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Abstract: In this paper, we examine a semi-infinite interval-valued optimization problem with
vanishing constraints (SIVOPVC) that lacks differentiability and involves constraints that tend to
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1. Introduction

Consider the optimization problem

min f(x)
st.gi(x)<0Vi=1,2,..,m,
hj(x) =0Vj=12..p,
Pi(x) >0 Vi=1,2,.1,
¢i(X)9i(x) <O Vi=1,2.1

with continuously differentiable functions f, g h;, ¢;, ¢; : R" — R. This category of prob-
lem is referred to as a mathematical program with vanishing constraints, abbreviated as
MPVC. On the one hand, this terminology is due to the fact that the implicit sign con-
straint ¢;(x) < 0 vanishes as soon as ;(x) = 0. The field of mathematical programming
involving problems with vanishing constraints is a captivating subject, primarily due to
its wide-ranging applications in modern research domains such as economic dispatch
problems [1], topology design issues [2], optimal control and structural optimization [3],
and even problems related to robot motion planning [4]. Achtziger and Kanzow [5] pro-
posed an appropriate model for the Abadie constraint qualification and corresponding
optimality conditions, finding that this revised constraint qualification holds under certain
assumptions. Later, the work of Achtziger and Kanzow [5] was extended by Kazemi and
Kanzi [6] by introducing additional constraint qualifications tailored for systems with
vanishing constraints for nonsmooth functions.
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The feasible set in a mathematical program with equilibrium constraints (MPVC) [7]
problem can exhibit nonconvex characteristics, including the possibility of being discon-
nected. Additionally, many common constraint qualifications, such as the Mangasarian—
Fromovitz and linearly independent constraint qualifications, may not be applicable in
such cases. Consequently, the standard Karush-Kuhn-Tucker conditions cannot be relied
upon for solving these problems effectively. In [5], various constraint qualifications and
necessary optimality conditions were introduced specifically for mathematical programs
with vanishing constraints. The work in [8] delves into first-order sufficient optimality
conditions as well as second-order necessary and sufficient optimality conditions. In [9],
several stationary conditions were derived under less stringent assumptions regarding
constraint qualifications. Furthermore, Hoheisel and Kanzow’s research in [10] explored
necessary and sufficient optimality conditions using Abadie and Guignard-type constraint
qualifications for MPVC. For a more comprehensive understanding of MPVC, we refer the
reader to [7,11-13], and the associated references therein.

Several extensions and generalizations of convexity have been explored in the litera-
ture. One way to generalize the definition of a convex function is to relax the convexity
condition. Lin and Fukushima [14] introduced the concept of higher-order strongly convex
functions and applied them to the analysis of mathematical programs with equilibrium
constraints. Mishra and Sharma [15] derived inequalities akin to Hermite-Hadamard
type for higher-order strongly convex functions. It is worth noting that strongly convex
functions were initially introduced and investigated by Polyak [16], which have significant
implications in optimization theory and its related domains. For instance, Karmardian [17]
utilized strongly convex functions to address the unique existence of solutions in nonlinear
complementarity problems. These functions also played a crucial role in the convergence
analysis of iterative methods for solving variational inequalities and equilibrium problems,
as highlighted by Zu and Marcotte [18].

Hanson [19] introduced the notion of invex (invariant convex) functions for differen-
tiable functions, which played a significant role in mathematical programming. Ben-Israel
and Mond [20] introduced the concept of invex sets and preinvex functions. It is estab-
lished that differentiable preinvex functions are, indeed, invex functions. Moreover, the
converse holds under certain conditions, as discussed in [21]. Additionally, Noor and
Noor [22] examined the properties of strongly preinvex functions and their variations.
Noor et al. [23,24] explored the applications of generalized strongly preinvex functions
and their various forms. More recently, Joshi [25] investigated mathematical programs
with equilibrium constraints, employing assumptions of higher-order invexity within a
differentiable framework.

An increasing number of researchers are directing their focus towards problems
related to interval-valued optimization [26,27]. In this regard, Wu [28] developed duality
theorems applicable to interval-valued optimization problems that involve continuous
differentiability. Sun and Wang [29] introduced a concept of optimal solutions for interval-
valued programming problems and further derived necessary and sufficient optimality
conditions in the style of Kuhn-Tucker and Fritz—John for interval-valued programming
problems that lack differentiability. Ahmad et al. [30] delved into interval-valued variational
problems, offering sufficient optimality conditions and Mond-Weir-type duality results
based on their research. Following this, Kummari and Ahmad [31] examined nonsmooth
interval-valued optimization problems, providing both optimality and duality findings.
Jayswal et. al. [32,33] explored generalized convexity in the context of nonsmooth interval-
valued optimization problems, studying the associated optimality conditions and duality.
Later, Ahmad et al. [34] investigated optimality conditions and Mond-Weir-type duality
problems specific to differentiable interval-valued optimization problems that include
vanishing constraints (IOPVC). For nondifferentiable scenarios, Wang and Wang [35]
established results concerning optimality and duality. Later, in [13], authors discussed
and focused exclusively on invex functions, in which a single bifunction was involved,
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and established some results for invex functions. Note that the invex property denotes the
property of being invariantly convex.

Inspired by the prior research mentioned, we explore higher-order generalized convex
functions, which constitute a much smaller class. Thus, the functions under consideration
and their respective supports differ significantly between [13] and this paper. In this
article, we give the definitions of strongly higher order invex functions for nonsmooth
settings using Clarke subdifferentials. Under certain assumptions, we will also prove
duality theorems in the context of semi-infinite interval-valued optimization problems with
vanishing constraints.

Here is the article’s structure: In Section 2, we provide established definitions and
formulas. In Section 3, we delve into the examination of duality theorems linking the
IOPVC and the dual model of the Wolfe type. Moving on to Section 4, we investigate
duality theorems connecting the IOPVC with the Mond-Weir-type dual model. To illustrate
our findings, we include some examples.

