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Abstract: This article deals with multiobjective fractional programming problems with equilibrium
constraints in the setting of Hadamard manifolds (abbreviated as MFPPEC). The generalized Guig-
nard constraint qualification (abbreviated as GGCQ) for MFPPEC is presented. Furthermore, the
Karush-Kuhn-Tucker (abbreviated as KKT) type necessary criteria of Pareto efficiency for MFPPEC
are derived using GGCQ. Sufficient criteria of Pareto efficiency for MFPPEC are deduced under some
geodesic convexity hypotheses. Subsequently, Mond—Weir and Wolfe type dual models related to
MFPPEC are formulated. The weak, strong, and strict converse duality results are derived relating
MFPPEC and the respective dual models. Suitable nontrivial examples have been furnished to
demonstrate the significance of the results established in this article. The results derived in the article
extend and generalize several notable results previously existing in the literature. To the best of
our knowledge, optimality conditions and duality for MFPPEC have not yet been studied in the
framework of manifolds.

Keywords: fractional programming; optimality conditions; duality; Hadamard manifolds
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1. Introduction

In the theory of mathematical programming, any optimization problem which is char-
acterized by some constraints, involving either certain complementarity or some variational
inequality, is referred to as a mathematical programming problem with equilibrium con-
straints (MPEC). One of the first to attempt investigating such optimization problems were
Harker and Pang [1], who explored the existence of efficient solutions for MPECs. MPECs
have been extensively used to model various real-life problems appearing in several fields
of science and technology, for instance, the hydro-economic river basin model [2], process
engineering [3], traffic and telecommunications networks [4], cyber attacks in electricity
market [5], etc. For further details and updated surveys of MPEC and its applications, we
refer the readers to [6—10] and the references cited therein.

In the last few decades, it has been noted that numerous real-life problems emerg-
ing in various areas related to engineering, technology, and science can be formulated
more effectively on Riemannian and Hadamard manifold frameworks, rather than formu-
lating them on Euclidean space (see [11,12]). Furthermore, extending and generalizing
different techniques involved in the optimization theory from the setting of Euclidean
spaces to the setting of manifolds result in several crucial advantages. By appropriately
using the notions of Riemannian geometry, several constrained mathematical optimization
problems can be conveniently converted into unconstrained problems. Apart from that,

Mathematics 2023, 11, 3649. https:/ /doi.org/10.3390/math11173649

https://www.mdpi.com/journal /mathematics


https://doi.org/10.3390/math11173649
https://doi.org/10.3390/math11173649
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/mathematics
https://www.mdpi.com
https://orcid.org/0000-0002-0988-3837
https://orcid.org/0000-0002-7115-693X
https://doi.org/10.3390/math11173649
https://www.mdpi.com/journal/mathematics
https://www.mdpi.com/article/10.3390/math11173649?type=check_update&version=2

Mathematics 2023, 11, 3649

2 of 28

numerous problems in optimization, which are nonconvex, can be converted into convex
problems by utilizing the Riemannian geometry viewpoint (see [13,14]). Furthermore,
it is a common observation that numerous important constraints which naturally arise
in certain mathematical programming problems have a relative interior, which can be
viewed as Hadamard manifolds. For instance, the hypercube (0,1)" endowed with the
metric diag (zfz(l - 21)72, ez (1 - zn)fz), where z1,25,...,2, € (0,1)", and the set
consisting of every symmetric positive definite matrix S’} , with the metric —logdet X,
where X € S8 |, are Hadamard manifolds (see, for instance, [15]). In view of the above
advantages, various researchers have investigated optimization problems in several areas
of modern research in the setting of Riemannian and Hadamard manifolds; see, for in-
stance, [16-24].

It is worthwhile to note that constraint qualifications, optimality criteria, and duality
results for MPEC have been studied by several researchers in the Euclidean space setting.
For instance, several regularity and optimality criteria for MPEC were investigated by Chen
and Florian [25]. Furthermore, the Abadie constraint qualification for MPEC was discussed
by Flegel and Kanzow [26]. Moreover, necessary and sufficient criteria of optimality for
MPEC were explored by Ye [8]. GGCQ as well as criteria of optimality for MPEC were
explored by Flegel and Kanzow [27]. KKT-type criteria for optimality, as well as some dual-
ity models for multiobjective MPEC, were deduced by Singh and Mishra [6]. Besides this,
optimality conditions for multiobjective MPEC on Hadamard manifolds have been studied
by Treanta et al. [7]. However, multiobjective fractional programming problems with
equilibrium constraints have not yet been studied in the framework of manifolds. In this
article, our primary objective is to address this research gap by investigating GGCQ, Pareto
efficiency criteria, and duality results for multiobjective fractional programming problems
with equilibrium constraints on Hadamard manifolds.

Motivated by the results presented in [6-8,23,25], a class of multiobjective fractional
programming problems with equilibrium constraints MFPPEC is studied in this article,
in the setting of Hadamard manifolds. First, we present GGCQ for MFPPEC in the setting
of Hadamard manifolds. Next, we employ GGCQ to derive the necessary criteria of Pareto
efficiency for MFPPEC. Moreover, by using certain geodesic convexity assumptions, we
derive sufficient criteria of Pareto efficiency for MFPPEC. Subsequently, we formulate
a couple of dual models related to MFPPEC, namely, the Mond-Weir type and Wolfe
type dual models. Several interesting duality results, such as weak, strong, and strict
converse duality results, are derived that relate our primal problem (MFPPEC) and the
corresponding dual models. We have provided some nontrivial examples of MFPPEC on
Hadamard manifolds to illustrate the importance of the results presented in this paper.

The novelty and the contributions of the paper are two-fold. Firstly, the results
explored in this article generalize the corresponding results presented by [7] for a broader
category of optimization problems, that is, MFPPEC. Secondly, the results investigated
by [6] are extended for MFPPEC class in the Hadamard manifolds setting by the results
presented in this article. Furthermore, the Pareto efficiency criteria and duality results
studied in this article extend various corresponding results of [8,23,28] from the setting
of Euclidean spaces to Hadamard manifolds, as well as generalize them for a broader
category of problems, namely, MFPPEC. To the best of our knowledge, GGCQ, Pareto
efficiency criteria, as well as duality models for MFPPEC, have not been explored before in
a Hadamard manifold setting. As a result, the results derived in this article can be applied
to study a more general class of mathematical programming problems, as compared to the
existing results available in the literature.

The remaining part of the article unfolds in the following manner. Some elementary
definitions and mathematical preliminaries are discussed in Section 2. We define MFPPEC
in manifold setting and introduce GGCQ for MFPPEC in Section 3. Furthermore, we
derive KKT-type necessary criteria of Pareto efficiency employing GGCQ. In Section 4,
we use the notions of M-stationary element and geodesic convexity to establish sufficient
Pareto efficiency criteria for MFPPEC. Subsequently, in Sections 5 and 6, Mond—-Weir and
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Wolfe type dual models related to MFPPEC are formulated, respectively. The weak, strong,
and strict converse duality results are derived relating MFPPEC and the respective dual
models. In Section 7, we provide an interesting practical application of the work presented
in this paper in the field of information theory. Finally, in Section 8, we draw conclusions
and discuss some future course of our research.

2. Notation and Mathematical Preliminaries

The standard symbols R” and N are employed to signify the Euclidean space having
dimension 7 and the set of all natural numbers, respectively. We use the notation R’} to
signify the following set:

RY :={(z1,22,...,2n) 1 2 >0, Vk =1,2,...,n}.

We use the symbol (-, -) to signify the usual Euclidean inner product on R”. For arbi-
trary a, B € R", we adopt the following notations:

x<B= <Py, Vk=12,...,n

x = ,B<:> {Oék < ,Bk, Vk € {1,...,1’1},‘
as < Bs, foratleastones e {1,...,n}.

We will be employing the notation .# to signify a smooth manifold having dimension
n. Let y* € .# be arbitrary. The set that contains every tangent vector at the element
y* € 4 is known as the tangent space at y*, and is signified by T,«.#. For any element
y* € M, Ty is areal linear space, having a dimension 1, where n € N. In case we are
restricted to real manifolds, Ty+.# is isomorphic to the n-dimensional Euclidean space
R". For any arbitrary subset W C T,+«.#, the closure and convex hull of W in Ty-.# are
denoted by cl()V) and co(W), respectively.

