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SEQUENTIAL HENIG PROPER OPTIMALITY CONDITIONS
FOR MULTIOBJECTIVE FRACTIONAL PROGRAMMING
PROBLEMS VIA SEQUENTIAL PROPER SUBDIFFERENTIAL
CALCULUS

A. Rikouane*, M. Laghdir and M. B. Moustaid

Abstract: In this paper, in the absence of any constraint qualifications, we develop sequential necessary
and sufficient optimality conditions for a constrained multiobjective fractional programming problem char-
acterizing a Henig proper efficient solution in terms of the e-subdifferentials and the subdifferentials of
the functions. This is achieved by employing a sequential Henig subdifferential calculus rule of the sums of
m (m > 2) proper convex vector valued mappings with a composition of two convex vector valued mappings.
In order to present an example illustrating Our results, we establish the classical optimality conditions under
Moreau-Rockafellar qualification condition. Our results are presented in the setting of reflexive Banach space
in order to avoid the use of nets.
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Introduction

Fractional multiobjective programming has many applications such management science,
operational research, economics and information theory (see [13, 14]). However, to obtain
optimality conditions for a multiobjective fractional problem which is not generally convex,
we often formulate an equivalent vector convex problem by using a parametric approach, but
such vector convex program requires a regularity condition as generalized Slater constraint
qualification which is not an easy task to verify and may fail to hold neither for finite or
infinite dimensional convex program. To raise this drawbacks, many contributions have
been focused on the characterizations of sequential optimality condition for a vector convex
problem or a fractional optimization problem which avoid a constraint qualification (see
[5, 6, 7, 11, 8, 15, 16]).

Upon solving a vector optimization problem, the set of efficient solutions is so big that
it has poor properties and that it may contain anomalous or nondesirable points. In order
to further refine the concept of an efficient solution, some authors introduced different kinds
of properly efficient solution, such as Geoffrion properly efficient solution, Benson properly
efficient solution, Henig properly efficient solution and super efficient solution. In different
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settings, Guerraggio et al. [3] gave some relations among properly efficient solutions. We
know that Henig properly efficient solution not only has many desirable properties, but also
has much weaker existence conditions than other properly efficient solutions.

The recent contributions in [10, 12] motivate the present work where the sequential
optimality conditions are stated, via sequential subdifferential calculus, in terms of limits
of sequences by using the approximate subdifferential or exact subdifferential at neabry
points. So, the purpose of this paper is to establish sequential optimality conditions for a
fractional optimization problem without any constraint qualifications characterizing com-
pletely a Henig properly efficient solution. Firstly, we establish a sequential Henig subd-
ifferential calculus rule of the sums of m (m > 2) proper convex vector valued mappings
with a composition of two convex vector valued mappings. This is achieved by employing
a scalarization process and the epigraph of the conjugate of the sums of m (m > 2) proper
convex lower semicontinuous functions. Secondly, since a multiobjective fractional problem
is transformed equivalently into a nonfractional convex multiobjective problem, we apply the
sequential Henig subdifferential calculus rule to obtain three different kinds of sequential op-
timality conditions. The first is expressed in terms of the epigraphs of the conjugate of data
functions, the second is obtained by means of a sequence of e-subdifferentials at a minimizer
and the last kind is described, by means of the Brgndsted-Rockafellar theorem, in terms of
the exact subdifferentials of the functions involved at nearby points to the minimizer.

This paper is organized as follows. In Section 2, we recall some notions and we give some
preliminary results. In Section 3, we establish a sequential Henig subdifferential calculus
rule of the sums of m (m > 2) proper convex vector valued mappings with a composition
of two convex vector valued mappings. In Section 4, we provide some sequential efficient
optimality conditions characterizing a Henig proper solution for a vector fractional opti-
mization problem. In order to present an example illustrating our main result, we will need
to establish the standard optimality conditions of a multiobjective fractional problem under
a constraint qualification.

Preliminaries and Basic Definitions

In this section, we give some definitions and preliminary results which will be used through-
out this paper. Let X, Y and Z be three real topological vector spaces and their respective
continuous dual spaces X*, Y* and Z* with duality paring denoted by (.,.). We will use the
symbol w* for the weak-star topology on the dual space and 7g for the Euclidian topology
on the real line R. Let Z, C Z be a nontrivial convex cone and we assume in addition that
Z, is pointed (ie. —Z4 N Z, = {0}). The nonnegative orthant of R™ is denoted by R7".
The polar cone and strict polar cone are defined respectively as

Zy={2"eZ":(2",2)>0,Vz€ Z, } (2.1)
and
(Z7)° ={z"e€Z": (2", 2) >0, Vz € Z,\{0}}. (2.2)
On Z we define for any 21, 25 € Z the following relations

21 Sz, 22 & zm—21€4,
21 Sz, = zm—z € Z\{0}.

We attach to Z an abstract maximal element, denoted by +ooz, with respect to 7 <z, "
and we denote Z = Z U {+00z}. Then for every z € Z one has z <z, +ooz. The algebraic
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operations of Z are extended as follows

z+ (+o0z) = (+00z) + 2 = 00z, Vze ZU{+o0z}, (2.3)

a- (+ooz) =400z, VYa>0. (2.4)

If Z=Rand K =R, then R=R U {+oc}, where +00 = +oog.
For a given mapping f : X — Z, we denote respectively the effective domain and the
epigraph of f by domf and epif, i.e.,

domf:={ze X : f(z) e Z} (2.5)

epif :={(x,2) € X x Z: f(x) <z, z}. (2.6)

We say that f is proper if domf # @ and Z,-epi-closed if its epigraph is closed. Let us
note for each z* € Z%, we put by convention (z*, f(z)) = +oo, for any z ¢ domf. Thus,
2o f : X — R and dom(z* o f) = domf and we say that f is strict star Z,-lower
semicontinuous if z* o f is lower semicontinuous for all z* € (Z7)°. Moreover, we recall that
the mapping f is Z-convex if for every A € [0,1] and 1,22 € X we have

f()\xl + (1 — )\)1‘2) SZJr )\f(l‘l) + (1 — )\)f(afg) (27)

Let ”<y,” be the partial order on Y induced by a nonempty convex cone Y, C Y. We say
that the mapping g : Y — Z is (Y., Z)-nondecreasing if for each 31,72 € Y we have

y1 <v, y2 = 9(y1) <z, 9(y2)- (2.8)
Let h : X — Y be a mapping, then the composed mapping goh : X — Z is defined by

g(h(z)), if z € dom h,
(g0 h)(x) = (2.9)

+o00z, otherwise.