2. Definitions and Preliminaries

Let E denote a Euclidean space which is finite-dimensional, and notation (.,.) denotes
the inner product in E. For a point I € E, we denote the open ball of radius é around i by
B(i,8) :=={u € E: |u—ii| <é}.

ForasetI' C E, spanT, cone I' denote the linear hull and convex cone of T', respectively.

Definition 1. Let I # ¢, then
T(T,u) :={v € E|3t, — 0,3v, = v,Vn € N,u+t,v, €'}
is called the contingent cone of set I at the point u.

Let C denote the set of closed intervals in R. For any U = [aq,a3] € C,V = [by, by] € C,
one has

U+V =la1+by,a0+by], -V =[-by, -],
U-V=lag—bya—b|,U+k=[m+ka+k;keR,

where R denotes the set of real numbers. The partial ordering for intervals can be formu-
lated as follows:

U<iyV <= a1 <bj,a < by,
U<iyV <= USLUV,U#V,

U £y V is the negation of U <p1 V,
U<iyV <= a3 <Dbj,ay <by,

U #£5; V is the negation of U <j; V.

Consider a mapping F from the set E to the set C that is defined as follows:
F(u) = [FX(u), FY(u)] (Vu € E)

where FL, FU are locally Lipschitz functions on E and FX(u) < FY(u).
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We consider a semi-infinite interval-valued optimization problem with vanishing
constraints (SIVOPVC) as follows:

LU — min F(u)

we consider g; : E — RU {+oo}, iy : E = R,¢pe : E = R, ¢, : E — R as locally Lipschitz
functions on E and | is an arbitrary index set. Let 7, := {1, ..., n}, 7 := {1, ..., 1}. The feasible
set of problem SIVOPVC is

Q:i={uc Egj(u) <0G € ), h(u) = 0(k € T), e () > 0, @e()ipe(u) < 0(e € 1)}

Let RL” denote the collection of all function 7 : ] — R taking values 77; > 0 only at finitely
many points within the set ], while being zero at all other points.
For any i belonging to the set Q, we define two sets as follows:

(1) The index set of all active constraints at i is represented as ¢ (i), which consists of
those indices j in the set ] for which g;(i7) equals zero.

(2) The set k(i) is defined as the collection of non-negative multipliers 77; from Rlﬂ such
that 77;¢;(i1) = 0 holds for all j in the set J.

With these definitions in place, we can now proceed to define optimal solutions for
the problem SIVOPVC.

Definition 2 ([35]). Let i € Q.

(i) i1 is considered a locally LU optimal solution for the problem SIVOPVC if there exists a neigh-
borhood B(ii; §) such that no other point u in the intersection of the set Q and the neighborhood
B(i1, &) satisfies the following condition:

F(u) <py F(i1).

(ii) 1 is considered a locally weakly LU optimal solution for the problem SIVOPVC if there exists a
neighborhood B (ii; 6) such that no other point u in the intersection of the set Q and the neighborhood
B(i7, &) satisfies the following condition:

F(u) <iy F(@).

Definition 3 (see Clarke [36]). The Clarke directional derivative of f around il in the direction
v € E is given by

fl(ﬁ v) := lim Supf(”-i—tv) — f(u)
o u—il £10 t

and the Clarke subdifferential of f at ii is given by
dcf(il) :={c € E: (¢,v) < f.(i1;0),Yv € E}.

Based on the definition of invex function [37] and generalized invex functions [38],
Joshi [7] introduced the definition of higher-order strongly invex function for differentiable
framework. We are defining strongly pseudoinvex and strongly quasiinvex functions of
order « > 0 for a nondifferentiable framework.
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Definition 4. Let f : E — R. Then

(i) A function f which is locally Lipschitz around ii is said to be strongly d.-pseudoinvex of order
« > 0 at if with respect to the kernel function @ : E x E — R if, foreach u € E and any ¢ € 0.(if),
there exist L > 0, such that

flu) = f(@) <0= (g @ i)+ Llu—da|* <0.

(ii) A function f which is locally Lipschitz around i is said to be strongly d.-quasiinvex of order
« > 0 at il with respect to the kernel function @ : E x E — R if, foreach u € E and any ¢ € 0.(if),
there exist L > 0, such that

flu) = f(@) < 0= (g @(u,i)) + L]u—al|* <0.
Now, we provide some examples to illustrate the given definitions.

Example 1. Consider that the function f : R — R is given by f(u) = —|u|. We have that the
Clarke subdifferential of f at 0 is given by 0.(0) = ¢ = {—1,1}. Then, the function is strongly
dc-pseudoinvex of order « > 0 at il = 0 with respect to the kernel function

1, >0,
@(u, i) = ar M=
1+ u?; u < 0.

Example 2. Consider that the function f : R — R is given by

f(u):{_l_u; u>0,

2—-1; u <0.

We have that the Clarke subdifferential of f at 0 is given by 9.(0) = ¢ = {—1,1}. Then, the
function is strongly d.-quasiinvex of order & > 0 at i = 0 with respect to the kernel function

o sin |ul ; u>0,
@(u, i) = —u?; u <0.

Now, for u € Q, we give the following sets of indicators.

Ty (1) :={e € flpe(u) > 0},

To(u) = {6’ € 7|¢pe(u) = 0},

Tio(u) := {e € Tlpe(u) >0, gc(u) =0},
Ty (u ) = A{e e nlype(u) >0, ¢e(u ) <0},
T4 (1) := {e € Tlype(u) = 0, g (u) > 0},
Too( ) = {e € 1lpe(u) =0, gc(u) =0},
10— (u) :={e € glpe(u) =0, 9. (1) < 0}.