A Riemannian metric, denoted by ¢, on the set .# is a two-tensor field that is sym-
metric as well as positive-definite. For every pair of elements w;,w; € Ty*/// , the inner
product of w; and w; is given by:

(w1, w2)y = Gy (w1, w2),

where ¢« denotes the Riemannian metric at the element y* € .#. The norm corresponding
to the inner product (wy,wy),+ is denoted by || - ||+ (or simply, || - ||, when there is no
ambiguity regarding the subscript).

Leta,b € R,a <bandv: [a,b] — .# be any piecewise differentiable curve that joins
the elements y* and £ in .#. That is, we have:

v(a) =y*, v(b) = 2.

For any differentiable curve v, a vector field Y is referred to be parallel along the curve
v, provided that the following condition is satisfied:

VY =0.

If V,,v/ =0, then v is termed as a geodesic. If ||v|| = 1, then the curve v is said to be
normalized. For any y* € .#, the exponential function exp, . : Ty.# — ./ is given by:

exp, (@) = v(1),

where v is a geodesic which satisfies v(0) = y* and v/(0) = @. A Riemannian manifold
M is referred to as geodesic complete, provided that the exponential function exp,,(v) is
defined for every arbitrary v € Tp.# and u € .#.
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A Riemannian manifold is referred to as a Hadamard manifold (or a Cartan-Hadamard
manifold), provided that .# is simply connected and geodesic complete, as well as having
a nonpositive sectional curvature throughout. Henceforth, in our discussions, the notation
M refers to a Hadamard manifold of dimension 7, unless mentioned otherwise.

Let y* € .# be an arbitrary element lying in the Hadamard manifold .#. Then, the ex-
ponential function on the tangent space exp, . : Ty«.# — ./ is a globally diffeomorphic

function. Furthermore, the inverse of the exponential function expyl1 M — Ty M satisfies

expyl1 (y*) = 0. Furthermore, for every pair of arbitrary elements y;, y; € .#, there exists

some unique normalized minimal geodesic vy ,x [0,1] — 4, such that the geodesic v
satisfies the following:

vy s (T) = eXpyT(TeXp y}l (v5)), Vtelo1].

Thus, every Hadamard manifold .# of dimension n is diffeomorphic to the corre-
sponding n-dimensional Euclidean space R". The following definition is from Udriste [12].

Definition 1. Any subset G of .# is termed as geodesic convex, provided that for every pair of
distinct elements z1,zo € G and for any geodesic 75, -, : [0,1] — .4 connecting the elements z;
and z,, we have:

Yo,z (0) €G, Yoel0,1],

where, vz, z,(0) = exp,, (cr expz’ll(zz)),

The following definition from [12] is an extension of the notion of convex functions in
the setting of Hadamard manifolds.

Definition 2. Let ¥ : G — R be a smooth real-valued function defined on a geodesic convex subset
G of A . The function Y is termed as a geodesic convex function at the element y, provided that for
each x € G, the following inequality holds:

¥(x) ~ ¥(y) > (grad ¥(y), exp; x)

Similarly, the function ¥ is termed as a strictly geodesic convex function at the element y,
provided that for every x € G, x # y, the following inequality holds:

¥(x)—-¥(y) > <grad‘1’(y),exp;l x>y.

For more detailed discussions on Riemannian and Hadamard manifolds, we refer the
readers to [29,30] and the references cited therein.

3. Necessary Criteria of Pareto Efficiency for MFPPEC

In this section, a particular class of MFPPEC in the setting of Hadamard manifolds is
considered. We deduce KKT-type necessary criteria of Pareto efficiency for MFPPEC by
employing the generalized Guignard constraint qualification.

Let us consider the following MFPPEC in the setting of Hadamard manifolds:

AW (A AW AW
MFPPEC M s = (s B s
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subjectto  ¥;(y) <0, VjieI¥:={12,...,1},
0i(y) =0, VjieI’:={12,...,p},
Cily) >0, VjeT :={12,...,m},

Di(y) >0, VjeT,

Di(y)Ci(y) =0, VjeT.

where each of the functions A;, Bj: . #4 — R (j € T := {1,2,...,1}), Yj:l =R, (je %,
0j: 4 —R(je 79, Ci: Ml —R,Dj: 4 — R(j € T)are assumed to be smooth and are
defined on some Hadamard manifold .# having a dimension n, where n € N.

We use the symbol F to signify the set containing every feasible solution of the
considered problem MFPPEC. Without any loss of generality, we suppose that A;(y) > 0
and B;(y) > 0, for every y € F and i € Z. Throughout the remaining part of the article,
the following notation will be used:

@;(y) = “21((;)) Vi€ Z, and,

I(y) :==Dj(y)Ci(y), Vi €T,

foreveryy € /.
We recall the concepts of Pareto efficiency and weak Pareto efficiency in the following
Definitions 3 and 4, which will be used in the paper (for reference, see [28] for instance).

Definition 3. Let £ € F be an arbitrary feasible solution of MFPPEC. Then, % is termed as a
Pareto efficient solution of MFPPEC, provided that there does not exist any other feasible element
Z € F, which satisfies the following inequality:

D(z) X P(2),
that is:

AE) A
BE) — BE)

Definition 4. Let Z € F be an arbitrary feasible solution of MFPPEC. Then, Z is termed as a weak
Pareto efficient solution of MFPPEC, provided that there does not exist any other feasible element
z € F, which satisfies the following inequality:

(2) < ®(2),

that is:

AE) | Al2)
B(Z)  B(E)

Let Z € F be any arbitrary feasible solution of MFPPEC. The index sets defined below
will be crucial in the remaining part of the article:

d¥(2):={jeI":¥;(2) =0},

Rio(2):=={jeT:Cj(2) >0, Dj(2) =0},
Ro+(2) = {j € T:Cj(2) =0, Dj(2) >0},
Roo(2) := {j € T :Cj(2) =0, Dj(2) =0}

The following may be observed:

Remark 1. (a) The set <7 (2) is termed as the set of all active inequality indices for the function
Y at the point 2.
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(b)  The index set Roo(2) is termed as the degenerate index set at the point 2. The strict comple-
mentarity condition is said to be satisfied at Z provided that Ry (2) = @.

(c) One may notice that every index set that is defined above is dependent on the particular
choice of 2 € F. Nevertheless, in the remaining part of the article, we shall not indicate such
dependence explicitly when it is easily perceivable from the context.

Let § € F be arbitrary. The sets #* (for every k € 7) and # as defined below will be
crucial to discuss Guignard constraint qualification and Pareto efficiency conditions for
MFPPEC:

A= {y e F:)y) < o,(@), Vi€ L, j £k},

B = {y € F:@j(y) < @(¥), Vj € I}.

Remark 2. We may observe the following:
(a)  From the above definitions of the sets 8% and B, it is clear that:

N 2 = %.
ke

(b)  In the case when T = {1}, MFPPEC reduces to a single-objective fractional optimization
problem with equilibrium constraints. In such a case, we have:

B =F.

In the next definition, we recall the notion of the contingent cone for any subset of .#
(see [31]).

Definition 5. Let H C .# and §j be some arbitrary element in the closure of the set H. Then, the
contingent cone (in other terms, Bouligand tangent cone) of the set H at the element i is symbolized
by the notation € (H, 1)), and is given by:

CTNH, g) = {§ € Tyl : 30w 10,3 {En}3y C Ty, En — &, expy(0un) € HVn € N}

The following notion of linearizing cone is an extension of Definition 6 from
Treantd et al. [7] for MFPPEC in the setting of Hadamard manifolds.

Definition 6. Let §j € F be arbitrary. The linearizing cone to the set 9 at the element 1 is the set
defined as follows:

¢ (B,9) = {7 € Tyt : 0 VjeT,
0, Vje ot
0, Vje1f

9),u)y =0, Vj€Ros,
0, Vj € Ryo,
0, Vj € Rao,
0

, V] S Roo}.

