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SADDLE POINT CRITERIA AND WOLFE DUALITY FOR
CONVEX NONSMOOTH INTERVAL-VALUED VECTOR
OPTIMIZATION PROBLEMS
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Abstract: In this paper, a convex nonsmooth vector optimization problem with multiple interval objective
function is considered. The vector-valued Lagrange function and its saddle point are defined for such a vector
interval-valued optimization problem. Then, the saddle point criteria are established for the considered
nonsmooth interval-valued vector optimization problem under assumption that the functions constituting it
are nondifferentiable convex. Further, its vector Wolfe dual problem with multiple interval-valued objective
function is defined and several duality results in the sense of Wolfe are proved between vector interval-valued
optimization problems also under convexity assumptions.
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Introduction

In mathematical programming problems, the coefficients of optimization problems are, in
general, considered as deterministic values. This assumption is not satisfied by great ma-
jority of real-life engineering and economical problems. The introduction of imprecision and
uncertainty in the modeling process is an important issue of the approaching real practical
problems. Uncertainty can be handled in various manners, namely by a stochastic pro-
cess and fuzzy numbers. However, sometimes it is hard to find an appropriate membership
function or probability distribution with insufficiency of data. Therefore, interval-valued
optimization problems may provide an alternative choice for considering the uncertainty
into optimization problems. Namely, the coefficients in interval-valued optimization prob-
lems are assumed to be closed intervals. Although the specifications of closed intervals may
still be judged as subjective viewpoint, however, it seems that the bounds of uncertain data
(i.e., determining the closed intervals to bound the possible observed data) are easier to be
handled than specifying the distributions and membership functions in stochastic optimiza-
tion and fuzzy optimization problems, respectively. In recent years, therefore, optimality
conditions and duality results for scalar interval-valued optimization problems have recently
attracted the attention of many researchers (see, for instance, Jayswal et al. (2011), Jayswal
et al. (2016), Jiang et al. (2008), Osuna-Gémez et al. (2015), Rohn (1980), Sun and Wang
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(2013), Wu (2007), (2008), (2009), (2010), Zhang et al. (2014), Zhou and Wang (2009), and
others).

Although nonlinear multiobjective programming problems with the coefficients consid-
ered as deterministic values occur in various fields of applications in O.R., however, this
assumption is not satisfied by great majority of real-life engineering and economical prob-
lems. In recent years, therefore, attempts were made by several authors to prove optimality
conditions and duality results for interval-valued vector optimization problems (see, for in-
stance, Ahmad et al. (2015), Bhurjee and Panda (2012), Bitran (1980), Chanas and Kuchta
(1996), Hosseinzade and Hassanpour (2011), Ishihuchi and Tanaka (1990), Jana and Panda
(2014), Oliveira and Antunes (2007), Wu (2009), and others). Whereas many optimality and
duality results have been explored for interval-valued optimization problems if the involved
functions are smooth, while only few papers studied optimality conditions and duality results
for scalar nonsmooth interval-valued optimization problems. For the considered nonsmooth
scalar optimization problem with interval-valued objective function, Sun and Wang (2013)
proved optimality conditions and several duality results under convexity assumption. Re-
cently, Antczak (2017) derived the Fritz John and the Karush-Kuhn-Tucker type necessary
optimality conditions for (weakly LU-efficiency) LU-efficiency of a feasible solution for a
nondifferentiable interval-valued vector optimization problem. Further, he also proved the
sufficiency of the Karush-Kuhn-Tucker type necessary optimality conditions and Mond-Weir
duality results for convex nonsmooth interval-valued vector optimization problems.

Recent years have seen an increasing interest amongst researchers to explore saddle point
criteria for scalar interval-valued optimization problems. Namely, Sun et al. (2014) derived
saddle point optimality conditions and established a relation between an optimal solution of
the considered interval-valued optimization problem and a saddle point of the Lagrangian
function. Recently, Jayswal et al. (2016) proved saddle-point optimality conditions under
invexity assumption. Hence, they found a relation between a LU-optimal solution of the
considered nonsmooth scalar optimization problem with interval-valued objective function
and a saddle-point of the Lagrangian function.