Definition 5 ([39]). Let ii € Q be a feasible point of SIVOPVC.
(i) The Abadie constraint qualification (ACQ) is said to hold at i iff T(Q, i) = L(i), where L(ii)
is the linearized cone of SIVOPVC at ii, and
L(it) :={v € E|(¢},v) <0,V € acg;(i),j € To(i); (g}, v) = 0, g} € dchy (1),
k€ Tu; (6, 0) = 0,¥¢! € dctpe(), e € 045 (c, 0) > 0,V6) € dcype(i)
e €10 UT-; (¢!, v) <0,¥6! € dcqe(il), e € Tyo}.

)
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(ii) The VC-ACQ is said to hold at il iff Lyc(it) C T(Q, i), where Lyc (i) is the corresponding
VC-linearized cone of SIVOPVC at i, and
Lyc (i) :={v € E|(c},0) < 0,Y¢] € cg;(i1), ] € to(i1);
(6i0) = 0,5 € achy (i),
¢f,0) = 0,%! € depe(i), ¢ € 1oy, @
leprv> > OIVQf € 9ctpe (i), e € Too U To—,
Ge(P/U> <0,Vg! € 0ce(i), e € Ty U Too}-

ke,

Theorem 1 ([35]). Let it € Q be a locally weakly LU optimal solution of SIVOPVC such that
VC-ACQ holds at i and

A= cone( U agimu U —-dpe(@mu |J choe(ﬁ)>+

jET (i) €€ TouTy_ e€T0UToo

span( U ochy(if) U U acwe(a)>

ke, e€Tp+
is closed. Then, there exist Lagrange multipliers wk, e Ry, 78 € k(#), e R, ¥, % € R!

!
0 € w"acF! (i) + wacFY (i) + ) mfacg; (i) + 2 o hy (i 2 7l 0cpe (1) + Y 7wl degpe (1) ®3)
JE€J k=1 e=1

and
(e € T4 (), 7 >0 (e € Too(7) UTo— (1)), @)

Definition 6 ([39]). A point u is known as a VC-stationary point for the problem SIVOPVC if
there exist Lagrange multipliers w*, Y € Ry, 78 € k(u), 7" € R*, ¥, n? € R! such that
Equations (3) and (4) hold.

Consider u as a VC-stationary point for the problem SIVOPVC, along with the as-

sociated multipliers 78 € Rlﬂ, " e R", 7%, 19 € R!. Then, we provide the following
index sets:

T (u):={je To(u)|m > 0},

T (u) == {k € Ty(u)|m} >0},

T (u) = {k € Ta(u)| ) < 0},

T&](”) = {e € o ()| >0}



Mathematics 2024, 12, 1008 7 of 19

tF () = {e € 7 (w)|x! > 0},
I (u) := {e € 7 (w)|n? > 0}.

In the next section, we will provide duality models.

3. Wolfe-Type Duality

In this section, we give the following Wolfe-type dual model [2]. Here, 78 € Rﬁl,
e R, ¥, 7% € R,

¥, 718, 7, ¥, ) +27ng] -l-Zmi‘hk anl,be +Z7Tg(Pe ®)
jeJ e=1 e=1

p(,wh,

is an interval-valued function, and

A(.) == wra FL () 4+ wHa FY () + Zn 9cgi(.) + Z ek () Z o () + Z 7l dc@e(.).
je] =1

Now, we present the dual model in the style of Wolfe type of SIVOPVC, which is taken
from [35]. For u € Q, we have

(Dw (1)) LU —max p(v, w", Y, 78, 7", ¥, 7?)
s.t.0 € A(v),
wL,wu S R+,wL +w = 1,
ﬁzaWeL (6)

nf = tepe(u), pe >0, Ve € 1,
=B, - He@e(u),Be >0, Ve € 1.
Qw(u) :=(v, wr WY, 78, 7 7, 7?, u,B):
0€A(v),v€E,
wk, Wl e ]R+,wL + =1,
> 0,vj €],
7 = pethe(u), ue >0, Ve € 1,
ng’ = Be — pepe(u),B. >0, Ve € 1.

denotes the feasible set of Dyy (1) and prQq(u) := {v € E := (v, 0w, wY, 8, ¥, 9, U,
B) € Qw/(u)} represents the projection of the set Qy (1) on E.

To remove dependence on SIVOPVC, we introduce an alternative dual model in the
Wolfe type:

(Dy) LUmaxp(v, wb, oY 78, 7", 7, n?)

s.t. (U, CUL, (Uu, 7Tg/ nh/ 7-[1/)/ 7Tq]/ ]’l/ B) € QZU = mMEQQw(u)'
Here, Qy represents the collection of all feasible points for the problem DW, and prQw
signifies the projection of the set Qy onto the space E.

Definition 7 ([39]). Let u € Q.

(i) A point (7, wl, Y, 8, 7l ¥, ?, u,B) € Qu(u) is known as a locally LU optimal solution
of DW (u) if there exists B(0; 8) such that there is no v € Qw (1) N B(7; ) satisfying

L

_ h L h
0(0,w L, 78, ,7'[“’,7'[“”) <ru p(v,w L, 78, ,nw,n“”).
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(ii) (7, W, w4, 78, ah, ¥, ?, u, B) € Qu(u) is known as a locally weakly LU optimal solution

of DW (u) if there exists B(3; ) such that there is no v € Qw(u) N B(7; ) satisfying

L

0(7,w AL n?) <iup(o, wt W, 78, 7" ¥, t?).

Theorem 2. (Weak duality) Let u € Q, (v, wk, Y, 78, 7, ¥, ?, u, B) be feasible points for
the SIVOPVC and DW. If o (., w', 8, e, ¥, 7t9), oY (., Y, 78, 7, ¥, 1?) are strongly -
pseudoinvex of order « > 0 with respect to the kernel function @ : Ex E — R at
v € QU prQuw, then

F(u) £5 p(v, b, Y, 78, 7, ¥, 1#).

