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Abstract

In this paper, we first introduce the concept of interval-valued invex mappings by
using gH-differentiability and compare it with interval-valued weakly invex mappings.
We can observe that interval-valued invex mappings are more general than
interval-valued weakly invex mappings. In addition, the sufficient optimality condition
for interval-valued objective functions is derived under invexity.
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1 Introduction
Convexity plays a vital role in many aspects of mathematical programming including, for
example, sufficient optimality conditions and duality theorems. In inequality constrained
optimization, the Kuhn-Tucker conditions are sufficient for optimality if the functions in-
volved are convex. However, application of the Kuhn-Tucker conditions as sufficient con-
ditions for optimality is not restricted to convex problems, and various generalizations of
convexity have been made in order to explore the extent of this applicability.

An invex function, introduced by Hanson [1], is one of the generalized convex functions.
He considered a differentiable function f : R” — R for which there exists a vector-valued
function 7 : R” x R" — R" such that, for all x,y € R”, the inequality

f@) =) = Vf ) nlxy) 1)

holds. Hanson [1] proved that if, instead of the usual convexity conditions, the objective
function and each of the constraints of a nonlinear constrained optimization problem are
all invex for the same 7, then both the sufficiency of Kuhn-Tucker conditions and weak
and strong Wolfe duality still hold. Later, Craven [2] named functions satisfying (1) invex
(with respect to 7).

Ben-Israel and Mond [3] considered the preinvex function f with respect to  (not nec-
essarily differentiable) for which there exists a vector-valued function n : R” x R" — R”
such that, for all x,y € R”, the inequality

f+an(xy) < Af(x) + @ = 2)f () )
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holds. Moreover, they found that differentiable functions satisfying (2) satisfy (1). Further
properties and applications of preinvexity and its some generalizations for some more
general problems were studied by Antczak [4, 5], Bector et al. [6], Mohan and Neogy [7],
Suneja et al. [8], and others.

However, the majority of real world optimization problems often involve data uncer-
tainty or imprecision owing to measurement errors or some unexpected things. Interval-
valued optimization [9] is an important model to deal with the problems with data uncer-
tainty. Many approaches to interval-valued optimization problems have been explored in
considerable details (see, for example, [10-12]). Recently, Wu has extended the concept of
convexity for a real-valued function to LU-convexity for an interval-valued function, then
he has established the Kuhn-Tucker conditions [13, 14] for an optimization problem with
an interval-valued objective function under the assumption of LU-convexity. In [15], Wu
studied the Kuhn-Tucker optimality conditions in multiobjective programming problems
with an interval-valued objective function. Similar to the concept of non-dominated solu-
tion in vector optimization problems, Wu has proposed a solution concept in optimization
problems with an interval-valued objective function based on a partial ordering on the set
of all closed intervals. Then, the interval-valued Wolfe duality theory [16] and Lagrangian
duality theory [17] for interval-valued optimization problems have been proposed. Wu
[18] studied the duality theory for interval-valued linear programming problems. Chalco-
Cano et al.[19] gave Kuhn-Tucker type optimality conditions, which are obtained using
gH-derivative of interval-valued functions. Also, they discussed the relationship between
the approach presented with other well-known approaches given by Wu [13]. However,
these methods given by Chalco-Cano et al. [19] cannot solve a kind of optimization prob-
lems with interval-valued objective functions, which are not LU-convex but invex. For
example, the interval-valued functions such as f(x) = [x; — 2sinxy,x1 — sinx, + 1] are not
LU-convex but invex with respect to

sinx; —siny; sinxy —siny, )t

ﬂ(x,y) = (

’
COs ¥ COS ¥y

(the concept of invex can be seen in Definition 11). Zhang et al. [20] proposed the Kuhn-
Tucker optimality conditions for an optimization problem with an interval-valued objec-
tive function under the assumptions of preinvexity and weak invexity. The definition of
interval-valued invexity in this paper is more general than that of weak invexity given in
[20] (see Theorem 4 and Example 4).

This paper aims at extending the Kuhn-Tucker optimality conditions to nonconvex opti-
mization problem. First, we extend the concept of invexity using gH-derivative of interval-
valued functions. The concept of invexity by using gH-differentiability of interval-valued
functions is more general than the concept of invexity by using weak differentiability (see
Theorem 4 and Example 4). Second, we present several properties of invex interval-valued
functions. Finally, the Kuhn-Tucker optimality conditions are proposed for an interval-

valued objective function under the assumptions of invexity.