Remark 3. We may observe the following:

(a) If A is considered to be the n-dimensional Euclidean space, then Definition 6 is an extension
of Definition 3.1 presented by Maeda [28] from the setting of Euclidean spaces to the setting
of Hadamard manifolds. Furthermore, Definition 6 generalizes Definition 3.1 of [28] from



Mathematics 2023, 11, 3649

7 of 28

nonlinear optimization problems to MFPPEC, the latter being a wider category of optimization
problems.

(b) If # = R", then Definition 6 generalizes the notion of linearizing cone provided in [6] from
smooth multiobjective MPEC to multiobjective fractional MPEC.

To introduce GGCQ for our considered problem MFPPEC, we now provide the follow-
ing definition, which is an extension of the notion of the modified linearizing cone from [6]
in the context of our problem MFPPEC.

Definition 7. Let § € F. The modified linearizing cone to the set % at the element 1 is the set
defined as follows:

G (B, 1) = {ﬁ € Ty (grad ®;(9),u)y <0 VjeZ,
(grad¥;(9),u)y <0, Vje€ %,
(grad 0;(9),u); =0, Vje I
(grad Ci(9),u)y =0, Vj€ Roy,
(grad D;(¥),u)y =0, Vj € Ry,
(grad Ci(9),u)y >0, Vj€ Roo,
(grad Dj(§),u)y > 0, Vj € Roo,
(grad C;(77),u)y(grad D;(9),u)y =0, Vj € 7'\’,00}.

Remark 4. We may observe the following:

(a) If # is considered to be the n-dimensional Euclidean space, then Definition 7 is a generalization
of the similar notion presented in [6] for a wider category of optimization problems, that is,
MFPPEC.

(b) It is significant to note that from Definitions 6 and 7, the following inclusion relation read-
ily follows: . .

Gnitrpec (2, 9) € €V 2, ).

Maeda [28] introduced the generalized Guignard constraint qualification for multi-
objective optimization problems with inequality constraints in Euclidean space setting.
Furthermore, it has been established in [28] that GGCQ is the weakest constraint qualifica-
tion, as compared to other well-known constraint qualifications for nonlinear multiobjective
programming problems (such as Abadie constraint qualification, linearly independent con-
straint qualification, Slater’s constraint qualification, and Cottle constraint qualification).
As a result, to derive KKT-type necessary criteria of Pareto efficiency for MFPPEC, we
now extend the notion of GGCQ from [28] for our considered problem MFPPEC in the
framework of Hadamard manifolds.

Definition 8. Let y € F be any arbitrary feasible element. The generalized Guignard constraint
qualification GGCQ is said to be satisfied at the point Y, provided that the following inclusion
relation is satisfied:
“rirppec(%,7) € [ cleo @™ (#',7).
teT

Remark 5. Definition 8 generalizes the notion of GGCQ of [28] from nonlinear programming
problems in Euclidean space setting to MFPPEC in Hadamard manifold setting, which belongs to a
more general category of mathematical programming problems.

The following lemma is a variant of Theorem 4 from Treantd et al. [7] and will be
helpful to deduce KKT-type Pareto efficiency criteria for MFPPEC in the sequel.
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Lemma 1. Let § € F be any Pareto efficient solution of MFPPEC such that GGCQ holds at .
Then, there always exist real numbers a; > 0 (j € Z), U}F (jezh), 0']-9 (j € 19), a]C GeT), a]-D
(j € T), which satisfy the following:

Yo grad @;(9)+ Y of grad ¥;(9) + Y of grad 6;()

j€T jeTY jez?
— ZT {U]-C grad Cj(ﬁ) + (T]D grad D](yA)} =0,
je

and.: . . . v
o 20, 07 ¥j(#)=0, Vjel’,

of free,¥Vj € Ros, of >0,Vj€Roo, of =0, ¥j€ Ry,
P free, Vj € Ry, 0f >0,Vj€ R, 0} =0, VjeRos,
ofCi(9) =0, oPDj(y) =0, VjeT.

Remark 6. We may observe the following:

1. IfBj(y) = 1foreveryj € Zandy € F, then Lemma 1 reduces to Theorem 4 established by
Treantd et al. [7].

2. Lemma 1 generalizes Theorem 3.2 of Maeda [28] from smooth multiobjective programming
problems to MFPPEC and extends it from R" to the framework of Hadamard manifolds.

Now, we arrive at the main result of this section. In the next theorem, strong KKT-type
necessary criteria of Pareto efficiency for MFPPEC is established by employing GGCQ.

Theorem 1. Let y € F be any Pareto efficient solution of MFPPEC. Suppose that GGCQ holds
aty. Then, we can obtain some real numbers aj € R (zx]' >0,j€I), (T}P eER(je Y, (7]9 cR

(j € 79, ch eR(jeT)and 0']-D € R (j € T), which satisfy the following:

) aj| grad A;(7) — x; grad B]-(y)} + ) U}Y grad¥;(7) + ) 0']-9 grad 6;(v)

jez jeT =
— ; [ch grad C;(y) + U]«D grad Dj(y)} =0,
IS

Ai(y) —xjBj(y) =0, VjeZ
o' >0, o'¥;m =0, VjeI,
of free,Vj € Roy, of >0,VYj€Roo, of =0, Vj€Ryq,
of free, Vj € Ryo, of >0,Vj€Roo, 0 =0, Vj€Ros.

Proof. According to the provided hypotheses, ¥ € F is any Pareto efficient solution of
MFPPEC and GGCQ holds at . Let us now define:

= Ai (@)
T Bi(y)”

Viel.
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Consequently, it follows from Lemma 1 that there exists some f; € R (§; > 0,j € ),
satisfying the following:

)y Bé(j 7| 8radAi(H) — X gradBj(y)]+ Y. 0 grad ¥;(7) + ) o7 grad 6;(7)

jez Bily jez f;ﬁ (1)
— Z [ch grad C;(y) + 0;” grad Dj(y)} =0,
jeT

' >0, 'Yy =0, VjeI,
f free,Vj € Roy, 0F >0,Vj€ Roo, 0f =0, Vj€ Ry,

P free,Vj € Ry, 7 >0, Vj€Roo, 07 =0, Vj€ Roy.

Let us now define the following:

B
ok
wi= —,  VjeT,
LjeT By)
~¥
[
(7]‘»1} S E— vj e 7Y,
Tjer gt
i€ B;(y)
~0
o
o=—"t—  vjel,
] Z ﬁ]‘
€T B;()
~C
(o
crf’::if g ViEeT,
Tiet B
€T B; ()
~D
o
of = —1——, VjeT.

== 5
Ljet B(y)
Then, it follows that:

Z aj| grad A;(y) — x; grad B]‘(y)} + Z (T}Y grad ¥;(y) + Z (7]9 grad 6;(7)
jeT jez¥ jezd

- Z {(T]»C grad C; (y) + O'J-D grad Dj(y)} =0,
jeT

of >0, o'¥;(y) =0, VjeI¥,
of free,Vj € Roy, of >0, Vj€ R, of =0, Vj€Ryq,
of free,¥j € Ryo, 0 >0,Vj€Roo, 0f =0, Vj€ Ros.

Thus, the proof is complete. [

Remark 7. We may observe the following:

(a) If # = R", then Theorem 1 is a generalization of Theorem 1 presented by Singh and
Mishra [6] from multiobjective MPEC to MFPPEC, which belongs to a more general category
of optimization problems.

(b) IfB;(y) =1(j € L) for every y € F, then Theorem 1 reduces to Theorem 4 established by
Treanti et al. [7].

(c)  Theorem 1 generalizes Theorem 3.2 of Maeda [28] from nonlinear optimization problems
with inequality constraints to MFPPEC and further extends it from R" to the setting of
Hadamard manifolds.
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We now furnish the following numerical example of MFPPEC in the framework of
a Hadamard manifold to demonstrate the importance of Theorem 1. In this example,
we formulate an MFPPEC in Hadamard manifold setting and illustrate that GGCQ is
satisfied at a Pareto efficient solution of the problem. Moreover, we illustrate that KKT-type
necessary conditions of Pareto efficiency are satisfied at the Pareto efficient solution.

Example 1. Let us consider the set .44 C R? as defined below:
M= {z = (21,27) € R, 21,20 > 0}.