Proof. Suppose F(u) <§; p(v, wh, w4, 78, 7", ¥, 719), then

F(u) <jy F(v)+ Zn gj(v Z iy (v) 2 ¢ e (0) 2 7d e (v 7)

j€l e=1

L

Since u € Q and (v, wt, w4, 78, e, ¥, 7%, u, B) € Qu(u), we have

gj(u) <0, nf >0,j & Tg(u),

gj(u) =0, 7'(5Z >0,j € tg(u),

he(u) =0, n,’j ceR ke,

—o(u) <0, 7 > 0,6 € T, (1), (8)

=

Pe(u) =0, ¥ >0, e € 190(u) UTi0(ut),
@e(u) <0, ¥ >0, e € 1o (u) Uty (u0).

The above formulas imply that

n 1 1
Zn}ggj(u) +) iy () — Y ng’¢g(u) +) 7td e (u) < 0. 9)

j€] k=1 e=1 e=1
Equation (9) together with (7) shows that

p(u,a;L,wu, 78, 1, ¥, n?) <iupe(o, wb, Y, 78, 7", ¥, ?).

By the strong d.-pseudoinvexity of p (., wt, 78, 7", ¥, 1?), pY (., w4, 78, 7", ¥, ?) of
order « > 0 at v € QU prQy. For some LE>o0,cU > 0,[3]3 > 0,£Z > o,cﬁ’ > 0, and
£ > 0, we have

! i
(" + Y et + 2 e — 2 mdcd + 2 nfcl, @(u,v)) + L5u—o|*+
j€J = =

ﬁWH—MW+EHM—MV+E“W—MV+EﬂW—MW<O, (10)

(U + Y mieh + Z Theh — Z il + Z ¢l @(u,0)) + LY|u — o]+
= e=1

j€J
£g||ufv||"‘+ﬁ lu—o|* + LY ||u—o||* + £L||ju —o|* <0,
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where ¢k € 9.FL(v),cY € acPu(v),gf € 9g8j(v),j€], gﬁ € dhi(v),k € Tn,gf € dctpe(0),
e € 1,6 €9c¢e(v),e € 1. Adding w' and w! to both sides of inequalities (10), we obtain

(g,@(u,v)) <0V € Av),
contradicting 0 € A(v), hence the result. [J

Theorem 3 (Weak duality). Let u € Q, (v, wk, ', 78, 7o, ¥, 2, u,B) € Qw be feasible
points for the SIVOPVC and DW. If p*(., ™, w8, ", ¥, ), oY (., w4, 8, 7", ¥, %) are
strongly d.-pseudoinvex of order & > 0at v € QU prQyw, then

F(u) £y p(o, b, o, 78, 7", 7¥, n?).
Proof. The demonstration of this theorem closely resembles the proof of Theorem 2. O

Theorem 4 (Strong duality). Suppose we have i in set Q, which serves as a locally weakly LU
optimal solution for SIVOPVC. In this case, if the VC-ACQ condition is satisfied at i1, and the set A is

closed, then there are Lagrange multipliers ok, o e Ry, Tty € R‘ﬂ, a, € R, 7%, 7?,B, Be R!
such that (i, o, oY, 78, 7", 7¥, 7?, i1, B) is a feasible point of Dy (i), and

Moreover, if p* (., wt, 78, ", ¥, 1), pY (., WY

order « > 0atv € QU prQw (), then (i1, @', oY, 78, i, 7¥, 7w, i1, B) is a locally weakly LU
optimal solution of Dy (i).

Proof. Using, Theorem 1, we have Lagrange multipliers @b, o € Ry, 7, € k(i),
i, € R, ¥, 79, B, ji € R!, such that Euqations (3) and (4) are satisfied. Using the definition
of Dy (i), one has that (i, @%, @Y, 78, ", 7¥, 7?, i1, B) is a feasible point of Dyy (i),

n 1 1
Y msgi(a) + ) Alh(a) — Y- Al ye(a) + Y Al pe(i1) =0
]6] k=1 e=1 e=1
and

F(a) = p(1, &%, &Y, 78, 7", 7%, 7%).
Then, from Theorem 2 we have, for any (v, wb, oY, 18, 7, ¥, 19, u,B) € Qu (i),

p(a,cDL,cZJu, 78, 7, 7Y, ?) =F(a) £y p(v,wL,wu, 78, 7, ¥, ?).

Therefore, (11, 0%, @Y, 78, A", &%, 7?, i, B) is a locally weakly LU optimal solution of

Theorem 5 (Converse duality). Consider u as an arbitrary point within the scope of SIVOPVC,
and let (9, wk, Y, 78, 7, ¥, 1?, B, 1) in Qw be a feasible point of Dy, such that
igi(0) > 0,%j €,
i (3) = 0,Yk € T, (11)
— () > 0,Ve € 1,
7l 9o (3) > 0,Ve € Ty
If one of the following conditions holds:

(l) pL(-/ wL/ wur 718, 77jh/ nlpl nfp)’ pu(" w
ordera > 0at o € QU prQu;

LU, n8, h ¥, nt?) are strongly d.-pseudoinvex of
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(ii) F-(.), FY(.) are dc-pseudoinvex at 5 € QU prQw (u), &;(j € 7 (u)), hy(k € TF(u)),

— I (k € T, (1)), —pe(e € TH(u) U th(u) U - (u) U 1 (u)),
Pe(e € 15, (1)), ge(e € I (u)) are strongly d.-quasiinvex of order « > 0 at o € QU prQ;
Then v is the locally weakly LU optimal solution of SIVOPVC.