It is easy to see that if g : Y — Z is Z,-convex, (Y., Z,)-nondecreasing and h : X — Y
is Y} -convex, then the composed mapping g o h is Z,-convex.
Now, we consider the following vector minimization problem

(VMP) min f(x) (2.10)

zeC
where f : X — Z is a mapping and C is a nonempty subset of X.

Definition 2.1. Let T be a feasible point of (VMP) i.e. T € C. The point Z is called properly
efficient solution of the problem (YMP) in the sense of Henig if there exists a convex cone
Zy4 C Z such that Z; \ {0} C intZ; and

e e, f(x) S, f@) (2.11)

The set of Henig properly efficient solutions will be denoted by EP(f,C). The above
notion of Henig properly efficient solution leads us to define the notion of Henig proper
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subdifferential of a vector valued mapping f : X — Z at T € domf (see [4]). For
A€ L(X,2Z)

A € 9P f(z) if there exists Z, C Z convex cone such that Z, \ {0} C intZ,,
r e C, f(z)— f(2) Sz, Al@—7), Vo e X

where L(X, Z) denotes the space of linear continuous operators from X to Z. This definition
is justified by the importance of the following immediate property

T € EP(f,X) < 0€d’f(x). (2.12)

For a given function f : X — R, the conjugate function f* : X* — R U {—o0} is
defined by

F* (@) = sup{(a”,2) - f(2)}. (2.13)

rzeX

Recall that, for € > 0, the e-subdifferential of f at T € domf is defined by
Of(@) :={z" e X" : (&",2—7)+ f(T)—e< f(x), VaxeX}. (2.14)
If e = 0, the set f(T) := 0o f(T) is the classical subdifferential of convex analysis, that is
of(@) ={a" e X* : (&% —-T)+ f(T) < f(z), Vre X} (2.15)

For any subset C' C X, the vector indicator mapping 6% : X — Z of C' is defined by

0 ifexeC
oY = 2.16
&) { +00z otherwise. ( )

When Z = R, the scalar indicator function is denoted by d¢. The vector indicator mapping
appears to possess properties like the scalar one. For € > 0, the e-normal at = € C' is defined
by

Nz C):={z" € X*: (z52-7)<e VzeCl} (2.17)

If e =0, N(z,C) := No(Z, C) is the usual normal cone at . Moreover, it is easy to see that
the e-normal of C' at T is defined as the e-subdifferential of §o at T.

Theorem 2.2 ([1]). Let f; - X — R be m (m > 2) proper, convex and lower semicontin-
uous functions such that (-, domf; # 0. Then

epi (f: fl> = clyr xrg (i epiff) (2.18)
i=1 i=1

where cly=«x-, denotes the weak closure on the product space X* x R.

Theorem 2.3 ([5]). Let f : X — R be a proper convex lower semicontinuous function
and let T € domf. Then

epif* = U{(a:*, (", Ty +e— f(T)) : =¥ €. f(T)}. (2.19)

e>0
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Theorem 2.4 ([16]). Let X be a Banach space and f : X — R be a proper, convex
and lower semicontinuous function. Then for any real € > 0 and T € O.f(T), there exist
z € domf and z* € 9f(x) such that

L flz =7 < Ve,

2. [l" =77 < Ve,

3.0f(x) = f(7) — (2,2 = T)| < 2e.

Let us recall the following important scalarization theorem can be found in [4].
Theorem 2.5. Let X, Z be two Hausdorff topological vector spaces and f : C C X — Z

be Z -convex vector valued mapping with Z is a closed convex pointed cone of Z and C' is
a nonempty convex subset of X. Then

1.
EP(f,C) = |_| argmin{z™, f(x)). (2.20)
z*€(Z%)° zeC
2. For x € X, we have
rfa)= |J {AeL(X,2):2"0Acd(z"of)(a)}. (2.21)
z*€(Zy)°

Proof. 1. Let us show the direct inclusion in (2.20). Let T € EP(f, (), then there exists a
convex cone Z, ¢ Z satisfies Z,\{0} C intZ, and flx € C such that f(x) Sz, f@).

Since, f being Z-convex and Z,\{0} C intZ,, obviously f remains Z,-convex. So,
the direct inclusion is obtained.

For the reverse inclusion, let z* € (Z})° and T € argmin(z*, f(x)). The pointed convex
zeC
cone

Zy:={zeZ: (z,2) >0} U{0}

satifies Z, # Z and Z,\I(Z4) C intZ,. 17 ¢ EP(f,C), there exist x € C such
that f(x) S5, f(@), ie, f(z) — f(2) € Z:\{0}, and hence, (=%, f(z) — f(z)) > 0
contradicting the choice of 7.

2. If T ¢ domf, then all the previous sets are empty. Suppose that T € domf. By
applying (2.20) and by using scalarization formula (2.12), we obtain

Acd’f(T) = AcL(X,Z): T€ E,(f — A X)
S ACL(X,Z),3" € (ZL)°: 2" 0 Acd(z* o f)(T)
sAe | {A€L(X,2):2"0Acd(z" o f)(2)}.