One can verify that the set .# as defined above is a two-dimensional Hadamard manifold
(see [15]). Let y = (y1,Yy2) € 4 be arbitrary. The Riemannian metric associated with .4 is given
by (4, ®), = (4 (y)0, @), Vi, ® € Ty.# = R>. Furthermore, we have:

le 0
7

Moreover, the exponential function denoted by exp, : Tyl — . for any arbitrary choice of

Ul
W € Ty is defined as exp, () := (x1e"1, xze y2) Similarly, expy : M — Ty M is the inverse

of the exponential function for any y,z € ./ and is defined as exp,* (z l(z) = <y1 In7LypIn 2 )
Let us consider the following MFPPEC on the manifold ./ :

(P)  Minimize <.A1(z) A1(2)> :: (zl —e/logzz>,

Bi(z)" Bi(2) z1 2
subject to:
Y(z):=1—1Inz; —Inz, <0,
C(z):= ln21 -1>0,
D(z) :==1lnz; —1>0,
C(z)D(z) := (Inz; —1)(Inzp — 1) = 0.

Clearly, the functions A;, B; : M4 — R, Gj=12),Y: 4 -RC: M -RD: .4/ - R
are smooth functions. The feasible set F for the problem (P) is given by:

F:={z€M,z1=e2y>e, 0121 >e2 =e}
Let us choose the feasible solution j = (e, e). Consequently, we obtain the following:
T T
grad A;(9) = (eZ, 0) , grad B1(7) = (ez, O) ,

grad A>(§) = (0,¢)", grad Ba(#) = (0,0)",
grad ¥(9) = (—e, —e), grad C(9) = (¢,0)7, grad D(9) = (0,¢)".
1

It can be veriﬁed that GGCQ holds at 1. Let us now pick some real numbers ny = %, ay = 3,
=0,0°= ¢, 0P = 1. Then, we can verify that the following relation is satisfied:

2
Z aj| grad A; () — Xjgrad B; (]2)} +ot grad ¥ (7)
=1
~ [0 grad C(9) + o grad D()] = (0,0)7,

Aj(9) —xiBj(9) =0, Vje{1,2}.
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Hence, every assumption and conclusion of Theorem 1 for the problem (P) is justified.

4. Sufficient Criteria of Pareto Efficiency for MFPPEC

In this section, we introduce the notion of an M-stationary point in the manifold
setting for our considered problem (MFPPEC). We employ certain hypotheses of geodesic
convexity to derive the sufficient conditions of Pareto efficiency for MFPPEC.

To begin with, we introduce the notion of an M-stationary element for our considered
problem MFPPEC in the setting of Hadamard manifolds (see, for instance, [8]).

Definition 9. Let y € F be an arbitrary feasible element of MFPPEC. The feasible element ¥ is
referred to as Mordukhovich stationary element (abbreviated as, M-stationary element), provided
that some real numbers a; € R (a; > 0,j € I), U}P eR(jeI?), tT]e eR(je 1Y, U]C eR

(jeT)and (T]-D € R (j € T) exist, satisfying the following:

Y aj| grad A;(7) — x; grad B; (y)] + ) (T}F grad¥;(7) + ) 0']'9 grad 6;(y)
jeT

jeTY jeze
_ - 2
-) [ch grad C;(y) + (T]-D grad Dj(y)} —o @
jeT

Ai(y) —xjBj(y) =0, VjeTZ,

and:
of >0, Vje ¥,
of =0, ¥j € Ry, .
3
of =0, Vj € Roy,

Vj € Roo, either, UJC >0, (r]-D > Qor, O'J-C(T]-D =0.

Now, we define a few index sets as given below that will be useful in the subsequent
discussions:

R = {jEROO:ajC>O, a]’>o},

~
m
I
o
(=]
S
>l
Il
L
o

7

a]-D>0},
jERp:0f =0, ajD<0},
of > }
j€Ro:0P =0, a]C<o},

Roy =
RL, = ]€R+o:(rjp>0},
R.o:=19] € R+o O'jD < 0},

In the next theorem, we use the notions of M-stationary element and geodesic convex-
ity to derive sufficient criteria of weak Pareto efficiency for MFPPEC.
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Theorem 2. Suppose z € F is such that z is the M-stationary element of MFPPEC. Let the
functions @j (j € 1), as defined below, be geodesic convex at the element z:

Pj(z) == Aj(z) — x;Bj(z), where,
_AG
Xj = Bj@) ,

>

Viel ze A.

Furthermore, let us suppose that each of the functions ¥; (j € %), 0; (j 79%), —0;
(j€I?), —Ci (j € RE.URIUREG), —Dj (j € R, URY URY,™) are geodesic convex

functions at z. Moreover, we assume that:
- - -0 0— _
Ropy UR HURy URyy = .
Then, z is a weak Pareto efficient solution for MFPPEC.

Proof. According to the provided hypotheses, we have that z € F is an M-stationary
element of MFPPEC. In the light of Definition 9, we infer that the relations in (2) and (3) are
satisfied for the element Z.

By reductio ad absurdum, we suppose thatz € F is not a weak Pareto efficient solution
of MFPPEC. Consequently, a feasible element z € F exists, which satisfies the following:

vjeZ. 4)

From (4), we obtain the following:
.A](Z) — )(]B](Z) < A](Z) — X]B](f), V] el

In view of the definition of the function & in the hypothesis of the theorem, we
infer that:
Pi(z) < Z;(z), Vjel

Since for every j € Z, the functions &; are geodesic convex at J, we obtain the
following:

<grad 2,(2), expgl(z)>f <0, Vjerl ®)

From the feasibility conditions of the problem MFPPEC, the following inequalities can
be obtained:

¥i(z) <0=Y,(), vje 7% (2),
0;(z) <0=0;(z), vje1?,
—0;(z) <0=—0;(z), VjeI,
—Ci(z) <0=—Ci(z),  Vj€Ror URo,
—Dj(z) <0=—-Dj(z), Vje€R4oURoo,

Since for every j € </¥(z), the functions ¥, are geodesic convex at y, we obtain
the following:

<grad‘I’j(E), exp;l(z)>Z <0, Vjieg¥ (6)
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Similarly, in the light of the geodesic convexity hypothesis on the functions 6; (j € 79),
—0; (j€1%), —Cj (j € R URGURY ), —Dj (j € Ry URY U R++) we have
the following:

> <o, Vje1l,
> >0, Vjel?,
=0, Vje RS URGURG,
<gradD]-Z,expglz> >0, VjieRIZURY URGE'

Moreover, we have R L UR U R_O U ROO = @. As a result, we arrive at the
following inequalities:

( T o grmavia) e'@) <o

jea¥

< Y, of grad6;(z), exp’ > <0,

jezb %
< Z (7 gradC ), expZ > >0,

jeT
< Yy (7].73 grad D;(z), expzl(z)> > 0.

jeT z

We have a; > 0 for every j € Z. Then adding each of the inequalities in (5) and (7),
the following inequality can be obtained:

< Z“]l:gradA]( ) Xj gradB :| + Z (T grad‘}’ )—|— Z 0’]9 grad@](z)
jez jea¥ jeT?

- {U]C grad Cj(z) + U]«D grad Dj(z)], expzl(z)> <0,
jET z

which contradicts the fact that z is the M-stationary element of MFPPEC. As a result, we
infer that z is a weak Pareto efficient solution for MFPPEC. Hence, the proof is complete. [

Remark 8. We may observe the following:

(@) If #ij(y) = 1(j € I) for every y € F, then the sufficient optimality condition derived in
Theorem 2 reduces to the corresponding result (Theorem 5) presented by Treantd et al. [7].

(b)  Theorem 2 is an extension of Theorem 2.3 provided by [8] from the Euclidean space framework
to the framework of Hadamard manifolds, and furthermore, generalizes it in the setting of a
wider category of optimization problems, which is MFPPEC.

In Theorem 3, another sufficient condition of the Pareto efficiency for MFPPEC is
presented in the manifold setting using the notion of the M-stationary element and under
the hypotheses of geodesic convexity. The proof of the theorem follows in similar lines as
the proof of Theorem 2.
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Theorem 3. Let z € F be any arbitrary feasible element of MFPPEC, such that z is an M-
stationary element of MFPPEC. Let us suppose that the functions &; (j € 1), as defined below, are
strictly geodesic convex at the element z:

Pj(z) == Aj(z) — x;Bj(z), where,
A

Viel ze .

