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1 Introduction

In various real-world applications of nonlinear programming more than one ratio of two
functions is to be minimized or maximized. Such extremum problems are commonly
called multiobjective fractional programming problems. Fractional programming has an
important significance in optimization problems. This is a consequence of even the fact
that such extremum problems arise from many applied areas including economics, engi-
neering, game theory, numerous decision problems in management science. Therefore,
optimality conditions and duality results for various classes of multiobjective fractional
programming problems have been of much interest in the recent past (see, for example,
(2, 5, 10, 11, 14-21, 23-27, 32-36, 38, 39, 41, 42], and others). Mukherjee and Rao [30]
obtained optimality conditions and duality results concerned with differentiable multi-
objective fractional nonlinear programming problems under (generalized) (p, b)-invexity
assumptions. In particular, Bector et al. [3] derived Fritz John and Karush—Kuhn-Tucker
necessary and sufficient optimality conditions for a class of nondifferentiable convex mul-
tiobjective fractional programming problems and established some duality theorems for
such problems. Following the approaches of Bector et al. [3], Liu [24, 25] used a paramet-
ric approach to obtaining necessary and sufficient conditions and established duality the-
orems for a class of nonsmooth multiobjective fractional programming problems involv-
ing either nonsmooth pseudoinvex functions or nonsmooth (F, p)-convex functions. Both
parametric and nonparametric necessary and sufficient optimality conditions for a class
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of nonsmooth generalized fractional programming problems containing p-convex func-
tions have been established by Zalmai [41]. He utilized these optimality criteria as a basis
for constructing two parametric and four parameter-free duality models and proving ap-
propriate duality theorems. Osuna-Gdémez et al. [33] established the optimality condition
and duality theorems for a class of multiobjective fractional programs under generalized
convexity assumptions by applying the parametric approach. Using the properties of sub-
linear functionals and generalized convex functions, Liang et al. [23] derived sufficient
optimality conditions, formulated three types of duals and proved duality results for a
class of nonconvex multiobjective fractional programming problems. Based on the former
conclusions, by adding conditions to objective functions and constraint functions and by
changing Kuhn-Tucker conditions, Zhang and Wu [43] proved the optimality conditions
and duality theorems for the considered three kinds of nonlinear fractional programming
problems under weaker convexity conditions. Recently, Antczak and Verma [2] proved
optimality conditions and duality results for nondifferentiable multiobjective fractional
programming problems under (b, ¥, @, p)-univexity hypotheses. In [12], Ho established
the equivalence between the saddle point and an efficient solution of the considered mul-
tiobjective fractional problem under exponential (p, r)-invexity assumptions. For more in-
formation about fractional programming problems, the reader may consult the research
bibliography compiled by Stancu—Minasian [35, 36].

Further, various types of generalizations of convexity theory have played an important
role in the evolution of the mathematical programming. During the past decades, the gen-
eralizations of convexity were enriched with and without differentiability assumptions.
One of the notions of generalized convexity introduced to weaken the convexity assump-
tions in proving the fundamental results in optimization theory for a new class of noncon-
vex (not necessarily) differentiable optimization problems is the concept of E-convexity
which was introduced by Youness [40]. This kind of generalized convexity is based on the
effect of an operator E : R" — R" on the sets and the domain of the definition of functions.
Recently, Antczak and Abdulaleem [1] proved the so-called E-optimality conditions and
Wolfe E-duality for E-differentiable vector optimization problems with both inequality
and equality constraints.

In this paper, we consider a new class of (not necessarily differentiable) multiobjec-
tive fractional programming problems with both inequality and equality constraints in
which the involved functions are E-differentiable. For the considered E-differentiable
fractional programming problem, its equivalent multiobjective fractional E-programming
problem is constructed. Then, we use the Dinkelbach parametric approach for the mul-
tiobjective fractional E-programming problem. Since it is equivalent to the considered
E-differentiable multiobjective fractional programming problem, then, in fact, we use
the parametric approach for solving the original extremum problem. Hence, we de-
rive the parametric necessary E-optimality conditions for (weakly) E-efficiency of the
considered E-differentiable multiobjective fractional programming problem. Under E-
convexity assumptions, we also prove sufficient optimality conditions for the consid-
ered E-differentiable multiobjective fractional programming problem. We illustrate the
E-optimality results established in the paper by a suitable example of an E-differentiable
multiobjective fractional programming problem involving E-convex functions.

Further, we also introduce two types of vector dual models for the multiobjective
fractional E-programming problem which, at the same time, are the so-called vector
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E-dual problems for the original E-differentiable multiobjective fractional programming
problem. We establish several duality results between the multiobjective fractional E-
programming problem and its vector duals also under appropriate E-convexity hypothe-
ses which we use in proving several so-called E-duality theorems between the original E-
differentiable multiobjective fractional programming problem and its vector E-dual prob-
lems. It turns out that in order to prove optimality and duality results for the considered
class of nonsmooth multiobjective fractional programming problems are not applicable
similar results established in the literature for smooth multiobjective fractional program-
ming problems. However, we use tools for differentiable extremum problems in proving
these fundamental results for such nondifferentiable vector optimization problems.

2 Preliminaries and notations
In this section, we provide some definitions and some results that we shall use in the se-
quel.
Throughout this paper the following conventions vectors x = (xy,%5,...,%,)’ and y =
LY. .- ,y,,)T in R” will be followed:
(i) x=yifandonlyifx; =y, foralli=1,2,...,n;
(i) x>yifand onlyifx; > y; foralli=1,2,...,n;
(iii) » =2 yifand onlyifx; = y; foralli=1,2,...,n;
(iv) x>yifand only ifx; = y; forall i=1,2,...,n but x #y;
(v) x % yis the negation of x > y.
The definition of an E-convex set and the definition of an E-convex function were in-
troduced by Youness [40]. Now, we recall them for a common reader.

Definition 1 ([40]) A set S C R” is said to be E-convex (with respect to an operator E :
R" — R") if and only if, the following relation

E(u) + ME(x) —E(w)) € S
holds for all x,u € S and any A € [0, 1].

Definition 2 ([40]) Let E: R” — R” and S be a nonempty E-convex subset of R”. A real-
valued function f : R* — R is said to be E-convex on S if and only if, the inequality

FE®) + (1 = 0E®@)) = A (E()) + 1= 2)f (E@w) ey
holds for all x,u € S and any X € [0, 1].
Definition 3 Let E: R” — R" and S be a nonempty E-convex subset of R”. A real-valued

function f : R" — Ris said to be strictly E-convex (with respect to an operator E : R” — R")
on § if and only if, the inequality

f(AE(x) +(1- A)E(u)) < kf(E(x)) +(1- )L)f(E(u)) (2)

holds for all x,u € S, E(x) # E(u), and any A € (0, 1).
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Definition 4 ([29]) Let E: R” — R" and f : R” — R be a (not necessarily) differentiable
function at a given point u. It is said that f is an E-differentiable function at « if and only
if f o E is a differentiable function at # (in the usual sense), that is,

(foE)x)=(foE)(m) + V(f o E)(u)(x — ) + O(ts, x — us) || x — us]), (3)
where 0(u,x —u) > 0asx — u.

Proposition 5 ([1]) Let E: R" — R", S be an E-convex subset of R" and f : R* — R be an E-
convex (strictly E-convex) function on S and u € S. Further, assume that f is E-differentiable
at u. Then the inequality

F(E@) —f(E(w) = Vf (Ew))(E@) - E(w))  (>) 4)
holds for all x € S, (E(x)) # (E(u)).

3 Fractional multiobjective programming and E-optimality conditions
In the paper, we consider the multiobjective fractional programming problem defined by

z.