Z*E(Zi)o
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Sequential Pareto Proper Subdifferential of the Sums of Convex
Vector Valued Mappings with a Composition of Two Convex
Vector Valued Mappings

In what follows (X, ||.||x) and (Y} ||.|]]y) stand for two real reflexive Banach spaces, (Z,|.||2)
be a real normed vector space and (X*,|.||x*), (Y*, |.[ly*), (Z%,].]|z*) their respective
topological dual spaces. On X x Y we use the norm ||(z,y)|| = +/||z]|2 + |ly||? for any
(x,y) € X x Y. Similarly, we define the norm on X* x Y*. Further, let (z,)ncn be a
sequence in X (resp. (z)nen be a sequence in X*) and x € X (resp. z* € X*), we write

2n WXy 2 (resp. 2t IIXT 00y iz — 2| x — O (vesp. [lo% — 2*||x- — 0) as 1 —s +oo.

Our aim in this section is to formulate in the absence of constraint qualifications, a formula
for the Henig proper subdifferential of the convex mapping > .-, (f; + g o h), where f; :
X — Z (i=1,...,m) be a proper and Z-convex mappings, h : X — Y be a proper and
Y -convex mapping, and g : Y — Z be a proper, Z,-convex and (Z,,Y, )-nondecreasing
mapping. Let us consider the following auxiliary mappings

Fi: XxY — Z

@y) — Fiay) = filz), G- L™ (3.1)

G: XxY — 7
(x,y) — G(z,y):=g(y), (3:2)
H: XxY — Z (3.3)

(z,y) — H(z,y) = 0o, y).
Lemma 3.1. Let z* € (Z3)° and (x*,y*,s5) € X* x Y* x R. Then, we have
1. (x*,y*,s) € epi(z* o F})* <= (z*,s) € epi(z* o fi)* andy* =0, (i=1,...,m).
2. (z*,y*,s) € epi(z* 0 G)* <= z* =0 and (y*,s) € epi(z* 0 g)*.
3. (z*,y*,s) € epi(z* 0o H)* <= (x*,s) € epi(—y* o h)*and —y* € Y.

Proof. Tt is easy to see that the conjugate functions associated to the functions z* o F; (i =
1,...,m), z* o G and z* o H are given for any (z*,y*) € X* x Y*, by

("o )" (2", y") = ("o fi)"(@") +d03(y"), (i=1,...,m) (3.4)
(270 G) (2", y") = (2709)"(y") + dp0y(27) (3.5)
(2" o H)"(a",y") = (=y"oh)"(z") + by (=y"). (3.6)
1) Let (x*,y*,s) € epi(z* o F})*, (i = .,m), then we have
("o F»*(x*,y*) <s (3.7)

and by (3.4) we get
(2" o fi)" (z*) + 601 (¥") <5, (i=1,...,m), (3.8)
ie.
(z*,s) €epi(z®o fi) and y* =0, (i=1,...,m). (3.9)

By applying the same arguments as above we obtain easily 2) and 3). O
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Now, we state the sequential Henig proper subdifferential of the convex mapping > i, f;+
g o h by means of the epigraphs of the conjugate of data vector valued mappings.

Theorem 3.2. Let fi,....fm : X — Z be m (m > 2) proper, Z-conver and strict
star Z -lower semicontinuous mappings, g : Y — Z be proper, Z,-conver, strict star
Z -lower semicontinuous and (Y, Z, )-nondecreasing mapping and h : X — Y be proper,
Y, -convex and Y -epi-closed mapping. Let T € (-, domf;) N domh N h~'(domg). Then,
A€o (3o, fi+goh)(T) if and only if, there exist 2* € (Z1)°, (x},,,7in) € epi(z* o f;)*,
(i=1,...,m), (y;.sn) € epi(z* 0 g)*, v; € =Y} and (u},,t,) € epi(—v;, o h)* such that

m
Z +U* Il x = oA
n———+oo

i=1

* w LIy

Yot 000

m m

2t on bt o (2o A)@) = ("0 f)@) — (7 0.0) (h(@).
1=

Proof. Let A € 9P (3", fi + g o h) (T). According to scalarization Theorem 2.5, there exists
€ (Z7)° such that

Z*OA68<zm:z*Ofi+z*og0h> (7). (3.10)

i=1

By introducing the scalar indicator function d,,;, and by adopting the convention 2*(+o00z) =
+00, it easy to check that 2* o d¢p,;, = dp, and by using the monotonicity of the mapping
g it follows that (3.10) becomes equivalent to

(Z*OA,O)E@(iz*oFi—&—z*oG—l—z*oH) (Z, h(T)) (3.11)

i=1

i.e.

(ZZ*OFi—l—z*OG—I—z*OH) (2* 0 A,0)+ (Zz*OFi—i—Z*OG—I—z*OH) (T, h(Z))

i=1 i=1

= ((" 0 4,0), (7, h(T))) = (2" 0 A,T)
and hence we get

((Z*OA,O) (z" 0 A, T) (Zz oF;+2z"0G+2z* 0H> (:E,h(x)))

i=1

i=1

m *
€ epi (Zz*oFi+z*oG+z*oH> . (3.12)

It is easy to see that the mappings F;, (i =1,...,m), G and H are proper, Z,-convex and
strict star Z-lower semicontinuous on X x Y and as z* is Z,-nondecreasing, it follows that
the scalar functions z* o F}, (i =1,...,m), z* o G and z* o H are proper, convex and lower
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semicontinuous. Let us note that dom(z* o F;) = domf; x Y, (i=1,...,m), dom(z* o G) =
X x domg and dom(z* o H) = epih and the condition Z € (-, domf;) NdomhNh~*(domg)
can be written equivalently as (z, h(Z)) € ((;-; domF;)NdomGNdomH. Thus, the functions
z"oF; (i =1,...,m), 2" o G and z* o H, satisfy together all the assumptions of Theorem
2.2 and hence it follows from (3.12) that
m
((z* 0A,0),(z" 0 A,T) — < 2'oF;+2z" oG+ 2"0 H) (x,h(a:)))

i=1

€ clyr xrg <Z epi(z* o F;)* + epi(z” o G)* + epi(z” o H)*)
i=1

i=1

= CIH'HX*XY*XTIR (Z epi(z* o F;)* 4+ epi(z* o G)* + epi(z* o H)*)