Furthermore, let us suppose that each of the functions ¥; (j € oY), 6; (j 79%), —0;
(Gj€I?), —Ci (j € RE.URIUREG ), —Dj (j € REGURY URY,™) are geodesic convex
functions at z. Moreover, we assume that:

Roy URyURy URYy = 2.
Then, zZ is a Pareto efficient solution for MFPPEC.

Now, we furnish a nontrivial numerical example to illustrate and validate the conse-
quences of Theorem 2. In this example, we justify that the geodesic convexity assumptions
of Theorem 2 are sufficient criteria for Pareto efficiency for MFPPEC.

Example 2. Let us consider the MFPPEC (Problem (P)) defined in Example 1 on the manifold . .
We use the symbol F to signify the set containing every feasible solution of the problem (P). That is,
we have:

F={z€M,21=e,2p>e 0121 > ez =e}

Choose the feasible solution j = (e, e). Let us now pick some real numbers a1 = %, a5 = 3,

Y =0,0¢ = ¢, 0P = 1. Then, we can verify that the following relation is satisfied:

2
Z {gradA 7) — ngradBj(y)]+UYgradT(y)

- {U grad C(9) + o grad D(ﬁ)} = (0,0),
Aj(#) — x;Bj(9) =0, Vje{1,2}.
It can, thus, be verified that the point i is an M-stationary element for (P). Furthermore, one

can verify that each of the geodesic convexity assumptions stated in the sufficiency optimality criteria
(Theorem 2) are satisfied. Therefore, 1] is a weak Pareto efficient solution of (P).

5. Mond-Weir Type Dual Model for (MFFPEC)

Let w € .# be an arbitrary element of the Hadamard manifold .#. Furthermore, let
6 €Ra;>0(eI)of eR(jeI¥),of eR(jeI’), of eR(j€T) o’ €R
(j € T). Then, related to the primal MFPPEC, the corresponding Mond-Weir type dual
model (abbreviated as DP-MW) is formulated as given below:

Ai(w) Az (w) Az(W))
Bi(w)” By(w)" " By(w) )*

(DP-MW) Maximize % (w) := ( (8)

subject to:
Y a;| grad Aj(w) — x; grad Bj(w } + ) (7 grad ¥;(w)+
jeZ jez¥

Zg (7]9 grad 0;(w) — ;[ch grad Cj(w) + ng grad Dj(w)} —0,
JET j€
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Y, of¥i(w) >0, Y 0f6;(w) >0, Y ofCi(w) <0, Y 0P Dj(w) <0, ©)
jert jez? jeT jET

where: ‘
Aj(w) — x;Bj(w) =0, VjeZ
ol >0, Vje ¥,
of =0, ¥j € Ryq, (10)
of =0, Vj € Roy,

Vj € Roo, either, of >0, ¢ > 0or, ofc” =0.

The set containing every feasible element of (DP-MW) is signified by the symbol F.
In the next theorem, the weak duality result relating to our considered primal problem
(MPPEC) and (DP-MW) is derived.

Theorem 4. LetZ € F and (w,a,0) € Fp be arbitrary. Suppose that the functions &; (j € 1),
as defined below, are geodesic convex at the element z:

Pi(z) = Aj(z) — xjBj(z), where,

L Aj(w)
Y= B

Viel ze A,

Furthermore, let us suppose that each of the functions ¥; (j € #%), 6; (j € I9), —9;
(GeTIl), —Ci(j € R, URIURE ), =D; (j € Ry URYS URG,") are geodesic convex
functions at z: Moreover, assuming that:

Roy URTURy URyy =2,

we have:
ZL(z) £ ZL(w).

Proof. Given thatz € F and (w,a,0) € F) are arbitrary feasible elements of MFPPEC
and (DP-MW), respectively. By reductio ad absurdum, we suppose that £ (z) < .Z(w).
Consequently, the following can be obtained:

Vjel. (11)

From (11), we obtain the following;:
A](Z) — )(]B](Z) < .A](ZU) — X]B](w), vViel.

In the view of the definition of the function & in the hypothesis of the theorem, we
infer that:
@](Z) < @](w), vVjel.

Since for every j € Z, the functions &; are strictly geodesic convex at i, we obtain
the following:

<grad P(w), exp;ul(z)> <0, Vjerl (12)
w
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From the feasibility conditions of the problem MFPPEC, the following inequalities can
be obtained:

¥i(z) <0=Y(w),  Vje¥(w),
0;(z) < 0= 0;(w), vj e,
—0;(z) <0=—0;(w), VjeI,
—Cj(2) 0= ~Cj(w),  Vj€& Ro+URa,
—Dj(z) <0=-Dj(w), Vj€ RioURo,

Since for every j € /¥ (w), the functions 'Y, are geodesic convex at the element w, we
obtain the following;:

<grad‘{’]-(w), exp;1(2)> <0, Vjew¥ (13)
w
Similarly, in the light of the geodesic convexity hypothesis on the functions 6; (j € 79),

—0; €I?), —C; (j € RELURG URYG ), —Dj (j € RIgURY URG), we have
the following:

<grad 0;(w), exp,, (Z)>w <0, vje1?,
<grad 0;(w), expz_ul(i)> >0, VjeT?,
w
<grad Ci(w), exp;ul(i)>w >0, VjeR§ U RiDURY,
<gradDj(w), exp;1(2)>w >0, VjieRIZURY URG'.

Moreover, we have R, e R;O U Raoo U Rga = @. As a result, we arrive at the
following inequalities:

( L of graatw) expw1<>> <o,
jea¥
< ) (7 grad 0;(w , expt( >
icTt
jeT w (14)
< Y. of grad Cj(w), exp,'( >
jeT w
< Y a].D grad D;(w), expwl(z)> > 0.
jET w

We have a; > 0 for every j € Z. Then, adding each of the inequalities in (12) and (14),
the following inequality can be obtained:

< Yo« [grad Aj(w) — x;jgrad Bj(w)] + ) (T]T grad ¥;(w) + ) (T]-e grad 6;(w)
jET jea¥ jez?

-) {ch grad Cj(w) + O'jD grad Dj(w)} , expwl(z)> <0,
jeET w

which contradicts the fact that w is a feasible element of (DP-MW). Hence, the proof
is complete. O

Next, we derive another weak duality relation referring to our primal problem MF-
PPEC and (DP-MW). The proof may be formulated similarly to the proof of Theorem 4.
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Theorem 5. Let z € F and (w,a,0) € Fu be arbitrary feasible elements of MFPPEC and
(DP-MW), respectively. Let us suppose that the functions &; (j € L), as defined below, are strictly
geodesic convex at the element w:

Pj(z) == Aj(z) — x;Bj(z), where,
X-':Aj(w) VieZ zed
I Bj(w)’ ’ '

Furthermore, let us suppose that each of the functions ¥; (j € oY), 6; (j 79%), —0;
(Gj€I?), —Ci (j € RE.URIUREG ), —Dj (j € REGURY URY,™) are geodesic convex
functions at w. Moreover, we assume that:

Roy URyURy URYy = 2.

Then:
ZL(z) £ Z(w).

In the next theorem, the strong duality relation referring to our considered primal
problem (MPPEC) and the Mond—-Weir dual problem (DP-MW) is deduced.

Theorem 6. Let z € F be any arbitrary Pareto efficient solution of MFPPEC at which GGCQ is
satisfied. Then, there exist some a; € R, a; > 0 (j € I), (T]T eR(jeIh), (7]9 cR (je1,

(T]-C eRGeT), (T]D € R (j € T) such that (z,«,0) € Fpr. Moreover, we have:

AZ)
B(z)

= Z(Z,ua,0).

Supposing that each of the hypotheses stated in Theorem 4 (respectively, Theorem 5) is satisfied,
then (z,a, o) is a weak Pareto efficient (respectively, Pareto efficient) solution of (DP-MW).