(ﬁ(x) Jr®) )
a1 gp(x)
subjectto gi(x) <0, j=1,...,m, (MEP)

h(x)=0, k=1,...,r,

where fi :R" - R, q; : R" - R,iel={1,...,p},g:R"—>R,je]={1,...,m}, i : R" —
R, ke K =1{1,...,r}, are E-differentiable functions on R". Further, we shall assume that
fix)20,iel, qix)>0,iel, forall x € R". Let D := {x € R" : gj(x) = 0,j € J, ie(x) = 0,
k € K} be the set of all feasible solutions in (MFP).

Let E : R" — R" be a given one-to-one and onto operator. Now, for the considered multi-
objective fractional programming problem (MFEP), we define its associated multiobjective
fractional programming problem (MFPg) as follows:

<ﬁ(E(x)) Jo(E(x)) )

n(E®) qy(Ex))

subjectto  g(E(x)) <0, j=1,...,m, (MFP)
h(E(x)) =0, k=1,...,r,

where the functions fio E: R" - R, qo E:R" - R, i=1,2,...,p, g o E: R" > R,
j=1,2,...,m hoE:R"— R, k=1,2,...,r, are differentiable real-valued functions. Let

Dp:={x€R":(goE)x) <0,j€/,(hr o E)(x) =0,k € K}

be the set of all feasible solutions of (MFPg). We call (MFP) the multiobjective fractional
E-programming problem.

We now give the result established by Antczak and Abdulaleem [1] which is useful in
proving the main results in the paper.
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Lemma 6 ([1]) Let E: R" — R" be a one-to-one and onto operator. Then E(Dg) = D.

Now, we give the definitions of optimal solutions for vector optimization problems
(MFP) and (MFPg). For such a multicriterion optimization problem as the multiobjec-
tive fractional programming problem (MFPg), we define its optimal solutions as (weak)
Pareto ((weakly) efficient) solutions and, moreover, we define optimal solutions of the orig-
inal multiobjective fractional programming problems (MFP) as (weak) E-Pareto ((weakly)
E-efficient) solutions.

()

Let us denote ¢ = (¢1,...,¢,) : R* — R?, where ¢;(z) = {;il.(z),

iel.

Definition 7 ¥ € D is said to be a weak Pareto solution (a weakly efficient solution) of
(MFPg) if and only if there is no another x € D such that

9(Ex)) < 9(E®). (5)

Definition 8 x € Dy is said to be a Pareto solution (an efficient solution) of (MFPf) if and
only if there is no another x € Dg such that

9(E()) < o(E@)). (6)

Definition 9 E(x) € D is said to be a weak E-Pareto solution (a weakly E-efficient solu-
tion) of (MFP) if and only if there is no another feasible solution E(x) € D such that (5) is
satisfied.

Definition 10 E(x) € D is said to be an E-Pareto solution (an E-efficient solution) of
(MEFP) if and only if there is no another feasible solution E(x) € D such that (6) is satis-
fied.

Proposition 11 ([1]) Let E: R" — R" be a one-to-one and onto operator. x € Dg is a weak
Pareto solution (a Pareto solution) (a weakly efficient solution (an efficient solution)) of
(MFPg) if and only if E(x) € D is a weak E-Pareto solution (an E-Pareto solution) (a weakly
E-efficient solution (an E-efficient solution)) of (MFP).

Dinkelbach [9] and Jagannathan [13] introduced the parametric approach for solving
scalar fractional optimization problems. Following Crouzeix et al. [7, 8] and Zalmai [41],
we use the parametric approach for solving the nonlinear multiobjective fractional E-
programming problem (MFPg) and, thus, the considered nonlinear multiobjective frac-
tional programming problem (MFPg). Therefore, for the foregoing multiobjective frac-
tional programming problems (MFP) and (MFPg), we define their associated nonfrac-
tional parametric vector optimization problem (MPy) for v* = (1],...,v7) € R? as follows:

min (f (EG9) ~ vEqs (EG9) ... (EC0) ~ g, (EC9)

subjectto  g(E(x)) <0, j=1,...,m, (MPEE)
hk(E(x)) =0, k=1,...,r

Note that the set of feasible solutions of the nonfractional parametric vector optimization
problem (MP}VEE) is the same as the set of all feasible solutions of (MFPg)
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Using the following lemmas, we can obtain the parametric Karush—Kuhn—-Tucker type
necessary E-optimality conditions for the considered (not necessarily) differentiable mul-

tiobjective fractional programming problem (MFP).

Lemma 12 ¥ is a weakly efficient solution (an efficient solution) of the multiobjective frac-
tional E-programming problem (MFPg) if and only if x is a weakly efficient solution (an effi-

cient solution) of the nonfractional parametric vector optimization problem (MPZE), where
V=L e
L qi®)’ )

The following result follows directly from Proposition 11.

Lemma 13 E(x) is a weakly E-efficient solution (an E-efficient solution) of the considered
multiobjective fractional programming problem (MFP) if and only if x is a weakly efficient
solution (an efficient solution) of the nonfractional parametric vector optimization problem
(MPEE), where T/lE = g,((f‘c))’ iel

Subsequently, necessary optimality conditions similar to the well-known Karush—
Kuhn-Tucker necessary optimality conditions for a smooth nonlinear programming
problem were presented for various differentiable multiobjective fractional programming
problems (for example, see [14, 22, 23, 28, 33]). One of such optimality criteria are the fol-
lowing parametric Karush—Kuhn-Tucker optimality conditions, which are necessary for
optimality of a feasible solution ¥ in the problem (MP}’;E). In order to prove the so-called
parametric necessary optimality conditions, it can be utilized the equivalence between
the problems (MFP) and (MPEE) (see Proposition 11).

Theorem 14 (Parametric necessary optimality conditions for (MFPg)) Let x € Dg be a
weakly efficient solution of the multiobjective fractional E-programming problem (MFP).
Further, assume that the so-called E-Abadie constraint qualification (ACQg) [1] is satisfied
at X. Then there exist . € R?, i € R, € € R" and V* € R? such that the following conditions

are satisfied:

p m r
Y M(VAE®) -V Vg (E®)) + Y mV EVin(E®) =0, @)
i=1 j=1 k=1
mg(E®) =0, j=1,...,m, 8)
p
Az0, iel, Y k=l 20, jel. ©)

Proof Since x € Dg is a weakly efficient solution of the multiobjective fractional E-
programming problem (MFPg), by Lemma 12, ¥ € D is also a weakly efficient solution of
its associated nonfractional parametric vector optimization problem (MP}). Note that all
hypotheses of Theorem 29 [1] are fulfilled. Then there exist Lagrange multipliers A € R?,
€ R™ and & € R7 such that

p . .
2 Lué( 2y [VA(ER) =7 Vai(E)] [+ 3 1 Vg(E@) + Y& Vi (BE) =0, (10)
- Jj=1 k=1
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M>0, pur=0, (12)
27 X
—E _ fiE®) . T 7; E()) . — My .
where VlE = ey L€ 1. Now, let us denote A; = = iel, = _— J = - j €],
. i=1 g;(E®) i=1 ¢;(E())
& = pgikl k € K. Note that A = (A1,...,4,) >0, Y2 A =1, 1w = (Hp,e., Hy) 20
i=1 ZE@)

and, moreover, the necessary optimality conditions (7)—(9) are satisfied at ¥ with Lagrange

multipliers » € R?, 7t € R™ and & € R", where 172E = g_((i((?))), i € I. This completes the proof

of this theorem. O

Theorem 15 (Parametric necessary E-optimality conditions for (MFP)) Let E(x) be a
weakly E-efficient solution of the considered multiobjective fractional programming prob-
lem (MFP). Further, assume that the suitable constraint qualification is satisfied at x. Then
there exist A € RY, T € R™, & € R" and V* € R? such that the conditions (7)—(9) are satisfied.