Proof. Assume, contrary to what was stated, that 7 does not serve as a locally weakly LU

optimal solution for SIVOPVC. In that case, there must be a i within the intersection of set
Q and the ball centered at 7 with radius é such that

F(a) <jy F(9). (12)

(i) Since i € Q and (?7,wL,aJu, 8, 7, ¥, n?, B, 1) are feasible points for the SIVOPVC
and the Dy, respectively. Combining (8) and (11), we have

n I
angf(ﬁ)jLZ"i};hk(ﬂ)—Zﬂf +Zne(pg <0<

j€l k=1 e=1 o=
Zn gj(7) + Zn (0) — antpe(ﬁ)+27r§’q)e(z7). (13)
j€] e=1 e=1
By (12) and (13), one has
p(ia,wt, b, 78, 7", ¥, 7?) <5 p(3,w", WY, 78, 7, ¥, 79).

And by the strong d.-pseudoinvexity of p%(., w, w4, 8, i, ¥, 7?), pY (., w*, WY, 78, 7",
¥, %) ato € QU prQyw, of order « > 0. For some £l>o0,c4 >0, E? >0, CZ >0, Eép >0,
and E;P > 0, one has

n 1 1
"+ Y+ Y mai = Yl + Y nlcl o(a,0)) + L[ — o]+
Jje] k=1 e=1 e=1

£5||a—z7||“ + LH|a— 3" +olla—o|*+Lla—o|* <0, (14)
(¢ +Z7rgg] + ang — Znege + Znege, @(1,0)) + LY||a — 7]|*+
j€J
L)a—o|* + Lh|a —ol|* + £ ||z — ol|* + £z — 3]|* <0,

where ¢k EE)FL( 5),c" € o.FL(9), g € 0:8i(0),j € ], ¢t € dchy (o o),k € T, ¢l €
dcPe(0),e € 7,¢f e 9cpe(7),e € 1. Combmmg (14) with w! and wY, we obtain

(¢ @(@,9)) <0,V € A(2)

This contradicts the fact that 0 is an element of A(7), thereby confirming the validity
of the conclusion.

(ii) Since 7 € Q and (7, wt, o, w8, 1, ¥, ¢, B, i) € Qw, by (8) and (11), one has

n]é‘,g]( i) < 715 g]@) vie],
h(9), Yk € Ty,

hk( ) k
e (i) < e (3), Ve € 7,
1l pe(i1) < 78 @e(7), Ve € 1,
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and using the definition of the index sets, we have
8j(1) < 8;(0), Vj € 7" (&),
he () = he(9), Vk € 7 (1) Uty (1),
— (1) < —pe(7), Ve € T (1) Uty (i) Uty (1) U 1, (), (15)
— (i) > —4.(0), Ve € 1o, (1),

By the strong d.-quasiinvexity of order « > 0 of the functions in assumption (ii) and (15), it
shows that

(g]g.,co(ﬂ,ﬁ)> +£g||12—z7|\“ <0, ng > 0,3 53 >0, Vg]g» €0.g(9), j € ;( ),
(" @(1,9)) + LMa—o||* <0,7 >0, EI£h>0 Vi € achy(9), k € T, (1),
(" (a0 )>+£k\|u—v||“>0 nh < 0,3 L >0, ngeahk(ﬁ) ke, (),
(—¢¥, 0(1,0)) + LY )Ja —0]* < 0,7y >0,3L¢ >0, Vc! € e(0), e € T (1)
UT(;B(_)UTO (ﬂ)UTo+( i),
(—c¥, @(u,)) + £Y)|i —o]|* > 0,7f <0,3LY >0, V! € aype(0), e € 15, (1),
) 9),

(¢¥, @(1,0)) + LI |a—o||* <0,7f >0,3L >0, V¢! € 0.0.(0), e € [T (1)

that is,

Z”g€]+2ﬂ’£€’i Znegf+2nege, 0)) + £8a — o]+

j€l
Lilla—o|* + £l a—o|* + £ 7 —o|* <o0.

By the above inequality and 0 € A(%), there exist ¢* € 9.FL () and ¢! € 9.F!Y(5) such that
(whet + Wl @ (a1, 3)) > 0. (16)
By (12) and the strong d.-pseudoinvexity of order & > 0 of F£(.) and FY(.), it follows that

(¢t o(a,0)) + LL|a —3)|* <0, V¢! € 9.FE(d),
(Y, 0(a,2)) + LY)a—a|* <0, V¢! € 9.FY4 (),

then (w'¢k + wH¢Y, @(11,9)) < 0,wt, WY € Ry, w! + wY = 1, contradicting (16); hence,
the result holds. O

Theorem 6. (Restricted converse duality). Let it € Q be a feasible point of SIVOPVC, and let
(v, wL w4, 78, 7, ¥, m?, B y) be feasible points of Dyy such that F(i1) = ®(v, w', w4,

78, 7, 7'(‘/’ ?). IfCIJL( wt, w4, 18, 7, ¥, 9), @YU (., Wb, WY, 78, 7, ¥, ?) are strongly
dc-pseudoinvex of order « > 0at v € QU prQuw, then i is the locally weakly LU optimal solution
of SIVOPVC.

Proof. If i does not qualify as a locally weakly LU optimal solution for SIVOPVC, then there
exists an element ii in the set Q and within a neighborhood B(#; ¢) such that F(i1) <j; F(@).
By F(i1) = ®(v,wt, w4, 78, ", ¥, 7¥), we obtain F(ii) <§,; ®(v,wt, !, 7€, 7", ¥, 7?)
contradicting Theorem 2. Thus,  is the locally weakly LU optimal solution of SIVOPVC. O

Now we provide an example in order to show the conclusion of Theorem 6.



Mathematics 2024, 12, 1008

12 of 19

Example 3. Let E = R2,n=0,] = ] = 1, and consider:

SIVOPVC1min F(u) =[FL(u), FY(u)] = [Jug| — |uzl, u?]
sit.g1(u) =—uy <0,
P1(u) =uy —up >0,

@1 (u)pr (u) = w1 (ug —uz) <0.
The feasible set of problem SIVOPVC1 is given by
Q= {u S R|M1 >0,u1 —up = O}U {u € R|u1 =0,up; < O}.