2 Preliminaries

Let us denote by Z the class of all closed intervals in R. A = [a*,a!] € Z denotes a closed
interval, where a’ and a% mean the lower and upper bounds of A respectively. For every
a € R, we denote a = [a, a.
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Definition 1 Let A = [a’,4"] and B = [b%, b¥] be in Z. We define
(i) A+B={a+b:acAandbeB)=[a’ + b, a" + bY];
(i) —A={-a:acA)=[-a", -d];
(iii) A x B={ab:a € A and b € B} = [min,y, max,;], where
ming, = min{alb?, a*b¥, a¥ b, a’ b} and max,, = max{a’b*,alb¥,a¥b", a’ b¥}.

Then it is easy to conclude that

A-B=A+(-B)=[a" - b",a" -],

[ka®, ka') ifk>0, (3)

kA={ka:acA}=
thazacA) |k|[-aY,-a"] ifk<0,

where k is a real number.
Hausdorff metric between two closed intervals A and B defined as

dy(A, B) = max{|a" - b*

a4 - bu| }
Definition2 LetA = [a%,aY] and B = [b*, bY] in Z. We write A < Bifa’ < b* and a¥ < bY,
A <Bif A<Band A #B, i.e., the following (al) or (a2), or (a3) is satisfied.

(al) al <b' and a¥ < bY;

(a2) al <b' and a¥ < bY;

(a3) a* < bl and a¥ < bY.

Let A,B € Z, if there exists C € Z such that A = B + C, then C is called the Hukuhara
difference of A and B and written as C = A © B; when we say that the H-difference C
exists, it means that a’ — b < a¥ — b and C = [a* - b%,a¥ — bY].

Proposition 1 Let A = [al,a"] and B = [b*, bY] be two closed intervals in T. If a* — b' <
a' — bY, then the H-difference C exists and C = [a" — b*,a" — bY].

It follows from Proposition 1 that the H-difference is unique, but it does not always exist.
To address this issue, a generalization of the Hukuhara difference is proposed in [21].

Definition 3 ([21]) Let A = [a%,a"] and B = [b*, bY] be two closed intervals, the gH-differ-
ence of A and B is defined by

[aL,au] Og¢ [bL,bu] = [min(aL - bt a" - bu),max(aL - bt aY - bu)].

For example, [1,3] &, [0,3] = [0,1], [0,3] ©¢ [1,3] = [-1,0]. And a — b = [a,a] ©, [b,b] =
la-b,a-bl=a-b.

Proposition 2 ([21])
(i) Forevery pair A,B €1, A Sy B always exists and A S, Be L.
(ii) ASyB=0ifandonlyif A <B.

The function f : R* — 7 defined on the Euclidean space R" is called an interval-valued
function, i.e., f(x) = f(x1,...,%,) is a closed interval in R for each x € R". f can be also
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written as f(x) = [f(x),f"(x)], where f* and f¥ are two real-valued functions defined on
R" and satisfy fX(x) < fY(x) for every x € R". Based on the above concept, Wu [13] has
introduced the concepts of limit, continuity and two kinds of differentiation of interval-
valued functions.

Let f be an interval-valued function defined on R" and A = [a*,a"] be an interval in R,
c € R".Iffor every € > O there exists § > 0 such that, for 0 < ||x—c|| < §, we have dy(f(x),A) <
€, then

limf(x) = A.
X—>C
Proposition 3 ([13]) Letf be an interval-valued function defined on R" and A = [a*,a"] be

an interval in R. Thenlim,_, . f(x) = A ifand only iflim,_, . f*(x) = a* andlim,_, . fY (x) = a¥.

Proposition 4 ([13]) Let f be an interval-valued function defined on R". Then f is contin-
uous at ¢ € R" if and only if both f* and fY are continuous at c.

Proposition 5 ([13]) Let X be an open set in R. An interval-valued function f : X — T with
f&) = [fL(x),fY(x)] is called weakly differentiable at x if the real-valued functions f* and
fY are differentiable at x (in the usual sense).

Definition 4 ([13]) Let X be an open set in R. An interval-valued function f : X — 7 is
called H-differentiable at x, if there exists a closed interval A(x) € Z such that the limits

lim Sfxo + 1) © f(x0)
h—04 h

and
lim S (x0) © f(xo — h)
h—04 h

both exist and equal A(xo). In this case, A(xp) is called the H-derivative of f at xy.

The following concept is particularization of the fuzzy concepts presented in [22] to the
interval case. These are defined by using the usual Hukuhara difference ©.