However, to the author’s knowledge, there are not any result on saddle point criteria
for nondifferentiable vector optimization problems with multiple interval-valued objective
functions. The purpose of this paper is, therefore, to study saddle point criteria for non-
differentiable interval-valued multiobjective programming problems, that is, for nonsmooth
vector optimization problems with interval-valued objective functions and inequality con-
straints. We define the vector-valued Lagrange function and its saddle point for the aforesaid
interval-valued multiobjective programming problem. Then we derive the saddle point crite-
ria for the considered nonsmooth vector optimization problem with multiple interval-valued
objective function. In other words, we prove the equivalence between a saddle point of the
vector-valued Lagrange function and a weak LU-Pareto solution (a LU-Pareto solution) of
the considered nonsmooth interval-valued multiobjective programming problem under the
assumption that the involved functions are convex. Further, we define vector Wolfe dual
problem with multiple interval-valued objective function for the aforesaid interval-valued
multiobjective programming problem. We establish several duality theorems between these
nonsmooth multiobjective programming problems with interval-valued multiple objective
functions also under convexity hypotheses.

Notations and Preliminaries

Let R"™ be the n-dimensional Euclidean space and R} be its nonnegative orthant. The
following convention for equalities and inequalities will be used in the paper.
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For any vectors © = (21, %2, ..., 2n)" and y = (y1,¥2,...,yn)" in R™, we define:

(i) z=y ifandonlyifz; =y; foralli=1,2,... n;

(i) x>y ifand only if x; > y; for all i =1,2,... n;

(iii) z 2y ifand only if x; = y; foralli =1,2,...,n

(iv) x>y if and only if z = y and = # y.

Let I (R) be a class of all closed and bounded intervals in R. Throughout this paper,
when we say that A is a closed interval, we mean that A is also bounded in R. If A is a
closed interval, we use the notation A = [a”, aV], where a”* and aV mean the lower and upper
bounds of A, respectively. In other words, if A = [al,aV] € I (R), then A = [al,a"] =
{x €ER:a" <z < aU}. If a¥ = a¥ = a, then A = [a,a] = a is a real number.

Let A = [a¥,aY], B = [b",bY], then, by definition, we have:

)

i) A+B={a+b:a€ Aandbe B} =[al+bF a" +bY],

i) —A={-a:a€ A} =[-d¥, —a"],

iii) A-B=A+(-B)={a—b:ac Aand b€ B} = [aF — bV, aV — bL],

iv) k+ A={k+a:ac A} =[k+a" k+a"Y], where k is a real number,
ko kaV] if k>0, .

v) k:A{ kaU kat| i k<0 where k is a real number.

In interval mathematics, an order relation is often used to rank interval numbers and
it implies that an interval number is better than another but not that one is larger than
another. For A = [a”,aY] and B = [b¥,bY], we write A <;y B if and only if a® < bE
and oV < Y. Tt is easy to see that <yr is a partial ordering on I (R). Also, we can write
A <py B if and only if A <;y B and A # B. Equivalently, A <y y B if and only if
(aL < bk, oV < bU) or (aL <ok av < bU) or (aL < bk, av < bU).

Throughout this section, let X be a nonempty subset of R™. Further, ¢ : X — I (R) is
called an interval-valued function if ¥ (z) = [1/1L (z), Y (m)] with %, ¥V : X — R such
that oL (x) £ Y (z) for each z € X.

It is well-known that a function f : X — R defined on a convex set X C R" is said to
be (strictly) convex provided that, for all z € X, (x # u) and any « € [0, 1], one has

fluta@—u)saf(@)+1-a)f(u). (<)

Definition 2.1 (Rockafellar (1970)). Let f : X — R be a convex function defined on a
convex set X C R"™. The subdifferential of a convex function f at u € X, denoted by df (u),
is defined as follows

Of (wy={¢eR": f(z)—f(u)2¢" (x—u) VzeX}.

Let f : X — RP be a (strictly) convex vector-valued function defined on a nonempty
convex set X C R™. Then the inequalities

file) = fitw) 2 & (@-w),i=1....p  (>) (2.1)

hold for all € X, (x # w) and each & € Of (u), where df; (u) denotes the subdifferential
of f; at u.

Similar to the definition of convexity for a real-valued function, the notion of convexity
for an interval-valued function is defined as follows:
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Definition 2.2 (Wu (2007)). Let X be a nonempty convex subset of R" and f : X — I (R)
be an interval-valued function defined on X. It is said that f is convex on X if the inequality

fluta(@—wu) sy af(@)+(1-a)f(u)
holds for all z,u € X and any « € [0, 1].

Proposition 2.3 (Wu (2007)). Let X be a nonempty convex subset of R™ and f : X — I (R)
be an interval-valued function defined on X. The interval-valued function f is convex at
u € X if and only if the real-valued functions f* and fY are conver at u.