Remark 16 The conditions (7)—(9) are the parametric Karush—Kuhn-Tucker necessary
optimality conditions for the multiobjective fractional E-programming problem (MFPg).
Thus, they are also the necessary E-optimality conditions for the original multiobjec-
tive fractional programming problem (MFP). Therefore, we call them the parametric E-
Karush—Kuhn-Tucker necessary optimality conditions for the considered E-differentiable
multiobjective fractional programming problem (MFP). Note that, although the functions
involved in the multiobjective fractional programming problem (MFP) are not necessar-
ily differentiable at a weak Pareto solution ¥ (since they are assumed to be E-differentiable
only), we formulate the E-Karush—Kuhn—Tucker necessary optimality conditions for such
a nonsmooth extremum problem by using tools for differentiable optimization problems.

Now, under E-convexity hypotheses, we prove the sufficient E-optimality conditions for
the considered multiobjective fractional programming problem (MFP). First, we prove the
sufficient optimality conditions for the multiobjective fractional E-programming problem
(MFPg) and we use them in proving the foregoing sufficient conditions for the original E-
differentiable multiobjective fractional programming problem (MFP).

Theorem 17 (Sufficient optimality conditions for (MFPg)) Let X be a feasible solution

SilE&))
7:(E®)’
the necessary optimality conditions (7)—(9) be satisfied at x with the Lagrange multipliers

A ERP, 1T € R" and E € R'. Further, assume that the following hypotheses are fulfilled:
(a) each function f;, i € 1, is (strictly) E-convex at x on Dg,

of the multiobjective fractional E-programming problem (MFPg), V¢ = iel, and

(b) each function —q;, i € I, is E-convex at x on D,

(c) each function gj, j € Jg(X), is E-convex at X on Dg,

(d) each function hy, k € Kj (%) := {k € K : & > 0}, is E-convex at % on Dg,
(e) each function —hy, k € Kz (%) :={keK: & <0}, is E-convex at x on Dg.

Then x is a weakly efficient solution (an efficient solution) of the multiobjective fractional
E-programming problem (MFPg) and, at the same time, E(X) is a weakly E-efficient solution
(an E-efficient solution) of the original E-differentiable multiobjective fractional program-
ming problem (MFP).
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Proof Let the necessary optimality conditions (7)—(9) be satisfied at x € Dr with Lagrange
multipliers A € R?, = € R™ and & € R’. Suppose, contrary to the result, that ¥ is not an
efficient solution of the problem (MFPg). Hence, by Definition 7, there exists ¥ € Dg such
that

JEG) _ fE)
G(E®) ~ a:(EG)’
- EG) _ fr E®)
40 E®) * 4 (E®)

el,

for some i* € 1.

Hence, the inequalities above imply

FE®) -Viqi(E®) S A(E®) -viqi(E®), i€l (13)
fir(E@) - Vigi (E®)) < fr (E(®)) - Virqx (E®))  for some i* € 1. (14)

Adding both sides of the inequalities (13) and (14), we get
o o
Y LAE®) -V (E@)] < Y Mf(E®) - Vg (E®)]- (15)
i=1 i=1

Using the assumptions (a) and (b), we see, by Proposition 5, that the inequalities

Si(E®)) - fi(E®)) > VA(E®)) (Ex) - E®)), i€l (16)
~qi(E&)) + ¢:(E®)) = -Vq:(E®))(E(x) —-E®)), i€l (17)
G(E®) - g(E@) = Vg (E®)(E(x) - E®), je)@), (18)
he(E@)) — i (E®)) = Vi (E®)) (E(x) - E®)),  k € Kf (%), (19)
~hi(E()) + hi(EG)) = -V (ER)) (E(x) - E®)), k€ Kz (%) (20)

hold for all x € Dg. Therefore, they are also satisfied for x = ¥. Thus,

S(E®) -£(E®) > VA(E®)(EG) - E®), i€l (21)
~a:i(E®)) + 4:(E®)) 2 -Vg:(E®) (ER) - E®), i€l (22)
G(E®) -g(E®) = Vg(E®) (E®) - E®), j€Je®), (23)
h(E®)) - h(E®)) = Vhi(E®)) (E®) - E(x)),  k € Ki (), (24)
~h(E®)) + e (E®)) 2 -V (E®)) (ER®) - E®)),  k € Kz (%). (25)

We multiply the inequalities above by the corresponding Lagrange multipliers and, more-

over, we multiply (22) extra by v = f;"i ((]é((?))) 20, i € I. After summing the resulting inequal-
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ities and taking into account the Lagrange multipliers equal to 0, (21)—(25) yield

p m
ZX ~Viai(E®)] + ) mg(E® Zc‘?khk (E®@)
j=1 k=1
p m
{Z [f(E®) -7 q:(E®)] Z Zskhk (E®)
=1 j=1 k=1
p _ m
2 [Z MVF(E®) -VEVgi(E®) + Y 1V
i=1 j=1
sthk(Eo—c))} (E®) - E®)). (26)
k=1

Hence, by the parametric necessary optimality condition (7), (26) implies

P m r
D M[A(E®) -V (E@)] + Y mg(E®) + Y & (E®))
i j=1

i=1 k=1
)4 m
> nlf(E®) -vF 1+ mg(EG ZSkhk ().
i=1 j=1

Using the parametric necessary optimality condition (8) together with the feasibility of ¥
and ¥ in the problem (MFPg), we see that the inequality

p p
Z ~TEg(E®)] 2 > N[A(E®) - Via:(E®)]
i=1

holds, contradicting (15). The proofin the case of weakly E-efficiency is similar and, there-

fore, it has been omitted in the paper. Thus, the proof of this theorem is completed.

Now, we give an example of a multiobjective fractional programming problem involving
E-differentiable functions. In order to prove E-efficiency of a feasible solution E(¥) in such
a nondifferentiable extremum problem, the concept of E-convexity may be applied.

Example 18 Consider the following nondifferentiable multiobjective fractional program-
ming problem:

2 1 2 1
) (37 =20 +4xy +8x7 +12 3x] —2x7 + 4w +8x) +9
min ga(xl,xz)— 2 1 ’ 2 1
X7 — x5 —8x; +12 X —x3 —8x; +9

1 (MFP1)
subjectto  g(xy,x2) =x; —x1 <0,

1
h(xl,xz) = x% —xf =0.

1 1
Note that D = {(x1,%;) € R? :x; —x; <0 Ax? —x; =0}. Let E: R> — R? be an one-to-one
and onto mapping defined by E(x;,x2) = (x1,%3). Now, for the considered nondifferentiable
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multiobjective fractional programming problem (MFP1), we define its associated multi-
objective fractional programming problem (MFP1) as follows:

. 3x? — 2x2 + 4oy + 8%y + 12 3x2 — 2x% + 4oc; + 8x2 + 9
min @(E(xl,xZ)):< ! 2 22 ’ L 2 22 >
x7 — x5 — 8xp + 12 x7 —x5 —8x +9

subject to  g(E(x1,%2)) =% — %1 =0, (MFP1g)

h(E(xl,xz)) = xf — X9 = 0.

Note that Dg = {(x1,%2) € R* : x5 = x? A0 < x; < 1} and X = (0,0) is a feasible solution of
the multiobjective fractional programming problem (MFP1E). Further, note that all func-
tions constituting the considered multiobjective fractional programming problem (MFP1)

are E-differentiable at x = (0,0). Then it can also be shown that the parametric necessary
1

a— p— Z,
Ap = i, =2 and & = 10. Further, it can be proved that f, —g, g, and /& are E-convex at ¥

optimality conditions (7)—(9) are fulfilled at x = (0,0) with Lagrange multipliers A; =

on Dg. Since all hypotheses of Theorem 17 are fulfilled, it is possible to use the sufficient
conditions formulated in this theorem to show that x = (0, 0) is an efficient solution of the
problem (MFP1g) and, thus, E(x) is also an E-efficient solution of the problem (MFP1).