Definition 5 ([22]) Let T = (a,b) and let ) € T. Given f : T — Z, we say that f is strongly
generalized differentiable (G-differentiable) at t, if there exists an element f’(¢y) € Z such
that for all / > 0 sufficiently small,

(i) 3f (%o + 1) © f (x0),f (0) © f (%0 — 1) and

limf(xo +h) © f(xo) _ limf(xo) o f(xo—h) _

h—0 h h—0 h f/(xO)’
or
(i) If(x0) ©f (%0 + h),f (xo — 1) © f(x0) and
h —-h
hhf(‘)f (%0) e_fh(xo +h) _ %if(l)f(xo _)hef(xo) _ F(xo)



Li et al. Journal of Inequalities and Applications (2015) 2015:179 Page 5 of 19

or

(iii) 3f (xo + 1) © f (%0),f (%0 — 1) © f (x0) and

h —-h
hli_r)r(l)f(xo + })lef(xo) :;i_%f(xo _)hef(xo) _ F(x0),
or
(iv) 3If(x0) © f(x0 + h),f(x0) © f (x0 — k) and
h —-h
}lli_I}(l)f(xO) e_fh(xo +h) :}li_r)%f(xo) 9];(960 ) ~ ' (x0).

Based on the gH-difference, Stefanini [21] proposed the following differentiation.

Definition 6 ([21]) Letx, € (a,b) and & be such that xo + & € (a, b), then the gH-derivative
of a function f : (a,b) — 7 at x, is defined as

(o) = lim L0+ 1) S f (ko)
h—

0 h @)

If f'(x9) € Z satisfying (4) exists, we say that f is generalized Hukuhara differentiable
(gH-differentiable for short) at x;.

The next two results express the gH-derivative in terms of the endpoints of the interval-
valued function.

Theorem 1 ([23]) Letf : (a,b) — I be such that f(x) = [f*(x),fYx)]. If f*(x) and fY (x) are
differentiable functions at t € (a, b), then f(x) is gH-differentiable at t, and

/@) = [min] (F4) @), (FY) @)}, max{ (f*) @), (FY) @®)}].

Theorem 2 ([23]) Let f : (a,b) — T be such that f(x) = [f*(x),f%(x)]. Then f(x) is gH-dif-
ferentiable at t € (a, b) if and only if one of the following cases holds:
(@) fH(x) and fY(x) are differentiable at t;
(b) the lateral derivatives (f£)' (¢), (fL). () and (fY) (¢), (FY),(¢) exist and satisfy
(1)) = (F4Y, (2) and (1) (£) = (FY)_(2).

Let f be an interval-valued function defined on X C R”, comparing above definitions,
the following statements hold.

Proposition 6
(i) Iff is H-differentiable at x, € X, then it is G-differentiable at xy, the converse is not
true.
(ii) Iff is G-differentiable at xy € X, then it is gH-differentiable at x,, the converse is not
true.
(iti) Iff is weakly differentiable at xy, then it is gH-differentiable at xy, the converse is not
true.

Definition 7 ([24]) Let f(x) be an interval-valued function defined on €2, where Q is an
open subset of R". Let Dy, (i =1,2,...,n) stand for the partial differentiation with respect
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to the ith variable x;. Assume that fZ(x) and f%(x) have continuous partial derivatives so
that D,,f" (x) and D,,f"(x) are continuous. For i = 1,2,...,, define

Dy f (x) = [min(Dyf* (), Dy f Y (x)), max (Dy,f* (), Dy f Y (%)) ],
we will say that f(x) is differentiable at x, and we write

V(%) = (Deyf (%), Day f (%), ..., D f ()"
We call Vf(x) the gradient of the interval-valued function at x.

Example 1 Let f: R> — 7 be defined by f(x) = [x? + x3,2x% + 2x3 + 3]. So fL(x) = 27 + x3
and fY(x) = 2x7 + 2x3 + 3. Dy fL(x) = 2x1, Dy, fL(x) = 2%9, Dy fY (%) = 41, Dy, f Y (x) = 4xs.

Thus,
2x71, 4 if x; >0,
Dft) = | Zdnl it = 5)
[4oy, 2]  ifx; <O,
2x9, 4 if x, >0,
D, fla) = | P Anl ifn = ©)
[4xy,2x9] ifxy <O.
Thus,
([2961,4961], [2x2,4x2])t 1fx1 >0,x, >0,
2x1,4%1 ], [4%, 2 toifx; >0, 0,
Vf(x) = ([2%1, 4ox1], [4x2 xz])t 1 x1> 0,2 < 7
([491, 2x1], [2%2, 45 ])F if %1 < 0,0 > 0,
([4o1, 20011, [4oen, 4, 1) if a1 < 0,50 < O.
Further,
(sz sz)t lfxl = O)xZ > 07
(2x1,4%5)"  ifx; > 0,29 <0,
VEf(x) = o (®)
(4x1,2x0)"  ifx; < 0,29 >0,
(41, 4%0)F  ifx1 <0,%, <O,
4x1, 4xo t ifx; > 0,x, >0,
)

L ifx; <0,x9 >0,
t

(
(

u —
v f(x) - (2961,4962
(

)

4x,2x)F  ifx; > 0,20 <0,
)
)

21, 4xo ifx; <0,x, <0.