*

and therefore there exist ((},,,95,),7in), (i =1,...,m), (2}, 45), sn) and ((us, v}),tn) €
X* x Y* x R, satisfying

(@} syl n)i i) € epi(z* 0 Fy)*, (i=1,...,m)

(a7, 9), 8) € epi(z" 0 G)* (3.13)
((ur,v%), t,) € epi(z* o H)*
such that
> (@ Uin) s Tim) + (@5, 5)s ) + ((uh, v3), )
=1

Lot ((z*oA,O),<z*OA,x>—(iZ*OFz‘+Z*OG+Z*OH> (axh(w)))- (3.14)

i=1
By applying Lemma 3.1, (3.13) may be rewritten as

((wfn,y;‘n), rm) € epi(z* o F})* — (x:‘n,rln) € epi(z* o f;)* and yl*n =0,
((x},yr), sn) € epi(z” o G)* <=z} =0 and (v., s,) € epi(z* o g)*

((up,vy), tn) € epi(z* o H)* <= (uy,,t,) € epi(—vy; o h)* and — v}, € Y.

n»-n

Since zj, = 0, y7,, = 0, (i = 1,...,m) and (Z,h(T)) € epih, then the expression (3.14)
becomes equivalent to

m
* o lllx= o«
g T, tu, —— 2" 0A
i=1
R B
Yn T — 0
m

D Tim b sn t b = (0 AT) =Y 2" 0 fi(T) — 2" 0 g(h(T)).

i=1 i=1

The proof is complete. D
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Sequential Proper Efficiency Optimality Conditions

In this section, we are concerned with the general multiobjective fractional programming

problem ; . (@) (@)
(P)  inf {(gl(x)""’gm(x)>}’

h(z)e-Y,

with C' C X be a nonempty, closed and convex subset and Y, C Y be a nonempty closed
convex cone. The functions f;, -g; : X — R, (i =1,...,m) are convex, lower semicontin-
uous and h : X — Y is a proper, Y, -convex and Y, -epi-closed mapping. We assume that
fi(z) >0, g;(x) >0 (i=1,...,m). Let e; denote the ith unit coordinate vector and e the
vector of ones in R™ . For € > 0, the positive hull of the subset S := {e;+ec:i=1,--- ,m}
is defined by

K, := {iai(ei +ee): a; >0 } (4.1)

In fact K. is a convex cone and the origin belongs to K.. The positive polar cone of K. is
denoted by

K ={veR™: (v,y) 20, VYyec K.}. (4.2)
It is easy to see that

KA\{0} C int(R") C RT"\{0} C int(K7). (4.3)
We endow the finite-dimensional space Z := R™ with its natural order induced by the

nonnegative orthant Z, := R, and we shall use the following characterization of proper
efficiency (see Luc-Soleimani-damaneh [9]).

Proposition 4.1. A point T € C N h~Y(=Y,) is properly efficient solution of the problem
(P) if and only if there exists some € > 0 and there is no x € C N h=1 (=Y ) such that

h(z)  A(@) fm(@) @)\ .
(gl(x) Ry )e K. (4.4)

Im () gm(T)

We associate to problem (P) the multiobjective convex minimization problem

(Pr) inf - {(f1(x) —0191(2), -+, fn(2) — vmgim (7))}, (4.5)

c€CNh—1(—Y4)
where 7 € C N h~Y(=Y,) and v; := % (¢ =1,...,m). The problem (Ps) is intimately
related to (P). The crucial relationship between (P) and (Ps), which will serve our purposes,
is stated in the following lemma

Lemma 4.2. A point T € C N h=Y(=Y,) is Henig properly efficient solution for problem
(P) if and only if, T is Henig properly efficient solution for problem (Pg).

Proof. (=). Suppose in the contrary that T is not Henig proper efficient solution for (Px),
then it follows from Proposition 4.1 that for any € > 0, there exists some 2o € CNh™1(-Y,)
such that

(f1(zo) = v191(w0), - - - s frn(T0) = Vmgm(z0)) € =K, (4.6)



294 A. RIKOUANE, M. LAGHDIR AND M.B. MOUSTAID

i.e.

Z filzo) — vi9:(x0)) al—i-eZoz] <0, Y(o,...,om,)€RT. (4.7
i=1

By using the fact that 9i (xo) >0 (i=1,...,m) and by substituting respectively in (4.7) o
and «; by ( ") and 7 (zo) (j =1,...,m) we obtain that for any e > 0, we have

Zm: <fl:(%; - m‘) o +ezm:ozj <0, V(ar,..., o) €RY, (4.8)

9i(wo =1

which means for any € > 0

(f1($0) -V, Jm (o) —Vm> € -K;.

g1(o) gm(20)

According to Proposition 4.1 this contradicts the fact that T is Henig proper efficient solution
for the problem (P).

(«<=). We proceed by contradiction. Assume that T is not Henig proper efficient solution
of the problem (P), then according to Proposition 4.1, we have for any ¢ > 0, there exists
some g € C Nh~1(=Y,) such that

(Al ) )

91(20) gm(70)

So, for any (aq,...,an) € RT, we have

i (fi($0> — Vigi(xo)) o + Eiaj <0. (4.9)
j=1

P i(20)

Since g;(x9) > 0 (¢ = 1,...,m), then by substituting respectively in (4.9) «; and «; by
a;9i(z0) and a;g;(zo) (j =1,...,m) we get that for any € > 0,

Z fi(wo) — vigi(z0)) al+eza] <0, Y(ai,...,an)€RY, (4.10)

i=1
which yields that € > 0,

(f1(wo) — vig1(0), ..., fi(wo) — vigi(z0)) € =K, (4.11)

this contradicts, by virtue of Proposition 4.1 the fact that T is Henig proper efficient solution
of the problem (Pg).
O