Remark 19 Note that it is not possible to use several optimality conditions from the lit-
erature to the multiobjective fractional programming problem (MFP1) considered in Ex-
ample 18. Indeed, all optimality conditions for smooth multiobjective fractional program-
ming problems (see, for example, [15,21-23, 31, 33, 38, 43]) are not applicable for (MFP1),
due to the fact that the problem (MFP1) is nondifferentiable. Also sufficient optimal-
ity conditions established under convexity and many generalized convexity assumptions
for nondifferentiable multiobjective fractional programming problems are not useful for
(MFP1) (see, for example, [4—6, 24, 37]). This is a consequence of the fact that the functions
constituting the multiobjective fractional programming problem (MFP1) are not convex
and, in general, it can be difficult to show that they belong to suitable classes of gener-
alized convex functions as it requires in sufficient optimality conditions even from the
works mentioned above. However, since the optimality conditions established in this pa-
per are applicable for the problem (MFP1), this means that they can be used successfully
in finding optimality solutions (that is, (weakly) E-efficient solutions) of E-differentiable
multiobjective fractional programming problems, that is, for a new class of (not necessar-
ily differentiable) multiobjective fractional programming problems which have not been
considered in the literature so far.

4 Schaible E-duality
In this section, we define the vector dual problem (MSDg) in the sense of Schaible [34]
for the multiobjective fractional E-programming problem (MFPg) and we prove several
Schaible duality results between (MFPg) and (MSDg) under appropriate E-convexity hy-
potheses. Thus, we formulate the vector E-dual problem (MSDg) in the sense of Schaible
[34] for the considered multiobjective fractional programming problem (MFP). Further,
we use Schaible duality results established between (MFPg) and (MSDg) in proving the
so-called E-duality results in the sense of Schaible between (MFP) and (MSDg).

Let E: R" — R" be a given one-to-one and onto operator. Now, we define the paramet-
ric vector dual problem in the sense of Schaible [34] for (MFPg) (at the same time, the
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parametric vector E-dual problem in the sense of Schaible [34] for (MFP)) as follows:

mava:(vf,,..,vE)

p

subject to i Li(VA(EQ)) - AT (E))

i=1

+ Y wVgG(EW) + Y &Vi(E) =0, 27)
j=1 k=1
ﬁ(y) - VlEqL(y) Z 0, i=1...,p (MSDg) (28)
> wig) + > Edu(y) Z 0, (29)
j=1 k=1
k

yeR', VvFeR, 2120, > n=1, peR!, £eR. (30)
i=1

Let 2umsp, denote the set of all feasible solutions of (MSDE) and pry. £2msp the projec-
tion of the set 2yisp, on R”, that is, prp. 2msp, = {y € R* : W eRL,veR, ne R7,t €
R" such that (y,vF, A, i1, ) € 2ysp,}- Let us denote Yusp, = Pren 2mspy-

Theorem 20 (Schaible weak duality for (MFPg) and (MSDy)) Let x and (y,vE, A, 11, &) be
feasible solutions of the problems (MFPg) and (MSDg), respectively. Further, assume that:

(a) each function f;, i € I, is E-convex at y on Dg U Yvsp,,

(b) each function —q;, i € 1, is E-convex at y on Dg U Yyispy,

(c) each function gj, j € Jg(y), is E-convex at y on Dg U Yymspg,

(d) each function hy, k € K (y), is E-convex aty on Dg U Yvsp,,

(e) each function —hi, k € K¢ (y), is E-convex at y on Dg U Yyispy.

Then LE®) £ E.

q(E(x))

E

Proof Let x and (y,vF, A, u, £) be feasible solutions in the problems (MFPg) and (MSDg),
respectively. We proceed by contradiction. Suppose, contrary to the result, that

1@
aw =

Thus,

fix)
vE,
qi(x) !

i=1,...,p.
From g;(x) >0,i=1,...,p, it follows that
filx) —vigi(x) <0, i=1,...,p.
Hence, the second constraint of (MSDg) gives

filx) = vEgi(x) <f(9) —vEqi(y), i=1,...,p. (31)
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By hypotheses (a)—(e), Proposition 5 implies that the inequalities

J(E®) ~fi(EW)) 2 VE(EW)(E®) - EG)), i€l (32)
~qi(EW)) + ai(EW) 2 -Vai(EW)) (EW) - E()), i€l (33)
G(EW) - g(EW) = Vg (EW)(E®) —E®)), j€JeW), (34)
hk(E(x)) - hk(E(y ) > th(E(y )( (x) — E(y)) k € Ki(y), (35)
—hk(E(x)) + hy (E(y)) > —th(E(y)) (E(x) - E(y)), ke Kz (y) (36)

hold. Multiplying each inequality (33) by vF = 0, i € I, then (31)—(33) yield
[VA(E®) - viVai(EW)](Ex) - E() <0, iel (37)

Multiplying each inequality (34)—(37) by the corresponding Lagrange multiplier, taking
into account the Lagrange multipliers equal to 0, and then adding both sides of the result-

ing inequalities, we get

Z g (%) + Zskhk(x [Z g ) + Zskhk(y)}

j=1

> [ixi[vf;@m) Vg (E0)]

i=1

+ 3 wVGED) + Y &Vh (E(y))} (EG) ~E()).

j=1 k=1
From x € Dg and (y, V5, A, 11, &) € $2mspy» it follows that the inequality

{i M[VA(EW)) = vi Vai(EW)]

i=1

+ Y wVGER) + Y sthk(E(y))] (E@) - E()) <0

j=1 k=1
holds, contradicting (27). This completes the proof of this theorem. d

Theorem 21 (Schaible weak E-duality between (MFP) and (MSDg)) Let E(x) and
(9, VE, A, 0, €) be any feasible solutions of the problems (MFPg) and (MSDE) respectively.

Further, assume that all hypotheses of Theorem 20 are fulfilled. Then L x)) ZVE.

Proof The proof of this theorem follows directly from Theorem 20 and Proposition 11. (J

If we impose some stronger E-convexity assumption on the objective function f, then
the following result is true.

Theorem 22 (Schaible weak duality for (MFPg) and (MSDg)) Let x and (y,vE, A, 11, &) be
feasible solutions of the problems (MFPr) and (MSDg), respectively. Further, assume that:
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(a) each function f;, i € I, is strictly E-convex at y on Dg U Yusp,,
(b) each function —q;, i € 1, is E-convex at y on Dg U Yyispy,

(c) each function g, j € Jg(y), is E -convex at y on Dg U Yyisp,,
(d) each function hy, k € K (y), is E-convex at y on Dg U Yusp,,
(e) each function —hi, k € K¢ (y), is E-convex at y on Dg U Yyispy.

[(E®)
Then PiaC) £ vE.

Theorem 23 (Schaible weak E-duality between (MFP) and (MSDg)) Let E(x) and
(9, VE, A, 1, &) be any feasible solutions of the problems (MFPg) and (MSDg), respectively.

Further, assume that all hypotheses of Theorem 22 are fulfilled. Then {1 ggi; £vE.

Theorem 24 (Schaible strong duality for (MFPg) and (MSDg)) Let x be a weak Pareto so-
lution (a Pareto solution) of the multiobjective fractional E-programming problem (MFPg)
and the constraint qualification [1] be satisfied at x. Then there exist .. € R, [t € R",€ € R
and VF € RY such that (%, 75, %, 0, €) is feasible in the Schaible dual problem (MSDg) and

fER)  _
=7k
q(E(x))

If also all hypotheses of the weak duality theorem—Theorem 20 (Theorem 22)—are satis-
fied, then (%, V5, N, T, &) is a weakly efficient solution (an efficient solution) of a maximum
type for the problem (MSDg).