3 Preinvexity and invexity of interval-valued functions

The concept of convexity plays an important role in the optimization theory. In recent
years, the concept of convexity has been generalized in several directions. An important
generalization of convex functions is a preinvex function, which was introduced by Weir
and Mond [25]. The concepts of preinvexity and invexity have been extended to interval-
valued functions by Zhang et al. [20], and the Kuhn-Tucker optimality conditions have
been derived for preinvex and invex optimization problems with an interval-valued ob-
jective function under the conditions of weakly continuous differentiability and Hukuhara
differentiability.
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In what follows, we show the connection between preinvex and invex interval-valued

mappings. Here, we recall the definition of preinvex interval-valued mappings.

Definition 8 Lety € X C R". Then we say that X is invex at y with respectto: X x X —
R" if for each x € X, 1 € [0,1], y + An(x,y) € X. X is said to be an invex set with respect to
n if X is invex at each y € X.

Definition 9 ([20]) Let K € R” be an invex set with respect to n: K x K — R”, f(x) =

[FE(x),fY(x)] be an interval-valued function defined on K. We say that f is preinvex at x*
with respect to n if

S+ an(x"x)) < Af (x) + @ = 1)f (x)
for each A € [0,1] and each x € K.

Theorem 3 Let K be an invex subset of R" with respect to n: K x K — R" and f be an
interval-valued function defined on K. Then f is preinvex at x* if and only if f and fY are
preinvex at x* with respect to the same n: K x K — R", i.e.,

FE(r+an(x,x)) <A (xF) + 1= A)FF W), (10)
S+ an(at,x)) < AfY(x) + Q- A)fY () (11)
foreach ) € [0,1] and each x € K.
Definition 10 ([20]) Let K € R” be an invex set with respect to n: K x K — R", f(x) =

[FE(x),fY(x)] be an interval-valued function defined on K. We say that f is invex at x* if

the real-valued functions f* and f¥ are invex at x*, ie.,

fE ) —fL(x*) > n(x,x*)tVfL(x*), (12)
FH@) = fHU () = nx") VY () (13)

for each x € K.

Remark 1 Since the definition of interval-valued invex functions defined in [20] consid-

ered the end-point functions, we call them weakly invex functions in this paper.

Based on the gH-differentiability, we give the definition of interval-valued invex func-
tions as follows.

Definition 11 A gH-differentiable interval-valued mapping f : X — Z is said to be invex
on the invex set X C R” with respect to 7 if for any x,y € X, A € [0,1],

F@) 0 f () = n(x,2") Vf (") (14)

for each x € K.



Li et al. Journal of Inequalities and Applications (2015) 2015:179 Page 8 of 19

Example 2 Consider the interval-valued mapping f(x) = [1,2]x%, x € R. Then f(x) is
gH-differentiable on R by Theorem 1, and

2x,4x], x>0,
Vi = | o]

[4w,2x], x<0.
Let n(x,y) = x — y, thus

2y(x-y),4yx -y, y=0,x-y=0,
2y(x —),4y(x -], y<0,x—y<0,

[
, [
\Y/ = 15
@IV =Nty — ), 20— ), = 0. y<0, )
[4y(x—y),2y(x —y)], y<0,x-y=>0,
2 209,202 2o .2
F) 0ef ) = | ¥ 7Y =L = (16)

2x% - 292, 4% — 2], &% <92
We can observe that f(x) is invex with respect to n(x,y) = x — y by Definition 11.

The following theorem shows the relationship between interval-valued invex functions

and weakly invex functions.

Theorem 4 Let K be an invex subset of R" with respect to : K x K — R" and f(x) =
IFE (%), fY(x)] be an interval-valued function defined on K. If f is weakly invex, then it is
invex, but the converse is not true in general.

Proof Since f is weakly invex at x*, we have that real-valued functions /% and ! are invex

at x*, i.e.,
FEE) —fE(x*) = n(a") VFE (), (17)
FUE) = f4 (x) = n(xa®) VY (x%) (18)

for each A € [0,1] and each x € K.
(1) On the condition of n(x,x*)* VfL(x*) < n(x,x*)* VY (x*), we have

n(x%) Vf (%) = [n(a) V() 27) VI (2)]

If (%) ©¢ f(x*) = [FE(x) —fL(x*), Y (x) — Y (x*)], then from (17) and (18) we have
F@) O f (%) = n(x") VI (x).