Proof. According to the provided hypotheses, we have that z € F is any arbitrary weak
Pareto efficient solution of MFPPEC at which GGCQ holds.
In the light of Theorem 1, we obtain some real multipliers: #; € R, a; > 0 (j € I),

ol eR(jeIY) ol eR(jeI’),0f €R(jeT) o €R(je T) suchthat
) aj| grad A;(z) — xjgrad Bj(z)} + ) (7]‘-1} grad'¥;(z) + ) 0']9 grad 6;(z)
jET jez¥ jez?
- [U]C grad C;(y) + o grad D]-(E)] —o, 19
JET
A7) - xiBi(5) =0, VjeT,
of 20, o'¥(y) =0, vjeIF,
of free,Vj € Roy, of >0,Vj€Roo, of =0, Vje Ry, (16)
of free,Vj € Ry, 0 >0, ¥j€Roo, 0f =0, Vj€ Ry
Consequently, it follows that:

(Z,a,0) € Fu,

and:
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By reductio ad absurdum, we consider that (z, &, o) is not some weak Pareto efficient
solution of (DP-MW). As a result, one can find some (#,&,0) € Fj;, which satisfies
the following:

Z(Z) < L W),

which contradicts the Theorem 4. Hence, (Z,«,0) is a weak Pareto efficient solution of
(DP-MW). Similarly, we can prove that if each of the hypotheses stated in Theorem 5 is
satisfied, then (Z, &, o) Pareto efficient solution of (DP-MW). O

In the next theorem, we present a strict converse duality relation referring to our
considered primal problem MFPPEC and (DP-MW).

Theorem 7. Let us suppose that y € F is any Pareto efficient solution of MFPPEC at which
GGCQ is satisfied. Let (0, @, 7) be a Pareto efficient solution of (DP-MW). Let us suppose that each
of the hypotheses stated in Theorem 5 holds. Then, y = w.

Proof. According to the provided hypotheses, we have that y € F is a Pareto efficient
solution of MFPPEC at which GGCQ holds.
By reductio ad absurdum, we suppose that ¥ # w. As a result, in light of

Theorem 6, we obtain a; € R, a; > 0 (j € I), 0 € R(j € I¥), 07 € R (j € 1%,

tT]C eR(GjeT), tT]-D € R (j € T), such that (¥,«,0) € Fp1. Moreover, we have:

A®) .
T — <z ,0,0).
B(y) @, 0)
On the other hand, in the view of the conclusions of the strong duality theorem
(Theorem 6), one can conclude that (7, «, o) is a Pareto efficient solution for MFPPEC. Since
y € Fand (w,&,0) € Fyw, then from Theorem 6, we obtain:

Z(y) ¢ £ (),

which is a contradiction. Hence, the proof is complete. [

Remark 9. We observe the following:

1. If # = R", then the weak and strong duality theorems (Theorems 4 and 6) generalize the
corresponding theorems (Theorem 6 and Theorem 7) deduced in [6] from multiobjective MPEC
to MFPPEC.

2. The weak, strong, and strict converse duality relations (Theorems 4, 6, and 7) extend Theorem
4.1, Theorem 4.2, and Theorem 4.3, respectively, deduced in [23] for a wider category of
optimization problems, that is, MFPPEC.

In the following example, we demonstrate the formulation of Mond-Weir dual prob-
lem corresponding to a primal MFPPEC problem. Furthermore, we illustrate the results
derived for Mond-Weir duality for MFPPEC in the framework of a Hadamard manifold.

Example 3. Let us consider the MFPPEC (Problem (P)) defined in Example 1 on the manifold .4 .
We use the symbol F to signify the set containing every feasible solution of the problem (P). That is,
we have:

F={ze€M,z1=e2)>e 0,21 > e,zp =e}.

Let w € . be an arbitrary element of the Hadamard manifold .# . Furthermore, let a; € R,
a; >0 (je{1,2}), ot e R, 0C € R, 0P € R. Then, related to the primal (P), the corresponding
Mond—Weir type dual model (abbreviated as DP-MW) is formulated as given below:

(DP-MW)  Maximize ¥ (w) = (él((w)), ;lzz((w))> = <|w]—e|,10g2wz>/
1(w w ¢
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subject to:
2
Z {grad.A w) — x;jgrad B]-(w)} + 0¥ grad ¥ (w)+
- [(7 grad C(w) + 0P grad D(w)} =0,
¥ (w) >0, c°C(w) <0, ePD(w) <0,
where:
Aj(w) — x;Bj(w) =0, Vje{l,2}. (17)

Let us choose the feasible solution §j = (e, e). One can easily verify that the feasible solution 1
is, indeed, a Pareto efficient solution for (P). Furthermore, GGCQ holds at iJ. Let us now pick some
real numbers aq = %,zxz = %, ol =0,0¢ = %, 0P =1 Then, we can verify that the following

relation is satisfied:

2
Z aj| grad A;(7) — x;j grad B;(§) | + ot grad ¥(9) — [(TC grad C(7) + oP grad D(yA)} =
=1

Ai(9) — x;Bj(9) =0, Vje{1,2}.

Thus, we see that 1] is a feasible element of (DP-MW). Furthermore, every assumption of the
strong duality theorem is satisfied. As a result, (§j, a, o) is a Pareto efficient solution for (DP-MW).

6. Wolfe Type Dual Model for MFPPEC

In the following theorem, we establish a different variant of the necessary criteria of
Pareto efficiency for MFPPEC derived in Theorem 1, which will be helpful to formulate the
Wolfe type dual model for MFPPEC.

Theorem 8. Let y € F be any Pareto efficient solution of MFPPEC. Suppose that GGCQ holds at
Y. Then, we can obtain some real Lagrange multipliers: e; € R (¢; > 0,j € I), E}P eR(jeIY),

(7? cR(je19), Ef €ER(jeT)and E]D € R (j € T), which satisfy the following:

) eiBi(7) [ grad A;(y 2 + orad ¥i( Z o grad 0;(y
i€l jeTY jez?
_Z< 7 grad Cj( )+0’ grad D;(y } Y eigrad Bi(7 )[A )
jeT i€l
+ L@+ L olom - L (56w +aPom) | <o
jez¥ jeze €T

o 20, oY@ =0, vjeI",
7} free, Vj € Roy, 05 >0, ¥j€Roo, 75 =0, Vj€ Ry,
o7 free, Vj € Rio, 07 >0, ¥j € Roo, 07 =0, Vj € Roy.

Proof. According to the provided hypotheses, i is a weak Pareto efficient solution for
MFPPEC at which GGCQ holds. In view of Theorem 1, one can obtain some real numbers:
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g eR(w>0jeI)c eR(jeI¥) ol eR(jeI’, of €R(jeT)andol eR
(j € T), which satisfy the following:

sz]- grad A;(y) — x; grad B;(y } ) 0' grad'¥;(7) + ) 0' grad 0;(y)
jeT jer¥ je1o
(18)
- [U grad C;(y )+a grad D; (y)] 0,
jeT

Ai(y) —xjBj(y) =0, VjeZ
o' >0, o'¥m =0, VjeI,
of free,Vj € Roy, of >0,Vj€ Roo, of =0, Vj€ Ry,
of free,Vj € Ry, 0 >0, ¥j€Roo, 0f =0, Vj€ Ry

Let us now define ¢; (j € Z) in the following manner:

lXj s
g = —, VjEL

Bi(y)’
Consequently, from (18), we can obtain the following:
A,
281 )| grad A;(y) — B®) i) grad B;(y ] + Z (T grad ¥;(y)
+ Y (7]9 grad 0;(7) — ) [(7 grad C;(y )—HT grad D; (y)} 0.
jez? jET

From (19), the following equation can be obtained:
Y iBj(y) grad A;(7) + ) (7 grad¥;(y) + ) 0]9 grad 0;(y)
jeT jez¥ jez?