Proof By assumption, x is a weak Pareto solution (a Pareto solution) of the problem
(MFPg) and the suitable constraint qualification [1] is satisfied at . Then, by ¥ € Dg and
Theorem 14, we conclude that (%, V5,1, 77, €) € £2msp- Obviously, the corresponding ob-

jective function value in (MSDg) is equal to {1 (ég)); .Let (y,vF, A, i, €) be any feasible solution
of (MSDg). Then, by the weak duality theorem—Theorem 20 (Theorem 22), it follows that
the inequality v ¢ v& (vF % v¥) holds. This implies that ®, V5, X, T, &) is a weakly efficient
solution (an efficient solution) of a maximum type of the problem (MSDg). This completes

the proof of this theorem. O

Theorem 25 (Schaible strong E-duality between (MFP) and (MSDg)) Let E(x) be a weak
E-Pareto solution (an E-Pareto solution) of the E-differentiable multiobjective fractional
programming problem (MEP) and the E-constraint qualification [1] be satisfied. Then there
exist . € R}, 1 € R", & € R" and V* € R such that (x,v", 7, [, &) is feasible in the Schaible
dual problem (MSDg) and

SE®) _
4E®)

If also all hypotheses of the weak E-duality theorem—Theorem 21 (Theorem 23)—are sat-
isfied, then (%, V5, A, T, &) is a weakly E-efficient solution (an E-efficient solution) of a max-
imum type for the problem (MSD).

Theorem 26 (Schaible converse duality between (MFPg) and (MSDg)) Let (3, V5,1, 11, &) €
wmsp; be a weakly efficient solution (an efficient solution) of a maximum type in the prob-
lem (MSD) and y € Dg. Further, assume that:
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(a) each function f;, i € I, is E-convex at’y on Dg U Yvsp,,

(b) each function —q;, i € 1, is E-convex aty on Dg U Ymspy,

(c) each function gj, j € Jg(y), is E-convex at’y on Dg U Yyspy,

(d) each function hy, k € K;(y), is E-convex at’y on Dg U Yyisp,,

(e) each function —hi, k € K¢ (), is E-convex at’y on Dg U Yyispy.

Then y is a weak Pareto solution (a Pareto solution) of the problem (MFPg).

Proof The proof of this theorem follows directly from weak duality (Theorem 20 (Theo-
rem 22)). a

Theorem 27 (Schaible converse E-duality for (MFP) and (MSDg)) Let (E@),T/E,X, w,E) e
msp; be a weakly E-efficient solution (an E-efficient solution) of a maximum type in the
problem (MSD) and E(y) € D. Further, assume that all hypotheses of Theorem 26 are ful-
filled. Then E(y) is a weak E-Pareto solution (an E-Pareto solution) of the problem (MFP).

5 Bector E-duality
In this section, we extend the dual problem defined by Bector [3] for a nonlinear differen-
tiable scalar fractional problem to the case of an E-differentiable multiobjective fractional
programming problem with both inequality and equality constraints. Namely, we define
the vector dual problem (BFDg) in the sense of Bector [3] for the multiobjective fractional
E-programming problem (MFPr) and we prove several Bector duality results between
(MFPg) and (BFDg) under appropriate E-convexity hypotheses. Thus, we formulate the
vector E-dual problem (BFDg) in the sense of Bector [3] for the considered multiobjective
fractional programming problem (MFP). Further, we use Bector duality results established
between (MFPg) and (BFDg) in proving the so-called E-duality results in the sense of Bec-
tor between (MFP) and (BFDg).

Let E: R" — R” be a given one-to-one and onto operator. Now, we define the vector
fractional dual problem (BFDg) in the sense of Bector [3] for (MFPg) (at the same time,
the vector fractional E-dual problem in the sense of Bector [3] for (MFP)) as follows:

(fl(E(y)) + ng(EQ)) + Eh(E(y)) Jo(ED)) + ug(E()) + Eh(E()/))>
71(E(¥)) 4p(E())

subject to

Zx,ql E(y) [Vf E(y)) Zu,Vg, E(y)) Zsthk(E(y»}
k=1

i=1 j=1

P r
+in(—ti(E<y)))[ FED) + Zu,g, E@)) + Zskhk(fs(y))}o, (38)
=1

j=1 k=1
> g (E®)) + > Ehi(E(®) 20, (BEDf) (39)
j=1 k=1
k
yeR', veR, A>0, Y x=1, peRl, &cR. (40)

Let £2prp, denote the set of all feasible points of (BFDg) and pryz. Weep, the projec-
tion of the set £2gpp, on R”, that is, prps Weep, = {y € R” : IA € R, e R,

Page 14 of 24



Antczak and Abdulaleem Journal of Inequalities and Applications (2019) 2019:292 Page 15 of 24

& € R such that (y,A,,€) € Waep,}. Let us denote Ygpp, = prp» Waep, and, more-
over, ¥(z,1,&) = (Wi(z, 0,8),..., ¥plz, u,€)), z € R", where VE(z,1,€) = fi(E(z)) +
Z;Zl wig(E@) + Y i &hi(E(z), i € I. Hence, the objective function and the first
constraint of (BFDg) can be re-written as follows:

- (lllf(y,u,é) W,f(%u;é))
a(E®) T qu(E®)

p p
subjectto Y Aqi(ED) VL, 1,8) + Y 2i(-Vai(EW)) ¥y, 1,6) =0 (41)

i=1 i=1

Theorem 28 (Bector weak duality between (MFPg) and (BFDg)) Let x and (y, A, 1, &) be
any feasible solutions of the problems (MFPg) and (BFDg), respectively. Further, assume
that one of the following hypotheses is fulfilled:
(A) (a) each function f;, i € I, is E-convex at y on Dg U Ygepy,
(b) each function —q;, i € 1, is E-convex aty on Dg U Ygrp,,
(c) each function g, j € Jg(y), is E-convex at y on Dg U Yprpy,
(d) each function hy, k € K (y), is E-convex at y on Dg U Ygrp,,
(e) each function —hy, k € K¢ (y), is E-convex at y on Dg U Ygep,;
(B) each function Y1 | Mg EG)WE(, w, &) + D0 Mi(~qi(EC)WE(y, 1, &) is E-convex
aty on Dg U Yprpy.

LER) JoER) wEng) WE (y,10.8)
Then (g @y &) © CaEon &) -

Proof Let x and (y, A, u, &) be any feasible solutions of the problems (MFP) and (BFDg),
respectively.
We proceed by contradiction. Suppose, contrary to the result, that

(ﬁ(E(x)) JE(E(x))) . (Wf(%u,%‘) W,f(%mé))
N(E®) gp(ER) n(EW) T g EW) )

Hence, the inequalities above yield

FE®)  FHEQ) 24 mGED) + Yo Su(ER)

GE®) ~ aEQ) 7(E0) o i=loop (42)
Thus,
F(E@)q:(EW) - fi(E0))a:(Ex))
<qi(E) [Zm_;u/g(ff(y))+kr skhk(E(y))}, i=1,...,p. (43)
- -1

The proof of this theorem under hypothesis (A).
Using hypotheses (A)(a)—(d), by Proposition 5, we see that the inequalities

S(E@) ~f(E) = VAED) (E®) - E@)), i<l (44)
~qi(EW) + 4:(EQ)) 2 -Va:(EQ) (EW) - E(), i€, (45)
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G(EW) - g(EW)) = Vg(EW) (E®) - EW)), j€TeW), (46)
h(E@)) — hi(E()) 2 Vi (E®)) (E®) - E()), k€ KE (), (47)
—h(E@)) + e (E()) 2 -Vhe(E®)) (E®) - E()), k€ K;(y) (48)

hold. Multiplying each inequality (44) by ¢;(E(y)) > 0, i € I, and each inequality (45) by
f{(E®) 20, i €1, we get, respectively,