Remark 2.4. If f : X — I (R) is convex at u on X, then the inequalities
@)= )z () @), veheart (), (2:2)

@) = @) 2 () @—w), v eaf ) (2:3)
hold for all z € X, where fF (u) and 9fY (u) denote the subdifferentials of f~ and fU at

u, respectively. If inequalities (2.2) and (2.3) are satisfied at every u € X, then f is convex
on X.

Remark 2.5. If f: X — I (R) is strictly convex at w € X on X, then both the functions
fLand fU are strictly convex at u € X on X, that is, inequalities (2.2) and (2.3) are strict
forall z € X, x # u.

In this paper, we consider the following vector optimization problem with interval-valued
multiple objective function:

f(@) = (fi(@),..., fp(z)) = min
g(x) = (g1(z), ..., gm(x)) =0, (IVP)
r e R",

where each f, : R* = I (R), k€ K ={1,...,p} is an interval-valued function, that is,

fk(!l?) = [flf(x)ﬂflg(w)] ciel,

and, moreover, g : X — R™. We shall assume, moreover, that ka, f,g R >R, ke K
and g; : R" — R, j € J, are locally Lipschitz functions on R". For the purpose of

simplifying our presentation, we introduce the following notations fX = ( ..., fzf)T,

fv = ( .., fg )T. Further, let us denote by D the set of all feasible solutions in the
considered interval-valued multiobjective optimization problem (IVP), that is, the set D =
{z € R": g(z) < 0} and, moreover, by J (x) the set of constraint indices that are active at
a feasible solution z, that is, J (z) = {j € J : g;(z) = 0}.

Since each of objective values f; is a closed interval, we need to provide an ordering
relation between any two closed intervals. The most direct way is to invoke the ordering
relation <y that was defined above. However, <y is a partial ordering, not a total
ordering, on I (R). Therefore, we shall follow the similar concept of nondominated solution
used in multiobjective programming problem to investigate the solution concepts.

For such an interval-valued multicriterion optimization problem, its optimal solution is
defined in terms of a weak LU-Pareto (LU-Pareto) solution in the following sense (see, for
instance, Ahmad et al. (2015), Wu (2009)):
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Definition 2.6. A feasible point T is said to be a weak LU-Pareto solution (a weakly LU-
efficient solution) of (IVP) if and only if there is no another feasible solution z such that,
for each k € K,

fe(z) <rv fr(@).

Definition 2.7. A feasible point T is said to be a LU-Pareto solution (a LU-efficient solu-
tion) of (IVP) if and only if there is no another feasible solution x such that

f(:L‘) <LU f(f)

Recently, Antczak (2017) established the following Karush-Kuhn-Tucker necessary op-
timality conditions for a nonsmooth multiobjective programming problem with multiple
interval-valued objective function involving inequality constraints under the generalized
Slater constraint qualification.

Theorem 2.8 (Karush-Kuhn-Tucker necessary optimality conditions). LetZ € D be a weak
LU-Pareto solution of the interval-valued multiobjective optimization problem (IVP) and the

constraint qualification of Slater’s type be satisfied at T. Then there exist £ € RP, PN € RP
and i € R™ such that

p m
—L
0ed Noff = +Z)\k8fk Z 09;(T (2.4)
Yo>0,3" >0, @0 (2.6)

Definition 2.9. (f, A, ﬁ) € D x Rip X R is said to be a Karush-Kuhn-Tucker point
of the considered interval-valued vector optimization problem (IVP) if the Karush-Kuhn-
Tucker necessary optimality conditions (2.4)-(2.6) are satisfied at T with Lagrange multipliers

Yoer 3 cRP and e R™.

Vector Saddle Point Criteria

In this section, for the constrained nonsmooth multiobjective programming problem (IVP)
with multiple interval-valued objective function, we define the vector-valued Lagrange func-
tion L, and a saddle point of L, . Then, we prove the saddle point criteria for the problem
(IVP) under assumption that the involved functions are convex.

The vector-valued Lagrange function L, of the considered interval-valued vector opti-
mization problem (IVP) is the function L, : D x R%” x R — RP defined by

Ly, (z,\, 1) := diag\" f*(z) + diag\V fY(x) Z,u]g] (3.1)

where e = [1,...,1] € RP, \ = [)\L,)\U] € Rip and, for any 7 € RP, the symbol diag T is
defined as follows

T1 0 0
0 p) 0

diagT = (3.2)
0 ... 0 m

Now, we give the definition of a saddle point of the vector-valued Lagrange function L,
defined for the considered nonsmooth interval-valued vector optimization problem (IVP).