Now, by using this equivalence result in conjunction with Theorem 3.2, we can establish
the first characterization of sequential optimality conditions for problem (P) by means of
the epigraphs of the conjugate of data functions.
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Theorem 4.3. Let T € C N A~ Y-Y,) and v; = g‘gg (1t =1,...,m). Then, T is a
properly efficient solution of the problem (P) in the sense of Henig, if and only if, there
exist (A1,...;Am) € (R \{OD™, (2] ,,ain) € epi(Nifi)*, (W, bin) € epi(Aivi(—gi))*,
(cp,dp) € epids, yy € Y, s, € Ry, vy € =Y and (uj,,t,) € epi(—v;, o h)* such that

nr no

Zm Zm I

* * * * X
‘ri,n + wi,n + Cn + Up, 0
i=1 i=1

o Ly

yn + v, —— 0

m m
D Gin+ Y bim+dn 1y + 5, — 0.
=1 =1

Proof. According to Lemma 4.2, T is Henig properly efficient solution for problem (P) if and
only if, T is Henig properly efficient solution for problem (Pg). By introducing the vector
indicator mappings d¢ and 531@7 the problem (Pf) may be written equivalently as

inf {Ff(x) +68(x) + (8%, o h)(m)} (4.12)

zeX
where Fz : X — R™ is defined for any = € X, by
Fa(z) = (fi(@) —vig1(2), .. fn (@) = Vmgm (7)) - (4.13)
Hence T is Henig properly efficient solution for problem (P) if and only if,

0eor (Fy +68 48"y, o h) (@). (4.14)

Let us consider the following vector mappings L; : X — R™, (i = 1,...,2m + 1) defined
by

0,..., fi(x),...,0) if (1=1,...,m)
Li(z) =< (0,...,Vm—i(—gm—i(x)),...,0) if (i =m,...,2m) (4.15)
52 (x) if i = 2m + 1,

where the effective domain of the mappings L;, (i =1,...,2m + 1) are given by

domf; = X if(i=1,...,m)
domL; := ¢ dom[v;—pm(—gi—m)] =X i (i=m+1,...,2m) (4.16)
domdg = C if i =2m+ 1.
It is easy to see that the mappings L; : X — R™, (i = 1,...,2m~+1) are proper, R*-convex

and strict star R’"-lower semicontinuous. By means of these notations the expression (4.14)
may be written equivalently as

2m—+1
0e€or ( > Li+6%y, o h) (7). (4.17)

i=1

Let us note that the mapping 63Y+ is proper, R’'-convex and strict star R’]’-lower semicon-
tinuous since Y, is a nonempty convex and closed cone. Moreover, let us recall that (SEY+
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is (Y4, R7)-nondecreasing (see [4]) and the condition z € C N h~!(—Y,), can be equiva-
lently rewritten as = € (ﬂ?;nlﬂ domZL;) N'domh N hil(doméﬁn). Hence, the mapping L;
(i=1,...,2m+ 1), 523@ and h satisfy together all the assumptions of Theorem 3.2 and
then there exist 2* = (A1, ..., Apn) € (RT)*)° = (R \{ON™, (T} 1, 7i.n) € epi(z*oLy)* (i =
L....,2m+1), (yp,sn) € epi(z* 002y )", vy € =Y and (uy,tn) € epi(—vy, o h)* such that

2m+1 Ll
S, b Mg (4.18)
=1

2m+1 2m—+1
Sttt s —— = > (o L)@ - (+ 067y )(h(@).  (4.19)
i=1 =1
It is easy to check that z*0d% = d¢ and z*o(?iy+ = 0_y, . Therefore, foreachi = 1,...,2m+1

the conditions (T} ,,, 75,n) € epi(2*oL;)", (yy,, sn) € epi(2¥0d”y, )* and (4.19) can be rewritten
by means of data functions f;, g;, dc and §_y, as follows

(w7}, @in) = (T}, Tin) € epi(Nifi)”,
if ie{l,...,m}
;’k,nv bZ,n) = (f;—ﬁ-m,nv ri+m,n) € epi(/\il/i(_gi))*a (4 20)
ifi e {1,...,m} ’
(C:udn) = (E§m+1,n7r2m+1,n) € epi(Z* ° 58’)* =
epi(dc)*,if i = 2m + 1,

(Tf s i) € €pi(2* 0 Ly)* <= (w

(Y3 5n) € epi(z” 00%y, )" = epi(d_y, )" = epi(dy;) = Y] x Ry (4.21)
and
(4.19) < Z Qi + Z bijn +dn +ty +8p — — Z Aifi(@) — Z Aivi(=9i)(@) — 6¢(T)
— 0y, (h(7))
= =Y M@ +vi(=9:) (@) = ¢(®) — 6y, (h(T)).
i=1

Since f;(Z) + vi(—g:)(T) =0, T € C and h(T) € —Y; then the above limit reduces to
Z Qi + Z bim + dy + ty + 5, — 0. (4.22)
i=1 i=1

Moreover, (4.18) can be written as follows

m m

Swn, S wh, 4o+ g, (4.23)

=1 i=1

This completes the proof. O
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For the second characterization, by applying Theorem 4.3 and Theorem 2.3 we ex-
press the sequential optimality conditions of the problem (P) in terms of limits for the
e-subdifferential (e > 0) of the functions involved at the minimizer.