FE@)a(ED) ~AED)a(EW) 2 :(EW)VAED) (EW ~E()), i€l (49)
~(EW)a:(E®) +f(E0)a:(EW)) ZA(EW) (-Va:i(E)) (E) - E)), i€l (50)

Combining (49) and (50), we get

F(E@®)ai(E®)) - £(ED))q:(E())
2 [¢:(EW) VA(E®) —£(ED)Va(EW) ] (Ex) - E()), i€l (51)

By the second constraint of (BFDg), (45) yields
[Z wg(E) + Y & (E(y))} [~4:(E®)) + 4:(E®))]
j=1 k=1

>- [ng; (E0) + 3 e (E(y))} Vai(EQ) (B ~EQ), i€l (52)

j=1 k=1

Multiplying each inequality (46)—(48) by the corresponding Lagrange multiplier and then

adding both sides of the resulting inequalities, we get

Zu,g, (x)) Zékhk (x)) - [Zlhg; E(y)) kahk(f()’))i|

z[ZWg,-(E(y) Zskwk E(y)}( (x) ~ E(y)).

j=1 -

Multiplying the inequality above by ¢;(E(y)) = 0, i € I, we obtain, for any i € I,

[Zu,g, () Zskhk }

-4:(E)) |:Z wig(E®)) + ifkhk (EO/))]

j=1 k=1

> q:(E()) [Z 1 VGED) + Y &V (E(y))} (E@) - EW). (53)

j=1 k=1
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Combining (52) and (53), we have

(~a:(E®))) |:Zu,g E(y)) iékhk(E(y))}

j=1 k=1

+qi(E)) [Xm: 18 (E()) + Xr: Ekhk(E(x)):|

j=1 k=1

> (-Vai(E®)) [Zu,g, E®)) Zskhk(fs(w)}(f(x)—ﬂ(y))
k=1

j=1

+qi(EG)) [Z wGED) + Y sthk(Em)} (EG)-EG)), iel  (54)

j=1 k=1
From x € Dg and (y, A, i, &) € 2gep;,, it follows that
a:(EQ) |:Z 1g(E nghk i| =
j=1
Then, by the above inequality, (54) implies

(-4:(EW))) |:Zﬂ;g; L)) iékhk(E()/)):|

j=1 k=1

> (-Vai(E®)) [Zu,g, E(y)) Zskhk(Em)}(E(x)—E(y))

j=1 k=1

+qi(EG)) [Z wGED) + sthk(Em)} (EG)-EG)), iel  (55)

j=1 k=1
Hence, (51) and (55) yield

HEBER) - HEON)a(Ew) —a E(x»[img,»usu»+iskhk<w>>}

j=1 k=1

{qz(E(y))vf(EU) f(E(y )Vqt(E(J’))

+ (-Va(Ew)) [Zu,g, E(y)) Zskhk(fs(y»}
k=1

j=1

+a4i(E() [Z 1w VG(E) + > &V (E@))} } (Ex)-E@), iel  (56)

j=1 k=1

Combining (43) and (56), we have

{%(E(y))vﬁ(ff(y)) ~f(ED) Va:(EW)
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+ (-Vai(E®) [ng; E@y)) + Zskhk(fs(w)}

j=1 k=1

+4qi(EQ)) [i Vg (EW)) + Z Ex Vi (E(y))} } (E(x)-E() <0, iel

j=1 k=1

Hence, each inequality above can be re-written in the following form:

{(—www))[ HEO) + 3 g () iskhk(m))}

j=1 k=1

+qi(E(y))[Vf E) + 3 1V (E0)) Zskw«k(E(y))“(E(x)—E(y))<o,

j=1 k=1

iel.
Thus,

[4:(EW) Vi, 11, 6) + (-Va@:i(ED))) Wiy, 11, 6) ] (Ex) - E®) <0, i€l

Multiplying each inequality above by 1, i € I, and then adding both sides of the resulting

inequalities, we see that the inequality

P P
[Z Mgi(EQ) V0, 1,6) + Y i(-Vai(EW)) %0, m)} (E@)-E() <0

i=1 i=1

holds, contradicting the first constraint of (BFDg). This completes the proof of this theo-
rem under hypothesis (A).
The proof of this theorem under hypothesis (B). Using hypotheses (B), by Proposition 5,

we see that the inequalities

ZM[ EW)¥E @, 1, S)+Zk ~qi(E®))¥E @, 1. 8)

i=1 S

- inq,- (ED)¥E 0 m8) + in(—qi(f(y>))wi5(y,u,s)

i=1 i=1

b
2 Y hgi(EQ) VD, 1m,§) + ZA ~Vai(E)¥E 0, 1)
i=1

i=1

Thus, the first constraint of (BFDg) implies

Zx ai(EQ)) W (x, 1. & )>Zml NEW 1E). (57)

i=1 i=1

Page 18 of 24
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Hence, (57) gives

ZAJ (E@)ai(EW) + leql E(y)) [Zu,g, (%)) Zskhk E(x)}

k=1

p m r
2 Y MA(EQ)a:(E®) Zx,ql (E@)) [Zu,g(E(thékhk(E(y))}. (58)
i=1 1

j=1 k=
From x € Dg and (y, A, i, &) € $2gep;,, it follows that
p m r
> rai(E) [Z 1ig (@) + skhk(ﬂx))} <o. (59)
i-1 j=1 k=1

Combining (58) and (59), we get
P p
> MAE@)a(EG) - Y A (EG))qi(E@))
i=1 i=1

p m r
> higi(E)) [Z 1ig (E)) + Zskhk(E(y))}. (60)
i=1 k=1

j=1

However, multiplying each inequality (43) by A;, i € I, and then summing the resulting
inequalities, we find that the inequality

Z M(E®) i (E®)) - inﬂ(fsm)qi (E())

<Zx,ql (%)) [Zu,g, E(y)) Zskhk(Em)}

k=1

holds, contradicting (60). This completes the proof of this theorem under hypothe-
sis (B). O

Theorem 29 (Bector weak E-duality between (MFP) and (BFDg)) Let E(x) and (y, A, 1, )
be any feasible solutions of the problems (MFP) and (BFDg), respectively Further, assume

E wEpg)
that all hypotheses of Theorem 28 are fulfilled. Then (;11((5(&)))),.. q‘; E(x ) £ ( qll(E(’;)) yeves
¥y (i)

»

qp(E®)) )-

Proof The proof of this theorem follows directly from Theorem 28 and Proposition 11. [

If we impose some stronger E-convexity assumption on the objective function f, then

the following result is true.

Theorem 30 (Bector weak duality between (MFPg) and (BEDg)) Let x and (y, A, i1, &) be
any feasible solutions of the problems (MFPg) and (BFDg), respectively. Further, assume
that one of the following hypotheses is fulfilled:

(A) (a) each function f;, i € 1, is strictly E-convex aty on Dg U Ygrp,,
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(b) each function —q;, i € 1, is E-convex aty on Dg U Ygrp,,
(c) each function gj, j € Jg(y), is E-convex aty on Dg U Yprpy,
(d) each function hy, k € K (y), is E-convex at y on Dg U Ygrp,,
(e) each function —hi, k € Kz (y), is E-convex at y on Dg U Ygep,;
(B) each function ZI;:1 Aiqi(E(y))lIIiE(-, Ww,E) + 157:1 A,-(—qi(E(-)))lIIiE()/,/L,E) is strictly
E-convex at'y on Dg U Ypppy.