6 TADEUSZ ANTCZAK

Definition 3.1. A point (Z,)\,7i) € D x R? x R7 is said to be a saddle point of the
vector-valued Lagrange function L, defined for the considered multiobjective programming
problem (IVP) with multiple interval-valued objective function if,

i) Ly (T,

>f\
=
S—
IA
h
he]
—
Sl
>
=I
SN—
<C
=
m
oy

ii) Ly (z, A\ 1) £ Ly (T,\, i) VzeD.

Theorem 3.2. Let (E, A, ﬁ) € Dx Rip X R be a saddle point of the vector-valued Lagrange
function L, defined for the considered interval-valued vector optimization problem (IVP).

Then T is a LU-Pareto solution of the problem (IVP). Further, if Lagrange multipliers XL
and XU are assumed to satisfy (Xﬁ,XkU) >0 for some k € K, then T is a weak LU-Pareto
solution of the problem (IVP).

Proof. Since (E, A, ﬁ) € D x Rip x RT' is a saddle point of the vector-valued Lagrange
function L, defined for the considered interval-valued vector optimization problem (IVP),
by Definition 3.1, the conditions i) and ii) are fulfilled. Thus, by the condition i) and the
definition of the vector-valued Lagrange function L,, the inequalities

Xéfk( )+)‘k K@ ZMJ!J; ) =

Ms

N FE@ a0 L@+ =S @), ke K

hSR R

1

J

hold for all # € R'. From the feasibility of 7 in (IVP), it follows that the inequality

m m
> 149() Zﬁ 195 (T
j=1 j=1

holds for all A € R'. Therefore, for u = 0, we have

m

> 7;9i(®) 2 0. (3.3)

Then, by € D and iz € R, it follows that

> ;@) <0 (3.4)

Thus, (3.3) and (3.4) yield

NE

71,0,(7) = 0. (35)
1

.
Il

We proceed by contradiction. Suppose, contrary to the result, that € D is not a
LU-Pareto solution of the problem (IVP). Then, by Definition 2.7, there exists € D such
that

f(@) <cv [(@).
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Therefore, by definition of the relation <y, it follows that
(fH@ < fH@ A U@ < 7(@)
or (fH@) < fH@ A 7@ < (@)

or (@) < i@ A U@ < @)

Hence, by the Karush-Kuhn-Tucker necessary optimality condition (2.6), the above inequal-
ities imply
M@+ N U@ SN @+ NS @), ke K, (3.6)
)\kfk (x )—i—/\k Y@ < /\kfk( )+)\ka( ) for at least one k € K. (3.7)
Since 7 € D, T € D and 1z € R, by (3.5), inequalities (3.6) and (3.7) yield, respectively,

_ 1 m
Ne JE@) + X 1Y @ ];Z 7)<
o (3.8)
L pn— YU eU (= 1 _
Ne i (@) + A fi (55)4‘52 ;9i(@), ke K
j=1
R TH@) + R @)+ 5> (3 <
m a (3.9)
Xika(T) +Xkazg(f) +%Zﬁj (7) for at least one k € K
j=1

Thus, by (3.2), (3.8) and (3.9) imply

diagX" [H(7) + diagX fV(3) + 3" iy0;()e <
j=1
. <L, D
diag\™ = (T) + diag\™ f (I)+52ujgj(z)e

By definition of the vector-valued Lagrange function L,, we have that the inequality
L, (Z,\7) < L, (T, M\ 1)

holds, which contradicting the inequality ii) in Definition 3.1.

Now, we prove that T € D is a weak LU-Pareto solution of the problem (IVP). By means
of contradiction, suppose that T € D is not a weak LU-Pareto solution of the problem (IVP).
Then, by Definition 2.6, there exists £ € D such that

k(@) <wv fr(@), k€ K.

Therefore, by definition of the relation <y, we have for any k € K,
(fF@ < fe@ A K@ < K@)
(fk( VS @ A @ < @ )
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(fk( ) < fE@ A @) < @)

~L U
Since (A, A, ) > 0 for some k € K, multiplying each inequality above by the corresponding
Lagrange multiplier, we obtain that inequalities (3.6) and (3.7) are satisfied. The rest of
the proof is the same as in the case of LU-efficiency and, therefore, it is omitted in the
paper. O

Now, under stronger hypotheses, we prove the converse result.