For any u € Qq, the Wolfe-type dual model to SIVOPVC1 is given by

L

Dy (1) max p(v, w S 8 7t Y, %)

s.twb(er,e2) + w¥(201,0) + 78 (=1,0) — ¥ (1, 1) + 77 (1,0) = (0,0),
nf >0,if 1 € Ty (u) Uto— (1) Utoo(u);

nip € R,if1 € 104 (u)

n} € Rif1 € T (u); n] =R,if 1 € (),

e1 € [-1,1], e, € {-1,1},

8

L oY, 8, m¥, n?) = [|o1] — |v2| - 7T101 7fl1p(01 —v) + HTULU% — 01 —

where p(v, w
nip (v1 — v2) + 71y v1]. Hence, we can obtain the feasible set for problem Dy and this set is inde-
pendent of u.

L g ¥

L oY 8, 7l m¥, ) eqw” —my — 1 + nf =0, ek + 7# =0,

Q2 :={(v1, 0, w
v,v3 € E,wh, oY e Ry, wh + 0! = 1,71‘1g > O,nf = 0,7r11p >0},

Let ot = 0,0 = 1,7§ = 7} = g(0 > 0) one has v; = o,v, = ¢, and by F(u) =
o(v,wt, w4, 75, 7'(1,7'(1) we obtain

FL(u) :pL(v,wL,wu, nf, 7'[11”, nf) = —Q% <0 = |ug| —|up| <0,
FU(u) = p% (v, wt, WY, nf,nf,nl) =0 = u5=0.

that is, u = (0,0). By nlgl( u) g 0, nfq)l( ) = 11p1( ) < 0 and the strong o.-

pseudoinvexity of pL (., b, W, 78, ¥, n?) and pY (., w wu S, 7l 7?) v e QU prQy, we
obtain u = (0,0) as the locally weakly LU optimal solution of SIVOPVC1

In the upcoming section, we present the dual model of the Mond—-Weir type for the
SIVOPVC problem with reference to [2].

4. Mond-Weir Duality
For u € Q, we have
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(Dpw (1)) LU — maxF(v)

s.t.0 € A(v),
wL,a)u S R+,wL +wd = 1,
i > 0,7 g;(v) 2 0,V €], (17)

7'[,’; € R, n,i‘hj(v) =0,Vk € 1,
¢ ge(0) > 0,18 = pepe(u), pe >0, Ve € 7,
_ néplﬁe(v) >0, nz,p = Be — pee(u),B. >0, Ve € 1.

Let Quw (1) denote the feasible set of Dy (1), prQamw (1) := {v € E := (v, w", Y, 78, 7",
¥, 7w, u,B) € Qumw(u)} represents the projection of the set Q (1) on E.
To eliminate the dependence on SIVOPVC, we present an alternative Mond-Weir-type dual

model, sourced from [35]:

(Dmw) LU — maxF(v)

L

s.t.(v,wl, w78, 7", ¥, 7%, 1, B) € Quw = NueoQmw (1)

Here, Qpw represents the collection of all feasible points for Dy, and prQamw indicates
the projection of the set Qw onto the space E.

Definition 8 ([39]). Letu € Q

(i) A point (7, wl, o, w8, 1, ¥, 9, u,B) € Qu(u) is known as locally LU optimal solution of

Dw (u) if there exists B(7; 6) such that there is no v € Quw (1) N B(7; 6) satisfying
F(’ﬁ) <Lu F(ZJ).

(i) (7, wb, o, 8, 7, ¥, 9, u,B) € Qu(u) is known as locally weakly LU optimal solution of
Dw (u) if there exists B(7;6) such that there is no v € Quw (1) N B(3; ) satisfying

F(9) <iu F(v).

Theorem 7 (Weak duality). Suppose we have an element u in the set Q, and we also have feasible
points (v, wk, Y, 8, 7, iV, ?, u, B) for both the SIVOPVC and Dy problems. If any of the
following conditions are met:

(i) FL(.), FYU(.) are strongly d.-pseudoinvex of order « > 0 at v € QU prQumw, Yiej ﬂ}gg]() +

! !
i mhh() — ¥ () + ¥ 7l e(.) is strongly d.-quasiinvex of order & > 0 at v € QU
k=1 e=1 e=1

prQuws

(ii) F-(.), FY(.) are strongly d -pseudoinvex of order « > 0 at v € QU prQuw, &;(j € T (1)),
ek € T (0)), ~ik € T, (1)), —ee € TF () Uty () U5 (1) Uit (), ele € Ty (1),
@e(e € If(u)) are strongly d.-quasiinvex of order a > 0 with respect to the kernel function
@:ExE—Ratve QUprQumw. Then,

F(u) £5; F(v).

Proof. Suppose that F(u) <j; F(v); there exists

[F(u), F ()] <iy [F*(0), F¥(v)]. (18)
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(i) Since u € Q and (v, w*, WY, 78, o, ¥, ?, B, i) are feasible points for the SIVOPVC
and the Qpw, one has (8). Utilizing Equations (17) and (8), we obtain

!
Y mfg(u) + Z e hye (u Z e (u) + ; 7wl pe(u) <

j€l

1
L7 +Zﬂm Zﬁ%)+2ﬁ%@

j€J e=1

and by the strong d.-quasiinvexity of order a > 0 of the above functions, we obtain

n 1
<Zﬁ§+2ﬁ¢—2ﬁ@+2m%,uww

j€]
L5l — 0| + Ll — ol + £ u—o]|* + LE Ju —v|* <0, (19)

where Q(]g S acgj(v)/j € ]rd]é S achk(v)/k S angf € aClPE(U),E S Tl/gf S acq)e(v)re €T
Using the above inequality and 0 € A(v), there exist ¢* € 9.FF(v) and ¢! € 9.FY(v)
such that