- Z((T grad C;(y )—|—0’ grad D;(y ) Y A7) grad B;(7) =
jeT jeT

(20)

Furthermore, let us define the following:

(T]Y
FY =", Vj€e I‘Y,
] Yier €iBi(V) J
9
ot
) j g
r==——- VieTl,
I YiereBi(y) J
= . UJC
[ —  _ YieT,
1T Sz
D
o’
) j .
o= —=————, VjeT.
4 Yier €iBi(V) J

Then, from the feasibility conditions of MFPPEC and the definition of indices, the re-
quired relations follow. O

Let us suppose that w € .# is any arbitrary element. Furthermore, leta; € R, a; > 0

jeI),of eR(jeI) ol eR(jel) ol eR(jeT) o’ eR(jeT) Let

e=(1,1,...,1) € R" be the unit vector having r components. Then, related to the primal
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MFPPEC, the corresponding Wolfe type dual model (abbreviated as DP-W) is formulated
as given below:

(DP-W) Maximize L(w,a,0) := (L1(w,a,0), Lo(w,a,0),..., L (w,a,0)),

subject to:

a;B;(w) | grad (T rad‘Y + o; grad 0;(w

B grad A;(w g ]Gg j
i€T ]eI‘*’ jeT?

—Z((fjcgrad(f( )+tT grad Dj(w )} ) a; grad Bi(w ){A (w)
jeT i€l

+ Z (T‘Y‘Y Z 066 Z (U]CCj(w) + tfjij(w))] =0,
jeT¥ jez? jeT

where, for every j € Z, the function Ej(w, ,0) is defined as:

Aj(®) + Tjepy 0 ¥j(w) + Tiegs 00(w) — Tjer [06C; (@) + ePD;(w)
Bj(w) ’

L‘j(w, n,0) =

and:
ol >0, Vje ¥,

of =0, Vj € Ry,
of =0, Vj € Roy,
Vj € Roo, either, ch >0, chD > 0 or, (T]Ca] =0.

We use the notation Fy to signify the set containing every feasible solution of the
problem (DP-W). For the sake of convenience, we now construct an auxiliary function
Q : A — Rin the following manner:

)i= D) [ 40+ T P00+ T o) = T (600 +0P i)

ieT jez¥ jez? j€T

— Y wBi(-) [Ai(w) + ¥ of(w) + Y of6(w 2 (ofc;(a) —i—cT]DD]-(w))],
i€T jeTY jez? €T

where w € F;,. Throughout the remaining part of the section, we shall always assume that:

Aj(w)+ ¥ o ¥(w) + Y of6;(w Z[ Ci(w) + oPDj(w)] > 0,
eT

jert jez?
B](ZU) >0,
foreveryj € 1.

The weak duality relation relating our considered primal problem MFPPEC and Wolfe
dual model (DP-W) is established in the following theorem.

Theorem 9. Let us suppose that z € F and (w,, ) € Fy are arbitrary elements. Furthermore,
assume that the function () is geodesic convex at w. Then:

A(Z)
B(z)

A L(w,a,0).
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Proof. From the feasibility conditions of the problem (DP-W), we have that:

Y w;Bi(w) {gradA + Y (7 grad'¥j(w) + ) (7]6 grad 0;(w)
i€l jeT¥ jez?

- L (oF grdGiw) + o grad Dyw))] - Dosgrad B[ A
jeT €1

+ L oF¥o)+ E ol6j(w) — T (oFCi(w) + 0P Dy(w)) | <o

jeT¥ jez? jeT
By reductio ad absurdum, we suppose that:

A(z)
B(z)

Consequently, we have the following inequality for every j € Z:

< L(w,a,0).

A1(z) _ A©) + Bjerr ¥ (0) + Diero 0](®) ~ Bjer [o6¢j(w) + oPDj(w)]
B;(z) Bj(w) ‘

Given that «; > 0 for every i € Z, we obtain the following;:

¥ (A@8(w) < L3 (4w T i)+ T ofojl

jez jez jezt jezd
y (afcj(w) + (T/DD]'(ZU)) )
jeT

Equivalently, we can rewrite the above inequality in the following manner:

Y a;Bj(w) [ + ) O"Y\Ij + Y 099 ZT<0']-CC]‘(E) +(T]-DD]-(Z))]

jeT jeT¥ jeTd
-y w;B;(z) {Aj(w) + Y (T}P‘Y )+ Y (799 - (O’JCC]'(ZU) + (T]'DDj(w)ﬂ 1)
jez jez¥ jeTt jeT
< Eajsj(w)[ Y, oY@+ Y ofe(z) - ) (afcj(z) +a]-DD]-(z))].
jeT jeTY jez? jeT

We now note that a; > 0 and B; > 0 for every j € Z. Combining these with the
feasibility conditions of MFPPEC, we infer that:

Y B {Za‘“}f + Y of6;(z Z( C()+aDD())}go. (22)

j€T jez¥ jez? jeT

From Inequalities (21) and (22) and in view of the definition of function (), we have
the following:
O(z) < 0= Q(w).

By invoking the hypothesis of geodesic convexity on the function () at w, the following
inequality arises:
(grad Q(w), exp,,' (2))w < 0, (23)

which contradicts the fact that w € Fyy. Thus, the proof is complete. [J



Mathematics 2023, 11, 3649

23 of 28

In the next theorem, we present another weak duality relation referring to our con-
sidered primal problem MFPPEC and (DP-W). The proof of the theorem may be obtained
along similar lines as the proof of Theorem 9.

Theorem 10. Let us suppose that z € F and (w,w,0) € Fy are arbitrary elements. Furthermore,
let us assume that the function Q) is strictly geodesic convex at z. Then, we have the following:

Az)
B(z)

£ L(w,a,0).

In the next theorem, the strong duality relation referring to our considered primal
problem MFPPEC and Wolfe dual problem (DP-W) is established.

Theorem 11. Let z € F be any arbitrary Pareto efficient solution of MFPPEC at which GGCQ
holds. Then, some real numbers aj € R, a; > 0 (j € I), (T]T eER(jeI), (7]9 cR(je1Y,
U]C eR(GeT), cT]-D € R (j € T) exist, such that (z,a, o) € Fy. Furthermore, the corresponding
values of the objective functions of MEPPEC and (DP-W) are equal, that is:

A(z)
B(Z)

= L(z,a,0).

Consequently, the following assertions hold true:

(a)  Let us suppose that each of the hypotheses stated in Theorem 9 are satisfied. Then, (z,u, 0) is a
weak Pareto efficient solution of (DP-W).

(b)  Let us suppose that each of the hypotheses stated in the Theorem 10 are satisfied. Then, (Z, x, o)
is a Pareto efficient solution of (DP-W).

Proof. According to the provided hypotheses, we have that z € F is any arbitrary Pareto
efficient solution of MFPPEC at which GGCQ holds. As a result, in the light of Theorem 1,
we obtain some real multipliers «; € R, a; > 0 (j € Z), U}Y eR (jeIY), (T]e eR (j e 1Y,

U]C eR(GeT), tT]-D € R (j € T), satisfying the following:

Y aiBi(w) {grad Ai(w)+ ) (T}P grad ¥;(w) + ) (7](-’ grad 6;(w)

i€l jez¥ jez?
-y (0']C grad Cj(w) + o'J-D grad D](w)ﬂ — ) & grad B;(w) {Ai(w)
jeT ieT
+ ) U}Y‘I’j(w) +) U]»GBj(w) - Z (afc,-(w) + U]-DD]-(w))] =0,
jeTt jez? jeT
and: . Yo -
o 20, 07 ¥i(y)=0 VjeI’,
of free,Vj € Roy, of >0,Vj€Roo, of =0, ¥jeRyq,
of free,Vj € Ry, 0 >0, ¥j€Roo, 0f =0, Vj€ Ry
Consequently, it follows that:
(Z,a,0) € Fy,
and: A)
z _
B =L(Z,ua,0).

Now, we consider the following cases:
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(a) Let us consider that (Z, &, 0) is not a weak Pareto efficient solution for (DP-W). As a
result, one can find some (7, &, 0) € Fyy, which satisfies the following:

L(Z) < L(7).

This contradicts the consequences of Theorem 9.
(b) Let us consider that (z, &, 0) is not a Pareto efficient solution for (DP-W). As a result,
one can find some (#, %, 7) € Fyy, which satisfies the following:

L(z) < L(u).
This contradicts the consequences of Theorem 10. [

In the next theorem, the strict converse duality relation referring to our considered
primal problem (MPPEC) and Wolfe dual problem (DP-W) is established.

Theorem 12. Let us suppose that y € F is any Pareto efficient solution of MFPPEC at which
GGCQ is satisfied. Let (w,®,T) be any Pareto efficient solution for (DP-MW). Let us suppose that
each of the hypotheses stated in Corollary 5 holds. Then, y = w.