Theorem 3.3. Let (f,x, ﬁ) e D x Rip x R be a Karush-Kuhn-Tucker point of the con-
sidered nonsmooth vector optimization problem (IVP) with multiple interval-valued objective
function. Purthermore, assume that the objective functions fL, k € K, fY, k € K, and
the constraint functions g., j € J, are convex on D. Then (E, A, ﬁ) is a saddle point of the
vector-valued Lagrange function L, defined for the problem (IVP).

Proof. First, we prove the inequality i) in Definition 3.1. By assumption, (f,x,ﬁ) €
D x Rip x R is a Karush-Kuhn-Tucker point of the considered interval-valued vector
optimization problem (IVP). Using the feasibility of T for the problem (IVP) together with
the Karush-Kuhn-Tucker necessary optimality condition (2.5), we get that the following
inequalities

1;9; (@) S 1y9; (T), j € J (3.10)

hold for all yt = (p1, ..., pum) € RT'. By (3.10), it follows that the inequalities

e fE@) + 5, U@ Zuggy ) <
(3.11)
N fE@ N, L@ Zujgg . ke K

hold for any p € RY*. Thus, by (3.2), (3.11) implies that the inequality
diag\" f*(z) + diag\ 1V (z) Z pig; (T)e <

holds for any p € R". Hence, by the definition of the vector-valued Lagrange function (3.1),
the inequality

diagh fL( ) + diag\ fU

“; \

1
p

Ly (Z, A\ 1) £ Ly (T,\, 1) (3.12)

holds for any p € R

Now, we prove the second inequality in Definition 3.1. We proceed by contradiction.
Suppose, contrary to the result, that there exists z € D such that L, (E, A, ﬁ) <L, (E, A, ﬁ).
Then, by the definition of the vector-valued Lagrange function, it follows that

m
Zﬁ
: m

diagX" f*(@) + diag\' 1V (z) Zujgj

diag\ fL( ) + diagh fU
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Thus, by (3.2), it follows that

ﬁﬁ@+£ﬁﬁni§jmag
ﬁm>ﬂmu);gww>MK
MA@+ N Y @ Zujgj
MNFE@) + N Y (@ Zu]gj ) for at least one k € K.

Adding both sides of the inequalities aubove7 we get
SN L v “
DNSE@ D NS @ D 0@ <
k=1 j=1

k=1
Zﬁn +ZM& + 371,95 (@).
k=1

j=1

(3.13)

By assumption, f,f, ke K, f,?, k€ K, gj, j € J, are convex functions on D. Hence, the
inequalities

K@~ fi@z¢&@-7), kekK, (3.14)
L@ - fi @ ) 2 51? (IC - 90) keK, (3.15)

hold for any &8 € Off (z), &V € ofY (z), k € K, (; € 0g;(z), j € J. Multiplying
inequalities (3.14)-(3.16) by the associated Lagrange multiplier and then adding both sides
of the obtained inequalities, respectively, we get

SNA@ - Nf@ 2 N @), (3.17)
k=1 k=1 k=1
SN @-Y N @ Y N G-, (3.18)
k=1 k=1 k=1

Zijgj(f) - Zijgj(f) 2 ZijCj @ -7). (3-19)

S NA@ YN @+ 1,953
k=1 k=1 j=1
SN @ YN @ - me@) 2 (3.20)
k=1 k=1 j=1
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Thus, by (3.13) and (3.20), the inequality
. Py m
DONE D ME + D G| @ -T) <0 (3.21)
k=1 k=1 j=1

holds, contradicting the Karush-Kuhn-Tucker necessary optimality condition (2.4). This
completes the proof of this theorem. O

The following result follows directly from the above theorem.

Corollary 3.4. Let T € D be a weak LU-Pareto solution of the considered monsmooth
vector optimization problem (IVP) with multiple interval-valued objective function and the
Karush-Kuhn-Tucker necessary optimality conditions (2.4)-(2.6) be satisfied at T with La-

grange multipliers \ = [XL,XU] € Rip and [t € RI'. Further, assume that all hypotheses
of Theorem 3.3 are fulfilled. Then (T,X, ﬁ) is a saddle point of the vector-valued Lagrange
function L, defined for the problem (IVP).

In order to illustrate the results established in the paper, we consider an example of a
convex nondifferentiable multiobjective programming problem with interval-valued objective
functions in which all involved functions are convex.