If f(%) ©g f (6*) = [FY (x) —f Y ("), f* (x) = f*(x*)], then
FH@) =R (06) = f10) —fH () = n(wa”) VY (x7) = () VI (),

We have

Sfx) O f(x*) = Vf(x*)tn(x,x*).
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(2) On the condition of n(x, x*)! VL (x*) > n(x,x*) VFY (x*), we have

on(wa) Vft () -

—fL(x*)], then from (17) and (18) we have

o) V() = [ x') 01
If f(x) ©g f(x*) = [FY (%) — fY ("), fH ()

) O f(**) = n(x,x*) Vf (x).

If f(x) ©¢ f (x*) = [f£ (%) — £ (x*), fY (%)

FU@) =Y () = fH ) - f () =

Thus

&) S f (x*) = n(x,x%) Vf (x¥).

— fY(x*)], then

n(x,x*)tVfL(x*) > (%% !

Page 9 of 19

O

Example 3 Considering the interval-valued function f(x) = [x; — 2sinxy,%; — sinxy + 1],

x € R?, we can prove that both f£(x) and f!(x) are weakly invex with respect to

nx,y) = (

’
cosy; COS 2

. . . . t
sinx; —siny; sinx; — smy2)

Then f(x) = [x; — 2sinxy,x; — sinx, + 1], x € R? is invex with respect to the same n(x, y) by

Theorem 4.

Example 4 Considering the interval-valued function f(x) = [-|x|, |x|], x € R,

x—-y, xy>0,
n(x,y):{ »
x+y, xy<0.

From Theorem 1, it follows that f(x) is gH-differentiable on R, and Vf(y) = [-1,1], thus

(x—=y)x -9,
x—-y,—(x-y)]
(x+3),x+9],

]

-
1063 Vf ) = {
[x+y,—(x+ )],

[~(x =), =y],
[x =y, —(x =],
S&x) S f () = [-(x+y),x+y],
[x + 3, =(x + )],
[—(x+y),x+y]

)

Then

f®) S f () = nx ) V().

But f(x) is not weakly invex since f*(x) is not weakly differentiable at x = 0.

x>y>0o0ry<x<0,
y>x>0o0rx <y <0,

xy<0andx+y>0,
xy<0andx+y<O0,

x>y>0o0ry<x<0,
y>x>0o0rx<y=<0,
x>0>yandx+y>0,
x>0>yandx+y<0,
x<0<y.
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Letx=2,y=-1,n(xy) =1,
SrO+an@y) =1-A> -2+ 1= 2"() + Q- 2)fF ().
Thus, f(x) is not preinvex since f*(x) is not preinvex with respect to 7.

The following theorem given in [20] illustrates the relations between weakly invex
interval-valued and preinvex interval-valued functions.

Theorem 5 Let K C R" be an invex set with respect to n : K x K — R"; if f(x) =
[FE(x),fY ()] is a weakly continuously differentiable and preinvex interval-valued func-
tion defined on K, then f is also a weakly invex interval-valued function with respect to the
same 1 defined on K.

We can prove the following result.

Theorem 6 Let K C R" be an invex set with respect to n: K x K — R". If f(x) =
[FE(x),fY(x)] is a weakly differentiable and preinvex interval-valued function defined on
K, then f is also an interval-valued invex function with respect to the same n defined on K.

Proof Since f is interval-valued preinvex and weakly differentiable, we have

FEy+ an(x,9) = ) < A[fFF ) - £ )],
F o+ ) -1 0) < AU @ -1 0],

which for A € (0,1] implies

fHO+ An(x9) —f0)
)

FYO+ any) =40
A

<fH@ -1 o),

<f4 -4 ).
By taking limits for A — 0%, since f is weakly differentiable, we get

0,y VIt o) <fH@x) - £10), (19)
0,y VY ) <4 @) -4 ). (20)

On the other hand, from Definition 3 and Theorem 1, we have

Fr ) =fFODY @) =YD fH) =) <fY () =f4 ), (1)

J2) ©ef ) = { (UG =10 ) = O 1@ =f10) > U6 -1 0)

and

n(x,9)"Vf(»)
= n(x,p) [min{ V- (), V4 ()}, max{ V£ (y), VY ()] (22)

[n(x’y)tVfLU), U(x,y)tvfu@)]» 'I(x»)’)tVfL(Y) = U(x,y)tvfu()/),
[U(x’y)tvfu()’)» ﬂ(x>y)tVfL(Y)], V’?(x,y)th()’) > ﬂ(x»y)tvfuw)-

(23)
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From (19)-(23) it follows that

F®) S f () = n(x,9) V().