AER) So(E() vE,u8) wE(,1.8)
Then (g &)+ 4 &) £ (GrEoy wEO) -

Theorem 31 (Stronger Bector weak E-duality between (MFP) and (BFDg)) Let E(x) and
(9, A, 1, &) be any feasible solutions of the problems (MFP) and (BFDg), respectively. Fur-

N(EX) Jp(E(x))
ther, assume that all hypotheses of Theorem 30 are fulfilled. Then (qll T q‘; (E(x))) £
( vEG,u8) wEO8) )

Q(EQ) 777 qpEW) 77

Now, we prove Bector strong duality between (MFPr) and (BFDg) which we use in prov-
ing Bector strong E-duality between (MFP) and (BFDg).

Theorem 32 (Bector strong duality between (MFPg) and (BFDg)) Let x be a weak
Pareto solution (a Pareto solution) of the multiobjective fractional E-programming prob-
lem (MFP) and the constraint qualification [1] be satisfied at x. Then there exist ) € R,
L€ R" and & € R such that (X, A, 0, ) is feasible in the Bector dual problem (BFDg) and

fEE®) _ <WIE(‘,H,§> Wf(x,ﬁ,§)>
qE®) \ qE®) 7 qE®) )

If also all hypotheses of the weak duality theorem—Theorem 28 (Theorem 30)—are satis-
fied, then (x, 1,11, &) is a weakly efficient solution (an efficient solution) of a maximum type
for the problem (BFDE).

Proof By assumption, x is a weak Pareto solution (a Pareto solution) of the problem
(MFPg) and the suitable constraint qualification [1] is satisfied at . Then, by ¥ € D¢ and
Theorem 14, the necessary optimality conditions (7)-(9) are fulfilled. If we put V= %%

in (7), then we get
p
D n(VAE®) i (E®) - £(EE) Va: (E®))
i=1

+qi(E()) [Z Vg (E®)) + ngth(E(a_c))j| =0. (61)
k=1

j=1

By the necessary optimality condition (8) and x € Dy, it follows that

> mg(E®) + Y Eu(E@) =0. (62)

j=1 k=1
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By the necessary optimality condition (9), (62) implies

p m r
ZE(—tiE(x)[ (E®) Z 1G(E®) + nghk(E(%))}

k=1

N

+ Z,\ 7:(E®) |:Vf (E@) Z Vg (E®)) ZEthk(E(E))} =0. (63)

Hence, by (63), (62) and the necessary optimality condition (9), we conclude that (%, A, 7z, £)
is feasible in (BFDg). Obviously, the corresponding objective function value in (BFDg) is
equal to f (E ) .Let (y, &, 1, §) be any feasible solution of (BFDg). Then, by the weak duality
theorem—Theorem 28 (Theorem 30), it follows that the inequality

Q(E®) T gp(EX) QEQ) " gp(ER)

holds. This implies that (x, A, 1z, €) is a weakly efficient solution (an efficient solution) of a
maximum type of the problem (BFDg). This completes the proof of this theorem. d

Theorem 33 (Bector strong E-duality between (MFP) and (BFDg)) Let E(x) be a weak
E-Pareto solution (an E-Pareto solution) of the multiobjective fractional E-programming
problem (MFP) and the constraint qualification [1] be satisfied. Then, there exist 1 € RY,
1L €R" and & € R such that (X, A, 0, ) is feasible in the Bector dual problem (BFDg) and

fE®) (wf(%,ﬁf) %E(%,ﬁ,?))
gqE®) \ q1E®) 7 qEE) )

If also all hypotheses of the weak duality theorem—Theorem 29 (Theorem 31)—are satis-
fied, then (x, 1,1, ) is a weakly E-efficient solution (an E-efficient solution) of a maximum
type for the problem (BFDE).

Remark 34 In fact, (63), (62) and (9) are the parameter-free necessary optimality condi-
tions for X € D to be a weak Pareto solution (a Pareto solution) of the multiobjective
fractional E-programming problem (MFPg). At the same time, (63), (62) and (9) are the
parameter-free necessary E-optimality conditions for E(x) € D to be a weak E-Pareto so-
lution (an E-Pareto solution) of the considered multiobjective fractional programming
problem (MFP).

Theorem 35 (Bector converse duality between (MFP;) and (BFDg)) Let (3, A, 1, &) €
$2gep; be a weakly efficient solution (an efficient solution) of a maximum type in the prob-
lem (BFDg) and y € Dg. Further, assume that:

(a) each function f;, i € I, is E-convex aty on Dg U Ygrpy,

(b) each function —q;, i € 1, is E-convex aty on Dg U Yprpy,

(c) each function gj, j € Jg(y), is E-convex at’y on Dg U Ygrpy,

(d) each function hy, k € K (), is E-convex at’y on Dg U Ygep,,

(e) each function —hy, k € K;(y), is E-convex at’y on Dg U Ygep,.

Theny is a weak Pareto solution (a Pareto solution) of the problem (MFPg).
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Proof The proof of theorem follows directly from weak duality—Theorem 28 (Theo-
rem 30). O

Theorem 36 (Bector converse E-duality for (MFP) and (BFDg)) Let (E(¥), A, 11, €) € 28D,
be a weakly E-efficient solution (an E-efficient solution) of a maximum type in the problem
(BFDg) and E(y) € D. Further, assume that all hypotheses of Theorem 35 are fulfilled. Then
E(x) is a weak E-Pareto solution (an E-Pareto solution) of the problem (MFP).

6 Conclusions

In the paper, the class of E-differentiable multiobjective fractional programming prob-
lems with both inequality and equality constraints has been considered. The so-called
E-Karush—Kuhn-Tucker necessary optimality conditions and, under appropriate E-
convexity hypotheses, sufficient E-optimality conditions for weakly E-efficiency
(E-efficiency) have been established in the paper for such a class of (not necessarily) dif-
ferentiable multiobjective fractional programming problems. Further, for the considered
E-differentiable multiobjective fractional programming problem, its parametric vector
E-dual problem in the sense of Schaible and its nonparametric multiobjective fractional
E-dual problem in the sense of Bector have been defined. Then, also under appropriate
E-convexity hypotheses, various E-duality results have been proved between this (not
necessarily) differentiable multiobjective fractional programming problem and aforesaid
vector E-duals.

To the best of our knowledge, all optimality and duality results established in this pa-
per for the considered class of nonconvex vector fractional optimization problems with E-
differentiable E-convex functions are new in the area of multiobjective fractional program-
ming. In our opinion, the approach suggested in this paper can be extended for proving
the similar E-optimality and E-duality results for other classes of fractional programming
problems with E-differentiable functions. This may be the topic of some of our forthcom-

ing papers.

Funding
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Authors’ contributions
Both authors contributed equally and significantly in writing this article. Both authors read and approved the final
manuscript.

Author details
"Faculty of Mathematics and Computer Science, University of t6dz, t6dz, Poland. ?Department of Mathematics,
Hadhramout University, Al-Mahrah, Yemen.