Example 3.1. Consider the family of convex nondifferentiable optimization problem with
interval-valued objective functions:

f@) = ([L,2] (Jaa] + [z2]) - - [P, p 4 1] (21| + [22])) — min

gi(x) =27 — 21 =0,
g1(z) = a3 —x3 S0,

(IVP1)

where p > 1 is a finite integer number. Note that D = {(z1,22) € R : 23 — 21 £ 0, 23—
22 <0} and T = (0,0) is a feasible point of the problem (IVP1). It can be shown that there
exist X~ € RP, X € RP and 1 € R? (for example, = (1,...,1) € R?, = (1,...,1) €
RP 1w = (%, %) € R?) such that the Karush-Kuhn-Tucker necessary optimality conditions
(2.4)-(2.6) are satisfied at T = (0,0) with these Lagrange multipliers. Also it is not difficult
to show that fF, k € K, fI/, k € K, g,, j € J(T), are convex functions on D. Since
all hypotheses of Theorem 3.3 are satisfied, (T, A, ﬁ) is a saddle point of the vector-valued
Lagrange function L, defined for the considered nonsmooth vector optimization problem
(IVP1) with interval-valued objective functions. Further, by Theorem 3.2, it follows that
T = (0,0) is a LU-Pareto solution of the problem (IVP1).

Wolfe Duality

In this section, for the considered nonsmooth multiobjective programming problem (IVP)
with multiple interval-valued objective function, its vector Wolfe dual problem with multiple
interval-valued objective function is defined as follows:

9w = | [ @)+ 5D mgs) 1 W)+ 5D meiw)] oo (41)
j=1 j=1
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L 1 G U 1 %
Iy @)t 5 D migi W) £y () + 5 Y 1g5(y)| | — max
j=1 j=1

p P m
such that 0 € Y AOfE(y) + > MO (v) + > 1095(v), (IVWD)
k=1 k=1 j=1

ye X, A\E>0, Mfe=1,AY >0, \Ve=1,pu20,

where e = (1,...,1)" € R,
Let

p
W = {(y,AL,AU,u)eR"xRPxRPxR’”:OeZAgaf,f(y)Jr
k=1

P m
ST () + Y pwidgily), AE>0, M e=1,0Y >0, \Ve=1,u2 0}
k=1 =1

be the set of all feasible solutions of the problem (IVWD). Further, let us denote by ¥
the projection of W on X, that is, ¥ = {y € R": (y, AL, AV, u) € W}. We now derive
duality relations between vector optimization problems (IVP) and (IVWD) with multiple
interval-valued objective functions.

Theorem 4.1 (Weak duality). Let x and (y, )\L,)\U,,u) be any feasible solutions for the
problems (IVP) and (IVWD), respectively. Further, assume that ff, k € K, fJ, k € K,
g5, j € J,, are convex functions on DUY . Then,

() £ov 9 (y, 1) .

Proof. Suppose, contrary to the result, that

f (l‘) <LU ) (y7 :U’> .

Hence, by definition of the objective function v}, we have
1 m
(@) <wov fly) + 3 Zujgj(y)e-
j=1
Thus, by definition of the relation <y, we have
1 m
PPy < P+ 5 > migiwe,
j=1

FU(z) £ fU(y) + 1Zujgj(y)a

m

IACESTORED yy

j=1

7 @) < fYy) + % ;ujgj(y)e,

or
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f ( <fL Z/'ngj
or

fU( <fU Z/’L]gj

By (y, AAY, u) € W, the above relations give, respectively,

P p
YN @) <D N W) Z 1395 (y Z
k=1

k=1 b1
P P P
SN (@) £ M Zujgj )N
k=1 k=1 k=1
p p m
Z/\kfk( )§Z kfk ZMJQJ Z
k=1 =1 k=1
ot P P P
ZAIIc]f/?(m) Z kfk ZNJQJ ZA )
k=1 =1 k=1
P
> O Z A FE(y ngy Z
k=1 =1 k=1
ot P P P
ZAk fk Z k fk ZHJQJ Z
k=1 k=1 =1

Hence, by >°7_, Al =1 and Y% _, \Y = 1, the above relations imply
p
Z S @)+ DA (
k=1
P
ZM? v+ > M +Zujga
k=1 k=1

By x € D and (y7 AENY, u) € W, the above inequality gives

p P m
SOMNFE@) D M (@) + D pigs(x) <
k=1 j=1

k=1

p
SN +ZAkak +Zujgj
k=1

k=1

(4.2)