Thus, f is an invex interval-valued function. O

The following example given in [20] shows that a weakly invex interval-valued function
may not be a preinvex interval-valued function, from Theorem 4 we can conclude that the
converse of Theorem 6 is not true.

Example 5 The interval-valued function f(x) = [1,2] - €*, x € R is invex with respect to
n = -1, but not preinvex with respect to the same function 7.

However, Mohan and Neogy [7] have proved that a differentiable invex real-valued func-
tion is also preinvex under the following condition.

Condition C We say that the function 5 : R* — R" satisfies Condition Cif for any x,y € X,

n(xy+An(xy) =-Anxy),  n(ny+inkxy) =0-nx,y).

We can conclude that a continuously weakly differentiable invex interval-valued func-
tion f : K — 7 is also a preinvex interval-valued function on K if the function 7 satisfies
Condition C.

Theorem 7 Suppose that K is an invex set of R" with respect to n: K x K — R" and
f K — 1 is a continuously weakly differentiable interval-valued function on an open set
containing K. If f is invex on K with respect to n and n satisfies Condition C, then f is
preinvex with respect to n on K.

Proof Suppose that x1,x, € X. Let 0 < A <1 be given and look at X = xp + An(xy, x3).
Note that X € X, by invexity of f, we have

S(x1) B¢ f (%) = n(x1, %) Vf (%)

and

f(x2) O f(®) = n(x2, %) VI (%),

[min{f- () — 2@, () - U ® ), max () - @), 4 ) - L @]
= 0, ' [min{ V- ®), VA4 ®)}, max {V®), VU ®))]

and

[min{f* (%) —f* @), f" (x2) - Y@}, max{f* (x2) - f£ &), Y (%2) - X @)]]
> n(xZ,%)t[min{VfL(%), Vfu(i)},max{VfL(o_c), Vfu(i)}].
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(1) On the condition of £ (%) — f£ (%) < fY(x1) — f4(%), n(x1, X) V() < nlx, ) VL (%),
SHa) = fH®) < fY(x0) - Y (®), and 7w, %) VI (R) < 0o, %) VY (%), we have

F) O f(®) = [ (x1) = f @), f Y (1) - U D)),
f(x2) O f(®) = [fHx2) = £ @), f Y (32) - 1 (®)]

and

n(x1, %) Vf (&) = [n(x1,2)" V" &), n(x, %) VY @),

002, D)V (%) = [1(x2,2) V" (3), (22, 2) VU (3)].
Thus,
fH) =L@ = 0, %) V@),
@) =Y @ = n, 2 VYR
and
SH002) = 1) = (o, )V (@),
SY ) =@ = 0, %) VY @)
Therefore,
M) + (= R () = fH@) = (An(xa, ®) + (1 - Mo, &) V- G).
However, by Condition C, An(x1,%) + (1 — 1)n(x2,%) = 0. Hence,
S + ane,22)) < 2T () + (1= ) ().

By a similar way,
S (%2 + A, %)) < A% (x0) + @ = 2)f Y (w2).
Thus f is preinvex with respect to n by Theorem 3.
(2) On the condition of fX(x1) — f£ (%) < fY(x1) — f4(X), n(x1, X) VL (®) < nlx, )V L (%),
SH2) = fF@) < Y (x) =Y @), and 02, %) V() > 12, %) VY (%), we have
f@) 0 f @) = [f* (1) —f1 @)1 (1) - Y ®)],
Sx2) © f®) = [f*(x2) =1 @),/ (%2) - ()]

and

(1, %) VI (&) = [0, ) VL @®), 031, %) VY ®)],

n(2, %) Vf (&) = [1(x2, D)V &), n(x:%) Vf* (7).
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Thus,
fHa) = @) = 0, %) V),
FH@) =Y E) = 0, 2 VY (x)
and
FE2) = fH @) = (2, 2) VY (%),
FH00) =Y @) = (2, %) VI ().
Suppose min{n(x;, X) VL (X), n(x2, %) %)} = n(x1,%)! VFE(x). Therefore,

M) + (L= A)fE () = f2®) = Ay, ) V@) + (1= An(x, %) VY (x)
> (s, %) V@) + (1 - A)n(xs, %) VI z)

= (Mm@ ®) + (1= M, ) Vf* ).
However, by Condition C, An(x1,%) + (1 — 1)n(x2,%) = 0. Hence,
S (2 + A, x0)) < A5 (1) + (1= A)fE (w2).