Theorem 4.4. LetT € CNh~Y(=Y,) and v; := L gzg (i=1,...,m). Then, T is Henig prop-
erly eﬂicz’ent solution for problem (P), if and only if, there exist ()\1, oo Am) € (RN{OH™

2 0, @, € 0, (A f)(@), wh,, € By, Oari(—g)(@) (i = L,...,m), ¢ € Ny, (7,C),
vy € =Y/, yn e Y NN, (hZ),-Yy) and u;, € 0y, (—v;, 0 h)(T) such that

Yo — 0
Zm Zm -1
* * * * X
Ii,n + wi,n + Cn + Uy, 0
=1 =1

Proof. By virtue of Theorem 4.3, T is properly efficient solution of the problem (P) in
the sense of Henig, if and only if, there exist (A1,...,Am) € (Ry \ {0})™, (27,,,ain) €
epi(Aifi)*, (wf,,,bin) € epi(Aivi(—g:))" (i =1,...m), (c;,,dn) € epids, y;, € Y, sn € Ry,
vy € =Y} and (u},t,) € epi(—v;, o h)* such that

Sal+ S wi, b bl X0 (4.24)
=1 1=1
yh+ Ilh= (4.25)
m m
S i+ > bin+dy o+t + 5y —— 0. (4.26)
=1 i=1

Since (yr,sn) € epiéy; = epiéin, it follows according to Theorem 2.3, there exist «; p,
Bins My On, €n € Ry such that x7, € Oa,, (Nifi)(T), wi, € s, ,(Nivi(—9:))(T), ¢}, €
N, (Z,C), yi € No, (h(T),-Y}), u) € O, (—v} o h)(T) and

Qi = (2], T) + ain — (Nifi)(T), i=1,...,m
= (w;,,,T) + Bin — (Nivi(—=g:))(@), i=1,...,m
=(ch,T) +n
<yZah(fU)>
= (up,, T) + €n — ( vy, 0 h)(T).

By adding the terms of the above equalities and using the fact that f;(Z) + v;(—g¢;)(ZT) = 0,
we obtain



298 A. RIKOUANE, M. LAGHDIR AND M.B. MOUSTAID

Z Qjn + Z bi,n + dn +itn+sn = Z[<xin75> + Qin — ()‘lfl)(j)]
1=1 =1 ]

D lwh ) + Bin — Nivi(=9:))(T)]

i=1
+< o f> + M+ <y:w h(j» +0n + <u:wf> + €p
—(=vy, 0 h) (7).

_|_

- <zxm+zwm+c +un,x>+<yz+vz,h<x>>

+Zaz,n+ZBz,n +77n +9n+€n
i=1 i=1
It follows from (4.24), (4.25) and (4.26) that
Z i+ Zﬁ“l + 1+ €, — 0, n+— +oo. (4.27)
i=1 i=1
Moreover, since o n, Bin, Mns Ons €n € Ry, we get from (4.27) that oy, — 0, B, — 0,
N — 0,60, — 0, €, —> 0 asn — +oc0. By setting v, 1= maxi<i<m{®in, BinsMn, On, €nts
it follows that z}, € 0, (Nifi)(@), w;, € 0, (\ivi(-9))(T), ¢, € N, (T,0),
N, (MZ),-Y}), u), € 0, (—v}, o h)(Z) with v, — 0, as n — +o0.
Conversely, suppose that there exist (A1,...,An) € (Ry \ {0})™, v > 0, =7, €
Oy, Nifi) (@), wi, € Oy, (\ivi(=g:))(@) (i = 1,...,m), ¢, € N, (7,C), v, € =Y},
v V20N, (hD), ~Y2), w}, € By, (~vf 0 h)(@) and

Yo — 0
ix;‘,n—l—iw;n—i—c +u Mlx=y g

For any z € CNh™1(=Y,), y € =Y, and any positive integer n, we have
Aifi(x) = Nifi(T
Aivi(—gi)(@) — Aivi(—g:) (T

n,zfx> Tns (ii]_,...,’f‘fl)

T —T) —Yn, (i=1,...,m)

IV IV IV IV IV

(—vp 0 h)(@) = (—v, 0 h)(T)
By adding them up and by taking y := h(z), we get

Z Ailfi +vi(=g:)) (@) — Z Ai(fi +vi(=9:))(T) + (v, + Yy, B(T) — h(x))

>, Y wl, o+, —T) — 5.

i=1 i=1
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By taking the limit as n — 400 in both terms of the above inequality, we deduce that

m

Z)\i(fi + vi(—9:) Z/\ (fi +vi(=9:)(@) 20, Vo € CORTH(-Yy)  (4.28)

> Xilfi + vi(=g)(@) + 0 (@) + 0oy, oh)(@) = D Xilfi + vi(—9:)) (@) — dc (@)
i1 i=1
—d_y, oh(z) >0, Vz € X.

By setting z* := (A1,..., Ap), it is clear that z* € (R4 \{0})™ = ((R}")*)°. As 2" 0 §¢, = d¢
and z* o 5ZY+ = 0_y,, it follows that

Oe8@Nﬂﬁ+mbm%”mm+mﬂﬂmﬂ+fo%+i%&&yhyﬂ (4.29)
i.e.

066<fo(U}—uwh”wfm—ym%ﬂ+6g+5ﬁqoﬂ»(ﬂ. (4.30)

The mapping ((f1 —V1G15 - fm — UmGm) + 0% + 6%y, © h) is obviously R'-convex and by
virtue of scalarization Theorem 2.5, we get

0€0" (s = 1191, fon = Vmgm) + 68 + 6%y, 0 h) (@), (4.31)

which means that T is Henig properly efficient solution for problem (Ps) and by Lemma 4.2,
T is Henig properly efficient solution for problem (P). The proof is complete. O

Similarly, we establish the sequential optimality conditions for (P) in terms of the sub-
differentials of the functions involved.

Theorem 4.5. LetT € CNh™ ' (-Y,}) and v; := Ei% (i=1,...,m). Then, T is Henig prop-
erly efficient solution for problem (P), if and only if, there exist ()\1, e Am) € (RN {OH)™
Tin € X, win € X, ¢y € C, u, € dom(—vy, 0 h), y, € =Yy, z7, € 8()\ fl)(xln) w;, €

O(Aivi(=gi))(wim), ¢ € N(cn, C), yi € N(yn, =Y4), vy, € =Y and v}, € O(—v;, o h)(uy)
such that

llx — llx, - llx - Il-

lx

fin—>x7 zn—> y Cn — > T, Up — T,
o Il LRSI o Il 11y = 0
xzn—’_ w1n+c -I-’LL Up ’

MM%M—@MJW—>—%MM@@=LHWW
Aivi(=gi)(Win) = (Wi Wi —T) — Avi(=g:)(T) (i=1,...,m)

<C:ucn _f> - Ov <ynayn - h( )>_>O
(g, un —T) + (07, (un) — h(T)) — 0.