By assumption, ka, ke K, f,?, k€ K, g;, j € J, are convex functions on D UY . Hence,
the inequalities

fi@) -tz (@-y) kekK, (4.3)
@) -z (x—y) keK, (4.4)
9,(x) —gi(y) 2 G (x—y), jeJ (4.5)
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hold for any ¢ € OfE (v), €7 € 0fY (y), k € K, {; € dg; (y), j € J. By the last constraint
of the problem (IVWD), we obtain from (4.3)-(4.5), respectively,

p p
D Nfi Z MNFEW) 2 Y Mek (@ —y), (4.6)
k=1 k=1 k=1
P p P
SN (@) =Y N ) 2 S (@), (@7)
k=1 k=1 k=1
Zu]gg =D g (y) 2 Y G (x—y). (4.8)
e =

Thus, (4.6)-(4.8) yield

Z/\Lfk )+ D> M @)+ migi(a)+

k=1 j=1
= ONSEW) =DM W) =D migiy) 2 (4.9)
k=1 k=1 j=1

ZA & (x—y +ZA & @—y)+) wG @
j=1

By (4.2) and (4.9), it follows that the inequality

p P m
SMEHI M +D g | @—y) <0 (4.10)
k= k=1 j=1

holds, which is a contradiction to the first constraint of the interval-valued vector Wolfe dual
problem (IVWD). Thus, the proof of this theorem is completed. O

If the stronger assumption of convexity is imposed on the objective functions, then the
following result is true:

Theorem 4.2 (Weak duality). Let x and (y, AN ,u) be feasible solutions for the problems
(IVP) and (IVWD), respectively. Further, assume that the objective functions f&, k € K,

f,g, k € K, are strictly convex functions on DUY, g;, j € J(y), are convex functions on
DUY. Then,

fe(@) £ou 9 (y, 1) for each k € K.

Theorem 4.3 (Strong duality). Let T be a LU -Pareto solution (a weak LU -Pareto solution)
of the considered interval-valued vector optimization problem (IVP) and the constraint qual-
ification of Slater’s type be satisfied at T. Then there exist N € RP, 3 € RP and p e R™
such that (T, XL7XU,E) is feasible for the vector Wolfe dual problem (IVWD) with multiple
interval-valued objective function and the objective functions of (IVP) and (IVWD) are equal
at these points. If also all hypotheses of the weak duality theorem (Theorem 4.1 or Theo-
rem 4.2) are satisfied, then (T, XL,XU,ﬁ) is a LU-efficient solution (a weakly LU -efficient
solution) of mazimum type for the problem (IVWD).
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Proof. By assumption, T is a LU-Pareto optimal solution of the problem (IVP) and the
constraint qualification of Slater’s type is satisfied at Z. Then, the necessary optimality
conditions (2.4)-(2.6) are satisfied with Lagrange multipliers e RP, 2 € RP and o€
R™. Thus, the feasibility of (7, X", A, ) for the problem (IVWD) follows directly from
these conditions. Hence, the objective functions in (IVP) and (IVWD) are equal at T and
(T, N , XU, ), respectively.

Suppose that (T, XL,XU,E) is not a LU-efficient solution of a maximum type for the
problem (IVWD). Then, by definition, there exists (y, \L'; AV, ) € W such that

T, 1) <pv 9 (y, 1) -
Thus,
1 & 1 —
(@) + 5 ;Egi@)e <wv fly) + 5 ;,Uigi(y)e'

Using T € D together with the necessary optimality condition (2.6), we have that the
following inequality

f@) <wv f(y)+ % ; 1igi(y)e

holds, contradicting the weak duality theorem (Theorem 4.1). Hence, (T, XL,XU,ﬁ) is a
LU-efficient solution of a maximum type for the problem (IVWD). In order to prove that

(7, XL,XU,E) is a weakly LU-efficient solution of maximum type for the problem (IVWD),
hypotheses of the weak duality theorem (Theorem 4.2) should be assumed. O

Theorem 4.4 (Converse duality). Let (Q,XL,XU,H) be a weakly LU -efficient solution (a
LU -efficient solution) of a mazimum type in the problem (IVWD) such thaty € D. Further-
more, assume that ka, keK, f,g, k € K, are strictly convex functions (convex functions)
on DUY and g;, j € J(7), are convex functions on DUY . Then g is a weak LU-Pareto
solution (a LU-Pareto solution) of the problem (IVP).