Publisher’s Note

Springer Nature remains neutral with regard to jurisdictional claims in published maps and institutional affiliations.
Received: 12 August 2019 Accepted: 28 October 2019 Published online: 13 November 2019

References
1. Antczak, T, Abdulaleem, N.: E-Optimality conditions and Wolfe £-duality for £-differentiable vector optimization
problems with inequality and equality constraints. J. Nonlinear Sci. Appl. 12, 745-764 (2019)
2. Antczak, T, Verma, R.: Parametric nondifferentiable multiobjective fractional programming under
(b, ¥, @, p)-univexity. Turk. J. Math. 42, 2125-2147 (2018)
3. Bector, C.R:: Duality in nonlinear fractional programming. Z. Oper.-Res. 17, 183-193 (1973)



Antczak and Abdulaleem Journal of Inequalities and Applications (2019) 2019:292
4. Bector, CR, Chandra, S., Husain, |.: Optimality condition and duality in subdifferentiable multiobjective fractional
programming. J. Optim. Theory Appl. 79, 105-125 (1993)
5. Chen, X:: Optimality and duality for the multiobjective fractional programming with the generalized (F, p)-convexity.
J.Math. Anal. Appl. 273, 190-205 (2002)
6. Chinchuluun, A, Yuan, D.H,, Pardalos, PM.: Optimality conditions and duality for nondifferentiable multiobjective
fractional programming with generalized convexity. Ann. Oper. Res. 154, 133-147 (2007)
7. Crouzeix, J.P, Ferland, J.A, Schaible, S.: Duality in generalized fractional programming. Math. Program. 27, 343-354
(1983)
8. Crouzeix, J.P, Ferland, J.A, Schaible, S.: An algorithm for generalized fractional programs. J. Optim. Theory Appl. 47,
35-49 (1985)
9. Dinkelbach, W.: On nonlinear fractional programming. Management Sci. 13, 492-498 (1967)
10. Dubey, R, Gupta, K.S.: On duality for a second-order multiobjective fractional programming problem involving type-|
functions. Georgian Math. J. 26, 393-404 (2019). https://doi.org/10.1515/gmj-2017-0038
11. Egudo, RR.: Multiobjective fractional duality. Bull. Aust. Math. Soc. 37, 367-378 (1988)
12. Ho, S--Ch.: Saddle point criteria in multiobjective fractional programming involving exponential invexity. Bull. Malays.
Math. Soc. 41, 1923-1934 (2018)
13. Jagannathan, R: On some properties of programming problems in parametric form pertaining to fractional
programming. Management Sci. 12, 609-615 (1966)
14. Jayswal, A, Ahmad, I, Prasad, AK.: Duality in multiobjective fractional programming problems involving (H,, r)-invex
functions. J. Appl. Math. Inform. 32,99-111 (2014)
15. Jayswal, A, Kumar, R, Kumar, D.: Multiobjective fractional programming problems involving (p, r)-p-(17,0)-invex
function. J. Appl. Math. Comput. 39, 35-51 (2012)
16. Jayswal, A, Stancu-Minasian, I, Stancu, A.M.: Multiobjective fractional programming problems involving semilocally
type-I univex functions. Southeast Asian Bull. Math. 38, 225-241 (2014)
17. Kim, D.S.: Nonsmooth multiobjective fractional programming with generalized invexity. Taiwan. J. Math. 10, 467-478
(2006)
18. Kim, D.S, Kim, S.J., Kim, M.H.: Optimality and duality for a class of nondifferentiable multiobjective fractional
programming problems. J. Optim. Theory Appl. 129, 131-146 (2006)
19. Kuk, H., Kim, H.-J.: Optimality conditions and duality for nonsmooth generalized fractional programming problems.
J. Stat. Manag. Syst. 6, 207-215 (2003)
20. Kuk, H. Lee, G.M, Tanino, T.: Optimality and duality for nonsmooth multiobjective fractional programming with
generalized invexity. J. Math. Anal. Appl. 262, 365-375 (2001)
21. Lee, J, Ho, S.: Optimality and duality for multiobjective fractional problems with r-invexity. Taiwan. J. Math. 12,
719-740 (2008)
22. Liang, Z.A, Huang, H.X, Pardalos, PM.: Optimality conditions and duality for a class of nonlinear fractional
programming problems. J. Optim. Theory Appl. 110,611-619 (2001)
23. Liang, Z.A, Huang, H.X, Pardalos, PM.: Efficiency conditions and duality for a class of multiobjective fractional
programming problems. J. Glob. Optim. 27, 447-471 (2003)
24. Liu, J.C:: Optimality and duality for multiobjective fractional programming involving nonsmooth (F, p)-convex
functions. Optimization 36, 333-346 (1996)
25. Liu, J.C.: Optimality and duality for multiobjective fractional programming involving nonsmooth pseudoinvex
functions. Optimization 37, 27-39 (1996)
26. Liu, S, Feng, E.: Optimality conditions and duality for a class of nondifferentiable multi-objective fractional
programming problems. J. Glob. Optim. 38, 653-666 (2007)
27. Long, X.J.: Optimality conditions and duality for nondifferentiable multiobjective fractional programming problems
with (C, &, p, d)-convexity. J. Optim. Theory Appl. 148, 197-208 (2011)
28. Long, X.J, Huang, N.J,, Liu, ZB.: Optimality conditions, duality and saddle points for nondifferentiable multiobjective
fractional programs. J. Ind. Manag. Optim. 4, 287-298 (2008)
29. Megahed, AA, Gomma, H.G, Youness, EAA, El-Banna, A.H.: Optimality conditions of £-convex programming for an
E-differentiable function. J. Inequal. Appl. 2013, Article ID 246 (2013)
30. Mukherjee, RN.: Generalized convex duality for multiobjective fractional programs. J. Math. Anal. Appl. 162, 309-316
(1991)
31. Mukherjee, RN, Purnachandra Rao, Ch.: Multiobjective fractional programming under generalized invexity. Indian J.
Pure Appl. Math. 27, 1175-1183 (1996)
32. Nobakhtian, S.: Optimality and duality for nonsmooth multiobjective fractional programming with mixed constraints.
J. Glob. Optim. 41, 103-115 (2008)
33. Osuna-Goémez, R, Rufidn-Lizana, A, Ruiz-Canales, P: Multiobjective fractional programming with generalized
convexity. Top 8, 97-110 (2000)
34. Schaible, S. Fractional programming. |, duality. Manag. Sci. 22, 858-867 (1976)
35. Stancu-Minasian, .M. Fractional Programming: Theory, Methods and Applications. Kluwer Academic, Dordrecht
(1997)
36. Stancu-Minasian, .M.: A eighth bibliography of fractional programming. Optimization 66, 439-470 (2017)
37. Suneja, SK, Lalitha, C.S.: Multiobjective fractional programming involving p-invex and related functions. Opsearch
30, 1-14(1993)
38. Verma, RU, Seol, Y.: Some sufficient efficiency conditions in semiinfinite multiobjective fractional programming
based on exponential type invexities. J. Inequal. Appl. 2015, Article ID 252 (2015)
39. Weir, T.: A duality theorem for a multiple objective fractional optimization problem. Bull. Aust. Math. Soc. 34, 415-425
(1986)
40. Youness, E.A.: E-Convex sets, E-convex functions, and E-convex programming. J. Optim. Theory Appl. 102, 439-450
(1999)
41. Zalmai, GJ.: Optimality conditions and duality models for generalized fractional programming problems containing

locally subdifferentiable and p-convex functions. Optimization 32, 95-124 (1995)

Page 23 of 24


https://doi.org/10.1515/gmj-2017-0038

Antczak and Abdulaleem Journal of Inequalities and Applications (2019) 2019:292 Page 24 of 24

42. Zezheng, W, Fenghua, Z.: Optimality and duality for a class of nonlinear fractional programming problems. J Sichuan
Norm. Univ. 30, 594-597 (2007)

43. Zhang, X, Wu, Z:: Optimality conditions and duality of three kinds of nonlinear fractional programming problems.
Adv. Oper. Res. 2013, Article ID 708979 (2013)

Submit your manuscript to a SpringerOpen®
journal and benefit from:

» Convenient online submission

» Rigorous peer review

» Open access: articles freely available online
» High visibility within the field

» Retaining the copyright to your article

Submit your next manuscript at » springeropen.com




	Optimality and duality results for E-differentiable multiobjective fractional programming problems under E-convexity
	Abstract
	MSC
	Keywords

	Introduction
	Preliminaries and notations
	Fractional multiobjective programming and E-optimality conditions
	Schaible E-duality
	Bector E-duality
	Conclusions
	Funding
	Competing interests
	Authors' contributions
	Author details
	Publisher's Note
	References