Proof. According to Theorem 4.4, T is Henig properly efficient solution for problem (P), if
and only if, there exist (A1,...,A\m) € (R \ {O}™, v > 0, 7}, € 0, (\ifi)(@), W}, €

RO
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8’)’n ()\21/1( ))(j)v 62 € N’Yn (Ev C)v U Y* 7* 6 Y m N (h(f)7 _Y+)a ﬂ:], S 67"(—1}:; ©
h)(Z) and
Yn — 0
7t 4o g (4.32)
Z Z v g Lt (4.33)

As T, € 0y, (Nifi)(T), Wi, € Oy, (Aiwi(=9:))(T), T, € Ny, (T, C), 7, € Ny, (h(T), —Y7),
uy, € 0y, (—v} o h)(Z) then by applying Theorem 2.4, we obtain the existence of z;, €
dom(X;f;) = X, w;n, € dom(Nvi(—g:)) = X, ¢, € C Yn € —Y4, u, € dom(—v} o h),

)

x;kn € ()‘ )(‘rl ’ﬂ) w;kn € a()‘iyi(_gi))(wi,n>7 cn € N(Cn,C), Yn € N(y’m_YJr)’ Uy €
8( v¥* o h)(u,) such that

Hxi,n - 3_7||X S \/’Yna ||wz,n - j”X S V Yns ch - j||X S \/’Yn, Hun - j”X § V Tn (4 34)
[yn = B(@)lly < V)
H 'Ln - 1n||X* < vV Ins szn _w;n”X* < V7n7||c:L _E:L”X* < vV Tn (4 35>
||un _un”X* < vV In, ||yn y:,HY* < vV Tns
| Aifi(in) = (270 Tin — ) = Aifi@) [< 27
| -\ Vzgz(wz n) - <w1 n7wzn - > + Ai Vlgz(-i‘) |S 2771
| 0c(en) = (chsen = 7) = ¢(F) |< 29 : (4.36)
[0y, (yn) — W — (@) v, ((Z)) |< 29
| (=v5 0 h)(un) — (Umun—@—( v, 0 h)(Z) |< 29
By letting n — +o0, we get from (4.34) and (4.36) that
171%7 ’an77 n”‘—> nw‘faynw}h(j)
Aifi(@in) = (@5 n, Tin — T) — Xifi(2),
_)\iVigi(wi,n) - <w:nvw £C> — =\ Vzgz( )
_y, (yn) — <y;§7yn*h(i’)>—>5 vy ( (7))
(v 0 h)(un) = (ug, un — ) — (—vy, 0 h)(2)—
Since ¢, € C, yp, € =Yy and 7 € C N h~1(—=Y,), the expression (4.37) reduces to
<C;kwcn - i'> - 07 <y;7yn - h(i'»_)O (438)

Moreover, we have

v + 175, +vnlly

= lyn —7n +vn +nlly < llyn — 7l

1y, + vnlly



SEQUENTIAL HENIG PROPER OPTIMALITY CONDITIONS 301

and

m m
||Z$?,n+zw;n+02+u;§||x*
m
= ||len Zzzn+zw Z@;nJFC;*@Z*Uiji
i=1 i=1

1=1
Z :n Zw1n+c +un||X*
m_ =
< Y llwf, — Tl + Z iy = Wi x4 llen — Cnllxs + [luy, — 5[ x-

and hence by letting n — +o00, it follows from (4.32), (4.33) and (4.35) that

yTL + vn 07
U - I

e
doar, Y wh, 4 +u = 0.
i=1 =1

Conversely, assume that the preceding sequential optimality conditions hold. Then, for any
r € CNh~Y(-Y,), y € —Y, and any positive integer n, we have

Aifi() > Nifi(@in) + (2] 0 —2i0), (i=1,...,m)
Aivi(=gi)(x) > Aivi(=gi)(Win) + (W 2 —win), (i=1,...,m)
0 > (c,z—cp)
0 = ¥,y = ¥n)
0 > —(=vpoh)(@) + (—v, 0 h)(un) + (U, © = un).

By adding these inequalities and taking for all z € C Nh~Y(=Y,), y := h(x), we get

> O Nifi(x) Zm —gi)(@) = D (Nifilwin) = @), Tin —T))
i=1 i=1

m
Jrz (Aivi(=gi) (i) — (W], Wi —T))
i=1

(s Cn = T) = (Y, yn — M(T)) — (up, un — T)
—<vmh( n) = WE)) + Yy + vg, h(@) = W(T))

m m
+ <fon +Zw:‘n +c +un,x —x> .
i=1 i=1
Passing to the limit as n —— +o00, we obtain

Z)\z(fz +vi(—gi)) Z/\ (fi +vi(=9:))(@) 20, Ve € C'N hil(_y-&-) (4.39)

=1
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m m

D ONifi + vi(=g)) (@) + 6o (x) + 0y, o h(w) = Y Nilfi + vi(—9:))(T) — dc ()

i=1 i=1
—d_y, oh(z) >0, Vz € X.

By using the similar arguments used in the proof of the converse of Theorem 4.4, we get
0€o” ((fl —Vig1,- -+, fm - Z/mgm) + 68’ + 63y+ ] h) (f), (440)

which means that T is Henig properly efficient solution for problem (Pg) and by Lemma 4.2,
T is Henig properly efficient solution for problem (P). The proof is complete. O

We now illustrate the above results with the help of an example of multiobjective frac-
tional programming problem, where the standard Lagrange multiplier condition can not be
derived due to the lack of constraint qualification and the sequential conditions hold. For
this, we will need to establish the standard necessary and sufficient optimality conditions for
a feasible point T to be an efficient solution for problem (P) under a constraint qualification.