Proof. Proof of this theorem follows directly from weak duality (Theorem 4.1 or Theorem
4.2). O

A restricted version of converse duality for interval-valued vector optimization problems
(IVP) and (IVWD) is presented in two next theorems.

Theorem 4.5 (Restricted converse duality). Let (g, XL, XU7ﬁ) be feasible of the vector Wolfe
dual problem (IVWD) with multiple interval-objective function. Further, assume that func-
tions f&, fV, k € K, g;, j € J, are convex on DUY . If there exists T € D such that
f@) = 9 (y,n), then T is a LU-Pareto solution of the interval-valued vector optimization
problem (IVP).

Proof. We proceed by contradiction. Suppose, contrary to the result, that T is not a LU-
Pareto solution of the problem (IVWP). This means, by Definition 2.6, that there exists
T € D such that

f(Z) <pv f(2). (4.11)
Thus, by assumption f(Z) = ¢ (g, %), (4.11) gives

f(@) <pv 9 (Y, ;) - (4.12)
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Hence, by the definition of the relation <y and the definition of the objective function
n (IVDW), (4.12) implies

(fL( )< 1" @ %Zj e A f7@) = fY (y>+;ngj(y)e) (4.13)
NGRS 12 De A U@ < 7@+ Be@e| (@14
2 = 2

(fL( )< fh(y }:;@gg e A fU@E) <Y E:;@gj )- (4.15)

By (y, XL7XU,E) € W, it follows that XL >0, \Mle=1, AV >0, \Ye =1 Hence, (4.13)-
(4.15) yield

m

S N @) +2Akfk <ZAkfk @+ NI+ me @ (4.16)
k=1 k=1 j=1

(4.17)

Since fE, fV, k € K, g;, j € J, are convex on DUY, by (2.1), (2.2) and (2.3), the inequalities

@ - k@) =z () @-1). ke K, (4.18)
F@-F@zE) @-9),kek, (4.19)
0,@) —g,@) 2 G-7), je (4.20)

hold for each ¢ € OfF (), €V € fY (y), k € K, (; € dg; (y), j € J, respectively. Hence,
by (7, XL,XU,ﬁ) € W, (4.18)-(4.20) yield, respectively,

N SE@ - N @) 2N () @-7), ke K, (4.21)
MA@ - N @zN () @-7), kek, (4.22)
7;95(T) — 1,9, @) Z ;¢ (F-7), je. (4.23)

Thus, (4.21)-(4.23) imply

S|

P

p
Z/\kfk Z kfk Jrz)‘kfk Z kfk (4.24)
k=1 k=1
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Combining (4.17) and (4.24), we get that the inequality

P D m
S e X () Y m | @) <0
k=1 j=1

k=1

holds for each ¢F € OfE (9), €Y € 0fY (), k € K, ¢; € 9g; (), j € J (¥), contradicting
the first constraint of (IVWD). This means that T is a LU-Pareto solution of the problem
(IVP) and completes the proof of this theorem. O

Theorem 4.6 (Restricted converse duality). Let (7, XL,XU,E) be feasible for the interval-
valued vector Wolfe dual problem (IVWD). Further, assume that the objective functions ka,
f,g, k € K, are strictly convex on DUY and g;, j € J(y), are convex on DUY . If
there exists T € D such that f(T) = (Y, ), then T is a weak LU-Pareto solution of the
interval-valued vector optimization problem (IVP).

Proof. Proof of this theorem is similar to the proof of Theorem 4.5 and, therefore, it has
been omitted in the paper. O

Conclusion

In the paper, we have considered a convex nonsmooth multiobjective programming prob-
lem with multiple interval-valued objective function. For such interval-valued multiobjective
programming problem, its vector-valued Lagrange function and a saddle point have been de-
fined. Then, the saddle point criteria have been established for the aforesaid interval-valued
multiobjective programming problem under the assumption that the functions constituting
it are convex. Further, for the considered nonsmooth multiobjective programming problem
with multiple interval-valued objective function, its vector Wolfe dual problem with interval-
valued objective function has been defined. Several duality results between both interval-
valued considered nonsmooth multiobjective programming problems have been proved also
under convexity hypotheses. To the best of our knowledge, there are no saddle point crite-
ria and Wolfe duality results in the literature for such vector optimization problems, that
is, for nonsmooth multiobjective programming problems with multiple interval-valued ob-
jective functions. Therefore, the results presented in this paper are new in the area of
interval-valued multiobjective programming.
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