By a similar way,

S (%2 + A, %)) < A% () + @ = 2)f Y (w2).

Thus f is preinvex with respect to n by Theorem 3.
(3) On the condition of fX(x;) — f£(%) < fY(x1) — fY(®), n(x1, %) VL (%) < n(x1, %) VY (%),
SH) = fH®) > fU(x2) — fY (), and 1(x2, %) V(%) < n(x2,%)' VY (%), we have

Fe0) 8¢ f@®) = [f* (1) =1 @), (1) - f1 @®)],
F02) O f ) = [fH (02) = fH @), f* (202) - f* ()]

and

(1, %) VF(E) = [0, %) VI E), 0, %) VY F),

N(x2, %) V() = [1(x2, %) VI @), n(x2, %) VY ().
Thus,

FH) =L @) = n(x, %) V),

FH ) = U @x) > 0y, %) VY (%)
and

FE@) —fE@) = (2, %) VY (X),

FH@) =L R) = (2, 0)' VI ().
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Suppose min{n(xy, %)’ VL (x), n(x2, %) VL (X))} = n(x1, X) VL (x). Thus,

M) + (L= A)fE(x2) = f1®) = A, %) VY ®) + (1 - An(x, %) VI (x)
> (s, %) V@) + (1 - An(xe, %) VI~ (z)

= (A, ®) + (1 = (2, ) VL R).
However, by Condition C, An(x;,%) + (1 — A)n(x3,%) = 0. Hence,
ft (xz + M)(xl,xz)) < M) + A= A)fE(xy).
By a similar way,
S (2 + A, 20)) < MY () + 1= A (o).
Thus f is preinvex with respect to n by Theorem 3.
(4) On the condition of fX(x1) — f£(%) <fY(x1) = fY(®), n(x1, %) VFL(X) < n(x1, %) VU (%),

fE@) = fE®) > U (%) = fU(®), and 7(x2, 2)! VL E) > n(xo, %) VY (%), we have

1) S f @) = [f£ (1) = f£ ). f 4 (01) -1 @],
F02) O f ) = [fH (02) = fH @), f " (02) - f* ()]

and

(1, %) Vf &) = [0, ) V@), 0, %) VY @),

N2, %) V() = [0, %) VY (), 002, %) VI ()]

Thus,

SfHa) = £ ) = n(x, %) V@),
FHe0) =1 @) = nla, 2 VY ®)

and

SHe) = fH ) = 10, )V (),
FH0) = fH®) = (2,0 VY R).

Thus,
ML) + (L= AfE ) =L @) = (e, ®) + (1= Wn(x0, %) V@)
However, by Condition C, An(x1,%) + (1 — A)n(x2,%) = 0. Hence,

FE (2 + A, x2)) < AfE(1) + (1= A)fE(x2).
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By a similar way,
LY (2 + An(xn,20)) < AfY (1) + 1= A)fY ().

As a consequence, f is preinvex with respect to n by Theorem 3.
We can prove the result on the other four conditions by a similar way. O

4 The Kuhn-Tucker optimality conditions with interval-valued objective
functions
An interval-valued objective minimization problem is

(IVOP) min f(x) = [fL(x),fu(x)]
subjectto gi(x) <0, i=1,2,...,m.
LetP={xeR":gi(x) <0,i=1,2,...,m} be a feasible set of IVOP).
Definition 12 Let x* be a feasible solution of the primal problem (IVOP). We say that x*
is a non-dominated solution of problem (IVOP) if and only if there exists no x € P such

that f(x) < f(x*). In this case, f(x*) is called the non-dominated objective value of f.

Theorem 8 Let f(x) be gH-differentiable on X C R" and interval-valued invex with respect
ton: X xX — R",and gi(x) (i =1,2,...,m) be invex with respect to the same 0. If there exist
x*ePandv; (i=1,2,...,m) such that

{Vf(x*)}L + Zvngi(x*) =0, (24)
i-1

Z vigi(x*) =0, (25)

i=1

vi >0, (26)
then x* is a non-dominated solution of problem (IVOP).

Proof For any x* € P satistying g;(x*) <0, i =1,2,...,m, since f(x) is gH-differentiable
on X C R" and interval-valued invex with respect to 1, then [min{f’(x) — f*(x*),f" (x) —
U@} max{fh () = f£ ), f 9 () = f4 @ 2= o x) V().

(i) On the condition of min{f%(x) — f£(x*),f%(x) — fY(x*)} = fL(x) — fL(x*), nlx,x*) x
V(%) = [, x*) {VF @)} (e, )V ()],

FH@) - 1) = n(m ) V(7))

= -n(x, x*)t Z viVgi(x")
i1

. _ivi(gi(x) ~g())

i=1
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= Y (~vigix) + vigi(x"))

i=1

zgt

9~M§

v

Thus, f(x) < f(x*) does not hold.