Theorem 4.6. Let f;, —g; : X — R be 2m convez functions such that f;(x) > 0 for any
reCNh Y -Yy) (i=1,...,m) and h : X — Y U{+ooy} be a proper and Y, -convex
mapping. Let us consider the following constraint qualification

(X, l-lx) and (Y, ||.]ly) are two real reflexive Banach spaces,
(C.Q.My.Ry) Ja € C Ndomh such that
h(a) € —intY+.

Suppose that intY, # @ (intY, stands for the topological interior of Yy ) and the constraint
qualification (C.Q.My.Ry) is satisfied. Then T € C Nh=1(=Y,) is Henig properly efficient
solution for problem (P), if and only if, there exists y* € Y such that (y*,h(T)) = 0 and

0€d (Z(Al(fz —vigi) +oc +y o h) (7). (4.41)

=1

Proof. Following the proof of Theorem 4.3, we have T is Henig properly efficient solution of
(P) if and only if,

0eor (Ff + 68+ 6%y, o h) (@) (4.42)
where Fz : X — R™ is defined for any z € X by
Fe(z) .= (fi(x) —vig1(@), .., fn (&) — Vingm () . (4.43)

According to scalarization Theorem 2.5, there exists z* = (A1,..., Am) € (R4 \ {0})™ such
that

0€0(z" o Fz+ 2" 064 + 2" 06"y, oh)(T). (4.44)

Since z* 0 & = ¢ and z* o 62Y+ = 5_y+, therefore we obtain

i=1

0ed (i(Az(fz —v39i) +0c +0_y, o h) (7). (4.45)
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The constraint qualification (C.Q.My.Ry) show that the indicator function 6_y, is continu-
ous at h(a) and by applying a formula in [2] by Combari-Laghdir-Thibault, concerning the
computation of the subdifferential of the composite of a nondecreasing convex function with

a convex mapping taking values in a partially ordered topological vector space, there exists
y* € 0oy, (M(ZT)) = N(h(T), —Y) such that

0ed (i()‘i(fi —vig;) +0c +y o h) (7). (4.46)

i=1
The condition y* € N(h(T), —Y,) is equivalent to y* € Y} and (y*, h(Z)) = 0. O

We now give an example of multiobjective fractional programming problem, where the
standard optimality condition can not be derived due to the lack of constraint qualification
and the sequential optimality conditions hold.

Example 4.7. Let us consider the following multiobjective fractional problem

inf (225, ;3% )
Q) ((max {0,21)%, Va2 + 42 — y) € —R2

(x,y) € R-‘r X [Ov 1];

where h(z,y) = ((max {O,ac})g,\/ac2 + 12 —y), filz,y) = 2z, falz,y) = =2z, g1(z,y)

=y+3, g2(r,y) = —y> — 1 and C = R x [0,1]. The euclidian space Y = R? is equipped
with the natural order induced by the nonnegative orthant Y, = R%. Obviously Y} = R%.
Let (z,7) = (0,3) be a feasible point and v; = % (¢ = 1,2). Then vy = v, = 0.
Let us observe that for any (z,y) € C, we have h(z,y) € R%, and hence the feasible set
of problem (Q) is given by S = {0} x [0,1] which yields that the constraint qualification
(C.Q.My.Ry) does not hold. By taking (A1, A2) = (1,1), v} := (0,0), it follows that
the epigraph of the conjugate functions turn out to be epi(A; f1)* = epify = {(2,0)} x
[0, 4+00], epi(Aaf2)* = epifs = {(—2,0)} x [0, +o0], epi()\ vi(—g:i))* = {(0,0)} x [0, +oo],
epidy: = Uasol((0,@), )} U {0} x R x [0, 400, epi(—wv;, o h) = {(0,0)} x [0,+4o0[. For
1= 1,2, by taking (7 01, n) = ((2,0), l) c epi()\lfl) , (a:2,n agyp) = ((—2,0),%) €
epl(/\zfz) s (W], bi )1 ((0 0), 37) € epi(A; Vz( 9i)*, (c5,dn) = ((0, ), ) € epidg,
=(0,0) € (R4)?, =L eRy, and (u},t,) = ((0,0),0) € epi(—v} o h)* such that

2

2
* Ty 0
St Yl et ul = (0,-) 0

i=1 i=1

e 40 = (0,0) 12y g

2
Zai,n—l—Zbi,n—i—dn—ktn—&-sn:%—)O.

Therefore, by Theorem 4.3 the point (Z,7) is a Henig efficient solution for (Q).

Conclusion and Discussions. In this paper, we consider sequential necessary and suffi-
cient optimality conditions for a constrained multiobjective fractional programming problem
characterizing a Henig proper efficient solution in terms of the subdifferentials of the data
functions. To get these optimality conditions, we formulate a corresponding equivalent scalar
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convex problem by using a parametric approach and sequential subdifferential calculus. Let
us recall [4] that the set of Henig proper efficient solutions EP(f,C'), the set of efficient
solutions E¢(f,C) and the set of weakly efficient solutions E*(f,C') satisfy the following
inclusions

EP(f,C) C E°(f,C) C EV(f,C),

which means that our paper can be considered as an extension of earlier papers [10] and
[12].

Let us note that the subdifferential calculus have been established in the convex frame-
work by using the crucial Brondsted-Rockafellar theorem.

To the best of our knowledge, we have not explored any work dealing with sequential
subdifferential calculus in the non-convex framework. In a forthcoming work, we will try to
study the same problem (P) where all the data functions gy, ..., g, are supposed convex.
In this case, by using a parametric approach we transform the problem (P) equivalently as a
DC programming problem. Also, we will attempt to examine the robustness of the problem
(P) from optimality conditions and duality point of view.

We would like to express our gratitude to the referee for valuable comments and sugges-
tions, which certainly contribute to improve the quality of the paper.
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