(whet + wHcY, @(u,v)) > 0. (20)
By (18) and the strong d.-pseudoinvexity of FL(.) and FY(.), it follows that

(¢" @(u,0)) + L ju —||* <0, V" € a:.F(v),
(Y, @(u,0)) + LY)ju —o|* <0, V¢ € a.F¥(v),
then (whclk + w¥c¥, @(u,v)) < 0,wt, w!¥ € Ry, wt + ¥ =1, contradicting (20), so the

result also holds.
(ii) By (17) and (8), one has

8j(u) < gi(v), Vj € 75" (u),

hi(u) = hi(v), Vk € 7,7 (u) U T, (u),

—pe(u) < —pe(v), Ve € T (u) U gy (u) U g™ (u) U, (u), (21)
—Pe(u) > —¢e(v), Ve € T(J_+(”)/

Pe(1t) < @e(v), Ve € I (u).

<
2

Combining (21) with the d.-quasiinvexity of the above functions, it follows that

(gf,co(u,v)) +£]3||u —||* <0, 7-[;? > 0,3 5]3 >0, Vg‘]g € 0cgj(v), j € 7§ F(u),
(" @(u,0)) + LMu—o||* <0,7 >0,3 L >0, V¢! € d:hy(v), k € 7" (u),
(" @(u,0)) + LHu—2v|* >0, 7(,}(1 <0,3L} >0, Vgﬁ € dchi(v), k € 7, (u),
(—¢t,@(u,0)) + LL|u—ol|* < 0,7 20,3 L > 06! €ye(v), e € Tl (u)

U o0 () U g™ (1) Uty (u ),
<—gf,a)(u,v)> + EépHu —o||* >0, ' <0,3c! >0, ng € dcpe(v), e € Ty, (u),
(¢, @(u,0)) + LI |Ju—o||* <0, 7 >0,3LE >0, Vgi € 0cqe(v), e € I (u)
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that is,

n 1 1
) n}gg}g—k PIEATED Y i + Y nlcl @(u,0))+
j€J k=1 e=1 e=1

E?H“ — o)+ L u — o|* + L | — o] + LE]ju —v||* < 0.

The remainder of the proof follows the same steps as outlined in part (i). O

Theorem 8 (Strong duality). Suppose ii is a locally weakly LU optimal solution within the context
of SIVOPVC, with the condition VC-ACQ being satisfied at i, and assuming that the set A is
closed. Under these circumstances, there exist Lagrange multipliers ol ol € Ry, g € R‘ﬂ, T, €
R", 7%, 7%, B, € R such that (i, &", &Y, 78, ", ¥, &%, i, B) is a feasible point of Dy (i),
Furthermore, if the conditions stated in Theorem 7 are met, then (i, ol oY, 78, 7, 7¥, 79, i, B)
is a locally weakly LU optimal solution of D g (if).

Proof. Because i is the locally weakly LU optimal solution for SIVOPVC and the VC-
ACQ condition is satisfied at i, based on Theqrem 1, we can conclude that there ex-
ist Lagrange multipliers wt, @t € Ry, g € ]Rm, , € R, 7%, 7?,B,i € R/, such that
(3) and (4) are satisfied. Combined with the definition of Dyw(ii), one has that
(i1, wt, oY, 78, h, 7, 79, fi, B) is a feasible point of Dy (i1). By Theorem 7, we know

F(i1) £1y F(v) V(v,w", !, 78, 7", 2%, 7%, B, j) € Quiw (@)

L U

so (i1, ", w", 78, a7t e, fi, B) is a locally weakly LU optimal solution of Dy (7). O

Theorem 9 (Converse duality). Let u € Q be any feasible point of SIVOPVC and

(3, wt, w4, 78, 7", ¥, %, B, 1) € Qumw be a feasible point of Dagy. If any of the following
conditions are met:

(i) FX(.), FY(.) are strongly d.-pseudoinvex of order & > 0 with respect to the kernel function

n l 1
@:EXE = Rat0 € QUprQuw, Tiey mg() + L k() = ¥ ) + & ndgel.
is 0c-quasiinvex with respect to the kernel function @ : E x E — Rat o € QU prQumw;
(ii) FL(.), FU(.) are strongly d.-pseudoinvex of order & > 0 with respect to the kernel function
@:ExE—Ratoe QUprQmw, &(j € 75 (1)), hi(k € 7 (u)), —hi(k € 7,7 (1)), —tpe(e €
T (u) U g (u) Uty (u) Uty (u)), e(e € Ty, (1)), gele € IT (u)) are strongly d.-quasiinvex
of order &« > 0 with respect to the kernel function @ : E x E — Rat o € QU prQpmw. Then
Then  is the locally weakly LU optimal solution of SIVOPVC.

Proof. (i) Assume that 7 does not represent the locally weakly LU optimal solution for
SIVOPVC. In that case, we would have Equation (12).

As both 7 belonging to Q and (7, wk, Y, 78, 7, 7, 7?, B, ) are feasible points for
SIVOPVC and Dy, utilizing Equations (17) and (8), we can conclude that (13) is satisfied.
n ! 1
By the strong d.-quasiinvexity of Yjc; 7;8¢;(.) + 1 () — ¥ () + ¥ 7l () at
k=1 e=1 e=1
7 € QU prQpmw, we obtain
SN B R
<Z7T]gg]g + Z TGk — Z Tle Ge + Z ﬂépg?,(ﬂ(ﬂ,ﬁ)>+
i€l k=1 e=1 e=1
L¥a— o) + L a— o + £ |la —o|* + ££||a —5]|* <0,
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where g? €98i(0),j €], gﬁ € dch(0),k € Tn,gf € 0:e(d),e € 1,6¢ € dce(7),e € 7.
Combining this with 0 € A(7), one has (16). Utilizing (12) and the strong d.-pseudoinvexity

of FL(.) and FY(.), one has
(¢t o(a,9)) + LL|a —3|* <0, V¢! € 9.FE(d),
(Y, @(1,9)) + LY||a —3)|* <0, V¢ € a.FY(v),

and (w'c¢t + WYY, @(i1,9)) < 0,wl, wY € Ry, wl 4+ w4 = 1. This contradicts (16),thus
establishing the validity of the outcome.