Proof. According to the provided hypotheses, we have that 7 € F is any Pareto efficient
solution of MFPPEC at which GGCQ holds.

By reductio ad absurdum, we suppose that iy # w. As a result, in the light of Theorem 6,
we obtain: a; € R,a; >0(j€I),0f eR(jeI¥),0f eR(j€I% 0f eR(jET),
(T]-D € R (j € T) such that (y,&,0) € Far. Moreover, we have:

A(y) -
—_— = g ( ’ 0(, (% ) .
By Y
On the other hand, in the view of the conclusions of the strong duality theorem
(Theorem 6), one can conclude that (7, &, o) is a Pareto efficient solution for MFPPEC. Since
y € Fand (w,w,0) € Fpw, then from Theorem 6, we obtain:

2(y) £ < (),
which is a contradiction. [

Remark 10. The following may be observed:

1. If # = R", then Theorems 9 and 11 generalize Theorem 4 and Theorem 5 deduced in [6]
from multiobjective MPEC to MFPPEC.

2. Theorems 9, 11 and 12 extend Theorem 3.1, Theorem 3.2, and Theorem 3.3, respectively,
deduced in [23] for a wider category of optimization problems, that is, MFPPEC.

In the following example, we demonstrate the formulation of the Wolfe type dual
problem corresponding to a primal MFPPEC problem. Furthermore, we illustrate the
duality results for the Wolfe dual problem corresponding to MFPPEC in the framework of
a Hadamard manifold.

Example 4. Let us consider the MFPPEC (Problem (P)) defined in Example 1 on the manifold .# .
We use the symbol F to signify the set containing every feasible solution of the problem (P). That is,
we have:

F={yed,yy=ceyr>e oy >eyr=c}
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Let w € ./ be arbitrary. Furthermore, let aj € R, a; > 0 (j € {1,2}), 0¥ € R, ¢ €R,

0P € R. Then, related to the primal (P), the corresponding Wolfe type dual model (abbreviated as
DP-W) is formulated as given below:

(DP-W) Maximize L(w) = (L1(w), Lao(w)),

subject to:

Y wiBi(w) [grad Ai(w) + o grad ¥ (w) — (UC grad C(w) 4 o grad D(w))]
ie{1,2}

— ). wajgrad Bi(w) |:~Ai(w) +0 Y (w) — (UCC(w) —|—0’D'D(w)>:| = 0.
ie{1,2}

Let us choose the feasible solution §j = (e, e). One can easily verify that the feasible solution 1
is, indeed, a Pareto efficient solution for (P). Furthermore, GGCQ holds at iJ. Let us now pick some
real numbers a1 = %,az = %, of =0,0¢ = < oP = % Then, we can verify that 1 is a feasible
element of (DP-MW).

Furthermore, every assumption of the strong duality theorem is satisfied. Thus, one can verify

the fact that (§, «, ) is a Pareto efficient solution of (DP-W).

7. Applications

A very interesting practical application of fractional programming problems can
be found in information theory. In particular, the problem of calculating the maximum
transmission rate in any information channel can be modeled as a fractional programming
problem (see, for instance, [32]).

Let us consider a constant and discrete transmission channel consisting of n! input
symbols and 72 output symbols. The corresponding transition matrix is given by:

B = (bys), r=1,...,n% s=1,...,n,

where n!,n%2 € N, b,s > 0, and Y, bys = 1. It is assumed that the matrix & does not have
any zero lines. In other words, we consider that there does not exist any output symbol
which is never received. It can be noted that every element b;s of the transition matrix %
signifies the probability of obtaining the symbol  at the output, subject to the assumption
that the input symbol was s.

Let us suppose that corresponding to the transmission of the input symbol s, a certain
cost (denoted by ¢és) is associated. Furthermore, let us employ the notation p = (ps) to sig-
nify the probability distribution function (abbreviated as, PDF) of s input. Consequently,
it follows that:

ps >0, Vs = 1,2,...,1% Zps =1.
s

Then, we may define the corresponding transmission rate of the channel in the follow-
ing manner (see, for instance, [32]):

2(y) = ¥ s psbrs log =l
P T Es @sPs ’

The maximum value of the function Z(p), as defined above, is referred to as the
relative capacity of the channel. As a result, to obtain the relative capacity of the channel,
we arrive at the following fractional nonlinear programming problem:

Maximize {%(p) ips >0, ;Ps - 1}.
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It is significant to note that the phenomenon of convexity plays a crucial role in
optimization theory. For a convex optimization problem, it is well known that every
local minimum is a global minimum. Moreover, the set of all global minima is a convex
set for such problems. In this context, we note that several nonconvex functions in the
Euclidean space setting can be suitably transformed into geodesic convex functions in
the framework of manifolds. As a result, a wider range of optimization problems can
be explored by formulating the problems in the framework of manifolds. For instance,
consider the nonconvex set 2 C R? defined in the following manner:

1
2 = {(yl,yg) ER*:yp =yl y € [2,1} }
Let us now consider the function ¢ : 2 x 2 — R, defined in the following manner:

P(x,y) =yi—yi+y2+y;—xi—x,

for every x = (x1,x2) and y = (y1,¥2) in Z.

One can view the set Z as the image of a geodesic segment on the paraboloid of
revolution P(uy,up) = (upcosuy, upsinuy, u3), uy, ua € 2, which is endowed with the
Riemannian metric ¢, given by:

u? 0
gW”ﬁ_<§1+@9‘

It can be verified that the set Z is a geodesic convex set on the Riemannian manifold
formed by the image of the paraboloid of revolution (see, for instance, [33]). Furthermore,
the function ¢(x, -) is not a convex function in the Euclidean space setting. However, ¢(x, -)
is a geodesic convex function on the set 2.

As a result, by studying optimization methods in the framework of manifolds, many
constrained nonconvex problems can be converted into unconstrained geodesic convex
problems. As a result, not only the complexity of the original problem may be reduced,
but also the theory and algorithms of convex optimization can be made applicable.

8. Conclusions and Future Research Directions

In this article, we have explored a category of MFPPEC in the setting of Hadamard
manifolds. The main features of the results derived in the paper are as follows. KKT-
type necessary criteria of Pareto efficiency for MFPPEC have been presented by using
GGCQ. Apart from this, the sufficient criteria of Pareto efficiency for MFPPEC have been
derived using notions of M-stationary element and geodesic convexity. Mond-Weir and
Wolfe type dual models related to MFPPEC have been formulated. The weak, strong,
and strict converse duality results have been derived relating MFPPEC and the respective
dual models. Some nontrivial examples have been furnished to demonstrate the results
presented in this paper.

The various results that are derived in this article extend as well as generalize var-
ious noteworthy results available in the literature. In particular, we have extended the
corresponding results presented in [7] from multiobjective MPEC to MFPPEC. Moreover,
the necessary and sufficient conditions in the present article extend and generalize simi-
lar results derived in [6] for a broader category of optimization problems on Hadamard
manifolds. Furthermore, the Pareto efficiency conditions of this paper extend various cor-
responding results of [8,28] from the setting of Euclidean spaces to Hadamard manifolds,
as well as generalize them for a broader category of problems, namely, MFPPEC.

The sufficient criteria of Pareto efficiency derived in this article could be further gener-
alized using generalized geodesic convexity assumptions. Furthermore, all the functions
involved in our considered problem MFPPEC are assumed to be smooth. As a result,
the results of this paper cannot be applied when the corresponding functions involved
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in the considered problem are nonsmooth. This may be considered as a limitation of this
paper. We intend to address this in our future course of study.

For future work, investigating the Pareto efficiency criteria for nonsmooth mathemat-
ical programming problems with switching constraints on Hadamard manifolds would
be an interesting problem. For such problems, standard constraint qualifications (such
as Mangasarian-Fromovitz constraint qualification and linearly independent constraint
qualification) are generally not satisfied at any feasible point of the problem (see [34]),
which makes the problem intriguing to study. Furthermore, mathematical programming
problems with switching constraints have applications in numerous fields of modern re-
search, in particular, in the field of optimal control (see, for instance, [34] and the references
cited therein).
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