(ii) On the condition of min{f%(x) — fX(x*),f“(x) — f¥(x*)} = fY (x)

V£ (x*) = [n(x, x*) {Vf (x*)}E, (o, 6%V (x%)}Y],
SUE) =fH (@) = nlwx) {VF ()}
x )t Z vng,»(x
i=1

> - (g - g(x"))
i=1

m

- Z(—v,»gi(x) +vigi(x*))
i=1

m

= Z —vigi(x)

i=1
> 0.

Thus, f(x) < f(x*) does not hold.
Similarly, we can prove the other two conditions.

Page 16 of 19

—fY %), nlx,x%)" x

The proof of the following theorem is similar to the one of Theorem 8.

Theorem 9 Let f(x) be gH-differentiable on X C R" and interval-valued invex with respect
ton: X xX — R", and gi(x) (i=1,2,...,m) be invex with respect to the same n. If there exist

x*ePandv;(i=1,2,...,m) such that

+ Z V,Vg, =0,
Z Vigi (x*) =0,
i=1

Vi > 0)
then x* is a non-dominated solution of problem (IVOP).
Example 6

minimize f(x) = [x2 +x+1,x% + 3]
subject to g1(x) =x -2 <0,

goHx)=-x-6=<0.

(27)

(28)

(29)
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From Theorem 1 we have Vf(x) = [2x,2x + 1].
(i) It is easy to see that the problem satisfies the assumptions of Theorem 8. Then

{[2x*,2x* + 1]}L +v1 -1y =0,
Vl(x* - 2) =0,

Vo (—x* - 6) =0.

We obtain v; = v, = 0, and #* = 0 is a non-dominated solution.
(ii) It is easy to see that the problem satisfies the assumptions of Theorem 9. Then

{[2x*,2x* + 1]}” +V1 -1, =0,
Vl(x* —2) =0,

Vo (—x* - 6) =0.
We obtain v; = v, =0, and x* = —% is also a non-dominated solution.
Example 7 Consider the following interval-valued programming problem:
minimize f(x) = [1,2] sin® x

1
subject to g(x) = (sinx — 1)% - s <0,

T
xe(O,—).
2

Note that functions f and g are invex with respect to

sinx — sin
nx,y) = o0
cosy

And Vf(x) = [2sinxcosx, 4 sinxcosx], Vg(x) = 2(sinx — 1) cosx.
It is easy to see that the problem satisfies the assumptions of Theorem 9. Then

2sinx* cosx™ + 2v(sinx* - 1) cosx™ =0,

After some algebraic calculations, we obtain x* = sin}(1 - ﬁ), v =24/2 — 1. Therefore,
1

O | 1y _ . .
x* =sin" (1 - 5 ﬁ) is a non-dominated solution.
The following example also shows the advantages of our method in respect to [19].

Example 8 Consider the following interval-valued programming problem:

minimize f(x) = [x; — 2 sinxy, %1 — sinxy + 1]

subject to g1(x) = 2sinx; + 7sinxy + % — 6 <0,
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gz(x) =2x +2x, -3 <0,
g3(x) = —sinx; <0,
ga(x) = —sinxy <0.
Then f is gH-differentiable and weakly differentiable. Since f is not LU-convex and

f* + f4 is not LU-convex, methods in [19] cannot be used.

Note that functions f and g; (i = 1,2, 3,4) are invex with respect to

. . . . t
sinx; —siny; sinx; — smy2>

nmw=(

)
cosy; COS 2

It is easy to see that the problem satisfies the assumptions of Theorem 8. Then

1+v1(2cosx; +1) +2v5 —v3cosx; =0,
—2C0SXy + 7V1COSXy + 2Vy — V4 COSXy = 0,
v1(2sinx; + 78inxy +x; — 6) =0,

Vo (2x1 +2x5 — 3) =0,

v3(—=sinxy) = 0,

va(=sinx) = 0.

After some algebraic calculations, we obtain x* = (0, sin™* %)t , V= (%, 0, g, 0)¢. Therefore,

x* is a non-dominated solution.

5 Conclusion

The concept of convex interval-valued mappings has been studied in the literature by
many researchers. The aim of this paper is to introduce the concept of invex interval-
valued mappings with gH-differentiable functions. Then we discussed the relationships
between interval-valued invex mappings and interval-valued weakly invex mappings. Fi-
nally, the sufficient optimality condition for interval-valued objective functions has been

derived under invexity.
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