(ii) The proof is not provided since it closely resembles the proof of Theorem 5(ii). [

Theorem 10 (Restricted converse duality). Consider i as a feasible point within the scope of
SIVOPVC, and let (v, w®, w4, 8, ", ¥, ?, B, i) in Qpw be valid points within the context
of Dpw, satisfying the condition F(ii) = F(v). If the conditions stated in Theorem 7 are met, then
it qualifies as the locally weakly LU optimal solution for SIVOPVC.

Proof. Assume that & does not represent a locally weakly LU optimal solution for SIVOPVC.
Then there exist ii € Q N B(#,0) such that F(ii) <j; F(@). By F(ii) = F(v), one has
F(ii) <j F(v), contradicting Theorem 7. [J

Next, we will examine the following example in order to demonstrate the findings of
Theorem 10.

Example 4. Let E =R2,n = 0,1 = ] = 1, consider the SIVOPVC1 problem as follows:

SIVOPVC1min F(u) =[FL(u), FY(u)] = [Ju1| — |ual, u?]
sit.g1(u) = —uy <0,
P1(u) =up —up 20,
@1(u)p1(u) = ur(ug —uz) <0.

One can easily see that
Qs :={ueRlu; >0,u1 —up =0} U{u € Rlug =0,up; <0}

gives feasible set of SIVOPVC2. The Mond—Weir dual model to SIVOPVC2 for any x € Qq is
given by

Diiw (1) max F(v) =[F*(v), F' (0)] = [Jv1] — |02, 07)

s.twb(er,e2) + wH(201,0) + 78 (=1,0) — ¥ (1, 1) + 7¥(1,0) = (0,0),
i > 0,71g1(v) > 0,

n;p >0,if 1 € 7y (u) Ut (u) Utoo(u);

nf eR,if 1 € oy (u), —711”1[;1(0) >0,

nl >0,if1 € T (u); nf =0,if 1 € 19(u), 7] 91(v) > 0.

e1 € [—-1,1], ande; € {—1,1}.

Hence, we possess a feasible set for problem Dy, and this set is independent of u.

Qy:= {(Ul,vz,wL,wu, nf, nip, ﬂf) Cewt — n‘f — nf + ﬂf =0, 0" + nip =0,
U1,0p € E,wh ol e R+,wL +wY = 1,—7r‘1gvl >0, nfvl >0

_nip(?h —1vp) >0, nip >0, 7] = 0}.
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Let w' = 0,w" = 1,7{ = 7 = o(0 > 0) one has v; = ¢, v, = o, and by F(u) = F(v),
we obtain

then we obtain 7§ g1 (1) < 0,71y ¢1(u) =0, _7_[14}1/]1 () < 0and by the strong dc-pseudoinvexity
of FE(.) and FU(.) at v € Q3 U prQq and the strong quasiinvexity of 7§g1(.) — ﬂlflpl(.) +
7l 91(.). We determine that u = (0,0) represents the locally weakly LU optimal solution for
SIVOPVC2.

Theorem 11 (Strict converse duality). Consider an element ii belonging to the set Q, which
serves as a locally weakly LU optimal solution for the SIVOPVC problem. This solution satisfies
the VC-ACQ condition at the point ﬂ and the set A is closed. Assuming that the criteria specified
in Theorem 9 are met, and (v, w*, WY, 78, i, ¥, w2, B, ) € Quiw (i) is the locally weakly LU
optimal solution of Dy (i1). If one of the followmg conditions holds:

(i) FL(.),FY(.) are strzctly strongly o —pseudoznvex of order « > 0at o € QU prQmw, Ljej

ngg]( )+ Z ﬂ]}(‘hk() Z ngjl,be( )+ Z 7wl @ (.) is dc-quasiinvex at 5 € QU prQumw;

=1
(ii) FL(.), FY(.) are strlctly strongly d -pseudomvex vato € QU prQmw, gi(j € 14 (u)),
h(k € T (1)), —hi(k € 7, (), —tpe(e € TF (u) Uty (u) Uty (1) Uty (1)), l,be(e € 1, (),
@e(e € I7 (u)) are strongly o -quasiinvex of order & > 0 at o € QU prQw. Then, il = 0.

Proof. Suppose that i # 3. By Theorem 9, there exist Lagrange multipliers @', @' €

Ry, 7ty € e R, 7, e R", 7%, 79, B, i € R!. such that (1, @', @Y, 78, 7, #¥, 7%, i, B) is the
locally weakly LU optimal solution of Dy (i7); it shows that

F(it) = F(9).

The remaining portions resemble (i) and (ii) from Theorem 10 and are, therefore, not
included here. O

5. Conclusions

In this research paper, we gave duality theorems concerning a semi-infinite interval
valued optimization problem involving vanishing constraints. We provided a set of duality
theorems, including weak, strong, converse, restricted converse, and strict converse duality,
establishing relationships between SIVOPVC and its corresponding dual models of Wolfe
and Mond-Weir types. These theorems were derived under the conditions of higher-order
dc-pseudoinvexity, strict d.-pseudoinvexity, and d.-quasiinvexity. Some examples were
also given to illustrate the obtained results. Additionally, alternative dual models such
as the mixed-type dual can be explored by using the univexity and generalized univexity
assumptions to obtain the duality results. However, some interesting topics for further
research remain. It would also be compelling to establish analogous optimality and duality
findings for multiobjective optimization problems. We shall investigate these questions in
forthcoming papers.
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