2.1 that 3 /%) Afi(x) + 3,7z 1hege (%) - S H ) + Y n8Gilx)
is a strictly generalized convex function at x on M. Hence,

0= szf Zm ZanH

teT(x

I
+ZnGsGea (fo(xn > g - Z ?Hi(a'c)+2n?@(fc)). (3.5)

teT(x) i=1
Therefore, from (3.1), (3.4) and (3.5), we obtain
0> (3 > it S ) - 055
teT(x

Thus, we arrive at a contradiction and hence the result. O
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The following result is a direct consequence of Theorem 3.1, where the MOSIPVC M-
stationary point is replaced by a MOSIPVC S-stationary point.

Corollary 3.1 Let x be a MOSIPVC S-stationary point. Suppose that f;, i = 1,...,m, g,
te T(x), -H;, G;, i=1,...,1, are generalized convex at x on M and at least one of them is
strictly generalized convex at x on M. Then x is a weakly efficient solution for the MOSIPVC.

The strong KKT type sufficient condition for the MOSIPVC given in Theorem 3.1 can
be obtained under further relaxations on generalized convexity requirements.

Theorem 3.2 Let x be a MOSIPVC M-stationary point. Suppose that f;, i = 1,...,m, g,
t € T(x), -H;, G;, i =1,...,1, are generalized quasiconvex at x on M and at least one of
them is strictly generalized quasiconvex at x on M. Then x is a weakly efficient solution for
the MOSIPVC.

The following example satisfies the assumptions of Theorem 3.1.

Example 3.1 Consider the following problem in R?:

min fx) = (x%, oe1| + |x2|),

s.t. g@)=-tx; <0, teN,
H(x)=x, >0,
H(x)G(x) = 1 (1] +42) < 0.

Note that fi(x) = |x1], fa(x) = |%1] + |x2| and the feasible region of the MOSIPVC (3.6) is
given by

M = {(x1,%2) € R*: —tw; <0, € N,ay > 0,21 (|w1| +42) <0},

which is represented by the shaded region in Figure 1.

It is easy to see that x = (0, 0) is a feasible point of the problem, T'(x) = N and Ioo(x) = {1}.
The feasible point x is a MOSIPVC M-stationary point with A1 >0, Ao =1, 1 =1, o = %,
ps=pa=---=0,n"=-1,79=0,&" =(0,0) € 3£i(%) = {(0,0)}, &2 = (1,0) € 3,2(%) =
[-1,1] x [-1,1], & = (-£,0) € 8.4 (%) = {(-£,0)}, " = (1,0) € 3.H(%) = {(1,0)} and £C =
(0,1) € 0.G(x) = [-1,1] x {1}.

Figure 1 Plot of the feasible region of MOSIPVC
(3.6). X2

)
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The strong KKT type sufficient optimality condition for the MOSIPVC can also be ob-
tained in the following way.

Theorem 3.3 Let x be a MOSIPVC M-stationary point. Suppose that each f;, i =1,...,m,
is generalized convex at X on M and ZteT@) ege(x) — Zle nH H,(x) + Zle n¢ Gi(x) is gen-
eralized convex at x on M. Then x is a weakly efficient solution for the MOSIPVC.

Proof Suppose on the contrary that X is not a weakly efficient solution for the MOSIPVC,
that is, there exists a feasible point ¥ such that

&) <filx), Vi=1,...,m.

By strictly generalized convexity of f;, we have
(,z-%)<0, V& €dfi®,i=1,...,m (3.7)
i ) i i e =15..4 . .

From the M-stationary condition, we have A; >0, i =1,...,m. Thus, we get

<Z gl ,5c—5c> <0. (3.8)
i=1

Since x is a MOSIPVC M-stationary point, from (3.1) and (3.8), we have

! l
<z Wi -3 e Zn?éﬁ,x—fc> 0. 69)
) i=1 i=1

teT(x

From (3.3), we have

!
Y wg® - ' HE)+ ) nfGi®
i=1 i

teT(x)

i
< Y wg® - 0 Hi@+ ) Gi®) (3.10)
) i=1 i

teT(x

From the generalized convexity of Y, 1:gi(x) — S P Hix) + Y4 n8Gilx), at ¥ on
M, we get

1 !
< Dok =D '+ Y nfECx —5c> <0, (3.11)
) i-1 i-1

teT(x

which contradicts (3.9). Hence, x is a weakly efficient solution of the MOSIPVC and the
proof is complete.

The following result is a direct consequence of Theorem 3.3, where the MOSIPVC M-
stationary point is replaced by a MOSIPVC S-stationary point.

Corollary 3.2 Let x be a MOSIPVC S-stationary point. Suppose that each f;,i=1,...,m s

generalized convex and ) ;1) 1egi(x) — Zle nH;(x) + Zle n¢ Gi(x) is generalized convex

at x on M. Then x is a weakly efficient solution for the MOSIPVC.
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Figure 2 Plot of the feasible region of MOSIPVC ™
(3.12). X2
€ >
X1
A 4
The following example satisfies the assumptions of Theorem 3.3.
Example 3.2 Consider the following problem in R%:
min f(x) = (|X1|, |x2|)’
s.t. ax) =-tx3 <0, teN, (312)

H(x) =x3 +x, >0,
G(x)H(x) = |x1|(xf + x2) <0.

Note that fi(x) = |1, f2(x) = |x2| and the feasible region of the MOSIPVC (3.12) is given by
M= {(xl,xz) ceR?: —tx‘;’ <0,te N,x‘;’ +x5 >0, |x1|(xf +x2) < 0},

which is represented by the shaded region in Figure 2.

It is easy to see that X = (0, 0) is a feasible point of the problem, T'(x) = N and Ipo(X) = {1}.
The feasible point x is a MOSIPVC M-stationary point with A1 >0, Ay =1, 1 =1, g =
ps = =0, = -1, nf = 0, &1 = (0,0) € 3£1(%) = [-1,1] x {0}, &2 = (0,-1) € B/ (%) =
{0} x [-1,1], & = (0,0) € 9.g;(%) = {(0,0)}, 7 = (0,1) € 3.H(%) = {(0,1)} and £€ = (1,0) €
3:G(x) = [-1,1] x {0}. Also, 1 (%) + paga(®) + - -- — i H(x) + nf G(x) = =3 + 3 + x5 - 0.

|#1| = % is generalized convex at X on M.

4 Results and discussion

In this paper, we consider a MOSIPVC. We introduce stationary conditions for the
MOSIPVC and establish the strong KKT type sufficient optimality conditions for the
MOSIPVC under generalized convexity assumptions. We extend the concept of the strong
KKT optimality conditions for the MOSIPVC that do not involve any constraint qualifica-
tion. Furthermore, the results of this paper may be extended to strong KKT type necessary
optimality conditions for the MOSIPVC involving constraint qualification.
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